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ABSTRACT

The spectra of graphs and their relation to graph properties have been well-studied. For digraphs,
in contrast, there are relatively few results. The adjacency matrix of a digraph is usually difficult to
work with; it is not always diagonalizable and the interlacing theorem does not hold (in general) for
adjacency matrices of digraphs. All acyclic digraphs have the same spectrum as the empty graph.
This motivates the need to work with a different matrix which captures the adjacency of the digraph.

To this end, we introduce the Hermitian adjacency matrix.

Another way to extract more information out of the spectrum is by restricting to specific classes of
digraphs. In this thesis, we look at vertex-transitive digraphs with simple eigenvalues. Intuitively, the
property of having many simple eigenvalues tends to coincide with having few automorphisms. For
example, the only vertex-transitive graph with all eigenvalues simple is K5. In the case of graphs,
we restrict to the cubic vertex-transitive case, where we find combinatorial properties of graphs with
multiple simple eigenvalues. We also explore the eigenvectors of vertex-transitive digraphs with all

eigenvalues distinct.

Keywords: algebraic graph theory; eigenvalues; linear algebra; directed graphs
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Chapter 1

Introduction

The spectra of graphs and their relation to graph properties have been well-studied. There has been
extensive study about the interplay of eigenvalues of a graph and various graph properties, such as
the diameter [16, 43] or the chromatic number [17, 33, 32]; see also [45]. The relationship between
symmetries of a graph and its eigenvalues has also been investigated extensively, for example in
[15, 55, 56]. The eigenvalues of the Laplacian matrix of a graph determine the number of connected
components. For connected graphs, the eigenvalues of the adjacency matrix determine whether
the graph is bipartite. There are spectral bounds on the independence number and many other
properties. As a concrete example, the Delsarte-Hoffman bound for the size of the largest coclique
of an undirected graph was first proved by Delsarte for distance regular graphs and generalized to

arbitrary regular graphs by Hoffman [28].

1.0.1 Theorem (Delsarte-Hoffman). Let X be a k-regular graph on n vertices with least eigenvalue

of its adjacency matrix equal to 7. Then a(X), the size of the largest co-clique, is bounded by:

n

a(X) < -

Rk

There are many methods for finding and bounding the eigenvalues of a graph, with respect to
various matrices which depend on the adjacency relation of the graph. The main tools are the
Perron-Frobenius theorem and eigenvalue interlacing.

For digraphs, in contrast, there are relatively few results. There is a directed analogue of Wilf's
bound on chromatic number [44], however the spectra of digraphs is, comparatively, a less explored
area. For a survey of the area, see [12]. The adjacency matrix of a digraph is usually difficult to
work with. It is not always diagonalizable. The interlacing theorem does not hold for adjacency
matrices of digraphs, in general. All acyclic digraphs have the same spectrum as the empty graph.

This motivates the need to work with a different matrix which captures the adjacency of the

digraph. To this end, we study the Hermitian adjacency matrix. For a digraph X = (V| E), the



Hermitian adjacency matrix H is the matrix with entries

1 ifuv and vu € F;
i ifuv e E andvu ¢ E;
—i ifuv ¢ E and vu € E;

0  otherwise.

In this definition, ¢ denotes the imaginary unit. The Hermitian adjacency matrix is diagonalizable
and the interlacing theorem can be applied. However, the Perron-Frobenius theorem does not hold
for this class of matrices, and some strange behaviour occurs, in the sense of being different from
the adjacency matrix of graphs.

Another way to extract more information out of the spectrum is by restricting to specific classes
of digraphs. In this thesis, we look at vertex-transitive digraphs with simple eigenvalues. Intuitively,
the property of having many simple eigenvalues tends to coincide with having few automorphisms.
For example, the only vertex-transitive graph with all eigenvalues simple is K5. In the case of graphs,
we restrict to the cubic vertex-transitive case, where we find combinatorial properties of graphs with
multiple simple eigenvalues. We also explore the eigenvectors of vertex-transitive digraphs with all

eigenvalues distinct.

1.1 Background and known results

The eigenvalues of digraphs have not been extensively studied. However there has been a lot of
activity in the study of the eigenvalues of tournaments, with respect to the adjacency matrix and the
skew-symmetric adjacency matrix. Some work has also been done for the skew-symmetric adjacency
matrix of oriented digraphs.

The skew-symmetric matrix of a tournament 7' is a {0,£1} matrix; for our purposes, it is
equivalent to iH(T). There are many results on the eigenvalues of skew symmetric matrices of
tournaments. Gregory, Kirkland and Shader used Pick’s inequality to bound the maximum absolute
eigenvalue of such a matrix in [30]. Skew-symmetric conference matrices are studied in [29] and
[22]. More recently, the singular values of the skew-symmetric adjacency matrix of oriented graph
has been studied in [1], [14] and [35].

For the skew-symmetric matrix, there is a notion of switching equivalence. If we reverse all arcs
across a cut of the digraph, the spectrum will be preserved. This idea of switching has been studied
in relation with the switching reconstruction problem [6, 2, 42]. This switching is related to Seidel
switching in the Seidel matrix of graphs and a concept that is analogous to two-graphs has been
defined as a skew two-graph or oriented two-graph by Cameron in [13] and Moorhouse in [47].

The digraphs studied in this thesis are also called mixed graphs in the literature.



1.2 Summary of Results

In this thesis, we study the spectrum of digraphs with respect to various matrices; in particular we
investigate the adjacency matrix, the Hermitian adjacency matrix and the A-Laplacian. In addition,
we consider simple eigenvalues of these matrices in the case that the digraphs are vertex-transitive,
with the intuition that the added algebraic structure and symmetry will help understand the combi-
natorial structure of the digraphs. In the case of cubic graphs, we find surprising connections with

regular maps and Chebyshev polynomials.

1.2.1 Hermitian adjacency matrix of digraphs

The main contribution of this dissertation is the exploration of the Hermitian adjacency matrix of
digraphs. As this is a new concept, we give many basic properties, such as the coefficients of the
characteristic polynomial. We find that tr(H(X)?), for a digraph X, counts the number of edges
in the underlying graph and that tr(H(X)?) is a linear combination of the numbers of subgraphs
isomorphic to four digraphs whose underlying graph is K3. As we do for the adjacency matrix in
Section 5.4, we study digraphs whose H-eigenvalues are symmetric about 0. In the case of the
Hermitian adjacency matrix, the picture is less complete than for the adjacency matrix; all oriented
graphs and digraphs with bipartite underlying graphs will have H-eigenvalues which are symmetric
about 0, but there are also other digraphs with this eigenvalue property which are not of those
classes.

It has come to our attention that this matrix was introduced in a recent paper of Liu and Li in
[41], where they find several of its basic properties.

We show that the largest eigenvalue of the Hermitian adjacency matrix is upper-bounded by
the maximum degree of the underlying graph. Contrary to the case for the adjacency matrix, there
does not appear to be a bound on the diameter of the digraph in terms of the number of distinct
eigenvalues of the Hermitian adjacency matrix. In fact, we give an infinite families of digraph whose
number of distinct eigenvalues is constant, but whose diameter goes to infinity.

In spite of the many unintuitive behaviours that the Hermitian adjacency matrix exhibits, it is
still possible to extract combinatorial structure of the digraph from its eigenvalues. In Section 6.10,
we find all digraphs whose H-eigenvalues lie in the range (—v/3,1/3). Using interlacing, we find
spectral bounds for the maximum independent set and maximum acyclic subgraphs for oriented
graphs.

We also study operations on digraphs which preserve the spectrum of the Hermitian adjacency
matrix. In particular, given a digraph X with vertex u and a non-adjacent vertex v, the digraphs
obtained by adding the arc uv, adding the arc vu and adding both arcs uv and vu are all cospectral
under the Hermitian adjacency matrix.

We also find the H-eigenvalues of many families of digraphs, including all oriented cycles and

all digraphs whose underlying graph is a star. We give a new proof for finding the eigenvalues of



a transitive tournament, with respect to the Hermitian adjacency matrix. We also find all graphs
whose H-eigenvalues are the same as those of K, and the negative of those of K.
This matrix was formulated by Bojan Mohar and these results were proved in collaboration with

him.

1.2.2 Interlacing bounds on digraphs

The interlacing theorem, stated here in Chapter 4, is a powerful tool when working with the eigenval-
ues of graphs. We would like to use interlacing to find bounds on combinatorial properties of digraph
X in terms of the eigenvalues of some matrix associated with X. We succeed in this endeavour by
using the A-Laplacian matrix (defined in Chapter 9 to prove a result which generalizes a result of
Haemers [32] for graphs to the class of digraphs with normal A-Laplacian matrices. Since the main
theorem is quite technical, we will state Haemer's lemma here, which appears in this dissertation as
Corollary 9.3.1.

Theorem ([32]). Let X be a connected graph on n vertices and let Y and Z be disjoint vertex sets
in X with no arcs from Z toY. Then,

YIZL _ (on—o)?
(=YD =12]) = (7u+02)?

where 0 = 01 < 09 < --- < g, are the Laplacian eigenvalues of X .

Using the generalization of this theorem to digraphs whose A-Laplacian matrix is normal, we

also find an upper bound on the size of the maximum induced acyclic subdigraph.

1.2.3 Simple eigenvalues of vertex-transitive graphs

In the last chapter of this dissertation, we study cubic, vertex-transitive graphs with 1 as a simple
eigenvalue and study the combinatorial structure of such graphs, as well as give several families of

graphs which such spectral properties. This is joint work with Bojan Mohar.

1.3 Overview

Chapters 2-5 are background chapters containing basic definitions and background materials. The
remaining chapters contain original results.

In Chapter 2, we give our main definitions, with regards to digraphs, and notation which will be
used through the thesis. We work out preliminary lemmas and theorems concerning eigenspaces and
digraph symmetrices for a general class of matrices that capture the adjacency relation of digraphs
in Chapter 3. The results in the section are standard for the adjacency matrix, but are proved here

for a large class of matrices. We give a thorough introduction to eigenvalue interlacing, which will



be an important tool for studying digraph spectra in Chapter 4. Although the main focus of the
thesis is on the Hermitian adjacency matrix of digraph, we consider the adjacency matrix of digraphs
in Chapter 5; mainly, we study situations that occur for digraphs but not for graphs and also basic
properties so that we may compare to the Hermitian adjacency matrix.

The Hermitian adjacency matrix is introduced in Chapter 6. We work out basic concepts for
it in Chapter 6 and find operations that preserve the spectrum in Chapter 7. In Chapter 8, we
introduce special families of digraphs whose spectra with respect to the Hermitian adjacency matrix
merit special attention. In Chapter 9, we use interlacing to find a spectral bound for the maximum
acyclic subdigraph. In Chapter 10, we extend the exploration of vertex-transitive digraphs with all
simple eigenvalues with respect to a matrix respecting adjacency in Chapter 3 to some results on
the simple eigenvalues of cubic vertex-transitive graphs.

Statements of preliminary theorems in linear algebra are given in Appendices A and B. Appendix
C contains a table which is referenced by several proofs and which was not included in the main

text for reasons of readability.



Chapter 2
Digraphs

2.1 Definitions

In this chapter, we establish the main definitions and notation which will be used for the remainder
of this thesis. Concepts which are natural and common for graphs, are defined here for digraphs,
for the sake of completeness, but assumed to be understood for graphs. We refer to standard graph
theory texts such as [7, 23] for basic definitions which are omitted here. Where it is possible, we have
defined concepts for digraphs, such as regularity, so that it generalizes the corresponding concept
for graphs.

A directed graph or digraph is a pair X = (V, E) of finite sets together with two maps

h:E—V

and
t: E—V

which assign every element ¢ € E to a tail or initial vertex, t(e), and a head or terminal vertex,
h(e). The set V is the vertex set of X, sometimes denoted V' (X') when the context is unclear, and
its elements are said to be the vertices of X. The set E is the arc set of X, sometimes denoted
E(X), and its elements are said to be the arcs of X. For arc e € FE, the head and tail vertices
of e are also said to be the ends of e. We will work with strict digraphs which are digraphs with
no loops or parallel arcs, which are arcs with the same head and tail. We note that two oppositely
oriented arcs with the same ends are permitted.

We also say that an arc e is incident to its ends t(e) = = and h(e) = y, and we may write
e = xy. Thus we may write the arc set F as a subset of the set of all ordered pairs of vertices. If
xy is an arc of X, then x is an in-neighbour of y and y is an out-neighbour of x. The set of all
in-neighours of x is the in-neighbourhood of x and is denoted Ny (x). The set of all out-neighours

of x is the out-neighbourhood of z and is denoted N3 (z).



If zy € E(X) and yx € E(X), we say that the unordered pair {z,y} is a digon of X. Further,
if zy,yr € E(X), we may say that zy and yx are incident to the digon {z,y}. In this case, since
y is both an in-neighbour and an out-neighbour of x, we may say that y is a neighbour of x.

We define G(X), the symmetric subgraph of digraph X, to be the graph with vertex set V(X)
and the edge set being the set consisting of all digons of X. Similarly, we define D(X), the
asymmetric sub-digraph of digraph X, to be the graph with vertex set V(X)) and the arc set being
the set of arcs of X which are not incident to any digons of X.

The underlying graph of a digraph X, denoted I'(X), is the graph with vertex set V(X)) and
edge set

E={{z,y} |zy € E(X) or yx € E(X)}.

If a digraph X has every arc incident to a digon, then we say that X is undirected. or, more simply,
that X is a graph. If a digraph X has no digons, we say that X is an oriented graph. Given a graph
G, the digraph of G is the digraph on the same vertex set with every undirected edge replaced by
two of arcs with opposite orientation. We will denote the digraph of a graph G as B(G)
The converse of digraph X = (V, E) is the digraph X© with vertex set V and arc set E’ such
that
E' ={zy|yx € E}.

Observe that every digon of X is unchanged under the operation of taking converses. Thus,
G(X%) = G(X) and D(X%) = (D(X))°.

The in-degree of a vertex x € V(X), denoted d~(x), is the number of in-neighbours of z.
The out-degree of a vertex x € V (X)), denoted d*(z), is the number of out-neighbours of x. The
degree of a vertex x € V(X), denoted d(x), is equal to [Ny (z) "Ny (z)|. The maximum in-degree
(resp. out-degree) of X will be denoted A~ (X) (resp. A*(X)) and the minimum in-degree (resp.
out-degree) of X will be denoted = (X) (resp. d1(X)). Note that we may omit the superscripts
for graphs, which will then agree with the typical notation for the undirected case.

Suppose X is a digraph such that G(X) is a regular graph and D(X) has in-degree equal to s
and out-degree equal to ¢ at every vertex. Then, letting n be the number of vertices of X, we have
that D(X) has ns arcs and also nt arcs, both by the handshaking lemma, and so s = t. A digraph
X is said to be regular if G(X) is k-regular and D(X) has in-degree and out-degree equal to ¢ at
every vertex. If a digraph X has in-degree equal to out-degree at every vertex, we say that X is

eulerian.

2.2 Sub-digraphs and other properties

Given a digraph X, any digraph Y whose vertex set is a subset of V(X)) and whose arc set is a
subset of E(X) is said to be a sub-digraph of X.

A (directed) walk of X is an alternating sequence of vertices and arcs, (vo, ag, v1, ..., ax—1, V),



such that h(a;) = v; and t(aj) = vj41 for j =0,...,k — 1. Since we work exclusively with strict
digraphs, we sometimes denote a walk by its sequence of vertices (vg, ..., vx) or just vovy ... vk,
for convenience. The length of a walk vgvy ... v is k and its order is k + 1. Given a walk W in a
digraph X, we may consider the sub-digraph of X whose vertices and arcs are those appearing in
W. Thus, we may speak of the vertex set and arc set of W. If a walk W has all distinct vertices,
then it is said to be a (directed) path.

For vertices w and v, the distance from u to v, denoted d(u,v), is the smallest k& such that
there exists a walk of length k£ in X with u as the first vertex and v as the last vertex. We define
d(u,v) = oo when no such walk exist.

A digraph X = (V, E) is strongly connected if for every pair of vertices (z,y), there exists a

directed walk from z to y in X. A digraph is weakly connected if its underlying graph is connected.

2.3 Automorphism group of a digraph

Let X = (V,E) be a digraph. A bijective mapping o : V' — V is an automorphism of X if
a(u)a(v) € E if and only if uv € E. The automorphism group of X, denoted Aut(X), is the set
of all automorphisms of X, which forms a group acting on V', under composition.

Each automorphism of X acts on V' as a permutation, so Aut(X) C Sym(V'), the symmetric
group acting on V. Let |V| = n. We may represent any permutation « of the (totally ordered)
n-element set V', as an n x n permutation matrix P such that Pe, = e,(,), where e, is the
elementary basis vector indexed by the element x of V. More explicitly, in CV, the vector space of
C of dimension n, with coordinates indexed by the elements of V, the elementary basis vector e,
is the vector with 1 in the coordinate indexed by = € V' and 0 elsewhere. Thus, we may represent
the automorphism group of digraph X by a group of n x n permutation matrices. We will conflate
notation and use Aut(X) to denote the matrix group of permutation matrices representing the

automorphisms of X.

2.4 Chromatic number of a digraph

An acyclic digraph is a digraph with no directed cycles. The chromatic number x(D) of a digraph
D is the least integer k such that there exists a partition of the vertices of D into k parts such that
each part induces an acyclic subdigraph.



Chapter 3

Eigenspaces and automorphisms

In algebraic graph theory, the study of eigenvalues often seeks to exploit the interaction between
the automorphism group of a graph and the eigenspaces of a graph. There is a surprising inverse
correlation between the number of eigenvalues of a graph and the size of its automorphism group. If
the automorphism group of a graph G is arc-transitive, the graph has at most two simple eigenvalues.
On the other hand, if a graph on n vertices has at most 2 distinct eigenvalues, the automorphism
group is the full symmetric group of n elements. We turn our attention to classes of graphs and
digraphs with many automorphisms and many simple eigenvalues, with the intuition that they should
not be many in number and with the hope that we may describe them.

In this chapter, we prove that the automorphisms of a digraph fix its eigenspaces under any matrix
which "captures" the adjacency of the digraph; this class of matrices will include the adjacency matrix
and the Hermitian adjacency matrix of Chapter 6. Then, we specialize to vertex-transitive case for

graphs and digraphs.

3.1 Matrices respecting adjacency

Let X = (V, E) be a digraph. We consider the following four relations between ordered pairs (u, v)

of distinct vertices of X:

(RO) there are no arcs between u and v, i.e. uv,vu ¢ F;
(R+) wv € E and vu ¢ E;

(R=) vu € E and uv ¢ E; and

(R1) wv and vu are both elements of E.

Observe that every pair of vertices (u,v) must satisfy exactly one of the relations (Ri) for i €
{0,+,—,1}. We may summarize this information with a mapping Rx : V x V — {0,+, —, 1},
where Rx (u,v) =i if (u,v) satisfies (Rq).



We are interested in matrices whose entries are related to adjacency in the digraph X. Let M
be a matrix with rows and columns, indexed by the vertices of X. We say that M respects the
adjacency of X if the following conditions hold:

(i) For every pair of vertices (u,v) and (z,y): if Rx(u,v) = Rx(z,y), then M(u,v) = M(z,y).
(i) M(u,u) = M(v,v) whenever u and v are in the same orbit under the action of Aut(X).

We may sometimes write that such a matrix M is a matrix respecting adjacency (of X ). The
adjacency matrix of a digraph X, denoted A(X), is the matrix such that

Alu, ) = {1, ifu##vand Rx(u,v) € {+,1};

0, otherwise.

Examples of matrices respecting the adjacency of X where X is a graph include the adjacency matrix
A(X), the Laplacian matrix L(X) and the signless Laplacian Q(X). For tournaments, the skew
symmetric adjacency matrix is a matrix respecting adjacency. For digraphs in general, the adjacency

matrix and the Hermitian adjacency matrix, which we introduce in Chapter 6, also respect adjacency.

3.1.1 Proposition. If M is a matrix respecting adjacency of digraph X and P € Aut(X), then
PTMP =M.

Proof. Observe first that PT = P~ for a permutation matrix P. Let X be a digraph, M a matrix
respecting its adjacency and P be the permutation matrix representing «, an automorphism of X.

For vertices u and v of X, we consider the (u,v) entry of the matrix PT M P and see that:
(PTMP)(u,v) = el (PTMP)e,
= (Pe,)" M(Pe,)
_ T
= ea(u)Mea(v)

= Ma(u),a(v):

Since « takes the pair (u,v) to (a(u), a(v)), we have Rx (u,v) = Rx(a(u), «(v)). Then M (a(u), a(v)) =
M (u,v) since M respects the adjacency of X. O

An immediate corollary of Proposition 3.1.1 is that any automorphism P preserves the eigenspaces
of M.

3.1.2 Corollary. If M is a matrix respecting adjacency of digraph X and P € Aut(X), then the
action of P on CV(X) fixes the eigenspaces of M.

Proof. Let M, X, and P be as in the statement of the corollary and let v be an eigenvector of

M with eigenvalue \. It suffices to show that Pv is also an eigenvector of M with eigenvalue A.
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Proposition 3.1.1 gives that M P = PM and so
M(Pv) = (MP)v=(PM)v=P(Av)=\Pv)

as claimed. 0

3.2 Simple eigenvalues of vertex-transitive digraphs

Let X be a vertex-transitive digraph on vertices [n] := {1,...,n}. Let M be a matrix respecting
adjacency for digraph X. Let A be a simple eigenvalue of M and let x € C" be a corresponding
eigenvector; for simplicity of notation, we consider C" = cvVX),

Let P € Aut(X). By Corollary 3.1.2, the action of P on C" fixes the A-eigenspace of M. Since
A is a simple eigenvalue, we see that Px = ax for some « € C. Since P is a permutation matrix,
x and Px have the same norm and so |a| = 1. Let m be the order of P; that is m is the least
positive integer such that P™ = [,,. Then P™x = a'x = x gives that « is a m-th root of unity.
In this way, given a simple eigenvalue A of M, we may define a mapping x(A,-) : Aut(X) — C, by
X(A, P) = a for P € Aut(X) where o € C is such that Px = ax for any x in the A-eigenspace of
M.

3.2.1 Lemma. The mapping x(\,-) is a character of Aut(X).

Proof. We need to show that x(J,-) is a homomorphism. Observe that x(\,I) = 1. Let P,Q €
Aut(X) and consider x (A, PQ). Let x be an eigenvector of M for \. Then Px = x(\, P)x and

Qx = x(\, Q)x. Then
PQx = P(Qx) = P(x(A, @)x) = x(A, @) Px = x(A, Q)x(A, P)x
and so x(A, PQ) = x(A, P)x(A, Q). O
We may obtain even more information about the entries of x.
3.2.2 Lemma. All entries of x have the same norm.

Proof. For u,v € V(X), let P € Aut(X) be an automorphism taking u to v. We know one exists,
since X is vertex transitive. Then Px = x(A, P)x and so x(u) = x(A, P)x(v). Since x(A, P) has
norm 1, we see that |x(u)| = |x(v)]. O

Then, we may assume that x(1) = 1, by taking the appropriate normalization.The algebraic

conjugates of an algebraic number « are the roots of the minimal polynomial of a over the rationals.

3.2.3 Lemma. Under the normalization x(1) = 1, the entries of x are roots of unity and are closed

under algebraic conjugation.

11



Proof. Let u # 1 be a vertex of X. Let P € Aut(X) such that P maps 1 to u. Then x(u) =
XA\, P)x(1) = x(\, P), which is a root of unity since x(A,-) is a character of Aut(X), a finite
group. Then, by taking the kth power of P, for any k, we see that x(u)" is an entry of x. O

If M is diagonalizable over R, like the adjacency matrix, then the entries of x must be real
roots of unity by Lemma 3.2.3, which are {£1}. For M = A(X), we have the following standard

theorem, which can be found in [5] or [18].

3.2.4 Theorem (Petersdorf and Sachs [49]). Let X be a vertex-transitive graph of degree k. If A
is a simple eigenvalue of A(X), then
A=k—-2«

for some integer o € {0, ... k}.

Proof. Let A be a simple eigenvalue of X and let v be a corresponding +1 eigenvector. Let x be a

vertex of X. Without loss of generality, we may assume v(z) = 1. We have that

> vly) = Av(z) = A (3.1)

y~z

Let @ (0 < a < k) be the number of neighbours y of = such that v(y) = —1. Then (3.1) implies
that A =k — 2a. O

3.3 Vertex-transitive digraphs with all eigenvalues simple

Let X be a vertex-transitive digraph on vertices [n|. Let M be a matrix respecting adjacency for
digraph X. Observe that since Aut(X) is a subgroup of all n x n permutation matrices, the action
of Aut(X) on C" is faithful.

