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Abstract

In extremal set theory, the Erdés-Ko-Rado (EKR) theorem gives an upper bound
on the size of intersecting k-subsets of the set {1,...,n}. Furthemore, it classifies
the maximum-sized families of intersecting k-subsets. It has been shown that similar
theorems can be proved for other mathematical objects with a suitable notion of
“Intersection”. Let G < Sym(n) be a permutation group with its permutation action
on the set {1,...,n}. The intersection for the elements of G is defined as follows: two
permutations «, 5 € G are intersecting if a(i) = (i) for some i € {1,...,n}. A subset
S of GG is, then, intersecting if any pair of its elements is intersecting. We say G has
the EKR property if the size of any intersecting subset of GG is bounded above by the
size of a point stabilizer in G. If, in addition, the only maximum-sized intersecting
subsets are the cosets of the point-stabilizers in GG, then G is said to have the strict
EKR property. It was first shown by Cameron and Ku [10] that the group G = Sym(n)
has the strict EKR property. Then Godsil and Meagher presented an entirely different

proof of this fact using some algebraic properties of the symmetric group. A similar



method was employed to prove that the projective general linear group PGL(2,q),
with its natural action on the projective line P;, has the strict EKR property. The
main objective in this thesis is to formally introduce this method, which we call the
module method, and show that this provides a standard way to prove Erdés-Ko-Rado
theorems for other permutation groups. We then, along with proving Erdos-Ko-Rado
theorems for various groups, use this method to prove some permutation groups
have the strict EKR property. We will also show that this method can be useful in
characterizing the maximum independent sets of some Cayley graphs. To explain
the module method, we need some facts from representation theory of groups, in
particular, the symmetric group. We will provide the reader with a sufficient level of
background from representation theory as well as graph theory and linear algebraic

facts about graphs.
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Chapter 1
Introduction

The celebrated Erdés-Ko-Rado (abbreviated EKR) theorem is a very fundamental
and important theorem in combinatorics which was essential to the development of
extremal set theory. To state this theorem, let & and n be positive integers with
n > 2k. A family A of k-subsets (i.e. subsets of size k) of {1,...,n} is said to be
an intersecting system if any two sets from 4 have non-trivial intersection. The

Erdés-Ko-Rado Theorem, then, is as follows.

Erdés-Ko-Rado Theorem. [17] Let n > 2k. If A is an intersecting system of

k-subsets of the set {1,...,n}, then

Al < (Z:i) (1.1)

Moreover, A meets the bound if and only if A is the collection of all k-subsets that

contain a fixed i€ {1,...,n}. O



A family A of k-subsets of {1,...,n} all of whose elements contain a fixed element
is usually called a trivially intersecting family. There is, also, a generalized version
of this theorem which classifies the t-intersecting systems of k-subsets; that is, the
families of k-subsets of {1,...,n} in which every pair of sets has intersection at least
of size t. For both the special and general cases of the EKR theorem, there are many
different proofs. For a survey of some of these proofs see [13] or [21].

The most astonishing characteristic of the EKR theorem is that similar results
occur in many other situations. In other words, if we replace “sets” in the EKR
theorem with some other objects and then define a suitable “intersection” property,
we may encounter a similar behavior as in the EKR theorem. The following is a list
of some of the theorems which were proved for different objects with relevant notion
of intersections. We call them “extensions” of the EKR theorem or other “versions”

of this theorem.

In [31] a version of EKR theorem was proved for intersecting subspaces of a

vector space;

In [22] a version of the EKR theorem was proved for intersecting integer se-

quences;

e In [44] a version of EKR theorem was proved for intersecting blocks in a design;

e In [10] a version of EKR theorem was proved for intersecting permutations;



e In [41] a version of EKR theorem was proved for uniform set partition systems;

e In [42] a version of EKR theorem was proved for intersecting permutations of

the action of PGL(2,¢) on the projective line.

EKR for the intersecting permutations

In the version of the EKR theorem for intersecting permutations given in [10], the
“objects” are all the permutations on the elements {1,...,n}, i.e. the elements of
the symmetric group Sym(n), and two permutations are said to “intersect” if they
map 4 to the same point, for some 7 € {1,...,n}. A set of permutations is called
“intersecting” if any pair of its elements intersect. It was proved that the maximum
size of an intersecting set is (n — 1)! and then the only intersecting sets of this size
were characterized to be the sets S; ; of all the permutations mapping 7 to j, for any
i,j €{1,...,n}. The sets S;; are, in fact, cosets of the point-stabilizers in Sym(n)
under the permutation action of Sym(n) on {1,...,n}. In [27], the authors presented
a new proof of this theorem which relies mainly on the algebraic properties of the
symmetric group, especially the irreducible representations of this group. It would,
then, be very natural to generalize this result to other permutation groups, i.e. proper
subgroups of Sym(n). A similar method was used in [42] to prove a version of EKR
theorem for the projective linear group PGL(2,¢). The usefulness of this method,
which is the core idea of what we will call the “module method”, was the main mo-

tivation for the author of this thesis to generalize it to any 2-transitive permutation



group. This method, then can be applied to different permutation groups. Using this
formulation, then, along with proving EKR theorems for various groups, we present
a new proof for the version of the EKR theorem for the alternating group which was
initially proved in [36]. Furthermore, we provide an important generalization of this
method to the case where the intersection of two elements of a permutation group
G is defined with respect to any union of conjugacy classes of G (in contrast to the
old definition of the intersection where the adjacency is defined with respect to the
union of all the conjugacy classes of the derangements of G). Then we show that
the module method can be generalized to this case. Using this generalization of the
method, we prove an interesting version of EKR theorem for the alternating group

Alt(n) with respect to the conjugacy class of all n-cycles.

Graph interpretations

Any system A for which the bound in (1.1) is achieved is called a maximum inter-
secting system. In any version of the EKR theorem, one can associate an appropriate
graph to the problem so that the problem of classifying the maximum intersecting
families is equivalent to the classification of maximum independent sets in the graph.
For instance, to the original EKR theorem we can associate the graph whose vertices

are all the k-subsets of {1,...,n} and two vertices are adjacent if their corresponding



sets do not intersect. This graph is the well-known Kneser graph (see [28, Chap-
ter 7] for a detailed discussion about this graph). A set of vertices of this graph
is independent if and only if the corresponding sets form an intersecting system of
k-subsets. In [43], there is an algebraic proof of the Erdés-Ko-Rado theorem using
Kneser graphs.

In the case of permutation groups, we will use the so called “derangement graphs”
whose vertices are all the elements of the group we are considering, and two vertices
of the graph are adjacent if they don’t intersect. The derangement graphs are in the
family of normal Cayley graphs. This is where the problem connects to representation
theory as the irreducible characters of the group provide the required information on
the eigenvalues of the derangement graphs. In addition to representation theory, two
well-known bounds on the size of independent sets of the graphs, namely the “ra-
tio” bound and the “clique-coclique” bound provide useful machinery we need in our

method.

Overview of the document

This thesis consists of eight chapters, the first one being this introduction. In
Chapter 2 we provide the reader with a short review of the facts we will need from
graph theory. We will also provide a brief introduction to spectral graph theory and

will present a proof of the ratio bound theorem. In addition, we prove some new and



useful results in spectral graph theory which will be employed in later chapters.

Chapter 3 is an introduction to representation theory of finite groups. There, we
mainly study some basic facts about representations, characters, irreducible repre-
sentations and some examples of different types of representations. Then we turn
our attention to the irreducible representations of the symmetric and the alternating
groups which are of great significance in this research work. There are several refer-
ences for representation theory of these groups. Using some of them, we provide a
compact introduction to this topic which will give an overview of the subject and the
fundamental facts which we need throughout the thesis.

Chapter 4 is devoted to introducing Cayley graphs, investigating some of their
basic properties and explaining how we can use the irreducible representations of a
group to evaluate the eigenvalues of Cayley graphs based on that group; in other
words we give a detailed proof of Theorem 4.2.1 which is a very nice and strong
connection between the character theory of finite groups and spectral graph theory.
The paper [14], where this result first appeared, is mainly in probability theory and
the theme of the work is not very compatible with the literature of spectral graph
theory. The main purpose of Section 4.2 is to provide a detailed proof of this result
which can be used as a standard proof for the researchers in this field. We will also
discuss some connections between the eigenvalues of a Cayley graph based on a given

group and those of the corresponding quotient groups. This will provide some useful



machinery for some future work in this area.

In Chapter 5 we officially define the concepts of EKR and strict EKR property
for permutation groups, which correspond to the first and the second conditions in
the EKR theorem. Furthermore, we prove that some famous groups have the EKR
or strict EKR property. The terms EKR and strict EKR properties are not new and
have been used in many recent research works in this area; however, for the first time
in the literature, we investigate these properties for a large list of families of groups
and provide very detailed discussions in this subject. For example, we prove that all
the cyclic and dihedral groups have the strict EKR property and all the Frobenius
groups have the EKR property. In addition, we discuss the EKR and strict EKR
properties for some group products.

We further investigate the EKR and strict EKR property of groups in Chapter 6,
where we introduce the proof method we call the “module method”. Then, using
the module method, we prove that the alternating group, the 2-transitive Mathieu
groups and all 4-transitive groups have the strict EKR property. Further, we show
that the projective special linear group PSL(2,¢) has the EKR property and show
that, provided some matrix related to this group has full rank, PSL(2, ¢), in fact, has
the strict EKR property.

In Chapter 7 we turn our attention to characterizing the maximum independent

sets of some Cayley graphs on the symmetric group with respect to a single conjugacy



class of derangements. To do this, we first generalize the module method discussed in
Chapter 6. We then prove a sequence of interesting results regarding some connections
between the algebraic properties of the underlying group and the graph theoretical
properties of the corresponding Cayley graph. Then using the generalized module
method, we prove that the alternating group has the strict EKR property.

The concluding chapter is Chapter 8 where we provide a list of open questions

and conjectures we have come up with during this research work.

General notation

In this thesis, all the graphs are assumed to be simple and finite and all the groups
are assumed to be finite. We will denote any cyclic group of size r with Z,. For the
set {1,...,n}, we will use the notation [n]. For any subset Q € [n], the symmetric
group on (2 will be denoted by Sym(£2). In particular, if © = [n], then the notation
Sym(n) is used for Sym(2). Any subgroup G of Sym(n) is called a permutation
group of degree n. The alternating group on [n] is denoted by Alt(n). Furthermore,
the identity element of any group G is denoted by idg and if G is clear from the
context, we simply write id. Let S be a subset of a set T. Then we denote the

characteristic vector of S in T' by vg where there is no confusion about 7.



Chapter 2

Graph Theory

In this chapter we provide the reader with some concepts and facts from graph the-
ory which will be needed throughout this thesis. We refer the reader to the books [15]
and [32] for definitions and the basic facts for graph theory and algebra, respectively.

For any graph X, a non-empty subset S of the vertex set V(X) is called inde-
pendent (or a coclique) if no pair of its elements are adjacent. The maximum size of
an independent set in X is called the independence number of X and is denoted by
a(X). Any independent set of maximum size is simply called a maximum indepen-
dent set. The concept of independent sets is very old and well-studied in graph theory
as well as computer science and other related fields of discrete mathematics. We refer
the reader to the books [15], [28] for discussions related to the independence number.
The concept of independent sets is very essential in this thesis as the characterization

of maximum independent sets of vertices in some Cayley graphs is the core concept



in Chapters 5 through 7.

This chapter includes four sections. In the first section we introduce two graph
products which will be useful in later chapters. Section 2.2 provides some well-
known facts from matrix theory which will be employed in the thesis, especially in
Section 2.3 where we present a brief introduction to algebraic graph theory and some
basic concepts related to linear algebraic aspects of graphs. Finally in Section 2.4 the
famous ratio bound for the independent sets of regular graphs as well as some new
bounds will be proved. Note that if two vertices x and y are adjacent in a graph,

then we write x ~ y.

2.1 Graph products

In this section we define two products on graphs. Let X and Y be two graphs.

The direct product of X and Y is the graph X x Y whose vertex set is
V(X xY)=V(X)xV(Y),

and in which two vertices (x1,y;) and (x2,y2) are adjacent if 1 ~ x5 in X and y; ~ ¥
in Y. Note that for any independent set S in X, the set S x V(Y') is an independent
set in X xY; hence, a(X xY') > o(X)|V(Y)|. Similarly a(X xY) > a(Y)|V(X)]. We
conclude that a(X xY) > max{a(X)|V(Y)|, «(Y)|V(X)|}. This inequality can be
strict for general graphs (see [35]), but Tardif [51] asked if the equality holds if both
X and Y are vertex-transitive graphs. This question was answered by Zhang in [54].

10



He proved

Theorem 2.1.1. If X and Y are vertex-transitive graphs, then
a(X xY) =max{a(X)Y], «(Y)|X|}. O
The following can, then, be easily derived.

Corollary 2.1.2. If X;,..., X} are vertex-transitive graphs, then

a(X) x - x X}) = mlax{ a(X;) '_H V(X;)|} O

J=l,.,

Our second product is the lexicographic product of graphs. Let X and Y be
two graphs. Then their lexicographical product X[Y] is a graph with vertex set
V(X)xV(Y) in which two vertices (1,y1), (z2,y2) are adjacent if and only if 1 ~ 25
in X or x; =y and y; ~ yo in Y. An easy interpretation of X[Y] is as follows: to
construct X[Y'], replace any vertex of X with a copy of Y, and if two vertices x; and
x9 in X are adjacent, then in X[Y'] all the vertices which replace x; will be adjacent

to all the vertices which replace x,. For example,

IR

K[ K]

Km,m ..... ms

n times

where K, is the complete graph on n vertices. Note that if Sx and Sy are independent
sets in X and Y, respectively, then Sx[Sy] is an independent set of vertices of X[Y].
This implies that

a(X[Y]) 2 a(X)a(Y).

11



In fact, we can say more:
Proposition 2.1.3 (see [26]). Let X and Y be graphs. Then
a(X[Y]) =a(X)a(Y). O

For any z € V(X), let Y, = {z} x Y. Then it is easy to see that Y, 2 Y. In order
to see what the maximum independent sets in X[Y'] look like, for any subset S of

the vertices of X[Y], we define the projection of S to X as
projy(S) ={x e X | (z,y) €S, for somey € Y}.
Similarly, for any x € V(X)) we define the projection of S to Y, as

projy, (S) ={y e Y | (z,y) € S}.
We can, then, observe the following.

Proposition 2.1.4. Let X and Y be graphs. If S is an independent set in X[Y]
of size a(X)a(Y), then projy(S) is a maximum independent set in X and, for any

r e V(X), projy, (S) is a maximum independent set in Y,. O

2.2 Some matrix theory

In this section, we recall some facts from matrix theory which we will use through-
out the thesis. The reader may refer to [29] or [30] for detailed discussions about these
results.

12



For a matrix A = [a;;], the transpose AT of A is the defined as AT = [a; ;], where

/

@5 =

a;;, for all ¢ and j. An nxn matrix A is said to be symmetric if AT = A. Also, A
is said to be real orthogonal, if A=t = AT; this is a particular case of unitary matrices,
where we assume the matrices to have real entries.

The trace of a square matrix A, tr(A), is defined to be the sum of diagonal entries
of A. Two matrices A and B are said to be similar (orthogonally equivalent) if there
exists a non-singular (real orthogonal) matrix S, such that B = S71AS. A square
matrix A is said to be (orthogonally) diagonalizable if it is similar (orthogonally

equivalent) to a diagonal matrix D. The following fact is well-known (see [30, Section

4.1] for a proof).
Theorem 2.2.1. Any symmetric matrix is orthogonally diagonalizable. O]

Throughout this thesis, we will denote the identity matrix of size n, by [, or
simply [ if there is no confusion about the size. Similarly the n x n matrix all of
whose entries are 1 is denoted by J, or J.

For a square matrix A, the characteristic polynomial of A is defined to be the
monic polynomial

o(A;x) =det(xl - A).
For instance, the characteristic polynomials of the zero matrix of size n, I, and J,
are ", (x—1)" and (z —n)xz™ !, respectively. It is not hard to see that ¢(A,0) is the

determinant of A.

13



Theorem 2.2.2 (see [30, Section 1.3]). If two matrices A and B are similar, then
A and B have the same characteristic polynomial. In particular, they have the same

determinants and traces. O

The eigenvalues of A are defined to be the roots A of the characteristic polynomial.
Equivalently, a complex number A is an eigenvalue of A, if the determinant of the
matrix A\I — A is zero. This is, in turn, equivalent to the fact that there is a non-zero
vector v in the null space of A\ — A. If D = S~1AS is a diagonalization of a matrix A,
then the diagonal entries of D are the eigenvalues of A. Hence, one can deduce from
Theorem 2.2.2 that the trace of a matrix is equal to the sum of the eigenvalues of the
matrix.

If X\ is an eigenvalue of A, then the null space of A\l — A and its non-zero elements
are called the eigenspace and the eigenvectors of A corresponding to the eigenvalue
A, respectively. The (algebraic) multiplicity of the eigenvalue X of a matrix A, is the
maximum power of the factor x — A in the characteristic polynomial ¢(A;x) and is

denoted by m(\). The following facts are well-known in matrix theory.

Proposition 2.2.3 (see [30, Section 4.1]). If a square matrix A is symmetric, then

all the eigenvalues of A are real. m

A symmetric matrix A is positive semi-definite (positive definite) if all the eigen-

values of A are non-negative (positive).

14



Lemma 2.2.4. If a matrix A is positive semi-definite, then for any vector x, x" Ax > 0.

The equality holds if and only if Ax = 0.

Proof. By Theorem 2.2.1, there is a real orthogonal matrix S such that A = STDS,
where D is a diagonal matrix with diagonal entries Ay,..., \,, i.e. the eigenvalues of

A. Hence we can write
2"Az =2"S"DSx = (Sz)"D(Sz) =y "Dy = > \y; >0,
i=1

where y = Sz. This proves the first part of the lemma. For the second part, let /D be
the diagonal matrix with the diagonal elements \/A1,...,v/A,. Then A = BTB, where
B =+/DS. Now if 27 Az = 0, then 27 BT Bz = 0. This implies that (Bz)T(Bx) = 0; that

is || Bz|| = 0, hence Bz = 0. This yields Az = BTBx =0. The converse is trivial. O

We, next, introduce the “tensor product” of matrices which is one of the well-
known matrix operations and has many applications. Let A and B be mxn and pxq

matrices, respectively. Then their tensor product A ® B is defined to be the matrix

CL11B CblnB

am B - amn B
In other words, A ® B is obtained from A by replacing any entry a;; by the matrix

a;;B. Hence A® B is an mp x ng matrix. In particular, if x and y are column vectors

of lengths m and n, respectively, then x®y is a column vector of length mn. It is clear

15



that A® B needs not to be equal to B® A. It is easy to see that (A® B)" = AT® B.

Also the proof of the following is straight-forward.

Lemma 2.2.5. Let A, B,C and D be mxn, rxs, nxp and sxt matrices, respectively.
Then

(A®B)(Ce® D)=(AC®BD). O

Using this, one can see that (A® B)™' = At ® B~!. In addition to these nice
properties, the tensor product enjoys so many other properties. In the following

proposition, we will see how the eigenvalues of A® B can be written in terms of those

of A and B.

Proposition 2.2.6. Let A and B be mxm and nxn matrices, respectively. Then the
eigenvalues of A® B are \;ju;, where \q,..., A\, and py,. .., [, are all the eigenvalues

of A and B, respectively.

Proof. Let X and p be eigenvalues of A and B, with eigenvectors v and w, respectively.

Then Av = Av and Bw = pw. Therefore, according to Lemma 2.2.5, we have

(A® B)(v®w) = Av® Bw = v ® uw = Au(v @ w). O

As a nice application of the tensor product, we point out that the adjacency matrix
of the graph X xY is the tensor product A(X)® A(Y'); hence using Proposition 2.2.6,

one can obtain the spectrum of X x Y using those of X and Y.

16



2.3 Spectral graph theory

This section is a brief introduction to an important part of algebraic graph theory,
namely spectral graph theory. In this context, algebraic and linear algebraic tools are
used to establish graph theoretical properties for graphs. For more details on spectral
graph theory, the reader may refer to [8] or [28]. The starting point is the concept of
adjacency matrix.

Assume that X is a graph with vertex set V(X) = {vy1,...,v,}. Then the adjacency
matrix of X, which is denoted by A(X), is the square 0l-matrix of size n, whose
entry (¢,7) is 1 if and only if v; is adjacent to v;. Note that there are, also, some
other important matrices associated to a graph (for example, the incidence matrix
or the Laplacian matrix) which provide further connections with linear algebra and
matrix theory. It follows immediately from the definition of the adjacency matrix of
a graph that it is real symmetric and hence is diagonalizable and, since the graph
X has no loops, the trace of A(X) is zero. Note also that if a € Sym(V (X)) is
a permutation on the vertices of X, then the adjacency matrix of X based on the
labeling V(X)) = {vaq1), - -, Va(m) }, is PTPA(X) P, where P is the permutation matrix
corresponding to «. This implies that changing the order of the vertices of X will
result in distinct but similar matrices to the adjacency matrix. We deduce that the
order on the vertices of X is not important in this context.

The nullity and the rank of a graph X is defined to be the nullity and the rank

17



of A(X), respectively. Further, the eigenvalues of the graph X are defined to be the
eigenvalues of the matrix A(X) and for an eigenvalue A of the graph X, the eigenspace
and the eigenvectors of X corresponding to A are defined to be the eigenspace and the
eigenvectors of A(X) corresponding to A, respectively. Note these are well-defined
since changing the order of the vertices of X makes similar matrices. Because the
eigenvalues of a graph X with n vertices are real, we usually order them as \,, > \,,_1 >
> A1. The least eigenvalue, A\; (which is often denoted by 7), plays an important
role in the characterization of independent sets of regular graphs (see Section 6.3,
Section 6.4 and Section 7.3). Since the trace of A(X) is zero, one can observe that
the least eigenvalue of any non-empty graph is negative.
The spectrum of a graph X is the following array:
A1 Ao A

Spec(X) = :
m(A1) m(Aa) ... m(As)

where A\g > --- > Ay are the distinct eigenvalues of X. For example, the spectra of the
complete graph K, and the complete bipartite graph K, ,, are as follows:
n-1 -1

Spec(K5,) = , (2.2)
1 n—1

Jon 0 —Jmm

1 m+mn-—2 1

Spec(Kpn) =

For any pair of graphs X and Y with disjoint vertex sets and disjoint edge sets,
the disjoint union of X and Y, denoted by X uY', is defined to be the graph whose set
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of vertices is the union of the vertex sets of X and Y and whose edge set is the union
of the edge sets of X and Y. It is not difficult to see that the spectrum of X uY is
simply the union of those of X and Y.

It is obvious that isomorphic graphs have the same spectrum but the converse is
not true in general; for example, the star K 4 and the union of a 4-cycle and a single
vertex, Cy U K1, have the same spectrum. The problem of finding the graphs which
are determined by their spectrum is one of the most interesting topics in spectral
graph theory. One of the most surprising results in this field was shown by Schwenk
in [49] which states that “almost” no tree is identified by its spectrum. However, the
spectrum of a graph contains important information about the graph and, to some
extent, describes some graph theoretical parameters of the graph. In what follows we
observe some of the applications of the spectrum. The following result gives an upper

bound for the diameter of a graph G, diam(G), using Spec(G).

Theorem 2.3.1. Let G be a connected graph. Then G has at least diam(G) + 1

distinct eigenvalues. O]

See [8, Corollary 2.7] for a proof. Using this, we observe the following fact which

will be useful in Section 5.1.

Proposition 2.3.2. Let G be a graph with exactly two distinct eigenvalues. Then

GeK,u-uk,,
————
r times
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for some r >1 and n > 2.

Proof. If there are vertices u,v and w in G such that v ~ v and u ~ w but v is
not adjacent to w, then there will be an induced path of length two in G; that is,
diam(G) > 2 which is a contradiction, according to Theorem 2.3.1. This implies that
all of the connected components of GG are complete graphs. To complete the proof, it
suffices to note that if the sizes of these cliques are not the same, then according to

(2.2), G will have more than two distinct eigenvalues. O

Throughout the text, we denote by 1 the column vector all of whose entries are
1; that is, 1 = (1,1,...,1)7, where its length is clear from the context. If X is a
k-regular graph, then an easy calculation shows that A(X)1 = k1 which implies that
k is an eigenvalue of X and that 1 is an eigenvector of A corresponding to k. We can

say more:

Theorem 2.3.3 (see [8, Chapter 3]). If X is a k-regular graph, then the multi-
plicity of k as an eigenvalue of X is equal to the number of connected components of

X. Furthermore, for any eigenvalue \ of X, we have |\| < k. O

We say the spectrum of a graph is symmetric about the origin if for any A in
the spectrum, —\ is also in the spectrum. For example, the spectrum of K, is
symmetric about the origin. This is, indeed, true for any bipartite graph. In fact,

there is an even stronger result.
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Theorem 2.3.4 (see [53, Theorem 8.6.9]). A graph is bipartite if and only if its

spectrum is symmetric about the origin. O

Next we define the “morphisms” of the “category” of graphs, i.e. the maps between
graphs which preserve some of the structures of graphs. Let X and Y be graphs. A

graph homomorphism (or simply a homomorphism) ¢ : X - Y is a map
¢:V(X)->V(Y),

such that if u and v are adjacent in X, then ¢(u) and ¢(v) are adjacent in Y. The
notions monomorphism, epimorphism, isomorphism and automorphism are, then,
defined as usual. It is easy to observe that two graphs X and Y are isomorphic if and
only if there is a permutation matrix P (i.e. a square 01-matrix whose every row and
every column has exactly one 1), such that A(Y) = PTA(X)P. In particular, A(X)
and A(Y') are similar and, therefore, have the same spectrum. Note that changing

the order of the vertices of X is, indeed, an isomorphism on X.

