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Abstract

In this dissertation we study coboundary expansion of simplicial complex with a view of
giving geometric applications.

Our main novel tool is an equivariant version of Gromov’s celebrated Topological Overlap
Theorem. The equivariant topological overlap theorem leads to various geometric appli-
cations including a quantitative non-embeddability result for sufficiently thick buildings
(which partially resolves a conjecture of Tancer and Vorwerk) and an improved lower
bound on the pair-crossing number of (bounded degree) expander graphs. Additionally,
we will give new proofs for several known lower bounds for geometric problems such as
the number of Tverberg partitions or the crossing number of complete bipartite graphs.

For the aforementioned applications one is naturally lead to study expansion properties
of joins of simplicial complexes. In the presence of a special certificate for expansion (as
it is the case, e.g., for spherical buildings), the join of two expanders is an expander. On
the flip-side, we report quite some evidence that coboundary expansion exhibits very
non-product-like behaviour under taking joins. For instance, we exhibit infinite families
of graphs (G, )nen and (H,,)neny whose join Gy, * H,, has expansion of lower order than the
product of the expansion constant of the graphs. Moreover, we show an upper bound of
(d+1)/2¢ on the normalized coboundary expansion constants for the complete multipartite
complex [n]*@*V) (under a mild divisibility condition on n).

Via the probabilistic method the latter result extends to an upper bound of (d+1)/2¢+¢ on
the coboundary expansion constant of the spherical building associated with PGL442(F,)
for any € > 0 and sufficiently large ¢ = ¢(¢). This disproves a conjecture of Lubotzky,
Meshulam and Mozes — in a rather strong sense.

By improving on existing lower bounds we make further progress towards closing the
gap between the known lower and upper bounds on the coboundary expansion constants
of [n]*@+1). The best improvements we achieve using computer-aided proofs and flag
algebras. The exact value even for the complete 3-partite 2-dimensional complex [n]*3
remains unknown but we are happy to conjecture a precise value for every n.

In a loosely structured, last chapter of this thesis we collect further smaller observations
related to expansion. We point out a link between discrete Morse theory and a technique for
showing coboundary expansion, elaborate a bit on the hardness of computing coboundary
expansion constants, propose a new criterion for coboundary expansion (in a very dense
setting) and give one way of making the folklore result that expansion of links is a
necessary condition for a simplicial complex to be an expander precise.

vii
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Chapter 1

Introduction

This thesis fits into the emerging research area of high-dimensional ezpanders (HDXs)
which is a successful attempt to generalize the well-established theory of expander graphs
to higher dimensions.!

Expander graphs are sparse but highly connected graphs. They can be defined in many
different, (essentially) equivalent ways. Interestingly, for HDXs even the definition is not
obvious at all. Many of the different characterizations of expander graphs have natural
generalizations for higher dimensional simplicial or cellular complexes but it turns out that
these generalizations are (usually) not equivalent anymore, often not even comparable.?
Thus we end up with a whole array of genuinely different notions of HDXs, all with
their own (potential) applications. There might even be further notions of HDXs to be
discovered.

Despite its formative stage the theory of HDXs has already seen striking applications.
One of them is a fully polynomial-time randomized approximation scheme for sampling
and counting matroid basis which was given by Anari, Liu, Gharan and Vinzant in
[7].2 Another very recent breakthrough is the construction of locally testable codes with
constant rate, constant distance and constant locality by Dinur, Evra, Livne, Lubotzky
and Mozes in [31] and independently by Panteleev and Kalachev in [118] who additionally
constructed asymptotically good quantum LDPC.*

All of these major applications solved long-standing open problems. The notion of HDXs
relevant to these results are defined in terms of spectral gaps of combinatorial Laplacians
(which were already introduced by Eckmann in the 1940s [38]) and related operators. A

We refer the reader to [83, 93, 63] and [94] for two books and two surveys on expander graphs. [95]
is a survey article on HDXs by Lubotzky presented as a plenary talk at the International Congress of
Mathematics 2018.

2As an example, the papers [130] and [56] show non-comparability for the so-called coboundary
expansion constant (which we introduce later in this introduction and more thoroughly in Chapter 3)
and the spectral gap of high-dimensional Laplacians (for a definition see Chapter 2).

3This work is based on a general theory of spectral properties of random walks on simplicial complexes
developed in a series of papers including [74, 33, 30, 114, 75] and [4]. Furthermore, it fostered a whole
line of work of analyzing Markov chains via HDXs. Going beyond matroids there have been applications
to the analysis of the hardcore model, Ising model, planar monomer-dimer systems, sampling (edge)
colorings and many more. See for instance [25, 43, 5, 1, 24, 8] and [16], to name a few.

1A connection between HDXs and computer science was noticed early on in [73] by interpreting
coboundary expansion as a certain property to be testable. The relevance of HDXs to probabilistic
checkable proofs and error correcting codes was revealed in various works such as [33, 32, 30] and [3].



1. INTRODUCTION

key tool for the proofs are local-to-global arguments which try to boost (easier-to-analyze)
local expansion properties, such as expansion of links in simplicial complexes, to global
ones. This is a truly high-dimensional phenomenon whose study can be traced back to
the work of Garland in the 1970s [51].

In this thesis, we focus on a more combinatorial notion of expansion - coboundary expansion.
This notion of HDXs arose independently in the work of Linial, Meshulam and Wallach
[89, 109] and of Gromov [54], generalizes the edge expansion constant of graphs and
provides a quantitative measure for vanishing cohomology.

To define this notion, consider a pure® d-dimensional simplicial complex X. We write
X (k) for the set of k-simplices of X. Endow X with the weight function w: X — R
given by

” wa:|{7’€X(d):a§T}|'
ST )

These weights, often called Garland weights, induce a norm || - || on cochain groups
Ck(X;TFy) with coefficients in the finite field F, with two elements® by

lell=" > wo)

ceX(k),c(o)#0
which itself gives rise to a quotient norm ||[-]|] on C*(X;F,)/B*(X;F,) given by
Ie]ll = min{[lc + b : b € B*(X;F2)}.

Definition (Coboundary expansion constants”). Let X be a d-dimensional simplicial
complex. Let 0 < k < d — 1. The k-th coboundary expansion constant ng(X) of X (with
respect to || - ||-norm and Fy-coefficients) is defined as

. |6c]|
X) = min .
7:(X) ceCk(XFa)\BE (X:Fs) ||[c]||

Note that 7;(X) > 0 if and only if H*(X;F,) = 0. This is why we think of 7;(X) as
quantifying the vanishing of the k-th cohomology group of X with coefficients in F.

Gromov established a remarkable link between coboundary expansion and the so-called
topological overlap property. We say that a d-dimensional simplicial complex is c-
topologically overlapping for some constant ¢ > 0 if for every continuous map® f: | X| — R?
there is p € R? such that [{oc € X(d) : p € f(0)}| > ¢|X(d)|. Informally speaking, Gro-
mov’s celebrated Topological Overlap Theorem states that for any dimension d and vector
of positive real numbers n = (no,...,nq_1) there is a constant ¢, depending solely on
d and 7, such that if X is a d-dimensional simplicial complex with 7 (X) > n; for all
0 < k <d-—1 then X is c-topologically overlapping.” Gromov then shows that the

A simplicial complex is pure if every (inclusion) maximal simplex has the same size.

6For a definition (co)chain groups and simplicial (co)homology see Section 2.2 below.

"We will give a more general definition for coboundary expansion constants in Chapter 3 including
some motivation.

8Here | X| denotes the geometric realization or polyhedron of X.

9More formally, there is another technical condition requiring some local sparseness of X that we
sweep under the rug here. Moreover, the strong condition of vanishing cohomology can be weakened to
the condition that every coboundary has a small cofilling and that every non-trivial cocycle has large
norm. We refer to [36] for more details and a concise, streamlined proof of Gromov’s Topological Overlap
Theorem as well as Section 2.1-2.5 in [54] for Gromov’s original argument.



complete d-dimensional complex K¢ on n vertices satisfies n,(K%) > 1 for all n,d € Z+g
and 0 < k < d— 1. In particular, K¢ is cg-topologically overlapping for some cq > 0. This
is related to a classical problem in discrete geometry — the point selection problem. There
one asks for the optimal constant ¢4 such that for every affine map f: [K¢| — R? there is
a point p € R? with

n

{oc € Ki(d):pe f(o)}] > Cd<d+1

> + o(n™1) as n — +00.1°
The fact that ¢; > 0 was shown in [18] for d = 2 (showing that ¢, = 2/9) and in [12] for
d > 3.

Surprisingly, Gromov’s proof of the Topological Overlap Theorem does not only generalize
results for the point selection problem from affine to continuous maps but his lower bounds
on the overlap constant improved upon previously known estimates in the affine setting.

Linial-Meshulam [89] (for d = 2) and Meshulam—Wallach [109] (for d > 3) also showed that
n(K2) > 1 for all k,n € Z+g and 0 < k < d — 1. They used this for an intricate cocycle
counting argument to determine the exact threshold for the vanishing of H4~1(X;F,) where
X is sampled according to the so-called Linial-Meshulam model X4(n,p). X ~ X4(n,p)
is obtained as follows: Start with a complete (d — 1)-skeleton on a vertex set V' of size n.
For every subset 0 C V with |o0] = d + 1 add o as a d-simplex independently at random
with probability p.*!

The works of Gromov, Linial-Meshulam and Meshulam—Wallach indicate that the notion
of coboundary expansion is well-suited for topological applications. A main theme of
the present thesis continues this line of research and provides a general method for the
study of quantitative non-embeddability problems, such as crossing numbers of graphs
and simplicial complexes, from the perspective of coboundary expansion properties of
configuration spaces naturally associated with these types of problems.

Mostly, we will focus on the (pair) crossing number problem. Given a d-dimensional
simplicial complex X and a continuous map f: |X| — R?? we define the independent pair
crossing number ipcr(f) of f as

iper(f) = ;|{(a,7') eEX(d)x X(d):onT=0,f(o)N f(T) #£ 0},

i.e. as the number of pairs of disjoint d-simplices of X whose images under f intersect.
The independent pair crossing number ipcr(X) of X is defined as

iper(X) := min{ipcr(f) : f: | X| — R* continuous}.

Clearly, ipcr(X) > 0 implies that X is not embeddable to R??.12 We think of ipcr(X)
as a quantitative measure of non-embeddability for which we would like to prove lower
bounds.

10Usually, this is formulated in the equivalent form that for every set of n points in R? there is a point
p € R which is contained in at least ¢4(,",) + o(n®*!) of the simplices spanned by d + 1 points in P.

1By now, a much more fine-grained understanding of (topological) properties of the Linial-Meshulam
and related random models of simplicial complexes have been obtained. We refer to [70] and [17] for two
surveys on the study of random simplicial complexes - the former might be slightly outdated in some
places.

12The converse is true for graphs (d = 1) and for d > 3 due to the completeness of the so-called van
Kampen obstruction [47].



1. INTRODUCTION

The embeddability question is often studied through the framework of configuration spaces
and test maps, which provides a powerful topological toolbox to the study of a variety of
geometric and combinatorical problems (see [107] and [139] for excellent introductions to
the topic). In a nutshell this framework works as follows: One starts by constructing a
configuration space to encode all possible solutions/configurations. A test map from the
configuration space to some test space allows to separate some distinguished configurations
from the others by, e.g., mapping them to zero. Often the configuration and test space
are endowed with a group action of a (finite) group G and the test map is equivariant
with respect to these actions, i.e., it commutes with the group action. One usually seeks
for topological properties of the configuration/test space pair that prohibit the existence
of an equivariant map from the configuration to the test space avoiding zero and whence
guarantee the existence of a configuration with a desired property.

For the problem of embedding a d-dimensional simplicial complex X to R?? a suitable
configuration space is the deleted join X2 of X. The join X Y of the simplicial complexes
X and Y is the simplicial complex whose simplices are joins 0 ® 7 of pairs of simplices
o € X and 7 € Y. Thinking of X and Y as abstract simplicial complexes, i.e. as a
downward closed set systems, o ® 7 is simply the disjoint union of the sets o and 7. Then
X2 is the subcomplex of X * X given by

X2 ={o@7:0,7€ X, 0n7 =10}

The points in the geometric realization of X}? can be described as formal convex combi-
nations x = tx; @ (1 — t)zy , where t € [0, 1] and z1, 25 € | X| are from disjoint simplices
of X. Here we use the convention that Ox; & 1z = 0x] @ lze and 1z & 0z = 1oy @ 2}
for all x1, 2, 1o, 4 € | X]|.

Note that v: | X 32| — |X}2| given by
trd(1—thy— (1—t)ydtx

is a simplicial automorphism with v o v = id. The map v induces a free action of the
cyclic group of two elements Z/2 on X 32 turning it into a free Z/2-complex.!3

Now, given a continuous map f: |X| — R?? we get an induced map F': |X}2| — R2¢*!
given by

1-2t
tr @ (1—t)y— <tf(x) —(1- t)f(y)) '

Note that Z/2 also acts on R**! by the antipodal map a: R?**1 — R+ mapping = to
—z. F'is equivariant, i.e. F ov =ao F. Moreover, we have F(tx @ (1 —t)y) = 0 if and
only if t =1/2 and f(z) = f(y). It follows that

iper(f) = ;]{a RTEXZ2d+1):0€ Flo®71)}.

Furthermore, the existence of an embedding f: X — R?? gives rise to an equivariant map
F: X3 —7/2 R24+1 whose image avoids 0. A generalization of the classical Borsuk-Ulam
theorem (see for instance [141]) to Z/2-complex/spaces rules out the existence of an

3For more detailed definitions of these notions we refer to Section 2.4.



equivariant map F': Y] =z, R? avoiding 0 if Y is a d-dimensional simplicial complex
with a free Z/2-action and H*(Y;Fy) =0 for all 0 < k < d — 1.' Our first main result is
a quantitative version of this result for coboundary expanders which can be seen as an
analogue of Gromov’s Topological Overlap Theorem in the setting of free Z/2-complexes
and equivariant maps.

Theorem 1.1 (Quantitative Borsuk—Ulam Theorem). Let d € Z~q and n = (1o, ... ,Na—1)
be a vector of positive real numbers. Let Y be a d-dimensional free Z/2-complex such that
m(Y) > mg for all0 < k < d—1. Then for any equivariant map F: |Y| =z, R? we have

Hf:_ol n;
od

{oeY(d):0e Fo)}| = Y (d)].

The quantitative Borsuk—Ulam Theorem implies a (non-trivial) lower bound on ipcr(X)
for a d-dimensional simplicial complex X whenever we can prove good lower bounds
for the coboundary expansion constants of X32. In particular, this would show the
non-embeddability of X to R??. Thus, it is natural to ask for conditions on X which
ensure that X3? is a coboundary expander. More specifically, is it possible to bound the
coboundary expansion constants of X% in terms of the coboundary expansion of X? We
are very far from a satisfying answer to this question (and as we will see the answer might
be quite delicate) but for sufficiently thick'® spherical buildings (for a definition of these
complexes see Defintion 5.7) we know how to prove expansion for their deleted join. This
leads us to the following application of Theorem 1.1.

Theorem 1.2 (Quantitative non-embeddability for sufficiently thick spherical buildings).
For every dimension d € N there exists 04 > 0 and pg > 0 such that for every d-dimensional
0q-thick spherical building X we have

X(d
iper(X) = pta - (' é )’>.
Theorem 1.2 makes progress on a conjecture of Tancer and Vorwerk (see [134, Conjecture
8.1]) who conjectured that no d-dimensional 3-thick spherical building embeds to R??.
Thus, under the stronger assumption of sufficiently large thickness, we can show non-
embeddability of d-dimensional spherical buildings to R?¢ in a strong quantitative sense.

As another application of Theorem 1.1 we will prove that a bounded degree expander
graph G = (V, E) satisfies ipcr(G) = Q(|V|?/log [V]) (see Theorem 5.14 for a more precise
statement clarifying the dependencies of the hidden constants on the edge expansion
constant and maximum degree of ). This improves a previous lower bound due to
Kolman and Matousek [79, Theorem 2] by a log |V|-factor.

Our proof of Theorem 1.1 is quite robust. In particular, it also works for different choices
of weights instead of the Garland weights. Moreover, we will prove a generalization (see
Theorem 4.1 below) to the setting where Z/p, for some prime p, acts on X freely and on
R? by orthogonal linear transformations and freely on R¢\ {0}. Such setups naturally
arise in the study of Twerberg-type problems (see [107, 139, 15] for more details). In fact,

14The Borsuk—Ulam Theorem is the case when Y is (an equivariant triangulation of) the d-dimensional
sphere S¢ with the antipodal action.

5By definition, we call a d-dimensional simplicial complex X J-thick for some § € Z~g if every
(d — 1)-simplex of X is contained in at least ¢ d-simplices.



1. INTRODUCTION

as an application we will give a new proof of the lower bound of Vu¢ié¢ and Zivaljevié
([138, Theorem 1]) on the number of Tverberg partitions in the prime case. We will show:

Theorem 1.3. Let p be a prime. Let N = (d+1)(p — 1). Let o™ be an N-dimensional
simplex. Then for every continuous map f: |o™| — R? the number of unordered p-tuples
{Fy,...,F,} of pairwise disjoint faces of o™ with ._y f(F;) # 0 is at least

(p —1 1)! <§>N/2 '

With Theorem 1.1 in mind (and ignoring the difference between the deleted join and the
join) it is worthwhile to get a good understanding of coboundary expansion properties of
the join X * X of a simplicial complex with itself. Using Kiinneth formula (see, e.g., [61,
Chapter V.]) we see that H*(X % X;Fy) = 0 for all 0 < k < 2d if H/(X;Fy) = 0 for all
0 <j <d-—1. One could ask for a quantitative version of this result. The proof of such
a result might be quite delicate and a very strong form of it would not further generalize
to arbitrary joins X *x Y of simplicial complexes X and Y

Proposition 1.4. There are positive constants C and n such that there are infinite
families of reqular graphs (G,)nen and (Hy)nen with the property that for alln € N

y log [Gn (1)
(ii) no(Hn) = C=E A

oo 6
(iii) 1o (G x Hy) < m'lﬁ

In particular,
im

—— = 0.
n—-+oo 1o (G )0 (Hp)

On the positive side, we are able to establish coboundary expansion for X % X if the
coboundary expansion of X comes with a special certificate which we call a random
abstract cone. Such a certificate is, for instance, available for spherical buildings.

An initial motivation for proving a quantitative Borsuk—Ulam type theorem such as
Theorem 1.1 was to have a new approach to tackle various old conjectures on crossing
numbers of graphs. Arguably the most prominent (and oldest) of these conjectures is
Turdn’s brick factory problem (see for instance [13] or [126, Ch. 1]) which asks to determine
the crossing number cr(K,, ) of a complete bipartite graph K, ,,.!" It is conjectured that

cr(Kpn) = Zm,n where
2= "5 5] 2 5]

6Here we think of G,, as a 1-dimensional simplicial complex. Hence, |Gy, (1)| is the number of edges
of G,,.

"The crossing number cr(G) of a graph is the smallest number of edge crossings of any drawing
of G in the plane. Clearly, ipcr(G) < cr(G) for all graphs G and it is a major open conjecture that
iper(G) = cr(G) (see [117, 126]).




This is also known as Zarankiewicz’ conjecture. A construction attributed to Zarankiewicz
shows that cr(K.,,) < Z,, . Even the asymptotics of cr(K,,,) for m,n — 400 is not
fully understood.

Note that (K,,,) = [m]% * [n].*® Thus, for large m and n, (K,,,)% is roughly equal
to the complete 4-partite 3-dimensional complex A3 := [m] % [m] * [n] % [n], in the

m,m,n,n

sense that they only differ by a negligable number of simplices. What is more, it is
not too difficult to show that (A3 ) = Me(Kmn)2) + o(1) as m,n — 400 (cf.

m,m,n,n

Proposition 5.2). In particular, Theorem 1.1 implies

A3 A3 A3
CI'(Kmm) > ipCI’(Kmm) > 770( m,m,n,n)nl( m,m,n,n)ﬁQ( m,m,n,n)

> 16 (1 —o(1)) m*n?

as m,n — +oo which would prove an asymptotic version Zarakiewicz’ conjecture if we
could show that n (A3 ) > 1 for all k € {0,1,2}. Unfortunately, at least for k = 2,

m,m,n,n

this fails to be true.

Theorem 1.5. Let d € N be a dimension, ng,ni,...,ng > 2 integers. Write A¢ =

T, M -1
[no] * -+« [ng] for the complete (d + 1)-partite complex with parts of size ng,nq,...,ng_1

and ng. If 2¢ divides n; for all 0 <i < d, then

d+1
nd—1<AgL0,’n1,“.,nd> S 2d :
We will write A% for AZ ~ if ng = ny = --- = ng = n. The proof of Theorem 1.5

generalizes to give us upper bounds on 7, (A%) for k < d — 1 which are exponentially small
in d for constant codimension d — k (see Proposition 7.8). Additionally, we will make a
precise conjecture for the value of 7;(A2) for all n € Z,.

A key ingredient for the constructive proof of Theorem 1.5 is an interesting family of d-
coboundaries with some extra algebraic structure (related to the sum complezes studied in
[88]). We can obtain such a family of d-coboundaries for any (d + 1)-partite d-dimensional
complex. This allows us, using the probablistic method, to show an upper bound on the
(d — 1)-th expansion constant of the spherical building A4(FF,) associated with GLg1o(F,)
for sufficiently large g. More precisely, given a prime power ¢, A4(F,) is the simplicial
complex with vertices the non-trivial, proper subspaces of ]Fg”, a (d + 2)-dimensional
vector space over the finite field F, with ¢ elements, and k-simplices corresponding to
chains {0} # Uy C Uy C - -+ C Uy C F22 of subspaces. In particular, A;(F,) is the points
vs. lines graph of the Desarguesian projective plane of order ¢ for which it is known that
no(A1(Fy)) > 1 — % (see [93, Section 8.3]). It was conjectured by Lubotzky, Meshulam
and Mozes [98, Conjecture 5.1] that this extends to higher dimensions in the sense that
Na—1(Aq(Fy)) = 1+ 0(1) as ¢ — +oo. We disprove this conjecture in a rather strong sense
for all d > 2.

Theorem 1.6. For any dimension d and € > 0 there is Q = Q(d,e) € Z~q such that for
all prime powers q > () we have

d+1
ni-1(Aa(Fy)) < oa TE

8For n € Z-o we write [n] for the set {1,...,n} which we also think of as 0-dimensional simplicial
complex of n discrete points.
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We will further close the gap between the known lower and upper bounds for 1y (A%)
by also improving upon previously known lower bounds. Due to a recursive bound on
n4—1(A2) in terms on 1y_»(A¢"1) we focus on improving the lower bound for 7;(A2). Using
a computer-aided proof, we will show

Proposition 1.7. For all n € Z~o we have n;(A%) > 0.67159.

One should compare this to the previously known lower bound 7;(A%) > 3/5 and the
upper bound 7, (A2?) < 3/4 from Theorem 1.5 (if 4 divides n). The exact value of 1;(A2)
remains elusive.

In an attempt to circumvent the obstacle of A¢ not having optimal coboundary expansion 1
and thus preventing us from a direct application of the quantitative Borsuk—Ulam theorem
to prove Zarankiewicz’ conjecture (up to lower order terms), we study the coboundary
expansion constant (;_1(A%) of A? with respect to integer coefficients and (normalized)
¢2-norm (see Section 3.1 for a discussion of coboundary expansion constants with respect
to various coefficients and size functions/norms). We will show that for sufficiently large
n we have (g_1(A%) > n4_1(A%). We came short to show that (;_;(A¢) = 1 but working
within the setting of integer coefficients and (weighted) £2-norm, we can recover Kleitman’s
4/5 bound [78] on the crossing number of complete bipartite graphs (up to lower order
terms). More precisely, we will give a new proof of the following result

Proposition 1.8.
lim CI‘(Km,n> 2 é‘lg
m,n—-+o0o Zm,n 5
Part of the proof of Proposition 1.8 is to show that (a(A3,,, ,.,,) > 4/5.2° We conjecture
that in fact (o(A3,,, .,) =1 for all m,n € Z-o which would imply

cr(Kopn)

lim =1
m,n—-+00 m.n

and thus prove an asymptotic version of Zarankiewicz’ conjecture.

1.1 Structure of Thesis

The remaining chapters of this thesis are structured as follows:

The next chapter gives some basic definitions regarding simplicial complexes and coho-
mology, etc.

In Chapter 3 we give a careful introduction to the notion of coboundary expansion.
Moreover, we introduce the random cofilling technique, which is arguably the only known

cr(Kopm,n)
Zmn
One can show that ¢, converges pointwise to a function pe(m) = lim, . @(m). Furthermore,

Cr(KnL.n)
“Z. for

19To be a bit more precise here, for every fixed n € N, we consider the function m + ¢, (m) =

it is another easy exercise to show that lim,, i poo(m) exists. We write limy, - +oo
lim s 400 Poo (M).

20Gtrictly speaking, we show something a bit weaker, namely a lower bound of 4/5 on the 2nd expansion
constant of Ay, . n.n With respect to some weighted £3-norm and integer coefficients. See Section 5.5 for
the full proof of Proposition 1.8.
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technique to prove lower bounds on coboundary expansion constants. We illustrate this
technique by some examples.

In Chapter 4 we show our quantitative version of the Borsuk—Ulam Theorem.

We use this theorem in Chapter 5 to harvest some geometric applications such as the
quantitative non-embeddability result for spherical buildings, lower bounds on (pair)
crossing number of complete bipartite graphs and on the number of Tverberg partitions.

Chapter 6 is devoted to the study of expansion properties of the join of two simplicial
complexes in general.

In Chapter 7 we provide upper bounds on coboundary expansion constants of (d + 1)-
partite d-dimensional simplicial complexes. In particular, we prove the upper bounds as
claimed in Theorem 1.5 and Theorem 1.6.

In Chapter 8 we focus on lower bounds on expansion constants of A?. We will see that
Ca1(AY) > ng_1(A2) for d > 2 and sufficiently large n. Moreover, we make further
progress on closing the gap between the known lower and upper bounds for ny_1(A%) by
improving upon existing lower bounds.

Chapter 9 of this thesis is a loose collection of various further observations related to
expansion.

We close with a brief summary and an outlook in Chapter 10.






Chapter 2

Preliminaries

This chapter gives some basic definitions such as the definition of simplicial complexes
and simplicial cohomology. While everything in this chapter is completely standard,
introducing the material in some detail allows us to fix some notation which we can use
throughout the thesis. The expert reader might want to skip this chapter on a first read
and return to it if necessary. Our discussion here is mainly based on the respective parts
in [107] and [110].

2.1 Simplicial Complexes and More General Cell
Complexes

An abstract simplicial compler X is a downward closed set system X C 2V for some
vertex set V. That is, if 0 € X and 7 C ¢ then 7 € X. In particular, if X is non-empty
then the empty set () is in X. Elements of X are called simplices. The dimension dim o
of a simplex 0 € X is dimo = |o] — 1 and we will call o a k-simplex if dimo = k.
As usual, we use vertices, edges, triangles and tetrahedra as synonyms for 0-,1-,2- and
3-simplices, respectively. We write X (k) for the set of k-simplices and X *) = U_1<i<i X (4)
for k-skeleton of X. A simplicial complex X is s-partite for some s € Z- if there is a
labelling A\: X (0) — [s] of the vertices of X such that | N A7!({i})| < 1 for all 0 € X
and i € [s]. All simplicial complexes considered in this thesis are finite, i.e. they have
finitely many simplices or equivalently | X (0)| < co. The dimension dim X of a simplicial
complex X is the maximal dimension of a simplex in X. A simplicial complex X is pure if
every simplex is contained in a simplex of dimension dim X. A simplicial map f: X —Y
between abstract simplicial complexes is a map f: X(0) — Y (0) such that f(o) € Y for
all o0 € X.

To be able to talk about continuous maps from an abstract simplicial complex to R (or
some other topological space), we need the notion of a geometric realization or polyhedron
of X. To this end, let us first define geometric simplicial complexes.

A geometric simplex o in R? is the convex hull of finitely many affinely independent
points A C R¢. Elements in A are the vertices of o. The dimension dim o of a simplex is
dimo = |A| — 1 and we call o a k-simplex if dim o = k. The convex hull of a subset of A
is called a face of o.

A geometric simplicial complex A is a family of geometric simplices in R? such that

11
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(i) Every face of a simplex in A is also a simplex in A.

(ii) If o,7 € A then the intersection o N7 is a face of o and of 7.

The polyhedron |A| of A is the union of all geometric simplices in A considered as a
topological space endowed with the subspace topology of R The vertex set V(A) of A
is the union of all vertices of simplices in A.

Every geometric simplicial complex has an associated abstract simplicial complex X (A) C
2V (&) where ¢ C V(A) is in X(A) if o is the vertex set of some simplex in A.

A geometric realization of an abstract simplicial complex X is a geometric simplicial
complex A with X = X(A).

It turns out that the polyhedron of any two geometric realizations of X are homeomorphic.
We write | X| for this topological space and call it the polyhedron or geometric realization
of X.

A simplicial map f: X — Y induces a continuous map |f|: | X| — |Y'| which maps vertices
in | X| to vertices of |Y| according to f and for a point x = 3% ; \jv; € X with vertices
v; € X and \; > 0, X8 Ay = 1 we have |f|(z) = ZF o \if(vs).

A subdivision A’ of a geometric simplicial complex A is a geometric simplicial complex
such that |A’| and |A] are homeomorphic, every simplex ¢ € A’ is contained in some
simplex 7 € A and every 7 € A is the union of finitely many simplices in A’.

A subdivision X' of an abstract simplicial complex X is an abstract simplicial complex
associated with a subdivision of a geometric realization of X.

Using the geometric realization we can talk about continuous maps f: |X| — R? from a
simplicial complex X to RY.

A map f: |X| — R?is simplexwise affine if it restricts to an affine map on each simplex
in X. More generally, a map f: |X| — R? is piecewise linear (a PL map) if there is a
subdivision X’ of X such that the map f: |X’| — R? is simplexwise affine.

We will almost always use simplicial complexes as a combinatorial description of topological
spaces except in Chapter 4 where we also encounter CW complexes.

Write B? for the closed d-dimensional unit ball in R?. A d-cell is a topological space
homeomorphic to BY. An open d-cell is a topological space homeomorphic to the interior
of BY.

A (finite) CW-complex is a topological space X together with a finite collection (04, fo)aca
where

(i) 0o C X is a d,-dimensional open cell,

(i) X is the disjoint union of the 0,’s, i.e. X = Upen0a and o, N o, = O for all
a, o € A with a # o/,

(iii) fa: B% — X is a continuous map such that falmt(gda) is a homeomorphism and
such that f, maps B% to a union of open cells each of dimension less than d,,.

12
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The maps f, are called attaching maps. A CW complex is reqular if every attaching map
is a homeomorphism.

Note that a d-dimensional geometric simplex is a d-cell. Thus, by gluing geometric
simplices together along their boundary, we see that the polyhedron |A| of a geometric
simplicial complex A has the structure of a regular CW complex. Furthermore, if X
is a regular CW complex, we can triangulate its cells to obtain a simplicial complex
refining the CW complex structure. To be a bit more precise, here is a specific way to
achieve this: Given a (finite) partially ordered set (P, <) the order complex A(P) of P
is the simplicial complex with vertices the elements in P and k-simplices {v, ..., vy}
corresponding to chains vy < v; < -+ < v in P. Given a regular CW complex X with
cell structure (04, fo)aca We get a partially ordered set (P(X), C) consisting of the closed
cells o, ordered by inclusion. One can check that the regularity of X implies that the
order complex A(P (X)), which is a generalized barycentric subdivision, is a simplicial
complex with |A(P(X))| homeomorphic to X (cf. [101, Ch. III, Theorem 1.7]).

2.2 Chains and Cochains, Simplicial Homology and
Cohomology

Let X be a simplicial complex. Let o € X. Two orderings of the vertices of o are
equivalent if they differ by a permutation with even sign. This defines an equivalence
relation on all possible orderings of the vertices of o with precisely two equivalence classes
if dimo > 0. An orientation of o is a choice of such an equivalence class. An oriented
simpler is a simplex o together with an orientation. We write X for the set of oriented
k-simplices of X. Given an oriented simplex o we write —o for the oriented simplex with
the opposite orientation which we understand to be equal to o if dimo € {—1,0}.

It is convenient to fix an orientation for each k-simplex according to a linear ordering

< on the vertices of X. Given such an ordering and a k-simplex o = {vy, ..., v} with
vg < vy, < U We give o the orientation represented by the ordering (v, ..., vx) and
write [vp, ..., v for the corresponding oriented simplex. Sometimes it will be convenient
to ease the notation and write vgv; ... v instead of [vg, ..., vk

Let 0 = {vg, ..., v} € X(k) with vg < -+ < vg. For 7 € X(k — 1) define the oriented
incidence number [o : T] by

o:7] = {(—1)j if T Co,m=0\{v;},
0

otherwise.

Let A be an abelian group. Later on, we will mostly work with A =Z or A =F,, (the
additive group of) the field with p elements for some prime (power) p. Let —1 < k < dim X.
The kth chain group of X with coefficients in A is the abelian group Ci(X;A) of all
formal sums ¢ = ", cx, a,0 modulo the relation that o + (—c) = 0. Equivalently, it is
the abelian group of all formal sums ¢ = }>,c x () @-0 Where we fixed an orientation for
every k-simplex 0. Elements in Cy(X; A) are called k-chains.

There is a boundary map Oy : Cx(X;A) = Cr_1(X;A) which is determined by

Ok(ag[vo, ..., vg]) = Z((—l)iag)[vg, R R A

=0

13
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where 0; indicates that the vertex v; is omitted. One checks that 0y o 0,11 = 0 for all
0 <k <d-1. In particular, the image of 0y, is contained in the kernel of 0, i.e.

Im(Ok+1) C ker(0k).

We call Z,(X; A) := ker 0y the group of k-cycles and By(X;A) := Im0,; the group of
k-boundaries. In particular, By(X;A) is a subgroup of Z(X; A) and we can define the
k-th homology group H,(X;A) of X with coefficients in A as the quotient Hy(X;A) :=
Zip(X; A)/Be(X; A).

For an oriented simplex o and a € A define the elementary cochain al, as the function
aly,: X — A with al,(0) = a, al,(—0) = —a and al,(7) = 0 for 7 € X, \ {0, —0}.
Then we define the k-th cochain group C*(X;A) of X with coefficients in A as the abelian
group of all formal sums 3_,cx ) @ 1ls with a, € A where we assume that we fixed an
orientation for every k-simplex.

There is a coboundary map d: C*(X;A) — C*1(X;A) given on elementary cochains
al, by
olaly) = > [r:o0lal,.

reX(k+1)

B*(X;A) := Imd,_, is the group of k-coboundaries of X and Z¥(X;A) := ker d is the
group of k-cocycles of X. One checks that d; o 0,1 = 0 and, hence, we can define the
k-th cohomology group H*(X;A) of X with coefficients in A as the quotient H*(X;A) :=
ZF(X;A)/BF(X;A).

Assume now that A is a ring with 1. Then by evaluating cochains on chains, we get a
pairing (-, -): C*(X; A)xC(X; A) — A. More precisely, for a cochain ¢ = 3, x (1) tols €
C*(X;A) and a chain ¢ = 3, cxx) boo € Ci(X; A) we define (p, V) := X, cx () tobs-

We have, essentially by definition, that (5p,v) = (p, ) for all ¢ € C*(X;A) and
¥ € Cra (X5 A).

If A =T is a field, this pairing gives us the following nice characterization of coboundaries.

Lemma 2.1. Let F be a field. Let ¢ € C*(X;F). Then the following are equivalent:

(i) ¢ € B¥(X;F).
(it) (c,z) =0 for all cycle z € Z(X;TF).
(iii) (c,z) =0 for z € Z where Z C Z,,(X;F) is a generating set.

The proof of Lemma 2.1 is an easy exercise in linear algebra which we leave to the reader.

Let X and Y be simplicial complexes. Let f: X — Y be a simplicial map. Let A be an
abelian group. f induces a map f*: C*(Y;A) — C*(X;A) given by

c([f(vo),- o flue)]) i {f(vo), ..., flon)} € Y(R),

0 otherwise.

() (v ) = {

Here we think of cochains as functions on oriented simplices. Note that 6 f*c = f*dc for
all c € C*(Y; A). Applying this to the inclusion map i: X — Y of a subcomplex X C Y,
we see that the restriction of a coboundary to a subcomplex is a coboundary.

Similarly, we get an induced map f,: Cx(X;A) — Cr(Y; A) which for [v, ..., v] € X
and a € A is given by f.(alvo,...,vk]) = a[f(vy),. .., f(vr)] which we understand to be
equal to 0 if {f(vo),..., f(vx)} & Y (k).

14
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2.3 Links and Localization

Let X be a simplicial complex. Let ¢ € X. The link X, of X at o is the simplicial
complex X, ={r€ X :onN7=0,7U0c € X}. We think of X, as a local view of X
around o. Note that Xy = X.

Assume we fixed an ordering < of the vertices. Let o = [vg, ..., v;] € X withvg < -+ < .
Given an oriented simplex 7 = [ug, ..., 4| € (X,); we let 0 UT € X4 be the oriented
simplex [vg, ..., Uk, Ug, ..., u]. With this notation we can define the localization c, of

c € C*(X;A) as the cochain ¢, € C*719/(X,; A) given by ¢,(7) = ¢(o U 7) for all oriented
simplices 7 € (Xo)k—|o]-

2.4 (G-Spaces and G-Complexes

Let G be a finite group with identity element e. A group action of G or G-action on a
topological space X is a family ® = (p,),eq¢ of homeomorphisms ¢, : X — X such that
. = id and @, o @, = @g, for all g,h € G. (X, ®) is called a G-space.

Let (X, ®) and (Y, ¥) be G-spaces. A map f: X — Y is called G-equivariant or a G-map
or (if the group G is understood) equivariant if f o @, =1, o f for all g € G. We write
f: X —¢ Y toindicate that f is a G-equivariant map.

A G-space (X, ®) is free if p () # z for all x € X, g € G\ {e}. For z € X the set
Gz = {p4(x) : g € G} is called the orbit of x under the action of G. A G-action is
fized-point free if |Gx| > 2 for all x € X.

A simplicial G-complez (X, ®) is a simplicial complex X together with a family ® =
(pg)gec of simplicial maps such that (|X/|, (|¢g])gec) is a G-space. The notion of a free
or fixed-point free G-spaces naturally extends to simplicial G-complexes. For an abelian
group A the maps (¢,).: Cr(X;A) = Cp(X;A) and (¢,)*: CH(X;A) — C*(X; A) give
rise to an induced G-action on (co)chains. We will write g.c and h.¢ instead of (¢, ).c and
(¢n)*C.

In this thesis we will only consider group actions by the cyclic group Z/p of order p for
some prime p. In this case the group action of Z/p on X is determined by the action
v: X — X of a generator of Z/p. We will sometimes write (X, ) in this case.

2.5 Expansion for Graphs and the Cheeger
Inequality

Let G = (V, E) be a (simple, undirected) graph on n vertices. For v € V' we write deg(v)
for its vertex degree, i.e. the number of edges incident to v. Write A = (A, 4)uwvev € RV*V
for the adjacency matrix of G. That is A, , = 1 if uv € F and 0 otherwise. Let D € RV*V
be the diagonal matrix with diagonal entries D, , = deg(v). The normalized Laplacian
L of G is defined as L(G) := [ — D™Y2AD~Y/21 Note that £(G) is symmetric and
positive semi-definite. Thus, £(G) has real eigenvalues 0 < A\ (G) < X2(G) < --- < A\, (G).
Moreover, the vector vy = D'/?1 satisfies £(G)vy = 0. Hence, A\, (G) = 0. It is not difficult

1Strictly speaking, this is not well-defined if G has isolated vertices, i.e. vertices with deg(v) = 0. In
that case, we define Dy_,ll,/2 = 0 for all vertices v with deg(v) = 0.
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to see that the multiplicity of 0 as an eigenvalue is the number of connected components
of G. Thus, A\y(G) > 0 if and only if G is connected. Hence, A\2(G), sometimes called the
spectral gap of GG, is a measure of the connectivity of G.

A more combinatorial way of measuring the connectivity is in terms of the (normalized)
Cheeger constant 1no(G), which is sometimes also called (normalized) edge expansion
constant. To define 1y(G) let us introduce the volume vol(.S) of a set of vertices S C V as
vol(S) := ﬁzves deg(v). For S € Vet E(S,V\S) ={e € E:|SNne| = |(V\S5)Ne| =1}
be the set of edges in the cut induced by S. Then, we define

B |E(S,V\ 9)|
(G = B B min ol (S), vl (V1 S)}

Note that 79(G) > 0 if and only if G is connected.

We remark that in the literature the Cheeger constant is often defined as

B |E(S,V\ 9)]
ho(G) = min, S STV A\ ST}

and mostly studied for d-regular graphs. For d-regular graphs we have

d
ho(G) = 5770(G)-
Define a family of graphs (G, )nen to be a family of edge expander graphs if there is n > 0
such that 79(G,) > n for all n € N. Similarly, say that (G,,).en is a family of spectral
expander graphs if there is A > 0 such that \y(G,,) > A for all n € N.

It turns out that a family of graphs is a family of edge expander graphs if and only if it is
a family of spectral expander graphs. This follows from the so-called discrete Cheeger
inequality due to Dodziuk [34] and independently due to Alon and Milman [6]. The
Cheeger inequality for graphs translates an analogous result of Cheeger [23] for Laplacians
defined on Riemannian manifolds to a discrete setting.

Theorem 2.2 (Discrete Cheeger inequality, see, e.g., [26] or [63, Section 4.4]). Let

G = (V,E) be a graph. Then
2(G) < 10(G) < \/5h(G).

In view of the discrete Cheeger inequality, we have two equivalent ways of describing
families of expander graphs: in terms of the spectral gap of the Laplacian and in terms of
the edge expansion constant. While computing the edge expansion constant is known to
be NP-hard (see [71, Theorem 2]), A2(G) can be efficiently computed (up to a prescribed
error). This is why even the inequality Ao(G) < 19(G), which is considered as the easy
part of Theorem 2.2, is relevant in practice. Indeed, many known construction of infinite
families of constant-degree expander graphs (see, e.g., [50, 92, 105, 106, 124]) establish
the expansion properties of the constructed graphs by analyzing the eigenvalues of their
Laplacians.

Expander graphs have been extensively studied since their existence was shown by Barzdin
and Kolmogorov [80] and Pinsker [119] around 1970. The theory of expander graphs gave
rise to a deep interplay between (pure) mathematics and (theoretical) computer science.
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We do not touch any further on this theory here and refer the reader to the surveys and
books [63, 83, 94, 93]. Here is a word of warning regarding higher dimensions: Both the
spectral gap of combinatorial Laplacians and the edge expansion constant of graphs have a
natural analogue for higher-dimensional simplicial complexes, but there is no analogue of
the Cheeger inequality in higher dimensions. There is even a fairly simple reason why one
should not expect such an inequality in dimension > 2. The spectral gap of Laplacians
for X can be thought of as a quantitative measure for vanishing cohomology H FX:R),
while the analogue of the edge expansion constant measures the vanishing of H F(X;TFy).
While, by the universal coefficient theorem (see, e.g., [59, Section 3.A]), H*(X;Fy) =0
implies that H*(X;R) = 0, the converse does not hold (consider, e.g., a triangulation of
the projective plane RP?). This rules out an analogue of the easy part Ao(G) < 1o(G) of
the Cheeger inequality. In fact, one can rule out such an analogue even if one assumes
that H F(X;TFy) = 0. For the other part of the Cheeger inequality one can construct an
infinite family of simplicial complexes such that the spectral gap of the higher-dimensional
Laplacian goes to zero much faster than the analogue of the edge expansion constant. We
refer to [56, 130] for a detailed discussion.

We discuss the generalization of the edge expansion constant in length in Section 3.1.
Higher-dimensional Laplacians have lead to various combinatorial applications. We will
not use higher-dimensional Laplacians for any of the results in this thesis but for some
remarks it will be helpful to refer to them. This is why, we briefly define them here and
refer to [38, 64, 37, 82, 49, 51] and references therein for more background and some
applications.

