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Abstract

This dissertation deals with a conjecture proposed in 1979 by Péter Frankl related to
union-closed families of sets. It has been widely studied by several mathematicians
from all around the world. There are many papers on the topic and several websites
dedicated to its study. Despite the fact that the conjecture regards finite union-
closed families of sets, which appear to be very simple objects, very little is known
about them. We try to present in detail the main tools people have been using too
approach the problem and unveil a little bit of the mystery behind these families.

Keywords: Union-closed families of sets, Frankl Conjecture, Union-closed sets
conjecture, Up-compression, Lattice, Dual Families.
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Resumo

Nesta dissertacao € apresentada uma conjetura proposta em 1979 pelo matematico
hungaro Péter Frankl relacionada com familias de conjuntos fechadas para a re-
unidao. Nos recentes anos, esta tem sido amplamente estudada por matematicos
de todo o mundo. Existem cerca de 50 artigos acerca da mesma e varios websites
dedicados ao seu estudo. Apesar dos objetos do problema serem familias finitas
de conjuntos fechadas para a reunidao, que sao aparentemente simples, pouco se
sabe ainda sobre os mesmos. Tentamos, neste trabalho, apresentar em detalhe as
principais ferramentas usadas na abordagem do problema e desvendar um pouco
o mistério escondido por detras destas familias.

Palavras-chave: Familias de conjuntos fechadas para a reuniao, Conjetura de
Frankl, Conjetura dos conjuntos fechados para a reuniao, Compressao, Reticula-
dos, Familias Duais.
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Introduction

In 1979, Peter Frankl formulated one of the most famous conjecture in extremal
combinatorics, known as Frankl Conjecture or Union-closed Sets Conjecture. It
has piqued the curiosity of some of the most influential combinatorialists and we
hope that, after reading this dissertation, yours will be piqued as well!l The main
attraction of Frankl Conjecture is definitely the fact that it is very simple to state. It
only claims that if we are given a finite family of sets 7 < P(U), where U is a set,
suchthat Se FAT e F = SuT e F, then there is an element x € U such that «
belongs to at least half the sets in F.

In this dissertation, we present the main results and techniques used to study the
conjecture. The goal is to familiarize the reader with the problem and show how the
main partial results toward a proof of the conjecture are obtained. We also study in
great detail the structure of some particular kinds of families.

In Chapter 1 we present the problem as well as some basic definitions about families
of sets. We show how we can reduce the problem so that, instead of studying union-
closed families in general, we only work with a special subclass of families, called
separating. Some results about separating families are obtained. Also, a natural
generalization of the problem is presented. We also show generalizations of the
problem and some approaches that seem viable but are not.

In Chapter 2 it is shown how Frankl conjecture is equivalent to a problem in lattice
theory, and we show the result for the class of lower semimodular lattices.

In Chapter 3 we study the properties that a hypothetical counterexample to the con-
jecture must have, specially the smallest counterexample. The results presented in
this chapter are based essentially on the work of Giovanni Lo Faro, and allow us to
have some bounds and some structural properties of an eventual counterexample.



In Chapter 4 we study in great detail a new formulation of the conjecture proposed
by Salzborn, and mainly studied by Piotr Wojcik, and the different ways to construct
dual families, which are the families dealt with in the new formulation. A proof of the
equivalence between conjectures are given through the chapter, and some results
about dual families are obtained using these techniques.

In Chapter 5 we show how compression techniques can be applied in the context of
union-closed families of sets. The idea of these techniques is to transform the object
of study, which is in our case union-closed families, into another one of a special
type (in our case upward-closed families) and then study this new object to obtain
results about the initial one. Also, some results about the upward-closed family
that is originated by up-compressing the original family are shown. The concept
of down-compression is also defined and shown to be equivalent to the concept of
up-compression.

In Chapter 6 we present the concept of Frankl Complete families introduced by
Sarvate and Renaud and later formalized by Poonen [18], and the characterization
of such families. Some examples of those families are exhibited.



Notation

F := family of sets

[n]={1,2,...,n}

|S|:= #S, where S is a set

P(S) denotes the set of all subsets of S

X¢ = denotes the complement of X

Fe={X¢|X eF}

U(F) =Uxer X

NF = Nxer X

Fex={AeF:Ac X}

Fex ={AeF:A¢ X}

Fox ={AeF:A2X}

Fx ={AeF: AP X}

Fx={AeF: An X # @}. In particular, we represent F,, by F,
Fo={XeF:a¢ X}

J(F) denotes the subfamily of u-irreducible sets in the family F
FeS={X\S:XeF

U denotes the disjoint union of sets

When L is a lattice, L* denotes the dual lattice of L
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[a,b] :={ce P:a<c<b}, where Pis aposetanda,be P
[a)={ceP:a<c}
(a] :={ceP:c<a}

ng = |F| where F is the minimal counter-example to the conjecture in terms of
member-sets

qo := |U(F)| where F is the minimal counter-example to the conjecture with n,
member-sets in terms of universe elements

§ denotes the set of all counterexamples with n, sets and ¢, elements in its
universe

mz = min{|F,|: v e U(F)}

M = max{mz: F € §}

FM = {FeF:mp=M}

FM = {FeFM | |{z e U(F):|Fu| = M} =7}
ro:=min{r e N: M # o}

& =M

OaF ={X\{a}: X e F}

Po={XeF: Xu{a}eF}
Fi={acU(F):|Fl> 2

If S and T are subsets of [n], we put [S,T] = {X c [n]|S c X cT} (which is
empty when S ¢ T))

log will always denote log,

Sy is the group of permutations of elements in S

We put A = B when there exists i € [n] such that Au{i} = B
E(F)={(A,B)e F?: Ac B}

EB(F):={(A,B)e E(P[n]): A¢ F,BeF}

If 7 and G are two families of sets, we put Fw G ={SuT:SeF, T eG}



* (-, -) is the usual inner product in R®

* sgn is the sign function in R and is defined as usual: sgn(z) = % if x+0and
sgn(0) =0

. nf denotes the number of sets of cardinality j in F






Chapter 1
The Conjecture and Basic Results

In this chapter, we introduce a popular conjecture in extremal combinatorics known
as union-closed sets conjecture or Frankl conjecture. We will also present some
basic definitions and results to help the reader to get familiar with the problem. In
the last section, we present some statements that might look true, while being false
and the reason why that is the case.

1.1 The Conjecture

The origin of the Frankl conjecture is somewhat mysterious. So much so, that in an
article, Peter Wrinkler wrote that “The ‘union-closed sets conjecture’ is well-known
indeed, except from (1) its origin and (2) its answer!”. Most authors attribute its
formulation to Peter Frankl, while others refer to it as a “folklore conjecture” [12]. It
is a fact that Frankl discovered the conjecture, and that popularized it, and so we
will refer to it as Frankl conjecture, instead of the union-closed sets conjecture.

Although its origin is uncertain, its popularity is a certainty, which might come from
the fact that the formulation of the conjecture is indeed very simple. So, in 1979
Frankl introduced the following problem:

Conjecture 1. Let F ¢ P(U) be a finite family of sets, such that S € F AT € F =
SuT e F. Then, there is an element x € U such that = belongs to at least half the
sets in F.

Despite having such a simple statement, and being studied by so many mathemati-
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8 CHAPTER 1. THE CONJECTURE AND BASIC RESULTS

cians throughout the past 35 years, very little is known about this problem. In the
next section, we will present some basic definitions and results in order to study the
conjecture in detail.

1.2 Basic Results

Let F be a finite family of sets. We say that F is union-closed if, for any S, T € F, we
have SuT ¢ F. We define the universe of a family as the union of all its member-
sets and denote it by U(F), so U(F) e F and F c P(U(F)). Also, for X c U(F) we
define Fx = {S e F:SnX # @} and, for every a € U(F) denote Fy,, by F,. Similarly,
we represent {S e F |a ¢ F} by F,.

We can now rewrite the problem using this terminology as follows.

Conjecture 1. If a finite family of sets F is union-closed, then there is an element
of its universe that belongs to at least half the sets of the family, i.e.,
2l

2
Example 1. Let F = {{1},{2,3},{1,2,4},{1,2,3},{1,2,3,4}}. We have that F is
union-closed, with U(F) = {1,2,3,4}, and we have:

JaeU(F):|Fal 2

o F1={{1,2,4},{1},{1,2,3},{1,2,3,4}};
e Fo={{1,2,4},{2,3},{1,2,3},{1,2,3,4}};
e F3={{2,3},{1,2,3},{1,2,3,4}};

° F4 = {{]-7 274}a {17 27 37 4}}
and so the conjecture is verified for this family, when we take a = 1,2 or 3.

One might try to generalize the conjecture and allow the family to be infinite. How-
ever, in that case the conjecture is false (when our definition of half is reasonable)
since we can take the family F = {S;, 52, 55...}, where S; = {i,i+1,i+2,...} and all
elements only belong to finitely many sets.

Despite being studied by many mathematicians in the past few years, there are not
many strong results on this problem, and still very little is known about union-closed
families. However, the conjecture is known to hold for some kinds of families such
as:
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F such that |U(F)| < 12 (see [26]) or |F| < 50;

F such that |F| is large when compared to |U(F)| in the sense that |F| >
22U (see [12]);

« F such that |F| is small when compared to |U(F)| in the sense that |F| <
2|U(F)| (see [8]). For this result to hold, we also demand the families to be
separating, which, as we will see towards this chapter, is not a very strong
condition;

» F has a very particular structure, such as having a singleton or a set with only
two elements.

We will now prove the last result.

Lemma 1.2.1. If, in F, there is a set with only one element, then that element
belongs to at least half of the sets in F.

Proof. Suppose that {a} ¢ F. Clearly, F = F,UF;, and the map F; - F, given by
B~ Bu{a} is injective. It follows that | F,| > | F;|, and thus | F,| > ‘—j;' m

Let W be the set of words w in the alphabet ¥ = U(F)U{a : a € U(F)} such that,
for each a € U(F), at most one of the symbols a,a appears in w. We will abuse
notation by indistinctly dealing with an element of W as a word and as a subset of
Y. For every w e W, set

Fw:mfaa

acw

and
fw = |Fw|

Also, for a € U(F), set |a] = |a| = a, @ = a, and, for w = o10903--:0, € W, put @ =

5’15’25’3"'5’k and ]w[ = ‘0'1H0'2||0'3""|O'k|.

Example 2. Ifw = abc, then F,, = {S e F:a,ce S A b¢ S}, |w| = abe, and w = abe .

Remark 1. Forall a ¢ U(F),w ¢ W such that neither a nor a appear in w, one has

° fawofawsz-
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Proposition 1.2.2. For eachw ¢ W such that |w| € F, one has f,, < fiu-

Proof. The map
Fo = T
S v Suf{aceU(F):acw}
is injective, since, for S, T € F,,, one has that a ¢ w = a ¢ Su T, and therefore,

Su{aeU(F):acw}=Tu{acU(F):acw} < S=T.

Corollary 1.2.3. Let F be an union-closed family of sets. If {a,b} € F, then f, >
vz

Proof. It follows from the previous result that f.; < f.,. Butthen f; = fi; + fap <

fab + fz‘zb = fb, i.e. f@ < fb.

We will now present some results that allow us to restrict the problem to smaller
classes of families.

Proposition 1.2.4. It suffices to prove the conjecture for union-closed families F
such that z € F.

Proof. Consider an union-closed family F such that @ ¢ . Now, take the family
F'=Fu{z}. If the conjecture holds for F’, there exists a € U(F') = U(F) such that
|Fr| > @ In that case, |F,| = |F.| > @ = @ > '—§' and so the conjecture also holds
for F. ]

Definitions 1.2.5. A family F is said to be separating if for every two elements of
its universe a and b, there is a set X ¢ F such that |(X n{a,b})| = 1, ie., F, +
Fy. Similarly, we call a family totally separating if for every pair of elements of its
universe a and b, there are sets X andY in F such thata e X\Y, andbeY\X, i.e,
F, and F, are not c-comparable.

Example 3. Let F = {{1},{2,3},{1,2,4},{1,2,3},{1,2,3,4}}. As we checked in
Example 1, for all a,b € U(F), one has a + b= F, + F,. Thus F is separating.

Now letG = {{3},{1,2,4},{1,2,3},{1,2,3,4}}.Then G is not separating because G, =
Go ={{1,2,4},{1,2,3},{1,2,3,4}}.
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Proposition 1.2.6. It suffices to prove the conjecture for separating families.

Proof. Let F be a non separating union-closed family of sets and define an equiv-
alence relation ~ in U(F) by a ~ b iff 7, = F,. Then, we replace the occurrence
of a class in each set by a chosen representative element. The new family F’ is
obviously still union-closed, and | 7| = |F’|. Now, if the conjecture holds for ', it also
holds for F (for the same element). Obviously with this process the family 7’ we
obtain is separating, and so the result follows. ]

We will now present some results that help us understand a little bit more about the
structure of separating families. When there is no doubt about which family we are
referring to, we sometimes denote U(F;) by U.,.

Proposition 1.2.7. A family F is separating if and only if U, + Uy, Va,b e U(F), with
a #b.

Proof. Suppose F is separating and let a,b € U(F), with a # b. Then, assume
w.l.o.g. that we have a set S ¢ F suchthatae Sand b ¢ S. Then, a € S c U, and
a ¢ U,. Hence, U, = U,.

Conversely, if F is not separating, there are a,b € U(F), a # b, such that F, = F, and
so F; = F; and therefore U, = U,. [

Corollary 1.2.8. A separating union-closed family of sets with universe [n] has at
least n sets.

When we stated the conjecture we said nothing about the finiteness of the sets in
the family. It is an easy corollary of the Proposition 1.2.6 that we can assume all
sets to be finite as well, and that is what we will do from now on. We will now show
that we could also assume otherwise, that all sets are infinite, but we don’t seem to
get any advantage by doing that.

Let F be an union-closed family of finite sets such that U(F) = [n]. Let p, denote
the a-th prime number greater than n. Consider the family

F = {XU{ph|k>1,ae X} | X € F}

The new family F’ is union-closed since if we have S,T7 ¢ F’ then, S = S"u S”
and T =T"uT”, where S', 7" ¢ F and S”,T" are sets of prime powers. We have
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S'uT'eFand {pk | k>1,ae S'UT"} ={pt|k>1,ae S"}u{pk|k>1,aeT'} =S"UT".
Hence, we have SuT = (S"uT")u (S"uT") e F'. If ' satisfies the union-closed
sets conjecture, then either an element of [n] or some pk, for some a € [n], k e N is
in at least half the sets of F’. Since J—";S = F! we have that there is an element of [n]
in at least half the sets of 7’ and so, in at least half the sets of F, since |F| = |F/|.

The next result shows us another class of families the conjecture is known to hold
for. We say that a family is intersection-closed if the intersection of two of its sets is
also a set in the family.

Proposition 1.2.9. Let F be an union-closed and intersection-closed family of sets.
Then F satisfies the conjecture.

