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ABSTRACT

Two sets A and B are comparable if A C B or B C A. A collection of families
(Fi, Foy -+, Fr) € P([n])¥ is cross-Sperner if there is no pair i # j for which some F; €
Fi is comparable to some F; € F;. Two natural measures of the ‘size’ of such systems
are the sum ¢ | || and the product [[F, |Fi|. Let (n,k) be the maximum size of
the sum measure for a cross-Sperner system (Fi, - - - ,]-";;) € P([n])¥, and let w(n, k) be
the maximum size of the product measure for a cross-Sperner system (Fi,---, Fg) €
P([n])*. We prove new upper and lower bounds on (n, k) and 7(n, k) for general n and

k > 2 which improve considerably on the previous best bounds. In this thesis we prove
that i .
2" 1 2"
=) < E)y<|1+-) (=
(1) == (1) (Gr)

2"—%x/ﬁ+2(/g—1) < o(nk) < 2" —2/20(k — 1) +2(k — 1).

In particular, we construct a rich family of counterexamples to a conjecture of Gerbner,

and

Lemons, Palmer, Patkds, and Szécsi from 2011.

To prove these bounds, we exploit a connection between cross-Sperner systems and
the comparability number of a family of sets. Define the comparability number of a
family F C P([n]) to be the number of sets comparable to F. Then define ¢(n, m) to
be the minimum comparability number of a family F C P([n]) where |F| = m. We
prove that for 1 < m < 2",

c(n,m) > 2"* 1 /m —m.

This thesis includes joint work with Natasha Morrison, Natalie Behague, and Ashna
Wright.
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Chapter 1
Introduction and History

The focus of this thesis is extremal combinatorics. This area of mathematics concerns
maximizing or minimizing the size of discrete structures that satisfy certain conditions.
Many of these discrete structures are sets or families of sets. Here we consider problems
at the intersection of two main themes in extremal set theory: containment and multi-
family theorems. At the intersection of these two themes we find interesting and
exciting results, which we will explore in this thesis.

The results we focus on pertain to set systems, or subsets of the power set. We will
standardize our notation regarding sets and set systems here. The canonical way to
organize the sets comprised of numbers 1 up to n is the hypercube. Let [n] denote the
set of integers {1,2,--- ,n} and let P([n]) be the power set of [n].

Definition 1.0.1. The n-dimensional hypercube is a graph, denoted Q,,, where each
vertex is a set in P([n]) and there is an edge if and only if two sets differ in exactly
one element.

Figure 1.1: 3-dimensional hypercube

It is helpful to think of the hypercube as being divided into levels. The vertices are
organized into n+ 1 levels labeled 0 to n where level ¢ has all the sets of size i, of which



there are (7). The largest level of the hypercube has size (\_75;2 J) (see Figure 1.2). Let
([Z]) be the family of sets X C [n] such that | X| = k.

Figure 1.2: An n-dimensional hypercube without the edges. Notice that the largest
row is the middle row.

In order to place our results in context, we begin with an overview of the two
themes to which our results relate. In Section 1.1 we discuss containment and Sperner’s
Theorem. In Section 1.2 we discuss multi-family theorems. In Section 1.3 we state the
main results of this thesis.

1.1 Antichains and Sperner’s Theorem

We begin with Sperner’s Theorem which focuses on subsets of the hypercube where no
two sets are comparable.

Definition 1.1.1. Two sets A and B are comparable if AC Bor BC A. If Aand B
are not comparable, they are incomparable.

Example 1.1.2. The sets {1,3,5} and {1,3} are comparable since {1,3} C {1,3,5}.
The sets {1,2} and {2,3} are incomparable since {1,2} Z {2,3} and {2,3} € {1,2}.

Comparability is a relation that we can define on the sets of the power set. In
particular, the power set P([n]) is a partially ordered set, also known as a poset, with
the relation of comparability.



Definition 1.1.3. A partially ordered set is a pair P = (X, <) where X is a ground
set and < is a partial ordering on X that satisfies the following three conditions.

1. For all z € P, x < z (reflexive).
2. If z,y € P such that < y and y < z, then z = y (antisymmetric).
3. If z,y,2 € P such that + <y and y < z, then z < z (transitive).

This ordering is called ‘partial’ because not every pair of elements needs a relation
between them. It is easy to see that (P([n]),C) is a poset. There are many other
examples of posets, including (R, <) and N equipped with the relation of divisibility.

It is natural to ask how large a family F C P([n]) can be so that no two sets are
comparable. We call a family with this property an antichain.

Definition 1.1.4. A family F C P([n]) is an antichain if no pairs of distinct sets
A, B € F are comparable. This is also known as a Sperner family.

Example 1.1.5. The family {{1,2},{1,3},{4,5,6}} is an antichain.

Notice that if F C ([Z]), then F is an antichain since all the sets are the same

size. One of the first and central theorems in extremal set theory is Sperner’s Theorem
which answers the question of how large an antichain can be.

Theorem 1.1.6 (Sperner’s Theorem [39]). If F C P([n]) is an antichain, then |F| <
(Ln%J) with equality when F = (UE}}?J) or F = (DET/L]ﬂ)

As Sperner’s Theorem is so fundamental to extremal combinatorics, we present a
probabilistic proof here, inspired by [15]. In order to do so, we need to introduce a
dual notion to antichains — chains.

Definition 1.1.7. A family F C P([n]) is a chain if for every pair of sets A, B € F,
A and B are comparable. If F C P([n]) is a chain where |F| = k, then we call F a
k-chain.

Example 1.1.8. The family {{1},{1,2},{1,2,5,6}} is a 3-chain.
We can now prove Theorem 1.1.6 (Sperner’s Theorem).

Proof of Theorem 1.1.6. Let F C P([n]) be an antichain. Let o be a permutation of
[n] chosen uniformly at random. Define

CU = {@, {0(1)}’ {0(1)7 0(2)}7 {0(1)a 0(2)7 0(3)}7 ) [n]}
Notice that
DS {c()} €{o(1),0(2)} S{o(1),0(2),0(3)} - C[n],
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so C, is a chain. Define a random variable
X = |FnNC,l.

For each A € F, let
_J1ifAeC,
0 otherwise.
Thus X = > ,.»X4. Since C, is a chain, it contains exactly one set of size |A|.

Since the permutation was chosen uniformly at random, the probability that a given
set of size |A| is in C, is . So,
)

By linearity of expectation,

Ex] =Y

AcF <\Z\>

Since F is an antichain, we must have that X = |F NC,| < 1. To see this, suppose
X > 2. Then there are two distinct sets, say A, B € F, such that A, B € C,. But C,
is a chain, so A and B are comparable, contradicting that F is an antichain. Thus,

1> EX] = Y
AeF (IAl)
The binomial coefficient (}}) is maximized when k = [n/2], so
1 7]
1> N 2 Ty
2007 )
proving that |F| < (|_n72j)' O

Kleitman [25] and Katona [24] (independently) proved a generalization of Sperner’s
theorem.

Theorem 1.1.9 (Kleitman [25], Katona [24]). Let Si, Sy be a partition of a set S and
let A= {Ay, As, -, An} be a family of subsets of S. If no two distinct A;, A; satisfy

Aiﬂslejﬂsl aTLdAiﬂSQQAijQ
or,

AiﬂSlgAjﬂsl andAiﬂSQZAijQ,

then N < (Ln72J)'



Sperner’s theorem can also be generalized to bound the the size of a family with
no chain of length r, as done by Erdés in [13].

Theorem 1.1.10 (Erdés [13]). Let F C P([n]) be a family with no chain of length r.
Then | F| is at most the sum of the r — 1 largest binomial coefficients.

That is to say, the extremal family contains sets from as close to the middle layer as
possible. The case r = 2 is Sperner’s Theorem. Theorem 1.1.10 falls into the general
category of saturation results. In general, a family F C P([n]) is saturated with respect
to a certain property if adding any set X C [n] to F will destroy that property. In this
context, we consider families with no chain of a certain length.

Definition 1.1.11. A family F C P([n]) is a saturated k-Sperner system if F does
not contain a chain of length k£ + 1 and for every X € P([n]) \ F, F U{X} contains a
(k + 1)-chain. A family F C P([n]) is an oversaturated k-Sperner system if, for every
X € P([n]) \ F, the family F U {X} has more (k + 1)-chains than the original family
F.

Minimizing the size of a saturated and overstaturated k-Sperner system was first
studied by Gerbner, Keszegh, Lemons, Palmer, Palvolgyi, and Patkés in [17] where they
found upper and lower bounds on the minimum size of a saturated and oversaturated
k-Sperner system for certain values of n and k. In [33], Morrison, Noel and Scott
improved the upper bound for all values of n and k. Turdn problems have also been
widely studied. These problems focus on maximizing the number of edges in a graph
G that do not contain a copy of some graph H.

Given that we know the size of the extremal families with no k-chains, it is natural
to ask what happens when the size of the family is slightly bigger than the maximum
size of a family with no k-chains. Results of this kind are known as supersaturation
theorems. Kleitman [27] proved the following theorem.

Theorem 1.1.12 (Kleitman [27]). Let F C P([n]) be such that |F| = (Ln’r/]éJ) +t for
some t > 0. Then F contains at least t["F1] 2-chains.

Moreover, he showed that the minimum number of 2-chains in a family is obtained
by choosing sets of size as close to n/2 as possible. Kleitman went on to conjecture
that the same families minimize the number of k-chains. This conjecture has remained
open for over 50 years. Independently, Das, Gan, and Sudakov [10] and Dove, Griggs,
Kang, and Sereni [12] showed that the conjecture is true if the size of the family is at
most the size of the k& middle layers of the hypercube. Balogh and Wagner [4] proved
that the result holds asymptotically. Recently, the conjecture of Kleitman has been
resolved fully by Samotij [37].

Maximizing the number of 2-chains has also been studied. For a family F of size
m, the number of 2-chains is at most (Z‘), with equality when F is an m-chain and
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m < n+1. In [11], Daykin and Frankl showed the the maximum number of comparable
2

where almost all pairs are comparable. The extremal families are ‘towers of cubes’,

pairs in a family of size m = 2°™ is (1 + o(1))("). That is, there are large families
which can be visualized as subcubes stacked tip-to-tip in the hypercube. Alon, Das,
and Glebov [1], considered the two family version of counting the number of 2-chains.
Let F,G C P([n]) be two families. They proved that if | F||G| = n92", then the number
of comparable pairs (F,G) € F x G is at most 2-%3%| F||G|.

Another well-known problem in extremal combinatorics is Dedekind’s Problem.
This is the problem of counting the antichains in P([n]). There are at least AR
antichains, as every subchain of ( ] ) is an antichain. An upper bound of 3(L"7/L2J) was

[n/2]
proved by Hansel in [21]. Kleitman in [29] improved the upper bound to 9(+o)((.2))

by partitioning P([n]) into particular chains.

In combinatorics, it is often interesting to incorporate randomness into discrete
structures. The random version of Sperner’s theorem has inspired many results. Let
P([n],p) be a random family obtained by including sets of P([n]) independently with
probability p. Rényi [36] introduced this model and gave a threshold for when P([n], p)
is not an antichain. Osthus [34] considered the size of the largest antichain in P([n], p).
He proved that as pn/logn — oo, asymptotically almost surely, the size of the maximal
antichain in P([n],p) is (1 + 0(1))p(tn72 j)' That is, the largest antichain is asymptot-
ically the same as the expected number of sets of size |n/2] in P([n],p). Balogh,
Mycroft, and Treglown in [3] used the hypergraph container method [2] to give the

exact values of p for which the largest antichain is (1+o(1))p(, ", ). A random gener-

[n/2]
alization of the largest family with no chain of length r has also been studied. Collares
and Morris [9] showed as pn — oo, asymptotically almost surely the largest family in

P([n], p) with no r chain has size (k — 1+ 0(1))p(Ln72j)'

1.2 Multi-Family Theorems

Two family theorems generalize many of the classical results in extremal combinatorics
by extending them to multiple families. Given two families F,G C P([n]), it is natural
to study when these two families satisfy some relationship between them. There are
many ways to measure the ‘size’ of multiple families. One is to measure the sum
|F|+|G|. Another common measurement of size is the product |F| x|G|. In this section
we discuss some of the multi-family theorems that have been studied. Generalizing
results from single families to multiple families originated from the study of intersecting
families. In order to provide some context, we give a brief overview of intersecting
family theorems.



1.2.1 Intersecting Families

The property of intersection is related to the property of containment. Intersection
requires that only part of a set be contained in the other, where as containment requires
that the full set be contained in the other.

Definition 1.2.1. A family F C P([n]) is intersecting if for every pair X,Y € F,
XNy #0.

Example 1.2.2. The family

{{1,2,3},{2,3,4},{1,2},{1,3}}

is an intersecting family, as every pairwise intersection is non-empty.

An intersecting family F C P([n]) always satisfies | F| < 2"~!. To see this, suppose
| F| > 2"~1. Then, by the pigeonhole principle, there must exist X € P([n]) such that
X and [n]\ X € F. But XN([n]\ X) = 0, contradicting the fact that F is intersecting.
This bound can be achieved by letting

F={XC[n|:1e X}

It is perhaps more interesting to consider intersecting families F C ([Z]). The Erdés-Ko-

Rado Theorem [14] is the first major theorem regarding intersecting families F C ([Z]),

and gives a bound on their size.

Theorem 1.2.3 (Erdés-Ko-Rado [14]). If n and k are integers satisfying n > 2k, then

every intersecting family F C ([Z]) satisfies | F| < (Zj)

This is a tight bound. If we let F = {A C [n] : 1 € A}, then F is an intersecting

”_1). Notice that if n < 2k, then any two sets in ([Z]) have nonempty

). We can also consider

family with size (k_l

intersection, so the intersecting family can be larger then ("_1

k—1
families where the size of the intersection is bounded.

Definition 1.2.4. A family F C ([Z]) is t-intersecting if |[FFNF'| > t for all F, F' € F.

