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Introduction

Our starting point is Hadamard’s determinant inequality, which states that an n x n matrix M,
whose entries are taken from the complex unit disk, satisfies

| det(M)| < n™/2.

A matrix H meets Hadamard’s bound with equality if and only if the entries of H all have
absolute value equal to 1, and HH* = nl,. Such a matrix H is called an Hadamard matrix. If the
entries of H are restricted to some subset of the complex unit circle, for example {+1, —1}, then
Hadamard’s bound cannot always be achieved. It is easy to see that a £1 matrix of order n cannot
be Hadamard if n is odd, and in fact for n > 2, the order n must be a multiple of 4. Hadamard’s
maximal determinant problem asks to find the maximum value of the determinant of a &1 matrix.
A matrix achieving the maximum is called a maximal determinant matrix, or D-optimal design.

Real Hadamard matrices, i.e. +1 Hadamard matrices, are not only interesting for their own
sake, but also because of their wide range of applicability. The original motivation of Hadamard’s
bound came from the classical Fredholm theory of integral equations. During the 20th century, +1
Hadamard matrices found an impressively wide range of applications, ranging from signal process-
ing, coding theory, and cryptography, to the statistical theory of design of experiments. Maximal
determinant matrices are also applied in statistics. Certain experimental designs are described by
+1 matrices, and maximising the determinant corresponds to minimising the variance of the error
of the estimators [123].

A natural generalisation of real Hadamard matrices is the class of Butson-type Hadamard ma-
trices. These are Hadamard matrices whose entries are roots of unity. A Butson-type Hadamard
matrix of order n with entries in the set p,,, of m-th roots of unity, is called a BH(n, m) matrix.
In particular, the set of BH(n,2) matrices is precisely the set of real Hadamard matrices of order
n. Butson-type Hadamard matrices are perhaps the most important class of complex Hadamard
matrices. For this reason, one of the main topics of this dissertation will be an extension of
Hadamard’s maximal determinant problem to matrices with entries in p,,.

From the point of view of applications, complex Hadamard matrices have been gaining more
relevance in recent years. To mention a few applications, complex Hadamard matrices have been
used to disprove conjectures in harmonic analysis [164], and they have also been applied in operator
theory [138]. The most notable application of complex Hadamard matrices occurs in the fields of
quantum information theory and quantum computation, where these matrices play a fundamental
role [8, 15]. Very recently, Butson-type matrices have also found applications in coding theory [4].

To study maximal determinant matrices over the m-th roots we use a wide range of theoretical
tools, among which quadratic forms and algebraic number theory are the most prevalent. Other
techniques we use belong to matrix analysis, representation theory, character theory, association
schemes, finite geometry, Diophantine approximation, and algebraic geometry. The last chapter
of the thesis has quite a different flavour from the rest, as it consists of an application of finite
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geometry to privacy in communications. Nonetheless, quadratic forms will make an appearance
in all chapters, forming the main theoretical backbone of the thesis. When presenting classical
material, and especially the material on quadratic forms, we have made great efforts to make it
accessible to an audience of combinatorialists.

It appears to be a tradition in the area of Hadamard matrices to include a list of research
problems in theses or books on the subject. We partake in this tradition by including a total of
29 research problems, to keep the interested reader and ourselves busy.

We highlight the material that is taken from one of our papers:

e Theorem 1.5.3 together with our proof of the Bruck-Ryser-Chowla Theorem in Chapter 2,
will appear in [79)].

e Theorem 3.4.1 and part of the exposition in Section 3.2 and Section 3.4 appeared in [87].
e Theorem 4.4.5 appeared in [87].

e Most of the material in Chapter 5 and 6, is in preparation to be submitted for publication
as a single-author paper.

e Most of the results in Chapter 7, with the exception of Section 7.1 and Section 7.4 appeared
in the paper [80].

Every chapter contains a new contribution to the literature. Our convention for the attribution
of results is as follows:

e Unattributed results are the work of the present author. Some of these results are new proofs
of known results, when this is the case we include a remark for clarification.

e In some cases, we have included folklore results or straightforward results without attribution,
since it may be hard to point out a particular source for these. In these cases we have added
a remark explaining that the results are known.

Below we give an outline of each chapter highlighting their main results.

Chapter 1: Non-solvability of Gram equations

The main motivation for this chapter is to present tools to study the solvability of matrix equations
of the type
XX*=M

Y

where M is a given Hermitian positive-definite matrix, and X is a square matrix with entries in
some subfield of C. Particularly we focus on the case where M is symmetric, and X has rational
entries. The study of the equation X XT = M, is very interesting from the combinatorial point of
view. Indeed, using incidence matrices, many combinatorial structures are equivalent to solutions
of such an equation, provided that the entries of X are integral. For example projective planes,
and symmetric designs, can be seen to be equivalent to a {0, 1} solution to a Grammian equation.
Additionally, solutions to Gram matrix equations over the alphabet {41} are interesting in the
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study of maximal determinant matrices.

Using the language of quadratic forms, it is easy to see that the Grammian problem X XT = M
is equivalent to a problem of equivalence of quadratic forms. Quadratic forms are in bijection with
symmetric matrices, and two quadratic forms given by symmetric matrices A and B are equivalent
if and only if the matrices A and B are congruent, i.e. there exists an invertible matrix X such
that XAXT = B. This observation has been tremendously successful in design theory, since
the introduction of the powerful machinery of quadratic forms provided many new non-existence
results. The main example of such results is the Bruck-Ryser-Chowla (BRC) Theorem [31, 45],

Theorem (Bruck-Ryser-Chowla). Suppose that there is a symmetric 2-(v,k, \) design. Then,
1. if v is even, k — X must be a perfect square, and

2. if v is odd, there must be a non-trivial solution to the Diophantine equation

(k= N)a? + (=)= D/2) 2 = 22,

In the design theory literature, most of the expositions of the Bruck-Ryser-Chowla Theorem
avoid introducing the theory of quadratic forms, and instead make use of ad-hoc arguments. While
some of these arguments can be very elegant, the drawback to them is that they tend to obscure
the proof, and hide the fact that determining equivalence of rational quadratic forms is a fairly
straightforward and mechanical computational task, not significantly harder than computing a
Jordan canonical form. The reason that quadratic forms are sometimes avoided is that the theory
can become quite technical if presented in full generality. However, many times in combinatorial
applications we may restrict to positive-definite forms over the rational numbers. This restriction
avoids several technicalities that may be unpleasant for the non-specialist.

In this chapter we introduce the theory of quadratic forms over a general field, and then focus
on rational quadratic forms to set up the scene to prove the Bruck-Ryser-Chowla Theorem in the
following chapter. We present the invariants of rational quadratic forms, namely the discriminant,
the signature, and the Hasse-Minkowski invariants. These are complete invariants of quadratic
forms, but we emphasise that for combinatorial applications we only require partial invariants,
since many times we only need to disprove the existence of a rational solution to a Grammian
equation.

There are two main original contributions to this chapter:

1. We give an elementary motivation for the Hilbert symbol (a, b)x over a field K by studying
the equation X XT = M for 2 x 2 matrices over K.

2. We give a new elementary, matrix-theoretic proof that the Hasse-Minkowski invariants are
partial invariants of quadratic forms.

3. All other results are accompanied by a citation to either the original author of the result, or
a reference text that includes it.

This new proof will be included in a paper in collaboration with Oliver Gnilke and Padraig o)
Cathdin, that is currently in preparation [79].
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Chapter 2: Invariants of Quadratic Forms in Design Theory

In this section we introduce basic concepts from design theory, and give new proofs of the Bruck-
Ryser-Chowla Theorem and the Bose-Connor Theorem, one of the new proofs of the Bruck-Ryser-
Chowla Theorem that we give will appear in the paper [79]. Additionally, we present an application
of the Bose-Connor Theorem to the existence problem of certain +1 maximal determinant matrices.

The Bose-Connor Theorem [20] extends the Bruck-Ryser-Chowla Theorem to the class of group-
divisible designs. Both the proofs of the Bruck-Ryser-Chowla Theorem and the Bose-Connor
Theorem establish non-existence conditions by assuming the existence of a design and deriving
a convenient Gram matrix through a series of manipulations. However, this approach has two
disadvantages. Firstly, the results in the Bruck-Ryser-Chowla Theorem and the Bose-Connor
Theorem may hold more generally as statements concerning the congruence of two rational matri-
ces. This poses a problem since in certain variant applications of the Bruck-Ryser-Chowla or the
Bose-Connor Theorem, our matrices may not satisfy some of the properties of incidence matrices
of designs, such as constant row-sum. Secondly, the matrix manipulations in the proof of the
Bruck-Ryser-Chowla Theorem are non-obvious, and those in proof of the Bose-Connor Theorem
are particularly intricate and hard to follow.

In our original contribution, we used ideas from the theory of association schemes to give a
unified method to prove both the Bruck-Ryser-Chowla Theorem and the Bose-Connor Theorem.
We believe that our new proof of the Bose-Connor Theorem is more straightforward and natural
than the original.

Chapter 3: Hermitian Forms and Determinant Obstruc-
tions

In this chapter, we extend the theory of quadratic forms presented in Chapter 1 to Hermitian
forms. Our motivation for this extension is to study the equation X X* = M, where now M and
X can have complex entries. To study Hermitian forms, we use a reduction to quadratic forms
due to Jacobson [100]. While this reduction is well-known to number theorists, its application in
the context of combinatorics seems to be a novel contribution. Hermitian forms had already been
considered in combinatorics, and in [25] an equivalent, but less effective, approach to study Hermi-
tian forms had been developed. The method in [25] gives several conditions for the solvability of
XX* = M where M is Hermitian and has coefficients in an imaginary number field K. We show
that only one of those conditions is necessary and sufficient. Namely, the equation X X* = M is
solvable over K = k[v/—d], where k is a number field, if and only if det(A/) can be written as
2% + dy?, where x,y € k.

Previous results in the literature only worked with quadratic extensions. For imaginary quadratic
extensions of Q, the theory of rational quadratic forms gives a simple answer to determine the solv-
ability of 2%+ dy? with =,y € Q. However, we will be interested in cyclotomic extensions of degree
> 2, and in biquadratic extensions. The study of these cases will require knowledge of the splitting
of prime ideals in each extension. For this purpose we will give a brief introduction to algebraic
number theory, which gives us general techniques to study the behaviour of prime ideals over an
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extension of number fields.
There are two novel contributions in this chapter:

In [174] Winterhof gave necessary conditions that n must satisfy in order for a BH(n,p’) or
BH(n,2p’) matrix to exist, whenever p = 3 (mod 4) is a prime, and f > 1 is an integer. We
extended Winterhof’s result to include also the case p = 1 (mod 4) and give a unified proof for
both cases.

Theorem. Let p be an odd prime, and f > 1 an integer. Suppose that n = p‘a*m is odd, where
ptm, and m is square free. Then if ¢ | m and ¢¢ = —1 (mod p’) for some integer t, then there
cannot ezist a BH(n,p’) or a BH(n, 2p7).

We give non-existence conditions QUH(n, m) matrices, introduced by Fender, Kharaghani, and
Suda in [76]. These are complex Hadamard matrices with entries in the set

{1i\/m —11@}.
Vm+1 Vm+1

This is the first non-existence result for a non-Butson-type class of Hadamard matrices, and it
exhibits the great generality of the techniques we present. This result appeared published in our
paper [87].

Theorem. Let m be a positive integer, such that neither m nor m + 1 are perfect squares. Write
m = (mg)%a and m+1 = (m})?b, where a,b > 1 are square-free. Let n = (ng)*t be an odd integer,
where t is square-free. Suppose p is an odd prime, coprime to both m and m+ 1 and p | t. If

()= (i)

then there cannot exist a QUH(n, m).

Chapter 4: A survey on Butson-type Hadamard matrices

This chapter provides a survey on the existence of Butson-type Hadamard matrices. While our
focus is on BH(n, p) matrices, we also explore general constructions, and have a section dedicated
to morphisms of Hadamard matrices. The word morphism is used to refer to a mapping or partial
mapping between different sets of Hadamard matrices, often obtained through isomorphisms of
algebras.

Many of the constructions shown here are previously known results, it is worth noting however
that the literature on Butson-type Hadamard matrices is quite scattered, making it challenging to
find constructions and examples for a specific BH(n, m) matrix. We include tables summarising
the current state of the art in terms of existence of BH(n, m) for m = 3,4,5,6, to the best of our
knowledge. For each matrix listed, we either present the construction method within the chapter,
or provide a reference to the source where the construction can be found. We hope that in this
way the reader can obtain each example on their own, as well as most of the known BH(n,m)
matrices even when not tabulated.



There are four novel contributions in this chapter:

In the late 19th century, Italian mathematician Umberto Scarpis found a construction for real
Hadamard matrices of order ¢(q + 1), where ¢ is a prime power and ¢ + 1 is the order of a real
Hadamard matrix [144]. This construction was later rediscovered by Seberry [147], and applied
to generalised Hadamard matrices, or GH matrices. We show here that the Scarpis construction
can be also applied to Butson-type Hadamard matrices. The theorem in its full generality reads
as follows

Theorem. Let H be a BH(n + 1,m), and suppose that there is a GH(n,G) where |G| = n. Then
there is a BH(n(n + 1), m) matriz.

As a corollary, we have that if there is a BH(q + 1, m) matrix and ¢ is a prime power, then
there is a BH(q(¢q + 1), m) matrix. For example, we can show the existence of BH(90, 6) matrices
which, to the best of our knowledge, was previously unknown.

In an unpublished paper, Warwick de Launey showed the existence of BH(2' - 3,3) matrices
for all ¢ > 1. This construction is only outlined in his paper [59], and the present author has
been unable to find the precise construction. We present an alternative formulation of de Launey’s
construction, and show that it gives the existence of BH(2' - 3,3) matrices provided that a certain
sequence of matrices with entries in the third roots of unity exists.

Proposition. If there is a sequence of matrices Ky of order 2t for t > 0 with entries in {1,w,w?},
satisfying Ky(K; ,®J2) = (—=1)"Jat, and the following recurrent Gram matriz equations KoK§ = 1,

2K, 1 Kf (—1) Ty

Kiky = [ (=1)tJos 2K, 1K,

} fort > 1.

Then the matrix

H — Kt(E;Q) Kt(i>1<2) _ [ Kio®Jy Ki1®Jip }
' Kﬁfl) K, Ki 1 ® Jon K ’

is a BH(2" - 3,3) for every t > 2.

We construct a new morphism from the class of QUH matrices to real Hadamard matrices,
provided the existence of skew Hadamard matrices. Skew Hadamard matrices are real Hadamard
matrices with the property that (H — [,)T = —(H — I,,). This is based on our paper [87], in
collaboration with Heikoop, Pugmire, and O Cathéin.

Theorem. If there exists a skew Hadamard matriz of order m + 1, then there is a morphism
QUH(n,m) — BH(n(m + 1), 2).

We show the existence of BH(12p, p) matrices for every p > 263, improving on the previous
lower bound of 104857600 = (10 - 21°)2. We do this computationally, by checking the existence of
BH(12p, p) for all primes between 269 and (10 - 2'0)2,

Theorem. There is a BH(12p, p) for every p > 263. Additionally, there is a BH(12p, p) for

p € {211,227,229,239, 241, 251,257, 263, 269, 271, 277,281, 283,293 }.
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Chapter 5: Complex Maximal Determinant Matrices

Hadamard’s maximal determinant problem asks us to find the maximum value of the determinant
of a +1 matrix of order n. In this chapter we extend this problem to matrices with entries over
the m-th roots of unity. For general values of m we find the following lower bound:

Theorem. [f there is a BH(n,m), then there is a matriz of order n® + 1 with entries in the m-th
roots of unity M such that
2
|det(M)| > (n+ 1)n™ .

Additionally, we show that the determinant upper bound of Barba [11] holds for complex
matrices. In particular, letting

n

D g

=1

Om(n) := min {

ca; € {0,...,m— 1}, forlgz'gn},

we have

Theorem. Let M be an n x n matrix with entries in the set p,, of m-th roots of unity. Suppose
that o, (n) is positive. Then,

[det M| < \/(n+ (n— D)ou(n))(n — om(n)) D72,

Furthermore there is equality in the bound if and only if there exists a diagonal matrix A with
non-zero entries of modulus 1, such that B = A*M satisfies BB* = (n — 0,,(n)) 1, + 0 (n)J,.

When m = 2, 3, and 4, we have that o,,(n) € {0,1} for all n. In these cases, a matrix M
meets the Barba bound with equality if and only if M is equivalent to a matrix B satisfying
BB* = (n — 1)1, + J,. Matrices satisfying this matrix equation are called Barba matrices.

The case m = 2 corresponds to Hadamard’s maximal determinant problem, and we give an
outline of this case before turning into the cases m = 3 and m = 4. The study of the case m = 3 is
novel, along with all the results presented here. We believe that this case is the most challenging
and interesting, so we dedicate more attention to it. We include the following results:

1. Lower bounds for the determinant of a matrix with entries in {1,w,w?} at certain orders
n =1 (mod 3) and n =2 (mod 3), using techniques from cyclotomy.

2. A classification of Barba matrices over the third roots which belong to the Bose-Mesner
algebra of a strongly regular graph.

3. Several examples of maximal determinant matrices at small orders.

The case m = 4 had been investigated by Cohn [48], where by means of the Turyn morphism,
he related the maximal determinant problem over +1 matrices to matrices over the fourth roots.
Here, we apply this idea to find the following infinite family of Barba matrices from a known family
of +£1 maximal determinant matrices:

Theorem. Let g be a prime power, then there is a Barba matriz of order ¢*> +q+ 1 over the fourth
T001S.
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We also include some sporadic examples of small maximal determinant matrices over the fourth
roots, found computationally.

We conclude the chapter with a discussion of techniques to prove the maximality of a candidate
matrix. In particular, we show that the pruning technique of Moyssiadis and Kounias in [123]
extends to the complex case, and we find the following arithmetic condition for candidate Gram
matrices:

Proposition. Let M = X X*, where X is an n X n matrix with entries in {1,w,w?}. Let

pu(x) = 2" —n*2" b apr™ P a1+ ay,.

Then, a; € Z for alli = 2,...,n, and 3! | ;.

Chapter 6: Maximal Determinants in Association Schemes

This chapter studies the existence of certain types of maximal determinant matrices belonging to
the Bose-Mesner algebra of an association scheme. To do this, we consider the problem of solving
X X* = M, where both X and M belong to some Bose-Mesner algebra, and the entries of X have
modulus 1. We characterise the solutions to this problem with the following result

Theorem. Let M = ZZ:O apAg be a matriz in the Bose-Mesner algebra A of a d-class association
scheme. Then, M = NN* where N =), B, Ai if and only if for all k =0,1,....d,

B (WFP)B = ay,
where 5= (Bo, b1, .., Ba)T, and W is the permutation matriz given by the involution i +— i’

Here the matrices A; are the adjacency matrices of the association scheme, and the value ¢’ is
the unique index in {0, 1,...,d} such that A] = A;. The matrices P, above are given by

ok
Iy k]ij = Dij>
where pfj are the intersection parameters of the association scheme.

The result above shows that the problem X X* = M over a Bose-Mesner algebra is equivalent
to a system of quadratic polynomial equations. We study this problem computationally using
Grobner basis. With this, we reproduce some of the results of Chan in [36] on the existence of
Hadamard matrices, and of Ikuta and Munemasa in [98] on the existence of Bordered Hadamard
matrices. Additionally, we study the existence of Barba matrices on strongly regular graphs. For
instance, we have

Proposition. Let {I, A, J — I — A} be the adjacency matrices of a conference graph of order v.
Let

M=I+aA+p(J—-1-A).
Then,
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(i) M is the core of a bordered Hadamard matrix if and only if & = i and f = Fi or a = 3
has the minimal polynomial

2
p($) = l'2+ z'x—{_ 17
where t = k = (v —1)/2, (cf. Tkuta and Munemasa [98]).

(ii) M is a Barba matrix if and only if

I /e

a = I
t

and 8 = a, where t* + (t + 1)? = v.

(iii) M is an Hadamard matrix if and only if

i/

a = 9
t

and B = @, where (t + 1)? = v.

We characterise Hadamard matrices in the Bose-Mesner algebra of an asymmetric 2-class as-
sociation scheme:

Theorem. Let X be an asymmetric 2-class association scheme with parameters (v,k, A\, p) =
(4r+3,2r+1,r,r+1). Let {I, A, AT} be the 01-generators of the Bose-Mesner Algebra of X, then
the matrix

H=1+aA+ AT,

18 a complex Hadamard matriz if and only if

(i) One of a or B has value 1, and the other has minimal polynomial

2r+1

t+1.
r+1 +

pe(t) =1° +

(1)) H = I3+ w(J3 — I3), where w is a primitive third root of unity.

Chapter 7: User-Private Information Retrieval and Finite
Geometry

In this chapter, quite different in spirit, we study applications of finite geometry to privacy. The
material is mostly based on our paper [80], in collaboration with Gnilke, Greferath, Hollanti, o)
Cathdin, and Swartz. We begin with a short introduction to Private Information Retrieval (PIR),
and discuss some of its shortcomings. These motivate the introduction of an alternative paradigm
known as User-Private Information Retrieval (UPIR). In UPIR we consider a network of users who
wish to retrieve information from a server. In order to preserve their privacy, users submit queries
on behalf of each other. The goal of UPIR is to keep private the identity of the users who originate
each request.
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The privacy of the users may be compromised by a coalition of eavesdroppers in the network.
The underlying structure by which communications between users are established becomes very
important in preserving privacy. A UPIR system is based on an incidence structure, where two
users are able to communicate directly if and only if they lie in the same block of the incidence
structure. We investigate previous protocols based on BIBDs and projective planes, and exhibit
some of their vulnerabilities. To overcome the issues with these protocols we propose a novel one
based on geometries known as generalised quadrangles (GQs).

In the chapter, we introduce the reader to the basics on GQs, and show how to construct the
classical families of GQs using quadratic and Hermitian forms over finite fields. After, we proceed
to analyse the security of the GQ-UPIR schemes, and show that they provide a much more secure
communication scheme than the ones previously considered in the literature.
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Non-solvability of Gram equations

Many of the standard objects of study in combinatorics and design theory, such as designs, graphs
and finite geometries, can be described by incidence matrices. This allows for the application of
powerful algebraic techniques to combinatorial problems. A basic but very useful fact is that the
Gram matriz of an incidence matrix counts pairwise intersections. Recall that the Gram matrix
of a matrix X is G = X X*, where X* is the conjugate-transpose of X.

1 2 3 4 ] )

12r 1 1 0 0 7 201111

9 34 0 0 1 1 0 21111
310 10 . 112011

X=lo1o1 9 110211

14 1 0 0 1 1111220

1 4 23L0 11 0 11110 2

In the example above, we see the affine plane of order two, its incidence matrix X, and the Gram
matrix G of X. In this case the entries of G count the cardinality of line intersections. Many
combinatorial objects can be characterised by the Gram matrix of their incidence matrix. So,
determining the existence of the object of interest becomes equivalent to finding a solution to the
equation X X* = M for a given M. Typically, the solution X is required to have entries in the set
{—1,0, 1}, or in some other finite subset of C. The celebrated Bruck-Ryser-Chowla Theorem (often
abbreviated as BRC Theorem) [31, 45] gives non-existence conditions for symmetric 2-(v, k, \) de-
signs by studying the solvability of the equation X X* = (k— \)I,, + J,,. This was a very successful
and original application of algebraic and number-theoretical techniques to combinatorics. We will
study this theorem, and related results, in detail in Chapter 2.

The first condition we find that M must satisfy is the following: Recall that a matrix M with
complex coefficients is Hermitian, if and only if M = M*. Then clearly M must be Hermitian, if
M = X X*. Furthermore, recall that regarding C" as an inner product space with the standard
inner product, an Hermitian matrix M is positive-definite if and only if (x, Mx) = z*Mx > 0
for all non-zero x € C". It is easy to see as well that if M = XX* and det(M) # 0, then M is
positive-definite. This is standard linear algebra, but we will recall the details in Section 1.1.

In this chapter we will investigate a series of quite versatile techniques to decide the solvability

1



1 - Non-solvability of Gram equations

of the equation X X* = M for a given Hermitian positive-definite matrix M, and where X has its
entries in some subring R of C. The problem of solving M = X X* can be stated in the language
of quadratic and Hermitian forms, and solved completely over certain classes of fields, most im-
portantly over the rational field Q.

In the design theory literature, the proof of the BRC theorem is often presented in a way that
avoids discussing the theory of quadratic forms substantially. This is perhaps due to the belief
that computations involving the invariants of quadratic forms are complicated: the only two in-
stances of the word “troublesome” in Hall’s Combinatorial Theory [85] appear on page 143, when
carrying computations involving the invariants of quadratic forms. Although some of the more
ad-hoc proofs of the BRC theorem presented in the literature can be very elegant, avoiding the
theory of quadratic forms comes unfortunately at the expense of presenting a general technique to
study the equation X XT = M over the rationals. One of the goals of this chapter is to convince
the reader that deciding the solvability of X XT = M over the field Q is a very straightforward
computational task, not much harder than computing a Jordan canonical form. Then in Chapter
2, we will present a very brief proof of the BRC theorem using precisely the invariants of quadratic
forms. We will also present a new proof of the Bose-Connor Theorem [20], which admittedly in-
volves troublesome computations, although not as troublesome as the ones in the original proof.

Another goal of this chapter is to point out that the theory of rational quadratic forms gives
us much more than what we need for combinatorial applications. For example, to determine non-
solvability conditions for Grammian equations we do not need complete invariants, we only need
partial invariants. In addition, the assumption that M is positive-definite also simplifies the theory
a great deal. We have made a significant effort to present an accessible account of the theory of
quadratic forms geared towards combinatorialists. We omit some of the technical details that are
not essential to combinatorial applications, but still present the theory in sufficient generality to
be used flexibly in this type of application. In Chapter 3 we extend this analysis to the theory
of Hermitian forms, illustrated with several applications and new non-existence results for certain
families of complex Hadamard matrices.

Part of the exposition in this chapter was done in collaboration with Oliver Gnilke and Padraig
O Cathdin, currently in preparation [79].

1.1 Positive-definite matrices and matrix analysis

Over R or C the Grammian problem can be solved in a straightforward way using matrix-analytical
techniques. The reader can find more information on matrix analysis in the textbooks of Bhatia
[18] or Horn and Johnson [91]. We recall some definitions:

A square matrix M with complex entries is said to be Hermitian if M = M™* where M* denotes
the conjugate-transpose of M. In particular, a real symmetric matrix is Hermitian. A square
matrix M is said to be normal if MM* = M*M. Therefore, every Hermitian matrix is normal. A
matrix U is called unitary it UU* = 1.

The following result holds for general Hilbert spaces, but we formulate here in the finite di-
mensional case in the language of matrices.



1.1 - Positive-definite matrices and matrix analysis

Theorem 1.1.1 (Spectral theorem, cf. Theorem 2.5.3. [91]). Every normal matriz M is unitarily
diagonalisable, i.e. if M is normal then there exists a unitary matriz U such that

U"MU = D,
where D is a diagonal matrix.

The eigenvalues of an Hermitian matrix are real. Indeed, if M is Hermitian, and v is a non-zero
vector such that Mv = Av, then

|v|]PA = v*Mv = v*M*v = (v*Mv)* = ||v||*),

from which it follows that A = X, and A € R. An Hermitian matrix M of order n is said to
be positive-definite if and only if for every non-zero column vector x € C" we have x*Mx > 0.
Equivalently, an Hermitian matrix M is positive-definite if and only if all its eigenvalues are
positive. The following is a very useful characterisation of positive-definite matrices:

Theorem 1.1.2 (Sylvester’s Criterion, Theorem 7.2.5 [91]). An Hermitian matriz M is positive-
definite if and only if all its leading principal minors are positive.

Theorem 1.1.3 (Sylvester’s law of inertia, Theorem 4.5.8 [91]). Let A and B be two real symmetric
matrices, then there exists a matrizx X € GL,(R) such that

XTAX = B,

if and only if A and B have the same number of positive eigenvalues and the same number of
negative eigenvalues.

From these results we obtain the following well-known fact:

Theorem 1.1.4. An Hermitian matrixz M is positive-definite if and only if there exists an invertible
square matriz X with complex entries such that X X* = M.

Proof. Suppose that M = X X* for some invertible matrix X, then M is Hermitian, and positive
definite. Since whenever z is a non-zero vector, we have that X*z # 0 and 2*Mz = 2*(X X ")z =
(X*z)*(X*z) = || X*z|| > 0. Conversely, let M be Hermitian and positive-definite, then by the
spectral theorem there is a unitary matrix U such that M = U*DU, for some diagonal matrix
D with real and positive non-zero entries. We can then define D'/? to be the matrix obtained
from D by taking the positive square root of each of its entries. The matrix D'/? clearly satisfies
D'Y2DVY2? = D, therefore

M = U*DU = U*DY?DY?U = (D'*U)*(DY?U). O

The theorem above shows that if M is positive-definite, then M = X X* can be solved over
the complex numbers. In our combinatorial setting, the critical condition that we are introducing
is that we require the entries of X to belong to some proper subring R of C. We will show in the
next section that the Grammian problem is completely solved when R = Q. If R is not a field,
the difficulty of the problem can increase tremendously. As an example we mention the following
theorem by Ryser.
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Theorem 1.1.5 (Ryser, Chapter 8, Theorem 4.2 [143]). Let M = (k — A\)I, + \J, where J, is the
v X v all-ones matrix, and assume that the Grammian equation X X* = M is solvable for some
v X v matriz X with integer entries. If (k,\) is square-free and k — X\ is odd, then X or —X is the
incidence matrixz of a symmetric 2 — (v, k, \) design.

In other words, in some cases the solvability of Grammian equations over rings implies that
the entries of X are very restricted. In the theorem above, the entries are forced to be 0 or 1. The
parameters of finite projective planes and Hadamard designs satisfy the conditions on v, k and X\ of
the theorem above. This indicates that solving integral Grammian equations is at least as hard as
finding finite projective planes and real Hadamard matrices, and both of these objects are notably
hard to obtain in general, see [112].

1.2 Quadratic forms

In this section, we introduce the theory of quadratic forms over an arbitrary field &k of characteristic
# 2, and V a finite-dimensional vector space over k. For an accessible introduction to the arithmetic
theory of rational quadratic forms see Serre’s book [149], and see O’Meara for quadratic forms on
general number fields [130]. A more elementary and self-contained exposition can be found in
Jones’ book [103]. For a more modern treatment with a focus on the algebraic theory of quadratic
and Hermitian forms we refer the reader to Scharlau’s book [145].

Definition 1.2.1. A symmetric bilinear form on V is a function b : V' x V — k which is linear
on both of its arguments, and satisfies b(z,y) = b(y, z) for all x,y € V. The pair (V,b) is called a
symmetric bilinear space.

Definition 1.2.2. A quadratic form on V is a function ¢ : V' — k satisfying the axioms
QF 1. g(ax) = o?q(x) for each x € V, and « € k.

QF 2. The mapping (z,y) — 5 (¢(z +y) — q(x) — ¢(q)) is a symmetric bilinear form.
The pair (V,q) is called a quadratic space.

One can obtain a quadratic form g,(x) = b(z, x) from every bilinear form b, and conversely one
can obtain a bilinear form b, from a quadratic form by letting

b, 9) = 54l ) — a(x) — aly).

This establishes a one-to-one correspondence between quadratic forms and bilinear forms. Indeed,
it is a straightforward exercise to show

be(x7y) = b(x,y), and qbq(x) = q(:l:),

for all x,y € V. Because of this equivalence, we will use the terms symmetric bilinear space and
quadratic space interchangeably. If there is no possibility of confusion, instead of b and b, or ¢ and
q», we will simply use the notation b and ¢ for the symmetric bilinear form and quadratic bilinear
form of a given quadratic space.

Having introduced the objects that we will study, it is time to introduce the transformations
between such objects.
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Definition 1.2.3. An isometry between quadratic spaces (V,b) and (V' V') is an injective linear
mapping o : V — V’ such that
b(z,y) =V(ox,oy).

If in addition o is bijective, then (V,b) and (V' ¥') are said to be isomorphic spaces (denoted
(V,b) ~ (V',b)), and in this case the forms b and ¥’ are called equivalent.

Definition 1.2.4. An isometry from (V, b) into itself is called an autometry. The set of autometries
of (V,b) forms a group called the orthogonal group, denoted O(V';b). Whenever we consider a fixed
bilinear form b on V' we abbreviate O(V') := O(V;b).

The definition of isometry can also be given in terms of quadratic spaces. An isometry between
quadratic spaces (V. q) and (V’,¢) is an injective linear mapping o : V' — V”’ satisfying
q(z) = ¢'(ow).
Whenever o is bijective, we say that ¢ and ¢’ are equivalent quadratic forms.
The connection between congruence of symmetric matrices, and equivalence of quadratic forms

is established by choosing a basis of V. The following well-known fact is a straightforward conse-
quence of the definitions.

Proposition 1.2.1. Let (V,b) be a quadratic space, then for every choice of a basis B of V' there
1S a unique symmetric matriz A such that

b(w,y) = 27T Ay,

where in the right-hand side x and y are expressed as column vectors given by their coordinates
in the basis B. Conversely, for each choice of basis of k™, a symmetric matriz A gives rise to a
unique symmetric bilinear form.

Proof. Let B = {x1,...,x,} be a basis of V. Define the matrix A by a;; := b(z;,x;), and assume
that z = 3, t;z; and y = > rjz;. Then by bilinearity,

b(l’, y) =b (Z L;xs, Z T]ﬂ?j) = Ztib(l’i, xj)rj = Ztiaijrj = J:TAy.

The matrix A is clearly symmetric since a;; = b(z;, z;) = b(xj,z;) = aj;. Conversely, if A is a
symmetric matrix of order n, then writing any pair of vectors x,y € k™ in terms of a basis of k™
the form b(z,y) = 2T Ay is a symmetric bilinear form. O

Again, the result above has a reformulation in terms of quadratic forms. Upon choice of a basis
B for V, and a quadratic form ¢ on V, there is a unique symmetric matrix A such that

q(z) = zTAx.

And given a symmetric matrix A, the form g4(z) = 2T Az is quadratic.

By taking = to be a vector of indeterminates, we can also interpret quadratic forms as given
by homogeneous quadratic polynomials

2 2 2
q(x1,. .., Ty) = anxi + 20102122 + - - 4 201,218y + A22T5 + -+ F App T,
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Example 1.2.1. We illustrate the different equivalent formulations for a quadratic space. Letting
k=Q, and V = Q* we can define a bilinear form b for every symmetric matrix. For example

1 10
A=11 0 1},
0 11
gives the bilinear form
b(z,y) = T Ay
1 10 Y1
= [z1, 20, 23] |1 0 1| |2
011 Ys

= T1Y1 + T1Y2 + To2Y1 + T2Y3 + T3Yo + T3Y3.

Likewise, we obtain the quadratic form

q(z,y,2) = b((z,y,2), (x,y,2)) = 2° + 22y + 2yz + 2°.

Conversely, from a quadratic form of the type
q(z,y,2) = ax® + by + cxz + dy* + eyz + f22,

we obtain a matrix
a b/2 ¢/2
A, = |b/2 d e/2],
c/2 e/2 f

such that ¢(x) = 2TA,x.

We now interpret the notion of isometry in terms of the matricial representation of quadratic
forms. Let ¢ and ¢’ be quadratic forms on a vector space V' given by symmetric matrices A and
B with respect to bases B and B’. Recall that ¢ and ¢ are isometric if and only if there is an
injective linear mapping o : V' — V such that ¢(z) = ¢'(ox). Then if P is the matrix of o with
respect to the bases B and B’ we have that

¢ (o0z) = (02)"B(ox) = (Pz)"B(Pz) = 2"(PTBP)x = q(z) = 27 Ax.

Therefore A = PTBP for some invertible matrix P. This shows that two quadratic forms ¢ and
¢ (represented by A and B respectively) are equivalent if and only if the matrices A and B are
congruent.

We now present a few essential results in the general theory of quadratic forms. The proofs
can be given in a purely matrix-theoretical way: For the this approach we refer the reader to our
paper [79] on applications of quadratic forms to combinatorics. Here instead, we use the geometric
notions of quadratic space, and orthogonality more extensively, following the style of the exposi-
tions of Scharlau [145] and Cassels [34].

Two vectors x and y in a quadratic space are said to be orthogonal if and only if b(x,y) = 0. If
(V,b) is a bilinear space and S is a subset of V' then the orthogonal complement of S is defined as

St={xcV:b(zx,y) =0, forall y € S}.



1.2 - Quadratic forms

By bilinearity, S+ is a vector subspace of V. It is easy to check that if S; C Sy then S5 C S{. A
quadratic space (V,b) is reqular if V+ = 0, i.e. if = 0 is the only vector orthogonal to all vectors
of V. In other words, if a quadratic space (V,b) is regular, then for all non-zero = € V' there is a
y € V such that b(x,y) # 0.

Lemma 1.2.1 (cf. Chapter 1, Corollary 3.2. [145]). (V,b) is regular if and only if the matrix of b
with respect to some basis of V' is invertible.

Proof. Suppose that (V,b) is regular, and let A be the matrix of b with respect to some basis.
Let = # 0 be an arbitrary vector in V', then there is a vector y € V such that b(x,y) # 0.
Therefore b(y, x) = yTAz # 0, which implies that Az # 0. Since x is arbitrary, this shows that the
endomorphism of V' induced by A is injective, and so this endomorphism is necessarily bijective.
This in turn implies that A is invertible. Conversely if A is not invertible, then there is a non-zero
x € V such that Az = 0. But then b(z,y) = b(y,z) = yTAx = 0 for all y € V, hence (V,b) is not
regular. O

Lemma 1.2.2 (cf. Chapter 1, Corollary 3.2. [145]). Let b, : V' — k be given by b,(y) = b(z,y)
for y € V. Then (V,b) is regular if and only if the linear mapping

V — V* = Homy(V, k)
T~ by

is an isomorphism.

Proof. Let B = {x1,...,x,} be a basis for V, and let B* = {01,...,0,} be its dual basis, i.e.
di(xj) = 0;;. Let A be the matrix of b with respect to B, then the matrix of the mapping = +— b,
with respect to the bases B and B* is also A. Indeed,

br, () = (s, ) = @iy = ay6;(w;) = > audo(x;),
4

which implies b;, = > a;;0;. Now the result follows from Lemma 1.2.1. [

Proposition 1.2.2 (cf. Chapter 1, Lemma 3.4. [145]). Let W be a regular subspace of (V,b).
Then V is the direct sum of W and W+, i.e. V=W @ W+

Proof. Let x € V, then b, € V* = Homy(V, k) and the restriction b, of by to W is an element of
W=. By regularity of W it follows that there is an element y € W such that b, = b,,,. In other
words

b(y, z) = b(z, z),
for every z € W. Therefore, if z € W then

Sox =y+ (v —y), where y € W and z —y € W, Since W is regular, we have W N W+ = {0}
which implies that the above decomposition of z is unique. It follows that V =W & W+. O

From Proposition 1.2.2 we derive the following elementary, but important result.

Theorem 1.2.1 (Polarisation theorem, cf. Chapter 1, Theorem 3.5. [145]). Every bilinear space
(V,b) is an orthogonal direct sum of 1-dimensional spaces.
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Proof. 1f b = 0, then the result follows trivially since every decomposition of V' into a direct sum of
1-dimensional subspaces will be also orthogonal. If b # 0, then there is a pair of vectors z,y € V'
such that b(z,y) # 0. Now from

br,y) = (0 + 3,7+ y) — bz, 7) — by, ),

it follows that some z € {z,y,x + y} satisfies b(z,2z) # 0. Therefore W = span(z) is a one-
dimensional regular subspace of V, by Proposition 1.2.2 it follows that V = W @ W+. We can
apply induction on W+, and the result follows. O

A quadratic form ¢ is polarised with respect to a basis B if and only if the matrix of ¢ with
respect to B is diagonal. The polarisation theorem says then that every quadratic form can be
polarised. From the point of view of matrices, the polarisation theorem says that every symmetric
matrix is congruent to a diagonal matrix, this result can be obtained by a symmetric row and
column reduction of the matrix.

Example 1.2.2. Even if this is familiar to any student of linear algebra we illustrate, for clarity,
the process of polarisation of a matrix by row-reduction. Consider the matrix

1 2 3
S=12 4 5
3 5 —1
We begin by eliminating the off-diagonal entries in the first row, and then the first column.

1
-2
-3

o = O
—_ o O
W DN
(@2 TSN V]

—1

Since we have a zero pivot in position (2,2), we swap the second and third rows. We can also
multiply the second row and column by 10, to achieve the matrix

1 0 O0f (1 O 0 10 0 1 0 0
0 0 1110 0 -1 0 0 10| = (0 —-10 -10
0 10 0] |0 -1 —-10] {0 1 O 0 —-10 O

Finally, subtracting the second row from the third and likewise for columns leaves the diagonal
matrix diag(1l, —10,10). The matrix X such that XTSX = diag(1l,—10,10) can be computed
explicitly by multiplying out the row operation matrices.

1.3 Witt’s Lemma

In this section we will prove Witt’s lemma, which is a fundamental tool for the general study of
quadratic forms. This result is non-essential for the combinatorial application we are considering,
but we will need it in Chapter 3 and Chapter 7 as a theoretical tool. Let us first introduce a
convenient notation to express quadratic spaces: Let A be a symmetric matrix, then we denote by
(A) the symmetric bilinear (or quadratic) space generated by A. If A is congruent to the matrix

8
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diag(ayq, ..., ay,), then we write (o, ..., a,) := (A) for the quadratic space generated by A. The
direct sum of quadratic spaces (A) and (B) is defined as

(4) @ (B) :== (A B),

A®B= [%H]

Therefore, if (ay,...,q,) = (A) and (B4, ..., Bn) = (B), then

where A @ B is the block-matrix

<a17"'7an>@<517"'76m> = <a1>"'aan;ﬁl7"'76m>-

It is clear that the equivalence class of the space (aq,...,a,) does not depend on the order in
which the «; are listed, nor on multiplication of the «; by square factors. Furthermore, it is easy
to show the properties hold for the direct sum of quadratic spaces:

* YBY YDy,
o If p~¢ and ¢p ~ 4/, then ¢ B ~ ¢ B Y.

To prove Witt’s theorem we first require some knowledge of the orthogonal group O(V'), and its
action on vectors of V. Let W be a regular subspace of V, then by regularity V = W & W+ and
we can define an autometry o by letting
(v) —v ifveW
o(v) = .
v if v € Wt

The map o is linear, and for x,y € V we can write x = w+u and y = w' + v’ for unique w,w’ € W
and u,u’ € W+, which implies

So o is an autometry of V. In particular if W = span(w) where b(w,w) = gq(w) # 0, we have an
autometry 7, defined by 7, (w) = —w, and 7,(v) = v if b(w,v) = 0. This autometry has the closed
form b(v, )
v, w

() = — 22

Tw(V) =0 b, w)w
Lemma 1.3.1 (cf. Lemma 4.2. [34]). The group O(V) acts transitively on the fibres ¢~ *(«) for
a € k—{0}, ie. if g(v) = g(w) # 0 then there is an autometry o such that o(v) = w.

Proof. Assume that v,w € V are such that 0 # ¢(v) = b(v,v) = b(w,w) = ¢q(w). First consider
the case where g(v — w) # 0. Then the space span(v — w) is regular and 7,_,, is an autometry of

V. We have that

0 # b(v—w,v—w) =b(v,v) —2b(v,w) + blw, w) = 2(b(v,v) — b(v,w)) = 2b(v,v — w).
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Therefore,
9 _
Tow(V) =V — b(vb(—v;;,v iu?w) (v—w)=v—(v—w)=w.

Since q(v) # 0, we find that

b(v+w,v+w)+blv—w,v—w)=2(bv,v)+ b(v,w) —blv,w) + b(w,w))
= 2(b(v,v) + b(w, w))

= 4q(v) # 0.
So if g(v — w) = 0, then ¢(v + w) # 0. And from 0 # b(v + w, v + w) = 2b(v,v + w) we find

b(v,v + w)
b(v+ w, v+ w)

Tptw(V) =V — (v+w) = —w.

This implies that 7, © Ty1(v) = w. H

Theorem 1.3.1 (Witt, cf. Theorem 4.1. [34]). Let W and W' be isomorphic reqular subspaces of
V', where the isomorphism is given by an isometry

p: W —W

then there is an autometry o € O(V') that extends p. In other words, the diagram

V-1V
T ]
W —— W

is commutative, i.e. 0 o1 =10 p, where i denotes the inclusions of W and W' in V.

Proof. Since W is regular, there is a vector w € W such that ¢(w) # 0. Since p is an isometry
q(pw) = q(w), and Lemma 1.3.1 implies the existence of an autometry A such that A(p(w)) = w.
We have trivially that iy o A = X o iy, so if we show that there is a ¢ € O(V) such that
ooiw = iyw (Aop) = Ao (i op), then

()\710'> o ZW = iW/ o p.

Thus, we can replace p with A o p and W’ with AW/, and assume without loss of generality that
p(w) =wand w € WNW'. If dimW = 1, then the identity autometry is clearly an extension of
p. Otherwise, we proceed by induction: If dim W > 1, let Wy = span(w),

U=WnWg, and U = W' nW;.

We have that p(U) = p(W NW3) = W NW;t = U’, hence the restriction of p to U is an isometry.
By the induction hypothesis, there is an autometry 7 extending pjy to V. Let o(w) = w, and
o(u) = 7(u) for all u € Wy, then o is an autometry and it extends p to V. O

Corollary 1.3.1 (Witt’s Lemma, cf. Theorem 4.1. [34]). Suppose that (V,b) and (V' V') are
isomorphic quadratic spaces, and that W C 'V and W' C V' are isomorphic reqular subspaces.
Then the orthogonal complements W of W in' V- and W'* of W' in V', are isomorphic.

10
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Proof. By assumption, there is a bijective isometry p : V' — V. Taking p(W’) instead of W',
and p(V') = V instead of V', we may assume without loss of generality that V = V' and b = ¥'.
Since there is an isomorphism, say u : W — W’ between W and W', Theorem 1.3.1 implies the
existence of an autometry o which extends p. For o we have that o(IW+) = W't and this gives
the required isomorphism. O

Witt’s Lemma is also known as Witt cancellation, since it implies that the direct sum of
quadratic spaces has the following cancellation property: Let ¢, ¢ and ¢ denote quadratic spaces,
if

Y@=y @y,

then v ~ ¢’. This property shows that the set of isometry classes of quadratic spaces forms an
abelian semigroup with cancellation. There is a canonical way to embed this semigroup into a
group, known as the Grothendieck group of the field k. Considering in addition the tensor product
of quadratic forms, we can form a ring known as the Grothendieck-Witt ring W (k) of k. With
this point of view, the problem of classification of quadratic forms over the field k is equivalent to
computing W (k). This is one of the fundamental ideas of the algebraic theory of quadratic forms,
and structural results on W (k) can be used to learn about the theory of quadratic forms over a
general field. For more on this approach see Chapter 2 of Scharlau [145].

As mentioned before, many of the arguments presented can be approached in a purely matrix-
theoretic way. For completeness, we present our own proof of Witt’s cancellation Lemma using
elementary methods.

Lemma 1.3.2 (Witt cancellation). Let A, A’, B and C' be symmetric matrices. If A is congruent

to A" (denoted A ~ A’), and
{A 0 } N [A’ 0 }
0O|BJ LO]|C]’
Proof. In view of Theorem 1.2.1 it suffices to show that if

Stal=lere]

and a = t?3 for some t € k* (i.e. the forms az? and By* are equivalent), then B ~ C. By
hypothesis there exists a matrix

then B ~ C.

T:[Am},

v| P
such that T7(a @ B)T = (t*a) & C. Therefore,

S el Bl = e

Computing the product in the left-hand-side we find

{ Mo + vTBu ‘ AauT +vTBP } B {tza 0 }
Aau + PTBv ‘ auu’ + PTBP | 0 ‘C’ '

11
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This equation is equivalent to the following system of matrix equations

vTBy = (1 — \)a,
vTBP + Aau™ =0,
PTBv + Aau = 0,
PTBP + auu’ = C.

Let € = 1 be chosen so that t + e\ # 0. Let S = P — er(vuT), where r = (¢t + e\)™'. We show
that STBS = C"

STBS = (PT — er(uwv"))B(P — er(vu’))
= PTBP — er(uv™BP) — er(PTBuuT) + r*(uwv BouT)
= PTBP + 2eA(rauu”) + r(#* — A?)a(uu’)
= PTBP + (2e\ + r(t* — \*))rauu’
= PTBP + (2eA + (t — eX))rauu’
= PTBP + auu' = C.

This gives the required congruence between B and C. O]

1.4 Hilbert symbols

Hilbert symbols are the main ingredient to define the local invariants of quadratic forms. In this
section we will motivate them and study their properties. The property of bilinearity of the symbol
is very important and to study it we will briefly discuss p-adic numbers.

We begin with the study of equivalence of quadratic spaces in low dimensions. A regular
quadratic space of dimension 1 is given by a 1 x 1 matrix («), for a € k*. It is clear then that
(o) ~ (B) if and only if there is some t € k*, such that

tat = at? = B.

In other words, o and 3 are in the same coset of the square class group T'(k) := k> /(k*)?. To be
precise, two elements in «, 3 € k* are in the same square class if and only if o = 28 for some
tek”.

The square class group is elementary abelian of characteristic 2, since clearly for every a,b € k*
we have ab = ba and a* =1 in T'(k).

Example 1.4.1. The square class group I'(C) of the complex numbers is trivial, since C is alge-
braically closed, and the equation 22 = o has a solution for every a € C.

['(R) has order 2, and it is generated by +1 and —1. This is because every non-zero real number
x can be written as

{+ ] ifz>0
xTr =

VP ifr<o

12
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The square class group I'(Q) is generated by —1 and all rational prime numbers p. This is
because § = %bz = ab in I'(Q), and by the fundamental theorem of arithmetic every integer n can
be expressed as a product of primes

n==+pi...p’,

in a unique way up to relabelling of the p;.

Our next goal is then to find conditions for the equivalence of regular quadratic spaces of
dimension 2. We begin with the particular case of solving X XT = M. Notice that taking the
transpose of X, the solvability of XTX = M is equivalent to the solvability of X XT = M.

Proposition 1.4.1. Let k be a field with char(k) # 2 and a,b € k*. Then the equation

T:aO}
Y=o

has a solution for some X € GLy(k) if and only if
(i) ab is a square in £*, and

(ii) ax® + by* =1 has a solution in k.

Proof. Let M = {a O] , where a,b € k*. The condition M = YTY for Y € GL,(k) is equivalent

0 b
to (Y"H)TMY~! = I. So we may show instead that XTM X = I if and only if ab is a square, and
ar?+by? = 1 has a solution. Assume that there exist a matrix X € GL, (k) such that XTM X = I.

Letting X = {xl 52] , this equation is rewritten as
2

n

a O] [:1:1 :1:2} _ [ ar? +by? ary —|—by1y2] _ {1 O}

1 Y
XTMX = [ }
0 bl lyr ar1rs + by1ys  axd + bys 0 1

T2 Y2

for some x1, 9, y1,yo € k. Therefore, the congruence above is equivalent to the system of equations

ar?+by? =1

ars+bys =1

ar1x2 + by1ys =0
In particular, there is a solution to az?+by? = 1. Taking determinants in the expression M = XTX
find that ab = det(M) = det(XTX) = det(X)?, so ab must be a square in k*.
Conversely, suppose that there is a solution (xy,y;) to az? + by? = 1, and that ab is a square. If

y; = 0 then az? = 1, so a is a square in k*. Now, ab is a square which implies that b is a square,
and there is some x5 € £ such that bx3 = 1. Therefore,

B [1 0}

01

[xl O} [a 0} [xl 0
0 ) 0 b 0 T2
Suppose then that y; # 0: we find values for (z, %) so that axyzs + byy, = 0 and az? + bys = 1.
Since b # 0 we let yo = —ax179/by;, and substituting into the equation 1 = ax3 + bys we find

by = abyizy + axixs = azj(azi + byi) = axs.

So 23 = %, and the right-hand-side is a square by our assumption that ab is a square. Hence z-
and ys belong to k, and are determined from x; and y; up to sign. O]

13
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Remark 1.4.1. The element ab € k* in the proposition above, interpreted as an element of I'(k)
is known as the discriminant of (a,b). In the next section we will give the general definition of the
discriminant of a quadratic form.

It is an easy exercise to show that for a,b € k*, the equation az?+by? = 1 has a solution in & if
and only if ax? + by? = 22 has a non-trivial solution in k. This motivates the following definition:

Definition 1.4.1. Let k be a field, and let a,b € k*. The Hilbert symbol of a and b is defined as

(a.b) +1  if the equation az? + by? = 2% has a non-trivial solution over k
a,b)y = )
g —1 otherwise

If the field k is clear from the context we simply write (a,b) instead of (a, b)y.

Example 1.4.2. If £ = R, then (a,b)g = 1 if and only if a and b are not both negative: The square
class group R*/(R*)? is isomorphic to {£1}. Therefore we may assume that a,b € {£1}. If either
a or b are 1, then (a,b)g = 1. And for a = b = —1, we have (a,b)g = —1, since the equation

g =2

has no real solutions. Let I'(R) = R*/(R*)? ~ {41}, then regarding the Hilbert symbol as a
function (-, -)g : ['(R) x T'(R) — R, we have the following table of values of the Hilbert symbol:

(a,b)g \ +1 —1
+1 1 1
-1 1 -1

Our computation of the real Hilbert symbols, and Proposition 1.4.1 tell us that (a, b) is isomorphic
to (1,1) if and only if @ and b are both positive. This is a particular case of Sylvester’s law of
inertia.

Example 1.4.3. Let k£ = F,, where ¢ is an odd prime-power. Then, the square class group
I'(Fy) = (F)/(FX)? has order 2. Let x € F be an arbitrary non-square, then z is a sum of two
squares in [ . Otherwise, for every a € F,

r—a®d ([F;)z.
But there are exactly (¢ — 1)/2 distinct elements in the set C = {z —a*: a € Fx}, which implies
that C is the set of non-squares of F . This is a contradiction, since then z — a’? = z for some
a € k* yet a®> # 0. This implies that (a,b)y, = 1 for all a,b € F: If a or b are squares, then

clearly (a,b)r, = 1, so assume that both a and b are non-squares. Then ¢ = a !
and the equation ax? + by? = 2? is equivalent to

is a non-square,

2  thy? = 27

Now tb is a square so there is a non-trivial solution to z? + tby? = t2? if and only if there is a
non-trivial solution to % + y* = tz%. Since t € I, then t = c® + d? for some ¢, d € I, which
implies that (¢, d, 1) is a solution of ¥ + y? = tz°.

To summarise, the Hilbert symbols at finite fields have the following table of values

(a,b)f, ‘ 1 r
1 1 1
T 1 1

where r is a non-square in F . Proposition 1.4.1 then implies that the regular quadratic space
(a,b) over [, is isomorphic to (1,1) if and only if ab is a square in [F,.

14
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We hope that the above examples illustrated how the theory of quadratic forms depends heavily
on the structure of the square class group I'(k) = £*/(k*)%. In both our examples above, the square
class field is finite. But for other fields, such as the rationals, this group is infinite and the theory
of quadratic forms becomes more involved, even in the 2 x 2 case.

Example 1.4.4. The rational quadratic space (5, 20) is isomorphic to (1, 1). In other words, there
is a matrix X € GL2(Q) such that

5 0 1 0
T _
X [O QO]X_ [0 J'
The discriminant is 5-20 = 100 = 1 in Q*/(Q*)?, since 100 is a square. Also, 522 + 20y* = 22 has
a non-trivial solution (z,y, z) = (1,1,5), so (5,20)q = 1 = (1,1)q. We can reproduce the proof of
Proposition 1.4.1 with @ = 5, and b = 20. From our solution to 522 + 20y? = 2? we find a solution

(z1,y1) = (1/5,1/5) to 5a? + 20y? = 1. We let yo = —ax129/by; = —x2/4, and substitute y» into
the equation 522 + 20y2 = 1. Operating we find that

2502 = 4,
and we can choose for example the solution o = 2/5. From here we find yo = —1/10. Indeed, we
can check that
{1/5 1/5 ] [5 0} {1/5 2/5 }_ [1 0}
2/5 —1/10) [0 20/ [1/5 —1/10] ~ [0 1])°

And, taking inverses we find an expression for diag(5,20) as a rational Gram matrix.