Let X be a d-dimensional simplicial complex. Assume that X is endowed with a weight
function w: X — Rso. We can define a weighted inner product (-,-), on cochains

C*(X;R) by
(9w =D wlo)f(o)g(o).
TEXy

Write §;: C*1(X;R) — C¥(X;R) for the adjoint of the coboundary map 8. That
is 07 is defined through the relation (6pf,g)w = (f,0;g)w for all f € C*(X;R) and
g € C*1(X;R). Then, we can define the kth up-Laplacian L;? of X by L;? = 6;6). By
definition £;* is self-adjoint (with respect to (-,-),,) and positive semidefinite. Moreover,
B*(X;R) C ker £;7 = Z*(X;R) and every f € B¥(X;R) is a trivial eigenvector of L;*.
All other non-trivial eigenvalues are coming from the restriction of £;* to B¥(X;R)*, the
orthogonal complement of B*(X;R) with respect to {-,-),. Write A¥)(X) for the smallest
non-trivial eigenvalue of £, i.e. by the variational characterization of eigenvectors we

have e
AR (X)) = min Mok J/w
(X) reBEX R 120 (f, [w
Note that A¥)(X) > 0 if and only if H*(X;R) = 0.
It is not difficult to check that for a graph G = (V, E) (thought of as 1-dimensional
simplicial complex), we have that £(G) = Lg" if we choose w: G — Rx¢ to be given by
w(v) = deg(v) for v € V and w(e) =1 for e € E.
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Chapter 3

Basics on Coboundary Expansion

This chapter serves two purposes:

(i) introducing the main notion used in this thesis: coboundary expansion,

(ii) elaborating on the random cofilling technique', which is arguably the only known
technique to establish coboundary expansion.

3.1 Normed Cochain Groups and Coboundary
Expansion

As mentioned in the introduction the notion of coboundary expansion was introduced
(without calling it coboundary expansion) in the inspiring works by Gromov in [54]
and independently by Linial-Meshulam in [89] as well as Meshulam-Wallach in [109].
The term coboundary expansion was later coined in [35]. Aforementioned applications
of coboundary expansion are deep and, at first, it is not clear at all why coboundary
expansion is useful to tackle these problems.

In retrospect, coboundary expansion can be seen as a natural generalization of edge
expansion of graphs. Although historically incorrect, we use this point of view as an a
posteriori motivation for the definition of coboundary expansion.

Recall from the introduction that given a (simple, undirected) graph G = (V, E) and
S CV we write

E(S,V\S)={ecE:|lenS|=len(V\S8) =1}

for the cut induced by S. Note that G is connected if and only if |[E(S, V' \ S)| > 0 for all
) #S CV. In fact, given ) £S5 C V, |E(S,V \ S)| is the number of edges that have to

!This averaging technique was introduced by Gromov in [54] to show coboundary expansion for
the complete complex, complete multipartite complexes and spherical buildings among others. Linial,
Meshulam and Wallach gave essentially the same argument to establish coboundary expansion for the
complete complex in their early work on coboundary expansion (see [89] and [109]). Gromov (as well as
Guth in the survey [57] on Gromov’s work on waist inequalities) remarks that the technique goes back
to Federer’s and Fleming’s work in geometric measure theory (see [42] and [41]). The random cofilling
technique was further elaborated on in [35, 98, 85, 76].
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3. BAsics oN COBOUNDARY EXPANSION

be removed from G such that S and V' \ S belong to two different connected components.
Moreover, if S C V' is small, we should not expect too many edges going out of S. Thus,
the Cheeger constant
B8V S)

o#scv min{|S], |V \ S|}

is a natural way to quantify the (robustness of) connectedness G.

ho(G)

There is an interpretation of ho(G) in terms of cohomology groups, which leads to the
generalization to higher dimensions. For this purpose we think of G as a 1-dimensional
simplicial complex. Then subsets S C V' are in one-to-one correspondence with cochains
ls € C°(G;TFy) where 15 is the characteristic function of S, i.e. for v € V

1g(v) :=
s(v) 0 otherwise.

{1 ifves,

Similarly, subsets F' C E are in one-to-one correspondence with cochains 15 € C*(G;Fy)
by thinking of their characteristic functions 1z as Fy-valued. Note that

0ls = Lgsv\s)
forall SC V.

Write | - | for the Hamming norm on C*(G;Fy). That is |c| := [{o € G(k) : ¢(0) # 0}] for
ce CHG;Fy), -1 <k < 1.

Note that B°(G;F,) = {0,1} is the space of constant functions. Hence, 1g and Ly\g
differ by a coboundary.

For ¢ € C°(G;Fy) write [¢] for its equivalence class in CY(G;Fy)/B%(G;Fy). Write

I[c]l= min |c+ |
be BO(G;F2)
for the quotient norm on C°(G;F,)/B°(G;F,) induced by |- |. The following table

summarizes the correspondence of various terms in graph theoretical language and in
cohomological language:

graph language | cohomological language
SCV 15 € C°(G;TFy)

FCFE 1r € CHG;TFy)
E(S,V'\S) 0lg

{0,v} BY(G; Fy)
min{|S[, [V\ S[} | |[Ls]].

We observe that 5
ho(G) = min ﬁ
ceCO(GiF2)\BO(GiF2) |[c]]

With this point of view, we can think of ho(G) as quantifying the vanishing of HO(G;TFy).
Indeed, ho(G) > 0 if and only if G is connected if and only if H°(G;F,) = 0.

Moreover, this equivalent definition of hy(G) is very flexible. We can replace
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3.1. Normed Cochain Groups and Coboundary Expansion

e (G by a d-dimensional simplicial complex X,
o [F5 by some abelian group A,
C%(G;Fy) \ B°(G; ) by C*(X;A) \ BX(X;A),

e || by some different way of measuring the size of cochains.

This flexibility allows us to define a notion which quantifies the vanishing of H F(X;A).
To make this more precise, we start with the notion of a size function on cochains.

Definition 3.1 (Size function on cochains). Let X be a d-dimensional simplicial complex.
Let A be an abelian group. Let 0 < k < d. A size function | -| on C*(X;A) is a function
|- ]: CH(X;A) = R of the form

lel=>_ w(o)le(o)]a;

ceX(k)

where w: X (k) — R>o are non-negative weights on X (k) and |- |5: A — R5¢ is a non-
negative function on A with 0|4 = 0 and |a|y = | — a|s for all @ € A.

A size function | - | is coboundary separating if |c| > 0 for all ¢ € C*(X;A) \ B*(X;A).
A size function | - | is positive on coboundaries if |b| = 0 for b € B¥(X; A) implies b = 0.
A size function | - | satisfies the triangle inequality if for all ¢,¢ € C*(X;A) we have

lc+ | < e +|].

A size function |- | is a norm if it satisfies the triangle inequality and for ¢ € C*(X;A) we
have |¢| = 0 if and only if ¢ = 0.

The reader might be confused at this point why we do not simply define a size function to
be a norm (according to our definition). In fact, any norm is automatically coboundary
separating and positive on coboundaries. But, as we will see later on, this would be
too restrictive for some of the applications. We will encounter various size functions
which do not satisfy the triangle inequality, are not coboundary separating or positive on
coboundaries. It feels convenient to introduce some additional technicalities at this point
in order to fit all examples of size functions and variants of coboundary expansion used
throughout this thesis into one single definition. We hope that the examples at the end of
this section already help to give an idea why size functions which are not norms could be
useful.

We are ready to give the main definition in this thesis.

Definition 3.2 (Coboundary expansion constants). Let X be a d-dimensional simplicial
complex. Let 0 < k < d— 1. Let A be an abelian group. Let |- | be a size function on
C*(X;A) and C*(X;A). For ¢ € C*(X;A) let |[d]| := minyepr(x.a) lc — b]. Let n > 0.
We say X is n-coboundary expanding with respect to A-coefficients and | - | if

|0c| > nl[d]|
holds for all ¢ € C*(X; A).

We define the kth coboundary expansion constant nL‘(X;A) of X with respect to A-
coefficients and | - | by

n,‘;l(X; A) :=sup{n > 0: X is n-expanding with respect to A-coefficients and | - |}.
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3. BAsics oN COBOUNDARY EXPANSION

We should remark that many authors use the term ’coboundary expansion’ exclusively
for the case A = F,. We prefer to take a more general approach here emphasizing the
flexibility of the notion. As we will see later on that changing the size function and
coefficients even within the same problem can lead to additional insights.

Before giving examples with various commonly used choices for A and |- |, let us show
that i) (X; A) quantifies the vanishing of H¥(X;A) (at least when |- | is a norm).

Lemma 3.3. Let X be a d-dimensional simplicial complex. Let 0 < k < d. Let A be an
abelian group and | - | a size function on C?(X;A) for j € {k,k+ 1}.
(i) If |-| is coboundary separating on C*(X;A), then n,‘;l(X; A) > 0 implies H*(X; A) =
0.
(i) If | - | is positive on coboundaries on C*'(X;A), then H*(X;A) = 0 implies
(X A) > 0.
Proof. For (i) let ¢ € Z*(X; A) be a cocycle. We have
0 = [dc| > ! (X; A)][d])

Since we assume that n,‘%'(X ;A) > 0 we must have |[c]| = 0. But |- | is coboundary
separating, hence ¢ € B¥(X;A). Thus, Z*(X;A) = B¥(X;A) and H*(X;A) = 0.

For (ii) note that if n,‘%'(X;A) = 0, then there is ¢ € C*(X;A) \ B*(X;A) such that
|6c| = 0 while [[c]| > 0. Since | - | is positive on coboundaries, we get dc = 0. But then
ce€ ZF(X;A)\ B¥(X;A) showing that H*(X;A) # 0. O

The following examples (also see Figure 3.1) show that, in general, we cannot (fully)
remove the additional assumption in (i) and (ii) in the previous lemma.

(7) (i)

Figure 3.1: An illustration that in general n,'%‘(X; A) > 0is not equivalent to H*(X;A) =0

Example 3.4. For both examples we let A = Fy with the Hamming norm |- 4. In (i) we
have two disjoint copies of a complete graph. So, the Oth-cohomology does not vanish.
But choosing weights to be constant 1 on Ky and 0 on Ky makes this graph an expander.
In (ii) we have a complete tripartite graph which is connected and, hence, has vanishing
Oth-cohomology. Choose the weights to be equal to 1 on the black vertices and edges and
0 on the gray vertices and edges. With respect to these weights the size of the coboundary
of 1y is 0 but |[1y]| > 0. Hence, the expansion constant (with respect to this weighted
Hamming norm) is 0.
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3.1. Normed Cochain Groups and Coboundary Expansion

3.1.1 Examples of Frequently Used Choices for Weights w and
‘ . |A on A
We will mostly work with the abelian group A = Fy, the finite field with two elements.

Sometimes we will also consider A = [, the finite field with ¢ elements for some prime
power ¢, A =Z or A =R.

We endow finite fields with the Hamming norm | - |z, i.e. |z|g =1 for z € F, \ {0} and
0]z = 0. On Z and R we usually use the squared (3-norm |- |3, i.e. |z|3 = |2|? for z € R.

In terms of weights w on a simplicial complex X we will mainly use three choices for w:
the Hamming weights wy, the normalized Hamming weights wy and the Garland weights
Waq.

The weight wy is simply the constant 1 function, i.e. wy(o) = 1 for all 0 € X. The
normalized Hamming weights are given by wy (o) = m for o € X (k).

Recall from the introduction that for a pure d-dimensional simplicial complex X, the
Garland weights wg: X — R are given by

_ |7 € X(d):0 C 7|
(41X (@)

wg((f) .

for o € X.

Note that wg (o) € [0,1] for all o € X and that >,c x4 wa(o) = 1 for all =1 <k < d.
Thus, for each —1 < k < d, we can think of wg as a probability distribution on X (k). In
fact, for o € X (k), wg(o) is the probability that the following random process ends up at
o: Sample 7 € X(d) uniformly at random. Then in each step remove a single vertex from
7 uniformly at random until there are k + 1 vertices left.

The main advantage of working with Garland weights over (normalized) Hamming weights
is that it allows to directly compare coboundary expansion constants of complexes of
various sizes and with very different, non-constant degrees of simplices. In fact, in
dimension d > 2 it is not obvious at all how to construct d-dimensional simplicial
complexes such that every i-simplex is contained in the same number of j-simplices for
all 0 <i < j <d, let alone if one asks for additional expansion properties (see [22] for an
attempt in this direction). It turns out that Garland weights often take care of potential
issues arising from different degrees in an almost magical, automatic way.

For a more exotic choice of weights, which will be relevant for our result on the number of
Tverberg partitions, consider the following weights on A4: Write A = Uy % Uy * - -+ x Uy
with Uy =U; = -+ = Uy = [n]. For o € A? we call

I={ied{0,...,d} :Uno #0}
the type of o. Now, define a weight function w_: A¢ — R4 by

o w_(0) = ﬁ if o has type {0,1,...,|o|},
0 otherwise.

k+1

In words, w_ gives weight 1/n**1 to the k-simplex o if it is contained in Up*Uy*- - -xU, C A4

and weight 0 otherwise.

It will be convenient to introduce special notation for coboundary expansion constants
with respect to frequently used coefficients and size functions:
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3. BAsics oN COBOUNDARY EXPANSION

o We will write 7, (X) for the kth coboundary expansion constant of X with respect
to Fy-coefficients and the size function induced by Garland weights wg on X and
the Hamming norm on Fs.

o We will write hy(X) for the kth coboundary expansion constant of X with respect
to Fa-coefficients and the size function induced by the Hamming weights wy on X
and the Hamming norm on Fs.

« We will write hy(X) for the kth coboundary expansion constant of X with respect
to Fy-coefficients and the size function induced by the normalized Hamming weights
wy on X and the Hamming norm on F.

o We will write (;(X) for the kth coboundary expansion constant of X with respect
to Z-coefficients and the size function induced by Garland weights wg on X and
the ¢3-norm on Z.

3.1.2 Further Remarks and Generalizations

Note that for the definition of the coboundary expansion constants 77,|C'|(X ; A) we only
need the structure of the cochain complex together with a way of measuring the size
of cochains. As such, the definition of coboundary expansion constants immediately
extends to (finite) cellular or polyhedral complexes. We will not make use of any such
generalization except in Section 9.1, where we will consider the coboundary expansion
constants hy(Q4) with respect to Fo-coefficients and Hamming weights of the d-dimensional
hypercube @4 thought of as a cubical complex.

Let w: X — Ry be a strictly positive weight function on a d-dimensional simplicial
complex X. Let 0 < k <d— 1. Let £;”(X) = ;0 be the up-Laplacian where d} is the
adjoint of §; with respect to the inner product (-,-),, on C*(X;R) induced by w. Let | - |
be the size function on C*(X;R) induced by the weights w and the squared fo-norm | - |3
on R. Using the variational characterization of eigenvalues, it is not difficult to see that
the smallest non-trivial eigenvalue AW (X) of £(X) satisfies A®)(X) = 5l (X R).

3.1.3 Minimal Cochains and Cofillings

For future reference, we introduce the notion of minimal cochains and minimal cofillings.

Definition 3.5. Let X be a d-dimensional simplicial complex with the size function | - |
induced by some weights w: X — Rs( and a weight function |- |4 on the abelian group A.
Let 0 < k < d. We say that ¢ € C*(X; A) is minimal (with respect to | -|) if |¢| < |c — dal
for all a € C*1(X; A).

Given b € B¥(X; A) we say that ¢ € C*¥"1(X; A) is a cofilling of b if 5¢c = b. A cofilling ¢
of b € B¥(X; A) is a minimal cofilling if |c'| > |c| for any other cofilling ¢’ of b.

We will use the following property of minimal cochains several times later on.

Lemma 3.6. Let X C Y be d-dimensional simplicial complexes with inclusion map
1: X =Y. Let w:Y — Ry be a weight function. Endow X with weights obtained by
restricing w to X. Let A be an abelian group with weight function | - |s. Write | - |x and
| - |y for the induced size functions on cochains of X and Y, respectively. Let 0 < k < d.
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3.2. The Random Cofilling Technique

Given c € C*(X; A) write ¢ for the extension by 0 of c to Y, i.e. i*c = c and &(o) =0 for
all o € Y(k)\ X (k). Assume c is minimal with respect to | - |x. Then ¢ is minimal with
respect to | - |y.

Proof. Given minimal ¢ € C*(X;A) and a € C*(Y'; A) we compute
|E+(5(I|y Z |2*(5+5ya)|x = |C—|— 5xi*a|x Z |C|X = |E|y7

where we used the minimality of ¢ for the second last step. O]

3.2 The Random Cofilling Technique

In this section we introduce the random cofilling technique for showing coboundary
expansion in an abstract setting. We will encounter such averaging arguments over and
over again throughout this thesis. To help the reader get more acquainted with this type
of arguments, we will illustrate the technique in proofs of the following two propositions.

Proposition 3.7. Let d > 1 be a dimension. Let n > d + 1. Then the complete
d-dimensional complex K¢ on n vertices is 1-coboundary expanding with respect to Z.-
coefficients and (3-norm. More precisely, we have

n

Cd71<KS) > S

Proposition 3.8. Let d > 1 be a dimension. The Oth coboundary expansion constant
no(A2) of the d-dimensional complete (d + 1)-partite complex AL satisfies

mo(AL) > 1.

Proposition 3.7 seems new but the argument of Gromov [54] and Linial-Meshulam—
Wallach [89, 109] for coboundary expansion > 1 with respect to Fy-coefficients and
Garland weighted Hamming norm carries over to the setting with respect to Z-coefficients
and /2-norm without any difficulties.

Proposition 3.8 shows that the (normalized) edge expansion constant of the complete
multipartite graph (with equally sized parts) is at least 1. This is a well-known fact
and a simple exercise using explicit formulas for the size of a cut induced by a subset of
vertices. We will give an alternative proof using the random abstract cofilling technique.
This allows us to illustrate the technique in a simple setting. Moreover, having a random
abstract cofilling as a certificate for 79(A?) > 1 will be useful for proving lower bounds on
ni(A2) for k > 1 later on (see Proposition 6.16).

Our discussion and notation for the abstract setting of the random cofilling technique
loosely follows [85].

3.2.1 The Averaging Trick — Exemplified by a Proof of
Proposition 3.7

Let X be a d-dimensional simplicial complex. Let A be an abelian group. Let |- | be a
size function on C*(X; A) and C*T1(X;A). Given ¢ € C*(X;A) it is a priori not clear at
all how to find a € C*~1(X; A) such that |c — da| is small compared to |dc|.
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3. BAsics oN COBOUNDARY EXPANSION

Here is a simple yet powerful idea for a possible approach to this problem: Instead of
exhibiting one single 'good’ choice for a € C*71(X;A), one constructs a whole family
(a®))ses of (k — 1)-cochains and averages |c — da'®)| over some distribution y on S. The
hope is that many complicated terms cancel out and the average E,.,|c — (5a(5)\ becomes
easy (or at least easier) to analyze and to compare to |dc|. Since

le]] < min e - 50| < Eyoyle — a9,

we get nLl(X;A) > 1/M for some M > 0, if for any ¢ € C¥(X;A) we can construct a
family (a'®))scg of (k — 1)-cochains with

Eople — 6a®| < M|dc].

In practice, it is sometimes easier to think about different cofillings of dc rather than
trying to construct various choices for a € C*71(X; A) to make ¢ — da small. In this case,
the following easy lemma comes in handy:

Lemma 3.9. Let X be a d-dimensional simplicial complex. Let 0 < k < d—1. Let A
be an abelian_group and | -| a size function on C*(X;A) and C*'(X;A). Let n > 0.
Assume that H*(X; A) = 0 and that for every b € B¥1(X; A) there is c € C*(X; A) with
dc =10 and

1
le] < =[]
U
Then n} (X; A) > n.

Proof. Let ¢ € C*(X;A) be minimal. Let b = dc. By assumption there is ¢ € C*(X; A)
with 0/ = b and || < %|b| But then d(c—¢’) = 0 and since we assume that H*(X;A) =0

we get ¢ — ¢ = da for some a € C*"1(X;A). We conclude that |[c]| = |[¢]] < %|(5c|, as
desired. O
It is an easy consequence of Lemma 3.3 (i) that if | - | is coboundary separating, then

the reverse implication in Lemma 3.9 is also true. Moreover, if | - | satisfies the triangle

inequality, then one can show that 77,'6' |(X ;A) > n is equivalent to the fact that for every
b€ B*(X;A) there is c € C*(X; A) with

1
le] < —[b].
U

and that for every ¢ € C*(X; A) we have that |dc| = 0 implies |[¢]| = 0.

It is convenient to introduce the following terminology.

Definition 3.10 (Cofilling inequality). Let X be a d-dimensional simplicial complex.
Let 0 <k <d—1. Let A be an abelian group and | - | a size function on C*(X;A) and
CH(X; A). We say that X satisfies a cofilling inequality in dimension k+ 1 with cofilling
constant L if for every b € B*¥1(X; A) there is ¢ € C*(X; A) with dc = b and such that

e| < Ljb].

We illustrate the averaging trick by giving a proof of Proposition 3.7.
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3.2. The Random Cofilling Technique

Proof of Proposition 3.7. K is the d-skeleton of the (n — 1)-dimensional simplex "~ on

n vertices. Since 0" ! is contractible and the (d — 1)-th cohomology group only depends
on the d-skeleton, we get that

H"Y K 7) =2 H Yo" Z) = 0.

Thus, according to Lemma 3.9, it suffices to show a cofilling inequality with cofilling
constant 1 —d/n. To this end, let b = dc € BY(K%;Z) for some ¢ € CY(K% Z). Given a
vertex v € K2(0) let ¢ € C9Y(K4; Z) be given by

) = b,,

where, by slight abuse of notation, we consider the localization b, as a cochain on K¢
instead of a cochain on the link (K?), by extending b, by 0 on K2(d — 1)\ (K%),(d — 1).
We claim that ¢ = b for all v € K4(0).

Z
Z

vV = v
Figure 3.2: An illustration that 6c¢*) = b for d = 2: We distinguish two cases. On the
left we consider a triangle 7 = xyz with v = x € 7. By coning from v the value of b gets
pushed to the opposite edge yz. On the right we assume that 7 = zyz and v ¢ 7 we note
that since b is a coboundary, b evaluates to zero on the boundary of the tetrahedron vayz.

Thus, b(7) = b(vyz) — b(vxz) + b(vey) = (6by)(zy2).

To see this (for an illustration for d = 2 see Figure 3.2), let 0 € K4(d). If v € o, then
5c) (o) = b(o) is immediate by construction. If v ¢ o, then 6c¢)(c) = b(o) follows from
the fact that, as a coboundary, b evaluates to 0 on cycles which in particular means that

(b, 0([v,a])) = 0.

Thus, we have found a family (¢®)),c Kd(0) Of cofillings for b.
Let us compute the expected size of ¢(). For this purpose, write | - |3 for the (unweighted)
(2norm on C*(K%4:7Z), i.e.
lalz=">_ la(o)]?
ceKa(k)
for any a € C*(K%,Z). We get by double counting (every d-simplex has d + 1 vertices):

1
> = > bl =

veK2(0) veKE(0)

d+1
n

[ellz < [bl3-

S|
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3. BAsics oN COBOUNDARY EXPANSION

Using that Garland weights are uniform on K¢ we deduce that

kil _ () -

(K > - -

Can( ”)_d+1 |Kd(d)| d+1(dzl) n—d’

as desired. D

3.2.2 Random Abstract Cofilling

Sometimes, as for the complete complex, it is not too difficult to come up with an ad-hoc
construction for a family (¢®)),cg of cofillings of a given coboundary b. Inspired by
the discussions in [85, Section 2.2] and in [76, Section 2], we outline a more systematic
approach for finding families of cofillings, which we call random abstract cofilling. This
approach allows to establish coboundary expansion in the presence of small fillings of
cycles and an automorphism group acting transitively on the top dimensional faces.

A key insight leading towards random abstract cofilling is that the vanishing of H X A)
is implied by the existence of a cochain homotopy between the identity and O-map on
CkH(X;A).

Lemma 3.11. Let X be a d-dimensional simplicial complex. Let 0 < k < d—1. Let A
be an abelian group. Assume there is a cochain homotopy between the identity and 0-map
on C*(X;A), i.e. forie {k k+ 1} there are
T;: CHX;A) — C7HX;A)
such that for all c € C*(X; A) it holds that
¢ = 01Tyc+ Triqdc.
Then H*(X;A) = 0.

If A is a field or A = 7Z, the converse is also true. That is ﬁk(X;A) = 0 implies the
existence of a cochain homotopy between the identity and 0-map on C*(X;A).

Proof. First let T;: C*(X;A) — C71(X;A), i € {k,k + 1}, be a cochain homotopy
between the identity and 0-map on C*(X;A). Let ¢ € C*(X;A) with dc = 0. Then by

assumption we get
Cc = (STkC + Tk+1(56 = (STkC,

i.e. ¢is a coboundary with cofilling Tyc. Hence, Z*(X;A) = B¥(X;A) and H*(X;A) = 0.
Now assume that A is a field or A = Z and that H*(X;A) = 0. Thus, the (co)chain

complex
oo CFHXGA) S CRMXGA) S CHTYXGA) — L
is exact at C¥(X;A). This implies that there is a short exact sequence (SES)
0 — B¥(X;A) 5 CH(X:A) S BMY(X:A) — 0,
where i: B¥(X;A) — C*(X;A) denotes the inclusion map. By the assumption on A this
SES is split? and there are homomorphisms
r: C*(X;A) — B¥(X;A) and s: B"(X;A) — C*(X; A)

2If A is a field then we are considering a SES of vector spaces which is always split. If A = Z, we see
that B¥*1(X;A) is a free abelian group which implies that the SES is split.
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3.2. The Random Cofilling Technique

such that r o7 = idBk(X;A) and 5 oS = idBkJrl(X;A).

By the first isomorphism theorem applied to 6: C*1(X;A) — C*(X;A) we get an
induced isomorphism

§: CF X A)/ZM (X A) — BR(XGA).

In particular, if A = Z we get that C*~1(X;A)/Z*1(X;A) is a free abelian group and
for A = 7Z or a field the following SES is split

0 — ZFH(X5A) 5 OV H(XGA) & CFH (X A) /21 (X A) — 0.

Here 7 denotes the inclusion map and 7 the quotient map. In particular, there is
t: Ckil(X,A)/Zkil(X, A) — Ckil(X,A) with mot = ide—l(X;A)/Zk—l(X;A)'

The choice of A allows to extend s: B*¥1(X;A) — C*(X;A) to a homomorphism
Tip1: CFTHXGA) — CF(X;A).
Also, define Tj,: C*(X;A) — C*1(X;A) by
T.:=tod ‘tor.

We claim that ¢ = 6Ty,c+ Ty 19c for any ¢ € CF(X; A). This is essentially by construction,
since by properties of SESs we have

¢ = (ior)(c) + (s08)(¢)

for all ¢ € C*(X;A) and that dotod ' =i: B¥(X;A) — C*(X;A). This finishes the
proof. O

Usually we are interested in lower bounds on T)L"(X ;A) for all 0 < k <d— 1. Thus, we
would like to find (families of) homomorphisms

T;: C(X;A) — C77HX;A)

for all 0 < 7 < d such that
c=01Tyc+ Ty 0c

forall c€ C*(X;A),0<k<d-1.

Often it easier to construct homotopies between the identity and 0-map on chain groups
C(X;A) and then dualize them to C*(X;A). More precisely, we would like to find
homomorphisms S;: C;(X;A) — Ciq1(X;A) for —1 < ¢ < d — 1 such that for all
c€ Cr(X;A),0<k<d—1we have

¢ = 0Sic+ Si_10c.

Then, if A is a ring with 1, we can use the pairing between chains and cochains to define
Ty: CF(X;A) — C*1(X; A) through the identity

(Tye,a) = (¢, Sp-1a)
for all c € C*(X;A) and a € Cy_;(X; A).
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3. BAsics oN COBOUNDARY EXPANSION

The advantage of working on chain groups is that it allows for an inductive, bottom-up
construction as follows:

Assume Hp(X;A) = 0 for all =1 < k < d— 1. Define S_;: C_1(X;A) — Co(X;A)
by setting S_10 to be any chain ¢ in Cy(X;A) with dc = (). Such a chain exists since

H_1(X;A) =0 implies that X is non-empty and we could choose ¢ = v for some vertex
v e X(0).

Next assume that by induction S;: Ci(X;A) — Ci1(X; A) is already constructed for
—1 <3¢ <k—1 such that
8Sic + Si_lac =C

for all ¢ € C;(X;A).2
Given o € X (k) we would like to define Syo € Cii1(X; A) such that
0Syo =0 — S;_100.
But
d(o — Sk_100) = 0o — 0Sy_100 = 0o — (0o — Sk_20(d0)) = 0,

s0 0 —Sk_100 € Zp(X;A). Since we assume that Hy(X:A) =0 there is Syo € Chiq(X; A)
with 0Syo = 0 — Sp_100, as desired.

Let Tp: C*(X;A) — C*1(X;A) and Tyyq: CFH(X;A) — CH(X; A) with
c=01Tyc+ Ty 0c

for all c € C*(X;A). Then for any ¢ € C*(X;A), Tj110c = ¢ — §Tyc is a cofilling of the
coboundary dc € B¥1(X;A). A priori it is not clear how to choose Ty, and T}, such
|T}+16c]| is small compared to |dc|. What is more, there is no good reason why there should

be a single choice for Ty, and T} that simultaneously works well for all ¢ € C*(X;A).

But again, we can try to use the averaging trick and consider families (T,ﬁ“), T,ﬁﬂ)weﬂ of

cochain homotopies between the identity and 0-map on C*(X; A) parametrized by some
probability space (2, B, ). As we already observed, we get for all ¢ € C¥(X; A) that

] < Bl T 0]
The hope is that this expected value is easier to analyze and to compare to |dc|.

Let us introduce some terminology.

Definition 3.12 ((Random) abstract cone and (random) abstract cofilling). Let X be a
d-dimensional simplicial complex. Let A be an abelian group.

An abstract cone (Sk)_a<p<q—1 for X is a family of homomorphisms
Sk : Ck(X, A) — Ok—f—l(X; A)

such that
c = 0Skc+ Sp_10c

3Note that we can make sense of this equation even for i = —1. Indeed, C_5(X;A) is 0 and, hence,
there is a unique homomorphism S_s: C_5(X;A) — C_1(X;A). Therefore, for i = —1, the equation
reduces to 9S_1c = c for all ¢ € C_1(X; A) which holds by the choice of S_10.
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3.2. The Random Cofilling Technique

forall -1 <k <d-—1and ce Cy(X;A).

An abstract cofilling (Ty)—1<k<a for X is a family of homomorphisms
Ti: C*(X;A) — C*H(X;A)

such that
c=01Tpc+ Ty 0c

forall -1 <k <d—1and c e CF(X;A).

If A is a ring with 1, we say that an abstract cofilling (7})_1<k<q for X is dual to the
abstract cone (Sk)_a<k<q—1 for X if Ty is the dual map of Sy_; with respect to the pairing
(-,-) between chain and cochains for all —1 <k <d — 1.

Given a probability space (2, B, i) a random abstract cone S for X parametrized by
(2, B, 1) is a collection § = (S]gw))weg7_2§k§d_1 of homomorphisms such that for every
w € Q the family (S,gw)),ggkgd,l is an abstract cone for X.

Analogically, a random abstract cofilling T for X parametrized by (Q, B, 1) is a collection

T = éw))weg_lgkgd of homomorphisms such that for every w € € the family (T,ﬁ“))_lgkgd
is an abstract cofilling for X.

We say that a random abstract cofilling 7 = (Téw))w€97,1§k§d is dual to the abstract
random cone S = (Slgw)>_2§kgd_1 if for every w € € the abstract cofilling (Tk(w)>_1gkgd is
dual to the abstract cone (S,E“’)),nggd,l.

In the presence of a group of automorphisms G acting simplicially on X, we can use the
induced action of G on chains to define an action of G on abstract cones. This allows
us to turn a single abstract cone into a random abstract cone for X parametrized by
(G, B, 1) for some measure u on G. More precisely, given an abstract cone (Sg)_2<k<d—1
for X and g € G we define another abstract cone (g.Sk)_2<k<d—1 by

9.5k Cp(X;A) = Crr (X5 A)
e (g.5p)(c) == g.(Sk(g7.0)).

Since G acts simplicially, the action of G' on chain groups commutes with taking bound-
aries. It follows that (g.Sk)_2<k<4—1 is indeed an abstract cone. Moreover, after short
contemplation, we see that (gh).S; = g.(h.Sk) for all g,h € G, i.e. that we get a group
action of GG on the set of abstract cones.

We close this subsection by showing a fairly generic lower bound on coboundary expansion
constants in terms of properties of a random cofilling under some mild assumption on A

and the size function |- |. The reader should compare this result to [85, Theorem 2.5] and
[76, Theorem 30].

Proposition 3.13. Let X be a d-dimensional simplicial complex. Let A be a ring with
1. Let 0 < k < d—1. Let (2,B,u) be a finite probability space. Let | -| be a size
function on C*(X; A) induced by a weight function |- |s: A — Rsq with [0], =0, |1|4 =1,
la +d'|a < lala + |d|a and |a - d'|s < |a|a - |d'|a for all a,a’ € A and strictly positive
weights w: X — Ry on X.

Let § = (S,gw)) be a random abstract cone for X parametrized by (2, B, p) with dual
random abstract cofilling T = (Tk(w)).
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Forte X(k+1) let

1 w
() = Bl | = —

L,Sk o).
w(T) weQan(k)

Then

X A) > 1 .
i (X5 A) 2 maXex(k+1) A(T)
Moreover, if G is a group of automorphisms which acts simplicially on X and transitively on
X(d) and w: X — R are the Garland weights, then for any abstract cone (Sk)_a<p<i—1

for X we have
1

Il
M (X5 A) >
' (Zié)&zek((S) —9<j<d—1)

Y

where

Sizek((Sj)_gsjgd_l) (= Inax Z |<]1775k0>|A~
oEX ) X (k1)

Before we dive into the proof of this proposition, let us shed some light on the complicated
looking quantity A(7). Specializing to w(o) = m for o € X, A =Ty, |- |a the
Hamming norm and g the uniform distribution on €2, we get

[ X(k+1)] H(w,0) e A x X(k): 7€ Supp(S,gw)cr)H.

M) = IR )

Now, recall that S,gw)a is a filling of o + S,(;i)l@a. Thus, in order to get A(7) small for all
7 € X(k+ 1), we would need many small, well-distributed cycles inside of X.

Proof of Proposition 3.13. Let ¢ € C*(X;A). For w € Q let c®) := T,gi)léc. Since T is a
random abstract cofilling, we have that for all w € €2

¢ =" 4+ 6T ¢
and, hence, [c] = [¢“)] € C*(X;A)/B*(X; A).
We estimate using the properties of | - |4 that

[e]| < Eupnulc®)

=3 Y www(@)(T)6e, )a

we e X (k)
=3 > ulww(o)|(de, Sio)a
we e X (k)
<> X ww > 1be(r)la - {1, 550 a
weQ oeX (k) TGX(k+1)
= > w(n)]dc(r)|aA(T)
Te€X (k+1)
< lde] max (),
TeX (k+1)

as desired.
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For the second part we let {2 = G with the uniform distribution p and S,(f) = ¢.5} for
g€ G, —2<k<d-—1. According to the first part it remains to show that for this choice
of random abstract cone/cofilling we have for all 7 € X (k + 1) that

M) < (Z j: ;) Sizey((S7)-2<j<d—1)-

To this end, let 7 € X(k+1). Write G, := {g € G : g.1 = 7} for the stabilizer of 7 under
the action of G. Let R be a set of representatives of the cosets G/G,. Since we assume
that G acts transitively on X (d), we get

U{g.c:0€ X(d), 7 Co}=X(d).
g€ER
Indeed, fix py € X(d) with 7 C pg. Since G acts transitively on X(d), for any given
p € X(d) there is g € G such that g.po = p. Let r € R be the representative of gG,. So
r = gh for some h € G,. Let pj :== h™'.pg. Then pf, € X(d) with 7 C pj and
r.pp = (gh)-(h"".po) = g.po = p.

It follows that
G

|G|
By the definition of Garland weights this implies

d+1
< .
<o)

Further note that for g € G, 7 € X(k+ 1) and 0 € X (k) we have

| X (d)| < {o € X(d): 7 C o}

7 € supp((g.Sk)o) if and only if
7 € supp(g.(Sk(g~'.0))) if and only if
g .7 € supp(Sp(g~t.o)).

Moreover, the Garland weights are invariant under the action of G, i.e. w(o) = w(g.0)
forall g e G and 0 € X.

With all these we estimate

M) = w(lT)‘1|geG an(k)w(U)KL’ 59
- w(lT)‘é’geG an(k)w(U)K]lg_l'T’ ol
- w(lT)|é|geGan(k)w(a)mlg1mSk(U)>|A
: w(lT) |C1;|geGan(k)w(U) pe)%ﬂ) (oSl Pl
= w(lT) |GT\| an(k)w(U) pe)%+1) Sl
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3. BAsics oN COBOUNDARY EXPANSION

which finishes the proof of the second part of the proposition. O

It is important to observe that, in principle, one can relax the assumptions in Proposi-
tion 3.13. First, notice that to define ¢ as Tk(i)léc we only need to know the value of

T,gﬁ)l on B*1(X;A). Moreover, since we assume that
¢ = 6T\ c+ T be,

T 6¢ is already determined on B (X; A) once we fix T;*). Of course, trying to use

the generic bound involving A(7), we would need to know 7, k(i)l on all of C*(X;A) in

order to be able to understand its dual map S,(f). But it could very well be that there

are other means to analyze the expected value E,,|c — 5T,§w)|. We will encounter such
a situation, for instance, when we show a lower bound on 7, (G * G) for the join of an
expander graph G with itself.

What is more, in order to define ¢) as ¢ — 6T\ ¢, we do not need (T, T;<}) to form
a cochain homotopy between the identity and 0-map on C*(X;A). In fact, we do not
even need that T\ : C¥(X:;A) — C*(X;A) is a homomorphism - any map would work.
But then, it becomes less clear how to analyze E,.,|c“)|. Also, in view of Lemma 3.11
it seems reasonable to work with cochain homotopies between the identity and 0-map
on C*(X; A) since they witness the vanishing of H*(X;A), a property we would like to
quantify by giving a lower bound on n,lc"(X : A). Working on chain groups is especially
appealing since we can construct chain homotopies inductively in a bottom-up fashion.
This becomes particularly useful if there is an apparent family of small cycles and a
group of automorphisms acting transitively on the top dimensional faces. Sometimes such
a family of small cycles is witnessed by a nested family of (small) subcomplexes with
vanishing cohomology as the following lemma shows:

Lemma 3.14. Let X be a d-dimensional simplicial complex. Let A be an abelian group.
Let (B;),cxw-1 be a family of subcomplexes of X such that

(i) T € By forallT € X,
(ii) B, C B, whenever 7,7 € X with 7 C 7/, and

(iii) H;(By;A) =0 for all T € X and —1 < j < dim 7.

Then there is an abstract cone S = (Sk)-2<k<a—1 for X with supp(Sxo) C B, for all
o€ X(k)and -1 <k <d-—1.

Proof. We construct the abstract cone S by induction on k. For S_; we note that by
assumption H_1(By; A) = 0, hence By is non-empty and we can define S_1) := v for some
vertex v € By.

Now assume that S;: C;(X;A) = Cj11(X; A) has already been constructed for —1 < j <
k — 1 such that supp(Sjo) C B, for all o € X(j) and such that S;_10c + 95,c = ¢ for all
c € C;(X;A). Let 0 € X(k). Note that by the induction hypothesis d(c — Sy_100) = 0.
Using property (ii) of the family (B;),cxw-1 of subcomplexes, we see that supp(oc —
Sk_100) C B,, i.e. we can think of ¢ — Sy_100 as a cycle in B,. But by assumption
ﬁk(Ba;A) = 0. Hence, there is ¢ € Cy41(By; A) with 0c = 0 — Si_100. Define Sio :=¢
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3.2. The Random Cofilling Technique

to be the extension of ¢ by 0 to X. We have Sy_100 + dSyo = o and supp(Sxo) C B, by
construction. This finishes the proof. O

A family of subcomplexes as in Lemma 3.14 is at the heart of the definition of so-called
building-like complexes in [98]. In particular, if X is a spherical building (see Definition 5.7
below) then it is not difficult to exhibit a family of subcomplexes as in Lemma 3.14 using
the apartments in X.

3.2.3 A Lower Bound on 7(A%) - Proof of Proposition 3.8
Write A = Uy * - - - x Uy with Uy = - -+ = Uy = [n]. We would like to exhibit many chain
maps Si: Cp(A4;Fy) — Cry1(A2;Fy), k € {—1,0} such that

0Spc+ S_10c = ¢

for all ¢ € Co(A%;Fy). As discussed above, we could first define S_; by S_;0) := u for
some vertex u € A%(0). Then given v/ € A%(0) we have to define Syu’ to be a filling of
u+ . If wand ' are from different parts (i.e. u € U;,u’ € U; for some i # j), then we
can set Sou’ = wu'. If u,v € U;, we could choose a third vertex v € U; for some j # ¢
and set Sou’ = uv + u'v.

Note that defining Sy in this way, it depends on the ordered pair (u,v) of two vertices
from two different parts in A%. As we will shortly see, averaging over all possible ordered
pairs will give the desired bound on 79(A%).

To see this, we introduce the following notation. Let

Q.= |_| UZ'XU]'

0<i,j<d,i#j

and write p for the uniform distribution on 2. Let uw € U;,v € Uj,1 # j. Letw = (u,v) € Q
and define

0 u

and
S(gw) : Co(AZ, ]FQ) — Cl(AZ, Fg)
/ e i
L if u' ¢ U,
wo +uv i o e U;.
By our discussion above, S := (S(_wl), S(()w))weg is a random abstract cone in dimension 0
for AY. Write T = (T,), T*))ycq for the dual random abstract cofilling.

For the analysis of E,,,|T{*dc| for some ¢ € CO(A%;F,) we will make use of the following
negative type inequality.

Lemma 3.15. Let xy,..., Tk, y1,...,yr € R. Then

Yoo(mi—w)+ DY (i—w)< > (g — )

1<i<j<k 1<i<j<k 1<i,j<k
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Consequently, if we write AL = U xV with U = {uy,...,u,} and V = {vi,...,v,}, then
for all c € C°(AL;Fy) we have

Y e +e@)+ Y fe(w)+e@) < D0 e(u) +c(v)].

wwe(Y) vore(¥) uelUweV

Proof. The second part follows from the first by setting k = n, z; = c¢(u;) € {0,1} C R
and y; = c(v;) € {0,1} CR, 1 <i < n.

For the first part, a straightforward computation gives that

Z (yj—xz‘)2— Z (xj—%')z— Z (yj_yi)2:(2$i_zlyj) >0

1<i,j<k 1<i<j<k 1<i<j<k
as desired. ]
Now, given w = (u,v) € Q with u € U;,v € U;, i # j and ¢ € C°(A2;Fy) we have

de(uu') if u' ¢ Uy,

(w) N = (¢ (“)u' =

In particular, 7\*)dc is independent of v. Using this, we compute for ¢ € CY(A%;TFy) that

16l < Bumy| Ti6¢]

2 d /
=@ 0 ZZ() e(us) + e(ad)
_ 2 2 1 , ,
_m| Cl"‘mg Z Z le(u) + e(u)] + Z le(u) + c(u')|

0<i<j<d uu’e(UQi) uu/€<UQj)
Applying the negative-type inequality from Lemma 3.15 to the second term, we deduce

6 < ol e, X el + )

0<i<j<dueU;u'cU;
2
— (142
(d+1)n< +d>| d
2
— = |5el.
o, locl

Rearranging and normalizing finishes the proof of Proposition 3.8.
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Chapter 4

A Quantitative Borsuk—Ulam Theorem

In this chapter, we prove the quantitative version of the Borsuk—Ulam Theorem (Theo-
rem 1.1). In fact, we will prove the following more general result.

Theorem 4.1. Let p be a prime. Let G = Z/p. Let X be a d-dimensional simplicial
complex with a free G-action. Fiz a G-action on R by orthogonal maps which is free on
R\ {0}. Assume that there are positive constants n;, > 0 such that n,L'H(X;F,,) > >0
for all 0 < k < d—1 where || - || is a size function induced by the Hamming norm on
F, and some Z/p-invariant weight function w on X. Assume that F[’“(X;Iﬁ‘p) =0 for all
0<k<d—1.} Then for every equivariant continuous map F: |X| —¢ R? we have

1 d—1
{o € X(d): 0 € F(o)}|| = HHX(O)HW,BDW

The case G = Z/2 already appeared in [140] where we also mentioned its generalization
Theorem 4.1. The results in this chapter are joint work with Uli Wagner.