Wilson [40], building on the work of Frankl [16], gave the exact bound on the size
of t-intersecting families.

Theorem 1.2.5 (Wilson [40]). If F C ([Z}) is a t-intersecting family and n > (k—t+
1)(t+1), then |F| < (77}).

This bound is tight. Fix a set X C [n] such that |X| =¢. Then let
F={YUX:YCn\X,|Y|=n—t}

7



so |F| = (Z:;)

A different generalization of intersecting families is almost intersecting families.

Definition 1.2.6. A family F is (-almost intersecting if for every F' € F, the number
of G € F whose intersection with F' is empty is /.

Notice that if £ = 0, F is an intersecting family. In [18] Gerbner, Lemons, Palmer,
Patkos, and Szécsi give an upper bound on the size of an f-almost interesecting fam-

ily.
Theorem 1.2.7 (Gerbner, Lemons, Palmer, Patkds, Szécsi [18]). If F C (["}) is a

k
(-almost intersecting family where £ > 0, then |F| < 6(2:;).

1.2.2 Cross-Intersecting Families

We can now continue our discussion of the multi-family version of intersecting families.
Kleitman made the generalization to cross-intersecting families in [28].

Definition 1.2.8. If F = {F,Fy,--- ,F,} and G = {G1,Gs, -, G} satisfy the
condition that for every 1 <i<kand1<j </ F,NG; #0, and F;, # G, then F
and G are cross-intersecting.

Example 1.2.9. If
F = {{17 2}? {1’ 27 3}’ {1’ 274}}
and

g= {{1}7 {17 3}7 {17 4}}7

then every set in F has non-empty intersection with every set in G. Thus F and G are
cross-intersecting.

Kleitman [28] gave the first bound on maximizing the sum of cross-intersecting
families.

Theorem 1.2.10 (Kleitman, [28]). If F C ([Z]) and G C (M) are cross intersecting

¢
where k + ¢ < n, then |F| < (Zj) or |G| < (2:11)

It is also natural to consider maximizing the product of cross-intersecting families,
as done by Pyber [35].

Theorem 1.2.11 (Pyber, [35]). If F,G C P([n]) are cross-intersecting families satis-
fying the conditions
FinG; #0, |Fl<k |G <t

for all F; € F and G € G then



i |FIIGI < (32) (3-)) when k> € and 2k + € — 2 > n;

ii. |F|G| < (”_1)2 when k =€ and 2k < n.

k—1

This bound was improved a few years later by Matsumoto and Tokushige [32] by
making the restriction on the size of k and [ sharp. They proved the following theorem.

Theorem 1.2.12 (Matsumoto, Tokushige [32]). If F C ([Z}) and G C ([’Z]) are cross-

intersecting with n > 2k and n > 2(, then |F||G] < (7-1) (_})-

1.2.3 Other Multi-Family Theorems

Many other two family theorems exist, including the Bollobas and Lovasz two families
theorems. The Bollobas two families theorem [8] was originally used to prove a result
on saturated graphs. The theorem is as follows.

Theorem 1.2.13 (Bollobas [8]). Let Ay, Ag, -+, Ay, € ([’:]) and By, By, ,B,, € ([Z])
satisfy the following two properties:

i. Ay B; =10 for all i,
iw. A;NB; £ 0 for alli#j.
Then m < (Hr's).

This bound is tight. Let n = r+s. Take Ay, As,--- , A, to be all the sets in ([T:fs])
and B; = [n] \ A;. Then m = ([Tjs}), A;NB;=An(n)\ A) =0, and A; N B; # 0.
The Lovasz two families theorem is a skewed version of Theroem 1.2.13.

Theorem 1.2.14 (Lovész [31]). Let Ay, Ay, -+ | A, € ([:f]) and By, By, -+ ,B,, € ([Z])
satisfy the following two properties:

1. Az N Bz = (Z) fOT all i,
ii. A;NB; £ 0 for all j <.
Then m < (Tjs).

Theorem 1.2.14 is useful in proving results on weak saturation of graphs.

1.3 Main Results

The main results in this thesis all relate to cross-Sperner families. The study of cross-
Sperner families lies at the intersection of the study of containment and multi-family
theorems. While they were first introduced in the 1970’s, there has been recent interest
in these structures.



Definition 1.3.1. A pair of non-empty families (F,G) C P([n])? are cross-Sperner if
for all pairs F' € F and G € G, F' and G are incomparable.

Example 1.3.2. Let F,G C P([5]) where

F={{1},{1,2},{1,3},{2,3}}

and
G ={{5},{3,4},{2,5},{3,5}}.

Then F,G are cross-Sperner.
Seymour gave the first result on cross-Sperner families.

Theorem 1.3.3. (Seymour’s Theorem [38]) Let F,G C P([n]) be cross-Sperner fami-
lies. Then, |F|Y? +|G|Y/? < 2M/2.

We can extend the notion of cross-Sperner to k families.

Definition 1.3.4. For k£ > 2, a collection of non-empty families (Fi, Fa, -, Fr) C
P([n])* is cross-Sperner if, for all i # j, the sets F; and F} are incomparable for any
F, € F, and F; € F;. We may also write that (Fy, Fa,---,Fy) is cross-Sperner in
P([n]).

Example 1.3.5. The system

Fl = {{17 3}7 {37 4}7 {17 374}}7
F2 = {{17 2}7 {27 4}7 {17 274}}7
F3 = {{273}}

is a cross-Sperner family in P([4]).

Let (Fy, Fa, -+, Fk) be cross-Sperner in P([n]). There are several natural measures
of the ‘size’ of such a family. These include the sum S°F_, | 5|, the product ], |Fi|, or
the sizes of the individual families. The general study of these quantities was initiated
by Gerbner, Lemons, Palmer, Patkés, and Szécsi [19], who essentially proved best
possible bounds on cross-Sperner pairs of families. Two of the main goals of this thesis
are to prove bounds on the size of the product and the sum of a cross-Sperner system
with k > 3 families. For the product, define

k
7(n, k) := max {H \Fi| o (Fi, Fa, -+, Fi) is cross-Sperner in P([n])} :

i=1

10



For the sum, define

k
o(n, k) := max {Z |\ Fi| « (Fr, Fa, - -+, Fi) is cross-Sperner in P([n])} :

i=1

Note that if we allowed empty families in a cross-Sperner system, then o(n, k) = 2"
by taking one family to be P([n]) and the remaining families to be empty. Any cross-
Sperner system with an empty family would have a product measure of zero. For this
reason, we define cross-Sperner systems to have non-empty families.

We will prove the following upper and lower bound on the maximum product,
m(n, k), of a cross-Sperner system.

Theorem 1.3.6. Let n and k > 2 be integers. For n sufficiently large,

(g)k < 7(n, k).

Theorem 1.3.7. Let n and k > 2 be integers. Then

on\ k[ g | /20 g TR/2]
”““’“)S(ﬁ) H H '

And finally, we will prove a lower and upper bound on the maximum sum, (n, k),

of a cross-Sperner system.

Theorem 1.3.8. Let n, k be integers with n > 2k. Then

2”—%\/ﬂ+2(k—1) < o(n k) < 2" =2y/27(k — 1)+ 2(k —1).

In order to prove Theorems 1.3.7 and 1.3.8, we exploit the connection between cross-
Sperner systems and comparability. Notice that if F,G C P([n]) are cross-Sperner,
then every set in G is incomparable to every set in F. Suppose |F| = m. Then

| F| + |G| < m+ 2" — (# of sets comparable to F).

If we knew the minimum number of sets comparable to a family F C P([n]) of size m,
this would give an upper bound on the sum of cross-Sperner pairs. We define ¢(n, m)
to be the minimum number of sets comparable to a family F C P([n]) where |F| = m.
We prove the following lower bound on ¢(n, m).

Theorem 1.3.9. For1 < m <27,
c(n,m) > 2"* 1 /m —m.

11



In Chapter 2, we discuss minimizing the comparability number and prove Theorem
1.3.9. In Chapter 3, we prove Theorem 1.3.6 and 1.3.7 on the maximum product of
a cross-Sperner system. In Chapter 4, we consider the sum of a cross-Sperner system
and prove Theorem 1.3.8. In Chapter 5 we give some concluding remarks and open
questions. This thesis contains joint work with Natalie Behague, Natasha Morrison,

and Ashna Wright (see [7]).
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Chapter 2
Minimizing Comparability

2.1 Introduction

2.1.1 Intuition

In this chapter we consider a natural question regarding comparability. Recall the
definition of comparability.

Definition 1.1.1. Two sets A and B are comparable if AC Bor BC A. If Aand B
are not comparable, they are incomparable.

Our question is as follows.

Question 2.1.1. Suppose F C P([n]) such that |F| = m. What is the minimum
number of sets that F is comparable to?

Not only is this a natural question that is interesting in its own right, but under-
standing the minimum number of comparable sets will be useful to prove Theorems
1.3.7 and 1.3.8. For a given family F C P([n]), we call the number of sets comparable
to F the comparability number.

Definition 2.1.2. Given a family F C P([n]) define the comparability number of F
to be
c(n,F) = |{X C[n]: X is comparable to some A € F}|.

When the setting is clear from context, we may write ¢(F) for ¢(n,F). If F = {F},
for some F' C [n], we may write ¢(F) for ¢(F).

Example 2.1.3. Consider the set {1,2} € P([4]). The comparability number of {1, 2}
is 7. The sets comparable to it are

0,{1},{2},{1,2},{1,2,3},{1,2,4},{1,2,3,4}.
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Our goal is to minimize c¢(n,F) over all families of size m. For this we need the
following definition.

Definition 2.1.4. Let

c(n,m) = fgléln}) c(F).
|Fl=m

If 7 C P([n]) is a family of size m such that ¢(F) = c¢(n,m), then we call F an
(n,m)-best family.

The main result of this chapter is the following theorem.

Theorem 1.3.9. For1 < m <27,
c(n,m) > 2"* 1 /m —m.

When determining the comparability number of a family, it is helpful to think of
the sets that are contained in or contain sets in the family. For this, we have the
following definitions.

Definition 2.1.5. Let X € P([n]). Then the downset of X is
{Y Cn:Y CX}
If F C P([n]) is a family, then downset of F, denoted d(F), is
d(F)={X C[n]: X C F for some F € F}.
Definition 2.1.6. Let X € P([n]). Then the upset of X is
{YCn: XCY}.
If F C P([n]) is a family, then upset of F, denoted u(F), is
w(F)={X C[n]: F C X for some F € F}.
If F = {F} for some F C [n], we may write d(F) for d(F) and u(F) for u(F).
Example 2.1.7. The downset of {{1,2}} C P([4]) is
d({1,2}) = {{1, 2}, {1}, {2}, 0}.
The upset of {{1,2}} C P([4]) is
u({1,2}) = {{1,2},{1,2,3},{1,2,4},{1,2,3,4}}.
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We can describe the comparability number using the upset and downset of a family.

Observation 2.1.8. Let F C P([n]) be a family of sets. Then
o(F) = [d(F) Uu(F)| = [d(F)| + |[u(F)| = |d(F) N u(F)|.

There are certain families F for which counting the upset, downset and their in-
tersection is straightforward. From Example 2.1.7, we can calculate that ¢({1,2}) =
4+4—1=7 For more complex families, if there are two sets X,Y € F such that
X CY, then u(Y) C u(X) and d(X) C d(Y). In this way, we only need to consider
the minimal and maximal sets in a family when counting the upset and downset.

Definition 2.1.9. A set X € F is minimal if there does not exist a Y # X € F such
that Y C X. A set Y € F is mazimal if there does not exist a set X # Y € F such
that Y C X.

Example 2.1.10. Suppose

F={{1},{2},{2,3},{1,2,3}} C P([4]).
Then the minimal sets in F are {1} and {2} and the maximal set is {1, 2, 3}.
It will be useful to consider sets we call convez.

Definition 2.1.11. A family F C P([n]) is convez if for all XY € F such that
XCY,{Z:XCZCY}CF

If F is a convex family, every set contained in the upset of the minimal sets and
the downset of the maximal elements is in F. This makes it simple to determine

u(F) N d(F).
Observation 2.1.12. If a family F is convex, u(F) Nd(F) = F.

Recall from Observation 2.1.8, one of the terms in computing the comparability
number is |u(F) N d(F)| which, from Observation 2.1.12, is simple to determine when
F is convex. Lemma 2.1.13 below gives us the tool to assume there exists a convex
family that minimizes comparability.

Lemma 2.1.13. Let F C P([n]). Let Z C [n] be such that Z ¢ F and there exist
X, Y € F such that X CZ CY. Then ¢(FUZ) = c(F).

Proof. Suppose X,Y € F and Z ¢ F such that X C Z C Y. Notice that d(Z) C d(Y)
and u(Z) C u(X). By Observation 2.1.8, ¢(F) = ¢(F U Z). O

Lemma 2.1.13 proves that a convex (n, m)-best family always exists.
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Corollary 2.1.14. There exists an (n,m)-best family that is convet.

Proof. Suppose an (n, m)-best family F is not convex. Let
G={ZeP(n]): XCZCY, where X,Y € F,Z ¢ F}.

By Lemma 2.1.13, we may add a set from G to F without increasing ¢(F). Then
we can remove a minimal or maximal set from F so |F| = m. Removing a minimal
or maximal set will not increase the comparability number (see Observation 2.3.15).
Continue this process until G is empty. Since F was already an (n, m)-best family, and
we have not changed the comparability number in this process, our altered family after
this process is (n, m)-best. ]

In Example 2.1.15, we show that a family can be made convex without increasing
the comparability number.

Example 2.1.15. Suppose

F={{1}.{2}.{2.3}. {1,2.3}} C P(14).

Then adding the set {1, 2} will not change ¢(F) as u({1,2}) C u({1}) and d({1,2}) C
d({1,2,3}). Let ' = {1,2} UF. Then ¢(F') = ¢(F). We can remove {2} from F’
to obtain a family of the original size. By removing {2} we reduce the comparability
number since {2,4} € u(F), but is not comparable to any other set in F.