[1 2}[1 4}_{5 O}

4 =2/ 2 —2] [0 20J°

Example 1.4.5. The rational quadratic form given by (3, 3) is not isomorphic to (1, 1). In other
words,

3 0} . . 10
[0 3} is mot rationally congruent to [0 J.

We have that the discriminant 3 -3 = 9 is a square, so we show that (3,3)q # (1,1)g = 1. In
other words, we show that 322 + 3y? = 22 has no non-trivial rational solutions. If this equation
had rational solutions, then multiplying by a common denominator we find that it has integer
solutions. If (z,y,2) is a non-trivial integer solution, we may assume without loss of generality
that x, y and z have no common factors, otherwise dividing by their greatest common divisor we
find a coprime solution. Since 322 + 3y* = 3(2? + y?) = 22, and 3 is prime it follows that z is

divisible by 3. We can then write z = 3z, and then 3z + 3y* = 922, so we find
2% +y* =32

Now reducing the above equation modulo 3, we find that z? + 3> = 0 (mod 3). But the squares
modulo 3 are 0 and 1, which implies that both x and y are divisible by 3. This contradicts the
assumption that x,y and z are coprime. Therefore, (3,3)q = —1, and by Theorem 1.4.6 a rational
congruence between the matrices does not exist.

Lemma 1.4.1 (cf. Chapter III, Proposition 2 [149]). The Hilbert Symbol satisfies the following
properties

15
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(i) (a,0)r = (b, a)x,
(i) (a,1)e =1,
(iii) (a-#2,b)x = (a,b)s,
(iv) If (a1, b); = 1, then (ayas, b), = (as, ),
(v) For any d € k* with a # d?, (a,d? — a)j, = 1.
(vi) (a,b)r = (a, —ab)s.

Proof. All properties are straightforward to show from the definition, except for property (iv). To
prove this first notice that if b is a square in k, then (iv) holds for arbitrary a;, as € k™. So we may
assume that b is not a square in k. Then, K := k[T]/(T* — 1) is a field extension of k of degree 2.
Now, (a,b); =1 if and only if

a = (2/2) = bly/2)? = N((/) + Vb(y/x)).

Here we identify v/b with the class of T in K, and N denotes the norm of K over k, i.e. N (r+ \/53) =
(r+/bs)(r—+/bs) = r> —bs®. In other words, (a,b), = 1 if and only if @ is a norm in the quadratic
extension K/k, and the assumption (a;,b);, = 1 implies N(ay) = a; for some oy € K*. So if
(a1as2,b), = 1, then there is an o € K* so that ajas = N(«), but then by the multiplicativity of
the norm

as = N(ay) ' N(a) = N(aj'a),

and (ag, b)r = 1 = (aya9,b)g. Conversely, if (ajaq9,b) = —1 then (az,b) = —1, otherwise as = N (o)
for some ap € K* which then implies ajas = N(a3)N(ag) = N(ajas). O

Property (iv) is almost a property of bilinearity of the Hilbert symbol, in the sense that if
(aras,b)r = —(az,b)r when (aj,b);, = —1 then we have

(alag, b) = (CLl, b)(CLQ, b)
However, this property does not hold over a general field.

Example 1.4.6. The rational Hilbert symbol is not bilinear. For example, we show that (3,2)q =
—1 and (11,2)q = —1 yet (33,2)q = —1. If (3,2)q = 1 then, without loss of generality, suppose
that the equation 322 + 2y? = 22 has a non-trivial integral solution with z,y and 2z coprime. Then
reducing modulo 3 we find that 2y*> = 2? (mod 3), but 2 is not a square modulo 3. This implies
that 3 divides both y and z. Therefore y = 3y, and z = 3z, for some yq, 29 € Z, now

32% + 2 3%yg = 3223,

and dividing by 3 we see that x is also a multiple of 3. This contradicts our assumption that x, vy,
and z are coprime, therefore (3,2)q = —1.

Since 2 is also not a square modulo 11, we can show analogously that (11,2)q = —1. The argument
above can be reproduced verbatim to show that (33,2)q = —1.
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In our examples above we showed how to determine that a rational quadratic equation has no
non-trivial solutions by reducing the equation modulo a prime and showing the resulting equation
has no non-trivial solutions in F, ~ Z/p. Here we explore this in more detail, consider for example
the rational equation

7% + 35y° = 2°.

We know from Example 1.4.3 that (7,35)F, = 1, whenever 7 and 35 are units in [, (upon identifying
F, ~ Z/p). Hence, the obstructions reducing modulo a prime can only come from the primes p = 5
and p = 7. For p = 5 we find reducing modulo 5 that

72 =22 = 2% (mod 5),

however 2 is a non-square residue modulo 5, so the equation has no solutions in F5, hence no
solutions in Q. The situation at the prime p = 7 is more nuanced, if we reduce modulo 7 we find

=z mo .
0=2*> (mod?7)

Therefore z = 7z, for some z; € Z. To find obstructions, we must then consider the equation
modulo 72 = 49. Here we find 72? + 35y* = 7?2% (mod 49), which is equivalent to

??+5°=72=0 (mod?7).
This has a non-trivial solution x = 1, y = 2, and indeed
49 | (7-1* +35-2% — 7%2%) = 147 — 4927, for any value of 2.

Perhaps we may find an obstruction by looking at the equation modulo 72 = 343. Any solution
modulo 72 reduces to a solution modulo 72 via the ring homomorphism

2/(7°) = Z/(7)
z+—z (mod 7%

Then without loss of generality we may begin by extending our existing solution. Namely, we let

x=1+"Txy,
Z/:2+7Z/1>
Z:0+721,

and substitute. Again 7z? + 35y* = 7?27 (mod 7°) if and only if 2% + 5y? = 722 (mod 7%). We
find then,
(1+72)? +5(2+Ty1)* =21+ 722, + 7-20y; =727 (mod 7°).

The left-hand side is divisible by 7, so this is equivalent to
3422, +6y; =27 (mod 7).

A possible solution is x1 = y; = 1, and 2; = 2. Lettingx =14+1-7=8, y=2+1-7=9 and
z1 = 2 -7 we have
343 | 343 -9 = 3087 = (72* + 35y — 27).

The reader may ask then if this process can go on indefinitely, and we find no obstructions from
the prime 7. A result known as Hensel’s lemma tells us that this is in fact the case. Under certain
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conditions on a multivariate integer polynomial f and its formal derivatives, we can guarantee
that a non-trivial solution to f(a) = 0 modulo p* lifts to a solution modulo p" for all n > k. In
this way, we obtain solutions to our equation as formal power series in p:

o o0 o0
T = Zmnp", Y= Zynp”7 and z = Z Znp",
n=0 n=0 n=0

where Z,,, Yn, 2, € {0,...,p — 1}.

Definition 1.4.2. Let R>( denote the set of non-negative real numbers. An absolute value on a
field k is a mapping | - | : & — Rx¢ satisfying the following properties:

(i) |z| = 0 if and only if z = 0,
(ii) |zy| = |z||y| for all z,y € k, and
(iii) [z +y| <[z + [yl

If an absolute value | - | satisfies the stronger property (iii)’ |z + y| < max(|z|, |y|) then it is called
non-archimedean. Otherwise | - | is archimedean.

Example 1.4.7. If k is an arbitrary field, the trivial absolute value is defined as |z| = 1 for all
xz € k — {0}, and |0] = 0. Clearly the trivial absolute value satisfies properties (i), (ii), and (iii)’
so it is a non-archimedean absolute value.

The power series above can be shown to be convergent under the following non-archimedean
absolute value

Definition 1.4.3. Let x be a non-zero integer, then the p-adic absolute value of x is defined as
Il’|p = p—vp(a:)7

where v, () is the largest power of p dividing . For x = 0 the p-adic absolute value is defined as
|0], = 0. For a rational number a/b € Q we let

|a|p
la/bl, = T
"ol

For example, [300/23|5 = 572 = 1/25 since (300/23) = 22 -3-5%-2371 and |300/23]23 = 23.
Clearly if p is coprime to both a and b in the fraction a/b, then |a/b|, = 1.

An absolute value | - | induces a metric d : & — R given by d(z,y) = |x — y| for z,y € k, and
with this metric the usual analytic notions can be defined.

Definition 1.4.4. Let |- | be an absolute value on a field k and {a,}22, be a sequence of elements
of k. Then {a,} is a Cauchy sequence (with respect to |- |) if for all € € R with € > 0 there exists
an integer N > ( such that

lam — an| < e,

whenever m,n > N.
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Definition 1.4.5. Let |- | and | - |" be two absolute values on a field k. Then |- | and | - | are
equivalent if and only if for any sequence {a,} in k,

{a,} is Cauchy with respect to | - | if and only if {a,} is Cauchy with respect to | - |'.
Definition 1.4.6. Let k£ be a field. A place of k is an equivalence class of absolute values on k.

Definition 1.4.7. A sequence {a,}°, in a field & is said to be convergent (with respect to an
absolute value | - |) if and only if there is an ¢ € k such that for all € > 0 there exists an integer
N > 0 such that

la, — ] < ¢,

whenever n > N. In such a case ¢ is called the limit of {a,}.

Definition 1.4.8. A field & is complete with respect to an absolute value | - | if and only if every
Cauchy sequence in k is convergent.

Given a p-adic absolute value | - |, we can construct the completion Q, of Q with respect to
|-|,- This is done by taking Q, to be the set of equivalence classes of Cauchy sequences, where two
Cauchy sequences {a,} and {b,} are in the same class if and only if {a, — b, } is a convergent se-
quence with limit 0. This is analogous to the construction of the real numbers R from Q. The field
Q, is called the field of p-adic numbers, and contains Q as a subfield via the mapping x — {z}°°,
for all z € Q.

With this notion, the power series obtained by Hensel’s Lemma give us an exact solution to
f(z,y,2) = 01in Q. In this setting Hensel’s Lemma can be interpreted as the p-adic analogue of
the Newton-Rhapson method for finding successive approximations to the real roots of a polynomial.

One may ask then whether or not the field of p-adic numbers is isomorphic to the field of
real numbers, and if there are other completions of Q other than these. The following theorem of
Ostrowski characterises these completions

Theorem 1.4.1 (Ostrowski, Theorem 1 [109]). Let |- | be a non-trivial absolute value on Q. Then
| - | is equivalent to | - |, for some prime p, or |-| is equivalent to the usual absolute value on Q.

It is not too difficult to show that Q, % Q, whenever p and ¢ are distinct primes. Likewise, it
is easy to show that R ¢ Q, for all primes p. Hence, Ostrowski’s theorem characterises all possible
completions of Q. To make notation uniform one typically denotes R = Q. In other words, the
places of Q are in correspondence with prime numbers p or p = co.

By Ostrowski’s theorem, there could be a hope of finding a rational solution after determining
that there are no obstructions in @, for any place p of Q. Remarkably, the following theorem
of Hasse and Minkowski theorem shows that this is the case for quadratic forms: If a rational
quadratic homogeneous polynomial has a root in Q, for all places p, then it has a root in Q.

Theorem 1.4.2 ((Strong) Hasse local-global principle, Chapter IV, Theorem 8 [149]). Let q be a
rational quadratic form then q(x) = 0 has a non-trivial solution in Q if and only if ¢(x) = 0 has a
non-triwial solution in Q, for all places p of Q.
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Remark 1.4.2. The Hasse local-global principle does not hold for general polynomial equations.
In fact it already fails for certain cubics: For example, Selmer showed [148] that

37 + 4y® 4+ 52° = 0,
has a zero in Q, for all places p, yet it has no rational solutions.

Henceforth we denote (a,b), := (a,b)q,, for every place p of Q. Using the strong local-global
principle for quadratic forms, we can characterise the rational Hilbert symbol.

Corollary 1.4.1. Let a,b € Q*, then (a,b)q = 1 if and only if (a,b), =1 for all places p.

There are several advantages to working with the “local” symbols (a,b), instead of (a,b)q.
First, it can be shown that the square class group I'(Q,) = Q,°/ (Q;)Q is finite for all places p (we
have seen this already for p = o0). Furthermore, we have a closed formula for the Hilbert symbol
in Q. First, we introduce some notation:

Definition 1.4.9. For a € Z and p a prime, the Legendre symbol is defined as

+1 if a is a square residue modulo p
a
( ) = 0 ifpla

—1  otherwise

Proposition 1.4.2 (Euler’s Criterion, Proposition 5.1.2, [99]). Given a € Z,

(E) = a® V2 (mod p).
p

From this it follows easily that the Legendre symbol is multiplicative, i.e. (“7}’) = (%) (%) We
also have the following important relationship due to Gauss,

Theorem 1.4.3 (Quadratic reciprocity, Chapter 5, Theorem 1 [99]). Let p and q be odd primes,

then
PA(L) = (—1)e-ba/,
q)\p

The theorem of quadratic reciprocity sometimes is presented alongside with the following sup-
plements,

2\ _ e
(p) (L1)EDs,

Notice that since the Hilbert symbol is invariant under multiplication by squares, we may
assume that a and b are square-free when computing (a,b),. We have

Proposition 1.4.3 (cf. Serre, Chapter III, Theorem 1, [149]). Let a,b € Z — {0}. For a prime p,
let a and 3, v and v be integers such that

a = p®u, and b = p°u,

where p tu and p{v. Then,
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1.4 - Hilbert symbols

(i) if p is odd,

where e(z) = (z — 1)/2.

(i) If p = 2,

((1, b)2 _ (_1)a(u)a(v)+aw(v)+,3w(u)

where w(z) = (22 — 1)/8.

For the archimedean place p = co we have that (a,b), = 1 if and only if a,b > 0.

We can also express the values of (a,b), as a table, see [34]. For an odd prime p, we have that
a full set of representatives for the elements of I'(Q,) is {1, r, p, pr} where r is a non-square residue

modulo p. Then,

(a,b), | 1 p pr
1 +1 +1 +1 +1
r +1 +1 -1 -1
P +1 -1 & —¢
pr +1 -1 —e ¢

For p = 2, the square class group I'(Qy) has order 8 and a full set of representatives of its elements

is {1, +5, £2, +10}

(a,b)s]| 1 5 -1 =5 2 10 -2 —10
T [+1 #1 +1 +1 +1 +1 +1 +1
5 |41 41 41 41 -1 -1 -1 -1
—1 |41 41 =1 =1 +1 +1 -1 -1
—5 |41 +1 -1 -1 —1 —1 +1 +1
2 |41 -1 41 =1 +1 -1 +1 -1
10 |41 =1 +1 =1 =1 +1 —1 +1
2 |41 -1 -1 41 +1 -1 -1 +1
10 |+1 -1 =1 41 -1 +1 +1 -1

Recall also that for p = 00, I'(Qw) = I'(R) ~ {£1}, and

(a,b)s | 1 —1
1 +1 +1
-1 |+1 -1

From the closed formulas or the tables one can conclude the following:

Theorem 1.4.4 (Chapter III, Theorem 2 [149]). The symbol (a,b), is bilinear for all places p. In

other words,

(a1az,b), = (a1,b),(az, b),.

Additionally, we see that if @ and b are coprime to p, then (a,b), = 1. So there are only finitely
many values of p for which (a,b), # 1. Finally, the local symbols satisfy the following local-global

relation
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1 - Non-solvability of Gram equations

Theorem 1.4.5 (Hilbert reciprocity, Chapter III, Theorem 3 [149]). For every a,b € Q*,

H(aa b)P =1,

p

where the product is taken over all places of Q.

With the bilinearity property of the local symbols we can complete our discussion of rational
congruences in the 2 x 2 case. This time we find conditions to determine the existence of X &

GL2(Q) such that
1 |a O] _ [c O}
X L) b X 0 dl-

Theorem 1.4.6. The regular rational quadratic spaces (a, b) and (c, d) are isomorphic, if and only
if ab=cd in T(Q) = Q*/(Q*)?* and (a,b), = (c,d), for all places p.

Proof. Suppose that the rational quadratic spaces (a,b) and (c,d) are isomorphic. Then there is
a matrix X = Bl 52} € GLy(Q) such that XTdiag(a,b)X = diag(c,d). Computing this matrix
1 Y2

product we find

[ ar? +by?  amyre + bylyg] B [c 0}

ar1rs +byiys  azxi+bys | [0 dl°
In particular, there is a non-trivial rational solution to the equation az? + by? = c. By regularity
of {¢,d) one has ¢ # 0, and dividing this equation by ¢ we find

a o by
o7+ -y = 1.
| cyl

Hence (a/c,b/c)q = (ac,bc)q, which implies (ac, be), = 1 for all places p. Taking determinants
in the expression XTdiag(a,b)X = diag(c,d) we find that ab = cd in I'(Q) (hence in I'(Q,)).
Multiplying by bd in both sides we find that ad = be in I'(Q,). By bilinearity of the local symbols
1 = (ac,bc), = (a,be)y(c,be)y, so (a,bc), = (c,bc),. Using bilinearity again and the fact that
ad = bc we find
(a,b)p(a, c)p = (a,bc), = (¢, be), = (¢,ad), = (¢, a)p(c, d)p.

By symmetry we cancel (a,c), in the left-hand-side with (c,a), in the right-hand-side, and it fol-
lows that (a,b), = (¢, d),.

Conversely, suppose that ab = cd in Q*/(Q*)?, and that (a,b), = (¢,d), for all places p. Then

(a’ b)p = (Cu _dc)p = (C, _ab)p = (C7 _a’)p(c7 b)p

From where it follows

(ac, b)p = (C’ _a)p = <C7 ac)l)'
Therefore (ac,bc), = (a/c,b/c), = 1 for all places p. The local-global principle (Theorem 1.4.2)
implies that there is a rational solution to ax? + by? = c¢. If y; = 0, then a = ¢ in T'(Q), and
this implies that b = d in '(Q). Therefore, there is an x5 € Q* such that br3 = d, and in this
case X = diag(xy,z2) is the sought matrix. So we may assume that y; # 0. In this case we
may let yo = —az122/(by;), where x5 is an indeterminate. Substituting y, into the expression
azx3 + bys = d, we find

bdy; = axs(byi + ax) = aczs.
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1.5 - Invariants of quadratic forms

And since bd/ac is a square, we find that x5 is in Q and determined up to sign from ;. Then, ¥, is
1 T2
Y1 Y2
solution to the congruence equation XTdiag(a,b)X = diag(c, d). O

determined uniquely from z1,y;, and x5, and from this it follows that X = { } is a rational

1.5 Invariants of quadratic forms

In general, taking determinants in the equation A = XTBX, we have det(A) = det(X)?det(B).
This implies that the determinant, as an element of I'(k) = k*/(k*)?, is an invariant for the
equivalence of quadratic forms over an arbitrary field k.

Definition 1.5.1. Let A be the matrix of a quadratic form ¢ with respect to some basis. The
class of the determinant det(A) in I'(k) is called the discriminant of ¢ and it is denoted by d(q),
or simply 0 when there is no chance of confusion.

In the case k = Q, we found that the p-adic Hilbert symbols (a,b), give us, together with the
discriminant, a complete set of invariants of quadratic forms in dimension 2. More generally, we
have that the following is a complete set of invariants for the equivalence of rational quadratic
forms of any dimension:

e The discriminant 6 = d(¢) € Q*/(Q*)>.
e The signature o = o(q) of the quadratic form when considered as a real quadratic form.

e The local Hasse-Minkowski invariants €,(q) for every place p of Q.

Definition 1.5.2. Let ¢ be a quadratic form represented by a diagonal matrix A ~ diag(ay, . .., ay,).
We define the Hasse-Minkowski invariants of q as follows:

ep(q) = €p(A) = H(aia a;)p

i<j
For a 1 x 1 matrix () we define ¢,(a)) = 1 for all places p.

A real symmetric matrix M is congruent to a diagonal matrix D with entries +1 (which are
a full set of representatives of I'(R)). Then the signature of M is defined as o(M) = (ny,n_)
where n, is the number of +1s in D, and n_ is the number of —1s. Notice that by the spectral
theorem, n coincides with the number of positive eigenvalues of M. The signature is an invariant
of real quadratic forms by Sylvester’s law of inertia (Theorem 1.1.3). The reader may have noticed
that we do not mention signatures in Theorem 1.4.6, this is because if two 2 x 2 real matrices
A = diag(a,b) and B = diag(c, d) have the same discriminant and (a,b)s = (¢, d)s, then A and
B have the same signature.

By complete set of invariants, we mean that the following holds:

Theorem 1.5.1 (Hasse-Minkowski, Chapter IV, Theorem 9 [149]). Two rational quadratic forms
q and ¢ of the same dimension are equivalent if and only if 6(q) = 6(¢), o(q) = o(¢') and
£p(q) = €p(¢') for all primes p.
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1 - Non-solvability of Gram equations

This is known as the (weak) Hasse local-global principle, because it is implied by the strong
Hasse local-global principle. The proofs of both these theorems are not inaccessible, but they
require a fair amount of background material. This technical difficulty is mostly present in show-
ing that equality in the invariants implies equivalence of the forms. However, for combinatorial
applications, a non-integral solution to X XT = M is typically uninteresting. For us it is sufficient
to show that the above is a set of partial invariants for the equivalence of rational quadratic forms,
since this is enough to determine the non-solvability of Grammian equations. Furthermore, we are
only interested in conditions to decide the equivalence of a quadratic form qy/(x) = xTMx to the
standard quadratic form

n(2) i=qr,(2) =20 =23 + 25+ + 22,

In particular we must have §(M) = §(/) = 1, and the assumption that M is positive-definite
already implies that its signature is o(M) = (n,0) = o(I). Therefore we only need to consider the
local invariants €,(M ). Positive-definiteness also implies e, (M) = 1, hence by Hilbert reciprocity
(Theorem 1.4.5), if (a,b)y = —1 then (a,b), = —1 for some odd prime p. We summarise this as
follows

Theorem 1.5.2. Let M be a rational, positive-definite matriz. If XXT = M for some rational
matriz X, then

e det(M) is a square, and
o c,(M) =1 for all odd primes p.

For completeness we present a matrix-theoretic proof of the fact that ,(A) are invariants for
the equivalence of quadratic forms for all primes p. Namely we show

ep(XTAX) = ¢,(A).
To do so, we use a generalisation of the Hasse-Minkowski invariants due to Pall [136].

Definition 1.5.3. Let A be a rational symmetric matrix, the Hasse-Pall invariants are defined
for every place p as

n—1
cp(A) = (=1, =0n),p H(5i7 —Giy1),
i=1
where ¢; is the i-th leading principal minor of A.

Proposition 1.5.1. If A is a rational diagonal matrix with discriminant §(A) = 1, then for all
odd primes p

Proof. 1f A is diagonal, say A = diag(ay,...,a,) we have that the i-th leading principal minor of
Ais 6; =ay...a; Using 6, = §(A) = 1, and bilinearity we find

n—1

cp(A) = (=1,6(A))p | | (0 =0i - @)y

—

1

= (_L _1)17 ((5ia _5i)p(5ia Clz’+1)p

1

3
s
=

<.
Il
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1.5 - Invariants of quadratic forms

If p is odd then —1 = p — 1 (mod p) is coprime to p, hence (—1,—1), = 1. From the relation
(a,—a), =1 we then find

n—1 n j—1
ep(A) =T[5, a500)p = [T [ [ (0> as)p = [ J (@i a)p = &p(A). O
j=1 =2 i=1 i<j

To give an elementary proof that the Pall invariants are indeed invariants under rational con-
gruence we will require a lemma on determinants. This lemma was notably used by Jacques
Hadamard in the original proof of his celebrated determinant bound [83].

Lemma 1.5.1. Let M be an n x n symmetric positive-definite matrix. For i # j, let Mj; ; be the
(n —2) x (n — 2) submatrix obtained from M by removing the i-th and j-th rows and the i-th and
j-th columns. Then

det(M) det(Mi,;) = M;iM;; — (M; )%,

where M, ; denotes the (7, j)-th minor of M.

Proof. Write M as a block-matrix of the type

M = {Ml MQ] :

Ms M,

Since M is positive-definite, it is invertible. Letting N be the inverse of M, we can write

N = {Nl NQ}.

N3 Ny

N3 N4 M3 _Z 0 N4 '

Taking determinants, it follows that det(N) det(M;) = det(N4). Hence

det(Ml)

W = det(N4)

Let Ny be a 2 x 2 submatrix. Since the determinant of M is unchanged after a symmetric
row/column permutation, we may assume without loss of generality that M; = Mj; ;; and that

Hence, using the cofactor formula for the inverse N = M~! we find that

4= T A

1 |: Mi,i _Mi7ji|

det(M) [—M;; M,
Therefore det(M, ) )
CUUM i) 2
S get(Ny) = ————— (M, M, — (M;)?).
det(M) e ( 4) det(M)2( AR, ( ,]) )
Multiplying by det(M)?, we conclude the proof. ]
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1 - Non-solvability of Gram equations

Below we present our matrix-theoretic proof of the Hasse-Minkowski theorem for positive-
definite matrices, this result will appear in the paper [79].

Theorem 1.5.3 (cf. [103], and [136]). If M is an nxn symmetric positive-definite rational matriz,
then for each X € GL,(Q)
(M) = ¢p(XTMX)

for all rational places p.

Proof. The group GL,(Q) is generated by permutation matrices, row-multiplying matrices, and
elementary row-operation matrices. It is then sufficient to prove the claim for each generator of

GL,(Q):

Let X = diag(1,...,A,...,1) be a row-multiplying matrix, where A appears in the i-th di-
agonal element. Let M’ = XTMX, then the leading principal minors ¢} of M’ clearly satisfy
&5 = 0; for j < i, and 0} = N*¢; for j > 4. But since (a,b), = (a - A*,b), for all p, it follows that
p(N) = cp(XTMX) = c,(M).

Now, let X = P be a permutation matrix. It is sufficient to show that the claim holds whenever
P corresponds to the permutation of two consecutive indices. Let P be the permutation matrix
corresponding to the permutation (i,i+1) € S,,. If M’ = PTM P, then all leading principal minors
d; of N coincide with those of M except perhaps for §; and d;, which may differ. Thus it suffices
to show that

(0i-1, =07)p (0}, —0is1)p = (6im1, —0i)p(0i, =01 )yp-
The bilinearity of the local symbols implies that (§;_1,00;),(0:0;, —di+1), = 1, then by symmetry
and bilinearity again
( 52 151+17 15 )p =1

To prove the above identity, we apply Lemma 1.5.1 to the (i + 1)-th leading principal submatrix
of M, denoted M (i +1). We have that

M@E-1)] a 3 M@GE-1)] 8 o
M(Z + 1) = aT my; myi+1 s and M/(Z + 1) = ﬂT Miy1441 MMii4+1
BT Mii+1 Mitr1i41 al My i+1 m;;

Therefore,
det(M(i-+ 1) den(u (i = 1) = det MO aee[MOZD P

for some d € Q. Hence,
0i+10i—1 = 6;0, — d°,

and by positive-definiteness §;0; — d* = 6;410;_1 # 0. Therefore,
(—0i-10i11,0:0;), = (d* -9, 10:,000;), = 1,

since (d* — a,a), = 1 whenever a,d*> —a € Q*. It remains to show the claim when X is an
elementary row-operation matrix. But since ¢, is invariant under permutations, we may assume
that X changes only the last row of M. Since det(X) = 1, all minors of M’ = XTMX are
unchanged. This concludes the proof. O]
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1.5 - Invariants of quadratic forms

Remark. Notice that this result remains true whenever the Hilbert symbol over the field k is
bilinear.

Now that we have presented the basic theory of quadratic forms and given a set of invariants
for their equivalence, it is time to put these tools to practice. In the next chapter we will prove
the BRC and Bose-Connor theorems.
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Invariants of Quadratic forms in Design Theory

In the last chapter, we studied the theory of quadratic forms, and explained how to use this theory
to decide the solvability of the Gram matrix equation X X* = M over the rationals. Now we will
apply these tools to obtain non-existence conditions for families of combinatorial designs. Here we
will assume that the reader is familiar with Proposition 1.4.3 and with the contents of Section 1.5,
particularly Theorem 1.5.1.

Combinatorial designs, or just designs, are finite structures consisting of points and blocks
that are “balanced” in some sense. This could mean for example that every point is in the same
number of blocks, or that any pair of blocks has the same number of points in common. Such
properties are typically called regularity properties. Combinatorial designs receive their name from
their widespread use in the statistical theory of design of experiments since the early 20th century.
However, the origins of design theory trace back at least to antiquity, see the nice historical account
in Part I of the Handbook of Combinatorial Designs [51].

As we remarked in the introduction to Chapter 1, many combinatorial structures, including
designs, can be characterised by the Gram equation of their incidence matrix. For example, there
exists a symmetric 2-(v, k, \) design if and only if there is a square matrix NV, with entries 0 or 1,
such that its Gram matrix is:

NNT = (k= A1, + AJ,,

The BRC Theorem [31, 45] assumes the existence of a 2-(v, k, ) design, to find such a Gram equa-
tion, and then extracts necessary conditions that v, k, and A must satisfy whenever said equation
has a solution over the rationals. In this way, we can rule out several families of parameters (v, k, A).

We use the theory of quadratic forms to give two new proofs of the BRC theorem. The first one
is inspired by several existing proofs in the literature, and will appear in the paper [79]. And the
second one actually shows a slightly stronger statement. Namely, we extract the same conditions
as in the BRC Theorem on (v, k, \), but without the assumption that a 2-(v, k, \) design exists.
This is important, because if N is the incidence matrix of a design, then N has constant row-sum.

However, in some other applications, the assumption of constant row-sum for a solution X to
XXT=(k— NI, + A\J, may not need to hold.

We will begin the chapter by giving a brief self-contained review of design theory. Then, we
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2 - Invariants of Quadratic forms in Design Theory

will present our two proofs the BRC theorem. After, we will give a proof of the Bose-Connor
Theorem [20], which is an extension of the BRC Theorem to the class of group-divisible designs.
We remark, that our second proof of the BRC Theorem, and our proof of the Bose-Connor Theorem
both use ideas from the theory of association schemes. This puts both theorems under a common
framework, which has the advantage of providing a more systematic approach to both. Finally,
we present an application of the Bose-Connor Theorem to the theory of +1 maximal determinant
matrices, due to Tamura [163].

2.1 Design theory

Since our goal application is the BRC theorem, which deals with symmetric 2-designs, we present
a brief introduction to design theory. For texts on design theory we refer the reader to [17, 155, 168].

An incidence structure consists of a set of points P and a set of blocks B together with an
incidence relation I C P x B, which specifies which points are incident with which blocks. Namely,
we say that a point p is “incident to the block” B if and only if (p, B) € I, also written as pI B. Let
S = (P, B,I) be an incidence structure. Fixing an ordering of P and B, we define the incidence
matriz of S with respect to this ordering as the |P| x |B| matrix,

1 if(p,B)el

0 otherwise

(AS)p,B = {

If A and A’ are two incidence matrices for S, then there exist permutation matrices P and () such
that
PAQ = A'.

By directly computing the matrix product one can see that
(AsAL)q = #{B € B (p,B) € I, and (g, B) € I}.

Thus, the Gram matrix of an incidence matrix counts the number of blocks that are incident to
two given points, and we can characterise the Gram matrix of Ag using regularity properties of S.

Definition 2.1.1. A 2-(v, k, \) design (or 2-design) is an incidence structure (P, B, I) with |P| = v,
where each block is incident to k& points, and every pair of points is incident to A blocks.

More generally, we can define t-(v, k, \) designs, or t-designs for short. A t-(v, k, ) design is an
incidence structure on v points for which every block is incidence to k points, and every t-subset
of points is incident to exactly A blocks, i.e. if § C P and |S| = ¢, then

#{B:pIB, forallpe S} =\

We can always find designs at every order if we allow k to be 1 or v, but such designs are uninter-
esting. We say that a t-design is trivial if k € {v — 1,0} or if k < 1.

Example 2.1.1. Let P be the set of non-zero vectors of F3, and let B = {{z,y,z+y}: z,y € P}.
Define an incidence relation by (z,¢) € I C P x B if and only if z € ¢. If we are given a pair
(x,y) of vectors in P with = # y , then there is a unique vector z such that {z,y, 2z} € ¢, namely
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2.1 - Design theory

z = x+y. This shows that (P, B, ) is a 2-(7,3, 1) design. This design is known as the Fano plane,
pictured below

Figure 2.1: The Fano plane.

More generally consider the incidence structure (P,B,I) where P and B are the set of all
1-dimensional, and 2-dimensional vector subspaces of [Fg respectively. If we let (¢,7) € I if and
only if ¢ is a subspace of 7, we obtain a 2-(¢*> + ¢ + 1,¢ + 1,1) design known as a projective plane
of order q.

In general we define projective planes as follows

Definition 2.1.2. A projective plane is an incidence structure (P, L, I) consisting of points and
lines such that:

PP1. For any pair z,y of distinct points of P there is a unique line incident to both x and y.
PP2. Every pair of distinct lines meets at a unique point.
PP3. There are four points in P such that no three of them lie in the same line.

If a line of a projective plane II is incident to exactly n + 1 points then all lines of II are
incident to exactly n + 1 points, and the number n is called the order of II. It is easy to see that
a projective plane of order n gives rise to a 2 — (n?> + n+ 1,n + 1,1) design.

In our definition of design there is no mention to the number of blocks of B. It turns out that
the imposed regularity conditions are enough to determine the number of blocks. We have

Lemma 2.1.1. The number of blocks of a t-(v,k,\) design is

()

Proof. Count in two different ways the number of pairs (7', B) where T is a t-subset of points of
the design, and B is a block incident to all points of T'. This yields

()

and the result follows. ]

This shows in particular that the parameters of a t-(v, k, A) design are not independent. Indeed
we have the following stronger relation.
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2 - Invariants of Quadratic forms in Design Theory

Lemma 2.1.2. Let 0 < i < t, then for a t-(v,k,\) design, the number of blocks incident to all

points of any i-subset I C P 1is
w0 )
t—1 t—1

In particular a t-(v, k, \) design is also an i-(v,k, \) design for 0 <i <t.

Proof. Count in two ways the number of pairs (T, B) with I C T, |T| =t and B € B incident with
all points of T'. If we let A\; the number of blocks which are incident with all points of I we have

(202

From here we find that \; = )\(lt’:z) / (]z:;), and this expression only depends on the cardinality of

1. O

Note that in the result above \q is simply the number of blocks b of the t-(v, k, \) design and we
recover Lemma 2.1.1. The value \; is the number of blocks incident with any point p of the design,
this is known as the replication number of the design, and it is denoted r. With this notation

Lemma 2.1.2 gives
-1 k—1
r=A" / :
t—1 t—1

For the case of a 2-design Lemma 2.1.2 gives
bk = rv,

and

Av—1)=rk—-1).
These results give strong arithmetic restrictions to the existence of t-design. The following example,
taken from [168], demonstrates this.

Example 2.1.2. If a 3-(v,6,1) design exists, then v = 2,6 (mod 20). Let D be a design with
these parameters, then by Lemma 2.1.2 we have three non-trivial conditions

o b="by=(3)/(3) =v(v—1)(v—2)/120 € Z,

o r=b=("")/(3)=@w-1)(v—-2)/20 € Z, and

2 2

o b= ("")/(})=@w—2)/4€ez.

From the last condition we find that v = 2 (mod 4), hence v = 2,6, 10, 14,18 (mod 20). The
condition r = (v — 1)(v — 2)/20 implies that (v — 1)(v — 2) = 0 (mod 20). Out of the five
possibilities for v (mod 20) the only ones that satisfy (v — 1)(v —2) = 0 (mod 20) are v = 2,6
(mod 20), from which the claim follows. Notice that the first condition v(v — 1)(v —2) = 0
(mod 120) is always satisfied when v = 2,6 (mod 20), so no further restrictions on the congruence
class of v modulo 20 can be found in this way.

Theorem 2.1.1 (Fisher’s Inequality). In a non-trivial 2-(v, k,\) design the number of blocks b

satisfies the inequality
b>w.
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Proof. Since the design is not trivial, we have that & < v. From the equation A(v — 1) = r(k — 1)
we find that » > A. Now, let N be the v x b incidence matrix of a 2-(v,k, A) design. Then
NNT = (r — NI, + AJ,. Since the eigenvalues of J, are v and 0 with multiplicity 1 and v — 1
respectively, we find that the eigenvalues of (r — A\)I, + AJ, are (r — A\) + v\ and (r — \) with
multiplicities 1 and v — 1, respectively. Therefore, taking determinants we have

det(NNT) = det((r — NI, + MJ,) = (r + Mo — 1)(r — N = rk(r — X)*" > 0.

This implies that N must have full column rank, and so the number of rows of cannot exceed the
number of columns. This is equivalent to b > v. O]

A symmetric 2-(v, k, \) design is a design for which v = b. For such a design, its incidence
matrix is square. For such a design the following important fact follows

Theorem 2.1.2 (Chapter 8, Theorem 2.1 [143]). The incidence matriz N of a symmetric 2-(v, k, \)

design is normal, i.e.
NNT = NTN = (k- NI, + J,.

2.2 The Bruck-Ryser-Chowla Theorem

The Bruck-Ryser-Chowla Theorem (or BRC Theorem) is a fundamental non-existence result in the
theory of symmetric designs. The precursor to this theorem appeared in 1948 in the paper of Bruck
and Ryser [31]. Here the authors give necessary conditions for the existence of projective planes of
order n. Namely, it is proven that an odd prime p =3 (mod 4) cannot divide the square-free part
of n when n = 1 or 2 (mod 4). From this follows in particular that there is no projective plane
of order 6, something that had been proved in a purely combinatorial way by Gaston Tarry in
[165, 166] as a consequence of the non-existence of a solution to Euler’s 36 officers problem. Here
we will present two proofs of the Bruck-Ryser-Chowla Theorem, one closer to the original proof
assuming the existence of a symmetric 2-(v, k, A) design, and a stronger version of this result that
does not require this assumption. which is inspired by the proofs of the BRC Theorem in [17] and
[168].

Recall the notation (ay,...,a,) for the quadratic form (or quadratic space) induced by the
diagonal matrix diag(as,...,a,). The following equivalence of quadratic forms is well-known, we
give a new proof of this result based on the proofs in [17], and [168].

Proposition 2.2.1 (cf. [17, 168]). If there is a symmetric 2-(v, k, \) design, then there is the
following equivalence of rational quadratic forms of rank v + 1

(1I,...,1,n\) ~{(n,...,n,\),
where n = k — \.

Proof. Let X; = diag(1,...,1,n\) and X, = diag(n,...,n, \) be diagonal matrices of order v + 1.
We will produce two explicit invertible matrices S and P such that STX;S = PTX,P, which will
give us the desired equivalence of quadratic forms. Suppose there is a symmetric 2-(v, k, \) design
D, and let n = k — A\. Let N be the incidence matrix of D, and define a (v + 1) x (v + 1) block

matrix S by ‘ k)
N 1,
5= [ or | 1/k } !
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2 - Invariants of Quadratic forms in Design Theory

where 0, and 1, denote the all-zeroes and all-ones column vectors of dimension v, respectively.
Direct computation shows that

51,8 = s [ O}SZI(NTN | (WRNTL, ]

0 [ nX ME)LIN | 25171, + nA/k?

Since D is a symmetric 2-design, Theorem 2.1.2 shows that NTN = (k — \)I, + \J, and, by
definition, NJ = JN = kJ so that 1TN = k17 and N'1, = k1,. Also note that 171, = v,
therefore STX;S expands as

ST{IU 0 }S_[(k:—/\)lv—k)h]v A, }_{(k—)\)]fu+/\Jv/\1v}
0[nAl" AT | (N +nA)/k? ] AT PR

The last equality follows from the fact that the parameters of D satisfy A(v — 1) = k(k — 1). This
implies A\v+n = Mw+k—\ = k?, and so (\>v+An)/k? = \. Let P be the following (v+1) x (v+1)
block matrix

P:[LJ OU]7

171

then we have that

PTXQP:PT[nIU 01}1|P: |:n[v+)\1yll>\1v:|: |: (k_)\)jv+)\Jv)\10]

0r | A AT A AT A
It follows from equations (2.2) and (2.2) that we have the following congruence relation of matrices

(k= NI, + A, | A1,
A1] A

diag(1,...,1,n\) ~ [ } ~ diag(n,...,n,\),

which in turn gives the desired equivalence of quadratic forms. O

Theorem 2.2.1 (Bruck-Ryser-Chowla, cf. [31, 45]). Suppose that a symmetric 2-(v,k, \) design
exists, then

(i) If v is even, then n =k — X\ is a perfect square.
(ii) If v is odd, then for all odd primes p

(n, (=1)"7D2N), = 1.

Proof 1. The idea of the proof is as follows: The existence of a symmetric 2-design gives (Propo-
sition 2.2.1) an equivalence of rational quadratic forms

d1:={(1,....,1,n\)y ~(n,...,n,\) =: ¢,

where n = k— \. By the Hasse-Minkowski Theorem 1.5.1, the discriminants and Hasse-Minkowski
invariants of ¢; and ¢, should coincide, i.e. 0(¢1) = 6(¢2) and €,(¢p1) = €,(¢2) for all odd primes
p. A case analysis of the parity of v will give us the conditions in the theorem statement. Let us
begin the proof.
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2.2 - The Bruck-Ryser-Chowla Theorem

First we compute the discriminants (Definition 1.5.1) of ¢; and ¢5. These are

d(p1) =17 -nA =n)\, and
5(¢2) =n"\

The discriminants 6(¢;) are interpreted as elements of the square class group I'(Q), and so they
are equal if and only if their product is a rational square, we have

5(61)3(2) = "X = 01 (mod (Q%)2).
From here it follows that if v is even, then n = k — X must be a perfect square.

The Hasse-Minkowski invariants (Definition 1.5.2) of ¢; and ¢, are

ep(61) = (1, DS (1, ma)z = (1,00), = 1.
ep(2) = (n,m) ) (n, N)".

If v is even, we saw that n must be a perfect square and thus all symbols vanish and we find no
further conditions. If v is odd, then we must have ¢,(¢2) = €,(¢1) = 1, and the invariant ,(¢2)
reduces to

ep(62) = () (. N)p = () (0, ) (1 0)p = (0, ) (),

For v odd, the binomial coefficient (72’) is even if and only if v =1 (mod 4), hence we have

_ (3)-1 (n,nA)p ifv=3 (mod4)
ep(@2) = (n,n)p (n,n\), {(n,n)p(n,n)\)p fo=1 (mod 4)

Using the properties of the Hilbert symbols (Lemma 1.4.1) we have €,(¢2) = (n,nA), = (n, —A),
when v = 3 (mod 4), and €,(¢2) = (n,n),(n,nA), = (n,A), when v =1 (mod 4). So we find that
in any case
ep(¢2) = (n, (=1)07D2N),.
And the condition
ep(¢2) = (n, (_1)(v_1)/2)‘)p =1,

for all odd primes p, follows. O

Remark 2.2.1. By the strong Hasse local-global principle, Theorem 1.4.2, we have that the
condition (n, (—1)®~1/2)), = 1 for all odd primes p, together with n = k— X > 0 (non-triviality of
the design), imply that 22 = nz? + (—1)*"1/2\y? has a non-trivial rational solution. Multiplying
by a common denominator of z,y, and z we find a non-trivial integral solution to the Diophantine
equation

2% = na? 4 (=1)7D/ 22

This is how the Bruck-Ryser-Chowla Theorem is typically presented in the design theory literature.
However, this formulation has the downside that it does not indicate how one can systematically
find obstructions to a quadratic Diophantine equation . On the other hand we have precise tables
and formulas to compute the local Hilbert symbols (n, (—1)®“~1/2)),, (Proposition 1.4.3), and then
the obstructions become explicitly computable.
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2 - Invariants of Quadratic forms in Design Theory

The proof of the Bruck-Ryser-Chowla presented above uses the trick of Proposition 2.2.1.
Namely, one can use the existence of a certain incidence structure to find a convenient rational
congruence to which the Hasse-Minkowski Theorem can be applied. This same approach is taken in
the proof of the Bose-Connor Theorem [20]. However, we will develop a more general and system-
atic approach to these types of theorems. On the one hand we will find combinatorial structures
with incidence matrices X satisfying the same Gram equation X XT = nl, + \J,, where X does
not necessarily have a constant row-sum (all incidence matrices N of 2-designs satisfy NJ = k.J).
On the other hand, we show that one can work directly with the target Gram equation nl, + \.J,
and that it is not necessary to find a congruence relation using the putative incidence matrices
X. Furthermore, we will see that the computation of the local invariants for the matrix af,, + 8.J,
(without assumptions on « and ) is not much harder than the one using Proposition 2.3.1.

First, we present a summary of straightforward results on the Hasse-Minkowski invariants. One
can find analogue statements for the Hasse-Pall invariants (Definition 1.5.3) in [20].

Notation: To ease readability, in what follows we will abbreviate the discriminant §(A) of a
symmetric matrix A by 4.

Lemma 2.2.1 (cf. [20]). Let A and B be symmetric matrices, then
ep(A® B) = e(A)pe(B)p(04,0B)p-

Proof. Assume A ~ (ay,...,a,) and B ~ (by,...,b,), then A® B ~ (ay,...,a,,b1,...,by). By
bilinearity of the local Hilbert symbols, we find the following expansion:

(Ao B) = [[ (ana)p[[(@bi)y ] (005

1<i<j<n irj 1<i<j<m
where the product [, j(ai, b;) ranges through all possible values of ¢ and j. This implies
ep(A® B) = £p(A)ey(B) (04, 08)p. O
Since €,(a) = 1 for a 1 x 1 matrix («) it follows that

Corollary 2.2.1 (cf. [20]). If A= («) is a 1 x 1 matrix, then

ep(a® B) = (o, 0B)pe,(B).
Corollary 2.2.2 (cf. [20]). Let A, = €D;_, A be the r-fold direct sum of A, then

80) = £(A) (6a, -1
Proof. This is a straightforward induction proof. When r = 2 we have by Lemma 2.2.1 that

ep(A2) = ey(A® A) = £,(A)*(d4.04)p = £5(A)*(0a, = 1)y
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2.2 - The Bruck-Ryser-Chowla Theorem

We used above that (a,a), = (a,—1),, which follows from the definition of the Hilbert symbol.
Assume that for r > 2, €,(A,) = ¢,(A)" (04, —1)£2), then

(A1) = 6p(A, & A)
— (A > J(A) (0,64,
— (A (0, —1>( (7,64,
(A (60, ~ 1) (0a 00)]
(A (a1 ). m

Lemma 2.2.2 (cf. [20]). Let v be a rational number and A a symmetric matrix of order d. The
Hasse-Minkowski invariant of vA is

ep(14) = (1~ (7,601 1, (A).

Proof. Assume A ~ (ay,...
find

,aq), then yA ~ (vay,...,vaq). Using bilinearity and symmetry we

d
ep(VA) = H(’Yaia vaz)y = H(% (Vs aiaj)p(ai, az)p = (7, ’Y)I<92) (v, H a;ia;)pep(A)
i<j i<j i<j
In the product J],_ ;a;a; each a; appears exactly d — 1 times. A way to see this is by labelling

1<J ala]) (77 (siil)p =
(7,04)27". Plugging this back into the equation for €,(7A) above yields the result. O

the complete graph on d vertices using the elements a;. Therefore (v, ],

Below we give a simple computation of the local invariants of I; + J;. At a first glance it may
seem like this computation does not have far reaching consequences, but rather counter-intuitively
it gives us a basic building block to compute the invariants of the Bruck-Ryser-Chowla Theorem,
and the Bose-Connor Theorem.

Lemma 2.2.3 (cf. [79]). The d x d matrices I; + J; and diag(2,6,...,d(d + 1)) are rationally
congruent.

Proof. Since every vector is an eigenvector of nl, it suffices to choose an orthogonal eigenbasis for
J in which each basis vector has rational entries. This may be accomplished as follows:

fi=(1,1,...,1,—i,0,...,0), for1<i<d, and f;=(1,1,...,1).

where f; contains —i¢ in co-ordinate ¢ + 1, with 1’s to the left and 0’s to the right. By linearity,

(Ig+ Ja)fa=(d+1)fgand (I +J)f; = fi. Let F be the matrix with f; in the i*® column. Since

fTfi=i(i+1)d; for 1 < 4,5 < d and f] fq = dbjq, it follows that D = F"(I; + J4)F is diagonal,

with D;; =i(i+ 1) for 1 <i < dand Dy = d(d+1). O

Proposition 2.2.2 (cf. [79]). At any prime p, the Hasse-Minkowski invariant of I, + J; is
ep(la+ Ja) = (d,d + 1),
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2 - Invariants of Quadratic forms in Design Theory

Proof. By Lemma 2.2.3 we have that

ep(la+Ja) = [ [ +1),5G+ D) =[] TI GG+ 1,50+ 1)

i<j i=1 j=i+1

The product H?:Z.H(i(i +1),75(j + 1)), is telescoping, and we find

d

H (i(i+1),5(j + 1), = H (i +1),7)p(i(i + 1), 5+ 1), = (i(i + 1), i + 1), (i(i + 1), d + 1),.

Notice that (i + 1,i(i + 1)), = (1 +1,—i(i + 1)?), = (i + 1, —1), = 1, because (i + 1)z* — iy* = 2*
has the non-trivial solution x = y = z = 1. Therefore

d—1

[16G+1).5G +1), = [JG6@+1).d+1),
d—1
=[[Gd+1),6+1,d+1),

= (1,d+1),(d,d+ 1), = (d,d+ 1),. O

Theorem 2.2.2. At any rational place p, the Hasse-Minkowski invariant of aly + BJy is
d—1
ep(aly+ BJ2) = (o + Bd)d, 0% d)yfa, —1)S * (o, d)i(d — 1,d),.

L ‘_12171
Lot | Iy

Proof. Let P = [ } , the result is a consequence of the following congruence:

a+ fd)d | 0
0 | a(lg1 + Jo-1)

PT(C(Id +ﬁJd)P = |: (

which follows from the fact that the columns of P are eigenvectors for J;. Now we can apply the
lemmas we obtained before to find the local invariants of this block matrix. From the fact that
det(I;-1 + J4—1) = d, and Corollary 2.2.1 we find

ep(aly + Ja) = ((a + Bd)d, o’ d), ep(a(lay + Ja-1))-

The invariant in the right-hand-side can be computed with the formula for invariants of scaled
matrices of Lemma 2.2.2; this gives

d—1
epa(lu + Ja 1) = (=) * (o, d)i=2(d = 1,d),.
Putting this together gives
d—1
ep(aly 1+ By 1) = ((a+ Bd)d, 0’ 'd),(a, —1)1(, : )(oz, d)z_Q(d —1,d),. O
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2.2 - The Bruck-Ryser-Chowla Theorem

We note that one can obtain this result directly through the congruence
F'(al;+ BJs)F = (2a,6a,...,d(d+ 1)a, (a + Bd)d),

where F' is the matrix in the proof of Lemma 2.2.3. But then the computation of the invariants
is, in our opinion, harder to carry than with the approach of Theorem 2.2.2.

From Theorem 2.2.2, we obtain a rational converse of the Bruck-Ryser-Chowla Theorem, see
also section 10.4 of Hall’s combinatorial theory [85]. The difference between our proof and the one
in [85] is that Hall computes the Pall invariants of (k — \)I, + J, directly, see Definition 1.5.3. Our
approach using the congruence of Theorem 2.2.2 involves computations that are easier to carry.

Theorem 2.2.3 (cf. Section 10.4 [85]). Let v, k, X be positive integers such that n = k — X > 0,
and k(k —1) = Mv — 1). The matriz nl, + \J,, is a rational Gram matriz if and only if

e n=~Fk— \is a square when v is even,
o (n,(—1)=Y/2)\), =1, for all odd p when v is odd.
Proof. The discriminant of nl, + \J, is equal to (k — A + Av)n*~1 = k*nv"1. So if v is even, it is

necessary that n = k — X is a square. Apply Theorem 2.2.2 with a = (k— X), f = X and d = v to
find that

v—1
ep(ndy + AJ,) = (kQU,nv_lv)p(n, —1);() ? )(n, v)p(v—1,0),.
If v is even, then n is a square and the expression above simplifies to
ep(nl, + N\J,) = (v,0),(v — 1,0), = (v(v—1),v), = (= (v —1),v), = L.

On the other hand, if v is odd we find

e (nly + ML) = (n,—D5 2 ) (m, 0,
From the equation A\v = k* — (k — \) = k* — n we find that (n,v), = (n,\),. Indeed,
(nv >‘)P<n7 U)p = (?”L, /\U)p = (nv K — n)p =1,

since the equation nz? + (k* — n)y? = 2% has the non-trivial solution z = y = 1, z = k. Therefore
nl, + \J, is a rational Gram matrix if and only if

ep(n, + \J,) = (n, (—=1)"D/2)\), =1
for all p. O

From this result the Bruck-Ryser-Chowla Theorem follows immediately:

Proof 2 (of BRC Theorem). The incidence matrix N of a symmetric 2-(v,k,\) design satisfies
NNT = (k= M), + AJ,, and the parameters v, k and \ satisfy the equation A(v — 1) = k(k — 1).
Hence Theorem 2.2.3 can be applied, and in the odd case we find that for all primes p, (k —
A (1) E=D2)), = 1. O
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2 - Invariants of Quadratic forms in Design Theory

There is a very interesting coding-theoretic proof of the Bruck-Ryser-Chowla Theorem in the
odd case due to Eric Lander [115]. In his proof, Lander shows that the existence of a symmetric 2-
(v, k, \) implies the constructibility of certain self-dual F,-codes. This in turn yields two conditions
that are implied by the condition (n, (—1)(*=Y/2)), = 1 for all odd p. If k and X are coprime, then
these two conditions are equivalent to the Hilbert symbol condition. When this is not the case, we
do not have a complete coding-theoretic interpretation of the BRC theorem.

Research problem 1. Complete Lander’s argument in Chapter 2 of [115] to include the case
where k& and A are not coprime. Give an interpretation of the equivalence of forms over Q, in
coding-theoretic terms.

Recall that a projective plane of order n is a 2-(n>+n+1,n+1,1) design. Then v = n?+n+1

is always odd, and the BRC Theorem implies that
(n, (~1)""72), = (n, (-)2)), = 1,
for all p odd. The binomial coefficient (";rl) is odd if and only if n = 1,2 (mod 4). And in this
case the condition (n,—1), = 1 for all odd primes p is equivalent to the existence of a non-trivial
integral solution to
na? —y? = 22,

Multiplying by a common denominator, say a, of x, y and 2z we find that na is a sum of two integer
squares. We can show that this implies that n is a sum of two squares by using the following
theorem:

Theorem 2.2.4 (Sum of two squares, cf. Chapter 17, Section 6, Corollary 1, [99]). Let n be a
natural number, then n is a sum of two integer squares if and only if every odd prime factor p of
n with p =3 (mod 4) divides n with even multiplicity.

Proof. Suppose n is a sum of two integer squares, say n = x? + y%. Then

H | P A
y x|y xz 0 > +y? 10 nl’
Therefore by the Hasse-Minkowski theorem, Theorem 1.5.1, we have that ¢,((n,n)) = (n,n), =

(n,—1), =1 for all primes p. If p does not divide n, or if p divides n with even multiplicity then
trivially (n, —1), = 1. So assume that p divides n with odd multiplicity, in this case by Proposition

1.4.3
-1
(n7 _1)17 - <7)

From which it follows that all odd prime factors of n appearing with odd multiplicity must be
p=1 (mod 4). Conversely assume that n has a prime factorisation

n=p...pr,
where p; =1 (mod 4) whenever both p; and e; are odd. By Diophantus’ identity
(a® 4+ b*)(c* + d*) = (ac — bd)* + (ad + bc)?,

it suffices to show that each prime p =1 (mod 4) can be written as the sum of two integer squares.
But this is a consequence of Theorem 1.4.6 and the fact that (p,p), = (p, —1), = (’71) Indeed,
since (p,p) = 1 for p =1 (mod 4), we have that (p,p) = (1,1), and in particular p is the sum of
two integer squares. Finally 2 = 12 + 12 and since each p{’ is either an integer square of a sum of

two integer squares, Diophantus’ identity implies that n is itself a sum of integer squares. O
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2.3 - The Bose-Connor Theorem

Remark 2.2.2. The proof given above is non-constructive. We remark that using the Fuclidean
algorithm, one can efficiently decompose a prime p = 1 (mod 4) as a sum of two squares.

We obtain the following corollary:

Corollary 2.2.3 (Bruck and Ryser[31]). If a projective plane of order n exists and n = 1,2
(mod 4), then n must be the sum of two integer squares.

