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Introduction

In this dissertation, we examine questions of the following kind: given a
set of objects, S, what is the maximum size of a family of objects in S
with a given property, P? What are the families which have this maximum
size (the ‘extremal’ families with property P)? If a family has size close to
the maximum, must it be ‘close’ to an extremal family in some appropriate
sense?

First, we consider some extremal problems on the symmetric group S,.
A family of permutations A C S, is said to be intersecting if any two
permutations in A agree in at least one point, i.e. for any o, 7 € A, there is
some i € [n] such that o(i) = 7(7). In 1977, Deza and Frankl [8] proved that
an intersecting family of permutations in S, has size at most (n —1)!, which
is best possible because of intersecting families of the form A = {o € S, :
o(i) = j} for fixed i,j € [n], i.e. cosets of point-stabilizers. It turned out
to be surprisingly hard to show that equality holds only for these families,
but this was eventually done by Cameron and Ku [6]; Larose and Malvenuto
[23] independently found a different proof.

Cameron and Ku [6] then conjectured a ‘stability’ version of this result,
namely that there exists a constant ¢ > 0 such that any intersecting family
A C S, of size at least (1 — ¢)(n — 1)! is ‘centred’, meaning that every
permutation in it maps i to j for some fixed i,j € [n]. They also made
the stronger ‘Hilton-Milner’ type conjecture that for n > 6, if A C S, is
a non-centred intersecting family, then A cannot be larger than the family
B={ce€S,:0()=1,0(i) =i for somei > 2} U{(12)}, which has size
(1 —-1/e+ o(1))(n — 1)!, and that the extremal families are precisely the
‘double translates’ {wB71 : m,7 € Sy} of this family.

In Chapter 1, we prove this stability conjecture, and also the Hilton-
Milner type conjecture for n sufficiently large. Our proof makes use of
the classical representation theory of S, or more precisely, (non-Abelian)
Fourier Analysis on S,,. One of our key tools will be an extremal result
for cross-intersecting families of permutations. (A pair of families of per-



mutations A, B C S, is said to be cross-intersecting if for any o € A and
m € B, 0 and 7 agree at some point, i.e. there is some i € [n] such that
o(1) = w(i).) We prove that for n > 4, a cross-intersecting pair of families
of permutations A, B C S, satisfies |A||B| < ((n — 1)!)?, with equality iff
A=B={oc€S,:0(i) =j} for some i,j € [n]. This was a conjecture of
Leader [24]. The proof uses an eigenvalue bound applied to the derangement
graph I" on Sy, in which two permutations are joined if they disagree at every
point; the eigenvalues of this graph can be analyzed using the representation
theory of S,.

In Chapter 2, we consider a natural generalization of these questions.
A family of permutations A C S, is said to be t-intersecting if any two
permutations in A agree in at least t places, i.e. for any o,m € A, |[{i €
[n] : 0(i) = w(i)}| > t. Deza and Frankl [8] conjectured in 1977 that if n
is sufficiently large depending on ¢, then a t-intersecting family A C S, has
size at most (n — t)!.

We prove this conjecture using a combination of an eigenvalue method,
the classical representation theory of S,, and a combinatorial construction.
A very similar argument proves a cross-intersecting version of the conjecture.
(We say that a pair of families A, B C S, is t-cross-intersecting if |{i € [n] :
o(i) = m(i)}| >t for any 0 € A, m € B.) We show that if n is sufficiently
large depending on ¢, then any t-cross-intersecting pair of families A, B C .S,
satisfy |A||B| < ((n — t)!)2. Ehud Friedgut and Haran Pilpel independently
discovered very similar proofs of these results, and we have now written a
joint paper [9].

We also obtain a Hilton-Milner type result for ¢-intersecting families,
generalizing the Cameron-Ku conjecture. We prove that for n sufficiently
large depending on t, if A C S, is a t-intersecting family which is not
contained within a coset of the stabilizer of ¢ points, then A cannot be
larger than the family

{o:0(i)=iVi<t, o(j)=jforsomej>t+1}U{(1t+1),...,(tt+1)}

which has size (1 —1/e 4+ o(1))(n — t)!. The extremal families are precisely
the double translates of this family. Our proof uses similar ideas to that of
the Cameron-Ku conjecture in Chapter 1, but the representation theory of
Sy, and the combinatorial arguments become more involved.

It follows immediately that provided n is sufficiently large depending on
t, if A C S, is a t-intersecting family of maximum size (n — t)! then A is
a coset of the stabilizer of ¢ points (or ‘¢-coset’ for short). This was proved
in a different way by Friedgut and Pilpel (although their methods did not
yield stability results or Hilton-Milner type results.)



Using very similar methods, we are able to prove analogues of all these
results for the alternating group A,. Firstly, we show that provided n is
sufficiently large depending on ¢, a t-intersecting family A C A, has size at
most (n — t)!/2. We have been unable to find a direct proof that equality
holds only if A is a coset of the stabilizer of ¢ points; instead, we deduce this
from a Hilton-Milner type result for A,,, namely that for n sufficiently large
depending on t, if A C A, is a t-intersecting family which is not contained
within a coset of the stabilizer of ¢ points, then A cannot be larger than the
family

B = {oce€A,:0(i)=iVi<t, o(j)=(n—1n)(j) for some j >t+ 1}
Ul t+)(n—1n),1t+1)(n—1n),...,(tt+1)(n—1n)}

which has size (1 — 1/e + o(1))(n — t)!/2. Again, the extremal families are
precisely the double translates of this family.

In Chapter 3, we change tack and consider an extremal problem in the
discrete cube {0,1}". We say a family A of k-dimensional subcubes of
{0,1}"™ is irredundant if none is contained in the union of the others. How
large can an irredundant family be? Aharoni and Holzman [1] conjectured
that for k > n/2, the answer is (}) (which is attained by the family of all k-
subcubes through a fixed point). Meshulam [27] proved that for any k < n,
an irredundant family of k-subcubes of @), has size at most
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for all £ < n. This implies Aharoni and Holzman’s conjecture for k& > 0.9n.
We first give an alternative proof of Meshulam’s upper bound for general k,
which we believe to be more transparent. Meshulam’s bound implies that
if n = 2k 4+ 1, then an irredundant family has size at most 2(2), which
is attained by the family of subcubes which go through either the top or
bottom point. In the light of this, it is natural to ask whether we can find
a large irredundant family of subcubes that go through either the top or
bottom point for k > n/2.

Our main result is that for £ > n/2, any irredundant family in which
all subcubes go through either the top or bottom point has size at most
(Z) The proof involves a slightly unexpected linear algebra argument. The
conjecture of Aharoni and Holzman remains open.

In Chapter 4, we consider the problem of generating all the subsets of a
finite set from unions of small numbers of other sets. We say that a family
F of subsets of {1,2,...,n} is a 2-base if any subset of {1,2,...,n} is a



union of at most two sets in F. Erd6s conjectured that the smallest 2-bases
are of the form
F=PViuUPW\ {0}

where (V1,V3) is a partition of {1,2,...,n} into two classes of sizes [n/2]
and [n/2]. In other words, it is best to split {1,2,...,n} into two classes of
sizes as equal as possible, and take the union of the power-sets of the two
classes.

Similarly, we say that a family F of subsets of {1,2,...,n} is a k-base
if any subset of {1,2,...,n} is a union of at most k sets in G. Generalizing
Erdds’ conjecture above, Frein, Lévéque and Sebd [25] conjectured that for
any k < n, the smallest k-bases are of the form

k
Fur = JPV\ {0} (1)
=1

where (V;) is a partition of [n] into k classes of sizes as equal as possible. In
other words, it is best to split {1,2,...,n} into k classes of sizes as equal as
possible, and take the union of the power-sets of the k classes.

This conjecture seems hard, and in an effort to make progress, Frein,
Lévéque and Sebd [25] asked what happens if we demand the unions to be
disjoint. We say that a family G of subsets of {1,2,...,n} is a k-generator if
any subset of {1,2,...,n} can be expressed as a union of at most k disjoint
sets in G. Frein, Lévéque and Sebd made the weaker conjecture that for any
n > k, such a family must be at least as large as the k-generator (1). We
generalize a theorem of Alon and Frankl [2] in order to show that for fixed k,
any k-generator of the subsets of [n] must have size at least k2"/*(1 —o(1)),
thereby verifying the conjecture asymptotically for multiples of k.



Chapter 1

Cross-intersecting families of
permutations

and the Cameron-Ku
conjecture



1.1 Introduction

A family of permutations A C S, is said to be intersecting if any two
permutations in A agree at some point, i.e. for any o, 7 € A, there is some
i € [n] such that o(i) = =w(i). For example, if every permutation in A
maps i to j for some i,7 € [n] (we call such a family ‘centred’), then A
is intersecting. Deza and Frankl [8] showed that if A C S, is intersecting,
then |A| < (n — 1)!; this is known as the Deza-Frankl Theorem. They gave
a short, direct proof: take any n-cycle p, and let H be the cyclic group
of order n generated by p. For any left coset o H of H, any two distinct
permutations in o H disagree at every point, and therefore o H contains at
most 1 member of A. Since the left cosets of H partition S,,, it follows that
|A] < (n—1)L

It turned out to be surprisingly hard to prove that if equality holds then
A={oc €S, :o0(i)=j} for some i,j € [n], but this was eventually done
by Cameron and Ku [6]; Larose and Malvenuto [23] independently found a
different proof. Cameron and Ku [6] then asked how large a non-centred
intersecting family can be. They noted that if an intersecting family A
contains a permutation 7 not fixing 1, say, then the number of permutations
in A fixing 1 is at most (n — 1)! —d,—1 —dp—2 = (1 —1/e +0o(1))(n — 1)1,
where d,, is the number of permutations of [n] with no fixed point. They
conjectured that in fact, any non-centred intersecting family has size at most
(n=1)!=dyp1—dp—2+1=(1-1/e+0(1))(n—1)!, with equality iff A is a
double translate of the family B = {o € S, : 0(1) = 1,0(i) = ¢ for some i >
2} U{(12)}, meaning that A = 7Bt for some 7,7 € S,,. In other words, if
we demand that our intersecting family be non-centred, its maximum size
decreases by a factor of about 1 — 1/e, and it is best to take A centred
apart from just one permutation. We prove this conjecture for n sufficiently
large; our proof works for n > 50,000. This implies the weaker ‘stability’
conjecture of Cameron and Ku [6] that there exists a constant ¢ > 0 such
that any intersecting family A C S, of size at least (1 —c)(n—1)! is centred.

Our proof makes use of the classical representation theory of S, or more
precisely, (non-Abelian) Fourier Analysis on S,,. One of our key tools will
be an extremal result for cross-intersecting families of permutations. A pair
of families of permutations A, B C S, is said to be cross-intersecting if for
any o € A,7 € B, 0 and T agree at some point, i.e. there is some i € [n]
such that o(i) = 7(i). Leader [24] conjectured that for n > 4, for such a
pair, |A||B] < ((n — 1))?2, with equality iff A = B = {c € S, : 0(i) = j}
for some i, j € [n]. We prove this conjecture using an eigenvalue argument,
combined with representation theory of S,,. (Note that the statement does



not hold for n = 3, as the pair A = {(1), (123), (321)}, B = {(12), (23),(31)}
is cross-intersecting.)

Calculating the least eigenvalue of the derangment graph and applying
Hoffman’s bound (see the following section) gives another proof of the Deza-
Frankl Theorem. This calculation is non-trivial; it was first done by P.
Renteln [29], using symmetric functions, and independently and slightly
later by Friedgut and Pilpel [13], and by Godsil and Meager [15]. The
method used by the author below uses a ‘trick’ to simultaneously bound all
eigenvalues except 4, which makes the calculations cleaner, although in a
certain sense it is less direct than the approach of Friedgut and Pilpel, for
example.

1.2 Cross-intersecting families and the derange-
ment graph

Let T' be the derangement graph on S,, where we join two permutations
iff they disagree at every point, i.e. o7 € E(I') & o(i) # 7(i) Vi € [n].
Observe that T' is the Cayley graph! generated by the set D,, of derange-
ments, or permutations without fixed points. Let d,, = |D,,| be the number
of derangements of [n]; then I' is d,-regular. As is well known, by the
inclusion-exclusion formula,

~ (-1)f

dp=nl>_ - = (1/e+o(1))nl.
i=0

For n > 4, I is connected, since the derangements generate S,. Note that

for n = 3, I' is the disjoint union of two triangles with vertex sets As =

{id, (123), (321)} and S5\ 43 = {(12),(23),(31)}.

Clearly, a family of permutations is intersecting if it is an independent
set in the graph I'; a pair of families of permutations is cross-intersecting if
there are no edges of I between them.

The following well-known theorem of Hoffman [18] gives an upper bound
on the size of the largest independent set in a regular graph in terms of its
eigenvalues:

Theorem 1.1 (Hoffman). Let I' be a d-regular graph on N wvertices, whose
adjacency matriz A has eigenvalues d = Ay > Ao > ... > Ay. Let X C V(I)

'Recall that if G is a finite group, and X C G is an inverse-closed subset of G, then
the Cayley graph on G generated by X is the graph on vertex-set G where g is joined to
gz for all g € G and = € X.



be an independent set; then

AN

X| <
| |_d+|)‘N|

N. (1.1)

Let £ be the all-1’s vector in CV, let U = Span{f}® E(A\y) be the direct sum
of the subspace of constant vectors and the An-eigenspace of A, and let vx
be the characteristic vector of X. If equality holds in (1.1), then the shifted
characteristic vector vy — (|X|/N)f is an eigenvector of A with eigenvalue
AN, t.e. vx € U.

The following ‘cross-independent’ version of Hoffman’s Theorem is less
well-known; a variant can be found in [3]:

Theorem 1.2. (i) Let T be a d-reqular graph on N vertices, whose adjacency
matriz A has eigenvalues \y =d > Ao > ... > Ay. Let v = max(|Aa|, [AN]).
Suppose X and Y are sets of vertices of I' with no edges between them, i.e.
xy ¢ E(T) for everyx € X andy € Y. Then

v

VIRV < =N (1.2
(ii) Suppose further that |A2| # |An|, and let X' be the larger in modulus of
the two. Let vx,vy be the characteristic vectors of X,Y and let £ denote the
all-1’s vector in CN. If we have equality in (1.2), then |X| = |Y|, and the
shifted characteristic vectors vx — (|X|/N)f,vy — (|[Y|/N)f are eigenvectors
of A with eigenvalue N, so vx,vy € Span{f} ® E(X'), the direct sum of the
d- and N -eigenspaces of A.

The proof is an easy extension of the proof of Hoffman’s Theorem, with
an additional application of the Cauchy-Schwarz Inequality; we give it for
completeness.

Proof. Equip C with the inner product:

1 N

and let




be the induced norm. Let uq = f, uo,...,un be an orthonormal basis of real
eigenvectors of A corresponding to the eigenvalues Ay = d, Ao, ..., An. Let
X and Y be as above; write

N N
vy = E &iug, vy = E iU
i=1 =1

as linear combinations of the eigenvectors of A. We have &, = «, n1 = (3,

N N
> & =loxIP = XI/N=a, > 0} =loy|[* = [Y|/N = 5.
i=1 i=1

Since there is no edge of I between X and Y, we have the crucial property:

0 = g Ay = v;AvX
zeX,yeY

N N
— Z Niémi = daB + Z Aiini

=1 =2

N
Z §inil -

1=2

> daf —v (1.3)

Provided |\2| # |An], if we have equality above, then & = 7; = 0 unless
Ai =dor N, sovy—(|X]|/N)f,vy—(|Y|/N)f are N-eigenvectors, so vy, vy €
Span{f} & E(\).

The Cauchy-Schwarz inequality gives:

Substituting this into (1.3) gives:

dof < vi/(o— a?)(B — 3?),

SO 3
@ 2
T-ai-p =
By the AM/GM inequality, (a + 3)/2 > /af with equality iff « = 3, so
af af af

_ 2
(=vad? 1-2vaitaB ~1—a—pB+ap =W/

9



implying that

v
\/ < .
af < d+v
Hence, we have

174
XY <——N.
VIXIVI < 2

Provided [As] # [An|, we have equality only if [X| = [V] = z5 N and
vx — (| X|/N)f,vy — ([Y|/N)f are eigenvectors of A with eigenvalue X', as

required. ]

We will show that for n > 5, the derangement graph satisfies the hy-
potheses of this result with v = d,,/(n — 1); in fact, Ay = —% and all
other eigenvalues are O((n — 2)!). Note that the eigenvalues of the derange-
ment graph (focussing on the least eigenvalue) have been investigated by Ku
and Wales [22], Renteln [29], and Godsil and Meagher [15]. The difference
between our approach and theirs is that we employ a short-cut (Lemma
1.9) to bound all eigenvalues of high multiplicity. We also believe that our

presentation is natural from an algebraic viewpoint.

Background from non-Abelian Fourier analysis

In this section, we gather the facts we need from non-Abelian Fourier anal-
ysis.

If G is a finite group, a representation of G is a vector space W together
with a group homomorphism p : G — GL(W) from G to the group of all
automorphisms of W, or equivalently a linear action of G on W. If W = C™,
then GL(W) can be identified with the group of all complex invertible m xm
matrices; we call p a complex matriz representation of degree (or dimension)
m. Note that p makes C™ into a CG-module of dimension m.

We say a representation (p, W) is irreducible if it has no proper subrepre-
sentation, i.e. no proper subspace of W is fixed by p(g) for every g € G. We
say that two (complex) representations (p, W) and (p/, W') are equivalent,
or isomorphic, if there exists a linear isomorphism ¢ : W — W' such that
#(g) 06— o plg) for every g € G.

For any finite group G, there are only finitely many equivalence classes of
irreducible complex representations of G. Let (p1, p2, ..., pr) be a complete
set of pairwise non-equivalent complex irreducible matrix representations of
G (i.e. containing one from each equivalence class of complex irreducible
representations).

10



Definition 1.3. The (non-Abelian) Fourier transform of a function f : G —
C at the irreducible representation p; is the matrix

) =@ LS fonly

geqG

If G is a finite group and T is a graph on G, the adjacency matrix A of T’
is a linear operator on C[G], the vector space of all complex-valued functions
on G. Recall the following

Definition 1.4. For a finite group G, the group module CG is the complex
vector space with basis G and multiplication defined by extending the group
multiplication linearly; explicitly,

S 0 (zyhh) =Y o)

geG heG g9,heG

Identifying a function f : G — C with ) gec | (9)g, we may consider
C[G] as the group module CG.

Let U; be the subspace of functions in C[G] whose Fourier transform is
concentrated on p;, i.e. with f(pj) = 0 for each j # ¢. Using the above iden-
tification, U; is the sum of all submodules of the group module isomorphic
to the module defined by p;; it is a 2-sided ideal of CS,,, and has dimension
dim(U;) = (dim(p;))%. The group module decomposes as

k
CG = @Ui.
=1

A function f : G — C may be recovered from its Fourier transform using
the Fourier Inversion Formula:

de o T (Fppi(g™))

where Tr(M) denotes the trace of the matrix M. It follows from this that
the projection of f onto U; has g-coordinate

_ dim(p;) _ dim(p

heG heG

(1.4)

11



where x,,(g9) = Tr(pi(g)) denotes the character of the representation p;.

We say that I' is a normal Cayley graph if its generating set is a union
of conjugacy-classes of G. The set of derangements is a union of conjugacy
classes of S, so the derangement graph is a normal Cayley graph. The
following result gives an explicit 1-1 correspondence between the equivalence
classes of irreducible representations of G and the eigenvalues of I':

Theorem 1.5. (Frobenius-Schur-others) Let G be a finite group; let X C G
be an inverse-closed, conjugation-invariant subset of G and let T' be the
Cayley graph on G with generating set X. Let (p1,V1),...,(pk, Vk) be a
complete set of pairwise non-equivalent complex irreducible representations
of G. Let U; be the sum of all submodules of the group module CG which
are equivalent to (p;, V;). Then we have the decomposition

k

CG = @Ui-

=1

each U; is an eigenspace of A with dimension dim(V;)? and eigenvalue
M= 2o 3 X (o)
geX

Background on the representation theory of 5,

In this section, we gather the facts we need about the representation theory
of Sy; our treatment follows [19] and [30].

A partition of n is a non-increasing sequence of positive integers summing
to n, i.e. a sequence o = (aq,...,qf) with oy > ag > ... > oy > 1 and
Zizl a; = n; we write o F n. For example, (3,2,2) F 7; we sometimes use
the shorthand (3,2,2) = (3,22).

The cycle-type of a permutation o € S, is the partition of n obtained
by expressing ¢ as a product of disjoint cycles and listing its cycle-lengths
in non-increasing order. The conjugacy-classes of S,, are precisely

{0 €5, : cycle-type(c) = a}arn.

Moreover, there is an explicit 1-1 correspondence between irreducible rep-
resentations of S, (up to isomorphism) and partitions of n, which we now
describe.

Let o = (au,...,) be a partiton of n. The Young diagram of « is an
array of n dots, or cells, having [ left-justified rows where row ¢ contains «;

12



dots. For example, the Young diagram of the partition (3,22?) is

[ ] [ ] [ ]
[ ]
If the array contains the numbers {1,2,...,n} in some order in place of

the dots, we call it an a-tableau; for example,

7

w ot O

1
4
2

is a (3,2%)-tableau. Two a-tableaux are said to be row-equivalent if for
each row, they have the same numbers in that row. If an a-tableau s
has rows Ry,...,R; C [n] and columns Ci,...,Ci C [n], we let Ry =
SR, X Sg, X ...xSp, be the row-stablizer of s and Cs = S¢, x Sc, X...x S¢,
be the column-stabilizer.

An a-tabloid is an a-tableau with unordered row entries (or formally,
a row-equivalence class of a-tableaux); given a tableau s, we write [s] for
the tabloid it produces. For example, the (3, 22)-tableau above produces the
following (3, 22)-tabloid

a 6 7
{4 5}
{2 3.