Proof. Arguing as above, we can assume w.l.o.g. that F is separating. Let S be
a minimal nonempty set in 7. Forevery T ¢ 7, S #+ T we have SnT ¢ F and by
minimality of S, we have SnT = S or SnT = @. Now, suppose |S| > 2 and let
a,be S, a+b. Now, forevery X ¢ F,, we have X nS=Sandsobe X, ie., X €F,.
Hence, F, ¢ F,. Similarly, we can see that 7, ¢ F, and so F, = F;,, which is absurd
since F is separating. From Lemma 1.2.1 the result follows. ]

Definitions 1.2.10. Given a finite family G of sets we consider the union-closed
family u-generated by G defined by F = {Ux.c: X | G’ < G} and denote it by F = (G).
Given an union-closed family F, we call a set X € F u-irreducible if having X = SuT
for some S, T € F implies S =X orT = X.

It is easy to see that J(F) = {X € F | Xis u-irreducible} is the (unique) minimal
generating set of the family F.

Example 4. Let 7 = ({{4},{1,2},{3,5},{1,2,4},{3,4,5}}).

Then F = {{4},{1,2},{3,5},{1,2,4},{3,4,5},{1,2,3,5},{1,2,3,4,5}}. This set of
generators is not minimal since {3,4,5} = {3,5} u {4}. It is easy to see that, in this
case, J(F) ={{4},{1,2},{3,5},{1,2,4}}.

In [13], the author proposes the following generalization to the conjecture:

Conjecture 2. Let F be an union-closed family of sets with universe U and let
n = [U|. For any k < n positive integer, there exists at least one set S c U of size k
such that it is contained in at least 27| F| of the sets in F.
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It is obvious that, if this conjecture is true, then so is the union-closed sets conjec-
ture. The next theorem shows that Conjecture 2 is in fact equivalent to the union-
closed sets conjecture.

Theorem 1.2.11. Let F be an union-closed family of sets with universe U and let
n = |U|. If the union-closed sets conjecture holds then for any k < n positive integer
there are sets Sy, c U such that |Si| = k, Sy ¢ Sk.1 and such that Sy is contained in at
least 2-%|F| of the sets in F. Hence, in that case, Conjecture 2 also holds.

Proof. We prove the theorem by induction on k. The case k = 1 is trivial since in
that case Conjecture 2 states the same as the union-closed sets conjecture. Now,
assume that we have some set S, c U such that S, is contained in at least 27| F|
of the sets in F and consider a new family G = {X ¢ F : S, ¢ X}. We know
that |G| > 27%|F| and also that G is an union-closed set since if S,T € G ¢ F then
S c SuT e F. Now take the family G © S;, = {X\Sk : X € G}. This new family is still
union-closed since if we let A, B € Go Sy, we have (AuSy)u(BuSy) = (AuB)USy € G,
and, AuB e Ge S, Also, |G e Sk =1|G|. Let V be the universe of G 6 S;. Since we
assume the union-closed sets conjecture is valid, we know there exists an element
x eV cU - S such that z is in at least 983 = 91 > o-(k+1)| 7| sets. Now just take the
set Sky1 = Sk u {x}. We have |Si,1| =|Sk| +1 =k + 1, and S, is contained in at least
2-(+1)| F| of the sets in F. This proves the theorem. n

1.3 Appealing Assumptions and an Infinity of Exam-
ples

In this section, we present several natural conjectures that one may be tempted to
do and the reason why they are false. In some cases, we will find convenient to
represent a family of sets F as a matrix of 0’'s and 1’s. If F is a family of n sets,
Xi,..., X, in [m], we represent F by an n x m matrix, so that the entry (i,5) is 1 if
J € X; and 0 otherwise. Define an operation x in Z as x~y = z+y—-zy, where zy is the
product component-wise. It is easy to see that an union-closed family is represented
by a matrix such that the set of its lines is x-closed, because given a row i, then the
entry (i,7) is 1x,(j) and we know that 1 4u5(j) = L4(j) + Ls(j) — Lans(j), Where 1g
is the indicator function of the set S. Given a set X of lines of a matrix, the matrix
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generated by them is the matrix such that its lines are the elements of the smallest
x-closed set containing X.

Proposition 1.3.1. There is an union-closed family of sets F, such that the average
frequency of its elements is less than !,

In fact, we present a more general proposition.

Proposition 1.3.2. There exists a separating union-closed family of sets, such that
the average frequency of its elements is as low as we want.

Proof. For a fixed n consider the families G, := ({[1],[2], -, [n], {2}, {3}, -, {k + 1}}),
for some k& < n. When we see G, as a matrix and study the average frequency,
what we want to determine is the ratio of 1’s in the matrix. The matrix G, is the one
generated by the following (n + k) x n matrix

(10 0 0 0 0 0 0]
110 0 0 0 0 0
1110 0 0 0 0
111 1 0 0 0 0
A=1l1 11 1 1 1 10
111 1 1 11 1
010 0 0
001 0
000 1 00
000 - 0 1 )

We will call the first n rows of A the first part of the matrix and we will refer to the
other rows as the second part of the matrix. We claim that when we »-generate the
matrix above we get a (n +2**! — k - 2) x n matrix. We have n rows in the first part of
the matrix, which is «-closed and when we *-generate the second part, we obtain
2k — 1 different sets (we exclude the empty set). Now, we have to add the sets that
result from considering rows from different parts. For this, it is enough to consider
the first row of the second part, because, letting /; be the i-th row of the first part,
and letting « be a row of the second part, after generating, if i > k, then [; x x = I;;
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if not, then [, x x = [; ~ y, for some y in the first part, since we have every possible
row that only have 1’s in entries of index m < k + 1. So, we have 2% - 1 sets when
we consider rows from different parts, but we have some sets that were already
counted, namely the sets in the first part, that will be generated again which are the
ones with more than one and less than % + 2 ones (exactly k£ sets). So, we have
n+ 2k — k- 2 sets.

Now, we count the number of 1’s. Coming from the first part we have “"2_ In the
second part we have k2*-1, and coming from union of sets of both parts we have
k2k-1 + 2k — 1 which are the sets that are the union of the first row of the first part
with sets from the second one, but again we are counting twice the sets of the first
part that have 0 in all entries of index m > k + 1, except the row [100---0] because
we do not consider the empty set as one of the second part. Therefore, the number
of ones counted repeatedly is #0022

If we calculate the ratio of ones we get

n2+n+ (k+1)26 - (k+1)(k+2) 1+ +5((k+1)(2"1 -k-2))
2n2 + 2n (21 — (k +2)) - 2+ 2(2k+1 — | - 2)

We can now build a family such the average frequency is smaller than 1 for any
teN.

By forcing
1 1 . 1 2 0
1+E+ﬁ(k+1)(2k1—k—2)<¥(2+5(2k1—k—2))©
t ot N 2 o
@t—2+ﬁ+ﬁ(k+1)(2k1—k—2)<5(2’“—k—2)@
<:>(t—2)n+t+£(k+1)(2k“—k:—2)<2(2’”1—k:—2)
n

we get the result. This can be achieved by choosing & such that 2! -k -2 >
(t-2)t(k+1)+tand n=t(k+1) since in that case
(t—2)n+t+i(k+1)(2’“1—k;—2) <22 -k -2) =
n

< (t-Dt(k+1)+t+2M —k-2<2(2" -k -2) &
< (t-2)t(k+1)+t <2 k-2,

Corollary 1.3.3. There is a separating union-closed family of sets F, such that the

average frequency of its elements is less than ‘—2'
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In the first version of the preprint [3] the author claims that one can suppose that
every element of U(F) has the same frequency when studying the conjecture. We
cannot prove that this can never be done. What we show is why the proof in the
preprint was incorrect, together with some examples.

The author of [3] argued that if we are given a family F such that the element with
biggest frequency appears in j sets, then for every other element in the universe i
we could, starting by the maximal sets X in F such thati ¢ X and X u {i} ¢ F, add
the element i to the sets until the element i has frequency ;. If this could be done
keeping the union-closed property, we would obtain a new union-closed family of
sets such that every element has frequency j, and if for this new family the union-
closed sets conjecture statement holds, then it also holds for the first one, because
that means j > Z. First of all, this process can not be done in every family for every
element of its universe, since we might not have enough sets to add the element to.
A simple example is the family F = {{1,2},{2,3},{1,2,3}}. Here, we can not add
the element 1 to any set and so its frequency can not raise. The same happens with
the element 3.

The examples given above do not apply if we consider F to be a counterexample to
the conjecture. In this case the statement would be: ”If there is a counterexample to
the conjecture, then there is also one counterexample in which all elements of the
universe have equal frequency.” The problem above is no longer a concern since
if 7 is a counterexample and a is an element of its universe with frequency i, then
we have |F| - i sets that do not contain {a}. From these, at most i are sets S € F;
such that Su{a} ¢ F and so, we can add « to at least |F| - 2i sets. Now, let j be the
maximum frequency out of all elements in the universe. We have i < j < ‘—];' and so
i+j<|F|. Hence, |F|-2i = (|F|-1i)-i> j —i. However, it is not clear that we end
up with an union-closed family. Obviously, there isn’t any known counterexample to
the conjecture in which it fails that we know of, but it seems to fail in general. When
we add an element to a set X it might happen that X = SuT, for some S,T ¢ F and
that neither S nor T are inflated, and so the family will have the original sets S and
T but not S uT. An example of this is given by the family

({3}, {4}, {5}, {1,2},{3,4},{3,5},{4,5},{1,2,3},
{1,2,4},{1,2,5},{1,3,5},{3,4,5},{1,2, 3,4},
{1,2,3,5},{1,2,4,5},{1,3,4,5},{1,2,3,4,5} }.
The element with highest frequency belongs to 10 sets. When we try to apply the

process above in order to add the element 2 until its frequency is 10, we start by
adding it to the set {3,4,5} (notice we can’t add to the sets {1,3,5} and {1,3,4,5}
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since these sets are 2—problematic). We must add it to one more set. It can be
the set {3,4},{3,5}, or the set {4,5}. In every case, the resulting family will not be
union-closed, since the sets {3},{4} and {5} belong to the family.

Proposition 1.3.4. There exists an union-closed family F such that its smallest set
does not contain an element in at least half the sets.

Proof. In [6], the author presents the following example of a family with 28 sets
and universe [9] such that the smallest set of F is the set {1,2,3} and each of its
elements is present in only 13 sets. We will denote by Bg the set [9]\S. Let

F = {@, {L 27 3}7 {47 57 67 77 8}7 {47 5a 67 77 9}, {47 57 67 8a 9}7 {43 57 77 87 9},
{47 67 7a 8) 9}7 {57 67 77 87 9}7 B{1,2,3}a B{1,2,8}7 B{1,279}7 B{1,3,6}7

By, Biasay, Bassy, Bpey, Basy, Besy, Bay,
Byay, Bisy, By, Bisy, Bey, By, Bysy, Broy, [9])-

Then one has that

Fi={{1,2,3}, Bya 34y, Bas sy Byasy, Biay, Bysy, Bray, Bisy, Biey, Biry, Bysy, Byoy, [9]},

F2={{1,2,3}, By ey, Busn, Busy, Buy, Bsy, By, Bisy, Biey, Biny, Bisy, Byoy, [9]1}-

and

F3=1{{1,2,3}, Br128y, B1,2,9y. B1,2}, Buy, B2y, Byay, Bisy, Biey, Biry, Bsy, Byoy, [9]}

In [11], Gil Kalai conjectured that for every union-closed family F, there is always
an injective map from F; to F, such that each set in F; is a subset of its image, for
some x € U(F). That would be a generalization of the original conjecture but was
proved false by Alec Edgington, with the following example.

Example 5. Consider the family F with universe U = {0,1,2,3,4} consisting of the
empty set and all the sets of the form {x,---, x+a}, a=1,2,3,4, x €U, with + meaning
the addition in Zs. This family has 17 sets, since the sets {x,---,x +a}, a = 1,2,3,
which are all different, for = € Zs, and we have the empty set and the universe. Also,
this family is union-closed: we can see that the union of a 4-set with another set
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is either itself or the universe, thus an element of the family; The union of a 3— set
with another set is either itself, the universe or a 4—set and all 4-sets belong to the
family; finally, the union of a 2-set, say {x,xz + 1}, with another set we never get
{z,z + 1,z + 3}, which is the only set having x and x + 1 that is not in the family.
But, it does not exist an injective map from F; to F, such that each set in F; is a
subset of its image, because if there was one then, there would be one for x = 0,
by symmetry. In that case, the set {1,2,3,4} would have to be mapped to the set
{0,1,2,3,4}; the set {2, 3,4} would have to be mapped to the set {0,2,3,4}, because
the map is injective and the target set is F,, and the set {1,2,3} would have to be
mapped to {0,1,2,3}. But then, the set {2,3} would have to be mapped to one set
already used, since {0,2,3} ¢ F.



Chapter 2
Lattice formulation

In this chapter we present two equivalent formulations of the conjecture and study
with more emphasis on one of them, that concerns lattice theory. Some definitions
about lattices are exposed and the conjecture is proved for the largest class of
lattices the conjecture is known to hold.

2.1 Preliminaries

Union-closed sets conjecture has also a dual formulation that is sometimes useful
to consider defined in intersection-closed families, where a family is said to be
intersection-closed if the intersection of any two member sets is still a member set
of the family.

Conjecture 3. Let F be a finite family of finite sets closed under intersection. Then
17

5

Proposition 2.1.1. Conjectures 3 and 1 are equivalent.

JaeU(F):|F,l <

Proof. Suppose Conjecture 1 holds and let F be an intersection-closed family. Take
the family 7<= {X¢: X ¢ F}. Since F is intersection-closed we have that V.X¢, Y¢ e
Fe, XeuYe=(XnY)ee Feand so F¢is union-closed and so it verifies union-closed
sets conjecture. By definition of F¢, the element which belongs to at least half the
sets of F¢is in at most half the sets of F and so, Conjecture 3 holds.

The converse is analogous. |

19
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Proposition 2.1.2. It suffices to prove Conjecture 3 for intersection-closed families
F that have U(F) and @ as elements, where @ is the intersection of all member
sets.

Proof. Consider an intersection-closed family F such that the intersection of all its
sets, N F, is nonempty and take the family 7' = {X\NF : X € F}. It is obvious that
|F'| = |F| and so F’ verifies the conjecture if and only if 7 does.

The second part is analogous to the proof of Proposition 1.2.4. ]

This problem has already been approached in several different ways having a graph
theoretical based formulation, and also one based on lattice theory. The existence
of all these formulations is very important since they provide new tools to attack the
problem and strengthen the conviction that the conjecture holds. In this chapter we
will emphasize the lattice theoretical formulation of the union-closed sets conjecture
(actually we will present an equivalent formulation to the intersection-closed sets
conjecture, which is equivalent to the union-closed sets conjecture) and we will
present a proof that lower semimodular lattices verify the conjecture, originally
presented by Reinhold [20].

2.2 Lattices and Frankl Conjecture

A lattice is a poset (P, <) such that each pair of elements s and ¢t have a meet and
a join, denoted by s At and s v t, respectively.

