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CHAPTER ONE

Introduction

1.1 The central problem and its history

The central problem considered in this thesis can be phrased by the following general ques-
tion: given some family of forbidden geometrical configurations, how large can a set be if
it does not contain any member of this family?

1.1.1 Forbidding one distance

The simplest and most well-studied instance of this problem concerns forbidden configu-
rations of only two points in RY, which are then characterized by their distance; since there
clearly exist unbounded sets in R which do not span a given distance, the appropriate
notion of ‘largeness’ must take into account their densiry rather than their cardinality or
measure. We define the upper density d(A) of a measurable set A C R? by

- vol(A N [-R, R]%)
dA) = h;}l—)s;lp —vol([—R, R

where vol denotes the Lebesgue measure.

Our general problem in this case becomes: What is the maximunﬂ upper density that
a subset of R? can have if it does not contain pairs of points at distance 1? (Note that the
problem is dilation-invariant, so there is no loss of generality in assuming the forbidden
distance to be 1.) We shall denote this extremal density by de(l)E]

The parameter my.(1) can also be seen in a more combinatorial perspective as the
independence ratio of the unit distance graph, whose vertex set is R? and two vertices form
an edge if their distance is 1; then mg«(1) corresponds to the (upper) density of a maximum
independent set. It is many times studied in conjunction with the measurable chromatic
number ym(RY) of the Euclidean space (see e.g. Section 3 of Székely’s survey [63]), which
is the minimum number of ‘color classes’ in a measurable partition of R¢ with each class

'In order to lighten the presentation, throughout this introduction we shall informally use the word ‘maximum’
even when there is no guarantee that a maximum is attained.

2In the literature this quantity is usually denoted by m;(R?), but our notation is more adequate for the general-
izations we will consider later.
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being independent in the unit distance graph. The connection between these two parameters
is given by the simple inequality y,,(RY) > 1/mgs(1); indeed, if no color class contains
pairs of points at unit distance, then each of them has upper density at most mg«(1), and it
takes at least 1/mg«(1) such classes to cover the whole space. Thus, any upper bound for
my.(1) gives a corresponding lower bound for y,(R%).

A simple but very useful observation is that finite configurations of points in RY can
provide upper bounds for mg.(1). Indeed, suppose vy, vy, ...,y € R? are M points such
that any D + 1 of them contain some two points at unit distance; in other words, the sub-
graph of the unit distance graph induced by the points vy, . . ., vy has independence number
at most D. Then any set A C RY which avoids distance 1 can intersect at most D points in
any translated set {x + vy, x + v2,..., X + vy}; by averaging over the translation parameter
x, we conclude that E(A) < D/M. Larman and Rogers [45]] constructed several such con-
figurations with a low ratio D/M, in different dimensions d > 2, from which they derived
bounds for mg«(1) and other related parameters.

Despite significant research on the subject, there is still no dimension d > 2 for which
the value of mya(1) is known. As far back as 1982, Erd6s [31] conjectured that mg2(1) <
1/4, implying that any measurable planar set covering one fourth of the Euclidean plane
contains pairs of points at unit distance. This conjecture is still open; the best upper bound
currently known is mg2(1) < 0.25442, obtained by Ambrus and Matolcsi [1]] using a com-
bination of Fourier analytic and linear programming methods. On the other side, a con-
struction given by Croft [14] (c.f. Székely [63]) provides the current best lower bound of
0.22936.

A celebrated combinatorial theorem of Frankl and Wilson [36] on intersecting set sys-
tems implies that mg«(1) decays exponentially with the dimension, and obtains the asymp-
totic upper bound mga(1) < (1.207+0(1))~?. This is obtained by applying their intersection
theorem to a suitable collection of vectors in R? representing subsets of {1, 2, ...,d}, whose
pairwise distances encode the size of the corresponding intersection; see [36, Theorem 3].
Using similar arguments to Frankl and Wilson but considering other collections of vectors
in Euclidean space, Raigorodskii [S1]] improved their upper bound to (1.239 + o(1))™.

The best asymptotic upper bound for mg«(1) currently known is (1.268 +0(1))™¢, which
was obtained by Bachoc, Passuello and Thiery [5] using a combination of linear program-
ming methods and Raigorodskii’s constructions; as a consequence, they obtain also the
asymptotic lower bound y,(R?) > (1.268 + o(1))¢ for the measurable chromatic number
of R?. On the other direction, a construction of Larman and Rogers [45] shows the upper
bound )(m(Rd) < (3 + o(1))?, which in turn gives the current best asymptotic lower bound
mga(1) > (3 +o(1)74.

We refer the reader to Bachoc, Passuello and Thiery [5] and to DeCorte, Oliveira and
Vallentin [22] for the best known numerical bounds for mgs(1) and y,(R?), in several
dimensions d > 3.

1.1.2 Forbidding several distances

The situation becomes even more complex and interesting when one forbids multiple dis-
tances ri,...,r, > 0. Let us denote by mg«(7, . . ., 7,,) the maximum upper density of a set
in R? avoiding all of these distances. This parameter was first studied by Székely [61},[62] in
connection with the chromatic number of geometric graphs, and it depends not only on the
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dimension of the space and number of forbidden distances, but also on how these distances
relate to each other.

In his first paper [61], Székely made two conjectures connecting the structure of a set
H c R, of forbidden distances to the value of mg«(H). He conjectured that, in dimension
d > 2, one has mgs(H) = 0 whenever sup H = oo; this can also be stated by saying that,
whenever a set A C R has positive upper density, there is some number ry such that all the
distances greater than 7y occur among the points of A. (Note that this property is false in
dimension 1, as the set | ez [2k, 2k + 1) has density 1/2 but avoids all odd distances.) This
conjecture was proven by Furstenberg, Katznelson and Weiss [37] using ergodic-theoretic
methods.

Székely also conjectured that, if d > 2 and ry, r», ... is a sequence of positive numbers
converging to zero, then mga(ry,...,r,) — 0 as n — oo; this can be seen as a kind of ‘con-
tinuity property’ for Steinhaus’ theorem in measure theory, which implies that mg(H) = 0
whenever inf H = 0. This conjecture was first proven by Falconer [33]], who also noted that
it fails in dimension d = 1: for any integer N > 1, the set ez [2k/3", (2k + 1)/3V) has
density 1/2 but avoids distances 1, 371,372 .. .37N. We refer the reader to Székely [63]]
for a survey of results related to the extremal density parameter mg« of a collection of
distances, and to the measurable chromatic number of R,

More recently, Bukh [8] obtained the stronger asymptotic result that mga(ry,...,r,)
tends to mga(1)" as the ratios 7,1 /r; between consecutive distances get large, in dimension
d > 2. (The two examples given in the last paragraphs show that this is not true in di-
mension 1.) Note that Bukh’s result easily implies both conjectures of Székely. Bukh also
showed that, for d > 2, there always exists an extremal measurable set A ¢ R avoiding a
prescribed finite collection of distances; thus mga(ry, ..., r,) is attained as a maximum.

1.1.3 Forbidding higher-order configurations

Another interesting instance of our central problem concerns forbidden configurations of
more than two points in R¢.

Given a family of finite configurations Py, P,,...,P, C R, let us define their inde-
pendence density mga(Py, P,, ..., P,) as the maximum upper density of a set in R? which
does not contain a congruent copy of any of these configurations. This parameter general-
izes the earlier notion of extremal density mga(ry, ..., r,) from two-point to higher-order
configurations; it can also be seen as the independence ratio of the geometric hypergraph
with vertex set R? whose edges are all isometric copies of P L1<j<n

Bourgain [[7] was the first to consider questions related to the independent density of
higher-order configurations. Making use of Fourier analytic methods, he was able to gen-
eralize the already mentioned Furstenberg-Katznelson-Weiss theorem [37]] from two-point
to d-point configurations in general position in R¢, for any d > 2. For convenience, hence-
forth we shall say that a configuration P ¢ R? is admissible if it has at most d points and
spans a (|P| — 1)-dimensional affine hyperplane; Bourgain showed:

Theorem 1.1 (Bourgain [[7]). Suppose P C R? is admissible. If A € R? has positive upper
density, then there is some number ty such that A contains a congruent copy of t- P for all
t=1.
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This result will play an important role in what follows, and will be referred to as Bour-
gain’s theorem. Using our independence density notation, it can be restated as the assertion
that mpa((#;P);>1) = O for all admissible P C R? and all unbounded positive sequences
(¢j)j>1; Bourgain’s proof in fact implies the stronger result that

mpa(t;P, P, ..., t,P) >0 asn— oo

whenever the dilation sequence (¢;) ;> tends either to zero or to infinity. His methods then
provide also a generalization of Falconer’s theorem [33] mentioned before.

It is interesting to note also a ‘negative’ result of Graham in a similar vein. A setin R is
said to be spherical if it is contained on the surface of some sphere (with finite radius); it is
easy to see that every affinely independent set of points in R (and hence every admissible
configuration) is spherical. Graham [39] showed that the conclusion of Bourgain’s theorem
is false whenever the configuration P C R4 considered is not spherical; indeed, in this case
his arguments show (for instance) that mga (P, \/§P, \GP, V7 P ...)>0.

In another direction of research, one can fix some finite configuration P and consider
how the value of my«(P) evolves as the dimension d grows. A famous combinatorial theo-
rem of Frankl and R&dl [34]] on forbidden intersections implies that, for any fixed k > 1, the
independence density of a regular k-dimensional simplex in R decays exponentially with
the dimension d; this is obtained by considering the set of points (2d)~'/?{—1,1}¢ c R?
(with d a multiple of 4), where unit simplices correspond to families of subsets of {1,...,d}
having pairwise symmetric difference d/2. This asymptotic result was later extended by the
same authors [35] to any non-degenerate simplex (that is, any finite collection of affinely in-
dependent points). They deduced from these same methods that non-degenerate simplices
are exponentially Ramsey, in the sense that any partition of R? into sets each avoiding some
fixed simplex must have exponentially many parts on the dimension d.

Despite these previous results, it seems that problems related to the independence
density of higher-order configurations remain largely unexplored. The only other result
we are aware of which can be stated in terms of this parameter is a lemma of Bukh [8|
Lemma 6], which shows that my. is supermultiplicative, i.e. it satisfies mge(Py, ..., P,;) >

", mga(P;) for all finite configurations Py, ..., P, C R%.

1.1.4 Forbidding configurations on the sphere

One can also consider similar problems in the spherical setting, where the sets considered
are required to lie on the unit sphere S = {x ¢ R™! : x| = 1}.

The first author to consider such questions was Witsenhausen [[67]], in 1974, when he
posed the problem of finding the maximum densityﬂ of a set in §¢ with no two points
orthogonal to each other; we shall denote this extremal value by mga(rr/2).

In his note, Witsenhausen obtained the general upper bound mg«(7/2) < 1/(d + 1),
which is valid for all dimensions d > 1 and is sharp for d = 1. He also provided the example
of two antipodal spherical caps, each of angular radius 7/4, which avoids orthogonal pairs
and shows that mga(7/2) > (V2 + o(1))™%; this is still the best lower bound known, and
Kalai [44] has conjectured that this example is in fact optimal. This problem in now known
as the double-cap conjecture, and it remains open for all d > 2; an interesting consequence

3The density of a measurable set A C S is the Lebesgue measure of A divided by the total measure of S9.
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of this conjecture would be the strong lower bound yYm(@RY) > (\/§+0(1))" on the measurable
chromatic number, due to the easily-proven fact that mga(7/2) > mga+1(1).

As in the Euclidean setting, the Frankl-Wilson theorem [36] on intersecting set systems
implies that mg«(r/2) decays exponentially fast with the dimension d, and obtains the
bound myg«(7r/2) < (1.13 + 0(1))~?. This bound was later improved by Raigorodskii [50] to
(1.225 + 0(1))~?, using a refinement of the Frankl-Wilson method.

Despite these strong asymptotic results, Witsenhausen’s upper bound mg2(7/2) < 1/3
for S? was only improved in 2016 by DeCorte and Pikhurko [23]], who used linear pro-
gramming combined with some combinatorial reasoning to show that mg2(r/2) < 0.313.
DeCorte, Oliveira and Vallentin [22] then used semidefinite programming to further im-
prove this bound to mg2(r/2) < 0.302, as well as improve on Witsenhausen’s bound for
mg.(r/2) foreachd < 7.

Székely [62]] considered also the problem of finding mg:(6), the maximum density of a
measurable set I ¢ S! with no pair of points forming angle 6, for general 0 < 6 < 7. He
showed that mg:(6) = 1/2 whenever 6/ is irrational, but that there exists no measurable
#-avoiding set in the circle attaining this extremal density (so the problem must be formally
stated using a supremum). DeCorte and Pikhurko [23]] provided a complete answer to the
problem of finding mg:(6), for general 0 < 6 < mr; they showed that, if 6 = 27p/q with p
and g coprime integers, then

1/2 if g is even,
mg:(6) = o
(g—1)/2q ifgisodd.

Moreover, in this case of rational 8/m, a measurable f-avoiding set I ¢ S' attaining the
extremal density mg:(6) always exists.

The problem of several forbidden angles (or distances) in the sphere was first studied by
Székely and Wormald [64]] in 1989; for a collection of angles 6, ..., 6, € (0, x], denote by
mgi(6;, .. .,6,) the maximum density of a set in $¢ containing no pair of points realizing
one of these angles. Székely and Wormald derived a recursive formula (on the dimension
d) to give upper bounds for mg«(6y,...,6,), and used their technique to obtain also upper
bounds for mg«(1). More recently, DeCorte and Pikhurko [23]] showed that, unlike in the
case of the circle S!, in dimension d > 2 there always exists a maximal measurable set
A c §? avoiding any prescribed collection of angles; the parameter mg. is then attained as
a maximum in this case.

We shall also consider the independence density parameter mgs for higher-order con-
figurations Py,...,P, C S 4 The only result in this setting that we are aware of is a theorem
of Frankl and R&dl [34, Theorem 1.13], stating that the independence density of k pairwise
orthogonal points in the sphere S¢ tends to zero exponentially fast on the dimension, for
any fixed k > 2.

1.2 QOutline of the thesis

In this thesis we will give an in-depth study of the independence density parameters mga
and myg.; in particular, we shall generalize several of the results discussed in Section E}
The methods employed here are a combination of harmonic analysis, functional analysis,
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combinatorics and conic optimization, giving the problems considered an appealing inter-
disciplinary flavour within mathematics.
Our arguments and results are organized in five chapters, as follows:

Chapter : Configuration-avoiding sets in Euclidean space

In Chapter[2| we will formally define the independence density of a family of configurations
in R?, and start our study of this geometrical parameter.

The main tools to be used in this chapter will be a Counting lemma (Lemma[2.5)) and a
Supersaturation theorem (Theorem [2.10), both of which are conceptually similar to results
of the same name in graph and hypergraph theory (see e.g. [53, 11} [32]), and might be
of independent interest. Intuitively, the Counting lemma says that the count of admissible
configurations inside a given set does not significantly change if we ‘blur’ the set a little;
this will be proven via Fourier-analytic methods. The Supersaturation theorem states that
any bounded set A C [—R, R], which is just slightly denser than the independence density
of an admissible configuration P, must necessarily contain a positive proportion of all con-
gruent copies of P lying in [-R, R]¢; this is proven by functional-analytic methods, via a
compactness and weak™ continuity argument.

We will then use these tools to obtain several results on the independence density pa-
rameter mgs. Strengthening Bourgain’s theorem, we show the ‘asymptotic independence’
property that mg«(#, P, 2P, ..., t,P) tends to mg«(P)" as the ratios t;,/t; get large, when-
ever P ¢ R is an admissible configuration; this provides a common generalization of the
previously discussed theorems of Bukh [8]] and Bourgain [7]. We also show that, by for-
bidding » distinct dilates of such a configuration P, we can obtain as independence density
any real number strictlyﬂ between mg«(P)" and mya(P), but none smaller than mg.(P)" or
larger than mg«(P); moreover, the lower bound is approached whenever the dilation param-
eters get far apart from each other, and the upper bound whenever they get close to each
other. This provides some information on how the value of mg«(t, P, 1, P, ..., t,P) depends
on the dilation parameters ¢;.

We will also prove a few other results related to this parameter, namely:

e The general lower bound mga(Py, Ps, ..., P,) > []., mg«(P;), which holds for all
configurations Py, P,,..., P, C RY: this result is due to Bukh [8].

e Existence of extremizer measurable sets (i.e. having maximal density) which avoid
(multiple) admissible configurations; this generalizes a theorem of Bukh from for-
bidden distances to general admissible configurations.

e Continuity of the independence density function mg. on the set of (multiple) admis-
sible configurations.

This chapter follows the author’s paper “Geometrical sets with forbidden configura-
tions” [[10]].

4Whether these boundary values can be attained is not yet clear.
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Chapter 3: Configuration-avoiding sets on the sphere

In Chapter E] we will consider the same problems as before, but now related to the more
complicated case of sets on the unit sphere S¢. We will also present (and prove) a spherical
analogue of Bourgain’s theorem.

Many of the arguments from the Euclidean setting will be used again in the spherical
setting, in particular the reliance on our two main ‘combinatorial’ tools, but there are also
some complications we need to solve that are intrinsic to the sphere. One of them is that
some aspects of Fourier analysis on S are much more complicated than their analogues on
R9, which makes our proof of the spherical Counting lemma correspondingly harder and
more technical than its Euclidean counterpart.

Another complication is the lack of dilation invariance in the spherical setting, which
makes some of our arguments more intricate; it also prevents us from characterizing the
possible independence densities when forbidding several dilates of a given configuration,
as was done in the Euclidean setting. The other results proven in the Euclidean space setting
will continue to hold in a similar form for sets on the sphere.

This chapter also follows the author’s paper “Geometrical sets with forbidden configu-
rations” [[10]].

Chapter @: An exact completely positive formulation

Turning towards optimization and the problem of computing the independence density pa-
rameters, in Chapter [4] we shall reformulate them into conic linear optimization programs.
This will be done by extending the usual completely positive formulation for the indepen-
dence number of finite graphs, first to finite hypergraphs and then to infinite geometric
hypergraphs which encode (families of) admissible configurations.

The main ideas needed for showing that the formulation obtained is exact are not hard,
but there are some serious technicalities involved in dealing with infinite-dimensional pro-
grams. Perhaps the key innovation here is the use of supersaturation results in order to deal
with errors introduced when approximating continuous functions by finite-rank functions;
this argument seems to be more general than just the problem considered, and might also
be useful for other problems.

This chapter is based on yet unpublished work of the author.

Chapter |5; A recursive Lovasz theta number for simplex-avoiding sets

Chapter [5]is devoted to obtaining good upper bounds for the independence density of reg-
ular simplices, both in Euclidean space and on the sphere. We shall do so by recursively
extending the famous Lovdsz theta number from graphs to geometric hypergraphs encoding
such configurations, and then analyzing the resulting optimization program.

Other than obtaining numerical upper bounds for these quantities in any fixed dimen-
sion, we will also show that they decay exponentially fast on the dimension of the space.
For instance, denoting by S; a unit k-dimensional simplex (that is, k + 1 points whose
pairwise distances are all 1), we show that

1 d
de(Sk) < (1 - @ + 0(1))
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holds for all £ > 1. This reproves, in the measurable setting, Frankl and Rodl’s result [34]]
that regular simplices are exponentially Ramsey, and significantly improves the existing
bounds for the base of the exponential (see Naslund [49] and Sagdeev [54!,155]).

This chapter follows the paper “A recursive Lovasz theta number for simplex-avoiding
sets” [[12], which is joint work of the author with Fernando de Oliveira Filho, Lucas Slot
and Frank Vallentin.

Chapter @: Generalizations of the Lovasz theta number to hypergraphs

Finally, in Chapter [6] we will take a more general approach and extend the usual notions
of (weighted) theta number and theta body from graphs to uniform hypergraphs. This
allows us, for instance, to efficiently compute upper bounds for the independence ratio of
geometric hypergraphs in finite geometries, such as the binary or g-ary cubes equipped with
the Hamming distance.

We shall first recall the basic definitions of these classical notions as they apply to
graphs, and then extend them in a recursive manner to higher-order hypergraphs. Several
important properties of the weighted theta number and of the theta body of graphs also ex-
tend to these generalizations, and will be proven in this chapter; for instance, we show that
the theta body of a hypergraph is a convex body encompassing its independent set polytope,
and the weighted theta number of a hypergraph gives a polynomial-time computable upper
bound for its weighted independence number.

We will then give an exposition on how to exploit symmetries in the considered hyper-
graph in order to simplify the computation of its theta number; this is a generalization of
some of our arguments from Chapter 5 to arbitrary (but finite) uniform hypergraphs. As an
example, we provide a detailed analysis of how this can be done in the case of 3-uniform
hypergraphs encoding copies of a given equilateral triangle in the hypercube {0, 1}".

This chapter is based on still ongoing work done together with Fernando de Oliveira
Filho, Lucas Slot and Frank Vallentin.



General notation and
organizational remarks

Here we collect some general pieces of notation which will be used throughout the thesis
without further comment.

The characteristic function of a set A will be denoted by y4; thatis, ya(x) = lifx € A
and y4(x) = 0 otherwise. Given a group G acting on some space X and an element x of
this space, we write StabG(x) :={g € G : g.x = x} for the stabilizer subgroup of x. Given
a topological space V, the vector space of continuous real-valued functions on V will be
denoted C(V).

The averaging notation E,cx is used to denote the expectation when the variable x is
distributed uniformly over the set X. When X is (a subset of) a compact group G, this
measure is (the restriction of) the normalized Haar measure on G, which is the unique
Borel probability measure on G which is invariant by both left- and right-actions of this
group. Similarly, we write P,cx to denote the probability under this same distribution.

All other notation, as well as the necessary technical tools, will be introduced as they
are needed. The questions that arose during the research reported at each chapter, and
which we are yet unable to answer, are collected at the end of the corresponding chapter.
The index at the end of this thesis provides the page where a mathematical term or notation
is defined.



10



CHAPTER Two

Configuration-avoiding sets in
Euclidean space

We will start by studying sets in Euclidean space which avoid a prescribed collection of
finite configurations Py, ..., P, C R%. This chapter follows the author’s paper “Geometrical
sets with forbidden configurations” [[10]].

Basic definitions and notation

Throughout this chapter, we shall fix an integer d > 2 and work on the d-dimensional
Euclidean space R?, equipped with its usual inner product x - y and associated Euclidean
norm ||x|l. We denote by vol the Lebesgue measure on R? and by u the normalized Haar
measure on the orthogonal group O(d) = {0 e R*?: 0'0 = I}.

Given x € R? and R > 0, we denote by Q(x, R) the axis-parallel open cube of side
length R centered at x. We write dg(x g)(A) := vol(A N O(x, R))/R¢ for the density of
A C R? inside the cube Q(x, R). The upper density of a measurable set A C R? can then
be written as d(A) = lim SUPr_,« o0, ) (A); if the limit exists, we shall instead denote it by
d(A) and call it the density of A.

A configuration P is just a finite subset of RY, and we define its diameter diam P as
the largest distance between two of its points. Recall from Chapter [I] that a configuration
P c RY on k points is said to be admissible if k < d and if P is non-degenerate (that is, if
it spans a (k — 1)-dimensional affine hyperplane); it is easy to see that the set of admissible
configurations is an open set and that it is dense inside the family of all subsets of R? with
at most d elements.

We say that two configurations P, Q c R? are congruent, and write P ~ Q, if they can
be made equal using only rigid transformationsﬂ that is, P ~ Q if and only if there exist
x € R and T € O(d) such that P = x + T - Q. Given a configuration P ¢ R?, we say that a
set A C R avoids P if there is no subset of A which is congruent to P.

One could also restrict this notion and allow only translations and rotations when defining congruence, giving
rise to formally different but very closely related definitions and problems as the ones we consider. All methods
used and results obtained here work exactly the same way in this case, with only notational differences.

11
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2.1 Independence density and the counting function

We can now more formally define the notion of independence density of a configuration or
family of configurations in Euclidean space. There are in fact two closely related versions
of this parameter we will need, depending on whether we are considering bounded or un-
bounded configuration-avoiding sets. Given n > 1 configuration Py,...,P, C R?, we then
define the quantities

mga(Py,...,P,) = sup{c_Z(A) cAcRYavoids P;, 1 <i< n} and
mg g (P1,...,Py) = sup{dpo,r(A): AC Q, R)avoids P;, 1 <i<n}.

Remark 2.1. For the sake of clarity and notational convenience, whenever possible the
results we give about independence density will be stated and proved in the case of only
one forbidden configuration. It can be easily verified that these results also hold in the case
of several (but finitely many) forbidden configurations, with essentially unchanged proofs.
Whenever we need this greater generality we will mention how the corresponding statement
would be in the case of several configurations.

We start our investigations by proving a simple lemma which relates the two versions
of independence density just defined:

Lemma 2.2. For all configurations P ¢ R? and all R > 0, we have

mg, g)(P)

Sam P < de(P) < mQ((), R)(P).
iam
(1 + SR )

Proof. For the first inequality, suppose A € Q(0, R) is any set avoiding P and consider the
periodic set A’ := A + (R + diam P)Z¢. This set also avoids P, and it has density

vol(A) _do,r)(A)

d(A) = =
A" (R + diam P)4 (1+dia1renP)d

Since we can choose dg, r)(A) arbitrarily close to mg, g)(P), the leftmost inequality fol-
lows.

Now let A C R¢ be any set avoiding P, and note that AN Q(x, R) also avoids P for every
x € RY. By fixing & > 0 and then averaging over all x inside a large enough cube Q(0, R’)
(depending on A, diam P and &), we conclude there is x € R4 for which

vol(A N Q(x, R)) > (d(A) — £)R".
The rightmost inequality follows. O

As we are interested in the study of sets avoiding certain configurations, it is useful also
to have a way of counting how many such configurations there are in a given set. For a
given configuration P = {v1,0,,...,0:} C R? and a measurable set A C R?, we define

Ip(A) = f f xa(x +To) xa(x +Tvo) -+ xalx + Tvp) du(T) dx,
R4 JO(d)
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which represents how many (congruent) copies of P are contained in A. This quantity Ip(A)
can of course be infinite if the set A is unbounded, but we will use it almost exclusively for
bounded sets. We can similarly define its weighted version

Ip(f) = f fx+To) f(x+Tvy) -+ f(x + To) du(T) dx,
R JO()

whenever f : RY — R is a measurable function for which this integral makes sense (say, for
£ € LFRY)); note that Ip(A) = Ip(y4) in this notation. A large part of our analysis consists
in getting a better understanding of the counting function /p.

