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Abstract

This thesis investigates the problem of enumerating the extensions of certain matroids.
A matroid M is an extension of a matroid N if M delete e is equal to N for some element
e of M. Similarly, a matroid M is a coextension of a matroid N if M contract e is equal
to IV for some element e of M. In this thesis, we consider extensions and coextensions of
matroids in the classes of graphic matroids, representable matroids, and frame matroids.
We develop a general strategy for counting the extensions of matroids which translates
the problem into counting stable sets in an auxiliary graph. We apply this strategy to
obtain asymptotic results on the number of extensions and coextensions of certain graphic
matroids, projective geometries, and Dowling geometries.
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Chapter 1

Introduction

Matroids are combinatorial objects that were first introduced in 1935 by Whitney [51] and,
independently, by Nakasawa [32, 33, 34]. These objects generalize both graphs and matrices
and are increasingly prevalent in modern combinatorics research. However, many natural
matroid enumeration questions are unanswered or have gone unanswered until recently.
This thesis aims to solve several open problems related to enumerating certain classes of
matroids. One way to approach matroid enumeration is by considering the number of ways
to add an element to a matroid, or a set of matroids. We say a matroid M is an extension
of a matroid N if M delete e is equal to N for some element e of M. Similarly, we say a
matroid M is a coextension of a matroid N if M contract e is equal to N for some element
e of M.

The broad goal of this research is to contribute to the understanding of extensions
and coextensions of matroids in the following classes: graphic matroids, frame matroids,
and GF'(q)-representable matroids. Understanding extensions in general is difficult, so our
focus is on dense, highly symmetric matroids, such as cycle matroids of complete graphs,
Dowling geometries, and projective geometries.

In 1965, Crapo [10] showed that the extensions of a matroid M correspond to the “linear
subclasses” of M, which are collections of hyperplanes that satisfy a certain property. The
dual of this equivalence implies that coextensions of M correspond to “colinear subclasses”
of M, which correspond to collections of circuits satisfying the dual version of the property.
Using this dual characterization, one can show that the coextensions of graphic matroids
correspond to “biased graphs,” which consist of a graph and a collection of its cycles that
satisfy a certain property. Biased graphs are independently well-studied and can be used
to define three classes of matroids, including frame matroids [52, 53, 54].



The cycle matroid M (G) of a graph G is the matroid whose ground set is the edge set
of G and a subset X of edges is a circuit if and only if the subgraph of G induced on X
is a cycle. In [39], Nelson and Van der Pol proved that the number of biased graphs on a
complete graph K, is 2zn!(1to(1), Using Crapo’s characterization, this implies that the
number of coextensions of the cycle matroid of a complete graph M (K, 1) is 2an!(1to(1),
Using some similar techniques and some new techniques, we prove the following similar
results for the complete bipartite graphs K, , and K, ,_; in Chapter 6. Note that o(1)
denotes an unspecified function of n that goes to 0 as n goes to infinity and log denotes
the base-2 logarithm.

12

Theorem 1.0.1 (Theorem 6.0.1). log coext(M (K, ,)) = 2=(1 + o(1)).

2n

Theorem 1.0.2 (Theorem 6.0.2). log coext(M (K, ,,—1)) = ”!(”T_Q)!(l +o(1)).

We also prove the following similar result for the extensions of the cycle matroid of a
complete graph in Chapter 9.

Theorem 1.0.3 (Theorem 9.2.1). logext(M(K,41)) = (n%)(l + o(1)).

Dowling geometries are a subclass of frame matroids which are defined using certain
graphs whose edges are labelled by the elements of a finite group. They are objects that
resemble complete graphs, but have additional symmetry arising from groups. A Dowling
geometry with rank n over a finite group I' is denoted DG(n,I"). Dowling geometries
play a role among frame matroids similar to that of the cycle matroids of complete graphs
among simple graphic matroids. A natural starting point when studying extensions and
coextensions of frame matroids would be to consider those of Dowling geometries. We
would expect to obtain results similar to those for complete graphs and, thus, we might
expect this problem to be straightforward. However, determining the number of coexten-
sions of a Dowling geometry is a significantly different problem than that for cycle matroids
of complete graphs. In Chapter 7, we determine asymptotic upper and lower bounds on
the number of coextensions of a Dowling geometry. These bounds imply the following
asymptotic result.

Theorem 1.0.4 (Corollary 7.0.2). log(log(coext(DG(n,T")))) = nlogn(1 + o(1)).

Partial progress towards determining the asymptotic number of extensions of Dowling
geometries appears in Chapter 10.

Similar to how complete graphs are related to simple graphs or Dowling geometries
are related to frame matroids, projective geometries are related to representable matroids.

2



Specifically, projective geometries are the densest simple representable matroids. (See
Chapter 2 for the definitions of these matroids.) A projective geometry of rank n over a
finite field GF(q) is denoted PG(n —1,q). In this case, the problem of counting extensions
is straightforward, since each extension of a projective geometry corresponds to a flat. On
the other hand, the coextensions of projective geometries are not so easily determined. In
Chapter 8 we give asymptotic upper and lower bounds for the number of coextensions of
a projective geometry. These bounds imply the following asymptotic result.

Theorem 1.0.5 (Corollary 8.0.2). log(log(coext(PG(n — 1,q)) = n*(log(q) + o(1)).

1.1 Background

Beginning with matroid enumeration in general, the first natural problem is to determine
the number of matroids on an n-element ground set, for each positive integer n. This is still
an open problem; however, progress has been made for small n and for some classes of ma-
troids. In 1973, Blackburn, Crapo, and Higgs [7] explicitly determined all non-isomorphic
simple matroids on at most eight elements. This list of matroids was expanded in 1984
when Acketa [1] added all non-isomorphic matroids on at most eight elements, including
a complete sublist of the non-isomorphic binary matroids on at most eight elements. In
2008, Mayhew and Royle [29] created an online database of all non-isomorphic n-element
matroids where n < 9. They estimate that the number on 10 elements exceeds 2.5 x 10'2,
so determining a precise list for n > 10 might be intractable. Since exact enumeration
seems out of reach for larger n, our interest turns to finding good bounds, perhaps for
specific matroid classes.

Let m(n) denote the number of matroids on ground set [n] = {1,...,n}. Some general
lower and upper bounds on m(n) are known. In 1965, Crapo [10] used analysis of single
element extensions of matroids to show that m(n) > 2". Knuth [22] improved this lower

bound in 1974 by showing that loglogm(n) > n — 2logn + O(loglogn), where log is
the base-2 logarithm. This lower bound is obtained by constructing a large set of “sparse
paving” matroids. In 2013, Mayhew and Welsh [30] showed that the asymptotics in Knuth’s
bound can be improved slightly by adapting his argument with a coding theory result of
Graham and Sloane [17].

Since there are 2" subsets of an n-set and each collection of these subsets could be an
independent set of a matroid, there are at most 22* matroids on n elements. This trivial
upper bound was first improved by Piff and Welsh [10] in 1971. Piff [15] improved the
upper bound again in 1973 when he showed that loglogm(n) < n—logn+O(loglogn). In



a breakthrough result from 2015, Bansal, Pendavingh, and Van der Pol [6] made significant
progress towards finding matching upper and lower bounds for m(n). They proved that
loglogm(n) < n—32logn+ 3log 2+ 14 o(1), which almost matches the best known lower
bound. These upper and lower bounds show that m(n) grows doubly exponentially with
n, and is much closer to 22" than to Crapo’s earlier lower bound of 2"; however, studying
extensions has the potential to contribute to lower bounds for the number of matroids in
a certain class or with a certain structure.

Similar to the proof of the lower bound for m(n), Bansal, Pendavingh, and Van der
Pol [6] use analysis of “sparse paving” matroids to obtain their upper bound on m(n).
A matroid M is paving if every circuit has size at least the rank of M. A matroid is
sparse paving if it and its dual are paving or, equivalently, if every non-spanning circuit
is a hyperplane. Pendavingh and Van der Pol [11, 12, 43 41 50], sometimes together
with Bansal [5, 6], have made several important contributions to the enumeration of sparse
paving matroids, matroids of a fixed rank, and matroids in general. Throughout their work,
they represent sparse paving matroids as stable sets in an auxiliary graph and determine
matroid enumeration bounds by first determining bounds on the number of stable sets in
this graph. This strategy of representing the combinatorial objects they are counting by
stable sets in an auxiliary graph is very similar to the underlying strategy used in this
thesis, as we will see in Chapter 3.

The work of Bansal, Pendavingh, and Van der Pol suggests that sparse paving matroids
dominate the set of all matroids, which gives support to the conjecture of Mayhew, New-
man, Welsh, and Whittle [27] that almost all matroids are paving. This conjecture appears
in Oxley’s book “Matroid theory” [10] alongside several other open problems in matroid
enumeration. In addition to the breakthrough towards proving almost all matroids are
paving, other important progress has been made towards solving a number of the open

enumeration problems listed in [10] since it was published in 2011. For example, Oxley
conjectured that almost all matroids are not representable over any field and an exciting
result from Nelson [36] in 2018 proved that this is true.

Representable matroids have been omnipresent in the study of matroid theory since its
inception. We also focus on representable matroids, for the most part, in this thesis. This
may seem surprising since Nelson proved in [36] that almost all matroids are not repre-
sentable; however, note that the extensions of a representable matroid are not necessarily
all representable. In fact, we show in this thesis that, for some n-element representable
matroids, the number of extensions is significantly larger than the number of (n + 1)-
element representable matroids. Enumerating the extensions of a matroid is very difficult
in general, so it is natural to focus on familiar classes of matroids, such as representable
matroids or graphic matroids.



Since biased graphs parameterize coextensions of graphic matroids and define frame
matroids, they are of interest in this thesis. In 1991, Zaslavsky introduced three matroid
classes that arise from biased graphs: frame, lift, and complete lift [52, 53, 54]. Note
that complete lift matroids are extensions of lift matroids, and frame matroids are called
“bias matroids” in Zaslavsky’s papers. Frame matroids that arise from group-labelled
graphs are also discussed, under a different name, in Kahn and Kung’s seminal 1982 paper
on combinatorial geometries [18]. Another connection between biased graphs and group-
labelled graphs is given by Nelson and Park in [37]. They prove a Ramsey theorem for
biased graphs which shows that if (G, B) is a biased graph where G is a very large complete
graph, then G contains a large complete subgraph H with balanced circuits B’ such that
(H,B’) arises from a I'-labelled graph for some finite cyclic group I'. Thus, frame matroids,
and specifically those that arise from group-labelled graphs, are familiar classes of matroids
for us to focus on in this thesis.

Even within a familiar class, enumerating the extensions of a matroid is difficult. There-
fore, our goal is to enumerate the extensions of specific matroids within the classes of
graphic matroids, representable matroids, and frame matroids. Since all simple graphs are
subgraphs of a complete graph, it is natural to first consider the cycle matroids of complete
graphs. In [18], Kahn and Kung show that Dowling geometries are the universal models
for the collection of frame matroids from group-labelled graphs and projective geometries
are the universal models for the collection of all geometries coordinatizable over the finite
field GF(q). Importantly, each simple representable matroid is a restriction of a projective
geometry and each simple frame matroid that arises from a group-labelled graph is a re-
striction of a Dowling geometry. Therefore, within the classes of representable and frame
matroids, it is natural to first consider projective geometries and Dowling geometries.

Studying the extensions of matroids within a certain minor-closed class has the poten-
tial to reveal common structures in the excluded minors of the class. Minor-closed classes
of matroids are a popular topic of study, prompted by a desire to generalize Robert-
son and Seymour’s Graph-Minors Project. In the 2020 paper by Mayhew, Newman, and
Whittle [28], the concept of “fractal” classes of matroids is introduced. Let M be a minor-
closed class of matroids and let £X be the class of excluded minors for M, which are
the minor-minimal matroids not in the class. Let m,, and x, denote the number of non-
isomorphic n-element matroids in M and £X, respectively. The class M is strongly fractal
if lim,, o0 o = 1. Their example of a strongly fractal class is the collection of sparse
paving matroids with at most k circuit-hyperplanes. Essentially, the “boundary,” or set of
excluded minors, of such a class is eventually larger than the class itself. Following this
idea, it is natural to ask what the “boundaries” of other classes of matroids look like. Since
the excluded minors are the minor-minimal matroids not in the class, we can think of them




as the extensions and coextensions of matroids in the class that fall out of the class. This
thesis could potentially be used to shed light on the relationship between minor orders and
enumeration.

When dealing with minor-closed classes of matroids, we can gain some intuition about
this boundary by focusing on the extensions and coextensions of the most dense matroids
of the class. For each minor-closed class M and positive integer n, define the extremal
function, denoted ha(n), to be the maximum number of elements in simple rank-r matroid
in M, where r < n. Let hy(n) = oo if such a maximum does not exist. We say that
matroids are “dense” if they have close to hp(n) elements. Determining hy(n) is a
widely studied problem. The Growth Rate Theorem proved by Geelen, Kung, and Whittle
[13] shows that either M contains U, ,, for all n > 2, or the extremal function is linear,
quadratic, or exponential in n.

Upper bounds for the extremal function have been determined for many interesting
classes. Kung [25] proved in 1993 that for each integer ¢ > 2, each simple rank-r matroid

M with no Us ¢o-minor satisfies |E(M)| < £=L. In 2010, Geelen and Nelson [11] showed

that if r is large enough and ¢ is the largest prime power at most ¢, then |E(M)| < %.
Additionally, they showed that equality holds if and only if M is a projective geometry
PG(r—1,q). That is, projective geometries are the most dense matroids in the minor-closed
class of simple matroids omitting a fixed rank-2 uniform minor.

Projective geometries are not representable over all fields, so it is natural to won-
der which matroids are most dense in the minor-closed class of K-representable matroids
omitting a fixed rank-2 uniform minor, where K is a field of characteristic zero. Nelson
conjectures that the most dense members of this class are no denser than Dowling geome-
tries [35]. Recently, Geelen, Nelson, and Walsh [15] showed that the conjecture is true if
K = C. Since projective and Dowling geometries are the dense examples in some interest-
ing minor-closed classes, understanding their extensions and coextensions will contribute
to our understanding of the boundaries of these classes.

1.2 Summary of results

In this thesis, we will determine the asymptotic behaviour on the log scale of the number
of extensions of certain matroids M in terms of the rank of M. Here, it is important to
note that the results in this thesis are all joint work with Peter Nelson and Jorn van der
Pol. In this section, we summarize these results in Tables 1.1 and 1.2. In order to more



easily compare these results with each other and with the number of matroids on a fixed
ground set, we express the results both in terms of rank and ground set size.

First, we define some asymptotic notation. For functions f, g : Z~o — R, we say f(n) =
O(g(n)) if g(n) > 0 and limsup,,_, % < 00. We say f(z) = 0O(g(z)) if f(x) = O(g(x))
and g(x) = O(f(x)).

’ \ matroid \ rank \ # elements \ log log (# extensions) ‘
¢" —1 ~ [n
1| PG(n—1,q) n N = log logz {k] = O(loglog N)
k=0 -4

2 | M(Kn) n | N= (” + 1) log (7;;2) — O(VN)

Table 1.1: Summary of extension results.

A summary of the results in this thesis is given in Tables 1.1 and 1.2, where for each
matroid M, the number of extensions or coextensions is expressed on the double log scale
both in terms of the rank of M and number N of elements in M. To simplify the table,
lower order terms (that is, factors of (1 4 o(1))) are ignored. To compare these results to
the number of matroids on a fixed ground set, recall that m(/N) denotes the number of
matroids on the ground set [N] and loglogm(N) = N(1+0(1)). Another interesting point
of reference is the number of representable matroids with ground set [N], which is at most
3log N on the double log scale [30].

The result in Row 1 of Table 1.1 is well known and we discuss it in Proposition 9.1.1.
Row 2 of Table 1.1 is implied by Theorem 9.2.1. Nelson and Van der Pol [39] proved the
result in Row 1 of Table 1.2, which is discussed in Theorem 6.1.4. Theorems 6.0.1 and
6.0.2 imply Rows 2 and 3 of Table 1.2. The result in Row 4 of Table 1.2 is obtained in
Corollary 7.0.2. Corollary 8.0.2 contains the result in Row 5 of Table 1.2.

Although the results in Tables 1.1 and 1.2 are expressed on the double log scale, the
main results in this thesis are on the log scale. The corresponding log scale results for Row
2 in Table 1.1 and Rows 1, 2, and 3 in Table 1.2 are all exact, up to lower order terms,

7



which is why the left hand side of the rightmost column is sometimes more precise than it
needs to be for the double log scale. The corresponding log scale results for Rows 4 and
5 in Table 1.2 are in the form of upper and lower bounds that differ. Conjectures for the
exact values, up to lower order terms, can be found in Chapters 7 and 8, respectively.

’ \ matroid \ rank \ # elements \ log log (# coextensions) ‘

1| MK n N — (” ‘2i‘ 1) log(3n!) = O(v/NlogN)

—n? l(n—1)!
2 M(Kny,) |2n-1 N=n log w — 0(VNlogN)

'(n —2)!
3| M(Kyn-1) |2n—2 N=n*>-n log % — 0(vVNlogN)
4| DGT) | w N (Z>q n nlogn = O(vVNlog N)
5 | PG(n—1,q) n N = g _11 n*logq = O(log* N)
q—

Table 1.2: Summary of coextension results.



1.3 Outline

This thesis begins with preliminary definitions and results in Chapter 2. In Chapter 3, we
describe a method for bounding the number of extensions of any matroid M. This method
begins in Section 3.1 by using a result of Crapo [10] to parameterize the extensions as
“linear subclasses.” A linear subclass of a matroid M is a set H' of hyperplanes where if
two intersect in a rank-(r(M) — 2) flat F', then all hyperplanes that contain F' are in H'
as well. If, for each rank-(r(M) — 2) flat F' of M, at most one hyperplane that contains
F is in H', then we say H’ is a scarce linear subclass. In Section 3.2, we represent the
scarce linear subclasses of a matroid M as stable sets in an auxiliary graph whose vertices
are the hyperplanes of M where two vertices are adjacent if and only if they intersect
in a rank-(r(M) — 2) flat. Also in Section 3.2, we show that the number of extensions
of M can be bounded by the stable sets in this auxiliary graph and the size of a set of
“small” hyperplanes. The methods from Chapter 3 are then applied to specific matroids
in Chapters 6, 7, 8, 9, and 10.

Chapter 6 discusses coextensions of graphic matroids. In Section 6.1, the connection
between biased graphs and graphic matroids is reviewed. In Section 6.2, we determine the
asymptotic number of coextensions of the cycle matroid of a complete bipartite graph K, ,
or K, ,—1. Chapter 7 determines asymptotic upper and lower bounds on the number of
coextensions of a Dowling geometry. Continuing with coextensions, we determine upper
and lower bounds for the number of coextensions of a projective geometry in Chapter 8.

In Chapter 9, we discuss the extensions of some representable matroids, mainly pro-
jective geometries and cycle matroids of complete graphs. The asymptotic number of
extensions of the cycle matroid of a complete graph is given in Section 9.2. In Chapter 10,
we discuss the number of extensions of Dowling geometries.

Before these chapters that apply the theory developed in Chapter 3, however, are two
chapters with results that are applied later in the thesis, but that are also interesting
independent of their applications here. In Chapter 4, we prove bounds on the number
of stable sets in certain generalized Hamming graphs. The auxiliary graph in the case of
Dowling geometry coextensions is comparable to these Hamming graphs, so the results of
Chapter 4 are used in Chapter 7. In Chapter 5, we give a brief introduction to container
methods for bounding the number of stable sets in graphs. This chapter also contains the
details of two container methods that will be used in Chapters 6 and 8.



Chapter 2

Preliminaries

2.1 Basic definitions and notation

This thesis deals with finite graphs and matroids, so sets are assumed to be finite unless
otherwise indicated. The cardinality of a set X is denoted |X| and its collection of subsets
is denoted 2%. The collection of k-subsets of a set X is denoted (),f ) The sets of positive
integers, nonnegative integers, integers, and real numbers are denoted Z, Z>¢, Z, and
R. A finite field (sometimes called a Galois field) of order g, where ¢ is a prime power, is
denoted GF(q). For m,n € Zso where m < n, let

[m,n] ={m,m+1,...,n}.

If m =1, then we write [n]| = [1,n] ={1,2,...,n}.

When naming sets, we usually use uppercase Latin letters for sets (e.g. X), uppercase
script Latin letters for sets of sets (e.g. X), and uppercase blackboard-bold Latin letters
for sets of sets of sets (e.g. X). We also use set and collection interchangeably, often to
emphasize when a set has sets as elements.

If X and Y are sets, then X \Y ={z € X : x ¢ Y}. If X is a subset of a set Y,
then the complement of X is the set Y\ X. We say sets X and Y intersect in a set W if
XNY =W. If X and Y are sets, then their unionis X UY ={w:w e X orw € Y}.
The Cartesian product of sets X and Y, denoted X x Y, is the set {(z,y) : z € X, y € Y'}.
For a positive integer n, let X™ denote the Cartesian product of n copies of a set X. Let
S be a set and let X be a collection of subsets of S. We say a set L. C S is linear with
respect to X if [L N X| € {0,1,|X|} for all X € X.
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A tuple T = (1,19, ...,t,) is a finite collection of elements, called coordinates, in which
repetition is allowed and order matters. A tuple is called a n-tuple if it contains n coordi-
nates. Each coordinate of a tuple has an index which describes its position in the tuple.
We assume that the first coordinate in the sequence has index 1 unless otherwise specified.
In some cases, it will be convenient to let the first coordinate have index 0. However,
assuming that the first index is 1, if 7 = (¢4, %2, ...,t,), then the index of ¢; is 4, for each
i € [n]. We may use 7(i) to denote the coordinate in the tuple 7 with index i.

An infinite sequence is a function with domain Z-., or Z>o and a finite sequence is
a function with domain [n] or [0,n — 1] for some positive integer n. In this thesis, we
assume sequences are finite unless otherwise specified. If a sequence ¢ has domain [n]
or [0,n — 1], then we say o has n elements or has length n, and we often denote this
sequence o(1)o(2)...0(n) or 0(0)o(1)...0(n —1). We refer to the elements in the range
of a sequence o as the elements in o. Note that tuples are equivalent to finite sequences.

A permutation is a bijection from a set to itself. For a set X, define S(X) to be the set
of permutations of X. In this thesis, we restrict our attention to the permutations of [n].
A permutation of [n] is an n-element sequence whose elements are in [n] and each element
is in the sequence exactly once. If a permutation in cycle notation can be expressed as the
product of an even number of transpositions, then it is an even permutation; otherwise, it
is an odd permutation.

If f: X — Y is a function from X to Y and X’ C X, then f(X') = {f(z) : x € X'}.
The support of a function f : X — Y, denoted supp(f), is the set of elements x in X where
f(z) #0. If f: X — Y is a function, then the restriction of f to X’ C X is the function
flx : X! = Y where f|x/(x) = f(z) foreachzx € X'. If f: X - Y and g: W — Z are
functions and for all x € X N W we have f(z) = g(x), then f U g is defined as a function
from X UW to Y U Z where

flz) ifzxeX,

g(x)  otherwise.

(fUg)(z) = {

In this thesis, we use log to denote the base-2 logarithm and In to denote the natural
logarithm. For each real number x, we define (Z) to be <LZJ)'

Since the main results of this thesis are asymptotic, we define the following asymptotic

notation. Consider functions f, g : Z~o — R. Recall that f(n) = O(g(n)) if g(n) > 0 and
lim sup,, ., %’3 < 00. We say f(n) = o(g(n)) if lim, % = 0. Thus, if f(n) = o(1),

then lim,,_,, f(n) = 0. We say f is on the order of g if f(n) = g(n) + o(g(n)) = (1 +
o(1))g(n). That is, f is on the order of g if it can be expressed as a finite sum of functions
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where one is equal to g and the rest are functions that, when divided by ¢, go to 0 as n
goes to infinity. We refer to these functions that go to 0 as n goes to infinity as lower order
terms.

In general, we use o(1) (“little-o of 1”) to denote a function of n that goes to 0 as n
goes to infinity. If we want to use little-o notation to describe a function over a different
variable, say ¢, that goes to 0 as ¢ goes to infinity, we use o,(1).

2.2 Useful bounds and sums

Binomial coefficients appear often in this thesis, so we identify some useful bounds for
binomial coefficients and sums of binomial coefficients here. The following standard bounds
will be used throughout the thesis:

() <() =2 ()= (%)

The first inequality follows from the observation that 5 < ;—j for all 1 <y < x. The
middle inequality follows from the observation that (Z) is a term in the sum. The last
inequality follows from the binomial theorem and the bound 1 4+ x < e for z # 0. More

precisely, notice that S5 o (M) < S o (% ) (/) — o ZZ o () (k/n)"1"~", which is at most

(k/n)k
—(Hk/" " by the binomial theorem. Using the bound 1+ z < €* for = # 0 with z = k/n,

we get the last inequality.

Now we focus on better bounds for the central binomial coefficient. First, we give the
following version of Stirling’s approxzimation for n! [17]:

27rn<ﬁ> eﬁ <nl< \/271'71(2) eﬁ. (2-1)
e

(S

These bounds imply the following bounds for the central binomial coefficient almost di-
rectly. Using the inequality 1+ x < e* for x # 0 for the lower bound, we find:

0=V < () < Vo

When £k is “close” to n/2, we can get a better bound for Z?:o (7) using the Chernoff
Bound for binomial distributions, which is stated in the next theorem. We use P(A) to
denote the probability of an event A and we refer to the book by Alon and Spencer [3] for
the prerequisite definitions for the following result.

(2.2)
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Theorem 2.2.1 (Chernoff Bound for Binomial Distribution [3]). Let n be a positive integer

52np

and let 0 <p <1. Let X ~Bin(n,p). If0<e <1, thenP(X < (1 —¢e)np) <e =z .

Corollary 2.2.2. Let n be a positive integer. If 0 < e < 1, then
(1—¢)

Z <7Z) < 2”67527".

1=0

|3

Proof. Let p = % and let X ~ Bin(n,p). The expected value of X is §. The probability

that X is at most §(1 —¢) is

(1—¢)

w3

2(1-2)

n ny , . n\ [ 1\"
PlX < -(1- = '(1—p)" ' = — .
(x=30-9)= % (ro-m -3 ())
€2np
Furthermore, Theorem 2.2.1 implies that P(X < (1 —e)np) < e” 2 . Therefore, we find
2(1—e 6271
570 <2 =

Bounds for sums of reciprocals of factorials will also be useful, so we make note of the
following identities:

1 1
> 5 = o) ~2.28 and > I

k>0 k>1

where [,,(z) is the modified Bessel function of the first kind. The specific values of these
sums are not of concern except that they are clearly less than e.

The following lemma, which appears in [9], gives a useful bound for the size of a col-
lection of subsets of [n] that intersect with the subsets in another collection, with certain
properties, in a known amount. The proof makes use of the entropy function (from in-
formation theory), which can also be used to bound partial sums of binomial coefficients.
We do not give bounds that use the entropy function here, as they are not needed in this
thesis, but note that they have a similar flavour to the other bounds given.

Lemma 2.2.3 (Combinatorial Shearer’s Lemma [9]). Let F be a family of subsets of [n]
with each i € [n] included in at least t members of F. Let A be another set of subsets of
[n]. Then

A< [ HANF: Ae A}

FeF
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2.3 Graph theory

In this section, we give a brief introduction to the terminology and notation of graph
theory and then state or prove some preliminary results. The graphs in this thesis are
encountered in two fundamentally different contexts. There are graphs that give rise to
matroids, which may have parallel edges or loops, and there are auxiliary graphs used to
represent the extensions of a matroid, which are always simple graphs.

2.3.1 Basic definitions

A graph G consists of a set V(G) of vertices and a set E(G) of edges and an incidence
function fo : E(G) — (V(f)) UV(G), where (V(2G)) is the collection of 2-subsets of V(G). If
e € E(G) and fg(e) = {u,v}, then we may say e = uv or e = vu. If e = uv, then we refer
to u and v as the endpoints or ends of the edge e and we say e is an edge between u and v.
If e € E(G) and fg(e) = {u}, then e is called a loop or, specifically, a loop on u. If e = uv
and e’ = uwv, then we say e and €’ are parallel edges. In some cases, we are interested in
graphs that do not have loops or parallel edges. A simple graph G is a graph that does not
contain loops or parallel edges. If G is a simple graph, it is convenient to think of E(G)
as a set of unordered pairs of distinct vertices. Notice that every simple graph is a graph,

so all following definitions made for graphs hold for simple graphs as well.

If e = uv is an edge of a graph G, then we say u and v are adjacent in G. If it is clear
from context which graph v and v are adjacent in, then we simply say that v and v are
adjacent. A vertex u is a neighbour of a vertex v if u and v are adjacent. If v is a vertex
in a graph G, we define the neighbourhood of v, denoted Ng(v), to be the set of vertices
in G that are adjacent to v. If e = uv is an edge of a graph G, then we say e is incident
with v and v. If ¢ = wu is another edge in GG, then we say e and € are incident edges.

We call V(G) the vertex set and E(G) the edge set of the graph G. If V(G) is empty,
then F(G) is as well and G is called the empty graph. In this thesis, we assume that all
graphs are not the empty graph.

The degree of a vertex v in a graph G, denoted deg(v), is the number of edges incident
with v, where a loop on v is considered to be incident twice. That is, degg(v) = [{uv €
E(G) :u € V(G) and u # v}| + 2|{e € E(G) : fa(e) = {v}}|. If the graph is clear from
context, then we write deg(v) instead of deg,(v). A graph G is regular if every vertex in
G has the same degree. A graph G is d-regular if deg(v) = d for every v € V(G).

A graph H is a subgraph of a graph G if V(H) C V(G), E(H) C E(G), and fg =
falemy- A subgraph H of a graph G is called an induced subgraph if V(H) C V(G) and
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EH) ={uw € E(G) : u,v € V(H)}U{e € E(G) : fa(e) = {v} and v € V(H)}. That
is, an induced subgraph H of G has a vertex set V' that is a subset of V(G) and contains
all edges in G whose endpoints are both in V. If H is an induced subgraph of G, then we
say H is the subgraph of G' induced on V(H), which is denoted G|V (H)]. For a graph G
with vertex subset V', if e is an edge in G[V], we say e is spanned by V. Usually, when we
refer to induced subgraphs, we mean subgraphs induced on a set of vertices; however, it is
sometimes convenient to talk about subgraphs induced on a set of edges. If E is a subset
of the edges in a graph G, then the subgraph of G induced on F, denoted G[E], has edge
set £ and vertex set {v € V(G) : v € fg(e) for some e € E}.

A graph G is isomorphic to a graph H if there exist bijections ¢ : V(G) — V(H) and
Y E(G) — E(H) such that v € V(G) and e € E(G) are incident in G if and only if ¢(v)
and 1 (e) are incident in H. Equivalently, if G and H are simple graphs, then they are
isomorphic if there exists a bijection ¢ : V/(G) — V(H) such that u,v € V(G) are adjacent
in G if and only if ¢(u), ¢(v) are adjacent in H.

A path P is a simple graph with vertex set {vg, vy, ..., v} and edge set {e1,eq, ..., €ex}
where e; = wv;_qv; for each ¢ € [k]. This path P may be denoted by the sequence
Vo€1V1€3 . . . V_1€xV) O VpERUk_1 - . . E2V1€109. We say this path is a (vg, vg)-path or (vg, vo)-
path and that vy, v, are the ends of the path. The length of a path is the number of
edges it contains. We say P is a path in a graph G if P is a subgraph of G and P is a
path. Since the edge set and incidence function of a path determines the path, we may
denote the path P = wvpejvies ... vp_1exvr by the sequence of edges ejes...ep. If a path
P = vpejviey ... vp_ e, is in a simple graph, then we may say P = vguy ...vg. In the
case where vpejvies ... vp_1€,0, is a path in a graph GG that has parallel edges and it does
not matter which edges are in the path, we may still refer to this path by the sequence of
vertices vgvy . . . V.

A cycle C'is a graph with vertex set {v1,vs,...,vx} and edge set {ej, e, ..., e} where
er = vpvy and e; = v_qu; for @ € [2,k]. We say C = vpejvies. .. vp_qepvy if V(C) =
{v1,v9,...,v;} and E(C) = {ey,ea,...,er} where e; = vzvy and e; = v;_qv; for i € [2,k].

We say C'is a cycle in a graph G if C'is a subgraph of G and C is a cycle. The length of a
cycle is the number of edges it contains or, equivalently, the number of vertices it contains.
If a cycle contains n vertices, then we call it an n-cycle. A graph that does not contain
a cycle is called a forest. Note that, since loops and parallel edges are cycles, forests are
simple graphs. A Hamiltonian path P of a graph G is a path where V(P) = V(G). A
Hamiltonian cycle C of a graph G is a cycle where V(C) = V(G).

A graph G is connected if there exists a (u,v)-path in G for each u,v € V(G). A graph
is disconnected if it is not connected. The maximally connected subgraphs of a graph are
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called components. A graph that is connected and does not contain a cycle is called a tree.
If T is a subgraph of a graph G where V(T') = V(G) and T is a tree, then T is a spanning
tree of G. For any tree T, the number of edges in T is one less than the number of vertices.

If V' is a subset of the vertex set of a graph G, then we define G \ V' to be the graph
G[V(G)\V]. If H is a subgraph of G, then we define G\ H to be G\ V(H). If E C E(G),
then we define G'\ E to be the subgraph of G' with vertex set V(G) and edge set E(G) \ E.
It is sometimes convenient to describe removing one vertex or one edge from a graph,
rather than a set of vertices or edges. If x is a vertex or an edge of GG, then we say G — x

is the graph G \ {z}.

If the incidence functions of two graphs G and H agree for each edge in E(G)NE(H),
then the union of G and H, denoted G U H, is the graph with vertex set V(G) U V(H),
edge set F(G) U E(H), and incidence function fg U fg. The graph obtained from a graph
G by subdividing the edge e € E(G) is G \ {e} U P where P is a (u,v)-path of length at
least 2 whose vertices other than u and v are not in G. A subdivision of a graph G is a
graph obtained from G by a sequence of edge-subdivisions.

A matching M of a graph G is a set of edges, none of which are loops, of G where no
two edges in M have an endpoint in common. A perfect matching M of a graph G is a
matching of G where every vertex in G is an endpoint of an edge in M.

An important concept in this thesis is that of stable sets. A stable set of a graph G is
a set S of vertices of G such that G[S] contains no edges. Stable sets are usually called
independent sets, but since independent set has a different meaning in matroid theory, we
use stable sets in this thesis. The size of a largest stable set in a graph G is often denoted
a(G) and is called the independence number of G.

In this thesis, we will investigate the cycle matroids of complete graphs and complete
bipartite graphs. A complete graph is a simple graph in which every pair of vertices is
adjacent. We say K, is the complete graph with vertex set [n]. A graph G is bipartite if
its vertex set has a partition (A, B) such that every edge in G has one end in A and one
in B. A complete bipartite graph G is a bipartite simple graph with vertex set bipartition
(A, B) where ab is an edge in G for each a € A and b € B. We say K, ,, is the complete
bipartite graph with vertex set [n + m| and bipartition ([n], [n +m] \ [n]).

A structure within these graphs that will play a significant role in determining the
number of coextensions is a theta graph. A theta graph is a graph with precisely two
vertices u,v of degree 3 and three internally disjoint (u,v)-paths. Equivalently, a theta
graph is a subdivision of the graph on exactly two vertices with exactly three edges between
them. Importantly, observe that the intersection of cycles C' and C’ is a path of length at
least 1 if and only if C'U C" is a theta graph.
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Hamming graphs play an important role in determining the number of coextensions

of a Dowling geometry, so we give their definition here. Let t,ny,...,n; € Z-o and let
S1,...,S; be sets where S; contains n; elements for each i € {1,...,t}. The generalized
Hamming graph H(nq, ..., n;) is the graph whose vertices are t-tuples in Sy X - - - X S; where

two vertices are adjacent if and only if they differ in exactly one coordinate. Hamming
graphs can also be described as a Cartesian product of graphs. The Cartesian product of
two simple graphs G and H, denoted GOH, is the graph with vertex set V(G) x V(H)
where vertices (u,v), (x,y) are adjacent if and only if either v = = and v is adjacent to
y in H, or v = y and u is adjacent to  in G. One can show that the Hamming graph
H(nq,...,ny) is isomorphic to K, 0K,,0...0K,,.

2.3.2 Preliminary results

The first preliminary result is one that could be found in most introductions to graph
theory. We mention it here, but it will be used without reference throughout this thesis.

Lemma 2.3.1 (Handshaking Lemma). If G is a graph, then 2|E(G)| = 3 oy ) deg(v).

An example of how this lemma could be used is given in the following lemma, which
will itself be used in Chapter 6.

Lemma 2.3.2. If G is a connected graph where |E(G)| = |V(G)|+1 and C,C" are cycles
of G that share an edge, then C,C" are in a theta subgraph of G.

Proof. Let H be obtained from G by repeatedly removing vertices with degree 1 until none
remain. Since GG contains cycles, this process ends in a nonempty graph where every vertex
has degree at least 2. Since removing a vertex of degree 1 decreases the number of edges
and the number of vertices each by 1, we have |E(H)| = |V(H)| + 1. Furthermore, since
removing vertices of degree 1 does not remove cycles, the cycles C' and C” are contained in
H.

By the Handshaking Lemma 2.3.1,
> deg(v) =2|E(H)| = 2|V (H)| +2.
veV(H)

Since each vertex in H has degree at least 2, the degree sequence of H is either 4,2,2,...,2
or 3,3,2,2,...,2. If the former, then H is the union of two cycles that intersect precisely
in a vertex of degree 4. These cycles must be C' and C’, so C' and C’ do not share an edge,
which is a contradiction. Therefore, the degree sequence of H is 3,3,2,2,...,2 and, since
C and C’ share an edge, it follows that H is a theta graph that contains C' and C". n

17



Graphs that are 2-connected come up briefly in Chapter 6, so we mention the following
theorem about 2-connected graphs here. A connected graph G that is not a complete graph
is k-connected if k is the size of a smallest subset V' C V(G) such that G\ V' is disconnected.
We say an ear decomposition of a graph G is a sequence of graphs (Gg, Gy, . .., G}) where
Gy is a cycle, G, = G, and G; = G;_1 U P where P is a path whose ends are distinct
vertices in (G;_; and no other vertices of P are in G;_;.