A finite intersection-closed family F that has the empty set and the universe as
elements defines a finite lattice L with partial order given by c since given s and ¢
we have sAt = snt e L and the fact that U(F) € F guarantees the existence of a join
because we can take the intersection of all sets greater or equal to s and ¢ which
is a nonempty element of the lattice and is still greater or equal to both elements.
Notice that the join of two elements might not be their union. The definitions about
lattices will be based on the present in [24].
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{17 27 3747 57 6}

o

(4,5,6) (1,2,3,5,6) {1,2,3,4,6) {1,2,3,4,5)
(5,6} (4,6) (4,5) /{123 6} {1,2,3,5) {1,2,3,4)
2,3,6)  {1,3,5) 2.4} {1,2,3)
/
{6} {5} {4} {2,3} {1,3} {1,2}
{3} {2} {1}

Figure 2.1: Example of an intersection-closed family seen as a lattice

Definitions 2.2.1. We call a poset P graded of rank n if every maximal chain in P
has size n. In that case, there exists a unique rank function p : P = {0,1,...,n}
such that p(s) = 0 if s is a minimal element of P and p(t) = p(s) + 1 ift covers s.

Notation 1. Let P be a poset and a,b € P. We define
o [a,b]:={ceP:a<c<b}.

e[a):={ceP:a<c}.

e (a]:={ceP:c<a}.

Definition 2.2.2. The length of a finite poset P is [(P) := maxz{l(C) : C is a chain of
P}, where l(C) =|C|-1ifC is a chain of P. We will denote the length of an interval

[s,¢] by I(s,1).
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Next we will see an important result that characterizes the class of lower semimod-
ular lattices, for which we intend to prove the conjecture.

Theorem 2.2.3. Let L be a finite lattice. The following conditions are equivalent:

i. L is graded and the rank function p satisfies:
p(s)+p(t) <p(sat)+p(svit),Vs,telL.

il. Ifsvtcoverss thent covers snat.

iii. Ifsvt coverss andt then both s andt cover s At.

Proof. (i) = (ii) Suppose that s v ¢ covers s. Then p(s) = p(svt)—1. Using i. we
have that p(t) - 1 < p(s A t). Since p(sat) < p(t) we have that p(sat) = p(t) - 1 and
SO t covers s At.

(i1) = (uiz) Suppose that s v t covers s and t. Then by ii., we have the intended.
(iii) = (i) Suppose L is not graded and let [u,v] be a non graded interval with
minimal size. There are s; and s, in [u, v] covered by v such that all maximal chains
of [u, s;],i = 1,2 have size [; and [, + l,. By #ii. there are saturated chains in [u, s;] in
this form u =t; <ty <--- <t} < 81 A 83 < 84, contradicting [, # l.. Hence, L is graded.

Suppose there are s and t in L such that:

p(s) +p(t) > p(sAt) +p(svi) (2.1)

and we choose s and ¢ with minimal I(s A t, s v t) and then, among those ones with
maximal p(s)+p(t). By iii. we can not have s and ¢ (both) covered by svt. Therefore,
we will assume that s < s’ < s v ¢t. By the minimality of i(s A ¢, s vt) and maximality of
p(s) + p(t) we have that:

p(s") +p(t) < p(s' A1) + p(s" v ). (2.2)
We then have s’ vt =svtandso 2.1 and 2.2 imply p(s) + p(s’ At) > p(s') + p(sAt).

It is obvious that s A (s"At) = satand sv (s’ At) < s'. So, defining S = s and
T =s'"at,we find S and T in L satisfying p(S) + p(T) > p(SAT) + p(SvT) and
I(SAT,SvT)<l(snt,svt), which is absurd. |

Definition 2.2.4. A lattice L is said to be lower semimodular if one of the (equiva-
lent) conditions of the previous theorem holds for L.
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Definition 2.2.5. A lattice L is said to be upper semimodular if its dual lattice L*
is lower semimodular. Moreover, a lattice L is said to be modular if it is lower and
upper semimodular.

sVt

N
VAV
v

Figure 2.2: Example of an upper semimodular but not modular lattice

Let’s denote the greatest element of a lattice L by T and the lowest by 1 . An element
a € L is said to be an atom if a covers 1 and a coatom if T covers a.

Definition 2.2.6. We call an element a € L v-irreducible if having a = b v ¢ implies
that a = b or a = c. Analogously, we call a € L n—irreducible if having a = b A ¢ implies
thata=bora=c.

The next lemma gives us a characterization of the elements of the lattice based
on the v-irreducible elements lower or equal than them, essential to establish the
correspondence between the union-closed sets conjecture and lattice theory.

Lemma 2.2.7. In a finite lattice, each element is the join of the v—-irreducible ele-
ments lower or equal to it.

Proof. Let L be a finite lattice and P ¢ L. We will prove the lemma by induction
on #(P]. If P =1 or P is v-irreducible the result holds. Suppose the result holds
for all elements x such that |(z]| < |(P]]. If P is not v-irreducible then it is the join
of some @ and R, with @, R < P and so |(Q]|,|(R]| < |(P]|. Let A, B and C be the
set of the v-irreducible elements lower than P, and R, respectively. By induction
hypothesis we have that @ and R are the join of B and C, respectively. Therefore,
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we have that P is the join of Bu C. But P is an upper bound of A and BuC c A,
since @, R < P. Hence, P is the join of A. ]

Conjecture 4. In every finite lattice L such that |L| > 2 there exists a v—-irreducible
element a such that|[a)| < @

Theorem 2.2.8. Conjectures 3 and 4 are equivalent. Consequently, Conjectures 1
and 4 are equivalent.

Proof. Let’s suppose Conjecture 4 holds. Let F be an intersection-closed family
having ¢ and U(F) as member sets and consider the lattice associated to F as
seen before. There exists a v-irreducible element J € F such that |[])| < ‘—;”'

Suppose every element in J is an element of some proper subset of J that belongs
to F. Then we have:

UA=J and |JAcV A

AcJ AcJ AcJ
AeF AeF AeF
It follows that
\ A=
AcJ
AeF

But J is v-irreducible, so there exists some x ¢ J that is not an element of any
proper subset of J in F. Let A € F be a set of which x is an element. We have that
JnA=Jsince Jn Ais a subset of J that has = as an element. Therefore, J c A,
i.e., Ael[J). Since |[J)| < '—i' then = is an element of at most half the sets of the
family F and so, Conjecture 3 holds.

To prove the converse we suppose Conjecture 3 holds. Let L be a finite lattice and
we associate at each x € L the set S(z) of the v-irreducible elements = such that
z < z. We have that, for x,y e L, S(z ry) = S(z)nS(y) and F = {S(z):x € L} is an
intersection-closed family of sets. By the previous lemma, every element P ¢ L is
the join of the v-irreducible elements that belong to S(P), so S(P) = S(Q) implies
that P = @ and |L| = |F|. By hypothesis, there is a v-irreducible element = in at
most half the sets of F. Therefore, for every y > x we have z € S(y) and so |[z)] is
bounded by the number of sets in F that have z,i.e.,|[x)| < '—5‘ Hence, Conjecture 4
holds. |

It is worth pointing out that if we have a family and consider the lattice associated to
it, then if the lattice verifies Conjecture 4, the family verifies 3 but it is not clear from
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the proof that if the family verifies 3 then the lattice verifies 4 because the proof is
not direct in that sense. However the proof shows that if one conjecture holds for all
families then the other holds for all lattices.

Abe and Nakano [2] proved that Conjecture 4 holds for modular lattices. This result
was generalized by Reinhold [20] that proved the conjecture for lower semimodular
lattices. This is the strongest known result about this conjecture.

Let (P,<) and (P’,<’) be posets. We say that a map ¢ : P — P’ is order-preserving
if the implication a < b = ¢(a) <’ ¢(b) is verified and that is order-embedding if
a<b<e p(a) < o(b).

Remark 2. If p : P - P’ is order-embedding then it is one-to-one since y(a) =
o(b) < p(a) < (b) and p(b) <" p(a) @ a<bandb<a < a=b.

Now we will see a new characterization of semimodular lattices that will be particu-
larly useful in the proof of the main result.

Lemma 2.2.9. A lattice L is lower semimodular if and only ifVa,b e L such thatbv a
covers b, the map

p:la,bval - [bAa,b]

z=bAax

is order-embedding.

Proof. Let L be a lower semimodular lattice. Consider a,b € L such that b v a covers
band the map ¢:[a,bva] - [baa,b], x> bAz. Letz,y€[a,bva] suchthat x <y.
Inthat case, barx<x<yandbax <bandsobaz<bay. We then have ¢ is order
preserving.

Now, let =,y € [a,bV a] be such that x £ y and suppose ¢(z) < ¢(y). Then:
brx=p(x)=p(x)re(y)=brxry<zAy<z. (2.3)

Since z € [a,bVv a] we have that bva =bv a because bva >x and bva > b, SO
bva>bvzandalsobvz>xz>aandbva>b. Therefore, bv x> bva. We then have
that b v = covers b and since L is lower semimodular we have that = covers b A x.
This way, in 2.3 we have equality between b Az and x Ay, because brz <z Ay <
is impossible.

Hence, a <z Ay = b A x < b which contradicts the fact that b v a covers b.
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Now, let’s suppose that L is not a lower semimodular lattice. Then, we have a,b,c € L
suchthatbvccoversbandbarc<a<c. Thenbva=>bveandsobvacovers b. But
a<c<bvaand o(c)=barc<a. Hence,bac<baa=bAc=bnAa, because a < c.
Then ¢(a) = ¢(c),and so, ¢ : [a,bva] - [bAa,b], x = bax is not order-embedding. =

Theorem 2.2.10. Every lower semimodular lattice L with|L| > 2 satisfies Conjecture
4.

Proof. Let L a lower semimodular lattice with |L| > 2. We will prove that there exists
a v-irreducible element a such that |[a)| < @ If T is v—irreducible then L satisfies
the conjecture. If not, there exists a coatom b and a v-irreducible element a with
a¢b. Then T =bva covers b. By the previous lemma, ¢ : [a) - [bAa,b], z—»bAxis
order-embedding, hence injective, and so #[b A a,b] > #[a).

Since [b A a,b] € L\[a), it follows that |[a)| < .

The case of the upper semimodular lattices seems much more difficult. Poonen [18]
proved that geometric lattices verified the conjecture, with these being a particular
case of the upper semimodular lattices in which every element is the join of a
set of atoms. Abe [1] considers a different subclass of the upper semimodular
lattices, the one of the strong semimodular lattices and proves the conjecture in
that case. There are still results from Czédli and Schmidt [5] that prove the result
for large upper semimodular lattices in the sense that |L| > 32, where m represents
the number of v-irreducible elements in L. However, a proof of the general case
remains unknown.



Chapter 3

Properties of a possible
counterexample

In this chapter, we study some properties that an eventual counterexample to the
conjecture must have, studying in greater detail the case when the counterexample
is minimal in some sense that will later be made explicit. This approach provided
some bounds on the largest family size and on the largest universe size for which
the conjecture is known to hold, that were later surpassed by the ones obtained
using other techniques. Still, this approach might be improved and provide better
bounds in the future. We follow mostly the approach of Giovanni Lo Faro ([9],[10]).

Throughout this chapter, F will represent, unless said otherwise, a minimal counter-
example to the conjecture, first in terms of |F| and then in terms of |U(F)|. We
define ny := |F|, where F is a minimal counter-example to the conjecture in terms
of number of member-sets, and ¢, := |U(F)| for F a minimal counter-example to the
conjecture with ny member-sets in terms of number of universe elements.

3.1 Basic properties

Theorem 3.1.1. n, is odd.

Proof. Suppose ny is even, let 7 be a minimal counterexample, and M a u-irreducible
elementin F. Then F’' = F\{M} is also union-closed. We have that Va € U(F),|F,| <

m-2 Since | F',| < |F.| < "2 < Z1 we have that " is also a counterexample to the

27
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conjecture, which is absurd by the minimality of F. ]

We introduce the concept of derivative of a family with respect to an element of its
universe. It is a way to reduce a family into a new family with smaller universe and
potentially less sets, and it allows us to obtain some structural results on the original
family.

Definition 3.1.2. Let F be a family of sets and a € U(F). We define the derivative
of F with respect to a as the family 0,F = {S\{a} : S € F}.

Remark 3. The name derivative seemed adequate due to the following properties:

¢ 6a(FU g) = aa‘/,:.uaag

* Nap)(FxG)=0,F xGUF x0,G, where FxG={SxT|SeF, TeG}
The next proposition shows two basic properties of the derivative of an union-closed
family.

Proposition 3.1.3. Let F be an union-closed family and a € U(F).

i. 0,F is union-closed.

ii. J(0uF) € 0u(J(F)).
Proof.

i. Let S,T € d,F. Obviously a ¢ SuT. Now, either SuT e For SuT u{a}eF. In
both cases SuT € 9, F.

i. Let S e J(0,F). If S eF,then obviously S € J(F) and S\{a} = S € 0,(J(F)). If
S ¢ F,then S =T\{a}, forsome T e F,. If T = KulL, for some K, L e F\{T},
then S = (K\{a})u (L\{a}) and K\{a}, L\{a} € 9,F\{S}, which is absurd since
S is u-irreducible. m

Remark 4. The reciprocal inclusion in ii. does not hold. Take, for example, the
family F = {{2},{1,2},{1,3},{1,2,3}{1,2,3,4}}. In this case, J(F) = F\{{1,2,3}}
and so, 05(J(F)) = {{2},{1,2},{1},{1,2,3}{1,2,4}}, which is different from J(0sF),
since it is not a family of u-irreducible elements, because {1,2} = {1} u {2}.
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Example 6. Let F = {{1,2,4},{3,5},{1,2},{4},{3,4,5},{1,2,3,5},{1,2,3,4,5}} be
the union-closed family in Example 4. We will see that in this case, the recipro-
cal inclusion of the one in ii. of the previous proposition holds. Recall that we
have J(F) = {{1,2,4},{3,5},{1,2},{4}}. Then 0,F = {{3,5},{1,2},92,{1,2,3,5}} is
union-closed and J(04F) = {{3,5},{1,2},2}.

Definition 3.1.4. Given a family of sets F and an element a € U(F), we call a set
S € F a—problematic ifa ¢ S and Su {a} € F.

Also, we define P7 := {S e F : S is a—problematic} (usually there is no doubt about
which family we are referring to, so we just denote it by P,).

The following theorem gives a property of a minimal counterexample and of its
derivatives

Theorem 3.1.5. If F is a minimal counterexample to the conjecture, then:

I. |0uF| < |F|,YaeU(F),

ii. Fo+ Fp,Va,beU(F), ie., F is separating.
Proof.

i. Clearly |0,F| <|F|, Va € U(F). Suppose there is an element b € U(F) such that
|0, F| = | F|. Since 0,F is also union-closed and its universe has cardinality g, - 1
there would exist another element z € U(9,F) such that [(0,F).| > 5. But then
we would have |F.| > % which is absurd.

ii. Note that /. is equivalent to say that there exists, for any a, X € 75 : X u{a} €
F.ie., P, + @. Suppose there are elements a,b € U(F),a # b such that F, = F,
andlet P € P,. We have b € Pu{a}, which implies that b ¢ P, and so, a € P which
is absurd. ]

We will now see that the minimal counterexample must almost satisfy the conjecture
for at least three elements, which was proved by Norton and Sarvate in [21].