2.4 Bounds on the independence number

For any vertex-transitive graph X, we define the fractional chromatic number of

X to be

_ VX

X*(X) - O[(X) .
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See [28] for a general definition of the fractional chromatic number. The following

inequality has been proved in [28].

Proposition 2.4.1. If there is a homomorphism from a graph X to a graph'Y', then

X (X) <x(Y). O

This means that if X and Y are vertex-transitive graphs, then the existence of a

homomorphism f: X — Y, implies that

VOl Vo)
a(X) T aY)’

which provides a bound for a(X) or a(Y") provided that the other one is given.

Now we turn our attention to some discussions about the least eigenvalues of
graphs and their applications. Recall that an independent set in a graph is a set of
vertices in which no pair of the vertices are adjacent. A clique in a graph is a set
of vertices in which every pair of vertices are adjacent. We first present the well-
known ratio bound for independent sets, which gives an upper bound for the size
of independent sets in a regular graph. The main tool for this theorem is the least
eigenvalue of the graph. It is, therefore, of great importance to know what the least
eigenvalue is or, to be able to approximate it.

The ratio bound for independent sets is due to Delsarte who used a linear pro-
gramming argument to prove the ratio bound in association schemes (see Section 3.2

of [43]). There is another proof based on equitable partitions and interlacing which
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is due to Haemers (see Section 9.6 of [28]). We will present a proof which appears

in [43] and is based on positive semi-definite matrices

Theorem 2.4.2 (ratio bound for independent sets). Let X be a k-regular graph

on n vertices with T the least eigenvalue of X. For any independent set S we have

S| <

T

Furthermore, the equality holds if and only if

e ) (12

-7l is

Proof. Let A =A(X) and for convenience assume z = vg. Since the matrix A

positive semi-definite, according to Lemma 2.2.4, for any vector y, we have
y'(A-7I)y >0,

and equality holds if and only if y is an eigenvector associated to 7. Thus for the

S
- |—n|1 we must have

vector y =z
(2.3)

(z |S‘ ) (A-7I) (2—@1) >0
n
Since S is an independent set, it is not hard to see that zTAz = 0 and zTA1 = k||

Therefore, by expanding the terms in (2.3), we have

[51<

E
T
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which completes the proof of the bound. For the second statement in the theorem,

first assume the theorem holds with equality. Then (2.3) holds with equality. Since
A — 71 is positive semi-definite, by Lemma 2.2.4, we have

(A—T[)(Z—|nﬁ|1)=0;

hence
A(Z—%1)=T(Z—|ni|1). (2.4)

. S|4 . . .
Note this means that vector z— |n—‘1 is an eigenvector associated to 7. For the converse,

assume that (2.4) holds. Let x be a vertex of X which is in S. Thus z,, the component

of z corresponding to x, is 1. Therefore

(-9, -2

On the other hand, the component of the vector in the left hand side of (2.4) corre-

sponding to x is
B ) -IS] _ KIS
B el ) [ o A e
u;(z n e 1;: n n’
because w ~ x implies that z, = 0. Hence
k|S S
1y 18
n n
which is equivalent to
n
5=

and the proof is complete.
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Note that, the second part of Theorem 2.4.2 states that the characteristic vector
of any maximum independent set lies in the direct sum of the k-eigenspace and the
T-eigenspace of A(X). Note also that Theorem 2.4.2 gives an upper bound for the

least eigenvalue of a k-regular graph on n vertices; namely

T
- -S|

where S is an independent set in the graph. Thus, in order to find a better bound for
7, one should find an independent set of large size. Therefore, the best bound for 7

using this method is obtained when the independence number of the graph is known:

k-a(X)
Tg—m.

For certain graphs, it is also possible to establish a lower bound for the least eigenvalue

of the graph, in terms of the size of cliques. The proof of the following theorem was

originally done by Mike Newman (but has not been published elsewhere).

Proposition 2.4.3. Let X be a k-regular graph and let T be the least eigenvalue of
X. Assume that there is a collection C of cliques of X of size w, such that every edge

of X is contained in a fixed number of elements of C. Then

Proof. Assume that every edge of X is contained exactly in y cliques in C. Then
every vertex of X is contained exactly in %y cliques in C. Define a Ol-matrix NV as

25



follows: the rows of N are indexed by the vertices of X and the columns are indexed
by the members of C; the entry N, ) is 1 if and only if the vertex z is in the clique

C. We will, therefore, have

NNT = R p A,
w-—1

where [ is the identity matrix and A(X) is the adjacency matrix of X. Thus

[+A(X) = (%N) (%N)T,

w-1

which implies that the matrix
-k

—1

w-1

A(X) -

is positive semi-definite and, hence

]

We now define a new graph X,,, for n > 3, which we call the pairs graph. We will
make use of this graph in Chapters 6 and 7. For any n > 3, the vertices of X,, are all
the ordered pairs (i,7), where 7,7 € [n — 1] and i # j; the vertices (i,7) and (k,[) are
adjacent in X, if and only if either {i,5} n{k,i} =@, (i=10and j # k) or (i # [ and
j =k). The graph X, is regular of valency (n —2)(n—3). Note that the vertices of
the pairs graph X,, are the pairs from [n - 1]; so the notation might seem odd, but

this is how the graphs arise in Chapters 6 and 7.

Lemma 2.4.4. For any n > 3, the least eigenvalue of the pairs graph X,, is at least
-(n-3).
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Proof. First note that any cyclic permutation « = (iy,...,4,-1) of [n—1] corresponds
to a unique clique of size n — 1 in X,,; namely the clique C, induced by the vertices
{(i1,12), (i2,73), - -+, (in-2,9n-1), (in-1,11) }. We claim that any edge of X,, is contained
in exactly (n —4)! cliques of form C,. Consider the edge {(a,b),(c,d)}. If a + d
and b = ¢, then there are (n —4)! cyclic permutations of form (a,b,d,-,—,---,~) and
this edge is in exactly (n —4)! of the cliques. The case where a = d and b # ¢ is
similar. If {a,b} n{c,d} = @ then there are again (n —4)! cyclic permutation of form
(a,b,—,-,—,c,d,—, -, =) (as there are (n —4) ways to assign a position for the pair
¢,d, and then there are (n—5)! ways to arrange other elements of {1,...,n—1} in the
remaining spots). Thus the claim is proved. If 7 denotes the least eigenvalue of X,,,
then we can apply Proposition 2.4.3 to X,, to get

-k (n-2)(n-3) _
T2 == — =—(n-3). O

We conclude this section with recalling the well-known clique-coclique bound; the
version we use here was originally proved by Delsarte [11]. Assume A = {Ag, A1,..., A4}
is an association scheme on v vertices. Note, then that any pair of the matrices A;
commute; therefore they are “simultaneously diagonalizable”; that is, they have the
same eigenspaces (see [30, Theorem 1.3.19]). Therefore, we let {Ey, E1, ..., E4} be the
set of projections to these common eigenspaces. Note that E; are idempotents. (For

a detailed discussion about association schemes, the reader may refer to [4] or [5].)

Theorem 2.4.5 (clique-coclique bound). Let X be the union of some of the
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graphs in an association scheme A on v vertices. If C' is a clique and S is an inde-
pendent set in X, then

C1S] < v.

If equality holds then

voEjve vy Ejvg=0, forall j>0. O

Note also that the clique-coclique bound holds with equality, then any indepen-
dent set of maximum size intersects with any clique of maximum size. We refer the
reader to [27] for a proof of Theorem 2.4.5. We will also make use of the following

straight-forward corollary of this result that was also proved in [27].

Corollary 2.4.6. Let X be a union of graphs in an association scheme such that
the clique-coclique bound holds with equality in X. Assume that C' is a maximum
clique and S is a maximum independent set in X. Then, for j > 0, at most one of the

vectors Ejve and Ejvg Is not zero. O
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Chapter 3

Representation Theory

This chapter is a brief introduction to representation theory of finite groups, espe-
cially that of the symmetric group. Part of the results of this chapter, indeed, form a
basis for the work in the next chapter where the eigenvalues of normal Cayley graphs
are described using the representations of the underlying groups. For more details on
representation theory of groups, we refer the reader to [23] or [48].

This chapter includes five sections. The first section contains the basic definitions
and facts from representation theory of groups. In Section 3.2 we describe all the
irreducible representations of the symmetric group. In Section 3.3, we recall the
“Murnaghan-Nakayama rule” and the “hook-length formula”. Section 3.4 provides
some facts about how to derive the irreducible representations of the alternating group
from those of the symmetric group. The final section is devoted to the new concept

of “two-layer hooks”, the results of which will be of great importance in Section 6.2.
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3.1 Definitions and basic properties

We start with the definition of a representation. A representation of a group G
on a finite dimensional complex vector space V is a homomorphism X : G - GL(V)
of G to the group of automorphisms of V. Often V itself is called the representation.
The dimension of X is defined to be the dimension of V. If there is a representation
X :G - GL(V), then V has the structure of a G-module. Note also that, sometimes
we may denote the automorphism X(g) simply by g, for every g € G; that is, for a
g € G and a vector v € V| we may write g-v or gv instead of X (g)(v).

Let FE be the identity element of GL(V'); then the kernel of X', denoted by ker(X'),
is defined as

ker(X) ={geG|X(g) = E}.

It is not hard to see that this is a normal subgroup of GG. In fact, representation
theory provides a powerful machinery to prove the existence of normal subgroups
(see [33, Sections 15.3, 16.1, 17.9 and 45.1] for some examples of this approach). We
say X is faithful if ker(X') = {id}.

The action of a group on a set is closely related to the concept of group repre-
sentations. Roughly speaking, if one removes the vector space structure of V', in the
definition of representation, then there will be an action of G on the set V. On the
other hand, if the group G acts on the set S, then C[S], is a G-module; that is, we

have found the representation X : G - GL(V') = GL(C[S]) by setting X(g)(s) =g-s,
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for all g € G and all s in the basis S, and then C-linearly extending it. This represen-
tation is referred to as the permutation representation of the group G with respect

to this action. This representation is of dimension |S].

Example 3.1.1. Consider the trivial action of a group G on a singleton S = {s}; that
is, the action defined by ¢g-s = s, for all g € G. Then the 1-dimensional permutation
representation of G with respect to this action is called the trivial representation of

G and is denoted by idg or simply id.

Example 3.1.2. Consider the (left) multiplication action of G on itself; that is, the
action defined by ¢ - h = gh, for all g,h € G. Then the |G|-dimensional permutation
representation of G with respect to this action is called the (left-) regular represen-

tation.

Example 3.1.3. More generally, let H be a subgroup of G of index m, and consider
the (left) coset action of G on the set of all cosets S = {g1H,...,g,H}; that is, the
action defined by ¢-(g;H) = (9g;) H. Then the m-dimensional permutation represen-
tation of G with respect to this action is called (left) coset representation of G with

respect to H.

Example 3.1.4. Let G < Sym(n) be a permutation group. Consider the defining
action of the group G on the set S = [n]; that is, the action defined by o -i = o (i),
for all 0 € G and all 7 € S. Then the n-dimensional permutation representation of G
with respect to this action is called the defining representation of G.

31



In this thesis, we will also use the term “natural action” instead of “defining
action”.

Let G be a group and assume V and W are two representations of G. A G-
homomorphism (or G-map) ¢ from the representation V' to the representation W is

the vector space map (linear map) ¢ : V' — W such that

g-o(v)=o(g-v), for all ge G and v e V;

that is, the following diagram is commutative:

¢

V——

S

g

-
Q

V ——

¢

S

The terms G-monomorphism, G-epimorphism and G-isomorphism are, then, defined
in the natural way. If two representations are G-isomorphic, we say that they are
equivalent. If ¢ : V' — W is a G-homomorphism, it is not hard to see that ker(¢) and
Im(¢) are G-modules. For the following definition we declare that a subset S of a
G-module V is said to be invariant under G if g-s € S for every g e G and s€ S. A
subrepresentation of a representation (so a G-module) V' is a vector subspace of V'
which is invariant under G. For example, if ¢ : V - W is a G-homomorphism, then
ker(¢) is a subrepresentation of V' and Im(¢) is a subrepresentation of .

A representation V' of a group G is irreducible if V' has no proper nonzero subrep-

resentations. Clearly the trivial representation of any group is irreducible since it has
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dimension 1. If n > 1, then the defining representation of Sym(n) is not irreducible
since the 1-dimensional subspace W of C{1,...,n} generated by the element 1+---+n
is Sym(n)-invariant.

There are various ways to construct new representations of a group using given
representations. For instance, if V' and W are representations of GG, then the direct

sum V @ W is a representation via

g(v+w) =gv+guw, forallge Gand allveV, we W,

and the tensor product V @ W is another representation via

g(vew) = gv e guw, forallgeGand allveV, weW.

In particular, for a given representation V', the summation @; ;V and the tensor
power V®" are also representations for each integer n > 1.

The irreducible representations, having no smaller representations inside them,
roughly speaking, turn out to be the atomic objects in the category of representations
of a group. This tempts one to prove that for a given group, all the representations
can be written as a direct sum of the irreducible representations. This is, indeed, the
content of the complete reducibility theorem (also called semisimplicity theorem) due

to Maschke. To prove Maschke’s theorem, we use the following lemma.

Lemma 3.1.5. If W is a subrepresentation of a representation V' for the group G,
then there is a subrepresentation W' of V' such that V=W & W'.
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Proof. Since V is finite dimensional, there is an inner product on V. Fix an inner
product on V and suppose U is the complementary subspace to W under this product;
that is, U = Wt. Assume, also, that my: V' — W is the projection given by the direct

decomposition V =W & U. Define the linear map 7 :V — W by

T(v) == > g-m(g"-v), for allve V.
|G| geG

It is easy to see that 7 is a G-epimorphism. On the other hand, since W is G-invariant,

for all w e W, we have

w)‘|G|Zg mo(g™! |G|Zgg |G|Zw w.

geG geG geG
Therefore, 7 is the identity on W and satisfies 72 = 7; that is, 7 is a projection of
V on W. Let W’ = ker(w). We show that V =W & W'. First, assume we W nW'.
Then w = 7(w) and 7(w) = 0; which shows that W n W’ = 0. Furthermore, if v €V,
then one can write v = 7(v) + (v —7(v)), where 7(v) € W and since 7(v - 7(v)) =
m(v) —7m(w(v)) = m(v) —7(v) = 0, we have that (v—-m(v)) € W’. The conclusion is

that V=W e W' [l

Theorem 3.1.6 (Maschke’s Theorem). Any representation of a group is a direct

sum of irreducible representations.

Proof. Let V' be a representation. We prove the theorem by induction on d, the
dimension of V. If d = 1, then V itself is irreducible and we are done. Now assume
d>1. If V is irreducible, then there is nothing to prove. Suppose, therefore, that V'
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is not irreducible, and let W be a proper nontrivial subrepresentation of V. Using
Lemma 3.1.5, there is a subrepresentation W’ of V' such that V =W & W’. Since the
dimensions of W and W' are less than d, the induction hypothesis applies for them

and, therefore, the proof is complete. O

Let X7 be the regular representation of a group GG. By Maschke’s Theorem, we
can write

X9 = @mﬂ/;, (3.5)

where V; are all pairwise inequivalent irreducible representations and for any i, m; is

the number of repetitions of the representation V; (we will see in Example 3.1.14 that

m; is in fact dim V;). In fact, V; are all the irreducible representations of G; that is, all

the irreducible representations of G occur in the decomposition (3.5); see [48, Section

1.10]. Furthermore

Theorem 3.1.7. Let {V;} be the set of all irreducible representations of a group G.
Then

S (dim V)2 = |G|, O

)

Throughout this thesis, we denote the set of all irreducible representations of a
group G by Irr(G).

The following theorem, which is known as Schur’s Lemma for representations,
states that the ring of all G-homomorphisms between irreducible representations is,
in fact, a division ring.
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Theorem 3.1.8 (Schur’s Lemma). Let V and W be irreducible representations of
G and let ¢ : V - W be a G-homomorphism. Then
(a) ¢ is either zero or an isomorphism.

(b) If V 2 W, then ¢ = M, for some \ € C, where [ is the identity map.

Proof. To prove part (a), it is enough to note that ker(¢) and Im(¢) are subrepre-
sentations of V' and W, respectively. For part (b), since C is algebraically closed, the
operator ¢ (or, equivalently the matrix corresponding to ¢ with respect to a basis of
V') must have an eigenvalue A in C. This implies that the map ¢ — Al has a nonzero

kernel. Therefore, by part (a), this map must be zero. Thus ¢ = \I. O

Example 3.1.9. In this example we show that, if G' is an abelian group, then all
the irreducible representations of GG are 1-dimensional. To prove this, let V' be an
irreducible representation of G. For each g € (G, consider the operator g : V- V.

Since G is abelian, for all h € G we will have

g(h(v)) = gh(v) = hg(v) = h(g(v)), ~ forallveV,

so that g is a G-isomorphism. Therefore, by Theorem 3.1.8, the map g acts on V' by
a scalar multiplication. This implies that all the subspaces of V' are G-invariant. But

the assumption is that V' is irreducible; thus V' must be 1-dimensional.

Now we define one of the most important concepts of representation theory, namely
the characters. Let X' : G - GL(V') be a representation of the group G. Then the
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character xV (or simply x) of X is the complex-valued function on G which maps
every g € G to the trace of a matrix representation of X'(g).

The characters of irreducible representations are, usually, called irreducible char-
acters. Note that for any representation V' we have xV(id) = dim V. Note, also, that
by the definition, x(hgh=!) = x(g), for all g, h € G. We deduce that the characters are
class functions; that is, they are constant on the conjugacy classes of groups. Fur-
thermore, if two representations of a group G are G-isomorphic, then their characters
are the same. Surprisingly, the converse is also true. In order to prove this result,
we first recall the notion of inner product of the characters. Let x and @ be two

characters of a group GG. We define their inner product as

LS @)™, (3.6)

<X7 ¢) = @geG

The following fact shows that the irreducible characters are orthogonal to each other

with respect to this inner product.

Theorem 3.1.10 (see [23, Section 2.2]). Let x and v be all of the irreducible

characters of a group. Then

Lot x=1;
(X, ¥) =
0, if x#¢. O
The following result states that the characters contain all the information of the

representations.
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Theorem 3.1.11. Any representation is determined up to G-isomorphism by its

character.

Proof. Let V and W be two representations of a group with the same character y.
Without loss of generality we may assume V' and W have the following decomposition

to the irreducible representations:

k k
V=€BmiVi and Wz@nﬂ/;,

i=1 i=1

where V; are irreducible representations. Assume Yy; are the characters of V;; hence

X =MaXa o+ MyXE = X+ o+ X (3.7)

According to Theorem 3.1.10, if we multiply both sides of the second equality on (3.7)
by x; under the inner product (3.6), we will get m; = n;, for all i € {1,...,k}. This
means that V' and W both have the same irreducible representations with the same

multiplicities. By Theorem 3.1.10, this completes the proof. O]

Another useful consequence of Theorem 3.1.10 is the following which can be easily

seen.
Corollary 3.1.12. A character x of a group is irreducible if and only if (x,x) =1. O

Because of this fact, in this thesis, we may sometimes abuse the notation and
denote the set of all irreducible characters of a groups G by Irr(G). The follow-
ing theorem, which also uses the orthogonality of irreducible characters, is another
important application of characters.
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Theorem 3.1.13 (see [23, Section 2.2]). The number of irreducible representations

of a group is the number of conjugacy classes of the group. O

Example 3.1.14. Let y be the character of the permutation representation of G
with respect to an action on a set S. It is not hard to see that x(g) is the number
of elements of S fixed by g, for any g € G. In particular the character of the trivial
representation is always 1, and the character x"9 of the regular representation of G

assumes the following values:

|G|> if g =1id;
X"(g) =

0, otherwise.
On the other hand, according to (3.5), we have X" = mqx1+---+my Xk, where k is the
number of non-equivalent irreducible representations of G and y; are the characters

of V;. We have

) = = 3 ()™ = (i) (i) = xa(id);

m; = (X aXz) - -
G| ;& G|

thus we have proved that m; = dim Vj.
We now introduce the standard representation which plays a very important role
in this thesis. Let G < Sym(n) be a permutation group and let y be the character of

its defining representation on the set S = [n]. Then the standard representation V of

G is the representation whose character yy is defined as follows

xv(g)=x(g) -1, foranygeG. (3.8)
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In other words, the character value of V' at a permutation g € G is the number of
points fixed by g minus one. Since the dimension of the defining representation of G

is n, one can deduce the following from (3.8).

Lemma 3.1.15. The standard representation of any permutation group of degree n

has dimension n — 1. O]
For the next result, we need to recall the well-known Burnside’s lemma.

Theorem 3.1.16 (Burnside’s lemma). Let G be a group acting on a set X. Then

the number of orbits of this action is equal to

1
— fix(g)|,
|G|g;;| (9)]

where fix(g) is the set of elements of X fixed by g. O

For a proof of this fact the reader may refer to [28, Section 2.2].

We recall that a permutation group G < Sym(n) is called k-transitive (for k > 1) if
for any pair of ordered k-sets x = (x1,...,2;) and y = (y1,. .., yx) from [n], there is an
element ¢ € G such that 27 = y. In particular, G is 1-transitive (or simply, transitive)
if for any z,y € [n] there is a 0 € G with x° = y. For more discussions on transitivity

and related concepts the reader may refer to [9].

Proposition 3.1.17. If G < Sym(n) is a 2-transitive permutation group, then the

standard representation is irreducible.
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Proof. The group G acts transitively on the set of ordered pairs (z,y), where x,y €

[n]; hence this action has exactly two orbits, namely

Or={(z,z)|xe[n]} and Oy={(x,y)|z,ye[n],x+y}.

For any g € G, let Fix(g) be the set of fixed points of g under this action. It is easily
seen that |Fix(g)| = |fix(¢)|?, for any g € G, where fix(g) is the set of fixed points of
g in [n] under the natural action of G on [n]. Thus according to Burnside’s lemma,

we have

o gezglFIX(gN el QEZGIﬁX(g (3.9)

On the other hand, if x is the character of the defining representation of G on [n],

we have

(X, x) ’G| > x(@)x(g™) ’G| > 1 fix(g)[%;

geG geG

therefore, using (3.9), (x, x) =2. But x = xy + 1, which implies that

(XV?XV) +1= 27
that is (xv, xv) = 1. Thus, the proposition follows from Corollary 3.1.12. ]

Let H be a subgroup of a group GG. Then it is a natural question to ask if there
are any relationships between the representations of G and those of H. The answer
for this question is nested in the concepts of restricted and induced representations.
We close this section by recalling their definitions.
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Let X be a representation of G with character x. Then the restriction of X to H,

denoted by X |4, is the representation of H given by
X % (h)=X(h), forall heH.

Then the character of X |%, denoted by x %, is simply given by
x 1% (h) = x(h), forall he H.

On the other hand, if ) is a representation of H with the character 1, then the
corresponding induced representation of G, denoted by Y 1%, is the representation of

G whose character is given by

L Y ¢(z7'gx), for anygeG, (3.10)

G =
TP

where ¥(g) is assumed to be zero if g ¢ H. The reader may refer to [23, Section 3.3]

or [48, Section 1.12] for alternative definitions and more detailed discussions.

3.2 Representations of the symmetric group

In this section we investigate all the irreducible representations of the group
Sym(n). For more detailed discussions, the reader may refer to [23, Chapter 4]
or [48, Chapter 2|. Note that, by Theorem 3.1.13, the number of irreducible repre-
sentations of a group is equal to the number of conjugacy classes of the group. It is
well-known that there is a one-to-one correspondence between the conjugacy classes
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of Sym(n) and the partitions of n. A partition A of n, denoted by A + n, is a weakly
decreasing sequence of positive integers A\ = [A,...,\¢] such that 1 < k < n and
A1+ + A\ = n. All the elements of a conjugacy class of Sym(n) have a fixed cycle
structure which can be described by a unique partition of n: a conjugacy class C' cor-
responds to the partition A = [Aq, ..., \;] if and only if every permutation 7 € C' has a
cycle decomposition of form 7 = 77y --m, where 7y, ..., T, are mutually disjoint and
m; is a cyclic permutation of length \;. For example, the conjugacy class of Sym(9)
containing the element (3 9)(4 1 6 7)(2 8) corresponds to the partition A = [4,2,2,1].
In this section we present a method to associate an appropriate irreducible represen-
tation to a partition.

To a partition A\ = [Aq,..., ] of n, we associate a Young diagram (or Ferrers
diagram or Young frame), which is an array of n boxes having k left-justified rows
with row ¢ containing \; boxes, for 1 < ¢ < k. This diagram is said to be of shape
A. As an example, the Young diagram of the partition A = [5,3,3,2,1,1] of 15 is as

follows:

Figure 3.1: Young diagram for A =[5,3,3,2,1,1]

The transpose partition Aofa partition A is defined by interchanging the rows and
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columns in the Young diagram of A. For example, if A is as above, then its transpose

will be A = [6,4,3,1,1].

ps
Il

Figure 3.2: Transpose of partition A = [5,3,3,2,1,1]

Note that the transpose partition is also known as the conjugate partition, and is
also denoted by A*. A partition A is said to be symmetric if A = .

We often use the “multiplicity” notation for writing partitions; that is, for exam-
ple, we may write [5,32%,2,12] instead of [5,3,3,2,1,1].

