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ABSTRACT

Maximum size t-cross-intersecting and intersecting families

with degree conditions

Yongbin Ou

We present four main results: (1) A solution to the problem of finding two set systems .A and
B such that A is ri-intersecting, B is ro-intersecting, A, B are t-cross-intersecting and |A| + |B|
is a maximum; (2) A solution to the problem of finding two set systems A and B such that A, B
are Sperner, t-cross-intersecting and |A| + |B| is a maximum; (3) A solution to the problem of
finding the maximum size of an intersecting set system F such that the complementary degree
¢(F) = s for a specified value s; (4) An asymptotic result on the complementary degree of an
intersecting set system.
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Chapter 1

Introduction

Let X = {1,2,---,n}, X®) = {F C X : |F| = k} and let F be a subset of the power set
P(X) of X. Finding the maximum or minimum size of F where conditions are imposed on the
intersection and/or containment properties of sets in F is at the core of extremal set theory. The
Erdés-Ko-Rado theorem, the Kruskal-Katona theorem, and Sperner’s theorem are all concerned
with variations of this problem. The results in this dissertation are applications, generalizations,
and extensions of these three fundamental theorems.

A set system F C P(X) is intersecting if ANB # () for every A, B € F. The Erdés-Ko-Rado
theorem gives the maximum size of an intersecting set system.

Theorem. (Erdés-Ko-Rado Theorem([3]) If 2k < n and F € X is intersecting then |F| <
-1

(1)

When 2k < n equality is achieved only by the so-called trivial set system, which is the collection

of all k-subsets of X containing a fixed element.

The intersecting concept can be generalized to t-intersecting. F is t-intersecting if | ANB| > ¢
for every A, B € F. Another way to generalize intersecting is to look at two set systems A and
B. A and B are t-cross-intersecting if |A N B| > t for every A € A and B € B.

If n+ris even we let F(n,r) = {F C X : |F| > 2"} (while if n + r is odd we let F(n,r)
be equal to F(n,r + 1) plus a few more sets, defined precisely in Chapter 2). Clearly F(n,r) is
r-intersecting. Katona showed that if A C P(X) is r-intersecting then |A| < |F(n,r)|. Frankl
conjectured that if A,B C P(X) are t-cross-intersecting with |A| > |B| then |B| < |F(n,t)|.
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2 CHAPTER 1. INTRODUCTION

In Chapter 2 we prove this conjecture is correct. The main result is Theorem 2.1.8 in which
we characterize all A, B C P(X) such that A is ri-intersecting, B is ro-intersecting, A, B are
t-cross-intersecting and |A| 4+ |B| is a maximum. The proof of Theorem 2.1.8 uses Harper’s
theorem on the Hamming distance between subsets of P(X) and theorems of Frankl, Hilton,
and Katona on intersecting and cross-intersecting families, which are all based on the Kruskal-
Katona theorem on minimum shadow. In fact many proofs of intersection theorems make use
of minimum shadow theorems.

For F C X(k), the shadow of F is
OF ={A:|A|=Fk—1and A C F for some F € F}

The Kruskal-Katona theorem states that to choose m sets in X*) such that the size of
the shadow is minimized, we pick the first m sets of X(*) in the so-called COLEX order. The
definition of the COLEX order will be given in Chapter 2.

A set system F C P(X) is Sperner if A Z B and B € A for every A, B € F. Milner found
the maximum size of a t-intersecting Sperner family of sets and Frankl proved a generalization
to t-cross-intersecting Sperner families.

In Chapter 3 we prove theorems that generalize both of these results. Let A;, Ao, -+, A,
be Sperner families of subsets of X which are pairwise t-cross-intersecting. We determine the
maximum values of ) |A;| and []|.A;| and find all optimal configurations.

We give two proofs for one of the main results (Theorem 3.1.4) of Chapter 3. One uses the
standard technique of modifying a Sperner set system by replacing a collection of sets by its
shadow, with the Kruskal-Katona theorem providing a bound on the relative sizes of these two
collections of sets. The other uses the LYM inequality (a generalization of Sperner’s theorem)
and convexity in an unusual way.

If F CP(X) is a family of sets and ¢ € X, the degree dz(i) of ¢ in F is the number of sets
in F containing 4, the maximum degree d(F) of F is the maximum over all 7 in X of dz(7), and
c(F) = |F| — d(F) is the minimum complementary degree of F. The optimal configuration in
the Erdds-Ko-Rado theorem, the so-called trivial set system, has d(F) = |F| (and ¢(F) = 0).
The Hilton-Milner theorem solves the problem of finding the maximum size of an intersecting
set system F C X®) such that ¢(F) > 0. Frankl and Goldwasser proved generalizations of
the Hilton-Milner theorem for intersecting set systems F C X *) with c¢(F) < s for s < (Z:;’)
This upper bound for s is significant because with this restriction the optimal configurations
have a particularly simple structure, which is lost for large value of s. In Chapter 4 we find

the largest intersecting family F C X*) such that ¢(F) = s where s € ((Z:g),él(z:g) + (Z:Z)}

The endpoints of this interval of values of s are determined by two intersecting families with



a particularly simple structure. The proof of optimality for this range of values of s is quite
long and complicated. A key result needed in this proof is Theorem 4.2.1, a generalization of
the Kruskal-Katona theorem (which is likely to be useful in other contexts) which solves the
following problem:

Problem. Let A,B C X% |A| +|B| =r, |A| > |B| > t, 2t < r. Find the minimum of
|0A| + |0B|.

The special case t = 0 is the Kruskal-Katona theorem.

Another way to impose a degree condition on an intersecting family F € X®*) is to require
d(F) < e|lF| for some real number e € (0,1). Let Fz0) = {F € X® 1 Fn{1,23} >

2} and Flao) = {F e X® :|Fn{1,2,3} = 2}. In a well known but unpublished paper,
Erdés, Rothschild and Szemerédi showed that if e = Z then |F| < | F(3,2)| for fixed k and n
sufficiently large. With the additional assumption that F is maximal, Frankl showed the same
conclusion holds for any e € (%, 1) and that equality holds for e in this range if and only if F
is isomorphic to F(39). Of course equality can never hold if e = % because d(F32)) > %\.ﬂ
In Chapter 5 we sharpen the theorem of Erdds, Rothschild and Szemerédi by proving a t-
intersecting generalization where the special case t = 1 says that for fixed k if d(F) < %].7: | and
n is sufficiently large, then |F| < ]‘7:(*372)\ with equality if and only if F is isomorphic to fEkg’Q).

The main result in Chapter 4 is a characterization of intersecting families F C X*) where
c(F)=se <(Z:g),4(z:g) + (Z:i)} It is easy to show that (Z:g) < 4(2:3) + (Z:i) if and only

if n < 3k — 2, so the theorem is vacuous for n > 3k — 2. In Chapter 5 we show more. We show

a t-intersecting generalization where the case t = 1 says that for fixed k& and sufficiently large n,

there does not exist an intersecting family F C X*) with ¢(F) > (Z:g’)



CHAPTER 1. INTRODUCTION



Chapter 2

Intersecting and t-cross-intersecting

Set Systems

2.1 Introduction

Let X = {1,2,--- ,n}, P(X) denote the set of all subsets of X and X*) denote the set of all
subsets of X of size k. For 1 <i < j<nwelet[i,j]={ke X :i<k<j}. For AC P(X)
we let A; = {A e A:|A| =i}. For A C X we let A= X\A and for A C P(X) we let
A¢ = {A°: A € A}, the set of complements of sets in A. If r and ¢ are positive integers we
say a family of sets F C P(X) is r-intersecting if |[A N B| > r for each A and B € F and
F1,Fo C P(X) are t-cross-intersecting if |43 N Ag| > ¢ for each A1 € F; and Ay € F,. We
usually say intersecting and cross-intersecting instead of 1-intersecting and 1-cross-intersecting.
If n + r is even we let

f(n,r):{FgX:\F\ > n—;r}

while if n + r is odd we let

+7r

-1
or]F|:n2and1§7_fF}.

1
J’f(n,r):{FgX:yFyz”Jr;"Jr
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The following theorem of Katona, with another proof by Kleitman [19], completely solves the
problem of finding the largest r-intersecting subset of P(X).

Theorem 2.1.1 ([13]). If A C P(X) is r-intersecting where r > 2 then |A| < |F(n,r)| with

equality holding if and only if A is isomorphic to F(n,r).

If A is 1-intersecting then obviously |A| < |F(n,1)] = 2”71, but there are many set systems
for which equality holds.

A number of theorems about the maximum size of an intersecting family satisfying cer-
tain conditions have analogs or generalizations for cross-intersecting families. For example, the
fundamental Erdés-Ko-Rado theorem has such a generalization due to Kleitman:

Theorem 2.1.2 (Erdds-Ko-Rado Theorem[3]). If 2k < n and F C X is intersecting
then |F| < (371).

Theorem 2.1.3 ([20]). If 2k < n and F1,Fa € X®) are cross-intersecting with |Fy| < |Fa|
then |F1| < (171).

For the proof of Theorem 2.1.6, one of our main results, we will need a characterization of
when |Fi| = (Zj) in Theorem 2.1.3. Though this is only a slight strengthening of Theorem
2.1.3, we state the results as Theorem 2.1.4 and Corollary 2.1.5 because they do not seem to
have been stated before.

Theorem 2.1.4. Let A C X@ agnd B € X©® pe cross-intersecting where a +b < n. If
|A| > ("Z)) and |B| > (2:11) then A={Ac X :.jecA} and B={Bc X® :jc B} for

a

some j € X.

A proof for Theorem 2.1.4 appears in Section 2.3. If we let a = b, we get the following
characterization of equality in Theorem 2.1.3.

Corollary 2.1.5. If 2k < n and Fy, Fa C X*) are cross-intersecting with (Zj) < |F| < |Fal,
then Fi = Fy ={F € X®) : j € F} for some j € X.

In this chapter we prove a cross-intersecting analog for Theorem 2.1.1:
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Theorem 2.1.6. Suppose A,B C P(X) are t-cross-intersecting where t > 2. If |A| > |B| >
|F(n,t)| then A= B and both are isomorphic to F(n,t).

The following corollary of Theorem 2.1.6 was conjectured by Frankl [4] (a footnote was added
in press in Frankl’s paper saying the conjecture had been proved by Ahlswede and Katona, but
Katona [17] says it was not published and perhaps was not ever done):

Corollary 2.1.7. If A,B C P(X) are t-cross-intersecting with |A| > |B| then |B| < |F(n,t)|.

Clearly Corollary 2.1.7 follows immediately from Theorem 2.1.6ift > 2. Ift=1and A € A
then A€ ¢ B, so clearly |B| < 2"~ 1 = |F(n,1)|.

The other main result of this chapter is the following theorem which solves the problem of
finding the maximum sum of the sizes of an ri-intersecting and an rs-intersecting family which
are t-cross-intersecting:

Theorem 2.1.8. Suppose A,B C P(X) are t-cross-intersecting set systems such that A is

ri-intersecting and B is ro-intersecting where 0 < ry <ry andt > 2. Then
(1) If t < 2 then |A| + |B| < |F(n,r)| + [F(n,r2)|.
(2) If t > ™42 then |A| + |B] < |F(n,r1)| + | F(n, 2t —71)].

Equality holds in (1) if and only if A is isomorphic to F(n,r1) and B is isomorphic to
F(n,ry). Equality holds in (2) if and only if either

(a) A is isomorphic to F(n,r1), B is isomorphic to F(n,2t —ry), and AU B is isomorphic
to F(n,r1)UF(n,2t —ry) or

(b)) n+ryisodd, ri <rs <t=ry+1, and A =B = F(n,t).

The significance of the statement about AUB in (a) is that if n+r; is odd then one symbol
does not appear in any of the sets of size ”‘”Tl_l in A or in any of the sets of size % in
B, and this must be the same symbol. The inequalities in the theorem hold for ¢ = 1 as well,
but the statement characterizing equality in (2)(a) needs modification: if 71 = ry =¢ =1 or if
r1 =1 and 2¢ —1 > n (so that B = ) then there are many set systems for which equality holds,
because of the non-uniqueness of Theorem 2.1.1 for r = 1.
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The proof we give for Theorem 2.1.8 uses theorems of Frankl, Hilton and Katona on in-
tersecting and cross-intersecting families (all based on the Kruskal-Katona theorem), Harper’s
theorem on the Hamming distance between subsets of P(X), the Erdés-Ko-Rado Theorem, and
a special case of Theorem 2.1.6 from this paper. The proof we give for Theorem 2.1.6 uses the
shifting method Frankl and Fiiredi use to prove Harper’s theorem in [7]. In Section 2.2 we define
the orders LEX and COLEX, state the rest of the theorems we need, and discuss some of their
relationships. The proofs of the two main results of this chapter — Theorem 2.1.6 and Theorem
2.1.8 — along with proofs of Theorem 2.1.4 and two lemmas, are in Section 2.3.

2.2 Background

If A C X*) we define the g-shadow 99 (A) of A by 09 (A) = {G € X9 : G C A for some A €
A}. We define the order COLEX on X*) by A < B if and only if max{A\B} < max{B\A}
and the order LEX on X*) by A < B if and only if min{A\B} < min{B\A}. So, for example,
the order COLEX on [1,5](3) is 123,124,134,234,125,135,235,145,245,345, while the order LEX
is 123,124,125,134,135,145,234,235,245,345.

We denote the set of the first m sets in LEX and COLEX in X®) by £(k,m) and C(k,m)
respectively. We refer to the first or last m sets in LEX or COLEX on X (¥) for any m as an initial
or terminal segment. If we take the complements of the sets in the order LEX on [1,5]®) above
we get 45,35,34,25,24,23,15,14,13,12, suggesting the following lemma, which follows immediately
from the definitions of LEX and COLEX.

Lemma 2.2.1. The complements of the sets in LEX order on X% are the sets in LEX in
X=k) in reverse order, and also are the sets in X"~ %) in the COLEX order with the order

n<n—1<---<2<1onlX.

The order COLEX is particularly significant because of the following fundamental result.

Theorem 2.2.2 (Kruskal-Katona Theorem [21] [16]). If A C X®) then |09 (A)| >
109 (C(k,|A]))| for g =1,2,---  k—1. If |A| = (%) for some integer m € [k,n] then equality
holds if and only if A is isomorphic to [1,m](k).

The following theorem of Hilton is equivalent to the inequality statement in the Kruskal-
Katona theorem.
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Theorem 2.2.3 ([12]). If A C X and B C X®) are cross-intersecting then so are L(a,|Al)
and L(b, |B]).