Our proof of Theorem 4.1 combines the idea of using approximation by piecewise-linear
maps in general position and algebraic intersection numbers, as in the streamlined proof of
Gromov’s topological overlap theorem in [36], together with the idea of using a special Z/p-
invariant cell structure on spheres. For Z/2 this cell structure is given by the hemispheres
and was used in Walker’s proof of the Borsuk—Ulam theorem for Z/2-spaces in [141].

4.1 A Special Z/p-invariant Cell Structure for S?

Given a map F: | X| — R? from a finite simplicial complex X to R?, using compactness,
we can replace RY by a closed ball B¢ = B(0, R) of radius R centered at the origin such
that the image F(]X]) is contained in the interior of B¢. Below we will make use of special
triangulations of B¢ which, restricted to the boundary sphere S*~! = 9B?, refine a special
Z/p-invariant regular CW-complex structure on S¢~!. For Z/2 this structure is quite

IRecall that by Lemma 3.3 (i) H*(X;F,) = 0 follows automatically from n,LHl(X;Fp) >0if | - || is
coboundary separating on C*(X;F,).
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apparent and given by the hemisphere. For Z/p our discussion is a slight generalization
of [131, Section V.5].2

To define such a structure, write v for a generator of Z/p and, by abuse of notation, we
also write v: R? — R? for the orthogonal transformation of the action of v on R?. It is
not difficult to see that Z/p acts freely on S*~* C R? if and only if v has no fixed point
(cf. [107, Observation 6.1.3]), i.e. if v(z) # x for all z € S 1.

Now, if p = 2, then vor = id. In particular, all eigenvalues of v are in {—1,1}. But, since
we assume that v acts freely on R?\ {0}, all eigenvalues of v are equal to —1. Thus, there
is a orthogonal basis of R? such that with respect to this basis v is given as the antipodal
map x — —x. It follows that without loss of generality we can assume that v is the usual
antipodal map on RY. For such v a Z/2-invariant, regular CW structure on S¢! is given
by the hemisphere. More precisely, such a structure has two cells in each dimension and
is inductively obtained by decomposing a k-dimensional sphere into a (k — 1)-dimensional
equitorial sphere with two k-dimensional cells (upper and lower hemisphere) attached.
We illustrate this cell structure for S¢, d € {0, 1,2}, in Figure 4.1.

Figure 4.1: A Z/2-invariant cell structure for S¢, d € {0,1,2} with 2 cells in each
dimension. For d = 1 we attach two semicircle o7 and o to the two points oy and oy .
For d = 2 we start with the cell structure for S! and attach two hemispheres o5 and o3
along this S!.

We can be a bit more explicit. Consider the unit sphere S? C R4!. For 0 < k < d let
SF C S be given by

S¥ = {(z0,...,7q) €S*: 2; =0 for j > k}.
For 0 < k <d let
70 = {(x0,...,2q) €S2y, > 0,2; =0 for j > k}.

Note that fi.: B¥ — 7 given by

x=(xo,..., k1) — (To,. .., T1,. .., Tp_1,\/1 — |2]%,0,...,0)

is a homeomorphism. Note that 7® N prk) = Sk forall 1 < k < d. Tt follows that
the cells {T(k) :0<k<d}juU {VT("“') : 0 < k < d} together with the attaching maps fj

2We thank Ian Leary and especially Neil Strickland for their answers to our question on MathOverflow
[65] regarding a special Z/p-invariant cell structure on S¢. They greatly helped us to clarify how to
describe such a structure and pointed us to Steenrod’s lectures [131].
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and v o fi, 0 < k < d form a Z/2-invariant regular CW-structure on S?. Thinking of
the cells as chains in C’k(Sd; Fy) we have dey, = ex_1 + veg_ for all 1 < k < d. Moreover,
eq+rveg=1.

To generalize this to free Z/p-actions on S? for a prime p > 2, we first note that in this
case, we must have that d is odd. This follows for instance from the fact that if a finite
group G acts freely on S¢ then |G| must divide the Euler characteristic which for even
dimensional spheres S$*™ is 2.

So, let d = 2m + 1, m € Zsq, be odd and think of S¢ C C™*!. By the representation
theory of Z/p (see, e.g., [128, Chapter V]) we can without loss of generality assume that
the action of the generator v is given by v.(z0, ..., 2m) = (Xo20, - - -, Am2m) Where A; is a

271'sz

primitive p-th root of unity, i.e. \; =e » for some s; € {1,...,p—1}.

There is a nested sequence of odd dimensional spheres S' C S§* C ... C §?™*! given
by S**1 = {(z0,...,2m) € S*™*! : z; = 0 for j > k}. Note that each of these spheres
is invariant under the Z/p-action. We can construct an equivariant cell decomposition
of S+ with p cells in each dimension inductively by constructing cell decomposition
of S**! for all 0 < k < m. To pass from a decomposition of S**~1 to S?**! we pick a
2k-dimensional cell 7(?%) in S?*+1 whose boundary is S**~! such that the complement of
the orbit of 7(3*) under Z/p is the disjoint union of p (2k + 1)-dimensional (open) cells.
Let us make this more precise. To this end, define for 0 < k < m the sets

TR = (2, .. 2m) €SP 2 = 0if j > K, 2, € [0,1]}
and
TR = (20, .. 2m) €SP 2 =010 5 > K, 2, = re’ with 7 € [0,1],0 € [0,27/p]}.

Note that 7 = {(1,0,...,0)} C S?**'. For k > 1 we have:

Claim 4.2. 7% is homeomorphic to B** whose boundary is S*~.

Proof. Thinking of B?* as the unit ball in C* we see that the map for,: B%* — 7% given
by z +— (z,4/1 —|2/2,0,...,0) is a homeomorphism. The second part follows from the
fact that for(2) = (2,0,...,0) for z € B** with |z| = 1. O

As expected we have for £ > 0 that

Claim 4.3. 7%+ s homeomorphic to B**1. Moreover, the boundary sphere of T(2*+1)
. - 27i
is the union of 7% and v/ 7% where j is such that X, = e» .

Proof. Again we think of B as the unit ball in C*. We think of B**! as the unit ball in
CF @R, ie. B*H = {(2,t) € C*®R : |2]?+1% < 1}. To see that 72**1 is homeomorphic
to B2+! we will exhibit two surjective continuous maps g;: B?* x [0,1] — 72+ and
go: B?* x [0,1] — B?*! such that gy(z,t) = ¢1(2', ') if and only if go(2,t) = go(2', t') for
all (z,t), (2, ') € B* x [0,1]. From this it follows that the quotient space B* x [0,1]/ ~
where (2,t) ~ (2/,t') if g1(2,t) = g1(#', ') is both homeomorphic to 7?**1) and B**! and
that there is a homeomorphism fo,;: B?#**1 — 7(2k+1) guch that g1 = for110 go.
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Define g; by ¢1(z,t) :== (2,4/1 — ’Z|26%) and go by g2(2,t) := (z,4/1 — |2|2(2t — 1)). One

readily checks that g; and go are indeed onto and that ¢;(z,t) = ¢;1(2,t') if and only if
z=7z and t =t or |z| = 1 if and only if go(2,t) = go(2/,t').

For the second part first note that |go(2,t)| = 1 if and only if |z| =1 or ¢t € {0, 1}. From
this the second part follows from the definition of g;. ]

Consider the cells C = {#'70) : 0 <i < p—1,0 < j < 2m + 1}. Note that for each
0 < k < m the cells {I/T(%H) : 0 <i < p— 1} have pairwise disjoint interior and that
S = P2y virR+D | Tt follows that the cells C' together with the attaching maps %o f;,
0<i<p-—1,0<j<2m+1, define a Z/p-invariant regular CW complex structure
on S*™*1. Here f; is defined as in the proofs of Claim 4.2 and Claim 4.3, respectively.
Thinking of 7 as a chain in C;(S*"*1;F,) we see that 7% = P~ vir(F=1 for all
1 <k < m and that Or k41 = ik (k) _ 7(2K) for all 0 < k < m, where 1 < Jk<p—1is
such that \* = e

4.2 Approximation by a Piecewise-Linear Map

The first step in the proof of Theorem 4.1 is a (fairly standard) limiting argument which
allows us to replace arbitrary continuous maps by piecewise-linear maps in general position.
First note that by compactness we can assume that F'(|X|) is contained in the interior
of the closed ball B? = B(0, R) for some sufficiently large R. We endow the boundary
sphere S? of B? with an equivariant cell structure as defined in the previous section.
Write Tj(k) =it 0<j<p—1,0<k <d—1 for the p cells in each dimension k in
this decomposition. We get an induced cell structure on B¢ by adding the origin as an
additional O-cell and cone every cell T](k) with 0. That is, we add all cells of the form

aj(-kﬂ) =0 *Tf for0<k<d—1and 0<j<p—1. We call a triangulation 7" of B¢ good
if it is invariant under the Z/p-action and if it refines the cell structure on B¢ given by

the cells
U™ 0<j<p-1,0<k<d-13Uu{o?:0<j<p-1,1<k<d}

Note that since the cell structure of S% we start with is regular, the induced cell structure
on B? is regular as well. Thus, there is always a refinement which is a (Z/p-invariant)
triangulation. Below we will only work with good triangulations of B¢.

Let Y be a simplicial complex. Recall that a map f: [Y| — R? is piecewise-linear (PL) if
there is a subdivision Y’ of Y such that the restriction of f to every simplex of Y is an
affine map.

Two affine spaces A;, Ay C R? are in general position if
dim(A; N As) = max{—1,dim(A;) + dim(As) — d}.

Note this amounts to say that the d — dim(A;) equations defining A; are independent of
the d — dim(A,) equations defining As. We stress that if Ay, Ay are in general position
with max{—1,dim(A;) + dim(Ay) — d} = —1 then 4; N Ay = . We say that a set of
points S C R? is in general position if for any two disjoint subsets S;, Sy C S the affine
hulls aff(S;) and aff(S,) are in general position. A simplexwise affine map f: Y — R? is
in general position if it is injective on the vertices of Y and {f(v) : v € Y(0)} C R? is in
general position.
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Let T be a triangulation of BY = B(0, R). Let f: |Y| — R? be a piecewise-linear map
which is simplexwise affine on the subdivision Y’ and for which f(|Y]) is contained in the
interior of BY. We say that f is in general position with respect to T if f as a simplexwise

affine map f: Y’ — R? is in general position and if for all ¢ € Y and 7 € T we have
dim(Aff(f(o) N 7)) < max{—1,dimo + dim 7 — d}.

In order to avoid any confusion we will write dist(a, b) for the Euclidean distance of two
points a, b € R

With all these we have

Lemma 4.4. Let X be a d-dimensional simplicial complex with a free Z/p-action. Let
[ |1X] =2/ R be an equivariant, continuous map such that f(|X|) is contained in the
interior of B¢ = B(0, R). Let T be a good triangulation of BY. Then for any e > 0 there
is an equivariant PL-map g: | X| =z R? which is in general position with respect to T
and such that dist(f(z),g(x)) < e for all x € | X]|.

Proof. Tt follows from an equivariant version of the classical simplicial approximation
theorem (see [19, I, Exercise 6])) that there is an equivariant PL-map §: |X| —z/, R?
such that dist(g(z), f(z)) < /2 for all x € |X|. The map ¢ might not be in general
position with respect to T yet. In order to fix this, let X’ be a subdivision of X on
which ¢ is simplexwise affine. Since X is a free Z/p-complex, the vertex set X’(0) of X’
decomposes into a partion X'(0) = VoU Vi U---UV,_ such that each V; contains precisely
one vertex from each Z/p-orbit. We can assume that V; = vV for all 0 < i < p—1
where v is (the action of) a generator of Z/p. For each v € V; pick a vector ¢, in
IB%g/2(O) = {z € R : dist(z,0) < £/2} uniformly at random. Let g: |X’| =7/, R? be the
simplexwise affine map given by g(v/v) = §(v/v) + vie, forv € Vyand 0 < j < p — 1.
Since Z/p acts freely, we can assume (after passing to the barycentric subdivision of X,
cf. [19, III, Proposition 1.1]) that o Nv/oc = for all c € X’ and 0 < j < p — 1. This
implies that with probability 1, the map ¢ is in general position with respect to T'. By
construction we have dist(g(v), g(v)) < e/2 for all v € X’(0). Moreover, using that both
g and g are simplexwise affine on X', the triangle inequality gives that for x € X

dist(f(x), g(x)) < dist(f(2), g(x)) + dist(g(z), g(x)) < e/2 + /2 = ¢,

as desired. O

Combining Lemma 4.4 with the following lemma, we can reduce the proof of Theorem 4.1

to the case of PL maps which are in general position with respect to a good triangulation
T.

Lemma 4.5. Let X be a d-dimensional free Z/p-complex. Let F: |X| —z;, R be
an equivariant map. Assume that F,: | X| —z/p R? is a sequence of equivariant maps
converging uniformly to F, i.e. limy, 4 Sup,¢ x| dist(F(z), F,.(x)) = 0. Let || - || be a size
function C4(X;F,) induced by the Hamming norm on F, and some weight function w on
X. Let S={ce€ X(d):0€ F(o)} and S, = {0 € X(d) : 0 € F,(0)}. If there is u > 0
such that ||1g, || > p for all n € Z~q then ||1g|| > p.

Proof. By compactness the infimum in

p = inf{dist(F(z),0): 0 € X(d)\ S,z € o}
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is attained and p > 0. There is n € Z- such that dist(F,(z), F(z)) < p for all
x € |X|. Assume o € S,, and let © € ¢ with F,,(x) = 0. We get that dist(F(x),0) =
dist(F(x), Fy,(z)) < p. By choice of p this implies that o € S. We conclude that S,, C S
and the lemma follows from the monotonicity of || - ||. O

4.3 Algebraic Intersection Numbers

The advantage of working with PL maps in general position with respect to a good
triangulation of B¢ is that it allows to define algebraic intersection numbers. Here we
only define these intersection numbers, which can be seen as a special case of Lefschetz
intersection theory, and state some basic results we will need. We refer the reader to [103,
Section 2.2] and references therein for a detailed review on intersection numbers.

Given a (geometric) k-simplex o C R? specifying an orientation for ¢ amounts to choosing
an ordered basis of the linear space L(o) parallel to the k-dimensional affine space spanned
by o. If 0 = conv(vy, ..., vx) and the vertices are ordered as vy < - -+ < v, we will always
choose (v — vy, ..., v — vg) as an ordered bases for L(o) and write [vy, ..., v;] for the
oriented simplex ¢ with this orientation. Let 0,7 C R? be two oriented simplices in
general position by which we mean that the vertices of o and 7 are pairwise distinct and
that the union of the vertices is a set of points in R? in general position as defined in the
previous section. If dim o + dim 7 = d we have that ¢ N 7 is empty or a single point. Let
(by, ..., baimo) and (b, ..., baim) be ordered basis of L(c) and L(7) corresponding to the
choosen orientation of o and 7. By general position B = (b, ..., bdimo, 51, . ,BdimT) is
an ordered basis of RY. If 0 N7 = (), we define the intersection number o ® 7 of o and T
to be 0. If 6 N7 # () we define o @ 7 to be the sign of det B, where we think of B as a
matrix with the basis vectors as columns. That is, c @ 7 € {—1, 1} and the sign depends
on whether B has the same or opposite orientation as R? (with the orientation determined
by the standard basis vectors (e, ..., eq)).

We can extend this to k-dimensional PL chains in R? which are formal linear combinations
¢ =3 ey a;jo; for some finite index set J and oriented k-simplices o; with a; € Z. Consider
a k-dimensional PL chain ¢ = }2,c; a;0; and a (d — k)-dimensional PL chain ¢ = 37 ,c ; b;7;
such that o; and 7; are in general position for all ¢ € I and j € J. Then we define the
intersection number c e ¢’ of c and ¢’ by ce ¢ := 3,c; ic;aibj(o; @ 7;) € Z.

Given a PL map F': | X| =z, R? in general position with respect to a good trinagulation
T of B?, we can define an intersection homomorphism F": Cp(T;Z) — C**(X;7Z) as
follows: Let X’ be a subdivision of X such that F: |X'| =z, R? is simplexwise affine.
Fix an ordering of the vertices of X’. By general position we have that F' is injective
on X’(0) and thus, the ordering on X’(0) induces an ordering on F(X’(0)). Given an
oriented k-simplex 7 = [vp, ..., vx], i.e. with vg < vy < -+ < v} according to the chosen
ordering < on X'(0), we give F'(7) there orientation of [F(vp), ..., F(vg)]. Any oriented
simplex o € X}, is the formal sum ¢ = 7 + - - - +7; of some oriented simplices 7; € X}. We
get a k-dimensional PL chain Fy(o) = S}, F(7;) in R%. For ¢ € C*(T;Z) we can use this
to define F(c) € C4*(X;Z) to be given by F"(c)(c) := (—1)*c e Fy(o) for all o € Xy

For any prime p we can consider F™ as a homomorphism F": Cy(T;F,) — C**(X;F,)
by reducing mod p. In particular, for p = 2 the definition of F™ greatly simplifies since
we do not have to take care of orientations. In that case we have by general position for
7 € T(k) and 0 € X(d — k) that o N F~*(7) is a set of finitely many points and we can
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define 7 @ F(g) := |c N F~'(7)] mod 2. This extends to the intersection homomoprhism
F™: C(T;Fy) — C4F(X;TFy) as

F(c)(0) = > loN F~Y(7)] mod 2

T€T (k),c(T)=1

for ¢ € Cy(T;Fy) and o € X (d — k). We will need the following property of F™ which is
a consequence of Lemma 28 in [103].

Lemma 4.6. For all 0 < k < d and ¢ € C(X;Z) we have §F"(c) = F™(dc).

4.4 Pagodas and the Proof of Theorem 4.1

From our discussion in the previous sections, we see that it suffices to prove Theorem 4.1
for PL maps F': |X| —7/, R? such that F(]X|) is contained in the interior of B¢ = B(0, R)
and such that F is in general position with respect to a good triangulation T of B

Fix such a map F': |X| =7/, R% Consider (co)chain groups with respect to F,-coefficients.
In particular, we think of F™ as a homomorphism F™: Cy(T;F,) — C?*(X;F,). Note
that

{o € X(d): F"(0)(0) #0} C {0 € X(d): 0 € F(0)}.

Hence, by monotonicity of || - ||, it suffices to give a lower bound on || F™(0)]|.

As before write v: | X| — | X]| for the action of a generator of Z/p. We also write v for
the induced action on (co)chains

We need the notion of a pagoda. For the definition of a pagoda we distinguish the case
p =2 and p > 3, the former being somewhat a bit easier.

If p = 2, a pagoda for F is a sequence of cochains (b®, a1 b= a0 p0) such
that

(i) b@ = F™(0) (where 0 is the vertex in T corresponding to the origin in B?),

)

(ii) b®) ) EC’“(X Fy) forall 0 <k <d-—1,
iii) H*) M 4+ va® for all 0 <k < d—1, and
iv)

b(k) ) forall 1 < k < d.

For a prime p > 3 the definition of a pagoda for F' is slightly more involved. Recall that
in this case d = 2(m + 1) must be even and we can assume that v acts on R? = C™*! by
v.(20, ., 2m) = (X020, - - -y Amzm) for some primitive pth roots of unity \; = €*™%/P with
0<n; <p—-1,0<7<m.

Let s = ') v which we think of as an element of the group ring F,[Z/p] acting on
(co)chain groups. For 0 < j < m let k; such that )\?j = e2m/P gnd let ti=vh —id €
Fo[Z/p).

For p > 3, a pagoda for F is a sequence of chains (b¥,a@= Y p=1 q©O pO) such
that

() ¥ = F(0),
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(i) b®),a® € CH(X;Fy) forall 0 < k < d — 1,

(iii) b®) = sa® if 0 <k < d — 1 is even and b®) = ;0™ if k = 21 + 1 is odd for some
0<l<m,and

(iv) b = a1 for all 1 < k < d.
Note that we recover the definition of a pagoda for F' for p =2 if we set s =¢;, =id + v
for all [. To simplify our arguments below we will only prove the case p > 3. The case
p = 2 can be proven similarly by setting s = t; = id + v. In fact, the proof p = 2 simplifies
a bit, since we can ignore signs and we do not have to distinguish between odd and even

dimensional cochains. We refer the reader to [140] where only the simpler case p = 2 is
discussed.

We can always pullback the special cell decomposition of a good triangulation using F™
to construct a pagoda. We illustrate such a pagoda for a Z/2-equivariant PL map from
the octahedron A2 to B? in Figure 4.2. More generally, we have:

Lemma 4.7. There exists a pagoda for F with b® = Ly € B'(X;F,).

Proof. By abuse of notation, we write Tj(k) and Uj(l) for the chains in T refining the

corresponding cells in the special cell decomposition of B.

Define b := F™(0) and for 0 < k < d — 1 define a*) := (—1)’“Fm(a(()d_k)) and

k)

if k£ is even.

b4 . tia® if k =20+ 1is odd
o S(L(

Since the image of F' is contained in the interior of 7', we have F' m(T}k)) = 0 for all
0<k<d—1land0<j<p-—1.

We compute using Lemma 4.6 that
§al ) = (~1) 16PN (oY) = —F"(90") = F(0) — F(7”) = F(0) = b9,

Similarly, for 1 < k < d— 1 we get

— 1)L EN el

If k is even, the right handside is equal to

(—DFFEMN0 % s- 777Dy = (= DFs - F'0d ) = s+ a® = p®
and if £ = 2[4 1 is odd, it is equal to

(DFENO st i) = (=) FO (0T = 1 - a®) = bR,

Finally, @ = s-a© = 5. FM(s{?) = 1 x(0) since every vertex of X gets mapped to the
interior of a unique d-simplex in 7. O]
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Figure 4.2: We illustrate the pagoda for an equivariant PL map F': X —7/, B? in general
position with respect to a good triangulation 7" where X = A2 is an octahedron. In blue
we show the image of X under F. At the top left, we have that F™(0) are the two triangles
uTv~wt and u”vTw™ marked in red. At the top right, we depict b)) = F™(7) + F™(7")
in red and the chain 7, +7;" in green. We see that the support of b(!) consists of all edges
in F(X) that the green line intersects an odd number of times. Finally, at the bottom we
have b(o) = ]lX(O) = Fm(]lT(z)).
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Lemma 4.8. Every pagoda for F satisfies b®) = Lx(0)-

Proof. Let ( a'd 1), e ,a(o), bs ) be the pagoda constructed in the proof of Lemma 4.7.
Let (b¥, q(d=1) ...,a(o) b)) be another pagoda for F.

We will argue by induction on 0 < k < d that b*) — ") is the coboundary of a (k — 1)-
cochain of the form s - ¢ for some ¢ € C*~1(X;F,) if k is even and of the form ¢, - ¢ with
c € C*Y(X;F,) if k = 2l+1 is odd. From this we easily conclude the lemma since s-c¢ =0

for all ¢ € C7'(X;F,) and, hence, we must have b(*) — b = 0 and b© = b0 = Lx(0)-
First note that 6(a?1 — afkd_l)) = b —p@ = 0. Since H*(X;F,) = 0 there is
@2 ¢ 02X F,) with 6¢@2 = (@) — g{" VTt follows that

PAD @D — g Q) ) s fd2),
For the inductive step let 0 < k& < d — 2. First assume that £ = 2[ is even and that by the

induction hypothesis b*+1) b(kﬂ) §(t;-c®). Tt follows that o) — al® —t;-c® isa cocycle
and since H*(X;F,) = 0 it is also a coboundary. Thus, there is ¢~ 1) € C*1(X;F,) with

dctk=1) = q(k) — (k) — t;¢®) . We conclude

bk —pk) = . (a(k) _ a(k)) _ 5. ((50(’“*1) +tlc(k)) = 8(s - C(kq)),

*

where we used that s-t; = 0.

Similarly, if k = 20+1 is odd, we can assume by induction that b*+1) —pF+) = §(5.cM) for
some ¢ € C*(X;F,). Then a® — al® — s-¢® is a cocycle and again since H*(X;F,) =0
there is some c*~1 € C*~1(X;F,) with dck=D = o¥) — al® — s¢® . We conclude

b® —bp®) = ¢, (a® — o) = t,(6cFD 4 5. By = §(t; - FY)

where we used that ¢; - s = 0. This finishes the proof. m

We are ready to wrap-up the proof of Theorem 4.1 by inductively constructing a pagoda
for F' choosing minimal cofillings along the way. Coboundary expansion then guarantees
that F'™(0) is large. For the details:

Proof of Theorem 4.1. We will define a*) € C*(X;F,) inductively, b*) is then determined
by condition (iii) in the definition of a pagoda.

To start with, recall that 5@ = F(0) is a coboundary and we choose a'*~V € C*~1(X;F,)
to be a minimal cofilling of 5@

Let 0 < k < d—1 and assume a® is already constructed. If k = 2] + 1 is odd, we set
b®) = t, . a® and for k = 21 even, we set b*) = 5. a®). We claim that b is a cocycle.
Indeed, if kK = d — 1 we have
Sb8D = ¢, 5N = ¢, . p@ =,
since v =@ If k =20+ 1< d—11is odd we have
5b(k) = tl . 5a(k) = tl . b(k—H) = tl S (I(k+1) == 0,
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since t; - s = 0. If k = 2[ is even, we have
since s - ; = 0. Since H*(X;F,) = 0, b® is a coboundary and we choose a*~!) to be a
minimal cofilling of b(*).

By construction we have [|b®*)|| > nwl(X;]Fp)Ha(k_l)H for all 1 < k < d. By the Z/p-
invariance of || - || and the triangle inequality we have |[b®]| < 2|la® || if 0 <k <d—1
is odd and ||b®™ || < p[la®| if 0 < k < d — 1 is even. Moreover, by Lemma 4.8 we have
b = 1y(p). Combining all these we estimate

2d/2pd/2

T 11
o (X F,)

p 1)
Ix@ll = 16 < plla?|| € ———— bV < --- <
(X F,)

as desired. ]

4.5 Remarks on the Assumptions of Theorem 4.1

Being a coboundary expander is a very strong condition. It would be interesting to
weaken this assumption for the quantitative Borsuk—Ulam theorem. In fact, for Gromov’s
topological overlap theorem we do not need that X is a coboundary expander. It suffices
for X to be a so-called cosystolic expander. A d-dimensional simplicial complex X is
a (n,0)-cosystolic expander if for every 0 < k < d — 1 and 8 € B*¥(X;Fy) there is
a € CH(X;Fy) with da = § and [la|| < ||8]| and if for all z € Z*(X;Fy) \ B*(X;F,) we
have ||z]| > 0.

The following example shows that cosystolic expansion is not suitable to give a quantitative
Borsuk—Ulam theorem.

Example 4.9. Let G be a connected graph. Let X = G LU G be the disjoint union of two
copies of G. We turn X into a free Z/2-complex by considering the Z/2-action which
interchanges the two copies of G in X. Note that X is a (1y(G), 1/2)-cosystolic expander.
Indeed, every connected component of X has expansion 1y(G) and contains half of the
vertices. But the map f: |X| —z/; R which maps one copy of G in X to +1 and the
other copy of G to —1 is an equivariant map with 0 ¢ f(X).

On the other hand, if G = (V, E) is a graph with a free Z/2-action v such that every
subset S C V of vertices with precisely one vertex of each v-orbit is expanding then
|E N f71(0)| has to be large for every equivariant map f: G —z,» R. This is a much
weaker condition than G to be an expander graph. It would be interesting to find such
weaker conditions in higher dimensions too.
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Chapter d

Applications of Equivariant Overlap
Theorem

In this chapter, we harvest some applications of our quantitative Borsuk—Ulam theorem.
The quantitative non-embeddability result for sufficiently spherical building already
appears in [140]. Some of the other applications have been mentioned there but here we
work out the details for the first time. The results in this chapter are joint work with Uli
Wagner.

5.1 Expansion of Join Versus Expansion of Deleted
Join

For the applications of the equivariant topological overlap theorem to quantitative non-
embeddability results of simplicial complexes it will often be more convenient/easier to
establish lower bounds on the coboundary expansion constants of the join X*? and then
relate the coboundary expansion constants of the deleted join X3* to the ones of X*2.
The purpose of this section is to make such a relationship precise in a general context
such that we can use it later on in a blackbox fashion.

In fact, sometimes giving lower bounds on the coboundary expansion constants of the
deleted join is more than we need. If we know (by other means) that H*(X32:F,y) = 0
for all 0 < k < 2dim X, we can bound ipcr(X) more directly in terms of the coboundary
expansion constants of the join X*? and an error term (see Lemma 5.1 in Section 5.1.1).
If we do not know that X}? has vanishing cohomology, we would still expect (at least for
large complexes) that X3* and X*? have comparable coboundary expansion constants.
We will give one way of making this precise and quantitative in Section 5.1.2.

5.1.1 H¥(X32;F;) =0 and Sum of Squared Degree Error Term

Lemma 5.1. Let Y be a d-dimensional simplicial complex with a Z/2-actionv:Y — Y.
Let Yo CY be an invariant (i.e. v(Yy) C Yy) d-dimensional subcomplex such that the
restriction of v to Yy turns Yy into a free Z/2-complex. Assume Yy(0) = Y(0) and
I:Ik(YO;IFg) =0 forall0 <k <d-1. Letw:Y — Ry be a weight function on Y
with induced weighted Hamming norm || - ||. Let w*: Yy — Rsq be the restriction of
w to X inducing the weighted Hamming norm || - ||.. Then for every equivariant map
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5. APPLICATIONS OF EQUIVARIANT OVERLAP THEOREM

F: |Yy| =72 R we have

o € Yold) :0 € Flo)y. > 1ol (H My, ) ) ZthkHH M vy

=0

where A(j) :={oc € Y(j))\Yo(j) : 7 C o for someT € Yy(j — 1)}.

Proof. As in the proof of the equivariant overlap theorem (Theorem 4.1) it suffices to give
a lower bound on the norm of b@ = F™(0) € B4(Yy;F,) for any PL-map F': [Yy| —z/2 R
which is in general position with respect to a sufficiently fine triangulation of a ball
containing the image of |Yy| under F.

In fact, it suffices to construct a pagoda (¥, b=V a© p©O) for F such that
Hb H > 77H | (Y§F2)||a(k71)|| - ||ILA(I~:)|| forall 1 <k <d.

We can construct such a pagoda recursively as follows: Assume that b*) € B*(Y;;Fy) has
been constructed. Then b® = §c¢*=1 for some ¢*~1) € C*1(Yy; Fy). Let b®) = sek—1 ¢
B*(Y';F,), where ¢*~1 is the extension by 0 of ¢*Y to Y. Let a*~" be a minimal
cofilling of ™. In particular, [[6®{| > nll (V;F,)||a®V|. Note that every k-simplex
in the support of b*) which is not in Yy must have a (k — 1)-face which is in Y;. Thus,
W < [11a®)] + [16%]]..

Now let a*=1) € C*~1(Y}; Fy) be the restriction of a*~ to Y;. Then da*~Y = b®*) and
combining the two inequalities above, we obtain

169 = i (Vs Fa) [V = ([T agol;

as desired. ]

5.1.2 Quantitative Relationship of Expansion Constants of Join
and Deleted Join

The purpose of this section is to establish a simple quantitative but rather general
relationship between expansion constants of the join and the deleted join. In specific
settings, one can most likely obtain better bounds by carrying out estimates in a more
situation-taylored way but our result here will suffice for our purpose and hopefully keeps
the technicalities at a reasonable level.

Proposition 5.2. Let X be a d-dimensional simplicial complex. Let J = X*? and
Jrn = X2, Let w: J — Rsq be a weight function. Let |- | be the induced weighted
Hamming norm on C’k(J; Fs), 0 < k <2d. Write w, for the restriction of w to Ja and
|- |« for the induced weighted Hamming norm on C*(Ja;Fy). Let 0 < k < 2d and assume
that there is a > 0 such that for all o € Ja(k) we have

> w(T) < aw, (o).
eI U\ o (k1)

Then 77 (JA,IFQ) > n,lc'l(l]; Fy) — a.

Proof. For j € {k,k+ 1}, let A(5) = J(5) \ Ja(j).
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5.1. Expansion of Join Versus Expansion of Deleted Join

Let ¢ € C*(Ja;F3) be minimal. Write ¢ € C*(J;Fy) for the extension by 0 of ¢ to J, i.e.
c(o) = c(o) for o € Ja(k) and ¢(0) = 0 for 0 € A(k). By Lemma 3.6 ¢ is minimal. It
follows that |dc| > n,le'l(J; Fy)lcls.

We have |dc| = [dcl. + |(0€) 5, |- Note that for every 7 € A(k + 1) with de(r) =1 there
must be 0 € Ja(k) with ¢(o) = 1. It follows that

|(55)\A(k+1)| < Z Z w(r) < Z aw,(0) = alcs.

o€Ja(k),c(o)=1T€A(k+1),0CT o€Ja(k),c(o)=1
We conclude
nk (J;Fa)el. < [o¢] < |del. + alcl.,
which shows n£|*<JA;IF2) > 7],'%‘(]; Fy) — a, as desired. O

We will see that for the Garland weights w = w¢, we can choose « in the previous lemma
arbitarily small provided that X is sufficiently thick.

Definition 5.3. Let X be a d-dimensional simplicial complex. The thickness §(X) of X
is defined by

i X .
aer)?(lﬁl) [Xo(0)]

We say that X is §-thick for some § > 0 if §(X) > 6.
For the remaining part of this section, we write w for the Garland weights on a simplicial

complex X and w, for the Garland weights on the link X, at ¢ € X.
By definition, if X is d-thick, then for all ¢ € X (d — 1) and v € X,(0), we have

1
 [X(0)]

Wy (V) < (13

For our estimates below, we will need such a bound for all —1 <k <d—1, 0 € X(k) and
v € X,(0). Fortunately, o-thickness implies such bounds, as the following lemma shows.

Lemma 5.4. Let X be a d-dimensional, 6-thick simplicial complex. Then
(i) for any o € X(k),—1 <k <d—1 the link X, is a (d — |o|)-dimensional, o-thick
simplicial complex.
(ii) for every v € X(0) we have w(v) < 3.
(iii) for every o € X(k), =1 <k <d—1 and v € X,(0) we have w,(v) < 5.
Proof. For (i) we simply observe that for 7 € X,(d — |o| — 1) we have
(Xo)7(0)] = [Xour (0)] = 6,
since X is d-thick. For (ii) we first note that since X is d-thick

IX(d-1[< > [Xo(0)=(d+1)X(d)].

oceX(d-1)
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5. APPLICATIONS OF EQUIVARIANT OVERLAP THEOREM

Then for v € X(0) we compute
X(d— 1| _ X d—1)

e < =
vl = W R @) S X1 = 5
where we used X,(d — 1) C X(d — 1) for the last inequality.
(iii) follows from combining (i) and (ii). O

Let us give some intuition on the condition that w,(u) < ¢ for some € > 0. To this end,
we first note that for o € X(k), u € X,(0) we have

! Z w(o Uv) and w,(u) = w(o U u)

" &+ 2olo)

Thus, the condition w,(u) < e for some & > 0 is equivalent to Hsw(o Lu) < ew(s). This
is to say, that every (k + 1)-simplex containing o contributes only a small fraction to the

weight of o.

The following consequence of d-thickness shows that working with Garland weights, we
can apply Proposition 5.2 to 6-thick complexes with v = (k + 1)(k + 2).

Lemma 5.5. Let X be a d-dimensional simplicial complex which is d-thick for some
§ > 0. Then for all0 < k < 2d and 7 € X32(k) we have

) w(o) <

ceX*2(k+1)\X2(k+1),7Co

(k+ 1)(k + 2)w. (7).

SRS

For the proof of Lemma 5.5 we need the following identities.
Claim 5.6. Let X be a d-dimensional simplicial complex. For —1 < 1i,7 < d let
d+1\ (d+1
() 6n)
Cij = (2d+2) ’
i+j+2

Then:
(i) For all o,7 € X we have for o0 @ 7 € X*? that
wW(o ®T) = Cloj—1,jr|—1w(0)w(T).

(ii) For all =1 <i,7 < d we have
Ci,j :Cj,i-
(iii) For all =1 <i <d, 0 <j <d we have
Cij1  j+1 2d—i—j+1

Also, if o € X and v € X,(0) we have
w(o Uv) = we(v)(|o] + 1).
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5.2.  Quantitative Non-Embeddability of Spherical Buildings

The proof of this claim is a straightforward computation which we omit. We turn to the
proof of Lemma 5.5.

Proof of Lemma 5.5. Let A(k) = X*2(k) \ X2(k). Let 7 = 7 @ 7" € X2(k) with
7,7 e X, 7 Nn7" =. It will be convenient to extend the weight function w to arbitrary
subsets of X*?(0) and set w(s) =0 for s C X**(0) if s ¢ X*2. Similarly, for u € X(0) we
interpret w,(u) as 0 if w is not a vertex of X,. Write 7/ = {vy, ... v} (we allow [ = —1 if
7' =0) and 7" = {vi41,...,v}. Using the identities in Claim 5.6 and Lemma 5.4 (iii),
we compute

! k
> w(o) => wr@ @ (" Uw)+ Y w(rUvy)eT")
c€A(k+1),7Co ) i=l+1

s
~ 1
o

k1w (T ) wen (v)w(T") (|7 + 1)
0

.
Il

+
Mw

it p—t1—1We (v)w (") (J7'] + Dw(r")

i=l+1
< (15 (17" + Derge—a @+ 1) + (17 + Derpr i1 (k = 1) w(T)w(r")
10+ DE -+ Deapa + (U +2)(k — Z)Cl+1,k—1—1w ()
) Clk—1—1 )
L)k 1)+ (k- 2)d = Dk 1)
_5< 24—k +1 )w*m
< o e (B )~ 4 L4 1+ (= D) w(r)
= (k4 2)(k + D (7)
This finishes the proof. O

5.2 Quantitative Non-Embeddability of Spherical
Buildings

We give a very brief introduction to spherical buildings. Buildings are highly symmetric
(combinatorial) structures that have been extensively studied since their introduction by
Jacques Tits in the 1960s. We will only need very few basic facts and refer the interested
reader to the books [2], [52] or [135].

We start with the definition of a (spherical) building.

Definition 5.7 (Building). A d-dimensional (thick) building X is a d-dimensional simpli-
cial complex X for which there is a family A of subcomplexes, called apartments, such
that

(i) X is pure and every o € X(d — 1) is contained in at least three d-simplices.
(ii) Any two simplices of X are contained in a common apartment A € A.

(iii) Any (d — 1)-simplex in an apartment A is incident to precisely two d-simplices of A.
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5. APPLICATIONS OF EQUIVARIANT OVERLAP THEOREM

(iv) For any two d-simplices 0,0’ in an apartment A there is a sequence of d-simplices
00, ---,0, € A such that o = 0,0’ =0, and |o; N =d forall 0 <i<n—1.

(v) If 0,7 € X are contained in apartments A, A" € A then there is a simplicial
isomorphism ¢: A — A’ which fixes ¢ and 7 pointwise.

A building is called spherical if every apartment is finite.

It turns out that for a given building X there is a Coxeter system (W, .S) such that every
apartment A is isomorphic to the Coxeter complex associated with (W, S).! In particular,
every apartment of X has the same number of d-simplices, namely |A(d)| = |W|. We
will denote this number by w,(X) and call it the width of X. Elaborating on the work
of Gromov in [54] the following lower bound on the coboundary expansion constants of
spherical buildings was shown in [98].

Theorem 5.8 (Expansion spherical buildings (Corollary 3.6 in [98])). Let X be a d-
dimensional spherical building. Then for any 0 < k < d — 1 we have

1

mw(X) 2 —5——.
(Zi;) wy(X)

It is not hard to see that the join X*? of a d-dimensional spherical building X with itself
is a (2d + 1)-dimensional spherical building with width wyg1(X*?) = wg(X)?. Indeed, if
A is an apartment structure on X then the family of subcomplexes

A*2:{A*AIQX*2:A7AIEA}
of X*? forms an apartment structure on X*2. We immediately deduce

Corollary 5.9 (Expansion join spherical buildings). Let X be a d-dimensional spherical
building. Then for all 0 < k < 2d we have

1

(de:;) 2wd(X )? |

me(X*%) >

We are ready to prove the following slightly refined version of Theorem 1.2 from the
introduction.

Theorem 5.10 (Quantitative non-embeddability spherical buildings). Let X be a d-

dimensional building such that 6(X) > (k + 2)(k + 1)(2;:22)22061()()2 for all 0 < k < 2d.
Then

r LQUl 1 B R | X (d)|
per(X) > 22d+1;£[o (X (k+2)(k+ 15 ( ) )

k+2

Tt is not important here what these are exactly. Let us just mention that a Coxeter system (W, S) is
a group W with a generating set S satisfying special types of relations. The associated Coxeter complex
(W, S) is a triangulation of a (|S| — 1)-dimensional sphere if W is finite and reflects the group structure
of W geometrically.
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5.3. Number of Tverberg Partitions

Proof. We apply the quantitative Borsuk—Ulam theorem (Theorem 4.1) to X3 where we
use the norm on cochains obtained by restricting the Garland weights on X*? to X32.
Then the result follows by plugging-in the bounds from Corollary 5.9, Lemma 5.5 and
Proposition 5.2. O

We remark that there is some constant wy such that wy(X) < wy for all d-dimensional
spherical buildings. Thus, if one wished, one could make the assumption on the thickness
of X in the previous theorem not to depend on wg(X).

5.3 Number of Tverberg Partitions

A classical result in discrete geometry is Tverberg’s theorem which says that any set
of (d+ 1)(r — 1) + 1 points in R? can be partitioned into r pairwise disjoint subsets
with intersecting convex hulls. We will call any such partition a Twverberg partition. A
topological version, which implies Tverberg’s theorem, holds when r is a prime power.

Theorem 5.11 (Topological Tverberg theorem). Let p be a prime, k € Z~q. Let r = p*.
Letd € Zwg. Let N = (d+ 1)(r — 1). Then for every continuous map f: |oV]| — R<,
there are r pairwise disjoint faces F, ..., F, € o™ such that "_, f(F;) # 0.

Theorem 5.11 was first proven by Barany, Shlosman and Szics in 1981 [11] for r prime
and by Ozaydin in 1987 in the unpublished manuscript [115] for the prime power case.
The topological Tverberg theorem fails to hold when r is not a prime power. First
counterexamples were constructed by Frick [48] heavily relying on the machinery introduced
by Mabillard and Wagner [102, 103] and using an observation which was independently
observed by Gromov in [54, p.445]. See [15] for a general survey on the topological
Tverberg story.

We call faces {F},...,F,} as in the conclusion of the topological Tverberg theorem a
Tverberg partition.

While the Tverberg theorem guarantees the existence of at least one Tverberg partition, it
is natural to ask whether there is a lower bound on the number of Tverberg partitions. A
long-standing conjecture due to Sierksma [129] states that for a set of (r — 1)(d+1) + 1
points in general position in R? there are at least ((r — 1)!)¢ Tverberg partitions.?

Using our equivariant topological overlap theorem (Theorem 4.1) we can recover the
following lower bound on the number of Tverberg partititions in the topological setting
due to Vuéic and Zivaljevi¢ (see [138, Theorem 1] or [107, Theorem 6.5.1] as well as [60,
Theorem 2] for an extension to the prime power case).

Theorem 5.12. Let p be a prime. Let N = (d+1)(p —1). Let oV be an N-dimensional
simplex. Then for every continuous map f: |o™| — R? the number of unordered p-tuples
{Fy,...,F,} of pairwise disjoint faces of o™ with oy f(F;) # 0 is at least

s (8

2This number is an upper bound attained by the configuration of (d + 1) clusters of r — 1 points
around the vertices of a d-simplex ¢ in R? and a point at the barycenter of o.
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5. APPLICATIONS OF EQUIVARIANT OVERLAP THEOREM

For the proof of Theorem 5.12 we encode Tverberg partitions into the configuration
space/test map paradigm. Once we establish coboundary expansion of the configuration
space, we can apply the equivariant topological overlap theorem to deduce the claimed
lower bound on the number of Tverberg partitions.

