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Abstract

In 1928, Sperner proved his well known result bounding the maximum size of a family of
subsets of an n-set, where no set in the family is a subset of another. Such a family is now
referred to as a Sperner set system. Since then, many families with similar structure have
been considered in the literature.

In 2005, Meagher, Moura and Stevens investigated Sperner partition systems, where
an (n, k)-Sperner partition system is a collection of partitions of an n-set into & nonempty
parts with the property that no part in any partition is a subset of a part in a different
partition. In this thesis, we present a number of constructions for (n, k)-Sperner partition
systems for various regimes of n and k. These constructions produce systems with a number
of partitions asymptotically close to an upper bound due to Meagher, Moura and Stevens.
We also exactly determine the maximum number of partitions when n = 3k — 6 and for a
number of small values of n and k.

We then move on to look at cross-Sperner families. A pair of families of subsets of
an n-set is cross-Sperner if no set in either family is a subset of a set in the other family.
We begin by examining self intersecting cross-Sperner pairs of families, where we add the
condition that any pair of sets from the same family have nonempty intersection. Using a
result of Erdds, Herzog and Schénheim, we exactly determine the maximum size of such a
pair of families.

Finally, we consider the problem of determining the maximum size of a family in a pair
of cross-Sperner families after fixing the size of the other family. Using a generalised form
of the classical technique of shifting, we give a complete, albeit recursive, solution to this
problem. This is accomplished through determining, for a family F of m subsets of an

n-set, the minimum total number of subsets and supersets of sets in F.
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Chapter 1

Introduction

Sperner’s theorem is a simple result that has spawned a wide range of research. Since its
proof, much work has been published that either strengthens the result, see [18, 34, 9] for
examples, or generalises it to other families, such as in [25]. This is still an active area
of research, primarily due to the fact that the requirement of nothing being “covered” or
“superseded” is a very fundamental one that can be applied to a wide range of scenarios.
In this thesis, we investigate two “Sperner-like” families from the literature, with the goal
of finding bounds on the sizes of these families similar to Sperner’s original result, and to
find constructions for families that meet these bounds.

Chapter 2 provides the necessary background to our work. It begins with a brief discus-
sion of Sperner set systems in Section 2.1 and then, in Section 2.2, it gives a discussion of
existing work on Sperner partition systems which grounds our contributions in Chapters 3
and 4. Sections 2.3 and 2.5 then give context for our work on cross-Sperner families which
appears in Chapters 5 and 6, while Section 2.4 introduces a number of well known results
that will be used throughout the thesis.

We start our original work in Chapter 3, where we begin our investigation into Sperner
partition systems. We focus on presenting a construction for Sperner partition systems that,
in most cases, produces systems with size asymptotic to an upper bound due to Meagher,
Moura and Stevens. We also find an improvement on this known upper bound, but we then
go on to show that the two bounds are asymptotically equal. In Chapter 4 we continue
our work related to Sperner partition systems and make progress in treating regimes of
parameters not covered by our main result from Chapter 3. We also present a number of
results for the special case where the average size of a part in a partition is between 2 and
3.

In Chapters 5 and 6, we move on to investigating cross-Sperner families. Chapter 5

focuses on pairs of cross-Sperner families where each family is, individually, an intersecting



family. We find upper bounds on the size of these pairs of families under both an additive
and multiplicative metric. We also give examples of constructions that show that these
bounds are tight in all cases. In Chapter 6, we go on to consider the problem of maximising
the size of a family in a cross-Sperner pair when the size of the other family is fixed. We

find a recursive function that determines this maximum size in every case.



Chapter 2

Background

Throughout this thesis, for a positive integer n, we will use [n]| to denote the set {1,...,n}.
For some finite set X, we let 2% denote the power set of X (i.e. 2¥ = {S: S C X}).
Furthermore, for an integer k, we will use ()k( ) to denote the family {S : S C X and |S| = k}.

2.1 Sperner set systems

We begin by introducing the concept upon which this thesis is built: Sperner set systems,
which were first introduced by Sperner in 1928 [40].

Definition 2.1.1. A Sperner set system F C 2%, is a family of subsets of a finite ground

set X for which no set in the family is a subset of any other.

Throughout this thesis, whenever we require a ground set with n points in it, we will
always use the set [n] unless we state otherwise. We now provide the following examples of
Sperner set systems.

Note that when Sperner set systems are considered from the perspective of hypergraphs,
they are sometimes known as clutters. It is also common for them to be referred to as
antichains.

Looking at Figure 2.1, it is natural to ask if it is possible to add new sets to any of these
families to obtain a larger Sperner set system. It is clear that nothing can be added to
the first example as () is a subset of every set. For the second example, sets such as {3,4}
could be added to achieve a larger Sperner set system. In his work, Sperner was able to

determine the size of the largest possible Sperner set system on a ground set of size n.

Theorem 2.1.2 (Sperner’s Theorem [40]). Let F C 2I" be a Sperner set system for some

n

positive integer n. Then |F| < (Lﬂ
2
[
+

J) and we have equality if and only if F = ([ﬁ]) when n
is even and F = (n@l) or F = (nn]l) when n is odd.
2 2

3



2.2. Sperner partition systems

0 {1 2 3 } {1, 2 3 }
{ 4, 5 } {1, 2 4 }

{1, 2 5 )

{1 3 4 }

{1, 3 5}

{ 1, 4, 5}

{ 2 3 4 }

{ 23 5}

{ 2, 4 5}

{ 3, 4, 5 }

Figure 2.1: Three examples of Sperner set systems on 5 points.

Observe that this result shows that the third system given in Figure 2.1 is in fact one
of the two Sperner set systems of maximum size on 5 points. While this result gives us a
tight bound on the maximum size of a Sperner set system, it gives us no information about
the possible structure of smaller systems. Instead we must look to a result that was proven
independently by Bollobas([5]), Lubell ([30]), Meshalkin ([34]) and Yamamoto ([42]), which
takes into account the size of each set in the system. This result is normally referred to as

the LYM inequality, but is also known as the BLYM inequality.

Theorem 2.1.3 (LYM inequality [30, 34, 42]). Suppose F C 2" is a Sperner set system
for some positive integer n. Then )
— <
A
In essence, this result shows that the more sets of small size or large size that occur in
the Sperner set system, the fewer sets the system can have in total. We shall present proofs
of both Theorem 2.1.2 and Theorem 2.1.3 in Section 2.4 once some more concepts related

to set systems have been introduced.

2.2 Sperner partition systems

After seeing Sperner’s theorem it is natural to question if analogous results can be obtained
for objects similar to Sperner set systems. Of particular interest for this thesis are Sperner
partition systems, which were introduced by Meagher, Moura and Stevens in 2005 ([33])
and then further investigated by Li and Meagher in 2013 ([28]). Before we define Sperner

partition systems, we need to introduce a handful of definitions relating to partitions.



2.2. Sperner partition systems

Definition 2.2.1. A k-partition of [n] is a collection of k pairwise disjoint, nonempty

subsets of [n|, which we will refer to as classes, whose union is [n].

A k-partition of [n] is called uniform if every class of the partition is of the same size.
Note that a k-partition of [n] can only be uniform if k& divides n, in which case every class
must have size n/k. When k does not divide n, we consider the concept of almost uniform
k-partitions. A k-partition of [n] is called almost uniform if every class of the partition has

a size of |n/k| or [n/k].
Definition 2.2.2. An (n, k)-partition system is a collection of distinct k-partitions of [n].

Let P} denote the collection of all k-partitions of [n]. An (n,k)-partition system is

called almost uniform if every partition in the system is almost uniform.

1234/5 123[45
124]35
125/34
134]25
135[24
145/23
234|15
235/14
245|13
345[12

Figure 2.2: Examples of a 2-partition of {1,2,3,4,5} (left) and of a (5, 2)-partition system
(right). Observe that the 2-partition is not almost uniform, whereas each partition in the
(5,2)-partition system is. This means that the (5,2)-partition system is also an almost
uniform system.

We are now able to formally introduce the concept of a Sperner partition system as first

defined in [33].

Definition 2.2.3. An (n,k)-Sperner partition system P C P, is an (n,k)-partition
system with the property that for any distinct P,QQ € P, where P = {Py,..., P} and
Q:{Ql,...,Qk}, PZZQ] anszZP] fOT&lli,j - [l{?]

Besides Sperner set systems, Sperner partition systems also have connections to other
combinatorial objects. For example, in design theory, extensive research has been perfomed
on resolvable block designs, which are block designs where it is possible group the blocks
into resolution classes, where each resolution class is a partition of the point set of the
design. Refer to [22] for good a good overview of the topic. It is natural to try to determine
the maximum number of partitions in an (n, k)-Sperner partition system and thus produce

an analogue of Sperner’s theorem. Let SP(n, k) denote this maximum number.

5



2.2. Sperner partition systems

As part of their work in [28], Li and Meagher presented two constructions for Sperner
partition systems that take a Sperner partition system and extend it to one on a larger
ground set. The first construction is one that uses an (n, k)-Sperner partition system to

build an (n + 1, k)-Sperner partition system.

Lemma 2.2.4 ([28]). For integers n >k > 0,

SP(n, k) < SP(n+1,k).

Proof. Begin with an (n, k)-Sperner partition system with SP(n, k) partitions, and aug-
ment it by adding a new element to an arbirary class in each partition in the system. The

resulting system will be an (n+ 1, k)-Sperner partition system with SP(n, k) partitions. [

12345(67 12345(678
124/57|36 12457836
134/56|27 13456827
17|246(35 17824635

Figure 2.3: An example of using Lemma 2.2.4 on a (7, 3)-Sperner partition system (left) to
construct an (8, 3)-Sperner partition system with the same number of partitions (right).

The other construction that they presented allows for the construction of an (n + k, k)-

Sperner partition system from an (n, k)-Sperner partition system.

Theorem 2.2.5 ([28]). For all integersn >k > 1,

k x SP(n, k) < SP(n+ k, k).

Proof. Tt is possible to take k different orderings on the set {n+1,...,n+k} such that for
any pair of orderings, no position has the same element in both orderings (such orderings
can be obtained from an abitrary k x k Latin square for example). Take an (n, k)-Sperner
partition system P that has SP(n, k) partitions, and order the classes of each partition.
For each partition in P and each of our k chosen orderings of {n + 1,...,n+ k}, add the
1th element of the ordering to the ith class of the partition. Since the added elements are
not in [n], it can be seen that this results in an (n + k, k)-Sperner partition system with

k x SP(n, k) partitions. O

From here on in this chapter, as well as in Chapters 3 and 4, we will simplify some of
our notation by letting ¢(n, k) and r(n, k) be the unique integers such that, for integers
n>k>1n=ck+randre{0,...,k— 1}. Furthermore, we will generally only refer to

them as ¢ and r respectively when n and k are obvious.

6



2.2. Sperner partition systems

1238|459/67A
1239|45.A|678
123 A|458/679
1248[579]36.A
124957 A|368
124A|578/369
1348]569]27A
1349|56.A|278
1344|568/279
178]2469]35A
179|246 A|358
17A4|2468|359

123]45|67

12457|36

13456/27

17]246|35

I © 00| © 00 © 0| s © o
00 I ©O[00 I ©|0 h ©|00 1 ©
© 00 O 0 O 0 O 0

Figure 2.4: An example of using a (7,3)-Sperner partition system with 4 partitions (left)
to construct an (10, 3)-Sperner partition system with the 12 partitions (right) using the
construction in Theorem 2.2.5. The middle column denotes the ordering of the set {8,9, A}
as called for in the construction, where A is used in place of the number 10.

After these constructive lower bounds on SP(n, k), upper bounds are also of great in-
terest. In [33], Meagher, Moura and Stevens proved the following upper bound on the size
of a Sperner partition system through the use of the LYM inequatity.

Theorem 2.2.6 ([33]). Forintegersn, k,c,r such thatn >k >r >0,k > 2 andn = ck+r,
SP(n, k) < MMS(n, k) where

(2)

n—c

Proof. Assume k > 2 and let P C P} be an (n, k)-Sperner partition system. Let A be the
Sperner set system formed by taking the collection of all the classes in all of the partitions

in P. Note that |A| = k|P|. By the LYM Inequality (see Theorem 2.1.3), we have that

1
ngl.

SeA \|S]

Let p;, for ¢ € [n], denote the number of sets in A with size 7. It follows that

n

3 (z:) <1 (2.1)

By defining the function f(i) = (:‘)71 for ¢ € [n], as well as dividing equation (2.1)
through by |.A|, we obtain

“~ i, 1
> G0 < o (22)



2.2. Sperner partition systems

Observe that since P is a collection of k-partitions on an n-set and A is formed by taking

the collection of all classes of the partitions in P,

Zzpi = Z |S| =n|P| = n% (2.3)
i=1 SeA

It is also possible to extend f(i) from the integers i € [n] to the real numbers 1 < z < n

by letting

o) f(n), ifx=n
€Tr) =
(1—w)f(i)+uf(i+1), wherex=i+u,foriec[n—1jand0<u<1.

Furthermore, as proven in [32], it is known that this extension of f(i) is convex. Thus

we can see that
n "y 1
) =r{Xik 1) (2.4)
DRl V1 Z <
with the equality coming from (2.3), the first inequality from the fact that right hand side
is a convex combination of convex functions due to the fact that > . | p;/|A| = 1, and the

final inequality from (2.2).

From the definition of f(7) and its extension to the real numbers, we have that

)= () =) =0 () i)

Thus from (2.4), we have that

and therefore

]

When considering the form of the bound MM S(n, k) it is worth bearing in mind that
an almost uniform (n, k)-Sperner partition system can have at most (") /(k — r) partitions
because each partition must contain k& — r classes of size ¢. In fact Meagher, Moura and
Stevens showed that in the case of n = ck, in other words when k divides n, it is actually

possible to meet this bound. This is proved by combining Baranyai’s theorem (see [2]) with

the bound MMS(n, k).



2.3. Pairs of Families with Cross Properties

Theorem 2.2.7 ([33]).
1 [(ck
SP(ck, k) = MMS(ck, k) = (C >
c
This leads to the question of whether SP(n, k) can be exactly determined for other
values of n and k, which was investigated in the work done by Li and Meagher in [28]. In

particular, the exact value of SP(n, k) has been determined in the following cases:

Lemma 2.2.8 ([28]). For nonnegative integers n,c, k,r such that n = ck+r, and 0 < r <
k—1.

(i) If k=1 or c =1, then SP(n, k) = 1.

(ii) If k =2, then SP(n, k) = (*'"[).

(111) If k is even, ¢ = 2, and r = 1, then SP(n, k) = 2k.

Note that Lemma 2.2.8(i) comes as a direct result of the fact that requiring k£ = 1 or
¢ = 1 results in partitions with either size n or 1 respectively, and Lemma 2.2.8(ii) follows
from the Erdés-Ko-Rado theorem, which we introduce in Theorem 2.4.3 (observing that
since k =2, r € {0,1}).

In some other cases, specifically some in which ¢ = 2, Li and Meagher improved the

previously known bounds on SP(n, k). These bounds are as follows:

Lemma 2.2.9 ([28]). For nonnegative integers n,c, k,r such that n = ck+r, and 0 <r <
k—1.

(i) If r =1 and ¢ = 2, SP(n, k) < 2k.

(1)) If k>3, r=2and c=2, 2k + 1< SP(n,k) < 2k + 3.

(i) If r=k—1 and c =2, 3k — 1 < SP(n, k).

2.3 Pairs of Families with Cross Properties

There is also a significant literature on pairs of families of sets with certain restrictions on
how sets from one family relate to sets in the other. In this section we discuss the aspects
of this literature that are most relevant to our work in Chapters 5 and 6. A pair (F,G)
of families, where F,G C 2" is said to be cross-intersecting if F NG # @ for all F € F
and G € G, and it is said to be cross-Sperner if F ¢ G and G ¢ F for all F € F and
G € G. Our interest here is mostly focussed on cross-Sperner pairs of families and on cross-

intersecting pairs of Sperner set systems. However we first briefly discuss the literature on

cross-intersecting pairs of families, which were considered much earlier.



2.3. Pairs of Families with Cross Properties

In 1967, Hilton and Milner [21] showed that if (F,G) is a cross-intersecting pair of
nonempty families of k-subsets of [n], then |F| + |G] < (}) — (”;k) + 1. That this bound is
tight can be seen by taking F to contain a single k-set and G to be the family of all k-sets
that intersect this k-set. In 1968 Kleitman [26] showed that if F is a family of k-subsets of
[n], G is a family of f-subsets of [n], (F,G) is a cross-intersecting, k+¢ < n, and | F| > (Zj),
then |G| < (Z:ll) This result can be seen to be tight by fixing a point and taking F and G
to be the families of all k-sets and f-sets, respectively, containing the fixed point. In 2017,
Frankl and Kupavskii extended both of these results. In [14] they proved an analogue of
the result of [21] for the case where it is required that |[FFNG| > s > 0 for each F' € F and
G € G. In this case, they showed that the largest value of |F| + |G| is achieved by taking
F to contain a single k-set and G to be the family of all k-sets that intersect this k-set in
at least s elements. In [13], they extended the result of [26] in the special case where all
sets in both families have the same size k, showing that if |F| is required to be larger than
(k20) + (25y) for some 3 <i <k + 1, then [G] < (1)) — (32)-

More directly relevant to our interests here is the work of Gerbner et al. in [16] which
considers cross-Sperner families. They begin by bounding the maximum size of |F| + |G|
for a cross-Sperner pair. They first note that the problem is trivial if one of the families
is allowed to be empty, as then the other family can be taken to be 2", Considering the

nontrivial case where neither family is empty, they were able to prove the following result.

Theorem 2.3.1 ([16]). There exists an integer ng such that if n > ng and F,G C 2" are

non empty and form a cross-Sperner pair, then |F|+ |G| < 2" — 2ln/21 —o[n/21 4 o

They also proved that there is a unique way to attain equality in this bound, which is
for either F or G to consist of exactly one set S of size |[n/2] or [n/2] and the other family
to consist of all subsets of [n] that are neither supersets nor subsets of S. Of particular
relevance to us here is that they observe that for a fixed F, to maximise the size of G,
one should take all sets that are not supersets or subsets of sets in F. This leads to a
direct equivalence to the isoperimetric problem on the Boolean lattice graph, which we will
introduce properly in Section 2.5.

Gerbner et al. then went on to give an upper bound on |F||G|. Their proof relies on

the following lemma.

Lemma 2.3.2 ([16]). Let n be a positive integer and let F,G C 2. If (F,G) is a cross-
Sperner pair, then the families F, G, F NG, and F NV G are pairwise disjoint, where
FANG={FNG:FeFand GeG} and FVG={FUG:F e F and G € G}.

This lemma allows for the easy application of the following corollary of the Ahlswede and

Daykin inequality, also commonly known as the four functions theorem, which is a powerful

10



2.3. Pairs of Families with Cross Properties

result that applies to all distributive lattices (see [1] for the original work by Ahlswede and
Daykin).

Lemma 2.3.3 ([1]). Let F,G C 2" for some integer n. Then
IFIGI < [FAGIIF VG

With these two results, Gerbner et al. proved the following upper bound on |F||G].

Lemma 2.3.4 ([16]). Let n > 2 be an integer and let F,G C 2. [If (F,G) is a cross-
Sperner pair, then |F||G] < 22"

An extremal construction that meets this bound is if F is taken to be the collection of
all sets containing 1 and not n, and G is taken to be the collection of all sets containing n
and not 1.

Also of interest to us are cross-intersecting pairs of Sperner set systems. Pyber first
examined these families in 1986 in [37], where he focused on bounding |F||G| when upper

bounds are placed on both the size of sets in F and the size of sets in G.

Theorem 2.3.5 ([37]). Let n,k and ¢ be positive integers and let F C 2" and G C 2I"] be
Sperner set systems such that |F NG| >0, |F| <k and |G| < L for all F € F and G € G.
1 Ifk>€and 2k + € —2 < n, then |F||G| < (7)) (3-1)-
2 If k = and 2k < n, then |F||G] < (121

He also showed that this bound is tight in both cases by fixing a point x € [n] and
letting F be the family of all k-sets that contain x and G be the family of all ¢-sets that
contain x.

Wong and Tay later considered the problem in [41], focusing on bounding |F|+ |G| when

no restriction is placed on on the sizes of sets.

Theorem 2.3.6 ([41]). Ifn > 3 is an integer and F,G C 2" are Sperner set systems such
that |[F NG| >0 for all F € F and G € G, then

2(”;/121) if n is odd

n

n/Q) + (n/;ﬂ) if n is even.

|F+ 1G] < (2.5)

Furthermore there are Sperner set systems F,G C 2" such that |F NG| > 0 for all F € F
and G € G and for which equality holds in (2.5).

11



2.4. Fundamental Results for Finite Set Systems

Like Pyber, they were also able to show that their bounds were tight. When n is odd,
this is be achieved by letting F and G both be the collection of all [n/2]-sets. When n is
even, this is achieved by letting F be the collection of all (n/2)-sets and G be the collection
of all (n/2 + 1)-sets.

2.4 Fundamental Results for Finite Set Systems

We now take a step back and introduce a number of concepts and results related to set
systems which will be of use throughout the thesis. We begin by introducing circular
permutations, which will allow us to give a proof for two fundamental results: the Erdds-
Ko-Rado theorem and the LYM inequality. The latter of these two results will then in turn

lead to a proof of Sperner’s Theorem.

Definition 2.4.1. A circular permutation of [n] is an n-tuple of the form (ay,...,a,), such
that {ay,...,a,} = [n]. All subscripts will be treated modulo n, and furthermore, we will
consider two circular permutations of [n] to be identical if for some integer s, a; = by for

all i € [n].

Note that, for example, (1,2,3,4,5), (2,3,4,5,1) and (5,1,2,3,4) are all the same
circular permutation of {1,2,3,4,5}. Also note that there are (n — 1)! distinct circular

permutations of [n].

Definition 2.4.2. An arc of length k of a circular permutation m = (ay,...,a,), where

k <mn, is a set of k elements of [n| which appear consecutively in .

So an arc of length k can be written uniquely as {a,, ..., a1} for some r € [n]. We
call a, the starting point of the arc and a, ;1 the ending point of the arc. As an example,
for the circular permutation 7 = (2,4, 1,5, 3), the set {5, 3,2} is an arc of length 3 in 7, and
we say that it has the starting point 5 and the ending point 2. For a circular permutation
of [n], m, let C(m) denote the family of all arcs of .

We shall now state and prove the Erd6s-Ko-Rado theorem, which is a result that bounds
the maximum size of a family of pairwise intersecting sets that are all the same size. We
have already mentioned that this theorem was used to establish a result on Sperner partition

systems, and it will see further use later in this thesis.

Theorem 2.4.3 (Erdés-Ko-Rado Theorem [10]). Let n and k be positive integers such that
0<k<n/2 and let F C ([Z}) where for all F,G € F, |[F NG| > 0. Then |F| < (7).

Proof. Consider an arbitrary cyclic permutation = of [n]. Observe that at most k arcs

of length k£ in 7 can be in F. This can be seen by considering an arbitrary arc F =

12
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{ar,ar41,..., 0,151} € C(m) such that F € F. Observe that for any arc of length k in
C(m) that intersects F, exactly one of its starting or ending points is in F'. Furthermore,
since k < n/2, for each i € {r,...,r + k — 1} it cannot be the case that a; is the ending
point of an arc in F and a;y; is the starting point of another arc in F as the two sets do
not intersect. So for each i € {r,...,r + k — 1}, either a;,; is the starting point of an arc
in F, a; is the ending point of an arc in F, or neither is the case. Also note that F' will be
the unique arc in C(7) with starting point a, and ending point a,x_1. Observing this, we
see that there are at most k arcs of length k in C'(7) that are also in F.

We now proceed to count the number of pairs (7, F') where 7 is a cyclic permutation on
[n] of which F is an arc that appears in F. To begin, for each F' € F, there are k! ways to
order the elements in F', and (n — k)! ways to order the elements of [n] \ F . This means
that there are k!l(n — k)! choices for 7 and thus |F|k!(n — k)! possible (7, F) pairs. If we
instead first consider an arbitrary m, of which there are (n — 1)!, it is shown above that
each one can contain at most k sets from F which could be chosen as F'. So it follows that

there are at most k(n — 1)! pairs of the form (m, F'). Thus we see that,

|Flkl(n — k)! < k(n —1)!
n—1
F| < : O
#1< (3 2))
It is of interest to note that equality in the bound can be achieved for each k < n/2 by

taking all k-sets that contain a fixed element. When k = n/2, equality can also be achieved

by taking F to consist of all k-sets that do not contain a fixed element.

ON ®) O ®

o O e 9

Figure 2.5: Examples of constructions meeting the bound in the Erdds-Ko-Rado theorem
forn =4 and k = 2.

It is important to note that while cases where k£ > n/2 are not covered by the Erdds-
Ko-Rado theorem, they are trivially dealt with due to the fact that any pair of k-sets are

guaranteed to intersect, and thus any subfamily of ([Z]) is guaranteed to be an intersecting

13
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family. So in these cases, the family ([Z]) is the extremal example.
We now look how Sperner set systems can be embedded into circular permutations,

which is the final piece we need to prove the LYM inequality.

Lemma 2.4.4. Consider a circular permutation ™ = (ay, .. .,a,) of [n|, and a Sperner set

system F C C(w). Then |F| < n. If |F| = n, then all sets in F are the same size.

Proof. Consider an arbitrary a; in 7. If a; is the ending point of two arcs in F, then it is
clear that the shorter arc must be a subset of the longer arc. As such, every point can be
the ending point of at most one arc in F and hence |F| < n.

Now assume |F| = n, but not all arcs in F are of the same size. For this to be true,
each a; must be the ending point of a distinct arc. Consider an ¢ such that the arc ending
in a;;; is longer than the arc ending in a;. Clearly the second arc is a subset of the first,

causing a contradiction. O

With this lemma, we now have everything we need for a proof of the LYM inequality.

This proof is originally due to Lubell [30].

Lubell’s Proof of Theorem 2.1.3. ([30]) Let F C 2" be a Sperner set system for some
positive integer n. We proceed to prove the result by counting the number of pairs (F, ),
where F' € F and 7 is a circular permutation of [n] such that F' appears in C(7).

For each F' € F, we want to count the number of cyclic permutations that have F' as
an arc. There are |F|! ways to order F', and for each of these, there are (n — |F|)! ways

to build the remainder of the cyclic permutation such that F appears as an arc. As such,

there are Y |F|!(n — |F|)! pairs of the form (F, 7). On the other hand, there are (n — 1)!
FeF
circular permutations of [n], and by Lemma 2.4.4, each can have at most n arcs in F. As

such there are at most n! pairs of the form (F, ).

Combining these two facts, we see that

S IF|(n = |F|)! < nl,

FreF

and as such

F|l(n —|F])! 1
1>szzm_

FeF FeF \|F]|

]

As a consequence of using Lemma 2.4.4, we further note that equality in the LYM
inequality can only be achieved by having all sets in F be the same size. Using the LYM

inequality, we are able to give a simple proof of the bound given by Sperner’s theorem.

14



2.4. Fundamental Results for Finite Set Systems

Sperner’s theorem as a consequence of the LYM inequality. Let F C 2" be a Sperner
set system. Due to the fact that (}) is maximised when k = [n/2] or [n/2], it is clear

that, by the LYM inequality,

|]:| = 1 < 1 < 1.
) =) e <!

As such |F| < (Ln7/l2j)’ with equality only being reached if |S| = [n/2] or [n/2] for all
S € F. When n is even, this gives us that F = (T[L’;}Q) When n is odd, we observe that
equality can only occur if there is equality in the LYM inequality and therefore, by our
comment after the proof of the LYM inequality, can only be achieved when all sets are the

same size, and thus F = (LTE7/L]2J) or (“[:;]21) H

Note that this is not the original method for proving Sperner’s theorem; the original is
a more complex proof that relies heavily on the concept of shadows and shades. While we
won’t present this more complex proof in this thesis (interested readers can find it in [40]),
it is still useful to introduce both shadows and shades as they inform some of our work in

Chapters 5 and 6.