We sketch the argument that Theorem 2.2.3 follows from the Kruskal-Katona theorem.
Note that A and B are cross-intersecting if and only if 9 (A°) N B = 0. So if A and B are
cross-intersecting then [0®)(A°)| + |B] < (7). By Lemma 2.2.1, £(a, |A|) is an initial segment

in COLEX on X% with the reverse order on X. So 0® (L(a,|.A|)¢) is an initial segment in
COLEX on X® with the reverse order on X, but is also a terminal segment in LEX on X ®)
(with the usual order on X). Obviously £(b,|B]|) is an initial segment in LEX on X(®). By the
Kruskal-Katona theorem

(e AN + 1200, 18D < 0040 + 181 < (),

so 0O (L(a, | A)) N LD, |B|) =0 and L(a, |.A|) and L(b, |B|) are cross-intersecting.
The following lemma has appeared in various forms in many papers:
Lemma 2.2.4. Let ) # A C X% and g < k be a positive integer. Then |09 (A)| > (,’%LA] with

k
equality holding if and only if A= X%,

Proof Consider the bipartite graph G with vertex bipartition A U 9@ (A), with A € A and
B € 09 (A) adjacent if and only if B C A. The degree in G of each set A in A is (l;), and is at

most (Z:g) for each set B in 99 (A). Hence

()

(=9)

_ )
Al = iy

019 (A)] =

with equality holding if and only if each set A in X¥) which contains a set B in 99 (A) is in
A. Since the similarly defined bipartite graph with vertex bipartition X*® U X (@) is connected,
this happens if and only if A= X®*) (and 919)(A) = X9)). O

We will need two lemmas of Frankl about cross-intersecting families. One (Lemma 2.2.5)
follows easily from Lemma 2.2.4, while the other (Lemma 2.2.7) follows from a theorem of
Katona (Theorem 2.2.6).
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Lemma 2.2.5 ([6], Proposition 1.3). Let A C X(@ and B C X®) be cross-intersecting, where
a>banda+b<n. Then |A|+|B| < (?) with equality holding if and only if either A = X (@)
and B=0 ora=bA=0, and B =X,

Proof If A and B are an optimal pair of such families then
_ (" —_ 18 (pBe
A +[Bl = { | + 1Bl = 0B

because A N 3 (B°) = . Since a < n — b, by Lemma 2.2.4,

(o)
(n"5)

01 (8°)| =

|B¢]

with equality holding if and only if B¢ = @ or B® = X% Since a < n—b and a+ (n—b) > n,

()
)

B=0(and A=X®)ora=5bB8=X® and A=0. O

3

> 1 with equality if and only if @ = b. Hence |9(®(B°)| > |B°| with equality if and only if

The following theorem is a special case of a theorem of Katona which has been an essential
ingredient in the proofs of several results about intersecting families.

Theorem 2.2.6 ([13]). Suppose §) # A C X is t-intersecting. Then [0*D(A)| > |A| with

equality holding if and only if A=Y ® for some Y € X@h—t),

Frankl used this theorem and techniques similar to those used to prove Theorem 2.2.3 from
the Kruskal-Katona theorem to prove the following lemma:

Lemma 2.2.7 ([6], Proposition 1.4). Let k and t be positive integers with 2k +t < n. If
A C X and B C X® are cross-intersecting and A is t-intersecting then |A| + |B| < (})

with equality holding if and only if either
(1) A=0 and B= X% or

(2) A={Aec Xktt) . T C A} and B={B e X®) : BNT # 0} for some T € X®),
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We will also need the following lemma, in the same spirit as Lemma 2.2.7:

Lemma 2.2.8. Let A C X and B C X® be cross-intersecting where A is intersecting and

b<a<¥. Then|Al+|B| < (Zj) + (Z:ll) with equality holding if and only if either
(1) A={Aec X ke A} and B={Bec X® : ke B} for some k€ X or

(2)a=b+1, A=0, and B=X®,

A proof for Lemma 2.2.8 is in Section 2.3.

To characterize equality in Theorem 2.1.8 we will use the following lemma, which is a special
case of Theorem 2.1.6. We include it because it has an interesting proof given in Section 2.3,
using different ideas than our proof of Theorem 2.1.6.

Lemma 2.2.9. Suppose A,B C P(X) are both t — 1 intersecting and A and B are t-cross-
intersecting where t > 2 and n +t is even. If |A| = |B| = |F(n,t)| then A =B = F(n,t).

Finally, we will need a result of Harper about Hamming distance between sets. If A and C
are subsets of X we define the distance d(A,C) to be |A A C| where A A C' is the symmetric
difference of A and C, i.e., the set of elements appearing in precisely one of A and C. We define
the distance d(A,C) between families A,C C P(X) to be the minimum of d(A,C) such that
A€ Aand C € C. If G C X we define the sphere S(G,m) with center G and radius m by
S(G,m)={AC X :d(A,G) <m}. If HC P(X), we say H is a Hamming ball with center G
if S(G,m) CH C S(G,m + 1) for some nonnegative integer m.

Theorem 2.2.10 ([11]). If A,B C P(X) are non-empty families then there exists a Hamming
ball Ay with center X and a Hamming ball By with center () such that |A| = | Aol, |B| = |Bo| and
d(Ao, By) > d(A, B).

For a proof of Theorem 2.2.10 see [11], [7] or [2].

Corollary 2.2.11. If A,B C P(X) are t-cross-intersecting families then there exist Hamming
balls Ay and By with center X such that |Ag| = |A|, |Bo| = |B|, and Aoy, By are t-cross-

intersecting.
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Proof Since d(A¢, B) > t, by Theorem 2.2.10 there exist Hamming balls A; centered at () and
By centered at X such that |A;| = |A|, |Bo| = |B| and d(Ay,By) > t. Let Ay = Af. We claim
Ao, By are t-cross-intersecting. Let i be the smallest size of a set in Ag and j be the smallest
size of a set in By. If i + j > n +t then Ay and By are obviously t-cross-intersecting. Since 4
and By are Hamming balls with d(A;, Bp) > t, we must have j — (n — i) > ¢t — 1, so we need
only consider the possibility j — (n — i) = t — 1. In this case, if £ € (A1)p—; and D € (By);
then D has at least ¢t elements not in E (and E has at least one element not in D, so in fact
d(E,D) >t+1),s0 |[E°N D| >t as required. O

2.3 Proofs

Proof of Theorem 2.1.4 By Theorem 2.2.3 L(a, |A|) and L(b, | B|) are cross-intersecting. Since

|A|l > (Zj) and |B| > (2:11), L(a,|A|) and L(b,|B|) contain all subsets of X(®) and X©® re-

spectively containing 1, so neither contains any sets not containing 1. Hence |A| = (Zj) and

|B| = (2:11) As in the proof of Theorem 2.2.3, B € X®\9(®)(A°), so |0®)(C(n — a, |A%]))| <

0049 < (1) = (7)) = (1) = 10®(C(n —a,.A4%))]. Since A° € X9 and |A°| = ("7]) =
(Z:(ll), by the equality part of the Kruskal-Katona theorem, .A¢ is isomorphic to C(n — a, |A]).

Hence A is isomorphic to £(a,|A|) = {A € X(@ : 1 € A}, and clearly B has the required form
as well. 0

Proof of Lemma 2.2.8 Let A C X @) and B c X ®) pe cross-intersecting where A is inter-
secting, b < a < 5, and |A| + |B| has maximum possible value. By Theorem 2.2.3, L(a, |A|)
and L(b,|B|) are cross-intersecting. Since A is intersecting, by the Erdés-Ko-Rado theorem,
|A| < (Z:%) Hence every set in L(a, |A|) contains 1. By the maximality of |A| + |B|, every set

in X® containing 1 must be in £(b, |B|). Let G = {G € L(b,|B|) : 1 ¢ G}. We think of G as a
subset of [2, 7] and consider G¢ C [2,n]("~ 1% and (¢~ (G¢) C [2,n](*~ V. We have

—1 —1
A1+ 18] = 1£0. 18D+ (e, 14D = (3 1) +1ge1+ (1) =10 (o,

since if F € 9(¢=1(G°) then ({1} U F) ¢ L(a, |A|).
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By Lemma 2.2.4,

((y)

(500

Since (a—1)+(n—-b—-1)=Mn-1)+[a—(b+1)]>n—-land (a-1)< 5 -1=n—-1-

9t =D(ge)| =

%1

<

N3

(n—1)— (b+1) < n—b—1, it follows that |91 (G¢)| > |G| with equality holding if and only
if either G =0 or (a—1)+ (n—b—1) =n—1 and G¢ = [2,n]® 1~ (again using the fact that
the auxiliary bipartite graph is connected). The first of these gives us case (1) and the second
gives us case (2). O

Proof of Lemma 2.2.9 For each i € [t — 1, 2t=2] we consider the set systems (A°),_; and
(B%)i—t+1. Since A; and B,,_;1¢—1 are t-cross-intersecting and (n —i) + (i —t+ 1) —n+t =
1, (A%)p—; and (B€);—¢+1 are cross-intersecting. Furthermore, since A; is (¢ — 1)-intersecting
and 2(n — i) —n+(t—1) =n—-2i+t -1, (A%,—; is (n — 20 + t — 1)-intersecting. Since
m—2i+t—1)+(i—t+1)=n—dand 2(i—t+1)+(n—2i+t—1)=n—t+1<n, the set
systems (A°),—; and (B¢);_¢+1 satisfy the hypotheses for Lemma 2.2.7 with ¢ — ¢+ 1 in place of
k and n —2i+t — 1 in place of t. Hence

n
A + Boiveal < (Z._ " 1) ()

with equality if and only if either
(1) A; =0 and B,_js1 = X1 op

2) 4 ={Ae XD :TNA=0} and By_ips—1 = {B € X"~ =D . T ¢ B} for some
= X (n—2i+t-1)

n+t—2 n+t—2
2 n 2
Thus i—zt:1 |Ai| + Azn;t 1Bj| < i_ztjl <Z B ?4_ 1) = |F(n,t)| with the exact same inequality
—— jontt _—

also holding with B; in place of A; and A; in place of B;.
Adding these two inequalities then gives
n

2[F(n,t) = Y (Al +1Bil) < 2|F(n,1)]

i=t—1
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So equality must hold in (*) for each i. By way of contradiction, suppose condition (2)
holds for some i € [t -1, %H] Sincen—it+t—12> ”T”, there is some set of size at least ”TH
which is not in B. Since |B| = |F(n,t)|, for some j € [t — 1, 2EL=2] there is a set of size j which

is in B. So by equality condition (2) (with A and B reversed), B; = {B € X\ : RN B = 0} for
some R € X241 while A; = {A € X&) : TN A =0} for some T € X"~ 2+=1D  Without
loss of generality suppose i < j. Since |R| =2j —t+1 > i+ j—t, for each A € A; there exists
B € B; such that |AN B| < t, a contradiction. Since condition (2) cannot hold for any i, we
must have A; = () for all i € [t — 1, “H=2] and A = F(n,t). So B = F(n,t) as well. O

Proof of Theorem 2.1.8 Suppose t < “F2. By Theorem 2.1.1, |A| < |F(n,r1)| and [B| <
|F(n,r2)| with equality holding if and only if A is isomorphic to F(n,r;) and B is isomorphic
to F(n,r2). If A is isomorphic to F(n,r1) and B is isomorphic to F(n,rs) then the greatest
integer ¢ for which A and B are t'-cross-intersecting is % if 1 + 7o is odd and % if mp
and ro are even, so A and B are t-cross-intersecting. If 71 and 79 are odd and i is the element of
X missing from all 1= _sets in A and j is the element missing from all "”Trl—sets in B, then
A and B are ™32 _cross-intersecting if i = j and %-cross—intersecting if 4 # j, verifying

2
the equality statement in the theorem if ¢ < %

Ift = % the argument is exactly as above except that if n + r1 is odd (n + re will also
be odd) then we need the extra condition about A U B in the statement about equality.

Now suppose that ¢ > “4"2 and that |A'| + [B'| is maximal such that A’ is ri-intersecting,
B’ is ro-intersecting, and A’ and B’ are t-cross-intersecting. By Corollary 2.2.11 there exist
Hamming balls A and B with center X such that |A| = |A|, |B| = |B'|, and A, B are t-cross-

intersecting. Let i be the smallest size of a set in A and j be smallest size of a set in B.

Ifi+j >n+t then, since t > "2 i+j>n+t+1>n+ 22 +1 = "+7"21+1 + ”+7"22+1, SO
either A is (1 + 1)-intersecting or B is (ra + 1)-intersecting, which means we can enlarge either
A or B and still satisfy all hypotheses, contradicting the maximality assumption on |A| + |B|.

Ifi+j < n+t—2 then A and B are not t-cross-intersecting. So i+j = n+tori+j = n+t—1.
We can assume i < j (since otherwise we could just switch A and B). If i < ”J”"Tﬂ then, since

X+ C A, A is not rq-intersecting. So we can assume ntn=l < <

Case 1. n+ ry is even

Suppose i + j = n + t. Since |A| + |B| = Z (TZ) + Z (;) + |A;| + |B;| and

m=t+1 m=j+1
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L < § < 4, to maximize |A| 4 |B] we must have A; = X0, B; = X0, i = nin and
j= "2 50 A= F(n,r) and B = F(n,2t—r1). Now suppose i+j = n+t— 1. Since A; and
B, +t—i—1 are t-cross-intersecting, and (n—i)+ (i —t+1)—n+t =1, (A%),—; and (B°);_¢4+1 are
non-empty and cross-intersecting. Since (n—i)+ (i—t+1)=n—t+1<nandn—i>i—t+1,
by Lemma 2.2.5 |(A)p—i| 4+ |(B)i—t+1] < (,,";) (since the conditions for equality in Lemma 2.2.5

do not hold), and |A| + |B| is smaller than if i + j = n + ¢.
Case 2. n+ry is odd

Precisely the same argument used in Case 1 shows that if 7 is the smallest size of a set in
A and if § > "+ then |A| 4 |B| is maximized only when i = " A = § (X, 2=0=1) =
F(n,r1+1), B=S8 (X, %) = F(n,2t —r; — 1). But we still have the possibility ¢ =
"J”"TH. For this value of 7 we again consider the cross-intersecting families (A°),,—; and (B€);—¢41.
We now allow the possibility (A¢),—; = 0, because that includes the optimal configuration of
Case 2 given above (when i > "ty Since A, is r-intersecting and 2(n — i) —n + 7 = 1,
(A°),—; is intersecting, so now we can use Lemma 2.2.8 (instead of Lemma 2.2.5 as before) once
we verify that the other hypotheses are satisfied. Since t > “$"2 > r; we have (i —t+1) + 1 <

(i—r)+1=n—i=""0%tl <2 So by Lemma 2.2.8, |A| +|B| < (niﬁl) + (?:tl) with equality
holding if and only if either

() Ai={Aec XD : k¢ Ay and B, 4141 = {B € X" =1 . ¢ B} for some k € X or
(ii)n—i=@G—t+1)+1, A =0and B,y = X(=ift=1)

The first of these gives the optimal configuration of (2)(a), and the second of these gives
t=2i—n+2=r;+1. Sincet > % we must have r; <re <t=r;+1,s0 A =8B = F(n,t),
the optimal configuration of (2)(b).

As in Case 1, by the uniqueness of the optimal configuration in Theorem 2.1.1, if A is
isomorphic to F(n,r1) then so is A’ (and hence B is isomorphic to B’ as well). But in the case
rm<ro<t=r1+1and A= B = F(n,t), since A is only (¢ — 1)-intersecting, we need Lemma
2.2.9 to conclude that A" = B’ = F(n,t). O

Proof of Theorem 2.1.6 If A, B C P(X) are t-cross-intersecting with |A| > |B| > |F(n,t)|,
by Corollary 2.2.11 there exist t-cross-intersecting Hamming balls Ay and By with center X with
| Aol > |Bo| > |F(n,t)|. If n+tis even then Ay and By both contain F(n,t), and since they are

t-cross-intersecting, they clearly must both be equal to F(n,t). If n+t¢ is odd, then ‘(Ao) ntt—1
2

and ’ (Bo) n+571

are both greater than or equal to |F(n,t)ntt—1
2

= (i) = (%5). But
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c n_
are cross-intersecting families of subsets of X ("%, So by

[(Ao)%t—l]c and [(BO)%}

Corollary 2.1.5 (with k = 2=L1), = ’(Bo)n%ﬂ

(Aop) ntt=1

= (ﬁ?ﬂ), and in fact Ag = By and
2
both are isomorphic to F(n,t).
(1) n+t is even.