Observation 2.1.8 and Corollary 2.1.14 will be very useful in determining the com-
parability number and proving Theorem 1.3.9, as well as other results in this chapter.
Before proving these results, we give some context as to where these results lie in
combinatorics.

2.1.2 Context

Minimizing comparability has connections to other classical results in extremal combi-
natorics, namely the Kruskal-Katona Theorem and isoperimetric problems. We give a
brief description of these results to highlight the interest in these types of problems.

Minimizing comparability can be viewed as a generalization of the Kruskal-Katona
Theorem. This theorem determines the families F C ([Z]) that minimizes the lower
shadow which is defined as

AF={X € <k[n]1) : X C F for some F € F}.

The Kruskal-Katona theorem says that the families with the smallest lower shadow are
‘initial segments of colex’. Before stating the theorem, we will define the colexicographic
ordering.
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Definition 2.1.16. Let A = {aj, a9, -+ ,ar} C [n] and B = {by, by, -+ ,bx} C [n] be
distinct sets where a1 < ag < --- < ag and by < by < --- < by. We say that A <. B
if and only if a; < b; where j = max{i : a; # b;}. This is the colezicographic ordering
or colex ordering on ([Z]).

Example 2.1.17. The first 7 terms of the colex ordering on ([g]) are

{1,2,3},{1,2,4},{1,3,4},{2,3,4},{1,2,5},{1,3,5},{2,3,5}.
Now we can state the Kruskal-Katona Theorem.

Theorem 2.1.18 (Kruskal-Katona Theorem [23, 30]). Let k,m > 1 and let { X1, Xo,- -+, X;n}
be the initial segment of colex of ([Z]). Then every F C ([Z]) where | F| = m satisfies

|A{X17X27"' >Xm}| < |AF|

This result also implies that there is a nesting of families that minimize the lower
shadow. That is, there is a sequence of families Fy, Fs, -, F) such that |F;| = 1,
|AF;| is minimal, and F; C F;y;. One may expect that a similar result would be
true when minimizing the union of the lower shadow and upper shadow, which are
the sets X € (k[:i]l) such that ' C X for some F' € F of a family F. In [5], Bashov
proved that the k-uniform families that minimize the lower and upper shadow are
the intersection between the Hamming ball and ([Z]). In [6] he went on to show that
there is no nesting of families that minimizes the upper and lower shadow, as in the
Kruskal-Katona Theorem. In this chapter we consider non-uniform families of sets that
minimize the downset and upset, rather than just the upper and lower shadow.

It is interesting to note that the problem of minimizing comparability can be in-
terpreted as a vertex isoperimetric problem, as noted in [19]. Isoperimetric problems
ask how small the ‘boundary’ of a set of a given size can be. Suppose we are given a
graph G with vertex set V(G) and edge set E(G). Let U C V(G) where |U| = m. The

vertex boundary is the set
NU) :={veV(G)\U :{u,v} € E(G) for some u € U}.

To translate the problem of minimizing comparability into a vertex isoperimetric prob-
lem, we must define a graph. Let I" be a graph with vertex set P([n]) where two distinct
sets X € P([n]) and Y € P([n]) are adjacent if and only if they are comparable. Now,
for U C P([n]), N(U) consists of the sets that are comparable to U. The goal is to
find the set of vertices of a given size that minimize |N(U)| = ¢(U) — |U]|.
[soperimetric questions have been widely studied. One of the first results on the
isoperimetric problem in discrete math is for the hypercube. Recall that the n-
dimensional hypercube, @,, has vertex set P([n]) and an edge {X,Y} if and only
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if X and Y differ in exactly one element. Harper’s Theorem [22] resolves the vertex
isoperimetric problem for (),. To state Harper’s Theorem, we first need to define the
lexicographic ordering on P([n]).

Definition 2.1.19. Let A = {aj, a9, -+ ,ar} C [n] and B = {by, by, -+ ,bx} C [n] be
distinct sets where a; < as < --- < ag and by < by < -+ < b,. We say that A <., B
if and only if a; < b; where j = min{i : a; # b;}. This is the lezicographic ordering or

lex ordering on ([Z}).

Now we can define the ordering for Harper’s Theorem.

Definition 2.1.20. Given two sets X,Y € P([n]), X <Y in the simplicial ordering
if | X|<|Y]or|X|=|Y]and X <., Y.

Now we can state Harper’s Theorem.

Theorem 2.1.21 (Harper’s Theorem [22]). Let U C V(Q,). Let C be an initial

segment of the simplicial ordering of P(|[n]) with |C| = |U|. Then |[N(C)| < |N(U)|.

Harper’s Theorem also implies that there is a sequence of nested families that mini-
mize the vertex boundary of the hypercube. Theorem 1.3.9, as well as the other results
in this chapter, has the same flavour as the Kruskal-Katona Theorem and Harper’s
Theorem. A recent paper of Gowty, Horsley, and Mammoliti [20] concerning the com-
parability number was published independently of Behague, Kuperus, Morrison, and
Wright [7]. They give a very different proof of Theorem 1.3.9 (see Corollary 1.2 of [20])
and use it as we do to deduce Theorem 4.4.1. They also provide some very interest-
ing further analysis of the comparability number and families that minimize ¢(n,m).
Most notably, they show that there is a sequence of nested families that minimize
comparability.

This chapter is structured as follows. In Section 2.2 we prove Theorem 1.3.9.
In Section 2.3, we illustrate a large family of extremal examples. In Section 2.4 we
determine the comparability number for small families.

2.2 General Lower Bound on ¢(n,m)

In this section, we will prove the following theorem.

Theorem 1.3.9. For1 < m <27,
c(n,m) > 2"* 1 /m —m.

This result is best possible when m = 2% and n and d have the same parity. This
will be discussed more in Section 2.3. To prove Theorem 1.3.9, we need the following
lemma of Kleitman. For completeness, we give a proof of this lemma inspired by [26].
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Lemma 2.2.1. (Harris-Kleitman Inequality [26]). Let U C P([n]) be an upset and
D C P([n]) be a downset. Then

Ul _u D)

on = on  on’

Proof. We will prove that |/ N D|2" < |U||D| by induction on n. For n = 1, the result
is trivial. Suppose the theorem holds for n — 1. Let & C P([n]) be an upset, and
D C P([n]) be a downset. Define

U, ={A el :ne A}
Uy ={AeclU:n¢gA}

Define D,, and Dy similarly. For every A € Uy, AU{n} € U, since U is an upset. Thus
\U,| > |Uz|. For every B € D,,, B\ {n} € Dy since D is a downset. Thus |D,| < |D5|.
Notice that Uy is an upset in P([n — 1]) and Dy is a downset in P([n — 1]). By the
induction hypothesis,

Uz N Dr|2" ! < |Us||Drl. (2.1)

Now define

U = {A\ {n}: Aecl,)
D, ={B\ {n}: B €D,

As U, € P([n —1]) is an upset and D, € P([n — 1]) is a downset, the inductive
hypothesis holds, giving

Uy NDu[27" = Uy, N D, |27 < U [ D] = [Un|Dn. (2.2)
Combining (2.1) and (2.2) gives
2"|U N D| = 2"([Up N D + U N Drl) < 2(|Unl| Dl + Uz D))
Since |Uz| < |U,| and |Dz| > |D,|,
|Un| | Dl + Uzl | Drl| < |Un| Dz + Ul Dal.
This gives
2"UND| < |Un| [ Do |+ Uz || D |+ [Un| | Dr| +Unl | Dn| = (1|4 |Us|) (| D] +[Drl) = [U]| D],

as required. N

We also require the arithmetic mean - geometric mean (AM-GM) inequality.
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Lemma 2.2.2. (AM-GM Inequality). For anyn nonnegative real numbers xy,za, -+ , &y

we have
$1+132+"'+$n

n

Now we can prove Theorem 1.3.9.

Proof. Let F C P([n]) be such that |F| = m and ¢(F) = ¢(n,m). We may assume
that F is convex by Lemma 2.1.13. Define

w(F)={X € P([n]) : F C X for some F € F}

and
d(F)={X € P([n]) : X C F for some F € F}.

By Observation 2.1.8, ¢(F) = |u(F)| + |d(F)| — |u(F) N d(F)|. Since F is convex,
by Observation 2.1.12, |u(F) N d(F)| = m. Applying the AM-GM inequality (Lemma
2.2.2),

o(F) = 2/ [u(F)||d(F)| = m.

Since u(F) is an upset and d(F) is a downset, we apply the Harris-Kleitman inequality
(Lemma 2.2.1) to get

o(F) > 2vV/20m —m = 23T /m — m.

Thus c(n,m) > 227 /m — m. O

This result is interesting in its own right, as well as being useful for proving Theorem
1.3.7 in Chapter 3 and Theorem 1.3.8 in Chapter 4. Having determined a lower bound
on ¢(n,m), we show that this result is tight for certain values of n and m.

2.3 Structure of Some Extremal Families

In this section we will describe a large class of (n, m)-best families for infinitely many
values of n and m. Not only is it interesting to understand some of the families that
achieve equality in Theorem 1.3.9, these constructions will also inspire the proof of
Theorem 1.3.8. We begin by defining two family structures, the subcube and the star.

Definition 2.3.1. A family F C P([n]) is a subcube of dimension d if F is convex
with a unique minimal and unique maximal set, and |F| = 2¢. Let C(d, £) be the class
of subcubes of dimension d whose minimal set has size ¢ and maximal set has size {+d.
If F €C(d,l) we say F is a C(d, ¢) subcube.
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Example 2.3.2. The family

F={{1}, {12}, {1.3}. {1,2,3}}

is a subcube of dimension 2. Specifically, F is a C(2, 1) subcube.
Definition 2.3.3. A family 7 C P([n]) is a star if it is of the form

F=A{X, XU{a}, X U{az}, -, XU{an_1}}

for some {ay, a2, ,am-1} C [n] \ X. Let S(m,{) be the class of stars of size m
whose minimal set has size ¢. If F € S(m,¥) we say F is an S(m, () star. A family
F* C P([n]) is an upside-down star if it is of the form

Fr= {XaX\{al}vX\{GQ}v'” ,X\{(lm_l}}

for some {ai,as, -+ ,am-1} C X. Let S*(m, /) be the class of stars of size m whose
maximal set has size (. If F* € §*(m, () we say F* is an S*(m, () upside-down star.

Example 2.3.4. The family
F={{1,2},{1,2,3},{1,2,4},{1,2,5}}
is a star. Specifically, F is an S§(4,2) star. The family
Fr={{1,2,3,4},{1,2,3},{1,2,4},{2,3,4}}

is an upside-down star. In particular, F* is an S*(4,4) star.

It is relatively straightforward to find the comparability number of the subcube.
Lemma 2.3.5. Let F C P([n]) be a C(d, ) subcube. Then
o(F) =2t 4 ont 24,

Proof. Let X € F be the minimal set in F of size £. Let Y € F be the maximal set in
F of size £ + d. By Observation 2.1.8, we have that

o(F) = [u(F)| + [d(F)| = [u(F) N d(F)].

Since F is a subcube, it is convex. By Observation 2.1.12, |u(F) N d(F)| = |F| = 2%
Notice that u(F) = u(X) since X is the unique minimal set of F, so X C Z for all
Z € F. Similarly, d(F) = d(Y) since Y is the unique maximal element. So Z C Y for
all Z € F. Thus

o(F) =21 4 2n=IX1 _od
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as desired. [
The comparability number of the star is slightly more tedious to determine.
Lemma 2.3.6. Let F be a S(m, £) star. Then ¢(F) = m2° + 2"=¢ —m.

Proof. Let X C [n] be such that | X| = ¢. Let F = {X, X U{a1}, X U{as},---, XU
{am-1}} for {ai,as, - ;am-1} C [n] \ X, so F is a S(m, () star. To begin, observe
that

lu(X)Ud(X)| =20 +2" ¢ — 1.

Notice that u(X U{a;}) C u(X) for all 1 <7 < m — 1. So we only need to consider
the downsets of the remaining sets in F. As

dXU{a )\ d(X)={YU{a}:Y C X},

we have

[d(X U {ai}) \ d(X)| = 2"

In general,

d(X U{a:}) \ (d(X) uJdxu {aj})> ' = 2",

Jj<i

Putting it all together,

o(F) = Ju(X)Ud(X)|+]d(X U {al})\d(X)HZ d(X U{ai}) \ <d(X) U Ud(X U {aj})> ‘ :

Thus ¢(F) = m2t +2"¢ —m. O
Stars and upside-down stars are symmetric with respect to taking complements.

Observation 2.3.7. For every family F C P([n]) in S(m,l), there exists a family
F* CP([n]) in S*(m,n — L) such that F* = {[n]\ F : F € F}.

It will be helpful to notice that taking the complement of a family does not change
the comparability number. Define F¢:={[n]\ F': F € F}.

Lemma 2.3.8. Let F C P([n]) be a family. Define F¢ := {[n]\ F : F € F}. Then
c(F) = c(F°).

Proof. Let X € d(F). Then [n]\ X € u(F¢). Moreover, for Y € u(F¢), [n]\Y € d(F).
Thus, |d(F)| = |u(F¢)| Similarly, there is a 1-1 correspondence between u(F¢) and
d(F). Thus, by Observation 2.1.8,

c(F¢) = [{[n] \ X : X is comparable to F}| = ¢(F).
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]

Using Observation 2.3.7 and Lemma 2.3.8, we can also prove that upside-down stars
have the same comparability number as stars.

Corollary 2.3.9. Let F* be a S*(m, () star. Then ¢(F*) = m2*+ 2"t —m.

Proof. By Observation 2.3.7, there exists a family F C P([n]) such that F¢ = F* and
F is a 8(m,?) star. By Lemma 2.3.6, ¢(F) = m2° + 2"* —m. By Lemma 2.3.8,
c(F) = c(F°) = ¢(F*), as desired. O

From now on we will only consider the star construction as we describe the extremal
families. One should note, however, that whenever the star is an extremal construction,
the upside-down star is also an extremal construction.