Proof. As outlined above, for a projective plane of order n the BRC Theorem implies that if
n=1,2 (mod 4), then
naz? = y2 + 22,

must have a non-trivial rational solution. Dividing by z? we find that n = (y/z)? + (2/x)?, and so
n is the sum of two rational squares. Without loss of generality we can write

a\ 2 b\?
2
c c
where a, b and ¢ are integers. Therefore

n-c?=a®+b.

Suppose that there is a prime factor p of n with p = 3 (mod 4). Since ¢® is a square, by the
fundamental theorem of arithmetic the parity of the multiplicity of p as a factor of n coincides
with the parity of p as a factor of a® + b%. By the theorem on sums of two squares, Theorem 2.2.4,
p must divide a? + b with even multiplicity, and so p must also divide n with even multiplicity.

Applying Theorem 2.2.4 again, we find that n is the sum of two integer squares. [

Example 2.2.1. . Suppose there exists a projective plane of order 6. Then we have that n = 2
(mod 4), and in this case Corollary 2.2.3 implies that n = 6 must be a sum of two squares. But
this is a contradiction, since 6 is not the sum of two squares. Therefore a projective plane of order
6 does not exist.

Using the same argument we find that
{6,14, 21,22, 30, 33, 38,42, 46, 54, 57, 62, 66, 69, 70, 77,78, 86, 93,94},

is the set of orders n < 100 for which a projective plane of order n cannot exist by the BRC
theorem.

2.3 The Bose-Connor Theorem

The Bose-Connor Theorem gives conditions for the non-existence of group-divisible designs. The
incidence matrix of group-divisible designs has a Gram matrix of the type

Daﬁ,v(av b) = ((a—=B)a+ (B —7)Ja) @ Ip + vy,

where a and b are positive integers, and «, 3,7 € Q. So D,p,(a,b) is a block matrix, where
the integer a represents the size of the diagonal blocks, which are equal to (o — )1, + 5J,, and b
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2 - Invariants of Quadratic forms in Design Theory

represents the number of diagonal blocks. All off-diagonal blocks are of the type vJ,. For example,
the matrix D, 5+(2,3) is as follows

Davﬁv’y (27 3) =

D20 2w
Q2w 2™
D20 w2

D2 2
@ O[22
O W 22

Later on in this section we will give the precise definition of group-divisible designs. For now, we
will work with D, s+(a,b) without assuming the existence of such designs.

To compute the invariants of D, s (a,b) we will make use of some concepts from the theory of
association schemes that we now introduce:

Definition 2.3.1. The Bose-Mesner algebra of a d-class association scheme X is the complex
matrix algebra spanned by a collection of (0, 1)-matrices {Ag, A1, ..., Aq} of order v satisfying the
following properties

(1) AO - [,
(i) o Ai = Ju,
(iii) AT = Ay for some ¢ € {0,1,...,d},

(iv) There exist natural numbers pf; such that

AiAj = Z pfjAlm
k

The matrices A; are called the adjacency matrices of the association scheme X. If AT = A; for
all 7, we say that the association scheme is symmetric.

Example 2.3.1. The Bose-Mesner algebra of the trivial association scheme is A = spang{I, J—1}.
This is a symmetric association scheme, and A; = J — [ is the adjacency matrix of the complete
graph K, on v vertices.

Definition 2.3.2. A strongly regular graph, SRG(v, k, A\, pt), is a k-regular graph, different from
K, or K,, such that

(i) for every pair z ~ y of adjacent vertices there are exactly A vertices z such that x ~ z ~ y,
and

(i) for every pair x # y of non-adjacent vertices, there are exactly u vertices z such that z ~
z~ .
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A good reference text on the theory of strongly regular graphs is the book by Brouwer and Van
Maldeghem, [27]. It is then easy to check that if A is the adjacency matrix of an SRG(v, k, A, )
then

A% =KkI, + MA+ u(J, — I, — A).

Therefore, spanc{l, A, J — I — A} is the Bose-Mesner algebra of a 2-class symmetric association
scheme.

Example 2.3.2. (i) The Petersen graph is an SRG(10,3,0,1).

(ii) For any Latin L square of order n, we can obtain a strongly regular graph on n? vertices
indexed by the entries of L. This is done by joining vertices (i,j) with (i, ;') whenever
i=1',j=7 or Ljj = Lyy. The resulting graph is known as a Latin square graph and it is an
SRG(n?,3(n—1),n,6). More generally, Latin square graphs may be defined from transversal
designs, see Section 8.4.2 of [27].

(iii) Let ¢ = 1 (mod 4) be an odd prime power, we define a graph on ¢ vertices indexed by
elements of [, by letting  ~ y if and only if 2 —y € ([F;)Q. The resulting graph is known
as a Paley graph and it is an SRG(q, (¢ —1)/2,(¢ —1)/4—1,(¢ — 1)/4).

(iv) The disjoint union bK, of b copies of the complete graph K, is a strongly regular graph with
A=a—2and p=0.

If w =4kor A =Fk—1, then the strongly regular graph is called imprimitive. Therefore the
imprimitive strongly regular graphs are the disjoint union of complete graphs bK,, or its comple-
ment the complete multipartite graph K, _, (where there are b parts of size a).

Notice that the matrix nl + AJ of the BRC Theorem belongs to the Bose-Mesner algebra of the
complete graph, and the matrix D, g,(a,b) belongs to the Bose-Mesner algebra of bK,. There-
fore, the Bruck-Ryser-Chowla Theorem and the Bose-Connor Theorem can be seen as particular
instances of the following problem

Research problem 2. Let A = span{Ag, Ai, ..., Aq} be the Bose-Mesner algebra of a symmetric
d-class association scheme. For arbitrary «; € Q determine when

M = ool + a1 Ap + -+ agA,
is of the form X X7 for some X € GL,(Q).

With this point of view, the BRC Theorem and Bose-Connor Theorem follow from the classi-
fication of rational quadratic forms on the Bose-Mesner algebra of the trivial association scheme,
and the imprimitive strongly regular graph respectively.

Research problem 3. Classify rational quadratic forms in the Bose-Mesner algebra of an arbi-
trary primitive strongly regular graph.

For an introduction to the theory of association schemes the reader can consult the book by
Bannai and Ito [9]. The only fact about general Bose-Mesner algebras that we will use here is the
following: The matrices A; are normal (by properties (iii) and (iv)), and they commute so they
are simultaneously diagonalisable by a complez unitary matrix (or real orthogonal, if the matrices
are symmetric). Therefore, there is a basis of V' = C" consisting of common eigenvectors for the
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2 - Invariants of Quadratic forms in Design Theory

matrices A;. In particular, there is a decomposition V = Vy @ --- @& V; into mazimal common
eigenspaces. By maximal eigenspaces we mean that if ¢ # j, then there is a matrix A; whose
eigenvalue on V; is different from its eigenvalue on V.

Since the matrices A; are normal, any two eigenvectors associated to distinct eigenvalues are
orthogonal. In particular, the maximal common eigenspaces are mutually orthogonal. Therefore,
if we can find a rational basis for the spaces V; (not necessarily consisting of unitary vectors), then
there is a rational matrix P such that

PAaP=xPa. . .ox

for all k. In this way, we can reduce the computation of the Hasse-Minkowski invariants of ), a; A;

to the computation of the Hasse-Minkowski invariants of ) . a; X j(-i), for all 7.

Recall that in the proof of Theorem 2.2.2, we obtained a rational congruence

(a+ Bd)d | 0
0 ‘ a(ly—1+ Ji-1)

PT(OéId—i-BJd)P: |:

1 ‘ _12—1
Lot | la
for the maximal common eigenspaces of the Bose-Mesner algebra generated by {I,.J — I'}.

by using the matrix P = [ ] . Notice that the columns of the matrix P form a basis

We will use this same approach now to find a nice congruence relation for the matrix D, s - (a, ).
Let C, be the (a + 1) x a matrix given by

then we have
Lemma 2.3.1. The columns of the matrix
F= [ lap ‘ 1a®ob—1 ‘ Oa—1®lb ]7

form a rational basis of common eigenvectors for the matrices Ag = I, A1 = (J, — I,) ® I, and
Ay = Jup — Ao — Ay

Proof. We show that the blocks of F' consist of common eigenvectors for the matrices A; =
(Jo—1,)®1, and Jy. Clearly, Jup1a, = ably, and by the mixed-product property of the Kronecker
product

Jap(Lo @ Cpo1) = (Jo @ Jp) (1, ® Cp—q) = (Jo1a @ JpChy1) = 0, and
Jab(cafl & [b) = (Ja ® Jb)(Cafl & Ib) = (Jacafl & Jb) =0.

For A; = (J, — 1) ® I,, we have again by the mixed product property that
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2.3 - The Bose-Connor Theorem

Al = ((Jo — 1a) @ L) (1o ® 1p) = ((Jo — Lo)1a) @ 1 = (@ — 1)1,
A1, @ Cy 1) = ((Jo — 1)1,) @ Cp1 = (a— 1)(1, ® Cp—1), and
A (Com1 @ 1) = ((Jo — 10)Camr) @ Iy = —(Coy @ I).
Now, by linearity we have that for Ay = J,, — A1 — I,
Aol = Japlay — A1l — 1oy = a(b — 1)1,
A1, ®0C1)=(0—(a—1) = 1)(1, ® Cp_q) = —a(1, ® Cy_1), and
Ay(Co1 @) = (0—(—=1) = 1)(Cou1 @ L) = 0. ]

This shows that the blocks in F' give a rational basis of eigenvectors for each of the maximal
common eigenspaces of the Bose-Mesner algebra span{l, A; = (J, — I,) ® I, J — Ay — I}. As an
immediate corollary we have

Corollary 2.3.1.

det Dy g~ (a,b) = [(a — B) +a(B —7) + aby][(a — B) + a(B — )" (a — B)le 1P,

Proof. Notice that
DQ»B,’Y(CL7 b) = aIab + ﬁAl -+ ’)/AQ

By Lemma 2.3.1, we know that we have three common eigenspaces Vj, Vi, and V5 for A; and A,,
of dimensions 1, b—1 and (a — 1)b respectively. In V; the eigenvalues of I, A; and Ay are 1, (a—1)
and a(b — 1) respectively, hence the eigenvalue of D, s,(a,b) in V; is

a+(a—1)B+alb—1)y = (a— B) +a(B —7) +aby.
Likewise, the eigenvalues of D, s(a,b) in Vi and V; are
a+(a—1)F—ay=(a—-pF)+a(f—-7), and
a+(=1)f+0y = (a—p),
respectively. The result follows directly from this. m

Proposition 2.3.1. There is a rational congruence
Daﬂﬁ(a, b) >~ X D X1 ) XQ,
where

2o = abl(a — B) + a(B — ) + ab],
X1 =al(a—=B)+a(B—7)](lo-1 + Jp-1), and
Xo = (O[ - /B)(]a—l + Ja—l) & Ib~
Proof. Let F' = [Fy|F1|F3] be the block-matrix of Lemma 2.3.1. Since the columns of F; are
in the common eigenspace V;, it follows that FTF; = 0 whenever i # j. From the fact that
Cr Cy, = I, + Jp, we have that
FJFO = ]‘;b]‘ab = CLb,
FlTFl = (1; & ngl)(la X Cb—l) = (CL & Cgfle_l) = a([b—l + Jb—l)a and
FIF, = (C] 1 @ 1)(Cas1 @ 1y) = (C]_1Ca1) @ Iy = (Igo1 + Jam1) @ I
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2 - Invariants of Quadratic forms in Design Theory

Now, since the columns of F; are eigenvectors of A; and A,, we have

AlF = [(CL — 1)F0’(CL — 1)F1’ — F2]7 and

AQF = [CL(b— 1)F0‘ — CZF1| 0],

from which it follows that

Dapy(a,b)F = [((a = 8) + a(B — ) + aby) Fo|((a = §) + a(f — 7)) Fil(o — B) F3].

Hence,
Zo

F'Dy s (a,b)F = X,

where

X

=20 D X1 O Xy,

v = ((a = B) + a(f = 7) + aby) Fg Fo = abl(a = B) + a(B — ) + aby],
X1 =((a=p)+alf =) F = al(e = ) + a(B = 1)]([p-1 + Jp1), and

Xo=(a—=pB)F]F, = (a—f)Io-1 + Joo1) ® I,

O

In the paper by Bose and Connor [20], the authors consider the following class of incidence

structures:

Definition 2.3.3. A group-divisible design or GDD, is an incidence structure on v points and b
blocks, such that each point is in r blocks each of size k. Additionally, the points can be divided
into m “groups”, with n points each, in such a way that each pair of points in the same group are

incident to A; blocks, and each pair of points in distinct groups are incident to Ay blocks.

In the case when Ay = Ay, the definition of GDDs coincides with that of 2-designs. It is easy
to check that there is an indexing of the points of a GDD such that if N is the incidence matrix

with respect to it, then

NNT = DT‘)\h)\z (TL, m)

The parameters of the GDD satisfy the following combinatorial relations, see [20]:

v =mn, bk =vr,

(n—1XN +n(m—1) =r(k—1), and

r > max(Ai, Ag).

In particular, 7k = (r — A1) — n(A2 — A1) + vA2, and by Corollary 2.3.1, we have that

det(N)2 = rk(rk _ 'U)\Q)mil(r o )\l)m(n—l).

Therefore, the study of GDDs splits into the following cases,

(i) Singular GDDs: r = Ay,

(i) Semi-regular GDDs: r > Ay, rk — vy = 0, and

(iii) Regular GDDs: r > A1, 7k —vAy > 0.
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2.3 - The Bose-Connor Theorem

Example 2.3.3 (Example 7.1.9 [155]). The matrix

0011100 0]
00000111
100100710
y_l01o001001
1000110 0]
011000710
10100001
0101010 0]

is the incidence matrix of a regular GDD with parameter set (n,m, k, A1, A2) = (2,4, 3,0, 1). This
can be seen by taking NNT and checking that

[ 3
0

NNT =

) L Rl el RO =)
— o= = O W= =
el e e e O R e e

O W R~ R=R R
W O~ R~ RV

11
11
11
11
3 0
0 3
11
11

—_ | = = = =

Both singular and semi-regular GDDs have straightforward characterisations. In [20], the
authors consider symmetric regular GDDs. These are regular GDDs for which v = b, and we have
the following conditions between parameters,

v=b=mn, r =k,
(n—1DA +n(m—1)  =7r(r—1),
vi=r—M>0,p:=1r*—0vX >0

In this case, we have that det(N)? = r2u™ 1™~ Therefore, we assume that p™'pmm=1

is a perfect square. We remark that our notation p and v is not standard, in [20] the authors use
the notation () and P respectively.

Remark 2.3.1. In the Handbook of Combinatorial designs [51] the definition we give of GDD
corresponds to a uniform k-GDD of index A = Ay. Notice that given n,m,r, k and Xy, then \; is
uniquely determined.

Theorem 2.3.1 (Bose and Connor, cf. [20]). Suppose that v,r, k, A1, \s satisfy the relations
of the parameters of a symmetric, reqular GDD. Then, the local Hasse-Minkowski invariants of
D, 5 2, (n,m) are

m(n—1)

(D ru s m)) = (o) g ) () s, =8 o~ 5,
Proof. From Proposition 2.3.1, and the relations between parameters we find that

DT,M,)\z (n, m) ~ X & Y7
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2 - Invariants of Quadratic forms in Design Theory

where

. . "U?"‘
X—I‘()EBXl—[ ‘nu 1+Jm 1) and

Y = XQ = V[(]n—l + Jn—l) (%9 ]m]
We compute the Hasse-Minkowski invariants of X and Y using the formulas for the invariants of
the direct sum and the product by a scalar (see Lemma 2.2.1 and its corollaries, together with

Lemma 2.2.2). From the fact that det(l;+ J4) = d+1, and €,(/4 + J4) = (d,d + 1), (Proposition
2.2.2) we have

gp(X) = 8p(QJO © X1)
= (0, 0x,)pep(X1)

= (nm, (nu)m_lm)p(n,u, —1)1(, 2 )(nu, m)’;(m —1,m),.

We use bilinearity to rewrite the symbol above. On the one hand we have that

m—1 1

(nm, (nge)™ ), = (rm, ), (nm, )= (nm, )7~
= ()l =Dy~ ()~ )y~ o)
— (m, =LYy (n, =17 (), ) ()

Expanding the term (nu,m)™ as (n, m)y(p, m)7 =" (1, m), and using the fact that (m, —1),(m —
1,m), = 1, we can cancel terms and find that

1

£(X) = (n, — 1) (g~ D)8 * ) () (1 m),
= (-8 (=D ) () 1 ),
On the other hand,

m(n—1)

e (V) = £p(Xa) = (i, —1) 2 (w01 — 1 pym(n, ~1))

_ . (m(gil)) m(n—1) . m m . m . (7;)

- (Vu 1)? (V y T )p(V7 n)p (TL ]-7 n)p (n7 1)1’ .
Since v™=Ym=1 is a square, we find that (v™"=Y p™), = (pm~1n™), = (4, )m(m Y. Now,
m(m — 1) is always even, so (1, n)p'"™ " = 1. This implies,

m(n—1)

V) = -0 Dy = 1m0,

Finally,

Using that p™ '™ is a square we find
(6X7 6Y>p = (nmum—I, _1)p = (n7 _1>;1(:U’7 _1)?_1'
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2.3 - The Bose-Connor Theorem

Lemma 2.2.1 tells us that €,(X @ Y) = ,(X)e,(Y)(dx, dy),. Putting all terms together we have
the following cancellations: (n,—1)7" in (dx, dy), cancels with (n —1,n)7" in £,(Y’), and the term

(n, —1)£2) appears in both €,(X) and €,(Y’) so these vanish. We find,

(X & Y) = (1, —1)8 "ty —1)7 ) )y~ 182 ()
= () =D w08 (1, m),.
1, wi

Since (u,n)2 = 1, we may multiply by (u,n), twice and gather the terms (u, n)7" " (1, n), = (1, 1),
and (u, m),(p,n), = (u, mn),. We obtain then

m(n—l))

o (Dynyng (1)) = £p(X & ) = (1) (1, m)™ (v, )" g1, — 1)) (, ~ 1) 2 m

Remark 2.3.2. The term (u,nm), in our formula for €,(X) appears as (i, A2), in Equation (9.9)
of the paper by Bose and Connor [20]. We can identify these two terms using the following Hilbert
symbol relation, see [163],

(a,bc), = (a+ be, —abe),.

To prove the equation above notice that (a,bc),(a + be, —abc) = (a,—abc)y(a + be, —abe), =
(a® + abc, —abe),, and the equation (a? + abc)z? 4+ (—abc)y? = z* has the non-trivial solution
(z,y,2) = (1,1,a). So, (a,bc),(a+bc, —abc), = 1, and hence ( be), = (a+be, —abe),. Now, recall
that p = 7?2 — nmA,, and apply the formula above with a = 72, b = —nm and ¢ = \y. We find

1= (r?, —nmly), = (r* — nmAy, 7*nmAs), = (1, nMmAs),.
Now, using bilinearity we find (u, nm),(p, A2), = 1, and so

(s m)p = (1, Aa)yp.

Remark 2.3.3. It is not at all harder to compute the general form of the Hilbert symbols for
D, 5~(a,b), without any assumptions on the parameters. The hardest part of the work that we
did in Theorem 2.3.1 consisted in simplifying the symbols using the relations between parameters.

Corollary 2.3.2 (Bose and Connor, [20]). Suppose there exists a symmetric regular GDD with
parameters n, m,r, A1, \o. Then

(i) If m is even, then p must be a perfect square. Furthermore, if m =2 (mod 4) and n is even
then (v, —1), =1 for all odd primes p.

(ii) If m is odd and n is even, then v must be a perfect square and

(;ua _1<7;)m)p = 17
for all odd primes p.

(iii) If m and n are both odd, then

(s (1)), (v, (1) Gy, = 1,

for all odd primes p.
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2 - Invariants of Quadratic forms in Design Theory

Proof. 1If a GDD exists with the given parameters, then letting /N be its incidence matrix we have
that
NNT = 13747)\17)\2 (Tl, m)

And so Dy, (n,m) is rationally congruent to the identity matrix. By the Hasse-Minkowski
Theorem (Theorem 1.5.1) the discriminant of D, ), »,(n, m) must be a square, and all local Hasse-
Minkowski invariants should be equal to 1. Recall that det(D, y, »,(n,m)) = r2uym~1lym=_ By
Theorem 2.3.1

o (D g (1)) = gty )1 )2 (v, )2 1y~ (0, —1) (757,

In case (i) the fact that det(D, x,,(n,m)) must be a perfect square implies that x4 must be a
. .. . m(n—1)
perfect square, and the Hasse-Minkowski invariant reduces to (v, —1)( 2 ) I =2 (mod 4),

and n is even, then m(n — 1) = 2 (mod 4), and thus (m(g_l)) is odd. Therefore, we have

gP(DT,M,)\z(n?m)) = (Va _1)17 = 17

for all odd primes p.

In case (ii) the determinant condition implies that v must be a perfect square, and we have

m

o (Dynsng (1)) = (st )y (1 )y (g1~ 18 = (g1, (1) B, = 1,

for all odd primes p.

In case (iii) the determinant condition does not imply that p or v are perfect squares. We are
left only with Hasse-Minkowski obstructions. Gathering terms we may write

m(n—1)

ep(Drrn(n,m)) = (1, (1)), (v, (1) ("% V.

Notice that for m and n odd, the binomial coefficient (m(rgl)) is odd if and only if n = 3 (mod 4).

Therefore, the parity of (m(”;l)) coincides with that of (}) and we find

n

ep Dy (nm)) = (s (1)), (v, (1) Gy, = 1,

for all odd primes p. O

2.3.1 Non-feasibility tables for parameters of GDDs

In this subsection we present a table of non-existence results obtained using the different parts of
Corollary 2.3.2. There is a large number of parameters n, m,r, A1, and A, satisfying the conditions

(n—1A +n(m—1)X=r(r—1),
v=r—X\ >0, and
w=r*—nmhy > 0.
Therefore, we will restrict to the case Ay = 1 to reduce the number of combinations. The case

Ay = 1 is also of special interest: it is a singled-out case in many design theory reference books
(see 1.5 in Part IV of [51], and Definition 6.1 in Chapter I of [17]), and some authors [155] only
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2.3 - The Bose-Connor Theorem

consider the case Ay = 1 in the definition of GDD. Some of the impossible parameters that we
present already appeared in [20]. But to the best of our knowledge most of them have not appeared
tabulated in this way before.

A GDD with A\; = 0 is called resolvable. The family of resolvable GDDs is of special inter-
est, so we include additional tables of non-existence for GDDs with \; = 0 and Ay = 1 in each case.

Each table includes:
1. A first column with a reference number
2. Five columns, each with the values of parameters n, m, r, A\ and Ay, respectively

3. A last column with the reason for infeasibility of the parameter set (See below for the correct
interpretation of this column).

The last column includes one of the symbols pu, v or p followed by an equal sign and an integer.
Whenever the symbols p or v appear, the reason for infeasibility is that p or v are not perfect
squares, and the value of y or v follows. If instead the symbol p appears, then the number fol-
lowing is a prime, and the reason for infeasibility is that €,(D; x, ,(n,m)) = —1 for the value of p
indicated in the table.
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2 - Invariants of Quadratic forms in Design Theory

The tables below correspond to the case m =2 (mod 4) and n even. This is a particular case
of Case (i) in Corollary 2.3.2.

Reason for

Noofmm A infeasibility

1 2 10 5 2 1 W= Reason for
2 |2 14 6 4 1 = Noofmmor A X | peaibility
3 2 22 7 0 1 = 1 2 22 7 0 1 w=>5

4 2 26 8 6 1 =12 2 2 46 10 0 1 =3~

5 2 34 9 6 1 =13 3 14 34 12 0 1 =3~

6 2 46 10 0 1 W= 4 16 H8 19 0 1 =13

T 14 22 10 2 1 =12 5 6 78 22 0 1 p=11

8 |4 34 12 0 1 = 6 8 70 24 0 1 p=3

9 |4 34 13 8 1 w=33 7 |10 22 15 0 1 L=>5

10 |4 42 14 6 1 =28 8 |10 94 31 0 1 pw=21
11 |4 46 15 10 1 pw=41 9 |14 34 22 0 1 =3~
1216 18 12 6 1 p= 10 |14 8 35 0 1 =21
316 22 13 6 1 =37 1 720 22 21 0 1 p=3

14 16 26 15 12 1 =69 12 126 58 39 0 1 =13
516 38 17 10 1 w=>61 13 128 46 36 0 1 =3~

16 | 6 42 18 12 1 w="72 14 130 70 46 0 1 p =23
7|8 6 11 10 1 w="13 15 130 8 51 0 1 w=21
818 10 13 12 1 1w =389 16 (32 34 33 0 1 p=3

19 |8 14 12 4 1 =32 17 140 78 56 0 1 p="T
20 |8 22 14 2 1 w=20 18 142 94 63 0 1 w=21
21 |8 34 18 6 1 w=>52 19 |56 58 57 0 1 p=3

22 |8 38 20 12 1 =96 20 |68 70 69 0 1 p=3

23 |8 50 21 4 1 =41 21 |76 78 77 0 1 p="1
24 | 8 50 22 10 1 =384 22 192 94 93 0 1 p=3

25 |10 22 15 0 1 w=>5

2% |10 34 21 10 1 1 =101 Table 2.2: Infeasible parameter sets for

GDDs with Ay =0, A\a =1, m =2 (mod 4)
Table 2.1: Infeasible parameter sets for and n even. 2 < n,m < 100.

GDDs with Ay = 1, m = 2 (mod 4) and
neven. 2<n <10, 2 <m <50.
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The tables below corresponds to infeasible parameter sets for GDDs with n even, m odd and
Ay = 1. This corresponds to Case (ii) in 2.3.2. Notice that if Ay = 1 and Ay = 0, thenv =r—X\; =r

must be a perfect square.

Reason for
Nofm m r A X infeasibility
1 2 11 5 0 1 v=>5
2 2 21 7 2 1 v=>5
3 2 21 8 4 1 p=>5
4 2 29 8 0 1 v=2_,
5 2 33 9 8 1 p=3
6 2 3 9 4 1 v=>5
7 12 43 10 6 1 p="7
8 2 45 10 2 1 v=2_
9 |4 7 7 6 1 p=3
10 4 15 8 0 1 v=2_
1114 19 10 6 1 p=3
12 14 31 12 4 1 v=2_,
13 | 4 45 14 2 1 v=12
1416 11 10 6 1 p=17
1516 23 12 0 1 v=12
6 |6 27 13 0 1 v=13
1716 31 15 6 1 p=13
18 16 33 17 16 1 p=13
1916 43 17 4 1 v=13
20 | 6 47 18 6 1 v=12
21 | 8 15 15 14 1 p=
22 8 17 13 4 1 p=11
23 18 35 17 0 1 v=17
24 | 8 43 22 18 1 p=2>5
25 | 8 45 20 4 1 p=>
26 |10 3 8 4 1 p=17
27 110 13 15 10 1 V=
28 110 19 18 14 1 p =67
29 |10 31 22 18 1 p=3
30 110 39 20 0 1 v =20
31 |10 43 21 O 1 v=21
32 |10 43 25 20 1 V=
Table 2.3: Infeasible parameter sets for

GDDs with Ay = 1, m odd and n even.
2<n<10,1<m < 50.

Reason for
No-f m m oM infeasibility
1 4 151 25 0 1 p=3
2 6 211 36 0 1 p=3
3 14 91 36 0 1 p=11
4 22 451 100 0 1 p=
5 24 271 81 0 1 p=
6 30 43 36 0 1 p=
7 30 331 100 0 1 p="7
8 44 331 121 0 1 p=11
9 70 547 196 0 1 p=
10 | 78 491 196 0 1 p=>59
11 | 88 235 144 0 1 p=
12 1130 295 196 0 1 p=11
13 1182 211 196 0 1 p=
14 1228 571 361 O 1 p=
15 1252 771 441 0 1 p=
16 | 280 571 400 0 1 p=
17 | 308 631 441 0 1 p="7T
18 420 463 441 0 1 p=
19 462 507 484 0 1 p=11
20 | 480 691 576 0 1 p=
21 | 520 751 625 0 1 p=
Table 2.4: Infeasible parameter sets for

GDDs with r a perfect square, Ay = 0,
Ao =1, m odd and n even. m < 800.
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2 - Invariants of Quadratic forms in Design Theory

Finally we include a table of impossible parameters for GDDs with both n and m odd, this
corresponds to Case (iii) of Corollary 2.3.2. Recall that in this case, neither v nor p need to be
perfect squares, so the only obstructions appearing come from the Hasse-Minkowski invariants.

No.|ln m r A X 'Reasgn. for
infeasibility No. | n m o~ A ) Reason for

1 [3 5 5 4 1 p= ‘ b 72 1 infeasibility
2 /3 11 6 0 1 p= 1 3 11 6 0 1 p=

3 |3 13 7 3 1 p=> 2 13 31 10 0 1 p=

4 13 21 9 6 1 p=3 3 |3 53 13 0 1 p=>5

5 13 23 9 3 1 p= 4 |3 71 15 0 1 p=3

6 |3 31 10 0 1 p= 515 7 6 0 1 p=3

7 |3 41 12 6 1 p= 6 5 19 10 0 1 p=>5

8 |3 43 12 3 1 p= 7 |5 43 15 0 1 p=3

9 |3 45 13 12 1 p=17 8 |5 77 20 0 1 p=3
w5 7 6 0 1 p= 9 |5 8 21 0 1 p=3
1|5 13 9 3 1 p= 017 31 15 0 1 p=3
12 |5 19 10 0 1 p= 11 |7 61 21 0 1 p=3
13 |5 19 11 5 1 p=13 12 | 7 67 22 0 1 p=3
14 |5 21 12 &8 1 p=13 13 |11 43 22 0 1 p=11
515 29 13 4 1 p= 14 113 15 14 0 1 p="1
16 |5 31 14 8 1 p= 15 |13 51 26 0 1 p=13
1715 35 15 10 1 p= 6 |15 29 21 0 1 p="7
1815 39 15 5 1 p= 17 115 59 30 0 1 p=3
19 |5 41 16 10 1 p=17 8 17 71 35 0 1 p=>5
20 |5 43 15 0 1 p= 19 119 75 38 0 1 p=19
21 (7 7 10 8 1 p= 20 119 79 39 0 1 p=13
22 |7 13 13 12 1 p=13 21 121 23 22 0 1 p=11
23 |7 31 15 0 1 p= 22 121 8 42 0 1 p="7
24 |7 31 16 5 1 p=13 23 129 31 30 0 1 p=3
25 |7 37 18 9 1 p=13 24 133 61 45 0 1 p=3
26 |7 37 19 15 1 p=17 25 133 91 55 0 1 p=>5
27 |7 43 19 8 1 p= 26 |35 71 50 0O 1 p=>
28 |7 45 20 12 1 p= 27 135 89 56 0 1 p=3
2919 3 7 3 1 p=11 28 |37 39 38 0 1 p=19
3019 19 15 6 1 p= 29 141 43 42 0 1 p=3
31 |9 23 19 18 1 p=11 30 |45 47 46 0 1 p =23
32 19 39 22 15 1 p= 31 |45 67 55 0 1 p=>5
33 19 43 23 16 1 p="T1

Table 2.6: Infeasible parameter sets for
Table 2.5: Infeasible parameter sets for GDDs with n and m both odd, \; = 0, and
GDDs n and m both odd, Ay = 1. Ao =1.3<n<50,3 <m<100.

3<n<10,3 <m<>50.

o4



2.4 - An application to maximal determinant matrices

2.4 An application to maximal determinant matrices

In this section we apply the Bose-Connor Theorem to compute the local invariants of the 7m x 7m
matrices

D(m) = (("Tm — 3) I, + 4Jpn) @ I — Jopp.

These matrices were introduced by Ehlich in [72] to obtain an upper bound for the determinant
of a £1 matrix of order n = 3 (mod 4). In particular, a +1 matrix X of order 7m satisfying
XXT = D(m) attains the maximum possible absolute value of the determinant among all +1
matrices of its order. As shown by Tamura in [163], the smallest value of m for which D(m) can
be a Gram matrix is m = 511/7 = 73, and hence the smallest order at which Ehlich’s determinant
bound can be met with equality is n = 511.

The original form of the Bose-Connor Theorem is not directly applicable to compute the invari-
ants in D(m) since their proof assumes the existence of a group-divisible design (GDD) to compute
the invariants of D, g.(a,b). Having the application to the theory of maximal determinants in
mind this assumption needs to be dropped a priori, since the putative maximal determinant ma-
trices need not have constant row-sum. Tamura mentioned in his paper [163] that his computation
for the local invariants of D, g (a,b) is almost the same as the proof of the Bose-Connor Theorem,
and by this Tamura may have meant that the assumptions on existence of designs needed to be
removed, and that the result holds more generally, although this is not explicitly stated. Tamura’s
result is nonetheless true in its form, since he proved that if a +£1 matrix X meets the Ehlich bound,
then 1(J — X) is the incidence matrix of a GDD to which the Bose-Connor Theorem applies.

Since D(m) = ((Tm — 3)1,, + 4J) ® I7 — Jzyy = Drps—1(m, 7), plugging in the values a =
m,b = T7,a = Tm, = 3, and v = —1 in Proposition 2.3.1, we have that xy = Tm(4m — 3),
Xy =m(1lm —3)(Is + Jg), and Xy = (Tm — 3)(L;n—1 + Jim—1) ® I7, hence

where

Tm(4m — 3) |
| (11m — 3)ym(Is + Jo)

X = [ } and Y = (Tm = 3) (L1 + Jon 1) ® I

Proceeding analogously to the proof of Theorem 2.3.1 we find

Theorem 2.4.1 (cf. Tamura [163]). If m is odd, the Hasse-Minkowski invariant of D(m) at a
prime p is

ep(D(m)) = (4m — 3,7m),(11m — 3, =7),(Tm — 3,m),.

We conclude with Tamura’s result on the non-existence of Ehlich-type maximal determinant
matrices.

Corollary 2.4.1 (Tamura, [163]). If there is a 1 matriz of order Tm = 3 (mod 4) meeting the
Ehlich bound, then

e 4m — 3 is a square, and

o (11m—3,—("Tm —3)), =1 for all p odd.
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Proof. A +1 matrix X of order 7m =3 (mod 4) meeting the Ehlich bound satisfies X7X = D(m),
where m =1 (mod 4). Therefore Theorem 2.4.1 applies. The determinant of D(m) is

det D(m) = (4m — 3)(11m — 3)5(7m — 3)7(m=D),

by Corollary 2.3.1. Therefore, 4m — 3 must be a square and the term (4m — 3,7m), in €,(D(m))
vanishes. We find the conditions

ep(D(m)) = (11m — 3, =7),(Tm — 3,m), = 1.

We can simplify this expression further following an argument by Tamura. Since 4m—3 is a square,
(11m —3) - 12— 7m - 1 = 4m — 3 = z? for some integer z, so we find that (11m — 3,—7m), = 1.
By bilinearity (11m — 3, —7), = (11m — 3, m),. Using the identity («a, bc), = (a + bc, —abc),, holds,
we find

(Tm —3,m), = (Tm —3,4m), = (Tm — 3 + 4m, —(Tm — 3)4m), = (11m — 3, —(Tm — 3)m),.
Therefore

ep(D(m)) = (11m — 3, =7),(Tm — 3, m),
= (11m — 3, m),(11m — 3, —(Tm — 3)m),
= (11m —3,—(Tm —3)), = 1. o

We remark that the condition (11m —3, —(7m—3)),, = 1 for all p, is equivalent to the existence
of a non-trivial solution to the Diophantine equation

(11m — 3)2® — (Tm — 3)y* = 2°.
The complete list of values m < 10° for which D(m) may be the Gram matrix of a +1 is
73,241,757,1057, 1561, 14281, 14521, 17557, 20881, 25441, 28057, 3673, 50401, 57841, 78121, 97657.

Research problem 4. Determine the maximal value of the determinant of a +1 matrix of order
511. Can the Ehlich bound be met?

Tamura’s non-existence result for maximal determinant matrices is interesting because it re-
minds us that the applicability of the BRC Theorem and the Bose-Connor Theorem is not limited
to study matrices with entries 0 or 1. However, so far we only developed techniques to deal with
rational matrices. In the next chapter we will extend our techniques to be able to the study of
complex matrices as well.
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Hermitian Forms and Determinant Obstructions

In Chapter 2 we applied the theory of quadratic forms to show the non-existence of certain ma-
trices with entries in the set {—1,0,1}. We will extend these techniques to allow complex entries,
such as roots of unity. To do this, we study Hermitian forms. Here we rely heavily on the mate-
rial of Section 1.3 on Witt’s theorem, Section 1.4 on the Hilbert symbol and its properties, and
Section 1.5 on the invariants of quadratic forms and the Hasse-Minkowski theorem. Furthermore,
we assume that the reader is familiar with the basics of field theory and Galois theory, see [121]
for a nice introduction to these topics.

First, we will present a reduction of the theory of Hermitian forms to the theory of quadratic
forms due to Jacobson [100]. This reduction is very concrete and elementary, and it will show us
that the obstructions arising from local invariants of quadratic forms do not appear in the theory of
Hermitian forms. All obstructions to the solvability of X X* = M, in the framework of Hermitian
forms, come from the determinant. For rational quadratic forms, this means that the determinant
of M must be a square. In the Hermitian case, the answer is much more nuanced, and it depends
on the behaviour of primes in field extensions.

For this, we will require the machinery of algebraic number theory, which we will introduce
omitting most of the proofs. The interested reader can find more about this beautiful area of
mathematics in the books by Ireland and Rosen [99], Marcus [117], or Neukirch [127].

We include here two novel results on the non-existence of certain complex maximal determinant
matrices. The first is an extension of the non-existence results of Winterhof in [174] for Butson-
type Hadamard matrices, and the second is a non-existence result for quaternary-unit Hadamard
matrices which appeared in our paper [87], in collaboration with Heikoop, Pugmire and O Cathdin.

3.1 Hermitian forms
We consider Hermitian forms over a subfield K of C with K ¢ R. For such a field, complex

conjugation induces a non-trivial field automorphism in K, which we denote 7, i.e. 7(z) = Z for
each z € K. Let

k=K ={re K :1(x)=ux},
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3 - Hermitian Forms and Determinant Obstructions

be the subfield of K fixed by 7. In particular, £ C R is the maximal real subfield of K. Recall the
following theorem of Artin

Theorem 3.1.1 (Artin, Chapter VI Theorem 1.8. [116]). Let K be a field, and G a finite group
of automorphisms of K. Let k = K¢ = {x € K : o(z) = x, for all 0 € G} be the fived field of G.
Then k C K is a Galois extension with Galois group G, and [K : k] = |G]|.

For k = K7, Artin’s Theorem implies that |K : k| = 2. As such, K = k[v/—d] for some d > 0
in k. We define the norm mapping N : K — k by N(a) = aa™ € k. Writing a = ag + a1/ —d for
some ag, a; € k, we find that

N(ag + ayvV—d) = (ag + a;vV/—d)(ao — ayv/—d) = a2 + a’d.

We will show that in this setting, a theorem of Jacobson [100] reduces the theory of Hermitian
forms over K = k[v/—d] to the theory of quadratic forms over k.

Definition 3.1.1. Let V be a finite dimensional K-vector space, an Hermitian form over K =
k[v/—d] is a mapping h : V x V — K satisfying

<1> h('rl + [Eg,y) = h('rlu y) + h($27 y)7 and h([[‘, U1 + 92) = h([L’, yl) + h($»y2)7
(i) h(z,ay) = ah(z,y),
(iii) h(z,y) = h(y,z)",
where 7 : K — K is the non-trivial automorphism induced in K by complex conjugation.

Notice that h is linear in its second argument, and in its first argument h is additive and the
scalar product is “twisted” by 7, i.e h(ax,y) = a"h(x,y), such a form is called sesquilinear. By
the sesquilinearity of the form, if we fix a basis B of V' there is a unique matrix A such that,

h(z,y) = =" Ay,

and condition (iii) implies that A = A*. If B is the matrix of h with respect to another basis B’
of V, then
X*AX = B,

where X is the change of basis matrix from B’ to B. So, in analogy with the theory of quadratic
forms, we say that two Hermitian forms represented by matrices A and B respectively, are equiv-
alent if and only if there is a non-singular matrix X such that X*AX = B, i.e. the matrices A
and B are x-congruent. An Hermitian form h (represented by A) is said to be regular if and only

if det(A) # 0.

Suppose that the K-vector space V is n-dimensional, then since K = k[\/—_d], V' can be
regarded as a 2n-dimensional k-vector space. Indeed if {z1,...,x,} is a basis for V' as a K-vector
space, then {x1,...,2,;721,...,72,}, where v = v/—d is a basis for V as a k-vector space. From
a Hermitian form h of degree n we construct a quadratic form ¢, of degree 2n called the trace form
of h in the following manner:

qn(z) = h(z, x),
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3.1 - Hermitian forms

where z is interpreted in the left-hand-side as a 2n-vector and the right-hand side as an n-vector.
Coordinate-wise:

q((ay ... an;b1,...,b,)) = h(Z(ai + biy)x;, Z(aj +bjy)x;).

( J
Clearly qi(z,x) € k, since h(z,z) = h(z,z)7, so ¢ is well-defined as a k-quadratic form.

Example 3.1.1. Let K = Q[w], where w is a complex third-root of unity, for example w = €*>*/3 =

%‘73. Then K = Q[v/—3], and k = Q. Consider the K-hermitian form h given by the matrix
[2 w} B { 2 (—1+\/—_3)/2}
w2 2] (-1 —+/=3)/2 2
We can compute the trace form as follows:
qn(z) = h(z, x)

2 (—1+v/=3)/2
= [x; — \/—_3y1,x2 - \/__3?J2] [(_1 _ \/__3)/2 2

= 293% — T1Ty — 3T1Yo + Gy% + 3y129 — Y1y + 233% + 6y§.

{7:1 + \/—Syl}
T2 + V=3y2

Therefore, g, is the Q-quadratic form given by the 4 x 4 matrix

2 0 —1/2 —3/2

0 6  3/2 —3/2
~1/2 3/2 2 0
—3/2 =3/2 0 6

Proposition 3.1.1 (cf. [100]). Hermitian forms on K are in one-to-one correspondence with
quadratic forms over k satisfying the equation

q(za) = N(a)q(z),
for all « € K.

Proof. The trace form ¢, satisfies the property
qn(za) = h(za, xa) = aa”h(z,x) = N(a)qn(x).
Conversely, if ¢ is a quadratic form of degree 2n over k satisfying
q(zar) = N(a)q(z),

where xa is to be interpreted as a 2n-dimensional vector in V. For the symmetric bilinear form
be(x,y) = 2(q(z+y) —q(z) —q(y)) associated to ¢, we have that by(za, ya) = N(a)by(x,y). Indeed,

be(zar, ya) = %(Q((ZU +y)a) —qlza) —q(ye)) = %N(a)(Q(w +y) —q(x) — q(y)) = N(a)by(z,y).
Therefore, . .
by(za’,y) = qu(mcfa,ya) = qu(xN(a), ya) = by(z, ya).
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3 - Hermitian Forms and Determinant Obstructions

The identity b,(z,vy) = —by(27,y) holds because

N()bg(,7y) = by(yz,7*y) = by(yz, =N (7)y) = =N (7)bg(v2, 1),
and N () > 0. Define
fy
he(z,y) == by(x,y) — =gz, YY),
o(.9) = byl9) = st )
then h, is an Hermitian form. Clearly h, is bilinear, and the Hermitian condition holds since

T

2l Y Y 'r
qu(yfyx) = bq(way)"i"mbq(y%x) = bq<x>y)_mbq(x77y) = hy(z,y)".

hq(y,a:) = bq(ya$)_N ~

To show that the correspondence is one-to-one we check that g,, = ¢ and hg, = h. Since
N(Y)by(x,vx) = =N(7)by(x,vz), we find b,(z,vz) = 0, so

"
th(x) = hy(z,2) = q(x) — qu(l’ﬁx) = q(m).
From by(z,y) = 3(h(z,y) + h(z,y)") we have that

() = b (2,) = 575 (2 79)

1 . i -
= 5 (b, y) + hiz,y)" - Wh(x,vy) — Wh(:rmy) )
1 ;7 gl r
= 5 (h(x.y) + hiw )" = rshle.y) = Frosh(ey)7)
:;M@m+h@wV+M%w—h@wﬂ
= h(z,y). =

For example, if h(z,y) = z*y = 2* Iy is the Hermitian form represented by the identity matrix,
then for each basis vector x;, qn(x;) = 1 and ¢(yx;) = 77y = N(y) = d. Therefore, g, is the
quadratic form (1,...,1;d,...,d) where the 1s and ds appear exactly n times.

In a complete analogy to the case of quadratic forms, Hermitian forms can be polarised by
a series of (Hermitian) elementary row and column operations. The entries of a polarised Her-
mitian matrix are necessarily elements of the field k. So if h is represented by the diagonal
matrix diag(ay,...,a,), where each a; € k, then the corresponding trace form ¢, is given by
(ay,...,ap; N(y)ai, ..., N(v)an) = {(a1,...,ay;daq, ..., day,). In particular, we find that if & is a
regular Hermitian form, then ¢, is a regular quadratic form.

The following theorem of Jacobson [100] shows that the one-to-one correspondence of Proposi-
tion 3.1.1 respects equivalence of forms. We reproduce Jacobson’s proof below:

Theorem 3.1.2 (Jacobson’s reduction, [100]). Two regular hermitian forms h and h' are equivalent
as K -hermitian forms if and only if their trace forms q, and qr are equivalent as k-quadratic forms.

Proof. We prove this result by induction on the dimension n of the Hermitian forms h and h'.
Two Hermitian forms h and A’ of dimension 1 on K are given by scalars a and b in k, and their
corresponding trace forms are (a,da) and (b,db). We show that (a) ~ (b) as K-Hermitian forms
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3.1 - Hermitian forms

if and only if (a,ad) ~ (b, bd) as k-quadratic forms. The Hermitian equivalence of (a) and (b) is
equivalent to the existence of a scalar A € K* such that A\Ta\ = b. Writing A\ = = + vy with
x,y € k, this is equivalent to

(z% + dy*)a = b.
But then, we have the congruence

{—Zy ﬂ [g aod} B _jy} - [(xQ +Ody2)a (m2+(zly2)ad} - FO) b(ii} ’

Conversely, from the equivalence (a, ad) ~ (b, bd), we find a congruence
r oz

[b 0] [z y} {a 0}
0 bd] |z t]10 ad] ly t
which in turn implies the existence of a solution x,y € k to the equation (22 + dy?)a = b. This

establishes the base case. Now, assume that any two Hermitian forms of dimension < n are equiv-
alent if and only if their corresponding trace forms are equivalent:

B {x% +y%ad xza + ytad}
"~ lrza+ytad 2Pa+ttad ]’

Let xV and W be n-dimensional K-vector spaces, denote by V' and W these vector spaces
regarded as 2n-dimensional k-vector spaces. If h: gV X gV — K, and b : kW x (W — K are
equivalent Hermitian forms, then there is an invertible K-linear mapping ¢ : xV — W such that

W((x), 6(y)) = h(z,y).

It is easy to check that the induced k-linear mapping ¢ : .,V — W is invertible as well, and

qw (¢(x)) = I (¢(x), d(x)) = h(x, x) = gn(2),

which implies that ¢, and ¢, are equivalent as quadratic forms over k.

Conversely, suppose that g, and ¢, are equivalent as quadratic forms over k, i.e. there is a
linear invertible mapping o : ,V — ;V, such that ¢u(x) = qu(o(z)), for all z € V. Since h is
regular, then ¢, is regular, so there is a vector zy € ,V such that

qn(zo) = q(o(x0)) = a # 0,

for some a € k — {0}. Therefore, h(xg,z0) = h'(c(x0),0(x)) # 0. Let xW and W’ be the
K-vector spaces orthogonal to xy and o(z) relative to h and /', respectively. Let xU = span{zg}
and xU’ = span{o(zo)}. If h(z,y) = 0 then by, (z,y) = 3(h(z,y) + h(z,y)") = 0, so we have that
v = U@ W, and V' = U @ W', and this direct sum is orthogonal. Now, the matrix of ¢,
and g in (U and U’ is diag(a, da), and by assumption ¢, and g, are equivalent over V' and
xV'. Hence Witt’s cancellation Lemma (see Theorem 1.3.1) implies that the restrictions of g, and
gn to W and W’ respectively are equivalent. By our induction hypothesis, this implies that the
restrictions of h and b’ to xW and W' are equivalent, and since h(z,z) = h'(o(x),0(x)) = a # 0
the forms h and A’ are also equivalent over xU and xU’. The result then follows, since the sums
gV =gU & W and V' = U’ @ W' are orthogonal with respect to h and h'. O

Remark 3.1.1. Jacobson’s reduction holds true in more situations. For example, let ¢ be an odd
prime power. If & = [, is the finite field of ¢ elements and K = [ 2, then Hermitian forms can
be defined using the involutory automorphism 7 : Fp2 — F 2 given by 7(z) = 27 for all x € F .
Then, since all local-symbols (a, b), are trivial, we know that the trace forms (a,ad) and (b, bd)
are equivalent, as they have the same discriminant. Witt’s Theorem holds for general fields of
characteristic # 2, so the proof of Jacobson’s reduction remains true in the case of finite fields.
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The theory of quadratic forms over a general subfield of C can be quite complicated, so we will
assume that k is a number field, i.e. a finite-degree extension of Q. So for example, we do not
consider fields like Q(), where 7 is a transcendental real number.

The theory of quadratic forms over number fields is very similar to that of the rationals. We
can define a “global” symbol (a, b), which will take value 1 if and only if (a,b), = 1 at all “local”
symbols (this is the Hasse local-global principle over number fields, see Chapter VI, 66:3 and 66:4
in O’Meara [130]). The local symbols correspond to equations over completions k, of k, so there
is a symbol for every place on k (recall that a place is an equivalence class of absolute values on k,
Definition 1.4.6). These completions are known as local fields, and in general over a local field the
bilinearity of the Hilbert symbol holds. Notice that all our previous arguments held formally for a
bilinear symbol over an arbitrary field & with char(k) # 2, so they are still true for number fields k.

Finally we mention that, in analogy to the rational case, the non-archimedean places of k are
in one-to-one correspondence with each non-zero prime ideal p in the ring of integers Oy of k, i.e.
the ring consisting of all elements of k satisfying a monic equation with coefficients in Z. Since k
is the fixed field of K under the automorphism induced by complex conjugation, all embeddings
of k into C are real. Hence, the archimedean places correspond to each possible embedding of &
into R.

Example 3.1.2. Let k = Q[t]/(t> — 2) ~ Q[v/2], then there are two archimedean places: one for
each embedding of £ into R. Namely,

| + tyl = |z + V2|, and
|+ tyly = |z — V2y),

where | - | denotes the usual absolute value in R. The rational prime 7 splits in Q[v/2] as 7 =
(34 v2)(3 — V/2). It is easy to check that the ring of integers of k = Q[v/2] is O = Z[V2].
Given an arbitrary element a + byv/2 € Z[\/ﬁ], we have that a + bv/2 F b(3 £ \/5) = a F 3b, and
from 7 = (3 +v/2)(3 — v/2), it follows that Z[v/2]/(3 £ /2) ~ Z/7Z. In particular, (3 + v/2) is
a prime ideal. There are then two non-archimedean places | - |3,z and | - [;_,5), instead of the
single rational place associated to the prime 7. The rational prime p = 5 stays irreducible when
considered as an element of Q[v/2] (this can be seen by taking the norm of Q[v/2] over Q in an
equation 5 = ab with a or b non-units), and the principal ideal (5) is prime. Therefore, there is
exactly one archimedean place associated to the prime 5.

The following result is a consequence of Jacobson’s reduction Theorem 3.1.2 (see Chapter 10,
Remark 1.4 of Scharlau [145]). Combining this with the Hasse-Minkowski Theorem for number

fields one can decide equivalence of any pair of Hermitian forms over K.

Proposition 3.1.2 (cf. Scharlau, Chapter 10, Remark 1.4. [145]). Let h be an Hermitian form
of order n over K = k[v/—d]. Then the following hold for gy,

S(an) = d, and y(an) = (d, ~ )P (~d. det (M),
for all places p of k.
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Proof. After polarisation, we may assume that h is represented by a diagonal matrix with coeffi-
cients in k, say M = diag(aq,...,a,). Then g, is represented by diag(ay,...,a,;das, ..., da,) =
M @& dM, which implies that

5(qn) = det(M @ dM) = det(M) det(dM) = d" det(M)? = d" in k* / (k).

The Hilbert symbol at any of the completions of k is bilinear, hence we can apply Lemma 2.2.1
and Lemma 2.2.2,

e(qn) = (M @ dM)

e(

= £(M)e(dM)(det(M), d" det(M))

= e(M)(d, —1)3) (d, det(M))"e(M)(det (M), d" det (D))

= (d, —1)(®) (@1, det(M))(det (M), d det(M))(det (M), d"*)

— (d, 1)) (det(M), d det(M))

= (d, —1)(®) (det(M), —d). O

The notion of positive-definiteness is not well-defined for a matrix over an abstract number field,
since this depends on the embedding in R that we choose. For example, if k = Q[t]/(t>*—2) ~ Q[v/2],

then
{1—1—75 0 ]
0 141t]’

is positive-definite with the embedding ¢ — ++/2, but it is negative-definite with the embedding
L= —/2since 1 — 2~ —0.4142... < 1. Hence, we assume to have a fixed embedding of £ into
R, for which our matrix is positive-definite.

Theorem 3.1.3. Let M be an Hermitian positive-definite matriz with coefficients in K = k[\/—d] C
C. Then, there is a matriv X € GL,(K) such that XX* = M if and only if det(M) is a norm,
i.e. det(M) € N(K™).

Proof. If M = X*X for some X € GL,(K), then the Hermitian form h := hys represented by
M is equivalent to the Hermitian form h; represented by I. Let ¢ and q; be the trace forms of h
and [ respectively. Then ¢ and ¢; are equivalent as k-quadratic forms. Therefore, we must have
that 0(q) = d(qr) and £(q) = e(qr). The first condition is vacuous by Proposition 3.1.2, and since
det(I) = 1 the condition £,(q) = €,(qs) reduces to

(—d, det(M)), = 1,

for all places p of k. This is equivalent to (—d, det(M)), = 1, i.e. to the existence of a non-trivial
solution on k to
det(M)x? — dy? = 22.

Since —d is not a square in k, this is equivalent to det(M) = (z/z)? + d(y/x)?> = N((z/x) +

V=d(y/z)) € N(K*). =

Remark 3.1.2. Hermitian forms had been studied by Brock in [25], in the context of combina-
torics. In this paper, the author extracts conditions for the solvability of certain Hermitian Gram
matrix equations. One of these conditions coincides with the one in Theorem 3.1.3, but some
additional restrictions are listed. Our characterisation shows that those additional conditions in
[25] are redundant.
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With this we can determine the Hermitian Gram matrices over the cyclotomic fields of degree
2 over Q:

Corollary 3.1.1. Let M be an Hermitian positive-definite matrix with entries in K = Q[w|, where
w = exp(27i/3). Write det(M) = a*3"m where a € Q*, m € Z is square-free and 3 { m. Then
there is a matrix X € GL,(K) such that X X* = M if and only if every odd prime factor p of m
satisfies p =1 (mod 3).

Proof. If K = Qw] = Q[v/—3], then k = Q. Therefore a positive-definite matrix M with coefficients
in K satisfies M = X X* if and only if det(M) € N(K*). We saw this is equivalent to

(det(M), ~3), = 1
for all places p of Q. Under the hypothesis of the statement, let p be an odd prime with p | m then
(det(M)7 _3)17 = (ST "D _3)27 = (3T7 _3)P(pv _3)17'

Now, since p # 3 we have that (3", —3), = 1, and

()60

By quadratic reciprocity, we have that

(G- 3)

From which it follows that (det(M), —3), = (§) = 1 if and only if p is a square residue modulo 3,
i.e. p=1 (mod 3). Finally we evaluate (det(M), —3)3, we have

(3"m —3);5 = (3", —3)3(m, —3)3
= (3T, —3)3(m, —1)3(m, 3)3

Since m and —1 are coprime to 3 it follows that (m,—1); = 1, and from the relation (a,b) =
(a, —ab)s we have that (3", —3)s = (3",3"*1)3 = (3,3)""*+D. The integer r(r + 1) is always even,
so (3",—3)3 = 1. It follows that

(det(M), —3)3 = (m, 3)s,

but from our discussion above we have that every odd prime factor of M is a square modulo
3, hence m is a square modulo 3 and (det(M),—3); = 1. From det(M) > 0 it follows that
(det(M), —3)o = 1, so Hilbert reciprocity implies that (det(M), —3); = 1 as well. O

Corollary 3.1.2. Let M be an Hermitian positive-definite matrix with entries in K = Q[i], where
i = +/—1. Write det(M) = a*2"m where a € Q*, and m € Z is square-free and odd. Then there is
a matrix X € GL,(K) such that X X* = M if and only if every prime factor p of m satisfies p = 1
(mod 4).