Suppose A is not F(n,t). Then we can find Ay € A with [Ao| < 2% and Afj ¢ A such that
|[Ag| < |Af], and we choose Ay and A such that d(Ap, Af) is minimum. Set U = Ap\ A,V =
A(\Ap, so 0 < |U| < |V].

For each A € A, we define T4(U,V; A) by

[ AUV\U, fUCACX\Vand AUV\U ¢ A
TaU,V; 4) = { A otherwise

)

and let B
T(U,V;A) ={Ta(U,V;A): Aec A}

It is not difficult to verify that T preserves the cardinality of A.
Let T(U,V;A) = A, T(U,V;B) = B and let A’ = Ty(U,V;A) and B' = Tg(U,V; B)

where A € A and B € B. We claim that |[A’ N B’| > t. If U = () this is obvious, so we assume
0<|U|l< V]

If e AN A" and B’ € BN B’ then the claim is trivially true.
If A" € A\ A and B’ € B'\B, the claim is also obvious.

Without loss of generality, for the remaining possibility assume A’ € A'\A and B’ € BNB,
sothat B=B'. IfU C BC X\V then BUV\U € Bandso |[A'NB'|=|AN(BUV\U)| > t.

Suppose then that U C B C X\V does not hold. Then there are u € U and v € V such
that not both v € B and v € V\B hold. Set

A=A M\ {o)\(O\{u}) = A"U{u}\{v}.
Then [A| = [A’| > |A] and d(A, A) < |U| + |[V| = d(Ao, Ap) so the choice of Ag and Afj implies
that A € A. So
1A' NB'=[(Au{v\{u})NB| > |ANB| > t.
The first inequality is because of the fact that not both u € B and v € V\B hold. This proves
the claim.
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Now apply T to both A and B repeatedly with various choices of U and V. By the assump-
tion on the sizes of A and B, we will eventually obtain identical set systems, both isomorphic to
F(n,t). Let A* and B* be the set systems before the last step, that is, T'(U,V; A*) = F(n,t)
and T(U,V;B*) = F(n,t). So there exists A € A* with [A] < 2 and A’ ¢ A* with |A| > |A].

Case 1. U # 1)

Let C = X\ A. Let D be a subset of A of sizet —1and DNU # 0, and let B=CUD. It
can be easily verified that B € F(n,t). But [ANB| =t —1,s0 B ¢ B*. Since BNU # 0, B is
not produced by T'(U,V; B*). This is a contradiction.

Case2. U =10

Let C'= X\A. Let D be asubset of A of size t—1, and let B = CUD. It can be easily verified
that B € F(n,t). But |ANB| =t—1, so B ¢ B*. So B must be produced by T(U,V; B*).
Let By = B\V. By the above argument, B; € B*, but then [ANB;| < |[ANB|=t—-1,a
contradiction.

(2) n+tis odd.

If A or B is not a Hamming ball then apply the same operation 7" in (1) to both A and B.
If A and B are both Hamming balls, as shown at the beginning of the proof, they must both
be isomorphic to F(n,t). Without loss of generality, we can assume they are actually equal to
F(n,t). Again let A* and B* be the set systems before the last step, that is, f(U, V,A*) =
F(n,t) and T(U,V;B*) = F(n,1).

Let ¢ and j be the smallest integers such that Af # () and B; # () respectively. Without
loss of generality, assume ¢ < j. Let A be a set in A?.

If j >i> %’5_1 then |A*%,_,| > (,ﬂ;l) and |B%,, .| > (nﬁ;l), with at least one of the
2 2

inequalities strict. That contradicts Corollary 2.1.5 (as explained in the beginning of this proof).

So we can assume i < 2EH=L. We let C = [2,n]\A, and construct D and B the same way
as in (1). By the same argument as in (1) (U = 0 or U # (}), we get a contradiction. O



18 CHAPTER 2. INTERSECTING AND T-CROSS-INTERSECTING SET SYSTEMS



Chapter 3

Sperner t-cross-intersecting Set

Systems

3.1 Introduction

We denote the set of all subsets of the set X = {1,2,--- ,n} by P(X) and the set of all subsets
of X of size k by X¥). We say a set system F C P(X) is a Sperner family if A Z B and B ¢ A
for each A, B € F, and we say F is t-intersecting if |A N B| >t for each A, B € F (and that F
is intersecting if it is 1-intersecting). If A, B C P(X) we say A and B are t-cross-intersecting if
|JANB| >t for each A € Aand B € B.

A natural generalization of an extremal theorem about t-intersecting set systems is a similar
theorem about t-cross-intersecting set systems A and B (where the special case A = B reduces
to the original theorem). For example, the Erdés-Ko-Rado theorem (Theorem 1A) has several
generalizations in this spirit.

Theorem 3.1.1A ([3]). Ifk <5 and F C X®) s intersecting then |F| < (Zj)

Kleitman proved the following generalization:

Theorem 3.1.1B ([20]). Ifk < § and A,B C X&) are cross-intersecting then |A| < (Zj) or
-1
B < (1)

19
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Matsumoto and Tokushige [23] strengthened a result of Pyber [27] to obtain the following
generalization of Theorem 1B:

Theorem 3.1.1C ([23]). If A C X@ and B C X are cross-intersecting where a < % and
b< g then |AIIBI < (32) Goa)-

It takes some finesse to obtain a generalization of Theorem 1B in terms of an upper bound
on |A| + |B|, because without extra conditions on A and B, one can be empty and the other
large, and they are still cross-intersecting. Frankl [6] obtained one such generalization.

Theorem 3.1.1D ([6]). If A, B C X% are cross-intersecting where k < 5 and |A] < |B] <
(21) + (53) then |A] + 1B < 2(7))-

There are conditions about when equality holds in each of the four above theorems which
we have omitted. Frankl and Tokushige [8], Kisvolesey [18] and Goldwasser and Ou [10] also
found near generalizations of Theorem 1B along the lines of Theorem 1D.

Loosely speaking we say that Theorem 1B is a “one or the other” cross-intersecting gener-
alization of Theorem 1A, and that Theorem 1C and Theorem 1D are “product of cardinalities”
and “sum of cardinalities” generalizations of Theorem 1B respectively.

Katona [13] found the maximum size of a t-intersecting family F C P(X). Goldwasser and
Ou [10] proved “one or the other” and “sum of cardinalities” ¢-cross-intersecting generalizations,
and Matsumoto and Tokushige [24] proved a “product of cardinalities” generalization.

The g-shadow 99 (F) of a set system F C X®) (g < k) is 99(F) = {G € X : G C
F for some F € F}; instead of 9~ (F) we usually say the shadow of F, denoted 9(F). The
relationship between the size of a set system and the size of its shadow is one of the fundamental
tools in working with intersecting set systems. If F C X ) is nonempty then the inequality

> ] (3.1)

follows easily from considering the bipartite graph with vertex partition 9(F) U F and edges
showing containment. Since this graph is connected, equality holds if and only if F = X ),
It follows that if & > % then |0(F)| > |F|. However O(F) could be smaller than F if k < %

(for example if F = X (k)). Katona proved that the shadow cannot be smaller if you impose an
intersection condition on F:
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Theorem 3.1.2A ([13]). If1 < g <k, 1 <t<k, g+t>k and F C X*) s nonempty and

t-intersecting then

09 (F) ||
(2kg—t> - (Qkk—t)

with equality if and only if g+t =k and F = Yy (k) for some Y € x (2k—1)

Since g < k and g + k > 2k — t it follows that (%g_t) > (%k_t), SO ‘8(9)(}')| > | F| with

equality holding if and only if g + ¢t = k and F = Y *) for some Y e X2~

This theorem has turned out to be a key ingredient in the proofs of many extremal theorems,
including Katona’s first proof of the Erdds-Ko-Rado theorem and his proof of the maximum ¢-
intersecting set system theorem [13], Milner’s proof of the maximum size of a t-intersecting
Sperner family [26] (Theorem 3A in this chapter), and Frankl’s [6] and Goldwasser’s [9] proofs
of theorems on the maximum size of an intersecting set system with conditions on the degrees.

Frankl proved the following “one or the other” generalization of Theorem 2A:

Theorem 3.1.2B ([4]). Let g1, g2, k1, ko, t be integers satisfying 1 < g; < ki, 1 <t < k;, t+g; >
ki fori=1,2. If F; € X*¥) and Fy € X*2) gre nonempty and t-cross-intersecting then
09F) _ |

(2]{;;t> - (Zk]é;t)

for either i = 1 or i = 2. Strict inequality holds for neither i = 1 nor i = 2 if and only if
ki =ko=Fk and FL = Fo =YW for some Y € X1 (in which case equality holds for i =1
and i = 2).

Again, since g; < k; and g; + k; > 2k; — t it follows that |09 (F;)| < | F| for both i = 1 and
i=2ifandonlyif ki = ko =k, g1 = go = k — t and F; = F» = Y*) for some Y € X (2k—1),

Milner found the maximum size of a Sperner t-intersecting set system:
Theorem 3.1.3A ([26]). If F C P(X) is Sperner and t-intersecting then |F| < ([&1) with
2

equality if and only if either

(i) F = x(2D op
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n+t—1 n+t+1

(ii) n+t is odd and F = {F € X" ) : AC F}U{G € X"57) . A Z G} for some fized
AeX®,

Milner’s proof of this theorem relied on Theorem 2A, while Katona [15] later found a short
proof for the special case t = 1 using a variation of the “cycle method” he used in his second
proof of the Erdds-Ko-Rado theorem [14].

Frankl used Theorem 2B (the “one or the other” generalization of Katona’s intersecting
shadow theorem) to prove a “one or the other” generalization of Theorem 3A:

Theorem 3.1.3B ([4]). If F1,F2 C P(X) are t-cross-intersecting Sperner families then

V”§<W;O

holds for either i =1 ori = 2.

In this chapter we will prove sum and product of cardinality generalizations of Theorem 3B:

Theorem 3.1.4. Let X = {1,2,--- ,n} and let t < [§] be a positive integer. We define the

function f,, () for integers v in [3, "TH] by

o= () + (1)
and we let F(n, t) = max{ foo(r)}.

(a) If A, B C P(X) are t-cross-intersecting Sperner families with |A| > |B| then |A| + |B| <
F(n,t) with equality if and only if A= X and B = X F=7) where f,4(r) = F(n,t).

(b) Let p be equal to the smallest value of r in [, "F] such that

(1) _2t—@r—n+1)

(ri_{it) B 2r—n + 1

(3.2)

and be equal to ”TH if (3.2) is not satisfied for any such r. Then fn+(p) = F(n,t).
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Theorem 3.1.5. Let X = {1,2,--- ,n}. For positive integers t < [5] and q¢ > 2 we define the

2] by

o= () +a-0(,7 )

and we let F'(n,t,q) = max{ fnt+q(r)}. If A1, Ag, -, Ay C P(X) are pairwise t-cross-intersecting
T

function fn14(r) for integers r in [3,

Sperner families with |Aq| > | A;| for alli € {2,3,---,q} then

q
(i) Z |A;| < F(n,t,q) with equality if and only if Ay = X) and Ay = A3 = --- = A, =
=1

X H=7) yhere fnitq(r) = F(n,t,q)

q q—1 .
(ii) H |A;| < <L":Lrtj> <[nZL—t‘|> with equality if and only if Ay = x(L74)) and Ay =
i=1 2 2
Ay =--- :Aq :X([T]),

Since both sides of inequality (3.2) are equal to 1 if r = 2E=L if (3.2) is not satisfied for
any r then ”T‘H; must be an integer.

Theorem 3.1.4(a) is obviously just a special case of statement (i) of Theorem 3.1.5, since
Jnt(r) = fut2(r). We give a proof for Theorem 3.1.4(a) in Section 3.2 using the LYM inequality
and convexity. While this method could be adapted to prove the sum of cardinalities part
of Theorem 3.1.5, in Section 3.3 we use Theorem 2B to prove both the sum and product of
cardinalities parts of Theorem 3.1.5. Theorem 3.1.4(b) follows immediately from Proposition
3.4.1 (in Section 3.4), which is just a statement about maximizing the sum of two binomial
coefficients. Unfortunately our proof of this is rather long and complicated; we give a sketch of
it in Section 3.4.

3.2 LYM and t-cross-intersecting families

If 7 C P(X) we let Fj denote F N X® for k € {0,1,---,n}. The following inequality was
proved in [22, 28, 25, 1] and is generally known as the LYM inequality (see [2] for a short proof).
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LYM inequality. Let F C P(X) be a Sperner family and set f = |(]:Tk)| for k€ {0,1,--- ,n}.
k

Then ka < 1 with equality if and only if F = X®) for some k.
k=0

If F C P(X) we let F¢ denote the set of all complements in X of sets in F. If F C X (k)
we define the upper shadow of F to be 8,(F) = {G € X*+1) . G D F for some F € F}. It is
easy to see that 0, (F) = (O(F¢))¢, so |0y (F)| = |0(F°)|.

Lemma 3.2.1. Suppose A, B C P(X) are t-cross-intersecting Sperner families such that | A|+|B|

is as large as possible. Then A; and B; are both empty if i < 5 ori > 5 +1.

Proof Let i be the smallest positive integer such that A; is not empty, and assume 7 < 5. Then

(A;)¢ € X" where n —i > 2, so
|0u(Ai)| = [0((A:))] = [(A:)°] = | Ail (3.3)
where the inequality follows from inequality (3.1). If equality holds in (3.3) then by the conditions
for equality in (3.1) we must have A; = X"z Since A is Sperner, A = X2 and since |Al+
|B| is a maximum, B = X35 +9_ But this cannot be, because A’ = X("37) and B = X"z )
are t-cross-intersecting and the sum of their cardinalities is larger. Hence [0,(A4;)| > |A4i| and
if A= A\A; U9dy(A;) then |A'] > |A|, A" is Sperner, and A" and B are t-cross-intersecting, a
contradiction. Hence A; = ), and by the same argument B; = 0, if i < %.
Let j be the maximum integer such that A; # 0. If j > & + ¢ then we set A" = (A\A;) U

J(A;). Clearly A’ is Sperner and |A'| > |A|. Since B; = () for i < %, A" and B are t-cross-
intersecting, a contradiction. By the same argument, B =0 if j > & + . O

Proof of Theorem 3.1.4(a) Assume A and B are Sperner t-cross-intersecting families with

|A| > |B| and such that |A| + |B| is a maximum. Let 4, = AN X® and a; = AL for

()

i = {0,1,--- ,n} and similarly define B; and b;. Set m = |5] +¢. Since A and B¢ are each
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Sperner and A and B are t-cross-intersecting, we claim the set system

k n+t—1-k
U4lUl U @y
i=[4] J=T31

is Sperner for each k € [[2],m — 1]. This is so because if A € A; and B € B; then B® contains
at least n +t¢ — 14— j > 1 elements not in A, and A contains at least ¢ elements not in B€. Since

'((B,;)C)‘ — b;, by the LYM inequality,
n—j

k n+t—1—k
dai+ > b<1 (3.4)
i=[2] =21

for each k € H%W —1,m— 1], where an empty sum is 0.