Consider the natural left action of S,, on the set X of all a-tabloids; let
M® = C[X*?] be the corresponding permutation module, i.e. the complex
vector space with basis X and S,, action given by extending this action
linearly. Given an a-tableau s, we define the corresponding a-polytabloid

es 1= Z e(m)m[s].

FECS

We define the Specht module S to be the submodule of M® spanned by the
a-polytabloids:

S = Span{es : s is an a-tableau}.
A central observation in the representation theory of S,, is that the Specht

modules are a complete set of pairwise non-equivalent, irreducible represen-
tations of Sp,. Hence, any irreducible representation p of S, is isomorphic

13



to some S®. For example, S = M) is the trivial representation; M (")

is the left-regular representation, and S (") is the sign representation S.
We say that a tableau is standard if the numbers strictly increase along

each row and down each column. It turns out that for any partition « of n,

{e; : t is a standard a-tableau}

is a basis for the Specht module S¢.

Given a partition « of n, for each cell (7,j) in its Young diagram, we
define the ‘hook-length’ (hf;) to be the number of cells in its ‘hook’ (the set
of cells in the same row to the right of it or in the same column below it,
including itself) — for example, the hook-lengths of (3,22) are as follows:

1

N W Ot

4
2
1.

The dimension f¢ of the Specht module S is given by the ‘Hook For-
mula’:

fe= n'/H (hook lengths of [a]). (1.5)

From now on, we will write [a] for the equivalence class of the irre-
ducible representation S, x, for the irreducible character yg«, and &, for
the character of the permutation representation M®. Notice that the set
of a-tabloids form a basis for M“, and therefore £,(o), the trace of the
corresponding permutation representation at o, is precisely the number of
a-tabloids fixed by o.

IfU € [a], V € [F], we define [a]+[5] to be the equivalence class of UGV,
and [a] ® [§] to be the equivalence class of U ® V; since xpgv = xv + XV
and xXyey = XU * XV, this corresponds to pointwise addition/multiplication
of the corresponding characters.

The Branching Rule (see [19] §2.4) states that for any partition « of n,
the restriction [a] | S,—1 is isomorphic to a direct sum of those irreducible
representations [3] of S,,_1 such that the Young diagram of (3 can be obtained
from that of o by deleting a single dot, i.e., if o'~ is the partition whose
Young diagram is obtained by deleting the dot at the end of the ¢th row of
that of «, then

o] L Si = 3 o], (1.6)

o>

For example, if a = (3,22), we obtain

14



3,22] | Ss=| o o |+ | o o = [2%] + [3,2,1].

For any partition a of n, we have S0™) @ 8% 2 §¢' where o is the trans-
pose of a, the partition of n with Young diagram obtained by interchanging
rows with columns in the Young diagram of . Hence, [1"] ® [a] = [@/], and
Xo/ = € - Xa- For example, we obtain:

[3,2,2] @ [17] = [3,2,2] = : . —| o o o | =[331]

We now explain how the permutation modules M? decompose into irre-
ducibles.

Definition 1.6. Let «, 3 be partitions of n. A generalized a-tableau is
produced by replacing each dot in the Young diagram of a with a number
between 1 and n; if a generalized a-tableau has B; i’s (1 <1 < n) it is said
to have content 3. A generalized a-tableau is said to be semistandard if
the numbers are non-decreasing along each row and strictly increasing down
each column.

Definition 1.7. Let o, 3 be partitions of n. The Kostka number K, g is
the number of semistandard generalized a-tableaux with content (.

Young’s Rule states that for any partition § of n, the permutation mod-
ule M7 decomposes into irreducibles as follows:

MP ~ @OA_nKaﬁSa.

For example, M~ 11  which corresponds to the natural permutation
action of S,, on [n], decomposes as

M(nfl,l) ~ S(nfl,l) ® S(n)’

and therefore
§n-1,1) = X(n—1,1) + L. (1.7)
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The eigenvalues of the derangement graph

We now return to considering the derangement graph. Write U, for the
subspace of C[S,,] consisting of functions whose Fourier transform is concen-
trated on [a]; equivalently, U, is the sum of all submodules of CS,, isomor-
phic to the Specht module S¢. Note that U,y = Span{ f} is the subspace of
constant vectors in CS,,. Applying Theorem 1.5 to the derangement graph

I', we have
CSn = P Ua,

akn

and each U, is an eigenspace of the derangement graph, with dimension
dim(U,) = (f*)? and corresponding eigenvalue

Yo =25 3 Xalo) (1)
o€Dy,

We will use the following result, a variant of which is proved in [19]; for the
reader’s convenience, we include a proof using the Branching Rule and the
Hook Formula.

Lemma 1.8. For n > 9, the only Specht modules S of dimension f* <
(";1) — 1 are as follows:

o S (the trivial representation), dimension 1;
o SU™) (the sign representation S), dimension 1;
o S=LY) " dimension n — 1;

o 521772 (=S ®Sr=1Y) dimension n — 1.

(%)

Proof. By direct calculation using (1.5) the lemma can be verified for n =
9,10. We proceed by induction. Assume the lemma holds for n — 2,n — 1;
we will prove it for n. Let a be a partition of n such that f¢ < (";1) - 1.
Consider the restriction [« | Sp—1, which has the same dimension. First
suppose [a] | Sp—1 is reducible. If it has one of our 4 irreducible represen-
tations () as a constituent, then by (1.6), the possibilies for a are as follows:
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constituent ‘ possibilies for a

[n_l] (n)7(n_171)

1] (1"), (2,1")

[n—2,1] (n—1,1),(n—2,2),(n—2,1,1)
[2,1773) (2,172),(2,2,1"7),(3,1773)

But using (1.5), the new irreducible representations above all have dimen-
sion > ("51) —1:

« ‘ fe
(n - 27 2)7 (Qa 27 1n74>
(n—2,1,1),(3,1"73)

so none of these are constituents of [a] | Sp—1. So we may assume that
the irreducible constituents of [a] | S,_1 do not include any of our 4 irre-
ducible representations (), hence by the induction hypothesis for n—1, each
has dimension > ("52) — 1. But 2((";2) —-1) > (";1) — 1 provided n > 11,
hence there is just one, i.e. [a] | S,_1 is irreducible. Therefore [o] = [s!] for
some s,t € N with st = n, i.e. it has square Young diagram. Now consider

(@] | Spa=[s""1 s =2+ [s572 s — 1,5 — 1].

Note that neither of these 2 irreducible constituents are any of our 4 ir-
reducible representations (x), hence by the induction hypothesis for n — 2,

each has dimension > ("53) — 1, but 2(("53) —-1) > (";1) —1 for n > 11,

contradicting dim([a] | Sp—2) < (";') — 1. 0

If a is any partition of n whose Specht module has high dimension f* >
("51) — 1, we may bound |\,| using the following trick:

Lemma 1.9. Let ' be a graph on N wvertices whose adjancency matriz A
has eigenvalues \1 > Ao > ... > Ay then

N
> A7 =2¢(I).
i=1

This is well-known; we include a proof for completeness.

Proof. Diagonalize A: there exists a real invertible matrix P such that A =
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P~1DP, where D is the diagonal matrix

A0 .00
0 X2 0
D=| . :
0 . AN

We have A% = P~'D?P, and therefore

ZA,J_ZAQ_T“P) Tr(P~1D?P) = Tr(D?) = ZV

i,j=1 i,5=1
as required. ]

Hence, the eigenvalues of the derangement graph satisfy:

S (F2a)? = 26(T) = nld,, = (n1)2(1/e + o(1)),

abn

so for each partition « of n,

vnld, n! et oD
‘)\04| S fa fa 1/ + O( )
Therefore, if S has dimension f¢ > (”;1) —1, then [Ao| < O((n—2)!). For
each of the Specht modules (*), we now explicitly calculate the corresponding
eigenvalue using (1.8).
For the trivial module, x,) =1, so

An) = -

For the sign module S0, X(1n) = €, SO

/\(1n) = Z 6(0) = €p — On,

O'GDn

where ey, 0,, are the number of even and odd derangements of [n], respec-
tively. It is well known that for any n € N,

en —0p = (=1)""1(n —1). (1.9)

To see this, note that an odd permutation o € S,, without fixed points can
be written as (i n)p, where o(n) = i, and p is either an even permutation
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of [n — 1]\ {¢} with no fixed points (if o(i) = n), or an even permutation of
[n — 1] with no fixed points (if o (i) # n). Conversely, for any i # n, if p is
any even permutation of [n—1] with no fixed points or any even permutation
of [n — 1]\ {¢} with no fixed points, then (i n)p is a permutation of [n] with
no fixed points taking n +— ¢. Hence, for all n > 3,

on=m—1)(en—1+ €n—2).

Similarly,
en = (n—1)(0op—1+ 0n—2).

(1.9) follows by induction on n.

Hence, we have:
)\(1n) = (_1>n71(n — 1).

For the partition (n —1,1), from (1.7), we have:
X(n-1,1)(0) = {m_1,1)(0) — 1 = #{fixed points of o} — 1

giving:

1 dp
)‘(n—l,l) = n_1 Z (*1) = *n_ 1
o€D,,

For SG1"7) 2§01 @ =11y 1u-2) = € X(n_1.1), 50
X(2,1m-2)(0) = (o) (#{fixed points of o} — 1)

and therefore

Apan-2) = — —e(0) = -2 = (—1)™.

To summarize, we obtain:

A
(n) dn

(1) ()" Hn—1)
(n—1,1) | =dy/(n—1)
(2,1772%) | (=)

Hence, Uy, is the dy-eigenspace, U,_1 1) is the —d,/(n — 1)-eigenspace,
and all other eigenvalues are O((n —2)!). Hence, Leader’s conjecture follows
(for n sufficiently large) by applying Theorem 1.2 to the derangement graph.
It is easy to check that v =d,/(n — 1) for all n > 4, giving

[0
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Theorem 1.10. Ifn > 4, then any cross-intersecting pair of families A, B C
Sy satisfy
1B < ((n— 1)1?

If equality holds, then by Theorem 1.2 part (i), the characteristic vectors
v4,vg must lie in the direct sum of the d,, and —d,,/(n — 1)-eigenspaces. It
can be checked that for n > 5, [\o| < dp/(n—1) Yo # (n), (n — 1, 1), so the
dp, eigenspace is precisely U,y and the —d/(n — 1)-eigenspace is precisely
Um—1,1)- We will see in Chapter 2 (Lemma 2.5) that Uy ® Ugp—1,1) 18
precisely the span of the characteristic vectors of the 1-cosets of S,,. Hence,
for n > 5, if equality holds in Theorem 1.10, then the characteristic vectors
of A and B are linear combinations of the characteristic vectors of the 1-
cosets. We will see in Chapter 2 (Corollary 2.14) that if the characteristic
vector of A C S, is a linear combination of the characteristic vectors of the
1-cosets, then A is a disjoint union of 1-cosets. It follows that for n > 5, if
equality holds in Theorem 1.10, then A and B are both disjoint unions of
1-cosets. Since they are cross-intersecting, they must both be equal to the
same 1-coset, i.e.

A=B={ceS,: o(i)=j}

for some 4, j € [n]. It is easily checked that the same conclusion holds when
n = 4, so we have the following characterization of the case of equality in
Leader’s conjecture:

Theorem 1.11. For n > 4, if A,B C S, is a cross-intersecting pair of
families satisfying

[AJB| = ((n—1)!)?,

then
A=B={ceS,: o(i)=j}

for some i, j € [n].

1.3 Stability

We now turn to the question of stability. First, we prove a ‘rough’ stability
result: for any positive constant ¢ > 0, if 4 is an intersecting family of
permutations of size |A| > ¢(n—1)!, then there exist ¢ and j such that all but
O((n—2)!) permutations in A map i to j, i.e. Ais ‘almost’ centred. In other
words, writing A;—.; for the collection of all permutations in A mapping i
to j, |A\ Aij| < O((n —2)!). To prove this, we will first show that if A
is an intersecting family of size at least c¢(n — 1)!, then the characteristic
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vector vy of A cannot be too far from the subspace U spanned by the
characteristic vectors of the 1-cosets, the intersecting families of maximum
size (n — 1)!. This relies on a straightforward consequence of the proof
of Hoffman’s Theorem (Theorem 1.1). Hoffman’s Theorem states that if
equality holds in (1.1), then vx € U. We need a ‘softened’ version of this
statement:

Lemma 1.12. Let I, A, X and U be as in Theorem 1.1. Let « = |X|/N.
Let A1, be the negative eigenvalue of second largest modulus. Equip CN with
the inner product:

and let

be the induced norm. Let D be the Euclidean distance from the characteristic
vector vx of X to the subspace U, i.e. the norm ||PyL(vx)|| of the projection
of vx onto U*. Then

l—a)])\N\ —/\1a
D? < ( «
vl = ALl

For completeness, we include a proof:

Proof. Let u; = f,uo,...,uny be an orthonormal basis of real eigenvectors
of A corresponding to the eigenvalues A1, ..., Ay. Write

N
vx =Y &
i=1
as a linear combination of the eigenvectors of A; we have &, = « and
N
2 2
> & =lhxIP=XI/N =«
i=1

Then we have the crucial property:

N
0= > Apy=vkAvx=> MN&>NG+Iv Y, G+ Y &

z,yeX =1 VXN =AN >N #AN
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Note that

> &=0?

i>LN#AN
and
Z 612 = — a2 - D27
LA=AN
so we have

0> Ma? + Ay(a —ao?® — D) + A\ D2

Rearranging, we obtain:

1—a)|An| — M
D?< ( Q,
I PV VA

as required. O

The derangement graph I" has Ay = —d,,/(n—1) and |Ar| = O((n—2)!),
so applying the above result to an intersecting family A C .S, gives:

1Py (wa)l? < (1= [A]/(n = 1)1)(1 + O(1/n))| Al /nl. (1.10)

We will use this to show that there exist i, j € [n] such that |A;.;| >
w((n — 2)!). Clearly, for any fixed i € [n],

D il = Al
j=1

and therefore the average size of an |A; | is |A|/n; |Ai—j| is w of the
average size. This statement would at first seem too weak to help us, but
combining it with the fact that A is intersecting, we may ‘boost’ it to the
much stronger statement |A;;| > (1 — o(1))|A|. In detail, we will deduce
from Theorem 1.10 that for any j # k,

Al imi| < ((n = 2)1)2,

giving |A;—k| < o((n —2)!) for any k # j. Summing over all k # j will give
|AN\ Aij| < o((n—1)!), enabling us to complete the proof.
Here, then, is our rough stability result:

Theorem 1.13. Let ¢ > 0 be a positive constant. If A C S, is an intersect-
ing family of permutations of size |A| > c¢(n — 1)!, then there exist i,j € [n]
such that all but at most O((n — 2)!) permutations in A map i to j.
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Proof. Let A C S, be an intersecting family of permutations of size |A| >
c(n —1)!I. Write |A] = (1 —0)(n —1)!, where § <1 — ¢. Then by (1.10),

D% = [|Pyi (va)||? < 6(1 + O(1/n))|Al/nl. (1.11)

The projection of v4 onto U,y = Span{f} is clearly (|.A[/n!)f. By equation
(1.4), the projection of v4 onto Uy,_ 1) has o-coordinate

n—1 _
PU(n7171)(UA)O' = nl ZX(n—l,l)(pU 1)
T opeA
n—1 _
= oy Z(f(nfm)(PU 1) -1)
T opeA
n—1

= ' E (#{fixed points of po~1} — 1)
n!
pEA

n

_ él(#{(p,i):pefl, i € [n], pi) = o(i)} — A

n—1«— n—1
: i—1 .

n n

Hence, the o-coordinate Py, of the projection of v4 onto U = U,y ® U(—1,1)
is given by

n n

n—1«— (n—2)
P, = [ Z ‘Ai»—m(i)‘ - ! ‘A‘v
=1

which is a linear function of the number of times o agrees with a permutation
in A.
From (1.11),

> (1=P)?+ ) P2<JAIB(L+0(1/n)). (1.12)

oceA oA

Choose C' > 0 such that |A|(1 —1/n)d(1 4+ C/n) is at least the right-hand-
side of (1.12); then (1 — P,)? < 6(1 + C/n) for at least |A|/n permutations
in A, so the subset

A={occA:(1-P,)?<6(1+C/n)}
has size at least |A|/n. Similarly, P? < 2§/n for all but at most

nlA|(1+0(1/n))/2=(1-90)n!(1+0(1/n))/2

23



permutations o ¢ A, so the subset 7 = {0 ¢ A: P? < 2§/n} has size
7| >nl—(1=08)(n—-1'—1-=¥56nl(1+0(1/n))/2.

The permutations ¢ € A’ have P, close to 1, and the permutations 7 € T
have P close to 0. Using only the lower bounds on the sizes of A’ and 7T,
we may prove the following:

Claim: There exist permutations o € A’, 7 € T such that o~ '7 is a product
of at most h = h(n) transpositions, where h = 2,/2(n — 1) logn.

Proof of Claim: Let H be the transposition graph on S, the Cayley graph
on S, generated by the transpositions, i.e. V(H) = S, and ow € E(H) iff
L7 is a transposition. We use an isoperimetric inequality for H, essentially
the martingale inequality of Maurey:

Theorem 1.14. Let X C V(H) with | X| > an! where 0 < a < 1. Then for
any h > hg := y/5(n—1)log L,

o~

2(h—hg)?
INL(X)] > <1 —e i )m.

For a proof, see for example [26]. Applying Theorem 1.14 to the set A’,
which has |A’| > w > %, with a = 1/n*, h = 2hg, gives |Ny(A")| >
(1 —n~*)nl, so certainly Nj,(A')NT # 0, proving the claim.

We now have two permutations o € A, 7 ¢ A which are ‘close’ to
one another in H (differing in only O(y/nlogn) transpositions) such that

P, >1—+/6(1+C/n) and Py < /25/n, and therefore P, — Py > 1 —+/5 —

O(1/4/n), i.e. o agrees many more times than 7 with permutations in A:

n

D Micom = D Micrp] = (n = D1 = V35 = O(1/v/n)).
i=1

=1

Suppose for this pair we have m = o7 . .. 77 for transpositions 7, . . ., 77,
where [ < t. Let I be the set of numbers appearing in these transpositions;
then |I| <2l < 2t, and (i) = 7 (i) for each i ¢ I. Hence,

Z ‘Am—»a(l)‘ - Z ’Azr—>71'(z)| > (n - 1)'(1 - \/S - O(l/\/ﬁ))7

iel el
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so certainly,
Z ’Au—w(z)| > (TL - 1)'(1 - \/g - 0(1/\/5))
el

By averaging,

1

m(n — D1 = V35— O(1/v/n))

(n—1)!
4./2(n —1)logn

|~’4i'—>a(i) |

(1 -6 —-0(1/vn))

for some i € I. Let o(i) = j; then

n—1)!
4/2(n —1)logn

(1= VI—c—0(1/v/n)) = w((n —2)").

|Aisj| >

We will now use Theorem 1.10 to show that |A; x| is small for each
k # j. Notice that for each k # j, the pair A;—.;, A; is cross-intersecting.

Lemma 1.15. Let A C S,, be an intersecting family; then for all i,j and k
with k # 7,
[Aijl[ Aok | < (= 2)12.

Proof. By double translation, we may assume that i = j = 1 and k = 2. Let
o € A1 and m € Aj,9; then there exists p # 1 such that o(p) = w(p) > 2.
Hence, the translates & = Aj,,; and F = (1 2).A4;,2 are families of permu-
tations fixing 1 and cross-intersecting on the domain {2,3,...,n}. Deleting
1 from each permutation in the two families gives a cross-intersecting pair
&' F' of families of permutations of {2,3,...,n}; applying Theorem 1.10
gives:
[Aii || Arss| = [E|F] < ((n = 2)1)%.
O

Since |Ajj| > w((n—=2)1), |Aisk| < o((n—2)!) for all k # j, so summing
over all k # j gives

k#j

and therefore

[Aij| = [Al = [A\ Ajj| = (¢ = o(1)) (n = 1)1 (1.13)
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Applying Lemma 1.15 again gives
Aii] < O((n - 3)Y)
for all k # j; summing over all k£ # j gives
AN Aij| < O((n —2)Y),
proving Theorem 1.13. O

The stability conjecture of Cameron and Ku follows easily:

Corollary 1.16. Let ¢ > 1—1/e; then for n sufficiently large depending on
¢, any intersecting family A C S, of size |A| > c¢(n — 1)! is centred.

Proof. By Theorem 1.13, there exist ¢, j € [n] such that |A\ A ;| < O((n—
2)!), and therefore

|Aij| > (¢ = O(1/n))(n — 1)L (1.14)

Suppose for a contradiction that .4 is non-centred. Then there exists a
permutation 7 € A such that 7(i) # j. Any permutation in A;.; must
agree with 7 at some point. But for any 4,j € [n] and any 7 € S,, such that
7(7) # 7, the number of permutations in S, which map i to j and agree with
7 at some point is

m—1)!'—dp1 —dp2=(1-1/e—0(1))(n—1)!

(By double translation, we may assume that i = 7 = 1 and 7 = (1 2).
Observe that a permutation fixing 1 intersects (1 2) if and only if it has
a fixed point greater than 2, so the number of permutations fixing 1 and
intersecting (1 2) is (n—1)!—d,—1 —d,,—2.) This contradicts (1.14) provided
n is sufficiently large depending on c. O

We now use our rough stability result to prove the Hilton-Milner type
conjecture of Cameron and Ku, for n sufficiently large. First, we introduce
an extra notion which will be useful in the proof. Following Cameron and
Ku [6], given a permutation 7 € S, and ¢ € [n], we define the i-fiz of 7w to
be the permutation 7; which fixes ¢, maps the preimage of ¢ to the image of
i, and agrees with 7 at all other points of [n], i.e.

mi(i) = i mi(n (@) = w(@); mi(k) = mw(k) Yk #i,77(0)
In other words, 7; = w(7~1(i) i). We inductively define

Ty peyiy = (7Ti1,--~,iz—1)iz

Notice that if o fixes j, then o agrees with 7; wherever it agrees with .
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Theorem 1.17. For n sufficiently large, if A C S, is a non-centred inter-
secting family, then A is at most as large as the family

C={oeS,:0(l)=1,0(i) =1 for somei>2}U{(12)}

which has size (n—1)!—d,,—1 —dp—2+1=(1—1/e+0(1))(n—1)!. Equality
holds iff A is a double translate of C, i.e. A= nCt for some 7,7 € Sy,.