We now provide the tools to answer the main question of this section; that is,
what are the irreducible representations of Sym(n)? Given a partition A + n, a
Young tableau t of shape A, is the Young diagram of A with its boxes filled with
the numbers 1,2,...,n with some arrangement. Thus different arrangements of the
numbers 1,2,...,n in the boxes of the Young diagram of A will result in a different
Young tableaux. Two tableaux t; and t5 of shape A are row equivalent, denoted t; ~ t5,

if the corresponding rows of the two tableaux contain the same elements (possibly in

different orders). A tabloid of shape A, denoted by {t} will, then, be defined as

{t} = {tl : tl ~ t},
where t is a tableau of shape .
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Assume that a tableau t has columns C1, . .., Cj. Define the subgroup C; of Sym(n)

as follows:

Cy = Sym(Ch) x - x Sym((),

where Sym(C;) is the group of all permutations on the set C;. The subgroup Cj is
referred to as the column-stabilizer of t. Then define the element x; in the group

algebra C[Sym(n)] as follows:

ke= Y. sgu(m)m,

7r€Ct

where sgn(7) is the sign of the permutation 7 (i.e. sgn(w) is 1 if 7 is even and —1
otherwise). Furthermore, if we define the action of a permutation 7 on a tabloid {¢}

as {m(t)}, then the polytabloid associated to t is defined as

€t = :‘it{t},

which is a member of the group algebra on C generated by all tabloids {t} of shape .

To illustrate these concepts, consider the partition A = [3,2] + 5, and

—_

t= 2]

QO W~

which is a tableau of shape A. We have

{t}:{\1\2\4\ [1[2]a] [1]a]2] [1]al2] [2]1]4] [2]1]a] [2[a]1] [2]a[1] [a[1]2] [a1]2] [4]2]1] \4\2\1\}
)

[3[s] > [s[3] » [s[s] [s[s] [sls] > [s[s] > [3[s] - [s[3] - [sls] »[s[3] »[s]s] »[5]3]

and
Ci =Sym({3,4}) x Sym({1,5}) x Sym({2}).
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In addition,

ke =id—(3 4) - (15) + (34)(15),

and, hence,

=~
—_
w
—_

etz{ 315 2}_{ 0E 2}‘{ it 2}+{2 i 2}‘

Finally, for any partition A + n, we define the corresponding Specht module, S*,

as the algebra on C generated by all the polytabloids ey, where ¢ is of shape A; that
is,

S* = C{eq | tis of shape A}.
Then for any 7 € Sym(n), m defines an endomorphism on S* by m(ey) = e). The
following important theorem is the answer for our main question (a proof of which

appears in [48, Section 2.4]).

Theorem 3.2.1. For any )\ + n, the corresponding Specht module S* is an irreducible

representation of Sym(n). Furthermore, if A\, u+n and X # p, then S ¢ Sk. O

Therefore, using Theorem 3.1.13 and the fact that there is a one-to-one correspon-
dence between the conjugacy classes of Sym(n) and the partitions A - n, we conclude
that the Specht modules are all the irreducible representations of Sym(n). In other

words

Corollary 3.2.2. The representations S* for A\ + n form a complete list of irreducible
representations of Sym(n) over C. O
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In this thesis, for any partition A + n, we denote the character of the representation

SA of Sym(n) by x*.

Example 3.2.3. Consider the partition A = [n] + n. The irreducible representation
of Sym(n) associated to A (i.e. the Specht module corresponding to A) is the trivial

representation as the only tabloid of shape A is

{ty ={[1][2][n]};

thus ey = {[1]2]-[n]} and so S* = C{{[1]2]--[n]} } and the action of Sym(n) on

this space will be the trivial action, me; = es.

Example 3.2.4. Consider the partition A = [1"] + n. One can see that the irreducible

representation of Sym(n) associated to A is
S)\ = C{et0}7

where

with the action meg, =sgn(m)ey,, for any m € Sym(n). To see this, note that for any

7 e Sym(n),

Te = . (sgno)mo{te}=sgn(zm™") > (sgn7)7{to} = sgn(m)e,.

oeSym(n) TeSym(n)
This representation is usually called the sign or alternating representation. In this

representation, every even permutation is mapped to the identity automorphism Id :
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C{et, } = C{et, } and every odd permutation is mapped to the automorphism —-Id :

C{et, } > C{ey, }, where (-Id)(eq,) = —€¢,-

Example 3.2.5. Consider the partition A = [n —1,1] = n. One can see that the
irreducible representation of Sym(n) associated to A is the (n —1)-dimensional space
generated by

{as —ay,az —ay,...,a, — a1},

where oy, corresponds to the tabloid

() :{ ]i ...k_1k+1...n}

This representation is, in fact, the standard representation of Sym(n); that is, it can

be shown that x*(7) is the number of fixed points of 7 minus 1, for all 7 € Sym(n).

3.3 Two formulas

In this section, we recall two well-known formulas from representation theory of
the symmetric group which will be very useful in future chapters. The first one is the
Murnaghan-Nakayama rule. Before stating this result, we need to introduce some
notation.

Partitions A + n of the form A = [A;,1""M] and [A\,2,17%172]) for A\; > 1, are
called hooks and near-hooks, respectively. The (i, j)-block in a Young diagram is the

block in the i-th row (from the top) and the j-th column (from the left). If a Young
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diagram contains an (7, j)-block but not a (i + 1,5 + 1)-block, then the (i, j)-block
is part of what is called the boundary of the Young diagram. A skew hook of \ is
an edge-wise connected part (meaning that all blocks are either side by side or one
below the other) of the boundary blocks with the property that removing them leaves
a smaller proper Young diagram. Figure 3.3 shows all the skew hooks of length 4 in

A=1[5,4,4,2,1,1]:

—

Figure 3.3: All skew hooks of length 4 in A =[5,4,4,2,1,1]

Theorem 3.3.1. (Murnaghan-Nakayama rule) If A v n and o € Sym(n) can be

written as a product of an m-cycle and a disjoint permutation h € Sym(n —m), then

X)) = D2 (=1) Wy (h),

where the sum is over all partitions p of n—m that are obtained from A\ by removing
a skew hook of length m, and r(u) is one less than the number of rows of the removed

skew hook. n
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For a proof of this theorem, the reader may refer to [48, Theorem 4.10.2]. For gen-
eral partitions A and permutations o of general cycle structure, often the Murnaghan-
Nakayama rule is not so practical; however for some specific cases, one can easily
derive the character value using this rule. The following, for example, are two easy

cases; they will be used in Section 6.2.

Corollary 3.3.2. Let o is an n-cycle in Sym(n). Then for any partition A + n, we

have

(“1)nM, Qf A= [Ay, 1M ],
x(o) =

0, otherwise. [
Corollary 3.3.3. Let n be even and o be the product of two disjoint n/2-cycles in
Sym(n). Then

XM(0) €{0,£1, £2},
for any partition A + n.
Proof. According to Corollary 3.3.2, x#(h) in the Murnaghan-Nakayama rule is either

0, 1 or —1. Hence if [x*(¢)| > 2, then A must have more than two skew hooks of length

n/2 which is not possible. O

Let A +n. For any box of the Young diagram of A, the corresponding hook length
is one plus the number of boxes horizontally to the right and vertically below the box.

Define hl(A) to be the product of all hook lengths of A\. We, next, state the hook

20



length formula which gives a way to evaluate the dimension of the representation
of Sym(n) corresponding to A, in terms of hl(\). Its proof relies on the Frobenius

formula (see [23, Section 4.1]).

Theorem 3.3.4 (Hook length formula). If A\ + n, then the dimension of the

irreducible representation of Sym(n) corresponding to A is n!/hl(X). O

To illustrate this formula, consider the partition A = [5,3,3,2,1] + 14 below. The

hook length of each box in the Young diagram for A is written in the box.

2]1]

B)
2
1

— oI

‘»-ncocnomo

Figure 3.4: Hook lengths \ = [5,3,3,2,1]

Therefore,

14!
AN _
§ (1d)_9><7><5><2><6><4><2><5><3><3_64064'

The following are easy consequences of the hook length formula.
Corollary 3.3.5. For any partition A of n, we have x*(id) = Xj‘(id). O

Corollary 3.3.6. Let A +n. Then x*(id) = 1 if and only if X\ = [n] or [17]. O
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3.4 Representations of the alternating group

This section includes some notes about the irreducible representations (or char-
acters) of the alternating group Alt(n). In general, if H is subgroup of a group G
of index 2, then one can obtain Irr(H) using Irr(G). In our particular case (i.e.
G =Sym(n) and H = Alt(n)), the method is explained below. Our main reference for
this part is [23, Section 5.1]. We start with the following theorem which is a particular

case of Proposition 5.1 in [23].

Theorem 3.4.1. Let \ be a partition of n and let W and W be the restrictions of

S* and S* to Alt(n), respectively. Then

(a) if X is not symmetric, then W is an irreducible representation of Alt(n) and is

isomorphic to W ; and

(b) if X is symmetric, then W = W'@ W" where W' and W' are irreducible but not

isomorphic representations of Alt(n).
All the irreducible representations of Alt(n) arise uniquely in this way. O

Throughout this thesis, we will use the notation of Theorem 3.4.1.
For any conjugacy class ¢ of Alt(n), either ¢ is also a conjugacy class in Sym(n)
or cuc is a conjugacy class in Sym(n), where ¢’ = tet=!, for some t ¢ Alt(n). The

second type of conjugacy classes are said to be split. A conjugacy class ¢ of Alt(n)
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is split if and only if all the cycles in the cycle decomposition of an element of ¢ have
odd length and no two cycles have the same length.

Suppose ¢ is a conjugacy class of Sym(n) that is not a conjugacy class in Alt(n).
Assume that the decomposition of an element of ¢ contains cycles of odd lengths
q1 > G2 > -+ > q,. Then we say ¢ corresponds to the symmetric partition A = [Aq, Ao, .. .]
of nif gy =2\ -1, g =2 3 -3, g3 =2X3-5,.... This is a correspondence between a

split conjugacy classes of Alt(n) and the symmetric partitions of n.

Example 3.4.2. Consider the conjugacy class of Sym(23) containing the element

(1 2 - 11)(12 13 - 20)(21 22 23).

In this case, ¢; = 11, g2 =9 and ¢3 = 3. Thus \; =6, Ay =6 and A3 = 4. Since A must

be symmetric, this implies that A = [6,6,4,3,2,2]. See Figure 3.5.

Figure 3.5: Split conjugacy classes and symmetric partitions

Using this correspondence, we can give equations for the irreducible characters of
Alt(n) in terms of the characters of Sym(n). This result is also proved in [23, Section
5.1].
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Theorem 3.4.3. Let A\ be a partition of n and let x* be the character of S* for
Sym(n). Assume c is a non-split conjugacy class of Alt(n) and ¢’uc” is a pair of split

conjugacy classes in Alt(n). Let o ec, o' ec’, 0" ec” and 5 €' uc.
(a) If X is not symmetric, let x be the character of Alt(n) corresponding to W, then
xa(0) =xo) and xa(0') = xa(0”) =x*(9).

(b) If X is symmetric, let X/, and X\ be the characters of Alt(n) corresponding to W’

and W' respectively, then
I " 1 A
Xa(9) = xx(0) = 5x7 (o),

and

(i) if ¢ u¢” does not correspond to A\ then

I / ’ " ne _r mne 1 A =
XA(0") = x\(0") =xX(0") = xX(0") = §X (7).
(ii) if ¢" u " corresponds to A, then
Xa(0') =xx(0") =z and x)(0") =x}(0") =y.

The values of x and y are

|1+ VD mara ]

DO | —

n-r

where m = #5* and the cycle decomposition of an element of ¢ u ¢ has cycles of

odd lengths q, ... ,q,. O]
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We point out that part (b) of the theorem contains two cases: the case where the
conjugacy class is non-split (the conjugacy class is ¢) and the case where the conjugacy
class is split (the conjugacy class is ¢/ U ¢”). The latter case, in turn, has two cases:
the case where the split conjugacy class does not correspond to A and the case where
it does correspond to A. We will, also, use the notation of Theorem 3.4.3 throughout
the thesis and hence want to emphasize that for representations of Sym(n) we use A

as a superscript and for representations of Alt(n), the A is a subscript.

3.5 Two-layer hooks

In this section we define a new type of partition, namely “two-layer hooks” and
study some of their properties. This machinery will be useful in Section 6.2. Assume
A =[Ag,...,\t] is a partition of n such that k > 3, s +A 25, A3<2and A — Ny =
A1 —=As > 0. Then we say A is a two-layer hook. In fact, a two-layer hook is a partition
whose Young diagram is obtained by “appropriately gluing” two hooks of lengths

greater than 1. See Figure 3.6 for some examples of two-layer hooks.

Figure 3.6: Two-layer hooks

Note that if A - n is a two-layer hook, then ) is also a two-layer hook and that by
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the definition,

7’L=)\1+>\2+5\1+5\2—4:2(>\1+5\2)—4,

which implies that n must be an even number greater than or equal to 8. Note also

that a near hook is not a two-layer hook.

Lemma 3.5.1. Let A be a partition of n and let o be a permutation in Sym(n) that
is the product of two disjoint n/2-cycles. If x*(o) = =2, then X is either a two-layer

hook or a symmetric near hook.

Proof. According to the Murnaghan-Nakayama rule and Corollary 3.3.2, A should
have two skew-hooks of length n/2 and deleting each of them should leave a hook of
length n/2. If we denote A = [Aq, ..., \x], then this obviously implies that & > 1.

If k£ =2, then X\ must be the partition [%,%] (since if A = [A1, A2], where Ay > Ao,
then A\ will not have two skew-hooks of length n/2); in this case we can calculate the
character value at o to be 2. Thus k > 3.

If A3 > 2, then the partition A\’ obtained from A by deleting any skew-hook will
have A} > 2 which implies that A" is not a hook. Thus A3 < 2.

Let \{ — Ay = s and ;\1 - 5\2 =t. Assume pu and v are the two skew hooks of A\ of
length n/2. Since they have length n/2, we may assume that p contains the last box
of the first row and v contains the last box of the first column. The lengths of p and

v being both equal to n/2 implies that

(s+1)+Ne—D+Po-1)=1=t+D+Po-1)+(N\y—-1) -1,

26



which yields s =t.
If s =t=0then A =[\,A,2,...2]. If we denote the number of rows in A by k,

then according to the Murnaghan-Nakayama rule,
MNo) = (_1)r(u)(_1)r(k\u) + (_1)r(v)(_1)r(k\u)
= (-DF(-DF + (D)D)
=2.
Finally, note that if Ao+ A < 5, then either Ao+ \y = 2 or 4. In the former case, ) is
a hook and obviously it cannot have two skew-hooks of length n/2. In the latter case,
A must be a near hook. If it is not symmetric then it cannot have two skew-hooks.

These imply that if A is neither a symmetric near hook nor a two layer hook, then

x* (o) # —2; this completes the proof. O

The following lemma provides a lower bound on the dimension of a symmetric

near hook.
Lemma 3.5.2. If a symmetric partition A of n > 8 is a near hook, then x*(id) > 2n-2.

Proof. Since \ is a symmetric near hook we know that \ = [1/2,2,1272] and we can
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calculate the hook lengths directly

o3 (3]

n(n-1) n(n-2)!
2(n-2)(n-13) 2

S(n—l)n;(n—él)!z

< n(n-2)!
2

since n > 8. Putting this bound into the hook length formula (Theorem 3.3.4) gives

the lemma. O

Next we prove that the same lower bound holds for the dimension of a two-layer

hook.
Lemma 3.5.3. If a partition \ is a two-layer hook, then x*(id) > 2n — 2.

Proof. Let A = [A1,As,...,\x]. According to the hook length formula, it suffices to
show that hl(\) < n(n -2)!/2. We proceed by induction on n. It is easy to see the
lemma is true for n = 8. Let n > 10 and without loss of generality assume that \; > 5\1.

This implies Ay > 3. We compute

hI(A) =( A + A = DA+ Ao = 2) (Ao + Ay = 2) (Mo + Ao = 3)

(=D (-1
s+1 s+1

!(/\2—2)!(;\2—2)!
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where s is as in Lemma 3.5.1. One can re-write this as

MAM=T AM+X-2 d+A-2 dot+ -3
1 1 . 1 2 . 2 1 . 2 2 ()\1_1)()\2_2)

hl(\) = - - = <
( ) )\1+)\1—2 )\14‘/\2—3 /\2+)\1—3 )\24‘)\2—4

|:()\1 + 5\1 - 2)()\1 + 5\2 - 3)()\2 + 5\1 - 3)()\2 + 5\2 —4)

(A =2)! (A —1)! 4
: —3)(Ay - 2)!
s+1 s+1 (A2 =3)H(A> - 2)

_)\1+5\1—1 ) )\1+5\2—2 ) )\2+5\1—2 ) /\2+5\2—3
)\14‘5\1—2 )\1+5\2—3 )\24‘5\1—3 /\2+5\2—4

(A = 1)(Aa = 2)hI(N), (3.11)

where \ = [A1 =1, A —1,A3,..., \x] is the partition whose Young diagram is obtained
from that of A by removing the last boxes of the first and the second rows. We can

simplify (3.11) as

hl()\):(1++) (1++) (1++)
)\1+>\1—2 /\14‘)\2—3 )\24‘)\1—3

1 -
(1+ m) (A= 1) (o —2)-hI(N). (3.12)

The partition \ is either a near hook or a two-layer hook. In the first case, because

A is a two-layer hook, we have
:\1—2:5\1—;\2=A1—)\2:5\1—5\2=;\1—2://~\\1—2,

that is, the sizes of the first row and the first column of A are equal which implies

that A is symmetric and, thus, according to Lemma 3.5.2,

h(k) < (n—2)2(n—4)!'
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If X is a two layer hook, then the same bound holds by the induction hypothesis.

We now observe the following facts:

1. /\1+5\1—2>n/2; thus
1 n+2
< .

1+ ~
>\1+)\1—2 n

2. By Lemma 3.5.1 and the definition of a two-layer hook, \; = A\ = 5\1 - 5\2; hence

/\1+5\2:)\2+5\1. On the other hand
)\1+5\2+)\2+5\1—5=n—1,

hence

1 n 1 n
1+ - = , 1+ = = .
AM+A—-3 n-2 A +A -3 n-2

3. Since Ay + ;\2 > 5, we have

4. Since A\ + Ay <n -1, we have

n-1) (Ao -2) < %
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All of these facts together with (3.12) yield

—4)2 (n— 4!
h()) < n+2 n n 2(n 4)?2 (n-2)(n-4)!
n n-2n-2 4 2

_n(n+2)(n-4)*(n-4)!
4(n-2)

_ (n+2)(n-4)? n(n-2)!
2(n-2)%2(n-3) 2

- 2!
< n(n 2).‘
2
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Chapter 4

Cayley Graphs

This chapter is devoted to describing the eigenvalues of normal Cayley graphs
using the irreducible representations of the underlying groups. Some of the facts
proved in this chapter will be used in the next chapters. First in Section 4.1 we
introduce the Cayley graphs and point out some of their basic properties. Then in
Section 4.2 we explain the proof of the well-known Theorem 4.2.1 which is due to
Diaconis and Shahshahani [14]. This is a beautiful connection between the character
theory of groups and the spectral graph theory and has attracted the attention of
many researchers in the field of algebraic combinatorics. Using this machinery, then,
in the other section of this chapter, we will try to establish relationships between the

spectra of Cayley graphs on groups and those of the related quotient groups.
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4.1 Basic facts

Let G be a group and S be a subset of G which is closed under inversion and
does not contain the identity. The Cayley graph of G with respect to S, denoted by
['(G; S), is the graph whose vertices are the elements of G and two vertices g and h
are adjacent if gh~! € S. If S is closed under conjugation, then I'(G;.S) is said to be

a normal Cayley graph. The set S is called the connection set.

Example 4.1.1. The Cayley graph I'(Z,;{+1}) is isomorphic to the cycle C,,, for
n > 3. More generally, if k € Z,,, then I'(Z,; {£k}) is isomorphic to C,, if and only
ged(n, k) = 1, for n > 3. The Cayley graph I'(Sym(3); {(1 2 3), (1 3 2)}) is isomorphic
to the disjoint union of two 3-cycles. The general cases of this example and their

structures will be studied in Chapter 7.

Clearly T'(G; S) is an |S|-regular graph. In fact, it is easy to see that Cayley graphs
are vertex transitive; however, not every vertex-transitive graph can be considered
as a Cayley graph. It has been shown [40] that the Petersen graph is the smallest

vertex-transitive graph which is not a Cayley graph.

Proposition 4.1.2. Consider the Cayley graph T'(G;S). Let H = (S) be the sub-
group of G generated by S, and assume i = [G : H], the index of H in G. Then

I'(H;S) is connected and

I(G;S)=T(H;S) )+ T'(H;S).

~

i times

63



Proof. The first part is trivial. For the second part, it is enough to note that the
right multiplication by a g € G\H is a graph isomorphism between I'(H;S) and the

component of I'(G;S) which has the vertex g. O

Furthermore, the following fact follows from the definition of the Cayley graphs.

Proposition 4.1.3. Let T and S be non-empty subsets of a group GG which are closed

under inversion such that id ¢ T'c S. Then

a(T(G;T)) > a(T(G;S)). O

4.2 Eigenvalues of Cayley graphs

In this section we prove the following important theorem which states how the
eigenvalues of normal Cayley graphs are related to the irreducible representations of
the underlying groups. This theorem is, indeed, the most fundamental theorem of

this thesis.

Theorem 4.2.1. The eigenvalues of a normal Cayley graph I'(G;S) are given by

! > x(s),

The= X(ld) seS

where x ranges over all irreducible characters of G. Moreover, the multiplicity of 1,
is x(id)2.
The proof is due to Diaconis and Shahshahani [14]. We provide a proof which is

essentially a modification of the method applied in [14] to our special case. First we
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introduce the following notation. Let G be a group and P : G - C be a function with

complex values. For each representation X of GG, define

X(P) =) P(x)X(x).

zeG
Lemma 4.2.2. Let X be an irreducible representation of the group G with character
X, and P : G - C be constant on conjugacy classes. For the i-th conjugacy class C;,
let P; and x; be the values of P and Y, respectively, on C; and n; be the size of C;.
Then

X(P)=kI,

where [ is the identity matrix and the constant k is as follows

1
k=——= ), Pnixi
Gd) 2

Proof. Assume V is the vector space corresponding to the representation X and let
C1,...,C, be the conjugacy classes of GG and, for each i = 1,...,r, define the matrix

M; as follows

zeC;

Then

X(P)= ¥ P()X(x) - 2PiM,;.
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For any x € G, we have X (x)M;X (x~') = M;; because

K@M)= 3 X DX = T X(rya™)

= Z X(y) = M.

yeC;

This means that the operator induced by the matrices M, are G-homomorphisms
from V to itself. Therefore, by Schur’s lemma (Theorem 3.1.8), M; = k;I, for some

kieR,4=1,...,r. Taking traces, then, we have both
tr(M;) = k; dim(X')  and  tr(M;) = nyx,

which implies
1

Svery)

ZXl

Thus
M, 1 I
i~ i iXid-
x(id)

We conclude that

d)

and the proof is complete. O]

X(P):(—Zp'niXi)[a

Corollary 4.2.3. If S € G is closed under conjugation, then for any irreducible

representation X with character x, we have

320 = (i T

seS seS

where d = x(id) is the dimension of X.
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Proof. Let P = dg, the characteristic function of S. Since S is stable under conjuga-

tion, P is constant on conjugacy classes. Thus, using Lemma 4.2.2, we have

X(P) =3, X(s) = —— > Pinixil
seS ( d)
= ( 1 Z nin) ( ZX(S )
x(id) . ELs (id) &%
which completes the proof. O

Now we are ready to prove Theorem 4.2.1.

Proof. (Theorem 4.2.1.) Consider the group algebra C[G] with the basis {e,|g € G}

whose multiplication is defined as the C-linear extension of the multiplication
€q - Ch = €gh; for each g, h € G.

Define the linear transformation 7': C[G] — C[G] by

1) -(5e)s

€S
If we let @ be the matrix associated to the transformation T" with respect to the basis
{ey4]g € G}, then @ will be the adjacency matrix of I'(G; S).
On the other hand, assume that X : G — GL(C[G]) is the left regular represen-
tation of G (thus dim X = |G|) and let x be the character of X. Define the matrix
X(A) to be

X(4) = Y X(s)

seS
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Then it is not hard to see that the action of X(A) on C[G] is identical to the action of
@ on C[G]. Therefore, in order to find the eigenvalues of the Cayley graph I'(G;5),
it suffices to find the eigenvalues of X'(A).

By Maschke’s theorem (Theorem 3.1.6), we have
V=C[G]=V,,
p
where p ranges over all irreducible representations of G and for each p,

‘/;):Wp@...@Wp’
N
dim(p) times

where W), is the vector space corresponding to the irreducible representation p. Let

d, = dim(p) = x,(id). We have

X(A)=Y X(s)

seS

S (ép@)

seS pelrr(G) \i=1

- @ (zi).

pelr(G) =1

Using Corollary 4.2.3, therefore, we have

Y- @ B[ T

pelrr(G) i=1 Xp(ld) seS

68



Thus

oo Zs Xei (8) 1,

o 2 X (5) I,

oG s Xea(8) L,

X(A)= : |
ngl(id) Y Xps () 1,

oD L Xee(5) La,

1
Tor Gy 2 X1 (8) L, |

where ¢ is the number of distinct irreducible representations of G. Therefore the proof

is complete. O

4.3 Cayley graphs of quotient groups

In this section, for a given group GG, we investigate the connections between Cayley
graphs of quotient groups G/N, where N is a normal subgroup of G, and Cayley

graphs of G. For a subset S of G, let S/N ={sN : seS}.