Theorem 3.1.6. There are at least three distinct elements x1,xy,x3 € U(F) such
that |F,,| = "1, i =1,2,3.
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Proof. Let a € U(F) and choose a u-irreducible set M, such that a € M,. We know
that 7« = F\{M,} is also union-closed and so it satisfies the conjecture. Let z; be
such that [F¢ | > 21, Since |F,,| < "2, it follows that |F,,| = 22 and z; ¢ M,.
Consider now the family F*1 = F\{M;}, for some u-irreducible set M; such that
x1 € My. Then, we have z, such that z, # z; and |7,,| = 2. Then, taking the
family Fzvez = F\{M,, M,}, for some u-irreducible set M, such that z, € M, we get

x5 # 21,75 and | F,| = “&1, since n, is odd. m

Proposition 3.1.7. Consider the set H = {z ¢ U(F) | |F,| = ".-1}. One has

i HcU(F,), Yo e U(F)\H

i, H\{z} cU(F,), Vo e H.

Proof. If a € H and = ¢ H, then we have that x belongs to less sets than a. Hence
there is a set S having a and not having x and so a € S ¢ U(F;). Similarly, since F
is separating, H\{z} c U(Fz), Yz € H. u

Proposition 3.1.8. LetC = {U(F;) |z € U(F)}. ThenCn J(F) = @.

Proof. Consider the set H defined in Proposition 3.1.7. Suppose we have a € H
such that U(F;) € J(F). In that case, let J € J(F) be such that a € J and consider
the family G = #\{J,U(F;)}. Then G is an union-closed family of ny - 2 sets and no
element is in more that 2% sets, since H\{a} ¢ U(F,) and a € J. That contradicts
the minimality of F.

Now, suppose we have a € U(F)\H such that U(F;) € J(F). In that case, G =
F\{U(Fz)} is an union-closed family of ny — 1 sets and no element is in more that
03 sets, since H ¢ U(F,). Again, this contradicts the minimality of F. |

Given a family of sets F, we define F := {x ceU(F):|Fel 2 ‘—?'}

Remark 5. It is obvious that both P, and 9, F are non-empty sets since both families
are smaller union-closed families than F.

Theorem 3.1.9. We have that P, n 9,F = @, Va € U(F).

Proof. Let k = |P,| and suppose there exists b € P, n 9, 7. We have |(0,F)| > %% =

2
@, since there are k a-problematic sets and {a} ¢ F. Also, |(P.)s] > ‘;' =k

9 IV
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But we know that if b € X, for some X ¢ P,, then b ¢ X u {a} ¢ F\J,F. Thus,
|(Pa)b| < |(F\aa‘7:)b|- P

It is now clear that b € P, N 8, F = [ Fy| = |(8aF o] + | F\(OuF )| 2 [(BaTF ol +|(Pu)s| = L.,
which is absurd. u

We will now present several results about the structure of a counterexample that
will later be used to obtain some bounds on its size and on the frequency of its
elements.

Theorem 3.1.10. U(F;) € P,, Ya e U(F).

Proof. Let P ¢ P,. Since a ¢ P we have P c U(F;). We also know that Pu {a} ¢ F
andso U(F;)uPu{a} =U(Fz)u{a}eF. Hence, U(F;) € P,. n

The following corollary will help us simplify the proof of Theorem 3.1.16 below, which
is Theorem 9 in [9].

Corollary 3.1.11. For each a € U(F) there are at least three a-problematic sets.

Proof. Consider a € U(F) and take b ¢ 3,F. Since F; € 8,F, | Fa| > %1 and b € 8, F,
it follows that b must belong to at least one set of 7, and so b € U(F;). Then, from
Theorem 3.1.10 we have that b is an element of at least one a-problematic set. On
the other hand, Theorem 3.1.9, we must have at least two a—problematic sets that

do not contain {b}. The result follows. u

Remark 6. Note that we can consider U(F) = [n] with |Fy| < |F| < -+ < |F,|, which
we assume from now on, up to the end of this chapter. Notice that the previous
corollary implies | F,| > 3.

Definition 3.1.12. Let a,b € U(F). We say b is dominated by a if F, ¢ F,. Notice
that this is equivalent to b ¢ U (F;).

Theorem 3.1.13. There are at least three distinct elements 1, x4, x5 € U(F) such
thatU(Fz,) = U(F)\{x:},i=1,2,3, i.e., there are three elements that don’t dominate
any other element.

Proof. We can take z; = 1, since, if 1 dominated some other element a, then by
the previous remark we would have F;, = F,, and that is absurd because F is
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separating. Now, take X ¢ F,, such that X # U(F) (its existence is granted by
the previous remark). Take y € U(F)\X. If U(F;) = U(F)\{y} then take z» = y.
Else, take z € U(F)\U(F;), with z = y. If U(F;) = U(F)\{z} take =z, = 2. Else, notice
that, since U(F;) u{y} ¢ F (by Theorem 3.1.10) and =z ¢ U(F;), we have z; € X ¢
U(F;) u{y} c U(F:). Obviously, continuing this process we find =, € U(F), z2 # 24
such that U(Fz,) = U(F)\{z2}.

Let M,, and M,, be u-irreducible sets such that z; € M,, and z, € M,,. We can
prove that M,, u M,, + U(F) since otherwise we would consider the union closed
family 7' = F - {M,,, M,,} which satisfies the conjecture and so there exists an
element z € U(F') such that z belongs to at least 22+ sets and to at least one of
M,,, M,, and so, to at least “2- sets of 7 and that is absurd. If we argue as above
considering the set M,,, u M,, we can complete the proof. [

Theorem 3.1.14. | 7| > 5.

Proof. |F,| > 3 is obvious from Corollary 3.1.11. Suppose |F;| = 4. By the previous
theorem we have F, = {U(F),U(F)\{z2},U(F)\{x3}, B}, for some B c U(F). Set
z e Fi. Since |(F1).| > 2 we have =z ¢ F which is a contradiction. m

Theorem 3.1.15. Let =, = 1,25,23 as in Theorem 3.1.13. There is an element
x4 € U(F)\{z1, 2,23} such that U(F)\{z3, x4} € U(Fz,).

Proof. We start by proving that there are sets X; ¢ F,, and X, € F,, such that
U(F)\{z3} ¢ X,uX,. Suppose otherwise, i.e., suppose that U (F)\{z3} ¢ X;uX, for
all X; e ,,,i=1,2. Take M, M, be u-irreducible elements such that x; € M;,i=1,2
and consider the family F=ie2 = F\{M,, M,}. Let z € F=1.22. Since U(F)\{z3} ¢
X, U X5, one has that F#122 = {z3}, because if there exists y ¢ Fo122\{z5} then
y € M, u M, and so y € F, which cannot happen. Hence, we have | F,,| = 201 Now,
we claim that there exists w ¢ {x1, %2, 23} such that w ¢ M;, because if that was not
the case, we would have that U(F)\{z2,23} € Y, for all Y € F,,, which is absurd
since there are only 4 supersets of U(F)\{z2, 23} and by the previous theorem, one
has that | F,,| > 5. Now, we know that U (F)\{z3} ¢ M;uX,, VX, € F,, which implies
that z, € Xo, VX, € F,,, i.€., that F,, ¢ F,,. Since |F,,| = 222, we have that F,, = F,,,
which is impossible.

So, take X € F,, and X, € F,, such that U(F)\{x3} ¢ X1 U X,. Then there is y; # x3
such that y; ¢ X; u X, and we proceed as in Theorem 3.1.13 in order to get =, such
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that X,uX, c U(F;,) and U(F)\{z3, 24} € U(Fz,). Theideais thatif U(F)\{y1,z3} €
U(F; ) then we take z, = y; and we are done. Otherwise, there is z; ¢ {x3,v,} such
that U(F;,) = U(F)\{y1, 21, 25y and we have X; u Xy ¢ U(Fy, ) u{yi} CU(F3). m

Theorem 3.1.16. |F,| > 9.

Proof. Suppose |F;| = 5. We have F, = {U(F),U(F)\{z2}, U(F)\{xs}, B1, B2}, for
some By, B, < U(F). From the previous theorem we can take x4 ¢ {1,225, 23} such
that U(F)\{zs, x4} c U(Fz,) CU(F)\{z4} and By = U(Fz,).

Let z # 1 such that |(F7).| > 2. Since | .| < % we have |(F;).| < 2. Itis obvious that
z = x5V z = 23 Since any other element belongs to U(F), U(F)\{z2} and U(F)\{z3}.
In the case z = 2, we have z € U(F),U(F)\{z3}, B, which is absurd. Then one has
that z = a3 ¢ B1, By; By = U(F)\{x3,24}; and | F,,| = %51, Since x5 ¢ B, = U(F3,) then
Fy, € Fuy, thus F,, = F,, because |F,,| = 1. That is absurd from Theorem 3.1.5.

2
The case |F;| = 6 is similar.
Suppose |Fi| = 7. We have F, = {U(F),U(F)\{x2}, U(F)\{x3}, B, Bo, Bs, B, }, for

some By, B,, Bs, By ¢ U(F). From the previous theorem we can take x4 ¢ {1, x2,z3}
such that U(F)\{z3, 24} cU(Fz,) cU(F)\{z4} and By = U(Fz,).

Let z # 1 such that |(F7).| > 2. Since |F.| < %! we have |(F;).] < 3. It can be

easily seen that z € {z,, 3,4} as above.

Suppose now By = U(F)\{z4}, then z ¢ By, u B3 u B, because z belongs to U(F)
and to at least two of U(F)\{x2}, U(F)\{z3}, B:. Without loss of generality assume
z = xo. If there exists B;(i = 2,3,4) such that U(F)\{xz, z3, 24} ¢ B; then there exists
y ¢ Biu{xg,xs3,24}. Then U(F)\{z3} € B;u Xy or U(F)\{z4} € Biu Xy, VX5 € Fyy,
since B;u X, € F; and x5 € B; u Xy, thus B;u X, # Bj, Vj € {2,3,4}. So y € X5,
VX, ¢ F,,, hence F, = F,,, a contradiction. If U(F)\{xs,z3,24} < B;, for each
1=2,3,4, then

Fr={U(F), U(F)\ w2}, U(F)\{ 23}, U(F)\{4},
U(F)\{xa, 23}, U(F)\ w2, w4}, U(F)\{w2, 23, 74} }.

Let M,, be a u-irreducible set such that z, € M,,. If we consider the union-closed
family 7" = F\({M.,,} u F1) we have an element in at least 24 and that contradicts
the fact that F is a counter-example.
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Suppose now B; = U(F)\{x3,x4} and obviously U(F)\{z4} ¢ Fi. We consider
several cases.

Suppose z = z,. Again, as above z, ¢ By U B; U By, |F,,| = % and there exists
y ¢ B;u{xy,x3,24} Since otherwise we would have

Fi1={U(F), U(F)\{za}, U(F)\{ w3}, U(F)\{w3, 24},
U(F)\{za, w3}, U(F)\{w2, 24}, U(F)\{72, 73, 74} }

and that is absurd since, (U(F)\{x2,x4}) U (U(F)\{x3,24}) = U(F)\{z4} ¢ F1.
We then obtain F, = F,,, which is absurd.

Suppose z = z4. This case is similar to the previous.

Suppose z = z3. Since x3 € U(F) and z3 € U(F)\{z2} we have |F,,| > "2, Since
U(F)\{x4} ¢ F1, then U(F)\{x3, 24} u X35 =U(F), VX3 € F3, which means F,, ¢ F,,.
Then, we have |F,,| = "2 and |F,,| = & It follows that U(F)\{z;} is the only set
having =, and not having x3. But, from Corollary 3.1.11, one has that there are at
least two x3-problematic sets different from U (F)\{x3}. Let P be one z3-problematic
set different from U(F)\{x3}. Then Pu{z3} € F and since F,, c F,,, we have x, ¢ P

and z3 not in P, which is absurd.

The case |F;| =8 is similar. u

3.2 A relation between n, and ¢

Now we present one of the most important results about Frankl conjecture that is
obtained by studying the properties of an eventual counterexample and that has not
been improved since 1994. Lo Faro proved it in [10] and it was later rediscovered by
Roberts and Simpson in [22]. However, we will show that the proof in [22] is flawed.

Theorem 3.2.1. | IfVx e U(F), we have U(F;) = U(F)\{x}, thenny > 4q, - 1.

ii. If there exists x € U(F) such that U(F;) + U(F)\{z}, thenng > 4qy + 1.

To prove this, one needs to understand how dominance between elements can
be established. We define some concepts and prove some results to help us
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understand it.

We are considering minimal counterexamples to the conjecture but there might be
several counterexamples with ny sets and with ¢, elements in its universe. Now, we
will try to organize them and select a more specific counterexample among those.
Let § be the set of all counterexamples in these conditions.

The first result will be stated without proof.

Theorem 3.2.2. Letx,y <€ [qo], withx = y. If|F,|+4 > |F,|, theny e U(F;).

Given F € §, we set:

mg =min{|F,|:z e U(F)}

M = max{mz: F € §}

M= {FeF:mp=M}

§Y = (F €3V | [{w e UF):[Fal = M) = 1)
ro ==min{r e N: g7 = &}

& =3

It is clear that there exists a counterexample to the conjecture if and only if & + &.
Now, we define an equivalence relation ~ on & by F ~ G < |F,| = |G.|, Vx € [¢o] and
denote the class of F by [F] and a total ordering < on &/ ~ by [F] < [G] < | Fi| < |Gkl
where k = min{i € [qo] : |Fi| # |G:|}. Note that < is well defined since & does not
depend on the representative chosen. We now consider F € [F], where F is the
maximum in (&/ »,<).

Theorem 3.2.3. Letz,y e U(F), withx + y. Ify dominates z, i.e., if v ¢ U(F;), then
Su{z}eF, forall SeF,.

Proof. Let A={S e F,: Su{xz} ¢ F}. We want to prove that A = @. To do so, define
F'=(F\A)u(Aw{{z}}). Itis easy to see that F’ is union-closed and 7’ ¢ §. One
has |F.| = |F.|, Vz € [¢o]\{z} and also |F,| < |F.| and |F,| = |F.| & A = @. Assume
for a contradiction that | F,| < |F.|. We consider two cases:

Case 1: Suppose |F,| = |Fi| = M.

If ro =1, then z =1 and mz > my = M since mgz = |FL| > |F.| or 3z € [qo]\{z} : mz =
|F.| = |F.| > |F.|, because ro = 1. That contradicts the maximality of M.

If, on the other hand, r, > 1, then there is an element z € [¢o]\{z} such that |F!| =
|F.|= M and so F' e M. Also, {z € [qo] : |FL|= M} ={x € [q] : |F| = M}\{z} and so
F'eFM | which contradicts the minimality of r.

To—
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Case 2 : Suppose |F,| > M.

In this case F’ € &. If necessary, reorder the elements in 7’ to have |F{| < |F5|-+- <
|77,|. We have that | F]| = | F.|, Vz € [q]\{=}, but | F]| < |F,| and so [F] < [F'], which
is absurd since [F] is the maximum. Hence, we have A = @, as desired. m

Corollary 3.2.4. Letz,y € U(F), with x #y. If y dominates x, then |F,| < 2|F,|.