Now we can prove that for certain values of n and m, the star and the cube are
extremal constructions that minimize comparability.

Theorem 2.3.10. Let n,d € N have the same parity and “t% > 2% Let F C P([n])

be a S(2¢,%59) star. Then F is an (n,2%)-best family.

Proof. Apply Lemma 2.3.6 with ¢ = ”T_d. Notice that we need n — 254 > 2¢ in order

to guarantee there are enough sets to build a star of this form. O]

Theorem 2.3.11. Let n,d € N have the same parity. Let F C P([n]) be a C(d, *5%)
subcube. Then F is an (n,2%)-best family.

Proof. Apply Lemma 2.3.5 with ¢ = ”—;l. O

Using these constructions we can define an operation that ‘moves’ between the star
and the cube and keeps the comparability number the same. In this way, we describe
a large family of constructions that achieve the comparability number c(n, 2%), when
n and d have the same parity.

Lemma 2.3.12. Let X € [n] and G C P([n] \ X) be a downset. Then the family
F={XUY :Y €G} has c¢(F) =20 + (JF)2Xl — | F|.

Proof. Let X € [n] and G C P([n] \ X) be a downset. Define F = {X UY :Y € G}.
We will define an operation ¢ that we apply to F that will maintain its comparability
number.

The operation ¢ takes in a family F and a set Y7 € G such that X UY] is the
maximal element of a chain in F with length at least 3. Then ¢(F,Y]) is a new family
F' obtained from F by replacing X UY; with X UY; where Y, C [n]\ X , |Y2| =1 and
XUYy ¢ F.

Now we will show that ¢(F) = ¢(F’). For any set S € F, define

cr(S) ==Y C[n]: Y is comparable to S,Y is incomparable to all Z # S € F}|.
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So cx(S) is the number of sets that are only comparable to S and not comparable
to any other set in F. Since ¢ only changes one set in F, it suffices to show that
cr(XUY]) =cr (X UY).

First we consider c¢x(X UY)). Notice that the sets that are only comparable to
X UY; and incomparable to all other sets in F are of the form {ZUY; : Z C X},
Thus cx(X UY;) = 2. Now we consider cz(X UY;). Again, the sets that are
only comparable to X U Y5 and incomparable to all other sets in F are of the form
{ZUY, : Z C X}. Thus cx(XUY,) = 2XI. Applying the operation ¢ to F decreases the
comparability number by 2X! and increases the comparability number by 2¥I. Thus
c(F) = ¢(F'). Also notice that |F| = |F'|.

Now we apply ¢ to F repeatedly until all the chains have length 2. Call this family
H. Now, H is a star and by Lemma 2.3.6, c¢(H) = 2" + (|#H])2¥] — |H]|. Since
the comparability number of the family does not change after each application of ¢,
o(F) = 2n= X (|F))2%¥T — | F). O

Lemma 2.3.12 allows us to describe a large family of extremal families F € P([n])
that minimize comparability when |F| = 2¢ and n and d have the same parity.

Theorem 2.3.13. Let n and d have the same parity. Fiz X C [n] such that | X| = 252
Let G C P([n]\ X) be a downset such that |G| = 2%. Then the family F = {XUY : Y €
G} is a (n,2%)-best family. In particular, the class of C(d,"5%) cubes and S(2%, 25%)
stars are (n,2%)-best families.

Proof. By Lemma 2.3.12, ¢(F) = 23+ _9d — c(n,2%). Again by Lemma 2.3.12,

C(d, "5%) cubes and S(2¢, %5%) stars are all families of this form. O

Example 2.3.14 will illustrate the operation ¢ and Theorem 2.3.13. See Figure 2.1
for a visual representation of this process.

Example 2.3.14. Let n =11, d =3 and X = {1,2,3,4}. Let
G ={0,{5},{6},{7},{5,6},{5,7}{6,7},{5,6,7}}.

Then

‘F = {{17 27 37 4}7 {17 27 37 47 5}7 {17 27 37 47 6}7 {17 27 37 47 7}7 {17 27 37 47 57 6}7
{1,2,3,4,5,7},{1,2,3,4,6,7},{1,2,3,4,5,6, 7} }.

We first let Yo = {8}, so

Fr=o(F,{5,6,7}) = {{1,2,3,4},{1,2,3,4,5},{1,2,3,4,6},{1,2,3,4, 7},
{1,2,3,4,8},{1,2,3,4,5,6},{1,2,3,4,5,7},{1,2,3,4,6,7}}.
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Applying the operation ¢ again with Y; = {9} we have

Fo = o(F, {6,7}) = {{1,2,3,4},{1,2,3,4,5},{1,2,3,4,6},{1,2,3,4, 7},
{1,2,3,4,8},{1,2,3,4,9},{1,2,3,4,5,6},{1,2,3,4,5,7}}.

Another application of the operation ¢ gives

Fs = o(F, {5,7})) = {{1,2,3,4},{1,2,3,4,5},{1,2,3,4,6},{1,2,3,4,7},
{1,2,3,4,8},{1,2,3,4,9},{1,2,3,4,10},{1,2,3,4,5,6}}.

One final application of ¢ gives

Fui=o(F,{5,6}) = {{1,2,3,4},{1,2,3,4,5},{1,2,3,4,6},{1,2,3,4, 7},
{1,2,3,4,8},{1,2,3,4,9},{1,2,3,4,10}, {1,2, 3,4, 11} }.

Notice that every chain in F; has length 2, so we can no longer apply the operation ¢,
and Fy is a S(8,4) star. We also have that ¢(F) = 248 and ¢(F,) = 248. By Theorem
1.3.9, ¢(11,8) > 248. Thus, F and F,, as well as Fj, Fy and Fj3, are (11,8)-best

families.
F Fi Fa
F3 Fi

Figure 2.1: Illustration of Example 2.3.14. Each vertex represents a set of F. The
vertices in the bottom layer represent sets of size four. The vertices in the next layer
up represent sets of size five and the vertices in the third layer up (if any) represent
sets of size six. There is an edge when one set is contained in the other, and the sets
differ in size by one.

While we cannot determine the exact class of (n, m)-best families for values of m
that are not powers of two, we can say something about the size of the sets in an
extremal family. We first observe that ¢(n,m) is non-decreasing. This will be used in
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Lemmas 2.3.16 and 2.3.17 to compare the comparability number of families of size m
to families of size 2108271,

Observation 2.3.15. ¢(n,m) < c¢(n,m + 1).

To see this, note that if ¢(n, m) > ¢(n, m + 1) then we could remove a set from an
(n,m + 1)-best family and get a family of size m with comparability number less than
c(n,m).

The next two lemmas tell us that an (n,m)-best family only has sets of size ‘close’
to n/2, where ‘close’ is determined by the size of the family. Note that the ‘middle’
levels of the hypercube are the sets of size n/2 if n is even and the sets of size [n/2]
and |n/2] if n is odd. Lemmas 2.3.16 and 2.3.17 will be useful in proving Lemma 2.4.3.

Lemma 2.3.16. Let F be an (n,m)-best family. If n and [log,(m)] have the same
parity then

n+[logg m]
2

Fc U (@).

. n—/[loggm]
=

Proof. Let F C P([n]) be an (n, m)-best family and suppose n and [log,(m)] have the
same parity. Suppose that there exists X € F such that | X| < ’Fﬂoéﬂ — 1. Then

n+[logg(m)]
++1

[u(X)] = and |d(X)[ > 1.

Then, by Observation 2.1.8

n+[logg(m)]
2]y

c(X) >2 + 1.
Let C C P([n]) be a C([logy(m)], M) subcube. By Observation 2.3.15,
c(n,m) < ¢(C) since |C| = 2/1°82(™)1 By Lemma 2.3.5,

c(C) = 2™+ _ gliogs(m)]
So ¢(F) > ¢(X) > ¢(C), contradicting that F is an (n,m)-best family.
By Lemma 2.3.8 if we assume there exists a Y € F such that |Y| > w +1,

then ¢(F) > ¢(C). Thus F only contains sets of size m such that ng?m] <m<
n+[logy m] O
R

When the parity of n and [log, m] are not the same, the result is slightly weaker.

Lemma 2.3.17. Let F be an (n,m)-best family. If n and [logy(m)| have different
parity then

n+[logg m+1]

FcC U ([?]).

. n—[logg m—1]
1:72
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Proof. Let F C P([n]) be an (n,m)-best family and suppose n and [log,(m)] have
different parities. Suppose that there exists X € F such that |X| < % -1

Then u(X) > e By Observation 2.1.8,

n+[logy (m)]+1
++1 ‘

c(X)>2

Let C C P([n]) be a C([logy(m)], %) subcube. Then by Lemma 2.3.5,

nt[loga (m)]+1
2

c(C)=2

1 _ glloga(m)]

so ¢(F) > ¢(X) > ¢(C). This contradicts Observation 2.3.15, so | X| > %.
By Lemma 2.3.8, if there exists a Y € F such that |Y| > % + 1, then

¢(F) > ¢(C). Thus F only has sets of size m where % <m< %. O

2.4 Comparability Number for Small Values of m

In this section we determine the comparability number ¢(n, m) for small values of m.
These results on small comparability numbers will be useful in improving the bounds
for the sum of cross-Sperner systems in Section 4.4. Using simple counting arguments,
we can determine the values of ¢(n, 1), c(n,2), and ¢(n, 3).

n . .
221 1, if n is even

Lemma 2.4.1. ¢(n,1) =
oln/2l 4 o2l 1 if nis odd.

Proof. We can explicitly compute the comparability number of a family F € P([n])
where F = {X}. Notice that d(X) is all the subsets of X. There are 2/XI subsets of
X. The u(X) is all the sets that contain X. There are 2"~X! such sets. Since the set
X is counted in both the upset and the downset, |d(X) Nu(X)| = 1. By Observation
2.1.8,

o(F) = 21 g on=IXl 1. (2.3)

To find the minimum of (2.3), we take the derivative and find when it equals 0. The
derivative of (2.3) is

%(2)(' + 277X 1) = In(2)(2M! — 2n= X,

So (2.3) is minimized when |X| = n/2. Thus, when n is even, ¢(F) = 2(2"/2) — 1.
When n is odd, (2.3) is minimized when |X| = |n/2] or [n/2]. Then ¢(F) = 2"/ +
2fn/2l — 1, O

To determine the minimum number of sets comparable to a family of size two, we
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do a similar case analysis, expect this time we must consider the size of the intersection
of the two sets in the family.

Lemma 2.4.2. Forn > 3,

c(n,2) = {3(2

Proof. Let F = {X,Y} C P([n]) where X # Y. Then

)—2, ifniseven
+

'—2 ifnis odd.

C(.,F) — 2|X| + 2'rL7|X| + 2|Y| 4 2n7‘Y‘ - 2‘X["|Y| . 27L7|XUY| —92 (24)

The first four terms in (2.4) count the upsets and downsets of X and Y. By the
principle of inclusion and exclusion, we have double counted the downset of X NY', the
upset of X UY, and X and Y themselves.

Let | X| =k and |Y| = ¢. We now have the following two cases.

Case 1: Suppose k = {. Then [ X NY|<k—1and [ XUY|>Ek+1. So

3 3
C(.F) Z Qk + 2n—k’ =+ 2k‘ + 2n—k - 2k’—1 o 2n—k—1 —9 = 52]6 + §2n—k —9 (25)

To find the minimum of (2.5), we take the derivative and find when it is equal to zero.
The derivative of (2.5) is 2122(2F — 2"=%) which is zero when k = 2. Thus, when n is

even, k = 2 is an integer and (2.5) gives ¢(F) > 3(2%)—2. This bound can be achieved.

Take X € ([Z}). Pick some z € X and y € [n] \ X. Define Y := (X \ {z}) U {y}. Then
2
IXNY|=k—1and [ XUY|=Fk+1,s0c({X,Y})=3(22) — 2 when n is even.

When n is odd, 7 is not an integer, so we consider when k = bJ and when k£ = [%1 ,

as these are the closest integers to 5. For both values of k, (2.5) is ol 51+ _ 2. This

bound can also be achieved. Take X € (LTE’;}QJ) Pick x € X and y € [n] \ X and
define Y := (X \ {z}) U {y}. Then [ X NY| = [n/2] —1 and [ X UY| = [%], so
c{X,Y}) = o 5]+ _ 2, when n is odd. The bound can also be achieved by taking
X e (H?}) and choosing aset Y € ([ZH) such that [ XNY| = |[2] and [XUY| = [2]+1.

In the next case we will show that taking sets of different sizes will produce a family
with comparability number strictly greater than that of the families considered in Case

1.

Case 2: Suppose k # (. First we will show that we can assume ¢ = k — 1. Suppose
(<k—1and (< |2]. Takez € X \Y and define Y’ :=Y U {z}. Then |[Y'| =/¢+ 1.
Notice that [ X UY'| = [ X UY]| but | X NY’| =|X NY|+ 1. Define F' := {X,Y’}.
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Then
o(F) — ¢(F') = (20 4 27 — 2XOYIy _ (gt+1 g1 _ olX0Y7))
> 2€ . 22+1 + 2n78 o 2n7€fl . 2|XﬂY| + 2\XﬂY\+1
— 9l 4 gn—t=1 4 olXNY]|
> 20 42" 11> 0 since £ < {SJ

If ¢ > [2], then |[n] \ Y| < |2] and |[n] \ X| < |2] — 1. Let ¢ = |[n] \ X| and

2

k' = |[n]\Y]. Then ¢ < |2]. By Lemma 2.3.8, ¢(F) = c({[n] \ X,[n] \ Y}), so

2

the argument also holds when ¢ > [2]. Thus ¢(F) > ¢(F’). So, we can assume that

¢ =k — 1, as otherwise we can create a family F’ from F where ¢(F) > ¢(F').
Now suppose £ =k — 1. Then [ X NY| <k —1and |X UY| > k. This implies

o(F) > 28 4 2n7k - oh 7t qognoket _gkmt _gn7k g, (2.6)

To minimize (2.6) we take the derivative and find when it equals zero. The derivative
of (2.6) is In2 (2% — 2"} which is zero when k = 7. Thus,

1 n+1

o(F) > 2" 42" — o> olslt 95 3028) 2

Thus, the case where k # ¢ has a larger comparability number than the case where k = /¢
(Case 1). We conclude that ¢(n,2) = 2l 51+1 2 when n is odd and c(n,2) = 3(22) -2,
as in Case 1.