Proposition 4.3.1. If I'(G;S) is a (normal) Cayley graph and N < G such that
NnS =g, then I'(G/N;S/N) will be a (normal) Cayley graph.
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Proof. First NnS = @ implies that S/N does not include the identity, and since S is
closed under inversion, S/N is also closed under inversion. Thus I'(G/N;S/N) is a
Cayley graph. Second, if I'(G;.S) is normal, then for every z € G and s € S, we have
that x=tsxz € S. Therefore (xN)1(sN)(zN) € S/N for all zN € G/N and sN € S/N.

This shows that ['(G/N; S/N) is a normal Cayley graph as well. O
The following lemma is an easy consequence of Proposition 4.3.1.

Lemma 4.3.2. The canonical group epimorphism 7 : G - G/N induces a graph
epimorphism

7:T(G;S) > T'(G/N;SIN)
for every N « G with N n S = @. Moreover, 7 preserves the degrees of vertices if and

only if Nn{st™' : s,teS,s+t}=0. O

Now we investigate how the eigenvalues of I'(G;S) and I'(G/N; S/N) are related.
Note that if X : G - GL(V) is a representation of G of dimension n, then since

GL(V) = M,(C), the representation X extends C-linearly to an algebra homomor-

phism X : C[G] - M,,(C) via
k k
X(Z Cigi) = Z@X(Qi),
i=1 i=1
where ¢; € G, ¢; € C and k e N.

Lemma 4.3.3. Let G be a group. Then a representation X : G — M, (C) is irre-
ducible if and only if X(C[G]) = M,,(C).
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Proof. If X is not irreducible, then

Alg) 0
X(g) = :
0 B(g)
for every g € G. Moreover, A(g) is a square matrix of size n’ € {1,...,n—1}. This

would, then, imply that for all a € C[G],

A'(a) 0
() = :
0 Bl
where A’(«) is a square matrix of size n’. But this means that X (C[G]) # M,,(C).

For the converse, consider C[G] as the vector space for the left-regular represen-

tation of GG. Since C[(] is semisimple, we will have the decomposition

Cla]= @ ClGley,

where p ranges over all irreducible representations of G' and e, are idempotents of C[G]
corresponding to the irreducible representations p (see [34] and [50] for more details).
Note that all the irreducible representations of G appear in this decomposition. Now

applying X and assuming that X is irreducible, we get
X(C[G]) 2 C[G]ex.
On the other hand, since Im(X') ¢ M,,(C), we have
C[Glex = M,(C),

and, therefore, X(C[G]) = M,,(C). O
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The following lemma states that irreducible representations of G/N are, indeed,

a subset of the irreducible representations of G.

Lemma 4.3.4. If N <« G, then every irreducible representation of G|/N produces an

irreducible representation for G.

Proof. Let X : G/N — M, (C) be an irreducible representation of G/N. Consider the
canonical projection 7 : G - G/N. The group homomorphism X=Xor is, therefore,

a representation of G. In other words for any g € G,

X(g) = X(gN).

Since X is irreducible, by Lemma 4.3.3, X(C[G/N]) = M,(C), that is, X is onto.

Thus X is onto, which again using the Lemma 4.3.3 implies that X is irreducible. O

Now we can prove the following.

Theorem 4.3.5. Let I'(G;S) be a normal Cayley graph for which S is contained in
a conjugacy class of G and N < G for which Nn S =@. Assume A is an eigenvalue of

the Cayley graph I'(G/N; S/N). Then c\ is an eigenvalue of I'(G; S), where ¢ = %

Proof. Let x be the character of G/N corresponding to the irreducible representation
X of G/N. Using the notation of Lemma 4.3.4, X is an irreducible representation of
G with the character x. By Theorem 4.2.1, then, n; will be an eigenvalue of I'(G; S).

Furthermore

%= i S = iy S,

seS



But note that since S is closed under conjugation and is contained in a single conju-
gacy class, S is a conjugacy class of G. With the same reasoning S/N is a conjugacy

class of G/N. Thus x has a fixed value on S/N. Therefore

5]

nx = WX(SON),

where s( is an arbitrary element of S. On the other hand

R T
=N >, x(sN) X(N)x( oN);

sNeS/N

thus ny, = cn,. O

Theorem 4.3.6. Let I'(G; S) be a normal Cayley graph and N < G for which Nn.S =
@ and Nn{st™t: s,teS,s+t}=a. Then the spectrum of I'(G/N;S/N) is a subset

of the spectrum of T'(G; 5).

Proof. Using the notation of the proof of Theorem 4.3.5, we have

IS S
=56 &5 2N

Now, note that the condition N n{st~! : s,t € S, s +t} = @ implies that sN # tN for

s,t €S and s # t. Therefore

My =~ X(sN) =1y,
X X(N) sNgg:/N *

which completes the proof. O
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Example 4.3.7. Let n > 2; Then the cycle Cy, = I'(Za,;{£1}). Now the (normal)
subgroup N = {0,n} satisfies the conditions of Corollary 4.3.6. Thus the spectrum of

I'(Zon/N; {£1}/N) is involved in the spectrum of I'(Zy,; {+1}). But

[(Zop/N: {£1}/N) 2 T(Z,,; {£1}) = C,.

Thus we have shown that the spectrum of C), is a subset of the spectrum of Cj,,

for n > 2.
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Chapter 5

EKR for Permutation Groups

Recall from Chapter 1 that the Erdos-Ko-Rado theorem gives bounds for the sizes
of intersecting set systems and characterizes the systems that achieve the bound.
Recall, also, that many similar theorems have been proved for other mathematical
“objects” with a relevant concept of “intersection”. In this chapter, in which our most
fundamental research work starts, we assume these objects to be the permutations
and define the intersection as follows: two permutations intersect if a point has the
same image under both permutations. In this chapter we establish versions of the
Erdos-Ko-Rado theorem for this situation. Note that in the first part of the original
Erdés-Ko-Rado theorem for k-subsets of an n-set, the bound (Zj ) is, indeed, the size
of a “trivially intersecting” family of k-subsets; that is, the family off all k-sets that
contain a common single point. Its equivalent in the permutations category, is the

“cosets of the point-stabilizers”. Note also, that the second part of the Erdos-Ko-Rado
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theorem states that the only maximum-sized families are the trivially intersecting
ones; therefore, the equivalent statement in our situation is that the only sets of
permutations of the maximum size are cosets of the point-stabilizers. If a permutation
group satisfies in the first condition we will say it has the “EKR property”. If it also
satisfies the second condition, then we say it has the “strict EKR property”.

In Section 5.1 we present precise definitions for the EKR and strict EKR proper-
ties. In Section 5.2 we discuss how these properties can be induced to a group by its
subgroups. In Section 5.3, we try to prove the EKR or the strict EKR property holds
for some well-known families of groups. The chapter is concluded by Section 5.4 where
the EKR problem is studied for certain group products. The reader is expected to be

familiar with the basic concepts from the permutation groups; see for instance [9].

5.1 Erdoés-Ko-Rado property

Let G < Sym(n) be a permutation group with the natural action on the set [n].
Throughout this thesis, we denote the set of all derangement elements of G by Dg.
Two permutations 7,0 € G are said to intersect if mo~! has a fixed point in [n]. In
other words, ¢ and 7 do not intersect if 7o' € Dg. A subset S ¢ G is, then, called
intersecting if any pair of its elements intersect. Clearly, the stabilizer of a point is
an intersecting set in G (as is any coset of the stabilizer of a point).

We say the group G has the EKR property, if the size of any intersecting subset

76



of GG is bounded above by the size of the largest point-stabilizer in GG. Further, G is
said to have the strict EKR property if the only maximum intersecting subsets of G
are the cosets of the point-stabilizers. It is clear from the definition that if a group
has the strict EKR property then it will have the EKR property.

Obviously the first group to consider is the symmetric group. In 1977 Frankl and
Deza [20] proved Sym(n) has the EKR property and conjectured that it had the strict
EKR property. In 2003, Cameron and Ku [10] proved this conjecture. That is, they

proved that

Theorem 5.1.1. For any n > 2, Sym(n) has the strict EKR property. O

This result caught the attention of several researchers, indeed, the result was
proved with vastly different methods in [27,37] and [52]. In Chapter 6 we will explain
the method used in [27]. Further, researchers have also worked on finding other
subgroups of Sym(n) that have the strict EKR property. For example in [36] it is
shown that Alt(n) has the strict EKR property, provided that n > 5 and that all the
“Young subgroups”, except a few of them, have the strict EKR property.

It is a natural question to ask if every permutation group has the EKR property.
The answer is no; for instance, it is shown in Section 6.4, that the Mathieu group My
does not have the EKR property. In Section 6.4 we also give an example of groups
with EKR property which fails to have the strict EKR property. It is therefore an

important problem to classify the groups which have the EKR or the strict EKR
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property. We address this general question in Chapter 8.

We point out that the group action is essential for the concepts of EKR and
strict EKR properties. In other words, a group can have the EKR or the strict EKR
property under some action on a set while it fails to have this property under another
action. As an example, there is a 2-transitive subgroup of Sym(5) which is isomorphic
to G = Zs x Z4 and does not have the strict EKR property (see Table A.1). On the
other hand, Sym(5) is the stabilizer of 6 in Sym(6); that is, Sym(5) = (Sym(6))s.
Thus G can be considered as a subgroup of Sym(6). Then, since all the elements of G
fix 6, under the natural action of Sym(6) on {1,...,6}, the whole set G is intersecting;
that is, the only maximum intersecting set in G under this action is GG, which is the
stabilizer of 6. This means that G trivially has the strict EKR property under the
natural action of Sym(6) on {1,...,6}. This is the reason that in this thesis, we
always consider the “permutation groups” (i.e. the subgroups of Sym(n) with their
natural action on [n]) rather than “groups”.

The Cayley graph I'(G, D¢ ) is called the derangement graph of G and is denoted
by I'¢. Note that two permutations in G are intersecting if and only if their corre-
sponding vertices are not adjacent in I'g. Therefore, the problem of classifying the
maximum intersecting subsets of G is equivalent to characterizing the maximum in-
dependent sets of vertices in I'g. According to Section 4.1, ' is vertex transitive.

Let CC(G) denote the set of all derangement conjugacy classes of G. The following
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is a consequence of Theorem 4.2.1.

Corollary 5.1.2. The eigenvalues of the derangement graph I'syyn) are given by

m= Y =),

ceCC(Q) x*(id)
where \ ranges over all the partition of n, and o € c. Moreover, the multiplicity of 1,

is X)\(ld)z ]

5.2 EKR property induced by subgroups

In this section we prove that if a 2-transitive group G < Sym(n) has the strict
EKR property, then any permutation group of degree n containing GG also has the
strict EKR property. This shows that the “minimal” 2-transitive permutation groups
are “core” objects for studying the strict EKR property.

We first show how transitive groups can inherit EKR the property from their
subgroups. These two facts were first pointed out by Pablo Spiga. The proof of the

first result that we provide here is due to Chris Godsil.

Theorem 5.2.1. Let G be a transitive subgroup of Sym(n) and let H be a transitive

subgroup of G. If H has the EKR property, then G has the EKR property.

Proof. The group H has the EKR property and is transitive, so the size of the max-
imum independent set is |H|/n. Further, according to Section 4.1 the graph I'y is
vertex transitive so its fractional chromatic number is n. The embedding 'y < T'¢ is
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a homomorphism, so according to Proposition 2.4.1, the fractional chromatic number
of I'g is at least the fractional chromatic number of I'y. The graph I'g is also vertex

transitive, so
__la
~o(l'e)

where a(I'¢) is the size of a maximum independent set. Thus a(I'g) < |n£‘, and since

G is transitive, the stabilizer of a point achieves this bound. n

Theorem 5.2.2. Let G be a 2-transitive subgroup of Sym(n) and let H be a 2-
transitive subgroup of G. If H has the strict EKR property, then G has the strict

EKR property.

Proof. Since H has the strict EKR property, it also has the EKR property and by
Theorem 5.2.1, GG also has the EKR property. Assume that S is an independent set
in I'g of size |G|/n that contains the identity; we will prove that S is the stabilizer of
a point. Let {zy =id,... , z[c.u} be a left transversal of H in G and set S; = Sna; H.
Then for each i the set x;1S; is an independent set in 'y with size |H|/n. Since H
has the strict EKR property each x;1S; is the coset of a stabilizer of a point. Since
x1 = id, the identity is in S; which means that S; is the stabilizer of a point and we
can assume that Sy = H, for some a € [n]. We need to show that every permutation
in S also fixes the point . Assume that there is a 7 € S that does not fix a. Since S

is intersecting, for every o € Sy the permutation o7~! fixes some element (but not «
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and not m(«)), from this it follows that

Hol= | (GgnHyr™h.
B#ﬁ;?a)

Assume that ot € Ggn H,m7!, then o7 = 3 and a° = @. The permutation or=!
must map (o, 3) to (™, ). Since the group H is 2-transitive there are exactly

|H|/n(n —1) such permutations and we have that

Hi
Gy Hyr = 1L

From this we have that the size of H,7! is

o 1]
2. n(n-1) ( 2)n(n—l)’

B+xa

B#m(ar)

but since this is strictly less that ‘—I:L”, which is a contradiction. O]

5.3 EKR for some families of groups

In this section we show that the EKR and the strict EKR property holds for some

important families of groups. The first groups we consider are cyclic groups.

Theorem 5.3.1. For any permutation o € Sym(n), the cyclic group G generated by

o has the strict EKR property.

Proof. Let o = 0109---0%, where o; are disjoint cycles. Assume that o; has order r;,
and that 1 <ry <--- <7g. Note that the subgroup H < G generated by oy is of order
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r1 and the graph I'y is isomorphic to the complete graph K,,. On the other hand, it
is not hard to see that the set C' = {o,02,...,0™} induces a clique of size r; in the
graph I'g. Therefore, there is a graph embedding 'y < I'g. Since 'y and ['g are

vertex transitive, according to Proposition 2.4.1, we have

VI _ . v V(ITe)|
o) X (H) <x*(G) = o(Ta)
thus
rn |G
1 Oé(F(;)’
that is,
Oé(Fg) < @

Note, in addition, that if oy = (aq,...,a,), then the stabilizer of a; in G is

G, = {a’"l,crg”, .. ,U|G|};
therefore
G
o(Ta) = Gy = 1L
™

It is clear that this is the largest size of a point-stabilizer in GG. This proves that G
has the EKR property.

To show the second part, first note that the clique C' and the independent set
G, together show that the clique-coclique bound (Theorem 2.4.5) for ' holds with

equality. Hence any maximum independent set must intersect with any maximum
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clique in I'g. Let S be any maximum independent set and without loss of generality

assume id € S. We show that S = G,,. For any 7 > 0, set
Cy={o", 0™ ... o1y,

Note that C; are cliques in I'¢ of maximum size (i.e. of size 1) and that C; = C.
Furthermore, for any 0 < t < |G|/r1, we have Cy \Cii1 = {0} and Cyp11\Chr, =
{o®Dr} . Since for any 0 < ¢ < |G|/r1, the independent set S intersects with each of
the cliques Cy, 41 and Cy,., in exactly one point, and since " € S, we conclude that

00,0 0%, ... 0l6leS; that is, S = G,,. O

Note that, if o has a fixed point in [n], then ' is the empty graph on |G| vertices.
Also in the case where ¢ is an n-cycle, then I'g is the complete graph on n vertices.

In both of these cases, the strict EKR holds trivially.

Proposition 5.3.2. Any permutation group of degree n with an n-cycle has the EKR
property.

Proof. Let G be such group and let ¢ € G be an n-cycle. Then the subgroup H
generated by o is transitive and, according to Theorem 5.3.1, it has the EKR property.

Therefore, according to Theorem 5.2.1, GG also has the EKR property. O

Recall that for any n > 3, the dihedral group of degree n, denoted by D,,, is the
group of symmetries of a regular n-gon, including both rotations and reflections. Note
that D,, < Sym(n) is a permutation group acting on [n].
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Proposition 5.3.3. All the dihedral groups have the strict EKR property.

Proof. Assume D, is generated by the permutations o, the rotation, and m, the
reflection through the antipodal points of the n-gon. Then ¢ is of order n, 7 is of
order 2 and mo = 07! (see [32, Theorem 1.6.13]). Since {id,7} is an intersecting
set, we have o(I'p,) > 2. To prove the proposition, we show that any maximum
independent set in I'p, is a coset of a point-stabilizer. Assume S is a maximum
independent set in I'p, and, without loss of generality, assume id € S. Clearly, o? ¢ S,

for any 1 <i<n. If o'm,0/m € S, for some 1< j <i<n, then their division,

o'n(aim)t =0

must have a fixed-point, which is a contradiction. Therefore, a(I'p,) = 2 and S =
{e,oir}, for some 1 < i < n. Note, finally, that since no pair o’m,o/m have any
common fixed-point, S is indeed the stabilizer of any of the points fixed by oin. This

completes the proof. O

Note that the dihedral group D, can be written as D, = Z,Zs, where Z, <
D,, corresponds to the subgroup generated by the rotations and Zs is the subgroup
generated by a reflection. More precisely, D,, = Z,, x Zs when the non-identity element
of Zs acts on Z,, by inversion. When n is odd, this is a particular case of a Frobenius
group. A transitive permutation group G' < Sym(n) is called a Frobenius group if

no non-trivial element fixes more than one point and some non-trivial element fixes
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a point. An alternative definition is as follows: a group G < Sym(n) is a Frobenius
group if it has a non-trivial proper subgroup H with the condition that HnHY = {id},
for all g € G\H, where HY9 = g~ Hg. This subgroup is called a Frobenius complement.

Define the Frobenius kernel K of G to be

K= (G\ U Hg) U {id}.

geG

In fact, the non-identity elements of K are all the derangement elements of G. There
is a significant result due to Frobenius which states that K is a normal subgroup
of G. The proof mainly relies on character theory and is one of the earliest major
applications of this theory. Moreover, he showed that G = K x H. The reader may
refer to [39, Theorem 5.9] for a proof. Frobenius groups and their properties have
been widely studied; we refer the interested readers to [7, Section 10.2], [16, Section
3.4] and [19] for further details. In the rest of this section we study the EKR problem
for the Frobenius groups.

First note that if G = KH < Sym(n) is a Frobenius group with kernel K, then
|K| =n and |H| must divide n—1; see [16, Section 3.4] for proofs. This implies that the
Frobenius groups are relatively small transitive subgroups of Sym(n). In particular,

if n -1 is prime, then |G| =n(n—1). We also observe the following.

Lemma 5.3.4. If G = KH < Sym(n) is a Frobenius group with kernel K, then

|G| = |H|, for any x € [n].
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Proof. Let x € [n]. By the “orbit-stabilizer” theorem we have

_ (6] _|K|H] _nlH]
G~ e 16

2] =[G : G.]

where & is the orbit of z under the action of G on [n]. Since this action is transitive,

x% = [n]; therefore the lemma follows. O

In order to find the maximum intersecting subsets of a Frobenius group, we first
describe their derangement graphs. We will make use of the following classical result

(see [33, Theorem 18.7]).

Theorem 5.3.5. Let G = KH be a Frobenius group with the kernel K. Then the

irreducible representations of GG are the following two types:

(a) Any irreducible representation ¥ of H gives an irreducible representation of G
using the quotient map H =¥ G|/K. These give the irreducible representations of

G with K in their kernel.

(b) If = is any non-trivial irreducible representation of K, then the corresponding
induced representation of G is also irreducible. These give the irreducible repre-

sentations of G with K not in their kernel. O
Now we can describe the derangement graphs of the Frobenius groups.

Theorem 5.3.6. Let G = KH < Sym(n) be a Frobenius group with the kernel K.

Then T'¢ is the disjoint union of |H| copies of the complete graph on n vertices.
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Proof. According to Theorem 4.2.1, the eigenvalues of I'g are given by

1
N = X(id) JZ X(U)7

€Da

where y runs through the set of all irreducible characters of GG. First assume Yy is the
character of an irreducible representation of G of type (a) in Theorem 5.3.5. Then
we have

1 e
77x=maz X()_X(d) > x(id) = D¢ |=|K|-1 1.

EDG O'EDG

According to Theorems 4.2.1 and 3.1.7, the multiplicity of n, =n -1 is

> (dim¥)? =|H]|.

Welrr(H)

Furthermore, assume = is an irreducible representation of G of type (b) in Theo-
rem 5.3.5, whose character is ¢ and let x be the character of the corresponding induced
representation of G. If 0 € G\K, then o € HY, for some g € G. Thus x~'ox € H9*, for
any « € G; hence z~tox ¢ K. According to (3.10), the formula for the character of an
induced representation, this implies that x (o) = 0. On the other hand, let y;q be the
trivial character of G. Since x # xid4, according to Theorem 3.1.10, the inner product

of x and x;q is zero. Hence
0= () = 1 Do) = 7 Do) = 5 (1) + T )
|G| oeG |G| oeG | | oD

hence

>~ X(0) =-x(id).

UEDG
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This yields

o i)
L IR IRA v ey

We have, therefore, shown that

n-1 -1
Spec(l'g) =
[H|  [H[(n-1)

Now the theorem follows from Proposition 2.3.2. O]

We point out that this proof may not be the easiest method to describe the graph
I'g; however it is a nice example of an application of character theoretical facts in
graph theory. We will see other similar applications in Chapters 6 and 7. Now we

establish the EKR property for the Frobenius groups.

Theorem 5.3.7. Let G = KH < Sym(n) be a Frobenius group with kernel K. Then
G has the EKR property. Furthermore, G has the strict EKR property if and only if

H|=2.

Proof. Using Theorem 5.3.6, the independence number of T'¢ is |H|. This along with
Lemma 5.3.4 shows that G has the EKR property. For the second part of the theorem,
first note that if |[H| = 2 and S is an intersecting subset of G of size two, then S is,
trivially, a point stabilizer. To show the converse, we note that the cliques of ' are
induced by the |H| cosets of K in G. Now suppose |H| > 2 and let S be a maximum

intersecting subset of G which is a coset of a point-stabilizer in G. Without loss
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of generality we may assume S = {id = s1,52,...,5g|} and, hence, S = G, for some
x € [n]. Since S is independent in ', no two elements of S are in the same coset of K
in G. Note that, the only fixed point of any non-identity element of S is x. Let s3 be
in the coset gK. If all the elements of gK fix x, then all the elements of K will have
fixed points, which is a contradiction. Hence there is an s} € g/ which does not fix z.

Now the maximum intersecting set S’ = (S\{s3}) u {s;} is not a point-stabilizer. [

Note that one can show the second part of Theorem 5.3.7 by a counting argument
as follows. There are n? cosets of point-stabilizers in G. Since I'¢ is the union of |H|
copies of the complete graph on n vertices, the total number of maximum independent
sets is n/Hl. Therefore, in order for all the maximum independent sets of I'¢ to be
cosets of point-stabilizers, the necessary and sufficient condition is |H| = 2.

We conclude the section with noting that Theorem 5.3.7 provides an alternative
proof for the fact that the dihedral group D,, has the strict EKR property, when n > 3

and odd.

5.4 EKR for some group products

Now we turn our attention to the products of groups and investigate how a product
of some groups can have the EKR or the strict EKR property when the initial groups
do so. We consider three types of group products, namely the so-called external and

internal direct products and the wreath product.
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Given any sequence of permutation groups G; < Sym(np), ... ,Gr < Sym(ny),
their external direct product is defined to be the group G x --- x GGy, whose elements
are (g1,...,9r), where g; € G;, for 1 < i < k, and the binary operation is, simply,
the “component-wise” multiplication. This group has a natural action on the set
Q= [ny]x--x[ng] induced by the natural actions of G; on [n;]; that is, for any tuple

(z1,...,2) € Q and any element (g1,...,gx) € Gy x -+ x G}, we have
(1, )09 = ).

Let G = G x--- x G§. Then the derangement graph I'¢ of G is the graph with vertex
set G in which two vertices (gi,...,9x) and (hq,...,h;) are adjacent if and only if
gih;! is a derangement, for some 1< i < k. Recall that if X and Y are graphs, then
X xY is their direct product (see Section 2.1) and that X is the complement graph

of X. We observe the following.

Lemma 5.4.1. Let the group G = Gy x .- x G}, be the external direct product of the
groups G, ...,Gy. Then

Ty =Tq, x - xTg,.

Proof. By the definition of the external direct product, the vertices (g1, ...,gx) and
(hi,...,hy) of ['q are adjacent if and only if g;h;! has a fixed point, for any 1 <i < k.
This is equivalent to the case where g; is adjacent to h; in T'g,, for any 1 <i < k. This
occurs if and only if (g1,...,gx) and (hy,..., hy) are adjacent in T'g, x -+ x I'g,. This
completes the proof. O]
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In the next lemma, we evaluate the independence number of I'.

Lemma 5.4.2. With the notation above, we have

a(Tg)=a(lg,) - a(lg,).

Proof. Let S; be a maximum independent set in I'i,, for any 1 <7 < k. Then the set
S =51 x---x Sy is an independent set in I'g, proving that o(I'¢) > a(l'g,) - a(T'g,).
On the other hand, let p; : G - G; be the projection of G onto the component
G;, for 1 <4 < k and let S be a maximum independent set in I'g. Then for any
1 <i <k, the set p;(S) is an independent set in G;; hence |p;(S)| < a(T'g,). Since

S cpi(S) x - x pp(S) the lemma follows. O

Theorem 5.4.3. With the notation above, if all the G; have the (strict) EKR prop-

erty, then G has the (strict) EKR property.