When a measurable set A C R? avoids some configuration P, it is clear from the defini-
tion that Ip(A) = 0; however, it is also possible for Ip(A) to be zero even when A contains
congruent copies of P. In intuitive terms, the condition /p(A) = O means only that A
contains a negligible fraction of all possible copies of P. The next result shows that this
distinction is essentially irrelevant for most purposes:

Lemma 2.3 (Zero-measure removal). Suppose P C R? is a finite configuration and A C R?
is measurable. If Ip(A) = 0, then we can remove a zero measure subset of A in order to
remove all copies of P.

Proof. By Lebesgue’s Density theorem, we have that

=0 for almost every x € R?.

<,
lim | — xay) dy — xa(x)
§—0 | o4 0(x.6)

Now we remove from A all points x for which this identity does not hold, thus obtaining a
subset B C A with vol(A \ B) = 0 and

1
lim — f xs(y)dy =1 forall x e B.
6—0 (Sd 0(x,6)

We will show that no congruent copy of P remains on this restricted set B.

Suppose for contradiction that B contains a copy {uy,...,u;} of P. Then there exists
some & > 0 such that

1 1
dQ(u,»,&)(B) == f xpdy>1—- —— foralll <i<k; 2.1
6(1 s, 6) 2d+l k

fix such a value of 6. Note that, if dg 5(B) > 1 — 1/(24*k) for some x € R, then
dow.s2(B) = 1 — 1/2k for all y € QO(x, §/2). Our hypothesis (2.1) thus implies that
dow,s/(B) =2 1 —1/2k whenever y € Q(u;, 6/2) for some 1 <i < k.

Let ¢ := max{||y;|| : 1 < i < k} be the largest length of a vector in our copy of P, and
let us write B(I, 6/4¢) := {T € O(d) : ||IT — I|l—2 < 6/4¢} for the ball of radius 6/4¢ (in
operator norm) centered on the identity /. Then, whenever T € B(I, §/4¢), we have that
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Tu; € Q(u;, 6/2) for each 1 < i < k. By union bound,

k

k
\[1;4 l_[)(g(x + Tu;))dx > L 1—[)(3()( + Tu;)dx

i 0.6/2) i

P d
- (E) Preo.5/2(x + Tu; € Bforall 1 <i < k)

5\ a
5) (1 - Z Prco©,5/2)(x + Tu; ¢ B))
im1

S\ <
5) (1 - Z (1- dQ(Tu;,ﬁ/Z)(B)))

i=1

>

(
(

This immediately implies that

k
W(B(, 5/40)) (5!
Ip(B) > Tu)du(T)dx > ————=| = 0,
»(B) LdL<,,5/4e)E[XB(X+ w) dp(T) dx . (2) >

contradicting our assumption that /p(A) = 0 and finishing the proof. m}

2.2 Fourier analysis on R¢ and the Counting lemma

We next show that the count of copies of an admissible configuration P inside a measurable
set A does not significantly change if we ignore its fine details and ‘blur’ the set A a little.
The philosophy is similar to the famous regularity method in graph theory, where a large
graph can be replaced by a much smaller weighted ‘reduced graph’ (which is an averaged
version of the original graph which ignores its fine details) without significantly changing
the count of copies of any small subgraph.

The methods we will use here are Fourier analytic in nature, drawing from Bourgain’s
arguments presented in [7]. We define the Fourier transform on R? by

&) := f fx) e dx and T() = f e do(x),
R4 R4

for a suitable function f and a suitable Borel measure o on RY. We recall that the convolu-
tion between two functions f, g € L*>(R?) is defined by

frg(x) = fRd J@) g(x—y)dy.
We recall also the basic identities f’*\ g(é) = ﬂf)ﬁ(f),

fR S g(x)dx = fR , OG- dé and fR Jf@do(x) = fR ) FOT(-é)de.
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XA * Qs 0 = 0.05

1
\Q'
f
b "‘ .
0

Figure 2.1: An example of a planar set A on the unit square and the corresponding function
Xxa *Qs, for some small ¢; the shades of gray represent the value this function takes at each
point.

Denote Qs5(x) := 6‘d)(Q(0,5)(x). Note that f * Qs(x) = 67¢ fQ(X 5 f(y) dy gives the av-
erage of a function f inside the cube Q(x, ¢). Specializing to the indicator function of a
measurable set A C R¢, we obtain xa * Qs(x) = dox, 6)(A); this represents a ‘blurring’ of
the set A considered (see Figure 2.T). What we wish to obtain is then an upper bound for
the difference |Ip(A) — Ip(x 4 * Qs)| which goes to zero as § goes to zero, uniformly over all
measurable sets A € Q(0, R) (and any fixed R > 0).

Before delving into the details of our argument, let us present a simple telescoping sum
argument which will be needed here and will be reused several times in this thesis. Suppose
we wish to bound from above the expression

1p() ~ In(g)] = ' f fo Y ( ﬂ FOc+Top) - 1_[ g(x+Tu) )d,u(T) dx

for some given functions f, g and some configuration P = {vy, ..., v;}. Since we can rewrite
the term inside the parenthesis above as the telescoping sum

ki1
Z ]_[ Fx+Tv)) - (fx + Top) = g(x + Toy)) - ]—[ g(x + Tvy),

i=1 j= Jj=i+1

it follows from the triangle inequality that |[Ip(f) — Ip(g)| is at most

5.

i=

f f [_] FC+To)) - (f(x + Toy) — g(x + Toy)) - ]_[ g(x + Tv;) du(T) dx|.
< Jow

j=i+l

In order to obtain some bound for |/p(f) — Ip(g)|, it then suffices to obtain a similar bound
for an expression of the form

f f hi(x + Tuy) - Iy (x + Twg—y) (f(x + Twg) — g(x + Tuy)) du(T) dx
re JO()
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whenever each 4; is either f or g, and whenever (i, ..., u;) is a permutation of the points
of P.

We shall refer to an argument of this form (breaking a difference of products into a
telescoping sum, using the triangle inequality and bounding each term of the resulting ex-
pression) as the felescoping sum trick. It is frequently used in modern graph and hypergraph
theory when estimating the number of subgraphs inside a given large (hyper)graph G with
the aid of edge-discrepancy measures such as the cut norm; such results are usually known
as counting lemmas, and are an essential part of the regularity method we have already
mentioned (see the surveys [53} [11]] for details).

In our arguments we will also have cause to use the following estimate. We denote by
Ggan (for m < d) the Grassmanian of m-dimensional subspaces of RY endowed with the
normalized Haar measure, and write dist(¢, F) for the Euclidean distance between a point
& € R? and a subspace F € Gy,

Lemma 2.4. For all m < d and all p > 0, we have

\f IFEP 11 - Q)P (1 + dist(€, F)™* dédF < Cq(6* + &)IIfI3.
Gd,,,, R4

Proof. Using the easily proven bounds |Qs(&)| < 1 and |1 — Qs(&)| < C;,6%|I€1I*, we can
bound the expression in the statement by

f {f +f }IJ?(‘.‘E)I2 11 - Qs©)P (1 + dist(¢, F))* dédF
Gam lléll<s=1/2 lEll>6-1/2

< f If(©)1? C26% de + f NGk f 4(1 + dist(&, F))* dF dé
lel<s=172 lgl>6-1/2 Gaim

< C28\IfIB + 4113 sup (1 +dist(&, F))*dF
lEI>0-12 JGam

< Ca(8® + &NIfIB
as wished. O

We are now ready to formally state and prove our main technical tool in the Euclidean
setting, which by analogy with methods from graph theory we shall call the Counting
lemma. Most of its proof can be read off Bourgain’s paper [7] (though it is not expressed
in this form), and here we will follow his arguments.

Lemma 2.5 (Counting lemma). For every admissible configuration P C R? there exists a
constant Cp > 0 such that the following holds. For every R > 0 and any measurable set
A C Q(0, R), we have that

IIp(A) — Ip(xa * Q)| < Cps"*RY Y6 € (0,1].

Moreover, the same constant Cp can be made to hold uniformly over all configurations P’
inside a small neighborhood of P.
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Proof. Let (vy,...,v;) be a fixed permutation of the points of P; by first translating all
points by —v; and using translation invariance we may assume that v; = 0, so that P =~
{0,v1,...,0-1}. We will work a bit more generally and show that a bound as in the state-
ment of the lemma holds for

Jo) filx +Tvy) -« frca(x + Tvy2)
o)

2.2)
X (fie1(x + Togoy) = fiet * Qs(x + Tvg—y)) du(T) dx

whenever fy, fi, ..., fi-1 : Q(0, R) — [—1, 1] are bounded measurable functions. By our
telescoping sum trick, this immediately implies the result.
By considering the variables y; = Ty, ..., yr—1 = Ty, we can rewrite the expression

f Jo(fi(x+Tvr) -+ fyumr(x + Tog—y) dp(T) dx
R JO(d)
counting weighted copies of P as

f Jo) fitx+y1) - fict(x + ye) dor V@) dolP ) -+ daTHD () dix,

where a'(yle_,)y , 1s the average over a (d — j)-dimensional sphere in R¢ depending on the

points y,...,y,-1 already fixed and on P. (More precisely, if y; = Tv; for 1 <i < j—-1,

;[{:{?y,_| is the uniform probability measure on the (d — j)-sphere which is the orbit

of Tv; under Stab®D(y,,...,y j-1)-) We will not need an explicit description for these

(d-j)
measures o, .,

then o
only the simple Fourier estimate

Tyl O] < oL+ distE, Ty, oy D) (2.3)
wilith follows from the decay at infinity of the Fourier transform of the (d — j)-sphere on
R4+,

Let us denote for simplicity
dQj(y1,....yj) = do" Dy do'P(y) - doll D, ().
Let G := fio1 — fie1 * Qs and, for Y = (y1, . . ., ye—n) € (RY)*2 fixed, denote
Fy(x) := fo()filx +y1) - fiea(x + yp—2).

The expression (2.2)) we wish to bound may then be written as

‘ f f f Fr(x) GOx + gier) o8 Dy, 1) dy oY) d,
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which can in turn be bounded by

/

f f Fr(0 Glx + gi) do ™ Dy dx

dQy ()
= f ‘ f ’F}<—§)5(§>8<;""+”(—§)d§‘ dQy»(Y)

. . 1/2
< f ||Fy||2( f IGE)P eV e)P df) dQy»(Y)

1/2
< (suplIFylk) f ( f i @F 11 - Q)P |&<;""+“<§>|2d§) dQy(Y).

Since ||Fy||2 = ||Fyll; and |Fy(x)| < |fy(x)| pointwise for all ¥ € (RY)¥, we have that the
supremum above is at most || fol|>-

Using Cauchy-Schwarz on the outer integral of the last expression and the Fourier esti-
mate (2.3), we conclude that the right-hand side is at most

1/2
Cfvllfollz( f et P 11 = Qs@P(1 + dist(&, [¥])" " dfko—z(Y)) :

Note that the expression inside the parenthesis above is equal to the left-hand side of the
expression in Lemma [2.4] with f = fi_;,m = k-2 and p = d — k + 1. It follows that
the original expression (2.2) we wanted to bound (for d > kand 0 < ¢ < 1) is at most
Cp8"* I follo Il fiz1ll>» and the desired inequality follows.

The claim that this constant Cp can be made uniform inside a small neighborhood of
P follows by analyzing our proof. Indeed, the only place in our arguments where we used
information on the specific positioning of the points in P was in the Fourier estimate (2.3)),
which can easily be made robust to small perturbations of the considered configuration. O

2.3 Continuity properties of the counting function

Given some configuration P on the space R?, it is sometimes important to understand how
much the count of congruent copies of P on a set A € RY can change if we perturb the
set A a little. An instance of this problem was already considered in the Counting lemma,
where the perturbation was given by blurring and it was seen that the counting function /p
is somewhat robust to small perturbations (in the case of admissible configurations).

Using our telescoping sum trick, it is easy to show that /p is also robust to small per-
turbations measured by the L™ norm; more precisely, /p is continuous on L*(Q(0, R)) for
any fixed R > 0. When P is admissible, we obtain the following significantly stronger
continuity property:

Lemma 2.6 (Weak” continuity). If P ¢ R? is an admissible configuration, then for every
fixed R > 0O the function Ip is weak™ continuous on the unit ball of L*(Q(0, R)).

Proof. Denote the (closed) unit ball of L*(Q(0, R)) by B.. Since B, endowed with the
weak” topology is metrizable, it suffices to prove that Ip is sequentially continuous (i.e. that

Ip(f) =25 1p(f) whenever f; =55 1)
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Suppose then (f;)i>1 C B is a sequence weak™ converging to f € B,. It follows that,
for every x € Q(0, R) and every 6 > 0, we have

fixQs(x) =67 f

Q(x,6)

fdy = 57 f Fydy = 1 Q).
0(x,0)

Since f * Qs and each f; = Qs are Lipschitz with the same constant (depending only on 6,
as || flleos Il fillo < 1) and Q(0, R) is bounded, this easily implies that

IIfi * Qs — f * Qslle > 0 asi — oo.

In particular, it follows that lim; ., Ip(f; * Qs) = Ip(f * Qs).
Since P is admissible, by the Counting lemma (Lemma [2.3)) we have

p(f % Qs) = Ip(P, Up(f; * Qs) = Ip(f)| < Cp6'*RY Vi 1.
Choosing ip(6) > 1 sufficiently large so that
p(f; * Qs) = Ip(f % Qo)) < Cpo' "R Vi 2 ig(6),
we conclude that

p(f) — 1p(f)l < Up(f) — Ip(f * Q5| + lIp(f * Qs) — Ip(fi * Qs)|
+Ip(f; * Qs) — Ip(fi)
<3Cps'*RY Vi > iy(6).

Since 6 > 0 is arbitrary, this implies that lim;_,, Ip(f;) = Ip(f), as wished. O

We will also need an equicontinuity property for the family of counting functions P —
Ip(A), over all bounded measurable sets A C R%. In what follows we shall write B(P, r) C
(R for the ball of radius r centered OIEI P = {vy,...,v}, where the distance from P to
0 ={uy,...,u} is given by

1Q = Plleo := max{|lu; —vill : 1 <i <k}

Lemma 2.7 (Equicontinuity). For every admissible P ¢ R? and every & > 0 there is § > 0
such that the following holds. If ||P’ — P||« < 8, then for all R > 0 we have

[Ip(A) — Ip(A)| < eR?  for all measurable A C Q(0, R).

Proof. We will use the fact that the constant Cp promised in the Counting lemma can be
made uniform inside a small neighborhood of P; more precisely, there is » > 0 and a
constant Cp > 0 such that

p(A) = Ip(xa # Q)| < Cpp' "R Vp € (0,1]

holds for all P’ € B(P, r), R > 0 and (measurable) A C Q(0, R).

2Strictly speaking, we would need this set P to be ordered, but since the specific order chosen for its points
makes no difference in our arguments we will ignore this detail.
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Fix constants R, p, 6 > 0 with § < p. For any set A C Q(0, R) and any points x, y €
0(0, R) with [lx — y|| < 6, we have that

1(A . — vol(A ,
loa = Qo) =y * Q, ()] = YOIA D QCx p) ~ vol(A 0 Oy p))]

ol
< vol(Q(x, p) \ Oy, p))
< o

P p-0t
Y

By the usual telescoping sum argument, whenever ||P’ — PJ|., < 6 we conclude that

d_(p—=¢8)Y7
[ = @) = IpCa + Q) < KL= g,

Take p > 0 small enough so that Cpp'* < &/3, and for this value of p take 0 <
8 < min{r, p} small enough so that (o — )¢ > (1 — &/3k)p?. Then, for any configuration
P’ € B(P, 6) and any set A € Q(0, R), we obtain

[p/(A) = Ip(A)| < Ip/(A) = Ip(xa * Q) + [Ip(xa * Q) — Ip(ya * Qp)l
+p(xa * Q) — Ip(A)

- d_(p—06)1* -
< Cpp'*R? + k‘#R‘j +Cpp! R4
P
&£ E E
<(=+k— +—)Rd = eR?,
(3 3% "3 &
as desired. |

2.4 The Supersaturation theorem

Now we wish to show that geometrical hypergraphs encoding copies of some admissible
configuration P have a nice supersaturation property: if a set A C R is just slightly denser
than the independence density of P, then it must contain a positive proportion of all con-
gruent copies of P. This result is quite similar, both formally and in spirit, to an important
combinatorial theorem of Erdds and Simonovits [32] in the setting of forbidden graphs and
hypergraphs.

Remark 2.8. The insight that supersaturation results can be used to better study extremal
geometrical problems of the kind we are interested in is due to Bukh [8]. He introduced
the notion of a ‘supersaturable property’ as any characteristic of measurable sets which
satisfies several conditions meant to enable the proof of a supersaturation result; the pro-
totypical and most important example of supersaturable property given in Bukh’s paper
is that of avoiding a finite collection of distances. Here we will obtain similar results in
the case of avoiding general admissible configurations, but our method of proof is more
analytical in nature and quite different from his.
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Using our ‘zero-measure removal’ Lemma[2.3] we can immediately obtain a weak su-
persaturation property which holds for any R > 0 and any configuration P ¢ R?:

(WS) If dQ(Q‘ R)(A) > My, R)(P), then Ip(A) > 0.

For our purposes, however, we will need to strengthen this simple property in two ways:
first to obtain a uniform lower bound on /p(A) which depends only on R and the ‘slack-
ness’ dp(,r)(A) — Mg, r)(P) (but not on the specific set A € Q(0, R)); and then to make
the proportion Ip(A N Q(0, R))/R? of copies of P uniform also on the size R of the cube
considered.

The first strengthening can be obtained from (WS) by a compactness argument, using
the fact that the counting function of admissible configurations is weak® continuous:

Lemma 2.9 (Weak supersaturation). Suppose P C R? is admissible, and fix & > 0 and
R > 0. There exists some co > 0 so that, if A C Q(0, R) satisfies

doo,r)(A) 2 my g)(P) + &,
then Ip(A) > c.

Proof. Suppose for contradiction that the result is false. Then there exist € > 0, R > 0
and a sequence (A;);»1 of subsets of Q(0, R), each of density at least mg o g)(P) + &, which
satisfy lim,; o Ip(A;) = 0.

Since the unit ball B, of L*(Q(0, R)) is weak® compact (and also metrizable in this
topology), by possibly restricting to a subsequence we may assume that the indicator
functions x4, converge in the weak™ topology of L*(Q(0, R)); let us denote their limit
by f € B. Itisclear that 0 < f < I almost everywhere, and

1—00

1 f . 1
— f(x)dx =lim — f XA (x)dx > mgg gy (P) + &.
RY Jow.r) R? Joo.r)

By weak* continuity of /p (Lemma[2.6)), we also have Ip(f) = lim;_,« Ip(A;) = 0.
Now let B := {x € Q(0, R) : f(x) > &}. Since
e-xp(x) < f(x) <e+yp(x) forae.xe QO, R),

we conclude that Ip(B) < 8’k1p(f) =0and
1
dQ((),R)(B) > ﬁ f f(x) dO’()C) —-—&2 mQ((),R)(P).
0(0,R)

But this set B contradicts (WS) (or Lemma[2.3)), finishing the proof. O
Our desired supersaturation result now follows from a simple averaging argument:

Theorem 2.10 (Supersaturation theorem). For every admissible configuration P c RY and
every € > 0 there exist ¢ > 0 and Ry > 0 such that the following holds. For all R > Ry, if
A € Q(0, R) satisfies

doo,r)(A) =2 mg,r)(P) + &,

then Ip(A) > cRA.
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Proof. For a given & > 0, take some R; > 0 large enough so that mgy g)(P) < mga(P) +
e/4. We will show that the conclusion of the theorem holds for Ry = 4dR; /& and some
constant ¢ > 0.

Let then R > 4dR,; /e, and let A € Q(0, R) be a set having density dg,r)(A) at least
my, r)(P) + &. Since

my. g)(P) < mga(P) + £/4 < my r(P) + &/4,

we have that vol(A) > (mg z,)(P) + 3/4)R".
Denote K := |[R/R;]. Since

d
R R
KR > (1= B gpes (1 B \pa s (12 E)ge,
R R 4

we conclude that vol (A N Q(0, KRy)) > (mg r,(P) + £/2)KR{. Dividing the cube
Q(0, KR;) into K¢ cubes of side length Ry, by averaging we conclude that at least eK“/4
of these cubes Q(x, R;) satisfy

vol (A N Q(x, R)) = (Mg, &,)(P) + £/4)R].
By Lemma[2.9] there is some ¢y > 0 (independent of A) so that Ip(A N Q(x, R;)) > ¢ for

each of these cubes where A has high density. We conclude that

ek? &cop d
Ip(A) > TC() > (W)R ,

finishing the proof. O

Remark 2.11. Exactly the same proof works in the case of several configurations, showing
that Ip,(A) > c(&)R? holds for some 1 < i < nwhenever the density condition dy, g)(A) >
myo, r)(P1, ..., P,) + & is satisfied (assuming R is large enough and all the configurations
P; are admissible).

Following Bukh [8]], for each 6 > 0 and y > 0 we define the zooming-out operator
Zs(y) as the map which takes a measurable set A C R to the set

ZsA = {x e R : dgx 5(A) > ¥}

Intuitively, Z5(7y)A represents the points where A is not too sparse at scale 8.

Using the Supersaturation theorem together with the Counting lemma, we can now
show that the existence of copies of P in a set A follows also from the weaker assumption
that its zoomed-out version Zs(y)A has density higher than my.(P) (rather than A itself
having this same density); this property will be important for us later.

Corollary 2.12. For every admissible configuration P c R and every & > O there exists
80 > 0 such that the following holds. For all § < &y, if A C RY satisfies

d(Zs(&)A) > mpa(P) + &,

then A contains a congruent copy of P.
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Proof. Let Ry, ¢ > 0 be the constants promised in the Supersaturation theorem applied to
P and with ¢ substituted by &/3. Up to substituting Ry by some larger constant, we may
also assume that mgp, ) (P) < mp«(P) + &/3 for all R > R (see Lemma .

Suppose A C R? satisfies E(Z(;(s)A) > my«(P) + & for some 0 < § < 1. There must
then exist some R > R such that

doo,r)(Zs(e)A) > mpa(P) + 2g/3,

and for which this last inequality remains true even if we substitute A by A N Q(0, R).
We may then assume A C Q(0, R) satisfies dg, g)(Zs(€)A) = Mg, r)(P) + £/3 for some
R > Ry, and wish to show that A contains a copy of P if § > 0 is small enough depending
on P and the parameter &.

By the Supersaturation theorem, we have Ip(Z5(g)A) > cR?. Since

Xa * Qs(X) = dop.5)(A) = & xz,0a(x)  forall x € RY,
we obtain from the Counting lemma that

Ip(A) = Ip(xa * Q5) — Cp'/*R?
> M 1p(Zs(e)A) — Cps'*R?
> (ke — CpstHRY.

Taking 6 > 0 small enough for this last expression to be positive, we conclude that Ip(A) >
0, and so A contains a copy of P. O

2.5 Results on the independence density

We are finally in a position to properly study the independence density parameter for a
family of configurations in Euclidean space.

We start by proving a simple lower bound on the independence density of several dis-
tinct configurations; this result and the argument we use to prove it are originally due to
Bukh [8]].

Lemma 2.13 (Supermultiplicativity). Foralln > 1 and all configurations Py, ..., P, C R%,
we have that

mge(Py, P, .oy Py) > | | mga(P).
i=1

Proof. Fix € > 0 and choose R large enough so that

min (R — diam P;)? > (1 — &)R?.

1<i<n
Foreach 1 < i < n, let A; € Q(0, R — diam P;) be a set which avoids P; and satisfies
dg0, R-diam P)(A;) > Mga(P;) — & (this is possible by Lemma [2.2). We then construct the
R-periodic set A} := A; + RZ4, which also avoids P; and has density

(R — diam P;)¢

d(A)) = -

dg, R—diam P)(A;) > Mypa(P;) — 2e.
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Since each set A; is periodic with the same ‘fundamental domain’ Q(0, R), it follows
that the average of d((L,(x; + A?)) over independent translates xi,...,x, € Q(0, R) is
equal to []L; d(A}). There must then exist some xi, ..., x, € Q(0, R) for which

d( ﬁ(x,- + A;)) > ]_[ d(A]) > ﬁ(de(P,-) —2¢).
i=1 i=1 i=1

Since (i, (x; +A!) avoids each of the configurations P; and & > 0 was arbitrary, the desired
lower bound follows. o

Intuitively, one may regard mg«(Py, P, ..., P,) being close to []/_, mg«(P;) as some
sort of independence or lack of correlation between the n constraints of forbidding each
configuration P;; in this case, there is no better way to choose a set avoiding all these
configurations than simply intersecting optimal P;-avoiding sets for each i (after suitably
translating them). One might then expect this to happen if the natural sizes of each P;
are very different from each other, so that each constraint will be relevant in different and
largely independent scales.

Our next result shows this is indeed the case whenever the configurations considered
are all admissible. (A theorem of Graham [39] implies this is not necessarily true if the
configurations considered aren’t admissible; see Section [2.6| for a discussion.) The proof
we present here is based on Bukh’s arguments for supersaturable properties, and generalizes
his result from two-point configurations to general admissible configurations.

Theorem 2.14 (Asymptotic independence). If Py, P,,...,P, C R? are admissible config-
urations, then

mga(t| Py, oPs, ..., t,Py) = | | mpa(P))

n
i=1
as the ratios t, [t1, t3/ta, ..., t,/t,—1 tend to infinity.

Proof. We have already seen that
n n
mg. (11 Py, P, ..., 1,P,) 2 Hde(fiPi) = l—lde(Pi)
i=1 i=1

always holds, so it suffices to show that mge(t; Py, £,Ps, ..., t,P,) < []L, mpe(P;) + €
whenever € > 0 and the ratios between consecutive scales #; are large enough. We shall
proceed by induction, with the case n = 1 being trivial.