Definition 2.4.5. The shadow of a family of sets F C 2I", denoted by A(F) is the family
of sets {G € 2" . for some F € F,G C F and |F \ G| = 1}.

Definition 2.4.6. The shade of a family of sets F C 2", denoted by V(F) is the family
of sets {G € 2" . for some F € F,F C G and |G\ F| = 1}.

Note that unlike with shadows, the shade of a family implicitly depends on the ground
set that the family is defined on. Also note that shadows and shades are also referred to as

down-shadows and up-shadows in the literature.

F AF VF
1 ] 12,13,14, 15
12,34 1,2,3,4 123,124, 125, 234,
345,134
123,124, 345 12,23, 13, 14, 24, 1234, 1235, 1245,
34, 35,45 1345, 2345

Table 2.1: Examples of shades and shadows for different families on the ground set
{1,2,3,4,5}.

Thinking back to Sperner set systems, it is apparent that no set that appears in the
shadow or shade of a family can be added to the family while maintaining the Sperner

property. So in this context, it is useful to ask how to minimise the size of the shade or the
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shadow. To begin this work, we introduce the concept of shifting. For a family F C 2,
and a set F' € F we define S;;(F'), for integers i, j € [n], as follows:

&Am::(F\UDU{G,ﬁi%RjEFaMHF\UDUﬁ}¢F, (2.6)

F, otherwise.

Using this, we then define the shift of the family, S;;(F) to be

When performing the shift of a family F, for a set F' € F, we say that F' shifts if
Sij(F) # F and that F is fixed if S;;(F) = F. For an example of shifting, consider
S1s({{1},{2,3,4},{2,3},{1,2}}). The sets {1} and {1,2} do not shift as they do not
contain 3, the set {2,3,4} shifts to {1,2,4}, and the set {2,3} cannot shift, as it would
shift to {1,2} which is already in the family. As such, S13({{1},{2,3,4},{2,3},{1,2}}) =
{{13.{1,2,4},{2,3}, {1, 2}}.

If i < j, we refer to S;;(F) as a left shift. If i > j, we refer to S;;(F) as a right shift. One
fundamental fact about shifts is that taking the shift of any family will result in a family

of the same size, a fact which we will now prove.
Proposition 2.4.7. For F C 2" and any i,j € [n], |S;(F)| = |F|.

Proof. Suppose for a contradiction that there exist Fy, F» € F such that F} # F, but
Sij(F1) = Sij(F3). For this to occur, either one set shifts onto the other which remains
fixed, or both sets shift to the same set. Without loss of generality, assume that F) shifts,
ie. that i ¢ Fy,j € Fy and (F1 )\ {j}) U {i} € F, and thus (F7 \ {j}) U {i} € S;;(F).

It cannot be that F, remains fixed, as if S;;(Fy) = S;;(F2) = Fa, then Fy, = (F1\ {j}) U
{i}, which contradicts the necessary conditions for Fj being shifted. If instead both F} and
F, were shifted, then i & Fy,j € Fi,i & Fy,j € Fy and (F1 \ {j}) U{i} = (Fx \ {j}) U {i}.
So Fy = F5, which is a contradiction. Thus it is apparent that the map S;; : F — S;;(F)
is a bijection, and so |F| = |S;;(F)|. O

We will refer to a family F C 20" as being left shifted if for all 1 < i < j < n,
S;;j(F) = F. Furthermore, we often abbreviate left shifted to just shifted.

Shifting, and in particular shifted families, are an invaluable tool when dealing with
problems related to shades and shadows. This is primarily due to the following two results
(see [15] for a proof), which we will not be proving here, instead proving a more general

result (Lemma 6.3.2) in Chapter 6.
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Lemma 2.4.8. For F C 2 A(S;;(F)) C Si;(A(F)) for all i, j € [n].
Lemma 2.4.9. For F C 2" V(S,;(F)) C Sij(V(F)) for alli,j € [n].

These two results mean that if are considering an arbitrary family that has minimum
shadow or shade, then we can repeatedly left shift it until we have a shifted family with
the same size of shadow or shade. Knowing that a family is shifted provides a lot of insight
into its structure. For example, if a family is shifted and has a set of size k in it, we know
that the set {1,...,k} is in the family. Similarly, if there is a set that doesn’t contain the
element 1 in the family, then it must have been prevented from shifting by one that does. It
is this particular fact that will be of great use in proving both the Kruskal-Katona theorem,
which provides a tight lower bound on the size of the shadow of a family of sets of the same

size, and an approximation of it due to Lovasz.

Theorem 2.4.10 (Kruskal-Katona theorem [24, 27]). Let F be a nonempty subset of ([Z])
for integers k and n where 0 < k < n. Let xy, xk—1,...,x; be the unique integers such that

Tp > Tp—1 >-->x; 2721 and

() () ()
AF)| > (k—l) ! (;f’fé) T (jijl)'

Moreover the family of the first |F| k-sets in colexicographical order has a shadow that

Then

has size equal to the bound. The colezicographical order on ([Z]) is given by X <cgex Y if
and only if, for some i € [n], we have i € Y\ X and X N{i+1,....,n} =Y N{i+1,...,n}.
The colexicographical order is sometimes also referred to as the squashed order.

However, there are circumstances where the form of this result makes it difficult to
use. Instead, it can sometimes be more useful to look at a slightly weaker result that
was proven by Lovasz in [29]. To introduce this result, we require the following relaxation
of binomial coefficients: for any real number ¢ > 1 and a positive integer £ < ¢, let
(1) = &(a)(g—1)(g—2)--- (¢ — k + 1), noting that when ¢ is an integer, this does not
change the usual definition.

Theorem 2.4.11 ([29], p. 95). Let F be a nonempty subset of ([Z]) for integers k and n
where 0 < k <n. Then |A(F)| = (,7,), where q is the unique real number such that ¢ >k
and (f) = |F|.

Before proving Theorems 2.4.10 and 2.4.11, we will make some observations and intro-

duce some notation that is shared between both results. By Lemma 2.4.8 we may assume
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that F is shifted. We proceed by induction on k£ and on |F| for both proofs. First, note
that both results hold trivially for arbitrary F when k& = 1 and for all k£ when |F| = 1.
Let /i ={F:Fe Fandl e F}and F| = {F\ {1} : F € Fand 1 € F'}. Observe
that |A(F)| > |Fi| + |A(F])|, as F| and {{1} U F : F' € A(F])} are both subsets of A(F)
and are clearly disjoint. Also note that |F;| = |F]|.
We now proceed to prove both of these theorems at once, following the proof given in

12].

Proof of Theorem 2.4.10. Assume that F is a nonempty subset of ([Z]) for some k > 2
and that Theorem 2.4.10 holds true for all possible families of (k — 1)-sets and for families

of k-sets with size strictly less than |F|. Let xy,xp_1,...,x; be the integers defined in
Theorem 2.4.10.
T — 1 Tr_1 — 1 r;—1
Fil > . : 7
iz ()= (0 ) e (0
then by induction,

If
, T — 1 Tp_1 — 1 r;—1
> _
sz (35,) (05 =+ (00)

Thus we have that

as required. Now suppose

$k—1 xk_l—l xj—l
Al () (V) e (05)

Thus, as |F \ Fi| = |F| — |F1|, we have that

P (5) () () () (7))
)

So by induction, recalling that F; is not empty and that |Fi| > |A(F \ F1)|, we have that
xk—l l’kfl—l z; —1
> |A > g (T
| Fi| = |A(F\ F) (k—1)+(k—2)+ +(j_1),
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which contradicts our supposition. O

Proof of Theorem 2.4.11. Assume that F is a nonempty subset of ([Z]) for some k > 2
and that Lemma 2.4.11 holds true for all possible families of (k — 1)-sets and for families
of k-sets with size strictly less than |F|. Let ¢ be the unique positive real number such
that ¢ > k and |F| = (). If |F| > (?2]), then by induction, since F7 is a collection of
(k — 1)-sets, we have that A(F]) > (¢_)), and thus

q—1 qg—1 q
A > = ,
AF)] <k—1>+<k—2) <k:—1>
as required.

Supposed that instead |F;| < (¢7}). Then |F\ Fi| = |F| = |A] > (1) — (1)) = (4.1).
By induction, since |F'\ Fi| < |F| as F; is nonempty due to F being shifted, we know
that [A(F \ F1)| > (2}). Due to the fact that F is shifted, we also know that for any
E € A(F\ F1), we have (EU 1) € F and hence E € Fj. Thus we see that |Fj| >
IA(F\ Fi)| = (%2]), which is a contradiction.

O

2.5 Isoperimetric Problem

The isoperimetric problem is a classical problem in mathematics which asks a simple ques-
tion: given a fixed “volume”, what is the minimum “perimeter” of an object with that
volume? The prototypical example of this problem is on R", where the goal is to find
the object with minimal surface area given a fixed volume. This question has also been
investigated for many other mathematical objects, with different measures of “volume” and
“perimeter” (see [23, 31, 36| for various different examples). Of particular interest to this
thesis is the question of minimising the boundary of a collection of vertices in a given graph

when the size of the collection is fixed.

Definition 2.5.1. Let G be a graph and let X be a set of verices of F'. The neighbourhood
N (X) of X is the set of all vertices of G that are adjacent to at least one vertex in X. The
boundary Og(X) of X is the set of vertices Ng(X) \ X. We sometimes omit the subscript

G when it is obvious from context.

One well investigated example of the isoperimetric problem on graphs looks at minimis-

ing the boundary of collection of vertices in the hypercube.
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Definition 2.5.2. Let n be a nonnegative integer, then the n-dimensional hypercube, de-
noted by Q,, is the graph (V, E), where V =2 and E = {{X,Y}: X, Y €V, X € A(Y)},
where A(Y') is the shadow of Y as introduced in Definition 2.4.5.

Note that a set of vertices of @, is simply a family of subsets of [n].

{1}

Figure 2.6: The first four hypercubes, Qp, Q1, Qs and Q3

The most well known work related to this topic was done by Harper in [20], where he
gave a construction that, for any specified size, gives a family with a minimal boundary
among all families of this size. What makes this construction of particular interest is that

it simply takes the initial segment of the vertices of Q,, in simplicial order.

Definition 2.5.3. The simplicial order on the vertices of Q,, for some integer n > 0 is
given by X <gm Y if | X| < |Y| orif | X| = |Y]| and X <4 Y. Here <, denotes the
lexicographical order on (|["X}‘) given by X <y Y if, for some i € [n|, we have i € X \'Y
and X N1,....i=Y N1, .., i

Thus we now have the tools to properly express Harper’s theorem.

Theorem 2.5.4 (Harper’s theorem [20]). Let F C Q,, and G be the initial segment of the
simplicial order of Q,, such that |F| = |G|. Then N(F) = N(G).

It is important to note that the initial segment of the simplicial order is not the unique
minimising family, and more recent works such as [39] have made much progress in classi-
fying the others.

In the papers [3] and [4], Bashov examined a variation of this problem, where he instead
required all the sets in the family F to be the same size. Specifically, he asked how does
one minimise the family A(F) U V(F), which he referred to as the double sided shadow of
F, when F C ([Z]) and |F| is specified, for integers n > k > 0.

As previously mentioned, it is known that equality in the Kruskal-Katona theorem can

be attained by taking the family F to be the first |F| k-sets in colexicographical order, and
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we have just seen that Harper’s theorem states that the size of the boundary is minimised
by taking the first |F| vertices in simplicial order. Bashov showed that his problem is unlike
this in the sense that there is no ordering of ([Z]) such that every initial segment of the

ordering produces a minimal boundary size. Specifically, he proved the following result.

Theorem 2.5.5 ([3, 4]). Let n and k be integers such that 3 < k < n/2 and n > 10. For
every total order on ([Z]), there exists an integer m > m’ such that the initial segment of
the order that is of length m is not minimal in terms of the double sided shadow, where

e m' =4n— 14 if k= 3;

em' =1+k(n—k)+(k—1)(2n—2k—3) if4 <k <n/2; or

o m =1+ K>+ (2k — 3)(k —2) + HEL jr g — 2,

In spite of this, Bashov was still able to find a number of extremal families for small
values of n in [3]. In particular, he showed that for |F| = 1 + k(n — k), the extremal
family up to isomorphism is the family C(n, k) = {X € (}) : [X N [k]] = k — 1}, and for
|F| < 1+ k(n — k) there exists an ordering on C(n, k) (which depends on k) such that the
initial segment is minimal in terms of the double sided shadow.

In Chapter 6, we look at the isoperimetric problem on a graph closely related to the

hypercube.
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Chapter 3

Sperner partition systems

3.1 Introduction

As established in Section 2.2, SP(n, k) has only been exactly determined for a small number
of families of n and k. In the unsolved cases, bounds are known on SP(n, k). In this chapter
we introduce a new construction for Sperner partition systems using a result of Bryant [6].
With this we are able to establish that an upper bound, denoted by MMS(n, k) (see below),
is asymptotically correct in many situations when c is suitably large. We also establish a
new, tighter, upper bound on SP(n, k) and present a summary of the new best lower and
upper bounds on SP(n, k) for a selection of small n and k.

Recall that for positive integers n and k such that n > k, with ¢ and r being the unique
integers such that n = ck +r and r € {0, ...,k — 1}, Meagher, Moura and Stevens showed
that SP(n, k) < MMS(n, k) where

(2)

n—c

Note that 0 < % < 1 because 0 < r < k — 1. Using this upper bound together with
Baranyai’s theorem [2], they also established that SP(n,k) = MMS(n,k) = ("_) when
k divides n, as stated above. Finally, they noted that SP(n + 1,k) > SP(n, k) because
it is easy to augment an (n, k)-Sperner partition system to obtain an (n + 1, k)-Sperner
partition system with the same number of partitions. Thus they establish a naive lower
bound SP(n, k) > NLB(n, k) where

NLB(n, k) = %(”_T)

Cc

Despite its naivety, NLB(n, k) has hitherto been the best lower bound known on SP(n, k)
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for general n and k. In [28], Li and Meagher show that SP(2k + 1,k) € {2k — 1,2k},
SP(2k+2,k) € {2k + 1,2k + 2,2k + 3} and SP(3k — 1,k) > 3k — 1. They also establish an
inductive lower bound by showing that SP(n + k, k) > k- SP(n, k) for n > k > 2.

As mentioned earlier, in this chapter we introduce a new construction for Sperner parti-
tion systems using a result of Bryant [6]. With this we are able to establish that the upper

bound MMS(n, k) is asymptotically correct in many situations where c is large.

Theorem 3.1.1. Let n and k be integers with n — oo, k = o(n) and k > 3, and let ¢ and
r be the integers such that n = ck+r and r € {0,...,k —1}. Then SP(n, k) ~ MMS(n, k)
if

e nis even and r ¢ {1,k —1}; or

o kL —r — 0.

Note that the lower bound NLB(n, k) only implies the result of Theorem 3.1.1 when
r is very small compared to k, and the result of [28] that SP(n + k,k) > k- SP(n, k)
never implies Theorem 3.1.1 (see Lemmas 3.2.3 and 3.2.4). It is also worth noting that
the Sperner partition systems we construct to prove Theorem 3.1.1 are almost uniform (see
Lemmas 3.3.3 and 3.4.1, and note that it is easy to augment an almost uniform (n, k)-
Sperner partition system to obtain an almost uniform (n + 1, k)-Sperner partition system
with the same number of partitions).

We also prove a result which provides an implicit upper bound on SP(n, k) for k > 4.
In order to state it we require some definitions. For any nonnegative integer ¢ and real
number y > i, let (i’) represent Zl,y(y —1)---(y —i+1). Define, for each integer ¢ > 2, a
function LL, : {0} UR?! — R* by LL.(0) = 0 and, for > 1, LL.(z) = (_?,) where ¢ is
the unique real number such that ¢ > ¢ and ( ) = x. An equivalent definition for x > 1 is

LL(x) =

= or7% where ¢ is as before.

Theorem 3.1.2. Ifn and k are integers such that n > 2k + 2 and k > 4, then

(1 — ety gp(p, k)MLLCQ retl)  gp(y, k:)J) (Z:ll)

where ¢ and r are the integers such that n = ck +r and r € {0, ...,k — 1}.

For fixed n and k, the left hand side of the inequality

[ =] + L (1752)) < (0 (31)

is nondecreasing in p and hence there is a unique nonnegative integer p’ such that (3.1)

holds for each p € {0,...,p'} and fails for each integer p > p’. This p’ is an upper bound for
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SP(n, k). We will see in Corollary 3.5.4 that p’ is always at most MMS(n, k). In practice
p’ can be found via a binary search, beginning with NLB(n, k) < p’ < MMS(n, k).

This chapter is organised as follows. In the next section we introduce some of the nota-
tion and results we require. In Section 3.3 we detail the main construction we use to prove
Theorem 3.1.1 and establish that it asymptotically matches the upper bound of MMS(n, k)
when c is large and r # k — 1. The proof of Theorem 3.1.1 is completed in Section 3.4 using
a variant of our main construction. We then move on to prove Theorem 3.1.2 in Section 3.5.
Finally, in Section 3.6, we conclude by examining the performance of our bounds for small

parameter sets.

3.2 Preliminaries

For integers n and k with n > k > 1 we define ¢ = ¢(n, k) and r = r(n, k) as the unique
integers such that n = ck +r and r € {0,...,k — 1}. We use these definitions of ¢(n, k)
and 7(n, k) throughout this chapter (as well as in Chapter 4) and abbreviate to simply ¢
and r where there is no danger of confusion. We also use n = ck + r frequently and tacitly
in our calculations.

Recall that an (n, k)-Sperner partition system is said to be almost uniform if each class
of each of its partitions has cardinality in {[7],[#]} and hence each partition has k — r
classes of cardinality ¢ and r classes of cardinality ¢ + 1. For nonnegative integers = and 1,
we denote the ith falling factorial x by (x);.

A hypergraph H consists of a vertex set V(H) together with a set £(H) of edges, each
of which is a nonempty subset of V/(H). We do not allow loops or multiple edges. A
clutter is a hypergraph none of whose edges is a subset of another. A clutter is exactly a
Sperner family, but we use the term clutter when we wish to consider the object through
a hypergraph-theoretic lens. A set of edges of a hypergraph is said to be ¢-uniform if each
edge in it has cardinality ¢, and a hypergraph is said to be ¢-uniform if its entire edge set
is 2-uniform.

A partial edge colouring of a hypergraph is simply an assignment of colours to some or
all of its edges with no further conditions imposed. If every edge is assigned a colour, it is
an edge colouring. Let « be a partial edge colouring of a hypergraph H with colour set C.
For each z € C, the set y71(2) of edges of H assigned colour z is called a colour class of ~.
For each z € C and = € V(H), let the number of edges of H that are assigned the colour
z by v and contain the vertex x be denoted deg](x). Further, for a subset Y of V(H), we
say that v is almost reqular on Y if | deg](x) —deg](y)| < 1 for all z € C' and z,y € Y. We

].

will make use of the following result of Bryant from [6
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Theorem 3.2.1 ([6]). Let H be a hypergraph, v be an edge colouring of H with colour set
C, and Y be a subset of V(H) such that any permutation of Y is an automorphism of H.
There exists a permutation 6 of E(H) such that |§(E)| = |E| and 0(E)\Y = E\Y for each
E € E(H), and such that the edge colouring ' of H given by v'(E) = v(0~(E)) for each
E € E(H) is almost reqular on Y .

In fact, we will only require the following special case of Theorem 3.2.1.

Lemma 3.2.2. Let n and k be integers with n > k > 1, let H be a clutter with |V (H)| =
n, and let {Xq,...,X;} be a partition of V(H) such that any permutation of X, is an
automorphism of H for each w € {1,...,t}. Suppose there is a partial edge colouring v of
H with colour set C such that, for each z € C, |y 1(2)| =k and > degl(z) = | Xy| for
each w € {1,...,t}. Then there is an (n,k)-Sperner partition system with |C| partitions

IEX'LU

such that the classes of the partitions form a subset of E(H).

Proof. Throughout this proof we will treat partial edge colourings of H with colour set
C' as edge colourings of H with colour set C'U {black} (where C' does not contain black)
by considering all uncoloured edges to be coloured black. This will allow us to apply
Theorem 3.2.1 to them.

Let X = V(H). Roughly speaking, we will perform ¢ applications of Theorem 3.2.1,
where on the ¢th application we “correct” the colouring on X;. Formally, we will construct a
sequence of partial edge colourings 7, ..., of H with colour set C' such that, for each s €
{0,...,t}andc € C, |77 (c)| = k, deg)*(z) = 1 foreach x € |J;_, X, and ) deg)*(x) =
|.X;| for each i € {s+1,...,t}. Let 70 = v and note that -y, satisfies the claimed conditions.
Furthermore, it suffices to find a partial edge colouring v; satisfying the required conditions.
To see this note that, for each ¢ € C, the edges assigned colour ¢ by ~; form a partition
of X into k nonempty classes because the properties of v, guarantee that |y, *(c)| = k and
deg’(x) = 1 for each € X. Thus the colour classes of 4, will induce an (n, k)-Sperner
partition system with the desired properties (any edges that are not coloured are not used
as partition classes of the system).

Suppose inductively that a partial edge colouring 7, satisfying the required conditions
exists for some s € {0,...,t — 1}. Now apply Theorem 3.2.1 with Y = X 1 to 74, to
obtain a partial edge colouring vs11 of H. For each ¢ € C, |y }4(c)| = |75 (c)| = k and
degl**!(z) = degl*(z) for each x € X \ Xs;1. Furthermore, degl**'(z) = 1 for each c € C

deg?*'(z) = | Xs41| and 7511 is almost regular on X, .

and v € X1, because ) 7

s+1

Thus 7441 satisfies the required conditions and the result follows. O

For functions f(n), g(n), we say that f(n) ¢ g(n) if lim % # 1. The next two lemmas
n—oo
show that existing results in [28, 33] do not suffice to establish Theorem 3.1.1. Lemma 3.2.3
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shows that the lower bound of NLB(n, k) only implies the conclusion of Theorem 3.1.1 when
r is very small compared to k, and Lemma 3.2.4 shows that SP(n + k, k) > k- SP(n, k)

never implies the conclusion of Theorem 3.1.1.

Lemma 3.2.3. For integers n and k with n > 2k, k > 3, and n — oo, we have
NLB(n, k) ~ MMS(n, k)

unless k — oo and r = o(k).

Proof. Note that
NLB(”? k) k—r + T(circl) (n — T)c k—r + T(Cjcl)
2 ) < 2 '

(n)e

MMS(n, k)

If & — oo, then the result follows because r # o(k) and % <1 If k4 oo and 2,

Tz
the result follows because T(nc—“) < 1. If kA oo and r = 1, then r(et1) < % because k >

—C n—c

3
and ¢ > 1, and again the result follows. O

Lemma 3.2.4. For integers n and k withn >k, k > 3 and n — oo, we have
k- MMS(n, k) =~ MMS(n + k, k).

Proof. Let ¢ = ¢(n, k) and r = r(n, k). Note that

MMS(n + k, k) (k_Hm)(nM)m S on+k

n—c

k-MMS(n,k) k(e Dk —r+ 220 (0)e _ kesr1) [ (). N
= + < (( > < ( kécc+12)> ’

n+k—1), N

where we used the fact that —*2 < 7D ) the first inequality and the fact that

n+k—c—1 n—c
k(c+1 . _ . .
glc:k) < 1 in the second. Because % > %, the last expression can be seen to be decreasing
in ¢ for ¢ > 2 and hence at most %. ]

We conclude this section with a product construction for Sperner partition systems

which generalises the inductive result of Li and Meagher mentioned in the introduction.

Lemma 3.2.5. If m, n and k are positive integers such that m > k and n = k, then

SP(m +n, k) > k- SP(m, k) - SP(n, k).

Proof. Let X and Y be disjoint sets with |X| = m and |Y| = n. Let p = SP(m, k)

and let P = {m,...,m,} be an (m, k)-Sperner partition system on X with p partitions,
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where m; = {m;1,...,m} for i € {1,...,p}. Let ¢ = SP(n,k) and let @ = {p1,...,p,} be
an (n,k)-Sperner partition system on Y with ¢ partitions, where p; = {pj1,...,p;x} for

je{l,...,q}. We claim that

{Ui,j,y:ie {Lup}?j € {177Q}7y€ {Luk}}

where

Oijy = {m}z Upjaiy 2 €{1,..., k:}}

(with the second component of the subscripts treated modulo k) is an (m-+n, k)-Sperner par-
tition system with kpq partitions. To see that this claim is true, suppose that m; . Up; .4, C
Ty o U pjr gy for some i,3" € {1,...,p}, 5,7 € {1,...,q} and y, 2,¢/, 2" € {1,...,k}. Be-
cause X and Y are disjoint, m;, C 7y and pj .4y C pjroryy. S0, because P and Q are
Sperner partition systems, i =i', z = 2/, j = j’ and, because z = 2/, y = 3. This establishes

the claim and hence the theorem. O

3.3 Main construction

The following technical lemma will be useful in our constructions. It enables us to partition

the edges of certain uniform hypergraphs into triples that are “balanced” in some sense.

Lemma 3.3.1. Let t be a positive integer, let H be a nonempty (2t)-uniform hypergraph
with V(H) = X, and let Y be a subset of X. Suppose that there are nonnegative integers
€o, - - ., € such that
i) HE€ EH) : |[EnY|=t+i}|={F € &EH)  |[ENY| =t —i} = e for each
i€{0,...,t};
(i) e; = e;1 + s for each i € {0,...,s — 1} where s is the largest element of {0, ...t}
such that e; > 0.
For anyp € {0,...,|3|E(H)|}, we can partition some subset £ of E(H) into p (unordered)
triples such that
o 30 |E:NY| =3t for each triple {E\, By, F3}; and
o || =|E%,| for eachi € {1,... t}, where Ef ={E €& : |[ENY|=1t+1}.

Proof. We prove the result by induction on |E(H)|. In fact, we prove a slightly stronger
result in which we do not require the full strength of (ii) when p = 1 but only that ey > 1
(note |E(H)| > 3 when p = 1). Let s be the largest element of {0, ... ¢} such that e; > 0.
Let the type of an edge E of H be |[ENY| —t and the type of a triple be the multiset
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[x1, X9, 3] where 21, xo, x3 are the types of the three edges in the triple. If p = 0 the result
is trivial. If p = 1, we can take a single triple of type [—s, 0, s], because |E(H)| > 3 and
eo > 0. So we may assume p > 2. In each of a number of cases below we first choose some
initial triples of specified types and then add the remaining triples (if any are required) by
applying our inductive hypothesis to the hypergraph H’ formed by the unassigned edges.
The edges in the initial triples can be chosen arbitrarily subject to their specified type.

case initial triples
s=0 0,0, 0]
s=1 1,0,1]

s=2e>2p>3 2,0,2], [~2,1,1] and [2, —1, —1]
s > 3 odd s,i,s —i] and [s, —i,i — s] for ¢ € {1,...,min(e,, [ 2], *51)}

=
s > 4 even

[0,

-
s=2(ea=1orp=2)|[-2,1,1] and [2, -1, —1]

-

-

-

s,i,8 —i] and [s, —i,7 — s] for 7 € {1,..., min(e,, [ 5],s — 1)}

If s € {0,1,2}, then using (i) and (ii) it is easy to confirm that we can choose triples of
the types listed and then apply our inductive hypothesis to find the rest of the triples, so
assume s > 3. For each i € {—s,..., s}, let d; be the number of edges of type i that are in
the initial triples. Let b = =51 if s is odd, let b = s — 1 if s is even, and let ¥’ = min(e,, [£]).

e If/ > b, thendy=0,d_s=d, =band d; = 2 foreach i € {—s+1,...,5s—1}\{0}.