By Lemma 3.2.1 we may assume a; = b; = 0 if i < [§] or i > m. We let a; = a; for

m—1 m
1€ H%Lm — 1] and a,, =1 — Z a;. Hence Z a; =1 and by (3.4):
i=[51 =[]
m k n+t—1—k
OSZa;— Za;—k Z b
i=[%] i=[% =151
m n+t—1—k
doa— Db
i=k+1 =121
n+t—1—k
= [a;H—t—j — bj]
J=15]

Thus
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for each s € [[%],m]. Now let w; = (7) for integers i € [[2],m] and let w41 = 0. Clearly
W], Win 41, Wi, Wing 1 is a strictly decreasing sequence. Then

where

the inequality following from (3.5). Hence

s

s
Il
—
w[3
=

’.A’ + ’B’ = (wiai + wibi)

(wia; + wibi)

o

s
Il
—
wl3
=

a;(wz’ + Wy 4t—i)

o

s
Il
—
wl3
=

m

= Z a;fn,t(i)

i3]

the second inequality following from (3.6). We have shown that |A| + |B| is equal to at most a
convex combination of fy,+(7) for various values of i. Hence |A| + |B| < F(n,t).

Equality can hold in the theorem only if it holds in (3.5) for each s and al, = a,,. That
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m
means Z a; =1, so by LYM a, = 1 for some r. With equality holding in (3.5), it follows that

i=T41

buti—r = 1,50 A= X and B = X("+=7) swhere f,4(r) = F(n,t). O

We remark that monotonicity of the sequence {w;} (not the fact that they are binomial
coefficients) is the property needed to prove inequality (3.6), and hence the reason that | A|+|B| =

NE

(wja; + w;b;) is maximized by a convex combination of {w; + wy4¢—i}-

1

1=

—
|3

3.3 Proof of Theorem 3.1.5

Theorem 3.1.5 follows easily from the following proposition.

Proposition 3.3.1. Suppose A1 C X®1) and Ay C XP2) gre nonempty and t-cross-intersecting

where p1 +p2 < n+t. Then |0y(A;)| > |Ai| fori=1ori=2orelsepi =ps=p= %H and

A=Ay ={Ac XP): ADC} for some C € XU, In this last case, |A1| = |As| = |0u(A1)| =
|0u(A2)| = (33).

Proof We apply Theorem 2B to the set systems (A;)¢ € X(P1) and (Az)¢ € X™P2) which
are (n+t—pj —pa)-cross-intersecting. We still have k; = n—p; and g; = k;—1 fori = 1,2, and it is
easy to check the hypotheses are satisfied. By the comment following Theorem 2B it follows that
|0((A4:)°)]| > |(Ai)¢|fori=1ori=2orelsek; = ko =k, g1 = go = k—(n+t—p1—p2) = n—k—t,
and (A1)¢ = (A2)¢ = Y®) for some Y € XV Since g1 = go =n—k —t =k — 1, we must
have k = ”%H Hence p1 = ps = p = %H and 4; = Ay = {A € X®.AD Y¢}. The last
statement in the proposition is easy to check. ]

Proof of Theorem 3.1.5 Suppose A;, Ag, -, A; C P(X) are pairwise t-cross-intersecting
Sperner families with |A4;| > | A4;| fori € {2,3,--- ,¢q}. Fori € {1,2,--- ,q} and j € {0,1,--- ,n}
we let A;j = A;NX (). Let p be the smallest value of J such that A;; is nonempty for some
ie€{1,2,---,q},and let k € {1,2,--- , ¢} be such that A, # (. Let s be the smallest value of j
such that A,,; is nonempty for some m # k and let h € {1,2,--- ,¢}\{k} be such that Ay, # 0.
So if Ap. and Age are nonempty with b # d then ¢ +¢e > p+ s.
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We claim that if p+s < n-+t then either Ay or A4, can be replaced by a larger Sperner family,
which along with the other original ¢ — 1 families will still be pairwise ¢t-cross-intersecting. This
is obviously the case if |0y (Agp)| > |Akp| or [Ou(Ans)| > |Aps|. If neither of these inequalities
holds then, by Proposition 3.3.1, p = s = ”Jr;*l, App = Aps = {A € X® . A D C} for some

C € XU, and |Agp| = |Ans| = [0u(Akp)| = |0u(Aps)| = (;:D So we can replace Ay, (or Aps
or both) by its upper shadow, and we have the same size set system. But 9,(.Aj,) is a proper
subset of X(P+D Since (p+1)+s=n+tandp+1> 5, by the LYM inequality |A| < (pil)’
so we can replace A, with X ®t1) and still have ¢ pairwise t-cross-intersecting Sperner families,
completing the proof of the claim.

So if > [A;| (or T]|Ail) is a maximum then if Ay, # 0 for some g # k we must have
w >n+t—p. Now let f be the largest integer j such that Ag; # 0 for some g # k and let

y € {1,2,--- ,q}\{k} be such that A,; # 0. Suppose f > n+t—p. Then f > % > ”TH,
so |0(Ayr)| > | Ay¢|. That means we can replace A, with 0(Ayf) in A, and get a bigger set,
which along with the other ¢ — 1 families will still be ¢-cross-intersecting. Hence if 3 |A;| (or
[1]A]) is a maximum, then A; = X(™+=P) for all i # k. By the same reasoning used to prove
Lemma 3.2.1, p > %, and by LYM again, A, = X (P), So our only candidates to maximize 3 |.A;]|

and [ |A4;| are A; = X0 Ay = A3 = - = Ay = X7 for some r € [[2], % ]]. That
completes the proof of (i).

The statement in (ii) follows because if § <7 <d —2 <n —1 then

so the product is largest when r is as big as possible. O

We remark that Theorem 3B and Theorem 3A only follow immediately from the sum and
product of cardinality generalizations in Theorem 3.1.5 if n 4+t is even. When n+1 is odd, since
one of the families in an optimal configuration is bigger than the others, you need to impose
additional conditions. If you make the assumption that all families in an optimal configuration
have the same size, then you can modify the proof of Theorem 3.1.5 to get a theorem which
gives Theorem 3B and Theorem 3A as special cases. The third possibility in Proposition 3.3.1
is what leads to the different optimal configurations in Theorem 3A.
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3.4 Sums of binomial coefficients

To complete the proof of Theorem 3.1.4(b) it suffices to prove the following proposition about
binomial coeflicients:

Proposition 3.4.1. For positive integers n and t such that t <n—1 we let f(r) = (7)+ (nﬁ_r)
for integers r € [3, ”TH] Then f(r) is unimodal. That is, there is an integer m € [, ”7”] such
that f(r) is increasing for r € [5,m] and decreasing for r € [m, "TH] The integer m is equal to
the smallest value of v such that
(1) _2t—@r—n+1) 57)
(ri—{it) a 2r—n+1 '

and is equal to L%HJ if (3.7) is not satisfied for any r.

Proof For r € [, 2 — 1] we let Af(r) = f(r+1) — f(r). So

Afr) = KT—L 1) - <r7it)] - K?) - <r11>]

_2Zr—n+1l/n+1 (Tf{it)‘2t—(2r—n+1)_l
n+1 r+1 (’;ﬂ) 2r—n+1

and (3.7) is satisfied if and only if Af(r) < 0. If we show Af(r+1) > 0= Af(r) > 0 for
all v € [2, 2 — 2], it follows that f(r) is unimodal, with f(r) taking on its maximum value at
r = m, where m is the smallest value of r such that Af(r) <0, and m = [%*] if Af(r) > 0
for all r.

We define the function G(r) by

(1) 2t—(2r—n+1)

() 2r-n+l

G(r) =
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for r € [2, 2 —1]. For r € [2, 22 — 2] we have

G(r) n—r r+2—t 2r—-n+3 2t—14+n-2r

Gir+1) n+t—r 7142 2r—n+1 26—34+n—2r

H(r)+2n—nt 4H(r) — (n—1+2t)(n — 3)
H(r)+2n+2t 4H(r)— (n—1+2t)(n —3) — 4t

where H(r) = —r2 4 r(n+t—2). Now assume G?T(_:)l) > 1 for some r in [ +1, % — 2]. We will

show this implies that Gg(:)l) > 1. Letting A = H(r) +2n + 2t and B = H(r) — w

we have

G(r) A—(n+2)t B

Gir+1) A Bt (38)
and
Hr—1)=—(r—-1*+@r—-1)(n+t—2)
=H(r)—(n+t—1-2r)
=H(r)—w (3.9)

where w =n+t—1—2r. Now it follows from (3.8) and (3.9) that

Gr—=1) A-(n+2)t—w B-w
G(r) A—w B—-t—w

(A= (n+2)t)B—w(A+ B —w)+ (n+ 2)tw o1
N AB—-t)—w(A+ B —w) +tw

the inequality following because % > 1.

We have shown that G(r) > G(r + 1) = G(r — 1) > G(r). Hence there exists an integer
m’ such that G(r) is decreasing for r < m’ and increasing for » > m/. If G(r) is decreasing for
all 7, there is nothing to prove (since then Af(r) cannot switch from negative to positive as
r increases). If not, but if G ([2f%] —1) < 1, there is still nothing to prove (since Af(r) still
cannot switch from negative to positive as r increases). So to finish the proof it suffices to show
that if G (|%5] — 1) > 1 then G (| %] —2) > G (|2 - 1).
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If n +t is even we have G(2ft — 1) = 22 . HH apd

n+t+2 -2
n+t
G|——2

(n—t+2)(t+1)}2 — Gt 12> 1.

the inequality following because [m

A similar (slightly more complicated) calculation when n-+t is odd shows that if G(2H=2) >
1 then G(2t=2) > G(24L=3). O

It is undoubtedly possible to find a condition analogous to inequality (3.2) in Theorem 3.1.4
to determine which value of  maximizes fy, ¢ 4(r). In view of the complications even when ¢ = 2
we decided not to look into this.

For fixed t, for which values of n is f,, () monotonic? The following proposition answers
that question.

Proposition 3.4.2. For eacht > 2 let mo(t) be the largest value of n such that f ([%]) = F(n,t)
and let no(t) be the smallest value of n such that f (|"4*]) = F(n,t). Then

(a) there exists a positive integer ty such that for all positive real numbers cy, ca, €,
at? < mo(t) < cot?

for allt > ty.
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(b) ng(t) = t> — 3.

The statement in (b) follows from the fact that G(2=3) = G(2t=1) = 1 when n = ¢> — 3.
To prove (a) we used Riemann sums to show that for all positive integers p and ¢ with ¢ < p,

P+a)™ -9’ _(p+1E+2)--p+e _@p+a" @ —-a"" ptq

p?P (p—D-2)-(p—q p?P p—q

Letting p= 4 + 1 and ¢ =t — 1 gives an estimate for G ([%1) We omit the details. In fact we

have shown that m,(t) = @(%).



Chapter 4

Intersecting Set Systems with

Degree Conditions

4.1 Notation and Background

In this chapter we use the following notation.

Let [n1,n9] = {n1,n1 + 1,n1 +2,--- ,na}, [n] = [1,n].

Let X be a finite set and P(X) be the power set of X. Define X(*) = {F C X : |F| = k}.

Let F C P(X) be a set system, i,j € X. Define F; ={F € F:ie€ F},)J; ={F € F:
i ¢ F},F(i) ={F\{i} :i € F}. F;; = FiNF;. Define F,; etc. similarly. The degree of i,
denoted by dgz(i), is the number of subsets in F that contain i, i.e., dz(i) = |F;| = |F(¢)|. The

complementary degree of i, denoted by cz(7), is defined to be |F| — dz(i). Sometimes we omit
the subscript F if it is clear from the context. Define d(F) = max d(i),c(F) = mi]I:l c(i).
1€ 1€

Let F C X®) 1 < k, the I-shadow of F, denoted by ) F, is defined to be {A e X : A C
F for some F € F}.

OW(F,i)y={AcdVF:ic A}

33
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OW(F i) ={AcdVF:ig¢ A}
OO(F,inj)={AcdVF ic Aand jec A}
OO(F,ivi)={AcdVF icAorjec A}
Similarly define 9 (F,i A j).

For S C X, define 9V (F,S) ={AcoOF .S C A}

Let FC X (k), A € F,“<” be a linear order on F. Unless otherwise specified, take “<” to
be the COLEX order, which is defined in previous chapters.

mem(<,F,m) = the m-th member of F with respect to the order “<”.
ind(<,F, A) = the index of A in F with respect to the order “<”.
L(<,F,m)={F € F :ind(F) < m}.

LK, F,A)={FeF:F<A}

Sometimes we omit “<” if it is clear from the context which order to use.

The following notation is taken from [2]. For 0 < ms < mgy1 < -+ < m, let

B(k)(mk7 te 7m5) = U;:s([mj](j) + {mj-f-l + 1, mp + 1})

and
b (my, - mg) = (m]>
(M ) Z ;
j=s
It can be shown that [B®) (my,--- ,my)| = b*) (my, - -+ ,my).

Let t = (") + ("7') + -+ + ("}") be the cascade form of ¢. Define len(k,t) = k —h+1,

the number of terms in the cascade form. Define len(k, A) = len(k,ind(<,F,A)). Define
Pk, t,s) = (%) + (W) + -+ ("), R(k,t,s) =t — P(k,t,s) for s > h. As a convention, if
s < h, define P(k,t,s) =t,R(k,t,s) = 0; if s > k, define P(k,t,s) = 0, R(k,t,s) = t. Define

P(k,A,s) = P(k,ind(<,F, A), s).

Define

(k,t,s)+ ("), ift> P(k,t,s)

k,t,s), otherwise
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Let « be a symbol not in any member of F, define F + {z} = {AU{z}: A € F}.

Let A, B be two set systems, Ay C A. Let a = |A|, b= |B|, ap = |Ao|.

Define @’ = min{ag + b,a},b' = ap + b — d/, and define R1(A, Ao, B) = L(<, A, d),
Ra(A, Ao, B) = L(<, B, 1),

Let Ag,BC F, Ao C A, ANB = . Define R(F, A, Ay, B) = F\ (Ao UB)UR1(A, Ay, B) U
Ra(A, Ao, B).

Theorem 4.1.1. Let A = X® ) B = X*2) with ky < ko, Ag € A, By C B. Let A =
R1(A, Ao, B), B' = Ra(A, Ay, B). Then |0F1=D Ay| + |0*2=DBy| > |9F1=D 4’| 1 |9k2=DB| for
any d € [1, k).

Proof Assume X = [n]. Construct set systems F and G as follows:

F :[n + ko — kl](kZJrl)
U([n+ ks — ki — 1% 4 {n+ ko — kg +1})

U(fn+ks— ki — 2% 4 n kg — ki,n+ ko — kg 4+ 1))
J---

U ([n)® ) 4 {42, n+ ke — Ky +1})
U(L([n)*), [ Aol) + {n+ 1, ,n+ky — k1 +1})

U (L([n]*),Bo]) + {n + kz — k1 +2})
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G =[n + kg — k2T
U([n+ko —ky — %) 4 {n 4 ko — by +1})

U([n—}—k‘g—k‘l—2](k2_1)+{n+k2—k‘1,n—|—k‘2—k‘1—|—1})
U---

U™ + {n+2,-- n+ky— ki +1})
U L)) A +{n+1,- ,n+ky—k +1})
U (L([n)*2)|B')) + {n + ky — k1 +2})

Then
U] = (37 + () + (RS e+ ()
+ "D Ag| + [z~ DBy |
= +1706] = (A7) + (T ) + () 4 ()
+ |0k1=D 4| 4 [k~ D]

Note that G is an initial segment in COLEX, so \6(k2+1*d).7:| > |92 t1=d) G| After cancelling
some terms, we obtain the desired inequality. ]

Theorem 4.1.1 says that for each positive integer s, the last s sets in COLEX on X *1) add
no more to the size of the shadow than any s additional sets in X*2) add to the size of the
shadow, if k1 < k.