Theorem 2.3.3 ([11]). A graph G is 2-connected if and only if G has an ear decomposition.

Stable set preliminaries

The remaining preliminaries in this section have to do with counting stable sets. As we
will see in Chapter 3, the problem of counting extensions or coextensions can be reduced
to the problem of counting stable sets in an auxiliary graph. Let i(G) denote the number
of stable sets of a graph G. We now prove a variety of propositions that bound i(G) in
terms of the stable sets of various substructures in G.

Proposition 2.3.4. If H is an induced subgraph of a graph G, then i(H) < i(G).

Proof. Consider a stable set S C V(H) of H. If S is not a stable set of G, then there exists
an edge in G between two vertices in S, which contradicts the assumption that H is an
induced subgraph of G; therefore, S is a stable set of G as well. O

Proposition 2.3.5. If G is a graph and E is a subset of edges of G, then i(G) < i(G\ E).

Proof. Note that G \ FE is the subgraph of G with vertex set V(G) and edge set E(G) \ E.
Consider a stable set S C V(G) of G. Since G \ E is obtained from G by removing a set
of edges, the set S is a stable set of G\ E as well. O

Proposition 2.3.6. If G is a graph whose components are G1,Go, ..., Gy, where k > 1,
then i(G) =[5, i(G;).

j=1

Proof. If S is a stable set of G, then SN V(G;) is a stable set of G, for each j € [k]. If S;
is a stable set of G for each j € [k], then S; U---U Sy is a stable set of G. Thus, each
stable set of G is uniquely described by choosing a stable set of each G;. There are i(G,)
choices for a stable set of G}, so there are H?Zl i(G;) stable sets of G. O

Proposition 2.3.7. If G is a graph with induced subgraphs G1,Gs, ..., Gy, where k > 1,
such that V(G) = UL, V(G)), then i(G) < [T5_, i(G)).
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Proof. For each i € [k], let V; = V(G;) \ U;;ll V(G,). Observe that U?:1 Vi. = V(G).
Thus, since V; NV; = 0 for all ¢ # j € [k], the graphs G[V1], ..., G[V}] are disjoint induced
subgraphs of G that span V(G). Therefore, there exists a set £ C E(G) such that the
graph G’ = (V(G), E(G) \ E) is the disjoint union of G[V1],...,G[Vi]. That is, the graphs
G[Vi],...,G[Vi] are the components of G'. Since V(G) = V(G"), Proposition 2.3.5 implies
that i(G) < i(G’). By Proposition 2.3.6, we have i(G’) = H?:l i(G[V;]). For each j € [k],
since the graph G[Vj] is an induced subgraph of G;, we have i(G[V;]) < i(G;), and the
claim follows. O

Proposition 2.3.8. If H is an induced subgraph of a graph G, then
i(G) < i(H) - 2V@I=IVEDL

Proof. The number of pairs (I, X) where [ is a stable set of H and X C V(G) \ V(H)
is i(H) - 2IV@WUDI Gince each stable set of G can be partitioned into a stable set of H
and a set of vertices in V(G) \ V(H), there is at most one stable set of G for each such
pair (I,X). Therefore, the number of stable sets of G is at most i(H) - 2IVENVUED —
i(H) - 2V@I=IVEDL O]

The next theorem gives a useful lower bound for the number of stable sets in a regular
graph. It is obtained by greedily constructing stable sets.

Theorem 2.3.9. If G is a (d — 1)-regular graph with N wvertices, where d > 1 and N > 1,
then

Proof. Let k = | & ] and let S be the set of stable sets of G with size k. Let T be the set
of all tuples (vy, ..., vy) for which {vy,...,v;} is in S. Since each tuple in 7 is a set in S
whose elements have been ordered, we have |T| = |S| - k!.

Consider constructing a tuple (vy, va, ..., vx) € T by adding v; to the tuple (vq,...,v;_1)
at each step i« = 1,2...,k. There are N choices for v;. At each step ¢ > 2, there are
i — 1 vertices in the tuple and since each vertex in G has d — 1 neighbours, there are at
least N — (i —1) — (i — 1)(d — 1) = N — (i — 1)d choices for v;. So there are at least
N(N —d)(N —2d)...(N — (k — 1)d) ways to construct an element of 7, which implies
|T| > N(N —d)(N —2d)...(N — (k—1)d).
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Since § is a subset of the collection of stable sets of GG, the size of § is a lower bound
for i(G). Therefore

i(G) > |S| = [T|/k!
_ NN = d)(N —2d) ... (N — (k= 1)d)
T e NG 2 (F (k1)
_ 45l O

Interestingly, Theorem 2.3.9 is best possible, as a complete graph on n vertices is an
(n — 1)-regular graph with exactly n stable sets.

2.4 Matroid theory

In this section, we give a brief introduction to matroid theory. The definitions and con-
ventions used in this thesis mostly follow those of Oxley [10]. Note, though, that we use
‘\’ for both set deletion and matroid deletion, unlike in [10].

2.4.1 Basic definitions

There are several equivalent definitions of a matroid; in this section, we focus on two. A
matroid M consists of a set E(M) and a nonempty collection B(M) of subsets of E(M)
with the following property:

For each B, B’ € B(M) and e € B\ B’,
there exists ¢’ € B'\ B such that (B \ {e}) U {e'} € B(M).

This property is called the basis exchange aziom. The set E(M) is called the ground set
of M and each subset in B(M) is called a basis of M. We say that the elements in E(M)
are the elements of the matroid M.

A subset of E(M) is called an independent set of M if it is a subset of a basis, otherwise
it is called a dependent set. The descriptions of subsets as independent or dependent comes
from an equivalent definition of a matroid M as a ground set E(M) and a collection Z(M)
of subsets of E(M) (independent sets) with certain properties. This definition clearly
shows the motivation of defining matroids to abstract the notion of linear independence,
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but since circuits play an important role in this thesis, we move on to the definition of
matroids by their circuits.

A minimal dependent set in a matroid M is called a circuit of M. That is, every
proper subset of a circuit is an independent set. The collection of circuits of a matroid M
is denoted C(M). If a circuit has n elements, then we call it an n-circuit. A matroid is
uniquely defined by its collection of bases, collection of independent sets, or collection of
circuits. One can show [10] that a collection C of subsets of E is the collection of circuits
of a matroid on E if and only if C has the following properties:

(C1) D ¢C;
(C2) if C;C" € C and C C ', then C' = C’; and

(C3) if C and C" are distinct members of C and e € C'NC’, then there is a member C” € C
such that C” C (CUC") \ {e}.

Property (C3) is known as the circuit elimination aziom. A circuit of a matroid M that
contains exactly (M) + 1 elements contains a basis of M, so we call it a spanning circuit.
A circuit containing exactly three elements is called a triangle. A circuit containing exactly
one element is called a loop. If a circuit contains exactly two elements, then we say those
elements are parallel. A maximal set of pairwise parallel elements is called a parallel class.
A matroid is simple if it contains no loops or parallel classes of size at least 2.

Much of the terminology of matroids is borrowed from graph theory and linear algebra,
which also provide the fundamental examples of matroids. Using the definition of matroids
by their circuits, it is straightforward to show that the collection of edge sets of cycles of
a graph G are the circuits of a matroid with ground set E(G). This matroid is called
the cycle matroid of G, which is denoted M (G). A matroid that is isomorphic to the
cycle matroid of some graph is called a graphic matroid. The independent sets of M(G)
correspond to the subgraphs of G that do not contain any cycles.

The other fundamental example of a matroid comes from linear algebra. The set of
bases of a matrix A corresponds to the set of bases of a matroid with ground set consisting
of the column indices of A. This matroid, denoted M[A], is called the column matroid
of A. A matroid that is isomorphic to the column matroid of some matrix is called a

representable matroid. A matroid M is F-representable if there exists a matrix A over the
field F such that M is isomorphic to M[A].

Motivated by the concept of rank in linear algebra, the rank of a matroid M is the
size of a basis of M. One can show that all bases of M have the same size, so this value
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is well-defined. The rank of M is denoted r(M). The rank of a set X of elements of a
matroid M, denoted 7,,(X), is the size of a largest independent set contained in X. When
the matroid M is clear from context, we use r(X) instead of ry,(X). If a subset X of the

ground set of a matroid M where |X| = r(M) is not a basis, then it is called a non-basis
of M.

The closure of a set X C E(M) in a matroid M, denoted cly/(X), is the set {x €
EM) : r(X U{z}) = r(X)}. If the matroid is clear from context, then we use cl(X)
instead of clp/(X). A flat of a matroid M is a subset F' of E(M) that is equal to its
closure; that is, F' = cl(F'). A hyperplane of M is a flat with rank (M) — 1. The collection
of hyperplanes of a matroid M is denoted H(M). A line of M is a flat with rank 2.

An elementary argument shows that if M is a matroid, then {E(M)\ B : B € B(M)} is
the set of bases of a matroid with ground set F(M). This matroid is called the dual matroid
of M and is denoted M*. The rank of M* is |E(M)| — r(M) and it is straightforward to
show that (M*)* = M. The properties of sets in M* are called “co-properties” in M. For
example, a circuit in M* is called a cocircuit in M and the rank of a set X in M* is called
the corank of X in M. This naming convention applies to loops, independent sets, bases,
hyperplanes, and other properties as well.

Hyperplanes and circuits play a significant role in this thesis, as we will see that exten-
sions and coextensions can be described by certain sets of these objects. Importantly, one
can show that a set X C E(M) is a hyperplane of a matroid M if and only if E(M) \ X
is a circuit of M*. That is, X is a hyperplane if and only if E(M)\ X is a cocircuit.

Corank is also an important concept here. When the matroid M is clear from context,
we use 7*(X) to denote the corank of X C E(M) in M, which is equivalently the rank of
X in M*. The corank of M is the rank of M*, which is denoted r*(M) or r(M*). For each
subset X of the ground set of a matroid M, one can show with an elementary argument
that 7*(X) = r(E(M)\ X) + | X| —r(M).

The deletion of X C E(M) from a matroid M, denoted M \ X, is the matroid with
ground set E'(M)\ X whose bases are the maximal members of the set { B\ X : B € B(M)}.
Note that the independent sets of M \ X are the subsets of F(M)\ X that are independent
in M. The simplification of M, denoted si(M ), is the matroid obtained from M by deleting
from M all loops and all but one element from each parallel class.

The restriction of a matroid M to a subset X of its ground set, denoted M|X, is the
matroid M\ (E(M)\ X). The contraction of X C E(M) in a matroid M, denoted M /X, is
the matroid (M*\ X)*. One can show that this matroid has ground set F(M)\ X and basis
set {B" C E(M)\ X : M|X has a basis B such that B"U B € B(M)}. A matroid N is a
minor of a matroid M if there exist disjoint sets C, D C E(M) such that N = M/C'\ D.
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Although defined earlier, a matroid M is an extension of a matroid N if there exists
X C E(M) such that M \ X = N. If M* is an extension of N*, then M is called a
coextension of N. So, M is a coextension of N if there exists X C E(M) such that
M*\ X = N*. Since (N*)* = N, this implies M/X = N. Extensions and coextensions
are essentially the opposite of deletion and contraction, respectively. Recall, though, that
we use extension and coextension to mean single-element extension or coextensions in this
thesis. For a matroid M, we let ext(M) and coext(M) denote the number of extensions
and coextensions of M, respectively.

We will show in the next chapter that the connected corank-2 restrictions of a matroid
are important to enumerating coextensions. A matroid is connected if and only if, for every
pair of distinct elements of E(M), there is a circuit containing both. Although we have
defined corank and restriction, we emphasize that a corank-2 restriction of a matroid M
is a matroid M|X where X C E(M) and r*(M|X) = r((M|X)*) = 2. That is, 2 is the
corank of the restriction M|X, not the corank of the set X. In particular, this means that
ra(X) = | X| — 2. It is also important to note that if C' is a circuit in a restriction M|X,
then C'is a circuit in M as well.

2.4.2 Preliminary results

The main goal of this matroid preliminary section is to establish some properties of rank-
(r(M) — 2) flats and corank-2 restrictions of a matroid M. As we will see in Chapter 3,
these structures are important in the definitions of linear and colinear subclasses, which
parameterize extensions and coextensions.

Proposition 2.4.1. Let M be a matroid and let X be a set of elements of M. The
intersection of all of the flats in M that contain X is equal to the closure of X.

Proof. Since cl(X) is a flat that contains X, the intersection of all flats in M that contains
X is a subset of cl(X). Consider a flat F' that contains X. Since F' is a flat, cl(F) = F.
By Lemma 1.4.3 (CL2) in [10], if X C Y, then cl(X) C cl(Y), thus cl(X) C cl(F) = F.
Therefore, every flat that contains X also contains cl(X). ]

Proposition 2.4.2. Two spanning circuits C, Cy are contained in a corank-2 restriction
of a matroid M if and only if the intersection of Cy and C5 is a basis of M.

Proof. Let r be the rank of M. If C'; and C5 intersect in a basis B, then C} U (Cy =
B U {ey,ea} where, for each i € [2], the edge e; is in C; \ C3-;. Thus, the corank of
M’(C&UCQ) is |01U02’ —T(MKClUCQ)) =r+2—r=2.
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Now, suppose C and C5 are contained in a corank-2 restriction N of M. Suppose
towards a contradiction that the largest independent set I in C7; N Cs has rank n < r. If
there exists e € (C; N Cy) \ I, then I U {e} is a circuit that is a subset of C}, which is a
contradiction, so C; N Cy = I. Thus, |C1 UCy| = 2(r +1) —n and r(N) < r. By definition
of corank, we know 2 = |E(N)|—7(N) > 2(r+1) —n—r =r —n+2. This implies r < n,
which is a contradiction. O

Proposition 2.4.3. Let M be a matroid with rank r where there are at most k circuits in

each corank-2 restriction of M. If C is a smallest circuit in a corank-2 restriction of M,
then |C| < 2 (r +2).

Proof. Let X be a set of elements of M such that M|X has corank 2. Therefore, the size
of X is at most r+2. Let Y = E(M)\ X and observe that (M|X)* = M*/Y. Let C be the
set of circuits of M|X and let C' be a smallest circuit in M|X. We are given that |C| < k.
For each circuit C' € C, the set H' = E(M) \ C’ is a hyperplane of M* that contains Y,
hence

rars gy (H'\Y) = rouxy (H'\NY) = rax (X (H'\Y) + [H'\ Y] = r(M]X)
= rux (C) + [H\ Y] = r(M]X) = |C| = 14 |H'| = [Y] = r(M]|X)
=|X|-1—-|X|+r"(M|X)=2-1=1,

which implies that H'\Y is a parallel class in M*/Y. If Z is a parallel class in M*/Y", then
since r(M*/Y') = 2, the set Z is a hyperplane of M*/Y. Thus, since M*/Y = (M|X)*,
the set X \ Z is a circuit of M|X. Since there are at most k circuits in M|X, there are at
most k parallel classes in M* /Y.

Since C' is a smallest circuit in M|X, a largest hyperplane in M* that contains Y is
H = E(M)\ C. Thus, the set H \ 'Y is a largest parallel class in M*/Y. Since there are
|.X| elements in M*/Y, there are at least % elements in H\'Y. Since |C| = |X|—|H \ Y/,
the size of C' is at most 21 X| < EL(r 4 2). O

Proposition 2.4.4. A corank-2 matroid M on at most t elements has at most t circuits.
Proof. Let C be the set of circuits of M and let H = {E(M)\ C : C € C}. Notice that H
is the set of hyperplanes of M*. Since M* has rank 2, each hyperplane in M* has rank 1.

The number of rank-1 flats of M* is at most the number of elements of M*. Since M and
M* contain at most t elements, we have |C| = |H| < |E(M)| < t. O
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2.5 Frame matroids

Recall that a theta graph is a subdivision of the graph on exactly two vertices with exactly
three edges between them. A biased graph is a pair (G, B) where G is a graph and B is a
collection of cycles of G where no theta subgraph of GG contains precisely two cycles in B.
The cycles in B are called balanced cycles and cycles not in B are called unbalanced.

We will see that biased graphs can be used to count the coextensions of graphic ma-
troids, but for now, we focus on another application. Biased graphs are used to define
two classes of matroids, frame and lift matroids, which were introduced by Zaslavsky
[52, 53, 54]. First, we define each of the following graphs to be a cuff:

(i) A hinged cuff is a theta graph.
(ii) A tight cuff is a subdivision of the graph on one vertex with two loops.

(iii) A loose cuff is a subdivision of the graph on two vertices with one edge between them
and one loop on each vertex.

See Figure 2.1 for the three graphs whose subdivisions result in a hinged, tight, or loose cuff.
Additionally, we define a broken-cuff to be a subdivision of the graph on two disconnected
vertices with one loop on each vertex. The name “cuft” is motivated by the common name
for graphs of type (ii) or (iii): handcuff However, in this thesis, we refer to these graphs
as cuffs so that graphs of type (i) can be included.

SloeleTe

Figure 2.1: Hinged, tight, and loose cuffs are subdivisions of these graphs.

Now were are ready to define frame and lift matroids. Given a biased graph G = (G, B),
the frame matroid of G has as elements the edges of G and as circuits the edge sets of
subgraphs of the following forms: balanced cycles; and hinged, tight, and loose cuffs that
contain no balanced cycles. The lift matroid of G has as elements the edges of G and as
circuits the edge sets of subgraphs of the following forms: balanced cycles; hinged and
tight cuffs that contain no balanced cycles; and broken-cuffs that contain no balanced
cycles. Zaslavsky [52, 53] proved that these are indeed matroids, although when they were
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introduced, frame matroids were called bias matroids. He also proved that the class of
frame matroids is minor-closed [53]. Notice that graphic matroids are the frame or lift
matroids of biased graphs where all cycles are balanced. Thus, frame and lift matroids
generalize graphic matroids.

Since corank-2 restrictions play such an important role in this thesis, we prove the
following preliminary lemma for frame matroids.

Lemma 2.5.1. Let (G,B) be a biased graph and let M be the frame matroid of (G, B).
There are at most 6 circuits in a corank-2 restriction N of M.

Proof. Let H be the subgraph of G induced on E(N). Since N is a corank-2 restriction,
H has at least one vertex of degree at least 3. Obtain the graph H' from H by iteratively
contracting the the edges incident with a vertex of degree 1 until no vertices of degree 1
remain and contract the edges in each component that is a cycle to a vertex. Obtain the
graph H” from H' by contracting the edges in each path or cycle between (not necessarily
distinct) vertices u, v of degree at least 3 until only the edge uv remains. Notice that every
vertex in H” has degree at least 3. Let X be the set of edges in H that are contracted to
obtain H”. Let N’ be the matroid obtained from N by contracting X.

Since X does not contain any circuits of NV, it is an independent set of N, which implies
that E(N) \ X is spanning in N*. Thus, we have ry«(E(N) \ X) = r(IN*) = 2. Since
N' = N/X and (N/X)* = N*\ X, it follows that 7*(N') = r(N*\X) = ry«(E(N)\X) = 2.

Claim 2.5.1.1. H” has at most 6 edges.

Proof. Let v be the number of vertices in H”. Since frame matroids are minor-closed, the
matroid N’ is also a frame matroid. Since N’ is a frame matroid, the rank of N’ is at most

v. Therefore, we have |E(H")| =r(N') + r*(N') < v+ 2.

By the Handshaking Lemma, the number of edges in H"” is equal to % > uev(mmy deg(u).

Since each vertex in H” has degree at least 3, it follows that |E(H”)| > 3v. Therefore,
since |F(H")| < v+ 2, we have v < 4, which implies |E(H")| < 6. O

Observe that a set C' is a circuit in N if and only if C'\ X is a circuit in N’. Therefore,
the number of circuits in N is at most the number of circuits in N’. By Claim 2.5.1.1, the
graph H” has at most 6 edges; thus, by Proposition 2.4.4, the edge set of H” contains at
most 6 circuits, which implies that N’ contains at most 6 circuits. O
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2.5.1 Dowling geometries

Although defined before frame matroids, Dowling geometries are a class of frame matroids.
Dowling geometries were defined by Dowling in 1973 [12] and later identified as frame
matroids by Zaslavsky [52, 53].

Let n be a positive integer. Let I' be a finite (multiplicative) group with identity
element 1 and let ¢ = |I'|. We will define a Dowling geometry DG (n,I") similarly to Oxley
[10], although note that Dowling geometries are denoted @, (") in [10]. First, we construct
a graph K. on vertex set [n]. The edge set of KT is I' x (") U {8, : u € [n]} and
the incidence function f of K! is defined as follows. For each (v, {u,v}) € T x ([g]), let
f((7v,{u,v})) = {u,v} and for each u € [n], let f(B,) = {u}. Informally, the graph K.
has vertex set [n], an edge labelled v between each pair {u,v} € ([g}) for each v € I, and

a loop labelled 3, on each vertex u € [n]. The graph K 4G F®" is shown as an example in
Figure 2.2. The ground set of DG (n,T) is E(K)).

Figure 2.2: The graph K4GF(3)*.

Define a function ¢ : I x Z2, — T where, for each (v,z,y) € T’ x Z%,,

ifr <y

W((y,2,y)) = {”1

y ify <a

Let C be a cycle of KL with at least two edges and arbitrarily assign an orientation to it.
Let the vertices and edges of C, beginning with a vertex, be vy, ey, v, €9, ..., U, €, Vi1,
where vpyy = vy and e¢; = (v, {vi,viz1}) for each i € [k]. We say C is balanced if
15, ¥ ((i, vi, vi41)) = 1. Note that the definition of a balanced cycle does not depend on
the chosen cyclic ordering of the cycle [10]. A cycle is unbalanced if it either has a single
edge or is not balanced. Let B be the collection of balanced cycles of K. The circuits of
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DG(n,T') consist of the edge sets of all of the balanced cycles together with the edge sets
of all of the hinged, tight, and loose cuffs in which none of the cycles are balanced.

By investigating the products of edge labels in the cycles of a theta graph, one can
conclude the following proposition.

Proposition 2.5.2 ([10]). If two of the cycles in a theta subgraph of KL are balanced, then
so 1s the third.

Thus, the Dowling geometry DG(n,T') is the frame matroid represented by (K., B).
The rank of DG (n,T) is n and the independent sets are the edge sets of K! that contain
no balanced cycles and at most one unbalanced cycle.

2.6 Projective geometries

For a positive integer n and a prime power ¢, let V'(n,q) denote an n-dimensional vector
space over the finite field GF'(q). Let M be the matroid whose elements are the equivalence
classes of V(n,q) \ {0} where vectors are equivalent if one is a nonzero scalar multiple of
the other, and a set of elements is independent if and only if the corresponding set of
non-equivalent vectors of V' (n, q) is linearly independent. The rank-n projective geometry
over GF(q), denoted PG(n — 1,q), is a matroid isomorphic to M.

Equivalently, the projective geometry PG(n — 1,q) is isomorphic to si(M[A]) where
A is the matrix whose columns are the vectors in V'(n,q). This means PG(n — 1,q) is a
G F(q)-representable matroid. In fact, all simple rank-n G F(¢q)-representable matroids are
isomorphic to a restriction of PG(n — 1, q).

The number of flats is important to the number of extensions of a projective geometry
and, in order to bound the number of coextensions, we will use the number of bases and
k-element circuits. Thus, we prove the following proposition. First, we define a product
that will be useful in representing the number of flats, independent sets, and circuits. The
p-shifted factorial, denoted (a;p),, is the product Hz;é(l — ap®), where (a;p)o = 1 and
(a;p)s is the infinite product [[;~,(1 — ap®). If |p| < 1, which is always the case in this
thesis, then the infinite product converges. We also define the g-binomial coefficient, which
is defined for all integers n and k where 0 < k <n by

R Y B £ =D =D )
kl,~ (@ =D —q)(¢" — ) @ — D) —1)--(g—1)
K(n—k) (g n

(R PA (Vi ik

=q
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Proposition 2.6.1 (Proposition 6.1.4 in [10]). Let k be a nonnegative integer.

(i) The number of k-element independent sets of PG(n — 1,q) is

N R
Elg—1)F% (¢4 ¢ )

(i1) The number of rank-k flats in PG(n —1,q) is
n
k q'

(111) The number of k-element circuits of PG(n —1,q) is 0 for k < 2 and, for k > 3, is

R

Eg—1) (¢ VDari—k

In order to prove this proposition, we use the following two lemmas.

Lemma 2.6.2 (Lemma 6.1.5 in [10]). The number of ordered k-tuples (vi,va,...,v) of
distinct vectors in V(n,q) such that {vi, vy, ..., vx} is linearly independent is

nk (q_l; q_l)n
(5 )n—s

Proof. There are ¢ vectors in V' (n, q). Since the zero vector is not linearly independent,
there are ¢" — 1 choices for the vector v;. Consider j > 1 and suppose that vy, ..., v; have
been chosen and {vy, ..., v;} is linearly independent. Thus, there are ¢ vectors in the span
of {v1,...,v;}. This implies that there are ¢" — ¢’ choices for v;,;. Therefore, the number
of choices for vy, ..., v is

@ -0 =0 = =" ] (1_qi1+1>:an-m—q_% 0

(qilv qil)nfk ‘

i=n—k

Lemma 2.6.3 (Lemma 6.1.6 in [10]). Let n > 2 be an integer. For each basis B of
PG(n —1,q), there are precisely (¢ — 1)"! elements e of PG(n — 1,q) such that B U {e}
s a circuit.
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Proof. Let B = {b,...,b,} and consider the elements of B as vectors in the vector space
V(n,q). Let E be the set of vectors e of V'(n, q) such that, for the corresponding element e
of PG(n—1,q), the set BU{e} is a circuit of PG(n—1,q). Consider e € E. Since BU{e}
is a circuit, the set {by,...,b,, e} of vectors is linearly dependent. Thus, for each i € [n],
there exists o € GF(q) such that ayby + -+ + aub, = e. If a; = 0 for some i € [n], then
BUe is not minimally dependent, which contradicts BU{e} being a circuit. Therefore, for
each i € [n], we have «; # 0. Since there are (¢ — 1) choices for each «;, there are (¢ — 1)"
elements in F. Each multiple of e by a scalar v # 0 is in E. Therefore, the number of
elements e of PG(n — 1,q) such that B U {e} is a circuit is (¢ — 1)" ' O

Now we are ready to prove Proposition 2.6.1.

Proof of Proposition 2.6.1. Since there are k! ways to order k elements, it follow from
Lemma 2.6.2 that the number of k-element linearly independent sets in V'(n,q) is i,

3]
%. Since each element of PG(n — 1,q) corresponds to an equivalence class of

q — 1 vectors of V(n,q), each k-element independent set of PG(n — 1,q) corresponds to
(¢g—1)* k-element linearly independent sets of V'(n, ¢). Therefore, the number of k-element

independent sets of PG(n — 1,q) is L (q_l;qz)l)ik, which proves (i).

k!(tql—l)’“ “laGa

Since the closure of a vector v in V' (n,q) contains all vectors in the equivalence class
of v (that is, an element of PG(n — 1,q)) the flats of V(n,q) correspond to the flats of
PG(n — 1,q). Consider a rank-k linearly independent set I of V(n,q). It is a basis of
exactly one rank-k flat of V(n,q). Since every rank-k flat of V(n,q) is isomorphic to
V(k,q), the number of rank-k linearly independent sets is equal to the number of rank-k
flats multiplied by the number of bases of V' (k, q). Now it follows from Lemma 2.6.2 that
the number of rank-k flats of V(n, q) is

¢ (g7 Dn L
@50 Dnk _ E(nk) ("0 Dn

2 - — — — — )
S O P (7 e P

which proves (ii).

Let C,,x denote the set of k-element circuits of PG(n—1, ¢q). Since projective geometries
have no loops or parallel elements, there are no k-element circuits of PG(n—1, q) for k < 3.
Suppose k > 3. Since every k-element circuit is in a unique rank-(k — 1) flat, and each
rank-(k — 1) flat is isomorphic to PG(k — 2, q),

n
Cosl = [, " ] 161s1
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where [ ".| 1is the number of flats isomorphic to PG(k—2,q) and |Cj_1 x| is the number of

¢
k-element Cfrcuits in such a flat. Let & denote the collection of ordered pairs (B, C') where
B is a basis of PG(k —2,q) and C'is a k-element circuit in PG(k — 2, ¢) that contains B.
Let B denote the collection of bases of PG(k — 2,q). We now determine the size of X in
the following two ways. Since there are k bases in a k-element circuit,

X= > > 1= > k=k[Caul

Ceck,lyk BCC, Ceck,lyk
BeB

Since there are (¢g—1)¥~2 circuits of PG(k—2, ¢) that contain a specific basis of PG (k—2, q),

X =" > 1= (¢-1)"=(g-1)"78.

BeB CoB, BeB
CeCr_1,x
By part (i) of this proposition, there are W(qk_1 — D"t —q)... ("t = ¢

bases in PG(k — 2,¢q). Thus,
ICh—1| = m(qkfl - =q) .. (T =),

Multiplying this by [kfl}q gives

1 _ g"k=b (Y g
Corl = ——— ("= 1)(q"—q)...(q" — ") = : TR
[Cn.i kl(g—1) (@ @~ " =) ka—1) (¢7%q sk

which proves (iii). O
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Chapter 3

Extensions of matroids

The goal of this chapter is to translate the problem of counting the extensions of a matroid
to a problem of counting the stable sets in a graph. To do this, we show that the number of
extensions can be bounded above and below by the number of “scarce” extensions and the
number of “small” hyperplanes. We then show that “scarce” extensions can be described
by stable sets in an auxiliary graph. This translation of extensions to stable sets will then
be applied in Chapters 6, 7, 8, 9, and 10.

One of the major conjectures in matroid enumeration is the conjecture by Mayhew,
Newman, Welsh, and Whittle [27] which suggests that asymptotically almost all matroids
are “paving.” Pendavingh and Van der Pol [12] showed that “sparse” paving matroids
dominate the problem of counting matroids. In order to do this, they represent sparse
paving matroids as stable sets in a Johnson graph: a graph J(n,r) whose vertices are
the r-sets of [n] and vertices are adjacent if and only if they intersect in r — 1 elements.
Vertices in the Johnson graph represent the non-bases of a matroid and, since each stable
set clearly satisfies the basis exchange axiom, each stable set corresponds to the non-bases
of a matroid, specifically a sparse paving matroid. Pendavingh and Van der Pol showed
that, while there are matroids that are not represented by stable sets in the Johnson
graph, their number is “small” compared to the number of sparse paving matroids. In a
similar vein, we show in this thesis that, for some matroids M, the extensions of M that
can be represented as stable sets in an auxiliary graph dominate the problem of counting
extensions.
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3.1 Linear subclasses

An extension of a matroid M by a new element e can be described by the effect of e on
the flats of M. When e is added to a flat F', the result F'U {e} is either a flat with the
same rank as F', a flat with rank one more than F', or not a flat.

The set of flats that remain flats of the same rank when e is added to them is called
a modular cut [10]. These sets of flats have two properties which identify them. First, if
a flat F' is in a modular cut M, then each flat F’ containing F' is in M as well. Second,
if two flats Fy, Fy are in a modular cut M where r(Fy) + r(Fy) = r(Fy N Fy) + r(Fy U F)
(that is, F} and F, are modular), then Fy N F; is in M as well.

Each modular cut gives rise to a unique extension, so we may count extensions by
counting modular cuts. However, instead of parameterizing extensions by modular cuts,
Crapo [10] showed that it is sufficient to consider the effect of the new element on the
hyperplanes. Specifically, extensions can be parameterized by the sets of hyperplanes
that remain hyperplanes when the new element e is added to them. These sets H' of
hyperplanes have the property that if two hyperplanes Hy, Hy in the set are modular, that
is, they intersect in a rank-(r(M) — 2) flat F', then all hyperplanes that contain F' are in
‘H' as well. We can see that each set of hyperplanes that has this property corresponds to
an extension by considering a rank-(r(M) — 2) flat F' contained in hyperplanes Hy, Hy, Hs
in a matroid M. If N is an extension of M by the element e and Hy U {e}, Hy U {e} are
hyperplanes of N while H3U{e} is not, then contracting F in N results in a line where e is
in two different parallel classes, which is impossible. Crapo [10] proved the more difficult
direction of showing that each extension corresponds to a set of hyperplanes that remain
hyperplanes when the new element is added to them.

Recall that H (M) is the set of hyperplanes of a matroid M. A linear subclass of a
matroid M is a subset H' C H(M) such that if two hyperplanes H, H' € H' intersect
in a flat F' of rank r(M) — 2, then all hyperplanes H” that contain F' are in H' as well.
Figure 3.1 shows three hyperplanes Hy, Ho, H3 of a rank-n matroid M that intersect in a
rank-(n — 2) flat. If H' is a linear subclass of M, then H' contains at most one or all three
of Hy, Hy, Hs.

The following theorem states the correspondence between extensions and linear sub-
classes. Recall that ext(M) denotes the number of extensions of the matroid M.

Theorem 3.1.1 ([10]). IfLL is the collection of linear subclasses of a matroid M, then

ext(M) = [L.
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Figure 3.1: Three hyperplanes of a rank-n matroid that intersect in a rank-(n — 2) flat.

Now that we have this correspondence between extensions and linear subclasses, we
focus on linear subclasses. We say a set H' C H (M) of hyperplanes of a matroid M has
the hyperplane property if, for all pairs of hyperplanes H, H' € H' that intersect in a flat
F of rank (M) — 2, all hyperplanes H” that contain F' are in H' as well. Thus, a linear
subclass of M is a set of hyperplanes of M that has the hyperplane property.

The following definitions identify certain linear subclasses that will be represented as
stable sets in an auxiliary graph. We say a set H' C H (M) of hyperplanes of a matroid M
has the scarce hyperplane property if, for each rank-(r(M) — 2) flat F' of M, at most one
hyperplane that contains F'is in H’. We define a scarce linear subclass of M to be a set
of hyperplanes of M that has the scarce hyperplane property. As we will see, scarce linear
subclasses play a role in counting matroid extensions similar to the role of sparse paving
matroids in counting matroids. Note that a (scarce) colinear subclass of a matroid M is a
set of hyperplanes H' of M* that has the (scarce) hyperplane property.

The complement of a hyperplane is a cocircuit, so it is convenient to consider sets of
circuits instead of hyperplanes of the dual when dealing with colinear subclasses. With
this in mind, we define a “dual” property to the hyperplane property that applies to sets
of circuits. We say a set B of circuits of a matroid M has the circuit property if for each
pair of distinct circuits C, C” € B that are contained in a corank-2 restriction N of M, all
circuits in N are in B as well. We say a set B of circuits of a matroid M has the scarce
circuit property if B contains at most one circuit from each corank-2 restriction of M.

In the following propositions, we establish the correspondence between colinear sub-
classes and sets of circuits with the circuit property.

Proposition 3.1.2. Let M be a matroid and let (X,Y) be a partition of E(M). Then
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r((M|X)*) =2 if and only if ry«(Y) = r(M*) — 2.

Proof. Since r((M|X)*) = r(M*/Y) = r(M*) — rp+(Y), the corank of M|X is 2 if and
only if the rank of Y in M* is r(M™*) — 2. O

Proposition 3.1.3. A set of hyperplanes H' of M* is a colinear subclass of M if and only
if B={E(M)\ H: H e H'} has the circuit property.

Proof. Let X C E(M) and let Y = E(M) \ X. By Proposition 3.1.2, the restriction M|X
has corank 2 if and only if cl(Y) is a rank-(r(M*) — 2) flat of M*. A set H C E(M) is a
hyperplane of M* that contains cl(Y") if and only if F(M )\ H is a circuit of M|X. Therefore,
there exists a rank-(r(M*) — 2) flat of M* contained by hyperplanes Hy, Hs, ..., Hy, such
that at least 2 but not all are in H' if and only if there exists a corank-2 restriction of M
containing circuits F(M) \ Hy,..., E(M) \ Hj such that at least 2 but not all are in B.
Thus, the set H’ has the hyperplane property if and only if B has the circuit property. [

In the case of graphic matroids, it will be convenient to focus on circuits contained
in connected corank-2 restrictions. Therefore, we say a set C of circuits of a matroid M
has the theta property if for all pairs of distinct circuits C, C” € C that are contained in a
connected corank-2 restriction N of M, all circuits in N are in C as well. The reason we
call this the theta property is because two circuits of a graphic matroid that are contained
in a connected corank-2 restriction correspond to two cycles in a theta subgraph. A set
C of circuits of a matroid M has the scarce theta property if, for each connected corank-2
restriction N of M, at most one circuit of N is in C.

Proposition 3.1.4. A set of hyperplanes H' of M* is a colinear subclass of M if and only
if B={E(M)\ H:H e H'} has the theta property.

Proof. If H' is a colinear subclass, then it has the hyperplane property, so BB has the circuit
property by Proposition 3.1.3. Since a set with the circuit property also has the theta
property, it follows that B has the theta property.

Now suppose towards a contradiction that B has the theta property, but H' does not
have the hyperplane property. Therefore, there exists a rank-(r(M*) — 2) flat Y contained
by k > 3 hyperplanes Hy, Hy, ..., Hy and 2 < p < k are in H'. For each i € [k], let
C; = E(M)\ H;. Let X = E(M)\Y. By Proposition 3.1.2, the restriction M|X has
corank 2. A set H C E(M) is a hyperplane of M* that contains Y if and only if E(M)\ H
is a circuit of M|X. Since all hyperplanes of M* that contain Y pairwise intersect in Y,
there are no elements of X in two or more of Hy,..., H;. Consider elements e € H; and
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¢/ € H; where i < j € [k], which we now know are not in any other hyperplanes that
contain Y. Both e and ¢’ are in the circuit Cy where ¢ € [k] \ {4, j}. Since the choice of e
and e’ was arbitrary, every pair of elements in X is in a circuit, hence M|X is a connected
corank-2 restriction of M. Therefore, there are 2 < p < k circuits from a connected
corank-2 restriction in B, which contradicts B having the theta property. O]

Proposition 3.1.5. A set of hyperplanes H' of M* is a scarce colinear subclass of M if
and only if B={E(M)\ H: H € H'} has the scarce circuit property.