Using this fact, along with (i) and (ii), it can be confirmed that we can choose triples
of the types listed and then apply our inductive hypothesis to find the rest of the
triples.

o If ¥/ < b, thendy =0,d s =d; =0V and d; € {L%lj (21’/1} for each i € {—s +

1,...,s —1}\ {0}. Using this fact, along with (i) and (ii), it can be confirmed that
we can choose triples of the types listed and then apply our inductive hypothesis to

find the rest of the triples. To see this, note the following.

— If e, < [§], then H' contains no edges of type s or —s, so the condition (ii)
required to apply our inductive hypothesis is weaker. Because of this, the fact
that |d; —d;| < 1fori,j € {0,...,s— 1} is sufficient to establish this condition.

— If [§] < ey, then we only require one further triple and so the fact that ey > 1

suffices to establish our inductive hypothesis. O

The next, very simple, lemma will be used to show that condition (ii) of Lemma 3.3.1

holds in the situations in which it is applied.
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Lemma 3.3.2. Let n and t be positive integers such that n > 6t — 2 is even, and let

€ = (?f) (Z/j) for each i € {0,...,t}. Thene; > e;11 +t for eachi €{0,... ,t—1}.

Proof. The result holds when ¢t = 1, so assume that ¢ > 2. Let ¢ € {0,...,£ — 1}. By

routine calculation

(t+i+1)(n—2t+2i+2) (t+1)(n—2t+2) _
ey ten > P e s = (14 gty ) e

€; =

Thus it suffices to show that e;;; > t?> because then t( )€z+1 > t. If i € {0,.. — 2},

tfi/zl) (t—:—tz/—?-l) > 55 218 Also, e = (nz/f) 2 (”42) = t2 because

n = 6t — 2. [l

then e;1; > t? because (

The following lemma encapsulates the main construction used in our proof of Theo-
rem 3.1.1. Recall that ¢ = ¢(n, k) and r = r(n, k) are the integers such that n = ck+r and
red{0,...,k—1}.

Lemma 3.3.3. Let n and k be integers such that n > 2k, k > 3, r # 0, and n and ck

are both even. Let w € {1,...,|5]} such that uw = § if r = k — 1. There exists an almost

uniform (n, k)-Sperner partition system with p partitions where

,_.

cC—Uu u—

pmin ([ [52]) a0 =2 (F) (1) w0 =20 (M) (L)
1=u 1=0
Proof. Note that r is even because n and ck are both even. Fix u € {1,...,[5]} and let

a = a(u) and b = b(u). Let X; and X, be disjoint sets such that |X;| = |X5| = 7, and let
X = X, U Xs. For each (i,7) € N x N, let

Eopy={ECX:|ENX)|=i,|ENXy| =}
and note |&; )| = ("{2) (”]/2) Let

U i, where I' = {(i,7) e Nx N:i+j=¢,min(i,j) > u}

(ig)el’
B= |J &uj, wherel”={(i,j) ENxN:i+j=c+1min(j) <u—1}
(i.j)el”
Note that |A| = a and |B| = b. Furthermore, no set in A is a subset of a set in B because,
forany A € Aand B € B, |AN X;| > u > |BNX;| for some i € {1,2}. So the hypergraph
H with vertex set X and edge set AU B is a clutter. Let C' be a set of p colours. Observe
that, for each i € {1,2}, any permutation of X; is an automorphism of H. Thus, by
Lemma 3.2.2, it suffices to find a partial edge colouring v of H with colour set C' such that,
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for each ¢ € C, [y (¢)] = k and ),y degl(x) = § for each i € {1,2}. Note that the
resulting Sperner partition system will be almost uniform because each edge in H has size

cor c+ 1. Call a set of edges &' C E(H) compatible if Y pee |[E N X1| = peer [ E N Xo.

Case 1. Suppose that k is even. Then each partition in an almost uniform (n, k)-Sperner
partition system contains an even number, £ — r, of classes of cardinality ¢ and an even
number, r, of classes of cardinality ¢ + 1.

Because |£; ;)| = €| for each (i,7) € I”, we can partition B into £ compatible pairs.
Also, |Eujy| = |Ej.| for each (i,7) € I' and, if ¢ is even, a pair of edges from &./o /o is
compatible. Thus, we can find |§] disjoint compatible pairs in A (one edge in & /o2 Will
be unpaired in the case where c is even and |&,/2 /2| is odd, and all edges will be paired
otherwise).

Take a partial edge colouring v of H with colour set C' such that each colour class

k—r
2

contains r edges in B that form § compatible pairs and k& — r edges in A that form

compatible pairs, and all remaining edges are uncoloured. This can be accomplished because

Ip < 212 < %and ETp < B[4 ] < [4]). Observe that for each ¢ € C' we have that

> sexdegl(z) = r(c+1) + (K —r)c = n and, because the colour class can be partitioned
into compatible pairs, Yy degl(z) = > .y, degl(z). Thus, as desired, we have that
> wcx, degl(z) = 5 for each c € C' and i € {1,2}.

Case 2. Suppose that k is odd, ¢ is even, and » # k — 1. Then each partition in an
almost uniform (n, k)-Sperner partition system contains an odd number, k& —r, of classes of
cardinality ¢ and an even number, r, of classes of cardinality ¢+ 1. Apply Lemma 3.3.1 with

Y = Xy, t =5, and ¢; = |Ep—iri)| = |Eriz—i)| for each i € {0,...,t} to find p disjoint

triples of edges in \A. The hypotheses of Lemma 3.3.1 can be seen to be satisfied using

Lemma 3.3.2 and because p < | %] < | 3] since k — 7 > 3. Note that each triple given by

pors
Lemma 3.3.1 is compatible, and that the number of edges in &; j) assigned to triples is equal
to the number of edges in £; ;) assigned to triples for each (7, j) € I’. Thus we can partition
all, or all but one, of the unassigned edges in A into L%%J compatible pairs. Take a partial

edge colouring v of H with colour set C' such that each colour class contains r edges in B

that form f compatible pairs and k — 7 edges in A that form one compatible triple and

k—r—3

5— compatible pairs, and all remaining edges are uncoloured. This can be accomplished

r|b

because £p < 2|2] < 2 and B2=8p |52 k=r=3 k=r| _a 3p < a=3p

5] (since “=—p < F-[%] — F < 52 and

%p is an integer). Then ~ has the properties we desire.

Case 3. Suppose that k is odd, c is even, and r = k — 1. Then u = 5 by our hypotheses

and A = &./2.¢/2. Let v be a partial edge colouring of H with colour set C' such that each

colour class contains k — 1 edges in B that form % compatible pairs and one edge in A.
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Again « has the properties we desire. O

To extend the approach of Lemma 3.3.3 to cases where n is even and ck is odd would
involve finding complementary triples of edges in B. This can be difficult because the edges
in B are “unbalanced” in terms of the sizes of their intersections with X; and X5. To
circumvent this problem we will introduce, in Section 3.4, a variation on our construction
in which the edges in B are “balanced”. First, however, we show that, when c is large and
r # k—1, the lower bound implied by Lemma 3.3.3 asymptotically matches the MMS(n, k)
upper bound, recalling that

__©

n—c

Proof of Theorem 3.1.1 when n and ck are even. By our hypotheses, r # k — 1.
Furthermore, SP(n,k) = MMS(n,k) when r = 0, so we may assume 2 < r < k — 1.
Let a(j) and b(j) be as defined in Lemma 3.3.3 for each j € {1,...,[5]}, and addition-
ally define a(0) = (7), b(0) = 0, a(|§] +1) = 0, and b([§] +1) = (I,). For each
J € A0,.. L%J + 1}, let a; = [%J and b; = L@J Note that ag > -+ > a|¢/2141 = 0,
0=10by < - < beja)t1, a0 > bp and ajeaj41 < bjej2)+1. Let w be the unique integer in
{0,..., [5]} such that a,41 < byyr and a,, > by,. By applying Lemma 3.3.3 with v = w +1
(or trivially if w = | §|) we have SP(n, k) > a1, and by applying Lemma 3.3.3 with u = w

(or trivially if w = 0) we have SP(n, k) > b,,. Furthermore, one of these bounds is the best

bound achievable via Lemma 3.3.3 because a1 = +++ 2 a|¢/241 and by < - -+ < by By
definition of the function a, we have a(w + 1) = a(w) — 5("1{)2) (f_/i% where § = 2 if w < §

and d =1ifw = 5. Hence

alw) — 5 (72 (72 n/2\ ()2
SP(r k) > ayss { (w) ]f(_l;)(c—w)J 2%_W_1. (3.2)

We will bound a,, and then apply (3.2). We now show that

(c+ 1)b(w) = (n — ) <<Z> - a(w)) —0'(n — 2w + 2)(;{21) (Cinlﬁi 1), (3.3)

where ¢’ = 1if w > 1 and ¢’ = 0 if w = 0. We may assume w > 1, for otherwise w = 0,
b(w) =0, a(w) = (’Z) and (3.3) holds. Now apply Lemma 3.3.3 with v = w, let A and
B be as defined in its proof, and let A° = (¥) \ A. Note that [A| = a(w), |B| = b(w)
and |A°] = (") — a(w). We now count, in two ways, the number of pairs (S, B) such that
SeA°, BeBand S C B.
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e Each of the b(w) sets in B has exactly ¢+ 1 subsets in ()c() and each of these is in A°,
because no set in A is a subset of a set in B.
e By the definition of A, min(|S N X;],|S N X3|) < w — 1 for each S € A°. Each of

the (") — a(w) sets in A° has n — ¢ supersets in (Cfl). For each S € A° such that

min(|S N X;,[S N Xs|) < w — 2, all of these supersets of S are in B. For each of
the 2(;‘121) (C_”u/)il) sets S € A° such that min(|S N X, |S N Xs|) = w — 1, exactly

5 —w + 1 of these supersets of S are not in B.

Equating our two counts, we see that (3.3) does indeed hold.
a(w) o bw)
>

k—r r

Because a,, > b,,, we have [%j > Lb(w | which implies 4 or equivalently

b(w) < =a(w). Substituting this into (3.3) and solving for a(w) we see

(k= r)((2) — Mt () (12 )

a(w) > (3.4)
r(c+1)
k—r+ ==
Using a,, > 4 — 1 and (3.4) in (3.2) we obtain
n ' (n—2w+2) (n/2 n/2 n/2\ (n/2
SP(?’L k’) > (c) - n—c (w—l) (c—w+1) o 5( w )(c—w) o 2
| k—r D ker O
or, equivalently,
ny _ ' (n—2w+2) (n/2 n/2 —5(1+ r(c+1) n/2\ (n/2
SP(n, k’) > (c) n—c (w—l) (c—w+1) ( (n—c)(k r))( w )(c—w) _9 (35)
k—r+ —r(ncfcl)
In the above, note that ¢’ < 1, § < 2, % < % when w > 1 because k£ > 3, and
% 1 because r < k — 1.
Note that (”/2) (Z_/i) < (LZ;QQJ) ({CL//;) for any = € {0, ..., c}. By using this fact and then
applying Stirling’s approximation we have, for n — oo with k = o(n) and any = € {0, ..., c},

(")) /(1) < om0+ o)) < i (14 o) = of1)

(note that n — oo with k& = o(n) implies ¢ — 00). Applying this fact twice in (3.5) yields
SP(n, k) > MMS(n, k)(1 —o(1)). Combined with the fact that SP(n, k) < MMS(n, k), this
establishes the result. ]
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3.4 Completing the Proof of Theorem 3.1.1

As discussed after Lemma 3.3.3, we require a variation on our main construction in order

to complete the proof of Theorem 3.1.1.

Lemma 3.4.1. Let n and k be integers such that n > 2k, k > 3, n is even and ck is odd.
Let u € {c+1 ...,c— 1} be such that u = % if r = 1. There exists an almost-uniform

(n, k)-Sperner partition system with p partitions where

u

szﬂlD({SfﬂJ{@J) a(u)_gi<nf2)(cn£2i)7 )= 3 (nz/2><c+n{2_i

i=u+1 i=c+1—u

Proof. Note that each partition in an almost uniform (n, k)-Sperner partition system con-
tains an even number, k — r, of classes of cardinality ¢ and an odd number, r, of classes of
cardinality ¢+ 1.

Fix u e {<,...,c— 1} and let a = a(u) and b = b(u). Let X; and X; be disjoint sets
such that |X;| = |X;3| = §, and let X = X; U X,. As in the proof of Lemma 3.3.3, for each
(7,7) € Nx N, let

Eijyy ={EL CX:|[ENXi| =14 |ENXy| =4}

Unlike the proof of Lemma 3.3.3, let

= U &y, where I' = {(i,7) e Nx N:i+j=c¢max(i,j) > u+ 1}
(3,5)el’

B= J &ij. where I" = {(i,j) e Nx N:i+j=c+1,max(i,j) < u}.
(i,)er”

Note that |A| = a and |B| = b. Furthermore, no set in A is a subset of a set in B because,
forany A € Aand B € B, |[ANX;| > u > |BNX;| for some i € {1,2}. Thus the hypergraph
H with vertex set X and edge set AU B is a clutter. Observe that, for each i € {1,2}, any
permutation of X; is an automorphism of H. Let C' be a set of p colours. By Lemma 3.2.2,
it suffices to find a partial edge colouring v of H with colour set C such that, for each
ceC, Iy )] =kand Y degl(x) = § for each i € {1,2}. Note that the resulting
Sperner partition system will be almost uniform because each edge in H has size ¢ or ¢+ 1.
Again, call a set of edges & C E(H) compatible if Y oo [ENXq| =3 pee |[E N Xs|.

Case 1. Suppose that » # 1. Apply Lemma 3.3.1 with Y = X3, t = %, and e; =
\Ea—iriy] = [Ettir—q| for each i € {0,...,t} to find p disjoint triples of edges in B. The
hypotheses of Lemma 3.3.1 can be seen to be satisfied using Lemma 3.3.2 and because
p < LgJ < LgJ since r > 3. Note that each triple given by Lemma 3.3.1 is compatible,

and that the number of edges in &; ;) assigned to triples is equal to the number of edges in
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3.4. Completing the Proof of Theorem 3.1.1

&(j,i assigned to triples for each (7,7) € I"”. Thus we can partition all, or all but one, of the
unassigned edges in B into L%J compatible pairs. Take a partial edge colouring v of H
with colour set C such that each colour class contains r edges in B that form one compatible

, and all

triple and 5=

<3

and 53p < |22] (note that “52p is an integer less than or equal to §L;J — 7). Then ~
has the properties we desire.

Case 2. Suppose that » = 1. Then u = %

by our hypotheses and B = &c11)/2,(c+1)/2-
Take a partial edge colouring v of H with colour set C' such that each colour class contains
1

one edge in B and k — 1 edges in A that form k% compatible pairs. Again v has the

properties we desire. O

The approach of Lemma 3.4.1 can also be applied when n and k are both even. How-
ever, computational evidence indicates that this approach almost always underperforms

Lemma 3.3.3. We can now prove the remainder of Theorem 3.1.1.

Proof of Theorem 3.1.1. We saw in Section 3.3 that Theorem 3.1.1 holds when n and
ck are both even. Here, we first use Lemma 3.4.1 to deal with almost all of the remaining
cases where n is even, and then use the monotonicity of SP(n, k) in n to complete the rest

of the proof.

Case 1. Suppose that n is even, ck is odd, and r # 1. The proof is very similar to the
proof in the case where n and ck are even, but we highlight the differences.

Let a(j) and b(j) be as defined in Lemma 3.4.1 for each j € {<!,... ¢ — 1}, and
additionally define a(5%) = (%), b(5*) = 0, a(c) = 0, and b(c) = (+1) - Z(Zﬁ) For
cach j € {F, ... c}, let a; = [%J and b; = L@j Note that ae_1y2 = -+ = a. = 0,
0 = be—1yy2 < -+ < be, e—1)/2 > be—1)/2 and a. < b.. Let w be the unique integer in
{0;21 ...,c — 1} such that a,, > b, and a1 < byy1. By applying Lemma 3.4.1 with
u=w+ 1 (or trivially if w = ¢ — 1) we have SP(n, k) > a,.1. By definition of a, we have

a(w+1):a(w)—2(”/2)( n/2 ) and hence

w+1/ \c—w—1
_9 n/2 n/2 9 n/2 n/2
SP(TL, ]{]) 2 i1 = \‘ ( ) k(tii-;) (c—w—l)J 2 Uy — (w—i—]i)_(c;w—l) _1. (36)

We now show that

e+ Db(w) = (n =) (") = aw)) = (0~ 2w) (”/2) ( n/2 ). (3.7)

w C—w
where @ = 1ifw > < and & =0 if w = 0;21 We may assume w > %, for otherwise

2
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3.5. Proof of Theorem 3.1.2

w =t b(w) =0, a(w) = (*) and (3.7) holds. Consider applying Lemma 3.4.1 with
u=w, let A and B be as defined in its proof, and let A° = (¥) \ A. Note that [A] = a(w),
|B] = b(w) and |A°| = (") — a(w). We now count, in two ways, the number of pairs (S, B)
such that S € A, Be Band S C B.
e Each of the b(w) sets in B has exactly ¢+ 1 subsets in ()C() and each of these is in A°,
because no set in A is a subset of a set in B.
e By the definition of A, max(]S N Xi[,|S N X3|) < w for each S € A°. Each of
the () — a(w) sets in A® has n — ¢ supersets in (Cfl). For each S € A° such that
max(|S N Xy|,[SNXs|) <w—1, all of these supersets of S are in B. For each of the
2("1/02) (C"_/i) sets S € A° such that max(|.SN X[, [SNX;|) = w, exactly § —w of these

supersets of S are not in B.

By equating our two counts, (3.7) holds.
Using (3.6) and (3.7) in place of (3.2) and (3.3), it is now routine to obtain the desired
conclusion by following the argument from the case of the proof where n and ck are even.

Case 2. Suppose that n is odd, or that n is even and » = 1. By our hypotheses, k —r — oo.
Note that

MMS(n—l,k)_ k‘—T—F% n—c> k—r k—l_l 0(1)
N (r=D(c+1) Zk-r+1 k- ’
MMS(n,k) k—?‘+1+m " s

retl) apd 2=¢ > £ and the second
n—c—1 n k

equality follows because k —r — oco. Hence we have MMS(n —1, k) = MMS(n, k)(1—o(1)).
Thus, if SP(n — 1,k) = MMS(n — 1,k)(1 — o(1)), we have

where the first inequality follows because T(ncfcl) > (

SP(n, k) = SP(n — 1, k) = MMS(n — 1, k)(1 — o(1)) = MMS(n, k)(1 — o(1)).  (3.8)

If n is even and r = 1, we have SP(n — 1,k) = MMS(n — 1,k) from [33] and thus (3.8)
definitely holds. So the theorem holds in all the cases where n is even. But, having
established this, we may assume that n is odd and we know that SP(n — 1, k) = MMS(n —
1,k)(1 — o(1)). Hence the proof is complete, using (3.8). O

3.5 Proof of Theorem 3.1.2

Let X be a ground set, let S be a family of subsets of X, and let ¢ be an integer. If each
set in S has cardinality at least ¢, we extend the definitions of shadow and shade in the

following fashion. Define A’(S) to be the family of all sets in ()f) that are subsets of some
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3.5. Proof of Theorem 3.1.2

set in S. Similarly, if each set in S has cardinality at most 7, then we define the V*(S) to
be the family of all sets in ()f ) that are supersets of some set in §. In particular, note that
A(S) and Vi(S) allow for S to be a family of sets of different sizes, unlike the conventional
definitions for shadow and shade.

The following theorem, due to Lovéasz [29, p. 95], gives a convenient approximation
to the Kruskal-Katona theorem (see [24, 27| for the original theorem, and Section 2.4 for

discussion).
Theorem 3.5.1. Ifi > 2 is an integer, X is a set and S C ()f), then |[AHS)| = LL;(|S]).

Recall that the function LL; was defined just prior to the statement of Theorem 3.1.2
in Section 3.1. It will be important for our purposes that, for a fixed integer i > 2, LL;(z)
is monotonically increasing and concave in x for x > 1 (see [7, Lemma 4]). We will make

use of the following simple consequence of Theorem 3.5.1.

Lemma 3.5.2. Let H be a clutter with edge set £, and ¢ be a positive integer such that
|E| > ¢ for each E € E. Then |A%(&)| > min(|€], (*I1) +1).

c

Proof. If each edge in £ has cardinality ¢, then A°(E) = £ and the result holds trivially.
So we may suppose inductively that the maximum cardinality of an edge in £is j > c+ 1
and that the result holds if the maximum cardinality of an edge in £ is j — 1.

Let & = {E € £ : |E| =i} for each i € {c,...,j}, and let H* be a hypergraph with
vertex set V(H) and edge set £ = (€ \ &;) U ATT(E;). Because H is a clutter, H* is a
clutter and AY~1(&;) is disjoint from &;_;.

o If |&] < (ijfl), then |&;] = (3]’) for some real y < 25 — 1 and hence |[AT71(E;)| =
(Y) = (;’) = |&;| using Theorem 3.5.1. Thus |E*| > ||

j—1

o If |&] > (2j;1), then |AT71(&;)] > (2;‘_—11) > (**) by Theorem 3.5.1 and so [£*] >
e

So in either case |E*| > min(|€], (20:1) +1). The result now follows by applying our inductive

hypothesis to £* and noting that A¢(E*) = A¢(E). O

The bulk of the work of proving Theorem 3.1.2 is accomplished in the following lemma.
It establishes that (3.1) holds subject to the existence of a clutter with desirable properties.
It then only remains to show that, given an (n, k)-Sperner partition system with p partitions,
a clutter satisfying the hypotheses of Lemma 3.5.3 can be obtained by considering the
partition classes containing a particular element. (In fact, we must also do some tedious
checking to ensure that (3.1) holds for “small” values of p not covered by Lemma 3.5.3.)
In the proof of Theorem 3.1.2, this special element is chosen as one that, according to a

certain metric, tends overall to appear in smaller partition classes.
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3.5. Proof of Theorem 3.1.2

Lemma 3.5.3. Let n and k be integers such that n > 2k + 2 and k > 3, and let p be an

integer such that
p > max (% (=) = ), (7)) + 1) .

If there is a clutter with n — 1 vertices and edge set £ such that |E| > p and Y pee ‘C;"fl' >
2t then

(1= Hemyp] L ([72)) < (07)),

Proof. Let H be a clutter satisfying the hypotheses of the lemma and let X' = V(H). For
eachi € {0,....n—1} let & ={F € & |EF|=i}andlet E. = E 1 U---UE1. We
abbreviate [1@1 to agp. Note that ag = [(1 — @)p} using n = ck 4+ r. We consider
two cases according to minimum cardinality of an edge in .

Case 1. Suppose that |F| > ¢ — 1 for each F € £. Then the only edges in £ that make

c—|El

[Elp1 are those in £._1 and so by our hypotheses we

a positive contribution toward ). .

1@ and hence |E._1| > ap. Also, because p > (Z:ll) + 1, we have

must have 2[E,_;] >
EZ (C)fll) and hence |&.| + |Es¢] = 1. Let H* be the hypergraph with vertex set X’ and
edge set & = (£ \ Esc) UAY(Ese). Then & = E.1 UE. U AY(Es.) and, because H is a
clutter, H* is a clutter and A¢(&s.) is disjoint from &..

There are (’Z:ll) sets in (c)f/l), and because H* is a clutter each of these can be in at
most one of .1 and A 1(E, UA(E..)). Thus, by Theorem 3.5.1,

e+ LL (1€ + 1Al < (1 7)). (3.9)

We consider two subcases according to the value of |Ex.|.

Case la. Suppose that |Es.| < (263;1). Then [A(Ese)| = |Ese|l = |€] = |&| — |Ec—1| by
Lemma 3.5.2. So || 4+ |A%(Ese)| = max(p — |E.—1], 1) because |E| > p and |&| + |Esc| = 1.
Thus, using the fact that LL. is monotonically increasing, (3.9) implies that

f(l€-1]) < (Z:i) where f(a) =a+ LL, (max (p —a,1)).

Consider f as a function on the real domain ay < a < |€], noting that we have seen
ag < |E._1| < |&|. Because f(|€._1]) < (2:11), certainly the global minimum of f is at most

(’Z:ll) Now, f is monotonically increasing for p — 1 < a < |€| and, because LL, is concave,
f is concave for ag < a < p— 1. Thus, f achieves its global minimum either at a = ag or
at a =p— 1. However, f(p—1)=p—1+candp—12> (2:11) by our hypotheses. Thus f

achieves its global minimum at a = ag and we have f(ag) < (2‘:11) Now the result follows
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3.5. Proof of Theorem 3.1.2

because

f(ag) = ap + LLe(p — ao) = [ (1 — =) p] + LL, (L@M) :

Case 1b. Suppose that [€-.| > (*I"). Because > ¢ \C};||+E1| > T@?
. n—1 '
B S HEl = 30 FIE] < HEn| = 518,
i=c+1
where the last inequality follows because Zﬁ > - +2 for each i € {c+1,...,n — 1}. Thus
Ese| < L2|E| - ’D(Cﬂ# Also, |A%(Exc)| > (*}") by the hypothesis of this subcase

and Lemma 3.5.2. Combining these facts and |E] > p, we have

€l IAE0)] =[]~ || [Eocl +]A(Ex)| > max (M) — 22| 0) 4 (7).

Thus, (3.9) implies that

9([€c]) < (Z:i) where g(a) = a + LL. <max (p(cﬂ)n(zk*r) — 20“@,0) + (QCH)) :

C &

Consider ¢ as function on the real domain ag < a < |€| and note that the global

n—1

minimum of g is less than (071). Now, ¢ is monotonically increasing for a; < a < |€| and

pc(2k—r)

concave for ap < a < ay, where a; = =5 —. Thus, it achieves its global minimum either
at a = ag or at a = a;. However, g(a;) = a3 + (2;:1) > (Z:ll) using the hypothesis that
P> %((’Zj) - (QClel)). Thus we have g(ag) < (2:11) Now, setting d = ag pc(k—T and

noting that 0 < 0 < 1,
g(ag) = ag + LL. (p — ao + (*/1) — £26) > ag + LL.(p — ao).

As in Case 1la, the result follows.

Case 2. Suppose that |E| < ¢ — 2 for some FE € £. Using Case 1 as a base case, we may
suppose inductively that the minimum cardinality of an edge in £ is j < ¢ —2 and that the
lemma holds when the minimum cardinality of an edge in £ is j + 1. For any family S of
subsets of X, define d'(S) = Y gcs 1 |S| . Note we have assumed that d'(€) > ’@.

Let H* be the hypergraph with vertex set X’ and edge set £ = (£ \ &;) U VITL(E;).
Because H is a clutter, H* is a clutter and V/T1(E;) is disjoint from &;,;. Thus it suffices
to show that d'(V/*H(E;)) = d'(&;) and [VITH(E;)| > |€;] because then we will be able to
apply our inductive hypothesis to H* to obtain the required result.