Suppose n > 2 and the theorem holds for configurations Py, ..., P,_;. Fix € > 0, and
letty, ..., t,—1 > 0 be scales for which

n—1

mga(t1 Py, ..., 11 Ppoy) < l_[de(Pt) + &

i=1

now take Ry > 0 large enough so that

myo r)(t1P1, ..., tio1Ppoy) Smga(61 Py, oo, i1 Proy) + €
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holds for all R > Ry (this quantity exists by Lemma[2.2)).
If A € R? is a measurable set avoiding ¢, Py, ..., t,—1 Pn_1, then clearly

dQ(x’R)(A) < mQ((),R)(ﬁPl, ey [n,]P”,]) forall x € Rd, R > 0. (24)

Moreover, if A also avoids #,P, for some ¢, > 0, then A/t, avoids P, and so by Corol-
lary [2.12] there is some 6y > 0 (depending only on P, and &) for which

d(Zs©A/t,) <mpa(P) +& V6 < 6. (2.5)

Suppose now that ¢, > Ry/dy, and let A C R? be any measurable set avoiding #, P, ...,
t,P,. We conclude from (2.4) that

dox, 1,0 (A) <M, 150 TP, - ooy i1 Pact)
<mpi(t1 Py, ..., ty-1Proy) + &
n—1
< [Tmee(p) + 26

i=1
holds for all x € R, and from (2.5)) we have
d(Z,5,(8)A) = d(Zs,(£)A/t,) < mpa(P,) + &.

This means that the density of A inside cubes Q(x, 7,0p) of side length ¢#,0, is at most &
(when x ¢ Z;s,(£)A) except at a set of upper density at most mga(P,) + &, when it is
instead no more than H;:ll mg.(P;) + 2¢. Taking averages, we conclude that

n—1

dA) < e+ (mg«(P,) + &) ( 1_[ my.(P;) + 28) < H mg.(P;) + 6¢.
i=1 i=1

This inequality finishes the proof. O

As an immediate corollary of the last theorem, we conclude that
mer(th tZP, ey tnP) i de(P)n

as ty/ty, t3/ta, ..., ty/toe) — oo whenever P c R? is admissible; let us now show how this
result easily implies Bourgain’s theorem given in Section [I.T}

Proof of Theorem[I.1} Suppose A c R? is a measurable set not satisfying the conclusion
of the theorem; thus there is a sequence (¢;);»; tending to infinity such that A does not
contain a copy of any ¢;P. This implies that E(A) < mga(4 P, P, ..., t,P) for all n € N.
By taking a suitably fast-growing subsequence, we may then use Theorem [2.14] to obtain
(say) d(A) < 2mg«(P)" for any fixed n > 1. This implies that d(A) = 0, as wished. |

Going back to our study of the independence density for multiple configurations, we
will now consider the opposite situation of what we have seen before: when the constraints
of forbidding each individual configuration are so strongly correlated as to be essentially
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redundant. One might expect this to be the case, for instance, when we are forbidding very
close dilates of a given configuration P.

We will show that this intuition is indeed correct, whether or not the configuration
considered is admissible, and the proof is much simpler than in the case of very distant
dilates of P (in particular not needing the results from earlier sections).

Lemma 2.15 (Asymptotic redundancy). For any configuration P C R?, we have that
my«(t P, P, ..., t,P) = mp«(P)
as bfty, 3/t ..., tyf/te_) — 1.

Proof. Assume by dilation invariance that #; = 1. By Lemma [2.7] it suffices to show
that the convergence above holds with my. replaced by mg gy for all fixed R > 0. We

will then fix an arbitrary R > 0 and prove that mg (P, 1P, ..., t,P) — mg g)(P) as
b, 13, ..., 1, = 1.
Let (v1,v,...,0) be an ordering of the points of P, and consider the continuous func-

tion gp : (RY)* x O(d) — R given by

k
gp(xi, s X T) = Y 110 = x1) = T(j = vl
=2

Note that minreo) gp(x1, ..., Xk, T) = 0if and only if (x,...,x) = (v1,..., ).

Fix some ¢ > 0, and let A ¢ Q(0, R) be a measurable set which avoids P and has
density dp,r)(A) = my g (P) — &. From elementary measure theory, we know there
exists a compact set A C A with doo, R)(A) > mgo,r)(P) — 2&. As the set A* x 0(d) is
then compact, the continuous function gp attains a minimum on this set; let us call this
minimum vy. Since A avoids P, it follows that y > 0.

We will now prove that A also avoids 1P whenever ¢ is sufficiently close to 1, say when
|t = 1] < y/(k - diam P). Indeed, for all xi,...,x; € Aand all T € O(@), by the triangle
inequality we have that

k k
DG = x0) = Tew; = )l = D (G = x0) = T(oj = w0l = It = 1llo; = vl
j=2 =2

k
> Z l(xj = x1) = T@; —v)ll — k- |t — 1] diam P
=2
>y—k-|t—1| diamP,
which is positive if |t — 1| < y/(k - diam P). In particular, we see that

mQ(O,R)(P, LP ..., [nP) > dQ(O,R)(A) > mQ(()’R)(P) - 2¢&

whenever [t;—1| < y/(k-diam P) for 2 < j < n. Since mg ) (P, ©P, ..., t,P) < mgo, g(P)
clearly holds, the result follows. O
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The proof of this last result actually implies a somewhat stronger and more technical
property of the independence density, namely that every configuration P where my. is dis-
continuous must be a local minimum across the ‘discontinuity barrier’. If the configuration
P is admissible, then we can also prove a corresponding inequality in the reverse direction
and conclude that my. is in fact continuous at this point; this is done in the next theorem:

Theorem 2.16 (Continuity of the independence density). For every n > 1, the function
(P1,...,Py) » mga(Py,..., P,) is continuous on the set of n admissible configurations.

Proof. For the sake of better readability, we will prove the result in the case of only one
forbidden configuration; the n-variable version easily follows from the same argument.
Fix some € > 0, and let Ry, ¢ > 0 be the constants promised by the Supersaturation
theorem (Theorem [2.10). By our ‘equicontinuity’ Lemma there is some 6 > 0O for
which the inequality
[Ip(A) — Ip(A) < cRY VP € B(P, 6)

holds for all R > 0 and all measurable sets A C Q(0, R). Finally, let R > R be large enough
so that mga(P") < My, g)(P’) < mg«(P’) + £ holds for all P’ € B(P, 6) (this value exists by

Lemma2.2)).

If A ¢ Q(0, R) is a measurable set avoiding P’, for some configuration P’ € B(P, 9),
we conclude that /p(4) < ¢R?, and so (by the Supersaturation theorem)

dQ((), R)(A) < myo, R)(P) + &.
This immediately implies that
de(P/) < mQ((),R)(Pl) < mQ((),R)(P) +e< de(P) +2¢

whenever ||[P’ — Pl < 6.
Let now A c Q(0, R) be a compact P-avoiding set with density

doo,r)(A) = mg, r)(P) — &.

Proceeding exactly as we did in the proof of the last lemma, we conclude that A also avoids
all P’ close enough to P, so for such configurations

moy, g)(P’) > doo,r)(A) = My g)(P) — € > mpa(P) — &.
Since my, g)(P") < mga(P’) + &, this finishes the proof. O

Let us denote by M,,(P) the set of all possible independence densities one can obtain
by forbidding n distinct dilates of a given configuration P, that is

Mu(P) .= {mpa(t, P, P, ..., 1,P): 0<t) <fh <+ <1, < oo},

It is natural to wonder how this set depends on the number of forbidden dilates, for each
configuration P; the last results can be combined in a simple way to give an (almost com-
plete) answer to this question in the case of admissible configurations:
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Theorem 2.17 (Forbidding multiple dilates). If P ¢ RY is admissible, then
(mg«(P)", mga(P)) € M,(P) C [mga(P)", mga(P)].

Proof. 1t is clear that mga(# P, 1P, ..., t,P) < mpa(t; P) = mya(P) always holds, and we
saw in Lemma [2.13] that

mp(t, P, P, ..., t,P) > ]_[ mga(1;P) = mga(P)".
i=1

Moreover, Lemma implies that my.(P) is an accumulation point of the set M, (P),
and (since P is admissible) Theorem implies the same about my.(P)". The result now
follows from continuity of the function

(t1, tay ...y ty) P mga(t P, P, ..., t,P),

which is an immediate consequence of Theorem [2.16] O

As the final result of this chapter, we now show the existence of extremizer measur-
able sets which avoid admissible configurations. This generalizes a result of Bukh (see
Corollary 13 in [8]) from forbidden distances to higher-order configurations.

Theorem 2.18 (Existence of extremizers). If P ¢ R? is admissible, then there exists a P-
avoiding set A C RY with well-defined density attaining d(A) = mga(P). The same is true
when forbidding multiple admissible configurations Py, ..., P, c R%.

Proof. Foreachintegeri > 1, let A; C Q(0, i) be a P-avoiding set with density dp(, (A;) >
my (P) — 27'. By restricting to a subsequence if necessary, we may assume that the
indicator functions (y4,);>1 converge to some function f € B, in the weak” topology of
L*(RY) (where B, now denotes the unit ball of L*(R?)).

It is easy to see from the definition that, for any fixed R > 0, (x4,ng(,r))i=1 converges
to ¥ o, f in the weak™ topology of L*(Q(0, R)). By weak” continuity of /p (Lemma@])
we conclude that Ip(x o, r)f) = 0, which easily impliesﬂ that Ip(supp xp,r f) = 0. Since
R > 0 is arbitrary, this in turn implies that /p(supp f) = 0.

Denoting A := supp f, we will now prove that A has density d(A) = mg«(P). Since
Ip(A) = 0, by Lemma [2.3] we can then remove a zero-measure subset of A in order to
remove all copies of P and conclude the proof.

By Lemma @ it suffices to show that liminfz_,. dp,)(A) > mg«(P). Fix some
arbitrary £ > 0 and take Ry > 2 large enough so that (Ry + 2diam P)? < (1 + &/4)R. For
any given R > Ry, take a P-avoiding set Bg C Q(0, R) with

dQ(())R)(BR) > mQ(o,R)(P) —&/4 > mp«(P) — g/4.

3For instance we can proceed as in the proof of Lemma approximating Ip(supp x o, r).f) by 1p(B;) where
Be :={x € Q(0, R) : f(x) > &}, and noting that /p(B;) < & "*Ip(xg,r f) = 0 forall & > 0.
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For all i > R, define A} := B U (4; \ Q(0, R + 2diam P)); note that A} avoids P and

vol(A}) = vol(A;) — vol (4; N (Q(0, R + 2diam P) \ Q(0, R)))
— vol(A; N Q(0, R)) + vol(Bg)
> vol(A;) — (R + 2diam P)? — R%) + vol(Bg) — vol(A N Q(0, R))

+vol(A N Q(0, R)) — vol(A; N 0(0, R))
. RY
> (mg,)(P) —27)i - ST + (doo.r)(Br) — do. r)(A)R?

+ (xa(x) = xa,(x)) dx
00, R)
d

; R
> (Mg, (P) = 27" = T + (mzu(P) - dou (AR
[ W
Q(0.R)

Since vol(A?) < myg,(P) i for all i > R and fQ(O R (f(x) — xa,(x))dx > —¢ for all
sufficiently large i, we conclude that for large enough i we have

i e €
doo.p(A) > Meu(P) = 5 = 5 = 25 > Meu(P) — &,
as wished. A similar argument holds for multiple forbidden configurations. O

2.6 Remarks and open problems

Our results leave open the question of what happens when the configurations we forbid are
not admissible. There are two different reasons for a given configuration P ¢ R to not be
admissible, so let us examine them separately.

The fist reason is that P is ‘degenerate’, meaning that its points are affinely dependent.
Bourgain [7] showed an example of sets A; C RY (for each d > 2) which have positive
density but which avoid arbitrarily large dilates of the degenerate three-point configuration
{—1,0, 1}; these sets then show that the conclusion of Bourgain’s theorem (and thus also
the conclusion of our Theorem [2.14) is false for this degenerate configuration.

This counterexample was later generalized by Graham [39], who showed that a result
like Bourgain’s theorem can only hold if P is contained on the surface of some sphere of
finite radius (as is always the case when P is non-degenerate). In fact, Graham’s result
implies (for instance) that

mgi(P, V3P, V5P, V1P, ...)>0

whenever P ¢ R is nonspherical, that is, not contained on the surface of any sphere. Some
kind of non-degeneracy hypothesis is thus necessary both for Bourgain’s theorem and for
our ‘asymptotic independence’ Theorem [2.14]

It is interesting to note, however, that a more recent result of Ziegler [70L [71] (general-
izing a theorem of Furstenberg, Katznelson and Weiss [37]] for three-point configurations)
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shows that every set A C R of positive upper density is arbitrarily close to containing all
large enough dilates of any finite configuration P ¢ R?. More precisely, denoting by As the
set of all points at distance at most ¢ from the set A, Ziegler proved the following:

Theorem 2.19 (Ziegler [71]). Let A C R be a set of positive upper density and P ¢ R?
be a finite set. Then there exists ty > 0 such that, for any t > ty and any 6 > 0, the set As
contains a configuration congruent to tP.

Let us now turn to the second reason for a configuration P in R to be non-admissible,
namely that it contains d + 1 points (if it has more than d + 1 points then it is obviously
degenerate). In this case we cannot apply the same strategy we used to prove the Counting
lemma, and it is not clear whether the analogues of this result or of Bourgain’s theorem are
true. We conjecture that they are whenever d > 2, so that we can remove the cardinality
condition from the statement of Bourgain’s result and of Theorem[2.14]

In particular, let us make more explicit the simplest case of this conjecture, which is
an obvious question left open since the results of Bourgain and of Furstenberg, Katznelson
and Weiss:

Conjecture 2.20. Let A C R? be a set of positive upper density and let u,v,w € R* be
non-collinear points. Then there exists ty > 0 such that for any t > ty the set A contains a
configuration congruent to {tu, tv, tw}.



CHAPTER THREE

Configuration-avoiding sets on the
sphere

In this chapter, we turn to the question of whether the methods and results shown in the
Euclidean space setting can also be made to work in the spherical setting. We again follow
the author’s paper “Geometrical sets with forbidden configurations” [[10].

Basic definitions and notation

We shall fix an integer d > 2 throughout the chapter and work on the d-dimensional unit
sphere S¢ ¢ R*!. We denote the uniform probability measure on S¢ by c® = ¢, and the
normalized Haar measure on O(d + 1) by pg41 = u.

The analogue of the axis-parallel cube in the spherical setting will be the spherical cap:
given x € § 4 and p >0, we denot

Cap(x, p) := {y € S ¢ |Ix = yllgar < p}.

We say that Cap(x, p) is the spherical cap with center x and radius p. Since its measure
o(Cap(x, p)) does not depend on the center point x, we shall denote this value simply by
o(Cap,). For a given (measurable) set A C § 4 we then write

_ o(AN Cap(x, p))
dCap(x,p)(A) = (r(Capp)
for the density of A inside this cap.

We define a (spherical) configuration on S as a finite subset of R%*! which is congruent
to a set on S¢; it is convenient to allow for configurations that are not necessarily on the
sphere in order to consider dilations. Note that, if P, Q € § 4 are two configurations which
are on the sphere, then P =~ Q if and only if there is a transformation 7 € O(d + 1) for
which P = T - Q (translations are no longer necessary in this case).

't is more customary to define the spherical cap using angular distance instead of Euclidean distance as we
use. There is no meaningful (qualitative) difference between these two choices, but the use of the Euclidean
distance will be more convenient for us.

31
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A spherical configuration P on S¢ is said to be admissible if it has at most d points and
if it is congruent to a collection P’ ¢ S¢ which is linearly independentE] As before, we
shall say that some set A C S¢ avoids P if there is no subset of A which is congruent to P.

3.1 Independence density and the counting function

The natural analogues of the independence density in the spherical setting can now be
formally defined.

It is again important in our arguments to have two notions of independence density,
one global (on the whole sphere S) and one local (for spherical caps). Given n > 1
configurations Py,...,P,onS 4 we then define the quantities

mgi(Py,...,P,) :=sup{o(A): AcS?avoids P;, 1 <i<n) and
Mcap(x,p) (P, .., Py) := sup {dcapx,p)(A) : A C Cap(x, p) avoids P;, 1 <i<n}.

Whenever convenient we will enunciate and prove results in the case of only one forbidden
configuration, as the more general case of multiple forbidden configurations follows from
the same arguments with only trivial modifications.

The first issue we encounter in the spherical setting is that it is not compatible with
dilations: given a collection of points P C S¢ and some dilation parameter ¢ > 0, it is
usually not true that there exists a collection Q ¢ S¢ congruent to tP. However, there is a
large class of configurations (including the ones we call admissible) for which this is true
whenever 0 < r < 1; we shall say that they are contractible.

It is easy to show that any configuration P ¢ S¢ having at most d + 1 points is con-
tractible. Indeed, these points will all be contained in a d-dimensional affine hyperplane
H c R let w € R¥! be a normal vector to H and consider translations sw + 9 of this
hyperplane in the direction of w. By elementary geometry, for any given 0 < ¢ < 1 we can
find some parameter s > 0 for which the collection of points in (sw + H) N S 4 which are
closest to sw + P is congruent to tP.

Even when the configuration we are considering is contractible, however, there is no
easy relationship between the independence densities of its distinct dilates. We will then
start with the following reassuring lemma, which in a sense assures us the results we wish
to obtain aren’t true for only trivial reasons.

Lemma 3.1. For any fixed contractible configuration P C S, we have that

inf mgs(tP) >0 and sup mg«(tP) < 1.

0<r<1 0<t<1
Proof. Denote by ds4(y) the packing density of S¢ by caps of radius v, i.e. the largest
possible density of a collection of interior-disjoint caps each having radius y. It is clear
that 654(y) > o(Cap,)) is bounded away from zero when y is bounded away from zero, and
it is well-known that dg«(y) tends to the sphere packing density of RY when y — 0. In
particular, info<y<; d54(y) > 0.

2Note that this definition is different from the one in the Euclidean setting, where we required the points to be
affinely independent instead of linearly independent. The reason behind this difference is that the Euclidean space
is translation-invariant while the sphere is not, so affine properties on R? translate to linear properties on S <.
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For any given 0 < ¢ < 1, let P, denote the centers of caps on an (arbitrary) optimal cap
packing of radius diam ¢P, and define the set

diam tP
A= U Cap(x, 1321 )
xeP;

It is easy to see that A, does not contain any copy of tP. Moreover, since the inequality
o-(Capp /a) = cdo'(Capp) holds for some ¢; > 0 and all 0 < p < 2, we conclude that

inf mga(tP) > inf o(A;) > inf cy054(y) > 0.
0<r<1 0<r<1 O<y<2

For the second inequality, suppose A € S¢ avoids P = {vy,...,v;}. Then

k
ZXA(Rvi) =|[ANRP|<k-1 VReO®d+1).
i=1

Integrating over O(d + 1), we obtain

k
ko(A) = Rv)|du(R) < k-1,
(A) fo(dﬂ)(z)m( v)) u(R) <

i=1
implying that 0-(A) < 1 — 1/k. Thus sup,_,.; mg«(tP) < 1 —1/|P|. O

Given some configuration P = {v;,vp,...,04,} C S 4 we define the counting function Ip
which acts on a bounded measurable function f : S¢ — R by

Ip(f) = f J(Rv1) f(Rv) - - - f(Rug) du(R).
O(d+1)

In the case where f is the indicator function of a set A C S¢, we shall denote Ip(y4) more
simply by Ip(A); note that

IP(A) = PREO((H])(RUD RUQ, ey Rl)k € A)

If the spherical configuration P is not a subset of the sphere, we define the function Ip as
being equal to I, for any Q =~ P which is contained in S¢.

As in the Euclidean setting, one can show there is no meaningful difference between
requiring that a measurable set A C S¢ avoids some configuration P or that it only satisfies
Ip(A) = 0. This is proven in the next lemma:

Lemma 3.2 (Zero-measure removal). Suppose P C S% is a finite configuration and A C S¢
is measurable. If Ip(A) = 0, then we can remove a zero-measure subset of A in order to
remove all congruent copies of P.

Proof. It will be more convenient to change spaces and work on the orthogonal group
O(d + 1) rather than on the sphere S 4 For§ > 0and R € O(d + 1), denote by

B(R, 6):={T €O(d+1): |IT -—R|hrs2 <6}



34 Configuration-avoiding sets on the sphere Chapter 3

the ball of radius ¢ in operator norm centered on R, and let 7 denote the identity transfor-
mation. We will first show that

xa(Tx)du(T) — ya(x)| = 0 for almost every x € s4. 3.1

1
lim | ———
6-0 (B, 8)) Jgu.s)

Fix some point e € S¢ and define on O(d + 1) the (measurable) set
E:={ReO(d+1): Ree A}

By Lebesgue’s Density theorem on O(d + 1), we have that

lim
50

1
m B(R,(S)XE(T) du(T) —,\(E(R)‘ =0 for u-a.e. R€ O(d + 1).

But this means exactly that the measure of the set

. 1
Foe {R €0+ 1): lim ] ST o A TRO D) 0 (Re)

2

of ‘non-density points’ is zero. It is clear from the definition of F' that it is invariant under
the right-action of Stab(e); this implies that o({Re : R € F}) = u(F) = 0, proving (3.1).

Now we remove from A all points x for which identity (3.1I)) does not hold, thus obtain-
ing a subset B € A with 07(A \ B) = 0 and

lim ————— (Tx)du(T)=1 forall x € B.
550 (B, 0) Jg. )t 2 M

We will show that no copy of P remains on this restricted set B, which will finish the proof
of the lemma.

Suppose for contradiction that B contains a copy {uy,...,u;} of P. Then there exists
¢ > 0 for which

1
HBU, 6) Jau.s

which means that Preg( 5 (Tu; € B) < 1/2k for each 1 < i < k. Thus

1
x3(Tu)du(T) > 1 — % forall 1 <i<k,

Ip(B) = Preow+1(Tui, ..., Tuy € B)
> #(B(I’ 6)) : PTEB([,5)(TMI’ ey Tuk € B)

k

> u(B(, ) (1= ). Presa.o(Tui ¢ B)|
i=1

| B 0)

O,
2

contradicting our assumption that /p(A) = 0. ]
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3.2 Harmonic analysis on S¢ and the Counting lemma

The next thing we need is an analogue of the Counting lemma in the spherical setting,
saying we do not significantly change the count of configurations in a given set A C S¢ by
blurring this set a little. As in the Euclidean setting, we will use Fourier-analytic methods
to prove such a result; we now give a quick overview of the definitions and results we need
on harmonic analysis for our arguments.

Given an integer n > 0, write ##9*! for the space of real harmonic polynomials, homo-
geneous of degree n, on R¥*!; that is,

d+1 2
%dﬂ = {f € R[xi,...,x4+1] : f homogeneous, deg f = n, Z o2 - O}'
i-1 0%

The restriction of the elements of JZ4*! to S¢ are called spherical harmonics of degree n
on S%. If Y € 2!, note that Y(x) = ||x]["Y(x’) where x = ||x||x’ and x’ € S¢; we can then
identify /Z%*! with the space of spherical harmonics of degree n, which by a slight (and
common) abuse of notation we also denote 24*!,

Harmonic polynomials of different degrees are orthogonal with respect to the stan-
dard inner product (f, g)sa« := fsd f(x) g(x) dw(x). Moreover, it is a well-known fact (see

e.g. [16]) that the family of spherical harmonics is dense in L>(S¢), and so
1284 = EB‘%O”KM‘
n=0

Denoting by proj, : L2(S?%) — #%*! the orthogonal projection onto #%*!, this means that
f=32,proj, f (with equality in the L? sense) for all f € L*(S9).

There is a family (PZ)nZ() of polynomials on [—1, 1] which is associated to this decom-
position. We use the convention that deg PY = n and P%(1) = 1. These polynomials are
then uniquely characterized by the following two properties:

(i) for each fixed y € S, the function on S¢ given by x > P%(x - y) is in 241,

(ii) the projection operator proj, : L*(S9) — £%*! is given by
proj,, f(x) = dim " f Pl(x- ) f(y) doy). 3.2)
Sd

Using these two facts we conclude also the useful property

f Pi(x - y)Pl(x - 2) dw(x) = Plly-z) VyzeS" (3.3)
Sd

1
dim %’cﬂl

Note that, by orthogonality of the spaces .7#%*!, property (i) implies that

f Plx-yPi(x-y)dw(x) =0 ifn#m
S(I
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(for any fixed y € S¢). Using the change of variables ¢ = x - y, this is equivalent to saying
that

1
f PPl (1 - )24t =0 ifn #m.
-1

This shows that the polynomials P¢ are, up to multiplicative constants, the Gegenbauer
polynomials C} with parameter A = (d — 1)/2: P%(x) = C¥"V2(x)/C¥"V"2(1); we refer the
reader to Dai and Xu’s book [16] for information on the Gegenbauer polynomials, and for
a proof that the P? thus defined indeed satisfy properties (i) and (ii). The following simple
facts about P¢ follow immediately from the corresponding properties of the Gegenbauer
polynomials:

Lemma 3.3. For all integers d > 2 and n > 0 the following hold:
o PUt)e[-1,1]forallt e [-1,1];
e For any fixed y > 0, MaXse[~14y, 1-y] P‘,f(t) tends to zero as n — .

We will follow Dunkl [26] in defining both the convolution operation on the sphere and
the spherical analogue of Fourier coefficients. For this we will need to break a little the
symmetry of the sphere and distinguish an (arbitrary) point e on S¢; we think of this point
as being the north pole.

For a given x € § 4 we write M(S%; x) for the space of Borel regular zonal mea-
sures on S with pole at x, that is, those measures which are invariant under the action of
Stabo(d”)(x). The elements of M(S¢; e) are referred to simply as the zonal measures.

Given a function f € L*(S?) and a zonal measure v € M(S9; e), we define their convo-
lution f * v by

fav(x) = f[f(y)d%V(y) Vxes,
St
where ¢, : M(S?; e) — M(S?; x) is the rotation operator defined by
@ V(A) = v(T;'A)  where T, € O(d + 1) satisfies Te = x.

The value f * v(x) can be thought of as the average of f according to a measure which
acts with respect to x as v acts with respect to e. It is easy to see that this operation is
well-defined, independently of the choice of T': if Sye = T,e = x, then S )‘CIT)C € Stab(e)
and so v(S ' A) = v((S ' TOT'A) = (T 'A).