Proof. First note that the stabilizer of any point (xy,...,x;) € Q in G is

(Gl)m Ko X (Gk)wk

On the other hand, if all the groups G; have the EKR property, according to Lemma 5.4.2,

the maximum size of an independent set in I will be equal to

(G1)anl - [(Gr ),

for some (x1,...,xx) € §2; this proves that G has the EKR property. Furthermore,
assume all the GG; have the strict EKR property and let S be a maximum independent
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set in I'g. This implies that p;(S) is a maximum independent set in I'g,, for each

1 <i < k; hence p;i(S) = (Gi)a,, for some z; € [n;]. Therefore, S =Gy, ) O
The next product is the internal direct product. Assume €q,...,€); are pair-wise
disjoint non-empty subsets of [n], and consider the sequence G; < Sym(€2;), ..., Gy <

Sym(€2;). Then their internal direct product is defined to be the group G;-Gy--++- Gy,
whose elements are g,gs---gx, where g; € G;, for 1 <4 < k and the binary operation is
defined as follows: for the elements g;gs--+- g, and hihg---hy in G; < Sym(€)y), ... G <
Sym(£2),

91929k - hiho-hy = (g1h1)(g2h2) - (grhi). (5.13)

Note that since the €2; don’t intersect, any permutation in G; commutes with any
permutation in G, for any 1 <i # j < k; hence the multiplication (5.13) is well-defined.
This group also has a natural action on the set €2 = 2y u---U2;, induced by the natural
actions of GG; on €;; that is, for any z € Q2 and any element g;go--g, € Gy - Go - -+ - Gy,
we have

2919279k = g9 where x € ();.

Let G = G1-G5--+--Gy. Then the derangement graph of G is the graph ['; with vertex
set GG in which two vertices gi1gs - -+ - gr and hihs - -+ - h;, are adjacent if and only if
gih;! is a derangement, for all 1 <7 < k. In other words, I'¢ is the direct product of
I'ay,...,I'q,; that is

Ig=Tg, x-xTg,. (5.14)
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Hence according to Corollary 2.1.2, we get the independence number of G.

Lemma 5.4.4. With the notation above, we have

.....

P

Theorem 5.4.5. With the notation above, if all the G; have the EKR property, then

G also has the EKR property.

Proof. For any x €€, the stabilizer of z in G is G-+ Gj_1-(G;) - Gjs1-++-+ G, where

x €€);. Hence

Gol =Gl TT 1.

i=1,...,n

Therefore, using Lemma 5.4.4, if all the G; have the EKR property, then G also has

the EKR property. O
Using Theorem 5.3.1, one can observe the following.

Corollary 5.4.6. For any sequence r1,...,r of positive integers, the internal direct

product Zy, - L, - -+ - Ly, has the EKR property. O

Let A =[Aq,...,Ax] be a partition of n (see Section 3.2). Define a set partition of
[n] by [n] = QiU UQy, where Q; = {A\ +-+ X1+ 1,..., A+ +X\;}. Then the
internal direct product Sym(€2;)-Sym(€2s)-----Sym(£2) is called the Young subgroup
of Sym(n) corresponding to A and is denoted by Sym(\). An easy consequence of
Theorem 5.4.5 and Theorem 5.1.1 is the following.
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Corollary 5.4.7. Any Young subgroup has the EKR property. [

It is not difficult to see that I'syy(n) is connected if and only if n # 3, I'gyps) is
the disjoint union of two complete graphs K3 and I'gyy,([2,2,2]) is disconnected. From
this we can deduce that if A\ = [3,2,...,2],[3,3] or [2,2,2], then [syny) will be
disconnected and one can find maximum independent sets which do not correspond
to cosets of point-stabilizers. More generally, if X is any partition of n which “ends”
with one of these three cases, then Sym(\) fails to have the strict EKR property.
In [36] the authors have shown that these are the only Young subgroups which don’t

have the strict EKR property. In other words, they have proved the following.

Theorem 5.4.8. Let A = [\q,...,\¢] be a partition of n with all parts larger than

one. Then Sym(\) has the strict EKR property unless one of the following hold

(a) A\j=3and \jiq ==\, =2, for some 1 < j<k;
(b) )\k = )\k—l = 3,’
(C) /\k = )\k—l = )\k_g =2. ]

Finally we introduce the wreath product and probe whether it has either the EKR
or the strict EKR property. Let G < Sym(m) and H < Sym(n). Then the wreath

product of G and H, denoted by G : H is the group whose set of elements is

(Gx--xG)xH,
| ——
n times
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and the binary operation is defined as follows:

(gla <3 09n, h) : (gia e agrlu h,) = (glg;z(l)’ ce. agng}lz(n) ’ hh,)

It is a straight-forward exercise to show that this, indeed, defines a group. In par-
ticular, note that the identity element of G : H is (idg,...,idg,idy) and for any

(g1,---,9n,h) e G H,

(gla v 7gn7 h)_l = (g}_l}l(l)v e 79};—11(71)7 h_l)'

Note also that the size of G: H is |G|"|H|. We point out that G': H is in fact the
“semi-direct product”

(Gx--xG)xH,
—_——

n times

when the action of H on G x --- x G is defined as simply permuting the positions
of copies of G' (see [16, Section 2.5] for a more detailed discussion on semi-direct
products). It is not hard to see that this group is the stabilizer of a partition of the
set [nm] into n parts each of size m.

Now assume 2 = [m] x [n]. Then we observe the following.

Lemma 5.4.9. The group G: H acts on () in the following fashion:

(@, ) 0romh) = (29, ) = (g5(2), h (7)), (5.15)

for any (z,7) € Q and (g1,...,9n,h) e G2 H.
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Proof. 1t is obvious that the pair on the right hand side of (5.15) is in Q. We also see

that for any (z,7) € Q,
Finally assume (g1,...,9n,h),(9],...,95,h') e GvH. Then

= (290, ") = (g (g3 (), B (R(G)))
on the other hand

((, j)arerant) )G Im) (g0, 5y (0L

_ <(xgj)gﬁl(j)7 (jh)h’) - (gé(j)(gj(x)),h'(h(j)))- m

Note this implies that if (g1,...,gn, k) has a fixed point (x,7), then h(j) = j and

gj(x) = x. Thus, it is not difficult to verify the following.

Lemma 5.4.10. For any pair (x,7) € €, the stabilizer of (z,7) in Gt H is

(Gx---x (G)., x---xG)xHj, O

jth position

Theorem 5.4.11. If G < Sym(m) and H < Sym(n) have the EKR property, then

G H also has the EKR property.

Proof. For convenience we let W := Gi:H and P = Gx---xG. Note that by the definition
of the wreath product, P is in fact the internal direct product of Gy,...,G,, where
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G; 2 G and G; < Sym([m] x {i}), for any 1 <i < n. Hence according to (5.14), we
have

FPZFGX---XFG.
———
n times

Consider the lexicographic product I' = 'y [['p]. Define the map f:T' — 'y by

f(h, (91,...,gn)) =(91,-- -1 9n, h).

We claim that f is a homomorphism. To prove this, assume (h,(g1,...,¢9,)) and

(R, (g7,--.,9,)) are adjacent in I'. We should show that

(917 s 791,17 h,) ' (917 <y On, h’)71 = (gig};/lh—l(ly R 797,19[;1}1—1(”)7 h,hil) (516)

has no fixed point. By the definition of the lexicographic product, either h ~ A’ in
Iyorh=nh and (g1,...,9,) ~ (9],-..,¢5) in G. In the first case, h’/h~! has no fixed
point. Thus (¢},...,9%,h'") - (g1,---,9n, h)~! cannot have a fixed point. In the latter

case, (g1,---.95)(91,--.,9,)~" has no fixed point; thus, according to (5.16),

(giu e ag’:uh,) ’ (glu cee 7gn7h)_1 = (9191_17 cee )g;zgr_zluldH)

cannot have a fixed point. Thus the claim is proved.
We can, therefore, apply Proposition 2.4.1 to get

V)V (Tw))
o(T) © a(Tw)

Therefore, using Proposition 2.1.3, we have

a(Tw) <a(lp)a(Ty). (5.17)
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But since G has the EKR property, according to Theorem 5.4.5, P has the EKR

property; this means that there is a point x € [m] such that

a(lp) =Py

Similarly, since H has the EKR property, there exists a j € [n] such that

a(l'y) =Hjl.

This, along with Lemma 5.4.10, implies that o(I'y) = |[W, |- O

In the case of symmetric groups, we can say more.

Proposition 5.4.12. The group Sym(m):Sym(n) has the EKR property. Further-

more, if m >4, then Sym(m)2Sym(n) has the strict EKR property.

Proof. The first part follows from Theorem 5.4.11. For the second part, as in the

proof of Theorem 5.4.11, we let W = Sym(m) : Sym(n) and

P = Sym([m] x {1}) x - x Sym([m] x {n}).

Let S be an intersecting subset of W of maximum size, i.e. S has the size of a point-
stabilizer in W. Without loss of generality we assume that S contains the identity
element of W. Consider the homomorphism f : I'symen)[I'p] = I'w defined in the
proof of Theorem 5.4.11. It is obvious that f is an injection; hence there is a copy of

Isym@n)[I'p] in Ty This implies that S is an independent set in I'gymn)[I'p] of size
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®(Lsym(ny)@(I'p). Then, according to Proposition 2.1.4 and the fact that Sym(m)
and P have the strict EKR property (see Theorem 5.4.8), we have that the projection
of S to I'sym(n) is the stabilizer of a point j in Sym(n), i.e. S;;, and the projection

of S in each copy of I'p is a point-stabilizer in P. Therefore

S = U P(:Es,j)7

s€Sj,5
where z, € [m], for any s € §;; and P, ;) is the stabilizer of (z,,7) in P. Now if
x5 # 14, for some s,t € S;;, then since m > 4, there will be an element in P, ;) which
is adjacent to some element in P, ;) in the graph I'y,, which contradicts the fact

that S is independent in I'y,. Hence we must have

S= U Puy = (Sym(m) x - x (Sym(m))y x -+ x Sym(m)) xS,

B 7th position

for some z € [m]. Now the proposition follows from Lemma 5.4.10. O
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Chapter 6

Module Method

As we mentioned in Chapter 1, the approach in [27] to the EKR problem of the
symmetric group was vastly different from the one applied in [10] where the theo-
rem was first proved. Further, this new proof uses information from the irreducible
representations of the symmetric group. This algebraic proof opened a new way to
approach the EKR problem for permutation groups; for example Meagher and Spiga
in [42] used a similar method to solve the EKR problem for the projective general
linear group PGL(2,¢q). They also questioned if one can apply this method for the
projective special linear group PSL(2,¢). In this chapter we will state this approach
as a theorem, called the “module method”, and will show how this will be useful in
proving EKR theorems for permutation groups. Then using the module method, we
will establish the strict EKR property for the alternating group in Section 6.2. In

Section 6.3 we will approach the EKR theorem for PSL(2,¢) and will show how the
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module method proves the strict EKR property for this group, provided that Con-
jecture 6.3.6 is true. In Section 6.4, we will apply this method to show that some of

the sporadic permutation groups have the strict EKR property.

6.1 Introduction of the module method

Throughout this chapter we assume G < Sym(n) to be a 2-transitive permutation
group, unless otherwise declared. Recall from Chapter 5 that the problem of char-
acterizing the maximum intersecting subsets of GG is equivalent to characterizing the
maximum independent sets of the graph I'; hence in what follows we will use the
graph interpretation of the problem rather than the original problem. In order to
explain the module method, first we define the canonical independent sets of I'. For

any 4, j € [n], we define the canonical independent sets S; ; as
Si7j={7TEG|7T(Z')=j}. (618)

The subset S;; of the vertices of I'; are, indeed, cosets of the point-stabilizers in

G under the natural action of G on [n]. Obviously, S;; is an independent set and

€]

since G is transitive, |S;;| = -,

for each 7,7 € [n]. The sets S;; form a collection of
independent sets for I'¢. The goal of the module method is to prove that these are
the only maximum independent sets. For any i,j € [n], we denote the characteristic
vector of S;; with v; ;. We will make use of the following lemma in the module

method.
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Lemma 6.1.1. If for all i, j € [n], the vector v; ; lies in the direct sum of the standard

and the trivial modules of G, then the set
1. .
B:={vij——1|i,je[n-1]}
n
is a basis for the standard module V of G.

Proof. Since the vectors v; ; — %1 are orthogonal to the all ones vector, we have B c V/
and since the dimension of V' is equal to |B| = (n - 1)?, it suffices to show that B is
linearly independent. Note, also, that since 1 is not in the span of v; ; for 4, j € [n—1],
it is enough to prove that the set {v;;|i,j € [n — 1]} is linearly independent. Define
a matrix L to have the vectors v; ;, with ¢, j € [n — 1], as its columns. Then the rows
of L are indexed by the elements of G and the columns are indexed by the ordered
pairs (7,7), where i,7 € [n - 1]; we will also assume that the ordered pairs are listed
in lexicographic order. It is, then, easy to see that

(n-1)! (n-2)!

2

L'L = I(n—1)2 + (A(Kn—l) ® A(Kn—l)) s

where [(,,_1)2 is the identity matrix of size (n-1)2, A(K,-1) is the adjacency matrix of
the complete graph K, ; and ® is the tensor product (see Section 2.3). The distinct
eigenvalues of A(K,_1) are -1 and n - 2; thus according to Proposition 2.2.6, the
eigenvalues of A(K,,_1)® A(K,_1) are —(n—2),1,(n-2)2. This implies that the least

eigenvalue of LTL is

(n—21)! ~ (n—2)2(n—2)! 5 0.
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This proves that LTL is non-singular and hence full rank. This, in turn, proves that

L is full rank and that {v; ;|7,j € [n— 1]} is linearly independent. O

Define the |G| x n? matrix H to be the matrix whose columns are the vectors v; j,
for all 4,5 € [n]. Note that since H has constant row-sums, the vector 1 is in the
column space of H. We denote by H(; ;) the column of H indexed by the pair (3, j),
for any i, j € [n]. Define the matrix H to be the matrix obtained from H by deleting
all the columns H; ) and H, ;) for any i,j € [n - 1]. With a similar method as in

the proof of [42, Proposition 10], we prove the following.
Lemma 6.1.2. The matrices H and H have the same column space.

Proof. Obviously, the column space of H is a subspace of the column space of H:
thus we only need to show that the vectors H;,) and Hy, ;) are in the column space
of H, for any i,j € [n—1]. Since G is 2-transitive, it suffices to show this for Hpy.

Define the vectors v and w as follows:

vi= Y 3 Hgy and wi=(n-3)Y Hayy + Hepp.-

i#l,n j#n VELL

The vectors v and w are in the column space of H. It is easy to see that for any

me(d,
n-2, it 7w(1)=n; 0, it w(1)=n;
Ur =1n-2, it 7(n)=n; Wr=\n -2, it 7(n)=n;
n-3, otherwise, n-3, otherwise.
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Thus

n-2, if w(1)=n;

(v-w)r = 0, if w(n)=n;
0, otherwise,
which means that (n -2)H,) = v —w. This completes the proof. ]

If the columns of H are arranged so that the first n columns correspond to the
pairs (i,1), for i € [n], and the rows are arranged so that the first row corresponds to
the identity element, and the next | D¢ | rows correspond to the elements of D, then

H has the following block structure:

1 0
0 M|
B C

Note that the rows and columns of M are indexed by the elements of Dg and the
pairs (i,7) with 7,5 € [n—1] and ¢ # j, respectively; thus M is a |Dg|x (n—-1)(n-2)
matrix. Throughout the thesis, we will refer to this matrix simply as “the matrix M

for G”.

Proposition 6.1.3. Let G < Sym(n) be 2-transitive. Then for any x € [n], there is

an element in G which has only x as its fixed point.

Proof. Since G is transitive, it suffices to show it for z = 1. We need to show that
the stabilizer of 1 in G, denoted Gy, has a derangement in its action on {2,...,n}.
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Suppose for every element g € Gy, we have |fix(¢)| > 1. This means that

1
|G|

(n=-1)+|G1|]-1 (n-2+]|G4|)

ﬁX(g) > = 3
2, 1fix(9) al ten

which is greater than 1, if n > 2. Hence by Burnside’s lemma (Theorem 3.1.16),

the number of orbits of the action of G; on {2,3,...,n} is more than one which
is a contradiction since GGy acts transitively on {2,3,...,n}. Thus there must be a
derangement in GG; and we are done. O]

Now we are ready to prove the main theorem of this section. Recall that for
any 2-transitive group G, the standard representation of G is irreducible (Proposi-

tion 3.1.17).

Theorem 6.1.4 (Module method). Let G < Sym(n) be 2-transitive and assume

the following conditions hold:

(a) G has the EKR property;

(b) for any maximum intersecting set S in G, the vector vg lies in the direct sum of

the trivial and the standard modules of GG; and

(c) the matrix M for G has full rank.

Then G has the strict EKR property.

Proof. Since GG has the EKR property, the maximum size of an intersecting subset
of G is |G|/n, i.e. the size of a point-stabilizer. Suppose that S is of maximum size.
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It is enough to show that S = S;;, for some 4,5 € [n]. Without loss of generality,
we may assume that S includes the identity element. By the assumption (b) and
Lemma 6.1.1, vg is in the column space of H; thus according to Lemma 6.1.2, vg

belongs to the column space of H; therefore

1 0
z

0 M =g
w

B C

for some vectors z and w. Since the identity is in S, no elements from D¢ are in S,

thus the characteristic vector of S has the form

1
Vs = 0

t

for some vector Ol-vector t. Thus we have 172z =1, Mw =0 and Bz + Cw =t. Since
M has full rank, w = 0 and so Bz =t. Furthermore, according to Proposition 6.1.3,
for any z € [n], there is a permutation g, € G which has only x as its fixed point; thus

by a proper permutation of the rows of B, one can write

Since Bz is equal to the 01-vector ¢, the vector z must also be a 0l-vector. But, on
the other hand, 17z = 1, thus we conclude that exactly one of the entries of z is equal
to 1. This means that vg is the characteristic vector of the stabilizer of a point. [

106



We point out that the module condition (b) is the reason we call this method the

module method.

6.2 EKR for the alternating group

Recall that it has been proved in [36] that the alternating group Alt(n) has the
strict EKR property for n > 5. In this section we will apply the module method to

present an entirely new proof for this result.

Theorem 6.2.1. For n > 5, any intersecting subset of Alt(n) has size at most

(n-1)!
5

An intersecting subset of Alt(n) achieves this bound if and only if it is a coset of a

point-stabilizer.

For any group G, since D¢ is a union of conjugacy classes of G, the graph I'g
is a union of graphs in the conjugacy class scheme of G (see [5, Example 2.1 (2)]
or [12, Example 2.4(2)]). Thus the clique-coclique bound (Theorem 2.4.5) applies
to I'g. Let ¢y, ..., ¢, be the derangement conjugacy classes of G. Then the matrices
Ay, ..., Ai in the conjugacy class scheme of G are, in fact, |G| x |G| matrices such that,
for any 1 <i <k, the entry (g,h) of A; is 1 if hg™! € ¢;, and 0 otherwise. Recall from
Section 2.4 that these A; are simultaneously diagonalizable and, hence, have common
eigenspaces. The idempotents of this scheme are F,, where x runs through the set
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of all irreducible characters of G; the entries of £ are given by

(By)ro = %)xwlo). (6.19)

To show that E, are, indeed, the projections to the common eigenspaces, it can be

shown that, for any 1 <7 <k,

Az'EX = %EX, 0; €C;.

This also shows that the eigenvalue of A;, corresponding to the eigenspace arising from
X, is %, for any 1 <i <k. (See [3] or [5, Sections 2.2 and 2.7] for a proof of this.)
The vector space generated by the columns of E) is called the module corresponding

to x or simply the y-module of I'g. For any character y of G and any subset X of G

define

X(X) =2 x().

reX

Using Corollary 2.4.6 and Equation (6.19) one observes the following.

Corollary 6.2.2. Assume the clique-coclique bound holds with equality for the graph
I'c and let x be an irreducible character of G that is not the trivial character. If there

is a clique C' of maximum size in I'¢ with x(C') # 0, then
EX Vs = 0

for any maximum independent set S of I'¢. [
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In other words, provided that the clique-coclique bound holds with equality, for
any module of ' (other than the trivial module) the projection of at most one of the
vectors ve and vg will be non-zero, where S is any maximum independent set and C'
is any maximum clique. In this section we let G,, = Alt(n) for simplicity. In what
follows we will show that the conditions of Theorem 6.1.4 hold. We will find cliques
C such that F,vc # 0, for all irreducible characters x of G, except the trivial and the

standard characters to prove that condition (b) of the module method holds.

6.2.1 The standard module

Recall from Section 3.2 that the representation of Sym(n) corresponding to [n]
is the trivial representation, the character of which is equal to 1 for every permuta-
tion. Also if A = [n—1,1], then the irreducible representation S* of Sym(n) is the
standard representation. For n > 5, A = [n—1,1] is not symmetric; hence according
to Theorem 3.4.3, the restriction V' of S* to G, is also irreducible. We also deduce
from Theorem 3.4.3 that this representation is the standard representation of (z,, and
V' is the standard module of G,,. Recall from Section 3.1 that the value of the char-
acter of the standard representation on a permutation ¢ is the number of elements
of [n] fixed by o minus 1 and that the dimension of this representation is n — 1 (see
Lemma 3.1.15).

In this subsection we prove that the conditions (a) and (b) of Theorem 6.1.4 hold
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for the alternating group. Ku and Wong conjectured [36] that the least eigenvalue
of the derangement graph I'syy,(n) of the symmetric group is given by the standard
representation (see Theorem 4.2.1). This was proved by Renteln in [45]. Based on
our observations of several examples, we feel that there is a similar situation for the

case of the alternating group. In other words, we propose the following.

Conjecture 6.2.3. The least eigenvalue of ', is given only by the standard repre-

sentation of G,,.

Note that, using Theorem 4.2.1 and Theorem 3.4.3, the eigenvalue of ', given

by the standard representation of G,, is

Y (o) —1De. |
X[n-1,17(1d) oeDg,, 7 n-1

NMn-1,1] =
Now if Conjecture 6.2.3 is true, then according to the first part of Theorem 2.4.2, the

size of any independent set S of I'g, is bounded above by

|Gl _ n!/2 _ (n-1)!

1-1Penl 2
Mn-1,1]

Since the size of any point-stabilizer in G,, is (n - 1)!/2, this means that G,, has
the EKR property; i.e. condition(a) of Theorem 6.1.4 holds for G,,. Furthermore,
the second part of Theorem 2.4.2 yields that for any maximum independent set S of
vertices of I'g,, the characteristic vector vg of S lies in the direct sum of the trivial

and the standard modules of G,; i.e. condition (b) of Theorem 6.1.4 holds for G,,.
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Solving Conjecture 6.2.3 does not seem easy even using the fact that the standard
representation of Sym(n) gives the least eigenvalue of I'sym(n). Thus the method we
use here is similar to the work done in [27]. In other words, we will use the clique-
coclique bound (Theorem 2.4.5). To do this, we will show that the clique-coclique
bound for I'g, holds with equality by defining sufficiently large cliques C'. Moreover,
for each A, which is neither [n] nor [n —1,1], we will observe that Eyve # 0. From
this, using Corollary 2.4.6, we conclude that Eyvg = 0 for any maximum independent
set, unless F, is the projection to either the trivial module or the standard module.
We will consider two cases, first when n is odd and second when it is even.

Assume n > 5 is odd. In [2, Theorem 1.1] it has been proved that there is a
decomposition of the arcs of the complete digraph K} on n vertices to n — 1 directed
cycles of length n. Each of these cycles corresponds to an n-cycle in G,,. Since no two

such decompositions share an arc in K*, no two of the corresponding permutations

nr

intersect. Let C° be the set of these permutations together with the identity element

of G,,. Then C“ is a clique in ', of size n. We can therefore prove the following.
Lemma 6.2.4. If n > 5 is odd, then G,, has the EKR property.

Proof. According to the clique-coclique bound, for any independent set S in I', , we

have
| —1)!
9] < |Gl _ nl/2 _ (n 1).’
|ICol  n 2
which is the size of any point-stabilizer in G,,. [
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The set of all n-cycles from Sym(n) forms a pair of split conjugacy classes ¢} and
¢y in Gy,. Thus all the non-identity elements of C° lie in ¢j uc{. Theorem 3.4.3 gives
all the irreducible representations of GG,,. We will use the notation of this theorem; in
particular, the reader should note that the superscript refers to characters of Sym(n)
and the subscript to those of Alt(n). In the proof of the next lemma we will use
the “double factorial” notation; we define a!! = a(a - 2)(a-4)---2 if a is even positive

integer and a!! = a(a -2)(a-4)---1, if a is odd.

Lemma 6.2.5. Let n >5 be odd. Then for any irreducible character x of G,, other

than the standard character, we have x(C°) # 0.