A natural candidate for the configuration space is the p-fold deleted join X = (o )*Ap(z) of
oN. X is the subcomplex of the p-fold join (oV)* consisting of all simplices 0y ® 09 ®. .. 0,
with 1,...,0, € o pairwise disjoint. Note that ordered partitions (Fy, ..., F,) of
[N + 1] are in 1-to-1 correspondence with maximal simplices of X making X a suitable

configuration space. Moreover, every continuous map f: |oV| — R induces a map
71| X| — RPEHD given by

tlxl ©---D tpxp — f*p<t15131 ©---D tpxp) = (tlu f(ml)vt% f(l'g), e 7tp7 f(il?p))

Here and from now on, we will think of RP(H1) = R+l g R ! as a direct sum of p
copies of R4+,

Now, (ordered) Tverberg partitions correspond to maximal simplices of X whose image
under f*? intersects the thin diagonal D := {(x,...,2) € RP@+D) : 1 ¢ R}, Thus, if we
denote by D the orthogonal complement of D and by 7: RP(4+) — DL the orthogonal
projection onto D+, we get a test map F': |X| — D+, F = wo f*?, such that maximal
simplices of X containing 0 in their image are in 1-to-1 correspondence with ordered
Tverberg partitions (of f).

Z/p acts on X and on RP(4TD by cyclically shifting coordinates. More precisely, if v is a
generator of Z/p, v acts on X by

t1x1 ... tpl'p — toxs B ... tpfﬂp bt
and on RP(4HD) by
(1, .., xp) > (T2, ..., Tp, X1).

The action RP(*1 restricts to an action (by orthogonal linear maps) on the (p —1)(d + 1)-
dimensional space D+ which is free on D+ \ {0}. The action on X is free. Moreover,
F: |X| — Dt is Z/p-equivariant.

Thus, we are precisely in the setting where we could apply the equivariant overlap theorem
provided X is a coboundary expander with respect to F,-coefficients and a Z/p-invariant
size function. This is precisely what we will establish in the remaining part of this section.

To this end, we first observe that

X = ()2 = (PO = (1RO = [
is the complete (N + 1)-partite N-dimensional complex with parts of size p. Writing X
as [p]*V+1) the Z/p-action on X is given by a cyclic shift on each copy of [p].

Write X = Uy * - - - x Uy with U; = [p]. Consider the weight function w: X — R>( given
by
L ifO'gU()*H'*UdimggX

J»—>w(a):{7’”'

0 otherwise.

Write || - || for the induced weighted Hamming norm on cochain groups of X with respect
to F,-coefficients.

With the notation above we have
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5.3. Number of Tverberg Partitions

Lemma 5.13. For all0 < k < N we have 77,|€|'H(X;1Fp) > 1.
Before we prove this lemma, let us first show how it helps us to prove Theorem 5.12.

Proof of Theorem 5.12. Write S¢(d, p) for the number of (unordered) Tverberg partitions
of f: o™ — R?% With the notation introduced above we have that | - || is the normalized
Hamming on X (N). It follows that

X (V)] .
syt = X0 o € x () 0 € Pl - L

I{c € X(N):0€ F(o)}].

Plugging the inequality 77,|€|'H (X;F,) > 1 into the lower bound of the equivariant overlap
theorem (Theorem 4.1), we get

1 1
S = s

[{o € X(N):0€ F(o)} = [[Txq

Combining these altogether gives

1 [N/2]
S¢(d,p) > (p> 7

as desired. O

It remains to prove Lemma 5.13.

Proof of Lemma 5.13. We use a random cofilling argument. Given 0 < k < N and
B € B¥Y(X;F,) and u € Uy, we will construct o™ € C*(X;F,) with da® = 3

that
1

=3 et =118l

u€Ug41
Since H FX; F,) = 0for all 0 < k& < N this would finish the proof according to Lemma 3.9.

To define o™ € C*(X;F,) note that X, = X,y = [p|*" for all u,v’ € U;, 0 <i < N + 1.
Let u,u € U; with u # «/. For an oriented simplex 7 = [vg, ..., v] we write 7 \ v; for the
oriented simplex (—1)%[vg, ..., D;, ..., v;], where 9; indicates that the vertex v; is omitted.

Since localizing along a cycle commutes with taking coboundaries, the localization 3, — 8,/
is a coboundary, i.e. 3, — B, € B¥(X,;F,). Let alw) e C*1(X,;F,) be a cofilling of
Bu — Bu. Now, define o € C*(X;F,) by

0 if u € o,
a™ (o) = { by(0) ifoNU; =0,
a" o\ ) fonU;={u},utu.

It is straightforward to check that a(® is indeed a cofilling of 3, i.e. 6a™ = 3 (cf.
Section 8.1).
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5. APPLICATIONS OF EQUIVARIANT OVERLAP THEOREM

To finish the proof we estimate

u 1 u
@l <> 5 flat)
puGUk+1
1 1

= - A
o Z Z pk+1| ( )|

pUEUk;Jrl o€Upx*---xUy,

pht2 Z Z |B<0-|—|u)|

u€Ugy1 o€Ugx--*xUy,

= [I181I

5.4 Pair-Crossing Number of Bounded Degree
Expander Graphs

A classical result on crossing numbers (see, e.g., [116]) asserts that for any graph G = (V| F)
cr(G) = Q(b(G)?) — O(ssqd(G)).

Here b(G) denotes the bisection width of G which is the smallest number |E(S,V \ 9)|
for all subsets S C V' with min{|S|, |V \ S|} > é|V| and ssqd(G) = X ,ey deg(v)? is the

sum of squared vertex degrees. Note that b(G) > "2 |y/| In particular, for a bounded
degree expander graph cr(G) = Q(ho(G)?|V|?). The usual proof starts with an optimal
drawing of GG in the plane and replaces every crossing with a new vertex of degree 4.
Then a seperator theorem is applied to the resulting planar graph. This approach fails
terribly for the pair-crossing number since there is almost no control about the total
number of crossings. For the pair-crossing number the best lower bound in the literature,
we were able to ﬁnd is due to Kolman and Matousek (79, Theorem 2]) who show that

per(G) = @ (gl )
could get rid of the factor log |V |>-factor if we could show a constant lower bound on
m(G2) for all 0 < k < 2. Unfortunately, we only know how to obtain such a bound for
k =0 and k = 1 which allows us to remove one of the log |V|-factors and to show the
following result.

— O(ssqd(@G)). Using the quantitative Borsuk—Ulam theorem, we

Theorem 5.14. Let G = (V, E) be a connected graph such that H*(G32;Fy) = 0 for
0 <k <2. Let A be the mazimum vertex degree of a vertex in G. Then

iper(G) > Q (hO(AC;) IJ§|’V|> — O(ssqd(G)).

The reader might object that our lower bound on ipcr(G) in Theorem 5.14 requires much
stronger assumptions than the bound on pcr(G) due to Kolman and Matousek or the
classical bound on cr(G). We would like to remark that assuming that G is connected is
not a severe restriction. Indeed, we have the following lemma:

Lemma (Lemma 5 in [79]). Let G be a graph on n vertices with bisection with b(G).
Then G contains a subgraph on at least %n vertices with edge expansion constant hy(G) at

least @.
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The assumption that ]:Ik(G*f; Fy) = 0 for 0 < k < 2, which we impose in order to be able
to apply the equivariant topological overlap theorem as well as Lemma 5.1, seems more
restrictive and harder to check. In Section 5.4.2 below we will give sufficient (geometric)
conditions on G which guarantee H* (G323, Fy) = 0 for 0 < k < 2. In particular, G2 has
vanishing cohomology for sufficiently good expander graphs.

5.4.1 Proof of Theorem 5.14

The strategy of the proof of Theorem 5.14 is as follows: We first establish lower bounds on
the coboundary expansion constants of G*? with respect to Fy-coefficients and a suitably
weighted Hamming norm. Then, we will make use of Lemma 5.1 to get lower bounds on
ipcr(G). Since G*? contains a complete bipartite graph the bound on ng‘(G*Q; Fy) will be
straightforward. For lower bounds n,t l(G*Z; Fy), k € {1,2}, we will use a random cofilling
argument. For & = 1 this is fairly straightforward, for £ = 2 we will make use of the
notion of a low congestion embedding of K,, to GG, which was already used in the proof of
the lower bound on per(G) by Kolman and Matousek.

Let us fix some notation. Let X = G*? and n = |V|.

It will be convenient to distinguish the two copies of G in X and write X = G « G
with Gy = (V, EL) and Gg = (Vg, Er) being two distinguished copies of G = (V, E). In
particular, X (0) =V, U V.

We endow X with the weight function w: X — Rsq which is equal to 1/|X (k)| on X (k)
for k € {0,2,3} and given by

w(e) =

% ife=a@yforzeVy,yeVy
0  otherwise

on X (2). Write || - || for the induced weighted Hamming norm on C*(X;F,), i.e. ||| is the
normalized Hamming norm on C*(X;Fs) for k € {0,2,3} and ||c|| = =5 Yoev, yevy, C(2®Y)
for c € CY(X;Fy). We write | - | for the (unnormalized) Hamming norm.

For the rest of this section, we consider coboundary expansion of X with respect to
Fy-coefficients and size function || - ||.

A lower bound on 77(|)|'”(X; Fy)

Lemma 5.15. 77(|)|'”(X;IF2) > 1.

Proof. By the choice of weights w: X — R, n(‘)"”(X ;[Fy) is simply the normalized edge
expansion constant of a complete bipartite graph K, ,,. It is well-known (and a special
case of Proposition 3.8) that this constant is at least 1. ]

A lower bound on ny'”(X; Fy)

~ G
Lemma 5.16. 7! ”(X;F2) > hg(A).

Proof. For (u,v) € Vi, x Vi define S®¥): Cy(X;Fy) — C1(X;Fy) by

uURx if v € Vg
T +—
(u+z)®@v ifr e V.
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5. APPLICATIONS OF EQUIVARIANT OVERLAP THEOREM

Let TV : CY(X;Fy) — C°(X;Fy) be the dual map of S®).

Now, given ¢ € C'(X;Fy) and (u,v) € Vi, x Vg let ¢ := ¢+ §T™V)¢. By interchanging
the role of G, and G we can assume that ||(dc) | < %[|oc||. Given z € Vi,,y € Vg

v, «ER
we have
) (zRy)=clr®y)+ <5T("’“)c, T ®y)
=c(z@y) + (¢, SV g 4 Sy
=c(z@y)+c(u®v) +c(z@v) +c(u®y)
= 0Ky, (Co + cu)(vy),

which we understand as 0 if v = y. Thus, by averaging over (u,v) € V X Vg,

1 w 4
iss S 1=t T T Bt a)e)
" (uw)EVL X VR " uu’E(VQL)vv’E(VQR)
Expansion of G implies that [0k, a| < =0 al for all a € CY(Gr;Fy). Hence,

4
Ielll < (G > D arlentew)(e)].

uu'e(V}) €€ER
Note that dg,(c, + cw)(e) = dc(u ® €) + de(u' ® e). Combining this with the triangle
inequality, we get
4(n—1)

el < W\X@)HK&)M*ERW

Using the assumption ||(dc¢) | < 31|6c|| and that | X (2)| = 2|V||E| < An? we conclude

|VL*ER

el < g

as desired. ]

16¢,

A lower bound on nl ”(X; Fy)  Our lower bound on nl H(X; F,) depends on the conges-
tion of an embedding of K,, to G. Given graphs G and H, an embedding of H to G is a
pair (f,¢) where f: V(H) — V(G) is an injective map and ¢ maps edges e = uv € E(H)
to a path (e) connecting f(u) and f(v). The congestion cong(f,¢) of an embedding

(f. ) is
cong(f, ) := max |{k € E(H): e € p(k)},

i.e. the maximum number of paths passing through an edge e of G. We write cong(H; G)
for the minimum congestion of all embeddings (f, ) of H to G. If G is a graph on n
vertices, we write cong(G) instead of cong(K,; G). We will show that

Il /v 4 2A ng(@)\ "1 _ ho(G)?
Lemma 5.17. 1"\ (X3F2) = i (it + (e +1) 1) = 2 (¥

For the proof of Lemma 5.17 we need the following result

Theorem 5.18 (Theorem 4 in [79]). Let G be a connected graph on n vertices. Then
cong(G) = O(ho(G) 'nlogn).
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5.4. Pair-Crossing Number of Bounded Degree Expander Graphs

Proof of Lemma 5.17. Note that an embedding of K,, to G amounts to choosing a path

~@¥) connecting x with y for any pair of vertices =,y € V. Let us fix such a collection

(7(‘”“”))9%/e (%) of paths coming from a low congestion embedding of K,, to G, i.e. such that
2

every edge of G appears in at most O(ho(G) 'nlogn) of the paths.

We will also think of v(*%) as a 1-chain. Moreover, we extend the collection of paths by
(y®) .c1» which we interpret as the empty path or zero chain in Cy(G;Fy).

With these notations we can construct a random abstract cone parametrized by Vi, x Vj.

For (u,v) € Vi, x Vg define SV : Cy(X;Fy) — Co(X;Fy) by

U Ty if xy € G,
{z,y} >y @0 if xy € G,
At @ (v4y) if x € Vi,y € V.

Let T : C?(X;Fy) — C'(X;F,) be the dual of S, Given ¢ € C?*(X;Fy) let
) = ¢ 4 6TV

For 1 =2y ® z € F, ® Vi we have

() = e(T) + (e, S (ay +y @ 2+ T ® 2))
= (e, (Y + 7Y+ ay) @ (v + 2))

= Ok, (%(umﬂ(u,wﬂy) (v2).

For 7 =2 ® 2y € V, ® Er we compute

(1) = ¢(T) + (¢, S (zy + 2 @y + 2 @ x))
c(z ® xy) + clu® zy) + (c A @ (v+y)) +(c, A2 & (v+x))

Using these, we estimate

1 u,v
el <— > e
n

(u ’U)GVL XVg

1
- ﬁ Z Z Z 2|E||V| |6KVR ( 'y(u @) oy (s y)+my> (UZ)|

(u,0)EVL X VR zyEEL 2€VR

1
— SNy (u,2)

(u ’U)GVLXVR zeVy xyeER
Using the triangle inequality we see that the second summand is at most

cong( )50 — [Elcong(G)

For the first summand we use expansion of G to bound it by

(uf (u,y) !
n|E||V|h0 Z Z Z +7 + zy) @ vv')|.

uEVL zyeE, v EER
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5. APPLICATIONS OF EQUIVARIANT OVERLAP THEOREM

Using the triangle inequality this can in turn be upper bound by

1
oc + de 50, (u,x) ® ’UU’
e mEe S 2 e X (e )

uGVL evy, w/'€ER
|E| 2A|E| cong(Q)
< ——|ée dell.
V(@ M ety 17

Overall we get

) > 1V (ho(l(;) * (h?(AG) " 1) Corll‘g/<|G)>_1

- (Z <h0(1G> ' (hj(AG) ’ 1) 1’(%)?(%')1)

AW‘ and cong(G) = O(ho(G) 'nlogn) for the second step. [

where we used that |E| <

Putting everything together We would like to apply Lemma 5.1 with Y = G*? and
= G with the weighted Hamming norm || - || as defined above. Plugging in the lower

bounds on 77H ”(X; Fy) from Lemma 5.15, Lemma 5.16 and Lemma 5.17 to the bound in
Lemma 5.1, we see that the following lemma would finish the proof of Theorem 5.14.

Lemma 5.19. For every 1 < k < 3 we have
[E[*|[Ta@|l = O(ssad(G)).
where A(k) = {o € X(k)\ GR(k) : 7 C o for someT € Gi2(k —1)}.

Proof. We first note that by Cauchy—Schwarz inequality

2
B = (33 des)) < {1V (6

veV
For k = 1 we observe that there are |V| edges in X which are not in G%2. Tt follows

2 |E]”
[EFITaml = W O(ssqd(@)),
where we used that |E|*> = O(|V|ssqd(G))), as shown above.
For k = 2 note that triangles in A(2) are of the form e ® x or x ® e for some edge e € F
and x € e. It follows that
AEP 2B
2E|V] V]

where we again used that |E|? = O(|V|ssqd(G))).

[EP*[|Lagll = = O(ssqd(G)),

Finally for £ = 3, we note that every o € A(3) is of the form 0 = e® ¢’ for some e,¢’ € E
with |e Ne’| = 1. It follows that

[EP[Tapll = [La@| < 3 deg(v)(deg(v) — 1) = O(ssqd(G)),

veV

which finishes the proof of the lemma and, hence, the proof of Theorem 5.14. O
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5.4. Pair-Crossing Number of Bounded Degree Expander Graphs

5.4.2 Sufficient Conditions for H*(G3;Fs) =0

Let G = (V, E) be a connected graph. We will give sufficient conditions for H*(G*2;Fy) = 0
for all 0 < k < 2. For k = 0 we have the following lemma whose proof is straightforward
and we omit.

Lemma 5.20. Let G be a connected graph. Then fIO(G*AQ;]F2) =0 if and only if G is not
a single vertex.

For k =1 and k = 2 the following simple but general observation will be useful.

Lemma 5.21. Let X CY be simplicial complexes with inclusion map i: X — Y. Let
A be an abelian group. If ]:Ik(Y;A) = 0 and every k-cocycle in X can be extended to
a k-cocycle in'Y (i.e. for all z € Z¥(X;A) there is 2 € Z*(Y; A) with i*Z = z) then
H*(X;A) =0.

Proof. Let z € Z*(X;A). By assumption there is 7 € C*(Y; A) with i*z = z. H*(Y;A) =
0 implies that Z = da for some a € C*1(Y;A). Let a := i*a € C*1(X;A). Then
da = §i*a = i*0a = i*Z = z. This shows that 2 € B*(X;A), hence Z*(X;A) = B*(X;A)
and H*(X;A) =0, as desired. O

The following notation will be convenient: Write G*? = G * Gr with G = (Vg, Ep)
and Gr = (Vg, Er) being two distinguished copies of G. Write v: G** — G*? for the
7Z/2-action on G*2. Given o € G*? write ¢ for the image of o under v. For z,y € V write
x~yifxzy € E and Ng(x) = {y € V : y ~ z} for the set of neighbours of x in G.

Lemma 5.22. Let G = (V, E) be a connected graph with at least two vertices. If there is
vo € V with deg(vo) > 3, then H'(G32;F3) = 0.

Proof. According to Lemma 5.21 it suffices to show that every z € Z'(G32;F,) can be
extended to a cocycle Z in G*2. So, given z € V7, we would like to define Z(z ® ¥) such

that z(7) = 0 for all 7 € G*3(2) \ G2(2).

Given x € Vj, let u ~ x be a neighbour of x and define Z2(x ® Z) := z(xu) + z(u ® z). Note
that it suffices to check that Z is independent of the choice of neighbour u of x and that
z(uzr) + 2(z @ 0) + 2(vZ) + z2(u @ x) = 0 for all u ~ x,v ~ x, x € V7. This amounts to
show that (z,a) = 0 for all cycles a € Z;,(G*;Fy) of the form a = uzr + 20+ vRT +v®T
and a = uxr +x @ v + 1T + u ® T for any ux,vx € Fr. For this, it suffices to show that
each such cycle is a boundary in G%.

It is probably more instructive to look at Figure 5.1 instead of trying to digest the formulas
that follow for the sake of completness.

First assume that a is of the form ¢ = ux + 2v +v®z +u® z. If deg(z) > 3 we can pick
w e~ x with w # u,w #v. Then ¢ :=ur @ W + 20 QW + v @ TW + u @ Tw € Cy(G;Fy)
is a filling of a. If deg(x) = 2, let v = (o, %1,--- U, Yir1) @ sequence of vertices such
that (yo,..., ) is a path in G from v to vy with deg(vg) > 3, Y111 ~ Vo, Yir1 # Yi—1. By
interchanging the roles of u and v, if necessary, we can assume that « ¢ {y1,...,y}. We
can argue by induction on [. By adding 0(zu ® v + u ® Z0 + y1v @ T + y; ® vx) to a we
reduce to a path of length [ — 1 if [ > 0 and to the previous situation where degx > 3 if
= 0.
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5. APPLICATIONS OF EQUIVARIANT OVERLAP THEOREM

To see that @ = uz + 1 ® U + 9T + u ® T is a boundary in G%2 for any ux,vr € Er, we
distinguish two cases: If u # v we have Ox(uz ® v+ u ® vx) = z. If u = v, at least one of
x and u must have another neighbour. We can assume that w ~ z,x # u. By adding
O(wx ® u + w * ru) to a we reduce to a situation we already dealt with. O

z L x z
w .- \ w .-
[ \ [
.7
v v w
U U
° °
T T
x T .
v w0 v w
Y1 Y1
N Y
A2 AN
V=Y.~ V=Y.
[
Y N
\ \
/ ‘:‘/Hl / ‘yl+1
U b u L 27
x T x T
w w

Figure 5.1: A cycle vz + v ® Z + © ® T + uz as in (i) is a boundary in the deleted join
if  has a third neighbour w. A filling is obtained by coning over w. To see that in (ii)
the cycle vx + vr + Tu + ux is a boundary in the deleted join, we add the boundary of
u® x4+ uxr @ v leaving us to find a filling of the cycle xv +v® x + v+ x ® v. By adding
the boundary of vy; ® ¥ + y; ® xv we then reduce to the cycle zv +vy; + y1 ® v+ ® v.
By going along a path from v to a vertex vy with degree at least 3 we reduce end up in a
situation as in (i). In (iii) we easily fill the cycle ux + 2v + vx + Zu by ur ® v + u ® v if
u # v or reduce to a situation as in (ii) by adding a boundary wz ® u + w * Zu.

Let us remark that it is not difficult to show that if G is a connceted graph which is not
a single vertex then H'(G%;F,) = 0 implies that G has a vertex of degree at least 3, i.e.
that the converse of Lemma 5.22 is true in this case.

Similar to the case £ = 1 and under the mild assumption that G has minimum vertex
degree at least 3, we can deduce H?(GZ;F,) = 0 by showing that a certain (small) set of
(short) cycles in G2 are boundaries. We have:

Lemma 5.23. Let G = (V, E) be a connected graph with minimum vertex degree at least
3. Then H?*(G#2;Fy) = 0 if and only if the following two types of 2-cycles are boundaries
in G
(i) Og-2((azx + xb) x (cx + xd)) for every x € V and pairwise distinct a,b, c,d € Ng(z)
and
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5.4. Pair-Crossing Number of Bounded Degree Expander Graphs

(7i) Ogez(ay*(yc+yz)+yr*(cy+yz+zd)+br(yz+zd)) for allzy € E, a,c € Ng(y)\{z},
a#c, byde Ng(x)\{y}, b#d.

Vg U Vg a Vg Vg
a
.~ -~
T T T T T T
U

Figure 5.2: Assume that ¢ can be extended to a cocycle ¢ in G*?. By adding a coboundary
of some edges of the form zx we can assume that ¢(v,x * ) = 0 for some fixed neighbour
v, of x. This determines the value of ¢(z ® zu) if u # v,. But this forces the value of
¢(uxr ® x) for a neighbour u of z, u # v,. Finally, this also determines é(x ® zv,).

Figure 5.3: Three cases to be distinguished.

Proof of Lemma 5.23. If H*(G*2;Fy) = 0 then every 2-cycle is a boundary in G%2. For
the converse direction, we show that if all the 2-cycles as in (i) and (ii) are boundaries in
G2, then every ¢ € Z?(G3¢;F,) can be extended to a cocycle in G** (which will finish
the proof by Lemma 5.21).

To this end, let ¢ € Z*(G#;Fy) and for every x € V let v, € Ng(x) be a fixed neighbour
of z in G. We can assume that if zy € F then z # v, or y # v,. Define é € C*(G*%; Fy)
with supp(¢) C G**(2) \ G#2(2) as follows (see also Figure 5.2):

(i) For every x € V define é(zv, *z) =0
(ii) For u € Ng(x),u # v, define ¢(z ® zu) = c(av, ® u) + c(v, ® uT).
(iii) For u € Ng(z),u # v, pick a € Ng(z), a ¢ {v,,u} and define

C(ur ® ) = ¢(x ® Za) + c(ru ® a) + c(u ® za).

(iv) For x € V define é(z ® xv,) = ¢(v,x @ v;) + E(2v, ® T) + ¢(v, ® 0,T).
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It remains to check that ¢ is well-defined, i.e. that in (iii) ¢(uz ® =) does not depend on
the choice of a and that for every zy € F with y # v, we have

c(z ®7y) + (y @ 1Y) + (vy ® ) + (zy ® y) = 0.

For any other o € G*?(3) \ G32(3) we have dg-2¢(c) = 0 by construction.

To see that in (iii) the value of ¢(uz ® &) does not depend on the choice of a let x € V
and u,v,, a,a’ € Nk(z) pairwise distinct neighbours. We compute
&z @ za) + c(ru ® a) + c(u @ Ta) + é(x ® za') + c(zu @ d') + c(u ® Ta')
= c(axv, ®a) + c(v, ®az) + c(ru @ a) + c(u @ Ta)
+ c(zv, ® a') + c(v, ® d'T) + c(ru ® a') + c(u ® Ta')
= (¢, Oge2 (ur + v,7) ® (ax + a'7)).
But by assumption Oge2 (ux + v,7) ® (az + a'z) = Jgx2b for some b € C3(G;Fy). But

then
(¢, 0gu2b) = (6xc,b) =0,

as desired.

It remains to check that for every xy € E with y # v, we have
(z2@y) +élyz@y) +c(ry@7) + é(ry @ y) = 0.

To this end, fix zy € F with y # v,. We distinguish three cases as depicted in Figure 5.3.
In (a) we assume that v, ¢ {z,v,}. Let a, € Ng(y) \ {vy,2},a, € Ng(x) \ {vs,y}. We
compute

H(rT @ F) +

Yuy @ dy) + (v, @ ya,) + c(ry ® a,) + c(rydy)
= (¢, Og=2(vyy ® (Yaz + yT) + ry @ (Ya, + TY + a,T) + v,x @ (TY + Tay))
= (),

since Ogs2 (vyy @ (Yay + yx) + 2y @ (ya, + Ty + a,T) + v, ® (Ty + Zd,)) is a boundary
in G2 by assumption.

In (b) we have z = v, and thus é(zx ® y) + ¢(y @ zy) + ¢(zy ® T) + é(zy ® y) = 0 by
construction.

For (c) we see that eventhough v, = v, the same computation as in (a) goes through. [

Under the following conditions on G the assumption of the previous lemma hold:

Lemma 5.24. Let G = (V, E) be a connected graph.
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i) Let v € V, a,b,c,d € Ng(x) pairwise distinct. Assume there are vertex disjoint
)
paths vq, connecting a with b and ~v.q connecting ¢ with d which do not pass through

x. Then g ((ax + xb) * (T + zd)) is a boundary in G,

(i) Let xy € E, a # ¢ € Ng(y) \ {z}, b # d € Nk(x) \ {y}. Assume there are vertex
disjoint paths v, connecting a with b and ~eq connecting ¢ with d which do not pass

through x and y, then Og«2(ay * (y¢ + yx + yx) + yx * (c¢y + zd) + bx * (yx + xd)) is
a boundary in G%.

Proof of Lemma 5.24. For (i) let a = (Yap + ax + xb) * (Yeq + ¢ + Zd). Notice that « is
the join of two cycles and, hence, Og2a = 0. We deduce that

O ((az + xb) * (€2 4 Td)) = Oge (Yab * (CT + Td + Yea) + (az + xb) * Yoq).

Since 4 and 7.4 are vertex disjoint and do not pass through z, we have ~,, * (cz + zd +

Yea) + (az 4 2b) * Yoq € C3(G32:Fy), showing that (ax 4 xb) * (¢z + zd) € By(G2;Fy), as
desired.

The argument for (ii) is similar and omitted. O

The conditions on G in Lemma 5.24 are related to 2-linkedness of a graph:

Definition 5.25. Let & > 0 be a positive integer. A graph G is k-linked if G has at least
2k vertices and for every sequence (S1, ..., Sk, t1,...,1;) of 2k pairwise distinct vertices
there are k vertex-disjoint paths vy, ..., v such that ; connects s; with ¢.

In this language, we see that if G is a graph such that G'\ e is 2-linked for every edge e then
G satisfies the conditions of Lemma 5.24. 2-linkedness is related to vertex connectivity.
Recall that a graph G is k-vertex-connected if it has more than k vertices and remains
connected after removing fewer than k vertices. Jung shows in [69]

Theorem 5.26 (Satz 2 in [69]). Let G = (V, E) be a 4-vertez-connected (in the sense of
vertex-connectivity) graph. Then G is 2-linked if and only if G is non-planar or maximal
planar (i.e. if 3|V| — 6 = |E|). In particular, if G is 6-connected then G is 2-linked.

As a consequence of Jung’s result it is not difficult to show that:

Corollary 5.27. Let G be a 6-vertex-connected, d-regular graph on n vertices. Then
H*(G32) = 0.

We close this section with the remark that vertex connectivity can be related to expansion
properties of graphs. Here is a fairly old result in this direction due to Fiedler:

Theorem (4.1 in [44]). Let G be a graph which is not a complete graph. Let A\o(G) the
second smallest eigenvalue of its Laplacian. If \o(G) > k for some k € Z~q then G is
k-connected.
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5.4.3 A different approach without assuming H*(G%;Fs) =0

We briefly outline a different approach to relate coboundary expansion of G% to coboundary
expansion of G*2 without a priori assuming that H*(G2;Fy) = 0 for all k € {0,1,2}. We
assume that we work with a weighted Hamming norm || - || on G2 where the weights
are obtained by restricting the Garland weights or normalized Hamming norm on G*? to
G2, Write dg for the minimum vertex degree of G. Then for kK =0 and k = 1, we can
use Proposition 5.2 to get 1l 1(G%2;F,) > nl'l (G2 F,) — % where C' > 0 is an absolute
constant C' > 0.

For k = 2 we can use the local-to-global criterion of Evra-Kaufman (see [40, Theorem 5])
or an ad-hoc argument to show expansion for small cochains in G*? provided that G is a
sufficiently good expander. That is to say, if 79(G) is sufficiently large, then there are
constants p,n > 0 (solely depending on the expansion of G) such that ||dc|| > n||[c]|| for
all cochains ¢ € C?(G**;Fy) with ||[c]|| < u. Let ¢ € C*(G32;Fy) be minimal. As before
write ¢ € C?(G**;Fy) for the extension by 0 of ¢ to G*?. We distinguish two cases. If

el < i, we get
C

l6cl = (= - ) Il
G

for some constant C' > 0 and for ||c|| > p we get

E ( ¢ Ssqd(G)) el

log V| plE?
Unfortunately, the proofs using local-to-global arguments for expansion of small 2-cochains
in G require quite strong expansion of G' and result in very small constants u and . To

be a bit more precise, let us state one of the results, we know how to prove.

Proposition. Let G = (V, E) be a connected d-regular graph. Let

BV S)
G) = min 12V A2
G = B s s

Let § € (0,1) and assume that $(G) > 1 —19. Let ,& € (0,1) and 0 < pp < 1/2. Assume
that ¢ € C*(G**;Fy) is minimal with ||c|| < p. Then

16¢| > dle (2(1 5 -1+ (;(1 —5; _ <2(15_6) + (13_’5;2)) (2— (5+i§‘)>)

In particular, for 6 = 1/1000, e = 9/10, & = 1/54000 and p =

1
972000000000 We g€t

152209

Sel > 25200
19¢l 2 50000041

In particular, in order to get a positive lower bound on ng'”(G*AQ; F5), we would need ¢(G)
quite close to 1 (and dg and |E| to be sufficiently large).

3Note that for a d-regular graph G, 17o(G) > ¢(G).
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5.5 Crossing Number of K,, ,

As mentioned in the introduction, an initial motivation to prove Theorem 4.1 was to have a
(new) tool to attack various old conjectures regarding crossing numbers of various families
of graphs. Recall Zarankiewicz’ conjecture claims that the crossing number cr(K,, ) of
the complete bipartite graph K, , (when we write K, ,, we assume that m <n) is

Cr(Km,n) - Zm,na

where for m,n > 1,

zn= 5] "5 5 5~

2 2 2 2 16
A classical construction due to Zarankiewicz (see Figure 5.4) shows that cr(K,,) < Zpn.
But even the asymptotics of cr(K,, ) as m,n — +oo remains not fully understood. Note

Figure 5.4: We show Zarakiewicz’ construction for a drawing f of K,,,, with cr(f) = Z,,.,
for (m,n) € {(3,3),(7,9)}. The m vertices of one part are placed on a horizontal axis,
the n vertices of the other are placed on a vertical axis, such that roughly half of the
vertices of each part end up on one side of axis. Then, the edges are drawn using straight
segments.

that (Km,n)f = [m] % [n]¥ which for large m and n we think of to be roughly equal to
A3 = [m]*? % [n]*?. Theorem 4.1 (in combination with Proposition 5.2) would imply

m,m,n,n

the asymptotic version of Zarankiewicz’ conjecture

1
cr(Komp) > iper(Kppn) > 1—6(1 +0(1))m?n?, as m,n — +oo,

if we could show that (A3 ) > 1 for all 0 < k < 2. But, unfortunately, as we will

m,m,n,n

see in Theorem 7.7, this does not hold (at least for k = 2).
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Due to the flexibility of the equivariant overlap theorem, we would still get the asymptotic
version of Zarankiewicz’ conjecture if we could show nl|<|:‘”(A§n,m,n,n; Fy) > 1 with respect to
some weighted Hamming norm || - || such that || - || is invariant under the Z/2-action, is
equal to the normalized Hamming norm on A}, ., ,(3) and such that [[Tx3 @l = 1.

Unfortunately, we do not know how to prove such a result.

But using an interesting combination of expansion with respect to Z-coefficients and
Fy-coefficients we can show that:

Proposition 5.28. We have for m < n that

41 3
cr(Kmp) > 51—6m2n2 — 1—0mn2 — 254016(mn* + m*n® — 2mn).
In particular,
_ cr(Kpn) _ 4
lim ———— > —.
m,n——+oo mon 5

It is important to note that the lower bound in Proposition 5.28 is on cr(kK,,,) and not
on ipcr(K,, ). In fact, a starting point of the proof is the observation that an optimal
drawing f: |K,,.| — R? of K, ,, achieving cr(K,,,) can be assumed to have the following
properties (see for instance [132, Section 1]):

(i) f is piecewise-linear in general position,

(ii) no two edges which share an endpoint have another common point except this
endpoint, and

(iii) any two edges cross at most once.

We call a drawing satisfying (i)-(iii) a good drawing. It follows from properties (i)-(iii)
that b := F"(0) € B*(K,n,, %05 Z) is {—1,0,+}-valued where F: K,,, X —7z/2 R? is the
equivariant map induced by f. We have b(e®¢’) € {—1,+1} if and only if the edges e and
¢’ cross (for the drawing f). Moreover, the value of b(e ® €¢’) then depends on the ’sign’ of
the crossing of e and €’. In particular, for such f, we have |b|3 = 2 cr(K,,,) where | - |3
denotes the squared />-norm. Then, we will use expansion with respect to Z-coefficients
in dimension 2 and expansion with respect to Fao-coefficients to deduce the lower bound
as claimed.

Before we add the details to this outline, let us compare the bound in Proposition 5.28 to
existing bounds in the literature. An old bound from 1970 due to Kleitman [78] is that

4
cr(Kpp) > me,n

for all m > 5. This was the state-of-the-art until in 2003 Nahas (see [111]) gave a tiny
improvement on Kleitman’s bound showing that for sufficiently large m and n

1 —1
cr(Kop) 2)zm(m 1) m {" 5 J +9.9 x 10-5m2n.
Using semidefinite programming techniques de Klerk et al. were able to improve the
asymptotic bound in a series of works [28, 29] to
K
lim L( mon)
n—-+0o0o

> 0.8594—
m — 1

m,n
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5.5. Crossing Number of K,, ,

whenever m > 9. In a recent preprint [20] Brosch and Polak show that the constant
0.8594 can be improved to 0.8878 if m > 13. Furthermore, it was already announced in
2013 [113] by Norin and Zwols that the constant could be further improved to 0.905 using
flag algebra techniques. As far as we know this work has not been published (yet).

In view of these results we see that Proposition 5.28 recovers Kleitman’s bound asymptot-
ically.

5.5.1 Setting-up the Stage

For the proof of Proposition 5.28 we will need the following notation. Assume 3 <m <n
are fixed. Let X = (K,,)x and Y = K2, We will write Y = A% B+ C D with
A =C=|m]and B = D = [n]. We will establish expansion properties for ¥ and then
use the fact that |Y (k) \ X (k)|/|Y (k)| = o(1) for m,n — +oo for all k € {0,1,2,3} to
get good bounds for the expansion constants of X as well. In order to pass from Y to
X we will make use of the fact that flk(X; Z) =0 for all 0 < k < 2. Indeed, note that
X = (Kpnp)¥ = [m] # [n]% is the join of two connected graphs (here we need that
n > m > 3), hence the vanishing of the cohomology groups of X follows from the Kiinneth
theorem.

We will consider expansion of Y with respect to integer coefficients in dimension 2 to 3
and with respect to Fao-coefficients in dimension 0 to 1 and 1 to 2. We will also make use
of two different weight functions wq,ws: Y — R>( given as follows:

o wi(o) = ( ) = 5 for o € Y(3).

o wi(T) = 5o~ for 7 € Y(2) with 7 € Ax B+ CUAxCxD and 0 otherwise while
ws(T) = for T7€Y(2) with 7€ Ax Bx DL B C %D and 0 otherwise.

. ( 1 for e € Y(1) with ¢ € A% C and 0 otherwise while wy(e) = % for

Wlth e C B x D and 0 otherwise.

| |

)
eyl
« wi(x) = 5 for € AUC and 0 elsewhere while wy(z) = 5= for € BU D and 0

elsewhere.

We endow X with the weights obtained by restricting the weights w; on Y to X. We
will denote them by w; as well. We write || - ||;, ¢ € {1,2}, for the induced weighted
Hamming norm on cochain groups C*(Y;Fy) (or C*(X;Fy)) and |- |2, i € {1,2}, for the
size function on C*(Y';Z) (or C*(X;Z)) induced by the weights w; and the £2-norm on
Z. Note that the weights w; are invariant under the Z/2-action on X (or Y') hence the
induced norms are Z/2-invariant as well.

Having all these notations at hand, we will state a couple of lemmata in the next subsection
which establish the required expansion properties of Y and will help us to pass from Y
to X. Then, we will first see how the lemmata help to prove Proposition 5.28 before we
close the section with the proofs of the lemmata and some remarks.

5.5.2 A Bunch of Lemmata

We are able to show the following expansion properties for Y:

Lemma 5.29. Fori € {1,2} we have n) "' (Y Fy) > 1.
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Lemma 5.30. Fori € {1,2} we have iy Fy) > 1.
Lemma 5.31. For any f € C*(Y;Z) we have |6 f[ > 2 min{|[f][, |[f]3}-

To relate expansion properties of X with those of Y the following two lemmata will be
useful:

Lemma 5.32. Fork € {1,2,3} let A(k) = {0 € Y (k) : there exists T € X(k—1),7 C o}.
Then,

(1) |Taylli £ 1/m and ||1awll2 < 1/n.

(it) |[Ta@)lli < 1/m and ||[Ta@l2 < 1/n.

(i) |1 |3 < 2i2=2

mn

Lemma 5.33. Let b € B*(X;Z) with b(o) € {—1,0,1} for all 0 € X(3). Then there is
be B3Y:Z) such that |b|> < |b|? + 25401674n=2 cmd such that the restriction of b to X
s equal to b.

5.5.3 Proof of Proposition 5.28 Assuming the Lemmata

We show how the lemmata can be put together to prove Proposition 5.28.

Proof of Proposition 5.28. Let f: |K,,.| — R? be a good drawing of K,,, achieving
cr(Kmn). As above write Y = K2, for the join and X = (Km,n)*AZ for the deleted join
of K mn With itself. Let ¢: X — Y be the inclusion map. Write F': X —7/9 R? for
the induced equivariant map. Let b® := F"(0) € B*(X;Z). As discussed above b
is {—1,0, 1}-valued with 2cr( mn) = |02, Let b® € B3(X;F,) the reduction of b
modulo 2. Note that |[0®)|, = |b‘3 2.

Next we construct a pagoda for b®). To this end, let b® € B3(X;7Z) such that b® restricts
to b on X and such that [b®) |2 < [b®)|2 4 2540162 According to Lemma 5.33 we

can always find such a b®)

By Lemma 5.31 there is a® € B?(Y;Z) with 6a® = b® and such that [0®)]? >
4/5min{|a®|2,|a®|2}. Upon interchanging the roles of m and n we can assume that
min{|a® [}, [a® 3} = a2,

Let a® = i*a®® mod 2 € C?(X;F,). Note that |a®|? > ||a@|;.

Let b® = a® +va® | where v is the Z/2-action on X. As in the proof of the equivariant

overlap theorem we have b2 = 0 and since H?*(X;Fy) = 0 there is ¢V € C'(X;F,) with
e = p(2)

Let 5® = e Where ¢t denotes the extension by 0 of ¢(!) to C'(Y;Fy). By Lemma 5.32
(ii) we have [|b® ||, < [[b® ]|, 4 1/m.

According to Lemma 5.30 there is a cofilling @™ € C'(Y;Fy) of b® such that ||p®]; >
Ja®].

Let o™ = *a) € CY(X;F3) and bV = a™ +va™. Then 6 = 0 and since H*(X;F3) =
0 we find ¢© € C%(X;Fy) with 6¢® = b, Let b = 6. By Lemma 5.32 (i) we have
Il < IO+ 1/m.
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Lemma 5. 29 implies that there is a cofilling @© of b© with [|bO, > [a@],. Let
a® = i*a® and b = a® 4 a0,

We have constructed a pagoda (b(3 ,a® b aM pM g pO) for b®). In particular, by
Lemma 4.8, we must have b(®) = Ix(0)-

Putting all the estimates together, we conclude

2cr(Kopn) m+n —2 1 3
R 1 954016————— > [P >= — — =
m2n? * mn == 10 5m’
finishing the proof after rearranging. O]

5.5.4 Proofs of the Lemmata

Proof of Lemma 5.29. We sunPIy note that by definition of the weights w; we have
I Hl(Y, Fy) = no(Kpm,m) and 770 (Y;Fy) = no(K,). It is a well-known fact (and a special
case of Proposition 3.8) that no(Kmn) > 1 for all n € Z~,. O

Proof of Lemma 5.30. For the proof we will never use that m < n. Thus, upon interchan-
ing the roles of m and n, it suffices to consider the norm || - ||;. We will use a random
cofilling argument. To this end, let v € C1(Y;F3) be minimal. Let 8 := §y € B*(Y;F,).
Interchanging the roles of B and D we can assume that

LY JBabol < 516l 51)

an a€AbeB,ceC
Fix a9 € A. For b € B define S®: Cy(Y;Fy) — C1(Y;Fy) by

) bx fze AUCUD
Sy =
aob + apr  if x € B.

Let T®: CY(Y;Fy) — C°(Y;Fy) be the dual map of S®. For b € B let v := 467"
We compute for a € A and ¢ € C that

If follows that

<3 Ol

n beB

n beEB acA, CEC

- L |B(abe)]

2
MM e AbeB,ceC

<151,

where we used the assumption (5.1) for the last inequality. [

AN
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For the proof of Lemma 5.31 we will need the following inequality.

Claim 5.34. Let 8 € B3(Y;Z). Then

1 1

E Z |5:}c’ _627|2+7 Z |B:}c’ _6m|2 < 3m2n2|6’%
aa'e(5)u(5) aa'e(3)u(3)
Proof. This is a special case of Lemma 8.4 below. n

Proof of Lemma 5.31. We use a random cofilling argument. Let 8 € B3(Y;Z). As before
we will not use the assumption m < n. Thus, upon changing m with n, we can assume
by Claim 5.34 that

X -Gl X 18— AP | < Swela 5:2)

aa’E(‘g) cc’E(g)

Given ad’ € (’3) and ¢ € C let v(@) be a cofilling of B, — f, € B*(B * C * D;Z) such
that

~@9) (bd) = B(abed) — B(a’bed)

for all b € B,d € D. Such a cofilling always exists. Indeed, we could choose 7(®%¢) =
v — 07, for any cofilling v of B, — f,.

Similarly, for ¢c’ € (g) and a € A let v(4“%) be a cofilling of S — 3. € B*(A* B * D;Z)
such that

A& (bd) = B(abed) — B(abdd)
forall b€ B,d € D.

Now let (a,c,e) € A x C x {—,+}. If ¢ = — define 4(»>°) € C%(Y;Z) by

(@) ) B(ar) ifre BxCxD
Ehd] 7— — ,
v A @@ ) (zy) if T =d'zy € Ax (BxCUB*DUC D).

Similarly, if ¢ = + define (**) € C?(X;Z) by
pla'bed) ifr=dbd € AxBxD
Alae) (1) =~y (wy) if T =ayd € Ax BxC,

yeda) (py) ifr=adye AxCxDorm=uacyc BxCxD.