For an integer n > 0 and a zonal measure v € M(S 4. ¢), we define its n-th Fourier
coefficient v, by

V= f Ple - y)dv(y).
Sd

The main property we will need of Fourier coefficients is the following result, which is
stated in Dunkl’s paper [26] and can be proven using a straightforward modification of the
methods exposed in Chapter 2 of Dai and Xu’s book [16]:

Theorem 3.4. If f € L*(S%) and v € M(S%e), then f v € L*(S?) and

proj,(f *v) =V, proj, f  ¥n20.
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With this we finish our review of harmonic analysis on the sphere, so let us return to
our specific problem. For a given ¢ > 0, denote by cap, the uniform probability measure
on the spherical cap Cap(e, 9):

o (A N Cap(e, 0))

d
o (Cap(e, 6)) ACS

caps(A) =
Note that each cap; is a zonal measure; one immediately checks that

Pl(e - y)do(y)

(Caps)y = ———
0 o (Caps) Jcapie, o)

for all n > 0, and

fx caps(x) = f) do(y)

U'(Cap5) Cap(x, 5)
for all f € L*(S9). In particular, if A € S is a measurable set, then y, * caps(x) =
dcap(x, 5)(A); this gives the ‘blurring’ of the spherical sets we shall consider.

Lemma 3.5. For every d > 2 and 'y > 0, there exists a function cq, : (0,1] — R with
lims_o+ ¢4,(0) = O such that the following holds. For all f,g € L*(S?) and all points
u,ve S withu-ve[-1+7y, 1 —vy], we have that

f J(Ru) (9(Rv) — g * cap;(Rv)) du(R)| < c4,(0) lIf1l2llgll2-

0(d+1)

Proof. Denote by fi, the Haar measure on Stab(e), and assume without loss of generality
that u coincides with the north pole e. By symmetry, the expression we wish to bound may
then be written as

f f(Re)h(Rv)du(R)' =f f(Re)( f h(RSv)dMS))du(R)],
O(d+1) O(d+1) Stab(e)

where i = g — g * cap;.

Write t) := e - v. Note that, when S € Stab(e) is distributed uniformly according to .,
the point Sv is uniformly distributed on S Z)‘l ={yeS?: e y=ty). Denote by a’ﬁffl) the
uniform probability measure on S ;f)’l (that is, the unique one which is invariant under the
action of Stab(e)).

Making the change of variables y = Sv, we see that

f h(RSv) dfio(S) = f h(Ry) do""(y)
Stab(e) S;’O"
(3.4)
= f _ hG@) do "V (R7'2) = hx "V (Re).
o

o

The expression we wish to bound is then equal to

Iy

[ rwansotwodur] =] [ swns o0 do)|
O(®d+1) Sd
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Using Parseval’s identity, we can rewrite the right-hand side of this last equality as
| io [ proi £ proi,t+ o4~y dorty
< io fs Iproj, FII@ )l [ proj, Al der(x)
< i (@l | prog, £z 1l proj, Al
n=0

As h = g — g = capj, the expression above is equal to

DGl = (@@pyhal ll proj, £z Il proj, glla

n=0
= > IPo)]
n=0

Fix some & > 0. Since 7y € [-1 +7, 1 —y] (by hypothesis), from Lemma 3.3 we obtain
that |Pff(t0)| < &/2 holds for all n > N(e, ), while

1 -

Plie-y) da<y>| I proi,, fll Il proj, gll-
U'(Capo) Cap(e, 6)

Ple - y)do(y)

1
1 —
' o (Caps) Jeape,s)

< max [1 - Py(n)] =2

always holds. Moreover, since each P¢ is a polynomial satisfying P4(1) = 1, we can choose
8o = o(&,y) > 0 small enough so that |l — P¥(e - y)| < & holds whenever n < N(g,y) and
y € Cap(e, 6p). This implies that the last sum is at most

00

2 ellproi, fIl2 Il proj, gll> < &l fIlligla
n=0

whenever 6 < dy(&,y), finishing the proof. O

Recall that a spherical configuration P on S¢ is admissible if it has at most d points and
if it is congruent to a collection P’ ¢ S¢ which is linearly independent. We can now give
the spherical counterpart to the Counting lemma from last chapter:

Lemma 3.6 (Counting lemma). For every admissible configuration P on S there exists a

Sfunction np : (0,1] — (0, 1] with lims_o+ np(6) = 0 such that the following holds for all
measurable sets A C §9:

\p(A) = Ip(xa * capy)l < 1p(6) ¥ € (0, 11.

Moreover, this upper bound function np can be made uniform inside a small ball B C
(R centered on the configuration P considered.
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Proof. Up to congruence, we may assume P C S?. Similarly to what we did in the Eu-
clidean setting, we will first obtain a uniform upper bound for

fO(d ])fl(TUI)'"ﬁc—l(TUk—l)(ﬁc(TUk) — fi * capy(Tvo) du(T)|,

valid whenever 0 < fi, ..., fi < 1 are measurable functions and (vy, v2, ..., ) is a permu-
tation of the points of P.
Denote by G := Stabo(d”)(v] , ..., Ur—2) the stabilizer of the first k — 2 points of P, and

by H := Stabo(d“)(vl, ey U2, Ukl1) = StabG(vk,l) the stabilizer of the first k — 1 points of
P. We can then bound the expression above by

](;(d+ 1

where ¢ denotes the normalized Haar measure on G.

Denote ¢ := d—k+2 > 2. Since P is non-degenerate, we see that G ~ O(£ + 1) and that
both Guvi_; and Guy, are spheres of dimension £. Morally, we should then be able to apply
the last lemma (withd = ¢, f = fi—1(T-) and g = f(T-)) and easily conclude. However, the
convolution in expression above happens in S¢, while that on the last lemma would
happen in S¢; in particular, if k > 3 so that £ < d, all of the mass on the average defined
by the convolution in (3.5) lies outside of the {-dimensional sphere Guy, so this argument
cannot work. We will have to work harder to conclude.

Note that, since Guy is an {-dimensional sphere while Huy is an (£ — 1)-dimensional
sphere (which happens because P is non-degenerate), it follows that there is a point & € Guy,
which is fixed by H; this point will work as the north pole of Guy.

It will be more convenient to work on the canonical unit sphere S instead of the ¢-
dimensional sphere Gv, C S 4 We shall then restrict ourselves to the (¢ + 1)-dimensional
affine hyperplane H determined by H NS¢ = Guy, and place coordinates on it to identify
H with R“! and Gu, with S¢, noting that G then acts as O(f + 1). More formally, let
r > 0 be the radius of Gy in R**!, so that Gy is isometric to 7S ¢; take such an isometry
W : Gy — rS¢, and define e € S by e := y(&)/r. Now we constructamap ¢ : G — O(£+1)
defined by

fok—l (TSve-1) (fil(TSvp) = fi * caps(TSvp)) dug(S)| du(T), (3.5)

PSS (x) =¢(Sx)  Vxe Gy

for each S € G. It is easy to check that this map is well-defined and gives an isomorphism
between G and O(£ + 1) satisfying ¢(H) = Stab®“*V(e).
For each fixed T € O(d + 1), define the functions gr, hr : St [-1,1] by

gr(Re) := fici(T¢™'(R)v—1) and
hr(Re) := fi(T¢™ (R)E) — fi * caps(T¢ ™ (R)E),

for all R € O(¢ + 1). These functions are indeed well-defined on S¢, since Stab®(v;_;) =
StabG(f) = ¢‘1(Stab0([+1)(e)). Note that 47 can also be written as a function of x € S°¢ by
making use of the isometry ¢! : 7S¢ — Guy:

hr(x) = fiTy ™' (rx)) — fi = caps(Ty ™" (rx)).
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Denote by u := y(v)/r the point in S¢ corresponding to v;. Making the change of
variables R = ¢(S'), we obtain

fG Fr(TSvet) (TS ) — fi * capy(TS 0)) du(S)

= f gr(Re) hr(Ru) dug1(R)
O(t+1)

- f gT<Re)( f hT(RSu)dﬂe(S))de(R),
O(t+1) Stab(e)

where we write Stab(e) for Stabo(”l)(e) and fi, for its Haar measure. Working as we did
in the chain of equalities (3.4), we see that the expression in parenthesis is equal to sz *
o-ﬁ 1)(Re), where O'Ef; D is the uniform probability measure on the (£ — 1)-sphere Stab(e)u =
{yeS’:e-y=e-u}(and the convolution now takes place in S’ with e as the north pole).

Making the change of variables x = Re, we then see that the expression above is equal to
f gr(Re) hr o7,V (Re) dpugri (R) = f gr(x) hr * oD (0 do'O(x).
o(e+1) st
We conclude that the expression (3.5) we wish to bound is equal to

fO(d+1)

dug(T)

f gr(x) hy ol (x) doO(x)
S
< f g Dl dptge (T)
O(d+1)

12
s( f ||hrwgf:’;“||§dud+1(T>) .
O(d+1)

Let us now compute e - u, which will be necessary for bounding |7 * o-fu_ l)II%. From

the identity
2 -1 -1 2 2
”Ve - ru”RHl = ”';0 (re) - lyl’ (ru)”RdH = ”é‘: - Uk”RdH 5

we conclude that r>(2 —=2e-u) =2 —2& - vy, and so
eu=@E-u—-0-rN/re-11

depends only on P and not our later choices.
Now fix an arbitrary & > 0. By Parseval’s identity, we have that

-1))12 . =1)\)12
Iy % V1B = > Il proj, Gy = o' I
n=0

oo

= > 1@l proj, hr 3
n=0

= > Pl Il proj, hrll.
n=0
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Since e - u ¢ {—1, 1} is a constant depending only on P, there existsE]N = N(e, P) € N such
that IPfl(e -u)| < gforall n > N. Using also that —1 < Pi(t) <lforall -1 <t<1, we
conclude that

N
=12 : 2 2 : 2
Iy + V1B < > iproj, hrlf + > &l proj, hrl3.
n=0 n>N

The second term on the right-hand side of the inequality above is bounded by &|/h7|l3 < &2,

so let us concentrate on the first term.
By identities (3.2) and (3.3), we have

2
Il proj, hr|2 = fs [(dim%;,"“ fs [hT(y)Pf;(x.y)dO'(y)) do(x)
= (dim A1) f f e @) f PLe )P (9 dor()) dorty) dor2)
Si S( S(

_ dim L fs K fs @@ Pty -9 doty) do ).

Since |Pi(y - z)| < 1 for all y, z € S, we conclude that
I proj el dr 1
0d+1)

_ dim f f ( f e Q) dytg (1)) PLy - dery) dor(2)
St Jst O(d+1)

Sdim%’jf“ff
St Js¢

We now divide this last double integral on the sphere into two parts, depending on
whether or not y - z is close to the extremal points 1 or —1. Thus, for some parameter

0 <y < 1 to be chosen later, we write the double integral as
[ hrbr@duan |ty 2> 1= ndotydo
st Jsel Jow@+1)
Sk
st Js¢

Since —1 < hr < 1, the first term is at most

Zf f Ly - z> 1 - y}ldo(y) do(z) = 20" (Capg(e. v27)).
St Jst

f hT<y>hT(z)dyd+1<T)‘dcr(y)da(z).
O(d+1)

f he(hr(2) dudH(T)] 1y -2l < 1~} doy) dor(2).
O(d+1)

To bound the second term, note that for fixed y,z € S  we have

f (e (D) dptann (T)
O(d+1)

B fow 1) (feT5) = fix caps(TH) (fulT2) = fic * caps(T2)) dptas (1),

3By Lemmathis value of N can be made robust to small perturbations of the value e - u, which is equivalent
to small perturbations of the configuration P. This remark, and others in the same vein, are the reason why
the bound obtained in the proof can be made to hold uniformly inside small neighborhoods of the considered
configuration.
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where i := ¢y~ '(ry) and 7 := ¢~ (rz). Moreover, we have

lIry = r2lges =15 = A = §-2= 1= (1 ~y-2);
thus, whenever -z € [-1+7v, 1 —y], we have -7 € [-1 + r?y, 1 —r?y]. Using Lemma
(with f = f; — fi * cap;, g = fi and y substituted by r*y) we conclude that the second term
is bounded by c,,2,(9).
Taking stock of everything, we obtain

fo(d 1)Ilhr + 0l VI dpgen (T)
N

N
<&+ ) dim A (200 (Capge(e, V2)) + ¢y (6)
n=0

for any 0 < y < 1. Choosing y small enough depending on ¢, € and N, and then choosing ¢
small enough depending on d, *y, & and N (so ultimately only on & and P), we can bound
the right-hand side by 4&7; the expression is then bounded by 2¢ in this case.

For such small values of ¢, we thus conclude from our telescoping sum trick (explained
in Section [2;2]) that |Ip(A) — Ip(ya * capys)l < 2ke, proving the desired inequality since
€ > 0 is arbitrary. The claim that the upper bound can be made uniform inside a small ball
centered on P follows from analyzing our proof. O

3.3 Continuity properties of the counting function

Following the same script as in the Euclidean setting, we now consider other ways in which
the counting function is robust to small perturbations.

It is again easy to show, using our telescoping sum trick, that /p is continuous in L*(S 4y
(and even in L¥1(S)) for all spherical configurations. When the configuration considered
is admissible, we obtain also the following significantly stronger continuity property of Ip
when restricting to bounded functions:

Lemma 3.7 (Weak* continuity). If P is an admissible configuration on S¢, then Ip is weak*
continuous on the unit ball of L™ (S dy,

Proof. Denote the closed unit ball of L¥(S?) by B.., and let (f;);>; C B be a sequence
weak™ converging to f € B. It will suffice to show that (Ip(f;));»; converges to Ip(f).
Note that, for every x € ¢, § > 0, we have

Ji = capg(x) = fiy) do(y)

o (Caps) Jeap(x,s)

i—o0 1

o (Caps) Jeap(x, o)

S do(y) = f = caps(x).

Since f * caps and each f; * cap, are Lipschitz with the same constant (depending only on
) and S¢ is compact, this easily implies that

IIfi % caps — f * capslle — O asi — oo.
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In particular, we conclude lim;_,o, Ip(f; * caps) = Ip(f * capy).
Since P is admissible, by the spherical Counting lemma we have

\Ip(f * capy) = Ip(P)| < 1p(8) and [Ip(f; * capy) — Ip(f) < 1p(8) Vi > 1.

Choosing ip(6) > 1 sufficiently large so that

[Ip(fi = caps) — Ip(f = caps)|l < np(6) Vi = ip(0),
we conclude that
p(f) = 1p(f)l < Ip(f) — Ip(f * capy)l + [Ip(f * caps) — Ip(fi * caps)l

+ [p(fi * capy) — Ip(fi)l
< 3np(0) Vi > ip(9).

Since ¢ > 0 is arbitrary and np(6) — 0 as & — O, this finishes the proof. O

Given some spherical configuration P ¢ R%*!, fix an arbitrary ordering (v, ..., v;) of
its points and let us write B(P,r) C (RN for the ball of radius r centered on (this ordering
of) P, where the distance from P to Q = (u,...,u;) is given by

1Q = Plloo := max {|lu; —v;]| : 1 <i <k}

If P is an admissible spherical configuration, note that all configurations inside a small
enough ball centered on P will also be admissible.

We will later need an equicontinuity property for the family of counting functions P +—
Ip(A), over all measurable sets A C S¢; this is given in the following lemma:

Lemma 3.8 (Equicontinuity). For every admissible P C S¢ and every & > 0, there is some
6 > 0 such that

10— Plle <6 = |Ip(A)—Ip(A) <& VACS

Proof. We will use the fact that the function 77p obtained in the Counting lemma can be
made uniform inside a small ball centered on P. In other words, there is » > 0 and a
function 7, : (0, 1] — (0, 1] with lim,, 75(7) = 0 such that |Io(A) — Ip(xa * cap,)| < 17,(p)
for all Q € B(P,r) and all (measurable) A C S7.
Now, for a given p > 0 and all 0 < § < p, we see from the triangle inequality that
llx—yll <6 = Cap(x, p—6) C Cap(x, p) N Cap(y, p),

and so o(Cap(x, p) \ Cap(y, p)) < o(Cap,) — o(Cap,_s). This implies that, for any set
A C S?%and any x, y € S¢ with ||x — y|| < 6, we have
|or(A N Cap(x, p)) ~ (A N Cap(y, p))|
o(Cap,)
o(Cap(x, p) \ Cap(y, p))
o(Cap,)
o-(Capp) - O'(Capp_5)
o(Cap,)

I * cap, (x) — xa * cap,(y)] =
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By the usual telescoping sum argument, whenever ||Q — P|| < 6 we then conclude

o(Cap,) — o(Cap,,_s)
o(Cap,)

ToQxa * cap,) — Ip(xa * cap,)| < k

Take p > 0 small enough so that 77,,(0) < &/3, and for this value of p take 0 < 6 < r
small enough so that o(Cap,_s) > (1 — &/3k) o(Cap,). Then, for any Q € B(P, 6) and any
measurable set A C S¢, we have

[Io(A) = Ip(A)l < [[o(A) = Io(xa * cap,)| + [Io(xa * cap,) — Ip(xa * cap,)|
+Ip(xa * cap,) — Ip(A)]
o(Cap,) — o(Cap,_s)

<np(p) +k + 17%(p)
7p(p a'(Capp) np(p
<& +k £ + £ e
-3 3k 3 ’
as wished. ]

3.4 The spherical Supersaturation theorem

Having proven that the counting function for admissible spherical configurations is robust
to various kinds of small perturbations, we next show that it also satisfies a useful super-
saturation property.

This is the second main technical tool we need to study the independence density in the
spherical setting, and due to the fact that the unit sphere is compact both its statement and
its proof are slightly simpler than those in the Euclidean space setting.

Theorem 3.9 (Supersaturation theorem). For every admissible configuration P on S and
every € > 0 there exists c(e) > 0 such that the following holds. If A C S? has measure
0(A) = mga(P) + g, then Ip(A) > c(¢).

Proof. Suppose for contradiction that the result is false; then there exist some £ > 0
and some sequence (A;);>; of sets, each of density at least mg«(P) + &, which satisfy
liml;,m IP(A,) =0.

Since the unit ball B, of L*(S¢) is weak* compact (and also metrizable in this topol-
ogy), by possibly restricting to a subsequence we may assume that (y4,)i>1 converges in the
weak™ topology of L®(S%); let us denote its limit by f € B. Itis clear that 0 < f < 1
almost everywhere, and J; S do(x) = lim;e 0(A;) > mga(P) + €. By weak™ continuity
of Ip (Lemma[3.7)), we also have Ip(f) = lim;_,« Ip(A;) = 0.

Now let B := {x € S?: f(x) > &}. Since

g-xp(x) £ f(x) <e+yp(x) forae. xe s,

we conclude that Ip(B) < e *Ip(f) = 0 and
o(B) > f(x)do(x) — & = mga(P).
Sd

But this set B contradicts Lemma[3.2] finishing the proof. O
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It will be useful to also introduce a spherical analogue of the zooming-out operator,
which acts on measurable spherical sets and represents the points on the sphere around
which the considered set has a somewhat large density. Given quantities J, y > 0, we then
denote by Zs(y) the operator which takes a measurable set A C S 4 to the set

Zs(A :={x €S deapn5)(A) 2 7).
The most important property of the zooming-out operator is the following result:

Corollary 3.10. For every admissible configuration P on S¢ and every & > 0 there exists
8o > 0 such that the following holds. For any § < &y, if A C S satisfies

0(Zs(e)A) = mga(P) + ¢,
then A contains a congruent copy of P.

Proof. By the Supersaturation theorem, we know that
0(Zs(e)A) 2 mgu(P) + & = Ip(Z5(8)A) 2 c(e)
holds for all 6 > 0. By the Counting lemma, we then have

Ip(A) = Ip(xa * capy) — np(8) > € Ip(Zs(£)A) — np(5)
> ekc(e) — np(d).

Since np(0) — 0 as & — 0, there is some &y > 0 such that for all § < §y we can conclude
Ip(A) > 0; this implies that A contains a copy of P. O

3.5 From the sphere to spherical caps

We must now tackle the problem of obtaining a relationship between the independence
density mg.(P) of a given configuration P C S¢ and its spherical cap version Mcap(x, p)(P),
as this will be needed later.

In the Euclidean setting this was very easy to do (see Lemma[2.2)), using the fact that
we can tessellate RY with cubes Q(x, R) of any given side length R > 0. This is no longer
the case in the spherical setting, as it is impossible to completely cover S¢ using non-
overlapping spherical caps of some given radius; in fact, this cannot be done even approxi-
mately if we require the radii of the spherical caps to be the same (as we did with the side
length of the cubes in RY).

We will then need to use a much weaker ‘almost-covering’ result, saying that we can
cover almost all of the sphere by using finitely many non-overlapping spherical caps of
different radii. For technical reasons we will also want these radii to be arbitrarily small.

Lemma 3.11. For every € > 0 there is a finite cap packing
P = {Cap(xr, p;) : 1 <i< N}

of §¢ with density o(P) > 1 — & and with radii p; <  forall 1 <i < N.
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Proof. We will use the same notation for both a collection of caps and the set of points on
S which belong to (at least) one of these caps. The desired packing # will be constructed
in several steps, starting with P := {Cap(e, €)}.

Now suppose P;_; has already been constructed (and is finite) for some i > 1, and let
us construct ;. Define

C; := {Cap(x, min{e, dist(x, Pi_)}) : x € S\ P,_1},

and note that C; is a covering of S¢ \ P;_; by caps of positive radii (since ;_; is closed on
S4). By Vitali’s Covering lemmaE] there is a countable subcollection

Q@ = Jicap(xj, rpi c ¢
j=1

of disjoint caps in C; such that S\ P;_; C Uj-il Cap(x;}, 5r;). In particular

00

1= 0(Pr1) = oS\ Pr1) < ) o(Cap(x), 57) < Ky (@),

j=1
where we denote K, := sup,., 0(Caps,.)/o(Cap,) < co. Taking N; € N such that

1-0Pii1)

Ni
Z o(Cap(x;,r))) = o(Q) - 2K,

j=1
we see that P} := {Cap(x;,r;): 1 < j< N} C SS9\ P,_, satisfies

1 —o(Pi1)

A=
o)z 2K,

Now set P; := P;_1 U P;; this is a finite cap packing with

1
L=0P) =1 =0 - o) < (1 -0 (1 - 5]

<(1- O'(Caps))(l - 2L](d)i

(where the last inequality follows by induction). Taking n > 1 large enough so that

(1-o(Cap) (1 - =) <e,

%)
we see that P := P, satisfies all requirements. O

We can now obtain our analogue of Lemma [2.2] relating the two versions of indepen-
dence density in the spherical setting:

“4Note that spherical caps are exactly the (closed) balls of the separable metric space S¢ endowed with the
Euclidean distance induced from R¢*+!,
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Lemma 3.12. Forevery e > 0, p > O there is ty > 0 such that the following holds whenever
Pi,..., P, C S? have diameter at most ty:

|mCap(x,p)(P1’ s Pn) - de(Pl, cees Pn)| <e.
Proof. If A C § 4 is a set that does not contain copies of Py,...,P,, then for any x €
S? the set A N Cap(x, p) C Cap(x, p) also does not contain copies of Py,..., P, and

E,eseldcap(x,p)(A)] = 0(A). There must then exist some x € § 4 such that

dcap(x,p)(A N Cap(x, p)) = dcap(x,p)(A) = 0(A),

proving that Mcap(x, p)(P1, - .., Py) 2 mga(Py, ..., Pp).
For the opposite direction, let y < £/4 be small enough so that

o(Cap,,,) < (1 +&/4)o(Cap,).

By Lemma we know there is a cap packing P = {Cap(x;, p;) : 1 < i < N}of S¢
with o(P) > 1 —yand 0 < py,...,pon < y. Now let fp > 0 be small enough so that
o'(Cappi_Z,O) >(1-¢/4) U'(Cappl,) for all 1 < i < N; note that ¢ty will ultimately depend only
on g and p.

Fixing any configurations Py,...,P, Cc S 4 of diameter at most #y, let A C Cap(x, p)
be a set which avoids all of them. We shall construct a set A ¢ S¢ which also avoids
Py, ..., P,, and which satisfies c(4) > dcap(x,p)(A) — &; this will finish the proof.

Foreach 1 <i < N, denote p; := p; — 2ty < y. We have that

o(A) = f deapy,po(A) do(y)
S(
- [ dewprdow
Cap(x, p+p;)
< f dCap(y,ﬁ,-)(A) do—(y) + O—(Caperﬁ,-) - O—(Capp)
Cap(x,p)

Since p; <, dividing by o(Cap,) we obtain

O—(A) O—(Caper[),-) - O—(Capp)
Eyecap(x. p) | dcap(y. 5y (A)] = —
yeCap( ,,0)[ C p(y,p,)( )] O'(Capp) O'(Capp)

&
> dCap(x,p)(A) - Z

There must then exist y; € Cap(x, p) for which dcap(y,, 5)(A) > dcap(r,p)(A) — €/4; fix one
such y; foreach 1 <i < N, and let T,,_,,, € O(d + 1) be any rotation taking y; to x; (and
thus taking Cap(y;, 9;) to Cap(x;, 9;)).

We claim that the set

A= JT,mn(d0 Caply 51)

N
i=1
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satisfies our requirements. Indeed, we have

N

(&)= )" oA N Cap(yi, 1)) = . deapiy po(A) - (Capy)
i=1 i=1

=

>

™M=1

> (e @ = ) (1= 5 )o(Cap,)

1l
—_

>

—

deapnpy(A) )o-<73>
> dCap(x,p)(A) —E&.

Moreover, since diam(P;) < ¢y and the caps Cap(x;, 0;) are (at least) 2#-distant from each
other, we see that any copy of P; in Ac UN Cap(x;, p;) must be entirely contained in one
of the the caps Cap(x;, p;). But then it should also be contained (after rotation by T}, HX )in

A N Cap(y;, p;); this shows that A does not contain copies of P; for any 1 < j < N, since A
doesn’t, and we are done. O

3.6 Results on the spherical independence density

We are finally ready to start a more detailed study of the independence density parameter
in the spherical setting.

We start by providing a general lower bound on the independence density of several
different configurations in terms of their individual independence densities:

Lemma 3.13 (Supermultiplicativity). For all configurations Py, ..., P, on S% we have
mga(Py, ..., P) > [ [ mse(P).

Proof. Choose, for each 1 <i < n, aset A; C S¢ which avoids configuration P;. By taking
independent rotations R;A; of each set A;, we see that

= ]_[ o(A)).
i=1
There must then exist Ry, ..., R, € O(d + 1) for which
o'( N R,-Ai) > [ [
i=1 i=1

Since N, R;A; avoids all configurations Py, ..., P, and the sets Aj,...,A, were chosen
arbitrarily, the result follows. O
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Using supersaturation, we can show that this lower bound is essentially tight when
the configurations considered are all admissible and each one is at a different size scale.
Intuitively, this happens because the constraints of avoiding each of these configurations
will act at distinct scales and thus not correlate with each other.