3.3.1 Lemma. Suppose M is diagonalizable with all eigenvalues simple. For P,Q € Aut(X), if
X\, P) = x(\, Q) for every eigenvalue \ of M, then P = Q.

Proof. Since M is diagonalizable, it has an orthonormal eigenbasis vi,...,v, of C™ with cor-
responding eigenvalues A1,...,\,. For j € [n], we see from the hypothesis and definition that
X(Aj, P) = x(Aj,Q) implies Pv; = Qv;. Since this holds for every j, we see that the action of P
and () agree over a basis of C™ and, since the action of Aut(X) on C" is faithful, P = Q. O

3.3.2 Lemma. If M is diagonalizable with all eigenvalues simple, then Aut(X) is an abelian group.

Proof. Let P, € Aut(X) and X an eigenvalue of M. We see that

XA, PQ) = x(A, P)x(A, Q) = x(A\, @)x(\, P) = x(A, QP)

12



since complex numbers commute. Since this holds for every A, we see by Lemma 3.3.1 that PQ) =
QP. O

A Cayley digraph X = Cay(G, A) is a digraphical regular representation (DRR) of G if Aut(X) =
G. This condition is equivalent to requiring that Aut(X) act regularly on X.

3.3.3 Proposition. If all eigenvalues of M are simple, then X is a DRR of an abelian group.

Proof. Recall that we consider C* = CV(X) | Let x,1 be vertices of X. Since X is vertex transitive,
there exists P € Aut(X) mapping = to y; that is to say Pe, = e,. Suppose ) € Aut(X) also
maps x to y.

Let A be an eigenvalue of M with eigenvector v. Since P maps z to y, we must have that
Ve = X(A, P)vy.

But @) also maps z to y, so
Vg = X()‘v Q)Vy-

Lemma 3.2.2 says that every entry of v has the same norm, and so every entry of v is non-zero.
Then v, # 0 and we obtain that x (A, P) = x(A, Q). Since this holds for every choice of A, Lemma
3.3.1 implies that P = ( and we have shown that the action of Aut(X) is regular on X.

Since some subgroup of Aut(X) acts transitively and regularly on X, we have, by Sabidussi's
theorem (see [57]), that X is a Cayley digraph of Aut(X). In addition, since it is Aut(X) itself that
acts regularly on X, we have that X is a DRR of Aut(X), which is abelian by Lemma 3.3.2. O

13



Chapter 4

Interlacing for Hermitian matrices

In the theory of eigenvalues of graphs, the method of interlacing is a powerful tool. In this chapter,
we state and prove the main theorems about interlacing. The proofs are given here because these
theorems, while true for Hermitian matrices, are usually stated only for symmetric matrices. These
theorems are found in [27] and [31].

If (\:), and (u;)?=," are sequences of real numbers such that
AL > A2 g > 2 Mgl 2> fin—1 > Ap

then (u;)7=! is said to interlace (\;)7;. More generally, if Ay > --- > X\, and g > -+ > i, are

real numbers with m < n, then we say that (y;);, interlaces (\;);-; if
Ai 2 i 2> An—mi
fori=1,...,m. f m =n — 1, we see that this implies that
Ai > i > Nigt

fori = 1,...,n—1. For m < n — 1, this second interlacing is sometimes called generalized

interlacing. The interlacing is tight if there exists k € [1,...,m] such that
)\i:,ui forizl,...,k,

and

An—mi1 = s fori=k+1,....m.

Note the tight interlacing is a stronger condition than the containment of (p;)/™ in (A\;)};, when
considered as multisets. We will use these notions mostly where (\;)?_; is the multiset of eigenvalues

of an n x n matrix A and (p;)/", is the multiset of eigenvalues of an m x m matrix B.

14



4.1 Interlacing of principal minors

In this chapter, we follow the rational functions approach to interlacing in [27].

4.1.1 Proposition. [27] If A is an n X n Hermitian matrix and B an (n — 1) x (n — 1) principal

submatrix of A, then the eigenvalues of B interlace those of A.

Proof. Since B is a principal submatrix, B is the matrix obtained from A by deleting, say, the uth
row and column. Since A is a Hermitian matrix, we may use spectral decomposition of Section A.4

to decompose A into a sum of idempotents as follows:
A=Y 0F
0

where the sum runs over 6 distinct eigenvalues of A and FEjy is the idempotent projection matrix
onto the 6 eigenspace of A in C". For t a variable over C, consider the matrix (tI — A)~! where T

is the n x n identity matrix. We have

-1
(tI — A7t = (tl -> 9E9>
0

and since EpEy = O for 6 # 0" and Ej = Ej, we see that

[ R [

0 0 0
t 0
=2 gt 2 gt
t—0
=2 gt
:ZE9
0
=TI
Then .
-1
(tI — A) —Zt_eEg

The (u,u)-entry of this matrix is

15



for which we may obtain a different expression using Cramer's rule as follows:

¢(B, 1)
$(A,1)

(tI — A)y,, =

where ¢(M,t) is the characteristic polynomial of M in variable ¢t. This gives

fﬁgg = (Z 75—10E0> : (4.1)

0

)

For Hermitian matrices, the idempotent matrices in the spectral decomposition are positive
semi-definite. Thus, the diagonal elements of Ey are non-negative for each 6. If we differentiate

both sides of equation (4.1) with respect to ¢, we obtain

d¢Bt

dt ¢(A 29:

)u,u :

Since each (Fy is non-negative, we see that

Jusu

<0.

Then, between any two poles of ¢EA t; there is exactly one zero. This shows that the roots of

¢(B,t) interlace those of ¢(A,t), as required. O

The following useful theorem follows from iterated application of Proposition 4.1.1.

4.1.2 Theorem. If A is a Hermitian matrix and B is a principal submatrix of A, then the eigenvalues
of B interlace those of A.

4.2 Generalized interlacing

In this section we will introduce the generalized interlacing theorems of Haemers [32, 10, 31]. We
will provide interlacing properties for matrices following [31] and then, in Section 4.3, we will show
the equivalence to the interlacing in Section 4.1.

The following is the main theorem concerning generalized interlacing. Note that we use M* to

denote the conjugate transpose of matrix M.

4.2.1 Theorem. [32] Let A be a Hermitian n x n matrix and let S be a complex n X m matrix
such that S*S = I. If B = S*AS, then the eigenvalues of B interlace the eigenvalues of A.
Furthermore, if the interlacing is tight, then SB = AS.

To prove Theorem 4.2.1, we need some linear algebra; in particular, we need Rayleigh's Theorem,
see [34, Theorem 4.2.2]. We will give the theorem statement but not the proof.
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4.2.2 Proposition (Rayleigh). Let vi,...,v, be an orthonormal eigenbasis of a n x n Hermitian

matrix A with corresponding eigenvalues A1 > --- > \,. Then

- ;4 Y (4.2)
vV

ifv e (vy,...,v;) and
Y :4v <A (4.3)
vV

ifv € (vi,...,vi_1)". Furthermore, equality holds in 4.2 iff v is an eigenvector of A for \; and

equality holds in 4.3 iff v is an eigenvector of A for \;.
We are now ready to prove Theorem 4.2.1.

Proof of Theorem 4.2.1 Recall that A is a Hermitian n x n matrix, S is any complex n x m matrix
such that S*S = I and we define B to be B := S*AS. Let A\ > --- > \,, be the eigenvalues of A
with corresponding orthonormal eigenbasis {ui,...u,}. Let pg > -+ > uy,, be the eigenvalues of

B with corresponding orthonormal eigenbasis {vy,...v,}. Fori € {1,...,m}, consider
W; = <V1, ey Vi> N <S*u1, . ,S*ui_1>l.

Since the first term of the intersection has dimension 7 and the second term has dimension m—i+1,
then W; is a non-trivial subspace of C". We may choose nonzero x; € W;. Then, since S§* =1,
we have that Sx; € (uy,...,u;_1)*. Then, by Proposition 4.2.2, we have that

(Sxi)*A(Sx;) x!Bx;

;> = > ;. .
iz (Sx;)*(Sx;) XIX; i (4.4)

If the interlacing is tight, then for some k& € {1,...,m}, equality holds for all i = 1,...,k in
Equation 4.4. By Proposition 4.2.2, equality occur for 7 = j if and only if x; is an eigenvector of
B for eigenvalue p; and Sx; is an eigenvector of A with eigenvalues \;. Similarly, if we apply the
above argument to —A and —B, we obtain that A\,_,,+; < pi. In the case of tight interlacing,
An—m+i = pi for i =k +1,...,m. By Proposition 4.2.2, equality occur for i = j if and only if x;
is an eigenvector of B for eigenvalue p; and Sx; is an eigenvector of A with eigenvalue A\;. Thus,

SBXi = ,uZ'SXi = )\nferiSXi = ASXz

where the x; are as chosen above. Since AS and SB are n x m matrices and {x;}/", is an
orthonormal basis of C™, the action of AS and SB agree over C" implies that AS = SB. O

In general, we apply Theorem 4.2.1 to a matrix and the quotient matrix of some partition of

the matrix into block matrices. Let A be a Hermitian matrix. Let P be a partition of the rows of
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A which induces a partitioning of A into block matrices as follows:

A - A
A= | :
Aml e Amm

where the A;; are block matrices and the corresponding partition of the rows and columns is
X ={Xi1,...,Xm}, as a partition of [n]. Note that since we are interested in the eigenvalues of
A, which are preserved under permuting the rows and columns simultaneously, we may assume all
partitions of the rows of A are of this form. The quotient matrix of A with respect to partition P
is B where the ijth entry is )
Bjj = WITA”I

the average row sums of the blocks of A, where 1 denotes the all ones vector. If A;; has constant
row sums for all 7,7 € {1,...,m}, then the partition P is said to be an equitable partition of the

rows of A.

4.2.3 Corollary (Haemers). Let A be a Hermitian matrix and B be its partition matrix with respect
to partition P. The eigenvalues of B interlace those of A. If the interlacing is tight, then P

is an equitable partition of the rows of A. If P is an equitable partition of the rows of A, then

o(B) C a(A).

Proof. Let S be the characteristic matrix of the partition X; that is, S has rows indexed by [n] and

columns indexed by sets X1, ..., X,, such that

~ 1 ifie Xj ;
0 otherwise.

Then, the quotient matrix B is as follows:

1 1

Bij = 1741 = STAS
1] |X’L| 1] |X7,| ( )”7
and
B=D"'S"AS
where D is a diagonal matrix defined as follows:
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Since D is diagonal, we can let
B=D:D'§*ASD 2 = D"2§*ASD" 2.

Let S = SD™2. We can see that S5* = Ix, and S*S = Iupm. In addition B = S*AS. Then
by Theorem 4.2.1, the eigenvalues of B interlace those of A. Observe that B is similar and hence

cospectral to B. The equality conditions follow. O

Note that if o(B) C o(A) it is possible but not necessary for the partition to be equitable.

4.3 Interlacing properties

In this section, we will remark that though Theorems 4.1.2 and 4.2.1 have very different approaches,
they are in fact equivalent.

Suppose B is a prinicipal submatrix of Hermitian matrix A. Then we may reorder the rows and
columns on A and B so that B = S*AS, where S = (I O)T. Hence, the interlacing of prinicipal
submatrices follows from Theorem 4.2.1.

If A and B are n x n and m X m Hermitian matrices, respectively, where B = S§* AS for some
S with orthonormal columns, then we will show that B is a principal submatrix of some matrix
which is cospectral with A. Since the columns on S are orthonormal, we may extend S toan xn

orthogonal matrix; we may choose () such that

C)

is an orthogonal matrix. Let

) . $*AS  S*AQ B 574Q
A=(s @) 4(s @)= (Q*AS Q*AQ> - (Q*AS Q*AQ)'

We see that B is a principal submatrix of Aand Ais cospectral to A, since A and A are similar

matrices. This shows that Theorem 4.1.2 imples Theorem 4.2.1 and vice versa.
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Chapter 5

Adjacency matrix of digraphs

In this chapter, we give background information on the adjacency matrix of digraphs, for the purposes
of comparisons with the Hermitian adjacency matrix. For this chapter, eigenvalues of a digraph are
the eigenvalues of its adjacency matrix. We refer to standard texts in algebraic graph theory [10, 18]
for any definitions omitted here and for further information. We also discuss the known results on

the adjacency matrices of tournaments, in particular.

5.1 Incidence matrices

The in-incidence matrix of a digraph X is the |V| x |E| matrix Dy, with rows indexed by vertices

and columns indexed by edges such that the (u,e) entry is as follows:

Di(u.e) = {1 if u=h(e);

0 otherwise.

Similarly, the out-incidence matrix of X is the |V| x |E| matrix Dy, with rows indexed by vertices

and columns indexed by edges such that the (u,e) entry is as follows:

Dy(u.e) = {1 if u=t(e);

0 otherwise.

Note that Dy — Dy, is the usual incidence matrix of X. The adjacency matrix of a directed graph

X is the matrix A with rows and columns indexed by the vertices of X, such that

1 if there exists an edge e such that u = t(e) and v = h(e);
A(u,v) =
0 otherwise.

One can easily verify that A = D, D}
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5.2 Characteristic polynomial

Following [10, 18], we find an expression for the characteristic polynomial of a directed graph.

A basic digraph is a digraph on n vertices with ¢ isolated vertices and in-degree and out-degree
equal to 1 at the other n — ¢ vertices. Let X be a digraph on n vertices. A basic subdigraph of
order i of X is a spanning subdigraph of X with ¢ isolated vertices and in-degree and out-degree
equal to 1 at the other n — i vertices. Note that the set of all basic subdigraphs of the digraph of
K, is in one-to-one correspondence with Sym(n); to 0 € Sym(n) we associate the basic digraph
with arc set {1lo(1),...,no(n)}, with all loops deleted. Figure 5.1 shows an example of a basic
digraph of order 1 in D (Kg), which corresponds to the permutation (123)(4)(56).

®)
@

Figure 5.1: Example of a basic subdigraph ofﬁ(Kﬁ).

5.2.1 Lemma. Let X be a digraph with n vertices and A be its adjacency matrix. Then the

characteristic polynomial of A is

(A, t) = Xn: cit?
=0

where ¢; = 3 (—1)%C) where the sum runs over all basic subdigraphs of order i of X and ¢(C) is

the number of cycles of C.

Proof. Recall that ¢(A,t) = det(t — A). For simplicity, we will let V(X) = {1,...,n}. For any

n X n matrix M,

det(M) = Z Sgn(J)Mlo‘(l) T Mna(n)'
oc€Sym(n)

Let M =tI — A. Suppose o € Sym(n) has ¢ fixed points. The term contributed by

Sgn(U)Mlo'(l) T Mno(n)

is a constant multiple of ¢!. If the basic digraph associated with ¢ is not a basic subdigraph of
X, then the term sgn(o)Mg(1) - - Myo(n) is 0. Otherwise, let C' be the basic subdigraph of X
corresponding to o.
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Consider the cyclic decomposition of ¢ into disjoint cycles. We may conflate the notation and
allow ¢(o) to denote the number of cycles of length greater than 1 in the cyclic decomposition of o.
A cycle of length m can be written as the product of m — 1 transpositions. Then sgn(o) = (—1)¢,
where e is a the number of even cycles. Observe that the number of odd cycles is equal to n — @
mod 2. Then e = ¢(0) +n —4 mod 2 and we have that sgn(o) = (—1)"#+e(9),

The number of cycles of length greater than 1 in ¢ is same as the number of directed cycles in
C. Thus, we obtain that

Sgn(U)Mla(l) e Mna(n) — (_1)n7i+c(a)(_1)n7iti _ (_l)c(g)ti
Therefore the coefficient of t* in det(tI — A) is

Z Sgn(U)Mla(l) T Mna(n) = Z (_1)0(0)'

o with exactly 7 fixed points o with exactly ¢ fixed points

Thus we may write the coefficient of ' in the characteristic polynomial of X as

> (-1

C
where the sum runs over all basic subdigraphs of X or order . O

Note that the above implies that edges which do not occur in any directed cycle of X do not

affect the characteristic polynomial and we obtain the next easy corollary.
5.2.2 Corollary. A directed graph is acyclic if and only if its adjacency matrix is nilpotent.

Proof. If a graph X is acyclic, then 5.2.1 implies that the adjacency matrix has characteristic
polynomial ¢(A(X),t) = tIV(X)I and is hence nilpotent.

Let A be the adjacency matrix of X. If A is nilpotent, then we can simultaneously permute the
rows and columns of A so that A is upper-triangular with Os on the diagonal. We can label the
vertices of X as {x1,...,x,} by their order as columns on A. Then, we see that any cycle requires

an edge from x; to x; where j < 4, which does not exist. Thus X is acyclic. O

We may observe that a digraph X is acyclic if and only if there is an ordering of the vertices
such that A(X) is upper-triangular.

5.3 Bounds on eigenvalues

For a strongly connected digraph X, the matrix A(X) has non-negative entries and so the Perron-
Frobenius theorem A.5.1 holds and A(X) has a real, nonnegative eigenvalue p with a real nonnega-

tive eigenvector. The following theorem bounds the real parts of the other eigenvalues. The Perron
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value of an irreducible matrix M with non-negative entries is the largest real eigenvalue, as in the
Perron Frobernius theorem. The eigenvalues of M which are not the Perron value are said to be the
non-principal eigenvalues. Note that the graph G corresponding to a digraph X in Theorem 5.3.1
differs from G/(X) as given in Section 2.1, since it is a multi-graph with parallel edges corresponding

to the digons of X. The result in Theorem 5.3.1 is a special case of a theorem of Bendixson in [3].

5.3.1 Theorem. [3] Let X = (V, E) be a strongly connected, regular digraph on n vertices and
let G be the multi-graph on V' with an edge ey, for each arc uv € E. Let puy > --- > u, be the

eigenvalues of G. Then all non-principal eigenvalues \ of D satisfy

Proof. Let A be the adjacency matrix of X. Then B = A+ AT is the adjacency matrix of G. Since
X is regular, the all ones vector 1 is an eigenvector for both A and B. Let z be an eigenvector of

A with Az = Az, where z is orthogonal to 1. Then we see that

7Z' Bz =17 (A+ AT)z
=z Az + 7' ATz
= 7! (Az) + (Az)"z
= \alz 4 Nzl z

—2Re )z z.

On the other hand, B is symmetric and so has an orthonormal eigenbasis {v1,...,v,}, where

Bvj = pjv;. Then z is orthogonal to vi =1 and there exists {a;}7_, such that

n
z = Z ajvj.
=2

Then,

z! Bz = Z oTiozj\TiTij
i,j>2

n
= lajPuy.
=2
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Since po > -+ > Uy, we have

n n

n
D agPue = laPuy =D oy um
j=2

Jj=2 Jj=2

n
'z > o Puy > pnz’ 2.
=2

Then,

pozlz > 2Rerzlz > 7' z

12 Un
H2 S Rea > Hn.
g = A=

5.4 Eigenvalues symmetric about 0

A directed cycle is said to be even (resp. odd) if it has even (resp. odd) length. Let X be a digraph
on n vertices with eigenvalues {\1,...,\,}. We say that the eigenvalues of X are symmetric about
0 if for each j = 1,...,n, Aj and —\; occur with equal multiplicity in the spectrum of X. In the
case of undirected graphs, the graphs with eigenvalues symmetric about 0 are precisely the bipartite

graphs. This is also the case for strongly connected digraphs.

5.4.1 Proposition. A directed graph X has eigenvalues symmetric about 0 if and only if all directed
cycles of X are even.

Proof. A basic subgraph on n vertices of order j with n — j odd has an odd cycle. Observe that
there exists a basic subdigraph of X, a digraph on n vertices, of order j with n — j odd if and only
if X contains an odd directed cycle. Every directed cycle of X is even if and only if the coefficient
of all t/ where n — j is odd is 0 in ¢(A(X),t). Let m,a € Z>o be such that n = 2m + a, where
a is the remainder of n when divided by 2. Then, every directed cycle of X is even if and only if
¢(A(X),t) can be written as

HAX),t) =Y anojt" 2 =123 agy_ojt™ % = t7f(?)
§=0 J=0

where f(z) =371 a9m—2;2™ 7. If A1, ..., A, are the roots of f, then the roots of ¢(H(X),t) are
+A; for j =1,...,m and one additional 0 if a = 1. Thus the eigenvalues of A(X) are symmetric

about 0 if and only if every directed cycle of X is even. O

5.4.2 Proposition. A strongly connected digraph X has all directed cycles even if and only if the
underlying graph is bipartite.
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Proof. Let X be a digraph of order n. It is clear that if I'(X) is bipartite, then every directed cycle
of X is even. It remains to show the converse direction.

Suppose, for a contradiction, that X is a strongly connected digraph where all directed cycles
have even length and that I'(X) is not bipartite. We will first show that there exists a closed walk
of odd length in X.

Consider a cycle C' = (v, ..., Um—1,0m = vg) in I'(X), whose length, m, is odd. For j € Z,,,
we will find a directed path P; 1 of odd length from v; and vji 1. If (vj,vj41) is an arc of X,
then Pj 11 = (vj,v;41) and has length equal to 1. Otherwise, (v;+1,v;) € E(X) and, since X is
strongly connected, there exists a directed path from v; to vj;1 using arcs of X. Let P; ;1 be any
such path. Then P; ;1 together with arcs (vj11,v;) gives a directed cycle of X. Since all directed
cycles have even length, we obtain that P; ;1 has odd length. Now consider the walk T obtained
by concatenating paths Py 1,. .., Py—1,m. Since W starts and ends at vy = vy, it is a closed walk
consisting of m paths, each of which has odd length. Then W is a closed walk of odd length.

Since there exists an odd closed walk in X, we may choose W’/ = (wo, ..., wr = wp) to be the
shortest odd closed walk of X. Since all directed cycles have even length, W is not a directed cycle
and hence traverses some vertex v at least twice. Let j be the index such that w; = v and let v,
be the next occurrence of v in (wo,...,wg—1). Let W’ = (v;,vj41,...,v;4r) be the subsequence
of path W’ from v; to v;4,. Since W" is a closed walk of shorter length than W”, its length r must
be even. We may remove W” from W' to get

E3
W* = (wo, sy Vi1,V = Vg, Ujgp g1,y -« - W = ’LU())

an odd closed walk with length strictly shorter than that of W/, a contradiction. O

We note that the property of being strongly connected in Proposition 5.4.2 is necessary. Every
acyclic digraph has all eigenvalues equal to 0 and hence are trivially symmetric about 0, but need
not have bipartite underlying graphs. It is also not difficult to find digraphs containing digons with
eigenvalues symmetric about 0, where the underlying graph is not bipartite. Figure 5.2 gives two

such examples.

D1 D2
G(A(Dy),t)=t3—t A(A(Da,t)=t*—2t2+1

Figure 5.2: Two digraphs with eigenvalues symmetric about 0, whose underlying graph is not
bipartite.
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5.5 Adjacency matrix of tournaments

The tournaments attaining the maximum and minimum Perron values have been well-studied.
Brauer and Gentry showed in [8] that, for odd n, the n X n tournament matrices which attain
the maximum Perron value are precisely the regular tournaments. The Brualdi-Li conjecture [11]
about the tournament matrices of even order attaining the maximum Perron value has recently been
solved by Drury in [24]. The strongly connected tournaments attaining the minimum Perron value
have also been studied in [21] and characterized by Kirkland in [39].

Other spectral properties of tournaments have been studied. The number of distinct eigenvalues
of a tournament has also been studied. A family of tournaments with all simple eigenvalues is given
in [21]. Hadamard tournaments, which coincide with doubly regular tournaments, are studied in
[21, 54]. The rank of a tournament matrix has been studied in [20, 9, 21].
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Chapter 6

Hermitian adjacency matrix of digraphs

In this chapter, we study the Hermitian adjacency matrix of digraphs. We are interested in its
spectral properties. In particular, we would like to study properties that two digraphs must share
if they are cospectral with respect to the Hermitian adjacency matrix. The Hermitian adjacency

matrix recently appeared in [41].

6.1 Definitions

For a digraph X = (V, E)), we consider the Hermitian adjacency matrix H := H (X)), whose entries
are given by
1 ifuv and vu € E;

i ifuve E andvu ¢ E;
—i ifuv ¢ E and vu € F;

0 otherwise.

If every edge of X lies in a digon, then H(X) = A(X), which reflects that X is, essentially,
equivalent to an undirected graph.

Since i is a primitive fourth root of unity, we can easily see that
HoHoHoH

is the adjacency matrix of the underlying graph of X, where o denotes the entry-wise matrix product,
also called the Schur product or Hadamard product.

Observe that H is a Hermitian matrix and so is diagonalizable with real eigenvalues. The
following lemma contains properties that are true for adjacency matrices which also carry over to

the Hermitian case.

6.1.1 Lemma. For a digraph X on n vertices and H = H(X) its Hermitian adjacency matrix, the
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following are true:
(i) all eigenvalues of H are real numbers;
(ii) if v.and w are eigenvectors of H corresponding to different eigenvalues.

