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Abstract

We study several problems in arithmetic combinatorics, loosely grouped around the themes of “combinatorial
number theory” and “higher-order Fourier analysis”. The problems related to the former theme are the Lonely
Runner Problem (from Diophantine approximation), questions about minimal additive complements, and
a conjecture of Graham about rearrangements of subsets of F,;. The problems related to the latter theme
concern quantitative bounds for some instances of the Bergelson-Leibman Theorem (about subsets of N?

avoiding polynomial progressions).
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Foreword

0.1 Arithmetic combinatorics

A drab but descriptive title for my thesis would have been “Topics in arithmetic combinatorics”. The title
that I eventually settled on—Iless drab, even if equally un-catchy—is a nod to Einsiedler and Ward’s Ergodic
Theory with a View Towards Number Theory, the first math book that I ever read cover-to-cover. As
advertised, this book introduces the central notions of ergodic theory and dynamics, with an emphasis on
applications to objects of number-theoretic significance. In the same vein, I, primarily a combinatorialist
by training, have attempted in this thesis to bring hands-on combinatorial approaches to bear on problems
number-theoretic in nature.

The field of combinatorics primarily concerns the study of patterns. The subfield of arithmetic combi-
natorics aims to understand patterns built from the arithmetic operations of addition and multiplication.
The objects of study are number-theoretic, the questions have a combinatorial flavor, and the methods draw
on many other areas of math, including harmonic analysis, ergodic theory, discrete geometry, and Ramsey
theory. Problems in arithmetic combinatorics are often easy to state but surprisingly difficult to solve.

Although there are some big guiding problems in the field, much progress comes from looking at the
objects of study from a variety of perspectives and asking concrete, highly focused questions that give
glimpses into different parts of their structure. Of particular interest to me are cases where one “type” of
structure implies the existence of another “type” of structure.

In this thesis, I will highlight two themes that together encompass much of my work in arithmetic
combinatorics. The first theme, “combinatorial number theory”, traditionally refers to combinatorially-
oriented questions about properties of natural numbers. The second theme, “higher-order Fourier analysis”,
refers to the outgrowth of the tools originally developed by Gowers in his new proof of Szemerédi’s Theorem.
The former is disposed towards short, creative arguments, while the latter involves the depolyment of more

“high-tech” tools where much of the effort lies in working out technical details.
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0.2 Combinatorial number theory

The first half of my thesis concerns three different problems, each of which gives you a set of numbers and
asks you to find “something else” that makes the numbers behave in a particular way. The Lonely Runner
Conjecture gives you a set of runner speeds and asks you to find times when the runners are all far away from
the start line. The problem of minimal additive complements gives you a subset of an abelian group and asks
you to find some other subset such that the two sets together “cover” the whole group efficiently. Graham’s
rearrangement conjecture gives you a set of residues modulo a prime and asks you to find an ordering of the
residues so that the partial sums are all distinct.

The techniques for making progress on these problems are varied, but they are all “elementary”, in the
sense that one builds one’s tools from scratch, with bare hands. In this style, once one alights on the correct

approach, the execution of the strategy tends to be fairly quick.

0.2.1 Lonely runners

I begin with two chapters about the Lonely Runner Conjecture of Wills and Cusick. This conjecture origi-
nated in Diophantine approximation but has a purely combinatorial formulation: Consider n runners stand-
ing at the start line of a unit-length circular track, and suppose that they simultaneously begin running
around the track, each at a nonzero constant speed. The Lonely Runner Conjecture predicts that regardless
of the runners’ speeds, there will always be some time ¢ when all of the runners are a distance at least
1/(n + 1) away from the start line. (We can imagine that one extra runner, who stays at the start line,
gets “lonely” when the other runners are all far away.) The quantity 1/(n + 1) would be tight, with equality
achieved, for instance, when the runners have the speeds 1,2, ..., n.

More formally, let ||z|| denote the distance from a real number z to the nearest integer. For natural

numbers vy, . .., vy, define the mazimum loneliness to be the quantity
ML(vq,...,v,) := max min |[[tv;
(01, ) 1= s i 0]

where the inner minimum records the distance from the start line to the closest runner at time ¢; in this
language, the Lonely Runner Conjecture is the assertion that ML(vy,...,v,) > 1/(n + 1) for all choices of
v1,...,,." In my undergraduate thesis, I suggested studying not only the minimum value of ML(v1, ..., v,)
for each n but also the entire Lonely Runner spectrum S(n) consisting of all of the values of ML (v, ..., vy).

This perspective opens the vista for asking many new types of questions, for instance, about the behavior

1That it suffices to consider only natural number speeds is an old result of Bohman Holzman, and Kleitman.
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of the near-minimal elements of S(n).

The first chapter of this thesis, based on joint work with Vikram Giri, contains a “qualitative” study of the
accumulation points of Lonely Runner spectra. In the “geometric view-obstruction” formulation of the Lonely
Runner Problem, one associates each tuple (v1,...,v,) of natural numbers with the 1-dimensional subtorus
T = {(v1,...,0,))r of the n-dimensional torus (R/Z)™. A short calculation reveals that ML(vq,...,v,) is
equal to 1/2 minus the L*°-distance from 7' to the point (1/2,...,1/2) at the “center” of (R/Z)™. The
innovation in our work is considering not only 1-dimensional subtori of (R/Z)™ but also higher-dimensional
subtori, as well as subgroups. Our main result relates the accumulation points of S(n) to the maximum
loneliness values (defined via the L*°-distance to (1/2,...,1/2)) of higher-dimensional subtori of (R/Z)™.
This result bears on an “inductive” relationship among the Lonely Runner spectra S(n) for different values
of n.

The next chapter, based on joint work with Vanshika Jain, presents a “quantitative” complement which
characterizes the universal structure of accumulation points in Lonely Runner spectra. For a 2-dimensional
subtorus U of (R/Z)", consider the relative Lonely Runner spectrum S(U) consisting of all values of
ML(v1, . ..,vy,) such that ((vi,...,v,))r is contained in U. In general, the set S(U) has a unique accu-
mulation point at the maximum loneliness value of U. Since of course S(n) contains every such S(U), this
gives a way to produce accumulation points of S(n); the upshot of the previous chapter is that this is actu-
ally the “main” source of accumulation points of S(n). The second chapter shows that, up to finitely many

exceptional values, each relative Lonely Runner spectrum S(U) is a finite union of sets of the form

{ML(U) —1/(as + ) : s € N},

where ML(U) is the maximum loneliness of U and «, 3 are positive rationals. This structure theorem exhibits
a surprising arithmetic rigidity in the behavior of (relative) Lonely Runner spectra near accumulation points.
Moreover, the structure constants «, 8 can be calculated explicitly for each U. Using this approach, we are
able provide explicit descriptions of several “chunks” of Lonely Runner spectra for small n, and we produce

several families of interesting new examples of maximum loneliness values.

0.2.2 Minimal complements

The third chapter, based on joint work with Noga Alon and Matt Larson, concerns minimal additive com-

plements in abelian groups. This topic is related to Sidon sets, additive bases, and covering codes. Let W

14



be a subset of an abelian group G. A set C is a complement for W if C + W = G, where
C+W:={ctw:ceCiweW}

denotes the Minkowski sum. A complement C' is minimal for W if no proper subset of C' is a complement for
W. These notions were first introduced by Nathanson, who studied which sets W have minimal complements.
We consider matters from the other side and study the “inverse” problem (first raised by Kwon) of determining
which sets C' can appear as minimal complements when W ranges over the subsets of G. Our main result

shows that when G is finite, every subset C' of size at most around |G|*/3/(log |G|)?/3

is a minimal complement
for some W; one consequence is that when G is infinite, every finite subset C' is a minimal complement for
some W. Our proofs use probabilistic arguments to produce sets W for which our given C is a minimal
complement. We also establish a converse statement, namely, that every finite abelian group G has a subset

C of size around |G|>/* that is not a minimal complement for any subset W; the construction is again

probabilistic.

0.2.3 Rearrangements

The first part of this thesis concludes with a chapter, based on joint work with Benjamin Bedert, about
Graham’s rearrangement conjecture. For p a (large) prime, let F), denote the finite field with p elements. A
conjecture of Graham, later repeated by Erdds, asserts that if A is any subset of F, \ {0}, then there is an

ordering ai, ag, ..., a4 of the elements of A such that the partial sums

ay, a1+az, ataz+az, ..., a1+---+ay

are all distinct. Previous work had established this conjecture when the set A is very large (of size at least

1/1000y o1 very, very small (of size at most 12). The work of this chapter is to establish Graham’s

p—p
conjecture when A is small-ish, namely, of size at most e(logp)'/*,

A simple, but previously overlooked, “rectification” argument shows that to establish the conjecture
when A has size at most log p/ log log p, it suffices to solve the analogous problem in the integers; the latter is
fairly straightforward. The key new idea for reaching the quasi-polynomial threshold e(l°g »'* s a structure
theorem that decomposes any small-ish subset A of IF,, into several large-ish dissociated sets (sets with “little”

additive structure) and a rectifiable leftover piece. The remainder of the argument combines probabilistic

tools with a careful analysis of the integer version of the conjecture.
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0.3 Higher-order Fourier analysis

The second half of my thesis concerns a cluster of problems in arithmetic Ramsey theory, where a typical
problem asks which arithmetic structures inevitably appear in all sufficiently large subsets of the natural
numbers (or of N%). We will be interested in the setting where the “arithmetic structures” in question are
multidimensional patterns defined by polynomials and the “sufficiently large” sets are those with positive

upper Banach density.

0.3.1 Polynomial configurations

Let us be a bit more precise. Given vectors vi,...,v, € Z? and integer-coefficient polynomials Py, ..., P, €

Z|z], consider the pattern

x, x4+ Pi(2)vi, ..., x4+ Pz)vy, (%)
for x € Z¢ and 2 € Z. For example, when d =1, vi = --- = v, = 1, and P;(z) = jz, we get the (£ + 1)-term
arithmetic progression

r, r+z x+2z ..., xT+/Lz
In general, let A(N) = Ay,...v,py,... P (N) denote the maximum possible size of a subset of [N]? =

{1,2,...,N}? that avoids containing copies of the pattern (x).2 One says that a pattern (x) is inevitable if
A(N) = o(N9), i.e., if A(N)/N< tends to 0 as N tends to infinity.

Some patterns fail to be inevitable because of modular constraints called “local obstructions”. For ex-
ample, the set of odd numbers up to N has constant density 1/2 in [N] but does not contain any copy
of the pattern x,z + 1, or any copy of the pattern z,z 4+ 10022 — 7, so for each of these patterns we have
A(N) > N/2, which is not o(N). The Polynomial Szemerédi Theorem of Bergelson and Leibman says that
this is just about the only thing that can go wrong: If every P; satisfies P;(0) = 0, then the associated
pattern (x) is inevitable. This extremely general theorem contains as special cases the celebrated results
of Roth (when the pattern is a 3-term arithmetic progression), Szemerédi (when the pattern is a k-term
arithmetic progression for any fixed k), and Furstenberg and Sarkozy (when the pattern is x, x + 22).

A limitation of the Bergelson—Leibman Theorem is that, because of its reliance on methods from ergodic
theory, it delivers only qualitative bounds. That is, the theorem tells us that A(N)/N< tends to 0 as N grows,

but it gives no hint of how quickly. The problem of obtaining “reasonable quantitative bounds” for the decay

2Typically one wants to stipulate that the occurrence of the pattern be nontrivial, in the sense that the Pj(z)’s are all
nonzero.
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of A(N)/N?—even for particular patterns of interest—has assumed a life of its own in recent decades. The
main approaches to this research program are based on the Gowers uniformity norms and the concomitant
tools of “higher-order Fourier analysis” (HOFA).

HOFA is markedly non-elementary, and there is much material to master before one dives into open
problems; this is the area of math in which I have acquired the most “specialized technical skill” during my
PhD. The methods behind HOFA rely on a diverse array of techniques involving objects such as Gowers
norms and nilsequences that are too complicated to be defined in this overview. Proofs usually require
the careful fitting-together of intricate details and the implementation (and adaptation) of tools from the

literature, even after one has identified a promising overarching proof strategy.

0.3.2 A pattern of interest

The focus of the second half of this thesis, based on joint work with Borys Kuca and James Leng, is using
HOFA methods to establish quantitative bounds for subsets of [N]? avoiding the 2-dimensional “polynomial

corner configuration”

(z,y), (@+P(2),y), (v,y+P)),

where P € Z][z] is any fixed polynomial with a simple integer root (a fully representative example is P(z) =
22 — 2). The Bergelson-Leibman Theorem tells us that A(IN) = o(IN?) for this pattern, and our main result
upgrades this qualitative statement to the quantitative bound

N2
A =0r ((Goston ) >

for some explicit constant ¢ > 0. There are several reasons to be interested in quantitative bounds for the

polynomial corner configuration:

e Our result is the first, along with concurrent work of Peluse, Prendiville, and Shao, to establish quan-

titative bounds for a pattern that is both multidimensional and non-linear.

e One can think of a corner as the more challenging cousin of the 3-term arithmetic progression—the
“arithmetic pattern” par excellence—and on this view our result extends recent work of Peluse, Sah,

and Sawhney on the pattern @,z + 2% — 1,2 + 2(2%2 — 1).

e Most importantly, our proof required the development of several new technical tools, some of which

have already found applications both elsewhere in higher-order Fourier analysis and in other fields.

The proof breaks down roughly into two stages, each of which is the topic of one chapter in this thesis.
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The first stage is the development of general “quantitative concatenation” machinery for box norms, which
pertains to a broad class of problems. The second stage is a “transference argument” for polynomial corners

using the method of “degree-lowering”.

0.3.3 Quantitative concatenation

The story behind this chapter begins with Roth’s Theorem on 3-term arithmetic progressions. Suppose
one wishes to show that every “sufficiently large” subset A of [N] contains a 3-term arithmetic progression.
Let 14 : [N] — C be the indicator function of A, which equals 1 on A and vanishes otherwise, and let
fa := 14 — a be the “balanced” indicator function, where o := |A|/N is the density of the set A. Using
algebraic manipulations, one can express the number of 3-term arithmetic progressions in A in terms of «
and the Fourier transform ]/”; of the function 14. Roth’s key insight was noticing a ‘“randomness versus
structure” dichotomy depending on whether or not E is ever large: If E is pointwise everywhere small (the
“random” case), then the number of 3-term arithmetic progressions in A is roughtly the same as the expected
number of 3-term arithmetic progressions in a random subset of [N] of size aN; in particular, there are many
such progressions. If instead ﬁ is somewhere large (the “structured” case), then we can “zoom in” on an
arithmetic progression in [N] on which the set A has increased density o’ > «; we then repeat the argument
from the beginning, using this new “denser” set, and iterate until we find a 3-term arithmetic progression.

For k > 3, one can still express the number of k-term arithmetic progressions in A in terms of a and
E, but it is no longer true that the pointwise smallness of }’Z is enough to deliver a good estimate on the
number of k-term arithmetic progressions. The seminal work of Gowers introduced a new way of measuring
the randomness versus structure dichotomy, under which notion a “random-like” set A does have roughly
the same number of k-term arithmetic progressions as a truly random subset of [N] of the same size. This
method of measuring uses what are now called the Gowers uniformity norms.>

One can attempt to set up Gowers’s machinery for a more complicated configuration such as the poly-
nomial corner configuration, using what it called “PET induction”. The trouble is that one often obtains
not a “nice” uniformity norm but rather an unruly average of “box norms”. Concatenation, originally intro-
duced by Tao and Ziegler, is a general principle that lets one replace such an average of box norms by a
single better-behaved box norm. In the past, instances of the concatenation principle have been worked out
on an ad-hoc basis as needed. Our contribution is establishing a general quantitative concatenation result
that covers all averages of box norms arising from multidimensional polynomial configurations. This general

technical tool will be useful for future work on the Bergelson—Leibman Theorem, and it has already found

3The Gowers uniformity norm related to 3-term arithmetic progressions is essentially the ¢*-norm of ]/”; By analogy, the
study of the Gowers norms for longer arithmetic progressions is termed “higher-order” Fourier analysis.
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some applications outside of arithmetic Ramsey theory.

A crucial step in our proof is establishing nearly-optimal anticoncentration for certain large systems of
multilinear polynomial expressions. For example, in the simplest toy case, one might consider the expression
hk, where h,k both range over [H] for some large H. There are H? pairs (h,k), and the expression hk
is certainly contained in [H?]. If hk were distributed roughly uniformly over the range [H?], then we
would expect that for each integer n, there are at most O(H?/H?) = O(1) pairs (h, k) such that hk = n.
Unfortunately, this is not the case, since n’s with many divisors occur disproportionately many times.
Thankfully, there is a trick, based on the Cauchy—Schwarz Inequality, that lets us replace a system of
multilinear polynomials with another system in which some of the variables have been “doubled”. In our toy

example, we can replace hk by hk + 'k’ (not yet good enough) and then by

hik1 + hoka + hgks + haky,

where still the h;’s and k;’s range over [H]. It turns out that now for each n, there are O(H®/H?) = O(H®)
choices of the h;’s and k;’s such that this last expression equals n. The main difficulty is generalizing
this procedure when hk is replaced by a more complicated polynomial and (especially) when we must

simultaneously massage several different polynomials into convenient forms.

0.3.4 Polynomial corners

In the final chapter, we return to the polynomial corner configuration and establish the bound (%). The
main idea, called transference, is that we wish to compare the number of polynomial corners in a given set

A C [N]? with the number of ordinary corners

(z,y), (x + 2,9), (x,y + 2)

in the same set; we can then conclude by invoking a result of Shkredov that provides an upper bound on the
size of a corner-free subset of [N]2. To execute this transference strategy, we draw on a wide range of tools
and ideas from HOFA, including the W-trick, our PET induction and quantitative concatenation machinery,
degree-lowering, equidistribution of polynomial sequences on nilmanifolds, and the circle method.

The first important observation is that, even after suitable normalizations, the number of polynomial
corners cannot be directly compared to the number of ordinary corners. The issue is that the image of
the polynomial P(z) (the side length for our polynomial corners) grows sparser at larger scales and can be

biased modulo small primes, whereas the image of the identity function z (the side length of our ordinary
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corners) does not share either of these features. To address the first discrepancy, we count ordinary corners
with a new “weight” that discounts corners with large side length. To address the second discrepancy, we
replace the polynomial P(z) by a so-called “W-tricked” version P(z) which behaves mostly like P(z) but has
better equidistribution properties modulo small primes. Miraculously, these two small changes suffice to let
us compare the counts of polynomial corners and ordinary corners.

The central object of study is the polynomial corner counting operator

A(fo, f1, f2) = Z folz,y) fi(z + P(2),y) f2(z,y + P(2)),

z,Yy,2€Z

for functions fo, f1, f2 : [N]?> — C with pointwise absolute value at most 1. When fo = f; = fo = 14, the
quantity A(14,14,14) is precisely the number of polynomial corners in the set A, but it is important to work
in the setting of arbitrary functions. After some fairly standard maneuvers, what we need to show is that
the operator A is “controlled” by suitable box norms. The required statement is roughly that if |A(fo, f1, f2)]

is large (say, at least a constant § times A(1jn], 1jn], 1)), then the U' x U' boxz norm

I folltrsxwspny ==Y fola,v) folw +h,y) folw,y + k) folw + h,y + k)
x,y,h,k
is also large (say, at least some function of § times ||1n)][$1, Ul[N])‘ The output of PET induction and
quantitative concatenation (from the previous chapter) is that we can conclude the largeness of a higher-
degree box norm || f0||2U2ttxUt[ 7> for some natural number ¢ (depending only on the polynomial P).

The main work consists of gradually decreasing ¢ all the way to 1; this strategy, first introduced by Peluse,
is called “degree-lowering”. Previous degree-lowering procedures in the literature worked with Gowers uni-
formity norms, and our procedure faces new challenges because we must work instead with multidimensional
box norms. Our argument is quite delicate. Here I will say only that it runs the full gamut of HOFA tools

and tricks, including direct work with nilsequences.

0.4 Sources

The work presented in this thesis is based on the following publications, with only topical changes:

e Chapter 1: V. Giri and N. Kravitz, The structure of Lonely Runner spectra. Preprint arXiv:2411.12684v2
(2025).

e Chapter 2: V. Jain and N. Kravitz, Relative Lonely Runner spectra. Preprint ArXiv:2304.01462v4

(2025).
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e Chapter 3: N. Alon, N. Kravitz, and M. Larson, Inverse problems for minimal complements and

maximal supplements. J. Number Theory, Vol. 223, pp. 307-324 (2021).

e Chapter 4: B. Bedert and N. Kravitz, Graham’s rearrangement conjecture beyond the rectification

barrier. Israel J. Math., to appear (arXiv:2409.07403v2, 2025).

e Chapter 5: N. Kravitz, B. Kuca, and J. Leng, Quantitative concatenation for polynomial box norms.

Preprint arXiv:2407.08636v1 (2024).

e Chapter 6: N. Kravitz, B. Kuca, and J. Leng, Corners with polynomial side length. Preprint arXiv:2407.08637v1
(2024).

I thank my coauthors for permitting me to include our joint work in this thesis. See the original papers
for further acknowledgements.

As the various chapters of this thesis come from stand-alone papers, they are self-contained and can
be read independently. In particular, even though Chapters 1 and 2 are best appreciated together, as are

Chapters 5 and 6, I have repeated the necessary background and definitions in each chapter.
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Combinatorial number theory
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Chapter 1

Lonely runners: the qualitative view

1.1 Introduction

1.1.1 Lonely runners

The Lonely Runner Problem of Wills [113] and Cusick [28] is based on the following setup. Suppose n + 1
runners start at the same position on a unit-length circular track and then begin running around the track
at pairwise distinct constant speeds. We say that a runner is lonely at a particular time if their distance
from every other runner is at least 1/(n + 1). The Lonely Runner Conjecture predicts that each runner will
be lonely at some time (allowing different times for different runners).

Consider the frame of reference of a single runner, and suppose that the n other runners have speeds

v1,...,U, relative to our fixed runner. Define the maximum loneliness for this set of speeds to be
ML(v1,...,0,) :=sup min |[tv;
( 1 ) n) te]}lg 1§1§7’LH Z”R/Za

where [|z||g/z denotes the distance from x to the nearest integer. Reformulated in this language, the Lonely
Runner Conjecture asserts that

ML(v1,...,v,) > 1/(n+1)

for all nonzero real numbers vy, ...,v,. Using Kronecker’s Equidistribution Theorem, Bohman, Holzman,
and Kleitman [17] showed that it suffices to prove the Lonely Runner Conjecture for integer speeds; we will
revisit this perspective below the fold.

The Lonely Runner Problem has attracted substantial attention since Wills first posed it in 1967. Due

to the work of many authors [4,10,12,17,30,92], the Lonely Runner Conjecture is known to hold for n < 6;
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unfortunately, none of the approaches to these small-n cases seem to generalize to an arbitrary number of
runners. The trivial bound ML(vy,...,v,) > 1/(2n) has also been improved slightly (see [108] and the
references therein), and the conjecture has been proven in the case where all of the runners have slow speeds

(e.g., [18,89,95,108]). For other work on and around the Lonely Runner Problem, see the references in [65].

1.1.2 Maximum loneliness spectra

In this chapter, we will be concerned with the perspective introduced in the author’s thesis [65]. The new
motivating question was: What can we say about the set g(n) of all of the possible values of ML(v1,...,v,)?
For example, what is the second-smallest element after (conjecturally) 1/(n + 1)? Can we describe all of
S (n) explicitly? More qualitatively, what do the accumulation points of S (n) look like? Notice that each
S(n) is a subset of the interval (0,1/2]. We will see later that S(n) is a closed subset of the rationals.

The focus of the work [65] was the following conjecture about the “bottom” part of the set S (n).

Conjecture 1.1 (Loneliness Spectrum Conjecture ([65], Conjecture 1.2)). For every natural number n > 2,

we have

S(n)N(0,1/n) = {s/(ns+1) : s € N}.

One should think of the quantity s/(ns+ 1) as the result of “rounding down” 1/n to the nearest multiple
of 1/(ns 4+ 1). An explicit construction from [65] shows that all of the values s/(ns + 1) are contained in
g(n) The conjecture has no content for n = 1 and is easily verified for n = 2. One of the main results of
[65] is a proof of the conjecture for n = 3.

Using computer experiments, Fan and Sun [39] discovered a family of examples that disproves Conjec-

ture 1.1 for n = 4. In particular, they showed that

2r+7

ML(8,4T =+ 3747’ + 11,47" =+ 19) = m

for every integer r > 0. This provides a second infinite family of maximum loneliness values limiting to
1/n (at least for n = 4) in a structured way. Following the “1/n rounded down” philosophy, Fan and Sun

proposed the following natural weakening of Conjecture 1.1.

Conjecture 1.2 (Amended Loneliness Spectrum Conjecture ([39], Conjecture 1.3). For every natural num-
ber n > 2, we have

S(n)N(0,1/n) C {s/(ns+k):seN,1<k<n}.
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1.1.3 Accumulation points

On a qualitative level, both Conjecture 1.1 and its weakening Conjecture 1.2 predict that 1/n is the smallest
accumulation point of & (n). Tt is no coincidence that this number 1/n coincides with the conjectural smallest
value of g(n —1). Recall that, for a subset S of R, the number z € R is an upper accumulation point if
SN(x,z+¢)#0 for all € > 0; we define lower accumulation points analogously. We write acc(S) for the

set of (all) accumulation points of S. The following theorem forms the starting point for our investigations.

Theorem 1.3 ([65], Theorem 6.5). Let n > 2 be a natural number. Then the set of lower accumulation

points of S(n) contains S(n — 1).

Also in [65], we raised the questions of whether upper accumulation points are impossible, and whether
the set containment in Theorem 1.3 is actually an equality. The goal of the present chapter is to give an
affirmative answer to the first part of this question and make partial progress towards the second part.
Along the way, our arguments will show that the sets S (n) and some closely related sets have a “hierarchical”
structure; this information is potentially useful for inductive approaches to the Lonely Runner Conjecture,
which so far have seemed inaccessible because of a failure to relate the instances of the conjecture for different

numbers of runners. Before stating our results precisely, we need to introduce a few geometric notions.

1.1.4 View-obstruction, subtori, and subgroups

It will be convenient for us to work with the “view-obstruction” formulation of the Lonely Runner Problem,
as popularized by Cusick [28]. Associate each tuple (vy,...,v,) of nonzero integers with the 1-dimensional

subtorus

T :=7({((v1,...,0n))r) = {t(v1,...,v,) : t € R}/Z"

of the torus (R/Z)", where 7 : R™ — (R/Z)™ is the standard quotient map. Notice that T is not contained
in any of the coordinate hyperplanes of (R/Z)"; in general, we say that a subtorus is proper if it is not
contained in the union of the coordinate hyperplanes. Let D(T') denote the L>°-distance from T to the point
(1/2,...,1/2) in the “center” of (R/Z)™, so that

D(T)=1/2 — ML(v1,...,vp).

Now define the n-th Lonely Runner spectrum to be the set S(n) of all values achieved by D(T') as T ranges

over the 1-dimensional proper subtori of (R/Z)"; we have

S(n) =1/2 - 8(n).
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In this new language, yet another reformulation of the Lonely Runner Conjecture is the assertion that
S(n) C [0,1/2—1/(n+1)]. Notice that lower accumulation points for S(n) correspond to upper accumulation
points for S(n), and vice versa.

The more geometric line of inquiry arising from view-obstruction has been fruitfully related to the study
of polytopes, and the “zonotope” version of the Lonely Runner Conjecture has received significant attention
(see, e.g., [5,6,11,55] and the references therein).

The function D and the notion of properness also make sense for arbitrary closed subsets X C (R/Z)™.
In particular, define D(X) to be the L*>-distance from X to the point (1/2,...,1/2), and say that X is

proper if is is not contained in the union of the coordinate hyperplanes.!

We will have occasion to study
the values assumed by D(X) not only when X is a 1-dimensional proper subtorus but also when X is a
higher-dimensional subtorus or a closed subgroup.

To this end, for 1 < k < n, let Sx(n) be the set of all values achieved by D(T) as T ranges over the
k-dimensional proper subtori of (R/Z)™. Notice that S(n) = Si(n) in this notation. We will also need to
work with closed subgroups of (R/Z)™; in this chapter, “subgroup” always means “closed subgroup”. Every
subgroup A C (R/Z)™ is the direct product of a k-dimensional subtorus of (R/Z)™ and a finite subgroup of
(R/Z)™, and we say that the dimension of A is k. Now, for 0 < k < n, let S§;(n) denote the set of all values
achieved by D(A) as A ranges over the k-dimensional proper subgroups of (R/Z)™. We make the convention
S§;(0) := {0}, and we write S*(n) for S7(n). Since every (proper) k-dimensional subtorus is also a (proper)
k-dimensional subgroup, we have the inclusion S;(n) C S;(n), which in general is strict (see below).

Finally, we remark that one can think of Si(n) as a multiset by keeping track of the values of D(T)
for all k-dimensional proper subtori T' C (R/Z)"; we will denote this multiset by Sk muit(n). The multiset
S i (n) is obtained from Sj(n) analogously. The density points of a multiset S are defined to be the
accumulation points of S together with the infinite-multiplicity elements of S. We write den(S) for the set

of density points of S.

1.1.5 Main result

We are finally ready to state our main result, which is summarized by the following relationships among the

sets Sg(n), Si(n).

Theorem 1.4. Let n > 2 be a natural number, and let 1 <k <n and0 < k" < n. Then the sets Si.(n), S} (n)

IThis condition is equivalent to D(X) < 1/2, and it is slightly stronger than saying that X is not contained in any single
coordinate hyperplane.
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have only upper accumulation points. On the level of sets we have the inclusions

acc(Si(n)) C Sir1(n) € Sy (n) = Sy(n— k — 1),

and on the level of multisets we have the equalities

den(Sk mutt(n)) = Skr1(n)  and  den(Sy, 4 (n)) = Spi1(n) = Spr(n — 1),

Moreover, when k =1, we also have the inclusion S(n — 1) C acc(S(n)), which implies that

S(n—1) Cace(S(n)) € Sa(n) CS5(n) =8"(n—1). (1.1)

The natural question, of course, is which of the inclusions (1.4) are actually equalities. Equality holds in

(1.4) for n = 2 trivially; it also holds for n = 3 because (see Section 1.8 below) we can explicitly compute

S(2)=8*(2) = {0} U{1/(4s+2) : s € N}

Equality cannot hold in general, however; we will show in Proposition 1.17 that 7/50 € S*(3) \ S(3).

Nonetheless, we conjecture that equality holds in Theorem 1.3.
Conjecture 1.5. For any natural number n > 2, we have acc(S(n)) = S(n —1).

To prove this conjecture, it would suffice to show that Sz(n) = S(n — 1), i.e, that the first two inclusions
in (1.4) are equalities. More generally, we pose the following problem, which we suspect has an affirmative

answer.
Problem 1.6. Is it the case that Sp(n) = Sg—e(n — L) for all natural numbers 1 <€ <k <n?

Theorem 1.4 has a couple of nice consequences. One is that, due to the trivial containments Si(n) C
Sk—1(n) and S}, (n) C S _,(n), the sets S(n), S*(n) are closed for all n. Another consequence is that each

of 8(n),S8*(n) is a well-ordered set with order type w™ ™t + 1.

1.1.6 Checking small speeds suffices

The maximum loneliness function is easy to compute, and it is natural to ask whether the Lonely Runner
Conjecture can be verified by checking that there are no counterexamples with all speeds below some explicit
threshold. Tao [108] showed that this question can be answered in the affirmative, and that it suffices to

check all speeds up to nf"” for some explicitly computable constant C. Recently, Malikiosis, Santos, and
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Schymura [76] used the zonotope formulation of the Lonely Runner Conjecture to improve this threshold to
(n(n+1)/2)"~! ~ n?". The new perspective afforded by Theorem 1.4 leads to a simple and transparent proof
of the same result with the slightly weaker bound n(5/2)" (see below for our precise bound). It is interesting
to note that Minkowski’s Theorem on successive minima plays a role both for us and for Malikiosis, Santos,

and Schymura.

1.1.7 Organization

In Section 1.2, we put the Lonely Runner spectra in their proper context alongside other “bass note spectra”
such as the Markoff spectrum, and we sketch an interpretation in terms of abelian Bloch wave theory;
this perspective was suggested to us by Peter Sarnak. We prove our main result Theorem 1.4 over the
course of the following four sections: Section 1.3 includes some geometric lemmas about cubes; Section 1.4
establishes a quantitative Kronecker-type result about high-volume subtori; Section 1.5 shows how to produce
accumulation points in Lonely Runner spectra; and Section 1.6 assembles the pieces. In Section 1.7 we explain
the computability result mentioned in Section 1.1.6, and in Section 1.8 we provide several examples and

characterizations in low-dimensional cases. Finally, we raise some prospects for future work in Section 1.9.

1.2 Relation to similar problems

0 Ho 1/3 1/V5

{—————CEEE—0-& o o
0 1/10 1/6 1/4

Figure 1.1: These three sketches illustrate the behaviour of various bass-note spectra. Top: The Lonely
Runner spectrum S(2) is a “rigid” spectrum which is infinite and discrete with the unique accumulation
point 0. Middle: The Markoff spectrum has a continuous (“flexible”) bottom part, a discrete (“rigid”) top
part, and a fractal transition part. Bottom: The Lonely Runner spectrum S(3) looks complicated, but it
exhibits the “hierarchical” structure that its set of accumulation points is S(2).
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1.2.1 Abelian covers

There is a natural generalization of the setup described in Section 1.1.4. For any continuous function
f:(R/Z)" — R, we can define D¢(T') to be the minimum value of f assumed on the subtorus 7' C (R/Z)".
Our D(T) from above corresponds to the function f(z) = ||z — (1/2,...,1/2)||co. One can further define
S¢1(n) to be the set of all values assumed by Df(T) where T is a k-dimensional proper subtorus of (R/Z)",
and it is interesting to study the qualitative structure of such sets. (For some choices of f, it may make more
sense to drop the “properness” condition.)

Abelian Bloch wave theory provides a fertile source of functions f. Let M be a geometric object such as
a manifold or a graph, and let M be its universal abelian cover. Denote by m (M) the fundamental group

of M. The character torus of M is

Ty := {characters x : 71 (M) — C such that x(y) =1 for all v € 71 (M)}

(which really is a torus in the usual sense of the term). Finite abelian covers of M correspond to finite
subgroups of T, and infinite abelian covers correspond to closed subgroups of T, of dimension at least
1. The universal abelian cover of M corresponds to the entire character torus. The overarching principle
of Bloch wave theory (or Floquet theory) is that spectral properties of an operator on an abelian cover M’
of M can be understood in terms of “twisted” versions of the operator on the base space M; the subgroup
of Ty corresponding to M’ dictates which character twists to consider. In many cases of interest (such as
when the operator is the Laplacian), these twisted operators are perturbations of the original operator, and
Kato’s perturbation theory (see [60]) tells us that quantities of interest vary continuously as we move along
the character torus. We can then define the function f(x) to be the value of such a quantity for the twisted
operator corresponding to the point x. For example, taking f(x) to be the spectral gap of the y-twisted
Laplacian on M results in the “bass-note spectrum” of M. See Section 3 of [63] for an overview of how
Bloch wave theory applies to the study of graph spectra; see also [98] and the work [1] of Adve and Giri for
applications to spinor spectra of closed Riemann surfaces; and see [41] for a standard treatment of Bloch
wave theory from a physics perspective.

Our results and techniques in the context of the Lonely Runner Problem may also provide a path to
understanding similar qualitative phenomena in spectra of differential operators on abelian covers. Even if
there turns out not to be a formal connection, it is helpful to situate the Lonely Runner Problem in this

broader context.
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1.2.2 The Markoff spectrum

In Section 1.2.1 we described a question about (simple) geodesics in the flat torus (R/Z)™. One can generalize
this setup to geodesics in other locally symmetric spaces.

One particularly nice example comes from the locally symmetric space X = H?/T", where H? := {z + iy :
y > 0} is the complex upper half-plane with the hyperbolic metric and T is a finite-index subgroup of the
modular group PSLy(Z) (which acts on H? by Mé&bius transformations). Given a continuous function f on
X, we can define the function Dx () to be the minimum value of f achieved on the closed (simple) geodesic
<, and one can ask about the set Sx ; of values of Dx ¢(7).

The top part of the famous Markoff spectrum (which is related to the Lagrange spectrum from Diophan-
tine approximation) can be described in this language: It equals Sx ¢ for a certain choice of a congruence
subgroup I' and a function f for which Dx ¢(y) measures how far + travels into the “cusp” of X (i.e., the
“distance from v to the point at infinity”). The structure of the Markoff spectrum is quite complicated (see
Figure 1.1) and remains far from understood. The top part of the spectrum is discrete and the bottom
consists of a continuous interval (the so-called Hall-Freiman ray); there is a “fractal” region in the middle.
See [101] and Chapter 7 of [29] for overviews.

One can also consider the locally symmetric spaces PGL,,(R)/PGL,(Z) for n > 3. In many number-
theoretic applications of this setup, it is natural to consider collections of geodesics (so-called “packets”) or
certain families of closed torus orbits rather than individual geodesics. The measure rigidity conjectures
would imply that any infinite sequence of distinct such packets must eventually go arbitrarily deep into the

cusp, and this would imply the rigidity of the corresponding spectra. See [35-37] for more in this direction.

1.3 Geometry of cubes

We begin with some short “combinatorial” lemmas about how subtori and subgroups of (R/Z)™ can intersect

cubes centered at (1/2,...,1/2).

Lemma 1.7. Let n > 2 and 0 < k < n be natural numbers. Then all elements of S;(n) (and a fortiori
of S(n) for k > 1) are rational numbers. Moreover, for each k-dimensional proper subgroup A of (R/Z)™,

there is a point ¢ € A with all rational coordinates such that D(A) = ||g — (1/2,...,1/2)|cc-

Proof. Let A be a k-dimensional proper subgroup of (R/Z)"™. Then there exist vectors uy,...,ur € Z™ and
v1,...,0¢ € Q" such that

A= U m(Rus + -+ + Ruy +v;) .
1<5<¢
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The point p = aju1 + --- + aguy + v; has image m(p) = p — |p| (with [p] taken coordinate-wise) in the
fundamental domain [0,1)"™ of (R/Z)™, and hence the L*>°-distance from p to (1/2,...,1/2) in (R/Z)™ is

lp— o) = (1/2,...,1/2)|| Lo mn)-

Since the expression inside the L*-norm is unchanged if the «;’s are shifted by integers (recall that the u;’s

have all integer coordinates), we have

D(A) = iU il —(1/2,...,1/2
( ) 1I<ngn<1€a1 ..... ake()l] Za Ui +v5 — \‘Zazuz‘i"‘hJ ( / ) s / )
i Lo (R)™
As j and ai,...,a; range, the quantity |>, a;u; + v;] ranges over finitely many vectors in Z", say,
mi,...,mg € Z™. Then we can write
D(A) = — —(1/2,...,1/2
i Y A .

The expression inside the L°°-norm is a rational affine-linear function of the «a;’s for each choice of r, j, so
we conclude that the set of ;’s attaining the minimum is a finite union of rational polytopes (i.e., polytopes
defined by linear equalities and inequalities with rational coefficients). Hence some minimizer has all rational

coordinates, and it follows that D(T) is also rational. O

It is clear that S;_,(n —¢) C Si(n) for all 1 < ¢ <k <n: If Ais a (k — £)-dimensional proper subgroup
of (R/Z)"~* with D(A) = d, then A’ := A x (R/Z)* is a k-dimensional proper subgroup of (R/Z)" with
D(A’) = d. Somewhat surprisingly, this inclusion is an equality. It is this “hierarchical” structure that makes
the function D particularly nice (among all of the possible functions D described in Section 1.2.1). One
should think of the equality S} (n) = S;_,(n—{) as saying that the set of attainable values of D(A) depends

on only the codimension of the subgroups A under consideration.
Lemma 1.8. For natural numbers 1 < ¢ < k < n, we have Sf(n) = S;_,(n —{).

Proof. The result is trivial for £ = n, so suppose that k& < n. By the previous remark, it suffices to show

that Sf(n) C S§_,(n —£). It is clear that 0 € S;_,(n — ¢), as witnessed by, for instance, the subgroup

{(0,...,0),(1/2,...,1/2)} x (R/Z)*=* C (R/zZ)"~*

n—k n—k

Now let d € S;(n) with d > 0, and let A be a k-dimensional proper subgroup of (R/Z)™ such that D(A) = d.
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Let B denote the box in (R/Z)™ consisting of the points whose L*°-distance from (1/2,...,1/2) is d. The
properness of A ensures that d < 1/2, so B really is a “box”. We claim that A intersects a face of B
of dimension at most n — k — 1. Indeed, let F' be a lowest-dimensional face of B that intersects A. If
dim(F) > n — k, then the intersection of F' and A contains a line segment by naive dimension-counting, and
we can follow this line segment to find an intersection of A with a lower-dimensional face of B. If dim(F') =
n — k, then again the intersection of F' and A contains a line segment, since otherwise A would intersect F'
transversely and pass into the interior of B, which is impossible. So we conclude that dim(F) <n —k — 1.
Let p be an intersection point of A with a face of B of dimension at most n — k — 1. Then p has at least
k + 1 coordinates with values in {1/2+ d,1/2 — d}; without loss of generality, we may assume that the first
k+1 > ¢+ 1 coordinates of p equal 1/2 + d. Recall from Lemma 1.8 that d is rational and that the set
of points z € A with ||z — (1/2,...,1/2)||c = d is a finite union of rational polytopes. If we impose the
additional constraint that the first £+ 1 coordinates all equal 1/2 + d, then we again obtain a finite union of
rational polytopes, and we know that it is nonempty since it contains p. Hence it also contains some point

g with all rational coordinates. Let A’ be the subgroup of A obtained by intersecting A with the subspace

{(x1, . ymn) s 21 =+ = Tyy1}

Notice that A’ is a subgroup of dimension at least & — ¢, and it is proper because it contains the point
q. Now, take any (k — £)-dimensional subgroup of A’ containing ¢, and let A” C (R/Z)"~* denote its the
projection onto the last n — ¢ coordinates of (R/Z)™. Then A” C (R/Z)"* is a (k — ¢)-dimensional proper

subgroup with D(A"”) = D(A’) = D(A) =d, so d € §}_,(n — {), as desired. O

Let us now describe what happens when one works with subtori instead of subgroups. We still have the
trivial inclusion Sk_¢(n —¥¢) C Sk(n) for 1 < ¢ < k < n, although one cannot hope for any relationship when
¢ =k since So(n — £) = 0, as there are no O-dimensional proper subtori.

Matters around the reverse inclusion are more complicated. For ¢ < k, one can run the first paragraph
of the argument from the proof of Lemma 1.8 on a k-dimensional proper subtorus U. The trouble comes
in the second paragraph, where the intersection of U with the subspace {(z1,...,2,) : 1 = -+ = Tp11}
may be a disconnected subgroup rather than a connected subtorus. Since ¢ < k, one could also consider the

intersections of U with other subspaces of the form

{1, xn) tay, = =24, }

for 1 <i; < --- <ipy1 < k+1. Unfortunately, even this additional flexibility is insufficient to guarantee that
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the intersection is connected; a concrete counterexample with £ = 1,k = 2,n = 3 is given by the subtorus
m({(0,7,-5), (5,-93,0)») C (R/Z)*.

It is still possible to say a little bit. A special case of the following lemma appeared, in somewhat different
language, as Lemma 8 of the paper of Bohman, Holzman, and Kleitman [17]. One should think of the lemma

as as a characterization of max Si(n) by the “codimension” n — k.

Lemma 1.9. For natural numbers 1 < ¢ < k < n, we have max Si(n) = max Si_¢(n — £).

Proof. By induction, it suffices to establish the £ = 1 case of the lemma. The trivial inclusion Sg_1(n —1) C
Sk (n) gives max Si(n) > maxSi_1(n — 1). It remains to show the reverse inequality.

Let d € Sk(n), and let U C (R/Z)" be a k-dimensional proper subtorus with D(U) = d. Write U =
w({wy,...,wg_2,u,v)r) for nonzero vectors wi,...,wg—2,u = (Uy,...,upn),v = (v1,...,0,) € Z". The

properness of U guarantees that for each 1 < ¢ < n, at least one of the k generators of U has its i-th
coordinate nonzero. Thus, by replacing v with u plus suitable integer multiples of the other generators, we
may assume that v has all nonzero coordinates. Moreover, by changing coordinates x; — —x; for the i’s with
u; < 0, we may assume that v has all coordinates strictly positive. Finally, by permuting the coordinates

xz;, we may assume that the quantities

V1 /U1, V2 U, . U U,

are non-decreasing. Since u, v are non-parallel, there is some index 1 < 4 < n—1 such that v; /u; < vi41/Uit1-
Now, let T' denote the identity component of the intersection UN{x; = —z;4+1}. Note that T is a subtorus
of dimension either k —1 or k. We claim that T is proper. To this end, the key observation is that 7" contains

the 1-dimensional proper subtorus

T({(vi + vis1)u = (Ui + vis1)V)R).-

Indeed, the i-th and (i 4+ 1)-th coordinates of (v; + vi+1)u — (u; + u;41)v sum to zero by direct calculation,
so this is indeed a subtorus of T'. For properness, it suffices to show that (v; + v;41)u — (u; + u;41)v has all

coordinates nonzero. To see this, notice that the j-th coordinate is equal to

(Vi + vip1)uy — (Ui + uig1)vy,

which vanishes if and only if
Vi Vit Vit

Uj U + Uig1
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Since u;, u;r1 > 0 and v;/u; < viy1/uip1, the quantity (v; +v;11)/(u; +u;p1) lies strictly between v; /u; and
Vi+1/Uit1, and in particular it is not equal to v;/u; for any 1 < j < n.

Take T" to be a (k — 1)-dimensional proper subtorus of T, and let T” denote the projection of T’
onto all but the i-th coordinate. Then T" is a (k — 1)-dimensional proper subtorus of (R/Z)"~!, and

D(U) < D(T) < D(T") = D(T") < maxSi_1(n — 1), as desired. O

We remark that we could have intersected U with the subspace where x1 = x,, instead of the subspace
where z; = —x;11; there is some (limited) flexibility in this choice.

It is instructive to compare what the proofs of Lemmas 1.8 and 1.9 tell us about the intersections
U :=Un{x; =x;} where U C (R/Z)" is a fixed 2-dimensional proper subtorus and 1 <i < j < n range.
The proof of Lemma 1.8 provides indices ¢ < j such that U’ satisfies D(U’) = D(U) but may be disconnected.
The proof of Lemma 1.9 provides indices ¢ < j such that U is connected but may satisfy D(U’) > D(U).
The example described between the two lemmas shows that for some choices of U it is impossible to find

indices ¢ < j such that U’ both is connected and satisfies D(U’) = D(U).

1.4 Quantitative Kronecker Theorem

We will require some technical results on the distribution of subtori of (R/Z)™. In this setting, every k-
dimensional subtorus (1 < k < n) is of the form T' = w(W) for some k-dimensional subspace W of R™ that
is “rational” in the sense that A := Z" N W is a lattice of rank k. We write voli(T) for the k-dimensional
volume of a k-dimensional subtorus T'. Note that the volume of the torus T' = 7(W) is simply the covolume
of its associated lattice A.

We will require a simple lemma showing that there are only finitely many subtori with volume smaller
than any constant. Schmidt obtained this result with a sharp bound in [100], but we will also include a short
proof here (with a worse bound) to keep our arguments self-contained. We first recall a standard fact from

reduction theory.

Theorem 1.10 ([104], Sections X.5-6). Let A C R* be a lattice of full rank. Then there is a basis by, ..., by
of A such that
loullz - [[be]l2 < 2°(3/2)"*=D/2 covol(A) fwr,

where wy, = /2T (k/2 + 1) is the volume of the L*-unit ball in R*.

This theorem is a variation of Minkowski’s Second Theorem from the geometry of numbers. We cannot
apply Minkowski’s Second Theorem directly because the elements of A achieving the successive minima need

not form a Z-basis (as discussed in [104], Section X.5).
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Lemma 1.11. Let 0 < k < n be nonnegative integers, and let V- > 0 be a positive real number. Then there

are only finitely many k-dimensional subtori of (R/Z)™ with volume at most V.

Proof. Every k-dimensional subtorus T' of (R/Z)™ with volume at most V' is of the form (W) for some
k-dimensional subspace W of R™ that is “rational” in the sense that A := Z™ N W is a rank-k lattice in W;
identifying W with R, we see that T is isomorphic to R¥/A. Theorem 1.10 provides a basis by, ..., by of A
such that

[b1]l2 - - - [|brll2 < 2%(3/2)**=D/2vol, (T) Jwy.

Since every nonzero element of Z™ has length at least 1, we see that each

[bill2 < 2F(3/2)FE=V/2V Juy = 0(k, V).

Since Z™ has only finitely many elements of length at most ¢(k, V'), we conclude that there are only finitely
many choices for the b;’s and hence (since T is determined by W, which is determined by A) only finitely

many choices for 7. O
We also need the analogous result for subgroups.

Lemma 1.12. Let 0 < k < n be nonnegative integers, and let V> 0 be a positive real number. Then there

are only finitely many k-dimensional subgroups of (R/Z)™ of volume at most V.

Proof. Every subgroup A of (R/Z)"™ with volume at most V' can be written as a direct sum A =T & H,
where T is the identity component of A and H is a finite subgroup of (R/Z)™; note that T is a k-dimensional

subtorus and H C (Q/Z)". From voli(T) > 1 and

volg(T) - |H| = volp(A) <V,

we see that vol(T),|H| < V. Lemma 1.12 tells us that there are only finitely many choices for T. To see
that there are only finitely many choice for H, note that H is contained in the set of elements of (R/Z)"
of order at most V' and this set is finite. Since A is determined by T, H, we conclude that there are only

finitely many choices for A. O

We can now prove our Kronecker-type result. The classical version of Kronecker’s Equidistribution
Theorem says that every irrational orbit in (R/Z)™ equidistributes in some subtorus of dimension at least 2.

Our version can be understood as a quantitative, finitary analogue for closed subtori and subgroups.
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Lemma 1.13. Let 0 < k < n be nonnegative integers, and let € > 0 be a positive real number. Then there
exist a constant C* = C*(n,k,e) > 0 and a finite list L* = L*(n, k, ) of subgroups of (R/Z)"™ such that for

each k-dimensional subgroup A of (R/Z)™, one of the following holds:
1. A has volume at most C.

2. A is contained in one of the subgroups I' € L* and is e-dense (with respect to the L*((R/Z)™)-norm)

m . If A is a subtorus, then T' can also be taken to be subtorus.
Moreover, each subgroup in L* has dimension at least k+ 1 if k < n.

Notice that (R/Z)™ will always be one of the elements of our list L*; this corresponds to the situation

where A is dense in (R/Z)™.

Proof. We fix n and proceed by downward induction on k. For the base case k = n, the only subgroup A is
A = (R/Z)"; take L*(n,n,e) = {(R/Z)"} and C*(n,n,e) =1 (say), and there is nothing to prove.

We proceed to the induction step. For visualizing the argument, the reader may find it helpful to keep the
k =n—1 case in mind. Let A be a k-dimensional subgroup of volume V', and let T" be the identity component
of A. Note that T is itself a k-dimensional subtorus, and write T'= 7(W) with W a k-dimensional rational
subspace of R™. Moreover, we can write A = T'® H for some finite group H C (R/Z)", and there is a unique
finite set R C [0,1)" such that m(R) = H bijectively; note that in fact R C Q™. Let X denote the tubular
neighborhood of A of radius €/2. If

Vi i(e/2)" 7% > 1,

then the (n — k)-dimensional “orthogonal slices” of X around the points of A cannot all be disjoint. Lifting
this picture to R™ gives us some z € (Z™ + R) \ W such that the £/2-tubular neighborhoods around W
and W + x intersect. In particular, the orthogonal complement of W intersects W + x at some (necessarily
nonzero) point p of length at most €. The point p has all rational coordinates since it is determined by a
rational system of linear equations (involving W and z). Let W’ be the R-subspace of R" spanned by W and
p, and let 77 := w(W'). Notice that T" is a (k + 1)-dimensional subtorus (because of the rationality of p) and
that the £/2-neighborhood of A contains 7”. It follows that A is £/2-dense in the subgroup A’ :=T" + H.

We now have a dichotomy depending on whether the volume of A’ is small or large. Set

L*(n,k,e) == L*(n,k+1,¢/2) U{(k + 1)-dim’l subgroups of volume at most C*(n,k + 1,£/2)}.

If the volume of A’ is at most C*(n, k + 1,¢/2), then A’ € L*(n, k,e) and we are done since A is e-dense in

A’ If instead the volume of A’ is larger than C*(n, k + 1,£/2), then there is some A” € L*(n,k+ 1,¢/2) C
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L*(n, k,e) such that A’ is £/2-dense in A", and again we are done since A is e-dense in A” by the Triangle

Inequality. This proves the lemma with the choice

1

C*(n, k,e) == o G

Lemma 1.12 implies that L*(n, k, ) is a finite set. The second part of (2) is clear from tracing through the

proof with only subtori under consideration. O

1.5 Producing accumulation points

Our next task is showing how elements of certain spectra lead to accumulation points in other spectra. We

begin by producing density points in multiset spectra.

Proposition 1.14. For natural numbers 1 < k < n, we have Sky1(n) C den(Sk mut(n)). For nonnegative

integers 0 < k < n, we have S, (n) C den(Sj ,.14(n))-

Proof. For the first statement, we must show that for every (k+1)-dimensional proper subtorus U C (R/Z)",
the value D(U) is a density point of the multiset Sk muit(n). Fix such a U. Notice that every k-dimensional
subtorus T' C U has D(T) > D(U) by the definition of D. If moreover T is e-dense in U with respect to the
L*°-norm, then the Triangle Inequality also gives D(T') < D(U) + ¢. Hence, it suffices to exhibit an infinite
sequence of k-dimensional proper subtori 71,75, ... that are contained in U and become o(1)-dense in U.
Notice that the properness condition comes for free if 77,75, ... become o(1)-dense in U, since non-proper
subtori all have D-value 1/2.

Now, in fact, any infinite sequence of k-dimensional subtori of U becomes o(1)-dense in U (by the
codimension-1 cases of Lemmas 1.11 and 1.13). We can also produce such a sequence explicitly by writing

U=mn({uy,...,ups1)r) for some nonzero vectors uq, ..., ur+1 € Z™ and setting
Tj = m({u1,ua, ..., up—1, Uk + Jug+1)r) C U

for each j € N. The o(1)-denseness of the T;’s in U follows from the o(1)-denseness of the subtori w({(1, j))=)
in (R/Z)?, which is geometrically obvious.

The second statement goes in the same way. Let A C (R/Z)™ be a (k + 1)-dimensional proper subgroup.
As in the previous paragraph, it suffices to find an infinite sequence I'y,I'g, ... of k-dimensional subgroups
of A that become o(1)-dense in I'. We can write A as a direct sum A = U @ G, where U is a (k + 1)-

dimensional subtorus (not necessarily proper) and G is a finite subgroup (also not necessarily proper). It
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suffices to produce a sequence of k-dimensional subgroups Hi, Hs,... of U that become o(1)-dense in U,
since then I'y := H1 & G,I'y := Hy ® G, ... will be o(1)-dense in A. If £ = 0, then U is a 1-dimensional
subtorus and we can take H; to be the unique subgroup of U of order j. If £ > 1, then we can take H; to

be the subtorus T} constructed in the previous paragraph. O

The situation becomes more subtle when we work with set spectra instead of multiset spectra. The proof
strategy for Proposition 1.14 completely breaks down. In the context of the first statement (about subtori),
it is possible that D(T') = D(U) for all but finitely many k-dimensional proper subtori T of U; in this case,
the D-values of the k-dimensional proper subtori of U witness D(U) as a density point of Sk muit(n) but do
not witness D(U) as a genuine accumulation point of Si(n). In the following chapter, we will see a simple
geometric criterion for when a 2-dimensional proper subtorus U C (R/Z)™ has infinitely many 1-dimensional
proper subtori T' with D(T') > D(U): This occurs if and only if the locus where U attains its D-value is
contained in a finite union of parallel line segments.? Using this criterion, they showed that, for example,

the 2-dimensional proper subtorus

U =n({(1,2,3,2,0,0,0),(0,0,0,2,1,2,3))r) C (R/Z)7

has only finitely many 1-dimensional proper subtori 7" with D(T') > D(U). It is even easier to construct
such examples in the context of the second statement of Proposition 1.14 (about subgroups). For instance,

the 1-dimensional proper subgroup

A =R/Z x {0,1/3,2/3} C (R/Z)?

has only finitely many discrete subgroups I' with D(T") > D(A).

An important special case occurs when U is of the form U = U’ x R/Z for U’ a 1-dimensional proper
subtorus. Since U’ achieves its D-value at only finitely many points, we see that U achieves its D-value
on only finitely many “vertical” line segements. The above criterion guarantees that U contains infinitely
many 1-dimensional proper subtori T' with D(T") > D(U) = D(U’). In particular, there exist such T’s with
volume tending to infinity, in which case D(T') approaches D(U) from above due to the codimension-1 cases

of Lemmas 1.11 and 1.13. We conclude that, as observed more directly in [65], we have the inclusion

S(n—1) C acc(S(n))

2The same argument shows that a (k + 1)-dimensional proper subtorus U has infinitely many k-dimensional proper subtori
T with D(T) > D(U) if and only if the locus where U attains its D-value is contained in a finite union of parallel k-dimensional
disks.
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for every natural number n > 2. It is an interesting open problem to determine whether or not
Sk(n —1) C acc(Sk(n))

for all 1 < k < n; we suspect that this is likely the case, and that in fact equality holds.

1.6 Putting everything together

We have nearly all of the pieces that comprise Theorem 1.4. Before we can complete the proof, we need to

use our Kronecker-type result to relate acc(Sk(n)) to Sky1(n).

Lemma 1.15. Let 1 < k < n be natural numbers. Then the accumulation points of Si(n) are all accumula-

tion points only from above, and den(Sk mu(n)) C Sk+1(n).

Proof. We first claim that if 1 < £ < n —1 and T1,T5,... is a sequence of distinct ¢-dimensional proper

subtori of (R/Z)™, then there exist a subtorus T of dimension at least £ + 1 and a subsequence T;,,T;

19 PR

such that each T;, is contained in 7' and the T;,’s become o(1)-dense in 7" as j — oo. We proceed by
downward induction on ¢. Notice that the volume of the T;’s tends to infinity as ¢ grows. The base case
¢ =n — 1 now follows immediately from Lemma 1.13, which tells us that the T;’s are o(1)-dense in (R/Z)".
For the induction step, suppose that the T;’s are {-dimensional with / < n — 1. Lemma 1.13 tells us that
there are subtori 77, each of dimension at least £ 4+ 1, such that each T; is contained in 7] and the T;’s are
o(1)-dense in their respective T}’s as i — co. By passing to a subsequence, we may assume that all of the
T!’s have the same dimension, say, ¢ > ¢+ 1. If there are only finitely many distinct T)’s, then one of them
appears infinitely often and we can conclude by letting T" be such a T7. If instead there are infinitely many
distinct T7’s, then (by the induction hypothesis) there exist a subtorus 7' of dimension at least ¢/ + 1 and a

subsequence T

i, 17, - such that each T} is contained in T and the T ’s are o(1)-dense in T". Then we also

i)t i
see that each T;, is contained in T" and the T;,’s are o(1)-dense in 7' (by the Triangle Inequality), as desired.

We now prove the lemma by (upward) induction on k. Let T3,75,... be a sequence of k-dimensional
proper subtori with lim;_,, D(T;) = d. The claim from the previous paragraph tells us that, after passing to a
subsequence, we may assume that all of the T;’s are contained in a single subtorus 1" of dimension at least k+1
and that the T;’s are o(1)-dense in T'. It follows that every D(T;) > D(T) and that lim; ,., D(T;) = D(T),
so D(T) = d. In particular, D(T;) cannot limit to d from below. This establishes the first statement of the
lemma, namely, that Sk(n) has only upper accumulation points.

We know that T has dimension at least k + 1. We can find a (k + 1)-dimensional subtorus 7" such that

d=D(T) = D(T') € S11(n): Just take any (k + 1)-dimensional subtorus 7" of T that passes through a
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rational point of T with L>°-distance d from the point (1/2,...,1/2) (using Lemma 1.7). This establishes

the second statement of the lemma, namely, that acc(Sk(n)) C Sk+1(n). O
The following subgroup-version of this lemma can be proven by an identical argument.

Lemma 1.16. Let 0 < k < n be nonnegative integers. Then the accumulation points of Sf(n) are all

accumulation points only from above, and den(Sy; ,..(n)) C Sy 1 (n).

We remark that Lemmas 1.15 and 1.16 do not use anything special about the fact that D(T') measures
the L> distance from T to (1/2,...,1/2): We would get the same “qualitative” result for any D¢(T).

Combining all of our results so far yields Theorem 1.4, as follows.
e Lemmas 1.15 and 1.16 tell us that Si(n), S}, (n) have only upper accumulation points.

e For the long string of set inclusions in Theorem 1.4: We obtain acc(Sk(n)) C Sgt1(n) from Lemma 1.15.

The inclusion Sg41(n) € Sj, 1 (n) is trivial. And we obtain S;;(n) = S5(n —k — 1) from Lemma 1.8.

e For the multiset equalities: We obtain Sky1(n) C den(Skmuc(n)) and S, 1 (n) C den(Sy (1))
from Proposition 1.14. And we obtain den(Skmut(n)) € Sk+1(n) and den(Sy (7)) € Sy q(n)

from Lemmas 1.15 and 1.16. The final equality Sy, ,(n) = Sj,(n — 1) follows from Lemma 1.8.

e For the final assertion, we obtain S(n — 1) C acc(S(n)) from Theorem 1.3, and Lemma 1.8 gives us

Si(n) = 8*(n —1).

1.7 Checking small speeds suffices

In this short section, we explain how to deduce the computability result described in Section 1.1.6. The
argument is a straightforward modification of the approach taken in the proof of Lemma 1.13. Suppose
we already know that the Lonely Runner Conjecture holds for n — 1 runners and we want to determine
whether or not it holds for n runners, simply by checking the maximum loneliness for all n-tuples of small
natural-number speeds. It would suffice to show that if there exists a counterexample to the Lonely Runner
Conjecture with n runners, then there exists such a counterexample with all slow runners. We will show a
stronger statement, namely, that every n-tuple with large sum of squares of speeds must satisfy the Lonely
Runner Conjecture. Recall that the tuple of speeds (v1,...,v,) corresponds to the 1-dimensional proper
subtorus T := 7({(v1, - .., vn))r) € (R/Z)", which has length vol; (T) = \/v? + - - + 02 if ged(vy, . .., vn) = 1

(which of course we may assume).
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Let e:=1/n—1/(n+1) =1/(n(n+ 1)), and let T be a 1-dimensional proper subtorus of (R/Z)"™ with

volume V. The argument from the proof of Lemma 1.13 shows that if

Vwp_1e" 1> 1,

then there is some 2-dimensional proper subtorus 7" such that T is e-dense in T”. In particular, D(T) <
D(T") + ¢, and Lemma 1.9 (together with our “induction” hypothesis) ensures that the latter quantity is at

most 1/2 —1/(n + 1). Hence T satisfies the Lonely Runner Conjecture once

Ve 1 ~ D((n+1)/2)(n(n+1))" "
Wp_1e""1 r(n=1)/2 ’

and Stirling’s Approximation shows that this threshold is smaller than n(/2m,

We remark that we can run the same argument if the Lonely Runner Conjecture for n — 1 runners fails
but we still have maxS(n — 1) = maxSz2(n) < 1/2 —1/(n+ 1) — 6 for some § > 0; the threshold for V' will
just be corresponding larger.

The ideas in this section also bear on the problem of characterizing tight instances of the Lonely Runner
Problem, i.e., 1-dimensional proper subtori ' C (R/Z)™ with the (conjecturally) largest possible value
D(T) =1/2 —1/(n+ 1). The above proof shows that if the Lonely Runner Conjecture holds for n — 1
runners, then there are only finitely many tight instances for n runners, and one could easily extract an

explicit upper bound on their volume (and, by extension, their number).

1.8 Calculations for small (co)dimension

When the number of runners is small, we can provide some more precise information about the relation
between Lonely Runner spectra and subgroup Lonely Runner spectra; this leads to more general observations
about (subgroup) Lonely Runner spectra of small codimension.
We start with S;(1) = {0}. It is also easy to compute (see, e.g., [65, Theorem 4.1] or the remark on page
5 of [12]) that
§1(2) ={0}uU{1/(4s+2):s € N}.

In particular,

ace(81(2)) = {0} = Si(1),

which provides an affirmative answer to the k = n (“codimension-0”) case of Problem 1.6.
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Next, we calculate that

Si(1)={0} U{1/(4s+2): s € N} = & (2).

Indeed, each proper discrete subgroup of R/Z is equal to w({1/q)z) for some natural number ¢ > 2. If ¢ is
even, then 1/2 € 7((1/¢)z) and D(7((1/q)z)) = 0. If instead ¢ = 2s + 1 is odd, then the closest points in

m((1/q)z) to 1/2 are £s/q, so

D(r((1/q)z)) =1/2 — s/qg=1/(4s + 2).

Notice that the degenerate Lonely Runner spectrum Sp(1) = ) is emphatically not equal to S§(1).

For each n > 2 we have the chain of inclusions

$1(2) € Sn-1(n) € S, 1(n) = S5(1) = S1(2),

so equality must hold. This proves the & = n — 1 (“codimension-17”) case of Problem 1.6 and implies that
acc(S1(3)) = S1(2), as expected.
The subgroup Lonely Runner spectrum S7(2) is more complicated since there are many discrete subgroups

of (R/Z)?. Of course, we have the inclusion

S1(3) € 81 (3) = S5(2).

This inclusion, however, is strict.
Proposition 1.17. We have 7/50 € §5(2) \ S$1(3).

Proof. A direct calculation shows that D(w({(12/25,9/25))z)) = 7/50 € S§(2); see Figure 1.2. It remains

to show that 7/50 ¢ S1(3). Let T C (R/Z)3 be a 1-dimensional proper subtorus. We will show that

D(T) # 7/50. First, suppose that vol(T') > 199; note that 199 - ((1/25 — )?7) > 1 for some € > 0. Then the

tubular neighborhood argument from the proof of Lemma 1.13, with a tube of radius 1/25 — ¢, shows that

T is (1/25 — ¢)-dense in some proper subtorus U C (R/Z)? of dimension at least 2. Thus
DU)<DT)<DU)+1/25—¢.

We know from the characterization of Sz(3) that either D(U) = 1/6 or D(U) < 1/10. In the former case,
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the inequality D(T) > D(U) = 1/6 implies that D(T) # 7/50. In the latter case, the inequality

D(T) < D(U)+1/25 —c < 1/1041/25 —c = 7/50 — &

implies that D(T') # 7/50. Finally, an exhaustive computer search (taking about an hour on a standard
laptop) shows that D(T') # 7/50 when vol(T") < 199. O

Figure 1.2: The black dots show elements of the discrete subgroup m(((12/25,9/25))z) C (R/Z)?, which
witnesses the value 7/50 € S§§(2), and the blue square shows the L*-ball of radius 7/50 centered at the
point (1/2,1/2). Notice that there are black dots on all four edges of the blue square; this is a necessary
feature of any such example.

We believe that 7/50 ¢ Sa(4), but we do not have the computing power to carry out an exhaustive
computer search analogous to what we did in Proposition 1.17. In any case, the example in Proposition 1.17
shows that proving S3(4) = S1(3) will necessarily be more difficult than proving S2(3) = S1(2). In particular,
one would have to show that not all 1-dimensional proper subgroups of (R/Z)3 can arise when one applies

the slicing argument of Lemma 1.8 to 2-dimensional proper subtori in (R/Z)%.

1.9 Remarks and open problems

We conclude with a few comments and questions.

1. Our proof of Theorem 1.4 shows that each element of S;(n) \ S2(n) appears with finite multiplicity
(but not uniformly bounded multiplicity, even for n = 2) in S; mu(n). In particular, as we mentioned
in Section 1.7, if the Lonely Runner Conjecture is true for n and n — 1 runners, then there are only
finitely many tight instances of the Lonely Runner Conjecture for n runners, and all such instances are

low-volume. It would feasible (and very useful) to carry out numerical calculations in this direction.

2. For a proper subtorus U C (R/Z)" of dimension at least 2, one can define the Lonely Runner spectrum
relative to U to be the set S(U) of all values of D(T) as T ranges over 1-dimensional proper subtori

contained in U. Our proof of Theorem 1.4 shows that all accumulation points of S(n) are “due” to
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relatively Lonely Runner spectra, in the sense that for each d € acc(S(n)) there are some small £ > 0
and a finite list Uy, ...,U; with D(Uy) = --- = D(Uy) = d such that

S(n)N (d,d+¢) = U N(d,d+e).

The following chapter contains a study of such relatively Lonely Runner spectra for 2-dimensional

subtori U and shows that the sets S(U) have surprisingly rigid arithmetical properties.

. Our results show that

acc(S(3)) = S(2) ={1/(4s +2) : s € N} U {0}.

The main result of [65] explicitly determines S(3)N[1/6,1/2], i.e., the set S(3) “up to the first accumu-
lation point 1/6” (see Conjecture 1.1). The work of the following chapter yields a description of S(3)
up to the second accumulation point 1/10 as well as chunks of some other Lonely Runner spectra. It

would be interesting to obtain more such characterizations.

. Is the set U,>1S(n) dense in the interval [0,1/2]? If not, does U,>1S(n) have any “nice” self-similarity

properties?
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Chapter 2

Lonely runners: the quantitative view

2.1 Introduction

2.1.1 The Lonely Runner Conjecture

The Lonely Runner Conjecture of Wills [113] and Cusick [28] originally arose as a possible converse to
Dirichlet’s theorem on Diophantine approximation. There are now several equivalent formulations of the
Lonely Runner Problem. In the most popular version, due to Bienia, Goddyn, Gvozdjak, Sebd, and Tarsi
[12], we have n runners standing at the start line of a unit-length circular track. The runners simultaneously
begin running around the track, each at a constant nonzero integer speed. The mazximum loneliness of a set
of speeds is defined to be the largest L such that there is a time when all of the runners are a distance at
least L from the start line. The Lonely Runner Conjecture asserts that the maximum loneliness is always
at least 1/(n + 1), regardless of the choice of the n speeds. (Equality holds for the speeds 1,2,...,n, for
instance.) The combined work of many authors over the last several decades has established the Lonely
Runner Conjecture for n < 6 (see [4,10,12,17,30,92]), but it remains open for n > 7.

In this chapter, we will work with the following wview-obstruction formulation of the Lonely Runner
Problem, as introduced by Cusick [28]. For a subtorus T' C (R/Z)™, let D(T) denote the L°°-distance from
T to the point (1/2,...,1/2). For 1 < k < n, let Sx(n) denote the set of all of the values of D(T') as T
ranges over the k-dimensional proper subtori of (R/Z)"; here we say that a subtorus is proper if it is not
contained in the union of the coordinate hyperplanes of (R/Z)™. The set Si(n) is called the n-th Lonely
Runner spectrum. Note that each Sg(n) is a subset of [0,1/2).

It is easy to check that if vq,...,v, are nonzero integers, then the maximum loneliness of this set of
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speeds equals 1/2 — D({(v1,...,v,))r).! The condition on the v;’s being all nonzero is equivalent to the
condition on the torus ((vy,...,v,))r being proper. Hence, in the language of view-obstruction, the Lonely
Runner Conjecture asserts that

maxSi(n) =1/2—-1/(n+1).

The equality case mentioned at the end of the first paragraph gives D({(1,2,...,n))gr) =1/2—-1/(n+1) €
S1(n), and the difficult part of the Lonely Runner Conjecture is showing that for every 1-dimensional proper
subtorus T' C (R/Z)", we have D(T) <1/2—-1/(n+1).

Until recently, work on the Lonely Runner Conjecture focused narrowly on the maximum value of each
Lonely Runner spectrum S (n). In 2020, the author [65] proposed studying the entire set Sy (n): For instance,
one can try to characterize not only its maximum value but all of its near-maximal values, and one can study
other properties of S1(n), such as its accumulation points. With regard to the first question, the thesis [65]
conjectured that

son(i-La (it o ven) o
(where forus N = {1,2,3,...}). The D-values on the right-hand side are achieved by the subtori ((1,2,...,n—
1,ns))r. The appeal of this conjecture is that it provides a “good” explanation for the appearance of the
quantity 1/2 — 1/(n + 1) in the Lonely Runner Conjecture: This quantity is the endpoint (corresponding
to s = 1) of a highly arithmetically structured sequence of D-values. One of the main results of [65] was a
proof of this conjecture for n = 2,3. Fan and Sun [39] later discovered an infinite family of counterexamples

for n = 4, namely,

1 1 1
D({(8,45 +3,4s + 11,45 +19))x) = 5 — 7 + {5+

(2.2)
These elements of S;(4) are different from the values in (2.1) because 60 # 4 (mod 16). Nonetheless, this
sequence of large elements of S;(4) is highly arithmetically structured, just like the sequence in (2.1). The

main result of the present chapter will show that this is no coincidence.