Theorem 3.14 (Asymptotic independence). For every admissible configurations Py, ...,
P, on S and every & > 0 there is a positive increasing function f : (0,1] — (0, 1] such

that the following holds. Whenever O < ty,...,t, < 1 satisfy tiy1 < f(t;) for 1 <i < n, we
have
n
mgi(ti Py, ..., t,Py) — ]—[ my.(t:P)| < &.
i=1
Proof. We have already seen that mga(#, Py, ..., ,P,) > [], mga(t;P;), so it suffices to
show that mg«(t; Py, ..., t,P,) < [1L, mga(#;P;) + & for suitably separated #,...,1, < 1.

We will do so by induction on 7, with the base case n = 1 being trivial (and taking f = 1).

Suppose then n > 2 and we have already proven the result for n — 1 configurations.
Let £ : (0,11 — (0,1] be the function promised by the theorem applied to the n — 1
configurations P, ..., P, and with accuracy &, so that whenever 0 <f, <1and 0 <t <

f(t)) foreach 2 < j < n we have
mgi(t2Ps, ..., 1yPy) < ]_[ mg.(t;P;) + &.
j=2

By the corollary to the Supersaturation theorem (Corollary [3.10), for all 0 < 7; < 1
there is 6 = dy(&; t; P;) > 0 such that

0(Zs,()A) = mgu(t)P1) + € = A contains a copy of ¢, P;.

Applying Lemma [3.12] with radius p = §,, we see there is ) = fo(g, 69) > 0 for which

mCap(x,(;O)(tsz, cos 8 Py) Smga(a P, ..., 1, Py) + £
holds whenever O < t,,...,t, < ty/2.
Letnow 0 < ¢1,...,%, < 1 be numbers satisfying

t < tols, So(e; 11P1))/2 and 14 < f(t;) forall 2 < j < n.

If A ¢ S¢ does not contain copies of #;Py,...,t,P,, then by the preceding discussion we
must have 07(Z5,(€)A) < mga(#;P1) + € and, for all x € s,

dcap(x,50)(A) < Megp(r,50) (02 P2, ..\ Py) SMga(t2Ps, ..., 1,Py) + &

n
< ]_] mg.(t;P;) + 2.
=2

This means that, inside caps Cap(x, dp) of radius dy, A has density less than & (when x ¢
Zs,(e)A) except on a set of measure at most mg«(# P1) + &, when it instead has density at
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most H;;z my.(t;P;) + 2&. Taking averages, we conclude that
o(A) = ExeSd[dCap(x, 6)(A)]

<e+ (msd(thl) + s)(l_[msd(tij) + 28)
J=2

n
< be+ 1_[ msd(tiPi).
i=1

It thus suffices to take the function f : (0, 1] — (0, 1] given by

10(¢/6, d0(&/6; tP1))}
2

f(®) = min {f (),

to conclude the induction. ]

Recalling from Lemma that mg«(¢#P) is bounded away from both zero and one for
0 < r < 1, an immediate consequence of this theorem is the following: if P is admissible,
then mga (1, P, 1P, ..., t,P) decays exponentially with » as the ratios #;,,/t; between con-
secutive scales go to zero. By considering an infinite sequence of ‘counterexamples’ as we
did in our proof of Bourgain’s theorem last chapter, we then obtain from Theorem [3.14]the
following result:

Corollary 3.15. Let P ¢ S? be an admissible configuration. If A C S¢ has positive
measure, then there is some number ty > 0 such that A contains a congruent copy of tP for
all t < 1.

This corollary can be seen as the counterpart to Bourgain’s theorem in the spherical
setting, where it impossible to consider arbitrarily large dilates. (The equivalent result of
containing all sufficiently small dilates of a configuration in the Euclidean setting also holds
with the same proof.)

We will next prove that the independence density function P — mg«(P) is continuous
on the set of admissible configurations on § . Before doing so, it is interesting to note that a
similar result does not hold for two-point configurations on the unit circle S' (which can be
seen as the very first instance of non-admissible configurations). Indeed, it was shown by
DeCorte and Pikhurko [23] that mg: ({u, v}) is discontinuous at a configuration {u, v} C St
whenever the arc length between u and v is a rational multiple of 27 with odd denominator.

Theorem 3.16 (Continuity of the independence density). For any n > 1, the function

(P1,...,Py) » mga(Py,..., P, is continuous on the set of n admissible spherical configu-
rations.

Proof. For simplicity we will prove the result in the case of only one forbidden configura-
tion, but the general case follows from the same argument.

Fix some € > 0 and some admissible configuration P on S 4 and let c(g) > 0 be the
constant promised by the Supersaturation theorem (Theorem [3.9). By our ‘equicontinuity’
Lemma@ there exists 6 > 0 such that, whenever ||Q — Pl|. < 8, we have [[p(A)—Ip(A)| <
c(e) forall A C S
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Suppose Q € B(P,6)and A C S 4 is a measurable set avoiding Q; we must then have
Ip(A) < c(e), and so (by the Supersaturation theorem) o-(A) < mg«(P) + &. We conclude
that mg«(Q) < mga(P) + & whenever Q € B(P, 0).

Now write P = {v,. .., v}, and consider the function gp : (S?)* x O(d + 1) — R given
by

k
gp(x1,. ., T) = ) i = Tl
i=1

Note that this function is continuous, nonnegative and that

i ..o X, T) =0 if and only if ey ~ P,
Terg(ldl}rngP(xl X, T) if and only if {x; X}

By elementary measure theory, we can find a compact set A ¢ S¢ which avoids P and has
measure 0 (A) > mga(P)—e. The continuous function gp attains a minimum on the compact
set Ak x O(d + 1); denote this minimum by 7y, and note that y > 0 since A avoids P.

Let us show that A also avoids Q, for all Q € B(P,y/2k). Indeed, writing Q =
{uy, ..., u}, for any points xi,...,x; € A and any T € O(d + 1) we have that

k k
Dl = Tl = Y i = Tl = T = Tl
i=1 i=1
> gp(x1,... 2, T) = KIQ = Pl

which is at least y/2 > 0 if ||Q — P|| < y/2k. For such configurations we obtain

mg.(Q) > o(A) > mgu(P) — .

We conclude that jmg+(Q) — mg«(P)| < € whenever ||Q — Pl < min{d, y/2k}, finishing
the proof. O

As our definition of the independence density mg.(P) involved a supremum over all P-
avoiding measurable sets A C S, it is not immediately clear whether there actually exists a
measurable P-avoiding set attaining this extremal value of density. In fact, such a result is
false in the case where d = 1 and we are considering two-point configurations {u, v} c S':
if the length of the arc between u and v is not a rational multiple of x, it was shown by
Székely [62] that mg: ({u,v}) = 1/2 but that there is no {u, v}-avoiding measurable set of
density 1/2.

We will now show that extremizer sets exist whenever the configuration we are forbid-
ding is admissible. Note that the result also holds (with the same proof) when forbidding
several admissible configurations; this generalizes to higher-order configurations a theorem
of DeCorte and Pikhurko [23]] for forbidden distances on the sphere.

Theorem 3.17 (Existence of extremizers). If P C S is an admissible configuration, then
there is a P-avoiding measurable set A C S¢ attaining o(A) = mga(P).

Proof. Let Aj,As,--- C S 4 be a sequence of P-avoiding measurable sets whose measure
converges to mg«(P). By passing to a subsequence if necessary, we may assume that
(xa,)i>1 converges to some function f € B, in the weak” topology of L¥(S?).
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By weak® convergence we know that 0 < f < 1 almost everywhere, and that

f J®)do(x) = lim o(A;) = mga(P);
§d i—00

by weak™ continuity we also have Ip(f) = lim;« Ip(A;) = 0. Denoting A := supp f, we
easily conclude that Ip(A) = 0, and also

a(A) = ﬁd)(A(x) do(x) > j;d f(x)do(x) = mgu(P). 3.6)

But Lemma [3.2] implies we can remove a zero-measure subset from A in order to remove
all copies of P. The theorem follows. O

To conclude this chapter, let us make explicit what we can say about the possible inde-
pendence densities when forbidding » distinct contractions of an admissible configuration
P; due to lack of dilation invariance in the spherical setting, characterizing these values in
terms of simpler quantities is much harder than it is in the Euclidean setting.

Denote M3‘(P) := {mga(t1P, P, ..., t,P) : 0 < 1) < 1 < --- < 1, < 1}. Due
to continuity of mgs (Theorem [3.16) this set is an_interval, and its upper extremity is
SuUpy.;<; Mg«(tP). By supermultiplicativity (Lemma the lower extremity of Mid(P)
is at least info,<; mg«(P)", and by asymptotic independence (Theorem [3.14) it can be at
most infy<; Mga(¢P) - liminf,_o mga(zP)*"".

3.7 Remarks and open problems

It is not clear whether the results shown in this chapter should continue to hold when the
configurations considered are not admissible. Our reasons for requiring such a condition
are quite similar to those we had in Euclidean space, and as in the Euclidean setting we
believe that only some sort of non-degeneracy condition should be necessary.

Another question we ask is related to a suspected ‘compatibility condition” between the
Euclidean and spherical settings. Since S¢ resembles R? at small scales, it seem geomet-
rically intuitive that mg.(zP) should get increasingly close to mg«(P) as t — 0, whenever
P is a contractible configuration on S¢. (It is easy to show that a configuration P c S¢
is contractible if and only if it is contained in a d-dimensional affine subspace, so we can
embed it in R?.) We wish to know whether this intuition is correct:

Question 3.18. Is it true that lim,_,o mga(tP) = mga(P) whenever P C S? is a contractible
configuration?

Note that in dimension d = 1 this question has a positive answer, due to DeCorte and
Pikhurko’s characterization [23, Theorem 3.2] of the independence density of two points
in §! and the easy fact that mg: ({0, 1}) = 1/2.



CHAPTER FOUR

An exact completely positive
formulation

This chapter is devoted to obtaining conic programming formulations for the independence
density parameters. We shall do so by extending the cone of completely positive matrices
to multivariable functions on the Euclidean space and the sphere, and then generalizing the
completely positive formulation of the independence number of graphs to certain geometric
hypergraphs.

4.1 A conic linear program for the independence number
of hypergraphs

We say that a symmetric matrix M € R™" is completely positive if it is a conic combination
of rank-one, symmetric and nonnegative matrices; in other words, if there are nonnegative
vectors vy, ..., U, € R} such that

M=0vi®uv;+ -+, ®Uy.

Here the tensor product #®u is the matrix given by (u®v);; = u;v;. The set of all completely
positive matrices forms a closed convex cone of symmetric matrices.

While the problem of optimizing linear functions over the completely positive cone is
NP-hard in general, there has been significant study in this area (see e.g. [6} 18], 9]) since
it provides exact reformulations of interesting but hard combinatorial problems as convex
optimization problems. For instance, de Klerk and Pasechnik [18]] showed that the indepen-
dence number of a finite graph can be formulated as a linear optimization problem over the
cone of completely positive matrices; more precisely, denoting by a(G) the independence
number of a given graph G, they showed that

a(G) = max Y ievc) Mij

2ievie) Mii = 1,
M;; =0 if {i, j} € E(G),
M € RVOXV(©) g completely positive.

4.1

53
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We will now extend this formulation to hypergraphs of higher uniformity, substituting ma-
trices by higher-order arrays and suitably generalizing the completely positive cone.

For convenience, we shall use a more ‘functional’ notation rather than the usual ‘multi-
index’ notation for higher-order arrays. Given an integer k > 2, we define a completely
positive k-array F € R as a conic combination of rank-one, symmetric and nonnegative
k-arrays. In other words, a k-array F € R™ is completely positive if there are nonnegative
vectors vy, . .., v, € R’ such that

F= o408
here v® denotes the k-th tensor power of v, which has coordinates Gy, .. 0) = ]—[];=1 Vi

Given some (finite) k-uniform hypergraph H on vertex set V(H), we then consider the
optimization program

max X vevn FO -0 xi)
Dot xeevarn Flxr, s Xk=1, Xk—1) = 1, 42)
F(xl, ey xk)=0 if {xl, ey xk}EE(H),

F e RV®" s completely positive.

A variation of de Klerk and Pasechnik’s argument for graphs can be used to show that
program (#.2) above is an exact formulation for the independence number of hypergraphs:

Theorem 4.1. Whenever H is a k-uniform hypergraph, the optimal value of program
is equal to a(H).

Proof. Denote bu v the value of program [.2), and write V = V(H) for convenience. It
is easy to show that v > a(H): let I C V be any independent set in H, and consider the
function

k
1
Fr(xi, ..., xp) = T l_[)(l(xi)~
i=1

This function is a feasible solution of (#.2) with value |/]; since I was arbitrary, the optimum
value v is at least a(H).

In order to show the converse inequality v < a(H), consider any feasible solution F of
program (#.2). Since F is completely positive, it can be written as a conic combination

F=> 4t (4.3)
i=1

for some constants A; > 0 and nonnegative functions f; : V — R.,. Let||-||; and ||- ||, denote
the usual L! and L? norms on RV, that is

1/2
Ifh = D1 and 1Al :=(Zlf(x)|2) :

xeV xeV
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After a suitable normalization of (4.3)), we may assume that |[fi|l, = 1 foreach 1 <i < n;
we then have

n k-2
Z F(xy, -~,xk—1,xk—1)=2/l Z (l_lf(xj))fi(xk—l)z
%

X1s ey Xp—1EV i=1 X{yeees Xk—1E€ j=1
-2
z (Zﬁ(x)) (> a0)
xeV xeV

= Zmnﬁn?*.
i=1

The first constraint of program (4.2) thus implies that 37| A £illi™2 = 1; there must
then exist some 1 < j < n satisfying

||f,~||2zZA,-||ﬁ||’r2-||ﬁ||2—Z (Zfoo) D OFGn, w44
i=1

i xeV X1y ey XkEV

Fix such an index j, and denote the support of f; by I; C V. Since F is zero on edges of H
and each function f; is nonnegative, it follows that ]‘[’g=1 fi(x¢) = 0 whenever {xi, ..., x}
is an edge of H; this implies that its support /; is an independent set in H. By Cauchy-
Schwarz we have that

£l = ij(x)XIJ(X) < Wil Wl = 12,172,

xeV

so we conclude from equation (#.4) that the objective function of program (@.2)) for F is at
most |/;]. Since /; is independent in A and F is an arbitrary feasible solution, this implies
that v < a(H) and concludes the proof. O

4.2 A conic linear program for the independence density

We now wish to extend program (4.2) considered above to infinite geometric hypergraphs,
in particular obtaining completely positive formulations for the independence density pa-
rameters.

We will first need to properly extend the notion of completely positive k-arrays to func-
tions F : V¥ — R, with V being an infinite set. The simplest way to do so is to require all
finite induced k-arrays to be completely positive; more formally, we say that a k-variable
function F : V¥ — R is completely positive if for every finite subset U C V the k-array
(F(ui, ..., u)),, . .cu is completely positive. When the set V' is endowed with a topology,
it is convenient to also restrict our attention to those completely positive functions which
are continuous; this requirement gives them much more structure and makes them easier to
work with.

Using this notion, it is now easy to extend program (4.2)) to infinite hypergraphs whose
vertex set is a topological space endowed with a Borel measure. However, it is no longer
clear whether the resulting program is an exact formulation for the appropriate analogue
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of the independence number. The next theorems show that this is still true if we consider
geometric hypergraphs encoding admissible configurations:

Theorem 4.2. Let P C S¢ be an admissible spherical configuration with k points. Then
my.(P) is the value of the following conic optimization program:

Sup (Szl)k F(.X'l, cer xk) dO’k()q, cet -xk)
j(‘sd)k—l F()C], cer -xk—l, xk—l) do—k_l (XI, LR} -xk—l) = 1a (45)

F(xi,...,x) =0 if {xr,....x) =P,
F € C((SHY) is completely positive.

Moreover, the optimal value is attained as a maximum.

Theorem 4.3. Let R > 0 and suppose P C R? is an admissible configuration with k points.
Then my g)(P) is the value of the following conic optimization program:

sup R4 fQ((),R)" F(xq,...,x)dxy...dx;

fQ((),R)k’l F()C], ceey x{{—la -xk—l) d-xl e ka_l = 1, (46)
F(xp,...,x) =0 if {x1,....x} =P,
F € C(Q(0, RY") is completely positive.

Remark 4.4. Although we have stated the results in the case of only one forbidden con-
figuration, similar programs can be obtained when forbidding multiple admissible con-
figurations. The proof that these programs give exact formulations for the corresponding
independence density remains essentially unchanged.

The formal proof of these results will occupy the next three sections, but we can quickly
give an overview of its main ingredients. On a high level, it follows the same general
strategy as the proof of the completely positive formulation for finite hypergraphs; however,
the fact that the program is now infinite-dimensional introduces some additional technical
complications which must be dealt with. For concreteness let us now concentrate on the
spherical case, the Euclidean case being very similar.

Following the proof of Theorem given some P-avoiding measurable set A ¢ S¢ we
are led to consider the function

1 k
FA()C1, N ,xk) = W BXA(X,').

This function is clearly completely positive, and it is easy to see that it satisfies the first two
constraints of program (4.5), and that it has objective value o(A); unfortunately F,4 is not
continuous, as is required in the third constraint. The idea to get around this problem is to
consider instead an ‘averaged’ version of F4, which has the same good properties as the
original function but is now continuous; this is done in Section@

Showing that the optimal value of program (.3) is at most mga(P) is somewhat more
complicated. Since the space of functions considered is infinite-dimensional, we can no
longer decompose a completely positive function into a finite conic combination as we did
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in equation (#.3). The first thing we will show is that any continuous completely positive
function F can be arbitrarily well-approximated (in the supremum norm) by a finite-rank
completely positive function F; this is done in Section

Unfortunately, after passing to a finite-rank approximation, we can no longer guaran-
tee that the function F' we are dealing with is zero on edges of the hypergraph; this was
the crucial property we needed to conclude the proof in the finite case. In order to deal
with the errors introduced by our approximation, we shall use the Supersaturation theorem
(Theorem [3.9); this is the key step in our proof. A suitable application of this result in
conjunction with the arguments used for finite hypergraphs will show that, if the objective
function is noticeably larger than mg«(P), then on average the value of F on edges of H
must be noticeably larger than 0; but this would contradict the fact that F' is a good approx-
imation of F in the supremum norm, which finishes the proof. The details are shown in
Section

One can also obtain a similar completely positive program in the case of the non-
compact Euclidean space R?, but for this we will need to consider some limits. Given
a continuous function F € C((R%)¥) on k > 2 variables, we write

1
M.(F) :=1i _—
W(F) =T sup o TR

1
M, (F):=1 _—
e (F) =l sup o T

f F(xy,...,x)dx;...dx; and
([-T.T14)

f F(xi,. ., X1, X)) dxy ..o dxg-y;
([T, 1))t

these are continuous linear functionals on C((R¢)*) endowed with the supremum norm. As
a corollary to Theorem 4.3 we will obtain:

Corollary 4.5. If P c R? is an admissible configuration on k points, then mga(P) is the
value of the following conic optimization program:

sup My(F)
My1(F) =1,
Fxi,...,xt) =0 if{x1,....,x} = P,
F € C(RHY) is completely positive.

“.7

Moreover, the optimal value is attained as a maximum.

4.2.1 The case of forbidden distances

Let us now turn to the special case of forbidden angles and distances, which correspond to
two-point configurations. In this case, the programs (4.5)) and can be further simpli-
fied and written in a more convenient form; this was first done by DeCorte, Oliveira and
Vallentin [22], who showed (using different arguments) that the corresponding completely
positive formulations are exact.

In the spherical setting, we first exploit the invariance of program ({.5) under the action
of O(d + 1) to show that the optimization variable F' can also be required to be invariant
under this action. More precisely, if we forbid two-point configurations on S¢ forming
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angle 6, we obtain from (#.5) the equivalent program

sup [y fou F(x.y) dor(x) dor(y)

Jya Fx, x)ydor(x) = 1,
F(x,y) =0 if x-y =cos¥,
F € C(S¢ x §7) is completely positive and O(d + 1)-invariant.

The equivalence can be easily seen by transforming any given feasible solution F of pro-
gram (@.5) into the ‘averaged’ function

Flauy) = fo oy PO T

which is a feasible solution of the program above and has the same objective value.

As the orbit of a pair of points (x,y) € S x §¢ under O(d + 1) depends only on their
inner product x - y, it follows that any O(d + 1)-invariant function F : §¢ x S — R can
be written as F(x,y) = f(x - y) for some suitable function f : [-1,1] — R; moreover, if
F is continuous then its corresponding univariate function f is also continuous. We shall
say that a continuous function f : [—1, 1] — R is of completely positive type for S if the
kernel (x,y) — f(x-y), where x, y € S, is completely positive. The last program can then
be equivalently written in the more convenient single-variable form:

sup fo Jsu Fx - y) dor(y) do(x)
S =1, 4.8)
f(cos8) =0,
f € C([~1,1]) is of completely positive type for S<.

Obtaining a single-variable program for distance-avoiding sets in Euclidean space is
similar, but slightly more complicated due to the fact that R? is not compact.

A continuous function f : RY — R is of completely positive type if for every finite set
U c RY the matrix (f(x— y))x’ye y is completely positive. A continuous function f : RY - R
of completely positive type has a well-defined mean value

M(f) = lim —————
R TR T N

fx) dx;

this is a consequence of Bochner’s theorem, as shown in [22].

Note that program (#.7) is invariant under translation, so it is natural to restrict it to
functions which are also translation-invariant. Any translation-invariant completely posi-
tive function F : R? x R? — R can be written as F(x,y) = f(x — y) for some function
f : R? — R of completely positive type; under this identification, one can easily check that
M,(F) = M(f) and M;(F) = f(0). Restricting program (4.7) for sets avoiding distance 1
to translation-invariant functions, we then obtain

sup M(f)

fO)=1, o
f) =0 if|x]l =1, 4.9)
fe C(RY) is of completely positive type.
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By Corollary 4.5] the value of this restricted program is at most mga(1). Moreover, it
is easy to adapt the proof of this corollary in order to show that periodic sets give rise to
translation-invariant feasible solutions of [@.7); it suffices to average over its fundamental
domain when using Lemma[4.8] Since the extremal value mg.(1) can be arbitrarily well-
approximated by periodic sets, this shows that the value of program (4.9) is at least mga(1)
(though this value might no longer be attained).

We conclude from this discussion the following result, which was first proven by
DeCorte, Oliveira and Vallentin [22]:

Corollary 4.6. The optimal value of program [{.8) is mga(0), and it is attained as a maxi-
mum. Moreover, the optimal value of program [{#.9) is mga(1).

We remark that the main result of DeCorte, Oliveira and Vallentin also applies to a
more general class of ‘well-behaved’ infinite graphs, of which distance graphs on R¢ and
S are the main examples. Their methods were also different from those used here in some
essential ways; in particular, they did not use any supersaturation result but instead relied
on deeper analytic arguments.

4.3 Averaging and continuity

In this section we prove two technical lemmas designed to ‘regularize’ a function by taking
averages; this will be necessary when constructing feasible solutions to our optimization
programs from configuration-avoiding sets, and will be used again next chapter.

The first such result we consider is for functions on the sphere:

Lemma 4.7. For all functions fi, ..., fi € LX(S?), the function

k
Aivee ) Groeeeso o [ [ ducr)
ow+1) i

is continuous on (S K.

Proof. For fixed points xi,...,x; € S¢, we can apply Holder’s inequality k — 1 times to

obtain
k k 1/k
f [ [ Ax ducr)| < ]_[( f |ﬁ<Txi>|"du<T)) .
0(d+1) j=i 0o(d+1)

i=1
Since each T'x; is uniformly distributed on S¢ when T is uniformly distributed on O(d + 1),
it follows that the right-hand side of the inequality above is equal to ]—[f,‘:1 || fi|lx; we conclude
that

k
IAKCHs - follo < | T A (4.10)

i=1

For each 1 < i < k, take a sequence (f;,),>1 of continuous functions on S¢ converging
to f; in L* norm. Since S¢ is compact, it follows that each of these functions f; , is uniformly
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continuous; so is their product (xq,...,x;) — Hf;l fin(x;) (for any fixed n > 1). As the
action of O(d + 1) preserves distances, it follows that the average

k
i oo fi) = [ [ ] T ) )
0@+1) i
is also (uniformly) continuous.
Since Ay is multilinear, we have from (4.10) that

IAL(frs fas <o Ji) = DiCfrns fons - o5 Sren)lleo
< ”Ak(ﬁ - fl,n’ f27 LREX} ﬁc)”m + ”Ak(fl,m f2 - fZ,n’ ey f}C)”oo
+e ”Ak(fl,na f2,m ey fk - fk,n)”oo
k i-1
—1

k
< 2 LTl 1 = el [ W = 0.

i j=1 Jj=i+1

Thus (Ax(fins - - -» fin))ns) is @ sequence of continuous functions converging uniformly to
Ai(fi, ..., fi); it follows that the function Ax(fi, ..., fi) is also continuous. O

We will also need an analogue of this result for functions on the Euclidean space:

Lemma 4.8. For all R > 0 and all functions fi, ..., fi € L°(R?), the function

k
Ae(fi, .o fi) e (X1,~--,xk)'—>f l_[ﬁ(xi+y)d!/
Q(0,R)

i=1
is continuous on (RO

Proof. Fix xi,...,x; € R4, and denote by F the restriction of Ag(fi,..., fi) to the set
Hf.‘zl O(x;, 1) € (RY; it suffices to show that F is continuous. Note that F depends only
on the restriction of each function f; to Q(x;, R + 1), so we may assume that supp f; C
O(x;, R+ 1) forl <i<k.

For each 1 < i < k, take a sequence (f;,),>1 of continuous functions supported on
O(x;, R + 1), converging to f; in L¥ norm. Let us first show that Ag( Sins fans oo o5 fin) 18
continuous on (R, for each n > 1.