It is straightforward to check that §y(*¥) = g for all a € A,c € C,e € {—,+}.
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Averaging over all choices of a € A,c € C e € {—,+} gives

1 1

: (a,c,e) 2 < (a,e,+) bd 2

min — c

a€A,c€Cee{—+} g 2= 2m? aEAz,;EC b’eB,c%:C,d’eD 2mn? g ( )
1 1

togE 2 2 e P ayd)P

2m? [ ATec weapebaen 2MN°

1 1

(a,c,—) b d)I2

T SN D]

a€A,ceCVeB,/eC,d €D
1 1

+wz >

e @)

acA, cECa €AY EB,d'ED 2mn?

|b|1 Z Bar = Bal* + 5 D 1B =Bl
() cce)

1

< oI+ S

5

|b|1

Here we used (5.1) for the last inequality. This finishes the proof.

O
Proof of Lemma 5.32. The inequalities easily follows from the defnition of || - ||; and | - |?
observing that
A1) ={{a,va}:a e A} U{{b,vb} : b€ B},
A(2) ={{a,b,va} :a € A;be B} U{{a,b,vb} :a € A,b € B}
U{{ve,c,d}:ce C,de DYU{{vd,c,d} :c€ D,d € D}, and
A(3) ={{a,b,va’,vb} : a,a’ € A,a # d',b € B}
U{{a,b,va,vb'} :a € Ab,b € Bib#£b'}.
O

Proof of Lemma 5.33. Fix pairwise distinct vertices ag,aq,a2 € A and by, b1, by € B.
Given o € X let

A, = (ANo)U(ANnvo)U{ag,ar,as} and B, = (BNo) U (BNvo)U{by,by,ba}.

Let &, := (A, * B,)i2 C X. Note that X, & (K|, p,|)s satisfies H*(S,;Z) = 0 for all
0<k g 2, since min{|A4|,, |Bl,} > 3.

Also if 7 C 0 € X we clearly have 3, C ¥,. Thus, we can apply Lemma 3.14 to get an
abstract cone (Sg)_2<k<a for X such that supp(Sko) C B, for all 0 € X(k),—1 <k < 2.
Let Ty: C3(X;Z) — C?*(X;Z) be the dual map of S,.

Now, let 8 € B*(X;Z) with 5(c) € {—1,0,+1} for all ¢ € X(3). Since (S))_a<p<2 is an
abstract cone, v := T3 € C%(X;Z) is a cofilling of 5. Moreover, for 7 € X(2) we have

()| = KT8, 1) = (8, S2m)| < |B-(3)];
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where we used that 3 only takes values in {—1,0,1}. Note that [B,(3)] < 252 for all
T € X(2). Let ¥ € C*(Y;Z) be the extension by 0 of v to Y and let b := §y € B*(Y;Z).

Let A(3) = {0 € Y(3) : thereis 7 € X(2),7 C o}. Note that if o0 € A(3) then ¢ has
precisely two of its boundary triangles in X. It follows that for such ¢ we have

16(0)]? < 4|B.(3)]* < 254016.
We conclude that

‘bH = \5\3 + |b‘A(3)’%
< |82 + 254016[1 a3 |2
m-+n—2

<18l +254016———=,

where we used Lemma 5.32 (iii) for the last inequality. O

5.5.5 Further Discussion and Remarks

For n € Z-¢ let K, ,» be the complete tripartite graph with equally sized parts of size n.
It was shown in [53] that cr(K,,.) < A, where

ae=s (3D 12 [2])

It is conjectured that cr(K,,,) = A,. Using similar arguments as for K,,, we were able

to show that?
cr(Kpnn)

. 2
lim -,
n—+o0o 3

>

n
recovering a bound proven in [53, Theorem 1.2]. Since we were not able to improve
upon existing bounds in the literature and the argument for K, , , is significantly more
technical than for K,,,, we refrain from giving a proof here.

Note that any improvement on the constant 4/5 in Lemma 5.31 would immediately lead
to an improvement on the bound in Proposition 5.28. We are happy to conjecture that

Conjecture 5.35. Let m,n € Z-~y.

o (Weak form) For all c € C*(K*? ;7Z) we have |dc|? > min{|[c]|?, |[c]|3}.

m,n’

e (Strong form) CQ(Afnmnn) > 1.

Note that both forms of Conjecture 5.35 imply an asymptotic version of Zarankiewicz’

] ] K n
conjecture, namely that lim,, ;4o % =1

4To show the existence of the limit is a not too difficult exercise.
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Chapter O

Expansion of Joins

In this chapter, we give a general discussion on expansion of joins.

On the one hand, we give examples showing that under taking joins coboundary expansion
(with respect to Fo-coefficients and Garland weighted Hamming norm) does not behave
as well as one might naively expect.

More precisely, in Section 6.1 we exhibit two infinite families (G,)neny and (Hy)nen of
connected graphs for which 7,(G,, * Hy,) is of lower order than 79(G,,)no(H,,) as n — +oo.

As another example illustrating the difficulty of analyzing expansion of properties of joins,
we show in Section 6.2 that minimality of cochains is not always preserved under taking
joins.

Contrasting these negative results, we give a join construction for random abstract
cones in Section 6.3. This allows us to establish coboundary expansion for X * Y if the

coboundary expansion of X and Y is certified by a random abstract cone. We illustrate
the construction by proving a lower bound on n;,(A2).

6.1 Non Product-Like Behaviour for Expansion
Constants under Taking Joins

The goal of this section is to show

Proposition 6.1. There are positive constants C and n such that there are infinite
families of reqular graphs (Gy)nen and (H,)nen with the property that for all n € N

(Z) UO(Gn) > 1,

.. log |G (1)]
(ZZ) 770(Hn) > C |an(1)‘ ’

(iii) n2(Gp * Hn) < 1oy

In particular,
im

n—+00 1o (G )10 (H.y)
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Let us first describe the two families (G, )nen and (H,,)neny we will use for the proof of
Proposition 6.1.

We choose (G, = (V,,, E,) )nen to be any infinite family of d-regular graphs for a sufficiently
large but fixed d such that 7y(G,) > n for some n > 0 and all n € N and such that the
girth! g(G,) of G, is at least clog|V,,| for some ¢ > 0 and all n € N. Such families of
expander graphs are known to exist. For instance we could work with the Ramanujan
graphs constructed by Luboztky, Phillips and Sarnak.

Theorem 6.2. Let p=1 mod 4 be a prime. Then there is an infinite family of (p + 1)-
reqular graphs (G, = (V,, En))nen such that

(i) no(Gn) >1— % for alln € N and
(ii) g(Gyn) >log,(|Va]) for alln € N.

Proof. This is an immediate consequence of Theorem 3.4 and Theorem 4.1 in [92] combined
with the Cheeger inequality (see Theorem 2.2). O

Assume we have fixed a family (G,, = (V,, E,,))nen with the desired properties as listed
above. Let A, := C'(G,,;Fy)/B'(G,;Fs) and

H, := Cay(A,,{[1] : e € E,})

be the Cayley graph of A, with generating set {[1.] : e € E,,}. In other words, H,, is the
graph with vertex set A,, and edges {[c], [¢']} whenever [c + ] = [1.] € A,, for some edge
ec b,

Now, Proposition 6.1 will be an immediate consequence of the following two lemmata.

Lemma 6.3. Let (G, = (V,,, E,,))nen and H,, as described above. Then for sufficiently
large n, we have

6
G,*H,) <-—.

Lemma 6.4. Let (G, = (Vy, Ep))nen and H,, as described above. Then there is a constant
s > 0, such that for sufficiently large n we have

log | E, |
UO(Hn) Z S
| B

We start with the proof of Lemma 6.3. To this end, let X,, = G, x H, and write
X,(0) = V(G,) UV(H,). Forv € V(H,) = A, let ) € C'(G,;F;) be a minimal
representative of v € A,,. For e = {u,v} € E(H,) let a'® € C°(G;F;) be minimal such
that ™ 4 a™ + §a'® € CY(G,,;F,) is minimal. Here we consider minimality with respect
to Garland weighted Hamming norm which we denote by || - ||. Furthermore, we will write
| - | (unnormalized) Hamming norm on cochain groups.

Define ¢ € C*(X,,;F2) by

oM .— Z a® ® 1, + Z al® ® 1.
veV (Hn) e€E(Hy)
We claim that
!The girth g(H) of a graph H is the length of a smallest cycle in H.
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Claim 6.5. [|0c™|| = ﬁ for alln € N.

and

Claim 6.6. ||[c™]|| > 1/6 for sufficiently large n provided that (G )nen is a family of
d-reqular graphs for sufficiently large d.

Note that these two claims immediately imply Lemma 6.3.

Proof of Claim 6.5. We compute

1 1
[6ct™] = > Yoo 1) 4 )+ ce(u) + co(v)]
[ E(G)HE(HD)| pcTc) emuvebim)
1 1
_ |a(“) + a(v) + 5a(uv)
’E(Gn)‘ ‘E<Hn>’ ’U,UEEZ(HW,) |
1 1
= ]]-uv
|E(G)| |E(H,)| uye%(:Hn) L]
_ 1
|E(G)|

Here we used the definition of ¢(™ and that 1,, is a minimal representative of L] € A,
since a single edge cannot form a coboundary/cut in G,, due to its expansion properties. [

The proof of Claim 6.6 requires a bit more work. First let s € C'(X,;Fy) such that
& = ¢ 4 §s is minimal. Write s’ for the restriction of s to C'(G,;Fy) € CH(X,; Fy).
We get that

] = 6]
1
Z NECIVE)] o 2

2y€EE(Grn) veEV (Hpy)

) (zy)]

1
_ oo Y | (@y) + 8 (xy) + dsy(ay)]
2|E(Gn)||V(Hn>| zy€E(Gn) veV (Hp)
1
> I[a + 57|
S, 2,
1
=_—— I[a™]]|.
2|V(Hn)| UEVX(;'IH)

Thus, it remains to show that on average a minimal 1-cochain ¢ € C'(G,,;Fy) contains a
constant fraction of the edges of G,,.

This can be fairly easily shown using a probabilistic argument. Indeed, by using a Chernoff
bound, it was shown in [85, Claim 5.2] that

Claim 6.7. Consider the probability space of 1-cochains c in C*(Gp;Fs) of the form

c= Z X1,

ecE(Gr)
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where the X, are independent {0, 1}-valued random variables with P(X, = 0) =1/2 and
P(X,=1)=1/2. Then

POWm<1p(1—mvg>)<08WL

Using Claim 6.7 we can finish the proof of Claim 6.6

Proof of Claim 6.6. Claim 6.7 implies that there are at least 2/£+!(1 — 0.8/"»l) cochains

c € CYG;Fy) with
1 2
> (1= z
Il > 2 (1 2%)

These cochains give rise to at least 2/F==IVal+1(1 — 0.8/V=l) different equivalence classes in
A,,. Tt follows c™ € C?(X,,;F,) satisfies

1

1N > I[a™]]]
)],
1 2 1
> (1=20¢/2|(1—08"h>=
_4< %J( )_0
for sufficiently large d and n. O]

For the proof of the lower bound on 7y(H,,) we use the Cheeger inequality and the fact
that the eigenvalues and eigenvectors of the normalized Laplacian of Cayley graphs of
abelian groups can be described in terms of the characters of the group.

Given a group A and a symmetric?, generating® set S C A the Cayley graph Cay(A, S)
of A with generating set S is the graph with vertex set A and edges {a,a’} whenever
aa’~t € S.

A character x of A is a group homomoprhism x: A — C* from A to the multiplicative
group of complex numbers.

Interestingly, the eigenvectors of the normalized Laplacian of the Cayley graph of an
abelian group are precisely given by the characters and, hence, independent of the
generating set. More precisely, we have

Proposition 6.8 (see [90] or [10, Corollary 3.2]). Let A be an abelian group and S C A a
symmetric, generating set. Let T' = Cay(A, S) be the Cayley graph of A with generating set
S. Let x: A — C* be a character. Then x is an eigenvector of the normalized Laplacian

of I' with eigenvalue
1

1— @Zx(s)

seS

The characters of F} are easy to describe.

2A subset S C A is symmetric if s € S if and only if s~ € S.
3A subset S C A is generating if every element a € A can be written as a finite product of elements
in S.
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6.2. Join of Minimal Cochains Not Necessarily Minimal

Lemma 6.9 (see, e.g.,[128, Chapter V]). Let A = F% for some positive integer k. Then
for every x € A the function x,: A — C* given by

y xely) = (-1

where i
i=1
is a character of A.

We are ready to prove Lemma 6.4:

Proof of Lemma 6.4. Recall that A,, = C*(G,,;Fy)/B'(G,;Fs). Thus, characters of A,
are in one-to-one correspondence with characters of C1(G,,; Fy) which contain B(G,,;Fs)
in their kernel. By Lemma 6.9 these are precisely the characters y, for some z € C'(G,,; F5)
for which (x,b) = 0 for all b € B*(G,;Fy). But by Lemma 2.1 these are precisely the
cycles Z1(Gp; Fy).
Note that given x € A,, and e € E,, we have x,(1.) = 1 if z(e) = 0 and y, (1) = —1 if
x(e) = 1. It follows that the eigenvalue of the normalized Laplacian of H, corresponding
to the character x, for x € Z;(G,;Fs) is given by
1 1
| Enl

1 2|z
KoL) = 1= (o] + | Bl —Ja]) = 20
GEZE»,L |En‘ ‘En|
Since we have chosen G, to have logarithmic girth (g(G,) > C'log |V,,| for some constant
C > 0), we have that |z| > C'log|V,,| for all z € Z,(G,,;F3), © # 0. Thus, every non-trivial
eigenvalue of the normalized Laplacian of G,, is at least 2C'log |V,,|/|E,|. An application
of the Cheeger inequality (Theorem 2.2) finishes the proof. O

Proof of Proposition 6.1. Proposition 6.1 immediately follows by combining Lemma 6.3
and Lemma 6.4. [l

The above example is very unbalanced in the sense that we consider joins G « H where H
is exponentially larger than G. It would be interesting to construct examples for which G
and H are of comparable size or even examples with G = H. Furthermore, Proposition 6.1
rules out the existence of an universal constant C' > 0 such that no(G* H) > Cno(G)no(H)
for any two (connected) graphs G and H. But, for instance, we have not ruled out the
possibility that ny(G * H) > C(no(G)no(H))? for some constant C' > 0.

6.2 Join of Minimal Cochains Not Necessarily
Minimal

Throughout this section we consider cochains with respect to Fa-coefficients. We endow
cochain groups with the Hamming norm | - |.

Let X and Y be simplicial complexes. For cochains ¢ € C*(X;F;) and ¢ € C/(Y;Fy) we
write c® ¢ for their join which is the cochain in C* (X xY'; Fy) given by (c®¢)(c®7) =
c(o)d(r) for 0 € X(j), 7 € Y(j) and (¢ ® ')(p) = 0 for any other (i + j + 1)-simplex in
X %Y. Given minimal cochains ¢ € C*(X;F,), ¢ € C/(Y;Fy), it is natural to think that
the join c® ¢ € C"H1(X % Y;F,) is minimal. This is not the case in general.
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6. EXPANSION OF JOINS

Proposition 6.10. For every m € Zq there is ¢ € CY(Kspn;Fo) such that ¢ ® ¢ €
C3(K:2;Fy) satisfies |[c @ ]| < |[c]]?.

bm)

For the proof of Proposition 6.10 we will first show the case m = 1 and then use a blow-up
construction to deduce the general case m > 2. For m = 1 we have the following lemma:

Lemma 6.11. Let 1 € C'(K5;Fy) be the all-one cochain, i.e. the cochain with 1(e) =1
for all e € K5(1). Then |[1]] =4 while 1 ® 1 € C3(K}%;Fy) satsifies

[1®1]| =14 < 16 = |[1]]*.

Proof. Note that every cochain in [1] € C1(Kj5;Fy)/B!(K5;F,) is the complement of a
cut from which we easily see that |[1]| = 4.

Next we will define a cochain ¢ € C?(K?;F,) with |¢| = 14 and ¢ € [1 ® 1]. To this
end, we let U = {ug,...,us} and V = {vy,...,v4}. Write Ky and Ky for the complete
graph with vertex set U and V| respectively. Let X = Ky * Ky = K?. Now define
c € C3(X;TFy) to be the cochain with support

supp(c) = {upu1 ® V19, Ugts @ VoV, Uy & U3V, Upls @ VoUy, Ugliz @ V1V3, Uglly & UaUy,
U1 U2 Q) Vo2, U1U3z & Va3, U1lUs & VU3, U1Us & V1Vs, UoUz @ VU3, UoUz &K V1Vy,

Ugtly @ Va3, Uslly @ VgUs2}.

We have |c| = 14. Hence, it remains to show that ¢ € [1 ® 1], i.e. ¢+ 1 = da for some
a € C*(X;F,) (here 1 is the constant 1 cochain in C3(X;F,)). By Lemma 2.1 this
amounts to show that (¢ + 1, z) = 0 for a generating set of cycles z € Z3(X;Fs). Note
that Z3(X;Fe) = Z1(Ky;Fa) ® Z1(Ky; Fy) and that the space of cycles Z;(K,; Fa) of
a complete graph K, is generated by cycles of length 3. Thus, it suffices to show that
(c+1,2®2") =0 for cycles z € Z1(Ky;Fq), 2" € Z1(Ky;Fq) of length 3. Localizing, this
is equivalent to (c, + 1, 2"y = 0 for all cycles z € Z;(Ky;Fq), 2" € Z1(Ky;Fs) of length 3.
This amounts to show that ¢, is the complement of a cut/coboundary in Ky for every
cycle z € Z1(Ky;Fy) of length 3. In Figure 6.1 we depict the support of ¢, in blue for
every such cycle z. We see that c, is indeed the complement of a cut. O

As mentioned for k > 2 we use a blow-up construction. Given a simplicial complex X
and m € Z-q we write X(™ for the simplicial complex with vertex set X (0) x [m] and
k-simplices {(vo,i0), - - -, (Uk, i)} for {vo, ..., v} € X (k) and iy, ..., € [m]. Note that
there is a projection 7: X — X given by {(vo,0),. .., (v, ix)} — {vo, ..., v} Given

c € CF(X;TF,) we let ¢™ := 7*c. Note that f(;(m) =~ (APHD C K.

Given simplicial complexes X C Y and ¢ € C*(X;F,) we write ¢* for the extension of ¢
to Y by 0. Usually Y is understood from the context and we will write ¢ instead of ¢¥.
The following fact was shown in [84, Theorem 6.3]:

Lemma 6.12. Let m.n € Zog. Let X i= K, C Y 1= Kpn. If ¢ € C1(Ky;Fy) is
minimal then ¢™) € CY(Y';Fy) is minimal.

With these preparations we can finish the proof of Proposition 6.10.
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Cuguy t Cuguy + Cuguy Cugur T Cuguy + Cuquy Cuguy T Cuguy + Cuyuy Cugus T Cuguz T Cuguy
U3 U3 U3 U3
U4 UQ U4 @ U2 U4 @ U2 U4 UQ
Vo V1 Vo V1 Vo V1 Vo V1
Cuaug + Cugm + C'ugm Cuuuxl + Cuow + Cu;;m CUW? + C’“/l“ii + C“Q’“ﬁ
U3 U3 U3
Uy V2 vy (] Vg ()
Vo V1 Vo V1 Vo V1
Cuyuy + Cuyuy + Cuguy Cuyuz T Cuguy + Cuguy Cuguz T Cuguy + Cuguy
U3 U3 U3
V4 V2 on V9 v Vg
Vo U1 Vo U1 Vo V1

Figure 6.1: For every triple of pairwise distinct vertices z,y, z € U we show the support
of ¢gy + €z + ¢y, in blue. We see that all these cochains are complements of cuts.

(m) (m) )

Proof of Proposition 6.10. Fix m € Z~q. Let X = K5/>|7(5 = f(\g, * f(\g,(m which
we think of as a subcomplex of Y = Kj,, * Ks5,,. Let ¢ € CY(K5;Fy) be a minimal
representative of [1]. By Lemma 6.12 ¢, := ¢™ € C'(Kj5,,;F2) is minimal. Note that
lcm| = m?|c|l. Let a € C3(K3;* Fy) such that v := ¢ ® ¢ + da is minimal. Note that
dya™ = dxa™). Indeed, every o € Y(3) \ X(3) has all, two or none of its boundary
triangles in X. If it has two of its boundary triangle in X, a™ has the same value on
both of them. It follows that (™ = ¢,, ® ¢, + dya™. We conclude

l[em @ en]| < (7] = mi|y| < m?|

cf* = len|?,

as desired. ]

It would be interesting to strengthen the above construction by giving an affirmative

answer to the following question: Are there infinite families of simplicial complexes
(Xn)nen, (Ya)nen and cochains ¢, € C'(X,,;Fa), ¢}, € C7(Y,,; Fy) for which

/
i L @l _ oo

n=reo (e[ ]|
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6.3 Joining Random Abstract Cones

In this section we give a join construction for random abstract cones. We will illustrate
the construction by proving a lower bound on 7;,(A2).

6.3.1 Joining Abstract Cones

Let X be a dx-dimensional, Y a dy-dimensional simplicial complex. Let J = X *Y be
the join of X and Y. Let A be an abelian group. Let (S{)_s<r<q,_1 be an abstract
cone for X and (SY)_ 9<k<dy—1 an abstract cone for Y. For —2 < k < dx + dy define
S Cr(J;A) — Cryr(J; A) by

SggmgO'@T, if dimo < dx,
OCRXT H—
(=1)ll(o — SX,,, 100) ® SY., 7 if dimo = dx.

We call (S{)_acr<dyray the join of (Si¥)_ack<iy—1 and (S})_a<i<iy—1. As the reader
might have expected, we have

Lemma 6.13. (S{)_a<i<dy+dy 1S an abstract cone for J.

Proof. The proof is a straightforward computation. Notice that it is enough to show that
for basic simplices 0 ® 7 € J(k) with 0 € X, 7 € Y we have

0S{(c@1)+ S| ceT)=0®T.
Throughout the proof we will frequently use that for all o0 € X, 7 € Y,
INoa1)=00@7+ (1)o@ or.

Let 0 € X(i) for some —1 < i < dx and 7 € Y (j) for some —1 < j < dy. Let
k=i+j+4+1=dim(c ® 7). We distinguish two cases. First assume that i = dimo < dx.
Then we compute
Sl (co1)+ 5] 0co71) =05 0@ 1)+ S (90 @1+ (-1)s @ or)
=08 o @74 (1) SXs @ or
+SX do @1+ (—1)ISXs @ or
= (08fo+ S 00) T
=0T,
where we used that (S,f )—o<k<dy—1 is an abstract cone for the last equality.

Now assume that dimo = dx. We have

S (c®T)=0 (( Dll(o — 8X,00) ® S) T )
=(-)Fldo® S T+0®0S) T
+ (=) 98Y 00 @ SY T — SX 00 ® 0S) T
= (0 — §%,00) ® 05) 7,

where we used that 955X 00 = o since (S;¥) _a<ir<dy_1 is an abstract cone for X.
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6.3. Joining Random Abstract Cones

Furthermore,

Sia0(o @) = Si_1(00 @ 1)+ (~=1)1"S{_y (0 ® )
=SX 0071+ (0 — S ,00)® Sy 0T

J

Combinining these two, we deduce

IS (c@T)+ S 0c®T)= (0 - Si)fl(‘?a) ® (85;/7' + S;/_IE)T) +8X 0o
=(0 -8 00) @71+ S 00T

=0Q®T,

where we used that (S})_2<p<dy—1 is an abstract cone for Y. O

6.3.2 Analysis for Join of Random Abstract Cones

Using the join construction for abstract cones, we can join random abstract cones for
two simplicial complexes X and Y to obtain a random abstract cone for the join X %Y.
Using Proposition 3.13, this gives a way to bound the coboundary expansion constants of
X %Y in terms of the lower bounds of the coboundary expansion constants of X and Y
obtained through the random abstract cones.

For completeness, we give the technical details: Let X and Y be simplicial complexes of
dimension dx and dy, respectively. Let wx: X — Ry and wy: Y — Ry be positive
weight functions. Furthermore, we assume that there is a constant C'y > 0 such that for
all 0 € X(dx — 1) we have

Z ’LU)((T) SCXZUX(O').

T€X(dx),0CT

Note that if wx are the Garland weights, we can choose C'x = dx + 1 and the inequality
becomes an equality.

Let J = X %Y be the join of X and Y. Let d;y = dimJ. We endow J with the weight
function w; given by w;(c @ 7) = ¢; jwx(0)wy (1) for all o € X (i) and 7 € Y (j) where
for —1 <i<dyx and —1 < j < dy we let
dx+1\ (dy +1
)
b (dx+dy+2)
i+j+2

Note that w; are the Garland weights if wy and wy are the Garland weights. This
motivates the somewhat cumbersome normalizing factor ¢; ;.

Let Z be a simplicial complex endowed with a weight function wz: Z — Rso. Let
f: Z(j) = R be a function. Eventhough w; might not induce a probability measure on
Z(j), it will be convenient to write E,cz(;) f(0) for X,ez¢) wz(o)f(o).

Let A be a ring with 1 endowed with a norm | - 4. We write | - | for the size function on
cochain groups induced by | - |4 and a fixed weight function on a simplicial complex.

Let (Qx, Bx, ux) and (Qy, By, py) be two finite probability spaces such that there are

random abstract cones Sy = (S&fi)_QSdeX_LWGQX for X and Sy = (Sx(/bj]z)_ggkgdy_l,wegy
for Y.
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6. EXPANSION OF JOINS

Write (24, B, 11;) for the product probability space of (Qx, Bx, ux) and (Qy, By, py).
For w = (W, w") € Q5 = Qx x Qy the join of the abstract cones (S&f;),ggkgdx,l
and (S}(,f),;l)),ggkgdy,l defines an abstract cone (S‘(]ﬁg),ggkgdL},l for J. Write S; =
(Sf,fﬁ)_ggkgdrl,wegj for the resulting random abstract cone.

Write Tx = (T)((Oj])ﬂ)_lgkgdx,weflxaﬂ/ = (Ty(/f;c))—lgkgdy,weay and T; = (Tﬁf/:;))—lﬂsdhwem for
random abstract cofillings dual to Sx, Sy and S, respectively.

For —1 <i<dxy —1 let
1 ()
(X)) = —FE 0. T/ 1,
>‘l( ) Ter)r(l(ai(i-l) ’LUX(T) w QX’ X,i+1 |
and for —1 < j <dy — 1 let
1
(Y) = —EF ~ T(w) ]]-7' .
A]( ) Terlr/l(%)il) U)Y(’T) w QY| Y,j+1 |

We extend this definition and set A_o(X) :=0,A_5(Y):=0. For 0 <i <dy,0<j <dy
let

(i+1)(dx +dy —i—j+1) o
o) = § s e e

#/\z—l()(> + m()\]_l(}/) + CX)\i—l(X))\j—l(Y>> if i = dX
We have:
Proposition 6.14. With the assumptions and notation above, we have for 0 < k < dj;—1
that 1

J) >
e (J) = )

where

Ae(J) == max \; ;(J).

itj=k

Proof. By Proposition 3.13 it suffices to show that for all c @ 7 € J(k), 0 < k < d; — 1,

we have
1

wy(o®T)
To this end, fix 0 < k <d;—1land c®7 € J(k) with dimo = ¢,dim7=j (i+j=k—1).
We distinguish the two cases (i) dimo < dx and (ii) dimo = dx.

No@T) = By | 75741 Lor| < i),

For (i) we first note that for p € J(k)

(TS Toer, p) = (Loer, S5il)
can only be non-zero if p = ¢’ ® 7’ with ¢’ € X (i — 1). It follows that

1 (@)
Mo®T)= o ®7) T>Ew~qua~J(k)‘<ﬂo®ﬂ Sikeilp)la
Ci—1,j (w") / /
= Ew/w//N ]EO./N i— ]ET’N 1 ]].o—,S i— : ]]-7—7
g @)y () s v X By (e S ) - (e, T
Ci—1,j (GO,
< —" EuEooxin|{ls, S5,
< ci,ij(U) ux X ( 1)|< X 1) |a
< Ci-ly Ai—1(X)
?:7‘7‘

_ (i+1>(dJ_i_j) )\i71<X)'

(dx —i+1)(i+j+2)
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6.3. Joining Random Abstract Cones

For the second case (ii), dim o = dy, we note that p = ¢’ ® 7/ € J(k) can only be in the
support of T}f‘,;lrlllg@ if dimo’ =i—1and dim7" = j or if dimo’ =4 and dim 7" = j — 1.
By the previous estimate, those simplices p with dimo’ =i — 1 contribute at most

(dx +1)(dy —j +1)
dx +7j+2

)‘dx—l(X)

to Ao ® 7).

For the second type of simplices p (those with dim 0’ = dx) we estimate using the triangle
inequality of |- |, that
I E () B (Lo (1) (0" =S¥, 100" © S8, 7
w0 @T) 1y ’ ’
Cij—1 Ww" s
S J EU’N d Ew/w”w I]-a T7U/®S 1T )|A
Ci,ij(U)wy(T) T/Nii(((j—xl)) (W’ w') MJ|< ® Y,j—1 >|

Ciyj—1 (&) (") 1
EO-/N Ewl W~ ]10,5 _ . ﬂT’S . .
Ci7ij(0)wy(7') T,N}if(gci)cl)) a;:g, (w' ') w’< X,dx 1) |a - |( Y,j el

+

The first summand is at most

Cii— ] + ]_
L2 (Y) !

=2 1= X (V)
Ci,j dX+]+2 J 1( )

which follows from the estimates for the case (i) interchanging the roles of X and Y.

Using that for o € X (dx — 1) we have

Y. wx(B) < Cxuwx(a),

peX(dx),aCp

we see that the second summand is at most

Cij—1 OX o 1 .
J (WEQNX(dX—l)K]lo’; Sg(,d)xla”A) (ET/NY(]'I)‘(HT, S}(fyj_)lT/HA)

Ci:j ( ) UJ/N/LX wY<T> w”Np,y

< O A (A (V)
]
Jj+1
= — X\ 1(X)A_1(Y).
e A )
In total, we conclude that

(dx +1)(dy —j+1)
dx +j+2

L
dx +j+2

AMo®T) < Adx—1(X) + (A1 (V) + Aia (X)A 1 (Y))
Comparing the obtained upper bounds on A(o ® 7) with the definition of A\z(J) and
Aij(J), we see that this finishes the proof. O

We close this section by elaborating on how the second part of Proposition 3.13 is useful
for the join construction as well. This part of Proposition 3.13 gives a lower bound
on coboundary expansion constants in terms of the size of an abstract cone under the
additional assumption that there is a group of automorphisms acting transitively on the
top-dimensional faces.
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Recall that given a dz-dimensional simplicial complex Z and an abstract cone S; =
(Sk)—2<k<d,—1 for Z, the size sizey(Sz), —1 < k < dz — 1, is defined as

Sizek(SZ) = Imax Z ’<17—,Sk0'>|A.
7€Z(K) e X (h+1)

Now, let X and Y be simplicial complexes of dimension dy and dy, respectively. Assume
that G is a group acting by automorphisms on X, H is a group acting by automorphisms
on Y. Then, G x H actson J = X %Y by

o7+ (g,h).(c ®@T):=(g9.0) ® (h.T)

for every c @ 7 € J, (g,h) € G x H. Note that if the action of G is transitive on X (dx)
and the action of H is transitive on Y (dy), then G x H acts transtively on J(dim J).

Thus, we could use the second part of Proposition 3.13 to give a lower bound on coboundary
expansion constants of .J. Fortunately, given an abstract cone Sx = (S;°)_a<k<ay—1 for
X and an abstract cone Sy = (S} ) _a<k<a, 1 for Y, it is straightforward to give an upper
bound on the size of the join S; = (S7)_2 <x<dy+dy Of Sx and Sy in terms of the size of
Sx and Sy. We have

Lemma 6.15. Let X be a dx-dimensional simplicial complex, Y be a dy-dimensional
simplicial complex. Let J = X xY. Let Sx = (S{) _a<r<dx_1 be an abstract cone for X
and Sy = (S))_a<k<ay—1 be an abstract cone for Y. Let S; = (S{)_a2.<k<dyxrdy be the
join of Sx and Sy. Let —1 < k <dx +dy. If k < dx then

Sizeg(Sy) < _rlnéz%(k Size;(Sx).

If k > dx then

Sizey(Sy) < max{ max Size;(Sx), Sizeg_1-ay (Sy)(1 + (dx + 1))Sizeq, —1(Sx)}-

k—dy —1<i<dx—1

Proof. The proof is straightforward from the definitions. O

6.3.3 A Lower Bound on 7;(A?) via Joining Abstract Cones
Using the join construction of random abstract cones we will show that
Proposition 6.16. Let n € N. Let d > 1 be a dimension. Let 0 < k <d—1. Then

k+2
m(AD) >

(a0 ) e ' 33

i+1

In particular,

mo(Ag) > 1
and g1
s (A) 2 g
forall d > 1.
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A slightly weaker lower bound as stated in Proposition 6.16 appeared in [98, Theorem 3.3]
and for the special case k = d — 1 also in [35, Proposition 5.7]. It turns out that both
arguments can lead to the bound stated here by a bit more careful analysis. Both
arguments use the averaging trick. In [35] an ad-hoc construction of many different
cofillings is given and combined with an induction on d for fixed codimension d — k. The
argument in [98] uses a random abstract cone which can be seen as an iterated join of

abstract cones (S(_ul))ue[n] on [n] given by S0 = u for each copy of [n] in A% = [n]*@+D).

We use a blend of the two arguments: The random abstract cone obtained as a join of
abstract cones on [n] together with an induction on d for fixed codimension d — k.

We start with the following lemma.

Lemma 6.17. Let d > 2 be a dimension. Let 1 < k < d—1. Assume there is a probability
space (Q, B, 1) and a random abstract cone (S,S")l, SV eq in dimension k — 1 for A4

with dual random abstract cofilling (Tkw) T,g \) such that for all c € C*"1 (A1 Fy) we
have

B T 06| < Li—1.4-1(n)[0c]
for some positive constant Ly_1 4_1(n) > 0.

Then there is a probability space (0, B, ji) and a random abstract cone (S,(Cw), S,S’i)l)weg
in dimension k for AL with dual random abstract cofilling (T,ﬁ)l, T,§‘“)) such that for all
c € C*(AL;Fy) we have

Eung| Tih0¢] < Lya(n)|dc]

where

1k+2
Lia(n) = ﬁﬁ(l +2(n — 1) Ly-1,4-1(n)).

Proof. Write A% as A = Uy % -+ % Uy with U; = [n] for 0 < i < d. Let U = Uy and
Y=U*---xUy.

We think of the random abstract cone (S,Efi)l, S]E:i)z)weg in dimension k — 1 for A" as
being defined on Y.

For u € U let S C_1(U;Fy) — Co(U;Fy) be given by () — S0 = . Endow U with

the uniform distribution v.

Note that the data (S ))ueU and (S,Ewl, S,iw)Q)weg suffices to use the join construction for
abstract cones to define a random abstract cone in dimension k for A?. More precisely,
let Q = U x Q endowed with the product measure ji = v @ u. Let @ = (u,w) € Q. For
je{k—1,k} let

u o, ifonU =0,
s / (w) / : !
(u+u)® S5 (0 \{u}) ifonU={u}.

By Lemma 6.13 (S ,f), S,f’ Doea is a random abstract cone in dimension k for A2, Write
(T, ,g 1 k(w))wGQ for the dual random abstract cofilling.
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Given ¢ € C*(A4;TFy), let b = dc. We estimate

Eip| T 0] = ZZu{w} > WD, o)

uEU weN oeAd (k)
‘*E: > pwd) X 1570
uGU weN oeAd (k)
‘*§: oufwl) > [buo)
" el wen g€l (k),oNU=0
1
=3 S u{w) XY b (utu) @ (o)
" et wea ueUaeYk 2)
1
= g|b|CO(U;]F2)®Ck71(Y;F2) Z Ew’\‘,uf‘Tk l(b +b >|
uu E( )
1
= ﬁ|bICO(U;H“2)®C’°_1(Y;F2) Z Lk Ld— 1 |b T b |

" wie(t)
< l(1 +2(n —1)Ly_1,4-1(n))[b

n ) | ‘CO(U;F2)®Ck71(Y;F2)|.

Note that (by double counting)

SN bul = (k+2)]b),

=0 uel;
Thus, if we additionally average over the choice (U,Y) with U = U;, Y = (A%),, for some
u € U; over i € {0,...,d}, we obtain the bound as claimed. O

We are ready to give a proof of Proposition 6.16.

Proof of Proposition 6.16. Note that the Garland weights on A¢ are uniform. Thus,

|Ad( )| ( d):lk—‘f_Q
Ad(k+ 1) T nd—k
For integers k,d with 0 < k < d — 1 recursively define Ly 4(n) b

me(A) = hi(A9D).

2
Loa(n) == %for alld > 1

and 1k +2
Lk d( ) nd T 1 (1 + Q(TL - 1)Lk_17d_1(n)).
Combining Lemma 6.17 with Proposition 3.8 we deduce that
1
hie(A2
or equivalently
1 k42
A% > :
77k< n) - nLk,d(n) d—k

Solving the recursion for L 4(n) leads to the lower bound on 7;(A%) as claimed in the
proposition. We omit this step here and leave it to the reader as a straightforward
exercise. u
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Chapter 7

Upper Bounds on Expansion Constants
of Partite Complexes

In this chapter, we prove various upper bounds on coboundary expansion constants
of (d 4+ 1)-partite d-dimensional complexes. At the heart of the proofs is an explicit
construction (which we give in the next section) of exponentially many d-coboundaries in
A,‘,ﬁ1 with some additional algebraic structure (closely related to sum complexes as
studied in [88]). Using a probabilistic argument we make use of these coboundaries to
prove Theorem 1.6 in Section 7.2. In Section 7.3 we prove Theorem 1.5 as well as more
refined upper bounds on 7;(A2). Furthermore, using a product construction, we can also
get upper bounds on 7,(A%) for 0 < k < d — 1 which for constant codimension d — k
are exponentially small in d (see Proposition 7.8). Part of the results in this chapter are
already discussed in [140].

7.1 A Wealth of Coboundaries

The following proposition provides us with a wealth of coboundaries.

Proposition 7.1. Let d € Z~( be a dimension. Let ng,ny,...,ng € Z with n; > 2 for all

.....

1 if Sigp(v) =0 €Ty,
¢"{vo, - vap) = {0 otherw(;'se 2

Then c¢? is a coboundary, i.e. ¢® € B4(X;TFs,).

For the proof of Proposition 7.1 we will make use of the characterization of coboundaries

77777

Lemma 7.2. Let Afm ny = UoxUyk- - -xUq with |U;| = n;. Given pairwise distinct vertices

-----

uf u; € Up, 0<id <d, let O4(ul, u; )o<ica) = {ug,ug }*---x{ul,uy} be the octahedral

sphere spanned by the vertices ud ,ug , ..., ul,uy. We will think of OU((u], u; )o<i<a)(d)

1) 1

as a chain in C’d(AzO :Fy). Then for any fized u € U;,0 < i < d the set

""" ng’

.....
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7. UPPER BOUNDS ON EXPANSION CONSTANTS OF PARTITE COMPLEXES

is a basis for Zg(AY,

Proof. Fix uj € U;,0<i<dand let
Z = {0%((u", u; Jo<i<a)(d) € Ca(AS, 5 Fa) suy € U\ {u},0 <i < d}.

Clearly, every z € Z is a cycle.

Note that for any choice of u; € U; \ {u},0 < i < d, there is precisely one z € Z
which contains {ug,...,u; } in its support. This implies that the cycles in Z are linearly
independent.

Note that |Z] = [T (n; — 1).

On the other hand, since Hj (A2
rank-nullity theorem that

dim Zy(AS, . 5F2) = (1) dim Cys (AL,

= 2 (—1)2 Z ﬁnil

Thus, Z generates all of Zy(A%,
We are ready to prove Proposition 7.1.

Proof of Proposition 7.1. Write X = Uy * --- % Uy with U; = [n;]. By Lemma 2.1 and
Lemma 7.2 it suffices to check that for every collection of pairs {u;",u; } € (lg) ,0 < < d,

the crosspolytope 0% = {ug,ug } * - -+ * {u},u; } contains an even number of d-simplices
from c¢”.

So let us fix a choice of pairs {u;,u; } € (g’), 0 <4 < d, and consider the corresponding

crosspolytope 0% = {ug,ug } * -+ * {u}, u; }. First we reduce to the case when
plug) = p(uf) =+ = (u) =0.

If 04 does not contain a d-simplex from ¢?, we are done. Otherwise we can assume (after
relabeling the vertices in (%) that

> wluf) =0.

=0

Now consider ¢: X (0) — F¢ given by

P(ui) = p(ui) + o(u)

for any u; € U;, 0 < i < d. Since X%, o(uf") = 0 we have ¢? = ¢*. Moreover @(u;) =0
for all 0 <4 < d by construction. So we are left with the case when p(u;) = 0 for all
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7.2. Upper Bound for Spherical Building A4(F,)

0 < i < d. In this case, there is a one-to-one correspondence between d-simplices in {?
from ¢? and vectors (ay, . . ., aq) € F4™ for which

d
> aip(u; ) =0.
i=0

The number of such vectors equals 24™ 4 where A € ng(dﬂ) is the matrix with columns
o(ug ), ...,o(uy). Note that dimker A > 1 (we consider linear dependencies of d + 1
vectors in the d-dimensional vector space F%), hence 24™kr4 i5 even. This finishes the
proof. O

7.2 Upper Bound for Spherical Building A,(F,)

In this subsection we prove Theorem 1.6 which we restate here for easier reference.

Theorem. For any dimension d and € > 0 there is Q = Q(d,€) € Z~q such that for all
prime powers q > () we have

d+1
2d

Na-1(Aq(Fy)) < +e.

Recall that for a prime power ¢ and a dimension d, A4(F,) is the d-dimensional simpli-
cial complex with vertex set the non-trivial, proper subspaces of F§+2 and k-simplices
corresponding to chains of subspaces {0} # Uy C Uy € --- C Uy, C F4F2.

Let us start by collecting a few very basic combinatorial properties of A4(F,). Note that
every (d — 1)-simplex of A4(FF,) is contained in precisely (1 + ¢) of the d-simplices of
Aq(F,) ((1+ ¢) is the number of 1-dimensional subspaces of a 2-dimensional vector space
over F;). In particular,

AaF)(d = 1)| = A @)

On the other |A4(F,)(d)| = [d + 2],! where for k > 1 we let [k],! = [k], - [k —1]g----- 1],
with [j], = X725 ¢*. Tt follows that |A4(F,)(d — 1)| is a polynomial in ¢ with leading term

d(d+3)

(d+1)g = . Hence, for sufficiently large ¢ (¢ > (d + 2)! suffices) we have

d(d+3)

[Aa(Fg)(d =) <2(d+1)g =,

Clearly, the map \: A4(F,)(0) — {1,2,...,d+ 1} given by U — A(U) := dim(U) is a

labeling of the vertices of A4(FF,) showing that A4(F,) is (d + 1)-partite. This gives rise
| .

_____ % is the number of k + 1

dimensional subspaces of Fg+2_

Outline of proof of Theorem 1.6 We first observe that since the restriction of a
coboundary to a subcomplex is a coboundary, Proposition 7.1 also provides a wealth of
coboundaries in A4(F,).

93



7. UPPER BOUNDS ON EXPANSION CONSTANTS OF PARTITE COMPLEXES

Corollary 7.3. Let p: Ay4(F,)(0) — F4. Let ¢? € CUA4(F,); Fa) be given by

1 if X4 p(u;) =0 € F,
0 otherwise .

({ug, ..., uqg}) = {

Then ¢® is a coboundary, i.e. ¢ € BY(Ay4(F,);Fy).

Now the idea is to pick ¢ uniformly at random and consider ¢?. That is for every vertex
v € Ay(F,)(0) we choose ¢(v) € F¢ independently and uniformly at random. It will turn
out that as ¢ — +o00, with positive probability, there is some coboundary b = ¢¥ for
which every (d — 1)-simplex in A4(F,) is contained in at most Lt + o(g) d-simplices of b.

Writing | - | for the Hamming norm of cochains, we see that every cofilling ¢ of b must
satisfy
qg+1
(5 +o@) Il = b

giving us a cochain ¢ € C41(A,(F,); Fy) for which

Normalizing we get

d+1 /q+1 d+1
-1 (Ad(E) < S (L + ol)) = S5 +ol)

as ¢ — +o00.