Proof. Let A be a non-centred intersecting family the same size as C; we
must show that A is a double translate of C. By Theorem 1.13, there exist
i,7 € [n] such that |A\ A;—;| < O((n — 2)!), and therefore

|Aisi| > (n—1)!—dp1 —dp2+1-0n—-2)!=(1-1/e—0(1))(n— 1)

Since A is non-centred, it must contain some permutation p such that p(i) #
j. By double translation, we may assume that i = j = 1 and p = (1 2); we
will show that under these hypotheses, A = C. We have

Ai| > (1= 1/e — o(1))(n — 1)! (1.15)

and (1 2) € A. Note that every permutation in A must intersect (1 2), and
therefore

A1 U{(12)}cCcC.

We need to show that (1 2) is the only permutation in A that does not fix
1. Suppose for a contradiction that .4 contains some other permutation 7
not fixing 1. Then 7m must shift some point p > 2. If ¢ fixes both 1 and p,
then o agrees with m , = (m1), wherever it agrees with w. There are exactly
dp—2 permutations which fix 1 and p and disagree with 7, at every point
of {2,...,n} \ {p}; each disagrees everywhere with 7, so none are in A, and
therefore
A1l < (n— D! —dp—1 — 2dy—2.

Hence, by assumption,
AN\ A1o1| > dp—a + 1 =Q((n — 2)!).

Notice that we have the following trivial bound on the size of a t-
intersecting family F C Sy:

17| < (;‘) (n—t)! = nl/t!

since every permutation in F must agree with a fixed p € F in at least ¢
places.
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Hence, A\ Aj1 cannot be (logn)-intersecting and therefore contains
two permutations p, T agreeing on at most logn points. The number of
permutations fixing 1 and agreeing with both 7 and 7 at one of these
points is at most (logn)(n —2)!. All other permutations in ANC agree with
p and T at two separate points of {2,...,n}, and by the above argument,
the same holds for the 1-fixes p; and 7. The number of permutations
fixing 1 that agree with p; and 71 at two separate points of {2,...,n} is at
most ((1 —1/e)? + o(1))(n — 1)! (it is easily checked that given two fixed
permutations, the probability that a uniform random permutation agrees
with them at separate points is at most (1 — 1/e)? + o(1)). Hence,

A1 < ((1—=1/e)® +0(1))(n—1)! + (logn)(n — 2)!

= ((1-1/e)*>+o(1))(n —1)!

contradicting (1.15) provided n is sufficiently large.
Hence, (1 2) is the only permutation in A that does not fix 1, so A =
A1 U{(1 2)} CC; since |A] = |C]|, we have A = C as required. O

We now perform a very similar stability analysis for cross-intersecting
families. First, we prove a ‘rough’ stability result analogous to Theorem
1.13, namely that for any positive constant ¢ > 0, if A, B C S,, is a pair of
cross-intersecting families of permutations with /| A||B| > ¢(n — 1)!, then
there exist 4,j € [n] such that all but at most O((n — 2)!) permutations in
A and all but at most O((n — 2)!) permutations in B map i to j.

Theorem 1.18. Let ¢ > 0 be a positive constant. If A,B C S, is a cross-
intersecting pair of families with /|A||B| > c¢(n — 1)!, then there existi,j €
[n] such that all but at most O((n — 2)!) permutations in A and all but at
most O((n — 2)!) permutations in B map i to j.

Proof. Let |A| < |B|. First we examine the proof of Theorem 1.2 to bound
D = ||Pyi(vx)|l, E =||Pyi(vy)||. This time, we have

d g=D7

’i>1:>\i7é>\]v
2 2
Z U E )
i>1LN#AN
Z 512 = — 042 - D27
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Y oni=8-8-

i>1LAN=AN

Substituting into (1.3) gives:

doB = — > N&mi—AIv Y. &
i>LNAAN i>1:AN=AN
< o Y llmlEN D (Gl
>N #AN >N =AN
< Sooe ] > omabwl | > > o
i>LNFEAN i>LNAAN i>1:N=AN i>1:N=A\N

— uDE+ MAy|Va—a2—D2\/p— 32 — E?

where p = max;>1.3,2xy |Ai|. Note that the derangement graph I" has p <
O((n — 2)!). Hence, applying the above result to a cross-intersecting pair

A, B C S, with \/\AHB 0)(n — 1)!, we obtain
V1= a=D%a\/1-f-E%5> 2 nvaf - “(%'\F)(E/\ﬂ >1-6-0(1/n)

and therefore 1 —a—D?/a > (1-6)2—0(1/n), so D? < a(20—35%+0(1/n)).
Replacing § with 26 — 62+ O(1/n) in the proof of Theorem 1.13, we see that
there exist 4, j € [n] such that

e .
A 2 e (1= V2= 5 = O(1/ Vi) = wl(n = 2))

since § < 1 —c. For each k # j, the pair A;_;, B; .1 is cross-intersecting, so
as in Lemma 1.15, we have:

|Aij||Bii| < ((n —2)1)2.

Hence, for all k # 7,
Biil < of(n — 2)1).

so summing over all j # k gives
B\ Bivy| < of(n — 1)),
Since |B| > |A|, |B| > ¢(n — 1)!, and therefore

Bij| > (c = o(1))(n — 1)L
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For each k # j, the pair Aj i, Bi.; is cross-intersecting, so as before, we
have:
[ Aiil Bimj| < ((n = 2))2.

Hence, for all k # 7,
[Aimk| < O((n = 3)),

so summing over all j # k gives
AN\ Aij| < O((n—2)!).

ﬁlso, 1B| = |Bij | +1B\Bisj| < (1+0(1))(n—1)!, 50 | A > 2(1—0(1))(n—1)L.
| o] = (1= o(1))(n — 1L

so by the same argument as above,
Byl < O((n — 3)!)
for all k£ # j, and therefore
B\ Bij| < O((n —2)!)
as well, proving Theorem 1.18. ]

We may use Theorem 1.18 to deduce two Hilton-Milner type results for
cross-intersecting families:

Theorem 1.19. Forn sufficiently large, if A, B C S, is a cross-intersecting
pair of families which are not both contained within the same I-coset, then
min(|A|, |B|]) < |C| = (n — 1)! —dy—1 — dn—2 + 1. Equality holds if and only
if

A = {o€S,:0(i) =7, ointersects 7} U{p},

B = {o€S,:0(i) =j,o intersects p} U{T}
for some i,j € [n] and some T,p € S, which intersect and do not map i to
g
Proof. Suppose min(|A|, |B|) > |C|. Applying Theorem 1.18 with any ¢ <
1 —1/e, we see that there exist ¢,j € [n] such that

AN Aijl, 1B\ Bij| < O((n —2)Y).
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By double translation, we may assume that ¢ = j =1, so
AN\ Aia ], [B\ Bioa| < O((n = 2)1).

Assume A is not contained within the 1-coset {o € S, : o(1) = 1}; let
p be a permutation in A not fixing 1. Suppose for a contradiction that A
contains another permutation 7 not fixing 1. As in the proof of Theorem
1.17, this implies that

|Bio1] < (n = 1)! —dp1 — 2dp, 2,
and so by assumption,
|B\ Bi-1| > dp—2 + 1,

so B\ Bi1 cannot be (log n)-intersecting. As in the proof of Theorem 1.17,
this implies that

(Al < ((1=1/€)* +0(1))(n — 1)L,
giving
Al < (1= 1/e)* +o(1))(n — DI < [C]|

—a contradiction. Hence,
A=A U{p}.

If B were centred, then every permutation in B would have to fix 1 and
intersect p, and we would have |B| = |Bi—1| < (n—1)!—dy—1 —dn—2 < |C|, &
contradiction. Hence, B is also non-centred. Repeating the above argument
with B in place of A, we see that B contains just one permutation not fixing
1, 7 say. Hence,

B=DBi,1U {7‘ }

Since min(|Al, |B|) > |C|, we have

A1 = {o€S,:0(1) =1, o intersects 7},
Bi1 = {o€8,:0(l)=1, o intersects p},
proving the theorem. O

Similarly, we may prove
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Theorem 1.20. For n sufficiently large, if A, B C S, is a cross-intersecting
pair of families which are not both contained within the same 1-coset, then

JA[IB| < ((n — 1) = dp—1 — dp—2)((n — 1) + 1).
Equality holds if and only if
A={o€S,:0(i) =7, o intersects p}, B={oce€S,:0(i)=j}U{p}
for some i,j € [n] and some p € S, with p(i) # j.

Proof. Let A, B be a cross-intersecting pair of families, not both centred,
with |A||B] > (n — 1)! —dp—1 — dp—2)((n — 1)! + 1). We have

VIAIB| = (V1 = 1/e = O(1/n))(n — 1)!

so applying Theorem 1.18 with any ¢ < /1 — 1/e, we see that there exist
i,j € [n] such that

AN Aiy, 1B\ Biy| < O((n — 2)).
By double translation, we may assume that ¢ = 5 =1, so

AN A, [B\ Bisi] < O((n — 2)1).
Therefore,

VA1 [Bioa] > (V1—1/e — O(1/n))(n — 1)l (1.16)
If B contains some permutation p not fixing 1, then
A11 C{o €8, :0(1) = 1,0 intersects p}
and therefore
A1 < (=1 —dpy —dp_g = (1 —1/e+o(1))(n — 1.
Similarly, if A contains a permutation not fixing 1, then
IBi.1| < (1 =1/e+o0(1))(n—1)..

By (1.16), both statements cannot hold (provided n is large), so we may
assume that every permutation in A fixes 1, and that B contains some
permutation p not fixing 1. Hence,

AC{o€S,:0(l)=1,0 intersects p}
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and
Al < (n—1)! —dp1 —dn2 = (1 —-1/e+o(1))(n—1). (1.17)

So by assumption,
|B| > (n—1)! + 1. (1.18)

Suppose for a contradiction that B contains another permutation m # p such
that (1) # 1. Then, by the same argument as in the proof of Theorem 1.17,
we would have

‘A‘ = ‘.Al._>1| S (n — 1)' — dn—l — 2dn_2
so by assumption,

D) —dpg — dno)((n— 1)1 + 1)
(n— D) —dp1 — 2dy_2

B> = (n— D!+ Q((n—2)").

This implies that |B\ Bi—1| = Q((n — 2)!), so B\ Bi-1 cannot be (logn)-
intersecting. Hence, by the same argument as in the proof of Theorem 1.17,

|Aroa] < (1 =1/e)% 4+ o(1))(n — 1)

Therefore,
|A1-1][Bio1] < (1 —1/e+o(1))(n — 1)!

— contradicting (1.16). Hence, p is the only permutation in B not fixing 1,
ie.

B=DB1-.1U {p}

So we must have equality in (1.18), i.e.
Bisi={c€S,: o(1) =1}
But then we must also have equality in (1.17), i.e.
A={c€S,: o(l) =1, o intersects p},

proving the theorem. O
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Chapter 2

A Proof of the Deza-Frankl
Conjecture
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2.1 Introduction

In Chapter 1, we dealt with intersecting families of permutations; in this
chapter we consider a natural generalization. A family of permutations
A C S, is said to be t-intersecting if any two permutations in A agree in
at least ¢ places, i.e. for any o,m € A, [{i € [n] : 0(i) = w(i)}| > ¢t. In
1977, Deza and Frankl [8] conjectured that provided n is sufficiently large
depending on ¢, a t-intersecting family .4 C S,, has size at most (n — t)!.
Note that equality holds if A4 is a coset of the stabilizer of ¢ points, i.e. of the
form {o € S, : o(ix) = ji Vk € [t]} for some distinct iy, ...,4; and distinct
J1,---,7t- We call such a family a ‘t-coset’ for short.

We remark in passing that for some values of ¢ and n, there is a Katona-
type proof of the Deza-Frankl conjecture. A subset H C S, is said to be
t-transitive if for any distinct 41, . ..,4; € [n] and any distinct j1,...,j; € [n],
there exists 0 € H : o(ix) = ji (1 < k < t); it is said to be sharply t-
transitive if there exists a unique such o. Note that a ¢-transitive subset
H C S, is sharply t-transitive iff it has size n(n—1)...(n—t+1). Deza and
Frankl pointed out that their conjecture holds if S, has a sharply ¢-transitive
subset H, as then any left translate c H of H is also sharply t-transitive,
so any two distinct permutations in o H agree in at most ¢ — 1 places, and
therefore [ANoH| < 1; averaging over all left translates gives |A| < (n—t)!.

For t = 2 and n = ¢ a prime power, S, has a sharply 2-transitive subgroup
H: identify the ground set with the finite field I, of order ¢, and take H
to be the group of all affine maps z — az +0b (a € Fy \ {0}, b € F;). Any
two distinct permutations in H agree in at most 1 point, so an intersecting
family A contains at most 1 element of each left coset of H. Since the left
cosets of H partition Sy, it follows that |A] < (n —2)!.

For t =3 and n = g + 1 (where ¢ is a prime power), S,, has a sharply
3-transitive subgroup: identify the ground set with F,U{oco} and take H to
be the group of all Mobius transformations

ar +b
cr+d

T — (a,b,c,d € Fy, ad — bc # 0)

However, it is a classical result of C. Jordan that the only sharply ¢t-transitive
permutation groups for ¢ > 4 are S; (for t > 4), A;_o (for t > 8), My (for
t = 4) and Mys (for t = 5), where Mjy, Mo are the Matthieu groups.
Moreover, sharply t-transitive subsets of S, have not been found for any
other values of n and ¢. Thus, it seems unlikely that this approach can work
in general.
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In this chapter, we will use an eigenvalue argument together with rep-
resentation theory of S, to prove the conjecture. A very similar argument
proves a t-cross-intersecting version of the conjecture. (We say that a pair
of families A, B C S,, are t-cross-intersecting if |{i € [n] : o(i) = 7(i)}| >t
for any o € A, m € B.) We show that for ¢t € N, and n sufficiently large de-
pending on t, if A, B C S, are t-cross-intersecting, then |A||B| < ((n—t)!)2.

We also obtain a Hilton-Milner type result for t-intersecting families,
generalizing the Cameron-Ku conjecture (see Chapter 1). We prove that for
n sufficiently large depending on ¢, if A C S, is a t-intersecting family which
is not contained within a t-coset, then A cannot be larger than the family

B = {o:0(i)=iVi<t, o(j) =7 for some j >t+ 1}
U{(1t+1),(2t+1),...,(tt+1)}

which has size (1 —1/e + o(1))(n — t)!. The extremal families are precisely
the double translates {7B7 : m,7 € S,} of this family. Note that it fol-
lows immediately that provided n is sufficiently large depending on ¢, the
t-intersecting families in S,, of maximum size (n — t)! are precisely the ¢-
cosets.

To prove our Hilton-Milner type result, we perform a stability analy-
sis on our proof of the Deza-Frankl conjecture, making use of our t-cross-
intersecting result to show that a large t-intersecting family is close to being
contained within a t-coset. Our method is based on the ideas in Chapter
1, but both the representation theory and the combinatorial arguments are
significantly more involved.

The Deza-Frankl conjecture was proved independently by Ehud Friedgut
and Haran Pilpel at about the same time using an equivalent argument. We
have now submitted a joint paper [9] on the Deza-Frankl conjecture, and
where indicated, the proof of the Deza-Frankl conjecture in this chapter is
presented as in [9] rather than as in the author’s original proof. The only
fundamental difference between the author’s approach and that of Friedgut
and Pilpel was that they proved the equality case more directly. Interest-
ingly, the direct proof of equality does not seem to work for A,,.

The plan of this chapter is as follows. In section 2.2, we give an overview
of the proof of the Deza-Frankl conjecture. Section 2.3 contains the relevant
background from the representation theory of S, and some simple conse-
quences. Section 2.4 contains the main combinatorial work of the proof.
In section 2.5, we prove the analogous result for the alternating group A,
namely that a ¢-intersecting family A C A,, has size at most (n —¢)!/2.

In section 2.6, we make a digression and describe Friedgut and Pilpel’s
proof that the t-intersecting families in S;, of maximum size are precisely the
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t-cosets of S,,. (Their argument uses the Strong Duality Theorem of Linear
Programming; a statement and proof of this is included in the Appendix for
the reader’s convenience.) We outline brifely why the same method of proof
does not work for A,,.

In section 2.7, we prove the t-cross-intersecting result mentioned above.
In section 2.8, we perform a stability analysis and hence prove the Hilton-
Milner type result. We note that this immediately gives the equality case in
the Deza-Frankl conjecture, for n sufficiently large. In section 2.9, we apply
the same techniques to obtain an analogous Hilton-Milner type result for
t-intersecting families in A,,, and hence deduce that for n sufficiently large
depending on t), a t-intersecting family in A,, of maximum size must be a
coset of the stabilizer of ¢ points.

2.2 An overview of the proof

Let I'y be the ‘t-derangement graph’ on .S,,, where we join two permutations
iff they agree at less than ¢ points. A t-intersecting family of permutations
is simply an independent set of vertices in this graph. Observe that I’ is
the Cayley graph on S, generated by the set D,, ; of all permutations of [n]
with less than ¢ fixed points, which is a union of conjugacy-classes of Sy, so
I'y is a normal Cayley graph. Applying Theorem 1.5 to I'y, we see that its
eigenvalues are given by:

1

Ao = —
foz

> Xalo) (abn).

UEDn,t

In order to deduce the Deza-Frankl conjecture by applying Hoffman’s The-
orem (Theorem 1.1) to the t-derangement graph, one would need its eigen-
values A1 > A9 > ... > Ay to satisfy

I 1
i—1 nn—-1)...(n—t+1)—1

AN|/AL = = 2.1

| N|/ 1= Mnt <n> ( )
However, this fails for the ¢t-derangement graph when ¢t > 1. Instead, we will
appeal to the following ‘weighted’ version of Hoffman’s Theorem:

Theorem 2.1. Let M be a real, symmetric, N x N matrix with real eigen-
values \1 > Ay > ... > An (where A\ > 0), such that the all-1’s vector f is
an eigenvector of M with eigenvalue A1, i.e. all row and column sums of M
equal Ai. Let X C [N] such that My, = 0 for any xz,y € X. Let U be the
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direct sum of the subspace of constant vectors and the An-eigenspace. Then

AN
X< ——N.
| ’_)\1+])\N‘

Equality holds only if the characteristic vector vx lies in the subspace U.

(The proof is an easy extension of that of Hoffman’s Theorem, and we
omit it.)

To make use of this, we will construct a real, symmetric matrix (Mg 7)o res,
such that M, = 0 whenever |{i € [n] : 0(i) = 7(i)}| > ¢, with eigenvalues
A1 > A2 > ... > Ay which do satisfy (2.1) for n sufficiently large depending
on t. The subspace U, the direct sum of the subspace of constant vectors and
the A\ y-eigenspace, will necessarily be the subspace spanned by the charac-
teristic vectors of the t-cosets of S,,. The Deza-Frankl conjecture will follow
immediately.

To make the eigenvalues easy to analyse, we will choose M to be of
the form My, = w(on™1), for w a suitable real-valued class function (i.e.
constant on the conjugacy classes of S,). Equivalently, identifying w with
the corresponding element of the group module CS,,,

w = Z w(o)o,
O’GSn

our M will be the matrix of the linear map
T = wr (2.2)

on CS,, with respect to the standard basis S,,. Observe that the class
functions correspond to the centre Z(CS,,) of the group module, so w €
Z(CS,,). Since w is inverse- invariant, such an M is symmetric:

My =w(on™) =w(ro™) = My ,.
We will need the following trivial extension of Theorem 1.5:

Theorem 2.2. Let G be a finite group; let w be an inverse-invariant, real-
valued class-function on G, and let M be the matriz defined by Mg, =
w(gh™1). Let (p1,V1), ..., (pr, Vi) be a complete set of pairwise non-isomorphic
complex irreducible representations of G. Let U; be the sum of all submod-
ules of the group module CG which are isomorphic to (p;, V;). Then we have

the decomposition
k
CG =PUus;
i=1
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each U; is an eigenspace of M with dimension dim(V;)? and eigenvalue

Ap = dinll(w) > w(g)xp(9)-

geG

Proof. Observe that M is a real linear combination of the adjacency matrices
of normal Cayley graphs, and apply Theorem 1.5. O

To guarantee that M, = 0 whenever |{i € [n] : 0(i) = 7(:)}| > ¢, we
must choose w to be zero on all permutations with at least ¢ fixed points, i.e.
supported on the conjugacy classes of permutations with less than ¢ fixed
points. We will use the representation theory of .S, to show that there exists
a class function w such that (2.2) has eigenvalues satisfying (2.1).

2.3 Preliminary results on 5,

In addition to the background in Chapter 1, we some more preliminary
results on S,.
The following two orders on the partitions of n will be useful.

Definition 2.3. (Dominance order) Let A = (A1,..., ) and pp = (1, .. ., fts)
be partitions of n. We say that A &> p (X dominates ) if Y7\ >
23:1 Wi Vi (where we define \j =0 Vi >r, pj=0Vj>s).

It is easy to see that this is a partial order.

Definition 2.4. (Lexicographic order) Let A = (A1,..., Ay) and pp = (p1, ..., ps)
be partitions of n. We say that X\ > p if A\j > pj, where j = min{i € [n] :
i # i}

It is easy to see that this is a total order which extends the dominance
order.