Proof. First consider the case where x is the character of the restriction of the rep-
resentation S*, where \ is not symmetric, to G,,. Let x* be the character of S* then
X = Xr. According to Theorem 3.4.3, x) has the same values on ¢ and ¢{ and this

value is equal to the value of x* on ¢jucj. We compute

xa(C?) = ZC: (@) =xM1) + (n - 1)x* (o),

where o is a cyclic permutation of length n. Using the corollary of the Murnaghan-
Nakayama Rule (Corollary 3.3.2), we have x*(o) € {0,+1}. Therefore, if x,(C?) =0,
since (1) > 0, it must be that x*(¢) = -1 and then x*(1) = n—1. The representations
corresponding to the partition [n —1,1] and its transpose, [2,1,...,1], are the only
representations of Sym(n) of dimension n — 1 and according to Theorem 3.4.1, their
restrictions to G, are both isomorphic to the standard representation of G,,.
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Next assume that y is the character of one of the two irreducible representations
W' or W', where W = W’'&W" is the restriction of S* to G,,; in this case A must be
symmetric. Thus, x = x} (the case when x = x¥ is identical, so we omit it). If A is

not the hook [(n+1)/2,1,...,1], then according to Theorem 3.4.3, we have

() = 3 @) = (1) + (- 150 (0).

zeCo
Thus, as in the previous case, if x}(C°) = 0, then we must have x*(1) = n -1 which
is a contradiction.

The final case that we need to consider is when y is the character of one of the
two irreducible representations whose sum is the representation formed by restricting
S* to G, where A=[(n+1)/2,1,...,1]. Again we assume that x = x} (since the case
for x = x¥ is identical) and using Theorem 3.4.3, we have

XA(C?) = > Xh(x)

zeC°

=M+ > @+ Y Xi(@)

zeCongy xzeConcy
1 1 n- n— 1 n- i
- W S [CUF D | | (D VD e,

where 1/ = |C°n¢y| and 7" = |C°ncfj|. Note that 7'+ 7" =n - 1. Hence, if x| (C?) =0,

then we must have

) = [(-1)"21 /(-1)% n] o [(-1)"21 1) n] (6.20)
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Note that

9n-1(p, — 2)!!

(1) = (n- 1)l

Consider the following two cases. If 4 + n— 1, then (6.20) implies that

e e CR BV R} (021

It follows, then, that ' = r” and so

2r1(n-2)Il .
CE T

since this only holds for n = 3, this is a contradiction.

On the other hand, if 4| n -1, then (6.20) implies that

2n-l(pn-2)I1 "
_—(n(— 1)”) =r'(1++/n) + " (1-+/n); (6.22)
that is,
2n-(n - 2)! " .
—Téjﬂ%—:—0w4'—D(¢E+D-+r(¢ﬁ—n
<(n-1)(V/n-1)<ne. (6.23)
Note that
2r-1(n-2)1t  2n-1 pll S 2n-1
(n-1DI"  n (n-1" n’
thus (6.23) yields
ol <3,
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It is easily seen that this inequality fails for all n > 9. Finally, note that (6.22) and
(6.21) lead us to contradictions if n =5 and if n = 7, respectively. This completes the

proof of the lemma. O

Next we consider the case when n is even; so we assume n > 6 and even. According
to [2, Theorem 1.1}, the arcs of the complete digraph K can be decomposed to n -1
pairs of vertex-disjoint directed cycles of length n/2. Each of these pairs corresponds
to a permutation in G, which is a product of two cyclic permutations of length n/2.
Let C¢ be the set of these permutations together with the identity element of G,,.
Then, similar to the previous part, C¢ is a clique in I';, and similarly we observe the

following.
Lemma 6.2.6. If n > 6 is even, then G,, has the EKR property. O

Note that the non-identity elements of C* lie in a non-split conjugacy class ¢ of

G,. Now we prove the equivalent of Lemma 6.2.5 for even n, using this set C*.

Lemma 6.2.7. Let n > 6 be even. Then for any irreducible character x of G,,, which

is not the standard character, we have x(C*¢) # 0.

Proof. First consider the case x = x, where A is not symmetric. Using the notation

of Theorem 3.4.3, we have

xXa(C9) = 2(; xa(@) =x*(1) + (n - 1)x*(o),
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where o is a product of two disjoint cyclic permutations of length n/2. Now, suppose

xA(C¢) =0. Then
(1) = (n=1)x*(o). (6.24)

According to Corollary 3.3.3, we have x*(o) € {0,+1,+2}. If x*(¢) = 0,1 or 2, then
(6.24) yields a contradiction with the fact that x,(1) is strictly positive. Also if
xMo) = -1, then we must have y*(1) = n — 1 which contradicts the fact that the
standard representation and its conjugate are the only irreducible representations
of Sym(n) of dimension n — 1. Hence, suppose x*(c) = =2. Then x*(1) = 2n - 2.
According to Lemma 3.5.1, A must be a two-layer hook or a symmetric near hook.
Then by Lemma 3.5.2 and Lemma 3.5.3, the dimension of y is strictly greater than
2n - 2.

Next consider the case where y is the character of one of the two irreducible
representations in the restriction of the representation S* to G,,, where \ is symmetric;
so x = x4 or x¥. We will show that x}(C¢) # 0; the proof that x}(C¢) # 0 is similar.
We have

(O = 3 4@ = 30 + (=12 (),
zeCe

where ¢ is a product of two disjoint n/2-cycles. If xA(C®) = 0, then with the same

argument as above, we get a contradiction. O]

Note that Lemma 6.2.4 and Lemma 6.2.6 show that condition (a) holds for G,,.
We now prove the main theorem of this section; that is, we show that condition (b)
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of Theorem 6.1.4 holds for G,,.

Proposition 6.2.8. Let S be a maximum intersecting subset of G,,. Then the vector

vg Is in the direct sum of the trivial and the standard modules of GG,,.

Proof. Let S;; be the point stabilizer for 1 in G,,; so S;; is an independent set of
the maximum size, i.e. @, in I'g,. Then the cliques C° and C*°, together with
S11, prove that the clique-coclique bound holds with equality for I';,. Given any
irreducible character y of GG,,, except the standard character and the trivial character,
according to Lemma 6.2.5 and Lemma 6.2.7, there is a maximum clique C, such that
x(C) # 0. Hence, according to Corollary 6.2.2, we have E,vg = 0, for any maximum
independent set S. This implies that vg is in the direct sum of the trivial and the

standard modules of G,,. O

6.2.2 Proof that Alt(n) has the strict EKR property

In this part, we first show that condition (c¢) of Theorem 6.1.4 holds and complete

the proof of Theorem 6.2.1.
Proposition 6.2.9. For all n > 5, the matrix M for G, has full rank.

Proof. First assume n is odd. Consider the submatrix M; of M that is comprised of
all the rows in M that are indexed by cyclic permutations of length n. Set T' = M| M;;
it suffices to show that 7' is non-singular. Consider all types of entries of T'. If 7, j, k,
are in [n — 1], then the following are all possible cases for the pairs (i, ) and (k,1).
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i =Fkand j =1; in this case T(; jy (i,;) = (n—2)!; because the number of all n-cycles

mapping ¢ to j is (n - 2)!.

e i =] and j = k; in this case T(; ;) ) = 0; because the only case in which an

n-cycle can swap ¢ and j is n = 2.

e i =k and j # [; in this case T{;;) ;) = 0; because there is no permutation

mapping ¢ to two different numbers.
e i+ k and j =[; again T(; ;) (k) = 0.

e i+l and j = k; in this case T{; ) (j;) = (n—3)!; because the number of all n-cycles

mapping ¢ to j and j to [ is (n - 3)!.
e i=1land j #k; in this case T{; ;) (k) = (n—3)!; with a similar reasoning as above.

o {i,j}n{k,l} = @; in this case T(; ;) k1) = (n—3)!; because the number of n-cycles

mapping i to j and k to [ is ("13)(71 -4 =(n-3).
Therefore, one can write T as
T=(n-2)11+(n-3)A(X,), (6.25)

where [ is the identity matrix of size (n—1)(n—-2) and A(X,,) is the adjacency matrix
of the pairs graph X,, defined in Section 2.3. By Lemma 2.4.4, the least eigenvalue of

X, is greater than or equal to —(n —3); thus using (6.25), the least eigenvalue of T is
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at least
(n=-2)-(n-3)(n-3)=(n-3)!>0;
therefore T is non-singular and the proof is complete for the case n is odd.
Now assume n to be even. Consider the subset of D¢, which consists of all the
permutations of G,, whose cycle decomposition includes two cycles of length n/2 and
let M5 be the submatrix of M whose rows are indexed by these permutations. Define

U = My M,. With a similar approach as for the previous case, one can write U as

U

_ 2(n—2)!I+ 2(n_3)!A(Xn).

n

According to Lemma 2.4.4, the least eigenvalue of U is at least

(n-3)

2(n-2)! 2(n7; 3)! > 0:

_2(n-3)!
n o

therefore U is non-singular and the proof is complete. O
Now we are ready to prove the main theorem.

Proof. (Theorem 6.2.1) According to Lemma 6.2.4 and Lemma 6.2.6 condition (a)
holds. Also using Proposition 6.2.8 and Proposition 6.2.9 conditions (b) and (c) hold,

respectively; hence the proof is complete. O

An interesting result of Theorem 6.2.1 is that it implies that the symmetric group
also has the strict EKR property. In fact, Theorem 6.2.1 along with Theorem 5.2.2
provides an alternative proof of the following theorem which was initially proved
in [10].
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Corollary 6.2.10. For any n > 2, the group Sym(n) has the strict EKR property.

6.3 EKR for PSL(2,q)

Throughout this section, we assume that ¢ is a prime power and use the notation
IF, for the finite field of order g. Let PSL(2,q) be the projective special linear group
acting on the projective line P,. In [42], the authors have proved that the projective
general linear group PGL(2, q) has the strict EKR property. This was a motivation

for them to conjecture that PSL(2, q) also has the strict EKR property.

Conjecture 6.3.1. For any prime power q, the group PSL(2,q) has the strict EKR

property.

In this section, we will show that PSL(2,¢) has the EKR property; i.e. condition
(a) of the module method holds fo PSL(2, ¢); this result has been, also, pointed out
in [42]. Furthermore, we prove that condition (b) also holds for this group; then we
will conclude that in order to prove Conjecture 6.3.1, one only needs to show the
matrix M for PSL(2,¢) has full rank (i.e. condition (c) of the module method holds
for this group). We will, also, present a proof of the strict EKR property for PSL(2, q)

when ¢ is even.
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6.3.1 Some properties of PSL(2,q)

We start with describing PSL(2,¢) and investigate some of the characteristics of
this group which will be useful for our purpose. For any n > 2 and any ¢, the special
linear group, SL(n,q), is the group of all n x n matrices on F, whose determinants
are 1. The center Z(SL(n,q)) of this group consists of all matrices of the form cI,
for some ¢ € F, such that ¢ = 1. The projective special linear group, PSL(n,q), is

the quotient

SL(n,q)
Z(SL(n,q))

Note that, for n = 2, if ¢ is even, then ¢ = 1 and if ¢ is odd, then c € {-1,1}. With

this definition, it is straight-forward to determine the size of PSL(2,q).
Lemma 6.3.2. For any q a prime power

(g+1)q(q-1), ifq is even;
|PSL(2,q)| =

s(g+1)q(g-1), ifq isodd.

Throughout this section, we let G, = PSL(2,q). The projective line is the set
a 1

P, = laelF; tu ,
1 0

in which kv = v, for any k € F; and v € ;. It is well-known that G, acts 2-transitively
on P, (see [47] for a proof of this and for a more detailed discussion on the projective
special linear groups). Since |P,| = ¢+1, one can, therefore, consider G, as a subgroup
of Sym(q + 1) acting 2-transitively on [¢+ 1] ={1,...,¢+1}.

121



Now we turn our attention to the character table of G,; from the character table,
we will obtain the spectrum of I'g, and from this, we will identify the least eigenvalue
of I',. We will, then, use this to establish conditions (a) and (b) of the module
method. First, note that if ¢ is even, then according to Lemma 6.3.2, we have G =

SL(2,q). Table 6.1 displays the character table of SL(2,q), for even ¢ (see [25]).

!
Types of C.C. [(1] (1]:| H ﬂ lVO Vql] bm
Nr. of C.C. 1 1 | (¢-2)/2 q/2
Size of C.C. 1 1¢°-14q(g+1) | q(g-1)
Chars | Nr. of Chars

id 1 1 1 1 1
v 1 q 0 1 -1
Xi (¢-2)/2 g+1 1 P+ pit 0
9, q/2 qg-1 -1 0 —gim — g=im

Table 6.1: Character table of PSL(2,q) = SL(2,q) for even g.

In this table, i,¢ € {1,...(¢-2)/2} and j,m € {1,...,q/2}. The first row of the
table denotes the different types of the canonical forms of the conjugacy classes of
SL(2, q) while the first column lists the different types of the irreducible characters of
SL(2,q). The parameter v represents a generator of the cyclic multiplicative group
Fy, peCisa (g—1)-th root of unity, o € Cis a (¢+1)-th root of unity and b is a matrix
in SL(2, q) of order g+1. It is not hard to see that all the first three types of conjugacy
classes have fixed points, while the last type of matrices have no fixed points. Thus

D, is the union of the conjugacy classes with representatives b,0?, .. ., ba/2,
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Now using Theorem 4.2.1, we compute the eigenvalue of I'g, corresponding to the

character 1. It is easy to see from Table 6.1 that

*(g-1) q(qg-1)
—_—mm = -—e——— X :0.
2 ) 771/1 9 ) n

Thd =
In order to show 7, is the least eigenvalue of I'g,, it suffices to compare it with ny,.

For any 1< j <1 we have

1 5, .
m; = ——yala=1) > (=07 —oTm); (6.26)

m=1

but since 6; is orthogonal to the trivial character, we know that

(¢-1)=(¢*-1)+q(q-1) Z (o7m - =™ = 0;

m=1

thus (6.26) can be simplified as

1 2
No; = ﬁ(q -q)=q.

i _ _alg-1)
This proves that 7 = -£4=

is the least eigenvalue of I'g, .
Next we investigate the case where ¢ is odd. Table 6.2 and Table 6.3 are the
character tables of G, for the case ¢ =1 (mod 4) and ¢ = 3 (mod 4), respectively

(see [25]).

In both tables v represents a generator of the cyclic multiplicative group Fy, p € C
is a (¢ — 1)-th root of unity, o € C is a (¢ + 1)-th root of unity and b is a matrix in
SL(2,q) of order ¢+ 1. In Table 6.2, i =2,4,6,...,(¢—5)/2, j =2,4,6,...,(¢—1)/2,

123



q-1
1 0 1 0 1 0 L o T 0 m
e IR
0 v 1
Nr. of C.C. 1 1 1 (g—-5)/4 1 (g—1)/4
Size of C.C. 1 (2-1)/2 | (¢2-1)/2 q(g+1) q(g+1)/2 q(q-1)
Chars Nr. of Chars
id 1 1 1 1 1 1 1
P 1 q 0 0 1 1 -1
0, it P it P et §
Xi (g-5)/4 g+1 1 1 P+ p "t p'Td +p 1 0
0; (g-1)/4 q-1 -1 -1 0 0 _gdm _ g=im
-1
& 1 (@+nj2 | 24 =ya -1 n'T 0
-1
& 1 @2 | 54 Ltya ! T 0
Table 6.2: Character table of PSL(2,q) for ¢ =1 (mod 4).
l 1
Types of C.C. I:é ?] I} ?:I I:i ?:I I:UO UO—l:I pm b%
Nr. of C.C. 1 1 1 (g—3)/4 (qg—-3)/4 1
Size of C.C. 1 (@-1/2 | (@®-1)/2 | ala+1) a(g-1) a(q-1)/2
Chars Nr. of Chars
id 1 1 i T 1 1 i
P 1 q 0 0 1 -1 -1
Xi (q-3)/4 q+1 1 1 iy it 0 0
0; (g-3)/4 qg-1 -1 -1 0 L AL e R !
1
o1 1 (-2 | T | Sy 0 (-nym n*
1
- 1 (a-1j2 | 25T | 0 (-m ni

—_
IN

j=2,4,6,...,(¢-3)/2,1<l<(¢g-3)/4and 1 <m < (q-3)/4.
If ¢ =1 (mod 4) the only derangement conjugacy classes of G, are the ones with
representatives b, b2, . .. ,bq%. Therefore, in this case we obtain
q(g-1)? (¢-1)
ha == == =T =T =0

Table 6.3: Character table of PSL(2,q) for ¢ =3 (mod 4).

< (qg-5)/4 and 1 <m < (q-1)/4, while in Table 6.3, i = 2,4,6,...,(¢-3)/2,

Using a similar method as for the case where ¢ is even, we observe that

No; = 4-
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This implies that 7 =7, is the least eigenvalue of I'g,.

If ¢ =3 (mod 4), then the derangement conjugacy classes are the ones with rep-

q-3 q+1

resentatives b,b2,...,b°7 ,b'2 . So we have that

q(q-1)* (¢-1)?
nid:Ta nTZJ:_TJ nXi:OJ Moy = Nps = 4.

(calculating 7, requires considering the case where ¢ =1 (mod 8) and where ¢ =5
(mod 8) separately).
To calculate 7y,, similar to the case where ¢ is even, we use the fact that 6; is

orthogonal to the trivial character to get

Mo, = q-

_(=1)?

We have therefore showed that for any odd ¢, the least eigenvalue of I'g,_ is 7 = 1

As well, we have proved the following.

Corollary 6.3.3. (i) If q is even, then the spectrum of I'¢, is

?(q-1) (¢-1)
q g g q2 q 0

1 ¢ q(q;l)2 (q+1);(q—2)

(i) If q is odd, then the spectrum of I'q, is

q 0

q(g¢-1)? _ (g-1)?
1 1

2 (-1)*  (g+1)*(g-3)
1 1
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6.3.2 Main results

In this section, using the machinery provided in Subsection 6.3.1, we prove our
main result towards solving Conjecture 6.3.1. We start with showing that G, has the

EKR property.
Proposition 6.3.4. For any q, the group G, has the EKR property:.

Proof. Assume that ¢ is even. Since G, acts transitively on P,, using the “orbit-
stabilizer” theorem, the stabilizer of a point under the action of G, on [¢ + 1], has

size

Gql _ (a+1)q(q-1)
g+1 (¢+1)

=q¢(g-1).

On the other hand, according to Theorem 2.4.2 and Corollary 6.3.3, any independent

set S of vertices of I'g, satisfies

G _(q+Uqw—1)_( 1)
|26l - g _2ane R
T -q(g-1)/2

|S] <

The case of g odd is similar. O

Also, using the second part of Theorem 2.4.2, it is straight-forward to verify

condition (b) for G,.

Lemma 6.3.5. Let S be a maximum intersecting set in G,. Then vg is in the direct

sum of the trivial and the standard modules of G,. O
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Therefore, in order to apply the module method, we only need to verify (c) for
G,. We will prove that if ¢ is even then condition (c) holds, but for ¢ odd, will leave

condition (c) as a conjecture; that is, we propose
Conjecture 6.3.6. If ¢ is odd, then the matrix M for G, has full rank.

Now we consider the case where ¢ is even. Note that in this case, G, = PGL(2,q)
and the matrix M was shown in [42, Proposition 9] to have full rank. We offer another,
simpler proof of this result.

Define N = MTM; then N is a positive semi-definite matrix of order ¢(q — 1),
whose entry Nz ), (w,2) 1S the number of derangements mapping z = y and w - z.
Since N and M have the same rank, it is sufficient to prove that N is invertible. We

restate Proposition 9 from [42].

Lemma 6.3.7. The entries of N are given by

q(q;), if x=w and y=z;
0, if x=wandy# z;

Niay),(wz) = 0, if x+w andy = z;
0, if x=2zandy=uw;
2 otherwise. [

Thus, one can write N in the following form:
-1
N - % I+ gA(Xn), (6.27)
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where I is the identity matrix of order ¢(¢ — 1) and A(X,,) is the adjacency matrix
of the pairs graph defined in Section 2.3. Now determining the rank of the matrix M

for G, is straight-forward.

Lemma 6.3.8. If q is even, then the matrix M has full rank.

Proof. By Lemma 2.4.4, the least eigenvalue of X, is greater than or equal to —(n-3);

hence according to (6.27) the least eigenvalue of N is at least

q(q-1)
2

q q
- =(¢g-2)=-=.
5(a-2) =3
This shows that N has no zero eigenvalue and, therefore, M must be full rank. [J

We have therefore presented a simpler proof of the fact that Conjecture 6.3.1 is

true if ¢ is even.
Theorem 6.3.9. If ¢ is a power of 2, then G, has the strict EKR property. O

Proposition 6.3.10. Let ¢ be odd. If the matrix M for G has full rank, then G,

has the strict EKR property. O

We point out that using a computer algorithm, we have verified the truth of
Conjecture 6.3.6 for all prime powers smaller than or equal to 31, and we have included
it as one of the future works of this project (see Chapter 8). Note also that PSL(2, q)
having the strict EKR property is very interesting since it implies by Theorem 5.2.2
that several other groups (including PGL(2, ¢)) also have the strict EKR property. In
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fact, Theorem 6.3.9 and Theorem 5.2.2 provide an alternative proof of the fact that

Sym(2*¥ + 1) has the strict EKR property, for any & > 0.

6.4 EKR for some sporadic permutation groups

In this section, using the module method, we establish the strict EKR property
for a celebrated family of sporadic groups, namely the Mathieu groups. In fact, we
show that the 2-transitive Mathieu groups have the strict EKR property. Then we
conclude that all 4-transitive permutation groups have the strict EKR property. We
also provide examples of groups which do not have either the EKR or the strict EKR
property. Since the family of Mathieu groups is finite, the main approach of this
problem uses a computer program to show some facts; in particular, proving that
the condition (c¢) of Theorem 6.1.4, i.e. the fact that the matrix M has full rank, is
mainly handled by a computer program. All of these programs have been run in the
GAP programming system [24].

Following the standard notation, we will denote the Mathieu group of degree n
by M,,. Note that M, < Sym(n) and we consider the natural action of M,, on the set
[n], as usual. Sporadic groups are the 26 finite simple groups which show up in the
classification non-abelian simple groups (see [9, Theorem 4.9]). Five of the sporadic
groups were discovered by Mathieu in the 1860s, namely My, M1, Moo, Mog and Myy.

Then the Mathieu groups Mg, Moy and My, were defined to be the point-stabilizers
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in the groups My, My, and My, respectively. Note that these are not sporadic simple
groups. Table 6.4 lists some of the properties of the Mathieu groups which will be

useful for our purpose (see [9]).

Group Order Transitivity Simplicity
Mo 720 sharply 3-transitive | not simple
My 7920 sharply 4-transitive simple
Mo 95040 sharply 5-transitive simple
Mg 960 1-transitive not simple
Moy 20160 2-transitive simple
Moo 443520 3-transitive simple
Mg 10200960 4-transitive simple
Moy 244823040 5-transitive simple

Table 6.4: Order and transitivity table for Mathieu groups

Note that the only Mathieu group not listed in Theorem 6.4.1 is My which is not
2-transitive. The main theorem of this section is that all the Mathieu groups have

the strict EKR property except My.

Theorem 6.4.1. The Mathieu groups M, for n € {10,11,12,21,22,23,24}, have the

strict EKR property.

The following fact can be verified by a computer program.

Lemma 6.4.2. Let n € {10,11,12,21,22,23,24}. Then conditions (a) and (b) of

Theorem 6.1.4 hold for M,,. O

Lemma 6.4.3. M,, has the strict EKR property, for n € {10,11,12,21}.
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Proof. A computer code can be employed to verify that the matrix M for M,, for
these values of n, has full rank. Now, the module method and Lemma 6.4.2 complete

the proof. O
Lemma 6.4.4. My, has the strict EKR property.

Proof. As in the proof of Lemma 6.4.5, it suffices to show the matrix M has full rank.
Let Cys be one of the (two) conjugacy classes of Msy whose elements are product of
two disjoint 11-cycles. Similar to the proof of Lemma 6.4.5, set N = M} Me,,. Using

a computer code we can establish

N =19201 + 96 A(X,,),

where A(X,,) is the adjacency matrix of the pairs graph X,, defined in Section 2.3.
Then Lemma 2.4.4 shows that the least eigenvalue of N is at least 1920-96(19) = 96.

This shows that N is non-singular and we are done. O]

Since the groups Ms3 and My, have huge sizes, calculating the rank of their M
matrices is not practical; but thanks to their 4-transitivity, we can apply a more

efficient method to show these matrices are full rank.
Lemma 6.4.5. M, has the strict EKR property, for n € {23,24}.

Proof. Using Lemma 6.4.2, one only needs to prove that the matrix M for M,, has

full rank.
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Let Ca3 be one of the (two) conjugacy classes of M3 of permutations that are
23-cycles and let Cyy be the (only) conjugacy class of My, whose elements are the
product of two disjoint 12-cycles. Set t,, =|C, |, for n = 23,24. Assume M, to be the
submatrix of M, with the rows labeled by C,, and set N,, = McTnMcn, for n = 23,24.
We now calculate the entries of N. Since M,, is 4-transitive, the entry ((a,b), (¢, d))
in NV, depends only on the intersection of {a,b} and {c,d}. To see this, consider the
pairs (a,b), (¢,d) from [n—1]. If an element 7 € C,, maps a ~ b and ¢ ~ d, then for any
pairs (a’,b"), (¢/,d") of elements of [n — 1], the permutation g~'mg € C,, maps a’ —» ¥/
and ¢’ — d', where g € M, is a permutation which maps (a’,b’,c',d") to (a,b,c,d).

Therefore, we have

(No)ag).2),  if (¢,d) = (a,b);
(M),  if (¢,d) = (b,a);
(No) (@) () = (M) a2y, 23), fa#xd and b=c (6.28)

(Nn)(l,Q),(Z,s), ifa=d and b# c;

(Nn)(1.2),(3.4)5 if a,b,c,d are distinct.