Proof. By the previous theorem, we have an injection ¢ : F,\*, - F, given by
S~ Su{x}. Hence, |Fy| = |F.| + | F,\Fal < 2|F,). n

Corollary 3.2.5. Foreach x € [qo], x can only be dominated by at most one element.

Proof. Suppose there are two different elements y, z € [¢]\{z} such that = ¢ U(F;)
and x ¢ U(F;). By the Theorem 3.2.3, we have that Su{z} ¢ F, ¢ F,, VS € F,, which
implies S € F, and so F, ¢ F.. Analogously, we get F, ¢ F, and so F, = F,, which is
absurd from Theorem 3.1.5. ]

Remark 7. One can write the previous corollary as follows: for each x € [q], we
have 1 < |{i€[qo]:x ¢ U(F;)}| <2.

Corollary 3.2.6. M = |F;| > 2qo - 5.

Proof. Consider the union-closed family F;. Since F is a minimal counterexample
to the conjecture, there exists = € [¢o]\{1} such that [(F7).| > 2%, By the previous
corollary, we have that |{i € [¢o]\{1, 2} : {1,2} cU(F)}| > qo — 4.

So z belongs to at least ¢, — 3 sets in Fi, because {1, z} is also contained in U(F) =
[¢0], and to at least "5 sets in ;. Since F is a counterexample to the conjecture,
one has |F,| < "2 It follows that 22 + ¢, - 3 < 2L, Since

nO—M n0+5—2qo
=N < <
2 2
<:>7”LO—MS7”L0+5—2(]0<:>
< M >2qo -5,

we have the desired result. ]

Now, we are ready to prove Theorem 3.2.1, which we recall.
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Theorem 3.2.1. /. IfVz e U(F), we have U(F;) = U(F)\{z}, thenng > 4qo - 1.

ii. If there exists x € U(F) such that U(F;) # U(F)\{x}, thenng > 4qy + 1.
Proof.

i. We repeat the argument used to prove the last corollary, only here we have
[{i € [qo]\{1,2} : {1,2} c U(F;)}| = @ — 2 and so we can prove that M > 2q, - 1.

Hence, "2 > M > 2¢y - 1 and s0 ng > 4¢o - 1.

ii. Let = be such that U(F;) # U(F)\{z} and let y # = such that y ¢ U(F;). By

Theorem 3.2.2 we have that | F,| + 5 < |F,|. Thus, 20 > |F,| > |F,|+5 > |F| +5>

2qo, by the previous corollary and the result follows. n

As pointed out earlier, this result was rediscovered in a slightly different form by
Roberts and Simpson [22]. In the paper they prove that if ¢ is the minimum cardi-
nality of U(F) taken over all counterexamples (assuming the conjecture fails), then
any other counterexample must have at least 4¢ — 1 sets. However, to prove this,
the authors prove some auxiliary results and in the proof of Theorem 3 there is a
flaw. The authors define the subfamily D := 7\{U(F)}\C and claim that, if x ¢ H and
a ¢ H,then |D,| = n-qand [D,| <n-gq, where n = 11 and ¢ = [U(F)|. To prove
so, they assume w.l.o.g. that |D,| is maximal for a € S\H. Then they consider two
different cases, but there is one case missing. First, he obtains a contradiction if
there exists b + a such that a ¢ U(F;). Since the contradiction is obtaining using the
maximality of «, then it means that the b ¢ S\ H. But in the second case, the authors
consider is when a € U(F;), for all b # a, with b € S. Nothing is said about the case
when there is b € H such that a ¢ U(F;).

Still, this result is strong because improving a lower bound on the universe of the
family for which the conjecture is known to hold also improves the lower bound on
member-sets for which the conjecture is known to hold.
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Chapter 4
The Salzborn Formulation

In this chapter, we present a very surprising equivalent formulation of the union-
closed sets conjecture attributed to Salzborn by Piotr Wojcik [27]. The main advan-
tage that this formulation seems to have over the usual one is that it only concerns a
subclass of union-closed families, which we call normalized. In Section 4.2 we study
the structure of normalized families and then we present the main result, which is
the new formulation of the conjecture. The ideas for the latter part of the section
are based on the ones in Piotr Wojcik’s paper [27]. In the last section, we present
different ways of formalizing the ideas of the previous section based on the ideas
from Vaughan and Johnson [14] and some other results concerning normalized
families and the conjecture are obtained.

4.1 Notation

Throughout this chapter, we use the following notation: Given a family of sets F,
and X c U(F) we set

Fex={AeF:AcX}

ngZZ{AEf:A;t_X}

Fox ={AeF:A2X}

fiX:Z{AEF:A}éX}

Fx={AeF:AnX + @}

39
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 The family of all u-irreducible sets of a family F is denoted by J(F).

« As done before, given a set S c U(F), F © S will denote the family {X\S: X €
F}. Also, F¢ = {X¢| X € F} and we will call U; to U(F;), as done in Chapter 1.

4.2 The Salzborn formulation

We now define a subclass of families that will play a central role in this chapter.

Definition 4.2.1. A family of sets F is said to be normalized if it's a separating
union-closed family such that @ € F and |U(F)| = |F| - 1.

We will also call normalized to families which are separating, without the empty set
and such that [U(F)| = | F|.

Corollary 1.2.8 reinforces the idea that the condition of being normalized is a strong
one, in the sense that a separating family must have at least n sets and normalized
families have exactly n + 1 sets. In fact, every set of a normalized family F is either
the universe of the family or a set of the form U;, for some i € U(F). Since none of
the sets U; is equal to U(F) because every element of the universe must belong to
some set in the family, we have that there exists = € U(F) such that U, = @, which
means that = belongs to every set in the family.

Proposition 4.2.2. Let F be a separating union-closed family of sets. There is an
element x ¢ U(F) such that U(F)\{z} ¢ F.

Proof. We will deal with the family F¢ and prove it has a singleton. We start by
observing that F¢ is also separating since if there is a set in F such that z; € S
and z, ¢ S, for some z1, 25 € U(F), the S¢ € F¢ and x5 € S¢, x; ¢ S¢. Obviously, we
can assume that there is a set S € F such that |S| > 1. Let S = {zy,...,2;} be an
arbitrary set in Fc. Let T' e F¢ such that x; € T"and z, ¢ T or vice-versa. Then SnT
is a set that belongs to the family (since F¢ is intersection-closed) whose cardinality
is smaller than the cardinality of .S, but still greater or equal to one, since x; or x,
belong to S nT, depending on which of the elements belongs to 7. Iterating this
process, it is obvious that there must be a singleton in F¢ . |
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Similarly, we see that in a totally separating union-closed family, all sets of the form
U(F)\{z}, z € U(F) belong to the family, which in particular implies that there are
no normalized totally separating union-closed families of sets.

Proposition 4.2.3. Let F be an union-closed family and i, j,k e U(F). IfU; = U;uUy,
then F;, ¢ F; and F; € Fy. In particular, | F;| < |F;| and |F;| < | Fyl.

Proof. Suppose we have U; = U; u U,. Let S ¢ F; and suppose i € S. Then,
i € S cU;cU, which is absurd since i ¢ U;. Hence, S € F; =i ¢ S. We can proceed
similarly for k. Then we have i € S = {j,k} ¢ S and the result follows. |

Now, we present a concept strictly related with the class of normalized families.
Definition 4.2.4. Given a family of sets F, the family F* = {Fx : X cU(F)} is called
the dual family of F.

Now, we present some lemmas that give us structural properties of the dual family

of an union-closed family F.

Lemma 4.2.5. Let F be any family of sets. Then:

i. F* is union-closed ;
ii. @eF*;

jii. U(F*) = F\{o}.

Proof. Let S,T ¢ F*. By definition, S = Fx and T' = Fy, for some X,Y c U(F).
Obviously, X uY c U(F) and we have Fx. y = Fx U Fy since the intersection of a
set with X uY is nonempty if and only if its intersection with X or Y is nonempty.
Hence, 7. holds. Also, F, = @ and so i:. holds. It is clear that U(F~*) ¢ F\{@} and
since @ # X € F, implies X € Fx c U(F*), one sees that F\{z} c U(F*), and so iii.
holds. ]

Lemma 4.2.6. Let F be an union-closed family with @ € F and let G be a generating
subfamily of F, i.e. every set in F is the union of sets from G. Then:

i G* = {Gyx | X € FY,
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ii.

fii.
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G| = |7,

G* is separating, i.e., for every X, Y € U(G*),X # Y, there exists a set in G*
which separates X andY .

iv. J(G*)<c{G.|lreU(G)}u{a}.

Proof.

We have U(G) = U(F). Also, notice that Gy = Goe. By definition, G* = {Gx : X ¢
UG)} ={Gx : X cU(F)} ={Gxc : X cU(F)} = {G¢x : X c U(F)}. We will now
see thatforeach X cU(F)and GeG,onehas Gc X iff Gc U(Gcx). Let X and
G in the conditions defined. It is obvious that if G ¢ X, then G c U(Gcx) since
G € Gex. Conversely, we have G c U(Gcx) € X. Hence, G* = {Gyx | X CU(F)} =
{Gev(gex) | X cU(F)}-

We now claim that {U(Gcx) | X c U(F)} = F, and i. follows. Since F is union-
closed, it is clear that {U(Gcx) | X < U(F)} ¢ F. Conversely, let S € F. Then
S =U(Ges), because G is a subfamily of generators.

. Itis obvious from :. that |G*| < |F|. But it is true that forevery X, Y e F, X # Y =

Ge¢x # Gy, since if Ggx = Ggy then X = U(Gex) =U(Gey) =Y, and so, #i. holds.

Let X,Y ¢ U(G*) = G\@, X # Y. Assume that X ¢ Y (the reciprocal case is
analogous). Then X € Gy and Y ¢ Gyy. So, Gyy separates X and Y. By i. we
have Gyy € G*.

Note that Gy y = Gx UGy. Let M € J(G*). Then, by definition of G*, M = Gx,
for some X c U(G). If |[X| = 1, then we are done. Else, |X| = s > 2, say
X = {x1,29,-, x5}, then M = U, G,,. If there exists z; such that M = G,,
we are done. If not, we have that M is not an element in J(G*) because
G, €G*, Vie[s]. n

Remark 8. Let X,Y ¢ F. If X c Y, then for every set Z such that Z ¢ Y, one has
Z ¢ X, which means that in this case, G¢y ¢ G¢x. From i. of the previous lemma,
it follows that the lattice of G* is the dual lattice of F. Also, in ii., we show that the
map from F to G* that maps X to Gy¢x is a bijection.

Lemma 4.2.7. If F is a union-closed family of sets with @ € F, then F* is a normal-
ized family and |F*| = |F|.
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Proof. Follows from previous lemmas with G = F in the previous lemma. |

The next lemma exhibits a property that suggests that normalized families have a
particularly regular structure, in some sense.

Lemma 4.2.8. If F is a normalized family of sets, then for every X e F,|Fsx| = |X]|.

Proof. For each x € U(F), let Tx(z) = U(Fz). We will show that for each X ¢ F and
x € U(F) we have:

i ze Xiff X ¢ Tr(2),
ii. Tr is a bijection from U(F) to F\U(F) and

iii. Tr(X) = Fox.

Clearly, Lemma 4.2.8 follows from properties ii. and iii. since from . one has
|T#(X)| = |X| and from iii. it follows that [T'7(X)| = | Fsx|.

Suppose = € X. Since z ¢ Tx(z), then X ¢ Tx(z). Now, suppose X ¢ Tx(z). Then
X ¢ Fyand so x € X. Soi. holds.

To checkii., let y,z €e U(F),y + z. Since F is separating we can consider A € F that
separates y and z. We can assume without loss of generality y € A (and so, z ¢ A).
Then, by i. we have A ¢ Tx(y) and A ¢ Tx(z), SO Tx(z) + Tr(y). Thus Tx is an
injection.

Giventhat |U(F)| = [(F\U(F))|, since F is normalized and that T=(U (F)) ¢ F\U(F),
because for all x € U(F), Tr(x) = U(Fz) € F and z ¢ Tx(x), one has ii..

By i., Tr(X) ¢ Fyx. Now if v € T/ (Fzx), then X ¢ Tx(z) and so, by i. we have
z € X. Hence, Tz'(F;x) ¢ X. The last inclusion yields F;x ¢ T(X). Therefore, iii.
holds. ]

The next theorem provides an equivalent formulation of the union-closed sets con-
jecture that concerns solely normalized families, which sounds very surprising be-
cause normalization is a very strong condition to impose on the families to study.
However, this formulation hasn’t yet produced any strong new results about union-
closed families.

Theorem 4.2.9. Letn > 2 and k > 0. The following assertions are equivalent:
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i. For every union-closed family F with |F| = n there exists an element x € U(F)
such that | F,| > k.

ii. Forevery union-closed family F with |F| =n and @ € F there exists a u—irreducible
set M such that | Fsu| > k.

ii. For every normalized family F with |F| = n there exists a u-irreducible set M of
F such that |Fsp| > k.

iv. For every normalized family F with |F| = n there exists a u-irreducible set M of
F such that | M| > k.

Proof. Let us fix n and k. Clearly 7. implies iii.. The equivalence of iii. and iv.
follows from the previous lemma. So we will only prove i. = ii. and iv. = i..

i. = 1i.. Suppose i. holds. Let F be an union-closed family of sets such that
@eFandletn=|F| and G = J(F). It is obvious that G satisfies the conditions of
Lemma 4.2.6. Applying Lemmas 4.2.5 and 4.2.6 (i. of the former ii. of the latter,
in particular) we get that G* satisfies assumptions of i.. Therefore, there exists an
element G € U(G*) such that |G|, > k. So G € G by Lemma 4.2.5 (iii.). Hence,
Lemma 4.2.6 (i.) gives G2, = {Gyx|X € F and G € Gex } = {Gyx|X € Fyc}.

Thus, |Fse| = |G| > k and ii. follows.

. = i.. Suppose now that iv. holds. Let F be an union-closed family of sets such
that @ € 7 and let | F| = n. By Lemma 4.2.7, F* satisfies the conditions of iv.. From
iv. and Lemma 4.2.6 (iv.) it follows that there exists x € U(F) such that F, € J(F*)
and |F,| > k. So i. holds. |

Note that in case k£ = § we get different formulations of the union-closed sets

conjecture. The oneiniv. is known as the Salzborn formulation of Frankl conjecture.

4.3 Other constructions

In the previous section, we present a way to build a dual family of F, F*. Here we
present an alternative way to build similar dual families as the one above, and some
ideas based on the ones proposed by Vaughan and Johnson in [14]. Consider
an union-closed family 7 = {X,---, X,,} with universe [m] and a subfamily % =
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{H,,- H,} ¢ F. For each z € [m], set H(z) = {i € [s]: 2 € H;}, H(x) = {i € [s] :
x ¢ Hi} and H'(F) = {H(z) : x € U(H)}. Then we can define H* as the family
generated by H'(F). If we recall iv. of Lemma 4.2.6, it becomes clear that when
‘H is a subfamily of generators, H* and H* are basically the same except that we
replace each set by its index. It is very easy to see that the proof of the equivalence
between the Salzborn formulation and the usual one could be adapted using this
new way of constructing the sets. This is specially useful because it allows us to
easily create normalized families with any size we want by constructing F*, which
is always normalized, like F*.