Proof. If K = Q[i] = Q[v/—1], then k = Q, and X X* = M if and only if

(det(M), —1), = 1
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3.2 - Splitting of prime ideals

for all places p of Q. If p is an odd prime, and p | det(M), then

—1

(det(M),—-1), = (p,—1), = (—) =1lifand onlyif p=1 (mod 4).
p

Since det(M) > 0, we have that (det(M), —1). = 1 and Hilbert reciprocity implies that (det(M), —1), =

1. [l

The conclusion of this section is that the theory of equivalence of Hermitian forms reduces to
the study of the determinant. The following section is devoted to studying the solvability of norm
equations involving determinants.

3.2 Splitting of prime ideals

When the degree |k : Q] in the tower of field extensions @ C k C K is greater than 1, we may
not have at our disposal formulas for the local Hilbert symbols of k in terms of Legendre symbols.
To deal with this case, we will study what is known as the prime ideal decomposition of certain
elements of k. We recall below some concepts and facts from ring theory and algebraic number
theory. For an introduction to basic algebraic number theory the reader can consult the following
[99, 105, 117, 127].

Dedekind introduced the theory of ideals to recover in some sense the property of unique prime
factorisation, which fails over ring extensions of Z. For example in Z[y/—5] the element 6 does not
factor uniquely into primes elements, since

2-3=6=(1++v-5)(1 —v-5).

Recall that an ideal A of a commutative ring R is a subgroup of the additive group (R, +) with
the property that if r € R and x € A, then rz € A. The ideal

(x)R = {rz:r € R},

is called the principal ideal generated by x. More generally, given elements ay,...,a, in R, the
ideal generated by the a; is

(a1,...,am)R={ra + -+ 1rpay 1 € R}.

If the ring R is clear from the context, then the principal ideal (z) R is denoted (), and (ay, . .., am)R
is denoted (ay,...,am,). An ideal A is said to be prime if ab € A implies that a € A or b € A,
equivalently A is prime if and only if the quotient ring R/A is a domain. If R is a domain, then
(0) is a prime ideal of R. In what follows we will use the term prime ideal to refer to non-zero
prime ideals, and we will denote these using Gothic letters: p, q etc.

As we mentioned above, 6 does not factor uniquely in Z[v/—5], but the ideal (6) factors uniquely
into prime ideals in Z[v/—5] as

(6) = (2,1 +vV=5)%(3,1+vV=5)(3,1 — V/=5).

Therefore, ideals are the right concept to work with to study factorisation over number fields.
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3 - Hermitian Forms and Determinant Obstructions

Let K be a number field, recall that the ring of integers Ok of K is the set of elements a € K
that are roots of a monic polynomial with coefficients on Z. For example, the ring of integers of
Q is precisely Z. Because of this, Ok plays the analogue role in K as Z in Q.

Example 3.2.1. Over K = Q[v/—3]| every element of the type a+by/—3 is in Ok, but the element

w = 71—1-@ is also in Of since
W4+w+1=0.

In particular, the ring of integers of a simple extension Q[a] is not always equal to Z[a].

For quadratic extensions, rings of integers are characterised as follows:

Proposition 3.2.1 ([117], Theorem 1, Corollary 2). Let K = Q[v/d] with d a square-free integer,
then

On — Z[Vd  ifd=2,3 (mod 4)
e Z[*Y4] ifd=1 (mod4)

2

Another important family of extensions are cyclotomic extensions, these are the fields Q[(,]
obtained from Q by appending (,, a primitive n-th root of unity. For cyclotomic extensions we
have the following:

Proposition 3.2.2 ([117], Theorem 12, Corollary 2). The ring of integers of Q[(,] for ¢, a primitive
n-th root of unity is Z[(,].

Definition 3.2.1. A Dedekind domain is an integral domain R where every non-zero prime ideal
I can be written in a unique way as a product of prime ideals.

We remark that in most textbooks on algebraic number theory, the definition of Dedekind
domain is different than the one given above. However, both definitions are equivalent (see Theorem
10.6 in [101]).

Theorem 3.2.1 (cf. [117]). The ring of integers of a number field is a Dedekind domain.

We give a brief summary without proofs of some general results on Dedekind domains:

Given ideals A and B in a commutative ring R, we say that A divides B if and only if AC' = B
for some ideal C' of R. If A divides B we write A | B.

Proposition 3.2.3 ([117] Theorem 19). Let K C L be an extension of number fields. If p is a
prime ideal in Ok and *PB is a prime ideal in Op then the following are equivalent

If any of the equivalent conditions of the theorem above hold for primes 3 and p we say that
P lies above p or that p lies under PB.
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3.2 - Splitting of prime ideals

Theorem 3.2.2 (cf. [117], Theorem 20). Let K C L be an extension of number fields. If B is a
prime ideal of Or, then there is a unique prime ideal p of Ok such that

pCP.

Conversely, if p is a prime ideal of Ok then there is at least one prime ideal B of Op such that

pCP.

In the case where K is the splitting field of an irreducible polynomial in Q we have the following
behaviour of primes p in 7

e (p) := pOk is a prime ideal in Ok. In which case we say p is inert.

e (p) decomposes as (p) =[]\, pS, where e > 1 and the p; are distinct prime ideals of Ok. If
e > 1 we say that p is ramified, otherwise p splits.

Over more general number fields, we may find different multiplicities for each prime factor. But
for our purposes this restricted scenario is enough. We mention that in a general number field, a
rational prime ramifies in Ok only if it divides the discriminant of K. It can be shown that for a
number field K, the abelian group (O, +) is free of rank n, where n = [K : Q] is the degree of
the extension Q@ C K. Therefore there are algebraic integers «; such that

Ok, H) =2 Z @ ®a,”.
The discriminant of K is then defined as
disc(K) = det(o;(a;))?,

where o1,...,0, are the embeddings of K into C. The discriminant is independent of the choice
of Q.

Example 3.2.2. Let K = Q[v/d], then if d = 2,3 (mod 4) then O = Z[V/d], hence
(O, +) ~Z & VdZ.
Then
1 —Vd

If instead, d =1 (mod 4) then Ok = Z[1+2‘/a], and

disc(K) = (det [1 vd D = (=2V/d)? = 4d.

2
) 1 +vd
disc(K) = (det L 12\/31) _ (_\/g)g —d
2
Therefore

disc(Q[Vd]) = {;Ld iji?g(m(:ioj)@ '

Over quadratic fields, the behaviour of primes is controlled by the Legendre symbol.

Theorem 3.2.3 ([117], Theorem 25). Let p be an odd prime, and m a square-free integer. Then
over the ring of integers of K = Q[v/m| we have
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3 - Hermitian Forms and Determinant Obstructions

(1) If p | m, then p ramifies as (p)Ox = (p,/m)?.
(i) If ptm and (%) = —1, then p is inert.

(#ii) If ptm and (%) =1, then p splits completely as

(p)Ok = (p,n+Vm)(p,n —/m),

2

where m = n* (mod p).

Notice that the theorem above is a generalisation of Corollary 3.1.1 and Corollary 3.1.2. For
general splitting fields of irreducible polynomials we have the following powerful result:

Theorem 3.2.4 (cf. Theorems 21, 23 and 24 in [117]). Let K be the splitting field of an irreducible
polynomial in Q[z]. Let n = [K : Q| be the degree of the extension Q C K. If a rational prime q is
ramified in Ok , then q | disc(K). And if q 1 disc(K), then we have

(@)Ok =a1-..4q,,
where v | n. Furthermore, the action of the Galois group Gal(K/Q) on {qi,...,q,} is transitive.

The proposition below contains the main tool to determine necessary conditions for det(M) to
be a norm.

Proposition 3.2.4. Let K be a number field, and o € Z be an integer. Suppose that « is a norm
in K, i.e. a = " for some g € Ok. If ¢ C Ok is a prime ideal fixed by complex conjugation,
then q must divide (a)Og with even multiplicity.

Proof. Since q divides («) we have that (o) = q°- A for some ideal A C Ok not divisible by g.
The equation @ = 37 in O implies that

(a) = (687) = (B)(B)"
By Theorem 3.2.1 the ring Ok is a Dedekind domain, and prime ideal factorisations are unique.
This implies that q divides (8) or (8)7. Suppose that q divides (3), then

() =4a'B,
where B C Ok is an ideal, not divisible by q. Applying the complex conjugation automorphism 7
we find
(/8)7’ — (qZB)T — quT.

The prime q does not divide B”, otherwise applying 7 we would find that q divides B. Therefore
q divides both (f) and (f)” with multiplicity ¢. The uniqueness of prime ideal factorisations over
Of then implies that e = 2¢, and so q divides («) with even multiplicity. O
Example 3.2.3. Over the field K = Q[v/—3], the integer 10 cannot be written as 10 = 47 for
B e Z[%ﬂ] = Ok. From Theorem 3.2.3, we know that (5) is inert in Ok since

()-()() -

Therefore (5) is a prime ideal in O, and clearly (5) is fixed by complex conjugation. However (5)
appears with multiplicity 1 in the decomposition of (10), which is an odd multiplicity. The claim
follows from Proposition 3.2.4.

Our strategy will be to apply the proposition above with a = det(M ), which satisfies det(M) =
det(X)det(X)™ under the assumption that M = XX*. We illustrate this with some example
applications.
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3.3 Non-existence of Butson-type Hadamard matrices

Definition 3.3.1. A complex Hadamard matriz is an n X n matrix H with entries in the complex
unit disk such that HH* = nl,.

Definition 3.3.2. A Butson-type Hadamard matrixz, or Butson matriz, is a complex Hadamard
matrix with all of its entries consisting of complex roots of unity. We denote by BH(n, k) the set
of Butson matrices with entries in the k-th roots of unity.

A well-known condition for non-existence of Butson-type Hadamard matrices can be found in
Winterhof’s paper [174]. In this paper, the author obtained non-existence conditions by examining
norm equations over the field extension Q[(,], where p is an odd prime. The main idea of Winter-
hof’s proof is to reduce norm equations on the extension Q[¢, + ¢ 1 € Q[¢,) to norm equations on
Q C Q[v/—p] through the following lemma:

Lemma 3.3.1 (Winterhof [174]). Let p be a prime p = 3 (mod 4). Suppose n = p‘a®m is odd,
that p 1 m and that m is square-free. If there exists a BH(n, p/) or a BH(n,2p’) then there exists

an x € Q[/—p] such that Ngj,/=(z) = m.

The norms over quadratic extensions are characterised in Theorem 3.2.3. Hence, Winterhof
concludes

Theorem 3.3.1 (Winterhof [174]). Let p = 3 (mod 4) be a prime. Suppose n = p‘a*m is odd,
where p ¥ m and m is square-free. Then no BH(n,p’) and no BH(n,2p’) ezist if (%) —1 for
some prime q | m.

Winterhot’s use of Lemma 3.3.1 has the advantage of giving an elementary proof of non-
existence of BH matrices, and we will later see (Proposition 3.3.2) that no obstructions arising
from the splitting of primes are lost by using this reduction. However, Lemma 3.3.1 does not
apply to the case p =1 (mod 4). We extended Winterhof’s results to the case p =1 (mod 4) by
carrying a full examination of prime ideal decompositions on cyclotomic integers. This has also
the advantage of treating the cases p = 1 and = 3 (mod 4) uniformly. The following result gives
a beautifully simple description of the splitting of primes over Q[(,].

Theorem 3.3.2 ([127] Chapter I, §10, Prop. 10.3). Let n = [[ p" be the prime factorisation
of n € Z, where the product is taken over all primes and v, = 0 for all but finitely many p. Let
p be a prime, denote by f, the multiplicative order of p in (Z/(n/p"?)Z)*. Then the prime ideal
factorisation of p in the ring of integers Z[(,] of Q[(,] is of the type

(p) = (p1 ... p,) 7%,
where ¢ is Euler’s totient function and r = o(n)/ f,.
Here we use the convention that p(1) = 1.

Corollary 3.3.1. Let p and ¢ be distinct odd primes, and f > 1 a rational integer. Then the
prime ideal decomposition of (¢) in Z[(,r] is

(@) =a1-..4,,

where r is the index of (¢) in (Z/p’Z)*, i.e. r = p(p’)/f, where f, is the multiplicative order of g
modulo p’.
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3 - Hermitian Forms and Determinant Obstructions

Proposition 3.3.1. Let p and ¢ be distinct odd primes and f > 1 an integer. Then the following
are equivalent

(i) There is a prime ideal q in Z[(,s] lying above (¢) which is fixed by complex conjugation.
(ii) All prime ideals in Z[(,r] lying above (q) are fixed by complex conjugation.
(iii) The prime q is self-conjugate modulo p/, i.e. there is an integer ¢ such that

¢'=—-1 (mod p’).

Proof. We first prove that (i) is equivalent to (ii) by showing that the action of the Galois group
of the cyclotomic field acts semi-regularly on the prime ideals above (¢). The Galois group G =
Gal(Q[¢,s]/Q) is isomorphic to (Z/p’Z)*, which is cyclic as p/ is an odd prime power. If v is a
generator of (Z/p’Z)*, then o : (,r — C;f is a generator of G. The automorphism 7 given by
complex conjugation is an involution, so necessarily 7 = o#P")/2 Since q # p, Theorem 3.3.2
implies that ¢ is not ramified, i.e. the prime ideal decomposition of (¢) in Z[(,] is of the type
(¢) = q1...9,. Then, by Theorem 3.2.4 the action of G on {q1, ..., q,} is transitive. Now G = (o),
so we may assume without loss of generality that

q) = ;41 for 1 <i < r, and q7 = q;.

In other words, o induces the cycle (1,...,7) on the indices of the prime factors q,. From this
observation it follows that if a power of o fixes one of the g; then it must fix all, this is in particular
true for 7 = 0#®)/2_ To prove (ii) is equivalent to (iii) notice that Theorem 3.3.2 applied to n = p/
says that

(@) =a...ar,
where 7 = ¢(p/)/f,, and f, is the order of ¢ in (Z/p/Z)*. Since 7 = ¢¥®")/2 and ¢ induces the
permutation (1...7) on the set of prime ideals {qi,...,q,} it follows that 7 fixes all primes above

(q) if and only if r divides p(p”)/2. So there is an integer ¢ such that
o)/ fo=t-1=0@)/2
From here it follows that f, = 2t. So that ¢* =1 (mod p/), and this is equivalent to
¢'=—-1 (mod p’). O

The following theorem is our extension of Winterhof’s results in [174]. In our result, the
condition p = 3 (mod 4) required by Winterhof, is relaxed, and now we only require p to be a
prime. We will show in Proposition 3.3.2 that in the case p = 3 (mod 4) we obtain the same
obstructions as Winterhof. A particular case of our extension had been obtained by de Launey in
[59], where he obtained similar non-existence conditions for generalised Hadamard matrices over
elementary abelian groups. The conditions of de Launey’s apply to BH(n,p) matrices, and our
result extends these to non-existence conditions on BH(n,p’) matrices and BH(n, 2p’) matrices.
Since prime ideal decompositions had been applied to obtain non-existence results for difference
sets by authors like Arasu, Pott [3], and Schmidt [146], it is possible that the following result was
known. However, to the best of our knowledge the result below has never appeared in print before.
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Theorem 3.3.3. Let p be an odd prime, and f > 1 an integer. Suppose that n = p‘a’m is odd,
where pt m, and m is square free. Then if ¢ | m and ¢* = —1 (mod p’) for some integer t, then
there cannot exist a BH(n,p’) or a BH(n, 2p’).

Proof. Let g satisfy the hypotheses in the statement. Then by Proposition 3.3.1 one of the prime
factors of () in Z[(,s] is fixed by complex conjugation. If H is a BH(n,p’) or BH(n,2p’) then
HH* = nl,. Taking determinants

n" = det(HH") = det(H) det(H") = det(H) det(H)".

We have that n" = (p‘a®)"m™, where n is odd, p { m and m is square-free. If ¢ | m and ¢ = —1
(mod pf) for some ¢, then by Proposition 3.3.1 there is a prime ideal q lying above (¢) which is
fixed by complex conjugation. Applying Proposition 3.2.4 with a = n" and 8 = det(H) € Z[(,s],
we find that the multiplicity of q in the decomposition of (n") must be even. From the unique
factorisation of prime ideals over Z[(,s] and the fact that ¢ # p, it follows that the multiplicity
of q in the decomposition of (m) is also even. However, m is square-free and n is odd; and since
every prime of Ok lies over a unique prime of Z (Theorem 3.2.2), the multiplicity of q in the
decomposition of m is odd. This gives a contradiction. O

To better illustrate Proposition 3.3.1 and Theorem 3.3.3 we will study the prime decomposition
patterns in Q[(s1] in detail. The reason we choose the prime 61 is that it is the smallest prime
p = 1 (mod 4) for which ¢(p) = p — 1 is not a semiprime. Since 2 is a generator of (Z/617)*
we have that o : (s > (3 generates the Galois group G = Gal(Q[(e1]/Q). From the fact that
©(61) = 60, we find that 7 = ¢¥(61)/2 = 539, Let ¢ # 61 be an odd prime then by Theorem 3.3.2
(¢) = q1-..9qy, for some r | p(61) = 60. Let Oy, be the set of elements of order f, in (Z/61Z)*,
then we have the following tables of values of r and #0Oy, in terms of f;:

r 60 30, 20 15, 12 10, 6, 5. 4 3. 2, 1.
fq 12 3 4 5 6 10 12 15 20 30 60
#O0y, | 1 12 2 4 2 4 4 8 8 8 16

Here we highlight with the subscript * those values of r that divide ¢(61)/2 = 30. Recall that o
induces the cycle (1...r) on the prime ideals above (g), and hence q] = g; for some q; above (q) if
and only if (1...7)?®)/2 = ¢, which is equivalent to 7 | ¢(61)/2 = 30. Notice that #O;, = ¢(f,),
the reason for this is that in (Z/pZ)* the set of elements of order m is

O = {70/ : ged(t,m) = 1},

Using this observation, we can compute the sets Oy, for which r = 60/ f, divides 30:

02 - {60},
Oy = {11,50},
Og = {14, 48},

Oy = {3,27,41,52},

Oz = {21, 29, 32,40},

Oq = {8,23,24,28, 33,37, 38,53},

Oso = {4,5,19, 36,39, 45,46, 49},

Ogo = {2,6,7,10,17,18,26, 30, 31, 35,43, 44, 51, 54, 55, 59}.
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Now suppose that n = 61°a*m is odd, where m is square-free and 61 { m. Then if ¢ # 61 is an
odd prime congruent modulo 61 to an element of the sets Os, Oy, . . ., Ogg, it follows from Theorem
3.3.3 that a BH(n,61) or BH(n, 122) cannot exist.

Remark. There is a surjective ring homomorphism Z/(p/)Z — 7 /pZ, given by z — x (mod p).
Therefore, if ¢ = —1 (mod p/) for some ¢, then ¢ = —1 (mod p).

In the style of Winterhof [174], we compile a list of non-existence results for BH(n, p’) and
BH(n, 2p’) matrices with small p.

Corollary 3.3.2. Suppose n = 5£pr1 ...pF is odd, with p; # 5. Then if p; = 3,7,9 (mod 10) and
k; is odd there cannot be a BH(n, 5/) or a BH(n,2 - 5/).

Proof. The elements x in (Z/5Z)* that satisfy ' = —1 (mod 5) for some ¢ are 2,3 and 4 (mod 5)
. Apply Theorem 3.3.3 with p = 5 and f arbitrary: if p! = —1 (mod 5/) for some ¢, then there
is no BH(n,5) or BH(n,2 - 5/). Now under the surjection Z/5/7Z — 7/5Z, p; projects to 2, 3
or 4 modulo 5. Therefore, modulo 10 we find obstructions for primes in the congruence classes
2,3,4,7,8,9 (mod 10), however the even residues classes modulo 10 contain no primes (except
perhaps for p = 2 but then p cannot be a factor of n). We then find obstructions for primes
p=3,7,9 (mod 10). ]

Remark 3.3.1. The result above could have also been presented with p; = 2,3,4 (mod 5) instead
of p; =3,7,9 (mod 10). However, the second formulation is slightly better from a computational
point of view since the classes modulo 10 (and in general modulo 2p) avoid even numbers.

Notice that 4 is a square residue modulo 5 so the obstruction we found for primes ¢ = 4
(mod 5) could not have been inferred using Winterhof’s method. We illustrate this non-existence
result with a concrete example.

Example 3.3.1. There is no BH(95,5) or BH(95,10): We have that 95 = 19 - 5. The prime ideal
decomposition of (19) in Z[(5] is

(19) = (19,4 — (¢G5 +¢3))(19, 14 — (G5 + G5).-

Notice that (5 + (& is fixed by conjugation, in particular depending on the embedding of Q[(s]

in C, (5 + ¢4 is either —¢ or é, where ¢ = %5 is the golden ratio. So the prime ideals in the

decomposition of (19) are fixed under conjugation. The ideal (5) splits as
(5) = (5,4+ Go)*
Therefore, (95)% factorises as
(95)" = (5,4 + ()™ (19,4 — (G +¢5)) (19,4 — (G + ¢5)) ™.
However, if a BH(95,5) or BH(95, 10) say H exists then letting o = det(H) € Z[(5] satisfies
(@) (a)” = (95)™.

And by Proposition 3.2.4, the multiplicity of (19,4 — ({5 + ¢2)) must be even and we find a
contradiction.

The proof of Corollary 3.3.2 holds true for any odd prime p. For p = 13 and p = 17 we have:
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Corollary 3.3.3. Suppose n = 135" .. .pkr is odd, with p; # 13.
Then if p; = 5,7,11,15,17,19,21,23,25 (mod 26) and k; is odd there cannot be a BH(n, 13/) or
a BH(n,2 - 137).

Corollary 3.3.4. Suppose n = 17419]1~Cl ...pF is odd, with p; # 17.
Then if p; = 3,5,7,9,11,13, 15,19, 21, 23,25,27,29, 31,33 (mod 34) and k; is odd there cannot be
a BH(n, 177) or a BH(n,2 - 177).

From the proposition below, we see that the method we presented recovers the results of
Winterhof for non-existence of BH(n,p’) when p = 3 (mod 4).

Proposition 3.3.2. Let p = 3 (mod 4) be a prime. Then an odd prime ¢ # p is self-conjugate
modulo p if and only if ¢ is a non-square residue modulo p.

Proof. Recall that ¢ is self-conjugate modulo p if and only if ¢* = —1 (mod p), for some integer
t. If ¢ is square-residue modulo p, then ¢ = 22 (mod p) for some x, but then (z¢)> = —1 (mod p)
and this is a contradiction since p = 3 (mod 4). Conversely, assume that ¢ is a non-square residue
modulo p, we will show that ¢ has even multiplicative order modulo p. Let v be a generator of
(Z/pZ)*, and suppose that ¢ has order m in (Z/pZ)*, then

g = 7?(1?—1)/7717
for some r coprime to m. Since ¢ is not a square residue and (¢ — 1) is even, then m must be
even. Otherwise (¢ — 1)/m would also be even and then ¢ would be a square-residue. Therefore

m = 2t and necessarily ¢ = —1 (mod p). O

For completeness, we include here some small cases when p = 3 (mod 4):

Corollary 3.3.5 (cf. Example 2 [174]). Suppose n = 3‘p% ... pfr is odd, with p; # 3. Then if
p; =5 (mod 6) and k; is odd there cannot be a BH(n,3/) or a BH(n, 2 - 37).

Corollary 3.3.6 (cf. Example 3 [174]). Suppose n = 7‘p% ... pfr is odd, with p; # 7. Then if
pi = 3,5,13 (mod 14) and k; is odd there cannot be a BH(n, 7/) or a BH(n, 2 - 77).

Corollary 3.3.7 (cf. Example 4 [174]). Suppose n = 11" ... pfr is odd, with p; # 11. Then if
pi =7,13,17,19,21 (mod 22) and k; is odd there cannot be a BH(n, 11/) or a BH(n,2 - 11/).

3.4 Non-existence of quaternary unit Hadamard matrices

The method we described above is very general and can be applied to several other number fields
and interesting classes of matrices. The present author studied non-existence conditions for the
family of quaternary unit Hadamard matrices, which was introduced by Fender, Kharaghani and
Suda in [76]. These results have been published in a paper in collaboration with Heikoop, Pugmire
and O Cathdin in the Bulletin of the ICA, see [87]. A quaternary unit Hadamard matrix, or
QUH(n,m), is a matrix of order n with entries in the set

Yo {1:|:\/—m —1:|:\/—m}
e \/erl’ vm—+1 '
2(m—

.. . . . 4 ]_) 2
The common minimal polynomial of the elements of X, is g,,(X) = X* + =52 X* + 1, so they

belong to a biquadratic field extension of Q, namely K, = Q[v/—m,vm + 1] ~ Q[X]/gm(X).
From Theorem 3.2.3 it is easy to determine which primes split in biquadratic extensions. First
we have that if K = Q[\/a, v/b], with gcd(a,b) = 1 then the lattice of subfields of K is as follows
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K =Q|va, V|

T
Q[val K> = Q[ V] Ky = Q [vab]
\Q/

We have also that disc(K) = disc(K;) disc(Ks) disc(K3), (see Exercise 42 of [117]). We have that
disc(Q[v/a]) = a or 4a. In particular for K = Q[v/—m,+/m + 1] the possible prime factors of
disc(K) are 2 and the prime factors of m or m + 1. In [76], the authors prove the existence of
QUH(q’,q) for f > 1, for ¢ = 3 (mod 4) a prime power. We study the non-existence in the case
m = p where p =3 (mod 4).

Klz

Proposition 3.4.1 ([87]). Let a and b be both positive integers, coprime and square-free, and let ¢
be an odd prime such that ¢t a and ¢ tb. Let K = Q[v/—a, v/b], then the prime ideal factorisation
of (¢) in Ok contains an ideal q fixed by complex conjugation if and only if

() (0)

Proof. Since ¢ 1 a and g 1 b and ¢ is odd, then ¢ 1 disc(K). By Theorem 3.2.4 there are the following
possibilities for the splitting of (¢) in Ok:

(i) (p) is inert,
(i) (p) = d192, and
(iil) () = 91929394

Let K; = Q[v/—a], K2 = Q[vb] and K3 = Q[v/—ab]. Then case (i) does not take place. If (q) splits
in one of the intermediate rings O,, Ok, or Of,, then it splits in Ok . Suppose that (¢) does not
split in Ok, and (q) does not split in Ok,, then by Theorem 3.2.3 we have that (%1) = —1 and

(g) = —1, therefore
—ab —a\ (b 5
) -(F)() e

So (q) splits in K3. Likewise we can show that if (¢) is inert in any two of the intermediate fields then
it must split in the third. The Galois group of K over Q is Gal(K/Q) = {e,7,0,70} ~ 7 /2787 /27,
where

T:vV—a— —v—a, \/5'—> \/5

o:vV—arv—a, Vb —Vb
In case (ii), using the transitivity of the Galois group it is easy to see there is a unique non-trivial
element € of Gal(K/Q) that fixes q; and qo. This implies that (¢) = q1q2 splits in the fixed field

of the automorphism e, and that (¢) is inert in the two other intermediate fields. Therefore, we
find that (¢) = qi1q2 has prime factors fixed by 7 if and only if ¢ splits in K, = Q[v/b] (which is
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3.4 - Non-existence of quaternary unit Hadamard matrices

the fixed field of 7) and ¢ is inert in K;. By Theorem 3.2.3 this is equivalent to (_7“) = —1, and

(g) = 1. Finally in case (iii) we have that (¢) = q19293q4 and by transitivity of the Galois group
we have that up to relabelling of the prime factors

47 = 92, 97 = q3, and q77 = q4.

In particular the action of 7 on the prime induces the permutation (12)(34) which has no fixed-
points. Hence if (¢) splits completely in O, then there none of the prime ideal factors of ¢ are
fixed by complex conjugation. O]

Theorem 3.4.1 ([87]). Let m be a positive integer, such that neither m nor m + 1 are perfect
squares. Write m = (mg)?a and m + 1 = (m()?b, where a,b > 1 are square-free. Let n = (ng)?t be
an odd integer, where t is square-free. Suppose p is an odd prime, coprime to both m and m + 1

and p | t. If
(—_a) =—1, and (é> =1,
p p

then there cannot exist a QUH(n, m).

Proof. First note that m and m + 1 are coprime, so a and b must also be coprime. Then we have

that K = Q[v/—m, vm + 1] = Q[v/—a, v/b], and the hypotheses of Proposition 3.4.1 hold for the
prime p. So we find that p splits as p = q1q2 with q] = q; for ¢« = 1,2. The elements of

1++-m —1:|:ﬁ}
vVm+1 Vm+1

X = {xam, £a, } = {

are not necessarily algebraic integers, since their minimal polynomial g,,(x) = $4+2$—_ix2+1, does
not always have integral coefficients. However, multiplying by (m + 1), we have that £(m + 1),
and £(m + 1), are all algebraic integers. If there exists a QUH(n, m), say H, then (m + 1)H
has coefficients in Ok and det((m + 1)H) det((m + 1)H)™ = (m + 1)**n" = s*t, for some s € Z.
By Proposition 3.2.4, the primes q; and g must appear with even multiplicity in the equation.
However n is odd, ¢ divides ¢ with multiplicity 1 and both q; and gs lay above the prime p and
no other rational prime. This implies that the multiplicity of q; and qo is odd, and this is a
contradiction. O

In [76] the authors give a construction for QUH(q", q) for r > 1. For QUH(n, ¢) matrices, where
¢ =3 (mod 4) is an odd prime, we obtain the following table of non-existence.

q n

7 | 17,31,41,47,51,73,85,89,93,97, 103, 119, 123, 141, . ..
11 | 13,39,61,65,73,83,91,107, 109, 117, 131, 143, 167, . ..
19 | 29,31,41,59, 71,79, 87,89, 93, 109, 123, 145, 151, .. .
23 | 5,15,19, 35, 43, 45, 53, 55, 57, 65, 67, 85, 95, 97, 105, . ..
31 | 17,23,51,69,73,79,85,89, 115,119, 127, 137, 151, . ..
43 | 5,7,15,19, 21, 35, 37, 45, 55, 57, 63, 65, 77, 85,89, 91, . ..

Pairs (n,q) such that QUH(n, q) is empty.

Research problem 5. Find examples of QUH(n, ¢) matrices where n is not a power of q.
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A Survey on Butson-type Hadamard Matrices

In this chapter we study constructions of Butson-type Hadamard matrices. Our exposition here
is essentially self-contained: the only theorem that we will require from a previous chapter is
Theorem 3.3.3. Generalised Hadamard matrices (GHMs) are closely related to Butson matrices,
and they will make a brief appearance here. We included additional material on GHMs and their
relationship to projective planes in Appendix A.

Hadamard matrices are square matrices with entries in the complex unit circle, whose rows
and columns are pairwise orthogonal. These matrices are a type of maximal determinant matrix,
meaning that they achieve the maximum absolute value of the determinant among a certain set of
matrices. A Butson-type Hadamard matrix of order n and with entries over the m-th roots of unity
is denoted BH(n, m). In particular, the set of real Hadamard matrices of order 2 is precisely the set
of BH(n,2) matrices. The Butson-type families of Hadamard are particularly interesting because
they are closed under taking the tensor product. This gives a series of tensor-like constructions
for BH matrices, which we survey.

The families of Butson matrices BH(n,4) and BH(n,6) have been surveyed in [162], so one of
our goals in this chapter will be to complement this survey, by having a special focus on results
for BH(n,p) matrices where p is a prime number. For example, we include a discussion on de
Launey’s existence result for BH(2 - 3,3) where ¢ > 1.

The class BH(n,4) has received special attention in the literature on Hadamard matrices,
partly due to the existence of the Turyn morphism, which is a mapping from BH(n,4) matrices
to BH(2n, 2) matrices. In [52], Compton, Craigen, and de Launey showed that there is a partial
morphism from BH(n,6) to BH(4n,2). The study of morphisms establishes relationships between
different sets of Hadamard matrices, and these can sometimes give more insight into the construc-
tions of such matrices. A theory of morphisms between Butson-type matrices has been developed
by Egan, O Cathdin, and Swartz [70], and by Ostergard and Paavola [134]. We will briefly survey
this part of the literature, and include one of our new contributions, which consists of a mor-
phism from certain classes of non-Butson Hadamard matrices into real Hadamard matrices. This
is interesting, since previously the only known morphisms were between Butson classes. Our re-
sult appeared published in the paper [87], in collaboration with Heikoop, Pugmire, and O Cathain.
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4 - A Survey on Butson-type Hadamard Matrices

Finally, we will discuss the results of de Launey and Dawson on the asymptotic existence of
BH(hp, p) matrices, where p is prime and h is the order of a real Hadamard matrix [61]. Our
main contribution here is an improvement on the lower bound on p for the existence of BH(12p, p)
matrices from p > 104857600 = (10 - 219)2, to p > 263. This was obtained by computational
methods.

4.1 Hadamard matrices

Definition 4.1.1. An Hadamard matrix H of order n is an n x n matrix with complex entries of
modulus 1, satisfying the matrix equation

HH* =nl,.

In particular, a real Hadamard matriz is a £1 matrix H satisfying HHT = nl,. In the liter-
ature on Hadamard matrices there is conflicting terminology that the reader must be aware of:
Historically, real Hadamard matrices have been the family that received the most attention. Be-
cause of this, the term Hadamard matrix is used to refer to real Hadamard matrices in most of
the literature. An Hadamard matrix in the sense of Definition 4.1.1 is sometimes called complex
Hadamard matrix. However, other authors reserve the term complex Hadamard matrix for matri-
ces with entries in the set {41, 4}, where > = —1.

The study of Hadamard matrices dates back at least to J. J. Sylvester’s 1867 paper colourfully
entitled Thoughts on inverse orthogonal matrices, simultaneous sign successions, and tessellated
pavements in two or more colours, with applications to Newton’s rule, ornamental tile-work, and
the theory of numbers [159]. Here Sylvester studied a family of matrices that are known as type
IT matrices, which are a generalisation of Hadamard matrices.

Definition 4.1.2. A type II matrix M is a matrix with complex non-zero entries such that
MM~ =nl,,

where M~ is the entrywise inverse transpose of M, i.e. the (i, j) entry of M~ is given by (M ™);; =

The term Hadamard matrix comes from Hadamard’s celebrated determinant bound

Theorem 4.1.1 (Hadamard, 1893 [83]). Let M be an n X n matriz with entries taken from the
complex unit disk, then
| det(M)| < n™/2.

Furthermore, the bound is met with equality if and only if MM* = nl,.

In particular, Hadamard matrices are maximal determinant matrices. A straightforward com-
binatorial argument shows that real Hadamard matrices can only exist at orders n =1, 2 or n a
multiple of 4.

Research problem 6 (Hadamard conjecture). Show that real Hadamard matrices exist at orders
4n for every integer n > 1.
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4.2 - Butson-Type Hadamard matrices

Currently, the smallest open case for the existence of a real Hadamard matrix is n = 668.

Because of the wide range of applicability of real Hadamard matrices, the Hadamard conjec-
ture has received much attention, and there are many surveys of real Hadamard matrices that the
reader can consult, see for example [90].

In this chapter, we focus instead on the class of Butson Hadamard matrices [33]. We will also
mention the closely related concept of generalised Hadamard matrices, introduced by Drake in
[66]. Generalised Hadamard matrices have a close connection to projective planes, for more on
this topic see Appendix A.

4.2 Butson-Type Hadamard matrices

Definition 4.2.1. A Butson matriz or Butson-type Hadamard matriz is a complex Hadamard
matrix with entries taken from the set of m-th roots of unity g, := {1, (n, ¢34, ..., ™1} The set
of Butson matrices of order n with entries in p,, is denoted by BH(n, m).

Recall that a monomial matriz is a matrix P with exactly one non-zero entry in each row and
column. In particular, permutation matrices are monomial. If P and ) are monomial matrices
with unimodular entries, and H is Hadamard then P*H() is Hadamard since the entries of P*H(Q)
have modulus 1 and,

(PPHQ)(P*HQ)" = PPHQQ*"HP = P"HH*P = nP*P = nl,.
This motivates the following,

Definition 4.2.2. Two BH(n, m) matrices Hy and Hy are monomially equivalent, or simply equiv-
alent, if and only if there exist two monomial matrices P and () with non-zero entries in u,, such
that

P*H.(Q = H,.

The following is a well-known non-existence condition for Butson-type Hadamard matrices:
Lemma 4.2.1. Let p be a prime number. If there exists a BH(n, p), then p | n.

Proof. Any BH(n,p) matrix H is equivalent to a matrix whose first row consists of all ones.
Suppose that the second row of H is given by the vector,

(G G,
for some 0 < a; < p — 1. Then taking inner product of the first row with the second we find
Cgl_|_..._|_<;‘": .
Let f(z) = 2™ +--- 4+ 2% € Z[z], then f((,) = 0, and since the cyclotomic polynomial
O, (r) =14z +a* 4+ +aP !,

is the minimal polynomial of (,, there exists a polynomial g € Z[z] such that ®,(x)g(z) = f(x).
Now, f(1) =n and ®,(1) = p, so evaluating at 1 we find

®,(1)g(1) = pg(1) = n = f(1).
And thus, p divides n. n
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4 - A Survey on Butson-type Hadamard Matrices

We remark that the fact that p is prime is essential in the proof. Since in general, for the m-th
cyclotomic polynomial ®,,(x) we cannot guarantee that ®,,(1) = m. For example

g(z) =2* —x + 1,
hence ®g(1) = 1. In fact we have several patterns of vanishing sixth roots of unity, for example
l4+w+w +1+(-1)=0,

where w is a primitive third root of unity, is a vanishing sums of 5 sixth roots of unity.

We will need some notions from character theory, see also Babai’s lecture notes [6].

Definition 4.2.3. Let GG be a finite abelian group, written multiplicatively. A linear character,
or simply character, of G is a homomorphism y : G — C* in other words,

x(ab) = x(a)x(b)
for all a,b € G.

In particular, x(e) = 1 where e is the identity element of G. Note that if the exponent of G is
n, i.e. if 2" = e for all x € G, then x(G) C p, for any character x of G. Indeed, for any = € G,

x()" = x(x") = x(e) = 1.
Example 4.2.1. Let G be an arbitrary abelian group, then the function ¢ : G — C* given by
e(z) =1 for all x € G is a character of G. The character € is known as the trivial character of G.

Example 4.2.2. Let G = C), be the cyclic group on n elements. Let v be a generator of G. Then,
the function x(v*) = (% is a character of G. Furthermore, any character of G is a power of .

The product x of two (linear) characters x and v of a group G is itself a character, since

(x¥)(ab) = x(ab)y(ab) = x(a)x(b)1(a)y(b) = x(a)¥(a)x(b)¥(b) = (x¥)(a)(x¥)(b).

Likewise, the complex conjugate ¥ of a character y is itself a character. Additionally, yx = e.
This implies that the set of characters of a group G is a group, called the dual group of G, and
denoted G.

Lemma 4.2.2. Let y be a non-trivial character of a finite group G, then

Z x(x) = 0.

zeG

Proof. Let S =3} . x(x). Since x is a non-trivial character, there is an element y € G such that
x(y) # 1. Then,
XW)S = x() > x(x) = xl(y).

zelG zeG

The mapping G — G given by y + yx is invertible, with inverse given by the mapping  — y(~Vz.
Therefore, we have {yz : x € G} = G, and

X(y)S = ZX(yw) = Zx(x) =S.

zelG z€G

It follows that (x(y) — 1)S = 0, but we know that x(y) # 1, so we must have S =" _.x(z) =
0. [
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4.2 - Butson-Type Hadamard matrices

Corollary 4.2.1. Let y and ¥ be two distinct characters of GG, then

> x(@)(r) =

z€G

Proof. Since y and ¢ are distinct characters, the character y1) is non-trivial, therefore by Lemma

4.2.2, we have that
> () (@) =D x(x)(z) =

zelG z€G

Our first example of a BH(n,n) is given by the Fourier matrix:

Lemma 4.2.3 (cf. Example 4.1.1. [90]). Let F, be the n x n matriz given by F, = ((9);;. Then
F, € BH(n,n).

Proof. The result follows by direct computation

(FuF3)i =D (Fi(Fp)eg = Y GFCF =D ™,
k k k
If i = j then (F,F));; =n, and if i # j then (F,F});; =0as >, ¢ is the character sum of a
non-trivial character of Z/nZ (Lemma 4.2.2). Another way to see that ), ng_] * Vanishes is the
following: For d > 1 let (4 be a primitive d-th root of unity, then from the polynomial identity

2= 1=[[-h),

k
it follows that the coefficient of z%~! in the right-hand side vanishes, namely (— Y, ¢}) = 0. Now
let d =

, then if ¢ — 7 is not a multiple of n we have that d > 1 and C(Z 9) = (4 SO

d—
Zc“ ”’“—%ZC}’?:O-

gcd

o

This shows that when ¢ # j the i-th and j-th row of F, are orthogonal, hence F, F' = nl,. O]

More generally, the character table of a finite abelian group of order n and exponent m gives
an example of a BH(n,m). The following is a well-known fact in the character theory of finite
groups:

Lemma 4.2.4. Let G be an abelian group of order n and exponent m. Then the character table
of G is a BH(n,m).

Proof. Let G = {g1,...,9n}. Since G is abelian, G has n irreducible linear characters xi, ..., Xn
and since the exponent of G is m the values x;(g;) are all m-th roots of unity. Let C' = (xi(g;))s;
be the character table of GG, the inner product of two rows of C' is of the type

> xilgexs(or) = Y06 (9r).

k
The product x;X; of characters of G is a non-trivial character if and only if ¢ # j, thus of C' are
orthogonal and this shows C'C* = nl,. [
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4.3 Tensor-like constructions for Hadamard matrices

Let S'(C) = {z € C : |z| = 1} be the group of complex numbers of unit modulus. Let A be a finite
multiplicatively closed subset of $'(C), then A is the multiplicative group of m-th roots of unity
for some m. Indeed since A is finite it is easy to see that it must be a group, and furthermore A
has a finite exponent m so that o™ = 1 for all @ € A, in particular A is a subgroup of the group of
m-th roots of unity. We will mention below some constructions for families of complex Hadamard
matrices that hold whenever the entries are taken from a finite multiplicatively closed subset A
of S'(C) (which by the above remark such families are always of the type BH(n,m) for some m).
These are the tensor-product-like constructions in which we are only allowed to multiply elements
within A and permute rows or columns.

We begin with the first such construction, which goes back to J. J. Sylvester [159]. Although
simple it is one of the most important existence results for Hadamard matrices as it allows us to
combine them multiplicatively.

Proposition 4.3.1 (Sylvester, [159]). If H; and Hy are BH(n, k) and BH(m, ¢) matrices, then
their Kronecker product Hy ® H, is a BH(nm,lem(k, £)).

Proof. Since H; and H, are Hadamard, we have H;H} = n;I,,,. Therefore
(Hl X HQ)(Hl & Hg)* = HlHik (029 HQH; = n1n2[n1n2.

Hy ® H, is a block matrix with (4, j) block given by (H;);jHa, hence the entries of H; ® Hy are
lem(k, £)-th roots of unity. O

Subsequent generalisations of the tensor product have appeared, which give additional con-
structions for Hadamard matrices.

Proposition 4.3.2 (Dita construction, [63]). Let H be an Hadamard matrix of order n and let

Lq,...,L, be Hadamard matrices of order m, then the matrix
hitLy hioLs ... hinly,
horLy  haoLy ... honly,
H®I[Ly,...,L,] = : : . :
hnlLl hn2L2 s hnnLn

is an Hadamard matrix of order nm.
Proof. Let M := H ® [Ly,...,L,]. Taking inner products by row-blocks we find that the block
(i,i) of MM* is
> hiLiLshiy =Y " mly = nml,,
J J
and the block (7, ) with ¢ # j of MM* is

k k
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4.3 - Tensor-like constructions for Hadamard matrices

Hosoya and Suzuki [92] found a more general tensor product, encompassing Dita’s construction,
and identified algebraic conditions on the Nomura algebra of an Hadamard matrix that determine
if the matrix can be expressed as a generalised tensor product.

Definition 4.3.1. Let (U, Us, ..., U,,) be square matrices of size n, and let (V;,V3,..., V) be
square matrices of size n. We define the generalised tensor product of Uy, ..., U, and V;,...,V,
as the matrix (U, Us, ..., Up) ® (V1, Vo, ..., V,) whose block (i, 7) is the matrix

where A;; is the diagonal matrix whose h-th diagonal entry is the (7, j) entry of the matrix Uy,
namely the (h, k) entry of A;; is Ayjlh, k] = 0nUnli, j] -

Theorem 4.3.1 (Hosoya-Suzuki, Lemma 4.1 [92]). Let Uy, Us, ..., U, be square matrices of size
n, and Vi, Vs, ..., V, be square matrices of size m. Then the following are equivalent.

(i) (U, Usy...,Up) @ (V1,Vo,...,V,) is a type II matriz.
(i) Uy, Us, ..., Up, Vi, Va, ..., V, are type I matrices.

So in particular, the generalised tensor product of two sequences of Hadamard matrices
(Hy,...,Hy,) and (Hy,..., H)), of orders n and m respectively, is an Hadamard matrix.

There have been more recent developments coming from the physics community that use the
concept of mutually unbiased bases, or MUBs:

Definition 4.3.2. Two orthonormal bases in a Hilbert space C¢, B = {e;,...,e;s} and B =
{f1,..., fa} are mutually unbiased if |{e;, f;)|* = 1/d for all 1 <i,j < d. A set of orthonormal bases
{B1,Bs, ..., B} is called mutually unbiased if any pair of bases in the set is mutually unbiased.

The following result is well-known and a straightforward consequence of the definition of MUBs.

Lemma 4.3.1. Let B = {e;,...,eq} and B' = {f1,..., fa} be two orthonormal bases in C¢. Let
K =ey]...|eq) and L = [fi]...]|fa] be d x d matrices given by the columns of each basis. Then B
and B’ are mutually unbiased if and only if vdK*L is an Hadamard matrix.

Proof. Suppose that B and B’ are mutually unbiased. Then, since each basis is orthonormal,
the matrices K and L are unitary, i.e. K*K = KK* = L*L = LL* = I;. From the identity
leX ;] = |{es, £;)| = 1/3/d, we find that |v/de! f;| = 1. Therefore, the matrix

eifi eifs - elfq

e* e* .. e*
VIK*L = d 2‘f1 2‘f2 ' 2‘fd |

exfi eife - eifa

has entries of modulus 1. Direct computation shows
(\/EK*L)(\/EK*L)* =dK*"LL*K* =dK*"K = dl,

so VdK*L is an Hadamard matrix. Conversely, if v/dK*L is an Hadamard matrix, then the fact
that its entries are of modulus 1 implies that |{e;, f;)| = 1/V/d. O
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In view of Lemma 4.3.1, we say that two unitary d x d matrices L and K are mutually unbiased
if and only if VdK*L is an Hadamard matrix. Let M(d) be the maximal cardinality of a set of
MUBEs in C¢. Tt can be shown, see Section 12.4 of [15], that M (d) < d+1. A set of MUBs in C? of
cardinality d 4 1 is called a complete set of MUBs. In prime power dimensions ¢ = p™ there exists
a complete set of MUBs, we will show this in Section 4.5 for ¢ = p.

Theorem 4.3.2 (McNulty-Weigert, Theorem 3 [120]). Let H be an Hadamard matriz of order n.
Let Ky,...,K,, and Ly, ..., L, be two sets of d x d unitary matrices such that K; is unbiased to
L;, then the matriz

hiKiLy hwpKiLy ... hinK{L,
Vv | i baKile o haKGL, |
hat KXLy hpoK Ly ... honK:Ly,

18 an Hadamard matrix of order nd.

Proof. By Lemma 4.3.1, we have that for each 1 < 4,7 < n, the matrix H;; = \/EKZ*LJ» is an
Hadamard matrix. In particular, the entries of h;; K;L; are of modulus 1. Direct computation
shows that the inner product of the r-th row block of M with the s-th row block of M is

> (Vdh, K L) (Vdh K L) = dz heihg KiL; LK,
j
—=d Z hyihg KK
= dK: (Z hrjh_sj) K
j
=ndd,s K K,
= nd&rsld.
Therefore, M M* = ndl, 4. O

The main advantage of the construction in Theorem 4.3.2 is that the matrices K; and L; need
not be Hadamard.

Definition 4.3.3. Let G be a finite group of order n. An n x n matrix H with entries in G is a
Generalised Hadamard matriz over the group G, or GH(nt,G) if and only if for every i # j the
list of quotients [hikhj_kl :k=1,...,nt] contains every element of G exactly ¢ times.

Let Z[G] be the group ring of G, and denote by H* the transpose of the entrywise inverse of
H,ie. (H*);=h;' Then H is a GH(nt,G) if and only if in Mat, (Z[G])

HH* = (nt — t{G)) I + t[G] T

where [G] = > ;9. Let T = ([G]) be the principal two-sided ideal generated by [G], then in the
quotient ring Z[G]/Z a generalised Hadamard matrix satisfies the usual orthogonality equation

HH* =ntl,, (modZ).
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In the case that G'= C,, is the cyclic group of order p where p is a prime number, the concept
of BH(n, p) matrices and GH(n, C,) matrices coincide. To see this simply map a generator 7 of
C, to ¢, a primitive p-th root of unity. More generally if G = C,, is the cyclic group of order m
then every GH(n, C,,) is a BH(n, m) but the converse does not necessarily hold. For example for
m = 6 there exists a BH(7,6) but for a GH(n, Cg) to exist it is necessary that 6 | n. In terms of
group rings, the ring homomorphism

¢ Z[CM] — Z[Cm]

St Y,
7 )

has a kernel J which consists of the two-sided ideal generated by all elements of Z[C,,] which
map to vanishing sums of m-th roots of unity. The ideal Z = ([G]) is clearly contained in J since
Z?Z)l ¢! =0, and unless m is prime Z is properly contained in 7. For more on GHMs and their
relationship to projective planes see Appendix A.

The following result is due to Scarpis [144], who proved in 1898 that if an Hadamard matrix of
order p+1 exists for p prime, then there is an Hadamard matrix of order p(p+1). His construction
seems to have been motivated by an analysis of Hadamard’s construction of £1 Hadamard matrices
at orders 12 and 20 [74]. We mention that the Scarpis Construction seems to have been largely
unnoticed in the literature. In 2012 William Orrick wrote an expository article [133] about it, and
some years after Dokovi¢ [64] generalised the Scarpis result to prime powers. Seberry essentially
rediscovered the Scarpis Construction in [147], based on ideas developed in Rajkundlia’s PhD
thesis [139, 140]. She stated her result in terms of generalised Hadamard matrices and only stated
existence of GH(q(q+ 1), EA(q)) matrices provided that ¢ and ¢+ 1 are both prime powers, where
EA(q) denotes the elementary abelian group of order ¢. It appears that Scarpis’ technique had
never been applied to obtain the existence of general Butson Hadamard matrices before. We state
here our own version of this result, which is more general than the ones previously found in the
literature. First we set some notation:

e If v is an n-vector, then D = diag(v) denotes the n x n diagonal matrix such that d; = v;.
L4 A(TXS) = J’r,s X A= [Jr,saij]i,j7

e Let G be a group of order n and p : G — GL,(C) be the regular representation of G. If M
is an @ x b matrix with entries in G and A is an n X r matrix then A, is the an x br block
matrix whose block (4, j) is p(m;;)A. Namely

p(mi)A .. p(m) A
Ao = : :
p(mal)A T p<mab)A

Any Hadamard matrix is equivalent to one whose first row and column consist of the all-ones
vector. Such an Hadamard matrix is called dephased, i.e. if H is a dephased Hadamard matrix,

lh(EH
1 ]_
1 C

The matrix C is called the core of H.
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Theorem 4.3.3 (Scarpis’ Construction). Let H be a BH(n + 1,m), and suppose that there is a
GH(n,G) where |G| = n. Then there is a BH(n(n + 1), m) matriz.

Proof. Without loss of generality, suppose that H is dephased and let C' be the core of H. Let M
be a GH(n,G), without loss of generality we may assume that the first row of M has all entries
equal to 1g. Denote by ¢; the i-th row of C' and by k; the i-th column of C'. Then the matrix

I, ‘ diag(ky)J, ... diag(k,)Jn
Ko 1(nxn)  (1xn) B Jop®@ci | pm)C ... p(my,)C
L XD C(M) N I :
I @cn | pmp)C oo p(my,)C

is a BH(n(n + 1),m). Since C is the core of an Hadamard matrix of order n + 1 we find that
cC* = (n+ 1), = J, and CJ, = J,C = —J,. It is easy to see that KK* = n(n + 1)L,n41)
computing the product by blocks. The inner product of the first row block with any other row
block is

1, -¢)J +Zd1ag ), Cp(m :—Jn—i—Z[diag(kj)(—Jn)p(mi_jl)]

:—J—<Zd1ag ) —Jp+ J,=0.
The inner product of two distinct row-blocks different than the first is

(ci¢j)Jn + Zp ma)CC*p(myl) = —Ju + > _[(n+ Dp(ma)p(my!) — ]
=—J,+(n+1)J,—nJ, =0.

Finally the inner product of the first block-row with itself is n.J,,+>  CC* = nJ,+n(n+1)I,—nJ, =
n(n + 1)1,. And the inner product of any other block-row with itself is

(ci-ei)d, +mew )CC*p(my;') = n, +Z n+1)p(mym;') — J,) =n(n+ 1)1, O

J

4.3.1 de Launey’s construction

In the early 1980s Warwick de Launey introduced a construction for GH(¢'(¢ + 1), EA(¢ + 1))
where ¢t > 1 and both ¢ and ¢ + 1 are prime powers, see [59]. This is a generalisation of the
Scarpis Construction as proved by Seberry [147]. However this result by de Launey was never
published, and instead appeared in a preprint which the present author has not been able to find.
A particularly interesting corollary to this result is that there is a BH(2' - 3,3) for every ¢ > 0.
As we will see in the following section, there is evidence to believe that BH(2'p, p) exists for every
prime p. Even more strongly it appears likely that BH(hp, p) should exist whenever A is the order
of a real Hadamard matrix.

The key idea of the construction of de Launey is to generate a recursive sequence of “generalised
cores”, and by this we mean matrices that play the analogous role of the core K of a BH(¢+1,¢+1)
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4.3 - Tensor-like constructions for Hadamard matrices

in the Scarpis construction. We illustrate this idea in the following example with ¢ = 2.

The core, say K7, of a BH(3, 3) satisfies the Gram matrix equation

. 2 -1

We wish to define a sequence of matrices K; of order 2! with entries in {1,w,w?} satisfying

KK} = (=1)"(J2 = [) ® Jy1 + 2diag(K; 1 K, Ky 1 K] )

_ { 2K, 1 Ky | (1) Jo }
(—1)'Jgr | 2K, K7y 1

Thus letting Ky = 1, after KoK = [1], we have the following sequence of Gram equations:

., [2 -1 -2 4 11 . el et
KlKlzL1 2}’[(2[(2: 11 4 o Bl é:ﬁ:i%i;‘l‘ 31 %1 ’
1 1 -2 4 -1-1-1-12 2 8 —4

-1-1-1-12 2 —4 8

and so on. Another property of the core of an Hadamard matrix is that KJ = JK = —J. In our
case this is equivalent to K1Jo = JoK; = K (Ko ® J3) = (—1).Js, and this property generalises to
Ki(Kjy @ Ja) = (Kiy ® J2) Ky = (=1)" Ja.