Proof of Theorem 1.6 We add some more details to the proof outline above. To
this end, let (2, B,IP) be the probability space with Q = (F$)4«F)©) je € is the set
of maps p: A4(F,)(0) — F4, B = 2% and P the uniform distribution. For w € Q we let
b(w) == c® € BYAy(F,);Fy) as defined in Corollary 7.3. For 7 € A4(F,)(d) let b : Q — R

be given by
0 otherwise .

For o € A4(F,))(d — 1) let d): Q — R be given by

MW= Y w),

T7€A(Fq)(d),0CT

i.e. d)(w) is the number of d-simplices incident to 7 which are contained in b(w). We
have

Lemma 7.4. (i) P(b) =1)=E[pD] = L for all T € Ay(F,)(d).

2d

(ii) E[d9)] = L for all o € Ay(F,)(d — 1).
Proof. (i) follows from the fact that for any fixed ag,ai,...,aq-1 € F¢ the equation
ap+ay + -+ + aq—1 +x = 0 has precisely one solution for z. (ii) then follows from (i) by

linearity of expectation using that every (d — 1)-simplex of A4(F,) is contained in exactly
q + 1 d-simplices. O]
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7.2. Upper Bound for Spherical Building A4(F,)

The following observation is crucial as it will allow us to use Hoeffding’s inequality for
d).

Lemma 7.5. Fiz o € Ay(F,)(d—1). Let 7,..., 7441 be the ¢+ 1 d-simplices incident to
o. Then the random variables b'™) ... b"+1) qre independent.

Proof. Let 0 = {vg,...v4_1}. When randomly picking ¢: A4(F,)(0) — F we can think
that the values of ¢ on the vertices of o have already been picked. Then the value of b(™)
solely depends on the choice of ¢ on the remaining vertex v € 7; \ 0. These choices are
independent. O

Recall Hoeftding’s inequality

Theorem 7.6 (Hoeffding’s inequality, [62, Theorem 1] ). Let X, ..., X, be {0,1}-valued
independent identically distributed (i.i.d.) random variables with p = EX;. Then for any
t > 0 we have

P (Z X;>(p+ t)n> < e,

=1

By Lemma 7.4 (i) and Lemma 7.5 d‘®) is a sum of {0, 1}-valued i.i.d. random variables
with success probability p = 2% Thus we can apply Hoeffding’s inequality to d?) with

1
n=q+lLp=t=

J (d(d +3) +2)log
2d’

4(g+1)

and combine it with a union bound over all (d — 1)-simplices 0 € A4(F,)(d — 1) to get
(for ¢ > (d + 2)!) that

P (30 € Au(F)(d — 1) with d) > (o5 +) (¢ + 1)) < [4u(F,)(d — D]e 0

< 2(d +1)g" 5 e (F57 1) lora
C2d+1)
pt

d(d+3)
2

For the last inequality we used that |Ag4(F,)(d—1)| < 2(d+1)g whenever ¢ > (d+2)!.
In particular, for ¢ > (d + 2)! there is some w € Q such that for all o € A4(F,)(d —1) it
holds that

4O (w) < q;l +(g+ 1)¢ (d(dz(gq)jff logq _ q;l + ;\/(d(d+3) +2)(q+ 1) logg.

As we noticed earlier, this implies that every ¢ € C?(Ay(F,); Fy) with ¢ = b(w) must
satisfy

(L5 + 5Vdd+3) +2)a+ 1)loga) |e] 2 o)l

It follows that

d+1  (d+1)\/(d(d+3)+2)(g+1)logq

Ni-1(Aqa(Fy)) < od + 2(q+1)
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Since

. (d+1)y/(d(d +3) +2)(q + 1) log g .
g—+o0 2(g+1)

this finishes the proof of Theorem 1.6.

Some remarks regarding Theorem 1.6. We conclude this section with two remarks
regarding our upper bound on 141 (A4(F,)).

(i) The proof of Theorem 1.6 carries over to arbitrary infinite families (X,,)nen of
(d + 1)-partite d-dimensional simplicial complex for which every (d — 1)-simplex of
X, is contained in (roughly) g(n) d-simplices for a sequence of positive integers q(n)
which grows to infinity sufficiently fast.

(ii) The simplicial complexes A4(FF,) show up as the (vertex) links of so-called Ramanujan
complexes [100]. As an application of the necessity of expansion of links, we can
use Theorem 1.6 to get an upper bound on the top-dimensional cofilling constants
of Ramanujan complexes (see Section 9.4 below).

7.3 Upper Bound for Complete Multipartite

Complexes
7.3.1 Upper Bound on ny_y(Ad )
Let d € N be a dimension, ng,n1,...,nq > 2 integers. We will write A%~ as

Ad ng = Vox Vik - x Vg with V; = [n], 0 < i < d. We write | - | for the Hamming
norm on cochains and || - || for the Garland weighted Hamming norm on cochains. In this
subsection we prove the following slightly refined version of Theorem 1.5.

Theorem 7.7. If 2¢ divides n; for all 0 < i < d, then

d+1
nd—l(AgLo,’rLl ..... nd) < 2d .
Moreover, let € > 0. If min{ng, ..., ng} > 2% + %, then
d+1
nd—l(AZO,m ..... nd) S 2d + €.
P?"OOf. Let X = Aflognl ..... ng’ Write n; = l22d +r; with 0 < 7r; < 2d, l; € ZZO7 0<1i<d.

Partition V; = |_|§d:1 Vij as equally as possible, i.e. such that ||V;;| — |Vi;|| < 1 for all
7,7 € {1,...,2%}. Let ¢: [2¢9] — F$ be a bijection. Define p: X (0) — F4 by p(v) := 1 (j)
forveVy, 1<j<240<i<d. Letb=c? € BYX;Fy) as defined in Proposition 7.1.

Given o € X (d — 1) there is a unique 7 € {0,1,...,d} for which c N'V; = . We call this i
the type of o.

First assume that r; = 0 for all 0 < ¢ < d, i.e. that 2¢ divides n; for all 0 < i < d.
Consider ¢ € C41(X;Fy) with §c = b. Decompose ¢ = 2%, ¢ where the support of (¥
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is given by the (d — 1)-simplices of type i in the support of c. Since 27 divides n;, every
(d — 1)-simplex of type i is contained in exactly I; d-simplices in the support of b. Hence,

d .
S5 > b.
=0

Note that a (d — 1)-simplex o of type i has Garland weight w(o) = ( It follows

d+1)|X( 1k
that

d n;
el = Zm\ )|
2d
T d+1)Xd Z”C

2d

> Rl >|""

d +1
This shows that

whenever 2¢ divides all n;, 0 < i < d.

If not all the n;’s are divisible by 2¢, we still have that every (d — 1)-simplex o of type i
is contained in at most I; + 1 d-simplices from b. Thus, every cofilling ¢ € C?*(X;F,) of

b must satisfy
d

>+ 1)[c?] > 18],

1=0

where again we decompose ¢ = Z?:o ¢ according to the type of (d — 1)-simplices. Note
that

n; i lez + r;

L+1 L,+1 — 7 L+1

Let lyin = ming<;<q 75 o +1 Then

(d+1)|X(d
2d] . d
> > (i +1)|c"]
(d+1)|X(d)] =
2d]
> min b )
> d+1” |

Now assume that ming<;<qn; > 2d 4 %. Then for any 0 < i < d we have

L=|1—|>=—-1> .
{QdJ_W - 24g
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It follows that

lmin Z l——.
1+ 41
Therefore .
d+1 1 d +11+ d+1
d 20 _
M1 (Ang,..ma) < 57— = o &l ST e
as desired. ]

7.3.2 Upper Bound on n;(A9)

By taking products, we can extend the construction yielding the upper bound on 74_;(A%)
to give the following upper bound on 7 (A%).

Proposition 7.8. Let I,n € Zsg, dy,....dy € Zso. Let d = (X1, d;) +1—1 and
k= (Xl d) — 1. If 2m<istdi dijyides n then

k+2 1
~d—k k=

(A7) <

In particular, for every d € Zso and 0 < k < d—1 we have

k+2

d A N
M(An) < QL(k+1)/(d=F)]

whenever n is divisible by 2/(k+1D/(d=k)T,

We remark that it is not difficult to further extend the above results to an upper bound

E+2 41
A )< =
(Ao, —d—k;gzd

provided that 2% divides ny, ., for 0 < s < d; where k; = !=1(d, + 1). Moreover, for
every € > 0 there is n. € Z-g such that if min{ng,...,ng} > n. then

k;+2l
W) < G2 S 5

=1

The proof of these slight extensions do not really need any new idea but require some
additional technicalities which we prefer to omit.

Proof of Proposition 7.8. For 1 < i < | write n as n = 2%r; for some r; € Zwg. Let
b € B%(A%:Fy) be a coboundary as constructed in the proof of Theorem 7.7 witnessing
that ng,_1(A%) < (d; +1)/2%. Let ¢V € C4~1(A%;F,) be a minimal cofilling of b

Think of A4 as A4 = Ad % A% x ... x A4, With this decomposition we consider ¢ =
AMePe...0dc C’k(Ad 2) Let b = dc. Recall that b has the property that
every (d; — 1) simplex in A% is contained in at most r; simplices of the support of b(®
Consequently, every k-simplex o € A¢ is contained in at most
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simplices in the support of b. It follows that

< (35 )

=1

Since |Ad(5)| = (;.lﬁ)nj“ for all 0 < 7 < d, we easily deduce by normalizing that

A (K)| L1 k+2& 1
A4 <’n7 E, -~
M(An) < \A;{(k+1)|n 24 d— k= 247

i=1

as desired. The second part follows from the first by writing
k+1=s(d—k)+r

with integers s > 0 and 0 <r <d—k and setting l =d —k, d; =s+ 1 for 1 <i <r and
d; = s for r <1 < d— k. This gives

k+2 r d—k—r k+2
nk(AZ>< < )SQL(

Sy o\ T py TPy

and finishes the proof. O

7.3.3 Refined Upper Bound for A?

For A? we have the following refined upper bound on 7;(A?) which we conjecture to be
the exact value.

Proposition 7.9. Let n € Z~.

e Ifn=0 mod 4, then

3
771(/\72;) < 1
e Ifn=1 mod 4, then
3n3+9
A2) < :
md,) = 4n3 — 3n? + 3n
e Ifn=2 mod4 and n # 2,* then
3n3 + 24
A2) < :
md) = 4n3 — 2n? + 4n
e Ifn=3 mod 4, then
3n3+3
N)y< ————
md,) < 4n3 —3n%2 +n

We remark that for 1 <n <5 the exact values of 1;(A2) are

m(AT) = 3,m (A7) = Lm(A3) = 1,m(A]) = 3/4 and n: (A7) = 48/55,

Tt is known that n;([2]*3) =1 (see [35, Proposition 5.5]).
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matching the upper bounds of the proposition.?

For the proof of Proposition 7.9 we will consider b = ¢? for a specific choice of ¢: A2(0) —
FZ, for which |7 '(x) — ¢ ! (y)| < 1 for all z,y € F3. We will explicitly write down a
minimal cofilling of such a b which gives the desired upper bound. The minimality of
these cofillings we check with the help of a computer. The following lemma, which might
be of independent interest, allows us to reduce the number of cases to a feasible amount.

Lemma 7.10 (Minimality for product-like cochains). Write Ai = Uy *x Uy x Uy with

Uy =U = U, =[n]. Foric {0,1,2} let U; = ||"_, U be a partition of U;. Let

c € CY(A2;Fy) such that the restriction c, o . s constant for all 0 < i < j <2 and
Ug *Utj

1 <5<, 1<t<I;. Then the following are equivalent:

(i) ¢ is minimal, i.e. |c+ da| > |c| for all a € C°(A2;TF,).
.. supp(d1
(ii) For all S C A%(0), |supp(c) Nsupp(dls)| < Lésn.
(iii) For all S C X (0) with SNUW € {0, UD} for all0<i <2, 1< s <1,

supp(d1
jsupp(c) Asupp(61s)| < PRI,
The proof of this lemma is inspired by the proof of Theorem 6.3 in [84] where a similar
result for the complete 2-dimensional complex is proven.

Proof. To ease notation let X = A%2. We will write 6.5 instead of d1g for S C X (0) as
well as ¢N S instead of supp(c) Nsupp(dlg).

The equivalence of (i) and (ii) holds for any ¢ € C'(X;Fy) and easily follows from the
observation that |c+ da| = |c| + |da] — 2|c N dal.

(i) cleary implies (iii). For the converse implication we argue that given ¢ € C*'(X;Fy)
with |cNdS| > |5—2‘9| for some S C X(0), there is also S C X (0) with SNU® € {p, UM}
forall 0 <i<2,1<s</ and |cN 55’| > @. Assume, by contradiction, this is not
the case for some ¢ € C'(X;F,). Then there is some S C X (0) with |cN S| > ‘52—5‘ such
that the condition S NU® € {(, UM} is violated for the fewest number of 0 < i < 2 and
1 < s <l;among all S” C X(0) with |cNédS'| > Lf'. After relabeling we can without loss
of generality assume that () # S N Ul(o) - Ul(o). Let A=S5nN Ul(o) and B = Ul(o) \ A. Let
S~ =8\ Aand ST = S5SUB. Note that S~ and ST violate fewer of the conditions on the
intersection with U{® than S. Thus, showing that |65~ N¢| > 1[057| or |[65TNe| > 1557
would contradict the choice of S and finish the proof of the lemma.

To see that this is indeed the case, fix u € Ul(o) and let
f=se SN (U LU,):c(us) =1}

and
vy=H{s € (X(0)\S)N (U uls) : c(us) = 1}.

2For n = 1 and n = 3 these bounds can be checked by hand. The case n = 2 is part of [35, Proposition
5.5]. For n = 4 the random cofilling argument (carrying lower order terms in n along) as in Proposition 8.6
yields a lower bound of 3/4 matching the upper bound of Theorem 7.7. For n = 5 we run an exhaustive
search on a computer for a stronger upper bound after reducing to a feasible amount of cases.
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Note that
0S5~ N =1dSN¢c|— (v —pB)|A|, and
65T Nl = [0S Ne|l+ (v —pB)|B|

This implies
|6S M| = (1—=X)[0S™ Ne|+ A\dST Nl

with A = Now let s; = |SNU;| for i € {0,1,2}. Define the function ¢: R — R by

\A|+|B|
s p(s):=5(2n —s; — s9) + 51(2n — s — $3) + 52(2n — 5 — 59).
Note that ¢ is affine and hence concave. Moreover,

[65] = ¢(s0), [057] = @(s0 — |A]) and [657] = p(so + |B]).

Now assume, by contradiction, that both |65~ N¢| < 3]6S7| and [65T N¢| < 11657
Then

6S Nl = (1—=N)|6S™ Ne|l+AdST N

|05~ |05
<(1-—
<(1-=2X) 5 + A 5
1
=5 (1= Xplso = [A]) + Ap(s0 + | BI))
1
< 5#((1 = A)(s0 — [A]) + Also + | B]))
1¢< _ 1Al Bl |B|-|A|>
2 |Al+[B]  |A] +|B|
1

where we used concavity of ¢ for the second inequality. We obtained a contradiction to
our assumption that [§S N ¢| > $|6S]. This finishes the proof. O

Another ingredient for the proof of Proposition 7.9 is a particular cofilling of the coboundary
b € B*(A%;Fy) showing that n;(A%) < 3/4.
Lemma 7.11. Let A2 = U« V « W with U = {ug, u1, us,us},V = {vo,v1,ve,v3} and
W = {wo, wy, wo, ws}. Let 1: {0,1,2,3} — F3 be given by

¥(0) = (0,0),%(1) = (1,0),9(2) = (0,1) and ¥(3) = (1,1).
Let b € B?(A% ) be given by
Lif (i) + () + ¥ (k) = 0 € F3

0 otherwise.

b<{ui7 Ujs wk}) = {

Let ¢ € CY(A?%;TFy) be given by
supp ¢ = {UOUO7 UYV3, UoW1, UgV2, U1 Vg, U1V2, U1 W0, U1 W2,
U2V, U2V1, U2Wp, U2W1, VoW3, V1 W2, V2W1, U3w0}-
Then dc = b.

3Note that b is indeed a coboundary since b = ¢¥ for p: A3(0) — F3 given by p(x;) = (i) for
x € {u,v,w} and ¢ as in Proposition 7.1.
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Proof. Instead of tediously checking that dc = b let us describe how one would come up
with ¢ in the first place. To this end, we first note that ¢, = b,;. Thus, if we define
¢ € C'(A3;Fy) to be equal to b,, on VW and to be 0 on edges containing uz, we already
achieved that §¢(7) = b for all triangles 7 containing ug. In order to extend ¢ to a cofilling
of b we would need to satisfy

b(uvjwy) z d¢(uvjwy) = b(usvjwy) + ¢(uwy) + ¢(uv;),

or equivalently that (0¢,,)(v;wg) = (by, + byy)(v;wy). This amounts to choose ¢,, as a

cofilling of by, + by, € BY(V x W;F,).
In Figure 7.1 we depict b,, + b,, and ¢,, for i € {0,1,2}. We see that ¢,, is indeed a

cofilling of by, + by, for i € {0,1,2} and conclude dc = b, as desired. O
Voeo——e W U0><: wWo Vo Wo Vo Wy
V10— W U1 w1 V1 w1 V1 w1
Vo 0——@ Wo (%) () V2 (P () W9y
V30—O W3 U3 w3 U3 w3 U3 W3

buo bu1 bUQ bU3

Vo wo Vo Wo Vo wo
(] w1 (%] w1 (%1 w1
() w9y (% W9 (%) ()
U3 w3 U3 w3 U3 w3

buo + bu3 bu1 + bu3 bu2 + bug

Figure 7.1: The top row shows b, for i € {0,1,2,3}. The bottom row shows b, + b, for
i € {0,1,2}. We marked the vertices in the support of ¢,, in blue. We note that for each
i € {0,1,2} the vertices in ¢,, induce the cut b,, + by,

We are ready to give a proof of Proposition 7.9.

Proof of Proposition 7.9. Write n = 4k + [ with [ € {0,1,2,3}. If | = 0, we already know
from Theorem 7.7 that 7;(A2) < 2. So we can assume that [ € {1,2,3}.

Write A2 = UV« W with U =V = W = [n]. Partition U = | |2 ,U;, V = |2, V;
and W = | 2_,W; such that |U;| = |Vi| = kfor 0 <i <31, |U;| = |Vi| = k+ 1 for
3-l<i<3andl <[<3and|Wy| =Fk+1, |[Wi|=|Ws| =|Ws| =kifl =1,
Wol = [Wi| =k + 1, |Wa| = [Wy| = kit { = 2 and [Wo| = |[Wa| = |Wa| =k + 1, |Wi| = k
it [ =3.

Label the vertices of A? as in Lemma 7.11. Let f: A2(0) — A% be such that f(u) = u;
for all uw € U, f(v) = v; for all v € V; and f(w) = w; for all w € W;, 0 < ¢ < 3. Let
f: A2 — A2 be the induced simplicial map. Let by € B%(A%;F,) and ¢y € C1(A%Fy)
be the cochains as considered in Lemma 7.11. Let b := f*by and ¢ := f*cy. Clearly,
dc =0b e B*(A2;F,).
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Using that
0] = |Uol - (IVo] - [Wol + [V - [Wi| + [Va| - [Wa| + [Vs] - [W3])
+ (U] - (Vol - WAl + [VA] - [Wo| + |Va - W] 4 [Va] - [W2])
+ [Ua] - (IVol - [Wa| + [VA] - [Wa| + |Va - [Wo| + V3] - [Wh])
+[Us| - ([Vol - W3] + Vi - [Wa| + [Va - [WA] + V3] - [Wo)
and

lc] = [Uo] - (IVol + [Vs] + [WA] + [Wal)
+ U] - (Vo] + [Va| + [Wol + [Wa)
+ U] - (IVol + V1| + [Wo| + W)
+ [Vol - (W[ + Vi - [Wal + [Vaf - [WA| + |Va] - [Wol
one can check that 2 ibI would give the upper bound on 7;(A?) as claimed in the statement
of the proposition. Thus it remains to show that ¢ is minimal.

By construction ¢ has product-like structure. Therefore, by Lemma 7.10, it suffices to
show that for all S C A2(0) with SN X; € {0, X;} forall 0 < j <3 and X € {U,V,W},
it holds that |cndS] < 121,

This amounts to show that |c N §f*S| < @ for all S C A%(0).

For fixed | € {1,2,3} and fixed S C A3(0) we can think of |§f*S| — 2|cN§f*S| as a
polynomial pg;(k) in k (recall that k is such that n = 4k + ). Note that pg; has degree
at most 2 and is thus determined by the values at three different k’s. Since 6 f*S = f*6S
for each [, we only have to consider 2! choices for S C A%(0) and check whether pg;(k)
is non-negative for all k € Z>(. It turns out that all pg; have non-negative coefficients,
from which pg;(k) > 0 for all k € Rs( immediately follows. This can be readily verified
by using a short computer script.* O]

7.3.4 Blow-Up Construction for A2

In the proof of the upper bounds on 7;(A?) there is a blow-up construction lurking
in the background which is worth elaborating on. In fact, the blow-up construction is
independent of coefficients and will also be helpful to prove our upper bound on (;(A?) in
the next subsection.

Given a simplicial complex X on vertex set V = X(0) and ¢t € Z~, we define the t-fold
blow-up X of X to be the simplicial complex X1 with vertex set V x [¢] such that
{(vo,90), - - -, (i, ir)} is a k-simplex of X1 if and only if {v, ..., v} € X (k). Note that
there is a projection map 7 : X — X which maps a k-simplex {(vo, %), ..., (Vg, i)} to
{vo,...vx}. This allows to pullback a cochain ¢ € C*(X;A) (for some abelian group A)
to a cochain ¢ = *c € CF(X1}; A). We will call ¢!} the blow-up of c.

Note that for n,t € Z-o we have (A4){ = A¢ = Moreover, in dimension d = 2, blow-up of

cochains preserves minimality. More precisely:

Proposition 7.12. (i) Let c € C'(A2;7Z). Then c is minimal (with respect to {3-norm)
if and only if ™ € CY(A? ; Z) is minimal.

tn)

4Our Python code, which we used for this, will be made available via the library of IST Austria.
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7. UPPER BOUNDS ON EXPANSION CONSTANTS OF PARTITE COMPLEXES

(ii) Let c € C'(A2;Fy). Then c is minimal (with respect to Hamming norm) if and only
if it € CY(A2 ;) is minimal.

tn)?

The following corollary is immediate but still worth stating separately. It says that the
blow-up construction allows to transfer an upper bound on the coboundary expansion
constant of A? to arbitrarily large complexes.

Corollary 7.13. For every k,n € Z~o we have n1(A2,,) < m(A2) and (1(A3,) < G1(A2).

Blow-Up and Minimality over Z
We show part (i) of Proposition 7.12.
Let X = A2 and X = X{ = A2 Write X(0) = X x [1].

First assume that ¢ € C'(X;Z) is not minimal. Then there is a € C%(X;Z) with
lc — dal* < |¢|*. But then

12 = 12c)? > £2|c — da|* = |(c — 6a) P> = | — 5al 2,
showing that the blow-up ¢!t € C'(X;Z) of ¢ is not minimal.
For the converse we need the following lemma:

Lemma 7.14. Let c € C'(A2;Z). Then the following are equivalent

(i) ¢ is minimal with respect to the {3-norm | - |?.
(ii) |{c,0a)| < 1|0al|* for all a € C°(A2;Z).
(iii) |{c,da)| < i|6a|? for all a € CO(AZ;Z) with a(u) € {0,1} for all u € A%(0).

Proof. The equivalence of (i) and (ii) follows from expanding the inequality |c+dal*> > |c|?,
which holds for all a € CY(A2;Z) if ¢ is minimal, in terms of inner products.

Clearly (ii) implies (iii). For the reverse implication let a € C°(A2;Z) be arbitrary.
Decompose a = a4 + a_ where a, (u) = max{0,a(u)} and a_(u) = — min{0, a(u)} for all
u € A%(0). Since (z — y)? > 2* + y? for real numbers z,y € R with zy > 0 we have

[da(e)[* > [da(e)[* + [da—(e)[*

for all e € A2(1).

Let 4 = maxyecp2 (o) a+(u) and [_ = max,eca2 (o) a—(u) For e € {—,+} and 1 <i <[ let
al) € C°(A2;7) be given by

0 otherwise .

) = {1 if a.(u) > i,
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We have a = i 1 agi) — Eé 1 aY by construction. We estimate assuming (iii)

;i sal|2 + 2;1 [6a¥P?
; (lap(z) — as ()| + |a_(z) — a_(y)])

1

< 5 (1001 + [0a_[?)
1

S *|56L|2,
2

where we used the triangle inequality for the first inequality, (iii) for the second, that
|z| < 22 for all & € Z for the third, and |da, (€)|* + |da_(e)|* < |da(e)|? for all e € A2(1)
for the last inequality. O]

Write X as X = Vg x Vi + Vo with Vy = Vi =V, = [n]. Let ¢ € C'(X;Z) be a minimal
cochain. Let ¢ € C''(X;Z) the blow-up of ¢. Assume that ¢ is not minimal. By Lemma 7.14
there is S C X (0) such that

1 2
fe015)] > 755

We will argue that we can choose S to be of the form S = 5" x [t] for some S" C X(0).
This will give us the desired contradiction, since for S of such form the minimality of ¢
implies that

Ol g? 512
‘<6a51$>|:t2’<0,5151>|§t2’ QS’ :| 28"

So, let a € C°(X; Z) with a(u) € {0,1} for all u € X such that | (¢, da)| > %. Assume
there is a vertex v (which without loss of generality we can assume to be in Vj) such that

0 # ({v} x [t]) Nsupp(a) & {v} x [t].

Let A= {v} x [t]Nsupp(a), B={v} x[{]\ A, a~ =a— 14 and a™ = a+ 1p. Note that
(¢,014) = |Al{c,d1,) while (¢,015) = |B|{c, d1,). Let a« = |A|{c,dx1,), B = |Bl{c,dx1,),
and

a |A|

A= = .
a+p3  |A[+|B]

Note that A € [0,1]. We have that
(1 =N (C da") + \c, da™) = (¢, da).

Assume that |(¢,0a7)| < @ and |(¢, da™)| < w. Note that for {0, 1}-valued cochains
a € C°(X;Z) |dal?* only depends on a; = |supp(a) NV;] for i € {0,1,2}. Moreover |dal? is
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an affine function ag — ¢(ag) in ag if a; and ay are fixed. We deduce that
(€, 0a)| < (1= N)|(€ da")| + A[(¢, da™)]
L N
= 5 (1= N)plao — |A]) + Sxp(ao + |BI)
|B|
[A]+1B]”

< (1-2)

1 |A]
YY) P i S B

go( Bl o= 1)+ — Ao+ rB|>)

1
2
1
2
1
2 |A| +|B|
1

2

For the last inequality we used that, as an affine function, ¢ is concave.

We obtained a contradiction to our assumption that |(¢, da)| > @. Thus, we must have
|(¢,0a™)| > @ or |(¢,da™)| > w. But a~ and a* are both {0, 1}-valued 0-cochains
for which there are fewer vertices v with

0 # ({v} x [t]) Nsupp(a) € {v} x [{]
than for a.

Proceeding by induction, we can obtain a cochain @’ for which |(¢, da’)| > such that

a’ is of the form o’ = 1g for some S = 5" x [t] with S C X(0).

|6a’|?
2

Blow-Up and Minimality over [F,

For part (ii) of Proposition 7.12 we observe that the blow-up ¢} of a cochain ¢ € C*(A?;Fy)
is product-like (in the sense of Lemma 7.10). Since

t2|c+ da| = |(c + da) | = |t + dalt|

part(ii) is a special case of Lemma 7.10.

d
7.3.5 Upper Bound on (; 1(A%)
We have the following upper bound on (;_1(A%).
Proposition 7.15. (i) For all n > 2 we have (;(A?) < 1.
(i) If d > 3 and d + 1 divides n then (q_1(A9) < 1.
Proof. For (i) we distinguish two cases depending on the parity of n. First assume that
n = 2k is even. Using the blow-up construction (Corollary 7.13) it suffices to consider the

case n = 2. Write A2 as A2 = {ug, uy } * {vg, v1} * {wo, w1 }. Let f € C*(A3;Z) be given by
f([ug,vo]) =1, f([vo,wo]) = f([u1,we]) = —1 and f(e) = 0 for all other (oriented) edges.

Note that 0 f = Ljug,v0,w1] + Ljur,v1,we)- Moreover, f is minimal. Indeed, there is no cofilling
of 6 f with fewer than three edges in its support since the triangles in the support of § f
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are antipodal triangles in the octahedron A2 (see Figure 7.2 for an illustration of f and
df). It follows that

3162

as desired.

Next we assume that n = 2k + 1 is odd with k € Z~. Write A2 as A2 = Uy x Uy * Uy with
Ui = {u(_l;f, u@m, . ,u@l,u(()i),ugi), e ,u,(j)}, i€{0,1,2}.

Define a € C*(A2;Z) by

1 ifs>0,t>0andt>k+s+1,
a([u?, u’)) ={ -1 ifs>0,t<0ands>k+t+1,

s )

0 otherwise.
for all s,t € {—k,—k+1,...,—1,0,1,...,k} and 0 < i < j < 2. See Figure 7.2 for a
drawing of a for n = 5.
We claim that a is minimal. By Lemma 7.14 it suffices to check that

05|

a,015)] < 1

for all 5 C A2(0). Recall that {a,dlg) = (da,1s). Observe that b := Oa is given by
da(ul’) = 2j for all —k < j <k and 0 <i < 2.

Fix S C A%2(0). Note that |§15|> does only depend on s; := |[SNU;|, 0 < i < 2. In fact
|015]? = 2n(s0+51+52) —2(S081+S0S2+5152). Now, for i € {0,1,2} let 3; = min{s;, k+1}
and note that

2 §5—1 2 s8;—38;
[(0a, L) <D > 2(k—1)=>_ > 2
i= [=0 =0 [=1

where ¢; = min{0, s; — §;}.

We compute that

2
since §; < s;and §; <k-+1= %Ll It follows that

dlgl|?
|<8a, 15)’ < n(80+81 +52)—(83+S%+S§) < n(50+81+82)—(5031+8052+8132) = | 25| )

where we used that zy +zz +yz < 22 +y? + 22 for all z,y, 2 € R. This finishes the proof
of the minimality of a.

We compute

k
1
af? = |supp(a)] = 63 i = 6~ F D)

=1

_3n—1n—|—1_3(n2—1)
2 ) 2 4
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To find the value of |da|? we first note that the edges in the support of a form a triangle-free
graph. Also, by the choice of signs da(7) = 0 for any triangle 7 for which two of its
boundary edges are in the support of a. Thus da takes values in {—1,0,1} and |da|? is
the number of triangles in A2 that have exactly one boundary edge in the support of a.
We conclude

n(n?—1)

|MP=6§:an—r—%—j+1»: VR

i=1j=1
where the last equality follows by some straightforward computation.

Overall we conclude that

3|6al* 3nn*-1) 4
A2y < = == =1.
Glhn) = nla> n 4 3(n?2—1)

This finishes the proof of part (i). For (ii) we use the construction in the proof of Claim 3.4
in [98] where it was shown that 1y_;(A%) < 1 whenever d + 1 divides n. We assume that
d + 1 divides n. Write A2 as A = V) -+ % Vy,y. For 1 <i < d+ 1 partition V; into
Vi=V,aUViaU--- UV, 44 such that |V;;| = |V, | for all 1 < j,j" < d+ 1. Consider
f € CTY(A4;Z) be given by

f - Z Z Sgn(ﬂ—)I]'V;l,w(l)x'”xvid,ﬂ(d)7

1<i1 < <ig<d+1meSy

where sgn(m) denotes the sign of the permutation 7. Note that 6 f is {—1,0, 1}-valued and
o = [vg,...,v4], with v; € V}, is in the support of §f if and only if there is a permutation

d+1
7 € Sgy1 such that v; € Vj r; for all 1 <4 < d+1. It follows that |6 f|* = (#) i (d+1)!.

Also, note that every (d — 1)-simplex in A% is contained in Zr7 d-simplices of the support

of f. Thus, we must have |[f]|> > (%) |6f1> = |f|>. Tt follows that f is minimal and

d+1wﬂ2_1
| f]? ’

as desired. O

Ca1(AD) <
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(31

Uo

Figure 7.2: On the left we illustrate an example of f € C*(A%;Z) showing (;(A3) < 1. The
blue triangles are the triangles in the support of 6 f. The blue edges are in the support
of f. The arrow on the edge indicates the sign of its value in {—1,1}. On the right we
illustrate the example of a cochain a € C'(A% Z) showing (;(A%) < 1. Marked edges
indicate that an edge is in the support of a and the arrow shows its sign.
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Chapter S

Lower Bounds on Expansion Constants
of A¢

nQ,..-y 1

777777777

The proof of the recursive lower bound for 7y_;(A% o...n,) allows to recover the bound on

n4-1(A%) proven in Proposition 6.16 and is a minor recast of said argument. In fact, the
bound is already contained in the proof of Proposition 5.7 in [35].

Furthermore, any improvement on a lower bound 7; (A?) would automatically give improved
lower bounds on 7y_1(A%) for any d > 1 as well. We will discuss various approaches
leading to such improvements in Section 8.4.

To the best of our knowledge, all results in this chapter, except the recursive lower bound

Throughout this chapter, we will write A2 as A? = Uy x Uy % -+ x Uy with
U; = [n;] for positive integers n; and 0 < i < d.

8.1 Cofilling for b € Bd(/\g0 :A) by Coning from a

NN R
Vertex

As for K¢ there is a fairly natural ad-hoc way of defining a cofilling for b € B4 (A%~ - A)
by ’coning’ from a vertex. For better illustration, let us first consider the case d = 2 and
no=mn; =ng=n. Write A2=U*V «W with U =V =W = [n]. Given b € B*(A%; A)
and u € U we could attempt to construct a cofilling a™ € C*'(A2;A) of b by defining
a™ to be equal to b, on V * W and a™(e) = 0 if u € e. This already achieves that
§a™ (1) = b(r) for all triangles 7 containing u. In order to correct the remaining values,
we note that we would like to satisfy

b(u'v'w) Z 5a™ (Wv'w') = blw'w') — o™ (Ww') + a™ (W) = b(uv'w') — §a'¥ (v'w).

In other words, we would need to choose aq(jf) to be a cofilling of b, — b,,. Fortunately,
b, — by is indeed a coboundary in (A2),.
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...ng

Let us generalize this to arbitary dimension d and parts of not necessarily equal size. To
this end, let X := AY n, For an oriented simplex 7 = [vg, ..., v;] we write 7\ v; for the

,,,,,

oriented simplex (—1)"[vg, ..., ;. .., v, where U; indicates that the vertex v; is omitted.
Now, let A an abelian group and let b € B4(X; A). Since the localization of a coboundary
along a cycle is a coboundary, b, — b,/ is a (d — 1)-coboundary in X, for all u,u" € Uj;,
0<i<d.

For 0 < i < d and uu € (g) let a(*) € C92(X,;A) be a cofilling of b, — by €
B (X5 A).

For u e U;, 0 < i <d,let a™ € C?¥'(X;A) be given by

if u € o,
a™ () = { by(0) if cNU; =0,
a" o \v') ifonU={u}u#u.

We have:

Lemma 8.1. With the notations above we have 6a™ =b for allu € U;, 0 <i < d.

Proof. Let o = [ug,...,u4] be an oriented d-simplex with u; € U;. If u € o, then
§a (o) = b(o) is immediate. Otherwise, we compute, carefully keeping track of signs,

d
5a(”)(0) = Z(—l)ka(")([uo, ey gy, Ug))
k=0
= Y (=1 ™) ([ug, ..., @y ug) \wi) + (= 1)y ([ug, - - -, Gy - -+, ug))
0<k<i
+ Z (—1)ka(“’“i)([u0, ey Uy e U] \ Ug)
k<i<d

= (=1)'by([uo, ..., W, - . ., ug))
+ > (=1)FHitqd (fug, ... g, ..., - - - ug))

0<k<i
+ > (=) a0 ([ug, ... G, ..., Ty - - ., Ug))
i<k<d

= (—1)by([uo, -, T, - -y ua)) + (=1) 260" (Jug, . .., T, . . . ug))
—1)'bu([ug, .., Ty, - .y ug)) + (1) by ([uo, . . ., U, - . . ug))
—1)" oy, ([uo, - - - Wi, - . . ug))

—1)'by, ([ug, - . ., Wz, . . . ug)))

]

In what follows, we will call ' a cone for b based at u. Note that a™ depends on
the particular choice of cofillings a®v) of b, — by for u' € U, \ u. Often we will make
additional assumptions on these cofillings, e.g., that they are as small as possible with
respect to some size function.
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8.2 Recursive Lower Bound on Cd_l(/\g()?m?nd)