Recall Young’s Rule from Chapter 1: for any partition u of n, the per-
mutation module M* decomposes into irreducibles as follows:

MF = oy, Ky S,

where the Kostka number K , is the number of semistandard generalized
A-tableaux with content ;. We now examine the Kostka matrix (K ;) urn
more closely.

Clearly, if Ky, # 0 then A > pu (if s is a semistandard generalized A-
tableau of content p, then all p; j’s must appear in the first j rows of ¢,
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SO 23':0 pi < Zé’:o Aj Vi). Also, Ky = 1 VA I n, since the generalized
A-tableau with A; ¢’s in the ith row is the unique semistandard generalized
A-tableau of content A\. Order the partitions of n under the lexicographic
order on partitions, greatest first. Since the lexicographic order extends the
dominance order, K is upper-triangular, and it has 1’s all along the diagonal.
Hence, K is invertible, so any irreducible character x, can be expressed as
a linear combination of permutation characters {g. For any finite group G,
the irreducible characters of G form a basis for the space of complex-valued
class functions on G. The characters of .S, are real-valued, so the irreducible
characters form a basis for the space of real-valued class functions. Hence,
by the above argument, so do the permutation characters. This will be
useful to bear in mind in section 2.4.
Let

Foi={aFn:a>n-t,1N}={akFn:a; >n—t}

be the collection of all partitions of n whose Young diagram has first row
of length at least n — t; we call these partitions the ‘fat’ partitions of n.
Observe that for n > 2t,

t
[Pl = p(s),
s=0

where p(s) denotes the number of partitions of s. This grows very rapidly
with ¢, but (as will be crucial for our proof) it is independent of n for n > 2t.

Let U; denote the subspace of CS,, spanned by the characteristic vectors
of the t-cosets of S,,. The following observation demonstrates the importance
of the fat partitions:

Lemma 2.5.

U= P U

acFnt

Proof. Recall that for each partition @ - n, U, is a 2-sided ideal of CS,,.

Hence, so is
V.= @ U,.
OéE]'—n,t

Now notice that the set of vectors
{Z{a co(l)=j1,...,0(t) =g} : j1,...,j¢ are distinct}

is a basis for a copy W of the permutation module M (n=t.1%) in the group
module CS,,; Uy is precisely the subspace spanned by all right translates of
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W. Observe that {S®: a € F,;} are precisely the irreducible constituents
of M (”*t’lt), since K (,—,1t) > 1 iff there exists a semistandard generalized
a-tableau of content (n — t,1%), i.e. iff a; > n —t. Hence, W < V. Since
V is a 2-sided ideal of CS,,, Uy < V. Moreover, W contains a copy of 5S¢
for each o € F,+. Recall that if G is any finite group, and T,7" are two
isomorphic submodules of CG, then there exists s € CG such that the right
multiplication map x — x's is an isomorphism from 7' to 7. Hence, the sum
of all right translates of W contains all submodules of CS,, isomorphic to
S«, for each o € Fp 4, ie. Uy < Uy Va € Fppy. Hence, V < U, so V = Uy,
as required. O

We will need the following well-known result:

Lemma 2.6. Let p be a partition of n, and let &, be the character of the
permutation module M*. Let o € Sy,. If §,(0) # 0, then cycle-type(o) < pu.

Proof. The set of p-tabloids is a basis for the permutation module M#.
Thus, £,(c), which is the trace of the corresponding representation on the
permutation o, is simply the number of p-tabloids fixed by o. If §,(0) # 0,
then o fixes some p-tabloid T'. Hence, every row of length [ in T is a union
of the sets of numbers in a collection of disjoint cycles of total length [ in o.
Thus, the cycle-type of o is a refinement of u, so clearly, cycle-type(o) < p,
as required. ]

This is needed for the following:

Lemma 2.7. Let A be the permutation-character table of S, with rows and
columns indezed by partitions / conjugacy classes in the lexicographic order,
greatest first (so Ay, = {x(0,) where 0, is a permutation with cycle-type i,
and the top-left corner of A is §,y(0(n)).) Then the top-left minor Ay with
rows and columns indexed by the partitions in Fy; is upper-triangular with
positive entries on the diagonal, and does not depend on n provided n > 2t.

The proof of this is straightforward; we follow [9]:

Proof. By Lemma 2.6, and the fact that the lexicographic order extends the
dominance order, A; is upper-triangular. It is easy to see that a permutation
o with cycle-type A fixes precisely those A-tabloids with each row being a
cycle of o, so A; has positive entries along the diagonal.

To see that A; is independent of n for n > 2t, let = (n—s, 2, ..., tim),
A= (n—rA,...,N) > (n—t 1% be partitions of n, so r,s < t, and
(12, .oy pim) F s, (A2,...,A) Fr. Let o be a permutation with cycle-type
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w; note that as n > 2t, we have n — s > r, so if o fixes the A-tabloid T, then
r < s, and the n — s numbers in the longest cycle of ¢ must all appear in
the longest row of T' (which has length n — r). Delete the longest cycle of
o to form a permutation & with cycle-type i = (pa, ..., m). We see that
o fixes a A-tabloid T iff r < s, the n — s numbers in the longest cycle of
o all appear in the longest row of T, and the (s — 7, Ag, ..., \;)-‘tabloid’ T
produced by deleting these numbers from the first row of T is fixed by &.
(Note that T may not be a genuine tabloid, as s — r may not be the largest
part.) Hence, £x(0,,) depends only on 7,5, Ao, ..., A, pio, . - ., fim, and not on
n, provided n > 2t. Moreover, the lexicographic ordering on partitions of
the form (n—7, Ag, ..., \;) where r < ¢ depends only on 7, Ag, ..., \; and not
on n, provided n > 2t. This proves the lemma. ]

We need one more preliminary result. Write D,,; for the number of
permutations in 5,, with no cycle of length < ¢, and E,, ¢, Oy, ; for the number
of these permutations which are even/odd respectively.

Lemma 2.8. Lett € N be fixed; then there exists a positive constant C' = Ct
such that Ey 1, Ont > Cyn! ¥n > 2t + 2.

Proof. First suppose 2t + 2 < n < 3t + 2; if n is odd, then the even permu-
tations with no cycles of length < t are precisely the n-cycles, and the odd
ones are precisely the permutations with exactly two cycles, both of length
>t + 1; if n is odd, the situation is reversed. Choose C; > 0 such that
Epi,Ont > Cin! whenever 2t +2 < n < 3t + 2; it is easy to check that we
can take C; = ﬁ

We now derive recurrence relations for F,;, O,;. Let o be an even
permutation with no cycle of length < ¢. Let i = o(n); then we may write
o = (ni)p where p is an odd permutation of [n—1] and has no cycle of length
< t except possibly a t-cycle containing i. Conversely, given any such pair

p, i, (ni)p has no cycle of length < ¢t. Hence, we have

E.t = (n—1)Op-14+(n—-2)(n—-3)...(n—t)Ep_4—14) if tis even;
E.t = (n—1)Op-14+n—-2)(n—-3)...(n —t)Op—4—14) if tis odd.
Similarly,

Ont = (n—=1)(Ep—1p+(n—2)(n—3)...(n—t)Op—y—14) if t is even;

Ont = (n—=1)(Ep—1p+n—=2)(n—=3)...(n—t)Ep_4—1,) if tis odd.

We can now prove the lemma by induction on n. Let n > 3t+ 3 and assume
the statement is true for smaller values of n; the recurrence relations above
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give
Ent,Ont > (n—1)(Ce(n—1)!4+(n—-2)(n—=3)...(n—t)Ce(n—t—1)!) = Cyn!

as required. ]

2.4 Construction of the class function

We now proceed to construct a real-valued class function w, supported on
conjugacy-classes of permutations with less than ¢ fixed points, such that
the linear operator

M:CSs, — CS,
T o wr
has eigenvalues satisfying (2.1). Since rescaling makes no difference, we will

demand that A\; = 1 and Ay = —pp. By Theorem 2.2, the eigenvalues of
such an M are given by

S w(o)xa(o) = ’;i<w,xa> (aFn),

O'ESn

1
)\SU) -
fa

where (,) denotes the standard inner product on CSy,:

(6.0) = 3 5(@)(o).

’ O'ESn
The X-eigenspace is
D .
al—n:)\((lw>:)\

where U, denotes the sum of all copies of S* in CS,,, and has dimension
=y ()
oal—n:/\flw):/\

We want the 1-eigenspace to be U, the subspace of constant vectors in
CS,, and we want the direct sum of 1- and —pu, eigenspaces to be the
subspace U; spanned by the characteristic vectors of the t-cosets of S,.
Hence, by Lemma 2.5, we need the —pu,, ;-eigenspace of M to be

b v

(n)>a>(n—t,1t)
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)

i.e. we must have /\&w
(n —t,1%).
Let

= —[in for all partitions o - n such that (n) > o >

fAt:{ﬂ’:ﬂe}"n’t}

be the set of transposes of fat partitions of n, i.e. the set of all partitions
whose Young diagram has first column of depth at least n — t; we call these
the ‘tall’ partitions of n. Partitions of n which are neither fat nor tall will
be called ‘medium’. We will ensure that AS“) =0 Va € F,, ;. We will see
that if n is sufficiently large depending on ¢, then all medium partitions
a ¢ FniUF,, have

Fo > e~ D

for some constant ¢; depending only on ¢, i.e. their Specht modules have high

dimension. Provided w is suitably bounded, this will imply that ]/\((yw)] <
O(n_(t“)) — i.e. the corresponding eigenvalues are small. (For t = 1,
Lemma 1.8 states that all medium partitions « of n satisfy f* > (”;1) —-1;
we were able to use this to bound the corresponding eigenvalues of the
derangement graph. We use an analogous argument here.)

More precisely, we will construct a real-valued class function w supported
on conjugacy-classes of permutations with less than ¢ fixed points, satisfying:

1. |wy| < Ki/n! Vo € S, where K; is some constant depending only on
t;

2. A =% e, Wo = 1;
3. AL = Fh(w, Xa) =~ Vo € Fog\ {(n)};
4. 2\ = 2w, xa) =0 Yae Fote
(1)
Since [a'] = S ® [a] Ya I n, we have X|4) = € X[q], SO condition 4 becomes:
(w, € Xa) =0Va € Fpy.

In fact, similarly to in [9], we will construct two real-valued class func-
tions wT and w™, supported on conjugacy-classes of respectively even/odd

permutations with less than ¢ fixed points, such that for v = wt,w™,

1. |uy| < Ky/n! Vo € Sy;
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w) .
2.\ =3 s, o = 1;

3. A = B (uxa) = —png Vo€ Fog \{(m)}.

We will then have

(wh e xa) = (W, xa) = —tnt f /0! Va € Fpy;
(W™, € Xa) = — (W, Xa) = e fE/n! Ya e Fpy.

Taking w = 3(w* +w™~) will satisfy the conditions (f).

We now show that condition 1 implies that all the eigenvalues corre-
sponding to medium partitions of n are small. Using the Hook Formula
(1.5) and the Branching Rule (1.6), we obtain the following analogue of
Lemma 1.8:

Lemma 2.9. Let t € N be fized; then there exist constants no(t) € N and
¢t > 0 such that if n > ng(t), all partitions a = n whose Specht module has
dimension f& < ¢;n'T! either have oy > n —t (i.e. a € Fnt) oral >n—t

(i.e. € Fly)

Proof. First, choose ng(t) > 2n — 4 such that for n > ng(t), we have 2(n —
2)Ht > ntHland (n—t—1)(n—t—2)...(n—2t—1) > in**1. Now choose
e < m sufficiently small that the statement of the lemma holds for
n =ngo(t),no(t) + 1.

We proceed by induction on n. Assume the statement holds for n —
2,n — 1; we will prove it for n. Let a - n with f* < ¢n!T!. Consider the
restriction [¢] | S,,—1, which has dimension f¢.

First suppose that [a] | S,—1 is reducible. Suppose it has [3] as a
constituent for some 3 € Fp—1, U f,’l_u. If 1 > n—1t, then 1 > n —t, so
a€ Fyif By >n—t, then o) >n—t,s0acF,.

Suppose then that 1 =n —t—1 and a; = n —t — 1; we will bound f¢
from below using the Hook Formula. Notice that for j > ¢ + 2, a;» <1, so
the hook lengths of [a] satisfy AT ; =n —t—j; for 1 < j <t+1 we trivially
have h{ j<n+1l—j. Also, since there are just t + 1 spaces below the first
row of [a], [[;59 ;51 hi'; < (¢t 4+ 1)!. Hence, the product of the hook lengths
satisfies:

[178 <nn—1)...(n—t)(n — 2t — 2)!(t + 1)!
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and therefore

0w m=t=1)(n—t—-2)...(n—2t—1) 1 41
>

1= (t+ 1) =2t + 1"

for n > ng(t). By symmetry, the same conclusion holds if 8] =n—t—1 and
af=n—t—1.

Hence, we may assume that the irreducible constituents of [a] | Sy
do not include any [3] such that 3 € F,,—1,UF,_;,, so by the induction
hypothesis for n— 1, each has dimension > ¢;(n— 1)1, But 2¢;,(n— 1)1 >
cn!* for n > ng(t), hence there is just one, i.e. [a] | S,_1 is irreducible.
Therefore [a] = [a’] for some a,b € N : ab = n, i.e. it has rectangular Young
diagram. Since b > 2, a < n/2 < n — 2 —t provided n > 2t + 4; similarly,
b<n—2—t.

Now consider the restriction

[@] | Spo=[a""Ya—2]+ a2 a—1,a—1].

Note that both of these irreducible constituents have Young diagram with
first row of length < a < n—2—t and first column of length < b <n—2—¢,
and therefore by the induction hypothesis for n — 2, they have dimension
> ci(n — 2)7L But 2¢(n — 2)M > ettt for n > ng(t), contradicting
dim([a] | Sp—2) < enttL. O

We now appeal to the following easy generalization of Lemma 1.9:

Lemma 2.10. Let M be a real, symmetric N X N matriz with eigenvalues

A,y...,An. Then
N

Z A2 = Z M2,

Proof. Diagonalize M: there exists a real invertible matrix P such that
A= P71DP, where D is the diagonal matrix

A0 ... 0
0 A2 0
D=| . , :
0 . AN

We have M? = P~'D?P, and therefore

N
> M2, =Te(M?) =Te(P'D?P) =Tr(D*) = > X
z,yE[N] =1
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as required. O

Hence, in our case, we get

ZnA)\Q =nl Z w? < (n))?(K;/n))? = K?
A

O’GSn
so for every medium partition «, the corresponding eigenvalue is small:

N < s = Olins/m) (2.3
Hence, the conditions (x) will guarantee that our operator M satisies (2.1),
provided n is sufficiently large depending on t.

It remains to construct u for u = w™,w™. First, we rephrase the condi-
tions (%) on w in terms of its inner-products with the permutation characters
{&s: B € Fni}. Notice that since the Kostka matrix K is upper triangu-
lar with 1’s on the diagonal, so is the top-left minor K®) with rows and
columns indexed by the partitions in F,;. So K () is invertible, and the
inner products of a class function with {3 : € F,;} determine those with
{Xa: a € Fpn+}. So conditions 2 and 3 of (x) are equivalent to:

1
<u7§ﬁ> = = \|1- Hnt Z Ka,ﬁfa

(n)>a>(n—t,1t)

= —|1- Hn,t Z Ka,ﬁXa(D

(n)>a>(n—t,1t)
1
- E(l - Nn,t(fﬁ(l) - K(n),ﬁX(n)(l)))

(1= pnal€(1) — 1)

1 (n); —&p(1)

n! (n);—1
for each 3 € F,,+. (Here, we have used the fact that for any partition 5+ n,
the multiplicity K(,) g of the trivial representation in M P is 1, since there

is just one semistandard generalized (n)-tableau of content 3.) Hence, we
require that

S ulogp(o) = Py vaem.

O’GSn
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But £3(0) is simply the number of 3-tabloids fixed by o; 3(1) is the total
number of S-tabloids. Noting that (n —t, 1!)-tabloids correspond to ordered
t-tuples of distinct numbers between 1 and n, the total number X (,_¢14)(1)
of (n—t,1%)-tabloids is simply (n); since we are choosing our class functions
to be supported on permutations with less than ¢ fixed points, and no such
permutation can fix any (n — t, 1!)-tabloid, both sides of (2.4) are automat-
ically zero for 3 = (n —t,1"). Any 3 € F,; has first row of length at least
n —t, so the total number of §-tabloids is at most (n);, and 7, ; g is between
0 and 1 for all B € F, ;.

Let B; be the minor of the permutation-character table with rows and
columns indexed by partitions > (n — ¢,1*). From Theorem 2.7, we know
that B, is upper-triangular, has positive entries along the diagonal, and is
independent of n for n > 2t, so is invertible. For each o > (n — t,1%), we
will now show that the collection of even / odd conjugacy classes produced
by splitting the largest part of « into parts of size > t has union of size
O¢(n!), and that {g takes the same value {g(0,) on all of them, for each
B> (n—t,1%). This will allow us to satisfy the required conditions.

Given a partition a > (n — t,1!), say a = (n — s,9,...,q;), where
0<s<tanda; >1,let P, () be the collection of partitions obtained by
subdividing the part of size n — s into parts of size > t. Let S, ;(a) be the
family of permutations with cycle-type in P, +(«); let S:;t(oz), S,.1(a) be the
families of even / odd permutations in S, ¢(c). Notice that the collections
{Pni(a):a> (n—t,1"} are disjoint, and that S;Lryt(a),S;t(a) are unions
of conjugacy classes of permutations with less than ¢ fixed points.

Using Lemma 2.8, we have:

1 n!
. Jr — _ .
mln(|8n,t(a)|7 |Sn,t(a)|) - Qas...q HJ CL]' (n - 8)' IHIH(En,S’t, Onfs,t)
Ctn!

)
ag...alnjaj!

>

since to choose a permutation in S,tt(a)/S;t(a), we can first choose the

ag,...,qq-cycles, and then choose an even/odd permutation of the other
n — s numbers which has no cycle of length < ¢.
Take any permutation o € S,¢(a), where a = (n — s, 0, ..., ) with

0 < s <t, and let ¢’ be the permutation with cycle-type a produced from o
by merging all cycles of length > ¢. Take any partition 8 = (n—r, 2, ..., Om)
with 0 < r < t. We wish to evaluate {3(c), the number of 3-tabloids fixed
by o. Note that o and ¢’ fix the same (3-tabloids, since if T is a (3-tabloid
fixed by o, then all numbers in (> ¢)-cycles of ¢ must occur in the first row
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of T, so T must be fixed by ¢’ as well. Hence,

€p(0) = 3(0") = p(a)

—the (3, a)-entry of the permutation-character table of S,.

We now define the class functions w™,w~. We will let w* have value 2

on S:[’t(y) for each partition v > (n — t,1%), and zero elsewhere; to satisfy
condition (2.4), we need:

> HISLMIBIsy =ns Y5> (1.1,
v>(n—t,1t)
This system of linear equations has unique solution given by
=) ms(Br /IS vy > (n -t 1Y),
B>(n—t,1t)

Similarly, we will let w™ have value 7, on S, ,(v) for each partition v >
(n —t,1'), and zero elsewhere; to satisfy (2.4), we need

Y IS I(Bsy =15 V8> (n—t,1%).
v>(n—t,1t)
This system of linear equations has unique solution given by
wr = > (B s/ ISe ] V> (n—t,10).
B>(n—t,1t)

Observe that w™,w™ are class functions supported on conjugacy classes of
respectively even/odd permutations with less than ¢ fixed points, uniformly
bounded by K;/n! for some constant K; depending only on ¢, and there-
fore satisfy all the required conditions. We have proved the Deza-Frankl
conjecture:

Theorem 2.11. Ifn is sufficiently large depending on t, then a t-intersecting
family A C S,, has size at most (n —t)!.

We have made no attempt to minimize the value of n for which our proof
works. Very crudely, we may take

Ky = (9t%€/°41/2) im0 (),

By (2.3), provided n > K;/c, all medium partitions a of n satisfy |A\,| <
pint- Again, very crudely, taking ¢; = 1/(4t2)!!, we see that our proof works
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for n > (9t26t/et!/2)22:0p(k)(4t2)t+1, so certainly for n > (t2et/e)(t+1)!
(using the trivial upper bound p(k) < k!).

The problem of determining the maximum size of a t-intersecting family
in S, for each value of ¢t and n remains open. We conjecture that this
maximum size is always attained by one of the families

(08, |f(o)N[2i+1]]>i+t) (0<i< (n—1)/2),

where f(o) is the set of fixed points of o. This would imply that the max-
imum size is (n — t)! for n > 2t + 2. It is natural to ask for which values
of n and t our method of proof could work, i.e. when is there a real-valued
class-function w on .S, supported on conjugacy classes of permutations with
less than ¢ fixed points, such that

|
<w’X(n)> = 1/7”L' and %<waXa> > —HUnt YakFn: « ;é (n)

Notice that the subspace of class functions supported on conjugacy classes
of permutations with less than ¢ fixed points is precisely the subspace

{w: (w,€3) =0 VB n with at least ¢ parts = 1}

as clearly, the first subspace is contained in the second, and both have the
same dimension, namely the number of partitions of n with less than ¢ parts
= 1. Hence, we seek a class function w such that

(w,€) =0 VB n with at least ¢ parts = 1.

Using the facts that
gﬁ = Z Ka,ﬁXa

akFn

and K(,) 3 =1 VB n, this condition becomes:

1+ n! Z K, p(w,xa) =0 (VB F n with at least ¢ parts = 1).
a(n)
Writing
(= Dlwxad + 17
(n)e ’

we seek (zo, > 0:abn, a# (n)) such that

Za =

n)i—1+(n Z Ky pza = Z Kopf® (VB F n with at least t parts = 1).
a#(n) a#(n
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Notice that the right-hand-side is simply {3(1) — 1, so this simplifies to:

1+ Z Ko pza =€3(1)/(n); (VB F n with at least ¢ parts = 1).
a#(n)

It is easy to see that this cannot be achieved for t = 2, n = 6, so our method
of proof cannot be used to show that a 2-intersecting family in Sg has size
at most 4! = 24.