Proof. Let X C E(M) and let Y = E(M) \ X. By Proposition 3.1.2, the restriction M|X
has corank 2 if and only if cl(Y) is a rank-(r(M*) — 2) flat of M*. A set H C E(M) is a
hyperplane of M* that contains cl(Y") if and only if F(M )\ H is a circuit of M|X. Therefore,
there exists a rank-(r(M*) — 2) flat of M* contained by hyperplanes Hy, Hy, ..., Hy, such
that at most one is in H’ if and only if there exists a corank-2 restriction of M containing
circuits E(M) \ Hy,...,E(M) \ Hy such that at most one is in B. Thus, the set H' has
the scarce hyperplane property if and only if B has the scarce circuit property. O

Proposition 3.1.6. If a set B of circuits of M has the scarce theta property, then H' =
{E(M)\ C : C € B} is a colinear subclass of M.

Proof. If B has the scarce theta property, but H’ does not have the hyperplane prop-
erty, then there exists a rank-(r(M*) — 2) flat Y of M* contained by k& > 3 hyperplanes
H,y, H,, ..., Hy such that at least two but not all are in H'. Let X = F(M) \ Y and let
C; = E(M)\ H, for all i € [k]. Since all hyperplanes of M* that contain Y pairwise intersect
in Y, there are no elements of X in two or more of Hy,..., Hy. Consider elements e € H;
and ¢ € H; where i < j € [k], which we now know are not in any other hyperplanes that
contain Y. Both e and ¢’ are in the circuit C, where ¢ € [k] \ {i,j}. Since the choice of e
and ¢’ was arbitrary, every pair of elements in X is in a circuit, hence M|X is a connected
corank-2 restriction of M. Therefore, there are at least two circuits of M|X, a connected
corank-2 restriction, in B, which contradicts B having the scarce theta property. O]

The last result in this section plays a very important role in translating the problem
of counting extensions to counting stable sets. Theorem 3.1.7 uses a totally ordered set
and a collection of its subsets to define a graph G. The size of the collection of “linear”
sets is then upper bounded using the number of stable sets in G. Let S be a set and let
X be a collection of subsets of S. Recall that a set L C S is linear with respect to X if
|ILNX| €{0,1,|X]} for all X € X. The extensions of a matroid M are parameterized by
its linear subclasses, and the choice to name linear sets as such was intentional. In Section
3.2, we will apply this theorem to bound the number of linear subclasses of a matroid.
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It is important to note that the proof strategy of Theorem 3.1.7 is not entirely new. It
is a generalization of part of the proof of Theorem 4.1 in [39]. Interestingly, Theorem 4.1
in [39] was used to upper bound the number of biased graphs on a complete graph. As
we will see in Chapter 6, these biased graphs correspond to the coextensions of the cycle
matroid of a complete graph, so it is actually not surprising that a generalization applies
to counting extensions in general.

Theorem 3.1.7. Let S be a set with total ordering <. Let K be a collection of subsets of
S. Let G be a graph with vertex set S such that G[K]| is a complete graph for each K € K
and each edge is induced by at least one K € K. Let Xo C V(G) be a set of vertices of G
such that, for each K € K, the smallest vertex in K is in Xo. If L denotes the collection
of sets U C S that are linear with respect to IC, then

1£] <i(@G) - 2%l
Proof. Let T denote the collection of all tuples (vy, va, ..., v;) for which v < vy < -+ < w;
and {vy,v,...,v;} is an element of IC. Since vy is the smallest element in a set in K, it is

n Xo.

For each L € L, let ¥(L) be obtained from L by simultaneously removing all elements
except vy for each tuple (vi,vs,...,v;) € T for which {vy, vs,...,v;} C L. For each tuple
T in T, the set L contains either zero, one, or all of the elements in 7', hence the number
of elements in T" and (L) is at most 1, which implies ¥(L) is a stable set of G. Now we
claim that L can be determined by (L) and the elements in Xy N L, as follows.

Claim 3.1.7.1. Let L’ be a stable set of G and let X C Xy. There exists at most one
L e L where (L) =L" and LN Xy = X.

Proof. Suppose towards a contradiction that there exist two sets Ly, Ly € L such that
(L) =9(Le) = L and LiN Xy = LyNXy = X. Let v € S be the minimum element with
respect to < that is in exactly one of Ly, Lo. Without loss of generality, say v € L; and
v ¢ Lo. Since L' = ¢(Ly) C Ly, we know v is not in L'. The set L’ is also equal to (L),
so v is in Ly, but not in ¢(L;). Therefore, there is a tuple (v1,v2,...,v;) € T for which
{v1,v9,...,v;} C Ly and v € {v; : i € [j] \ {2}}. The element v, is in Xy, and L; and Ly
intersect Xy in the same set, so we know v # vy; hence v € {vs,...,v;}. Since v; < vy <
and v is the minimum element with respect to < that is in exactly one of L; and Lo, it
follows that vy is in Ly. Therefore, since vy, ve € Ly and v ¢ Lo, at least two but not all of
the elements in the tuple (vi,vs,...,v;) € T are in Lo, which contradicts the assumption
that L, is linear with respect to K. O
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The number of pairs (L', X) where L' is a stable set of G and X C X, is i(G) - 2/%ol,
This is an upper bound on the number of sets in £ by Claim 3.1.7.1. m

3.2 Comparing extensions to stable sets

Now, we determine the auxiliary graph whose stable sets describe the scarce linear sub-
classes of a matroid. Counting the number of stable sets in certain graphs is an interesting
and well-studied problem itself, so the bounds we find throughout this thesis for the num-
ber of extensions of certain matroids may be of interest outside of the study of matroid
extensions as well.

Definition 3.2.1 (Hyperplane graph II(M)). For a rank-n matroid M, we define the
hyperplane graph of M, denoted II(M), to be the graph with vertex set H(M) where two

vertices (hyperplanes) H and H' are adjacent if and only if they intersect in a rank-(n — 2)
flat of M.

Proposition 3.2.2. A set H' C H(M) of hyperplanes is a scarce linear subclass of M if
and only if it is a stable set in II(M).

Proof. The set H' is a stable set of II(M) if and only if, for each rank-(r(M) — 2) flat F' in
M, at most one hyperplane that contains F' is in H’. Thus, by definition, the set H' is a
stable set of II(M) if and only if it is a scarce linear subclass of M. ]

Consider a matroid M. In order to bound the number of extensions of M, we will
use Theorem 3.1.7 with II(M). First, we define the sets that will play the roles of X and
Xo in the statement of Theorem 3.1.7. Let < be a total ordering of H(M). For each
flat F' of M, let Hpr be the set of hyperplanes of M that contain F. Let K(M) be the
collection of subsets H' of H(M) such that there exists a rank-(r(M) — 2) flat F of M
where H' = Hp. Let Hupin(M, <) be the collection of hyperplanes H € H(M) such that,
for some H' € K(M), the hyperplane H is the minimum element of H' with respect to
<. If < is a total ordering of H (M) that refines the preorder by size (that is, |[H| < |H'|
whenever |H| < |H'|), we will refer to the hyperplanes in this set as the small hyperplanes
of M. Except when the following lemma is applied to Corollary 3.2.6, it is always the case
in this thesis that < refines the preorder by size.

Lemma 3.2.3. logi(II(M)) < logext(M) < logi(II(M)) + |Hmin(M, <)|.
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Proof. Since each scarce linear subclass is a linear subclass, the lower bound follows from
Proposition 3.2.2 and Theorem 3.1.1. We will prove the upper bound using Theorem 3.1.7.
First, we need to prove that II(M) and Huyin (M, <) satisfy the conditions of the theorem.

Claim 3.2.3.1. For each H' € K(M), the subgraph of IL(M) induced by H' is a complete
graph.

Proof. Let F' be the rank-(r(M) — 2) flat of M that is a subset of each hyperplane H in
H'. Consider H,H' € H'. Since F C H and F' C H’, it follows that ' C H N H'. Since
hyperplanes of M intersect in a flat of rank at most r(M) — 2, the intersection of H and
H' is F, which implies that H and H' are adjacent in II(M). O

Claim 3.2.3.2. Fach edge in TI(M) is in TI(M)[H'] for at least one set H' € K.

Proof. Two hyperplanes H and H’ are adjacent in II(M) if and only if there exists H' €
K(M) such that H, H' € H'. Thus, each edge in II(M) is in [I(M)[H'] for at least one set
H e K. O

Applying Theorem 3.1.7 with S = H(M), K = K(M), and X¢ = Humin(M, <), we find
that the number of sets of hyperplanes that are linear with respect to K(M) is at most
i(IL(M)) - 2/Pmin(M=)L - By definition, the collection of subsets of H(M) that are linear with
respect to K(M) is precisely the collection of linear subclasses of M. Now the upper bound
follows from Theorem 3.1.1. O

In the following chapters, we will bound the number of stable sets in the hyperplane
graphs of certain matroids and the number of small hyperplanes, and then apply Lemma
3.2.3. Since we are also interested in coextensions, and it is sometimes easier to study the
circuits of a matroid rather than the hyperplanes of its dual, we prove a corollary that
restates Lemma 3.2.3 for coextensions. First we define the dual concept of the hyperplane
graph. Recall that C(M) is the set of circuits of a matroid M.

Definition 3.2.4 (Circuit graph 2(M)). For a matroid M, we define the circuit graph of
M, denoted Q(M), to be the graph with vertex set C(M) where two vertices (circuits) C'
and C" are adjacent if and only if they are contained in a corank-2 restriction of M.

Proposition 3.2.5. A set C' C C(M) of circuits has the scarce circuit property if and only
if it is a stable set of Q(M).
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Proof. The set C’ is a stable set of Q(M) if and only if, for each corank-2 restriction N of
M, at most one circuit in N is in C’'. Thus, by definition, the set C’ is a stable set of Q(M)
if and only if it has the scarce circuit property. m

Let < be a total ordering of C(M ). For each corank-2 restriction N of M, let Cy C C(M)
be the set of circuits of N. Let Ko (M) be the collection of subsets C’ of C(M) such that
there exists a corank-2 restriction N of M where C' = Cy. Let Ciin(M, <) be the collection
of circuits C' € C(M) such that, for some C" € K¢ (M), the circuit C' is the minimum element
of C" with respect to <. If < is a total ordering of C(M) that refines the preorder by size,
which is always the case in this thesis, then we refer to the circuits in this set as the small
circuits of M.

Corollary 3.2.6. logi(Q2(M)) < logcoext(M) < logi(QM)) + |Comin(M, <)|.

Proof. Let < be a total ordering of H (M) such that, for H, H' € H(M), if |E(M)—H| <
|E(M) — H'|, then H <y H'. Note that, in this case, minimal with respect to <y
corresponds to largest with respect to size. Since coext(M) = ext(M™*), it follows from
Lemma 3.2.3 that

log i(ITI(M™*) < log coext(M) < logi(IL(M™*)) + |Humin(M™, <x)|.

By Proposition 3.1.5, a set B of circuits of M has the scarce circuit property if and
only if H' = {E(M)\ C : C € B} is a scarce colinear subclass of M. Thus, by Proposition
3.2.2, the stable sets of II(M*) correspond to sets of circuits of M that have the scarce
circuit property. By definition of the circuit graph, a set of circuits with the scarce circuit
property is a stable set of Q(M). Therefore, the stable sets of II(M*) correspond to the
stable sets of Q(M), which implies that i(II(M*)) = i(Q(M)).

Now we claim that |Hmin(M™*, <g)| = [Cmin (M, <)|, which will complete the proof. By
definition, a hyperplane H is in Hupin (M*, <) if and only if there exists a rank-(r(M*) —2)
flat F' of M™* such that H is the minimum hyperplane with respect to <y that contains F'.
By Proposition 3.1.2, the restriction M|(E(M) \ F') has corank 2 if and only if F' has rank
r(M*) — 2 in M*. Therefore, there exists a rank-(r(M*) — 2) flat F' of M* such that H is
the minimum hyperplane with respect to < that contains F' if and only if C = E(M)\ H
is the minimum circuit with respect to < that is contained in M|(E(M) \ F'). Since a
circuit C' is the minimum with respect to < that is contained in a corank-2 restriction of
M if and only if C is in Cpin(M, <), it follows that H is in Hupn (M, <pg) if and only if
E(M) \ H is in Cmm(M, -<). ThllS7 |Hmin(M*, '<H)| = |Cmm(M, -<)’ ]
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In some cases, it will be useful to investigate only connected corank-2 restrictions instead
of all corank-2 restrictions. Therefore, we define a variation of the circuit graph, as follows.

Definition 3.2.7 (Overlap graph ©(M)). For a matroid M, we define the overlap graph
of M, denoted ©(M), to be the graph with vertex set C(M) where two vertices (circuits)

C and C’ are adjacent if and only if they are contained in a connected corank-2 restriction
of M.

Observe that a set of circuits of M has the scarce theta property if and only if it is
a stable set of ©(M). The name of the overlap graph is motivated by the overlap graph
of graphic matroids. In this setting, the circuits are cycles of a graph and two cycles are
adjacent if and only if they are contained in a theta subgraph; that is, they overlap in a
path.

Corollary 3.2.8. logi(O(M)) < logcoext(M) < logi(©(M)) + |Cumin(M, <)|.

Proof. If two circuits C,C" are in a connected corank-2 restriction, then they are in a
corank-2 restriction, so there exists a set E of edges in Q(M) such that Q(M)\ E = O(M).
Thus, by Proposition 2.3.5, i(2(M)) < i(©(M)). Now the upper bound follows from
Corollary 3.2.6.

By Proposition 3.1.6, if B is a stable set of ©(M), then B has the scarce theta property.
If a set B of circuits of M has the scarce theta property, then H' = {E(M)\ C : C € B} is
a colinear subclass of M. Therefore, by Theorem 3.1.1, the number of coextensions of M
is at least (©(M)). O

3.3 Extensions of uniform matroids

In this section, we give an example of using the hyperplane graph to count the extensions of
a specific matroid: the uniform matroid. For non-negative integers r and n where r < n,
the wniform matroid of rank r on an n-element set, denoted U, ,, is the matroid with
ground set [n] where every set of size at most r is independent. The hyperplanes of U,,,
are precisely the subsets of [n] of size r — 1 and the rank-(r — 2) flats of U,.,, are precisely
the subsets of [n] of size r — 2. Therefore, the hyperplane graph of U, , has as vertices
the (r — 1)-subsets of [n] where two vertices are adjacent if and only if they intersect in a
(r — 2)-set.

For non-negative integers m and k where k& < m, the Johnson graph J(m, k) is the
graph whose vertices are the k-subsets of a fixed m-set where two vertices are adjacent
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if and only if they intersect in k — 1 elements. Thus, the hyperplane graph II(U,,) is
isomorphic to J(n,r —1). In [17] by Graham and Sloane, Theorem 1 implies that J(m, k)
contains a stable set of size %(7]’3) Since each subset of a stable set is itself a stable set
and J(n,r — 1) is isomorphic to II(U,,), we immediately get the following proposition.
Proposition 3.3.1. logi(Il(U,,,)) > £( ")).

The rank of an extension of a rank-r matroid is r, except for one extension which has
rank r 4+ 1 (see page 269 in [10]). Therefore, the number of extensions of U, is at most
one plus the number of rank-r matroids on n + 1 elements.

Theorem 3.3.2 (Theorem 5.1.1 in [50] and Theorem 5 in [13]). Let m(n,r) denote the
number of rank-r matroids with ground set [n]. For all T >3 and n > r + 12,

1

1 < -
ogmin.r) < 77

(:f) log(e(n — 7+ 1)).

Now Proposition 3.3.1 and Lemma 3.2.3 imply the lower bound and Theorem 3.3.2
implies the upper bound of the following theorem.

Theorem 3.3.3. 1( ")) <logext(U,,) < —— (" log(e(n — r +2)) + 1.
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Chapter 4

Stable sets in Hamming graphs

It turns out that Hamming graphs are very useful in enumerating the number of coexten-
sions of Dowling geometries. As we will see in Chapter 7, certain Hamming graphs are
“similar” to certain subgraphs of the circuit graph of a Dowling geometry. Since bounding
the number of stable sets in the circuit graph is a good strategy for bounding coexten-
sions, we are now interested in bounding the number of stable sets in certain Hamming
graphs. In fact, this is an interesting problem outside of the applications to matroid theory.
Hamming graphs are highly structured graphs with connections to areas of study such as
error-correcting codes and association schemes.

4.1 Introduction

Let t,ny,...,ny € Z~o and let Sy,...,S; be sets where S; contains n; elements for each
i€ {1,...,t}. Recall that the generalized Hamming graph H(ny, ..., n;) is the graph whose
vertices are t-tuples in S; x --- x S, where two vertices are adjacent if and only if they

differ in exactly one coordinate. Although generalized Hamming graphs seem like natural
graphs to study, much more commonly studied are Hamming graphs, which are general-

ized Hamming graphs where S; = --- = S;. The problem of enumerating d-dimensional
order-n permutations is equivalent to counting maximum stable sets in H(n,n,...,n).
—_————
d+1

Therefore, a result of Linial and Luria [20] implies that the number of maximum stable
sets in H(n,n,...,n) is at most ((1 + 0(1)6%))”d.
—_—————
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Hamming graphs where S} = --- = 5; = 2 are also known as Hamming cubes or
hypercubes and are denoted ();. Enumerating stable sets in hypercubes is well studied.
Incredibly, the number of stable sets in (); is known up to lower order terms, rather than
lower order terms on the log scale. This was first shown by Korshunov and Sapozhenko
[24] in 1983 who proved that i(Q;) = 24/e2* (1 + 0,(1)). Since then, several refinements
of the asymptotics have been made.

On the other hand, enumerating all stable sets in Hamming graphs or generalized
Hamming graphs has not been as widely studied. Thus, even though the original goal of
the results in this chapter was to assist in counting coextensions of Dowling geometries,
we see these results as a nice contribution to the study of Hamming graphs as well.

In the rest of this thesis, we will usually use “Hamming graph” to refer to a generalized
Hamming graph. Furthermore, without loss of generality, we assume S; = [n;] for each i
and n; < --- < ny, unless otherwise specified. Note that, equivalently, the Hamming graph
H(ny,...,ny) is isomorphic to the Cartesian product K, 0...0OK,,.

4.2 Preliminaries

The independence numbers of Hamming graphs are well known, but we give a proof in the
following proposition.

Proposition 4.2.1. Let t,ny,...,ny € Z~y such that ny < --- < n;. The independence
number of H = H(ny,...,n,) is a(H) = [['Z] ns.

Proof. Consider a set of vertices X = {(vy,...,v;) € V(H) : Yi_,v; mod n; = 0}. We
claim that X is a stable set. Suppose towards a contradiction that (vy,...,v;), (u1,...,u;) €
X are adjacent in H. Thus, there exists k € [t] such that vy # u; and v; = u; for all
i € [t]\ {k}. Since 3! v; mod n; =0=>""_, u; mod n;, we know vy = v, — >0, v; =
U — 2521 u; = ug (mod ny). Since vy, ur € [ng] and ng < ny, it follows that vy = uy,
which is a contradiction. Now we have that X is a stable set. For each ¢ € [t — 1], there are
n; choices for coordinate v;, and there is one choice for coordinate v;; hence | X| = Hf;i n;
and this is a lower bound for a(H).

Since H is isomorphic to a Cartesian product of cliques, we have Hf;i n; copies of K,
and a stable set can have at most one vertex from each of these copies; thus a(H) < HZ;} ;.
Now it follows that a(H) = []:—] n. O
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Hamming graphs with two parameters (i.e. H(ny,ny)) are sometimes known as rook
graphs. The well-known problem of finding the number of ways to place non-attacking
rooks on an n; X no chessboard can be modelled by the stable sets of this graph. In
particular, each stable set in H(nj,ng) of size k corresponds to a placement of k non-
attacking rooks on an n; X ny chessboard. The rook graph is also isomorphic to the line
graph of a complete bipartite graph L(K,, ,), which is a graph with vertex set E(K,, »,)
where vertices ey, ep are adjacent if and only if e; and e, are incident in K, ,,. The stable
sets of a line graph L(G) correspond to matchings in G, so the number of stable sets in
H(ny,n2) is also equal to the number of matchings in K, n,.

In the next lemma, we give the asymptotic number of stable sets in H(n,n), which is
also the number of ways to place a set of non-attacking rooks on an n x n chessboard and
the number of matchings in K, ,. Recall that log denotes the base-2 logarithm.

Lemma 4.2.2. Ifn>1 and H = H(n,n), then logi(H) = nlogn(l + o(1)).

Proof. Let S be the collection of stable sets of H. For each k € [0,n], let S, = {S € S :
|S| = k}. By Proposition 4.2.1, the largest stable sets in H have size n, so S = |J;_, Sk.
Thus, we have i(H) = >}, |Sk|-

Note that |Sp| = 1. Let k € [n] and consider a stable set S in S;. Recall that each
vertex of H is a pair (x,y) where x,y € [n]. Let (x1,y1), (x2,y2), ..., (xk, yx) be the vertices
in S where z; < z9 < --- < . Since S does not contain pairs that have the same first
coordinate or that have the same second coordinate, it follows that X = {zy,xs,..., 24}
and Y = {y1,99,...,yx} are k-subsets of [n]. Thus, there are (Z) choices for each of the
sets X and Y. Since there are k! ways to order the elements of Y, there are k! ways to
pair the elements in Y with those in X. Therefore, there are (Z)zk! stable sets in Sg.

Claim 4.2.2.1. 37 (")°k! < nntL,

Proof.

n

2 n
n n!?
=N __ "
(k;) ; kl(n — k)12

n((n)n=1)...n—k+1))((n)(n—-1)...(k+1)
g (n_>k§1 )

k=1

45



Since i(H) = Y ,_,|Skl, it follows from Claim 4.2.2.1 that i(H) < 1+ n"* =
grlegn(l+e(l)) - Since |S,| = n!, we know logi(H) > logn! > nlogn —nloge = nlogn(1l +
0(1)). Combining the lower and upper bounds gives logi(H) = nlogn(1 + o(1)). O

4.3 The main results

In this section, we first prove bounds on the number of stable sets in a standard Hamming
graph (where each coordinate of each vertex is taken from the same set). Then, we prove
bounds on the number of stable sets of a particular generalized Hamming graph, which
will be useful in Chapter 7.

For a tuple v = (vy,...,v;) whose coordinates are integers, let ¢(v) = Zle v;. For

l,m e [k], let ¢ (v) = > 0, v;
Theorem 4.3.1. If n > 2 and t > 2, then

Ln'log(t(n — 1)) < logi(H(n,...,n)) < n' " logn(1 + 2).
t

Proof. Let H= H(n,...,n). If t = 2, then the result follows from Lemma 4.2.2. Thus, we
—_———

t
may assume that ¢ > 3.

Since H is a t(n — 1)-regular graph on n' vertices, it follows from Theorem 2.3.9 that
logi(H) > L%j log(t(n — 1)) > tn'"'logn(1 + llgggfl +0(1)).

Let H = H(n,n). For each (t — 2)-tuple T" whose coordinates are in [n], let V = {v =
(vi,v2,...,v) € V(H) : (v1,va,...,v,—9) = T}. Since the first t — 2 coordinates of each
vertex in Vp are fixed, the graph H[V7| is isomorphic to H'. Since each vertex of H is in
Vr for exactly one tuple T, these vertex sets partition V(H). Since there are n'~2 tuples
in [n]*~2, there are n'~2 sets V. By Proposition 2.3.7, we have i(H) < i(H')". By the
proof of Lemma 4.2.2, we have i(H’) < 1+ n"™! < n™*2. Therefore,

logi(H) <n'?logi(H")
< n''log(n)(1+ 2)

This establishes the upper bound for i(H). O

46



Theorem 4.13.2. If (an)nez-y, (bn)nez., are increasing sequences of positive integers such

. 0gan . .
that lim,,_, gt = 0 and (Sp)nez-y, (tn)nez., are non-decreasing sequences of positive
integers, then

Lasnbin = log (b, ) (1 4 0(1)) <logi(H (ay, ..., an, by, ..., by)) < airbi 1 log(b,)(1 4 o(1)).
ray by 1og(bn) (1 + o(1)) < logi(H (a a ) < @by log(bn) (1 + 0(1))

Sn tn

Proof. Assume n is sufficiently large enough to ensure that a,, < b,. Let a = a,, b = b,

s = Sp, and t = t,,. For each i € [s], let X; =[0,a — 1]. For each i € [t], let Y; = [0,b — 1].

Let H = H(a,...,a,b,...,b) where, without loss of generality, the vertices of H are the
——— ——

t

(s +t)-tuples of Xy x -+ x Xy x Y] x---xY;. Let H = H(b,...,b).

——

t
For each s-tuple S whose coordinates are in [a], let Vg = {v = (v1,v9,...,0544) €
V(H) : (v1,v9,...,vs) = S}. Since the first s coordinates of each vertex in V; are fixed,

the graph H[V;] is isomorphic to H’. Since each vertex of H is in Vg for exactly one
tuple S, these vertex sets partition V(H). Since there are a® tuples in [a]®, there are
a® sets Vs. By Proposition 2.3.7, we have i(H) < i(H')*. By Theorem 4.3.1, we have
i(H') < b'"'log(b)(1 4 2) Therefore,

logi(H) < a’logi(H')
= a’b' ' log(b)(1+ 2).

This establishes the upper bound for i(H). We now focus on a lower bound.

For each i € [0,b — 1], let U; = {v € V(H) : ¢(v) = i (mod b)}. We claim that
each U; is a stable set in H. Let ¢ € [0,b — 1] and suppose towards a contradiction that
w=(ug,...,usyy) € Uy and v = (vy,...,v514) € U; are adjacent in H. Thus, there exists
k € [s+t] such that uj, # v, and u; = v; for all j € [s+t]\{k}. Therefore, since ¢(u) = ¢(v)
(mod b), it follows that u; = vy (mod b). Since 0 < uy, v, < b, we find uy, = vy, which is a
contradiction.

To construct a vertex (uq, ..., us¢) in some Uy, there are a choices for each of uq, .. ., u
and b choices for each of ugyq,...,us1¢—1. There is one choice for ugy; since the sum must
be equivalent to 7 (mod b). Hence |U;| = a®b'~1.

Let d = (%1 Let Hy be the graph induced on Uy U U, U Upq U - -+ U Ug—1),. Notice
that |V (Hp)| = a®b'~'d, since it is made up of d disjoint sets, each of size a*b'~'. For each
s-tuple o € [0,a — 1%, let HJ be the subgraph of Hy induced on {v = (vy,...,vs14) €
V(Hy) : (vi1,...,v5) = 0 and ¢ (v) = 0 (mod a)}. Let oo € [0,a — 1]* be the s-tuple
whose coordinates are all 0.
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Claim 4.3.2.1. Let i € {0,a,2a,...,(d — 1)a}, and let o € [0,a — 1)° where ¢(o) = i
(mod b). The graph HY is isomorphic to H{°.

Proof. Define a function f : V(HJ) — V(Hg°), as follows. For each (vi,...,vs4s) €
V(HG), let f((v1,...,0s14)) = 00+ (Vsg1s---5Ustt) = (0,...,0,0541,...,0s1¢). Now define
a function ¢ : V(H{°) — V(HJ) where, for each (0,...,0,v541,...,054¢) € V(H"), we
let g((0,...,0,0541,...,Us1¢)) = 0+ (Vss1,--,Vss¢). Since (vq,...,vs) = o for all tuples
(v1,...,vs4¢) in HY, the function g is the inverse of f, which implies f is a bijection between
the vertices in H{ and the vertices in H{°.

Consider u,v € V(H). Let u = (uy, ..., usys) and v = (vy, ..., vs4¢). Since u and v are
different vertices, they differ in at least one coordinate. Let D C [s+t] be the set of indices
such that, for k € D, we have uy # vi. Since v and v are in H{, their first s coordinates are
the same. Therefore, we know D C [s+1,s+¢]. Since f(u) = (0,...,0,ust1,...,uss¢) and
f(w)=1(0,...,0,uss1,...,ust), it follows that f(u) and f(v) differ by |D| coordinates. If
u and v are adjacent, then |D| = 1, so f(u) and f(v) are adjacent. Similarly, if v and v
are not adjacent, then |D| > 1, so f(u) and f(v) are not adjacent. O

Since V(H{®) = {v = (v1,...,vs41) € V(Hop) : (v1,...,v5) = (0,...,0) and ¢31i(v) =0
(mod a)}, for a tuple v = (vy,...,v54¢) in V(H{), there is one choice for each of vy, ..., v,
and there are b choices for each of vy, ..., vs44-1. Since ¢315(v) =0 (mod a), it follows
that ¢31}(v) = aj for some j € Z. Since vy € [0,b— 1],

T < < 6T ) + (0 1),
Therefore, there are at most [%1] +1 < [2] = d choices for j and hence for v,4;. Now it

follows that
[V(HG)| < b4, (4.1)

Claim 4.3.2.2. Let i € {0,a,2a,...,(d — 1)a}, and let o € [0,a — 1)° where ¢(o) = i
(mod b). The graph H is a union of components of Hy.

N

Proof. Let v = (uy,...,usye) € V(HY) and let v = (v1,...,v54¢) € V(Hp) \ V(H).
Suppose towards a contradiction that v and v are adjacent in Hy. Therefore, there exists
k € [s+t] such that u, # vy and u; = v; for all j € [s+¢]\ {k}. Since v is not in HJ, the
tuple (vy,...,vs) is not equal to (uq,...,us). That is, the tuples v and v differ in at least
one coordinate, which implies that k € [s]. For each ¢ € [0,b— 1], the set of vertices Uj is a
stable set, so u and v are not both in U;. Therefore, there exist integers ¢ # j € [0,d — 1]
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such that ¢(u) = ai (mod b) and ¢(v) = aj (mod b). Without loss of generality, assume
that @ > 7. This implies that

ug — g = ¢(u) — ¢(v) = a(i —j) (mod b),

where (i—j) € [0,d—1]. Since uy, # vi, we have (i—j) € [d—1]. Thus, since a < a(i—j) < b,
it follows that uy — vy = a(i — j). That is, we have u, = vy + a(i — j) > vg + a, which is a
contradiction, since ug, vy, € [0,a — 1]. ]

Let d = LSJ and define integers di,ds,...,d; such that dy = dy = --- = d; = d'.
Next, we will show that H{° contains a'~! disjoint induced subgraphs isomorphic to H' =
H(dy,ds,...,d;). Let T be the collection of tuples 7 = (71,...,7) € [0,a — 1]* where
¢(1) =0 (mod a). For each tuple 7 = (71,...,7) € T, let H. denote the subgraph of HJ°
induced on the vertex set

{v="(v1,...,054¢) € V(H") : v51; = 7; + aj where j € [0,d" — 1], for each i € [t]}.

Consider a vertex v = (vq,...,0s4¢) in HJ. Recall that ¢31}(v) = 0 (mod a). For each
i € [t], we have vgy; € [0,0—1]. If r € [0,a—1] and j € [0,d —1], then r+aj € [0,a|b/a]—1].
Thus, if each vsy; < alb/a] — 1, then v is in H. for some 7 € T'. Let G be the subgraph of
Hg* induced on J, . V(H,). Note that by Proposition 2.3.4, we have i(H7°) > i(G).

Claim 4.3.2.3. For each 7 = (11,...,7;) € T, the graph H. is a union of components of
G.

Proof. Consider 7 € T'. Let u = (uy,...,usy) € V(H.) and v = (vy,...,v544) € V(G) \
V(HL). Suppose towards a contradiction that u and v are adjacent in G. Therefore, there
exists k € [s + t] such that uy # vy and u; = v; for all j € [s+¢] \ {k}. Since u and v are
both in G, it follows that (uy,...,us) = (v1,...,vs), so we know k € [s + 1,5+ t]. Also,
since u and v are both in G, we have ¢31}(u) = ¢31|(v) = 0 (mod a). Since u is in HY,
there exists j € [0,d" — 1] such that u; = 7,5 + aj. Therefore,
ve = 011 (v) — ¢ () + u
= ¢ (v) = ¢ (u) + Ty + aj

=71, (mod a).

This implies that vy, = 7x_s + ai for some integer ¢. Since v is in G, we have v, €
[0,ad” — 1], which implies that i € [0,d" — 1]. Therefore, the vertex v is in H., which is a
contradiction. O
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Claim 4.3.2.4. If 7 € T, then the graph H! is isomorphic to the Hamming graph H'.

Proof. Let 7 = (m,...,7). Define a function f : V(H.) — V(H’), as follows. For
each v = (v1,...,v54¢) € V(HL), let f(v) = (x1,...,2) where x; = (vsy; — 73)/a for
each i € [t]. By definition of H., each z; is an integer in [0,d" — 1], which implies that
(x1,...,2) € V(H').

Now define a function ¢ : V(H') — V(H.), as follows. For each z = (x1,...,2¢) €
V(H'), let g(z) = 00 (Vst1,-..,Vsy¢) Where vgy; = 7; + az; for each ¢ € [t]. By definition
of H! and since each z; € [0,d — 1], we know ¢ - (Vsy1,-..,0s4¢) € V(HL). Since g is the
inverse of f, the function f is a bijection.

Consider u,v € V(H.). Let u = (uq,...,uss) and v = (v1,...,vs4¢). Since u and v are
different vertices, they differ in at least one coordinate. Let D C [s+t] be the set of indices
such that, for k € D, we have uy # vy. Since v and v are in V(H.) C V(HY), their first s
coordinates are the same. Therefore, we know D C [s+ 1,5+ t]. Let f(u) = (z1,...,x)
and let f(v) = (y1,...,y:). Let D' C [s+1, s+1] be the set of indices such that, for k € D',
we have Tj_s # Yp_s-

Consider k € [s + 1,s + t]. Observe that uy = 745 + axp_s and vy = Tp_s + aYg_s-
If k € D, then 75 + axp_s # Th_s + ayr_s. Thus, x,_, # yp_s, which implies k € D"
If £ ¢ D, then 745 + axg_s = Tp—s + ayg—s. Thus, xp_s = yr_s, which implies k ¢ D’.
Therefore, since k € D if and only if £ € D', it follows that D = D’. Thus, the number
of coordinates that u and v differ by is equal to the number of coordinates that f(u) and
f(v) differ by. Hence u and v are adjacent if and only if f(u) and f(v) are adjacent. [

By Claim 4.3.2.3 and Proposition 2.3.6, we have logi(G) = ) ., logi(H}). By Claim
4.3.2.4 and Theorem 4.3.1, it follows that logi(H.) > +(d’)"*log(t(d' — 1)). Since |T| =
atL,

logi(G) > Y Hd) " log(t(d — 1)) = (ad) log d'(1+ o(1)).

TeT

Since ad’ > b — a and lim lga _ )
n—00 log b ’

logi(G) > (b —a)"'logb(1 + 112% +0(1)) > 16" log b(1 + o(1)).

By Claims 4.3.2.2 and 4.3.2.1, the graph Hj is made up of unions of components that
are isomorphic to Hj°. Using Equation 4.1, we find that the number of these unions of

components is:
S

V()| 0V _
V() = o

20



By Proposition 2.3.6, it follows that logi(Hy) > a®logi(HJ"). Now, since i(HJ°) > i(G),
log i(Ho) > a®logi(H{) > 1a°b' ' log b(1 + o(1)).
Finally, since Hy is an induced subgraph of H, it follows from Proposition 2.3.4 that

logi(H) > 1a°b' ' logb(1 + o(1)). O
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Chapter 5

Container methods

In this chapter, we start by introducing container methods, which are novel methods that
bound the number of stable sets in a graph. We then describe a container method for
sufficiently dense graphs that we will use as a black box later in this thesis. Last, we prove
our own variation of an existing container method for regular graphs.

The work in this chapter is partially based on the course on container methods taught
by Jorn van der Pol in 2020.

5.1 Introduction

Many structures in mathematics can be expressed as stable sets in graphs, which means
strategies for counting stable sets have a wide range of applications. We have already
seen that scarce linear subclasses can be represented as stable sets in a graph. Other
applications include counting Sidon sets, sum-free sets, codes, antichains in posets, graph
colourings, triangle-free graphs, and H-free graphs. Container methods for graphs were
first used in the 1980’s by Kleitman and Winston [19, 21]. Since then, container methods
have been developed and used by various authors to solve a variety of problems that can be
reduced to counting stable sets in certain graphs (see the survey by Samotij [18]). There is
also a body of research on container methods for hypergraphs, which began in the 2010’s
with Balogh, Morris, and Samotij [1] and Saxton and Thomason [19].

The broad strategy of a container method is to construct a collection of vertex subsets,
called containers, such that each stable set is contained within one, bound the size of each
container, and then bound the number of containers. In order to construct the containers,
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we usually start by proving a lemma, called a supersaturation lemma, which establishes a
density property of the graph. An algorithm, usually called a scythe algorithm, uses the
supersaturation lemma to greedily construct containers for stable sets of a certain size. The
algorithm associates each container with another smaller vertex set, called a fingerprint.
Using the number of fingerprints, the number of subsets of each container, and a bound
on the number of stable sets smaller than those considered in the scythe algorithm, an
elementary argument then gives a bound on the total number of stable sets.

5.2 Sufficiently dense graphs

In 2015, Kohayakawa, Lee, R6dl, and Samotij [23] developed a container method for graphs
with a certain density condition, which they applied to the problem of enumerating Sidon
sets. Their application to Sidon sets is not relevant to us, but we will use their container
method. The following theorem is Lemma 3.1 in [23]. Let eq(X) denote |E(G[X])], the
number of edges induced by a subset X of vertices of a graph G. Let i(G, m) denote the
number of m-element stable sets in a graph G.