2.1.2 Relative Lonely Runner spectra

We now discuss the qualitative structure of Lonely Runner spectra and the role of higher-dimensional subtori.
For a set S of real numbers, let acc(S) denote the set of accumulation points of S. One can distinguish
between accumulation points from above and from below, denoted acc™(S),acc™(S) (respectively) In [65],
the author showed that

Si(n—1) Cacct(S1(n)) (2.3)

n this chapter, all R-spans of rational vectors in R™ should be interpreted as subtori in (R/Z)™; in particular, we will
dispense with explicitly writing the quotient 7 : R™ — (R/Z)™ from the previous chapter.
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and then asked whether equality holds and whether acc™ (S1(n)) = ). The previous chapter presented some
progress towards understanding these questions. One of the main results was that indeed acc™ (S1(n)) = 0.
We saw that

acc(S1(n)) C Sa(n), (2.4)

and that equality holds if one interprets S;(n) suitably as a multiset. We also saw the conjecture that
82<n) = Sl(n — 1),

which would imply that equality holds in (2.3). Easy calculations verify this conjecture for n = 2,3, as
discussed in the previous chapter

The thrust of the argument for (2.4) is that if 77,75, ... is a sequence of 1-dimensional proper subtori
with D(T;) — d, then, once we pass to a subsequence of the T;’s, there is proper subtorus U of dimension
at least 2 such that D(U) = d, the T;’s are all contained in U, and T;’s become o(1)-dense in U as i — oc.
Since D(T;) > D(U), we see that D(T;) approaches d from above, and it follows that acc™ (S1(n)) = (. Only

D-values of 2-dimensional subtori appear on the right-hand side of (2.4) because of the trivial containments
Sn(n) g Sn—l(n) g e g Sg(?’l)

We also saw some further results involving “subgroup Lonely Runner spectra” in which k-dimensional subtori
are replaced by k-dimensional subgroups.

To make full use of the results of the preceding chapter, it is useful to have the notion of relative Lonely
Runner spectra. For a subtorus U C (R/Z)™ and a natural number k < dim(U), define S,(U), the order-k
Lonely Runner spectrum relative to U, to be the set of all values of D(T) as T ranges over the k-dimensional
proper subtori of U. The special case S1((R/Z)™) = S1(n) corresponds to the Lonely Runner spectra defined
above.

The natural output of the aforementioned argument from the last chapter is that for each natural number
n and real number d € acc(Si(n)), there are € > 0 and a finite list of proper subtori Uy,...,U; C (R/Z)",

with each U; satisfying dim(U;) > 2 and D(U;) = d, such that
t
Si(n)n(d,d+e)= | [ JSuU)) | n(d,d+e). (2.5)
j=1

In other words, the accumulation of S1(n) at the point d is completely described by the (finitely many) relative

spectra S1(Uj;), and so studying accumulation points essentially amounts to studying relative spectra. (The
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equation (2.5) also holds trivially for d ¢ acc(S1(n)) since taking e sufficiently small makes the left-hand side

empty.)

2.1.3 Main result

Our main result is a structural characterization of order-1 relative spectra for 2-dimensional subtori, which
can be understood as a “quantitative” complement to the “qualitative” results described in the previous
section. We show that these relative spectra are highly arithmetically structured, in a sense that captures
the infinite families described in (2.1) and in (2.2). In other words, we show that convergence to accumulation

points in Lonely Runner spectra is subject to surprisingly rigid constraints. Let
Prog(a, ) :={as+ B :s € Z>o}

denote the infinite one-sided arithmetic progression with common difference v and shift 3.

Theorem 2.1. Let n > 2 be a natural number, and let U C (R/Z)™ be a 2-dimensional proper subtorus.
Then there are N € Z>( and positive rationals aq,. .., an, B, ..., 0~ such that S1(U) has finite symmetric

difference with the set

@) + 1/ Prog(ai, ;).

i=1

We make three remarks about the statement of this theorem. First, the finite symmetric difference
arises because a few 1-dimensional subtori of U can be too “small” to see the structure leading to the sets
D(U)+1/Prog(a;, 8;); below we give an explicit example where this finite symmetric difference is necessary.
Second, our argument actually shows the ostensibly slightly stronger statement that there are only finitely
many 1-dimensional proper subtori T of U with D(T) lying outside of the set {D(U)} U [UX,(D(U) +
1/ Prog(a;, f;))]. Third, the set D(U) + 1/ Prog(a;, 8;) can be understood as a simple transformation of the
set §1(2) = 1/ Prog(4,6).

Notice that all of the subtori Uj in (2.5) are necessarily 2-dimensional for an accumulation point d ¢ S3(n);
this is the case, for instance, for d = maxacc(S1(n)) = max Sy (n — 1). Here, Theorem 2.1 immediately gives

the following pleasant characterization.

Corollary 2.2. Let n > 2 be a natural number, and let d € acc(S1(n)) \ Ss(n) be a real number. Then

there are € > 0, N € Z>o, and positive rationals aa, ..., an, B1,..., By such that S1(n)N(d,d+¢) has finite
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symmetric difference with the set

N
(U(d+ 1/Prog(ai,ﬂi))> N (d,d + ¢).

i=1
2.1.4 Comparison with previous work

Section 6 of [65] was concerned with the “one very fast runner” setting of the Lonely Runner Problem, in
which we fix nonzero integers v1,...,v,_1 and consider the maximum loneliness values associated with the

speeds v1,...,V,_1, v, for v, large. This essentially amounts to studying the relative spectrum

81(<(’U1, . 7'Un—1)>R X (R/Z))

Our Theorem 2.1 can be understood as an extension of this study to general 2-dimensional subtori.

For other computation-related results on the Lonely Runner Problem, see, e.g., [76,108].

2.1.5 Computing relative spectra

The proof of Theorem 2.1 is quite explicit and provides an algorithm (albeit not so simple) for calculating
the structure parameters «a;, 5; for any given 2-dimensional subtorus U. As a proof of concept, we carry out
this calculation for several particular choices of U.

As a first example, we determine S;(4) up to the first accumulation point, namely, 1/2 —1/4 =1/4. We
show that this portion of the fourth Lonely Runner spectrum consists (up to finitely many exceptions) of
only the infinite progressions in (2.1) and in (2.2); along the way, our argument provides a new (and more

systematic) proof of the identity (2.2) from [39].

Theorem 2.3. The set S1(4) N (1/4,1/2] has finite symmetric difference with the set
1/4+1/Prog(8,12) = 1/4 + 1/4 Prog(2, 3).

Characterizing this finite symmetric difference is itself a finite calculation that we have not attempted to
carry out (but numerical experiments suggest that there are no exceptional elements).
For our second example, we determine S;(3) up to the second accumulation point, namely, 1/2 — 2/5 =

1/10. Recall from [65] that Sy (3) N (1/6,1/2] = 1/6 + 1/ Prog(9,12) = 1/6 + 1/3 Prog(3,4).

Theorem 2.4. The set $1(3) N (1/10,1/6] has finite symmetric difference with the set

(1/10 4+ 4/5Prog(5,7)) U (1/10 + 3/5 Prog(5,9)).
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Our third example, of a slightly different flavor, is the discovery of a new infinite family in §;(6) limiting

to the first accumulation point, namely, 1/2 —1/6 = 1/3.

Theorem 2.5. The set S1(6) N (1/3,1/2] contains the set

1/3 +1/6 Prog(6, 11).

One could in principle calculate S;(6) N (1/3,1/2] up to finite symmetric difference, following the model
of the proof of Theorem 2.3, but this would be fairly lengthy and we have not attempted it.

In general, before using our methods to determine S;(n) up to the first accumulation point, one must
first determine all tight instances for Sj(n — 1), i.e., proper l-dimensional subtori 7' C (R/Z)"~! with
D(T) = maxS1(n — 1); see Section 2.3 below. Determining all tight instances for S;(n) is a (large) finite
calculation for any particular n, thanks to the results of the previous chapter, but at the present it is available
in the literature only for n € {1,2,3,5}. This is one reason why studying accumulation points of S;(6) is
currently more convenient than studying accumulation points of S;(5). (Numerical simulations suggest that
(2.1) holds for n =5.)

In a related direction, we give a necessary and sufficient geometric condition (Proposition 2.16) for the

relative spectrum of a 2-dimensional subtorus being finite, i.e., having no progressions.

2.1.6 Future directions

There are several appealing directions for future work. The most obvious is computing more examples
of relative spectra for low-volume 2-dimensional subtori. Such calculations could lead to new families of
counterexamples to (2.1); perhaps one could could even discover such families for infinitely many values of n
or make a “reasonable” conjecture constraining Si(n) up to the first accumulation point. It also seems that
a thorough understanding of S;(3) is within reach; this set is well-ordered with order type w?+ 1, and, using
relative spectra, one could hope to characterize it up to an exceptional set of order type at most w.

Our arguments for Theorem 2.1 would likely lead to an analogous structure theorem for S,,—1(U) when-
ever U is an m-dimensional proper subtorus, but the details would be messier and we have not pursued
this.

Leaving the codimension-1 regime, a more ambitious open problem is obtaining a structure theorem for
order-1 relative spectra of 3-dimensional subtori. One new difficulty is that the 1-dimensional subgroups of
(R/Z)? are much more complicated than the the 1-dimensional subgroups of (R/Z)? (see Section 2.2.2). It

is conceivable that for a 3-dimensional proper subtorus U, the relative spectrum S;(U) might “look like” a
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finite union of sets obtained in a simple way from S;(3); presumably an improved understanding of S;(3)

would be essential here.

2.1.7 Organization

We prove Theorem 2.1 in Section 2.2. In Section 2.3 we describe some techniques for determining all of the
2-dimensional subtori with a given D-value and carry out this determination for the cases that will figure in
our explicit examples. We then prove Theorems 2.3, 2.4, and 2.5 in Sections 2.4, 2.5, and 2.6. In Section 2.7
we establish a criterion for the finiteness of a relative spectrum and give an example of a finite, non-empty

relative spectrum.

2.2 Proof of Theorem 2.1

2.2.1 Proof strategy

Before diving into the technical details of the proof of Theorem 2.1, we sketch the main points of the
argument. Fix a choice of u,v € Z? such that U = (u,v)g. 1-dimensional subtori of U are of the form
T = (Au + Bo)g for coprime integers A, B satisfying A > 0. The main goal is to express D(T) in terms of

A, B. An easy perturbation argument [65, Proposition 2.1] shows that

D(T) = min D(T; ;..),

1,],€

where for 1 <i < j <nand € € {+,—}, we have set

T e =T N{x; = ex;}.

We will analyze each D(T; ;) individually.

An important observation is that (besides some trivial cases) T; ; . is a finite cyclic subgroup of

Uije:=Un{z; =ex;},

which is embedded in (R/Z)™ as a copy of (R/Z) x (Z/KZ) for some natural number K. In Section 2.2.2,
we recall the structure of finite cyclic subgroups of (R/Z) x (Z/KZ) and then show that the “structure
parameters” for the cyclic group 7; ;. depend in a linear fashion on A, B once we account for the residues

of A, B with respect to some large modulus M (depending on U).
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Consider the function D : (R/Z)™ — [0,1/2] given by D(z1,...,z,) := maxy |z —1/2|. The restriction of
D to each connected component U, ; ., of U; ;. is continuous and piecewise-linear. The work of Section 2.2.2

essentially reduces the task of computing D(T; ;) to the task of computing

min T
z€(1/q) f(@)

where ¢ is a natural number and f : R/Z — R is a continuous and piecewise-linear function assuming its
minimum value at some points 71, ..., 7y. So it suffices to understand how well the 7,’s can be approximated
by multiples of 1/q. This work is carried out in Section 2.2.3, and it is here that the expressions 1/ Prog(«, )
appear. The output of this section (ignoring some important edge cases) is a sector decomposition of R x R
such that if we partition the pairs (A, B) according to the residues of A, B modulo some M and the sector

containing (A, B), then on each part of the partition we obtain a formula of the form

D(T) = D(U) + 1/(EA + FB)

for some rationals F, F'.

At this point, a change of variables gives that on each part of our partition, D(T') takes values in the
set D(U) + 1/ Prog(a, B) for some positive rationals «, 8 depending on E,F. In order to check that the
value D(U) + 1/(as + f) is in fact attained for all sufficiently large s € N, we must verify that there are
coprime A, B satisfying FA 4+ FB = as + . This last step, which boils down to a brief analytic number
theory argument that we provide in Section 2.2.4, requires us to put a few modular constraints on s, which

is harmless.

2.2.2 Intersections of subtori and subgroups

The first set of lemmas concerns the possible intersections of subtori and subspaces in a 2-dimensional torus.
In the following discussion, a torus is any topological group that is isomorphic to (R/Z)™ for some natural
number n, and by a k-dimensional subgroup of a torus we mean a closed k-dimensional Lie subgroup. A

subtorus is a subgroup that is also a torus.

Lemma 2.6. Let U be a 2-dimensional torus. Then every 1-dimensional subgroup T' of U is of the form
U’ x H where U’ is a 1-dimensional subtorus of U and H is a finite cyclic group. In particular, every such

T is isomorphic (as a Lie group) to (R/Z) x (Z/KZ) for some natural number K.

Proof. Let I' be a 1-dimensional subgroup of U. Let U’ denote the identity component of I'. Then U’ is a

1-dimensional subtorus of U, and I'/U’ is a discrete subgroup of U/U’ = R/Z. Hence, considered in R/Z,
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the group I'/U’ is equal to (1/K) for some natural number K. Let g € T be such that gU’ is identified with
1/K. Then Kg € U’, and (since U’ 2 R/Z is a divisible group) there is some g’ € U’ such that Kg = K¢'.
Now the element ¢g” := g — ¢’ has order K, and ¢”U’ is still identified with 1/K. Let H := (g”). Then
|[H| = K and I = U’ x H, as desired. O

Notice that every such isomorphism I' = (R/Z) x (Z/KZ) preserves the set of points with all coordinates
rational. In particular, there is a rational change of coordinates on (R/Z)? such that in the new coordinates
we have I' = (R/Z) x (1/K)z C (R/Z)?. We will now describe the intersection of such a I' with an arbitrary

1-dimensional subtorus.

Lemma 2.7. Let K be a natural number, and let A, B’ be coprime integers with B’ # 0. Then

K-1

(R/Z) x (1/K)z) N (A", B))r = | ((at/(Kq) +(1/g)z) x {¢/K}),

£=0

where g := |B’'|, and 0 < a < K satisfies a = A’ (mod K) if B > 0 and satisfies a = —A’ (mod K) if
B’ <0.

Proof. Write
G = ((R/Z) x (1/K)z) N (A, B'))r.

Since B’ # 0, we know that the 1-dimensional subtorus ((A’, B'))g is not equal to (R/Z) x {0}. Hence G is

a discrete group, and we can compute

G={t(A,B):teR,tB € (1/K)z}
= ((A'/(KB'),1/K))z

= ((A'0/(Kq),1/K))z,
where ¢ = |B/| and 6 := B'/|B'| € {~1,1}. Since A’, B’ are coprime, we have
G N ((R/Z) x {0}) = ((A'0/q,0))z = (1/q)z x {0}.
Finally, for each 0 < £ < K, the point (4’6¢/(Kq),(/K) € G tells us that
GN((R/Z) x {t/K}) = (A'6t/(Kq),t/K) + ((1/q)z x {0}) = ((al/(Kq) + (1/q)z) x {¢/K}),
where a = A’§ (mod K), as desired.
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O

We will apply the first lemma with I' = U, ; . and (after a change of coordinates) the second lemma with
((A", B"))r = T. We first require a bit of setup.

As in the sketch in Section 2.2.1, suppose that U C (R/Z)™ (n > 2) is a proper 2-dimensional subtorus
that is not contained in any subspace of the form {x; = x;} or {; = —z;} for 1 <i < j <n. Then U is the

image modulo Z" of the subspace {u,v)g for some vectors u,v € Z", and we can choose u,v such that
(u, V)R NZ" = (u,v)z; (2.6)
fix such a choice of u,v. Every 1-dimensional subtorus T of U is of the form
T = (Au+ Bo)g,

i.e., T is the image modulo Z" of (Au + Bv)g, for some coprime integers A, B with A > 0 and (A, B) ¢
{(0,0), (0, —1)}. This correspondence between T and (A, B) is one-to-one. For ease of reference, let 7 denote
the set of all such pairs (A, B).
For the remainder of this subsection, fix a choice of 1 < i < j < n and a choice of a sign € € {+,—}. The
subgroup
Uije=Un{z; =ex;}

is a 1-dimensional subgroup of U = (R/Z)? (recall our assumption that U does not lie in the subspace
{z; = ex;}), so Lemma 2.6 tells us that U, ;. is isomorphic to the cartesian product of R/Z and Z/K7Z
for some natural number K = K; ;.. In order to apply Lemma 2.7, we need to write down an explicit
isomorphism U 2 (R/Z)? in coordinates “adapted” to U; j .. To this end, fix a primitive vector v’ = uj ; . € Z"

such that the identity component of U; ; . equals (u')g. Now fix a vector v’ = v] ; . € Z" such that
(', v')z = (u,v)z;

such a v’ exists by the primitivity assumption on u’. Hence the linear map 9 = 1; j . : (u,v)r — R? given by
p(u') := (1,0) and 9(v') := (0,1) descends to an isomorphism from U to (R/Z)?. Since v sends the identity

component of U; j . to R/Z x {0}, we see that

Y(Uije) = (R/Z) x (1/K)z
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is a concrete witness to the isomorphism described earlier in this paragraph.

Write
Y(T) = ¥((Au + Bu)r) = (AY(u) + BY(v))r.

Since (u',v")z = (u,v)z, the vectors 1 (u), 1 (v) have integer coordinates, say,

Y(u) = (21,22) and ¢(v) = (23, 24),

with 21, 29, 23, 24 € Z (depending on i, j, €). So we write

Y(T) = (A¢(u) + By (v))r = ((Az1 + Bzs, Az + Bza))r. (2.7)

Since ¥ (u), ¥ (v) are linearly independent, we have 2124 # 2223. Now we apply Lemma 2.7 in order to obtain

the main result of this section, as follows.

Proposition 2.8. Let n,U,u,v,4,5,6, K = K j o,V =V jey 21 = 21,456, %2 = 22, j,e1 23 = 23,i,j,e> %4 = Z4i j,e
be as above. Then there is a natural number M (depending on all of the parameters introduced so far) such
that for each choice of 0 < 8,2 < M and each choice of a sign 6 € {+,—}, the following holds: There are
rational numbers E = Exas5,F = Fyas5 (not both zero) and a nonnegative integer a = axas < K{m’& such

that for T = (Au+ Bv)g, we have

K—1
O(Tize) = | ((al/(Kq)+ (1/q)z) x {¢/K})
£=0
with
q=FA+ FB

whenever (A, B) € T satisfies A=8 (mod M) and B =12 (mod M), and
0(Aze + Bzg) > 0.

Proof. Let

w = ged(Az + Bzs, Azy + Bzy).

Then the integers A’ := (Az; + Bzs)/w and B’ := (Azs 4+ Bz4)/w are coprime, and we can apply Lemma 2.7

to find that
K—1

(T = | ((at/(Kaq) + (1/a)z) x {t/K}),

£=0
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with ¢ := B’ and 0 < a < K satisfying a = §A’ (mod K) (by the definition of §). In particular, we will

obtain the conclusion of the lemma with the choices

E:=fdz/w and F :=dz4/w.

To complete the proof of the proposition, it remains to show that the quantities A’, B’ are linear functions
of A, B, under appropriate modular conditions. In particular, it suffices to show that w depends only on the
residues of A, B modulo some fixed natural number M to be specified shortly.

Notice that w divides

Z4(A211 =+ BZg) — Z3<A22 + BZ4) = (2:12:4 — ZQZg)A

and

21(Azo + Bzy) — 29(Az1 + Bz3) = (2124 — 2223)B.

Since A, B are coprime by assumption, we conclude that w divides

M = |le4 — 2223|,

which is nonzero by the remark following (2.7). It follows that w depends only on the residues of Az; —

Bz3, Azs + Bz4 modulo M, which in turn depend only on the residues of A, B modulo M. O

2.2.3 Approximating minima

The next set of lemmas concerns approximating minima of continuous piecewise-linear functions on R/Z;
see Figure 2.1.

For 7,b € Q and ¢ € N, define

Approx™ (7, b;q) := min{r — (b/q+r/q) : 7 € Z, b/q+r/q < T}

and

Approx™(7,b;q) := min{(b/q +7/q) =77 € L, bjg+r/qg> T}

to be the errors in best approximations to 7 (from below and above) by numbers of the form b/q + r/q, for
r € Z. Since Approx™ (7,b;q) = Approx™ (7 + 1/q,b; q), this quantity is also well-defined for 7 € Q/Z (and

likewise for Approx™ (7, b; ¢)). The next lemma shows that once we specify the residue class of ¢ with respect
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to some modulus depending on 7, b, the functions Approx™ (7, b; q), Approx™ (7, b; ¢) have a simple form. This

calculation is the source of the expressions 1/ Prog(a, 8) in Theorem 2.1.
Lemma 2.9. Let 7,b € Q, and write 1 = w/x and b = y/z with w, x,y, z nonnegative integers. Let q be a

natural number. Then

- +
Approx™ (1, b;q) = - and  Approx™(7,b;q) = s

x2q x2q’

where 0 < R™, RT < xz satisfy
R™ =wzq—azy (modzz) and RY =zy—wzq (mod zz).

Notice that R~, R™ depend on only the residue of ¢ modulo xz, and that the parameters w, z, y, 2 depend

on only 7,b. Note also that R~ + Rt = zz except when R~ = RT = 0.

Proof. We prove the lemma only for Approx™ (7, b, q) since the argument for Approx™(r,b, ¢) is identical. In

the definition of Approx™ (7,b; ¢), the minimum is achieved for r = |g(7 — b/q)] = | g7 — b]. We compute

qr —b=wq/x — y/z = (wzq — xy)/(xz).
The fractional part of (wzq — zy)/(zz) is R~ /(xz), so
r=(qr = b) - R~ /(x2)
and
Approx™ (7,b;¢) =7 = (b/q +1/q) = R™ /(22q),
as desired. O

We will now apply this lemma where 7 ranges over the points at which a piecewise-linear function achieves

its minimum value.

Lemma 2.10. Let f: R/Z — R be a continuous, piecewise-linear function with finitely many pieces, each
with rational slope and rational endpoints, and let b be a fized rational number. Then there is a natural

number M (depending on f,b) such for each integer 0 < Q < M, the following holds: There is a nonnegative
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rational yq (depending also on f,b) such that

) . Q
min t) = min f(t)+ — 2.8
teb/q+(1/q) f( ) tE]R/Zf( ) q ( )

for all sufficiently large natural numbers q satisfying ¢ = Q (mod M).

Proof. Write m := minyeg,z f(t). We first dispose of the trivial case where f(tf) = m on some interval

I C R/Z of strictly positive length. Since b/q + (1/q) is 1/¢-dense in R/Z, we see that

min r)=m
teb/q+(1/q) /(@)

for all ¢ > |I| (with no mention of modular restrictions), and the conclusion of the lemma holds with M =1
and o = 0.

Now suppose that f achieves the value m at only finitely many points 71,...,7g. Then there are some
d,e > 0 such that f(t) > m + § whenever ¢ does not lie within € of some 75,. Since f is continuous and
b/q+(1/q) is 1/g-dense, we know that minsey/q4(1/q) f(t) < m+0 for all g sufficiently large (in terms of f).
In particular, the minimum in (2.8) is achieved at a point ¢ that lies within e of some 7,; for the remainder
of the proof we will assume that ¢ is large enough for this to be the case.

For each 7, let —A; , )\Z denote the (rational by assumption) slopes of the pieces of f directly to the left

and right (respectively) of 7,; notice that A; , A > 0. After possibly shrinking ¢ further, we find that
firn—t)=m+ Xt and f(r,+t)=m+ A\t
for every h and for all 0 <t < e. Hence min,ep/q4(1/4) f(t) is equal to the minimum of the values
m + A, Approx” (1,b;q) and m + )\Z Approx™ (1, b; q)

over 1 < h < H. Write b = y/z and 75, = wy/xp as fractions, and let M := lem(z,21,...,2x). Then for
each h we have
An By

>\+R+
m+ A, Approx” (7, b;q) = m + 22— and m+ A Approx™ (1, b;q) = m 4+ “Lh
Th2q Th2q

where R, , RZ are the parameters output by Lemma 2.9 for 74,b. It is important that R, , RZ depend on
only the residue of ¢ modulo xj,z, which divides M. For each 0 < Q < M, consider the case corresponding to

q¢=Q (mod M), and let g denote the minimum of the values A\, R; /(zr2), A\ R} /(x1,2) over all h. (Since
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AL )\; > 0, we have g > 0.) Then for all sufficiently large ¢ congruent to ) modulo M, we have

e

b

min t)=m+
7561)/q+<1/11)f )

as desired. O

We now apply this lemma where f is the restriction of D to a connected component of U; ;. and the

quantities b, g depend “nicely” on the subtorus T', as described in Proposition 2.8.

m + AT Approx™

m 4+ A~ Approx—

Figure 2.1: This figure illustrates some of the quantities in Lemmas 2.9 and 2.10. Here we are approximating

the minimum at 7 = 1/6 using the coset 1/12 + (1/4)z, and the slopes of the pieces to the left and right of
T are =\~ = —1 and AT = 2.

Proposition 2.11. Let n > 2 be a natural number, and let U C (R/Z)™ be a 2-dimensional proper subtorus
that is not contained in any subspace of the form {z; = z;} or {x; = —x;} for 1 <i<j<n. Let u,v € Z"
be such that U = (u,v)r and (2.6) is satisfied. Then there are a natural number M' and « finite set L of
rational half-lines in R>g x R (depending on the parameters introduced so far) such that for each choice of
0 < R,2< M’ the following holds:

There are a partition of (R>o xR)\ L into sectors o1 = oxa,1,...,0x = Ox 3 x(x3); and K = kxar € {0,1}
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and rationals E' = Eg , ;. F' = F{ ., for each 1 <k < X(8,2), such that for T = (Au + Bu)g, we have

K

b =D+ iy 7B

whenever (A, B) € T \ L satisfies (A, B) = (8,2) (mod M’), (A, B) € ok, and A? + B? is sufficiently large.
Moreover, for each half-line L € L, there are k = kxa1 € {0,1} and rationals E' = By, 1, F' = Fy, 1, such

that for T = (Au+ Bv)g, we have
K

by =DW)t garFp

whenever (A, B) € T N L satisfies (A, B) = (8,2) (mod M') and A? + B? is sufficiently large.

Proof. Let M" be the lem of all of the values of M = M, ;. output by Proposition 2.8 as we range over
indices 1 <14 < j < n and sigus € € {+, —}. For the remainder of the proof, assume that the residues of A, B
modulo M" are fixed. Notice that this choice fixes the residues of A, B modulo each individual M output
by Proposition 2.8. Our partition of R>¢ x R into sectors will be the least common refinement of partitions
Pije and P; jceir g ¢ defined later in the proof. Each of these partitions will have a finite number of
sectors, so their refinement will also have a finite number of sectors. Since 7 contains at most one point on
each line through the origin, the intersection of 7 with the boundary lines defining our sectors will be finite.
By taking v/A2 + B2 sufficiently large, we can ensure that (A, B) never lies on the boundary of a sector, and
we will tacitly use this assumption in what follows.

Consider now a fixed choice of indices 1 < i < j < n and a sign € € {+,—}, and take K, v, 21, 22, 23, 24
(all depending on 4, j,€) as in the statement of Proposition 2.8. Let P; ;. be the partition of R>¢ x R into
two sectors according to the sign of the expression zzs + yz4 (for (z,y) € R>¢ x R). Fix one of the sectors
o € Pije, and assume that (A, B) € 0. Then Proposition 2.8 supplies integers 0 < a < K and rationals

E, F (depending on 14, j, €, 0) such that
K—1
(Tige) = | ((at/(Kq) + (1/q)z) x {¢/K}),

£=0

where ¢ = EA + FB. Now write U, ; . as the disjoint union
Uige = Ul Uijiets
such that

P(Uijer) = (R/Z) x {{/K}
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for each 0 < ¢ < K. Also define
Tijee =T NUjee="TjeNUijere,

and notice that

Y(Tije) = (al/(Kq) + (1/q)z) x {¢/K}.

Since the function D is continuous and piecewise linear with finitely many pieces, so is its restriction to
Ui jeo- 1t follows that the function D; ;.o : R/Z — R defined by D; jc¢(x) :== (Dot 1)(x,¢/K) satisfies
the hypotheses of Lemma 2.10; let M,vq (for 0 < @Q < M) be as in the conclusion of that lemma with
b= al/K. The residue of ¢ modulo M depends only on the residues of A, B modulo the product of M with
the denominators of E, F'; call this natural number M, ;. ,¢. Suppose (as we will ensure shortly) that the
residue classes of A, B modulo M, ; . ¢ are fixed. This also fixes the residue class of ¢ modulo M, say, ¢ = @
(mod M); write «y for the vg from Lemma 2.10.

Now Lemma 2.10 tells us that

D(Tijee) = Dijer(al/(Kq) + (1/q)z) = D(Uijee) +7/4

whenever ¢ is sufficiently large, say, at least some go = ¢o,i,j,e,00- Since ¢ is a rational linear combination
of A, B, we see that the set of pairs (A, B) corresponding to ¢ < go lies on a finite set L; j ¢ »¢ of rational
half-lines.? Suppose now that (A4, B) ¢ L; jco0e¢ By dividing through by v if v # 0, we can write the

previous centered equation as
K

Do) = DWiicd) + pra g

(2.9)

where k € {0,1} and E’, F' are still rational (and now depend on ¢ in addition to ¢, j, €).

We pause to update a few parameters. Let £ be the union of the sets £; ; ¢ »,¢ from the previous paragraph;
for this paragraph and the two that follow, assume that (A, B) does not lie on £, so that (2.9) holds for all
i,7,€, 0. Let M’ be the lem of M"” and the natural numbers M; ; ¢, from the previous paragraph; for the
remainder of the proof, assume that (A4, B) = (8,2) (mod M’) for fixed 0 < 8,2 < M’. Let P’ (depending on
X, 2) be the least common refinement of the partitions P; ; . from the previous paragraph; for the remainder

of the proof, assume that (A, B) lies in a fixed sector o of P; ; .. We will later refine the partition P’ further.

2This set of pairs (A, B) lies naturally on a finite set of rational lines. Any such non-vertical line intersects R>g x Rin a
half-line, and any such vertical line can be arbitrarily broken into two half-lines.
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It is a basic fact (see, e.g., [65, Proposition 2.1]) that

D(T) = min D(T; j¢).

1,],€

Hence

D(T) = Hlln D(Ti7j,€7g).

i,5,€,4
Let Y be the set of quadruples (4, j, €,¢) such that D(U; ;) = D(U), and note that

D(T) = i D(T; ;..
(0) = ipy PTies)

for A% + B? sufficiently large since the right-hand side tends to D(U) and each (i, j,€,£) ¢ Y has D(T j.c.¢)
uniformly bounded above D(U). We first dispose of the special case in which there is some (i,75,¢,¢) € Y

with k; j ¢ = 0. If this occurs, then

for all (A, B) under consideration, and we obtain the conclusion of the proposition with « := 0 and (say)
E’ =1,F = 0. It remains to consider the case where x; j ., =1 for all (4,7,¢,£) € Y.

For each pair of distinct tuples (4, j, €, £), (', 5/, €', £') € Y, let us compare the expressions in (2.9) appearing
for these two tuples. There are rationals E1, Fs, Fy, F5 such that

1 1

l)]",,€ :DU e — d DT‘/-/E// :DU = A T
(T j,e.0) ( )+E1A+F13 an (T jr.er) ( )+E2A+F2B

Which of these two expressions is smaller is determined by the sign of the expression
(E2A+ FoB) — (E1A+ Fi1B) = (Ey — E1)A+ (Fy — F1)B.

Hence there is a partition P; j ¢ g4 57 ,¢’.0r of R>¢ X R into at most two sectors such that on the each sector, the
above expression is either always non-negative or always non-positive. Let P be the least common refinement
of P’ (from above) and the partitions P; j ¢ ¢ ;. . Hence each sector o of P determines a tuple (4, j, €, £),

with its associated rationals E’, F’, such that

1

D(T) = D(T; ; =D —_—
( ) ( 1,176,5) (U)+ E'A+ F'B

whenever (A, B) € (T \ £) No. This establishes the first conclusion of the proposition.
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It remains to analyze what happens when (A, B) lies on £. Fix a half-line L € £, and consider pairs
(A,B) € L. If LNT is finite, then there is nothing to show, so assume that this intersection is infinite. Let
Y = Yx/,:, ., denote the set of all quadruples (i, j, €, ¢) € Y whose corresponding values of ¢ tend to infinity
as (4, B) tends to infinity along L. We claim that Y’ is nonempty. It was shown in the previous chapter
that the volume of the torus 7' = (Au + Bv)g tends to infinity with A% + B? and that therefore T' becomes
o(1)-dense in U as A? + B? tends to infinity; in particular, D(T) tends to D(U). Since each quadruple
(¢,j,€,0) ¢ Y' has D(T; j ) uniformly bounded away from D(U) from above, we see that Y’ is nonempty,
as claimed. Now we repeat the argument from the previous two paragraphs, with Y replaced by Y, and we
note that, sufficiently far from the origin, the half-line L lies entirely in a single sector of . This establishes

the second conclusion of the proposition. O

2.2.4 Coprime pairs in arithmetic progressions

The third stage of our preparatory lemmas concerns when long arithmetic progressions in Z? are guaranteed
to contain some points with coprime coordinates. The first lemma will help us find coprime pairs (A4, B) on

intersections of rational lines with the sectors from Proposition 2.11.

Lemma 2.12. Let C > 0 be a real number, and let ai,as be nonzero integers. For N a parameter, let
b1,bs be integers with |by|,|ba| < CN, and let I be an interval (of integers) of length N. Suppose that

gcd(al, ag, b1, bg) =1 and a1b2 75 agbl. Then

H{z € I:ged(arx + bi,asx + be) = 1}

tends to infinity with N (uniformly in by,be,I).

Proof. Note that ged(a1x + by, asx + be) divides

Z = |ai(azx + bg) — az(ar1x + by)| = |arby — azby|,

which by assumption is nonzero and has size Z = O(N). Hence, we wish to count z € I such that
ged(ayx + by, azx + by) is coprime to Z. Let p be a prime divisor of Z. The forms ayx + by, asx + by cannot
both be identically zero modulo p by the assumption that ged(ag, az, b1, b2) = 1, so there is at most a single
residue class z, modulo p where both forms vanish. If there is no such residue class, then pick z, arbitrarily.

By the Chinese Remainder Theorem, there is some integer R such that R = x, (mod p) for each prime

p dividing Z, and we have ged(aiz + by, asx 4+ by) = 1 whenever  — R is coprime to Z. So it suffices to
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lower-bound the number of elements of J := I — R that are coprime to Z. Let u denote the Mobius function,

and recall that dm u(d) equals 1 if m =1 and equals 0 if m > 1. Using this identity, we compute

|{£L’ eJ: ng(l‘ Z - 1}| Z]]-gcd(x Z)=1

zeJ

=> > p(d)
z€J d|z,Z

=S d) o € T : dla}]
dlz

= > u(d)(|J]/d+0(1))
d|z

= (p(2)/2)N + O(7(2)),

where ¢ is Euler’s totient function and 7 is the divisor function. Recalling that Z = O(N), we apply the
standard bounds p(Z)/Z > 1/loglog(Z) and 7(Z) < eCU0e(£)/10glog(2)) to find that

{x € J:ged(z,Z) =1} > N/loglog(N),

which certainly tends to infinity with V. O

The next lemma will help us characterize the coprime pairs (A, B) on the exceptional half-lines from

Proposition 2.11.

Lemma 2.13. Let a1,b1,a9,by be integers with a; > 0. Then there is a natural number M such that for x
a sufficiently large natural number, whether or not ged(arx + by, asx + ba) = 1 depends only on the residue

of x modulo M.

Proof. As in the proof of the previous lemma, note that ged(aix + by, asz + b2) divides

al(agx + bg) — ag(alx + bl) = aiby — asby.

Suppose first that a1by — asb; = 0. For each i € {1, 2}, let

ai = a;/ged(a;, b;) and b = b/ ged(as, b;),
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so that ged(af,b;) = 1 and we have

1?7
a;x +b; = ged(a;, b;)(abx +b)).

Now aiby = agb; implies that ajb, = abb], and from ged(a), b)) = ged(ah,by) = 1 we conclude that
(a}, b)) = £(ah, bYy). Tt follows that ayx + by, asx + by are both integer multiples of o}z + ). For sufficiently
large x, we have ajz + b} > 1 and hence ged(a1x + by, asx + ba) > ajz + b) # 1, so the conclusion of the
lemma holds with M =1 (say).

Now, suppose that a1by —agb; # 0. Then ged (a2 + by, asx +bs) depends only on the residue of  modulo
M :=|aibs — asby], as desired. O

We are finally ready to prove Theorem 2.1.

Proof of Theorem 2.1. If U is contained in some subspace of the form {z; = ex;}, then the projection w(U)

onto all but the i-th coordinate clearly satisfies
S1(U) = Si(w(U)),

and we can apply induction on n. Now assume that U is not contained in any subspace of the form {z; = ez, },
and apply Proposition 2.11. In the language of Proposition 2.11, fix a choice of residues 0 < 8,2 < M’, and
assume that (A, B) € T has A? 4+ B? sufficiently large and satisfies A =& (mod M’) and B =2 (mod M’).

We start with the pairs (A4, B) not lying on £: Fix a sector ¢ from Proposition 2.11, and assume that
(A,B) € (T \ £)No. For such (A, B), there are x € {0,1} and rationals E’, F’ such that

R

D) =bW0)+ g s

If Kk = 0, then D(T') = D(U) contributes only a single value to S;(U). Now suppose that x = 1. Write

E' = y/w and F’ = z/w where y, z are coprime integers and w is a rational number, so that

1 _ w
E'A+F'B  yA+zB’

Notice that yA + zB = y® + 22 (mod M) for all (A, B) under consideration.

For s’ an integer, define the level set

V(') ={(A,B)e (R+ M'Z)x (a+ M'Z))No:yA' + 2B = s'M' + yx + 23}.
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> A

Figure 2.2: This figure illustrates how level sets intersect a sector. Here, the sector o = {z/3 < y < 2z}
is shaded. Filled-in circles indicate elements of T No (i.e., points with coprime coordinates), and outlined
circles indicate other lattice points in . The gray diagonal lines with slope —1 indicate the various level
sets V(s') of the expression A + B (where there are no modular constraints placed on A, B).

We have not required A’, B’ to be coprime in the definition of V(s’); the expression yA + zB assumes the
value s'M’ + y® + 22 if and only if V(s’) contains a point of 7 \ £. For s sufficiently large, the set V(s')
intersects each half-line of £ in at most one point, so V'(s’) contains a point of 7\ £ whenever V (s’) contains
a sufficiently large number of points with coprime coordinates. Since ¥,z are coprime, there are natural

numbers b}, b, such that yb] + 2b, = 1. Hence

y(s'M'b} +R) + 2(s'M'by, +2) = s’ M’ + y® + 23,

and V(s) consists of the points

(zM'z + s'M'by + 8, —yM'x + s’ M'bl, + 2)

for z in an appropriate interval I(s’) of integers. See Figure 2.2 for an illustration.

Notice that I(s’) is empty if s'M’ + y® + 23 < 0. The argument from the last paragraph of the proof
of Proposition 2.11 shows that the quantity E’A + F’B tends to infinity as A2 + B2 tends to infinity. In
particular, each I(s’) is finite, and the length of I(s’) grows linearly with s’ as s’ tends to infinity. We wish

to apply Lemma 2.12 with the parameters

I:=1(s), a1:=2zM', as:=—-yM', by =M +R by:=5Mb,+3;
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the parameter N := |I| grows linearly with s’ (as observed above), and the constant C' in the statement of

Lemma 2.12 can be chosen appropriately (depending on M’,y, z, b}, b,). We check that

arby — agby = (M')?s’ + M’ (yR + 23)

is nonzero for s’ sufficiently large. It remains to check whether or not ged(ag, as,b1,b2) = 1. It is always
the case that ged(aq, ag, b1, b)) divides ged(ag, as) = M'. In particular, whether or not ged(aq, as,by1,b2) =1
depends only on the residue class of s’ modulo M’. Fix some 0 < r < M’, and suppose that s’ = M's +r
for s an integer. If r is such that ged(aq, as, by, b2) > 1, then V(s’) does not contain any points with coprime
coordinates. Suppose instead that r is such that ged(aq,as, by, b2) = 1, in which case Lemma 2.12 ensures
that the number of points of V' (s") with coprime coordinates tends to infinity with s’. By the discussion in

the previous paragraph, this ensures that D(T) assumes all of the values

w
(M")2s + M'r + yR + 22

DU) +

for s sufficiently large. Setting a := (M’)?/w and § := (M'r + yX + 23) /w, we find that D(T) assumes all

but finitely many elements of the set
1
DU)+ ——.
) Prog(a, 8)
We obtain only finitely many such progressions because there were finitely many choices of 8,2, 0, 7.
It remains to treat the exceptional half-lines in £. Fix a half-line L € L from Proposition 2.11, and

consider pairs (A, B) € T N L, still with A% + B? sufficiently large and with A = 8 (mod M’) and B = 2

(mod M’). As above, Proposition 2.11 provides s € {0,1} and rationals E’, F’ such that

K

b =D+ i 7B

for such (4, B). We again restrict our attention to the case x = 1 and clear denominators, after which we can
immediately apply Lemma 2.13 instead of Lemma 2.12; this leads, as before, to finitely many progressions

of the form D(U) + 1/ Prog(a, 8). This completes the proof of Theorem 2.1. O

2.2.5 Remarks on the proof

We now briefly mention a few further pieces of information that can be extracted from the proof of Theo-
rem 2.1; some of this additional structure will streamline the calculations in the remaining sections of the

chapter.
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Sectors and exceptional half-lines

In the proof above, the relative spectrum S;(U) is obtained as the union of contributions from sectors and
contributions from exceptional half-lines. One can show (as follows) that in fact the progressions in S;(U)
come either entirely from sectors or entirely from exceptional half-lines, according to whether U achieves its
D-value at finitely or infinitely many points. This observation significantly shortens calculations in concrete
examples.

First, suppose that U achieves its D-value at infinitely many points. (This is always the case, for instance,
when U is of the form U = U’ x (R/Z).) Then there is some quadruple (4, j, €, £) such that D(U; ;. () = D(U)
and D; j ., is equal to D(U) on an interval of positive length. It follows that D(T) = D(U) except when
(A, B) lies on one of the exceptional half-lines for the quadruple (i, j, €, ¢), so the entire relative spectrum
S1(U) comes from these half-lines. In particular, we do not have to consider contributions from the various
sectors. For an example, see Section 2.4.1.

Second, suppose that U achieves its D-value at only finitely many points. We claim that the contribution
to §1(U) from exceptional half-lines is already contained in the contribution from sectors and hence can be
ignored. It suffices to show that the first conclusion of Proposition 2.11 continues to hold on exceptional
half-lines. Fix a choice of residues of A, B modulo M’ as in the proof of that proposition. Let L be an
exceptional half-line, and let Y denote the set of quadruples (i, j, ¢, £) for which L is exceptional; these are
precisely the quadruples for which the corresponding value g; j ¢ = |T; je¢| is constant on L. It follows that
for each (7,7,€,£) € Y, the quantity D(T; ;) is equal to some constant, say, D(T; j.c¢) = D(U) + M j.e.t,
for all (A,B) € L. If n; j ¢ = 0 for some (3, j,¢,¢) € Y, then D(T) = D(U) and L contributes only the
single value D(U) to &1(U).

Now consider the case where 7; ¢ > 0 for every (i,7,¢,£) € Y". For (i,j,¢,() € Y", the parameter
q = ¢ j.e¢ (Which is constant) may be too small for the formula (2.9) to hold; in particular, the formula (2.9)
may erroneously predict that D(T; j.c.¢) = D(U)+n; ; ., for some n; ; _, > 0 that is different from 7; j.c . We
know (from the previous chapter) that D(T) — D(U) as A%+ B? — oco. Thus, for A% + B? sufficiently large,
the first minimum over Y in the proof of Proposition 2.11 must be achieved by some quadruple (i,j,¢,¢) € Y
with D(T; j.¢) — D(U). In particular, this minimum is achieved on Y \ Y, and it makes no difference if

the n’s are replaced by the 1”’s on Y. The rest of the proof then goes through verbatim.

Other symmetries and reductions

In the proof of Proposition 2.11, we apply Lemma 2.9 (via Lemma 2.10) for each choice of (4, 7,¢€,¥), .4,
with ¢ := 6(EA 4+ FB) and b := dal/K for some parameters E, F,a, K depending on (i,j,€,¢) and the
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residues of A, B modulo M"”. Lemma 2.9 then provides formulas for the residues of R~, R™ modulo M as
certain linear combinations of A, B (with coefficients depending on all of the parameters introduced so far).
In these formulas, changing the sign 6 changes the signs of ¢,b (as linear combinations of A, B), which has
the effect of swapping R~, RT. In particular, the sign § does not affect whether or not min{R~, R*} = 0
or, by extension, whether or not D(T; ;) = 0. Thus, when we make our sector decomposition in the proof
of Proposition 2.11, either D(T) = D(U) on all sectors or D(T') > D(U) on all sectors: If D(T) = D(U)
on some sector, then the (i, j, €, £), 7 realizing this D-value (corresponding to min{R~, R"} = 0) will also
realize the same D-value on the rest of R>g x R. This can be seen in Figure 2.8.

We conclude with a few minor remarks about conventions and computational redundancies. First, in
the conclusion of Lemma 2.9, we can divide through all of R™, R, zz by the common factor ged(z, 2); this
reduces the length of some of our later numerical calculations. Second, in Section 2.2, we restricted (A, B)
to the half-space {A > 0}, but any other half-space would work equally well; sometimes in examples it will
be convenient to restrict to different half-spaces.

Third, we observe that since the function D on (R/Z)™ is an even function, its pushforward by each
P = ;¢ is also even. It follows that when we apply Lemmas 2.9 and 2.10 in the proof of Proposition 2.11,
the critical values of 7 come in pairs (except for 2-torsion points). More precisely, suppose that U; ;. has
K components. Then, in the notation of the proof of Proposition 2.11, we have D; j . () = D; j e —¢(—2)
(with the index —¢ interpreted modulo K). Since the subgroup 7; ;. is also obviously invariant under the
map z — —z, we see that D; ;. (70) = D(U) if and only if D; ;. _¢(—79) = D(U); in this case, the best
approximations to these two minima by elements of (7} ; .) make the same contribution to the expression
of D(T; ;.) as a minimum over approximations to all critical points 7. It follows that in order to compute
D(T; j.c) (and, by extension, D(T')), it suffices to consider one point from each pair described in the previous
sentence. For example, we could consider only values of 7 in [0,1/2]; or we could consider only values of 7
coming from 0 < ¢ < k/2 (and, for £ € {0,k/2}, look at only 7 € [0,1/2]). We will use this reduction in all

of our computational examples below.

2.3 Identifying candidate subtori U

We now turn to our computational results Theorems 2.4 and 2.3, which characterize S1(3) N (1/10,1/6] and
S1(4) N (1/4,1/2]. The first step is identifying the relevant 2-dimensional subtori whose relative spectra
contribute to these sets. In particular, we must find all proper subtori U C (R/Z)? satisfying dim(U) = 2
and D(U) = 1/10, and all proper subtori U C (R/Z)* satisfying dim(U) = 2 and D(U) = 1/4. We will begin

with some general considerations that aid the identification of 2-dimensional subtori with D-value above a
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given threshold.

2.3.1 General setup

We can reduce the length of our calculations by taking advantage of natural symmetries in the Lonely Runner
Problem. The function D on (R/Z)" is preserved by the automorphisms of (R/Z)™ given by negating and
permuting coordinates. These automorphisms also permute the proper subtori of (R/Z)™, so, for the purposes
of this section, it suffices to consider a single subtorus U in each orbit of this automorphism group; we will
say that subtori in the same orbit are equivalent “up to symmetry”.

Suppose that U C (R/Z)™ is a 2-dimensional proper subtorus. Then there are nonparallel vectors
u=(u1,...,Up),v = (v1,...,0,) € Z"™ such that U = (u,v)g. The linear independence of u,v implies that
there are indices i < j such that (u;,u;), (vi,v;) € Z? are linearly independent; up to symmetry, we may

assume that (¢,7) = (1,2). Then, by replacing u,v with

(vg —v1)u+ (ug —ug)v, (—ve —v1)u+ (ug + up)v,

we can assume that u; = uy and v;{ = —v,. For the remainder of this section, we will work with subtori U
of the form

U= <(U1,U1,U3, ey un), (1}1, —V1,0V3,... 7Un)>]R7 (210)
where uy,ug, ..., Up,V1,03,...,0, € Z. We will split our analyses into several cases depending on which of

these entries are zero.

2.3.2 Subtori U C (R/Z)* with D(U) = 1/10.

In this section we identify all 2-dimensional proper subtori U C (R/Z)? with D(U) = 1/10. We will show

that, up to symmetry, the only such subtori are

U? = ((0,1,4),(1,0,0))r, U*:=((0,2,3),(1,0,0))r,

U°:=((0,1,3),(1,0,1))r, U®:=((0,1,2),(1,1,0))r.

The arguments in this subsection generalize in a straightforward way to let one find all 2-dimensional
proper subtori U C (R/Z)? with D(U) > M for any fixed M > 0. The only modification is that the list in
Equation (2.11) below must be enlarged to contain all pairs {z,2r+1—z} with4r+2<1/Mand 1 <z <r
(r,z € N).
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For the remainder of this subsection, we assume that U is a subtorus of the form

U ={(a,a,b),(c,—c,d))r

(with a,b,¢,d € Z) such that D(U) = 1/10. Without loss of generality we may assume that ged(a,b) =

ged(e,d) = 1. We condition on which of a, b, ¢, d vanish.

No zero entries

Suppose first that a, b, ¢, d are all nonzero. Note that

1/10 = D(U) < D({(a, a,b))r) = D({(lal, [b]))r)-

Recall from [65, Theorem 4.1] that D({(]al, |b|))r) equals 0 if a,b are both odd and equals 1/2(a + b) if a,b

have different parities. Hence we must have

{lal, o]} € {{1,2}, {1,4},{2,3}}, (2.11)

and likewise for {|c|, |d|}.
This leads to finitely many possibilities for U, and we can compute D(U) for each. We conclude that, up

to symmetry, U must be equal to one of the subtori

<(1’ 174)’ (_17 1v4)>R = <(O7 1’4)7 (170’ 0)>R = U3;
((2,2,3),(-2,2,3))r = ((0,2,3),(1,0,0))g = U*,

<(1’ 174)’ (17 -1, _2)>R = <(Ov 1, 3)7 (L 0, 1)>R = U57

as desired.

A single zero entry

Next, suppose that exactly one of a, b, ¢, d vanishes. If a = 0, then we have

D(U) = D(((0,0,1), (¢, =¢,d))r) = D({(¢, —¢))r) = 0,
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which contradicts the assumption that D(U) = 1/10. So we may assume that a # 0, and likewise that ¢ # 0.

The remaining case (up to symmetry) is where b = 0. Then
U= <(1> ]-7 0)3 (Cv —¢, d)>R7

where we know that {|c|,|d|} € {{1,2},{1,4},{2,3}} (by the argument above). This again leads to only
finitely many possibilities for U, and computing D(U) for each leads to the conclusion that, up to symmetry,

U must be equal to
((1,1,0), (1, =1, —4)) = ((0,1,2),(1,1,0))g = U°.
This concludes the second subcase.

Two or more zero entries

Finally, suppose that at least two of a,b, ¢, d vanish. Since (a,a,b), (¢, —c,d) are both nonzero, we see that
exactly two of a, b, ¢, d vanish. We cannot have a = ¢ = 0 or b = d = 0 since we assumed that U is proper.

Up to symmetry, it remains only to consider a = d = 0, in which case
D(U) = D(<(0707 1)3 (17 717 0)>R) =0
gives a contradiction. This completes the proof.

2.3.3 Subtori U C (R/Z)* with D(U) =1/4

In this subsection, we will describe all proper subtori U C (R/Z)* with dim(U) > 2 and D(U) = 1/4. More

precisely, we will show that, up to symmetry, the only such subtori are
U':=(0,1,2,3),(1,0,0,0))g, U?:={(1,0,1,1),(1,1,0,2)).

We remark that U! already appeared in [65] but U? would have been more difficult to guess.

We do not have to consider subtori of dimension larger than 2 because the considerations of the previous
chapter tell us that S3(4) = $1(2) has maximum value 1/6. For the remainder of this subsection, we assume
that U is a subtorus of the form

U = {(a,a,b,c),(d,—d,e, f))r
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(with a,b,c,d, e, f € Z) such that D(U) = 1/4.

We will repeatedly use the fact that if a, b, ¢ are all nonzero, then

1/4 = D(U) < D({(a, a,b,¢))r) = D({(lal, bl [¢]))r)-

We may assume without loss of generality that ged(|al, |b],|c|) = 1, and then the characterization of equality

for the Lonely Runner Conjecture with 3 runners [65, Section 5] implies that

{lal, [0l [el} = {1,2,3};

this is useful because it completely determines one of the generators of U.

We also note that if d = 0 (i.e., U is contained in the subspace {z1 = z2}), then we have

1/4 = D(U) = D(<(a’a7 ba C)7 (Oa 0,e, f)>R) - D(<(a7 ba C)v (Oa 6, f)>R) € 82(3)

But this is impossible since the largest value of S3(3) = S1(2) is 1/6, so we can always assume that d # 0.
The same argument lets us assume that a # 0 (and more generally that U is not contained in any subspace

{z; = ex;}). We proceed by a case analysis as in the previous subsection.

No zero entries

Suppose that a, b, c,d, e, f are all nonzero. Then, after possibly scaling the generators of U, we have

{lal, [0}, lef} = {ldl,[e], | FI} = {1,2,3}.

These finitely many possibilities lead, up to symmetry, to only

((1,1,2,3),(~1,1,2,3)) = ((0,1,2,3),(1,0,0,0))g = U".

A single zero entry

Suppose that exactly one of a, b, ¢,d, e, f vanishes. Up to symmetry, the only possibility is b = 0 (recall that
a,d # 0). After possibly scaling the second generator of U, we may assume that {|d|, |e|,|f|} = {1,2,3}; fix

one such choice of values for d, e, f. A change of basis, with an eye on the third and fourth coordinates, gives

U= {(cd+ale— f),—cd+ale — f),ce,ce),(cd — ale + f),—cd — ale + f),ce, —ce))r.
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This change of basis has determinant 2ce, which is nonzero by the assumption that c,e % 0. If all of the
entries of these new generators are nonzero, then we land in the case that we already considered in the first
subsection (with the third and fourth coordinates playing the role of the first and second coordinates). It
remains to consider the case where some entry vanishes. Recall that d, e, f are already fixed. Since each
entry is a linear combination of a,c, the vanishing of an entry determines the ratio of a,c¢, which in turn
determines the vector (a,a,0,c) up to scaling. Computing D(U) for each possibility, we find that, up to

symmetry, U must equal

((1,1,2,3),(1,-1,0. — 1))g = ((1,0,1,1),(1,1,0,2))r = UZ.

Two or more zero entries

Suppose that at least two of a, b, c,d, e, f vanish, and recall from above that we may assume that a, d, # 0.
We cannot have b = e = 0 or ¢ = f = 0 because of the assumption that U is proper. So exactly two of

b,c,e, f vanish. If b = ¢ = 0, then we have

U= <(aa a,0, O)a (d’ —d,e, f)>]R = <(17 1,0, 0)5 (d> —d,e, f)>R;

and we can take {|d|,|e|, |f|} = {1, 2, 3}; this leads to finitely many possibilities for U, none of which leads
to any new possibilities for U besides U' and U2. The case e = f = 0 is identical.
It remains to consider the cases where b = f = 0 and where ¢ = e = 0; these are equivalent up to

symmetry, so we will consider only the former. Suppose that b = f = 0, so that

U ={(a,a,0,c),(d,—d, e, 0))r.

Replacing these two generators with linear combinations to make the third and fourth coordinates more
agreeable yields

U = ((cd + ae, —cd + ae, ce, ce), (cd — ae, —cd — ae, ce, —ce))r

(again this change of coordinates has determinant 2ce # 0). If all of the entries of these new generators are
nonzero, then we land in the case that we already considered in the previous subsection, with the third and
fourth coordinates playing the role of the first and second coordinates.

It remains to consider the case where some entry vanishes, i.e., cd = £ae (recall ce # 0). These cases are
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again equivalent up to symmetry, so suppose that the former occurs and
U= {(a,a,0,c),(a,—a,c,0))r.
Another change of basis, this time focusing on the first and third coordinates, gives
U = ((ac,ac — 2a*, ac, ¢* — ac), (ac, ac + 2a*, —ac, ac + ¢*))r

(this change of coordinates has determinant —2ac # 0). We are done if all of the entries of these new
generators are nonzero, so it remains only to check the cases where some entry vanishes, viz., ¢ = +2a or
¢ = +a (recall a,c # 0). Since we are free to rescale the generators of U, we may assume that a = 1. Then
each of the four cases gives a single value for ¢; this in turn determines the ratio d/e = a/c, and so we can
take d = a and e = ¢. Computing D(U) in each case, we do not find any new possibilities for U besides

U',U?. This completes the proof.

2.4 The top of the spectrum &;(4)

As an illustration of Theorem 2.1, we will now prove Theorem 2.3, which states that the set S1(4)N(1/4,1/2]
has finite symmetric difference with the set 1/4+1/4Prog(2,3). In the previous section we showed that, up

to symmetry,

Ul =((0,1,2,3),(1,0,0,0))g and U? = {((1,0,1,1),(1,1,0,2))r

are the only 2-dimensional subtori U C (R/Z)* with D(U) = 1/4. Now (2.5) tells us that to prove Theo-
rem 2.3, it remains only to use Theorem 2.1 to analyze S;(U') and S;(U?) individually. Notice that these

choices of generators for U, U? satisfy the condition (2.6).

2.4.1 Computing S;(U")
The objective of this subsection is to prove the following proposition.
Proposition 2.14. The set S;(U') has finite symmetric difference with the set 1/4 + 1/4Prog(4,5).

We parameterize 1-dimensional subtori of U as
T =(A(0,1,2,3) + B(1,0,0,0))r = ((B, A,2A,3A))g,

for coprime integers A, B with B > 0 (see Section 2.2.5). We begin by computing the intersections U, ; . =
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Figure 2.3: Intersections of U! with the subspaces {z; = ex;}. The last column gives (where applicable) the
values of ¢ for which D(U; j.¢) = 1/4 and the values of 7 where this D-value is achieved; we write “¢ : S” to
indicate that U; ;¢ achieves the D-value 1/4 on the set S (and we omit ¢ when U, ;. is connected). In the
case of the antepenultimate row, the D-value 1/4 is achieved by 7 € [1/4,3/4] for both £ =1 and ¢ = 3.

Subspace Ui je D(U; ) T achieving 1/4
{$1 :332} <(1’1’2a3)>R 1/4 {1/473/4}

{1 =—z2} ((-1,1,2,3))r 1/4 {1/4,3/4}

{1 =23} ((2,1,2,3))r 1/4 {1/4,3/4}

{xl = —$3} <(_2a17273)>R 1/4 {1/473/4}
{r1=2  (31,23)r 1/4 {1/4,3/4}

{1 =—z4} ((=3,1,2,3))r 1/4 {1/4,3/4}

{zo = z3} ((1,0,0,0))r 1/2 —

{wg = —x3} UZ_,((1,0,0,0))r + (0,€/3,2¢/3,0) 1/2 —

foz =24} ULo((1,0,0,0)p + (0,0/2,0,6/2) 172 -

{wo = —z4}  UP_o((1,0,0,0))r + (0,£/4,2¢/4,3/4) 1/4 1,3:[1/4,3/4]
{l‘g 21‘4} <<1,0,0,0)>R 1/2 —

{3 = —z4} U}_,{(1,0,0,0))r + (0,¢/5,2¢/5,3¢/5) 3/10 -

U' N {xz; = ex;}; see Figure 2.3.

Carrying out the reductions outlined in Section 2.2.5, we quickly dispose of all pairs (A, B) except for
those with |A] = 1 and B = 0 (mod 4). The key idea is to leverage the fact that the restriction of D to
Uz,a,— 1 and Uz 4, 3 equals 1/4 on intervals of positive length; we will find that T" inevitably intersects these
intervals unless (A, B) is of the special form described in the previous sentence.

Consider the isomorphism ¥ = 54 _ : ((0,1,2,3),(1,0,0,0))r — R? given by (0,1,2,3) = (0,1) and
¥(1,0,0,0) = (1,0); since ¥~1({(1,0),(0,1))z) = ((0,1,2,3),(1,0,0,0))g N Z*, the map 9 descends to an

isomorphism U' — (R/Z)?. In these new coordinates, we compute that

Y(Uza,-) = (R/Z) x (1/4)z
and
¢(T) = ¢(<A(0, 1,2 3) + B(lv 0,0, 0)>R) = <(Ba A)>R

One can check that Dy 4 _ assumes the constant value 1/4 on the intervals [1/4,3/4] x {1/4,3/4}. As

described in Proposition 2.8, the subgroup

W(Ta) = (B ) (B/2) x (1/4)) = | ((fﬁ * <ix|>> - {i})

£=0

intersects each coset (R/Z) x {£/4} in exactly |A| equally-spaced points (since A, B are coprime). In par-

ticular, if |A| > 2, then ¢ (T2 4 ) intersects (both of) the aforementioned intervals where D assumes the
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constant value 1/4, which implies that D(T) < 1/4; since of course D(T) > D(U') = 1/4, we conclude that
D(T) = 1/4, and so all such pairs (A, B) contribute only the value 1/4 to the set S;(U*'). Henceforth, we
will restrict our attention to the case |A| = 1. In the language of Section 2.2, the pairs (1, B) and (-1, B)

lie on two exceptional half-lines. Now, when B # 0 (mod 4), we have
U(Tou,—1) ={(B/4A,1/4)} € [1/4,3/4] x {1/4}, (2.12)

which implies as above that D(T) = 1/4. Thus it remains only to treat the case B =0 (mod 4).3

Assume that |A| = 1, that B = 0 (mod 4), and that B > 0. The next step is computing D(T; ;) for
each quadruple (i, j,¢,£) with D(U; ) = 1/4. It follows from (2.12) that D(T5 4, 1) = 1/2, and likewise
D(Ty 4, 3) = 1/2. For each remaining (i, j, €, ) under consideration, we have ¢ = 0 and the critical values
of 7 are 1/4,3/4. As described in Section 2.2.5, it suffices to analyze the behavior around 7 = 1/4.

As an example, let us write down some details of the calculation for (4, j,€,£) = (1,2, +,0); the other five

cases are completely analogous. This time, our isomorphism v = 1)1 5 4 is given b 1,1,2,3) = (1,0) and
p y 2 ) 1% ,2,+ g y 5 Ly &y )

¥(1,0,0,0) = (0,1), so that
»(T) = ¥({A(0,1,2,3) + B(1,0,0,0))r) = ¥({(A(1,1,2,3) + (B — 4)(1,0,0,0))r) = {(4, B — A))r.
Since ¥(U1,2.4,0) = (R/Z) x {0}, we have
Y(Ti2,4.0) = (1/|B — Al)z x {0}.
Notice that B — A >4 — 1 > 0 except for the single case (A4, B) = (£1,0), which we can safely ignore. Then
Approx'(1/4;0,B — A) = w — i = Zl(BRjA)’

where RT € {0,1,2,3} satisfies R" = A — B (mod 4). Likewise, Approx (1/4;0,B — A) = R~ /4(B — A),
where R~ € {0,1, 2,3} satisfies R~ = B— A (mod 4). The function D12 1 o(t) = D(t(1,1,2,3)) assumes its

minimum value at 7 = 1/4 (and at 3/4). By computing

Dyoy0(l/4+e)=D((1/4+¢,1/44¢,1/2+2¢,3/4 4 3¢)) = 1/4 + max{—¢, 3¢},

3We remark that the reductions in this paragraph can also be explained in terms of runners, using the language of “pre-
jumps” (see [12]). Consider runners with speeds B, A,2A,3A. At times of the form 1/(4A) + s/A (for s € Z), the runners are
at the positions B/4A+ Bs/A,1/4,1/2,3/4; the point is that only the first of these positions actually changes with s, since the
pre-jump by 1/A fixes the other three positions. The first position ranges over the set B/4A+ (1/|A|)z as s varies; in particular,
it lies in [1/4, 3/4] for some s unless |A| =1 and B =0 (mod 4).
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Figure 2.4: Approximations to 7 = 1/4 for U' in the case A =1, B > 0, B =0 (mod 4). In each case, the
values of R*, R~ were calculated as the unique values in {0,1,2,3} congruent modulo 4 to certain integer
linear combinations of A, B.

7,64 Vi je(Tijer) AT RT R- Approx™  Approx~
L2,+,0 (pigzx{0} 3 1 A-B~1 B-A~3 g5 o)
12,0 (mmpzx{0} 3 1 -B-A~3 A+B~1 3o sy
L3,+0 (pigazx{0} 3 1 24-B~2 B-24~2 72 =3
1,3,—0 (pgaapzx{0} 3 1 —-B-24~2 24+B~2 j3m e
L4,+,0 (pigazx{0} 3 1 34-B~3 B-34A~1 ;5= B3
1,4,—.,0 <|B+1:,)A|>Z x{0} 3 1 —B-34~1 34+B~3 4(Bl+3) 4(B3+3)

we see that AT = 3 and A~ = 1 determine the slopes of the pieces of D 5 1 o directly adjacent to the point
7 = 1/4. (Recall that the slope of the piece to the left is defined to be —A~.) Figure 2.4 shows the output
of these calculations, in the case A =1, for all of the relevant quadruples (1, j, €, £).

When B is sufficiently large, we have
D(T; j.c0) = 1/4 +min{\" Approx™, A\~ Approx™}

for each quadruple (i, j,€,¢) from Figure 2.4, and then D(T) is the minimum of these six quantities. The
result of these comparisons is that D(T') = 1/4+1/4(B + 1) (coming from T3 5 _ ). Substituting B = 4s—
note that A, B are automatically coprime since A = 1—we obtain the progression 1/4 4+ 1/4Prog(4,5). The
analogous calculation for the half-line with A = —1 yields the same progression. Hence S;(U!) has finite

symmetric difference with 1/4 + 1/4Prog(4,5), as desired.

2.4.2 Computing S;(U?)

Our calculation of S;(U?) is more involved and can be summarized as follows; Theorem 2.3 is then a quick

consequence since Prog(4,5) C Prog(2, 3).
Proposition 2.15. The set S;(U?) has finite symmetric difference with the set 1/4 + 1/4 Prog(2, 3).

We parameterize 1-dimensional subtori of U? as
T=(A(1,0,1,1)+ B(1,1,0,2))g = ((A+ B, B, A, A+ 2B))x,

for coprime A and B with A > 0. As before, we intersect U? with the subspaces {z; = ex;} to get the
subgroups U, j e, and then we compute the values D(U;  ); see Figure 2.5. In contrast to the example in the

previous subsection, the D-value 1/4 is achieved by only finitely many points of U? (as opposed to intervals
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Figure 2.5: Intersections of U? with the subspaces {x; = ex;}.

Subspace Ui je D(U;j,) 7 achieving 1/4
{t1 =22} ((1,1,0,2))% 1/2 -

{1 = —2z2} {((1,-1,2,0))r 1/2 —

{56‘1 :.’L‘g} <(1,0,1,1)>R 1/2 —

{.Tl :—.Tg} <(1,2,—1,3 >]R 1/4 {1/4,3/4}
{Il 2564} <(1707171)>R 1/2 —

{xl - 7‘%4} <(71727 7371)>R 1/4 {1/473/4}
{x2 :xS} ((2,1,1,3)r 1/4 {1/473/4}
{56'2 = —1'3} <(O,1,—1,1)>R 1/2 —

{.’11‘2 2374} <(O,1,—1,1)>R 1/2 —

{.132 = —$4} <(2,—1,3,1)>R 1/4 {1/4,3/4}
{‘T3 :QZ4} U%:0<(1307171)>R+ (8/276/23()’0) 1/4 L: {1/43 3/4}
{os =—za} Uj_((0,1,=1,1))r + (¢/2,0,€/2,0/2) 1/4 1:{1/4,3/4}

of positive length). The considerations of Section 2.2.5 tell us that it will suffice to study only sectors, rather
than exceptional half-lines (as in the previous subsection). By Section 2.2.5, it suffices to work with 7 = 1/4.

Let us write out some of the details for approximating 7 = 1/4 in Us 4 4 1; the other cases are similar to
this case or to what we demonstrated in the previous subsection. The isomorphism 1 = 13 4 4 is given by

¥(1,0,1,1) = (1,0) and ¢(1,1,0,2) = (0,1), and ¢(T') = ((4, B))r. Following Proposition 2.8, we have

o~ ) )+ (3

where a = A (mod 2). (Here a is independent of the sign of B since A = —A (mod 2).) Lemma 2.9 tells us

1

that the best approximations of 7 = 1/4 by elements of ﬁ + <‘B|

> have errors
A

_ (1 a R~ _
Approx (47 5, |B|) = M’ R = |B| —2A (mod 4)7

(1 a R* n
Approx Z,§;|B| :m, RT™=2A—|B| (mod4),

where Rt R~ € {0, 1,2, 3}. Finally, to compute the slopes AT and A\~ we write D5 4 + 1(¢) = D(¢(1,0,1,1)+

(1/2,1/2,0,0)) and compute
D34 +1(1/4+¢)=D((3/4+¢,1/2,1/4+¢,1/4+¢)) = 1/4 + max{—¢, ¢}

for small . Thus AT = A\~ = 1. See Figure 2.6 for these calculations for all quadruples (i, j, €, £).
For each (4, j,€,¢), we partition R>¢ x R into two sectors, corresponding to the sign of the expression

in the absolute value in the second column of Figure 2.6; we use 0; j.¢ € {4+, —} to denote this sign. The
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Figure 2.6: Approximations to 7 = 1/4 for U2. In the fifth row, a = A (mod 2), and in the sixth row, a = B
(mod 2). The values of RT, R~ lie in {0, 1,2,3}. The headings for the last four columns indicate the sign of
0 in parentheses.

i, Ji 60 Y(Tije0) MM X R (+) R (+) RT(-) R ()
1,3,—,0 —2A-B 2A+B 2A+B -2A-B
1,4,—,0 2A+B  2A+3B 2A+3B 2A+B
2,3,+,0 (5= A-B B-A B-A A-B
2,4,—,0 (aisp)z x {0} B+3A4 A+3B A+3B B+3A
(
(

3,4,+,1 92A-B B-24 B-2A 2A-B
3,4,—,1 B-A A-B A-B B-A

LG T S

common refinement of these partitions gives a partition of R> x R into several sectors, each of which must
be analyzed separately.
For example, consider the sector {(z,y) : 0 < x < y}, corresponding to the case where all of the 6; j ¢ ¢’s

are +. For each choice of residues (A, B) (mod 4) and each quadruple (i, j, €, £), we have

D(T; j.c0) = 1/4 +min{\" Approx™, A\~ Approx™ },

and this quantity equals 1/4 + /¢, where ¢ = |T} ¢ ¢| is a linear combination of A, B. Figure 2.7 shows the
outcome of this calculation for all six quadruples (4, j, €, £) and the various choices of residues (A, B) (mod 4)
(all in the sector {(z,y) : 0 <z < y}).

For each choice of residues (A4, B) (mod 4), we now compare the quantities D(T; ;. ¢), which will make
us further partition our sector {(z,y)) : 0 < z < y}. Here we will illustrate this procedure in the case

(A,B) = (1,3) (mod 4). We wish to find the minimum among the quantities

1 3 2 2 1 2
24+ B’ 24A+3B° B-A" A+3B° B A+B’

Since 0 < A < B, the first of these quantities is always smaller than or equal to the second, third, fifth, and
sixth. It remains to compare 1/(2A + B) and 2/(A + 3B): The former is smaller when B < 34, and the
latter is smaller when B > 3A, so we accordingly use the slope 3-ray through the origin to subdivide the
sector {(x,y) : 0 <z < y} into two sectors. See Figure 2.8 for the outcomes of these calculations for other
choices of the 6; j ¢’s and pairs of residues (A4, B) (mod 4), and see Figure 2.9 for a visual representation of
our running example (A, B) = (1,3) (mod 4).