2.5 A Deza-Frankl type result for A,

An analogous result holds for the alternating group A,,, the index-2 subgroup
of S, consisting of the even permutations of {1,2,...,n}. As for S,, by a
‘t-coset of A,’ we will mean a coset of the stabilizer of ¢ points.

Theorem 2.12. Ifn is sufficiently large depending on t, then any t-intersecting
family A C A, has size |A| < (n —t)!/2.

Remark: This implies the Deza-Frankl conjecture. To see this, let A C S,
be t-intersecting; then AN A, and (A \ A4,)(1 2) are both ¢-intersecting
families of permutations in A,, so by Theorem 2.12, both have size at most
(n —t)!/2. Hence,

Al = [AN A, |+ A\ Ap] < (n =)

Proof. Let
M;:n =w’ (07 S Sn)a

(7'7'('71

then M™ is the (real, symmetric) matrix of the linear map

z— whx
on CS,, with respect to the basis S,. It follows from (x) that the 1-
eigenspace of M™ is Uy @® Uiy, 1le. the subspace of CS, spanned by
the all-1’s vector and the sign vector, the least eigenvalue is —pi, ¢, and all
other eigenvalues are < O(p/n).
Observe that M} = 0 whenever 0 € A, and 7 ¢ Ay, since w* is
supported on A,. Moreover,

M+

— +
o(1 2),m(12) MUﬂT'
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Order S,, by putting A, first in any order and then S, \ A, in the order
induced from the ordering on A,, by the map o — o(1 2); then the matrix
M™ has the block-diagonal form:

- (42

where L is the restriction of M+ to A,,. Therefore, the eigenvalues of M ' are
the same as the eigenvalues of L, with double the multiplicities. Hence, 1-
eigenspace of L consists of the constant vectors in CA,,, the least eigenvalue
is —fin+, and all other eigenvalues are O(p,+/n). Applying Theorem 2.1 to
the matrix L with X a t-intersecting family in A,, proves Theorem 2.12. [J

2.6 The extremal families

We now describe the approach of Friedgut and Pilpel (see [9]) to proving
that the t-intersecting families in S, of maximum size are precisely the t-
cosets of S, (provided n is sufficiently large depending on t). Notice that
we have equality in Theorem 2.11 only if the characteristic vector vy €
Err(M) ® Ey(An) = Uy, the subspace of CS,, spanned by the characteristic
vectors of the t-cosets of S,,. We will show that if vy € Uy, then A is a disjoint
union of t-cosets of S,. To do this, we will show that if f : 5, — R>g
is a linear combination of the characteristic vectors of the t-cosets of S,
then it can be expressed as a linear combination of them with non-negative
coefficients. To illustrate the ideas more clearly, we will begin with the t = 1
case.

Theorem 2.13 (Friedgut, Pilpel). If u : S, — Rx>q is in Uy, the subspace
of CS,, spanned by the 1-cosets, then it is a non-negative linear combination
of 1-cosets, i.e. there exist (B;; > 0: 4,5 € [n]) such that

U = E ,Bi,j'Ui»—»j-
i?j
Proof. Let u: S,, — R>g be in U;. We say a real n x n matrix A represents
u if
U=y ai Vi,
i7j

i.e.

u(o) = Zai,g(i) Vo € S,.
=1
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Let A be a matrix representing u. Our task is to find a non-negative matrix
B which also represents u. Notice that B and A represent the same function
iff their difference D := B — A represents the zero function, i.e.

Zdi7g(i) =0 Voe Sn
i=1

Notice that if D is any matrix such that

dij =x; +y; Vi,j € [n] where Z:m +Zyj =0,
i J

then D represents the zero function. The subspace D of all such matrices D
has dimension 2n — 2, and U; has dimension (n — 1)? +1 = n? — (2n — 2),
and therefore D is precisely the subspace of matrices representing the zero
function. Hence, our task is to find such a matrix D such that A + D has
non-negative entries, i.e. to solve the system of inequalities

Tity; > —ai; (1<d,j<n) subjectto » wi+» y;=0. (25)
i J

By the Strong Duality Theorem of Linear Programming (see Appendix A),
this is unsolvable if and only if there exist ¢; ; > 0 such that

Zci7j =1 (1 <1< n), Zci’j =1 (1 <7< n), Zci,jam < 0.
J i 2%

Suppose for a contradiction that this holds. The matrix C' = (¢;5); jeln]
is bistochastic, and therefore by Birkhoff’s theorem it can be written as a
convex combination of permutation matrices,

N
C = Z TkPJk
k=1

where o1,...,0p, € S, and 1, > 0 (1 < k < N), Zszlrk = 1. But then
> j Cijli,j is a convex combination of values of wu:

N N n N
Y cijaig =Y k> (Po)ijai; =3 Tk Y Gigi =D rkul0k)
,J k=1 k=1 =1 k=1

i?j

and is therefore non-negative, a contradiction. ]
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Corollary 2.14. Let A C S, be a family of permutations whose characteris-
tic vector is a linear combination of the characteristic vectors of the 1-cosets
of Sy, i.e. vq € Uy; then A is a disjoint union of 1-cosets of S,,.

Proof. By induction on |A|. Let A C S, be a non-empty family of permu-
tations such that vq € U;. Suppose the statement is true for all smaller

families. Express
vA =Y bijviej,
i,

where b;; > 0 Vi,j € [n]. Since A # 0, vq # 0, and therefore b, ; > 0
for some 4,j € [n]. But then the 1-coset Vj; = {0 € S, : o(i) = j} is
contained in A. Remove this 1-coset: consider the family A\ V;—;. This
also has characteristic vector in U; and so by the induction hypothesis is a
disjoint union of 1-cosets. Therefore, so is A, proving the corollary. O

This immediately implies the result of Cameron and Ku / Larose and
Malvenuto (see respectively [6],[23]) that the 1-intersecting families in S, of
maximum size are precisely the 1-cosets.

We now give the argument of Friedgut and Pilpel for general ¢:

Theorem 2.15 (Friedgut, Pilpel). If u : S, — Rx>q is in Uy, the subspace
of CS,, spanned by the t-cosets, then it is a non-negative linear combination
of t-cosets.

Proof. Let
I ={(i1,...,4¢) : i1,...,7 are distinct}

be the set of all ordered t-tuples of distinct numbers between 1 and n; then
| =(n)i=nn—-1)...(n—t+1).

Given t-tuples a = (aq,...,aq), B =(01,...,0) € I, we denote the corre-
sponding t-coset as

Vasg = {0 € Sy : o(ou) = B VE € [t]},

and its characteristic vector as vo.—.g.

Given a permutation o € S, let P be the (n); x (n); matrix of the
permutation of I; induced by o.

Let w : S, — R>g be in U;. Then there exists a matrix A with rows and
columns indexed by I; such that

U = Z O, BV 3-

a7B€It
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Let A be an (n)¢ x (n); matrix with rows and columns indexed by I;.
Choose an ordering of the ¢ coordinates, or equivalently a permutation © €
S;, and consider the natural lexicographic ordering on I; induced by this
ordering, i.e. a < B iff a ) < Brr), Wwhere k = min{l : aq # Bru)}-
This lexicographic ordering on I; recursively partitions A into blocks: first
it partitions A4 into n? (n — 1);—1 x (n — 1);—1 blocks B, j according to the
7(1)-coordinate of each t-tuple; then it partitions each block B; ; into (n—1)?
(n —2);—2 X (n — 2);_2 sub-blocks according to the m(2)-coordinate of each
t-tuple, and so on.

We define a t-line in A recursively as follows. For t = 1, a 1-line in
Iy x I; is simply a set of the form {(4,j) : j € [n]} or {(4,7) : i € [n]},
and a 1l-line in A is just a row or column of A. Given a matrix A as
above, a t-line in A is given by choosing an ordering 7 of the ¢-coordinates,
partitioning A into blocks according to 7 as above, choosing a row or column
of (n—1);—1 x (n—1);—; blocks B; j, and then taking a union of (¢t —1)-lines,
one from each block. Let L£; be the set of t-lines. Given a t-line L, the
corresponding t-cosets

Vet (@, 8) € L}

form a partition of S,,. Hence, if a matrix E is obtained from A by adding
xzy, to every entry in the t-line L, for each L in turn, where

Za:L =0,
L

then E represents the same function as A. We wish to find a non-negative
such F, i.e. we wish to solve the system of linear inequalities

Z xr > —aq3 (L € Ly) subject to Zx,; =0.
L:(a,B)eL L

Again, by the Strong Duality Theorem of Linear Programming, this is pos-
sible unless there exists an (n); x (n); matrix C such that 3_, 3¢y, Ca,p =
1 VL € L;. We call such a matrix t-bistochastic. Observe that the following
definition is equivalent:

Definition 2.16. For t = 1, an n X n matriz is 1-bistochastic if it is
bistochastic. For t > 1, an (n); X (n); matriz is t-bistochastic if, for any
partition into n x n blocks B; j of size (n — 1)1 x (n — 1)1 according to
a lexicographic order on the t-tuples induced by any of the t! orderings of
the coordinates, there exists a bistochastic n X n matriz R = (r; ;) and n?
(t — 1)-bistochastic matrices M; j of order (n — 1) such that B; ; = r; ;M ;.
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One may generalize Birkhoff’s Theorem to t-bistochastic matrices as
follows:

Theorem 2.17 (Benabbas, Friedgut, Pilpel). An (n); x (n); matriz M is t-
bistochastic if and only if it is a convex combination of pY s, d.e. (n)yx(n)
matrices of permutations of I induced by permutations of {1,2,...,n}.

Proof. By induction on t. For t = 1, this is Birkhoff’s theorem. For the in-
duction step, let M = r; ;- M; ; be a block decomposition of M as in the def-
inition of ¢-bistochasticity, according to the natural order of the coordinates,
i.e. m = id. By Birkhoff’s theorem, R = (r; ;) is a convex combination of per-
mutation matrices, and thus it is either a permutation matrix or else we can
write a convex relation R = sP+(1—s)T, with P a permutation matrix and
T bistochastic with strictly more zero entries than R. Treating P separately
and proceeding in this manner by induction, we may thus assume that R is
a permutation matrix, and without loss of generality we may assume that
R = I, the identity. So in M we have that every non-zero entry is indexed
by a pair of t-tuples of the form ((i,*,*,...,%), (i, *,%*,...,%)) for some 7.
Now reorder the rows and columns of M with a lexicographic order on I; de-
termined by the permutation 7 = (1 2). Consider now an off-diagonal block
in this ordering of the form ((,, %, %, ..., %), (%, 7, %, *,..., %)) with ¢ # j. It
breaks into (n — 1) x (n — 1) sub-blocks of size (n — 2);—2 X (n — 2)4_9,
but only n — 2 of them have nonzero entries, namely the sub-blocks of
the form ((k,i,*,%,...,%),(k,j,%,%,...,%)) for some k different from i and
j. Hence, the block has a row of zero sub-blocks, namely the sub-blocks
((Jyd, %, %, ..y %), (L, J, %, %, ..., %)) for [ # j, and a column of zero sub-blocks,
namely the sub-blocks ((, 4, *,*,...,%), (i, ], *,%,...,%)) for [ # 4. Since the
block is (t — 1)-bistochastic, it must be the zero matrix.

As for the diagonal blocks of M in the new ordering of I;, blocks of the
form ((x,4,%,%,...,%), (*,4,%,%,...,%)), they can only have nonzero sub-
blocks on the diagonal. Since they are (¢ — 1)-bistochastic, by the induction
hypothesis they are each equal to a positive convex combination of Pét_l)’s
where each o is a permutation of [n] \ {¢}. But if any of these o’s has
o(k) # k for some k, then the off-diagonal sub-block

(ki #, %, .o k), (0(K), d, %, %, ..oy %))

is non-zero, a contradiction. Hence each permutation ¢ must be the identity,
and therefore all the diagonal blocks are copies of the (n —1);—1 X (n—1);_1
identity matrix. Hence, M is the identity matrix, and we are done. O

56



We can now complete the proof of Theorem 2.15. By the Generalized
Birkhoff Theorem, C' is in the convex hull of permutation matrices induced
by permutations of {1,...,n}. This means, as before, that

Z Ca,300,3

a7ﬂelt

is a convex combination of values of u, hence non-negative, which yields the
required contradiction. O

One uses the same argument as before to deduce:

Corollary 2.18. Let A C S, be a family of permutations whose characteris-
tic vector is a linear combination of the characteristic vectors of the t-cosets
of Sn, i.e. vq € Uy; then A is a disjoint union of t-cosets of Sy.

This immediately implies that equality holds in Theorem 2.11 precisely
for the t-cosets of S,,.

Interestingly, the same approach does not work for A,: there exist non-
negative functions u : A, — R in the subspace U; of CA,, spanned by the
characteristic vectors of the 1-cosets of A,, which cannot be written as a
non-negative linear combination of the characteristic vectors of the 1-cosets
of A,. As before, we say a real n x n matrix A represents u if

u(o) = Zai,g(i) Vo € Ay,
=1

It is easy to see that dim(U;) = dim(U;), so as before, B and A represent
the same function if and only if B — A € D. But observe that if A is the
matrix

1 -1/2 1 1 ... 1

-1/2 1 1 1 ... 1

A 1 1 0 1 .1
1 1. 0

and 7 is the transposition (1 2), then

Z ai,T(i) =—1 and Zaiﬂ(i) 2 0 Vo € An
=1 =1
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Recall that any matrix D € D satisfies

id’i,a(i) =0 Vme Sn,

i=1

and therefore any matrix B representing the same function as A must also

satisfy
n
Zbi,r(i) = -1,
i=1

so cannot have non-negative entries. Hence, the non-negative function rep-
resented by A cannot be written as a non-negative linear combination of the
characteristic vectors of the 1-cosets of A,,.

However, it will follow straight away from our Hilton-Milner type the-
orem for A, that equality holds in Theorem 2.12 only for the t-cosets of
A,: we just need to use more information than the fact that v 4 is a linear
combination of the characteristic vectors of the t-cosets of A,,.

2.7 t-cross-intersecting families of permutations

Recall that we say a pair of families A,B C S, is t-cross-intersecting if
{i €[n]:0(i) =n(i)}| >t for any 0 € A, m € B. We have the following:

Theorem 2.19. If n is sufficiently large depending on t, then any t-cross-
intersecting pair of families A, B C S, satisfy |A||B| < ((n —t)!)2.

This follows from a ‘weighted’ version of Theorem 1.2:

Theorem 2.20. Let M be a real, symmetric N by N matriz with eigenvalues

AL > o > ... > Ay, where A1 > 0 has only constant eigenvectors, and Ay <
0. Let v = max(|A2|, [An]). If X, Y C [N] satisfy My, =0V e X, yeY,

then
VXY <

Suppose further that || # |An|, and let N be the larger in modulus of the
two. Let vx,vy be the characteristic vectors of X,Y and let £ denote the
all-1’s vector. If equality holds in (2.6), then |X| = |Y|, and the shifted
characteristic vectors vx — (| X|/N)f and vy — (|Y|/N)f are eigenvectors of
M with eigenvalue \'.

N. (2.6)
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The proof is a straightforward generalization of the proof of Theorem
1.2, and we omit it.

Applying Theorem 2.20 to the matrix M constructed above, which has
M =1, V= piny, with X, Y C S, cross-intersecting, proves Theorem 2.19.
If we have equality in Theorem 2.19, then vy, vg € Uy, and therefore by
Corollary 2.18, A and B are disjoint unions of t-cosets, and therefore must
be the same t-coset. (This can also be deduced from Theorem 2.26 — see
later.)

Similarly, applying Theorem 2.20 to the matrix L constructed in Section
2.5 proves:

Theorem 2.21. If n is sufficiently large depending on t, then any t-cross-
intersecting pair of families A, B C A, satisfy |A||B| < ((n —t)!/2)2.

2.8 Stability for t-intersecting families

Before beginning our stability analysis, we will introduce some more nota-
tion.
Given distinct 41, ...,% and distinct ji,...,J;, we write

Aiysjy sigja,is—igy =10 € At o(iy) = ji Yk € [I]}.

Given two permutations o, € Sy, write c N7 := {i € [n] : 0(i) = 7 (i)}
for the set of points at which they agree.
Our first aim is to prove the following rough stability result:

Theorem 2.22. Let t € N and ¢ > 0 be fixed. If A C Sy, is a t-intersecting
family with |A| > c¢(n —t)!, then there exists a t-coset C such that |[A\ C| <
O((n—t—1).

In other words, if A C S, is a t-intersecting family of size at least a
constant proportion of the maximum possible size (n — t)!, then there is
some t-coset containing all but at most a O(1/n)-fraction of A.

To prove this, we will first prove the following weaker statement:

Lemma 2.23. Lett € N and ¢ > 0 be fized. If A C S, is a t-intersecting
family of size at least c(n — t)!, then there exist i and j such that all but at
most O((n — t — 1)) permutations in A map i to j.

In other words, a large t-intersecting family is almost contained within a
1-coset. Theorem 2.22 will follow easily from this by an inductive argument.
We will need the following weighted analogue of Lemma 1.12:

99



Lemma 2.24. Let M, X and U be as in Theorem 2.1. Let o« = |X|/N. Let
A1, be the negative eigenvalue of M with second largest modulus. Equip CN
with the inner product:

and let

be the induced norm. Let D be the Euclidean distance from the characteristic
vector vx of X to the subspace U, i.e. the norm ||Py . (vx)|| of the projection
of vx onto U*. Then

D2 < (1 — Oé)’)\N‘ — /\1@
= AL

The proof is a straightforward generalization of the proof of Lemma 1.12,
and we omit it.

Our matrix M has Ay = —pp,s and |[Az| = O(unt/n), so applying
Lemma 2.24 to a t-intersecting family A C S, gives:
1Pyt (va)|[? < (1= A/ (n = ))(1 + O(1/n))|A] /nl. (2.7)

Lemma 2.23 will be proved using the same general strategy as Lemma
1.13 in Chapter 1. We will first observe from (2.7) that if A C S, is a
t-intersecting family of size at least ¢(n — t)!, then the characteristic vector
vy of A is close to the subspace U; spanned by the characteristic vectors
of the t-cosets. We will use this, combined with representation-theoretic
arguments, to show that there exists some t-coset Cy such that

ANCyl > w((n—2t)!)

(this step turns out to be significantly harder than for the ¢ = 1 case in
Chapter 1.) Without loss of generality, we may assume that

Co={oceS,: a(l)=1,...,0(t) =t},

SO
|A1o1,2052,6t] > w((n —2t)).

Observe that the average size of the intersection of A with a t-coset is

|A|/n(n—1)...(n—t+1) =0((n—2t)!),
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so we only know that A N Cy has size w of the average size. This statement
would at first seem to weak to help us. However, for any distinct j; # 1, jo #
2,..., and j; # t, the pair of families

At1,2052, 0ty Al 2oyt

is t-cross-intersecting, so we may compare their sizes, as for the t = 1 case
in Chapter 1. In detail, we will deduce from Theorem 2.19 that

[Ait202, et A 20, teg] < (0= 20012,

giving | A1, ... t—j.| < o((n — 2t)!). Summing over all choices of ji,...,j;
will show that all but at most o((n — t)!) permutations in A fix some point
of [t], enabling us to complete the proof.

Proof of Lemma 2.23:

Let A C S, be a t-intersecting family of size at least c(n — t)!; write
Al = (1 —0)(n —t)!, where § < 1 —¢. From (2.7), we know that the
Euclidean distance from v4 to U; is small:

1Py (va)ll* < 86(1+ O(1/n))] Al /nl.

From (1.4), the projection of v4 onto U; has o-coordinate:

Puwado = = 30 1Y Xalwo ™).

" fat o TeA

Write P, = Py, (va)es; then

l; (Z(l RS Pf) < 0(1+O(1/n))|Al/nt,

n:
oceA oA

i.e.

> (1=P)?+ ) P2<6(1+0(1/n))Al (2.8)

ceA og A

Choose C' > 0 such that |A|(1—1/n)d(1+C/n) is at least the right-hand-side
of (2.8); then the subset

S={ccA:(1-P,)><6(1+C/yn)}
has size at least |A|/n. Similarly, P? < 26/n for all but at most

n|A[(1+0(1/n))/2
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permutations o ¢ A. Provided n is sufficiently large, |A| < (n —t)!, and
therefore the subset 7 = {0 ¢ A : P2 < 26/n} has size

7| >n!—(n—t)! —n(n—t)!(1+0(1/n))/2.

The permutations ¢ € S have P, close to 1, and the permutations 7 € 7
have P, close to 0. Using only our lower bounds on the sizes of S and 7,
we may prove the following:

Claim: There exist permutations ¢ € S and 7 € 7 such that o~ !7 is a prod-
uct of at most h = h(n) transpositions, where h = 1/2(t + 2)(n — 1) logn.

Proof of Claim: Apply Theorem 1.14 to the set S, which has [S| > (1-4)(n—
Hl/n > ntLi (provided n is sufficiently large), with a = 1/nt*2 h = 2h,.
This gives |Np,(S)| > (1 — n~ 42!, so certainly N, (S)NT # ), proving
the claim.

We now have two permutations ¢ € A, m ¢ A which differ in only
O(v/nlogn) transpositions, and satisfy

P,>1—+/6(1+C/n), Pr<+/20/n,

and therefore

P, — P, >1—V6—0(1/y/n).

Hence, by averaging, there exist two permutations p,7 that differ by just
one transposition and satisfy

1- VG- 0(1/y)

2(t + 2)nlogn

P,— P> (1=V6—-0(1/vn))/h >

i.e.