The main result of the remainder of this section determines ¢(n, 3).
Lemma 2.4.3. Forn > 4,
1(22) — 3, if n 1s even
=220
\%(25) —3, ifnis odd.
Claim 2.4.4 proves the upper bound on ¢(n, 3).

Claim 2.4.4. Forn > 4,

c(n,3) < {

Proof of Claim 2.4.4. We will give a construction of a family F = {X,Y, Z} C P([n])
to prove an upper bound on ¢(n, 3). Suppose | X| = k—1 and |Y| = |Z| = k. Moreover,

N[~

(22) =3, ifn is even
(22) — 3, ifn is odd.

S
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suppose X CY and X C Zand Y # Z. Then Y NZ| =k — 1. Let F = {X,Y, Z}.
Notice that w(Y) C u(X) since X CY and u(Z) C u(Y) since X C Z. Thus, by the
principle of inclusion and exclusion,

c(F) = [u(Y)| + |dY)| +1d(Z2)] — |[d(Y N Z)| — 3 = 2" Ft1 4 9k p ok _ok=1 3

If nis even and k = 2, then ¢(F) = 1(22) — 3. If nis odd and k = , then
o(F) = 55(22) = 3. O

The purpose of Claim 2.4.5 is to show that an (n, 3)-best family is contained within
two middle layers of the hypercube.

Claim 2.4.5. Suppose F = {X,Y,Z} C P([n]) is an (n,3)-best family. If n is even,
then § < |X|,|Y],|Z] < 541 or§ =1 < |[X||V][Z] < 5. Ifnis odd, 23t <
X1 Y], 12] < 2=

Proof of Claim 2.4.5.

Case 1: Suppose n is even. Without loss of generality, suppose | X| = 2 — 1 by Lemma
2.3.16. For contradiction, suppose |Y| = £41. Then [XNY| < £-1 and ]XUY\ > 5+1.
Thus

c(F)>c({X,Y})>257 1 4227 p 22t o571 9571 951 _9
4(23) — 2.

Since 4(22) —2 > Z(2%)—3, by Claim 2.4.4, this cannot be an (n, 3)-best family. Thus,
we must have that s |XLYLZ <5 +1or 5 -1 < X[ Y], [|Z] £ 5.

Case 2: Suppose n is odd. By Lemma 2.3.17, an (n, 3)-best family when n is odd will

only have sets of size 252, 24 *H “and 255,
We show first that we cannot have a set of size 253 and a set of size ”+3 Suppose
| X| =252 and |Z| = 22, Then |[X N Z| < %52 and ]XUZ\ > nd3 Then,
o(F) > c({X,Z}) > 27 +2"F 42 427 —27 —2% —2
—2(2"%") =2
5  n
> —(22) -3

By Claim 2.4.4, this cannot be an (n,3)-best family. Thus, we cannot have a set of

size 252 and a set of size 3.
Now we show that we cannot have a set of size ”7_3 and a set of size ”TH, or, by
Lemma 2.3.8, a set of size "TJF?’ and a set of size ”T_l Suppose that |X| = "T_3 and
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|Z| = 2L Then, [ X N Z] < %2 and [ X U Z] > ®H. Now,

o(F)>c{X,2}) > 2" 42" 42" 42" —2"7 —2"7 —2
= (2% +22)2% — 2
5 n
> —(22) —3.

V2

By Claim 2.4.4, this cannot be an (n, 3)-best family. Thus, we cannot have a set of size

2=3 and a set of size 2! (or a set of size 22 and a set of size 5% by Lemma 2.3.8).

Thus, it must be the case that if n is odd and F is an (n, 3)-best family, "T_l <
X[ Y] 2] < 25

]

Claim 2.4.6 says that if an (n, 3)-best family has two sets of the same size, then the
size of the intersection of those two sets is as large as possible.

Claim 2.4.6. Suppose F = {X,Y,Z} C P([n]) is an (n,3)-best family such that
| X|=Y|=kand |Z|=0>k. Then | XNY|=k—1.

Proof of Claim 2.4.6. Suppose F = {X,Y,Z} C P([n]) is an (n, 3)-best family such
that | X| = |Y| = k and |Z] = ¢ > k. Moreover, suppose | X NY| < k — 2. Then
IXUY|>k+2 Thus,

c(F) > c({X,Y}) > bt pon=htl _gk=2 k=29

By Claim 2.4.5, when n is even, k = 5 without loss of generality. In this case,
241 LN | 3 n_9 7 on
o(F)>22"" 4227 —227°— 22 —225(22)—2.

By Claim 2.4.4, F cannot be an (n, 3)-best family.
By Claim 2.4.5, when n is odd k = ”T_l without loss of generality. In this case,

n+1 n+3 n—>5 n—3 21 n 5 n
o(F)>2% 425 —2" — 2" —2— T _(25)—2> —_(2%) -3,
(F) 4\/5( ) \/5( )
Thus, by Claim 2.4.4, this is not an (n, 3)-best family. ]

Claim 2.4.7 says that if a family has two sets of different sizes, then there is a
2-chain.

Claim 2.4.7. If F = {X,Y, Z} C P([n]) is an (n, 3)-best family such that | X| = |Y| =
kand |Z|=0>Fk, then X C Z orY C Z.
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Proof of Claim 2.4.7. Suppose F = {X,Y,Z} C P([n]) is an (n, 3)-best family such
that | X| = |Y| = k and |Z| = ¢ > k. Moreover, suppose X and Z are incomparable
and Y and Z are incomparable. By the principle of inclusion and exclusion,

c(f) _ 2|X‘+2n_‘X|+2|y|+2n_|y|+2\z\+2n—\2\_2\X|’1Y|_2n—\XUY|_2|X0Z|_2n—|XUZ|
— lYNZ| _ gn=YUZ| | oIX¥NZ| 4 on-|XLYUZ| _ 3 (97)

By construction, | X NY|<k—1, [ XUY|>k+1, [ XNZ|<k-1,|XUZ|>(+]1,
YNZ <k—1land |[YUZ|>{(+1. So

C(,F) Z 2k+1 T 2n,k-+1 4 2@ + 2n7£ - 2k71 o 217,7](:71 - 2k71 - 2n7571 . 2]671 o 2n7€71 -3

=2k 1 4 ;(2”—’“) —2¢-3.

Now we construct a new family F from F by replacing Z with Z’ such that |Z'| = ¢
and X C Z. Then | XNZ'| =k and [ XUZ'| =¢. By Claim 2.4.6, | X NY|=k—1 and
IXUY|=k+1 Thus |[YNZ|>k—1and [YUZ| </+1. Then | XNYNZ|=k—-1
and [ X UY UZ'| =¢+ 1. Thus

C(f’/) S 2k+1+2n—k—1+2€+2n—€_2k—1_2n—k’—1_2k_2€_2k—1_271—[—1_{_2/6—1_{_271—@—1_3‘

If ¢(F) —c(F') > 0, then F is not an (n,3)-best family and we can decrease the
comparability number of F by replacing Z with a set Z’ that is comparable to X.
When n is even, by Claim 2.4.5, k = § and £ = § + 1 without loss of generality. Then

(22) 423+ — 2571 > 0,

[\CRGV]

o(F) = o F) 2

as desired. When n is odd, by Claim 2.4.5, k = "T_l and ¢ = ”T“ without loss of

generality. Then

n+1 n+1 n—1

(22)_{_22_22

o(F)—c(F) > > 0,

[\CRGV]

as desired. [
With these claims, we can prove Lemma 2.4.3.

Proof of Lemma 2.4.5. Claims 2.4.5, 2.4.6, and 2.4.7 and Lemma 2.3.8 narrow down
the structure of an (n,3)-best family. Claim 2.4.5 says that an (n,3)-best family is
contained in the two middle layers of the hypercube. If the family has sets of different
sizes, then by Claim 2.4.6, we know that the two sets of the same size intersect as much
as possible. By Claim 2.4.7 we know that when there are two sets of different sizes,

there is a 2-chain. We have narrowed down the constructions to the following three

cases. Let F = {X,Y,Z} C P([n]). Fix k = £ when n is even and k = %5+ when n is
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odd.
L. [ X|=|Y|=k |Z|=k+1and X CZ)Y C Z.
2. | X|=Z|=k|Y|=k+1land X CY,ZZY.

3. |X| =|Y]| = |Z| where | X| = k when n is odd and |X| € {k,k + 1} when n is
even.

We proceed by cases.

Case 1: Suppose | X| = |Y| =k and |Z| = k+ 1. Moreover, suppose X C Z and Y C 7
and Y # Z. Then |[Y N Z| =k — 1 by Claim 2.4.6. By Observation 2.1.8 we have that

c(F) = d(Z)| + |u(X)| + [w(Y)] = |[u(X NY)| =3 =2k y ok ok _on=k=1_3 (28)

First suppose n is even. Then k = 7 and we have the construction described in Claim

2.4.4. Now suppose n is odd. Then k& = %! and we again have the construction

2
described in Claim 2.4.4.

Case 2: Suppose | X| = |Z| = k,|Y|=k+1and X CY,Z € Y. By Claim 2.4.6,
IXNZ|=k—1,s0 |XUZ|=k+1. By construction, [ X NY| =k, so [ XUY|=k+1,
and |YNZ| =k—1,s0 |[YUZ| = k+2. Thus, | XNYNZ| = k+2and | XUYUZ| = k+2.
Now

C(.F) — 2k‘+1 + 2n—k‘+1 + 2k+1 + 2n—k—1 _ 2k’—1 o 2n—k:—1 o 2k _ 2n—k‘—1 _ 2k:—1
. 271—19—2 _|_ 2k+2 4 2n—k‘—2 . 3

When n is even and k = 2, ¢(F) = 6(23) + 227! — 3 > Z(22) — 3. Thus, by Claim

bR

2.4.4, this is not an (n,3)-best family when n is even. When n is odd and k = "T’l,
o(F)=6(2"7)+2"7 —3> \%(2%) —3. Thus by Claim 2.4.4, this is not an (n, 3)-best

family when n is odd.

Case 3: Suppose | X| = Y| = |Z| = k.
First suppose n is even and £ = § + 1. Then |[X NY|,|X N Z|,|Y N Z| < §. Then
X UY|,|XUZ|,[YUZ|> % +2. By the principle of inclusion and exclusion,

o(F) >3(22T1) +3(2271) — 3(22) — 3(257%) — 3

Thus, by Claim 2.4.4, this is not an (n,3)-best family, so k = § when n is even. Now

assume c({X,Y}) < c({X, Z}) < c({Y,Z}). Suppose n is even and k = 5. By Lemma
2.4.2, ¢({X,Y}) > 3(22) — 2. First suppose there exists i € [n] such that i € Z
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but ¢« € X UY. We now consider the number of sets comparable to Z that are not
comparable to X or Y. Let Z = AU {i}. Then the number of sets in the downset of
Z that are not comparable to X or Y is at least

{BuU{i}: BC A} =221

The number of sets that are in the upset of Z and are not comparable to X or Y is at
least

{ZUB:X\Z¢B,Y\Z¢ B} >2G2,

So
n n n 7 n
c(F)>3(22) +22:71 42272 3> 5(25) - 3.
Thus, by Claim 2.4.4, this is not an (n, 3)-best family.
Now suppose Z C X UY. Then [ X NY|< 4 —2and [XUY|> 5 +2. So

Adding the set Z will increase the comparability number by at least one, since Z is
comparable to itself, so this is not an (n, 3)-best family by Claim 2.4.4. Thus, when n
is even and all the sets are the same size, we do not have an (n, 3)-best family.

We will do the same thing for n odd. Assume k = "T’l By Lemma 2.4.2,
c({X,Y}) > 2" ! — 2. First suppose there exists i € [n] such that i € Z but
1 € X UY. We now consider the number of sets comparable to Z that are not compa-
rable to X or Y. Let Z = AU {i}. Then the number of sets in the downset of Z that

are not comparable to X or Y is at least
{BU{i}: BC A} =2"7 1,

The number of sets that are in the upset of Z and are not comparable to X or Y is at
least
{ZUB:X\ZgBY\ZgB)|>2 "7,

So
n+1 n—1 n+1 5 n
oF)y>2z2 427142235 —(22)-3.
(F) = \/5( )
Thus, by Claim 2.4.4, this is not an (n, 3)-best family. Now suppose Z C X UY. Then
XNY|<2%t —2and [ XUY|> 21 +2. So
n—1 n+1 n—1 n+1 5 n
oF)>202" 7 )+202"7)—2"7 12" 22> " (28) -3

V2

Adding the set Z will increase the comparability number by at least one, since Z is
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comparable to itself, so by Claim 2.4.4 this is not an (n, 3)-best family. Thus, when n
is odd and all the sets are the same size, we do not have an (n, 3)-best family.

This concludes all of the cases for an (n, 3)-best family. So for n > 4,

: 3)>{g(23)_3, if n is even
c(n,3) > n

%(2 ) —3, if nisodd.

Together with Claim 2.4.4, we have our result. O
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Chapter 3
Bounding the Product Measure of
Cross-Sperner Systems

3.1 Introduction and Intuition

We begin by building some intuition and understanding of cross-Sperner systems. Re-
call the definition of a cross-Sperner system, restated here.