For each entry in the third column of Figure 2.8, we must determine which values are assumed by the

denominator as (A, B) ranges over pairs of coprime integers satisfying the modular conditions from the
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Figure 2.7: The values of 4 in the sector {0 < A < B} for U2. Each grid represents a quadruple (i, j, €, £).
For each, we show how « depends on (A, B) (mod 4); note that we have excluded the cases where A, B are
both even, due to our standing assumption that A, B are coprime. For the reader’s convenience, we have

reiterated the value of ¢ = |T; j . ¢| in each case.

A

B 0/1|2]|3

0 -1 2] -1]2

1 113113

2 -10]-10

3 311131

(a) (1,3,—,0) and ¢ = 2A +
A

B 0o|1(2]3

0 - 13 -1

1 11032

2 -1 -13

3 312|110

(c) (2,3,+,0)and¢g=B — A

A

B 0o|1(2]|3

0 -1 2] -1]2

1 17111

2 -10]-10

3 1111

(e) (3,4,+,1) and ¢ = B.

A

B 0|1|2]|3

0 -1 2] -]2

1 311131

2 -10]-10

3 11313

(b) (1,4, —,0) and ¢ = 2A4 + 3B.

A

B 0(1]2]|3

0 -1 1]-13

1 310|112

2 - 13 -]1

3 1121310

(d) (2,4,—,0) and g = A+ 3B

A

B 0|1|2]|3

0 -1 1] -1

1 11012

2 -1 1] -1

3 1121110

(f) (3,4,—,1) and g=A+ B

first column and the linear inequalities from the second column. To illustrate this step, consider the sector

{(z,y) : 0 < 3z < y} with (4, B) = (1,3) (mod 4), which corresponds to the D-value offset 2/(A + 3B).

Let us parameterize A, B as A = 4r + 1, B = 4s + 3, so that A 4+ 3B = 4r 4+ 12s + 10. This last expression

is always equivalent to 2 modulo 4, so we wish to determine the set of integers ¢ such that there are valid

choices of r, s (in the sense that A, B are coprime and satisfy B > 34 > 0) with

A+ 3B =4r + 125+ 10 = 4t 4 2,

ie., r+3s+ 2 =t. Such pairs (r,s) can in turn be parameterized as

(r,s)=(t —2+ 3x,—x)

for « an integer in a suitable interval (of length growing with ¢), and this leads to

(A, B) = (4t — T+ 12z, —4x + 3).



Figure 2.8: D-values for sectors for U2. Each row corresponds to a pair of residues (4, B) (mod 4), as
recorded in the first column. The second column gives the slopes of the dividing rays for the corresponding
sector decomposition of R>¢ x R. In the third column we record (proceeding through the sectors clockwise)
the corresponding values of the quantity 4(D(T) — 1/4), which we term the “offset” for brevity. The last
column shows the values achieved by the offsets for coprime A, B.

(A, B) Slopes of dividing rays Offsets Scaled progressions
1 1 1 1
(0,1) -3/4 @, TA_3B L+10 d+1
(0,3) —1/4 TsE T8 T o
) 2AFIBTA-B WD AT
El,oi (()a *4) A13B A—B’ —3A—3B T T4l 2641
1,1 none 0 -
(1,2) (none) 0 —
2 1 1 1 1 1
(L 3) 3, -1 A+13B’ 2A1+B7 721A733 1 2t1+1’ 4tfr1’ 4t1+1 1
(2,1) 1/2,-1/2,-3/2 ATPB ZATEY A-B) —2A=3B A1 A1 A1) A1
(2,3) -1/2 24438 ~A-3B TE+1° Tt+1
(3,0)  0,—4/7 2 1 Ty 5T T
) ) 2A{3B° 2A+B> ~4-3B 217 2410 d+1
(3 1) 73/7 -1 2 2 1 1 1
( ) | ( 7) 2A+3B°’ A—B’ —A—3B TEH1° 26410 2041
3,2 none 0 -
(3,3)  (none) 0 -
B
AN 1 _
i1/ B=34
_1
Tt+1
> A
1
21
h B = _A

Figure 2.9: This figure illustrates the sector decomposition for U2 when (A, B) = (1,3) (mod 4). Each sector
is labeled with the progression of its corresponding offset (see Figure 2.8).
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Lemma 2.12 tells us that since ged(4¢ — 7,12, —4,3) = 1, there are many choices of x making (A, B) coprime
(with B > 3A > 0) when ¢ is large. In particular, every sufficiently large value of ¢ is achieved (even if
one insists on throwing out exceptional half-lines, which is unnecessary in light of Section 2.2.5), and the

expression 2/(A + 3B) assumes the values

2/(4t +2) = 1/(2t + 1).

The last column of Figure 2.8 shows the outcome of the analogous calculations for the other entries in the
third column of the table. Since {4t +1:t € N} C {2t +1 : ¢t € N}, we conclude that S;(U?) has finite
symmetric difference with the single progression 1/4 + 1/4 Prog(2,3). This proves Proposition 2.15.

Let us return to the progression (2.2) found by Fan and Sun [39]. This family of T’s corresponds to the
case A 4+ 4s+ 3, B = 8 in the setting currently under consideration. In the (A4, B) = (3,0) (mod 4) row of
Figure 2.8, these choices of (A4, B) fall in the first sector (and do not coincide with an exceptional half-line).

Since A, B are coprime, we see that indeed

1 2 1 2 1 1

D(T) =

1 A 3 T 1 12 13 +3@®) 4 T 1654600

this provides a systematic way of carrying out the calculation of (2.2).

2.5 The spectrum &;(3) to the second accumulation point

We will now prove Theorem 2.4, which states that S;(3) N (1/10,1/6] has finite symmetric difference with
the union of 1/10 + 4/5Prog(5,7) and 1/10 + 3/5Prog(5,9). Recall that [65] determined S1(3) up to the
first accumulation point, viz., S1(3)N(1/6,1/2] =1/6 +1/6 Prog(6, 7). Theorem 2.4 determines S;(3) up to
the second accumulation point (1/10), up to finitely many exceptions. We reiterate (see the comment at the
beginning of Section 2.3.2) that our method here would let us compute S1(3) N (g,1/2], up to finitely many
exceptions, for any € > 0: We can compute S1(3) up to as many accumulation points as we want, and these
accumulation points approach 0.

In Section 2.3.2, we showed that, up to symmetry, the only 2-dimensional proper subtori U C (R/Z)3
with D(U) = 1/10 are

U® = ((0,1,4),(1,0,0))z, U*=((0,2,3),(1,0,0))z,

U°=((0,1,3),(1,0,1))r, U°=1{(0,1,2),(1,1,0))g.
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Figure 2.10: Intersections of U? with the subspaces {z; = ez;}.

Subspace Ui je D(U; ;) 7 achieving D(U, j )
{zi=22}  ((1,1,4)r 1/10 {2/5,3/5}

{1‘1 = —1‘2} <(—1,1,4)>R 1/10 {2/5,3/5}

{z1 =23} {(4,1,4)x 1/10 {2/5,3/5}

{1‘1 = —1‘3} <(—4 1,4

,4))r 1/10 {2/5,3/5}
1,0,0))r + (0,£/3,£/3)  1/6 —
1,0,0

fea =25} Ul
<( » Uy )>R + (036/5746/5) 1/10 233 : [2/573/5]

{o = —x3} Ui,

Notice that each of these choices of generators satisfies the condition (2.6).

All that remains for the proof of Theorem 2.4 is computing S1(U?) for i € {3,4,5,6} individually. The
argument is similar to the argument in Section 2.4. In each of the first two subsections, we will be able to
quickly dispose of all but finitely many exceptional lines; in each of the last two subsections, we will deal
with full sector decompositions of R>¢ x R. One topically new (but unimportant) feature is that we have
different values of 7 for different tuples (i, j, €, £). We will abbreviate parts of the exposition that are similar

to Section 2.4.

2.5.1 Computing S;(U?)

We parametrize 1-dimensional subtori of U? as
T = (A(0,1,4) + B(1,0,0))r

for coprime integers A, B with B > 0. We compute the intersections U; ;. = U N{x; = ex;} in Figure 2.10.
Note that on Us 3, _, the D-value 1/10 is achieved on intervals of positive length; we will use this to restrict
our attention to a small number of exceptional half-lines.

Consider the isomorphism ¢ = 93 _ given by 1((1,0,0)) = (1,0) and %((0,1,4)) = (0,1). Then

Vlac) = Qo (o)) < 150

where § is the sign of A and ¢ = éB (mod 5). One can check Ds 3 _ achieves the constant values 1/10 on

Proposition 2.8 gives

the set [2/5,3/5] x {2/5,3/5}. If |A| > 5, then ¢ (Ts 3 ) certainly intersects [2/5,3/5] x {2/5,3/5}, which
immediately implies that D(T) = 1/10. It remains only to consider |A| < 4.

For each value of m := | A|, there are several equivalence classes of B modulo 5m that give D(T) = 1/10
and hence can be disregarded. For m = 1, for instance, this occurs exactly when 2a/5 € [2/5,3/5] (or,

equivalently, 3a/5 € [2/5,3/5]), i.e., a = §B = 1,4 (mod 5); so it remains only to consider B = 0,2,3
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Figure 2.11: Approximations to 7 = 2/5 for U®. The values of R, R~ lie in {0,1,2,3,4}. We treat only the
sector where every § = +, as this is the region containing all of the exceptional half-lines of interest.

g 60 (Tijee) ATOAT R (4) R~ (+)
12,40 (mtmzx{0} 4 1 3(B-4) 2B-A4)
1,2,-,0 (malzx{0} 4 1 3(B+4) 2(B+4)
L3,+,0 (mlmpzx{0} 4 1 3(B—44) 2(B-44)
1,3, -0 (paapz x{0} 4 1 3(B+44) 2(B+44)

(mod 5). Likewise, for m = 2, we can ignore the cases where
2a/10 =a/5 € [2/5/3/5] U (1/2+ [2/5,3/5]);

after also accounting for the condition that A, B are coprime (i.e., B is odd), we are left with checking
only B = 1,9 (mod 10). Similarly, for m = 3, we need to consider only B = 5,10 (mod 15), and we can
completely ignore the case m = 4.

Each of the remaining cases from the previous paragraph corresponds to an exceptional line; as B
increases, the parameter ¢ = |A| remains fixed. By symmetry (see Section 2.2.5), it suffices to study the
behavior around the point 7 = 2/5 for each tuple (i, j,€) # (2,3, —) with D(U; ;) = 1/10; see Figure 2.11.
All of our exceptional lines eventually lie within the sector containing the positive B-axis, which corresponds
to the case where every d; ;. = +.

For each (m,z) € {(1,0),(1,2),(1,3),(2,1),(2,9), (3,5),(3,10)}, we consider pairs (4, B) with |A| = m
and B = z (mod 5m); after parametrizing B = 5|AJt + = (for ¢ € N), we compute D(T) as a function
of t in the usual way. This results in several progressions in S;(U?), which we verify are contained in the
progressions from the statement of Theorem 2.4. Figure 2.12 presents the results of these calculations for
the half-lines with A > 0; the half-lines with A < 0 turn out to yield the same progressions, so we have

omitted these calculations.

2.5.2 Computing S;(U*)

We parametrize 1-dimensional subtori of U* as
T = (A(0,2,3) + B(1,0,0))r

for coprime A, B with B > 0. We compute the intersections U; j . = U* N {z; = ex;} in Figure 2.13. Since

Us,3,— achieves the D-value 1/10 on intervals of positive length, we restrict our attention to a small number
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Figure 2.12: D-value progressions for U3 with fixed 1 < A < 3 and fixed residue class B = x (mod 54) (z €
{1,2,...,5A}). We parametrize B = 5At+x (¢t € N). The second column gives the corresponding progression
5(D(T) — 1/10). These values (as t ranges) form subprogressions of the two progressions appearing in the
statement of Theorem 2.4; the last column provides the changes of variable witnessing these containments.

(A, B) Scaled progression Theorem progression Change of variable
A=1,B=0 (mod 5) 2/(5t+1) 4/(5s + 2) s=2t
A=1,B=2 (mod 5) 1/(5t + 3) 3/(5s+4) s=3t+1
A=1,B=3 (mod 5) 3/(5t+4) 3/(5s+4) s=t
A=2,B=1 (mod 10) 1/(10t+ 3) 3/(5s+4) s=6t+1
A=2B=9 (mod 10)  2/(10t+11) 4/(5s +2) s=4t+4
A=3,B=5 (mod 15)  1/(15¢t+8) 4/(5s +2) s=12t+6
A=3,B=10 (mod 15) 1/(15t+ 13) 4/(5s +2) s=12t+ 10

Figure 2.13: Intersections of U* with the subspaces {z; = ex;}.

Subspace Ui je D(U;j.) T achieving 1/10
{z1 =22} ((2,2,3))r 1/10 {1/5,4/5}
{z1=—22} ((-2,2,3))r 1/10 {1/5,4/5}
{rr=23}  ((3,2,3)r 1/10 {1/5,4/5}

{1 =—z3} ((-3,2,3))r 1/10 {1/5,4/5}

{za =23}  ((1,0,0))r 1/2 -

{wa = —x3} UL((1,0,0))r + (0,2i/5,3i/5) 1/10 1,4:[2/5,3/5]

of exceptional half-lines, as in the previous subsection. This analysis leaves us with the cases |A] = 1 and
B =0,1,4 (mod 5); |A] =2 and B = 3,7 (mod 10); and |A| = 3 and B = 5,10 (mod 15). For each case,
we approximate the critical value 7 = 1/5 for the remaining tuples (¢, j, €); see Figure 2.14.

Each of our exceptional half-lines is eventually contained in the sector containing the positive B-axis,
which corresponds to the case where every 6 = +. Each exceptional line generates a progression, again
contained in one of the progressions from the statement of Theorem 2.4; see Figure 2.15 for A > 0 (as in the

previous subsection, A < 0 gives the same results and these calculations are omitted).

Figure 2.14: Approximations to 7 = 1/5 for U*. The values of RT, R~ lie in {0, 1,2, 3,4}. We consider the
case where every § = + as that corresponds to the region of interest.

i, .60 Y(Tijee) AN RT(+) R(4H)
L,2,4+,0 (pigapzx{0} 3 2 24-B B-24
1,2,-,0 (pfgapzx{0} 3 2 —24-B 24+B
1,3,4,0 (pgazx{0} 3 2 34-B B-34
13,0 (mhazx{0} 3 2 -34-B B34+B
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Figure 2.15: D-value progressions for U* with fixed 1 < A < 3 and fixed residue class B = x (mod 5A)
(x € {1,2,...,5A}). We parametrize B = 5At + x (t € N). The second column gives the corresponding
progression 5(D(T)—1/10). These values (as ¢ ranges) form subprogressions of the two progressions appearing
in the statement of Theorem 2.4.

(A, B) Scaled progression Theorem progression Change of variable
A=1,B=0 (mod 5) 4/(5t +2) 4/(5s + 2) s=t
A=1,B=1 (mod 5) 3/(5t+4) 3/(5s+4) s=t
A=1,B=4 (mod 5) 2/(5t + 6) 4/(5s +2) s=2t+2
A=2,B=3 (mod 10) 3/(10t+9) 3/(5s+4) s=2t+1
A=2B=7 (mod 10)  2/(10¢t+ 11) 4/(5s +2) s=4t+4
A=3,B=5 (mod 15)  2/(15t+ 11) 4/(5s +2) s=6t+4
A=3,B=10 (mod 15) 2/(15t+ 16) 4/(5s +2) s=6t+6

Figure 2.16: Intersections of U® with subspaces {z; = ex;}.

Subspace Ui je D(U; ) 7 achieving 1/10
{frr =22} ((L,LO)r 1/2 -

{z1=—22} ((-1,1,—4)r 1/10 {2/5,3/5}
=z} (212 16 -

{1 =—=z3} ((-2,-3,2))r 1/10 {1/5,4/5}
(m=as) (3220 110 {1/54/5)

{wo = —as} ((-1,-2,2))r 1/6 -

2.5.3 Computing S;(U°)

For U?® we will have to work with sector decompositions instead of only exceptional half-lines. We parametrize
1-dimensional subtori of U® as

T = (A(0,1,3) + B(1,0,1))r

for coprime A, B with A > 0. We compute the intersections U; ;. = USn{z; = ex;} and their corresponding
D-values in Figure 2.16. In Figure 2.17, we show the calculations for approximating the critical points 7.
Finally, for each pair of residues for (A, B) (mod 5), we partition R>¢ x R into sectors, calculate D(T") on
each sector, and give the corresponding progressions; see Figure 2.18.

Figure 2.18 tells us that the expression 5(D(T") — 1/10) assumes values in the progressions

1 2 3 4
5t+3" 5t+1 5t+4 5t4+2°

Regarding the first progression, we observe that {1/(5t +3) : ¢t € N} C {4/(5s+ 2) : s € N} (via s = 4t + 2)
and {1/(5t+3) :t € N} C {3/(5s+4) : s € N} (via s = 3t +1). In fact, {1/(5¢t + 3) : t € N} is precisely
these two progressions containing it. Likewise {2/(5t+1) :t € N} C {4/(5s+2) : s € N} (via s = 2t). Thus,

we obtain only the two progressions from the statement of Theorem 2.4.
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Figure 2.17: Approximations to 7 = 1/5,2/5 for U5. The values of R*, R~ lie in {0, 1,2, 3,4}.

i,j,€ T (T je) AV RY(+) R (+) RY(-) R (-)
1,2,— 2/5 (gigp)z 4 1 3A+B  2A+4B 24+4B 3A+B
1,3,— 1/5 (mgp)z 3 2 2A+4B 3A+B 3A+B 2A+4B
2,3,+ 1/5 )z 3 2 2A+4B 3A+B 3A+B 2A+4B

Figure 2.18: D-values in sectors for U®. The third column records the offsets 5(D(T') — 1/10).

=
3

Slopes of dividing rays Offsets Scaled progressions

-1 2 1
3A4+B’ —A-2B
3 4

2 1
5t+1° 5t+3
C

W N OB WD O

3A+B°> —A-2B 5t4+17 5t+3
3 4 2 3 4 2
’ A+2B’ 3A+B’ —A-2B 5t4+47 51427 5t41
P 7 3 G S

A+2B’ 2A—B’ —A-2B 5t4+17 5t+27 5t+4
*5, i > Y S

(0,1)
(0,2) 1,—1 2 _3

) J AT2B° 3AFB —A 2B 5ifd) 5if2 Bigl
(0,3) 0,-2 A12B2A B> ~A-3B  5if1’ 5142 5iHd
(0,4) 0 A12B 24 B 5 51437 5iFT
(1,0) 0,-2 A+2B 2A-B° —A-2B 5Ll 5ix2 5+
(1,1) 0 A12B’2A-B 5t+3° 5t+1
(1,2)  (none) 0 -

2 1 2 1

(1,3) -1 3A{B’ “A-2B 5i+1’ Bt+3
(1 4) 0. —1 3 4 2 3 4 2

) ) ATPB? 2A-B’ =A-2B 5140 5020 51
(2,0) -1 3A3B) =A-2B SFT BLES
(2, 1) L,-1 A+22B7 gAij 7A§2B 5t2+4’ 5151&7 5t§r1
(2,2) 0,—-2 A12B° 2A-B> —A-2B  Bifl’ 5142 5i+d
(2,3) 0 At12B’2A-B 5t+3° 5t+1
(2,4)  (none) 0 -
(3 ) 0 1 2 1 2

) A+2B’ 2A-B 5t+3° 5t+1
(3,1)  (none) 0 -
(3 ) -1 2 1 2 1
(3,3)
(3,4)
(4,0) I,-1 AT2B° 3AFB —A 2B 5ifd) 5Ep2 Bigl
(4,1) 0,-2 A12B7 24 B’ ~A-2B  5ir1’ 552 5+
(4,2) 0 A28’ 2A-B 5t+37 bt+1
(4,3)  (none) 0 -
(4 ) -1 2 1 _2 _1

J 3A+B’ —A-2B 5t+1° 5t+3
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Figure 2.19: Intersections of U® with the subspaces {z; = ez;}.

Subspace Ui je D(U; ;) 7 achieving 1/10
{1’1 :‘TQ} <(1a1’4)>R 1/10 {2/5a3/5}
fo1= -2} ((L-1-2)x 1/6 -

{v1 =23}  ((1,0,1))r 1/2 -

{1 =—zs} ((-3,2,3)r 1/10 {1/5,4/5}
o=z} (200w 16 -

{2 =—-23} ((-4,1,-1)r 1/10 {2/5,3/5}

Figure 2.20: Approximations to 7 = 1/5,2/5 for U®. The values of R™, R~ lie in {0, 1,2, 3,4}.

ije 1 P AT A RT(+) R (+) RY(5) R(9)
L2+ 2/5 (ptg)z 4 1 24438 3A+2B 3A+2B 24+3B
1,3,— 1/5 (gxizp)z 3 2 24+3B 3A4+2B 3A4+2B 24+3B
2,3,— 2/5 (garp)z 4 1 24438 3A+2B 3A+2B 24+3B

2.5.4 Computing S;(U°®)

We proceed as in the previous subsection. We parametrize 1-dimensional subtori of US as
T = (A(0,1,2) + B(1,1,0))x

for coprime A, B with A > 0. As before, we intersect US with the subspaces {z; = ex,}; see Figure 2.19.
Then we approximate critical values of 7; see Figure 2.20. Finally, we partition R>¢ x R into sectors for
each pair of equivalence classes for (A, B), calculate the corresponding values of D(T'), and represent these
values as progressions; see Figure 2.21. As before we get exactly the two progressions from the statement of

Theorem 2.4.

2.6 A new progression in the spectrum S;(6)

The goal of this section of to prove Theorem 2.5, which states that 1/3 4+ 1/6 Prog(6,11) C S;1(6). This
example is noteworthy because it provides a new progression, beyond the progression 1/3 + 1/6 Prog(6,7)

predicted by (2.1). The progression 1/3 + 1/6 Prog(6,11) appears in the relative spectrum of
U™ :=((1,0,1,2,3,3),(0,1,1,1,1,2))g.

We remark that this choice of generators bears some resemblance to the generators of U? C (R/Z)*, which

(after permuting the coordinates) can be written as (1,0,1,1),(0,1,1,2) (but we were not able to find an
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Figure 2.21: D-values in sectors for U°S.

(A,B) Slopes of dividing rays Offsets Scaled progressions
2 3 2 3
0,1) -2 IA{B» A-B Bif1’ 5i+4
(0,2) 0 5 1 3 1
) 3AF2B7 A-P 5147 543
(0,3) -3 TA+B® —3A—2B  5t43’ 5tf4
0,4) -1 TATE) AoB Sird) 5o
3 2 3 2
(1,0) -1 TA+B® A-B 5i+4° Bi+1
(1,1)  (none) 0 -
2 3 2 3
(1,2) -2 TAYB> A-P 5if17 Bipd
(1,3) 0 3A$2B7 A-P 5i-d) 5ixd
(1,4) -3 TAFB> =3A-2B 5437 5ifd
(2,0) -3 TAFB> =3A-2B  5if3’ 5ifd
52713 (_1 ) 4A+B’ A-B 5t+4° 5t+1
2,2 none 0 -
2 3 2 3
(2,3) —2 TA4{B’ A-P 5if17 Bipd
(2,4) 0 3A12B’ A-B 5t4° 5t+3
(3,0) 0 5 1 3 1
) 3AF2B7 A-J 5147 543
(3,1) -3 TAfB> =3A-2B  5if3’ 5ifd
53723 (_1 ) 4A+B’ A-B 5t+4° 5t+1
3,3 none 0 —
2 3 2 3
(3,4) —2 TAfB’ AB 5if17 Bigd
(4,0) —2 1A4B’ A-P 5t+1° 5t+4
(4,1) 0 1 3 1
) 3AF2B7 A-P 5147 543
(4,2) -3 4A+B> —3A—-2B 533’ 5t+4
4,3) -1 5 e i
(474) ( ) 8A+B’ A-B 5i+4° Bi+1
, none —
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Figure 2.22: Intersections of U’ with the subspaces {z; = ez;}.

Subspace Ui e D(U, ) T achieving 1/3

{xl ::EZ} <(171727374a5)>R ]-/3 {1/675/6}

{1 = -z} ((1,-1,0,1,2,1))g 1/2 —

{z1 =23} ((1,0,1,2,3,3))r 1/2 -

{xl = —xg} <(1, —2, —1,07 1, _1)>R 1/2 —

{z1 =24} ((1,-1,0,1,2,1))g 1/2 -

{z1 = —24} ((1,-3,-2,-1,0,-3))r 1/2 —

{z1 =25}  ((1,-2,-1,0,1,—1))g 1/2 -

{1 = —x5} ((1,-4,-3,-2,—1,-5))g 1/3 {1/6,5/6}

{.’Blsz} U%:O«]-v 1 07132a1)>R+(0’§7§a§a%a0) 1/3 1{1/671/372/3,5/6}

{z1 = —w6} Ui((1,-2,-1,0,1,—-1)r+(0,%,£,£,£0) 1/3 1:{1/6,1/3,2/3,5/6}

{,IQ =I3} <(0,1,1,1,1,2)>R 1/2 —

{z2 = —z3} ((2,-1,1,3,5,4)r 1/3 {1/6,5/6}

{x9 = 24} U%,O«O,LLLLZ))R“F(é,o,é,o,;ﬁ,;) 1/3 1:{1/6,1/3,2/3,5/6}

{x2:7x4} U%:0<(137170713231)>R+(07%7§a§a§a0) 1/3 1: {1/671/372/375/6}

}xz = x5} } ?Jé:(](go, 1ili1§16)2>)>R +(£,0,£,%,0,0) }?g 1,2:{1/6,5/6}

Ty = —Ts ,—o, —1, N R —

{zo=z¢}  ((-1,3,2,1,0,3))r 1/2 -

{22 = -6} UZ_((1,-1,0,1,2,1))r + (0, £, £, £, £,2) 1/3 1:{1/6,1/2};
2:{1/2,5/6}

{z3=x4}  ((0,1,1,1,1,2))g 1/2 -

{.183 = 7‘%4} <(2’ 737 717 1737 0)>R 1/2 -

{z3 =25} u,}:0<(o, 1,1,1,1,2))r + (£,0,£,0,£, %) 1/3 1:{1/6,1/3,2/3,5/6}

{$3:—$5} UZ 0<(1 2 1,0,1 1)>R+(07%7%7%7%70) 1/3 1: {1/671/372/3,5/6}

{z3 =26}  ((1,-2,—1,0,1, —1)> 1/2 —

T4 = Ty 0,1,1,1,1,2 R 1/2 —

{za=—z5} ((2,-5,-3,-1,1, —4))r 1/3 {1/6,5/6}

{zg=z¢}  ((1,-1,0,1,2, 1)>R 1/2 —

{za = -z} ((3,-5,-2,1,4,-1))r 1/3 {1/6,5/6}

{LL’5 = .%‘6} <(1, 71, 2, 3, 3)>]R 1/2 —

{I5:7I6} <(1372 13051 71)>R+(03§7§7§ % %ﬁ) 1/3 1: {1/235/6};
2:{1/6,1/2}
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Figure 2.23: Approximations to the various values of 7 for U”. Throughout, we consider the sector in which

the half-line {6} x R is (eventually) contained; this sector has 6 = — for the first row and § = + for all
other rows. In rows three, four, eight, and nine, « = B (mod 2); in rows five and six, a = A (mod 2); in
rows ten and eleven, a = §B (mod 3); in rows twelve and thirteen a = —0B (mod 3); and in rows seventeen
and eighteen, a = dA (mod 3).

i7j7 67‘€ T ’(/}(T,j €, Z) )\+ AT R+ R~ D(T‘i,j,e,l) - %
1,2,4,0 1/6 (ztg)z x {0} 5 1 A+45B~1 54+B~5 gt
1,5,—,0 1/6 (g 1+B|>Z><{0} 5 1 2445B~1 4A+B~5  girp
1,6,+,1 1/6 <2|A+B|+ - Z) 2 1 5A+2B~4 A+4B~2  g2p
1,6,+,1 1/3 (2|A+B|+ TATE Z)x 1 2 4A+B~5 24+5B~1 iy
1a67_71 1/6 <2|2A+B\ + |2A+B\>Z) X{ } 2 1 A+5B'\”1 5A+B'\’}5 6(2A2+B)
1,6,—,1 1/3 (2|2A+B‘+ |2A+B‘>Z)><{ } 1 2 B5A+4B~2 A+2B~s4 ﬁ
2,3,—,0 1/6 <|A+2 Yz x {0} 5 1 5A+4B~2 A+4+2B~4 7(A+2B)
2,4,4+,1 1/6 (ﬁﬂﬁ”x{l} 2 1 B5A+3B~3 A+3B~3 I

24,4+,1 1/3 (o +(fpz) x {3} 1 2 4A+43B~3 24+43B~3 &

2,5,+,1 1/6 (ﬁ—k(ﬁm)x{ } 1 1 B5A42B~4 A+4B~2 X

2,5,4,1 5/6 (ﬁﬁ-(ﬁ)) 1 1 A+2B~4 5A+44B~2 &

2,6,-1 1/6 (grasp + {1k >) {1} 1 1 B5A+3B~3 A+3B~3 iy
2,6,-1 12 (gutm +{pakp)z) x {3} 1 1 344B~5 3445B~1 by
3,6,—0 1/6 (gatsp)z x {0} 5 1 2443B~3 4A+3B~3 grimg
4,50 1/6  (jzayap)z x {0} 5 1 A+44B~2 5A+42B~4  gerops
4,6,—,0 1/6 (mazpz x {0} 5 1 A+3B~3 5A+3B~3 76(5143;33)
5,6,-1 1/2 (i + (makap)z) x {3} 1 1 2443B~3 4443B~3 iy
5,6,—,1 5/6 <3|2AG+B\ + <|2AiB\>Z> x{z} 1 1 4A+B~5 244+5B~1 goirp
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“analogous” torus in (R/Z)3).
We will show that S;(U7) contains the set 1/3 + 1/6 Prog(6,11). We parametrize 1-dimensional subtori
of UT as
T = (A(1,0,1,2,3,3) + B(0,1,1,1,1,2))g,

where A, B are coprime and A > 0, and we check that this choice of generators satisfies (2.6). As before, we
compute the intersections U; jo = U N {x; = ex;}; see Figure 2.22.

This computation differs from previous ones in several ways. First, there are several pairs of triples (4, j, €)
and (i, j', €') such that U; ; . and Uy ;s o are identical; obviously D(T; ;) = D(Ty js ) in such cases, and we
will omit these redundant computations. Second, there are some quadruples (4, j, €, £) with several values of 7
which must be analyzed individually, even after we account for the usual x — —z symmetries. This is visible
in Figure 2.23, where the triples (1,6,+,1), (1,6,—,1), and (2,4, 4+, 1) each have two rows corresponding to
different values of 7. For the triples (2,6, —) and (5,6, —) (which correspond to subgroups U; ; . with three
components), the values of 7 no longer come in pairs (7, —7) on each connected component U; ; . ¢ (although
of course a value 7 on Uj ; ., still corresponds to a value —7 on U; j ., (). For triples (4, j, €) where U; ; . has
3 components, the symmetry discussed in Section 2.2.5 guarantees that D(U; jc.1) = D(U; j,e2), so in such
cases we will analyze only £ = 1.

Recall that we are concerned only with finding a single progression in S;(U7), not with computing the
entire relative spectrum. So we will restrict our attention to the half-line yielding this progression, namely,
the half-line consisting of pairs (A4, B) with A = 6 and B = 5 (mod 6) (with B > 6); note that such A, B
are always coprime. We analyze only the sector containing this half-line. Comparing the expressions in the

last column of Figure 2.23, we find that

1 1
DT)= -4+ ————
M =3+ spazn
and substituting A = 6 and B = 6s+ 5 (for s € N) gives
1 1
D) =>4+ - .
) =3+ 56117

The choice (A,B) = (5,1) leads to D(T) = 1/3 4+ 1/(6 - 11), and the choice (A, B) = (6,5) leads to
D(T)=1/34+1/(6-17). Altogether, these values comprise the progression 1/3+ 1/6 Prog(6, 11); this proves
Theorem 2.5.

We remark that S;(U7) also contains the progression 1/341/6 Prog(6,7); this gives a new way to achieve

the progression in (2.1). This progression comes from the sector {0 < A < B} with the modular constraints
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(A,B) = (1,0) (mod 6). A further analysis along the lines of the previous two sections (not shown in full

detail here) reveals that S;(U”) does not contain any other progressions.

2.7 Finite and infinite relative spectra

In this final section, we make a few brief remarks about when relative spectra are finite. Let n > 3, and let

U C (R/Z)™ be a 2-dimensional proper subtorus. Write
Z({U):={xe€U:D(x)=DU)}

for the locus of points where U achieves its D-value. Notice that Z(U) is the intersection of U with the
hollow cube {z € (R/Z)" : D(x) = D(U)}. We can express Z(U) as the union of the intersections of U with
the various facets of this hollow cube. Each such intersection has dimension at most 1 (otherwise U would
be contained in a translate of a coordinate hyperplane), and we conclude that Z(U) consists of a finite union
of points and (closed) line segments. Of course these points and the endpoints of these segments all have
rational coordinates.

Our criterion for the finiteness of S1(U) concerns whether or not Z(U) contains non-parallel line segments;
notice that the “parallel-ness” of line segments is the same in (R/Z)" and in U (considered as a 2-dimensional

torus).

Proposition 2.16. Let n > 3 be a natural number, and let U C (R/Z)™ be a 2-dimensional proper subtorus.

The relative spectrum Sy (U) is finite if and only if the set Z(U) contains non-parallel line segments.

Proof. First, suppose that Z(U) contains two non-parallel line segments. To show that S;(U) is finite, it
suffices to show that all but finitely many 1-dimensional subtori 7 C U intersect the union of these line
segments and thus satisfy D(T') = D(U). Fix an identification of U with (R/Z)?, and consider the images
$1, 82 of the two non-parallel line segments. Let £ be the minimum of the lengths of s, s9, and let Ly, Ly
denote the lines containing s1, so (respectively). Let 0 < 6 < 7/2 be the measure of the angle formed by
Ly, Lo.

Now, let 7" C (R/Z)? be a 1-dimensional subtorus. It forms an angle of at least /2 with some L;. Then

the height of s; in the direction perpendicular to T’ is at least
£sin(6/2).

The perpendicular distance between consecutive leaves of T” is 1/ vol(T"), where vol(T”) denotes the volume
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(i.e., length) of T'. Thus, if vol(T’) > 1/(¢sin(6/2)), then T’ must intersect s;, and we conclude that
the corresponding 1-dimensional subtorus 7' C U has D(T) = D(U). Since there are only finitely many 1-
dimensional subtori with volume below any given threshold, it follows that all but finitely many 1-dimensional
subtori T C U have D(T') = D(U), as desired.

Second, suppose that Z(U) does not contain any non-parallel line segments. To show that S;(U) is
infinite, it suffices to show that there are infinitely many 1-dimensional subtori 7' C U that are disjoint
from Z(U): Indeed, such T’s have D(T) > D(U), and there are infinitely many distinct such values since
D(T) — D(U) as vol(T') — oo. By assumption, Z(U) is contained in a finite union of rational parallel lines
and hence is contained in a 1-dimensional subgroup I of U.

We claim that U contains at least two non-parallel 1-dimensional subtori that are contained in the
coordinate hyperplanes of (R/Z)™. Indeed, for each 1 < i < n, the intersection U N {z; = 0} is a 1-
dimensional subgroup, and the identity components of these intersections cannot all be identical because
then this common identity component would consist of only the point 0. Thus, there is a 1-dimensional
subtorus T* of U that is contained in a coordinate hyperplane of (R/Z)™ and is not parallel to I'. Fix an
identification of U with (R/Z)? such that T™* is identified with the xo-axis; let I denote the image of I' under
this identification. Since D(T*) = 1/2 > D(U), we know that Z(U) is disjoint from 7™, and it follows that
the image of Z(U) is contained in I\ ({0} x (R/Z)). Hence it suffices to find infinitely many 1-dimensional
subtori T' C (R/Z)? whose intersections with I are contained in {0} x (R/Z).

The choice of T* guarantees that I has some finite slope b/a, where a, b are coprime integers with a > 0.
Let ¢ € N be such that the leaves of T” are spaced out 1/q apart vertically. Now, for each s € N, consider

the 1-dimensional subtorus

T, = ((a,b+ a/(q3))).

As we travel along T starting at (0,0), the first intersection with I occurs at the point

(s/a)(a,b+1/(gs)) = (s,sb/a+1/q) € {0} x (R/Z),

so in fact Ts NIV C {0} x (R/Z), as desired. O

We remark that [65] established S;(n — 1) C accS1(n) by showing that S (U’ x (R/Z)) is infinite for
every proper l-dimensional subtorus U’ C (R/Z)"~!; the construction in the second part of the proof of
Proposition 2.16 is a generalization of this argument.

It is not a priori obvious that the geometric condition for finiteness in Proposition 2.16 is ever satisfied.

In fact, one can show by ad-hoc arguments that it is never satisfied for n < 6. For n = 7, however, there are
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examples like the following. Consider the 2-dimensional proper subtorus

U® = ((1,2,3,2,0,0,0),(0,0,0,2,1,2,3))z.

A tedious but routine calculation gives that D(U®) = 3/10, and that Z(U®) consists of the points a(1,2, 3,2, 0,0, 0)+

b(0,0,0,2,1,2,3) where (a,b) either lies on one of the eight line segments

{2/5,3/5} x ([1/5,4/15] U [11/15,4/5]), ([1/5,4/15] U[11/15,4/5]) x {2/5,3/5}.

or is one of the four points (1/5,1/5),(2/5,2/5),(3/5,3/5),(4/5,4/5). Tt follows from Proposition 2.16
that S;(U®) is finite, i.e., S;(U®) does not contain any progressions. Using a computer to calculate D(T')
for low-volume proper 1-dimensional subtori T C U® reveals that S;(U®) contains (at least) the values
7/22,11/34,17/54,23/74 in addition to 3/10. Hence, for S;(U®), the finite symmetric difference in Theo-

rem 2.1 is necessary.
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Chapter 3

Minimal additive complements

3.1 Introduction

The Minkowski sum of two subsets A, B of an (additive) abelian group G is given by
A+B={a+b:a€ Abe B}

Given a subset W C G, we say that C C G is an (additive) complement for W in G if W + C = G (that
is, if every g € G can be expressed at least once as g = w + ¢, for w € W, ¢ € C). If, moreover, no proper
subset C’ C C' is a complement for W, then we say that C' is a minimal (additive) complement for W in G.
Similarly, we say that C' C G is an (additive) supplement for W in G if the translations of W by elements
of C are pairwise disjoint (that is, if every g € G can be expressed at most once as g = w + ¢, for w € W,
¢ € C). If, moreover, no proper superset C' O C is a supplement for W, then we say that C is a mazimal
(additive) supplement for W in G. The project of this chapter is to investigate which sets C' arise as minimal
complements and maximal supplements not for a specific subset W but rather for some W. We study these

questions in both finite and infinite abelian groups.

3.1.1 Background

The study of minimal complements in infinite abelian groups was initiated by Nathanson [79], who showed
that if W is a finite non-empty subset of Z, then every complement C' for W contains a minimal complement
C’ for W. The question of determining which subsets W of Z admit minimal complements has received
considerable attention. Chen and Yang [24] showed that W C Z has a minimal complement if it is unbounded

both above and below. It is easy to check that, for instance, N does not have a minimal complement in Z.

97



Kiss, Sandor, and Yang [62] studied the existence of minimal complements for “eventually periodic” subsets of
Z. There has been some progress in infinite abelian groups other than Z: Biswas and Saha [15] generalized
Nathanson’s result by showing that if G is any abelian group and W is a finite non-empty subset of G,
then any complement to W contains a minimal complement. The same authors [13] later studied minimal
complements in Z" more closely.

The study of minimal complements and maximal supplements is related to problems in coding theory.
Indeed, when W is a ball in a Hamming space, the complements for W correspond to covering codes.
The possible sizes of such covering codes have been extensively studied in various settings (see, e.g., [57]).
Similarly, maximal supplements for W can be interpreted as sphere packings and thus are related to results
such as Hamming bounds on block codes.

We remark that a 1995 paper of Habsieger and Ruzsa [52] treated the closely related matter of finding
C C Z such that W + C contains a given interval [m] = {1,...,m}. Additive bases and asymptotic additive
bases, the study of which dates back at least to Lagrange’s Four-Square Theorem, are of course also related
to additive complements. Objects similar to maximal supplements have been studied in the context of Sidon
sets (see, e.g., [94] and the references therein).

The natural “inverse problem” for minimal complements is determining whether a given set C C G is a
minimal complement for some set W (in which case we say simply that C' is a minimal complement in G).
This study was initiated by Kwon [70], who showed that every finite non-empty subset of Z is a minimal
complement. Biswas and Saha [14] generalized this result to Z".

In infinite groups, the inverse problem for minimal complements can behave quite differently from the
non-inverse problem. Nathanson [79] showed that if W is a finite subset of Z, then every complement C for
W contains a minimal complement C' C C for W. The same is not true, however, for the inverse problem:
for instance C' = {0,1,2} is a complement for W = 2Z, but there is no W’ C 2Z for which C is a minimal

complement. (Of course, C' is a minimal complement for other sets, such as 3Z.)

3.1.2 Main results

In Section 3.2, we gather several basic facts about minimal complements, including that in a finite group G,
no subset C' C G of size 2|G|/3 < |C| < |G| can be a minimal complement. We give a description of the
minimal complements in G with size greater than 3|G|/5 and the minimal complements that are arithmetic
progressions.

In Section 3.3, we show with a probabilistic argument that every “small” subset of a finite group is a

minimal complement. Given a finite abelian group G, let T(G) be the greatest integer T such that every
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subset C' C G with size at most T is a minimal complement. Moreover, given a natural number n, let T'(n)
be the minimum value of T(G) as G ranges over all abelian groups of order n. In other words, T'(n) is the
greatest integer T' such that for every group G of order n, every subset C' C G with size at most T is a

minimal complement.

Theorem 3.1. Let G be a group of order n, and let C C G be subset of size |C| = k. If

22/3n1/3
0<k<———Hs,
~ (3elogn)?/3

then C' is a minimal complement in G. In other words, T'(n) > W,

Since this growth rate for T'(n) can likely be improved, we have not optimized the constant in this
theorem. We remark that this bound (like many in the chapter) uses the estimate |C' — C| < k?; when we
know that C' — C' is small, we can often obtain slightly better dependence of n on k. Next, we use this
theorem to obtain a generalization of the result of Biswas and Saha [13] that every nonempty finite subset

of Z" is a minimal complement.

Theorem 3.2. Let G be an infinite abelian group, and let C be a finite non-empty subset of G. Then C is

a minimal complement in G.
In Section 3.4, we investigate upper bounds on 7'(n). By examining groups G with subgroups of certain

sizes, we derive (as a corollary to Proposition 3.17) that

lim inf I
n—00 \/ﬁ

< V2.

We also obtain an upper bound on T'(G) for all finite groups G.

Theorem 3.3. For every ¢ > 0, we have that T(G) = O(|G[3/**¢). In particular, we have that T(n) =
O(n?3/4te).

The proof of Theorem 3.3 goes by showing that, with high probability, a random subset formed by
including independently each element of G with probability p = |G |€’1/ 4 is not a minimal complement. The
proof of Theorem 3.3 works for any p > |G|*~/ that is bounded away from 1. In particular, taking p = 1/2,
we see that a subset chosen uniformly at random is with high probability not a minimal complement.

Say that a subset of an abelian group G is H-invariant for a subgroup H of G if it is invariant under
translation by elements of H. Burcroff and Luntzlara [22] have observed that an H-invariant subset S C G is
a minimal complement if and only if the image of S in G/H is a minimal complement. Thus, Theorems 3.1

and 3.3 have immediate consequences for H-invariant subsets when H has finite index.
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Corollary 3.4. When ordered by minimal period, almost all periodic subsets of Z (i.e., subsets that are

nZ-invariant for some n > 0) are not minimal complements.

Indeed, the proof of Theorem 3.3 shows that almost all nZ-invariant subsets are not minimal complements.
An nZ-invariant subset of Z with minimal period n/k is determined by its intersection with {0, 1,...,n/k—1},
so we see that all but at most n2"/2 nZ-invariant subsets have minimal period n, which implies the corollary.

In Section 3.5, we study “dual” problems about maximal supplements. (For a fixed subset W, the
problems of finding the smallest complement for W and the largest supplement for W are given by dual
integer programs.) It is tempting to hope that, in analogy with the minimal complement setting, every
sufficiently small subset of a finite group is a maximal supplement. This is not quite the case because every
minimal supplement must satisfy a natural “solidity” condition: we say that a subset C of an abelian group
G is solid if C' is not properly contained in any set D such that D — D = C — C. It is in fact true that every

sufficiently small solid subset is a maximal supplement.

Theorem 3.5. There is an absolute constant b > 0 such that the following holds: Let G be a finite abelian

group, and let C' C G be a non-empty solid subset. If

‘G| 1/4
< =
i<t (log|G| ’

then C' is a mazximal supplement in G.

We also show that every finite non-empty solid subset of an infinite abelian group is a maximal sup-
plement; the proof is completely different from (and in many ways simpler than) the proof for the finite

setting.

Theorem 3.6. Let G be an infinite abelian group, and let C' be a finite non-empty solid subset of G. Then

C is a mazximal supplement.

3.1.3 Open questions

Our results on minimal complements and maximal supplements raise several natural questions. It would be
interesting to find the optimal bound in Theorem 3.1 and understand the asymptotic behavior of T'(n). Say
that f(n) = O(g(n)) if f = Q(g(n)(logn)*) and f(n) = O(g(n)(logn)?) for some integers a, b.

Conjecture 3.7. We have that T(n) = ©(y/n). More generally, we have that T(G) = O(,/]G]).

Our best constructions of small subsets of finite groups that are not minimal complements rely on the

existence of subgroups of certain orders. In particular, our best upper bound on T'(p) for p prime is O (p*/4+¢).
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Question 3.8. Is the behavior of T'(n) different when n is prime? How much does T(G) depend on the

structure of G in addition to the order of G?

We can also ask the analogous question for maximal supplements. Theorem 3.5 shows that non-empty
solid subsets of size O((n/logn)'/*) are maximal supplements, but it is not clear that this bound is anywhere

near optimal.
Question 3.9. What is the optimal function in Theorem 3.5?

It is also interesting to consider the case of a random set where each element is included with probability
p and determine when such a set is a minimal complement. Although the property of being a minimal
complement is not monotone, Theorems 3.1 and 3.3 (and their proofs) show that for small values of p a
random set is with high probability a minimal complement, and that for large values of p a random set is

with high probability not a minimal complement.

Question 3.10. How does the probability that a random subset of a finite group G with parameter p = p(|G|)

is @ minimal complement (or maximal supplement) vary with p? Is there a (sharp) threshold?

3.2 Preliminaries

We begin with a few general results on the behavior of minimal complements under subgroups and quotients,
which will be useful in the sequel. Note first of all that the collection of minimal complements in a fixed

group G is invariant under translations by elements of G and applications of automorphisms of G.

Lemma 3.11. Let G be an abelian group, and let H be a subgroup of G. If the subset C' C H is a minimal

complement in H, then it is also a minimal complement in G.

Proof. Suppose C is a minimal complement for W in H. Let K contain exactly one element from each coset

of H. Then C is a minimal complement for W + K in G: indeed,
W+EK)+C=K+W+C)=K+H=G
shows that C'is a complement for W+ K, and minimality follows from the observation that (W+K)+C)NH

is the translate of W + C' by the unique element of K N H. O

Lemma 3.12. Let C be a subset of an abelian group G, and let m : G — H be a surjective group homomor-
phism such that the restriction of w to C is injective. If w(C) is a minimal complement (in H), then C is a

minimal complement (in G).
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Proof. Let W C H be a subset for which 7(C') is a minimal complement. Then we claim that C is a minimal
complement for 71 (W). Indeed, it is clear that C + 7~ '(W) = G (since this set intersects every coset of
ker(w) and is invariant under ker(w)). To see that C' is minimal, note that any proper subset D C C with

D + 7= 1(W) = G would give a proper subset (D) C 7(C) that is a minimal complement for W. O
We now turn to the possible sizes of “large” minimal complements in finite groups.

Proposition 3.13. Let G be a finite abelian group, and let W C G. If C is a minimal complement for W,
then

| |
Cl < |G|=—.

In particular, if C # G, then |C| < 2|G|/3.

Proof. The minimality of C' guarantees that for each ¢ € C, there is an element z(c) € G such that
z(c) € ¢+ W but z(c) & ¢ + W for any ¢/ # c¢. (Note that these z(c)’s are pairwise distinct.) Let
X = Ucec{z(c)}. Each of the remaining |G| — |C| elements g € G \ X can be expressed as the sum of an

element of C' and an element of W in at most |W| ways. We thus have
ICl- W] < |Cl+ (IG] = [CDIW],

and rearranging gives the result. O

In particular, we see that any C of size 3|G|/5 < |C| < 2|G|/3 can be a minimal complement only for
a W of size 2, and it is possible to deduce an explicit structure theorem for minimal complements of this
size. A set C is a minimal complement for some W = {w;,ws} if and only if it is also a complement for
W —w; = {0, w1 — ws}, so we may restrict our attention to sets W containing the identity. The following
characterization of minimal complements of W = {0, a} holds in all abelian groups G but is most interesting

when G is finite.

Proposition 3.14. Let G be an abelian group, and let W = {0,a} for some non-zero a € G. The set C C G
is a minimal complement for W if and only if for every g € G, the set C' contains at least one of g and g+ a
but does not contain all of g, g+ a, and g+ 2a. This condition is equivalent to requiring that the intersection
of C with any coset of the cyclic group generated by a neither miss any two consecutive elements nor contain

any three consecutive elements.

Proof. Let H be the subgroup generated by a. Since W C H, we know that C' is a minimal complement for

W if and ounly if the following holds for each coset g+ H: first, W + (C N (g+ H)) = g+ H; and second, the
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translate (C'N (g + H)) — ¢ is a minimal complement for W in H. The first condition is satisfied if and only
if C' contains at least one of g and g — a for every g € G.

For the second condition, consider a complement D for W in H. If there exists x € H such that
z,x+a,x+2a € D, then D\ {z+a} is also a complement for W in H (which means that D is not minimal).
Suppose, on the contrary, that no such z exists. Let d € D. Then either d 4+ a or d — a is not in D. In the
former case, the sum d + a is uniquely expressed in D + W; in the latter case, the sum d + 0 is uniquely

expressed in D + W; so we conclude that D is minimal. This completes the proof. O

Finally, we mention that short arithmetic progressions in finite groups are minimal complements. Recall
from Proposition 3.13 that G does not contain any minimal complements of size strictly between 2|G|/3 and
|G|; the following proposition, together with this fact, tells us that the sizes of the minimal complements in
Z/nZ are exactly 1,2,...,[2n/3],n.

Before proceeding to the proof, we introduce a useful piece of terminology. Suppose C' is a complement
for W in some group G. We say that an element ¢ € C is essential (for this W) if C'\ {c} is no longer a
complement for W. Clearly, C' being a minimal complement for W is equivalent to every element ¢ € C'

being essential.

Proposition 3.15. Let G be an abelian group of order n, and let C C G be an arithmetic progression of
length k. Let H be the subgroup generated by C, and write |H| = m. The set C is a minimal complement if
and only if

or k=m.

~2n+4+m

Proof. The case k = m is trivial, so we restrict our attention to k < m. We first treat the special case
G = H = 7Z/nZ. Since the property of being a minimal complement is invariant under translation and
automorphisms, we may assume that C = {0,1,...,k — 1}.

If £ < n/2, then we claim that C' is a minimal complement for W = {0,k,k + 1,...,n — k}. Indeed,
W +C = Z/nZ, and minimality follows from the observation that for every proper subset D C C', the sumset
D + W fails to cover some element of the interval 0,1,...,k — 1. If instead n/2 < k < 2n/3, then we claim
that C' is a minimal complement for W = {0, k}. Again, it is clear that W 4+ C = Z/nZ, and minimality is
only slightly harder. For 0 < r < n — k, the element k + r is uniquely represented in W + C as k + r, which
means that r is essential. For n — k < r < k — 1, the element r is uniquely represented in W + C as 0 + r,
which again means that r is essential, so we conclude that C' is minimal. Proposition 3.13 tells us that the
bound k < 2n/3 is in fact tight.

We now treat the general case. Since H is clearly cyclic, we may identify it with Z/mZ. By the translation
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invariance of minimal complements, we may assume that C' = {0,1,...,k—1} as a subset of H. If k < 2m/3,
then the previous paragraph ensures that C' is a minimal complement in H. By Lemma 3.11, C is then also
a minimal complement in G. We thus restrict our attention to k > 2m/3.

We construct W by carefully including two elements of each coset of H. Choose representatives g; +

H,...,gnm + H for G/H, so that G = U;(g; + H). Note that
Wn(gi+H)+CCg +H.

Suppose W; = W N (g; + H) = {gi, g; + si} for some choice of elements s;. We ensure that W; + C = ¢g; + H

(i.e., {0,s;} + C = H) by picking s; to satisfy m — k < s; < k. Writing
{O,Si}—l—C: {0,1,...,/€—1}U{si,si+1,...,si+k’—1},

we see that every r € C satisfying s;, + k—m <r <s;—lor k—s; <r <m—s; —1 is essential. Now, take

s; =i(m — k) for every 1 <1 < ’VQ(mik—k)—‘ (where the latter quantity is at most n/m by the hypothesis on
the size of k in the statement of the proposition), and set every remaining s; = 1 for larger 4. It is now easy
to see that every r € C is essential, so we conclude that C' is a minimal complement for this W, as desired.

Proposition 3.17 (proven in Section 3.4) gives the converse. O

3.3 Small sets are minimal complements

We prove Theorem 3.1 by establishing the following more precise statement. Theorem 3.1 follows from
setting s = [(3/2)logn]. In the interest of readability, we have not optimized the bound in the theorem
below as being more careful does not give a better exponent in Theorem 3.1. The proof is probabilistic and
bears some resemblance to the argument in [2] that every sufficiently large subset of Z/pZ is a sumset of the

form A+ A.

Theorem 3.16. Let G be an abelian group of order n, and let C' C G be a non-empty subset of order k. If

there exists a positive integer s such that

2k3 sk?)s 2k3 s
2T 4L +k<s )<1, (3.1)

then C' is a minimal complement in G.

Proof. Write C = {¢1,¢a,...,c}, and fix some s such that (3.1) holds. For each i € [k], choose s (not
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(€]

%

(s)

necessarily distinct) elements w ,w§2), ...,w,;’ uniformly and independently at random from G. For each

i € [k] and p € [s], set

gl(p) _ wl(p) T

We will find a subset W for which C' is a minimal complement as follows. First, for each i, we will choose

one element wz(p ) to include in W (as described below). Next, we will include in W every w € G such that

® _ . ® ()

w + C does not contain any of the s chosen elements g; wz(p + ¢;. We will have chosen the w;

(p)

i

S SO as

to make the corresponding g."’’s pairwise distinct; this condition will guarantee the minimality of C because

W + (C'\ {c;}) does not contain g(p). The main part of the proof is showing that W + C = G with strictly

positive probability.
Let F; be the event that there are distinct pairs (i,p) and (4, ¢) so that ggp ) ¢ wj(-q) + C. There are fewer
than (sk)? choices for the pairs (4, p) and (4, q), and for each fixed choice the probability that g(p ) ¢ w§-q) +C

%

is exactly k/n, so

(3.2)

Next, let Es be the event that there exist an element z € G and s distinct pairs (i, p) such that each

n- <Sf> < n(ek)®

choices for the element z and the s distinct pairs of indices (i, p). For each such choice, the probability that

(Qgp) —C)N(z—C) # 0. There are

(gl(p) —C)N(z—C) # 0 for all of the chosen ggp)’s is at most (k?/n)®: the choices of the elements ggp) are

independent, and for each fixed (i, p) the probability of such a non-empty intersection is the probability that

ggp ) € z — C + C, where this set has cardinality smaller than k2. Therefore

eSk3S

ns—l

P(Ey) <

(3.3)

Now, order the elements of each translate z — C of C' according to the numbering of the elements of C,
that is, z — ¢1,2 — ¢a,...,2 — ¢;. Let E5 be the event that there is an index ¢ € [k] such that the following

holds: for each p € [s], there are z € G, j # i in [k], and ¢ € [s] such that both
E g _ _
< (9; C)Nniz-0)| <k (3.4)

and

(gj(H) — C) contains the first element of (z — C) \ (ggp) - C). (3.5)
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There are k possibilities for the index i. Fix such an ¢, and expose the random elements g§q) for all j # 14
and for all g. The union of all such translates g](-q) — C (call it Y) has cardinality smaller than sk?. For each
index p and each choice of the element g = gfp ), let Z = Z(g) denote the set of elements z € G for which
(3.4) holds. For each z € Z(g), let u = u(g) be the first element of z — C' (in the ordering fixed above) not
covered by g — C, and let U = U(g) be the set of all such first elements as z ranges over Z(g). When z € G
is chosen uniformly at random, the expected size of (¢ — C) N (2 — C) is k% /n, so Markov’s Inequality tells
us that Z(g) (and hence also U(g)) has size at most sk. Note that for any g1,g2 € G, we have the shifts
Z(g92) = Z(g91) + 92 — g1 and U(g2) = U(g1) + g2 — g1.

The existence of j # i, z and ¢ satisfying (3.4) and (3.5) for the index p is equivalent to the condition
that the random set U (gi(p )) intersects the set Y. Since Y is a fixed set of size at most sk? (the elements
g]@ already having been exposed) and U (gi(p )) is a random shift of a set of size at most sk, the probability
that they intersect is at most s?k%/n. The events corresponding to distinct indices p are independent, so

the probability of finding such an intersection for all values of p € [s] is at most (s?k®/n). As there are k

choices for i, we have

P(Es) < k (Szk?))s . (3.6)

n

It follows from the assumption (3.1) and the inequalities (3.2), (3.3), and (3.6) that with positive prob-
ability none of these three events holds. Fix a choice of the random elements wgp ) for which none of these
events holds. For each ¢ € [k], pick a p € [s] such that no choice of z € G, j # i in [k] and ¢ € [s] satisfies
(3.4) and (3.5). (Such a p exists because the event E3 does not occur). We now define W to contain these k
elements wl(p )7 together with every element w € G that is not contained in the union of the chosen ggp ) _ (s

(i.e., the translates w? + ¢; — (). Since the event E; does not occur, we see that each ggp)

i i
(p)
K2

is uniquely

expressible in W + C as w;"’ + ¢;, which (as discussed above) guarantees the minimality of C. It remains

only to show that W + C = G.
Let z € G be an arbitrary element. We have to show that W intersects z — C. If z — C = g,fp) — C for

one of our k chosen elements gz(p ), then
w§p> zggp)—ciEgZ(p)—C:z—C,

as needed. Otherwise, no single translate ggp ) _ O covers z — C. We will show that in this case, the k sets

(p)

g; . — C do not cover z — C. Since the event Fy does not occur, there are at most s sets g(p) — C that

i
(p
B

intersect z — C. We are done unless there is some particular g ) _ C that covers at least k/s elements of

z — C. But then, because the event E3 does not occur, we see that there is no g](-q) such that g(q) — C' covers

J
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the first element of (z — C)\ (ggp ) _ (), so z— C is not covered by the translates ggp ) _ C. We conclude that

z € W 4 C. Since this holds for every z € G, we have W 4+ C' = (G, which completes the proof. O
We now deduce Theorem 3.2 from Theorem 3.1.

Proof of Theorem 3.2. Let G be an infinite abelian group, and let C C G be a finite subset. First, suppose
G is a torsion group. Then we can find a finite subgroup H containing C' such that |H| > 100|C|*. By
Theorem 3.1, C' is a minimal complement in H; Lemma 3.11 then tells us that C' is also a minimal complement
in G.

Second, suppose G is not a torsion group, and let * € G be an element of infinite order. Then the
subgroup H generated by the set C'U {z} is finitely generated and has infinite order; write H = K x Z",
where K is a finite group and 7 > 1. Choose some M > 100|C|* such that C is contained in the “cube”
K x[-M,M)", and let 7 : H — K X (Z/2MZ)" be the canonical projection map. Note that 7 is injective
on C. By Theorem 3.1, n(C) is a minimal complement in K x (Z/2MZ)"; by Lemma 3.12, C' is a minimal

complement in H; by Lemma 3.11, C' is a minimal complement in G, as desired. O

We remark that one can directly prove a slightly stronger version of Theorem 3.2 by performing the
construction of the proof of Theorem 3.1 in the infinite group and using transfinite induction. Taking s = 1,
an examination of the proof shows that one can iteratively construct W by adding ¢; + w; for each ¢; € C,
and then adding all other elements that do not destroy the minimality of C. When we try to find the next w;
to add to W, we make sure that the events E1, E5, and F3 do not occur. This will be true if the chosen w; is
not contained in a certain union of translates of C' — C' (determined by the elements that we already added
to W), and the number of such translates is less than |C| or is finite. We can therefore find an appropriate
w; as long as S+ C — C # G, for certain subsets S, with the cardinality of S equal to the number of elements
of W already chosen. Therefore this procedure will succeed as long as S + C — C' is a proper subset of G

whenever S has cardinality strictly smaller than that of C or is finite. See also the proof of Theorem 3.6.

3.4 Many large sets are not minimal complements

We now turn to the problem of finding upper bounds on T'(G). Our first result shows that T'(n) = O(y/n)
under certain divisibility conditions on n. We then proceed with the probabilistic proof of Theorem 3.3,

which extends to all values of n at the cost of increasing the exponent from 1/2 to 3/4 + ¢.

Proposition 3.17. Let G be an abelian group of order n with a subgroup H of order m, and let k be an
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integer satisfying

Then no subset C' C H of size k is a minimal complement in G.

Proof. Assume (for the sake of contradiction) that C' is a minimal complement for some W in G. Since
C + W = @G and C is properly contained in H, we see that W must contain at least two elements of each
of the n/m cosets of H. Consider a coset g + H, and let wy, ws be distinct elements of W N (g + H). The
translates wy + C and wg 4+ C each have size k and are contained in g + H. In the sum {w;,ws} + C, each
element of g + H is represented at most twice, so (since there are exactly 2k total sums) at least 2k — m

elements are represented twice. It follows that in the sum

Wn(g+H)+C=g+H,

there are at most 2m — 2k elements that are uniquely represented. Since this is true of each of the n/m

cosets of H, there are at most
2n(m — k)
m

<k

elements of G that are uniquely represented in W + C'. Thus, fewer than k elements of C' are essential, which

contradicts the minimality of C. O

Corollary 3.18. We have that liminf,,_, L\/%) < V2.

Proof. Let G = Z/nZ, where n = (k + 1)([k/2] — 1). Then the element [k/2] — 1 generates a subgroup of
order m = k + 1, and Proposition 3.17 implies that T(Z/nZ) < k. O

We now transition to the proof of Theorem 3.3. Let G be an abelian group of order n, and let A be
a random subset of G obtained by including each g € G independently with probability p = n~'/4t¢. In
the following discussion, we say that an event holds with high probability (whp) if it holds with probability

tending to 1 as n tends to infinity.

Lemma 3.19. Let G and A be as above. Then whp |A| = (1 + o(1))n3/**¢ and every complement B for A

(that is, a subset B C G with A+ B = G) satisfies
1 1
|B| > %logn = 1n1/4*510gn.

Proof. The fact that |A| = (1 4 o(1))n3/*t® whp is trivial. Fix a subset B with m = ﬁ logn elements.

There is a subset T C G with at least n/m? = ©(n'/>+2¢) elements such that t; — B and t, — B are disjoint
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for all distinct elements ¢1,t2 € T (i.e., (T —T) N (B — B) = {0}). For each fixed t € T, the probability of
t — B being disjoint from A is precisely (1 —p)™ > n~1/4t°(1) Thus, the probability that t € B 4+ A (i.e.,
t — B intersects A) is at most 1 — n~1/4+e() " Since the events corresponding to distinct elements of T' are

mutually independent, the choice of T' ensures that T'C A + B with probability at most

(1 . n71/4+o(1))|T\ < 67”1/44—5.

This is clearly an upper bound for the probability that A+ B = G. As there are only (") = O %) gets

B of size m, it follows that whp there is no such B satisfying A+ B = G. O

Lemma 3.20. Let G and A be as above. Then whp every subset D C G of size
D] > (1 - s)ilogn =(1- 5)1n1/4_6 logn
- 4p 4

satisfies |G\ (A + D)| < n3/4+</2,

Proof. Tt clearly suffices to prove the statement for every D of cardinality exactly (1 — a)ﬁ logn. Fix such a
set D. Let H be the Cayley graph of G with respect to (D — D)\ {0}: the graph on the vertex set G where
distinct g1, go € G are adjacent if and only if there are dy,ds € D such that g; = go + di — da (i.e., the sets
g1 — D and g, — D intersect). The maximum degree of this graph is smaller than |D|?. Therefore, by a well
known theorem of Hajnal and Szemerédi [53] (which is convenient to use here but can also be avoided), the
graph H has a proper coloring with at most |D|? = ©(n'/272¢) colors where the color classes differ in size
by at most 1.

For each color class C', the number of elements ¢ € C' that are not covered by A 4+ D is a binomial
random variable with parameters |C| = ©(n'/2t2¢) and ¢ = (1 — p)/P! = n~1/40-c+e(1)) By the standard
estimates for binomial distributions (see, e.g., [3], Appendix A), the probability the value of this random
variable exceeds its expectation by a factor of 2 is exponentially small in the expectation, which in turn is
larger than n!/4*+¢. Therefore, whp this does not happen for any of the color classes and any choice of D, as
there are only e®(™*™) choices for D. But this means that whp |G\ (A + D)| < n®/4+2/2 holds for every

such D. O
Using these two lemmas, we proceed with the proof of Theorem 3.3.

Proof of Theorem 3.3. Let A be a set of size (14 o(1))n/**< satisfying the conclusions of Lemma 3.19 and
Lemma 3.20. We claim that A is not a minimal complement. Assume (for contradiction) that A is a minimal

complement for some subset B C G. Lemma 3.19 tells us that |B| > ﬁ log n. Partition B arbitrarily into
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t = [1/e] (pairwise disjoint) parts B = By U By J...J By of equal cardinalities (up to a difference of 1). For
each i € [t], let D, = B\ B;. Then each D; has cardinality

1
|ID;| > (1—¢)|B| > (1 fs)glogn.

Since A satisfies the conclusion of Lemma 3.20, each of the ¢ sets A 4+ D; covers all but at most n3/4+¢/2 of
the elements of G. So in the sum A + B, all but at most tn3/4+¢/2 < | A| of the elements of G are covered
by every set A + D; and are hence covered at least twice. In particular, there are strictly fewer than |A|
elements that are covered exactly once, so not every element of A can be essential, and A is not in fact

minimal as a complement for B. This contradiction completes the proof. O

3.5 Maximal supplements

Problems about large supplements are “dual” to problems about small complements in a natural way: given
a subset W of a finite abelian group, the problem of finding the minimum size of a complement for W and
the problem of finding the maximum size of a supplement for W are dual as integer programs. Of course,
not all minimal complements have the minimum size, and not all maximal complements have the maximum
size, but this connection nonetheless motivates studying the two problems together.

We can characterize being a maximal supplement as follows. C' is a supplement to W if and only if
c1 + w1 = ¢ + ws has only the trivial solutions for ¢1,co € C, wi,we € W. In particular, this condition is
equivalent to (C' — C) N (W — W) = {0}. The maximality condition on C is that for every d € G \ C, the
translate d — C' intersects W — W nontrivially, i.e., d € C+ W — W. Since C C C + W — W trivially, this
maximality condition can be expressed as C' + W — W = G. So, putting everything together, we have that

C is a maximal supplement in G if and only if there is a subset W satisfying
Cc-O)NnW-w)={0} and CH+W -W =G.

One might ask if inverse results about minimal complements carry over to the setting of maximal sup-
plements. In particular, one might ask if every finite subset of Z is a maximal supplement and if every
sufficiently small subset of a finite abelian group is a maximal supplement. The answer to each of these
questions is “no”, for a simple reason. Recall that a subset C' of an abelian group G is solid if C' is not
properly contained in any set D such that D — D = C' — C. We show that every maximal supplement is
solid.
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Proposition 3.21. Let G be an abelian group. If the subset C C G is a mazximal supplement, then C' must
be solid.

Proof. Assume (for the sake of contradiction) that C' is a maximal supplement to some W but C' is not solid,
and let D be a set properly containing C' such that D — D = C' — C. Then

(D—D)N (W —W) =(C—C)n(W—W) = {0}

shows that D is also a supplement to W, which contradicts the maximality of C. O

Now, we may ask if solidity is sufficient for a set to be a maximal supplement. For finite subsets of infinite
groups, the answer is “yes”. We first require a lemma that establishes a sufficient condition for C' to be a

maximal supplement for a particular W.

Lemma 3.22. Let G be an abelian group, and let C C G be a non-empty solid subset. If the subset W C G
satisfies

G\ (W -=W)=(C-C)\{0},
then C' is a mazximal supplement for W.

Proof. Tt is immediate that

(C-C)n(W —W) = {0}.
Suppose (for the sake of contradiction) that C+W —W £ G, and let z € G\ (C+W —W). Then z — C'is
disjoint from W — W which means that

z—CC(C-0)\ {0}

Note that « ¢ C since © — C cannot contain the element 0. Now, the set D = C' U {z} witnesses that C' is
not solid:

(Cu{z}) —(CUf{z}h) C(C-C)U(z—-C)U(C—-x)CC-C.
This contradiction lets us conclude that in fact C' is a maximal supplement to . O
We now prove the promised result about finite subsets of infinite groups.

Theorem 3.23. thm:suppinfinite Let G be an infinite abelian group, and let C C G be a finite non-empty

solid subset. Then C is a mazximal supplement in G.
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Proof. We construct a set W for which C' is a maximal supplement. Using the well-ordering principle, fix a
bijection of (G'\ (C' — C)) U {0} with the minimal ordinal of cardinality |G|. This gives an ordering {gx}rea
on (G\ (C = C))uU{0} where 0 is the minimal element of A and the set {«: « < A} has cardinality strictly
smaller than that of G for every A € A. We may take go = 0. We now use transfinite induction to construct

a sequence of (increasing) nested subsets {Wy}xea such that each W) satisfies
(C—-C)N(Wyx—=W,) ={0} and gy € Wy — W, for all X' < \.
Then it is clear by Lemma 3.22 that C' is a maximal supplement for

W= wy,
AEA

since G\ (W — W) = (C — C) \ {0}. For the base cases, set Wy = W; = {0}. For a limit element «, we set
Wa = Ua<aWi. For a successor element A + 1, suppose we already have W). We wish to find some =z € G
such that we may “safely” define

Wit1 = Wi U{z,z + gr};

in order to ensure that W1 — W41 intersects C'— C only at 0, it suffices to check that Wy — {x,z 4+ g»} =
Wx —{0,g,} — {2} is disjoint from C' — C (since C — C' is symmetric). Indeed, the induction hypothesis
ensures that Wy — W, intersects C' — C' only at 0, and the elements g of Wyxy1 — W41 are not in C' — C

by assumption. So we must find  such that
acgé Wk—{o,g)\}—C—FC.

Since C' — C' is finite, the set W) — {0,gx} — C + C is finite if W), is finite and has cardinality equal to W
if W) is infinite. As the cardinality of W) is strictly smaller than that of G, there always exists some such

choice of z. O
This argument actually gives the following slightly more general statement.

Theorem 3.24. Let G be an infinite abelian group, and let C C G be a non-empty solid subset such that

G # S+ C — C whenever |S| < |G|. Then C is a mazimal supplement in G.

As was the case for additive complements, the finite group setting is more complex. Our next aim is
showing that every sufficiently small solid subset of a finite abelian group is a maximal supplement. We again

apply Lemma 3.22. An old result of Alon [2] shows that every sufficiently large symmetric subset containing
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0 of a finite abelian group is a difference set of the form A — A. The following appears as Theorem 4.1 in

[2]. (As discussed in that paper, the bound is essentially tight.)

Theorem 3.25 (Alon [2]). There exists an absolute constant ¢ > 0 such that the following holds: Let G be

an abelian group of order n, and let V.= =V be a symmetric subset of G containing 0. If

V| >n —cy/n/logn,

then there is some subset A C G such that V = A — A.
Combining these two pieces shows that every sufficiently small solid subset is a maximal supplement.