The eigenvalues of H(X) are the H-eigenvalues of X and the spectrum of H(X) is the H-
spectrum of X . We will denote the H-spectrum by o (X) and we will express it as either a multiset
of H-eigenvalues or a list of distinct H-eigenvalues with multiplicities in superscripts. We say that
digraphs X and Y are H-cospectral if H(X) and H(Y) are cospectral matrices. Since H(X) and
H(Y') are diagonalizable, X and Y are H-cospectral if and only if H(X) and H(Y') have the same

characteristic polynomial; that is

Recall that digraphs X and Y are cospectral (or A-cospectral, if we wish to distinguish between the
two matrices) if A(X) and A(Y') have the same characteristic polynomial. To avoid ambiguity, we
will refer to eigenvalues and spectrum of X with respect to its adjacency matrix as the A-eigenvalues

and A-spectrum, respectively.

6.2 Characteristic polynomial of H

We first examine one of the coefficients of the characteristic polynomial of H(X) and describe the

combinatorial objects that it counts, then we give the formula for the characteristic polynomial of
H(X).

6.2.1 Lemma. For X a digraph and H = H(X) its Hermitian adjacency matrix,
Hy, = d(u)
where d(u) is the degree of u in the underlying graph of X.

Proof. Since H is Hermitian and has only entries 0, 1 and £, we have

HuvHvu = uvHuv =1
whenever H,, # 0. This implies that the (u,u) diagonal entry in H? is the degree of u in the
underlying graph of X. O

Note that the degree of a vertex = of digraph X in the underlying graph of X is equal to
|INx(x) UNF(2)|. Lemma 6.2.1 immediately gives the following information about the coefficient
of "2 in the characteristic polynomial of a digraph X on n vertices.
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6.2.2 Corollary. The coefficient of t"~2 in ¢(H(X),t), is —e where e is the number of edges of
the underlying graph of X.

Proof. Let X be a digraph on n vertices, let I' be its underlying graph, and let H := H(X). Let
A1, ..., An be the eigenvalues of H. Then the characteristic polynomial of H can be written as

P(H,t) = Zn: cit" = (= A) - (= M)
j=0

Then, the coefficient of "2 is

Cy = Z /\j)\k-

1<j<k<n

Observe that

n 2 n n
YA =2 Y A= 3N 20 = u() + 2
j=1 1<j<k<n Jj=1

The matrix H has all zeroes on the diagonal, and so 2?21 Aj = 0. Then, we obtain that
0 = tr(H?) + 2co.

By Lemma 6.2.1, we have that tr(H?) = > uev(x) dr(u) = 2e, where e is the number of edges of
I'. Thus ¢c; = —e. O

Using the definition of matrix determinant, we can write the characteristic polynomial of H(X)
in terms of cycles in the underlying graph. Recall the definition of basic digraphs from Section
5.2. Here we will consider basic subdigraph in the digraph of the underlying graph of X. Recall
the function Rx defined for a digraph X in Section 3.1. The following result appears in [41] as
Theorem 2.8.

6.2.3 Theorem. [41] Let X = (V, E) be a directed graph with n vertices and H = H(X) be its
Hermitian adjacency matrix. Then the characteristic polynomial of H is

mezi%ﬁ
§=0

where cj = Y. 2O HiH-(C)+2r+(C) | \where the sum runs over all basic subdigraphs C' of order
j in D(D(X)) and r,(C) = |[{uv € E(C) | Rx(u,v) = k}|.

Proof. Let T' := I'(X) be the underlying graph of X. For simplicity, we will let V(X) = {1,...,n}.
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Recall that ¢(H,t) = det(t] — H). Let M =tI — H, then

det(M) = Z Sgn(a)Mlo'(l) T Mna(n)’
oc€Sym(n)

Suppose o € Sym(n) has j fixed points. We let
he = Sgn(U)Mla(l) T Mno(n)

which is the term contributed by ¢ in the sum for the determinant. We see that h, is a constant
multiple of t/. If the basic digraph associated with o is not a basic subdigraph of D (I'(X)), then
the term h, is 0. Otherwise, let C' be the basic subdigraph of D (I'(X)) corresponding to o.

Let C be the digraph on vertex set V' with arc set E(C) = {¢o(¢) : £ € V'}. Consider the cyclic
decomposition of ¢ into disjoint cycles. We use ¢(C') to denote the number of directed cycles in C,
which will coincide with the number of cycles of length greater than 1 in the cyclic decomposition of
o. A cycle of length m can be written as the product of m—1 transpositions. Then sgn(o) = (—1)¢,
where e is a the number of even cycles. Observe that the number of odd cycles is equal to n — j
mod 2. Then e = ¢(C) +n —j mod 2 and we have that sgn(c) = (—1)"~7+¢(C),

For uv € E(C),

—i, if Rx(u,v) =+
My = 1, if Rx(u,v) =—; and
-1, if Rx(u,v) =1.
Then,

hy = (—1)=7+elO)F(C) (_j)yr+(C)r-(C)

_ i2(nfj)+20(0)+27"1 (C)+3rL(C)+r_(C)

— i3(n—j)+2c(c)+r1(C’)+2r+(C)

i?c(C) —n+j+r1(C)+2r(C) 7

where the third equality is due to n — j = 7. (C) + r_(C) + r1(C).
From this, we see that the coefficient of ¢/ in det(M) is 3" i2(C)=nHi+71(C)+2r+(C) " \where the

sum runs over all basic subdigraphs of order j in D (I'(X)). O

We give an example for clarity; Figure 6.1 shows, from left to right, an example of a digraph
X, a basic subdigraph C of DI'X corresponding to the permutation o = (123)(4)(56), and C' with
arcs labelled by their contribution to h,.

We may verify that the expression for ¢,,—o from Theorem 6.2.3 agrees with the result in Corollary

6.2.2. Using this theorem, we can see the following lemma, which is also given in [41].
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C

Figure 6.1: An example of a digraph X, a basic subdigraph C of D (I'(X)), and C with arcs labelled
by their contribution to the term in det(t] — H(X)).

6.2.4 Lemma. [41] Supposed u,v are vertices of a digraph X such that Rx(u,v) = 1. Ifuv is a
cut-edge of T'(X), then the spectrum of H(X) is unchanged when Rx (u,v) is changed to + or —.

Proof. Let X; be the component of X with edges uv and vu deleted containing vertex u and Xs
be the digraph induced by the vertices V(X)) \ V(X1), including v. Let Y be the disjoint union
of X7 and X5 with the arc uv added. Let Y_ be the disjoint union of X; and X5 with the arc vu
added. Let Y7 = X, which is the disjoint union of X7 and X5 with both arcs uv and vu added. We
will show that the characteristic polynomial of H(Y}) are equal for j € {+, —, 1}, by showing that
the contribution of the arcs with both endpoints in {u, v} to the coefficients in Theorem 6.2.3 are
equal.

Fix j € {+,—,1} and consider all basic subdigraphs of D (T'(Y;)) containing either uv or vu.
Since wv is a cut-edge in I'(X), every such basic subdigraph must use both edges. In other words,
{u,v} is a component consisting of a digon. Then, the contribution of this component to the
coefficient in 6.2.3 is either (—i)i, i(—i), or (—1)(—1) for j = +, —, 1, respectively. In any case,
the contribution is equal to 1. O

6.3 Directed walks

Analogous to the results for the adjacency matrix found in standard texts like [5], we may write the
(u,v) entry of H(X)F, for a digraph X, as a weighted sum of the walks in T'(X) of length k from
u and v. In fact, we will do so in more generality for any matrix M respecting the adjacency of X.

6.3.1 Proposition. Let X be a digraph and M be a matrix respecting the adjacency of X. For
vertices u,v € V(X)) and any positive integer k, the (u,v) entry of the kth power of M is as follows:

wew
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where W is the set of all walks of length k from u to v in I'(X) and for W = (vg,...,vx) € W,
where vg = u and vy = v, the weight is

k—1
wt(W) = [ Mo, ;.-
j=0

Proof. Let X = (V, E). Fix vertices u and v. We proceed by induction. For k = 1, the walks of
length 1 in I'(X) are precisely the edges of I'(X) and the weight of any such walk is just M,,.

Assume that the statement is true for £ < m and consider when k = m + 1. Then,

(Mmth) =),

U,V

and (M™*1) s equal to the product of the uth row of M™ with the vth column of M. Then

U,

(Merl) _ Z (Mm)uwav
wv weV
Let hy = (M™)ywMyy for w € V. If w < v in I'(X), then hy,, = 0. Otherwise, w ~ v € I'(X)

and

hy = Z wt(W)

Wew,,

where W, is the set of all walks from u to v of length m + 1 in I'(X), where w is the penultimate,
or mth, vertex of W. Since every walk from u to v of length m + 1 is in W, for a unique w, we
have that Uy,ey Wy = W, where W is the set of all walks of length m from u to v in I'(X). Then

we have that
Z hy = Z wt (W)
weV Wew

which concludes the induction. O

We will use Proposition 6.3.1 to find an expression for tr(H(X)3) in terms of numbers of

sub-digraphs isomorphic to certain types of triangles.

6.3.2 Proposition. For any digraph X, we have tr(H (X)) = 6(x4 + x5+ 27 — x3) where z; is the
number of copies of X; as an induced sub-digraph of X and X are digraphs as shown in Figure
6.2.

Proof. Let X = (V,E) and H := H(X). We apply Proposition 6.3.1 to obtain:

tr(H?) = > (H)oo =Y. Y. wt(W)

veV veV Wew,

where W, is the set of closed walks at v of length 3 in I'(X) and wt as defined in Proposition
6.3.1. Every closed walk of length 3 has C'3 as its underlying graph. For simplicity, we will refer
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to any digraph with C5 as the underlying graph as a triangle and we will call a sub-digraph of X
isomorphic to a triangle a triangle of X. In Figure 6.2, we enumerate all non-isomorphic triangles.

NN

X1 Xo

X5 X6 X7

Figure 6.2: All non-isomorphic digraphs on 3 vertices whose underlying graph is a 3-cycle.

Let X1,..., X7 be the digraphs as shown in Figure 6.2. If C' is an induced triangle of X, then
C = Xj for some j € 1,...,7; each such sub-digraph C' of X contributes 6 closed walks of length
3, two choices for the direction of traversal and 3 choices for the starting vertex. We now consider
closed walks of length 3 on X;. Observe that such a walk W will have wt(W) depending only on
whether it is a clockwise or counter-clockwise walk with respect to the drawing of X; in Figure 6.2,

and not on the choice of the starting vertex. We summarize the information about the weights of
walks in X in Table 6.1

wt (W) wt(W)

J | W a clockwise walk in X; | W a counter-clockwise walk in X
1] —i i

201 —1

3] -1 -1

4|1 1

511 1

6|1 —1

7|1 1

Table 6.1: Weights of closed walks of length 3 on X, for j =1,...,7.

Observe that for j = 1,2,6, the walks on opposite direction will cancel in the sum for tr(H?).
Thus,

tr(H?) = 6(xq + 25 + o7 — 3)

where z; is the copies of X; as an induced sub-digraph of X. We may observe that X; for

j = 4,5,3,7 are precisely the triangles with an even number of arcs which are not incident to
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digons. O

6.4 Connectivity

As in the case of the adjacency matrix, it is easy to see that H(X) is an irreducible matrix if and
only if I'(X) is connected. The H-spectrum of a digraph X does not determine if X is strongly-
connected, weakly-connected or not connected. In Figure 6.3, we give an example of three digraphs;
X1, X5 and X3. For j = 1,2,3, we compute that

o(H(X;),t) = t° — 5t3 + 26> + 2¢.

Observe that X is strongly connected, X5 is weakly connected but not strongly connected, and X3

is not weakly connected.

X1 X9 X3

Figure 6.3: H-cospectral digraphs on 5 vertices with different connectivity properties.

6.5 H-Eigenvalues symmetric about 0

We have shown in Section 5.4 that, for a digraph X, its A-eigenvalues are symmetric about 0 if
and only if I'(X) is bipartite. Here, we consider digraphs X whose H-eigenvalues are symmetric
about 0. Note that the eigenvalues of H are real and can be ordered as Ay > --- > \,, they are
symmetric about 0 if and only if A\; = —\,_;41 for j = 1,...,n. The following proposition also

appears in [41] as Corollary 2.13.

6.5.1 Proposition. [41] For a digraph X, ifI'(X) is bipartite, then the H -eigenvalues are symmetric
about 0.

Proof. First we observe that if a basic digraph on n vertices of order j has n — j odd, then it
must contain an odd cycle. Let X be a digraph on n vertices. If I(X) is bipartite, then D (I'(X))
contains no odd cycle, and so has no basic subdigraph of order j such that n — j is odd. Thus, in
¢(H(X),t), the coefficient of all / where n — j is odd is 0. Let m,a € Z>g such that n = 2m +a,
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where a is the remainder of n when divided by 2. Then

S(H(X),t) =3 anooit"™ 2 =123 agm_ojt™™ 2 = 12 f(?)

j=0 j=0
where f(z) = X7 agm—2j2™ 7. If A1,..., Ay, are the roots of f, then the roots of ¢(H (X),t) are
£); for j = 1,...,m and one additional 0 if a = 1. Then the H-eigenvalues of X are symmetric
about 0. O

The converse to Proposition 6.5.1 is not true. For example, the digraph CN’g, in Figure 6.4 has
eigenvalues ++/3, 0.

C3

Figure 6.4: A digraph on 3 vertices with H-eigenvalues symmetric about 0 whose underlying graph
is not bipartite.

In fact, every oriented graph has H-eigenvalues symmetric about 0. Proposition 6.5.2 below

appears in [41] as Corollary 2.13. We give a different proof here.

6.5.2 Proposition. [41] If X is an oriented digraph, then the H-eigenvalues of X are symmetric
about 0.

Proof. Let X be an oriented graph on n vertices and H := H(X). Let the eigenvalues of H be
M > X >...> N\, Let M =iH. Then, M is a skew-symmetric matrix with purely imagi-
nary eigenvalues i\j,...,i\,. Since M has rational entries, ¢(M,t) is a polynomial with rational
coefficients. Then, by Theorem B.1.1, every eigenvalue p of M occurs with the same multiplic-
ity as its complex conjugate. Since the eigenvalues of M are purely imaginary, each eigenvalue
p € {iX1, ... i\, } occurs with the same multiplicity as —p. Then i\; = —i\,—_;41, and H has
eigenvalues symmetric about 0. O

There are digraphs with H-eigenvalues symmetric about 0, which are neither oriented nor have
bipartite underlying graphs. Computationally, we verified that there are no such graphs on fewer than
4 vertices. Using a Sage computation, on 4 vertices, we find that there are exactly seven H-cospectral
classes with H-spectrum symmetric about 0, which contains digraphs which are not oriented, whose
underlying graph is not bipartite. One of these classes contains exclusively such digraphs; this class
contains 15 non-isomorphic digraphs all of which have underlying graphs isomorphic to Ky, and

which contain at least one digon. One graph from this class, D, is shown in Figure 6.5. The
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characteristic polynomial of D is

which has its roots symmetric about 0.

D

Figure 6.5: An example of a digraph on 4 vertices, having H-eigenvalues symmetric about 0, but
not oriented and not bipartite.

6.6 Largest H-eigenvalue

For a digraph X, let the eigenvalues of H := H(X) be \; > --- > \,,. Note that since H is not a
matrix with non-negative entries, there is no analogue of the Perron value of the adjacency matrix
and the properties of \; are highly unintuitive. Figure 6.6 shows a strongly connected digraph K7 on
3 vertices with H-eigenvalues {1(2), —2}. This shows that, in general, A; is not necessarily simple

or largest in magnitude.

K3
Figure 6.6: Digraph K3.

Instead of considering the largest eigenvalue, we may consider the largest eigenvalue in absolute
value (the spectral radius), for which we find a bound that is analogous to the adjacency matrix.
The spectral radius of matrix M is denoted p(M) and

p(M) = max{|A| | A an eigenvalue of M}.

6.6.1 Proposition. For a weakly connected digraph X with H-eigenvalues A1, ..., \p, p(H(X)) <
A(L(X)). If equality holds, then T'(X) is a A(I'(X))-regular graph and there exists an eigenvector
of H(X) corresponding to eigenvalue p(H (X)) with entries in {1, +i}.
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Proof. Let H := H(X) and let A\ be an eigenvalue of H with eigenvector x. Choose v € V(X)
such that |x(v)| is maximal. Now we consider the v entry of Hx. For simplicity of notation, we
will write N (v) := Ny (v) N N¥(v). We obtain

(Hz)(v) = Z x(u) +1 Z x(w) —1 Z x(x).

u€N (v) wENY (v)\N (v) 2EN (v)\N(v)

On the other hand, (Hx)(v) = Ax(v). Then

Px()| = [Hx)) < > @]+l Y xw)l+=id Y [x(y)

u€EN (v) wENT (v)\N(v) YENy (v)\N(v)
< > @I+ @)+ Y [x(v)| (6.1)
u€N (v) wENT (v)\N(v) yEN 5 (v)\N(v) .

= degp(x)(v)[x(v)|
< A(T(X))[x(v)]-

From this, we obtain that |A\| < A(T'(X)).

If p(H(X)) = A(I'(X)), then all of the inequalities in (6.1) must hold with equality. From
the last inequality of (6.1), we see that every vertex of X has degree A(T'(X)) in I'(X). If the
second inequality of (6.1) hold with equality, we obtain that all vertices |x(z)| = |x(v)| for all
z € Ny (v) U Ni:(v). The first inequality of (6.1) follows from the triangle inequality for sums of
complex numbers, and so equality holds if and only if every complex number in Z has the same

argument as Ax(v), where
Z = {x(u) | u € N(v)} U{ix(w) | w € N§(v) \ N(v)} U{-ix(y) |y € Nx(v) \ N(v)}.
Since every element of Z also have the same absolute value as x(v), we have obtained that
x(v) = x(u) = ix(w) = —ix(y)

for every u € N(v), w € Ny-(v) \ N(v) and y € Nx(v) \ N(v). Suppose v has an out-neighbour w
which is not also an in-neighbour. Since x(v) = ix(w), we have that |x(w)] is also maximal. The
choice of v was arbitrary amongst all vertices whose entry in x has maximal absolute value, so we
may apply the above argument to any vertex in Ny (v) U N (v). Since X is weakly connected, we
obtain that x(z) € {£1, £i} for any vertex z of X. O

Note that p(H (X)), for a digraph X, can be smaller than §(I'(X)). For example, see digraph
Cs in Figure 6.4 which has eigenvalues +/3,0 and §(I'(Cs)) = 2.
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6.7 Diameter

Since the diameter of a graph is reflected in the spectrum of its adjacency matrix, it is natural to
consider similar questions for the Hermitian adjacency matrix. If the eigenvalues of the adjacency
matrix of a graph are all equal to zero, then the graph has no edges. This is not true of digraphs
under the adjacency matrix, since every acyclic digraph is A-cospectral to the empty graph on the
same number of vertices. However, an analogous statement is true for the Hermitian adjacency

matrix.

6.7.1 Proposition. For a digraph X, the matrix H(X) has all eigenvalues equal to 0 if and only if
EX)=0.

Proof. Let n be the number of vertices of X. We may assume n > 2. Instead of using a Hermitian
operator argument, we will derive this as an easy application of Corollary 6.2.2. It is clear that X
has no arcs if and only if I'(X) has no edges. By Corollary 6.2.2, this occurs if and only if ¢,,_2 = 0.
If all eigenvalues of H(X) are 0, then ¢(H(X),t) = t" and ¢,—2 = 0. Conversely, if ¢,—2 = 0,
then H(X) is the all zero matrix and so has all eigenvalues equal to 0. ]

Let M be a square Hermitian matrix. Let M be the matrix algebra generated by I, M, M?, M3, ...
and let ¢)(M, t) be the minimal polynomial of M. Then, deg(¢(M,t)) = dim(M) + 1. The degree
of 1(M,t) is the number of distinct eigenvalues of M.

If M = A(X), the adjacency matrix of a digraph, we obtain that the diameter of the graph is
at most the dimension of M, whence we obtain a bound on the diameter in terms of the number
of distinct eigenvalues.

The case for the Hermitian matrix, where M = H(X) for some digraph X, is very different. It
would be convenient if the following were true: if u,v € V(X) are at distance k, then (H(X)¥),, #
0. This would show that the if d is the diameter of X, then H(X) has at least distinct d + 1
eigenvalues. However this is untrue. For example, consider the modified directed cycle CVn obtained
from a directed cycle by changing the orientation on one arc to the opposite direction. We may
recall that the digraph 5’3 was considered in Section 6.5. Here we look at 674, shown in Figure 6.7.

Vo

U3 U1

V2

Figure 6.7: Digraph C., obtained from Cy by reversing one arc.
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We can compute that
G(H(Cy),t) = t* — 4> + 4 = (£ — 2)?

and we see that Cy has exactly two distinct H-eigenvalues, but the diameter of F(EZV'4) is 2. In fact,
we can show that, in general, there does not exist a function of the number of distinct H-eigenvalues

which bounds the diameter of the underlying graph.

6.7.2 Proposition. There exists an infinite family of digraphs {X;}32, such that the diameter of
I'’X; goes to oo as j — oo and the number of distinct H-eigenvalues of X is a constant C for all
Jj=0.

Proof. We use the necklace digraphs in Section 8.6, by taking X; to be N;_». Each digraph N,
has I'(IV,,) with diameter n and H(NN,,) has exactly 3 distinct eigenvalues. O

6.8 Eulerian digraphs

6.8.1 Proposition. Let X be a digraph. Then H(X) has the all-ones vector as an eigenvector if
and only if G(X) is regular and D(X) is eulerian.

Proof. Suppose D(X) is eulerian, then the sum along any row of H(D(X)) is equal to 0 and so
1 is an eigenvector for H(D(X)) of eigenvalue 0. If G(X) is regular, then 1 is an eigenvector of
H(G(X)) = A(G(X)) with eigenvalue equal to the valency of G(X), say k. Then

H(X)1 = H(D(X))1 + H(G(X))1 = k1.

For the other direction, suppose that H(X)1 = ~1 for some v € R. The row sum along the
row indexed by z is equal to d + (s — t)i where d = d(x), s =d (z), and t = d*(z). Then, since

v is a real number, we must have that s =¢ and d = 7. O

6.9 Computations on small digraphs

Computation on all isomorphism classes of digraphs of orders 2, 3, 4, 5, and 6 were carried out
using Sage open-source mathematical software system [58], for both the adjacency matrix and the
Hermitian adjacency matrix. We include some data here to give an idea of how the Hermitian
adjacency matrix behaves compared to the adjacency matrix, on small digraphs. We refer to the
set of all digraphs that are H-cospectral to a given digraph as an H-cospectral class. A digraph is

determined by its H-spectrum if every digraph that is H-cospectral with it is also isomorphic to it.
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Order 2| 3 4 5 6
Number of digraphs 3|16 | 218 | 9608 | 1540944
Number of distinct characteristic polynomials 21 6| 27| 275 10920
Number of H-cospectral classes such that:

a) characteristic polynomial is irreducible over @ | 0 | 0 0 0 6
b) characteristic polynomial is square-free 11 3 14 | 214 9980
Maximum size of a H-cospectral class 2| 6| 21 158 1338
Number of digraphs determined by H-spectrum | 1 | 2 3 ) 16
Number of H-cospectral classes containing:

a) no graphs 0] 2| 16| 242 10769
b) only graphs 1 1 1 1
c) at least one graph and a digraph 1] 3] 10 32 150

Table 6.2: The H-spectra of small digraphs.

Order 2| 3 4 5 6
Number of digraphs 3116 | 218 | 9608 | 1540944
Number of distinct characteristic polynomials 21 7| 46| 718 35239
Number of A-cospectral classes such that:

a) characteristic polynomial is irreducible over @ | 0 | 1| 12| 277 19392
b) characteristic polynomial is square-free 1| 5] 36| 625 33146
Maximum size of a A-cospectral class 21 6| 42| 592 15842
Number of digraphs determined by spectrum 1] 5] 23| 166 2317
Number of A-cospectral classes containing:

a) no graphs 3| 35| 685 35088
b) only graphs 11 2 5 15 69
c) at least one graph and a digraph 1] 2 6 18 82

Table 6.3: The adjacency matrix spectra small digraphs.
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6.10 Digraphs with H-eigenvalues between —1 and 1

In the previous sections, we have seen that the H-eigenvalues of digraphs behave differently and
somewhat strangely compared with the A-eigenvalues of graphs. It appears that graph invariants
like diameter, minimum degree, and number of connect components cannot be bounded by the H-
spectrum. However, since H is a Hermitian, we may use interlacing theorems, which we could not
do for the adjacency matrix of digraphs. Using interlacing, we will characterize all digraph with all
H-eigenvalues lying between —1 and 1. First we will look at a special case where all H-eigenvalues
are equal to 1 or —1, then we will look at the general case. Note that mX where X is a digraph

denotes the union of m disjoint copies of X.