4.2 Shadows of two set systems

Problem. Let A, B C [n]®) |A| 4 |B| = r,|A| > |B] > t,2t < r,1 <1 < k, find min |0 A| +
008

Solution. Let A* and B* be an optimal configuration. By the Kruskal-Katona theorem, we
can assume both A* and B* are the initial segments of [n](®) in COLEX order, so we only need
to decide |A*| and |B*|. The following theorem gives one optimal configuration.
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Theorem 4.2.1. Let A,B C [n]®), A +|B| =7, |A > |B| >t 2t <r, 1 <1<k Let
t = B (my,mp_y,--- ,mp),r —t = bF (ng,np_q,--- ,ng). Let p be the largest integer such
that n, > my, (p exists since v —t > t). Let q be the largest integer such that ¢ < p and
R(k,r—t,q+1) < (m‘;“). Let A* and B* be initial segments of [n]®) in COLEX.

(1) If R(k,r — t,q + 1) + R(k,t,q +1) < (Me+"), let |A*| = P(k,r —t,q + 1), |B*| = 7 — |A*].

(2) If R(k, v —t,q+1)+ R(k,t,q+1) > ("2, let [B*| = P(k,t,q+1) + ("¢, |A| = r — |B*].

(3) If q does not exist, let |A*| = r —t,|B*| = t. For convenience, if q does not exist, we say
q=0.
Then [0 A| + |0WB] > |0V A*| + |00 B*|.

To prove this theorem, we need some lemmas.

Lemma 4.2.2. [00L(X®) a)] +[0OL(XF) b)| > |0V L(XE) a+ b).
Proof Choose a positive integer n with (}) > a + b. Let
F=LXED (") [LXP, a)+{n+1}] U [LXE,b) + {n+2}],
G=LXED (P NULX® a+b)+{n+1}].
Then [0 F| = () + 0O LXE), )| + [0 LXE), b)),
0G| = (1) + 100 L(XP), 0 +b)|.

Because G is the initial segment of the COLEX order, by the Kruskal-Katona Theorem,
|0UD F| > |0+ G]. That s,

(1) +100LX® a)| +100LXD, b) > (1) + 0O L(XE), 0 +b)].

After cancelling (1-7:1)7 we obtain the desired inequality. O

Lemma 4.2.3. Ifa < (¥),b < (¥), and a+b > (}), then |0VL(X®) a)| +100L(X®) b)| >
OVLX®E, ()] +10VLEXD, a+b— (¥))]
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Proof Let

F = £XH, () U [£XW,0) + {w + 1} U [£XH, ) + {w+ 2],

G =LXED ()LD, () +{w+ U L&D a+b— (7)) + {w+2}].

By the same argument in Lemma 4.2.2, we obtain the desired inequality. O

Lemma 4.2.4. Ifa > (1,’:), (1,’:) <b< (“’Zl), then

0OLXD, a)] + 100 L(X D, b)] > 10V L(X D, a+ b~ <Z>>| +100L(x®, <Z>>r.

Proof Let b = (V) + s, then |00 L(X® b)| = oW L(X P, (V)] + [0V L(X*D 5)|. So the
inequality is equivalent to

POLX W, 0)|+ DD LXED, 9] > POLXD, a+ 3).
Let F = L(X®,a) U [£(X* V. s)+ {z}] where z is a new symbol. Then [0WF| =

0OL(X® a)| + [0V L(X*®=D s)|. By the Kruskal-Katona Theorem, we obtain the above
inequality. O

Now we are ready to prove Theorem 4.2.1.

Proof of Theorem 4.2.1 By way of contradiction, assume A* and B* are not optimal. Choose
an optimal pair (A, B) such that ||B| — |B*|| is minimum. Again, we can assume both A and B
are the initial segments of [n]®) in COLEX order.

Let u be the largest integer such that |B| > C(k,t,u).

(H)Hu>p

Then [B| > P(k,t,u) + ("), so |4] +|B| > 2/B| > 2| P(k,t,u) + ()| But then
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< P(k,t,u) + (;1“1) + P(k,r —t,u) + (u”_u1>
(

My, My
P(k,t
S )+ e+ ()

It’s a contradiction to |A| + |B| = r.
(2) Ifu=rp

By definition of p, we have P(k,|B|,u + 1) = P(k,|Al,u +1). So R(k,|Bl,u +1) <
R(k,|Al,u+1).

Let w be the largest integer such that R(k, |B|,u + 1) > (ZJ) So R(k,|B|,u+1) < (w;rl)
and R(k,|Al,u+1) > (%).
Let A' = LX), |A| + R(k, |B|,u+1) = (%))

B = L(X®, P(k,|Bl,u+1) + (%)),

Because £(X®), P(k,r —t,u+1)) is contained in both A and A’, and £(X®), P(k,t,u+1))
is contained in both B and B’, we know that [0 A| + [0V B| > |0V A'| + |0 B'| is equivalent to
9O L(X ™, R(k, |A], ut 1))+ (00D LX), Rk, Bl u+1))| 2 (00 HDLXM, (7)) +
|0=F+D £(X W R(k,|A],u + 1) + R(k, |B|,u + 1) — (*))|. This follows from Lemma 4.2.4.

So (A, B') is a contradiction to the choice of A and B.

B)Ifg<u<p

If R(k,|Bl,u+ 1) < R(k,|A|,u + 1), By the same argument in (2), we again obtain a
contradiction to the choice of A and B. So assume R(k,|B|,u + 1) > R(k,|A|,u + 1). Let
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A = L(X®) Pk, | Al u+1)+R(/~c B, u—I—l)),B’:E(X(k P(k,|B|,u+ 1)+ R(k, |A],u+1)).
It is easy to verify that |0V A| 4 [0WB] = |00 A'| +|0WB| and |B'| < |B|.

By definition of ¢, R(k,r —t,u+ 1) > (m““) By definition of u, we know P(k,t,u+ 1) =
P(k,|B|,u+1) and |B| < P(k,t,u+1)+ (™). Therefore R(k, |A|,u+1) > t— P(k, |B|,u+1).
It follows that |B'| > t. So (A, B’) is a valid pair, contradicting the choice of A and B.

(4) Ifu<gqg

Then |B| < P(k,t,q+1) + ("2™).

a. If R(k,r —t,q+1) + R(k,t,g + 1) > (™).

Because £(X®) | P(k,r —t,q+1)) is contained in both A and A*, and E(X(k), P(k,t,q+1))
is contained in both B and B*, we know that |0 A\ +10WB| > [0V A*| +]0WB*| is equivalent to
0@ FHIL(X D, R(k, |A], q+1))[+[0 D LX D, R(k, |B|, g+1))| > [0 FHDLX@, (M) |+

0D L(XD, R(k, |Al, g+ 1) + R(k, |B|,q + 1) — (m‘;“))\. This follows from Lemma 4.2.3.

b. If R(k,r —t,q + 1) + R(k,t,q + 1) < (™).

bl. |A| > P(k,r —t,q+1)

By the same argument in a, it suffices to show that [0 *+t0 (XD R(k,|A|,q + 1))| +
0@ L(X D, R, |Bl,q + 1))| > [0+ L(X@, R(K,|Al,q + 1) + R(k, |B|,q + 1))|. This
follows from Lemma 4.2.2.

b2. |A| < P(k,r—t,q+1)

By the same argument in (3), we have R(k,r—t,q+2) > R(k,t,q+2). So R(k,r—t,q+2) >

(Tgfll) Now by the same argument in a, it suffices to show that

01D £(X D R(k,|A],q + 1)) + [0 D (XD R(k,|B|,q + 1))]

>‘(9 —k+1) [:(X(q)’ <nq+; ))‘ + ‘8 —k+1) ﬁ(X(q),R(/f, |_A|,q + 1)

Rk BLa+ 1) - (" 7))
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It follows again from Lemma 4.2.3. O

4.3 Minimum shadow with degree conditions

In this section, we will prove some results on minimum shadow problems with the restriction
that the degrees of the vertices cannot be too big. For simplicity, we state the theorems in terms
of the first order shadow, but they are true for I-shadow for general [.

Lemma 4.3.1. Let X = [n+2], F C X®) be a left compressed set system. |F| = (Z)Jr(z:})qtt,
0<t< (7). Ifvie X,e(i) < () + ({7)). then |0F| > |0F*|, where F* = L(X®), (}) +
=) U [LXED1) + {n+2}].

Proof Use induction on k and |F|.

When k& = 2, |0F| = number of symbols used in F. By the degree condition, we have
|0F| = |0F*|.

Assume the theorem is true for smaller k and |F|. Let t = b(*~D(my_y,--- ,m,), then

07 = (21) + G2o) + 652 (mga, ).

n—1 n—2 n—1 n—2
_ (k—2) 1. ... _
i (k_1>+(k_2>+b (Mt — 1, s 1>+( A >+(k_1>

+ b(k_l)(mk—l - ]-a Mg — 1)

Since F is left compressed, we have 0F7 C F(1).

Case 1. [F7| > (") + (323) + 0% V(mg_qg —1,--+ ,ms — 1)

]‘(a‘) 37/ 2 2 SUCh that Cfi (1,) > (ngl) + (Z:f)
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By Kruskal-Katona Theorem, [0F7 ;| > (Z:}) + (Z:g), thus
n—1 n—2
Al zl0mal > (12 1) + (3 23):

Therefore [0F; ;| > (77}) + (373) by Kruskal-Katona Theorem. Now

OF, i)l = 0Fil +10F17 = (=) + (22) + G2) + (2) = (20) + ()
On the other hand, the degree condition yields |F;| > ¢, hence

B(F, i) > 52 (my_q, -, my).
Therefore

- -1
0F| = |0(F. )| + |0(F. )| > <k " 1) + (” > 55D (- my) = [OF].

1(b). ex; (1) < (") + (21 Vi > 2

By inductive hypothesis, |0F7| > (zj) + (Z:;) + 05D (my_y —1,--- ,my —1).
So

|F| =|F1| + | Fil
>|0F5| + | Fq|

~1 —2
><Z_1> + <Z_2> +b(k_2)(mk‘—1*]—7"' 7m571)
—1 —2
+ (nk >+ (Z—1) + 05 D (my_y =1, ;my — 1)

—1
:<Z> " <Z— 1) + b(kil)(mk*h' o 7m8)
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It’s a contradiction to the assumption on |F|.

Case 2. [F7| < (") + (23) + 0% V(mg_qg — 1, ,ms — 1)
Then [F1| > (321) + (;25) + 05 2 (mpoy = 1 ma = 1)

2(a). 3i > 2 such that ez (i) > (21) + (773).
By a similar argument to 1(a), we can show |0F| > [0F*|.

2(b). ex (i) < (371) + (173) Vi > 2.

By inductive hypothesis, |[0F(1)| > (Z:;) + (Z:g) + b3 (my_y — 1, ,mg —1).
So

0F1] Z|F1] + [0F(1)]

—1 —2
2(2—1) + (Z_2) + 05D (g =1, mg — 1)
—1 —2
+ <:_2) + <Z_3> + 0 g — 1, mg — 1)
n n—1 — *
:<k—1> i (k—2> + 0D (s, - my) = |0F

O]

Definition 4.3.2. Suppose t = (5) + ("2) + -+ + (”slfll) + (") + 4 () s the
cascade form of t, where m; > i for s+ 1 < i < k—1 and m; = i forr < i < s. Define
ot) = ("Z0) + (M) e (M) (), B0 = (M) () et
(") A () + () o+ () v = (M) + () e (T ()

The terms that involve m; for i < s will be dropped if they do not exist in the cascade form of t.

Clearly, a(t) + B(t) = t.



44 CHAPTER 4. INTERSECTING SET SYSTEMS WITH DEGREE CONDITIONS

Lemma 4.3.3. Let X = [n+ 2], F € X®) with |F| = (0) + (Zj) +t where 0 < t < (Zj)

If 3i with a(t) < d(i) < (}71) + B(t), then |0F| > |0F*| where F* = L(X®), () + (7-])) U
[L(X*=D 1) + {n +2}].

Proof Without loss of generality, assume ¢ = n + 2. By Kruskal-Katona Theorem, we may
further assume F = L(X®), |F| —d(n +2)) U [L(X*D d(n +2)) + {n + 2}].

Note that [0F*| = (") + (}Z3) + [0L(X*=D ).

Case 1. a(t) <d(n+2) <t.

Then c(n+2) > (}) + (771). Let a=c(n+2) — (}) — (77]). So a+d(n+2) =t, and

|OF| =|0(F,n+ 2)| + |0(F,n+ 2)|

:(k . 1> + (Z B ;) +10L(X Y, a)| + [0L(X* d(n +2))]

Therefore |0F| > |0F*|is equivalent to |0L(X*=D, a)|+]0L(X*FD d(n+2))| > [0L(X*=D 1))
Thus the problem reduces to the one in section 4.2. That is, find min|dA| + |0B| where
|A| + |B| =t and |A| > |B| > a(t).

Let p, g be defined as in section 4.2. Clearly n —1 > mg_1—1,s0p =k — 1.

(1) g>s+1

Bl =g +1) = () () o (07 () (25 ok ()

By definition of ¢, R(k — 1,a,q+ 1) < (m"zlfl). So R(k —1,a,q+1) = (m‘”ql*l)

It follows that 5(t) = (m,;g__12—1) + (m’l€€123_1) 4t (mq+q1—1)7

at) = (M) + (M) e (oY),
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By the theorem in section 4.2, the optimal solution is
mg—1— 1 mg—o — 1 Mg — 1
A*| = q ,
= (M) () e (M
% mk_l—l mk_g—l mq+1—1 mq+1—1
B*| = .
= () e () e () (0

It can be easily verified that [D.A*| 4 |0B*| = [0L(X*=1D) t)|.
This completes the proof of [OL(X* 1) a)| + |0L(X*=D d(n +2))| > [0L(XFD )],
(2) 0 < q<s.

By a similar argument to (1), we can show

10L(XFD o)+ |0L(XF D d(n+2))| > |o£(XFD 1))

(3) g=0.

By the theorem in section 4.2, the optimal solution is |A*| = 3(t), |B*| = «a(t), and again
it can be easily verified that |0.A*| + |0B*| = |0L(X 1) 1)].

Case 2. t<d(n+2) < (Zj)

Then (}) < c(n+2) < (}) + (Zj) Let a = ¢(n +2) — (}). Then a < (Zj) and
a+dn+2)= (1)) +t

By Lemma 4.2.3 in section 4.2,

n—1

LX) + XD+ 2] =

) +|0L(XFD 1.
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Therefore

|0F| =|0(F,n+2)| + |0(F,n + 2)|

= (k " 1) +10L(X* D a)| + 0L(XFY d(n + 2))|

n n—1
> (k=1)
(") ¢ (271) wiacxen.n

=|0F"|

Case 3. (§71) <d(n+2) < (?7]) + B(¢).