Proof of Theorem 8.5. We have |C' — C| < b*y/n/logn, so that V = (G \ (C — C)) U {0} is a symmetric
subset containing 0 and |V| > n — b%y/n/logn. By Theorem 3.25, a sufficiently small choice of b guarantees
the existence of some W C G such that V =W — W. Since this W satisfies the conditions of Lemma 3.22,

we conclude that C' is a maximal supplement for W. O

As in the proof of Theorem 3.2, it is possible to deduce Theorem 3.6 from Theorem 3.5 by showing that

the property of being a maximal supplement lifts from certain subquotients.
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Chapter 4

Graham’s rearrangement conjecture

4.1 Introduction

4.1.1 Main result

Let A be a finite subset of an abelian group. We say that an ordering ay, ..., a4 of A is valid if the partial
sums ai, a1 + ag,...,a1 + az + - + a4 are all distinct. In 1971, Graham conjectured that every set of

non-zero elements of F,, has a valid ordering.
Conjecture 4.1 ([45]). Let p be a prime. Then every subset A C F, \ {0} has a valid ordering.

This conjecture also appeared in a 1980 book of Erdgs and Graham [38|, and a very similar conjecture
for finite cyclic groups is due to Alspach (see [16]).

The main avenue of attack on Graham’s conjecture has been to show that its conclusion holds when A
is small. Until recently, the published world record had established Graham’s conjecture for sets A of size
at most 12 (see, e.g., the discussion in [27,66]). Earlier this year, the author [66] used a simple rectification
argument to show that Graham’s conjecture holds for all sets A of size |A| < log p/loglog p; Will Sawin [99]
had independently proven a comparable bound, using roughly similar ideas, in a 2015 MathOverflow post.
The purpose of the present chapter is to prove Graham’s conjecture for sets A of up to quasi-polynomial

size.

Theorem 4.2. The following holds for every constant ¢ > 0. Let p be a large prime. Then every subset

ACF,\ {0} of size

1/4

|A| < ec108p)
has a valid ordering.
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We have not made a serious effort to optimize the exponent 1/4, but the quasi-polynomial shape of
this bound does appear as a natural barrier in several parts of our argument. We also mention that the
conclusion of Theorem 4.2 still holds, with a nearly identical proof, if F, is replaced by any abelian group
with no non-zero elements of order strictly smaller than p.

The proof strategy for Theorem 4.2 is motivated by the argument in [66]. (The argument in [99] seems
less well-suited to generalization.) Two new ingredients are the theory of dissociated sets (from additive
combinatorics) and probabilistic tools. One of our intermediate results (see Theorem 4.6 below) is a structure
theorem involving dissociated sets, which may be of independent interest.

Let us a say a few more words about related work. One natural approach is establishing Graham’s
conjecture for sets A with size very close to p. See [56] and the references therein for early results on the case
where |A| = p — O(1). More recently, work of Miiyesser and Pokrovskiy [78] on the Hall-Paige Conjecture
has proven Graham’s conjecture for set A of size |A| > p — p© for some explicit constant ¢ > 0. In a different
direction, Buci¢, Frederickson, Miiyesser, Pokrovskiy, and Yepremyan [21] have established an “approximate”
version of Graham’s conjecture, namely, that for any nonempty subset A C IF,,\ {0}, there is a subset A’ C A

of size |A’| = (1 — o(1))|A| which has a valid ordering. (The o(1) asymptotic is with respect to p — 00.)

4.1.2 Proof sketch and organization

We say that an ordering of A is two-sided valid if no proper nonempty subinterval sums to zero; this condition
is slightly stronger than A being valid. As in [66], we will prove Theorem 4.2 with two-sided valid orderings.

Let us briefly recall the main ideas of [66]. Let A C T, \ {0} be a subset of size |A| < logp/2loglog p.
Using the pigeonhole principle, one can find some A € F such that the dilate A- A is contained in the interval
(—p/|A|,p/|A]). Since sums of elements of A - A have no “wrap-around”, we can interpret A - A as a subset
of Z \ {0}; this process is known as “rectification”. Finally, in the integer setting, one can use induction on
|A| to find a two-sided valid ordering in which all of the positive elements appear before all of the negative
elements.

Our proof of Theorem 4.2 proceeds in four main steps. The first step is showing that every subset of IF,,
can be decomposed into a union of large dissociated sets and a rectifiable residual set. (A dissociated set is
a set all of whose subset sums are distinct; see below.) The residual set can be broken into “positive” and
“negative” sets. We will aim to find a two-sided valid ordering consisting of the positive elements, then the
elements of the dissociated sets, then the negative elements.

The second step is ordering the positive and negative elements. Following [66], we inductively construct

these orderings in order to avoid zero-sum intervals that begin in the positive region and end in the negative
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region. We take advantage of some flexibility in the argument from [66] in order to prepare for “potential”
zero-sum intervals with one endpoint in the positive region or negative region and the other endpoint very
close to one of the edges of the dissociated region.

The third and fourth steps concern ordering the elements of the dissociated sets. The main idea is that
in a uniformly random ordering of a dissociated set of size R, the sum of the first k elements is uniformly
distributed on (f) different values. Since the probability of assuming any particular value is very small,
the probability of this initial segment forming the end of a zero-sum interval is also very small. This nalve
random strategy essentially works for handling sets A of size up to (logp)®/? (which breaks the “rectification
barrier” of [66]), but we must employ a more elaborate random procedure in order to reach the threshold in
Theorem 4.2. In particular, it becomes important to distinguish between the “borders” and “interiors” of the
orderings of the dissociated sets. The third step of the proof is randomly splitting and then reordering the
dissociated sets, and the fourth step is choosing a (suitably) random ordering for the elements within each
dissociated set.

We carry out these four steps in Sections 4.3, 4.4, 4.5, and 4.6, respectively, and then we make some

concluding remarks and pose several open problems in Section 4.7.

4.2 Notation and parameters

Before jumping into the proofs, we set a few pieces of notation.
e We use I, to denote the field with p elements, and for us p will always be a large prime.
e We denote dilation by A- A :={Xa:a € A}.
e We denote the restricted sumset by B+B := {b+ b :b,b' € B and b # V'}.

o Let > _3,(5) :i={D,cq5: 5 C 65,8 = M} denote the set of all sums of exactly M elements of
S. Likewise, let >° )/ (S) == {D_,cq s : 8" C 5, [S'] < M} denote the set of all sums of at most M
elements of S, and let > ,,(S) :=={>_ e 5: 5" C S,[5'| > M} denote the set of all sums of at least

M elements of S.

e For a sequence b = by,...,b,, let IS(b) := {by +--- +b; : 0 < j < r} denote the set of initial segment

sums of b, and let b := b, ..., b; denote the reverse of b.

We use standard asymptotic notation. We write f = O(g) or f < g if there is a universal constant C' > 0

such that |f| < Cg. If f is non-negative and f = O(g), then we also write g = Q(f). We write f < g when

[ < gand g < f. Finally, we write f(p) = o(g(p)) if lim;, o f(p)/g(p) = 0.
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When there is no risk of confusion, we sometimes omit floor functions in calculations for typographical
clarity.

Let us also record a few parameters that we will carry through our proofs.
e Our set A will have size |A4| < ec(oe)"* for some absolute constant ¢ > 0.

o We define the rectification threshold for a subset A C F,, to be

lo
R = R(A) := ¢y max ((logp)l/z, loggifﬂ) ,

where ¢; > 0 is a sufficiently small absolute constant.
e The border width is K := coRY/3, for yet another absolute constant co > 0.

e We will use s (and later u) to denote the number of dissociated sets in our decomposition of the set
A. The precise values of s, u, which are of no importance (besides the trivial bound s,u < |A|), will

vary over the course of the proofs.

e We will always use §; to denote the sum of the elements of the set D;, and we will always use 7; to

denote the sum of the elements of the set T);; when applicable, we will also write § := )" y ;.

Finally, we reiterate that a sequence by, ...,b; is two-sided valid if

bi+--4+b; £0 forall 1 <i<j<twith (i,5) # (1,1).

4.3 Structure theorem

Let G be an abelian group. A subset D = {ds,...,d,} C G is dissociated if
erdi + -+ €ed. #0 forall (e,...,6,) € {=1,0,1}"\ {(0,...,0)}.

Equivalently, D is dissociated if all of the 2!P! subset sums of D are distinct. The dimension of a subset
B C G, written dim(DB), is the size of the largest dissociated set contained in B. One should think of sets of

small dimension as being highly “constrained”.

Lemma 4.3. Let B C G be a finite subset of an abelian group. If D is a maximal dissociated subset of B,

then

B C span(D) := {Z ead : eq € {-1,0, 1}} .

deD
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Proof. The maximality of D ensures that for every element b € B\ D, the set {b} U D is not dissociated,;

rearranging then gives the desired expression for b as an element of span(D). O

The following lemma says that sets of sufficiently small dimension can always be “rectified”. To make this

precise, we define for each (nonempty) subset A C IF,, the parameter

logp
= A = 1 1/2 4.1
R = R(A) = e ma (g )2, 150 (1)

where ¢ is a sufficiently small absolute constant.

Lemma 4.4. If B CF,, is a nonempty subset of dimension dim(B) < R = R(B), then there is some \ € F5

such that the dilate \ - B is contained in the interval (— 103’“9', #\BI)'

Proof. Let D be a maximal dissociated subset of B, so that |D| = dim(B). Lemma 4.3 tells us that

B C span(D). Consider the set
{(Ad/p)acp : A € F,} C (R/zZ)4m(EB),

The pigeonhole principle provides some distinct A1, Ao € ), such that [[A1d/p — Xad/p||r/z < p~ 1/ dim(B) for
alld € D. Set A := A\; — Ay € FX, so that Ad € [—p!~1/ dim(B) pl=1/dim(B)] for all d € D. Since B C span(D),
we have

A-BCl- dim(B)p1—1/dim(B),dim(B)pl—l/ dim(B)].

It remains only to show that dim(B)p'~'/ 4™(B) < p/(100|B)), i.e., that 100|B| dim(B) < p'/ 4™(B) as long
as ¢, is chosen to be sufficiently small. When log |B| < (log p)'/2, this inequality follows from dim(B) < R =
c1logp/log|B|. When log|B| > (logp)'/?, the desired inequality follows from dim(B) < R = ¢ (logp)'/?
and |B| < 34m(B), O

Remark 4.5. For applications in this chapter, we will always work with sets of size at most ec(logp)l/4, in
which case the previous lemma says that every set B of size at most ecllog ) it dim(B) < ¢ (logp)3/4
is rectifiable. We opted to prove Lemma 4.4 for arbitrary sets B C [F),, however, so that we could state the
structural results in the rest of this section in full generality. These results are nontrivial for sets B of all

sizes since the rectification threshold always satisfies R(B) > (logp)'/?.

We can combine these two lemmas to obtain a decomposition of any subset of I, into large dissociated

sets and a residual set that (after suitable dilation) is contained in a small interval around 0. We shall from
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now on simply write R for R(A). The following theorem bears many similarities to an argument of Bourgain

[19] from a different context.

Theorem 4.6. Every subset A CF,, can be partitioned as

A=DyU---UD,UE, (4.2)

where the following holds:
(i) each Dj is a dissociated set of size |D;| < R;

(i) |E| = R/2 if s > 0;

(i) there is some A € F)* such A (EU{d}) C (_90(|Ep|+1)’ 90(‘Ep|+1)), where 0 = E§:1 ZdeDj d is the sum

of all of the elements in the dissociated sets.

Proof. Start with E = A. As long as dim(E) > R, iteratively remove a dissociated subset of size R/2, so
that at each step the set E of remaining elements has size |E| > R/2. Once we reach a residual set E
of dimension smaller than R, Lemma 4.4 (applied to F U {d}, where ¢ is the sum of all of the dissociated

elements removed) provides the desired A € IF;. O

We will, of course, apply this theorem to the set A for which we are trying to find a two-sided valid
ordering. If the number s of dissociated sets happens to be 0, then the entire set A is rectifiable and
therefore has a two-sided valid ordering by [66] (see the discussion in the proof sketch). Thus, we will restrict
our attention to the case where s > 1 (so in particular |E| > R from (ii)). The presence of a large dissociated

set allows us to obtain a more detailed structural result.

Proposition 4.7. For every nonempty subset A C Fy, \ {0}, there is some A € F)* such that X - A can be
partitioned as

A A=PUNU (Ui Dj),
where

(i) the “positive” set P is contained in (0, m), the “negative set” N is contained in (—W,O), and

the element 0 = Z;Zl ZdeDj d is contained in (=%, %);
and the following also holds if s > 0:

(i1) P U N is nonempty, and each D; is a dissociated set of size |D;| < R, where the implied constant is

absolute;
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(i) 6 ¢ {0} U—P U —N, and moreover § # —>_ pp if N is nonempty and 6 # —3  yn if P is

nonempty;
(iv) D1 U DsU{d} is a dissociated set;
(v) |D1| = |Ds|.

Before proving this proposition, we make a simple but powerful observation about absorbing elements

into dissociated sets.

Lemma 4.8. Let G be an abelian group, and let D1 U Do be a partition of a dissociated subset of G. For

every element x € G\ {0}, either Dy U {z} or Dy U {z} is dissociated.

Proof. Assume for the sake of contradiction that neither Dy U {z} nor Dy U {z} is dissociated. Since
D, is dissociated, the failure of D; U {z} to be dissociated implies that = € span(D;); similarly, = €
span(D3). So span(D;) Nspan(Dsz) contains a non-zero element, contradicting the assumption that Dy U Do

is dissociated. O

Iterating this observation, we find that if B is a set of size ¢t and Dy U --- U D41 is a partition of a
dissociated set, then it is always possible to add the elements of B to the dissociated sets D; in such a way
that the sets remain dissociated.

We will also make use of the trivial lower bound for the size of a restricted sumset in Z: If B C Z is
a finite set, then |B+B| > 2|B| — 3. We are now ready to prove Proposition 4.7. The choice of numerical

constants appearing in the proof is not important.

Proof of Proposition 4.7. To start, Theorem 4.6 provides some A € F* and a decomposition

AN-A=D,U---UD,UE,

where each Dj is a dissociated set of size < R and we have E U {3} C (—g5 ), for ¢ :=

p p
[E[+1)’ 90(|E[+1)
ijl > dep, d- Set P:=EN(0,p/4|E|) and N := EN(—p/4|E[,0). If s = 0, then we have already obtained
the desired decomposition of A - A, so for the remainder of the proof we assume that s > 1. By replacing
A with —\ if necessary, we may assume that |P| > |N|. In particular, since |E| > R, this implies that
|P| > R.

We remark that once we have a decomposition satisfying conditions (i)—(iii), we can modify the decom-

position to satisfy (iv) and (v) as follows. Split D; into 2 parts D%”,DP each of size < R. Lemma 4.8

ensures that either Dgl) U{é} or Dgz) U {4} is dissociated; without loss of generality, assume that Dgl) u{o}
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is dissociated. Then further split D%l) into 2 parts D§3), D§4) each of size L|D§1)|/2j = R, add the leftover
element of D%l) to Dgz) if |D§1)\ was odd, and replace the sequence of sets Dq,..., D, by the sequence
D§3),D§2),D2,D3, .. .7DS,D§4). This new sequence satisfies (iv) and (v). The remainder of the proof is
devoted to finding a decomposition satisfying conditions (i)—(iii).

We will later apply sumset inequalities involving P, N, and we will need P, N to be not-too-small so that
we have “room” for sumsets to expand. In anticipation of this, we begin by reducing to the case where N is
either empty or of size at least 10. Suppose that 0 < |N| < 10. Note that > _nn € (=p/90,p/90). Split
Dy into |N|+1 < 10 sets each of size < R; the remark before the proof ensures that we can absorb all of the
elements of N into these dissociated sets, and this procedure changes the value of § by at most p/90. Notice
that each newly formed Dj still has size < R, and that we still have P C (0, iorx7): N € (= 55057 0)5
and 6 € (—p/40,p/40).

We now consider two cases depending on the size of N. First, suppose that N = ), and recall that
|P| > R. Since P is rectifiable (i.e., Freiman-isomorphic to a subset of Z), the trivial lower bound for
restricted sumsets in integers gives

|P+P| > 2|P| -3 > |P|+2,

and hence we can find distinct p;,p2 € P such that py +p2 +9 ¢ {0,— > .y n} U —P. Splitting D; and
absorbing pi, po with the help of Lemma 4.8 as above yields a new decomposition of A where the sum of all
of the elements in the dissociated sets is p; + ps + § and hence conditions (ii) and (iii) are satisfied. This
procedure also changes the value of § by at most p/90 (say), so we obtain the desired decomposition of \- A.

Finally, suppose that |[N| > 10, and recall that we also have |P| > |N| > 10. By absorbing 5 arbitrary
elements of NV into D;, we may assume that |P| > |N|—5. Since we still have |[N| > 1, there is some n; € N
such that § + ny # — ZpEP p; as above, we absorb n; into Dj, so that the final part of condition (iii) is
satisfied. Now we have

|P+P| > 2|P| -3 > |P|+|N|+2,

so there are distinct pq, ps € P such that

d+p1+p2 ¢1{0,— Zn}U—PU—N.
neN

Absorbing p1, ps into Dy gives the desired decomposition of A+ A. (For the final part of condition (iii), note

that this last step preserves the property § + Zpe pD#0.) O

121



4.4 Ordering P and N

With Proposition 4.7 in hand, we can say a bit more about the remainder of the proof of Theorem 4.2. We
will aim to find orderings p of P, n of IV, and d of U;D; such that p,d,n is a two-sided valid ordering of
A. Of course, we will need each of the three orderings to be two-sided valid on its own, and we will need to
avoid creating zero-sum intervals when we concatenate them.

Condition (i) from Proposition 4.7 means that the problem of constructing p and n naturally lives in the
integers rather than in [F,,, as follows. Identify ¢ and the elements of PUN with elements of (—p/4,p/4) C Z
in the natural way, and note that sums of these elements can be computed equivalently in I, and in
(—p/2,p/2) C Z because the sums in F,, do not exhibit any wrap-around. Likewise, for any ordering d of
U;D;, we can identify IS(d) and IS(d) with subsets of (—p/2,p/2) C Z. Now we observe that the ordering
P, d, n is two-sided valid if and only if the ordering P, d, n is two-sided valid in the integers, the ordering d
is two-sided valid in F,, and IS(p) N —IS(d) = IS(n) N —IS(d) = (; the key point is that the first condition
lives entirely in the integers, the second condition does not concern p and n, and the third condition lives
in the integers for each fixed choice of d.

We will later choose d randomly, but it turns out that we can model —IS(d), —IS(d) by somewhat larger
deterministic sets that encode all of the “potentially important” intersections with IS(p),IS(n) (respectively);
it will suffice to ensure that IS(p),IS(n) have fairly small intersections with these deterministic sets. With

this in mind, the main result of this section is as follows.

Proposition 4.9. Let P C (0,00) and N C (—o00,0) be finite sets of integers, and let 6 > 0 be a positive

’ytm

integer not contained in — N ; moreover, assume that § # — ZnGN nif P#0. Let Y1+, LYY Y C

Z be finite sets. Then there are orderings p of P and n of N such that P, d,n is two-sided valid and we have

v =
[1S(p) N Y| <gré§<| 2 | +L+4+4Z|Yf|> (4.3)
=1
and
N Y, | =
[18(n) ;7| < jnf | — +L4+4+4> Y| (4.4)
i=1

forall1 < j <m.

In [66], the author presented a simple algorithm for inductively constructing a two-sided valid ordering
of any finite subset of Z \ {0}. Let us quickly review this algorithm since it forms the basis for the proof

of Proposition 4.9. Suppose P C (0,00) and N C (—o0,0) are finite sets of integers; we want to produce
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orderings p of P and n of N such that p, n is two-sided valid. We will construct the sequences p = p1,...,pp|
and n = ny,...,n|y| from the larger indices to the smaller indices. For the first step, consider the sign of
Yonen Tt ZpGP p. Suppose that this sum is non-negative; we will choose the value of p p| as follows. There
is some p* € P such that > _yn+ Zpep\{p*}p # 0, and we choose this p* to be our p;p|. This choice
ensures that if p/,n is a two-sided valid ordering of the remaining elements P \ {p|p}, N, then p|p‘,a, n is
the desired two-sided valid ordering of P, N: Any interval containing p p| and not containing any of n clearly
has strictly positive sum; any proper interval containing both p p| and some elements of n must contain
all of P and hence has strictly positive sum by our assumption that ) _\n + Zpe pP = 0; the intervals
strictly contained in p’/,n are all non-zero-sum by assumption; and the interval consisting of all of p/, n has
non-zero sum by our choice of p*. If instead ) .y n+ Zpe pP <0, then we choose n|y| analogously. With
this first step complete, we throw out the already-chosen element p p| or n|y| and repeat this process with
the remaining elements. This procedure produces the desired orderings p, n.

The above algorithm has a lot of slack, in the sense that at each step there are many possible choices.
To exploit this slack and prove Proposition 4.9, we will employ a modified algorithm that greedily avoids

partial sums of p lying in the Yj+’s and partial sums of n lying in the ¥™’s.

Proof of Proposition 4.9. We will construct the sequences p = p1,...,pp| and n = ny,...,ny| from the
larger indices to the smaller indices. Suppose that we have already chosen the values of p|p|, p|p|—1;- -, Pr+1
and n| |, MN|-1,---,Net1- At the next step, we will choose the value of either py or n, depending on the

sign of the sum of all of the remaining elements. Let

Py :=P\{pp|;---.pr+1} and  Ne:=N\{nny,...,ne1}

be the sets of remaining elements of P and N, and define the quantities

Wk::Zp and vy = Zn

pE Py neNy

As in the algorithm from [66], we will succeed in constructing a two-sided valid ordering as long as pi,ny
avoid a few particular potential values (for more details;, see Claim 4.11 below). If we are choosing py,
then we want p, not to be equal to m + d + vy, since this choice of p; would lead to a zero-sum interval
Pk—1+---+p1+9d+ny+---+ny=0. Likewise, if we are choosing ny, then we want n, not to be equal to

either § + vy or 7 + 0 + vy, since these choices of n, would lead to zero-sum intervals 6 +ny +---+mny_1 =0
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and pp +---+p1+d+ny+---+ng_1 =0. With this in mind, we define the sets
Pl:=P\{m+5+wv} and N;:=Ny\{0+vy,m+5+vp}

of “allowable” choices for px and ny. Due to the assumptions in Proposition 4.9, it will always transpire that
the set P} or N; under consideration is nonempty.
Again as in the algorithm from [66], the sign of the quantity mx + d + 14 will determine whether we choose

the value of py or the value of ny next:!

1. Suppose that 7 +J + 1, > 0 and k > 0. Then we will choose p, € P as follows. If there is some
p* € P| such that m;, —p* ¢ Uij"’, then choose py to be this p* and say that the current step is a

skip-step for P.

Now, consider the case where 7, — P, C U; YjJr. Let ¢ be minimal such that 7, — P] intersects Yi+, and
say that the current step is an i-step for P. If m, — P, C Yi+, then let pi, be the largest element of Py.

If 7, — P, € Y;©, then let py be the largest p* € P/ such that m, — p* ¢ Y;T.

2. Suppose that 7, + 0 + vy = 0, k = 0 (i.e., we have already chosen all of p), and ¢ > 0, or that
7w +0+v, <0and ¢ > 0. Then we will choose n, € Né as follows. If there is some n* € Nef such that

vg—n* ¢ U;Y, ", then choose ng to be this n* and say that the current step is a skip-step for N.

Now, consider the case where vy, — NN, é - Uij_. Let ¢ be minimal such that v, — NV, é intersects Y;~, and
say that the current step is an i-step for N. If v, — N; C Y,”, then let n, be the smallest (i.e., most
negative) element of Nj. If v, — N; € Y;~, then let n, be the smallest (i.e., most negative) n* € N

such that v, —n* ¢ Y™,

We begin with (k,¢) = (|P],|N|) and run the above procedure until we reach (k, £) = (0,0). To establish
Proposition 4.9, we must show three things: that the algorithm actually runs and produces orderings p of
P and n of N; that the resulting ordering p, d,n is two-sided valid; and that IS(p) and IS(n) have small

intersections with the Yj+’s and Y, ’s (respectively).

Claim 4.10. The above algorithm runs all the way to (k,£) = (0,0) and produces orderings p of P and n
of N.

Proof. Note that as long as (k,£) # (0,0), we fall into one of the two cases. Indeed, when 7 + 3§ + vy > 0,
we fall into case (1) or case (2) according to whether k > 1 or K = 0. When 7, + 0 4+ vy < 0, we must have

£ > 0 since 6 > 0 and 7, > 0, so we fall into case (2).

1The apparent asymmetry in the cases arises from the assumption in Proposition 4.9 that § > 0.
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It remains to show that the sets P}, N; are always nonempty when needed. First, consider case (1). It
is clear that P] # () as long as k > 1. When k = 1, the set P, consists of a single element p;, and we have
m1 = p1. We must show that m+6+1y # p1, i.e., that 6 # —vpy. When £ = | N|, this is precisely the assumption
in Proposition 4.9 that § # — > _yn. For £ < |NJ, recall that ny,; was chosen to be an element of Ny,
which by construction does not contain § + vyy1. It follows that vy = vpp1 — negp1 # ver1 — (0 + veq1) = —0,
as desired.

Now, consider case (2). We begin with the subcase where 7, + 3 + v > 0 and k¥ = 0. Note that 7y = 0
and hence mg + 6 + vy = 6 + . It is clear that N; # () as long as £ > 1. When ¢ = 1, the set N; consists
of a single element 77, and we have vy = n;. The assumption § > 0 ensures that § + v; = 6 +ny # nq, so
Ni #£0.

Finally, we treat the subcase where 7 + 8 + v, < 0. It is clear that N; # () as long as £ > 2. When ¢ = 2,
the set Ny consists of two elements 11, ny, and we have vo = ny +ng. Then § +v5 = § +n1 +ny ¢ Ny by the
assumption in Proposition 4.9 that § ¢ —N so neither of nq,ny is equal to —4, and it follows that N} # (.
When ¢ = 1, the set N; consists of a single element n1, and we have vy = ny. Then 6 + 11 =0 +ny # m
since § > 0, and 7, + 8 + 17 = T + 0 + g # ng since 7 + 8 > 0. Thus Nj # @, and this concludes the

proof. [
Claim 4.11. The ordering P, d,n is two-sided valid.

Proof. Since any zero-sum interval must contain both positive and negative numbers, we can restrict our
attention to intervals of the form px+---+p1 +d+n1+---+ny (with sum 7 + 5+ 1) and 6 +nq +- - +ny
(with sum 0 + vy).

Let us first consider the sums 7, + 0 4+ vy. Note that we do not need to worry about (k,£¢) = (|P|, |N|),
since the corresponding interval is the entire sequence P, d,n, so we may assume that either k& < |P| or
¢ < |N|. Let (k*,£*) be the earliest step in the algorithm where £* < k and ¢* < ¢. Then the previous
step in the algorithm was either (k* + 1, %) or (k*,¢* + 1); without loss of generality assume that it was the

former, since the argument for the latter is identical. Then k* = k and ¢* < £. If £* =/, then

T+ 0+ v = (Tpg1 — Dry1) +0+ 1y

is nonzero because we chose pi41 € P12+1 and the set Plé—s-l does not contain 71 + 9 + vp. If instead €* < ¢,

then there is some k' > k such that n, was chosen at step (k’,¢). It follows that

T+ 0+ <mp +6+1v <0,
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so 7, + 0 + vy is nonzero, as desired.

Let us now consider the sums § 4+ vp. We can again quickly dispose of the case ¢ = |N|. Indeed, if P =0,
then the corresponding interval is the entire sequence p,d,n, and if P # ), then 6 # =3y n = —y | by
assumption. So we may assume that £ < |N|, and we conclude by noting that § + v, = 6 + (vp41 —nes1) # 0

since Né+1 does not contain § + vpy1. O

Claim 4.12. The orderings p and n satisfy

s ¥ $ v
|IS(p) NY;"| < inf +L+2+4) Y7
LeN L pt

and

Y, -
1< -7 =
|1S(n) NY; |\£2§;< 7 +L+2+4) [V

i=1

forall1 <j<m.

Proof. We will prove the statement only for [IS(n) N'Y;"| since the argument for [IS(p) N YJ+| is essentially
identical. Recall that IS(n) = {v, = Zle n; : 0 <L < |N|}. For 0 < ¢ < |NJ, write vy = vg41 — ngq1. This
quantity can lie in Y;~ only when the choice of ngyq is a j-step or an i-step for some i < j. We will bound
these two contributions separately. Note that skip-steps and i-steps for ¢ > j never contribute.

We first consider the contribution of j-steps. Notice that the partial sums v, are strictly increasing
(becoming less negative) as ¢ decreases. Suppose that the choice of nyy; is a j-step and vy = vpy1—npp1 € Yj_.
Then we must have vy — Ny C Y. Since ng41 is the smallest (most negative) element of Ny, the
other [Ny, \ {nes1}| = €+1—3 =€ —2 elements of vp41 — Nyyy C Y, lie in the interval (veq1,v0); it
follows that these elements are “skipped” and can never appear in IS(n). In particular, from such j-steps
with £ > L + 1 we obtain at most |Y;”|/L elements of IS(n) NY;". From j-steps with ¢ < L we trivially
obtain at most L + 1 elements of IS(n) NY;".

We now consider the contribution of i-steps with ¢ < j. We will trivially bound this contribution by the
total number of i-steps with ¢ < j. We claim that the number of i-steps is at most 4|Y;”| for each 7. For
each i-step ¢, let y(¢) denote the largest (least negative) element of (v, — N;) NY;”. It suffices to show that
each y € Y;~ appears as y(¢) for at most 4 different i-steps £. If y(¢) is not the largest element of v, — Ny,

then it is distinet from y(¢') for all £ < ¢ since
ver 2 vy = v —mng > yl)
by the definition of an i-step. If y(¢) is the largest element of v, — N/, then it is one of the three largest
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elements of vy — Ny. Notice that the largest element of vy — Ny is strictly increasing as ¢ decreases, the
second-largest element of vy, — Ny is strictly increasing as £ decreases, and the third-largest element of vy — N
is strictly increasing as ¢ decreases; it follows that each y can appear at most three times as one of the three
largest elements of vy — Ny. Thus we have shown that each i-step £ in the algorithm is associated with some
number y(¢) € Y;~ and moreover that any given y € Y;” appears as y(¢) for at most 4 different i-steps ¢, so
we conclude that the total number of i-steps is at most 4|Y;”|. This establishes the claim.

Combining these contributions (and adding 1 for v|y|) gives the desired upper bound.? O

These three claims together imply Proposition 4.9. O

4.5 Splitting the dissociated sets

In this section we manipulate the dissociated sets D; in order to make their sums suitably generic; this will

avoid “bad” scenarios in the random orderings of the D;’s that we will consider in the next section. Recall

that if D is a dissociated set, then all of the subset sums of D are distinct. In particular, if we choose

a uniformly random partition of D into parts D), D®) D) DM@ of equal size (up to rounding), then
|D|

(omitting floor functions) for each 1 < ¢ < 4 the (I DI/ ,) possible values of >, ) d are all achieved with

equal probability; likewise, each of the quantities D, ) pe ;D gc p@up® @ D gec peupe is uniformly

| DI

distributed on <|D\/2

) possible values, and each of the quantities ;. o), p@up® & Ygep@up®Up@® d 18

D ) possible values. Since ( D )7( D ),( D ) are all e(PD we obtain very

uniformly distributed on (3|D|/4 ID|/4)> \|D|/2)> 31D /4

strong anti-concentration for the sums under consideration. We record this simple but important fact in the

following lemma.

Lemma 4.13. Let D C G be a dissociated set, and let D = DM UD® UDG UDW be a uniformly random
partition of D into four sets of equal size (up to rounding). Then for every nonempty proper interval I C [4]

and every x € G, we have

PSS d=u| oo,

i€l de D)
Let D1,..., Dy be the dissociated sets appearing in the structural decomposition of A from Proposition
4.7. We will split and reorder these dissociated sets as follows. For each j € [1, s], we partition D; = U?leﬁi)

into four sets of equal size uniformly at random as in Lemma 4.13, and we require that |D§1)| = |D§4)|. We

2To bound the intersection between IS(p) and Yj+, one simply interchanges “smaller” and “larger” throughout the proof.
Since we have | Py, \ P/| < 1 instead of [Ny \ Nj| < 2, we could replace £ — 2 with k — 1 in the second paragraph and replace
4]y, | with 3|Yj+| in the third paragraph to obtain even a slightly tighter bound.
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do all of these splittings independently. Next, we place these newly formed dissociated sets in the order

p®" p® pM p® . p® p® p® pW p p® . p® p&W (4.5)

)

and note that of course the decomposition
A-A=PUNU (UL, Ui_, DY)

still holds (with the same value of §). For notational convenience, write Ty, Ty, ..., T, (with u = 4s) for the
new sequence of dissociated sets in (4.5), and let 7; := 3,7 1.
Let us pause at this point and describe the remainder of the strategy for proving Theorem 4.2. We will

eventually construct a two-sided valid ordering of A of the form
ﬁatla s 7tu7n7

where each t; is an ordering of T; chosen randomly according to a certain distribution. Our task will be to
show that such an ordering a1, ..., a4 is likely to avoid zero-sum subintervals, namely, proper nonempty

intervals I C [|A]] with Y. ;a; = 0. For the remainder of the chapter, we will refer to proper nonempty

il
intervals as simply “intervals”. We divide such intervals I into two “types”, which we will treat using different

arguments. Recall that K = ¢y R'/3.

Definition 4.14. Let I C [|A|] be a proper nonempty interval. We say that I is Type II if it contains

between K and |T;| — K elements of some T}, and otherwise we say that it is Type I.

We will refer to the first K elements in an ordering t = tq,...,t,, as its left border and to the final
K elements as its right border. The remaining elements tx1,...,t,_x make up the interior region of t.
In this language (and ignoring intervals contained in a single Tj, which can never be zero-sum), a Type II
interval is an interval with at least one endpoint in the interior region of one of the orderings t;, and a Type
I interval is an interval with each endpoint in P, n, or a border region of some t;. One should think of
Type II intervals as generic and of Type I intervals as exceptional. (Obviously the identification of intervals
I C [|A]] as Type I and Type II does not depend on the random choices of the t;’s).

The main benefit of the above splitting-and-rearranging procedure is that it lets us dispose of nearly all
Type I intervals even before we choose the random orderings t;. The following lemma makes this precise.

We say that an event holds with high probability if it holds with probability tending to 1 as p tends to infinity.

Lemma 4.15. Let ¢ > 0 be any constant. Let 1 < s < ec(logp)l/4, and let Dy,...,Ds C T, be dissociated
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sets each of size < R, with the property that Dy U Ds U {6} is dissociated. Let p and n be sequences over
F, each of length at most ec(logp)1/4, and assume that P, d,n is a two-sided valid ordering. If the sequence
Ti,..., Ty, of dissociated sets is chosen randomly as described above, then each |Tj| < R and each Th;_1 UTs;

is dissociated, and the following holds with high probability:
(i) for each proper nonempty interval I = [i, j] C [u], we have that
0¢ | D (M) U= (T) | +mi+ 47+ [ =D (THUD (Tjt1)
<K <K <K <K
(with the convention that Ty = Ty11 = 0);

(ii) for each 1 < j <wu—1, we have that

0¢IS(p) +71+-- 475 + _Z(TJ)UZ(TJH) ;
<K

<K

and for each 2 < j < u, we have that

0¢IS(Mm) + 7+ +1+ [ =D (THUS (T5-1) | 5
<K

<K

(iii) the ordering P, T1 ..., Ty, N is two-sided valid.
Three remarks are in order before we proceed to the proof.

1. To see how this lemma pertains to Type I intervals containing nearly all (i.e., at least |T;| — K elements)

of some Tj, simply note the identity o 7| (T5) = 75 — Yo (T))-
2. Items (i)—(iii) handle all Type I intervals except for the following:
e intervals fully contained in a single T};
e intervals starting in the left border of t; and ending in the right border of t,;

e intervals beginning in the right border of t; and ending in the left border of t;,; for some j;

e intervals with one endpoint in p or n and the other endpoint in the left border of t; or the right

border of t,.

Moreover, the first case cannot lead to zero-sum intervals because each T} is dissociated; likewise, there

cannot be zero-sum intervals in the second case because of the assumption that D; U D, U {6} (and a
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fortiori Ty UT,, U{d}) is dissociated. In the third case, we never have to worry about zero-sum intervals

with 5 odd since each T5;_1 U 15y is dissociated.

3. The lemma would continue to hold with K as large as a small constant times R, but we will not have

occasion to make use of this fact.

Proof of Lemma 4.15. We begin with the crucial observation that if I C [u] is any proper nonempty subin-

terval and = € I, is any element, then we have the anti-concentration inequality

P <Z T, = a:) = R,
il

Indeed, there is some j € [s] such that {7} : ¢ € I'} contains at least one but not all of D§-1), e D;4). Suppose
that it contains DJQ) but none of Dj@), D§3), D§4) (the remaining cases are analogous). Since the splitting of

D; is independent of the splittings of the other Dy’s, Lemma 4.13 gives

P(Zn:x)zzp Z =2 and Ty 1 =T —%

iel zeF,  \i€l\{2j—1}

:ZIP Z m=z|P Zd:x—z

zeF,  \iel\{2j-1} dep™
J

<SP Y n=z)| 00— o,

z€F,  \iel\{2j—1}

With this observation in hand, we proceed to the main body of the proof. Note that (iii) holds whenever (i)
and (ii) hold since 0 € } ;- (T;) and as we assumed that P, d,n is two-sided valid. So, by the union bound,
it suffices to show that each of (i) and (ii) holds with high probability.

We begin with (i). Fix some proper nonempty interval I = [i,j] C [u]. The assertion of (i) for this I is

that

Tt @ (= (T)UY (T |+ [ DT U= (Tj4)

<K <K <K

The set on the right-hand side has size at most

DT+ DT | | (@) + Do (Ti)| | < eOFAOED,

<K <K <K <K

where H(z) := —xlogy(x) — (1 — x) logy (1 — ) is the binary entropy function. The definition of K ensures

that H(O(K/R)) = o(1) (with a lot of room to spare), and then the observation from the beginning of the
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proof tells us that (i) fails for I with probability at most e?(f)=%) = ¢=2(R) A union bound over the (at

most u?) choices of I shows that (i) fails with probability at most

u2e=UR) ¢ (2ellogn)'/ =01 (logp)*™) — 4(7),

again with plenty of room to spare.
The proof of (ii) is nearly identical and we omit it; we remark that the bounds |IS(p)|,|IS(n)| < |A] <

ec0g)* 1151d because we fixed p and n in advance.

O

As noted in remark (2) following Lemma 4.15, there remain two sorts of Type I intervals to address.
The first is Type I intervals contained in Ty U Toi 41 for some k. We can avoid zero-sums here by picking
the orderings tox, tor+1 according to a suitable joint distribution which we will describe in section 4.6. The
second is Type I intervals with one endpoint in p or n and the other endpoint in the left border of t; or
the right border of t,,. The crucial ingredient for dealing with these will turn out to be the last part of
Proposition 4.9. Since Proposition 4.9 must be applied prior to the random splitting procedure described in
this section, it is a bit of a nuisance that the input sets Yf, Yj* must be described in terms of the sets D;

rather than the sets T;. The following lemma will let us remedy this issue.

Lemma 4.16. Let T = D%l) and T, = DY be the random sets from (4.5). Then with probability at least
1/2, we have for all 1 < j < K that

Ty |
Z(Tl)ﬂ(*IS(P)U@JrIS(n))) <4K<(|,§1|>) Z(Dl)ﬁ(*IS(P)U(ferIS(H))) :
(")

> (T) N (=1S(p) U (6 +IS(n)))

=J

N
W
=

. Ul

<. U
®
~

> (D) N (=1S(p) U (8 +IS(n)))]| -

=J

—~

Proof. Since D is dissociated, the quantity ‘E:j (D1) N (=1IS(p) U (6 +IS(n)))| simply counts the subsets
S C Dy of size |S| = j with > ,.qd € —IS(p) U (§ + IS(n)), and likewise for 77. As Ty = Dg) is chosen
uniformly from all subsets of D; of size |D;|/4, we have

(\T;\)

E | |D (1) N (=1IS(p) U +1ISm)))| | = 751 |D_(D1) N (=1S(p) U (6 +1S(m)))|,

= =

and Markov’s Inequality implies that the first bound in the conclusion of the lemma fails for each j with

probability at most 1/4K. The same argument applies with D, T, in place of Dy, T, and the conclusion of
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the lemma follows from a union bound over 1 < j < K. O

4.6 Randomizing the dissociated sets

We are finally ready to describe how we will construct a two-sided valid ordering of A. Suppose that
A CTF,\{0} has size |A] < ecllo8 P After we replace A by a suitable dilate (which is harmless with regard

to finding two-sided valid orderings), Proposition 4.7 provides a decomposition
A=PUNU(Uj_;Dy)

satisfying conditions (i)-(v) of that proposition and § = 3.3 ,cp d > 0. Now, with K = coRY3 for a

suitably small constant co > 0, set

Yiii==>"(D)U =6+ (D] and Y == (D)U |-+ (D) (4.6)

=J =J

for each 1 < j < K, and apply Proposition 4.9. This provides orderings p of P and n of N such that the
sequence P, 0, n is two-sided valid and such that (4.3),(4.4) hold. Finally, we can use Lemmas 4.15 and 4.16

to obtain dissociated sets Ty....,T, from Dy,..., Dg such that A = PU N U (U;T;) and the conclusions of

these two lemmas are simultaneously satisfied; fix such a choice of T1,...,T,. Recall that 7; = 3", er, b, and
write m; := |T;|. The two-sided valid ordering of A that we will construct will be of the form
ﬁatla s 7tu7n7

where the t;’s are orderings of the T;’s chosen randomly according to certain distributions, whose description
and analysis occupies the remainder of this section.

Recall that if T' is a dissociated set, then all of the subset sums of T" are distinct. In particular, in a
uniformly random ordering of the elements of 7', the sum of the first k elements is uniformly distributed on
(I:ISI) values. As long as k is not too close to 0 or |T'|, this sum is very anti-concentrated, and so with very
high probability it will avoid any particular small set of values. It follows that uniformly random orderings
t; would with high probability avoid zero-sum Type II intervals. We can ignore most Type I intervals due
to Lemma 4.15, but the remaining Type I intervals, as described in remark (2) following that lemma, still
cause issues. We will show that each of these potential zero-sum Type I intervals can be avoided “locally”

by introducing some non-uniformity into the distributions determining the orderings t;.

132



We begin with the orderings tq,t,. Say that an ordering t1,...,tm,, of T} is acceptable if
ti+- -+t ¢ —IS(p)U (6 +1IS(n)) forall 1 <k <K,
and say that an ordering ¢y,...,t,,, of T, is acceptable if
t14+ -+t ¢ —IS(n)U (6 +1IS(p)) foralll <k < K.

Using Proposition 4.9 and the fact that 73,7, satisfy the conclusion of Lemma 4.16, we can show that

uniformly random orderings of T, T, are acceptable with large probability.

Lemma 4.17. A uniformly random ordering of Ty is acceptable with probability at least 0.98, and a uniformly

random ordering of Ty, is acceptable with probability at least 0.98.

Proof. We prove only the statement for 73 since the argument for T, is identical. Let t1,...,¢ 7, be our
uniformly random ordering of T7. By the union bound, it suffices to show that P(t; € —IS(p)U(6+1S(n))) <
0.01 and that

P(ty +-- -+t € —IS(p) U (6 +1S(n))) < 0.01K !

for each 2 < k < K. Fix some 1 < k < K. Then the quantity ¢; 4 - - - + t; is uniformly distributed on the
set > _, (T1), which has size (\1];1\). Recall that we applied Proposition 4.9 with the sets YjJr, Y, asin (4.6).
Since |Dy| = |Ds| and Dy U D, U {6} is dissociated by Proposition 4.7, we have |YJ+| =Y, | = 2("31') for all

j. Then the conclusion of Proposition 4.9, with L := L|Yk+\1/2j, gives

> (D) N (=1IS(p) U (5 +1S(n)))

=k

<YV 414 ) YL

i<k

For k = 1, this gives (recall that |D;| < R)

> (D) N (=1S(p) U (6 +IS(n)))

< V< (|D1|) CRT1/2
1 b
and for 2 < k < K (recall that K = 02R1/3) it gives

> (D) N (=18(p) U (6 +IS(n)))
=k

‘ 1| | 1| 3 1-—2
Dy K Dil\ | sp—2
< ( k ) |Di <Uk )@

Since the conclusion of Lemma 4.16 also holds, we can “transfer” this bound from D; to T3. In particular,
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we obtain that

ST N (- 18(p) U (5 +18(m)))| < 4K(|1;1|> R

and that

T K T
< 4K(| 1|) < 4K<| 1|> CBK?

g(Tl)m(—IS(p)UQ%-IS(H))) k 1Dy | k

for 2 <k < K. It follows that
P(t; € —IS(p) U (6 +IS(n))) < R~/6
is certainly at most 0.01, and for 2 < k < K we see that
P(t; + -+t € —IS(p) U (0 +18(n))) < 3K !

is at most 0.01K ! as long as ¢, is sufficiently small. This completes the proof.

O

We now choose t1, t,, independently such that t,t, are uniformly random acceptable orderings of 11, T,,,
respectively. We deduce from Lemma 4.17 that the random variables tq,t, are highly anti-concentrated in
the sense that the probability of t; assuming any particular ordering is at most < 1/m;!, and likewise for
t,. Notice that the constraint that t;,t, are acceptable precisely guarantees the absence of zero-sum Type
I intervals with one endpoint in p or n and the other endpoint in the left border of t; or the right border of
ty.

For each 1 < j < u/2 — 1, we choose the pair of orderings to;,to;4+1 as follows. Recall that |Ty;| = may;
and |Ty;41| = maj+1 both have size < R. Say that a pair of partial orderings t1,...,t; of Tp; and ¢},... .t}
of Th; 41 is permissible if

tid -ttt # 0 forall (4,5).

Let N(k,£) denote the number of permissible pairs with lengths (k,¢). Note that each permissible pair with
lengths (k, £) can be extended to at least mg; — k — ¢ permissible pairs of lengths (k + 1,¢) and to at least

maj+1 — k — ¢ permissible pairs of lengths (k, ¢+ 1). It follows that
N(k, k) = (ma;)(majt1 — 1)(ma; — 2)(magjpr — 3) -+ (ma; — 2k + 2)(moj41 — 2k + 1).

The choice of K ensures that N (K, K) > m§m%;, /2 (say), which means that the permissible pairs comprise

at least a constant fraction of the total pairs. (In fact, this bound would continue to hold with K as large
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as a small constant times R'/2.)
We now choose tgj,t2;41 to be a uniformly random pair of orderings of 755,175,411 conditional on the

length-K prefixes of t2;,t2;+1 forming a permissible pair of length (K, K). Equivalently, we let ¢1,...,tx

and t/,...,t%% be a uniformly random permissible pair of orderings of T5;,7T5;41, and then we let to; be
a uniformly random ordering of 75; conditional on E beginning with #1,...,%x, and we let tz;4; be a
uniformly random ordering of 75,1 conditional on ts; 1 beginning with ¢;,...,¢}. We make these choices

independently for different values of j, and independently of the choices of t1, t,,. The following lemma shows
that even though the random variables tg;,t2;11 are dependent, they are “conditionally anti-concentrated”
in the sense that if we condition on ts; being any particular ordering, then the the probability of to;41

assuming any particular ordering is still very small, and vice versa.

Lemma 4.18. Choose ty;,t2j41 according to the distribution described above. Then, conditional on to;
assuming any particular ordering, the probability of toj11 assuming any particular ordering is < 1/magjt1!;
likewise, conditional on ty; 11 assuming any particular ordering, the probability of ta; assuming any particular
ordering is < 1/mo;!.

Proof. We prove only the first statement. Let uy; be any fixed ordering of T5;. Let ug;{) denote the ordering
consisting of the first K elements of uy;. The number of permissible pairs ug{)ug{ll with uéﬁ_l of length
K is at least

(majy1 — K) > miS, ),

by our choices of R, K (see the above discussion of N(k,£)). Thus, the number of orderings ugj+1 of To;41

such that uéé-{), ugﬁl is a permissible pair is

> m5§+1 - (maojp1 — K)!'> majial.

The lemma now follows since each of these > mgj41! orderings of Th;41 is equally likely to occur as toj41,

after we condition on to; = uy;. O

Notice that the constraints on the pairs to;ts;11 guarantee the absence of zero-sum Type I intervals
beginning in the right border of t5; and ending in the left border of ta; .

We will show that if the orderings tq,...,t, of T1,..., T, are chosen randomly as above, then with high
probability the ordering

ay,...,aj4 =P, t1,...,ty,n (4.7)

of A is two-sided valid, i.e., we have >_._; a; # 0 for every nonempty proper interval I C [|A|]. The output of

icl
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Lemma 4.15 and the constraints on the random orderings t; together guarantee that there are no zero-sum
Type I intervals in the ordering (4.7); the reader can refer to remark (2) following Lemma 4.15 to see how we
have covered all possible cases. It remains to verify that with high probability there are no zero-sum Type
IT intervals. The key point is that the sum ), ; a; for each Type II interval I is highly anti-concentrated
because there is still enough randomness in the orderings t;; the following lemma makes this observation

precise.

Lemma 4.19. Let I C [1,|A]] be a Type II interval, and let ai,...,aj4 = P,t1,...,ty,n be the random

ordering (4.7) of A. Then for every x € F,, we have

P (Z a; = I‘) < efﬁ(KlogR)'

il
Proof. By definition, there exists some j such that I contains exactly k elements of T}, where K < k <
|T;] — K. As in the first step of the proof of Lemma 4.15, we break the sum over I into the sum over the
part intersecting 7; and the part not intersecting 7; and condition on t; for all i # j. Lemma 4.18 ensures
that even after this conditioning, the probability of t; assuming any particular ordering is < 1/m;!. Since
the k-element subsets of T} all have distinct sums, we see that the sum over the part of I intersecting 7}

assumes each particular value with probability

—1 -1
m; m;

< ( J) < ( J) < e—Q(KlogR)’
k K

and the lemma follows.

O

Recall that K = ¢, RY/3 and that R = R(A) > ¢, (log p)3/4 holds when |A| < ec1°eP)"" (see (4.1)). Since
the number of Type II intervals is trivially at most |A|? < e2¢(log P'"" Lemma 4.19 and the union bound

imply that the probability of (4.7) containing a zero-sum Type II interval is at most

?

e2c(logp)1/4—Q(KlogR) _ 0(1)

again with plenty of room to spare. From this and the above observations about the absence of zero-sum Type
I intervals, we conclude that (4.7) is two-sided valid with high probability; in particular, for p sufficiently
large (in terms of c¢), there is at least one two-sided valid ordering of A. This proves Theorem 4.2.

One can in fact take ¢ to grow as, e.g., < loglog p, but we are not concerned with such lower-order terms

since we have not even seriously optimized the exponent 1/4 in Theorem 4.2.
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4.7 Remarks and open problems

We make a couple of remarks about our proof of Theorem 4.2.

e The union bound in Lemma 4.16 is one of the main bottlenecks for the value of the exponent 1/4 in
Theorem 4.2. Improving the argument around this lemma would likely let one take K to be a larger

power of R, which in turn would let one increase 1/4 (perhaps to 1/3) in Theorem 4.2.

e In proposition 4.7, we can also obtain the extra property that each of P, N is either empty or of size at
least 100s (say), by splitting each dissociated set into 201 parts and then absorbing up to 100 elements
of each of P, N if P, N are small. This property was useful in an earlier version of our proof and may

be of interest in the future.
Our work also leads to several open problems for future inquiry:

e The most obvious open problem is improving the bound in Theorem 4.2; a natural next goal would be
a polynomial threshold (of the form p¢). Even if our methods can be adapted to improve the exponent
1/4 in Theorem 4.2, it seems that neither our probabilistic toolbox nor our dissociated set machinery is

suited for sets of polynomial size, so substantial new inputs would be necessary to reach a polynomial

threshold.

e Our arguments for Theorem 4.2 show not only that there is some two-sided valid ordering of A but
that there are many such orderings. It would be interesting to estimate the minimum possible number

of two-sided valid orderings as a function of |A| (and perhaps also p).

e The main result of [66] applies not only to the group F, but also to all groups of the form H; x Ha,
where H; is an abelian group such that every subset of H; \ {0} has a two-sided valid ordering and
H, is an abelian group with no non-zero elements of order strictly smaller than p; one example is the

group Z/2pZ = 7./27 x Z/pZ. One could try to extend Theorem 4.2 to such groups.

e Finally, we mention that nonabelian versions of Graham’s conjecture, particularly in dihedral groups,
have received some attention. As in the abelian case, work prior to [66] concerned sets of size at
most 12. Costa and Della Fiore [26] then adapted the ideas of [66] to obtain results for sets of nearly
logarithmic size in dihedral and dicyclic groups. It seems more difficult to transfer the proof of Theorem

4.2 to nonabelian settings, and this could be a fruitful topic for future research.
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Part 11

Higher-order Fourier analysis
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Chapter 5

Quantitative concatenation

5.1 Introduction

One of the starting points of arithmetic combinatorics is Roth’s Theorem [93], which says that every subset of
the natural numbers with positive upper Banach density contains a nontrivial 3-term arithmetic progression
x, ©+ z,  + 2z. Szemerédi [106] famously extended this result to ¢-term arithmetic progressions for all .
The farthest-reaching generalization of this line of work is the Polynomial Szemerédi Theorem of Bergelson
and Leibman [9], which asserts that positive-upper-Banach-density subsets of Z” always contain nontrivial
“polynomial progressions” under certain weak local conditions on the polynomials involved.

The quantitative bounds from Roth’s original proof of his theorem have been improved many times, most
recently by Kelley and Meka [61]. Szemerédi provided effective, albeit enormous, bounds for his theorem,
and Gowers’ work [42] on obtaining more “reasonable” bounds inaugurated the field of higher-order Fourier
analysis, where recent developments have led to improved bounds for Szemerédi’s Theorem [75]. The proof
of Bergelson and Leibman [9], by contrast, uses ergodic-theoretic methods and is completely ineffective.
Obtaining quantitative (and “reasonable”) bounds for the Bergelson—Leibman Theorem is a difficult problem
that was highlighted by Gowers e.g. in [44].

In an early development, Sarkézy [96,97] obtained quantitative bounds for nonlinear polynomial progres-
sions of length two. Green [48] and Prendiville [90] later studied other particular examples of polynomial
progressions, but their methods do not have obvious applications to larger families of polynomial progres-
sions. Building on work of Peluse [84], Peluse and Prendiville [86] gave an effective polynomial Szemerédi
theorem for the progression x, x + 2z, x + 22. Peluse [83] then extended this method to obtain reasonable

bounds for polynomial progressions involving polynomials with distinct degrees. Quite a few quantitative
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polynomial Szemerédi theorems [8, 54,6769, 72,74, 88| have been proven in recent years, and the result of
the following chapter can be seen as progress in this direction.

Most arguments in this line of research have begun by using the PET induction scheme of Bergelson [7]
to show that the counting operator for the associated polynomial progression is bounded by an appropriate
Gowers norm or, more generally, an appropriate box norm.? Green and Tao [50] showed that iterated appli-
cations of the Cauchy—Schwarz inequality in the style of Gowers [42,43] suffice to give Gowers-norm-control
for positive-complexity linear configurations in any number of dimensions. For 1-dimensional polynomial
progressions in the finite-field setting, a naive application of the PET argument produces the required norm-

control. For example, if the counting operator

> fo@file+2) falz + 2°)
z,2€ZL/NZ
is large for some 1-bounded functions fy, f1, f2 : Z/NZ — C (where N is a large prime), then a short PET
argument gives that the Gowers norm || fo ||U3(Z /NZ) is also large, with polynomial dependences. In the integer

setting, by contrast, the PET argument alone does not suffice. If the counting operator

> fol@) ful@ + 2) fala + 2%)

T,2€7

is large for some 1-bounded functions fo, f1, f2 : Z — C supported on [N] := {1,..., N} for some large

N € N, then PET gives only the largeness of the quantity

Z Z ZAhlml,hzmz,(hlJrhz)M::.f?(x)'

hi,h2€[N1/2] my,mz,m3z€[N1/2] T

This expression is essentially an average of many “arithmetic box norms” along progressions with common

differences
hi,ha, hy + ha. (5.1)

For more complicated 1-dimensional polynomial progressions, the common differences arising are multilinear
polynomials in parameters hq, ho, .... At this point, it is desirable to “concatenate” these norms into a single
Gowers norm of higher degree, so that one can use the numerous techniques involving the inverse theory of

the Gowers norms.

1For the definitions of the concepts appearing in the introduction, including Gowers norms, box norms and multiplicative
derivatives, we refer the reader to Section 5.3. The details of the PET induction scheme are elucidated in Section 5.4.
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The first such concatenation result was proven by Tao and Ziegler [110]. Their approach was infinitary,
however, and gave no quantitative bounds on the losses incurred while passing from an average of box norms
to a single concatenated Gowers norm. In [81,86], Peluse and Prendiville developed a different approach
that could provide quantitative bounds2. They showed, among other things, that the averages of box norms

arising from applying PET to 1-dimensional polynomial progressions
x, x+ Pi(z), ..., x4+ Pi(z) (5.2)

can be concatenated into a single Gowers norm that control the counting operator for (5.2) with only
polynomial losses. This concatenation result was instrumental in their proof of quantitative bounds for
subsets of [N] lacking progressions (5.2) in the case where Py,..., Py € Z|[z] have distinct degrees.

The situation is even more complicated in higher dimensions. Consider, for example, the multidimensional
polynomial pattern

(21, 22), (21 + 22 +z,a:2),(:v1,x2+22 + 2). (5.3)

This time, we would like to show that if

Z fo(l‘l,l‘g)fl(l‘l +22 +Z,$2)f2($17$2 +2’2 +Z) (54)

T1,x2,2EZL

is large for some 1-bounded functions fo, f1, fo : Z — C supported on [N]?, then so is?

E : E : Ah1927-'~yht927ht+1(927el)a~~'7h2t(e2791)f2($1’xg)

hi,...,hot€Z x1,22€Z

for some positive integer t = O(1), where ey, e, are the usual coordinate vectors in Z2. (From here, one can
hope to use degree-lowering arguments to decrease t to its optimal value.) The usual PET argument gives

control of (5.4) by an average of degree-7 box norms of f> in the directions

2(h2 + h3)(62 — el) + 2hqeq, 2h2(92 — el) + 2hqeq, 2h3(€2 — e1) + 2hqeq, (55)

2h1e2, 2(h2 —+ hg)(GQ — el), 2h2(€2 — el), 2h3(€2 — el).

In contrast to the single-dimensional examples described above, this example requires us to concatenate

an average of many box norms involving linear combinations of two principal directions ey, e; — €1 into a

2See also [87], in which Peluse, Prendiville and Shao extend the quantitative concatenation approach from [86] to obtain
Gowers-norm-control for the configuration (x1,z2), (z1 + z,22), (z1,22 + 22).

3Naturally, we also want to obtain the largeness of certain averages of box norms of fo, f1, in which the role of {e2, ez —e;}
is played by {e1,e2} and {e1,e1 — e2} respectively.
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single box norm involving these two principal directions. More generally, in the study of multidimensional

polynomial progressions

x, X+ P1(2), ..., x+Py(z) (5.6)
for some choice of Py,...,P, € ZP[2], one is confronted with the task of concatenating averages of box
norms along

Ci(h1y.. . hy)y oo, Cs(he, ... hy), (5.7)
for some multilinear polynomials C,...,C, € ZP[hy,...,h,] that arise from the application of PET to

(5.6); the goal is to obtain control by a single box norm, which usually involves several principal directions.

Let us compare the directions in (5.1) with the directions in (5.5). The polynomial directions in (5.1), as
examined by Peluse and Prendiville, are all multiples of the same principal direction in Z. The polynomial
directions in (5.6), by contrast, are linear combinations of the two principal directions e; — e, €2 that come
from the leading coefficients of the polynomials in (5.3) and their pairwise differences. Thus the problem of
quantitative concatenation of box norms gains a layer of difficulty when one passes from the 1-dimensional
setting of Peluse and Prendiville to the multidimensional setting.

The goal of this chapter is to prove a new quantitative concatenation result that is robust enough to
handle the averages of polynomial box norms output by the PET argument for multidimensional polyno-
mial progressions. This results in the following box-norm-control for general multidimensional polynomial

progressions.

Theorem 5.1. Let d,¢ € N. There exists a positive integer t = Ogq4(1) such that the following holds. Let
D,N € N and § > 0 satisfy N >qp 6940 and let Py,..., Py € ZP[z] be polynomials of the form
P(z) = Z?:o Bjiz® with coefficients of size O(1). Then for all 1-bounded functions fo,...,fo : ZP — C

supported on [N]P, the bound

D B o0 Al Piz) o fulx Pu(2)| 2 NP (58)
x€ZP

implies that

d.. /d

AT Oa.e(1) D
||f]||{(’6jdjj’ ,ﬁj,djj/).[:t]\] 33 1: 57 €[0,0], 5'#j5}¢ >>d,D_]Z ) N (59)

for all 5 € [0,4], where d;j;» = deg(P; — P;/) and Py = 0.
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Informally, Theorem 5.1 asserts that every multidimensional polynomial progression can be controlled,
with polynomial losses, by a single box norm of bounded degree along the “correct” boxes. Let us explain in
words why the box norm in (5.9) is what one “should” expect, and specifically why it involves intervals of
length =< N%i/% in the directions ﬁjd“, - ,Bj/djj,. Consider the special case where all of the f;’s except for

i, fj» are the constant function 1.* Shifting x — x — P;/(z), we find that (5.8) simplifies to

Y B fi(x)fi(x+Pj(z) - Py(z) = NP
2€[N1/d]
x€ZP
The polynomial P; — P has degree d;;» and leading coeflicient 5jdjj/ — ,Bj/djj,. Applying the classical van
der Corput inequality d;;» times removes the lower-order terms of P; — P, and (more or less) results in the

inequality

Oa. (1
hi,..ha, , €[N1/4] FiG0) [+ dNBjayy = Byragy)ha - hayy,) >y, 0 o NP
xezD ity

One can use iterated applications of the Cauchy—Schwarz inequality to replace the monomial A; - - - ha,,, with
a single variable ranging over [N djj0/ d], and this morally gives the largeness of a box norm of f; along the
progression (Bjdjj, — ﬁj/djj,) . [:I:Ndij’/d]. The large multiplicity ¢ appearing in Theorem 5.1 is an artifact of
the large number of applications of the Cauchy—-Schwarz inequality in both the PET induction scheme and
the concatenation arguments.

For D > 1, the results of Theorem 5.1 and the more general Theorem 5.6 below are completely novel. For
D =1, they recover Peluse’s concatenation result [81, Theorem 6.1] and also address some configurations

that are not covered by Peluse’s work.

Example 5.2. As an example of a 1-dimensional configuration not covered by [81, Theorem 6.1], take

x, x+a2 x+222 x+222+ 2 If
‘Z []Igl/z] fo(z) f1(z + 22) folx + 222) f3(x + 22° 4 2)| > 6N,
zE
TEZ

then Theorem 5.1 (combined with standard properties of box norms listed in Lemma 5.15) gives a positive

integer ¢ = O(1) for which

2t 2t 2t 2t
ol ey » 1 illereaenyy > S°PNand | fall geqenarzyy » 1 fsllire qaennseyy > N

4Obviously, such functions do not satisfy the assumption of being supported on [N]P, but this example can be modified
slightly to fit the assumptions of the more general Theorem 5.6 below.
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The disparity in the scales of these Gowers norms comes from the polynomials 222, 222 + z having the
same leading coefficient: Since the difference of these polynomials is a linear polynomial that ranges over
an interval of length =< N'/2 rather than = N, the shifting parameters in the Gowers norms controlling f»
and f3 must be at the smaller scale N'/2. For configurations like this in which several polynomials have the
same leading coefficients, [81, Theorem 6.1] does not give any nontrivial box-norm-control, so our result is
novel in this case. We remark as a side note that such restricted Gowers norms are often difficult to use in
applications because the inverse theorem for the U?([+N'/2])-norm involves correlations with (¢ — 1)-step

nilsequences on short intervals of length = N/2, with no discernible global (i.e., scale-N) structure.
When the polynomials P; have distinct degrees, the conclusion of Theorem 5.1 radically simplifies.

Corollary 5.3. Let d,¢ € N. There exists a positive integer t = Oq (1) such that the following holds. Let
D,N € N and § > 0 satisfy N >4 p¢ 6= CaweM) et vy, ... vy € ZP be nonzero vectors of size O(1), and let

Py, ..., Py € Z[Z] be polynomials with coefficients of size O(1) and degrees
1<degP <---<degFP;, =d.
Then for all 1-bounded functions fo, ..., fo: ZP — C supported on [N]P, the bound

D B FoG) - ik EvaPL(2))  Julx  vePa(2))| = NP
xeZb

implies that

1Feltre vy gy >a.poe 604 ONP.

Example 5.4. In particular, Corollary 5.3 recovers the Gowers-norm-control obtained by Peluse and Pren-

diville in [86]: It shows that if

Zze[%l/z] fo(z) fi(z + 2) fo(x + 2%)| > 6N,

T€EZ
then ||f2H[2]tt([iN]) > §9WN for some positive integer t = O(1).

Example 5.5. Corollary 5.3 also recovers the Gowers-norm-control obtained by Peluse, Prendiville and
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Shao in [87]: It shows that if

Y Efolen,me)fi(z + 2,32) fa(21, 32 + 2%)| = 6N,
e 2€[N1/2]

then ||f2H2Ut,,(92_[iN]) > 9 N? for some positive integer t = O(1).

It is often desirable for technical reasons to consider polynomial progressions with “W-tricked” polyno-
mials whose coefficients grow (in a controlled way) with the parameter N. We in fact prove the following

more general version of Theorem 5.1 which is flexible enough to accommodate W-tricks.
Theorem 5.6. Let d,¢ € N. There exists a positive integer t = Oq4(1) such that the following holds. Let
D,K,N,V € N and § > 0 satisfy

5 Oac(1) <4,pe K <q,pye (N/V)l/d7

and let Py,..., Py, € ZP[2] be polynomials of the form P;(z) = Z?:o Bjiz" with coefficients at most V.5

Then for all 1-bounded functions fo, ..., fr: ZP — C supported on [N]P, the bound

Z EI%K]fO(X)'fl(x+Pl(z))"'fz(X-I-Pe(z)) > NP

implies that

12 Oa,e(1) \yD
Hf]H{(ﬂjdjj/ ~Byra K)o, ity D g N (5.10)

for all j € [0,4], where dj;; = deg(P; — Pj/) and Py = 0.
When Py, ..., P, are all ZP-multiples of a single integer polynomial, Theorem 5.6 reduces to the following.

Corollary 5.7. Let d,¢ € N. There exists a positive integer t = Oq (1) such that the following holds. Let
D €N, let vg,...,ve € ZP be nonzero vectors of size O(1) (with vo = 0), and let P € Z[2] be a degree-d
polynomial with leading coefficient 34. Then for all N € N and 1-bounded functions fo,...,fo : ZP — C

supported on [N]P, the bound

Z E fo(x)- fi(x +viP(2)) - fo(x +viP(2))| > 6NP

S5 €N/ Ba)

5In the sense that for every j,4, each coordinate of Bj; is at most V' in absolute value, or equivalently that 3;; € [£V]P.
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implies that

2 Oae(1) D
”fJ”{Bd(v]-fvjr)[:tN/,Bd]: §'€[0,0], 5'#j} >>d,D,Z oY) N

for all j € [0,7].

Example 5.8. If D =1 and v; = j, Corollary 5.7 tells us that

> E  fol@)fi(z+ P(2)- folw+P(2))| > 6N

45 2€lN/Ba) /)

implies that

min

> 6Od,€(1)N
F€[0,4] ) Tt

2i
15 lere (- (/8

for some positive integer ¢ = Og (1), where we recall that 8y is the leading coefficient of P. This improves on
the Gowers-norm-control obtained by Prendiville in [90] and recovers the global Gowers-norm-control used

by Peluse, Sah and Sawhney in [88].

Example 5.9. If / = D =2 and v; = e;, Corollary 5.7 tells us that

2
D B @@ fier+ P(2),22) falar, w2 + P(2))| 2 0N

z1,22€Z

implies that

2t 0a(1) A72
I foll s/ Ba1y eapa vy Sa 07N

[ £111Ces a8 (o1 o) (v aye > SO N
[ follGeaartn/Babyt (es—en) e/ galye > 87N
for some positive integer ¢t = O(1). This result serves as the starting point for the following chapter.
Our new concatenation result (the key ingredient in the proof of Theorem 5.6) is the following.
Theorem 5.10. Let r,s € N. There exists a positive integer t = Oy 5(1) such that the following holds. Let
d,D,H,M,N,V € N and § > 0 satisfy

d<r, 6 9wW«p H<M and H'MV <N,
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and let Cy,...,Cs € ZP[hy, ..., h,] be multilinear polynomials Cj(h) = >  ~juh* of degree at most d
ue{0,1}7
and with coefficients at most V. Then for all 1-bounded functions f : ZP — C supported on [N]P, the bound

2° D
ne L 1 ey @y a1, ... 0oy 1200 = ON

implies that
st
1Fs.....5¢ > Dirs 69N,

where

We conclude this introduction by mentioning a few places where our results have already found applica-
tions. The first two applications lie in ergodic theory: Our arguments inspired work of Donoso, Koutsogian-
nis, Kuca, Sun and Tsinas [33] on ergodic averages along Hardy sequences, and Kosz, Mirek, Peluse, and
Wright [64] have used our main PET result (Proposition 5.23 below). In analytic number theory, Green and
Sawhney [49] used our main concatenation result to handle Type II sums in their study pairs of primes (p, q)

such that p? + 4¢? is also prime.

5.2 Proof strategy

Because the proofs of our main results are rather technical, we will begin with an informal discussion of how
our techniques apply to a few simplified examples.

The proof of Theorem 5.6 begins with PET induction, a complexity-reduction argument that allows
us to control the counting operator of a polynomial progression by an average of box norms. While PET
arguments are now standard and have been carried out in many places (see, e.g., [7,9,32,81,90]), we need
to keep careful track of the structure of the polynomial differencing parameters C; that are output by PET.

In general, the input of PET is the counting operator lower bound

Z ZG[J]\E”M] fo(x) - fix+P1(2)) - fo(x +Py(2)) > NP,

xez7P

for some polynomials Py,...,P, € ZP[z] of degree at most d and some 1-bounded functions fo,..., f
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supported on [N]P”. The output of PET is then that the average of box norms

he[+N/a)r 11, -, ey iy > 87N (5.11)

is also large. (Here and elsewhere, we allow all O(1) terms to depend on d,¢.) Two crucial properties of this
output are that the polynomials Cy,...,Cy € ZP[hy, ..., h,] appearing above are multilinear and that their
coefficients are O(1)-multiples of the leading coefficients of Py, ..., Py and of their pairwise differences. This
PET argument is carried out in detail in Section 5.4.

Sections 5.5-5.8 are then devoted to the proof of Theorem 5.10, our main concatenation result, which we
will focus on in the remainder of this sketch. To differentiate between the ranges of the various parameters,

let us rewrite (5.11) as

2° D
QG[EH]" I, (- e),....c0 () feary > SN, (5.12)

where we have set H := M := N'/? and replaced §°") with 6. (It will later be convenient to be able to
consider slightly different values of H, M.)

We begin with the very simplest example, namely, where d =2, D = s = r = 1, and Cy(h) = h, so that
our hypothesis is

E 2 SN.
. ey >

Ignoring smoothing terms, we can expand this as

E E hm).
he[iH]me[iM]ggze:Zf(x)f(m—’_ m)

If the quantity hm ranged over [£H M| uniformly as h, m ranged, then we could replace hm by a new variable
t and conclude that ||f||[2iHM] > JN. This is of course not the case, but our goal will be to reach a similar

situation. Exchanging the order of summation and applying the Cauchy—Schwarz inequality twice, we obtain

E E ) f(z + himi + hama + hamg + hamy) > §*N.
h1,ha,hg,ha €[ H] m1,ma,msz,ms€[+M)] %f( )f( . 272 37 4 4)
An elementary number-theoretic argument (see Corollary 5.32 below) tells us that the quantity hym+homo+
hams+hymy assumes each value t € [£4H M| at most O(H3M?3) times as h1, ha, h3, ha, m1, M2, m3, m4 range;
in other words, this quantity is nearly uniformly distributed, in the sense of being very anti-concentrated.