.....

~~~~~

Then Q41
Cd—1 > [
t @
In particular, since CO(A}mn) > 1 for all m,n € Z~qy we get for all ng,...,ng € Z~q that

d (d+1)?
Ca-1(Msg,na) 2 5a — 7 =

20+2 —d — 3
Comparing Proposition 8.2 with Proposition 7.7, we see that (for all n;, 0 < i < d,
sufficiently large ) A‘TiLO ..... n, has strictly better expansion with respect to integer coeffi-
cients and ¢3-norm than with respect to Fy-coefficients and Hamming norm, i.e. that

Ca—1(AY,

,,,,,,,,,,

77777

.....

.....

sion of Zarankiewicz’ conjecture on the crossing number of complete partite graphs (cf.
Conjecture 5.35 in Section 5.5).

For the sake of completeness, let us establish the base case (o(A},,,) > 1:

Lemma 8.3. For all m,n € Zso we have (o(A},,) > 1.

Proof. Write X := A} as A}, = UxV with U = [m], V = [n]. Write (:,-), for
the weighted inner product on cochains induced by Garland weights. That is, given
f,9 € CH(X;Z) we have (f,9)w = Ypexm w(0)f(0)g(0) where w: X — Ry are the
Garland weights. Write ||-]|? for the induced £3-norm, i.e. || f||? = (f, f)w for f € C¥(X;Z).
Note that f € C°(X;Z) is minimal (with respect to || - ||?) if and only if |(f, 1),] < 1/2.
Moreover, since f is integer valued, we have |(f, 1),| < ||f||*. We compute that

I8l =~ 3 (f(0) = S(w)?

uelUpeV
1 9 1 2 1 1
P s (2m b f(U)> (2” b f(v)>
> oI — 2102
> 2012 = |(F, 1)
> 112,

where we used that ab < (a + b)?/4 for all real numbers a,b € R for the first inequality,
minimality of f for the second, and [(f, 1),| < ||f||* for the last inequality. O
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0,---51d

Another key ingredient for the proof of Proposition 8.2 is the following lemma:

Lemma 8.4. Let d € Zsg. Let X = A% . Then, for every b € BYX;Z) we have

d 1 2 2
S b <
1=0 Zuu’G([é")

Before we give the somewhat technical proof of Lemma 8.4, let us first prove Proposition 8.2
using this lemma.

Proof of Proposition 8.2. Let X =AY . Write | - |* for the £3-norm and | - ||* for the

.....

Garland weighted ¢3-norm. Since Fld_l(X; Z) = 0 it suffices, by Lemma 3.9, to prove a
cofilling inequality. To this end, let b € BY(X;Z). By Lemma 8.4 there is i € {0,...,d}
with
1 d

— > | b < m|b|2
L v

u'€('})
or, equivalently,

1 d
e D A e e
n; '
uu’e( 2’“)
For u € U; let a'® be a cone for b based at u such that a(“*) in the definition of ¢ is a

minimal cofilling of b, — b, with respect to the Garland weighted /3-norm || - ||* on X,.
In particular, we have

: 1
a1 < ——Ilby — bu||*.
G2

Averaging over all u € U;, we estimate

(u) 2 < (u) )2
min [ja™|" < w u;} la®|
2 d ,
bl S > [l
d+1 n?d+1 _
uu’E(%’“)
2d
2 2
—_— by — by
2

1 2 d \?
< b2
—(d+1+(ma<d+1>)H”

Since b € B4(X;Z) was arbitrary, we conclude

d+1
Ca—1 2> P
(d+1)Ca—2

proving the first part. Solving this recurrence with (o(A},,) > 1 (which holds by
Lemma 8.3) gives the second part. ]
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It remains to prove Lemma 8.4. For this, we need some preparation. Let X = Afm =
Ups---*xUgand Y = A} = Vy*---* V. with V; = [my], 0 <4 < r for positive
integers my, ..., m, and r € Zxo. For I C {0,...,d} we let X; := Xy, .;icry where u; € U;
for + € I. In other words, X7 is the link of X at some simplex ¢ € X with one vertex
from each U; with ¢ € I. For I C{0,...,d} write I¢:={0,...,d} \ I for the complement
of I. For f € C4X;R) let f; € C1(X};R) be given by f; := Y oexye(|1]-1) Jo (as usual
f» denotes the localization of f at o). Moreover, for f € C"(Y;R) we write Z(f) for

1=0 ’Ui’l)ge(‘gi)

where ()0 = ®icfo,..n(v; —vi) € Z.(Y;R) is the fundamental cycle of the
octahedral sphere {vg, v(} * -+ * {v,,v.}. We extend this definition to » = —1 in which
case Y is the empty simplicial complex with the single (—1)-simplex §). So f € C~1({0}; R)
is a constant function f = aly and we define Z(f) := a?.

With all these notations we have

Claim 8.5. Let f € CHX;R), g € CY(X;R) then

ng My nglf —og1> =Y. Z((f—dg)1).

1<{0,...,d}

Moreover, for b € BY(X;R) we have

no.nl.....nd’b‘zz Z Z(b[)
1C{0,...d}, 140

Proof. We argue by induction on d. We will use the fact that for a 0-cochain h € C°(Ky; R)
on the complete graph Ky with n vertices we have

|6h|% = n|h|? — (Z h(u)>2. (8.1)

uelU

The base case d = 0 is essentially this identity. Indeed, for f € C°([ng];R) and g = aly €
C7Y([ng]; R) we have

Z((f=dg)0) = > |(f =dg)(u) = (f - dg)(w)]”

uu/e(["QO])
and )
Z((f = 69)0y) = ( Z{:}(f— 59)(U)) :

For the inductive step, using (8.1), we compute for f € C%(X;R) and g € C¥1(X;R)
that

’f_59’2 :Z Z (f([u07"'7ud]) _;}(_1)jg([u07'"7@7"'>ud]))

1=0 u; €U;
1 2
:; Z ‘f%_fuo_((sgu{)_(sguo)’ +

HQUBG([JQO)

1
nf()|(f —69) 03> (8.2)
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Note that for I C {uy,...,us} we have

Y. Z((fuy = fuo = 0(9uy — guo))1) = Z((f — 09)r)
uouée(UQO)

and
Z(((f = d9)w),) = Z ((f = 89)ru0p) -
Using these and applying the induction hypothesis in (8.2), we get

ng----- ndlf_§g|2: Z Z Z((f% _fuo —5(9% _guo))l)

IC{u1,...,uq}

= 2. Z((f = d9)1) + > Z((f—=d9)r)
IC{uo,...,uq},uo¢l IC{uo,...,;uq},uo€l

= > Z((f -9,
IC{uo,...,uq}

as desired.

The second part follows from the fact that for b € BY(X;R) we have (b, z) = 0 for all
z € Zy(X;R) and, hence, Z(by) = 0. O

We conclude this section with the proof of Lemma 8.4.

Proof of Lemma 8.4. For b € BY(X;R) we compute using Claim 8.5 that

Z ( H nz) Z |bur — bu|2 = Z Z Z Z((by — bu)1)
jefo }

=0 \j€{0,..., di\{i uu’e(gi) =0 e (U;) IQ{O,I#%}\{Z}

=> > Z(by)

i=0 1C{0,...d}\{i}
1£0

= > (d+1-1IDZ(b)
1E(0, N\ ()
140 1]<d

<d > Z(b)

1C{0,...d}
140

= d[b]? (é)n) .

Dividing both sides by [1%,n; finishes the proof. O

8.3 Recursive Lower Bound on Ud—l(Ago,...,n d)

n

FOI‘ -1 Ad we have a Simﬂar recursive bound:
d
no d

-----
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8.3. Recursive Lower Bound on ng_1 (A% )

Proposition 8.6. For d € Zq let

.....

Then, we have for d > 2

d+1
Ni—1 = 2d
1 - Nd—2
In particular,
d+1
Nd—1 =

and using that no(A}, ) > 1 we get

d+1
LN

For the sake of completeness, let us first show the case d = 0 which asks to show that the
complete bipartite graph has edge expansion at least 1 with respect to Garland weighted
Hamming norm.

Lemma 8.7. Let m,n € Zso. Then no(A,,,,) > 1.

Proof. Write X := A}, as X = U xV with U = [m] and V = [n]. Write || - || for the
Garland weighted Hamming norm. Let S C U, T C V and ¢ = 15+ 17 € CY(X;F,).
Assume ¢ is minimal with respect to || - ||, i.e. that ||c|| < 1/2. We compute

1ocll = r;n (151(n = IT1) + [T[(m — |5]))

= 2[c|| — 8 (ﬂ) ' <|27;J>

S| T\’
> 2l 2 + 51

2m = 2n
=2|lc/l — 2|]|?
> lell,

where we used that 4ab < (a + b)? for all real numbers a,b € R for the first inequality
and minimality of ¢ for the second inequality. m

-----

the Garland weighted Hamming norm. Since H 4-1(X;F,) = 0 it suffices, by Lemma 3.9,
to prove a cofilling inequality. To this end, let b € B4(X;Fy). We proceed as in the proof
of Proposition 8.2 except that for Fy-coefficients we do not have Lemma 8.4 at our hands.
Instead, we will use the inequality

1
— > |butbul < (d+ 1)), (8.3)

d
=0 nz ’U/U/G(Ui>
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0,---51d

which holds for all b € BY(X;F;) and follows by an application of the triangle inequality.
In particular, (8.3) implies that there is i € {0, ...,d} such that

1
= Y (but bl < b (8.4)

M e ()

or equivalently, that
1
— > b+ bl < bl

n; _

ww (')
Now, for u € U; let a™ € C4'(X;F,) be a cone for b based at u such that a(**)
is a minimal cofilling (with respect to the Garland weighted Hamming norm || - ||) of

by + by € B X,;Fy) for all uu’ € (’Q) In particular,
(u) 1
Ja™]| < 10w + b |-
Nd—2

Averaging over u € U;, we estimate

min o] < — 3 ||

uel; ZuEU
2 d /
— b+ S5 > lla™|
d+1 nZd+1 _
uu’E(%i)
2d
—_— by, + by
<+ e PR
2

1 2d
< 1+ b
< g (1 2
where we used expansion of X, for the first inequality and (8.4) for the second inequality.
Since b € B4(X;F,) was arbitrary, we get

Nd—1 = H_j-
This shows the first part. The other parts easily follow from solving the recursion using
no(A},.,) = 1 (which holds by Lemma 8.7). O

8.4 Improved Lower Bound on 7;(A?)

Note that Proposition 8.6 implies that 7;(A%) > 3/5. In this section, we will improve
upon this bound.

Without using a computer we are able to show the following lower bound:

Proposition 8.8. For all n € Z~o we have m;(A2) > 0.6358.

Relying on the computational power of a computer, we can further improve this to:

Proposition 8.9. For all n € Z~ we have n,(A?) > 0.67159.
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The proof of Proposition 8.9 shows that for sufficiently small or sufficiently large cochains
we do have normalized expansion at least 3/4. More precisely

Corollary 8.10. Let ¢ € CY(A2;Fy) be minimal. Write || - || for the normalized Hamming
norm. If 0 < ||c|| < 13/124 or ||c|| > 1/3 then

LS

el

A common feature of the proofs of Proposition 8.8 and Proposition 8.9 is that they deal
with cochains of small and large norm separately. This dichotomy between small and
large cochains has occurred before, e.g. in [72, 97, 96].

We will start our argument by improving upon the 3/5-bound for large cochains. We

achieve this by a variation of the analysis of the random cofilling argument showing
m(A7) = 3/5.

Using ideas from [97] and [108], we then give a local-to-global argument to improve upon
the 3/5-bound for small cochains.

Before combining these two into a proof of Proposition 8.8, it will be helpful to establish
the existence of lim,, o 71 (A2).

Using a computer we can further improve upon the expansion of small cochains in two
ways: (i) by replacing the application of the triangle inequality in the random cofilling
argument giving the 3/5-lower bound with a stronger bound and (ii) by using a flag
algebra approach inspired by [86], where flag algebras are used to show good expansion
properties for small cochains in the complete 2-dimensional complex K?2.

Throughout this section the following notation will be useful. We write | - | for the
Hamming norm of cochains on A% and || - || for the normalized Hamming norm. Moreover,
for 0 < oo < 1/2 we let

n(a) = lirginfmin{H(ScH cc € CHAZ; Ty, |I[d] > aF.

8.4.1 Expansion of Large Cochains

We revisit the random cofilling argument. To this end, let b € B*(A2;F,), b = da
for some a € C'(A%;F,). For u € Uy let a™) be a cone for b based at u such that
a) € CO((A2),;Fy) is a minimal cofilling (with respect to the Hamming norm) of

by + by € BY((A2),;Fsy) for all v’ € Uy \ {u}.

Averaging over u € Uy we get as before

nllal] < 3 |a™)]

uelUg
=pl+2 Y fa™)]

uu’E(U20>

4

uu’E<U2O)
where we used that ho(K,,) > § for the last step.
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Now, instead of applying the triangle inequality to the last term, we can also rewrite it as

Z |bu+bu’| = Z |be|(n_ |be|)

uu’E(UQO) ecU1xUs

Indeed, for uu' € (go), |b, 4 bus| counts the edges e € Uy * Uy such that precisely one of
the triangles u ® e and v’ ® e is in the support of b. On the other hand |b.|(n — |b.|), for
e € Uy * Uy, counts the number of pairs of triangles sharing the edge e and with precisely
one of the triangles in the support of b. Thus, the identity above holds by double counting.

Further note that, by the Cauchy—-Schwarz inequality, we have

ecU1xUs ecU1xUsz

2
bl = ( > IQJ) <n® D [be]”
Using these, we get

S fbutbul= D |be|(n—|be|)

uu/g(%o) ecU1xUs

=nlb = > |bf

ecUyxUsz

1 2
< nlb| - ﬁ|b|
= n(1 — [ol})[b].

We deduce that
3
0]l > ———=|l[a]l|.
5 — 4o

In particular, if ||[a]|| > a we get that
[0][(5 — 4/[]]) = 3av.

This implies that
—4n(a)? + 5n(a) — 3a > 0.

Solving this for n(«) we conclude

Lemma 8.11. For any 0 < a < % we have

In particular, for o > 1/3 we have n(a) > %a.

We find it interesting to observe that 1/3 is precisely the density of the cochain which
shows n;(A2) < 3/4 for n divisible by 4 (cf. Theorem 7.7).
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8.4.2 Expansion for Small Cochains — an Upper Bound First

Before we give lower bounds on n(«) for small «, it is worthwhile to give an upper bound
on 7(a) we can compare our lower bounds to. Interestingly, we will be able to match
our upper bound with a lower bound on 7(a) of the same order for & — 0. We should
remark that our construction here is a simple extension of a construction for the complete
2-dimensional simplicial complex K? given in [108].

Lemma 8.12. For a € [0,2/9] we have

3 3 3 3
n(a) < 1 (1 +v1— 4oz> =50~ 5(12 — 5043 + O(a?)

as o — 0.

Proof. Let 0 = %(1—\/1—4a). Since a < 2/9 we get 0 < 1/3. For i € {0,1,2}
partition U; = U U U uU® with [U”] = o and [UM] = [U] = 5200 Let
c € C'(A2;F,) be the cochain with support being all edges in U « U;l) for i,5 € {0,1,2},
t # 7. Note that

1
60 c

n?=o0(l-0)=a

e = —
cll == -
3n?

while

5 1 l—o\* 4 3 5 3 3 3
16¢l| _7136< . ) on® = S(1 = aPon® = S(1=o)llc] = Sa (1+VI—da).
This gives the desired bound if we can show that ¢ is minimal. To this end, we observe
that if ¢ € C'(A2;Fy) satisfies 6¢’ = dc then every triangle in the support of d¢ must have
at least one of its boundary edges in the support of ¢. But every edge in A2 is contained
in at most 15%n triangles of dc. Thus, |/| > [dc|:%% = |c|, showing minimality of c. [

8.4.3 A Local-to-Global Argument for Expansion of Small
Cochains

Inspired by some arguments in [97, 108], we give a lower bound on 7(«a) for small a.

Let ¢ € CY(A%;TFy). For i € {0,1,2,3} write ¢; for the number of triangles in A? with

precisely i of their boundary edges in ¢. We have the following simple claim.

(ZZZ) erA%(O) ‘5(/\%)1096‘ = 2t1 + 2t2.

Proof. (i) is by definition of the coboundary map. (ii) follows from the fact that every
edge is contained in precisely n triangles. For (iii) we note that an edge e = yz € (A2),
contributes to [d(a2), ¢, | if and only if precisely one of the edges xy and xz is in the support
of ¢. Depending on the value of ¢(yz) this means that the triangle xyz has 1 or 2 of its
boundary edges in ¢. Moreover, every such triangle gets counted twice. O]

IStrictly speaking we should take divisibility issues into account here. If necessary, we should

approximate ¢ with a rational number ¢ and then choose an infinite sequence of positive integers ny,

such that onj and 1’T‘Tnk are both integers. This can be all worked out but for the sake of a simpler

presentation we sweep these technicalities under the rug.
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Subtracting part (ii) from part (iii) in the previous claim, we deduce

|dc| > Z |5(A%)mc$|—n|c|.
z€AZ(0)

Since every vertex link (A2), is a complete bipartite graph, we can decompose ¢, = cL + %
where the support of cZ and ¢ are contained in different parts of (A?),. With this, we
can rewrite

51> S Bopned - nld
z€A2(0)

= > (letltn—[ef) + |efln = |ek]) = nlel

z€AZ(0)

=nlcl =2 > |cflley]
z€A2(0)

1
>l -5 Y el

x€A2(0)
where we used that ab < (a + b)?/4 for all real numbers a, b for the last inequality.

Thinking of ¢ as a graph, we see that > ,caz2 () |c.|* is the sum of its squared vertex
degrees.

We would like to find strong upper bounds on } ¢4z (o) |c.|? for small minimal cochains c.
For the bound we will give below, we will not use the full strength of minimality but we
will only use the fact that if ¢ is minimal then |c,| < n for all x € A%2(0) (otherwise we
would have |c + d1,| < |c[). Moreover, we will give an upper bound on 3¢, (o) [cs|* for
any cochain ¢ € C(K3,;Fy) with |c,| < n for all v € K3,(0). We use the same argument
as in Lemma 10 in [108] with different parameters. For the sake of completeness we give
the full argument here. It would be interesting to exploit more of the structure of minimal
cochains and the fact that we are considering cochains in A? rather than in Kj,.

Lemma 8.14. Let G = (V, E) be a graph with |V| = 3n, |E| = 3an? for some o € [0,1/6]
and such that deg(v) < n for allv € V. Then, as n — +oo, we have

Y deg(v)® < (0 + 0% — 0 + o(1))n,

veV
where 0 =1 — /1 — 6a..

Proof. Given G = (V| E) as in the assumption, we can turn G into a specific form using a
sequence of transformations which do not change the number of edges and do not decrease
the sum of squared degrees. The sum of squared degrees for graphs in this specific form
will be easy to analyze.

To start with, we number the vertices vy, ..., vs, such that d; > --- > ds,, where we let
d; := deg(v;). Note that if d; > d; then (d; +1)* + (d; — 1)*> > d; 4+ d;. Thus, if we change
our graph such that d; increases by 1 and d; decreases by 1 while all other vertex degrees
remain fixed, we do not change the number of edges but increase the sum of squared
degrees.

The ordering of the vertices induces an orientiation of the edges. If e = {v;,v,} is an edge
with ¢ < j then we call v; the left end of e and v; the right end of j.
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We claim that we can transform G without changing its number of edges and without
decreasing the sum of its squared degrees into a graph with the following three properties

(i) If k is such that dy = dy = -+ = d, = n while dy 1 < n then we can assume that
all left ends of all edges are among vy, ..., Vgy1.

(ii) vi,...,v; form a clique, i.e. {v;,v;} € Eforall 1 <i<j<k.

(iii) The right neighbours of each v;, 1 < i < k, form a contiguous interval v;y1, ..., Vp 1.

If (i) does not hold, there is an edge {v;,v;} with ¢ > k + 1. We can replace this edge
with {vg41,v;} without decreasing the sum of squared degree. This possibly increases k
but it also increases S-¥! d; which is a bounded function. So after finitely many steps we

must satisfy (i).

Then since we assume o < 1/6 < 1/3 we have & < n. Now suppose 1 < i < j <k
with {v;,v;} ¢ E. Since d; = d; = n, v; and v; are incident to at least two vertices
among V4o, - . ., Us,. In particular, there are I,m > k + 2, [ # m, such that {v;,u} € E,
{vj,vn} € E. By (i) we have {v;,v,,} ¢ E. Thus, we can delete the edges {v;,v;} and
{v;, v, } and add the edges {v;, v;} and {v;, v, }. This does not change the sum of squared
degrees or the number of edges but increases the number of edges on {vy,...,v;}. Then
transformations to achieve (i) do not affect the number of edges in {vq,...,v;}. Thus,
after finitely many steps we can achieve both (i) and (ii).

Finally, if v;, 1 <17 < k, is connected to v;;; but not to v; for some [ > k, then we can
replace the edge {v;, v;11} with {v;,v;}. This also achieves (iii) after finitely many steps.

It remains to analyze the sum of squared degrees for graphs satisfying (i), (ii) and (iii).
Note that such a graph is such that vy, ..., v is connected to the first n vertices and
there are no other edges except possible some edges incident to vg, 1. Thus,

3n’a = |E| = kn — <l;> + O(n).

Let k = on. Then, the above equation gives 0 = 1 — /1 — 6ac+ o(1). Finally, we estimate

> deg(v)® < kn’+(n—k)k*+0(n) = on’+(1—0)0’n*+0(n®) = (0+0°—0®+o(1))n?,

veV

as desired. O

Plugging this into the bound
1 2
oel 2 nlel =5 3 e
x€A2(0)
one easily deduces the following corollary.

Corollary 8.15. Let o € [0,1/6]. Let 0 = 1 — /1 —6c. Then, for any ¢ > 0 there
is some positive integer N such that for alln > N and ¢ € CY(A2%;Fy) minimal with
|| > e, we have

1
Jocll 23 (1= o (o +0* = 0®+&) ) el
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Moreover,

n(a) > 3a — ;(a +o?— o) = ;(1 —VT=6a)(1—6a) = 2a— a2 = 2103 L 0(ah,
as o — 0.

8.4.4 Existence of lim, ., 71(A?) and Relation to n(«a)

Before we give the proof of Proposition 8.8, it is worth to take a small detour and show that
the limit lim,, ;o 71(A?) exists. This might seem obvious but requires some argument.
Moreover, we will clarify the relation of lim,_, . 171 (A2) and n(a).

Regarding the existence of the limit lim, . 71 (A%) we will show something slightly
stronger:

Proposition 8.16. Let 0 < n < 1. Then the following are equivalent

(i) There exists ng € Zo such that n (A2 ) <.
(ii) limsup,,_, . m(A2) <.

(i) liminf, oo m(A2) < 7.

In particular, the limit
Noo := lim 1 (A2)

n—-+4o0o

exists and we have 0y (A%) > 1. for all n.

For the proof of Proposition 8.16 we will use Corollary 7.13 and the following lemma:

Lemma 8.17. There is a constant C' > 0 such that for sufficiently large n we have

C

Im(AZ ) —m(AL)] < ot

Before proving Lemma 8.17, let us show how it helps to prove Proposition 8.16.

Proof of Proposition 8.16 assuming Lemma 8.17. (it) = (iii) and (iii) = (i) are easy.
For the implication (i) = (i) we assume that 1, (AZ ) < 7 for some ng € Z~gand n € (0,1).
Let § > 0 such that 7;(A2,) < n—4. By Corollary 7.13 we get n1(AZ,,) < m(A2) <n—0a
for all positive integers k. Let M > 0 such that the conclusion of Lemma 8.17 holds for
alln > M. Let n € Z with n > M + ng. Write n = kng + r for non-negative integers k
and r with 0 <r <ng— 1. Using Lemma 8.17 we get

20710

Cr
A?) < ny(A2 — <n-94 .
771( n) = 771( kn()) + ]’CTLQ =7 + n

This implies that m;(A2) < n—§/2 for all n > max{M + ny, 25"}, In particular

limsup 71 (A2) < 7,

n—-+o0o

as desired.
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To see the second part, let 7 := lim inf,,_,, . 71(A?). Then using the implication (i) = (4)
we get that for any € > 0 the inequality

limsup 7y (A2) < liminfn; (A2) + ¢

n—-+o00 n—+00

holds. By letting € tend to 0 this implies that

lim sup n; (A7) < lim inf 77, (A7)

n—-+o0o

and shows the existence of 7., = lim, o 71 (A2). The fact that n;(A2) > 7. for all
n € Z-o now follows from the impliciation (z) = (7). O

It remains to show Lemma 8.17. We will make use of the following claim which asserts
that the density of a minimal cochain achieving 1, (A2) is strictly bounded away from 0.

Claim 8.18. There is p > 0 such that for all sufficiently large n € Z~q we have that if

c € CY(A2;Fy) is a minimal cochain with n;(A2) = H”‘SCC”” then ||c|| > u.

Proof. This is an immediate consequence of Corollary 8.15 and Theorem 7.7. m
We are ready to give a proof of Lemma 8.17.

Proof of Lemma 8.17. Fix an inclusioni: A2 — A2, . First let ¢ € C'(A2;F,) be minimal

with 7 (A2) = ””(SCC”H. Let ¢ € C'(A2 ;) be the extension by 0 of ¢ to A2, ;. By Lemma 3.6

¢ is minimal. Moreover, note that |d¢c| < |dc|+|c|. Indeed, every triangle in the coboundary

of ¢ is in A2 or it must contain a vertex from AZ,;(0) \ AZ(0) and an edge from the

support of c¢. But every edge in A2 is contained in precisely one triangle with a vertex
from AZ,,(0)\ A2(0). It follows that

n+1

ocl = Jocl = fel = ("= m(A2) = 1) fel

Normalizing gives

3 3
n 771(A3z+1> - 5 > 771(/\31+1) - ﬁ’

or equivalently

3
nl(Ai) - 771(A3L+1) > o

For a reverse inequality let ¢ € C'(A2,;F,) be minimal with n;(AZ, ) = ”H‘SCC”H. Let
¢ = i*c € C'(A%;Fy) be the restriction of ¢ to A%2. Let a € C°(A2;F,) such that
[é]] = |¢+ dal. Let a € C°(A2,,;F,) be the extension by 0 of a to A2, ;. By minimality

of ¢ we get

el < le+dal = le + daf + |(c + 6a), .| <lel+6(n+1),
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where we used that |AZ, (1) \ AZ(1)] = 6n+3 < 6(n—+1) for the last inequality. It follows
that

n-+1

= n 7]1( n+1)

le| —6(n+1)

Claim 8.18 implies that |c| > 3u(n + 1)? for some positive constant y > 0 if n > Ny for
some Ny € Z~o. Plugging this into above inequality, we get

() < ) <+ (14
= u(nt1) VAL
provided that n + 1 > max{Z2, No}.
We have shown that for sufficiently large n
S -z < (14)
This finishes the proof. O

After the existence of 1y, := lim,,_, 71(A?) being established, we can observe a simple
relationship between 7., and n(«).

Lemma 8.19. Let A € (0,1). Then ns > X if and only if n(a) > A for all o € (0,1/2].
Moreover,
Moo = inf L(a).
0<a<1/2 o

Proof. First assume that n(a) > Aa for all @ > 0. We will show that this implies
m(A%) > X for all positive integers n and, hence, 75, > X as well. Let ¢ € C*(A2;F,) be

minimal with HHJCC”H =n(A2). Let a = ||¢||. Via a blow-up construction as in Section 7.3.4 we
get a sequence c®) € C*(A2,;Fy) of minimal cochains with ||c®|| = a and ||5¢®)]| = ||c]].
We deduce that

_ 18e® ()

> A\

2
i) = em =

Conversely, if 7o, > A then by Proposition 8.16 7;(A2) > X for all positive integers n.
Now consider a sequence of minimal cochains ¢ € C*(AZ ;F,) such that ||| > a
and such that limy_, ;o [|0c"™)|| = n(a). We deduce

n(a) = lim [|6c™)|| > Aliminf [|c™)| > \a,
k—4o00 k—+o00

as desired.

The second part of the lemma follows easily from the first part. O]
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8.4.5 Proof of Proposition 8.8

Let us put the pieces above together to show Proposition 8.8.

Proof of Proposition 8.8. By Lemma 8.19 it suffices to show that n(a) > 0.6358« for all
a € (0,1/2]. Consider the functions

f:(0,1/2) = R
5 — /25 — 48«
o =
8o
and
g:(0,1/6] - R
a— 21a(1 — V1 —6a)(1 —6a).

Lemma 8.11 and Corollary 8.15 imply that n(a)/a > f(«) for a € (0,1/2] and n(a)/a >
g(a) for a € (0,1/6].

Note that f is monotonically increasing on (0, 1/2], while g is monotonically decreasing
on (0,1/6]. Numerically solving the equation f(a) = g(«) suggests a root at o =~ 0.1109.
Computing f(0.1109) and ¢(0.1109) and using the monotonicity of f and g, we get
g(a) >0.6358 for all 0 < o < 0.1109 and f(«) > 0.6358 for all 0.1109 < o < 1/2. This
finishes the proof. O

8.4.6 An Improved Triangle Inequality

Revisiting the random cofilling argument showing 7;(A2) > 3/5, it is natural to ask to
which extent each estimate is tight. In particular, the inequality

2
i=0 e (%)

for b € B?(A2;F,) seems wasteful since it is merely an application of the triangle inequality
and does not make use of any properties of coboundaries.

For n = 5 we were able to tighten above inequality. With the help of a computer we can
show

Lemma 8.20. For any b € B*(A%Fy) it holds that

336
by + by | < ——|0).
S fbatbul < 00

2
1=0 /e ([é’b)

Note that an application of the triangle inequality would only give an upper bound of
12|b| on the right hand side. Since the restriction of a coboundary to a subcomplex is a
coboundary, we can use Lemma 8.20 and averaging over subcomplexes A2 C A2 to get an
improved triangle inequality for all n > 5.
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Corollary 8.21. Let n > 5. Then for any b € B*(A2;Fy) it holds that

84
> fbu+bul < 2= 1)l

2
i=0 e (%)

Moreover, m(A2) > 93/143.

As mentioned the proof of Lemma 8.20 is computer-aided. We give the reduction to a
feasible set of cases. Then we wrote a piece of C++ code that checks this remaining set
of cases.?

Proof of Lemma 8.20. Fix b € B*(A%;Fy). As in the proof of Lemma 8.11 we write

2 2
S b= X G- b
=0 uu’e([éi) 1=0 e€AZ(1),enU;=0
- Y
ecA2(1)

3
< (15 — — .
< (15 55 1bl) v

If || > 35 this gives

336

3
by +by| < (15— —- bl = 10.8|b] < —=1b|.
> X Jbut bl < (15— o -35) ol = 10,8y < S0

2
=0 uu/e(gi)

For |b] < 34 a computer comes into play. |b] < 34 implies that there is a vertex u € A2(0)

for which |b,| < 6. Also, b, + b, € B (K55;F,) for all uu' € (g) Thus, once we fix
by, with |b,,| < 6, there are only 512 choices for each of the remaining four b, with
u € Uy \ {uop}. Thus, for each subgraph of K55 (up to isomorphism) with at most 6 edges

we have to test no more than (5i5> = 2896986240 ~ 2.9 - 10° cases. This is feasible. In
Figure 8.1 and Figure 8.2 we give for each subgraph G of K55 with at most 6 edges the

smallest value of « for which

S |bu + bu| < alb)

2
1=0 uu’E(Ui)

for all b € B?(A2;Fy) with the support of b,, being isomorphic to G and |b,,| = min,ecy, |bu|-
These values have been computed using some C++ code. We see that all « satisfy a < f’—f
and thus this verifies the claimed bound. O]

Proof of Corollary 8.21. Fix b € B*(A?;F,). Write X for the family of subcomplexes of
A2 given by

X ={VoxVixVa CA;:V; C U, Vi =5},
Given X € X and 7 € {0,1,2} let X; := X(0) NU;. Also, we write b~ for the restriction
of b to X.

2This code will be made available via the library of IST Austria.
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Recall that the expression Z?:o > (%) by + bys| counts the number of pairs of triangles
2

sharing an edge and with precisely one of them in the support of b. Note that any pair of

2
triangles sharing an edge is contained in (n32> (";1) of the subcomplexes in X. Similarly,

any triangle in A? is in (”;1) of the subcomplexes in X. It follows that

2 R S o
N G
b 336 X
I o N
31 (ng2) (n21)2
84
= g7 = b,

where we used Lemma 8.20 for the inequality. This proves the first part. The lower
bound 7;(A2) > 93/143 now follows by plugging this improved triangle inequality into
the random cofilling argument giving the 3/5-bound. [

8.4.7 Expansion for Small Cochains Using Flag Algebras

In this subsection, we use flag algebras to show

Lemma 8.22. For all a € [0,1/2] we have n(a) > 3ta(1 — a).

Flag algebras, which were introduce in Razborov’s seminal paper [121], provide a framework
to tackle problems in (asymptotic) extremal combinatorics. Its strength stems from
providing a systematic way to generate bounds on parameters in extremal combinatorics
by computer-assisted, semi-automated proofs.

A typical application of flag algebras is to bound densities of (induced) subgraphs in
graphs not containing any subgraph isomorphic to a graph in a family of forbidden
graphs. These are very classical problems in extremal graph theory going back to Mantel’s
theorem [104] stating that a triangle-free graph on n vertices has at most n?/4 edges and
its generalization due to Turdn [136] saying that a K, ;-free graph on n vertices has at

most (1 — %) % edges.

A much harder problem of this type is the Erdds pentagon problem which asks whether
any graph on 5n vertices with no triangle contains at most n°® pentagons (i.e. 5-cycles).
This question was asked by Erdés in 1984 [39] and remained open until around 2012 an
affirmative answer was given in [55] and independently in [58] heavily relying on flag
algebras. Later in [87] a complete characterization of all extremal examples of triangle-free
graphs on n vertices maximizing the number of 5-cycles for all n (not necessarily divisible
by 5) was given.

Another striking application of flag algebras is the precise description of the (asymptoti-
cally) minimal possible density g.(p) of copies of K, in a graph with given edge density
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Figure 8.1: The figure shows subgraphs of K55 with at most 6 edges (up to isomorphism).
The value above each graph indicates the maximal ratio of 32, e (%) by, + bur| /0]
2

over all b € B?(A%;Fy) for which b,, is the given subgraph and |b,,| = min,cy, |b.|-
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Figure 8.2: The figure shows the remaining subgraphs of K55 with at most 6 edges

(up to isomorphism). The value above each graph indicates the maximal ratio of

Y2, Ywe(Y) by + buw|/|b] over all b € B%(A2;F,) for which b,, is the given subgraph
2

and |b,,| = minyey, |byl-

p € [0, 1] for all values of p. This is due to Razborov in [122] for r = 3, Nikiforov in [112]
for r = 4 and Reiher in [123] for r > 4.

Flag algebras have also occurred in the context of coboundary expansion (with respect to
[Fy-coefficients) in [86]. There, the authors use them to prove good expansion properties for
small 1-cochains in the complete 2-dimensional complex K2.3 The goal of this subsection
is to translate (some of) the ideas in [86] to the setting of A? leading to a proof of
Lemma 8.22.

Beside the paper [86] the resources [121] and [27] helped us to gain some acquaintance
with flag algebras. Our discussion below draws from all these sources. Currently, our
arguments do not need the full machinery of the flag algebra toolbox and we will only
introduce the concepts relevant for our proofs here.

The main idea is as follows: Let o € (0,1/2]. Consider a family of minimal 1-cochains
cr € CYAL ;Fy), for some sequence (ng)ren with n, — 400, with || > a and
limy 400 [|0ck|| = 1(cr). We will think of ¢, as a subgraph of the 1-skeleton of A2 . It
will be convenient to write (Gy)ren instead of (cx)ken. Given another (tripartite) graph
H let p(H;Gy) be the probability that a randomly choosen subgraph Gy with |V (H)|
vertices is isomorphic to H. By compactness there is a subsequence (G, )en such that
the limit ¢, (H) := lim;, ;o p(H; Gy,) exists for all (tripartite) graphs H. Note that
¢a(H) > 0 for all (tripartite) graphs. Intuitively speaking, we have ¢,(——) > « and

n(a) = ¢l )+ dal ). We can extend ¢, linearly to all formal linear combinations
of (tripartite) graphs. The values of ¢, for different graphs and their linear combinations
are highly correlated. In fact, we will derive various inequalities of the form 0 < ¢, (F')
for some linear combination of graphs F. Using linear programming, we will find linear
combinations with non-negative coefficients of such inequalities leading to lower bounds
on n(«) in terms on a.

Before we can write down such inequalities, we should take a bit more care introducing
our formalism. For instance, it will be useful to consider tripartite graphs up to reordering
the vertices in each part. That is, we consider the three parts of a tripartite graph as

3This is relevant to the point selection problem mentioned in the introduction and lead to an
improvement on c3 as defined in the introduction.
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distinguishable but the vertices within each part as indistinguishable. Such technicalities
and the fact that the cofilling argument showing optimal expansion 7;(K?) > 1 is much
simpler than the cofilling argument showing 7;(A2) > 3/5 give rise to more complicated
formulas here compared to the arguments in [86]. The reader might find it helpful to have
a look at [86] in parallel or prior to reading this section.

After all these remarks let us finally get our hands dirty: We write F for the set of
3-partite graphs up to reordering the vertices in each part.

Given (l1,1ls,13) € Z;O we write JF, 1,1,) for the set of 3-partite graphs with parts of
sizes equal to li,ls and [3, respectively. Notice that, since we consider the parts as
distinguishable, we have that, for instance, F(12.1) # F(2,1,1)-

The next line shows the eight flags in F; 1,1

° 0
[} 0,0 \’/ 07 1/\)70 O’O \’/ 07 /\,

and we have the following twenty flags in F(91,1):

D INL NS NN LN
LOAL N DL DL

Given F' € F, 1,15) Write V(F) = Vi(F) U Vo(F) U V5(F) for the vertex set of F' with
\Vi(F)| =1;, 1 <i<3. Given S C V(F) we write F[S] for the subgraph of F' induced by
S.

We call 0 € Fy, ko k) & type of size (k1, ko, k3). We write () for the unique type of size
0,0,0).

Let o be a type of size (ky, ko, ks3). Let 1,1, 13 € Z with [; > k; for 1 < ¢ < 3. Let
F € Fu, 1s05)- An embedding of o to F is a triple 0 = (64,05, 05) of maps 6; : [k;] — V;(F)
such that F[LI>_, 0;([k;])] is isomorphic to o (where again we consider the parts as
distinguishable). Given a type o, F' € F and an embedding 6 : ¢ — F' we call (F,0) a
o-flag of size (I1,1s,13) where [; = |V;(F')|. Thus, a o-flag is nothing else than a 3-partite
graph containing a labelled copy of ¢. It is natural to define that o-flags (F,6) and (F’,0)
are isomorphic if for 1 < ¢ < 3 there are bijections p; : V;(F) — V;(F’) that induce a
graph isomorphism between F' and F’ which is label preserving, i.e. 8, = p; o 6;. We write
F7 for the set of o-flags. For (I1,ls,l3) € Z2y we let FG, 1,10 = F7 0V Fiy doi5)-

Let o be a type of size (s1,s2,53). Let Fi,..., F;, (G,0) be o-flags, F; € ]:(7@ 1 )
1 72 73

ig 1<t ,and G € ]—‘&hk%kg), say. We say that Fy, ..., F} fit into G if forall 1 <7 < 3 we
ave

l2,l3

t .

=1
This allows us to define the key quantity p(Fi, ..., F}; G) as the probability that if we pick
pairwise disjoint Ui(l), . Ui(t) C Vi(G) \ Imb; of sizes |Uz~(j)| =1l —s;, 1 < j <t, uniformly
at random the induced o-flag G| ?:I(Ui(]) U Im#;)] is isomorphic to Fj for all 1 < j <.

Notice that the sampling process in the definition of p(F'; G) can be replaced by a two
step sampling process as follows: First sample a o-flag H inside G and then inside H
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sample F'. This holds in general and leads to the following chain rule which can be proven
by applying the total law of probability.

Lemma (Chain rule, see Lemma 2.3 in [121]). Let o be a type of size (s1,52,53), Fi €
}“g@ 10 () 1<i<t, GEF roka) (I1,1,13) with l; <k;,1<i<3, such that for all
1 "2 "3

i€ {1,2,3} we have

ZZ ) (i.e. Fy, ..., F, fit into (Iy,ls,13) — flags)

ki —si > (l; —s;) + Z (ll(j) —s) (i.e. F,F,\,...,F, fit into G for allﬁ’e]:gl 1213)

p(Fl,...,Ft;G)Z Z p(Fb...,FS,F) (F F5+1,...,Ft;G).
(051J~2J_3)

In particular, if s =1t and
t .
>y -
j=1
fori € {1,2,3} then
p(Fl,...,Ft;G): Z p(F17-~ Ft7 ) (F G)

o
(I1,02,13)

In general it is not true that p(Fy, Fy; G) and p(Fy; G)p(Fa; G) are equal. But if Vi (G), Vo (G)
and V3(G) are all very large then sampling subsets of a fixed small size in V;(G) are likely
to be disjoint. Thus, we expect p(Fy, Fy; G) and p(Fy; G)p(Fy; G) to be equal 'in the limit’
when the size of GG tends to infinity. For a more precise general statement we have

Lemma (Almost product, see Lemma 2.3 in [121]). For 1 <i <t let F; € }—5(1-) 9 400y
G € Fly ko ks)- Assume that Fy, ..., Fy fit into G. Then e

3 ( tllu))Z
’p(Fla"'7Fta HpF;aG SZ : Z
Jj=1 i=1

This suggest that there might be some limiting object where we end up with an actual
product. This is what we will define now. Note that for a fixed o-flag G we can think
of p(-; G) as a function on F? (where we define p(F; G) = 0 if F' does not fit into G). It
seems natural to enrich the structure a bit and consider RF? as the real linear space
spanned by elements in F7 for a type o of size (s, S2, s3). We can extend p(+; G) to RF?
linearly. Let K7 C RF? be the subspaces spanned by elements of the form

F— >  pF,FF

(e
Fe]:(ll,lz,ls)

with F € .7:&17k2’k3) such that s; < k; <[; for all ¢ € {1,2,3}. Notice that by the chain
rule p(H;G) =0 for all H € K?,G € F°. Let us define A7 = RF?/K?. We can endow
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A? with a product which will turn it into a commutative associative algebra. To this
end, let us first define a bilinear map - : RF? x RF? — A?. Given F; € F i taia) and
F, e fﬁg,zg,lg) choose (k1, ko, k3) € Z2, such that k; —s; > (I; — s;) + (I — s;). Then define

F-F= >  p,FBF)F

(o
FEF Gy kg ka)

and extend it bilinearly to RF? x RF?. We have the following important lemma.

Lemma (see Lemma 2.4 in [121]). (i) - is well-defined, i.e. Fy - F; is independent of
the choice of (k, ka, k3).

(ii) For any f € K7 and g € RF? we have f-g € K?. Moreover, - induces a symmetric
bilinear map A% x A7 — A°.

(iii) - turns A° into a commutative associative algebra.

A7 is called the flag algebra (of type o). We will write A7, ,, ;) for the projection of the
subspace F(, ;, 1,y iIn F7 to A7

l2,l3

We can use the almost product behaviour of p(-, G) to construct homomorphisms A7 — R.

To this end, we will say that a sequence of o-flags (Gy,)ren of sizes (z§’“), lgk), lék))

is tncreasing
if the sizes (l§’“))k€N is a strictly increasing sequence of i € {1,2,3}. A convergent sequence

of o-flags is an increasing sequence (Gy)ren of o-flags such that
O(F) = lim p(F, Gy)

exists for all F' € F?. Notice that by compactness every increasing sequence of o-flags
contains a convergent subsequence. We will extend ¢ linearly to RF?. Notice that by
the chain rule ¢(K) = 0 for all K € K£?. Thus we obtain an induced map ¢ : A — R.
The almost product behaviour of p(-, G) implies that ¢ is an algebra homomorphism. In
particular ¢(f - g) = ¢(f)o(g) for all f,g € A7. We call such ¢ a limit functional. Clearly
¢(F) > 0 for all o-flags F. We say that v € Hom(.A7, R) is positive if 1 (F) > 0 for all
o-flags F. We write Hom™ (A%, R) for the set of positive homomorphisms. It turns out
that the positive homomorphisms are precisely the limit functionals.

Theorem (Theorem 3.3 in [121]). Every limit functional is a positive homomorphism.
Conversely, every positive homomorphism is a limit functional for some convergent
sequences of flags.

Given f € A° let us write f =, 0 if ¢(f) > 0 for all ¢ € Hom™* (A7, R). It will be
convenient to extend this notation as follows. Given G C F7 let us write $go C
Hom™ (A%, R) for the limit functionals that can be obtained from convergent sequences

contained in G7. We write f =9" 0 if ¢(f) > 0 for all ¢ € Pgs.

We can consider ¢ € C'(A2;F,) as an element of F, ., C F. With this identification
and given a € (0,1/2], we write G, C F for the set of minimal cochains with normalized
Hamming norm at least .. Similarly, for a type o we write G7 C F7 for the set of o-flags
corresponding to minimal cochains with norm at least a. Note that G? = G,.

We are interested in finding inequalities of the form f Eg‘* 0. It is often easier to find valid
inequalities f =, 0 for non-empty type o. This will induce a valid inequality [f], *¢ 0
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for some [f], € A? via the so-called downward operator, which is a linear operator
[]o : A7 — A’ In order to define [-], first note that given a o-flag (F,0) we can easily
obtain a (-flag | F' by simply forgetting about the embedding 6. For a o-flag ' with o a
type of size (s1, s2,53) let g,(F') be the probability that injective maps 6; : [s;] — Vi(F)
picked uniformly at random induce a o-flag (| F, (01,02, 63)) which is isomorphic to F.
Then define [F], = ¢,(F) | F. This can be extend to a linear map RF? — A?. One
can show that [K?], € K. So in fact we obtain a linear operator [], : A7 — A?. A
key progperty of [], is that if f € A with f =, 0 then [f], =¢ 0. Also, if f =% 0 then
/], =5 0.

Proof of n(a) > 2o

Proposition 6.16 shows, as a special case, that there is a random abstract cone certifying
that 7;(A?) > 3/5. For illustrative purposes, we reformulate this random abstract cone
argument into the language of flag algebras and show that n(a) > %a.

First note that by definition

N
ajgag NI : (8.5)

Next let us recall part of the random abstract cone argument. Write A2 as A2 = U*V W
with U =V = W = [n]. Then spelling out the recursive construction in Proposition 6.16,

we see that for (u,v) € U x V the chain map S(()u’v): Co(A2;Fy) — C1(A2;TFy) is given by

Ll ityeVuw
uv +yv if y € U.

Write 7" for the dual map of S, Let ¢ € C*(A2;Fy) and v = T\ € CO(A2; ).
By definition we have

(u,v)( - c(uy) ifyeVuw
oW c(uv) +c(yv) ifyeU '

If we assume now that ¢ is minimal, we get that |lc + 7| > ||c||. If c(uv) = 0 this
translates into the following inequality for the flag 0 =« - _.

0 =Jaom—r — ==t = — = T LJFDA—A
VAN AN AN ANWASANVA AN
ANV WA NA N
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Similarly, if c¢(uv) = 1 this translates into an inequality for the flag o0 =

o g SNWANVANWAN
AN NV NV
IVASIVANWANNAY

Applying the averaging operator to these inequalities gives

0<ga10/°—104°—1°7°+ M—L A
_A AN /\ A/,
_/\ ;H_;QA&QA_; (8.6)

Ojgwlo/"—1 o4 = W;—o,/o+ A—A
VA L A N 1L_A 1A_A
+o<o_$. o)

If we replace the role of (u,v) € U x V by a pair (w,u) € W x U, we symmetrically get
the following two inequalities:

WYYV R VANEYANEYAN
A+ \ \ IA A \
_Q+;o/ _;LQL—;L (8.8)

VRV ARVANRVAVEVANE
+;/\_/\+;A_A+;O/\_;A+;A_;A
+/ o—L. (8.9)
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Recall that for the proof of the existence of a random abstract cone certificate for
no(A2) > 1 we used an inequality of negative type (Lemma 3.15). This enters into the
proof of Proposition 6.16 as the base case of an induction. Spelling it out for A2, it boils
down to the inequality

> Je(ww) 4+ c(u'v) + e(W'v') + c(wd)| + >0 fe(uw) + c(u'w) + c(u'w’) + c(uw’)]

vv’E(‘Q/) wwle(‘;v)
< Vz: y le(uv) + c(u'v) + c(v'w) + c(uw)],

which holds for all ¢ € C*(A2%;F,) and uu' € (g) It is a consequence of Lemma 3.15

applied to the cochain ¢, + ¢, € CO(V W ;Fy). In terms of flags this inequality translates
into the following inequality

0 <52 / o+°/\+°;+°u;+7L-Q+A+L+A
- °o/:+°;Z°+°/O+/ : (8.10)