Because of the 2-transitivity of M,, we have (N,)(1,2),(1,2) = tn/(n — 1) and using a

simple computer code we can check that

t
Nn = Nn = .
( )(1,2),(2,3) ( )(172)7(374) (n-1)(n-2)
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Also since elements of C,, do not include a cycle of length 2 in their cycle decomposi-

tion, we have (N,,)1,2),(2,1) = 0. Thus we can re-write (6.28) as

%’ if (C7 d) = (CL, b),
(Nn)(a).(c) = )0, if (c,d) = (b,a);
m, otherwise .

This means that one can write

tn tn

M= 3 oD =2)

A(Xn),

Again, Lemma 2.4.4 shows that the least eigenvalue of NV, is at least

bn (1—"_3)>0.
n-1 n-—2

We conclude that N,, and, consequently, the matrix M are full rank. O

Lemmas 6.4.3, 6.4.5 and 6.4.4 complete the proof of Theorem 6.4.1. It is well-
known that the only finite 4-transitive groups are Sym(n), for n >4, Alt(n), for n > 6
and the Mathieu groups M, for n € {11,12,23,24} (See [9, Theorem 4.11]). This,
along with the fact that the symmetric group and alternating group have the strict

EKR property [1], proves the following result.
Corollary 6.4.6. All 4-transitive groups have the strict EKR property. O]

Note that the Mathieu group Ms is, in fact, the stabilizer of a point in My; under
its natural action on {1,2,...,21}; it is not 2-transitive and its standard character is
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not irreducible. Hence we cannot use the module method to establish the EKR or
strict EKR property for Myy. Indeed, My fails to have the EKR property; a computer
search shows that one can find independent sets of size 64 in I'y,,, while all the point
stabilizers have size 48.

It may seem that all the 2-transitive groups have the strict EKR property; but
this is not the case. For instance a 2-transitive subgroup of Sym(8), of order 56, is
of the form H = (Zy x Zy x Zy) » Z7 (see Table A.1). The size of a point stabilizer is
7. However, the graph ['y is isomorphic to the union of 7 complete graphs Kg; hence
one can build a maximum independent set which is not a coset of a point stabilizer.

Knowing the least eigenvalue of I'g is an essential part of the ratio bound and,
consequently, is an important tool for the module method. Recall (Proposition 3.1.17)
that if a group G is 2-transitive, then the standard character is irreducible. In many
examples, the least eigenvalue of I'¢ is attained (only) by the standard character.
However, this is not true in general; for example, a 2-transitive subgroup of Sym(8),
of order 168, is of the form ((Zy x Zo x Zs) x Z7) x Z3 (see Table A.1) whose least
eigenvalue, -9, is not given by the standard character (see Appendix A). Also the
least eigenvalue of the Mathieu group Mg, —36, is attained by the standard character

and by a linear character. See Appendix A for more examples.
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Computer verification of EKR and strict EKR

In Appendix A, we present Table A.1 in which we have checked the EKR and
strict EKR properties for 2-transitive permutation groups of degree at most 20 using
the module method. The tool for showing a group has EKR property (i.e. condition
(a) of the module method) is the ratio bound (the first part of Theorem 2.4.2) and
the clique-coclique bound (the first part of Theorem 2.4.5). In the first method, we
check if the least eigenvalue of I' is given by the standard character of GG; according
to Theorem 2.4.2, then, this will imply that the maximum size of an intersecting
set will be the size of a point-stabilizer in GG. If the condition of the first method
fails, we apply the second method. In this method, we check for a clique of size
n in I'g. (Currently, for this goal, our algorithm only searches for cycles of length
n whose existence implies a maximum clique in I'g; however, there clearly are other
algorithms to verify existence of maximum cliques.) Then according to Theorem 2.4.5
the maximum size of an independent set in I' will be |G|/n, which is the size of a point
stabilizer in G. Hence both methods will show that G has the EKR property. In cases
where neither of these methods work, we try to find an example of an intersecting
set in G whose size exceeds the size of a point stabilizer. Note that the search of
maximum independent set has a high complexity and, hence, it is not practical to
apply it in all the mentioned cases.

Furthermore, according to the second part of Theorem 2.4.2, if the least eigenvalue
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of I'g is given only by the standard character, then condition (b) of the module
method is satisfied for G. If the least eigenvalue is given by the standard and some
other characters, we apply the second method; that is, provided there is a clique C' of
size n in I'g (i.e. the clique-clique bound holds with equality), similar to the method
used in Subsection 6.2.1, the program evaluates x(C') for any irreducible character
x of G. If x(C) # 0, for any x other than the standard character, then according to
Corollary 6.2.2, the characteristic vector of any maximum independent set of I'; has
to lie in the direct sum of the trivial and the standard characters of G; i.e. condition
(b) holds for G. Note that if for a maximum clique the mentioned condition does not
hold, then there can be other maximum cliques for which this condition holds. We
conclude that the failure of this method for a clique, does not imply that condition
(b) fails for the group. Therefore, the success in this method, depends on the choice
of a “suitable” maximum clique.

Finally we check if the matrix M for G has full rank (condition (c)). All these steps
are implemented by a GAP program. If all the conditions of the module method
hold, the program indicates that the group has the strict EKR property. Otherwise we
will have to apply other approaches or find non-canonical maximum intersecting sets
in GG to show that GG, indeed, fails to have the strict EKR property. We point out that
this search also requires a huge amount of time for most of the groups and, in some

cases, the algorithms employed for these searches are not strong enough to answer our
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needs. However, in most of the cases where the all the conditions except condition
(c) hold, the reason turns out to be that I has exactly two distinct eigenvalues and,
hence, by Proposition 2.3.2, I's is a disjoint union of complete graphs in which one

can choose maximum independent sets which are not cosets of any point-stabilizer.
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Chapter 7

Cayley Graphs on Sym(n) Generated by

Single Conjugacy Classes

Recall from Chapter 1 that the main objective in the Erdés-Ko-Rado theorem is
finding an upper bound for the size of “intersecting” subsets and then characterizing
the intersecting subsets of maximum size. In Chapter 5 we considered a type of “in-
tersection” for permutations and then defined the EKR and the strict EKR properties
which would be the bound and characterization in the Erdés-Ko-Rado theorem for
the permutations. Then we observed that the EKR problem for permutation groups
can be translated to the problem of determining the independent sets in some graphs
of the maximum size; the key for this translation was a family of Cayley graphs,
namely the derangement graphs. In this chapter we will consider a generalization the
EKR and strict EKR property to the case where the set of all the derangements of the
group is replaced by an arbitrary union C of the conjugacy classes of the derangements
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of the group. In this case, the EKR and the strict EKR property will be changed to
the EKR and the strict EKR property “with respect to C”, respectively. Then we
will see that the module method (Theorem 6.1.4) can be generalized to this case (see
Section 7.1). Let ¢ be any single conjugacy class in Sym(n). In this chapter, similar
to Chapter 5, the main objective is to find the maximum size of an independent set
in the Cayley graphs I'(Sym(n);c) and, then, to characterize the ones of maximum
size. To this goal, we will apply the generalized module method (Theorem 7.1.2).
We consider the case where ¢ is an arbitrary conjugacy class in Section 7.2. Having
described the Cayley graph I'(Sym(n);c), we will investigate its maximum indepen-
dent sets. In Section 7.3 we will study the case when ¢ = C,,, where C,, is the single
conjugacy class of m-cycles in Sym(n), and will show that for the alternating group
Alt(n), the strict EKR property holds with respect to C,. This will also provide a

classification of all maximum intersecting sets of Sym(n) with respect to C,.

7.1 Generalization of the EKR property

As in previous chapters, we let G < Sym(n) be a permutation group with the
natural action on the set [n]. Throughout this chapter we let C be a union of con-
jugacy classes of G. Two permutations 7,0 € G are said to be adjacent with respect
toC if to~te(C. A subset S ¢ G is, then, called independent with respect to C if no

pair of its elements are adjacent with respect to C. A conjugacy class ¢ of G is said
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to be a derangement conjugacy class if the elements of ¢ have no fixed point under
this action. For the case where C is a union of derangement conjugacy classes of G,
clearly, the stabilizer of a point is an independent set in G with respect to C (as is any
coset of the stabilizer of a point). Note, also, that if C is the union of all derangement
conjugacy classes of GG, then two permutations m,0 € G are adjacent with respect to
C if and only if wo~! has no fixed point and, therefore, a subset S ¢ GG is independent
with respect to C if and only if any pair of its elements intersect.

Assume C is a union of derangement conjugacy classes of G. We say the group
G has the EKR property with respect to C, if the size of any independent subset of
G with respect to C is bounded above by the size of the largest point-stabilizer in
G. Further, GG is said to have the strict EKR property with respect to C if the only
maximum independent subsets of G with respect to C are the cosets of the point-
stabilizers. It is clear from the definition that if a group has the strict EKR property
with respect to C, then it will have the EKR property with respect to C. Also using

Proposition 4.1.3, we observe the following.

Proposition 7.1.1. If a group G has the EKR property with respect to a C, then it

has the EKR property. O]

Note that two permutations in G are adjacent with respect to C if and only if
their corresponding vertices are adjacent in I'(G;C). Therefore, similar to Chapter 5,

the problem of classifying the maximum independent subsets of G with respect to C
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is equivalent to characterizing the maximum independent sets of vertices in I'(G;C).
For the case where C is a union of derangement conjugacy classes of G, we define the
derangement graph of G with respect to C, denoted by I'S,, to be the Cayley graph
['(G;C). In particular, the derangement graph of G with respect to Dg, Fgc, is the
derangement graph of GG. In this case, the key tool for classifying the maximum inde-
pendent sets of G with respect to C, is the following theorem which is a generalization
of the module method (Theorem 6.1.4). Before we state the theorem, we define the
matrix M of a G with respect to C to be the |C|x (n —1)(n —2) matrix whose rows
are indexed by the elements of C and whose columns are indexed by the pairs (i, 7)
with 4, j € [n—1] and i # j; then entry (o, (a,b)) of M is 1 if o(a) = b and 0 otherwise,

for any o € C and (a,b) € [n-1]%

Theorem 7.1.2 (Generalized module method). Let G < Sym(n) be 2-transitive
and let C be a union of the derangement conjugacy classes of G. Assume the following

conditions hold:
(a) G has the EKR property with respect to C;

(b) for any maximum independent set S in G, with respect to C, the vector vg lies in

the direct sum of the trivial and the standard modules of G; and
(c¢) the matrix M of G with respect to C has full rank.

Then G has the strict EKR property with respect to C. O
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We omit the proof of this theorem since it is similar to the proof of Theorem 6.1.4.

7.2 Arbitrary conjugacy classes

Let ¢ be an arbitrary conjugacy class of Sym(n). In this section we consider the
problem of finding the maximum independent sets of Sym(n) with respect to c¢. In
other words, we want to classify the maximum independent sets of the Cayley graph
['(Sym(n);c). Recall from Section 4.1 that I'(Sym(n);c) is a vertex-transitive graph
of valency |].

If an element of o of ¢ has the disjoint cycle decomposition o = gy09---0%, where
o; is of length r;, and r; > -+ > rg, then we will use the partition notation ¢ =
[r1,79,...,7] to depict the cycle structure of the elements of c. We say ¢ is even
(odd) if a permutation in ¢ is even (odd).

Recall from Section 3.2 that the irreducible representations of Sym(n) are all the
Specht modules S*, where X ranges over all the partitions of n. The following is an

immediate consequence of Theorem 4.2.1 and Corollary 3.2.2.

Proposition 7.2.1. For any conjugacy class ¢ of Sym(n), the eigenvalues of T'(Sym(n); ¢)
are given by
el »
=X (o), o€
xA(id)
where \ ranges over all the partitions of n. Moreover, the multiplicity of the eigenvalue
nx is xa(id)?. 0

142



It follows from Proposition 7.2.1 that the eigenvalues of I'(Sym(n); ¢) correspond-
ing to the trivial partition A = [n] is |c|. This is, in fact, the degree of I'(Sym(n);c).
In this section we let I' = I'(Sym(n); ¢).

If A = [17], then Proposition 7.2.1 also yields that 7y = |¢|sgno, where o € c.
Therefore,

|c], if ¢ is even;
= (729)

—le|, if ¢is odd.

We will need the following lemma to prove the next proposition.

Lemma 7.2.2. Let n > 5 and let A # [n],[1"] be a partition of n. Then for any

element o € Sym(n), we have |x*(o)| = x*(id) if and only if o = id.

Proof. Let A : Sym(n) - GL(S*) be the irreducible representation of Sym(n) cor-
responding to the Specht module S* (see Section 3.1) and let d = dim(A) = x*(id).
According to Corollary 3.3.6, we have d > 1. Consider the matrix representation of
the endomorphism A(o) on the space S*; thus A(¢) is a d x d matrix. Note that the
character value x*(o) is, in fact, the sum of all the eigenvalues of the matrix A(c) in
C. On the other hand, since ¢ = id, for some r, we have that (A(0))" = I, where I,
is the identity matrix of size d. We conclude that the eigenvalues of A(o) are some
roots of unity. Now, suppose |x*(o)| = d; then all the eigenvalues of A(¢) have to be
the same root of unity (otherwise the absolute value of their sum cannot be equal to

d). This implies that A(o) = 01, , where 6 is some root of unity. Therefore, A(o) is
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in the center of the image of A; that is, for any 7 € Sym(n), we have

A(m)A(o) = A(o)A(T);

hence mror o1

must be in the kernel of A which is a normal subgroup of Sym(n). But
the only proper normal subgroups of Sym(n) are Alt(n) and {id}. Since A # [n],[17],
we have that ker(A) # Alt(n). Thus ker(A) = {id}. From this, we conclude that

mom~to~! =1id; that is, o is in the center of Sym(n) which is {id}. This completes the

proof. n

The following proposition determines the eigenvalues of I' whose absolute value is |c|.

Proposition 7.2.3. Let n > 5 and let ¢ be a derangement conjugacy class of Sym(n)
and consider the eigenvalue 1, of I, where A +n. Then |n,| =|c| if and only if X = [n]

or [17].

Proof. First note that (7.29) proves the “if” part of the proposition. For the converse,
note that if |n,| = ||, for a partition A, then according to Proposition 7.2.1, we must

have

ICI

X (id)

X ()] =1el.

for some o € ¢; hence we must have |x*(o)| = x*(id). Therefore, according to

Lemma 7.2.2, we must have A = [n] or [17]. O

We, then, observe the following.
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Proposition 7.2.4. The graph I' is bipartite if and only if ¢ is odd. Furthermore, if

c is odd, then (Alt(n), (1 2) Alt(n)) is a bipartition of I'.

Proof. 1If ¢ is odd, then no two even permutations in Sym(n) can be adjacent. Simi-
larly, no two odd permutations can be adjacent. It turns out that in the case where
¢ is odd, T' is a bipartite graph with Alt(n) and (1 2) Alt(n) as its parts. For the
converse, assume c is even. First consider n > 5. According to (7.29), the eigenvalue of
[" arising from the representation of Sym(n) corresponding to the partition A = [17] is
|c|. Thus, according to Proposition 7.2.3, for any A +n we have 1, # —|c|. This means
that the spectrum of I' is not symmetric about the origin. Therefore, Theorem 2.3.4
yields that I' is not bipartite.

It, hence, remains to verify the theorem for n < 4. The theorem clearly holds for
n =2. If n =3, then ¢ will be the set of 3-cycles and I" 2 K3 u K3. Also if n =4, then

c is either the set of 3-cycles or [2,2]. In the first case the odd cycle

id—(123)—(132)—id,

and in the second case the odd cycle

id—(12)(34)—(13)(24)—id

will be in I'. Hence the theorem holds for these cases, as well. O

We can also describe the connectivity of I'.
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Theorem 7.2.5. The graph I' is connected if and only if ¢ is odd. Furthermore, if
n + 4 and c is even, then I' has exactly two connected components isomorphic to

L'(Alt(n);c).

Proof. Let H be the subgroup of Sym(n) generated by c. Since ¢ is a conjugacy
class in Sym(n), the group H is a normal subgroup of Sym(n). But it is well-known
(see [32], for example) that if n = 3 or n > 5, then the only nontrivial normal subgroups
of Sym(n) are Sym(n) and Alt(n). Now if ¢ is odd, then Alt(n) £ H 4 Sym(n); hence
H = Sym(n), which means I is connected (see Proposition 4.1.2). However, in the case
where ¢ is even, by (7.29), the partitions A = [n] and A = [17] give the same eigenvalue
||, the degree of I'. Thus the multiplicity of the degree is more than one and, hence,
using Theorem 2.3.3, I' must have more than one connected component; that is, H
cannot be Sym(n). Therefore H = Alt(n). Now, according to Proposition 4.1.2, the
number of connected components of I' is [Sym(n) : Alt(n)] = 2 and each component
is isomorphic to I'(Alt(n);c).

It remains to verify the theorem for the case n = 4. Note that the only proper

normal subgroups of Sym(4) are Alt(4) and the Klein four-group
V={id,(12)(34),(13)(24),(14)(23)}.

Hence, if ¢ is odd, then we have that H = Sym(4) and I is connected; and if ¢ is even
(i.e. if ¢ = [3] or [2,2]), then the same reasoning as above shows that H cannot be
Sym(4). Thus either ¢ = [3] and H = Alt(4), or ¢=[2,2] and H = V. It follows that
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I" has either 2 or [Sym(4): V] =6 connected components. O

Now we turn our attention to the problem of finding the maximum independent

sets in I'. First we classify all the maximum independent sets in I' when ¢ is odd.
Theorem 7.2.6. If ¢ is odd, and S is an independent set in I", then
n!
’S| <55
2
and equality holds if and only if S is either Alt(n) or (1 2) Alt(n).

Proof. First note that, by (7.29), the least eigenvalue of I is 7 = —|¢|. Thus by the

ratio bound (Theorem 2.4.2),
! !
a(l) < ———=—. (7.30)

On the other hand, by Proposition 7.2.4, Alt(n) and (1 2) Alt(n) both form indepen-
dent sets of size n!/2 in I'. We show that these are the only independent sets meeting
the bound in (7.30). To do this, suppose S = X UY is an independent set in I' of size

n!/2, where @ + X c Alt(n) and @+ Y c (1 2) Alt(n). Let o € ¢ and define
X' =0X,

to be the image of X in (1 2) Alt(n) under the multiplication by the o. Since multi-

plication by ¢ induces a matching between X and X', we observe that

(12)Alt(n) = X' 1) Y,
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and that all the edges with a vertex in X have their other vertex in X’. Since I' is
regular, no vertex in X’ can be adjacent to a vertex in Alt(n)\X; we conclude that
there is no edge from X u X’ to the vertices in Sym(n)\(X u X’). Thus I" must be
disconnected which is a contradiction according to Theorem 7.2.5. This shows that

either X =@ or Y = @ and the claim is proved. O]

For the case where ¢ is even, according to Theorem 7.2.5, we have that

I 2 T(Alt(n); c) [T (Alt(n); c).

Hence in order to classify the maximum independent sets in I'; it is necessary and
sufficient to classify those of I'(Alt(n);c). This problem, for an arbitrary even con-
jugacy class ¢, does not seem to be easy. In Section 7.3, however, we will solve this
problem when ¢ is the class of all n-cycles, for odd n; that is, we prove that Alt(n)
has the strict EKR property with respect to this class.

Nevertheless, for the cases where ¢ is an even derangement conjugacy class which is
not [2,2,...,2] and n > 10, our feeling is that the maximum size of an independent set
in I', is (n—1)!, which is the size of a point-stabilizer in Sym(n); that is, it seems that
in this case, Sym(n) has the EKR property with respect to ¢ (see Proposition 7.2.8).

The main motivation for this is the following conjecture.

Conjecture 7.2.7. Let n > 10 and let ¢ be a derangement conjugacy class of Sym(n)

which is not [2,2,...,2]. Then for any partition A + n such that X # [n],[1"],[n-1,1],
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we have

o) < 0D

where o is an element of c.

We have verified this character theoretical conjecture for all n < 30 with a computer
program. In the examples, it looks like the gap between the character value [x*(o)|
and the dimension of y* grows very fast and this is the reason that for small n this
inequality does not hold. Note also that for some specific conjugacy classes, it is not
difficult to verify the conjecture. For example, using the Murnaghan-Nakayama rule,
the conjecture is true for ¢ = [n].

The truth of Conjecture 7.2.7 will yield the following.

Proposition 7.2.8. Let n > 10 and let ¢ # [2,2,...,2] be an even derangement
conjugacy class in Sym(n). Then, provided that Conjecture 7.2.7 is true, Sym(n)

has the EKR property with respect to c.

Proof. First let the partition Ag - n be equal to [n—1,1]. Then, according to Ex-
ample 3.2.5, x* is the standard character of Sym(n). Let ¢ be a permutation in c.

According to Proposition 7.2.1 and Theorem 3.3.4, the eigenvalue 7, of I is

s ||
Mo = (ld) ()_

Now assuming Conjecture 7.2.7 is true, for any partition A # [n], [1?] of n, we have

ICI ICI

_ PSRN :
|77/\| X)‘(ld)|X (0)|—n_17
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thus 7, > 7,,. Since c is even, according to (7.29), we have

Nin] = NMpn] = |-

We have, therefore, proved that —|c[/(n — 1) is the least eigenvalue of I'. Hence,
according to the ratio bound (Theorem 2.4.2), for any independent set S in I, we

have

n!

R
=lel/(n=1)

S| < =(n-1)\

Since the size of any point-stabilizer in Sym(n) is (n—1)!, the proof is complete. [

Recall that Renteln [45] has proved that —| D¢ |/(n — 1) is the least eigenvalue of
the derangement graph sy, ,) of Sym(n). His proof involves facts from symmetric
functions and is relatively hard. The other important goal for studying the problem
of Conjecture 7.2.7, is to provide an alternative proof for Renteln’s result. In fact, we
show in Proposition 7.2.10 that once Conjecture 7.2.7 is proved, Renteln’s result holds
for odd n. To do this, we first recall the following fact which has been shown in [6].
Let E(n) and O(n) denote the number of even and odd derangements of Sym(n),

respectively.
Lemma 7.2.9. For any n > 1,
E(n)-0(n)=(-1)"Y(n-1). O

Proposition 7.2.10. Assume n > 11 and odd. Provided Conjecture 7.2.7 is true,
—| Dsym(ny |/(n—1) is the least eigenvalue of the derangement graph I'syu,(,,) of Sym(n).
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Proof. Note that —|Dgym(n)|/(n — 1) is the eigenvalue given by the partition Ay =
[n—1,1]. We prove that for any partition A # [n —1,1], the eigenvalue 7, is greater
than —|Dgymn) |/(n —1). We first assume X # [1"]. Since n is odd, Sym(n) does
not have a conjugacy class ¢ = [2,2,...,2]. Recall that CC(G) is the set of all

derangements of the group G. According to Corollary 5.1.2, we have

i

N XA(U)

ceCC(Sym(n)) x*(id)

IN

Y o)

ceCC(Sym(n)) X

Dmn
< el _ | Psym(m)|

Y

ceCC(Sym(n)) ™~ 1 n—-1
which shows that 7y > —[Dgymn) |/(n = 1). Now let A = [1"]. Then according to

Lemma 7.2.9,

= 060%:@) XA|(C_i‘d)XA(0) = E(n) - 0(n) =n-1> ~| Dsymem) |/(n - 1). 0

7.3 Conjugacy classes of cyclic permutations

Let 2 <m < n be integers. Define the graph I, ,,, as the Cayley graph I'(Sym(n),C,,),

where C,, is the conjugacy class of all cyclic permutations of length m in Sym(n).

Cn

Note that I, ,,, is a normal Cayley graph. Note also that I',,,, is equal to I' Sym(n)’

the derangement graph of a group Sym(n) with respect to C,. First we study the

graphs I'), ,,, for general m, in Subsection 7.3.1. Then in Subsection 7.3.2 we will try
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to characterize the maximum independent sets of ', ,,.

7.3.1 Basic facts

In this part, we investigate some basic properties of I',, ,,,. First note that I', ,, is
a vertex-transitive graph of valency |Cy, | = (m - 1)!("). In addition, the following is
a consequence of Proposition 7.2.4 and Theorem 7.2.5.

Proposition 7.3.1. The graph 1, ,, is bipartite if and only if m is even. Furthermore,

I',,.m is connected if and only if m is even. O

Next we calculate the eigenvalues of I',, ,,,. As usual, the main tool for this goal is

Theorem 4.2.1. We start with the following lemma.

Lemma 7.3.2. The eigenvalues of I, ,,, are given by

_(m-D)I(;)

" dim x

Z(—l)’”(“) dim y,,,

"
where the sum is over all partitions p of n —m that are obtained from \ by remov-
ing a skew hook of length m, and A\ ranges over all partitions of n. Moreover, the

multiplicity of ny is (dim y)?.

Proof. According to Theorem 4.2.1, for any partition A of n,

5 2 00 = g Ju ).

= : ;
xx(id) & dim vy
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where ¢ is an m-cycle. On the other hand, by Theorem 3.3.1

xalo) = 22 (=1)" Wy, (h);

here, h is the identity; therefore

1
dim x

m= om0 )2( 1)) dim . m
Another result is obtained using the hook length formula (Theorem 3.3.4).

Corollary 7.3.3. The eigenvalues of Iy, ,,, are given by

_hI(A 1)@
n T

where the sum is over all partitions y of n —m that are obtained from A by remov-
ing a skew hook of length m, and \ ranges over all partitions of n. Moreover, the

multiplicity of ny is (dim y,)?2.