Then c(n +2) > a(t). Let b =d(n+2) — (11). Then b+ c(n +2) = t. It is the same
situation as Case 1. O

Lemma 4.3.4. Let X = [n+2], F C X® with |F| = (}) + (}2}) +t where 0 < t < (}_1). If

3i with d(i) < o(t) and 3j with |F; 0 Fj| > ~(t), then |0F| > |0F*| where F* = LX), () +
=) U [LX®D 1) + {n+2}].

Proof By Kruskal-Katona Theorem,
o mp—1 — 2 mg—2 —3 Msy1 — 2 ms — 1
>
\8(.7—",2/\j)|_< k3 )—i—( k4 )—i— —i—( a1 )T U9 )

O(F, i NG| = [F: 0 F5| = (1),
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Therefore

0(F, )| Z|0(F,i A j)| +[0(F,i A )|
[ () () (0]
) () e () ()
() () e () ()
=[0L(X ", a(t)]

On the other hand, || > (}) + (Zj) + ((t). By the Kruskal-Katona Theorem again,

0(F,7)| > <k " 1) + (Z:;) + 10X 3.

Therefore

0F| =|0(F,i)| + [0(F, )]

2ocxtDam)l+ (") + () 5) +10ex®2, )

n n—1
> (k—1)
_(k_1)+(k_2)+]8£(X )]

=[0F"]
The last inequality follows from Lemma 4.3.3. O

Theorem 4.3.5. Let X = [n+2], F C X® with |F|= () + (}-)) +t. 0<t < (}7)). IfVie

X, (i) < ()+(021), then |0F| > |0F*|, where F* = L(XP), (1) + (- ))U[L(XED,8) + {n + 2}].
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Proof By Lemma 4.3.3, we may assume d(i) > (1_]) + 8(t) Vi € X.

Because shifting never decreases the size of the shadow, we can apply shifting on F. If at
some stage, the degree of some vertex drops between «(t) and (Z:i) + 3(t), then by Lemma
4.3.3, we are done. If finally we obtain a left compressed set system that still satisfies the degree
condition, then by Lemma 4.3.1, we are done. So we may assume at some stage when we shift

n+2ton+1, dn+2) drops from above (Zj) + ((t) to below «a(t). Denote the set system

before that step by F’ and the one after that step by F”. So dgv(n + 2) < a(t).
By Lemma 4.3.4, we can further assume that |F), | .o < y(t), thus [F] 1 o] < (F).
Now let’s estimate the size of OF".
Letag={AeF :n+1¢ Aandn+2 ¢ A},
ag={AeF :n+1cAandn+2¢ A},
ay={A€eF :n+1¢ Aandn+2e A},
ap={A€F :n+1€Aand n+2¢€ A}|.

Let

n

G =L(X® ag)U [L(X(k—m a1 + as — <k ~ 1)) +{n+ 1}]

U [ﬁ(X(’H), (Z - i)) +{n+ 2}] U [L‘(X(k_Q), a) + {n+1,n+ 2}}

Then |G| = |F|, and a simple calculation shows that a; + as — (Zj) > (Zj)

Because dzn(n+2) < «a(t), by the definition of shifting, we know |F,+1 N Fpi2| < a(t). On
the other hand, |G,4+1 N Gpio| = (z:%) > a(t). Therefore

O(F,n+1An+2)|>|0(G,n+1An+2)|

By the theorem in Section 4.2, [0(F',n+1Vn+2)| > |0(G,n+ 1V n+ 2)|.

Therefore |0F'| > |0G|.
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Now dg(n+2) < (}71) +~(t) < (77]) + B(t), and dg(n +2) > (}~1) > a(t). By Lemma
4.3.3, 10G| > [0F~|.

It follows that |0F'| > |0F*|. O

Lemma 4.3.6. Let X = [n+2], F C X®) be a left compressed set system. |F| = (Z)+2(Z:}) +t,
0<t<(P72). IfVie X,e(i) < () + ({7)). then |0F| > |0F*|, where F* = L(X®), (}) +
(D) + DU [ ED, (D) + {n+ 2}

Proof The same argument as Lemma 4.3.1. O

Lemma 4.3.7. Let X = [n+2], F € X®) with |F| = (}) +2(}7]) +t where 0 < t < (722). If
3 with (1-1) < d(i) < (721) + (722), then |0F| > [0F*| where F* = L(X®) () + (7-1) +t)U

(XD, (271) + {n +2}].

Proof By a similar argument to Lemma 4.3.3. O

Lemma 4.3.8. Let X = [n+2], F C X®) with |F| = (}) +2(}21) +t where 0 < t <
(+=3). If 3i with d(i) < (}7;) and 3j with |F; 0 Fj| > (773), then |0F| > |0F*| where
Fr=LX® )+ () +HuU [L(XUH), =) +{n+ 2}} :

Proof The same argument as Lemma 4.3.4. 0

Theorem 4.3.9. Let X = [n+2], F C X® with |F| = (1) +2(371) +¢, 0 < t < (173).
IfVi € X,c(i) < () + (321, then |0F| > |0F*|, where F* = L(X® (1) + (2]) +t) U
[0e, G2 + o +2)].

Proof By Lemma 4.3.7, we may assume d(i) > (Zj) + (Z:g) Vi e X.

Because shifting never decreases the size of the shadow, we can apply shifting on F. If at
some stage, the degree of some vertex drops between (Zj) and (Zj) + (z:g), then by Lemma
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4.3.7, we are done. If finally we obtain a left compressed set system that still satisfies the degree
condition, then by Lemma 4.3.6, we are done. So we may assume at some stage when we shift
n+2ton+1, d(n+2) drops from above (Zj) + (Z:g) to below (Zj) Denote the set system

before that step by F’' and the one after that step by F”. So dg»(n + 2) < (Zj)

By Lemma 4.3.4, we can further assume that |}/, o] < (7~2), thus | F i1 mral < (1=2).

Now let’s estimate the size of OF.
Letag=|{AeF :n+1¢ Aandn+2¢ A},
ay=[{A€F in+1€Aandn+2¢ A}
aa=|{A€eF :n+1¢ Aand n+2¢e A},
ap={A€F :n+1€Aand n+2¢€ A}|.
Let

n—1

G =L(X™, a) U [ﬁ(X(’“),al +as — <k 1)) +{n+ 1}]

U [E(X(k_l), <Z ~ i)) +{n+ 2}] U [z(X(k—Q), a12) + {n+1,n+ 2}}

Then |G| = |F|, and a simple calculation shows that a1 +as — (7_1) > (7-,)-

Because dzr(n+2) < (Z:g), by the definition of shifting, we know |F, 11 N Frpo| < (Z:g)

On the other hand, |G,,+1 N Gpia| = (Zj) > (Z:g) Therefore

O(F' ,n+1An+2)]>10(G,n+1An+2)|

By the theorem in Section 4.2,
O(F,n+1Vn+2)>[0(G,n+1Vn+2)

Therefore |0F'| > |0G|.
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Now dg(n +2) < (}71) + (75), and dg(n +2) > (}7}) > (;73). By Lemma 4.3.7,
0G| = |0F].

It follows that |0F'| > |0F*|. O

Theorem 4.3.10. Let X = [n+3], 7 C X®) be a left compressed set system. |F| = (1) +
207 +t, 0 <t < (371). IfVi,j € X withi # j,c(i) < (}) +2(}71), and c(i,j) < (}) +
(171), then |0F| = |0F7|, where F* = L(X®), () + (71) U [£(XED, (71) + {n+2}| U
[L(X*=D 4) + {n + 3}].

Proof Use induction on k and |F|.

When k& = 2, [0F| = number of symbols used in . By the degree condition, we have
|0F| = |0F*|.

Assume the theorem is true for smaller k and |F|. Let t = b(*=D(my_y,--- ,m,), then

" n n—1 _
‘8.7: ‘ = <k‘— 1) 2<k—2> +b(k 2)(mk71a"' 7ms)7

n—1 n—2 _
]]—"y:<k_1> +2<k_2> + 05D (my_y — 1, ,mg — 1)

n—1 n—2
(k=1) —1.... _
+< L >+2<k—1>+b (mk_l 1, , Mg 1)
Since F is left compressed, we have 0F; C F(1).
Case 1. |Fy| > (")) +2(022) + 0% D(my_y —1,--- ,ms — 1)
1(a). Ji and j with cx,, ., (i,5) > (") + (773).
o n—1 n—2
By Kruskal-Katona Theorem, [0F7 ; ;| > o)+ (253)-

k—1 k—2

Frijl > 10Fi50 > (20) + (75)-
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Thus |07, ;5] > (775) + (73) by Kruskal-Katona Theorem.
Therefore [0F35] > (i71) + (:22) + (i22) + (23) = (20) + ()

By the degree condition, we can prove that

n—1

owivil= (),

)8 .

Therefore |0F| > (")) + (175) + (1=5) + 0D (my_y, -+ ,my) = [0F*|.
1(b) i with cx (i) > (".") +2(}Z3) but don’t exist i and j in 1(a).
By Theorem 4.3.5, [9(F1,7)| > (321) + 2(122).

Fral = 10(FL D] = (771) +2(773).

Therefore

It’s a contradiction to the degree condition.
1(c) Vi, j € X with i # j,er, () < (") +2(577), and e, (0,) < (") + (373

Then by inductive hypothesis,

n—1 n—2 _
|0F;7| > (k— 1> 2(k—2) + bk 2)(mk—1 =1, mg —1).
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Therefore

\F| =|[F1] + | Fil
>|0Fz| + | F|

n—1 n—2
(k—2) 1 ... _
><kj— 1) +2(k‘—2> +b (mk_l 1, , Mg 1)

-1 -2
+<nk >+2<Z_1>+b(k_1)(mk‘—1_17 ;ms_]-)

n n—1 _
(5) 227 1) P

contradicting the assumption on |F]|.

Case 2. |F7| < (")) +2(32]) + 0% D(mp_y — 1,--+ ,mys — 1)
then 7] > (171) +2(325) + 6% D (my_y — 1,- -+ ,my — 1).

2(a) Ji and j with cx, (4,5) > (77]) + (173).
By a similar argument to 1(a), we can show |0F| > [0F*|.

2(b) Ji with cg, (i) > (Zj) + 2(2:;) but don’t exist ¢ and j in 2(a).

Then by Theorem 4.3.5, |0(F(1),7)| > (73) +2(}72).

So

0F 5 =|F1 51+ |0(F (1), 9)]
()2l s) () 2 5)
(1))
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On the other hand, by the degree condition on ¢ and Kruskal-Katona Theorem, we have
O(F, D) 2 6% (s, my).
Therefore
n—1

o7 2 107,51 + ol = (") +2() 7 5) + 0 P, ma) = o7

2(c) Vi,j € X with i # j,cr (i) < (71) +2(372), and cr, (4,5) < (371) + (773)

Then by inductive hypothesis,

0F(1)| > (Z:;) —1—2(2:;) + 05D (g — 1, ,mg — 1).

Thus

0F1] Z|F1] + [0F(1)]

n—1 n—2
> (k=2) S _
_<k?— 1) +2<k—2> +b (mk,l 1, , Mg 1)

-1 -2
+ <Z_2> +2(Z_3> +b(k_3)(mk‘—1*17"' amsil)

n n—1 _
:<k—1> +2<k—2> + YR, oy

=[0F"|
O
Lemma 4.3.11. Let X = [n+3], F € X® with |F| = (}) +2(}7}) +t where 0 < t < (}7}). If

3i with a(t) < d(i) < (771) + B(t), and Vi1, jo other than i, c(j1,j2) < (}) + (1~1), then [0F| >
|0F*| where F* = L(X®), (1) +(3~1)U [ﬁ(XUH), Go)) +{n+ 2}} UlL(X®D ) + {n + 3}].
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Proof Case 1. «a(t) < d(i) < t.

Then c(i) > (Z) + 2(2:}) Let a = ¢(i) — (2) — 2(2:%)
By Theorem 4.3.9, [0(F,1)| > (")) +2(}75) + |0L(X* =2 q)|.

On the other hand, |9(F,7)) > [0L(X*=D d(i))].
Thus, [0F| > (") +2(375) + [0L(XE2 a)| + |0L(X D, d(i))].

Therefore |0F| > |0F*| is equivalent to

n n—1 n n—1
(k—2) (k=1 70| > (k1)
(k_1>+2<k_2>+|ac(x @) |F[OL(XTY, d(i))] = (k_1>+<k_2>+|ac(x )]

This is what Lemma 4.3.3 says.

Case 2. t < d(i) < (Zj) + 5(t).

Similar To Lemma 4.3.3. O
Lemma 4.3.12. Let X = [n+ 3], F C X® with |F| = (}) +2(}7]) +t where 0 <t < (}7}).
If 3i with d(i) < «(t) and 3j with |F; 0 F;| = ~(t), and c(ji,j2) < (}) + (Zj)le,jg other
than i, then |0F| = [0F*| where F* = £(X®, () + (17) U [LXED, (17) + {n+2}] U
[L(X*=D 1) + {n +3}].

Proof By the same argument as Lemma 4.3.4, we have |0(F, )| > [0L(X* =D, a(t))).

On the other hand, |55 > (%) +2(?71) + 8(t).

By Theorem 4.3.9, [9(F, i) > (") + 2(}73) + |0L(X =2, 3(1))].

The rest of the proof is the same as Lemma 4.3.4. O

Theorem 4.3.13. Let X = [n+3], F € X&) with |F| = (}) +2(}")) +t, 0<t < (7). If
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Vi,j € X withi # j,c(i) < () + Q(Zj), and c(i,j) < (7) + (Z’j), then |0F| > |0F*|, where
Fr=£(X®, () + (7)) U [exXED, (7)) + {n+ 23| U [LXED, 1) + {n + 3}].

Proof By Lemma 4.3.11, we may assume d(i) > (Zj) +6(t) Vi € X.

Because shifting never decreases the size of the shadow, we can apply shifting on F. If at
some stage, the degree of some vertex i drops between «(t) and (Zj) + B(t), obviously we still

n

have ¢(j1,j2) < (k) + (Zj) Vj1, j2 other than ¢, thus by Lemma 4.3.11, we are done. If finally
we obtain a left compressed set system that still satisfies the degree condition, then by Theorem
4.3.10, we are done. So we may assume at some stage when we shift n + 3 to n + 2, d(n + 3)
drops from above (Zj) + B(t) to below a(t). Denote the set system before that step by ' and
the one after that step by F”. So dgv(n + 3) < a(t).

By the same argument as Theorem 4.3.5, we can show |0F'| > |0F*|. O

4.4 Intersecting set systems with degree conditions

In this section we will study the following problem:

Problem. Let n,k be two positive integers satisfying n > 2k and let X = [1,n]. Find max |F|
where F C X ) is intersecting and ¢(F) = s for a specified value s.

Without loss of generality, we may assume the point 1 has the minimum complementary
degree. So |Fi| =s. Let Y = [2,n], and let A ={Y\F : F € F;}. Then |A| = s and the size of
a member of Aisr=n—1—k.