(S i Ste) s oo

QEFn reA reA > B 2(t+2)nlogn

By double translation, we may assume without loss of generality that p = Id
and 7 = (1 2). So we have:

> I (Z Ya(m = 3 xalr(1 2))) > 1= V0 -0/ /n)

a€Fn t TEA TEA 2(t + 2)” logn
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The above sum is over |F, ;| = S._, p(s) partitions a of n; this grows very
rapidly with ¢, but is independent of n for n > 2t. By averaging, there exists
some o € Fy; such that

I 1 V3—0(1/v)
7 a\T) — al\T 1 2 - I
(S-St n) = i
= Q(1/4/nlogn).

Recall that the ‘fat’ irreducible representations {[a] : o € F,, 1} are precisely

the irreducible constituents of M (”_tvlt), so very crudely, for each a € F, 4,
O <dim(MO)) =nn—1)...(n—t+1).
Hence,

> Xa(m) = D xalw(12)) > Q(1/y/nlogn)(n — t)\.

TeA TeA

But for any o € F,, ¢, we may express the irreducible character x, as a linear
combination of permutation characters {3 : 8 € F,; using the following
‘determinantal formula’ (see [19]). For any partition « of n,

Xa = Z 5<W)£afid+7r-

ﬂ'ESn

Here, for a = (a1,...,0q) F n, we set a; =0 (I < i < n), we think of «, id
and 7 as sequences of length n, and we define addition and subtraction of
these sequences pointwise. In general,

a—id+rm=(a; —14+7(1),a0 —2+7(2),...,0p, —n+ 7w(N))

will be a sequence of n integers with sum n, i.e. a composition of n. If X is a
composition of n with all its terms non-negative, then let A be the partition
of n produced by ordering the terms of A in non-increasing order, and define
&\ = & if A has a negative term, we define {, = 0. If a € F,,;, then as
a1 > n —t, any composition occurring in the above sum has first term at
least n — ¢, and therefore {3 can only occur in the above sum if 3 € F,, ;.
Observe further that since o has at most ¢t + 1 non-zero parts, a; = 0 for
every i > t + 1, and therefore any permutation = € S, with {,_iq4+r # 0
must have 7(¢) > i for every ¢ >t + 1, so must fix t + 2,¢+ 3,..., and n.
Therefore, the above sum is only over m € Sy 1113, L.e.

Xa = Z 6(7T)§a—id+7r Vo € fn,t-

WESt+1
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Therefore, x,, is a (+1)-linear combination of at most (¢ + 1)! permutation
characters &g (8 € Fy), possibly with repeats. Hence, by averaging, there
exists some (3 € F,; such that

S ts0m) - S bar12)] > 1/ /mlogm) 1!

meA TeA t+1
= Q(1/+/nlogn)(n —t)..

Without loss of generality, we may assume that the above quantity is posi-
tive, i.e.

ng Z{B (12)) >9Q(1/y/nlogn)(n—t)!
meA TeA
Let T be the set of 8-tabloids; the left-hand-side is then
#{(T,7):TeTg,me An(T)=T}
— #{T\7m):TeTg,me An(12)(T)="T}.
Interchanging the order of summation, this equals
Y HreA:n(T) =T} —#{mr e A:7(12)(T) =T}).
TET5

The above summand is zero for all S-tabloids 1" with 1 and 2 in the first row
of T' (as then (1 2)T' = T'). Write 8 = (n — s,02,...,;), where 0 < s < ¢.
The number of B-tabloids with 1 not in the first row is

l
s(n—1)(n—2)...(n—5+1)/Hﬁi!,
=2

and therefore the number of g-tabloids with 1 or 2 below the first row is at
most

25(n—1)(n—2)...(n—5—|—1)/Hﬁi! < 2tln—1)(n—2)...(n—s+1)
=2

2t(n —1)!

(n—s)! "~

Hence by averaging, for one such S-tabloid T,
#{reA:n(T)=T}—#{recA:x(12)(T)=T}

> Q(l/\/nlogn)mm — )l
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and therefore the number of permutations in A fixing T satisfies

#{re A:n(T) =T} > Q 1/\/nlogn ) (n—1t)l

Without loss of generality, we may assume that the first row of 1" consists of
the numbers {s + 1,...,n}. There are (2!33!... 3! < s! < ¢! permutations
of [s] fixing the 2°4,3"d . and I* rows of T; any permutation fixing T
must agree with one of these permutations on [s]. Hence, there exists a
permutation p of [s] such that at least

—t
1/\/nlogn Ti)‘t‘)

permutations in A agree with p on [s]. Without loss of generality, we may
assume that p = Id[y, so the number of permutations in A fixing [s] pointwise
satisfies

At el > 91/ /mlogm) n)Tt't)
= Q(/Vnlogn) ”_(j;%._t)'-

sss as a disjoint union

We may write Aj,_.1

.....

-/41»—>1,..,,s»—>s = U Al»—>1.“,s>—>s,s+ln—>j5+1,.A.,t»—>jt,
Js+1,...,J¢>s distinct

and there are (n —s)(n —s—1)...(n —t + 1) choices of jst1,...,jt, so by
averaging, there exists a choice such that

((n=1)1)?
| AL 1. s s,54 Lt 1,tge | = 2(1/4/n]log N)W

By translation, we may assume without loss of generality that j. = k for
each k, so

(n —t
|A11,202,0t] > 1/\/@
= (W)(n — 2t).

= w((n—2t)).
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We will use this to show that the number of permutations in A with no fixed
point in [¢] is small. We may write

A\ (Al,_,l Uu...u .At._n:) = U Al'_’j17v~-»t’_>jt’
J1y---,J¢ distinet :jp#k VEE[]

We now show that each Aj—j, . s, is small using Theorem 2.19. Let
J = {j1,-..,jt}- Notice that £ := Al._q,m,t._ng, F = -Alr—>j1,...,t»—>jt is a t-
cross-intersecting pair of families, so for any o € £ and w € F, there are
t distinct points 41,42 ...,4% > ¢ such that o(iy) = 7(ix) ¢ [t] U J for each
k € [t]. But then

(1 71)(2 g2) ... (t j)mw(ix) = o(ix) for each k € [t],

so letting G := (1 71)(2 j2) ... (t j¢)F, the pair of families £, G fix [t] pointwise
and t-cross-intersect on {t + 1,¢ + 2,...,n}. Deleting 1,...,¢ we obtain a
t-cross-intersecting pair £, G’ of subsets of S{t+1,...n}- By Theorem 2.19,

Attt ALt = [ENIG] = [EIG] < (0 = 2)1)2

Since
|Al—1,.tmt] > w((n —2t))),

we have
|A1»—>j1,.‘.,ti—>jt‘ < 0((” - 2t)')

There are < n(n—1)(n—2)...(n—t+ 1) possible choices of ji,...,j;, and
therefore the number of permutations in A with no fixed point in [¢] satisfies

AN (A1 UAg o U U Asy)] < o((n—200n(n—1)...(n—t+1)
= o((n—1)).
Since |A| > c(n — t)!, we have
|A1-1 U Ao U U Ayt > (e —o(1))(n — ).
By averaging, there exists some i € [{] such that
[Aiil = (¢ = o(1))(n — 1)!/t.

We may assume that i = 1, so |A1.1| > (¢c—o(1))(n—t)!/t. Now, using the
same trick as before, we may use Theorem 2.19 to show that [ A\ Aj1| <
O((n —t —1)!). Indeed, write A \ A;,1 as a disjoint union

A\ A = U Arsj
i#1
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We will show that each Aj..; is small. Notice as before that the pair of fami-
lies A1, (1 j)Ai; fixes 1 and ¢-cross-intersects on the domain {2, ..., n},
so Theorem 2.19 gives

Ao |[Ag] < (0=t = 1)H%
Since |A1-1] > Q((n—1)!), we obtain | A;.;| < O((n—t—2)!), and therefore

AN Area| =) Ay < O((n—t = 1)),
#1
proving Lemma 2.23.

O

Proof of Theorem 2.22:

By induction on ¢. The ¢t = 1 case is the same as that of Lemma 2.23.
Assume the theorem is true for ¢ — 1; we will prove it for ¢. Let A C S,
be a t-intersecting family of size at least ¢(n — t)!. By Lemma 2.23, there
exist ¢ and j such that |A\ A;.;| < O((n —t — 1)!). Without loss of
generality we may assume that i = j =1, s0 |[A\ A1—1| < O((n —t — 1)!).
Hence, |A1-1| > |A| — O((n —t — 1)!). Deleting 1 from each permutation
in Aj1, we obtain a (¢ — 1)-intersecting family A" C Syg3 ) of size
> (¢—0(1/n))(n —t)!. Choose any positive constant ¢ < ¢; then provided
n is sufficiently large, we have |A’| > ¢/(n—t)!. By the induction hypothesis,
there exists a (¢t — 1)-coset C’ of Sy, such that | A"\ C'| < O((n—t—1)!).
Then if C is the t-coset obtained from C’ by adjoining 1 — 1, we have
|[A\C| < O((n—1t—1)!). This completes the induction and proves Theorem
2.22.

O

As for 1-intersecting families in Chapter 1, we may use our rough stability
result to prove a Hilton-Milner type result for ¢-intersecting families:

Theorem 2.25. For n sufficiently large depending on t, if A C S, is a
t-intersecting family which is not contained within a t-coset, then A is no
larger than the family

D = {oce€S,: o(i)=iVi<t, o(j)=j for some j >t+ 1}
UL t+1),(2t+1),...,(tt+1)}

which has size (n —t)! —dp—t —dp—t—1 +t=(1—1/e+o(1))(n—2t). If A
is the same size as D, then A is a double translate of D, i.e. A= wDt for
some w,T € Sy.
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Proof. Suppose A C S, is a t-intersecting family which is not contained
within a t-coset, and has size

A > (n —t)! —dpt —dnt—1+t=(1—1/e+0(1))(n —t).

Applying Theorem 2.22 with any constant ¢ such that 0 < ¢ < 1—1/e, we
see that (provided n is sufficiently large) there exists a t-coset C such that

A\ C| < O(1/n)(n —t).

By double translation, we may assume without loss of generality that C =
{c€8,:0(1)=1,...,0(t) =t}. We have:

ANC| > (n—t)! —dp—t —dp——1 +t—O(1/n)(n —t)!
= (1-1/e+o(1))(n—1t). (2.9)

We now claim that every permutation in A\ C fixes exactly ¢ — 1 points
of [t]. Suppose for a contradiction that .4 contains a permutation 7 fixing at
most ¢ — 2 points of [t|. Then every permutation in A N C must agree with
7 on at least 2 points of {t + 1,...,n}, so

JANC| < <n2_t>(n—t—2)!:§(n—t)!,

contradicting (2.9), provided n is sufficiently large.

Since we are assuming that A is not contained within a ¢-coset, A \ C
contains some permutation 7; 7 must fix all points of [t] except for one. By
double translation, we may assume that 7 = (1 ¢t + 1). We will show that
under these hypotheses, A = D.

Every permutation in ANC must ¢-intersect (1 t+ 1) and must therefore
have at least one fixed point >t + 1, i.e. ANC is a subset of the family

E={oce€eSy,:0()=1iViel]t], o(j) =j for some j >t+ 1},

which has size
(n — t)' — dnft — dn,tfl.

We now make the following observation:
Claim: A\ C may only contain the transpositions {(i t +1) : 14 € [t]}.

Proof of Claim:

Suppose for a contradiction that A\ C contains a permutation p not of this
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form. Then p(j) # j for some j > ¢t 4+ 2. We will show that there are at
least d,_¢—1 permutations in £ which fix j and disagree with p at every
point of {t+1,t+2,...,n}, and therefore cannot t-intersect p. Let [ be the
unique point of [¢t] not fixed by p. If o fixes both [ and j, then o agrees with
pii = (pj)i wherever it agrees with p. Notice that p;; fixes 1,2,...,t and j.
There are exactly d,_;—1 permutations in £ which fix j and disagree with
pj, at every point of {t+1,t+2,...,n}\{j}; each disagrees with p at every
point of {t + 1, + 2,...,n}. So none t-intersect p, so none are in A, and
therefore

’AQC’ S |€’ - dn—t—l = (n — t)' — dn—t — 2dn—t—1

Since we are assuming that |A| > (n — t)! — dy—t — dy—t—1 + ¢, this means
that
[ANC| > dp—t—1+t=(1/e+0(1))(n —t — 1)L

Notice that for any m < n we have the following trivial upper bound on the
size of an m-intersecting family H C S,:

L= (;) (n —m)! =nl/ml,

since every permutation in H must agree with a fixed permutation in H in
at least m places.

Hence, A\ C cannot be (logn)-intersecting and therefore contains two
permutations 7,7 agreeing on at most logn points. The number of permu-
tations fixing [t] pointwise and agreeing with both 7 and 7 at one of these
log n points is therefore at most (logn)(n — ¢t — 1)!. All other permutations
in ANC agree with 7 and 7 at two separate points of {t+1,...,n}, and by
the above argument, the same holds for 7, and 7,, where p and ¢ are the
points of [t] shifted by m and 7 respectively. The number of permutations
in C that agree with 7, and 7, at two separate points of {t + 1,...,n} is
at most ((1—1/e)?2+ o(1))(n — t)! (it is easily checked that given two fixed
permutations, the probability that a uniform random permutation agrees
with them at separate points is at most (1 — 1/e)? + o(1)), which implies
that

lANC] < ((1—1/e)*+o(1))(n—t)!+ (logn)(n —t —1)!
(1 —=1/e)* +o(1))(n — )L,

contradicting (2.9), provided n is sufficiently large. This proves the claim.
Since we are assuming |A| > |€| 4 ¢, we must have equality, so A = D,
proving Theorem 2.25. O
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Similar arguments give the following stability results for t-cross-intersecting
families. We say that two pairs of families (A, B), (C,D) in S,, are isomor-
phic if there exist permutations 7, p € S, such that A = nCp and B = nDp.
We have:

Theorem 2.26. F n sufficiently large depending on t, if A,B C S, are
t-cross-intersecting but not both contained within the same t-coset, then

min(| A, |B]) < (n —t)! —dp—y — dp—t—1 + t.
Equality holds if and only if (A, B) is isomorphic to the pair of families
{o:0(i)=iVi<t, o(j)=7(j) for somej>t+1}U{(it+1): i€[t]}
{o:0(i))=iVi<t, o(j)=j for some j >t+ 1} U{(1i)7(17) : i € [t]}

where (1) # 1 and if t > 2, 7 fixres 2,3,...,t and at least two points > t+1,
whereas if t = 1, T intersects (1 2).

Theorem 2.27. For n sufficiently large depending on t, if A,B C S, are
t-cross-intersecting but not both contained within the same t-coset, then

JAB] < ((n = 1) = dp—t — dn—g—1)((n — t)! + ).
Equality holds if and only if (A, B) is isomorphic to the pair of families
{o€8,:0()=iVi<t, o(j)=7j for somej>t+1}
{oeSp:o()=iVi<t}u{(1t+1),2t+1),....,(tt+1)}

The proofs are very similar to the proof of Theorem 2.25, and we omit
them.

2.9 Stability for ¢-intersecting families in A,

An analogous Hilton-Milner type result holds for A,,. Let e,, 0, denote the
number of respectively even/odd derangements of [n]. Recall from Chapter
1 that e, — o, = (=1)"1(n — 1) and d, = (1/e + o(1))n!, and therefore
en = (1/(2€) + o(1))n!, o, = (1/(2¢) + o(1))n!.

Theorem 2.28. For n sufficiently large depending on t, if A C A, is a

t-intersecting family which is not contained within a t-coset of Ay, then A
cannot be larger than the family

B = {oc€A,:0()=iVi<t, o(j)=n—1n)(j) for some j >t+ 1}
WA t+D)(n—1n),2t+1)(n—1n),...,(tt+1)(n—1n)}
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which has size (n —t)!/2 —0p—t —op—t—1 +t =(1—1/e+o(1))(n —1t)!/2.
The extremal families are precisely the double translates {nBt: m, 7 € A,}
of this family.

Proof. Let A C A, be a t-intersecting family which is not contained within
a t-coset of A, and has size

A > (n—1)1/2 = 0py — 0nt-1+t=(1—1/e+o0(1))(n —t)!/2.

Applying Theorem 2.22 with any constant ¢ such that 0 < ¢ < (1 —1/e)/2,
we see that (provided n is sufficiently large) there exists a t-coset C such
that

A\ C| <O 1/n)(n—1).

By double translation, we may assume without loss of generality that C =
{oc€eA,:0(l)=1,...,0(t) =t}. We have:
ANC| > (n—t)1/2—o0p—t —0p—t—1+1t—0¢(1/n)(n —1t)!
(I1-1/e+o0(1))(n—1t)!/2. (2.10)
We now claim that every permutation in A\ C fixes exactly ¢ — 1 points
of [t]. Suppose for a contradiction that A contains a permutation 7 fixing at

most ¢ — 2 points of [t]. Then every permutation in .4 N C must agree with
7 in at least 2 points of {t +1,...,n}, so

ANnc| < (";t> (n—t—2)!/2=1n—1)/2,

contradicting (2.10), provided n is sufficiently large.

Since we are assuming that A is not contained within a ¢-coset, A \ C
contains some permutation 7; 7 must fix all points of [t] except for one.
Without loss of generality, we may assume that 7 = (1 t + 1)(n — 1 n).
Every permutation in .A N C must then agree with (n — 1 n) at some point
>t+42,i.e. ANC is a subset of the family

E={oc€A,:0(i))=iVielt], o(j) = (n—1n)(j) for some j >t + 2},

which has size
(7’L — t)'/2 — Op—t — Op—t—1-

We now make the following observation:

Claim: A\ C may only contain permutations of the form (i ¢t +1)(n — 1 n)
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for i € [t].

Proof of Claim:

Suppose for a contradiction that A\ C contains a permutation p not of this
form. Then p(j) # (n—1n)(j) for some j > t+2, so by a very similar argu-
ment as in the proof of Theorem 2.25, there are at least min(e,—¢—1, 0p—t—1)
even permutations which fix 1,2, ..., ¢ and agree with (n—1 n) at j (and are
therefore in £) and also disagree with p at all points of {¢t+1,t+2,...,n}\{j}.
Since p has exactly ¢ — 1 fixed points in [¢], none of these permutations can
t-intersect p, and therefore

JANC| < || — min(ep—t—1,0n—t—1)

= (n - t)' — On—t — On—t—1 — min(enftfla On7t71>-

Since we are assuming that [A| > (n —t)! — 0p—t — 0p—¢—1 + ¢, this means
that

A\ C| > min(ep—¢—1,0n—t—1) +t = (/e +o(1))(n —t — 1)!/2.

Notice that for any m < n we have the following trivial upper bound on the
size of an m-intersecting family H C Ay:

< () (= /2 =t 2,

since every permutation in H must agree with a fixed permutation in H in
at least m places.

Hence, A\ C cannot be (logn)-intersecting, and therefore contains two
permutations m,7 with |7 N 7| < logn. The number of permutations in C
which agree with © and 7 simultaneously at some point of {¢t +1,...,n} is
therefore at most (logn)(n—t—1)!/2. All other permutations in ANC agree
with 7 and 7 at two separate points of {t+1,...,n}, and therefore the same
holds for 7, and 7,, where p and ¢ are the unique points of [t] shifted by = and
7 respectively. The number of permutations in C that agree with m, and 7,
at two separate points of {t+1,...,n} is at most ((1—1/e)?>+o0(1))(n—1t)!/2
(it is easily checked that given two fixed permutations, the probability that
a uniform random even permutation agrees with them at separate points is
(1 —1/e)? + o(1)), which implies that

ANC| < ((1—1/e)? +0(1))(n—1t)!/2 + (logn)(n —t —1)!/2

contradicting (2.10). This proves the claim.
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Since we are assuming |A| > |€] + ¢, we must have equality, so

A = {oe€eA,:0(i)=iVi<t, o(j)=(n—1n)(j) for some j >t+1}
U{Qt+)(n—1n),2t+1)(n—1n),....(tt+1)(n—1n)},

proving Theorem 2.28. O
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Chapter 3

Irredundant Families of
Subcubes

74



3.1 Introduction

Let {0,1}" denote the n-dimensional discrete cube, the set of all 0-1 vectors
of length n. A k-dimensional subcube (or k-subcube) of {0,1}™ is a subset of
{0,1}™ of the form

{zr €{0,1}": z; =qa; VieT}

where T is a set of n — k coordinates, called the fized coordinates, and the
a;’s are fixed elements of {0,1}. The other coordinates S = [n]\ T are called
the moving coordinates. We will represent a subcube by an n-tuple of 0’s,
1’s and #’s, where the *’s denote moving coordinates and the 0’s and 1’s
denote fixed coordinates. For example, (x, *, x,0,1) denotes a 3-dimensional
subcube of {0,1}°.

We consider the problem of finding the maximum possible size of a family
of k-subcubes of the n-cube {0,1}", none of which is contained in the union
of the others. In other words, each has a vertex not contained in any of
the others (which we call a ‘private’ vertex). We will call such a family
“irredundant’, and we write M (n, k) for the maximum size of an irredundant
family of k-subcubes of {0,1}".

Let [n] denote the set {1,2,...,n}. We may identify {0,1}" with P[n],
the set all subsets of [n], by identifying a subset x C [n] with its characteristic
vector Y., defined by

Xe(i) =1Viex, xz(i1) =0Vi ¢ x.

We write (0,0,...,0) =0 and (1,1,...,1) = 1. We will refer to |zAy|, the
number of coordinates in which x and y differ, as the Hamming distance
between x and y, and the set

{y {0, 1}": JeAy| <7}

as the Hamming ball of centre x and radius r.
Here are some natural examples of irredundant families:

The family of all translates of a fixed k-subcube,
{A+z:2€{0,1}"}

where A is a k-subcube of {0, 1}" — in other words, the collection of all the
subcubes having the same moving coordinates as A. This family partitions
{0, 1}", so every vertex is a private vertex of its subcube, and it is a maximal
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irredundant family; it has size 27*.