6.10.1 Theorem. A digraph X has the property that A € {—1,1} for each H-eigenvalue )\ of X if
and only if T'(X) = mKs for some m.

Proof. Let X be a digraph on n vertices having the property as in the statement of the theorem.
Let A\; > --- > X, be the eigenvalues of H(X). Then A\; € {—1,1} fori=1,...,n by assumption.
Since the H-eigenvalues of X must sum to tr(H) = 0, the multiplicity of 1 and —1 are equal and

X has an even number vertices, say n = 2m. Observe that

Lemma 6.2.1 gives that I'(X') has m edges.
If X has an isolated vertex, then X will have 0 as an H-eigenvalue. Thus, every vertex must
have degree at least 1 in I'(X). Then dp(x)(v) = 1 for every vertex v and so I'(X) = mK>. O

6.10.2 Theorem. For a digraph X the following are equivalent:
(a) on(X) € (—v2,V2),
(b) op(X) C[-1,1]; and
(c) every component of X is either a single arc, a digon or an isolated vertex.

Proof. Let X be a digraph on n vertices with H-eigenvalues \; > --- > \,. By assumption
V2> A1 and \,, > —v/2. Let Y be an induced subdigraph of X on 3 vertices and let u1 > po > us
be the H-eigenvalues of Y. Applying the interlacing theorem, we obtain that

V2 < i < V2

for i = 1,2,3. There are exactly 16 digraphs on 3 vertices and so we may compute their H-

eigenvalues and determine which digraphs on 3 vertices have all eigenvalues between strictly —/2
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and v/2. The digraphs on 3 vertices grouped by H-cospectral classes are found in Section C.1 of the
Appendix. Following the naming of the digraphs in Table C.1, we see that Y is isomorphic to one
of E3, Z5 and Zg. In other words, Y is either the empty graph on 3 vertices or a graph consisting
of an isolated vertex and either one arc or one digon.

Since the choice of Y was arbitrary, the above holds for every induced subdigraph of X on 3
vertices. Then, I'(X') does not vertices of degree 2 or more. Thus A(I'(X)) < 1 and so I'(X)

consists of the union of disjoint copies of K5 and isolated vertices. The result follows. O

Note that Theorem 6.10.2 implies that X has H-spectrum equal to {10™) 0% (—1)(™)}, where
k is the number of isolated vertices and m is the number of components consisting of a single arc or
a digon. Since 132 and K5 are H-cospectral, we see that no better characterization of X is possible.

We may also see this using an iterated application of Proposition 7.2.7.

6.10.3 Theorem. If X has the property that o1 (X) C (—+/3,1/3), then every component of I'(X)
is either a path of length at most 3, a 4-cycle or a 5-cycle.

Proof. Let the H-eigenvalues of X be A\; > --- > )\, and let ' := I'(X). By assumption
V3> A1 and )\, > —v/3. Again, we consider Y an induced subdigraph of X on 3 vertices and let
1 > o > usg be the H-eigenvalues of Y. Applying the interlacing theorem, we obtain that

V3 < <V3

for i = 1,2,3. Again, we consult Table C.1 to see that I'(Y) is isomorphic to one of P35, Ko+ K +1
or E3. In other words, I'(Y') is acyclic. Since the choice of Y was arbitrary, the above holds for
every induced subdigraph of X on 3 vertices. Then, I' does not contain a triangle.

If I" contains a vertex of degree at least 3, then I" contains either a star on 4 vertices or a triangle.
We have already shown that I" does not contain a triangle, so it must contain a star on 4 vertices of
X, say x1,2,23,24. In Theorem 8.5.1, we show that all digraphs on m vertices whose underlying
graph is isomorphic to the star have largest H-eigenvalue equal to /m — 1. Then, the subdigraph
of X induced by {xj}?zl has maximum H-eigenvalue /3, which is impossible by interlacing. Thus
every vertex in I' has degree at most 2.

We have shown that the components of I" are paths and cycles. Suppose W C V(X)) induced
a path of length 4 in I'. The spectral radius of Ps is /3 and, since all digraphs with Ps as its
underlying graph are H-cospectral by Lemma 6.2.4, W induced a subgraph of X with maximum
H-eigenvalue equal to /3, which is again impossible. Every cycle of length at least 6 contains an
induced path of length 4 and every path of length at least 4 contains an induced path of length 4,
so I' does not have any cycles of length greater than 5 or paths of length greater than 3. O

It is interesting to consider for which values of & the number of weakly connected digraphs whose
H-eigenvalues will all lie in the interval (—a, a) or [—a, a] will be finite. We see from Theorem

6.10.3 that there are only finitely many weakly connected digraphs with all H-eigenvalues in the

42



interval (—\/§, \/3) It may be true that the same holds for every a with 0 < a < 2. The directed
paths show that there are infinitely many weakly connected digraphs whose H-eigenvalues will all

lie in the interval (—2,2), thus a = 2 will not give the same conclusion.

6.11 Other applications of eigenvalue interlacing

Interlacing is a powerful tool in algebraic graph theory. Theorem 4.1.2 implies that the eigenvalues
of any induced subdigraph interlace those of the digraph itself.

To see a simple example, we find the eigenvalues of the directed cycle D,, in Section 8.1 and we
see that D,, has at least one H-eigenvalue equal to 0, and, as an oriented graph, its H-spectrum
is symmetric about 0. We let n* (M) denote the number of non-negative eigenvalues of matrix M

and i~ (M) denote the number of non-positive eigenvalues of matrix M.
6.11.1 Lemma. If digraph X has D,, as an induced subdigraph, then n*(H (X)) > [%] and
n-(H(X)) = [%].

Proof. Let \; > --- > A, be the eigenvalues of H(X). By interlacing, we see that )\[

AV

L—|20

m
2

O

A [m7+1 and the result follows.

This is not a very strong statement as there are many graphs that satisfy the conclusion, however,
it shows, for instance, that any digraph H-cospectral with K, has no induced directed cycle of length
3 or more, since the H-spectrum of K, contains only 1 non-negative eigenvalue.

Similarly, the Cvekovi¢ bound (see [18]) for the largest independent set of a graph extends to

the class of digraphs with the Hermitian adjacency matrix.
6.11.2 Lemma. If X has an independent set of size «, then n* (H (X)) > a and n~ (H(X)) > «.

Proof. Let A\ > --- > A, be the eigenvalues of H(X). By interlacing, we see that A\, > 0 and so
H(X) has at least o non-negative eigenvalues. Applying the same argument to —H (X)) will show

that there are at least a non-positive eigenvalues as well. O

We can also obtain a spectral bound of the maximum induced transitive tournament of a digraph.
Gregory, Kirkland and Shader bounded the maximum spectral radius of a skew-symmetric matrix
and classified the matrices where equality holds in [30]. We will state a special case of their theorem
here, as it applies to the Hermitian adjacency matrix of oriented graphs. Two tournaments are
switching-equivalent if one can be obtained from the other by reversing all arcs across an edge-cut

of the underlying graph. The transitive tournament is defined in Section 8.4.

6.11.3 Theorem. [30] If X is an oriented graph of order n, then

M (H (X)) < cot (2”) |

n

Equality holds if and only if X is switching-equivalent to T,, the transitive tournament of order n.
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The following lemma is another immediate consequence of interlacing.

6.11.4 Lemma. If X is a digraph with an induced subdigraph isomorphic to T,,, then \;(H (X)) >

cot (7).

In other words, if m > ) then X contains no induced subdigraph switching-

s
2cot= 1 (A (H(X
equivalent to T;,.
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Chapter 7

Cospectrality for the Hermitian

adjacency matrix

In this chapter, we study properties of digraphs that are H-cospectral and operations on digraphs
which preserve the H-spectrum. In particular, we are motivated to consider digraph operations that
preserve the H-spectrum and preserve the underlying graph.

By the computation on small digraphs, as recorded in Tables 6.3 and 6.2, we see that, for small
digraphs, the number of H-cospectral classes is smaller than the number of A-cospectral classes
on the same number of vertices. Since the support of the Hermitian adjacency matrix of digraph
X is the adjacency matrix of the underlying graph of X, we may expect the H-spectrum of X to
capture some information about the underlying graph.

By contrast, any two acyclic digraphs on the same number of vertices are A-cospectral; in
particular, there are A-cospectral digraphs on 2 vertices with non-isomorphic underlying graphs,
where as the smallest pair of H-cospectral digraphs with non-isomorphic underlying graphs have 4

vertices (shown in Figure 7.1).

X1 Xo

Figure 7.1: The smallest pair of H-cospectral digraphs with non-isomorphic underlying graphs.

There are many cases of H-cospectral digraphs having isomorphic underlying graphs. In Chapter
8, we will see that all orientations of the cycle of odd order n are pairwise H-cospectral and all
digraphs with the star of order n as the underlying graph are pairwise H-cospectral. From Table
C.1, we see that every pair of H-cospectral digraphs on 3 vertices have the same underlying digraph.

We will try to explain the spectral information about the underlying graph by looking at a few
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H-spectrum preserving operations which do not change the underlying graph.

7.1 Converses and local reversal
7.1.1 Lemma. If X is a digraph and X is its converse, then H(X®) = H(X)T = H(X).
Proof. It follows from the definition of converse that

1 ifuv and vu € E(X);
—i ifuv € E(X) and vu ¢ E(X);

H(X) 0 =
i ifuw ¢ E(X) and vu € E(X), and,
0  otherwise.
This shows that H(X®) = H(X)T. The second equality follows from the definition of H. O

7.1.2 Corollary. A digraph X and its converse are H-cospectral.

Proof. A standard fact in linear algebra gives that det(A) = det(A”) for any square matrix A. We

see the characteristic polynomial of H(X®) in the variable ¢ is

p(H(XY),t) = det(t] — H(XY))
= det(t] — H(X)T)
= det((tI — H(X))T)
= det(tI — H(X))
= ¢(H(X),1)

which gives that H(X) and H(X®) are cospectral. O

Inspired by this, we now define a local operation on a digraph which will also preserve the
spectrum with respect to the Hermitian adjacency matrix. For a digraph X and a vertex v of X,
the local reversal of X at v is the graph obtained from X by replacing every arc xy incident with
v by its converse yx. We can extend this to the local reversal of X at S C V by taking the local
reversal at v for each v € S. Observe that the order does not matter. If arc xy is incident to two
vertices of S, then it is unchanged in the local reversal at S. We denote by §(S) the arcs with
exactly one end in S. Note that this operation generalizes the concept of switching-equivalence,

defined earlier for tournaments.

7.1.3 Proposition. If X is a digraph and S C V(X)) such that §(S) contains no digon, then X

and the local reversal of X at S are H-cospectral.
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Proof. Let X' be the local reversal of H at S. Let M be a diagonal matrix indexed by the vertices

-1, ifues,
Mu,u =
1, otherwise.

of X given by

Consider M H(X)M. Applying M on the left of H(X) changes the sign for all columns indexed by
vertices of S and applying M on the right changes the sign of all rows index by vertices of S. Then

—H(X)y,, ifS contains exactly one of u, x;

(MH(X)M)u2 = {
H(X), otherwise

— H(X")

since §(S) contains no digons. Since M = M~!, the matrices H(X) and H(X') are similar and

hence cospectral. O

7.2 Operations preserving spectrum

We will use the following theorem about determinants found in [53, Theorem 3.1.3].

7.2.1 Theorem. Suppose u is a row vector, v is a column vector, a is a matrix entry and A is a

square matrix of order at least 2. Then

= adet(A) — u(adj A)v.

First, we look at the characteristic polynomial of a directed star with respect to the Hermitian
adjacency matrix. In Chapter 8, we find that any pairs of graphs, both of which have a star of the
same order as the underlying graph, have the same spectrum with respect to the Hermitian adjacency
matrix. Here, we will first use Theorem 7.2.1 to find the H-characteristic polynomial of a directed
star, then we will use it to look at when an operation on a graph preserves the H-characteristic
polynomial.

Let S,, be the orientation of the star on n vertices where every arc is oriented towards the center

vertex. Then H(S,,) the Hermitian adjacency matrix of .S, is

Onfl n—1 11
H(S”):< i 0)’

7.2.2 Theorem. The characteristic polynomial of H(S,,) is t"~2(t> — (n — 1)).
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Proof. We will find the characteristic polynomial of H(S,,) by taking the following determinant:

t 0 0 =2
0 t
L AR A |
L N G
0 0 1
—1 —i 1

From Theorem 7.2.1, we have that
sp = tdet(tl,_1) — (—i)1T adj(tl,_1)(i)1 = t" — 17 adj(t1,,_1)1.

Every minor A;; of the identity matrix is 1 when j = k and 0 when j # £, since the submatrix
contains a row of zeros. Then every minor Mj; of M = tI,,_1 is "2 when 7 = k and 0 when
j # k. We obtain

Sp=t-t""1—(n—1t" 2 =t""2t* - (n— 1))

as claimed. 0

Observe that the same proof would hold when one of the arcs is changed into a digon. With
the help of Theorem 7.2.1, we will look into a more general situation where changing an arc into a
digon does not change the spectrum.

Let X = (V, E) be a digraph on n vertices with vertices labelled {1,...,n}, with an arc uv
such that vu ¢ E(X). Without loss of generality, we may assume that uv = (1,n) by relabelling
the vertices. Let X’ be the digraph obtained from X by adding the arc (n, 1), creating the digon
{1,n}. For a square matrix M, we use My to denote the (k, j)-th minor of M; that is to say Mj, ;
is equal to the determinant of the matrix with the kth row and the jth column removed. First, we

have the following technical lemma.

7.2.3 Lemma. If X and X' are as constructed above, then H(X) and H(X') are cospectral if and
only if

> Re(a;) =0 (7.1)
je{2,...,n}
RX(lvj) € {+7_71}

where aij = (—1 — i) Ayjv; where A and v are such that

11— H(X) = (AT V).

u t
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Proof. Let X, X' be as above. We claim that

P(H(X'),t) — ¢(H(X),t) = > Re(ay),
je{2,...,n}
Rx(1,j5) € {+,—,1}

which will imply the statement of the lemma. By Theorem 7.2.1,

n—1ln—1
P(H(X),t) =tdet(A) — u” adj(A)v = tdet(A) — > Y Apupv;.
k=1 j=1
Similarly, we see that
4 o
G(H(X').1) = det(t] — H(X)) = | .
u

where 1 is obtained from u by changing the first entry from —¢ to 1 and v is obtained from v by

changing the first entry from i to 1. We obtain that

H(H(X'),t) = tdet(A) —al adj(A)v
n—1n—1

= tdet(A) — Z Z Akjﬁk\Afj

k=1 j=1

n—1 n—1
=tdet(A) — Y Ay — Ay — Y Apigd — > Ay v
Jk€{2,..n k=2 =2

n—1 n—1
= tdet(A) — Z Akjukvj — A171U1V1 — Z Apuy — Z Alej.
=2 =2

j,k€{2,...n

A similar expansion from ¢(H (X),t) gives:

n—1 n—1
qb(H(X),t) = tdet(A) — Z Akjllij — A171111V1 — Z Aklukvl — Z Ale]’ul
j=2

j,k€{2,...,n k=2
n—1 n—1
= tdet(A) — Z Akjukvj — ALlulvl —1 Z Apug +14 Z Aljvj.
Jke(2,...n k=2 j=2
Then, we may subtract the two expressions to obtain
n—1 n—1
O(H(X'),t) — ¢(H(X),t) = (=1 414) > Apug + (=1 =) > Ayv;. (7.2)
k=2 =2
Since A is Hermitian, we have that Ay; = Aj;. Since H(X) is Hermitian, we have that u = v.
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We apply this to Equation 7.2 to obtain the following:

n—1 n—1
G(H(X'),t) — ¢(H(X),t) = (-1 +1) Z Avi+(=1—14) Z AV,
3=2 J=2

where oj = (=1 — 1) Aq;v;. O
From Lemma 7.2.3, we may trivially obtain the following more tractable statement.

7.2.4 Corollary. Let X' be the digraph obtained from X by replacing an arc uv with a digon {u,v}
and let A =tI — H(X —v). If Re(Ayz) = 0 for all x # w such that Rx (u,z) # +, then H(X)
and H(X') are cospectral.

Using the same method, we may consider what happens when an arc uv such that vu ¢ E(X) is
replaced with arc vu. Let X be a digraph such that Rx(1,n) = + and X* be the digraph obtained
from X by deleting the arc (1,n) and adding the arc (n,1).

7.2.5 Lemma. If X and X* are as constructed above, then H(X) and H(X*) are cospectral if
and only if

E: REU%)::O
je{2,...,n}
Rx(1,7) € {+ —,1}

where ; = oj = (—2i)A1;v; where A and v are such that

t1 — H(X) = (AT V).

u t

Proof. Recall that Ais an —1 x n — 1 matrix and u and v are (n — 1)-dimensional vectors. By
Theorem 7.2.1,

S(H(X),t) = tdet(A) — u” adj(A)v

n—1 n—1
=tdet(A) — Y Aywv;—Ajgwmvi —i Yy Agugp+i Yy Ay
§,kEL2,...n k=2 J=2
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Similarly, we see that

G(H(X"). 1) = tI — H(X) = (A °>

al ¢
where 11 is obtained from u by changing the 1st entry from —¢ to ¢ and v is obtained from v by

changing the 1st entry from ¢ to —i. We obtain that

S(H(X),t) = tdet(A) — 0T adj(A)¥

n—1 n—1

= tdet(A) — Z Akjuij — A171u1V1 + Z Apug — 1 Z Alej
Gke{2,...,n} k=2 j=2
Then, we may subtract the two expressions to obtain
n—1 n—1
G(H(X7),t) — ¢(H (X)) = (20) D Apug + (=2i) ) Agjv;. (7.3)
k=2 j=2

Since A is Hermitian, we have that Aj; = @ Since H(X) is Hermitian, we have that u = v.

We apply this to Equation 7.3 to obtain the following:

where Bj = (—Q’i)Alej. 0O
In this case, we obtain the following corollary.

7.2.6 Corollary. Let X be a digraph with exactly one pair of vertices u,v such that Rx (u,v) = +.
Then, the digraph X* on (V(X) with arc set E(X) \ {uv} U {vu} is H-cospectral with X .

Proof. Let n be the number of vertices of X. We may relabel such that v = 1 and v = n and apply
Lemma 7.2.5 to obtain that

n—1
S(H(X"),t) — o(H(X),t) = D 2Re(5))

Jj=2

where 3; = (—2i)Aq;v;. Since the Hermitian adjacency matrix of any digraph is Hermitian and
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so has real eigenvalues, we may consider ¢ as a real variable. Since the (1,7) and (n,1) entries
of H(X) (and of H(X™)) are the only entries that are not real numbers, we see that A;; € R
and v; € R for each j = 2,...,n —1 . Then Re(f;) = 0 forall j = 2,...,n — 1 and so
G(H(X™),t) = ¢(H(X),1). .

We demonstrate the use of the lemmas in this section in a specific example. A pendant vertex

is a vertex of degree 1.

7.2.7 Proposition. If Y is a digraph with a pendant vertex v such that uv is the only arc of Y
incident with v, then the digraphs Y' obtained from Y by adding the arc vu is H-cospectral to Y .

Proof. Label the vertices of Y and Y’ with 1,...,n such that vertex v has label n and u has label
1. Then Y and Y” satisfy the hypotheses of Lemma 7.2.3. We see that v = e; in this case and the
sum in Equation 7.1 is empty. Thus we obtain that Y and Y are cospectral. O

Note that Proposition 7.2.7 also follows from Lemma 6.2.4.
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Chapter 8

Hermitian adjacency matrix of special

families of digraphs

8.1 Direct cycles

Let D,, denote the directed cycle on n vertices. Figure 8.1 shows Ds.

Ds

Figure 8.1: The directed cycle on 5 vertices.

8.1.1 Lemma. The eigenvalues of H(D,,) are 2sin (%k) fork=0,...,n—1.

n

Proof. Let A be the adjacency matrix of D,,. It is well-known that the eigenvectors of A are

2

for each ¢ € {e b | E=0,...,n—1}. Observe that

Av = (v
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and
Alv = ¢y,

Then, since H = i(A — A”T), the eigenvalues of H are i(¢ — ¢"~'). Since C is a root of unity, we
see that ("' = (, and so the eigenvalues of H are

i(2¢1Im () = —2Im(
for ¢ € {e¥ | k=0,...,n—1}. Then the eigenvalues of H are —2sin (Qfl—k) fork=0,...,n—1.
Since D, is an oriented graph, its H-eigenvalues are symmetric about 0 and so this is the same as
2sin(2%k)fork20,...,n—1. O

We may observe that the eigenvalues of H(D,) are symmetric about 0 for any n. Since
sin(f + §) = cos 0, if n = 4m, then H(D,) has the same eigenvalues as A(D,,).

We will use local reversal to show that all orientations of odd cycles are cospectral and that
there are two H-cospectral classes of orientations of even cycles of length 2m for any m. First we
must consider a specific orientation of a cycle.

The digraph C,, has vertices {z1,...,z,} and arcset E = {zjzjy1 | j=1,...,n—1}U{z12,}.
We have come across Cs in Section 6.5 and Cj in Section 6.7, in Figures 6.4 and 6.7, respectively.
Figure 8.2 shows 5’5. In order to find the H-eigenvalues of én, we will use known theorems about
certain types of circulant matrices, which we will use again when finding the H-eigenvalues of the

transitive tournament in Section 8.4.

Cs
Figure 8.2: The digraph Cs, obtained from the directed 5-cycle by reversing one arc.

Circulant matrices have been studied extensively, see [34] for more information. A skew circulant

matrix is a circulant with a change in sign to all entries below the main diagonal. We will follow

the notation of [19] and define for a = (ao, e ,an_l) with real entries, the skew circulant matrix
of a as:
ao ai oo Ap—1
—Aanp—1 Qo
S@=| "
ai
—al cee —Qp—1 a

The eigenvalues of a skew circulant matrix S(a) are found in [19, Section 3.2.1].
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8.1.2 Theorem ([19]). The eigenvalues of S(a) are yi;(a) = S-7_5 aro 1 +2)k where o = e, for
7=0,1,...,n—1.

In particular, it will be useful to simplify this statement for skew-symmetric, skew circulant

matrices.

8.1.3 Corollary. Suppose that a; = a,—j forj =1,...,n—1. Ifn is odd, then S(a) has eigenvalues

n—1

. (k427
vi(a) = ap + Z 2iay, sin (n)
k=1
forj=0,1,...,n—1. Ifn is even, then S(a) has eigenvalues
- Vs L%IJ? k(L4 2))m
vi(a) =ao+ (=1)azi+ Z tagsin | —— ——
k=1
forj=0,1,...,n— 1.
Proof. Let o = en. If aj = ap—j for j =1,...,n — 1, it is clear from the definition that S(a)
is skew-symmetric. Observe that ¢ is a primitive 2n-th root of unity and so ¢ = —1. For any
j€{0,...,n—1} and k € {1,...,n — 1}, consider the contribution of terms with aj and a,,_j in

j(a) of Theorem 8.1.2:

N

o129k +U(1+2j)(n—k))
o(I+2)k | a(1+2j)na(1+2j)(fk))
o120k | (_1)1+2j(0—k)1+2j)

o (1+2)k _ m)

(
(
= a (
— a (U(1+2j)k . (UT)1+2j>
(
(

21 Im(0(1+2j)k)>

= ay, <2i sin (W)) .

If n is odd, then we are done. If n = 2m, then we have that

252
pi(a) = ap + amo 1 H20m 4 Z a2t sin
k=1

<l<:(1+2j)7r>.

n
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Observe that ¢™ = ¢ and we see that

n—1
= .
. ) R+ 2T
pj(@) = ao + (~1Yani+ ) 2iaysin ((nj))
k=1
as claimed. _

It is reassuring that we can see from Corollary 8.1.3 that any skew-symmetric skew circulant
matrix with zeros on the diagonal will have purely imaginary eigenvalues. We will use Corollary
8.1.3 to find the eigenvalues of C,,.

8.1.4 Lemma. The eigenvalues of C,, are 2sin (M> forj=0,...,n—1.

n

Proof. Observe that H(C,,) = iS(a) where a = (ao, . ,an_l) and a; = a,—1 =1 and a; =0 for

j ¢ {1,n—1}. Then, by Corollary 8.1.3, the eigenvalues of H(C),) are ivj(a) for j =0,...,n— 1.