The idea behind the lemma is that for most fixed choices of the h;’s, the expression is well-distributed as the
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m;’s range; more precisely, this is the case unless ged(hq, ha, hs, hy) is big or all of the h;’s are small, and
there are very few such “bad” choices. Together with the triangle inequality, this fact implies (after some
work) that

> 9N,

Zf flz+1t)

Using the Cauchy-Schwarz inequality to remove the absolute value gives

te[i4HM]

E t t) > s N2,
e sz<x)f(x+ )[(@+s)f(w+s+1)>
Since f is supported on [N], we can restrict the s-variable to [-N, N] (say), and renormalizing gives

A -
I it aman,eny = [ﬂHM se[iN Zf [+t f(x+s)flx+s+1t)> VN

So we have successfully concatenated the differencing sets [+ H], [£M] into a single differencing set [+4H M],

at the cost of introducing an additional differencing over [+ N]. Using monotonicity properties of box norms

(see Lemma 5.15 below), we can “trim” [+4H M], [£N] and replace each of them with a copy of [H M].
For our next example, take d =3, r =2, D = s = 1, and Cy(hy, ha) = h1ha, so that our hypothesis is

h17h26 [£H] ||f||h1h2 [£M] > JN.

Expanding the left-hand side and using the Cauchy—Schwarz inequality to duplicate the differencing param-

eters, as in the first example, gives

E E E E
hll,...h146[:|:H] h21,...h24€[:|:H] 7711,...,m4€[:|:M] ez

(@) f(z + hirhaimy + hishaoma + hizhozma + highogmy) > §*N

If the quantity hi1hoymy + hishooms + hishogms + hi4hogm, were nearly uniformly distributed on its range
[+ H?M], then we could replace it by a single new variable ranging over [£H2M] and conclude as in the
first example. But this quantity fails to be sufficiently anti-concentrated, essentially because it is too often
divisible by squares of small primes. The solution to this problem is to apply the Cauchy—Schwarz inequality

several more times in order to replace each term hg;m; with the expression

hajimij1 + hajomyja + hajzmys + hojamiy
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(at the cost of degrading the power of §, which we do not care about). As the variables range, this expression
is nearly uniformly distributed on [£4H M] (as in the previous example), and so with an acceptably small

loss we can replace it by a new variable ¢; that ranges over [+4H M]. In turn, the expression

hiit1 + hiata + hists + hiaty

is nearly uniformly distributed on [+16H2M], and we conclude as in the first example.

This strategy of constructing large “expanding” polynomials with nested equidistribution properties suf-
fices to handle the general case where s = 1 and C; is a monomial. When C; is not a monomial, we must
show that several multilinear expressions are simultaneously nearly uniformly distributed. For example, with

d=3,r=D=2,s=1,and Cy(hy, h2) = h1haey + hies = (h1hz, hy), our hypothesis

2
h1,hQIE[:I:H] 11 ks nzes+r1e0)-12aey > SN
leads to the bound
E E E

hle[:l:H] hleH:H]: m;,je[:i:M]: Zz
i€ld]  ijel]  igeld]  X€Z

f(X)f(X+ (Z h; Z hijmij)el + (Z h; Z mij)eg) > OWN? (5.13)

ic[d]  jel4] i€[d]  jel4]

after the usual Cauchy—Schwarz maneuvers, so we wish to show that the e;- and es-coefficients are simulta-

neously equidistributed. The first step is showing that for each i € [4], the expressions

D higmigs 3 mi;

jel4] jel4]
are simultaneously equidistributed. Dropping the ¢’s from the indices, we need to show that for each pair
(ng,ny) € [£4M] x [£4H M], the system of equations

mi +ma +mz +my =ng, himi+ homa + hams + hamy = ny

has at most O(H®M?) solutions. (Here H*M? = H*M*/(HM - M).) The new idea here is that we can
solve for m; in the second equation and make a substitution into the first equation, which (after regrouping)
yields

(ha — h1)msa + (hs — h1)ms + (hg — h1)mg = n1 — hino.
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Our previous arguments imply that for each of the O(H) choices for h1, this equation has at most O(H?M?)
solutions (hae, hs, hy, ma, my, my). Such a solution can be extended to at most one choice of m; (sometimes
there are no choices for m; because we constrained it to lie in [=M]), so in total we have at most O(H>M?)
solutions, as desired.

Using the first step, we replace Zj€[4] hijmgj, Zj€[4] m;; with new variables t;, t; ranging over [+4H M|, [+4M],

respectively, and it remains to show that the expressions

> hiti, > hit]

i1€[4] i€[4]

are simultaneously equidistributed. These expressions are individually identical to the expressions that we
discussed above, but they are coupled in the sense that the variables h; appear in both expressions. It turns
out that the few “bad” choices of hy, ha, hs, hy are now too costly because they lead to concentration in both
expressions. The solution to this problem is to eliminate the bad choices before counting solutions: We
can throw out the bad tuples (hq, ha, hs, hy) in (5.13) at the cost of degrading the implicit constant in the
inequality.

To apply this type of multiscale analysis to multilinear expressions whose degrees differ by more than 1,
we introduce dummy expressions at the intermediate degrees and then run the above argument for pairs of
expressions with consecutive degrees. The genericity assumption on the h’s is an essential technical element.
The details, which are quite delicate, are carried out in Section 5.7.

Further difficulties arise for s > 1. In the s = 1 case, we iteratively used the Cauchy—Schwarz inequality
to double certain variables. When s > 1, this maneuever also increases the number of multilinear expressions
that must be simultaneously equidistributed—which in turn potentially requires further applications of the
Cauchy—Schwarz inequality to replace these new expressions by ones with good equidistribution properties.
Using arguments originally developed by Kuca [68] for concatenation in the finite-field setting, we show in
Section 5.6 that this process can be satisfactorily controlled. This part of our proof uses no information
about the “polynomial” nature of our box-norm parameters, and it ends up being convenient to carry out

the argument in the more general setting of averages of box norms

2S
E Nt (5.14)
where Hy;, ..., Hy; for ¢ € I are arbitrary finite multisets of a finitely generated abelian group G that are

contained in a bounded dilate of the support of f. We also believe that this level of generality might be

useful for future extensions of our concatenation argument to other settings.
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The key idea for handling (5.14), elucidated in Lemma 5.27, is to use the Cauchy—Schwarz and Gowers—
Cauchy—Schwarz Inequalities in order to control (5.14) by

225—1

ioEeI ||‘f||H1i0_H1i17H2i01H2i1~--7HsiovHsil ;

we see that the multiset Hy; got replaced by a potentially much better distributed multiset Hi,;, — Hij,
at the cost of doubling the number of remaining multisets. Iterating this procedure many times, we can
control (5.14) by an analogous expression in which each multiset Hj; is replaced by many iterated multisets
of the form Hj;, +---+ Hj;,. In the first example discussed above, this process corresponds to replacing hm
by himy + hamso + hyms + hymy, and we have already established that the latter expression enjoys better
equidistribution properties.

The last step of our argument, described in Section 5.8, specializes this general concatenation result to
our “polynomial” setting and shows how it can be massaged to lead to the types of systems of multilinear
equations described above. The results from Section 5.6 allow us to replace the boxes C;(h) - [+M] in (5.12)

by iterated sums

¢
> Cylhaiy iy, - [EM). (5.15)

21,,..,2-7«:1

Each such box generates a system of multilinear equations, corresponding to the monomials in the polynomial

C;. The arguments from Section 5.7 then give that if Cj(h) = Y  ~;,h*, then (5.15) is uniformly
uef{0,1}"
distributed in the box 3" 4j, - [£H . This concludes the proof of Theorem 5.10.
u€{0,1}4

In Section 5.9, we combine the conclusions of Theorem 5.10 with the output of PET to prove Theorem
5.6. In doing so, we use the important observation from PET that the coefficients of the polynomials C; are
O(1)-multiples of the leading coefficients of the polynomials Py, ..., P, and their pairwise differences.

Figure 5.1 provides a visual overview of the main steps of our argument.

5.2.1 Comparison with previous approaches

Our argument deviates in several ways from previous concatenation arguments in the literature: the quantita-
tive concatenation arguments of Peluse and Prendiville [81,86,91] for 1-dimensional polynomial progressions
over Z; Kuca’s quantitative concatenation arguments for multidimensional polynomial progressions over finite
fields [68]; and the original qualitative argument of Tao and Ziegler [110], together with its later development
in the context of ergodic theory (e.g., [32]).

One difference between our argument and the approach of Peluse and Prendiville [81, 86, 91] lies in
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Concatenation of Concatenation of
general box norms polynomial box norms
(Corollary 5.30) (Proposition 5.39)

multilinear systems

(Proposition 5.35)

Equidistribution for
‘ nation (Theorem 5.10)

Quantitative concate- ’

PET induction Final box-norm-
(Proposition 5.23) control (Theorem 5.6)

Figure 5.1: The main steps and logical implications in the proof of Theorem 5.6.

the order of carrying out two major maneuvers, namely, duplicating variables using the Cauchy—Schwarz
inequality, and replacing a multilinear polynomial like himy + homs 4+ hyms + hymy4 by a new variable
using equidistribution properties. As described in the sketch above, our argument clearly separates these
two operations: First, we apply the Cauchy—Schwarz inequality many times to convert the original average
(5.12) into one where each arithmetic progression C;(h) - [+M] can be replaced by a generalized arithmetic
progression Cj(h,) - [+M] + --- 4+ Cj(h,) - [£M] (interpreted as a multiset). Only then do we show that
the massive system of multilinear forms arising out of this procedure is equidistributed in its range. In
[81,86,91], these two steps are intertwined: Applications of the Cauchy—Schwarz inequality are followed by
equidistribution results for intermediate systems of bilinear forms, then more applications of the Cauchy—
Schwarz inequality, and so on. While the approach of Peluse and Prendiville has the advantage of using
“simpler” equidistribution inputs (only systems of bilinear forms appear), our approach has the advantages of
clearly separating the aforementioned two steps. Consequently, we obtain quantitative concatenation results
(Corollaries 5.29 and 5.30) for averages of arbitrary box norms in arbitrary finitely-generated abelian groups;
these more closely resemble the qualitative statements in the work of Tao and Ziegler [110].

Another important point of difference is the choice of induction scheme. In [81], Peluse begins the
induction with degree-2 box norms as the base case (see [81, Lemma 5.5]), and she treats degree-1 box norms
separately ([81, Lemma 5.4]). The strategy in [86,91] is organized the same way. Here, in order to concatenate
averages of degree-2 box norms, Peluse and Prendiville apply an inverse theorem for 2-dimensional box norms
and then remove the resulting structured functions using their periodicity properties. For us, degree-1 box
norms serve as the base case, which we analyze using a simple application of the Cauchy—Schwarz inequality.
Consequently, our approach is more elementary and requires neither inverse theory nor periodicity properties.

Furthermore, dealing with multidimensional progressions forces us to keep careful track—more so than
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in [81]—of how polynomial coefficients change during the PET procedure. Compared with the approach of
[81], our coefficient-tracking scheme® records more information about lower-degree terms of polynomials. It
is precisely this extra information that allows Theorems 5.1 and 5.6 to extend Peluse’s result even in the
single-dimensional setting (see Example 5.2).

Last but not least, whereas Peluse and Prendiville use basic Fourier analysis on several occasions, our
argument is entirely carried out on the physical side. In particular, we do not use Fourier analysis in replacing
equidistributed expressions like hymy + homso + hgms + hymy by a new variable.

The relationship between our argument and the recent quantitative concatenation result over the finite
fields by Kuca [68] is more complex. As already mentioned, our concatenation argument consists of two big
steps: handling averages of box norms (5.14) along arbitrary multisets by means of the Cauchy—Schwarz
inequality, and establishing equidistribution results for systems of multilinear equations. The first of these
steps is largely based on an analogous argument from [68], and its adaptation to the integer setting requires
only minor technical modifications. The two approaches deviate in the second step, in which we replace
each monomial hj - - - h,m by a new variable. This task is much simpler in the finite-field setting because the
monomial expression in question is already very uniformly distributed; the integer setting requires several
new ideas.

Like Tao and Ziegler [110], we ultimately prove a concatenation result for general averages of box norms
(5.14) (see Corollary 5.29). The methods, however are completely different. Tao and Ziegler proceed by
qualitatively analyzing the interactions among the dual functions implicit in the definition of box norms.
Our proof of Corollary 5.29, by contrast, gives some truth to the stereotype that higher-order Fourier analysis
largely consists of clever applications of the Cauchy—Schwarz inequality. Tao and Ziegler obtain better control

on the degree of the “concatenated” box norms, but their conclusion is purely qualitative.

5.3 Definitions and preliminaries

5.3.1 Basic notation

We write N, Ny, Z,R,C for the sets of positive integers, nonnegative integers, integers, real numbers, and
complex numbers (respectively). For reals a < b, we set [a,b] = {[a],a+1,...,|b]}, abbreviating [1, N] as
[N] and [N, N] as [£N].

To facilitate the reading of the chapter, we fix the uses of various letters. The letter d denotes the

maximum degree of polynomials under consideration; D is the dimension of the ambient space Z” in which

60ur scheme is strongly inspired by a similar scheme from [32], but it improves on the latter in that we are able to identify
fewer (and more relevant) properties that need to be tracked throughout PET.
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we work; K measures the range of the polynomial variable z; £ is the length of the polynomial family, and
later on it also denotes the number of summands in concatenated box norms; IV refers to the size of the
support of the functions; r is the number of parameters hq,...,h,, and H concerns their range; s,t denote
the degrees of box norms appearing in the arguments; and V' bounds the size of polynomial coefficients.
We write x = (21, ...,xp) for an element of Z” (for some fixed D € N) as x for an element of Z. When
the context is clear, we often write a sum over Z” or Z as > or Y instead of >, ;5 or Y., ;.
We usually write b = (hy,...,h,) for a tuple of length 7, and we denote its ¢!-norm by |h| := |hy| +
-+ + |hy|. For u € Njj, we let supp(u) := {i € [r] : u; > 0} and get the monomial h* := h{* --- h¥. Given
h,h' € Z" and € € {0,1}", we also set h€:= (h{},...,h<"), where hi' :=h; if ¢, =0 and Ay :=h} if ¢, = 1.

We frequently work with multisets.

Definition 5.11 (Multisets). For a finite multiset X, we write | X| for the total number of elements in X,
counted with multiplicity. We use supp(X) to denote the set of elements appearing in X with strictly positive
multiplicity. With regard to containment of multisets, we write X C Y if the set supp(X) is contained in
the set supp(Y’), and we denote X <Y if each element of supp(X) has multiplicity at least as large in YV’
as in X. Lastly, for multisets X,Y, we define the sumset X + Y to be the Minkowski sum of XY with
multiplicities: The multiplicity of the element z in X +Y is [{(z,y) € X XY : z = z+y}|. Equivalently, the
weight function of X + Y is the convolution of the weight functions of X,Y. Note that | X + Y| =|X]|-|Y].

The difference set X — Y is defined analogously.

Definition 5.12 (Indicator function). We use 1(E) to denote the indicator function of an event E. For
instance, 1(a + b = ¢) is the function (of a,b,c) that equals 1 when a + b = ¢ and equals 0 when a + b # c.

For a multiset F, we also abbreviate 1(x € supp(E)) by 1g(x).

Let X be a nonempty multiset. If X is finite, we let E,cx := ﬁ > _scx be the average over X.

We call a function f: X — C 1-bounded if |||, := sup |f(z)| < 1.

We use the following standard asymptotic notation. xIef}}, g : X — C, with g taking positive real values,
we denote f = O(g), f < g, g > f, or g = Q(f) if there exists C > 0 such that |f(z)| < Cg(x) for all
x € X. If the constant C' depends on a parameter, we record this dependence with a subscript. Lastly, we
write f < gif f < gand f>g.

We let C : C — C denote the complex conjugation operator Cz = Z.
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5.3.2 Van der Corput Inequalities

If G is a finitely generated abelian group and E C G is a finite and nonempty multiset, we define the Fejér

kernel

pe(h) = hl}EeEl(h = h1 — ha),

and also pgp(hi,...,hy) = pe(hi)---pe(h,). Summing over h, we easily observe that ), pp(h) = 1.

Moreover, if there is some C' > 0 such that every element of E has multiplicity at most C %, then we

also have the pointwise bound 0 < pg(h) < 1g_g(h) " When E = [+H], we use the shorthand

R G
[supp(E)|"

notation

1 |h|
h) = h) = E 14—p. — = 1-— .
pa(h) = pem(h) = B Thehihs 2H+1( 2H+1>+

This definition differs slightly from those in [81,85,86,90] in that we take the ranges of hy, ha to be [+ H|
rather than [H|. Making the range of hy, hy symmetric around the origin will be convenient for us later.
We record several versions of the standard van der Corput inequality. The proof of the following basic

version is standard (see, e.g., [90, Lemma 3.2]).
Lemma 5.13 (van der Corput inequality, version 1). Let f : Z — C be 1-bounded, and let H, K € N. Then:
1. (Symmetric van der Corput inequality)

< K+2H
- K hwe[tH]

> fz4+h)f(z+n).

z€([K]-h)N([K]-h)

==

2. (Asymmetric van der Corput inequality)

2
<K+2H

<SS Y JETEED.
h

z€[K]N([K]—h)

f(2)

2€[K]

Of course, it does not make sense to take H > K since [K] N ([K] — h) is empty whenever |h| > K.

In applications, we will use the following corollary of Lemma 5.13.

"The lower bound is obvious; for the upper bound, write

1
pe(h) =1p-ph) - =5 > > 1(ha=hi+h),
B ) eh nyer

and notice that the sum over hz is bounded by the maximum multiplicity of an element of E.
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Lemma 5.14 (van der Corput inequality, version 2). Let 0 < § < 1 and H,K € N satisfy H < %K. If

f:Z — C is a 1-bounded function satisfying

> 6, (5.16)

then

|

E E +h +h') >
h,h' €[+ H] z€[K] f(z )f(z ) -

and

Doum(h) E_f(2)f(z+h) >

" z€[K]

=]

Proof. We prove only the second inequality since the proof of the first is almost identical. Since K — |[K]N

(K] —h)| < |h| < H < £ K, we have

I R B
Soun(h) Y ffG+h) =Y puh) Y fEf(+h)| < LK
h z€[K] h z€[KIN([K]—h)
It then follows Lemma 5.13 and the assumption (5.16) that

— 2o

L) E h)> —— -——>—

Zhjm ) E J@IGCHN 2 | B JG) -7 =7
as desired. 0

5.3.3 Box norms

In this section, we summarize the theory of box norms on an arbitrary finitely generated abelian group

G} throughout, we write ) = )" Given h,h’ € G and a finitely supported function f : G — C, we

z€G”

define the (multiplicative) discrete derivatives Ap f(z) := f(2)f(z + h) and Ay, ., f(2) == f(z+h)f(z + 1)

Similarly, compositions of such discrete derivatives are given by

Apyopo f(@) = Dpy oA fz) = [ Cf(@+e b,

ec{0,1}

Al ooty F@) = Dl iy Dlaoy f@) = [T Cfe+ Q-0 hte-n),
e€{0,1}*
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where again Cz = Z for z € C. We will later also use the notation

/ L AS
Aalv"'vas;(ﬁ7ﬁl) T A(alhlvalh&)v--w(ashs,ash;)

for h,h' € G*. For finite multisets E,. .., E, C G, we define the boz norm of f along E1, ..., E, to be

1/2°
1ls,..... = (hhhl,laeEl~'~hs’,gg€EsZAzhl,hQ,__.,(hs,h; )f(w)> .

We can equivalently express this as

1/2°
g, e, = D me(h)np(he) A, n, f (@) (5.17)
I,hl,...,hs
after shifting « — = — b} — --- — A, and removing the extraneous averages over hf,...,h.. If a multiset E
repeats s times, we often write E* instead of listing it s times, and we also write || f[|y;. ) = I f]| 5., calling

it the degree-s Gowers norm of f along E.

For functions f, indexed by ¢ € {0,1}*, we also define the Gowers—Cauchy-Schwarz inner product (or

box inner product) along E1, ..., Es to be
s = E ... E lel 1 —¢)- B
((fe)ee0,134) Er ... B hi b €y hs,h;eESZ H C¥lfe(x+(1—€)-h+e-h)
z ec{0,1}*
= > pm(h)-pe(h) J] C¥fle+e-n).
z,h1,...,hs e€{0,1}s

The classical Gowers—Cauchy—Schwarz inequality® then states that

<(f£)§€{0,1}”>E1,...,Es < H HfEHEl,...,ES . (518)

e€{0,1}#
Box norms satisfy a number of well known properties, listed in the following lemma.

Lemma 5.15 (Properties of box norms). Let § > 0, let d,s € N, let G be a finitely generated abelian group,
and let Fy,...,Es C G be finite and nonempty multisets. Let f : G — C be 1-bounded and supported on a

finite nonempty set B. Then the following properties hold:

8Even though this result is usually stated only for sets, exactly the same proof works for multisets.
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~

. (Inductive formula) For any k € [s], we have

zsfk
!

25
||f||E1E = 1D I A(hl,h’l) ..... (hk,hjc)f’

*  hi,h\€BEi  hy,hL€E;

Ex+t1,..,Es

2. (Permutation invariance) For any permutation o : [s] — [s], we have

1lgy, . = 1,

3. (Monotonicity) If | supp(B — E5)| < C|B| for some C > 0, then
s—1 S
V5, 5, =8Bl = Ifll5, . 5 =0°IBI/C. (5.19)
4. (Enlarging the sets) If s > 2 and E; C G 1is a finite multiset satisfying E. > E; for eachi € {1,...,s},

then

s

mwwm»“s
<| =7 ’ x
iz, < ([t ) 6l
5. (Trimming the dimensions of boxes)? Let d. € [d;] fori € [s], and let
Ei = Z 61']' . [:l:HZ]] and Ell = Z ﬁij . [ﬂ:Hz]]
JEldi] jeldi]

for some B;; € G and H;j € No. Then

2S 25 s
15, 5, > 01Bl = Ifl%, 5 >0

B.
6. (Trimming the lengths of boxes) Let

E; = Z Bij - [£Hij] and E;= Z Bij - [ri; Hij)
J€ld] jeld]

for some B;; € G, k;; >0, and H;; € Ng. Then

2° 2° s s
W, e = 0Bl = lfl;, 5 >as 0% min(1,6% /k)**|B]

9 Although in this and the next property we have taken a single parameter d, setting some H;j;’s to be 0 lets us apply these
results to the case where different boxes F; have different dimensions.
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for k = max; j Kij.

7. (Passing to sub-arithmetic progressions) Suppose that

E; = Z Bij - [£Hij] and Ej= Z @585 - [£Hij/ 5]
JEld] JEld]

for some B;; € G and g5, Hi; € N satisfying qi; <a,s 52'§H1-j for alli,j. Then

2° 2°
Iflle, ...z, Z01Bl = fllg.... .z >as 0Bl

In applications, we will take G = ZP, B = [N]P, and E;, E! will be generalized arithmetic progressions

of bounded dimension (interpreted appropriately as multisets).
Proof. The first two properties are standard, and we omit the proofs. For the third property, we expand the
definition of [|f||p, g, _, and introduce an extra averaging over E; to obtain

251 _ ’
||fHE1,...,Es_1 o hl,hI'lEeEl o hs_l,h;IEGES_l ~ hSIEES A(h‘l’h/l)g‘..’(hsfhhé_l)f(x + hs).

The term f(z+h1+---+hg) in Azhl,h’l),---,(hsfl,h;,l)f(x + hs) vanishes unless ¢ + hy +---+hs_1 € B— Ej,
so we can introduce the indicator function 1p_g_ (x + hy + -+ 4+ hs—1) into the expression above without

altering its value. Applying the Cauchy—Schwarz inequality then gives

2B <|IfI% < E ... E 15 hi+ -+ he
|B|" < ||fHElE,1 = e hsflyh;_leEs—lzz: g, (x+hy+---+hs_1)
E E A’ / /
x e, hs,hgeEs; (ha b )ees(hasn) ()

o
<CIB|-flg,..5

and the claim follows.

For the fourth property, we write

2
2° 2 : l
= E e ]E E A / ’ X + h
1. hihi€E  haoy b, €E.y S |hi€E, (1 1) ) S s)
Using the assumption s > 2 and nonnegativity, we can extend the averages over F1,...,Es_jto E,..., E._;
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and upper-bound the previous expression by

2
<|E1|~-|E;_1|>. R
|Ey| - |Bs_1] hihi€E]  hey b €EL_ 4

We can replace average over Ey with an average over E! using the same maneuver.

2

\ IGEE Alh b seons(hor ot (@ + hs)

To prove the fifth property, we start with the case s = 1. Dropping the index i, we can write

9=, B, Flet 2 am ), E et X B

hl e[+ H;]: :
]je[d] jE[d] JG[d] Je[d]

Using the Cauchy-Schwarz inequality to double the variables (h;);c[a, we bound

Ifls<iBl-, E > B flo+ Z Bihj + Y Bjh;

h;€[+H,]: NASES: AR
jé[ed[/+1,lr]1} @ jjee[Ei/] i je[d'+1,d] jeld]
flz= Z Bihi + > Bil}
€ld/+1,d] JEld’]
Shifting x —x — > Bjh;, we can ignore the contribution of j € [d’ + 1, d] altogether, and we obtain
JEld’+1,d]

Iflz<1Bl->.  E o+ > Bihy | Fla+ Y gin | = 1Bl

h;,h'; H;
+ Vs ]G[i ] jeld jeld]

jeld’]

We now consider the case s > 1. The induction formula for box norms, the Cauchy—Schwarz inequality, and

the s =1 case give

2s+1

I A

A(hlv )» 7(hé 1,h s— 1 f’

11,

hi,h €Eq hs—1,h,_€EEs_1

IA

IBl- E .- E

AI ’ ’
iR €By  haoy by €,y || (o) (el

LR

Performing the same procedure with F,_; in place of F, gives

2s+2 g8+t

< [B*-If1g,

,,,,,,,,,,

Es_1, E/ < |B|3 Hf”El Es_o, E 1’E.,s7

/1,
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and continuing in this manner gives

S K

1B

45
IAlE,....5, < |B

from which the result promptly follows.

To prove the sixth property, we first set
B} = B [+ei;Hiy

for parameters €;; > 0 to be chosen later. As in the proof of the fifth property, we begin with the s =1 case

and drop the index i. Note that for every € > 0 and 1-bounded function g : Z — C, we have

E h)— E E h+h)| < 2e. 5.20
he[:I:H]g() he[:I:H]h’E[:I:sH]g( )| S 2 ( )

Hence we can approximate

x+ZﬁJ f x+Zﬁjhj

J€ld] J€ld]

£ ="

hj ke [iHJ
x
Je[d]

- Zhg,h E[iH] v Z th-lj E Flz+ Z Bi(h; +h3'/) + Oua(e|BJ),

je[d h;’e[iEjHj]: jem]

J€ld] J€ld]

where € := max; ¢;. By the Cauchy—Schwarz inequality in all variables except h;’ , we get

Iflz<1Bl->. | E. - fle+ D Bilhi+ k)

TRy el Hy: jeld) geld]

x4+ > Bi(hy + 1Y) | + Oale|BJ?).

J€ld]

Shifting the variable x +— x — Zje[d] Bjih; gives

Il <1Bl-32, B flat D 8h5 | Flat D 8k | +OulelB)

Y jed) j€ld] J€ld]

= |B| - | fIlz» + Oa(e|B).
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Iterating this argument for higher-degree norms as in the proof of (5) gives

45 s_ 2S s
15 < 1B 1150 gy + Oas(el B,

where € := max; ; €;5, S0

2° s
20Bl = |flpy...50 = (0" —Case)lB]

s -

.
1AW, .5

for some constant Cyq > 0. If the x;;’s are sufficiently small, namely, if s := max; ; k;; < (525/(2C’d’5), then
we apply the above bound directly with €;; = x;;. Otherwise, we first decrease the lengths of boxes, setting

g;; = min(6%" /(2Cy5), kij) for all 4, j, and then use (4) to enlarge the boxes from E to E!, which gives

2
98 s 98 s s
B> [ T 2 ) U0 e 6% -6 ) B,
i€ls], jeld Y
Combining these two cases yields the desired bound.
qg—1
For the last property, we first observe that for positive integers H, ¢, u, the sets [ H] and | (u+q-[H/q])
u=0

differ in at most 2¢ “boundary” elements. Hence, if (x;);cz is a 1-bounded sequence of complex numbers,

then

- E E
he[+H)] o u€[0,q—1] he[+H/q] Fant

2q ’ 1 1 3¢+1

SoH+1 T |2HF1 @Hjq +1)q P/ TS g

For the proof proper of the last property, we start with the case s = 1. Approximating each box 3;; - [£H,;]
by the union of boxes §;; - (uj + ¢; - [£H;/q¢;]) indexed by u; € [0, ¢; — 1] and applying the estimate above,

we get

2
[Faly> wy !, €[0.q5—1]: % hj,h;e[iHj/qj]:f Ed Bi(q;h; i)
jeld jeld sl

flaz+ > Bilgh +u}) | + Oale|Bl)
JE[d]
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for € := max;¢c[g E—JJ We pigeonhole in u;, u;. and apply the Cauchy—Schwarz inequality to get
2 2
10 <[\ £(-+ D Bw)|| | £(-+ D Biws)|| +OalelBI).

jeld] B jeld] B

The translation-invariance of box norms then gives || f ||2E, > (6 — O4(v/€))|B|. The statement for general s

follows inductively, using the inductive formula for box norms. O

5.4 PET induction scheme

In this section, we begin the study of the counting operators

Y. E_fox) filx+Pi(2)) - felx + Py(2)) (5.21)
x€ZP =€lK]
associated with families P = (P1y,...,Py) of essentially distinct polynomials in ZP[z] (where “essentially

distinct” means that all polynomials and their pairwise differences are nonconstant). For instance, in this

notation the configuration

(21,22), (1 + 22 + 2,22), (T1,72 + 2 + 2)

can be rewritten as x, x+e1 (22 +2),x+ex(22+2) and corresponds to the family P = {e; (22 +2), e2(22+2)}.

We present here the standard PET induction scheme which allows us to bound the counting operator
(5.21) by an average of box norms. These box norms can be seen as “local” in the sense that the differencing
parameters lie in intervals of length =< N/ where d = max; deg P;. This is the first step in showing
that multidimensional polynomial progressions are controlled by a single “global” box norm. Combining
arguments from [32,111], we obtain a precise description of the directions of the box norms; in particular,
we show that they come from the coefficients of the polynomials P; and their differences. We start with a
simple example in Section 5.4.1 that will motivate the argument in the general case. In Section 5.4.2, we
set up the formalism that we need for this purpose and derive various properties of the polynomial families
that appear in the PET induction scheme. We then assemble bits and pieces from Section 5.4.2 in order to
prove Proposition 5.23, the main result of this section.

The material in this subsection is not novel, and various parts of it can be found in previous works on

the subject (in [32,81,90,111], inter alia).

164



5.4.1 Example of PET

Consider the counting operator

Afo, fis f2) = Y B fo(x) fi(x+ Bi22” + Bu1z) fa(x + Ba22” + Bar2),

wez2 2€[K]

and suppose that

A(fo, f1, f2) > 6N?

for some 1-bounded functions fo, f1, f2 : Z> — C supported on [N]2. To avoid degenerate cases, we assume
that B12, 812 — Ba22 # 0, and that (B22,821) # (0,0).

Our goal in this section is to work out the PET argument for this specific example before delving into
it more abstractly. The goal of the PET argument is to pass from the counting operator for a polynomial
progression to an average of box norms of one of the functions in the configuration (say, f1). This is achieved
in a finite number of steps, in each of which we apply the Cauchy—Schwarz inequality (to remove terms that
do not depend on z), the van der Corput inequality (to double the variable z) and a change of variables (to
bring the progression into a form where some functions are independent of z). That this procedure ends in
finite time follows from the fact that at each step, we reduce the (appropriately measured) complexity, or
type, of the polynomial progression.

For this particular example, we will need three applications of the aforementioned procedure to reduce

the progression to an average of box norms of f;.
Step 1
We apply the Cauchy-Schwarz inequality in x; since fj is independent of z and has L?-norm at most N,

we can bound

2
> zeItEK] Fi(x 4 Br22? + Bu12) fa(x + Baaz? + Borz)| > 02N>,

X

For the Q(62N?) values of x € [N]? for which the absolute value above is at least §°N?/2, we then apply

the van der Corput inequality (Lemma 5.14) with H < 68K this has the effect of doubling z and gives

> pa(ha) ZEHE:K] fi(x+ Br2z® + Bui2) fr(x + Bra(z + h1)? + Bui(z + ha))

x,h1

fa(x+ B2z + B212) fo(x + Baz(z+ h1)? + Bai(z + h1)) > §2N.
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We now want to bring the configuration into a form where one copy of f; has an argument independent of z;
then this copy of f» can be removed at the subsequent step of the argument. Shifting x — x — B2222 + B212,

we obtain

Z pr (hy) ZEH%K] fi(x+ (Bi2 — B22)2” + (B11 — B21)z)

x,hl

fi(x + (Bi2 — B22)2? + (281201 + Bi1 — B21)z + Bi2h? + Bi1ha)

f2(x) f2(x + 2Ba2h1 2z + Bosh? + Barhy) > 6°N*.

This new progression (or, rather, family of progressions indexed by h;) may not look simpler than the
original one, but it is: Whereas the original progression involved two quadratic'® polynomials with distinct
leading coefficients 312, 822, the new progression involves two quadratic polynomials with the same leading
coefficient B15 — B22 (which is nonzero by assumption), as well as a linear polynomial. The decrease in
the number of quadratic polynomials with distinct leading coefficients is what makes this progression “less

complex” than the original one.
Step 2

Once again, we apply the Cauchy—Schwarz inequality in x, h;. This time, this has the effect of removing

one of the two instances of fs, giving

> un(h) ZGH%K] fi(x+ (Biz — B22)2* + (B — Ba1)2)

x,h1

fi(x + (Bi2 — B22)22 + (2B12h1 + Bi1 — B21)z + Bi2h? + Bi1ha)
2
fo(x 4 2Bo2h1 2 + Bosh? + Borhy)| > 6*N2

The van der Corput inequality (Lemma 5.14) then gives

Z prr (ha, o) ZGI%:K] fi(x+ (Biz — B22)2" + (Bi1 — B21)?)

x,h1,ho

fi(x+ (B2 — B22) (2 + h2)? + (Bi1 — B21)(2 + ha))
fi(x + (Bi2 — B22)22 + (281271 + Bi1 — B21)z + Bi2h? + Bi1ha)

fi(x+ (Bi2 — B22)(2 + h2)? + (2B12h1 + B11 — Ba1)(z + ha) + Bi2hi + Bi1hi)

Aogoahyhy f2(X 4 2B22h1 2 + Baoh? + Barhy) > §* N2

10in 2 (the degree of a polynomial in this section always refers to the degree in z)
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We want to make the remaining instances of fo independent of z. To this end we shift'! x — x — 2B29h12,

which gives

Z prr(hy, ha) ZGIE‘[TQK] fi(x+ (B2 — B22)2® + (=2B2h1 + Bi1 — B21)%)

x,h1,h2

fi(x+ (Br2 — B22)(z + h2)? + (—2B22h1 + B11 — B21)z + ay(hi, ha))
fi(x+ (B2 — B22)2% + (2(B12 — B22)h1 + B11 — B21)z + az(hq, ha))
fix+ (Biz — Ba2) (2 + h2)2 + (2(Bi2 — B2az2)h1 + Bi1 — Ba1)z + az(hi, he))

AgﬁzzhthfQ(X + a4(h17 hQ)) > §AN?

for some polynomials a; in Ry, ho, the exact form of which is irrelevant for us. Even though the configuration
has increased in length (this is an unfortunate aspect of the PET argument), it has become less complex in
the sense that all of the quadratic polynomials now have the same leading coefficient, and there is no linear
polynomial left (as contrasted with the previous step, where we still had one polynomial linear in z). We

are ready for the last step, in which we will remove f5 altogether.
Step 3

Proceeding as before, we apply the Cauchy—Schwarz inequality in x, h, hs to get

Z prr(hy, ha) ZGH‘EZK] fi(x+ (Bi2 — B22)z* + (—2Ba2hy + Bi1 — B21)z)

x,h1,h2

fi(x+ (Br2 — B22)(z + h2)? + (—2B22h1 + B11 — B21)z + ay(hi, ha))

fi(x+ (B2 — B22)2% + (2(B12 — Ba22)h1 + P11 — B21)z + az(hq, ha))

2
fi(x+ (B2 — B22)(z + ha)?* + (2(Br12 — Ba2)h1 + Br1 — Ba1)z + az(hi, ha))| > °N2.

An application of Lemma 5.14 then gives

> pm(ha,ho,ha) ZGHE:K} fi(x+ (Brz — Bo2)2? + (=22l + Bu1 — B21)2)
b1z, h

fi(x + (B12 — B22) (2 + h3)? + (—=2B22h1 + P11 — B21) (2 + h3))
fi(x + (Br2 — B22)(z + h2)? + (—2B22h1 + B11 — B21)z + ay(h1, ha))

J1(x 4 (B2 — B22) (2 + ha + h3)2 + (—2B22h1 + Bi1 — B21)(2 + h3) + ai(hi, he))

111f Bap = 0, then this term can be removed before applying the Cauchy—Schwarz inequality, and we can proceed directly to
the change of variables performed in Step 3 below.

167



fi(x+ (Br2 — B22)2? + (2(B12 — B22)h1 + Bi1 — Bo1)z + az(hi, hy))
fi(x+ (B2 — B22)(z + h3)® + (2(B12 — Ba2)h1 + Bi1 — Ba1)(z + h3) + az(hy, ha))
Ji(x+ (Bi2 — B22) (2 + h2)2 + (2(B12 — B22)h1 + Bi1 — B21)z + az(hy, ha))

fi(x+ (Br2 — B22)(z + ha + h3)? + (2(Bi2 — Ba2)h1 + Bi1 — B21)(z + h3) + az(hi, ha))

> 08N2.

Shifting

x X — (B12 — Ba2)2” — (—2B22h1 + Bi1 — Ba1)z,

we end up with

> pm(ha, b, ha) e]%K] J1(x) fi(x+2(B12 — Ba2)hsz + ai(hy, he, hs))
X,h17h2,h3 i

f1(x 4+ 2(B12 — Ba2)haz + ag(h, ha, h3)) f1(x + 2(B12 — B22)(ha + h3)z + az(hy, ha, h3))

f1(x 4 2B12h12 + ag(hi, he, ha)) f1(x + (2(B12 — Ba22)hs + 2B12h1)z + a5(hy, ha, hs))

fi(x+ (2(Bi2 — Ba22)ha + 2B12h1)z + ag(hy, ha, h3))

fi(x+ (2(B12 — B22)(ha + ha) + 2B12h1)z + az(hi, ha, hs)) > §°N2.

for some polynomials a; in k1, ko, h3. The important point about this new expression is that it is an average,

indexed by (h1, he, h3), of counting operators for the 8-point linear (in z) configurations

X, X+ 2(B12 — Ba2)haz, X+ 2(B12 — Baz)hez, X+ 2(B12 — B22)(ha + h3)z,
X+ 2B12h1z, X+ (2(B12 — B22)hs + 2B12h1)z, x4+ (2(B12 — Ba2)he + 2812012,

X + (2(B12 — Ba2)(ha + h3) + 2B12h1)%;

as such, each of these configurations can be controlled individually by a certain degree-7 box norm as
in Lemma 5.19 below, using Gowers’ original argument for controlling arithmetic progressions by Gowers
norms [42,43]. Gowers’ argument, which we abstain from showing here, consists of 7 more applications of

the Cauchy—Schwarz and van der Corput Inequalities, together with changes of variables, and its output is
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the norm-control

27 ol0 2
> g (b ho, hs) | fll3(81—Ba)ho- [0, 2(Bra—Bas)ha-(oar), > 62 N
hi,h2,h3 2(B12—PB22)(ha+th3)-[£M], 2B12h1-[=M],
(2(B12—PBa22)h3+2B12h1)-[£M],
(2(B12—B22)h2+2B12h1)-[£M],
(2(B12—P22)(ha+h3)+2B12h1)-[£M]

for any M < §2"K. The important points about this average of box norms are that the directions

2(Bi2 — B22)hs, 2(Br2 — Baz)ha, 2(Bi2 — B22)(ha + h3),
2B12h1, 2(Bi2 — Baz)hs + 281201, 2(B12 — Ba2)he + 2B12hk1,

2(Bi2 — B22)(ha + h3) + 2B12h1

in the average of box norms above depend only on the leading coefficients of the polynomials Py, P, — Ps,
and that they are linear polynomials in hq, ho, hg (for a general polynomial family P, the directions will be
multilinear polynomials in h; of degree one smaller than the degree of P). Understanding these directions

for a general polynomial family is an important (even if tedious) task, on which we embark now.

5.4.2 Setting up the induction scheme

In order to carry out the PET argument in general, we first need to set up some notation that allows us to
talk about general multidimensional polynomial progressions. Let d, D, ¢, r,s € N, and let h := (hy,..., h;)

be a tuple of length r. All of the polynomial families that we shall consider will take the following form.

Definition 5.16 (Normal polynomial family). Let Q = (Qg, ..., Q,) be a family of polynomials in Z"[z, h]
of degree at most d. We call Q normal if the polynomials Qq,...,Q, are nonzero and distinct, Q; has
highest degree (with respect to the variable z), and Q;(0,h),...,Q,(0,h) are the zero polynomial for all
heZ .

Let P = (Py,...,Py) be a normal family of polynomials in Z”[z] of degree at most d. Without loss of
generality, we can assume that degP; = d. We denote the coefficients of the polynomials P; by P;(z) =
Zle B;iz", and we also set Py := 0 and Bp; := 0. During the PET argument, we will subject P to an

iterated application of the following operation.

Definition 5.17 (van der Corput operation). Let Q = (Qg,...,Q,) be a normal family of polynomials in

ZP[n, h]. Given m € [s], we define the new polynomial family

Om Q ::(Jhr+1Q1 - Qma veey Uhr+1QS - va Ql - va ceey Qs - Qm)*v
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where 0, Q(2,h) := Q(2+ hy41,h) — Q(hy41,h) and the * operation removes all zero polynomials and all

but the first copy of each polynomial that appears multiple times.

We refer to the operation Q — 9,,Q as a van der Corput operation on Q since the new family 9, Q will
arise from @ via an application of the van der Corput inequality. It is through this operation that we obtain
a new polynomial family from ©Q at each step of the PET induction scheme.

The following lemma shows how we can use the Cauchy—-Schwarz and van der Corput Inequalities, together

with changes of variables, to pass from the family Q to the family 9,,Q at each step of PET.

Lemma 5.18. Let d,D,m,¢,r,s € N, and let Q@ = {Q,,..., Q,} be a normal family of polynomials in
ZP[z,h) of degree at most d. Suppose that deg Q, > 1. Let § > 0 and H, K, N € N be parameters satisfying
H< %K. Then for any 1-bounded functions fo, ..., fo : ZP — C supported on [N|P and any h € Z*, the

lower bound

> B fo®x)fix+ Qi(2,h) - fa(x+ Qy(2,h))| = NP
€

x€ZP 2€[K]
implies that

2

Sl 3 B T] falet Qadihea)) = N7

J x€ZP Q€0mQ
for some 1-bounded functions fg : Z — C with fa}"7‘+1 Q,-q, = [1.

The property ff')h,,,HQer = f1 is crucial for letting us keep track of the function f; over the course of

the PET procedure.

Proof. First, we make the important observation that all the polynomials

Ohyy1 Q2 - Qma cey Uhr+1Qs - Qm? Ql - Qm7 RN Qs - Qm (522)

are distinct from oy, , Q) — Q,, since all of the polynomials in Q are distinct from Q;. In making this
deduction, we crucially use the assumption that Q; is nonlinear in z, since otherwise Q; —Q,,, and o, , Q; —
Q,,, would be the same (note that the o operation removes terms independent of z, so were Q; linear, it
would remove entirely the shift by h,.;1). Consequently, when we apply the * operation, we do not delete

any polynomial from (5.22) on account of its agreeing with o3,.,Q; — Q,,,. The conclusion of the lemma

m-*

then follows from an application of the Cauchy—Schwarz and van der Corput Inequalities, together with the

change of variables x - x — Q,,,(2) — Q; (hr+1, 1), which ensures that fs, . q,-q, = /1. O
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We deal with the linear case differently.

Lemma 5.19. Let £,D € N, and let a1,...,0p € ZP be nonzero vectors with ag = 0. Let § > 0 and
K,M,N € N be parameters with M <, §°*“MK. Then for any 1-bounded functions fo,...,fo: Z° — C

supported on [N]P, the lower bound

> B S0 [I fix+ayz) 2 6N7
x€ZP

J€le]

implies that

52
/ D
mmeﬂ%:tM]@ Z Aaj—a07..-7aj—aj—l7aj_a]"Fla“waj_aé;(M7m,)‘fj(X) Z 42’57—1N
- xeZb
for each j €10, 4].
Proof. Since the hypothesis of the lemma is invariant under permutations of the functions fi,..., fe, it

suffices to consider the case j = 1. We proceed by induction on £. Applying the Cauchy—Schwarz and van

der Corput Inequalities, we get

2

)
E E Al oo fi(xFajz) > —NP.
m1mﬁ€[twﬂx2%;zeﬁq;££] (ayma,a;mi) ]( J ) 4

After translating x — x — a2z, we obtain the result immediately in the case £ = 1, and for £ > 1 we invoke

the case ¢ — 1 after observing that
(a1 —ay) — (o —ay) = a1 — .

O

Our next goal is to describe the properties of P that are preserved by the van der Corput operation. Let

Q=(Qy,---,Q,) be a normal family of polynomials in Z"[z, b, and write

d
Q,(zh) = Zm(@z" (5.23)

for some 7y;; € Z[h]. In other words, the =;;’s are the coefficients of Q; as a polynomial in z, and they are

themselves polynomials in h. For j,j' € [0, s], also define

djjr = max{i € [d] - vji(h) # vyri(R)}
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to be the degree of Q; — Q;, as a polynomial in z, where we set Q, := 0 and ~o; := 0 for all i € Ny. We
want to show that if Q is a family obtained from P at some stage of the PET induction scheme, then the

polynomials ~;; preserve several useful properties.

Definition 5.20 (Descendent family of polynomials). A normal family Q@ = (Qq, ..., Q,) of polynomials in

ZP [z, h] descends from P if for each j € [s], the polynomials «;; in (5.23) can be expressed as!?

R e T "
vilh) = < o )(ﬂw,.uwm) = Buy(ul+i) )" (5.24)
weny, TyoooyUp
lu|<d—i
for some indices wy, w;y, € {0, ..., ¢} satisfying the following properties:

1. (Coefficients of Q) wy, = 1 for all u.

2. (Multilinearity) For each j, the polynomial ~yi4,, — 7;4,, (the leading coefficient of Q; — Q; as a

polynomial in z) is multilinear in h.

3. (Leading coefficients) For each j and u, the vector B1(ju|+d,,) = Buw,. (lu/+d.,) 15 nonzero only if it is the

leading coefficient of P; — Py, .

The rationale behind recording the particular properties listed in Definition 5.20 is as follows. The
normality of the family ensures that the progression does not become degenerate' and that the polynomial
with index 1 continues to have the highest degree (which is essential for the function originally evaluated at
x+P1(2) not to disappear at an intermediate step of PET). The general form of the polynomials v;; ensures
that the coefficients of the Q;’s and their pairwise differences are bounded multiples of the coefficients of the
P;’s and their differences. The property (1) guarantees that we do not lose information about the coefficients
of Py while carrying out PET. The multilinearity of the polynomials 14, —vja,, given in (2) will be crucial
in our concatenation argument since, as we show in Section 5.7, bounding the number of solutions to systems
of multilinear equations is much simpler than obtaining bounds for general systems of polynomial equations.
Lastly, property (3) ensures that the coefficients of v14,; — 7j4,, come from only the leading coefficients of
P,,P, —P,,...,P; — Py, and so the end product of PET will not depend on the lower-degree coefficients.

We note several consequences of Definition 5.20:

12The multinomial coefficient

(u1+~~~+ur+i): (ur + - +upr +1)!

ULy oy Up wup! e up! !

is the coefficient of h%2® = RY! -+ A" 2% in (2 + hy + - - - + hy)iT¥r T Fur,

13A degenerate family would be one in which the difference of some two polynomials is independent of z; such a family is
“bad” because successive applications of the Cauchy—Schwarz and van der Corput Inequalities would not allow us to separate
the functions corresponding to these polynomials.
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1. If Q descends from P, then the formulas (5.23) and (5.24) jointly ensure that the polynomials in Q

cannot have their total degree in z, hy, ..., h, greater than d.

2. P descends from itself: Since r = 0, the only choice of u is 0, and one can set w;p = j and wy = 0 for

each j € [4].

3. The multilinearity in (2) tells us that only u’s in {0,1}" can contribute to v14,; — ¥ja,,, so the multi-

nomial coefficients simplify and we have

(Ju| + dyy)! "
Y, (B) = Yjay, () = D ot Buuirar) ~ Busu(ulrar) )
26{0)1}T> J
|u|<d—dy;
4. As a special case of (3), if the leading coefficient of P, differs from the leading coeflicients of P, ..., Py,

then for each j, the polynomial v14,,; —7;q,, is a multilinear, homogeneous polynomial of degree d—d;,

and the expression for the polynomials v14,;, — ¥;jq4,; further simplifies to

d! w
Y, () = Yjay, () = D7 =+ (Bra — Bu,,a)h™
ue{o.}7,
|u|=d—d;
5. If the leading coefficient of P; is the same as the leading coeflicient of some P; for 2 < j </, then the
polynomial y14,; —7ja,, ceases to be homogeneous and of degree d—dy;; for instance, if P = {2242, 2%},

then 9P = {(2h+1)z,2hz, 2z} descends from P, but 2h+1 fails to be homogeneous and the polynomial
1 has degree 0 < 1 =d — dys.

The descendent family obtained during the van der Corput operation admits more properties: For in-
stance, the coefficients wj,, w, can be shown to satisfy w;, = wj, and w, = w, whenever supp(u) =
supp(u’) (here, supp(u) := {i € [r] : w; > 0}; this property has been observed in [34, Definition 5.5 (P3)]
and used in this paper in the proof of [34, Proposition 5.7]). However, the use of this observation has been
superseded in our work by the use of property (2) from Definition 5.20; this property previously appeared
implicitly in [81,111].

The following lemma ascertains that the van der Corput operation preserves the abovementioned prop-

erties inherited by Q from P by virtue of descending from P.

Proposition 5.21. Letd, D, /¢, r,5s € N, and let P = (P4, ..., Py) be a normal family of polynomials in 7.7 2]
with coefficients given by Pj(z) = Z?:1 Bjiz'. Suppose that the family Q = (Qy, ..., Q,) of polynomials
in ZP[z,h] descends from P. Then the family 0,,Q also descends from P for each m € [s] for which

Oh,ir Q1 — Q,, has the highest degree (as a polynomial in z) among the elements of O, Q.
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Proof. We first note that the family 0,,Q is normal: The application of the * operation ensures that the
polynomials of the family are nonzero and distinct, and the assumption in the proposition ensures that the
first polynomial in the family has the highest degree (in z).

We now check that 0,,Q satisfies the three properties of a descendent family. Since Q is a descendent
family, the polynomials Q; satisfy the formulas (5.23) and (5.24) for some indices wjy, w, with wy, = 1.

Using the binomial theorem, we can expand

d .
U+ ur+1 u i
Qi(z+hr) =) > < ' ) (Buju(lul+) — Buy (jul+i)) (2 + hri1)

i=0 w€Np, L » T
ul<d—i
d . i .
uy + - i . N i
=> > < (Buwju(lul+i) = By (lul+i)) B s
— . Uy ooy Up —
i=0 weND, 1=0
|u|<d—i

Changing the order of summation of ¢ and [, setting u, 1 := ¢ — [, and using the identity

(u1+~--+ur+1+l> _ (m+---+ur+ur+1+l)<ur+1+l>

ULy v ey Upg1 ULy evny Uy l

we obtain

d
Qj(z+hr+1)zzzl Z (u1+"'+ur+1+l>

ULy oo Upt1
=0 (Evu'r‘+1)6NS+lv
|| +up g1 <d—1

Upr41

(B (ulurs 1+ — By (ul+ui+0) 2

Hence

d
Qj(z+hr+1)*Qm(z):Zzl Z <u1+-..+ur+1+l>
NG+

ULy ooy Upy1
=0 (w,urt1)€ ’ o
|+ 1 <d—1

wyp Uril
(/ij(ﬂxur-}—l)(|E‘+UT+1+1) _ﬂw(ﬂ,u7~+1)(‘y|+u’r+1+l))h hr+1 ’ (5'25)
where we set wj(y,u,,,) = Wjy and

Wy, Upy1 > 0,
w(£>ur+1) =
Wy, Ur41 = 0.

In particular, we have w1 (y,4,,,) = Wi, = 1 by the induction hypothesis, and so 0,,Q satisfies property (1).
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To show properties (2) and (3), we need to compare oy, ., Q,(z, h) — Q,,(2, h) with other polynomials in
Om Q and examine the leading coefficients of these differences (as polynomials in z). There are three cases

to investigate. First, we check (2) and (3) for differences of the form

(Uhr+1 Ql (Z7h) - Qm(z’ﬁ)) - (O-hr+1Qj(zvh) - Qm(zaﬁ))

= Z(’yldlj (ﬁ) — Yjdy; (h))(z + hT’Jrl) (Ql( r+1 ) Qj(hTJrl?h))ﬂ (526)
i=1

where the terms Q,,,(z, k) cancel out. The leading coefficient of this expression (interpreted as a polynomial in
2) i Y1dy; (B) =¥jd,, (1), the same as the leading coefficient of the polynomial Q; —Q,,,, and this is multilinear
by assumption. For (3), we need to show that the nonzero vectors Bi(lu|+upi1+diy) — ﬂwj(u wpery ([ul+urg1+da))
are leading coeficients of the polynomials Py — P, (wririn)” If w,41 = 0, then this follows immediately from

the formula

ﬁl(\y|+ur+1+d1j) - /Bwj(g,uT+1)(‘ﬂ|+ur+1+dlj) = gl(\ﬂl-’-dlj) - me(\ﬂl-’-dlj)

and the assumption on Q, while if u,y; = 1, then

'61(\2|+uv~+1+d1j) - ﬁwj@,u,,,ﬂ>(\ﬂ|+ur+1+d1j) = ﬁ1(|2\+d1j+1) - ﬁwm(lﬂ\"t‘dlﬁ-l) =0

because the leading coefficient 14, (h) — 7¥jq,, (h) is independent of h. 4.

Second, we let dy denote the degree of Q; in z and expand

(Jh7~+1 Q1(27h) - Qm(Z,ﬁ)) - (Ql(z>h) - Qm(27h)) (5'27)

di
= Z’Yu(h)((z + hr+1)i -z ) Qi (hry1,h)

dy i—1
P IRICIHTES

i=1 [=1

di—1
SR SRR
= i=l+1
the leading coefficient here is dy 41714, (), corresponding to I = dy — 1,7 = dy. The polynomial 4, (h)
is the leading coefficient of Qq, so it is multilinear by assumption, and hence djh, 1714, (h) is multilinear
as well. Thus (2) holds. To show property (3), we first observe that the coefficient of h* in ~14,(h) is

(Iﬂst,dl)! (Bi(lul+di) — Buw, (jul+dy)) (where we use implicitly property (1)). Therefore, the coefficient of h*h, 1
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in dihy 1714, (R) is

(Jul 4 dp)!
m(ﬁumwl) — Buy(ul+d1))

(|(u, 1)| + (dy — 1))!
= GoDr Prdenit@-1) = Bewyeni+@-1)

By the induction hypothesis, if B1(ju|+d;) —Buw, (ju|+d,) 1S nonzero, then it is the leading coefficient of P1 —P,,,,

and hence

Bi(i(w, )+ (d1-1)) ~ B 1) (1w, )l+(di~1) = B1(lul+dr) — Buwy (lul+dr)

is also nonzero and the leading coefficient of P; — P =P; —Py,.

W(u,1)

It remains to consider

(@h,41 Qu(2,h) = Q,(2,h)) = (Q;(2,h) — Q,,(2, b))

for j # 1; we split this case into two subcases. If 714, (h) # 7,4, (h), then the leading coefficient equals

Yidy,; (B) = Yjdi; (B) = Y14, (R) — ¥ja, (h). This is the leading coefficient of Q; — Q;, so it is multilinear by
assumption, and property (3) holds for the same reason as it held for (5.26).

Otherwise, 14, (B) = vjq, (R), in which case the leading coefficient equals

diher171d, (B) + Y10a,-1)(B) — Vi, —1) (R), (5.28)
where

Vidy; (B) = Yjar; (B), i dij =di — 1,
Yi(dr—1)(B) = Vj(a, -1y (h) = ’
0, if dlj <d; —1.

The term dy by 1714, (R) is multilinear by the same argument as in the previous case. The term (g, —1)(h) —

Yj(dy—1)(R) is trivially multilinear when d;; < d; — 1, and its multilinearity follows from the assumption on

Q when dy; = d; — 1 (since then it is the leading coefficient of Q; — Q;). Hence (5.28) is multilinear as well.

It remains only to prove property (3) in this very last case, namely, to show that if the coefficient of the
Upy1

monomial A*h, " in (5.28) is nonzero, then it is an appropriate scalar multiple of the leading coefficient of

the polynomial P; — P =P, —Py,,. f u.y1 =1, then the coefficient of hﬂhfﬁl in (5.28) is the

Wi (wyupy1)

same as in dyh, 17914, (R), and the claim follows by the same reasoning as in the case of (5.27). Otherwise,
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ty41 = 0, and the coefficient h*h, " in (5.28) comes fully from ~14,, (h) —vjay, (). The result then follows

by the same argument as one used to prove property (3) for (5.26). O

The next result ensures that we reach a family of linear polynomials after a bounded number of van der

Corput operations; this fact is the foundation of all PET induction schemes.

Proposition 5.22. Let d, D,r,s € N, let P be a normal family of polynomials in ZP[z] of degree at most
d, and let Q be a normal family of polynomials in ZP [z, h] of length s that descends from P. There exist a
nonnegative integer v’ = Og4 4(1) and positive integers mq, ..., my such that the family Q; := Oy, - - - O, Q

descends from P for each i € [r'] and, moreover, the elements of Q,  are linear in z.
We remark that r’ is independent of the dimension D of the underlying space.

Proof. Let Q:= (Qq,...,Q,). As usual, we expand each Q; as in (5.23) and say that its leading coefficient is
vji € ZP[h] for the largest i € [d] with «;; # 0. Let d’ be the maximum degree of Qj,...,Q; as a polynomial
in z; since Q descends from P and is normal, necessarily 1 < d’ < d. For [ € [d'], let w; denote the number
of distinct leading coeflicients of the degree-l polynomials in Q. We then define w = (w1, ..., wa ) to be the
type of Q, and we order the types colexicographically.'*

Since the family Q is normal and has positive length, we have w > (0,...,0); let I be the smallest index
for which w; # 0. We define a parameter m; as follows. If I < d’, then we choose an arbitrary m; € [s] with
degQ,,, =[. If I = d’ (i.e., all of the polynomials in Q have degree d’ as polynomials in z) and wg > 1, then
we choose an arbitrary m; € [s] such that Q,, and Q, have different leading coefficients. Finally, if [ = d’
and wgy = 1 (i.e., all of the polynomials have the same leading term), then we choose m; = 1. A standard

calculation shows that in each case the new family Q; = 0,,, Q has type

w' = (wh,. . w_,w — Lw, . we) < w,
for some 0 < wi,...,w;_; < 2s, and the polynomial 0,Q; — Q,,, has the maximum degree among the
polynomials in Q7. It follows from Proposition 5.21 that Q; descends from P.

We now iterate this algorithm. Since each decreasing sequence of types w® > w' > w? > --- with w® = w
eventually reaches a type w” = (w] ,0,...,0) for some r’ = Og 4(1) = Ogs(1) and w] = O (1) = Og (1),

the algorithm terminates after Og4 (1) steps, and we obtain the conclusion of the proposition. O

We remark that in the existing literature, the type of a polynomial family is often expressed as a matrix

rather than a (row) vector, with different coordinates in Z” giving rise to different rows in the matrix (see

14That is, we have w > w’ if w; > w] for the largest | with w; # w).
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e.g. [9,25,34]). This bookkeeping is excessive, however; as the above proof illustrates, the type-reduction
proceeds in the same way regardless of D, and the number of steps does not depend on D. The argument is
even more robust: The number of steps would in fact be the same if we considered polynomial families over
any integral domains with characteristic either equal to 0 or sufficiently large in terms of the degrees of the
polynomials and the order of their coefficients.'®

In the example discussed in Section 5.4.1, the original family has type (0,2) (or (1,1) if B2 = 0; we
ignore this case for now). The new families obtained in steps 1, 2, and 3 have types (1,1), (0,1) and (7,0)

(respectively).

5.4.3 Bounds by averages of box seminorms

Having presented the PET induction scheme in detail, we are ready now to show that the counting operator
(5.21) is controlled by an average of box norms whose directions can be described in terms of the coefficients of
the polynomials appearing in the multidimensional polynomial progression and the coefficients of differences

of these polynomials. We no longer assume that P; has the highest degree among Pq,..., Py.

Proposition 5.23 (PET bound for polynomials). Let d,¢ € N. There exist positive integers r,s = Oq ¢(1)
such that the following holds. Let 6 > 0 and D,H,K,M,N,e N satisfy H M <qp. §Cue MK Let
Py,...,P, € ZP[z] be essentially distinct polynomials with degrees at most d and coefficients Pj(z) =

Zj:o Bjizt. Then for any 1-bounded functions fo, ..., fo: ZP — C, the lower bound

Yo E fox)- filx+ Pi(2) - fe(x + Po(2))| = 6N

€[K]

implies that

2° Oa,e(1) n7D
neteme Ml e, ..o u-1ea) >a.p.e 674N,

where Cy, ..., Cs € ZP[h] are nonzero multilinear polynomials depending only on Py,. .., Py, and they take
the form
Ci(h) = > (Jul+ D! (Baqui1) = Buyy (u+1) B (5.29)
ue{0,1}7,
lu|<d—1

151n the small-characteristic case, there may be additional degeneracies. For instance, a term 832% may reduce eventually to
a term Bgdz® 1h, and if the underlying ring has characteristic dividing Bqd, then this term vanishes, which requires a more
refined treatment. Other complications arise if the underlying ring has zero divisors. See [8] for an example of a PET argument
dealing with the latter issue.
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for some indices wj, € [0,£] (with By(jy+1) := 0). Moreover, each nonzero vector Bi(juj+1) — B, (Jul+1)

from (5.29) is the leading coefficient of Py — Py, .

We typically apply Proposition 5.23 with K =4 (N/V)Y4 for V := max; ; |B3;:], as this provides the
maximum possible range for which P;(z) € [£=N]P for all j € [¢] and 2 € [K]. Since we do not place any
special assumptions on Py, the role of f; in the conclusion can be replaced by any of the functions fy,..., fs
(with an appropriate modification of the formulas for (5.29)). For fs,..., f, this is obvious by symmetry,
whereas for fy this follows after shifting x — x — P, for some arbitrary m € [¢] and observing (as in the

proof of Proposition 5.23 below) that the resulting collections of polynomials (5.30) are identical.

Proof. We will proceed under the assumption that P; has the largest degree among the P;’s; at the end we
will describe the necessary modifications in the general case.
Proposition 5.22 provides r = Og,(1) and mq,...,m, € N such the families Q; = O, - O, P all

descend from P and Q, is linear in z. Let
bi(h)z,...,bs(h)z

be the elements of Q,.. Since the van der Corput operation at most doubles the length of a polynomial
family, we have s := |Q,| < 2"|P| <4, 1. Applying Lemma 5.18 inductively to each of Qy,..., Qr_1 (with
Qo :=P), we deduce that

> nu(h) Y o fox) - T £i(x+b;(h)2) >a4.p 69 INP.
j=1

hezr x€7b

The power of § depends only on the number of iterations of Lemma 5.18; in particular, it is independent of
D.
Since the family Q, descends from P, the polynomials bq,..., by are all distinct. Lemma 5.19 then

implies that

> un(h) e Y DG W) s f1(X) Fa,pe 87 IND,
hezr - x€ZP

_2m,20]" (h)

where Cy, ..., Cy are the polynomials by,b; —bg, ..., by —bg. Since ug(h) < I AH+1)7 pointwise and the
inner average is nonnegative (by virtue of being an average of box norms), the inequality in the conclusion
of the proposition follows after we replace H with H/2.

That the polynomials Cy, ..., C, are nonzero is a consequence of the distinctness of by, ..., by, which in
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turn is a consequence of the tuple @, being normal. The form of Cy,...,C; is then a consequence of the
properties (1)-(3) from Definition 5.20.
We now address the case where P does not have the largest degree. Then some other P,,, has the largest

degree, and we can translate x — x — P,,,(2) so that

> E b0 et Pi(z) - filx + Py(2)
PRI

= E fo(x—=Pn(2))- I[ £ix+P;(z) = Pu(2)).
wezp “€K] jeld

We set

so that Py has the largest degree among the f’j’s and we can apply the argument above (after exchanging

fo and f,,). The desired result now follows from the observation that
{(P,P, —P;:jc (2,0} and {P,,P;—P,:jc[2/} (5.30)

are identical as sets and hence these families of polynomials have the same leading coefficients. O

5.5 Model example: concatenation of degree-1 box norms

To illustrate some of the ideas that go into the proof of Theorem 5.10, we start with a model concatenation

result for averages of degree-1 box norms.

Proposition 5.24. Let d,D,r € N with d <r. Let 6 > 0 and H, M, N € N satisfy
69W «p,  H<M and H'M <N, (5.31)

and let C(h) = > ~uh* € ZP[hy, ..., k] be a multilinear polynomial of degree d with coefficients of size
ue{0,1}7
O(1). Then for all 1-bounded functions f : ZP — C supported on [N]P, the bound

2 D
EE[IEH],,_ 1 ). ear = ON (5.32)
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implies that
1 lfenio, 5 >0, SO OND,
where

E= > - [xH"M] (5.33)

ue{0,1}"
We observe that the multiset I is a generalized arithmetic progression spanned by the coeflicients «,,
and that the length of the interval corresponding to the coefficient ~,, is of the same order of magnitude as
the maximum value of the monomial h*m. Moreover, if 7, = 0, i.c., the monomial h* does not appear in

the polynomial C, then the corresponding term does not contribute to the set E.

Example 5.25. To illustrate the content of Proposition 5.24 with a specific example, we consider the
polynomial

C(h1, h2) = ethihy + eahy = (h1ha, hy),

where D =2, H = M = N'/3; for simplicity, we take N to be a perfect cube. Proposition 5.24 tells us that

if

2
Z hh}LQeIEtNl/?’] W1/3 (m)f(acl, aig)f<$1 + hihom,zo + hlm) > 6N~-,

T1,22,M

or equivalently

Y Epnia(m)f(x)f(x+ (e1hihy + exhi)m) > 6N,
he[+N1/3]2

x,m =

then

E Al , > §OW N2,
" nl)nlle[iN]z ng,née[iN]X[i]\/Q/g] (n17n1)7 (Dz,ﬂg)f(x)

Writing ny = (n21,n22) and n = (nhy, nby), we see that the variables nap,n5; correspond to the monomial
hihs (equivalently, to the coefficient u = (1,1)) and hence run along the coefficient e; of hihs in C; the
variables mag, nhy correspond to the monomial hy (equivalently, to u = (1,0)) and therefore run along the

coefficient es of hq in C.

In applications, we usually want to discard the directions that correspond to lower-degree terms in the
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original polynomial, such as the direction e; corresponding to the index (1,0) in the example above. We

accomplish this using Lemma 5.15, and obtain the following streamlined version of Proposition 5.24.

Corollary 5.26. Let d,D,r € N with d < r. Let N € N and § > 0 satisfy N >p, 6~ 1 and let

Ch)= Y ~uh"€ZP[h,...,h] be a multilinear polynomial of degree d with coefficients of size O(1).
ue{0,1}"

Then for all 1-bounded functions f : ZP — C supported on [N]?, the lower bound

2 D
ﬁe[iN]F/(d+1)]r Hf”C(ﬁ)'[iNl/(dH)] > 0N

implies that
4
”fH('yl-[:I:N])? >Dor 50-(1) D

for each u € {0,1}" with |u| = d and v, # 0.

Proof. Proposition 5.24 applied with H = M = N'/(4+1) gives
4
”f”[iN]D,E >D,r 50T(1)ND,

where E is as in (5.33). Since the coefficients v, have size O(1), we can find vectors vi,..., vy € ZP (with

k < D) of size O(1) such that the set

{Tu: ue{0,1}", ju| =d, v, #0YU{vy,...,vi}

generates a subgroup in Z” of index O(1). Hence there exists a positive integer such that
k

C-EN/CIPC S 4y [EON]+ v, - [£ON],

u€{0,1}", i=1
lu|=d

and so by successively applying properties (7), (4), (5) and (6) of Lemma 5.15, we get
| £, D, 67 ONP

for

F- Y [Nl
26{071}7‘7
lul=d
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To conclude from here, we pick a single u and apply Lemma 5.15(5). O

Corollary 5.26 allows us to upgrade the conclusion of Example 5.25 to

O
Z 1,1 Q]E LE[EN] AE"1617"361)7 (7L2e1,7L'2e1)f(x) >0 Nz,
o MLTn2,ng

5.5.1 Sketch of the proof of Proposition 5.24

We now outline the proof of Proposition 5.24 in order to present the logic behind our concatenation argument
in a relatively simple setting. This is an expanded version of the overview given in Section 5.2. The argument
gets considerably more complicated in the setting of box norms of degree greater than 1, so the reader may
find the simplified argument useful for grasping the main ideas. In the sketch, we use as a black box some
technical results that will be derived in later sections. . Suppose that (5.32) holds. Expanding the definition
of the box norm gives us

E E o 2 Alcwmcwm) (%) = 0N,

he[x£H]” m,m’/€[+M] "

Shifting x — x — C(h)m, replacing m’ —m by m, and changing the order of summation, we get

D fx), B D m(m)fCx+ Clk)m) 2 6N".

+H]"

We will use several applications of the Cauchy—Schwarz inequality to replace the polynomial C(h)m
by one with better equidistribution properties: Specifically, we want to replace it by a polynomial in a
larger number of variables that does not assume any particular value more than a constant multiple of the
“expected” number of times. Each application of the Cauchy—Schwarz inequality, which increases the number

of variables, can be understood as a “smoothing” of the polynomial differencing parameter.
Step 1: Replacing C(h)m by a polynomial with better equidistribution properties.
Applying the Cauchy—Schwarz inequality in x, we double the h, m variables and obtain

E e 2o (i ma) fGx+ Ol ) foxt Gllgjma) > 8NP,

hy,h
X - 7126[ my,ma2

then we shift x — x — C(hy)m1 to get

D f6), B D mr(mima) fGct Clly)ms — Clly)ma) = 8*N”.

X my,ms2
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Applying the Cauchy—Schwarz inequality in x again gives

E hﬂ‘% E MM(mlam27m3am4)
x ST M, ma,

hghy €[EH]" mz my

f(x + C(hg)ma — C(hy)ma) f(x + C(hy)ma — Clhg)ms) > 6' NP,

and, after changing variables x — x — (C(hy)ma — C(h;)m1), ma — —mgy, m3 — —mg, we obtain

, ]Eh E par(ma, ma, ms, ma)
—10=220 mi,ma,
ﬁ31ﬁ4€[:‘: ]T ma3,my

> F0)f(x+ Chy)mi + C(hy)ms + C(hg)ms + C(hy)ma) > §*NP.
Thus, at the cost of increasing the power of § in our lower bound, we have replaced C(h)m by the polynomial

Z C(hi)m; = C(hy)my + C(hg)my + C(hg)ms + C(hy)ma,
i€[4]
which is more uniformly distributed in its range than the original polynomial C(h)m.
However, this new polynomial is still not quite as equidistributed as we want. For instance, if C(h) =

ei1hihs 4+ eshy (as in Example 5.25), then the new polynomial

e1(h11h21my + highaomsa + highasms + hiahoama)

+ea(hi1my + hiama + hizms + hiama)
is still not equidistributed in its “natural” range ey - [+4H?M] + e; - [4H M]. The reason is that

g = ged(hi1hat, highao, hishas, hiahay)

is quite large for many h’s. For example, if p < H*() is prime, then p?|g with probability ~ (3/p% —2/p%)*,
which is much larger than the probability ~ (1/p?)* that p? divides the gcd of four uniformly random integers
of size < H?. This means that the es-coordinate of the polynomial will be a multiple of p? disproportionately
often as the h’s and m’s range.