The family Fo of all k-subcubes containing 0, {Pz : x € [n]¥)}. Clearly,  is
a private vertex of the k-subcube Pzx; it is the unique such, since any y C =
can be extended to a different k-set z # z. This family has size (Z) For
k> %n it is maximal, since then any k-subcube contains a k-set. Similarly,
for any v € @, we let F, be the collection of all k-subcubes through wv;
we call these the ‘principal” irredundant families. Aharoni and Holzman [1]
conjectured that for k > n/2, there are no larger irredundant families:

Conjecture 3.1 (Aharoni-Holzman, 1991). If k > n/2, any irredundant
family of k-subcubes of {0,1}" has size at most (Z)

Aharoni and Holzman (unpublished — see [27]) gave the following general
upper bound on the maximum size of an irredundant family of k-subcubes
of {0,1}™

M(n, k) < Zn: <7Z> Vk < n. (3.1)
i=k

This may be proved using a short linear independence argument. Mesu-
lam [27] proved the following stronger upper bound using a purely combi-
natorial argument:

27’L
M(n,k) < (
=k
>ico (7)

(Intuitively, this is saying that, if there were a partition of {0,1}" into
Hamming balls of radius k, it would be best to take the irredundant family
of all k-subcubes containing one of the centres of the balls.) We will give
a simple proof of Meshulam’s bound using Bollobas’ Inequality. A variant
of this proof shows that if we choose one private vertex for each subcube in
an irredundant family, then any Hamming ball of radius k contains at most
(Z) of these private vertices. (This immediately implies Meshulam’s bound
by averaging over all Hamming balls of radius k.)

For k/n > =y, where y € (3,1) is fixed, Meshulam’s bound gives M (n, k) <
(1+ 0(1))(2), i.e. it asymptotically approaches the conjectured bound; if
v > v = 0.8900, it gives M (n,k) < (2) + 1 for n sufficiently large, proving
Conjecture 3.1 in this case.

We observe that equality holds in Meshulam’s bound when there is a
partition of {0,1}" into Hamming balls of radius k, i.e. in the following
cases:

n

k) vk < n. (3.2)
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e k=1 n+11is a power of 2
e k=3 n=23
e n=2k+1

When n = 2k + 1, the irredundant family of all k-subcubes containing
either 0 or 1 has size 2(})).

We are then led to investigate the special case when every subcube must
go through either 0 or 1; we prove by an unusual linear algebra argument
that for k > n/2, any irredundant family in which all k-subcubes go through
either 0 or 1 has size at most (}).

Finally, we obtain a general lower bound for all n and k. A probabilistic
argument shows that there exists an irredundant family of k-subcubes of
{0,1}™ of size at least

B(1— )=/, (33)

_
TSR

Combining this with Meshulam’s bound, we see that

where

B(1 = 3) IR/ Bom < M(n, k) < 32",

The ratio between the upper and lower bound above is at most e for all n
and k.
If k = [yn] for fixed v € (0, 3), then

5= (122 ) (-+ot),

I -y

so we obtain

(1+0(1)) <1_77> == <11__277> 2" < M(n, |yn]) < (140(1)) (11__277) o

showing that M (n, |yn|) has order of magnitude 2".
If K = o(n), we obtain M(n,k) = (1 —o(1))2™.
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3.2 Upper bounds

Aharoni and Holzman proved the following:

Proposition 3.2 (Aharoni-Holzman, 1991). For any k < n, any irredun-
dant family of k-subcubes of {0,1}" has size at most

> ()

Proof. Let C be a k-subcube of {0,1}"; we write 0(C') for its set of fixed 0’s
and 1(C) for its set of fixed 1’s. The characteristic function y¢ of C can be

written as a function of (z1,...,z,) € R™ as follows:
xo(@n,. )= [[ ==z J] = (3.4)
1€0(C) i€1(C)

—for example,
X(1,%,5,%,0) (21, T2, T3, T4, ¥5) = 21(1 — 25).
Now let A be an irredundant family of k-subcubes of {0,1}". Then
{xc:C e A}

is a linearly independent subset of the vector space R[zy,...,z,]. To see
this, for each C' € A, choose a private vertex weo € C. Suppose

> aoxe =0

for some real numbers {ac : C € A}. Then for any D € A, evaluating the
above on wp gives:

0= Z acxc(wp) = ap.
CeA

It is easy to check that the set of monomials

S = {H zi A e [n)Ey
€A

is a basis for the vector subspace

W = (xc¢ : C is a k-subcube of {0,1}") C R[z1,...,xy).
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Hence
A < dim(w) = (5] = 3 (-=x(1)

proving the proposition. O

For k = |yn], where v € (3,1), we have:

S-S0 =550
—\i — 1)~ 2y—1\|yn])’
so Proposition 3.2 gives the correct order of magnitude.

For n = 2k — 1, however, it only gives M (2k — 1,k) < 222 compared
with 2(1 — 0(1))(2’“,;1) from Meshulam’s bound.

We now give a proof of Meshulam’s bound which we believe to be slightly
more intuitive than the proof in [27]. The idea is that for any irredundant
family A and any choice of private vertices, for every x € {0, 1}", the private

vertices chosen for the subcubes containing x cannot be too closely packed
around x. Our main tool is Bollobas’ Inequality:

Theorem 3.3 (Bollobas, 1965). Let ay,...,an and by,...,bx be subsets of
{1,2,...,n} such that a; N b; =0 if and only if i = j. Then

i=1 bl

Equality holds only if there exists a subset Y C [n] and an integer a € N
such that {a1,...,an} =Y@, and b; =Y \ a; Vi.

For a proof, we refer the reader to [5].

Given an irredundant family A, we will fix a choice of private vertices,
and deduce from Theorem 3.3 an inequality involving the subcubes contain-
ing a fixed vertex x € @,; we will then sum this inequality over all z € @,
to prove bound (3.2).

Theorem 3.4 (Meshulam, 1992). For any k < n, if A is an irredundant
family of k-subcubes of {0,1}", then

Al < Z’fZ(") (Z)

)
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Proof. Let A be an irredundant family of k-subcubes of {0, 1}", and for each
subcube C € A, choose a private vertex wg € C.

Claim: For any x € {0,1}",

s (s iy, "

CeA:xeC

Proof of Claim:

This is an immediate consequence of Bollobéds’ Inequality. By symmetry, we
may assume that © = 0. Let {C1,...,Cn} be the collection of subcubes in
A containing 0. Each C; is of the form Pv; for some k-set v;. Let w; = wc;,
be the private vertex chosen for C;. Notice that w; C v; if and only if i = j,
Le. w; Nvj = () if and only if ¢ = j, so applying Bollobds’ Inequality gives:

N 1
Z <|wi| t \Uﬂ) <1,
’”z“

=1

ie. N
|w;| +n —k -1
<1 .
S (M) < (3:6)

proving the claim.

The inequality (3.5) expresses the fact that the private vertices chosen for
the subcubes containing x cannot be too densely packed around z. Summing
(3.5) over all x € {0,1}", and interchanging the order of summation, we
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obtain:

2TL

v

DS <\woAnx|_+kn—k>l

z€{0,1}n CEA:
zcC

Ty (]woA;:L—Fkn— k:) -1

CeAzxzeC

Hence,

2" n
Al < k:n( >
20 (l) k
as required. O

As observed by Meshulam, for k > 1%12, by standard estimates, the
bound above is < (Z) + 1, implying Conjecture 3.1 in this case. More
precisely, let

Hj(7y) = vlogy(1/7) + (1 — ) logy(1/(1 — 7))

denote the binary entropy function, and let 79 be the unique solution of
Hs(v0) = & in (3,1), so that 79 = 0.8900 (to 4 d.p.); then we have the
following

Corollary 3.5. For n sufficiently large, and k > ~on, any irredundant
family of k-subcubes of {0,1}" has size at most (}}).

A slight modification of our method yields a result which gives us more
‘geometrical’ insight into the problem:
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Theorem 3.6. Let B be a Hamming ball of radius k in {0,1}". If A is an
irredundant family of k-subcubes of {0,1}", each with a private vertez in B,
then | Al < (})-

Proof. By symmetry, we may assume that B = [n](¥). Let A be an
irredundant family of k-subcubes, each with a private vertex in [n](F).
For each subcube C' € A, choose a private vertex we € [n](SF). Write
C={yeQn: voc Cy Cuc}; wewill call vc the ‘start vertex’ of C' and u¢
its ‘end vertex’. Let C' = {y € Q, : wc Cy C uc} be the (k—|wc|+ |va|)-
dimensional sub-subcube of C' between the private vertex and the end vertex
of C.

Claim: For any vertex z € [n]®),

— |w -1
3 (|vo\k+_k|wc|’ c|) <1 (3.7)

CeA: zeC’

Proof of Claim:

As before, this is an immediate consequence of Bollobds’ Inequality. By
symmetry, we may assume that x = [k]. Write {C € A: z € C'} =
{C1,...,Cn}. Let v; = vg, be the start vertex of C; and w; = wg, its
private vertex. Clearly, v;, w; C [k] for every i € [N]. Notice that v; C w; if
and only if i = j, i.e. v;N([k]\w;) = 0 if and only if ¢ = j. Hence, Bollobas’

Inequality gives:
N -1
|vi| + k — |w;]
> <1
k= |wil

i=1
and the claim is proved.
Summing (3.7) over all € [n]*), and interchanging the order of sum-
mation, we obtain:

Z Z <|UC| + k- |wcf>1
e Ces N R [wol
zeC’

-y ¥ (|vc‘ktk|ujc‘1w0|)_l

CeA z€C'N[n]*)

/N
> 3
N
v

For each subcube C € A, the (k — |wc| + |ve|)-dimensional subcube C’
k—|wc|+vcl

| ) vertices # € [n]®®), and for each of them contributes

contains (
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(|vc|+k*\wc\

-1
kol ) to the above sum, i.e. a total of 1. Hence,

3 Z vol +k —Jwel\ ™' _ (n
|~/4| - . < )
k — |wel| k
CeAzecnn)®): zcC!

proving the theorem. O

We have equality in Theorem 3.6 if A is the family of all k-subcubes
through the centre of B. Notice that by fixing some choice of private ver-
tices and averaging over all Hamming balls B of radius k&, Theorem 3.6
immediately implies Theorem 3.4.

When n = 2k + 1, the irredundant family of all k-subcubes containing
either 0 or 1 has size 2(2), so we have equality in Theorem 3.4 when n =
2k + 1.

We have been unable to find a counterexample to Conjecture 3.1. Notice
that by the same projection argument as in Corollary 6 (see later), if the
conjecture holds for n, k then it holds for n+1, k+1, so it suffices to consider
the case n = 2k — 1. For n = 5,k = 3, the conjecture can be verified by
hand, but there are exactly two extremal families up to isomorphism (per-
muting the coordinates and translating): Fo and the following family of ten
3-subcubes of @5, five through 0 and five through 1. The (unique) private
vertices are indicated above the moving coordinates:

N N N N N N N N N
K= KO = = %O\.*O*’—‘O S x-
*O X0 X ¥km O O ¥ X0
= X0 ¥ X0 O O ¥k X0 ¥%e
= ¥O ¥m X0 = O ¥ ¥O %= O
KO ¥ KO = R X XO ¥, O O

— Y ~— ~— — — ~— Y— T

Clearly, this family is not of the form F, for any = € {0,1}°. However,
we have been unable to find another such example, and we conjecture that
for n > 5 and k > n/2, the only irredudant families of k-subcubes of {0, 1}"
with size (}) are of the form F, for = € {0,1}".
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The best upper bound for n = 2k — 1 is still Meshulam’s bound, which
in this case is:

22k—1 2% — 1
Pt (R

B 2 <2k: -~ 1>
1+ 27(2k—2) (2]6];1) k

B 2 <2k—1>
142014 0(1)//2k—Dr \ k
= 2(1—6(1/\/E))<2kk_ 1>.

To construct a large irredundant family when & > n/2, one might try
just using subcubes containing 0 or 1, so that the k-subcubes containing O
have private vertices in [n](S%) and the k-subcubes containing 1 have private
vertices in [n]@"*k). However, a surprising linear algebra argument shows
that even when n = 2k, such a family has size at most (Z)

Theorem 3.7. If A is an irredundant family of k-subcubes of {0,1}2* which
contain O or 1, then |A] < (Qkk)

Proof. Let A be an irredundant family of k-subcubes of {0, 1}2* which all
contain either 0 or 1. We may assume that 4 is maximal with respect to
this condition. For v € [2k]*), we write

Uv:={y:v CyC[2k]}

for the k-subcube between v and [2k].
We partition the vertices of the middle layer [2k]*) into three sets:
S = {ve 2k Py, Uve A}
T = {ve[2k]® : exactly one of Pv and Uv is in A};
R = {ve2k® :Pv¢ A Uv¢ A}

2k
] = ( )+|S|—\Rr;

Notice that

k

we must show that |S| < |R]|.
Write S = {vi1,...,on}. For each v; € S, Pv; must have a private
vertex w; € [2k](SF=D . If jw;| < k — 2, then we may choose b; € [2k](F—1)
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such that w; C b; C v;; b; must also be a private vertex for Pv;, since any
subcube containing both 0 and b; must contain w; as well. Similarly, we
may choose a private vertex ¢; € [2k]*+1) for Uv;. Each point of T is a
private vertex for the subcube in A containing it. Let B = {by,...,by}, and
let C = {c1,...,en}. Then we can choose all the private vertices to lie in
T UBUC. For each i, let

Bi={zec2k]® b, ca}, Ci={xel2k:zCac}

be the neighbourhoods of b; and ¢; in [2k](¥). First, we claim that

([jg) 8 ((jc) “sun

To see this, take x € (UY, B;) N (UN,C;); then b; C = C ¢; for some i and j.
Suppose Pz € A; then b; € Pz, s0ox =v; € S, i.e. Ur € A as well. Similarly,
if Uz € A, then Px € A as well. Hence, (UY.,B;) N (Uf\i1 C;) C SUR.

Clearly, S C (UX,B;) N (UX,C;), as b; C v; C ¢; for every i. If x € R,
then by the maximality of A, Px must contain some b; (otherwise it could
be added to A to produce a larger irredundant family), and similarly Uz
must contain some c¢;. Hence, = € (UY,B;) N (UX,C;). Tt follows that
R C (UX,B;) N (UX,C;) as well, proving the claim.

For each i, let B = B;NR = B;\ S, and let C/ = C; "R = C; \ S; then
B!, C! C R for each i. We claim that

|B; N Ci| =1 for each i, and [BiNC}| =0or 2 for eachi#j.  (3.8)
To see this, first observe that for each 7,
B;iNCi={ze2k]®: b cacel={v,y)
for some y; € R, and therefore
BiNCi = {yi}.
For each i # j, if b; € ¢;, then
BinC; =90
and therefore

BN Cj=0.
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If b; C cj, then B;NC; = {x € [2k]*) : b; C = C ¢;} has size 2, and cannot
contain a point of S, since if b; C v; C ¢;, then i = j = [. Hence, B, N C’]’~
also has size 2, proving (3.8).

We recall the following easy lemma, the p = 2 case of which appears in

[4]):
Lemma 3.8. Let p be prime. If F1,...,Fn,G1,...,Gn C [m] are such that
|F;NGjl=0 modp Vi#j
and |F;NG;)|#0 modp Vi,

then
N <m.

Proof. Let xr be the characteristic function of F' C [m]. Consider it as
an element of the m-dimensional vector space F)' over Fj,. Observe that

{XF,---,xFy} is linearly independent over F,,. To see this, suppose

N

Z TiXF, = 0

i=1
for some ry,...,7Ny € ;. Taking the inner product of the above with xg;,
gives r; = 0. Hence, N < m as required. O

Applying the p = 2 case of this lemma to the sets By, ..., By, C1,...,Cy C
R shows that |S| < |R|, proving the theorem. O

We immediately obtain the same result for all n < 2k, by induction on
n for fixed codimension ¢ = n — k, using a projection argument:

Corollary 3.9. Let n < 2k. If A is an irredundant family of k-subcubes of
{0,1}" which contain 0 or 1, then |A] < (}).

Proof. Suppose the result is true for some n and k such that n > 2k; we will
prove it for n+1,k+1. Let A be an irredundant family of (k+ 1)-subcubes
of {0,1}"*! which contain 0 or 1. Let A; = {C € A : C; = %} be the
collection of subcubes in A with coordinate ¢ moving; since each subcube
has k£ + 1 moving coordinates,

n+1

> Al = (k+ 1)) Al

=0
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We will show that |A;] < (Z) for each i € [n + 1], giving |A| < %(2) =
(Zﬁ) Without loss of generality, i = n 4+ 1. We project the family A, 1 of
(k+1)-subcubes onto {0,1}": let Aj,; = {C": C' € Ayy1}, where C' is the
k-subcube of {0,1}" produced by projecting C' onto {0,1}", i.e. deleting
the (n 4 1)-coordinate of C' (which is a x). Clearly, Aj,,, is a collection of
| Apnt1| k-subcubes of {0,1}" through 0 or 1. It is also irredundant, as the
projection of a private vertex of C' in A, is clearly a private vertex for
C’ in A/, . Hence, by the induction hypothesis, [A} ;| < (}), giving the
result. O

Notice that we do not have uniqueness of the extremal families in Theo-
rem 3.7 for any value of k: as well as taking A = Fg or Fq, any family A con-
taining exactly one of Pz, Uz for each z € [2k](*) is extremal. Slightly more
surprisingly, we do not have uniqueness (in Corollary 3.9) for n = 5,k = 3
either: consider the irredundant family of ten 3-subcubes of {0,1}°, five
through 0 and five through 1, exhibited earlier.

3.3 Lower bounds

The case n = 2k.

Now, returning to general irredundant families, what can we say about the
case n = 2k? Meshulam’s bound gives:

2 2k
M2k k) < — =
( ) 1+ 9—2k (Zkk) (k)

2 2k
T 14 (1+0(1)/V2rk ( k )
261~ 00/vB) ()

Our lower bound (3.3) no longer beats Fy, since it only gives

2 (2k
M(2k, k) > B(1 — B) 19892k — (1 4 o(1))—L— 9% — (14 o(1))> :
(2, k) > (1~ 0) (14 0(1) ;=572 = (o) ('
Notice that Fp is a maximal irredundant family. We know from Theorem
3.7 that any irredundant family of k-subcubes in which each goes through
either 0 or 1 has size at most (2:); we now exhibit a maximal such family
B which is not maximal irredundant.
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Let By = {Px : 1 € x} be the collection of k-subcubes containing the line
(%,0,0,...,0), and By = {Ux : n ¢ x} the collection containing (1,1,...,1,%).
Consider the family B = By U By; it has size |B| = 2(2kk:11) = (2kk); we
will show that it is irredundant and not maximal. What are the B-private
vertices of each subcube C' € B? Write C; for the symbol (0,1 or *) in the
i-coordinate of the subcube C. There are 4 different types of subcubes in B

to consider:

o C € Bywith C,, =0,e.g. C=
(s, %,...,%,%,0,...,0) has Byp-private vertices
(+,1,...,1,1,0,...,0);
(1,1,...,1,1,0,...,0) € (1,1,...,1,1,%,...,%) € By, but
(0,1,...,1,1,0,...,0) € [n]*#=Y so is not in any D € By, so is the
unique B-private vertex of C'.

e C € Bywith C,, = x: eg. C =

(%,%,...,%,0,...,0,%) has By-private vertices
(x,1,...,1,0,...,0,1);
this line has k fixed 0’s in coordinates {2,...,n — 1} whereas each

D € By has at most k — 1 %’s in this range, hence this line is disjoint
from B; and both its vertices are the unique B-private vertices of C.

e CeBiwithCi=1:eg C=
(L,%,...,%,1,...,1,%) has B-private vertex
(1,0,...,0,1,...,1,1)

e C By withC;y =% eg C=
(k,%,...,%,1,...,1,%) has B-private vertices
(0,0,...,0,1,...,1,%)

Notice that
Upep, D = [n)SF VD u{zen]® :1ex}

and
Upes, D = [n]ZF D U{z e [n]® :n ¢ 2}

Hence,
{0,1Y"\UpepD = {z e [n)]® : 1 ¢ z,n ez}

Now let E be any k-subcube with 1 =0, F, = 1.

Claim: BU{E} is also irredundant.

Proof of Claim: If E has s 0’s and ¢ 1’s in coordinates {2,...,n — 1}, where
s+t =k—2, then setting k—1—t *’s = 1 and the other t+1 *’s = 0, we find
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anz € ENn)® :1¢a,nca,ie aB-private vertex for E. We must now
check that each of the above types of subcube in B has a B-private vertex
not in E:

o C € By with C,, = 0: disjoint from FE, so the B-private vertex will do.
e C € By with ), = *: choose the B-private vertex with 1-coordinate 1.
e C € By with C7 = 1: disjoint from F, so the B-private vertex will do.
e (' € By with C7 = *: choose the B-private vertex with n-coordinate 0.

This proves the claim. How many such subcubes can we add on? We can
certainly add on the family:

E={F:FE1=0,E,=1,Ey=xE; =0o0r xVi# 1,2 or n}

e.g. the subcube
(0,%,0,...,0,%,...,%, 1) has private vertex
(0,1,0,...,0,1,...,1,1).

Hence,
M (2:) ) (2:_—13) = (1+ §+0(1)) <2kk>

but we still have a gap of % between the constants in our lower and upper
bounds.