Definition 1.3.4. For k£ > 2, a collection of non-empty families (Fi, Fa, -, Fx) C
P([n])k is cross-Sperner if, for all i # j, the sets F; and F; are incomparable for any
F, € F; and F; € F;,. We may also write that (Fy,F2,---,Fy) is cross-Sperner in
P([n]).

We begin with the simplest case of cross-Sperner pairs. As mentioned earlier,
Seymour’s Theorem, restated here, is the first result on cross-Sperner pairs.

Theorem 1.3.3. (Seymour’s Theorem [38]) Let F,G C P([n]) be cross-Sperner fami-
lies. Then, | F|Y? + |G|'/? < 2n/2.

For completeness, we present a proof of Seymour’s Theorem, following the argu-
ment from [38]. To prove Seymour’s Theorem, we use the arithmetic mean-geometric
mean (AM-GM) inequality (Lemma 2.2.2) and the Harris-Kleitman inequality (Lemma
2.2.1).

Proof of Seymour’s Theorem. Since F and G are cross-Sperner families, we can parti-
tion P([n]) into the following sets:

A={Zen]:IX e F X CZandIY €G,Y C 7},
B={Zecn]:3X e F,XCZand Y €G,Y C Z},
C={Zech]:IXeF,XCZand3IY €G,Y C 7},
D={Zecn:}AXecF,XCZandPY €G,Y C Z}.
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So, A =u(F)Nu(G), B=u(F)\u(G),C =u(G)\u(F),and D = P([n])\ (u(F)Uu(G)).
Let Y = AUB and V = BUD. Then U = u(F), so U is an upset. Moreover,
V = P([n]) \ u(G) so V is a downset and d(G) C V.

Kleitman inequality (Lemma 2.2.1), so

Thus, we can apply the Harris-

UVt =|B[2" < (JA] + |B|)(|B] + D).
Since |A| 4 |B| + |C| + |D| = 2", we can substitute it in to get
[AIIB| + B + [C||B| + |DI1B| < [Al|B| + |B[* + |AlID| + |DI|B|.
Thus,

2 n__ . 2
siiel < 4ol < (K2 < (2B

where the second inequality comes from the AM-GM inequality. This implies,
2n > ‘B‘ + ‘C‘ + 2|B’1/2‘C‘1/2 _ (’8’1/2 + ’0’1/2)2,

Simplifying gives |B|'/2 4 |C|'/? < 2"/2. Since F C B and G C C, this gives the
result. O

Gerbner, Lemons, Palmer, Patkds, and Szécsi [19] proved a tight bound on the
product of cross-Sperner pairs.

Theorem 3.1.1 (Theorem 1.2 of [19]). Let F,G C P([n]) be cross-Sperner families.
Then |F||G] < 224

This bound is tight. To see this, define F := {F C [n] : 1 € F,n ¢ F} and
G:={G Cn]:1¢G,ne G} First notice F and G are cross-Sperner. For every
FeFandGegG, 1€ Fand1¢ G, so F ¢ G. Similarly, sincen € G and n € F,
G € F. As |F| = |G| = 272, the product is as desired. This bound on the product
is also a consequence of Seymour’s Theorem (Theorem 1.3.3) via an application of the
AM-GM inequality.

Proof of Theorem 3.1.1. Let F,G C P([n]) be cross-Sperner families. By Seymour’s
Theorem, | F|'/2 + |G|'/? < 272, Applying the AM-GM inequality, we get

1/2 1/2
7 -QFIQI <03l

(F[2 G122 <

]

It should be noted that this is a much simpler proof than the one presented in [19].
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We now extend to cross-Sperner systems with 3 or more families. In this chapter
we bound 7(n, k). Recall that for k& > 3,

=1

k
7(n, k) := max {H \Fil « (Fi, Fa, -+, Fi) is cross-Sperner in P([n])} :

In [19], it was observed that Theorem 3.1.1 can also be used to show w(n,k) <
2k(=2)  To see this, let (Fy, Fa,- -+, Fi) be cross-Sperner in P([n]). Then

k et
1117 - ( 1 mw)
=1

1<i<j<k

since, for each 1 < ¢ < k, |F;| occurs k — 1 times in the product on the right hand side.
By Theorem 3.1.1, | F||F;| < 22"=2). Thus,

1
[Ti71< (i) <o

In [19] they conjectured the following bound on 7(n, k) that exploits the connection

between antichains and cross-Sperner system.

Conjecture 3.1.2 (Gerbner, Lemons, Palmer, Patkoés, Szécsi, [19]). Let £ = (k) be

the least positive integer such that (,5,) > k. Then w(n, k) < 280,

1¢/2]
Conjecture 3.1.2 is based on the following construction. Since (Léf%) > k, by
Sperner’s Theorem there exists an antichain {Sy, Sa, -+, Sk} C P([¢]) of size k. Let

Fi={F Cn]: FN[{] =5;}. Then (Fy1,F2,---,F) form a cross-Sperner system in
P([n]). To see this, suppose (Fi,Fa,--- ,Fi) is not cross-Sperner. Then there exist
some F' € F; and F' € F; such that FF C F’. Since FN[{] = S; and F' N [{] = 5,
then S; C S;, contradicting the fact that {S,Ss,--- Sk} is an antichain. Notice that
[Tie, 1 Fil = 250,

In this chapter we disprove this conjecture with the following theorem.

Theorem 1.3.6. Let n and k > 2 be integers. For n sufficiently large,

(z—Z)k < r(n. k).

A crude application of Stirling’s approximation yields that ¢(k) = w(logk). So,
in particular, there is a function g(k) tending to infinity with k& such that 29 =
O (2k7(k - g(k))™*). Therefore our lower bound is exponentially larger than the con-
jectured upper bound of 2k(n—*

We also prove an upper bound on 7(n, k).
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Theorem 1.3.7. Let n and k > 2 be integers. Then

on\ [ g | /20 [ TR/2]
”“’“S(ﬁ) BJ H '

To prove the upper bound on 7(n, k), we exploit a connection between the cross-
Sperner property and the notion of minimizing comparability. Notice that if (F;, F2)
is cross-Sperner, then every set in JF; is incomparable to every set in F5. Furthermore,
2" — ¢(n,m) is the maximum number of sets incomparable to a family of size m. The
following key idea allows us to use Theorem 1.3.9 to say something about the size of
cross-Sperner systems.

Key Idea 3.1.3. Let (Fy,F2) C P([n])?* be cross-Sperner where |F;| = m. Then
|~7:2| S 2" — C(nvm)‘

This chapter is organized as follows. In Section 3.2, we prove the lower bound in
Theorem 1.3.6. In Section 3.3, we prove Theorem 1.3.7 using Key Idea 3.1.3. In Section
3.4, we give the exact value of 7(3,3), 7(4,4), and (4, 3). ¢

3.2 Lower Bound on 7(n, k)

Theorem 1.3.6 follows directly from the following (slightly stronger) statement.

Lemma 3.2.1. Let n, k be integers with k > 2 and n > klogs k + k. Then

o= (i) (1)) 2=

Proof. Partition [n] into k parts Ay, Ay, ---, Ay, each of size [%]| or [#]. For each
1 <i <k, take X; to be an initial segment of colex in P(A;) such that |X;| = ;24!
for some 0 < A\; < 1. Set ), := P(A;) \ &;. Now we construct a cross-Sperner system

(.F1,.F2,"' ,.Fk> Deﬁne
Fi={FeP(n]): FNA € X, FNA; €Y, for all j #i}.

Refer to Example 3.2.2 for an example of this construction.

To see that (Fy, Fa, - - -, Fi) is cross-Sperner in P([n]), consider S € F; and T' € F;.
We must show that S and 7" are incomparable. If S C T, then SN A; CTNA;. By
the definition of our cross-Sperner system, there is some Y € ); and X € A& such
that Y C X. This contradicts that X; is an initial segment of colex in P(A,) and
Y, == P(A;) \ &;. Analogously, we see that 7' cannot be a subset of S. Hence
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(F1, Fo, -+, Fk) is cross-Sperner as required. We can think of each F' € F; as being of
the form

F=xu| Jv
J#i
Yi€Y;
for some X € &;. Thus,
Al =X [Tl
J#i
So,
k k
a(n. k) > [[1FI=]] (WIH D’jl) :
i=1 i=1 i

To complete the proof, it remains to optimize the value of the A\;. We have

Fil = M2 T = ap)2il = aalra A T — ag) = A2n T = M)

JF#i J#i J#i
So
k k
117l = (H Ai(1 - AZ-)’”) ok, (3.1)
i—1 i1
For each 1 < k <, set \; = 50y LQ‘:”J. Then
1 1 < 1 1 <\ < 1
kooln/k] = olAl = =g

For n > klog, k + k we have 27 1"/k < 9=(n/k=1) %, so \; is not zero. Therefore, with
this choice of \; we get

k k—1\
11 1 .
= ((t-5m) (1)) 2

as required. N

Note that if k is a power of 2 in the proof of Lemma 3.2.1, \; = % forall 1 <i<k.
Therefore in this case we can eliminate the —m term.
For clarity, Example 3.2.2 demonstrates the construction given in Lemma 3.2.1.

Example 3.2.2. Let n = 6 and k£ = 3. Partition [6] into

Ay = {1,2}, Ay = {3,4}, Ay = {5,6).
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Then let

X ={0,{1}},
Xy = {®7 {3}}7
Xy ={0,{5}}.

So

Vi = {{2}7 {17 2}}7
Vo = {{4}7 {374}}7
Vs = {{6},{5,6}}.

By the definition of F; given in Lemma 4.2.2, the cross-Sperner system is

‘Fl - {{476}7{4’576}7 {37476}7{3’4’576}7{174’ 6}7{1747576}7{1’37476}7{]‘73’47576}}7
‘F2 - {{276}7{27576}7 {27376}7{2737576}7{17276}7{1727576}7{1727376}7{]‘72737576}}7
‘Fg = {{274}7{27475}7 {27374}7{2737475}7{17274}7 {172747 5}7{1727374}7{172737475}}'

We now deduce Theorem 1.3.6, restated below for convenience, from Lemma 3.2.1.

Theorem 1.3.6. Let n and k > 2 be integers. For n sufficiently large,

(g)k < r(n, k).

Proof. Take n sufficiently large so that

L1 1 g Ll -
2K =% ek " k—1) ek \" F—1 '

This is possible as (1 + L)k_l tends to e from below. Substituting this into Lemma

—1
3.2.1, we see that

k
1 1\ k1 1\ A1 L\F
> | — - _ = kn _ [~ kn.
m(n, k) > (ek <1—i— - 1) (1 k) 2 (ek‘) 2

3.3 Upper Bound on 7(n, k)

The goal of this subsection is to prove Theorem 1.3.7, restated below for convenience.
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Theorem 1.3.7. Let n and k > 2 be integers. Then

on\ [ g | /20 [ TR/2]
”“’“S(ﬁ) BJ H '

We will use the following lemma.
Lemma 3.3.1. Let 1 < j < k and let (F1,Fs,...,Fx) C P([n])* be cross-Sperner.
Then < T Uf=j+1 ]:Z) is cross-Sperner in P([n]).

Proof. Suppose for contradiction that ( Zzl Fi, Uf:j 41 .7-’,) is not cross-Sperner. Then
there exist some X € Uzzl F,and Y € Uk JF; such that X C Y or Y C X. Since

i=j+1
X € Fiforsome 1 < i < j,and Y € F; for some j+1 <t < k we deduce that
(F1, Fa, ..., Fr) is not cross-Sperner, a contradiction. n

We now use Lemma 3.3.1, along with Theorem 1.3.9, to prove an upper bound on
w(n, k).

Proof of Theorem 1.3.7. Suppose (Fi, Fa, -+, Fg) is cross-Sperner in P([n]). Let a =
|k/2],b = [k/2], and observe that a +b = k. Let G = J'| F; and H = U, F.
Notice that (G,H) C P([n])? is cross-Sperner by Lemma 3.3.1. If |G| = m, by Key
Idea 3.1.3, |H| < 2" — ¢(n,m). Moreover, since each product is maximized when the
families are of equal sizes,

a

k 0 en b
H|.7:Z| - (%)a nd H Fi < (2 -2 /2+1\/m+m> ‘

, , b
=1 j=a+1
Thus,
k @ k m\ @ 2n_2n/2+1\/m+m b
[T7 =115 IT 150< (%) (5= o, 32)
i=1 i=1 j=a+1

To find an upper bound on the left hand side of (3.2), we differentiate with respect to
m to find the value of m that maximizes the right hand side:

a?2m
) k2

Setting this equal to zero yields m € {0,2" }. A simple calculation shows that

(3.2) is maximized when m = ai’é” Thus

k Nk n\ k Lk/2] [k/2]
i ) oo~ () 1T
11 K2 K2) |2 2
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as required. N

The next corollary will make it easier to compare the upper and lower bound for

w(n, k).

Corollary 3.3.2. When k is even, m(n,k) < (%)k When k is odd, w(n,k) <
14 1) (2m)F

T+ ()

Proof. When k is even, the upper bound given by Theorem 1.3.7 is (%)k When £ is

odd, let k = 2r + 1. Then the upper bound given by Theorem 1.3.7 is

2N e - (2 (R ()
) "V 2 2 2 '

Simplifying we get

on \ - e 27\ 1\ 7 1\ 7
() brmen ow (2) (1007 (1)

Since (1 —£)(1+4)=(1—-5) <1,

when £ is odd. O

3.4 Some Exact Values of 7(n, k)

For n = 3,4 and k = 3,4, we can determine the exact value of m(n,k) using case
analysis. We begin with some observations and prove a lemma to reduce the number
of cases to consider.

First, certain sets cannot be in a cross-Sperner system. Since [n] and () are both
comparable to every other set in P([n]), having them in a family means that no other
set can be in any other family. Since all families in a cross-Sperner system are non-
empty, these sets cannot be in a family in a cross-Sperner system.

Observation 3.4.1. If (Fi, F, -+, Fr) C P([n])* is cross-Sperner, then [n] ¢ F; and
0&F; foralll <i<k.