Theorem 5.2.1 (Lemma 3.1 in [23]). Let ¢, N € Z~g, R € Rog, and 0 < 8 < 1 be such
that
R > e PN,

Let G be an N -vertex graph with the property that

)= 5("))

for every U C V(G) containing at least R vertices. For every m > q,

wn< ()0

In the following corollary, we use Theorem 5.2.1 to bound the total number of stable
sets in a graph G that satisfies the property in the theorem.

Corollary 5.2.2. Let q, N € Z~g, R € R.g, and 0 < 3 < 1 be such that

R>e PN,

23



Let G be an N -vertex graph with the property that

etz 5(']))

for every U C V(QG) containing at least R vertices. The number of stable sets in G is at

((fN) . 2 .
q

Proof. Since the graph G contains at most Z?:o (1;/ ) vertex subsets of size at most ¢, the
number of stable sets of GG of size at most ¢ is at most Z?:o (N ) < (ﬂ)q. By Theorem

J q
5.2.1, and since (];[) < (%)q,

N q
q

This corollary will be used in Subsection 6.2.5. In order to apply it to a graph G, we
will first need to prove that subsets of V(G) of a certain size induce a sufficient number of
edges; that is, G is sufficiently dense. This is done with a supersaturation lemma, which
we will need for each application of this corollary.

5.3 Spectral method for regular graphs

In this section, we develop a container method for regular graphs. Our method is a variation
of that used in Alon, Balogh, Morris, and Samotij’s 2014 paper [2]. However, we use the
same supersaturation lemma. In this section, and when applying spectral methods, we
assume all graphs are simple.
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Spectral graph theory refers to the study of graphs through parameters, such as eigen-
values, of their associated matrices, such as adjacency matrices. The adjacency matriz of
a graph G with n vertices is the n x n matrix A whose rows and columns are indexed by
V(G) such that the entries corresponding to vertices u and v is 1 if u and v are adjacent
and 0 otherwise. The eigenvalues of a graph G are the eigenvalues of its adjacency matrix.

The following result is the supersaturation lemma from [2].

Lemma 5.3.1 (One-sided Expander Mixing Lemma [2]). Let G be a d-regular N -vertex
graph with smallest eigenvalue —X. For any vertex subset U C V(G), the number of edges

induced by U satisfies
dUi* 1 |U|
>2L 1- =),
)z 5y 2MU|( N

We now prove our own version of a container method using the following algorithm.
This algorithm is based on the one in [2].

For a graph G, let Ind(G) denote the collection of stable sets of G. The mazimum-

degree ordering of a set A = {uy,ug, ..., w4} of vertices in a graph G is the sequence
(v1,v2,...,v4]) of the vertices in A such that v; = u; where u; has maximum degree in
G[A\ {v1,...,v;_1}] and ties are broken by indices; that is, j < k for all vertices uy that
have maximum degree in G[A\ {v1,...,v;_1}].

Algorithm 1: Adaptation of the algorithm in [2]
Input: (G, I, ¢)
S() < @
Ap < V(G) where the vertices of G are labelled using the set [|[V(G)]]
fori=1,...,d—¢e(d+ \) do

S,L' — Sifl
A — Ay
while |4;| > Z2ZEN do
v < first vertex in the maximum degree ordering of A;
if v ¢ I then
else
A A\ ({v} U Na(v))
end
end
end

Output: (Sq—c(asr), Ad—c(a+r))
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Theorem 5.3.2. For each d-reqular N -vertex graph G with smallest eigenvalue —\ and
e > 0, there exist functions S : Ind(G) — 2V and A : 2V — 2V sych that for every
I € Ind(G):

(1) (S(I),A(])) is the output of Algorithm 1 on input (G,I,¢);
(1)) S(I) C T and I C S(I)U A(S(]));

(iii) |S(1)] < YD 4 d; and

(iv) JAS(D)] < (25 +2)N.

Before we prove Theorem 5.3.2, consider Algorithm 1. The input of Algorithm 1, is
a d-regular N-vertex graph G with smallest eigenvalue —\, a stable set I of G, and a
positive real number €. The algorithm defines two sequences of sets Sp, Sy, ..., Si—c(a+y)
and Ao, Ay, ..., Ag—ca+r)- The algorithm starts by setting Sy to be the empty set and A,
to be the vertex set of G. Note that we arbitrarily label the vertices of GG so that there is
exactly one maximum degree ordering of each subset of vertices.

Algorithm 1 constructs its output sets in a sequence of steps, which is its main difference
from the algorithm in [2]. At each step i € {1,...,d —e(d + A)}, the set S; is initially
equal to S;_1 and A; is initially equal to A;_;. The final sets S; and A; are obtained by
repeating the following process. If the first vertex v in a maximum degree ordering of A;
is not in the given stable set I, then remove v from A;; otherwise, add v to S; and remove
v and the neighbours of v from A;. This process is repeated as long as the size of A; is
greater than %N . After the two sequences of sets are created, the algorithm outputs
(Sd—c(@n)s Ad—c(@+r))-

The idea is to create a subset S of I that has bounded size, while keeping track of the
number of remaining vertices A. This way I is a superset of S and a subset of SU A. In
the setting of container methods, the set S is referred to as the fingerprint of I and the set
S'U A is referred to as the container of 1. We then claim that if (S, A) is the output of the
algorithm on input (G, I,¢), then (S, A) is also the output on input (G, S, ). That is, the
set S is the fingerprint of both I and S, and the set S U A is the container of both S and
I. Since every stable set of GG receives a fingerprint and a container from the algorithm, we
can upper bound the number of stable sets using upper bounds on the size and number of
fingerprints and containers.

Proof of Theorem 5.3.2. Let I be a stable set of G and suppose (S(I), A(I)) is the output
of Algorithm 1 on input (G, I, ¢). Thus, statement (7) is satisfied. Each vertex v € I begins

o6



in Ay and at each step i € {1,...,d —e(d + \)}, either remains in A; or is moved to S;.
Thus, the set S(I) is a subset of I and [ is a subset of S(I) U A().

Claim 5.3.2.1. If (S, A) is the output of Algorithm 1 on input (G, 1,¢), then (S, A) is the
output of the algorithm on input (G, S, ¢).

Proof. Let (vy,...,v,) and (v],...,v.) be the vertices selected as v by the algorithm on
input (G, I,¢) and (G, S,¢€), respectively. Let (S’, A’) be the output of the algorithm on
input (G, S,e). We will show that S = 5" and A = A’. Let X, = V(G) and for i € [r],
let Xz = Xi—l — {Uz} if (% ¢ I and Xz = Xi—l — ({Uz} U Ng(l}z)) otherwise. Slmﬂarly, let
X, =V(G)and for i € [r'], let X] = X] | —{v}}ifv] ¢ S and X = X] | — ({v}} UNg(v})).
otherwise. The X;’s and X/’s in this proof are constructed in the same way that the A;
sets are constructed in the algorithm, although here a new X; or X/ is defined for each
selected vertex v, rather than for each of d — e(d + \) steps. Thus, the set X, is equal to
A and similarly, the set X/, is equal to A'.

Let vo = v, = 0 be defined for convenience in the following induction argument. Sup-
pose v;_1 = v,_; and X;_; = X/ ; for all 1 < i <k for some k € [r]. Since X1 = X|_,,
the first vertex in the maximum degree ordering of X,_; is the same as the first vertex in
the maximum degree ordering of X _,, hence v, = v. Since S is a subset of I, if v, is not
in I, then vy is not in S. If v; is in I, then the algorithm adds v, to the first output set
S. Therefore, the vertex vy is in [ if and only if it is in S. It now follows from the way X}
and X, are constructed that X, = X;. Thus, by induction, we have v; = v} and X; = X|
for all ¢ € [r].

This implies that the same vertices are selected and the same sets are created at each
step in the algorithm on inputs (G, I,¢) and (G, S,¢). In particular, r = " and A = X, =
X, =Aand S={v,el:ier]}={veS:ier]}=5" O

By Claim 5.3.2.1, A(/) = A(S(I)). Therefore, the set S(I) is a subset of I and I is a
subset of S(I)U A(S(I)), so (ii) is satisfied.

Let phase ¢ be the ith iteration of the for loop. Consider phase ¢ for some 1 < ¢ <
d—e(d+ \). In phase i, we obtain S; from S;_; and A; from A;_;. Throughout this phase,

the set A; has size greater than %N . Therefore, by the Expander Mixing Lemma 5.3.1,
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the average degree in G[A;] during phase i is

) AL () 1A)

Al © N N
| 4N A(l_déiA’N)
N N (5.1)
g dHA—idea-i
d+ A S
=d+A—1— A\
=d—1.

That is, the first vertex in the maximum degree ordering of G[A;] has degree at least
d—1i+1.

At the beginning of phase i, we set A; = A; 1 and due to the previous (i — 1) phase,

we know |A;_;| < %N In the last iteration of the while loop during phase ¢, the set

A; has size greater than d:lrj:/\lN and then either 1 or at least d —i 41 vertices are removed
from it. Since at least d — 7 + 1 vertices are removed from A; each time a vertex is added

to S;, the number of vertices added to S; during phase ¢ is at most

[Aiza| — A DTN - N
Si| = 18i-4| £ ————— +1 1
[Sil =18 < = F < =T
— N +1
S (d+Nd—i+1)
Therefore,
d—e(d+X)
|Sa—c@in| =Y (IS = 1Sia])
=1
d—e(d+X)
N
< +1 9.2
- Zl ((d+>\)(d—z+1) ) (5-2)
d
N 1
= — - +d
d+ A Z i +

The sum Zz_l te(d +/\)l. is a left method Riemann sum approximation of f (d42) ld:v

which evaluates to In(d) —In(e(d+ \)). Since (dH) < 1, the sum ZZ e d+/\) is at most
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In(e7'). Applying this to Equation 5.2 gives

N 1
Si_e In d.
|d(d+>\)|—d_|_)\ (>+

Since S(I) = Sy_c(a+y), it follows from the equation above that S(I) has size at most

df/\ In (1) 4 d, which satisfies (ii1).

Finally, we see from the bound in the while loop that the output A([) of the algorithm
has size at most WN (d+/\ + e)N. Since A(S(I)) = A(I), statement (iv) is

satisfied. [

Theorem 5.3.3. For each d-reqular N -vertex graph G with smallest eigenvalue —\ and
e >0,

5 In(e™)+d

N
i< 3 (Z) ol HoN

=0

Proof. For each stable set I € Ind(G), let (S(I), A(I)) be the output of Algorithm 1 on
input (G, 1,¢) and define S = {S(I) : I € Ind(G)}. By Theorem 5.3.2 (i7), each stable set
I of G is a superset of S(I) and I\ S(I) is a subset of A(S(I)). Therefore, for each set
S € S, there are at most 214! stable sets that contain S as a subset. Thus,

G) <> 2 (5.3)
Ses

Nlin(e 1)

By Theorem 5 3.2 (iii), each set S € S has size at most —r=

+ d, so there are at

Nlin(e™

most Y, (]j) sets in §. By Theorem 5.3.2 (iv), the set A(S) has size at most
(—/\ + 5)N for each S € S§. Combining these bounds with Equation 5.3 gives i(G) <

Nln(e—1)

ZZ (t)ﬂ-)\ +d (N) ) Q(ﬁJrE)N n

(3
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Chapter 6

Coextensions of graphic matroids

It is well-known that coextensions of graphic matroids correspond to biased graphs, which
are independently well-studied [52, 53, 51]. In 2019, Nelson and Van der Pol [39] determined
the asymptotic number of biased graphs on a complete graph. In Section 6.1, we explain
how this determines the number of coextensions of the cycle matroid of a complete graph.
We also prove some preliminary results about graphic matroids. In Section 6.2, we prove
the following two theorems about the number of coextensions of the cycle matroid of a
complete bipartite graph. Recall that o(1) denotes an unspecified function of n which goes
to 0 as n goes to infinity, log denotes the base-2 logarithm, and ext(M) denote the number
of extensions of a matroid M.

Theorem 6.0.1. log coext(M(K,,)) = ’2‘—':(1 + o(1)).

Theorem 6.0.2. log coext(M (K, ,—1)) = ”!("T_m!(l +o(1)).

6.1 Background

Recall that the cycle matroid of a graph G, denoted M (G), has ground set E(G) where
the circuits of M (G) are the edge sets of cycles of G. Since the ground set of M(G) is the
edge set of GG, we often refer to a subgraph of G as a subset of matroid elements when we
technically mean to refer to the edge set of this subgraph. For example, if C' is a cycle
of G, then we say C'is a circuit of M(G), even though technically F(C') is the circuit of
M (G) we are referencing.
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Recall that the overlap graph of a matroid M, denoted ©(M) is the graph whose vertices
are the circuits of M and two vertices C, C’ are adjacent if and only if they are contained
in a connected corank-2 restriction of M. By Corollary 3.2.8,

log i(©(M)) < logcoext(M) <logi(O(M)) + [Coin(M, <)|.

Recall that Cpin (M, <) is the collection of circuits C' € C(M) such that, for some corank-2
restriction N of M, the minimum circuit in N with respect to < is C.

Now we consider applying this result to graphic matroids. First, we establish that, for
a graph G, the connected corank-2 restrictions of M (G) are precisely the theta subgraphs
of G.

Lemma 6.1.1. A subgraph T of a graph G is a theta graph if and only if r*(M(G)|E(T)) =
2 and M(G)|E(T) is a connected matroid.

Proof. First, note that M (G)|E(T) = M(T). If T is a theta graph, then M (T") has corank
2 and, since each pair of edges is in a cycle, the matroid M(T') is connected.

Now we claim that if r*(M (7)) = 2 and M(T) is a connected matroid, then T is a
theta graph. Since M(T') is connected, the graph T' is 2-connected. Since 7" is connected,
we have (M (T)) = |V(T)| — 1. Additionally, since the corank of M(T') is 2, we know
r(M(T)) = |E(T)| — 2. Therefore, |V(T)| = |E(T)| — 1.

By Theorem 2.3.3, since T is 2-connected, it has an ear decomposition (G1, Ga, ..., Gk)
where G is a cycle and Gy, = T'. Since G, is a cycle, we know that |V(G4)| = |E(Gy)|. For
each i > 2, the graph G; is the union of G;_; and a path P, which contributes |E(P)| edges
and |E(P)| — 1 vertices to G;. Thus, by induction, we have |V (G;)| = |E(G;)| — (i — 1).
Therefore, since |V (T')| = |E(T")| — 1, it follows that k = 2 and Gy = T'. This implies that
T contains a cycle and a path between two distinct vertices of the cycle. That is, the graph
T is a theta graph. O]

Although we define the overlap graph with respect to connected corank-2 restrictions,
we bound the number of small circuits in M (G) by considering all corank-2 restrictions.
We do this by first bounding the size of a small circuit using Proposition 2.4.3 and the
following lemma.

Lemma 6.1.2. For each graph G, there are at most 3 circuits in a corank-2 restriction N

of M(G).
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Proof. Since N is a corank-2 restriction of M(G), the rank of the matroid N* is 2. Since
M(G) is a GF(2)-representable matroid, the matroid N* is as well. Thus, the matroid
N* is a restriction of PG(1,2). By Proposition 2.6.1(ii), the number of hyperplanes in
PG(1,2) is E]Q = gf—j = 3. Therefore, the matroid N* has at most 3 hyperplanes. Since
the hyperplanes of N* are the circuits of NV, there are at most 3 circuits in N. O]

Now we can find bounds for the number of coextensions of a graphic matroid M (G)
that depend on the number of stable sets in the overlap graph of G and the number of
small cycles in G.

Lemma 6.1.3. If G is a graph and s is the number of cycles of G that have length at most
%(T(M(G)) + 2), then

logi(O(M(G))) < logcoext(M(G)) <logi(0(M(G))) + s.

Proof. Let < be a total ordering of C(M(G)) that refines the preorder by size. By Lemma
6.1.2, there are at most 3 circuits in a corank-2 restriction of M (G). Thus, by Proposition
2.4.3, the smallest circuit in a corank-2 restriction of M (G) has size at most Z(r(M(G))+2).
Therefore, the size of Cpyin (M (G), <) does not exceed the number of cycles of length at most

2(r(M(G)) + 2). Now the lemma follows from Corollary 3.2.8. O

6.1.1 Coextensions of the cycle matroid of a complete graph

Recall that a biased graph is a pair (G, B) where G is a graph and B is a set of cycles of G
such that if two cycles C,C” € B are in a theta subgraph H of G, then the third cycle in H
is in B as well. By Lemma 6.1.1, the connected corank-2 restrictions of M (G) are precisely
the theta subgraphs of G. This means that B has the theta property. Thus, by Proposition
3.1.4, the biased graphs (G, B) correspond to colinear subclasses of M (G). Since colinear
subclasses correspond to coextensions (Theorem 3.1.1), the number of coextensions of
M(G) is equal to the number of sets of cycles B such that (G, B) is a biased graph.

In [39], Nelson and Van der Pol proved that the number of biased graphs on the complete
graph K, is 221+ Now, the analysis above implies the following theorem.

Theorem 6.1.4 ([39]). log coext(M (Knt1)) = sn!(1+ o(1)).
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6.2 Coextensions of the cycle matroid of a complete
bipartite graph

Expanding on the ideas and preliminaries in Section 6.1, we find asymptotic results for
the number of coextensions of balanced and almost balanced complete bipartite graphs.
Recall that, for positive integers n,m, we let K, ,, denote the complete bipartite graph
with bipartition (A, B) where A = [n] and B = [n+m] \ [n].

The proofs of Theorems 6.0.1 and 6.0.2 broadly follow the same structure as the proof
of Theorem 6.1.4 in [39]. We prove Theorems 6.0.1 and 6.0.2 by establishing asymptotically
matching lower and upper bounds in the log scale. The lower bounds come from taking all
subsets of a largest stable set. The upper bounds are determined using applications of a
container method. In both cases, we apply an established container method for sufficiently
dense graphs. In order to apply this method, we prove supersaturation lemmas for the
overlap graphs of M (K, ) and M (K, ,_1). Supersaturation lemmas are standard elements
of container methods; they aim to show that a set of vertices that is significantly larger
than a maximum stable set induces a significant number of edges. For more information,
see Chapter 5.

6.2.1 Preliminaries

Recall that C(M(K,,,)) is the collection of circuits of M (K, ,,), which are cycles of K, ,,.
Furthermore, recall that ©(M (K, ,,)) is the overlap graph of M (K, ,,) whose vertex set is
C(M (K, m)) where two vertices C, C" are adjacent if and only if C' and C” are contained in
a connected corank-2 restriction of M (K, ). By Lemma 6.1.1, two vertices C,C" in the
overlap graph are adjacent if and only if they are in a theta subgraph of K, ,,.

Lemma 6.2.1. The number of 2k-cycles in K, is (7)) (7)k!(k — 1) if k € [2,m] and
zero otherwise.

Proof. Each 2k-cycle contains k vertices from A and k from B. There are (Z) ways to
choose the vertices from A and (ZL) ways to choose the vertices from B. There are k!> ways
to order the vertices from A and B in a sequence ajbiasbs . .. aiby so that a vertex in A is
first. If a 2k-cycle is described by such a sequence, there are k choices for the first vertex
a; and 2 choices for the following vertex b, so each cycle corresponds to 2k sequences.
Thus, there are 2k!(k — 1)! ways to order these vertices in a cycle. Therefore, the number

of 2k-cycles in K, is 5 (7) (%) k!(k — 1)L, O
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Corollary 6.2.2. The number of cycles in K, ,, is

n!m!
2(m —i)il(n —m +14)!

R n!m!k!(k — 1)!
=2 2k!(n — k)k!(m — k)!

nlm!

m — il —m 1 )" -

=0

Bounds on the number of cycles in K, ,, will be used to bound the number of stable
sets in the overlap graph of K, ,,, so we define

l\D

m—

— (m — kk'n—m—i—k)

The constants [y(2) and [;(2) appear in the following lemmas. Recall that [y(2) is approx-
imately 2.28 and [;(2) is approximately 1.59.

Lemma 6.2.3. I‘)T(Q)—i— Iln—(zg) < Spn < I‘)T(Q)+hn—(22)+ 7;% for all n > 5.

Proof. We can check that the statement is true for n = 5. Suppose the statement holds
for some n — 1 > 5 and consider n?S,, ,,.

n—2 n—
—k)(n+k) k?
25%n:: (n
n*Sun =D k2 2 = Rk
k= k=0
_§<n—k><n+k>+"‘2 1
2T ke & Bk - )P
n—2 n—3
B (n+ k) 1
- RS (n— 1Rk
k=0 k=0
n—2 n—2
1 1
=2 gt oy e
k=0 k=0



Recall 377 iz = Lo(2 ) and ZZOO k'(kl o I1(2). Since 3377, | 7 < (n— 1)12 Do =
= 21),2 and >0 k,(k o < oo 2 DY e oF = %2)!2, we get the following bounds:

2n 2

TLZSn’n > n[0(2) — m + [1(2) - m

+ Sn—l,n—la

and
RZSnn < 7110(2) + [1(2) + Snfljnfl.

Since o= 1),2 + o= 2),2 < 10(2) + (il(fgg and we have assumed the statement is true for n — 1,

we find n?S,,,, > nly(2) + [1(2) so the lower bound holds.

Also by induction, we find n?S,,,, < nly(2)+ I;(2) + I;fl) + (il_(f; + (n_41)3. Since n > 6,

we can check that 10(2) + (11(252 + (n_41)3 < %; thus, n?S,,,, < nly(2)+ (2)+ %, which gives
us the upper bound O
Lemma 6.2.4. (2) + 11(2) o ! o k)k,Q < Spm < 1077(12) + I:,g) + % for all n > 6.

Proof. Note that P < g for all nonnegative integers j < ¢. Thus, by Lemma 6.2.3,

1

1 Ih(2)  L(2) 4
(m — KRk + (n—m))! +

:Smm - 5 —a

Sn.m s ;
’ (m — k)k!? ’ m m?  m?

I
A

which gives the upper bound. Similarly,

l\')

m—

m—2
1 1
5”””_2:: (m — k)E!(k + (n —m )!>; (n = (k+(n—m)))(k + (n —m))?

n—m—1

1
T2 mmRE

1
(n— k)k2

Ms

b
Il
o

k=n—m

Corollary 6.2.5. If n > 6, then IO(Q Jnt? IC(M(K,.))| < &

n!?
2n

Proof. Since 107(2) + A2 4 e for > 6, and |C(M(K,p))| = 228, by Corollary

n? n3 2

6.2.2, the bounds follow from Lemma 6.2.3. O

Corollary 6.2.6. If m >6 and n < m+2, thenM<|C( M(Kpp))| < Gnimt,

2m
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Proof. Since m > n —2, the sum 37" m is at most 2. Since % + ”m—@ +45 <2

for m > 6, and [C(M (K, )| = ™2S,,, by Corollary 6.2.2, the bounds follow from
Lemma 6.2.4. ]

In Chapter 3, we described a general method of bounding the number of coextensions
of a matroid M using the number of stable sets in the overlap graph of M and the number
of small circuits of M. Recall that a circuit of M is small with respect to some total
ordering of C(M) if it is the minimum circuit in a corank-2 restriction of M. The following
propositions will be used in Subsection 6.2.6 to establish upper bounds on the number of
small circuits in M (K, ,) and in M (K, ,—1).

Proposition 6.2.7. If n > 16, then the number of cycles in K, , with length at most
2(2n + 3) is at most %

Proof. Let r be the number of cycles in K,,,, with length at most %(271 + 3). By Lemma
6.2.1,

| 22 |
& n!?
r= 2%(n — k)2
k=2
n?2 n
S oo 2n+3 |2
2n ~ 2(n — | 3 D!
n!? n?
L
- 2n 2([%1 — 1)1
Since 2({%’%’—:),2 < % for n > 16, we have that r < Z—i . % O]

Proposition 6.2.8. If n > 18, then the number of cycles in K, ,—1 with length at most

2(2n+2) is at most %

Proof. Let r be the number of cycles in K, ,,_; with length at most %(277, +2). By Lemma
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6.2.1,

I_Z"';—QJ

B nl(n —1)!
r= %(n —k)(n—1— k)

k=2
L2n+2J
< nlin —2)! < 2(n—1)
=TI L o —ae
< nl(n—2)! 2n 3(n—1)
-4 3 (n—-2)([%52] - D
< n!(n —2)! 2n(n — 1)
B 4 (n—2)([%52] — 1)1
Since % < % for n > 18, we have that r < M% O]
= !

6.2.2 Largest stable sets

Recall that, for a matroid M, the overlap graph ©(M) has vertex set C(M) where vertices
C,C" are adjacent if and only if they are contained in a connected corank-2 restriction of
M. By Lemma 6.1.1, a subset of the ground set of M () is a connected corank-2 restriction
if and only if it induces a theta subgraph of G. Thus, a set C’ of circuits of M (G) has the
scarce theta property if, for each theta subgraph H of G, at most one cycle in H has its
edge set in C'.

In the following lemma, we upper bound the size of a set of cycles of K, ,, that has the
scarce theta property. Note that the proof is quite similar to the proof of Lemma 2.2 in

[39].
Lemma 6.2. 9 Let n > 3 be an integer. If B C C(M(K,)) has the scarce theta property,
then |B| < " . Moreover, if equality holds, then B is the set of Hamiltonian cycles of K, .

Proof. Recall that S, is the set of permutations of [n]. We will define two functions that
map cycles C'in B to sets of permutations that encode C'. Let Uy, Uy : B — 257 be these
functions, where for each cycle C with length 2k < 2n in B, we define

U, (C) ={(0a,08) €S2 :

(0a(1),05(1),...,04(k),op(k)) is a cyclic ordering of C'}, and
Uy (C) = {(0a,08) € S>:

(04(2),08(2),...,04(k+1),05(k+ 1)) is a cyclic ordering of C'}.
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Note that ¥;(C) and Wy(C') are disjoint for all 2k-cycles C' where k < n. For each 2n-cycle
C, define W, (C) as above and W,(C) = ¥, (C). Now define another function ¥ : B — 25
where U(C) = ¥, (C) U Uy (C).

We claim that the W-images of distinct cycles in B are disjoint. If not, then there
are cycles C1, Cy, integers 1 < i < j < 2, and a pair of permutations (04,0p5) such that
(O'A,O'B) € \I/Z(Ol) N \I/](OQ) Let |V(CI)| = 2k; and |V(02)| = 2ks.

First consider the case where i = j € {1,2}. If ky = ko, then C; = Cy, so with-
out loss of generality k; < ky. The cycles €7 and Cs intersect precisely in the path
oa(i)op(i)...oa(ky — 1 +1d)og(ky — 1 +4). Thus, the cycles C; and Cy are contained in
a theta subgraph of K, ,, which contradicts the assumption that B has the scarce theta
property.

The remaining case is where (i,7) = (1,2). Let ¢ = min{ky, ks + 1} and note that
¢ > 2. The cycles C; and Cy intersect precisely in the path 04(2)op(2)...04(0)op(f).
Thus, the cycles C) and Cy are contained in a theta subgraph of K, ,, which contradicts
the assumption that B has the scarce theta property.

Since ¥ encodes each cycle as a collection of pairs of permutations, and these collections
are pairwise disjoint, it follows that >4 |V(C)| < n!®. Let By, denote the set of 2k-cycles
in B for each 2 < k < n. For a cycle C € By where k£ < n, the number of pairs of
permutations in W(C) is 4k(n — k)!? since there is a choice of two functions ¥; and W,
with disjoint ranges, two directions, k elements for o4(1), and (n — k)!? ways to order the
remaining n — k elements in each part of K, ,. For a cycle C € B,,, the number of pairs of
permutations in W(C) is 2n. Therefore,

n—1
nl> > |W(C) = 4k(n — k)P|By| + 2n|B,|.
ceB k=2

Since 4k(n — k)12 > 4k(n — k) > 4(n — 1) > 2n for all 2 < k < n and n > 3, it follows
from the equation above that n!* > 2n >, _, |Bx| = 2n|B|. Therefore, |B| < Z—': If equality

holds, then we know B C B,. Since there are exactly ’;—: cycles of length 2n in K, , by
Lemma 6.2.1, it follows that B = B,,. m

The largest cycles in K, ,,_; have length 2n — 2, so K, ,,_; is not Hamiltonian, unlike
K, and K, ,. This raises a unique challenge with proving results about sets of cycles that
have the scarce theta property. In K, and K, ,, the set of Hamiltonian cycles has the
scarce theta property and is, thus, a stable set in the respective overlap graph. However,
the largest cycles in K, ,—; are not Hamiltonian and are not a stable set in the overlap
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graph. Observe that two (2n — 2)-cycles C, C’ of K, ,,_1 are in a theta subgraph of K, ,,_;
if C’ can be obtained from the C' by swapping a vertex of A in C' with the one vertex in A
that is not in C.

In the following lemma, we upper-bound the size of a set of cycles of K, ,_; that has
the scarce theta property. The proof is similar to that of Lemma 6.2.9, although there is an
extra step to address the difficulty of the set of (2n — 2)-cycles not being a stable set in the
overlap graph. We will give an example of a specific set of cycles that is a maximum stable
set in the next section, while determining an upper bound for the number of coextensions.

Lemma 6.2.10. Let n > 4 be an integer. If B C C(M(K,,—1)) has the scarce theta

property, then |B| < M Moreover, if equality holds, then B is a set of (2n — 2)-cycles.

Proof. Recall that S, is the set of permutations of [n]. Let Wy, Wy : B — 25°XSn-1 he
functions where, for each cycle C' of length 2k < 2(n — 1) in B, we define

@1(0) = {(O'A,O'B) € Sn X Sn—l .

(0a(1),05(1),...,04(k),0p(k)) is a cyclic ordering of C'}, and

g’g(C) = {(UA,UB) € Sn X Sn,1 :

(04(2),05(2),...,04(k+1),05(k + 1)) is a cyclic ordering of C'}.
Note that U;(C) and Uy(C) are disjoint for all 2k-cycles C' where k < n — 1. For each
2(n—1)-cycle C, define ¥, (C') as above and Wo(C') = U1 (C). Now define another function
U : B — 250%5n=1 where U(C) = U, (C) U U,y(C).

We claim that the W-images of distinct cycles in B are disjoint. If not, then there
are cycles C, Cy, integers 1 < i < j < 2, and a pair of permutations (o4, 0p) such that
(O'A,O'B) S ‘1’2(01) N \I/](CQ) Let |V(Cl)| = 2]61 and |V(CQ)| = 2]{32

First, consider the case where i = j € {1,2}. If k; = ko, then C; = Cy, so with-
out loss of generality k; < k. The cycles C; and Cs intersect precisely in the path
oa(i)op(i)...0a(ky — 1 +d)op(ky — 1+ ). Thus, the cycles C; and Cy are contained in
a theta subgraph of K, ,_;, which contradicts the assumption that B has the scarce theta
property.

The remaining case is where (i,j) = (1,2). Let ¢ = min{k;, ko + 1} and note that
¢ > 2. The cycles C; and C, intersect precisely in the path o4(2)op(2)...04(0)os().
Thus, the cycles C; and C; are contained in a theta subgraph of K, ,, which contradicts
the assumption that B has the scarce theta property.

Since ¥ encodes each cycle as a collection of pairs of permutations, and these collections
are pairwise disjoint, it follows that » ., |¥(C)| = |¥(B)|. Let By denote the set of 2k-
cycles in B for each 2 < k <n — 1.
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Claim 6.2.10.1. |¥(B)| < nl(n — 1)! = [U(B,-1)|.

Proof. Define a function f: S, X S,-1 = S, X 8,1 where f((04,05)) = (0/4,08) and o'y
is defined as follows. We define ¢/4(1) = 04(n) and o/y(n) = oa(1) and o/y(i) = o4(i) for
all i € {2,3,...,n — 1}. Note that f((¢/y,08)) = (04,08), so f is an involution.

Suppose a permutation pair (o4,0p) is in U(B,_1). Therefore, there is a cycle C' in
B,,—1 such that (o04,05) € U(C). Let f((0a,08)) = (0/y, 05) and notice that, by definition,
(o'y,0p) is not in ¥(C'). First, we claim that (0/y,0p) is not in W(B,_1). Suppose towards
a contradiction that (¢/y, o) € ¥(C") for some C’ € B,,_1. Both C and C” contain the path
op(1)oa(2)op(2)...04(n—1)op(n—1) and while C contains the path og(n—1)o(1)op(1),
the cycle C” contains the path og(n—1)o4(n)og(1). Thus, CUC" is a theta subgraph where
op(n — 1) and op(1) are the degree-3 vertices. Hence C’ ¢ B, which is a contradiction.

We also claim that (¢/y,0p5) is not in W(By) for all k£ € [0,n — 2]. Suppose towards a
contradiction that (¢’y,05) € ¥(C") for some C" € By, where k € [0,n — 2]. If (¢/y,08) €
U, (C"), then both C' and C’ contain the path o5(1)04(2)0(2)...04(k)op(k) and while C
contains the path og(k)oa(k+ 1)op(k+1)...05(n—1)oa(1)op(1), the cycle C’ contains
the path og(k)oa(n)og(1). Thus, C' U’ is a theta subgraph where og(k) and op(1) are
the degree-3 vertices. However, if (0/y,05) € Uy(C"), then both C' and C” contain the path
04(2)op(2)...04(k+1)op(k+1) and while C' contains the path og(k+1)oa(k+2)op(k+
2)...og(n—1)oa(1)op(1)o4(2), the cycle C’ contains the path og(k+1)04(2). Therefore,
if (o/y,05) € W(C'), then C' U C" is a theta graph, which implies that C' ¢ B, which is a
contradiction.

Now it follows that for each permutation pair (c4,0p) in W(B,_1), the corresponding
pair f((oa,0p)) is not in W(B). Thus, there are at least |V (B,_1)| permutation pairs that
are not in W(B). Since there are n!(n — 1)! permutation pairs in S,, X S,_1, the result
follows. O

Observe that for a cycle C' € By where k < n — 1, the number of pairs of permutations
in U(C) is 4k(n — k)!(n — 1 — k)! since there is a choice of two functions ¥, and ¥y with
disjoint ranges, two directions, k elements for o4(1), and (n— k)!(n — 1 —k)! ways to order
the remaining elements in each part of K,,,,_;. For a cycle C' € B,,_;, the number of pairs
of permutations in W(C) is 2(n — 1) since there is a choice of two directions and n — 1
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elements for o4(1). Now it follows from these observations and Claim 6.2.10.1 that,

n—2

nl(n — 1)1 > Z U (By)| + 2|V (B,—1)]

k=2

n—2
> Ak(n = k)(n — 1= k)!|By| + 4(n — 1)|B_y].
k=2

Notice that 4k(n —k)!(n —1—k)! > 4k(n—k) > 4(n—1) forall2 < k <n—2and n > 4.
Thus, it follows from the equation above that n!(n—1)! > 4(n—1) X271 |Bi| = 4(n—1)|B|.

Therefore, |B| < Ti((;‘j))! = ”!("4_2)!. If equality holds, then we know B C B,,_;. ]

6.2.3 Supersaturation for K, ,

In the following lemma, we show that a set of vertices of the overlap graph that is signifi-
cantly larger than a maximum stable set induces a significant number of edges. The proof
of this lemma is quite similar to that of Lemma 2.3 in [39].

Lemma 6.2.11 (Supersaturation Lemma for ©(M(K,,,))). For all integers n > 6 and
a>2 if BCV(OWM(Kny))) with |B] > (1+ oz)’;—z, then B spans at least %!2 edges in
O(M(Knn))-

Proof. Let © = ©O(M(K,,)) and let C = V(©). Suppose towards a contradiction that
there exists a set B C C where |B| > (1 + a)’;—!: and B spans less than %!2 edges in ©.

We define functions ®, &, &, : C — 25 similarly to those in the proof of Lemma 6.2.9,
where for each C' € C with length 2k:
®,(C) = {(04,08) € S*:

(0a(1),08(1),...,04(k),0p(k)) is a cyclic ordering of C'}, and
(I)Q(C) = {(O'A,O'B) € 8721 .

(ca(n—k+1),0p(n—k+1),...,04(n),0p(n)) is a cyclic ordering of C'},
and ®(C) = ¢,(C) U Dy(C). If k < n, then &;(C) and 5(C) are disjoint, so |P(C)| =
4k(n — k)12 If k = n, then ®;(C) and ®,(C) are equal, so |®(C)| = 2n. Note that for all
permutation pairs (o4, 0p) € 82, there exist exactly two 2k-cycles whose ®-images contain

(0a4,05) when k < n and exactly one 2n-cycle whose ®-image contains (04,0p5). This
implies that |®(C’)| = 2n|C’| for all sets C’ of 2n-cycles.

For each 2 < k < n, let By denote the set of 2k-cycles in B.
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Claim 6.2.11.1. If C,C" € By, are distinct cycles where 2k > n, then |®(C)N®(C")| < 2.

Proof. Since C' and C" are different cycles with the same length, it follows that ®,(C) N
O, (C") = 0 and Po(C) N D(C") = (. Note that C and C’ have at least two vertices
in common, so C'U C” contains at least three cycles. If V(C' U (") # V(K,,), then
Q;(C) N @;(C") = O for i # 5 € {1,2}, so we now assume V(C UC") = V(K,,). If
C U C' contains at least four cycles, then C' and C’ intersect in at least two paths, hence
D,(C)NP;(C") = 0 for ¢ # 5 € {1,2}. However, if C' U C’ contains exactly three cycles,
then it is a theta subgraph of K, and C' and C” intersect in one path P. Since C'U ('
contains all 2n vertices of K, ,, we know P contains 2p vertices for some integer p > 1. If
(0a,08) € D1(C)YND(C), then ox(k—p)op(k—p)...ca(k)op(k) is the path P, beginning
with the end of P in A, which fixes the rest of the permutations o4 and og. Therefore,

|D1(C) N Po(C")| = 1 and similarly |$o(C) N P4 (C")] = 1. O

For each 2 < k£ < n and each ¢ € {0,1,2}, let P;; be the set of permutation pairs
(0a,08) € 82 where |{C € By : (04,05) € ®(C)}| = i. Since each (04,05) € S is in
¢, (C) for at most one C' € By, and in ®5(C') for at most one C' € By, the sets Py, Pr1, Pro
partition S2.