Pick F € F;. Because F is intersecting, F\{1} ¢ 0% 1D A. On the other hand, F is
completely determined by A by the following operation:



4.4. INTERSECTING SET SYSTEMS WITH DEGREE CONDITIONS 57
Definition 4.4.1. For A C Y™ %=1 define

oo(A) ={Y\F : F € A},

o1(A) ={FeXx®.1e FN\O* DA+ {1}
—{FeX®.1eF and FNB #0 for each B € 0o(A),

o(A) =o0(A) Ui (A)

We say that the set systems o(A) C X&) and A C Y (n—k=1) are associated. Thus the
problem becomes finding the minimum (k—1)-shadow of A with |.A| fixed and with the constraint
on the minimum complementary degree.

Because we are looking at the complement of F7 in Y, it’s convenient to use the reverse of
the natural order on 2,3,--- ,n.

Definition 4.4.2. Define “<” on Y") to be the COLEX order with respect to the reverse of the

natural order on 2,3, -+ ,n.

Let F(32) = {F € X ®) . |FN{1,2,3}| > 2}, and let ¢(3,2) = c(.7-"(372)) = (Z:g’)

For s < ¢(3,2), by the Kruskal-Katona Theorem, it is easy to see that o(£(=,Y ("), s) is an
optimal configuration to the above problem. In fact Goldwasser [9] proved a stronger theorem
considering ¢(F) > s instead of ¢(F) = s for s < ¢(3,2). So we will study the case when
s> ¢(3,2).

Let Fis3 = {F € X® : [FN{1,2,3,4,5}| > 3}, and let ¢(5,3) = c(F5.3)) = 4(35)+ (773).
Simple calculation shows that ¢(3,2) < ¢(5,3) if and only if n < 3k — 2.

In this section we will study the case where n < 3k — 2 and ¢(3,2) < s < ¢(5, 3).
Let’s look at an example.

In order to describe a candidate configuration, we need to introduce some notation. The
notation [by,b,] a1 ag---a, where by > b, denotes a collection of subsets of Y. A set A CY
belongs to this collection if and only if
(1) {alv az,--- ’aq} - A;

(2) A\{a1,az--- ,aq} C [bp, bu];
(3) |A] =r.
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Example n =15k =6,r = 8,s = 525.

Now [15,9] 8 6 3 means [9,15]®) + {8,6,3}.

We are ready to state to describe two families Aj, Ay C [2, 15](®) such that |A;| = |As| = 525
and [0®) A;| = |0®) Ay| = 1092. The associated set systems o (A1), 0(As) C [15]) each have

size
|AL] + [(?) - !6(5%41@ = 525 + (154> 1092 = 1435

and minimum complementary degree ¢(o(A;1)) = ¢(o(A2)) = 525.

Example la. Let A; be the union of:

It is not hard to see that the associated set system JF; C [15](6) is equal to F(s 3.

Example 1b. Let A5 be the union of:

oot

“Cﬂ

“ &t
P A A A R Y W)

W NN W Ut R Ot
W

Definition 4.4.3. Let A C Y (). Define
Vo(A)={AeA:3¢ Aand2 ¢ A},
Vs(A)={AeA:3€ Aand2 ¢ A},
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Vo(A)={Ae A:3¢ A and 2 € A},
Viag(A)={Ae€eA:3€ Aand2 e A}.

The last set (in COLEX order with symbols in reverse order) in Vy(Az) is
{12,11,10,9,8,7,5,4}. Tt can be shown that if we add one more subset to V3(As) or Va(As2)
or Vsa(Asz), then the point 1 will no longer have minimum complementary degree in o(Az).
Therefore the last member in Vy(Asz) completely determines the last members in V3 (Asz), Va(A2)
and V35(Az), something like conjugates.

To describe this conjugation, we need to introduce some definitions.

Definition 4.4.4. For A € Y, a block of A is a mazimal subset of consecutive numbers of A.

For example, {5,4} is a block of {12,11,10,9,8,7,5,4}.

Definition 4.4.5. A block of A is the last block if it contains the largest number of A (under
natural order of symbols). The last block of A is denoted by B(A).

For example, B({12,11,10,9,8,7,5,4}) = {12,11,10,9,8,7}.

Note: The last block corresponds to the last term of the cascade form: if min B(A) =n —j
and |B(A)| =t then the last term in the cascade representation of the index of A in COLEX is

()

Definition 4.4.6. Let A ¢ Y("). We say A is reqular if
(1) {5,4} C A, {3,2}n A =10,

(2) |B(A)| > 2r —n+ 3.

Definition 4.4.7. Let A € Y") be reqular. Define
C = [4,min B(A) — 2]\(A\B(4)),
(Note that |C| = min B(A) — 5 — |A| 4+ |B(A)|)
conji(A) = CU{min B(A),min B(A) + 1,--- ,min B(A) +r — |C| — 2},

conjo(A) = CU{min B(A),min B(A) +1,--- ,min B(A) +r — |C| — 3}.
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Note: Property (2) of regularity guarantees that conji(A) and conjs(A) are well defined,
and that |conji(A)| = |conj2(A)|+1=7r —1.

For example, for n =13, r =8, A ={12,11,10,9,8,7,5,4},
conji(A) = {14,13,12,10,9,8,7}, conja(A) = {13,12,10,9,8,7}.

Clearly, for the above example, the last members in V3(A), Vo(A) and V32(.A) are conji (A)U
{3}, conj1(A) U {2} and conja(A) U {3, 2} respectively, and this is true in general.

Now with the conjugation notation, the last member in Vy(A) completely determines A.
Therefore we have the following definition:

Definition 4.4.8. Let A € Y ") be reqular. Define
Uy(A) ={FeY®:.F=<A}
Us(A) = {F € Y"1 . F < conji(A)} + {3}
Uy(A) = {F e YD F < conjy (A)} + {2}
Uso(A) = {F e Y2 . F < conja(A)} + {3,2}
U(A) = Uo(A) Ulds(A) Ulhs(A) Ulhsa(A).
In the above example, we have |A;| = |Az| = 525. If we want s = 456 we need to take out

69 sets. We will show later that the best way to do so is take out the last 69 sets in [15,7] 3 2.
The resulting set system is:

The size of the 5-shadow of this set system is

() () () 6= () (0 () = )+ () (0) = oo
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Now let’s work out some rules on how to take out some sets from U(A).

Lemma 4.4.9. If A € Y") is reqular, then o(U(A)) C X(k), and o(U(A)) is intersecting.

Proof The first part is trivial. For the second part, let Fy, Fs € o(U(A)).

Case 1. F1,Fy € 01(U(A))

Then {1} C Fy N Fs.

Case 2. F1 € 09(U(A)), Fr € 01(U(A))

If Fy N Fy, =0, then F5\{1} € 8*~DY(A), contradicting the definition of &y (U(A)).

Case 3. F1, Fy € 0p(U(A))

Let G; = Y\Fi, G2 = Y\F>. Then G1,Gy € U(A) and F; N Fy # () is equivalent to
GiUuGy #Y. If G1,Gs € UO(A), then 2 §é G1, 2 §é Go. So G1UGy #Y. If Gy ¢ U(](A),
Go ¢ Up(A), then 4 ¢ G1, 4 ¢ Go. If G1 € Uy(A), G2 ¢ Up(A), without loss of generality,
we may assume Go € Us2(A). By the cross-intersecting property, we can further assume that

G1 = maxUy(A), G2 = maxlUsz(A) = conja(A) + {3,2}. But then min B(A) — 1 ¢ G; and
min B(A) — 1 ¢ Ga. This completes the proof of the lemma. O

Lemma 4.4.10. Let A € Y") be regular, then for o(U(A)), d(1) = d(2) = d(3).
Proof By symmetry, we only need to show d(1) = d(2). Let Hy = {F € o(U(A)) : 1 €
Fand2¢ F}, Hy={F €o(U(A)):1¢ F and 2 € F}.

Claim. If F € Ha, then (F\{2})U {1} € H.

Case1l. 3¢ F

Let G = Y\F, the G € U3(A). If (F\{2}) U {1} ¢ Hi, then F\{2} € 0% —Dy(A). Tt’s
easy to see that {5,4} C F\{2} (because Y\F € Us(A)), so F\{2} € 0%~Vify(A). Therefore
JAg € Up(A) such that G U Ay = [3,n], which is equivalent to (F\{2}) N (Y \Ag) = (. By cross-
intersecting property, AU (conji(A) +{3}) =[3,n]. But min B(A) —1 ¢ A and min B(A) -1 ¢
conji(A). It’s a contradiction.

Case 2. 3¢ F

Let G = Y\F, then G € Up(A). If (F\{2}) U {1} € Hy, then F\{2} € 9% DU(A). Because
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2 ¢ F\{2}, 3 € F\{2}, we know F\{2} € 9%*~Dif3(A). This will lead to the same contradiction
in Case 1.

This completes the proof of the claim.

Define a map 7 : H — H; as 7(F) = (F'\{2}) U {1}. Clearly the map is 1-1. Therefore
[Ha| < [Hyl.

By symmetry, we can show that |Hi| < |Ha|. Thus |Hi| = |Hz|. It follows that d(1) =
d(2). O

The next lemma says that if o(.A) satisfies the degree condition then the degrees of 2 and
3 in A cannot be too small.

Lemma 4.4.11 (degree principal). Let A € V") be regular and A = U(A). For s < |A| let
A= L(A,s).

(1) If B C A then the element 1 has the maximum degree in o(B).

(2) If |Bs| > | A3 and [0~ VB;| < |(3(k_1).,4§\ then the element 1 has the maximum degree in
a(B).

(3) If |Ba| > |A3] and [0F~DBy| < [0~V AE| then the element 1 has the mazimum degree in
o(B).

(4) If |Bs| < |A3| and |0%*~DB;| > |8(k_1)./4§\ and at least one of the inequalities is strict then
the element 1 has the mazimum degree in o(B).

(5) If |Ba| < |A5| and |0~V Bs| > |8(k_1).,4%‘\ and at least one of the inequalities is strict then

the element 1 has the mazimum degree in o(B).

Proof (1) Let F = o(B). It suffices to show that |F3| > |F7| and |F3| > |Fi|. By symmetry,
we need only show |F3| > |Fq|. First we observe that

F3; ={Y\B: B e B} u(Y* Nhak-bp; + {1})

Therefore

-1
£l =18+ () - 0% V8

Let C = A\B. First we look at the case where C C Ay. Let G = o(A). By Lemma 4.4.10,
|Gi| = |G5|. Clearly |Fi| = |Gi| — |C| and |Ba| = | A2| — |C|. It follows that |F5| = |Fy].
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If C € A,, this case can be obtained from the previous case by replacing some sets in C with
sets in As. So |Ba| will be increased and |91 Bs| will not decrease. It follows that |F5| > |Fi|.

(2), (3), (4) and (5) follow from the same argument in (1). O

To describe the general procedure to take out some sets we need to introduce some defini-
tions.

Definition 4.4.12. For A € Y(") define N(A) as follows: let A’ be the set obtained from A by
changing every element x € B(A) to x — 1. If A’ has only one block then define N(A) to be the
set obtained from A by changing min B(A) to min B(A) — 1, otherwise define N(A) = A'.

For example, N ({14,13,12,11,7,6,5,4}) = {13,12,11,10,7,6,5,4},
N({12,11,10,9,8,7,5,4}) = {12,11,10,9,8,6, 5,4}
Definition 4.4.13. Let A € Y") be regular. Define
W3(A) ={F € Us(A) : F - conji(N(A)) +{3}},
Wa(A) = {F € Up(A) : F = conju(N(A)) + {2}},
Wia(4) = {F € Usa(A) 5 F = conji (N(A)) + {3,2}},
W(A) = W5(A) UWa(A) UWsa(A).

In the above example, A = {12,11,10,9,8,7,5,4}, N(A) = {12,11,10,9,8,6,5,4},
Wi(A) = [15,8] 7 3,
Wh(A) = [15,8] 7 2,
Wia(A) = [15,8] 73 2.
Definition 4.4.14. Let A € Y") be regular, |U(A)\W(A)| < s < [U(A)|, define
V(A,s) =U(A)\W(A) U L(Z,W(A),s — [U(A)\W(A)])

Clearly, |v(A,s)| = s. v(A,s) gives a way to take out t sets from U(A): take out the last
t sets of W(A) in the order “<”. The next theorem states that this is the optimal way to take
out ¢ sets in order to minimize the shadow.

Theorem 4.4.15. Let A € Y") be regular, U(A)\W(A)| < s < [U(A)|. Let B C U(A). If
Uy(A) = Vo(B) and |B| = s, then |0V (A, s)| < [0VB].
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Proof We can assume that Vo(B), V3(B), Va(B) and Vs2(B) are all initial segments in “<”.
Suppose v(A,s) # B, then without loss of generality we may assume By D (Us(A)\Wa(A)),
832 C (u32(A)\W32(A)) Let B, = R(}—, UQ(A),UQ(A)\WQ(A),Z/{32(A). It can be verified that
\8(1)8’ | < \8(1)8 | by Theorem 4.1.1. For other cases, we apply the same construction, and finally
will get y(A.s). O

Notice that Vy(.A) is an initial segment in COLEX. Intuitively if we take out some sets from
V3(A) U Va(A) UV35(A) and add the same number of sets in Vy(.A) we might reduce the size of
the shadow.

Example n =15,k = 6,r = 8, s = 456.

Here is a candidate:

This candidate has size 469. We need to take out 13 sets. Again we will take out the last
13 sets in [15,8] 3 2. The resulting set system is:
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The size of the 5-shadow of this set system is
10 n 10 n 10 N 9 n 8 n 8 n 8 n 7 N 6 n 4 n 3\ 979
5 4 4 3 2 4 4 3 2 1 0)

This is a better candidate.

Denote the first candidate by Dy, the second by Ds. Comparing D1 with Do, we can see
that
[15,8] 6 54 C Dy\Dy, [15,9] 8 3 C D\ Do.

Intuitively if we remove [15,9] 8 3 from D; and add the same size of the initial segment of
[15,8] 6 5 4 to it, then because [{6,5,4}| > |{8,3}| and by Theorem 4.1.1, the size of the shadow
will go down or stay the same. This explains why Ds is better than D;.

We can go further and make Vy(A) even larger. Here is a third candidate:

[15, 6]
[15,6] 5
[15,6] 4
[15,7] 5
[15,8] 6 5 4
[15,12] 76 5 4
[15,9] 3

[15,10] 8 3
[15,11] 98 3
[15,12] 109 8 3
[15,9] 2

[15,10] 8 2
[15,11] 9 8 2
[15,12] 10 9 8 2
[15,9] 3 2

[15,10] 8 3 2
[15,11] 98 3 2
[15,12] 109 8 3 2

This candidate has size exactly 456. We denote this set system by Ds. The size of the
5-shadow of this set system is 982. It is not as good as Ds.
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Comparing Dy with D3, we can see that
[15,12] 76 54 C D3\Do, [15,12] 11109 8 3 C Dy\D;.

However, this time |[{7,6,5,4}| < |[{11,10,9,8,3}|. It is wiser to remove [15,12] 76 5 4 from Dj
and add the same size of the initial segment of [15,12] 11 10 9 8 3 to it.

From these candidates we can see that the structures of the last member in Vy(A) and its
conjugate determines which candidate is better. So we have the following definition.

Definition 4.4.16. Let A € Y be regular. A is said to be normal if Vo € A with 6 < z <
min B(A), we have |AN[4,z — 1]| > |conji(A) N4,z — 1]| + 1.