Each edge in &; is a subset of n — j — 1 edges in V/T1(E;), and each edge in V/*1(E&;) is
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3.5. Proof of Theorem 3.1.2

a superset of at most j + 1 edges in &. Thus |[VI*1(&;)| > “=21|&;| and

Jj+1
H(VIHI(E)) = SELT(g)] > Elosi e | _ il (e
where the second equality follows because d'(€;) = 3 21&;]. Thus d'(VITH(E;)) = d'(€;) and

|E*] > |€| as required because, using j € {0,...,c—2} and k > 3, we have c—j—1 > (c J)
andn—j—122(j+2). O

Proof of Theorem 3.1.2. Let py = SP(n, k), let X be a set with |X| = n, and let P be
an (n, k)-Sperner partition system on ground set X with py partitions. We may assume
r # 0 because, when r = 0, SP(n, k) = (2711) and (3.1) clearly holds with p = (” 1) So, in
addition to n > 2k+2, we have n > 4c+1. Let p; = max(%((ﬁ_i) — ), () +1).
Case 1. Suppose that py > p;. We will find a clutter satisfying the conditions of
Lemma 3.5.3 and so complete the proof. For each x € X, let P(x) be the set of all partition
classes of P that contain z. For a subset S of X we define d(S) = ¢+ 1 — |S|, and for a
family S of subsets of X we define d(S) = ) 4.5 d(S). Note that, for each partition 7 in P,
we have d(m) = k —r because 7 has exactly k classes and the sum of the cardinalities of the
classes is equal to n = ck + r. For a vertex z € X, we further define d(z) = > scp(,) |S|

Thus we have that > _d(z) = Y pd(m) = po(k —r). Let z be an element of X such
that d(z) > d(z) for each x € X and observe that d(z) > M Let H be the hypergraph
with vertex set X’ = X \ {z} and edge set £ = {S\ {2z} : S € P(z)}. Note that H is
a clutter and |E| = py because P is a Sperner partition system with p, partitions. Thus,

po(k—r)

because d(z) > and pg > p1, H satisfies the conditions of Lemma 3.5.3 and we can

apply it to produce the required result.

Case 2. Suppose that py < p;. In this case we show directly that (3.1) holds for some real
number p > p; and hence that it holds for p = py (recall that the left hand side of (3.1) is

nondecreasing in p).

Case 2a. Suppose that ¢ = 2. Then, when r = 2, we have p; = 2k + 2 and (3.1) holds

because LLy(6) < 5. When r > 3, p; = Z4£(2k + r — 6) and it can be seen that (3.1)

holds if and only if LLQ([?’T @htr_ 6)J) |r+5+ QT(T 3)J This holds for each integer r > 4

because then % <9r < (”2“5). It also holds for r = 3 because LL2(9) < 8.

Case 2b. Suppose that ¢ > 3. Let py = (—")((C 1) — 1) and note that p, > p;. Noting
that 1 — @ = C(k ") it can be seen that (3.1) will hold with p = ps prov1ded that

LL, (5 () - 1)) < [ () + %22 (3.10)
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3.5. Proof of Theorem 3.1.2

Let 2z = M((C 1) —1) be the argument of LL. in (3.10) and note that if z > (*'"), then

c(2k—r)
it follows from the definition of LL,. that LL.(z) < z and thus that (3.10) holds. Because

\2+2

2c+2

2n7072((" 1) — 1). This latter expression is an increasing function of

3c:r1) because z > 2jit32((n 1) —-1) >

r > 1, we have z >

n for n > 4c + 1. Thus, for ¢ > 9 we have z > (
2e12(( 1) — 1) and

Tc

22 () -0 /00 = 55 (D) - 52/ 00 2 56T -0 > 1

Furthermore, by explicit calculation, we have z > %((04_61) -1 > (3le) for ¢ = 8. We

also have z > %((2:11) —-1) > (3‘3:“1) for c € {4,5,6,7} and n > 31 and for ¢ = 3 and
n > 61. This leaves only a limited number of pairs (n, k) to be checked. Using a computer,

it is routine to compute p; for each pair and verify that (3.1) holds for p = p;. [

We conclude this section by showing that a slightly weaker version of the upper bound
implied by Theorem 3.1.2 can be written in a form that is very reminiscent of the expression
for MMS(n, k), and that this implies that our upper bound is always at least as good as
MMS(n, k).

Corollary 3.5.4. If n and k are integers such that n > 2k +2, k > 4 and r # 0,

(2)
SP(n, k) < (57 ¢ e

qg—c+1

(3.11)

where q is the real number such that ¢ > ¢ and (Z) == CH) -SP(n, k). Furthermore, the

bound implied by Theorem 3.1.2 is less than MMS(n, k).

Proof. Observe that SP(n,k) > NLB(n,k) = (cck) implies ”:1) SP(n, k) > % (Ck)
Further, it is routine to verify #(Cf) > 1’"—6(40) > (QCC 1) sincer > 1 whenc>3andr > 2
when ¢ = 2. Thus we have ") . SP(n, k) > (*7!). It follows that ¢ is well defined.
Further, because LL.(1) = ¢, LL ((2C M) = (2‘3;1) and LL, is concave, the derivative of

LL.(z) is less than 1 for all x > (2CC 1) and hence, for any real € > 0,
LL, ([M2 - SP(n, )| + ) < LLe (752 SP(n, k)] ) + €.

Thus we can deduce from Theorem 3.1.2 the slightly weaker conclusion that

r(c r(c n — ].
(1— rletl) ) SP(n, k) + LL, ( retl) . gp(p, k)) <c_1>' (3.12)
By applying LL.(z) = =5z in (3.12) and solving for SP(n, k) we obtain (3.11).
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Now, using SP(n, k) < MMS(n, k), we have

@ -SP(n, k) <

(") L(n=1

ot S (")
r(c+1)

Thus, ¢ < n — 1 and so the bound implied by this corollary, and hence the bound implied

by Theorem 3.1.2, is less than MMS(n, k). O

3.6 Bounds for small n and k

We conclude this chapter by displaying the values of the upper and lower bounds we have
obtained for some small parameters (n, k).

In Table 3.1 we list, for 4 < k < 7 and 2k + 2 < n < 33 a lower bound and an upper
bound on SP(n, k) in the top and bottom rows respectively of the appropriate cell. The
upper bound is the bound implied by Theorem 3.1.2 and is followed by the improvement
over MMS(n, k) in brackets. The lower bound is the best one attainable via our results
and those of 28, 33] and is followed by the source of the bound according to the following
key. “M” refers to a bound obtained through the monotonicity of SP(n,k) in n; “[28]"
refers to one of the bounds given in [28] (and stated in our introduction); “L3.2.5” refers
to Lemma 3.2.5 and is followed by the values of m and n used; and finally “L3.3.3” and
“L3.4.1” refer to Lemmas 3.3.3 and 3.4.1 and are followed by the value of u used. The
exception to the above is when k divides n, in which case the known exact value of SP(n, k)
is placed by itself in the cell. Lemma 3.3.3 and Lemma 3.4.1 give only weak results for the
case where k£ = 3 and this is why k = 3 cases were not included in Table 3.6.

Figures 3.1 and 3.2 visualise bounds on SP(n, k) for the example values k = 5 and
k = 10 respectively. Values of n between 2k 4+ 2 and 100 appear on the horizontal axis,
and above each are a grey and a black line segment. The grey segment gives the interval
between NLB(n, k) and MMS(n, k), whereas the black segment gives the interval between
the best known lower and upper bounds on SP(n, k) according to the results in this chapter

and in [28, 33]. Note that the vertical axis is log scaled.
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n s k=5 K =6 —
10 L3.3.3 (1)
10 1 (5)
11 28]
11 19 (8)
12 L1333 (1)
12 55 3 &)
13 55 M 12 M
72 (12) 19 (8)
y 55 M 17 L333(1) 13 28]
110 (23) 33 (12) 15 (5)
55 M 13 M
15 190 (37) o1 20 (8)
o1 M 28 L3.3.3 (1) 15 28]
16 459 114 (16) | 29 a3y | 17 (5)
17 455 M 91 M 28 M 15 M
636 (67) 162 (28) 51 (17) 21 (8)
18 648 L3.3.3 (2) 91 M 136 27 L3.3.3 (1)
994 (133) 243 (48) 30 (10)
19 648 M 91 M 136 M 27 M
1719 (219) 410 (74) | 167 (17) 42 (17)
210 L3.3.3 (1) 10 L1333 (1)
2
0 3876 969 291 (34) 70 (25)
L | 3876 M| 969 M| 210 M o
5601 (428) | 1290 (103) | 308 (54)
’s 5544 1333 (2) | 1008 1333 (2) | 210 M| 190 M
8844 (888) | 1849 (208) 454 (87) | 227 (20)
23 5544 M 1008 210 M 190 M
15355 (1469) 2808 (366) 751 (134) 291 (36)
3366 L3.3.3 (2) 190 M
24| 33649 4734 579y | 17T 384 (58)
33649 M 1771 M 190 M
21 49605 (2071) | 106%6 2971 (144) | 525 (92)
J;| 10898 1333 (3)| 10620 M| 1771 M| 286 1341 (2)
78927  (6343) | 14514 (834) | 3071 (285) | 762 (144)
97 40 898 M 10626 M 1771 M 286 M
137410 (10595) | 21020 (1750) | 4311 (494) | 1242 (220)
16016 L3.4.1(3) | 4140 L3.3.3 (2)
28 | 296010 32169 (3150) | 6408 (s18) | 29%°
99 296 010 M 16830 L3.2.5 (5, 24) 4140 M 2925 M
442270 (21745) | 54342 (5035) | 10606 (1269) | 3643 (187)
621075 L3.3.3 (3) 3003 L3.3.3 (1)
30 707 796 (47 420) 118755 23751 4723 (366)
31 621075 M | 118755 M | 23751 M 3003
1234969  (79818) | 164701 (7327) | 31093 (1389) | 6201 (615)
22 | 2620575 139568 1333 (2) | 33600 L[3.3.3 (2) | 4800 L3.3.3 (2)
240 248 (15849) | 42433 (2876) | 8682 (999)
4 | 2629575 M | 139568 M | 33600 M| 4800 M
3966925  (165264) | 369680 (29044) | 60038 (5113) | 12696 (1601)

Table 3.1: Lower and upper bounds on SP(n, k)
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Figure 3.1: Best known bounds on SP(n,5) compared to NLB(n,5) and MMS(n, 5)
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Figure 3.2: Best known bounds on SP(n, 10) compared to NLB(n, 10) and MMS(n, 10)
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Chapter 4

More constructions for Sperner

partition systems

4.1 Introduction

Continuing on from our work in Chapter 3, this chapter looks at answering some of the
remaining questions related to Sperner partition systems. Our first main focus is on giving
an asymptotic determination of SP(n, k) when ¢ is bounded, except in cases where 7 is very
close to k. We then present a number of new bounds on SP(n, k) for the special case of
¢ = 2. Finally, we go on to show that SP(n, k) is indeed asymptotic to MMS(n, k) when n
is even and either r = 1 and £ is bounded or r = k — 1.

Recall that for a pair of integers (n,k) with n > k > 1, we define ¢ = ¢(n, k) and
r = r(n, k) as the unique integers such that n = ck +r and r € {0,...,k — 1}. These
definitions for ¢(n, k) and r(n, k) are used throughout this chapter and are abbreviated to
simply ¢ and r where there is no danger of confusion. As part of Chapter 3, in many cases
where ¢ grows along with n, we presented a construction for Sperner partition systems with

number of partitions asymptotic to MMS(n, k).

Theorem 3.1.1. Let n and k be integers with n — oo, k = o(n) and k > 3, and let ¢ and
r be the integers such that n = ck+r andr € {0,...,k —1}. Then SP(n, k) ~ MMS(n, k)
if

e n is even and r ¢ {1,k — 1}; or

e k—r — o0.

The condition k& = o(n) in Theorem 3.1.1 is equivalent to saying ¢ — oo, so Theo-
rem 3.1.1 does not cover the case where ¢ is bounded as n grows. Certain very specific

cases in the regime where c is bounded have been investigated. When ¢ = 1, it is not hard
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to see that SP(n, k) = 1. For ¢ = 2, Li and Meagher [28] found bounds on SP(2k + 1, k),
SP(2k + 2, k) and SP(3k — 1, k). As mentioned above, our first main focus in this chapter
is on giving an asymptotic determination of SP(n, k) when ¢ is bounded, except in cases

where 7 is very close to k.

Theorem 4.1.1. Let n and k be integers with n — oo, k < § and k—r = O(n) where c and

r are the integers such that n = ck+r andr € {0,...,k—1}. Then SP(n,k) ~ MMS(n, k).

Note that the condition £ —r = ©(n) implies k¥ = ©(n) and hence that ¢ = O(1).
Theorem 4.1.1 is proved by introducing a new construction for Sperner partition systems
which is based on a division of the ground set into many equal-sized parts (see Lemma 4.3.2).
In the special case ¢ = 2 we are able to say more (see Section 4.4), including determining
SP(n, k) exactly for a number of small parameter sets (n, k) and narrowing it down to either

an exact value, or one of two different values for two different infinite families.

Lemma 4.1.2. Let k > 11 be an integer such that k # 4 (mod 6) and let n = 3k—6. Then
SP(n, k) = [3(k —2)].

Theorem 4.1.3. Let k > 4 be an even integer and let n = 3k — 2. Then SP(n,k) €
{9, (%) + 13

Theorem 3.1.1 also does not cover the cases where r = 1 and k is bounded or where
r = k — 1. Here we show that in most of these cases, if n is even, SP(n, k) is indeed

asymptotic to MMS(n, k).

Theorem 4.1.4.

(a) Let n and k be integers such that n — oo with n = k + 1 (mod 2k), k = o(n), and
k > 3 is odd. Then SP(n,k) ~ MMS(n, k).

(b) Let n and k be integers such that n — oo with n = k — 1 (mod 2k), k = o(n), and
k =5 is odd. Then SP(n,k) ~ MMS(n, k).

We prove Theorem 4.1.4 by extending a construction method used in Chapter 3 and
analysing its behaviour. This extended construction method incorporates a solution to a
particular integer program, where the objective value of the program gives the size of the
Sperner partition system produced. With some effort, we are able to show that in most
cases the optimal value of this integer program is asymptotic to MMS(n, k) and so prove
Theorem 4.1.4. In the case n = k — 1 (mod 2k) and k = 3 we do not prove this, but we
present strong numerical evidence that the optimal value of the integer program is such

that the result still holds.
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4.2. Preliminaries

This Chapter is organised as follows. Section 4.2 introduces some notation we will re-
quire as well as a key result, a consequence of a result of [6], that underlies our constructions.
In Section 4.3 we introduce our new construction for Sperner partition systems, based on a
division of the ground set into many equal-sized parts, and use this to prove Theorem 4.1.1.
In Section 4.4 we then examine the special case where ¢ = 2, in the process proving The-
orem 4.1.3 and exhibiting many small parameter sets for which the construction from the
previous section produces Sperner partition systems of maximum size. Sections 4.5 and 4.6
are then devoted to proving Theorem 4.1.4(a) and (b) respectively, using an extension of
the construction for Sperner partition systems given in Section 3.3 and Section 3.4. In the
Conclusion (Chapter 7), we provide some numerical evidence that Theorem 4.1.4(b) also

holds for k£ = 3 and discuss possible further work.

4.2 Preliminaries

Here we restate a number of definitions and results that are important to the work in this
chapter.

An (n, k)-Sperner partition system is called almost uniform if each class of each partition

in the system is of size | 7] or [%]. Note that this means that there must be k& — r classes
of size ¢ and r classes of size ¢ 4 1 in each partition. It is conjectured in [33] that for all n
and k with n > k > 1 there is an almost uniform Sperner partition system with SP(n, k)
partitions.

In [28], the authors observe that taking an (n, k)-Sperner partition system and adding a
new element to an arbitrary class of each partition results in an (n+ 1, k)-Sperner partition

system of the same size, as shown in the proof of Lemma 2.2.4. Thus we have
SP(n+1,k) > SP(n,k) for all integers n > k > 1, (4.1)

a fact that we will use frequently. If the original Sperner partition system is almost uniform
and the new element is added to a class of minimum size in each partition, then the
resulting (n + 1, k)-Sperner partition system is also almost uniform. Although we do not
state it explicitly each time, all the constructions in this chapter produce almost uniform
systems. For a set S and a nonnegative integer i, we denote the set of all i-subsets of S by
(5). Note that | (5)] = ().

A hypergraph H consists of a vertex set V(H) together with a set E(H) of edges, each
of which is a nonempty subset of V(H). We do not allow multiple edges. A clutter is a

hypergraph for which no edge is a subset of another. As such, a clutter is exactly a Sperner
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set system, but we use the term clutter when we wish to consider the object through a
hypergraph-theoretic lens.

A partial edge colouring of a hypergraph is simply an assignment of colours to some or
all of its edges with no further conditions imposed. Let v be a partial edge colouring of a
hypergraph H with colour set C. For each z € C, the set v~ !(2) of edges of H assigned
colour z is called a colour class of . For each z € C' and « € V(H), let the number of edges
of H that are assigned the colour z by v and contain the vertex x be denoted deg](z).

Throughout this chapter, we will again make extensive use of Lemma 3.2.2 (which we
restate here for convenience), which is a consequence of a more general and powerful result
of Bryant [6]. It allows the construction of a Sperner partition system to be reduced to
finding a partial edge colouring of a hypergraph with appropriate properties, which can

greatly simplify the task.

Lemma 3.2.2. Let n and k be integers with n > k > 1, let H be a clutter with |V (H)| =
n, and let {Xq,...,X;} be a partition of V(H) such that any permutation of X, is an
automorphism of H for each w € {1,...,t}. Suppose there is a partial edge colouring v of
H with colour set C such that, for each z € C, |y '(2)| =k and > degl(z) = | Xy| for
each w € {1,...,t}. Then there is an (n,k)-Sperner partition system with |C| partitions

IGX'LU

such that the classes of the partitions form a subset of E(H).

4.3 Proof of Theorem 4.1.1

Our goal in this section is to prove Theorem 4.1.1. We achieve this by first introducing a
new construction for Sperner partition systems and then showing that the construction can
produce systems with size asymptotic to MMS(n, k) in the regime where ¢ is bounded and
r is not too close to k.

We now introduce a simple lemma which will be useful in detailing our construction.
It will eventually allow us to distribute the edges of a hypergraph evenly between colour
classes when attempting to define a colouring satisfying the hypotheses of Lemma 3.2.2.
The sum of all entries in a row or column of a matrix is referred to as a row sum or column

sum respectively.

Lemma 4.3.1. Let s1 and sy be positive integers and x and b < sy be nonnegative integers.
There exists an s1 X sg matrix T such that each row of T has b occurrences of ¥ + 1 and

s9 — b occurrences of x, and any two column sums in T differ by at most 1.

Proof. We proceed by induction on s;. The result is clearly true when s; = 1, so let

si € {1,...,81 — 1} and suppose there exists an s x sy matrix 7" with the required
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4.3. Proof of Theorem 4.1.1

properties. Let Y be the set of columns of 7" whose sum is the minimum column sum in 7".
Add to T" a new row with b occurrences of x + 1 and s, — b occurrences of x, placed so that
each column in Y contains an occurrence of z + 1 if b > |Y| and so that each occurrence
of x +11isin a column in Y if b < |Y|. It can be checked that the resulting matrix has the

required properties. 0

We now introduce the construction that will be used to prove Theorem 4.1.1. An

example of this construction is illustrated in Figure 4.1.

Lemma 4.3.2. Let n, ¢, k and r be integers such thatn = ck +r, ¢ > 2, k > 3 and
re{l,2,...,k—1}. Suppose that n = hm for positive integers m and h such that m =0
(mod ¢) and let

o250 (2| -l - [268)

c—1 c—1

There exists an almost uniform (n, k)-Sperner partition system with p(’:‘:ll) partitions if

(a) p=min{ps, ps}; or
(b) p = min{p},ps} and pr =0 (mod m).

Proof. Suppose the hypotheses of (a) hold or that those of (b) do. First note that r =0
(mod ¢) since n =0 (mod ¢) and ck =0 (mod ¢). We will construct our Sperner partition
system on a ground set X = X U---UX,,, where X1, ..., X, are pairwise disjoint sets such
that [Xi| =+ = |Xpn| = h. Let M = (") and let J = {1,..., (")} x {1,....2}.
By Baranyai’s theorem [2], we can index the sets in M so that M = {Sy; : ({,i) € J} and
{Se; i€ {l,...,2}} is a partition of {1,...,m} for each £ € {1,..., (" )}. Let H be a
hypergraph with vertex set X and edge set A U B where

A= | Ay for A = {E € ()c() :|EN Xy =1 for each w € Sg,i},
La)eJ

B = U B for B, = (X“’).
w=1

The indexing of the sets in M will act as a guide for a partial edge colouring of H. Let
C’ be a set with |C'| = p and let C = C" x {1,2,..., (T:ll)} be a set of colours. It is clear
that any permutation of X, is an automorphism of H for each w € {1,...,m}. Thus, by
Lemma 3.2.2, to find an (n, k)-Sperner partition system with p(T__ll) partitions, it suffices to
find a partial edge colouring v of H with colour set C' such that for each z € C, |y~ (2)| = k
and ) .. deg](x) = h for each w € {1,...,m}. We proceed to show that such a partial

edge colouring ~y exists.
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4.3. Proof of Theorem 4.1.1

Let x = L%J and b = %(7‘ — mx), noting that b will be a non-negative integer and let
T = (t.;) be a p x ™ matrix with b occurrences of  + 1 and ' — b occurrences of z in
each row such that any two column sums differ by at most 1. Such a matrix exists by
Lemma 4.3.1. We consider the rows of T" to be indexed by the elements of C’. It follows
from our definition of b that each row sum in 7" is £. Thus the sum of all the entries in T'
is 2= and hence, because T has ** columns and any two column sums differ by at most 1,
each column sum in 7" is in {{Z |, [Z]}. So we have

m/c

th,i = * for each z € ¢V, and Z t.i € {L%J , (%H for each i € {1,...,7}.
i=1 zeC’

(4.2)

m
e I

We create our partial edge colouring v of H by, for all (z,¢) € C and i € {1,...

one at a time in arbitrary order, performing the following process.

e Assign the colour (z,/) to h — (¢ + 1)t,,; previously uncoloured edges in Ay;.

e For each w € Sy, assign the colour (z, /) to t,; previously uncoloured edges in B,,.

After performing this process for all (z,/) € C and 7 € {1,...,™}, we call the resulting
colouring v. We will show that there are always uncoloured edges available throughout this

process and that ~ satisfies the conditions we require of it.

(i) Let (¢,7) € J. We show that the number of edges in Ay, assigned colours is at most
|Agi| = h¢. These edges only receive colours in C" x {¢} and, for each z € C’, the
number that receive colour (z,¢) is h — (¢ + 1)t,;. So the total number that are
assigned a colour is ) | _.,(h — (c+ 1)t.;), which is at most ph — (c+1)[2°] by (4.2).
If the hypotheses of (a) hold then

ph— (c+1) [%J <ph—(c+1) (%—1) :pc(i%_’")+c+1<hc

where the equality follows by substituting h = %(ck + r) and the last inequality is
obtained using p < p; and the definition of p;. If the hypotheses of (b) hold then

similarly we have

m

k —
ph —(c+1) {%J :ph—(c—l—l)%:pc( r) < h°

where the last inequality is obtained using p < p| and the definition of p/.
(ii) Let w € {1,...,m}. We show that we do not run out of uncoloured edges in B,

by showing that, for each ¢ € {1,..., (7::11)}, the number of edges in B, assigned a

colour in €’ x {¢} is at most |B,|/ (") = (Cﬁl)/(’?__ll). Let £ € {1,..., ("))} and
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4.3. Proof of Theorem 4.1.1

let i be the unique element of {1,..., ™} such that w € Sy;. Then the number of
edges in B, assigned a colour in C" x {{} is ) . t.;, and this is at most [2°] by
(4.2). If the hypotheses of (a) hold then, [£] < [£2°] and we obtain the required
bound using the definition of p,. If the hypotheses of (b) hold then, [Z] = £ < %
and we can obtain the required bound using the definition of pj.

(iii) Let (z,€) be a colour in C. We show that |y~ '((z,¢))| = k. For each i € {1,..., 2},
we assign (z,¢) to h — (¢ + 1)t,; edges in A and, because |Sp;| = ¢, to ct,,; edges in
B. So

v ((2,0)] = ji/;c(h —(c+ Dt +cty) = hTm - ji/;ctzz = hTm - E =k
where the third equality follows by (4.2) and the last because hm = ck + r.

(iv) Let w € {1,...,m} and (2,{) € C. We show that }_ _y deg/, ,(x) = h. Let i
be the unique element of {1,...,”} such that w € Sy;. Then (z,{) is assigned to
h—(c+1)t.,; edges in A, each of which contains one vertex in X,,, and to ¢, edges
in B,, each of which contains ¢ + 1 vertices in X,,. Any other edges assigned (z, /)

are disjoint from X,,. Thus

> degl, (@) = (h = (c+ V)toy) + (¢ + 1)ty = .

r€Xyw
So by (i) and (ii) we can indeed obtain the partial edge colouring v as we claimed and by
(iii) and (iv) v has the required properties. So we can apply Lemma 3.2.2 to obtain an

almost uniform (n, k)-Sperner partition system with p(T__ll) partitions as discussed. ]

Note that we could potentially include all c-subsets of X that are not subsets of an X;
as edges of our clutter above. However, attempting to use all of these would make finding
a suitable colouring v more difficult. Moreover, as m becomes large, the number of c-sets
we do not use is an asymptotically insignificant fraction of the number of those that we
do. With this new construction for Sperner partition systems in hand, we are now able to

prove Theorem 4.1.1.

Proof of Theorem 4.1.1. Observe that we have n = O(k) = ©(k — r) and hence ¢ =
O(1). We consider two cases according to the value of 7.

Case 1. Suppose that r < k271/2¢. So r = o(k) and n ~ ck. Clearly SP(ck, k) <
SP(n,k) < MMS(n, k) using (4.1), so to complete the proof it suffices to show that
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Figure 4.1: An illustration of the construction of Lemma 4.3.2 with ¢ = 3 and m = 12. The
left hand side depicts a partition {57 1, 512,513,514} of {1,...,12}. On the right side this
has been ‘blown up’ so that each set X,, contains h vertices. Each B,, is composed of all the
4-subsets of X,,. Each of A, 1, A, A; 3 and A, 4 is composed of all the 3-subsets containing
exactly one vertex from each X, in the approprate grey shaded region. The partition
{S11,51.2,513, 514} gives rise to the p colour classes {(z,1) : z € C'}. Each colour class
(z,1) contains t,; edges in B, and h —4t,; edges in A; ; for all i € {1,2,3,4} and w € Sy.
In total these colour classes may use up to all of the edges in Aj 1, A; 2, A1 3, A1 4 and at most
|Bw\/(T:11) = %|Bw\ edges in each B,. Each of the other partitions {S¢1, Sr2,Se3, Sea}
for ¢ € {2,...,55} provided by Baranyai’s theorem will similarly give rise to the p colour
classes {(z,0) : z € C'}.

MMS(n, k) ~ SP(ck, k). Note that

. ™ 1(n ne ne~t (ck)e1 ck—1\
MMS(n, k) = k—p 4 et ~ E(c) Tk~ (c—1)! ~ (c—1)! ~ <cfl > = SP(ck, k)

n—c

where the first ~ follows because r = o(k), we use n ~ ck frequently throughout and the
final equality comes from [33, Theorem 1] as discussed in the introduction.

Case 2. Suppose that r > k(Ge=1D/2¢ et

b {(Le;gggﬁzi)lﬂw S 1

where § € {0,1,...,¢c — 1} is chosen such that m = 0 (mod ¢). Since k?D/2¢ < r < k
and k —r = O(k) = ©(n), we have h = O(n(e=V/¢) but h = Q(n*~2c-0/2¢) So mh < n
and mh = n — O(n*Y/¢) = ck +r — o(r). Let ¢ = mh — ck and note that ¢ < r and
qg=r1r—o(r).