Claim 6.2.11.2. |Py| < 922 for all k > 2L,

Proof. Consider (64,0p5) € Pys. Thus, the permutation pair (04,05) is in ®(C) N ®(C")
for distinct cycles C,C" € Bj. Hence C and C' intersect precisely in a path of at least
4k — 2n > 2 vertices, so C' and C” are adjacent in ©. Since |®(C) N ®(C")| < 2 by Claim
6.2.11.1, there is at least one edge in © for every two permutation pairs in Py . Thus, the
set By of 2k-cycles in B spans at least | Py 2|/2 edges. Since the number of edges in O[B] is

an!

at most 42, the claim follows. O

Claim 6.2.11.3. If C,C" € C are distinct cycles where C' has length 2k and C" has length
2n, then |®(C) N ®(C")| < 2.

Proof. Since C' has length 2n, we have ®(C") = ®,(C") = ®9(C”). Since C’ is a Hamil-
tonian cycle, ¢’ and C' intersect in at least one path. If C’ and C intersect in at least
two paths, then ®;(C) N ®(C") = 0 for i € {1,2}. Now consider the case where C’ and
C intersect in exactly one path P. It follows that P contains exactly 2k vertices since
every vertex in C'is in C" as well. Therefore, if (04,05) € ®(C) N ®(C’), then P is either
oa(D)op(l)...04(k)og(k) or ca(n—k+1)og(n—k+1)...04(n)op(n) and the remaining
elements of 04 and op are fixed since (04,05) € ®(C). Therefore, there are at most two
permutation pairs (o4, 0p) in ®(C) and &(C”). O
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For a set A C C, let ®(A) = e q P(O).
Claim 6.2.11.4. |®(B;) N ®(B,)| < 922 for all 2 < k < n.

Proof. Let C' € By and C” € B,, and consider a permutation pair (o4,05) in ®(C)NP(C”).
The sequence o4(1)op(1)...04(n)op(n) is a cyclic ordering of the vertices of C” and either
oa(1)op(l)...0a(k)op(k) or oa(n—k+1)og(n—k+1)...04(n)op(n) is a cyclic ordering of
C, hence C' and C" are adjacent in ©. By Claim 6.2.11.3, there are at most two permutation
pairs in ®(C')N®(C”), so there is at least one edge in © for every two permutation pairs in
O(Bi) N ®(B,). Since the number of edges in O[B] is at most a" , the claim follows. [

The number of 2k-cycles in K, is Zk(” I by Lemma 6.2.1. For 2 < k < n, let

Br = | Bk |2k "B That i is, By is the fraction of 2k-cycles of K, , in B; hence 0 < B, < 1.
Note that |<I>( )| = 2n|B,| = n!*4,.

Claim 6.2.11.5. [, < %(1 +a — 5,) for all ”T“ <k<n.
Proof. By Claim 6.2.11.4, we know
|(Bg)| = [®(Br) U D(Bn)| + |2(Br) N P(By)| — [2(By)]

2
an!
2 2
< nl“+ —nl“B,

2
= (1 + % — Bn>n!2.

Now, note that

| Prot| + 2| P2l —Z | Prsl = > |@(C (n — k)| By.

ceBy

Furthermore, note that since each permutation pair in 82 is in the ®-image of at most two
2k-cycles, a permutation pair in one 2k-cycle ®-image is in Py ; and a permutation pair in
more than one 2k-cycle ®-image is in Py 5. Since ®(By) is the collection of all permutation
pairs in a 2k-cycle ®-image, we have that |Py |+ |Py2| = |®(B)|. Now by Claim 6.2.11.2,
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it follows that
26kn!? = dk(n — k)1?| By
= |Peal 4 2| Pl
= [®(By)| + |Pr.2|

a an!?
<(14=-=5,]|n?
< ( + 5 B )n + 5
= (1+a—B,)n?
and the result follows by dividing both sides of the above equation by 2n!2. O]

Since fi < 1 for all k& € [2,n], it follows from the assumption on the size of B that
12

n:
(1+a) - <IBl= Y [Ba

0<k<n—2

n'2
> kvz e

0<k<n—2

Ifggkgn—zandnz6then(k+)>16 ";—Egl>lz : Thisimplies
1

(k+1)2°
1 1 8
that mem—mr) <3 CR2(n—k) 5© Zk 12 w o = len Yo S 7 [Z J'Q”' Now, it

follows from Claim 6.2.11.5, Corollary 6.2.5, and the 1nequahty block above that

2 nl? 1 1+a— 1
(1+a)- < <§ R ﬁ”(sn,n—g)+&>

2n 2 \75]"2% 2 n
n!? (16 1 l+a—-06, e—1 [,
<— (= : =iy
- 2(7n-LﬂJ!2+ 2 n +n

Using 18 e J,Q < 1 for n > 6 and the above inequality, we find

1 l+a—-0,)(e—1
l+a<—+ ( B ) ) + Bn
n 2
1 (1+a)e—1) 3—e
n 2 2
Rearranging to isolate a, we get a < ( 7 which contradicts the assumption that o >

[z

since % < 4.
—e
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6.2.4 Supersaturation for K, ,

In this subsection, we prove a supersaturation lemma for O(M (K, ,—1)). Since K, 1 is
not Hamiltonian and the set of largest cycles in K, ,_; is not a stable set, the proof does
not have the same structure as the proofs of Lemma 6.2.11 and Lemma 2.3 in [39]. The
proof of this lemma requires a completely different approach and is much more involved.

For the remainder of this subsection, let n > 6 unless otherwise specified. Also, let
© =0(M(K,n-1)) and C = C(M (K, n-1)). For any V C C, let e(V') denote the number
of edges induced by V in ©. That is, let e(V) = |E(O[V])|. We partition V(©) into layers
based on cycle length. For each d € [n — 2], let Ly C C denote the set of cycles of K,
of length 2(n — d). We say a cycle in Ly is at depth d in ©. Let o = ni(n-2)!

.
6.2.1, the number of (2(n — 1))-cycles is | L] = ”2'((2:;))' = 2a.

By Lemma

Now we define a sequence for each cycle C' at depth at most n — 3 which gives a
canonical cyclic ordering of C. For each d € [n — 3] and for each cycle C' € Ly, let
oc = 0c(0)oc(l)...00(2(n — d) — 1) be a sequence of vertices in K, ,_1 such that C' =
oc(0)oc(1)...00(2(n — d) — 1)oc(0) where o¢(0) € A and o¢(1) < 0¢(2i — 1) for all
i € [n—d] and 0¢(3) < oc(2(n—d) —1). Now we show that, for each cycle, this sequence
is unique.

Proposition 6.2.12. Letd € [n—3| and let C' € Lq. If v = vovy ... Va(n—q)—1 15 G sequence
of vertices in K, 1 such that C' = vgv; ... Va(n—ay—1v0 where vg € A and vy < vy for all
i € [n —d], while vy < Va(—a)—1, then v = o¢.

Proof. Since vy € A, the vertex vy is in B. If vy is not the smallest element in B NV (C),
then there exists vg;_1 < vy for some i € [2,n — d], which is a contradiction, so we know
v; = o¢(l). The vertices v3 and Vg(n—d)—1 are the only two vertices at distance 2 from
vy in C and v3 < Vap—a)—1, 50 v3 = 0¢(3) and vy(n_g)—1 = 0c(2(n — d) — 1). The vertex
oc(0) is the only vertex adjacent to o¢(1) and o¢(2(n —d) — 1), so vg = 0¢(0). Similarly,
the vertex o¢(2) is the only vertex adjacent to o¢(1) and o¢(3), so va = o¢(2). For each
i € [4,2(n — d) — 2], the vertex o¢(i) is the only vertex where the path in C' from oc(1)
to o¢(i) that contains oo (2) has length i — 1, so v; = o¢(i). Therefore v; = o¢ (i) for all
i€0,2(n—d)—1]. O

For each C' € Ly, there is exactly one vertex v in V(K ,,—1) \ V(C) and v € A. Thus,
the sequence ¢ (0)oc(2) ...0c(2n —4)v is a permutation of A = [n]. Define sgn(o¢) to be

75



the sign of the permutation o¢(0)o¢(2)...0c(2n — 4)v. That is,

1 if 0c(0)oc(2)...00(2n — 4)v is an even permutation, and

sgn(oc) = {

-1 ifoc(0)oc(2)...00(2n — 4)v is an odd permutation.

Proposition 6.2.13. Let C,C" € Ly. Ifoc(1)oc(3)...0c(2n—3) # ocr(1)oc(3) ... o (2n—
3) or sgn(oc) = sgn(ocr), then C and C' are not adjacent.

Proof. Suppose that C' and C” are adjacent. Hence C'U C” is a theta graph. We will show
that oc(1)oc(3) . ..0c(2n—3) = ocr(1)oc(3) ... 0 (2n—3) and sgn(o¢) # sgn(oer). Since
C and C' each contain 2n — 2 vertices and their union contains at most all 2n — 1 vertices
of K, ,—1, the intersection of C' and C" is a path with at least 2n — 3 vertices. The cycles C
and C’ contain all vertices in B, so the path C' N C’ contains n — 1 vertices in B and n — 2
vertices in A. Thus C'\ €’ and C" \ C each contain exactly one vertex in A. Therefore,
the sequence oc(1)oc(3) ... 00(2n—3) is equal to the sequence o¢r(1)oe(3) ... o (2n—3)
and the sequences oo and oo differ in exactly one even indexed entry. Let 2k be the
index such that o¢(2k) # oc/(2k). Since 0¢(i) = o¢r(i) for all indices other than 2k, the
vertex oc(2k) is the one vertex v in A\ V(C) and the vertex o (2k) is the one vertex v’ in
A\V(C"). Hence the permutations 0¢(0)oc(2) . ..0c(2n—4)v and o (0)oc(2) ... oc (2n—
4)v’ can be obtained from each other by one 2-element transposition. Therefore sgn(o¢) #
sgn(oer). O

Lemma 6.2.14. The graph ©[Ly] is bipartite with bipartition (X, L1\ X) where X = {C €
Ly :sgn(oc¢) = 1}. Furthermore | X| = |L; \ X| = a.

Proof. Observe that X C L is the set of cycles C' such that sgn(oc) = 1 and that
sgn(oc) = —1 for all C" € Ly \ X. By Proposition 6.2.13, there are no edges between
vertices in X or between vertices in L; \ X. Thus (X, L; \ X) is a bipartition of ©[L,].

There are @ sequences o such that ¢ = 0¢(1)o¢(3)...0c(2n — 3) for some C €
L;. Since there are ”7' even (or odd) permutations of length n and (";2)! choices for the
sequence o¢(1)oc(3)...0c(2n — 3) for some C' € L;, we have |X| = n!("472)! = «a (and
L\ X| = ). O

Let S be the collection of sequences o such that o = o¢ for some C € C. Let §§ C S
be the collection of sequences ¢ for some C' € L;.

We will now define a collection of functions that will each give rise to a perfect matching
of the vertices in L;. Informally, each function will map each cycle C' € L; to an adjacent
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cycle C" € L; where the vertex of A not in C' is swapped with a vertex of C' to obtain C".
For each k € [0,n — 2|, define a function f; : S — S where fy(0) = ¢’ and ¢’ is defined
as follows. First, let v be the element of A that is not in {0(2¢) : 0 <i < n —2}. Now, we
define 0'(2k) = v and o'(i) = o(i) for all i € [0,2n — 3] \ {2k}. The element of A that is
not in ¢’ is o(2k), hence fiy(0’) = o. Furthermore, since o(2k) # v, we know fi(0) # o.
Therefore, each fj is an involution. For each k € [0, n— 2], since CUC" is a theta graph for
any two cycles C,C" € Ly where fy(o¢) = o¢r, the function fy determines pairs of cycles
that are adjacent in ©. For each k € [0,n — 2], define M}, to be the set of edges CC" in
©[L4] such that fx(cc) = ocr. Observe that each My is a perfect matching of Ly. Also,
observe that M; N M, = () for ¢ # j.

Proposition 6.2.15. The independence number of ©[L4] is .

Proof. Since ©[L4] is bipartite and each part has size a by Lemma 6.2.14, the independence
number is at least . Since O[L] has a perfect matching, the independence number is at
most |L1|/2 = a. O

Since O[L4] is a subgraph of ©, the following proposition clearly follows from the
previous proposition.

Proposition 6.2.16. The independence number of © is at least c. [

For each k € [0,n—2], define Ny to be a set of edges between a vertex in L; and a vertex
not in Ly, as follows. For each adjacent pair C; € Ly and C € Ly where d > 2, we say
the edge C1C' is in Ny, if and only if there exists a theta subgraph of K, ,,_1 whose cycles
are (', (1, and some cycle Cy € C such that C; and C intersect in exactly one edge, and
oo, (2k) € V(Cy)\V(C). Since |V (Cy)| = [V (C)|—|V(C)|4+2 =2(n—1)—2(n—d)+2 = 2d,
we know that Cy € L,,_4. Observe that C'N (Y is a subpath of C; that contains all vertices
of C, the set E(C) \ E(C}) contains exactly one edge e, and e is a chord of C in C; U C.

Proposition 6.2.17. Let k € [0,n—2] and let Cy,C € Ly where C1C] € My. Let C € Ly
where d > 2. If CCy € Ni, then CC| € Ny.

Proof. Since C'C; € Ny, we know there is a theta subgraph of K, ,_; whose cycles are
C, C; and some Cy € C such that Cy and C' intersect in exactly one edge and o¢, (2k) €
V(CQ)\V(C) Note that V(C), V(OQ) Q V(Cl) Since ClC{ c Mk, we have oy (’L) = 0'01 (Z)
for all 7 € [0,2n — 3]\ {2k} and o¢; (2k) ¢ V(C1). Let Cj be the cycle obtained from Cy by
deleting the vertex oc, (2k) and adding the vertex o¢;(2k) and edges from o¢;(2k) to the
neighbours of ¢, (2k) in Cy. Observe that C, C}, and C are the three cycles of a theta
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subgraph of K, ,_1. Since o¢, (2k) ¢ V(C), the edges in E(Cy) U E(CY) \ (E(C2) N E(CY))
are not in C, hence C' and Cj intersect in exactly one edge. Since o¢;(2k) ¢ V(C ) and
V(C) C V(Cl) we know 003(2]?) ¢ V(C); therefore o/ (2k) € V(C5) \ V(C). Now it
follows that CC| € Ny. O

Proposition 6.2.18. Let Cy € Ly and C € Ly where 2 < d < n —3. If CCy; € Ny for
some k € [d+ 1,n — 1 —d|, then the vertices o, (2n — 3), o¢,(1), and o¢,(3) are in C.

Proof. Since CC, € Ny, there is a theta subgraph of K, ,_; whose cycles are C, (4,
and some cycle Cy € C such that Cy and C' intersect in exactly one edge and o¢, (2k) €
V(C)\ V(0.

First we claim that the vertex o¢, (0) is in C. If 0¢,(0) is not in C, then o¢, (0) and
0¢, (2k) are both in V(Cy) \ V(C). Since C; \ C is a path with 2d — 2 vertices, it follows
that the distance between o¢, (0) and o¢, (2k) in Cy is less than 2d — 2. Therefore, we have
0<2k<2d—4or2n—d+1<2k<2n—3. This implies that 0 < k < d — 2 or
n—d+1<k<n-—2s0k¢]|[d+1,n—1—d], whichis a contradiction. Therefore, the
vertex o, (0) is in C.

Now we claim that the vertex o¢, (1) is in C. If not, then since o, (0) is in C' and
C'N (4 is a path, the vertex o¢, (2n — 3) is in C' as well, while the vertex o¢, (3) is not in C.
Therefore Cy is the union of the edge o¢, (0)o¢, (2d — 1) and the subpath of C} from o¢, (0)
to o¢, (2d—1) that contains o¢, (1). That is, Cy = 0¢,(0)o¢, (1) ... 00,(2d—1)0¢, (0). Since
the vertex o¢, (2k) is in Cy \ C, we have 2 <2k <2(d—1),s0 k ¢ [d+ 1,n — 1 —d], which
is a contradiction. Therefore, the vertex o¢, (1) is in C.

Next we claim that the vertex o¢,(2n — 3) is in C. If not, then since o¢,(0) and
oc, (1) are in C, the vertex o¢,(3) is in C as well. Therefore Cy is the union of the edge
0c,(0)oc, (2(n—d)—1) and the subpath of C; from o¢, (0) to o¢, (2(n—d)—1) that contains
0c,(2n—3). That is, Cy = 0¢,(0)oc, (2(n—d)—1)o¢, (2(n—d)) ... 0¢,(2n—3)0¢, (0). Since
the vertex o¢, (2k) is in Cy \ C, we have 2(n —d) <2k <2(n—2),s0k ¢ [d+1,n—1—d],
which is a contradiction. Therefore, the vertex o¢, (2n — 3) is in C.

Finally, we claim that the vertex o¢,(3) is in C. If not, then Cy N C} is either the
subpath of C from o¢, (1) to o¢,(2d) or o¢,(2) to ¢, (2d + 1) that contains o, (3). That
is, Cy = o¢,(1)ocy(2) ... 0¢,(2d)oc, (1) or Cy = 0¢,(2)0¢,(3) ...00,(2d + 1)o¢,(2). Since
the vertex o¢, (2k) is in Cy \ C, we have 2 <2k < 2d,so k ¢ [d+ 1,n — 1 — d], which is a
contradiction. Therefore, the vertex o¢, (3) is in C. O

Lemma 6.2.19. Let C; € Ly and C € Lg where 2 < d < n —3. If CCy € N, for some
k € [0,n—2], then the number of integers i € [0,n— 2| such that CCy € N; is exactly d—1.
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Proof. Since CC, € Ny, there is a theta subgraph of K, ,_; whose cycles are C', (', and
some cycle Cy € L,,_4 such that Cy and C' intersect in exactly one edge and o¢, (2k) €
V(Cy)\V(C). Since Cy is the graph induced on (E(Cy)\ E(C))U(E(C)\ E(C)), the cycle
(s is the only cycle in a theta graph with C' and C;. Therefore, the edge C'C} is in N; if
and only if o¢, (2i) € V(Cs) \ V(C). Let P = C5 \ C and notice that P is a subpath of C4
that contains exactly 2d — 2 vertices, where d — 1 of them are in A and d — 1 are in B. The
vertices of A in C have even indices in o¢,, therefore, there are d — 1 integers i € [0,n — 2]
such that the vertex o¢,(2¢) is in P. That is, there are d — 1 integers i € [0,n — 2] such
that the vertex o¢,(2i) is in V/(Cy) \ V(C'). Thus, there are exactly d — 1 sets N; where
i € [0,n — 2] such that CC; € N;. O

Lemma 6.2.20. Let C € Ly where 2 < d <n—3 and letk € [d+ 1,n—1—d|. If
CCy € Ny, for some Cy € Ly, then Ny, contains at least d!(d — 1)! edges incident with C'.

Proof. Consider a theta subgraph of K, ,_; whose cycles are C, (4, and some Cy € L,,_4
such that Cy and C intersect in exactly one edge and o, (2k) € V(Cy) \ V(C). By
Proposition 6.2.18, we know that o¢, (2n —3), ¢, (1), and o¢,(3) are in C. Since C U is
a theta graph, the intersection C'N C} is a path. Let p € [3,2n — 2 — 2d] such that C' N C4
is the path in Cy from o¢,(p + 2d — 1) to o¢, (p) that contains o¢, (2n — 3), o¢, (1), and
0c,(3). Since the vertex o¢, (2k) is not in C, we know p+ 1 < 2k < p+ 2d — 2.

Let Ni(C) be the set of cycles D € L; such that D is the union of the path C'N Cy
and a path P in K, ,_ on 2d vertices with endpoints o¢, (p +2d — 1), 0¢, (p) and all other
vertices not in C. There are d vertices in A\ V(C) and d — 1 vertices in B\ V(C), so
there are d! ways to choose and order the A vertices in P and (d — 1)! ways to order the B
vertices in P. Therefore, there are d!(d — 1)! choices for P, and thus for D, which implies

INL(C)] = di(d — 1),

Consider a cycle D in N;(C) such that D is the union of C' N C} and P. Since cycles
in L; contain all vertices in B, we know by definition that o¢, (1) = op(1). Furthermore,
since C'N Cy is a subpath of C} and D, it follows that o¢, (¢) = op(¢) for all £ € [0,p] U
[p+2d—1,2n — 3]. Let Dy be the union of the path P and the edge op(p+2d — 1)op(p).
Since op(p + 2d — 1),0p(p) are the endpoints of P, the graph D, is a cycle. The graph
C'UD U Dy is a theta subgraph of K, ,,_; where D, and C' intersect in exactly one edge
(op(p+2d—1)op(p)). Furthermore, since p + 1 < 2k < p+ 2d — 2, the vertex op(2k) is
in V(Dy) \ V(C). Thus CD is in Ny.

Therefore, each D € N1(C) is a cycle where CD € Nj. That is, the set Ny contains at
least |N1(C)| = d!(d — 1)! edges incident to C. O
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Proposition 6.2.21. Let C € Ly and C" € Ly where2 < d < d < % and let k € [0,n—2].
If CC1,C'"CY € Ny, for some Cy € Ly, then C' and C' are adjacent in ©.

Proof. Since CC4,C'Cy € Ny, all vertices in C and C” are also in C';. Now, since the vertex
0c,(2k) is not in C or C’, the number of vertices in CUC" is at most |V (Cy)| —1 = 2n—3.
Since C' contains 2(n — d) vertices and C” contains 2(n —d') vertices, the number of vertices
in the intersection C N C" is at least 2n — 2d — 2d’ + 3 > 3. Since C' and C' both intersect
C1 in a path that contains all of their vertices, the intersection C' N C” is either one or two
paths. Thus, at least one path in C'NC” contains at least two vertices, so the cycles C' and
C' share at least one edge.

Since the vertex o¢, (2k) is not in C' or €', the edges incident with o¢, (2k) in C; are
not in C' or C’. Let e be an edge incident with o¢, (2k) in C; and let G be the connected
graph C U C" U} —e. Since E(C) \ E(Cy) and E(C") \ E(C}) each contain a different
edge that is a chord of Cy in C; UCUC’, we have |[E(C;UCUC")| = |V(CLUCUC")|+2.
Since G has the same vertex set as C; U C'U C’, the number of edges in G is |V(G)| + 1.
Now, it follows from Lemma 2.3.2 that C' and C” are contained in a theta subgraph of G.
Therefore, the cycles C' and C’ are adjacent in ©. n

For each k € [0,n — 2], define Ry to be a set of edges between vertices in C \ L4, as
follows. For each adjacent pair C' € Ly and C" € Ly where 2 < d < d’, we say the edge
CC" is in Ry, if and only if there exists C € L; such that CCy, C'C} € Nj,. In other words,
the set Ry contains all edges in © \ L; that are in a triangle with two edges in Nj. By
Proposition 6.2.21, every pair of edges CC; and C'C; in N, with a common end Cy in L
is contained in such a triangle, so CC" is in Ry.

Lemma 6.2.22. Let Cl S Ld1 and CQ S Ld2 where 2 S dl S d2 S % [f C’lC, CQC € Nk
for some k € [dy+1,n—1—ds] and some C € Ly, then the number of integers i € [0,n—2]
such that C1Cy € R; is at most dy — 1.

Proof. By Proposition 6.2.18, the vertices o¢(2n — 3), o¢(1), and o¢(3) are in C} and Cs.
By Proposition 6.2.21, the cycles C and Cs are adjacent in ©; thus, their union C; U Cs is
a theta graph. Let P = C] N C5 be the intersection of C; and Cy. Since C7 U Cs is a theta
graph, the graph P is a path. The path P contains at least five vertices, as it contains
oc(2n — 3), 0¢(0), oc(1), 0c(2), and 0¢(3). Furthermore, since V(Cy),V(Cy) C V(C),
the vertices in P are also in C. Let s and t be integers such that 3 < s <t <2n — 3 and
the vertices o¢(s), 0¢(t) are the endpoints of P. For convenience, we also let u = o¢(s)
and v = o¢(t). (Figure 6.1 shows the theta graph C} U Cy where Cy is the outer cycle.)
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Figure 6.1: The cycles C; and (5 in Lemma 6.2.22.

Let Z be the set of integers ¢ such that C1Cy € R;. Since C1Cy € R; if and only if
there exists a cycle D € Ly such that C1D,CyD € N, the set Z is also the set of integers
¢ such that C1D,CyD € N; for some D € Ly. Let ¢ be an integer in Z. We will show
that 2i € [t — 2dy + 2,2dy — 2 + s|. Since i € Z, there exists a cycle D € L; such that
Ci1D,CsD € N;.

For each j € {1,2}, since C;D € N,, the intersection C; N D is a path that contains all
vertices of C; and the set £(C};)\ E(D) contains exactly one edge, say e;. Thus, the graph
C;\ {e;} is the path C; N D. Therefore, the graph C; U Cs \ {eq, e2} is a subgraph of D.

Claim 6.2.22.1. The path P is a subpath of D.

Proof. If not, then since e, e5 are the only edges in E(C, U Cs) \ E(D), at least one of the
edges e, €5 is in P. Say ep is in P, which implies e; is in C; and (5. Thus, the edge e; is
in Cy, but is not in D. Since the set E(Cy) \ E(D) contains exactly the edge e, it follows
that e; = ey. Let x and y be the endpoints of e;. Since C; # Cy, each cycle intersects
D in a different path; however, both paths have endpoints z and y. Since D is a cycle,
there are two paths ()1, Q) from x to y in D. Therefore, without loss of generality, for each
J € {1,2}, the path C; \ {e;} is @;. This implies that V(C;) UV (Cy) = V(D). Since the
vertex op(2i) is not in C; or Cy, we have a contradiction. O
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For each j € {1,2} and w € {u, v}, let e}’ be the edge in F(C;)\ E(C3_;) incident with
w.

Claim 6.2.22.2. Let w € {u,v}. The cycle D contains at most one of €y, ey .

Proof. 1f D contains both e}’ e¥’, then w has degree 3 in D, which is a contradiction. [

Let P be the graph Cy UCy \ {e, €4} and let P, be the graph C; UC5 \ {e7, ey }. Claim
6.2.22.2 implies that all edges in C) U Cy are in D other than at most one of e}, ey and
at most one of e}, e. Additionally, by definition of N;, the cycle D contains at least one
of e}, e} and at least one of ey, ej. Therefore, the cycle D contains either P, or P, as a
subgraph.

For each j € {1,2} and w € {u, v}, let z¥ be the endpoint of €} other than w. Observe
that P, is a path with endpoints z{ and z§, and P; is a path with endpoints z§ and 9.
Therefore, the cycle D is either the union of P, and an z¥, z-path in K, ,,1 \ (Cy U Cy)
or the union of P, and an z¥, zY-path in K, \ (C1 UCy).

Recall that s and t are the integers in [3,2n — 3] such that the endpoints of P are
u = o¢(s) and v = 0¢(t). Thus, the path P contains 2n — 1 — t + s vertices.

Claim 6.2.22.3. 2d, <t — s+ 1.

Proof. The cycle Cy contains 2(n — dy) vertices and the path P contains 2n — 1 — ¢ + s
vertices. Since P is a subpath of Cy, it follows that 2(n —dy) > 2n — 1 —t +s. Simplifying
the inequality gives 2dy <t — s+ 1. O]

Since cycles in Ly contain all vertices in B, we know by definition that o¢(1) = op(1).
Furthermore, since P is a subpath of C' and D, it follows that oc(¢) = op(¢) for all
¢ € [0,s] U[t,2n — 3]. The following two claims will determine the remaining indices of
V(CyUCy) in op, which we will use to determine the range of possible values for i. Recall
that the vertex op(2i) is not in Cy U Cy since C1D,CyD € N;. Also, since P contains
2n — 1 —t + s vertices, note that, for each j € {1,2}, the number of vertices in the path
Cj\03_j:Cj\PiS 2(n—dj)—(2n—1—t+s) :t—8+1—2dj.

Claim 6.2.22.4. If P, is a subpath of D, then 2i € [t — 2dy + 2,2d; — 2 + 5].
Proof. The vertex z of Cy \ Cy is incident with u in P; and the distance from op(0)
to u is less than the distance from op(0) to x%. Therefore, since u = op(s), we have

xy = op(s+1). The path Cy\ C contains t — s + 1 — 2d, vertices and has endpoints x}
and z3. Thus, it follows that 2§ = op(t + 1 — 2ds).
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Similarly, the vertex x} of C} \ Cy is incident with v in P, and the distance from op(0)
to v is less than the distance from op(0) to z}. Therefore, since v = op(t), we have
zy = op(t —1). The path C; \ Cy contains ¢t — s + 1 — 2d; vertices and has endpoints
and xy. Thus, it follows that 2} = op(t — (t —s+ 1 —2dy)) = op(s — 1 + 2d,).

Now we know the path Py contains op(¢) for all £ € [0,t4 1 —2ds]U[s — 1+ 2dy,2n—3].
Since the vertex op(2i) is not in Py, the integer 2i is in [t + 2 — 2dy, s — 2 4 2d;]. O

In the following claim, we consider the case where P, is in D instead of P;. The proof
is very similar to the proof of Claim 6.2.22.4.

Claim 6.2.22.5. If P, is a subpath of D, then 2j € [t — 2d; + 2,2dy — 2 + s].

Proof. The vertex z} of C; \ Cy is incident with u in P, and the distance from op(0)
to u is less than the distance from op(0) to z¥. Therefore, since u = op(s), we have
¥ = op(s+1). The path C; \ Cy contains t — s + 1 — 2d; vertices and has endpoints x¥
and z¥. Thus, it follows that } = op(t + 1 — 2d;).

Similarly, the vertex x} of Cy \ C} is incident with v in P, and the distance from op(0)
to v is less than the distance from op(0) to 2. Therefore, since v = op(t), we have
xy = op(t —1). The path Cy \ C} contains t — s + 1 — 2dy vertices and has endpoints 4
and x¥. Thus, it follows that 2§ = op(t — (t —s+ 1 —2dy)) = op(s — 1 + 2ds).

Now we know the path P, contains op(¢) for all £ € [0,t+1—2d;]|U[s — 14 2da, 2n — 3].
Since the vertex op(2i) is not in Py, the integer 2i is in [t + 2 — 2d;, s — 2 + 2ds). O

By Claims 6.2.22.4 and 6.2.22.5, and since d; < d», the integer 2¢ is at least ¢t — 2dy + 2
and at most 2dy — 2 + s. Therefore, the even integer 2i is in [t — 2dy + 2,2ds — 2+ s]. The
number of even integers in [t — 2dy + 2,2dy — 2 + s] is at most

[%(2d2—2+5—(t—2d2+2)+1)] —dy—1+ E(s—uzdrﬂ.

By Claim 6.2.22.3, the expression s — t 4+ 2dy — 1 is at most 0, hence the number of even
integers in [t — 2dy + 2, 2dy — 2 + 5| is at most dy — 1. Therefore, the size of the set Z is at
most dy — 1. O

At this point, for each k € [0,n — 2], we have three disjoint sets My, Ny, Ry of edges.
Edges in M), are between vertices in Ly, edges in Nj are between a vertex in L; and a
vertex in Ly for some d > 2, and edges in Rj are between a vertex in Ly and a vertex
in Ly where d,d > 2. A sketch of the first few layers and some examples of edges in
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My, Ni, and Ry can be found in Figure 6.2. The supersaturation lemma for © (Lemma
6.2.29), proved at the end of this subsection, relies only on the edges in these sets. Each
edge between vertices in L, is in M} for at most one value of k; however, edges with at
least one endpoint not in L; may be in N, or Ry for more than one value of k. In order
to prove the supersaturation lemma, we start by considering the edges in M U Ny U Ry
individually for each k € [0,n — 2]. To avoid over-counting the edges in My U Ny U Ry, for
multiple values of k, we define a fractional colouring so that the sum of fractional colours
for each edge is at most 1.

Figure 6.2: A sketch of the overlap graph of M (K, ,,—1).

First, we define a weight function ¢, : E(©) — R for each colour k € [0,n — 2], as
follows. For each e € E(O), let

i : e€e M;UN;UR;}™ ifee M,UN,URy,
or(e) = .
0 otherwise.

We say each edge e € F(0O) has colour k € [0,n—2] with weight ¢y (e). If e € My UN,URy,
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then e has colour k € [0,n — 2] with positive weight, so we say that C' and C’ are k-
neighbours, which is denoted by C' ~j C’. Furthermore, if an edge e has colour k € [0, n—2]
with positive weight, then we say e is a k-edge.

Note that if e € M}, then since e is in M; for at most one i, we know ¢x(e) = 1. In
the following two corollaries, we determine the weight ¢ (e) for each e € Ny and a lower
bound on the weight ¢ (e) for each e € Ry.

Corollary 6.2.23. Let Cy € Ly and C € Lg where d > 2. If C ~p Cy for some k €
[0,n — 2], then ¢,(CCY) = 7.
Proof. Since C; € Ly and C' € Ly and C ~j, (', the edge C'C} is in Ny. Now it follows

from Lemma 6.2.19 and the definition of ¢y, that ¢,(CCy) = . O

Corollary 6.2.24. Let C € Ly and C' € Ly where 2 < d < d'. If C ~y C" for some
keld+1,n—1-d], then ¢,(CC’") > 5.
Proof. Since C € Ly and C' € Ly and C ~j C’, the edge CC" is in R;. Now it follows

from Lemma 6.2.22 and the definition of ¢, that ¢,(CC") > . O

For each k € [0,n — 2] and V' C C, define ex(V) = >_. ey @r(e). The following
proposition establishes that the number of edges induced by a subset V' of vertices in the
overlap graph is at least the sum of the weights of the k-edges induced by V.

Proposition 6.2.25. For any V C C, we have e(V) > 312 ex(V).

Proof. For each edge CC" € E(0), if CC" is in My U Ny U Ry, for some k € [0,n — 2], then
n—2
> ge(CC)=|{i : CC"e M;UN; UR}|™'|{i : CC' € M;UN; UR;}| = 1.
k=0

However, if CC” is not in My U N U Ry, for any k € [0,n — 2], then > 72 ¢4 (CC") =
Since

n—2 n—2
D el > a0= ¥ Sao
k=0 k=0 ec E(Q[V]) e€E(O[V]) k=0

it follows that



Next, our goal is to show that the sum of weights of k-edges induced by a set V' of
vertices within a certain depth in ©, where |V| < |Ly|, is minimized when V' C L;. To
prove this, we consider a counterexample set V' of vertices and then show that we can
replace a vertex in V' '\ L; with a vertex in L; \ V' without increasing the sum of k-edge
weights.

Lemma 6.2.26. Let § € [n — 2] and vy > 0 and k € [0 + 1,n — 1 — d]. For each set
V C Ule L;, there exists a set V' C Ly such that |V'| = min(|V|, |L1|) and ex, (V") < e (V).

Proof. Suppose not. Let V' C Ule L; be a counterexample such that e, (V) is minimized
and, subject to that, |V N L;| is maximized. Since V is a counterexample, we may assume
that there exists at least one vertex in V that is not in L;. Also, if L1 C V, then V' = L;
satisfies the lemma, so we may assume that there exists at least one vertex in L; that is
not in V.

Claim 6.2.26.1. For every pair C1,C] € Ly such that Cy ~y C, at least one of C,C] is
mn V.

Proof. Suppose towards a contradiction that there exist C;, C € L;\V such that C; ~ CY.
If there does not exist a k-neighbour C' € V of Cy, then V' = V' \ {D} U {C,} for any

D € V' \ L is a set of the same size as V' that induces at most as many k-edges as V' and
V!0 Ly| > |V N Ly|, which is a contradiction.

Let C' be a k-neighbour of C; in V N Ly such that 2 < d < ¢§ is minimum. Consider
any other k-neighbour ¢ € V N Ly of C; where d < d < §. By Corollary 6.2.23, the
weight ¢, (C'C}) is 7. By Proposition 6.2.21, the edge CC” is in Ry, and thus C' ~; C".
Now by Corollary 6.2.24, the weight ¢, (CC") is at least 7. Therefore ¢;,(C'Cy) = 745 <
¢r(CC"). Consider the set V' =V U{C:} \ {C}. First observe that

(V) =ex(V)+ > (ew(C'Ch) — gr(CC"))

C'eV . C'~pCh

Additionally, notice that |V'| = |[V| and |[V'N L] > [V N Ly|. Therefore V' is a set with the
same size as V where e, (V') < e (V) and |[V'NL;| > |V N Lq|, which is a contradiction. [

Claim 6.2.26.2. For some d > 2, there exists a cycle C € Ly NV with a k-neighbour
Crel\V.
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Proof. Suppose not. Let d > 2 and C' € LyNV. So by assumption, all neighbours of C' in
Ly are in V. Thus, by Lemma 6.2.20, the cycle C' has at least d!(d — 1)! k-neighbours in
Ly NV. By Corollary 6.2.23, the weight ¢;(CD) is 715 for all k-neighbours D € L; of C.
Therefore Y pep nviee,p O(CD) > d\(d —1)! - 745 > 2. Since Ly \ V is not empty, there
exists a cycle Cy € Ly \ V. By assumption, there is no cycle in V'\ L; with a k-neighbour
in Ly \ V, so C; has no k-neighbours in V'\ L;. Let C be the k-neighbour of Cy in L;. By

Claim 6.2.26.1, the cycle C] is in V. Consider the set V! =V U{C;} \ {C}. Observe that

er(V) <ex(V)+6u(C1C) — Y é(CD)
DeLiNV:C~yD
S 6k(V) + 1-2
< ek(V)

Therefore, the set V' has the same size as V and e, (V') < ex(V'), which is a contradiction.
[

Now consider a pair of cycles Cy, C| € Ly where C; ~ C] and C} ¢ V such that there
exists C' € V'\ Ly where C' ~, C;. Such cycles C, C1, C] exist by Claim 6.2.26.2. By Claim
6.2.26.1, it follows that C] € V.