Now the idea is to find the largest A > 0 for which there are A1, A2, A3, A4, A5 € R5( such
that

A(8.5) 4+ A1 (8.6) + A2 (8.7) + A3(8.8) + Aa(8.12) + A5(8.10) <5« \+/ O+O—O+A.

Note that this a linear optimization problem. Any feasible solution A would show that
n(a) > Aa. To actually be able to feed this into a computer, we can represent all elements
from A? appearing in the inequalities above as linear combinations by flags in F2.22)-
This gives us vectors in R¥@22!. Then, using that ¢(F) > 0 for all F € F and limit
functionals ¢, we see that an inequality of the form A jg“ A’ holds for the elements
from A” represented by A = 3 Ao and A" = Y cr, 0 Ay if Ag < A for all
S ]:(2,272).

0€F(2,2,2)

We used a Python script to check that if we sum up inequalities (8.5)-(8.10) with
coefficients 3/5,1/10,1/10,1/10,1/10 and 1/10, we have

3 3

50 = < e (8 5) *+10 ((8 6) (8.7) 4+ (8.8) + (8.9) + (8.10))
=5 \ / NS A

This shows that n(a) > 2o, as desired.

Proof of Lemma 8.22

For the proof of Lemma 8.22 we will include some further inequalities into our linear
optimization problem. For the first one, we notice that since a(1 — «) is an increasing

4This script will be made available via the library of IST Austria.
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function of a on (0, 1/2] we get that
o1 NAR
Oé(l_Oé) j@a § 0—o+ _'_ 'g o o+ o+o . (811)

Replacing the role of (u,v) € (U,V) by (v,w) € (V,W) in inequality (8.6) we get by
symmetry the following inequality

(Hgal\ 1\ 1\+1 \ 1A+1A 1A+10/,0
=09 " 92 ° 9 2 9 D) D) ) °
~<.7°+1L} 4:%0_0 L+1 \ 1 +1/\

2 ’ 2° 2 2

(8.12)

Similarly, by symmetry and interchanging the roles of U,V and W in (8.10) we get the
following two inequalities

P ARV IV NN
- (°M+°Z°+X+\) (8.13)

and

<2 ( ANSANYA O+L+/\+A+/\+&)
(o/o+/+\;+\+\;+\) (8.14)

Finally, the improved triangle inequality from Corollary 8.21 translates into the following
inequality of flags:

st 2 (Al LN NN
VANV VNSV SN
RUANVINENVAN

AV NVANVANVANV.NVAWVL\ R
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8.4. Tmproved Lower Bound on 7;(A?)

Using a Python script®, we run a linear optimization problem which shows that if we
take the linear combination of (8.11),(8.6),(8.8),(8.12),(8.10),(8.13),(8.14) and (8.15) with
coefficients 31/37, 31/333, 31/333, 31/333, 217/5328, 217/5328, 217/5328 and 217/888,
respectively, we get

31 31 31
ol —a) =9 Z=(8.11 . . 12
(1= ) 2§ 2 (8.11) + 22 ((8.6) + (88) +(8.12))
217 217
(8.1 1 14 (8.1
+—5328(8 0) + (8.13) + (8.14)) + 5328(8 5)

5%0\+/ +HH+ZL

This shows n(e) > 3a(1 — a), as desired.

8.4.8 Proof of Proposition 8.9 and Corollary 8.10

We can put everything together and prove Proposition 8.9.

Proof of Proposition 8.9. By Lemma 8.19 it suffices to show that n(«) > 0.67159« for all
a € (0,1/2]. Consider the functions

£:(0,1/2] > R

5 — 25 — 48«
Yo"

o

and

h:(0,1/2] > R
31

Lemma 8.11 and Lemma 8.22 imply that n(a)/a > max{f(«a), h(a)} for all a € (0,1/2].

Note that f is monotonically increasing on (0, 1/2], while h is monontonically decreasing
on (0,1/2]. A numerical solver suggested to us that the equation f(«) = h(«) has a
root for a &~ 0.19842. Onme can now check that f(a) > 0.67159 if a > 0.19841 while
h(ca) > 0.67159 if ov < 0.19842. This finishes the proof. O

Finally, we note that Corollary 8.10 follows from the fact f(a) > 3/4 for « > 1/3 and
h(a) > 3/4 for a < 13/124, where f and h are the functions in the proof of Proposition 8.9.

8.4.9 Some Remarks

We close with some remarks how the approaches above might lead to further improvements
on the lower bound on 7;(A?) but also indicate some limitations:

e The upper bound on the sum of squared degrees of a small minimal cochain
c € CH(A2%;F,) (Lemma 8.14) does not use the full strength of the minimality
assumption but only the fact that |c,| < n for all z € A%2(0). Moreover, we do not

50ur Python code will be made available via the library of IST Austria.
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...ng

exploit the fact that we are considering cochains in A2 rather than K3,,. Additionally,
we could try to tighten the estimate

1
S I <7 Y Jaf

vEA2(0) veAZ(0)
by distinguishing ’left’ and 'right’ degrees of vertices.

e So far all inequalities for the flag algebra approach were obtained in a rather ad-
hoc way, partially motivated by the random cofilling argument. There is a more
systematic way of finding inequalities of the form f € A% with f =, 0 as follows:
Fix some (not too large) size (I1,1ls,13) € Z3,. Consider a positive semidefinite
matrix @ : F, 1, 1) X FQy o0 — R. Then the projection of

2,3

f= > F-Q(F,G)-G

F’GE]:(ilalzJ:a)

to A7 clearly satisfies f =, 0. This opens the possibility to generate Cauchy—
Schwarz /sum-of-squares type inequalities in an automated way and optimize param-
eters via semi-definite programming. While this could give us further inequalities
within F7, it is less clear how to generate such inequalities involving minimality, i.e.
inequalities which only hold for limit functionals of convergent sequences in G,.

e We have not considered expressions outside of F(529) yet. But the upper bound
example for small o can be viewed as a blow-up of an example in AZ and the general
upper bound 7., < 3/4 stems from blowing-up a cochain in A%. This suggests that
one should consider expressions inside J 3 3 3) for small cochains or even in F4 4 4) for
densities close to 1/3 in order to fully capture the upper bound examples. Especially
for F(4,4,4) this might be computationally very challenging due to the size of F44 4.
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Chapter 9

Miscellaneous

In this chapter, we collect a couple of losely connected further ponderings related to
coboundary expansion. Namely,

e we point out a link between discrete Morse theory and abstract cones and use this
to give a new proof that hi(Qg) > 1 for all 0 < k < d — 1 where Q4 denotes the
d-dimensional hypercube viewed as a cubical complex,

« we provide a criterion for coboundary expansion (in a very dense regime) using
intersection of links,

« we comment on the (computational) hardness of coboundary expansion constants
(with respect to Fa-coefficients),

» we give a thorough proof for the folklore fact that expansion of links is a necessary
condition for expansion of the whole complex.

9.1 Abstract Cones via Discrete Morse Functions

In this section, we describe how given a discrete Morse function on a d-dimensional
simplicial or cellular complex X without critical simplices in dimension 0 < k£ < d — 1, we
can construct a cone for X. In particular, averaging over many different choices of such
Morse functions one might get a lower bound on the coboundary expansion constants of
X. We illustrate this by showing that hx(Qg) > 1 for all 0 < k < d — 1 where ()4 denotes
the d-dimensional hypercube (as a cubical complex). This gives another, arguably more
conceptional proof of Theorem 4.3 in [85].

9.1.1 Primer on Discrete Morse Theory

We give a very brief introduction to Forman’s Discrete Morse Theory. We give the most
basic definitions and state some results (without proofs) which we need. We refer the
reader to [45] and [127] for a thorough treatment as well as [46] for a gentle user’s guide
introduction to the topic.

Definition 9.1 (Discrete Morse function). Let X be a d-dimensional cellular complex. A
function f: X — R is a discrete Morse function if for all o € X (k), —1 < k < d we have
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9. MISCELLANEOUS

(i) {re X(k+1):0C, f(1) < f(o)}] <1, and

(i) fpe X(k=1):pC o, flo) < flp)} < L.

Given a discrete Morse function f, a simplex o € X (k) is critical if

(i) Hre X(k+1):0C 7, f(1) < f(0)}| =0 and

(i) [{p€ X(k—1):pC o fo) < f(p)} =0.
If 0 € X is not critical, we call non-critical.

It is not difficult to see that for a non-critical simplex o € X (k) of a Morse function f we
cannot have both

{r e X(k+1):0C 7 f(r) < flo)}l =1and [{p € X(k=1):0 C 7, f(0) < f(p)}| =1.

Thus, every Morse function induces a partial on the cells of X such that o € X (k) is
matched with 7 € X (k + 1) whenever f(o) > f(7) and such that the unmatched cells are
precisely the critical cells. Using this, we can define the gradient vector field V; of f as a
map between chain groups V;: C(X;Z) — Ciy1(X; Z) by

—(o,07)r if 7 € X(dimo + 1) with f(o) > f(1)

0 otherwise.

o V(o) :{

As in the smooth setting, the gradient vector field V; contains all the relevant information.

More generally, we define a discrete vector field V on X as a partial matching of the
Hasse diagram of X. In other words, V' is a collection of pairs (o, 7) such that ¢ C 7 with
dim o = dim 7 — 1 and such that every cell appears in at most one pair. As for partial
matchings coming from a discrete Morse function, we can also think of V' as map between
chain groups.

Given a discrete vector field V', we call a sequence of (og, 79,01, 71, ..., Tr, 0py1) & V-path

of length r if there is k such that

(i) dimo; =k forall 0 <i<r+4+1and dimm, =k+1forall 0 <i<r,

)
(ii)) o C 7 forall 0 <7 <,
(iii) 0441 € 7 and 0,41 # 0; for all 0 < ¢ < r, and
)

(iv) (o4, 7)€ Vforall 0 <i<r.
A V-path is a non-trivial, closed V -path if r > 0 and o0y = 0,+1. There is a nice criteria
for a discrete vector field V' to be the gradient vector field of a discrete Morse function.

Theorem 9.2 (Theorem 3.5 in [46]). Let X be a cell complex. Let V' be a discrete vector
field on X. Then V is the gradient vector field Vy of a discrete Morse function f on X if
and only if there is no non-trivial, closed V -path.
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9.1. Abstract Cones via Discrete Morse Functions

Every gradient vector field V' induces a gradient flow ®: C,(X;Z) — C.(X;Z) given by
d:=id+ 00V +Voo.

It turns out that ® stabilizes, i.e. for sufficiently large N we have ®* := ®V = oN+1
where &Y = &V~ 0 & with ®° = id.

Write C for the ®-invariant k-chains, i.e. for those ¢ € Cy(X;Z) with ®(c) = c¢. Note
that since 9 o ® = ® 0 9, & maps P-invariant k-chains to ®-invariant k-chains and C®
forms a sub(chain)complex of C,(X;Z), which is often called the Morse complex of X
associated with f. Moreover, ®> induces a map ®*: C,(X;Z) — C2.

The Morse complex can also be described in terms of the critical simplices as follows:
Let My C Cy(X;Z) be the span of critical simplices. Then ®>° restricts to a map
P> My — CF. Let mpq: Cp(X;Z) — M, be given by

c= Z Co0 > Z Cy 0.

ceX(k) c€X(k),o critical
It turns out that restricting 7y to C¢ gives an inverse to ®:

Theorem 9.3 (Theorem 8.2 in [45]). ®*: M, — C? is an isomorphism with inverse
v CF — M.

In particular, this shows that if f does not have any critical cells in dimension k,
O Cy(X;Z) — Cr(X;Z) is the zero map.

Moreover, it is not too difficult to show (see [45, Theorem 7.3]) that the map L: C\.(X;Z) —
Co1(X;Z) given by L = =V (id +® + - - - + ®V) satisfies id — 10 &> = o L+ Lo 9, where
v C® — C,(X;Z) denotes the inclusion map. This implies that H,(C®) = H,(X;7Z). It
also shows that if f does not have any critical cells in dimension k, then (Ly, Lj_1) is an
abstract cone in dimension k for X.

Now, we could try to exhibit many different Morse functions on X without critical
simplices and try to average over the induced abstract cones. We illustrate this idea in the
next subsection by proving a lower bound on the coboundary expansion constants for the
hypercube thought of as a cell complex. We would like to point out that there are many
different families of simplicial complexes for which the vanishing of their (co)homology
groups can be proven by constructing Morse functions without critical simplices. This
includes, among others, all shellable complexes. As elaborated above the random abstract
cofilling technique to prove lower bounds on coboundary expansion constants only works
well if there is a large collection of well-distributed cycles. Even if such a collection of
cycles is not available, it might still be interesting to try to use Morse functions with a
small number of critical simplices to simplify a given cell complex X to a complex X’ with
comparable expansion constants and then use a different argument to show expansion for
X'

9.1.2 Discrete Morse Matchings on (),

Let Qg be the d-dimensional hypercube given as a (cubical) cell complex. Cells of
dimension at least 0 in Q4 can be described as vectors x = (z1,...,74) € {0,1,%}%
such that the number of x;’s with z; = * is the dimension of the cell xz. We add the
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9. MISCELLANEOUS

empty cell O to Q4. With this description of the cells and k > 1 the boundary operator
0: Cr(Qa:F2) = Cr_1(Qa; F2) is given by

T Ox = Z (ajla-"axi—lvoaxi-‘rlv"'7xd)+(xlw"7xi—1717xi+17"'7xd)7
iE[d],IiZ*

i.e. the occurrence of every x in x is replaced by 1 or 0.

Fix a vertex (%) € Q4(0) and a permutation m € S;. Define a matching M0 » on Qg

as follows: Match z(©) with the empty cell (. Given z = (21,...,24) € Qq \ {2@, 0}
. . 0 .

let i = min{k : @xru) # xfr()k)}. Match o with y = (y1,...,ya) Where Yy = @ for

J € [d],j # i and y,(;) being the unique element in {0, 1, *} \ {xfro(z), Tt Write v @®.m)

for the discrete vector field induced by M) .. We have

Lemma 9.4. For every m € Sg and % € Q4(0) the vector field V@D s the gradient
vector field of a discrete Morse function.

20

)_path. For given x € Qg \ 0,
we let i(x) = min{k : xru) # xﬁro()k)} and s(z) := min{k : zrx = *}. Here, we
understand min ) to be equal to +o00, so that i(z),s(x) € [d] U {4+00}. We extend
the natural linear order on [d] to [d] U {+oo} by saying that i < +oo for all ¢ € [d].
Write < for the induced lexicographic ordering on ([d] U {+0oc}) x ([d] U {+0o0}), i.e.

Proof. We show that there is no non-trivial, closed V(

(i,7) < (i',7) if i < i ori =i and j < j/. Now given a V&™) path (zq, 21, ..., 2ps1)
we note that (i(zo), s(xo)) = (i(x1),s(z1)) > -+ = (i(2r41), s(x,4+1)) which implies that
(o, 21, ..., 2,11) cannot be a non-trivial, closed path. ]

Note that V@™ does not have any critical simplices and, hence, induces an abstract
©) 7 . . .
cone (S,(f ’ ))_QSde_l. Endow Q := Q4(0) x Sy with the uniform distribution such that

we get a random abstract cone (.5, ](Cw))weg7_2§k§d_1 parametrized by €2. We claim that this
random abstract cone is a certificate for (unnormalized) expansion 1 for Q.

Proposition 9.5. For alld > 1 and 0 < k < d— 1 we have hx(Qq) > 1.

Proof. Fix a dimension d > 1and 0 <k <d—1. Let c € Ck(Qd;IFQ). As in the proof of
Proposition 3.13 we have
el < > [0e(r)A(T)

T€Qq(k+1)

z(©) 1)

where (1) = TIQd Y re 80,0 €Qu(0) 2ooeQa(k) | (L7 Slg o).
By symmetry A := A(7) is independent of 7 € Q4(k + 1). Hence,
1 (O 7
>\|Qd(k+1)|:W > > 8¢ .
7 1€84,2(9€Qq(0) 0€Qa(k)

By symmetry Oy := 3 cq, ) \S,SC(O)’W)J| is independent of (z(¥, 1) € Q. Tt follows that

(i) > 128D
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9.2. Double-Link Criterion for Coboundary Expansion

It remains to compute O = 3,0, |S,(f(0>’7r)a| for some m € Sy and 2@ € Q4(0). Let us
choose 7 :=id and (¥ := (0, ...,0) the zero vector. To ease notation, write V := Y @®.m

and Sy, == S,EI(O)’”). Let @ = (x1,...,24) € Qq(k). Let

e(x) :=min{i € [d] : z; = 1} and s(z) := min{i € [d] : z; = }.
We set min () = +o00 with the relation [ < +oo for all [ € [d].

Note that V(z) = 0 if s(z) < e(z) and V(z) = (@1,...,Te@)—1, % Te(@)+1, - - - » Ta) if
e(zr) < s(x). Using this, we easily compute the discrete gradient flow & =id + 90V + V0
to be given by

CI)($) = (ml, e ,:Ce(x)_l, 0, Ie(m)_i_l, e Id)

if e(z) < s(z). If z € Qq with s(x) < e(x) let j =min{l € [d] : | > s(z),2; # 0}. Then

q)(x):{o if x; = *

(@1, Ts(@)=1,0, -, Tjo1, %, Tjgr, - .-, Tq)  if 25 =1

From this, we easily compute that [Syz| = [{j € [d] : j < s(z),z; = 1}|. We conclude
that
L (d d—1
2€Q4(0) =0\’
and for k£ > 1 that

T (A d—i—k+1 — (i1 d—k—1 d
®k: Z |Skl’|: Z ]{?—1 2 ZS s :2 k?—i—l :|Qd(/€—|—1>|.
s=0

IEQd(k) =1

Plugging these into hx(Qg) > W we get hi(Qq) > 1, as desired. O

9.2 Double-Link Criterion for Coboundary
Expansion

In this section, we present a simple criterion, which we call the double-link criterion, for
coboundary expansion by considering intersections of vertex links. In its current version,
the criterion requires very dense complexes and, hence, has very limited applications.

Our starting point for finding our double-link criterion was to come up with a simple way
to distinguish two different random models for 2-dimensional simplicial complexes with
complete 1-skeleton: complexes according to the Linial-Meshulam model X?(n,1/2) (see
[89, 109]) and a random construction due to Gundert and Wagner which we will denote

by Y2 (n,1/2) (see [56]).

X ~ X?%(n,1/2) is obtained from a complete 1-skeleton on n vertices by adding each
possible triangle independently with probability 1/2.

Y ~ YZ,/(n,1/2) is obtained as follows: Pick ¢ € C'(K?;F5) to be a random cochain with
density 1/2, i.e. every edge of the underlying graph of K? is picked independently with
probability 1/2 to be in the support of ¢c. We can think of ¢ to be a random Erdés—Rényi
graph ¢ ~ G(n,1/2). Define Y. to be the simplicial complex on vertex set [n] with
complete 1-skeleton and triangles K72(2) \ supp(dx2c) and set Y =Y.
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It is not too difficult to see that for every vertex u € X(0) or v € Y (0) the vertex link
X, or Y, is a random Erdés—Rényi X,,Y, ~ G(n — 1,1/2). In particular, with high
probability, all vertex links are good expander. Garland’s method then implies that
the up-Laplacian of both X and Y has a good spectral gap. On the other hand, while
X ~ X?%(n,1/2) is a good coboundary expander (constant expansion with high probability
with respect to normalized Hamming norm), we have that dy,c¢ = 0 by construction while
I[c]|| > 1 — & with high probability for any ¢ > 0. In particular, H*(Y;F,) # 0. This
example also shows that it is not sufficient to consider (vertex) links in order to find a
criterion for coboundary expansion. We refer the reader to [56] for a complete discussion
of all these results.

It is natural to ask for a structure within Y ~ Y2,(n,1/2) which detects that Y is not
a coboundary expander. It turns out that by looking at intersections of two different
vertex links, we can distinguish X ~ X?(n,1/2) from Y ~ Y2, (n,1/2). Indeed, fix
X ~ X%n,1/2) and Y ~ Y3y (n,1/2). For u,v € X(0),u # v it is easy to see that
XuNX, ~G(n—2,1/4) is a random Erdés-Rényi graph on n — 2 vertices with density
1/4.

The situation for u,v € Y (0),u # v is very different. Let ¢ € C*(Y;Fy) be the 1-cochain
defining Y. Given a vertex = in Y, NY, we call c(uzx) + c¢(vz) € Fy its type. Notice that
there can only be an edge between x and y in Y, NY, if x and y have the same type. In
that case there will be an edge with probability 1/2 (there is exactly one remaining choice
for the value ¢(zy) such that both vzy and uzy are in Y(2)). It follows that Y, NY, is a
disjoint union of two Erdés-Rényi graphs with density 1/2, one on the set of type 0 vertices
and one on the set of type 1 vertices. Since types of vertices in Y, NY, are independent
and take only two distinct values with probability 1/2 we expect these two graphs to
be of roughly equal size. Notice that Y, NY, is not connected (see Figure 9.1). We can
turn this observation into a quantitative statement. For this, it is important to note that
given a d-dimensional simplicial complex X, u,v € X(0), u # v, ¢ € C¥1(X;F,) and
a (d — 1)-simplex o € X, N X, with dx,x,(cu + ¢,)(0) = 1, then precisely one of the
d-simplices o LI {u} and ¢ U {v} is in the support of dc.

Now, assume for a moment that X has a complete (d — 1)-skeleton, i.e. X C Y with
X1 = yd=1) and Y = K¢ for some n, and that dx,nx, (¢, + ¢,)(0) is large compared
to dy,ny, (cy + ¢,). Then it would suffice to give a lower bound on the number of pairs
of d-simplices (0,0’) in Y with 0 No’ € Y(d — 1) and precisely one of o and ¢’ in the
support of dyc. The number of such pairs can be interpreted as the cut induced by dyc
thought of as a subset of vertices in the graph I'y = (V(I'y), E(I'y)) with vertex set
V(I'y) = Y(d) and edges {o,0'} if c No’ € Y(d — 1). Thus, expansion properties of I'y
and Y would finalize this argument and deduce expansion for X. For Y = K2 the graph
Iy is well-known in the literature as the Johnson graph J(n,d + 1). The eigenvalues of
J(n,d + 1) are fully understood (see, e.g., [21, Chapter 4]) and using Cheeger’s inequality
(Theorem 2.2) one can show that ho(T'y) > n/2. Also, hqy_1(K?) > n/(d + 1).

There is nothing special about Y = K¢ in the above argument. As long as y@d=1) = x(d-1)
Y and I'y are expander and dx,nx, (¢, + ¢,)(0) can be compared to dy,ny, (¢, + ¢,), the
argument goes through. This suggests to introduce the following terminology: Let X C Y
be d-simplicial complexes defined on the same vertex set V' = X(0) = Y(0). Given
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x of type 0,y of type 0
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Figure 9.1: An illustration for Y, NY, in Y ~ YZ;,(n,1/2): Edges in the support of ¢
defining Y are marked black, all other edges are dashed. Triangles in Y are filled in. We
distinguish two types of vertices x € Y, NY, depending on the value c(uz) + c¢(vz). We
see that an edge ry cannot end up in Y, NY, unless x and y have the same type. In this
case, zy will be in Y, N'Y, with probability 1/2.

c € CTYX;TFy) write ¢ € C471(Y;Fy) for the extension by 0 of ¢ to Y. For uv € (‘2/) let

\5mevc\

X;Y) =
nuv( ) ) cecd”{r)l(lva;Fz) ’(SYuﬁYvE”

where we define the quotient on the right hand side to be 400 whenever dy, ~y, ¢ = 0. Let

npoL(X;Y) = mir‘} Nuw (X3 Y)

UVE( 5

which we call the double-link expansion of X with respect to Y. We write Dy :=
maX,cx(d—1) | Xo(0)| for the largest degree of a (d — 1)-simplex in X.

With all these preparations we are ready to show:

Proposition 9.6. Let X C Y be two d-dimensional simplicial complexes on the same
vertex set V. Assume that X and Y have the same codimension 1 skeleton, i.e. X (41 =
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Y@= Then

1 Y (d)]

ha-1(X) > (d+1)Dx |Y(d—1)]

min{1/2, hg_1(Y)}npL(X; Y)ho(Ty).

Proof. Let ¢ € C?*}(X;F,) be minimal (with respect to the Hamming norm | - |). From
our discussion above, we get that

Z ‘5XuﬂXv (Cu + C’v)‘

qu(‘;)

counts the number of pairs {o,0'} € (Xéd)
of dc. Note that every o € supp(dc) gets counted at most Dy (d + 1) times. Using this,

the definition of double-link expansion and the fact that X (@1 = Y(@=1 we estimate

) with precisely one of o and ¢’ in the support

(d+1)Dx|oxc| > > |6xunx,(cu + )l
{u,v}e(g)
> npL(X;Y) Z |0v.ny, (Cu + C0)
{u,v}e(‘z/)
= npL(X; Y)|Er, (supp(dyc), V(Iy) \ supp(dyc))]
> npL(X; Y)ho(Ty) min{|dy¢|, |1 + dyc|}.

We distinguish two cases. If [0yc| > 1Y (d)|, we get

1 Y(d
|5XC’ > MUDL(X;Y)hO(FY>| ( )|

1 Y(d)]

P — : — .
If |6y¢| < 3|V (d)| we use expansion of Y to deduce

1 - Y(d)| | ._
> X;Y)hg oY) "

1 . Y (d)|
=——pL(X; V) g 1 (V)

(d—i—l)DXnDL( ) )hd 1( )|Y<d_1)’|c‘7

where we used Lemma 3.6 for the last equality. Combining the two cases gives the lower
bound on hg_1(X) as claimed and finishes the proof. O

9.3 Hardness of Computing Coboundary Expansion
Constants

Computing ho(G) for a given graph G = (V, F) is a computationally hard problem,
known to be NP-hard (see, for instance, [71, Theorem 2|). Since eigenvalues can be
computed efficiently (up to a priori fixed accuracy), the Cheeger inequality (Theorem 2.2)
yields an approximation algorithm for hq(G). Unfortunately, the approximation ratio
guaranteed by the Cheeger inequality is fairly poor, especially for small values of hy(G).

Using semidefinite programming approaches a O(4/log |V|)-approximation algorithm was
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given in [9]. This is the best currently known approximation algorithm and the precise
approximation ratio for ho(G) one could achieve remains unknown. In fact, a variant of
computing ho(G), called the gap-small-set exzpansion problem!, is intimately related to the
unique games conjecture, one of the major open problems in computational complexity
theory (see [77] and [120] for starting points into this topic).

Intuitively speaking, one should expect that computing hy_1(X) for a d-dimensional
simplicial complex X with d > 2 should be at least as hard as computing the edge expansion
constant ho(G) of graphs. In fact, we are not aware of any known efficient approximation
algorithm for hy_1(X) with a guaranteed, non-trivial approximation ratio. As mentioned
earlier, the Cheeger inequality fails in dimension d > 2 (see [130, 56]). Furthermore, it is
known (see [66]) that even deciding whether a given cochain ¢ € C*(K,;Fy) is minimal
(with respect to the Hamming norm) is NP-complete.

As a tiny step towards a better understanding of the complexity of computing hy_1(X),
we give a simple construction which turns a given graph G and a dimension d into a
d-dimensional simplicial complex X such that hy_1(X) is within a factor d of ho(G). More
precisely, we have:

Proposition 9.7. Let G = (V, E) be a connected graph and d > 2. Lete > 0. Let N € Z~q
with N > |V|/e. Let X = K& % G be the join of G with a complete (d — 2)-dimensional
complex on N wvertices. Then

L= )hl@) < hara(X) < hol@).
Proof. For the lower bound we use a random cofilling argument. Using Kiinneth formula
for the cohomology groups of joins (see [61, Chapter V.]) we have that H4'(X;F,) = 0.
Hence, according to Lemma 3.9, it suffices to show a cofilling inequality. To this end,
let b € B4 X;F,) with b = da for some a € C471(X;Fy). Write U for the vertices of the
copy of K% 2 in X. For s € U define a®) € C41(X;Fy) = CT2(K% % Fy) @ C°(G; Fy) @
C3(KR % Fa) ® C' (G5 Fy) by

0 iftseo
adear)=Sb(vuo)®T) foeKE(d—-3),7rcE,s¢o
al®9) (1), if o € K&%(d—2),71€V,s¢ o,

where (*?) is a minimal cofilling of
> b€ BY(G;Fy).
7CsUo,|T|=d—1
> rCslio,|r|=d—1 br 1s indeed a coboundary since it is the localization of the coboundary b
along the cycle (s U o) € Zg_o( K& 2 TFy).

Note that da'® = b for all s € U, essentially by construction. We estimate

1
la]] <+ > la®]
NSEU
d—1 1 .

SGU,O’G([NJE{QS})

'The gap-small-set expansion problem asks to distinguish whether given a d-regular graph G =
(V,E) and constants 4,17 > 0 there is S C V with |S| = §|V| and |E(S,V \ §)| < nd|S| or whether
|E(S,V\S)| > (1 —mn)d|S] for all S CV with |S|=4§|V].
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Using the expansion of G and the triangle inequality we get

d—1 d

HaH < T’b‘ + Nho(G) TE%;;]]) ’ba‘r‘
d—1 d(N —d+1)
< T!b\ + N ER > bl

oeK %2 (d-2)

d—1 d(N—d+1)
(N T T NR(G) )'b"

Thus,

N S ho(G)
ho(G)(d—1)+d(N —d+1) = d
where we used the assumption N > |V|/e for the last inequality.

To see the upper bound, fix S C V achieving ho(G), i.e. 0 < |S| < |V|/2and |E(S,V\S| =
ho(G)|S]. Fix o € K&2(d — 2) and define ¢ := 1, ® 15 € C1(X;F,). We claim that ¢
is minimal, which would finish the proof since then

ha-1(K§ ) > ho(G) (1—e),

|5C| |5C| |]lg®5gﬂg|
hig1(X) < 7 =—="—"—""""""=hy(Qq).
[l el |5
To see that ¢ is minimal let ¢: S — V \ S be an injective function. Fix a vertex
v e K947%0)\ o (we can assume that N > d). Consider the family of cycles (2),cq C
Z4-1(X;Fy) given by 29 = (0(c Uv)) @ (s+ ¢(s)). Note that the cycles z(*) have pairwise
disjoint support. Moreover, for any s € S and a € C?*2(X;F,) we have

(c+da,2)) = (¢, 2®)) #0.

This implies |[¢]| > |S| = |¢|, as desired. O

9.4 Expansion of Links Is Necessary

Local-to-global argument have been used to show expansion for small cochains with
respect to Fy-coefficients (and normalized or Garland weighted Hamming norm) at various
places in the literature (see, for instance, [97, 96, 72] and especially Evra—Kaufman’s
local-to-global criterion [40, Theorem 5]). Common to all these argument is that they
exploit good expansion properties of the links combined with excellent expansion of
various graphs and the fact that the cochains under consideration have small norm.

Having these results in mind, it seems natural to think that expansion of the links is
actually a necessary condition for expansion of the whole complex. We believe that this is
a folklore result known within the community of HDXs but we could not find any formal
argument in the literature. In this section, we would like to fill-in this gap and show the
following:

Proposition 9.8. Let X be a d-dimensional simplicial complex. Let 0 < k < d — 2. Let
v e X(0) and piF) := maX,cx, (k) Wo (V) (here we write w, for the Garland weights on X, ).
Assume that ny(X) > 2(k +2)p). Then

k+2
X,) >
m:( )_k:+3

Ne+1(X).
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9.4. Expansion of Links Is Necessary

Recall from Lemma 5.4 that we always have w,(v) < 1/6(X) where 6(X) denotes the
thickness of X. Thus, the assumption 7, (X) > 2(k + 2)p, is fairly mild.

Working with the Hamming norm, we can also show a result in terms of cofilling constants.
To state such a result, let us introduce the following notation: Given a d-dimensional
simplicial complex X and 1 < k < d let

minzezk—l(x;ﬁb) ]a + Z‘

Ly(X) :=
k() aeckfl(x;lﬁ?\xzkfl(x;wz) |0a|
where |- | is the Hamming norm. In other words, Ly(X) is the smallest number L such

that for all b € B¥(X;Fy) there is a € C*1(X;Fy) with da = b and |a] < L|b|. We have

Proposition 9.9. Let X be a d-dimensional simplicial complexr and 1 < k < d—1. Let
v e X(0). If Lg(X,) <1 then Li(X,) < Lg1(X).

Before we give the proofs of Proposition 9.8 and Proposition 9.9, let us mention two
consequences: Using Proposition 9.8 we see that (at the cost of potentially worse bounds)
for an application of Evra—Kaufman’s local-to-global criterion [40, Theorem 5], it suffices
to give a lower bound on 7, (X,) for all ¢ € X(0) rather than all 0 € X.

The upper bound on 74-2(A4-1(F,)) in Theorem 1.6 translates into the lower bound
2d—1

>
La-1(Ag-1(Fy)) > |

(1-¢)

for any € > 0 and sufficiently large ¢ > Q(&). On the other hand there is a positive constant
Na—1 > 0 independent of ¢ such that n_2(Aq—1(F,)) > na—1 (see, e.g., [98, Corollary 3.6]).

Equivalently, we have Lg_1(As—1(F,)) < %. Now A4 (F,) shows up as the vertex

links of d-dimensional Ramanujan complexes? and, hence, for large enough ¢, we can use
Proposition 9.9 with the lower bound on L;_1(A4—1(F,)) to deduce lower bounds on the
cofilling constants of Ramanujan complexes as well.

9.4.1 Proof of Proposition 9.8

The idea of the proof of Proposition 9.8 is very simple: Given a minimal k-cochain
c € CF(X,;Fy) with ||dc|| = ne(X,)||c|l, the lift & = IYc € C*1(X;Fy), given by &(a) =0
if v ¢ o and é(o) =c(o\ {v}) if v € 0, seems a natural candidate for an upper bound on
Ne+1(X) in terms of 7, (X,). Indeed, using basic properties of the Garland weights one
readily computes that

E+3 .
(X

2Tt is not important here what these complexes are exactly. Let us just mention that they are
remarkable families of explicitly constructed simplicial complexes of bounded degree generalizing the
construction of Ramanujan graphs due to Lubotzky, Philipps and Sarnak [92] to higher dimensions
[99, 100]. In particular, they have — in a very precise sense — optimal spectral expansion properties.
Furthermore, they gave rise to infinite families of simplicial complexes of bounded degree with the
topological overlap property [72, 40] and played a guiding role in [31]. They are essentially the only
known family of simplicial complexes of bounded degree exhibiting such strong expansion properties and
are thus extremely relevant for applications.

3Since d-dimensional Ramanujan complexes do not necessarily have vanishing (d — 1)th cohomology,
it is important to work with cofilling constants and Proposition 9.9 rather than coboundary expansion
constants and Proposition 9.8 here.

16¢]] = [1°0x,cll = (k + 3)w(v)l|ox,cllo = (k + 3)w(w)m(Xo)ello =
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Here and throughout the proof of Proposition 9.8 we write || - || for the Garland weighted
Hamming norm on X and || - ||, for the Garland weighted Hamming norm on the link X,
of X at o for some 0 € X.

Note that the computation above would finish the proof, if we could show that the lift
¢ = I”c is minimal in X. This is where the assumption on 7;(X) enters:

Lemma 9.10. Let X be a d-dimensional sz'mplz'cial complex. Let v € X(0). Let 0 <
k < d—2 and assume that n.(X) > 2(k + 2)pF), where p® = max,ex, ) wo(v) . Let
c € C*(X;Fy). Then I'c € CH(X;Fy) is minimal.

For the proof of this lemma some notation will be useful: For v € X(0) we write X \ v for
the simplicial complex obtained from X by removing all simplices containing v. We endow
X \ v with the weights obtained by restricting the Garland weights of X to X \ v and || - ||
for the induced weighted Hamming norm. We write ix,: X, — X for the inclusion map.

In preparation for the proof of Lemma 9.10 we need the following two claims:
Claim 9.11. Given ¢ € C*(X \ v;Fy) minimal, we have

¢l > (me(X) = (k +2)pP) el
where piF) = max,ex, () Wo (V)

Claim 9.12. Let b € B*(X;Fy). Then there is a € C*1(X;Fy) with da = b and
supp(a) € X \ .

k) _

Proof of Lemma 9.10 assuming Claim 9.11 and Claim 9.12. Let ¢ € C*(X,;Fy) be min-
imal. Let ¢ = Ic € C*"1(X;Fy). We would like to show that ||¢ + da|| > ||&|| for all
a € CH(X;F,). By Claim 9.12 we can assume that supp(a) € X \ v. Write o’ for the
restriction of a to X \ v. Let s € C* (X \ v;Fy) such that a’ + ds is minimal. We
compute using Claim 9.11, the triangle inequality, that ||/"u| = w(v)(k + 2)||u|| for any
u € C*(X,;Fy) and minimality of c:

18+ dall = [l6x\wa'l + [[1%(c + ik, @)
> ((X) = (b + 2p) [l + 65| + |1 T(c + i%, o)

= (m(X) = (k +2)p") l|a’ + 35| + w(v)(k + 2) [l + i%,all,
> (ne(X) = (k+2)p) |’ + 05

w(©)(k +2) ([l + i, sl = lli%, (a + )],

> (me(X) = (k +2)p) [la’ + ds]| + w(v)(k +2) ([lello — [li%, (@ + 65)].)
= (|2l + (m(X) = (k +2)p) [la’ + 65| = [[1"(%, (a + 65))]].

It remains to give an upper bound on ||I”(i%, (a + ds))||. For this we simply compute

119 (7%, (a + 6s)) || = > w(o Uv)

ceXy(k),a(o)+ds(o)=1

=(k+2) Z Wy (v)w(o)

ceXy(k),a(o)+ds(o)=1

< (k+2)plP > w(o)

c€Xy(k),a(o)+ds(o)=1
< (k+2)p7la" + 0s]].

+

k(X
(
)
k(
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Plugging this into above estimates we conclude
e+ dall > [lel| + (me(X) = 2(k +2)pP) lla’ + 35| > [|e]
since we assume that 7, (X) > 2(k + 2)p%). O

It remains to prove the two claims.

Proof of Claim 9.11. Let A:={o0 € X(k+1):0 ¢ X \ v}. Write ¢ for the extension of
c by 0 to X. By Lemma 3.6 ¢ is minimal in X. Using expansion of X we get

10xvwell = [loxell = [(0xe)all = ne(X) el = [[(0xE)all-

Now, observe that

l0xe)all = > wloUw)

ceXy(k),c(o)=1

=(k+2) Z Wy (v)w(o)

oceXy(k),c(o)=1
<(k+2p 3 w(o)

ceXy(k),c(o)=1
< (k+2)pf ]l
Plugging this into the previous estimate, we get

oxvwell > (nk(X) = (k +2)p) llel],

as desired. O

Proof of Claim 9.12. Given a € C*(X;Fy) we simply note that the support of a + dxI,a
is contained in X \ v. O

9.4.2 Proof of Proposition 9.9

The proof of Proposition 9.9 is somewhat simpler than the proof of Proposition 9.8.

Proof of Proposition 9.9. Let b € B¥(X,;Fy) with cofilling a € C*~1(X,;F) such that

la| = min _ |a+ z| = Li(X,)[0].

2€Z8=1(X,;F2)

Let b = I°b = 61 be the lift of a to X. We claim that [[Ya| = min, e zx(x.r,) [1°a + 2|.
This will finish the proof since then

Li(X,)[b] = |a] = [I"a| < Liy1(X)|b] = L1 (X8
We finish the proof by showing that |/Ya| = min,czk(xr,) [['a + z|. To this end, let

z € Z¥(X;F;) and note that if o € supp(I¥a + 2) then either v ¢ o and o € supp(2|x., )
orv € o and o\ {v} €supp(l,(I’a+ 2)).
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Note that dx,[,z = 2|, . Indeed, we compute for o € X, (k) that

0=10dxz(cUv) =2(0)+ > z(c\{u}uU{v}) =2(c)+ > Lz(c\{u}) = z(c) + 61,2(0).

ueo ueo
Now let Z € ZF1(X,;F,) such that |1,z 4 Z| = min,c gi-1(x,my) 1oz + 2|
Using these observations we estimate
a+ 2] = |5, | + IL(Ia + 2)]

> |21y, | + la+ 12|
= |ox,Ipz| + |a + I,z|

1
27 (X)Ilz+z]+|a—|—z| |,z + Z|

1
> —1||l,z+ 2|+ |a

where we used the assumption L(X,) < 1 for the last inequality. O
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Chapter 10

Conclusion

In this dissertation we presented an equivariant version of Gromov’s Topological Overlap
Theorem as a general tool for studying quantitative non-embeddability problems through
the lens of HDXs and gave various applications (Chapter 5). We believe that the results
presented here are only the tip of an iceberg and that there are many further geometric and
topological applications that could come out of a symbiosis of HDXs with the configuration
space/test map framework. For this, it would be desirable to generalize Theorem 4.1
by, e.g., weakening the strong assumption of vanishing cohomology or extending it to
different, not necessarily free group actions. For instance, a quantitative version of the
following theorem due to Volovikov would be interesting as it allows to give a proof of the
topological Tverberg theorem as well as a generalization of Theorem 5.12 for the prime
power case (see [137] and [60, Theorem 2|, respectively).

Proposition (Lemma in [137]). Let p be prime. Let G = (Z/p)"™ be the product of n
copies of the cyclic group Z/p. Assume G acts on the spaces X and Y without fized
points. If Y is a k-dimensional cohomology sphere over Z/p and HY(X;Z/p) = 0 for all
0 <i<k—1 then there is no G-equivariant map from X to Y.

There are various other topological results which have been used within the configuration
space/test map framework. It would be interesting to attempt to prove quantitative
versions of them which might even lead to new notions of HDXs. In particular, it
would be nice to develop the theory well enough to give an affirmative answer to the
question whether ipcr(X) > ¢/ X (d)|? for some constant ¢ > 0 where X is a d-dimensional
Ramanujan complex or, more generally, a compact quotient of an affine Bruhat—Tits
building and in particular, show that these complexes do not embed into R??. This
question was explicitly ask in [54, p. 447] and [95, Section 3].

But even Theorem 4.1 itself might have further applications if one could show sufficiently
good expansion properties of certain simplicial complexes. In particular, it could lead
to first lower bounds on the number of Tverberg partitions for colorful Tverberg-type
problems which do not follow from the so-called constraint method [14] and, hence, for
which Theorem 5.12 is not available to imply quantitative bounds in a blackbox fashion.
One such result in this direction is:

Theorem (Theorem 3.1 in [67], Theorem 2.1 in [68]). Let p be prime. Let r = p* for some
s € Zwg. Let d > 1 be a positive integer. Let N > (r —1)(d+2) and rk+s > (r —1)d for
integers k >0 and 0 < s <r. Let oV be the N-dimensional simplex on N + 1 vertices.
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Then for every continuous map f: |o| — RY there are v pairwise disjoint faces o1, ..., 0,
of oV such that Ni_, f(o;) # O and such that dimo; < k+1 for 1 <i < s and dimo; <k
fors<i<r.

The proof of this theorem shows vanishing cohomology up to the relevant dimension (by
exhibiting a discrete Morse function without critical simplices of small dimension) for a
suitable configuration space associated with the problem and applies Volovikov’s lemma
above. Thus, at least for the prime case r = p, Theorem 4.1 would give a quantitative
lower bound on the number of r-tuples as in the conclusion of the theorem, provided that
we could show good enough expansion properties for the configuration space in question.
Unfortunately, the lower bounds on the expansion constants we were able to show, do not
lead to any non-trivial lower bound.

Furthermore, it would be interesting to know whether (3(AJ, ., .,) > 1 holds for all
m,n € Zsg. As discussed in Section 5.5, this would imply an asymptotic version
Zarankiewicz’ conjecture. More generally, we conjecture that

Conjecture 10.1. Let d,ng,...,ng € Z~g, d > 2. Then

(i) ndfl(AgLo,...,nd) 2 %'

(ii) Car(A2, ) > 1.

For d = 2, we conjecture that the upper bound on 7;(A2) given in Proposition 7.9 is the
true value for all n € Z+.

It is somewhat surprising that the exact value of 74_1(X) remains unknown even for the
most basic families of d-dimensional simplicial complexes such as d-dimensional complete
(d + 1)-partite complexes AZ. But even for the complete complex K¢ the precise value of
Na—1(K¢) is not known for all n. It is known though that ny_;(K2) > - for all n with
equality if d + 1 divides n (see for instance [109, Section 2]). From this it is not too hard
to deduce that ng_;(K?) < 1+ 0(1) as n — +oo. Furthermore, for d = 2 it was shown in
84, Theorem 4.2] that 7, (K72) = -5 if n is not a power of 2. The situation is even less
understood if one asks for a more fine-grained understanding of 7,1 (K?) in terms of the

cofilling profile

Na—1 () == lir_r}inf min{||dc|| : ¢ € CHKLT), ||| > o}
for aw € (0,1/2] [108, 86]. This is relevant to the point selection problem mentioned in the
introduction.

We think that there are extremly interesting combinatorial questions surrounding the
problem of finding the exact value of 7, (X). In particular, getting a better understanding
of the structure of minimal cochains seems crucial to make progress on any of these
problems. In view of the fact that checking minimality of cochains is NP-hard even for
c € C'(K,;Fy) this is likely to be a difficult task.

One might wonder whether there are tools in (extremal) combinatorics already available for
tackling such problems. For instance, for showing 7;(A2) > 3/4 we know by Corollary 8.10
that it suffices to consider minimal cochains ¢ € C*(A?;F,) with 13/124 < ||¢|| < 1/3. In
particular, we can work in the setting of large dense graphs where Szemerédi’s regularity
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lemma (usually in combination with some counting lemma) has proven to be a powerful
tool (see, for instance, Szemerédi’s original paper [133], the two surveys [125, 81] or
Chapter 9 in [91]). Is it possible to show that 7;(A2) > 3/4 or at least an improved lower
bound using some sort of regularity/counting lemma argument?

Furthermore, we would like to repeat the quest for a better understanding of the expansion
constants 7 (X * Y') of the join of two simplicial complexes X and Y, especially in the
case X =Y. In view of Proposition 6.1, solving this problem might be quite subtle but
nevertheless we would like to ask whether, given a d-dimensional simplicial complex X, it
is possible to bound the coboundary expansion constants n,(X*?), 0 < k < 2d, in terms
of the expansion constants 7;(X), 0 < j < d— 17 A positive answer even for d =1 and
X = G a bounded degree expander graph on n vertices would be interesting since it would
give that ipcr(G) = Q(n?).

We have seen that (z_1(A%) > 141 (A9) for all d > 2 and sufficiently large n. Thus, at
least for the iterated join of a discrete set of n points coboundary expansion behaves
better with respect to integer coefficients and £3-norm than with respect to Fo-coefficients
and Garland weighted Hamming norm. It would be interesting to know whether this is a
more general phenomenon meaning whether under taking joins J = X % Y the constants
Cx(J) behave better than nx(J). On the one hand, additional tools such as eigenvalues
and eigenspaces of Laplacians and some discrete lattices naturally show up in the study of
expansion constants with respect to integer coefficients and ¢3-norm. On the other hand,
we cannot expect a Cheeger inequality in dimension at least 2 since even qualitatively
vanishing cohomology with respect to R-coefficients does not imply vanishing integer
cohomology.
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