Using mh < n and (4.1), we have SP(mh, k) < SP(n, k) < MMS(n, k). We will complete
the proof by showing that SP(mh, k) > MMS(n, k)(1 + o(1)). We will use Lemma 4.3.2(a)
to obtain this lower bound on SP(mh, k). Let p; and p, be as defined in the Lemma 4.3.2
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4.4. The case ¢ = 2

statement, except with ¢ in place of r (noting that mh = ck + q). Now,

m(.4) mhet! mh? mh® mh¢
p2 ~y + ~ ~ ~ ~ ~ pl
(™) gcle+)met o ge(e+Dnemt ek —r)  c(k—q)

(4.3)

where the first ~ holds because (") = o((,!",)) since h = Q(n(2*~2e-1D/2¢) " the third

holds because m ~ 3, the fourth holds by applying the definition of h and then using
g ~ r, and the fifth holds using k —r ~ k — ¢. By Lemma 4.3.2(a) and (4.3), we have

— 1) mh* meche n¢
o(

m—1 . m
SP(mh, k) > <C_1>m1n{p1,p2} ~ (c—l k—r) ~ ck—r) ~ c(k—r) ~ MMS(n, k)

where the first ~ uses (4.3), the third uses mh ~ n and the last uses the definition of
MMS(n, k) together with k —r = ©(k) and © c+1) = O(1). O

4.4 The case ¢ =2

Recall from the introduction that SP(n, k) = 1 when ¢ = 1. Thus, of the cases where ¢ is
constant, the first nontrivial case of ¢ = 2 is of particular interest. Here we first observe two
consequences of the upper bound on SP(n, k) given in Section 3.5 which slightly improves
on MMS(n, k), which we will restate here for convenience. We again extend the usual
binomial coefficient notation by defining (‘g) = %Hf;é(q — 1), for any real number ¢ and

integer t with ¢ >t > 0.

Theorem 3.1.2. Ifn and k are integers such that n > 2k + 2 and k > 4, then

[(1— ") . SP(n, k)] + LL, (L”“) SP(n k)j) < (’2:;) (4.4)

where ¢ and 1 are the integers such that n = ck-+r andr € {0,...,k—1} and LL.(z) = (7))

with q being the unique nonnegative real number for which ¢ > ¢ and x = (‘g)

Recall that this acts as an upper bound due to the fact that for fixed nonnegative
integers n and k, the left hand side of (4.4) is nondecreasing in SP(n, k). Computation
reveals that, in the case ¢ = 2, there are numerous small parameter sets (n, k) for which
we can exactly determine SP(n, k) because the upper bound given by Theorem 3.1.2 equals
the lower bound implied by Lemma 4.3.2(b) for some choice of m and h with mh = n. In
Table 4.1 (see page 53), we list all the parameter sets with n < 1000 for which this occurs,
together with the associated values of m, h and SP(n,k). We have not found any such
parameter sets for ¢ > 3. This is perhaps not surprising because, as discussed immediately

after Lemma 4.3.2, the construction “wastes” some c-sets when ¢ > 3.
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n k| m h| SPnk) n k| m  hl| SPnk)
36 15 4 9 54 560 203 | 8 70 2800
44 18| 4 11 72 560 232 || 16 35 1080
56 22| 4 14 117 564 220 || 12 47 1518
88 33| 4 22 264 576 224 || 12 48 1584
128 54| 8 16 210 588 228 || 12 49 1650
138 54| 6 23 330 600 224 || 10 60 2250
144 56| 6 24 360 600 260 | 20 30 950
144 60| 8 18 252 624 304 || 52 12 663
150 58| 6 25 390 640 230 | 8 80 3584
150 65| 10 15 225 672 266 || 14 48 1664
160 66| 8 20 294 672 273 || 16 42 1440
168 77| 14 12 208 680 323 || 40 17 780
230 95| 10 23 432 700 275 || 14 50 1820
252 111 14 18 364 720 290 | 16 45 1620
288 105 | 6 48 1280 720 330 | 30 24 928
288 128 || 16 18 405 750 275 || 10 75 3375
300 120 || 10 30 675 756 360 || 42 18 861
306 111 6 51 1445 768 352 || 32 24 992
318 115| 6 53 1560 770 282 || 10 77 3510
324 117 6 54 1620 800 335 | 20 40 1482
330 119| 6 55 1680 812 315 | 14 58 2301
336 144 || 14 24 546 816 289 || 8 102 5712
336 160 || 28 12 378 840 315 | 12 70 3080
342 123 | 6 57 1805 840 350 || 20 42 1596
360 129 | 6 60 2000 840 378 | 30 28 1160
360 135| 8 45 1260 852 319 || 12 71 3168
368 138 | 8 46 1288 864 342 | 16 54 2160
378 135| 6 63 2205 880 365 | 20 44 1710
420 175 || 14 30 780 936 348 || 12 78 3718
480 176 || 8 60 2100 938 358 || 14 67 3003
528 192 | 8 66 2541 944 332 | 8 118 7497
528 220 || 16 33 990 960 448 || 40 24 1170
546 221 | 14 39 1183 994 378 || 14 71 3276

Table 4.1: Parameter sets (n, k) for which SP(n, k) is exactly determined by Theorem 3.1.2
and Lemma 4.3.2(b), and the associated values of m, h and SP(n, k).

In the special case where ¢ = 2 and r is small compared to n, we are able to give a more
explicit form of the bound implied by Theorem 3.1.2.

Lemma 4.4.1. Let k > 4 and r be integers such that 2 < r < $V2k and let t = [LLy(3r)].
Then SP(2k +r, k) < 2k +4r —t — 1.

Proof. Suppose for a contradiction that SP(2k + r, k) > 2k + 4r — t. Then, because the
left side of (4.4) is monotonically increasing in SP(n, k), Theorem 3.1.2 implies that

(1= 25) @k +4r — )] + LL (|55 @k +4r —1)]) < 2%k +7r -1 (45)

Observe that | 5= (2k + 4r —t)] = [3r + %J = 3r because 9r? < 2k. Using this fact,
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we have [(1— 25:_T)(2k+47"—tﬂ =2k+4r—t— 2§lr(2k+4r—t)J =2k+r—t. So (4.5) is

equivalent to 2k +r —t+ LLy(3r) < 2k +r — 1 which is impossible, because t — LLy(3r) < 1
by the definition of t. O

More routine calculations establish that Theorem 3.1.2 does not rule out the possibility
that SP(2k + r k) =2k +4r — 1 —t.

In [28], it is shown that 2k —1 < SP(2k+1,k) < 2k and 2k+1 < SP(2k+2, k) < 2k+3.
As a consequence of (4.1), the latter means that 2k 4+ 1 is a lower bound for SP(2k + r, k)
for all » > 3. For small values of r > 3 we give the upper bound provided by Lemma 4.4.1
on SP(2k + r, k), together with the range of k values it applies for in Table 4.2 below.
Lemma 4.4.1 guarantees that this bound will hold for £ > %rz, but in Table 4.2 we give a
more precise lower bound on k, obtained computationally by searching for which values of
k< %7“2 Theorem 3.1.2 guarantees the desired bound on SP(2k + r, k).

rll 3 | 4 | 5 | 6 | 7 | 8 | 9 | 10

for k > 17 35 32 97 71 189 253 311
SP2k +r k)< || 2k+6 | 2k+9 | 2k+13 | 2k+ 16 | 2k +20 | 2k +23 | 2k + 27 | 2k + 30

Table 4.2: Upper bounds on SP(2k + r, k) and the values of k for which they hold.

In this section we exhibit a new infinite family of parameter sets (n, k) for which we can
precisely determine SP(n, k). For this family, the value of SP(n, k) matches the upper bound
given by Theorem 3.1.2, and hence it supplies examples both of the theorem’s usefulness

and of situations in which its bound is tight.

Lemma 4.4.2. Let k > 11 be an integer such that k # 4 (mod 6) and let n = 3k —6. Then
SP(n, k) = [3(k —2)].
Proof. First, suppose for a contradiction that SP(n,k) > [3(k — 2)?] + 1. Note that

[5(k —2)?] +1 = 3(k—2)>+6 where 6 = L if kis odd and § = 1 if k is even. Then

2
Theorem 3.1.2 implies that (4.4) holds with n = 3k — 6 and p = 1(k — 2)? + § and hence,

1
2

via routine calculation,
2k —3+ LLy(|3(k* — 8k +12)) <3k — 7.

However, because (*3*) = 1(k? — 9k +20) < |$(k* — 8k + 12)] for k > 11, we have that
LLy(|5(k* — 8k +12)]) > k — 4 and hence a contradiction.
Now we construct an (n, k)-Sperner partition system with |(k — 2)?| partitions and

so complete the proof. Let p = L%(k’ —2)?%], let X;, X, and X3 be disjoint sets such that
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4.4. The case ¢ = 2

| X1 =|Xo| =|X3| =k —2,and let X = X; UX,U Xj3. For each i € {1,2,3}, let

A ={AC X :|A|=2and |[ANX,|=1for each j € {1,2,3} \ {i}}
Bi={BCX:|B=3and BC X,).

Let A=A UA;UA;z and B = By U By U Bs, and let H be the hypergraph with vertex
set X and edge set AU B. Note that no set in A is a subset of a set in B and thus H is a
clutter. Observe that, for each i € {1,2,3}, any permutation of X; is an automorphism of
H. Let C be a set of p colours other than black. By Lemma 3.2.2, it suffices to find an edge
colouring v of H with colour set C'U{black} such that, for each ¢ € C, colour ¢ is assigned
to 6 edges in A and k — 6 edges in B and ) degl(z) = k — 2 for each i € {1,2,3}.
We now describe how to find an edge colouring that satisfies the conditions we have
specified. If k =1 or 2 (mod 6), then p = 0 (mod 3) and we let {C}, Cs, C3} be a partition
of C such that |C1]| = [Cy] = |C3| = §. If k =5 (mod 6), then p = 1 (mod 3) and we let

{C1, Cy, C5} be a partition of C' such that |Cy] = 7%2 and |Cy| = |Cs] = 7%1. We describe

reX;

how to choose the edges from A in each non-black colour class of 7; the remaining edges in
each non-black class can be chosen from B arbitrarily subject to our specified conditions,

and then any remaining edges are coloured black.

e If £ =0 (mod 3) then, for each ¢ € C, assign colour ¢ to two edges in A; for each
i€{1,2,3};
e If k=1 (mod 6) then, for each j € {1,2,3} and c € C}, assign colour ¢ to four edges
in A; and one edge in A; for each i € {1,2,3}\ {j};
o If £ = 2 (mod 3) then, for each j € {1,2,3} and ¢ € C}, assign colour ¢ to three
edges in A; for each i € {1,2,3}\ {j}.
It only remains to check that there are sufficiently many edges in A; and B; for each
i € {1,2,3} that we can choose an edge colouring in this manner. Using the fact that
Al = (k—2)% and |B;| = (*;7) for each i € {1,2,3}, it is routine to check this by

considering cases according to the congruence class of £ modulo 6. [

Again, the Sperner partition systems constructed to prove Lemma 4.4.2 are almost
uniform.

Finally in this section we prove Theorem 4.1.3 by showing that, when ¢ = 2 and r = k—2,
Lemma 4.3.2(b) and Theorem 3.1.2 allow us to narrow SP(n, k) down to one of two possible

values.

Proof of Theorem 4.1.3. Let ¢ > 2 be the integer such that k£ = 2¢. First, suppose for
a contradiction that SP(n, k) > ("42) + 2. Using this, together with n = 6/ — 2, ¢ = 2 and
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4.5. Proof of Theorem 4.1.4(a)

r = 2¢ — 2, Theorem 3.1.2 implies that

[(1=8=5) ((57) + 20T+ LLa ([55 (%) +2)]) <603, (4.6)

Observe that [(1 — S8)((*1) +2)] = [3¢ — 2+ 525] =3¢ — 1 and [ &=8((*, ") +
L(% 2)+%J = (34 2)+1 So (4.6) is equivalent to 3¢—1+4L1Ls ((‘% 2) ) < 60-3. Clearly
LL, ((312 2) + 1) > 3¢ — 2, and hence we have a contradiction. Thus SP(n, k) < (”/2) +1.
Now we proceed to show SP(n,k) > (”42) Observe that £ — 2 = 0 (mod 2) since
k is even. Thus, by Lemma 4.3.2(b), with m = 2 and h = %, we know there exists an

(n, k)-Sperner partition system with p partitions, where

p=min{ 5], [F57]}

Noting that %(”?/’2) = ("/2) for n = 3k — 2 and ("/2) n2, it is apparent that p = ("42)

and the result therefore follows. O

In [28, Theorem 4.1}, it was shown that SP(3k — 1,k) > 3k — 1 for all integers k > 3.
Using (4.1), Theorem 4.1.3 provides a substantial improvement to this bound for even

integers k > 6.

4.5 Proof of Theorem 4.1.4(a)

In this section and the next we extend the approach detailed in Section 3.4 and Section 3.3
to prove, respectively, Theorem 4.1.4(a) and Theorem 4.1.4(b). In this section we are
interested in parameter sets (n, k) such that k is odd and n = k+1 (mod 2k), in accordance
with the hypotheses of Theorem 4.1.4(a). For a given parameter set (n,k), our overall
approach will be as follows. In Definition 4.5.1 we define an integer program Z, ;) and then,
in Lemma 4.5.2, show that we can use an optimal solution of Z, ) to construct an (n, k)-
Sperner partition system whose size is the optimal value of Z, ;). Next, in Lemma 4.5.3,
we establish that an obvious upper bound on the optimal value of Z, 1) is asymptotic to
MMS(n, k) and we then finally prove Theorem 4.1.4(a) by showing that Z, ) achieves an
optimal value asymptotic to this upper bound. For the basic concepts and definitions of
integer and linear programming we direct the reader to [35].

We now introduce some definitions and notation that we will use extensively throughout
this section. We let d be the integer such that ¢ = 2d+1, that is, such that n = (2d+1)k+1.

We will construct our Sperner partition systems on a set X = X; U Xy, where X; and X,
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4.5. Proof of Theorem 4.1.4(a)

are disjoint sets such that |X;| = |X;| = §. For each nonnegative integer i, let

E={ECX:|ENXy|=i|ENXy| =2d+2—i}.

Note that the elements of & are c-sets and the elements of £F are (¢ + 1)-sets. For each

¢ € H{0,...,d} define ¢, = (”/2)( n/2 ) so that we have |E4_¢| = |Eqs11¢| = €7 and for each

d—e) \d+1+¢
0e{0,...,d+ 1} define ¢ = (dﬂQ—e) (d_fﬁg) so that we have |£7,,_,| = €7, = ;. Of

the integers in {0, ..., d}, let u be the smallest that satisfies a(u) < (k — 1)b(u) where, for
xef{0,...,d},

d x
a(z)=2 > e and b(z)=c5+2) ¢

l=z+1 =1

Let () be the largest even integer that is at most ﬁa(u) and also let

A=UJ¢& where I=10,....d—u—1}U{d+u+2,...,2d+ 1}
el

B=|Jé& where I={d+1—-wu,...,d+1+u}.
iel*

Let F = AU B. It is not hard to see that u < d — 1 since a(d — 1) = 24 < 2¢ < 2¢) <
2b(d — 1) and k > 3. Note that A contains c-sets and B contains (c + 1)-sets, and that the
sets in BB are more “balanced” between X; and X, than the sets in A. Obviously, no set in B
can be a subset of a set in A. Furthermore, no set in A can be a subset of a set in B because
max{|ANX|,|[ANXs|} > d+u+2 for each A € A and max{|BNX|,|BNX3|} <d+1+u
for each B € B. Thus (X, F) is a clutter. Also observe that |A| = a(u) and |B| = b(u).
Note that all of the notation we just defined is implicitly dependent on the values of n and
k. These values will be clear from context, so this should not cause confusion.

We will construct a Sperner partition system using the sets in F. Note that each
partition in such a system will contain k£ — 1 sets from A and one set from B and hence
such a system can have size at most ) + 1. Our construction depends on finding up to
@ disjoint triples of sets from F such that for each triple {E}, Ey, E3} we have E; € B,
Ey F3 € Aand 37 | |E; N X,| = 3d + 2 for each w € {1,2}. We encode this task in the
integer program below. We define 7, ..., 7} to be the unique sequence of integers such that
[3m5) + >0 m; = 3Q and, for some z € {0, ..., u}, we have nj = ¢} for £ € {0, ...,z —1},
O<ni<el,mp=0forle{r+1,...,u} and, if x =0, n§ =& (mod 2). Such a sequence

exists since 3Q = Lﬁa(u” < 3b(w)] = [2ep] + >, 0

Definition 4.5.1. For integers k > 3 and n > 2k with k odd and n = k + 1 (mod 2k),
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4.5. Proof of Theorem 4.1.4(a)

define L, ) to be the integer program on nonnegative integer variables x; ; for all (i,j) € @,
where

®={(i,j)ru+1<i<j<dandj—i<u},

that mazimises 23, ;e Tij subject to

S mige<my foralle{l,... u} (4.7)
(i,i+0)€®
> @i < L) (4.8)
(i,0)eP
Z To; + Z rig<e  foralll e{u+1,...,d}. (4.9)
£,j)ed (i,0)eP

Note that taking each variable to be 0 in Z, ) satisfies all of the constraints and hence
a feasible solution exists. Also, twice the sum of (4.7) for £ € {1,...,u} and (4.8) has the
objective function of Z, ;) as its left hand side and, by our definition of ng,...,n;, @ as
its right hand side. Hence the optimal value of Z, ) is at most (). Further, each variable

must be bounded above, since it appears in the objective function with positive coefficient.

Lemma 4.5.2. Let k > 3 and n > 2k be integers with k odd and n = k+1 (mod 2k), and
let p be the optimal value of i, ). Then there exists a (n, k)-Sperner partition system with

p partitions.

Proof. Consider an arbitrary optimal solution {z;; : (¢,5) € ®}. This solution has objec-
tive value p where p < ). We will use this solution to create a partial edge colouring of
the clutter H = (X, F) with p colours and then apply Lemma 3.2.2 to construct a Sperner
partition system.

Note that any permutation of X, is an automorphism of H for each w € {1,2}. Define
a set of colours C' = J; y)cs(Ci; U CY ), where [C; ;| = [Cf ;| = x5 for each (i, j) € © and
|C'| = p. By Lemma 3.2.2 it suffices to find a partial edge colouring v, of H with colour set
C such that, for each z € C, |7, '(2)| = k and Y, deg]'(z) = kd + = for w € {1,2}.
We first create a partial edge colouring vy of H with three sets in each colour class which
we will later extend to the desired colouring ;. We create this colouring vy by beginning
with all edges of H uncoloured and then choosing certain edges to go in colour classes. We
first describe this process and then justify that we can in fact perform it to obtain .

For each (i,j) € ®, one at a time in arbitrary order, we proceed as follows. For each

z € C;; UC;; we assign colour z to three previously uncoloured edges:
e one from each of &, Egy145 and £, ; if 2 € C5; and

e one from each of &;_;, E44144 and S§+1+j_i if z € C’Z{j.
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4.5. Proof of Theorem 4.1.4(a)

Because (i, j) € ®, it can be checked that all the edges we colour are in F = AUB. Further,
observe that we will have » _. deg)’(z) = 3d + 2 for each w € {1,2} and z € C.

After this process is completed for each (i,7) € ®, we call the resulting colouring .
We will be able to perform this process provided that we do not attempt to colour more
than |&;| sets in &; for any i € I or more than |£]| sets in £ for any i € I*.

(i) Let £ € {1,...,u}. Each of the 3, /cq @ire colours in ;4 pcqp Ciire is assigned
to exactly one of the edges in £;,,_, and no other colours are assigned to these edges.
Similarly, each of the >~ ;. g Tiire colours in U, ;1 pce Ci 4 1 assigned to exactly
one of the edges in £; ; , and no other colours are assigned to these edges. Thus,
since n; < ef = |E511_4| = €5 1140], we do not run out of sets in £ ,_, or £ ,,, by
(4.7).

(i) Each of the 237

of the edges in £;,, and no other colours are assigned to these edges. Thus, since

iiyea Tii colours in (g yce(Cis U C7;) is assigned to exactly one
no < €5 = |€7:1], we do not run out of sets in 441 by (4.8).

(iii) Let £ € {u+1,...,d}. Each of the >_, ;) 4 z¢; colours in ([, j)ce Cr;j and each of
the Z(il)@ x; e colours in U(z‘,é)e@ C}, is assigned to exactly one of the edges in &4 ¢
and no other colours are assigned to these edges. Similarly each of the Z(i,€)€<1> Tig
colours in (J; pyeq Ci¢ and each of the 37, o g ¢; colours in |, jycq O ; 18 assigned
to exactly one of the edges in £;,1,¢ and no other colours are assigned to these edges.

Thus, since g, = |Eq_¢| = |Eqr14¢|, we do not run out of sets in E;_y or 4144 by (4.9).

So the colouring 7y does indeed exist. We now extend 7, to the desired colouring v;. Note
that if k& = 3 this process will be trivial and v; will equal vy. Let A" be the set of all edges
in A that are not coloured by 7. Because vy has p colour classes, each containing two edges
in A, we have |A'| = | A| — 2p. Now |A| > p(k — 1) since |A| = a(u) and p < Q < F5a(u).
Thus |AT| > p(k—3). For each £ € {u+1,...,d} we have |ATNEy_| = |[ATNE4y14¢| by the
way we created 7o. Thus we can create a partition A* of A" into pairs such that for each pair
{E,E'} we have E € £;_4 and E' € Egy14¢ for some ¢ € {u+1,...,d}. We form v, from
7 by adding to each colour class the edges from % pairs in A% in such a way that no pair
is allocated to two different colour classes. This is possible because |A*| = 1[AT| > pi2.
We claim that v, has the required properties. To see this, note that |y, *(z)| = k for each
z € C because each colour class in 7y contained 3 edges and had k£ — 3 edges added to it
to form ;. Further, for each z € C and w € {1,2}, 3" deg)' () = kd + ! because

>owex, degl’(x) = 3d+2 and |[EN X, | +|E'NX,| = 2d+1 for each pair {E, E'} in A'. [

Next we show that @ is asymptotic to MMS(n, k). We shall require an easy consequence

of Stirling’s approximation (see [38] for example), namely that as x and y tend to infinity
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4.5. Proof of Theorem 4.1.4(a)

with y < 3,

:L,z+1/2

T
(y) ~ A(z,y) where A(z,y)= R R e (4.10)

Lemma 4.5.3. Let n and k be integers such that n — oo with n = k + 1 (mod 2k),
k=o(n), and k > 3 is odd. Then Q ~ MMS(n, k).

Proof. Observe that d — oo since k = o(n). Furthermore, as ¢ = 2d + 1 and r = 1 in this

case, we have

MMS(n, k) = ;(anﬂ). (4.11)

2d+2
k—1+ n—2d—1

Recall that (X, F) is a clutter with a(u) edges of size 2d + 1 and b(u) edges of size 2d + 2.
So, by the LYM inequality (see [15, p. 25]), a(u)/ (5, ,) + b(w)/(,,,) < 1 or, equivalently,

2d+1 2d+2

a(u) + 2525b(u) < (5 ,). Thus, because =5a(u) < b(u) by the definition of
0 <A o ! ( " >—MMS(n k)
Shk-1 T 14 22 \2d4+1) T

So it remains to show that @ > MMS(n, k)(1 — o(1)).
For technical reasons, we extend the definitions of a, b and e given at the start of this

section by defining a(—1) = (Qdil), b(—1) =0 and e_; = 0. Using the definitions of ) and

a7
_alu—1)—2¢g,
k—1 N k—1 ’

(4.12)

We will bound @ by bounding a(u — 1) below and applying (4.12).
We first show that

n

(2d +2)b(u — 1) = (n — 2d — 1) ((de

) ~a(u— 1)) ~(n—2d— 2u)enr.  (4.13)

We may assume u > 1 for otherwise u = 0, a(u — 1) = ('), b(u —1) =0, g,y = 0 and

2d-+1
(4.13) holds. Define

c=U¢&, where I={0,....d—u}U{d+u+1,...,2d+1}
i€l

D= €&, where I''={d—u+2,...d+u}
i€l

c=Ué¢&, where I={d—u+1,...d+u}.
iel

Thus we have C = (2;—(&-1) \C, [C| = a(u—1),|D| = b(u—1) and [C| = (,,},) —a(u—1). We

now count, in two ways, the number of pairs (S, B) such that S € C, B € D and S C B.
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4.5. Proof of Theorem 4.1.4(a)

e Each of the b(u — 1) sets in D has exactly 2d + 2 subsets in ( X ) and each of these

2d+1)
is in C, because no set in C is a subset of a set in D.

e Each of the (") —a(u — 1) sets in C has n — 2d — 1 supersets in (). For each

2d+1 2d+2)'
S € C\ (E4—ut1 UE4ry), all of these supersets of S are in D. For each of the 2¢,_;

sets S € Eq_ut1 U Eayu, exactly § — d — u of these supersets of S are not in D.
Equating our two counts, we see that (4.13) does indeed hold.
By definition of u, 7a(u — 1) > b(u — 1). Substituting this into (4.13) and solving for

=a(u — 1) we see

n n—2d—2u
a(u—1) > (2d+1) ~ Th—2d—1 Cu-1 (4 14)
kol k_1+nzd2ﬁl '

Substituting (4.14) into (4.12) and then manipulating, we obtain

n n—2d—2u n n—2d—2u 2d+2
Q> (2d+1) - n_22dd_21 Eu—1 o 2e 9 — <2d+1> T h2d—1 fu-17T 2(1 + (k—1)(n—2d—1))5u _9
2d+2 _ - 2d+2
k=14 2505 k-1 k— 14 202
(4.15)

Observing that the coefficients of ¢, ; and &, in the numerator of the final expression
above are clearly O(1) and that ¢, < €,-1 < €9, we see from (4.11) that (4.15) implies that
Q > MMS(n, k)(1—o0(1)) provided that gy = 0((2;11)). To see this is the case, observe that

o NA(%,d)A(%,d+l)<(A(%,d+%))2_\/ o ~ o = o)
Gy~ Am2den S Awedrn C VaesEnean Yy e T o

where the first ~ uses (4.10) and the last was obtained using n ~ 2dk. So the proof is
complete. O

We define the slack in an inequality f < g to be g — f. We will refer to this particularly
in the case of the constraints (4.7)—(4.9) and, in the next section, the constraints (4.17)—
(4.19). Note a candidate solution to an integer program is feasible if and only if the slack
in each of its constraints is nonnegative. Our next result shows that the optimal value of

Zin ) is close to Q.

Lemma 4.5.4. Let k > 3 and n > 2k be integers with k odd and n = k+1 (mod 2k). The

u) _ 2(d—utl)

optimal value of L,y is at least Q) — 2(2 "

Proof. For t € {1,...,u}, let 3; be the slack in the constraint of Z, ) given by setting
¢ = tin (4.7). Also let B, be the slack in the constraint (4.8) of Z, ). Similarly, for

t € {u+1,...,d}, let a; be the slack in the constraint of Z, ) given by setting ¢ = ¢ in

u) N 2(d—u+1).

(4.9). We will create a solution to Z, k) with objective value at least @ — 2(2 1
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4.5. Proof of Theorem 4.1.4(a)

We do this by beginning with the solution to Z, ) in which all the variables are 0 and

iteratively improving the solution. Each step of the iteration proceeds as follows.

(i) Take the existing solution. Let y be the largest element of {1,... ,u} for which

d—u+1

By = y if such an element exists. If no such element exists, let y = 0 if fy > 5

and otherwise terminate the procedure.

(ii) Let z be the largest element of {u + 1,...,d} for which a, > 0, where 6 = 1ify > 1
and 0 = 2 if y = 0. We claim that z exists, 2 > u + 2y and, if y > 1, then oy > 1 for
each (€ {z—2y+1,...,z2}.

(iii) If y > 1, increase the value of each of the y variables in {z,_; ,_,—; : 1 € {0,...,y—1}}
by 1. This results in j, decreasing by y, o, decreasing by 1 for each ¢ € {z — 2y +
1,...,z}, and all other oy and (3 remaining unchanged.

(iv) If y = 0, increase the value of the variable z, , by 1. This results in 3, decreasing by

1, a, decreasing by 2, and all other ay and 3, remaining unchanged.