To eliminate this arithmetic obstruction in the general setting of Proposition 5.24, we use more applica-
tions of the Cauchy—Schwarz inequality to increase the number of the variables ho,, ..., h,; and uniformize

the polynomial further; after enough duplications of variables using the Cauchy—Schwarz inequality, the
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resulting polynomial will be equidistributed in its natural range. Writing h; = (h1;, h;), we now apply the

Cauchy—Schwarz inequality twice in x and h1; to obtain

E Z ,UM((miﬂz)ilﬂé)

E
(hil)'i1€[4]€[:tH]4 (E [4]e[iH]16(7‘—1)

i )7, ig€
i1i9/%1:22 mi1i2)i1,i2€[4]

Zf(x)f(x—i— Z C(hliuﬁiliz)miliz) > SI6ND,

il,i2€[4]

We continue in this manner: Applying the Cauchy—Schwarz inequality twice in the variables

X, Pty s P2inins - oo RI—1)i1 iy s

for each | = 3,4,...,r (as in the [ = 2 step just illustrated; the [ = 1 step appeared at the very beginning of

the proof), and bounding the Fejér kernels pointwise, we arrive at the bound

i1,...,i-€[4]

Step 2: Applying the equidistribution properties of the new polynomial.

We have now replaced C(h)m by the massive polynomial

Z C(hh‘l, ey h7‘i1“'ir)m’i1“'ir

i1,...,0-€[4]

= Z Yu Z hif, Z ho iy Z bt i iy, (5.34)

i1,e.0r€[4]  d1E€[4] i2€[4] ir€[4]

For instance, if C(h) = e1hihs + e2hy (as in Example 5.25), then the polynomial (5.34) equals

er Y huihoiimi, te2 > himi,.
i1,i2€[4] i1,i2€[4]
The crucial point is that for a generic choice of h’s, the subpolynomials of (5.34) corresponding to different
w’s are simultaneously well distributed in their ranges. This result on simultaneous equidistribution is one
of the new inputs of our work, and we outsource its exact statement and proof to Proposition 5.35. For now,

however, let us briefly explain how this good distribution property of the polynomial (5.34) arises from its
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“multiscale” structure. For a generic choice of hy;,...;,, the polynomial

( Z mil.“l‘r, Z hm'l.“irmil...ir)
i €[4] i €[4]
is well distributed in its range; this allows us to essentially replace both sums by new variables ¢;,...;._,0

and t;,...;,_,1 ranging over [+4M],[+4H M] respectively. Then for a generic choice of h¢._1y;,... the

Tpr—1)

polynomial

( Z tiyip 105 Z tzl i1l Z P(r—1yiy-ip_ytiyin_10, Z h(r—l)i1»~~i7,,1ti1~~~i7~,11)

ir—1€[4] ir_1€[4 ir_1€[4] ir_1€[4]

is well distributed in its range [£16M] x [£16 H M| x [£16 HM] x [£16H?M], and so on.'® Because of this
iterative scheme, it suffices to to show that (5.34) is well distributed in its range for » = 1, and this can be
accomplished using elementary counting arguments.

For I € [r] and n > 0, define the set

l
Hlﬂ] = {(hlil”'il)ilwuﬂ.le[‘l] € [iH]4 : |hli1"'iz = ey ”l > nH
ged(Puiy iy — Paggy iy Pugg iy — hygyy i) < n!

for all distinct (iy,...,4), (i},...,4]), (i},...,i)) € [4'}.

This is a set of tuples (hyi,...i, )iy ..., Whose coordinates are not too close to each other and do not have large
common factors. It is not difficult to show that for a small n > 0, a generic tuple in [+H ]4l belongs to this
set. Indeed, taking H; := H,; .51/ for sufficiently small ¢ = ¢(r) > 0, we have by Lemma 5.38 that all but a

O,(6*")-proportion of the elements of [+H]* lie in #;, and hence

(h1iy )ig €la) G[iH]4 (Priq i )ig,.oipea) E[EHIY (Maya)iq i e[a) E[E2M]AT

T Yty |27 (x4 D0 Clhnins s hpiyei iy, )| 0 0% NP,

,,,,,

1€lr] x i1 yennip €[4]

We have thus excluded the h's whose coefficients are close to each other or have large common factors.

For (n)u € Z*', let

N((nw)u) =

(hlil)i1€[4]6[iH]4 (h'r'zl 1r)11 ..... ir€[4 [iH]‘“‘ (mzl zr)11 ..... trE[4]€[i2M]4r

L6For this to happen, we need for each I € [r] to sum over at least 3 indices i;; we sum over 4 since the Cauchy-Schwarz
inequality doubles the number of variables each time.
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H 1HZ((hli1---il)i1 ..... i) H 1( Z hqull e Z h’gz?lz,mtllr = nl)’
l€[r]

ue{0,1}" i1 €[4] i €[4]
so that
> N - [ (x4 D )| > 0N, (5.35)
(nu)u X EG{OJ}T
The quantity N((n,)) is the normalized count of (hy;,, ..., Ry, .q 1y, ) such that for each u € {0,1}",

the subpolynomial associated with =, in (5.34) equals n,,. The key equidistribution result on the polynomial

5.34) is the assertion that the normalised count N satisfies the pointwise bound
( p
N((ny)y) <r 8 o2 | ’"QPI. (5.36)

This bound is a special case of Proposition 5.35 to be derived later on.
Let us explain why the bound (5.36) is of the right order of magnitude. Note first that N ((ny).) = 0

unless each |n,| < C,H“IM for some C,, > 0. Defining
Bo = { (nwueqo 1y + nu € [CLHMM,CuHMM], we {0,1)"},
we observe that

|Eo| =, H (H|£\M) gt
ue{0,1}"

and note that the exponents agree with those in (5.36). Combining these observations with (5.35) and (5.36),

we get

>, 607'(1)ND.

SIS (x4 D vum)

x u€{0,1}"

(”g)geEO

Defining

Ey = Z Yu [iOgHmlML
ue{0,1}"
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we have

Zf fx+mn)| >, s9-OND,

nEEl

Using the Cauchy—-Schwarz inequality to remove the absolute value and recalling that f is supported on

[N]P, we obtain

GE [iN Zf X"‘S f(X+n)f(x+S+n) >>7"50T(1)ND.
ncky se

Two further applications of the Cauchy—Schwarz inequality to double n, s let us introduce Fejér kernels, and
we get

4 -
1z, peagp > 697 INP.

To conclude the proof, we use Lemma 5.15(6) to replace E; by E.

5.6 Concatenation of averages of higher-degree seminorms

In the previous section, we showed how to concatenate an average of degree-1 box norms with polynomial
directions. The argument becomes significantly more complicated when we deal with higher-degree box
norms. In the degree-1 setting, applying the Cauchy—Schwarz inequality (as in the proof of Proposition 5.24)
did not cause the degree of the box norm to increase. This pleasant property ceases to hold in the setting
of higher-degree box norms; rather, each application of the Cauchy—Schwarz and Gowers-Cauchy—Schwarz
Inequalities will involve passing to norms of much higher degree. The objective of the present section is
to carry out this higher-degree argument. As noted in the proof outline, this stage of the concatenation
arguments works for any box norms, not necessarily those that come out of PET and involve polynomials.
To emphasize the robustness of this part of the concatenation argument, we phrase the results in this section
in a more abstract setting of an average of box norms on an arbitrary finitely generated abelian group G.

We will thus deal with expressions of the form

E /.t

where [ is a finite indexing set and Hy;,...,Hs; € G are finite nonempty multisets for each ¢ € I. In our

applications, the set I will be h € [+H|", and the multisets Hy;, ..., Hy; for i € I will be the sets

Ci(h) - [£M], ..., Cs(h) - [£M]
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for h € [£H]".

The following lemma will serve as the basis for the concatenation argument.

Lemma 5.27. Let A,§ > 0, let s € N, let G be a finitely generated abelian group, let I be a finite indexing

set, and let H;, K1;,...,Ks C G be finite multisets for each i € I. Suppose that B C G is a set satisfying
|supp(B + B — B)| < A|B|.
Then for all 1-bounded functions f supported on B, the bound
E Hf”H“Kh, K, 2018

implies that

225+1

92s+1
||f||Klzo Ksig, Kuig s Ksiq , Hig —Hig >As g

|BI.
10,21 GI

In applications, we will take B = [N]? and A = 3% since
supp(B+ B — B) = [2— N,2N —1]”

Proof. Let K; := Kj; X -+ X Kg;. The alternative formula (5.17) for box norms yields

zelz Z Z ‘uKi MHL )Ak,hf(x) > 5|B|

r keEK; heH;

We expand

Apnf(x) = f(@)f(x+h)ApAnf (),

where AL f(z) = Tleqo,13+\ {0} Cld f(x 4 ¢ - k), and change the order of summation to get

S H@E ST Y e Wy, ()@ R)ALAS () = 0|B].

e keK; heH;

An application of the Cauchy—Schwarz inequality in x gives

Z . DD g (o), (), (ho) ey, (h) f(@ + ho) f (2 + ha)

10,
ko€Kiy, ho€H;,
k GK hi1€H;,
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AL Ao f(2)A} Ay, f(z) > 6%|B.
We crucially observe that for each fixed 49,41 € I and hg € H;,, h1 € H;,, the average

DD 0wy ko), (ky) f@ + ho) f(x + )AL A, f(2)Af An, f() (5.37)
T koK,
ki, €Kiy

is a box inner product of 1-bounded functions along Ky, ..., Ksiy, K1iyy - - - s Keiy, with f(z 4+ ho) f(x + h1)
being the term with multi-index 0. Moreover, since f is supported on B, the summand in (5.37) vanishes

unless
x+hj, v+e ki vte-kj+h;eB foral je{0,1}, ¢ #0.
In particular, if all of these elements lie in B, then we also have
T4ey-kote -k tho=(r+e-kgt+ho)+(v+e-ky+h)—(r+h)eB+B-B
for any €, € {0,1}° \ {0}, and so we can introduce the term

1p4B-B-he(T + € ko+e€ k) (5.38)
€0,€1€{0,1}°\{0}
into (5.37) without changing the value of the expression. The purpose of inserting this term is to ensure that
if we view (5.37) as an inner product along Ky, ..., Ksigs K1iys- - -, Ksiy, then the functions evaluated at
x+ €y ko + € -k with €4, ¢; # 0 have support of size bounded by |supp(B + B — B)|, and hence by A|B|
by our assumption.

We now apply the Gowers-Cauchy—Schwarz inequality to (5.37) twisted by the product (5.38) to obtain

koK, h 7
AT 10 176H.
k€K, ‘

————— 225+1
E,Z D p ko), (ki) B Ay, (f (2 ho) [ b)) a6 62| B,

or equivalently

_— 2s+1
WE 2, BB Ak F@f @+ B~ ho) >a. 6% B
s = Eosko i) igs

El aElleKil hl"eHil

after we expand the kernels ug, ,uk, and change variables x — z — ho. Using the Cauchy-Schwarz
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inequality to double the variables hg, h1 yields

2542
E E E E A/ f(x)>> 52 \B|
o ko.k)),(k, k,),(hi—ho,h! —h! A,s :
G011 €1 &= ki ko €Kiy, ho,hg EHig (ko ko), (ky k1), (ha—ho s —ho)

ki k' €Ki, hi,hi€H;,

This expression is now an average (indexed by ig,41) of box norms along K;,,

K;,, H;; — H;,. The inductive

formula for box norms gives the claimed bound

225+1 22s+2

io,gel ||f||K17‘,07-~~7K.€i07K1117~'-7Ks7717Hi1 —H;, >A,s 0

|B|.
We reiterate our convention that H;, — H;, denotes the Minkowski sum counted with multiplicity and in
particular is itself a multiset. O

By repeatedly applying Lemma 5.27, we derive the following concatenation result, whose proof follows

closely that of [68, Proposition 2.3].

Proposition 5.28 (Concatenation of box norms, version I). Let A,§ > 0, let s € N, let G be a finitely
generated abelian group, let I be a finite indexing set, and let Hy;,...,Hy; C G be finite multisets for each

i € 1. Suppose that B C G is a set satisfying
|supp(B + B — B)| < A|B|.

Then for all 1-bounded functions f supported on B, the bound

E [I£]1% > 6B .
E 71, > 01B] (5.3
implies that
24 0,
i IEI ”fH {Hjic—Hji_,: j€[s] e,e'€{0,1}° >A4,s 1) (1)|B|’
56{0,17}5 with (617,,.,657‘1'):(63,.7..76;7]‘), €st1—5=1, 6;+17j:O}

where d is the degree of the box norms on the left-hand side.

Since the indices ¢, ¢ are always distinct, the multiset H ji. — Hj;_, is usually more uniformly distributed

than both of the multisets Hj;,, Hj;_, .

Proof. The proof of Proposition 5.28 relies on a gradual concatenation of the “unconcatenated” multisets

Hy;, ..., Hy; using Lemma 5.27. We repeatedly use the inductive formula for box norms in order to reinterpret
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the average in such a way that successive applications of Lemma 5.27 concatenate the multisets Hy;, ..., H;
one by one.

Starting with (5.39), we apply Lemma 5.27 to bound

E |fI% >4, 62:W|B]. (5.40)
iois €l Hiigsoos Hs—1yig Hiig sy H(s—1)iq »Hsiy —Hsig S

Instead of having s unconcatenated multisets indexed by 4, we now have s — 1 unconcatenated multisets
indexed by iy and another s — 1 unconcatenated multisets indexed by i1, together with the concatenated
multiset Hg;, — Hg;,. Even though the total number of multisets has nearly doubled, we have made progress
because the number of unconcatenated multisets for each index ig,4; decreased by 1.

At the next stage of the argument, we will apply Lemma 5.27 twice to concatenate H_1);, and then
Hs_1);,- As a consequence, the two indices ig,i; will be replaced by four indices igo, 701, %10, 411, and for each
of them we will have exactly s —2 unconcatenated multisets. We will continue in this manner: At each stage,
the number of indices i, will double, but the number of unconcatenated multisets with each index i. will
decrease by 1. Eventually, after s steps, we will be left with 2°~! unconcatenated multisets Hy;,, and 251
applications of Lemma 5.27 will allow us to concatenate them all without producing any new unconcatenated
multisets. This will finish the argument.

To illustrate this general strategy, let us see in detail what happens at the second stage, i.e., after we

have obtained the bound (5.40). Using the induction formula for box norms, we can express (5.40) as

y ’ ’
€l hyy,y shig, €Huiy h(s—1yiyp h(s—1yi, €H(s—1)i;
98
E HA' , / fH > a5 09D B|
) hiiy b )seeos(Res—1yiq sk ) A,s :
o€l ( i1 1'll)’ o (s=Diz> (5_1)11) Hl’iow'“’H(s—l)io:Hsil7Hsi0
For each fixed i1, hs,, hyy, - - -, h(S—l)il’hzs—l)iﬂ we apply Lemma 5.27 separately to each average over i,
obtaining
1€l hl’il:h/lil eHlil h(s_l)qjl ’h/(sfl)ileH(S—l)il 100,201 €1
225—1
A 0:M|p.
H (h“l7h/1i1)""7(h<s—1)i1’hzsfl)il)f Hlioov--"H<sf2>'ioovH1i01""vH(sz)im’>>A’S Y | |

(s—1)ig1 —H(s—1)igg  Hsiy —Hsigg Hsiy —Hsigy

Using the inductive formula for box norms and swapping the indices of A’ and the box norm, we can rearrange

this to get
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y y ’ !
100,501 €1 hliOO’hll’iooEHliOU’ h(sfl)'iOO’h(/sfl)i()oeH(sfl)iOO’
hiigy Py, €Hiigy h(s—1)ig1 P(s—1)igy EH(s—1)ig1
gst1
E A >4, 0% W|B|.
i€l (hliDO’h/ligo)""7(h(5—2)i00’hES—2)i00) f As | |

(Riigy iy ) (B(s—2)ig1 s P(s—2)ig1 )
!/ ’ . .
(h(s—1yig1 —P(s=1)igo s —1)ig; ~Pls—1)igo) o Huig s Hs—1yiy s

siqp — Hsiggstisigp T Hsigy

By Lemma 5.27 applied separately to each average over i; € I, we have

E E . E
y y ! !
ifgoiffléz h1iggh1ig €H1igg h(s—1)igo P (s—1)igo EH(s—1)igo >
El ’ !
hiigy s hiig, €Hrigy h(s—1yigy ’h(s—l)im €H(s-1)ig;

22s+1

N
’ ’
(hlioo ’h1i00)1~~7(h(s—2)100 ’h(s—z)ioo)
’ ’
(h1igy»hrigy )rees(h(s—2),i01 P(s—2),i01 )

HiijgseoHs—2yiy g H1iqq s Hs—2);
- ) , Y ipgr o (s—2)iqgg  H1igy s H(s—2)iqq >
(h(571>101 h(571)1007h(571)i01 h(371)i00) H(s—l)iu7H(s—1)i10’Hsim*Hsz‘oo’Hsiﬂ7H

sitg —Hsigp 1 Hsiyg —Hsigy

sigo>

>4, 0% W|B|.

Another application of the inductive formula for box norms lets us write this as

E H.f||24SH2' H . Hi, H ) S 505(1)|B|
100,901, Ligos it (s—=2)igo > Lig1 s>t (s=2)ig1 »8 s
410,411 €1 Hiiygoo s His—2yig0 - Hiigy oo His =211 5

Hs—1)ig; —H(s—1)igg H(s—1)i1 —H(s=1)i1g>
Hsijg—Hsigg Hsiqgy —Hsiggs
Hsijg—Hsigy Hsigg —Hsigy

which can be expressed more compactly as

gds—2
CE - |Ifl (H,
100,%01, ’ ) 5 k ,
110,411 €1 {Hi—vyie—Hs—1yi_,+ €€ €{0,1}7 with e1=¢), ea=1, €;=0},

{Heie—Hai,,: €,'€{0,1}? with e;=1, ¢;=0}

0. (1
: e€{0,1}?, j=1,...,s—2}, >A,s 59+ )‘B|-

iet

We have thus successfully concatenated all of the multisets H,_1);, and Hg;, .
At the next stage, we concatenate the multisets H,_5);,. Applying Lemma 5.27 and the induction
formula for box norms four times (as in the previous stage), each time to an average over igo, %01, %10, %11

(respectively), we arrive at the inequality

24/ 0.(1
iIeEI Il £1] {Hji,: €€{0,1}%, j=1,...,5-3}, >4,5 0 ( )|B|7
cc{0.1)? {Hji —Hji ,: j=s—2,5—1,5, c,c'€{0,1}°

with (61,H.,Esfj):(ﬁll,...,6;_]‘), €s41—5=1, E./s+1—j:O}
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where d’ is the degree of the box norms on the left-hand side. This time, we have successfully concatenated
the multisets H(,_2);,. At the next step, eight applications of Lemma 5.27 and the induction formula for
box norms allow us to concatenate multisets H;_3);, . Continuing the argument in this manner, we arrive

at the conclusion of the proposition after a total of
1424224 42271 =25 1

applications of Lemma 5.27 and the induction formula for box norms. O

We now present two corollaries of Proposition 5.28 which are better suited for applications in Z”. In
what follows, we order the set {0, 1}* lexicographically. Identifying {0,1}* with [2°], we obtain the following

corollary.

Corollary 5.29 (Concatenation of box norms, version II). Let A,D,s,N € N, let I be a finite indexing
set, and let Hj; C [£AN]P be finite nonempty multisets for each i € I and j € [s]. Then for all 1-bounded

functions f : ZP — C supported on [N]P, the bound
2° D
E 1713, > 0N
implies that

2¢ 0s(1) A7D
kl,‘.@ktGI Hf”{ijll —Hjk,,: J€ls], 0<iy1<ia<t} > A,D,s 0 N7, (5~41)

where t = 2° and d is the degree of the box norms on the left-hand side.

Proof. Proposition 5.28 immediately implies that

’
2¢ 0.(1) \1D
l.IGEI 1 £1] {Hji,—Hji - j€ls] ec'€{0,1}° >A,D,s 0 N7,
ee{0,1}° with (€1, €s—5)=(€],es€6_;), €s1-5=1, €5y _;=0}

where d’ is the degree of the box norms on the left-hand side. Ordering {0,1}° lexicographically and
identifying it with [2°] = [¢] in an order-preserving way, we obtain a subset Ky C [t] x [t] such that

2% 0.(1) ArD
Ektel Hf”{H_]k,Ll —Hj;,: jEls], (i1,32)€K0} >4,D,s 0 NP,

k1,..

Note that Ko C {(i1,42) € [t] x [t] : 41 < i2}. Our next goal is to replace K¢ by the full set K = {(i1,i2) €
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[t] x [t] - i1 < i2}. By the assumption on the multisets Hj;, we have
[N]D - (ijl - ij2) C (24N, (24 + 1)N]Da
and so
[supp([N]” — (Hjr, — Hji,))| < (4A+1)P NP <4p NP,

The corollary follows from this observation and repeated applications of Lemma 5.15(3), the monotonicity

property for box norms. O

The next corollary will let us take the directions in the concatenated box norms to be arbitrarily long

sums of the original directions rather than just double sums (as in Corollary 5.29).

Corollary 5.30 (Iterated concatenation of box norms). Let A, D,s, N € N, and let ¢ be a power of 2. Let
I be a finite indexing set, and let Hj; C [£AN]P be symmetric multisets for each i € I and j € [s]. Then

for all 1-bounded functions f : ZP — C supported on [N]P, the bound
29 D
>
E /1., 2 0N
implies that

E

) 50O ND (5.42)

2d
[ Hf||{iji1+~~+ij,.e: jEls], 1<ir<orr<ig <t} > AD L

for some t = Oy (1), where d is the degree of the box norms on the left-hand side.

It will be useful later that the indices i1, ...,4, in the sum
Hjg, + -+ Hjp,,

in (5.42) are all distinct. The assumption of the symmetry of the multisets H;; (meaning that H;; = —H};))
in the corollary is not necessary, and we include it only so that we do not have to keep track of the minus

signs in the expressions Hjy, +---+ Hjy,, .

Proof. The proof proceeds by induction on ¢, which we recall ranges over powers of 2. For £ = 1, the claim

is trivial, and for £ = 2, the lower bound
2% 0.(1) 7D
kl,‘.%tlel ”fH{ijil +Hji,,: j€[s], 0<ir<iz<t1} >AD,s 0 IN , (5.43)
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where t; = 2% and d; = (t21) is the degree of the box norms appearing, follows from Corollary 5.29 and the
fact that the sets Hj; are symmetric. We will now prove the case ¢ = 4, and which will make the induction
scheme for larger ¢ clear.

To prove the result for £ = 2, we apply the case £ = 1 to (5.43), taking (ki,...,k,) € I in place of

i € I. This gives

2% 04(1) A\7D
kiel: ”fH{HJ'kz‘lll +iji2l1+HJ"%‘112+HJ"°7:212: >>A7D13 4 N ) (544)
iclt1], l€[t]] JE[s], 0<in<ia<ty, 0<l1 <2<t} }

where #; = 2% and d is the degree of the box norms appearing. Reindexing (i,1) € [t1] x [t}] as i € [t2] and

using the monotonicity property and the assumption on Hj;, we argue as in the proof of Corollary 5.29 that

242 0,(1) 7D
E . . . sV N
Krvoohey €l Hf”{Hkal +---+ij1.4: JE[s], 0<ip<---<ig<ta} > A,D,s 4 )

where ds is the degree of the box norms appearing. We continue in the same manner for larger /. O

5.7 Equidistribution estimates for concatenation

The purpose of this section is to obtain upper bounds on the number of solutions to systems of multilinear
equations that appear in connection with the manipulations in Section 5.8. These results will culminate in
Proposition 5.35, which is precisely the ingredient needed to complete the proof of Theorem 5.10.

The starting point for our argument is the following simple lemma.

Lemma 5.31 (Bound on solutions to linear congruences). Let £ > 2, let hy, ..., hy be positive integers, and

let M € N. Then

ged(ha, ..., )

1 h e hgymyg_ M M2
max Z hez+t(hama + -+ he_imyp_1) < » +
ml,...,mg_le[iM]
Proof. First, we observe that if (mf,...,m}_,) € [=M]*~! is a solution to the congruence
himy + -+ he_ymp_1 =t (mod hy),
then every other solution in [£M]*"! takes the form (my,...,me_1) = (m} +m¥,...,m) + m}), where
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(mf,...,m}) is a solution to the homogeneous congruence
himy 4+ -+ he_1mp—1 =0 (mod hy)

and m; € [£M] — m} C [£2M]. Therefore, it suffices to prove the ¢ = 0 case of the lemma (at the cost of
changing the implicit constant in the conclusion of the lemma).

We proceed by induction on ¢. For the base case ¢ = 2, we have

h

holh e
2lhms <= )

|m17

and hence
M ged(hy, ha)

1
hy T

Z 1h22(h1m1) <
m1 €[£M]

(where +1 is the boundary term).

For the induction step, write

Z 1p,z(hamy + -+ he_1my—1) =
ml,...,mgfle[j:M]

Z Z 1heZ*(h1m1+~~+he—2me—2)(hfflmffl)'

mi,...,me_2€[EM]mg_1€[EM]

The crucial observation is that the inner summand vanishes if hymy + - - - + hy_omy_o is not a multiple of
g := ged(hg—1, he). Now suppose that g does divide hymy + - - - + hy_omy_o; the induction hypothesis tells

us that this occurs for at most

Oy (Me—z ged(ha, ..., he) + Me—s)
g

choices of my,...,my_o, where we have used the identity
ng(h17 B h€—2a ng(he—la h[)) = ng(hla R hé)
For each such choice of mq,...,my_o, we have

L2 (hymyoetho—am—o) (Pe—110—1) = L(hy g\ 2 (hymy 4t ho_ame_2) /g (Re—1/g)me—1).

197



Now the ¢ = 2 case of the proposition tells us that the sum over my_; has size

0<Mg6d(hfhz;z’ hefg) 1) = 0<lee + 1>

since ged(he—1/g, he/g) = 1 by the definition of g. Combining these two observations and using ged(hy, ..., hy) <

g < hy, we bound

(h1y...,he)

cd
Z 1p,z(himy + -+ he_1my—1) <o M8 - + M2

my,...,me_1€[£M)] 4
as desired. 0
Corollary 5.32 (Bound on solutions to linear equations). Let £ > 2, let hq, ..., hy be positive integers, and
let M € N. Then

_ —1 ng(h17 EEE) h[) 0—2
ntqea% Z 1(hama + -+ hemy=1) < M h—[ + M2,

mi,...,meE[E£M]

We will later apply this corollary with

mz?é)](\hﬂ <H<M, ged(hy,...,he) <n™', and hy>nH
i€

(for small positive 7), in which case the right-hand side is <, n~2M*"1H L.

Proof. For each choice of mq,...,my_1, there is at most one value of my satisfying hymi + --- 4+ hymy = t,

so we can bound

Z Lnymy4othgme=t < Z Lpz4t(hama + -+ + he—1me—1);
ml,.A.,ng[:I:M] ml,...,mg_le[:tM]

here we have an inequality instead of an equality because on the right-hand side we have thrown out the

constraint my € [£M]. The result now follows from Lemma 5.31. O

In order to state our more general results, we require a bit of notation. Define
Koy = {(kli)(l,i)e[r]x[é] € [t]ré 1<k <o <kp<tfor all [ € [’I“]} (5.45)

to be the collection of admissible tuples of indices. For [ € [r] and 7 > 0, also define
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1
Hig o= { Mk ko boe) € [EH o gy ooty — gy | > nH,
ged(Puky ey — Py by s hany kg — Pk oy ) < n!

for distinct (ki,..., k), (k1,..., k), (K7,..., k) € [t]'} (5.46)

to be the set of tuples of h’s whose pairwise differences are not too small and whose greatest common divisors
are not too big. The following lemma, which lets us establish anti-concentration results on many pairs of

“scales” simultaneously, will turn out to be the key component of the proof of Proposition 5.35 below.

Lemma 5.33. Letn > 0 and H,M,l,{,r,5,t € N satisfy H< M, 3 <{<t,andl <r. Let K=Ky, be
as in (5.45) and H = H; , be as in (5.46). Then

hlkl...kIlEe[iH]: Lo (Pt ok )e) - 1] I 11 11

k1,....ki€[t] 1,001 1€[€] jE[s] KEK wyqa,...,ur-€{0,1}
ma)éZ . E%”ﬂ. 1( E m;, = no) ~1( E hlkulmkulmiz = nl)
nOMIES |my, |[<HMH M el ire(f)
i €[]

=27l K] g =2 T s T K = (r—141)27 T sl T K
Litirsit 1 1Kl pg 1Kl gr—( ) X

Example 5.34. We will illustrate the content of this lemma and the method of proof for r =2, 1 =1,¢t =4,

{ =3, s = 1 before supplying the proof in the general case. Letting
K ={(1,2,3), (1,2,4), (1,3,4), (2,3,4)} so that K=K x K

and || = 16, and renaming hig,;, as simply hy,, we can express the conclusion of the lemma as

E 14 (h1,ho, hs, hy) - max
h1,ha;hs,ha€[+H] i, s o ) (kle_;[o uggl}noynlez

4
’ 1(m1 + mo +m3 = no) . 1(hk1m1 + hk2m2 =+ hk3m3 = ’I’Ll))
[mal,|ma],|ms|<H"2 M

< ,'7—64]\4—64]{—647

where the fourth power comes from the fact that we are splitting

I = 1I 11

(k1iy k2ig) iy ige31 €K (K1iy)i; e31€EK (k2iy)ige3 €K

and the terms in the product are independent of ko;, (so the product over k € K’ above corresponds to the
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product over (K14, );,e[3) € K’ while the fourth power corresponds to the product over (ka;,);,e3 € K'). Our

normalized count can then be expanded as

Ly(ha, ho by ha) - (] max

100,701,M10,011E€Z

h1,ha,hs,ha€[+H] rek

1 mo1 + Moz + Mo3 = No, 1 hi,mo1 + hi,mo2 + hiymos = nig,

)4
[mo1],|moz|,/mos| <M,

imarmashimia] <M\ 71+ M2 +miz = noy by mar + hgymag + hygmas = nay

Thus, for each (hy,ha, h3, ha) € H and k € K, we are left with bounding the number of solutions to the

system

mo1 + mo2 +moe3 = ngop  and  hy, mo1 + hr, Moz + hi,mo3 = N0,

mi1 +miz +miz3 =ngr  and by, mig + Ar,mag + hg,maz = nag.

Using the equations on the left to solve for my3 and mi3 and substituting the resulting expressions into the

equations on the right reduces the system to

(hiy — by )mor + (hiy, — hry)mo2 = no

(hiy — hieg)mar + (B, — hig )Moz = ng

for ng = n10— hrynoo and ny = ny1 — hg,no1, and each of these two equations can then be handled separately
using Corollary 5.32 and the assumptions on (hq, ha, h3, hg) € H1.

The exponent 64 comes from the fact that the numbers ngg, ng1, 710, 711 lie in the intervals
noo € [i3M], no1,N1o € [i?)HM], ni € [iSHQM]

and hence there are =< H*M* possibilities for the quadruple (ngo, no1,M10,M11). Because of the assumption on
(h1, ha, hs, hg), we can use Corollary 5.32 to ensure that the quadruple (ngg, 701, n10,711) is roughly equidis-
tributed in the appropriate box as the m’s range; in particular, the probability of hitting each individual

quadruple (ngo, 701, 10, M11) 1S

O((M =2y~ /(nH)) - (HM) >y /(yH))) = Oy *H M),
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Raising this quantity to the power 4 (because |K’| = 4), we see that the expression in parentheses above is

O(n~*H=16M~16) and raising this to the power 4 gives the desired exponent 64.

Proof of Lemma 5.33. We let all implicit constants depend on [, ¢, 7, s,t. Using the equation > m;, = ng
ilG{l]
we can substitute my =ng — Y. my, into the equation
yEel—1]

g Piky sy oeokis, My, = 101,
€L

so that our normalized count is bounded by

E 1 Rk, ... . H*(ul+1+~--+ur)M71
hik, ...k, €[£H]: H(( tka kl)kl""’kl) H H H H

k‘l,...,k‘le[t] ilw--,il—le[f] je[s] ke ul+17--<7ure{071}
max E 1( E (hlklil'”klil - hlklil'”k(l—l)ililkll)mil = n)’
nez |m1‘,L\SH“l+1+ +ur pr. ; 6[271]
iefe—1] !

where we have set n =n1 — nohi,,, ek 1ysy ke By Corollary 5.32, the inner max is in turn bounded by

ng(hlklil'“k(l—1)il,1kh‘l - hlkul'“k(z—l)q‘,l,lkm RS [ﬂ - 1])

H_(ul+l+"'+u7‘)M_1
max(hlklil"'k(L—l)ililklil - hlk1i1“'k(z71)i171kw t i € [0 —1])

as long as £ > 3 and H < M. Due to our assumption on the set 4, the ged in the numerator is at most !

and the maximum in the denominator is at least nH, so we can bound our normalized count by

B - —1-2(u cetug)
<<hlk1"-k'IzE€[iH]: H H H H nT2M 2 H 2

o i1,..,ii—1€[0] jE[s] kEK wpqq,...,ur€{0,1}

< n—2"’l+1s£l’1\)C\M—QT’Hlle’l|K|H—(r—l+1)2“"’zs£l’1\l€|

O

The next result, in which we we establish simultaneous anti-concentration for expressions on many scales,
is the main estimate of this section. It gives an upper bound on the number of solutions to the systems of

multilinear equations that naturally appear while concatenating box norms in the proof of Theorem 5.10.

Proposition 5.35 (Solutions to systems of multilinear equations). Letn > 0, let £,r,s,t € N with 3 < ¢ < ¢,
and let HLM € N with H < M. Let K = Ky, be as in (5.45), and for each | € [r], let H; := H;,, be as in
(5.46). Then
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max E E (H 1%((huclmkl)kl,...tkze[t]))

njkuGZ JG[ ] mj;ﬂl [:l:M] hlkl---kle[iH]5 .
kEK, ue{0,1}" TRER, ity in €10 Ky ko €]t), €[] LEDT]

uy w L — .
H H H 1( Z hlk’ul o hrlgul“'kmzrmjkll'““ - njk—“)

j€ls] ke ue{0,1}" i1,..,0rEL]

— . _9r _nor—1
Lot 1] Oc,r,s,0(1) g y—2"sIK| gr—r2"""s|K|

(Here, the superscript u’s are exponents, not indices.)

On a first read, the reader may wish to consider the case ¢t = ¢, so that K consists of only one element,

ki, can be replaced by k;, and the product [[,cx disappears.
In the applications of Proposition 5.35 to Theorem 5.10, s is fixed and ¢ (the number of terms in each

equation) can be taken as large as we want, whereas we have no control over ¢, which grows with ¢ and will

typically be much larger than £.

Before proving Proposition 5.35, we illustrate the statement with several examples.

Example 5.36. If s = 1, i.e., we are using Proposition 5.35 to concatenate an average of degree-1 box
norms, then we will always have ¢t = ¢, whence |K| = 1. Suppose that t = ¢ = 3 and r = 2, i.e., we are

dealing with a system of equations coming from concatenating an average

E 1 o s o
h1,ho€[LH] 00 10l 0112 11h1h2

The resulting system consists of equations of the form

u U2 U2 u2 Ul u2 U2 U2
11 (hafymar + hyfamaz + h213m13) + Ry (ha3yma1 + hasymas + h223m23)

+ hi3(hadimar + ho3ymse + hylamss) = N, u,
for (u1,us) € {0,1}2. Since ny, 4, lies in [FIH“1T42 M|, we expect to get a cancellation on the order of

< ] B ™M '=HM,
ui,u2€{0,1}

and modulo the powers of 7, this is indeed what Proposition 5.35 gives.

Example 5.37. Suppose now that r =1, s =4, t = 6, and ¢ = 4, so that || = 15. Then we have a system

of 30 equations, which we can group into 15 pairs of equations

Mg1 + M2 + ME3 + Mea = Ngo and mﬁlhkl + mEQth + mﬁghks_ + mﬁ4hk4 = Nk1
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corresponding to the 15 tuples

EGIC:{(kl,kQ,kg,k4)Z 1<ki<ky<ks<ky §6}

Each nyo, ng1 gives cancellation of order < M~', < H™'M~! (respectively), so the total cancellation will
be of order < H~ M3 (modulo powers of 1, which we ignore here for the simplicity of exposition).
We remark that this example does not figure in the proof of Theorem 5.10 (but nonetheless is covered by

Proposition 5.35).

Let us see how the heuristics from the preceding two examples extend to the general case. For each
(4,k,u), we expect the value nj, to be distributed fairly uniformly in an interval [£Cjg, H"** +%r M] for
some Cjgpu > 0; the key uniform distribution property follows from Corollary 5.32 and the fact that the

tuples (hig, .-k, ks ,... .k, lie in the sets H;. So for each (j, k, u) we get a cancellation of the order of

= (H*(ulJr"'JrU'r')M*l)’ (5.47)

which is (up to constants) the probability that a uniformly random element of the interval [+C}, H"* % M]
assumes any given value. The powers of 1 in the bound come from restricting the variables h; to the ad-
missible ranges #;, and using Corollary 5.32 to bound solutions for A’s in this range. The final bound then

follows upon taking the product of (5.47) over all j € [s],u € {0,1}", and k € K.

Proof of Proposition 5.35. We let all implicit constants depend on ¢,r,s,t. The proof goes by induction
on r. The r = 1 case is the content of Lemma 5.33. The induction step is in general quite notationally

complicated, so, to make it more palatable, we first present the case r = 2.
The case r = 2.

In this case, our claimed bound takes the form

max E E Lo, (P Jky) - L ((P2ky ke iy
njﬁoo;njﬁﬁévz Mjkiyio € [EM]: higy hokk, €[EH]: 1(( 1) 1) 2(( ! 2) b 2)
Njk10, Tik11ELS jels] ke, iq,i2€[€ k1,ka€[t
el ke [s], kEK, i1,i2€[(] 1,k2€[t]

uy U2 I .
H H H 1( Z hlkuthkulkmzm]E““’7n7k—“)

J€E[s] kEK ue{0,1}%  i1,52€[¢]

< = OW \p—4sIK| pp—4sIK],
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For each (j,k) € [s] x K, we have the system of four equations

E Mjkivio = M5k00
i1,i2€[¢]

E Pk, Mkiyia = Njk10
il,i2€[£]

E Pokyi, kaiy Mijkivia = Tjk01
i1,52€[€]

Z hlknl h2k17‘,1 koiy Mjkivia = Tjk11-
11,i2€ [é]
This system is quadratic in the h variables, and our goal is to decouple it into two separate systems that are

linear in h. We accomplish this by introducing two dummy variables

tiyjko = Z Mijkiyi, and i k1 = Z P2k s, kaip Mjkivin

i2€[f] iz€[l]
and renaming t;,i,jk = Mjkii,- Let us mention the motivation for choosing these variables. The above
system of four equations has three different scales: The first is at scale < M, the second and third are at
scale < HM, and the fourth is at scale < H2M. In order to apply the two-scale result from Lemma 5.33,
we want to think of the fourth equation as having scale < H(H M), where the HM here “matches” the scale
of the third equation. This is precisely the role played by the second set of dummy variables, which is at
scale < HM. The first set of dummy variables, at scale < M, pertains to the first and second equations,
and the two sets of dummy variables are chosen in such a way that they are related at consecutive scales as
in Lemma 5.33.

Thus, solving the original system is equivalent to solving

> ko =njkoo and > gy, iy ko = njkio

i1 €[] i1€[€]
> gkt =nggor and Y ik fige = nga,
i1€[(] i1 €[€)

together with

D tivinje =tigro and Y hog, k, tiisgr = ti; for each iy € [£],
i2€[(] is€[f)

where the variables t;, jx0 and ¢;, jx1 have ranges [£¢M] and [+¢H M], respectively. Converting the expecta-
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tion over the m’s to a sum, we see that our normalized count is bounded by O(M‘Sézm) times

k00 fykor hlklg[iH]: Loa((hue ) Z
nja10; Mkl €2k ey tiyjko €[ELM],
JEls], kek ti) jk1 E[ECHM]:
J€ls], keK, i1€[(]

( H H H (Z hlkl iy jkus = ”]@))

j€ls] kEK ye{0,1}2  i1€[{]

x ( E Lag, (P2, ko )y ko) Z

hokqk +H]:
2211’jz2€€[[t] ! tiyinjn€[EM]:
J€E[s], kEK, i1,i2€[(]

H H H H (Z 2k111k212t1112ﬂc tiljku2)>;

i1€[€] j€[s] k€K u€{0,1} i2€[(]

we will deal first with the system involving the variables hog,x, and then with the system involving the

variables hyj,. Note that

Z H H H H (Z 2k111k212t11i2jﬁ:tiljﬁuz)

tijigje€[EM]:  w1€[f] jE[s] kEL u2€{0,1}  i2€[(]
J€ls], kEK, i1,i2€[€]

=T IT I X 1( D ik = tm@) ' 1( D Bk ks, tiringt = tiukl)'

i1€[] jE[s] kEK tiyip n€[EM]:  i2€[(] bt
i2€[/]
Thus, we have
E 1 h
hoky by €[ H: #a ((A2ki ks iy k2 >

tiyigin€[EM],
JE[s], kEK, i1,i2€[{]

H H H H (Z 21, Koy mzj@:tilj&uz)

’Lle[ Je[é] ke LLQE{O 1} i€ @]

[iH] Loty (h2wma)iak) [T T 11

ki1,ko€[t]

h
2’;611sz€ iw€[l] jE[s] kEK
2 1< 2 tiisit = “jEO) ' 1( D hokiyy ko, tiniaje = tmkl)'
tigigjk €[EM]: i2€[l) iz€ll]
i2 €[]

Lemma 5.33 applied with | = r = 2 allows us to bound this expression by

O(nfou)MseﬂmfzseuqHfswq).
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Similarly, the count of solutions to the system involving the variables hig, is

max E 134, ((h1ky )k Z
Njk00; T.Ljh(n’Z hlkle[iH]: 1(( 1) 1) . E[iéM]
Mjk10, Njk11 €2 k1 €[t] i17k0 )
]E[s],EEK tiljﬁ1€[:‘:ZHM]:

J€ls], keK, i1 €[(]

ITII 11 1( D ik, bk = nleu)

JEls] k€L ue{0,1}? 1€

= h1k1éEtiH]: T (ki) H H H

el j€ls] k€K uz€{0,1}

tiljﬁwe[iZH“?]VI]: Zle[e] Zle[a
i1€[4]

and this can be bounded by
O(n—O(l)M2s€|lC|—4s|lC\Hsé|l€|—4s|l€\)

using the case [ = 1,7 = 2 of Lemma 5.33. Note that the big centered equations had an inequality rather

than an equality because we interchanged the max with the sums and products.

Combining these two bounds and the normalising factor O(M _342“6‘), we bound the overall normalised
count by
< M—sCIKl (77—0(1)Msz2\;C|—2seu<:|H—se|zq) ) (77—0(1)M2sz\x|—4s|1c|Hszuq—4su<:|>
— n—O(l)M—4s|IC\H—4s\)C\’
as claimed.

The case r > 2.

We handle the case r > 2 similarly. For I € [r], i1,...,4 € [¢], j € [s], k € K, u € {0,1}", we define the

auxiliary variable

. L — Ui41 oL hUr . .
biy-irjhu = Z h(l+1)k1i1'“k<z+1)u+1 hrklir"krw Mjkiy-i,
14150 €[]

at scale H¥+1t+ur M Notice that tiy...i,jku depends on only the coordinates w41, ..., u, of v and that the

t’s satisfy the relation

. o — Ui+1 . . .
t“"'zljk—“ - Z h(l+1)k1i1 L (ER T tll"'zl*ljk—u' (548)
iHle[Z]
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Iterating (5.48) through intermediate scales, we see that for each j € [s] and k € K, we can rewrite

(5% Uy . JR— .
E : 1( E : hlkul "'hrkulnkrwmmzlwzr = ”Jﬂ)

mjyl‘..ire[iM]: i17...,ire[€]

’il,...,ire[f]
= ) ( D bk, tisku = ”ﬂw>

[tiyjru| <<H 2T Forpre dr€[4]
ile[f]

x 2 : H (2 : 21@1,1/@2, l1i2j@:ti1jﬂ)

‘tzlzzjku‘<<Hu3+ tur M €l i2€[(]
11,42 €[(]

X X E H 1( E rkhl ko ~v:rjk7u:tz‘1...i7~_1j@)v

tiy irjku| SM: i1,ein 1€[]  ir€ll]
i1, yin€[0)

57 IKy

where we note that t;,...; jku = Mjki,-..i,- Hence our normalized count is bounded by O(M times

max E Lo, ((haky ks ) Z

njku€2: GE[s], hix, €[EH]: = )
kEK, ue{0,1}"  ki€[t] [toy jhu | <H 2 TUr M: je[s],
ke, uz,...,u,€{0,1}, i1 €[/]

( H H H 1( Z Wik, tiniku = ny@))

jE[s] kEK wq,...,u,€{0,1} i1 €[4]

X Eé[iH] L34, ((P2ky ks )iy ko) )

2k k :

K ha €] [tiyiginul <H"3F " HUrM: jels],
KEK, ug,.o,un€{0,1}, i1,i2€[(]

( H H H H 1( Z thhlel Liyigjku = tig@))

iw€[l] jels] EEK wua,...,u,€{0,1} i2€[l]

XX EE[iH] Lot ((Poky e oo k) >
rky-k : )
S [tig iy jlu| SM: jE[s],

EE’C, ilv---vire[z]

II IIII II (Z O '---irjkfuZtil---irfljkiu)

i1, nyir—1€[0] jE[s] KEK u,€{0,1} ir€[0]

As in the case r = 2, we have decoupled our original system of degree-r multilinear equations into r smaller
systems, each consisting of a pair of multilinear equations at consecutive scales. We will next use Lemma
5.33 to bound the counts of solutions for these subsystems individually, starting from the system involving

the variables hy,...k,.. The count of solutions to this system can be rephrased as

E ) Lo, ((Mokey ke ey oo o) H H H

Prky o kp € . - ;
ki,...,kre[t] i1,..,0r—1€[0] jE[s] kEK
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E H ( § , S S T T fz'1~~~n71jk7u)7

‘til---irjﬁ‘SM: ’LL7€{0 1} 7/16[@]
ir€[0]
and bounded by <« n_o(l)MSmK'_QSWH"C‘H_SZTA"C‘ using the case [ = r of Lemma 5.33. Similarly, the

count corresponding to the system involving the variables h,._1)y,...r,_, can be rephrased as

-1

Clem Loty (P 1)ky by oy i1 ) H H H H

Rr— 1)k
(r=Dkp--kr 1 i1yeir_2€[0] j€[s] kEK u,€{0,1}

ki, kr_1€[t]

u/,‘71 _— . . .
> I1 1( > h(r—l)k”l~~k(T.,1)iT71til"'ir—lj@_th'“lrfzjkiu)

[tig iy g jhul KH"TM: up_1€{0,1}  ip_1€[{]
Z47‘—le[£]

and bounded by

_ r—1 T _ r—1 r—1 _ r—1
<n O(l)M2s£ |K|—se"|K|—4s8 |K|Hs€ |K|—4s2 K|

with the help of the case [ = r — 1 of Lemma 5.33. Continuing in this manner and combining the results, we

can bound our initial normalized count by

< M—sUIKI. H " o) p2 Lset|ic|—2m st =1 K|
le(r]

H(r—l)z"*’*lsel IK|—(r—14+1)2"" st LK
b

where in each [-multiplicand, the negative exponents of 1, M, H come from an application of Lemma 5.33 to
bound the count of solutions to the system involving the variables hjg, ..., and the positive exponents come
from counting the admissible values of the variables t;,...;, jru. The telescoping nature of the exponents leads

to cancellations: The exponents of M and H cancel out as

—sl" K|+ (st |K| — 250" HK|) + - + (27 Ll K| — 27s|K) = —2"s|K|,

—sl"HE| 4 (s K| — 482K + -+ ((r = D27 28 K| — 27 1s|K|) = —r27 L8| K,
respectively, yielding the desired final bound

< nfO(l)M72rs|lC|H*T2T713|IC|'
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The last result in this section ensures that the set H; , fills almost all of [+H ]tl when 7 > 0 is small.

Lemma 5.38. Letn > 0, H,l,t € N, and let H = H;,, be as in (5.46). Then all but an Oy (n)-proportion
of the elements of [+H]! lie in H.

Proof. Setting k = (k1,..., k) and hy = hyk, .. k,, We can rewrite

H = {(hk)ke[tl] S [:l:H]tl : ng(hk — hyrr, hyr — hk//) < 7771,

|hy| > nH for all distinct k, k', k" € [t']}.

We will show that there are very few elements of [+H ]tl failing each condition for membership in H, and

then we will use the union bound to conclude that [+H ]tl \ H is small. For the gcd condition, we estimate

1(ged(h —h" .0 —0") >y < E  1(ged(h, k') >n7")

E
h,h! R €[+ H) h,h/€[+2H]
2H
Y. gl i)
=n—1 h,h’'€[+2H]
1 2H
<15 Q) (H]g)
g=n—1
2H

=Y <

g=n~1! 9

1
<
g

For the size condition, we note that |h| < nH for an O(n)-fraction of h € [H]. The conclusion of the lemma

now follows from the union bound. O

5.8 Concatenation along polynomials

In this section, we combine the conclusions of the previous two sections in order to complete the proof of

Theorem 5.10. First, we specialize the results of Section 5.6 to averages of polynomial box norms.

Proposition 5.39. Let d,r,s € N with d < r, and let £ be a power of 2. There exists a positive integer
t = Oy,5(1) such that the following holds. Let § > 0 and D,H,M,N,V € N satisfy HMV < N, and
let Cy,...,Cs € ZP[h] be polynomials of degree at most d with coefficients of size at most V. Then for all

1-bounded functions f : ZP — C supported on [N|P, the bound

2° D
EG[EH]T 1 ey hy-(ea,... 0o hy-(ea) = ON (5.49)
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implies that

E 1F e Oyth , gy SDitns 806r NP,
hig, ...k, €[EH]: i1 ip=1 Cokyy sk by :

lelr], k1,...,kr€[t] J€(s], kek}
where K = Ky ¢, and w is the degree of the box norms appearing.

Proof. The proof consists of several applications of Corollary 5.30. First, we apply it with the indexing set
h € [£H]|" to obtain a natural number t; = Oy 4(1) such that
E ||f||%cl,-(h ) [EM]+++C; (hy,,, ) [£M]): Dt §Or=IND,

hy,...h, €[XH|" !
bys-ohy, €12H] JE[s], 1<k11 <+ <k1p<t1}

where w; is the degree of the box norms appearing.
For the second application of Corollary 5.30, we write hy, = (hix,h,,) and take the indexing set to be
the set of tuples (hy;,... ,ﬁltl) € [+£H]"~V%, Then Corollary 5.30, applied separately for each fixed choice

of h117 ey h1t17 gives t2 = Og)s(l) for which

Qw2

E - ~

himy €[EH]: by, . e[+H] "1 ||fH {Cj(hlk‘u’ﬁllcnkﬂ)‘[iM]+"'+Cj(h1k117ﬁ1~k11k2€)-[:|:M]
ki€ltll gt kaclto] oGy (kg g By gy ) (M 4Cj (Rany g By iy, ) [ M

JE[s], 1<k11< - <k1,<t1, 1<ka1 < <kge<ta}

>pps 090 NP,

where ws is the degree of the box norms appearing.
For the next step, we similarly write ﬁ1k1k2 = (Rok, kys Mok ky) and take our indices to be the tuples
(il%lkz)kle[tl],kge[tz] € [+£H]"=2)tt2 . Applying Corollary 5.30 separately for each hiy,, hog,x, € [+H], with

k1 € [t1], k2 € [t2], we obtain t3 = Op +(1) for which

E
hikg €[EH]: hikyig €EH]: by oy €[£H]T72:
ki€lta]  ki€lta], k2€[t2] g, gty], ka€lta], ks€lts]

w3

¢ P .

”fH{Z,l vig,ig=1 Cj(hlkul vh2k1i1 k2iy 7ﬁ2k1i1 k2, k3i3 )[iM]
jeEls], 1<k <---<kie<t;, 1€[3]}

>>D,€,s 501,5(1)ND’

where w3 is the degree of the box norms appearing. Continuing in this fashion r — 2 more times, we obtain
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ts,...,tr = Ogr (1) such that

2vr Og¢.r,s(1) ATD
E e > v N
hlklu.kle[iH]Z Hf||{zila~-’ir=1 Cj(hlkl'il’-“7hrk1i1'“kr’iT).[i]\/[]: D,@,T,S ’
lelr], ki€[ti] JE[s], 1<k <<k <ty, l€[r]}

where w, is the degree of the box norms appearing.
Although this inequality is just as useful as the conclusion of the proposition, it will later be notationally
convenient to replace the ¢;’s with a single parameter. Setting ¢ = max(¢1,...,t.) and noting that the

coordinates of the polynomial

14
Z Cj(hlkul PR hT‘k'h:l "'krw)

’Ll,...,iT:l

are at most Odmg(VHd) for all valid choices of the h’s, we deduce that

4
Z Cj (hlkul PRI h"‘kl'il“'krir,v) . [:I:M] - [_AN7 AN]D

Q1. yir=1

for some A = Oy, s(1); it is here that we are using the assumption on the coefficients of Cq,...,C, and
the bound HYMV < N. We then deduce the result from the monotonicity property of box norms (Lemma
5.15(3)). O

We will finally use Proposition 5.39, together with the equidistribution results from Section 5.7, to prove

Theorem 5.10, which we restate for convenience.

Theorem 5.40 (Theorem 5.10). Let r,s € N. There exists a positive integer t = O, 4(1) such that the
following holds. Let d,D,H, M, N,V € N and § > 0 satisfy

d<r, 690 «p . H<M and H'MV <N,

and let Cy,...,Cs € ZP[hy, ..., h,] be multilinear polynomials Cj(h) = >  ~juh* of degree at most d
ue{0,1}"
and with coefficients at most V.. Then for all 1-bounded functions f : ZP — C supported on [N]P, the bound

2° D
neteme Hlew ... w2 0N

implies that

25t
1 s . >Dirs 897 INP,
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where

Ej= Y - [EHMT
ue{0,1}4
Proof. The proof amounts to combining the conclusions of Propositions 5.39 and 5.35. We will apply these
results with £ = 4 since we need ¢ to be a power of 2 (as required by Proposition 5.39), and we want it to
be at least 3 (in order to apply Proposition 5.35). We let all implicit constants depend on D, r, s'7 and note
that the powers of § appearing in the proof will be independent of D. We also let K = K 4, which we recall

from Section 5.7 is the set of admissible tuples of indices
K= {(kli)(l,i)e[r]x[4] € [t]4r 1 <kp<-o-<kg<t for all [ €]r]}.
By Proposition 5.39, there is some positive integer ¢ = O(1) (independent of D) for which

E 2 . ‘ (el > OWND, 5.50
hiky ...k, €[FH]: ||f||{i1,.,.,zi:7-6[l] C](hlklil’m’hmlilmknr) M ( )
le[’(‘], klv"'7k7‘€[t] jG[S],@G)C}

where w is the degree of the box norms appearing. We will now make use of our equidistribution estimates.
It is necessary first to restrict to “generic” tuples of the h’s.

Recall from (5.46) the definition of the set of tuples H; ,, C [+H ]tl, which by Lemma 5.38 contains all but
an O(n)-proportion of the elements of [iH}tl. Write H; = H,,,, and take n = c§'/¢ for some ¢ > 0 sufficiently
small that the contribution of tuples (A, ...k k...l € [£H]' \ H, is at most half (say) of the lower bound

in (5.50). Removing such “bad” tuples of h’s and expanding (5.50), we obtain

| | RIS > png (M iy )i ennsi)

mmil...i,.e[iM]:
JE[s], k€K, i1,...,ir€[4]

DA x cjamml,...,hr,ml___,CMT)WH___”;f(x)>>50<1>ND. (5.51)
[4]

i1,eip€

h ¥ [+H]
ok € :
el bnkrely) \ED]

J€[s], keK}

For each j € [s], k € K, u € {0,1}", we introduce dummy variables

. — u1 A L. .
Njku = § hlklil hrziul...k”,‘ Mjkiy i, (5.52)
i1,een,ir €[4]

17and also on d, which, however, is bounded by r
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at scale H“1T+u M and we define

N(n) = E E | J ST TS

mjkil...i,,,E[:l:M}: hlklmkle[iH]: p
GEls], kEK, i1,mrin€[4] 1E[r], k1,okrelt] \EI

Ul Uy L . . .

j€ls] keK ue{0,1}" i1yeeeyip€[4]

In words, the kernel N'(n) is the probability that (5.52) is satisfied when the m’s are chosen (independently,
uniformly) at random from [+M] and the tuples of h’s are chosen (independently, uniformly) at random
from the sets H;. Inserting the definition of A/ (n) into (5.51) and applying the triangle inequality gives us

the neat bound

Z N(n)- ZA{Zye{o,l}rmn.@:je[s],&eic}f(X) > §OMNP,
Nk <HIM: x
J€[s], ke, ue{0,1}"

The kernel A is supported on the tuples (nu)j.k.u Satisfying n;x, < H M, of which there are

< H H H Hlu v < Mz"‘suquz"*lsuq.
jels] k€L ue{0,1}"

It is at this point that we crucially incorporate the bound
N(n) < 5O pr—2"slIKl gr—r2" " sIK| (5.53)
provided by Proposition 5.35 to get the estimate

0] D
< Hl ZA{Zue{OJ}"‘ngnjm:jE[s],EeK}f(X) > §OWNP.
’I‘L]'ﬂ - M -

J€ls], kK, ue{0,1}"

From here, we use the Cauchy—Schwarz inequality to remove the absolute value and introduce Fejér kernels,
and then use Lemma 5.15(6) to trim the boxes (as in the end of the proof sketch of Proposition 5.24). To
conclude the proof, we use Lemma 5.15 to replace the differencing with respect to [£N]” by a differencing
with respect to one of the boxes E;; by the monotonicity of box norms, we can also increase the multiplicity

of every other F; by 1, and we conclude the theorem with ¢ + 1 in place of t. O
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5.9 Proof of Theorem 5.6

We conclude by deriving Theorem 5.6 from Proposition 5.23 (the output of PET) and Theorem 5.10 (the

concatenation result). Assume that

Z ZE[K]fO( x) - fi(x +P1(2)) - fo(x +Py(2)) > 6N,

x€ZP

Proposition 5.23 gives us r, s = Oy (1) and nonzero r-variable multilinear polynomials Cy,...,C, € ZP[h]

(depending only on Py, ..., Py) of degree at most d — 1, such that

Ci(h) = > (lul+ 1! Baul+1) = Buy (u+1) 2

ue{0,1}",
Ju|]<d—1

for some indices wj, € [0,€] (with By(jy|+1) := 0), for which

el 1111wy am), . oy Sape 57O NP

holds for all §=9.c(1) Lape H <M <4py §94.¢() K Furthermore, by property (3) of Definition 5.20,

Bi(jul+1) — Buw,.(lu/+1) is the leading coefficient of Py — P, , which implies that
deg(Py — Py, ) = |u| + 1.
By Theorem 5.10 (with d — 1 in place of d), there exists to = Og,¢(1) such that

9sto
11

yeery

for the boxes

EjO = Z dleu, /81d1w ﬂwjgdleﬁ) . [:l:HdleE]

u€{0,1}",
|u|<d—1

as long as H"'MV < N. We now set H = M =q,p,¢ 0°K for a suitably large constant ¢ = ¢4, > 0, which,
together with the assumption on the size of K, ensures that the aforementioned conditions on H, M are
satisfied. Using parts (4)-(6) of Lemma 5.15, we perform the following operations on each box Ejo: Remove
all of the directions making up Ejo except for one direction corresponding to a (nonzero) highest-degree

monomial; enlarge H to K (at the loss of the factor Og p ¢(694¢(1)) in the lower bound); and remove the
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factor dyy,;,!. In total, we replace each box Ejq by

diny
(lgldlu;jE - ﬁwjldleﬁ) . [:l:K ! Jﬂ]

for some wj, # 1. The theorem now follows, with ¢t = ¢¢¢, from the monotonicity property of box norms,

where we have implicitly used the bound

‘(lii.ldleA - ﬂwjgdleﬁ) ' Kdlei‘ <<D VKdleE <<d,D,A€ VKd S N'

5.10 One more PET result

In the last section, we prove one more result required in the following chapter.

Proposition 5.41. Let d,r € N with d > 2, and let P € Z[z] be a polynomial of degree d with coefficients
of size at most V. There exists a positive integer t = Og, (1) such that the following holds. Let 6 > 0 and
K,N €N satisfy 69+ Lar K <a,r (N/V)Y?. Then for every 1-bounded function f : 7 — C supported
on [N], the bound

Yo ouxm> E [ Cf@+P(z+e-h) =N (5.54)

K
hi,.hr = ee{0,1}"

implies that

||f||?]t(/8d‘[iN/[3d]) >d,r §9ur N,

where Bq is the leading coefficient of P.

Proof. Write P(z) = Z?:o Bizt. Setting

Pe(z,h) == P(z +¢-h) = P(e- h),

we first show that the family Q := {P. : ¢ € {0,1}"} (ordered so that P; comes first) descends from
P = {P — P(0)}. Indeed, Q is normal, for which it is crucial that d > 2, since otherwise P.(z,h) = 12

for every ¢, as the contributions of h are absorbed into the term not depending on z. Moreover, a simple
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computation gives that

Pe(z,h) =) 7 > <|u|u+ Z) Blu)ih™s

=0 weNg: |u|<d—i,
supp(u)Csupp(e)

and hence the formula (5.24) holds with we, = 1(supp(u) C supp(e)) and w, = 0. This immediately implies
property (1) from Definition 5.20. One also sees that for distinct ¢,¢/ € {0,1}", the leading coefficient of
P, — P, as a polynomial in z is dBq(e —€') - h. In particular, the leading coefficient of P, — P.s is a multilinear
homogeneous polynomial of degree 1. This gives property (2) of Definition 5.20, and property (3) follows
since By is the leading coefficient of P. Hence Q indeed descends from P. This allows us to use Proposition
5.22 to find positive integers 1’ = Og4,,(1) and my,...,m,s such that Q" = 0y, , ... .m, Q is linear in z and has
size s 1= |Q'| €4, 1.

Since Proposition 5.22 also gives that Q' descends from P, the members of @’ are multilinear homogeneous
polynomials of degree d — 1 (homogeneity follows from remark (4) below Definition 5.20). Letting h =

(h1,...,hp) from now on with 7/ := r + 1/, we can enumerate the elements of Q' as
bi(h)z,...,bs(h)z,
where

bj(h) = d'Bah*

u€l;

and the sets I; C {u € {0,1}"" : |u| = d — 1} for j € [s] are distinct and nonempty.
Applying the Cauchy-Schwarz and van der Corput Inequalities 7 times to (5.54) much like!® in the proof

of Proposition 5.23, we deduce the bound

2° Oa,0(1) n7D
. P15, ()1, (51 () = b () - [ HL o (s () () () D, 07N

valid for all H <4, 694t K. Theorem 5.10 combined with Lemma 5.15(5) gives a positive integer ¢ =

18 Technically, the expression (5.54) differs from the one in Proposition 5.23 in that in (5.54), we have an extra averaging
over hi,...,h, upfront. However, the argument for obtaining the bound in terms of an average of box norms for the averaged
expression in (5.54) goes exactly the same way as in Proposition 5.23. Check e.g. the proof of [69, Corollary 4.3] starting
from (14) to see why such averaged counting operators are no harder to analyze than ones without an additional average over

hi,...,hy upfront. The applications of the Cauchy-Schwarz and van der Corput Inequalities give us new shifting parameters
Rrgiy..., e hence the polynomial parameters h = (hi,..., k) come from combining the “old” hi,...,h, with the “new”
hT+1, .. -7hr”-
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Og,r(1) for which
t
NG ey >ar 8947 DN.

Properties (3) and (7) of Lemma 5.15 allow us to replace the progression d!3, - [=H?] with 34 -[£N/B4] upon

taking H =g 694¢M K =4, §94¢M N/V giving the claimed result.
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Chapter 6

Polynomial corners

6.1 Introduction

In recent years, there has been a surge of interest in obtaining “reasonable” upper bounds for the Polynomial
Szemerédi Theorem of Bergelson and Leibman [9]. This theorem asserts that if Py,..., P, € ZP[z] are
polynomials satisfying some mild local conditions, then every subset of Z” with positive upper Banach

density must contain a (nontrivial) occurrence of the polynomial progression
x, X+ P1(2), ..., x+Py(2).

This result provided a unified proof for several earlier results in arithmetic Ramsey theory over Z, including
Roth’s pioneering theorem [93] on sets avoiding 3-term arithmetic progressions, Szemerédi’s later general-
ization [106] to sets avoiding ¢-term arithmetic progressions for arbitrary fixed ¢ > 3, and work of Sarkozy
[96,97] and Furstenberg [40] (independently) on sets avoiding length-2 polynomial progressions.

The Polynomial Szemerédi Theorem, despite its useful generality, comes with a drawback: Because the
proof uses methods from ergodic theory, the result is ineffective and provides no bounds on sets avoiding
polynomial progressions. Roth and Sarkézy proved their theorems with fairly good bounds. Szemerédi
provided bounds of tower-type which, although strictly-speaking “effective”, are not particularly “reasonable”.
The work of Gowers on obtaining improved bounds for Szemerédi’s Theorem [42,43] gave birth to the field
of higher-order Fourier analysis, and since then there has been substantial work on obtaining quantitative
versions of various instances of the Polynomial Szemerédi Theorem.

Of particular interest is an early result due to Shkredov [102,103], who obtained reasonable bounds for
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subsets of [N]? avoiding the “corner” configuration

(z,9), (x+2,y), (x,y+2).

His argument involved a suitable notion of “pseudorandom sets” with which one can run a modification of
Roth’s original density-increment strategy. In the context of corner-free subsets of ]FpD X ]FPD , Green [46,47]
later gave a simplified exposition of Shkredov’s approach; see also work of Lacey and McClain [71] for an
improvement in F§ x FP. Peluse’s recent work on subsets of F2' x FL avoiding the “L-shaped configuration”
(z,y), (x+ 2,y), (z,y+ 2), (x,y + 22) built on some of the ideas from Shkredov’s approach.

Until recently, Shkredov’s work on corners was the only instance of a “reasonable bound” for a multidi-

mensional configuration over the integers. Our main result is a polynomial extension of Shkredov’s theorem.

Theorem 6.1. Let P € Z[z] be a polynomial with an integer root of multiplicity 1. If A C [N]? does not
contain a configuration of the form (x,y), (z + P(2),y), (z,y + P(2)) with P(z) # 0, then

2

A v
4l <p (logloglog N)¢

for some absolute constant ¢ > 0.

Theorem 6.1 and the concurrently released work of Peluse, Prendiville and Shao [87] on the configuration
(2,9), (x+2, y), (z, y+22) provide the first examples of reasonable bounds for multidimensional polynomial
(i.e., non-linear) progressions over the integers.

Using a calculation of Shkredov [102], we can take any ¢ < 1/73. The reader may notice that our statement
has an artificial-looking constraint on the polynomial P. This constraint, which is slightly stronger than
intersectivity, arises from a technical point related to the use of the W-trick, as discussed later.

Note added in revision: Jaber, Liu, Lovett, Ostuni, and Swahney [59] have recently obtained a
quantitative improvement of Shkredov’s result. In particular, their results imply that there is some constant
¢ > 0 such that every corner-free subset of [N]? has size at most N2/ exp((log N)¢). By using this input in
place of Shkredov’s bound [102], we can improve the estimate in Theorem 6.1 to A <p N2/ exp((loglog N)€)
for some absolute constant ¢ > 0. This change in the argument can be carried through quite locally: The
(very easy) updates are necessary only in the statement and application of Proposition 6.60.

A key analytic step in our argument is the following inverse theorem for polynomial corners, which may

be of independent interest.

Theorem 6.2 (Inverse theorem for polynomial corners). Let d € N, let P € Z[z] be a degree-d polynomial

with leading coefficient Bq, let 6 € (0,1/10), and let fo, f1, fo : Z?> — C be 1-bounded functions supported on
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[N]? for some integer N > exp(log(1/6)%r(M). If

ZZE[(N}%)W] fo(z,y) fr(x + P(2),y) fa(z,y + P(2))| > §N?,

T,y

then we simultaneously have

Z fo(, y)by(x)ba(y) > exp(—log(1/8)°PWYN?  for some 1-bounded by, by : Z — C,
Y

Z fi(x, y)by (z + y)ba(y) > exp(—log(1/8)°FDYN?  for some 1-bounded by, by : Z — C,

z,y

Z fo(@, )by (x)ba(z 4+ y) > exp(—1log(1/8)°PWYN?  for some 1-bounded by, by : Z — C.
z’y

In the proof of Theorem 6.1, we will end up using a slightly different version of this inverse theorem that
is better suited to W-tricks (Theorem 6.10); the proof simplifies in several ways for the W-trick-free version
stated here. Theorem 6.10 leads to a “comparison theorem” with a “model” counting operator (Theorem
6.20), which in Section 6.7 we will use to deduce the following improvement on the result of Peluse, Sah, and

Sawhney [88].

Corollary 6.3. Let P € Z|[z] be a polynomial with an integer root of multiplicity 1. If A C [N] does not

contain a configuration of the form x, x + P(z), x 4+ 2P(z) with P(z) # 0, then

|A] <

exp((loglog N)er)
for some constant cp > 0.

Before we say more about our main theorem, let us briefly survey related results. Previous work has
focused on 1-dimensional polynomial progressions over the integers and both 1-dimensional and multidimen-
sional polynomial progressions in finite-field settings. One of the many important differences between the
integers and finite fields is that for a fixed polynomial P € Z[z] of degree at least 2, the image of P is an
equidistributed set of positive density in (a sequence of) finite fields, while in the integers it is a sparse set
with local biases; since there are more “opportunities” to find polynomial progressions in finite fields IF,, it is
generally easier to prove bounds on the sizes of sets avoiding polynomial progressions in finite-field settings,
and much more is known here than over the integers.

Early results for 1-dimensional polynomial progressions in F,, (p a prime) are due to Bourgain and Chang

[20], Dong, Li, and Sawin [31], and Peluse [84]. In a major breakthrough, Peluse [83] proved power-saving
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upper bounds for subsets of IF,, avoiding the polynomial progression

xz, x4+ Pi(2), ..., x+ Py(z)

for any given linearly independent polynomials P, ..., P, € Z[z] with constant coefficients all zero. Her
proof introduced the now-well-used technique of degree-lowering for Gowers norms. Peluse’s work has been
generalized in several ways. For instance, Kuca [67] proved reasonable upper bounds for subsets of F,

avoiding a given progression of the form

T, x4z, o, o+ (0= 1)z, 425 xR

Later on, Leng [72| developed a U2-version of degree-lowering to obtain reasonable upper bounds for

“complexity-1” configurations

z, t+ P(2), x + Q(z), = + P(2) + Q(z).

Lastly, Bergelson and Best [8] generalized Peluse’s result to general finite commutative rings.
Less is known about multidimensional progressions in finite fields. Regarding linear configurations, we
have already mentioned results on corners and L-shaped configurations. In the higher-degree case, Kuca

[68,69] proved a general Szemerédi-type theorem for patterns of the form
X, X+ viPi(2), ..., x+VveP(2),

where Py,..., Py are linearly independent polynomials with constant coefficients all zero and vy, ..., v, are
arbitrary vectors in Fz? . When ¢ = 2, special cases of this result had been established earlier by Han, Lacey,
and Yang [54].

Let us now turn to polynomial progressions in Z. In a sequence of papers, Peluse [81] as well as Peluse
and Prendiville [85,86] adapted Peluse’s original degree-lowering argument for progressions of the form
z, x4+ Pi(2), ..., © + P,(z) where the polynomials P; have distinct degrees. Prendiville [90] also proved
reasonable bounds for sets avoiding arithmetic progressions with common difference of the form z¢ for fixed
d; the homogeneity of the polynomial z? allowed him to use a density-increment argument. Peluse, Sah, and
Sawhney [88], adapting a U3-degree-lowering argument developed in |72], addressed the case of three-term
arithmetic progressions with common difference 22 — 1. They proved a “transference” result relating the

number of 3-term arithmetic progressions to the number of 3-term arithmetic progressions with common
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difference 2% — 1.

By a simple projection argument (see the proof of Corollary 6.3 below), Theorem 6.1 contains the setting
studied by Peluse, Sah, and Sawhney as a special case. Hence, our main theorem can be understood
as a common generalization of Shkredov’s corners theorem and the result of Peluse, Sah, and Sawhney.
To prove Theorem 6.1, we will establish a transference result for corners, in the style of [88], and then use
Shkredov’s work as a black box. The starting point for our argument is a PET and quantitative concatenation
result carried out in the previous chapter. The bulk of the present chapter is devoted to obtaining degree-
lowering for the polynomial corners configuration. Our degree-lowering argument is the first to use box
norms instead of Gowers norms, and its success attests to the robustness of degree-lowering as a tool in

arithmetic combinatorics.