We also have that incomparability is preserved under taking complements. Suppose
X,Y C [n] are incomparable. Then [n]\ X and [n]\ Y are incomparable. To see this,
suppose [n]\ X C [n]\Y. Then Y C X, contradicting that X and Y are incomparable.
This means that from every cross-Sperner system (Fy, Fa, -, Fx) C P([n])¥, we can
create another cross-Sperner system by considering the complement.
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Observation 3.4.2. Let (Fy, Fa, -+, F) C P([n])* be cross-Sperner. Define Ff :=
{In]\ F: FeF} forl1<i<k. Then (F{,F5, -+ ,Fg) is cross-Sperner.

The next lemma states that if a family contains a set of size 1, this restricts the
size of the sets in the remaining families.

Lemma 3.4.3. If (Fi,...,F) is an (n, k)-best system where k > 3, n > k such that
F1 contains a set of size 1, then no other family contains a set of size (n — 1).

Proof. Suppose (Fi,...,Fr) € P([n])* is an (n, k)-best family and F; contains a set
of size 1 and suppose, for a contradiction, F contains a set of size (n —1). Notice that
as (Fi,...,Fg) is a cross-Sperner family, the set of size 1 and the set of size (n — 1)
must be disjoint. It follows that all sets in P([n]) must be comparable to at least one of

these two sets. This implies all other families Fj, ..., F, must be empty, contradicting
that (Fi,...,Fg) is (n, k)-best. O

Lemma 3.4.3 allows us to assume that if a family in a cross-Sperner system has a
set of size 1, no other family has a set of size (n — 1). This is especially useful when n
is small. Now we can find the exact values of 7(3,3),7(4,4), and 7(4, 3).

Proposition 3.4.4. 7(3,3) = 1.
Proof. First we give a construction to show a lower bound.

Construction 3.4.5. Let

Fir={{1,2}}
Fo = {{173}}
F3 = {{2’3}}

Then (Fi, Fa, F3) is cross-Sperner and

Now we will show the upper bound. Let F = {F, Fa, F3}. Notice that by Obser-
vation 3.4.1, there is no set of size 3 and no empty set in (Fy, Fo, F3).

Without loss of generality, up to complements, let {1} € F;. Then by Lemma
3.4.3, no other family has a set of size 2. So F» and JF3 contain only elements from
{2,3}. Since no family is empty, we can suppose Fo = {{2}} and F3 = {{3}}. Now,
JFi cannot contain any other sets, so [[._, |F;| = 1. Thus 7(3,3) = 1.

O

We now prove that m(4,4) = 4. This is a counterexample to Conjecture 3.1.2 which
gives m(4,4) < 1.
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Proposition 3.4.6. 7w(4,4) =4
Proof. The following construction proves the lower bound on Proposition 3.4.6.

Construction 3.4.7. Let

Fi={{1,2}}
Fo = {{1,3},{1,4}}
Fz ={{2,3},{2,4}}
Fa= {{374}}-

Then (Fi, Fa, F3, Fa) is a cross-Sperner system and

Now we will show the upper bound. Let (Fy,Fs, F3F4) € (P([4]))* be cross-
Sperner. By Observation 3.4.1, no set has size 4 or is the empty set.

Case 1: Suppose F; and F, contain a set of size 1. Let {1} € F; and {2} € F, without
loss of generality. Then the only sets that are incomparable to {1} and {2} are {3}, {4}
and {3,4}. The only way to maintain the cross-Sperner property without any family
being empty is for F3 = {{3}} and F, = {{4}}. This means that we can add no other
sets to JFi, Fo, F3 or Fy, S0 H?Zl | Fi| = 1.

Case 2: Suppose only F; has a set of size 1, say {1}. By Lemma 3.4.3, no other family
has a set of size 3, so the remaining families only have sets of size 2. There are three
sets of size 2 that are incomparable to {1}, namely {2,3},{2,4}, and {3,4}. To ensure
that no family is empty, one of these sets belongs to each of Fy, /3 and F,. We can
add {1,2},{1,3} and {1,4} to F; without breaking the cross-Sperner property. Thus
[T 7 <4

By Observation 3.4.2, and Lemma 2.3.8, Case 1 and 2 imply that if there are sets
of size 3 in the family then [, |F;| < 4. It remains to check the maximum product
when all the sets have size 2.

Case 3: Suppose the cross-Sperner system only has sets of size 2. There are six sets of
size 2 which make an antichain. To maximize the product we partition the sets into
the four families as evenly as possible, giving us the construction of our lower bound.

Thus, m(4,4) = 4. O

Finally, we prove that 7(4,3) = 9. This is again a counterexample to Conjecture
3.1.2 which gives 7(4,3) < 8.
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Proposition 3.4.8. 7(4,3) = 0.

Proof. First we give a construction that prove the lower bound of Proposition 3.4.8.

Construction 3.4.9. Let

Fl = {{173}7 {1’4}’{1}}
-FQ - {{273}7 {274}7 {2}}
F3 = {{374}}

Then (Fi, Fa, F3) € P([4])? is a cross-Sperner system, and

Now we will show the upper bound. Let (Fy, 2, F3) C P([4])® be cross-Sperner.
By Observation 3.4.1, no set has size 4 or is the empty set.

Case 1: Suppose (Fi, Fa, F3) contains at least two singletons. Without loss of gener-
ality, suppose {1} € F;. By Lemma 3.4.3, there will be no sets of size 3 in Fy, F3.
If one family contains two sets of size 1, say {1},{2} € Fi, then the only remaining
incomparable sets to F; are {3},{4},{3,4}. Since all families must be non-empty,
Fy ={{3}} and F5 = {{4}}. The only set that can be added to F; is {1, 2} so we get
[T 17l < 3.

Now suppose the two singletons are in different families. Without loss of generality,
let {1} € F; and {2} € F,. By Lemma 3.4.3, F3 does not contain a set of size 3. If
F; contains a set of size 1, say {3}, then [[’_, |F;| < 8 since each family can have at
most other set, namely {1,4},{2,4}, and {3,4} respectively. If F3 does not contain a
set of size 1, it must contain a set of size 2, as it cannot be empty. The only set of size
2 that is incomparable to {1}, {2} is {3,4}. So F3 = {3,4}. Now, {1,3},{1,4} can be
added to F; and {2,3},{2,4} can be added to F,. Thus [[._, |Fi| < 9.

Case 2: Suppose there is only one set of size 1 in (F, Fo, F3). Without loss of generality,
let {1} € Fi. By Lemma 3.4.3, 7, and F3 do not contain a set of size 3. Then
{2,3},{2,4},{3,4} can be put in F; and F3. Since no family can be empty, let Fp =
{{2,3},{2,4}} and F3 = {{3,4}}. Then {1,2},{1,3},{1,4} can be added to Fi, so
[T |7l <8.

Note that by Observation 3.4.2, having at least one set of size 1 is equivalent to
having at least one set of size 3 in the cross-Sperner system, and by Lemma 2.3.8,
the product measure of the complement families will be the same. Thus, it suffices to
consider families with only sets of size 2.
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Case 3: Suppose (Fi, Fa, F3) only contain set of size 2. All sets of size 2 are incompa-
rable so to maximize the product, each family will have two sets and [[_, | Fi| = 8.

]

When comparing the results of Propositions 3.4.4, 3.4.6, and 3.4.8 to the prod-
uct upper bound in Theorem 1.3.7, we see that the upper bound could be improved.
Theorem 1.3.7 gives 7m(3,3) < 2, w(4,4) < 16 and 7(4, 3) < 22.
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Chapter 4
Bounding the Sum Measure of Cross-
Sperner Systems

4.1 Introduction

In the previous chapter we considered the product measure of cross-Sperner systems.
Another natural measure to consider is the sum. Recall from Section 1.3 that the
definition of (n, k) is

k
(n, k) := max {Z | Fil - (Fi, Fa, -+, Fg) is cross-Sperner in P([n])} .

=1

The simplest case to consider is the sum of cross-Sperner pairs. In 2021 Gerbner,
Lemons, Palmer, Patkés, and Szécsi [19] considered bounding the sum of cross-Sperner
pairs.

Theorem 4.1.1 (Gerbner, Lemons, Palmer, Patkds, Szécsi, Theorem 1.1 [19]). There
exists an ng such that if n > ng and (F,G) C P([n])? are cross-Sperner families, then
|F| 4+ |G| < 27 — 2[7/21 —gln/2] 4 9,

This bound is tight. To see this, let F = {X} for some X C [n] where | X| = [n/2]
or [n/2]. Then let G be all subsets of [n] that are incomparable to X. There are
2[n/21 4 2In/2] 1 sets in P([n]) that are comparable to X. To see this, suppose
|X| = [n/2]. Notice |u(X)| = 2"/? and |d(X)| = 2/"/?l. As X was counted in both
the upset and downset, the number of sets incomparable to X is 2" —2["/21 —2ln/2] 4 1,
Thus,

|F| + |G| = 2" — 2I"/21 —oln/2] 4 o,

Theorem 4.1.1 only applies to large enough n. In this section, we prove this result for
all values of n using Theorem 1.3.9 (see Theorem 4.4.1). The main result of this chapter
is bounding o(n, k) for k > 3. For this we prove the following theorem, restated here
for convenience.
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Theorem 1.3.8. Let n, k be integers with n > 2k. Then

3
2" — E\/Q”k +2k—-1) < olnk) < 2" =227k —1)+2(k—1).

We will employ Theorem 1.3.9 on minimizing comparability to prove these bounds.
When £k is a power of 2 and n — log, k is even, we can further improve the lower bound
to 2" — 2v/27k 4 2(k — 1), which is extremely close to the upper bound.

4.2 Lower Bound on o(n,k)

The lower bound construction for o(n, k) is inspired by the star construction that
minimizes comparability. Recall that a star of the form

F=A{X, XU{a}, X U{az}, -, XU{ar_1}}
n—d
for some set {ay,as, -+ ,ar_1} C [n] \ X, where |X| = —5
minimizes comparability. Ideally, there would exist families Fy, Fo, - -+ , Fr_1 C P([n])
such that FiUF,U- - -UFy_q is a star that minimizes comparability and is an antichain.
Then, by Key Idea 3.1.3, the cross-Sperner system (Fy, Fo, -+, Fr) C P([n])*, where
Fi. is all of the sets that are incomparable to F; U Fo U --- U Fj_1, would maximize
the sum. However, F1 U Fo U ---U Fi_1 is not an antichain. To get an antichain while
remaining similar to a star construction, we take

.71 =XU {al},]:Q =XU {az},-“ ,.Fk_l =XU {ak_l}

for some set {aq,aq, -+ ,ar_1} C [n]\ X. Notice that F;UF,U- - -UFj_4 is an antichain.
Let Fj be all the sets incomparable to F; U Fo U -+ U Fi_1. Then (Fy, Fa, -, Fg) is
cross-Sperner. We need the following counting lemma to determine the comparability
number of an antichain of this form.

Lemma 4.2.1. Let A := {Fy, Fy,---Fy_1} be an antichain in P([n]) where F; :=
{iYu{n—C+1,...,n}. Then c(A) =k2"+2" " (1 - 55) — (k—1).

Proof. For each i, let S; be the collection of sets comparable to F;. For ease of notation,
let G:={n—(¢+1,...,n}. Observe that, since |F;| = £+ 1 and u(F;) Nd(F;) = {F;},

S| = |w(F) Ud(F)| =2 4 2n=1 1, (4.1)
Note that for each i > 1, we have

dE)\|Jd(F) =d(F)\d(F) = {{i}uY : Y € G} (4.2)

1<j
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since F; = G U {i}. Similarly, observe that for each i > 1, we have

wF\JuF) ={Z2CM:Z2F,Zn{l,...,i— 1} =0}. (4.3)

J<i

So now putting together (4.1) (to bound |Si|), (4.2), and (4.3), we obtain
k-1 k—1
L,Jé% ::LS1|+-EE:
i=1 i=2

k—1
=2 ot (B —2)2° + <Z 2"—“) — (k—2).
1=2

k-1

2

1=

d(F)\ | Jd(Fy)

i<j

u(F)\ [ ulEy)

i<j

— (k-2

The last term comes from that fact that each set F; is counted both in its downset and
its upset, so we must subtract (k — 2) from ¢(.A). Simplifying we get

c(A) = k2f 42" (1 - L) —(k—1).

Qk—l

O

The lower bound given in Theorem 1.3.8 follows from the slightly stronger statement
given below.

Lemma 4.2.2. Let n,k € N where n > 2k —1 —logy, k > 1. Then

. 3 1\ =
(n,k) > 2 —5(1—2,9_1) Vork +2(k —1).

Proof. Let a be an integer with the same parity as n to be specified later. Let G :=

{n—"52+1,...,n}. Let A = {F\,F,, - Fp_1} be an antichain in P([n]), where
F; = G U {i}. This is possible provided n — "5% > k — 1, that is, n > 2(k — 1) — a.

n—a

2

By Lemma 4.2.1 and setting ¢ =

, we obtain

n—a n+a 1
o(A) = k27" + 277" (1 - 2“) — (k—1).

Define
Fi={F}for1<i<k-—1

and
Fi :={Z C [n] : Z incomparable to F; for all 1 <i <k —1}.

20



By construction, (Fi,...,Fy) is cross-Sperner in P([n]). We have

SOIFL = (k=142 = c(A)

=" —/on <\/% + (1 - 2:_1) \/2_“) +2(k —1). (4.4)

Differentiating this expression with respect to a gives

(e (- 5) )

Thus we can see that if there were no restrictions on a the maximum value of (4.4)

would be achieved when 2% = kﬁ—il; that is, a = log,(k) + log, % . However,

we require a to be an integer with the same parity as n. Set a to be the unique integer
such that

2k71
—1<a-— IOgQ(kZ) — 10g2 (m) S 1
and let ¢ = a—log, (k) — log, (2{—1_11) Note that n > 2k—1—log, k > 1 by hypothesis.
This ensures that n > 2(k — 1) — a for any such value of a. We have

g|fi|=2”—\/2_”(\/% (1—2k—11> \/2_a)+2(k_1)

—2”—@(1—%)1/2 (%jL\/Q_) +2(k—1) (4.5)

22”—@(1—%)1/2 (%) +2(k—1)

where the last inequality follows from the fact that the bracketed expression in (4.5) is
maximized when ¢ =1 for ¢ in the range —1 < ¢ < 1. O]

For certain values of £ we can prove a stronger lower bound which essentially
matches the upper bound given in Lemma 4.3.1.