Fixed n > 1, since each f;, is continuous and compactly supported, it follows that

they are uniformly continuous; so is their product Hle fin- Thus, for every £ > 0 there is
0,(€) > 0 such that

max ||z; — zi|| < 6,(e) = <e.
1<i<k

k k
[ [fin =] | fintzh
i=1 i=1
We conclude that, whenever max <« |lz; — Z/|| < 6,(g), we have

IA(fips - oos fon)@seeosz) = A(fin, -5 Jin)@ls -5 20l

k k
in(zi +y) = in(2 + ))d‘
fQ(O’R»(]—[f zZity l;[f zi+y)|dy

i=1

< f edy = eR%.
0(0,R))
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It follows that Ax(fi, .., fk.n) 1S continuous.
Applying Holder’s inequality k — 1 times we see that, for any functions gi,...,gx in
L¥(RY) and any 71,...,% € R?, we have
k k 1/k k
f l_[gi(Zi + y)‘dy < ]_[ (f lgiCzi + It dy) = ]—[ llgilles
L i=1 \WR i=1
this shows that [|Ax(g1, ... gi)lleo < Hle lgillx. Since Ay is multilinear, we conclude that

IACf1, o oo os ) = Mk(fins Pons - o Sin)lleo
<AL = fins for - os Jllo + IIAf1 s o = fons -+ s fllo
+-o+ ”Ak(fl,m fZ,n’ ) fk - fk,n)”oo
ki1
—1

k
5 Z [ [falle - 1Fs = Fealle - [ T WA == 0.

i j=1 Jj=i+l
Thus (Ax(fins---» fin))ns; 1S a sequence of continuous functions converging uniformly to
F inside Hle O(x;, 1); it follows that F is also continuous. O

4.4 Finite-rank approximations

Our next task is to approximate continuous completely positive functions by finite-rank
completely positive functions. We will do so in the setting of functions defined on compact
metric spaces, though this assumption is not strictly necessary.

For the next lemma we then assume that V' is a compact metric space, endowed with its
Borel o-algebra. The distance between two points x, y € V is denoted by d(x, y).

Lemma 4.9. Suppose F € C(VX) is completely positive. Then for every & > 0 there exist

nonnegative functions fi,..., fy € L(V) such that
N
HF - Z fj®k <e

Proof. Fix & > 0. Since F is continuous on the compact metric space V¥, there exists § > 0
for which
max d(xi, x)) <6 = |F(x1,...,x) — F(x],....,x)| < e.
<i<
Now take a finite 6-net Y of V, that is, a finite subset ¥ C V such that

min{d(x, y): ye Y} <§ forallxeV.

,,,,,

then exist nonnegative functions ¢y, ...,¢y : ¥ — R, for which

N
F(xl,...,xk)=z_

j=11i

k
¢j(x;) forall xi,...,x; €Y.
=1
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Let y1,...,y, be an (arbitrary) ordering of the points in Y. For each 1 < j < N we define
the nonnegative function f; : V. — R, by fj(x) = ¢;(yx), where y; € Y is the point in Y
which is closest to x, and with ties broken in favour of the smallest index.

These functions f; are clearly bounded and (Borel) measurable. Note that F' coincides
with Z?lz 1 fj®k on Y*, and by definition of the set ¥ we conclude that

’F(xl,.. ) - Zﬂf,-(xiw

for all xy, ..., x; € V. The lemma follows. O

4.5 Proof of the completely positive formulations

We can now show that the completely positive formulations given in Section [.2] are exact,
following the proof outline presented in that section.

We start by proving Theorem [.2] on the independence density of admissible spherical
configurations. The other two results are proven through minor variations of the arguments
used in this case, and will be given afterwards.

Proof of Theorem[{.2] Denote by v the optimum value of program (4.5)); we wish to show
that v = mg«(P), and that this optimum value is attained.

The proof that v > mg«(P) is simple. By Theorem there exists an extremal P-
avoiding measurable set A € S, that is, satisfying 0-(A) = mg«(P); consider the function

FaGitoo1%0) =~ fo o] l_[)(A(Tx,)du(T)

By Lemma this function is continuous on (S %)X, It is also completely positive: for any
finite set U c S¢, the cone of completely positive k-arrays on U is closed as a subset of
RY", and so the array (Fa(ui, ... s UK)),, ey 18 completely positive. Moreover, one can
easily check that F satisfies the other two constraints of program (4.5) and has objective
value 0(A), thus showing that v > mg«(P) and that this lower bound can be attained.

In order to show that v < mga(P), fix € > 0 and let 0 < § < & be a small constant to
be chosen later. Let F' be a feasible solution of program (#.5) with objective value at least

v — 6. By Lemmaf.9] there are functions fi,..., fy > 0 such that

N
S5
j=1

From this bound and our assumptions on F, we immediately obtain:

N N
Z”fj”k = f‘“ (ij‘x’k(x],...,xk))da'k(xl,...,xk) >v =26,
= sap \ 4

N & N
Z l_[fj(xi) = Z]‘j®k(x1, ..., X)) <6 whenever {x1,...,x} = P, and
=1

j=1 i=1

<o.

(o]
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N N
DUIAEEAB = f 1 (ij@‘(xl,...,xkl,xkl))dcr"‘l(xl,...,x“) €l1-6 1+4.
j=1 Q0 A

It will be convenient to perform some normalizations with these functions f;, so that
the sum ZN 1|| f]||k 2| f]||2 on the last expression is exactly 1 and the functions we will work

with have L2 norm equal to 1. In order to do this, let us denote C := ZFI A2 £13,

and define the constants 4; := ||fj||’f’2||fj||%/C and the functions g; := f;/||fjll» for each
1 < j < N. Then each g; is non-negative, satisfies ||g;ll, = 1 and

N 1 N
Z llgjli = = Z_; A1 > v - 46, @.11)
N k N k
Z/l] Hg i(xi) < = Z l_[fj(xi) <26 whenever {x|,...,x} =P, (4.12)
J=1 i=1 j=1 i=1
S 1 N k-2 2
;ﬂj == ]Zzl]nfjn1 IfE = 1. “.13)

(We have used that ||fjll; < ||fjll> for the first inequality in (4.12), which holds since we are
in a probability space.)

Equation (.13 can be used to define a probability measure P on the set of indices
{1,2,...,N}, given by P(j) = 4;; 1nequa11ty may then be written as E[|Igj|| ] = v—46.
Foreach 1 < j < N, let us define the set A; {x € S?: g;(x) > &} corresponding to points
where ¢, is not too small; then

v — 45 < E[llg,I1] = E[(g}. xa,) +(g)» Xs014,))’]

< E[(llgll2 Lxa, Il + &)°]
< E[o(A))] + 3¢,
where we used that ||g;|l = 1. Since ¢ < &, this implies that
E[o(A)] = v -Te. (4.14)
Let us now show that E[o"(A )] < mg«(P) + 2¢ if 6 is chosen small enough. Suppose
this is false, so that E[o"(A )] > mga(P) + 2¢; by averaging, this implies that
P(o(Aj) = mga(P) + €) > &.

Integrating inequality (4.12)) over all congruent copies of P on S¢, and then using that
gj = € Xa, for all j, we obtain

N
26 > Z AIp(g;) = E[1p(g))]

j=1
> E[e"Ip(A))]
> " P(0(A;) > mgu(P) + &) E[Ip(A)) | 0(A)) > mga(P) + £]
> eV E[Ip(A)) | o(A)) > mga(P) + €].
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By the spherical Supersaturation theorem (Theorem [3.9), this last expression is at least
&*le(e) > 0. But this cannot happen if we choose ¢ := e+le(e)/3, thus proving that for
this value of ¢ we have E[o (4 )] < mg«(P) + 2¢.

Combining this last bound with inequality (.14), we conclude that mg«(P) > v — 9¢;
since & > 0 is arbitrary, this finishes the proof. O

The proof of the completely positive formulation for mg, gy(P) is very similar:

Proof of Theorem[{.3] Given some § > 0 and a P-avoiding set A € Q(0, R) of positive
measure, consider the function

k

1 1
Fo(xi,..., =— i +y)dy.
a(x Xk) VOl(A)T 57 L(O,é)]l;[XA(xl y)dy

By Lemma 4.8] this function is continuous; by the same argument as before, it is also
completely positive. Note that

)
FA(xl, RN ,xk,l,xk,l)dxl .. .dxk,l
(0, B!

k-1
1 1 f ( f
— Xalxi +y)dx; | dy
vol(A)k-1 ¢ Q(O,&)B o0

11
vol(AY-1 64

f vol(A N O(y, R dy.
0(0,0)

Since vol(A) — dSR?™! < vol(A N Q(y, R)) < vol(A) for all y € Q(0, 6), it follows that the
last expression lies between (1 — dSR* "/ vol(A))*! and 1. Likewise, we obtain

doR4!
-

k

1
doo.0(A) < =5 Fo(x1s.. ., x0) dx ...dx < dgo,py(A).
Vol(A)) 00 R < i fQ(O,R)k AL X) dxy - dxy < doo,p(A)

Taking 6 > 0 small enough, we conclude that an appropriate multiple of Fj will be a
feasible solution of program (#.5) with objective value as close as we wish to dg,g)(A).
This shows that v > mg, g)(P).

The proof of the converse direction is almost exactly the same as the one presented in
the spherical case; the only differences are that we now use the supersaturation property
given in Lemma[2.9] and that the value of § we take in the arguments must also depend on
the (fixed) parameter R. ]

Finally, we now make use of Theorem [4.3]and similar arguments as before in order to
show that the completely positive formulation for mg.(P) is exact:

Proof of Corollary[d.5] We first show that there is a feasible solution of program with
objective value mgs(P). By Theorem [2.18] there is a measurable P-avoiding set A ¢ R¢
with well-defined density d(A) which attains d(A) = mg«(P); consider the function

k
1
Falxi,...,x) = dANT fQ(o ) l_[XA(xi +y)dy.
D iz
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By the same argument as in the last proof, we see that F4 is a feasible solution of program
(@.7), and has objective value My(Fs) = d(A) = mga(P).

For the converse direction, take any feasible solution F of program (.7). Given & > 0,
let Ry > 0 be a number such that

1

WL(O . F(xy,....x_ 1, x-1)dxy...dxg_ M (F)+e=1+¢ (4.15)

holds for all R > Ry. Now, for a given R > R, denote by Fr : Q(0, R) — R the restriction
of F to Q(0, R), normalized so that

FR()C], . ,xk_l,xk_l)dxl . dxk_l =1.
(0, R)!

This function Fp is clearly a feasible solution of program (.3, so by Theorem [4.2] its
objective value is

1
ﬁ kFR(xl,...,xk)dxl... dxy SmQ(O,R)(P).
0(0, Rk

By inequality (4.13), this implies that

1
(R

f kF(xl,...,xk)dxl... dka(1+8)mQ(0!R)(P).
0(0, Ry

Since this holds for all R > Ry and mg, z)(P) — mgs«(P) as R — oo, we conclude that
M (F) < (1 + &) mga(P). The corollary follows. |

4.6 Remarks and open problems

An obvious question that presents itself is whether the condition that the configuration
considered is admissible is truly necessary. The reason we needed this assumption in our
proofs was the use of a suitable Supersaturation theorem, whose proof in turn uses the
corresponding Counting lemma. 2 However, the Supersaturation theorem looks weaker
(and thus less stringent) than the Counting lemma, and it is conceivable that it should
remain true even when the Counting lemma does not hold (for instance, when in R4 and the
configuration considered is nonspherical). Our proof should remain essentially unchanged
whenever there is a suitable supersaturation result for the configuration (or configurations)
being avoided.

More generally, one can ask for which infinite hypergraphs the corresponding com-
pletely positive formulation is exact, that is, equal to the corresponding notion of indepen-
dence ratio. It seems that here again the bottleneck is the existence of a supersaturation
result for the edges of the hypergraph; both the process of constructing feasible completely
positive solutions from measurable independent sets (albeit by making use of Urysohn’s
lemma and losing attainability as maximum) and the construction of finite-rank approxi-
mations can be made much more general.

We note that DeCorte, Oliveira and Vallentin [22] did not rely on any supersaturation
result to obtain their completely positive formulations (4.8} and (&.9) for the independence
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ratio of distance graphs. Instead, they relied on a better understanding of the cone of
completely positive kernels and on deeper analytic arguments. It might be possible to
adapt their methods also to ‘well-behaved’ infinite hypergraphs, and thus attain a greater
generality than that obtained from our methods.



CHAPTER F1VE

A recursive Lovasz theta number
for simplex-avoiding sets

Regular simplices being the simplest ‘higher-dimensional’ point configurations, we shall
devote the present chapter to computing good upper bounds for their independence densi-
ties, both in Euclidean space and on the sphere.

This will be done by recursively extending the Lovdsz theta number from graphs to
geometric hypergraphs encoding such configurations, and then analyzing the resulting op-
timization program. We follow the paper “A recursive Lovasz theta number for simplex-
avoiding sets” [12], which is joint work of the author with Fernando de Oliveira Filho,
Lucas Slot and Frank Vallentin.

5.1 The theta number of graphs and generalizations

The Lovasz theta number ¥(G) of a finite graph G can be defined as a relaxation of the
(exact) completely positive program (4.1)) to the cone of positive semidefinite matrices;
more explicitly, G) is equal to the optimal value of

max 3 ieviG) Mij

2ievicy Mii = 1,
M;; =0 if {i, j} € E(G),
M € RVOXV(©G) g positive semidefinite.

It is known that this parameter satisfies a(G) < HG) < ¥(G), where (G) is the indepen-
dence number of G and y(G) is the chromatic number of the complement of G (that is,
the edges in G are the non-edges of G and vice versa); the theta number can be computed
efficiently using semidefinite programming.

Originally, Lovész [46] introduced ¢ to determine the Shannon capacity of the 5-cycle.
The theta number turned out to be a very versatile tool in optimization, with applications in
combinatorics and geometry. It is related to spectral bounds like Hoffman’s bound, as noted
by Lovéasz in his paper, and also to Delsarte’s linear programming bound in coding theory,
as observed independently by McEliece, Rodemich, and Rumsey [48] and Schrijver [58].

67
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Bachoc, Nebe, Oliveira, and Vallentin [4] extended ¢ to infinite geometric graphs on
compact metric spaces. They also showed that this extension leads to the classical linear
programming bound for spherical codes of Delsarte, Goethals, and Seidel [25]; the linear
programming bound of Cohn and Elkies for the sphere-packing density [[13] can also be
seen as an appropriate extension of ¢ [19, 21]. These many applications illustrate the
power of the Lovdsz theta number as a unifying concept in optimization; Goemans [38]
even remarked that “it seems all paths lead to 9!”.

We will show how a recursive variant of © can be used to find upper bounds for the
independence ratio of geometric hypergraphs encoding regular simplices on the sphere and
in Euclidean space; this will lead to upper bounds for the independence densities of these
configurations, and also to new bounds for a problem in Euclidean Ramsey theory.

5.1.1 Simplex-encoding hypergraphs

Asetof k+1 > 2 points {xy, ..., x;+1} in Euclidean space R? is a unit k-simplex if [lx; = x|l =
1 for all i # j. We shall denote a unit k-simplex (up to congruence) by Sy; then R contains
copies of Sy whenever k < d.

Similarly, we shall call a set of k + 1 > 2 points {xy, ..., Xx+1} in the d-dimensional unit
sphere S¢ a (k, t)-simplex if x; - x ;= tforalli# j. Note that a (k, 7)-simplex is congruent
to (2 — 21)'/28,, but it will be more convenient to work with inner products rather than
Euclidean distance when we are on the unit sphere. There is a (k, ¢)-simplex in §¢ for
every k <dandrte[-1/k, 1).

We are interested in obtaining good upper bounds on the independence density of unit
k-simplices in R and of (k, )-simplices in S.

On the unit sphere

Fixd > k > 2 and t € [-1/k, 1). For notational convenience, let us denote
aga(k, t) :=sup{o(l): ICS 4 is measurable and avoids (k, t)-simplices };

note that aga(k, 1) = mga((2 — 2)'/28;). This is the independence ratio of the hypergraph
whose vertex set is S and whose edges are all (k, f)-simplices.

In Sectionwe shall define the parameter (S ¢, k, ) recursively as the optimal value
of the problem

sup [y fou S(x - y) dor(y) dor(x)
fa=1,
F@O <S4 k=1, t/(1 + 1)),
f € C([-1,1]) is a function of positive type for $¢

for k > 2. The base of the recursion is k = 1: #(S %, 1, 1) is the optimal value of the problem
above when the constraint “f(¢) < (S9!, k— 1, t/(1 + 1)) is replaced by “f(1) = 0”.

From Theorem below it follows that #(S9, k, f) > aga(k, t). Using extremal prop-
erties of ultraspherical polynomials, an explicit formula can be computed for this bound, as
we show in Theorem [3.3]
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In Euclidean space

Transferring these concepts from the compact unit sphere to the non-compact Euclidean
space requires a bit of care; this is done in Section
As in the spherical setting, the parameter

mg.(Sy) = sup{ d(I) : I € RY is measurable and avoids unit k-simplices }

has an interpretation in terms of a hypergraph on the Euclidean space, and again we can
bound the independence ratio of this hypergraph from above by an appropriately defined
parameter #(R?, k). Theorem gives an explicit expression for $#(R?, k) in terms of
Bessel functions and ultraspherical polynomials.

5.1.2 The Main Theorem and combinatorial consequences

In Section we analyze the upper bounds (S, k, 1) for simplex-avoiding sets on the
sphere and ¥(R?, k) for simplex-avoiding sets in Euclidean space by using properties of
ultraspherical polynomials, obtaining the following theorem.

Theorem 5.1. Let k > 1 be an integer. Then:

(i) for every t € (0,1), there is a constant ¢ = c(k, t) € (0, 1) such that HS9, k, 1) <
(c+o(1));

(ii) there is a constant ¢ = c(k) € (0, 1) such that 9(R?, k) < (¢ + o(1))*.

From this result we obtain exponentially decaying upper bounds on the independence
densities mg(Sy) and mga(£Sy), for 0 < € < V2. Estimates for the exponential bases
c(k, t) and c(k) will be computed in Section We will also compute the value of
H(RY, k) for all 2 < k < d < 10 (see Table , thus obtaining numerical upper bounds for
the corresponding values of mga(Sy).

Euclidean Ramsey theory

The central question of Euclidean Ramsey theory is: given a finite configuration P of points
in RY and an integer r > 1, does every r-coloring of R? contain a monochromatic congruent
copy of P?

The simplest point configurations are unit k-simplices, which are known to have the
exponential Ramsey property: exponentially many colors (in the dimension) are needed
to avoid monochromatic unit k-simplices in R?. This was first proved by Frankl and Wil-
son [36] for k = 1 and by Frankl and R&dl [34] for k£ > 2. Results in this area are usually
proved by the linear algebra method; see also Sagdeev [54]].

Recently, Naslund [49] used the slice-rank method from the work of Croot, Lev, and
Pach [15]] and Ellenberg and Gijswijt [30] on the cap-set problenﬂ to prove that

YR, 2) > (1.01466 + o(1))¢,

IThe slice-rank method is only implicit in the original works; the actual notion of slice-rank for a tensor was
introduced by Terence Tao in a blog post (https://terrytao.wordpress.com/2016/05/18/a-symmetric-formulation-
of-the-croot-lev-pach-ellenberg-gijswijt-capset-bound/).
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where y(R?,2) is the minimum number of colors needed to color the points of R? in such
a way that the vertices of any equilateral triangle of unit side length do not all get the same
color. This is the best lower bound known at the moment.

For simplices of higher dimension there are also explicit lower bounds known for the
chromatic number y(R?, k). The current best was obtained by Sagdeev [53]] using a quanti-
tative version of the Frankl-Ro6dl theorem, and reads

Qk+4

YR ) > (1 + 2# + 0(1))d.

If we restrict our colorings to have measurable color classes, then from Theorem [5.1]
we get an exponential lower bound for )(m(Rd, k), the measurable counterpart of X(Rd k),
due to the simple inequality
(R k) - mpa(Sp) > 1.

Rigorous estimates of the constant ¢ in the theorem then yield significantly better lower
bounds than those currently known.
Indeed, in the case k = 2 we obtain (see Section [5.4.1))

m3i(S») < (0.95622 + o(1)),

and so
xm(RY,2) > (1.04578 + o(1))°.

We also obtain the rougher estimate

1 d
me(Sp) < (1 ot 0(1)) ,

valid for all £ > 2, which immediately implies

1 d
(R ) > (1 tom 0(1)) .

5.2 Simplex-avoiding sets on the sphere

We call a continuous kernel K: ¢ x S¢ — R positive if for every finite set U C S¢ the
matrix (K(x, y))x’yeU is positive semidefinite. A continuous function f: [-1,1] — R is of
positive type for S if the kernel (x, y) — f(x - y), where x, y € S, is positive.

Fixd > k>?2and t € [-1/k, 1). For any y > 0, consider the optimization problem:

sup [o, fou f(x - y) do(y) do(x)

f=1, G.1)
f@ <y,
f € C([—1,1]) is of positive type for S¢.

Theorem 5.2. Fixd>k>2,te[-1/k, 1). Ify > age-1(k — 1, t/(1 + 1)), then the optimal
value of (3.1)) is an upper bound for aga(k, t).
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Figure 5.1: The set U,, with r = 0.5 and a (2, t)-simplex on S2.

Proof. Letl C S 4 be a measurable set that avoids (k, t)-simplices and assume o (1) > 0.
Consider the kernel K: S¢ x §¢ — R such that

K(x,y) = fo y 1))(I(Tx))(z(Ty)d,u(T),

where y; is the characteristic function of 7 and where y is the Haar measure on O(d + 1).

By Lemma[4.7] we have that K is continuous. By construction, K is also positive and
O(d + 1)-invariant, that is, K(Tx, Ty) = K(x,y) forall T € O(d + 1) and x, y € S¢. Such
kernels are known to be of the form K(x,y) = g(x - y), where g € C([-1, 1]) is of positive
type for S¢. Note that

K(x,x) = f x1(Tx) du(T) = o (D),
O@d+1)

sog(l)=0) > 0.
We set f = g/g(1). Immediately we have that f is continuous and of positive type and
that f(1) = 1; moreover

L fsd f(x-y)do(y) do(x) = o (D).

Hence, if we show that f(¢) < vy, the theorem will follow.

If x € S%is a point in a (k, f)-simplex, all other points in the simplex are in U,, =
{(yeS%:y-x=t)(see Figure . Note that U, is a (d — 1)-dimensional sphere with
radius (1 — 7%)!/2; let v be the surface measure on U, normalized so the total measure is
1. If T € O(d + 1) is any orthogonal matrix, then 71 avoids (k, f)-simplices. Hence if
x € T1, then TIN U, cannot contain k points with pairwise inner product ¢. After applying
a transformation U,, — S9!, we thus see that (TT1 N U,,) < agai(k— 1, t/(1 + 1)) < .
Indeed, if two points in U,, have inner product ¢, a small computation shows that the
corresponding points in S¢~! have inner product ¢/(1 + ¢).
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Now fix x € S¢ and note that

g9(t) = f K(x,y) dv(y) = f f xi(Tx) x1(Ty) du(T) dv(y)
Uy, U, JO(d+1)

= f x1(Tx) f x1(Ty) dv(y) du(T)
O(d+1) Uy
<vyo(),
whence f(f) <y, and we are done. O

One obvious choice for y in Problem (5.1)) is the bound given by the same problem for
(k= 1, t/(1 + 1))-simplices. The base for the recursion is k = 1: then we need an upper
bound for the measure of a set of points on the sphere that avoids pairs of points with a
fixed inner product. Such a bound was given by Bachoc, Nebe, Oliveira, and Vallentin [4]
and looks very similar to (5.1). They show that, for d > 1 and 7 € [—1, 1), the optimal value
of the following optimization problem is an upper bound for ag«(1, ?):

sup [y fou fCx - y) do(y) dor(x)

f=1, (5.2)
f() =0,
f € C([-1, 1)) is a function of positive type for §¢.

(Note that this also follows immediately from our Corollary .6])

Let 9(S9, 1, 1) denote the optimal value of the optimization problem above, so that
9SS 1, 1) > aga(1, t). Fork > 2 and t € [-1/k, 1), let (S, k, t) be the optimal value of
Problem (5.1) when y = %S, k - 1, ¢/(1 + )). We then have

IS, k, 1) > agak, 1) = mga((2 - 20)'2S)).

There is actually a simple analytical expression for #(S?, k, 1), as we see now. For
d>1landj>0,let P;i, denote the Jacobi polynomial with parameters @ = 8 = (d — 2)/2

and degree j, normalized so that P”I.’ (1) = 1 (for background on Jacobi polynomials, see the
book by Szegé [60]). ‘

In Theorem 6.2 of Bachoc, Nebe, Oliveira, and Vallentin [4] it is shown that for every
t € [-1,1) there is some j > 0 such that Pj.’(t) < 0. Theorem 8.21.8 in the book by
Szego [60] implies that, for every ¢ € (-1, 1),

lim P4(r) = 0.

Jj—oo
Hence, for every t € (—1, 1) we can define
My(t) = min{ P4(1) : j 2 0}, (5.3)
and we see that M,(r) < 0. With this we have [4, Theorem 6.2]

—M,(t)

9S4 1,0 = oM

The expression for HSY, k, 1) is very similar:
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Theorem 5.3. Ifd >k >2andt € [-1/k, 1), then

IS k=1, t/(1 + 1) — My(®)

HSY, k, 1) = T30

(5.4)

The proof requires the following characterization of functions of positive type due to
Schoenberg [57]]: a function f: [-1,1] — R is continuous and of positive type for S d if

and only if there are nonnegative numbers fy, fi, ... such that Z;io fi < coand
fy =" fPlo, (5.5)
j=0

with uniform convergence in [—1, 1].

Proof of Theorem[5.3] The orthogonality of the Jacobi polynomials P;’ implies in particular

that, if j > 1, then
f f Pi(x - y) dor(y) do(x) = 0.
S§d Jsd

Use this and Schoenberg’s characterization of positive type functions to rewrite (5.1)), ob-
taining the equivalent problem

sup fo
Zjiofj =1
T30 PO <9ST k=1,1/(1 +1)),
fi=0forall j>0.

To solve this problem, note that

W0
j=0

is a convex combination of the numbers P‘j’ (). We want to keep this convex combination

below #(S 9!, k—1, t/(1+1)) while maximizing fy. The best way to do so is to concentrate
all the weight of the combination on fy and f;-, where j* is such that Pj (7) is the most

negative number appearing in the convex combination, that is, P;ﬂ (1) = My(t). Now solve
the problem using only the variables f, and fj- to get the optimal value as given in the
statement of the theorem. O

The expression for #(S¢, k, 0) is particularly simple. Indeed, for d > 1 it follows from
the recurrence relation for the Jacobi polynomials that M;(0) = PZ(O) = —1/d, whence

S, k, 0) = k/(d+1).

Figure shows the behavior of %S¢, 2, ) for a few values of d as ¢ changes. Plots
for k > 3 are very similar.
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v

Figure 5.2: Plots of S, 2, )fort € [-0.5,1)and d =2 (top) and 4 (bottom).