Lemma 4.3.2. If{K,} is a sequence of matrices of size 2" with Ky = 1 satisfying K;(K; ;® J) =

(Kij‘k—l X JQ)Kt = <_1)t(]2t’ then
KtJQt = JQth = OétJQt

where oy satisfies the recurrence ag =1 and ay = (—1)1271 /oy ;.
Proof. We proceed by induction. First notice that Ky = 1 implies KyJoo = 1 = agJy. Now
assume that Ky qJy-1 = Joe1 Ky 1 = oy_1Joe-1, then we find that K[ [ Jy-1 = (Joe1 Ky q)* =
Kt,1J2t—1 = Oétfljgt—l and
(—1)t2tj2t — (Kt(K:—l ® JQ))JQt

= KK | ® Jy)(Jar1 @ Jy)

== 2Kt<Kt,1J2t—1 ® JQ)

= 201t_1KtJ2t.

Hence K;Jor = o with ay = (—1)1271 /ay_1. In a similar way we have
(—1)t2tJ2t - Jgt (Kt*—l ® Jg)Kt
- (Jgt—l & ‘]2)(Kt*—1 (%9 JQ)Kt
- 2(J2t—1K211 ® JQ)Kt
= Q(Xt,lJQth.
From which it follows that Jo: K; = K;Jot = oy Jor. ]

In particular all of our matrices K; have constant row-sum and the row-sum is given by the
sequence
ap o 1,—-1,-2,2,4 —4,-8,8,16,—16,—32,32, . ..
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Proposition 4.3.3. If there is a sequence of matrices K; of order 2t for t > 0 with entries in
{1, w,w?}, satisfying Ky (K} | ®Jy) = (—1)'Jye, and the following recurrent Gram matriz equations
K()Kg - 1,

KK = [ 2K, 1 Kfy (=1)tJy

t>1.
(—1)! Sy QKHK;J fort 2

Then the matrix

H - { K o®Jy Ki1®Jio } ’

Ki 1 ® Ja K,
is a BH(2" - 3,3) for every t > 2.

Proof. We prove by induction that the following relations hold for ¢t > 2:

(Ko K7 ) ® Jo + K K7 = (24 3) Iy, and (4.1)
(K1 ® Jo1) (K7, ® Jo) + Ky(K{y ® Jz1) = 0.

To prove (4.1) notice that when ¢t = 1 we have

11 2 -1

Now assume that the first relation is true for some ¢ > 1, then

* * 20K 1K) ® J D ® J 2K, K* 1) T
(Kth>®J2+Kt+th+1 — |: ( t-15 1) 2 ( ) 2 2:| + |:( i)t ( ) 2

(—1)t_lj2t—1 ® Jy 2(Kt,1K;;1) ® Jo —1)tJ2t 2Kth*

_ [2((1(,5_1[(;_1) ® Jy + K K}) 0 }
0 2((Ki 1 K7 ) @ Jo + K KY)

=21 . 3.

To prove (4.2) we note first that since Ky(K} |, ® Jo) = (—=1)"Jy, then K(K; | ® Jo1) =
(—1)"Jot 9e-1. This is because every column of K; ;| ® Jo; is a column of K; ;| ® Jo. Likewise

(thl ® JZ,I)(K:,Q & JQ) == (_1)t71<]2t72t—17

follows from K; (K} , ® Jo) = (—1)""1Jy-1 since every row of K; | ® Jo; is a row of K; ;.
Therefore we find that

(K1 @ Jo1)(K;y @ Jo) + Ky(K; @ Jag) = (= 1) gt gi-1 + (—1) gt ge-1 = 0,
The two relations (4.1) and (4.2) that we just showed imply that H, is an Hadamard matrix. [
Theorem 4.3.4 (de Launey, [59]). For every t > 0 there exists a BH(2 - 3, 3).
More strongly, de Launey shows the following using the same technique

Theorem 4.3.5 (de Launey, [59]). If both q and g+ 1 = p’ are prime powers, then for every t > 0
there exists a BH(¢'(q + 1),p).
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de Launey obtained the result above by constructing a sequence of matrices K; as specified
above. The matrices constructed by de Launey consist of 2 x 2 blocks given by the following plug-in
construction for matrices with entries in the set {+1, +w, +w?}:

(W w? w? W
w? w W w
= w? 1 } s { 1 wT
w |1 w? w w? 1
9 1 w} 9 [w 1]
w? —w?
w 1 1 w

In this way K, is specified by a pair of matrices A; and B; where A; has entries in the third
roots of unity and B; is a =1 matrix. If we denote by ¢ the mapping above and by M¥ the block
matrix [¢(m;)];; where m;; € {£1, w, +w?} then K; = (A; o B;)?.

In his survey [59], de Launey determines the value of A; in terms of K; 5 but leaves B; un-
specified, and it is claimed that for the given A, there is a choice of B; that makes K satisfy the
required Gram matrix equation. de Launey omits the proof of the result in [59]. We carried a
computer search to find a complete list of values for B; that will give examples of matrices K; at
small orders. An interesting thing to remark is that in our exhaustive search, all solutions for By

are real Hadamard matrices, furthermore the number of solutions found always turned out to be
a power of 2. See Appendix B for examples of a BH(12,3), a BH(24, 3), and a BH(48, 3).

Research problem 7. Seberry’s Construction [147], assumed that both ¢ and ¢ + 1 are prime
powers to show existence of GHM(q(¢q + 1), EA(q + 1)) matrices, and de Launey’s result develops
further this idea. We have seen (Theorem 4.3.3) that, more generally, we only need the existence of
a GHM(n, n) to show that there is a BH(n(n+1),m) whenever there is a BH(n+1,m). Generalise
the de Launey Construction to remove the assumption that ¢+ 1 is a prime power. In other words
show that there is a BH(¢'(¢ 4+ 1), m) whenever there is a BH(¢ 4+ 1,m) and ¢ is a prime power.

4.4 Morphisms of Hadamard matrices

Let X and Y be two families of Hadamard matrices, a complete morphism from X to ) is a
mapping X — ). The examples of morphisms that we will consider come from embeddings of
matrix algebras, and most involve infinite families of Butson Hadamard matrices. For example,
given a fixed M € BH(n, k), the tensor product construction can be seen as a complete morphism

e ® M : BH(m, () — BH(nm,lem(¢, k))
H— H®M

A partial morphism from X to ) is a function from a subset of X into ). One of the most
important examples of a morphism of Hadamard matrices is the Turyn morphism

Theorem 4.4.1 (Turyn, [167]). There is a complete morphism from BH(n,4) to BH(2n, 2).

Proof. Let H be a BH(n,4), then every entry of H is in the set {1, £i}, and we can write

H=A+iB,
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where A and B are (0, =1)-matrices, and A o B = 0. Furthermore, from the equation HH* = nl,
we find
(A+iB)(AT —iB") = AAT + BBT + i{(—ABT + BAT) = nl,.

Therefore, ABT = BAT, and AAT + BBT = nl,. Now let

A+B—A+B}

M:[A—BA+B

Direct computation shows

AMT — [ A+B|-A+B } { AT+ BT | AT+ BT } B [ 2(AAT + BBT) | 2(—ABT 4+ BAT)
~LA-B| A+B —AT+ BT | AT+ BT | | 2(ABT — BAT) | 2(AAT + BBT)
This implies M MT = 2nl,,, and since M is a =1 matrix, it follows that M € BH(2n, 2). ]

The Turyn morphism can also be specified by a mapping as follows: Let ¢ be the mapping
from the set {£1,+i} to 2 x 2 matrices with entries £1 given by,

)] =
11 AR |
e [T e |7 7]
Then, for every H € BH(n,4), the block matrix H? obtained by applying ¢ to H entrywise
is a BH(2n,2). The relationship between the construction of Theorem 4.4.1 and the plug-in
construction using ¢ is established by the Kronecker shuffle matrix. Recall that given two square

matrices A and B of orders n and m, the Kronecker products A x B and B x A are similar, in
particular there exists a permutation matrix P,,, such that

Pun(A® B)P,! = B® A.
Proposition 4.4.1 (Rose, [142]). For any n, m € N the nm x nm Kronecker shuffle matrix P, is
P = [0(i, [j/n] +m - jn)]ogi,jgmnfl )
where 6(x,y) is the Kronecker delta, and j, € {0,...,n — 1} satisfies j, = j (mod n).

If M is an mn x mn matrix consisting of diagonal blocks, then P,,, M Pl has m x m blocks in
the diagonal and zeros in every other block. If we let M be the matrix obtained from H € BH(n, 4)
as in Theorem 4.4.1, and M’ = H?, then P, M'P; = M.

Definition 4.4.1. An Hadamard matrix H is called unreal if each entry of H is not in R, i.e. if
hi; € C — R for all 4, j.

Example 4.4.1. The matrix

Y

2

w o w? oW
W ow W
w? W w

where w? +w + 1 = 0, is an unreal BH(3, 3).
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— 1 1
- -1
|
-1 - -

Define a map 7 : Qw] — Mat,,(Q) by m(a + bw + cw?) = 2al, + bH + cHT, where
1

Theorem 4.4.2 (Compton-Craigen-DeLauney, [52]). There is a partial morphism from BH(n, 6)
to BH(n,2). Namely, if H is an unreal BH(n,6), the matric H™ is a BH(4n,2).

The morphism in Theorem 4.4.2 comes from a Q-algebra isomorphism: Notice that H? = 2HT
and that (H + I)T = —(H + I), therefore (3H)? + 1H + 1 = 0. In other words, the minimal
polynomial of %H is 7% + T + 1, which coincides with the minimal polynomial of a primitive

third-root of unity w. Then, we have the following Q-algebra isomorphism

Q5 H] = QITI/(T* + T+ 1) ~ QLu].
This isomorphism is given explicitly by
1 1 1
W §H, and w? > (§H)2 = §HT'

Multiplying by 2, we recover the mapping 7. Clearly, to avoid zeros in the resulting matrix, we
have to restrict ourselves to unreal BH(n, 6) matrices.

Egan and O Cathéin found a general construction for morphisms between Butson Hadamard
matrices that includes both the morphisms of Theorem 4.4.1 and Theorem 4.4.2.

Definition 4.4.2. Let X,Y C pp = {1,{k, ..., ¢ '} Let H € BH(n, k), and suppose that every
entry of H is contained in X. Let M € BH(m,{) be such that every eigenvalue of ——M is

7m
contained in Y. The pair (H, M) is called (X,Y)-sound if and only if

(i) For each ¢ € X, we have \/m(—=M)" € BH(m, ().

1
v

(ii) For each ¢} € Y, HU) € BH(n, k),
where H) is the entrywise j-th power of H. A pair (H, M) is called sound if and only if there
exist X,Y C py such that (H, M) is (X, Y)-sound.

Theorem 4.4.3 (Egan - O Cathéin, Theorem 4 [71]). Let H € BH(n, k) and M € BH(m, (). Let
¢ be the mapping given by }
. 1 '
L/ —M) .
Gk m ( I
If (H, M) is a sound pair, then H® € BH(mn, ().

Example 4.4.2. Let
1 1
M= ]

Then, the set of eigenvalues of \%Mg is Y = {Cs, (I} C ug. Additionally, the matrices \/ﬁ(%Mg)B’,
ﬂ(\%Mg)f’, and ﬁ(\%ng are all BH(2,2) matrices. Given any matrix H € BH(n,4), we have
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that ((sH)™ = ((sH), where H denotes the entrywise complex conjugate of H. Clearly, both (s H
and ((gH) are BH(n,8) matrices, so the pair (GgH, Mg) is ({(s, G5, ¢2,¢I}, {Cs, ¢4 })-sound. Using
Theorem 4.4.3, we find that (GgH)? is a BH(2n,2) matrix, so we recover the Turyn morphism
BH(n, 4) — BH(2n, 2).

Similarly, one can recover the morphism of Theorem 4.4.2 using this technique. Additionally,
in [71], Egan and O Cathdin obtain the following morphism
Corollary 4.4.1. The matrix
-1 -1 -1 -1
M= | bbb
A
T =1 =i 1
induces a partial morphism BH(n,5) — BH(4n,4) defined on unreal BH(n, 5) matrices.

Combining this with the Turyn morphism we obtain a partial morphism BH(n, 5) — BH(8n, 2).

The results in [71] where further developed by Ostegard and Paavola in [134] and in subsequent
papers of Egan, O Cathdin and Swartz [70, 129]. We mention the following interesting result:

Theorem 4.4.4 (O Cathdin-Swartz, [129]). Let k = mt and suppose that each prime divisor of k
also divides t. Then, there is a complete morphism BH(n, mt) — BH(mn,t).

In a paper in collaboration with Heikoop, Pugmire and O Cathéin [87], we found the first ex-
ample of a morphism from a non-Butson family of Hadamard matrices to real Hadamard matrices.
Recall that a QUH(n, m) matrix is an Hadamard matrix with entries in the set

{u\/% —1iﬁ}.
vm+1' Vm+1

A skew Hadamard matriz is a real Hadamard matrix such that H — I is a skew matrix, i.e.
(H-1)T=—(H-1).

Theorem 4.4.5 ([87]). If there exists a skew Hadamard matriz of order m + 1, then there is a
morphism QUH(n, m) — BH(n(m + 1), 2).

Proof. Let H be a QUH(n,m), then we can write
R S
vm+1 vm+1

where A and B are £1 matrices of order n. From HH* = nl,, it follows that

ABT = BAT, and AAT + mBBT =n(m + 1)1,.

Let S = (s;;) be a skew Hadamard matrix of order m + 1. Let M be the block matrix with blocks
equal to A along the diagonal, and whose off-diagonal block in position [z, j] is s;; B for 1 < 1,5 <mn,
i.e. we have

A SlgB cee SlnB
—SlgB A cee SQnB
—sinB —s9,B -+ A
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The inner product of any row block with itself AAT+mBBT = n(m+1)I,. And the inner product
two distinct row blocks, indexed r and ¢ is

S ABT + 54, BAT + Z 5755, BBT = 0.

To see this, notice that from the skewness of S, we know that s,; = —s;,, so the term s,,ABT +
S BAT vanishes. Finally, since s,; 4+ s, = 0, the orthogonality of distinct rows of S implies that
0= 84+ Sy + E#m 57jStj = Z#r’t sp;5t5. Therefore we have that MMT = n(m + 1)L,(mq1). O

The morphism above can also be found from a matrix algebra isomorphism. If H is a skew
Hadamard matrix of order m + 1, then (H —I)T = HT — I = —(H — I). Multiplying this equation
by H we find

(m+1)—H=HH" —H=—-H*+H,

from which it follows that
H? =2H — (m+1)1.

From here, one can deduce that the minimal polynomial of \/ﬁH is equal to T* + %T?—J;DTZ +1,

which coincides with the minimal polynomial of the entries {% *—"}. This establishes the Q-
algebra isomorphism

2(m—1)

iliﬁ]

2 ~
T+1)_Q{ m+1

o| mlTlH} ~ QIT)/(T" +

From this isomorphism, the existence of the morphism follows, see [87].

Fender, Kharaghani and Suda in [76], provide a construction for QUH(¢", ¢) for all t > 1, where
g =3 (mod 4) is a prime power. Using the existence of QUH matrices at those orders we obtain
an infinite family of real Hadamard matrices, first discovered by Mukhopadhyay in [125] using
different methods.

Corollary 4.4.2 ([87]). Let ¢ = 3 (mod 4) be an odd prime power. Then, for any integer ¢ > 1
there exists a real Hadamard matrix of order ¢! + ¢'.

Proof. This is a consequence of the fact that the (type 1) Paley matrix is a skew-Hadamard matrix
of order ¢ + 1 for any prime power ¢ = 3 (mod 4): Let @), be the following matrix indexed by
elements of [,

+1 if ¥ — y is a square in F £

[Qqley = § =1 if 2 — y is not a square in F* .

0 ifr—y=20
Then for ¢ = 3 (mod 4), we have that —1 is not a square in F,, and so x — y is a non-zero square
in [, if and only if y — z is a non-square in [,. This implies that Q] = —(@),. Bordering the matrix
Qq+ 1, with a row of +1s and a column of —1s we obtain a skew Hadamard matrix of order ¢+ 1,
see Lemma 2.4. of [90]. In [76], the authors show that there is a QUH(¢", ¢) for all ¢ =3 (mod 4)

and t a positive integer. Therefore, the morphism in Theorem 4.4.5 implies the existence of a
BH(¢'(q + 1),2), i.e. there exists a real Hadamard matrix of order ¢'™ + ¢'. O

Notice that this settles the case m = 2 in Research problem 7.
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4.5 BH matrices at doubly even orders

In this section we give an account of results of existence for BH(hp, p) matrices, where p is a prime
and h is the order of a real Hadamard matrix. The first result of this type appeared in 1962 and is
due to Butson [33], who showed the existence of BH(2p, p) matrices. When looking for Butson ma-
trices one needs a strategy for obtaining cancellation in the inner products of rows. In the previous
section we saw methods that make use of cores of Hadamard matrices. The main idea introduced
by Butson was to obtain cancellations by splitting the vanishing sum ), C]f into two parts: one
involving quadratic residues in [, and one involving quadratic non-residues. Butson’s result was
rediscovered in 1979 by Jungnickel in [104]. Jungnickel’s proof expresses the matrices involved in
the construction in terms of polynomial functions in two variables. These polynomial functions
express twists of the Fourier matrix F, (which is represented by the polynomial zy) by quadratic
residues and non-residues so that the cancellation occurs in the same fashion as in Butson’s proof.
The method of Jungnickel was subsequently expanded by Dawson in 1985 [58] where he showed
the existence of BH(4p, p) matrices for all primes p. There is a nice early account of these results
given in the survey by de Launey on Generalised Hadamard matrices [59]. These investigations
were further expanded by de Launey and Dawson in [60] where they showed existence of BH(8p, p)
matrices for all p > 19, and culminated in 1994 with their result on the asymptotic existence of
Butson Hadamard matrices [61]. More recently in 2013, Sz6ll6si described a new approach to these
results using the language of mutually unbiased bases and Gauss sums [161]. The approach using
MUBs is more conceptual, and it is easier to see how the problem of constructing a BH(hp, p)
matrix can be reduced to a number-theoretical problem. Namely, determining the occurrence of
certain square and non-square patterns over the finite field [F,.

Our contribution in this section is a computational result that shows the existence of BH(12p, p)

matrices for all p > 263, which is a significant improvement over the best previously known lower
bound of p > (10 - 219)2.

4.5.1 Gauss sums

We begin with a few preliminary results on Gauss sums, see Chapters 6 and 8 of [99] or the survey
by Berndt and Evans [16] for more on the subject.

Over a finite field F,, of prime order p, we can define linear characters similar to those in
Definition 4.2.3. Namely, a character of [, is a character of the multiplicative group [,
homomorphism x : F* — C*. The only difference with characters over finite groups is that we
extend the domain of y from F) to the whole F,. The character e(z) = 1 for all x € I, is called
the trivial character of F,. The non-trivial characters of F are extended to the whole of F, by
letting x(0) = 0. If a character x # ¢ satisfies x* = ¢, we say that y is a character of order k. If

in addition y* # ¢ for all 1 <7 < k — 1, we say that y is a primitive character of order k.

1.e. a

Example 4.5.1. The Legendre symbol

= ¢ —1 if a is a quadratic nonresidue modulo p

( +1 if a is a quadratic residue modulo p
a/>
0 ifa=0

p
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gives a primitive character of order 2 on the field [, for every odd prime p, by letting x(a) = (9)
This character is called the quadratic character of .

Throughout this subsection we let k be an integer and p =1 (mod k) a prime number. There
are two definitions of Gauss sums of order £ in the literature, namely the sums

=> ¢,

zelp

and the sums

Glx) =Y x(@)¢,

z€lp

where x is a primitive character of [, of order k. The latter sums are better behaved; for example
one can show that |G/(x)| = /p for any such sum. We include a proof of this for completeness, for
more details see Chapter 8 of [99]. We introduce the following notation,

G(x;a) =D x(@)¢".

z€lp

In particular, G(x) = G(x; 1), and by Lemma 4.2.2 we have that G(x;0) = 0. It is easy to check
that G(x;a) = x(a™')G(x), for a # 0.

Proposition 4.5.1 (cf. Proposition 8.2.2. [99]). If y is a non-trivial character of [, then |G(x)| =

N

Proof. We compute the expression »
that for a # 0,

aer, G(X;@)G(x; a) in two ways. On the one hand, we have

G(x;a)G(x;a) = x(a )x(a)G()G(x) = |G(x)|*

Therefore,
S GG a)Glca) = (- DIGEOR.
a€f,
On the other hand,
> Glxa)Glx ZZZX X)),

acly

From Lemma 4.2.2, we have that ) Cg(%y) = (p — 1)d,y. Therefore,

Y Gla)Glsa) =Y Y x@x@p—1Ddy =Y (p—1)=pp-1).

acly T Y xel,

It follows that (p — 1)|G(x)|* = p(p — 1), therefore |G(x)| = \/p. O

Even though, we just saw that G() always has the same modulus, the modulus of G(k) depends
on k. We note that although it was straightforward to determine |G(x)|, determining its phase is
a much harder task, and even after centuries of attempts we do not yet have simple descriptions
of the precise value of the Gauss sums G(x) except at a few orders. For the quadratic Gauss sum,
for example, we have the following.
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Theorem 4.5.1 (Gauss, Chapter 6, Theorem 1 [99]). Let x be the quadratic character of F,,, where
p s an odd prime. Then

P ifp=1 (mod4)
¢h0 = {Wp ifp=3 (mod 4)

Rather surprisingly, character sums count the number of points in certain algebraic varieties
over [F,. For more on this direction, see the paper by Weil [172], and Babai’s lecture notes [6].

Lemma 4.5.1 (Proposition 8.1.5, [99]). Let a be an element of F,. Then the number of solutions
N(z" = a) in F, to the equation 2" = a is given by

X"=e
where the sum is over all characters of [, of order n.

Proposition 4.5.2 (Proposition 8.1.3 [99]). Let p be a prime, then the group of characters of [,
is cyclic of order p — 1.

By Proposition 4.5.2, if x is a primitive character of order n in [, Lemma 4.5.1 implies

With this we can obtain the following equation, relating both notions of Gauss sums.
Lemma 4.5.2 (cf. [16]). Let x be a primitive character of order k in [, then
k-1
G(k)=> (14 x(@) + @)+ + X @) =) _GK).
z€lp =0

Proof. The sum G(k) only involves summands (; where z = y"* for some y € F,, therefore

xk x
Gk) =) ¢ =D N =)
z€lp z€lp
By Lemma 4.5.1 it follows that,

g®=2¢=ZM¢wm=Z(_

z€lp zelp zel, \i=0

—_

xi<x>) G =Y 00

as we wanted to show. O

In analogy with G(x;a), we define G(k;a) as

Gkia) = > ¢

z€lp

96



4.5 - BH matrices at doubly even orders

Recall that since G(x;a) = >, x(z)(;*, we have for a # 0
X(@G(x;a) = x(a) Y x(@)¢" = xlaz)¢p* = G(x).
Similarly if we let G(k;a) = 3=, (%" then we have
Glksa) = 3 Gx'5a) = 3 X(@G().
This implies that quadratic Gauss sums have the following additional property.

Lemma 4.5.3. Let x be the quadratic character of [, then for a # 0 in [,

a
G(2:a) = (1—)) G(x) = G(x;a).

Proof. We have that G(2;a) = erﬂ gjwz. The number of elements y € F, such that y = az? is
equal to N(z? = a'y), therefore

Using the fact that (“p%l) = ( ), the result follows. m

P
This property does not generalise for characters of higher degrees, and hence the following
calculation is particular to the quadratic case. Denote

o vp ifp=1 (mod 4)
P ivp ifp=3 (mod4)

Lemma 4.5.4 (cf. [161]). Let p be an odd prime, a € S and b € F),. Then,

Cax2+ba:_c—2pf3a1”1b2 g o
D TSP p p:

xzel,

Proof. Since a # 0, we can complete the square in the expression az? + bz, to find

2 2
ax2+bx:a(a§+£) —b—.
2a 22q
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Thus,

chac2+bx G 22 Z “(JH'za

zelp z€lp

Now, the mapping = +— x + b/2a is invertible in F,, from which it follows that > _ Cg(“b/ 20)° _

dow ngQ, SO
Z Caz 2+ba _C 22 Z Cam o (2 a) C 2172 <g) G<X>7

z€lp z€lp p

thus by Theorem 4.5.1 G(x) = 0, and

G(2:a) = ¢, o G)ap

From the equation a=! = a?~2 (mod p) and 272 = 27~ (mod p) we can write the result as in the
statement. O

4.5.2 Butson’s Theorem

We present here Szoll6si’s approach to the existence of BH(hp, p) matrices, where h is the order of
a real Hadamard matrix, see [161].

Throughout this section, we define A to be the following diagonal matrix,

. 2 2 _1)2
A = diag(1, ¢V, ¢ G,

P
Lemma 4.5.5 (cf. [161]). Let p be an odd prime number. Then,
1 1 1
I, —F, —AF,,...,—AP'F
{ p \/I_) p \/]—) p \/2—9 P}
gives a complete set of MUBs in CP.

Proof. The matrix [}, satisfies F),F)} = pl), so every matrix in the set is unitary, and unbiased to
I,,. By Lemma 4.3.1, it suffices to show that

11 IR
Hyoy = \/1_7<%A Fp) (%Apr) - ﬁFpA YFp,

is an Hadamard matrix for all 0 < z < y < p — 1, or equivalently that H, = \%F;A“Fp is
Hadamard for each a € F ;. We have,

* ]' * a * —a *
H,H; = ]_DFPA PPy ATF, = FJF, = pl),.
So we only need to show that the entries of H, are unimodular. Direct computation shows

1 1 0.
o 1. TAQ o ar? o ar —i—(]—z)r'
Ha]zj \/ﬁ ;S [Fp]zr[ ] § er rs p]sy \/ﬁ ET Cp
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Now we apply Lemma 4.5.4 with b = (j — ), to find

a\ ~f(a,j—1) . o
1 Z cor®+=ir igf(au’—i) a o, = (;) Cpf( J . ifp=1 (mod 4) |
e vEY b (4)iG' ™™ ifp=3 (mod 4)
where f(a,b) = aP~22P73b%. In any case, we find that the modulus of the entries of H, is 1. O

Remark 4.5.1. Notice that from the proof of Lemma 4.5.5, it follows that the entries of (1/0,) Fy A*F,

are
1 * A Q P a ai—i
_[FpA E)ij = i[Ha]ij — <_)CI{( J )’

Op Op p

with f(a,b) = aP~22P73p?. 1In particular, the entries of éF;A“Fp are in {1,(p,...,¢¢7"} or
{-1,—G, .-, —Cg_l} depending on the value of (%) This is the key observation in the construction
of Butson matrices that we present below.

Theorem 4.5.2 (Butson, [33]). Let p be an odd prime, and s a non-square in [ 5. Then, the

matric
H = ]p 1 O* [Fp ASill-F’p i| = 1 A*Fp 1A87*1F€
0 O_—prA Fp —AS™ Fp EFZ)AFP _o'_prA Fp
where o, is the p-th quadratic Gauss sum, is a BH(2p, p).

Proof. The entries of each block of the matrix H are p-th roots of unity. This is clear for the blocks
AF), and A*7'F,. Since 1 is a square in [, Remark 4.5.1 implies that the entries of (1/0,) FyAFp
are p-th roots of unity, and likewise since s is a non-square in [ ¥, the entries of (1/0,) FyA*F), are
negatives of p-th roots of unity. So it suffices to show that HH* = 2pl,. This follows easily from
a direct computation of HH* by blocks. We notice however, that this also follows from the fact
that

S— L L s—1
O 2 B K
F, —A'F, LF, —LATIE,

is the McNulty-Weigert Construction (Theorem 4.3.2) applied to the real Hadamard matrix of

order 2 Hy = H i}, and the mutually unbiased unitaries \/iﬁFp and \/LﬁAS_le (Lemma 4.5.5).

So MM* = 2pl,, and then

A" = []69 iz%m] M [% UAAO*F] =2 []5) L(])?F] =2l
since 1/(|o,|*) = 1/p, and F,F; = pI,. O
Corollary 4.5.1. There is a BH(2p?, p) for all primes p and 1 < < j.
Proof. This follows from the existence of the Fourier matrix at order p, which is a BH(p, p) and the
existence of BH(2p, p) matrices. Taking Kronecker products of these matrices (Proposition 4.3.1),

we can construct BH matrices over the p-th roots at orders 2'p’ where 1 < i < j. O
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000000
012120
02110 2
022011
202101
(220110

A BH(6, 3) matrix obtained with the method of Theorem 4.5.2.

4.5.3 Asymptotic existence of Butson-type Hadamard matrices

The existence of BH(4p, p) for all primes p was settled by Dawson. Here, in analogy with the proof
of existence of BH(2p, p) matrices, we use a template of signs given by a real Hadamard matrix,

namely
1 1 1

1 — —
-1 =
- — 1

H4:

—_ = = =

Proposition 4.5.3 (Szoll6si, [161]). Let p be an odd prime number. If there exist a triple «, 5, €
F, such that

() () (52) ot
- (9 (5 (59 () (59

then the matrix

A°F, A°F, A'F,

A°F, —A°F, —A'F,

~AF, A°F, —A'F,
LEA? ~A°F, —AF, AF,

F, A°F, APF, ATF,

LFAF,  LRATUE, —LRAPUE, —LEAE,

= | ZEAE, - T ppenp, 1F*M+4F IDF*NHF >

LraF, - 1PF*AO‘+9F 1F*M+9F 1F*m+9F

U—lpF;A
1 * A4
EFPA

"U)TJ ’Uﬁj "ij ’ﬁhj

where o, is the p-th quadratic Gauss sum, is a BH(4p, p).

Proof. The proof is analogous to that of Theorem 4.5.2. The fact that the entries of H belong
to the set of p-th roots of unity follows from Remark 4.5.1. The orthogonality follows from the
McNulty-Weigert construction, Theorem 4.3.2, and an analogous computation to the one in the
proof of Theorem 4.5.2. O

To show that there are indeed BH(4p, p) matrices for every odd prime p, it remains to be shown
that the system of residue conditions of Proposition 4.5.3 has a solution for all but finitely many
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values of p, so that the existence for all p will follow by settling finitely many sporadic cases.

A few remarks: First notice that the choice of square powers of A along the diagonal in Proposition
4.5.3, is to ensure that the first block-column of H consists of entries in the p-th roots of unity.
This reduces the number of quadratic residue equations from 16 —4 = 12 to 12—3 = 9. We can do
even better than 9 equations by considering a single residue r and letting o =r+a, 5 =r+b and
v = r + ¢, be shifts of r for some integers a, b, c. For example, if r=a—1=—-4 =~ -9, then
we reduce the 9 equations to 7 since the condition (%) = (%) = (7;—9) = 1 reduces to (%) =1.
This is not the best choice of r however. For example, we can obtain an improvement exploiting
the fact that the template matrix H, has a symmetric core. For example letting » = o + 1, so
that a = —1, we choose the values of b and ¢, so that a +4 =0+ 1 and o« +9 = v+ 1, (and we
know the residue character of these values must coincide by the symmetry of the template). We
find that the choicea=r—1,8=r—2-1+4=r+2,andy=r—2-14+9 =r + 7, and this
immediately implies that 8 + 9 = « + 4. Therefore, we require only 6 equations, namely:

L r+6 = r+16 = +1, and
p p p
r+3\ (r+8\ (r+11 _ 1
p p p '
To find a lower bound on the values of p for which such r exists we can follow Hudson’s approach
(see Theorem 2 of [93]) using the Weil bounds:

Theorem 4.5.3 (Weil, [171]). Let p be an odd prime number. Then for any integer m with
1<m<p-1,anday,...,a, €F,, we have

£0(+)

r=1 i=1

< (m—1)yp.

Proposition 4.5.4 (cf. Hudson, Theorem 2 [93]). Let p be a prime number. There exists an
integer r, 1 <r < p— 17 with

()= (57) - (57) = om
() () (5

if and only if p € {7,29,31,41,47,59,61} or p > 71.

Proof. The idea is to show that the sum
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is non-zero. Each term in the sum is either 0 or 64, so .S > 0 implies the existence of an integer r
satisfying the properties of the statement. Expanding the product in each summand of S we find
that S is split into 7 = 64 1 sums each involving the product of ¢ Legendre symbols, for 0 < < 6.
More explicitly, let S = {0,3,6,8,16,11} and index a subset A C S as A = {ay,...,a4}, then

we have
p—17 |A]|
ENEE 1 (]

ACS r=1 i=1 p
4[>0

where £(A) is 0 or 1. It is easy to calculate the summands when there are 0 and 1 Legendre
symbols involved, we have when |A| =0 a sum

p—17

d ) =p-17.

r=1

When |A| =1 we have 6 sums, namely

=208 26

r=1 r=1 r=1

Now we can estimate each of these sums. For example,

SIS (2) - (2=8) - (=) o (et
—~ \p —~\p p p p
And similarly for the rest of sums with |A| = 1. For k # ¢ the following identity holds (see

Theorem 2 of [93]),
Z (M) _

r=1 p

< 16.

So we can also obtain good estimates of the 15 = (g

(N (r+6\| _|[x=(rr+6)\) [(-16p-10) ((-D@+7)
3 () () (S () - () o ()

and likewise with the rest of sums with |A| = 2. The sums with |A| > 3 can be estimated using
the Weil bounds, Theorem 4.5.3,

p—17 |A]
D> ] <r - ai) < (JA] = 1)y/p + 17.

r=1 i=1 p

) sums with |A| = 2, for example

< 16,

Therefore,

6
6
IS—(p—17) <6-16+ 15 - 16+Z (Z)((z— 1)y/p + 17) = 114,/p + 1050.
i=3
If p—17 < S, then clearly S > 0 for p > 17. Otherwise, we have that
S > (p—17) — 114,/p — 1050,

and (p — 17) — 114,/p — 1050 > 0 for all primes p > 15061. That the statement is true for
p € {7,29,31,41,47,59,61} and for 71 < p < 15061 can easily be verified by computer. O
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Theorem 4.5.4 (Dawson, [58]). There exists a BH(4p, p) for every prime number p.

Proof. By Proposition 4.5.3 and Proposition 4.5.4 it follows that there is a BH(4p, p) for all p €
{7,29,31,41,47,59,61}. Furthermore, there exist triples («, 3,7v) satisfying the hypotheses of
Proposition 4.5.3 for the following primes, given in the table below,

pl(By)||p| (.87 || p| (o,8,7)
11| (4,1,6) |19 (4,1,11) [[ 43| (3,11,1)
13| (2,6,1) || 23| (1,21,16) || 53 | (10,11,1)
17 | (1,5,6) || 37| (9,5,1) | 67| (3,2,1)

Table 4.1: Triples giving BH(4p, p) matrices via Proposition 4.5.3.

After considering these values, the only sporadic cases remaining are BH(12,3) and BH(20, 5), but
we have existence for both these matrices via the de Launey construction, Theorem 4.3.4, and the
Scarpis construction, Theorem 4.3.3. n

After this result of Dawson, de Launey conjectured in [59] that there exist BH(4tp, p) for ¢t > 1.

Research problem 8. Prove the conjecture of de Launey on the existence of BH(4tp, p) matrices
for t > 1.

In fact, de Launey and Dawson made a significant contribution supporting this conjecture by
generalising Dawson’s methods to confirm the asymptotic existence of BH(hp, p) matrices where h
is the order of a real Hadamard matrix. Recall that the p-th Paley core, or p-th Jacobsthal matrix,

is the p X p matrix @, given by
i~
Qplis = |
[Qplis p

Theorem 4.5.5 (cf. de Launey - Dawson [61]). Let (), be the p-th Paley core. If there is an
Hadamard submatriz H of order h in Q,, then there exists a BH(hp, p).

Proof. Suppose that there is an Hadamard submatrix H of order h in (),, then there exist row
indices Z = {iy,...,1,} and column indices J = {j1,...,jn} such that

Hrs: ir_js )
p

1 1 » 1 )
M,(Z;J) =diag [—F,;A”, —F;A”, e —F;A“L] .
Op Op Op

(H® [AE), A™2F,, ..., A" E)]),

We show that the matrix

is a BH(hp, p). The block in position (r,s) of M,(Z;J) is
1 LN ]
H, —F; A",

p

which by Remark 4.5.1, has entries in the p-th roots of unity. It suffices to prove orthogonality,
but this follows from Lemma 4.5.5 and the McNulty-Weigert construction, Theorem 4.3.2. [

103



4 - A Survey on Butson-type Hadamard Matrices

Theorem 4.5.5 provides us then with an effective program to show the existence of BH(hp, p)
matrices for all p. Namely,

(i) Show that for p large enough, a given real Hadamard matrix of order h is guaranteed to exist
as a submatrix of the p-th Paley core @,.

(ii) Use computational methods, or other techniques, to lower the bounds on p.

(iii) Find constructions for a small number of sporadic examples.

As in the proof of Dawson’s theorem, Theorem 4.5.4, Sz6llési shows in [161] that the Weil bounds
can be applied to show step (i) for any real Hadamard matrix. More strongly, it can be shown
that any pattern of signs +1 and —1 can be found in a large enough Paley matrix. The reason
for this is that quadratic residues exhibit a pseudorandom behaviour, see Theorem 6.8 in Babai’s
notes [6]. Heuristically, this tells us that we can expect that the entries of the Paley matrix will
behave as if they were taken randomly to be +1 or —1 with probability 1/2. Therefore, we can
expect to observe any pattern of signs in the matrix for large enough values of p. The Weil bounds
are sufficient to obtain an asymptotic result on existence, but the corresponding bound turns out
to be rather weak, and it should be possible to do better with more specialised techniques. To
conclude this subsection, we present the current status of existence of BH(8p,p) and two lower
bounds for the asymptotic existence of BH(hp, p) matrices:

Theorem 4.5.6 (DeLauney - Dawson, [60]). There exists a BH(8p, p) for all p > 19.

Notice that by the de Launey construction, Theorem 4.3.4, a BH(24, 3) matrix exists. So to settle
the existence of BH(8p, p) matrices it suffices to give an answer to the following:”

Research problem 9. Decide the existence or non-existence of BH(8p, p) for p € {5,7,11,13,17}.
Using an analogous method to the one in Proposition 4.5.3, Szoll6si obtains the following:

Theorem 4.5.7 (Szollési, [161]). Suppose there exists a real Hadamard matriz of order h. Then
for every prime p > 2*"**1there exists a BH(hp, p).

Szoll6sis’s bound gives a lower bound on p such that a particular Hadamard submatrix of order
h will be guaranteed to exist in the Paley core (),. Dawson and de Launey give an alternate
approach in [61], where instead they found lower bounds on p that guarantee that any 41 vector
of length h, or its negation, can be found as a subvector of a row of the Paley core ),,. Even if this
may seem like a stronger condition to impose on p, it turns out that it requires a lesser number of
restrictions, and the lower bounds are several orders of magnitude lower.

Theorem 4.5.8 (de Launey - Dawson [61]). Suppose there ezists a real Hadamard matriz of order
h. Then for all primes p > ((h — 2)2"=2)2, there exists a BH(hp,p).

It would be very interesting to study the asymptotic existence of Butson-type Hadamard matrices
at orders mp, where m =2 (mod 4). For example,

Research problem 10. Study the asymptotic existence of BH(6p, p), matrices for p prime.

Szollési pointed out in [161] that this problem seems to require new ideas. Since there exists a
BH(6,4) matrix, one may be lead to consider instead quartic residues, but the identity in Lemma
4.5.4 appears to be unique to the quadratic character.
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4.5.4 The existence of BH(12p, p) matrices

In this subsection we study lower bounds on p for the existence of BH(12p, p) matrices. First
we illustrate how the lower bounds on p can be improved according to the choice of template
matrix. After that we outline a computational approach to improve the theoretical lower bounds.
With this approach we were able to reduce the lower bound on p for the existence of BH(12p, p)
matrices to p > 263.

As in the case of Proposition 4.5.3, we can reduce the number of constraints by using an Hadamard
matrix of order 12 with a symmetric core. For example we can take the following back-circulant
matrix,

1111 1 1 1 1 1 1 1 1]
11 - — -1 - =1 =11
1 - — — 1 — — 1 — 1 1 1
1 - -1 - — 1 — 11 1 —
1 -1 — — 1 — 11 1 — —
11 - -1 -1 1 1 — — —
Ho=14 _ 1 _ 1 11 - - -1
1 -1 -111 - - =1 =
11 -1 11 - - -1 — —
1 — 111 - — — 1 — — 1
11 1 1 — — — 1 — — 1 —
111 - - — 1 - — 1 — 1

In analogy with Proposition 4.5.3 we have the following result.

Proposition 4.5.5 (cf. [161]). Suppose there is a 11-tuple (as, ..., a11) taken from ¥ such that

o+ 32 ..

Then the matrix
. 1 *A 1 *AQQ 1 *A].].Q
M,(c, ..., a11) =diag [p,a—pr 70—pr ,...,U—pr .
(Hia ® [Fp, A Fy, A E, ... A E]),
is a BH(12p, p).

We could attempt to reduce the number of constraints from 121 = 112 to 66 = (122) =11+ (121),
by letting

a=r—lLa=r+2,...,0,=r+(>=2),...,a1; = 119,
as we did in the 4 x 4 case. The matrix (r + (j — 2) +1%); ; is clearly symmetric, so the symmetry
of the core will reduce the number of constraints. However, we would encounter problems by
taking this choice of shifts of r. The reason is that the sets {1,2%,...,11?} and {-1,2,...,119} =
{12 = 2,22 —2,...11%2 — 2}, are not Sidon pairs.

Definition 4.5.1. We call a pair of subsets A, B C G of an abelian group (G, +) a Sidon pair if
and only if the list of pairwise sums

[a; +b;:1<i<]|A|, and 1 < j < |B|],

contains no repetitions.
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Notice however, that r + (10* — 2) + 5% = r + 123, and r + (11% — 2) + 22 = r + 123, but
[Hia]e11 = —1 and [Hi2]3.12 = +1 which would force r + 123 to be both a square and a non-square
modulo p. This is the only obstruction found. There are more collisions, however these cause no
issues since the entries of Hio at those coincide, so in reality a weaker condition than a Sidon pair
may suffice.

Here we will take the Sidon pair A = {i? +10i : ¢ € {1,...,11}} and B = {j*+10j — 11 : j €
{1,...,11}}, which gives the following summation table:

11 24 39 56 75 96 119 144 171 200 231
37 52 69 88 109 132 157 184 213 244
67 84 103 124 147 172 199 228 2539
101 120 141 164 189 216 245 276

139 160 183 208 235 264 295

181 204 229 256 285 316

227 252 279 308 339

277 304 333 364

331 360 391

389 420

451

This is simply the upper triangular part of the symmetric matrix (i + j* + 10(i 4+ j) — 11); ;. It
is easy to check that there are no repeated elements in the list above. We can use these numbers
as a pattern of shifts of r to obtain a BH(12p, p). Note however, that by adding the linear term
10(7 4+ j) we cannot use the template of Proposition 4.5.5, and additionally we must ensure that
the terms r + 42 + 10i for ¢ = 1,...,11 are all squares modulo p, these shifts are

0,13,28,45,64, 85,108, 133, 160, 189, and 220.

Once we introduce these new terms, we find two coincidences with the numbers in the summation
table above, namely 160 = 52 +62+10-(5+6) — 11 and 189 = 42 +82+10- (4 +8) — 11, however we
have that [Hisle7 = +1 and [Hiz]s9 = +1 so we encounter no contradictions. The total number

of constraints we find is (122) + 11 — 2 =75. We have just shown that the matrix

M (7“) —diag | I iF*AﬁHO iF*AZQHO iF*AHQ“lO .
P g D o P Y o P AR o p
J2 J2 J2
_ r12410— 4112 _
. (H12 Q [Fp,A’" 11Fp,A +12410 HFp,...,A +1124110 HFP]) :
is a BH(12p, p) provided that the quadratic character of r + (i* + j 4+ 10(i + j) — 11) modulo p
coincides with the corresponding entry of His.

Then, in analogy with Proposition 4.5.4, we found lower bounds on p such that the above condition
on r is satisfied, namely

Proposition 4.5.6. Let p > 2'°° be a prime. Then there is a integer r, 1 < r < p—452, such that

r+a)  [+1 ifaeSt
p ) |-1 ifaecS’

where ST and S~ are given in the tables below
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0,11, 13, 28, 45, 64,
67,69, 75,85, 108, 120,
124, 132, 133, 144, 160, 164,
S+ | 172,181,183,184,189,199,
200, 204, 208, 213, 216, 220,
228,231, 244, 304, 308, 316,
389,391, 451

24, 37,39, 52, 56, 84,
88,96, 101,103,109, 119,
139, 141, 147, 157, 171, 227,
ST | 229,235,245, 252, 256, 259,
264,276, 277, 279, 285, 295,
331,333, 339, 360, 364, 420

Proof. We follow the same argument as in the proof of Proposition 4.5.4. Let S be the sum

SZ%E: 11 (1+«4W@<a28)),

r=1 aeStusS—

where n(a) = 0if @ € ST and n(a) = 1 if @ € S~. Then we can bound the absolute value
of the terms involving 1-fold and 2-fold products of Legendre symbols by 451, and the terms
involving k-fold products for £ > 3 are estimated with the Weil bounds, giving an upper bound of
(k —1)\/p + 452. Recall that we have a total of 75 constraints, so we obtain the bound

w—wp—%mys(?)%1+(§)%1+§§[(§>¢ﬁ+%4

i=3
For p > 452 if S > p — 452 then the claim holds trivially. Otherwise, we have that
S > p—37778931862957161706717,/p — 1318798.

It is easy to show that if p > 2!°°, then S > 0. O
The bound we obtained is of the order 2'%°, which is a significant improvement over the bound
2284 using Szoll6si’s more general choice of r. However the bound obtained by de Launey and

Dawson is still several orders of magnitude better, of value (10 - 219)2.

However, with computational methods we are able to show that BH(12p, p) matrices exist for all
primes p > 263.

Definition 4.5.2. Let R = {ry,...,r,} C {+1,—1}" be a set of m row vectors of length n with
entries +1. The orthogonality graph of R, is the graph G = (V, E) on m vertices, such that vertices
i and j are adjacent if and only if rows r; and r; are orthogonal, i.e. if and only if r,-r]T- =0.

Our computational methods is as follows: Let p be a prime number, and h the order of an Hadamard
matrix,

(i) Construct the Paley matrix @,,.

(i) Randomly select a set of column indices C = {cy,...,c,} of size h.
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4 - A Survey on Butson-type Hadamard Matrices

(iii) Create aset of p—h rows R by taking all rows in (), whose indices are not in C, and restricting
those rows to their entries in C (to avoid the appearance of zeros in the submatrix).

(iv) Create the orthogonality graph G corresponding to the set of rows R.
(v) Find a K}, subgraph in G.

We implemented this method in C, making use of the library cliquer by Patric Ostergard and
Sampo Niskanen [128], which provides fast routines to find cliques in a given graph.

For small values of p we performed the search as described above. But for values of p > 1000 we
found that a better approach is to randomly select a small number 7 of rows, instead of considering
the full orthogonality graph on the p—h rows of (),,. A small choice of r will result in more random
trials of rows and columns needed until an Hadamard submatrix is found, and a large choice of r
will result in excessive time spent in creating the orthogonality graph and searching for a clique.
For h = 12, we found that restricting to around r = 700 random rows of the (), produced the
fastest search results. With this we obtained the following:

Theorem 4.5.9. There is a BH(12p, p) matriz for all primes p > 263. Furthermore, there is a
BH(12p, p) matriz for

p € {211,227, 229,239, 241,251, 257, 263, 269, 271, 277, 281, 283, 203}

Proof. We checked computationally that there is an Hadamard submatrix of order 12 in the Paley
core Q, for every prime 263 < p < 104857600 = (10-2')2. Theorem 4.5.5 implies that for each such
prime there is a BH(12p, p). By the de Launey and Dawson theorem on the asymptotic existence
of BH matrices, Theorem 4.5.8, there is a BH(12p, p) matrix for all p > (10 - 21°)2. Additionally
we were able to find Hadamard submatrices of order 12 in @), for p in the set indicated in the
statement, which shows the existence of the corresponding BH(12p, p). O

It may be possible to find Hadamard submatrices of order 12 in ), for further values of p. However,
our randomised approach is not adequate for smaller orders. This suggests the following problem.

Research problem 11. Carry a deterministic computer search to determine which set of primes
p < 263 has the property that (), contains an Hadamard submatrix of order 12.

We observed, that for h = 12 starting from primes p > 300 the probability to find an Hadamard
submatrix of order 12 was very high. This suggests that the event of finding an Hadamard sub-
matrix in a £ x h random +1 matrix may have a sharp threshold. By this we mean that there is a
critical value of k for which the probability of finding an Hadamard submatrix in a m x h matrix
is close to 0 for m < k and close to 1 for m > k.

Research problem 12. Give an heuristic argument that shows that the event of finding an
Hadamard submatrix of order A in a random k x h £1 matrix has a sharp threshold. Give an
estimate of the critical value of k for a given h.

We attempted the same search for the case h = 16. The critical value of k£ seems to be somewhere
between 4000 and 4025. In fact we were unable to find Hadamard submatrices for primes p < 4000,
and primes for primes p > 4025 these are found easily. However, the threshold of 4025 is much
too large and finding an Hadamard submatrix of order 16 in a +1 matrix of with over 4025 rows
is computationally costly. For this reason it seems infeasible to verify de Launey’s conjecture up
to the de Launey-Dawson bound for A = 16 using our methods.
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4.6 Tables of existence of BH matrices

We conclude this chapter with a summary of results, and tables on existence and classification of
BH(n, m) matrices for 3 < m < 6. The tables should be interpreted as follows: below every order
n appears either a number, the symbol 7, the symbol E, or the symbol H. A number indicates
that BH matrices have been classified at the corresponding order, either by showing non-existence
(in which case the number 0 appears) or by complete enumeration of isomorphism classes. The
symbol 7 indicates that the existence or non-existence is currently unknown. The symbol E
indicates that existence is known, but we that do not have a complete classification. For m even,
the symbol H means that there is a real Hadamard matrix at order n, which in particular implies
that there is a BH(n, m).

The non-existence results are obtained by means of Theorem 3.3.3. In particular, BH(n, 3) matrices
and BH(n, 6) matrices cannot exist whenever n is odd and p =5 (mod 6) divides the square-free
part of n, and BH(n, 5) matrices cannot exist whenever p = 3,7,9 (mod 10) divides the square-free
part of n. Recall as well, that when p is prime then a BH(n, p) can only exist if p | n, see Lemma
4.2.1. The classification results have been taken from the paper by Lampio, Ostergard, and Szoll6si
[113], see also [114]. To obtain the remaining existence results, we have used the following methods

(i) Sylvester’s construction, Proposition 4.3.1, to obtain a BH(ab, m) whenever BH(a, m) and
BH(b, m) exist.

(ii) The Scarpis construction, Theorem 4.3.3, to obtain a BH(gn, m), whenever ¢ = n — 1 is a
prime power. For example, the existence of BH(10, 6) implies the existence of BH(90, 6) since
9 =10 — 1 is a prime power. To the best of our knowledge, the existence of BH(90,6) was
previously unknown.

(iii) Real Hadamard matrices have been shown to exist at orders 4n for all 1 < n < 167. These
give in turn existence of BH(4n,2m) for any integer m > 1.

(iv) de Launey’s Construction in Theorem 4.3.4 gives us the existence of BH(2' - 3,3) for every
t > 1, which account for the orders n = 6,12, 24,48, and 96 in the first table. More generally,
Theorem 4.5.4 gives the existence of BH(4' - 5,5) matrices for all ¢ > 1, and this accounts for
n = 20 and n = 80 in the third table.

(v) For every odd prime power ¢, the Paley Construction gives a BH(q + 1,4). See Theorem
5.4.1, and Lemma 2.4 of [90].

(vi) For every prime p there is a BH(p?, 6) via a construction of Craigen and Szollési, see Theorem
1.4.41 of [162].

(vii) In the table of BH(n,6) matrices we included some sporadic examples of the type BH(2p, 6)
for p prime. See section 1.4. of [162], for more details.

109



4 - A Survey on Butson-type Hadamard Matrices

9 12 15 18 21 24
1 1 3 2 0 8 72 E
2r 30 33 36 39 42 45 48
E E 0 B ? ? 0 B
51 54 57 60 63 66 69 72
0 E ? ? B ? 0 B
D 78 81 84 & 90 93 96
? ? B ? 0 B ? B
99 102 105 108 111 114 117 120
o 7 0 B ? ? ? ?

Table 4.2: Existence and classification of BH(n, 3) for n < 120.

2 4 6 8 10 12
1 2 1 15 10 319
14 16 18 20 22 24
752 1786763 E H B H
26 28 30 32 34 36

E H E H E H
38 40 42 44 46 48
E H E H E H
50 52 54 56 58 60
E H E H E H
62 64 66 68 70 72
E H E H ? H
74 76 % 80 82 84
E H ? H ? H
86 88 90 92 94 96
? H E H ? H
98 100 102 104 106 108
E H E H ? H

Table 4.3: Existence and classification of BH(n, 4) for n < 72.

5 10 15 20 25
1 1 0 E E
30 35 40 45 50
7?0 7 0 E
55 60 65 70 75
o7 0 7 0
80 &8 90 95 100
E 0 E 0 E

Table 4.4: Existence and classification of BH(n, 5) for n < 100.
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1 2 3 4 5 6 7 8 9 10 11 12
1 1 1 2 0 4 2 36 17 34 0 8703
13 4 15 16 17 18 19 20 21 22 23 24
436 16776 0 H 0 B E H B B 0 H
25 26 27r 28029 30 31 32 33 34 35 36
B E E H 0 B E H 0 B 0 H
37 38 39 40 41 42 43 44 45 46 47 48
? B E H 0 B ? H 0 ? 0 H
49 50 51 52 53 54 55 56 57 58 59 60
B E 0 H 0 E 0 H B B 0 H
61 62 63 64 65 66 67 68 69 70 71 72
? E E H 0 B ? H 0 B 0 H
73 4 7 7% 77T 78 79 80 81 82 83 84
? ? E H 0 B ? H E ? 0 H
85 8 & 8 &8 90 91 92 93 94 95 96
0 ? 0 H 0 E E H E ? 0 H
97 98 99 100 101 102 103 104 105 106 107 108
? E 0 H 0 E ? E 0 ? 0 E

Table 4.5: Existence and classification of BH(n, 6) for n < 108.

Research problem 13. Determine the existence or non-existence of the first open cases in each

table, namely BH(39, 3), BH(70,4), BH(30,5) and BH(37,6).
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Complex Maximal Determinant Matrices

Hadamard’s theorem, Theorem 4.1.1, shows that Hadamard matrices achieve the largest determi-
nant possible among matrices with entries of absolute value 1. In the last chapter, we saw that
for every integer n the Fourier matrix is an Hadamard matrix of order n. However, if we consider
Hadamard matrices with restricted entries, such as real Hadamard matrices, then these do not ex-
ist for certain values of n. In his paper [83], J. J. Hadamard noticed that +1 Hadamard matrices
of order n > 2 can only exist if n is a multiple of 4. This led him to pose the following problem:

Research problem 14 (Hadamard’s maximal determinant problem). Find the maximal value of
the determinant of a £1 matrix of order n, for all n > 1.

Similar to real Hadamard matrices, BH(n, m) matrices do not exist for all values of n. This may
happen because there are no vanishing sums of m-th roots at order n, or for more subtle reasons
as Theorem 3.3.3 shows. We propose an extension of Hadamard’s maximal determinant problem
to the class of matrices with entries over the m-th roots of unity.

Research problem 15. For an integer n > 1, find the maximal absolute value of the determinant
of a matrix of order n with entries in the set pu,, of m-th roots of unity.

In this chapter, we will study general upper and lower bounds for matrices with entries in the
m-th roots. We will show that there are interesting similarities between the £1 problem and
the cases when m = 3,4 or 6. The case m = 4 was first studied by J.H.E Cohn in [48], where
he showed that using the Turyn morphism, Theorem 4.4.1 one can “lift” certain +1 maximal
determinant matrices to maximal determinant matrices with entries in pys. We use this to show
that Spence’s family of +1 maximal determinant matrices [153] yields a, previously unknown,
family of maximal determinant matrices over the fourth roots. We also find sporadic examples
computationally.

Among the cases m = 3,4, and 6, we consider m = 3 to be the most interesting and challenging
case, so we devote more attention to it. In particular, we find a determinantal lower bound at
orders n = 2 (mod 3) using cyclotomy, and we find several examples of small maximal determinant
matrices. In the case m = 6, there is much evidence to believe that the only obstruction to the
existence of BH(n, 6) matrices is the condition of Theorem 3.3.3. So most of the interesting results
on maximal determinant matrices over the sixth roots have been discussed in Chapter 4, and in
[162]. Because of the existence of the morphism of Theorem 4.4.2, a more interesting problem that
we propose is the following
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5 - Complex Maximal Determinant Matrices

Research problem 16. For all integers n > 1, determine the maximal value of the determinant
of a matrix with entries in the set {+w, +w?}, where w is a primitive third-root of unity.