Provided the claim in (ii) holds, it can be seen that this procedure will terminate with a

solution in which £y < kflrl and By < £ — 1 for each £ € {1,...,u}. As noted just below

Definition 4.5.1, twice the sum of the constraints (4.7) for ¢ € {1, ...,u} and (4.8) has the

objective function of Z, ;) as its left hand side and @ as its right hand side. Thus this

2(d—u+1)
k—1

solution will have objective value at least ) — 2(;) — since

d—u+1 U d—u+1

So it suffices to show that the claim in (ii) holds in each step.

Throughout the process none of the o, and (3, ever increase and thus the values of y and
z chosen at each step form nonincreasing sequences. Let a = Z?:u Lo and = > v Be-
At the beginning of the process, a = 3a(u) and § = 1Q and we have a(u) > (k — 1)Q by
the definition of (). Further, at each step of the process the reduction in « is exactly twice
the reduction in 5. So, because k — 1 > 2, at any step of the process a > (k — 1)5. Fix
a step and the values of y and z at this step. We will show the claim in (ii) holds for this
step by considering cases according to whether y = 0.

Case 1. Suppose that y > 1. Since n; > f, > 0, we have n; = ¢} for each { €
{1,...,y — 1} by our definition of ng,...,n}. Further, for each ¢ € {1,...,y — 1}, 5, has

not so far been decreased and hence 3, = n; = ;. Thus

a>(k-1)8=5e + (k—1) Z% (4.16)
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4.6. Proof of Theorem 4.1.4(b)

In particular « is positive and hence z exists. By our choice of z, ay = 0 for each ¢ €

{z+1,...,d}. Thus, if z < u + 2y then we would have

u+2y—1 u+2y—1
0< Y a< Y g
{=u+1 {=u+1

where the second inequality follows from the definitions of ¢, and ¢} using the fact that
d+1 < 3. But this can be seen to contradict (4.16) by first using & — 1 > 2 in (4.16)
and then applying 2y — 1 times the fact that ej, > ¢, for any integers ¢; and {5 with
0< ¥l </l <d+1. Soz=u-+2y. Finally note that, for any ¢ € {z — 2y +1,...,z2},
any previous step of the process which decreased the slack in oy also decreased the slack in
a, by an equal amount (namely 1). Thus, because at the start of the process ay, > «., this

still holds at the present step and hence oy > 1. So the claim is proved.

Case 2. Suppose that y = 0. Then 5y > d;ﬁl by our choice of y, so g > % and

hence o« > d — u + 1. So, by the pigeonhole principle, o, has slack at least 2 for some
¢ e {u+1,...,d}. Thus z exists, and z > u + 2y = u trivially. So again the claim is
proved. O

2(d—u+1)

In the above result, note that 2(;) + =5

is obviously O(d?) since u < d.

Proof of Theorem 4.1.4(a). This follows from Lemmas 4.5.2, 4.5.3 and 4.5.4, noting
that in the last of these our lower bound on the optimal value of the integer program
is Q — O(d?) and hence is asymptotic to @ because Q ~ MMS(n, k) and clearly d* =
o(MMS(n, k)). O

4.6 Proof of Theorem 4.1.4(b)

In this section we are interested in parameter sets (n, k) such that k£ is odd and n =k — 1
(mod 2k), in accordance with the hypotheses of Theorem 4.1.4(b). For a given parameter
set (n, k), our overall approach in this section is similar to that of the last section. In
Definition 4.6.1 we define an integer program Z, ;) and then, in Lemma 4.6.2, show that
we can use an optimal solution of Z, ) to construct an (n,k)-Sperner partition system
whose size is the optimal value of Z, ;). Next, in Lemma 4.6.3, we establish that an
obvious upper bound on the optimal value of Z, ;) is asymptotic to MMS(n, k) and we
then finally prove Theorem 4.1.4(b) by showing that, for k > 5, Z, x) achieves an optimal
value asymptotic to this upper bound. Our proof of this last result differs substantially

from the proof of the analogous result in Section 4.5, however.
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We do not retain any of the notation defined in the last section. Instead, we will redefine
most of it to suit our purposes here. Throughout we will let d be the integer such that
c = 2d, that is, such that n = (2d+ 1)k — 1. Again, we will construct our Sperner partition
systems on a set X = X; UX, where X; and X are disjoint sets such that | X;| = [X,| = 5.

For each nonnegative integer i, let

E={ECX :|ENXi|=4i|ENXs|=2d—i}
E={ECX:|ENX)|=i|ENXs|=2d+1—i}.

Note that the elements of &; are c-sets and the elements of &' are (¢ + 1)-sets. In fact,
when considered in terms of ¢, these definitions are the same as those given in the last
section although they appear different when phrased in terms of d. For each ¢ € {0,...,d},
define ¢, = (35) (gﬁ) and €, = (gﬁ) (di{ié) so that we have |Eg_y| = [Eqre] = &0 and
\E5_ ol = €514l = €;- Of the integers in {—1,...,d — 1}, let u be the largest that satisfies

(k — 1)a(u) < b(u) where a(—1) =0, b(—1) = (,,*,) and, for z € {0,...,d},

2d+1
x d
a(z) =0 +2> e and blz)=2 ) e.
/=1 l=x+1

Let @ = a(u) if a(u) is even and @ = a(u) — 1 if a(u) is odd. Also let

A:U&, where [ = {d —u,...d+ u}
el

B=J¢&, where I* ={0,...,d —u—1}U{d+u+2,...,2d + 1}.
il

We allow u to equal —1 in our definition above to ensure it is always well-defined. When
u = —1, we have that A is empty and Definition 4.6.1 and Lemma 4.6.2 below are trivial.
However our main interest in this section is in the regime where n is large compared to k&
and for these cases Lemma 4.6.3 below implies that © > 0 and the systems we construct
are nontrivial. Let 7 = AUB. As in the previous section, A contains c-sets and B contains
(c + 1)-sets but, unlike in the previous section, here the sets in .4 are more “balanced”
between X; and X5 than those in B. Obviously, no set in B can be a subset of a set in A.
Furthermore, no set in A can be a subset of a set in B because min{|ANX;|, |[ANX;|} > d—u
for each A € A and min{|B N X;|,|BN Xs|} < d—u —1 for each B € B. Thus (X, F)
is a clutter. Also observe that |A| = a(u) and |B| = b(u). Again, all of the notation just
defined is implicitly dependent on the values of (n, k).

We will construct a Sperner partition system using the sets in F. Note that each
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partition in such a system will contain one set from A and k — 1 sets from B and hence such
a system can have size at most ) + 1. Similarly to the previous section, our construction
here depends on finding up to @ disjoint triples of sets from F. Here, for each triple
{E\, By, B3}, we will have By € A, Ey, B3 € B and Y0, |E; N X,| = 3d + 1 for each

w € {1,2}. Again, we encode this task in an integer program.

Definition 4.6.1. For integers k > 3 and n > 2k with k odd and n = k — 1 (mod 2k),
define Ly, ) to be the integer program on nonnegative integer variables x; j for all (i,j) € @,
where

= {(i,j):u+1<i<j<dandj—i<u},

that mazimises 23 ; ;g Tij subject to

> migpe<e  forallle{l,...,u} (4.17)
(i,i+0)e®
> @iy < 350 (4.18)
(i,0)ed
S omi+ > wiy<e  forallle{u+1,...,d} (4.19)
£,5)e® (i,0)ed@
When v = —1 we have ® = () in the above and we consider Iy to be a trivial

program with optimal value 0. Again, taking each variable to be 0 in Z, ) satisfies all
of the constraints and hence a feasible solution exists. Also, twice the sum of (4.17) for
¢ € {1,...,u} and (4.18) has the objective function of Zy, s as its left hand side and
@ = 2[3a(u)] as its right hand side. Hence the optimal value of Z(, ) is at most @ and

once again each variable must be bounded above.

Lemma 4.6.2. Let k > 3 and n > 2k be integers with k odd and n =k —1 (mod 2k), and
let p be the optimal value of i, ). Then there exists a (n, k)-Sperner partition system with

p partitions.

Proof. The result is trivial if u = —1, so we may assume that v > 0 and hence A is
nonempty. Consider an arbitrary optimal solution {z;; : (i,j) € ®}. This solution has
objective value p where p < ). We will use this solution to create a partial edge colouring
of the clutter H = (X, F) with p colours and then apply Lemma 3.2.2 to construct a
Sperner partition system.

Note that any permutation of X, is an automorphism of H for each w € {1,2}. Define
a set of colours C' = J; )ce(Ci; U CY ), where [C; ;| = [C] ;| = z;; for each (4, j) € ¢ and
|C'| = p. By Lemma 3.2.2 it suffices to find a partial edge colouring ~; of H with colour set
C such that, for cach z € C, |7;'(2)| = k and Y,y degl'(z) = kd + %5 for w € {1,2}.
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We first create a partial edge colouring vy of H with three sets in each colour class which
we will later extend to the desired colouring ;. We create this colouring vy by beginning
with all edges of H uncoloured and then choosing certain edges to go in colour classes. We
first describe this process and then justify that we can in fact perform it to obtain .

For each (i,7) € ® one at a time in arbitrary order we proceed as follows. For each

z € C;; UC;; we assign colour z to three previously uncoloured edges:
* 3 .
e one from each of &, &5, ; and &y if 2 € C; 5 and
* * 3 !
e one from each of & ;, &7, and Eqyj; if 2 € O ;.

Because (7, j) € @, it can be checked that all the edges we colour are in F = AUB. Further,

observe that we will have > degl®(z) = 3d + 1 for each w € {1,2} and z € C.

’LUGXw
After this process is completed for each (i,j) € @, call the resulting colouring ~,. We
will be able to perform this process provided that we do not attempt to colour more than

|€;i| sets in &; for any ¢ € I or more than |E]| sets in & for any ¢ € I*.

(i) Let £ € {1,...,u}. Each of the 3, /) cq @ire colours in ;4 pcqp Ciive is assigned
to exactly one of the edges in £;_, and no other colours are assigned to these edges.
Similarly, each of the >~ ;. g Tiire colours in U, ;1 pca O i1 1 assigned to exactly
one of the edges in £;,¢ and no other colours are assigned to these edges. Thus, since
|€4—0| = |Ease| = €¢, we do not run out of sets in ;4 or E44p by (4.17).

(i) Eachof the 237 ; g @i, colours in (J; ;cs(Cii UCYT;) is assigned to exactly one of the

edges in &; and no other colours are assigned to these edges. Thus, since || = e,
we do not run out of sets in &; by (4.18).

(iii) Let £ € {u+1,...,d}. Each of the }>_, ;) g ¢ colours in ([, j)ce Cr; and each of
the > yeo Tie colours in (J; e Ciy 18 assigned to exactly one of the edges in &;_,,
and no other colours are assigned to these edges. Similarly, each of the Z(i 0ed Tit
colours in {J; 4 ce Cie and each of the 3, ;g T colours in o €y ; 18 assigned to
exactly one of the edges in £7,,,,, and no other colours are assigned to these edges.
Thus, since |E;_,| = €714 = €;, we do not run out of sets in £;_, or £;,,,, by

(4.19).

So the colouring vy does indeed exist. We now extend 7, to the desired colouring ~;.
Note that if & = 3 this process will be trivial and ~; will equal 7y. Let B be the set of all
edges in B that are not coloured by 7. Because 7y has p colour classes, each containing
two edges in B, we have |BT| = |B| — 2p. Now |B| > (k —1)|A| = p(k — 1) since |A] = a(u),
IB| = b(u) and p < Q < a(u). Thus |Bf| > p(k —3). For each £ € {u+1,...,d} we
have |[B'NE;_,| = |B'N &}, by way we defined 7y. Thus we can create a partition

Bt of B' into pairs such that for each pair {E,E'} we have E € &;_, and E' € &},
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for some ¢ € {u+1,...,d}. We form v; from 7y by adding to each colour class the
edges from % pairs in B* in such a way that no pair is allocated to two different colour
classes. This is possible because |Bf| = 1|B| > p“2. We claim that 7, has the required
properties. To see this, note that |y;'(2)| = k for each z € C because each colour class
in 7o contained 3 edges and had k — 3 edges added to it to form ~,. Further, for each
zeCandwe {1,2}, >\ degl'(z) = kd + %5 because >\ degl’(z) = 3d + 1 and
|E N X,|+|E' N X,| =2d+ 1 for each pair {E, E'} in B*. O

Next we show that @) is asymptotic to MMS(n, k). We do this in a different fashion to
the proof of Lemma 4.5.3, one that allows us to also obtain an estimate of u and some other
technical results that will be required in our proof of Theorem 4.1.4(b). Recall that the

error function, denoted erf, is defined for any real number x by erf(x) = \/%7 Jy exp(—t?) dt.

Lemma 4.6.3. Let n and k be integers such that n — oo with n = k — 1 (mod 2k),
k=o(n), and k > 3 is odd. Then
a) 5 ~ (k — 1)eg for each integer £ > 0 such that £ = O(v/d);
b) g~ ggexp(—5 e 1)52) for each integer £ > 0 such that £ = O(v/d);
) u~erf'(3)\/d(k —1)/k; and
(d) @~ MMS(n, k);
Proof. Let n = k—1 (mod 2k) be a positive integer. Observe that d — oo since k = o(n).
It will often be useful to note that n —2d = (2d + 1)(k — 1).
For each integer £ > 0 such that £ = O(+/d),

., n—2d-2

€ = g7 a5 25t~ (k= Der

where the equality follows by the definitions of €, and €} and the ~ follows because n —2d =
(2d +1)(k — 1) and £ = O(v/d). So (a) holds.
For each integer ¢ > 0 such that £ = O(v/d),

€ d2d+1(% _ d)n72d+1

a ~ (d _ g)d—“l/z(d + g)d+£+1/2(% —d - g)(m—l)/Q—d—é(g —d+ g)(n+1)/2—d+z

B 2 N2 (B g)? N (D/2dt g N2 n_g 2¢
_<d2—€2) ((g—d)2—€2> <d+€> Iy

d d—0+1/2 n_g (n+1)/2—d—t , 2¢ , 2¢
_<d—5z2> <%—d—n/21d€2> (1 1 [Ra——
~ exp (562) exp <m€2> exp (—§£2) exp ( 62)

k 2
= exp <—m£ >
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where the first line follows by applying (4.10) and simplifying, and the fourth line follows
by applying limit identities, remembering that n — 2d = (2d 4 1)(k — 1) and ¢ = O(V/d).
So we have proved (b). In particular, note that e, = O(g).

For any positive real constant x > 0, let u, = x+/d(k — 1)/k and note that u, = ©(/d).

Now,

Lus ]

a(lus]) =eo+2> &

(=1

L |
~ 50<1 +2)° exp( P 1)62))
=1

~ 2¢g (%QJ exp ( 62))
~ 20 /OUK exp( d(k - g2> drl
= g0/ Etdmerf(k)

rv(;>mﬂ@ (4.20)

where in the second line we used part (b) of this lemma and the definition of the function
a, in the fourth line we approximated the sum with an integral, in the fifth we changed the
variable of integration to ¢t = \/mﬁ and applied the definition of u,, and in the last
we applied (4.10) to ¢ and (2"d) and performed a routine calculation recalling n ~ 2kd. In
the first three lines, recall that u, = ©(v/d) and the terms of the sum are comparable and

hence each term is insignificant compared to the whole. On the other hand,

Lus ]

b(lu)) = (5 1) — 23 ¢

Lus ]

~<k—1>((§d)—2zw>

=0

mwk—n<;y1—aﬂ@) (4.21)

where the first line follows from the definition of b, the second using part (a) of this lemma
and the fact that (2d+1) = (k—1)(;,) since n —2d = (2d + 1)(k — 1), the third by the
definition of a and because any term of the sum is insignificant compared to the whole,
and the last by (4.20). Let rg = erf (). For any k < ko, using (4.20) and (4.21),
we have (k — 1)a(|ux]) < b(|ux]) and hence w > |u,| by the definition of w. Similarly,
(k — 1Da(|us]) > b(|us]) and hence u < |u,] for any k > ro. This proves (c). Finally, we
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have Q ~ a(u) ~ 3(;,) using (4.20) and the fact that u ~ w,, by part (c) of this lemma.

Since ¢ = 2d, r = k — 1 and n — 2d = (2d + 1)(k — 1) in this case, MMS(n, k) = 3(;,) and

the proof of (d) is complete. O

Lemma 4.6.4. Let n and k be integers such that n — oo with n = k — 1 (mod 2k),
k=o(n), and k > 5 is odd. Then the optimal value of Ly, ) is Q.

Proof. Observe that d — oo since k = o(n). For ¢t € {1,...,u}, let oy be the slack in the
constraint of Z, ) given by setting ¢ = t in (4.17), and let ay be the slack in constraint
(4.18) of Z(, y. Similarly, for t € {u+1,...,d}, let §; be the slack in the constraint of Z,
given by setting ¢ = ¢ in (4.19). Consider the candidate solution for Z, ) in which every

variable is 0 except

® Tyiitiguti—i = Eu—g; for each i € {0,..., %]},

® Tyiiyizu—i = Eu—2i—1 for cach i € {0,..., %3]},

® T|3u/2]+1,[3u/2]+1 = L%%J-
We claim that this is indeed a feasible solution with objective value (). Note that, for this
assignment, oy = 0 for each ¢ € {0,...,u}. Because twice the sum of the constraints (4.17)
for ¢ € {1,...,u} and (4.18) has the objective function of Z, ;) as its left hand side and
Q = 2[3a(u)] as its right hand side, this assignment has objective value . So it only
remains to show that 8, > 0 for each ¢ € {u + 1,...,d} and hence that the solution is
feasible. For each ¢ € {2u + 2,...,d}, (4.19) is clearly satisfied since its left hand side is
0. Furthermore, for each ¢ € {u +1,...,2u + 1}, it can be seen that at most two of the

variables contributing to the left hand side are nonzero. In fact, we have

Bouti—i = E5yi1_i — Eu—2it1 — Eu—2i for each i € {1,..., %]} (4.22)
Buti4i = Epy1ri — Eu—2i — Eu—2i1 for each 7 € {0, ..., L“T_zj} (4.23)
Bout1 = €341 — Eu (4.24)
Blau/2141 = €jsuj2+1 — €1 — 2| 5€0]- (4.25)

We now obtain two expressions which we will use to approximate, respectively, the
positive and negative terms in the expressions on the right hand sides of (4.22)—(4.25). For
each £ € {0,...,2u + 1}, we have from Lemma 4.6.3(a) and (b) that

8; ~ (k’ — 1)55 ~ (k‘ — 1)50 exXp (—ﬁfz) . (426)
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Also, for each ¢ € {0,...,u}, using Lemma 4.6.3(b) we obtain
g0+ o1 < 280 ~ 269 €Xp (—ﬁﬁ) . (4.27)

Using (4.26) and (4.27) it is not too difficult to establish that the expressions in (4.22)-
(4.25) are nonnegative in each case. We demonstrate how to do this in the case of (4.22),
where the expressions come closest to being negative.

Let i be an arbitrary element of {1,...,[%*]}. Using (4.22), (4.26) and (4.27) and

then factorising, we have

*
Bouri—i > Epypi_i — 26u—2i ~ (kK — 1)€auq1-i — 2642

)
k(2u+1—1i)? k(u—21)2
~ (k—1)egexp (—%) — 2gpexp <— ((1(k71)) >

= oo (M) (k-1 2o () )

(4.28)

The first exponential in (4.28) approaches a positive constant since by Lemma 4.6.3(c), we
know that u = @(\/E), so to prove that fo,11-; = 0 it suffices to show that the second
exponential approaches a constant strictly less that % Now

k(3u41—3i)(u+1+41) k(3u—2)(u+2) 3ku? —1/1y)\2
d(k—1) S T Nd(k—l)NB(erf ()

where the first inequality follows because (3u+ 1 — 3¢)(u + 1 +4) is maximised when i = 1
given that ¢ > 1, the first ~ follows because u = ©(v/d) and the second by Lemma 4.6.3(c).
Thus, because erf (1) < 0.477, it is easy to calculate that the second exponential in (4.28)
approaches a constant less than 1.98. Since k > 5, this is less than % Thus Boys1- = 0.
Very similar arguments show that the expressions in (4.23)—(4.25) are nonnegative in each

case. O

Proof of Theorem 4.1.4(b). This follows immediately from Lemmas 4.6.2, 4.6.3(d) and
4.6.4. -

It is of interest to note that as result of Theorem 4.1.4(b), the asymptotics of SP(n, k)
when k = o(n) is odd and n = k — 1 (mod 2k) are only unknown when k& = 3. We believe

the statement is still true in this case.

Conjecture 4.6.5. Let n be an integer such that n — oo with n = 2 (mod 6). Then
SP(n,3) ~ MMS(n, 3).
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In an attempt to find evidence supporting this conjecture, we observed that if we relax
one of the integer programs Z, ) to a linear program L, ), then the optimal value of
L nx) exceeds the optimal value of Z, ) by at most 2|®| < 2u(d — ). This is because a
feasible solution for Z, ;) can be obtained from an optimal solution for L, ) by simply
taking the floor of each variable. So clearly the two optimal values are asymptotic to each
other as n becomes large. Thus we implemented the linear relaxation L, ) in the linear
programming solver Gurobi [19]. We proceeded to solve L, 3) for all n =2 (mod 6) where
26 < n < 18000 (the program is trivial for n < 26), and in all cases the optimal solution
found gave an objective value that matched @) to at least 11 significant figures. Since
the objective value for L, 3) is asymptotic to the objective value of Z, 3), and in view of
Lemma 4.6.2 and Lemma 4.6.3(d), these calculations support our belief that the conjecture

holds.
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Chapter 5

Intersecting cross-Sperner families

5.1 Introduction

As previously mentioned in Section 2.3, Wong and Tay recently considered pairs of families
of sets such that each family is individually a Sperner set system and the pair of families is

cross-intersecting. They obtained the following result.

Theorem 2.3.6 ([41]). If n > 3 is an integer and F,G C 21" are Sperner set systems such
that |[F NG| >0 for all F € F and G € G, then

2(1,7 if n is odd
7+ 1] < & 2o / 05
(,7) + (n/gﬂ) if mis even.

Furthermore there are Sperner set systems F,G C 2" such that |F NG| > 0 for all F € F
and G € G and for which equality holds in (2.5).

In this short chapter we examine what can be thought of as the “dual” problem con-
cerning pairs of families of sets such that each family is individually intersecting and the
pair of families is cross-Sperner. A family F of sets is intersecting if F' N F' # () for all
F,F" € F. Recall that a pair (F,G) of families of subsets of [n] is cross-Sperner if F ¢ G
and G € F for all F € F and G € G. Thus an intersecting cross-Sperner pair on [n] is a
cross-Sperner pair (F, G) of families of subsets of [n] such that both F and G are both inter-
secting families. Note that it is not necessary for F or G to be Sperner families themselves,
and in most cases they will not. In this chapter we determine, for each positive integer n,

the maximum value of |F| 4 |G| for an intersecting cross-Sperner pair (F,G) on [n].

Theorem 5.1.1. If n is a positive integer and (F,G) is an intersecting cross-Sperner pair

on [n], then |F| + |G| < 2"7'. Furthermore, for each m € {0,...,2"7'} there is an
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intersecting cross-Sperner pair (F,G) on [n] such that |F|+ |G| = 2! and |F| = m.

It is of interest to recall that Gerbner et al. had previously considered the cross-Sperner
property in its own right in [16] . They obtained the following tight upper bound on the

value of |F||G] for a cross-Sperner pair on [n], which we restate for convenience.

Lemma 2.3.4 ([16]). Let n > 2 be an integer and let F,G C 2" If (F,G) is a cross-
Sperner pair, then |F||G] < 227

As observed in [16], the tightness of the bound above is witnessed for each n > 2 by
the cross-Sperner pair (F,G) where F = {F € 2"l : 1 € F'n ¢ F} and G = {G ¢
2 - 1 ¢ G,n € G}. Importantly for us, this is in fact an intersecting cross-Sperner pair.
These results immediately tell us that, for any n > 2, the maximum value of |F||G| over

22n=1 Qo we concentrate our

all intersecting cross-Sperner pairs (F,G) on [n] is exactly
attention on determining the maximum value of | F|+|G| over all intersecting cross-Sperner
pairs (F,G) on [n]. The example above shows that this maximum value is at least 2!
for all n > 2. By proving Theorem 5.1.1, we will show that this maximum is exactly
271 and, further, that it can be achieved with any choice of sizes of F and G such that

Fl+ 6] =2,

5.2 An upper bound on a wider class of pairs

Let F be a family of subsets of a ground set X. Let the up-set on X of a family of sets
F C 2% be the collection of sets FT = {S € 2X . S D F for some F € F}, and the down-set
of a family of sets F C 2% be the collection of sets F+ = {S € 2% : § C F for some F € F}.
We say that F is an up-set if 7T = F and that F is a down-set if 7+ = F. Note that
unlike the down-set, the up-set of a family depends on its ground set and we will clarify
what ground set we are considering whenever it may be unclear. Otherwise assume that
the up-set is on [n]. The down-set and up-set of a family F of sets are sometimes also
referred to as its ideal and filter respectively.

We first observe that we can use an approach similar to the one used in [16] to establish
an upper bound on |F| + |G| for a class of pairs (F,G) that is wider than the class of
intersecting cross-Sperner pairs. We begin with a simple observation that will be useful

throughout this chapter.

Lemma 5.2.1. If n is a positive integer and F is an intersecting family of subsets of [n],
then |F| < 2", Furthermore, for each m € {0,...,2"" '}, there is an intersecting family

F of subsets of [n] such that |F| =m and F is an up-set.
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Proof. For any intersecting family F of subsets of [n] and any F' € F, we have [n]\ F ¢ F.
This shows that |F| < 277!, To prove the second part of the lemma, we proceed by
induction on 2"~! — m. Let

Fo={Fe2:1¢eF}

and observe that clearly |Fo| = 2”1 and Fy is an intersecting family. Thus the second part
of the lemma holds for 2”1 —m = 0.

Now suppose that for some ¢t € {0,...,2""1} there exists a family F; of subsets of [n]
such that |F| = 27! — ¢ and F; is an up-set. Let Fi,y = F; \ {F;} where F; is a set of
minimum size in F;. The fact that F; is an intersecting family obviously implies that F;,q
is an intersecting family. Furthermore, the facts that F} is a set of minimum size in F; and

that F; is an up-set imply that F,,; is an up-set. O

As a consequence of this result, we have that |F| < 27! and |G| < 2"7! for any
intersecting cross-Sperner pair (F,G). We will establish an upper bound on |F| + |G| for
any (not necessarily intersecting) cross-Sperner pair (F,G) with |F| < 2" ! and |G| < 2"

Our proof of this bound, like the proof of Theorem 2.3.4 in [16], relies on two existing
results. The first is a simple observation about the so called meets and joins of cross-Sperner
families, while the second is the Ahlswede and Daykin inequality. We restate both here for

convenience.

Lemma 2.3.2 ([16]). Let n be a positive integer and let F,G C 2. If (F,G) is a cross-
Sperner pair, then the families F, G, F NG, and F V G are pairwise disjoint, where
FAG={FNG:FeFandGeG} and FVG={FUG:F € F and G € G}.

Lemma 2.3.3 ([1]). Let F,G C 2" for some integer n. Then
IFIIG] < |FAGIIF VG

Lemma 5.2.2. Let n > 2 be an integer and let F,G C 2. Assume |F| < 2" and
|G| < 2"°" and that (F,G) is a cross-Sperner pair. Then |F| + |G| < (4 — 2v/2)2" 1.