5.3 Simplex-avoiding sets in Euclidean space

An optimization problem similar to (5.1)) provides an upper bound for mg«(Sy). To intro-
duce it, we need some definitions and facts from harmonic analysis on R?; for background,
see e.g. the book by Reed and Simon [52].

A continuous function f: R? — R is of positive type if for every finite set U C R?
the matrix (f(x — y))x’yeu is positive semidefinite. A continuous function f: RY — R of
positive type has a well-defined mean value

M(f) = lim ————
(f) TE;I;’ VOI[—T, T]d [-T.T]¢

f(x)dx.

We say that a function f: R? — R is radial if f(x) depends only on ||x||. In this case, for
t > 0 we denote by f(¢) the common value of f for vectors of norm .
Fix integers d > k > 2. For every y > 0, consider the optimization problem

sup M(f)
f) =1,
f) <y,

f: R? — R is continuous, radial, and of positive type.

(5.6)

We have the analogue of Theorem [5.2}

Theorem 5.4. Fix integersd > k > 2. Ify > aga-1(k — 1, 1/2), then the optimal value of
(3:6) is an upper bound for mg.(Sy).
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Proof. Let I C R? be a measurable set of positive upper density avoiding unit k-simplices.
The first step is to see that we can assume that [ is periodic with periodicity lattice RZ,
for some R > 0. Indeed, fix R > 1/2. Erase a border of width 1/2 around I N [-R, R]¢
and paste the resulting set periodically in such a way that there is an empty gap of width 1
between any two pasted copies. The resulting periodic set still avoids unit k-simplices and
is measurable. Its upper density is

vol(I N [-R +1/2, R—1/2]%)
vol([-R, R]%) ’

by taking R large enough, we can make this density as close as we want to the upper density
of 1.

Assume then that [ is periodic with periodicity lattice RZ¢, so its characteristic function
X1 1s also periodic. Set

1
g(x) = I f X1 xi(x +y)dy.
0(0,R)

Lemma[4.8]applied to y; implies that g is continuous. Direct verification yields that g is of
positive type. Moreover, g(0) = d(I) and M(g) = d(I)*.
Now set

fx) = day™ f g(Tx)du(T),
0(d)

where pu is the Haar measure on O(d). Note that f is continuous, radial, and of positive
type. Moreover, f(0) = 1 and M(f) = d(I). If we show that f(1) < v, then f is a feasible
solution of (5.6) with M(f) = d(I), and so the theorem will follow.

To see that £(1) <y, note that if x is a point of a unit k-simplex in R, then all the others
points in the simplex lie on the unit sphere x + S9! centered at x. Hence if x € I, then
I N (x+S%7) is a measurable subset of x + S that avoids (k- 1, 1/ 2)-simplices, and so
the measure of 7 N (x + S9°!) as a subset of the unit sphere is at most age-1 (k — 1, 1/2). So
if £ € RY is any unit vector, then

fQ) = day™ f g(T&) du(T)
0O(d)
— 1
- day! f o f X1 xi(TE + x) dxdu(T)
O(d) 0(0,R)

- 1
—dn g [ o [ e s odunax
R Jow,m 0
<agaeik—1,1/2) <y,
as we wanted. m]

Denote by $(R?, k) the optimal value of (5.6) when setting y = #(S¢!, k- 1, 1/2).
Then 9(R?, k) > mga(Sy).
An expression akin to the one for #(S¢, k, £) can be derived for (R?, k). For d > 2 and
u >0, let
Quu) = T(d/2) /)" J gy p(w),
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d\k 2 3 4 5 6 7 8 9 10
2 0.64355 — — — — — — — —
3 0.42849  0.69138 — — — — — — —
4 0.29346  0.49798  0.73225 — — — — — —
5 0.20374  0.36768  0.55035  0.76580 — — — — —
6 0.15225 0.28471 042777 0.60262  0.79563 — — — —
7 0.11866  0.22740  0.34071  0.48493  0.64681  0.81972 — — —
8 0.09339  0.18405 0.27471  0.39559  0.53374  0.68268  0.83882 — —
9 0.07387  0.15030  0.22864  0.33042  0.44903 0.57816  0.71431  0.85537 —
10 0.05846  0.12340  0.19194 0.27851  0.38158  0.49496 0.61521 0.74026  0.86882

Table 5.1: The bound H(RY, k) ford = 2, ..., 10 and k = 2, ..., 10, with values of d on
each row and of k on each column.

where J, is the Bessel function of the first kind with parameter a. Let m, be the global min-
imum of Q,, which is a negative number (cf. Oliveira and Vallentin [20]]). The following
theorem is the analogue of Theorem5.3]

Theorem 5.5. Ford > 2, we have

NS, k=1, 1/2) —my

IRY, k) = T

The proof uses again a theorem of Schoenberg [56]], that this time characterizes radial
and continuous functions of positive type on R¢: these are the functions f: RY — R such
that

f) = fo Quzllxl) dv(2) 5.7

for some finite Borel measure v.

Proof. If f is given as in (3.7), then M(f) = v({0}) (see e.g. §6.2 in DeCorte, Oliveira,
and Vallentin [22]). Using Schoenberg’s theorem, we can rewrite (3.6) (with y being
HSE k-1, 1/2) equivalently as:

sup v({0})
([0, ) =1,
I Qa(2)av(z) < 9S4, k-1, 1/2),
v is a Borel measure.
We are now in the same situation as in the proof of Theorem [5.3] If z* is such that

my = Qu(z"), then the optimal v is supported at O and z*. Solving the resulting system
yields the theorem. O

Table contains some values for #(R?, k), which are then upper bounds for mgs(Sy).
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5.4 Exponential density decay

In this section we analyze the asymptotic behavior of 9(S¢, k, ¢) and (R, k) as functions
of d, proving Theorem [5.1]
The main step in our analysis is to understand the asymptotic behavior of

My(r) = min {P4(r) : j = 0},

as defined in (5.3). For r € [-1,0), it is possible to show that lim;_,., My(f) = ¢, and so
M,(t) does not approach 0. We have seen in Section@] that M,(0) = —1/d, so fort = 0
we have that M,(f) approaches O linearly fast as d grows. Things get interesting when
t € (0, 1): then M,(t) approaches 0 exponentially fast as d grows.

Theorem 5.6. For everyt € (0, 1) there is ¢ € (0, 1) such that |My(t)| < (c + o(1))".

We will need the following lemma, whose proof is a refinement of the analysis carried
out by Schoenberg [57]].

Lemma 5.7. Iffor 6 € (0,7) and 6 € (0, /2) we write
C = (cos® 0 + sin® @sin’ 5)'/2,
then |P‘]’.l(cos 0)| < nd"? cos®3 6+ C/ foralld > 3.
Proof. An integral representation of Gegenbauer for the ultraspherical polynomials (take

A =(d —2)/2 in Theorem 6.7.4 from Andrews, Askey, and Roy [2]) gives us the formula

Pj(cos ) = R(d)™! f " F(¢) sin?> ¢ dg,
0

where )
F(¢) = cos@ +isinfcos¢ and R(d) = f sin?-3 b de.
0

Note that |[F(¢)]> = cos?6 + sin*6cos® ¢ and that |F(¢)| < 1. Split the integration
domain into the intervals [0, 7/2 — 6], [7/2 — 8, /2 + 6], and [7/2 + 6, ] to obtain

IPl(cos 0)] < R(d)”! f " Pl sin'™> g do
0 /20 7/2+6 '
<2R(d)™ f sin™® ¢ dep + R(d)™! |F (@) sin®=3 ¢ dop.
0 /26

For the first term above, note that

72T - 1)

R =T@-vm -

Use Gautschi’s inequality to conclude that R(d) > 7'2((d - 1)/2)""/2, and hence

R <77 '2((d - 1)/2)'? < a'/%.
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Now

T /2—8 T /2—8
2R(d)”! f sin=® ¢ dgp < 2d'? f sin= (/2 - 6) d¢
0 0

=2d"?(x)2 - §)cos?3 &

< wd"? cos?3 6.

For the second term we get directly

T/ 240 ) T/2+8 ) )
R(d)™! f , |F(¢)l sin?™ ¢ dgp < R(d)™" , Clsin? 3 ¢dp < €,
n/2-6 n/2-6

and we are done. O
We can now prove the theorem.

Proof of Theorem[5.6] Our strategy is to find a lower bound on the largest jo such that
P;’(t) > 0 for all j < jy. Then we know that M,(¢) is attained by some j > jj, and we can
use Lemma[5.7to estimate |M,(r)|.

Recall [60] that the zeros of Pj’ are all in [—1, 1] and that the rightmost zero of P;i L 18
to the right of the rightmost zero of P?. Let C j denote the ultraspherical (or Gegenbauer)
polynomial with parameter A and degree j, so

C(d—Z)/Z(t)
() L —— (5.8)
Y c9R(y '
J

Let x; be the largest zero of C?. Elbert and Laforgia [29} p. 94] show that, for 4 > 0,

) .
2 <24
P+ ?

If for a given j we have that
2+ 2]
L2=2 o, (5.9)
(J+a?

then we know that the rightmost zero of Cj. is to the left of ¢, and so Cf(t) > 0.
Note that the left-hand side in (3.9) is increasing in j. Let us estimate the largest j for
which holds. We want

F+22j -2+ ) <0.

The left-hand side above is quadratic in j, and since > < 1 the coefficient of j? is positive.
So all we have to do is to compute the largest root of the left-hand side, which is 2a(#)4,
where a(t) = (1 — 2~ - 1)/2.

Hence for j < 2a(f)A we have C}l(t) > 0. From (3.8) we see that P;?(t) > 0if

j < a(d - 2a(t).
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0.9383 1

v

—

Figure 5.3: The best constant ¢ obtained in our proof of Theorem for each value of
te(0,1).

Now plug the right-hand side above into the upper bound of Lemma[5.7]to get

IMy(0)| < (nd""? cos™ 6) cos? § + C4Dd=2a)
= 0(d'?)cos’ 6 + O(1)(CVY,

with C as defined in Lemmal[5.7| with cos 6 = ¢. For any choice of ¢ € (0, 7/2), we have that
cos o, C € (0, 1), and since a(t) > 0 for all ¢ € (0, 1), the theorem follows. O

The constant ¢ given in Theorem [5.6] depends on 7. Following the proof, we can find
the best constant for every ¢ € (0, 1) by finding 6 € (0,7/2) such that cos§ = C*?. This
leads to the equation

-1/2_1
9

cos* 6 = (2 + (1 — ) sin? )1~ (5.10)

we can then take ¢ = cosd > 0. Figure [5.3]shows a plot of the best constant ¢ for every
te(0,1).

We now obtain exponential decay for HSY, k, 1), for any kK > 2 and ¢ € (0, 1). Indeed,
consider the recurrence Fo = t and F; = F;_1/(1 + F;_1) for i > 1, whose solution is
F; = t/(1 + it). Using Theorem [5.6]to develop our analytic solution (5.4), we get

k-1 k-1

ISk )~ Y IMa(Fl = ) IMa-i(t/(1+ in)] (5.11)

i=0 i=0

(We write a,, ~ b, to mean that lim,,_,., a,/b, = 1.) Since ¢/(1 + it) > O for all i, each term
decays exponentially fast, and so we get exponential decay for the sum.
We also get exponential decay for #(R?, k) and any k > 2, since from Theorem we

have that
k-2

IR, k) ~ Imql + Z [Ma-i(1/2 + D). (5.12)
i=0

From Theorem [5.6| we know that every term in the summation above decays exponentially
fast. Oliveira and Vallentin [20] give an asymptotic bound for m, that shows that |m,]| also
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decays exponentially in d, namely
Imal < (2/e + o(1)¥? = (0.8577 ... + o(1))".

This finishes the proof of Theorem[5.1]

5.4.1 Explicit bounds

We now compute explicit constants c(k, ¢) and c(k) which can serve as bases for the expo-
nentials in Theorem [5.1] in particular obtaining the bounds advertised in Section[5.1.2]

Our main tool is the estimate given in (5.10) for the constant in Theorem[5.6] Writing
¢ for the (unique) positive solution cos ¢ of this equation and taking 6 € (0,7/2) such that
cos 6 = t, we can rewrite (5.10) in the more convenient form

GAsin0/(=sinf) _ | _ 2020 (5.13)

For this value of ¢ we have from Theoremthat IM4(D)] < (¢ + o(1))~. Using the asymp-
totics (5.11)) and (5.12), we can then find good upper bounds for the constants c(k, ) and
c(k), respectively.

For specific values of 6 equation (5.13) is quite easy to solve numerically; for instance,
for & = n/3 (corresponding to t = 1/2) we obtain ¢ = 0.95621..., and so [M,(1/2)| <
(0.95622 + o(1))?. We can also get a rougher estimate valid for all 8 € (0,7/2) by using
Bernoulli’s inequality: writing ¢ = 1 — x, by Bernoulli’s inequality we get

4siné
1 —sinf
1-(1—-x)?sin?6 < 1-(1-2x)sin’6.

(1 _ x)4sin6/(1—sin«9) >1— X,

Equating the left-hand sides of both inequalities above and solving for x, we obtain

sinf(1 — sin 0)
c=1-x<1- - - .
4 + 2sin§(1 — sin H)

In particular, when cos 6 = 1/k we obtain

d
+o(1)

1
My(1/k)| <1 -
a0 ( 4k2(1 + VK2 /(K2 - 1))+ 2
1 d
S(l—@+o(l))

for all k > 3 (and also for k = 2 by our previous bound).
We then have

HRY, 2) ~ myl + [My(1/2)] < (0.95622 + o(1))*

and, for higher values of &,

1 d
IR, k) ~ [My_saa(1/K)] < (1 gt o(l)) .
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5.5 Remarks and open problems

Our methods to give lower bounds on the measurable chromatic numbers ym@®R9, k) do
not immediately extend to y(R?, k), though they easily imply the following approximate
version of the general coloring problem.

Lemma 5.8. Given any coloring of R using less than 1/mgi(Sy) colors, one of the color
classes must contain configurations arbitrarily close to Sy; in fact, this color class must
contain configurations arbitrarily close to {Sy, for every £ > 0.

Proof. Consider any partition RY = (JI, V; into n < 1/mg(Sy) classes. By taking the
closure of each part, we obtain a cover of R4 into n measurable sets V,-; one of these sets,
say V;, must have upper density at least 1/n > mga(Sy). Since mga(£S;) = mza(Sy) for all
¢ > 0, it follows that V; contains a congruent copy of each £Sy. The lemma follows. O

We believe that in fact 1/mg.(Sy) is a lower bound also for the unrestricted chromatic
number X(Rd, k):

Conjecture 5.9. y(RY, k) > 1/mga(S;) holds for all integers d > k > 1.

In order to obtain lower bounds for y(R?, k), one must consider finite subhypergraphs
of the corresponding simplex-encoding hypergraph, and then obtain lower bounds on the
chromatic number of this finite hypergraph. (A result of de Bruijn and Erd6s [[17] implies
that this chromatic number y(R¢, k) is indeed attained on a finite subhypergraph.) One
way to do so is by making use of the Frankl-Rodl theorem [34]] on forbidden intersections,
which rather easily implies that the independence ratio of the hypergraph encoding unit
simplices on (2d)~'/?{-1,1}¢ c R? decays exponentially with the dimension d, as long as
d is divisible by four.

It might still be possible to improve the existing bounds on the unrestricted chromatic
numbers y(R?, k) by using arguments similar to those presented here, but now considering
hypergraphs on the hypercube {—1, 1}¢ and using extremal properties of discrete orthogonal
polynomials. We leave this as possible future work.
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CHAPTER SIx

Generalizations of the Lovasz theta
number to hypergraphs

In this final chapter we introduce and begin to study generalizations of the Lovasz theta
number to hypergraphs, extending some of the ideas given in the last chapter to a much
more general setting.

The work reported in this chapter is still ongoing, and done in collaboration with Fer-
nando de Oliveira Filho, Lucas Slot and Frank Vallentin.

6.1 The theta body and the weighted theta number

Throughout this thesis we have considered maximal independent sets in certain geometric
graphs and hypergraphs. Sometimes it is also useful to consider this problem in greater
generality, where the vertex set is weighted by a given nonnegative function and one wishes
to know what is the maximum possible weight of an independent set.

Let G be a finite graph, and let w be a nonnegative weight function on its vertex set
V(G). The weighted independence number of G is

a,(G) = max { Z wx): I CV(G)is independent}.

xel

The task of finding this number for a given graph and weight function is a classical and very
important problem in combinatorial optimization, with applications in various domains
such as coding theory [69]], computer vision [68] and protein structure prediction [47].
This problem is also well-known to be NP-hard, even in the case where the weight function
is identically one.

A useful way of efficiently computing an upper bound for «,,(G) was given by Grotschel,
Lovasz and Schrijver [40, 41]], who extended the Lovasz theta number to the weighted set-

ting. Given w € ]RX(G), we define the weighted theta number ¢,(G) of the graph G as the
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optimal value of the following optimization problem:

max wTa

a = diagA,
Alx,y) =0 if{x,y} € E(G),
AeR™W, A-a®a>0.

6.1)

Here and throughout this chapter we write M > 0 to mean that the matrix M is positive
semidefinite. By taking an independent set / C V(G) of maximum weight and considering
the rank-one matrix A = y; ® x;, one immediately checks that a,,(G) < #,(G).

As with the usual (unweighted) theta number, the weighted theta number ,,(G) can be
written in many different but equivalent ways; see for instance Chapter 9.3 in Grotschel,
Lovdsz and Schrijver’s book [43]]. Note that the feasible region of program (6.I) does not
depend on the weight function w chosen. We call this region the theta body of G, and denote
it by TH(G); more explicitly,

TH(G) = {a € RVD : 34 e ROV yith diagA =a, A—a®a >0, and
A(x,y) = 0 for all {x,y} € E(G) ).

The theta body of a graph was first defined by Grotschel, Lovasz and Schrijver [42], and
it satisfies many nice properties. For instance, TH(G) is a convex set which encompasses
the independent set polytope of G: this is the polytope IND(G) on RV(© defined by

IND(G) = conv{y; : I C V(G) is independent in G },

where conv denotes the convex hull. Such polytopes have been extensively studied in the
combinatorial optimization literature (see Chapter 9 in [43]]), as they encapsulate all the
hardness of the weighted independence number parameter «,. Indeed, by linearity we
easily see that optimizing weight functions over all independent sets in G gives the same
value as optimizing over the polytope IND(G), and so a,,(G) = max {w” f : f € IND(G)}.

The advantage of dealing with the theta body rather than with the independent set poly-
tope is that TH(G) is in some ways much easier to handle than IND(G). Most crucially,
while optimizing linear functions over IND(G) is NP-hard, one can optimize linear func-
tions over TH(G) in polynomial time; see Grotschel, Lovasz and Schrijver [42].

6.2 Extensions to hypergraphs

We now wish to obtain similar notions of theta number and theta body which are valid for
hypergraphs. In order to keep the presentation simple and avoid nonessential technicalities,
we will restrict our attention to finite uniform hypergraphs. Recall that a hypergraph H is
k-uniform if every edge of H contains exactly k vertices.

We first need to introduce some notation. Given some matrix A € and an element
x € V, denote by A, the function on V given by A.(y) := A(x, y); its restriction to a subset
U C Visdenoted A,[U]. Given a k-uniform hypergraph H on vertex set V and some vertex
x € V, we write V, for the set of all vertices which share an edge with x; that is,

RVXV

Ve={yeV\{x}: de € E(H) with {x,y} Ce}.
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We then define the link hypergraph of H at x, denoted H,, as the (k— 1)-uniform hypergraph
on vertex set V,, whose edges are all sets of k— 1 vertices which form an edge of H together
with x.

It is now possible to define in a recursive manner both the theta number and the theta
body of an arbitrary uniform hypergraph H. We start with the degenerate case of ‘1-uniform
hypergraphs’ (which are sets V where every element is an edge by itself), for which the
theta body is defined to be {0} c RY.

Now suppose that the theta body of (k — 1)-uniform hypergraphs has already been de-
fined for some k > 2, and let H be a k-uniform hypergraph on vertex set V. Given a
nonnegative weight function w € RK, we define the weighted theta number ¥,(H) of H by:

max wTa

a = diagA,
AV, € A(x,x) TH(H,) forxeV,
AeR™W, A-a®a>0.

(6.2)

The theta body of H is then defined as the feasible domain of this last program, that is

TH(H) = {a e R : 34 e RV with diagA =a, A—a®a >0, and

6.3)
A[V,] € A(x, x) TH(H,) forall x € V).

Note that both these definitions collapse down to the classical notions seen in the last sec-
tion when considering graphs (which are 2-uniform hypergraphs).

As in the case of graphs, it is possible to show that the theta body is convex and encom-
passes the independent set polytope, and that our weighted theta number gives an upper
bound for the weighted independence number of hypergraphs. More precisely, we have:

Theorem 6.1. Given any uniform hypergraph H, TH(H) is a closed convex set satisfying
the inclusions IND(H) € TH(H) C [0, 1]1V. Moreover, for any nonnegative weight function
w € RY we have that a,(H) < 9,(H).

Proof. We first show the inclusion TH(H) C [0, 1]V. Take any matrix A € RV*V and vector
a € RY satisfying diagA = aand A —a®a > 0. Since a ® a > 0, it follows that A > 0 too,
and so both the diagonal of A and the diagonal of A — a ® a are nonnegative. This implies
that a(x) > 0 and a(x)(1 — a(x)) = 0 for all x € V; we conclude that 0 < a < 1, and the
desired inclusion follows from the definition (6.3)) of the theta body.

The proof that TH(H) is closed, convex and contains IND(H) proceeds by induction
on the uniformity of the hypergraph H. The base of the induction is the degenerate case
of 1-uniform hypergraphs, where every vertex is a 1-edge by itself and the theta body is
defined to be {0} c R".

Suppose then we have already proven that TH(H’) is a closed convex set containing
IND(H"), for some k > 2 and every (k — 1)-uniform hypergraph H’, and let H be a k-
uniform hypergraph with vertex set V. Define the set of matrices

My = (Y e RVIEDXVUED -y 5y = 1, Y(*,x) = Y(x,x) forall x € V,
Y [Vi] € Y(x,x) TH(H,) forallxe V, and Y > 0},
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where * is an additional index not contained in V. By considering principal 2 X 2 subma-
trices of some (arbitrary) matrix ¥ € My, one sees that all of its entries are bounded in
magnitude by 1; thus My C [—1, 1]VVEDXVUED ig bounded. Moreover, since TH(H,) is
convex and closed for each x € V (by the induction hypothesis), it easily follows that this
set My is convex and closed as well.

Fixed some Y € My, denote by A the restriction of ¥ to RV and by a € RY the
diagonal of A. Taking Schur complements, we see that Y > 0 if and only if A —a®a > 0; it
follows that the set of all vectors a obtained in this way, with Y ranging over My, is exactly
the theta body TH(H). We conclude that TH(H) is closed and convex, as the projection of
the compact convex set My C [—1, 1]VVEDXVUED onto a linear subspace.

Now suppose I C V is an independent set in H, and let us show that y; € TH(H).
Consider the rank-one matrix A = y; ® xy; clearly diagA = y; and A — y; ® x; = 0.
Since [ is independent in H, it follows that 7 N V, is independent in H, for all x € 1. We
conclude from the induction hypothesis that y,;[V,] € TH(H,) for all x € I; this shows that
A,[V,] € A(x,x) TH(H,) for all x € V, and so y; € TH(H) by definition. As TH(H) is
convex, it must also contain the convex hull of all such indicator functions y; with I C V
independent, i.e. it contains the independent set polytope IND(H). The inductive step (and
the induction) are then completed.

Finally, since IND(H) € TH(H), for any weight function w € RK it follows that

a,(H) = max {w! f : f € IND(H)} < max {w’ f : f € TH(H))} = 9,(H).
This finishes the proof of the theorem. O

The last theorem shows that TH(H) is a ‘relaxation’ of the independent set polytope
IND(H), in the sense that IND(H) € TH(H). The main advantage of working with this
relaxation instead of the original polytope is that linear optimization problems over TH(H)
can be efficiently solved, using (for instance) the ellipsoid method. More precisely, for a
fixed uniformity k of the hypergraphs considered, the optimization problem max {w’ f : f €
TH(H)} can be solved up to any accuracy parameter £ > 0, in time which is polynomial in
the size of the input (H, w, €).

Indeed, by the methods exposed in Chapter 4 of Grotschel, Lovdsz and Schrijver [41]],
the ‘weak optimization problem’ over TH(H) is polynomial-time equivalent to the ‘weak
membership problem’ for TH(H) (note that TH(H) is a ‘centered convex body’ by Theo-
rem and the simple fact that [0, 1/ IVI]V C€ IND(H)). A polynomial-time membership
algorithm for TH(H) can be constructed recursively, using algorithms for checking mem-
bership for its link hypergraphs H,, x € V, and for checking if a given matrix is positive
semidefinite.

Our next theorem informally shows that our relaxation TH(H) is not too much larger
than IND(H) itself: they share the same set of integral points (i.e. vectors where all coor-
dinates are integers).

Theorem 6.2. For any uniform hypergraph H, the set of integral points in TH(H) coincides
with the set of integral points in IND(H).

Proof. Since IND(H) € TH(H), it suffices to show that all integral points in TH(H) are
also in IND(H). We will proceed by induction on the uniformity of the hypergraph H, with
the base case of 1-uniform hypergraphs (whose theta body is {0} by definition) being trivial.
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Suppose we have already proven the result for some k > 2 and all (k — 1)-uniform
hypergraphs. Let H be a k-uniform hypergraph on vertex set V, and let f € Z" be an
integral point of TH(H). By Theorem [6.1] this vector f must be {0, 1}-valued; denote by
I C V the support of f, so that f = y;. We will show that / is independent in H, implying
that y; € IND(H) and finishing the proof.

As y; € TH(H), there is some matrix A which witnesses this fact, i.e. satisfies the
conditions in the definition (6-3) of TH(H) with a = y;. Since y; = x7, it follows that the
diagonal of A — y; ® x; is zero; together with the constraint A — y; ® y; > 0, this implies
that the whole matrix is zero. Thus A(x, y) = x(x)x;(y) for all x,y € V.

The constraint A,[V,] € A(x, x) TH(H,) for x € V then translates to y;[V,] € TH(H,)
for all x € I. By the induction hypothesis, it follows that / N V, is independent in H, for all
x € I; by the definition of the link hypergraphs H,, this implies that / is independent in H,
as wished. O

The next results show that our generalizations satisfy several of the same properties of
the original notions of theta body and weighted theta number of graphs.