Corollary 4.2.3. Let n,k € N and suppose that k = 2 where a has the same parity
asn andn > 2(k—1) —a. Then

(n,k)22"—2\/ﬂ(1—%> +2(k—1).

Proof. Apply the proof of Lemma 4.2.2 with a = log, k. O]

o1



4.3 Upper Bound on o(n, k)

The following lemma gives the upper bound on (n, k).

Lemma 4.3.1. For k > 2 and n such that 2" > (k — 1)(1 + vk — 1)?,

(n,k) < 2" = 23/20(k — 1) + 2(k — 1),

Proof. Suppose (Fy, Fa, -+, Fk) is cross-Sperner in P([n]). We may and will assume
that |Fi| < |Fo| < --- < |Fi|. Define G := U= 7. By Lemma 3.3.1, (G, Fy) is
cross-Sperner. Let m = |G| and observe that, as each family is non-empty, we have
m>k—1.

By Key Idea 3.1.3, [Fi| < 2" — ¢(n,m) < 27 — 22 /m 4+ m = (V20 — /m)".
Since the families are ordered by increasing size, |F;| > 7%5. Putting this together
gives

Rearranging, we obtain

Now consider the sum

k

STIFEI =161+ 1Rl < m+ (VI - vim)

=1

2

Let x = $4/2" — \/m. Substituting this into expression (4.7) gives
2 2
<§\/2n - x) + (%x/zn + :c) = o1 4 992,

It is clear that (4.7) is maximized when |z| = [3v/2" — \/m] is as large as possible.
Combining m > k — 1 with (4.6) gives vk — 1 < /m < /27 (H—V\k/%>, so we need

only find which of these end values is further from % 2m,
If we have 2" > (k — 1)(1 4+ vk — 1)? then

on Vi =1
L e T Qn_L:\/Q—n<—>_1 5
2 2 1+vVk—1 1+vVEk—1 2

and thus expression (4.7) is maximized when m = k — 1. Substituting m = k — 1 into

52



(4.7) gives

Z|f| <k-1)+(VE - \/k—1>2
= 2" —2/2n(k — 1) +2(k —

as desired. [

The proof of Lemma 4.3.1 uses a strategy that we will repeat in Section 4.4. We
first ordered our families in increasing size and let G be the union of the first k — 1.
This reduced our system to a cross-Sperner pair. Then we can use the comparability
result of Theorem 1.3.9 to bound the size of |G|+ | Fi|. Recall that a similar technique
was used to prove the upper bound of 7(n, k) in Theorem 1.3.7.

Now we can prove Theorem 1.3.8.

Proof of Theorem 1.3.8. Lemmas 4.2.2 and 4.3.1 together give the result. Observe that
228 > (K —1)(1 4+ vk — 1)2 for k > 2 so the conditions of Lemma 4.3.1 hold. O

4.4 o(n,k) for Small Values of k

We begin this section by proving that Theorem 1.1 of Gerbner, Lemons, Palmer,
Patkés, and Szécsi [19] on bounding the sum of cross-Sperner families pairs holds
for all n. It is a simple consequence of Theorem 1.3.9.

Theorem 4.4.1. Let (F,G) be cross-Sperner in P([n]). Then
|F| 4 |G| < 2n —21n/2) _oln/2l 1 o,

Proof. Let (F,G) € P([n])? be a cross-Sperner pair. Suppose |F| = m. Since F,G # 0,
1 <m < 2" — 1. Moreover, we may assume without loss of generality that |F| < |G|.
We know | F||G| < 2?"~* by Theorem 3.1.1. Using this, we have that

m2 S |]_—||g| S 2271—4’
which implies that m < 2772,
Then, by Observation 2.1.8, ¢(F) = |u(F)| + |d(F)| — |u(F) N d(F)|. Since F C
u(F) Nd(F) we have m < |u(F) Nd(F)|. Thus

o(F) = [u(F)[ + [d(F)| —m

23



Since G must be incomparable to F, we have that
0] <2" — o(F) < 2" — |[u(F)| = [d(F)| +m.

Thus
|Fl+ 1G] < 2" — |u(F)| — |d(F)| + 2m. (4.8)

We have the following two cases.

Case 1: Suppose m = 1. Since F only consists of one set, say F, we have u(F) = 2"~ |7
and d(F) = 2IF1. So |u(F)||d(F)| = 2", which, by the AM-GM inequality (Lemma
2.2.2) gives |u(F)| + |d(F)| > 2n/2+1 > 2ln/2] 4 2[n/21 - Qo (4.8) yields

|F| + |G| < 2m —2l/2 —oln/2l 4 o

as required.

Case 2: Now suppose m > 2. By Theorem 1.3.9, |u(F)| + |d(F)| > 2271/m, so (4.8)
gives

|F|+1G] < 2" — 22+ /m + 2m.

By differentiating with respect to m we see that the expression on the right-hand side
is decreasing in the range 2 < m < 2"~2. It is therefore maximized at m = 2, where
we have
o — 25FL /m 4+ 2m = 2" — 2% 4 4.
Note that for all n > 2,
23" — 4 > 2l L ol/2 g

This implies that 27 — 217/2) — 2[7/21 1.2 > 9n _ 23+ /;m 4 2m for all 2 < m < 272
and n > 2.

We conclude that | F| 4 |G| < 2" — 2ln/2] —2[n/21 1 9 as desired. O

Employing the technique used to prove Lemma 4.3.1 and the result of Lemma 2.4.2
we can improve the upper bound given in Theorem 1.3.8 for (n, 3).

Proposition 4.4.2. If n > 4, then

2n —3(22) + 4, ifn is even.
(n,3>§{ &) d

on — %2"/2 +4, ifn is odd.

Proof. Suppose (Fi, Fa, F3) € P([n])? is a cross-Sperner system and |F| < |F| <
|F3|. Let G = F; U Fy and let |G| = m. Since all families are nonempty, m > 2.

o4



Since the families are ordered in increasing size, |F3| > m/2. Notice that (G, F3) is
cross-Sperner by Lemma 3.3.1. By Theorem 3.1.1,

m2

5 < IG||Fs| < 224

This gives 2 < m < 2"3/2. Since | F3| can be at most 2" — ¢(n, m) by Key Idea 3.1.3,

| Pl + | Fo| + | F3] <m+2" —c(n,m)
< 2m — 2L i 2m = g(m).

Since no family is empty, our purpose is to maximize g(m) for 2 < m < 27~3/2, This
equation is decreasing on the interval 2 < m < 27”2 and increasing on the interval
272 <'m < 27732, In order to find the maximum of g(m), it suffices to compare the
value at m = 2 and m = 2"~%/2. So (n,m) < max{g(2), g(2"~3/2)}. We have that

n+3

g(2)=2"+4—-2"72

and
g<2n—3/2) — 27’1, + 2”—1/2 _ 27’L—1/4'

Notice that g(2) > ¢(2"~3/2) when n > 4. This implies that the sum is maximized
when |Fi| = |Fs| = 1, s0 (n,3) < 2" — ¢(n,2) + m. Lemma 2.4.2 gives us the exact

values of ¢(n,2). When n is even, c(n,2) = 3(2"/?) — 2, so

(n,3) < 2" —3(2"/?) 4 4.

When n is odd, ¢(n,2) = \%2"/2 — 2,80

4
(n,3) < 2" — —2"2 44

| V2
as required. O

Based on the construction of the extremal family for ¢(n,2), when n is even, we
can give an exact value of (n, 3).

Corollary 4.4.3. When n > 4 and n is even
(n,3) = 2" — 3(2"/?) + 4.

Proof. By Proposition 4.4.2, when n > 4 and even, (n,3) < 2" — 3(2"/2) +4. To prove

equality, we need a construction that obtains this bound. Let Fy, 5 C [n] be such that
|Fi| = |F3] =n/2 and |[F1 N Fy| =n/2—1. By Lemma 2.4.2, ¢({F}, F3}) = ¢(n,2). Let
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Fi ={F} and F, = {F>»}. Define
F3:={X C[n]: X is incomparable to F; and Fy}.
Then (Fi, Fy, F3) is cross-Sperner and
|Fu| + | Fo| 4 | Fs| = 242" — ¢(n,2) = 2" — 3(2V%) + 4

as required. 0

We can also improve the upper bound given in Theorem 1.3.8 for (n,4).

Proposition 4.4.4. Ifn > 5 then

(n.4) < 642" — 2L(2"/2), if n is even.
n,4) <
' 6+ 2" — %2"/2, if n is odd.

Proof. Suppose (Fi, Fa, F3, F4) € P([n])* is a cross-Sperner system and let |F;| <
| Fo| < |Fs| < | Ful- Let G = FL UF, U Fz and |G| = m. All the families are nonempty,
so m > 3. Since we ordered the families by increasing size, |Fy| > m/3. Moreover,
(G, F4) is cross-Sperner by Lemma 3.3.1, so |G||F4| < 22"~* by Theorem 3.1.1. This
implies that

m2

3
which gives m < 2"2y/3. By Key Idea 3.1.3,

< |G||F4| < 224

4

> 1Fl =161+ |7

i=1
< 2" —c(n,m) +m
= 2" — 22 /i 4 2m = g(m).

Our purpose is to maximize g(m) for 3 < m < 2"~2y/3. Notice that g(m) is decreasing
from 3 to 2"~? and increasing from 2”2 to 2"~2y/3. To maximize g(m), it suffices to
compare the values at m = 3 and m = 2n=2,/3 At m = 3 we have

g(3) =6+ 2" —2"/*1/3
and, at m = 2"2/3,
g<2n72\/§> — 2n71\/§_'_ 2n o 27131/4’

so g(3) > ¢(2""2V/3) when n > 5. This proves that to maximize (n,4), we want
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|F1| = |Fe| = |F3] = 1. So, (n,4) < 2™ —¢(n,3) + 3. Lemma 2.4.3 gives us the exact

value of ¢(n,3). We know that

5.(22) -3, ifnisodd

_{%(2"/2)—3, if n is even
c(n,3) =
V2

This implies

(n,4) <

6+ 2" — 2L(2"/2), if n is even
6+2" — 552*%  if nis odd.
[

The bound in Proposition 4.4.4 is not tight. The extremal construction for ¢(n, 3)
in both the even and odd case is not an antichain as it was for ¢(n,2). In the proof
of Proposition 4.4.4, we show that (n,4) is maximized when |F;| = |F| = |F3| = 1.
Since the extremal constructions for‘c(n, 3) cannot be split up into three families, each
with size one, that are cross-Sperner, (n,4) < 2" — ¢(n, 3) + 3.
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Chapter 5
Conclusion

Here we gather together some concluding thoughts and open questions. In Chapter 3
we provide upper and lower bounds on m(n, k) in Theorems 1.3.6 and 1.3.7, restated
here for convenience.

Theorem 1.3.6. Let n and k > 2 be integers. For n sufficiently large,

(2) <siu

Theorem 1.3.7. Let n and k > 2 be integers. Then

on\ K [ 1o | Uk/2) [ TE/2]
”““’f)ﬁ(ﬁ) EJ H '

Comparing these bounds shows that they differ by a factor of (%)k for k even and

less than (1 + %) (g)k for k odd. It would be interesting to tighten this gap. We believe
that (for large n) the bound given in Lemma 3.2.1 ought to be essentially best possible.

Conjecture 5.0.1. Let k > 2 be fized and n be sufficiently large with respect to k.

Then o i
m(n, k) = (1+0(1)) (%2") )

The technique used to find the upper bound given in Theorem 1.3.7 was quite
wasteful. We combined the first £ — 1 families, and assumed that the comparability
number of the union of the k—1 families was minimal. This is an unrealistic assumption,
as the extremal families that minimize comparability tend to maximize the amount of
containment between sets, where as in cross-Sperner systems, we want families that
are incomparable with each other. It is most likely the case that the comparability
number of the union of the first k — 1 families of a cross-Sperner system is much higher
than the minimal comparability number.

o8



Recall that Seymour’s Theorem (Lemma 1.3.3) and the AM-GM inequality (Lemma
2.2.2) induced a tight upper bound on |F||G| where F,G is a cross-Sperner pair. A
generalization of Seymour’s Theorem would perhaps give a proof of an improved upper
bound on 7(n, k). If we can show that

il E B o | R < 2/,

where ¢ = (1 + o(1))(k — 1)1_%, then applying the AM-GM inequality will give the
bound in Conjecture 5.0.1.

In Chapter 3 we also found the values of 7(3,3), 7(4,4) and 7(4,3). We have found
constructions that show 7(5,3) > 81, 7(5,4) > 108, and 7(6,3) > 810. Determining if
these bounds are tight would be interesting.

In Chapter 4 we proved Theorem 1.3.8, restated here.

Theorem 1.3.8. Let n, k be integers with n > 2k. Then

2" — %\/ﬂ+ 2k —1) < o(nk) < 2" —2y/20(k — 1) +2(k —1).

Recall that when k is a power of 2, the lower bound is 2" — 2v/2"k +2(k — 1), which
is extremely close to the upper bound. It would be of particular interest to understand
the extremal constructions of the cross-Sperner systems that maximize (n,k). We
conjecture that one extremal construction is to take an antichain of size k —1 of the
form {X U{a1}, X U{as}, -+, X U{ar_1}} and let F; = {X,,} for 1 <1i < k. Then,
let Fi. be all the sets incomparable to the antichain. One may ask what other extremal
constructions maximize (n, k), if any.
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