6.1.1 Future directions

Our results and methods suggest several avenues for future inquiry. The most natural open problem is
extending Theorem 6.1 to a larger class of polynomials P. A particularly appealing example, recently
highlighted by Peluse [82, Problem 3.17], is P(z) = 2z2. (Theorem 6.1 fails to cover P(z) = 2% because 0,
the only integer root, has multiplicity 2 > 1.) One strategy, which we attempted initially before turning
to transference arguments, is obtaining U! x U'-control for the P-polynomial corner counting operator and
then running Shkredov’s original density-increment argument for corners. Our degree-lowering argument
goes through with P replaced by an arbitrary (non-W-tricked) polynomial P € Z[z], which gives the norm-
control necessary for starting Shkredov’s iterative argument. The pitfall of this approach, however, is that
in later stages of the iteration one must deal with subsets of pseudorandom sets rather than subsets of
[N]2, and this creates complications in both the arguments of this chapter and the PET and concatenation
results of the previous chapter. It seems possible that one could generalize our arguments to the setting of
pseudorandom sets as in [102,103], but we have not pursued this.

The polynomial progressions investigated in this chapter belong to the class of linear patterns (in our
case, corners) with polynomial differences. Other works on obtaining bounds for such configurations have
proceeded either by modifying arguments for the corresponding linear patterns (as in, e.g., [90]) or by using
transference results to relate the counts of linear and polynomial patterns (as in the present work and [67,88]).
Reasonable bounds are known for L-shaped configurations and arithmetic progressions of length ¢ > 4, but
their polynomial analogues are currently unknown, so it would be interesting to extend our methods to
establish transference results for these two particular configurations. It would also be interesting to use

this machinery to obtain more general transference principles, even for cases where there are not currently
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reasonable bounds for linear configurations.

6.2 Proof strategy

We now give an overview of the proof of Theorem 6.1. Our overarching goal is to relate the number of
polynomial corners to the number of ordinary corners; once this is accomplished, we can “transfer” Shkredov’s
result (in a standard supersaturation version) from ordinary corners to polynomial corners.

Let A C [N]? be a set of density J, and let P € Z[z] be a polynomial of degree d with an integer root p
of multiplicity 1. Then

P(z—p) = Baz"+ -+ frz

for some (1,..., Bq € Z with By, B4 # 0; without loss of generality we may assume that 5; > 0. The
number of corners in A is NAC™e™(1 4,14, 14), where A“°™¢™ is the normalized corner-counting operator

at scale N given by

ACorners(fO’fl,fQ) = Z E ]f()(x,y)fl(x + Z,y),f2($3y+ Z)

N
T, YL z€l

The number of P-polynomial corners in A is
(N/Ba) /" A(14,14, 1),

where A is the normalized P-polynomial corner-counting operator at scale N given by

A(fo, frofo) =) fol@,y) fr(x + P(2), y) fa2,y + P(2)).

E
o e/ B

In order to show that |[AC°™e™s — A| is small, we must make both an Archimedean and a non-Archimedean
modification.
First, since the set {P(z) : z € N} becomes sparser at larger scales, we introduce a similarly-decaying
weight
v(2) == d " 1pn(2) (N/ (2 + 1)) 4= 0/4,

into ACo™ers to obtain the model corner-counting operator

AMOd81(f0,f1,f2) = Z E fo(ﬂ?,y)fl(x + z,y)fg(x,y+2)u(2)

N
a:7y€Zze[ ]
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Second, since the set {P(z) : z € N} may be biased with respect to small moduli, we “pre-sieve” the set A
before attempting to compare the counts of corners and of P-polynomial corners. More precisely, for W a
very slowly-growing function of IV, we restrict our attention to the elements of A lying in a single coset of
(B#WZ)?; by the pigeonhole principle, there is some such coset (by + SZWZ) x (by + 32WZ) in which A has

relative density at least § (at scale N). Let
A= {2, y) € 2 (BIWa + by, BiWY +by) € A} C [N/(BTW)]?

be this “slice” of A. We claim that in order to find a P-polynomial corner in A, it suffices to find a P-

polynomial corner in A’, where P is the W-tricked auxiliary polynomial

5. P(B1Wz—p)

P(z) := T BafI2W a2 4 By 1 BITBWET24 4 2 € Z2). (6.1)
1

(The linear coefficient 1 of P will be convenient later for technical reasons.) Indeed, if
(@, y), (@' +P(),y), (@9 + P(2)))
form a ﬁ—polynomial corner in A’, then A contains the P-polynomial corner

(z,9), (x+ P(2),y), (v,y+ P(2))

with

x:=BWa + by, y:=PBWy +by, and z:=[W2 —p.

Hence, we replace A with the W-tricked counting operator

Mo o= 2 (B Fole il P+ )

where Wy 1= 5d6f_2Wd*1 is the leading coefficient of P. The main work of this chapter is showing that,
with these modifications made, the counting operators AM°d¢l and AW are very close (Proposition 6.20).
This comparison theorem boils down to showing that both AM°de! and AW are “controlled” by appropriate
U' x U'-box norms of their arguments. The control for AM°d¢! (Proposition 6.19) is fairly straightforward and
follows from an argument similar to the proof of [88, Lemma 4.1], so we will focus on the control for A". We

wish to show that for all 1-bounded functions fo, fi, f> supported on [N]?, the largeness of |[A™ (fo, f1, f2)]

224



implies (with quantitative control) the largeness of a box norm of fy in the directions e; := (1,0) and
e; := (0,1). The control in terms of f; (with the directions e;, e; — e2) and fo (with the directions
es, ey — e1) is completely symmetrical. The precise statement of this result is in Theorem 6.10, which
constitutes a W-tricked version of Theorem 6.2.

The starting point of this endeavor is the PET induction scheme and a quantitative concatenation result,
as carried out in the previous chapter. The output of these arguments is the existence of a natural number

t = O4(1) such that the lower bound |AY (fy, f1, f2)| > §N? implies that

2t O
L follfey wa -t/ Wyt (eawar (e /wapy d 891 IN?, (6.2)

and likewise for fi, fo (cf. Proposition 6.11). For simplicity of exposition, we will temporarily pretend that
W = 1; at the end of this sketch, we will mention how to deal with the additional technical complications
arising from the presence of W. For notational simplicity, we will also make the unimportant assumption
that B4 = B1 = 1 (so that Wy = 1 and the z-variable ranges over [N'/?] in the definition of A").

In order to replace t with 1, we will carry out an iterative degree-lowering procedure (see Proposition
6.12 below): We will show that if the largeness of [A™ (fy, f1, f2)| is already known to imply the largeness of
Hf0||%:1+iiN])k’ (es-[N])¢ for some k., £ with k > 2, then it also implies the largeness of Hf0||%:ﬁ;m)k,l’ (ea-[EN])*
(and likewise with the roles of k, £ reversed). We will arrive at our goal after 2t — 2 iterations of this degree-
lowering procedure. This is the first time that degree-lowering has been carried out using box norms; all
previous degree-lowering arguments in the literature aim at lowering degrees of Gowers norms. Our argument
thus testifies to the versatility of the degree-lowering approach pioneered by Peluse [83].

By the dual-difference interchange (a consequence of the Cauchy—Schwarz inequality; see Lemma 6.9),
it suffices to obtain our degree-lowering result when k = 2 and £ = 1. Suppose that [AY (fy, f1, fo)| > SN2
We begin by applying the “stashing” trick first introduced by Manners [77]: Since fy is supported on [N]?,

using the Cauchy-Schwarz inequality to eliminate fy from A" gives

§°N* < |AW(f0,f17f2)|2 < N?AY(Do(f1, f2), f1, f2),

where Dy (f1, f2) : Z? — C, the dual function of the first argument of AW, is given by

Do(f1, f2)(,y) := Ze[l@l/d} file + P(2),y) f2(a,y + P(2)).
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The hypothesis of the degree-lowering statement tells us that

HDO(flv .]tQ)HZ.[:i:N]7 e1-[£N], e2-[£N]

is large (i.e., at least ¢(0)N? for some explicit ¢(6) > 0). Then the inverse theorem for the U? x U!-
norm (see Lemma 6.28 below) implies that Dy(f1, f2) correlates with a “U? x U'-obstruction” of the form
g(x)e(a(y)x + b(y)), where g : Z — C is a 1-bounded function, a : Z — R/Z is a phase, and b : Z — R/Z
is a shift.! Unraveling the definition of Do(f1, f2) and ignoring the terms g(z),b(y) (which are of secondary

importance), we find that

AN(a, f1, f2) := ZE[J]%W] e(a(y)z) fi(z + P(2),y) fo(a,y + P(2))

is large in absolute value.

We now aim to show that the phase a is close to some constant « for many values of y (see Proposition
6.13 below); this step “lowers” the degree-2 obstruction e(a(y)x) to the degree-1 obstruction e(ax). Before
sketching the proof of this structural result for a, let us see how to use it to complete the degree-lowering

procedure. Substituting a for a(y) and shifting z — x — P(z) in the expression for A’(a, f1, f2), we find that

e 0~ PENA@ DA~ Py + Plo)

is large. Grouping the exponential with f,, we recognize this expression as an instance of the counting
operator for the 2-point configuration (z,y), (z — P(z),y + P(z)). Adapting a classical Fourier-analytic

argument of Sarkozy [96,97] for 2-point polynomial configurations, we conclude that

4
Hf1||(ezfel)~[:tN], ez'H:N]

is large. A further sequence of manipulations in the flavor of stashing let us transfer this “degree-2 control”
from f; back to fo.
It remains to analyze the phase function a. It turns out that it suffices to understand the case where fo

is a “U! x Ul-obstruction” of the form by (y)be(z + y) for some 1-bounded functions by, by : Z — C, in which

1To understand where this inverse theorem comes from, notice that differentiating once in the y-direction removes the g(z)
term and differentiating twice in the x-direction removes the e(a(y)x + b(y)) term.
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case we are dealing with the expression

> B )il + PE).ph(y + PE)bate + -+ Pl2)).

Shifting « — 2 — P(z), we reach an expression in which the functions f; and by are independent of z. Then,

by applying the triangle inequality in z,y and pigeonholing in x, we deduce that

Do | _E e(=a@)P()bi(y + P(2))

ve[N] z€[N1/4]
is large. A variant of the PET argument from the previous chapter lets us control this expression by a
Gowers norm of by, and the inverse theorem for the Gowers norms produces a nilsequence ¢ of bounded
degree, dimension, and complexity such that

o E o) PG oty + PL2)) (6.3)

>

y€([N]

is large. To analyze (6.3), we require input from the theory of nilsequences.

We use an iterative process, itself a microcosm of degree-lowering, to show that the nilsequence in (6.3)
can be replaced by nilsequences of progressively smaller step (see Proposition 6.18). This argument makes
use of recent quantitative equidistribution results for polynomial sequences on nilmanifolds due to Leng [73].
At the end of this iteration, we have replaced ¢(y) by a step-1 nilsequence, namely, a function of the form
e(p(y)) for some polynomial p. We then use Weyl’s inequality to reduce to the case where p(y) = a1y + ag
is linear. Another application of Weyl’s inequality shows that there are many values of y such that a(y) — oy
is major-arc, i.e., close to a rational of small height; pigeonholing in these rational shifts finally gives that
a(y) is nearly constant for many y’s.

Figure 6.1 provides a visual overview of the main steps of our argument.

Our degree-lowering arguments must be modified in several ways to account for the parameter W. Recall
that the initial norm-control in (6.2) involves differencing with respect to boxes with common difference W
(rather than 1). In order to manipulate such expressions and use inverse theorems for box norms, we must
split all of the parameters in sight (e.g., z,y,2) into arithmetic progressions with common difference W.
This maneuver, which often requires introducing iterated W-tricks, is quite a nuisance but does not change
the essential nature of our arguments.

More importantly, the miniature PET induction in the lead-up to (6.3) yields Gowers-norm control where

the differencing parameters are boxes with side lengths equal to the leading coefficient of P. Since this leading
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coeflicient is a constant multiple of a fixed positive integer power of W, this step of the argument requires
us to replace W with some WM and we must keep track of the accumulation of these exponents in all of
the iterations of the degree-lowering. (We also have to perform WO tricks instead of W-tricks.)

We conclude with a short discussion of the shape of bounds in Theorem 6.1. Of the three logarithms in
the bound in Theorem 6.1, two come from the supersaturation version of Shkredov’s result [102,103], and
the third arises in the transference step of our argument. That we lose only one logarithm in comparing
the counts of polynomial and linear corners is reliant on a recent equidistribution result for nilsequences due
to Leng [73] and the quasipolynomial inverse theorem of Gowers norms [75] (which is itself reliant on [73]).
If we instead used bounds for equidistribution of nilsequences provided by Tao and Terdvéinen [109] (who
quantified earlier equidistribution results of Green and Tao [51]), we would end up with a large number of

iterated logarithms bounded in terms of the degree of the polynomial P.

6.2.1 Organization
Nilsequence input Section 6.5 Inverse theorem for
(Proposition 6.18) A’ (Proposition 6.14)

Sections 6.4.3, 6.4.4

tive concatenation

PET and quantita- ‘
(Proposition 6.11)

Degree-lowering for
AW (Proposition 6.12)

Inverse theorem for Inverse theorem for
AMedel (Proposition 6.19) AW (Theorem 6.10)

Supersaturation for cor- Comparison theo-
ners (Proposition 6.60) rem (Theorem 6.20)

Bound for polynomial
corners (Theorem 6.1)

Figure 6.1: The main steps and logical implications in the proof of Theorem 6.1.

After recalling definitions and preliminaries in Section 6.3, we embark on the proof of the main technical

result of our work, Theorem 6.10, which asserts that the counting operator A" is controlled by suitable
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degree-2 box norms. In Section 6.4, we show how to use our degree-lowering result, Proposition 6.12, to
deduce Theorem 6.10 from the PET and quantitative concatenation results of the previous chapter. We also
reduce Proposition 6.12 to Proposition 6.13, an inverse theorem for the auxiliary operator A’. The lion’s
share of the proof of Proposition 6.13 is then carried out in Section 6.5. The key input in this argument is
Proposition 6.18, a structural result on (6.3), which we prove in Section 6.6 using nilsequence machinery.

The arguments in Sections 6.4—6.6 make use of several standard results which we collect as appendices
in the final six sections of this chapter: inverse theorems for various box norms in Section 6.8; a summary
of nilsequence theory in Section 6.9; a fraction comparison argument in Section 6.10; and a Sarkozy-style
inverse theorem for a 2-point polynomial progressions (derived with circle-method techniques) in Section
6.11.

We conclude the main body of the chapter with Section 6.7, where we finally complete the proof of
Theorem 6.1. Proposition 6.19 establishes the desired box-norm control for AM°d¢l and we compare A"

and AModel

in Proposition 6.20. The latter proposition requires two more ingredients from the appendiceal
sections: a Fourier-uniformity result for certain polynomial weights from Section 6.12; and a supersaturation

version of Shkredov’s corners theorem from Section 6.13.

6.3 Definitions and preliminaries

We recall some basic notation and foundation results, along the lines of what we used in the previous chapter.

6.3.1 Basic notation

We write N, Z, R, C for the sets of positive integers, integers, real numbers, and complex numbers (respec-
tively). For reals a < b, we set [a,b] := {[a],a + 1,...,[b]}, and we abbreviate [0, N — 1] as [N] and
[-N 4+ 1,N — 1] as [+N]. We remark that our somewhat unusual convention for [N] (the norm would
be [N] = [1, N]) behaves well under passing to arithmetic progressions: For ¢|N, we have the partition
[N] = Ujeg(a- [N/l +J)-

We write X = (1, ..., xp) for an element of ZP (for fixed D € N) and x for an element of Z. When the
context is clear, we often write a sum over Z” or Z as Y- _or > _ instead of > _,p or 3 ,. We also write
h = (h1,...,hs) for a tuple of s integers, and we denote its £1-norm by |h| := |h1|+ - + |hs|. We will often
combine these two pieces of notation; we use hv to indicate the tuple (hyv,..., hsv).

We denote the indicator function of a set X by 1x, and the indicator function of an event E by 1(E). If

be the average over X.

X is finite and nonempty, we let E,cx := ﬁ Y osex
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We call a function f : X — C 1-bounded if sup |f(z)| < 1.

We use the following standard asymptotic nLoetztion. Let f,g9: X — C, with g taking positive real values.
We write f = O(g), f < g, 9> f, or g = Q(f) if there exists C' > 0 such that |f(z)| < Cg(x) for all z € X,
and we write f < gor f =0O(g) if f < g and f > g. If the constant C' depends on a parameter, we record
this dependence with a subscript, e.g., f = Op(9), f <p g.

We let C : C — C denote the complex conjugation operator Cz = Z.

6.3.2 W-trick notation

Throughout this chapter, we let w = w(N) > 10 be a (fixed) slowly-growing function of N; we will later

take w(N) to be a small constant (depending on P) times log N. Let

wW=ww):= ][] »
p<‘w
p prime

be the product of the primes up to w. Standard results on the growth rate of Chebyshev’s function give
logW =< w.
It will often be useful to restrict functions to arithmetic progressions, which we capture in the following

definition.

Definition 6.4 (V-tricked function). For V' € N and r € Z, we can parameterize the arithmetic progression
VZ+r CZby {Ve+r:xz € Z}. If fis a function on Z, then its restriction to VZ + r, with this
parametrization, is

few(@) = f(Ve+r).

Likewise, for r1,7y € Z and f a function on Z?, the restriction of f to (VZ + r1) x (VZ + r3) can be

parameterized as

f(hﬂ“zyv) (.’)37y) = f(ViL' + 71, Vy + 7“2).

We refer to the operation of passing to such a subprogression as a V-trick, and we say that the resulting

functions are V -tricked.

Throughout this chapter, we will usually take V' to be a small (nonnegative integer) power of W and
r,71,72 to be elements of [V]. We remark that a composition of two such V-tricks is itself a V-trick. To see

this symbolically for f : Z — C, one can calculate that

(f(h,Vl))(T’fz,V'z)(x) = f(ﬁ,Vl)(VQ"E + T2)
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= f(Vi(Vaz +rg) +171)

= f(V17’2+T’1,V1 Va) (.’E),

where V1 V5 is a power of W if Vi, V, are. The case of functions on Z? is analogous.

Definition 6.5 (V-tricked polynomial). For V-tricks of polynomials, we will use slightly different notation
that will turn out to be helpful for keeping track of divisibility properties of various coefficients. Let Q € Z|[z]
be a polynomial. For V' € N and r € Z, define the V -tricked polynomial of @ to be

QVz+r)—Q(r)
\%

Q[T’V](z) = S Z[z]

That Q| ) has integer coefficients can be easily verified using the Binomial Theorem.

As in the case of V-tricks for functions, the composition of two V-tricks for a polynomial is again a

V-trick. In particular, we have

_ Q[T1,V1](‘/22 + 7“2) - Q[r1,V1](T2)
Va
Q(Vi(Vaz +12) +71) = Q(r1) — Q(Vira + 1) + Q(r1)
ViVs

(Q[T1,V1])[T2~,V2](Z)

= Q[V1T2+T1,V1V2] (Z)

Note that iterated V-tricks (in both the function setting and the polynomial setting) do not in general
commute.

6.3.3 Van der Corput Inequalities

If E C ZP is finite and nonempty, we define the Fejér kernel

h) .= 1h: —n, (D).
,UE( ) h1,IIEEE h; hz( )

Note that >, pg(h) =1 and that 0 < pg(h) < LE"TE‘(h) pointwise. If E = [+H], we set

1 ]
h) = hy= E  1y_n(h)= 1- :
pa(h) = pem(h) = B Tina () 2H—1( 2H—1>+

This definition differs slightly from those in [81,85,86,90] in that we take the ranges of hy, ha to be [+ H]|

rather than [H|. Making the range of hy, hy symmetric around the origin will be convenient for us later.

231



We will use the following form of the standard van der Corput inequality, as discussed in the previous

chapter.

. . . 52 .
Lemma 6.6 (The van der Corput inequality). Let ¢ € (0,1], and let H,N € N with H < °N. If f:Z — C

is a 1-bounded function satisfying

> 6, (6.4)

then

Y v
E E h h) > —
h,h' €[+ H] 2€[N] fl@+h)f(z+h) > 4

and

S un(h) Ef@fEeh =

- zE€[N]

6.3.4 Box norms

We now briefly review the theory of box norms on Z”; we will later work with the groups Z and Z2. Given
h,h’ € ZP and a finitely supported function f : Z” — C, we define the (multiplicative) discrete derivatives
Apf(x) := f(x)f(x+h) and A(h h) f(x) := f(x +h)f(x+h’). Similarly, compositions of such discrete

derivatives are given by

Dby, f(X) = Dpy - A, f(x) = [[ Cf(x+e-h),
e€{0,1}#
Alty b)), (hooh) F(X) = Alyy ey Al gy f(X) H Clf(x+ (1€ -h+e-h),
e€{0,1}*

where h = (hy,...,hy) and again Cz = Z for z € C.

For finite sets E1, ..., E; C ZP, we define the box norm of f along E;,...,E, to be

1/2°
i DY Y
Hf”E“"’ES T (hl;h]l;:eEl hs,hﬂgeEs zx: A(hl’h/l)""’ (hs’hg)f(x)> '

We can equivalently express this as

1/2°

gy e = D wm (b)) s, (h) Ak, f (%) (6.5)

x,h1,....hg
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after shifting x — x — h} —--- — h/, and removing the extraneous averages over h/, ..., h’. For the sake of

completeness, we also define || f||, := >, f(x) (but note that this is not a seminorm). If a set I repeats

t times, we often write E? instead of E,..., E. We also write || f| Us(m) = | fll g for the degree-s Gowers
norm of f along E. The following lemma lists several properties of box norms that we established in the

previous chapter.

Lemma 6.7 (Properties of box norms,). Let 6 € (0,1), let d,D,N,s € N, and let Ey,...,E, C Z" be
finite and nonempty sets. Let f : ZP — C be a 1-bounded function supported on [N|P. Then the following

properties hold:

1. (Inductive formula) For any i € {1,...,s}, we have

N 25—i
2° /
f - E e E HA / T/ f‘ .
15,k honler honem |0 @UBDe () [ p
2. (Permutation invariance) For any permutation o on {1,...,s}, we have

Hf”El,,,,,Es = Hf”Ea(l),m,Ea(s) .
3. (Monotonicity) If f is 1-bounded and |[N]P — Es| < CNP for some C > 0, then

s—1 s
£, 5 =O0N? = |flls, g >8NP/C. (6.6)

4. (Enlarging the sets) If s > 2 and E! C ZP is a finite set satisfying E! O E; for each i € {1,...,s},

then

15, e -

1oy

1 2571
171 <%WNW%Y
Bres = \[By]-—|B|

5. (Trimming the lengths of boxes) Let
E; =0 [tH;] and E!=(; [+k;H;|]
for some B; € ZP, k; > 0, and H; € N. If f is 1-bounded, then
11V, Z NP = [fly,. 5, > 0% min(1,67 /r)* N

for k = max; k;.
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6. (Passing to sub-arithmetic progressions) Suppose that f is 1-bounded and
E; =B [£H;] and Ej=q@i-[£H;/q]
for some B; € ZP and q;, H; € N satisfying ¢; < C3% H; for all i and some constant C > 0. Then

- 9o
1, 5. = NP — Hf“E;E' >0 0N,

6.3.5 Dual-difference interchange

On several occasions, we apply a standard dual-difference interchange trick which has been a linchpin in all

previous degree-lowering arguments. Its proof rests on the following observation.

Lemma 6.8. Let D,t € N, let C > 0, let E C ZP be finite and nonempty, and for each i € {1,...,t}, let
F(x) = E,,cz, fi(x,2) be a function from ZP to C supported on a set of size at most CNP | where Z; is a

nonempty finite set and f; : ZP x Z; — C is 1-bounded. If

t
2; pe(h)Am o) 1:[1 Zi]gzi fi(x,2;)| > ONP,

then
t

) N> (52 D
§h uE(h)ilj[lz}EEZi Aoy fi(x,2i) > (82/C)NP.
Proof. We first expand pg(h) so that

E fi(x+h' 2)| >6NP.

t
o Z;EZi ¢

t
E E ; h,z) E
Xx:hEEI[lZiGZi filx + b, 2) wep L4

Using the identity

t

H E g(z)= E Hg(zz) (6.7)

- 2,€2; 21€21,...,2t€Z¢ -,
i=1 =1

and the formula for F;, we can further recast this as

t

. / I . )
|Zx: 21€Z1,].E.,zt€Zt (h/IEE H FZ(X + h )> hIEEE 71;[1 fl(x + h’ Zl)

=1

> §NP.

We then apply the Cauchy-Schwarz inequality to double h and use the 1-boundedness of f;’s together with
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the bound on the support of F; to get

2

(8%/C)NP <> E

21€21,..,2¢€Z¢
X

t
= us(h) wezE ez, };[1 An,0)fi(x, 2).

hecE

i=1

The result follows from applying (6.7) in the reverse direction.

Iterating Lemma 6.8, we obtain the following.

Lemma 6.9 (Dual-difference interchange). Let C > 0, let D,r,s € N with 1 < r < s, let Ey,...,Es C
[+CNP] be nonempty sets, and let F(x) = E.cz f(x, 2) be a function from ZP to C, where Z is a nonempty

finite set and f : ZP x Z — C is a 1-bounded function supported on [FCNP] x Z. If

.
1E1, .. 5, = ON”,

.....

then

gs—r
Ert1,..,E

) >>C,T’ 62TND7
where

Fhoobr(x) = ZIGEZA(hl,o),..., (h,,0)f (%, 2).

Proof. Expanding the definition of the box norm, we get that

> pm(h)-pp, (h) > pe, (h) A, 0)..... (h,0) E flxz)2 INP.
hs,....,hg x,hy

We apply Lemma 6.8 for a fixed tuple (hy,...,hs) € Ey x --- x E, viewing the iterated multiplicative
derivative A, 0),..., (h,,0) @S a product of 2571 terms (hence, the multiplicative derivative plays the role of
the product over i € {1,...,t} in the statement of Lemma 6.8). This lets us move the differencing over h;

inside the expectation, just like in the statement of Lemma 6.8), giving

Y um () g (Be) Y Ay ..o, (h,.0) B Ay 0)f(x,2) >0 8°NP.
hl,‘“,hs X
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We continue in the same fashion to move the differencings over hs, ... h, inside the expectation; here we

are implicitly using the fact that the functions A, oy, .., (n,;,0)f for h; € E;; 1 <4 < j <r are supported on

.....

[+CNP] x Z. O

6.3.6 Fourier analysis

We conclude the preliminaries section with a brief summary of Fourier analysis on Z, which we shall use
on occasion. For a finitely supported function f : Z — C and £ € R/Z, we define the Fourier transform

f:R/Z — C via
F© =) fa)e(sw).

The Fourier inversion formula gives f(§) = fR/Z f(f)e(—fx) d¢, and the Parseval Identity gives || f||, = HfH2

1/p
Here the LP-norm of a function f : Z — C is defined by | f[|, = (Ex |f(a:)|p> for 1 < p < oo and

[ fllo := sup f(x), the LP-norm of a (Lebesgue-measurable) function F' : R/Z — C is defined by [|F[|, :=
TEZL

1/p
(Juye IF©Pdg) ™ for 1 < p < o0 and |F|l o == sup |F(€)]
£ER/Z

6.4 Degree-lowering

For the remainder of the chapter, we fix the integer polynomial P together with its degree d and the auxiliary
W -tricked polynomial P defined in (6.1). Recall that for 1-bounded functions fo, fi, f2 : Z?> — C supported

on [N]2, we have the counting operator

A (fo. f1, = E x, z+ P(2), z,y + P(z)),

Uor )= 30 e P8l + P ol P
where W, is the leading coefficient of P. Recall also that e; := (1,0) and e, := (0,1) denote the usual basis
vectors in Z2. As described in the proof outline above, the main work of this chapter is showing that A" is

“controlled” by appropriate degree-2 box norms of its arguments.

Theorem 6.10 (Inverse theorem for AY). There is a constant C = Cp > 0 such that the following holds.
Let § € (0,1/10), and let fo, f1, f2 : Z*> — C be 1-bounded functions supported on [N]? for some integer
N > CW¢ exp(log(1/6)). If

IAY (fo, f1, f2)| = 6N,
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then there exists some positive integer power V.= WOPW) such that

L folle v (v v1, eav(vjv = €xp(—log(1/6)°7 ()N,
1AL I3, v (3 /v), (en—enyv-(vyvy = exp(—log(1/8)°P M) N?,

and || fall&, v (n/v1, (es—enyv-ivyv) = exp(—log(1/6)7r () N2.

Theorem 6.10 is a W-tricked version of Theorem 6.2 from the introduction. While we prove only the
former, the latter follows from a simplified version of the proof of Theorem 6.10 in which we take W =V =1
in all places and replace P with P. We remark that while Theorem 6.10 has the same restriction on P as
Theorem 6.1, no such restriction is present in the statement of Theorem 6.2. This is because the fraction-
comparison argument Lemma 6.47, whose proof in the W-tricked setting uses the special structure of P,
holds trivially for all non-W-tricked polynomials.

The purpose of this section is to reduce Theorem 6.10 to Proposition 6.13 (below); the corresponding
part of the argument in the proof sketch of Section 6.2 is the paragraph after the definition of A’.

To prove Theorem 6.10, we will use a degree-lowering argument. The starting point for the argument is

the following special case of Corollary 5.7 from the previous chapter.

Proposition 6.11. There ezist a constant C = Cy > 0 and a positive integer t = O4(1) such that for all
§ € (0,1/10) and 1-bounded functions fo, f1, fo : Z2 — C supported on [N]? for some integer N > CWa6~¢,

the bound

IAY (fo, f1, f2)| = ON?

implies that

2t
||f0H%e1Wd-[:|:N/Wd])t, (esWa [N/ Wa])t >y §50a(1) N2

2t o
[ Fillfeswa /iy, (ex-onywatenywaye >a 674N

22t O4(1) nr2
and | follfesw,- v/ W), (e2—en)War e ywapye d 601N,
Our goal in the next few sections is to reduce ¢ to 2 in the box norms appearing in Proposition 6.11. The
following proposition captures the main iterative step of this process.

Proposition 6.12 (Degree-lowering). Let k,¢ € N with max(k,{) > 2. For every C1 > 0 there exists
Co = Co(C4, P, k,£) > 0 such that the following holds. Let V< WSt be a nonnegative integer power of W,

and suppose that for all § € (0,1/10), all positive integers N > CoW 2 exp(log(1/6)2), and all 1-bounded
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functions fo, f1, f2 : Z* — C supported on [N]?, the lower bound

IAY (fo, f1, f2)| > ON?

implies that

k42
1 follfey v (en/vyr, (eav(enyvyye = exp(— log(1/6)“*)N*.
Then there exists some positive integer power V = VOecrrke) gych that

ok+e—1

||f0||(e1f/~[1\/'/\~/])k71, (eJﬁ[:l:N/f/])f Z exp(f log(l/(s)OClvP,k,E(l))NQ

if k> 2 and

ofte—1
”fO”(elf/.[N/f/])k, (eaV-[£N/V]

ye-1 Z eXp(— log(l/a)ocl,P,k,é(l))NQ
if > 2.

Before proving Proposition 6.12, we show how it implies Theorem 6.10.

Proof of Theorem 6.10 assuming Propositions 6.11 and 6.12. By Proposition 6.11, there exists a positive

integer ¢t = O4(1) such that

2t
||f0||(261Wd~[j:N/Wd])t’ (00 W[ N/ Wa))t d §50a(1) N2

Using Lemma 6.7(4), we can replace W, by W9~ at the cost of a factor of Op(1) in the lower bound. We
now apply Proposition 6.12 2t — 2 times. Since NV is chosen sufficiently large, we end up with a positive

integer power V = W) such that

1 folle,v(an/v1, eav-penyvy = exp(— log(1/6)7r (M) N?.

This gives the claimed control in terms of fy.

The control in terms of f1, fo follows by symmetry. To see this, notice that the affine linear map
(r,y) = (2N — 1 — (z + y),y) sends [N]? into [2N]? and preserves the set of corners with each given side
length, with the caveat that the two points on the horizontal side of each corner have been “exchanged”.

More precisely, for each i, define the function f; : [2N]2 — C by f;(z,y) := f;(2N —1 — (z +y),y). Then
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the change of variables z +— 2N — 1 —x —y — Jg(z) gives the identity

AW(vafla f2) = AW(flv.]?Oa .};)

The previous paragraph (with N, § replaced by 2N,§/4) tells us that

IFL13, v (o8 /v, eav-anyv) > exp(—log(1/6)P )N,

Using Lemma 6.7(5) to replace [£2N/V] by [£N/V] and unwinding the definition of f;, we conclude that

£ 13, v 8/, (en—enyv(nyv] = €xp(—log(1/6)77 (D)2,

The control for f5 follows from an analogous change of variables. O

6.4.1 Proof of Proposition 6.12: preliminary maneuvers

We now begin the proof of Proposition 6.12. All implicit constants are allowed to depend on P, k,l. The

initial assumption

IAY (fo, f1, f2)| = ON?

implies that

2k+£

1 follfeyv-fen/viyE, (eav-penyvyye 2 exp(—log(1/6)°W)N? (6.8)

for all 1-bounded functions fo, f1, f2 : Z?> — C supported on [N]2. Our proof strategy is as follows. Applying
several standard maneuvers such as stashing, the dual-difference interchange and an inverse theorem for the
U? x U' box norm, we reduce the problem to the study of the auxiliary operator

N(a, fi, f2) = e(a(y)z) fi(x + Pyvy(2).y) fa(z,y + Py (2)).

Z E
ZE[(N/Wq)1/4V 1]

z,y

The phase e(a(y)z) is the “main term” that arises from the U? x U! inverse theorem. Our main technical
advancement is a structural result on A’: We show that if A’(a, ]?1, fg) is large, then a is “approximately
constant” in the sense that there are many arithmetic progressions of difference V' = VO on each of which

a is constant a positive proportion of the time. Morally speaking, this means that A’(a, ]?1, fg) can be large
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only when e(a(y)r) is actually a U' x U obstruction. We use this information to obtain the auxiliary norm

control

4 O(1 2
”fl”(elVV“[:l:N/V])k*l, (e2—e1) V- [£N/ V], (e V-[LN/T])E-1 = exp(—log(1/6)M)N?,

where V = VV’. We then transfer this norm-control from f; to fo.
Let us fill in some more details of this strategy. In doing so, we will also highlight several techniques used
in various guises throughout the chapter.

We define the dual function

Dol f)ew)i= B it Pe).nhy+ Pe)

with respect to the first argument of A". The Cauchy-Schwarz inequality gives

2

A (fo, f1, )PP = | Y fola, ) Do(f1, f2)(x,)
z,y
< N?%. Z IDo(f1, f2)(z,y)?

= N2 . AW(IDO(flan)vﬁ?E)?

for all 1-bounded functions f, supported on [N]2. It follows that if A" (fo, f1, f2) > 6 N2, then we also have
AW(DO(fla f2)7ﬁy E) > 62N2-

This trick whereby we replace an arbitrary function fy by the structured function Dy(f1, f2) is often called
stashing, and it will be the bread and butter of our arguments. In particular, once we know that A" is
controlled by some norm |[|-|| of its first argument, we see that the largeness of AW (fy, f1, f2) implies not
only the largeness of || fo|| but also the largeness of ||Dy(f1, f2)||. In this particular case, stashing and (6.8)

together give

k+2
1Do(f1s o) I{ervfenyviyr, (eav-fenyvyye = exp(—log(1/8)° )N, (6.9)

The next step is to apply the dual-difference interchange to (6.9) in order to arrive at an average of
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U? x Ul-box norms to which we can apply an inverse theorem. To begin, applying Lemma 6.9 to (6.9) gives

hy,h.
> v (b 1) 1D 2 (frs f2) 1o v fen/v2, eav-penyv) = exp(—log(1/6)7M)N?,
hy €782,
h,ezt!

where

Do (@)= (B Anve taves (fila + P)y) falasy + P(2))

for h;, € Z*=2 and h, € Z‘"'. (We recall here that h,Ve; = (h11Ver,...,hix—2Ver), and similarly
for h,Ves.) Since pnyv(hy,hy) < (N/V)7F=¢F3 pointwise, the popularity principle provides at least
exp(—log(1/8)°M)(N/V)k+¢=3 choices of (hy, hy) such that

hlvﬁz
1Dy (flan)H?(selV‘[:tN/V])% eV [£N/V] 2 eXP(*IOg(l/Cs)O(l))NQ- (6.10)

For the next several steps, fix such a choice of hy,hy. (The reader can now see why all of the main ideas
appear in the case k = 2, £ = 1 described in the proof sketch.)

The box norm in (6.10) is not yet ripe for an application of an inverse theorem for the U2 x U* box norms
because of the multiplicative factor V in the boxes e1V - [£N/V] and eV - [£N/V]. To bring the box norm
into a form amenable to an application of the inverse theorem, we split the ranges of z,y into arithmetic

progressions of common difference V' and observe the identity

8 8
190 e v-renvpe, eaviznmy = Do N9Gram e, wwyvie, epienvi - (6.11)
J1,J2€[V]

for any compactly supported g : Z — C; we recall the V-tricked function g(;, j, vy (2, y) = g(Va+j1, Vy+jo)
from Definition 6.4. Notice that after this change of variables, the boxes in the box norm have side length
[N/V] instead of V - [N/V].

We will of course apply the identity (6.11) to the functions Dgl b (f1, f2). This maneuver requires us to
adapt the range of z accordingly: Recalling the definition of the V-trick for polynomials, we replace ?(z) by

ﬁ[nv](z) = w. On changing variables z — Vz 4+ r, we can express the dual function as

DB (f £\ (Ve + g1, Vg + )

= E Avh,er Viyes (FLVE + ji + P(2), Vy + jo) fa(Vz + j1, Vy + ja + P(2)))
2€[(N/Wy)1/d]

= EEE:V] e[(N/W]E)l/dV*l} Avher Viyer (A(V (@ + Ppyi(2)) + 51 + P(r), Vy + j2)
kA z d
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X fo(Vz + j1,V(y + Pypvi(2)) + jo + P(r)))

- TEIEEV] ze[(N/W]E)l/dv—l} Anyertyer (fr g1 By o (& Plrvi(2) ) fo gy gy By (259 + Py (2))),

where we also set

Jigrge (@, 9) = () Gr oy (@, 9) = iV + j1, Vy + jo)

for brevity. We observe that these V-tricked functions are supported on an interval of length N/V. In
the formula above (and in similar expressions in the future), we assume without loss of generality that
(N/W )4V =1 € N (as we may since N is large compared to V'), so that splitting the range of z into
arithmetic progressions incurs no error.

Invoking (6.11) with g = ’Dgl ’ﬁ2(f1, f2) and applying the triangle inequality to (6.10) gives

E
J1,32,r€[V]

ze[(N/WIZ:)l/dv—l] Amerser fi g4 ey o+ Frvi(2):)

8
Ahlelyﬁge2f2,jhj2+13(r) (’v -+ P[r,V] (Z))

(e1-[£N/V])?, e2-[£N/V]

> exp(—log(1/8)°M)(N/V)2.

Since each summand contributes at most (N/V)?, the popularity principle provides at least exp(— log(1/8)°™M))V3

choices of (j1,j2,7) € [V]3 such that

ze[(N/W]g)l/dv—l] Anyer tzen f17j1+§(7“)7j2 (+Prwy(2):)

8
Aﬁ1917ﬁ2e2f2’j1)j2+ﬁ(r)(.7 -+ P[T,V](Z))

(e1-[£N/V])?, e2-[£N/V]

> exp(—1log(1/8)7 M) (N/V)?.

For the next several steps, fix such a choice of j1, jo, 7. For each “good” choice of j1, jo, r from the previous
step, the U? x U'-inverse theorem (Lemma 6.28) tells us that there exist a 1-bounded function g : Z — C

supported on [N] and phase functions a,b : Z — R/Z (all depending on hq, by, j1,j2,7) such that

2 sy BB @+ Be (2):9)

z,Y

Anyermpenfa g, o i@y + P (2))g(@)elaly)z + b(y)) > exp(—log(1/5)°M)(N/V)2.
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Hiding the dependence on hy, hy, j1, j2, 7, we define

Fi(@,y) = eW) Dnyer myen o+ P50 (@ 9)

and f2(l'7y) = g(-’L‘)Aﬁlel,ﬂzeng,jl,j2+13(7~) (as,y);

then the previous inequality can be rewritten as

Z ze[(N/WIg)l/dv—1] e(a(y)x)‘fll(l‘ + ﬁ[ﬂv](z)7 y)ﬁ(xv Yy + ﬁ[r,V] (Z))

z,Y

> exp(—1log(1/6)M)(N/V)?.

6.4.2 Examining the structure of «

The main task is showing that the phase function a possesses some extra structure; specifically, we will show

that a(y) is approximately constant much of the time. For future reference, define the counting operator

A,(av.]?la .}72) = Z e(a(y)x).}.vl(x + ]S[T,V](Z),y)fg(x,y + ﬁ[r,V]('z))

£ e[(N/Wa) V1V )

The key structural result for the function a is the following proposition.

Proposition 6.13. For every Cy > 0 there exists Cy = Co(Cy, P) > 0 such that the following holds. Let
§ € (0,1/10), let V < W be a nonnegative integer power of W, and let r € [V]. Let fy, fo : Z2 — C be 1-
bounded functions supported on [N/V]?, for some integer N > CoV 2 exp(log(1/6)¢?) , and let a : Z — R/7Z
be a phase function. If

|A"(a, fr. fa)| = 6(N/V)?,

then there exist a positive integer power V' = VOc1.r() and phases ag, ..., oy _1 € R/Z such that for at

least exp(—1log(1/6)Pc1. PNV walues of j € [V'], the bound
IV'agvn (y) — ez < exp(log(1/6)%¢r» M) VvV /N

holds for at least exp(—log(1/8)1.rMYN/(VV') choices of y € [N/(VV")].

Unfortunately, this set of y’s where the phase can be well-approximated by constants may contribute
little to the value of A’ (a,fl, fg) To obtain a consequence better suited to our purposes, we bootstrap

Proposition 6.13 and produce some such set of y’s that does make a significant contribution to A’(a, ]?1, fg)
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The exact statement is as follows.

Proposition 6.14. For every Cy > 0 there exists Cy = Co(Cy, P) > 0 such that the following holds. Let
§ € (0,1/10), let V < W be a nonnegative integer power of W, and let v € [V]. Let fi,f2:72% = C be 1-
bounded functions supported on [N/V2, for some integer N > CoV 2 exp(log(1/6)¢?), and let a : Z — R/7Z

be any function. If
[N (a, fr, f2)| = 6(N/V)?,

then there exist a positive integer power V' = VOClvP(l), an integer
Ocy,p(1) /
exp(—log(1/6)¥cr PN < N' < N,

and phases o, ..., oy —1 € R/Z such that

D DI S E ey (mod vi)T)

JEIV/]4E[N/N'] v me[N'/(vv’)]ZeKN/Wd)l/dV R

!/ !

~ . N . ~ ~ . . ~
(Ve +j+ it Py (2),y) fo(Viz +j+ 7 by + P (2))

> exp(— log(1/6)%r D) (N/V)?.

Proposition 6.14 essentially says that we can replace a(y) by a phase function y — a (med vv) that
is constant on arithmetic progressions of difference V’. The summation over i € [N/N’] is a technical

annoyance, necessitated by the proof, that will be easily removed in our later application of Proposition

6.14.

Proof. Before applying Proposition 6.13, we replace a(y) by a modified phase function a(y) with better
properties. An important observation is that, by Plancherel’s Identity, if ¢ : Z — C is any 1-bounded

function supported on [M], then
Aoy )2 2
g(&)|” da = g(x)|” < M;
[ da =gt

it follows that |§(¢)| < 2M?/2 for all ¢ outside of a set of measure at most 1/4 (say). Write

afl,fg ZF

where

e(a(y)z) f1(x + Pyvy(2), ) fa(@,y + Py (2)).

Fly)=>

2€[(N/Wy)1/dv—1]
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Say that y € [N/V] is “good” if |F(y)| > (6/2)(N/V) and that it is “bad” otherwise. The sum of F(y) over

all bad y’s has absolute value at most (§/2)(N/V)?, so

> F(y)| = [N, Fo Jo)| = (6/20(N/V)? = (5/2)(N/V)2. (6.12)

good y
We are now ready to define the modified phase function a(y). On good y’s, we define a(y) to be equal to
a(y). Let y1,...,yr be the bad elements of [N/V]. We iteratively choose the values of a(y1),a(yz2),...,a(yr)

such that each a(y,) is at least (10N/V)~! away from a(y1), ..., a(y,—1) and satisfies

e(a(yf)fﬂ)fl(w + ﬁ[r,V](z)v yz)J?z(%Z/z + ]s[r,V] (2)| < 2(N/V)1/2;

D
— 2E[(N/Wa)l/ 4V 1]

that this is possible follows from the Plancherel observation from the beginning of this paragraph, since the
already-chosen positions of a(y1),...,a(ye—1) “rule out” at most 1/5 < 3/4 of R/Z for the position of a(y;).
Notice that

e(a(y)x).]?l(x + 1’5[7"7\/] (Z)7 y)f;(xv y+ ﬁ[r,V] (Z)) < 2(N/V)3/2

D

bad y

Z E
2E[(N/W,) /v —1]

x

Combining this with (6.12), we conclude that

A’(Zi,fhfz)‘ > (6/2)(N/V)? = 2(N/V)*/? > (6/3)(N/V)?.

Fix C7 > 0. We now apply Proposition 6.13 with 6/3 in place of 6 and with @ in place of a. This yields
C:=Cy = Cy(Cy,P) >0and V' = VOr() aset V C [V'] of size [V| > exp(—log(1/6)¢)V’, and for each
k €V a phase ay € R/Z and a set S, C [N/(VV")] of size |Sy| > exp(—log(1/8)°)N/(VV') such that

||V/Zi(k7vl)(y/) — O‘kHR/Z < exp(log(1/5)C)VV’/N (613)

for all ' € Sg. The separation property of the phases a(y,) ensures that for each k € V, there are at most

exp(log(1/6)°)V’ bad y’s of the form y; = V'y’ + k with y’ € Sy. Thus, for each k € V, there are at least
[Sk| — exp(log(1/6))V" > exp(—log(1/86)")N/(VV')

values of ¢y’ € Sy, such that V'y’ +k is good. For each such y = V'y’ 4+ k, recall that a(y) = a(y), and consider

the quantity F'(y), which we know has absolute value at least (6/2)N/V. For some constant C' > C, set
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N’ ~ (C") Y exp(—21og(1/6)2°" )N and reparamaterize the z-variable as

/

V’x+j+7i,

where j € [V'], i € [N/N'], and now = € [N'/V'V’]; this amounts to splitting the z-variable into arithmetic
progressions of common difference V' and length N’/(VV'). Applying the triangle inequality in j, 4, we find

that

Z N’
/ Y 7.
by (S0 5 )

JEV]iE[N/N] |ze[N'/ (V)] €

!/ !/

x N = , , >
fl(V/IL' +7+ 77’ + P[T,V](Z)7y) fQ(VIx +J+ 727 Y+ P[T,V](Z)) 2 (5/2)N/V

The phase e(a(y)(j+iN'/V)) is independent of x and can be absorbed into the absolute value; the remaining
phase is e(V'a(y)x). The key point is that now replacing V'a(y) by «j incurs a small loss, since (6.13) lets

us estimate
vv’ N’
N VvV

le(V'a(y)z) — e(axz)| < exp(log(1/6)“) < exp(—log(1/5)”") /2.

(It was for this estimate that we introduced the extra parameter N’ and the summation over i.) Plugging

this into the previous bound and using the triangle inequality, we deduce that

~ ' N’ "
Z Z Z E L e(opz) fr(V'e + 7+ 72 + Py (2),9)
JE[V']ie[N/N'] |ze[N"/(VV")]© E[(N/Wa)t/4V=1]
~ / - ,
fQ(V/x+j+ Z'7y+P[T7V](z)) > (5/2—exp(—log(1/6)c )/2)N/V > (§/3)N/V.

v
The number of y’s for which we have this estimate at least

> exp(—log(1/8)9)V’ - exp(—1log(1/8))N/(VV') > exp(—log(1/6))N/V

(adjusting the constant C'). This, together with the nonnegativity of the contribution from the remaining

y’s, establishes the proposition. O

6.4.3 Auxiliary norm control on f;.

Recall from before that we have the lower bound
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2 ety Stevtzes S B 5 (8 F Prvi(2),9)

z,Y

Anyeriyenfs gy gy by (@ + Prvi(2)g(@)e(a(y)e + b(y)) = exp(—log(1/6)°M)(N/V)?

for at least

exp(— log(1/5)0(1))(N/V)k+é—3

tuples (hy, h,) € ZF=3 and at least exp(—log(1/§ O V3 values (j1, jo,7) € [V]?, where ¢, a,b depend on
1522

hi,hs, g1, 2, 7. Proposition 6.14 gives an integer
exp(—log(1/6)°™M)N < N' <N,

a positive integer power V/ = VO and 1-bounded functions by j jr ;, ba j ji : Z — C (the latter dependent

on hy,hy, j1,j2,7) such that

22 2 > E b))
i€[N/N'| 4,57 €[V'] ¥ z€[N'/(VV')] z€[(N/Wq)t/aV =1
. N~ '
Anjerhges f1 jy 4 5y (Ve +5+ 370+ Prvi(2), Vg + 57)
»J1 (r).d2 \%4
N
Aﬁlel@?eg flajl,j2+15(r)(le +J7+

iVt Pran(2)

> exp(—log(1/8)°W)(N/V)?

for at least exp(—log(1/8)°M)V3 values (ji, ja,7) € [V]?. Specifically, by j j».;(z) = e(ajz) for the phase o
provided by Proposition 6.14 while b5 ; ;+ ;(y) is the phase of the average in the conclusion of Proposition 6.14.
By the pigeonhole principle, we can choose a single i € [N/N’] for which the sum over j,j’,y,z, z satisfies
the lower bound, at the cost of losing an extra factor of exp(—log(1/8)°™)), modifying b ; j»; by a phase if
necessary, and dropping the index ¢ from by ; js i, bz j i,;. We then V’-trick the polynomial ﬁ[r,v], simplify

the notation by setting

. N’ .
Fhingidr(@59) = Dhyerhyes fiige (V'iw + 5 + VYt
(6.14)

= Avhe, Vhye I(VV' e + V4 j1 + N'i,VV'y + Vj' + jo)

for [ = 1,2, and shift y — y — ]B[Vrumvvl] (z), obtaining

b1, (2)b2,5.5 (Y — Prvrryrvv (2))

PEDIDD

eV v welN vy FE W VYT
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1 _ _
3+ PPy (.0 (@ Vv (24 = Pvenvv (2)

2 . o(1) 2
fj]1j2+ﬁ(r)7j7j/+ﬁ[7',v](r/)($7 y) Z eXp( log(l/é) )(N/V)

for the aforementioned values (41, j2,7) € [V]3. Importantly, this new expression is amenable to an applica-
tion of a Sarkozy-type estimate. By Corollary 6.57 applied with

2 1
blyj,j/(x)l[N’/(VV')] (I)fjl,j2+f’(r),j,j’+f15[nv](T’)(x’ y)7 bQ’j’j/(y)fg1+P(r),j2,j+Pr vy (r),4 ($ y)

in place of fy, f1 and with v = e; — e5, we obtain the lower bound

1
Z Z Z bQ:jJ' (y - qz)fj1+13(7‘),j2,j+13[7~,v](T’),j’ ($ + qz,Yy — qZ)

54" €[VI] Ty |2€[£N" /(VV7)]

> exp(—log(1/8)7W)(N/V)?

for some positive integers ¢ < exp(log(1/6)°M) and exp(—log(1/6)°M)N < N” < N. We apply the
Cauchy—Schwarz inequality to remove the absolute value and then change variables (z,y) — (z — gz, y + qz)

and z — —z, so that

1
Z Z ‘uN”/(Vvl qubQ 3.3’ (y )qu(ezfel)fjl-HB(W’)Jz,j-i-ﬁ[r,v](T’)J/(m7 v)
Jglr eV Ty, 2

> exp(—log(1/8)°MW)V'(N/V)2.

In order to get rid of by ; i, we introduce an additional averaging over [£N/(VV’)] in the z-direction and
then apply the Cauchy—Schwarz inequality to double this new variable. Using Lemma 6.7(4) to remove g,

and summing over the admissible values of ji, j2,7 € [V], we thus obtain

E 4

H G1+P (1), 52,5+ P vy ’),j’||(92—'31)'[iN/(VV')]7el'[iN/(VV')]
Ji,j2,m€[V],
3.’ ev’]

> exp(—log(1/6)°W)YVV'N2,

We now want to remove the shifts by P(r) and ﬁ[r,V] (r") from the indices j1, j’. Notice first that the func-

tion f1

1.jasd ., and hence H

+s3V j'+s.v 1S & translate of the function

1
Iy d20dd )-[EN/(VVD)], er- [N/ (VY]

depends only on the residue classes of j,7' modulo V'. We can therefore replace the summation over
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j,7" € [V'] by a summation over j,j’ € Z/V'Z and then shift j — j — ﬁ[r,V] (r") to obtain

4
Z Z Hf Ji+P(r Ja,jyj/||(e2—el)'[iN/(VV’)L e [N/ (VV)]
j1,92,r€[V] 4,j' €LJV'L

> exp(—log(1/6)°W)V N2

Similarly, the identity

1 _rl
Jits1Vije+s2Vij,3" = Jj1.g2,0+s1,0 +s20

4 . . .
makes . ez vz Il f1 St Blr 772,”/||(e2—e1)-[iN/(VV’)], e [N/(vvy) depend only on the residue class of ji, j2

modulo V, and so we can replace the sum over ji,jo € [V] by the sum over ji,jo € Z/VZ. Shifting

J1 g1 — ]-:’(7”)7 we then get

Z Z H J1,J2+3,3" H(ez*e1)-[iN/(VV’)],e1~[iN/(VV’)]
J1,J2€L/VZ j,j' €L/ V'L

> exp(—log(1/6)°MW)N?

and so
[AVh e Vhyes fill{es—en)vvrian/ (v, er v fen (v = exp(— log(1/6)°M) N2,
Since this holds for at least exp(—log(1/8)°M)(N/V)k+¢=3 choices of (hy,hy) € ZFT3, we get from
1)y

properties (1) and (6) of Lemma 6.7 that

k+€ 1
1l e v v [N (VYDA 1, (0 VYA [N/ (VY. (02 V'V [N/ (VYY1

> exp(—log(1/6)°M)N2. (6.15)

6.4.4 Completing the proof of Proposition 6.12

So far, we have proved that if

IAY (fo, f1, f2)| = ON?

implies that

2k+2

1 follfe,v - on/ vk, (eavfen/vyye = exp(—log(1/6)7M)N?
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then the norm-control (6.15) also follows. This lower bound is not particularly useful in itself, but we will
use it as an intermediate step towards the desired norm-control on fy. To this end, we first use stashing to

replace f; in AW with the dual function

Dilfof)@y)i= B ol = PE)w)fle = P(2),y+ P(2)),

so that (6.15) holds with Dy (fo, f2) in place of f;. We then apply the dual-difference interchange (Lemma 6.9)

to this expression, so that

hyh.
> vy (hayhe) - IDF 2 (for £2)llfey—enyv v ey (vin)

hy€ZF 7T,
h,ez’~!
> exp(—log(1/6)°M)N?,
where
hy,h, ~ ~ ~
,Dfl (f07 f2)($7y) = E AVV’ﬁlthV'ﬁgez (-fO(x - P(Z),y)fz(l' - P(Z)a y+ P(Z)))

ZE[(N/Wa)t/d

Thus for at least exp(—log(1/8)°M)(N/(VV"))*+¢=2 values of (h;,hy) € ZFT*~2 we have the lower bound

hy,h
DT (for £2) I fes—enyvvr-feny vy = exp(—log(1/8)°M)N2.

We temporarily fix such a choice of (h;, h,) € Z*+*~2 and repeat the above procedure of splitting the domains

of x,y into arithmetic progressions of difference VV’. This yields

DRy 1) (VV 2+ 41, VV!y + )

= E  Avvine vvine (fo(VV'z+ji — P(2),VV'y +j
2€[(N/W4)1/d] VVihyer,VVihge (fo(VV'@ + 1 (2) Y+ Jja2)

X fo(VV'z + j1 — P(2),VV'y + jo + P(2)))

= E E A s (x— Pryy
rE VIV 2e[(N/Wa) /d(vyny -] Pashize2 Uoji-pie).3a (7 = Frvv():9)

X i By gas Py @& = Povv(2), 4+ Py (2))),

where fi;, 5, (2,9) = (f1) G1,jo,vv) (@, y) = t(VV'2 4 51, VV'y + jo) for [ = 0,2. Hence
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Aﬁ1elvﬁgleO7j1—ﬁ(r)7j2(. - P[T,VV’](Z)a )

Ju.ge.re€VVIT || 2€[(N/Wa)/4(VV7)~1]

2
Aﬁ1917ﬁ292f2,j17f’(r),j2+15(r)(. - P[r,VV/](Z)a -+ P[r,VV’](Z)))

(e2—e1):[£N/(VVY)]

> exp(—log(1/8)°W)(N/(VV"))2.

Applying the inverse theorem for the U! norm (Lemma 6.22)% for the values (j1,j2,7) € [VV']® where the
above norm is at least exp(—log(1/8)°M)(N/(VV"))?, we obtain a 1-bounded function b : Z — C (depending

on hy, hy, j1,j2,7) such that

Z Ze[<N/Wd>]1E/d<VV/>71] b(x + Y)Ah,erhyeafo g~ By 3o (2~ Plrvv(2).9)

z,y
Aﬁle1,ﬁ2€2f2,jl_ﬁ(r)7j2+15(7n)(x - P[r,VV’](Z)7 Y+ P[r,VV’](Z))

> exp(—log(1/6)7)(N/(VV"))%.

Changing variables (z,y) — (x + IB[M/V,] (2),y — ﬁ[r,vv'] (2)) simplifies this expression to

Z zE[(N/Wd)]lE/d(VV’)_l] b(z +Y)An,er.hgeafo 5~ Br) 3, (@Y = Pryvi(2))

z,Yy
Ansertgenfy i~ B ot Bir) (8 Y)

> exp(—log(1/8)° W) (N/(VV")).
After an application of Corollary 6.57, with
b(l’ + y)AﬁlehﬁQez f27j1713(7‘),j2+§(r) (l’, y) and Aﬁlehﬁgm fO,jl*ﬁ(T),jQ (Ia y)

in place of fo(x,y), f1(z,y) and with v = ey, maneuvers similar to those in the proof of Theorem 6.10 give

2k+€71

||f0||(€1‘7-[N/‘~/])k71’ (e V- [N/V])t > exp(— log(l/(j)o(l))]\ﬂ

with V = VV". Exchanging the roles of x and y gives the last assertion of the proposition.

2Technically, to apply this result, the length of the boxes should be larger by a factor exp(log(1/5)o<1)) than the support
of the function whose norm we are evaluating. This can be ensured by replacing the box (e — e1)VV' - [£N/(VV')] by
(e2 —e)VV’/ - [£N'/(VV")] (with N’ < exp(log(1/8)¢)N for an appropriate C' > 0) before performing the Dual-Difference
Interchange using Lemma 6.7(4).
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6.5 Reducing Proposition 6.13 to a nilsequence problem

The next two sections are devoted to the proof of Proposition 6.13; this will complete the degree-lowering

argument from the previous section. Recall the counting operator

A/(a7ﬁa.fz) = Z G(G(y)l')fl(l‘ + ﬁ[r,V](Z)7y)ﬁ(x7y + ]S[T,V](Z))v

z,Y

Z€E[(N/Wq)l/4V 1]

our goal is to show that if A'(a, fl, fg) is large for some 1-bounded functions ﬁ, f;, then there are many
arithmetic progressions of difference V/ = V() on each of which the phase a is approximately constant.
In this section we will use higher-order Fourier analysis manipulations to replace the functions fl, fg with
nilsequences; in the next section we will use sophisticated machinery from the theory of nilsequences to

complete the proof of Proposition 6.13. Our starting point is the following norm-control.

Proposition 6.15. For every Cy > 0 there exists Coy = Co3(C1, P) > 0 such that the following holds. Let
§ € (0,1/10), let V. < W be a nonnegative integer power of W, and let v € [V]. Let fl,fg 1 Z% = C be
1-bounded functions supported on [N/V?, for some integer N > CoV©26=2 and let a : Z — R/Z be a

phase function. If
A (a, 1, f2)| = 6(N/V)?,

then we have the norm-control

12l os—en)-(en/v), er-fenyv] cn,p 8990F W (N/V)2.

Naively, one would expect to have {es — e;, es}-control on fg Our norm-control looks slightly dif-
ferent because, as will become clear in the proof, taking discrete derivatives in the ej-direction is very
convenient for dealing with the e(a(y)x) term in A’. The argument would give the same conclusion with

|‘f~‘1||(e2,el)i[iN/V]’ (e1-[£N/V])2s but we do not need this.

Proof. We fix C7 > 0 and let all the constants depend on Cy, P. We introduce an extra averaging over [N/V]

in the z-direction® and apply the Cauchy-Schwarz inequality in order to double the variable z; this gives

h E h
Z fnyv( )Ze[(N/Wd)l/dvfl]e(a(Z/) )

z,y,h

Ahel.}lvl(x + ﬁ[r,\/] (Z)7 y)Ahelf;(za Y+ ]S[T,V](Z)) > 52(N/V)2 (616)

3If we did not want the range of the new variable h to be restricted, then we could apply the Cauchy-Schwarz inequality
directly.
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Shifting o +— x — Py, v(2) gives

h E .
Izy:h tinvyv (h) et ey e(a(y)h)

Ahe1.]?1(x7y)Ahelf72(x - ﬁ[r,V](z)vy + -ﬁ[r,V] (Z)) > 52(1\']-/‘/)2

The crucial point is that now only ]?2 has 13[,.,\/](2) in its argument and so we can apply the Sarkozy-type
estimate (Corollary 6.57) (after using the popularity principle to find many h’s for which the inner expression

is large in absolute value). Hence there exist positive integers* ¢ < -9 and §°UN <« N’ < N such that

E Ao folz — SO (N/V)2.
SN/ V] he1f2(-r qz,y+qz) > ( / )

Z MN/v(h)

z,y,h

Applying the Cauchy—Schwarz inequality and then using Lemma 6.7(4) to replace N’ with N and drop g¢,

we get the desired bound on f; O

The next result shows that the largeness of A’(a, fl, f;) for some functions ]?1, f; implies some correlation
of the phase a with nilsequences on arithmetic progressions. We refer the reader to Definition 6.37 for

definition of a nilsequence.

Proposition 6.16. For every Cy > 0 there exists Cy = C3(Cq, P) > 0 such that the following holds. Let
§ € (0,1/10), let V. < WS be a positive integer power of W, and let v € [V]. Let a : Z — R/Z be
a phase function, and let fl,fg : Z? — C be 1-bounded functions supported on [N/V]?, for some integer
N > CyV O exp(log(1/6)¢2). If

|A"(a, fr, fa) = 6(N/V)?,

then there exist a positive integer k = Op(1), a positive integer power V' = VOer.r() and a function

@ Z — C such that

e(—a(jy/)(y)V/ : ﬁ[\/r’—kr,vv’](z))

jm’Ig[V/] Z

ye[N/(VV)]

E
2E[(N/Wa)/4(VV/)=1]

<P(j+15[rvv](,«,),v/)(y + ﬁ[Vr’Jrr,VV’](Z)) > exp(— IOg(l/(s)OClP(l))N/(VV/)

and for each j € [V'], the restriction @(; v+ is a 1-bounded, degree-k nilsequence of complexity exp(log(1/6)Pc1.r(1))

on a log(1/8)9c1.» (N _dimensional nilmanifold.

4A direct application of Corollary 6.57 gives g, that depends on h; however, ¢ can be chosen uniformly by the pigeonhole
principle since there are only 0(5_0(1)) possibilities for g,

253



Proof. The proof consists of massaging the expression A’(a, ﬁ, ]72), with the help of the same techniques as
in the proof of Theorem 6.10, until the structure of a along arithmetic progressions becomes apparent. We

fix C; > 0 and let all constants depend on C4, P without notating the dependence explicitly.
Step 1: Replacing 172 by a box norm obstruction.

Our first objective is to use Proposition 6.15 in conjunction with relevant box norm inverse theorems and

stashing to replace fz by a “structured” function. By Proposition 6.15, we have the lower bound

||f2||?e2—e1)~[iN/V}, e [£N/V] > sOW(N/V)2.

The stashing argument gives

D50, F)llfes—e) fenyv), er-penyvy) > 67D (N/V),

for the dual function

Dyla )@y i= o E ey = P (D))

Fil@ + Py (2),y — B ()1 (1),

where we were able to insert the term 1y because f2 is supported on [N/V]2. By the inverse theorem for

the U! x U'-box norm (Lemma 6.27), there are 1-bounded functions by, by : Z — C such that

E b1 (y)b B
ZZG[(N/Wd)l/dVﬂ] 1(y)b2(z + y)e(aly — Py (2))x)

z,Y

ﬁ(x + ﬁ[r,V] (Z)vy - ﬁ[r,V] (Z))l[N/V] (y) > 60(1)(N/V)25

and the presence of the 1y/y)(y) term lets us assume that b; is supported on [N/V]. The change of variables

y =y + Byyi(2) gives

E s ﬁT :
ZZE[(N/Wd)l/dvfl]e(a(y)x)fl(x + Prvi(2),9)

b1(y + Py (2)ba(@ + y + Py (2)) > 69D (N/V)2,

We observe that by(z+y+ ]S[nv] (2)) is a function of (x + IB[T,V] (2),y). Shifting x — = — ﬁ[,ﬂyv] (z) and setting
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i (@,9) == e(a(y)z) fi (2, y)bs (2 + 1), we get

~ ~ ! ~
E —a(y) P, b P, SO(N/V)2.
gze[<N/wd>1/dv—1]e( a(y)Prvy(2) f1 (2, y)b1(y + Py (2)) > (N/V)

Recall that fll is 1-bounded and supported on [N/V]?. Using the triangle inequality in the 2- and y-variables,

~/
we can eliminate f; entirely and obtain

—a(y) Py b P, OON/V.
2E[(N/Wg)1/dV—1] 6( a(y) [r, V] (Z)) 1(?! + i )V](Z))‘ > /
y€E[N/V]

We have thus reduced matters to analyzing the auxiliary operator

AH(bl) =
yE[N/V]

7 ~a(y) P () v + Py : 6.17
ze[(N/Wd)l/dV—l]e( a(y) [,V](Z)) 1(y [,v](z))‘ ( )

Step 2: Replacing b; by a nilsequence.

Our next goal is to show that A” can be controlled by a Gowers norm of b; via a standard argument
based on the Cauchy-Schwarz argument; this will let us replace b; by a nilsequence (at least on arithmetic
progressions of not-too-small difference). Let b3 : Z — C be a 1-bounded function supported on [N/V] such
that

A"(by) = bs(y) e(—a(y)Prvy(2))b1(y + Py (2)) > 69O N/V.

E
ZE[(N/Wq)t/dV 1]

Shifting y — y — ﬁ[nv] (2), stashing, and shifting back y — y + ﬁ[r,V] (z), we find that
b E P, b P, > sOON/Y,
Zy: S(y)ze[(N/Wd)l/dV*l]e(aQJ) v (2)b1(y + Py (2)) /

where

b (y) == E —aly — P, P, bs(y — P, 1 .
1() ze[(N/wd)l/dv—l]e( a(y = Prr,v)(2)) Py (2))bs(y — P vy (2)) 1ivvy ()

Note that the indicator function 1jy,y|(y) can be included since by is supported on this set. Now, using the

Cauchy—Schwarz inequality to double the z-variable, we eliminate b3(y) so that

D ywayav-1 () (a(y) (P (2) = Py (2 + 1))

e
1/dy —1
o 2€[(N/Wa)/ 4V —1]

b1(y + Pryvy(2))1(y + Provy(z + h1)) > 6N/ V.
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While doing so, we have also replaced the polynomial ﬁ[r,\/] (z) of degree d in z in the exponential phase by
the polynomial ﬁ[r,v](z) — ﬁ[r,V] (z + hyp) of degree d — 1. Using the Cauchy—Schwarz inequality to double

the z-variable d more times, we can eliminate the exponential involving a(y) altogether. This gives

Z I’L(N/Wd)l/dV’l(hla-"7hd+l)

Y,ha,ehatn

E C‘Elgl(y+15[r vi(z+e-h)) > §°WN/V.
ZG[(N/Wd)l/dVI]Ee{Ol:[}dH

By Proposition 5.41 (from the previous chapter) and the formula V; = 848{ 2V4—1W41 we have

a

for some integer k = O(1). Take V' = VO to be the smallest positive integer power of V such that

ok+1

> OWN/V

Uk (Va:[£N/(VVa)])

ValBaBiV'. Since Bi, Bq = O(1), we can apply parts (4) and (6) of Lemma 6.7 to replace the boxes
Vi [£N/(VVy)] by V' - [£N/(VV')], obtaining

a

Splitting the domain of by into arithmetic progressions of difference V', we find using the popularity

2k+1

> OWN/V.
URHL (VI [EN/(VV)])

principle that

ok+1

> VN (VVT)

)|
H( VG Uk+L([£N/(VV7)])

for an Q(6°M)-proportion of j € [V’]. The UF*l-inverse theorem [75, Theorem 1.2] tells us that for
each such j € [V'], there is a 1-bounded® degree-k nilsequence ¢; of complexity exp(log(1/6)°™) on an
O(log(1/6)°™M)-dimensional nilmanifold (see Definition 6.37 for the definition of a nilsequence and its com-

plexity) such that

> (1) vy (W)@ (y) > exp(—log(1/6)°M)N/(VV).

For each remaining value of j € [V'], set ¢, := 0. Thus, ¢, is a 1-bounded degree-k nilsequence of complexity

exp(log(1/6)°™M) on an O(log(1/5)°™M)-dimensional nilmanifold for each j € [V'].

51-boundedness is not mentioned in the statement of [75, Theorem 1.2]; however, the control on the Lipschitz norms of ©;
ensures that the nilsequences coming from [75, Theorem 1.2] can be rescaled to be 1-bounded at an acceptable loss of the factor
exp(—log(1/6)°M) in the lower bound.
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Define ¢ : Z — C by setting ¢, v (y) = ¢(V'y + j) to equal @;(y) for each j € [V’'] and y € Z, so that
> bi(y)e(y) > exp(—log(1/8)°M)N/V.
y

Expanding the definition of 31, shifting y — y + ]S[M/] (2), and using the triangle inequality to eliminate bs,

we obtain

e(=a(y)Pvi(2)e(y + Prv)(2))| = exp(—log(1/8)°D)N/V.

>

ye[N/V]

Z€E[(N/ W)t/ 4V 1]

Since ¢ is a nilsequence only when restricted to arithmetic progressions of common difference V', we also

split the ranges of y and z into arithmetic progressions of common difference V’. This gives

e(—avn (V' Py vy (2))

jyr/IGE[V’] Z

E
yEIN/(VV)] 2E[(N/ W)/ d(VV')—1]

<P(j+§[rﬁv](r,)’v,)(y + ﬁ[V'r/+'r,VV’](Z)) > eXp(f 10g(1/5)0(1))N/(VV/),

as desired. O]

Notice that the last step of splitting into progressions introduced a factor of V'’ in the first term; this

arises essentially because we V'-tricked the exponential function.

6.6 Nilsequence application

In the previous section, we arrived at expressions of the form

>

yE[N/V]

e(@(y) - P 91 () @y + By (= 6.18
ZE[(N/Wg)1/dV—1] (a(y) [aV]( Ne( [,v]( ) ( )

with
V=VV, #=Vr+r, ¢= Pt By ()17 and @ = —agyyV’,

where ¢ is a nilsequence. This section is devoted to extracting information about the phase a using the
largeness of (6.18). The main underlying machinery comes from the equidistribution results of [73]. We refer
the reader to Section 6.9 for definitions and notation related to nilsequences.

Our main technical input is the following result, which is the special case £ = 1 of [73, Theorem 3].
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Theorem 6.17. For every k € N there is a constant C = C(k) > 0 such that the following holds. Let G/T'
be a nilmanifold of degree k, step s, complexity at most M, and dimension m, with associated filtration G,.
Let § € (0,1/10), and let N > (M/(S)CmC be an integer. Let F' : G/T' — C be a 1-bounded M -Lipschitz
Junction with a vertical character € satisfying 0 < || < M/0.

Suppose g € poly(Z,G) with

Then there exist 0 < r < dim(G/[G, G]) and horizontal characters n1,...,n, of size at most (M/é)ok(m)ok(l)
satisfying

)ORM)
)

;0 gllomin) < (M/8)Pxm
and & annihilates all (s — 1)-fold commutators of elements in the subgroup G := (;_, ker(n;).

The use of this theorem is that it allows one to iteratively “reduce” the step of g.