Lemma 6.3. Let H be a uniform hypergraph. For all u,w € RY and all 2 > 0, we have that
P (H) = 29,(H) and

max {¢,(H), 9u(H)} < Gysu(H) < 9u(H) + F(H).
Proof. This lemma immediately follows from the definition
9u(H) = max {w’ f : f € TH(H))
and the fact that all vectors in TH(H) are nonnegative. |

Lemma 6.4. Let H be a uniform hypergraph and let f € RY be a nonnegative vector. If
f € TH(H), then also g € TH(H) forall0 < g < f.

Proof. We again proceed by induction on the uniformity of the hypergraph H, with the
base case of 1-uniform hypergraphs being trivial.

Now suppose we have proven the result for some k > 2 and all (k — 1)-uniform hyper-
graphs. Let H be a k-uniform hypergraph on vertex set V, and fix any vertex z € V. Given
a vector f € RY, we denote by f the vector satisfying f(z) = 0 and f(x) = f(x) for all
x € V\ {z}; we will first show that f € TH(H) whenever f € TH(H).

If f € TH(H), then there is some matrix F € R"*V such that diag F = f, F - f® f > 0
and F,[V,] € F(x, x) TH(H,) for all x € V. Denote by F € RV*V the matrix with entries

Fxy) F(x,y) ifx#zandy #z,
x’ = .
0 otherwise.

Note that diag F = f, and that F — f ® f is exactly the principal submatrix of F — f ® f
indexed by V'\ {z}, followed by a row and column of zeros. As F — f® f > 0, it then follows
that F — f® f > 0 too.

We also note that £, = 0, while 0 < F,[V,] < F,[V,] and F(x,x) = F(x,x) for all
x € V\ {z}. By the induction hypothesis applied to each link hypergraph H,, this implies
that £,[V,] € F(x, x) TH(H,) for all x € V; we conclude that f € TH(H), as wished.
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The lemma now follows by a simple recursive procedure. Label the vertices of H by
X1, X2,..., Xy}, and fix f € TH(H) and some vector 0 < g < f. For each 0 <i <|V|, denote
by g; € RY the vector given by

P g(x;) ifj<i,
g‘(x’)‘{ﬂxj) it j > i

denote also by §; the vector which agrees with g; in V' \ {x;;1}, but satisfies g;(x;+;) = 0.
We have already shown that §; € TH(H) whenever g; € TH(H). Since g;, §; and g;; all
agree on V' \ {x;;} while

gir1(Xir1) = g(xip1) € [0, f(xi)] = [Gi(xir1), gixiv1)],

it follows that g, is a convex combination of g; and g;; by convexity of TH(H), we con-
clude that g;;; € TH(H) whenever g; € TH(H). Starting from g9 = f € TH(H), it then fol-
lows by recursion that g;y) = g € TH(H) too, finishing the inductive step and the proof. O

One can also give a different formulation for the theta body, using only the weighted
theta number as a black box. For some applications this formulation is more suitable than
our more explicit definition.

Lemma 6.5. The theta body of a uniform hypergraph H is equivalently given by
TH(H) = {f € RK s w' f < Oy(H) forallw e RK}

Proof. Let us denote the set defined in the statement above by B(H); we wish to show that
TH(H) € B(H) and B(H) € TH(H).

The first inclusion is easy: since &,(H) = max {w’ f : f € TH(H)}, it follows that for
each f € TH(H) and all w € RY we have w” f < ©,,(H). This means that TH(H) C B(H).

Let us now assume for contradiction that the second inclusion is false, so there is some
vector f € B(H) \ TH(H). Since TH(H) is bounded, closed and convex (by Theorem [6.1)),
it follows that f can be strictly separated from TH(H) by a hyperplane: there is a vector
u € RY for which

u' f>max{u'g: g e TH(H)).

Let us denote by w the nonnegative part of u, that is
w(x) = max{0, u(x)} forxeV.
Given a vector g € RY, denote by g the vector given by
_ g(x) ifwx) #0,
g(x) = .
0 ifw(x) =0
for all x € V. Note that

wlg=w'g=u"g forallgeR.
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Since g € TH(H) whenever g € TH(H) (by Lemma[6.4)), by maximizing over g € TH(H) it
follows that
max {w’g : g € TH(H)} < max{u’g : g € TH(H)}.

Finally, since f is a nonnegative vector (by hypothesis), we have that u” f < w” f. Putting
everything together, we conclude that

w' f>u’ f>max{u'g: ge THH)} > max {w'g : g € TH(H)} = 9,(H),

which contradicts our assumption that f € B(H) and finishes the proof. O

Other than the theoretical properties shown in the previous lemmas, another advantage
of our notion of theta number for hypergraphs is that it lends itself well to methods of sym-
metry reduction for semidefinite programs. This allows us to efficiently compute bounds
on the independence number even for some very large hypergraphs, as we next show.

6.3 Exploiting symmetry

We shall now focus on the ‘unweighted’ version of the theta number, where the weight
function w is identically one, as this is the simplest and most common case in applications.
Recall that ¢1(H) gives an upper bound on the usual independence number a(H) of the
hypergraph H.

An advantage of dealing with a constant weight function is that the optimization vari-
ables of the corresponding theta number program (6.2) can be made to satisfy the same
symmetries as the hypergraph in consideration; this can in turn be used to significantly
simplify the optimization program if the hypergraph admits many symmetries. We will
now give an overview of how this can be accomplished.

Let us denote by I' the automorphism group of H, that is, the group of permutations of
its vertex set V which maps edges to edges. The first thing to note is that, given any feasible
solution (a, A) € RV x RV*V of the program for 9, (H), its [-symmetrization (&, A) where

a(x) = %Za(yxx Ax,y) = %ZA(WC, Y, xyeVv

yel yell

will still be a feasible solution of this same program (by convexity, see Theorem [6.1] and
its proof), and has the same objective value. This observation already allows us to reduce
the search space of our optimization program to I'-invariant functions, but with some more
information on how I acts on the vertex set we can also simplify the formulation of this
program.

For instance, let us consider the case where H is vertex transitive, meaning that its
vertex set decomposes into a single orbit under the action of I'. Then & = diag A will be
a constant function, say @ = A1; moreover, it suffices to check the theta body constraint
from program (6.2)) for A for a single vertex, as the same constraint for other vertices will
be equivalent up to the action of an appropriate group element. Fixing an arbitrary vertex
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z € V, the program for 9 (H) then becomes:

max A|V|
A(z,2) =4,
A.[V.] € ATH(H)),
A e RV isT-invariant, A — ?21®1 > 0.

Next we simplify the third constraint in the program above. Note that every I'-invariant
matrix A € RV*Y admits 1 as an eigenvector, with associated eigenvalue |V|! Dixyev AlX, ).
Indeed, given any two vertices x, X’ € V, by assumption there is an element y € I for which
yx = x’; by I'-invariance of A we have

DAY = Y Ayx ) = Y AW, y),

yeV yev yev

and so

1
Al = (ZA(X’,y))l = (M Z Alx, y))l.

yeV x,yeV

The eigenvalue of A — 2*1 ® 1 associated to the eigenvector 1 is then [V|™' ¥, oy A(x, y) —
A2|V|, while all other eigenvalues of A — A1 ® 1 are the same as those for A. It follows that
a I'-invariant matrix A satisfies A — 121 ® 1 > 0 if and only if A is positive semidefinite and
satisfies

Z A(x,y) = 2|V

x,yeV

Now we substitute A by 1A in order to take out the quadratic factor A2, while not signifi-
cantly affecting the rest of the program (note that A > 0, as ¢ (H) > a(H) > 1). Optimizing
the resulting program over A > 0, we immediately obtain the following result:

Lemma 6.6. Suppose H is a vertex transitive uniform hypergraph with automorphism
group T, and fix an arbitrary vertex 7 € V. Then 91(H) is equal to

max V™' 3, v Ax, )
A(z,2) =1,
A.[V,] € TH(H,),
A € RV is T-invariant and positive semidefinite.

(6.4)

Next we note that both the link hypergraph H, and the restricted function f := A [V_] in
program (6.4) above are invariant under the induced action of the stabilizer group Stab' (z).
Using the characterization of theta bodies given in Lemma[6.5] to check the second con-
straint f € TH(H,) it then suffices to check the inequalities w” f < ©%,(H,) for those vectors
w e RY" which are also invariant under Stab (z); this happens because neither the value of
w’ f nor 9,(H,) changes if one substitutes a vector w by its symmetrized version

w(x) ; Z w(tx), xeV,.

= T
| Stab” (2)| reStab’ (z)
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In the simplest case where the action of Stab" (z) on V. is transitive, the space of Stab' (z)-
invariant vectors on R": comprises only the constant vectors; the theta body constraint then
reduces to the simple linear constraint

DAz x) < (H).

xeV.

Recall that this was the case for the geometric hypergraphs encoding regular simplices
considered in the last chapter; since all link hypergraphs of each order were vertex transi-
tive (under the action of the corresponding stabilizer subgroup), this simplification worked
through the whole recursive definition of the theta numbers and we obtained very simple
programs at the end.

Finally, tools from representation theory allow us to obtain a more efficient characteri-
zation of I'-invariant positive semidefinite matrices, and can drastically reduce the dimen-
sion of the resulting optimization program. We will now quickly review how this can be
accomplished; for more detailed expositions, we refer the reader to Vallentin [66] and to
Bachoc, Gijswijt, Schrijver and Vallentin [3].

While the program ¢ (H) we wish to analyze is real, for the purpose of carrying out this
analysis via representation theory it is more convenient to consider complex vector spaces.

We recall that a complex matrix X € C™" is positive semidefinite if for all (z,...,z,) € C"
we have
n
Z ZiXijZ_j > 0
ij=1

The space of complex matrices C™" is equipped with a complex inner product, defined by
X, Y) =31 XY

Fix a finite set V, and a finite group I'" acting on V. We will work on the vector space
CY, which is equipped with inner product

1

(fs g) ::M

D F@g(.

xeV

The group I also naturally acts on the vector space CV by (yf)(x) := f(y~'x); note that the
inner product on CV is invariant under this group action.

We can decompose CV under the action of I into a direct sum of irreducible I'-invariant
subspaces. Write {R; : 1 < k < d} for a complete set of representatives of the isomorphism
classes of irreducible I'-invariant subspaces which are direct summands of C". Then

where n;, denotes the multiplicity of the irreducible representation R, in C” and, for 1 <
i < my, the subspaces Hy; are pairwise orthogonal and I'-isomorphic to Ry.

Note that the decomposition C¥ = @Zzl I into isrgtypic components is unique, but the
decomposition of each isotypic component 1 = EDIJI H; is not unique unless m; = 1.
To this specific decomposition of 7 we associate a zonal matrix E; : V X V — C"™*" ag
follows.
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For each 1 < k < d we choose an orthonormal basis (ex 0.1, . - - , €x0.4,) Of Rk, where iy, =
dim(Ry), and for each 1 < i < my let ¢y; : Ry — Hy,; be a I'-isomorphism which preserves
the inner product. For 1 < 5 < i denote ey s := ¢ i(exo,s), so that (ex;1,...,ekin) 1S an
orthonormal basis of Hy ;. For each x,y € V we denote by Ex(x, y) the my X m; matrix given
by

Iy
1 -
Exij(6) = 3 ) ekis(eko®) (6.5)
s=1

These matrices Ej; are invariant under the action of I', and one can show that they are in
fact independent of our choice of basis for the spaces Ry; see [66, Proposition 3.1].

The zonal matrices just defined allow us to efficiently characterize I'-invariant positive
semidefinite matrices A € C"*V. This is the content of the next result, which is (a special
case of) Theorem 3.3 in [3]]:

Theorem 6.7 (Bachoc, Gijswijt, Schrijver and Vallentin [3]). Let A € C"*V be a complex
matrix and let T be a finite group acting on V. Then A is I'-invariant and positive semidef-
inite if and only if there exist positive semidefinite matrices Fy € C">" 1 < k < d, such

that
d

Alx,y) = Z (Fy, Ex(x,y)) forall x,y € V.
k=1

The main advantage of using this characterization is that one exchanges a ‘large’ matrix
A € CY for several ‘small’ matrices Fy € C™>" | < k < d. Depending on how T acts
on V, this can constitute a drastic reduction in the dimension of the considered problem.

6.3.1 Example: triangle-encoding hypergraphs on the hypercube

In order to illustrate the methods discussed in this section, let us take a look at hypergraphs
encoding equilateral triangles on the hypercube {0, 1}*. More explicitly, take integers n > 2,
1 < m < n/2 and consider the 3-uniform hypergraph H on vertex set V = {0, 1}", whose
edges are all collections of 3 vertices having pairwise Hamming distance m:

EH) ={{x,y,z} {0, 1}" : d(x,y) = d(x,z) = d(y,z) = m},

where d(x, y) denotes the number of coordinates where x and y differ.

Note that this hypergraph H contains no edges if m is odd. Indeed, denoting by |x| the
Hamming weight of x € {0, 1}", it is easy to see that |x| + |y| — d(x, y) is equal to twice the
number of indices i where x; = y; = 1; thus d(x,y) = |x| + |yl mod 2. This implies that

dx,y) +d(x,z7) +d(y,z) =0 mod 2 forall x,y,z € {0,1}",

and so not all of the distances d(x, y), d(x, z), d(y, z) can be odd. We then assume from now
on that m is an even integer.

We wish to compute the theta number ¢ (H) of this hypergraph H, and we will do so
by exploiting its rich symmetry as was previously discussed. Note that the automorphism
group of H is the group I" generated by permutations of the # indices in {0, 1}" followed by
independent switches 0 < 1 at each of the n positions; it has order 2"n!.
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Denote by W, the set of all points on the hypercube {0, 1}" which have Hamming weight
m, and let G,, denote the graph on vertex set W,, whose edges are all pairs {x,y} € W,
having Hamming distance m. In our earlier notation, W,, is exactly the vertex set V; of the
link hypergraph of H at0 = (0, ...,0) € {0, 1}", and G,, is exactly this same link hypergraph
Hy. By Lemmal6.6] ©1(H) is the optimal value of program

max 27" 3 eqo.1y A, )
A(0,0) =1,
Ao[W,] € TH(G,,),
A € RIOI™XO0I" jg I jnvariant and positive semidefinite.

(6.6)

Note that the stabilizer subgroup Stab'(0) is the group &, of permutation of the n
indices. Both Ayp[W,,] in the program above and the graph G,, are invariant under the
action of S,; moreover, S, acts transitively on W,,. In order to check whether Ag[W,,] €
TH(G,,), it then suffices (by Lemma [6.5] and symmetrization, as previously discussed) to
check whether w” A¢[W,,] < 9,(G,,) for the constant functions w € RKV’". More explicitly,
the constraint Ag[W,,] € TH(G,,) in the last program is equivalent to the simple inequality

Z A(0, x) < 91(Gy).
xeW,,
Now we must find a more efficient characterization of I'-invariant positive semidefinite
matrices on {0, 1}", as the one given in Theorem[6.7] It is a classical result (see for instance
Dunkl [27]) that ClO-1" decomposes under the action of I as

n
clo @Hk,
k=0

where each H; denotes the subspace spanned by the characters y, with weight |y| = k,
where y,(x) := (—=1)*; these spaces Hy are all I'-irreducible and pairwise non-equivalent.

It is a simple matter to check that the characters are all unit vectors and pairwise or-
thogonal under the inner product (f,g) = 27" X c0,1y f(x)g(x). Tt follows that, for each
0 < k < n, the vectors {y, : |y| = k} form an orthonormal basis of the space Hy, which has
dimension (Z)

Since the multiplicity of each irreducible space H; in C!*!" is 1, the zonal matrix
defined in equation ([6.3)) becomes the zonal function

By = > a0,
(k) z€{0,1}"

zI=k
These zonal functions are I'-invariant, so the value of E;(x,y) depends only on the Ham-
ming distance d(x, y) (which characterizes the orbit of the pair (x, y) under I'); let us write
K (¢) for the value of Ey(x,y) when d(x,y) =t.
We can easily obtain an explicit formula for these functions K;(¢), 0 < k < n. Let 10"
denote the vector whose first 7 indices are 1 and the rest are 0, so d(0, 170"") = r. Then

Ki®) = B0 107 = = 3 v (0) .10 =(,—f) S e,
k

n
(k) z€(0,1)" z€(0,1)"
lzl=k zl=k



94 Generalizations of the Lovdsz theta number to hypergraphs Chapter 6

Fix some 0 < i < t. The vectors z € {0, 1}" with |z| = k and satisfying z - 170"™" = i are those
where exactly i of the first # coordinates are 1, and exactly k — i of the last n — ¢ coordinates
are 1. There are (;)(":f) of those vectors; it then follows from the last expression that

k
1 < J(t\(n—t

These functions Kj just defined are exactly the Krawtchouk polynomials, normalized so
that K;(0) = 1 for all 1 < k < n. These polynomials are pairwise orthogonal with respect
to the weight function w(r) = (’:) meaning that

> (’:)Kk(t)l(g(t) =0 ifk#¢ (6.7)

1=0
For more information on Krawtchouk polynomials and their role in representation theory,
see Dunkl [27].
By Theorem|[6.7] we conclude that A € C!®!"*{01" js Tinvariant and positive semidef-
inite if and only if there are nonnegative quantities fy, fi, ..., f, for which

ACey) = ) fiKid(xy),  xy€{0,1)",
k=0

Note that all such matrices are real-valued, so we can immediately substitute this last ex-
pression into our program (6.6). The objective function 27" 3, (o 11» A(X, y) can then be

expressed as
n

% i Ji Z Z Ki(t) = i Je i (,:)Kk(t)-
=0 k=0 1=0

= =0 x,ye{0,1}" = =
d(x.y)=t

By the orthogonality relations (6.7), this is equal to

foZ(’:) =2'fp

=0
Moreover, since Ki(0) = 1 for 1 < k < n, the first constraint of program (6.6)) translates to

A(0,0) = ka = 1.
k=0

Finally, as d(0, x) = m for all x € W,,, we have

> A, x) = (;)Z fiKi(m).
k=0

XEWp,

We conclude that the program for 9 (H) can be simplified to
max 2" f
ZZ:() fe=1,
(1) Sio fikim) < 91(Go),
Jos fis-os Ju 2 0.
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The optimal value of this last program admits a simple analytical expression. Indeed,
the sum Y}, fiKi(m) on the second constraint is a convex combination of the numbers

K (m), and we wish to keep this convex combination below (;’1 )71191(Gm) while maximizing
fo. The best way to do so is to concentrate all the weight of the combination on fy and
fie, where k* is such that Kj-(m) is the most negative number appearing in the convex
combination; that is, denoting
M, ,, := min K;(m),
1<k<n

we choose 1 < k* < n for which K- (¢) = M,L,,,F_-] Solving the optimization problem using
only the variables f; and f;-, we obtain the optimal value

(Zl)ilﬁl(Gm) - Mn,m .

H(H) =2"
1(H) =M,

(6.8)

Remark 6.8. It is interesting to compare this last formula to those in Theorem and
Theorem [5.3] from last chapter. These formulas were all obtained as the optimal value
of ‘theta-like’ programs for geometric hypergraphs in different spaces, which admit very
different groups of symmetries, their analysis through symmetry reduction techniques, how-
ever, proceeded in a very similar manner. The main difference between all three formulas
is the choice of orthogonal polynomials we are minimizing, which in turn comes from rep-
resentation theory of the corresponding automorphism group; that we obtain such similar
formulas at the end is ultimately due to the fact that the considered decompositions into
irreducible subspaces are all multiplicity-free. We refer the reader to Stanton [59] for a
discussion on the similarities between multiplicity-free actions of finite and infinite groups,
and in particular the analogy between the action of I' on the hypercube {0, 1}" and the
action of O(n) on the sphere S"'.

Now we must compute ¥4(G,,). Recall that G,, is the graph whose vertex set W,
comprises all binary sequences x € {0, 1} with Hamming weight m, and two vertices are
adjacent if their Hamming distance is m. This graph is invariant under the action of the
symmetric group S, permuting the coordinates of each vertex, and under this action it is
vertex transitive. By Lemmal[6.6] 91(G,,) is then equal to

-1
max (::,) Zx,yeW,,, A(x, y)

Tew, ACx ) = (1),

Alx,y) =0 ifd(x,y) =m,

A € RW»Wn jg G, -invariant and positive semidefinite.

Under the action of S, the vector space C"» decomposes into @:l:o Uy, where each

subspace Uy has dimension i, = (’,:)—( kfl) and corresponds to the irreducible representation

of G, given by the partition (n — k, k). These vector spaces were described explicitly by

'One can show that these values M, , are indeed negative, for all integers n > m > 1. For instance, it is known
that {(":I)Kk(m) 10<k< n} is exactly the set of eigenvalues of the adjacency matrix of the graph on {0, 1}"" where
two vertices form an edge if their distance is m; this is shown e.g. in Chapter 10 of Terras’” book [65]. Since the

trace of the adjacency matrix is zero and Ko(m) = 1, its minimum eigenvalue (;)M,,,m must be negative.
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Delsarte [24] (where they are denoted Harm(k)), who also computed the corresponding
zonal functions

hi
1 -
E(x.y) = o= Z ers(ersy), X,y € Wy,
k s=1
where {ex 1, ..., ek} denotes an arbitrary orthonomal basis of Uy.

Define the Hahn polynomials Qy, 0 < k < m, by
G0
()07")

These polynomials Q are normalized so that Qx(0) = 1, and they are orthogonal with
respect to the weight function

w(t) = (n;)(n - m)’ 0<t<m,

Oulr) = Z( 1y

t

meaning that }}" ) w(t)Qx(1)Q,(t) = 0 whenever k # {. Delsarte [24) Theorem 5] showed
that the zonal functions Ej can be expressed in terms of the Hahn polynomials by

E(x,y) = Qud(x,y)/2), 0<k<m;

see also Dunkl [28]. Using this result we then obtain from Theorem [6.7] - the following
characterization: A € R"»>Wr ig G, -invariant and positive semidefinite if and only if

ACy) = D RO YD), Xy e W,
k=0

holds for some nonnegative quantities fy, fi,..., fix = 0.
The program defining #;(G,,) can now be simplified. First we note that

-1 m m — m m
1) > awn= a0 ) PIRCICED IS 1 () AT
m x,yeW,, k=0 t=0 d)z ye;’Vz k=0 =0 t

x,y)=2t

by the orthogonality relations for Hahn polynomials, this is equal to

Seals

Moreover, we have

xeW,
and A(x,y) = XiL, fiQw(m/2) whenever d(x, y) = m. We conclude that #1(G,,) is equal to
max (:1) fo
ka:() fk = 1’

Yo fiQu(m/2) =0
fO’fl,""fm > 0.



Generalizations of the Lovdsz theta number to hypergraphs 97

As before, this last program admits a simple analytical solution. Denote
Nn,m = Orr}{in Qk(m/z),
proceeding as we did when computing ¢ (H), one can easily show that

=N n,m
1 - N n,m

n
H(Gn) = ( )

m
(It is interesting to note that this is precisely Hoffman’s spectral bound for the independence
number of G,,.) Combining this expression with equation (6.8), we finally conclude that

" 1
ﬂl(H) =2 (1 (1 - Nn,m)(l - Mn,m))-
It is now a simple matter to numerically compute the value of ¢;(H), which then provides
an upper bound for the independence number of this hypergraph.

We note that these same methods continue to work in the more general setting of g-ary
cubes {1,...,q}", for any integer ¢ > 2. In this case we must make use of Krawtchouk
polynomials with weight (¢ — 1)/q (see Dunkl [27]), and g-ary Hahn polynomials (see
Delsarte [24]). One can also obtain similar programs when forbidding non-equilateral
triangles, though in such cases the resulting optimization program will contain as variables
semidefinite matrices of size 2 (for isosceles triangles) or 3 (for scalene triangles), due to
the fact that the link graphs are no longer vertex transitive.

6.4 Remarks and open problems

The study of our notions of theta number and theta body for hypergraphs has only just
begun, and there are several natural questions still to be answered. For instance:

Question 6.9. For which hypergraphs H is the theta body TH(H) a polytope? Also, for
which hypergraphs is the theta body TH(H) equal to the independent set polytope IND(H)?

It turns out that both of these questions have the same answer in the case of graphs,
namely the class of perfect graphs; this was proven by Grotschel, Lovasz and Schrijver
[42]], who determined all facet-defining inequalities for the theta body of graphs. Perhaps
the answer to our questions give rise to interesting notions of perfect hypergraphs.

Another important property of the (unweighted) theta number for graphs is that it is
multiplicative when using the strong product of graphs: it satisfies #(F e G) = H(F)HG)
for all finite graphs F and G, where F o G denotes their strong productE] This property was
already proven by Lovéasz in his seminal paper [46] where he first defined the theta number.
Our last question is whether such a property extends to hypergraphs:

Question 6.10. Is there a natural notion of hypergraph product for which the hypergraph
theta number 9y is multiplicative?

2The strong product of F and G is the graph whose vertex set is V(F) X V(G), and where (x,y), (x",y’) €
V(F) x V(G) are joined by an edge if: either x = x’ and {y,y’} € E(G), or {x,x'} € E(F)andy = y’, or
{x,x'} € E(F) and {y,y'} € E(G).
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Summary

The central problem considered in this thesis can be phrased by the following question:
given some family of forbidden geometrical configurations, how large can a set be if it
does not contain any member of this family?

More concretely, given finite point configurations Py, ..., P, C R¢ in Euclidean space,
we denote by mga(P, ..., P,) the maximum upper density a set A C R can have without
containing congruent copies of any P;. Similarly, if Py,..., P, are finite point configu-
rations in the d-dimensional unit sphere S 4 we denote by mg«(Py, ..., P,) the maximum
density a set in ¢ can have if it avoids congruent copies of each of these configurations.

The geometrical parameters mg« and mg. are called the independence density of the
considered configurations (on the corresponding space R¢ or S¢). They can also be seen
in a more combinatorial perspective, as the independence ratio of the infinite geometric
hypergraphs whose vertices are all points in the corresponding space, and whose edges are
all congruent copies of each forbidden configuration.

While these parameters have been extensively studied in the case of two-point config-
urations, which correspond to forbidden distances in Euclidean space or forbidden angles
in the sphere, the more general case of higher-order configurations remains largely un-
explored. In this thesis we initiate their study, obtaining several interesting results and
providing combinatorial, analytic and optimization perspectives on the general problem.
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