Let C be a k-neighbour of C; in V N Ly such that 2 < d < is minimum. By Lemma
6.2.20, the cycle C has at least d!(d—1)!/2 pairs of k-neighbours D, D" € Ly where D ~y, D’.
Therefore, by Claim 6.2.26.1, we have C' ~ D for at least d!(d—1)!/2 vertices D € VN L;.
By Corollary 6.2.23, the weight ¢ (CD) is ﬁ for any D € Ly where D ~j C. Thus,

3 siepys A=D1 d@=2l

DeVNL, 2 d—1 2
Since ¢, (C1C) = 1, it follows that Y, ., ¢r(CD) > ¢p(C1C7).

Consider any other k-neighbour C" € V- N Ly of Cy where d < d’ < §. By Corollary
6.2.23, the weight ¢r(C'CY) is w_£1' By Proposition 6.2.21, the edge CC’ is in Rj and
thus C' ~j C’. Now by Corollary 6.2.24, it follows that ¢,(CC’) > —*. Therefore
or(C'Ch) = 75 < or(CC).

Consider the set V! =V U{C,} \ {C}. Observe that

er(V') = ex(V) + ¢ (C1C1) — > ér(CD) + > (61(C'Ch) — gp(CC"))

DeVnlL, C’'eV\Ly : C'~C1
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Therefore V' is a set with the same size as V where e (V') < e (V) and |[V'NLy| > |V N L],
which is a contradiction. ]

Now we know that the sum of weights of k-edges induced by a set V' of vertices within a
certain depth in ©, where |V| < |L;], is minimized when V' C L;. In the following lemma,
we determine a lower bound on the sum of weights of k-edges induced by a subset V' of
vertices from L;, where the size of V is sufficiently large.

Lemma 6.2.27. Let v > 0 and k € [0,n —2]. If V C Ly where |[V| > (1 + v)a, then
ex(V) = ya.

Proof. Let Z = {C € Ly : sgn(oc) = 1}. By Lemma 6.2.14, the pair (Z,L; \ Z) is a
bipartition of O[L1] where |Z| = |[L1\ Z| = a. Let X = Z NV and Y =V N (L \ 2).
Since X € Z and Y C Ly \ Z, the pair (X,Y) is a bipartition of ©[V]. Now let Y, =
{C" € Ly : C ~ C' for some C' € X} and notice that Y, C Ly \ Z. Since M}, induces a
perfect matching of ©[L,], the number of k-edges induced by V is at least the size of the
intersection of Yj and Y. Since |Yy| = |X| and the union of Y} and Y is at most the size
of Ly \ Z, it follows that:
ex(V) = [YeNY]
= ¥ + Y]~ ¥ U Y]
> | X+ Y] = [L1\ Z]
= V| — a.
By assumption, we have |V| > (1 + «v)a, hence ex(V) > (1 +7)a — a = ya. O
Since many of the results in this subsection apply only to sets of vertices above a certain

depth in ©, we prove the following lemma to show that the number of vertices below a
certain depth is relatively small compared to the number of vertices in L.

Lemma 6.2.28. Forn > 17,

n—2

64
Ly < ———0.
S s e

d=|[21 |+1

Proof. For each d € [n — 2], the number of cycles in Ly is 5—-=V' _ by Lemma 6.2.5.

2(n—d)d!(d—1)!
Therefore,
n—2 n—2 1
L4 <2(n—1 )
2. Md<2n=Da > (n—d)d\(d —1)!
d=| "7 | +1 d=|271 41
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Since d(n —d) > n — 1 for all d € [n — 2], we have

n—2 n—2 1
S s Y o
d=[27 | +1 d=[27 +1
n—2
1 1
= 2«
n=11] —1)!
T, A, D)
1 2
S200 g T
2 !
B 4o
e
Since L"T_lj! > ”T_l for n > 17, it follows that
n—2
64
ORI 0
(n—1)
d=[ 27 |+1

Finally, we are ready to prove a supersaturation lemma for ©, which is the main result
of this subsection and will be used in an application of a container method in Subsection
6.2.5. Recall that © is the overlap graph of M (K, ,_1). The vertex set of © is C, the set
of circuits of M (K, ,,—1). Two vertices C,C" in © are adjacent if and only if they are in
the same theta subgraph of ©.

Lemma 6.2. 29 (Supersaturation Lemma for ©). For each integer n > 17 and each real
7= if B S C with |B| > (1+ 7)”'(" 2 — (1 + ), then B spans at least
yn!(n—1)! 'yoc(n 1

6 = 5 edgesin ©.

Proof. Let § = [®71] and notice that § is in [n —2]. Let B =Bn UZ  Lq. By Lemma

6.2.28, the set B’ has size at least ( 7 ) )a Let ' =~ — (— Smce n > 17,
n—1)2 n—
we have (n — 1)/2 < (1632 < ! 641) . Now we know (n_;“l)Q < == <5 \/ﬁ < v/2.

Therefore v > ~/2.

Since B’ is a subset of B, the number of edges spanned by B is at least the number of
edges spanned by B’. Thus, it is sufficient to prove that the number of edges induced by
B’ is at least W.
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For each k € [0 + 1,n — 1 — 4], there exists a set B” C L; where |B”| = min(|B'],|L4])
and eg(B”) < e,(B') by Lemma 6.2.26. The minimum of |B'| and |L,| is at least (1 +7')a,
hence |B”| > (1 ++')a. Now by Lemma 6.2.27, it follows that ex(B"”) > 7'a. Therefore
ex(B') >+ a.

The size of the set [§+1,n—1—6]isn—1-2§ =n—1-2[ 2| > %=1 By Proposition
6.2.25, we have e(B') > 3,2 €x(B'). The sum of e;(B') over all colours k is at least
as much as the sum of ex(B’) for k € [§ + 1,n — 1 — §]. Therefore,

eB)> > elB)
ke[d+1,n—1-4]
S va(n — 1)‘
- 2

Since 7' > /2, it follows that e(B’) > W. O

6.2.5 Applying a container method

First, we determine an upper bound for the number of stable sets in ©(M (K, ,,)) by apply-
ing the Supersaturation Lemma 6.2.11 to Corollary 5.2.2, a result implied by a container
method proved by Kohayakawa, Lee, Rodl, and Samotij in [23]. The corollary states that
for ¢y N € Z*, R € R*, and 3 € [0,1] where R > e N, if G is an N-vertex graph where
eq(U) > ﬂ('g‘) for every U C V(@) containing at least R vertices, then the number of
stable sets of GG is at most (%)q - 2R, For more information about container methods and
Corollary 5.2.2, see Section 5.2.

Theorem 6.2.30. logi(O(M(K,,))) < g—:(l + O(l(\’fﬁ"))

Proof. First, in this proof, let © denote O(M(K,,,)). Let R = (1+ i)’;—: Let ¢ = 22

vn 2ny/n
and § = 2’;}@ = %. Finally, let N = |[V(©)]. Since N < % by Corollary 6.2.6, we have
e PIN < ’;—i < R. Let U C V(0O) be a set of vertices of size (1 +7)72L—!: where v > \e/—% Since

v > \e/_,% > % for n > 1, it follows from Lemma 6.2.11 that the number of edges spanned by
U is at least %. Note that since |V (0)] <

e;!f,weknowy<e—1. Since\‘;—QH <v<e-—1,

5 \U| <5 \U|? < 2nyn (1+9)%n!"  (1+9)nP < yn!?
- 2 = nl? 8n? 4yn T 47

) —
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so the number of edges spanned by U is at least B(‘g'). Thus, the conditions of Corollary
5.2.2 are satisfied and it follows that © contains at most (%)q - 2F stable sets.

. 12
Since N < &~
2n

() ) -l
< flog< e’v/n) + <1+\e/—;)g—:
(1 2 )

+—=+

il m
Z_i<1+1og< 2@)%)‘

n!2
Therefore, the number of stable sets in © is at most 22" (HO(

lognn ) ) ‘ 0

By a very similar proof, we obtain a similar upper bound for the number of stable sets

1n@( ( n,n— 1))

Theorem 6.2.31. logi(Q(M(K,, 1)) <2 (1 - O(%))

Proof. First, in this proof, let © denote O(M (K, ,-1)). Let R = (1+ \/n_ﬁ)n'(nT_Q)l Let

¢ = "2 and § = 2L = 2 Finally, let N = [V(©)]. Since N < =l by

nl(n— 2) q 2(n—1)
Corollary 6.2.6, we have e PN < "2'8; Pl < R. Let U C V(©) be a set of vertices of
size at least (1 + 'y)”'(n D! where v > \/f:ﬁ Note that since |V(0)| < e;’;, we know

v < e—1. By Lemma 6.2.29, the number of edges spanned by U is at least ™ ("6 . Since

m§7<e 1, we have

ﬂ(\U\) <5 |U? o 2Vn—1 (1+7)* 2 (n—2)  (1+7)*nl(n—1)!

2 2~ nl(n-—2)! 32 - 16vn—1
< ynl(n — 1)!’
= 16

so the number of edges spanned by U is at least ﬁ(gl). Thus, the conditions of Corollary
5.2.2 are satisfied and it follows that © contains at most (%)q - 2F stable sets.
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en!(n—2)!
2 )

() ) - ()
gf%%%?h%<§v%?7)+(1+V;QT)mm;2ﬂ
mmiaﬂ(y+vgzi+4bgigzgﬂm>

n!(n — 2)! (1 N 4log(e?) + 2log(n — 1) — 4log(2) + e2>

4 vn—1

Since N <

. . n!(n—2)! (1+O(logn))
Therefore, the number of stable sets in © is at most 2 4 vr//, O

6.2.6 The main theorems

We are now ready to prove the main results of this section.

Theorem 6.0.1. log coext(M (K, ,)) = ’;—:(1 + o(1)).

n!2
Proof. Since K, , has 72‘—: Hamiltonian cycles by Lemma 6.2.1, there are 22» distinct sets of
Hamiltonian cycle. Since no theta subgraph of K, ,, contains more than one Hamiltonian
cycles, each set of Hamiltonian cycles is a stable set of ©(M (K, ,)). Therefore, we have
logi(O(M(K,,))) > 2=
By Proposition 6.2.7, if n > 16, then the graph K, ,, has at most g—'z cycles with length

at most 2(2n + 3). By Theorem 6.2.30, we have logi(0(M (K,,))) < g—:(l + O(k’%))
Thus, by Lemma 6.1.3,

n!? n!? log n 1

P! (M(K,,) < 2 (140 2.

2n_ogcoex( ( ’))_Qn(+ <ﬁ>+n)
12

which implies that log coext(M (K, ,)) = 2=(1 4 o(1)). O

2n

Theorem 6.0.2. log coext(M (K, ,—1)) = M(l +o(1)).

Proof. By Proposition 6.2.16, we have logi(O(M (K, ,-1))) > "!("472)!.
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By Proposition 6.2.8, if n > 18, then the graph K,,,_; has at most %;2)! cycles with
length at most 2(2n+2). By Theorem 6.2.31, we have logi(©(M (K, ,-1))) < M (1 +

O(log")). Thus, by Lemma 6.1.3,

n
nl(n — 2)! nl(n — 2)! logn 1
— < < —° —
1 < log coext(M (K, n-1)) < 1 1+0 NG + ~

which implies that log coext(M (K, n,—1)) = "!(nT_Z)!(l +o(1)). O
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Chapter 7

Coextensions of Dowling geometries

Dowling geometries are frame matroids, which are defined using biased graphs. As we saw
in Chapter 6, biased graphs correspond to coextensions of graphic matroids. In particular,
the connected corank-2 restrictions of a graphic matroid M (G) are the theta subgraphs
of G. For frame matroids, theta subgraphs with all cycles unbalanced are circuits; that
is, they are connected corank-1 restrictions. The connected corank-2 restrictions of a
Dowling geometry are difficult to describe concisely, so instead of defining them precisely,
we describe adjacencies in the circuit graph as needed. In this chapter, we do not need to
restrict ourselves to only considering connected corank-2 restrictions, so we use the circuit
graph Q(DG(n,T')) instead of the overlap graph, which was used in the previous chapter.
Recall that Q(DG(n,I")) has vertex set C(DG(n,I")) where two vertices are adjacent if and
only if they are contained in a corank-2 restriction of DG(n,T").

In this chapter, we prove the following bounds on the number of coextensions of the
Dowling geometry DG(n,I"), which is denoted coext(DG(n,I")). Recall that the Dowling
geometry DG(n,I') is defined using the finite (multiplicative) group I', which has order g.
Also, recall that o(1) denotes an unspecified function of n which goes to 0 as n goes to
infinity and log denotes the base-2 logarithm.

Theorem 7.0.1.

(n + 1)lg" (g — 1) log(n)(1 + o(1)).

1%
@

én!(n —4)¢" g — 1) < log(coext(DG(n,T))) <

If we include a (14 0(1)) term in the lower bound, then the lower and upper bounds in
Theorem 7.0.1 almost match, but they differ by a factor of ¥elog(n), which is logarithmic
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in n. If we instead asymptotically bound the double log of coext(DG(n,I")), then this
logarithmic factor becomes a term in the function represented by o(1). This is shown in
the following corollary, which is directly implied by Theorem 7.0.1.

Corollary 7.0.2.

log(log(coext(DG(n,I")))) = nlogn(l + o(1)).

In order to prove the bounds in Theorem 7.0.1, we determine bounds on the number
of stable sets in the circuit graph of DG(n,I") and use Corollary 3.2.6. The lower bound is
established by finding a large stable set in the circuit graph. To prove the upper bound, we
describe a subgraph of Q(DG(n,I")) on a particular edge set which we show is isomorphic
to a subgraph of a Hamming graph. Bounds determined in Chapter 4 for the number of
stable sets in certain Hamming graphs are then used.

Notice in Theorem 4.3.2 that the lower bound for the number of stable sets in the
Hamming graphs relevant to this chapter contain a log factor, similar to the upper bound.
Since the lower bound in Theorem 7.0.1 does not use analysis of Hamming graphs, it
seems likely that it can be improved by using Hamming graphs. If lower bound version of
Shearer’s Lemma 2.2.3 exists, it seems hopeful that it could be used with the lower bound
in Theorem 4.3.2 to find a bound matching the upper bound in Theorem 7.0.1, up to lower
order terms.

Conjecture 7.0.3. For some fixed real number c,

log(coext(DG(n,T))) = c¢(n + 1)!g" (g — 1) log(n)(1 + o(1)).

7.1 Preliminaries

First, we recall the definition of a Dowling geometry DG (n,I"). A similar definition and
a relevant discussion on Dowling geometries can be found in [10], although note that
Dowling geometries are denoted @, (T") in [10]. Let n be a positive integer. Let T" be a
finite (multiplicative) group with identity element 1 and let ¢ = |I'|. Recall the construction

of the graph K which has vertex set [n]. The edge set of KL is " x ([Z]) U{Bu:u € [n]}
and the incidence function f of K is defined as follows. For each (v, {u,v}) € I' x ([72‘]),
let f((v,{u,v})) = {u,v} and for each u € [n], let f(B,) = {u}. Informally, the graph K.
has vertex set [n], an edge labelled v between each pair {u,v} € ([;L]) for each v € I', and

a loop labelled (3, on each vertex u € [n]. For an edge e = (v, {u,v}), let v be called the
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edge label of e and recall that v and v are called the endpoints of e. The ground set of
DG(n,T) is B(K}).

Recall the function ¢ : T' x Z2, — T where, for each (v,z,y) € I x Z2,,

ifr <y

W((y,2,9)) = {”_1

vy ify <z

Let C be a cycle of K! with at least two edges and arbitrarily assign an orientation to
it. Let the vertices and edges of C, beginning with a vertex, be vy, ey, vq, €9, ..., Vg, €k, V1,
where e; = (7, {vs, vi11}) for each i € [k]. We say C'is balanced if [Ti_, ¥((3, vi, vig1)) = 1.
Note that the definition of a balanced cycle does not depend on the chosen cyclic ordering
of the cycle [10]. A cycle is unbalanced if it either has a single edge or is not balanced. Let
B be the collection of balanced cycles of K!. The circuits of DG(n,T') consist of the edge
sets of all of the balanced cycles together with the edge sets of all of the hinged, tight, and
loose cuffs in which none of the cycles are balanced. Recall that the Dowling geometry
DG (n,T) is the frame matroid represented by (K, B).

Now we are ready to prove some preliminary results about Dowling geometries. These
results establish the number of certain cuffs or cycles in KL. Note that when we refer to
a loop in a cuff, we are referring to a graphic loop, not a matroid loop.

Proposition 7.1.1. For each t € [0,n — 2|, the number of (n + 1 — t)-cuffs in K} is at

n+2)! n—t—
most (8%)(] =g —1)2

Proof. Let M = DG(n,T'). Let C denote the collection of (n + 1 — ¢)-cuffs in K. Let
L C C denote the collection of (n+1—t)-cuffs in K that contain a loop. Define a function
P : C — 2EAN™7 45 follows. For each C € C, let

O(C) ={(e1,e2,... en_1-¢, f1, f2) : e1€2...€,_1_ is a Hamiltonian path of C' and
fi, f2€ V(C)\{e1,...,en_1-¢} each have an end with degree at least 3 in C'}.

Each cuff is determined by its edges, so each tuple in E(M)""'~* appears in the ®-

image of at most one cuff. For A C C, let ®(A) = (Jpocy (C). Observe that |®(C)| is the
number of tuples (e, e, ..., en 1, f1, f2) in E(M)"1= where KL [{e),...,e,1+}] is a
Hamiltonian path of some cuff C.

Claim 7.1.1.1. [®(C\ £)| < ZE¢" "1 (n—t — 1)*(¢ — 1)
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Proof. Consider a tuple T' = (e1,...,en—1-¢, f1, f2) in ®(C \ L£). Thus, there exists a cuff
C € C such that T € ®(C). Since there are (,",)(n — ¢)lg" ™'~ paths of length n — ¢ — 1
in KT where one endpoint of the path is marked, there are (n’it)(n — t)lg" 1= choices for
the elements e, ..., e,_¢_1.

Since C'is a cuff, it has no vertex of degree 1, so at least one of fi, f; is incident with e;
and at least one is incident with e,,_;_;. Since fi, fo each have an endpoint with degree at
least 3 in C, there exist i # j € {1,n —t — 1} such that the edge f; is incident with e; and
the edge f> is incident with e;. Let v; be the vertex f; and e; share. Let v; be the vertex
f> and e; share. Since no cuff in C \ £ has a loop, there are (n —t — 1) choices for the
endpoint of f; other than v; and at most (¢ — 1) choices for the edge label. Similarly, there
are (n —t — 1) choices for the endpoint of f, other than v; and at most (¢ — 1) choices for
the edge label. Therefore, there are at most 2(n —t — 1)*(q¢ — 1) choices for the elements

f1, fa [
Claim 7.1.1.2. |®(£)| < Z¢g"'"Y(n—t — 1)(¢ — 1).

Proof. Consider a tuple T' = (e, ..., e,_1-¢, f1, fo) in ®(L). Thus, there exists a cuff C' € C
such that T € ®(C). Since there are (,",)(n — t)l¢""'~" paths of length n — ¢ — 1 in K}
where one endpoint of the path is marked, there are (nft)(n — t)lg" 17t choices for the

elements eq,...,e,_;_1.

Since C' is a cuff, it has no vertex of degree 1, so at least one of fi, f5 is incident with
e; and at least one is incident with e,_1_;. Since fi, fo each have an endpoint with degree
at least 3 in C', there exist i # j € {1,n —t — 1} such that the edge f; is incident with
e; and the edge fs is incident with e;. Since each cuff in £ has a loop, there is one choice
for the edge in {fi, fo} that is a loop and there are at most (n — ¢ — 1)(¢ — 1) choices for
the other edge. Therefore, there are at most 2(n — ¢ — 1)(¢ — 1) choices for the elements

flaf?- O
Claim 7.1.1.3. [fC € C\ £, then |(C)| > 16.

Proof. Since C has no loops, there exist distinct edges eq, e5 in a cycle D of C' and distinct
edges es, e4 in another cycle D’ of C' where each of ey, eg, e3, €4 is incident with a vertex of
degree at least 3. Observe that, for ¢ € {1,2} and j € {3,4}, the graph C'\ {e;,¢;} is a
Hamiltonian path of C. There are four choices for ¢ and j, two ways to order e; and ej,
and two ways to order the Hamiltonian path C'\ {e;, e;}; therefore, there are at least 16
tuples in ®(C). O

Claim 7.1.1.4. If C € L, then |®(C)| > 4.
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Proof. Let e; be a loop in C. Since C' contains at least two unbalanced cycles, there exists
an edge ey # e; such that C'\ {e1, e2} is a Hamiltonian path of C. There are two ways to
order ey, es and two ways to order the Hamiltonian path, so there are at least 4 tuples in
(). ]

Since each tuple is in the ®-image of at most one cuff,

1D(C\ L) |2(L)]
Cl = mingee\ [®(C)]  minge, [2(C)]

By Claims 7.1.1.1, 7.1.1.2, 7.1.1.3, and 7.1.1.4,

el < S =t = Dl 10—t - Dia -0+ 5 )

n! 1 1
< =" Ng-12=(n—t—-1 +=-(n—t—1
<2 >(8<n 1)+ 5(n )

n!

! 1
=0 e —1) <§ ((n )2 4+2(n—1t) — 3>>
Since t > 0 and n®* +2n —3 < n?+3n+2 = (n+1)(n + 2), we have

n!
IC] < @qn’t’l(q —1*(n+1)(n+2)

(TL + 2)| n—t—1

<
- 8t

(q—1)* O

Proposition 7.1.2. For each t € [1,n — 1|, the number of balanced (n + 1 — t)-cycles in
. n! n—

K, s t—Ditnr1-04 "

Proof. Consider a balanced (n + 1 — t)-cycle C' in K}, which has n + 1 — ¢ vertices. Let

the vertices and edges of (', beginning with a vertex, be vy, e1, vz, €9, ..., Vp11-¢t, €nt1-¢, V1.
There are (n Jﬁ_ t) ways to choose the n+1—t vertices in C' and (n—t)! ways to order them

in a cycle. Since C' is balanced, we know [[/' " 4(e;) = 1, which implies ¢(e,1¢) =
(H::lt ¢(ei))_1. Thus, since the edge endpoints are known, there are ¢"* choices for the
edges ey, ..., e, and one choice for the edge e, 11_;. Therefore, there are WMQ“"*

balanced (n + 1 — t)-cycles in K!. O

Proposition 7.1.3. For each t € [0,n — 2|, the number of (n + 1 — t)-cuffs in K. that
contain a loop or parallel edges is at most % (n —t — 1)g" "~ (¢ — 1)
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Proof. Let C denote the collection of (n+ 1 —t)-cuffs in K that contain a loop or parallel
edges. Define a function @ : C — 2EPGOD)™ 49 follows. For each C' € C, let

O(C) ={(e1,e2,...,en_1-1, f1, f2) : €162 ... €514 is a Hamiltonian path of C' and
fi, f2 € V(C)\{e1,...,e,_1_¢} each have an end with degree at least 3 in C'}.

Each cuff is determined by its edges, so each tuple in E(DG(n,T))"*1~t appears in the
®-image of at most one cuff. For A C C, let ®(A) = [Jocy (C). Observe that |®(C)] is the
number of tuples (ey, €, ..., €n_1 4, f1, f2) in E(DG(n,T))" ™~ where K [{e1,..., €01 +}]
is a Hamiltonian path of some cuff C.

Claim 7.1.3.1. |®(C)| < 2(n —t — 1)¢" (¢ — 1)%.

Proof. Consider a tuple T = (ey, ..., en_1-4, f1, f2) in ®(C). Thus, there exists a cuff C' € C
such that T € ®(C). Since there are (,",)(n — t)l¢"~'~" paths of length n — ¢ — 1 in K}
where one endpoint of the path is marked, there are (nft)(n — t)lg" 17t choices for the
elements eq,...,e,_;4_1.

Since C' is a cuff, it has no vertex of degree 1, so at least one of fi, f5 is incident with
e; and at least one is incident with e,,_1_;. Since fi, fo each have an endpoint with degree
at least 3 in C' there exist ¢ # j € {1,n —t — 1} such that the edge f; is incident with e;
and the edge f, is incident with e;. Since each cuff in C has a loop or parallel edges, one
of {f1, f2} is a loop or has the same endpoints as e; or e, ;1. Since there are ¢ — 2 edges
that have the same endpoints as e; or e,,_;_1, there are ¢ — 1 choices for the edge in {fi, fo}
that is a loop or parallel edge and there are at most (n —t —1)(¢ — 1) choices for the other
edge. Since there are two choices for 7 and j, there are at most 2(n —t — 1)(q — 1)? choices
for the elements f, fo. O

Claim 7.1.3.2. If C € C, then |®(C)| > 4.

Proof. Let e; be a loop or parallel edge in C'. Since C' contains at least two unbalanced
cycles, there exists an edge es # e1 such that C'\ {e, ex} is a Hamiltonian path of C'. There
are two ways to order ey, e5 and two ways to order the Hamiltonian path, so there are at
least 4 tuples in ®(C). O

Since each tuple is in the ®-image of at most one cuff,

[2(C)]

Cl < — .
cl < mingee |P(C)]
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By Claims 7.1.3.1 and 7.1.3.2,

n! i
] < <(n—t=1)g" g —-1)% O

The following lemma upper bounds the number of circuits in DG(n,I") with size at
most %” +1. We will see in Section 7.4 that this upper bounds the number of small circuits
in DG(n,T).

Lemma 7.1.4. If C; denotes the set of (n+ 1 — t)-circuits of DG(n,T), then

n—1

Y. Il =ol(n+ 1"

t=|n/6]—1

Proof. The set C; contains precisely the (n+ 1 —t)-cuffs and the balanced (n+1—t)-cycles
of K. Therefore, by Propositions 7.1.1 and 7.1.2,

= c oinl 1 0)? 1?2 8tq
< — gt _ S
> olals Y et (mene- e M)
t=|n/6]—1 t=[n/6]—1
! n+1 n—1 1
<X 0+ 2)(1+ (1))
t=(ns6)—1 "4
nlg"* (5n n?
< —+2 1 1
<5 (5 +2) =+ o)
B 5(]4 TL2
= nlng" ! - 1 1
e (6'8 <n/6—2>!qn/6)< +ol)
=o((n+1)l¢" ™). O

7.2 Lower bound

In this section, we determine a lower bound for the number of stable sets in the circuit
graph of DG(n,T"), based on a large stable set.

Consider a tight k-cuff C' which contains cycles C, and (), with lengths a and b,
respectively. For each i € {a,b}, let u; be the vertex of degree 4 in C; and let w; be the

minimum neighbour of u; in C;. Let viejvzes ... v4€q0441 and viejvyes .. vpepvy,,, where
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Vgp1 = U] = Uq, Vo = We, Vp,q = v] = up, and vy = wy, be the vertices and edges of
C, and C,. For each edge e in K!, let p(e) denote the edge label of e. We say C is
symmetric if p(e1)p(e2) ... o(e.) = p(e])e(e)) ... ¢(e;). Note that tight cuffs with loops
are not symmetric.

Proposition 7.2.1. If n > 5 and Ty denotes the set of tight symmetric (n + 1)-cuffs in
K}, then |To| > snl(n — 4)¢" (¢ — 1).

Proof. Let M = DG(n,T). Define a function ® : 75 — 2FGD™™ a5 follows. For each
C €Ty, let

O(C) ={(e1,e2,...,n-1, f1, f2) 1 €162 ... €,_1 is a Hamiltonian path of C' and
f1, f2€ V(C)\{e,...,en_1} each have an end with degree at least 3 in C'}.
Each cuff is determined by its edges, so each tuple in E(M)""! appears in the ®-
image of at most one cuff. For A C 7Ty, let ®(A) = [Joey P(C). Observe that |®(7)]
is the number of tuples (e, eq, ..., e, 1, f1, f2) in E(M)"™! where K. [{e1,...,e,1}] is a
Hamiltonian path of some tight symmetric (n + 1)-cuff C.

Claim 7.2.1.1. |®(7;)| > 2nl¢" t(n — 4)(¢ — 1).

Proof. Consider a tuple T' = (ey, ..., en_1, f1, f2) in ®(7Ty). Thus, there exists a cuff C' € Ty
such that T' € ®(C). Since there are n!q"~! paths of length n—1 in K where one endpoint
of the path is marked, there are nlg"~! choices for the elements ey, ..., e,_1.

Since C'is a tight cuff, one of fi, f5 is incident with e;, the other is incident with e,_1,
and both are incident with a vertex u of degree 4. If u is chosen to be a vertex in C' that
is not an endpoint of e; or e,_1, then there are n — 4 choices for © and ¢ — 1 choices for
the edge label of f;. Since C' is symmetric, there is then one choice for the edge label of
fo. Since there are two ways to order fi, fa, there are at least 2(n — 4)(q — 1) choices for
the elements e, €,11. O

Claim 7.2.1.2. IfC € Ty, then |®(C)| = 16.

Proof. Since C' has no loops, there exist edges ey, e; in a cycle D of C' and edges es, e4 in
another cycle D" of C' where each of eq, ey, €3, €4 is incident with the vertex of degree 4 in
C. Observe that, for i € {1,2} and j € {3,4}, the graph C'\ {e;, ¢;} is a Hamiltonian path
of ', and there are no other Hamiltonian paths of C'. There are four choices for i and
J, two ways to order e; and e;, and two ways to order the Hamiltonian path C'\ {e;, e;}:
hence |®(C)| = 16. O
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Since each tuple is in the ®-image of at most one cuff, it follows from claims 7.2.1.1
and 7.2.1.2 that

[2(T0)] 1 a1
Tol > > —nlg" " (n—4)(¢ —1). O
il = T ol - (0 - 1)
Lemma 7.2.2. The set Ty is a stable set of Q(DG(n,T)).

Proof. Suppose towards a contradiction that cuffs C1,Cy € Ty are adjacent. For each
i € [2], let u; be the vertex of degree 4 and let D;, D! be the cycles in C;. By Proposition
2.4.2, the edge sets of C; and C differ in exactly one element. For each i € [2], let e; be
the edge in C; that is not in C3_;. Without loss of generality, say e; is in D;. Therefore,
the cycles Dy, Dy differ in exactly one edge and D} = D). This means that u; = uy. For
each ¢ € [2], let w; be the minimum neighbour of w; in D; and let 7; be the product of edge
labels ¢(e) of edges e in D;, following the cycle, beginning with the edge u;w; and ending
with the other edge incident with wu;.

Note that the degree sequence of C7 and C5 is 4,2,2,...,2. If the endpoints of e; both
have degree 2, then ey, has the same endpoints as e;. If one endpoint of e; has degree
4, then Cy \ {e;} has degree sequence 3,2,...,2,1, where the vertices of degree 3 and
degree 1 are incident with e; in C;. Since C; \ {e;} is a subgraph of Cy and Cy has degree
sequence 4,22, ...,2, the endpoints of ey are also the vertices with degree 3 and degree 1
in Cy\{e1}. That is, the edges e; and e, have the same endpoints. Since e; and e, have the
same endpoints, the cycles D; and Dy contain the same vertices, in the same cyclic order.
In particular, this means w; = ws. Thus, the product of edges labels of D, is different
than the product of the edge labels of Dy. That is, ;1 # 7., which is a contradiction. [

Corollary 7.2.3. logi(Q2(DG(n,I'))) > %n!(n —4)g" (g —1).

Proof. By Lemma 7.2.2, the set Ty of cuffs is a stable set in Q(DG(n,I')). Since every
subset of a stable set is itself a stable set, the result follow from Proposition 7.2.1. O

7.3 Upper bound

In this section, we determine an upper bound for the number of stable sets in the circuit
graph of DG(n,I"). This is done by comparing certain subsets of the circuit graph with
Hamming graphs.
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Lemma 7.3.1. Let n > 3 be an integer and let t € [0, |n/2]]. Let C; denote the collection
of (n+1—1t)-cuffs of KL'. If Q;(n,T) denotes the subgraph of Q(DG(n,T)) induced on Cy,
then logi(Q(n,T)) < g7nl(n —t)g" (g — 1) log(n — t)(1 + o(1)).

Proof. Let C denote the set of (n + 1 — t)-cuffs C' of K! where each cycle in C has length
at least 3. That is, cuffs in C have no loops or parallel edges. Let ); denote the subgraph
of Q(n,T") induced on C.

Recall that S([n]) denotes the set of permutations of [n]. Define a function ® : V(£2;) —
25(") as follows. For each C' € V(Q,), let

O(C)={oc€S,:0(1)0(2)...0(n—1t) is a Hamiltonian path of C

and o(1),0(n — t) are adjacent to a vertex with degree at least 3 in C'}.

Claim 7.3.1.1. For each C € V(§;), the size of ®(C) is at least 8t!.

Proof. First, consider a loose or tight cuff C'. Since all cycles in C' have length at least 3,
there are exactly four vertices 1, 9, y1, y2 in the cycles of C' that are adjacent to the vertex
or vertices with degree at least 3. Let xq, 22 be in one cycle of C' and let y, 2 be in the
other. For each w € {z,y} and i € [2], let P, be the path from w; to wz_; that does not
contain a vertex with degree at least 3 in C. Let P be the path between vertices of degree
3 if C is a loose cuff or the vertex of degree 4 if C' is a tight cuff. For each w € {x,y} and
i,j € (2], if v € {z,y}\ {w}, then Py>~" P P> is a Hamiltonian path of C' where w; and
v3_; are adjacent to a vertex with degree at least 3. There are eight choices for w, ¢, and
j, and t! ways to order the elements in [n] \ V(C), so |®(C)| > 8t!.

The remaining case to consider is a hinged cuff. Let C' be a hinged cuff and let wuy, us
be the vertices of degree 3 in C'. Since all cycles in C' have length at least 3, at most
one (u1,us)-path in C' has length 1. Let P be the shortest (uy,us)-path in C. For each
i € [2], let z; be the neighbour of u; in one (uj,uy)-path that is not P, and let y; be the
neighbour of u; in the other (uy, us)-path that is not P. Note that for w € {z,y}, we may
have w; = wy. For each w € {x,y} and i € [2], let P, " be the path from w; to ws_;
that does not contain u; or uy. For each w € {x,y} and i € [2], if v € {z,y} \ {w}, then
Pu?™" us_;Pu; Py*" is a Hamilton path of C where w; and vs_; are adjacent to a vertex
with degree at least 3 in C. Also, for w € {z,y} and i € 2], if v € {x,y} \ {w}, then
Po?™ us_; Py ui(P — u3_;) is a Hamiltonian path of C' where the first and last vertices
of the path are adjacent to a vertex with degree at least 3 in C. There are four choices for
w and 7, two distinct ways to construct a desired Hamiltonian path, and ¢! ways to order

the elements in [n] \ V(C), so |®(C)| > 8tl. O
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We use sets of vertices in ), that contain a certain permutation in their ®-image to find
subgraphs of ), that are similar to Hamming graphs. In fact, we show that subgraphs of
Q; are isomorphic to induced subgraphs of a Hamming graph, which helps us determine an
upper bound on the number of stable sets in €2;. For each permutation o € S([n]), define
aset H, = {C € V() : 0 € ®(C)}. By Claim 7.3.1.1, each vertex in ; is in at least 8t!
of these sets.

Let o be a permutation in S([n]).

Claim 7.3.1.2. There exists a set of edges E C E(S4[H,]) such that Q4[H, |\ E is isomor-
phic to an induced subgraph of H(q,...,q,(n —1t)(¢—1),(n —1t)(¢—1)).

n—1—t

Proof. Recall that 1 is the identity of the group I'. For each i € [n — 1 —¢], let S; =

I'and for j € {n —t,n+1—1t}, let S; = {(1,k) : v € T\ {1},k € [n —t]}. Let

H=H(q...,q,(n—1t)(¢g—1),(n —1t)(¢ — 1)) be the Hamming graph whose vertices are
n—1—t

(n+ 1 —t)-tuples in S; x Sy X -+ X S, 11, where two vertices are adjacent if and only if

they differ in exactly one coordinate.

We define a function ¢ : H, — V(H), as follows. Let C' be a cuff in ;[H,]. Thus, the
sequence o(1)o(2)...0(n—t) is a Hamiltonian path of C' and ¢(1), o(n —t) are adjacent to
a vertex with degree at least 3. Since C' contains no loops or parallel edges, each edge can
be identified by two distinct vertices in C. For each i € [n —1 —t], let (v;, {o(i),0(i+1)})
be the edge with endpoints o(i),0(i + 1) in C. Let ki, ko € [n —t] and 91, 9 € I' such that
(01,{c(1),0(k1)}), (02, {o(n — 1 —t),0(k2)}) are the two edges in E(C)\ {(vi,{co(i),o(i +
1)}) i€ [n—t—1]}. Let v, and 7,11+ be defined, as follows:

ki—1
Tn—t = H W((v5,0(7),0(5 +1))) - ¥((61,0(k1),0(1))) and

n—1—t

Tnt+1—t = H 1#((%"7(.7')70(]' =+ 1))) ’ w<<5270(n -1- t)aa(k2>>>'

Jj=k2

Now, we define
Qb(o) = (’Yla Y2500y Yn—1—t, (’Yn—ta kl)a <7n+1—t7 k?))