Example 7. Suppose we want to construct a normalized family of sets with size 6.

To do so, we need an union-closed family with 6 sets, for example, F = P([3])\{2,{1}} =
{{2},{3},{1,2},{1,3},{2,3},{1,2,3}}. One has F(1) = {3,4,6}, F(2) = {1,3,5,6}
and F(3) = {2,4,5,6}. Now, we simply build

F*=({{3,4,6},{1,3,5,6},{2,4,5,6}})
= {{37476}7 {1737 576}7 {274’576}7 {173747 576}7 {273747576}7 {17273747 5?6}}7

which is normalized with size 6.

Let F be an union-closed family of sets and G = {G4, -+, G;} a subfamily of gener-
ators. The following results appear in [14] in the particular case where the family
of generators is J(F). Since these results hold in general we present the general
case.

Lemma 4.3.1. Let X ¢ F and suppose X + U(F), say X = U\{y1, yx}. Putl =
ﬂle G(yz) Then X = Uje[ GJ

Proof. Let J be the set of all indices ¢ such that G; ¢ X. Then, since X ¢ F,
X =Ujes Gy. Set I =%, G(y:). If j € J then G; € X, which means j e G(y,), Vi € [k],
i.e.,, jel. So, JcI. Conversely, j el = jeG(y),Vie[k]=Vy,y ¢ G =G, c
X = j e J. Hence, we have I = J and the lemma follows. ]

Next, we define the correspondence 3 from F\{U(F)} to (G*)°\{@} that maps X =

Lemma 4.3.2. Let X,Y € F.

I X =Uieax) Gi ;
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i. B(X)=p(Y)ifandonlyif X =Y ;
ii. fXcY, thenp(X)cp(Y),;

iv. B(X)upB(Y)cpB(XuY).
Proof.

i. This follows from the previous lemma.
ii. This follows from i..

iii. Let X =U(F)\{v1,...,yx} for some k. and suppose X c Y. Then, one has that
Y = U(F)\{y1,...,y,} for some r < k. Then B(X) = N&, G(y) € N, G(yi) =
pY).

iv. From izi. we know that 5(X) c (X uY) and g(Y) c 5(X uY). Therefore, we
have S(X)up(Y)c (X uY). m

So, we have that this correspondence is order-preserving (from iii.) and one-to-one
(from ii.). Now, for every nonempty set S € (G*)¢, we have S = (U,x G(x))¢ =
Neex G(z) for some X c U(F). We can also see that S = 3(U;.s G;) and so the
correspondence is onto. Let us call 7' = U;cs G;. We have 3(Ujes G;) = Niere G(2).
Now, if t € T¢, then S c G(t) because t is not element of any G;, i € S and so
S ¢ B(Ujes G;). Conversely, we have z € X, and so x € T¢, since an element in X
does not belong to any G;, i € S. Therefore, X ¢ T¢ = 3(Ujes G5) = Niere G(t) €
Nwex G(t) = S. The following theorem follows trivially:

Theorem 4.3.3. Let F be an union-closed family of sets and G a subfamily of
generators. Then, |F| = |G*|.

Proof. This follows immediately form the previous lemma and the observation
above. =

This is not surprising because we knew from the previous section that this was the
case (Lemma 4.2.6, ii.). Also, the fact that the correspondence between F and
(G*)c is order preserving implies that both of these families have the same lattice
structure, which we already knew from the previous section (the lattice correspon-
dent to F+ is the dual lattice of the one corresponding to F).
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It is now very easy to show that the usual formulation of Frankl conjecture implies
the Salzborn formulation using the particular case where G = J(F).

Theorem 4.3.4. If F is a normalized family of n sets and F* satisfies the union-
closed sets conjecture, then F satisfies the Salzborn formulation of the conjecture.

Proof. Let F be a normalized family of n sets and let J(F) = {M, :i € [t]}, where t =
|J(F)|. We have that J'(F) is a family of n sets in [¢] and since |F*| = n we know that
F+=J'(F), and so we have that J/'(F) is union-closed. If 7+ = J(F) = { X3, X,.}
satisfies the union-closed sets conjecture, then there is an element a € [¢] in at least
half the sets of 7*. Now by definition of J/(F) a € X; < i € M,. Therefore, if we
have « in at least § sets of 7+, we have |),| > ¢ and so F satisfies the Salzborn
formulation of the union-closed sets conjecture. |

Corollary 4.3.5. If F is an union-closed normalized family with universe U such that
@ ¢ F, then there is x € U such that x is an element of every set of the family.

Proof. Since F is normalized, we have that J’(F) is union-closed. That means that
[t] = U(J'(F)) € J'(F), where t = |J(F)| and from the definition of J/(F) used as
above follows that there is an element « in every u-irreducible set, and that implies
that a is in every set. ]

We now present a generalization of the concept of separation in union-closed fam-
ilies, which we call independence. Independent families will have a relevant role in
the construction of dual families.

Definition 4.3.6. A family F of sets on [n] is called independent if, Vi € [n],VS ¢
[n] - {i}, it satisfies one of the following conditions :
e ThereisasetT in F suchthatSnT +aoni¢T;

e ThereisasetT in F suchthat SNnT =@ AieT.

We say that a family is dependent if it is not independent.

It is easy to see by the definition of independent families that they are in particular
separating, when we have |S| = 1, the definition coincides with the definition of
separating family. The following proposition will help understanding the relevance
of this concept when studying dual families.
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Proposition 4.3.7. Let T be a family of sets. Then T is dependent if and only if
there existsi e U(Z) and S c U(Z) - {i} such thatZ; = Ujcs Z;.

Proof. Let Z be a dependent family of sets. Then 3i ¢ U(Z), S < U(Z)\{i} such that
givenasetT eZ, one hasthat SnT =gvieT and SnT +@ovi¢T. Hence,ifieT,
then SnT = @. If not, SNnT = @. So, we have that if T" € Z;, then there is j e Sn T,
which implies that 7" € 7; and s0 T' € Uges Zi.. Thus Z; € U, Z;. Analogously, one has
Ujes Z;j € Z;, and s0 Z; = Ujjes Z;-

Conversely, suppose there exists i € U(Z) and S ¢ U(Z)\{i} such that Z, = Ujcs Z;.
From Z; c U,es Z; it follows that i e T' = 3k € S: k € T. From U, Z; € Z;, it follows that
JkeS:keT =1ieT. Hence, T is dependent. [

It is now easy to see the relation between independent families and dual families.
If we have an independent family F and we construct F+ (or G* for a u-generating
subfamily G), what we have before generating is a family of u-irreducible sets.

Given a totally separating union-closed family F we can easily see that (J(F))* is
generated by an antichain A in [¢] where t is the number of u-irreducible sets of F
and |A| = |U(F)|.

Remark 9. If the family F = {Xy,---, X,,} is totally separating, then J(F*) is an
antichain since J(F*+) c {F(z) : x ¢ U(F)}, where F(z) = {t: x ¢ X;} and {F(x) :
x e U(F)} is an antichain because F is totally separating. In this case, we can see
that the join-irreducible sets of the normalized family F+ are exactly the sets of the
form Uy, with |F;| = 1. It is clear that, if |F;| = 1, then U, is join-irreducible. If we
have a join-irreducible set .J, then it does not have any proper subset in the family,
because if it did, then it had a proper subset which is a join-irreducible set and that
is not possible, since J(F*) is an antichain. So, if some Uy, is a join-irreducible set
and has no subsets, then it is the only set that does not have k as its element.

It follows the following theorem.

Theorem 4.3.8. If F is a totally separating union-closed family with |U(F)|=m and
t u-irreducible sets, then we have

Also, this condition is sharp.
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Proof. The result follows from the observations above, together with Sperner’s
theorem that states that the largest antichain in [¢] has (lgj) sets.

To see that the bound is sharp, given ¢ € N, take A as the set of subsets of [¢] with
size | 5. Consider A*. It is not hard to see that A is independent and so A* has ¢
u-irreducible sets. L

Theorem 4.3.9. [Kleitman, [7]] If F is a separating union-closed family with |U (F)| =
m and t u-irreducible sets, then we have

t< ([ZJ)+QEm

Corollary 4.3.10. /fZ is a family such that|Z| =m and |U(Z)| =t > (l;’?J) +Z° thenT
is not independent.

Proof. Notice that if Z was independent, then Z+ would contradict Theorem 4.3.9. m

Note that any improvement on this bound will result on an improvement of the
previous one.

It is very easy to give examples of a normalized family of any size, if we consider the
staircase family {[1],---,[n]}. But the example above shows us a process that can
be used to build every normalized family with size n by choosing different original
union-closed families as the next lemma shows.

Lemma 4.3.11. Let G be a normalized family of sets. Then G = F* for some F
independent union-closed family of sets.

Proof. Let G = {G4,---, G, } be a normalized family of n sets and J(G) = {M;,---, M, }.
We will see that G = (J(G)*)*. The family (J(G)*)* is union-closed. Therefore,
to show that G ¢ (J(G)*)* it is enough to show J(G) c (J(G)*)*. Fixed i € [t],
let {z1,--,2x} = M; € J(G) and consider the family J(G)* = ({Y1,--,Y,}), where
Yi={re[t]|ieM,}. Since|J(G)*| =]|G|=n, one has that J(G)* = {Y3,---,Y,,}. By
construction, J(G)} = {Y,,,---Y;, } and analogously one gets that M; = {z1,---,z;} €
(J(G)*)*. We have proved that G c (J(G)*)*.

Conversely, we have to show that J((J(G)*)*) < G. Since (J(G)*): = {Yay,Ya, )
we have that (J(G)*)* = ({My,---, M;}) and thus J((J(G)*)*) = {My,--, M} < G.
Also, since {M,---,M,} is a family of u-irreducible sets, we have that J(G)* is
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independent and the result follows. ]

Example 8. Let F be the following normalized family of size 7:

F= {{174767 7}7 {27576a 7}7 {3747 576}7 [7] - {3}7 [7] - {2}7 [7] - {1}? [7]}

We have J(F) = {{1,4,6,7},{3,4,5,6},{2,5,6,7}}. We will build (J(F)*)* and see
that it coincides with F as the previous lemma guarantees.

J(F)T = ({{1}.{2}. {3}, {1, 2}, {1,3}.{2,3},{1,2,3}})
= {13425, {33, {1, 2, {1,3},{2,3},{1,2,3}}.

Now, we see that (J(F)*)* = ({{1,4,6,7},{2,5,6,7},{3,4,5,6}}) = F, as expected.

To emphasize how the concept of independence is stronger than the concept of
separation we will show that there is only one independent normalized family with n
sets, while by definition all normalized families are separating.

Proposition 4.3.12. The only independent normalized family with n sets is the
staircase family F = {[1],---,[n]}.

Proof. It is easy to see that the staircase family is independent for every n ¢ N. Now
let 7 be an independent normalized family of sets. Then, J/(F) is union-closed and,
by independence, all its sets are u-irreducible. Let X,Y € J'(F). Then, X uY = X
andsoY c X or XuY =Y and so X c Y, by the irreducibility of sets in J'(F). Then
J'(F) is a chain. Since that is the case, it cannot have two elements of the same
rank in the lattice of P([n]). Since it has n sets in [t], where t = |J(F)| < n, then
t =n and it has exactly one element of each rank and it is a chain. Then it must be
the staircase family. ]

We already know that it suffices to prove Frankl Conjecture for separating union-
closed families. We know prove a stronger result, that states that it is enough to
prove the conjecture for independent families.

Theorem 4.3.13. It is enough to prove the union-closed sets conjecture for inde-

pendent families.

Proof. Let F be an union-closed family of sets with universe U. If F is not inde-
pendent, then, by Proposition 4.3.7, there is some X c U(F) and some y ¢ X such
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that J(y) = U.ex J(x). Now, consider the family F e {y}. It is obvious the family is
still union-closed and since we have for every S e F, y e S < Sn X # @ we know
that the correspondence S ~ S\{y} is one-to-one and so |F e {y}| = |F|. So, if the
new family satisfies the conjecture, so does F. If we do this for every element of the
universe under the conditions of the theorem we get an independent family and the
result follows. =

In Theorem 4.3.4, we proved that the usual formulation of Frankl conjecture implies
the Salzborn formulation. Now it is easier to see a link between both formulations.
It is clear that the size of the sets of the family we will generate corresponds to the
frequency of elements in the original family. Although it is not true that the sets we
get to generate are always u- irreducible sets, that is the case if the original family
is independent. So, if we have an independent union-closed family G and build G+,
the sets we have before generating, G(z) for = € U(G), are exactly J(G*). It now
becomes obvious that the Salzborn formulation implies the usual one.
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Chapter 5
Up-compression

In this chapter, we see how compression techniques can be used to study union-
closed families. The idea of these techniques is to transform the object of study,
which is in our case union-closed families, into another one of a special type (in our
case upward-closed families) and then study this new object to obtain results about
the initial one. Compression may also be referred to as shifting. This approach
is typical in extremal combinatorics but regarding the study of Frankl Conjecture it
was introduced by Reimer in [19], whose results we present in the first part of the
chapter, and then followed by Rodaro in [23] and Balla, Bollobas and Eccles in [12].
In order to get an idea of how powerful the concept of shifting is, we recommend
reading Gil Kalai’s post in [15].

5.1 Notation

Throughout this chapter we use the following notation:

« If S and T are subsets of [n] we denote by [S,T]theset {X c[n]|Sc X cT}
(which is empty when S ¢ T);

» We denote log, by log;

» We denote the group of permutations of elements in S by &5.

53
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5.2 Upward-Closed Families

In this section, we consider a new class of families, which we call upward-closed
families and present some of its properties

Definition 5.2.1. A family of sets F is said to be upward-closed if, given a set S € F,
we have that [S,U(F)], i.e., every superset of a set of the family is itself a set of
the family, as long as it is a subset of the universe. These families have also been
called up-closed or up-sets. Analogously, a family F is called downward-closed if,
given aset S € F, we have thatT ¢ S = T € F, i.e., every subset of a set of the
family is itself a set of the family.

It is obvious that an upward-closed family F is itself an union-closed family, since
given two sets A, B € F, we have Au B is a superset of A (and B) contained in
U(F)and so Au B ¢ F. Also, it is easy to see that Conjecture 1 holds for every
element in the universe of this families because the map ¢, : F; — F, defined by
S~ Su{a} is well defined and injective for all a € U(F).

Definition 5.2.2. Given a family G of sets, the union-closed family t-generated by
G is defined by F = {S cU(G) | 3G € G such that G c S} and denoted by F = (G);. It
is easy to see that the set of minimal sets in F is the (unique) minimal 1-generating
set of the family F.