In the following proposition, we let V; denote the leading coefficient of ﬁ[F 7]

Proposition 6.18. Let s,k € N with s < k. For every Cy > 0 there exist constants Co = Co(C1, P, k), C5 =
C5(Cy, P, k) > 1 such that the following holds. Let G/T" be a nilmanifold of degree k, step s, complexity at most
M > 2, and dimension m € N, with associated filtration G, and let g € poly(Z,G). Let § € (0,1/10), and
let F: G/T'— C be a 1-bounded M -Lipschitz function with a vertical character & satisfying 0 < |£] < M/0.
Let V< WS be a nonnegative integer power of W, let 7 € [V], and let N > VyV©2 (M/(S)QC?dmc2 be an
integer. Lastly, let A C [N/f/] and B C 7Z be nonempty arithmetic progressions of common difference at

most M /5 satisfying
|B| = Oy - (N (V)M 5)~Cam (6.19)

If
S E e(aly) - Py p1(2))Fg(y + Py 5(2))D)| > 0]A, (6.20)

then the following holds with T := |B|?V.

C3

e When s > 1: There exists a factorization g(n) = (n)g’ (n)y(n), where € is ((M/5)*™ *,T)-smooth,
g’ takes values in an (M/d)c3mcg -rational normal subgroup G’ of G such that G’ /ker(€) has step at
most s — 1, and v is (M/5)03mc3 -rational.

e When s =1 and k > 1: There is a polynomial p(n) = Z?:o a;jnd such that F(g(n)I') = e(p(n)), and

there is a positive integer ¢ < C36~% such that gl /7 < C36=3 /T for all j > 2.
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o When s =1 and k = 1: There is a phase a € R/Z such that ||a(y) — allg/z < C36=9 )T for at least

59| A| values of y € A.

We remark that in the third case, the pigeonhole principle trivially provides some « such that |[a(y) — ol 1z <

C36~C /T for at least 20~ 3| A|/T values of y; the proposition improves the quantity 26~¢3|A|/T by a factor

of around 69T, which is quite substantial since |B] is large in applications.

Proof. We fix Cq > 0 and let all constants depend on Cy, P, k (and hence also on s since s < k). We address

the three bullet-pointed cases one-by-one.
Case 1: s > 1.

Suppose first that s > 1. By the pigeonhole principle, there is some yg € A such that

B e(@(u0) P, () F (900 + Py ()T 2 6 (6.21)

Since ¢ is nonzero, there is some g; € G(4) such that £(gs) = a(yo). Now define the polynomial sequence

G :Z — G (with respect to the same filtration G,) via

g(n) == ggg(yo +n).

Since poly(Z, G) is closed under pointwise multiplication, we have § € poly(Z, G). Notice that

Thoriz (g(n)) = Thoriz (g (yO + TL))

since gy € G () has image zero in the horizontal torus. The identity
F(g(n)I') = e(a(yo)n) F(g(yo + n)I')

then lets us rewrite (6.21) as

E F(§(Pyvy(2))D)| = 6.

Now, consider the filtration (Z;)$°, on Z given by

Z ifi<d,
Z;=

0 if7>d;
with respect to this filtration, we have ]3[7:7‘7] € poly(Z,Z). By [107, Theorem 1.6.9], the composition
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go Ig[ﬂf,] (2) is a polynomial sequence on G with a slightly modified filtration (now of degree dk).
Since

B > Co - (N/(VVa)Y (M)~ > C(M/5)0=m

and C3 > 0 can be chosen to be sufficiently large, Theorem 6.17 gives us horizontal characters 71, ...,n, of

size O((M/(S)O(m)o(l)) (for some 0 < r < dim(G/[G, G])) such that each n; satisfies
I )0
15 © 0 Py gyl coemy < (M/8)007, (6.22)
and such that ¢ annihilates all (s — 1)-fold commutators of elements of G’ := (,_, ker(n;). Since
(Bl > G - (N/(VVa) (M /8)~ 2™ > Cyy (DI (6.23)

and Cy > 0 is sufficiently large, Lemma 6.47 tells us that

- o
1n: © Gll ey < (M/5)00™)

for each 7; (vecall that T = |B|%V,). Since

lyo| < N/V < (M/§)Cm° (6.24)
by (6.19), Lemma 6.46 further implies that each

Im: 0 gllciry < (b/8)°0m

(where the O(1) in this inequality may differ from the O(1) in the preceding inequality). The conclusion of

the proposition now follows from [73, Lemma A.1].
Case 2: s=1,k > 1.
Now suppose that s = 1. Since s = 1, there is a polynomial p(n) = Z?:o a;jn’ such that F(g(n)l') =

e(p(n)). Substituting this into (6.20) and pigeonholing in y gives that

k

ZGI%B] € d(yo)ﬁ[ﬂv] (2) + Z Qj (yO + ﬁ[ﬁf/] (Z))] >0
j=0

for some yy € A. Weyl’s inequality (see, e.g., [51, Lemma 4.4]) tells us that there is a positive integer
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q < 6~°W such that

| ~~ ) —-0(1)
Hq R(yo + P[T7V](Z))HC°°[\B|] <o

for R(n) := p(n)+a(yo)(n—yo). Applying Lemma 6.47 with (6.24) and then Lemma 6.46 with (6.23), we find
that [lgaylp , < §—OM /T for all j > 2. (We do not make use of the conclusion that ||q(a(yo) + oa1)llg/z <
6~9MW /T.) This concludes the proof of the proposition in the second case.

Case 3: s=k=1.

Finally, suppose that s = 1 and moreover k¥ = 1. Then there are ag,«; € R/Z such that F(g(n)T") =

e(a1n + ap). Now (6.20) reads

>

yeA

E e(@(y) Py py(2) + a1y + Py (z)))’ > 64|

The popularity principle provides at least §|A|/2 values of y € |A| such that

ZGI%B] €(Ry o P[F,V] (z))’ > 5/27

where Ry(n) := (a(y) + o1)n. Hence, by Weyl’s inequality, we have

< 6900
C>=(|B])

ay Ry © Pi; ) H

for some positive integer ¢, < 6~°(). Lemma 6.47 then gives layRyll oo (1) < 679 which is tantamount
to

lay (@) + an)llg < 5-ODT.

Pigeonholing in y, we can find ¢ such that this bound holds for > §°(M)|A| values of y € A. Finally,

pigeonholing in the shifts of «; by integer multiples of 1/¢, we can eliminate q. O

6.6.1 Completing the proof of Proposition 6.13

We are now in a position to complete the proof of Proposition 6.13. We let all constants depend on P.
By Proposition 6.16, there exist a positive integer k¥ = O(1), a positive integer power V' = VO and a
function ¢ : Z — C such that for each j € [V’], the restriction ;) is a 1-bounded, degree-k nilsequence

of complexity exp(log(1/8)°™M) on a log(1/§)°(M-dimensional nilmanifold. Moreover, we have
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e(—a(j,v')(y)vl : ﬁ[vww,vv'](z))

jWIGE[V’] Z

ye[N/(VV)]

ZE[(N/Wa)/d(VV)~1]

@(ijﬁ[nV](r/)’V/)(y + ﬁ[V’I‘"’rT,VV’] (Z))’ > eXp(f log(l/é)O(l))N/(Vvl)

By the popularity principle, there exists r’ € [V'] and a set V C [V'] of size |V| > exp(—log(1/8)°™M)V’ such

that for each j € V, we have the bound

Z E e(ag,v(y) - ﬁ[f,f/](z))@j(y + Is[m"/] ()] = nN/f/, (6.25)

el N7 2€[(N/ W)/ 4V =1

where 7 = exp(—log(1/6)°™) and

V=VV', F=Vr'tr aly) =—a)V', and Gi0) =m0 ©):

Fix j € V. We will iteratively apply Proposition 6.18. This will let us first reduce to the case where (6.25)
holds with ¢; replaced by a degree-1 nilsequence on a 1-dimensional nilmanifold, and then deduce that the
phase function a;y is nearly constant for a positive proportion of y’s. Our proof proceeds by iteratively
reducing the step of the nilmanifold underlying ;. At each stage, we will have parameters n, A, B, g,G/T,
and F. Since the step is initially at most log(1/ 5)0(1) and we decrease the step at each stage, there are at
most log(1/ 6)°() stages. Keeping track of how our bounds degrade at each stage, we can guarantee that

throughout the iterative process we always have the bounds

- N
n > exp(—log(1/5)°W), N > V,p2Wy=0m® = 4 5 pom)7 =2

1 . - n N
1B > n (N (V)Y T = BV > O 2

M < n_o(m)ou)’ and  m < log(1/6)°W).

We remind the reader that m, M stand for dimension and complexity of the underlying nilmanifold, and
we observe that the frequently appearing quantity no(m)o(l) is of the shape exp(—log(1/6)°™M). Our lower
bound N > VW exp(log(1/6)?M) guarantees that the iteration will not halt before the claimed result is
proven.

We begin with A = [N/V] and B = [(N/(VVy)9] = [(N/Wy)Y?V~1]. We also start with n =
exp(—log(1/8)°M), for which the lower bound in (6.25) holds.

Step 1: Fourier-expanding F'.

In order to apply Proposition 6.18, we will first Fourier-expand the function F'. Suppose that F': G/T' — C
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is an M-Lipschitz function on a nilmanifold G/I" of complexity M, and that

E el v)0) P 5y () F(9(y + Py g (2))T)| > ] Al (6.26)

>

yEA

By [73, Lemma A.6], we can Fourier-expand F' along the G'(S)—torus as

g m)oMm
F= Z FngO(('q/M)O( ) )’
€] < (M /n)0m)OM

where each Fp is an (M/n)o(m)o(l)—Lipschitz vertical character of frequency . By replacing n with (n/M)O(m)o(l) ,

we may assume that F' = F¢ and that F' is 1-Lipschitz. Thus, we have

7P 4] (6.27)

D

yeEA

E ela ) )Py (D F(aly + By <z>>r>] > (n/M)0tm

(The purpose of these manipulations is to replace the function F' in (6.26) by a vertical character.) Finally,

we relabel (n/M )O(m)o(l) as simply 7 so our hypothesis becomes

>

yeA

B, a5, 0Py (2D Flaly + Py gy (DD 5 1141 (6.28)

Step 2: Applying Proposition 6.18.
Proposition 6.18 applied to (6.28) supplies a factorization g = eg’y, where ~ is an (M/n)o(m)o(l)—rational

O(m)o(l)

sequence, ¢ is an ((M/n)o(m)o(l) , T)-smooth sequence, and ¢’ is a sequence lying in an (M /n) -rational

subnilmanifold G’/T" of step < s — 1 for some normal subgroup G’ C G with lattice IV := G’ NT. Since ¢ is

((M/n)o(m)o(l)7T)—sm00th, it is also (01, |A])-smooth for some o = (n/M)O(m)O(l).
Step 3: Pigeonholing in a subprogression.

Let R < (M/n)o(m)ml) be the period® of v. We now pigeonhole in subprogressions A’ of A and B’ of

B, of common difference R and lengths
(/M) Al < A S o|Ay? and (n/M)7™7|B < |B| < o| BIn?,

to find some such A’, B’ such that

D

yeA’

E €0 ) Pr.py (D F oy + Prgy (D)D) 2 (1/2) 4]

6We use here [73, Lemma B.14], which says that if v is Q-rational, then it is O(Q°™1))-periodic.
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Recall that we have the factorization

9+ Py (2)) = ey + Py 51(2)g' (W + P (2)7(y + Py 1(2)).

The term v(y + ﬁ[f 7(2))T" is constant for y € A’ and z € B’ because A’, B’ have common difference R.

Thus, there is some 9 € G such that for such y, z, our factorization can be written as

£(y + P v (2))9' (v + Py (2)) 0,
up to right-multiplication by I'. By the smoothness properties of &, we have

dayr(e(y + Pr.gy(2)20) < (07 /IA]) - |A'| < 0% < /4,

and  dgr(co,idg) < o=t < (M /)0

for some €y € G. Then, by the triangle inequality (recall that F' has Lipschitz constant at most 1), we have

>

yeA’

B (g0 ) P01 () Feog (5 + P gy ()0T) | = (/D14

By [73, Lemma B.6|, we can write v = {v0}[70] where [y] € I and |¥({70})| < 5. Expanding

1
3

e09'(y + P vy ()10 = e0f70} (130} 79’ (v + Py (2) {30 ) ol

and setting F := F|a (e0{70}-) (this function is O((M/r])o(m)o(1> )-Lipschitz by [73, Lemma B.4]), we deduce

from the normality of G’ in G that

{10} 79 (y + P 3(2)){70} € poly(Z, ")

and that

E el 5y ) By () F ({10} 70 (0 + P gy (D) (0)T)| > (/)77 |41

>

yeA’

Step 4: Completing the iteration.
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We continue the iteration by redefining

A~ A, B~ B, g(n) ~ {70}719/(”){70}7

G/T ~ G')T’, n~ (77/M)O(m)om7 and F~>F.

Step 5: The special case s = 1.
When s = 1 and k > 2, we have F(g(n)I') = e(p(n)) for some p(n) = E?:o ajn’ € R[n]. Applying

Proposition 6.18, we see that there exists some ¢ < n_o(m)om such that

(M /)0 m

T3 forall 2<j<k.

anjHR/Z <

Notice that when n is restricted to an arithmetic progression of difference ¢, the function Z_];:Q a;n’ is slowly-
varying and p(n) is very close to a constant plus ayn . Combining this with the pigeonholing argument from
Step 2, which lets us replace A, B by arithmetic progressions of difference ¢, we reduce to the case where
k=1.

Finally, when s = 1 and k = 1, the last case of Proposition 6.18 gives for each j € V a phase a; € R/Z

such that

(M/n)O(nL)O(l)

lag.iy ) + ajllrsz = llag i WV’ = &;llr/z < T
M/ (6n))Cm° {7 1
< Mo < exp(log(1/6)")

for at least exp(—(log(1/8))°M)N/V values of y € [N/V]. For j ¢ V, we define «; arbitrarily. This

completes the proof of Proposition 6.13.

6.7 Finishing the argument

Recall that
AModel (£ £y = Z E folz,y)fi(z+ z,9) f2(x,y + 2)v(2)

Y z€[N]

where v(z) = d~'1(n1(2)(N/2)4=1/4. Our goal in this section is to compare A" with AM°del. We already
know from Theorem 6.10 that A" is controlled by suitable degree-2 box norms of fy, fi, f2, and we now

show that the same holds for AModel,

Proposition 6.19. Letd € (0,1/10), let N € N, and let fo, f1, f2 : Z* — C be 1-bounded functions supported
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on [N)?. If
AMOdel(anfl»fQ) Z 6N37 (629)

4 4 4
then Hfo”el.[izv], es-[£N] ||f1|\e1.[iN]7 (e3—e1)-[=N] ||f2||e2‘[iN], (er—en).[£N] > §50a(1) N2

Proof. We will replace v by a smoother weight function that is easier to work with. Let ¢ > 0 be a
small parameter to be chosen later, and let ¢ : Z — [0,1] be a 4e~!-Lipschitz function that equals 1 on

[2eN, (1 — &) N — 1] and vanishes outside of [eN, N — 1]. Define the cut-off weight function
ve(z) = d™H(N/(2 + 1)~/ p(2).
Then v, equals v away from the boundary of [IN], and we have the ¢!-bound

D lva(z) —v(z)| < eV4N.
z€EZL

Our construction of v, ensures that it is 0(5*3N’1)—Lipschitz. Define the function g : R/Z — [0,1] by
setting g(z) := e'~9y_(2N) for 0 < z < 1; it follows that g is O(s*’)—Lipschitz. By [80, Lemma 4.1], there

is a trigonometric polynomial h : R/Z — [0, 1] of the form

with each |a,,| < 1, such that

lg = hll < e

Unwinding the various definitions, we see that

Vve(z) — /a7t Z ame(mz/N)| < e'/4

m<<£_10

for all z € [N]. This, combined with our earlier /!-bound, implies that AM°de!(fy £, fo) differs by at most

O(sl/dN3) from

Z Z fo(x,y)fl(x—I—z,y)fg(:v,y—i-z)'El/dfl Z ame(mZ/N)

z,y ZE[N] m<&e—10

In particular, if we set € to be a sufficiently small constant times ¢¢, then the latter quantity has absolute
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value at least SN3/2. Applying the triangle inequality and distributing the phases e(mz/N), we obtain

ST Y felw ) AT @ 4 2 ) S,y + 2)| > 62N,

m<&§—10d| z,y z€[N]

where

fm)(x,y) = fi(z,y)e(mz/N) and fz(m)(x,y) = fo(z,y)e(—mazx/N)

are still 1-bounded functions supported on [N]. Pigeonholing, we find some m such that

> 2. Folw, ) ™ (@ + 2,9) (5™ (2, y + 2)| > §2IN?,

z,y z€[N]

and then the desired norm-control on fy follows from the usual Cauchy—Schwarz maneuvers. The norm-

control on fi, fo follows analogously. O
We are finally ready to show that A" and AMedel are always close together.

Proposition 6.20. There exists C = C(P) > 0 such that the following holds. Let fo, fi, f2 : Z*> — C be

1-bounded functions supported on [N]2. If N,W satisfy N > CW and W > exp exp(log(1/)%), then

IAY (fo, f1, f2) — AN (fo, f1, f2)] < ONZ.

Proof. We let all constants depend on P. Define the “difference” counting operator

A*(f()afla fZ) = AW(f07f17f2) - AMOdel(anfla f2)

and the dual function

Dilff)@y)i= | (E | file+Pi)y)fa(ay+ P)

_ ZEI[EZN] file + 2,y) falz,y + 2)v(2).

Assume for the sake of contradiction that

|A*(fo, f1, f2)| = 6N?;
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then stashing gives

|A*(D3(f17f2)a f17f2)| > 52N23

and we conclude by the triangle inequality that either

AV (D5 (f1, f2): f1: f2)| = 6°N?/2 or  [AMOYNDG(fr, fa), f1, f2)| > 6°N?/2.

According to which of these inequalities holds, we apply either Theorem 6.10 or Proposition 6.19 and Lemma

6.7(6) to find a positive integer power V = W) for which

Do (f1, f2) Hilv‘[j:N/V], eV [EN/V] 2 exp(—log(1/6)7M)N?.

As usual, we must pass to arithmetic progressions of difference V' before using the U' x U2-inverse theorem.

Write go j, 5, == (Dg(flaf2))(j1,j2,V)a so that

e _ o(1) 2
jl,jiEé[V] ||go7]1;]2||e1.[:|:N/V],e2~[:i:N/V] > exp(—log(1/6)" ) (N/V)*.

The inverse theorem for the U' x U'-box norm (Lemma 6.27) gives 1-bounded functions by j, j,, b2 j, j, :

7 — C, for each jy, jo € [V], such that

B > 00,400 (@, 9)b1 gy o (2)b2,5, 4, (y) > exp(—1og(1/8)°0)(N/V)2.

J1,J2€[V] P
Define the weights

)= gt eaeway )

1
so that

E  filz+P),yf(le,y+P()= E filz+zy)fle,y+2)i(z)
Z€[(N/Wq)1/d] 2€[N]

and

Dy(f1, f2)(x,y) = E  filx+ 2z,y) fa(x,y + 2)v"(2).

- z€[N]
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Then
E E b1, bo i i
1.jar€lV] - 2€[N/V] 1,51,J2 (l‘) 2,j1,J2 (y)

Frnrrs @+ 2,9) foy o (@, + 2)07(2) > exp(—log(1/8)7W) (N/V)?,

where f1;, 5, = (f1)(j,,jo,v) and v} = Virv)-
We will now deduce the largeness of the norm ||v*||s, in contradiction with the Fourier-uniformity

estimate from Proposition 6.58. By pigeonholing in j1, jo,r € [V], we can find functions

b2>j1,j2 (y)fl7j1+r7j2 (.13, y)? =1
fll(xay) =

b17j17j2 (x)f27j1+7“,j2 (Ivy)7 =2

for which

|Z B R = 2y -+ 207 ()| > exp(— Log(1/8)° ) (V/V)2
z,y

This new expression is similar to one in the proof of Roth’s theorem and can be treated accordingly. Indeed,
introducing a new shifting parameter h along the vector (—1,1) and pigeonholing in x,y € [N/V]?, we see
that

|Z E oy fo(h+ 2)vf(2)] = exp(—log(1/8)° D) (N/V),

3 zE[N/V]

where f; (k) = f{(z — h,y + h). Fourier expanding all three functions, extracting 177l 00s and applying

the Plancherel identity together with the bounds on || £/, ll2 < (N/V)Y/2, we deduce that
177 ]l oe = exp(—log(1/6)°)(N/V).
But Proposition 6.58 tells us that
77 oo < N/ (V)

for some constant ¢ > 0 depending only on P. Hence w < exp(log(1/5)°™M)) and so W < exp exp(log(1/5)°M),

which contradicts the assumption on W as long as the O(1) term is sufficiently large.
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We are finally ready to conclude the proof of Theorem 6.1.

Proof of Theorem 6.1. It suffices to prove the result with N replaced by WN. Let A C [WN]? be a set with
density v. By the pigeonhole principle, there exist j;,jo € [32W] such that the set

B :={(z,y) € [N]?: BiW (z,y) + (j1,j2) € A}

has size at least yN2. Since v(z) > d~! pointwise for z € [N], the supersaturation result (Proposition 6.60)

tells us that

/

AModel (15 15, 15) > d L exp(—exp(y~ ¢ ))N?
for some absolute ¢’ > 0. Setting § := exp(—exp(y~¢"))/(2d), we obtain from Proposition 6.20 that

AV (1p,15,15) >p exp(— eXP(’Y_C,))Nz

for any W > exp exp(log(1/6)?7 (M) satisfying

’

N >p WM > expexp(log(1/8)7 M) > expexp exp(Qp (7).
In particular, the set B contains nontrivial configurations (z,y), (z + P(z),y), (z,y + P(z)), and hence the
set A contains nontrivial configurations of (z,y), (z+ P(2),y), (x,y+ P(z)). This completes the proof. [

We will now deduce Corollary 6.3.

Proof of Corollary 6.3. Tt suffices to prove the result with N replaced by WN. Let A C [WN] be a set of

density v. By the pigeonhole principle, there exists j € [32W] such that the set
B:={x € [N]: iWz+jc A}

has size at least yIN. Since v(z) > d~! pointwise for z € [N], a standard Varnavides-style supersaturation

version of the result of Kelley and Meka [61] tells us that
Y Eeeinilp(@)lp(@ + 2)1p( +22) > d~ exp(—log(1/7)7 )N
T

for some absolute constant C’ > 0.
Consider the set

B':={(x,y) € 2N]?:y — x € B},
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and note that

NZlB(x)lg(x+z)1B(x+22) = ZIB/(x,y)lB/(m+z,y)13/(x,y+z)

z,y

for each z € [N]. Using this correspondence and applying Proposition 6.20 with § := exp(— log(l/'y)cl)/(l()d),

we conclude that
D Ecqywayrale(@)1s(@ + P(2))1(x + 2P(2)) > p exp(—log(1/7) V)N
as long as W > exp exp(log(1/6)2# (V) satisfies
N >p W W > expexp(log(1/8) M) > expexp(log(1/~)# M),

In particular, the set B contains nontrivial configurations z, = + P(z), # + 2P(z), and hence the set A

contains nontrivial configurations x,  + P(z),  + 2P(z). This completes the proof. O

6.8 Inverse theorems for box norms

We require inverse theorems for several box norms and directional Gowers norms that arise in our arguments.

Although these results are more or less standard, we include statements and proofs here for ease of reference.

6.8.1 Ul-inverse theorems

Heuristically, a function has large degree-1 Gowers norm in the direction v if it correlates with a function
that is periodic in the v-direction. Since we are working with norms in which the differencing parameters
h are constrained to lie in intervals, making this heuristic precise is somewhat delicate. In particular, we
need the “length” of the differencing parameter to be sufficiently large relative to the size of the support of
the function in question, where “sufficiently large” depends on the quality of the lower bound on the Gowers
norm. This issue does not appear for higher-degree box norms since Lemma 6.7(4) allows us to manipulate
the lengths of boxes at will.

We start with the U'l-inverse theorem for functions on Z.

Lemma 6.21 (1-dimensional U'-inverse theorem). Let & € (0,1] and N, N’ € N with N’ > §~'/2N > §~1.
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If f :Z — C is a 1-bounded function supported on [N], then

||fH[2:|:N’] >6N = x) > §Y/4N.

Proof. By definition, we have

IflEeny = D mv(@ —2)f(2)f@).

z,x' €[N]

The idea is that since N’ is sufficiently large relative to N, we have un/(z — 2') ~ 1/(2N’ — 1) for all

x,z’ € [N]. More precisely, since f is 1-bounded and N’ > 612N > N, we can make the crude comparison

@N' =) I fliyg = D F@)fE)] < > [@N' = Dy (@' —2) — 1]
z,z’ T,m/G[N]
1
=1 > e
z,2’' €[N]
NYN -1 _
< < §Y2N? /2.
- 2N'—-1 — g /
Hence
=> f(x) > (2N' —1)6N — 6'/2N2/2
xz,x!
> (3/2)6Y2N — 6N > §'/2N?
since N > §~1/2, O

Lemma 6.22 (2-dimensional U'-inverse theorem). Let 6 € (0,1] and N, N’ € N with N’ > (5/2)"'/2N >

2671, and let f : Z*> — C be a 1-bounded function supported on [N]?. Then

||f||i1_[iN/] > 6N? = Z f(z,y)b(y) > 6°/4N? for some 1-bounded b : 7 — C;

T,y

Hf||22.[iN,] > 6N? — Z f(@,y)b(z) > 6°/*N? for some 1-bounded b : Z — C;

T,y
and

Hf||?e2_el).[iN,] > §N? = Zf(x,y)b(x +y) > 6°/*N? for some 1-bounded b : Z. — C.

x,Y

Proof. We begin with the first statement; the second follows by symmetry. For each y € Z, define the
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function f, : Z — Z via fy(z) := f(z,y). Then we have the identity
2 2
Hf”el.[:l:N’] = Z nyH[iN/]~
yE[N]

The popularity principle supplies at least 6 N/2 values of y € [N] for which ||fy||[2iN,] > 0N/2. Applying

Lemma 6.21 for each such y and using nonnegativity for the remaining y’s, we find that

> 6N - §Y4N.

>

y€E[N]

> fy)

TEZL

Adding 1-bounded fudge factors b(y) to remove the absolute values, we obtain
> fy)b(y) > 674N,
z,y

as desired.

The proof of the third statement goes similarly. This time, we foliate [N]? using 1-dimensional arithmetic
progressions with common difference e; — e;; each such arithmetic progression intersects [N ]2 in at most NV
elements. Applying the popularity principle and Lemma 6.21, and then removing the absolute values as in

the first statement, we arrive at the desired conclusion. O

6.8.2 Unnormalized box norms

To prove inverse theorems for higher-degree box norms, it is often easier to start with unnormalized box

norms. Given vi,...,v, € Z”, we define the unnormalized box norm of a compactly supported function
f:7ZP — C along vy,...,Vv, to be
1/2°
I lveovs = Do Avibnvena f(X)
X,h1,...,hs
IfD=1and vy = =vy=1 wealsoset ||f|[y. :=[fl, .- The following lemma relates unnormalized

and normalized box norms.

Lemma 6.23 (Relating normalized and unnormalized box norms). Let s > 2, let D, Hy,...,Hs € N, and
let vi,...,vs € ZP. For any compactly supported function f : ZP — C, we have
S

25 1 25
WAy e, v < H 3,1 [ ——

i=1
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Proof. Using the inductive formula for box norms, the pointwise bound ug(h) < 1/(2H — 1), and nonnega-

tivity, we have

Hf”?/l~[iH1],4..,vs~[iHs] = Z py (h2) - e, (Rs) ”AV2h2,---,vshsinl.[iHl]
ha,....hs

S

1 2
énm. Z [PANNE N A o

=2 v h2y~~~7hs
1 z
:Hﬁ -Zqu(hl)HAvlfanVQ ..... v
=92 h1

S
1 2
< | | — . :
— bl 2Hz _ 1 ||f||v174,,,vS ?

note that the applications of nonnegativity crucially used the assumption s > 2. O

6.8.3 UZ?-inverse theorems

The starting point for U2-inverse theorems is the following well-known 1-dimensional result (see, e.g., [81,

Lemma 2.4]).

Lemma 6.24 (1-dimensional U?-inverse theorem). Let § € (0,1] and H,N € N with SN < H < N. If

f:Z — C is a 1-bounded function supported on [N], then
||f||?iH]7[iH] >0N = Zf(x)e(ax +b) > 6*2N for some a, b € R/Z.
x

Proof. By Lemma 6.23 and the assumption H > §N, we have ||f|\?‘]2 > §°N3. Fourier inversion and

Plancherel’s Identity give
4 14 20 a2 SENTITE: 112
It = |71, = 41, 71 = vz A < o[l

Hence H f H > §%/2N, which is equivalent to the conclusion of the lemma. O

Lemma 6.25 (2-dimensional U?-inverse theorem). Let § € (0,1] and H, N € N with 6 °1) < §N < H < N,

and let f : Z? — C be a 1-bounded function supported on [N]?. Then

1oy iy = 0N = 3" [z yealy)e + bly)) > 6*/*N?
T,y

for some 1-bounded a, b:Z — R/Z;
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1oy 26N = 3 flale(ala)y + bla)) > 5/2N?
@,y

for some 1-bounded a, b:Z — R/Z.
This lemma follows from Lemma 6.24 just as Lemma 6.22 follows from Lemma 6.21.

6.8.4 U! x U'-inverse theorems

Let vy, vy € Z? be vectors such that (v1,va)z = Z2. Then the unnormalized box norm along v;, vy can be

written as

1/4

Il = | Do Fvum+van) F(vim? + van) f(vim + van') f(vim' + van')

m,m’ n,n’
and satisfies the following inverse theorem.

Lemma 6.26 (Inverse theorem for the unnormalized U! x Ul-norm). Let vi,vo € Z? be vectors of length
O(1) satisfying (v1,va)z = Z?, and let N € N. If f : Z*> — C is a 1-bounded function supported on [N]?,

then there are 1-bounded functions by,bs : Z — C such that

I£1l5, v, << N2 f(vim + van)by (m)ba(n).

m,n

Proof. The pigeonhole principle gives some n’ € Z, necessarily of size O(N), such that

115, vy << N| D Fvam +von) F(vim/ + van) F(vim + van') f(vim' +von') |

m,m’,n

Let S :={m' € Z: vim' +van’ € [N]?}. Then |S| < N, and the result follows upon setting by (m) :=
f(vim + von’) and letting by (n) be equal to E,,res f(vim’ + von) f(vim' + van') times a suitable complex

number of norm 1 that makes the expression in the absolute value positive. O

Combining this lemma with Lemma 6.23 immediately gives the following result for unnormalized box

norms.

Lemma 6.27 (Inverse theorem for the U x Ul-norm). Let § € (0,1] and H, N € N with SN < H < N. Let

f:7? — C be a 1-bounded function supported on [N]?. Then

”inl-[iH], e [+H] = SN? = Zf(xvy)bl(m)b2(y) > 0°N?

z,Y
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for some 1-bounded by, by : Z — C;

A2, (rr), (erenyfom) = ON? = > fla,y)bi(x +y)ba(y) > 5°N?

T,y

for some 1-bounded by, by : Z — C;

1F11es (e rr), (ereny o) = ON? = > (@, y)bi(2)b (2 +y) > 67N

z,Y

for some 1-bounded by, by : Z — C.

6.8.5 U? x Ul-inverse theorem

Recall that our degree-lowering result Theorem 6.10 is based on replacing “U? x Ul-obstructions” with

“Ul x Ul-obstructions”. We are finally ready to give a precise characterization of the former obstructions.

Lemma 6.28. Let 6 € (0,1] and H, N € N with 6°") < 6N < H < N, and let f : 7> — C be a 1-bounded

function supported on [N)?. Then

FUIS, (), en- (), enr = ON? =Y f(z,y)g(z)e(aly)z + b(y)) > 6O N?

z,y

for some 1-bounded g : Z — C and phase functions a,b: Z — R/Z;

IS, tm), o0, o0y = ON? ==Y f(@,9)g(W)e(a(z)y + b(x)) > O N?

z,y

for some 1-bounded g : Z — C and phase functions a,b:Z — R/Z.

Proof. We only prove the first statement as the other can be proved by swapping the roles of x and y. The

inductive formula for box norms gives

ON* < flley er, en i), eaefior) = Z“H MAnes fllay i, o0 s

By Lemma 6.25, there are phases a(y,y + h), B8(y,y + h) € R/Z such that

Z pr (h) Ane, f(z, y)e(a(y,y + h)x + B(y,y + h)) > 50 pr2
z,y,h
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and the summand is real and nonnegative for each fixed h,y. In particular, we have

D Ao, f(@,p)e(aly, y + h)x + By, y + 1)) > §°D N3,
z,y,h

Replacing the variable i with the variable z := y + h, we get

> @ y) fla, 2)elaly, 2)x + Bly, 2)) > 67DN.

T,Y,z

The pigeonhole principle gives an integer |z9| < N such that
Z f(@,9) (@, 20)e(aly, 20)z + B(y, 20)) > 7L N>,
T,y

The lemma now follows upon setting

g(IE) = f(xa ZO)? a(y) = Oé(y, ZO)7 and b(y) = ﬂ(ywz())‘

6.9 Nilsequence definitions

This section contains (mostly standard) definitions pertaining to nilsequences.

Definition 6.29 ((¢t — 1)-fold commutator). For elements g¢1,...,¢g: of a group G, we define

[91’927"%94 = [[[91792]793]%-.39&'

We will call any such commutator a (¢t — 1)-fold commutator of the elements g1, ..., g;.
We now introduce the lower central series.

Definition 6.30. The lower central series of a nilpotent Lie group G is the sequence of nested subgroups
G =Gy =Gy 2 G 2 G- where G := [G,G(;_1)] for i > 1. The step of G is the smallest integer

s such that G,11) = Idg.

Recall that the height of the rational number a/b (for a,b coprime integers) is max(|al, |b|). We will now

define a nilmanifold.
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Definition 6.31 (Nilmanifold). A nilmanifold of degree k, step s, complexity at most M, and dimension

m consists of the following data:

1. an s-step connected and simply connected nilpotent real Lie group G and a discrete cocompact subgroup

I of G;

2. a filtration Go = (G;)2, of nested subgroups G = Gy = G1 2 G2 2 --- such that G; = {Id¢} for all

i >k and [Gi,Gj] - Gi-‘rj for all 1,7; and
3. a Mal’cev basis, i.e., a basis {X1,..., X,,} of the Lie algebra g := log(G).
We furthermore require the data to satisfy the following conditions:

1. For 1 <4,j < m, we have

[Xi, X;] = Z a1 X

I>max(i,5)

for some rational numbers a;;; of height at most M.
2. For m; := dim(G};), we have log(G;) = span{X; : m —m; < j < m}.

3. Each element g € G can be expressed uniquely as exp(t1X1) exp(taXa) - - - exp(t; X ) with t1,... ¢, €

R; we let ¢ : g — (t1,...,tmn) denote the associated coordinate map from G to R™.
4. T consists of precisely the elements g for which ¥(g) € Z™.
A Mal’cev basis that satisfies the last three of these conditions is said to be adapted to the filtration G,.

Note that condition (ii) implies that each G; is closed, connected, and simply connected.

The lower central series (as defined above) gives the so-called standard filtration on a nilpotent Lie group
G, and we emphasize that there are filtrations other than the standard filtration. The standard filtration on
G is “minimal” in the sense that any other filtration (G;) satisfies Gy O G;) for each i € N [107, Exercise
1.6.2].

A nilmanifold can be endowed with a metric as follows.

Definition 6.32 (Metric on a nilmanifold). Given a nilmanifold G/T" with coordinate map 1, we define a

metric dg on G to be the right-invariant metric

dg(z,y) := inf {Zminw(xixﬂ% [W(imazi [} 2o = 2,2, = y} :

=1

Setting d(zI', yI') := inf{d(2’,y’) : 2'T = 2T, y'T = yI'}, we obtain a metric on G/T.
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This metric makes G/T" into a compact metric space and hence can be used to define the Lipschitz

parameter of a function on G/T.

Definition 6.33 (Lipschitz norm). Let (X,dx) be a metric space. The Lipschitz constant of a function

F: X — C is the quantity
F(x) - F
wp [F@) = F)
cH#yeX dX (I, y)

and the Lipschitz norm of F' is

|F(x) — Fy)|

F i = F oo + su
[FllLipx) = I1F [ x) #ygx dx (z,y)

If || FlLipx) < M, then we say that F' is an M-Lipschitz function.

An important property of Lipschitz functions on a nilmanifold is that they can be approximated by finite
linear combinations of vertical characters (as defined below).

We now turn to polynomial sequences.

Definition 6.34 (Polynomial sequences). Let G be an s-step connected and simply connected nilpotent real
Lie group with a degree-k filtration (G;)$2,,. The set poly(Z, G) of polynomial sequences to G consists of the

maps g: Z — G of the form

k n
g(n) = [ o
1=0

for some g; € G;. It is known (see, e.g., [68, Chapter 14]) that poly(Z, G) forms a group under pointwise

multiplication.

Our next definition is a smoothness norm on real polynomials that captures the extent to which their

coeflicients are close to integers.

Definition 6.35 (Smoothness norm). Let p(x) = EJD:O ajz? € Rlz] be a polynomial of degree D. Its

smoothness norm at scale T' > 0 is defined to be

— I 1o
||pHC’<>°[T] = 12‘8%XDT Ha]H]R/Z'

Note that this definition of smoothness is written using the monomial basis, which differs slightly from
[73, Definition 2.2]. By [73, Lemma A.10], these notions are equivalent up to a multiplicative factor of Op(1)
if one is willing to replace p by ¢p for some natural number ¢ = Op(1).

Two important special classes of polynomial sequences on G are those whose coefficients are “rational”

and those which grow slowly and remain “close” to the identity.
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Definition 6.36 (Rational and smooth sequences). Given ) € N, we say an element g of G is rational
with height Q (or Q-rational) if g2 € T'. We say that a polynomial sequence v on G is Q-rational if y(n) is
Q@-rational for each n € Z.

We say that a polynomial sequence € on G is (K, T)-smooth if for each n € Z, we have

da(e(n+1),e(n)) < K/T and  dg(£(0),idg) < K.

We are finally ready to define a nilsequence.

Definition 6.37 (Nilsequence). A nilsequence of complexity M is a sequence ¢ : Z — C of the form
p(n) = F(g(n)T'), where g is a polynomial sequence on G and F': G/T" — C is an M-Lipschitz function on

a nilmanifold G/T of complexity M.
We now shift gears and discuss horizontal and vertical characters on G/T.

Definition 6.38 (Horizontal and vertical components). The horizontal component of G is G/G) =
G/|G, @], and the vertical component of G is G(S).7 We let Thoriz: G — G/G 2y denote the quotient map.

We use djoriz and d(s) to denote the dimensions of G/ G(g) and G(S), respectively.

We remark that G/[G, G]T, often called the horizontal torus, is isomorphic to the torus (R/Z)%ori#; the
Mal’cev basis adapted to G/T" provides an isomorphism. Horizontal characters come from characters of the

horizontal torus, as follows.

Definition 6.39 (Horizontal character). A horizontal character on G/T' is a continuous homomorphism

n: G — R such that n(I") C Z.

Note that since R is abelian, every horizontal character n annihilates [G, G] and hence descends to a
character on the horizontal torus. Since the characters of (R/Z)%ori# correspond to elements of Z%eriz  our
choice of Mal’cev basis provides a correspondence between horizontal characters of G/T" and elements of
Z4noriz . More explicitly, each 7 is of the form 1(g) = k - 1/(g) for some k € Z%nori,

We will also require the notion of a vertical character.

Definition 6.40 (Vertical character). Let H be a connected, simply connected subgroup of the center
Z(G) which is rational in the sense that H NT' is cocompact in H, and let  : H — R be a continuous
homomorphism such that n(H NT') C Z. We say that a function F : G/I' — C is an H-vertical character
with frequency n if

F(gz) = e(n(g))F(z)

"In [51], the vertical component is defined to be Gy where Gy is the smallest nontrivial element of the filtration of G.
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for all g € H and 2 € G/I". We refer to a G ,)-vertical character as simply a wvertical character.
Horizontal and vertical characters come with natural notions of size.

Definition 6.41 (Size of a character). If 7 is a horizontal character on G/T" associated with the element
k € (R/Z)ori=  then the size (or modulus) of 1, denoted |k| or ||k||o, is the L> norm of the vector k.

Let H be a rational subgroup of the center Z(G), and let {: H/(H NT') — R/Z be a homomorphism.
The size (or modulus) of &, denoted ||, is the Lipschitz constant of the function x — e(¢(z)) on H/(HNT).

Equivalently,

fli= sp e —eCW)|

eyeH/(HMT) dar(r,y)

Finally, we will need quantitative measures of rationality for subspaces and subgroups.

Definition 6.42 (Rational subspace). Let V' be a vector space with a basis B, and let W be a subspace of

V. We say that W is at most Q-rational if W has a basis B’ such that each w; € B’ can be written as

for some rationals aj; of height at most Q.

Definition 6.43 (Rational subgroup and subnilmanifold). Let G/I" be a nilmanifold with Mal’cev basis X.
A connected and simply connected subgroup H C G is Q-rational if h := log(H) is Q-rational with respect
to g with the basis X. Define I" := H NT. We then say that the nilmanifold H/T", equipped with the
filtration He = (H;)$2, given by H; := G; N H, is a Q-rational subnilmanifold of G/T.

Remark 6.44. If H is a Q-rational subgroup of G, then by [74, Lemma B.12| there exists a on(mo(l))—

rational Mal’cev basis for H/(I' N H).

6.10 Fraction-comparison estimates

In this section, we prove elementary “fraction-comparison estimates” in the style of [88] (see, e.g., the proof of
Proposition 5.6 there). These estimates are useful in the nilsequences part of our argument. While the first
two lemmas are straightforward, the third makes use of some important properties of V-tricked polynomials.

Recall the smoothness norms from Definition 6.35.

Lemma 6.45. Let D,Q,T € N, let R € R[z] be a polynomial of degree D, and let a,b € Z with |a] < QT

and 0 < |b| < Q nonzero. Then the polynomial R(z) := R(a + bz) satisfies

[P R|| ¢ 1) <p QP | Rl oo .-
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Proof. Assume that HRHCOO[T] < M; we will show that [[bP R||ce(r) <p QP~'M. Write R(z) = Zio a; 2t

Then
D D s D D ;
R(z)=R(a+bz2) =) aila+b2)' =Y q ( _>bjzjaij = T ( > ati,

The assumption ||R||COC[T] < M means that

D .
vy a (;) ai|| < M/T (6.30)
i=j

R/Z
for each 1 < j < D. In particular the j = D instance of (6.30) gives
D D
b O‘DHR/Z < M/T".
Next, the j = D — 1 instance of (6.30) gives
S M/TD_l,

167~ (ap—1 + DaaD)H]R//Z

multiplying the expression in [|-||p sz by b and using the triangle inequality (and the assumption on the sizes

of a,b), we find that
0P ap_1lp,, < QM/TP~' + D(QT)(M/TP) <p QM/T" .
Continuing inductively in this manner, we find that
6P alg 7 <p QPIM/T? < QP M/T’

for each 1 < j < D, as desired. O

For ease of reference we record the following special case of this lemma.

Lemma 6.46. Let D,T € N, and let R € R[z] be a polynomial of degree D. If |yo| < QT and

[R(yo + )llc=m) < Q,

then

IRl ceepr) <p Q.
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Recall that we are interested in the V-tricked polynomial

Pryi(2) = PV +‘Z) — P(T)’

where V = WP is a nonnegative integer power of W and r € [V]; as mentioned previously, ﬁ[r,V] has
integer coefficients, zero constant term and degree d > 2. Let us denote the coefficient of 2% in ]S[r,v] () by

Vi € ZIW,V,r, B1,..., Ba]. We record that
Vd — /Bdﬁ(li—de—lvd—l

and that V7 is equal to 1 plus W times some integer-coefficient polynomial in W, V. r, 81,..., Bq. Thus, if
every prime factor of 3184 also divides W (which is the case for w larger than an absolute constant depending

only on P), then V; is equivalent to 1 modulo every prime dividing V; and we have
ng(Vda‘/l) =1.
The following lemma tells us that precomposing a polynomial with ]B[Tﬁv] cannot significantly decrease its

(properly normalized) smoothness norm.

Lemma 6.47. Let D € N. For every Cy > 0 there exists a constant Cy = Cy(C1, D, P) > 0 such that the
following holds. Let V< W be a nonnegative integer power of W, let r € [V], and let T,Q € N. Let

R € R[z] be a polynomial of degree D. Assume that every prime factor of $154 also divides W. If

1B o Py villosia/vayig < @
and T > CoWE2, then
| Rllcoeir) < C20Q.
The scales of these smoothness norms come from the estimate IB[T)V}((T/ Vo)) < T.

Proof. We fix C; > 0 and let all the constants depend on P and D. The proof proceeds by induction on
the degree D, where the base case D = 0 holds vacuously. For the induction step, write R(z) = Zf):o a; 2t

Recall that ]3[,.7‘/](2) = Vyz? 4 -+ V12. We compute

D
R(Pyv)(2)) = Z ai(Vgz? + -+ Vy2)t

1=0
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- iai Z . (jl, . Z ,jd) (Viz)t - (Vaz?)’e

1=0 Ji+-+ja=t

dD D i ‘ ‘
:sz ; Z ( _)1/111...{/5117
k=0 0 ) Jis---5Jd

JEP(i,k

where P(i, k) denotes the set of tuples j = (j1,...,ja) of nonnegative integers satisfying j; +--- 4 ja = i

and ji + 2j2 + - - + djqg = k. The assumption |R o ﬁ[r,V] o (ryviayrra) < Q tells us that

PILEDD (j1 z jd>V1jl~-‘Vid < Q(Va/T)M4 (6.31)

=0 jEP(ik) R/Z

for each 1 <k < dD. Let Ejy denote the expression inside || - [|g/z in (6.31).

We will show that |lapl|lr/z < Q/TP. Since Egp = apV,, Equation (6.31) for k = dD tells us that
lanVP [l - < QUVa/T)?,
and hence there is some integer n such that
lap —n/VP| <Q/TP. (6.32)

We will aim to show that n is divisible by VdD . To accomplish this, we will find a second rational ap-
proximation for ap using a denominator that is coprime to VdD . To begin, we have F; = a;V;. Next,
Ey = asV2 + a1 Vs, and so

ViEy — VB = Vias.

We continue with E3 = a3V + aa(2V1 V) + a3 V3 and
V12E3 — 2V2(V1E2 - ‘/QEl) - VlvéEl = V150l3.

Continuing inductively in this manner, we obtain a positive integer v and polynomials s, ..., sq € Z[V1, ..., V4]
such that

s1B1+ -+ sqaEq =V ap

holds (as an identity in the formal variables Vi,..., Vg, a1,...,ap); note that the s;’s depend only on the
parameters d, D. The crucial point for the induction is that Ej, (for 1 < k < D) equals oy, V}* plus a linear

combination of ag_1,...,a; with coefficients in Z[V1, ..., Vy].
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Recalling that V; = O(We1v4=1) = O(WOM) and applying (6.31) for 1 < k < D, we find that
IV aplly , = O@QWOW /71/4),
Thus there is an integer n’ such that
lap —n'/Vi'| = O(QWOW /TV/4).
Comparing this with (6.32) gives
|”/VdD - ”,/V17| = O(QWO(D/Tl/d)-
Now we must have

”/VdD = "//Vl’y

since otherwise we would have |n/V,” —n//V{| > 1/(VV)"), which (due to the constraint on T') is not of
size O(QWOW /T1/4). Since V1,V are coprime, we conclude that n is divisible by V., and (6.32) tells us

that

lapllgz < Q/T?,

as desired.
We claim that

oo (Pra)? | 0(Q).

Col(Ty Ve
Indeed, since each V; < (WV)?~1 <V, we see that the zi-coefficient of (]5[,7‘/])[’ has size < V. Then for

each 0 < i < dD, the distance from the z'-coefficient of o D(]S[,.,V])D to the nearest integer is at most
<(Q/TP)- VP < (Va/T)";
this establishes the claim. Hence

Fea) = an(Fo)”| o
H(Ro rv)) = ap(Pprv)) C=[(T/Va)*/4] o)

and the lemma follows from the induction hypothesis. O
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6.11 Sarkozy-type results

The goal of this section is to make precise the heuristic that

fo(x)fi(x+ Vﬁ[,.,v] (2)) =~ Z E fox)fi(x+vz), (6.33)

> E
" 2€[(N/Vy)1/d] z€E[N]

X

where V = WOr() is a nonnegative integer power of W, r € [V] (in particular, if V' = 1, then r = 0 and

hence ZB[T)V} = 15), and V;’s are the coefficients of ]S[r,v]- We will do so via circle-method arguments that

originated in work of Sarkdzy [96,97], and we will more closely follow a method due to Green [48].
Throughout this section, define K := (N/Vy)'/?, so that |ﬁ[r,v](z)| <p N for z € [K]. For £ € R/Z, we

also let

S =) eltPr(2)

z€[K)]

denote the Fourier transform of the (multi)set ﬁ[r,v]([K -

6.11.1 Circle method preliminaries

The first step towards (6.33) is showing that the counting operator for a 2-point polynomial progression is
always controlled by the major arcs of its arguments. Let us make a few more definitions. Let ¢ > 0 be a

constant to be determined later. For coprime 0 < a < ¢ < K¢, we define the major arc

My g = {g ER/Z: ‘5 -~ “’ < K—(d—6>} :
q

As long as € < 1/3, the intervals 9, , are disjoint. So we partition R/Z into the major arcs 9 and the

minor arcs m, where

M= |J My and m:=(R/Z)\M
1<a<q<K®,
ged(a,q)=1

A key input for controlling the minor arcs is the following upper bound on the even moments of F.

Lemma 6.48 (Crude bound on even moments of F'). There exists some positive integer so(d) > d such that

for all s > so(d) and n > 0, we have
/ [SE)F A oy (WV)2 K2,
R/Z
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The presence of both W and V in the bound is because V' can be any nonnegative power of W, including
1. In applications, we will take W and V to be sufficiently small in terms of K so that the right-hand side

can be replaced by Op, s, (K2~4+m).

Proof. We prove this result by reducing S, an exponential sum in ]S[T,V}, to an exponential sum in P, which

can then be treated with classical circle-method results. Recalling that

?(Vz +7r)— ]5(7') P(BiWVz+ B Wr —p) ]5(7")

we can recast S(§) as

s©= Y (SPEEE )
€lK 1

z€[K]

for
P
A=BWV, B=BWr—p amd =)
and so
2s
P £P (Az + B)
d, / d€.
/]R/Z <= - BEWV ) ¢

K]

By changing variables £ — B2W V¢ and then using nonnegativity to extend the domain of integration from

[0,1/(B3WV)) to [0,1), we can upper bound this quantity by

2s

WV - / e(€P(Az + B))|  d¢, (6.34)
z€[K]

Expanding the 2s-th power and using orthogonality, we can recast (6.34) as SZWV times

> 1(P(Az + B)+ -+ P(Az, + B) = P(AZ} + B) — --- — P(Az, + B)). (6.35)

21,2l €[K]

Since Az + B € [AK] — p for every z € [K], we can use nonnegativity to upper-bound (6.35) by
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which on Fourier expanding equals

LS eerero)

z€[AK)]

By e.g. [115, Theorem 14.1], this is at most
<<P,77 (AK)QS—d-H] <<P,s,77 (WV)2S_1K2S_d+”77

and the result follows by combining this with the factor W V. O

The following lemma is a generalization of [88, Lemma B.4], and it follows from a nearly identical proof,

which we omit.

Lemma 6.49 (Minor arc control). Let so(d) be as in Lemma 6.48, and let s > so(d) be a positive integer.
There exists an absolute C = C(P,s) > 0 such that for all ¢ € (0,1) and positive integers K¢ >ps .V, we

have the pointwise bound

sup [S(€)] < K'~*/¢
fem

as well as the L?*3-bound

/|S(€)‘28 Lpac K?sfde/C.
m

In order to handle the major arcs, we start with the following classical decomposition result for F (see

e.g. [114, Corollary 5.2]).

Lemma 6.50. Let 0 < e <1/3 and 0 < a < q < K° with a,q coprime. If § € M, 4, then

S©) = E_eclafly(u)/0) /0 * e(<§ _ Z) ]3[7.7‘/](2)> dz + O(K™).

u€|

We recall that the assumption ¢ < 1/3 ensures the disjointness of the major arcs.

In what follows, let

S(a,9) = E e aPyvy(w)/q) = vl (aPyv(u)/q)

be the exponential sum appearing in Lemma 6.50. The following lemma gives bounds on S(a, ¢) for various
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values of a,q. It is inspired by [23, Lemma 5.3|; the proof is almost identical, so we omit it.

Lemma 6.51. Let 1 < a < g be coprime positive integers. Then
|S(a, q)] <Py Y for every n > 0.

Moreover, S(a,q) = 0 whenever ged(q, W) > 1.

Next, we upper-bound the integral appearing in Lemma 6.50. It essentially follows from the van der

Corput Lemma (e.g., [105, pp. 332]) and we omit the proof.

Lemma 6.52. We have

<pl+ |€|71/dvd—1/d'

K ~
‘ / (EPy(2)) d=

Combining the previous three lemmas, we can finally upper-bound the contribution of the major arcs.

Lemma 6.53 (Major arc control). For s > d and € € (0,1/10], we have

2s—d

Va

/ S()* de <p.
m

as long as K > V2.

We recall that the parameter ¢ figures implicitly in the definition of the major arcs 91; since the left-hand
side of the inequality in the lemma is non-decreasing as ¢ increases, the important point is that we can take

€ bounded away from 0.

Proof. We let all constants depend on P,s. Applying Lemma 6.50, integrating over all of the major arcs,

and changing variables £ — £ + a/q on each M, 4, we have

K—dte 2s

dg

/OK e(ﬁﬁ[nv] (z)) dz

+ O(l(a,q):(o,m + Z 1) (K2e-1-d+3e)

1<a<g¢<KS®,
ged(a,q)=1

— —d
1<a<q<K°®, K—dte
ged(a,q)=1

We bound the terms in the expression above one by one, starting with the contribution of the sums
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S(a,q). For every n > 0, we can bound

lag=0n+ 2. 1S@ol* <1+ Y ¢/ <, 14 Ke0rP2m2e/d)
1<a<q<K?, 1<a<q<K?®,
ged(aq)=1 acd(arg)=1

where the first inequality follows from an application of Lemma 6.51 with 2ns in place of 1, and the second
bound follows from trivially estimating the number of a’s in 1 < a < ¢ by ¢ and then trivially bounding
g < K¢. Importantly, this expression is O(1) as long as s > d and 1 < 2/d. Since there are no further
restrictions on the choice of 1, we can take any 7 in the range above.

To bound the contribution of the integral, we split it over & at K~¢/V, obtaining

K*dﬁ»e 2

/ *
_K—d+e

/OK e(fﬁ[nv](z)) dz

2s

K_d/Vd 1 K ~
< / K2 de 42 / / e(gp[r,v](z)) dz| e
7K*4/Vd Kﬁd/Vd 0

The first term can be bounded trivially by K2°~¢/V,. To bound the second term, we apply Lemma 6.52,

which gives

1 _s/d KZsfd
d¢ <</ g|2/dy 2 e < :
Kﬁd/Vd Vd

2s
/Kld/vd /oK (P (2)) d

where we use Lemma 6.52 to bound the integrand and the assumption s > d to ensure that the exponent is
of the right order.

Lastly, the error term is at most

< (1(a,q):<o,1) + ) 1>K25‘1‘d+38 < KFTimdeee
1<a<q<K*,
ged(a,q)=1

which can be bounded by < K2°~¢/V, since K > Vd2 and ¢ < 1/10. O
We summarize the computations performed in this section in the result below.

Proposition 6.54 (Even moment bound). There exists s1(d) € N and C' = C(d) > 0 such that if s > s1(d)

and N > VdC, then

2s

K
S©I* d s =
/MI (I dE <ps —
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Proof. Let s1(d) = max(sog(d),d + 1), where sy comes from Lemma 6.49 and d + 1 is the smallest possible s
allowed by Lemma 6.53. We fix s > s1(d) and let all the implicit constants depend on P,s. We split R/Z
into major and minor arcs with € = 1/10. Then we can use Lemma 6.49 to bound the minor arc contribution

as

/ |S(£)‘23 df < K2sfd75/C'1

where C; > 0 is the constant from Lemma 6.49. Since N = K%V, this can be bounded by < % as long
as Vy < K¢/©1 which we can assume by taking the implicit constant in N > Vdﬂ(l) to be sufficiently large.
We also implicitly use the assumption N > Vdﬂ(l) to ensure that K¢/4 > V4 so that the assumption on
the coeflicients of ﬁ[r,v] in Lemma 6.49 is satisfied. To bound the major arc contribution by the same final

expression, we simply apply Lemma 6.53.

6.11.2 Applications to Sarkozy-type estimates

We are now ready to show that counting operators for Sarkdzy-type configurations are controlled by the

major arcs of their arguments.

Proposition 6.55. For every Cy > 0 there exists Cy = Co(Ch1, P) > 0 such that the following holds. Let
§ € (0,1/10), let V < WE' be a nonnegative integer power of W, let r € [V], and let N > C’ngczéfcz be an

integer. Let fo, f1 : Z — C be 1-bounded functions supported on [N]. If

> E fo@hi+ B.v)(2))| = 6N, (6.36)

x

then for every i = 0,1 there exist phases & € R/Z and positive integers ¢; <c, p §=9c1.r() gych that

lg:&illz)z, <cvp 60PN and | fi(&)| >, p 69017 DN,

Proof. We fix C; > 0 and let all constants depend on P. We prove the bound only for i = 0, since one can
then deduce the result for ¢ = 1 by shifting x — = — ﬁ[r,v](z) and exchanging the roles of fy, f1. Our first
goal is to show that the largeness of (6.36) implies the largeness of some Fourier coefficient of fy, and then
we use the fraction comparison argument to deduce that this Fourier coeflicient must be a major arc.

Define the mutliset E := {}S[Ty} (z) : z € [K]}, so that our assumption can be expressed as
Zfo(x)fl(x +2)1g(2)| > INK.
T,z
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Note that F' = TE Now, Fourier-expanding, extracting the largest Fourier coefficient, and applying the

2s
s—17

triple Holder inequality (with exponents 2,2s) followed by Parseval’s Identity, we get

SNEK < | Foll L - /M RO 1 Fae)] - [F(e)] de

- 1/(25)
< NFollS - ol - N fully - (/R/Z |F(€)1* d§>

for any s > 2. We can trivially bound || fol|5 "/ - || f1]la < N@s=1/(2%) " and Proposition 6.54 gives

2s

2s K
[, 5@ i< g

for any s sufficiently large in terms of d. Combining all these bounds together, we get the bound Hﬁ”oo >
S9N, ie. we have shown that the Sarkozy configuration is controlled by Fourier analysis.
Now, let fo = E.cx fi(z + ]S[r,v] (2)). Stashing, we can replace fy by fo in (6.36) at the cost of squaring

0 in the lower bound. Together with the just proved Fourier control, this gives us

> E File+ Pry()e(=x)| > 67N

x

for some ¢ € R/Z. Shifting z — z — ]S[Ty] (2), splitting the sums over x and z, and using || fi|l; < N, we get

that

> °ON  and

S fia)e(éa)

E e(—gﬁ[,ﬂy](z))‘ > 600,

z€[K]

It remains to show that £ is a major arc. By Weyl’s inequality (e.g. [51, Lemma 4.4]), the second inequality
can only hold if there exists a positive integer ¢ < 6~°() for which ||q§ﬁ[r’v] o] < =90 The result

then follows from Lemma 6.47. O
The following two corollaries make precise the heuristic (6.33).

Corollary 6.56. For every C; > 0 there exists Cy = Co(C1, P) > 0 such that the following holds. Let
§ €(0,1/10), let V< W be a nonnegative integer power of W, let r € [V], and let N > C’ngC%S*C? be an

integer. If fo, f1 : Z — C are 1-bounded functions supported on [N] satisfying

> E h@)he+ Poy()| 2 0N,

292



then for each i € {0,1} there exists a positive integer ¢; <c, p §=9c1.r() sych that

E | E filu+qz)| >c,.pd%r® for all 1< N <¢, p 9PN,
uE[EN]|z€[N']

Proof. We fix C; > 0 and let all constants depend on P. We just proof the claim for ¢ = 1, as the other case
follows by symmetry. By Proposition 6.55, there exist a phase ¢ € R/Z and a positive integer ¢ < §~ 1)

such that [|¢€|l,, < 69 /N and

> 9N

Zﬁ

Set N < 6N for some C' > 1 to be chosen later, and let N’ € [Nj] be arbitrary. Introducing an extra

averaging over arithmetic progressions of length N’ and common difference g gives

> M N,

|Z E fi(u+gz)e((u+ qz))

z€[N']

The triangle inequality gives

>, 094D N,

2|E

fi(u+ qz)e(8qz)

zE[N']

We have

le(¢gz) — 1] < |2] - |€qllgz < 6 OWN'/N

for all z € [N'], so, with C sufficiently large, we obtain

> O N,

2

ZEEN’ fl( + QZ)

Finally, since f; is supported on [INV], there is no contribution from u’s outside of [£N], and we get

E > 600,

u€[£N]

E fi(u+gz)e(§u)

z€[N']

as desired. O
We now deduce a multidimensional version of this corollary.

Corollary 6.57. For every Ci; > 0 there exists Cy = Co(C1, P) > 0 such that the following holds. Let

§ € (0,1/10), let V. < WY be a nonnegative integer power of W, let v € [V], and let N > CngC25_02 be
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an integer. Let D € N, and let v € ZP have coordinates of size O(1). If fo, f1 : ZP — C are 1-bounded

functions supported on [N|P satisfying
’Z E fo(x)fi(x + VP, v(2))| > NP,
" z€[K]
then for each i € {0,1} there exists a positive integer ¢; <c, p,p §=9c1.0.p() gych that

>c,p.p 00002 POND for gll 1< N' < 60PN,

2.

X

E f; i
B Sict )

Proof. We fix C7 > 0 and let all constants depend on D and P. We just proof the claim for i = 1, as the

other case follows by symmetry. Introducing an extra averaging over v - [N] gives

22

GEK] fox +vy) fr(x +v(y + P v(2)))| = SNPH
x |y€(N]

z
Since the coordinates of v have size O(1), the functions x — fo(x + vy) vanish whenever |x| > N as y

ranges over [N]. Pigeonholing in x, we can therefore find Q(§NP) values x € ZP for which

> B Sl v fibet vy + Frv(2)| > 0N, (6:37)
ye([N]

and so the previous corollary gives us positive integers gx < 691 and 6°(MWN <« Né’x < N such that

E

+v(u+ gx2))| > §9W
u€[£N] fl(x V(u 4 Z))

z€[N,]

for all Ny € [Ng ,]. We set Nj := miny Ng , to eliminate the dependence on x, where the minimum is taken
over the Q(6NP) good values x € ZP. Since the lower bounds on N{ , are independent on x, we deduce
that N} > 6V N. Similarly, since there are only O(6-°(")) choices of ¢y, the pigeonhole principle produces

some ¢ < 6~ °W for which

E E > §OND
zx:ue[im e filx+v(u+q2))

for all N/ < N{. The result follows upon shifting x — x — vu. O
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6.12 Fourier uniformity of difference of weights

The purpose of this section is to show that the weight v* from the proof of Proposition 6.20 is highly Fourier-
uniform on arithmetic progressions of difference V. Our argument is a slight modification of the proof of
[88, Lemma B.8]. Recall that the leading term of P(z) is Wyz%, where Wy = 848¢2W9=1, and our weights

are

~ N d—1)/dyrr1/d
V() = Ny By way v (2) = N, > e
2 El(N/Wa)t/ ]

v(z) = d 1 n(2)(N/(z + 1) 4D/ and  v*(2) = 0(2) — v(z).

The following proposition captures the main estimate.

Proposition 6.58. For every C; > 0 there exist Cy = C3(Ch, P), ¢ = ¢(C1, P) > 0 such that the following

holds. If V< WS is a nonnegative integer power of W and N > W, then

Z e(@z)v*(Vz+r)

Z€EZL

max max

<y, P
re[V] 0eR/Z

Vwe'

Notice that the trivial bound (from the triangle inequality) is < N/V; our gain is in the (relatively

modest) w™¢ term.

Proof. We fix C7; > 0 and let all the constants depend on C; and P. Hensel’s Lemma and the identity
P(z) = z(mod W) ensure that for each r € [V] there is a unique r’ € [V] such that P(r') = 7 (mod V). It

follows that P(z') = r(mod V) if and only if 2’ =/ (mod V), so

S e(02)p(Vetr) = NN "e(pz) N 15, (Vatr)
B 2 €[(N/Wa)1/ 4]

_ 13(V Z4r)—r

_ n(a=1)/dyr1/d _

N W, E el 0 v
2 €[(N/Wg)t/dv—1]

z

Substituting z for 2’ and V0 for 8, and then multiplying both 7 and v by e(fr), we find that it suffices to

prove the inequality

N=D/dyy/d 3 e(0P(Vz+1"))
2€[(N/Wa)t/av 1]

—d ! Z (N/(Vz+r) 4V de(@(Vz+r+1))| <

2€[N/V] Ve
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for all » € [V] and 6 € R/Z.
We will require different arguments when V0 is in a minor arc, when it is in the major arc around 0, and
when it is in a major arc not around 0.%

We first analyze when the contribution of v can be large. By summation by parts, we have that

a7 > (N/(Vztr+ 1) D e(0(Vz 4 1))
zE[N/V]

equals

A7 Y (N/(Vatr+1) D de(0V 2)

zE[N/V]
N (d—1)/d N (d—1)/d
o 5 () ) [ e
re R TY—1] Vt+r+1 ViE+1)+r+1 e
+ Z e(Voz)
zE[N/V]
1 1
< > (N V)02 /d g S b 4 min NV,
te[N/V—1] ||V0HR/Z HV9||R/Z

(/v

1
<« T ind Ny, b
HV9||]}§//% { ||V6||R/Z}

where in the second-to-last line we split the sum at ¢ = 1/||V0||g/z. This quantity is < N/(Vw®) unless
VOlg,z < Vwd/N.

We now analyze when the contribution of  can be large. By [51, Proposition 4.3] and [73, Lemma A.10],

we have
N(dfl)/dW;/d Z e(0P(Vz+1"))| < Ve
2E[(N/Wa)l/ 4V =1
unless there is some positive integer ¢ < w®(® such that
quﬁ(v 1) < O, (6.38)
Co[(N/Wa)l/dV =1]

Let R(z) := ¢f(Vz 4 P(r')), so that Ro IB[T/,V](z) = ¢0P(Vz +1'). Setting T = N/V and recalling that

8These major and minor arcs are different from the major and minor arcs in Section 6.11.
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Vy = W4V91 we can write the estimate (6.38) as

D , O(c)
HR ° Py v "CW[(T/Vd)I/d] <L w9,

Lemma 6.47 then gives

V@)

Ve
laVOlle/z < —

Hence the #-contribution is < N/(Vw®) unless there is some positive integer ¢ < w?(®) such that ||¢V 6|/ 1z <
VwO©) /N.

Comparing the outputs of the previous two paragraphs, we see that the conclusion of the proposition
holds in the “minor arc” case where there is no ¢ < w®(®) such that gV Ollg,7 < Vw©(®) /N. Henceforth, we
assume that we are in the “major arc” case where there is some ¢ < w?( such that 14V Olg,z < VwO(© /N.

In this case, we write

VO =a/q+ 0%,

where a, ¢ are coprime integers with 1 < ¢ < wO(c), and
6% < VwP© /N < (Wy/N)L-1/ @d)yd-1/4

(say) since N bounded from below be a sufficiently large power of W that is allowed to depend on d. Since

O(¢) depends only on d, choosing ¢ sufficiently small (depending on d)

the implicit constant in the term w
guarantees that ¢ < w.
First, assume that ¢ > 1. The v-contribution is < N/(Vw®). To handle the p-contribution, we use

Lemma 6.50 with Q(z) = ]3[,./,‘/](2), K = (N/Wy)"4V =1 and ¢ = 1/4 to express

> e(0P(Vz+1"))

Z€[(N/Wq)t/aV=1]

~ - (N/Wa)t/ vt ~
= €(0P(") E_ella/a)Py ) [ (0" P v (@)) do

+ O((N/Wd)l/(gd)v_l/Z).

Since ¢ is smaller than w, it shares a prime factor with W, and so Lemma 6.51 tells us that the average
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Eyelq e((a/q)]g[rgv] (u)) vanishes. Hence

N=D/dyy/d 3 e(0P(Vz+1')) < N/(Vwe)
Z€E[(N/Wa)t/ 2V =1
(with room to spare) by the assumption that N is larger than a suitable power of V.
Finally, assume that ¢ = 1, in which case a = 0 and ||V , < Vw®©) /N. We will break the sum in
the v-contribution into intervals and show that each one approximately cancels out with a single summand

from the p-contribution. Since

ﬁ[r’,V](z) — ded_lzd < Vo(l)Zd_l

and
P(') —r=Vu for some integer |u| < WyV4 1,

we have

S (e(0P(Ve+1)) — e(0(WaV 2! 4 1)) < VOO,
2€[(N/Wq)t/dV 1]

This lets us simplify the -contribution by removing lower-order terms, and it suffices to show that

N(dfl)/del/de(Gr) Z e(OW,Vaz?)
2E[(N/ W)t/ dy—1]

N
—d~! N, 1))@=1/de(p :
ZE%;V]( /(Vz+r+1)) e(O(Vz+1)| < 77

We break the second sum into intervals of the form
I, =[A.,B.] := WVt Wavi—l(z 4+ 1)% —1]

with length |I,| = W V3 1dz4=1(1 + O(27 1)) for z € [(N/Wq)Y/4V~1]. For t € I,, we bound

N (d—1)/d N\ (@-D/d N\ -1/
Vitr+1 VA, VA,

<‘VAZVtr1‘ ( N >(d‘1)/d

N N
Vi+r+1 VA,

<|

Vt+r+1 VA,
|Iz| N (d—1)/d . N (d-1)/d
<A (VAZ> <z (VA)
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and

VO(l) 3
le(0- V) —e(0- VA < [VOllgyz - 1| < S77 <N 1/(2d) (6.39)

as long as N > V), Summing over ¢ € I, we obtain the key estimate

A ST (N/ (V44 1)@ e (0(VE 4 1)
tel,

=e(0r)d" > (N/(VA)) D de(0VA) (1 + O(N 2 4 271))
tel,

= e(Or)WV I 2= Y (N /(W a2 d=D/de (g, Ve 24)) (1 + O(N Y2 4 271))

= e(r) N D/ A e (oW, v 24 (1 + O(N 24 4 271)).

The lemma follows by summing over z € [(N/W,)'/4V '] and noting that

N
N(dfl)/dwl/d N—1/2d -1
> 4 +27)| < g
Z€[(N/ W)t/ 4V 1]
again with room to spare since W is sufficiently small compared to N. O

6.13 Supersaturation

The purpose of this short section is to prove a supersaturation result for corners. We apply Varnavides’

now-standard trick from [112] to Shkredov’s result on corners [102].

Theorem 6.59 ([102]). There exists a constant ¢ > 0 such that the following holds: If A C [N]? has size

SN? for some & € (0,1/10) and N > expexp(6~°), then A contains a nontrivial corner.

Proposition 6.60. There erists a constant ¢’ > 0 such that the following holds: If A C [N]? has size IN?
for some & € (0,1/10) and N > expexp(6~°), then A contains at least (exp(—exp(6~°)))N® nontrivial

corners.

Proof. Let M := expexp((§/2)°), where ¢ is the constant from Theorem 6.59. For each 1 < d < N/(3M)
and u € [—~d(M — 1), N — 1], define the set

Ad,u) == AN (u+d- [M]P).
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For fixed d, each element of A is contained in exactly M? of the sets \(d, u), so
Z IN(d,u)] = M?|A| = §M2N2.

Say that the pair (d,u) is good if |A(d,u)| > (§/2)M?, and let X(d) denote the number of u’s such that
(d,u) is good. We can bound

SM2N? = ZM u)| < X(d)M? + (N +d(M —1))?-(6/2) M>

and so (for instance)

X(d) > 6N? — (5/2)(N + N/3)* = (5/9)N*

Hence the total number of good pairs (d,u) (for all d) is at least (§/(27M))N3. Theorem 6.59 tells us that
if (d,u) is good, then A\(d,u) contains a nontrivial corner. Finally, each nontrivial corner is contained in
at most M3 such sets \(d,u) (there are at most M choice of d and then at most M? choices of u), so we

conclude that the number of nontrivial corners in A is at least

)
27 M4

N® > (exp(—exp(5)))N®

with a suitable choice of ¢/ > 0. O
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