Let ¢ = e as before. Since an = 0, we obtain for j € 0,...,n —1,
1425
v;(a) = 2isin (H”W> .
n
Then, the eigenvalues of H(C~'n) are —2sin (%) for j =0,...,n— 1, which is easily seen to
be the same as claimed. O

We consider two digraphs X and Y to be equivalent under taking local reversals if there exists

a digraph X', obtained from X by taking a series of local reversals, such that X' & Y's

8.1.5 Lemma. All orientations of Cao, 11 are equivalent under taking local reversals. All orientations

of Cyy, are equivalent to either Doy, or égm under taking local reversals.

Proof. Let n > 3 be an integer. Let X be any orientation of C,, on vertexset V- = {x1, ..., Zom+1}.
We may reorder the vertices such that the edges of C;, are {xjz;11} where the indices are modulo
2n. We will use geometric intuition and say that the orientation of an arc of X is clockwise if it
is xjzj4+1 for some j and counter-clockwise if it is xjx;_1 for some j. We will show that X is
equivalent to D,, or to én under local reversals.

Let Y be the graph obtained from X by local reversals such that Y has the most number of
arcs with clockwise orientation, say with k arcs oriented clockwise. If & = n, then Y is isomorphic
to D,, and we are done. We may now assume that £k < n — 1. If £ < n — 2, there are two arcs
a, b both oriented counter-clockwise in Y, then a and b form an edge cut of the graph and we may
consider S, the vertices in one of the components of Y with a and b deleted. We may take Y the
local reversal of Y at S. This operation only changes the directions of arcs a and b. Now Y’ has
k + 2 arcs oriented clockwise and is equivalent to X under taking local reversals, which contradicts

our choice of Y. Then k =n — 1.
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If n is even, then we have obtained that X is equivalent to Cy by local reversals and we are
done.

Now suppose that n = 2m + 1. Let a be the unique arc of Y with the counter-clockwise
orientation. We may pair up the remaining 2m arcs of Y and then take local reversal at the cut
sets, as above, to obtain Y’ where all 2m clockwise arcs of Y have been reversed. Then Y’ is again

isomorphic to Doy, 1. O

The above would imply that every orientation of C), is H-cospectral with D,, or with C,. Note

that for even n, the spectra of D,, and 5’n are not equal.

8.2 Forests

We see from Lemma 6.2.4 that if uv is a cut-edge in the underlying graph, then changing the
adjacency of u and v to 4+, —,1 does not affect the H-spectrum. We then obtain the following

theorem, which also appears in [41] as Corollary 2.21.

8.2.1 Theorem. [41] If X is a digraph whose underlying graph is a forest, then H(X) is cospectral
to H(T'(X)).

Proof. Every edge of I'(X) is a cut-edge and so we may replace every arc uv of X such that
vu ¢ E(X), while preserving the H-spectrum, by Lemma 6.2.4. Then, X is H-cospectral with
I'(X). O

Note that for undirected graphs, the Hermitian adjacency matrix is equal to the adjacency

matrix.

8.3 Products of digraphs

Let X and Y be digraphs. The Cartesian product of X and Y, denoted by X[1Y, is the graph
with vertex set V(X)) x V(Y) such that there is an arc from (z1,y1) to (z2,y2) when either x;x9
is an arc of X and y; = ys or y1y2 is an arc of Y and x; = x2. The Hermitian adjacency matrix of
XY is

H(XOY) = H(X) @ Ly + Lyx) @ HY)

where [ is the k x k identity matrix. For definitions of Kronecker products of matrices and vectors,
see [18].

8.3.1 Proposition. If X and Y are digraphs with H-eigenvalues {\;}}_, and {p.}]", respectively,
then XUIY has H-eigenvalues \j + puy, forj=1,....,nandk=1,...,m.

Proof. Let vi,...,v, be an orthonormal eigenbasis of H(X) such that H(X)v; = A;v;, for
j=1,...,n. Let wy,..., w, be an orthonormal eigenbasis of H(Y') such that H(Y )wy = pupwy,
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for k = 1,...,m. Observe that the vectors {v; @ wi, | j € {1,...,n},k € {1,...,m}} form a
basis of C"™. We see that

HXQY)v;ow, = (H(X)® Iy) (viowg) + (I, ® HY)) (v; ® wg)
=H(X)v; @ Iy;ywy, + I,v; @ H(Y )wy,
=) (v; @ wg) + pg (v; @ W)
= (Aj + pe) (v; @ wy)

forevery j € {1,...,n} and k € {1,...,m}. O

8.4 Transitive tournaments

The transitive tournaments are an important class of digraphs to study and the spectra of their
skew-symmetric adjacency matrices have been studied as skew circulants and Toeplitz matrices in
[30, 38]. Here we will find the characteristic polynomials of the Hermitian adjacency matrices of
transitive tournaments using a different method, with hopes that this approach may give intuition
and tools for further work. We will also consider the matrix as a skew circulant matrix and use
existing results to find the actual eigenvalues.

Let 7;, denote the transitive tournament on n vertices and H,, := H(T},,) denote its Hermitian
adjacency matrix. Let p,(t) be the characteristic polynomial of H,, in variable ¢; we will sometimes

write p,, for convenience. Figure 8.3 shows T5.

===\

15

Figure 8.3: Transitive tournament 75 on 5 vertices.

8.4.1 Lemma. The characteristic polynomial ¢(H,,,t) = p,(t) of the Hermitian adjacency matrix

of the transitive tournament of order n satisfies the following recursion:
Pn = 2tpn_1 — (£ + 1)pn—o. (8.1)

Proof. Let h,, = tI,, — H. We will find the following determinant which will give the characteristic
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polynomial of H,:

pn = det(hy,) =

Cofactor expansion along the first row gives that

n—1

DPn = tdet(hn_l) + Z(_l)kiMn—l,k
k=1

where M,,_1 ;, is the determinant of the n — 1 x n — 1 matrix with —i1 as the first column and the

next n — 2 columns are the columns of h,_1 with the kth column removed. Note, here the indexing

of the columns of h,_; is considered to be {1,...,n — 1}. We may simplify the equation to be:
n—1
Pn =1tpn—1+1 Z(_l)an—l,k (8.2)
k=1

Now we consider the cofactor expansion of the same matrix h,, along the first two rows. Note

that there are only 4 different 2x2 sub-matrices in the first two rows:

—1 —1 1 t 1 7 1

The determinants of these 2 x 2 matrices are > — 1 = py, it — 1, —it — 1 and 0, respectively.

Note that every term with ‘ < ) as a coefficient contributes 0 to the determinant p,. Then the
1 1

cofactor expansion along the first two rows gives:

AN TR R
DPn = P2Pn—2 + < . ) Z(_l)kMTL72,k + ( ) Z(_1>k+anf2,k
=i 1) | t 1 el
n—2 n—2
= popn—2+ (it = 1) > (1) Mo + (=it — 1) > (=DM, o4
k=1 k=1
n—2
= papn—2+ »_(=1)"2ti M;,_5,
k=1
n—2
= (tz - 1)pn—2 + 2t1 Z(—l)an,Zk.
k=1
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We obtain from Equation (8.2), applied to n — 1 instead for n, that

n—2
Pn—1 =tpn—2 +1 Z(_l)an—Q,k-
k=1
We combine the two expressions to obtain that:
n—2 n—2
P — 2tpn—1 = (2 = Dpp_g +2ti Y _(—1)"M,_os — 2%pp_g — 2ti Y (—1)"My s,
k=1 k=1
= (tQ - 1)pn—2 - 2t2pn—2
= (—t2 - l)pn_g.

We may rearrange to obtain:
Pn = 2tpn—1 - (tQ + 1)pn—2

as claimed. O

8.4.2 Theorem. The characteristic polynomial of H, = H(T},) is

3] I o 1
pu(t) = Z(—1)7< >t"23 = 5(t +4)" + 5(t — )"

=0 2j

Proof. We use the recursion from Lemma 8.4.1 to find the characteristic polynomial. As before, we
will write p,, = py,(t) for simplicity. Let

Po ‘= 1, pP1 = t.

We may compute that po = t? —1 and p3 = t>—3t. Then, p,, forn = 0, 1,... satisfies the recursion
in Equation (8.1). Let G(z) be the generating function for the characteristic polynomial py;

[e.e]
G(z) := anz”.
n=0
Multiplying both sides of (8.1) by 2" gives:
Pna" = 2tpn_12" — (* + 1)pp_22™.

Then, we take the sum for n = 2,3, ... on both sides to obtain:

[e's) 00 00
Z pn2" =2tz Z pn—lzni1 - (t2 + 1)Z2 Z pn—22n72
n=2 n=2 n=2
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which we may simplify as

G(2) = p1z — po = 2t2(G(2) — po) — (£ + 1)2°G(2),
G(z) —tz — 1 = 2t2G(2) — 2tz — (t* + 1)22G(2).

Rearranging gives the following:

1—tz

A VB s ooy

(8.3)
Observe that the denominator in Equation (8.3) factors as
2+ 1)22 =2z +1=(1—(t+i)2)(1 — (t —i)2).

We wish to apply partial fractions to Equation (8.3) by solving for ag, a1, bg, and b in the following:

1—tz Gt az bo + b1z
(24 1)22 =2tz4+1 1—(t+i)z 1—(t—1i)z
. ap—aq(t—i)z+a1z—aq 22 (t—i)+bo—bo (t44) z+b1 2—by 22 (t+1)
(t2 + 1)22 —2tz+1
. (—a1 (t—i)—by (t+4)) 224+ (—ao (t—i)—bo (t+i)+a1+b1 ) z+ag+bo
B (12 +1)22 — 2tz + 1 '

This is equivalent to solving the following system of linear equation in ag, a1, by, and by:

—ai(t—1i) —bi(t+1) =0,
—ao(t — ’L) — bo(t-i-i) +a; + bl = —1,
ap + by = 1.

Solving for ag, a1, by, and by, we obtain:

1 .
ap = —r+1, a1:§(27’—1)t+ir—%

1 .
bp=r, b1 = —5(21" — 1)t +ir — %,
for any r € C. We may choose a particular solution when r = 0 to obtain:
—t—1
2

ap =1, a1 =

t—
bp=0,b; =
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Then we can write Equation (8.3) as

R R ) P ey T v

G(2)

We may expand using the following:

1 (e.)
1—(t+i)z ;::O(H)z

and

Then we have

Since G(z) is defined such that p,, is the coefficient of 2", we obtain that

1 , 1 ,
Pn = §(t+l)n + §<t—z)n-
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To obtain the coefficients of p,,, we simplify further as follows:

as claimed. 0

We may also consider H,, as a skew circulant matrix, as introduced in Section 8.1.

8.4.3 Lemma. The eigenvalues of H,, are

22: osin (k(l + 2j)7r)

k=1 "
forj=0,...,n—1, when n is odd, and
. k1 2)
) - ik
(1) + kz::l 2sin ( - >
forj =0,...,n—1, when n is even.
Proof. Observe that H,, = iS(a) where a = (ao, .. .,an,l) anda; =...=a,_1=1and ag = 0.

We see that S(a) is a skew-symmetric skew circulant and so we may apply Corollary 8.1.3 to obtain

that eigenvalues of S(a) are

n—1

R Chs S22y ax2isin (HUE20T) if n is odd;
vil\a) = A n—1 ,
ao + (—1)ani+ Z,&Zﬁ ] a2 sin (7“122])”) if n is even.
n—1 .
5,2 2isin (HIE2T) if n is odd;

- n—1

(—1)7i + Z;E:% : 21 sin (W) if n is even
for j =0,...,n — 1. Then eigenvalues of H are iv; for j =0,...,n — 1. 0

Note that for n = 2m + 1, the eigenvalue of H,, contributed from j = m is 0.
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8.5 Directed stars

In Section 7.2, we found the characteristic polynomials of digraphs with a star as the underlying

graph. Here, we will find the eigenvalues directly.

8.5.1 Theorem. Let X be any digraph whose underlying graph is isomorphic to the star graph
on n vertices. Then, the eigenvalues of H(X) are ++/n — 1 each with multiplicity 1, and 0 with
multiplicity n — 2.

Proof. Let X be as in the theorem statement. Then, relabelling so that vertex 1 is the vertex with

arcs to or from every other vertex, we may write the Hermitian adjacency matrix H := H(X) as

ul
H(X) = (3 ) )

where 0 is the n — 1 x n — 1 zero matrix and u’ = v*. We may observe that u’v =n — 1. Then

Vn—1 B ulv - n—1 B — vVn—1
A e e R

follows:

and v/n — 1 is an eigenvalue of H. Similarly,

V=T [ uv \ [ n-1 ) (/a1
O L e R

and —y/n — 1 is an eigenvalue of H. Observe that the bottom n — 1 rows of H are scalar multiples
of each other, as they all have exactly one nonzero entry, in the first position, and zeroes elsewhere.

Then rk(H) = 2, and the remaining n — 2 eigenvalues of H are equal to 0. O

Note that by Theorem 8.2.1, all forests with isomorphic underlying graphs are H-cospectral.

Let X be a digraph whose underlying graph is Y, the star on n vertices. The proof of Theorem
8.5.1 actually shows that H(X) is similar to H(Y') by a diagonal matrix. If n > 3, let v be
the vertex of Y (and X) of degree greater than 1. If n < 2, the choice of v is arbitrary. The
similarity from H(X) to H(Y) is the matrix P, the n x n diagonal matrix such that P(v,v) =1
and P(u,u) = H(X)(u,v). It is easy to see that P*H(X)P = H(Y).

8.6 Necklace digraphs

We construct a family of digraphs for the purpose of studying the relationship between the number
of distinct H-eigenvalues and the diameter of the underlying graph. See Section 6.7.

For n > 3, the nth necklace digraph, denoted N,, is an oriented graph on 3n vertices with
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vertices and arcs as follows:
V(Nn) = {vj ’ JjE Zgn} U {wk ’ ke Zn}
and
E(Nn) = {vjij | j e Zgn} U {vgkwk,v2k+2wk ‘ ke Zn}.

Let C; be the cycle (vaj,v2j41, V2542, Wi, v2j). Every vg; lies on two of these cycles, C; and Cj_;.
Every other vertex lies on a unique C;. Figure 8.4 shows N, with cycle Cj highlighted.

Vo
Co

o \\ (%1

Vg V2

V4
Figure 8.4: N4 with Cj in a lighter colour.
We will find the eigenvalues of N,,.
8.6.1 Lemma. For everyn >3 and H := H(n), we have H® = 4H.

Proof. We will show H?(u,v) = 4H(u,v). Observe that since the underlying graph T' := T'(N,,)
is a bipartite graph of girth 4, we have that H3(u,u) = 0 and H?(u,v) = 0 if dr(u,v) is even or
dr(u,v) > 3. We only need to consider the two cases where dr(u,v) € {1, 3}.

Case 1: u,v are such that dr(u,v) = 1. Since H and H? are Hermitian, we need only check u,v
such that uv € E(N,,). Let W be the set of all walks of length 3 from u to v. The following are

all possible walks of length 3 in I, starting at w and ending at v:
(a) W1 = (u,v,u,v);
(b) Wy = (u,v,x,v), where = € Np(v) \ {u};
(c) W3 = (u,w,u,v), where w € Np(u) \ {v}; and

(d) Wy = (u,w,z,v), where w € Np(u) \ {v}, w € Np(v) \ {u}, and wx € E(T).
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These walks are illustrated in Figure 8.5.

u w U

w
v u

v T
x (%

v

Figure 8.5: All possible walks of length 3 in I', starting at u and ending at v.

Every edge of I" which is traversed once in each direction in any W; contributes a factor of 1 to
wt(W;). Thus wt(Wy) = wt(Ws) = wt(W3) = i. To find the weight of Wy, we observe that every
arc uv lies on a cycle Cj, for some j, and that W, together with arc uv gives a directed 4-cycle in
I, which must then correspond to C;. From this we immediately see that, for each such uwv, there
is exactly one walk from u to v isomorphic to W and that Wy is a path of length 3 on C;. We may
observe that all such paths either traverse two arcs in the backward direction and one in the forward
direction, or all three arcs in the forward direction. In either case, wt(W,) = (£i)%(i) = —i.

For every arc uv, one of u or v has degree 4 in I' and the other has degree 2. Then W contains
one walk isomorphic to Wj and either 3 walks isomorphic to W5 and one isomorphic to W3, or 3
walks isomorphic W3 and one isomorphic to W5. Then, since W; for j = 1,2,3 have the same

weight, we get

H3(u,v) = z wt (W)

Wwew

=wt(W1)+ > wt(Wa)+ > wt(Ws) + wt(Wy)
Nr(v)\{u} Nr(u)\{v}

=i+ (3i4+i)—i

= 4i

= 4H (u,v)

as claimed.
Case 2: u,v are such that dr(u,v) = 3. In this case, since vertices lying on C; for any given j can
be at distance at most 2, we have that u € C; and v € Cj41. Also note that either u or v is of
degree 4 in I'(X), thus equal to vy for some k € Z,,.

Suppose u = vgy, for some k. Then v € Cy1q or v € Cy_o. See Figure 8.6. In either case, there

are two walks from u to v of opposite contributions, and so H?(u,v) = 0 = H(u,v). O

8.6.2 Corollary. The spectrum of H(N,,) is {0(”), 2(n) (—2)(")}.
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U = V9

Figure 8.6: An induced subgraph of I' containing w, v such that dp(u,v) = 3, as in Case 2.

Proof. Let H := H(N,,). From Lemma 8.6.1, we see that the minimal polynomial of H is t3—4t = 0.
Since every eigenvalue of a matrix is a root of its minimal polynomial, the distinct eigenvalues of H
are 0, 2 and —2. Let ¢, 7, and s be the multiplicities of 0,2, and —2, respectively. Since tr(H) = 0,
we see that » = 5. By Lemma 6.2.1, tr(H?) = 2|E(T'(N,,))| = 8n. Then

r(2° +(-2)%) =8n

and so r = n. Since ¢ + 2r = 3n, we have that ¢ = n. O

8.7 Digraphs that are H-cospectral with K,

In the undirected case, the complete graphs have the property of being determined by spectrum. In
the case of directed graphs with the Hermitian adjacency matrix, for each n, we find that there are
exactly n digraphs with the same H-spectrum as K.

Let Y}, ,», = (V, E) be the digraph on vertex set

V={vj|lji=1,....n}U{wg |kE=1,...,m}

and arc-set

E={vju|j#lel,...;n]}U{ww, | k#re[l,...,m]}
Uf{vjwg |j€[l,...,n],ke[l,...,m]}.
In other words, Y, ,,, consists of a copy of D(K,) and a copy of D (K,,), with all possible arcs from

—

E(Kn) to D (K,y,). Figure 8.7 shows Y53. We note that Y51 and Y55 appeared in Figure 5.2 as
examples of digraphs whose A-spectra are symmetric about the origin, but whose underlying graphs

are not bipartite.

8.7.1 Proposition. The digraph Y,, ., as defined above is H-cospectral with K, ,.
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U1 V2

Figure 8.7: Digraph Y53 of Proposition 8.7.1, which is one of five digraphs H-cospectral to K5 by
Corollary 8.7.2.

Proof. Let H := H(Y,, ). Then, we see that

nn_In ‘nm n,n 'nm
H:<J7. iJn, >:<J zJ7>_In+m

*ZJm,n Jm,m —1In ZJm,n Jm,m

Jn,n iJn,m

_iJm,n Jm,m
1 and so has 0 as an eigenvalue with multiplicity n +m — 1. We also observe

1, \  ((h+i(=i)m)1,\ 1,
M (—i1m> B ( (—in — im)1y, ) = (ntm) <—i1m> '

Since H=M — I, and M and I,,1,, commute and hence have a common eigenbasis, we have

where J,. . denotes the r X ¢ all-ones matrix. Let M = ( ) We see that M has rank

that the eigenvalues of H are n 4+ m — 1 with multiplicity 1 and —1 with multiplicity n +m — 1,
which is the same as the H-spectrum of K 1,.

In fact, we may note that H and H(K,,,) are similar by a diagonal matrix. Let

Then, we see that
In n,n — In - n,m n nn — 4in n,m
PHP — 0\ (Jom—1 iJn, Lo 0\ _ (Jan—1 Jn,
0 ily) \ —=iJmn  Jmmm—1In) \O —il, Jmn  Jmm — I
which is exactly H(K+m). O

8.7.2 Proposition. For each n, there are precisely n non-isomorphic digraphs that have the same

H-spectrum as K,,. There are the digraphs K,, and Y, wherea =1,...,n—1andb=mn —a.

Proof. For a,b > 1, we observe that the out-degree of a vertex of Y, is either a — 1 +b or b — 1.
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Then, for ¢,d > 1, the digraphs Y, , and Y. 4 have different sets of degrees unless a = c and b = d.
Thus, we observe that Y, ; is isomorphic to Y, 4 if and only if @ = ¢ and b = d. From Proposition
8.7.1, we see that the digraphs

(Yanala€[l,...n—1]}

are each cospectral with K,. Together with K, itself, there are at least n non-isomorphic digraphs
in the H-cospectral class containing K.

Let X be a digraph which is H-cospectral with K,,. We will now show that X is isomorphic to
one of K, and Y, wherea=1,...,n—1and b=n —a.

Since [t"2¢p(H (X),t) = [t"2]¢p(H (K,),t), we see that I'(X) has the same number of edges
as K, and so I'(X) = K,,, by Corollary 6.2.2.

Also, tr(H (X)?) = tr(H(Ky)?). By Proposition 6.3.2, we see that tr(H(K,)?) = 6(}), since
every 3 vertices of K,, induce a triangle isomorphic to the digraph X7 in Proposition 6.3.2. Then
every 3 vertices of X must induce a digraph isomorphic to one of X4, X5 or X7 in Figure 6.2, which
are precisely the triangles with weight equal to 1.

Consider G(X), the symmetric subgraph of X. If there is a path of length 2, say (u,v,w) in
a component of G(X), then {u, v, w} induce a triangle of X with more than one digon and hence
must be isomorphic to X7. Thus, each connected component of G(X) is complete. If G(X) has
3 or more components, then choosing three vertices from different components will give a triangle
with no digons and hence not isomorphic to any X for j € {4,5,7}. Thus, G(X) has at most 2
components. If G(X) has one, then X = K,,. Otherwise, the vertices of X may be partitioned
into V(X) = AU B such that A and B induced complete subgraphs of X and every arc whose end
points are in different parts does not lie on a digon.

Let x € A. If x has both an in-neighbour y; and an out-neighbour ¥, then x,y1,y> induce a
triangle isomorphic to X3, a contradiction. Then, = has only in-neighbours or only out-neighbours.
The same also holds for any vertex of B. If x has only in-neighbours, then every vertex of B is
adjacent to x in I'(X) and so every vertex of B has = as an out-neighbour in X. By the previous
observation, every arc e incident to a vertex y in B has t(e) = y. We have show that all arcs with
one end in A and one end in B are oriented from B to A. Similarly, if x has only out-neighbours,
all arcs with one end in A and one end in B are oriented from A to B. Now we have show that X
is isomorphic to one of Y'(|A|,|B]) and Y (|B|, |A]). O

8.8 Digraphs with spectrum {—(n —1),1""1}

In Section 6.6, we encountered a digraph K3 with H-spectrum {—2, 13}, In Section 8.9, we will
see a digraph K} with H-spectrum {—3, 1(3)}, used in a construction of digraphs with the least

eigenvalue larger than the greatest eigenvalue, in magnitude. The two digraphs are shown in Figure
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8.8. We may observe that K% and Kj have H-spectra that is the negative of the H-spectra (and A-
spectra) of K3 and K, respectively. Naturally, we may ask if there are other digraphs on n vertices
with H-spectrum {—(n — 1), 1(”_1)}. Such digraphs would have a large negative eigenvalue and
small positive eigenvalues and thus exhibit extreme spectral behaviour, opposite to the behaviour
described in the Perron-Frobenius theorem for undirected graphs. We answer this in the negative

and show that K% and K| are the only non-trivial digraphs with this property.

K3 K}
Figure 8.8: K3 and KJ.

8.8.1 Theorem. If X is a digraph such that o(H(X)) = {—(n —1),(=1)*" D}, then X =2 Y
where Y € {K1, Ky, T, K45, K} (where Ty is the transitive tournament on 2 vertices).

Proof. Let X be a digraph such that H := H(X) has spectrum {—(n — 1), (=1)»=D}. Then X
has n vertices, since H is diagonalizable. If n =1, then X = K7 and if n = 2 then X = K> or T5.
We may assume n > 3. The characteristic polynomial of H is ¢(H,t) = (t + (n — 1))(¢t — 1)L,
Observe that ¢(H(K,)) = (t — (n —1))(t +1)""! and so

[tFl¢(H (K,),t), ifn—kis even;

Pl 0) = { ok
—[tFo(H(K,),t) if n—kis odd.

In particular, [t"2]¢(H,t) = [t" 2|¢p(H(K,),t). Thus, by Corollary 6.2.2, I'(X) has the same
number of edges as K, and so I'(X) & K,,.