Since the cycles o(1)o(2) ...0(k1)o(1) and o(ka)o(ka+1)...0(n—1—t)o (k) are unbal-
anced, we have 7, _;, Vn11-¢ # 1. Therefore, the tuple ¢(C) is a vertex of H. Furthermore,
two cuffs differ in at least one edge, so ¢ is injective.
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Consider C,Cy € H,. We claim that if ¢(Cy) and ¢(Cs) are adjacent in H, then Cy
and Cy are adjacent in Q;[H,|. Since C; and Cy are both in H,, they both have vertex
set V ={0(1),0(2),...,0(n—1t)}. The graph C} is a Hamiltonian path of K [V] and two
additional edges. Since ¢(C1) and ¢(Cs) are adjacent, they differ in exactly one coordinate,
so (s contains one edge that is not in C';. Therefore, the graph C U Cs is a Hamiltonian
path of KI[V] and three additional edges. Note that each pair of edges in C; U Cy is in
a cycle or cuff in 4 U Cy. Since C; U C5 contains at least one unbalanced cycle, the rank
of E(C;UCy) in DG(n,T") is n. Thus, the corank of DG(n,T") restricted to E(Cy U Cs) is
|E(Cy U Cy)| —r(DG(n,T)|E(Cy UCy)| =n+2—n=2. That is, the circuits C}, Cy are
contained in a connected corank-2 restriction of DG(n,I'). Thus, it follows that C} and
Cy are adjacent in Q;[H,].

Since ¢(C1)p(Cs) € E(H) implies C1Cy € E(S4[H,]), there exists a set £ C E(4[H,])
such that Cy, Cy are adjacent in Q;[H,| \ E if and only if ¢(C}) and ¢(Cy) are adjacent in
H. That is, the graph ;[H,] \ £ is isomorphic to an induced subgraph of H. O

Claim 7.3.1.3. log i(Q[H,]) < ¢" " '(n—t)(qg — 1) log((n —t)(g — 1)).
Proof. By Claim 7.3.1.2 and Propositions 2.3.5 and 2.3.4, we have

(| Hy)) <i(H(q,...,q,(n—1)(q—1),(n—1)(¢g—1))).

(u[H,]) < i(H(g 1tq( g —=1),(n=1)(g—1)))
By Theorem 4.3.2, it follows that logi(S%[H,]) < ¢" Y (n—t)(g—1)log((n—t)(¢g—1)). O

Now, we use Shearer’s Lemma (Lemma 2.2.3) to find an upper bound for logi(€2;). Let

F ={H,:0 € S(n])} and let A denote the collection of stable sets of 2;. Observe that
|F| = n! and |A] = i(€;). By Claim 7.3.1.1, each vertex in ), is in at least 8¢! sets in F.

For each o € §([n]), the intersection of H, and a stable set A € A is a stable set in the
graph Q;[H,], so |{H, N A: A e A}| = i(4][H,]|). Thus, by Shearer’s Lemma 2.2.3,

i(Q) < [ i(ulHD) s = i(u[H,)%.

Taking the base-2 logarithm of both sides gives logi(%) < grn!logi(%[H,]). By Claim

7.3.1.3, it follows that log (%) < g7n!(n —t)¢" (¢ — 1) log((n — t)(q — 1)).
By Proposition 2.3.8,
log (1, 1)) < logi() + V(€ (n,T) \ €

< %n!(n = 1)g"" g = Dlog((n —)(g = 1)) + [V() \ C|.
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The elements of V' (€;(n,I")) \ C are precisely the (n+ 1 —t)-cuffs with a cycle of length at
most 2 and the balanced (n + 1 — t)-cycles. By Propositions 7.1.3 and 7.1.2,

n!

VO I\l < B — = g = 1 s
TL' n—t—1 . oo(n — q— 1 qt
<m0 g — 1o ”(bgn—w+0w%vw—UH%m—w>'

Therefore, since t < n/2,
logi(Q4(n,T)) < —n'(n —1)¢" " (g — 1) log(n — ) (1 + o(1)). O
Lemma 7.3.2. logi(Q(DG(n,T))) < L(n + 1)lg" (g — 1) log(n)(1 + o(1)).

Proof. For each t € [0,n — 1], let C; denote the set of (n + 1 — t)-circuits in DG(n,I"). By
Proposition 2.3.7 and Lemmas 7.3.1 and 7.1.4,

n/2
logi(Q(DG(n,T))) < Y logi((n,T)) Z (A
t=0 t=n/2
<3 2 = 1"~ Dlos((n — 1)g ~ D)1+ o(1)
+o((n+1)l¢"™")
%(n—i—l) 1) log(n Z 'q (1+o(1
< %E(n + D)!¢" (g — 1) 1log(n)(1 + o(1)). O

7.4 The main theorem

Finally, we are ready to prove the main theorem of this chapter.

Theorem 7.0.1.

ol

%n!(n _ ) g — 1) < log(coext(DG(n,T))) < Y (n + 1)1g" (g — 1) log(n)(1 + o(1)).
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Proof. Since DG(n,T') is the frame matroid of (K, B), Lemma 2.5.1 implies that there are
at most 6 circuits in a corank-2 restriction of DG(n,I"). Now it follows from Proposition
2.4.3 that the smallest circuit in a corank-2 restriction of DG(n,I") has size less than
2(n 4 2). Therefore, the number of small circuits in DG(n,T) is at most the number of
circuits in DG(n,T') with size at most 2(n + 2). Thus, by Lemma 7.1.4, the number of
small circuits in DG (n,T') is o((n + 1)!¢"™!). Now, by Corollary 3.2.6 and Lemma 7.3.2,

Ve

log coext(DG(n, T)) < ~=(n+ 1)!q" ™ (g = 1) Tog(n)(1 + o(1)) + o((n + 1)lg" ™).

and the upper bound in the theorem follows. The lower bound follows from Corollary 3.2.6
and Corollary 7.2.3. O
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Chapter 8

Coextensions of projective
geometries

Recall that, for a positive integer n and a prime power ¢, a rank-n projective geometry
over the finite field GF(q) is denoted PG(n — 1,¢). In this chapter, we prove the following
lower and upper bounds on the number of coextensions of PG(n — 1, ¢), which is denoted
coext(PG(n — 1,q)). Recall that o(1) denotes an unspecified function of n which goes
to 0 as n goes to infinity and log denotes the base-2 logarithm. For each real number
z, let v, denote the shifted factorial (z7';271)., which is equal to the infinite product
[T52,(1 —2z7"). Note that v, is a constant less than 1 if z > 1.

Theorem 8.0.1.

n2

q
(n+ 1Dl (g—1)

- (vglog(g — 1) +o(1))

< log(coext(PG(n —1,q)))

< n,(qq—_l)< log?(¢ — 1) + o(1)).

n2

The lower and upper bounds in Theorem 8.0.1 are very similar, but they differ by a
factor of nlog(q—1), which is linear in n. If we instead asymptotically bound the double log
of coext(PG(n — 1,q)), then this linear factor becomes a term in the function represented
by o(1). This is shown in the following corollary, which is directly implied by Theorem
8.0.1.
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Corollary 8.0.2.

log(log(coext(PG(n — 1,q)) = n*(log(q) + o(1)).

In Corollary 8.0.2, we get an asymptotically exact value for loglog(coext(PG(n—1,q)),
up to lower order terms. The o(1) term here seems to hide a lot of information about the
number of coextensions of a projective geometry; however, since this number is so large,
Corollary 8.0.2 is interesting to observe.

The lower bound in Theorem 8.0.1 is determined by a straightforward greedy argument,
so it seems likely that it can be improved.

Conjecture 8.0.3. For some fized real number c,

n2

q

log(coext(PG(n —1,q))) = nlqg— 1)

(c+o(1)).

In this chapter, we also consider the special case of binary projective geometries PG(n—
1,2). In this case, we find the asymptotic number of coextensions of PG(n — 1,2) on the
log scale, which is given in the following theorem.

Theorem 8.0.4.

2

2TL

log(coext(PG(n —1,2))) = (n+1)!

(v2 4 o(1)).

This chapter begins with preliminary results in Section 8.1. We prove preliminary
results about shifted factorials, collections of circuits, and the circuit graph. In this chapter,
we define C¢(n, ¢) to be the set of (n+1—t)-circuits of PG(n—1, q). Note that Cy(n, q) is the
set of spanning circuits of PG(n —1,¢). In order to prove the main results of this chapter,
we make use Corollary 3.2.6 and bounds on the number of stable sets in the circuit graph of
PG(n—1,q). Recall the circuit graph of PG(n—1, q), denoted Q(PG(n—1,q)), is the graph
with vertex set C(PG(n — 1,q)) where two circuits C,C" are adjacent if and only if they
are contained in a corank-2 restriction of PG(n — 1,¢). Of particular use is the subgraph
of the circuit graph induced on the set of spanning circuits of PG(n — 1,q). Therefore,
we define Qy(n, q) to be the induced subgraph Q(PG(n — 1,q))[Co(n,q)]. In Sections 8.2
and 8.3, we prove lower and upper bounds for i(£2y(n, ¢)), the number of stable sets in the
subgraph of the circuit graph of PG(n — 1, ¢) induced on the set of spanning circuits.
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8.1 Preliminaries

Shifted factorials

Recall that the p-shifted factorial, denoted (a;p),, is the product HZ;(I) (1 — ap*), where
(a;p)o = 1 and (a;p)eo is the infinite product [];2,(1 — ap®). For each real number g,
the shifted factorial (¢7';¢™")e, which is equal to the infinite product [~ (1 — ¢7"), is
denoted v,. Note that v, is a constant less than 1 if ¢ > 1.

Proposition 8.1.1. (¢ ' ¢7), = v, (1 + o(1)).

Proof.
G e = ) 1 T -5 —n0toy @
q 59 n=1\q9 ;4 o ) =y =y o .
[Tizni (1 - qlk) k=n+1 " —1

Proposition 8.1.2. The value of (¢7*; ¢ ') is at least %, for all integers k > 1 and q > 3.

Proof.

et TI02) e

1 1 1 -2 1
2H [— 21—§ Sl (. S O
. ¢ — ¢’ g—1 q¢—172
i>1 i>1

Circuit bounds

Proposition 8.1.3. There are at most ¢+ 1 circuits in a corank-2 restriction of PG(n —
1,q).

Proof. Let M = PG(n—1,q) and let X be a set of elements of M such that r*(M|X) = 2.
Let Y = E(M) \ X and observe that (M|X)* = M*/Y. Thus, since M is GF(q)-
representable, the matroid M*/Y is a rank-2 GF(q)-representable matroid. By Propo-
sition 2.6.1, the matroid M*/Y has at most mq = q:%ll = ¢ + 1 hyperplanes. Since the
hyperplanes of M*/Y correspond to the circuits in M|X, the dual of M*/Y", there are at
most ¢ + 1 circuits in M|X. O

110



In order to bound the number of coextensions of a projective geometry, we use the
number of certain circuits. Proposition 2.6.1 immediately implies the following corollary.

Corollary 8.1.4. Fort € [0,n — 2], the number of (n + 1 — t)-circuits in PG(n —1,q) is

n?—nt

q
(n+1-tlg—1) (¢ 5S¢0

The following proposition gives an upper bound on the number of non-spanning circuits
in PG(n —1,q).

n2
Proposition 8.1.5. 317 |Ci(n, q)| < %(Qn(nﬁ_ﬁ)! + qnnﬁ).

Proof. By Corollary 8.1.4,

n—2 n—2 n 2nt <q71. qfl)
Ci(n,q)| = ’ u
P Gl ) ; (n+1 —t (¢—1) (a7 )
2 n—2
<
S — i ( Y (8.1)
1= q¢*(n+1-1)

-2

" vl
<
- ( q”tn—l—l—t Z n—i—l—t))

t=1 —

For all positive integers 4, j where ¢ < j, we have ¢" < ¢" and (n+1—14)! > (n+1—j).
Therefore,

V-1 V-1 1
<
< */ﬁ < e
n+2—vn)! ~ ¢*(n+1—+/n)

3

(8.2)

and

n—2 n—2

1
<>
nt 1—t'— iln 41— (n—2))!
St 101 T A g+ 1= (1 2) 53

Sn—\/ﬁS n_
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Applying the bounds found in Equations 8.2 and 8.3 to Equation 8.1 gives Z’t:f ICi(n,q)| <

2
ar 1 n
q—1 (q"(n+1—\/ﬁ)! T q"ﬁ>' -
7L2
Corollary 8.1.6. 3.7 |C,(n,q)| = O(W).
Proof. By Proposition 8.1.5,
n—2 qn2 1 n
Ci(n,q)| < +
- Culm. D)l < 75 (q”(n+ 1—/n)! q”ﬁ)
_ g (n+Dg—1"" | (n+2)g—1)""!
S CES PRSI ST -~ g
(0 (e
(D¢ -1 q" g
7Z2
_ g o(1). O

Circuit graph preliminaries
Proposition 8.1.7. The degree of each vertex C' in Qo(n,q) is (n+1)((¢ — 1)"~* = 1).

Proof. In Qy(n,q), all vertices are spanning circuits of PG(n — 1,¢) and two circuits are
adjacent if and only if they are contained in a corank-2 restriction of PG(n — 1,q). By
Proposition 2.4.2; two vertices C, C” in Qy(n, q) are adjacent if and only if C'NC" is a basis
of PG(n —1,q).

There are n + 1 elements in C' and C'\ {e} is a basis of PG(n — 1,q) for all elements
e in C. By Lemma 2.6.3, for each basis B of PG(n — 1,q), there are precisely (¢ — 1)"™!
elements ¢’ of PG(n — 1,q) such that B U {¢'} is a circuit. Therefore, there are precisely
(g —1)""! —1 elements ¢’ # e of PG(n — 1,q) such that (C'\ e) U¢’ is a circuit, for each e
in C. Thus, the degree of each vertex C' in Qy(n,q) is at most (n + 1)((¢ — 1)"~' —1).

Suppose towards a contradiction that (C'\ {e;})U{e|} and (C'\{e2})U{es} are the same
circuit, for some ey, es € C where e # ey and €] # e; for each ¢ € [2]. Since (C'\{e1})U{e}}
contain the element ey, it follows that (C'\ {e2}) U {€,} contains es. Thus, the element
e, = ey, which is a contradiction. Therefore, the degree of each vertex C' in y(n,q) is
exactly (n+1)((¢ — )"t —1). O
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Theorem 8.1.8. logi((n,2)) = (n%j)!(l/g + 0(1)).

Proof. By Proposition 8.1.7, the degree of each vertex in Qy(n, 2) is (n+1)((2—1)""'—1) =

0, therefore every subset of vertices in Q(n, 2) is a stable set. That is, the number of stable
2

sets in Qg(n, 2) is 21V (@02))l There are %(%, 1) vertices in Qy(n, 2) by Corollary 8.1.4.

Now the result follows from Proposition 8.1.1. ]

8.2 Lower bound

The following lemma gives a lower bound on the number of stable sets in 4(n, q).

Lemma 8.2.1. logi(2(n,q)) > W(m] log(qg — 1) + o(1)).

n2
Proof. The graph Qg(n, ¢) has #!(”;71)(1 +0(1)) vertices by Corollary 8.1.4 and Proposi-
tion 8.1.1. From Proposition 8.1.7, each vertex in Qy(n, ¢) has degree (n+1)((g—1)""' —1).

Therefore, by Theorem 2.3.9,
qn2’/q(1 + 0(1))
(n+ DN g —D((n+1)(g— 1" —n)

log i(Qo(n, 4)) > [ J log((n + 1)(g — 1) — n)

> T g;é"_ g (log(n + 1) + (n — 1)log(g — 1))(1 + o(1))
> gy (1= 1 lo(a — (1 + o(1)
Z qn2yq log(q - 1) (1 + 0(1)) ]

(n+1)Hg —1)"

8.3 Upper bound

In order to determine an upper bound for i(£2(n,q)), we use a spectral version of the
container method for regular graphs, which depends on the smallest eigenvalue of Qy(n, q).
Before we determine this eigenvalue, we need a few definitions and lemmas. For positive
integers m and k, the Johnson graph J(m, k) is the graph whose vertices are the k-subsets
of a fixed m-set where two vertices are adjacent if and only if they intersect in k — 1
elements. The smallest eigenvalue of J(m, k) and its multiplicity is given on page 179 of
the textbook [8] by Brouwer and Haemers.
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Lemma 8.3.1 ([3]). The smallest eigenvalue of J(m, k) is

ogringlr?ﬂ(k —i)m—Fk—1i)—i

with multiplicity (’:) — (krfl)
Together with the previous lemma, we will use an interlacing result in Godsil and
Royle’s textbook [16] to determine the smallest eigenvalue of {24(n, q).

Lemma 8.3.2 (Theorem 9.1.1 in [16]). Let A be a real symmetric n x n matriz and let B
be a principal submatriz of A with order m x m. Let 01(A) > 05(A) > -+ > 0,,(A) be the
eigenvalues of A and let 6,(B) > 03(B) > -+ > 0,,(B) be the eigenvalues of B. Then, for
1=1,...,m,
On-m+i(A) < 0;(B) < 0:(A).

Since adjacency matrices are real symmetric square matrices and the adjacency matrix
of an induced subgraph H of a graph G is a principal submatrix of the adjacency matrix
of G, Lemma 8.3.2 immediately implies the following corollary.

Corollary 8.3.3. Let G be a graph with n vertices and let H be an induced subgraph of
G with m wvertices. Let 61(G) > 05(G) > --- > 0,(G) be the eigenvalues of G and let
01(H) > 60x(H) > -+ > 0,,(H) be the eigenvalues of H. Fori e {1,...,m},

On-m+i(G) < 0:(H) < 0;(G).

Now we are ready to determine the smallest eigenvalue of Q4(n, ¢), which is done in the
following lemma.

Lemma 8.3.4. If n > 5 and q > 3, then the smallest eigenvalue of Qo(n,q) is —(n + 1).

Proof. The Johnson graph J (q;_—_ll, n-+1) is the graph whose vertices are the (n+1)-subsets

of a fixed set of qqn___11 elements where two vertices are adjacent if and only if they intersect
in n elements. The (n + 1)-circuits of PG(n — 1,q) are (n+ 1)-subsets of E(PG(n —1,q))
that are adjacent in Qg(n,q) if and only if they intersect in n elements, by Proposition

2.4.2. If we take the fixed set with % elements to be E(PG(n—1,q)), then Qy(n, q) is an

induced subgraph of J(q;__l1 ,n+1). Let Cy denote the set of (n+1)-circuits of PG(n—1, q);

that is, Cp is the vertex set of Qy(n, q).
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Let &k = (1;__—11 and let Ay > Ay > -+ > )\ be the eigenvalues of J(k,n + 1). Let
p > fla > -+ > pye,| be the eigenvalues of Qy(n, ¢). Corollary 8.3.3 gives the interlacing of
the eigenvalues of an induced subgraph of some graph G with the eigenvalues of G, which

implies that /\|c0| Z ,u‘co| Z /\k
By Lemma 8.3.1, the smallest eigenvalue of J(k,n + 1) is

min (n+1—di)(k—(n+1)—i)—i=—(n+1)

0<i<n+1

with multiplicity (n-ku) — (¥). Therefore, the eigenvalue )\; is equal to —(n + 1) for all

n

ic{()+L M) +2,....( )
Claim 8.3.4.1. |Co| > (F).

Proof. The binomial coefficient (ﬁ) is equal to

(q;;) = T (% - Z) IS¢ —1—ig—1))

n n! B nl(g —1)"

n2
Since ¢" — 1 —i(qg — 1) < ¢", the value of (fL) is less than n!((qu)n' Therefore, the quotient
Col/ (%) is greater than

2
q" vq

DD _ Ylg = D"
§ n+1

n

nl(g—1)"
Since v, > % by Proposition 8.1.2 and ¢ > 3, we have |Co|/(*) > 2 Since n > 5, it

n+1"
follows that 2*— > 1 and thus |Co| > (:) O

27L
n+1

Since \; = —(n+1) forall i € {(:) +1, (fl) +2,..., (n-ku)}’ it follows from Claim 8.3.4.1
that A\¢, = —(n + 1). Therefore, the smallest eigenvalue jic,| of Q(n,q) is —(n+1). O

Now we are ready to establish an upper bound for i(€2y(n, q)) using a spectral version
of the container method, as follows.

n2

Theorem 8.3.5. logi(Q(n,q)) < T (vglog®(q — 1) 4+ o(1)).
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Proof. Let d be the degree of Qy(n,q) and let N be the number of vertices in Qy(n, q).
Thus, by Proposmon 8.1.7 and Corollary 8.1.4, we have d = (n + 1)((¢ — 1)"' — 1) and

N = Lq)(l +0(1)). Let —X be the smallest eigenvalue of y(n, ¢). By Lemma 8.3.4,

(n+1)!(g—1 @
: log(d)—X\
we have A =n + 1. Finally, let ¢ = ng

By Theorem 5.3.3,

d+X (log(d)+)\)+ N log(d)—A
i(Q0(n,q)) < > ( > Q@

- 1
=0

Using the standard bound Zf:o (T) < (eTm)k for positive integers k£ < m, we find that

eN(d+ \) ) aix () sy
(d+\)

H(Qo(n,q)) < (
N ln(logd(z));)\) t+d

25 (In(5 55 ‘i?H)er(dH)/N) 1Og(e(d+/\)/1n(1ogd$“))+10g(d))
< 243 g(d) ( .

Taking the base-2 logarithm of both sides, we have

i 5 (o ) 2408 s () )

log(d)+A

log(d)+X log(d)+A

Since d + A = (n+ 1)(qg — 1)"!, the base-2 logarithm of d + X is equal to (n — 1)log(q —
1)(1 4 o(1)). Using this and the values of N, d, and X in terms of ¢ and n yields

q"v
(n+ D (n+1)(g—1)"

logi(Qo(n,q)) < (n — 1)*log*(q — 1)(1 + o(1))

< Tl o) .

8.4 The main theorems

Before proving the two main theorems of this chapter, we prove the following lemma that is
used in both. Recall that Cpi, (M, <) is the collection of circuits C' of M such that C is the
minimum circuit with respect to a total ordering < of C(M) in some corank-2 restriction
of M.
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Lemma 8.4.1. For each positive integer n and prime power q where n > q,

n—2

logi(Qp(n, q)) < log(coext(PG(n —1,q))) < logi(Q(n,q)) + 22 |Ci(n, q)].

t=1

Proof. In this proof, let M = PG(n — 1,q) and let < be a total ordering of C(M) that
refines the preorder by size. By Proposition 2.3.4, we have i(Qy(n,q)) < i(QM). By
Proposition 2.3.8, it follows that logi(Q(M) < logi(Q(n,q)) + S.1=7|Ci(n,q)|. Applying
these bounds to Corollary 3.2.6, we find

n—2

logi(Q(n, q)) < logcoext(M) < logi(Q(n,q)) + Z ICi(n, q)| + |Crin (M, <)].  (8.4)

t=1

By Proposition 8.1.3, there are at most ¢ + 1 circuits in a corank-2 restriction of M.
Thus, by Proposition 2.4.3, the smallest circuit in a corank-2 restriction of M has size at
most q%l(njt 2)=n+1- ”;Tqi“l. Since n > ¢, the smallest circuit in a corank-2 restriction
of M has size less than n 4+ 1. Let C’ be the collection of circuits with size less than n + 1.
Therefore, |Cpin(M, <)| < |C']. Since €’ does not contain any (n + 1)-circuits,

n—2

Coin(M. <) < €] < 37 |G, 0)].
t=1

Combining this bound on the number of small circuits with Equation 8.4 completes the
proof. n

We are now ready to prove the main theorems of this chapter. First, we prove the
following result about binary projective geometries.

Theorem 8.0.4.

2

2n

log(coext(PG(n —1,2))) = CESH

(1/2 + 0(1))

Proof. Let ¢ = 2 and assume n > 2. The result follows from Lemma 8.4.1, Theorem 8.1.8,
and Corollary 8.1.6. m

Next, we prove the main theorem about projective geometries over fields of order at
least 3.
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Theorem 8.0.1.

n2

q
(n+1)Hg—1)"

(vglog(q — 1) + o(1))

< log(coext(PG(n —1,q)))

q 2
< n!(q——m(”" log™(q — 1) +o(1)).

n2

Proof. Since ¢ is fixed, we may assume n > ¢. The result follows from Lemma 8.4.1,
Theorem 8.3.5, and Corollary 8.1.6. ]
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Chapter 9

Extensions of representable matroids

In this chapter, we consider extensions of certain GF'(q)-representable matroids. Since
all simple GF'(q)-representable matroids are restrictions of PG(n — 1, ¢q), determining the
number of extensions of a projective geometry sounds like a good place to start. However,
it is well known that the extensions of a projective geometry correspond to its flats, so
the extensions are easily enumerated. Although the problem of enumerating extensions is
straightforward for projective geometries, it is more involved for other GF'(q)-representable
matroids, such as graphic matroids, as we will see in this chapter.

In Section 9.1, we discuss the correspondence between extensions and flats of projective
geometries. In Section 9.2, we enumerate the extensions of the cycle matroid of a complete
graph. Section 9.3 discusses some future directions for enumerating extensions of other
GF(q)-representable matroids.

9.1 Extensions of projective geometries

Recall that a projective geometry PG(n — 1,q) is isomorphic to M[A] where the columns
of A are representatives of the equivalence classes of V(n,q) \ {0}, where two vectors are
equivalent if they are a nonzero scaling of each other.

Given a flat F', let £ be the collection of hyperplanes of PG(n — 1, ¢) that contain F.
Consider a rank-(n — 2) flat F” that contains F'. Each hyperplane that contains F’ is in
L. If F"is a rank-(n — 2) flat that does not contain F', then none of the hyperplanes that
contain F” are in L. Therefore, this collection £ is a linear subclass. One can show that
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these linear subclasses are distinct and the only linear subclasses of PG(n — 1,q). This
implies that, for a projective geometry, linear subclasses are parameterized by flats.

However, a more straightforward proof follows from considering modular cuts instead
of linear subclasses. Recall that a modular cut [10] of a matroid M is a collection M of
flats of M with the following properties:

(i) If F € M and F' is a flat of M containing F, then F' € M.

(11) If Fl, F2 € ./\/l and ’I”(Fl) + T(Fg) = T(Fl N FQ) + T(Fl N FQ), then Fl N F2 S M

We prove that the extensions of a projective geometry are parameterized by its flats using
modular cuts in the following proposition.

Proposition 9.1.1.

ext(PG(n —1,q)) = k; m )

Proof. The extensions of a matroid M are parameterized by the modular cuts of M [10].
In a projective geometry, any two flats Fj, F» have the property that r(Fy) + r(Fy) =
r(Fy N Fy) + r(Fy N Fy) [10]. Therefore, each modular cut of PG(n — 1,¢q) has a unique
minimal element F. Thus, for each modular cut M of PG(n — 1, q), there exists a unique
flat F such that M is precisely the set of flats F’ that contain F' as a subset. That is, the
number of modular cuts of PG(n — 1,q) is equal to the number of flats of PG(n — 1,¢q).
By Proposition 2.6.1, the number of flats in PG(n —1,q) is >;_, [}] O

.

9.2 Extensions of the cycle matroid of a complete
graph

This section is based on the paper [38], which is joint work with Nelson and Van der

Pol. We prove the following result about the number of extensions of M (K1), which is

denoted ext(M (K,+1)). Recall that o(1) denotes an unspecified function of n which goes
to 0 as n goes to infinity and log denotes the base-2 logarithm.

Theorem 9.2.1. logext(M(K,41)) = (;}2)(1 +0o(1)).
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In order to prove this theorem, we bound the number of stable sets in the hyperplane
graph of M (K1) and the number of small hyperplanes in M (K1), and then apply
Lemma 3.2.3, which says that, for a matroid M,

log i(TI(M)) < log coext(M) < logi(II(M)) + |Hmin(M, <)|.

Recall that Hyin(M, <) is the collection of small hyperplanes; that is, hyperplanes H €
H(M) such that, for some rank-(r(M) — 2) flat F' of M, the minimum hyperplane with
respect to < that contains F'is H.

It is helpful to think of the flats of M (K1) as partitions of vertices. We say a k-
partition of a set S is an unordered partition of S into k nonempty parts. A set F' is a
rank-(n + 1 — k) flat of M (K1) if and only if the subgraph of K, induced on F' has
precisely k& components, each of which is complete. Thus, rank-(n+1—k) flats of M (K1)
correspond to k-partitions of [n + 1]. Flats F and F’ satisfy FF C F’ if and only if the
partition corresponding to F refines the partition for F”.

Recall that 2" denotes the collection of subsets of [n]. Consider the poset on 2"
partially ordered by the subset relation, also known as the Boolean lattice and denoted
2l"l. Note that two sets are comparable if one is a subset of the other. Let P(n) denote
the graph with vertex set 2"\ {0} where two vertices are adjacent if and only if they are
disjoint or comparable in the Boolean lattice. Before proving that the hyperplane graph of
M (K, 1) is isomorphic to P(n), we prove some preliminary results about the stable sets

of P(n).

An antichain of the Boolean lattice 2I" is a set A of elements such that no two elements
in A are comparable. An intersecting antichain is an antichain A where X NY # () for all
X,Y € A. That is, a collection A of sets is an intersecting antichain if and only if no two
sets X,Y in A are comparable or disjoint. Let A;(n) denote the collection of intersecting
antichains A C 2"\ {(}.

Proposition 9.2.2. [A;(n)| = i(P(n)).

Proof. Consider a subset X' C 2"\ {()}. The set X is an intersecting antichain in A;(n) if
and only if no two sets X,Y in X are comparable or disjoint. The set X is a stable set in
P(n) if and only if no two sets X,Y in X are comparable or disjoint. O]

Lemma 9.2.3. |A;(n)| > (i jo1)

Proof. Let A be the collection of subsets of [n] that have size [2] + 1. There are (

such subsets, hence A has size (

N ) Ln/;LJJrl)
ln/2|+1/
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Since all sets in A have the same size, it follows that A is an antichain of 2[*. Further-

more, since |5] 41 > %, each pair of sets in A intersect in a nonempty set. This implies

that A is an intersecting antichain of 2[".

Notice that each subset of A is also an intersecting antichain. Therefore, there are at

217 the result follows. [l

least 2(1n/31+1) intersecting antichains. Since |§] +1 = ["

Antichains in the Boolean lattice are well studied and each intersecting antichain is
also an antichain. Thus, we use the following theorem of Kleitman to determine an upper
bound on the number of intersecting antichains in 2"\ {()}.

Theorem 9.2.4 ([20]). The number of antichains in 2" is 9(j2) (1o(1)

It follows from Theorem 9.2.4 that the number of intersecting antichains in 2"\ {0} is

at most o(1j2) (+o(1))

Now that we have upper and lower bounds for the number of stable sets in P(n), we
prove that this graph is isomorphic to the hyperplane graph of M (K, ).

Lemma 9.2.5. The graphs II(M (K, 1)) and P(n) are isomorphic.

Proof. In this proof, let M = M(K,+1). For each hyperplane H of M, let ¢)(H) C [n] be
the vertex set of the unique component of K, 1[H] not containing the vertex n + 1. Since,
for each nonempty X C [n], the partition {X,[n + 1] \ X} gives rise to a hyperplane H
of M with ¢(H) = X, the function 1 is a bijection from the set of hyperplanes of M to

2\ {0},

Now we claim that two hyperplanes Hy, H, are adjacent in the hyperplane graph if and
only if ¥(H;), ¥ (Hs) are adjacent in P(n).

If Hy, Hy are adjacent, then they intersect in a rank-(n—2) flat ', which corresponds to
a 3-partition of [n 4 1], say {Xo, X1, X2}. Since hyperplanes correspond to 2-partitions of
[n+1], a hyperplane that contains F' corresponds to a partition with parts X; and X; U X},
where {i,7,k} = {0,1,2}. Without loss of generality, we may assume that n + 1 € Xj,
hence (Hy),¥(Hy) € {Xo, X1, Xo U X1}. Therefore, ¥(H;),1(Hs) are either disjoint or
comparable, which means they are adjacent.

If (H,),v(Hs) are adjacent, then they are either disjoint or comparable. Thus, there
exist nonempty disjoint set S, T C [n] such that ¢(Hy),(Hs) € {S,T,SUT}. Hence, the
hyperplanes H; and Hj each correspond to one of the following partitions: {S,[n+1]\ S},
{T,[n+1]\T}, {SUT, [n+1]\ (SUT)}. Each of these hyperplanes contain the rank-(n—2)
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flat that corresponds to the partition {S, T, [n + 1] \ (S UT)}; therefore, the hyperplanes
H, and H, are adjacent. ]

Lemma 9.2.6. If F' is a rank-(n — 2) flat of M (K, 1), then there exists a hyperplane H
of M(K, 1) that contains F' such that one of the components of K, y1[H| contains at most
n+1 ;

- vertices.

Proof. Let {Xo, X1, Xa} be the 3-partition of [n + 1] that F' corresponds to, where | Xj| <
|X1] < |Xz|. A hyperplane that contains F' corresponds to a partition with parts X; and
X; U Xy where {7,7,k} = {0,1,2}. There are three such partitions and each corresponds
to a hyperplane of M (K, 1)." Since {Xy, X7, X»} is a tripartition of [n + 1], the smallest
set Xy has size at most ”TH Therefore, the hyperplane H containing F' that corresponds
to the bipartition { Xy, [n+ 1]\ Xo} induces a component with vertex set X,. That is, one
of the components of K,[H] contains at most 4+ vertices. O

We are now ready to prove Theorem 9.2.1.

Proof of Theorem 9.2.1. In this proof, let M = M(K,,1). Let < be a total ordering of
H (M) such that if H < H’, then one of the components of K, 1[H]| contains at most the
same number of vertices as the smaller component of K,,1[H']. That is, < is a refinement
of the preorder of hyperplanes by the size of the smallest component they induce. By
Lemma 9.2.6, for each rank-(n —2) flat F', the minimum hyperplane with respect to < that
contains I’ induces a component that contains at most "TH vertices. Therefore, at most all

hyperplanes that induce a component with at most "T*l vertices are in Hyi, (M, <). Since

there are ("Zl) ways to choose a k-set of vertices from [n + 1],
|24 ] il
n+1 e(n+1)\ * L oo (s n
w0101 < 30 (") < () T —ee |
; k = n/2

By Lemma 9.2.5 and Lemma 9.2.3, we have log i(2(M)) > ([(nﬁl)/g]). By Lemma 9.2.5

and Theorem 9.2.4, it follows that logi(Q2(M)) < (7;;2)(1 + 0(1)). Therefore, by Lemma
3.2.3,

(10 yen) oo < (o) vomn+o( (1))
which implies that log ext(M) = (,},) (1 +o(1)). O

'Note that not all partitions necessarily correspond to hyperplanes of M(G) for a graph G that is not
complete. In this case, there could be fewer hyperplanes that contain F'.
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9.3 Extensions of other representable matroids

We have considered extensions of projective geometries and cycle matroids of complete
graphs, which are the densest simple matroids representable over a finite field and simple
graphic matroids, respectively. Of course, graphic matroids are also representable, but less
dense than projective geometries. Since cycle matroids of complete graphs have a much
wilder set of extensions than projective geometries, it would be interesting to know if there
is a way to distinguish between restrictions of PG(n — 1, ¢) with a tame set of extensions
and restrictions with a wild set of extensions. Is there a particular size that a restriction of
PG(n — 1,q) must have? Is there a representable matroid with a set of extensions wilder
than that of the cycle matroid of a complete graph? To start, it is natural to consider
matroids which are “almost” projective geometries or cycle matroids of complete graphs,
such as PG(n —1,¢q) or M (K1) with one element deleted.

Let e = wv be an edge in K41 and let G = K,,11 \ {e}. Here, we consider M = M (G).
In this case, all hyperplanes are the same as those in M (K, 1), except for the one that
corresponds to the bipartition with one part being {u,v}. The flats of rank n — 2 are
the same, except the bipartition with one part being {u, v} corresponds to a flat and the
tripartitions with one part being {u,v} do not correspond to flats. If F'is a rank-(n — 2)
flat of M, then F' is a flat in M (K1) that does not have {u,v} as one part or F' is
the bipartition with {u,v} as one part. In the first case, the hyperplanes in M (K, 1)
that contain F' are still hyperplanes in M. In the second case, the only hyperplanes that
contain F correspond to {{u}, [n+ 1]\ {u}} and {{v}, [n+ 1]\ {v}}. In either case, if H is
a hyperplane of M that contains F’, then one of the components of G[H] has at most ”T“
vertices. This seems to imply that a version of Lemma 9.2.6 is true for G.

However, the hyperplane graph of M (G) is not an induced subgraph of the hyperplane
graph of M(K,1). Consider the tripartition {{u,v}, A, B} of [n 4 1]. The bipartitions
{{u,v} U A, B} and {{u,v} U B, A} are vertices in both hyperplane graphs, but they are
adjacent in the hyperplane graph of M (K, ;) and not in that of M(G). This is true for
every bipartition {A, B} of [n+ 1] \ {u,v}.

We might consider simply adding edges between these types of hyperplanes, but then
the analysis of small hyperplanes changes. In this case, the smallest part of a bipartition
that is a coarsening of a non-flat tripartition could have size "T_Q There are 23 bipar-
titions of the set [n 4+ 1] \ {u,v} and each bipartition gives rise to one small hyperplane
if the parts have distinct sizes or two small hyperplanes if the parts have the same size.

Thus, there are at most 2”2 small hyperplanes of this form. Now our upper bound on the
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number of small hyperplanes is at most

ntl

- n n—2
> (k) +2n2,
k=1

However, in this case, the hyperplane graph of M(G) is an induced subgraph of that of
M (K,1); therefore, using Lemma 3.2.3, we find

n

(7)o < logest(a (K \ e < ()

/2 )(1 +o(1)) + 22, (9.1)

Recall that (n72) = \2/—%( 2/m + 0(1)), so 2772 is not asymptotically bounded above by
<n72)‘ In fact, we could rewrite the right-hand side of Equation 9.1 as 2"(3 + o(1)). Thus,

the bounds in Equation 9.1 are not particularly close together.