A family of sets (not necessarily union-closed) F such that U(F) = [n] can be seen
as a directed graph whose vertices are the sets, and whose edges are pairs of sets
that differ by exactly one element, directed from the smaller set to the larger set.

Notation 2. Put A = B when there exists i € [n] such that Au{i} = B.

Definition 5.2.3. Let A, B € F. The graph associated to F has set of vertices V (F)
and set of edges E(F), where

V(F):=F,
E(F)={(A,B)eF?: Ac B}.

We also define the edge boundary of an upward closed family F as

EB(F):={(A,B) e E(P[n]): A¢ F,B e F}.
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Example 9. Let F = {{2},{1,3},{2,4},{1,2,4}}.One has
E(F) ={({2},{2,4}),({2,4},{1,2,4})},

and

EB(F) ={(2,{2}), ({1},{1,3}), ({3}, {1,3}),
({4},{2,4}), ({1,4},{1,2,4}), ({1, 2}, {1,2,4})}.

Lemma 5.2.4. For every upward closed family of sets F, one has

2 ), [F|=n|F|+|EB(F)|

FeF

Proof. Start by noticing that for every F' ¢ F, |F| = Y. 1. Similarly, we have for
every F e F,n—-|F| =Y p.c 1. Now we have,

2Y |F| =Y |F1+ > > 1+> Y 1

FeF FeF FeF GeF:GcF FeF G¢F:GeF

NOW, ¥ per Y cercer 1 = Yaer 2cer 1 SiNnce F is upward-closed. Hence,

2 Y |F|= Y |F|+ ) > 1+|EB(F)|

FeF FeF GeF GeF

= 2 |G+ X (n-1GI) + |[EB(F)|

GeF GeF

= > n+|EB(F)|

GeF
= n|F| + |EB(F).

Remark 10. The number of ways we have to choose a set of (minimal) generators of
an upward closed family with universe [m] is the number of ways we have to choose
a totally separating family with m sets, since those are exactly the antichains (see
Remark 9).

5.3 Compression

We start by defining a rising function that subjects a given family to small changes
until we obtain an upward-closed family.
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Definition 5.3.1. Given a family of sets F with universe [n], for A € F and i € [n]
define

A, if Au{i}eF,
ReA)y=y' 0
Au{i}, if Au{i}¢F.
Then define the i-rising of F by
When there is no doubt about which family we are referring to, we will simply write

R;(A) instead of Rx;(A). Itis easy to see that given a family F, the map A —» R;(A)
is one-to-one. Now, given a family of sets F and a set A € F, define

i ifi=0,
Fii=
Rz(:/tz—l)a if i >0.

Ai=(Rz_io R yi10+0Rz1)(A).
If A; # A;_1 we say A; ; rises.
Example 10. When we apply up-compression to the union closed family
F={{4},{1,2},{3,5},{1,2,4},{3,4,5},{1,2,3,5},{1,2,3,4,5} },

we obtain

o Fr={{1,4},{1,2},{1,3,5},{1,2,4},{1,3,4,5},{1,2,3,5},{1,2,3,4,5}}
o Fo={{1,4},{1,2},{1,3,5},{1,2,4},{1,3,4,5},{1,2,3,5},{1,2,3,4,5}}
« F3={{1,3,4},{1,2,3},{1,3,5},{1,2,3,4},{1,3,4,5},{1,2,3,5},{1,2,3,4,5}}
- Fu={{1,3,4},{1,2,3},{1,3,5},{1,2,3,4},{1,3,4,5},{1,2,3,5},{1,2,3,4,5}}
« F5={{1,3,4},{1,2,3},{1,3,5},{1,2,3,4},{1,3,4,5},{1,2,3,5},{1,2,3,4,5}}
Lemma 5.3.2. Given A; 1 € F;_1, one has A; 1 u{i} € F; and A; u {i} € F;.
Proof. If A;_; rises, then A; = A;_yu{i} e F;and also i € A;, thus A, u {i} = A; ¢ F;.

If, on the other hand, A; = A;_4, i.e., Rg,_,i(Ai-1) = A;-y one has A, u {i} € Fi_4,
by definition of the rising function. Also, A;u{i} = A;1u{i} = Rz, , i(Ais1u{i}) e F;. m
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Lemma 5.3.3. If F,_, is union-closed and C;_,D;_, € F,_y are such that D;_, =
C;.1u X for some X c [n], then C; u X € F,. Furthermore, C;_, + C;_; u X implies
C,L' F Cl uX.

Proof. Suppose we have C; u X ¢ F;. We know that C;_; u X u {i} ¢ F; and so
Ci1uX u{i} #+ C;u X. Therefore, C;_; does not rise, i.e., C;; = C;, and one has
that C;, X and D, ; do not contain i. We know, from the previous lemma, that
Ci1u{i} € Fi1, and by closure (C;.yu{i})uD; 1 = D; 1 u{i} € Fi,1. Hence, D;
does not rise and C;u X =C;_; u X = D;_, = D, € F;, a contradiction.

Now, if C;_; # C;_; u X and C; = C; u X then we obviously have C; + C;_; and C;_;
rises. But X c C;_; u{i} and X ¢ C;_; impliesie X andso C; = (C;i-y u{i})u X =
C;,.yuX =D, € F;_;, and one concludes that C;_, does not rise, which is absurd. m

The following lemma shows us that applying the rising operator to a given union-
closed family keeps the structure of the family in the sense that it preserves the
union-closure property.

Lemma 5.3.4. If F is union-closed, then F; is union-closed for all i € {0,1,---,n}.

Proof. We will prove this by induction on i. In the case i = 0 there is nothing
to prove. Now assume F; is union-closed for all j ¢ {0,1,---,i — 1} and let A,,
B; ¢ F;. Set C;.1 = A;_1 and D; .y = A;1 U B;.1 € F;_; in the previous lemma.
Then A;,uD,; = A;uA;,_yuB;,_; = A;uB;,_; € F;. Now, A, u B; is either A; u D;_;
or A;uD; yu{i}. But,by Lemma5.3.2, A;u D, ; € F; implies A;uD,; u{i} e F; and
we are done. |

The goal of the compression technique is to obtain an upward-closed family after
applying the rising operator to an union-closed family 7. We will now see that this
is the case, since F, is always upward-closed. But first, we present an auxiliary
Lemma, which is a consequence of Lemma 5.3.3.

Lemma 5.3.5. Leti,j € [n], where i < j. Let C;, D; € F; such that D; = C; u X for
some X c [n]. Then C;u X e F;. Furthermore, C; + C; u X implies C; # C; u X.

Proof. This result is obtained by repeated application of Lemma 5.3.3. |
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Proposition 5.3.6. F,, is an upward closed family of sets.

Proof. It is enough to show that A, u {i} € F,, forall Ae F, i e [n]. Leti e [n]. We
know, from Lemma 5.3.2, that A; € F; implies A; u {i} € F,. Letting C; = A;, X = {i}
and j =n in Lemma 5.3.5, one concludes that A, u{i} € F,. |

The next lemma, together with Lemma 5.2.4, will play a crucial role in order to
obtain a lower bound for the average set size of a given union-closed family. To
prove the next lemma we will use Jensen’s inequality, which we recall.

Remark 11. Jensen’s inequality states that for a real convex function o, numbers
x1,T9,. .., %, iN its domain, and positive weights a;, one has

90( > aixi) < > a;p(w;) _
> a; >

Lemma 5.3.7. Let F be an union-closed family with U(F) = [n]. Then, the map
from F to F,, defined by A — A, is a bijection. Also, we have:

1. AcA,;
2. ABeF, A+ B=[A A,]n[B,B,]=2;

3. YaerlAn = Al <|F| (n - log(|F])).

Proof. It is obvious that A — A,, is a bijection from F to the upward closed family F,,
since it is the composition of bijections Rz, , , o Rz, ,n-10-0 Rz 1. We now need
to prove parts 1-3 of the lemma.

1. Foreveryie[n], A;.1 € A; by definition, so A=A, c A,.

2. Let A,B ¢ F and suppose that [A,A,] n[B,B,] + @, i.e., there exists Y ¢
[A,A,]n[B,B,]. Since A,BcY wehave AuBcY c A, Hence, AuB ¢
[A,A,]. By closure, AuB e Fand [A,A,]n[AuB,(AuB),| +@. If B¢ A,
then A + Au B. So, if we replace B with Au B we have A c B. Therefore, if
2. does not hold, then it does not hold for some A, B € F such that A c B, thus
we may assume that.

LetC;=A, X =B,i=0and j =nin Lemma 5.3.5. Since A + Au B, we get
A, + A, u B which implies B ¢ A, and B ¢ [A, A, ], which is a contradiction
since BcY c A,.
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3. Since A c A,, we know |[A4, A, ]| = 24\, We have Uu.r[A, A,] € P(n), with
the intervals being disjoint by 2., so

D> A A ] <2
AeF
and obviously ¥ 4 24\ = %, ~|[A, A,]| < 2". Applying Jensen’s inequality
to the function ¢(z) = 2%, which is convex, with the weights being a; = 1,Vi €
[|F|], we get
Q17 e An\AD < | F[1 T gla\Al ¢ 2"
AeF | |

Then we have

|f|_1AZ | A = Al <n-log (|7]),
eF

and so

AZ;E'A" - Al <|F|(n —log (IF]))-

Remark 12. It is clear that, given an union-closed family F such that the average
frequency of the elements is greater than half the size of the family, then there is
at least one element in half the sets, and so Frankl conjecture holds for such F,
ie., if Wlf)' Yrev(F) 1 Fel 2 '—i' then F satisfies Frankl conjecture. In Section 1.3, we
showed an example of an union-closed family F such that the average frequency
is lower than @ Since Ysr|S| = X r) |F2l, then if the average set size is at
least half the size of the universe, i.e., 7 Ys.r |S| > 5|U(F)|, then F satisfies Frankl

conjecture.

The theorem that follows shows how we can use up-compression in order to obtain
a bound on the average set size of an union-closed family.

Theorem 5.3.8. If F is an union-closed family with universe U(F) = [n], then

When F = P([n]), both sides of the inequality become % and hence the result is
sharp.
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Proof. We start by considering the set E(P([n]))} defined in 5.2.3. For each A € F,
define the edge set E4 := {(B, A,) € E(P([n])): B=A,,-{i}, i € A,— A}. Obviously,
|E4| = |A, — A|. Note that the sets £, are disjoint.

Now, we claim that £, ¢ E([A, A,]) n EB(F,). We have A ¢ A, and so, A ¢
A, -{i},Vi e A, - A, thus E4 ¢ E([A,A,]). On the other hand, A, - {i} ¢ F,,
fori e A, — A, because if that was not the case, we would have B ¢ F such that
B, =A,-{i}and A,B ¢ F, A + B such that A, - {i} € [A,A,] n[B, B,] which
contradicts the second condition of Lemma 5.3.7. Hence, E4 ¢ EB(F,). It follows
that Y 4. |Ea| < |EB(F,)|, or equivalently ¥ 4. |A, — A| < |EB(F,)|. Apply Lemma
5.2.4to F, noticing that ¥ 4.7 |An| = X acr | Al + X acr |An — Al We have

2> 1A4]+2 > |A, - Al = n|F|+ |EB(F,)],

AeF AeF
23 |Al+ Y [A - Al2n|F]
AeF AeF

By part 3. of Lemma 5.3.7, we get

2 > Al +[Fln — |F|log(|F]) 2 |FIn,
AeF

ZAe]—'|A| > 1

\Fl 2

log(|F])-

In [23], Rodaro slightly changes the way we consider the rising function by allowing
the family to be risen with respect to the elements of the universe but taken in
different orders. So he defines F; = ¢;(F;_1), where ¢; = Ry, 4, o ¢;-1 is called
the rising function with respect to the word w = a;as . ..a, of the family F, and we
denote it by ¢,,. He then uses the following result about the upward-closed family
F = ¢, (F) to generalize the second statement of 5.3.7, by showing that it holds no
matter the order of the elements by which we raise the family.

To do so, we define the notion of principal ideal of a set and present an auxiliary
result that appears in [23] needed to prove the proposition.

Definition 5.3.9. Let F be an union-closed family of sets with universe U and S
a subset of U. We call the principal ideal of S to the set of all the elements of F
containing S and denote it by F[S]. This can be extended to any subfamily G c F
and so we define the principal ideal generated by G as the set F[G] = Useg F[S].

Remark 13. Clearly, if S € F, then F[S]={SuT, T € F}.
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The author also proves that for each G ¢ F, one has that ¢, : F[G] — F[G] is a
bijection, and that the inverse of ¢, : F — F' is given by

en(m= U f
{feF:fen}

Proposition 5.3.10. Let f,.ge F and 0,0 € &y. Then f = g ifand only if [ f, pwe(f)]N
[9,¢uwo(9)] = 2.

Proof. Suppose that S € [f, pwo(f)] N9, vws(9)] # @. In this case we obviously
have f < ¢.,(g) because f c S ¢ p.,(g). By the previous theorem, we know g =
UheFhepws (o)) P @Nd S0, f is necessarily a subset of g since g is the union of f with
another set. Changing g with f we get the other inclusion g ¢ f. Hence f = g. Clearly
the other side of the implication holds since f = g = [f, vwe(f)] N [9, puwo(9)] + @
since f is its element. (]

Example 11. Consider the union-closed family

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

When we apply up-compression to this family defined in the usual way, i.e., with
respect to the word 123456 we obtain the upward-closed family

G ={{1,3,5,6},{1,2,3,5},{1,3,4,5},{1,2,3,4,6},{1,2,3,5,6},
{1,3,4,5,6},{2,3,4,5,6},{1,2,3,4,5},{1,2,3,4,5,6} }.

When, for example we apply compression with respect to the word 213456, we get
the upward-closed family

H = {{17 37 57 6}7 {]'7 27 37 5}7 {27 3747 6}7 {17 27 37 47 6}7 {17 27 37 57 6}7
{1,3,4,5,6},{2,3,4,5,6},{1,2,3,4,5},{1,2,3,4,5,6}}.
Notice that these families are different in the sense that there is no way to rename

the elements of G that makes it equal to H, since 1 has frequency 7 in H and there
is no element in G with frequency 7.

We know that for each word w, the family ¢,,(F) is an upward-closed family of sets.
However this families are not necessarily equal for different words w as the example
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above shows. Since the union of upward-closed families with the same universe is
still an upward-closed family of sets, we define for each union-closed family F with
universe U the upward-closed family

U(F) = U puws(F)

ﬁEGM

where w = a; . . . a,, Which we call the invariant upward-closed family associated to F.

Using these techniques, in [23], the author obtained an upper bound on the number
of u-irreducible sets of an union-closed family, proving that for every union-closed
family F, with |U(F)| = n, one has that |J(F)| < 2(@) + (L%7+1)' Despite being a
worse bound than Kleitman’s (see Theorem 4.3.9) it is possible that some better
bounds can be obtained using up-compression.

Also, in [12] the authors prove, using averaging and up-compression techniques,
that Frankl conjecture holds for union-closed families with at least 22IV(*)l sets.

Analogously we can define the i—lowering of
Li(F):={L;i(S):SeF},
where

LS - {5, S\ 7,
S\{i}, it S\{i} ¢ F

and

(£ if i =0,
Fii |
Li(fl_l), if 1 >0.