Also, tr(H?) = —tr(H(Ky)?). By Proposition 6.3.2, we see that tr(H(K,)?) = 6(5), since
every 3 vertices of K, induce a triangle isomorphic to the digraph X~ in Proposition 6.3.2. We see
that tr(H3) = —6(7:;”) and so every 3 vertices of X must induce a digraph isomorphic to digraph
X3 = K3 in Figure 6.2, the only X; with negative weight.

Consider G(X), the symmetric subgraph of X. If there is a path of length 2, say (u,v,w) in
a component of G(X), then {u,v,w} induce a triangle of X with more than one digon and hence
not isomorphic to Ké which is a contradiction. Thus, each connected component of G(X) is a
copy of either K or Ks. If G(X) has 3 ore more components, then choosing three vertices from
different components will give a triangle with no digons and hence not isomorphic to K4. Thus,
G(X) has at most 2 components. Since n > 3, we see that G(X) has exactly two components and
n € {3,4}. If n =3, then X = K} since K3 is an induced sub-digraph.
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If n = 4, then the deletion of any vertex of X results in a digraph isomorphic to Kj. Let
x1,...,x4 be the vertices of X such that the deletion of x4 results in a copy of K% with vertex

labels as in Figure 8.9.

x3

I Z2

Figure 8.9: Digraph X with vertex x4 deleted.

We see that x4 must be in the same component of G(X) as z3 and so Rx(x3,24) = 1. The
vertices x3, x4 and x2 induce a triangle of X isomorphic to K}, so Rx(z2,x4) = +. The vertices
x3,x4 and z1 induce a triangle of X isomorphic to K%, so Rx (x4, 21) = +. We have determined

the adjacencies of all pairs of vertices of X and we observe now that X = K. O

8.9 Digraphs with a large negative H-eigenvalue

An unfamiliar aspect of the spectra of the Hermitian adjacency matrix is that there exist digraphs
where the least eigenvalue is strictly larger than the largest positive eigenvalue in absolute value.
Here, we present an infinite family of digraphs with this property to provide examples and intuition
for understanding the Hermitian adjacency matrix. In addition, we use the method of eigenvalue
interlacing of Chapter 4, which is not available when working with the adjacency matrix of digraphs.

We define a digraph X (a,b) on 2a + b vertices, where a > 1 and b > 1. The vertices of X (a,b)
consist of X UY U Z, where X = {z1,..., 2.}, Y ={y1,...,¥a} and Z ={z1,..., 2}. The arcs
are

{zjyj,yjz; 1 j=1,...a}

and

{zjze,20y; | 7=1,...,aand £ =1,...b}.

We see that K from the previous section is isomorphic to X (1,1). Figure 8.10 shows X (1,3) and
X(2,3).

8.9.1 Proposition. Digraph X (a,b) as constructed above has H-spectrum

{—1+\/1+86Lb 1(a) O(bil) (afl) —1—\/1+86Lb}

-1
2 ’ 2
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21 2 z3
21 zZ2 Z3
o u Z2 Y2
3)

X(1,3) X(2,

Figure 8.10: Digraphs X (1,3) and X (2, 3), constructed as examples of digraphs with a large negative
H-eigenvalue.

Proof. Let H = H(a,b). We may write H as follows:

0 1, 1Jap
H = 1, 0 —iJgy
—iJya 1Jpa 0

where we recall that I, denotes the n x n identity matrix and J,, , denotes the m x n all-ones
matrix.

Observe that the last b rows are all identical and hence linearly dependent. This implies that
rk(H) < 2a + b — (b — 1), which implies that H has 0 as an eigenvalue with multiplicity at least
b—1.

Forj=1,...,a,letv;=(e; ej 0)”, where e; is the a-dimensional j-th elementary vector.
We see that Hv; = v, for j =1,...,a and so 1 is an eigenvalue of H with multiplicity at least a.

Similarly, for j =1,...,a—1, let

€; — €,
wj= | —(ej —eq)
0
where e, is defined as above. Then Hw; = —w; and so —1 is an eigenvalue of H with multiplicity

at least a — 1.

We have found 2a + b — 2 eigenvalues of H. To find the remaining two eigenvalues, we will use
the interlacing theorem. Partition the vertices of X (a,b) (and consequently the rows and columns
of H) into the sets X, Y and Z. Each block of H, under this partition, has constant row sums

and so this is an equitable partition of H. We obtain B the quotient matrix corresponding to this
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partition as follows:

0 1 b
B = 1 0 —ib
—ta ta O

We find that the characteristic polynomial of B is
d(B,t) =t° — (2ab + 1)t + 2ab = (t — 1)(t* +t — 2ab).

Using the quadratic formula, we see that the roots of ¢(B,t) are 1, 7 and o, where

_ —1++/1+8ab
= 2
and
_ —1—+/1+8ab
i —

The partition is equitable and so 7 and ¢ are also eigenvalues of H. Since for a,b > 1, 7 and ¢

are not equal to any of the eigenvalues of H that we have already found. Then H has spectrum
{7-(1)7 1(@) o0-1) _q(a=1) 0(1)}_ 0O

Note that X (a,b) has p(H(X(a,b))) — M (H(X(a,b))) =1, where A1 (M) denotes the largest
eigenvalue of matrix M. We now use the Cartesian product to construct digraphs where this
difference is much larger. We let X" denote the n-fold Cartesian product of X with itself; that is
XU = XO-..0X, where there are n terms in the product.

8.9.2 Lemma. The digraph X,, = K|"" has p(H(X,)) — M (H(X,)) = 2n.

Proof. By applying Proposition 8.3.1 n times, the set of H-eigenvalues of X, is

{iﬂj ;¢ {—3,1}},

considered without multiplicity. Then p(H(X,,)) = —3n and A\ (H(X,)) = n. ]
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Chapter 9

Interlacing bounds in eulerian digraphs

9.1 Laplacian matrix of directed graphs

We define the A-Laplacian matrix of directed graphs analoguous to the undirected Laplacian. For a
digraph X, let A*(X) be the diagonal matrix indexed by the vertex set of X with A (u,u) equal
to the out-degree of vertex u. Let A be the adjacency matrix of X. Then, the A-Laplacian matrix
of digraph X is

L(X) =AM (X) — A(X).

We will write L, A" and A when there is no ambiguity. We are interested in digraphs where L is

normal. Recall that we assume our digraphs have no loops or parallel arcs.
9.1.1 Proposition. For a weakly connected digraph X, if L(X) is normal, then X is eulerian.
Proof. Since L is normal, we have that

0=LL" - LTL
= (AT —A) (AT — )T — (AT - A)T(AT - A)
= (AT)2 — AAT — ATAT 4 AAT — (A2 4+ ATAT L ATA— AT A
=AT(A-AT) + (AT — A)AT + AAT —ATA = M.

For a square matrix N, let diag(/N) denote the vector consisting of the diagonal entries of N:
(diag(N))y = N(u,u).
Observe that AT is a diagonal matrix and both A and A” have zero diagonal. Then

diag(AT(A — AT)) = diag((AT — A)AT) =0.
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We see that M = 0 and so has diag(M) = 0. Then
diag(AAT) = diag(AT A). (9.1)
Combinatorially, we have that
(ATA)y = {w : wuis an arc of X}| = deg™ (u)
and
(AAT)y 0 = {y : uy is an arc of X}| = deg™ (u).

This and (9.1) implies that deg™ (u) = deg™ (u) for every vertex u of X and, since X is weakly
connected, so X is eulerian. O

If a weakly connected digraph is Eulerian, then it is also strongly connected. Since there is no
confusion, we may say that such graphs are connected.

The following lemma can be proved by considering L+ L’ as the Laplacian of a multi-graph and
appealing to known results about Laplacians of graphs. Here, however, we will give a direct proof
to be thorough. Parts (a) and (b) of Lemma 9.1.2 follow from well-known results on M-matrices,
see [4].

9.1.2 Lemma. If X is a connected digraph and L(X) is normal, then
(a) L(X) has eigenvalue 0 with multiplicity 1;
(b) Re(\) > 0 for A # 0 an eigenvalue of L(X); and
(c) if L(X)v = A\v, then L(X)Tv = Av.

Proof. First, we will show part (c). Let v be an eigenvector of L := L(X) with eigenvalue A. Since
L and LT commute, they may be simultaneously diagonalized, so we many assume v is also an

eigenvector of L with eigenvalue #. Then
v Lv = A\v'v

and

V¥ Lv = (L*v)*v = (0v)*v = Ov*v.

Then, 6 = \.
To show parts (a) and (b), we will first show that

Re(A) >0
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for all eigenvalues X\ of L. Observe that 0 is an eigenvalue of L with the all ones vector as an
eigenvector. We will use the property that X is connected to establish that 0 has multiplicity 1 as
an eigenvalue and that the other eigenvalues lie in the open right half plane.

To see that all eigenvalues of L lie in the closed right half plane, we must look at some other

incidence matrices.
For any digraph X, we may define the two incidence matrices, D} and D; of X, with rows

indexed by vertices and columns indexed by edges such that the (u,e) entry is as follows:

(Dp)ue = {1 if u=h(e);

0 otherwise

and

(Dp)ue = {1 if u=t(e);

0 otherwise.

We see that if X is eulerian, then
At = D,DI' = D, DT

and
A= D;DI.

Let N = Dy — Dp. Then

NNT = (D, — Dy) (D, — D))"
= DDl — D,D¥ — DD} + D, D}
= DD} — A+ DyDfl — AT
=L+L"

But, NNT is a square, symmetric matrix with all non-negative eigenvalues since
v NNTv = |[NTv||? >0

for any vector v € C", where n is the order of N.

Let v be an eigenvector of L with eigenvalue A. Then,
(L+ LT)yv=(\+X)v=2Re(\)v

Then 2Re()) is an eigenvalue of NNT and so Re()\) > 0.
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Let d be the maximum out-degree of A. Let
B=dl-L

where [ is the n xn identity matrix. We see that B is a non-negative matrix. Let v be an eigenvector
of L with eigenvalue X. Then
Bv=dv—Lv=(d—M\v

and v is an eigenvector of B with eigenvalue d — A. Conversely, if x is an eigenvector of B with
eigenvalue 6, then
Lx =dx — Bx = (d — 0)x.

Then X is an eigenvalue of L if and only if d — X is an eigenvalue of B with the same multiplicity.

We may regard B as the adjacency matrix of some digraph X’ with some number of loops at
each vertex. Since X is connected, then so is X’. Then B is irreducible and we may apply the
Perron-Frobenius theorem. We obtain that B has a positive real eigenvalue p such that p > |6] for
all 8 eigenvalues of B and p has algebraic multiplicity 1. We see that p = d — X for some eigenvalue
A of L. Since Re(\) > 0 for all eigenvalues of L, we have that d — \ is maximized by A = 0. Then
p = d is the Perron value of B and thus has multiplicity 1. Then 0 is an eigenvalue of L with
multiplicity 1.

If L has an eigenvalue A = i3 for some 3 # 0 € R. Then |d — \| is an eigenvalue of B and
|d — A| > |d|, which is a contradiction. Then for A # 0 an eigenvalue of L, we see that

Re()\) > 0

as claimed. O

Observe that if X is not connected, then we may consider the spectrum over the connected

components of X to obtain the following corollary.

9.1.3 Corollary. If X is a digraph and L(X) is normal, then Re(\) > 0 for all eigenvalues \ of
L(X) except A = 0.

9.2 Interlacing with the A-Laplacian

In this section, we will consider eulerian digraphs X such that the A-Laplacian matrix of X is
normal. Let a(X) denote the size of the largest acyclic subgraph of X. First we will find a spectral
bound of disjoint vertex sets Y and Z with no arcs from Z to Y. Then, we will use the bound to
find a spectral bound for the maximum acyclic subdigraph of X.

We would like to use interlacing to find bounds of combinatorial properties of digraph X using

eigenvalues of some matrix respecting the adjacency of X. In particular, we would like to use
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the same method as the proof of Lemma 6.1 in [32], which is stated here as Corollary 9.3.1. We
achieve this using the A-Laplacian matrix and prove a result which generalizes the original lemma
of Haemers to a sub-class of digraphs. However, as this matrix is not symmetric like in the case for
graphs, we need to restrict to digraphs X whose the A-Laplacian matrices are normal and we also
need a few technical lemmas in order to prove Theorem 9.2.3, the main result of this chapter.

For L, we see that the singular values of LT L are just || for each eigenvalue \ of L.

9.2.1 Lemma. Let X be an eulerian digraph on n vertices such that the Laplacian L of X is normal.
If X is an eigenvalue of L, then |« + )| is a singular value of

ol +L

for each o € C and I is the n X n identity matrix.

Proof. We need to consider the following:

(ol + L)(al + L)* = (ol + L)(al + L)
= |a* T+ oL’ +aL+ LL".
Let v be an eigenvector of L with eigenvalue A. Then
(ol + L)(al 4+ L)*v = |a|*v + aLTv+aLv + LL v

= |a*v + alv +a\v + |\*v

=(a+N(a+ v

= o+ A*v.
Then the singular values of al + L are |a + A| for each eigenvalue X of L. 0

9.2.2 Lemma. Let X be a digraph such that L(X) is normal. Let

AP

and let 6 # 0 be the eigenvalue of L(X) which maximizes f amongst non-zero eigenvalues of L(X).

Let Re(N)(f(0) — f(V))
g(A) = Re(f) — Re())

and let . be the eigenvalue of L(X) which minimizes g such that g(u) > 0, if such an eigenvalue
exists in the domain of g, and 1 = 0 otherwise. Let L = oI + L(X), where o < —f(6). Then |a|
is the largest singular value of L. Further,

(a) if X is connected and Re(\) > Re(6) for all A ¢ {0,0}, then |a + 6] is the second largest
singular value of L; and
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(b) if X is connected and —f(0) — g(p) < v, then | + 6| is the second largest singular value of
L.

Proof. Note that f is well-defined for non-zero eigenvalues A of L, since Re(A) > 0 by Lemma 9.1.2.
Observe also that f is positive real-valued and o € R. The function g is well-defined for A when
Re(A) # Re(0). If there exists an eigenvalue A ¢ {0, 6}, such that Re(\) < Re(#), then, we can
see that g(\) > 0, and so p is non-zero. Also, the range for «v in part (b), [—f(0) — g(u), —f(6)],
is non-empty.

Since 0 is an eigenvalue of L, Lemma 9.2.1 gives that |/ is a singular value of L. The singular
values of L are of form |oc+ A| where X is an eigenvalue of L. Let A be a non-zero eigenvalue of L.

Consider

o = la+ AP =a® = (a+ A)(a+ )
=a’ — (a+N)(a+X)

=a?— (& +a(A+ ) + AP (9:2)
=—a(A+X) — |\
= —2aRe(N) — [N
By definition of «, we have that
A[?

—a>f0)>f\) = 2Re(\)

for all nonzero A € o(L). From (9.2) and (9.3), we obtain:
la?> = Ja+ A\ = —2aRe(\) — A >0

and we have shown the first part of the statement.

For statements (a) and (b), let ¢ be as follows:
S(A) = la+ 0 — |a+ A%

Since X is connected, L has only one eigenvalue whose real part is equal to 0 by Lemma 9.1.2. It
suffices to show that §(\) > 0 for all nonzero A € o(L). We expand §(\) as follows:

SN =la+0]2 —|a+ \?
=4+ a@+0)+0)° - (@®+aX+ )+ [\
=10)? — |\? + 2a(Re(6) — Re())).
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If Re(#) = Re()), then () = |82 — |A|%. In this case,

A2

B R
1) 2Re(A)

~ 2Re(f)  2Re())

> f(\) =

and, since Re(\) and Re(f) are positive, |0]> > |\|? and §()\) > 0.
If Re(#) < Re(A), then we may consider

S(A) = 0] — [\ — 2a(Re()\) — Re(6)).
Since (Re(A\) — Re(f)) > 0 and —a > f(#) > 0, we may simplify as follows:

3(A) = |07 — [A]” + 2£(8) (Re(\) — Re(0))

2
— 16— AP+ s (Re() — Re(®)
_ 0 Re()
— 16— AP~ 1o+ P
e 2R
=R+ Re(f)

- A2 6P
= Re(}) <_Re()\) + Re(9)>
=2Re(\)(f(0) — f(N)

> 0.

We have shown part (a) and also part (b) when Re(\) > Re(6).
For part (b), we need only consider eigenvalues A such that Re(f) > Re(\). In this case, we

will use that
g(\) > g(n) > 0.

Then

S(A) = 101> = IN? + 2a(Re(h) — Re(N))
> |07 — IA? + (=2£(0) — 29(1)) (Re(6) — Re(A))
= [0 = [AI> = 0] + 2 (0) Re(A) — 2g(1) (Re(6) — Re(N))
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Since Re(#) — Re(A\) > 0 and —2g(u) > —2g()\), we obtain

5(A) = —|A +2(8) Re(A) — 2g(A)(Re(8) — Re(X))
= —|AP +2f(0) Re(A) — 2Re(N)(f(0) — f(N))
= —|A2 +2Re(N) f(\)
=0

and we obtain that §(\) > 0, as required. O

It is worth observing that if we take & = —f(#), then
lo+ 6012 = a® + a2Re(8) + |0)? = |af*.

9.2.3 Theorem. Let X be a connected digraph on n vertices where L := L(X) is normal. Let f,
g, 0 and p be as defined in Lemma 9.2.2. Also, let v # 0 be the eigenvalue of L which minimizes
f amongst non-zero eigenvalues of L. Let' Y and Z be disjoint vertex sets in X with no arcs from

Z toY. Then,
Yiizl_latoP
(n—=YNn—12)) = a* ~’

" —f(0) — f(v), if Re(\) > Re() for all X ¢ {0,6};
where o =
—f(0) —g(p), otherwise.

Proof. Let & = —f(#) — g(u) and let L = oI + L. In L and L, there is an off-diagonal block
of Os, where the rows are indexed by Z and columns are indexed by Y. This follows directly from
hypothesis that there are no arcs from Z to Y. We wish to use interlacing to bound the size of

such an off-diagonal block of 0s. Let

0 ol + L 0 L
C = = ~ .
ol +LT 0 LT 0
Note that we use 0 in matrices to represent the zero matrix of the appropriate dimensions and hence

will omit subscripts. We see that C' is symmetric and the eigenvalues of C are
{+0 : o a singular value of L}.
Using Lemma 9.2.1, we can write the eigenvalues of C' as
{#£]a+ A| : X eigenvalue value of L}.

By Lemma 9.2.2, we see that || is the biggest eigenvalue of C' and | + 0| is the second largest
eigenvalue of C.
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Since X is eulerian, each row and column of L sums to 0 and so each row and column of L
sum to a. We may partition the rows of L into rows indexed by {Z,V(X)\ Z} and the columns
of L into columns indexed by {V(X)\Y,Y}. Then,

- (L 0
L= (Jl ~ )
Loy Lo

This partition of L induces a partition of C' where all diagonal blocks are square;

0 0 Ly O
0 0 Ly Lo
B0 o

L, o 0

We let B be the quotient matrix of C' with respect to this partition. Recall from Theorem 4.2.3
that the entries of B are the average row sums of the corresponding blocks of C'. We will index
the rows and columns of B with [4], for convenience. Since the row and column sums of L are all
equal to a, we see that each row and column sum of Lq; and of the matrix (EQI EQQ) is equal to
a. Then B(1,3) = B(4,2) = o and

B(2,3) + B(2,4) = B(3,1) + B(3,2) = .

Observe that Log is a n— z x y matrix, where the lower y X y submatrix is a principal submatrix
of L. For S, T C V(X), let E(S,T) denote the set of edges e such that t(e) € S and h(e) € T.
Let W = V(X)\ (Y UZ). We will find B(2,4) by taking the sum over all of the entries of Ly as

follows:

j=lt=1 (9.4)
=ya+ Y d(y)—|EY,Y)|—|[EW,Y)|.
y inY
Since there are not arcs from Z to Y, we have that
[E(Y,Y)|+ [EW,Y)| = |E(V(X),Y)|=)Y_d (y). (9.5)

yey

Since X is eulerian, we see that 3, oy d™(y) = >,y d*(y). Then, from (9.4) and (9.5), we obtain
that B(2,4) = 2%, which implies that B(2,3) = a — -, By an analoguous argument, we find

n—=z n—=z
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that B(3,1) = ;2% and B(3,2) = a — ;=%.. Thus we have

Y n—y’
0 0 a 0
20 g e 0
0 « 0 0

Since B is the quotient of a symmetric matrix, we see from the proof of Theorem 4.2.3 that B
is similar to a symmetric matrix. Thus we may let the real eigenvalues of B be p1 > o > us > ug.
Let Ay > Ay > --- > A9, 1 > A9y, be the eigenvalues of C'. Observe that C' is similar to —C' and
B is similar to —B by construction of C'. Then, we have that

f4 = —fi1, 3 = —p2, A2p = —A1 and Ao, 1 = —Asg.
Applying the interlacing theorem gives
A1 > p1, A2 > po and 3 > Aop—1, 4 > Aop.
Recall that (A1, A2) = (Jal,|a+ 0]). Then
pipapzia = (=17 (mp2)? < (Mde)® = (Jalla +6])%. (9.6)

On the other hand, we see that

2 2
(6 a~z
ppapips = det(B) = — - (9.7)
n—zn—y
From (9.6) and (9.7), we obtain that
2 2
o’y o’z
~ 2= < (lalla +6))?
n—zn
which simplifies to
y . o+ 62
n—zn—y a2
as claimed. 0

Using Theorem 9.2.3, we can find a bound on the maximum acyclic subdigraph of a digraph

whose A-Laplacian is normal.

9.2.4 Theorem. Let X be a connected digraph on n vertices such L := L(X) is normal. Let o be
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as in Theorem 9.2.3. If X has an induced acyclic subdigraph of order s, then

Proof. Let S be an induced acyclic subdigraph of X of order s. Since S is acyclic, there is an
ordering, (v1,...,vs), of the vertices of S such that v; has no neighbours amongst {v; : i < j}.

Then, any partition of the vertices of S into
Y ={vi,...,v;} and Z = {vj41,...,vs}

will have the property that there are no arcs from Z to Y. Then, for any y,z > 0 such that
y+2z=s, we can find Y and Z such that |Y| =y, |Z| = z and there are no arcs in X from Z to
Y. In particular, we will consider y = |§] and z = [5]. Let o = —f(0) — g(i) where 6, 11, f(6)
and f(u) are as in the statement of the theorem. We may apply Theorem 9.2.3 to obtain that

= S (arcte’f'

Observe that y < z and that —— < —. Then

n—y n—z"
v <|a+9|>2
(n—y)?~ \ o
and so we see that
v o + 6]
(n—y) ||

We simplify this expression to obtain a bound on y as follows:

y . | + 0]
o]

<(n-y)

| + 6|
||

Recall that y = | 5| > 551 and
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which gives that

Note that if |S| is even, then the 1 on the right hand side can be omitted. 0

9.3 Corollaries

If X is a graph, then the A-Laplacian is the usual Laplacian matrix of a graph. In this case, the
A-Laplacian is symmetric and hence normal and so all eigenvalues are real and non-negative. Thus,

for A an eigenvalue of L(X), we see that

F) =g(N) = A2

Then, we can recover the original theorem of Haemers [32, Lemma 6.1] for graphs as a corollary of

Theorem 9.2.3, which is the following.

9.3.1 Corollary ([32]). Let X be a connected graph on n vertices and let Y and Z be disjoint

vertex sets in X with no arcs from Z toY. Then,

Y] ’

(n = [Y[)(n —1[2])

(o0 — 02)
(on + 02)?

<

where 0 = 01 < 09 < --- < g, are the Laplacian eigenvalues of X.

A tournament has normal adjacency matrix if and only if it is regular (see [20]). Then, the
A-Laplacian matrices of regular tournaments are normal matrices. Let X be a regular tournament

on n vertices. In this case, all of the non-zero eigenvalues have real part equal to 5. We see that

AP AP
)\ = = —
Then, a = ——‘(jf ——ll;f, where 6 and v are the largest and smallest eigenvalues of L(X') in magnitude.

Theorem 9.2.4 gives the following corollary.

9.3.2 Corollary. Let X be a connected, regular tournament on n vertices with an acyclic subgraph

of order m, then

where o =

—% P here 8 and v are the largest and smallest eigenvalues of L(X') in magnitude.

n
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9.4 Examples of digraphs with normal Laplacian matrices

We observe that, if the digraph is regular, then the Laplacian matrix is normal if and only if the
adjacency matrix is normal. We say that a digraph is normal if it has a normal Laplacian matrix

and a normal adjacency matrix.
9.4.1 Theorem. Every Cayley digraph on an abelian group is normal.

Proof. Consider a Cayley digraph X = Cay(G, C) where G is abelian and let A be the adjacency

matrix of X. Since X is regular, we need only check that A is normal. Then
(AT A)y, = {w : wu and wv are arcs of X}|

and
(AAT)%U = {y : uy and vy are arcs of X}|.