Notice the sharp drop by a factor of order /n from M (n, |[yn]) = ©,(2")
for v € (0, 3) to

n

Jn

n

[n/2]

Mo Lnf2)) <2( |, ) =204 o(0)

The case k < %n

When k < %n, we can construct an irredundant family by taking a union
of F,’s: choose a maximum (2k + 1)-separated subset S C {0,1}" (i.e. a
maximum k-error correcting code) and let

Fs = UyesFy

be the family of all k-subcubes containing a point of S; then

7l =181 ).
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When there is a subset S C {0, 1}" such that the Hamming balls of radius &
centred on the vertices of S partition {0,1}" (i.e. a perfect k-error correcting

code), )
[ Fs| = Zéo(n) (Z)

i
which exactly matches Meshulam’s bound.
It is known that there is a perfect k-error correcting code in {0,1}"
precisely in the following cases (see [31]):

e k=1,n+1is a power of 2 (take any Hamming code)
o k=3, n =23 (take the Golay code)
e n =2k +1 (take a ‘trivial’ code, two vertices of distance n apart)

so in these cases, we have equality in Meshulam’s bound:

M(n, k) = Z;Z(?) (Z)

First, consider the case k = 1; a 1-subcube is simply an edge of {0,1}".
Meshulam’s bound is
M(n,1) < 252"

Kabatyanskii and Panchenko [21] proved the existence of asymptotically
perfect packings of 1-balls into {0, 1}", namely that there is a packing of
2'I’L

n+1

(1-0O(lnlnn/Inn))

1-balls into {0,1}™. Taking all edges through the centre of each ball gives
an irredundant family of size

n

— 12"(1 —O(lnlnn/Inn)) =2"(1 — O(lnlnn/Inn))
We can in fact improve on this with the following ‘product’ construction. Let
s € N be maximal such that 2° — 1 < n; write n = m +r where m = 2% — 1.
Take a perfect packing of 1-balls into {0,1}™ and take all edges through
the centre of each ball, producing an irredundant family B in {0, 1}™ of size

2™ Writing {0,1}" = {0,1}" x {0,1}", let A be the family consisting

m+1
of a copy of B in each of the 2" disjoint copies of {0,1}"; |A] = =252
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Notice that m = 2% —1 > %n, since otherwise 2571 — 1 < n, contradicting
the maximality of s. Hence, |A] > 252", and we have

n
> _9on
M(n,1) 2 ——2" V€N,
SO
M(n,1) = 2"(1 — ©(1/n)).

What about for k fixed and n growing? It is a longstanding open problem
in coding theory to determine whether, for k fixed, there is an asymptotically
perfect packing of k-balls into {0,1}", i.e. a packing of

Z,f”(n)u —o(1)
=0 \¢

k-balls into {0, 1}™; given such, by taking all k-subcubes through the centre
of each ball, we would immediately obtain an irredundant family of size

LyLl—ol =2"(1-o(1
St (1ol = 2'(1—o(1)

However, this conjecture remains unsolved for all £ > 1.

Moreover, for k = Q(n), the approach outlined above can only give
a relatively small irredundant family. Corradi and Katai [7] proved the
following:

Theorem 3.10 (Corrddi-Katai, 1969). Let S C {0,1}" be an (n/2)-separated
set; then

o |S| <n—+1ifnis odd
o |S|<n+2ifn=2 mod4
e |S|<2nifn=0 mod 4

(For a proof of this, we refer the reader for example to [5] §10.)

So we see that, for example, any (2k + 1)-separated family S of vertices
in Q4 must have |S| < 8k, and so taking all k-subcubes through each of
these vertices only gives

4k 4k
< < —— | 27,
|.7:5|_8k:<k> _8/~cexp< 32)

We now improve on this using a probabilistic method. The idea is to take
arandom subset S C {0, 1}" where each vertex is present independently with
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some fixed probability p; for each vertex w € {0,1}" of (Hamming) distance
k from S, we choose a k-subcube C,, between w and some vertex of S, giving
a random irredundant family of k-subcubes A = {C), : d(w,S) = k}; the
expected size of this family is then a lower bound for M (n, k).

Theorem 3.11. For any k < n, there exists an irredundant family of k-
subcubes of {0,1}™ of size at least

B - B)IAPar,

where

=Bk = = v
Yo (7)

Proof. Let S be a random set of vertices in {0,1}" where each vertex is

present independently with probability p (to be chosen later). Consider the

random set of vertices

W ={ze€{0,1}" : d(x,S) = k},

where d(z,y) = |zAy| denotes the Hamming distance between x and y. For
each w € W, choose any x,, € S such that |wAz,| = k, and let Cy, be the
k-subcube between x,, and w, i.e.

Cw={ye€{0,1}": yAw C z,Aw}.
Consider the random family of k-subcubes
A={Cy:weW}.

Note that the subcubes C,, are pairwise distinct: x,, is the unique point
of S in C, and w is the ‘opposite’ point, so C, determines w. Moreover,
A is irredundant, since w is a private vertex of Cy. (If w € Cy, then
|z Aw| < k, so |z, Aw| =k, so w is the unique vertex in C,, of distance
k from z,/, so w = w’.) We now calculate the expectation of the random
variable |A| = |[W]. A vertex v € {0,1}" is in W if and only if the (k—1)-ball
around v contains no vertices of S but the k-ball around v does contain a
vertex of .S; the probability of this event is

k—1 (n

(1 — p) i=0 1) — (1 — p)zf:o (?)
Hence, the expected size of A is

B4 = 2" (1 - p)=i0 () — (1 - p)=ieo (D))
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Let

(Z) Sk (n)
5:/6n, = =F o tiz(l—p) i=0\i/;
CTELO)
then
E|A| = 2”(151*5 —t).

The function

f:[0,1] — R;
t o— 1P ¢

attains its maximum of
B(1— B)-A/8

at

t=(1-p)"°.

Hence, choosing p such that
(1 —pZi=o (D) = (1 )17,
our random irredudant family has expected size
E|A| = B(1— )= D/F2n,

Hence, there exists an irredundant family of size at least this, proving the
theorem. ]

Combining this with Meshulam’s bound, we see that
B(1— p)A=A/Ban < M(n, k) < 52" (3.9)
The ratio between the lower and upper bound above is

9(8) = (1= B)1 =/,

Observe that ¢'(3) > 0 V3 € (0,1), so g is strictly increasing on (0,1). Note
that
1-p

In(g(8)) = 3 In(1 —fg) - -1 as §—0,

so g(B) — 1/eas B — 0; In(g(f)) - 0as B — 1,50 g(B) — 1 as f — 1.
Hence, 1/e < g(8) <1V € (0,1), so the ratio between the upper and lower
bounds above never exceeds e. We believe that the upper bound is closer to
the true value, but we have been unable to improve our lower bound.
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If k =o0(n), then B =1—0(1). Let

then n = o(1).
Theorem 3.11 implies that

M(n, k) > (1 ="/ 012" = (1 - O(nln(1/n)))2";
which asymptotically matches the upper bound from Meshulam’s theorem,
M(n, k) < 32" = (1— )2".

If k = |yn] for some v € (0, 3), using the fact that as | decreases from
k—1to0, (?) decreases geometrically, we obtain

1—2vy
1—7’

ﬁn,l_'ynj = (1 + 0(1))

substituting this into (3.9) gives:

(1+0(1)) <1_77> i <11__277> 2" < M(n, |yn]) < (140(1)) (11‘_2]) on,

Hence, we see that
M(n, |yn)) = ©,(2").

Comparing this with

Mooz =e (((,1,))) = e v,

[n/2]

we see that M(n,|yn|) experiences a drop in its order of magnitude at
v=1/2.
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Chapter 4

Generating all subsets of a
finite set with disjoint unions
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4.1 Introduction

We call a family G C P[n] a k-generator of Pln] if every x C [n] can be
expressed as a union of at most k disjoint sets in G. Frein, Lévéque and
Sebd [25] conjectured that for any n > k, such a family must be at least as
large as the k-generator

k
For = JPVi \ {0}, (4.1)
i=1

where (V;)k_, is a partition of [n] into k classes of sizes |n/k| and [n/k].
The £ = 2 case is a weakening of a conjecture of Erdds, namely that if
G C P[n] is a family such that any subset of [n] is a union (not necessarily
disjoint) of at most two sets in G, then G is at least as large as

fn,2 =PV UPV; \ {(Z)}v (42)

where (V7, V2) is a partition of [n] into two classes of sizes |n/2]| and [n/2].
We refer the reader to the paper [14] of Fiiredi and Katona for some results
related to this conjecture. In fact, Frein, Lévéque and Seb6 [25] made the
analagous conjecture for all k. (We call a family G C P[n] a k-base of P[n]
if every x C [n] can be expressed as a union of at most k sets in G; they
conjectured that for any k < n, a k-base of P[n] must be at least as large as
Fok-)

In this chapter, we show that for & fixed, a k-generator of P[n] must have
size at least k2"/F(1 — 0(1)). When n is a multiple of k, this is asymptotic
to | Fnx| = k(2% —1).

As observed in [25], if G is a k-generator of P[n|, then the number of
subsets of G of size at most k& must be at least the number of subsets of [n],

so if |G| = m, then
k
> ()=
i

i=0
Since the number of subsets of G of size at most £k — 1 is

kgj (") =eam().

it follows that
: <T> = (1+06(1/m)) (::) — (14 O(1/m))ym* kL.
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Hence,
1G] > (k)VF2m /R (1 = o(1)), (4.3)

where the o(1) term tends to 0 as n — oo, for fixed k. Notice that this
argument ignores the requirement that the unions must be disjoint, so (4.3)
is also a lower bound on the size of a k-base. We will improve the constant
from (k!)'/*¥ ~ k/e to k by taking into account the disjointness requirement.
Our main result, Theorem 4.4, states that for any fixed £k € N and § > 0,
if m > 20/(k+1)+0)n then any family G C P[n] of size |G| = m contains at

(5 +o0) (2

unordered k-tuples {Aj,...,A;} of pairwise disjoint sets, where the o(1)
term tends to 0 as n — oo for fixed k£ and §. In other words, if H,, denotes
the ‘Kneser graph’ with vertex set P[n] and edge set {zy : x Ny = 0}, the
density of Kj’s in any sufficiently large induced subgraph of H,, is at most
kl/KE + o(1).

The k = 2 case of Theorem 4.4 was proved by Alon and Frankl (Theorem
1.3 of [2]): for any fixed § > 0, if m > 2(1/3+9)" then any family G C P[n]
of size m contains at most

(+ow) ()

disjoint pairs, where the o(1) term tends to 0 as n — oco. In other words,
the edge-density in any sufficiently large induced subgraph of the ‘Kneser
graph’ M, is at most 1 + o(1).

Our result on k-generators will follow quickly from Theorem 4.4. From
the trivial bound (4.3), any k-generator G C P[n] has size m > 2"/* so
putting 6 = 1/k(k + 1), Theorem 4.4 implies that the number of unordered
k-tuples of pairwise disjoint sets in G is at most

(f00) 2):

Hence,

and therefore



where the o(1) term tends to 0 as n — oo for fixed k € N.

For k = 2, this improves the estimate m > /222 — 1 in [25] (Theorem
5.3) by a factor of v/2. For n even, it is asymptotically tight, but for n odd,
the conjectured smallest 2-generator (4.2) has size (3/v/2)2%/2 — 1, so our
constant is ‘out’ by a factor of 3/(2v/2) = 1.061 (to 3 d.p.).

For general k and n = gk +r, the conjectured smallest k-generator (4.1)
has size

(k — )27 4 729+ — k= (k +r)27"/ko/k _

so our constant is ‘out’ by a factor of (14r/k)2~"/% < 21=1/12/1n 2 = 1.061
(to 3 d.p.).

It seems that different arguments will be required to improve the constant
for k 1 n, or to prove the exact result. Further, it seems likely that proving
the same bounds for k-bases (i.e. without the assumption of disjoint unions)
would be much harder, and require different techniques altogether.

4.2 Density of K};’s in large subsets of the Kneser
graph

First for some terminology and notation. If G is a graph on n vertices, we
write K, (G) for the number of K,’s in G; the density of K,’s in G is defined
to be K,(G)/("). The complete s-partite graph on n vertices with classes of
sizes |n/s] and [n/s]| is known as the s-partite Turdn graph on n vertices.
If S is a set of vertices of G, we write G[S] for the subgraph of G induced
on S.

Our starting-point for proving Theorem 4.4 is the following lemma of
Alon and Frankl [2], which gives an upper bound on the number of Ky 1(t)’s
in large induced subgraphs of the Kneser graph H,:

Lemma 4.1 (Alon, Frankl, 1985). If G C P[n] with |G| = m > 2(1/(k+1)+d)n
then the subgraph H,[G] contains at most

k1
1
1 2n(1—5t) m
(k+1) t) Tr)

copies of Ky11(t).

We include their proof for completeness:
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Proof. The probability that a t-subset { A1, ..., A;} chosen uniformly at ran-
dom from G has union of size at most kLH is at most

S
Z <2|t |>/<TZ> < 97 (/1) )t < n(1=61)
SCn): [S|<n/(k+1)

Choose k + 1 such t-sets independently at random (with replacement); the
probability that at least one has union of size at most n/(k + 1) is at most

(k + 1)2n(1—9)¢,

But this condition holds if our k+1 t-sets are the vertex classes of a Kj1(t)
in G. Hence, the number of copies of Kj.1(t) in H,[G] is at most

k+1
1
1 271(1—(515) m
(k+1) t (k+1)0

as required. O

We will deduce from this that if G is a sufficiently large subset of P[n],
then the Kj1(t)-density in H,(G) is o(1). This in turn will imply that the
K y1-density in ‘H,(G) is o(1), via an argument of Erdés. More precisely,
we will appeal to the following

Lemma 4.2. Let s,t € N be a fized positive integers. If G is an n-vertex
graph with p(7) K’s, then the number of Ky(t)’s in G is at least

ptSQ(l — O(1/n)).

s!

Proof. Let L be the s-uniform hypergraph whose vertices are the vertices
of GG, and whose edges are the K ’s of G. Then £ has at least p(Z) edges.
Hence, by an argument of Erdés in [10], £ has at least

. (1)

P 00/

complete s-partite sub-hypergraphs with classes of size t. Each corresponds
to a different copy of K4(t) in G, proving the lemma. O

Fix a sufficiently large positive integer [; we will see that since the Ky y1-
density in H,(G) is o(1), all but a o(1)-fraction of the [-subsets of G are
Ky 1-free. We will then appeal to another result of Erdds [11] to bound the
Kj-density in each of these [-subsets:
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Theorem 4.3 (Erdés, 1962). If G is a Ksy1-free graph on n vertices, then
it contains at most as many K, ’s as the s-partite Turdn graph on n vertices.

Provided [ is sufficiently large depending on e, the Kp-density in the
k-partite Turdn graph on [ vertices is at most k!/k* + €, so the Kj-density
in all but at most a o(1) fraction of the I-subsets of G is at most k!/k* + e.
An averaging argument will immediately imply that the Kj-density in the
whole graph H,,(G) is at most k!/k* 4 ¢ 4 o(1), proving the main theorem.

Here then is the formal statement and proof of the main theorem:

Theorem 4.4. For any fized k € N and § > 0, if m > 20/(E+D+0n ypep
any family G C P[n] of size |G| = m contains at most

(o) (2

unordered k-tuples {Ai,...,Ar} of pairwise disjoint sets, where the o(1)
term tends to 0 as n — oo for fized k, 9.

Proof. Let G C P[n] of size |G| = m > 20/(k+1)+0)n  Choosing t = [2/4],
Lemma 4.1 implies that H,(G) contains at most

N

(%)

(k+ 127" G )

copies of Kp11(t), i.e. the Kjiq(t)-density in H,,(G) is o(1). Let p be the
Kj1-density in H,(G). It follows from Lemma 4.2 that

P01 /m)) < (k+1)27",

and therefore
n/tk+1

p<cp2”
for some constant c;, depending on k alone, i.e. the Kji-density in H,(G)
is o(1) as well.

Let [ € N; observe that the Kj-density in the k-partite Turdn graph on
| vertices tends to k!/k* as | — co. Let € > 0, and choose [ € N sufficiently
large depending on € such that this density is at most k!/k* 4 €.

Let N be the number of [-subsets of G containing a Kj,1. Since each
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K} in G is contained in (T:kk:ll) [-sets, we have

N = p(kT 1) (77—_:—_11>
a2t <1<:T 1) (77—_ kk—_ 11>
e ()

- on(7)

—i.e. all but at most a o(1)-fraction of the I-subsets of G are Kj.;-free.
Applying Theorem 4.3 with r = s = k and m in place of n, we see that
each of the Ky i-free l-subsets of G has Kj-density at most the K-density
in the k-partite Turdan graph on [ vertices, which is at most k!/ kF e Tt
follows immediately by averaging over all [-subsets of G that the Kj-density
in H,(G) is at most k!/k* 4+ € + o(1). In detail, let ¢ be the Ki-density in
H,(G). Double-counting the number of times an l-subset of G contains a

Ky, we obtain:
() (T2 = () () -2) (e (1)
(o) + (1= o)k +0) (7))
= (K/KF + e+ o(1)) (”7) (/i)

Ry o(l))<n,;> <Tln__kk>,

k!
q§ﬁ+e+o(1).

IN

and therefore

Since € > 0 was arbitrary, it follows that

k!
q S ﬁ + 0(1)7

proving the theorem. O

As explained above, our result on k-generators quickly follows:
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Theorem 4.5. Let k € N be a fized positive integer. Then any k-generator
of P[n] must contain at least k2™*(1 — o(1)) sets.

Proof. Let G be a k-generator of P[n], with |G| = m. The trivial counting
argument in the Introduction implies that m > 2*/% so applying Theorem
4.4 with 0 = 1/k(k + 1), we see that the number of ways of choosing k
pairwise disjoint sets in G is at most

k! m
(kk +0(1>> <k>
The number of ways of choosing less than k pairwise disjoint sets is, very

crudely, at most Zf:_ol (") = ©(1/m)(}); since every subset of [n] is a
disjoint union of at most k sets in G, we obtain

n < - — -
2" < (kk—l—o(l)—i—@(l/m)) (k) (%) (a+o()
(where the o(1) term tends to 0 as n — o0), and therefore
m > k2VF(1 — o(1))

(where the o(1) term tends to 0 as n — o). O
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Appendix A

The Strong Duality Theorem
of Linear Programming

For the reader’s convenience, we reproduce a short proof of the Strong Du-
ality Theorem of Linear Programming. This relies on the closely related
Farkas’ Lemma, a consequence of the Separating Hyperplane Theorem:

Theorem A.1l. (Separating Hyperplane Theorem) Let S C R™ be a closed,
convez set, and b € R™\ S. Then there exists a vector ¢ € R™ such that

c-b<c-s VselS

Proof. By a compactness argument, there exists a y € S of minimum dis-
tance from b, i.e. such that

ly —bl* < [|lz—b]|* VzeS

Let ¢ = y —b. We claim that ¢-b < c-z Vx € S. Take any z € §. By
convexity of S, for any t € [0,1], tx + (1 —t)y =y +t(x —y) € S. Hence, by
our choice of vy,

ly = b|1> < [ly +t(x —y) = b||* = |y = b|]> + 2t(y = b) - (v — y) + 2| |z — y|?

SO
2ty —b) - (z —y) + ]z —y|* > 0

Letting ¢ | O gives
(y—=0)-(x-y) >0
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and therefore

cox = (y=b)-(z-y)+y—->b-y
> (y—=b)-y
= (y—=0)-b+(y—>b)-(y—0)
> (y—b)-y
— c-y
as required. O

Lemma A.2. (Farkas’ Lemma) Let A be a real m X n matriz, and b € R™.
Then the system of inequalities

(Az=b, x>0)
is unsolvable iff there exists p € R™ such that p' A >0 and p'b < 0.

Proof. Let S = {Az : x > 0} C R™. Note that S is a closed, convex
set. Suppose the system of inequalities is unsolvable, i.e. b ¢ S. Then by
the hyperplane separation theorem, there exists a vector p € R™ such that
p'b<p's V¥secS. Since0€ S, p'b< 0. Note also that for any j € [n]
and any A > 0, AMe; € S. Hence, p' (\Ade;) > p'b. Letting A\ — oo gives
pTAej > 0. Hence, p" A > 0 as required.

Clearly, if there exists p € R™ such that p' A > 0 and p' b < 0, then for
any x > 0, p' (Az) = (p" A)x > 0, and therefore the system of inequalities
above is unsolvable. O

A restatement of Farkas’ Lemma is as follows: if A is a real m x n
matrix with columns A, ..., Ay, and b € R™ is such that p'b > 0 whenever
p' A; > 0 Vi € [n], then b is a non-negative linear combination of columns
of A, i.e. there exists a vector x € R™ such that Az = b.

Theorem A.3. (Strong Duality Theorem of Linear Programming) Let A €
R™*" b € R™ and c € R™. If the linear programming problem:

minimize ¢ x subject to Ax >b
has an optimal solution x*, then the dual problem:
mazimize \'b subjectto N A=¢c', A>0

has an optimal solution p with the same value, i.e. p' b= c'z*.
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Proof. For i € [m], let a; € R™ be the ith row of A; let

I={iec[m]:az*=0b}

1

be the set of constraints that are tight at z*. Note that if y € R" is such
that yTa; > 0 Vi € I, then y' ¢ > 0, otherwise for € > 0 sufficiently small,
A(z* —ey) > b but ¢ (z* — ey) > c¢'x*, contradicting the optimality of
z*. Hence, by Farkas’ Lemma, c¢ is a non-negative linear combination of the
vectors (a; : ¢ € I), i.e. there exist (p; > 0:4 € I) such that

c= E pia;
el

Define p; = 0 Vi ¢ I; then the vector p € R™ satisfies p' A = ¢! and

-
p'b= Zpibi = ZPMZCL‘* = (ZM%) z*=c'z*

icl el el

Hence, p is a solution to the dual problem with the same value, b'p = ¢ " z*.

Note that if x is any solution to the primal problem and A is any solution
to the dual problem, then

ANb< A\ Ar=c'x

and therefore any other solution A to the dual problem satisfies ATb < p b,
so p is an optimal solution to the dual problem. ]

We apply this in the proof of Theorem 2.13 by noting that the system
of inequalities (2.5) is solvable iff the problem

minimize Z:cz + Zyj subject to x; +y; > —a;; (1 <14,5 <n)
( J

has an optimal solution with value < 0.
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