The next theorem gives us a nice relation between up and down-compression and
shows that it both techniques are equivalent in some sense.

Theorem 5.3.11. The following diagram

F —— F°

4k
F I o

commutes, where - is the map F — F¢.
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Proof. Let A ¢ F and so Ac € F¢. Itis enough to see (R;(A))¢ = L;(A¢). Suppose
now Au{i} € F. In that case (R;(A))c = Ac. Also, notice that A¢ - {i} = A°n {i}° =
(Au{i})ce Fesince Au{i} e Fand so L;(A¢) = Ac=(R;(A))°.

Now, if Au{i} ¢ F, we have (R;(A))c=(Au{i})c=Ac-{i}. Since Au{i} ¢ F, we
know A¢ - {i} = (Au{i})c ¢ Feand so L;(A°) = Ac - {i} = (R;(A))".

Corollary 5.3.12. Let F be an intersection-closed family. Then F~ is a downward-
closed family of sets.
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Chapter 6
FC-families

In Chapter 1, we proved that a family containing a singleton or a set with two
elements satisfies the conjecture, and that in the first case the element in the
singleton was the one present in at least half the sets in the family, while in the
second case one of the two elements was present in at least half the sets of the
family.

In this section, we present a formalization of that concept and a characterization of
those families due to Poonen [18]. The proof is surprising because it uses discrete
geometry tools to attack this problem, which was something that had not been done
before. We give a couple examples and prove that the result announced for families
with a singleton or with a 2-set cannot be generalized to families having a 3-set.
After Poonen, Vaughan [25] and Morris [17] also explored this concept and the
latter presents a full list of all FC-families with universe having at most 5 elements
and proves the conjecture for families with an universe having at most 9 elements.

6.1 Notation

Throughout this chapter, we will use the following notation:

« If F and G are two families of sets, we put FwG={SuT:SeF, TeG};
* (-, -) will denote the usual inner product in R”;

* sgn is the sign function in R and is defined as usual: sgn(z) = % if x+0and
sgn(0) = 0;

65
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. nf denotes the number of sets of cardinality j in F.

6.2 FC-Families

Definition 6.2.1. A family of sets F' with universe U(F') = [k] is called FC (or
Frankl Complete) if for every union closed family F containing F', there exists i € [ k]
such that | F;| > @

Theorem 6.2.2. (Bjorn Poonen) The following are equivalent, for a family F' with
U(F") =[k]:

1. F'is FC.

2. There exist nonnegative real numbers cy,---, ¢, with sum 1 such that, for every
union-closed family G ¢ P([k]) with F'wG = G, one has ¥.¥ , ¢i|Gi| > '22'

Proof. Throughout this proof, we will call 7'-closed to an union-closed family G
allowed in (2), i.e.,if G c P([k]) and F'w G =G.
(1) = (2) For each F’-closed family G, we set

x@) - (1012 ja- ) ere

Let C' be the convex hull of these points, and let
N ={(z1,2p) eR¥ |z; <0, foralli=1,... k}.

We will prove that C n N = @. Suppose the opposite. Then, one has

r

Z i X(G7) e N

for some F’-closed families G', G2.---, G7, and for some nonnegative real numbers
wy, we, -+, w, With sum 1. Since N is open, we may assume the w; are rational and
so, we can suppose that the w; are nonnegative integers with nonzero sum w (no
longer 1), by multiplying by a common denominator. So we have F’-closed families
H!, .- Hw such that

i X(H)eN,
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where H! =-.. = Hw1 = Gl Hwitl = ... = Hwrtwz = G2 e,

For a positive integer d, let B = {ay, as, -+, aq} be @ set of wd elements disjoint from
[k], and for 1 < s < wd, let B; = B\{«,}. Note that B, u B; = B, Vs # t. Consider the
following subset of P([k]u B):

F: F, @) ({Bla327'”7Bd} le)
U ({Bas1, Basa, -+, Baa} @ 7'[2)

U ({Bw-1)d+1> Bw-1)d+2, > Buwa} @ H")
u({B}wP([k])).

We will check that F is an union-closed family of sets. Let X,Y € F. It is obvious
that each of the families 7', and {B} w P([k]), is union-closed, and so if X and Y
are both in one of these families, then X uY ¢ F. We now consider all the other
cases:

« FX,Y € {Bigi1, Bige2, -+ Br1)aywH*1,i € {0,1,---,w-1}, forsome i € {0, ..., w-
1},then X uY e {B} wP([k]) c F, since B;u B, =B, Vs #;

« f X e 77 and Y € {Bjg1, Bigs2, -+, Bus1)ay W Hi™L, for some ¢ € {0,1,---,w - 1}
thenletY = B, u Z, for some j € {id+1,id +2,---, (i + 1)d} and Z € H*!. We
have X u Z ¢ 7' wH*1 = H**1 (by hypothesis), and so X uY = X uZ U B; ¢
H w {Bigi1, Bigv2, -+ Biv1yay € F.

clf XeF andY e {B}wP([k]),thenletY = Bu Z, for some Z c [k]. We have
that X uZ c[k]andso XuY =BuXuZe{B}wP([k]) cF.

o If X € {Bid+1aBz'd+27"';B(i+1)d} wHi* and Y e {Bjd+laBjd+27"'>B(j+1)d} w HI*L,
for some i,5 € {0,1,-;w—1},7 # j, then let X = B,, u Z, for some m ¢ {id +
1,id+ 2, (i+1)d} and Z e H*! and let Y = B, u W, for some n € {jd+ 1, jd +
2, (j+1)dyand W e Hi*t. We have X uY =B, uB,, uZuW =BuZuW e
{B}wP([k]) cF.

o If X ¢ {Bid+17Bid+27"'7B(7L+l)d} wHi+land Y e {B} ] P([]C]), let X = Bj U Z, for
some j € {id+1,id+2,-,(i+1)d} and Z € H*' and Y = Bu W, for some
W clk]. Then, XuY =BuZuW e{B}wP([k]) cF.
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If i € [k], then

e (,f,, |ﬂ;|) l('%’ |H|)(|%,@)]

One has that l(|’H1| )+ +(|’HW| —)] is negative, since it is the ith coordinate

of the point Y., X (#7), which is in V. So for sufficiently large d, we obtain for all
e [k, |Fi| - 'f‘ <0, which is absurd since F’ ¢ F and F' is FC by hypothesis.

So, one has that C n N = @. But C and N are convex, with A/ open, so by
the separating hyperplane theorem, that can be found in [16] (p.6), there exists
a nonzero vector v = (¢y,-++, ¢, ) and a real number ¢ such that

(x,v) <cand (y,v) > ¢,Vex e N,y eC.

We will now prove that we then must also have such a vector that satisfies the
inequalities for ¢ = 0. We start by seeing that ¢ > 0. Assume otherwise, and take
x = (%c, ) T ) where ¢ is the number of nonzero entries in v and ¢, = |¢;] if ¢; # 0,
and 1 otherW|se It is clear that = € N and that if we consider ¢;,,---,¢; to be the
nonzero coordinates of v we have

0
(r,v) = sgn(ci1)2—cg ot sgn(ciz)i > 2, % = g > C.

Therefore, ¢ must be nonnegative. We will see that if we have a vector v satisfying
both inequalities for a positive real number ¢ then that same vector satisfies the
inequalities for ¢ = 0. Obviously if we have ¢ > 0 and (y,v) > ¢, Vy € C, then (y,v) >
0,Vy e C. If ¢; > 0,Vi € [k], then (x,v) < 0,Va € N. If there exists i € [k] such that
¢; <0, taking z = ((sgn(cl)fl)fc‘c, . (Sgn(ck)‘l)zc‘c) e\, we have

£y KC;C
)(sgn(cil) -1)lc-c (sgn(c;,) —1)lc—c
14 14
Note that each summand is either - or 2“1 , and the smallest value this sum can
take is 221 571 —¢ 'when only one summand is 21, since we are assuming that
there eX|sts i € [k] such that ¢; < 0. Hence,
20+1 - 1-¢ 20+1 2
> O >c+;7c:( e, @leDe (o2,

(z,v) = sgn(c;, +--+sgn(c,)

So, we have that there exists a vector v = (¢q, -+, ¢ ), with ¢; > 0, Vi € [k] and such that
121 + -+ + ¢y IS nonnegative for (x4, ..., x,) € C. By scaling, assume ¢; +++++¢, = 1.
For each F'-closed family G, X (G) € C, one then has

cl(lc/a 'g') (|g |—@) >0,
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which implies

9l _lol

Cl‘g1‘+“'+ck‘gk|2(Cl+“‘+ck) 5 5

So (2) holds.

(2) = (1) Let F be an union-closed family of sets such that 7/ ¢ F and let B =
U(F) - [k]. We have that each set in F can be written as S u T, with S ¢ B and
T c [k]. Write

F=U{S}wg,
ScB
where G5 ¢ P([k]) for each S and consists on the family of sets X c [k] such that
X uS e F. Since F is union-closed and F’' c F, we have that if X ¢ G° and Y ¢ F/,
then X uY € G% because X uS e FandY € F,so (XuY)uS e F. Therefore
XuY € G%and we have GSw F’' = G5 for each S ¢ B. Also, G°wG% = G% and so, G° is
either union-closed or empty (note that we cannot have G° = {@}, since in that case
we would have G F' = F' + {@} and by definition every FC-family has a nonempty
universe). By (2), we have nonnegative real numbers ¢y, -+, ¢, such that

9%

. S
R

)

for each S (this also holds when G° = ). Then

But if a weighted average of the | ;| is at least @, then for some i, | F;| > @ and so
(1) holds. |

Note that, for fixed F’, there are only finitely many F’-closed families, which leads
to a finite system of linear inequalities in ¢4, -+, ¢;. A terminating algorithm can thus
determine whether this system has a solution, and therefore this theorem gives a
method for determining whether a subfamily F’ is enough to guarantee an element
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in half of the sets. Also, if a family G is F’-closed, we have U(G) = U(F'), since
G cP([k]) andso U(G) c U(F’) and F' v G = G implies that we have, in particular,
[k]u X e G for every X € G, and so U(G) 2 U(F’). The lemma that follows will be
very useful in applying the previous theorem.

Lemma 6.2.3. Suppose U(G) = [m], for some m < 1. If £71'(j - 3)nd > 0, then
1 ¢m G|
i |Gl 2 5

Proof. Writing n; for n¢, one has that

S -om G-z
J——= ==y, - 1I—-—=1In; 2
= 277 2 =1 !

since n,, = 1 and ny is either 0 or 1 depending on the presence or absence of & on
G. Hence,

Siai- Z1S1= 3 mi= 3535 Ju 5 B 20+

SeG 3=0

and dividing by m gives the desired result. ]

We now present an alternative proof of Lemma 1.2.1 and Corollary 1.2.3 using the
previous theorem.

Corollary 6.2.4. If an union-closed family F has a set S with only one or two
elements, some element of S is in at least half the elements of F, i.e., {S} is FC.

Proof. Let S = [m], where m =1 0orm=2,and 7' ={S} in Theorem 6.2.2. If G is F'-
closed, and G + @, then S =U(F') =U(G) € G c P(S) and we can apply the previous
lemma. The hypothesis there is automatically satisfied when m =1 or m = 2. So in
(2) of the Theorem 6.2.2, we cantake c; = - =¢,, = + [ ]

m*

Corollary 6.2.5. There exists an union-closed family F having a set S with three
elements, such that no element of S is in at least half the sets of F.

Proof. Let S = {1,2,3} and let 7' = {#,S}. We will prove that 7’ is not an FC-family
and so the result will follow. Suppose F’ is an FC-family. From Theorem 6.2.2 we
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have real numbers ¢, ¢, and ¢ satisfying

Cl+02+63=1

v

v
N|WN W W

201 +Cy + C3

(from G = {@,{1},{1,2,3}})

c1+2¢co + C3

(from G = {@,{2},{1,2,3}})
(from G = {@,{3},{1,2,3}})

Cl+62+2032

Adding the last three inequalities, and dividing by four we get ¢; + ¢ + ¢3 > % which
contradicts the first equation. So by Theorem 6.2.2, we get that #’ is not FC, thus
there is an union-closed family having S as a member and such that no element of
S is in at least half the sets of F. |

A concrete example of such a family was given in Section 1.3.

FC-families are called proper if it contains no strictly smaller FC-family. From the
results above, it is clear that there are no proper FC-families whose universe has
only 3 elements. In [17], FC-families are defined with the additional condition that
they must be union-closed. This is not a restriction since any union-closed family
containing an FC-family must also contain its u-closure.

In [25] a list of FC-families is given, and in [17] the author provides a characterization
of all proper (union-closed) FC-families whose universe has at most 5 elements
which we present next (without proof). He is also able to prove that the conjecture
holds for families whose universe has 9 elements.

Theorem 6.2.6. A family F is a proper union-closed FC-family if and only if it is gen-
erated by one of the following set systems (under some permutation of {1,2,3,4,5}).

 Any three of the subsets of {1,2,3,4,5} with 3 elements,

« {1,2,3}, {1,2,4} and {1, 3,4,5},

 {1,2,3}, {1,4,5) and {2,3,4,5},

« {1,2,3}, {1,4,5}, {1,2,3,4}, {1,2,3,5}, {1,2,4,5} and {1,3,4,5},
 {1,2,3}, {1,2,4,5}, {1,3,4,5} and {2,3,4,5},

» All five subsets of {1,2,3,4,5} with 4 elements.
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Conclusion

In this dissertation, we covered some of the main techniques used to approach
Frankl conjecture, illustrating them with several examples and developed some of
these techniques a bit further in order to clarify some results and also to obtain
some other ones.

In Chapter 1 we presented with great detail the concept of separation in union-
closed families, and obtained some results about separating union-closed families.
Finally, in Section 1.3, we provided some counterexamples to some tempting gen-
eralizations of the problem and one of a separating family such that the average
frequency of its elements is as low as we want, which we weren’t able to find in the
literature.

In Chapter 2, we presented a conjecture related with lattice theory that is equivalent
to Frankl conjecture and show it for lower semimodular lattices.

We were able to prove in Chapter 3 that there are at least 3 a-problematic sets for
every a € U(F), where F represents a minimal hypothetical counterexample to the
conjecture, as a corollary of two results, Theorems 3.1.9 and 3.1.10, that help us
understand the family of a-problematic sets, P,, which are results that we weren’t
able to find in the literature.

We believe that in Chapter 4 we made clear the relation between the dual families
defined by Johnson and Vaughan [14] and the ones defined by Piotr Wéjcik in
[27]. Also, the concept of independence was studied and formalized in detail and
proved that there is only one independent normalized family. Structural properties
of normalized families were also obtained, and we proved that every normalized
family can be seen as the dual of a regular union-closed family.

In Chapter 5, we studied upward-closed families and provided a series of examples
of the up-compression technique. Also, we proved that up-compression and down-
-compression are symmetrical processes, in the sense of Theorem 5.3.11.

In Chapter 6 we show a full proof of Poonen’s Theorem which characterizes FC-
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families as well as some examples.
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