Let u,v be vertices of X and suppose they have a common in-neighbour w. Then for some
a1 # as € C, we have

u = ajw and v = asw.
It is clear that aou is an out-neighbour of u and ajv is an out-neighbour of v. In addition,
a2Uu = a201W = a1a2W = a1v

and so asu is a common out-neighbour of u and v. Conversely, following the same argument, given

a common out-neighbour of w and v, we may construct a common in-neighbour of u and v. Then
(ATA)U,U = (AAT>u,v

and so A is a normal matrix. O

In general, the adjacency matrix being normal does not have to coincide with the Laplacian
matrix being normal. We present some data on all digraph on 4,5 and 6 vertices. Note that if X

has a normal adjacency matrix or a normal Laplacian, it must be eulerian.

86



Table 9.1: Small digraphs with normal Laplacian and adjacency matrices.

4 vertices | 5 vertices | 6 vertices
number of digraphs 218 9608 1540944
eulerian 17 107 2269
regular 5 10 52
normal Laplacian 14 43 194
normal adjacency matrix 14 45 212
normal 14 43 190
connected and eulerian 12 90 2162
undirected 10 31 43
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Chapter 10

Simple eigenvalues of cubic
vertex-transitive graphs

In this chapter, we turn our attention to simple eigenvalues of cubic vertex-transitive graphs. Cubic
vertex-transitive graphs have been studied in [52, 51] and a census of all such graphs with order at

most 1280 vertices is maintained by Potoénik, Spiga and Verret in [50].

10.1 Cubic vertex-transitive graphs having 1 and —1 as simple eigen-

values

A cubic graph X has largest eigenvalue 3, which is simple if and only if X is connected. It is well-
known that if —3 is also an eigenvalue of X and X is connected, then —3 is a simple eigenvalue
and X is bipartite; see [5] for example. By Theorem 3.2.4, the only possible simple eigenvalues of
a cubic vertex-transitive graph besides +3 are £1.

We will index rows and columns of the adjacency matrix A = A(X) of X by vertices of X. We
will use function notation where A(z,y) denotes the (xz,y)-entry of A. For v a vector indexed by
the vertices of X and a vertex x of X, we write v(x) for the entry of v corresponding to x.

A bipartite graph with bipartite (B, C) is said to besemi-regular if every vertex in B has degree
b and every vertex in C' has degree c. Recall from Chapter 4 that a partition {V1,...,V,,,} of
the vertices of a graph X is equitable if the subgraph of X induced by each Vj is regular and the
bipartite subgraph of X induced by the edges from V; to V; is semi-regular, for each pair ¢, j such
that i # j. If that is the case, then we define the m x m quotient matrix B = [b; ;|;";_; whose

entries b;; are number of neighbours of any vertex in V; in V.

10.1.1 Theorem. If a cubic vertex-transitive graph X has both 1 and —1 as simple eigenvalues,
then X is bipartite.
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Proof. Let v and u be the +1 eigenvectors for eigenvalues 1 and —1, respectively. Let

V= (e e V(X) | viz) = 1},
Vo= {z e V(X) | v(z) = ~1},
Ut ={zeV(X)]|u(z)=1}

and
U ={zeV(X)|uz)=-1}.

For any automorphism P in Aut(X), we have that P must either fix both V™ and V'~ or interchange
them as sets. Similarly, P either fixes both U and U~ or interchanges them. By using (3.1), we
see that V' and V'~ each induce a 2-regular subgraph of X and U™ and U~ each induce a 1-regular
subgraph of X.

Let WHt =VTtNUT, W= =VtnU-, W T=V"NnU"and W=~ =V NU". Consider
the subgraph Y induced by the vertices in W', Since W C U™, each vertex of W has degree
Oor1linY. Since X is vertex-transitive, the automorphism group of X must also act transitively
on Y. Then Y is either 1-regular (an induced matching) or an independent set of vertices. The
same conclusion applies to W+, W=, and W~ .

If Y is l-regular, then we find the quotient matrix of the partition of V(X) induced by
WH W=, W=, W~ to be

_ O = =
S = =
— = = O
—_ = O

and this partition is equitable and, by the interlacing theorem (see [10, Theorem 2.5.1], for example),
the eigenvalues of B are a sub-multiset of the eigenvalues of A. The matrix B has eigenvalue 1
with multiplicity 2 and so A(X) also has eigenvalue 1 with multiplicity at least 2. This contradicts
the assumption that 1 is a simple eigenvalue of X.

Therefore, it must be that W' is an independent set. In this case, by vertex transitivity, the
same holds for W+— W =" and W~". This implies that each vertex in W™*T has two neighbours
in W, one neighbour in W=, and no neighbours in W™+ U W ~". In particular, the partition
of V(X) into sets WTt UW ™" and W~ UW T is a bipartition of the graph X. o

10.2 Combinatorial structure

We now consider a cubic vertex-transitive graph X that has A = 1 as a simple eigenvalue with
eigenvector v whose entries are in {1,—1}. We define vertex sets V' and V™ as in the previous

section.

89



For W C V(X), we use X[WW] to denote the subgraph of X induced by W. Let M denote the
set of edges between V™ and V —; that is

M={ecEX)|e=ayforzcVtandycV }

10.2.1 Lemma. For (V*,V ™) as defined above, the following are true:
(i) X[VT] is the disjoint union of cycles of the same length;

(ii) X[V*] is isomorphic to X[V ~] and V" and V~ are blocks of imprimitivity of the action of
Aut(X);

(i) (V*,V ™) is the unique partition of V(X), such that both parts induce 2-regular graphs;
(iv) M is a perfect matching of X; and
(v) Aut(X) acts arc-transitively on M and fixes M set-wise.

Proof. For every vertex x in VT, we have that

Z vy =v; =1
1%
Since v, for all y neighbours of = are either 1 or —1, it follows that x is adjacent to two vertices
in V' and one vertex in V~. This implies that M is a perfect matching of X and X[V ] is a
2-regular graph.
Any partition of V(X)) into sets (Vi, V2) such that the induced graphs X[Vi] and X[V3] are

2-regular gives rise to an eigenvector for X with eigenvalue 1, by taking the vector u defined as

1, if v eV
u(v) =
-1, ifves.

follows:

Since 1 is a simple eigenvalue of X, it follows that {V =,V } is the only such partition. Then every
automorphism of X must fix V* and V= or must swap V* and V'~ set-wise. This shows (v).
Observe that there is an automorphism of X taking a vertex of V" to a vertex in V. Such an
automorphism must take every vertex in VT to a vertex in V'~ and every vertex in V™ to a vertex
in V' and so is an isomorphism from X[V "] to X[V ~]. This shows that (ii) holds. Since Aut(X)
acts transitively on X, the induced action on V7 is also transitive, so X[V ] is a vertex-transitive

2-regular graph. Then X[V ] must be a disjoint union of cycles of the same length. O

We may reorder the vertices of X such that

AX[VT]) = AX[V7)).
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We may assume that each of X[V*] and X[V ] is the disjoint union of m cycles of length k. Let
the vertices of V' be v; ; where i = 1,...,m and j =1,...,k, such that {v;1...,v;x} induce a
cycle C; in X[V*] (and in X). Similarly, we may denote the vertices of V™ as w; ; fori =1,...,m
and j =1,...,k, such that {w;1...,w;} induce a cycle D; in X[V~].

Let 7 be the function such that 7(i,j) = (r,s) when v; ; is adjacent to w, . Since M is a
perfect matching of X, we have that 7 is well-defined and induces a bijection from V* to V~. The

adjacency matrix of X can be partitioned into block matrices, according to V™ and V~ as follows:

A(X) = (fT g) ,

where B = A(X[V™]) and P is the permutation matrix corresponding to 7.

10.3 Relation to regular maps

We recall some preliminary definitions from the area of graph embeddings. Further details may be
found in [46]. Let G be a connected multigraph. For each v € V(G), let m, be a cyclic permutation
of the edges incident to v. Then Il = {m, | v € V(G)} is said to be an embedding of G (on an
orientable surface) and it defines a collection of closed walks, called facial walks or faces, such that
each edge is traversed once in each direction by these walks. A triple (v, e, f) where v is a vertex of
G incident to edge e incident to face f is said to be a flag of (G,II). An embedding is said to be
regular if Aut(G) acts transitively on the flags of (G,II). If G is arc-transitive and there are two
orbits of flags of (G,II) under the action of Aut(G), we say that (G,1I) is a half-regular map.

Let X be a cubic, vertex-transitive graph with 1 as a simple eigenvalue, as considered in Section
10.2. Let C; and D; (i = 1,...,m) be the cycles forming X[V '] and X[V ], respectively, as
observed at the end of Section 10.2. Let G be the multigraph obtained from X by contracting each
cycle C, D; to a single vertex. More precisely, G has a vertex ¢; for each cycle C; of X and a vertex
d; for each cycle D; of X. There is an edge joining ¢; and d, in G for each edge of X joining a
vertex in C; to a vertex in D,.. We say that G is the contracted multigraph of X. Observe that G
is connected since X is.

10.3.1 Lemma. If G is the contracted multigraph of X, then Aut(X) < Aut(G) and any vertex-
transitive subgroup of Aut(X) acts transitively on the arcs of G. In particular, G is arc-transitive

and bipartite.

Proof. Consider a € Aut(X). If we take the contracted multigraph of a(X), we again obtain G.
Since the cycles C;, D; form blocks of imprimitivity under the action of Aut(X). Thus a acts on
G as an automorphism. so Aut(X) < Aut(G). Let I" < Aut(X) act transitively on the vertices of
X. Then I' acts arc-transitively on the edges of M, which are in one-to-one correspondence with
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the edges of GG, and thus acts arc-transitively on G. Clearly every edge in G connects some ¢; to

some d;, so G is bipartite. O

For a vertex ¢;, let the edges incident to ¢; be €;1,...,¢;%, where ¢; ; is the unique edge of G
corresponding to the edge of M incident with v; ;. Similarly, for a vertex d;, let the edges incident
to d; be fi1,..., fix, where f; ; is the unique edge of G corresponding to the edge of M incident
with w; ;. Let II = {m, | v € V(G)} be a rotation system satisfying the following: for each 4,
the permutation ., satisfies 7., (e; ;) € {€ij—1,e€ij+1} and mg, satisfies 7y, (e ;) € {fij—1, fij+1}
where the indices are taken modulo k. Then we say that (G,II) is a compatible embedding of G
with respect to X.

Note that since there are two choices for each of the permutations 7, there are 22" (possibly
non-isomorphic) embeddings of G that are compatible with the graph X.

Conversely, given an embedding (G, II) where G is a connected multigraph with no loops and II
is a rotation system, we may define a cubic graph p(G,II), called the truncation of (G,II), in the
following way. The graph p(G,II) has vertices (v, e) for every v € V(G) and every edge e incident
to v. In p(G,1I), every vertex (v,e) is adjacent to (v,m,(e)), to (v, 7, *(e)), and to (w, e) where
w is the other endpoint of e. Every vertex has two neighbours with the same first coordinate and

one with the same second coordinate and p(G,1I) is cubic.

10.3.2 Lemma. Let X be a vertex-transitive, cubic, connected graph with 1 as a simple eigenvalue
and let G be the contracted multigraph of X. An embedding Il of F' is compatible with X if and
only if p(G,1I) = X.

We will now consider the action of Aut(X) on a compatible embedding (G,II). For a given
set II of local rotations, it is possible that not every element of Aut(X) preserves the faces of
(G,II). We will restrict our attention to automorphisms of X which preserve the faces of (G,1I).
Let I < Aut(X). Note that I' also acts on E(G) = M. We say that (G,II) is compatible with T’
if, for every v € V(G) and e an edge incident to v, we have

a(my(e)) = Taw)(a(e))

for every a € I

10.3.3 Lemma. Let I' < Aut(X) be a subgroup acting transitively on the vertices of X. If (G,1I)
is compatible with I', then the flags of (G,II) lie in at most two orbits under the action of T".

Proof. Consider a flag (v, e, f) of (G,II) and « € T which takes (v,¢e) to (v/,€’). Then, since «
preserves the faces of the embedding, a(f) is one of the two faces incident to v’ and ¢’. Since T
acts transitively on the arcs of G by Lemma 10.3.1, for any (v/,€’) where v’ is incident to ¢/, there
exists a € I" which maps (v,e) to (v/,¢'). Then, the orbit of (v, e, f), say O, under the action of T’
contains at least half of the flags of (G,II). Since every orbit of flags has the same order, we have
that there are at most 2 orbits of the flags of (G, II) under the action of T O
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We see that if there exists I' < Aut(X) and II such that I' acts vertex-transitively on X
and (G,II) is compatible with (X,T"), then (G,II) is a regular map or a half-regular map. For
example, the cube, considered as a regular map on the sphere, is an embedding compatible with a

vertex-transitive, cubic graph that has 1 as a simple eigenvalue, by the result in Section 10.5.1

10.4 Adjacency matrix

For this section, let X be a cubic vertex-transitive graph with 1 as a simple eigenvalue. Let
A:= A(X) and let P and B be defined as in Section 10.2. In general, we have Lemma A.6.1, but
in this specific case, we may do slightly better.

10.4.1 Lemma. If BEP = PBF for some 1 < k < m, then
(i) BP = PB ifk is odd, and
(i) B?P = PB? ifk is even.

Proof. We may write B = C' + C~! where C is a permutation matrix consisting of disjoint cycles
of the same order, say ¢. Let e; denote the ith elementary basis vector of RX, which has a 1 in the

position indexed by vertex ¢ and zeros elsewhere. We have that
Ce; = eiq1

where the indices are modulo ¢q. Then
(Cc+c™
k

25(’;)“ ”
)

.

ikckQJ

— \ j

.
(en)

and
"k : "k
Bfe; = Z < ) Ch2e; = Z ( ) €itk—2j
j=o \J j=o \J
where the indices are modulo gq.
For v € V(X), consider the coefficient of e, in B¥e;. If v is not in the same component as i in
X with the matching deleted, then the coefficient of e, is 0. If v and i lie in the same component
of V* (or V), the coefficient of e, is the sum of all ( ) for which k+4 —2j = v mod q. If there
are no such 7, the coefficient of e, is 0.
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Suppose e, and e, have the same nonzero coefficient in B¥e; and u # v. Then
v=i+k—2j

and
u=i+k—2j

()-0)

Then j' = k — j. Then distinct vertices e, and e, have the same nonzero coefficient in B¥e; if and

for 7 # j' such that

only if v=14+k—2j and u =i — k + 2j for some j. Let ¢ denote the permutation represented by
permutation matrix P.
To prove the statement, suppose first that k is odd and let k = 2m + 1. Then €;41 = €;11_om

has coefficient (:1) # 0 and e;_; has the same coefficient in B¥e; by above argument. Observe that

k " (k =~ (k
PB ei:Z j P€i+k72j:Z - | Cp(i+k—2j)

=0 =0 \J

and
Fo(k
B'Pe; =3 < -)%(i)%—zj'
=0 \/

Since PB¥e; = B¥Pe; and the ¢;'s are pairwise orthogonal, we must have that the coefficient of
€p(i+1) N PB¥e; is equal to the coefficient of €p(i)+1 1N B*Pe;, and distinct from the coefficient of

any other ¢;. Then, we have that

{o(i = 1), 000+ 1)} = {o(i) = 1,6(i) + 1}.

This is true for any i, if we consider ¢ as a map from V™ to V~, we see that ¢ sends every edge
of V' to an edge of VT and ¢ is bijective since there is a perfect matching between V' and V.
Then P represents an automorphism of the graph with adjacency matrix B and so PB = BP.

Suppose k = 2m is even. We see that e;+2 = €;4pyo(m—1) has coefficient (mk_l) £ 0 in BFe;.
By a similar argument as above, we obtain that

{0(0) +2,0(i) = 2} = {¢(i + 2), ¢(i — 2)}.

Now
B>=C%?+2I+C72
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Then,

PB%¢; = P(eiy2 + 2e; + €;_2)
= €g(i+2) T 2€4() + €p(i—2)
= 2e4(i) T €o(i)+2 T Cg(i)—2

for all i and we have that B?P = PB?, which concludes the proof. O

10.5 Families of graphs

10.5.1 Truncations of cubic arc-transitive graphs

The truncation of a graph G is a graph T'(G) where every vertex v of G corresponds to a clique of
order deg(v) and every edge uv of G gives an edge of T'(G) between the cliques corresponding to
u and to v, such that each vertex of T'(G) is adjacent to exactly one vertex in a different clique. If
G is a cubic graph, the truncation of G is also cubic. The following theorem appears as Theorem
2.1in [59].

10.5.1 Theorem. [59] If the eigenvalues of a cubic graph X are u1, ..., un, the eigenvalues of the

IR VTR E]
N 2

truncation of X are
i

fori=1,...,n and —2 and 0, each with multiplicity 5.

10.5.2 Theorem. The truncation of a cubic graph X has 1 as an eigenvalue if and only if X is
bipartite. Furthermore, if X is bipartite, then 1 is a simple eigenvalue of the truncation of X if and

only if X is connected.

Proof. We see from Theorem 10.5.1 that the eigenvalues of X which are equal to —3 are precisely
those which map to eigenvalues equal to 1 in the truncation of X. A cubic graph X has —3 as an
eigenvalue if and only if it is bipartite. The multiplicity of —3 as an eigenvalue of X (and hence of

1 as an eigenvalue of the truncation of X)) is 1 if and only if X has exactly one component. O

10.5.3 Corollary. If X is a connected vertex-transitive cubic graph containing a cycle of length 3,
then X has 1 as a simple eigenvalue if and only if X = T(G), where G is a connected, bipartite,

arc-transitive, cubic graph.

Proof. First we show that if X is vertex-transitive, contains a triangle and has 1 as a simple
eigenvalue, then X must be the truncation of a graph G. Since X has 1 as a simple eigenvalue, we

95



may partition the vertices of X into cycles V* and V™, as in Lemma 10.2.1. Let v be vertex in VT,
We have that v is incident to a cycle of length 3, say T, in X. Since there is a matching between
V* and V, the triangle T does not use any edge of the matching. Thus v must be incident to
a cycle of length 3 in the subgraph of X induced by V*. Since V' induces a vertex-transitive
2-regular subgraph of X by Lemma 10.2.1, X[V *] must be a disjoint union of cycles of length 3.
The same holds for X[V ~]. Let G be obtained from X by contracting all the 3-cycles in X[V 7]
and X[V ~]. We see that G is cubic, since each vertex of X is incident to exactly 1 edge which is
not contracted to obtain G. By part (v) of Lemma 10.2.1, G is an arc-transitive bipartite graph, as
claimed.

By Theorem 10.5.2, the converse implication is clear. O

10.5.2 Prisms

The prism of order 2n is the Cartesian product of C),, with K5. A prism is a cubic vertex-transitive
graph, which always has 1 as an eigenvalue, but not always as a simple eigenvalue. We can find

exactly which prisms have 1 as a simple eigenvalue.

10.5.4 Theorem. Let X, P and B defined as in Section 10.2, then BP = PB if and only if X is

the prism of order 2n, where n # 0 mod 4.

Proof. Suppose PB = BP. Let H' and H~ denote the subgraphs of X induced by V™ and V—,
respectively. Note that H™ = H~ and A(H") = A(H~) = B. Then P represents a permutation
¢ of the vertices H' which is a graph automorphism of H. We will, however consider ¢ as an
isomorphism from H+ to H ™.

First we will show that HT is a cycle of length n. Suppose for a contradiction that it is not.
Observe that H* and H ™~ are 2-regular graphs and every automorphism of X must fix each of V'
and V'~ or swaps them. Then, H™ is vertex transitive since X is. If HT is not a single cycle,
then H™ is the disjoint union of cycles of the same length. Let C" be one of the cycles and x be
a vertex of Ct. Consider ¢(z). Let C~ be the cycle of H~ which contains ¢(z). Since ¢ is an
isomorphism, ¢ maps connected components to connected components. Specifically, » map C to
C~. Then, in X, all edges of the matching with one end in CT has the other end in C~. Since X
is cubic, the vertices of C* and C~ induce a connected component of X. Since X is connected, it
follows that C* = H™, thus showing that H™" is a cycle of length n.

Let Y = C,,0K5. We will show that X is isomorphic to Y by giving an explicit isomorphism.
Let the vertices of C), be {c1,...,cn} and let the vertices of K3 be {1,2}. We will write the vertices
of X as

VIU{é(v) [veVT}
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where V' = {vy,...,v,}. Define a map ¢ from vertices of X to vertices of Y as follows:

Y(vi) = (¢i, 1) and P(d(v)) = (¢4, 2)

for each v; € V. Clearly # is bijective. For an edge v;v;11 of X, we see that ¢(v;) = (¢;, 1) and
Y(vig1) = (Ci+1,1). Then 1(v;)1p(vit1) is an edge of Y. Similarly, an edge ¢(v;)@(vit1) of X, we
see that ¥(6(11)) = (1,2) and ¥(9(vis1)) = (cis1,2). Then B(6(v))i(@(vis1)) is an edge of V.
For the edge v;¢(v;, we see 1 (v;) = (¢, 1) and P (d(v;)) = (¢i,2). Then ¥(v;)(p(v;)) is an edge
of Y. Then, ¢ is an isomorphism as required.

For the other implication, we must check that if n» # 0 mod 4, then Y has 1 as a simple
eigenvalue and we can write the adjacency matrix of Y as

B P
A=
(2

where PB = BP and P is a permutation matrix.

Consider the spectrum of Y = C,, 00K, (the prism of order 2n) for any even n. From [10] or
any other standard text in spectral graph theory, we obtain that the eigenvalues of Y are 8 + 1, for
each 6 eigenvalue of C%. Then the eigenvalues of Y are

2cos<2m)i1
14
forj=0,...,£—1and £ = 5. Note that
o
2cos<7g*7>—1:2—1:1

when 7 = 0, so Y has 1 as an eigenvalues with multiplicity at least 1. The multiplicity of 1 as an
eigenvalue is simple if and only if 0 + 1 is not also an eigenvalue, which is to say, if and only if 0 is
not an eigenvalue of C,,. We may see that (), has 0 as an eigenvalue if and only if n is divisible by
4. Then Y has 1 as a simple eigenvalue if and only if n is not divisible by 4.

Suppose Y = O%DKQ where n is even but not divisible by 8. Then Y has 1 as a simple
eigenvalue and we see that the function f such that

f((e;,1)) =1 and f((¢;,2)) = -1

is an eigenvector with eigenvalue 1. Partition Y into V't = {(¢;,1)} and V= = {(¢;,2)} with
respect to f. We may write the adjacency matrix as

B P
A=
[ 2)
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where P is the permutation taking (¢;, 1) to (¢;,2). Then P commutes with B as required. O
10.5.5 Corollary. A prism of order 2n has 1 as simple eigenvalue if and only if n % 0 mod 4.

10.5.3 Generalized Petersen graphs

We would like to classify which generalized Petersen graphs have 1 as a simple eigenvalue. This
turns out to be a difficult task. We record a partial progress here.

The generalized Petersen graph, denoted P(n, k) is the graph with vertex set U U V' where
U= {u;}j= and V = {0},
and edges
UjUj, Wjlj+1, UjUjtk

for every j, where the indices are modulo n. The well-known Petersen graph is P(5,2). We have

the following theorem concerning vertex-transitivity.

10.5.6 Theorem ([25]). The generalized Petersen graph P(n, k) is vertex-transitive if and only if
(n,k) = (10,2) or k* = £1 mod n.

The following theorem gives the eigenvalues of P(n, k).

10.5.7 Theorem ([26]). The graph P(n, k) has eigenvalues ¢ for every root § of
2? — (o + Bj)r + ;B —1=0 (10.1)
for j =0,...,n—1, where
aj = QCOS(?) and B = 2COS(¥).

The eigenvalues of P(n, k) which are equal to 1 are solutions for Equation (10.1) where z =1,
which we may simplify as:
a;jfy = aj + Bj.

We may let § = 2% and rewrite as:
2 cos B cos kO = cos 6 + cos k. (10.2)

Observe that j = 0 gives a solution to this equation for any k. Hence, every generalized Petersen
graph has eigenvalue 1 with multiplicity at least one. From now on, we will only consider the case
where j # 0 and cos@ # 1. We know that cos(kfl) = T (cos @) where T}, is the kth Chebyshev
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polynomial of the first kind. Then
2 cos 0 Ty (cos 0) = cos O + Ty(cos ).

From this we see that cos 6 is an algebraic number and, letting ¢/(x) denote the minimal polynomial
of cos @ over QQ, we see that ¢(x) divides 22Ty (z) — x — Ty (x). Let

_ 20Ty (z) — x — T(x)
r—1 '

f(z)

Since Tx(1) = 1 for any k, we see that = — 1 is an irreducible factor of 22Ty (z) — x — Tj(x) and so
f(z) is a polynomial of degree k with coefficients over Q. Since () is irreducible, ¥ (z) divides

x — 1 or ¥(z) divides f(z). Since we are considering cosf # 1, we may assume that ¢(x) divides

f(@).