Proof. Using Lemma 7.3.2 and the hook length formula, we have

7]/\=(m_ )'( )Z( )r(u) n m)

n!/hl(\) hl(p)
hi(A) o (n=m)
~m(n- m)'Z( DG hl(p)
hl(/\) (=1)r(m
DT
and the corollary is proved. O]
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Corollary 7.3.4. If m = n then the eigenvalues of I',, ,,, are given by

(r=Dl(n-r)!(-1)»", if X=[r,1""], for some 1< <n;
T =

0, otherwise.

Proof. 1t is enough to note that the only cases in which A can contain a skew hook
of length n, is when A is a hook [r,177"], for some 1 < r < n. In this case we have

hl(A) =n(r - 1)!(n—-7r)!. Now using Corollary 7.3.3, the result follows. O
With a similar reasoning as Corollary 7.3.4, one can observe the following.
Corollary 7.3.5. If m =n -1 then the eigenvalues of Iy, ,,, are given by

n(n-2)!, if A=[n];

%, if \=[r,2,1772], for some 2<r<n-2;
T\ =

(-1)"n(n-2)!, if X=[1"];

0, otherwise. []

Using Corollary 7.3.4, we can find the rank of the adjacency matrix of I, ,, for

the case m =n as follows.

Corollary 7.3.6. The rank of the adjacency matrix of Iy, ,, is (2"_2).

n—-1
Proof. 1t suffices to count the partitions A of n for which the eigenvalue 7, is non-zero,
taking the multiplicities into account. Using Corollary 7.3.4, the number of non-zero
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eigenvalues of I'), ,, with their multiplicities is
> (dim x»,)?,
r=1

where ), is the hook [r,17"], for r =1,... n. Since

dim x», =

n! n! ~ (n-1)! _(n-1
hi(\)  n(r-D!n-r) (- (n-r) (r—l)’

we have that
n _12 n-1 _12 n-1 -1 -1
k) =2 (000) =2 () =5 ()G )
’ a\r-1 o\ o\ n-r-1

but the last sum is, indeed, the total number of ways for choosing a set of size n—1

from a set of size 2(n —1). Therefore

rank(I', ) = (2(:__11)).

The following result shows how the eigenvalues corresponding to a partition A are

related to the eigenvalues corresponding to the transpose A of \.
Proposition 7.3.7. Let A+ n and let ) be an eigenvalue of I, ,,,.
(a) If m is odd, then ny =75, and

(b) if m is even, then 1y = —7;.

Proof. Let h be a skew hook of A and p + (n—m) be the partition obtained from A

by removing h. Then it is easy to see that the image h of h in ) is a skew hook for
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A. Let i1 be the corresponding partition of n —m. Note that the number of vertical
steps in h is equal to the number of horizontal steps in &, and the number of vertical

steps in A is r(p). On the other hand,
(number of vertical steps of h) + (number of horizontal steps of h) =m — 1.

Therefore
() + (@) = m = 1.

Thus, m is odd if and only if r(x) and r(z) have the same parity. For part (a),

assume m is odd. Then using Corollary 7.3.3 we have

Ch) < (1)@ BN « (1) A
" g hi(p) zﬂ: ni(p) W

m m

The proof of (b) is similar. O

7.3.2 Maximum independent sets

This subsection is devoted to characterizing the maximum independent sets of
I'ym. When m is even, from Theorem 7.2.6 one can observe that the structure
of independent sets in I, ,, is very simple. Note also that, in this case, the least
eigenvalue is easily determined and, hence, one can easily apply the ratio bound.
However, when m is odd, finding the least eigenvalue of I',, ,,, and, consequently, the

classification of maximal independent sets (using the ratio bound) is not as easy as the
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previous case. For some special cases, however, we can still find the least eigenvalues;

for instance, using Corollary 7.3.4 and Corollary 7.3.5 one can observe the following.
Lemma 7.3.8. If n is odd, the least cigenvalue of I, ,, is
T=-(n-2)

and if n is even, the least eigenvalue of I',, ,_1 is

-2(n-2)!
n-3

]

T =

For the rest of this subsection, we assume m = n is odd; therefore, since C,
is a derangement conjugacy class, the main problem of this section will reduce to
bounding the size of maximum independent sets in Fg;m(n) and then characterizing
the sets which meet the bound; in other words, we will return to the problem of
establishing the EKR and the strict EKR property for Sym(n) with respect to C,,.
First, note that the valency of I',, ,, = Fg;m(n) is |C,| = (n—1)! and that Theorem 2.4.2

along with Lemma 7.3.8 implies that if S ¢ Sym(n) is an independent set of I',, ,,,

then
n! n!
S| < = =(n-1) 7.31

Note that (n—1)!is the size of a point stabilizer in Sym(n). This shows that Sym(n)
has the EKR property with respect to C,,. However, by Theorem 7.2.5, I, ,, is of the
form

Lnn 2 T(Alt(n),C,) ) T(Alt(n),C,); (7.32)
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this means that Sym(n) does not have the strict EKR property with respect to C,, as
there are maximum independent sets which are not cosets of any point-stabilizer (for
example, S U (1,2)S5) 1, where S}, is the stabilizer of 1 in Alt(n), is a maximum
independent set in I, ,, which is not a coset of a point-stabilizer). But Sym(n) is not so
far away from this property. More precisely, according to (7.32), once we characterize
the maximum independent sets of I'(Alt(n),C, ), we can give a characterization of
those of I',, .

If S'is an independent set of I',, ,,, then by Theorem 2.4.2, S meets the ratio bound

in (7.31) if and only if

AT ) (vs - |n£'|1) =T (vs - @1) ) (7.33)

n!

Define T7, ,, to be Fi’ft(n), the derangement graph of Alt(n) with respect to C,.
Assume A and A’ are the adjacency matrices of I'), ,, and I'/, ., respectively. Then one

n,n’

can arrange the rows and the columns of A and A’ in such a way that we can write
A= . (7.34)

Note that, this implies that 7 = —(n - 2)! is also the least eigenvalue of I';, . Define
S’ to be S nAlt(n) and let 2’ = vg be its characteristic vector. By the ratio bound

!/
for I}, ,,, we have

, n!/2 (n-1)! 4 (n=1)!
|S | < 1 E":;g: = 5 and |S\S | < T,
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thus [S’| = [S]/2. On the other hand according to (7.33) and (7.34), |S’| = |S|/2 if and

T o e T
A(z n!/21 =7z n!/21'

/
n,n’

only if

Since 7 is the least eigenvalue of T" this is equivalent to the fact that S’ is an
independent set in I7, ,, which meets the ratio bound of the graph I, ,,.

For a subset S of Alt(n), let (12)S ={(12)s : s € S} be the image of S in the

coset (1 2) Alt(n). We have, thus, proved the following.
Proposition 7.3.9. Let n >3 be odd and S be an independent set in I, ,,. Then
[Sl< (n- 1),
and equality holds if and only if
S=5"u(12)5",
where S" and S” are independent sets of size (n—1)!/2 in I, . O

Therefore, in order to complete the classification, one has to know what the max-
imum independent sets in I}, ,, look like. That is, the problem of classification of the
maximum independent sets of I, , reduces to the same problem for I, . In the rest
of the subsection we apply the module method to prove that for n > 5, the alternating
group Alt(n) has the strict EKR property with respect to C,.

Note that I, ,, is a connected normal Cayley graph (of valency (n —1)!), whose

least eigenvalue is —(n —2)!, and as stated above, if S is an independent set of I

n,n’
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then |S| < (n—1)!/2. On the other hand, this is the size of any point-stabilizer in

Alt(n). We deduce that condition (a) of Theorem 7.1.2 holds:
Lemma 7.3.10. If n > 3, then Alt(n) has the EKR property with respect to C,,. [

Also, Lemma 7.3.8 and the second statement of the ratio bound for I', , yields

condition (b).

Lemma 7.3.11. If S is an intersecting subset of Alt(n) with respect to C, of size

(n—1)!/2, then vg lies in the direct sum of the trivial and the standard modules. [
Next we show that condition (c) holds.
Lemma 7.3.12. For all n > 5, rank of M has full rank.

Proof. 1t suffices to note that the matrix M for Alt(n) with respect to C,, is identical
to the matrix M; in the proof of Proposition 6.2.9. Since M; has full rank, we are

done. O
Now we can prove the main theorem of this section.

Theorem 7.3.13. Let n > 5 be odd. For any intersecting set S of Alt(n) with respect

to C,,, we have

_ |
51 < (=Dt
2

and the equality holds if and only if S is a coset of a point-stabilizer.
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Proof. Lemmas 7.3.10, 7.3.11 and 7.3.12 show that all the conditions of the general-
ized module method (Theorem 7.1.2) hold for Alt(n), with respect to C,,. Thus the

theorem follows by the generalized module method. O]

We conclude this section by noting that Proposition 7.3.9 and Theorem 7.3.13
prove the following result which classifies all the maximum intersecting subsets of
Sym(n) with respect to C,,. Recall that S;; defined in (6.18) are the canonical inde-

pendent subsets of the symmetric group.

Corollary 7.3.14. Let n > 5 be odd. For any intersecting subset S of Sym(n) with
respect to C,,, we have

and equality holds if and only if S =S, ; U (1 2)Sy,, for some i, j,k,l € [n]. H

We, finally, point out that Corollary 7.3.14 also holds for the case n = 3 except
that in this case equality holds if and only if S = {7} u (1 2){7n'}, where 7,7’ € Alt(3).
Note that since I'; 5 2 K33, the independence number of I'; 5 is 1 which agrees with the

ratio bound for F:’s,g-
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Chapter 8

Future Work

In this chapter we present a list of open questions and conjectures which we have
come across during our recent studies on the topics discussed in the thesis.

The first open problem is about the matrix M for PSL(2,q). Let ¢ be a prime
power. Recall from Section 6.3 that if ¢ is even, then the group PSL(2,q) has the
strict EKR property, but the problem is still open for odd prime powers ¢, and that
the problem would be solved if Conjecture 6.3.1 is true. A similar problem has been
solved in [42] for PGL(2, ¢), where in order to show the matrix M for PGL(2, ¢) is full
rank, the authors show that the matrix N = MTM is non-singular. They were able
to calculate all the entries of N. Applying the same method to the case of PSL(2,q)
is not convenient as the entries of N for this case are not easy to evaluate. Hence we

state the following important question.

Question 1. Does the matrix M for PSL(2,q), for odd q, have full rank?
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The ratio bound (Theorem 2.4.2), has been of great importance in this thesis.
In fact, this is one of the key methods for establishing conditions (a) and (b) of
the module method, provided that the least eigenvalue of the corresponding Cayley
graph is known. We have also seen that for any 2-transitive group G, the standard
representation of G is irreducible (Proposition 3.1.17). Furthermore, if the eigenvalue
of the derangement graph of G arising from the standard representation is the least
one, then condition (a) of the module method holds; that is, G has the EKR property.
If, in addition, the standard representation is the only one giving the least eigenvalue,
then condition (b) also holds. It turns out that it is very important to ask what
conditions a 2-transitive permutation group must have in order to ensure that the
standard representation is the (only) representation giving the least eigenvalue of the
derangement graph. Although many 2-transitive groups have this property, as we
mentioned in Section 6.4, 2-transitivity is not a sufficient condition. We, therefore,

propose the following question.

Question 2. For which permutation groups is the least eigenvalue given (only) by

the standard representation?

Based on the examples of the 2-transitive groups in Table A.1 which fail to have
the strict EKR property, we notice that such groups have “many” factors of Zs or Zs
in their cyclic group decomposition. So it is reasonable to ask if a 2-transitive group

with “many” factors of Zy or Zs fails to have the strict EKR property. Another
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interesting observation in Table A.1 is that among the 2-transitive groups for which
we could check the EKR property, there is no one which fails to have this property.

We therefore ask the following.

Question 3. Do all 2-transitive groups have the EKR property?

For the module method, if we cannot find the least eigenvalue of the derangement
graph, or if the least eigenvalue does not give a tight bound for the size of maximum
intersecting sets, then we cannot apply the ratio bound in order to prove the group
has the EKR property (condition (a) of the module method). In this situation, the
other important approach is using the clique-coclique bound (Theorem 2.4.5). In this
method, which we call it the clique-coclique method, if G < Sym(n) is transitive, then
we try to find a clique of size n. Then the size of any intersecting set in G will be
bounded above by |G|/n which is the size of point-stabilizer; that is, G will have the
EKR property. Furthermore, if G is 2-transitive and for any irreducible character
x of G which is not the trivial or the standard character of G, there is a maximum
clique C for which x(C) # 0, then according to Corollary 2.4.6, condition (b) of the
module method holds. Therefore, if this holds, then in order to prove G has the strict
EKR property, one only needs to prove the matrix M for G is full rank. We have
used the clique-coclique method in in Section 6.2. We have, also, used this method
for the 2-transitive group G = ((Zg x Zg x Zo) x Z7) x Zz < Sym(8), for which the

standard character does not give the least eigenvalue (see Table A.1). For this group,
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the clique

C ={id, (15)(26)(37)(48), (12)(38)(4 7)(56), (1 6)(25)(3 4)(7 8),

(146728)(35),(185763)(24), (132754)(68), (17)(236458)}

has the property that for any irreducible character x of GG, which is not the standard
character, we have x(C) # 0. Thus, using the clique-coclique method, condition (b)
holds for G. The matrix M for G is also verified to be of full rank; therefore G has
the strict EKR property.

Hence, for 2-transitive groups for which condition (b) cannot be proved using the
ratio bound, we may still be able to prove the strict EKR property using the clique-
coclique method. However, there are other groups in Table A.1 for which we could
not find suitable cliques C' to establish condition (b) (so we have left question marks

for those columns). Thus, we propose the following problem.

Question 4. For the 2-transitive groups for which the strict EKR property cannot
be proved using the ratio bound, are there maximum cliques that can be used to

prove the strict EKR property using the clique-coclique method?

The least eigenvalue is also important for the generalized module method. In
other words, for any union C of the derangement conjugacy classes of a 2-transitive
group G, if the least eigenvalue of T'¢, is given (only) by the standard representa-

tion of G, then condition (a) (and condition (b)) of Theorem 7.1.2 holds for G. In
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particular, if ¢ is an even derangement conjugacy class of Sym(n), if we know that
the eigenvalue —|c|/(n — 1) is given by the standard representation of Sym(n), then
we can conclude that Sym(n), and also Alt(n), have the EKR property with respect
to ¢ (see Section 7.2). For this goal, it is sufficient to prove Conjecture 7.2.7. The
bound in Conjecture 7.2.7 seems to be very helpful not only for our purpose, but also
in general study of characters of the symmetric group. There have been significant
attempts in the literature to provide bounds for the absolute values of the character
values of the symmetric group in general (not only at the derangement conjugacy
classes). For instance in [18,38] and [46] some asymptotic upper bounds for the ab-
solute values of the character values of Sym(n) have been established. The fact that
the dimensions of the irreducible representations of the symmetric group, which are
not 1-dimensional or standard, grow very rapidly with n, and that we have verified

Conjecture 7.2.7 for any n < 30, are strong motivations to propose the following.

Question 5. Is Conjecture 7.2.7 true? Specifically, is it true that if n > 10, then
for any derangement conjugacy class ¢ # [2,2,...,2] of Sym(n) and any partition

A#[n],[1"],[n-1,1] of n,
x*(id)

n-—1

Mol < ,

where o is an element of ¢? Or, partially, for which conjugacy classes ¢ does it hold”

Recall that from Section 7.2 that the conjecture is true for ¢ = [n].

The next problem deals with any possible relationship between the EKR and the
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strict EKR property of a group and those of the corresponding quotient groups. Recall
from Section 4.3 that if G is a group with a normal subgroup N, then any irreducible
representation of G/N produces an irreducible representation for G (Lemma 4.3.4).
The purpose of proving this and the consequent results was mainly to provide tools to
deduce that G or G/N has the EKR (strict EKR) property if the other one does so.
In fact, we hope that we can locate the least eigenvalue of I'¢ or I'gx if we know the
least eigenvalue of the other one. This would, then, help us to show what conditions
G and N must have in order to deduce the EKR property for G or G/N, provided

the other one has this property. We summarize this problem as the following.

Question 6. Let G be a group with a normal subgroup N. Assume G (respectively
G/N) has the EKR property. Then, under what conditions does G/N (respectively

G) have the EKR property? How about the strict EKR property?

We finally point out that we have mainly studied the EKR problem for the
2-transitive groups. Hence, the main problem is still open when we drop the 2-
transitivity condition. Furthermore, as we mentioned in Chapter 1, a generalized
version of the EKR theorem deals with t-intersecting systems of k-subsets of an n-
set. The analogous version of this problem for the permutations is the problem of
finding the maximum t-intersecting subsets of a permutation group, where two per-
mutations a, § € Sym(n) are said to be t-intersecting if af~! fixes at least ¢ elements

of [n]. This provides many interesting problems and opens new areas of research.
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Appendix A

Module Method for Small Groups

In this appendix we present a table of all 2-transitive groups with degree at most
20 on which we have applied the module method to establish the strict EKR property.
The table shows if the conditions of the module method (Theorem 6.1.4) hold for each
group. In particular, it indicates whether or not we can say the group has the EKR
property. This work was implemented by a program in GAP. Note that since all the
groups Sym(n) and Alt(n) have the strict EKR property, they are excluded in the

table. In the table we use the following terminology:

e n: degree of the group;

e least: a “Yes” in this column means that the least eigenvalue of the derange-

ment graph is given by the standard character;

e clique: a “Yes” in this column means that the program has found a clique of
size n in I';, (hence the clique-coclique bound holds with equality); the symbol
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w »

means that we don’t need to find a maximum clique, and the symbol “7?”

means that the program failed to find such a clique;

EKR: a “Yes” in this column means that the group has the EKR property, i.e.
condition (a) of the module method holds; the symbol “?” indicates that the

program could not verify this;

unique: a “Yes” in this column means that the standard character is the only
character giving the least eigenvalue; hence condition (b) of the module method

holds;

clique-coclique: a “Yes” in this column means that using the clique-coclique
method (see Chapter 8), the characteristic vector of any maximum independent
set of ['g lies in the direct sum of the trivial and the standard characters of G;
hence condition (b) of the module method holds; the symbol “~” means that
we don’t need to verify this, and the symbol “?” means that the program could

not find suitable cliques to apply the clique-coclique method;

rank: a “Yes” in this column means that the matrix M for the group G is full
rank, i.e. condition (c) of the module method holds; the symbol “~” means that

we don’t need to check this;

strict: a “Yes” in this column means that G has the strict EKR property; the

symbol “?” means that the program could not verify this.
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Table A.1: EKR and strict EKR property for small 2-transitive groups

n Group size | least | max. clique EKR | unique clique-coclique rank strict ‘
5 Zs %Ly 20 Yes — Yes Yes - No No
6 Sym(5) 120 Yes Yes Yes No ? - ?
6 Alt(5) 60 Yes - Yes Yes - Yes Yes
7 PSL(3,2) 168 Yes Yes Yes No - - No
7 (Zg xZ3) x Lo 42 Yes Yes Yes No No
8 (Zo x Zg x Zg) x PSL(3,2) 1344 Yes - Yes Yes - Yes Yes
8 PSL(3,2) xZa 336 Yes Yes Yes No ? - ?
8 ((Zg x Zo x Zo) xZr) x L3 168 No Yes Yes N/A Yes Yes Yes
8 PSL(3,2) 168 Yes - Yes Yes - Yes Yes
8 (Zg x Lo x Lo) x L 56 Yes - Yes Yes - No No
9 PSL(2,8) xZg 1512 Yes - Yes Yes - Yes Yes
9 (((Z3 xZ3) x Qg) X Z3) x Za 432 Yes ? Yes No ? - ?
9 ((Zs x Z3) » Qg) x L3 216 No ? ? N/A ? - ?
9 PSL(2,8) 504 Yes Yes Yes Yes Yes
9 ((Zg x T3) n Zg) % Lo 144 No ? ? N/A ? - ?
9 (Z3 xZ3) xZg 72 Yes - Yes Yes - No No
9 (Zs x Z3) % Qg 72 Yes - Yes Yes - No No
10 (ALL(6) x Zg) % Zo 1440 No Yes Yes N/A ? - ?
10 Mg 720 Yes - Yes Yes - Yes Yes
10 Alt(6) - Zo 720 Yes ? Yes No ? - ?
10 Alt(6) x Zo 720 Yes Yes Yes No ? - ?
10 Alt(6) 360 Yes - Yes Yes - Yes Yes
11 Miq 7920 Yes — Yes Yes - Yes Yes
11 PSL(2,11) 660 Yes - Yes Yes - No ?
11 (Z11 % Zg) x Lo 110 Yes - Yes Yes - No No
12 Mio 95040 Yes — Yes Yes - Yes Yes
12 Miq 7920 Yes — Yes Yes - Yes Yes
12 PSL(2,11) x Zo 1320 Yes Yes Yes No K - ?
12 PSL(2,11) 660 Yes - Yes Yes - Yes Yes
13 PSL(3,3) 5616 Yes — Yes Yes — No No
13 (Zys % Zg) % Zg 156 Yes - Yes Yes - No No
14 PSL(2,13) x Zg 2184 Yes Yes Yes No ? - ?
14 PSL(2,13) 1092 Yes - Yes Yes - Yes Yes
15 Alt(8) 20160 Yes — Yes Yes - No ?
15 Alt(7) 2520 Yes - Yes Yes - No ?
16 (Zo x Lo x Lo x La) x Alt(8) 322560 Yes - Yes Yes - Yes Yes
16 ((Zy x Ty x Ty x L) 3 Alt(6)) % Zo 11520 No ? ? N/A - - ?
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n Group size | least EKR | unique
16 | (((Za x Zo x Zo x ) x Alt(5)) % Z3) % Zs 5760 No N/A
16 ((Zg x Lo x Loy x Ly) x Alt(5)) x Z3 2880 Yes No
16 (Zg x Zg x g x o) x Alt(7) 40320 Yes Yes
16 (Za x Zo x Lo x Za) x Alt(6) 5760 Yes No
16 ((Zy x Ty x Ty x Tip) x Alt(5)) % Zo 1920 No N/A
16 (Zg % Zy x Ty x Zp) x Alt(5) 960 No N/A
16 (((Zg x Ly x Ly x Lo) xLg) X L3) Ly 960 No N/A
16 (((Zo x Ly x Lo x L) X Lg) X L3) * Ly 480 No N/A
16 ((Zg x Zo x 7o x L) x Z5) 1 Z3 240 Yes Yes
17 PSL(2,16) x Zy 16320 Yes Yes
17 PSL(2,16) x Zg 8160 Yes Yes
17 PSL(2,16) 4080 Yes Yes
17 Z17 X716 272 Yes Yes
18 PSL(2,17) x Zo 4896 Yes No
18 PSL(2,17) 2448 Yes Yes
19 (Z19 @ Zg) » Lo 342 Yes Yes
20 PSL(2,19) x Zg 6840 Yes No
20 PSL(2,19) 3420 Yes Yes
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Index

t-intersecting permutations, 167 connection set, 63

adjacency matrix, 17 derangement conjugacy class, 140
adjacency wrt a conjugacy class, 139 derangement graph, 78

alternating group, 8 with respect to a conjugacy class, 141

diagonalizable, 13
block, 49

orthogonally, 13
boundary, 49

dihedral group, 83

Cayl h, 63
aviey stap dimension, 30

normal, 63 _
direct product of graphs, 10

character, 37 i
direct sum, 33

irreducible, 37 o ]
disjoint union of graphs, 18

characteristic polynomial, 13, 14

eigenspace, 14
class functions, 37

eigenspace of a graph, 18
clique, 22

' ' eigenvalue of a graph, 18
clique-coclique bound, 27

eigenvector of a graph, 18
column-stabilizer, 45

EKR property, 76, 140
complete reducibility theorem, 33
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equivalent representations, 32 independent set wrt to conjugacy class,
external direct product, 90 139
inner product of characters, 37

faithful representation, 30

. . internal direct product, 92
fractional chromatic number, 21

) intersecting permutations, 76
Frobenius complement, 85

' intersecting set of permutations, 76
Frobenius group, 84

) intersecting set system, 1
Frobenius kernel, 85

invariant, 32
graph homomorphism, 21

kernel of a representation, 30

hook, 49
Kneser graph, 4
near, 49
lexicographical product, 11
skew, 49 srap P
two-layer, 56 maximum intersecting system, 4
hook length, 51 module, 30
hook length formula, 51 Specht, 46

' module corresponding to a character, 108
independence number, 9

' multiplicity of an eigenvalue, 14
independent set

Murnaghan-Nakayama rule, 49
canonical, 101

independent set of vertices, 9 orthogonally equivalent, 13

pairs graph, 26
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partition, 43 sign, 48

symmetric, 44 standard, 40
permutation group, 8 trivial, 31
Petersen graph, 63 representation homomorphism, 32
polytabloid, 45 row equivalent, 45

positive definite, 14
shape, 43

positive semi-definite, 14
similar matrices, 13

projective line, 121 _
special linear group, 121

projective special linear group, 121
spectrum, 18

ratio bound for independent sets, 22 split conjugacy class, 53
real orthogonal matrix, 13 sporadic groups, 129
representation, 30 strict EKR property, 77, 140
alternating, 48 subrepresentation, 32
coset, 31 symmetric group, 8
defining, 32 symmetric matrix, 13
induced, 42
tabloid, 45

irreducible, 33 _
tensor product of matrices, 15

permutation, 31 )
tensor product of representations, 33

regular, 31
trace, 13

restricted, 42 .
transpose of a matrix, 13
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transpose of a partition, 44

trivially intersecting, 2

wreath product, 94

Young diagram, 43
Young subgroup, 93

Young tableau, 44
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