It would be interesting to find out which of the upper and lower bound is closer to the
truth. Since we have an idea of what the hyperplane graph of M (G) looks like without
adding extra edges, perhaps there is a better way to bound the number of stable sets in it.
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Chapter 10

Extensions of Dowling geometries

Let an extension of a matroid be called scarce if it corresponds to a scarce linear subclass.
In previous chapters, we determined bounds on the number of scarce (co)extensions by
counting stable sets in either the hyperplane, circuit, or overlap graph, and then used
Lemma 3.2.3, Corollary 3.2.6, or Corollary 3.2.8 to show that the number of (co)extensions
is not “much” more than the number of those that are scarce. In this chapter, we determine
a representation of the hyperplane graph of DG(n,I") and make partial progress towards
enumerating the extensions of DG(n, GF(3)").

The partial progress towards counting the extensions of a Dowling geometry in this
chapter focuses on counting scarce extensions, which correspond to stable sets in the hy-
perplane graph. The following theorem gives bounds on the number of scarce extensions
of a Dowling geometry over GF'(3)*. Let exts.(M) denote the number of scarce extensions
of a matroid M. Recall that o(1) denotes an unspecified function of n which goes to 0 as
n goes to infinity and log denotes the base-2 logarithm.

Theorem 10.0.1.
n2" (1 4+ 0(1)) < logexty(DG(n, GF(3)*)) < n2" (1 + o(1)).

The lower and upper bounds in Theorem 10.0.1 differ, but only by a constant factor of
2. On the double log scale, this factor becomes a lower order term, so

log(log(extsc(DG(n, GF(3)%)))) = n(1 + o(1)).

In order to bound the number of extensions of DG (n, GF(3)*) with Theorem 10.0.1 and
Lemma 3.2.3, we need an upper bound for the number of small hyperplanes. It would be
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interesting to know if the number of small hyperplanes is o(n2"!), as this would imply that
the bounds in Theorem 10.0.1 apply to the number of extensions. Based on the analysis of
the small hyperplanes of M (K1), it seems likely that the number of small hyperplanes
of DG(n,T") is “small” compared to the number of stable sets in the hyperplane graph.

Conjecture 10.0.2. For some fized real number % <c<l1,

logext(DG(n, GF(3)*)) = n2" (¢ + o(1)).

10.1 Hyperplane graph

In this section, we start by identifying the structure of flats in DG(n,T"). Then, we describe
a graph whose vertices are functions and prove that this graph is isomorphic to the hyper-
plane graph of DG(n,I"). Recall that the hyperplane graph of a matroid M has vertex set
H(M) where two vertices (hyperplanes) H, H' are adjacent if and only if they intersect in
a rank-(n — 2) flat of M.

We also recall the definition of a Dowling geometry DG (n, ') here. Let n be a positive
integer. Let I' be a finite (multiplicative) group with identity element 1 and let ¢ = |T|.
Recall the construction of the graph K, which has vertex set [n]. The edge set of K}

is T' x ([72‘]) U{B. : u € [n]} and the incidence function f of K} is defined as follows.

For each (v,{u,v}) € T' x ([g]), let f((v,{u,v})) = {u,v} and for each u € [n], let
f(B.) = {u}. Informally, the graph K! has vertex set [n], an edge labelled y between each
pair {u,v} € ([g}) for each v € T', and a loop labelled 3, on each vertex u € [n|. For an
edge e = (v, {u,v}), let v be called the edge label of e and recall that u and v are called

the endpoints of e. The ground set of DG(n,T') is E(K.).
Recall the function ¢ : I' x Z2, — I" where, for each (v, z,y) € I x Z%,,

ifxr <y

V(v 2,y)) = {7_1

v ify <z

Let C be a cycle of K} with at least two edges and arbitrarily assign an orientation to
it. Let the vertices and edges of C, beginning with a vertex, be vy, ey, v9, €9, ..., Uk, €, V1,
where e; = (7, {vs, vig1}) for each i € [k]. We say C'is balanced if TTF_, ¥((i, vi, vig1)) = 1.
Note that the definition of a balanced cycle does not depend on the chosen cyclic ordering
of the cycle [10]. A cycle is unbalanced if it either has a single edge or is not balanced. Let
B be the collection of balanced cycles of KL. The circuits of DG(n,T') consist of the edge
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sets of all of the balanced cycles together with the edge sets of all of the hinged, tight, and
loose cuffs in which none of the cycles are balanced. Recall that the Dowling geometry
DG (n,T) is the frame matroid represented by (K, B).

Proposition 10.1.1. A set X is a rank-r flat of DG(n,T") if and only if the components
of K! induced on X consist of n —r complete graphs in which every cycle is balanced and
at most one component that is isomorphic to Ki for some k € [0,n].

Proof. If KL[X] has n — r components that are complete graphs in which every cycle is
balanced and at most one component that is isomorphic to K} for some k € [0,n], then
X has rank n — (n —r) = r. Since adding an element to X would reduce the number
of components in KL[X] or add an unbalanced cycle to one of the complete components,
both of which would increase the rank of X, it follows that X is a flat.

To prove the forward direction, first, we claim that at most one component of K![X]
contains an unbalanced cycle. Consider two unbalanced cycles C, C’ and an edge e between
them. Since the edge sets of loose cuffs are circuits of DG(n, "), the edge e is in the closure
of E(C)UE(C"). Since X is a flat, it follows that C' and C” are in the same component. If a
component G contains an unbalanced cycle C, then, since every edge (including loops) is in
a tight or loose cuff with C| the closure of E(G) is E(KL[V(G)]). That is, the component
G is isomorphic to K|1;/(G)|'

Consider a component G that does not contain an unbalanced cycle. Thus, G is a
simple graph. Let T" be a spanning tree of G.

Claim 10.1.1.1. If T is a tree in KL, then the closure of E(T) in DG(n,T) induces a
complete graph on V(T) in which all cycles are balanced.

Proof. Consider u,v € V(T') that are not adjacent in T'. There is one path between u and
v in T, so there is exactly one uv-edge e such that the cycle in T'U {e} is balanced. This
edge e isin cl(E(T')). Let E be the set of edges e such that the cycle in T'U{e} is balanced.

Suppose towards a contradiction that not all cycles in T'U E are balanced. Let C be
an unbalanced cycle in T'U E where |E(C) N E| is minimum. Since the cycle in T'U {e} is
balanced for all e € E, we know |E(C) N E| > 2. Let e1,e5 € E(C)N E and let P, P, be
the two disjoint paths in C' between the endpoints of e; and e;. Since T is connected, the
graph C'\ {ey, e2} is connected as well. Thus, there exists a path P C T" between a vertex
in P; and a vertex in P, that is otherwise disjoint from P, U P,. It follows that C'U P is
a theta graph. For each i € [2], let C; be the cycle in C'U P that contains e; and does not
contain ez_;. Since C' is unbalanced, the theta graph C' U P has at least one unbalanced
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cycle. By Proposition 2.5.2, if one cycle in a theta graph is unbalanced, then at least two
of its cycles are unbalanced. Therefore, at least one of C', Cy is unbalanced; without loss
of generality, say C) is unbalanced. Since E(C})\ E(P) is a subset of E(C'), the edge e5 is
not in Cy, and PN E = (), it follows that |[E(C1) N E| < |E(C)NE|. If |[E(Cy) N E| > 2,
then this contradicts the minimality of |E(C) N E|. Otherwise, if |E(Cy) N E| = 1, then
(' is balanced by the definition of F, which is a contradiction. Therefore, every cycle in
T U E is balanced. O

By the claim, we have cl(E(T')) = E(G) and G is a complete graph on V(7') in which
all cycles are balanced. The rank of E(G) in DG(n,T') is |[V(G)| — 1. Let m be the number
of components of KL[X] in which every cycle is balanced. Thus, the rank of X in DG(n,T)
is n — m. Since we are given that the rank of X is r, there are n — r components that are
complete graphs in which every cycle is balanced. O]

An example of the components of K 7G F®™ induced on a hyperplane of DG (7,GF(3)")
can be seen in Figure 10.1.

Figure 10.1: The components induced on a hyperplane of DG(7, GF(3)*).

We say a function f : X — Y is nonzero if f(X) # {0}. We say a nonzero function
f:[n] = T U{0} is canonical if f(v) = 1 where v < w for all w € supp(f). That is, a
nonzero function f is canonical if its first nonzero entry is 1. Note that [n] = V(KL). Let
F be the collection of canonical functions f : V(KL) — I'U {0}. We say two functions
fof +[n] = T U{0} are equal up to rescaling, denoted f ~ f’, if there exists v € I' such
that f(z) = f'(z)y for all = € [n]. Let G(n,T") be the simple graph with vertex set F and
edges are defined as follows. If f, f* € F where |supp(f)| > |supp(f’)|, then f and f’ are
adjacent if and only if:
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(i) there exists v € 'U{0} and X C supp(f) such that f'(x) = f(x)y for all z € X and
fly = f'ly where Y = V(KY)\ X, or

(i) supp(f) Nsupp(f’) = 0.

We say an edge between f and f’ is of type (z) where z € {i, ii} if the corresponding
condition above holds.

Lemma 10.1.2. The graph G(n,T) is isomorphic to the hyperplane graph I(n,T’).

Proof. In this proof, let G = G(n,I") and let IT = II(n,I"). Define a function ¢ : V(G) —
V(II), as follows. For each f € V(G),

o(f) = {(v, {u,v}) su,v € V(K,), u<wv, and f(u) = 7f(v)}
U{By:u € V(K) and f(u) = 0}.

Consider f € V(G). We will show that ¢(f) € V(II). Let H be the subgraph of K}
induced on the edge set ¢(f). That is, H = KL [é(f)]. Let Vo = {v € V(K!): f(v) = 0}.
Since f(u) = 0 for every vertex u € Vj, we have f(u) = vf(v) for every pair of vertices
u,v € Vo and every group element v € I'. Furthermore, for each u € V), the loop on u
in K is in ¢(f). Therefore, all edges in K between (not necessarily distinct) vertices in
Vo are in ¢(f). That is, the graph K![Vp] is a subgraph of H. Let V = V(K!)\ V; be
the vertices not in V and let E = ¢(f) \ E(KL[V4]) be the edges not induced by V. For
u € Vypand v € V, we know f(u) # vf(v) and f(v) # v f(u) for any v € ', hence KL [V{]
is a component of H. For u,v € V where u < v, since f(u), f(v) # 0, the edge (v, {u,v})
is in £ where v = f(u)f(v)™!, and no other uv-edge is in E. Therefore, the graph K![V]
is a simple, complete graph and a component of H.

Claim 10.1.2.1. Every cycle in KL'[V] is balanced.

Proof. Let C' = viejva€y ... vjyjev vvi+1 be a cycle in KL[V] where v; = V41 and e; =

(i, Vi, vi41) for each i € [|V]]. Let 7 = H‘ZZ‘I (7i, Vi, Vi1). Consider i € [|[V]]. If v; < v;qq,

then ¥(v;,vi,vi01) = % = f(v)f(vis) ™ If v < vy, then ¥(v, v, v41) = 7" =
(f(uisa) f(0i)™1) ™" = f(vi) f(viz1) ™" Therefore,

Vi

™= H flo) floi) ™ =1,
i=1
so the cycle C' is balanced. n
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Now it follows that the subgraph of K induced on ¢(f) has at most two components:
K}, [Vo], which is isomorphic to K, ; and K, [V], which is a complete graph where every
cycle is balanced. Since KT [V;] is connected and contains an unbalanced cycle, its edge set
has rank |Vp| in DG (n,T). Since KL[V] is connected and does not contain an unbalanced
cycle, its edge set has rank |V| — 1 in DG(n,I"). Therefore, the edge set ¢(f) has rank
Vol + |[V| =1 =n—1. In order to complete the proof that ¢(f) is a hyperplane, we argue

that cl(¢(f)) = ¢(f).
Claim 10.1.2.2. cl(¢(f)) = o(f).

Proof. If an edge between u € Vj and v € V is added to ¢(f), then the two components
are connected, and the rank increases. Consider an edge («, {u,v}) between u,v € V that
is not in ¢(f). Without loss of generality, assume u < v. Let C be a cycle induced by
¢(f) that contains the edge (7, {u,v}). Let e1,es,...,ecj—1 be the edges in the path from
utovin C\ (v, {u,v}) where e; = (v;, v;,viq1) for i € [|C] — 1] and v; = v|¢). Since C'is a

balanced cycle,
Cl-1

H Y(Vis Vis Vig1) =7

i=1
Since the edge (a, {u,v}) is not in ¢(f), we know « # ~, which implies Hﬁlfl%' # «.
Therefore, the cycle C'\ (v,{u,v}) U (e, {u,v}) is unbalanced; hence, adding an edge
between vertices in V' to ¢(f) increases its rank. Thus, it follows that cl(¢(f)) = ¢(f). O

In order to prove that ¢ is a bijection, we will define a function ¢ : V(II) — V(G), as
follows, and then show that ( is the inverse function of ¢. For each hyperplane H € V (II),
let ((H) = f where f € F, as follows. By Proposition 10.1.1, there is a partition (V;, V5) of
the vertex set of KX, where |V;| > 0 and |V5| > 1, such the components of K induced by
H are K![V1] and a complete graph G’ with vertex set V5 in which every cycle is balanced.
If v € Vi, then let f(v) = 0. Let u be the vertex in V5 such that u < v for all v € V5. Let
f(u) = 1. Consider v € V, where v # u. Since G’ is simple and complete, there is one

uv-edge (v,{u,v}) in H. Let f(v) =" f(u).

Since |V, > 1, not all vertices of KL are mapped to 0 by f, hence the function f is
nonzero. Since f(u) = 1 where u < v for all v € supp(f), the function f is canonical.
Therefore, the function f is in F.

Each hyperplane H induces at most two components Gy, Gy of KL where Gy is iso-
morphic K} for some k € [0,n — 1] and G5 is a complete graph in which every cycle is
balanced. The function ¢ maps H to an assignment f of vertex labels which identify these
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components and, in the case of G5, the edge labels. The function ¢ determines the com-
ponents G, Gy from the assignment f of vertex labels. Observe that ¢ and ¢ are inverse
functions. Thus, they are bijections between the hyperplanes of Il and the functions of F.

Now we will prove that two vertices fi, fo € V(G) are adjacent in G if and only if ¢(f1)
and ¢(f2) are adjacent in II. Consider two vertices fi, fo € V(G). Define the following
sets:

o X0 ={veV(K,): fi(v) = fa(v) = 0},

e Xo1={veV(K]): filv) =0, folv)# 0},

e X ={veV(K}): filv) #0, fo(v) =0}, and
o Xuy={veV(K)): fi(v) #0, fa(v) # 0}.

For each i € [2], let HY be the component of K![4(f;)] isomorphic to K} for some k €
[0,n — 1] and let H} be the component of K7} [¢(f;)] that is a complete graph where every
cycle is balanced. Observe that X(; ;) = V(Hj) NV (Hj) for each 7,5 € {0,1}. Let H
be the subgraph of K}, induced on the edges that are in ¢(fi) N ¢(f2). Since X0 =
V(HY) N V(HY), the graph H[X ()] is a connected component of H and its edge set
has rank [X(| in DG(n,I"). The graphs H[X ()] and H[X(1)] are also connected
components of H, but they are induced subgraphs of complete graphs whose cycles are
balanced, hence r(E(H [ X)) = |Xon| — 1 and 7(E(H[ X)) = |Xa0| — 1. Let
H' = H[X (1)U X1, UXq,]. By definition of ¢, the graph H’ has no unbalanced cycles.

Claim 10.1.2.3. The functions f1 and fy are adjacent if and only if the graph H' contains
exactly 2 components.

Proof. Suppose fi; and f, are adjacent. If the edge between f; and fs is of type (ii), then
supp(fi) Nsupp(fz) = 0. Therefore, the set X1 1) is empty and the sets X(o1) and X )
are not empty. Thus, the graphs H[X )] and H[X ()] are connected components of H.

Suppose, without loss of generality, that [supp(f1)| > [supp(f2)|. If the edge between
fi and fy is of type (i), then there exists v, € I'U {0}, 72 € I', and X C supp(f;) such
that fo(z) = fi(z)y for all z € X and fi(y) = fo(y)ye for all y € Y = V(KL) \ X. Thus,
the set X (o1) is empty. We claim that H[X( 1] is one component of H if X1,y # 0 and
H[X (1] is two components of H otherwise.

If X0 # (), then v; = 0. Consider u,v € X(1,1) where v < v. Since v, = 0, we have
that fo(u) = fi(u)ye and fa(v) = fi(v)y2. By definition of X(y 1), for each ¢ € [2], there is
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one edge (d;, {u,v}) between u and v in H} where §; = fi(u)f;(v)~! € T'. Therefore,

51 = AW A = (Rl ) (o)) = falw)s efa0) ™ = folw) folv) ™ = 6.

Thus, the edge between u and v in ¢(f;) has the same label as the edge between u and v
in ¢(f2). It follows that H[X( 1y] is connected.

If X0y =0, then v # 0. For each j € [2], let V; C X(11) such that fy(v) = fi(v)y; for
each v € V;. For each i € [2], there is one edge (&;,{u,v}) between u and v in H} where
6; = fi(u)fi(v)~t € I'. If u,v € V; where j € [2], then

0= Fi() i)™ = (o (a0 = L)1 L0 = fa(u) o)™ = b2

So the edge between u and v in ¢(f;) has the same label as the edge between u and v in
o(f2). It follows that H[V;] and H[V5] are connected. If u € V; and v € V5, then

0r = fiw)fi(v)™" = (L) )(f(0)n ) = L@n 2h0) " # L)) =0

So the edge between u and v in ¢(f;) has a different label from the edge between u and v
in ¢(f2), which implies that there are no edges in H between vertices in V} and vertices in
V. That is, the graph H[X(1)] has exactly two components.

Now suppose that the graph H’ contains exactly 2 components. Each component exists
within H[X 1], H[X(1,0)], or H[X(1,1)], hence one of X (g 1y, X(1,0), X(1,1) is empty. If X 1)
is empty, then supp(fi) Nsupp(fz) = 0, which implies that f; and f, are adjacent by an
edge of type (ii). If, without loss of generality, X (g 1) is empty, then there exists v, € 'U{0},
vo € T, and X C supp(f1) such that fo(x) = fi(z)n for all x € X and fi(y) = 72 f2(y) for
ally € Y = V(KL) \ X. Therefore, there is an edge of type (i) between f; and fs. O

Observe that the graph H' contains exactly 2 components if and only if r(E(H')) =
|V (H')|—2. Furthermore, since r(E(H [X,0)])) = |X(0,0)|, notice that r(E(H")) = |V (H')|—
2ifand only if r(E(H)) = |V (H)| —2. Thus, by Claim 10.1.2.3, the functions f; and f; are
adjacent in G if and only if r(E(H)) = |V (H)| — 2. Since ¢(f1) and ¢(f2) are hyperplanes,
their intersection is a flat, hence ¢( f1) and ¢( f2) intersect in a flat of rank |V (H)|—2 = n—2
if and only if f; and fy are adjacent. Therefore, the functions f; and f, are adjacent in G
if and only if ¢(f1) and ¢(f2) are adjacent in II. O

10.2 Stable set bounds

In this section, we determine upper and lower bounds on the number of stable sets in the
hyperplane graph of DG(n, GF(3)*). We choose a small abelian group in order to better
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understand the graph defined in the previous section. For this section, let I' = GF'(3)*.
Note that |I'| = 2 and I" contains an identity element 1 and an element —1 that is its own
inverse.

Since I' = GF(3)*, the graph G(n,I") has vertex set F and edges are defined as follows.
If f, f" € F where [supp(f)| < [supp(f’)|, then f and f” are adjacent if and only if:

(i) supp(f) = supp(f),
(ii) supp(f) C supp(f’) and flsupp(r) = £f lsupp(s)> O
(iii) supp(f) N supp(f’) = 0.

For each d € [n], let Ly C V(G) be the set of vertices [f] where |supp(f)| = d. We
consider each Ly to be layer d of G. For each d € [n], let Sy = {V C [n] : |V| = d}. That
is, the set Sy is the set of supports of vertices in layer d. There are (Z) possible supports
for a vertex f in layer d, hence |Sy| = (7}). For each d € [n] and V' € Sy, let Cy denote the
set of vertices f € Ly where supp(f) =V.

Proposition 10.2.1. For each d € [n] and V € Sy, there are 2471 vertices in Cy .

Proof. 1f supp(f) = V, then f(v) € T for each v € V and f(u) = 0 for all u € [n] \ V.
Additionally, we have f(w) = 1 where w € supp(f) and w < v for all v € supp(f). Thus,
since |I'| = 2, there are 2 choices for the f-image of each v € V' \ {w}. Since V' € Sy, we
know that |V| = d. Therefore, there are 2¢~1 functions with support V. O

Proposition 10.2.2. For each d € [n], there are (7})2%7" vertices in Lq.

Proof. By Proposition 10.2.1, there are 2¢~! vertices in Oy for each V € S,;. Since Ly is

the disjoint union of Cy, over all V' € Sy, the layer Ly has size ZVGSd 2471 = | 5,207t =
e :
j :

Proposition 10.2.3. If V' C [n], then the subgraph of G(n,T') induced on Cy is a complete

graph.

Proof. Consider f, f' € Cy. By definition of Cy, we know supp(f) = V = supp(f’).
Thus, by definition of G(n,I"), the vertices f and f’ are adjacent. Therefore, since every
pair of vertices in Cy are adjacent, the subgraph of G(n,I") induced on Cy is a complete
graph. O]
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The following lemma gives a lower bound on the number of stable sets in G(n,I") by
finding a method of constructing large stable sets. The proof is instructive, so it is included,
but we find a better lower bound in Lemma 10.2.7.

Lemma 10.2.4. logi(G(n,I")) > (Ln/;Hl) - |n/2].

Proof. In this proof, let G = G(n,I'). Let d € [|[n/2] 4+ 1,n] and consider f, f' € L,. Since
f and f" both have support of size d, we know supp(f) ¢ supp(f’) and supp(f’) & supp(f)-
That is, edges between vertices in the same layer are not edges of type (ii). Since d > n/2,
the supports of f and f’ have at least one element in common, so supp(f) Nsupp(f’) # 0.
That is, edges between vertices with support size at least n/2 are not edges of type (iii).
Thus, the vertices f and f’ are adjacent if and only if supp(f) = supp(f’). This implies
that f and f” are adjacent if and only if f, f' € Cy for some V' € S;. Therefore, for each
d € [|n/2] + 1,n], the subgraph G[Cy] is a clique and a component of the graph G|[L,]
induced on the vertices in layer d.

Consider layer d = |n/2] + 1. Let k = (1), the number of elements in Sy Let
Vi, Va, ..., Vi be the k sets in Sy. Let Z={X C Ls: | X NCy,| <1 forall i € [k]}. Since,
for each i € [k], the subgraph G[Cy,] is a component of the graph G[L4], each set I € T is
a stable set of G[Lg4|, and thus is a stable set in G. Therefore, the number of stable sets in
G is at least |Z].

Consider a set X € Z. Since, for each i € [k], the set Cy, contains 247! elements, there

are 2471 + 1 choices for the set X N Cy;. Since k = (7)), there are (247! + 1)(d) choices for
the set X. Thus,

logi(G) > log |Z| > (Z) (d - 1). O

Lemma 10.2.5. logi(G(n,T)) < n2" 1.

Proof. In this proof, let G = G(n,T"). Let k=Y (Z) = 2", Let V1, V5,,...,V; be the
k subsets of [n]. Let U = {U C V(G) : [UNCy,| < 1forallie [k]}. That is, let U be
the collection of sets U C V(G) obtained by choosing at most one vertex from each set Cy
where V' C [n]. Since each such set Cy induces a complete graph in G, at most one vertex
from each can be in a stable set of G. Therefore, if S is a stable set of GG, then S € U.
This implies that i(G) < |U].

By Proposition 10.2.1, for each V C [n] where |V| = d, the set Cy contains 2¢-!
elements. Thus, there are 297! + 1 choices for each vertex from layer d in a set in U. Since
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there are (1)) subsets of [n] with size d, there are (247! + 1)(3) choices for the vertices from

layer d in a set in U. Therefore,

i(G) < |U| < ﬁ(zd—l + 1)),

d=0

Since 2471 + 1 < 24 for d € [n],

logi(G) <log|U| < Z <Z)d =n2" 1. O
d=1

In the next lemma, we use some probability theory to get a slightly better lower bound
than that in Lemma 10.2.4. We use P(A) to denote the probability of an event A and E(A)
to denote the expected value of A. We refer to Chapter 2 of the textbook by Molloy and
Reed [31] for an introduction to probability theory at the level needed here. We also make
note of one preliminary result, as follows.

Proposition 10.2.6 (Markov’s Inequality [31]). For any positive random variable X,
P(X >t) <E(X)/t.

Lemma 10.2.7. logi(G(n,T')) > n2"7'(5 + o(1)).

Proof. In this proof, let G = G(n,I'). Let £ = 2(1 —¢) where 0 < ¢ < % Let & =

zgjﬁ;’;ﬁu (7). Since there are k subsets V of [n] where |V| € [[n/2 + 1], |[n/2 + {]],

there are k possible supports for the functions in UCLZZ/ fn%JH | Lg. Let Vi, V5, ..., V) be the
k subsets V' of [n] where |V| € [|n/2 + 1], |[n/2 4+ ¢]]. Let U = {{vi,v9,..., 0} : v; €
Cy; for all ¢ € [k]}. That is, let U be the collection of sets U C V(G) obtained by choosing
a vertex from each set Cy where V' C [n] and |V| € [|[n/2+ 1], [n/2 4+ ¢]]. Note that each
such Cy induces a complete graph in G. We are interested in the number of edges induced
by a set U in U, which can range from 0 to (S) We will use bounds on the number of
sets that induce a “small” number of edges to lower bound the number of stable sets in G.
First, we will determine a lower bound for the size of U.

Claim 10.2.7.1. log [U| > n2"*(3 + o(1)).

Proof. Consider layer d € [|[n/24 1], |n/2 + {]]. For each V' C [n] where |V| = d, the set
Cy contains 2971 elements. Thus, there are 2¢-! choices for each vertex from layer d in a
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n

set in U. Since there are (7)) sets in Sy, there are (2d_1)(d) choices for the vertices from

layer d in a set in U. Therefore,

[n/2+)
oglul= > (Z)(d—n. (10.1)

d=|n/2+1]

To find a lower bound, we start by claiming that Zg’iﬁ%{r” () =211+ o(1)). We
[n/2+£]

d=[n/2+1] (Z) The partial sum

prove this by upper bounding the difference > (%) — >

2] () is at most
Ln/2) -1 n n 2
< 2n—1 = 9n
X ()l = e
d=0
The partial sum ZZ:Ln/Q-&-Zj—I—I (Z) is at most
L(1+e) n
4 (1+e)
Z (n) < ( en )4 : — 97 (1+e)log(4e) < 27771(;%)‘
~ \d 2(1+¢)

Using these partial sum upper bounds and the identity » ), (Z) = 2", we find

n/2+4] n 2 Tn(l4e)
> ( > >on ot [ Zon 97w = 2" (1 4 0(1)),
d ™

d=|n/2+1]

as desired. Since d > |n/2 + 1| in Equation 10.1 we can replace (d — 1) with [n/2]|. Now
it follows that

[n/2+¢]

log |td| > [n/2] ) (Z) > in2" (1 + o(1)). O

d=[n/2+1]

Define a function X : Y — [0, (g)] where, for each vertex subset V € U, let X (V') be

the number of edges induced by V' in the graph G. Let L = Ug;/ @ J;gJH | L4 be the union of
the vertices in layers |n/241] to [n/2+¢|. Let U be chosen from & uniformly at random.
The probability that an edge e is induced by U is denoted P(e € E(G[U])). By linearity
of expectation, the expected value of X (U) is E(X(U)) = >_ P(uv € E(G[U))).

u,veEL
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For each pair of distinct vertices u,v in L, let x,, = 1 if wv is an edge in G and let
ZTyy = 0 otherwise. Since the probability that an edge uv is induced by U is 0 if uv is not
in G and is P(u,v € U) if uv is in G,

= Z TwP(u,v € U).

u,vEL

For each V' C [n] where |V| € [[n/2 4+ 1], |n/2 + £]], the subgraph of G induced on Cy is
a complete graph and a component of the graph G[Ljy|]. Thus, since U contains exactly
one vertex from each of these complete graphs, we know x,, = 0 if u and v are in the same
layer and in U. Therefore,

[n/2+4]— [n/2+4]

EX(U)= > Z > ) wwP(uv ).

i=|n/2+1) u€l; j=i+l veL;

Claim 10.2.7.2. Fori € [|n/2 + 1], |n/2 + {]|], the probability that a vertex u € L; is in
U is 21,

Proof. Let V' C [n] such that u € Cy. Since u is in L;, we know |V| = i. The probability
that v is in U is By Proposition 10.2.1, there are 2:=! vertices in Cy,. Thus, the

L =91, O

1
[Cv|”

Since vertices in different layers are chosen to be in U independently of each other, it
follows from Claim 10.2.7.2 that

[n/24+£]—1 [n/2+4]

EXW)= 3 3 3 Paw2 2

=|n/2+1] uel; j=i+l veL;

Consider vertices u € L; and v € L; where i < j € [[n/2+ 1], |n/2+¢]]. If there is an
edge between u and v, then it is an edge of type (ii). Therefore, uv is an edge in G if and

only if supp(u) C supp(v) and u|supp(u) = F£V|supp(u)-

Claim 10.2.7.3. Leti < j € [[n/2+1], [n/2+/(]]. Ifu € L;, then the number of functions
v € L; such that supp(u) C supp(v) and v|suppu) = E0|supp(u) 8

n—1 oi—i.
Jg—1
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Proof. Consider a function v € L; where supp(u) C supp(v) and u|suppu) = F0]supp(u)-
There are j — i elements of [n] \ supp(u) that are in supp(v) \ supp(u), so there are (7;:;)

choices for the elements of supp(v) \ supp(u). For each z € supp(v) \ supp(u), there are
two choices for the value of v(x). Finally, there are two choices for v|spp(u)- Since v(y) = 1
for y = min(supp(v)), there are (?:Z) 20—l /9 = (?:Z) 27~ choices for the function v. [

By Proposition 10.2.2, the number of vertices in L; is (7;) 2i=1 Thus, by Claim 10.2.7.3,

[n/24+£4]—1 [n/2+4]

Bx@)= > 3 Y (G1 )

i=|n/2+1| u€l; j=i+1

[n/2+£] -1 n |n/2-+£) _—

— 2i—1 21 121 7
() 2 (o)
[n/2+£4]—1 (n) [n/24+£4]—1 n—i

- (DX (")
i=|n/2+1] ! J=1 J

Claim 10.2.7.4. Ifi € [[n/2+ 1], [n/2 + (] — 1], the expression ()2 ZJLZQHH (";7’)
is mazimized when i = |n/2 +1].

Proof. The maximum value of (’;‘) occurs when i = n/2. The maximum value of 2!~
occurs when ¢ is as small as possible, which, in this case, is When i = |n/2+1]. Since

) < (") for i > 0 and j < 2=t the maximum value of [ (") also occurs
njz " - /2+€j .

when 7 is minimized. O

By Claim 10.2.7.4,

E(X(U)) < £(Ln/2"+ 1J) ~ln/2+1] Z ( [n/2] - 1)
< £(n72)21—n/2 ; ([n/2j - 1)‘

By Corollary 2.2.2, and since £ = %(1 —¢),




By Stirling’s approximation, we know (n72) <

2n
2/ 7. Therefore,

2
B(X(U)) < ¢ 21393~ 5" loge)
xop<e(,),)
- n(l—eg) 22" ol-=log(e) _ gn(1-5 log(e)) ﬁ(l — o).
- 4 T\/n 27

Proposition 10.2.6 (Markov’s Inequality) implies that P(X(U) < 2E(X(U))) > 1,
hence, by the equation above, it follows that

P(X(U) < /n2"1=5 log(e)y >

DN | —

Let a set V' € U be called good if the number of edges in G[V] is less than ﬁZ”(l_élog(e)).
Let U, denote the collection of sets V' in U that are good. Recall that U is a set chosen
from Y uniformly at random. By the equation above it follows that P(U is good) > %
This implies that U] > $[|. In other words, at least half of the sets in U are good.

Removing one endpoint from each edge induced by a set U G U gives a stable set of

G. Thus, there exists a set V of at most 2E(X (U)) < y/n2"(! 5 108() vertices such that
removing V' from a good set U € U, results in a stable set. Let S, denote the set of stable

62 .
sets S that are obtained from a good set U by removing at most 1/n2"~5 1°8) vertices.
Note that some stable sets in S, are subsets of multiple good sets in 4.

For each stable set S in S, let r(S) denote the number of good sets U that contain S
as a subset. Let Z denote the collection of stable sets of G. Let r = maxgez (S). Since
each stable set .S is a subset of at most r good sets,

U]

i(G) > — | " | 2— (10.2)

Claim 10.2.7.5. logr < 2"71(1 + o(1)).

Proof. Let S be a stable set in S, such that r = r(5). Let V be the collection of good sets
U € U, such that S C U. Thus, we know |V| = r. Each set U € V contains the elements in
S and |U| — |S] elements from L. Let m = |U| — |S| and let vy, vs, ..., v, be the elements
of U\ S. For each i € [m], there exists a set V; C [n] where [n/2+ 1] < |Vi| < |n/2 +{]
such that v; € Cy,. By the definition of U, the sets V1, V5, ..., V,, are distinct.

Recall that there are k sets V' C [n] where |n/2+ 1| < |V| < |n/2 + {¢]. Thus, there
are at most ( 7’; ) choices for the sets Vi, Vs, ..., V,,. For each i € [m], there are at most
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|Cy;| < 2ln/2H < 23n/4 choices for v;. Therefore, there are at most ( :L )(237/4)™ choices for
the elements vy, vs, ..., vy,. This implies that r = |V| < (Z) (23n/4ym.

Since S is a stable set in S, and U is a good set, the difference m = |U| — |5] is at most
2E(X (U)) < /n2"1-5 18 Since k < 27!, we have (¥) < 22""'. Therefore,

3 2
logr < 21 + I"\/ﬁznﬂ—?bg(e)) = 271(1 + o(1)). O

By Equation 10.2 and Claims 10.2.7.5 and 10.2.7.1,

logi(G) > log [U| —logr — 1
>n2""H (3 +0(1)) = 2" (1 +0(1))
=n2""'(3 + o(1)). O

Proof of Theorem 10.0.1. By Proposition 3.2.2, the stable sets of II(DG(n, GF'(3)*)) corre-

spond to the scarce extensions of DG(n, GF(3)*). Thus, the theorem follows from Lemmas
10.2.5 and 10.2.7. [
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Glossary

DG(n,T") Dowling geometry of rank n over I'. 27, 95, 127
GF(q) Galois field of order ¢. 10
Hmin(M, <) The “small” hyperplanes of M. 38

K,,.m Complete bipartite graph with vertex set [n + m] and bipartition ([n], [n +m]\ [n]).
16

K,, Complete graph with vertex set [n]. 16

M(G) Cycle matroid of G. 21

M/X M contract X. 22

M\ X M delete X. 22

M~* The dual matroid of M. 22

M|X M restricted to X. 22

PG(n —1,q) Projective geometry of rank n over GF'(q) 28
II(M) The hyperplane graph of M. 38

V(n,q) An n-dimensional vector space over GF'(q). 28
(a;p), The p-shifted factorial. 28, 110

Q(M) The circuit graph of M. 39

C(M) The set of circuits of M. 21
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cly (X) The closure of X in M. 22

coext(M) The number of coextensions of M. 23

degq(v) Degree of v in G. 14

E(A) Expected value of A. 136

ext(M) The number of extensions of M. 23

H(M) The set of hyperplanes of M. 22

()k() The set of k-subsets of X. 10

04(1) A function of ¢ that goes to 0 as n goes to infinity. 12
o(1) A function of n that goes to 0 as n goes to infinity. 12
In Natural (base-e) logarithm. 11

log Base-2 logarithm. 11

v, The shifted factorial (¢7; ¢ )s. 110

i(G) Number of stable sets in G. 18

O(M) The overlap graph of M. 41

P(A) Probability of A. 12, 136

ra(X) Rank of X in M. 22

r(M) Rank of M. 22
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Index

g-binomial coefficient, 28

adjacency matrix, 55
asymptotic, 11

biased graph, 25
balanced cycle, 25
unbalanced cycle, 25

circuit, 21
spanning, 21
circuit graph, 39
circuit property, 34
scarce, 34
coextension, 23
colinear subclass, 34
scarce, 34
container methods, 52
corank-2 restriction, 23
cuff, 25
hinged, 25
loose, 25
symmetric, 101
tight, 25
cycle matroid, 21

Dowling geometry, 27, 95, 127

eigenvalues, 55
extension, 23

frame matroid, 25

graph, 14

k-connected, 18
biased, 25

bipartite, 16
Cartesian product, 17
complete, 16
complete bipartite, 16
components, 16
connected, 15

cycle, 15
Hamiltonian cycle, 15
Hamiltonian path, 15
independence number, 16
induced subgraph, 14
isomorphic, 15
matching, 16

path, 15

simple, 14

spanning tree, 16
stable set, 16
subgraph, 14

theta, 16

graphic matroid, 21

Hamming graph, 17, 43
hyperplane, 22

small, 38



hyperplane graph, 38 rank, 21

hyperplane property, 34 representable, 21
scarce, 34 restriction, 22
Johnson graph, 41, 113 overlap graph, 41
lift matroid, 25 permutation, 11
linear, 10 even, 11
linear subclass, 33 odd, 11
scarce, 34 projective geometry, 28, 108, 119
matroid, 20 representable, 21
basis, 20
circuit, 21 sequence, 11
closure. 22 shifted factorial, 28, 110
contraction, 22 stgb%e s’et, 16 ) ]
deletion. 22 Stirling’s approximation, 12
dual 22’ supersaturation lemma, 53
flat, 22 theta graph, 16
hyperplane, 22 theta property, 35
independent set, 20 scarce, 35
line, 22
non-basis, 22 uniform matroid, 41
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