In the above example, {12,11,10,9,8,7,5,4} and {12,11,10,9,8,6,5,4} are normal, while
{15,14,13,12,7,6,5,4} is not.

Proposition 4.4.17. If A is normal, then so is N(A).

Definition 4.4.18. Let Ac Y. Fori=1,--- len(r, A), define M;j(A) = mem(P(r, A,1)).

Now we are ready to answer the question. We can take A* to be the maximum set in Y (")
such that A* is normal and [U/(A*)| > s, then take out some sets to make its size s by letting
A* =~(A,s). Then A* has the minimum (k — 1)-shadow.

Lemma 4.4.19. Let n,k, s be such that n > 2k and ¢(3,2) < s < ¢(5,3). Letr=n—k—1 and
let A be the mazimum (with respect to “<”) set in Y'") such that A is normal and [U(A)| > s.
Let i be an integer such that 2 < i < len(A). Let A = U(M;(A)), A" = U(M;+1(A)). Let
AC YW be a set system with | A| = s that satisfies:

(1) Vo(A), V3(A)\{3}, Va(A)\{2}and V32 (A)\{3,2} are all initial segments in “<”.

(2) Vo(A') € Vo(A) € Vo(A”).

(3) V3(A) € V3(A"), Va(A) C Vao(A') and Vaa(A) C Vaa(A).

(4) either the element 1 has the maximum degree in o(A) or A" C A.

Then there exists B € Y (") with |B| = s that satisfies:

(a) Vo(B),Vs(B)\{3}, Va(B)\{2}and V32(B)\{3,2} are all initial segments in “<”.

() Vo(A) € Vo(B).



4.4. INTERSECTING SET SYSTEMS WITH DEGREE CONDITIONS 67

(c) V3(B) C V3(A”), Vo(B) C Vo(A”) and Vs32(B) C Vsa(A”).
(d) either the element 1 has the maximum degree in o(B) or A" C B.
(e) 10VB] <10V Al.

Proof We will construct B from A via a series of transformations:

(i) If V32(A) D V32(.A”) and V,(A) C VQ(.A”) then let A = R(A,Va(A), Vs (.A”), V32(A)), else
let AM) = A. In other words, we fill in the missing part of V5(.A”) with the extra sets in Vsz(A).
(ii) If V32(.A(1)) D V35(A”) and Vg(A(l)) C V3(A”) then let

A® = R(AD Vs (AM)), Vg( A7), Var(AD),

else let A = AW,

(iii) If V3p(A®P) ,@_ Via(A") then let A®) = (AN (K U Vo(A@))) U LY HE) [ Vo(AD)| + |K|)
where K = V32 (AP)\V3o(A”), else let A®) = AP). In other words, we remove the extra part of
V32(A®?)) that exceeds V32(A”) and add the same amount of sets to Vo(A®).

(iv) If Vo (AB)) Z Vo (A”) then let AW = (ACN\(KUVo(AB))) U LY F) [Vo(AD)|+|K|) where
K = Va(A)\Va(A"), else let A® = AB). (For simplicity, we use the symbol K again.)

(v) If V3(A®W) € V3(A”") then let B = (AW\(K U Vo(AW)) U LY ) |[Vo(AD)| 4 |K|) where
K = V3(A)\V3(A"), else let B =AW,

Obv1ously Al = |[AD] = |A®)| = |AB)| = |AW| = |B]. Tt’s easy to see that [0 AR)| <
oOAD| < |3(l)A| Slnce A is normal by the same argument in Theorem 4.1.1, we have
|0 ZB\ < [0WAW| < 10O AB)| < |0W AP, Tt follows that |0WB] < [0V Al.

(a), (b) and (c) are all trivial from the construction of B. It remains to verify (d). We
distinguish two cases.

Case 1. A' C A.

It follows immediately that V5(A") C V3(.A). Because V3(A”) C V3(A'), by the construction
of B, V3(A”) C V3(B). By the same argument, Vo(A”) C Vo(B) and Vio(A”) C Vio(B). If
Vo(A") CVy(B) then A” C B. If not, by the degree principal, the element 1 has the maximum
degree in o(B).

Case 2. the element 1 has the maximum degree in o(A).

If V3(A”) C V3(B), Vo(A”) C Vo (B) and Vsa(A”) C Vsa(B) it becomes the situation in Case

So we first assume V3(B) C V3(A”). If Vo(B) C Vo(A”) then by the degree principal, the
element 1 has the maximum degree in o(B). If Vo(A”) C Vo(B), then Vo(A) C Vo(B). Thus we
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know transformation (iii) was not performed because (ii) would be performed before (iii). By
the degree principal, the element 1 has the maximum degree in o(B).

If Vo(B) C Va(A”), the above argument will still hold. So last we assume Vs2(B) C Vsa(A”).
Clearly (i), (ii) and (iii) were not performed. Again, by the degree principal, the element 1 has
the maximum degree in o(B). O

Theorem 4.4.20. Let n, k, s be such that n > 2k and ¢(3,2) < s < ¢(5,3). Letr =n—k—1 and
let A be the mazimum, (with respect to “<”) set in Y ") such that A is normal and [U(A)| > s. Let
AC Y with |A| = s. If the element 1 has the mazimum degree in o(A), then |0W~(A,s)| <
|00 A

Proof By Theorem 4.3.13 in section 4.3, we may assume that |Vo(A)| > ("°) +2("27). We
can further assume that Vy(A), V3(A), Va(A) and V3z(.A) are all initial segments in “<”.

Case 1. maxVy(A) < A.

Let ¢ be the largest integer such that M;(A) < maxVy(A). Let A" = U(M;(A)), A" =
U(M;+1(A)). By degree principal, V3(A) C V3(A"), Va(A) C Va(A') and Vs3(A) C Vsa(A'). So
by Lemma 4.4.19, there exists B that satisfies the conclusions of lemma 4.4.19. If |B| < |A”|
then by Theorem 4.4.15 |00~ (A", s)| < |0WB|. In this case, for convenience let B = (A", s).
Now repeat this proof for M;1(A), M;12(A) and B, and finally this will lead to the desired
inequality.

Case 2. max Vy(A) > A.

Let A’ be the maximum member in Y (") such that A’ = max Vy(A), len(A’) = len(max Vy(A))
and |U(A")] > s. Let A” = N(A’). By the maximality of A, A’ is not normal. Claim that
[U(A")] < s, otherwise it will contradict the maximality of A’. By a similar method in Theorem
4.4.15, we can find B € Y such that |0WB| < [0WA| and (U(A")\Us(A")) C (B\Vo(B)).
Since A’ is not normal, using the same method in the proof of Lemma 4.4.19, we can remove
Vo(B)\Uo(A) and add the same amount of sets to Us(A)\Vs(B), Ua(A)\Va(B) and Usa(A)\ Vs (B).
Denote the new set system by B'. So [0WB/| < |0®WB|. Clearly B’ C U(A) since [U(A)| > s.
Therefore |0~ (A, 5)| < |0 B’| by Theorem 4.4.15, which completes the proof of this Case. [J

Theorem 4.4.21. Let n, k,s be such that n > 2k and ¢(3,2) < s < ¢(5,3). Letr =n—k—1 and
let A* be the mazimum (with respect to “<”) set in Y'") such that A* is normal and |U(A*)| > s.
Let A* = ~v(A*,s), F* = 0(A*). Let F € X®) be an intersecting family with ¢(F) = s, then
| F| < [F7].
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Proof Let A = Fj. Since
FC{Y\A:Ae A} u Y FEFNog*=D A4 {1}),

in view of Theorem 4.4.20, we have |F| < |F*|.
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Chapter 5

An Asymptotic Bound and

Non-existence Theorem

5.1 Introduction

In this chapter we will prove some asymptotic results on intersecting set systems. To be more
general, we will state and prove the theorems for t-intersecting set systems, which reduce to
intersecting set systems in the special case t = 1.

5.2 Intersecting set systems with a fractional degree condition

We first look at the problem of finding the maximum size of an intersecting set system F C X (¥)
such d(F) < e|F| for some real number e € (0,1). In a well known but unpublished paper,
Erdés, Rothschild and Szemerédi showed that if e = 2 then |F| < | F(3,2)| for fixed k and n

sufficiently large, where F3 5y = {F € X®) | Fn{1,2,3}| > 2}. In this section we will sharpen
this result.

We use the following definition from [5].
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Definition 5.2.1 ([5]). Let X = [n] and F C X®) be a t-intersecting set system. Let F*) =
{GC X :3F € F with GC F and |GNF| > tVF' € F}. Define the base B of F as:

B={BerW .aFecFY Fc B}

For A C X, the restriction of F on A is defined as
FIA={H CA:3F € F such that FNA=H}

Lemma 5.2.2 ([5]). |B| < ¢(k) where ¢ is a function that depends only on k.

Lemma 5.2.3. Let F C X®) be a mazimal t-intersecting set system, X = [n]. If n > 2k then

the base B of F is t-intersecting.

Proof Assume to the contrary that there exist By, By € B with |B1NBs| < t. Since |B;| < k, i =
1,2 and n > 2k, we have | X\Bs| > k. So we can find F; € X*) with B; C F; C (X\By) U By.
Because By C F} and By € B, by the definition of the base, |F' N Fy| > t, VF € F. Since F is
maximal, Fy € F. But |F} N By| = |B1 N By| < t, a contradiction to By € B. O

Lemma 5.2.4. Let F C X¥) be a t-intersecting set system, X = [n]. Let Y C X be a minimum
size subset of X such that G = F|Y is t-intersecting. Then |G| < f(k) where f is a function

that depends only on k.

Proof If n < 2k the lemma is trivial because n is a function of k. So we may assume n > 2k.
Extend F to a maximal t-intersecting set system F*. Let B* be the base of 7*. By Lemma 5.2.2,
|B*| < ¢(k). If we let A = Upep+B, then |A| < (k) for some function ¢ that depends only on
k. By Lemma 5.2.3, B* is t-intersecting. Because every member F' € F* contains some member
B € B*, F*|A is t-intersecting. Since F C F*, F|A is also t-intersecting. By the minimality of

Y, |Y] < |A|. It follows that |G| < f(k). O
Theorem 5.2.5. Let F € X*) pe g t-intersecting set system, X = [n]. Suppose for ¢ = %,
d(F) < c|F|. Then for n > no(k), |F| < (t + 2) (Z:;:%) with “=7 if and only if there ezists

DeX,|Dl=t+2, and F={F e X® : [FND| =t+1}, denoted by F} o, 1.

Proof By way of contradiction, suppose F is maximal and |F| > (¢t + 2) (Z:f:f) Let Y be
the minimum subset of X such that F|Y is t-intersecting. Let G = F|Y. By Lemma 5.2.4,
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|G| < f(k). Clearly |G| > t for every G € G, and if |G| = ¢ for some G then F is triv-
ial, contradicting the degree condition. So we may assume |G| > t + 1 for each G € G. Let

Giy1 ={G € G : |G| =t+1}. For G € G with |G| =, there are ("];_W) ways to complete G to
F € F. So for large n, in order for |F| > (¢t + 2)(2:;:%), we must have |Gy11| > ¢+ 2.

Case 1. There exist distinct G1, G, G3 € Gy with G1 N Ge = G1 N Gs.

Let D; = G1 N Gy, then |D1| =t Gy =D U {x1}7 Gy = DU {:EQ}, Gs = DU {.Tg}, with
21, %9, x3 all distinct. We claim that G D D for every G € Giy1. If not, |GN Dy <t — 1.
But G must t-intersect G1,G2,Gs, so {x1,z2,23} C G, and |G N Dy| > t — 1. Therefore
|G| > |D1| + {x1, 22,23} =t —1+3 =t+ 2, a contradiction. This proves the claim. Now
Giy1 is trivial. Pick i € Dy. Let H ={F € F:i ¢ F}. Then |H| < (Z:;:%) for large n. But

|| —|H]

7 < ¢ So |F| < (Z:zj) for n > ng(k), a contradiction.

Case 2. There do not exist 3 members in Gy as described in Case 1.

Pick G1,Go € Giy1. Let D1 = G1NGa, D = G1UG5. Then ‘Dl‘ =1, |D‘ =t+2, G| = DlU{lbl},
G2 = D1U{x2}. For every G € G;11, by assumption, |GND;| <t—1. But G must t-intersect G
and Ga, so {1,722} C G, and |G N Dy| =t — 1. Therefore |GND|=t+ 1. Since |Giy1| >t + 2,
all the ¢ + 2 (¢ + 1)-subsets of D must be present in G;y;. Now for every G € G such that
|GND| <t we can find G' € G 41 satisfying |GNG'| <t—1, hence |GND|>t+1, VG € G. By
the minimality of Y, we have Y = D. We claim that D ¢ G. If not, let G = {G1,G2 - , G2}
So G = gt+1U{D}. Let Go = D. Let F; = {F e F . FND= Gl}, 1=0,1,--- ,t+ 2. So
Fo,Fi,- -+, Fiyo is a partition of F. Let f; = |F|, s = f1 + fo + -+ + fi42. By the struc-
ture of G;y1, because every point appears in Gog = D, the sum of every ¢t + 1 numbers out of

fi, fo,- -+, fi+2 is no more than ii—;s. Therefore fi = fo = -+ = figo. If D € G, the degree
condition will be violated. This proves the claim. Now G = {G C D : |G| =t + 1}. It follows
that |F| < (t +2) (Z:;:%) Clearly “=" holds if and only if 7 = F o, 4. O

The special case t = 1 is the following corollary.

Corollary 5.2.6. Let F € X®) be an intersecting set system. If d(F) < %|f|, then for n >
no(k), |F| < |Fz)| with “=" if and only if F is isomorphic to F3 ), where .7-"(*3 9 = {F €
X® - Fn{1,2,3} =2}.
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5.3 Minimum complementary degree of an intersecting set sys-

tem

In this section we turn to the minimum complementary degree of intersecting set systems.
We will look at the problem of how large can the minimum complementary degree be for an
intersecting set system and let ¢(i) = |F| — d(i), ¢(F) = mi)I(l ().

IS

Theorem 5.3.1. Let F C X*¥) be a t-intersecting set system, |X| = n. Then for n > ng(k),
o(F) < (200

Proof Let G be defined as before.

(1) If Gy # 0, then there exists G € Gy, so by definition of G, every F € F contains G, thus
¢(F) = 0. So assume Gy = ().

(2) If G419 = 0, since there are (Z:f) ways to extend an l-set to F € F, ¢(F) < |F| <

f (k:)(:j:g) < (Z:f:f) for some function f(k). The first inequality is obvious, the second
follows from Lemma 5.2.4, and the third holds for n > n,(k).

(3) If |Giy1| = 1, let Gy € Gyqq. Pick i € G1. Then every G € G that does not contain 7 must
have cardinality at least ¢t + 2. The same argument as in (2) works.

(4) Let G1, G2 € Gi41, then |G1 ﬂG2| =1, |G1 UG2| =t+2. Picki € GiNGy. Let F € F. In or-
der for F' to t-intersect both G and Gg, F' must contain G; UG2\{i}. But |G1UG\{i}| = t+1.

By the same argument as in (2), ¢(i) < (Z:f:%) for n > no(k). O

The special case t = 1 is the following corollary.

Corollary 5.3.2. Let F € X*) be an intersecting set system. Then when n > ng(k), ¢(F) <

(3.
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