Throughout this chapter, we will denote the value of the Hadamard bound as
h(n) = n"/2.

The maximal absolute value of the determinant of an n X n matrix with entries in
tm = {1,Cm, €2, ..., ¢} will be denoted by v,,(n). When m = 2, we abbreviate v(n) := yo(n).

5.1 Hadamard’s maximal determinant problem

Recall that Hadamard’s determinant bound, Theorem 4.1.1, states that for a square matrix M of
order n with complex entries of modulus 1,

| det M| < n™2.

Furthermore, M meets Hadamard’s bound with equality if and only if M M* = nl,, i.e. if and only
if M is an Hadamard matrix. In Lemma 4.2.1 we showed that a BH(n, p) can only exist whenever
p | n. So, if a real Hadamard matrix of order n exists, then n must be even. More strongly, we
have the following

Lemma 5.1.1 (cf. Hadamard, [83]). If there is a real Hadamard matrix of order n > 2, then 4 | n.

Proof. Suppose that there is an Hadamard matrix H of order n > 2, then H has at least 3 mutually
orthogonal rows, and up to monomial equivalence (Definition 4.2.2), we may assume that the first
three rows of H are

1 101 1 1 1 1 1
1 .11 1 — - — —
1 N -1 ... 1 — —
—_——— —— Y NY——

Taking pairwise inner products, we find

a+b+c+d=n
a+b—c—d=0
a—b+c—d=0"
a—b—c+d=0

Solving this linear system of equations, one finds the unique solution
a=b=c=d=n/4.
And since a, b, c and d are integers, it follows that n must be divisible by 4. O
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5.1 - Hadamard’s maximal determinant problem

In view of this result, Hadamard posed the maximal determinant problem in his paper [83].
Hadamard’s maximal determinant problem has been well-studied, partly due to the application of
maximal determinant matrices in statistics, where they are known as D-optimal designs. Currently
we have at our disposal strengthened upper and lower bounds for the determinant, infinite families
of maximal determinant matrices, and computational results for matrices of small order. Here we
give a summary of results for maximal determinant matrices of order n, split into the different
congruence classes of n modulo 4. For additional details, we refer the reader to the recent survey
on Hadamard’s maximal determinant problem [28].

5.1.1 Real Hadamard matrices
Let n > 2 be an integer such that n =0 (mod 4). Then a £1 matrix M satifies
| det(M)| < n™?,

with equality if and only if M is real Hadamard. No counterexamples to the existence of a real
Hadamard matrix have been found, and there is a strong reason to believe that real Hadamard
matrices exist at all orders n = 4m. For example, Seberry [169] and Craigen [55] obtained the
following asymptotic existence results for real Hadamard matrices:

Theorem 5.1.1 (Seberry, Theorem 17 [169], 1975). If m > 3 is an integer, then there exists an
Hadamard matriz of order 2'm, where t = [2logy(m — 3)].

Theorem 5.1.2 (Craigen, Theorem 9 [55], 1993). If m is an odd positive integer, then there is an
Hadamard matriz of order 2'm, where t = 4[¢log,((m —1)/2)] + 2.

In particular, these results show that the existence of real Hadamard matrices of order 2'm, where m
is any given odd number, is settled for all but finitely many values of t. Furthermore, several infinite
families of real Hadamard matrices have been found, we summarise some of these constructions
below:

1. 2! for ¢ > 0 [159].

2. ¢+ 1 where ¢ =3 (mod 4) is a prime power [135].

3. 2(¢+ 1) where ¢ =1 (mod 4) is a prime power [135].

4. p(p+2) + 1, where p and p + 2 are twin primes, see [154], and Example 2.1.1 (3) in [90].

The smallest undecided order for the existence of a real Hadamard matrix is n = 668, [108]. For
more information on real Hadamard matrices see [90].

5.1.2 Barba matrices

Let n be an odd integer. Then a +1 matrix M of order n cannot meet the Hadamard bound. In
[11], Guido Barba found a strengthened upper bound for odd order +1 matrices

Theorem 5.1.3 (Barba, [11]). Let n be an odd and M a +1 matriz of order n. Then
| det(M)| < v2n — 1(n —1)"Y/2,

Furthermore M meets the bound with equality if and only if M is monomially equivalent to a matriz
B such that
BB = (n—1)I, + J,.
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Suppose M meets the Barba bound with equality, then det(M) is an integer and this implies that
2n — 1 is a square.

Lemma 5.1.2. Let n be an odd integer. Then 2n — 1 is a perfect square if and only if n is the
sum of two consecutive squares.

Proof. Suppose that 2n — 1 = k? for some integer k. Then k is odd, then k* = 1 (mod 4) and
there is an integer m such that 2n — 1 = k* = 4m + 1, and thus 4m = k* — 1 = (k + 1)(k — 1).
There is an integer t such that 2t = k + 1 and 2(t — 1) = k — 1. This implies that m = ¢(t — 1),
and substituting into n = 2m + 1 we find

n=2"—2t+1
=+ (-2t +1)
=>4+ (t—1)%
Conversely, if n = t* + (t — 1)? for some integer ¢, then 2n — 1 =4t — 4t + 1 = (2t — 1)2. O
Corollary 5.1.1. If a +£1 matrix M of odd order n meets the Barba bound with equality, then n

is a sum of consecutive squares, and in particular n = 1 (mod 4).

Proof. If B meets the Barba bound with equality, then 2n—1 is a perfect square, which by Lemma
5.1.2 implies that n =t* + (t — 1) = 4> — 4t + 1 =1 (mod 4). O

Definition 5.1.1. A matrix B of order n, with entries of modulus 1, is called a Barba matriz if
and only if
BB* = (n— 1)1, + J,.

In the real case, every Barba matrix is maximal determinant. In the following section we will show
that complex Barba matrices are maximal determinant only over the third and fourth roots of unity.

With an argument inspired by the paper [37] by Chan and Godsil, we can show that real Barba
matrices are equivalent to certain symmetric designs.

Theorem 5.1.4. Let B be a +1 matriz of order v with constant row-sum. Then B is a Barba
matriz if and only if N = (J,+ B)/2 is the (0, 1)-incidence matriz of a symmetric 2-(v, k, k— (v —
1)/4) design.

Proof. Suppose that B has constant row-sum, say p. Then, the matrix N also has constant row-
sum, since

ONJ, = (J, + B)J, = (v + p)J.

We may then write NJ, = kJ, = N7.J,, where k = (v+ p)/2 € Z. Now, assume that B is a Barba
matrix, then BBT = (v — 1)[, + J,. On the other hand, since B = 2N — J,, we have

(v—1)1I,+J,=BBT=4NNT —2(NJ,)T —2NJ, + vJ,
=4ANNT — (4k — v)J,.
Dividing by 4 and rearranging terms we find that

v—1
N
(e-221),

Since N is a square (0,1) matrix of order v, this implies that N is the incidence matrix of a
(v, k, k—(v—1)/4) design. Conversely, if N is the incidence matrix of a symmetric (v, k, k—(v—1)/4)
design, then a straightforward calculation shows that B = 2N — J, is a real Barba matrix. [

nyT=Y1
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Corollary 5.1.2. There exists a real Barba matrix of order v if and only if there exists a symmetric
2-(v, k, A) design, with A =k — (v —1)/4.

Proof. By Theorem 5.1.3, if there is a Barba matrix M, then M is monomially equivalent to a
normal Barba matrix B, see Theorem 18 in [28]. Therefore by associativity

B(BB") = B(B'B) = (BB")B.

Since BBT = (n — 1)I,, + J,,, then B commutes with J,, and this implies that B has constant row
sum. By Theorem 5.1.4, the existence of B implies the existence of a symmetric 2-(v, k, k—(v—1)/4)
design. The converse is immediate from Theorem 5.1.4. O

Remark. In Theorem 5.2.10, we will show that Barba matrices are monomially-equivalent to
normal constant row sum Barba matrices also in the complex case.

The following lemma characterises the parameters of designs satisfying the condition above, and
will help us identify an infinite family of designs satisfying the conditions of Corollary 5.1.2.

Lemma 5.1.3. Suppose that (v, k, A), with A\ = k — (v —1)/4, are the parameters of a symmetric
2-(v, k, \) design. Then there is an integer ¢ such that (v, k, \) = (£*+ (t+1)%,¢2, (3)), or (v, k, \) =
(+ (=12 ()

Proof. Since k > 0 is a natural number, there is a positive real number ¢t € R such that k = ¢2.
By assumption, we have that 4\ = 4k — (v — 1) = 4> — z, where z := v — 1. Because (v, k, \)
are the parameters of a 2-design, we have by Lemma 2.1.2 that (v — 1)\ = k(k — 1). Therefore,
4o\ = 4k(k — 1) = 4t*(t* — 1). Now, substituting 4\ = 4¢* — x we find

2® —AtPx + 482 (1 - 1) = 0,

This quadratic equation on z has two solutions, namely x = 2t? & 2¢, which implies that v =
x+1=1t>+ (t+1)% Also note that 2\ = 2k — £ = > F ¢, and this implies A = (}) or A = ("}})
respectively. It just remains to be shown that ¢ is an integer: We know that t?> = k is an integer,
and since \ is an integer, then t? Ft = 2\ € Z. But since t? € Z, this implies that t € Z. O
Conversely, if (v,k,\) = (2 + (t + 1)%,2,(5)) or (v,k,A) = (> + (t — 1)%, ¢, ("}')), then X =
k — (v —1)/4. The only known infinite family of +1 Barba matrices was found by Neubauer and
Radcliffe in [126], here they construct matrices at orders ¢ + (¢ — 1)? where ¢ is a prime power.
Using a family of designs attributed to R.M. Wilson, and constructed by Brouwer in [26], we can
give a simplified proof of the existence of such Barba matrices.

Theorem 5.1.5 (Wilson - Brouwer [26]). Let g be an odd prime power, and h > 0 an integer.
Then, there exists a symmetric 2-(v, k, \) design with

v=2(¢"+¢" )+ 1

k=q" and
1
A==¢""q-1).
50 (=1

Theorem 5.1.6 (cf. Neubauer - Radcliffe [126]). For every odd prime power q, there exists a £1
Barba matriz of order ¢* + (¢ + 1)%.
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Proof. Letting h = 2 in Theorem 5.1.5 one finds the existence of a 2-(¢*> + (¢ + 1)2, ¢°, (g))—design,
say D. Denoting v = ¢+ (¢+1)%, k = ¢*> and A = ({), it is easy to see that A = k— (v —1)/4. Let
N be the incidence matrix of D. Then, by Theorem 5.1.4, the matrix B = 2N — J,, is a Barba
matrix. O

When n = 1 (mod 4) is not a sum of consecutive squares, the Barba bound cannot be met. In
this case, computational methods are required to guarantee the maximality of the determinant of
a candidate matrix, see for example [123].

5.1.3 Ehlich-Wojtas matrices

If for n > 2, n = 2 (mod 4), then a +1 matrix of order n cannot achieve either the Hadamard
bound nor the Barba bound. In this case there is a strengthened determinant upper bound which
was obtained independently by Wojtas [175], and Ehlich [73].

Theorem 5.1.7 (Ehlich - Wojtas, [73, 175]). Let M be a +1 matriz of order n = 2 (mod 4).
Then,
det(M) < (2n — 2)(n — 2)"=2/2,

Furthermore, M achieves the bound if and only if M is monomially equivalent to a matrix W such
that

n—2)1l2+ 2Jy2 | 0 }
0 | (n—2) L2 + 2J, 2

Definition 5.1.2. A +1 matrix W of order n is called an Ehlich-Wojtas matriz, or EW matrix if
and only if

WWT:{(

n—2)1ys+2Jy | 0 }
0 | (n—2) L2 + 2J)2

WWT = { (
The following terminology is due to J. H. E. Cohn [47].
Definition 5.1.3. A block-matrix M of the type

M:{A 3]7

-B A

is called skew.

Theorem 5.1.8 (Theorem 18, [28]). If M is a £1 matriz of order n meeting the bound of Theorem
5.1.7 with equality, then 2n — 2 is the sum of two squares.

The existence of skew EW matrices is particularly interesting, since in Section 5.4 we will show that
they can be used to construct maximal determinant matrices over the fourth roots. We present
here two constructions of skew EW matrices, and note that to the best of our knowledge these are
the only two known infinite families.

Lemma 5.1.4. Let B be a Barba matrix of order n, then the matrix

BB}
—B BJ’

W= [
is a skew EW matrix of order 2n.
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Proof. This follows from a direct computation of WWT by blocks, using the fact that BBT =
(n—11I, + Jy,. O

Corollary 5.1.3. There is an EW matrix of order 2(¢* + (¢ + 1)?) for every odd prime power g.

Proof. By Theorem 5.1.6, there exists a =1 Barba matrix B of order ¢*> + (¢ + 1)? for every odd
prime power ¢ . Apply the construction of Lemma 5.1.4 to B. O

Following an argument of Koukouvinos, Kounias, and Seberry [110], we can use a result of Spence
[153], to obtain a construction for EW matrices.

Lemma 5.1.5 (Koukouvinos - Kounias - Seberry, [110]). Let n = 1 (mod 4), and let R and S
be two commuting matrices with entries £1 such that RRT 4+ SST = (2n — 2)1,, + 2J,,. Then, the
matrix

W =

R S
ST RT

is an EW matrix of order 2n.

Proof. Using the fact that RS = SR, and RRT + SST = (2n — 2)I,, + 2.J,,, direct computation of
WWT by rows shows that

O

T — | BRT+SST RS+ SR} B [(Qn — ), +2J, 0

—STRT+ RTST RRT + SST 0 (2n — 2)1,, + 2, °

Spence’s Theorem will give us a pair of matrices R and .S for the construction above. To state it,
we introduce a bit of terminology.

Definition 5.1.4 (cf. Marshall Hall [84]). A projective plane P of order n is called cyclic if P
admits an automorphism o of order n? + n + 1 acting transitively on the points of P.

Let 7, be the n X n permutation matrix given by the permutation (1,2,...,n). In terms of the
Kronecker delta, m, can be written as [m,];; = d; j_1, where the indices are interpreted modulo n.
For example,

010
Ty = 0 01
100

In the physics literature, the matrix 7, is sometimes called the shift matriz. A closely related
matrix is the clock matriz A,, = diag(1,¢,,...,¢" ). Both matrices are related by the following
well-known lemma

Lemma 5.1.6 (cf. Theorem 3.2.1 [57]). Let F,, be the Fourier matrix of order n, then
. F, = F,\,.

Proof. Conceptually, this is a consequence of the fact that m, is the regular representation of the
cyclic group C,,, and A,, is the direct sum of all irreducible representations of C,,. Since F,, is the
character table of C),, then the identity holds. It is also straightforward to check the identity Fi,
directly using the fact that [F,];; = (Y. O
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5 - Complex Maximal Determinant Matrices

Definition 5.1.5. A matrix A of order n is called circulant if and only if

for some scalars ag, ay,...,a, 1.

For example, a generic 3 x 3 circulant matrix has the shape

Qp ai Qaz

2
A= a[)[g + a7y + AaTg = (A2 Qo Q1
ap a2 Qo

Clearly, any pair of circulant matrices A and B of the same order commute with each other. This
is because both A and B are expressed as polynomials on the matrix 7. Notice that by Lemma
5.1.6, all circulant matrices are simultaneously diagonalisable by the Fourier matrix F,.

Theorem 5.1.9 (Spence, [153]). If there exists a cyclic projective plane of order n?, then there
exist two &1 matrices R and S, both circulant and of order n®> +mn + 1, such that

RRT + SST = (2n* + 2n) L2 ny1 + 2002 4ms1.

Theorem 5.1.10 (Singer, cf. Theorem 8.1. [122]). For every prime power q, the Desarguesian
projective plane of order q is cyclic.

From this, the following construction of EW matrices follows easily.

Theorem 5.1.11 (Koukouvinos - Kounias - Seberry, [110]). For every prime power q, there exists
an EW matriz of order 2(¢*> + q + 1).

Proof. Let q be a prime power. By Singer’s Theorem (Theorem 5.1.10), the projective plane of
order ¢? is cyclic. Therefore, Spence’s construction, Theorem 5.1.9 implies that there exists a pair
of circulant matrices R and S, such that

RRT 4 SST = (2¢* +29) L2 11 + 22111
Since any pair of circulant matrices of the same order commute with each other, Theorem 5.1.11
implies that

W:{R sy

_ST RT
1s an EW matrix. O

We conclude this section by showing that the EW matrices of Lemma 5.1.5 are monomially equiv-
alent to skew EW matrices.

Lemma 5.1.7 (cf. Cohn, [47]). Let P be the back-diagonal matrix of order n, i.e. P;j = 0py1-i ;.
If R and S are circulant matrices of order n, then

o ol Us mllo 2]

is a skew matrix.
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5.1 - Hadamard’s maximal determinant problem

Proof. Direct computation shows that
[P O][R S}[P 0}_[PRP PS}
0 I,J|-ST R0 I,] |-STP RT
It suffices show that PRP = RT and PS = STP, whenever R and S are circulant. We show that
Pr, = wTP. On the one hand, we have that

Pﬂ-nz E szﬂ-n E 5n+1 ’Lkék-‘rl]: n+1—i,j—1-

On the other hand,

[Wﬁp]ij = Z[ﬂ'n]k,ipkj = Z(Sk+1,i5n+17k,j = 5n+17i+1,j-
k

k

Since 0y41—i+1,; = On+1-ij—1, this implies that P, = 7] P. Therefore PS = STP, and PR = R"P.
Now, since P? = I,,, it follows that PRP = RT. O

Corollary 5.1.4. For every prime power g, there is a skew EW matrix of order 2(¢*> + ¢ + 1).

Proof. By Theorem 5.1.11 there is an EW matrix, say M, of order 2(¢*> + ¢ + 1), and M has the
following structure

R S
wo| B8]
Let X be the permutation matrix given by

P 0

X"% Jy

where P is the back-diagonal matrix of order n. We have by Lemma 5.1.7, that W = XM X is a
+1 skew matrix. Computing the Gram matrix of W we find that

WWT = X(MMT)X
-[o A5 &[5 7

:{PGP 0}

0 Gl

where G = (2¢* + 2¢)I2 411 + 2J244+1. Now, since G is a circulant matrix, it follows from the
proof of Lemma 5.1.7 that PGP = GT = G. Therefore, W is a skew EW matrix. O]

5.1.4 Ehlich matrices

As we saw in Lemma 5.1.2, the Barba bound cannot be met unless n =1 (mod 4). In [72], Ehlich
found a sharper upper bound for the determinant of a +1 matrix of order n =3 (mod 4).

Theorem 5.1.12 (Ehlich, cf. Satz 3.3. [72]). Let n > 63 be an integer with n =3 (mod 4). Then
a +1 matriz of order n satisfies

4-11°

[des(M) < =

n(n —1)%n —3)"7,
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5 - Complex Maximal Determinant Matrices

Equality is achieved in the bound if and only if n = Tm, and
MMT™ = D(m),
where D(m) := ((Tm — 3) 1, + 4J,) @ I7 — J7pm.

In all other congruence classes above, we saw that the general upper bounds obtained are always
achievable, and hence they cannot be improved. This is unclear for Ehlich’s bound in the case
n =3 (mod 4), as there are no known examples of matrices meeting the bound with equality for
n > 3. Recall also that in Section 2.4 we proved Tamura’s result [163], showing that the smallest
order at which this bound could be attained is n = 511. This makes the case n = 3 (mod 4)
significantly more challenging.

We give a high-level picture of the analysis of Ehlich, for more details the reader can consult Section

6 of [28], or the original paper by Ehlich [72]. The proof strategy for Ehlich’s bound consists in an
analysis of the determinant of matrices in the set of m x m matrices:

Coo ={M : my=n, my; =3 (mod 4), |my;| <n},
where n is a fixed positive integer. In particular, Ehlich studies the matrices C;, for which
det C7) = max{det M : M € C,,}.

The reason for this is that given a matrix A of order n = 3 (mod 4) with entries in 1, we have
that AAT € C,. And so, the determining the value of det C? gives us an upper bound for the
determinant of A.

The first key result that Ehlich shows is the following:

Proposition 5.1.1 (Ehlich, Satz 2.2. [72]). Let C}, € C,, be a matrix achieving the maximal
determinant among all matrices in C,,. Then, the off-diagonal entries of C};, belong to the set
{—1,+3}.

It is enough then to understand the position of the elements 3 and —1 along the matrices C, to
give a general upper bound.

Definition 5.1.6. A matrix M in C,, has an Fhlich block of length r if up to a symmetric
permutation of rows and columns, there is an index a such that

mi; =3 fori#j, andi,j€{a+1,...,a+7r}
mij=—1 foric{a+1,...;a+7}, andj&{a+1,...,a+7}

In other words, if M has an Ehlich block of length r, then M is can be symmetrically rearranged
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5.1 - Hadamard’s maximal determinant problem

into the matrix

~1 -1 —1
* : *
~1 -1 ... -1
1 ... =1l n 3 ... 3]-1 ... =1
* —Jar * 1 ... =113 mn ... 3 |-1 .. -1
_Jr,a (n_3)lr+3<]r _Jr,m—(a-l—r) = .
* Jm—a )T * :
(at), 1 103 3 ... nl-1 1
1 -1 ... -1
*k N . N *
i “1 -1 ... -1 |

A matrix M is an Ehlich block matriz if and only if M is equivalent to a matrix consisting only of
Ehlich blocks, by a series of symmetric row/column permutations.

Notice that Ehlich block matrices of order n are indexed by partitions of n. That is, for any
partition of the number n one obtains a unique Ehlich block matrix up to symmetric row/column
permutations.

Proposition 5.1.2 (Ehlich, Satz 2.3. [72]). Let C}, € C,, be a matrix achieving the maximal
determinant among all matrices in the set C,,. Then C}, is an Ehlich block matrix.

This shows, that to give an upper bound for the determinant of the matrices C7, it is sufficient to
find the maximum value of the determinant of an Ehlich block matrix among all possible partitions
of n. For this purpose, Ehlich provides the following useful computation

Lemma 5.1.8 (Ehlich, Satz 3.1 [72]). Let M be a n m x m Ehlich block matrix with s blocks of
length r;, e =1,...,s, so that ry +ry 4+ -+ 4+ 7y = m. Then,

det(M) = (n—3)" [ [(n — 3+ 4r;) (1 -y m) .

i=1 1=

Setting m = n, Ehlich finds the optimal values of s and r; so that the determinant in the lemma
above is maximised. From here, Ehlich’s bound in Theorem 5.1.12 follows.

5.1.5 Small real maximal determinant matrices

We conclude this section with a summary of Hadamard’s maximal determinant problem at small
orders. William Orrick’s website [131] contains a database on Hadamard’s maximal determinant
problem. In particular, it includes all the known maximal determinant matrices, and record lower
bounds of the determinant for matrices of order n < 120, prior to 2012. To the best of our
knowledge the only new maximal determinant matrix, not present in Orrick’s website, is a matrix
of order n = 22 proved to be maximal by Chasiotis, Kounias, and Farmakis [39, 40]. The following
table is taken from [131], with the confirmed value of the maximal determinant at order n = 22.
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5 - Complex Maximal Determinant Matrices

n det/2"' R n det/2! R ||ln det/2! R || n  det/2"! R
1 1 1 2 1 1 3 1 1
4 2 x 1! 1 5) 3 x 1t 1 6 5x 1t 1 7 9 x 11 98
8 4 x 23 119 7 x 23 .85 || 10 18 x 23 1 11 40 x 23 94
12 6x3° 11 13 15 x 3° 1 | 14 39 x 3° 1 ]| 15 105 x 3° 97
16 8x47 1 17 20 x 47 87 18 68 x 47 1919 833 x 49 98
20 10x5% 121 29 x 5° 91 || 22 100 x 5° 95 || 23 42411 x 5577 .93
24 12x6% 125 42 x 6! 1 26 150 x 6 1 27 546 x 617?97
28 14 x 78 129 320 x 7177 87130 203 x 7' 1 31 784 x 7?7 94
32 16 x8Y 1|33 441 x 81?7 85| 34 256 x 81977 97 || 35 1064 x 877 .94
36 18 x 97 137 72x09Y 94 || 38 333 x 917 1 || 39 1440 x 91777 .95

Table 5.1: The status of Hadamard’s maximal determinant problem for n < 40.

In each column, the reader can find listed
1. The order n.
2. The value of the maximal determinant of a £1 matrix of order n, divided by 2"~ 1.

3. The ratio of the maximal determinant at order n to the corresponding bound in its congruence
class. Namely, the Hadamard bound for n = 0 (mod 4), the Barba bound forn =1 (mod 4),
the Ehlich-Wojtas bound for n =2 (mod 4), and the Ehlich bound for n = 3 (mod 4).

The symbol 77" is used to indicate that there is no proof yet that the value given is maximal. For
the particular matrices attaining these values of the determinant, see [131].

5.2 General upper and lower determinantal bounds

We turn now to more general results for matrices with entries in p,, = {1, ¢, ..., 71

In this section we will study general upper and lower bounds for the determinant of a matrix
with entries in the set pu,, of m-th roots of unity. For this, we give a brief account of results
on determinant theory. For the history of determinant theory the reader can consult Muir’s
four-volume treatise [124]. The survey [28] contains accessible proofs of some of the determinant
bounds presented. Krattenthaller’s paper [111] discusses an interesting series of techniques to
evaluate determinants.

5.2.1 The generalised Barba bound

Theorem 5.2.1 (Muir-Kelvin bound, Theorem 7.8.1 [91]). Let G be an n x n positive-definite
matriz. Then

=1

Furthermore, G meets the bound with equality if and only if G is diagonal.
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5.2 - General upper and lower determinantal bounds

Proof. G is positive-definite then letting e; be the i-th canonical basis vector, g; = efGe; > 0, so
its diagonal entries g; must be real and positive. Let A = diag(\/g11, /922, - - - /Gnn), and let

C=A"'GA™.

Then C' is also Hermitian and positive definite, and tr(C) = n. Let A;,..., A\, be the eigenvalues
of C'. Then by the inequality of arithmetic and geometric means

det(C) =M. .\, < (M> — (1 tr(C’)) —1.
n n

Thus
det(G) = det(A)? det(C) < det(A)* = g119922 - - - G-

Finally, notice that equality in the arithmetic-geometric mean inequality happens if and only if all
A;’s are equal, i.e. when C' = [,,. This in turn implies that equality in the bound occurs if and
only if G is diagonal. O]

From this result, Hadamard’s determinant bound follows easily: Let M be a matrix with entries
of modulus 1, then for the Gram matrix G = M M* the diagonal entries are g;; = n. Hadamard’s
inequality then implies that

| det(H)[? = det(HH") = det(G) < [ [ g = n".
i=1
And equality holds if and only if G is diagonal, which implies HH* = G = nl,.

When Hadamard’s bound cannot be achieved, we saw in the +1 case that the Barba bound,
Theorem 5.2.3, is sharper. Here we adapt a matrix-theoretic proof of the Barba bound due to
Wojtas [175], and extend it to complex matrices. We show that this bound applies in the same
form of Theorem 5.2.3 to matrices with entries in p,, if and only if m = 2, 3,4 or 6. This generalised
bound had previously been obtained in the case m = 4 by J.H.E Cohn with analytical methods.
However, we state it here for the first time for m arbitrary. For Cohn’s analytic approach we refer
the reader to Cohn’s papers [46, 48].

Proposition 5.2.1 (cf. [175, 28]). Let B an Hermitian positive-definite matrix of the following
form

m g2 ... Gik b1_
gia m ... g by
B=: : :
ik Gop - m by
| b7 05 ... by b

If0 < b < |b for all 1 <4 < k, then det(B) < b(m — b)*. Furthermore, B achieves this bound
with equality if and only if |b;| = b and g;; = b;bj /.

Proof. A series of simultaneous (Hermitian) elementary row and column operations shows that the
matrix B is equivalent to

_m—|b1|2/b 912_b1b;/b glk—blb};/b O-
B = : : .. : :
g1 — bebi /b gy — b5 /b m—]bk|2/b 0
0 0 0 b
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5 - Complex Maximal Determinant Matrices

Let D be the k x k principal submatrix of B’ then det(B) = bdet(D). By Sylvester’s criterion,
Theorem 1.1.2; the matrix D is Hermitian and positive-definite, so we can apply the Muir-Kelvin
bound (Theorem 5.2.1) to D to obtain

det(B) = bdet(D bH ( ) < bH — |bi|) < b(m — b)~.
The first inequality is an equality if and only if D is diagonal, i.e. gi; = b;b}/b for all 4, j, and the

last inequality is an equality if and only if |b;| = b for all i. O

Theorem 5.2.2 (cf. [175, 28]). Let G be an n xn Hermitian positive-definite matriz, with diagonal
entries m. If b is a positive real number such that b < |g;;| for all off-diagonal entries g;;. Then

det G < (m+ (n — 1)b)(m — b)"*.

Proof. We prove the result by induction. For the base case n = 2 we have that

det {m iﬂ =m® — |gia]* <m* —b* = (m + b)(m — b).

912
Now, let
m g1z ... Jin
ao | e
Bin oy --- M

and assume that the statement is true for all matrices of order n — 1 satisfying the hypotheses. By
linearity of the determinant on the rows of G we have,

m 912 <o Jin—1 g1in m g12 R ¢ . | Jin
912 mo ... G2n-1 92n 91z m.o ... Qan-1 Yo
det G = det : : : : + det : : :
gin—l g;,n—l s m 9nn—1 gin—l gs,n—l s m 9nn—1
Lo 0 ... 0 m-b L9 9 o G D]
A B

If the det(B) > 0, then by Sylvester’s criterion (Theorem 1.1.2) the matrix B is positive-definite,
in which case we can apply Proposition 5.2.1 to obtain

det(G) < (m —b) det(Gp_y) + b(m — b)" 1,

where G,,_; is the (n — 1) x (n — 1) principal submatrix of both G, hence of A as well. If instead
det(B) < 0, then we have

det(G) < (m —b) det(Gp_1) < (m —b)det(G,_1) + b(m —b)"*
Therefore, in any case the induction hypothesis applied to G,,_; implies

det(G) < (m —b) det(Gy—1) + b(m — b)"*
< (m+ (n = 2)b)(m = )"~ +b(m — )"
=(m+(n—1)b)(m—b)",

and this concludes the proof. O
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Corollary 5.2.1. An Hermitian positive-definite matrix G of order n, with g; = n and |g;;| >
b > 0 for all 4 # j satisfies det(G) = (n + (n — 1)b)(n — b)"~! if and only if there is a diagonal
matrix A, with diagonal entries of modulus 1 such that

A*GA = (n —b)I, + bJ,.

Proof. Suppose we have the equality det(G) = (n + (n — 1)b)(n — b)"~!. Then, following the
notation of the proof of Theorem 5.2.2, we must have the equality det B = b(m — b)"~ 1. Tt follows
from Proposition 5.2.1 that [gi,| = b for 1 < i < n, and gy = gingj,/b for 1 < 4,5 < n — 1.
Since |gin]* = ging, = b?, letting A = diag(gin/b, ..., gn-1n/b,1), we have that G’ = A*GA
satisfies gl’m = b for 1 <7 <n — 1. Furthermore, the non-zero entries of A have modulus 1, which
implies that det(G’) = det(G), and that |gj;| = |[b]. Now apply Proposition 5.2.1 to G’ to find:

9i; = 9in(gn)" /b =1b%/b = b for all i # j, so
A*GA = G' = (n— b)I, + bJ,.
Conversely, if A*GA = (n — b)I,, + bJ,, then
det(G) = det((n — b)I,, + bJ,) = (n+ (n — 1)b)(n — b)" . O

Definition 5.2.1. The m-th minimal root-sum of order n, o,,(n) is defined as follows

n

> ¢

=1

om(n) = min {

ca; €{0,...,m— 1}, forlgign},

in other words, o,,(n) is the minimal absolute value of the sum of the elements of an n-subset of
the set u,, of m-th roots of unity.

Example 5.2.1. For m = 5, the values of g5(n) can become arbitrarily small. For example, letting
¢ = e*™/ we have that

1
|§5+C§| =
¥

where ¢ = %5 is the golden ratio. Notice that by the binomial theorem, the element ({5 + ¢2)"
can be interpreted as a sum of 2" fifth roots of unity. Therefore o5(2") < 1/¢™.

Theorem 5.2.3 (cf. Barba, [11]). Let M be an n x n matriz with entries in the set p,, of m-th
roots of unity. Suppose that the m-th minimal root-sum o,,(n) is positive. Then,

| det M| < \/(n + (n = 1)om(n))(n — apn(n) Y72,

Furthermore there is equality in the bound if and only if there exists a diagonal matriz A with
non-zero entries of modulus 1, such that B = A*M satisfies BB* = (n — o, (n)) 1, + opm(n)J,.

Proof. Let G = MM*, then GG is Hermitian positive-definite. Since every entry of M has modulus
1, the diagonal entries of GG are all n. Furthermore, since ., is closed under multiplication, we
have that the off-diagonal entries g;; are sums of m-th roots of unity. Therefore, by definition
|gi;| > om(n) for i # j. We can then apply Theorem 5.2.2 to G to obtain,

|det(M)]* = det(MM*) = (n+ (n — 1)op(n))(n — a,(n)" L.
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Hence, taking square-roots the result follows. By Corollary 5.2.1, we have that M meets the bound
with equality if and only if there is a diagonal matrix A with non-zero entries of modulus 1 such
that

A (MM*A = (n+ (n—1D)o,(n))(n — an(n))" .

Therefore, the matrix B = A*M is as required. O]

Remark 5.2.1. The reader may have noticed that in Theorem 5.2.3, when we talk about the
existence of a matrix B with entries of modulus 1 satisfying

BB* = (n — omn(n)) L + om(n)Ju,

we never say that B is monomially equivalent to M, see Definition 4.2.2. The reason for this is
that the entries of the diagonal matrix A are not necessarily m-th roots of unity, so the matrix B
is not guaranteed to have entries in p,,. Every non-zero entry of A is of the type a/o,,(n), where
a is a sum of n m-th roots of unity satisfying |a| = 0,,(n). Even assuming that there is a sum
of n roots of unity, say b, whose value is exactly o,,(n), the element a/c,,(n) = a/b can only be
guaranteed to belong to Q[(,,], i.e. it is not necessarily an algebraic integer.

We would like to have a characterisation for complex Barba matrices in terms of their Gram
matrix up to monomial equivalence, similar to the real case in Theorem 5.2.3. To find such
a characterisation will require a bit of number theory and some technicality. This effort is
worthwhile, since without a canonical form for Barba matrices a theoretical study of existence
and non-existence becomes much harder.

We show that whenever ,,(n) = 1, the issue in Remark 5.2.1 does not arise. We saw this already
when m = 2 and n is odd, since clearly all odd sums of elements +1 have absolute value at least
1. Recall the following result of Kronecker.

Theorem 5.2.4 (Kronecker, cf. [82]). Let f be an irreducible monic polynomial with integer
coefficients. Assume that all roots of f have modulus 1. Then all roots of f are roots of unity.

Proof. We follow an elementary, matrix-theoretic proof due to Greiter, see [82]. Let f(z) =
2"+ ap_1 2" + - + a17 + ap be an irreducible monic polynomial with integer coefficients. Let

00 ... 0 —ag

1 0 ... 0 —aq
A= 01 0 —as2 ,

_O 0 ... 1 —an_l_

be the companion matrix of f. By elementary row operations in the determinant det(zl — A),
it is easy to check that the characteristic polynomial of A is f. Furthermore, the matrix A is
diagonalisable as a complex matrix, see Theorem 3.3.14 and Corollary 3.3.10 of [91]. Therefore,
there exists a matrix V with complex entries such that A = VDV ™! where D = diag(ay, ..., a,)
and «; are the roots of f. By assumption |a;| = 1 for all <. Denote by |M| the matrix obtained by
applying the absolute value to M entrywise. Then, |D| = I,, which implies |V D| = |V/|. Therefore,
the entries of the matrices in the set

X ={A"=VD'V:teN},
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are bounded. Since X is a subset of the set Mat,,(Z) of matrices with integer coefficients, it follows
that X is a finite set. But then there are s, € N such that A* = A" this implies D = D'™* and
then o =1 for all 1. O

Corollary 5.2.2. If « € Z[(,,] has modulus 1, then « is an m-th root of unity if m is even, or a
2m-~th root of unity if m is odd.

Proof. Since o € Z|[(,,], then « is an algebraic integer, i.e. « is a root of an irreducible monic
polynomial f with integer coefficients. Let G = Gal(Q[(n]/Q), then f(T) = [, cq(T" — o(a)).
Since the Galois group G is cyclic, all Galois automorphisms commute with complex conjugation.
Let 7 € G be the Galois automorphism induced by complex conjugation. Then for all o € G

o7 = (a7)(a”)" = (a”)(a")7 = (aa")” = (Jof*)" = 1.

So we can apply Kronecker’s theorem, Theorem 5.2.4, to f. This implies that « is a root of unity.
Since a € Z[(,], then a = £’ for some 7. This shows that « is an m-th root of unity or a 2m-th
root of unity depending on the parity of m. O

Corollary 5.2.3. Suppose that o,,(n) = 1. If m is even, then for an n X n matrix M with entries
in fi,, |det(M)| meets the Barba bound with equality if and only if M is monomially equivalent
to a matrix B with entries in the m-th roots of unity satisfying

BB* = (n— 1)1, + J,.

Proof. By Theorem 5.2.3, we know that |det(M)| = v/2n — 1(n — 1)"=Y/2 if and only if M =
A*BA, where
BB* = (n— 1)1, + Jy.

The entries of A are furthermore of the type a/o,,(n), where |o| = 0,,(n). By assumption,
om(n) =1, so a € Z|m] satisfies |a| = 1. By Corollary 5.2.2, we have that « is an m-th root of
unity. Therefore, A is a diagonal matrix whose non-zero entries are in p,,. This implies that the
entries of B also belong to . O]

We now characterise the values of m for which o,,(n) =1 or g,,(n) = 0 for all n.

Definition 5.2.2. A discrete subring of C is a subring R of C where every element of R is isolated
with respect to the Euclidean topology of C. Namely, for every x € R there exists a real number
e > 0 such that the ball B.(z) of radius € centred at z satisfies B.(x) N R = {z}.

It is easy to check that R is a discrete subring of C if and only if the distance between any pair of
elements of R is at least 1. We will show that Z[(,,] is a discrete subring if and only if m = 1,2, 3,4
or 6. This shows that for these values of m all sums of roots of unity are either vanishing or of
absolute value at least 1. We will need a few results from the theory of Diophantine approximation,
see Chapter 7 of [2].

Theorem 5.2.5 (Dirichlet’s approximation theorem, Theorem 7.9, [2]). For any real number 6
and any integer N > 0, there exist integers a and b with 0 < b < N such that

1
bo — —.
b6 —al < 1
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Proof. Let {x} = x — [z] be the fractional part of x € R. Consider the set of N + 1 real numbers

X = {0,{6},{26},....{NO}.}

Then, all elements of X lie in the interval I = [0,1). Dividing I into N subintervals of length 1/N,
we have by the pigeonhole principle that there are two elements {rf}, {s6} € X with0 < s <r < N
which are in the same subinterval. Therefore,

{76} — {6} < -

We have that,
{ro} —{sb} = (r — s)8 — ([r8] — [s0]).
Letting b= (r — s) € Z, and a = [rf] — [sf] € Z, we find

|b0 —a| < 1/N, and 0 < b < N. O

Corollary 5.2.4 (cf. Theorem 7.12, [2]). Let w; and we be two complex numbers such that the
ratio wo/wy is real and irrational. Then for every & > 0, there is an element z € wiZ @ weZ with
0<|z] <e.

Proof. Apply Dirichlet’s approximation Theorem to 6 = wy/w; € R—Q, and N > |w;|/e an integer.
Then, for any € > 0, there exist integers a and b such that
1 €
b —a| < — < —.
| <5 o
Multiplying by |w;| we find
|bwy — awy| < €.
Letting z = bwy — aw; € Z[wy, ws], we find that |z| < e. Finally z # 0, since otherwise 6 = a/b,

but 6 is irrational by assumption. ]

Using this corollary, the following theorem follows from a straightforward, although a bit lengthy,
case analysis.

Theorem 5.2.6 (Theorem 7.13. [2]). Let wy,wq, and ws be complex numbers which are linearly
independent over Z. Then, for every € > 0, there is an element z € wiZ & wolZ & w3Z such that
0<|z| <e.

Theorem 5.2.7. Z[(,,] is a discrete subring of C if and only if m =1,2,3,4 or 6.

Proof. If the degree of the field extension Q C Q[(,] is > 3, then Z[(,,] has at least 3 linearly
independent elements over Z. Therefore, Theorem 5.2.6 implies that for every € > 0 there is a
z € Z[(n] with 0 < |z| < e. Hence, 0 is not isolated in Z[(,,]. The cyclotomic extensions of degree
2 are exactly Q[(3] = Q[¢s] and Q[(4], the cyclotomic extensions of degree 1 are Q = Q[¢1] = Q[().
Conversely, it is easy to show that no pair of distinct elements of Z[(,,] is at distance < 1, whenever
m=1,2,3,4 or 6. O

From this, it is easy to check the following:

Corollary 5.2.5. Let 0,,(n) be the minimal sum of m-th roots at order n. Then,
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(i) For m =3, o3(n) =0 if 3| n and o3(n) = 1 otherwise.
(ii) For m =4, o4(n) = 0 if n is even, and o4(n) = 1 otherwise.
(iii) For m =6, og(n) =0 for all n > 1.
We immediately deduce the following generalisation of the Barba bound:

Theorem 5.2.8 (Barba bound over the fourth roots, cf. Cohn [48]). If n is odd, then the deter-
minant of a matriz M with entries in {+1, £i} satisfies

|det M| < v2n — 1(n — 1) D72,

Furthermore, equality is achieved if and only if M is monomially equivalent to a matrix B, with
entries in {£1,+i} such that
BB*=(n—1)I, + J,.

Proof. This follows directly from Corollary 5.2.3, and Corollary 5.2.5. m
With a bit more work, we can show that the Barba bound also holds over the third roots.

Lemma 5.2.1. Let 0 be a sum of third roots of unity of length n, with 3 { n. Suppose |o| = 1,
then

o€ {l,w,w’} ifn=1 (mod 3)

oce{-1,—w, —w?} ifn=2 (mod?3)

Proof. Let (1 — w) be the principal ideal generated by the element 1 —w € Z[w]. Then,
Zw])/(1 —w)~7/37.

Indeed, for a +bw € Z|w] we have a +bw = a+b (mod (1 —w)), since a+b = (a+bw)+b- (1 —w).
Now, (1 —w?)(1-w) =3,s0if a+b=c (mod 3) where ¢ € {0,1,2}, then a+b =r (mod (1 —w))
as well. So each element in Z[w]|/(1 — w) has a unique representative in the set {0, 1,2} which

establishes the isomorphism. Now, we show that 1,w and w? are all congruent to 1 modulo (1 —w).
We have,

1=1 (mod (1—-w)),
w=1+(1-w) - (-1)=1 (mod (1 —-w)), and
W=wt+(l-w - (~w)=w=1 (mod (1—w)).

Since —1 = 2 (mod 3), it follows that —1 =2 (mod (1 — w)), and hence —1, —w, and —w? are all

congruent to 2 modulo (1 — w). The elements 1, w and w? are all congruent to 1, so any sum of
third roots of unity is congruent to its length modulo (1 — w). O

Theorem 5.2.9 (Barba bound over the third roots). Let n > 2 be an integer not divisible by 3,
then the determinant of a matrix M with entries over the third roots {1,w,w?} satisfies

|det M| < v2n — 1(n — 1) D72,

Furthermore, equality is achieved if and only if n =1 (mod 3) and M is monomially equivalent to
a matriz B, with entries in {1,w,w?} such that BB* = (n — 1)1, + J,.
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Proof. Since n is not divisible by 3, we have from Corollary 5.2.5 that o3(n) = 1. Theorem 5.2.2
then implies that a matrix M with entries in 3 satisfies

|det M| < v/2n —1(n — 1)"=D/2,

Let G = MM?*, then the proof of Corollary 5.2.1 shows that letting A = (g1p, ..., gn-1n,1), the
matrix B = A*M satisfies
BB* = (n— 1)1, + Jj.

The elements g;;, 1 < i < j < n are sums of third roots of length n. By Lemma 5.2.1, we have
these elements belong to either {1,w,w?} or {—1, —w, —w?} according to the congruence class of
n modulo 3. But since n > 2, we have that g12 = ¢13953, considering this equation modulo (1 —w)
we find

n=go=gi3gss =n* =1 (mod 3).

So this implies that n = 1 (mod 3), and in particular all elements g;,, 1 <1i < n — 1, are third
roots of unity. This implies that the entries of B are also in {1,w,w?}. O]

Since o¢(n) = 0 for all n > 1, the Barba bound can never be applied for matrices on the sixth
roots. The only obstruction to the existence of BH(n,6) matrices seems to be the determinant
obstruction of Theorem 3.3.3. In fact, in Table 4.5 we can see that this is confirmed for all but 12
orders n < 100.

We conclude this subsection with the following result

Theorem 5.2.10 (cf. Theorem 18 [28], and Theorem 2 [48]). If there is a Barba matriz of order
n, then there is a normal Barba matrix of order n with constant row-sum.

Proof. Let B be a Barba matrix, then by Theorem 5.2.3 there is a monomial matrix ()7 such that
OBB*Q) = (n— 1)L, + J,.

Since |det(B*)| = | det(B)|, then B* is also a Barba matrix, and again there is a -1 monomial
matrix Q2 such that Q:B*BQ% = (n — 1)1, + J,,. Letting N = @, BQ3, we find

NN* = (n—1I, + J, = N*N.

Since (NN*)N = N(N*N), it follows that N commutes J,, i.e. NJ, = J,N so N must have
constant row and column sum. [l

5.2.2 Determinant lower bounds from Bush-type matrices

Proposition 5.2.2. Let H be an Hadamard matrix of order n with constant row sum. Let M be
the following bordered matrix,
[ 1 17 }
M = .

1, H

Then
|det M| > (v/n + 1)n™2.
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Proof. Since H has constant row sum, there exists a complex number s such that H.J, = sJ,.
Taking the conjugate transpose we see that J,H* = s*J,, therefore

s*J,H=J,HH=J,HH" =nJ,.

It follows that J,H = (n/s*)J,, so H also has constant column sum. Therefore by comparing the
row sum and column sum, we find that the excess of H, i.e. the sum of all entries of H has value

n2

ns = —,
S*

and hence ss* = n, which also implies that the column sum of H is s. Using this fact, we can

compute the Gram matrix of M as follows,

. | n+l (144517
MM = {(1 +s)1, nl,+J,]"
Let a = 1+ s, a series of elementary row and column operations implies the following similarity
of matrices,

T * T
nt 1 o1 n—i;l o) olenfl n+1l « 0?71
al nl+J 1= o) n+1 1, 4 -~ no 2n | 0,_,
" " a*ln—l ]-n—l ‘ nIn—l + Jn—l a]-n—l ]-n—l ‘ n]n—l

Taking determinants, and using the fact that |a|*> = aa* =n + 1 + 2Re(s), we find
|det(M)]* = (2(n+ 1) — |a]*)n" = (n + 1 — 2Re(s))n".
From the fact that Re(s) < /n, it follows that
|det(M)|* > (n+1—2vn)n" = (Vn +1)*n",
and taking square-roots the result follows. O

Remark 5.2.2. From the proof in Proposition 5.2.2, we also find that if n is the order of a
BH(n,m) with constant row-sum, then

n = ss",
for some s € Z[(,,]. In other words, n is a norm in the quadratic extension Q[¢,, + ('] C Q[¢m)-
In Chapter 3 we characterised the integers n that are norms in this extension. In particular in the
case of =1 matrices, we find that n must be a square.

Proposition 5.2.2 says that whenever we have a BH(n, m) matrix with constant row-sum, then there
is a large-determinant matrix of order n+1 with entries in p,,. The following construction takes an
arbitrary BH(n, m) matrix and produces a BH(n?, m) of Bush-type. Bush-type Hadamard matrices
are block Hadamard matrices with diagonal blocks equal to .J,,, and off-diagonal blocks with zero
row-sum, so Bush-type matrices have constant row-sum n. This type of Hadamard matrix was
introduced by Bush in [32], where the author was interested in the non-existence of these matrices
in relation to the existence question of projective planes. The following result showing existence
is well-known, see for example Kharaghani’s paper [107].
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Theorem 5.2.11 (cf. [107]). Suppose that H is a dephased BH(n,m). Let r; be the i-th row of
H, and let F; = r}r; be the rank-1 projection matrix onto the subspace spanned by r;. Then the
block-circulant matrix M = [E;_;];;, i.e.

B, E, B, .. E,_
En—l E() El En—2

M= |Ewn2 E,1 Ep Ens|
B B, B ... B

is a BH(n? m) with constant row sum n.

Proof. Since H is dephased, the first row of H consists of the all-ones vector, 17. Then, Ey =
1,1, = J,, and EyJ, = nJ,. It is enough to check that F;E; = 0 for ¢ # j and that Y EE =
n?l,. From the fact that T = dijn, it follows

ElEJ* = (T:TZ')(?";T]') = néijr;krj = n(SUEZ

In particular, we have that E;J, = E;FEy = 0 for ¢ # 0, which implies that M has constant row
sum n. To show that Y, E;Ef = n?I,, we show that Y, F; = nl,. Notice that {rj,...,r%_,} forms
a basis for an n-dimensional vector space. Since

* * * * _ *
( E El> T = E Ty = E rind;; = nry,

it follows that ), E; = nl,. Therefore,

i i ? J

This shows that M M* = n%I,.. Finally, the entries of each E; = r}r; are m-th roots of unity, since
each 7; consists of m-th roots of unity, thus M is a BH(n?,m). O

We remark that Bush type matrices may also exist at other square orders. For example, Janko
[102] showed that there is a Bush-type BH(36,2), yet no BH(6, 2) exists.
Combining the results above we obtain the following,

Theorem 5.2.12. If there is a BH(n,m), then there is a matriz of order n* + 1 with entries in
the m-th roots of unity M such that

| det(M)| > (n+ 1)n™.

Proof. The existence of a BH(n, m) implies the existence of a BH(n? m), say H, with constant
row sum by Theorem 5.2.11. Apply Proposition 5.2.2 to H to obtain the lower bound in the
statement. O

Corollary 5.2.6. For all m and t > 1,

2t

Y (M 4+ 1) > (m' + 1)m'™".
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Proof. The Fourier matrix F}, is a BH(m,m) matrix. Sylvester’s construction, Proposition 4.3.1,
implies that there exists a BH(m!, m) for all ¢ > 1. Then Theorem 5.2.12 with n = m' yields the
result. O

Notice that , o
t 1 t 1 tm 1
li 2 A D), i D
£ h(m?+ 1) t (m2 4 1)m 2 T e

so our construction achieves at least 60% of the Hadamard bound infinitely often.

Conversely one can consider a BH(n + 1, m) matrix and take its core after dephasing:

Lemma 5.2.2. Let H be a BH(n + 1,m), then there is a matrix C' of order n with entries in the
m-~th roots, such that
|det C| = (n 4 1)"1/2,

Proof. Let C be the core of H after dephasing, then

CC*=(n+ 1)1, — Jy,

which implies that |det C|? = (n + 1)"1. O
However, we have that
1 n—1
lim (n+1)"" —0,
n nm

so the ratio between the determinant of C' and the Hadamard bound decays to 0 as n grows larger.
Nonetheless, C' has a large determinant value for small values of n.

5.2.3 Generalised Paley cores

Here we present a construction which generalises the Paley core to matrices with entries over the
m-th roots. This construction can be used to build matrices with large determinants. In Section
5.3 we will show an example of this on the third roots, but for now we state the construction in
full generality.

Proposition 5.2.3 (Generalised Paley cores). Let m > 1 be an integer, and ¢ a prime power such
that ¢ = 1 (mod m). Then there is a matrix @ of order ¢, called a generalised Paley core, with
entries in {0, 1, (pn, €2, - ., €271} such that

1. QQ* =ql, — J,, and
2. QJ,=0.

Proof. The group [ is cyclic, so let v be a generator. Then, since ¢ =1 (mod m), i.e. m | (¢—1),
there is a non-trivial subgroup of m-th powers in [ given by

H={y"":ae{0,1,...,(¢—1)/m}}.
A complete set of cosets of H is given by

{H,vH,¥*H,... ,y" 'H}.
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For every = € F) define x(z) = ¢, if and only if z € 4*H for 0 < i < m — 1. Additionally let
x(0) = 0, then it is easy to check that y is a character of [, of order m.

Let @ be the matrix indexed by elements of [, given by

me - X(‘T - y)

Then Q is a ¢ X ¢ matrix with entries in the set {0,1, ¢, ..., (" '}, We have that

x#0
Now, if x # y then

_—_— NTTT— r—z
Q@)= Y- == Y (5=
z 27y
Do the change of variables over [, given by ¢ = (v — z)/(y — 2), so that z = (yc — x)/(c — 1) and
¢ # 1. Therefore
[QQ ey = Y x(0) = —x(1) + > x(e) = —x(1) = —1.
c#1 c

Here, we used the fact that the sum over all ¢ € F, of the values of a non-trivial character at c is
0, see Lemma 4.2.2. This shows that QQ* = (¢ + 1)I, — J,. To show that QJ, = 0, notice that

the row-sum of () is a sum of the type er[Fq Xx(z), which again is vanishing by Lemma 4.2.2.
[

From the generalised Paley cores, we can obtain a new family of generalised weighing matrices
(GWMs). For another new family of GWMs that we found see Appendix C.

Definition 5.2.3. A generalised weighing matriz of order n and weight w over the m-th roots is
a matrix W with entries either 0 or in p,,, such that

WW* =wl,.

Such a matrix is denoted GW (n,w;m). A matrix GW(n,w;2) is simply called a weighing matriz,
and denoted as W(n, w).

Theorem 5.2.13. Let m > 1 be an integer, and q a prime power with ¢ =1 (mod p). Then there
is a GW(q + 1,¢;m), i.e. there is a matrix W of order ¢ + 1 and entries in {0,1,p, ..., (™1}
such that

WW* =qly4.

Proof. The hypotheses of proposition 5.2.3 are satisfied, so there is a matrix ) of order ¢ with
entries in {0, 1, ¢, . .., ¢} such that QQ* = (¢+1)I,—J,, and QJ, = 0. Let W be the following
block matrix

017
W= | |
1, | @
Then direct computation shows that
o_[al 0 } _
WW* = |: 0 ‘ QQ*+Jq = qu+1. ]
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Because of the presence of zero elements in the diagonal of the matrix W constructed in Theorem
5.2.13, we cannot immediately extract a lower bound for 7,,(¢ + 1) from them. To obtain a lower
bound, one can consider a perturbation of W by a constant diagonal. However, to bound the value
of the determinant of such a perturbation, or to compute it explicitly can be a very challenging
task. The following lemma will be useful

Lemma 5.2.3. Let m > 1 be an integer, and ¢ = p a prime number. Let F}, be the Fourier matrix
of order p. If

w_[O 1T]’

1, @
is the GW(p + 1, p; m) matrix of Theorem 5.2.13, we have that

0 p 0],
F'WF = 1 0 [0, |,

where A is the diagonal matrix consisting of the non-zero eigenvalues of () and,

Proof. We have that W = A + B, where

T TIES PR TICa)

Recall that F), is given by [F,|;; = Q;j, where the indices are interpreted modulo p. This implies
that the first row and column of F}, consist of the all-ones vector. Therefore, F,1, = (p,0,...,0)T,
and since F, ! = %Fp, we find

0 D o’ ,
0 17F P
1
F AF:[Fpll 0”}: 10| o,

Since p is prime, the group (F,, +) is isomorphic to the cyclic group Z/pZ, and the matrix @ is
circulant. So, by Lemma 5.1.6, we have that

FP_IQFp = [%‘i} )

where A is a diagonal matrix consisting of the non-zero eigenvalues of (). Therefore,
0 0 (0]
0 oT p—1
F1BF = {4‘?} = OIT;—I
0| F, QF, 0,7 0, ‘ A

F'WF =F'AF + F'BF = 1

o
e}

It follows that
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Corollary 5.2.7. The determinant of the generalised Paley matrix W + I, is equal to

a?—p
det(W + al,y1) = -det(Q + adyy).
Proof. From Lemma 5.2.3, we have that
e D 0] ,
F'W+al, )F=| 1 e 0,

Op—l Op—l ‘ A + Oé]p_l
Since det(Q + al,) = o - det(A + ad,_;), we find by the multiplicativity of the determinant that

o a?—p

1

det(W + al,y1) = det { fj det(A +al,—) = det(Q + al,). O

Therefore, to calculate the determinant of W + a4 it is sufficient to calculate the determinant
of Q) + al,. This latter task can be tackled in some cases using the theory of cyclotomy. We will
do this analysis in the case m = 3 in the next section.