10.5.8 Lemma. If cos @ is rational, then P(n,k) has 1 as an eigenvalue with multiplicity greater
than 1 if and only if n = 4m for some integer m and km € {m,3m} or 3km € {m,3m}, where

the arithmetic takes place over Z.,.

Proof. We require that cos = cos kf = 0 for some 0 £ 0. Suppose cos0 is rational. There is an
elementary result (see, for example, [36]) which gives that cosf € Q where 6 is a rational multiple
of 7 if and only if cos@ € {£1, i%, 0}. We will now check these cases explicitly.

We have already considered the case when cos = 1. If cos@ = —1, Equation (10.2) gives that
coskf = % € Q. Then k6 must be an irrational multiple of 7, which contradicts that & is an integer.
Similarly, there are no solutions when cosf = j:%. If cosf = 0, then Equation (10.2) gives that
cos kO = 0. This can happen if and only if n = 4m for some m and {km,3km} N {m,3m} # 0,

over Zy,. O

Now we consider the case when cos @ is not rational. In this case, we find the degree of the
extension of the rationals by Q(cos #). This can be found in an elementary text for algebraic number

theory, such as [40], but we include it here for completeness.

10.5.9 Lemma. The algebraic degree of COS(%) over the rationals is %ﬂl) where ¢ denotes the

. 3 . y ;! .
Euler totient function and n' is such that L = 1 and ged(j',n') = 1.

Proof. Let 6 = 2% as before, and let j’,n/ be such that % = %,/ and ged(j’,n') = 1. Let ¢ = €,
which is a primitive n/-th root of unity. Since Q(() is the splitting field of a cyclotomic polynomial

we see that

We observe that




Since Q(cos #) is a real extension of the rationals while Q() is not, we see that [Q(¢) : Q(cos )] > 2.

Further, we see that
(z—Oz—-CYH=22—(C+¢Hr+1=2?—2cosbz+1

is a polynomial of degree 2 over Q(cosf), which has ( as a root. Hence [Q(¢) : Q(cos )] < 2.
We have obtained that [Q(¢) : Q(cos#)] = 2 and

[Q(¢) : Q(cos 0)][Q(cos ) : Q] = [Q(C) : Q] = p(n).

From this we see that

as claimed O

If Equation (10.2) has a solution where 6 # 0, then, for some ¢ > 1 dividing n, we have that

D < deg(f(2)) = .

We have proven the following theorem.

10.5.10 Theorem. If the generalized Petersen graph P(n, k) has 1 as an eigenvalue of multiplicity
greater than one, then there exists q, a divisor of n, such that ¢ > 1 and ¢(q) < 2k, where ¢

denotes the Euler totient function.

Proof. Suppose the generalized Petersen graph P(n,k) has 1 as an eigenvalue of multiplicity
greater than one, then there exists j # 0 such that 6§ = 2% satisfies Equation (10.2). If cos@ is
rational, then we have from Lemma 10.5.8 that n = 4m for some integer m and km € {m,3m} or
3km € {m,3m} over Z,. Then 2|n and ¢(2) = 1. Since k > 1, we have that ¢(2) < 2k.

If cos 6 is not rational, then we see that its algebraic order over the rationals is equal to ¢(n’)/2

where % = fl—l, and ged(j’,n') = 1. Then n/|n and n’ > 1 and

¢(n')
2

< deg(f(z)) =k

as claimed. 0
This result gives a complete characterization when n is prime.

10.5.11 Corollary. If the generalized Petersen graph P(p, k), where p is an odd prime, is vertex-
transitive, then P(n,k) has 1 as a simple eigenvalue unless P(n, k) is isomorphic to the Petersen
graph.

Proof. Since the graphs P(n, k) and P(n,n — k) are isomorphic, we may assume that & < £. Since

p is an odd prime, we may assume that k < p—gl. Theorem 10.5.10 gives the necessary condition
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for P(n, k) to have one as a non-simple eigenvalue. We consider when the condition in Theorem
10.5.10 may be satisfied. In this case, the only divisor of p not equal to 1 is p and ¢(p) = p — 1
gives that % < k. Then it must be that k = %. Since P(p, k) is vertex-transitive and p # 10,
we must have k2 = +1 mod p by Theorem 10.5.6. Suppose k2 =1 mod p. We obtain

—1\?2
(]92> =1 modp

p?—2p+1=4 modp
0=3 modp

and p = 3. In this case, we may check that P(3,1) does in fact have 1 as a simple eigenvalue
and so is not an exception. We see that if P(p, k) has 1 as a non-simple eigenvalue then k% = —1
mod p. Then

—1\?2
(pZ) =—-1 modp

pP?—2p+1=-4 modp
0=5 modp

and p = 5. In this case, we obtain that p = 5 and k = pgl = 2 and so P(p,k) = P(5,2) is

isomorphic to the Petersen graph, whose multiplicity of 1 as an eigenvalue is greater than 1. O

10.5.4 Regular embeddings of K, ,,

Let T}, be the graph defined in the following way. The vertices of T}, are {v; j,w;; | i, € Zp}.
The edges are

{vigsvige}, {wig, wijts {vig, wiit

for all i,j € Z,,. It is easy to see that T}, is a cubic, vertex-transitive graph with 1 as an eigenvalue,
not necessarily simple, by considering the eigenvector that is +1 on every vertex v; ; and —1 on
every vertex w ;.

Alternatively, we can construct T} from the regular embedding of K, given by Nedela and
Skoviera in [48]. We consider K}, i, as a Cayley graph on Zyj, with the connection set {1,3,5,...,2k—
1} as the generating set. The rotation system II has vertex rotations at each vertex is given by the
cyclic permutation (1,3,5,...,2k —1) of the generators. The graph T, is isomorphic to p(K}, 1, IT).

Let B be the m? x m? matrix such that B = I,,, ® C,,,, where C,, is the adjacency matrix of the

cycle of order m and I,,, is the m x m identity matrix. Let P be the permutation matrix indexed
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by Zy, X Zy, such that P takes (i,7) to (j,i). The adjacency matrix of T}, can be written as

A:=A(T,) = (f PTIBP> .

Observe that P2 = I and P = PT. By definition, we see that
Ple; ®ej) =ej Qe

where e, denotes the kth elementary basis vector. Then for any m x 1 vectors v and w, we see
that
Pveaw)=w®vV.

10.5.12 Theorem. The eigenvalues of T,,, are

27j 27l 27 21l ?
cos RUE} + cos il :l:\/((:os 1 + cos W) +1
m m m m

for all (j,£) € Ly, X L.

Proof. We use the proof methods used in [26] to find the eigenvalues of generalized Petersen graphs,
to find these eigenvalues. Let v, w be eigenvectors of C, with eigenvalues A and 0, respectively.
Then

Bveaw)=(1,0C,)(vaw)=vRiw=>0(vew)

and
PTBP(v®w)=Pl(I, ®Cp)(w®v)=PAveiw) =\vew).

Let V' be an eigenbasis for C,, in R™. Then the basis
W={vew|v,weV}
of R™* simultaneously diagonalizes B and PT BP. We construct an eigenbasis U of A over R2m*

av @ w
VW

where v, w € V with eigenvalues A and 6, respectively and o = § — 6 for each § a solution to

such that the elements of U are

2 —O+Ns+0N—1=0. (10.3)

Observe that since
+0X>0A—-1

<9+)\>2_ 0% + N2
) =
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for any )\, 6 € R, Equation (10.3) always has two distinct solutions for 5. The U consists of 2m?
linearly independent vectors in R2™* | We now verify that each element of U is an eigenvector of A

A av @ w B av @ w
VRW PTBP VRW

AvVRW+VRW

AVRW+HAVRW

(lad+ ) vew
(a+Nveow )’
But « has been carefully chosen such that @« +6 = 6§ and aA + 1 = dq, so
A(av@w) :5(04V®W>.
VRW VW

Then U is an eigenbasis for A, as claimed, and the eigenvalues of A are the solution for § in Equation

by observing

(10.3) where 6 and A range over the eigenvalues of C. We use the quadratic formula to see that

0+ At /(O+NZ— 40X —1)

5=
2

0+ AEV(O N2+ 4

— 5 ,

The eigenvalues of C,,, can be found in a standard reference in algebraic graph theory such as [10]

and are 5
T
2 cos —‘7
m

for j € Z,,. Then, for j, £ € Z,,,

j 2
20052;;]+20082m7r€:|:\/<2c082mﬂ—20052;]) +4
B) .
2mj 2ml 2m/ 277\ 2
:cosm—l—cosﬂi\/(cosﬂ—cosm) +1
m m m m

o=

which concludes the proof. O

It is difficult to determine how many eigenvalues of T}, are equal to 1, but we may find two

cases where 1 is not a simple eigenvalue of T},.

10.5.13 Proposition. The multiplicity of 1 as an eigenvalue of Ty, is at least 5 for any k > 1. The
multiplicity of 1 as an eigenvalue of Ty, is at least 9 for any k > 1.
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Proof. We see that 1 appears as an eigenvalue of T}, for every solution (j,ell) to Equation (10.3)
where 6 =1, 6 = 2cos 2% and A = 2cos 2Z¢ where j, 0 € {0,...m — 1}. We can simplify this as:

m

2m) 2l 2m) 27l
cos 21 + cos T 9cos 2 cos (10.4)
m m m m

Observe that (j,¢) = (0,0) is always a solution to (10.4). We find additional solutions to 10.4 when
m is divisible by 4 and when m is divisible by 5.

Note that ) 5
cos <27T4) = coSs <27r4> =0.

Then, if m = 4k for some k, then
(4, £) € {(k, k), (k, 3k), (3k, k), (3k, 3k) }

are all solutions to Equation10.4. Then, together with (j,¢) = (0,0), there are at least 5 distinct
solutions to Equation 10.4, so the multiplicity of 1 as an eigenvalue of Ty is at least 5.

Similarly, if m = 5k for some k, we note that

5) 4 5 /) 4

and we see that

cos(%)—kcos(M)—_1+\/5+_1_\/5——1
5 5) 4 4 T2

and
(277) <47r> (<1+v5) (-1-v5) (15 1
cos | — |cos|— ) = = ——
5 ) 4 4 2
Then, let A = {k,4k} and B = {2k, 3k}. For every choice of j € A and ¢ € B, we obtain distinct
solution (j,¢) to Equation (10.4). Then the multipliticity of 1 is at least 8 +1 = 9. O
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Chapter 11
Open problems and future work

There are many open problems concerning the spectra of digraphs. One of the motivating questions
for this thesis, was the search for a spectral bound for digraph chromatic number. A proper k-
colouring of a digraph X is a partition of its vertices into k sets, each of which induced an acyclic
subdigraph of X. The chromatic number of digraph X is the least k for which X admits a proper k-
colouring. A bound analogous to Hoffman's bound in the undirected case would be a very interesting
new result.

One of the difficulties of working with the adjacency matrix of digraphs is that there is no
analogue of the eigenvalue interlacing theorem. For a differentiable complex-valued function f, the
Gauss-Lucas theorem gives that the roots of f lie in the convex hull of the roots of f. For a
vertex-transitive digraph X, we have that ¢(A(X —v),t) is a scalar multiple of ¢(A(X),t), for any
choice of vertex v. The Gauss-Lucas theorem would give that the A-eigenvalues of X — v lie in the
convex hull of the A-eigenvalues of X. This is, however, not a very good bound and also cannot,
in general, be applied iteratively, as X — v is not vertex-transitive unless X is complete. Finding
a true analogue to the interlacing theorem would give a great tool for working with the adjacency
matrix of digraphs.

In this dissertation, we study a Hermitian adjacency matrix with entries {0,1,+i}. It is also
reasonable to ask about other matrices respecting adjacency which are Hermitian, but with different
entries. In particular, for a digraph X, the matrices H'(X) and H”(X) are also matrices respecting

the adjacency of X, where

1 if v and vu € F;

Lt if uv € F and vu ¢ F;
T =L g B and v e B

7 fuww ¢ E and vu € F;

0 otherwise,
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and
1 if uv and vu € E;

es ifuve E andvu ¢ E;

HII<X)UU — i .
e ifuv¢ E and vu € E;

0 otherwise.

In Section 6.10, we find all digraphs with all H-eigenvalues strictly between —+/3 and v/3. It is
plausible that a classification can also be found for all digraphs with all H-eigenvalues between —2
and 2. In general, which digraphs have all H-eigenvalues in the range (—a, a)? In Section 6.10,
we also ask for which values of « there are only finitely many weakly connected digraphs whose
H-spectrum is contained in (—a, ).

In Section 8.9, we look at digraphs where the spectral radius is significantly larger that the largest
eigenvalue. We give a family of digraphs {X,,}>%, such that p(H(X,)) — M (H(X,)) = oo as
n — oo. For this family, we also have that p(H (X,,)) and A;(H (X,,)) both approach oo as n — oc.
We can ask if there exists a family of digraphs where p grows much faster that A;; for example, if
it is possible to construct a family of digraphs such that A\;(H) is constant and p(H) — oo and
n — oo.

Intuitively, a digraph X having a large number of simple eigenvalues, with respect to any matrix
respecting adjacency, tends to have few symmetries. We could ask if there is a characterization
of the digraphs with all eigenvalues simple (with respect to some diagonalizable matrix respecting
adjacency) which are also arc-transitive. For the adjacency matrix, the even directed cycles provide
examples of such digraphs. For the Hermitian adjacency matrix, the odd directed cycles provide

examples of such digraphs.
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Appendix A

Linear algebra

A.1 Definitions

In this section, we give basic linear algebra definitions and concepts. See [34] for a standard reference
text.
Let A be a n x n matrix. If v is a non-zero vector such that

(A= XD)rv =0

for some k and some scalar A, then v is said to be a root vector of A with eigenvalue \. The index
of v as a root vector of A is the least integer k such that (A — A\I)*v = 0. If v is a root vector
with index 1, then v is said to be an eigenvector of A. Equivalently, v is an eigenvector of A with
eigenvalue A if Av = \v.

Fix A. We wish to consider eigenvectors of A with eigenvalue A; this is equivalent to asking for

solutions to the equation
(A= X)v=0.

Observe that the equation has a solution if and only if |A — AI| = 0. Then, the eigenvalues of A
are roots of p(A) = |AI — A|, which is said to be the characteristic polynomial of A. The converse
is also true; if A is a root of the characteristic polynomial of A, then there is an eigenvector of A
with eigenvalue A.

A.1.1 Theorem. Eigenvectors corresponding to different eigenvalues are linearly independent.

A.1.2 Theorem. Let A and B be n x n matrices. The characteristic polynomials of AB and BA
coincide.

A.1.3 Corollary. Let A and B be m x n matrices. The characteristic polynomials of ABT and
BT A differ by a factor of \"™™.

We use ¢(A,t) to denote the characteristic polynomial of A in variable ¢ and o(A) to denote
the multiset of roots ¢(A, ). The multiset o(A) are said to be the eigenvalues of A or the spectrum
of A.

A.1.4 Theorem. For a matrix A with spectrum o(A),

> AN =tr(AF).

A€o (A)
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A.2 Polynomials of matrices

Let V be a vector space of dimension n and let A be a linear operator acting on V. Since the space
of endomorphism of V' has dimension at most n?, we have that

2

1,A A% ... A"
are linearly dependent. Then, there exists a polynomial 1)(A) such that

¥(A) = 0.
Any such polynomial is said to be an annihilating polynomial of A.
A.2.1 Lemma. There exists a monic annihilating polynomial 1) of least degree.

The monic polynomial of least degree such that 1)(A) = 0 is said to be the minimal polynomial
of A.

A.2.2 Theorem. Let f be a polynomial such that f(A) = 0 and let ¢ be the minimal polynomial
of A. Then 1 divides f.

We will follow the notation of [27] and define the characteristic polynomial of matrix A in the
variable t to be
d(A,t) == det(tI — A).

The following is a famous theorem of Cayley and Hamilton.

A.2.3 Theorem. For any square matrix A over a commutative ring, the characteristic polynomial
¢(A,t) of A satisfies p(A,t) = 0.

It is evident that the minimal polynomial of A divides the characteristic polynomial of A. Every
eigenvalue of A is a root of the minimal polynomial.

A.3 Similar matrices

If matrices A and B satisfy
A=P'BP

for some invertible matrix P, then A and B are said to be similar matrices. If A and B are similar,
then they represent the same linear operator under different bases.

A.3.1 Theorem. If A and B are similar, then the following are true:
(i) rk(A) = rk(B),

(i) |A| = |B

(iii) tr(A) = tr(B),

1

(iv) p(A) = p(B), where p(M) denotes the characteristic polynomial of matrix M,

(v) the minimal polynomials of A and B are equal, and
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(vi) the eigenvalues of A and B coincide.

A.3.2 Theorem. Let A and B be real matrices such that A = P~'BP where P is a complex
matrix. Then A = Q~'BQ for some real matrix Q.

A square matrix A is said to be be diagonalizable if A is similar to a diagonal matrix. A square
matrix N is normal if N*N = NN*, where the * denotes conjugate transpose. A square matrix H
with entries in C is said to be Hermitian if H* = H. We may observe that Hermitian matrices are
normal.

A.3.3 Theorem. If A is a normal matrix, then A is diagonalizable.

A.3.4 Theorem. If H is a Hermitian matrix, then all eigenvalues of H are real numbers.

A.4 Spectral decomposition

We will state the spectral decomposition theorem for Hermitian matrices.

A.4.1 Theorem. If A is a n X n Hermitian matrix with distinct eigenvalues 01, ... ,0,, and corre-
sponding eigenspaces V1, ..., V,,, then

where FE; is the projection onto V; and
R'=VieWVe &V,

Proof. Since A is diagonalizable, consider an othonormal eigenbasis B for A. For V; define E; to be
FE;, = Z vvl,
veBnv;
Consider any vector w € R™. Then

w = E QyV

for some a,s. We have

Ew = ( Z VVT) (Z avv>
veBnvy; veB
= Y aw

veBny;

since BNV, is an orthonormal basis of V;. If w € V;, then w is fixed by E;. Otherwise, we have
that E;w € V; is the projection of w onto V;, as required. O

For any n x m matrix A with entries in C, the matrix N = AA* is Hermitian and hence has
real eigenvalues. For such a matrix A, the eigenvalues of AA* (or, equivalently, A*A) are said to
be the singular values of A.
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A.5 Perron-Frobenius

The Perron-Frobenius Theorem is an important linear algebra result for algebraic graph theory and
can be found in graph theory and linear algebra textbook, including [10, 34].
A square matrix A is reducible if there exists a permutation matrix P such that

A A
T _ 11 12
PrAP = (Onr,r A22>

where A;1, Aj2 and Agp are block matrices and O, denotes a (n — 1) x r block of zero entries,
for 1 <r <mn—1. A square matrix A is irreducible if it is not reducible.

Let A be an irreducible real n x n matrix. The period d of A is the greatest common divisor of
all integers m such that A™(j,7) > 0 for some j € [n]. The period does not depend on the choice
of j.

A.5.1 Theorem (Perron-Frobenius). Let A be an irreducible, real matrix with non-negative entries.
Then there exists a unique positive A € R with the following properties:

(i) there exists a real vector v with positive entries such that Av = \v;
(ii) X has geometric and algebraic multiplicity equal to 1 as an eigenvalue of A;
(iii) for each eigenvalue 6 of A, we have |0] < X\; and

(iv) if A has period d, then A has precisely d eigenvalues 6 with |0| = X\, which are

{)\827;” [j=0,....d—1}.

A.6 Commuting matrices

A.6.1 Lemma. For real, symmetric, square matrices A and B, if A"B = BA™ for m > 1, then
A?"B = BA?" where 2" is the largest power of 2 dividing m.

Proof. It suffices to show for odd m that A™B = BA™ implies that AB = BA. Then, if
A?"mPB = BA2"™ for some h, then we may apply the statement to A’ = A2".

The function f(z) = 2™ is a bijective function when m is odd. Thus, the eigenvalues of A and
A™ are in one-to-one correspondence and A and A™ have the same eigenspaces. Suppose that A
and B and both n x n.

Let vyi,..., Vv, be an eigenbasis for A™ and B, which exists since A™ and B commute. Observe
that this is also an eigenbasis for A. Let A1,..., A, be the eigenvalues of A such that Av; = A;v;
for j € [n]. Let pu1,..., py, be the eigenvalues of B such that Bv; = p;v; for j € [n]. Then

(AB)VJ' = )\jujVj = Mj)\jVj = (BA)V]

for any j € [n]. Then AB and BA agree over a basis of C"" and so AB = BA. 0
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Appendix B

Polynomials

B.1 Roots of Polynomials

The following standard results about the roots of polynomials with real or rational coefficients are
found in [37].

B.1.1 Theorem. Let p be a polynomial with coefficients in R. If a + bi is a root of p, where
a,b € re, then a — bi is also a root of p, with the same multiplicity.

B.1.2 Theorem. Let p be a polynomial with coefficients in Q. If o is a root of p, then the algebraic
conjugates of a over Q are also roots of p.

B.1.3 Corollary. Let p be a polynomial with coefficients in Q. If a + \/b is a root of p, where
a,b € Q and b not a square, then a — /b is also a root of p, with the same multiplicity.
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Appendix C

Data

C.1 Digraphs on 3 vertices

Polynomial p(t) | Roots of p(t) | All digraphs X such that ¢(H (X),t) = p(t)
3 — 2t V2,0, —/2 Z1 P Z Z3 Zy Ps
3 — 3t +2 1,1,-2 K
[ ] [ ] L]

t? 0,0,0 B
3 —3t—2 2,—-1,-1 K3 Y2, Y12

[ ] [ J
3 —t 1,0, -1 Zs Zs
t3 — 3t \/37 O7 _\/g Z7 D3 53

Table C.1: H-cospectral classes of all digraphs on 3 vertices.
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Nomenclature

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

a(G) the size of the largest co-clique in a graph G

E(G) digraph of graph G

I'(X) underlying graph of digraph X

A1(M) the largest eigenvalue of matrix M

1 the all ones vector

¢(M,t) characteristic polynomial of matrix M in variable ¢
p(M) the spectral radius of matrix M

o(M) the multiset of eigenvalues of matrix M

Sym(n), Sym(V') the symmetric group acting on [n], or on ground set V'
D(X) asymmetric sub-digraph of digraph X

G(X) symmetric subgraph of digraph X

J the all ones matrix

M*  the conjugate transpose of matrix M

transitive tournament on n vertices

-

a digraph, unless stated otherwise
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Index

H-cospectral, 29 ends, 6
H-cospectral class, 39 equitable partition, 18
determined by H-spectrum, 39 eulerian digraph, 7

even dicycle, 25
acyclic digraph, 8

adjacency matrix, 21 graph, 7
matrix respecting adjacency, 10
annihilating polynomial, 109 Hadamard product, see Schur product28
arc, 6 head vertex, 6
arc set, 6 Hermitian adjacency matrix, 28

asymmetric sub-digraph of a digraph, 7
automorphism, 8
automorphism group, 8

in-degree, 7
in-incidence matrix, 21
in-neighbour, 6

basic digraph, 22 in-neighbourhood, 6
basic subdigraph, 22 incidence matrix, 21
incident, 6
Cartesian product of digraphs, 56 index, 108
characteristic polynomial, 108, 109 initial vertex, see tail vertex
chromatic number, 8 interlacing, 14
converse, 7 generalized interlacing, 14
tight interlacing, 14
degree, 7
digon, 7 local reversal
digraph, see directed graph at a vertex, 45
of a graph, 7 on a subset, 45
digraphical regular representation, 12
digraphs matrix minor, 47
strict digraphs, 6 minimal polynomial, 109
::::iigéaph, 0 necklace digraph, 63

DRR, see digraphical regular representation neighbour, 7

odd dicycle, 25

oriented graph, 7
out-degree, 7
out-incidence matrix, 21
out-neighbour, 6

eigenvalue, 108
A-eigenvalue, 29
H-eigenvalue, 29
symmetric about 0, 25

eigenvector, 108
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out-neighbourhood, 6

path, 8
pendant vertex, 51
period, 110

quotient matrix with respect to a partition, 18

regular, 7
root vector, 108

Schur product, 28
similar, 109
skew circulant matrix, 53
spectral radius, 37
spectrum
A-spectrum, 29
H-spectrum, 29
strongly connected, 8
sub-digraph, 7
switching-equivalent, 43
symmetric subgraph of a digraph, 7

tail vertex, 6
terminal vertex, see head vertex
triangle digraph, 33

underlying graph of a digraph, 7
undirected, 7

vertex, 6
vertex set, 6

walk, 7
length, 8
order, 8
weakly connected, 8
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