Proof. Assume without loss of generality that |F| > |G| and remember that |F| < 2"~ 1. If
F or G is empty, the bound trivially holds, so assume both are nonempty. Let X; = FAG
and Xo = FVG. Let t = |F|+ |G| and x = |X;| + | X2|. As a result of Lemma 2.3.2, we
know that F, G, X; and X, are pairwise disjoint because F and G are cross-Sperner, and

thus | X1| + | Xa| + | F| + |G| < 2™ or, equivalently

<2 —x. (5.1)
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As a result of Lemma 2.3.3, we have that |F||G| < |X1]|X2|. We also know that | X;||Xs| <
122 because by the definition of z, we have that % > 2% — (| X1| — | Xa|)? = 4|X1[|X].

We claim that |F||G| = |F|(t — |F|) = 2"t — 2" !). To see this, recall our earlier
assumptions that |F| > |G| = ¢t — |F| and |F| < 2"~ !, The inequality is obviously true for
t <271 so all that is left is to check when ¢t > 27!, Let a = |F|, b= |G| and 2" ! = a+c.
Sot=a+b>a+c Then

2"t —2"N =(a+c)((a+b)—(a+c))=(a+c)(b—c)=ab—cla—b) —c* < ab

with the final inequality following from the fact that —c(a — b) < 0 for a > b (which we
initially assumed), and so our claim holds.

So we have 2" 1(t — 2"71) < }le or, equivalently,

+2n (5.2)

Now if z < (v/2 —1)27, then t < (4 — 2v/2)2" ! by (5.2). Otherwise x > (v/2 — 1)2" and
t < (4—2v2)2""1 by (5.1). 0

5.3 Proof of Theorem 5.1.1

We now move on to proving our main result for the chapter. To do so, we first prove the
upper bound on |F| + |G| we require for Theorem 5.1.1. Our proof relies on the following
result of Erddés, Herzog and Schonheim on down-sets and their complements, where we
denote the complement of a family F of subsets of [n] by F = {[n]\ F : F € F} (see [11,
Theorem 1] for the full result).

Theorem 5.3.1 ([11]). Let n be a positive integer and let F C 2" be a down-set. Then
there exists a bijection o : F — F such that F C o(F) for all F € F.

Lemma 5.3.2. If (F,G) is an intersecting cross-Sperner pair on [n], then |F|+|G| < 2"

Proof. Suppose that (F,G) is an intersecting cross-Sperner pair on [n]. Note that F T is
an intersecting family because F is an intersecting family. It follows that FT is disjoint
from F1. Let H = 2"\ (FT U F1), and note that {F, FT,H} is a partition of 2. Our
proof is based on considering how F and G intersect the classes of this partition. Obviously
F C FT and, because (F,G) is a cross-Sperner pair, we have that G is disjoint from FT.
Thus G C FTUH.
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We first observe that for each H € H we also have that H € H and thus, because G is

an intersecting family, at most one of H and H is in G. Therefore,
GNH| < 5H|= 352" —2|FT) =2""" - |FT]. (5.3)

Now, observe that FT = (F)* and hence is a down-set. So, by Theorem 5.3.1, there
exists a bijection ¢ : FT — FT such that S C o(S) for all S € FT. Thus no set in
{¢7}(F): F € F} can appear in G because (F,G) is a cross-Sperner pair. Thus

GNFI < |FT\{¢7(F): F € FY| <|FT| — |F|. (5.4)

So, by first using the fact that FT and # are disjoint and then applying (5.3) and (5.4),
we have that

\Fl+ |G| = |F| +GNFH +[GNH| <2 0

Next, we show that the upper bound obtained in Lemma 5.3.2 is tight in the strong
sense indicated by Theorem 5.1.1. To do so we must first present a general construction of

intersecting cross-Sperner pairs (F,G) for which |F|+ |G| = 2" 1.

Lemma 5.3.3. Let n be a positive integer and s € [n]. Let R be an intersecting family on
[n—s] such that R is an up-set on [n—s] and Q be an intersecting family on {n—s+1,...,n}

such that |Q| = 257! and Q is an up-set on {n —s+1,...,n}. Then (F,G) where
F={QUR :Qec QR 2"\ R} and G={Q UR:Q e2instln\ 9 RecR}

is an intersecting cross-Sperner pair with |F| = 271275 —|R|), |G| = 2°7Y|R| and |F| +
6l 2.

Proof. It is clear from the definitions of F and G that |F| = 2571(2"* — |R]) and |G| =
21 R|, and hence that |F| + |G| = 2"7'. So it remains to show that both F and G
are intersecting families and that (F,G) is cross-Sperner. We can see that F and G are
intersecting families as @ and R are both intersecting families, respectively.

Now we proceed to show that the two families are cross-Sperner. If there were sets

F € Fand G € G such that F C G, then FN{n—s+1,....n} CGN{n—s+1,...,n}
contradicts the fact that Q is an up-set on {n—s+1,...,n}. Similarly if there were F' € F
and G € G such that G C F, then GN[n—s] C FN[n—s] and, since GN[n—s] € R

and F'N[n — s] € 2"\ R, this contradicts the fact that R is an up-set on [n — s]. Thus
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for any F' € F and G € G we have F Q G and G Q F. So (F,G) is indeed a cross-Sperner
pair. O

Observe that applying Lemma 5.3.3 with s = 1, R = {R € 2" : 1 € R} and Q =
{{n}} recovers the construction of Gerbner et al. that shows the tightness of Theorem 2.3.4.

We can apply Lemma 5.3.3 to prove the second part of Theorem 5.1.1.

Lemma 5.3.4. Let n be a positive integer. For each m € {0,...,2" 7'}, there erists an

intersecting cross-Sperner pair (F,G) on [n] such that | F| + |G| = 2"~ and |F| = m.

Proof. We may assume m > 2" 2 for otherwise we can simply exchange the roles of F
and G. Applying Lemma 5.3.3 with s = 1, @ = {{n}}, and R chosen to have cardinality
22—z for some x € {0,...,2" 2} produces an intersecting cross-Sperner pair (F,G) with
|F| = 2" 2+x and |F|+|G| = 2"~!. Thus it suffices to show that for each z € {0,...,2" %}
there is an intersecting family R, C 2[*~! such that |R,| = 2”2 — z and R, is an up-set
on [n — 1]. This follows from Lemma 5.2.1.

]

Proof of Theorem 5.1.1. This follows immediately from Lemmas 5.3.2 and 5.3.4. O
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Chapter 6

Cross-Sperner families with one

family size specified

6.1 Introduction

This chapter deals with the problem of finding the minimum size of ' U F+ when the
size of F is specified. For our purposes in this chapter it will be convenient to extend our
usual notation by letting [n] = () when n = 0. Let F be a family of subsets of a ground
set X. Recall from the previous chapter that FT={S C X : F C S for some F' € F} and
Ft= {S C X :SCF for some F € F}. Here we further define the closed neighbourhood
F¥ of F to be the family FT U F*+. For nonnegative integers m and n such that m < 2",
let
d(n,m) = min{‘]—"i‘ : FC 2l and |F| = m}.

For any nonnegative integer n it is clear that ®(n,0) = 0 and ®(n,2") = 2". Note
that this includes the trivial cases ®(0,0) = 0 and ®(0,1) = 1 which will be important as
base cases for a recursion. Also note that clearly ®(n,m) is nondecreasing in m. Our main
result in this chapter is to determine ®(n,m), for all nonnegative integers m and n such

that m < 2", by means of a recursive formula.

Theorem 6.1.1. Let m and n be nonnegative integers such that 0 < m < 2". Let a =

|log, m], and

a ifa=n (mod 2) ora=0

a—1 otherwise.
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Then ®(n,m) =m if m € {0,2"} and otherwise
B(n,m) = 2L/ 4 ol (4 _ g 4 15)
where t € [2¥] is the greatest integer such that m — 2% > ®(a/,t) + 2t — 1, and

5 1 if®d,t)=m—2 -2t +1

0 otherwise.

Although our determination of ®(n,m) is recursive in general, in some cases we are able

to give ®(n, m) explicitly.

Corollary 6.1.2. Let n and m be nonnegative integers with m € {1,...,2" — 1} and let
a = |logym|. Then ®(n,m) = 2[(+a)/21 L 2l(=a)/2lyy 1 if and only if a = 0 or
ea>1,a=n (mod2) and m < 2%+ 2%/21 4 2le/2] _ 1. or
>

ea>1,a#%n (mod2) and m > 20+ — 2Me+)/21 _glla+1)/2] 4 9,

One motivation for investigating ®(n,m) is the fact that it is closely linked to the
problem of finding the maximum size of G for a cross-Sperner pair (F, G) where the size of

F is specified. For nonnegative integers m and n such that m < 2", let
g(n,m) =max {|G| : F,G C 2" are cross-Sperner and |F| = m}.

The problem of finding values of g(n,m) was mentioned by Gerbner et al. in [16]. The

following proposition shows the exact link between ®(n, m) and g(n, m).

Proposition 6.1.3. For nonnegative integers m and n such that m < 2", we have g(n, m) =

2" — d(n,m).

Proof. Suppose F is a family of subsets of [n] such that |F¥ = ®(n,m) and let G =
2"\ F¥. Then (F,G) is a cross-Sperner pair and |G| = 2" — |F¥| = 2" — ®(n,m). Thus
g(n,m) = 2" — ®(n, m).

Now suppose that (F,G) is a cross-Sperner pair such that |F| = m and |G| = g(n,m).
Then F¥ C 2\ G and hence |F¥| < 2" — g(n,m). Thus ®(n,m) < 2" — g(n,m) or,
equivalently, g(n,m) < 2" — ®(n,m). O

Beyond the question concerning g(n,m), there are at least two further motivations
to study the quantity ®(n,m). The first relates to the isoperimetric problem which we

discussed in Section 2.5. Recall that the boundary Og(U) of a set of vertices U in a
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graph G is defined as 0g(U) = (U,cp Na(z)) \ U and that the isoperimetric problem
on G asks us to determine dg(m) = min{dg(U) : U C V(G),|U| = m} for a given
value of m in {0,...,|V(G)|}. For a nonnegative integer n, the Boolean lattice graph
B, is the graph with vertex set 2" and edge set {XY : X C Y for X,Y € 2"}, Note
that the hypercube @), is the spanning subgraph of this graph with edge set {XY :
X CVY,|X|=|Y|-1for X,Y €2} It can be seen that, for any family F C 2" we
have that F7 is exactly the disjoint union of F and dp, (F). Thus we can clearly see the

following proposition.

Proposition 6.1.4. or nonnegative integers m and n such that m < 2", we have 0g, (m) =

®(n,m) —m.

So determining the values of ®(n,m) also solves the isoperimetric problem for the
Boolean lattice graph. The relationship between g(n,m) and the isoperimetric problem
on the Boolean lattice graph was noted by Gerbner et al. in [16].

The second motivation for studying the quantity ®(n,m) relates to the Kruskal-Katona
theorem (see Section 2.4). Recall that the shadow A(F) of a family of k-subsets of [n]
is defined to be the family of all (k — 1)-sets that are a subset of at least one set in F.
The Kruskal-Katona theorem states that, over all families F of k-subsets of [n| with some
fixed size m, the size of the shadow A(F) of F is minimised when F is taken to be the
first m k-subsets of [n] in colexicographic order. Further, it is known that this same choice
of F also minimises the size of F¥. It is also known that the similar results are true for
V(F) and F' when one takes the first m k-subsets of [n] in lexicographic order. Thus
determining the values of ®(n, m) can be seen as proving a certain “two-sided” variant of
the Kruskal-Katona theorem in which F is allowed to contain sets of different sizes and
we are interested in minimising the size of F*. However, note that the previous discussion
means that it is not immediately apparent what families of a given size might minimise
|F¥. In [3] and [4], Bashov studied a different two-sided version of the Kruskal-Katona
theorem in which F remained restricted to contain sets of uniform size and the size of the
union of the shade and shadow (rather than the union of the up-set and down-set) was to

be minimised. His results were discussed in Section 2.5.

6.2 Preliminaries

Throughout this chapter, for nonnegative integers n and m we call a family of subsets F

of [n] with |F| = m an (n,m)-family. 1t is easy to determine ®(n,m) when m = 1 and,
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consequently, when m is close to 2". Part (i) of the lemma below was already observed in

[16], and the next two parts follow quickly from the first.

Lemma 6.2.1. Let n be a nonnegative integer. Then
(i) ®(n,1) =221 4 oln/2l _ 1.
(ii) ®(n,m) = 2" for each m € {27 — 2/"/21 —oln/2] L o on}.
(iii) ®(n,m) < 2" —1 for each m € {0,...,2" — 2"/2 —2lr/2] 1 1},

Proof. We prove each part separately.

(i). Let F be a subset of [n] and let k = |F|. Then {F}+ = 2% and {F}T = 2%, and
hence {F}? =2 +27=% — 1. Clearly the minimum value of 2¥ + 2"~* over k € {0,...,n}
is 2/7/21 - 217/2] and the result follows.

(ii). Suppose for a contradiction that, for some m € {27 —2"/21 —2ln/2 L 9 971 there
is an (n, m)-family F such that |F¥ < 2. Let G be a set in 2" \ ¥ and note that
{G}¥ C 2\ F. Thus [{G}*| < 2" — m, which contradicts (i).

(iii). By (i), there is a subset F of [n] such that {F}¥ = 2[/21 4 2l»/2] — 1 So, for
any m € {0,...,2" — 2"/l —2ln/2] 1 1} we can choose an (n,m) family G such that
G C 2\ {F}!. Then F ¢ G¥ and the result follows. O

We define the colexicographic order on subsets of [n] as follows. For two subsets F' and
Gof [n],wesay F < Gif FNn{i+1,...,n} =GnNn{i+1,...,n} for some i€ G\ F. Note
that this defines a strict total order on the subsets of [n] (of all sizes). We can then extend
this definition to families of subsets of [n]. For two families F and G of subsets of [n], we
say F<GUFN{Y Cn : X<Y}=GnNn{Y Cin] : X <Y} forsome X € G\ F.
This defines a strict total order on families of subsets of [n] (of all sizes). We write < when
we also wish to allow equality.

For a family F of sets, we say a set X € F is minimal in F if no set in F is a proper
subset of X and is mazimal in F if no set in F is a proper superset of X. We call a family
of sets F convex if FTNF+ = F. Equivalently, F is convex if, for any F}, F» € F and
any set X such that I} C X C F,, we have X € F. Our next lemma shows that if we are

attempting to find values of ®(n,m), then it suffices to consider convex families.

Lemma 6.2.2. For any (n,m)-family F, there exists a conver (n,m)-family G such that

GtcFtand G < F.

Proof. Assume that F = F+*N F'. Then F is convex and G = F is a suitable choice for
G. Assume that F # F+NFT, then there exists sets Fy, Fy € F and X € 2"\ F such that
F; C X C F,. We may further assume that F» is maximal in F. Let H = (F\ {F})U{X}
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and note H < F. Also H' = F ' because F} isin both F and H and {F,}T C {X}T C {F}T
since I} € X C Fy. Further, H+ C F+\ {F,} because {X}+ C {F,}+ since X C F; and
because F, ¢ H* since no proper superset of Fy is in F. It follows that H* C F¥ and
further that HTNH+ C (FTNF¥) \ {F}. Thus we can iterate this process and it will
eventually terminate with a convex family G C 2l such that G¥ € F¥ and G < F. O

Finally in this section we give a result that determines |F?| for convex families F that
contain a set which is a superset of every other set in F, also known as a maximum set.

This lemma allows us to give an upper bound on ®(n,m) that is sometimes tight.

Lemma 6.2.3. Let F be a convex (n, m)-family such that, for some £ € [n], we have [{] € F
and F C {[(]}*. Then

(i) |F¥ = 2" +m2"f —m;

(ii) |F¥ > 2l+a)/2l 4 maln=a)/2] 1 where a = [logy m)].

Proof. We first prove (i). Since F is convex, |F*| = |FT| 4 |F* — m. Since [{] € F and
F C [{]¥, we have | F¥| = 2°. So to prove (i) it suffices to show that | FT| = m2"~¢. For each
set F € Flet Up ={X C [n]: X N [(] = F} and note that [Up| = 2", Let U = JprUr
and note that the union is disjoint and hence that || = m2"~*. We will complete the proof
of (i) by showing that FT = Y. Clearly Y C F'. Let Y € F'. Hence FF C Y for some
F e F. Let I/ =Y N[l and observe that F' € F since ' C F’ C [{] and F is convex.
Thus Y € Upr C U and hence FT C U. So we do indeed have that FT = I and hence (i)
holds.

We now prove (ii). Let £y be an element of [n] such that 2¢ +m2"~* — m is minimal for
¢ = {4 and, subject to this, let £, be maximal. Then we have 20 4m2r—f0 < 2fo+l pon—to=1
and 200 4+m2n—to L 2=l 2o+l and from these it follows that 2%0—"~1 < 'm < 22—+l
Thus, by the definition of a, we have a € {20y — n — 1,2(; — n} and hence {y = [$(n + a)]

since £y is an integer. So the result follows by the definition of ¢, and part (i). O

Note that the set [¢] was the maximum set in F in Lemma 6.2.3. For any m < 2¢, it is
easy to construct an (n,m)-family satisfying the hypotheses of Lemma 6.2.3 by beginning
with [ﬁ]i and iteratively removing a minimal set until a family with m sets is reached. In
particular, we can construct an (n, m)-family that satisfies the hypotheses of Lemma 6.2.3
for ¢ = [1(n + a)] where a = [log,m|. Thus ®(n,m) < 2[(F0/21 4 maln=a/2l by
part (i) of Lemma 6.2.3, recalling that ®(n,m) = min {|F*| : F C 2[" and |F| = m} and
noting that | F¥| < |FT|4|F*|. As asserted by Corollary 6.1.2, we shall see that this bound

is sometimes tight.

82



6.3. Shifting

Example 6.2.4. For { =4 and m € {0,...,16}, we can construct an (n,m)-family satis-
fying the hypotheses of Lemma 6.2.3 by beginning with {1,2, 3, 4}% ordered as follows:

0,1,2,3,4,12,13,23, 14, 24, 34, 123, 124, 134, 234, 1234

and removing sets from the left until a family with m sets is obtained (note that each set

will be minimal as it is removed).

6.3 Shifting

We make use of a variant of the classical notion of shifting. Most significantly, our notion
differs from the usual one in that it allows sets to be replaced with sets of a different size.
For a family F of subsets of [n] and two nonempty disjoint subsets I and J of [n] we define,

for each F' € F,

(F\J)UI ifJCF,INF=0and (F\J)UIl¢F

F otherwise.

SI},—J(F) =

We further define Sy ;(F) = {S{,(F) : F € F}. Observe that |S; ;(F)| = |F|. If I = {i}
and J = {j}, this definition agrees with the conventional definition of a shift introduced in
Section 2.4.

Let F be a family of subsets of [n]. Recall from the last chapter that F denotes
{[n]\ F : F € F}, and for any set F' € F, we let I denote the set [n] \ F. Let p be the
permutation of [n] such that p(i) = n + 1 — i for each i € [n] and for a subset F' of [n], let
p(F) ={p(z): x € F}. The reverse of F is the family p(F) = {p(F) : F € F}. Obviously

|p(F)| = |F|. We prove a number of properties of complements, reverses and shifts.

Lemma 6.3.1. Let F be a family of subsets of [n] and I and J be disjoint subsets of [n].

Then
0 F'=F, F'=F wd F)'=FF
(i) p(F)=p(F), poFH=F)" oF)=F)", and p(F) = (p(F)*

(iii) SI,J(-’T) = SJ,I(]:)'

Proof. It is a simple exercise to prove (i) by noting that X C Y if and only if Y C X. The
properties in (ii) are immediate from the fact that p is a permutation of the ground set [n].

For (iii), we abbreviate S7; to S and S7; to §’. Let F' € F. Note that F N1 = {) if
and only if I C F, J C Fif and only if FNJ = (), and (F\ J)UI € F if and only if
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(F\I)uJ € F,since (F\J)UI = (F\I)UJ. Hence S(F) = F if and only if S'(F) = F
and when both S(F) # F and S'(F) # F we have

S(F)=(F\J)UI=(F\I)uJ=35(F).

Thus, S(F) = S'(F) for all F € F and we have St j(F) = S;(F). O

We now prove a result that shows that, under certain conditions, the size of the closed
neighbourhood of a family of sets is not increased when a shift is applied to the family.
This result is analogous to results for conventional shifts that are often used to prove the

Kruskal-Katona theorem (see, for example, [12]).

Lemma 6.3.2. Let F be a family of subsets of [n] and let I and J be nonempty disjoint
subsets of [n]. If Sp j(F) = F for all nonempty proper subsets I' of I and Sy y(F) = F
for all nonempty proper subsets J' of J, then
() (St (F)* C S1a(F*);
(i) (Sra(F)TC Sra(FT);
(iii) (Srs(F))* C Sra(FH);
(iv) (1. (F))¥ < I1FY.

Proof. (i). We abbreviate S7 ; to S and Sfj to S’. Suppose for a contradiction that there
is a set X in (S77(F))*+\ S;s(FY). Since X € (S;5(F))*¥, we have that X C S(F) for
some F' € F. We consider two cases according to whether S(F) = F.

Suppose first that S(F) # F. Then J C F, INF =0 and (F\ J)UI ¢ F. Further,
JNX =0 since X C S(F). We must have I € X for otherwise the set Y = (X \ I) U J
is a subset of I since X C S(F), and the fact that Y € F* contradicts our assumption
that X ¢ Sy ;(F*). We will show that X € F*+ and hence, since J N X = ), that we have
S'(X) = X contradicting X ¢ S; ;(F¥). If X NI =, then X C F and so X € F*. If
X NI # 0, then by our hypotheses and since I ¢ X, we have Sy ;(F) = F where I' = I\ X.
Thus (F\ J)U I’ € F, which implies that X € F+.

Now suppose that S(F) = F. Then X C F and therefore X € F+. So, since X ¢
S;.(F*), we must have S"(X) # X. So JC X, INX =0 and S"(X) = (X \J)UI ¢ F+.
The first of these facts implies that J C F' since X C F' and the last of these facts implies
that I ¢ F for otherwise S'(X) = (X \ J) U I C F contradicting S'(X) ¢ F*.

IfINF #0, then ) C I\ F C I and hence, by our hypotheses, Sy ;(F) = F where
I' = I\ F. Hence, we have that (F'\ J)UI = (F\J)Ul' € F,and so S"(X) = (X \J)UIl C
(F\ J)U I contradicts S"(X) ¢ F*+. So it must be that I N F = ) and, as shown earlier,
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J C F. Thus, since S(F') = F, it must be the case that the set (F'\ J)U[ is in F, but this
contradicts S'(X) = (X \ J)U I ¢ F+.
(ii). By using (i) and (iii) of Lemma 6.3.1 and applying (i) of this lemma, we have

S N =8, = (Su(F)* € S0 (F)Y) = S0 (FT) = S (FD)

and hence (Sr ;(F))" C Srs(FT). Thus (ii) follows from (i).
(iii). This follows immediately from (i) and (ii).

(iv). This follows from (iii) by noting that |S; ;(F¥)| = |F1. O

For establishing lower bounds on ®(n,m) it will be useful to consider a particular family
that we now define. For nonnegative integers m and n with m < 2", we define the canonical
minimal (n, m)-family to be the unique (n,m)-family F such that |F¥ = ®(n,m) and
F = G for each (n,m)-family G such that |G| = ®(n,m). This family is unique because
< is a total order on (n,m)-families. We proceed to show that a canonical minimal family

must be convex and invariant under certain shifts. For a family F of subsets of [n], we say

F is strongly shifted if Sy ;(F) = F for all I,.J C [n] such that max(/) < min(J).
Lemma 6.3.3. The canonical minimal (n, m)-family is conver and strongly shifted.

Proof. Let F be the canonical minimal (n,m)-family. Then F must be convex, for other-
wise by Lemma 6.2.2 there would be an (n, m)-family G such that |G¥| < |F}| and G < F,
and this would contradict the definition of F. Suppose for a contradiction that F is not
strongly shifted. Then there are subsets I and J of [n]| such that max(/) < min(J) and
Sr.(F) # F. We may further suppose that I and J have been chosen so that Sy ;(F) = F
for all nonempty proper subsets I’ of I and St ;(F) = F for all nonempty proper subsets
J" of J (note that we necessarily have max(/’) < min(J) and max(/) < min(.J")). Then by
Lemma 6.3.2, Sy ;(F) is an (n, m)-family such that |(S; ;(F))?| < |F¥. Furthermore, it is
easy to see that Sy j(F) < F since max(/) < min(J). So we have a contradiction to the
definition of F. ]

6.4 Standard form

We will see in the next lemma that any convex strongly shifted family F must have a
number of properties including that [s — 1] C F C [¢ + 1] for all F € F where s and ¢ are
the smallest and largest sizes, respectively, of a set in F. We introduce some notation to

help us describe such families. Let s, £ and n be positive integers with s < £ < n. We call
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a subset of [¢] \ [s] an (s, ¢)-pattern and define the (s, f)-pattern of a subset X of [n] to be
XN ([4\ [s]). We always consider a family P of (s, ¢)-patterns as a family on the ground
set [£]\ [s]. So, in particular, PT denotes the set of all subsets of [{] \ [s] that are supersets
of at least one set in P. We define the (s, £)-type of a subset X of [n] to be

10 ifseXandl+1¢ X
00 ifs¢g¢ Xandl+1¢ X
11 ifseXandl+1eX
01 ifs¢ Xand (4 1€ X.

We say a family F of subsets of [n] has (s, £)-pattern list (P10, Poo, P11, Po1) where Pig, Poo,
P11, Poy are the families of all patterns belonging to the sets in F with types 01,00, 11,01
respectively (note that Pig, Poo, P11, Por will not be disjoint in general). We say that a
family F with (s, £)-pattern list (Pio, Poo, P11, Po1) is in (s, £)-standard form if it satisfies

the following properties.

Note that a family F that obeys (SF1) is uniquely determined by its (s, ¢)-pattern list, as
each set is then uniquely determined by its intersection with [¢] \ [s] (its pattern) and its
intersection with {s,l + 1} (given by its type). When we are dealing with a family that
we have specified to be in (s, ¢)-standard form for particular values of s and ¢, the only
types and patterns we will be interested in will be (s, £)-types and (s, £)-patterns and so we

usually drop the (s, ) prefix.

Lemma 6.4.1. Let F be a strongly shifted and convex family of subsets of [n]. Then F is
in (s,0)-standard form where s and { are the sizes of the smallest and largest sets in F,

respectively.

Proof. Let (P, Poo, P11, Po1) be the pattern list of F. We will prove that F satisfies each
of (SF1)—(SF5) in turn.
(SF1). Suppose that F € [¢+1] for some F' € F. Because Sy ;(F) = F where I = [(+1]\ F
and J = F'\ [( + 1], we must have that (F'\ J)UI = [¢ + 1] is in F, a contradiction. Thus
F C [¢+1] for each F € F.

Now suppose that [s—1] € F for some F' € F. Because Sy ;(F) = F where [ = [s—1]\ F
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and J = F'\ [s — 1], we must have that (F'\ J)UI = [s — 1] is in F, a contradiction. Thus
[s — 1] C F for each F' € F.

(SF2). As F is strongly shifted and contains sets of sizes s and ¢, we have that [s] and [/]
are in F. Therefore, as F is convex [s] U P € F for all P C [{]\ [s] and so Py = 2l
(SF3). Let P be a pattern in Pyy and F' = [s — 1]U P be the corresponding set in F. Then
for any set @ such that P C Q C [/]\ [s], the set G = [s — 1] UQ is in F since F' C G C [{]
and F is convex. Thus Q) € Py. It follows that Pyg = POTO.

(SF4). Let P be a pattern in Py and F = [s] U P U {¢ + 1} be the corresponding set in
F. Then for any set @ such that ) C Q C P, the set G = [s]UQ U {¢+ 1} is in F since
[s] C G C F and F is convex. Thus Q € Pyy. It follows that Py = Pp.