5.3 Maximal determinants over the third roots

In the previous section, we showed that Barba matrices over the third roots may only exist at or-
dersn =1 (mod 3). Using the techniques developed in Chapter 3, we can find further restrictions.

Throughout this section, we let w be a primitive third root of unity, so that w? +w + 1 = 0.

Lemma 5.3.1 (cf. Greaves and Yatsina [81]). Let M be a matrix of order n with entries in
{1,w,w?}. Then |det(M)|? € Z, and 3" ! divides | det(M)|>.

Proof. There exists a diagonal matrix D with non-zero entries in {1,w,w?} such that M D has
diagonal equal to the all-ones vector. Therefore, M D has the shape

[ 1 Wiz s y0n]|
w2 1 w™s L e
w2 1 S wn
wanl wan2 wan3 . 1

By a series of elementary row operations, we see that

1 w2 . wn

0 1— wa12+a21 L w%n wa1n+a21
det(M D) = det

0 w2 — wa12+an1 . 1— waln"l‘anl

The element (1 — w) divides the last n — 1 rows of the matrix in the right-hand side. To see this,
notice that (W' — w?) = (1 — W/ ™)w’ and 7 is a unit. It is sufficient to show that (1 —w) divides
(1 —w™) for all n, but this is a consequence of the fact that the polynomial X — 1 always divides
X™ — 1. Therefore, det(M D) = (1 — w)" ‘o, where o € Z[w]. Tt follows that,

[ det(M)]* = [(1 —w) - (1 = w)]"|a]* = 3" af?,
and since a € Z|w], then |a|*> = a-@ € Z[w]NQ = Z. Thus, 3" | | det(M)|? over the integers. [
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Theorem 5.3.1. Let n = 1 (mod 3) be an integer. Write 2n —1 =a?-3'-r and n—1=b?-3"-s.
Suppose there is a prime number p = 2 (mod 3) such that one of the following holds:

e nisoddand p|r, or

e nisevenand p|rorp|s,
then there is no Barba matrix of order n over the third roots.

Proof. If a Barba matrix of order n over the third roots exists, then
det(M)det(M) = (2n — 1)(n — 1)" 1,

so the number «,, := (2n — 1)(n — 1)"~! must be a norm in the quadratic extension Q C Q[w]. If
n is odd, then (n — 1)"~! is a square, so we may write

a, =c2-3t.r.

By Proposition 3.2.4, we have that if p = 2 (mod 3) is a prime dividing 7, then «,, cannot be a
norm, and we arrive at a contradiction.

Note that 2n — 1 and n — 1 have a disjoint set of prime factors. If p is a prime such that p | 2n — 1
and p | n—1, then p | (2n — 1) — (n — 1) = n. This implies that p | n — (n — 1) = 1 which is a
contradiction. So in particular (r,s) = 1, and r - s is a square-free number. Now, suppose that n

is even, then «,, is written as
oy = (ab™H)2. gDl g

Again, by Proposition 3.2.4 if there is a prime factor p =2 (mod 3) of r or of s, then «,, is not a
norm and we have a contradiction. O]

The following is the list of unattainable orders n = 1 (mod 3) for Barba matrices over the third
roots, where n < 150:

16, 28, 34,43, 46, 52, 58, 70, 73, 88,94, 100, 103, 106, 118, 124, 127, 133, 136, 142, 148.

Given that the Barba bound can never be attained at orders n = 2 (mod 3), the maximal de-
terminant problem over the third roots splits naturally into congruence classes, in the same way
as the +1 maximal determinant problem does. At orders n = 0 (mod 3), we have the results
of existence of Hadamard matrices for BH(n, 3) matrices that we presented in Chapter 4. See in
particular the Table 4.2. We have lower bounds at infinitely many orders n = 1 (mod 3) given by
Theorem 5.2.12. Additionally, we will compute a lower bound for certain orders n = 2 (mod 3)
using cyclotomy.

5.3.1 Structured Barba matrices over the third roots

The problem of finding Barba matrices over the third roots appears to be more difficult than for
+1 matrices. Our first attempt will be to consider an analogue of Theorem 5.1.4. For this we
require the following auxiliary lemma.

Lemma 5.3.2. The equation
2 — By + Da +3y* =0,

has a finite number of solutions for x,y € N. The list of such solutions is (x,y) = (0,0), (1,0),
(1,1), (3,1), (3,2) and (4,2).
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Proof. Rewrite the equation as z(z — 1) = 3y(z — y), then for z,y > 0 we have that x —y > 0,
so x > y. And for y > 1 we have that z(x — 1) < 3y(z — 1) so that z < 3y. Thus all solutions
with y > 1 satisfy y < x < 3y. The discriminant of 2% — (3y + 1)x + 3y? as a polynomial in z is
A = (3y + 1) — 12y? = —3y® + 6y + 1, which is nonnegative only for 0 < y < 2. Thus the set of
solutions can be easily checked to be the one claimed. O]

The following classifies Barba matrices with entries in {1, w,w?} having two distinct entries.

Theorem 5.3.2. Let B = J, + (w — 1)N, where N is a {0, 1}-matriz of order v. Then B is a
Barba matriz if and only if N is the incidence matriz of a symmetric 2-(v, k, k— (v —1)/3) design,
where v =1 (mod 3).

Proof. Suppose that B is a Barba matrix of order v, then BB* = (v — 1)I, + J,. Using the fact
that B = J, + (w — 1) N we have

BB* =vJ, + (w? = 1)J,NT + (w—1)NJ, + 3NNT.
Since w? = —1 — w the above can be rewritten as
BB*=vJ,—2J,NT— NJ,+w(NJ, — J,NT) + 3NNT.

From the condition BB* = (v — 1)I, + J, it follows that N.J, — J,NT = 0, and hence NJ, =
JyNT = (NJ,)T. Since NJ, is symmetric, there exists a natural number k such that

NJ,=J,NT=FkJ.
Using this fact we obtain
(v—3k)J,+3NNT=BB" = (v—1)I, + J,.

From which follows that
v—1 v—1

NNT = I+ (k—

)y

Since N is a {0, 1}-matrix it is necessary that v = 1 (mod 3). It follows that N is the incidence
matrix of a symmetric 2-(v,k,k — (v — 1)/3) design with v = 1 (mod 3). Conversely, let N
be the incidence matrix of a symmetric 2-(v, k,k — (v — 1)/3) design with v = 1 (mod 3), then
NJ, = J,NT = kJ, and

3NNT = (v — DI + (3k — (v — 1)).J,,

and a straightforward calculation shows that if B = J, + (w — 1)N, then
BB* = (v—1)I, + J,. O

Corollary 5.3.1. The only ternary Barba matrices with exactly two distinct entries occur at
orders 4 and 7, and correspond to the symmetric designs given by 1-subsets (or 3-subsets) of a
4-set, and the projective plane of order 2.

Proof. By Theorem 5.3.2, if M = J,+ (w—1)N is a Barba matrix, then N is the incidence matrix
of a symmetric 2-(v, k, k — (v — 1)/3)-design. Therefore we have that

(v = 1)(k — (v —1)/3) = k(k — 1).
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5.3 - Maximal determinants over the third roots

Letting  := (v — 1)/3 the above equation can be rewritten as
k> — 3z + 1)k + 32° = 0.

By Lemma 5.3.2 the list of solutions with =,k > 1 is (k,z) = (1,1), (3,1), (3,2) and (4,2).
Which yield the parameters (v, k,\) = (4,1,0), (4,3,2), (7,3,1) and (7,4,2). These parameters
are realised by the 1-subsets of a 4-set, the projective plane of order 2 and their complements. [J

Similarly, we can classify ternary Barba matrices on strongly regular graphs, see Definition 2.3.2.

Theorem 5.3.3. Let M = I, + wA+w?(J, — I, — A), where A is a 01-matriz satisfying AoI, =0
and AJ, = J,AT = kJ, for some k € N. If M is a Barba matriz, then A is the adjacency matriz of
a strongly regular graph of parameters (v, k, \, ) withv =1 (mod 3) and A = p—1=k—(v—1)/3.

Proof. Let M = I, + wA + w?(J, — I, — A), then
MM* = I, + wA+ W*(J, — I, — AL, + AT +w(J, — I, — AT)]
=20, + (v —2(k+1))J, +2AAT+ A+ AT
+w(A—24AT—AAT— I, + (k+1)J,)
+ W (AT — 24 — AAT — I, + (K + 1)J,).

M is a Barba matrix, so M M* is a matrix with integer coefficients. Therefore the coefficients of w
and w? must coincide. This implies that A = AT, so A is symmetric. Using this fact we find that
MM* =21+ (v—=2(k+1))J, +2AAT+2A — (—A—-AAT— [, + (k+1)J,)

=3, + (v—3(k+1))J,+3AAT + 3A.
Now from MM* = (n —1)I, + J, we find that
3A? =3AAT = (v—4)I, —3A+ (3(k+ 1) — (v —1))J,
=3kl,+Bk—(v—1)A+@Bk+1)—(v—-1))(J,— I, — A).

Since k is an integer and A a 0l-matrix it follows that v = 1 (mod 3). Furthermore, the hypothesis
I, 0 A = 0 together with A = AT and the equation for A? imply that A is a strongly regular graph
with the sought parameters. O

Corollary 5.3.2. The only strongly regular graphs whose Bose-Mesner algebra contains a Barba
matrix over the third roots of unity are the Petersen graph, the complement of the Petersen graph,
and the Paley graph of order 13.

Proof. Every strongly regular graph satisfies the relation (v —k —1)u = k(k— A —1). Substituting
A=pu—1=Fk—(v—1)/3 in this relation, and letting = := (v — 1)/3 we find

Bz —k)(k—xz+1)=Fk(z—-1).
Thus z satisfies 32? — 3(k + 1)z + k% = 0, and reducing the equation modulo 3 we find that k% = 0
(mod 3) and hence k = 3y for some integer y. Substituting, we obtain the equation
2 — (3y + Da + 3y* = 0.

By Lemma 5.3.2, the list of natural number solutions is (z,y) = (0,0),(1,0),(1,1),(3,1),(3,2)
and (4,2). These solutions yield the feasible parameters (v, k, A, 1) = (10, 3,0, 1), (10,6, 3,4) and
(13,6,2,3) which correspond to the Petersen graph, its complement, and the Paley graph of order
13, respectively. O
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Research problem 17. Find an infinite family of Barba matrices over the third roots, or show
that there are only finitely many such matrices.

We conclude this subsection with a remark on lower bounds at orders n =1 (mod 3). By Corollary
5.2.6, we have that

v5(3% +1) > (3¢ + 1)3%"".

All orders 3% + 1 are congruent to 1 modulo 3, and the limit of the ratio of 73 and the Barba

bound is
Y3(3% 4+ 1) . 341 1

lim m-— = —.
¢ 2(320 1) —1-38* = ¢ /2.32% 1 V2

So we achieve approximately 70% of the Barba bound infinitely often at orders = 1 (mod 3).

5.3.2 Determinant lower bounds from cyclotomy

Here, we further analyse the generalised Paley core (), defined in Proposition 5.2.3. In particular,
we will compute det(Q + al) where « is a third root of unity. For this, we will make use of the
theory of cyclotomy. Classical reference texts for this area are the book by Storer [156], or Section
11.6 of Hall’s Combinatorial Theory [85].

Definition 5.3.1. Let ¢ be a prime power, and let e and f be integers such that ¢ = ef + 1. Let
v be a primitive element of F,. Then, the e-th cyclotomic classes are the cosets of the subgroup
Hy of e-th powers in [, which has index e. In other words, the cyclotomic classes are

Hy={y"t:ae{0,1...,f—1}},
for0<i<e-—1.
From here on, we assume that ¢ is a fixed prime power, and ¢ = ef + 1 for integers e and f.

Definition 5.3.2. Over the field F,, for ¢ a prime power, the e-th cyclotomic number (i,7) is
defined as the number of elements x; € H; such that

xr; +1¢€ Hj.
Equivalently, the cyclotomic number (7, j) is the number of solutions (x,y) to the equation
,yeac-i-i +1= 7eyﬂ‘_
The cyclotomic numbers exhibit the following elementary symmetries.
Lemma 5.3.3 (cf. Part 1, Lemma 3 [156]). Let (7, 7) be the e-th cyclotomic number. Then
1. (i+ae,j+be) = (i,7) for any integers a, b,
2. (i,5) = (e —i,j — i),
3. (1,7) = (4,9) if f is even, and (i,7) = (j + €/2,1 + ¢/2) if f is odd,
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4.
o1 f—1 if fiseven,and i =10
(i,j)=4q f—1 if fisodd, and i =¢/2
7=0 f otherwise
D.

otherwise

—,. . [f-1 ifj=0
Z@ﬁ—%

Example 5.3.1 (Quadratic cyclotomy). Suppose that e = 2, and that ¢ = 2f + 1 is an odd
prime. By part (2) of Lemma 5.3.3, we have that (1,0) = (1,1). If f is even, ie. if ¢ = 1
(mod 4), then part (3) of Lemma 5.3.3 implies that (0,1) = (1,0). Therefore, letting A = (0,0),
and B = (0,1) = (1,0) = (1, 1), we have the following table of cyclotomic numbers,

0 1
0 [ A B }
1l B B[
where by part (4) of Lemma 5.3.3 we must have

A+B=f—1,
2B = f.

Therefore, B = f/2=(¢—1)/4,and A= f—1—B=(¢—1)/4—1. If f is odd, so that ¢ = 3
(mod 4), we find analogously the following table of cyclotomic numbers

0 1
0 [ A B }
1A A7)
where A+ B = fand 2A= f —1, so that A= (¢—3)/4and B= (¢ —3)/4+ 1.

Cubic cyclotomic numbers can be determined with similar techniques, although in this case we
need some number-theoretical results and counting arguments.

Theorem 5.3.4 (Chapter 8, Theorem 2 [99]). Suppose that ¢ = 1 (mod 3). Then, there are
integers ¢ and d such that 4q = ¢ + 27d*. If we require ¢ = 1 (mod 3), then c is uniquely
determined.

Theorem 5.3.5 (cf. Part 1, Lemma 7 [156]). The cyclotomic numbers for e = 3 are given by the
table

N = O
A~
SQW~—
WO Q,,
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where

9A=q—8+c¢
18B=2¢q—4—c—9d
18C =2¢g—4—c+9d
9D =g+ 1+c,

and 4q = ¢* 4 27d* with ¢ =1 (mod 3).

So the cubic cyclotomic numbers A = (0,0) and D = (1,2) = (2,1) are completely determined.
The numbers B and C' are determined only up to the sign of d. In our case, we do not need to
resolve this indeterminacy in order to carry our computations.

Lemma 5.3.4 (cf. Part 1, Section 3 [156]). Let ¢ = 3f + 1 be a prime power, and H; be the cubic
cyclotomic classes in ;. Then, the number of solutions IV to the equation

1+I’0+ZE1+I’2:O,

where x; € H;, 1 = 0, 1, 2, satisfies
1
N=AD+ B*+C*=BC+BD+CD = ﬁ(q2—3q—c),

where 4¢ = ¢ + 27d%, and ¢ =1 (mod 3).

From the e-th cyclotomic classes we can define an e-class association scheme, known as the cyclo-
tomic scheme. First some notation: Let G = (F,, +) be the additive group of F,. Let C[G] be the
complex group algebra of G, i.e. the algebra generated by elements of the type ) _. ag[x], where
each «, € C. For each z,y € G, the product of [z] and [y] in G is [z] - [y] = [z + y]. An element
a € F induces an automorphism of the group G = (F,, +) by 2 +— az. In turn, o € F induces

an automorphism of C[G] given by [z]* := [azx]. Denote
f-1
K= [a]=) [y eCd]
xeH; a=0

for 0 < < e—1, where 7 is a generator of the cyclic group F ;. Then, we have

Proposition 5.3.1 (cf. [10]). Let H, be the unique e-th cyclotomic class containing the element
—1. The product in C[G] of K; and K is

[y

KK = fos 000+ (G — i,k — i) K,
0

i

where i =i+ r.
Proof. First we compute Ky - K;, for 0 <7 < e — 1. We have
oot~ (X0) (T00) - X Tl
r€Hy yeH; zeHy yeH;
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Suppose * = v € Hy, then for a fixed 0 < j < e — 1, the number of solutions (a,b) to the
equation Y%+t 4 4 = 4+ ig the cyclotomic number (4,7). Since dividing by 7%, this equation

is equivalent to ’ '
ry(a—c)e—l-z +1= ,y(b—c)e—o—]'

Therefore, for a fixed z € H;, the number of solutions (z,y) € Hy x H; to x +y = z is the
cyclotomic number (7, j). Since 1 € Hp, then the number of solutions to the equation = +y = 0
with © € Hy and y € H; is either 0 if —1 ¢ H; and f if —1 € H;. By definition of r, the number
of solutions is fd,;. From here it follows that

Ko Ki=> Y [w+yl=fo00]+ > > (i.j)z = f5,.401 + > (i, §)K;.
zeHy yeH,; j=0 z€H; 7=0

Applying the automorphism 77 € FX to K, we find

Therefore, we have that

KK; = (KoKj_i)" = fo,,40) + 3 (G — i, k)K]
k
= [Or4i50] + Z(] — i, k) Kt

k
= for 00+ ) (G — ik = D)K. O
k

An immediate consequence of this result is:

Corollary 5.3.3 (cf. [10]). The vector space span{[0], Ko, K7, ..., K._1} is a C-subalgebra of C[G]
whose structure constants are given by cyclotomic numbers.

Theorem 5.3.6 (cf. [10]). Let ¢ = ef + 1 be a prime power, and let H; for 0 <i <e—1 be the
e-th cyclotomic classes. Define the matrices A; fori=0,1,...,e by Ay = I,, and
1 ifr—yeH,

0 otherwise

Aoy = {

Then, spanc{Ao, A1, ..., Ac} is the Bose-Mesner algebra of an e-class association scheme.

Proof. Let G = (F,,+) be the additive group of F,, and let p : G — GL,(C) be the regular
representation of G. Extend p to C[G] by letting p(>_, a.[z]) = >, azp(xz). We show that
p(K;) = Aiyy1, which is equivalent to showing that ) . p(2) = Ai1. For 2,y € [y, we have

Z [p(2)]ay = Z Oz,2+y-
z€H; z€H;

This sum takes the value 1 if there is a z € H; such that x — y = 2, and 0 otherwise, in particular
this shows that p(K;) = > .y [2] = Aip1. Trivially, Ag = I, = p([0]). Using this fact we can show
that the matrices A; satisfy the axioms of adjacency matrices of an association scheme.
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(1) S5 g Ai = p([0)) + Xt p(K:) = p (101 + X500 Ki) = p (Xaealal) = o
(i) Al = p(K;—1)T = p(—K;_1) = Ay, for some ¢’ € {0,1,...,e — 1}.
(iii)

e—1
A Aj = p(KGK;) = fouily+ > (G — ik — i) Ay
k=0
Finally, since G is an abelian group, then K;K; = KK for all ¢, j, which implies that the matrices
A; commute. O

The association scheme above is known as the e-th cyclotomic scheme. Since all matrices A; are
normal and commuting, they are simultaneously diagonalisable. Therefore, there is another basis
for the Bose-Mesner algebra { Ey, E, ..., E.}, consisting of orthogonal idempotents. Additionally,
there is a matrix P, known as the first eigenmatriz of the scheme, such that

AZ:Ze:P E
j=0

where Pj; is the eigenvalue of A; in the eigenspace spanned by the columns of F;. Dually, there is
a matrix (), known as the second eigenmatriz of the scheme, such that

1 e
=24k
q =
Definition 5.3.3. Let p = ef + 1 be a prime. Then, the e-th Gaussian periods are defined for

0<1<e—1as
=2 G

TeEH;

Proposition 5.3.2 (cf. [10]). Let p = ef + 1 be a prime. The first eigenmatrix P of the e-th
cyclotomic scheme is

1 f f ... f ]
I mo m ... Mea
P=1|1 m mn ... m |,
_1 Ne—1 Mo - -- 776—2_

where 7); are the e-th Gaussian periods.

Proof. Since p is prime, the adjacency matrices A; of the cyclotomic scheme are circulant.
Therefore, by Lemma 5.1.6, they are simultaneously diagonalised by the Fourier matrix. Let
p: G — GL,(C) be the regular representation of the group G = (F,,+). Then, we know that the
eigenvalues of the circulant matrix 7% = p(z) for 0 < & < p — 1, are given by the values of the
linear characters of G at x. Since Ag is the identity matrix, the first column of P is the all-ones
vector. For the trivial character ¢, we have that €(0) = 1, and e(K;) = > .y €(z) = [H;| = f
This implies that the first row of P is as claimed. Let v be a generator of the group F 7, then every

non-trivial linear character of G is of the type x;, where x,(1) = ;’j, for 0 < j <p—1. We have

that
Kz):ZXj ZXlVSE Z x1(w Z Cp = Mitj- O

zeH; zeH; QZEHth QSEHi+j
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Using basic identities in the theory of association schemes, it is easy to show that for the cyclotomic
scheme () = P. This property is known as formal self-duality.

Remark 5.3.1. In the case e = 3, we have that —1 € H,, so all matrices A; of the cubic cyclotomic
scheme are symmetric. In particular, all Gaussian periods are real, and ) = P.

Proposition 5.3.3. Let ¢ = 3f + 1 be a prime power, () be the generalised Paley core of order ¢
over the third roots, and p : (F,,+) — GL,(C) be the regular representation of the additive group
(F4,+). Then the Gram matrix of () + o, for a € C is

pl(a® +q—1)[0] + (2Re(a) — 1)Ky + (2Re(aw?) — 1)K} + (2Re(aw — 1)) Ky).
Proof. Let G = (F,,+). The matrix ) 4+ o is given by
Q + al = p(a)0] + Ky + wK; + w’Ky).

Since —1 € Hy, we have that —H; = H;, and the matrix (Q + al)* is given by the element
al0] + Ky + w?K; + wK, € C[G]. Computing the product in C[G] we find:

(a]0] + Ko + wK; + w?Ky)(@[0] + Ko + w?K; + wkKy)
=|al?[0] + aKo + aw’ K1 4+ awK,

aKo+ Ki + W KoK + wKoK,

awk, +wK Ky + K} + w? K, K,

aw? Ky + WKy Ky + wko Ky + K.

We evaluate this expression. First we find by Proposition 5.3.1 and Lemma 5.3.3, that

k

i

K§ + K7+ K3 =3f[0]+ ) (Z(O,k—i)) Ky, = 3f[0] + (f — 1)(Ko + K1 + K>).
Since 3f = (¢ — 1) we rewrite this as KZ + K + K3 = (p — 1)[0] + (f — 1)(Ko + K1 + K3). Next
we evaluate w(KoKy + K1 Ky + Ky K;) and w?(K K| + K1 Ko + Ky Kp). It is easy to check that

KoKy + K1 Ko + KoK = f(Ko+ Ky + K), and
KOK1 + KlKQ + K2K0 == f(K() + K1 + K2)

ThlS 1mpheS that W(K0K2+K1Ko+K2K1)+WQ<K0K1+K1K2+K2K0> = f(w+w2)(K0+K1—|—K2) =
—f(Ko + K1 + Ks). Therefore the Gram matrix is given by taking the regular representation of
the element

(Ja)* + (g — 1))[0] + (2Re(a) — 1)Ky + (2Re(aw?) — 1)K + (2Re(aw) — 1)Ko,
of C[G], as we wanted to show. O

Corollary 5.3.4. Let p = 3f 4+ 1 be a prime, and let () be the generalised Paley core of order p
over the third roots. Then, the eigenvalues of the Gram matrix of Q + I where a € {1,w,w?} are

(i) p—3f =1, which occurs with multiplicity 1, and
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(ii) (p+ 2) 4 3n; with multiplicity f, for i = 0,1, 2.

Proof. Computing the Gram matrix M of () + ol with Proposition 5.3.3, and using the fact that
a € {1,w,w?}, we have that M is given by the group algebra element

(|o? + (p — 1))[0] + (2Re(a) — 1)Ky + (2Re(aw?) — 1)K + (2Re(aw?) — 1)Ky

=pl[0] + K; — 2K;41 — 2K 19,
for some ¢ = 0,1,2. Analogously as in the proof of Proposition 5.3.2, we have that since p is
a prime, the Gram matrix M is circulant, and its eigenvalues are given by the evaluation of

pl0] + K; — 2K, — 2K,45 at each linear character of the additive group (F,,+). For the trivial
character ¢, we find

All non-trivial linear characters are of the type x;(z), 1 < j <p—1, where x;(1) = ;j, and 7y is
a primitive element of [,. We have that
X (P[0] + K = 2Ki1 — 2Ki42) = p + x5 (5G) — 2x5 (K1) — 2x5 (K1)
=P+ Nivj = 2Migjr1 — 2ije2
=P+ 30k — 2(10 + 1+ 12),

for some k € {0,1,2}. Since er[Fp ¢, = 0, we have that no + m1 + n2 = —1, and the eigenvalues
are

p+ 2+ 37]1’7
with multiplicity f = (p — 1)/3 for each i = 0,1, 2. O

Theorem 5.3.7. Let p=3f + 1 be a prime, Q) be the generalised Paley core over the third roots,
and a € {1,w,w?}. Then, the absolute value of the determinant of Q + o, is

2

f/2
[det(Q + )| = <H<<p+ 2) + 3m)>

=[(p+2°-3p+2°-3p—-1){p+2)+B+c)p—1] (b-1)/6

where 4p = ¢ + 27d?, and ¢ =1 (mod 3).
Proof. By Corollary 5.3.4, the determinant of (Q + al)(Q + al)* is
[(p+2+3n0)(p+2+3m)(p+2+3n)).

Let G = (F,,+). Instead of computing the product above, we can equivalently compute the
product using the elements Kj; in the quotient ring C[G]/(S¢), where S¢ := > ,[x]. The product
[L((p+2)[0] + 3K;) expands as

(p+2)*[0] + 3(p + 2)*[0]* (K + K1 + Ks) + 32 (p + 2)[0] (KoK + KoK + K1 K») + 3 KoK K>
= (p+2)°[0] + 3(p + 2)*(Ko + K1 + Ks) + 3°(p + 2)(Ko K1 + KoKs + K1 K») + 3° Ko K1 Ko.
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We have that KoKy + KoKy + K1 Ky = (Ko + K1 + Ky) = —f[0] (mod Sg), so

2

H((p +2)[0] +3K) = ((p+2)° = 3(p+2)? = 32(p+2)/)[0] + BPKK Ky,  (mod Sg).

It suffices to compute the term KyK;K>. Using the notation of Theorem 5.3.5, we have
KoK 1Ky = Ko(DKy+ BK; + CKo>)
=fD-[0]+ ADKy+ BDK; + CDK,

+ B?K,+ BCK, + BDK,
+ C?K, + CDK, + CBK,.

By Lemma 5.3.4, we have that AD+ B*+C? = BC+BD+CD = N = (p*—3p—c)/33. Therefore,

KoK Ks = fD[0] + N(Ko+ K; + )
= (fD—N)[0] (mod Sg).

Substituting N = (¢* — 3¢ — ¢)/3%, and using the fact that f = (p —1)/3 and 3°D = (p+ 1+ ¢),
we have that 3%(p+ 2)f =3(p — 1)(p+2), and 3*(fD — N) = 3p — 1 + pc. Therefore,

2

H((p +2)[0] +3K;) = ((p+2)° = 3(p+2)°=3(p—1(p+2)+ B+c)p—1)[0] (mod Sg).

Evaluating this expression at a non-trivial character of [, the result follows. O

Corollary 5.3.5. For every prime number p =1 (mod 3), there is a matrix M of order p+1 =2
(mod 3) over the third roots of unity such that

[det M| = /P2 +p+1-[(p+2° —3(p+2° =30 - Dp+2) + B+op—1]"""°.
Proof. By Corollary 5.2.7, the determinant of W + a4 is

2 _
| det(W + alpiq)| = i

det L.

o ‘ | det(Q + aly|

If « = 1, then |a? — p|/|a] = p — 1. On the other hand, if @ € {w,w?} then |a — p|/|a] =
VP2 +p+1>p—1,so the largest value of the determinant is obtained with o = w or o = w?.
By Theorem 5.3.7, we have that

[det(W +wly)| = VP2 +p+1-[(p+2)? =3 +27>=3p—1)(p+2) + B+c)p—1]%"°.
0

In particular, this gives an infinite family of matrices of order n = 2 (mod 3) that achieve a
constant ratio of the Barba bound. We have

lim VTP (p+2° —3(p+22—3(p—1)(p+2)+ (3+c)p— 1)/

So our construction achieves approximately 70% of the Barba bound in the limit.

9=
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5.3.3 Small maximal determinant matrices over the third roots

We conclude this section with a summary of results, and tables of maximal determinant matrices
and putative maximal determinant matrices. Some of these matrices are presented here, for
additional examples see Appendix B. For matrices over {1,w,w?}, we have by the results in
Chapter 4 that the Hadamard bound is achieved infinitely often at orders n = 0 (mod 3). We
found examples of Barba matrices over the third roots at small orders n =1 (mod 3), which show
that the bound is sharp. Additionally, we have that a fraction of approximately 70% of the Barba
bound is achieved infinitely often at orders n = 1,2 (mod 3).

In the table below, n indicates the order of the matrix. The columns labelled | det |?/3"~! include
the values of the determinant of the Gram matrix divided by 3"7!, see Lemma 5.3.1. The symbol
‘777 is used to indicate that we currently have no certificate of maximality of the given determinant.
The columns R indicate the ratio of the record determinant to the Hadamard bound if n = 0
(mod 3), and to the Barba bound if n = 1,2 (mod 3).

n |det|’/3 1T R | n [det [7/371 R [[n  [det]/3" 1 R
1 1 1 2 1 1
3 3 1 4 7 1 5 3XT7 0.86
6 26 % 3 1 7 26 x 13 1 8 212 77 0.85
9 310 1 10 39 x 19 1 11 39 x 7 x 1977 0.86
12 2% % 3 1 13 224 % 52 1 14 224 % 22377 0.85
15 222 x 351977 0.79 || 16 22 % B x T 77 0.90 || 17 13% x 67477 0.72
18 218 » 319 1 19 13 x 372 x 342037277 0.74 || 20 7% x 376 x 12777 0.76

Table 5.2: Maximal determinants and record determinants for matrices over the third roots.

We remark that at order 2, the determinants of 315 — .J and Iy 4+ J5 coincide so the Barba bound
at order 2 is met with equality by the matrix

o )
w w?l’
With Theorem 5.3.2, and Theorem 5.3.3 we find Barba matrices at orders n = 4,7,10, and 13,

see Appendix B for examples of these matrices. Since Theorem 5.3.1 rules out the existence of a
Barba matrix at the order n = 16, the next open case is n = 19.

Research problem 18. Find a Barba matrix of order 19 over the third roots of unity, or prove
that no such matrix exists.

Some of the examples of large determinant matrices that we present have been obtained using
genetic algorithms. For example, at order 8 the determinant in Theorem 5.3.7 achieves 75% of the
Barba bound, at order 14 this same construction achieves 68%, and we could find better examples
with genetic algorithms. At the orders 11, 15, 16, 17, and 19 a genetic search in the whole space of
matrices tends to converge rapidly to local minima. Upon review of a first draft of this dissertation,
Adam Zsolt Wagner proposed the following greedy approach to the present author, improving on
the lower bounds obtained with genetic algorithms:

1. Create a set of random matrices M, and label all matrices in M as unexplored.
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2. Select an unexplored matrix M with largest determinant among all unexplored matrices in

M.

3. Create the list of matrices at Hamming distance 1 from M and include it to the set M, label
M as explored.

This algorithm will eventually generate all possible matrices. In practice we have limited memory,
so to address this issue we discard a portion of the matrices with lowest determinant once the
memory is full. With this approach, Wagner reported matrices of large determinant at orders
n € {11,14,15,16}. We include the matrices of order n = 11, 14 and 16 in Appendix B, the matrix
at order n = 15 is included below. We also carried searches for circulant matrices. The first row
of the best circulant matrices we could find at each order are tabulated below

11 : [00202001221]

15 : [012222120221020]

16 : [2221202220010220]

17 : [00110002012221020]
19 : [0100010112201102211]

At order n = 20 the matrix achieving the determinant indicated is the one of Theorem 5.3.7. We
conclude with some interesting observations: A maximal determinant matrix at order 5 can be
obtained from a generalised Paley matrix of order ¢ = 4 over the third roots. The following matrix,
written logarithmically,

10000
01012
Ms=10 012 1
01210
02101

achieves the maximal determinant of value 1701. After a permutation of rows and columns of M;
we obtain a matrix whose Gram matrix has the form

5 2 — — —

|
|
o ot |

) —
5
- - — — 5

So the structure of the Gram matrix is analogous to that of the Ehlich blocks in the real case, see
Definition 5.1.6. Similarly, the candidate matrix

01111220
10012220
11001002
0010200 2

Ms=11 919202 1 2|
12100121
21222122
2 1202 21 1
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has the following Gram matrix

o N
|
|
|
|

|

|

|

|
Do Co |
co N |

|

|

- - - - - — 8 2
— - - - - - 2 38

which again has an Ehlich-block type structure. We observe the same pattern for the matrices of
order n = 11 and n = 14 in Appendix B. This suggests the following:

Research problem 19. Extend the analysis of Ehlich to find a sharpened upper bound for
matrices with entries in {1,w,w?} at orders n = 2 (mod 3).

The best circulant matrix we obtained at order 15 is the following;:

[012222120221020].

This circulant matrix is permutation-equivalent to one satisfying the equation MM* = ((15 —
3)I3 + 3J3) ® I5, which gives a Gram matrix of a similar structure to that of EW matrices, see
Definition 5.1.2. With the greedy search described above one can obtain the following matrix:

001000102102020
2002212201120 21
201110011122201
0222000100010 01
1021220001022 0 2
02021120110020°0
010021110121200
Msy=]012112021111020],
201212120201100
000110200221012
000122111000121
2101010021011T11
1112121000200 1°1
21001221200200 2
(110010020200 221 |

which yields the record reported in Table 5.2. Given that there is no BH(15, 3) matrix, the following
is a very interesting computational problem:

Research problem 20. Determine the maximal determinant of a {1, w,w?} matrix of order 15.
Is M5 a maximal determinant matrix?

For more on how to approach this problem see Section 5.5 in this chapter.
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5.4 - Maximal determinants over the fourth roots

5.4 Maximal determinants over the fourth roots

Let i = v/—1. In this section we study maximal determinant matrices with entries in {41, +i}.

Lemma 5.4.1. Let M be a matrix with entries in the set {#1,4-i}, then |det(M)|?> € Z is an
integer and 2"~ divides | det(M)|?.

Proof. The proof is analogous to that of Lemma 5.3.1. Now instead of having the factor (1—w)"™,
we have the factor (1 —4)"~!. Since (1 —4)(1 — 7) = 2, the result follows. O

Since {+1} C {#1, £i}, any real maximal determinant matrix at orders n = 0,1 (mod 4) is also
a maximal determinant matrix over the fourth roots. In particular, all real Hadamard matrices
are BH(n,4) matrices. For BH(n,4) matrices at orders n = 2 (mod 4), we have the following
construction

Theorem 5.4.1 (cf. Paley [135]). Let g = 1 (mod 4) be a prime power, and let Q) be the (quadratic)
Paley core of order q. Then, the matriz i1Q)Q — I, bordered with a row and column of ones, is a
BH(q,4).

Proof. The matrix () has entries =1 and satisfies QQT = ¢l, — J,, and QJ, = 0. Additionally,
since ¢ =1 (mod 4), then x — y is a square in [, if and only if y — z is a square in F,, so Q@ = Q7.
This implies that

(1Q —DNEQ —1)" = (¢ + 1)1, — J,.

1] 11
H_{lq iQ—]}’

it follows easily that HH* = (¢ + 1)1,41. O

Therefore, letting

We showed in Theorem 5.2.8, that the Barba bound applies to matrices over the fourth roots at
odd orders. The following gives further restrictions.

Theorem 5.4.2 (Cohn, cf. Theorem 2 [48]). If there is a Barba matriz of order n, with entries
i the fourth roots of unity, then 2n — 1 is a sum of two integer squares.

Proof. By Theorem 5.2.10, the existence of a Barba matrix over the fourth roots implies the
existence of a normal Barba matrix B with constant row-sum. Then, there are integers a,b € 7
such that BJ,, = (a + bi).J,,. This implies,

la+ bil*J, = BB*J,, = ((n — V)1, + Jo)Jn = (2n — 1)J,,.
Therefore, 2n — 1 = |a + bi| = a® + V*. O

If n =1 (mod 4), then the construction of Barba matrices in Theorem 5.1.6 gives maximal deter-
minant matrices over the fourth roots. The following result due to Cohn establishes a fundamental
relationship between the maximal determinant problems over {+1} and over {41, £i}. We include
the proof here for completeness.

Theorem 5.4.3 (Cohn, Theorem 1 [48]). One has v(2n) > 2"v4(n)?, with equality if and only if
there is a skew matriz M satisfying | det M| = v(2n).
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Proof. Let N be a matrix of order n, with entries over the fourth roots of unity, such that
| det(N)| = y4(n). We apply the Turyn morphism, Theorem 4.4.1, to N. Writing N = A +iB,
where A and B are {0, £1}-matrices, we let R=A+ B, S=—-A+ B and

v=[R S| _[4rB AvE]

-S R A-B A+B

It is easy to check that

[In O}{R S}[]n 0}_{3—@5 S }
il, I,)|-S RJ|-i, I,] 0 R+1S]°

Now, R —iS = (1—4)(A+iB) = (1—i)N and R+iS = (1 +i)(A —iB) = (1 +i)N. Therefore,

det(M) = det(R — iS) det(R + iS)
=(1—1)"det(A+iB) - (1+14)"det(A—iB)
= 27| det(N)[?
= 2"(n)%.

This implies that v(2n) > 2"y(n)?, with equality if and only if M is maximal determinant. So
equality occurs if and only if there is a skew maximal determinant +1 matrix at order 2n. O]

In general, we have

Lemma 5.4.2 (cf. Cohn, [48, 47]). If there is an EW matrix of order 2n having the shape

A B
M= {—BT AT] ’

where A and B are circulant. Then there is a {£1, +i} Barba matrix of order n.

Proof. From Lemma 5.1.7 we know that the existence of M implies the existence of a skew EW
matrix W, having the shape

R S
W= [—S R} ’
where RST = SRT and RRT 4 SST = 2(n — 1)1, + 2J,. So the matrix B = (R —S) + (R + 5)
satisfies BB* = (n — 1)1, + J,. O

In particular, we have the following infinite family of Barba matrices.

Theorem 5.4.4. Let q be a prime power, then there is a Barba matrixz of order ¢*> + q + 1 over
the fourth roots.

Proof. This follows directly from Theorem 5.1.11, and Lemma 5.4.2. Alternatively, from Corollary
5.1.4 to Theorem 5.1.11, we have that for every g a prime power there exists a skew EW matrix
of order 2(¢*> + ¢+ 1). Let n := ¢> + ¢ + 1, Theorem 5.4.3 implies that

2, (n)? = v(2n) = (4n — 2)(2n — 2)=2/2 = 2"(2n — 1)(n — 1)" L.

Hence, 74(n) = v/2n — 1(n — 1)®Y/2 and by Theorem 5.2.8 there is a Barba matrix over the
third roots of order n = ¢> + q + 1. O
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5.4 - Maximal determinants over the fourth roots

It is unclear to the present author whether or not the result above was known to Cohn at the time
of the publication of [48]. The results of Koukouvinos, Kounias, and Seberry in [110] had already
been published, however Cohn makes no mention of this family of EW matrices. To the best of
our knowledge this existence result appears for the first time in this dissertation.

Theorem 5.4.5. Let B = J, + (i — 1)N, where N is a {0,1}-matriz of order v. Then B is a
Barba matriz if and only if N is the incidence matriz of a 2-(v, k,k — (v —1)/2) design.

Proof. The argument is analogous to the one in the proof of Theorem 5.3.2. O]

Corollary 5.4.1. There is a unique Barba matrix with entries in {1,7}, up to monomial equiva-
lence. Namely

83:

— = .
— .
S =

Proof. Suppose there is a Barba matrix B with entries in {1,7}. Then, letting B = J, + (i — 1) N,
Theorem 5.4.5 implies that N is the incidence matrix of a symmetric 2-(v, k, \) design with A =
k — (v —1)/2. The parameters of a design satisfy

(v—=DA=Fk(k—-1),
so letting # = (v — 1)/2, we find that 2z(k — z) = k? — k, and rearranging

k(k—1)

=0.
2

2 — kx +

Therefore,

v—1=k+V—-k%+2k.

Since —k? + 2k must be an integer, we have that 1 <k < 2. If k = 1, then v = 3, and the design
is trivial. If £ = 2, then again v = 3 and the design is trivial. The matrix /N can be taken to be
N =1I;. [

In Chapter 6 we will consider Barba matrices with entries in {41, +i} in the Bose-Mesner algebra
of a strongly regular graph, see Theorem 6.3.1.

5.4.1 Small maximal determinants over the fourth roots

Below we include a list of maximal determinant matrices and our records for candidate maximal
determinant matrices over the fourth roots. Here n indicates the order of the matrix. The even
columns are labelled | det |, and include the square absolute value of the determinant. The odd
columns are labelled | det |?, and include the square absolute value of the determinant, divided by
2"~1 see Lemma 5.4.1. The columns labelled R include the ratio of the record determinant value
with the applicable upper bound at each order, i.e. the Hadamard bound for even orders and the
Barba bound for odd orders.
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n |det|* R n | det |2 /271 R || n |det]* R n [det]?/21 R
1 1 1 2 22 1 3 ) 1
4 44 1 5} 24 x 32 1 6 66 1 7 3% x 13 1
8 88 1 9 48 x 17 1 10 10'° 1|11 22 x 51177 0.97
12 122 113 6'2 x 52 1 14 14" 1|15 7 % 29 1
16 16 1 || 17 13 x 137 x 1327277 093 || 18 188 1 || 19 336 x 37 1
20 20% 1| 21 10?2V x 41 1 22 22% 1123 32x5Hx11%2 1
24 24% 1] 25 248 % 3% x T2 1 26 26%6 1 || 27 1326 x 53 1

Table 5.3: Maximal determinants and record determinants for matrices over the fourth roots.

Using Theorem 5.1.6, we can find real Barba matrices at orders n = 5 = 12 + 22, and
n = 13 = 22 + 32. Using Theorem 5.4.4 we can find Barba matrices over the fourth roots at orders
7=224+241,13=32+3+1,and 21 =42 +4 + 1.

The first sporadic example of a Barba matrix over the fourth roots is at order n = 9. There is
no real Barba matrix at order n = 9 since 9 is not the sum of two consecutive squares. To find
such a matrix, we used a variation of the method of Lampio, Ostergard, and Szollési in [113]. We
followed the following steps

1.

4.

We exhaustively construct a complete set of representatives (under monomial equivalence)
of k£ x n matrix M with the property

To create these matrices, we use a technique of orderly generation, see McKay [118]: We
assume that the first row is the all-ones vector, and we ensure that each row r; is lexico-
graphically ordered on each interval of columns I = {a,a + 1,...,a + r} where r;_y; is
constant for all j € I.

. For each matrix M as above, we generate the complete set of rows r of length n with entries

in {£1, £i} which have inner product 1 with all rows in M, and are lexicographically larger
than all rows of M. Call this set Rj;.

We create the compatibility graph of the set of rows Ry;. This is a graph with m = |Ry|
vertices with an edge between rows u and v if and only if u - v = 1. Call this graph Gj;.

We search for a clique of size n in G using cliquer, [128].

In our case, letting £ = 3 and n = 9, we find a total of 190 equivalence classes of matrices M as
above. From the first such matrix (written logarithmically)
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5.4 - Maximal determinants over the fourth roots

we find the following Barba matrix

An equivalent normal Barba matrix with constant row-sum of value ¢ — 4 is the following;:

By

W WO oo

-1
—1

W O W OO oo

— WO WwWo NN OoO oo

l
l

R O, F~F NRFRDNDOO

-1
—1

O = WO O WhNhOoOOo

— =) NN O~ = O NO

l
—1
{

—1
—1

1
—1

—1
—1

SO O W WoNnOo

N W WWwwoNn NN O

1
1
1
?
l

—1

1
1
1

WN DN HFEDNDDNDNDO

The next sporadic example of a Barba matrix we find is at order n = 15. Here, we have that
2.15—1 =29 = 52 + 22, Since the search space is much larger than in the case n = 9 we restrict
the search to the set rows with entries in {#1, £i} with row sum equal to 2 + 5i. Applying the
algorithm described above with this restriction, we find the following normal Barba matrix with
constant row sum equal to 2 + 5i.

The Barba matrices of orders 19, 23, 25, and 27 can be found by applying Lemma 5.4.2.

W NN R === =000 Oo

R PR OWWNRFR R, RPN~ OOO

_ W P NRFEOWRFRORFNRFEOO

O R O R M MFEMFEFOWNDNDDN O F-=O

N OO R PR ONRF PP WEHFEONRFRO

R P NOFRFDNOFWOORFDNRFEO

R P ONORFDNWORFORFDNOR

HF P NOO R FEF WF WEFEOODNE

S W HR O R ORFROFFWRFDNDNDRH

WO P ONODODF,FONRFFFE W

—H R O WROORINREFE F~WRF WH

—_ O O FEF DNONFEMFEWOOF DN

R W NOOHFH,RF WO RFORFDN

W R OO WR P MFEFRFEFODONFRFDIN

O RPN P NODWODORFRFOFRFIN

In

Orrick’s website [131] there are several examples of EW matrices of order 38 = 2 x 19, 46 = 2 x 23,
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50 = 2 x 25 and 54 = 2 x 27 with the circulant block structure

A B
W:LBTAJ’

where A and B are circulant. For example we have the matrices

Ag:i[+++++———+—++—++++—+4
Byg:[+++——+——+++—+—+++—+

Agg i [+++++++—++—+++———+—++—+]
Bygi[+++———+——++++—+—+—++——+]

A i[+++++—+—F+—++————+++—+++—+]
Bys:[+++++—++———+++—++—++—+——+]
Ay [+ +++——+++—F+++ -+ -+ ——+—++++—+]
Byri[++++————+—F——F++—+++++—++——+

To the best of our knowledge, all currently known EW matrices at orders 2n > 54 are of the
circulant block form above, so all these yield Barba matrices at orders n. See the paper by Cohn
[46], and the papers by Yang [177, 176, 178, 179].

At orders n = 11, and n = 17, we have that 2n — 1 is not a sum of two squares, so the Barba
bound cannot be achieved. The circulant matrices with largest determinant that we found are:

Ay ¢ [02311111320]
Ay7 : [01210100213331013]

In [48], Cohn claimed the existence of a matrix of order n = 11 with determinant 434976. Adam
Zsolt Wagner reported the following matrix, achieving the current record:

301 3 22301 2 07
2130101212090
33330102321
012200232021
02023211123
Mu=103322303100
00010131100
10313233223
13012331021
03111000223
L0103 203 2 3 2 3]

The Gram matrix of M, is the following:
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11— — — 1 1 1 1 1 1 17
— 1111 - - - — — — 1
- 1 111 - - - — — — 1
-1 1 11 - - - - — — 1
1 — — — 11 1 1 1 1 1 1
MyMiy=|1 - — — 1 11 1 1 1 1 -
1 — — — 1 1 11 1 1 1 —
1 — — — 1 1 1 11 1 1 1
1 — — — 1 1 1 1 11 1 1
1 — — — 1 1 1 1 1 11 1
11 111 — — 1 1 1 11

Research problem 21. Find the maximal determinant of a {£1,+i} matrix at orders n = 11
and n = 17.

5.5 Certificates of maximality

In the cases where the general upper bounds cannot be met, we need a certificate of maximality for
our candidate matrices. This procedure involves a great deal of computation, and good strategies
are needed to traverse our search spaces. There has been much work done in obtaining certificates
of maximality for £1 matrices: The first result of this type that we have knowledge of is the proof
of maximality of a +1 matrix of order 17, due to Moyssiadis and Kounias [123]. See also the case
n = 21 by Chadjipantelis, Moyssiadis and Kounias [35]. To approach the more challenging cases
where n = 3 (mod 4), Orrick [132], Brent and Osborn [24], refined these methods. Some of their
key improvements include the use of the techniques of orderly generation of McKay [118], as well
as the introduction of particular upper bounds for the congruence class 3 (mod 4).

The following is a well-known generalisation of the Muir-Kelvin bound:
Theorem 5.5.1 (Fischer’s inequality, Theorem 7.8.5. [91]). Let

M:{A B}’

B* C
be an Hermitian positive-definite matriz. Then,
det(M) < det(A) det(C).

The main result that we will use is the following generalisation of the determinant bound of
Moyssiadis and Kounias:

Theorem 5.5.2 (cf. Moyssiadis and Kounias [123]). Let ® be a finite subset of C, and let ¢ > 0 be
a real number such that |z| > ¢ for all z € ®. Suppose that D is a given Hermitian positive-definite
matrix of order r > 1, with off-diagonal entries in ® and with d; = n. Furthermore, let M be an
m x m Hermitian positive-definite matriz, with m > r, extending D in the following way:

M=la]
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where a;; = n and all entries of A and B are in ®. If
ci—det[D 7}—maxdet{lz 7},
v ¢
then X
|det(M)]| < (n — )™ " H(n — ¢)det(D) + (m — r) max(0, d)].

Proof. We prove this by induction on m: The base case is m = r+1. By linearity of the determinant
on rows, we have
D D D 5
det M = det { . 7} = det [ K } + det { . 7} < (n —¢)det(D) 4+ max(0, d).
Y on 0 n—c Y oc
So the base case holds. Now, suppose that the statement is true for m > r, we show that it is true
for m + 1: Since a;; = n, we may write M in the following form:

D By v
M= |Bf A ¢,
A M ()

where 7 is a column vector of length r, and ¢ is a column vector of length m — r. By linearity of
the determinant on rows, we have that

D Bl Y D B1 Y
det M =det |Bf Ay 0 | +det |By A 0
0 0 n—c A
D By ~
Letting F'= |B} A; 0|, we have that
A S
det(M) = (n — ¢) det [D* Bl} + det(F).

D

If det(F') < 0, then det(M) < (n—-c) det My, where M; = [B* Al
1 1

} is an m x m matrix. Applying
the induction hypothesis to M; we find
det(M) < (n — )™ "[(n — ¢) det(D) + (m — r) max(0, d)]
< (n—¢)""[(n—c¢)det(D) + (m — r + 1) max(0, d)].
Suppose that det(F) > 0. A series of elementary row operations shows that

D—~y*/ec By—~6" 0

B S e B D —~y*/c By —~0*
det(F) = det | By 7157 Je Ay 5?(5 /c (C) = cdet Bi— v /e Ay —66"fc]

Since det(F') > 0, Sylvester’s Criterion, Theorem 1.1.2, implies that F' is positive-definite. By
Fischer’s inequality, Theorem 5.5.1, it follows

det(F) < cdet(D — " /c) det(A; — 66" /c).
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Again by Sylvester’s criterion, A; is Hermitian positive-definite. Applying the Muir-Kelvin bound,
Theorem 5.2.1 we have

det(A4;) < H ( ’6"‘2> <(n—¢c)™ .

On the other hand,

. .
det(D —yy*/c) = Edet [5* ﬂ < M.

Therefore, if det(F) > 0,
det(F) < max(0,d)(n —¢)™"
Applying the induction hypothesis to M7, we find:

det(M) < (n — ¢) det(M;) + max(0, d)(n — ¢)™"
< (n—¢)""[(n—¢)det(D) + (m — ) max(0,d)] + (n — ¢)™ "

= (n—¢)™"[(n — ¢) det(D) 4+ (m + 1 — r) max(0, d)]. O
Remark. Let ® be the set of all sums of m-th roots of unity with length n. Then, the off-diagonal

entries of X X* lie in ® for any matrix X of order n with entries over pu,,. If m = 2,3,4,6, then
by Corollary 5.2.5, we can take ¢ = 1 in Theorem 5.5.2, and the bound takes the shape

A,

det(M) < (n — 1)™"[(n — 1) det(D) + (m — r) max(0, d)].

To prove that a certain matrix X, is of maximal determinant, Moyssiadis and Kounias [123]
proposed the strategy of constructing the set of “potential Gram matrices”: Suppose that X is a
matrix with entries in p,,, and let ® be the set of sums of m-th roots of unity of length n. Let
M., i be the set of Hermitian positive-definite matrices of order k£ with n’s along the diagonal, and
whose off-diagonal elements are in ®. Since all matrices in M,, ;, are Hermitian positive-definite,
they form a poset. Let My, (d) be the following subset

Mion(d) = {M € My, : | det(M)| > d}.

Let dy = | det(XoXg)| = |det(Xo)[?. We can construct My ,(do) with a backtracking search as
follows.

(1) Initialise ®; := ®, My := (n), k:=1, and i := 1.

(2) Given M, create all extended matrices M P by iterating over all possible vectors v € ®F
and letting

*

(v) Mk (% ]
— Ifk+1=mnand |det(M,§il)| > dp, then print M,E
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— If k+1 < n: Apply Theorem 5.5.2 with m = k + 1 and r = k to do a pruning step:
If the bound from the theorem implies det(My, ;) < dy then discard M,Ei)l Let A be

the subset of all v € ®¥ such that M,Sjr)l survives the pruning step. After the pruning
has been carried update ¢ <— 7 + 1 and build the set ®;;; by removing all the entries
that do not appear in any M. ,gfr)l from ®;. For each remaining M 1&?1 do a recursion step

by going to step (2) with the updated values of i and ®;, with k < k + 1 and M,E,i)l in
place of Mj,.

One of the advantages of searching for Gram matrices instead of matrices with entries in p,, is
that the action of a monomial matrix P on columns of X leaves the Gram matrix unaltered:

(XP)(XP)* = XPP*X* = XX".

Definition 5.5.1. Two Hermitian positive-definite matrices M; and M, are m-isomorphic if and
only if there exists a monomial matrix P with non-zero entries in the set p,, such that

P*NM,P = M.

The generation of matrices in step (2) is bound to produce many isomorphic examples. Here
is where the orderly generation techniques will be useful. For example, generating the matrices
lexicographically and creating canonical forms enables us to greatly improve the efficiency of the
search. Once a list of putative Gram matrices with larger determinant than dy has been generated,
we use the methods described in Chapter 1 and Chapter 3, to rule out their decomposability as
Gram matrices. If these methods do not succeed, then we can use integrality conditions such as
the ones in Lemma 5.3.1 or Lemma 5.4.1, which show that the determinant must be divisible by a
large power of 3 in the case of the third roots, or a large power of 2 in the case of the fourth roots.

Lemma 5.5.1 (Cauchy-Binet Formula, Theorem 4.2.16 [29]). Let A be a matrix of order n, and
denote by A*A the k-th exterior product of A, i.e. the matrix of order (Z) whose entries correspond
to k-minors of A. Then, for any pair of matrices A and B of order n

A (AB) = A*A NF B.

The following is an extension of the result in Lemma 5.3.1 based on an idea of Greaves and Yatsyna
[81], and it imposes strong arithmetic conditions on the characteristic polynomial of a candidate
Gram matrix.

Proposition 5.5.1. Let M = X X*, where X is an n x n matrix with entries in {1,w,w?}. Let
pul(x) = 2" — 022" b apr™ P a1+ ay.
Then, a; € Z for all i = 2,...,n, and 3! | a,.