(SF5). Let P € Py, F=[s —1]UPU{l+ 1} be the corresponding set in F and () be a
set such that P C @ C [(]\ [s]. Because Sy (F) = F where I = @\ P and J = {{ + 1},
the set (F'\ J)UI = [s —1]UQ is in F. This implies that Q € Pyo. So {P}T\ {P} C Poo.
By an analogous argument {P}+\ {P} C Py;. O

For an (n,m)-family F in (s, f)-standard form, we can determine |FT| + |F¥| exactly

in terms of the sizes of the families in its pattern list and their intersections.

Lemma 6.4.2. Let F be an (n, m)-family in (s, ()-standard form with pattern list (P1g, Poo,
P11, Por). Then |F¥ < |F1| 4+ |FY —m and |F1| + | F* is given by

2"+ 2°m+2" "1 (2|Pool + [Pl + [Pt l) —2°7" (21Pool + |Pot| + [Por| + 2 Pst | + 21P5)

where 'P&? = P()l \ (7)00 U 7)11), ,Pg? = 7)01 N (Poo \ PU), 7)&11 = 7)01 N (Pn \ 7)00) and
Pa1 = Por N Poo N Pr1.

Proof. We have |F¥ < |FT| + |FY — m since F € FT N F¥, so it remains to show
that |FT| + |F*| is as given in the lemma statement. Clearly Py is the disjoint union of
P, P8y, Poi and Pg;. We first show that

|FT =277 + 27712 Poo| + | P32 U PLY). (6.1)

For a pattern P and a subset A of {s,¢ + 1}, we say the pair (P, A) is up-covered if
[s—1JUPUA € F' By (SF1), [s—1] C F C [(+1] for all F € F, so F' contains exactly
the sets [s — 1] U P U AU B where (P, A) is up-covered and B C [n] \ [¢ + 1]. Therefore
|FT| = 2"~y , where u is the number of up-covered pairs. So to establish (6.1) it suffices
to show that

u =275 1 2P| + | Pof U Pot (6.2)
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As [s]U P € F for all patterns P by (SF2), the pairs (P, {s}) and (P, {s,{ + 1}) are up-
covered for each of the 27 patterns P. Also, the pair (P,0) is up-covered if and only if
P € PJ, as the sets in F that contain neither s nor ¢ + 1 are exactly those of type 00.
Finally (P, {¢ + 1}) is up-covered if and only if P € (Pyy U Pp;) " as the sets in F that do

not contain s are exactly those of type 00 or 01. So
u =2 4 [P+ [(Poo U Por) | = 257 4 [Poo| + |(Poo U Por) 7|

where the second equality follows by (SF3). So it suffices to prove that (Pyy U Py) " =
Poo U PL U PLL to establish (6.2) and therefore (6.1). Noting that P, \ Py C Poo by
(SF5) and PJ, = Pyo by (SF3), it follows that (Pyo U Po1)T = Poo U Py which is exactly
Poo U Pgf U Pyi by the definitions of Py and Pgi. So (6.1) does indeed hold.

Next we establish that

|F¥ =20 + 2571 (2[Puy | + | P U PY)). (6.3)

For a pattern P and a subset A of {s,¢ + 1}, we say the pair (P, A) is down-covered if
[s—1JUPUA € F* By (SF1), [s—1] C F C [(+1] for all F € F, so F* contains
exactly the sets ([s — 1]\ B) U PU A where (P, A) is down-covered and B C [s — 1]. Hence,
|F¥| = 2°~ v, where v is the number of down-covered pairs. By similar arguments to those

used for |F 1|, it can be shown that
v =27 P (P U Po) | = 270 4 2|Pu| + [Py U PG|

from which (6.3) follows.

That |FT|+|F*¥| is as given in the lemma statement now follows using (6.1) and (6.3) and
making the substitutions |Py;| = m—|Pio| — |[Poo| — |Po1l, |Poi| = [P+ PR+ |Piil+|Pgl
and |Pyg| = 2°7%. The first two of these substitutions are valid by the definitions of the
families involved and the last is valid by (SF2). O

It turns out that there are two critical cases for establishing ®(n, m). These involve a
convex (n, m)-family F in (s, ¢)-standard form with { =n — s or £ =n — s — 1. Our final
two lemmas in this section use Lemma 6.4.2 to give lower bounds on |F'}| in these two

situations.

Lemma 6.4.3. Let n be a nonnegative integer and let F be a convex (n, m)-family that is
in (s, {)-standard form with ¢ =n — s. Let t be the maximum integer in {0,...,2°°} such

that m — 275 > ®(0 —s,t) +2t — 1 and let § =1 if m — 25 = ®({ — s,t) + 2t — 1 and
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0 = 0 otherwise. Then
[FH > 2" 4+ 2% (m —t + 18) — m.

Proof. Let (P10, Poo, P11, Po1) be the pattern list of F and let Py, PSP, Pil, Pg be as

defined in Lemma 6.4.2. Since F is convex, using Lemma 6.4.2 and { = n — s we have
FH = F 4 [FH = m =274 (2° = Jm — 2771 (|PR] + |Poi | + 2( P51 1) -

This completes the proof if |P§| + [P + 2P| < 2t — §. So suppose for a contradiction
that |PY) 4 |PL| + 2|Pg| = 2t — 6 + 1. As F is in standard form, Py, \ Poy € Poo by
(SF5) and by definition P U Pg; C Pyo. Similarly, Poﬁ \ Po1 C P11 and Pl UPY C Py

Therefore
[Pool + [Pual = [P\ Posl + [P \ Ponl + [P+ P8 + 2P| > [P — [Porl +26 5+ 1

where the last inequality follows using our assumption and since the convexity of F implies

the convexity of Py;. Thus,
m— 205 = |Pool + [Pu| + |Por| = |Ph| + 2t —6+ 1>l —st—6+1)+2t—5+1

where the last inequality follows from the definition of ®, since 2|Pyi| = |PY| + [P} +
2|Pg,| = 2t — 6 + 1 by our assumption and hence |Py;| > t — 0 + 1. This contradicts the
definition of ¢ when § = 0 and contradicts the definition of 6 when § = 1. O

Lemma 6.4.4. Let n be a nonnegative integer and let F be a convex (n, m)-family that is

in (s,0)-standard form with ¢ =n — s — 1. Then
IFY > 2"+ 2°m —m.

Proof. Let (Pio, Poo, P11, Po1) be the pattern list of F and let P, P, Pl P be as

defined in Lemma 6.4.2. Since F is convex, using Lemma 6.4.2 and { =n — s — 1 we have
\FH = |FN +|FH —m=2""4(2° = L)m+ 2" (2|Poo| + [Po}] — [Por| — 2P51]) -

Thus we have the desired result because |Poo| > [P§Y| + |Pg| by the definitions of Pgy and
P O
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6.5 Proof of main result

Throughout this section assume that n,m € Z* with m € {1,...,2""! — 1}. Motivated by
Lemmas 6.4.3 and 6.4.4, define

A(n,m) = 200+)/21 | oln=a)/2l _
B(n,m) = 2L+0)/2 4 ofn=)/2 (s ¢ 4 16) = A(n,m) — 2/(n=0)/21=5/2)

where a = [log, m |,

a if a=n (mod 2) ora=0

a —1 otherwise,
t € [27] is the greatest integer such that m — 2% > ®(a/,t) + 2t — 1, and

1 if ®(a',t) =m —27 — 2t + 1

0 otherwise.

The aim is to prove that Theorem 6.1.1, which asserts that ®(n,m) = B(n,m) for
m € {1,...,2" — 1}. Note that Lemma 6.2.3(ii) asserts that |F¥| > A(n,m) under the
conditions it specifies. Note that B(n,m) = A(n,m) — 2[("=9/21(t — §/2), so B(n,m) <
A(n,m) whenever t > §/2. We now show that B(n,m) < A(n,m) in all cases, and

characterise when A(n,m) = B(n,m).

Lemma 6.5.1. Let n and m be nonnegative integers with m € {1,...,2" — 1} and let
a = |logym|. Then B(n,m) < A(n,m) with equality if and only if a =0 or
ea>1,a=n (mod2) and m < 2% 4 2[4/21 4 2le/2l 1. or

1

ea>1,a#n (mod?2) and m > 20+ — 2[a+1)/2] _olla+)/2] 4 9

Proof. Let d/, t and § be as in the definition of B(n,m). When a = 0, then m = 1 and
clearly t =0 and 6 = 0, so A(n,m) = B(n,m). So we may assume 1 < a < n.

Case 1. Suppose that a =n (mod 2). Then
A(n7m) o B(n,m) = 2(n70’)/2 (t _ %(5) )

So, since t cannot be 0 when 6 = 1, we have B(n,m) < A(m,n) with equality if and only
if t = 6 = 0. By the definition of ¢, we have ¢ = 0 if and only if m — 2% < ®(a,1). By
Lemma 6.2.1(1), this is equivalent to m < 2% + 2¢/21 4 2le/2) _ 7,
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Case 2. Suppose that a Z n (mod 2). Define b to be the element of {0,...,2% — 1} such
that m = 2% + 0. Then

A(n,m)— B(n,m) = 2mte=1/2 _gn=a=1)/2py, 4 oln=at)/2 (3 _ 15} = oln=a=/2 (21 — p — §).

We first prove that 2t > b+ ¢ and hence that A(n,m) < B(n,m) with equality if and only
if 2t =b+ 5. If t =291 then 2t > b+ d, since b < 2% — 1 and § < 1. Otherwise, by the
definition of ¢,

Pla—1,t+1)+2t=>m—2"1=2""14p. (6.4)

Since ®(a — 1, + 1) < 27! by definition, (6.4) implies that 2¢ > b. Further, if 2t = b then
Pla—1,t)+2t—1<2 2t —1=2""4b—-1=m—-2" -1

and hence 6 = 0. Thus 2t > b+ § and A(n,m) < B(n,m) with equality if and only if
2t =b+0.

Let mg = 2041 —20(@+1)/2] _2l(a+1)/2] 4 2 and ¢, = 2071 —2[(@=D/2 _2l(e=D/2] + 1 We will
complete the proof by showing that 2t = b+ ¢ if and only if m > my. By Lemma 6.2.1(ii)
and (iii), ®(a — 1,t) =2Vift > to+ 1 and ®(a — 1,t) < 271 — 1 if t < ty. Using these

facts and the definition of ¢y, we have

Bla—1,t04+ 1) +2(tg+1) —1=3-2071 —2lla+)/2l _gllat)/2] | 3 (6.5)
®(a —1,t) + 2t — 1 < 3-2071 — 2l@+D/21 _ollar)/2] (6.6)

Case 2a. Suppose that m > mg+ 1. We show that 2t = b + 0. By the hypothesis of
this subcase, m — 297! is greater than or equal to the right hand side of (6.5) and hence
t > to+ 1. So we have that ®(a — 1,¢) = 2*°! and hence by definition ¢ is the greatest
integer such that 2t < m — 241 =5b+ 1. So we have 2t = b and § = 0 if b is even and
2t =b+1and 6 =1if b is odd. Hence 2t = b+ 6.
Case 2b. Suppose that m < mg. We show that 2¢t = b+ ¢ if and only if m = my. By the
hypothesis of this subcase, m — 2%~ is less than the right hand side of (6.5) and so ¢ < t.
Further, if m € {mg, mo— 1}, then m —2%71 is greater than the right hand side of (6.6) and
sot =tgand 0 = 0. We separately consider the situations when ¢t = t5 and when t < tg— 1.
If t = ty then using b = m — 2% and the definition of ¢y, shows that b = 2t if m = my,
b=2tg—1ifm=mg—1, and b < 2ty — 2 otherwise. So, since we have seen that § = 0
when m € {mg, mg — 1}, we have that 2t = b + ¢ if and only if m = my.

If t <ty — 1 then, by the definition of ¢, we have m — 27! < ®(a — 1,¢ + 1) + 2¢. Since
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D(a—1,t+1) < P(a—1,t9) < 2% 1 —1, this implies 2t > b+ 1. Further, if § = 1, then by
the definition of § we have m — 2*~! = ®(a — 1,¢) + 2t — 1. Since ®(a — 1,¢) < 271 — 1,
this implies 2t > b+ 2. Thus 2t > b+ 4. O]

Form € {1,...,2"—1} we can now prove Theorem 6.1.1 by first showing that ®(n,m) >
B(n,m) and then showing that ®(n,m) < B(n,m).

Lemma 6.5.2. For nonnegative integers n and m with m € {1,...,2" — 1}, ®(n,m) >

B(n,m).

Proof. Let F be the (n, m)-canonical minimal family, let s and ¢ be the least and greatest
sizes of a set in F respectively. It suffices to show that |F*¥| > B(n,m). By Lemmas 6.3.3
and 6.4.1 F is convex and in (s, ¢)-standard form. Let a,a’,t and § be as in the definition
of B(n,m). We have 2°° < m < 27572 — 2, where the lower bound on m follows by (SF2)
and the upper bound follows by (SF1) and the fact that [s — 1] and [¢ + 1] cannot be sets
in F by the definitions of s and ¢. We consider two cases according to whether F C {[¢]} .
Case 1. Suppose that F C {[{]}*+. Then, since [{] is the only set of size ¢ in {[(]}*}, we
have that [¢] € F, and so by Lemma 6.2.3(ii) and Lemma 6.5.1 we have

|F¥H = A(n,m) = B(n,m).

Case 2. Suppose that F € {[¢(]}+. We first show that s € {n — ¢ — 1,n — (}.

Suppose for a contradiction that s > n — ¢ 4 1. Recall that p is the permutation of [n]
such that p(i) = n+1—i for each i € [n] and for a subset F' of [n], p(F') = {p(x) : x € F}.
By (SF1), F C {[s — 1]} T and hence we have that p(F) C {[n — s+ 1]}*+. So p(F) C {[{]}*
since s > n — £+ 1 and hence p(F) < F since F € {[(]}*+. This contradicts the definition
of F since |F¥| = |(p(F))}| by Lemma 6.3.1 (i) and (ii).

Now suppose for a contradiction that s < n — ¢ — 2. Then no set in F contains n by
(SF1) because s < n — ¢ — 2 implies ¢ <n —2. Let G = {FU{n}: F € F} and note that
|GT| = 1| FT|, that |G¥| = 2|F*|, and that G is convex because F is. So

FH = 1% = 1P| +1F4 = 167] = 16 = 31F | = |FH > 2 =24 > 0

where the second last inequality follows because {[s]} T € FT by (SF2) and F*+ C {[¢+1]}+
by (SF1) and the definition of ¢, and the last follows because s < n —£—2. So |G}| < |FY|
which contradicts the definition of F. So we do indeed have that s € {n —¢—1,n—(}. We
divide the proof into two subcases accordingly. In each case, note that a € {{ —s,l —s+1}

because we saw above that 2175 < m < 2=5+1,
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Case 2a. Suppose that s =n — ¢ —1. If a = n (mod 2), then a = ¢ — s + 1 and hence

s =132 If a #n (mod 2), then a = ¢ — s and hence s = "_‘21_1. So s = ["5*] and, by

Lemmas 6.4.4 and 6.5.1, we have

|FH > 2" 4 28m — m > 2l (2T ppol=al2 oy — A(n,m) > B(n,m).

Case 2b. Suppose that s =n — (. If a =n (mod 2), then a = ¢ — s and hence s = 52 If

a#n (mod 2), then a = £ — s+ 1 and hence s = 2=2. So we have that s = [%5¢]. Thus
by Lemma 6.4.3,

|FH > olntal/2] 4 olt=a)l21 (g — ¢ 4+ 15) —m = B(n,m). O

Lemma 6.5.3. For nonnegative integers n and m with m € {1,...,2" — 1}, ®(n,m) <

B(n,m).

Proof. Let a, ¢/, t and 6 be as in the definition of B(n,m). Let s = [%5%] and ¢ = [2$2],

and note that s =n — ¢ and ¢ — s = a/. We say a family of subsets of [n] is suitable if

e it is in (s, ¢)-standard form; and

e |Po1| =t, Po1 € Poo and |Po1 \ P11| = 0, where (Pio, Poo, P11, Po1) is its pattern list.
We will construct a suitable family F such that |F| = m. This will suffice to complete the
proof because then, if (Pio, Poo, P11, Po1) is the pattern list of F and Py, PeY, Poi, Pg, are

as defined in Lemma 6.4.2, we have

FH <27 4 (20 = m = 227 (1P| + 2(Pg )

=242 (m—t+16) —m

= B(n,m)
where the first line follows from Lemma 6.4.2 because ¢ = n — s and Py C Pyg implies
[P = [P = 0, the second line follows since |Py;| = t, Pig C Poo and |Po1 \ P11| = 6
imply |Pg,| =t — 0 and |Py;| = J, and the final line follows from the definitions of ¢ and s.
Hence ®(n, m) will be at most B(n,m) as required. So it suffices to show there is a suitable
family F with |F| = m.

Let mg = 2% + ®(¢ — s,t) + 2t. Note that we have

my—1<m<3-27°+1t (6.7)

and that 6 = 1 if and only if m = my — 1. The lower bound and the statement concerning
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d follow by the definition of ¢. The upper bound follows by the definition of @' = ¢ — s if
t = 27 and follows because m < 275+ ®({—s, t+1)+2t and ({—s,t+1) < 2075 if t < 2672,
Let Q be a convex family of subsets of [¢] \ [s] such that |Q| = ¢ and |Q}| = ®(¢ — s,1).
Such a family exists by the definition of ®(¢ — s,¢) and Lemma 6.2.2. Noting the bounds
on m given by (6.7), we divide the proof into two cases.

Case 1. Suppose that m = mg — 1. In this case § = 1 and hence t > 1. Take F to be
the unique family satisfying (SF1) with pattern list (Pio, Poo, P11, Po1) where Pig =[]\ [s],
Por = Q, Pyo = QF, Piy = Q¥ \ {4} and 4 is a maximal set in Q. It can be confirmed
that F is in (s, {)-standard form using the fact that A is maximal in Q. By definition,
|Po1| = |Q| =t, Por € Poo and |Po1 \ Pi1| = [{A}| =1 =46. So F is suitable.

Case 2. Suppose that m > my. In this case § = 0, so the condition |Py; \ Pi1| = 0 in
the definition of suitable reduces to Po; € P11. We complete the proof by showing via
induction on k that there is a suitable family of size k for each k € {my,...,m}.

For k = mg, we take F to be the unique family satisfying (SF1) with pattern list
(P10, Poo, P11, Por) where Py = 2\ Py = Q, Py = QF, Piy = Q. As in the case
above it can be seen that F is suitable.

Now suppose that £k € {my + 1,...,m} and that there is a suitable family F with
|F| = k — 1. Let (Pio, Poo, P11, Po1) be the pattern list of F. We will add a set to F to
obtain a suitable family F’ with |F’| = k in one of two slightly different ways depending
on whether Py = 214\l

If Poo # 2Nl then take F/ = FU{[s—1]UX} where X is a maximal set in 219\(\ Py,
So F' has pattern list (Pig, Poo U{X}, P11, Po1) . Obviously |F'| =k, and it can be verified
that F' is in (s, {)-standard form since F is and since X is maximal in 2\1\ Pyg. Then
it is easy to see that F’ is suitable, noting that Py; C Pyy.

If Pyo = 20\ then note that Pp; # 29\ since

Pyl + 2+t = |Fl=k—-1<3-2°+¢

where the first equality holds because |Poo| = |Pio| = 2% and [Py | = ¢ and the inequality
holds by (6.7). Take F/ = F U {[s — 1] U {s,f + 1} UY} where Y is a minimal set in
2lNEI\ Py So F' has pattern list (Pig, Poo, Pz U {Y'}, Po1) . Obviously |F'| = k, and
it can be verified that F’ is in (s, f)-standard form since F is and since Y is minimal in
20N\ [s] \P11. Then it is easy to see that F' is suitable, noting that Py; C Py;. This completes

the induction and hence the proof of the lemma. O

Proof of Theorem 6.1.1. If m € {0,2"} then it is clear that ®(n,m) = m. Otherwise
m e {1,...,2" — 1} and ®(n,m) = B(n,m) by Lemmas 6.5.2 and 6.5.3. O
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Proof of Corollary 6.1.2. By Theorem 6.1.1 we have that ®(n,m) = B(n,m) and by
Lemma 6.5.1 we have that B(n,m) = A(n,m) exactly in the cases given in the corollary

statement. ]

In Table 6.1 we use Theorem 6.1.1 to compute the values of ®(n, m) for n € {2,3,4,5,6}.
In the vast majority of these cases we have ®(n, m) = A(n, m), with the only exceptions as
follows. For n = 4, we have ®(n,m) = A(n,m) — 1 when m € {8,9}. For n = 5, we have
®(n,m) = A(n,m) — 2 when m € {15,16,17,18} and ®(n,m) = A(n,m) — 1 when m €
{14,19,20,21}. For n = 6, we have ®(n,m) = A(n,m) — 5 when m € {32,33}, &(n,m) =
A(n,m)—4 when m € {30, 31, 34, 35,36}, ®(n,m) = A(n,m)—3 when m € {29, 37, 38,39},
®(n,m) = A(n,m)—2 when m € {8,9,25,26,27,28,40, 41,42} and ®(n,m) = A(n,m) —1
when m € {24, 43,44, 45,46,47,48,49}.

In Table 6.2we also present, for n = 4 and each m € {0, ...,16}, a family F of subsets
of {1,2,3,4} such that |F| = m and |F¥ = ®&(n,m). We also include F¥ and the family
G = 28234\ FT that would maximise |F| + |G| under the condition that (F,G) is a

cross-Sperner pair.
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6.5. Proof of main result

m ®(2,m) ®3,m) D4,m) D(5,m) D(6,m)
0 0 0 0 0 0
1 3 ) 7 11 15
2 4 6 10 14 22
3 4 7 11 17 25
4 4 8 12 20 28
5) 8 13 21 31
6 8 14 22 34
7 8 15 23 37
8 8 15 24 38
9 15 25 39
10 16 26 42
11 16 27 43
12 16 28 44
13 16 29 45
14 16 29 46
15 16 29 47
16 16 30 48
17 30 49
18 30 50
19 31 ol
20 31 92
21 31 93
22 32 54
23 32 55
24 32 55
25 32 55
26 32 56
27 32 57
28 32 58
29 32 58
30 32 58
31 32 59
32 32 99
33 99
34 60
35 60
36 60
37 61
38 61
39 61
40 62
41 62
42 62
43 63
44 63
45 63
46 63
47 63
48 63
49 63
50 — 64 64

Table 6.1: Values of ®(n,m) for n € {2,3,4,5,6}.
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6.5. Proof of main result

(w'u)p = |y | pue w = || yeys yons {§ ‘¢ g 1} o syosqus jo 4 sorrurej jo so[dwrexy :z'9 o[qe],
{r'ez1}0 ez 1}C 91
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Chapter 7

Conclusion

There are still many questions left open related to our work with different “Sperner-like”
families.

The simplest question comes as a result of Theorem 4.1.4(b), where the asymptotics of
SP(n,k) when k = o(n) is odd and n = k — 1 (mod 2k) are only unknown when k& = 3.
We believe that in this case, the theorem statement is still true, giving us the following

conjecture which was discussed at the end of Section 4.6.

Conjecture 7.0.1. Let n be an integer such that n — oo with n = 2 (mod 6). Then
SP(n,3) ~ MMS(n, 3).

As per the discussion there, we have computational evidence which supports our belief
that this conjecture holds.

In Chapters 3 and 4, we established that SP(n, k) is asymptotic to MMS(n, k) in a very
wide variety of cases, with the main unresolved situation being when n is odd, k = o(n)
and k — r is bounded. It seems likely that addressing these unresolved cases will require
developing new constructions for Sperner partition systems. Throughout Chapter 3 and
Chapter 4, we provided explicit constructions for (n, k)-Sperner partition systems in cases
where n satisfied a particular divisibility condition (n needed to be even in Chapter 3 and
in Sections 4.5 and 4.6, and needed to be divisible by some fixed h in Section 4.3) and then
used Lemma 2.2.4 to construct all of the non divisible cases. We then proceeded to show
that the resulting systems had size asymptotic to MMS(n, k). When k — r is bounded, we
no longer have that MMS(n, k) ~ MMS(n + 1, k) as

MMS(n, k) k—r—1+ S8 i1 koo

MMS(n + 1, k) E—ppret) atl S k—r

n—c

which is bounded away from 1 since k£ — r is bounded. Thus systems constructed using
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Lemma 2.2.4 will not have a number of partitions asymptotic to MMS(n + 1, k). In spite

of this difficulty, we suspect the following conjecture to be true.

Conjecture 7.0.2. Let n and k be integers such that n — oo and k > 1. Then SP(n, k) ~
MMS(n, k).

The work in Section 4.4, as well as the work of Li and Meagher in [28], leads to the
obvious problem of determining SP(n, k) exactly for various (n, k) with n > k > 1. All of
the existing results are for cases where ¢ = 2, so it would be of great interest to find cases
where we can find an exact value for SP(n, k) when ¢ # 2. Even beginning to tackle this
problem has proven difficult. When ¢ = 2, a simple counting argument gives us that any
partition in a nontrivial (2k 4 r, k)-Sperner partition system must have at least k —r 2-sets,
and no sets of size 1. As soon as we fix ¢ # 2, even in the simplest case of ¢ = 3, we no
longer have a lower bound on the number of c-sets in a partition, nor can we easily bound
the number of sets of size less than or equal to ¢, making any attempt at proving that a
given construction is optimal all the more difficult.

Another major open problem related to Sperner partition systems concerns the structure
of extremal examples. Li and Meagher conjectured in [28] that for all integers n > k > 1,
there exists an almost uniform (n,k)-Sperner partition system with SP(n, k) partitions.
Recall that an almost uniform (n, k)-Sperner partition system is one in which all classes
contain either |n/k] or [n/k] elements. We also believe this conjecture to be true, as
supported by the fact that every construction for Sperner partition systems we present in
this thesis produces almost uniform Sperner partition systems. We attempted to prove this
conjecture in the special case of ¢ = 2, as we felt that knowing that there would always be
a minimum number of 2-sets in the system would be helpful, but even then we were unable
to make any progress.

As part of our work in Chapter 5, we presented a construction for a wide array of pairs
of intersecting cross-Sperner families that meet the bound given in Theorem 5.1.1. It would
be interesting to find other constructions for families meeting this bound or, on the other
hand, show that our construction gives every extremal family. It would also be of interest
to extend our result in Theorem 5.1.1 in a fashion similar to that of Tay and Wong, who
not only classified all possible Sperner cross-intersecting pairs that met their proven upper
bound, but also classified all pairs with one fewer set than this. Unfortunately, we suspect
that achieving a similar stability result for cross-Sperner pairs is unlikely due to the wide
range of extremal examples produced by Lemma 5.3.3, which are not necessarily exhaustive.

Theorem 6.1.1 gives exact values for ®(n, m), which we recall is the minimum size of | F |

over all families 7 C 2" with |F| = m. Although the values are recursively determined
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in general, Corollary 6.1.2 then goes on to identify a number of cases where ®(n,m) can
be explicitly stated. We are greatly interested in the possibility of extending this explicit
determination to other cases, perhaps even to all n and m. We have made some initial
progress in finding explicit lower and upper bound for ®(n,m), but there is still much work
to be done here.

We are also interested in determining if there exists a total order on subsets of [n] such
that, for each m € {0,...2"}, we have that |F¥| = ®(n, m) where F is the family containing
the first m subsets of [n] under the total order. Bashov proved that no such order exists for
the double sided shadow ([4]). We plan for this to be the subject of future investigation.

Another point of interest in our work in Chapter 6, is the introduction of a new extension
to the classical technique of shifting that allowed us to prove our main result. It is natural
to investigate if this technique would be of use to other problems. Such problems would

have to involve families of sets that are allowed to be different sizes.
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