Proof. Up to sign, the k-th coefficient of the characteristic polynomial of M is the sum of all
principal k-minors of M. In the language of exterior products of M this can be written as

ar, = (—1)"tr(AFM).
By the Cauchy-Binet formula, Lemma 5.5.1, we have that
AM = AF(XX*) = APX AR X = (ARXO)(ARX)"
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By the proof of Lemma 5.3.1, we have that each k-minor of X is divisible by (1 — w) in Zw].
Therefore, each entry of A*M is divisible by [(1 — w)(1 — w?)]*~! = 3¥~1. Furthermore, (A*M)* =
A¥M* = AFM, so the diagonal entries of M must be in Z[w] N Q = Z. Therefore, tr(A*M) € Z is
divisible by 3*~!, and this concludes the proof. O

Remark. The result above can be easily extended to matrices with entries in {+1} or {£1, 4:}.
In these cases, the factor 3*~! is replaced with 4*~1 and 28!, respectively.

5.5.1 The maximal determinant at order 5 over the third roots

Here we prove that the matrix

1 w 1 w w
1 w w? w 1
My=11 1 w w? w
1 w2 w 1 w
w 1 1 1 1
with Gram matrix
5 2 — — —
2 5 - - —
MsM; = |- — 5 2 —
— —_ 9 5 —
- — — — 5

is a maximal determinant matrix. Notice that det(M;Mz) = 1701 = 3° - 7. As described at the
beginning of this section, we recursively construct all candidate Gram matrices of a matrix with
entries in {1,w,w?} and determinant > 1701. Take ® to be the set of all possible inner products
of two vectors of size 5. For example

®; = {-1, ~w, —w? 2w, 2w w—2w?,...,5, 5w, 5w’}

Applying Theorem 5.5.2 with r = 2 we find that the only off-diagonal elements taken from ® that
produce an extended matrix of determinant > 1701 are

®y = {—1, ~w, —w? 2, 2w, 2w w — 2w W? — 2w, —2w + 1, —2w? + 1},

thus it is enough to consider only ®; in what follows. For the case r = 3 this set is further reduced
to

Py = {1, —w, —w?, 2, 2w, 2w?},
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5 - Complex Maximal Determinant Matrices

since all possible submatrices of size 3 with entries taken from ®; that extend to a 5 x 5 positive
definite matrix of determinant at least 1701 are

5 2w 2w 5 2w 2w 5 2w 2 5 2w 2
1:]|2w* 5 21, 2: [20w? 5 —wl|, 3:|2w? 5 —w|, 4:|2w?* 5 -1
202 2 5 2w? —w? 5 2 —w? 5 2 -1 5
5 2w —w [ 5 2w —w (5 2w -1 5 2 2
5 2uw? 5 —wl, 6 2?5 —1], 712w 5 —1], 8:12 5 2],
—w? —w? 5 |—w? -1 5 -1 -1 5 2 25
5 2 2 [ 5 2 —Ww [ 5 2 —w] 5 2 —1]
9:12 5 —w]|, 10 2 5 —w|, 11 2 5 =11, 12 2 5 -1
2 —w? 5 | —w? —w? B | —w? -1 5 | -1 -1 5
5 @ —w —w 5 @ —w —w 5 —w —1] (5 —1 —1]
13: |—w? 5 —w|, M4:|-w? 5 —=1|, 15:|—-w* 5 —1|, 16:|-1 5 -1
—w? —w? 5 —w? -1 5 -1 -1 5] -1 -1 5

The corresponding determinant bounds for each matrix, obtained via Theorem 5.5.2 are given in
the following table:

l 1 2 3 4 ) 6 7 8
Theorem 5.5.2 Bound | 1728 1752 1752 1752 1896 2016 1824 1728

l 9 10 11 12 13 14 15 16
Theorem 5.5.2 Bound | 1752 2016 1896 2016 2184 2160 2184 2016

We can further reduce the list of 3 x 3 submatrices by considering equivalence of Gram matrices
by monomial matrices with entries in {1,w,w?}. In this way, we can carry step r = 4 using only
candidates 7,8,9,11,12,15 and 16. Proceeding in this way we find a total of 42 candidate Gram
matrices with determinant > 1701. Among these matrices, 37 have determinants that do not
contain factors p = 2 (mod 3) in their square-free part, see Proposition 3.2.4. These determinants
are 1728, 1809, and 1971, and 3"~ ! = 3% does not divide any of them, so Lemma 5.3.1 implies that
none of the 37 matrices can be Gram matrices of a matrix over the third roots of unity. Therefore,
the matrix M5 is maximal determinant.

For a small order like n = 5 the proof of maximality can also be done by brute force, but for larger
values of n the method we outlined above is more efficient. We note that applying this method to
the +1 maximal determinant matrix of order 17 we were able to confirm the results of Moyssiadis
and Kounias in [123]. In the case {1,w,w?} at order n = 8 the increased number of phase factors
make the same approach infeasible without an isomorphism check at every stage k£ = 2,3,...,8.
For this purpose, nauty [119] may provide the necessary tools.

Research problem 22. Develop computational techniques to prove maximality (or otherwise) of
the open cases in Tables 5.2 and 5.3.

164



Maximal Determinants in Association Schemes

In Chapter 5, we characterised certain types of maximal determinant matrices by their Gram
matrices. For example, Hadamard matrices are characterised by the equation HH* = nl,, and
Barba matrices by BB* = (n — 1)1, + J,. Furthermore, we saw in Theorem 5.2.10 that Barba
matrices have constant row sum, and because of this, the Bose-Mesner algebra of an association
scheme is a good place to search for these types of matrices.

Here we consider a variation of the questions we investigated in Chapter 1, where we solve the
equation X X* = M for given M, under the assumption that both M and X are in the Bose-Mesner
algebra of an association scheme. Using the basic properties of association schemes, particularly
the interplay between the matrix product and the Schur product, we extract conditions on the
entries of X that characterise the solvability of XX* = M. These conditions are given by a
system of real quadratic polynomials, which can be studied using Grobner bases. Since we are
interested in maximal determinant matrices, we will also add the condition that the entries of X
are unimodular, although we mention that our methods do not require this assumption and they
can also be used to find more general types of matrices, such as type-II matrices, see [37].

With our approach, we reproduce part of the results in [36], and [98]. Furthermore, we find
new families of Barba matrices, and classify Hadamard matrices in 2-class asymmetric association
schemes.

6.1 Gram matrices in association schemes

Throughout this section we will consider a d-class association scheme X', not necessarily symmetric,
with Bose-Mesner algebra A. Recall the following notation: The incidence matrices of X are
denoted as {Ag = I, A1,..., Aq}. We denote by ¢’ the index in {0,1,...,d} such that AT = A,.
The intersection numbers pfj are defined by

d
AiA; = ph AL
k=0

The primitive idempotents of X are denoted {E, = %Jn,El, ..., Eq}. The Schur product, or
entrywise product, of two matrices A and B is the matrix Ao B, given by [A o B];; = A;;B;;, and
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6 - Maximal Determinants in Association Schemes

Clearly AZ 9] A] = (SUAZ

We have the following well-known fact:

Lemma 6.1.1. Let M be a matrix in the Bose-Mesner algebra A of a d-class association scheme.
Then M = X X* for some X € GL,(C) if and only if there exist real numbers \; > 0 such that

d
M = Z \E;.
=0

Proof. Let M = X X* for some X € GL,(C). Since X is invertible, then M is positive-definite, so
all eigenvalues \; of M are real and positive. This implies

d
i=0

Conversely, if M = E(ij:o A E;, then M is positive-definite and by Theorem 1.1.4 there exists a

matrix X € GL,(C) such that M = X X*. O

Lemma 6.1.1 shows that the matrices M in a Bose-Mesner algebra A that split as X X* = M with
X € GL,(C) are precisely the matrices in the positive-definite cone of the scheme. However, this
does not guarantee that the matrix X belongs to A.

Definition 6.1.1. Let X be an association scheme. For a fixed k, we define the k-th symmetric
intersection matrix as

Py = (p3))is-
Note the difference with the usual intersection matrices B; = (pf]) jk, corresponding to the regular
representation of X, where instead of k one fixes i, see [9]. The following basic results hold

Lemma 6.1.2. Let X be an association scheme. Then

(i) The matrices Py are symmetric.

(ii) The j-th column of Py is the k-th column of B;.

Proof. The first claim is a consequence of the commutativity of A, i.e. pfj = pfz The j-th column
of P is the vector (pf;);, and the k-th column of B; = (p};)i = (pf;)i is the vector (pf;); as well,
hence (ii) follows. L

Theorem 6.1.1. Let M = EZ:O ar Ay be a matriz in the Bose-Mesner algebra A of a d-class
association scheme. Then, M = NN* where N =), B, Ay if and only if for allk =0,1,...,d,

/8*(ka)6 = Ok,
where B = (Bo, P1,---,0Ba)T, and W is the permutation matriz given by the involution i — i’

Proof. With the notation in the statement, we have that M = NN* if and only it M =
> ﬂZAZ)(ZJ By A;) = Zij BiBj1 A;A;j. Therefore,

Ay = Mo Ay = <Z ﬁz’ﬁ_j'zpsz‘le> o Ay = (Z 5_g'pfjﬁz> Ay
ij ¢ ij

Thus o = Zij B_j/pfjﬂi, and this can be rewritten as a; = f*P in the symmetric case and as
ap = *W P, in the asymmetric case. O
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6.2 - Primary ideal decompositions

Since the condition |a|? = aa = 1 for a complex number « is not polynomial in o we write instead
a = a+bi and obtain a quadratic constraint a®?+b% —1 = 0. Hence, a matrix M = > x g Ay in the
Bose-Mesner algebra A can be written as X X* = M for some X = ). ;A; € A with unimodular
entries if and only if

Y

BWP.L=cq, forallk=0,...,d
rityi=1 forall k=0,...,d

where By = + iy, and 8 = (Bo, ..., Ba).

For an association scheme of order n with Bose-Mesner algebra A, and the problem in Theorem
6.1.1, the following holds:

(a) The existence of an Hadamard matrix in A is equivalent to a solution with oy = n, and
o; = 0 for all 7 > 0.

(b) The existence of a Barba matrix in 4 is equivalent a solution with ag = n, and «; = 1 for
all 7 > 0.

(¢) The existence of a Bordered Hadamard matrix, with core in A4, is equivalent to a solution
with oy = n, and a; = —1 for all 7 > 0.

All these are systems of quadratic equations, and can be studied with a technique known as
Grobner bases, see the book by Cox, Little and O’Shea [53]. The only fact that we will need is
that Grobner bases can be used to find the primary decomposition of an ideal in the polynomial

ring Q[xy, ..., z,].

6.2 Primary ideal decompositions

Here we introduce some notions from commutative algebra, and summary of useful results, a
good reference is Chapters 4 and 7 of [5]. All results in this section are well-known material in
commutative algebra and basic algebraic geometry.

Definition 6.2.1. An ideal q in a (commutative) ring R is called primary if and only if ab € q
implies that a € q or b" € q for some integer n > 1.

The radical of an ideal I in a ring R is the set
VI = {z € R: 2" € I, for some integer n > 1}.
It is easy to check the following well-known fact:
Lemma 6.2.1. If I is an ideal in R, then VT is also an ideal in R.
Proof. If z,y € /I, then there are integers n, m > 1 such that 2™ € I and y™ € I. By the binomial

theorem
n+m n+m
n+m __ i, n+m—i
(x4+y)"™" = Z ( . )x Yy :
=0
For every i = 0, ...,n+m, we have that if i < n, then n4+m —i > m so either ' € I or y»*™ ¢ € I.

Since [ is an ideal this implies that z'y"™™~% € I, and (z +y)"™™ € I. By definition of the radical,
¢ +y € V1. Finally, given an arbitrary element » € R, and « € /I we have " € I for some
integer n > 1, so (rx)"® = r"z™ € I, which implies rz € v/1. H
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6 - Maximal Determinants in Association Schemes

Proposition 6.2.1 (cf. Proposition 4.1. [5]). The radical p = /g of a primary ideal q is the
smallest prime ideal containing q.

Definition 6.2.2. Let [ be an ideal in R. A primary ideal decomposition of I is an expression of
I as a finite intersection of primary ideals in R, for example

r

I:qua

i=1
where each ; is primary.
Definition 6.2.3. A ring R is called Noetherian if and only if every ascending chain of ideals
LhchLCc---ClL,ClC...
is stationary, i.e. there is an integer m > 0 such that I,,,,, = I,,, for all n.

Theorem 6.2.1 (Hilbert’s basis theorem, Theorem 7.5. [5]). Let R be a Noetherian ring, then the
polynomial ring R[x] is Noetherian.

Corollary 6.2.1. If K is a field, then K[zq,...,x,] is Noetherian.

Proof. Since K is a field, then it is Noetherian as its only ideals are the zero ideal (0) and (1) = K.
Therefore, by Hilbert’s basis theorem, K[z] is Noetherian. Using an induction argument, we can
show that K[zq,...,z,] is Noetherian. O

Theorem 6.2.2 (Lasker-Noether, Theorem 7.13 [5]). In a Noetherian ring A, every ideal has a
primary ideal decomposition.

In particular, we have that every ideal in the ring Q[z1, ..., x,] has a primary ideal decomposition.
These decompositions are useful because primary ideals allow us to identify and parametrise
solutions to a system of equations. See Chapter 4, Section 7 of [53], for more information on
Grobner bases and primary ideal decompositions.

Given an ideal I in K{zy,...,x,], we define the zero set of I as the set
V(I)={xe K": f(x)=0forall fel}.
Proposition 6.2.2 (cf. Chapter 4 [53]). Let I; and Iy be ideals in K|[z1,...,z,], then
(a) If I; C Iy then V(1) D V(I3),
(b) V(Iily) = V(L) UV(L),
(c) V(LhNIL)=V(I;)UV(l).

Proof. Part (a) follows easily from the definition: let z € V(I5), then f(z) =0 for all f € I, D I,
in particular f(z) = 0 for all f € I;,s0x € V(I;). To prove (b), let x € V(I113), then f(z)g(x) =0
for all f € I}, and g € I,. Therefore, f(x) = 0 or g(z) = 0 so in either case x € V(I;) U V([3).
Conversely, if x € V(I;) U V(1y), then either f(x) = 0 for all f € I; or g(z) = 0 for all g € I,
in either case f(x)g(x) = 0 for all f € I, and g € I5. Thus, x € V([115). Finally, to prove
(c), let € V(I;) UV (Iy), then x € V(1) or x € V(I3). Without loss of generality, z € V(I ),
then f(z) = 0 for all f € I3, so in particular we have f(z) = 0 for all f € I; N I,. This shows

(]1)UV( 2) C V(]lﬂlg) On the other hand, ]1]2 Q ]lﬂIQ, SO V(Ilmlg) Q V(]1]2> = V(11>UV(]2)
by part (b). O
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6.2 - Primary ideal decompositions

The zero set of an ideal I € Flzy,...,x,] is also known as the affine algebraic variety of the ideal
I, and it is a subset of the vector space F™. The Zariski topology is the topology in F™ whose
closed sets are given by the affine algebraic sets. For a set S C F™ let

I(S)={f € Flzy,...,z,) : f(z) =0, for all x € S}.

It is easy to check that I(S) is an ideal. The relationship between affine algebraic varieties and
ideals is given by the following theorem.

Theorem 6.2.3 (Hilbert’s Nullstellensatz, cf. Chapter 4, Theorem 2 [53]). Let F' be an alge-
braically closed field, then for any ideal I C Flzy,. .., x,],

V(1)) =V1I.
On the other hand, we have for an arbitrary field F' and S C F" that
V(I(S) =5,

where S is the closure of the set S under the Zariski topology in F”. This implies that, over an
algebraically closed field, affine algebraic varieties are in one to one correspondence with radical
ideals. An affine algebraic variety V is called reducible if and only if there exist two proper subsets
A, B C V such that both A and B are affine algebraic varieties, and V. = AU B. If V is not
reducible, then it is called rreducible.

Proposition 6.2.3. If F'is an algebraically closed field, then any affine algebraic variety V' C F
has a decomposition

V=WU...V,

into finitely many irreducible components.

Proof. Let V= V/(I). By the Lasker-Noether theorem, I has a decomposition into finitely many
primary ideals
I=q,N--Ng,.

Taking zero sets, we find by Proposition 6.2.2 (¢) that,

V=V(m)u---UV(a).

We have that I(V(qr)) = /ak, so V(v/qr) = V(qx) = V(qr). From Proposition 6.2.1, the ideal
V/Uk is prime, and this implies that V(y/qx) = V(qs) is irreducible. O

Therefore, the primary ideal decomposition can be essentially interpreted as a decomposition of
the variety defined by the ideal into irreducible components. Although the situation may be more
subtle in non-algebraically closed fields.

Example 6.2.1. We parametrise solutions to the system of matrix equations

L0 1] L1
v {1 2]2}—71, and v L O}U_l’
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6 - Maximal Determinants in Association Schemes

where v = (vy,v3) has entries of modulus 1. First, we let v; = = + iy, and vy = 2z + it, and we
compute

v* E) ﬂ v =2xz + 2yt + 22° + 2t%, and

v* E é}v:m2+2xz+y2—l—2yt.

We have the additional conditions |z + iy| = 2% + y* = 1, and |z + it| = 2% + t* = 1. The system
of equations defines the following ideal

I=(22z4 2yt + 222+ 26> —n, 2> + 2wz + > + 2yt — 1,22 + 2 — 1,22 + 12 — 1).

Using the MAGMA computer algebra system [23], or a similar tool, we can find a primary decompo-
sition of the I. We have,

I=qUq=(+ty—z,2 2+t —1n-2N{&—t,y+z22>+t*—1,n—2).

A solution to the system of equations is a point (x,y, z,¢,n) in the zero set V(I) of I. From
Proposition 6.2.2, it follows that
V(I)=V(q1) UV(q2).

So in any case we find that n must be equal to 2, and (z,y) = (Ft, £2), where ¢ =t + iz is an
arbitrary complex number with |¢| = 1. Hence, we find that there is a solution if and only if n = 2,
in which case v = (F¢, ¢) is a uniparametric family of solutions.

6.3 Maximal determinants on 2-class association schemes

Hadamard matrices belonging to the Bose-Mesner algebra of a strongly regular graph have been
completely classified by Chan in [36], see also the related work [37, 38]. Ikuta and Munemasa
classified the bordered Hadamard matrices in strongly regular graphs in their paper [98], see also
their work [95, 96, 97]. Their arguments involve an analysis of the eigenvalues of the strongly
regular graph.

Recall that the adjacency matrix A of a strongly regular graph, Definition 2.3.2, satisfies
A% =KL, + ANA + u(J, — I, — A).
Furthermore, we have the following relations between parameters.

Proposition 6.3.1 (cf. Chapter 1 [27]). Let (v, k, A, ) be the parameters of a strongly regular
graph, and let » > s be its restricted eigenvalues, i.e. those eigenvalues with eigenvectors orthogonal
to 1,. Then,

() (v —k— D= h(k— A—1),
i) A=pu+r+s, k—pu=rs,
(iii) (k—7r)(k—s) = po.
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This gives the following:

Lemma 6.3.1. For a strongly regular graph with parameters (v, k, A, ¢t), the symmetric intersec-
tion matrices are given by

10 0 0 1 0
Py= 10 k 0 , Pr=|1 A k—(A+1)|, and
00 v—(k+1) 0 k—(A+1) v—2k+A
0 0 1
Po=10 pu kE—
1 k—p v=2(k+1)+pn

Proof. The Bose-Mesner algebra of a strongly regular graph is spanned by {1, A, J, — I, — A}, so
it is enough to compute A(J, — I, — A), and (J, — I, — A)%. On the one hand,

A(Jy — I, — A) =kJ,— A— A?
=kJ,— A— (kI, + MA+pu(J, — I, — A))
==kl +HE-A+1)A+ k-l
=k—-—AN+1)A+(k—p)(J,— I, —A).

On the other hand,

(Jo =L, — A? =vJ, + I, + A> = 2(k + 1)J, + 24
=k+DL+AN+2)A+pu(Jy, — I, — A) + (v —2(k+1))J,
=k+1-—wWl+AN—p+2)A+@w—-2k+1)+p)J,
=@w—(k+1)),+(w—-2k+NA+ (v—=2(k+1)+ p)(J, — I, — A).

The result follows from the definition of symmetric intersection matrices. O]

With Lemma 6.3.1 we can classify several types of matrices in symmetric 2-class association
schemes. We note that our method can reproduce some of the results of Chan [36], and Ikuta
and Munemasa [98], but fails to give a complete classification due to the high complexity of some
of the primary ideals in the decompositions. For example, classifying Hadamard matrices over
a general strongly regular graph as done in [36], is infeasible with our method. However, using
Theorem 6.1.1 is very effective for searching for matrices in individual association schemes, and
in given families of association schemes with a fixed number of classes. Another advantage of our
method is that we have complete control over the entries o and 8 of the matrix

[+aA+B(J—1—A).

This allows us to easily classify matrices with prescribed entries. So this provides a complementary
tool to the previous analyses done in the literature. All the computations that follow have been
carried out in MAGMA, [23].

The results in Theorem 5.3.3 can be easily recovered using Grobner bases. The following is another
example application to matrices with prescribed entries:

Theorem 6.3.1. There are no Barba matrices with entries in {£1, £i} in the Bose-Mesner algebra
of a strongly reqular graph, provided that at least one entry is non-real.
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6 - Maximal Determinants in Association Schemes

Proof. If B is a Barba matrix then B is also a Barba matrix. Therefore, up to taking the comple-
ment of the graph, it is enough to consider the cases

(i) B=1,+iA—i(J, — I, — A), and
(i) B=1,— A+i(J,— I, — A).

To study case (i): Let I be the ideal in Q[v, k, A, u] generated by the basic relation (v —k — 1)u =
k(k — X\ — 1), between parameters of strongly regular graphs, and the polynomials defining the
system of equations

' Por=v, 2’ Plx = 2" Pox =1,

where the matrices P; are the symmetric intersection matrices of Lemma 6.3.1, and x = (1,4, —i)T.
Using Grobner bases we find that I is primary, and given by generators as

I=(@W+4p—4k =3 X—p+1,p>— (k+1/2)p+ k*/4).

From the condition p? — (k + 1/2)u + k*/4 we find that

k+1/2+/k+1/4
p= :
2

The radical y/k + 1/4 must be a rational square. Let a and b be coprime integers such that
k+1/4 = (a/b)? then

4k +1 = (2a/b)>.
Since 4k + 1 is an integer, we must have either b = 1 or b = 2. In any case, we find that 4k +1 = 2

for some integer t. Adding this condition to the ideal I in Q[v, k, \, , t], we find that I is primary
and has generators

IT=@w—-0+1)?2-1, A= t—-1)?/8+1,u—(t—1)%/8,k— (t* —1)/4)
Nw—E—-12/2—-1, A= t+1)?/8+1,u—(t+1)*/8,k— (t* —1)/4)

The corresponding putative parameters (vy, k, Ay, py) = ((¢+1)%/2+1, (2 —1)/4, (t—1)?/8—1, (t—
1)2/8) and (v_,k, A, u_) = ((t—1)2/2+1,(t*—1)/4,(t+1)*/8—1,(t+1)?/8) are complementary
whenever the orders v, and v_ coincide. Hence, we may consider only (v, k, A, pt) := (vy, k, Ay, piy).
In this case we have that 8 must divide (¢ — 1)?, and hence t =1 (mod 4). The eigenvalues r and
s of a strongly regular graph with such parameters are

1 1
r= —1/2+\/§(t2—2t—1), and s = —1/2 — \/g(tQ—Zt—l).

Let f and g be the multiplicities of r and s, respectively. If f = g, then f =g = (v —1)/2 and

-1 -1
v (r—l—s):k—UQ ,

O=k+fr+gs=Fk+

which is a contradiction as k # (v — 1)/2 for our parameters. Hence, f # ¢ and this implies
that r,s € Z, see 1.1.4 in [27]. However, this is impossible: assume that r is an integer, then
r+1/2 =1/t =2t —1)/2, hence \/(t? —2t —1)/2=2r +1 € Z. Since t =1 (mod 4) we may
let t = 4a + 1 for some integer a, and we find that

2:152—275—1

5 = 8a? — 1.

(2r+1)
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This is a contradiction, since 8a*> — 1 = 3 (mod 4) and (2r +1)> = 1 (mod 4). This shows that
there are no Barba matrices of the type in case (i).

To study case (ii) we construct an ideal I in Q[uv, k, A, r, s] analogous to the one above, and we
include additionally the conditions 7% + (u — A)r + (u — k) = 0, together with r +s = —(u — \)
and rs = p — k, so that the variables r and s correspond to the eigenvalues of the strongly regular
graph. Using Grobner bases we find that I is primary, and that

IT=(w—28 =3 XA—k+s u—k+s K — (25 +3)k + 25" +25° r +5).

Since s = —r, we must have that f # g, otherwise k + rf 4+ sg = 0 would imply that k = 0. This
implies by 1.1.4 in [27], that 7 and s are integers. From the condition

k? — (28* + 3)k + 2s* +25* = 0,

we find that the only integer value of s < 0 that makes k real and positive is s = —1. In which
case we find that the parameters of the strongly regular graph must be (v, k, A\, ) = (5,4, 3,3),
but this would correspond to the complete graph Kj which is not a strongly regular graph by
definition. O

Proposition 6.3.2 (cf. Tkuta and Munemasa [98], and [151]). Let {I,, A, J, — I, — A} be the
adjacency matrices of a strongly regular graph G of parameters (v, k, A\, ). Then,

L—A+(J,— I, - A),
is the core of a bordered (real) Hadamard matrix if and only if
(v, k, A\, p) = (4% — 1,202 7%, r%),
where r is the largest restricted eigenvalue of G.

Proof. Let I be the ideal in Q[uv, k, A, i, 7, s] generated by the relations of Proposition 6.3.1, and
the equations
" Pox = v, 2" Pix = 2" Pox = —1,

where the matrices P; are the symmetric intersection matrices of Lemma 6.3.1, and x = (1, —1,1)T.
Using Grobner bases we find that the ideal [ is primary, and can be expressed with the generators

IT={w—4r*+1, A= p—r*k—2r%7r+s).
The result follows immediately. O
The family of conference graphs contains several interesting matrices in their Bose-Mesner algebra.
Definition 6.3.1. A conference graph is a strongly regular graph with parameters

(v, K, A i) = (v, (v =1)/2, (v = 5)/4, (v = 1)/4).
For example, Paley graphs are a subfamily of conference graphs.

Proposition 6.3.3. Let {/, A, J— I — A} be the adjacency matrices of a conference graph of order
v. Let
M=1+aA+5(J—-1-A4A).

Then,
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6 - Maximal Determinants in Association Schemes

(i) M is the core of a bordered Hadamard matrix if and only if & = i and f = Fi or a = 3
has the minimal polynomial

2
p(ZE) = xQ + ;I"’— 17
where t =k = (v —1)/2, (cf. Ikuta and Munemasa [98]).

(ii) M is a Barba matrix if and only if

i/

a = I
t

and 8 = @, where t* + (t + 1)* = v.
(iii) M is an Hadamard matrix if and only if

i/

a = 9
t

and 3 = @, where (t + 1)? = v.

Proof. For part (i) we construct the ideal I generated by the relations in Proposition 6.3.1, and
the equations of Theorem 6.1.1 with oy = v, and ay = as = —1. We split the analysis into two
cases: Let o = x¢ + 1xy and B = yy + iy;, we will consider the case where xq = 0, and the case
where xy # 0 separately. When xy = 0, we consider the ideal I + (x(), and using Grobner bases
we find the decomposition

I+ (xo) = (xo,x1 4+ Liyo,sn — Lv—2k—1,N=k/24+ 1, u—k/2)
N (zo,z1 — Lyo, 1 + Lo —2k =1, AN —k/2+ 1, u—k/2)
N{xg, 1+ Liyo,y1 + 1, v — 1L, A+ 1, u, k)
N{zo,x1 — L, yo,y1 — Lo — LA+ 1, u, k)

The last two primary factors give infeasible values for the parameters A\ and k, so they yield no
matrices. The first two primary ideals correspond to the matrices

I +iAFi(J—1—A).

Now we consider zy # 0, a way to incorporate this condition is by introducing a new variable ¢,
and adding the relation txg + 1 to I. Grobner bases yield the primary decomposition:

T4 (tog +1) = {txg + 1,20 +y1, 90 — 20, Yot — 2+ 1,0 —2t — LA —t/2+ 1, u—t/2,k —t)
m<x0+k7'x1_ylay0+k?y%+k2_17/0_2k_17>‘_k/2+17,u_k/27kt_1>

The second primary factor yields no matrices, since we have the condition y7 = —k? + 1, hence
k =1 and this implies A = —1/2, which is impossible. From the first primary factor we find that
y? = (t* — 1)/t?, and from the other relations we have

—1+ivt2 -1 —1Fivt? -1

o= , and g =
t B t

From here it follows that the minimal polynomial of o and f is

2
xz—i—;x—l—l.
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6.3 - Maximal determinants on 2-class association schemes

From the condition k — ¢ = 0, we find the claimed minimal polynomial. For parts (ii) and (iii) we
modify the ideals with a; = as = 1 and a3 = ap = 0 respectively. In each case, we find that there
are no solutions with o = 0. Adding the relation tx + 1, we find the primary factors

(trg+ 1,21 +y1, 90 — To, Yot — 2+ Lo — (B +(t+ D)D), AN—t2/2—t/2+ 1, u—t2/2— )2,k —t* — 1),
and
(tx0+1,x1+yl,y0—3:0,yft2—t2+1,1}—(t+1)2,)\—t2/4—t/2—|—1,u—t2/4—t/2,kj—t2/2—t>,

respectively. In either case, the expression of « and 3 is the same as in case (i). The only difference
is in the relationship between ¢ and v, which is 2 + (£ + 1)*> = v, and (¢ + 1)* = v respectively. [

Example 6.3.1. We give some concrete examples of the Hadamard and Barba matrices above.
When t = 1, we find two degenerate examples of Barba matrices and Hadamard matrices, where
a = = —1. In case (ii) we have that v =12+ 22 =5, and in case (iii) we have v = (1 + 1)? = 4,
These correspond to the Paley graphs of order 5 and 4 and give the circulant Barba matrix Bj
and the circulant Hadamard matrix H, below:

—_
|
|
|

Bi=|- - 1 — —|,H,

When t = 2, we find that @ = w, and 8 = w? for some primitive root of unity w. In case (ii)
v =2%+3% =13, and in case (iii), v = (2 + 1)? = 9. These correspond to the Paley graphs of
order 13 and 9 respectively. The first matrix is the Barba matrix of order 13 in Appendix B, and
the second one is the BH(9, 3) matrix:

0 1 1 1 2 2 1 2 27
102221121
12011122 2
121022211
Hy=1221201112
211210221
112212012
222112101
121 212121 0]

Given the classification of complex Hadamard matrices in strongly regular graphs in [36], it is
natural to ask the following questions:

Research problem 23. What is the maximal value of the determinant of a matrix with entries of
absolute value 1 in the Bose-Mesner algebra of an strongly regular graph of parameters (v, k, A, it)?

Research problem 24. Classify complex Hadamard matrices, in a symmetric 3-class association
scheme.
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6 - Maximal Determinants in Association Schemes

6.3.1 Matrices in asymmetric 2-class association schemes

Asymmetric 2-class association schemes are more rigid than their symmetric counterpart.

Definition 6.3.2. A tournament of order v is a directed graph obtained by assigning an orientation
to each of the edges of the undirected complete graph K,. A doubly reqular tournament T of order
v with parameters (mq, ms), or (my, mg)-DRT of order v, is a tournament of order v satisfying

(i) For every vertex x of T, outdeg(x) = mq, and

(ii) For every pair of vertices (z,y) with = # y, the number of vertices dominated by both x and
Y is mo.

Example 6.3.2. Let ¢ = 3 (mod 4) be a prime power. Then the matrix @) given by

+1 if x — y is a nonzero square in [,
Qxy = .
0  otherwise

is the {0, 1} adjacency matrix of a doubly regular tournament of order g.

Remark 6.3.1. Notice that above we consider an adjacency matrix with entries in {0,1}, as
opposed to the more common 41 adjacency matrices for tournaments.

Lemma 6.3.2. An (m;, msy)-DRT of order v satisfies v = 2m; + 1 and m; = 2ms + 1.

Proof. Let I' be an (my, m2)-DRT of order v, with vertex set V' and edge set E. By definition we
have that outdeg(x) = m, for each vertex = of I, and since I' is a tournament indeg(z) = v—1—my
for all x € V. By the Handshaking Lemma we have that ) _indeg(z) = > outdeg(x), and so

v(v—1—=my) = vmy,

which implies that v = 2m; + 1. Let x be a fixed vertex of I', counting the number of elements of
the set

{(y,2) 1z #y, and (7, 2),(y, 2) € E},

in two different ways we obtain,
(v —1)mg = my(my — 1).
Since v = 2m; + 1 it follows that m; = 2mqy + 1. O

Proposition 6.3.4. An (m;, ms)-DRT gives an asymmetric 2-class association scheme with pa-
rameters (v, k, \, ) = (2mq + 1, my, my — mg — 1, my — my). Conversely a (v, k, A, ) asymmetric
2-class association scheme is a (v, k, k — u)-DRT.

Proof. Let A be the {0,1} adjacency matrix of an (my,mq)-DRT. We show that {I,, A, AT} gen-
erates the Bose-Mesner algebra of an asymmetric 2-class association scheme with parameters
(v, k, A\, 1) = (2mqg + 1,my, my — mgy — 1,my — my). Since A is the incidence matrix of a tour-
nament, we have that AT = J, — I, — A, hence I, + A+ AT = J,. By definition AJ, = m4J, and so
the valency of A is k := my, similarly AT.J, = (v—1—my)J,. Notice that (AAT);; = >, 0imkdjk,
where 0,_,; takes the value 1 if (¢, 7) is a directed edge of the DRT, and 0 otherwise. Therefore by
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6.3 - Maximal determinants on 2-class association schemes

definition of DRT, (AAT);; = my and if ¢ # j then (AAT) = my. Hence AAT = myl, +mq(A+ AT),
and
A? = A(Jy, — I, — AT) =myJ, — A — (m1 L, + maA + myAT)
= ml(IU + A + AT> —A- mllv — mgA — TI’LQAT
= (m1 — My — 1)A + (m1 — TTLQ)AT.
From Lemma 6.3.2, we know that indeg(z) = v—1—my = 2m;+1—my —1 = m, for every vertex
x, which implies that AJ, = J,A = m,.J,. Therefore

ATA = (J, — I, — A)A = A(J, — I, — A) = AAT,

so commutativity holds. Conversely, let A be the incidence matrix of an asymmetric 2-class
association scheme. Consider A as the incidence matrix of a tournament, then by definition the
out-degree of every vertex is m; := k. The value outdeg(i, j) for any two vertices i # j is given by
the coefficient of AT in the expression for AAT in the basis {I,, A, AT}, which is precisely k — . O

Corollary 6.3.1. Every asymmetric 2-class association scheme, with parameters (v, k, A, 1) sat-
isfiesv=4r+3, k=2r+1, A =r and u = r + 1, for some natural number r.

Proof. By Proposition 6.3.4, we have that (v, k, A\, u) = (2mq+1,my, mqy —mg —1,my —my), where
(mq, mgy) are the parameters of a doubly regular tournament. Let my = r, then by Lemma 6.3.2,
we have that mqy =2r+1,andv=2m+1=4r+3, k=m; =2r+1, \=m; —my—1=r, and
pw=r+1 O

Lemma 6.3.3. For an asymmetric 2-class associations scheme with parameters (4r+3,2r+1,r,r+
1), the symmetric intersection matrices are given by

1 0 0 01 0
Py=10 0 2r+1|,P=|1 r r |, and
0 2r+1 0 0 r r+1j

[0 0 1]
Po=1{0 r+1 r
|1 T T

Proof. The Bose-Mesner algebra of the scheme is generated by {I,, A, AT}. Using Corollary 6.3.1,
suppose that the parameters of the scheme are (v, k, A\, ) = (4r + 3,2r + 1,7, + 1). In the proof
of Proposition 6.3.4, we showed that

A2 =rA+4 (r+1)AT.

Therefore,
AAT = A(J, - I, — A)

=kJ,— A— A?

=2r+1)J,—A—rA—(r+1)AT

=2r+ 1)L, +A+A")—(r+1)(A+AT)

=2r+1I,+r(A+ AT).
Finally,

(AT = (AHT = (r + 1)A + rAT.

Using the definition of the symmetric intersection matrices, the result follows. O]
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Lemma 6.3.4. If {[,,, A, AT} are the adjacency matrix of an asymmetric 2-class association scheme,
then
c=I1,+A—-AT,

is the core of a bordered skew Hadamard matrix of order v + 1.

Proof. Direct computation shows that

CCT = (I, 4+ A—AT)(I,— A+ AT)
= I, + 2AAT — A% — (AT)?
=1, +2[2r+ DI, +r(A+A")] - (rA+ (r+1)AT) — ((r +1)A+rAT)
= Ar+3)L,+2r(A+A") — (2r+1)(A+ A7)
= (4r +3)I, — (J, — I,).

Hence, CCT = (v+1)I, — J,. Furthermore CJ = (I+A—AT)J =(1+2r+1)—2r+1))J = J.
Therefore, the matrix

H_P 117

-1 C

is a real Hadamard matrix of order v 4 1. O

In fact, Reid and Brown proved that doubly regular tournaments are equivalent to skew Hadamard
matrices [141]. Using Grobner basis it is easy to show that there is a complex Hadamard matrix
in every asymmetric 2-class association scheme:

Theorem 6.3.2. Let X' be an asymmetric 2-class association scheme with parameters (v, k, A\, ) =
(4r +3,2r + 1,r,7 + 1). Let {I, A, AT} be the Schur idempotents of the Bose-Mesner Algebra of
X, then the matrix

H=1+aA+ AT,

18 a complex Hadamard matriz if and only if

(i) One of a or 8 has value 1, and the other has minimal polynomial

2r+1

pe(t) =12 + t+1.

(1)) H = I3+ w(J3 — I3), where w is a primitive third root of unity.

Proof. We pose the problem of Theorem 6.1.1 with ag = v = 4r + 3, a; = 0, and as = 0. From
the system of equations given by

u'WPu = o,
where u = (1, a, §)7, we extract an ideal I, whose zero set V (/) is in one-to-one correspondence
with the sought Hadamard matrices. Letting o = x¢ + ix1, and § = yo + iy1, this ideal [ is given
by the following generators:

.

222 + a3 + 2237 + 2 + 293 + yd + 28 + yi — dr — 2,
T2r + 2z0Yor + Toyo + To + TIT + 2xynT + Ty + YET + Yo + i,

I: ToY1 — T1Yo +T1 —
xd 41— 1,
L vty L
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6.3 - Maximal determinants on 2-class association schemes

The primary ideal decomposition of I as an ideal in Q[zo, z1, Y1, Yo, 7] is

I ={xg+2r+1/2,21 —yi,yo +2r +1/2,y3 +4r® +2r — 3/4)
N{zg+223(r+1) —1,2°(r +1)> —r —3/4,y0 — 1, 1)
N (o — Lz1,y0 + 297 (r + 1) = Ly (r +1)> =7 — 3/4).
=q1MNq2Mgqs.

In ¢q; we find the condition y? + 4r? + 2r — 3/4 = 0, which implies that —4r* — 2r + 3/4 > 0.
Since r is an integer this only occurs for the value r = 0. Substituting, we find that y? = 3/4, so
y1 = £v/3/2. Also, z; = y1, and 29 = 5 = —1/2, hence

 —1+iV3

a=[ 5

so a and (3 are both equal to a fixed primitive third root of unity w, and I +aA+BAT = I3+w(J3—
I3). In qo, the relation 2% (r+1)*—r—3/4 implies that we must have z%(r+1)? = r+3/4 = (4r+3) /4,

hence
Var +3
T =t——.
2(r+1)
The relation zg + 222(r + 1) — 1 implies that
dr +3 —2r—1

L I ST &

Therefore, the elements of the zero set V(q,) are given as a uniparamateric family in terms of r

as:
—(2r+1) £ivVAr + 3
O =
2(r+1)

, and g =1.

Then, the minimal polynomial of « is

2r+1
)
p(z) = 2" + 7”—|—1$

+ 1.

In V' (q3) the roles of z; and y;, and hence « and 3, are exchanged. ]

In particular, this result implies that there is always an Hadamard matrix in an asymmetric 2-
class association scheme. Therefore, the Hadamard bound can always be achieved by unimodular
matrices in these schemes.

Research problem 25. Classify complex Hadamard matrices in asymmetric 3-class association
schemes.
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User-Private Information Retrieval and Finite
Geometry

This chapter is quite different in spirit from the others in this dissertation, and it is based on our
paper [80] in collaboration with Gnilke, Greferath, Hollanti, O Cathdin, and Swartz.

Here we will study an application of finite geometries to user-private information retrieval (UPIR).
The setting of UPIR consists of a network of users who wish to retrieve information from a
databased stored in a server. UPIR provides means for the users to retrieve the information
without revealing their identity to the server. The way this can be achieved is by having the
users act as proxies of each other, i.e. requesting the information on their behalf. It is easy to
show [157], that if the proxies are chosen uniformly at random then privacy against the server is
achieved. However, the identity of users can be compromised by a set of eavesdroppers within the
network.

To motivate UPIR, we will begin with an introduction to one of its precursors: private information
retrieval (PIR). A PIR scheme provides a mechanism by which a user can retrieve one bit x; of
an N-bit database z € {0,1}", modelled as a binary vector. We will discuss several shortcomings
to PIR, the most important of all being that it requires cooperation from the server, in the sense
that the server must act in compliance with a protocol designed to preserve the user’s privacy.
This additionally imposes restrictions on the ways that the server retrieves information from the
database. These assumptions are often unrealistic, and UPIR instead provides a system that
assumes nothing about the behaviour of the server, or the encoding of the database.

Previous UPIR schemes in the literature were based on projective planes and BIBDs. We find that
the condition that any pair of users can establish direct communication is a great vulnerability.
And therefore, we propose schemes where this condition does not hold. We study schemes based
on generalised quadrangles (GQs), and show that they provide a much higher level of privacy. To
study GQs we will require some of the theory of quadratic forms. Hence, we assume that the
reader is familiar with the results in Chapter 1 and Chapter 3, particularly with Section 1.2 and
Section 3.1.
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7.1 Private information retrieval

Private information retrieval (PIR) was introduced by Chor, Goldreich, Kushilevitz and Sudan in
[43]. The classical setting of PIR consists of

(i) aset of k servers S = {S1,..., Sk} storing a (replicated) database x, which is modelled as a
binary string of a given length n, and

(ii) a user U who wishes to retrieve the i-th bit of information z; from = without revealing the
position 7 to the servers.

A PIR scheme consists of a collection of algorithms (or protocols) that provide communication
between the user U and the servers § in such a way that U can privately retrieve x;, subject to
certain assumptions on the way that the servers operate. To achieve this, the user U sends one
randomised query to each of the k servers in § = {5, ..., Sk}, and each server sends back a reply
to U. To retrieve the i-th bit x;, the user uses a reconstruction function that takes as input the
k responses and returns z;. To define a PIR scheme more formally, we introduce some notation:
Let {0, 1}" be the set of binary strings of length n, and {0, 1}* the set of finite binary strings, i.e.

{07 1}* = {6} U UZl{()» 1}4'

Definition 7.1.1 ([43]). Let ¢, and /¢, be positive integers. A k-server PIR scheme for a database
of length n consists of a tuple (Q, .4, R), where

(i) Q is a set consisting of k query functions
Q; : [n] x {0,1}" — {0,1}%

for 1 < j < k. These take an index i € [n] := {1,...,n} and a random string r € {0,1}%,
and produce a query g € {0, 1}% targetted to server j.

(i) A is a set of k answer functions
A;:{0,1}" x {0, 1} — {0,1}*

for 1 < j < k. These take a database z € {0,1}" and a query ¢ € {0,1}* and produce an
answer a with variable (finite) length depending on the query ¢ received by server j.

(iii) R is a reconstruction function
R+ [n] x {0,1}" x ({0,1}")" — {0,1}.
These functions must satisfy the following pair of axioms:
Correctness: For every x € {0,1}", 4 € [n] and r € {0, 1}*

R(i;r; Ay (z, Q1(3, 7)), Aoz, Qa(3, 7)), . . ., Ax(z, Qr(i, 7)) = ;.

In other words, the reconstruction function retrieves the information z; from the replies of
the servers for any given randomised queries for <.
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Privacy: For every i,j € [n], 1 < s <k and ¢ € {0, 1}

P(Qs(i,r) = q) = P(Qs(4, ) = q),

here the probability is taken over r € {0, 1}* uniformly distributed. In other words, a single
server cannot infer the position ¢ from the randomised queries sent by the user.

The sense in which ¢ is hidden above is information-theoretic, meaning that each individual server
obtains no information about the location of interest ¢ from its communications with /.

Example 7.1.1 (Trivial PIR scheme). Let S = {S} consist of a single server. For a database
of length n, the trivial PIR scheme is the scheme where U requests the entire database from S.
Formally we define:

(i) For all i € [n] and r € {0,1}% let Q(i,7) := Q1(i,r) = 1, where 1,, is the all-ones binary
string of length n.

(i) A(z,q) :== Ai(z,q) = [z, : ¢; # 0], i.e. A answers with a binary string which consists all bits
x; of x where ¢; # 0.

(iii) For all i € [n], r € {0,1}* and a € {0,1}", define R(i,r,a) = a;.
We have that A(z,Q(i,7)) = A(z,1,) = z, therefore
R(i,r, A(z,Q(i,7))) = R(i,r, x) = z;,
and the scheme is correct. Since Q(i,r) = 1,, is independent of r and ¢, the scheme is private.

The example above shows that PIR is possible, however the trivial scheme is far from practical.
A real-world database may contain several terabytes of data, and U would have to download the
entire database to retrieve a single bit privately. One of the main goals of PIR is to achieve
privacy with a low communication complexity (or communication overhead). The communication
complexity of a PIR scheme is defined as the total number of bits transferred between U/ and the
servers in S during the execution of the protocol. The communication complexity for a PIR scheme

is thus computed as
k

> Ugy) + Uay),

j=1
where ¢(g;) is the length of the query sent to server S; and ¢(a;) is the length of the answer sent
by server S;. For example, the trivial PIR scheme has a communication complexity of 2n bits,
which is of asymptotic order O(n). The following theorem shows that this is the best possible
communication complexity if there is only one database in the PIR scheme.

Theorem 7.1.1 (Section 5.1, [43]). A single-database PIR scheme has communication complezity

This implies that in order to achieve PIR with sublinear communication complexity, two or more
servers are required. An additional assumption of non-collusion is typically imposed, namely it
is assumed that no pair of servers will exchange information with the purpose of violating the
privacy of U.

183



7 - User-Private Information Retrieval and Finite Geometry

In what follows we will assume that the queries are based on linear summations (or xor queries).
Namely, we interpret our queries and database ¢,z € {0,1}" as elements of the vector space 7.
The answer function of each of our servers S; is

Aj(l',Q) =T-q= Z'lew
=1

where the product and summation are interpreted in F5. In the following PIR schemes, we depart
from the rather cumbersome formal description of PIR scheme as we did in Example 7.1.1, and
instead leave the details of this formalisation to the interested reader.

Example 7.1.2 (Toy example for 2-database PIR). Suppose two servers S; and Sy replicate the
same n-bit database x, and that user U wishes to retrieve z;. The PIR scheme proceeds as follows:

(i) Let U choose a vector ¢ € F} uniformly at random.
(ii) U sends ¢ to Sy and g + e; to Sy, where ¢; is the i-th standard basis vector in 5.
(iii) S replies with the bit = - ¢ and S replies with the bit z - (¢4 €;) = x - g + a;.
(iv) U retrieves z; by adding both replies, i.e.
r-q+ (x-qg+x;) =1
Note that this equation is valid since the summation occurs in [Fs.

The communication complexity of the above scheme is also ©(n), however this toy example can
serve as the basis of more efficient schemes.

Example 7.1.3 (Sublinear 2-database PIR). Suppose that we have a database z of size mn
replicated on two servers S; and S,. Interpret the database x as an m x n matrix. Suppose that
user U wants to retrieve the bit in the (j,4) position of this matrix. The PIR scheme proceeds as
follows:

(i) Let U choose g € F} uniformly at random.
(ii) U sends ¢ to S; and ¢ + ¢; to Ss.
(iii) For each row 7, of z, 1 < £ < m, server S; computes
g =T¢" 4,

and sends a = [aj,as,...,a,] to U. On the other hand Sy computes by = 1, (¢ + ¢;) =
re+q+ To = ag + xy, and sends b = [by, by, ..., by] to U.

(iv) U retrieves x;; by adding the responses a; and b,
xji = CLj + bj = (lj + ((lj + sz)

Therefore, the PIR scheme is correct, and by the non-collusion hypothesis it is also private since
the queries sent to both S; and S are distributed uniformly in the space {0, 1}" of possible queries.
The total communication complexity is of 2 - (n +m) bits. In particular for a database of size n
regarded as a y/n X y/n matrix, we find a communication complexity of 2v/n = ©(y/n).

184



7.1 - Private information retrieval

Example 7.1.3 is a particular instance of a more general result presented in Section 3.4 of [43].
The authors show that for a PIR scheme P where the user sends p(n, k) bits of information to the
servers and the total information received from the servers is s(n, k) bits; given a database of size
nm one can apply P by rows to obtain a scheme of communication complexity

p(n, k) +ms(n, k).

This idea can be extended to t-fold tensors, recall that a t-fold tensor is an object of the type

n
Z Tiy.i (6, @ ®ey),

i1, yie=1

where e; is the i-th basis vector in F}. In particular, matrices are in bijection with 2-tensors
Z?jzl z;j(e; ® e;), and higher order tensors can be interpreted as multi-dimensional matrices.
With a variation of the method in Example 7.1.3 in the multi-dimensional case one can obtain

Theorem 7.1.2 (Section 3.2 [43]). Let k = 2" where t > 0 is an integer, then there is a k-database
PIR scheme with communication complexity ©(ktn'/t) = ©(klog(k)n'/loe®)),

Rather than giving the general protocol in Theorem 7.1.2, we illustrate the idea in the 3-dimensional
case with k = 23 = 8 servers.

Example 7.1.4 (8-server PIR of complexity ©(n'/?)). Suppose we have a database of size n = ¢
replicated in k = 23 servers. Interpret x as a 3-tensor in Fy of dimensions ¢ x £ x ¢,

¢
T = Z Tijp(e; ® e; @ ey).

i,jk=1
Equivalently,  can be thought of as a cube grid of side length ¢ with vertices labelled 0 or 1. Label
the 8 servers in § by binary strings of length 3, namely

S= {50007 SOOI) 50107 SOlla
SlOOv 51017 51107 Slll}-

Suppose that user ¢ wishes to retrieve item z;j;, in position (¢, j, k) from the database . The PIR
scheme proceeds as follows

(i) U chooses three queries qéo),qéo),qéo) € {0,1}* uniformly at random, and produces three
additional queries

i) = ¢ +ei, g =\ + ¢, and ¢V = ¢l + e

(ii) U sends (¢2,qf,q)) to server Sus., for each (o, 8,7) € {0,1}3.
(iii) Server S,s, computes

14

Aapy = Z xrst(qg)r(ql?)s(Qg)t € {0, 1},

r,s,t=1

and sends ang, to U.
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(iv) U retrieves x;;, by adding all responses a,s,, we have

Tijk = E QB -

a,8,7€{0,1}

To show correctness we only need to prove the validity of the equation above. This is a consequence
of the fact that to the tensor x =Y, 2,s(e, ® 5@ e;) corresponds a trilinear form 7" : F3 — F.
For each 7, s,t one has a trilinear form [e, ® e, ® ¢;] : F5 x F§ x F5 — Fy by extending

e, ® es @ e,](ei, e, er) = 0irdsi0rk,

linearly on each of the three arguments. Letting T'= )" _, 2, :[e, ® s ® €], we find that
¢
T(qg, ql?a q) = Z Trstler @ €5 @ e (qq, ql?’ q;)

¢

= > waldd)o(@)s(ad)r
r,s,t=
Aoy

Therefore, using the multilinearity of T

Yo e = Y, T4,
a,B8,7€{0,1} o,B8,7€{0,1}
=T(q” +¢".q)" +a,”. ¢ + )
=T(ei, e;,e€x)
‘
- Z Irst[er Kes® 6t]<€i’ €4, ek)

r,s,t=1

J4
= Z xrstdri 5sj 5tk

r,s,t=1

= Tijk-

The PIR scheme is private under the assumption of non-collusion, since each individual server
receives a triple of queries uniformly distributed in {0,1}*. In total, each server receives a query
of 3¢ bits and replies with a single bit, so the communication complexity is 8(3¢ + 1) = O(n'/?).

We have illustrated some of the techniques one can use to create PIR schemes. There have been
many subsequent improvements to the communication complexity in Theorem 7.1.2 (see the survey
on PIR by Gasarch [78]). We mention some breakthrough results,

e Beimel, Ishai, Kushilevitz and Raymond in 2002 [13] found a PIR scheme of communication
complexity n@Uoglog(k)/klog(k))  This was the first improvement over schemes of complexity
O(n'/k=1). One of the strategies that the authors use is to interpret the database z as a
multivariate polynomial over [F5.

186



7.2 - User-private information retrieval

e Yekhanin in 2008 [180] found the first subpolynomial PIR scheme, under the assumption
that there are infinitely many Mersenne primes. This 3-server PIR scheme was obtained via
a relationship between PIR and locally decodable codes (or LCDs), established by Katz and
Trevisan in [106] (see also the survey by Yekhanin [181]).

e Efremenko in 2009 [68, 69] found a subpolynomial PIR without conjectural assumptions for
k > 3 servers.

e Dvir and Gopi in 2016 [67] found the first subpolynomial 2-server PIR scheme. We remark
that 2-server PIR had seen no improvements from the best known O(n'/3) communication
complexity since the 1995 paper by Chor et. al. [43].

There are many variations to the problem of PIR. For example, the non-collusion assumption has
been relaxed to preserve privacy up to 7' colluding servers [12, 14]. PIR has also been considered
over coded databases instead of replicating databases [77].

We highlight the variant known as computational PIR, or CPIR. In this variation, the privacy
assumption is relaxed, and our assumption is that the servers in § can infer ¢ only if they can
solve a specific computational problem, which is conjecturally computationally expensive. In
their work [41], the authors propose a CPIR scheme with sublinear communication complex-
ity. In this scheme, the server can determine the value of ¢ only if it can solve the quadratic
residuosity problem, which involves deciding whether an integer a is a square residue modulo an in-
teger N. It is widely believed that this problem is difficult to solve for a large non-prime value of N.

Despite the communication complexity advantages of CPIR over PIR, CPIR suffers from a practical
limitation that may be insurmountable: it is faster to send one bit of information than performing
an operation on it. This is an important issue since, in order to maintain privacy for the user, a
CPIR scheme must perform operations on every bit of the database, otherwise the server could
narrow down the search for 7. In [152] the authors demonstrate empirically that carrying a single-
database CPIR protocol is more time-consuming than using the trivial PIR scheme. They further
predict that this effect is likely to be amplified in the future due to the greater rate of increase in
communication speed compared to computing speed.

7.2 User-private information retrieval

PIR has several practical limitations. For example, most PIR schemes assume that users already
know the position ¢ they want to retrieve. However, this assumption is often unrealistic, and
a more practical scenario would be to conduct keyword-based searches: see for example [42].
Nevertheless, the most significant drawback of PIR is its dependence on server cooperation. By
this we mean that the server must willingly provide a PIR system and adhere to a protocol
that guarantees user privacy. Unfortunately, this assumption may not hold true in many situations.

To preserve user privacy in cases where the server is unwilling to cooperate, a complementary
approach known as User-Private Information Retrieval (UPIR) can be adopted. In UPIR, instead
of considering a “game” between a user and one or multiple databases where the user attempts to
hide the requested information, we consider multiple users playing against one or more databases.
In this scenario, the objective is not to conceal the requested item ¢ but rather to hide the identity
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of the user who made the request.

In a UPIR system, we consider a set of users ¢ and we assume that all users in U have access
to a database through a server or collection of servers . We do not make any assumptions on
the way S encodes the database, or on the protocol followed in the communications between the
users and the servers. Instead, we can consider S as a “black-box” function A : Q — X, where X
is the set of items of the database and Q is the set of admissible queries.

To ensure user privacy, the UPIR system employs a random selection process, where a proxy
v € U is chosen to request the desired information on behalf of user u € Y. It can be shown that
selecting proxies uniformly at random is necessary and sufficient to guarantee that & is unable to
trace the queries back to the originating users, [157]. Consequently, S can only gather information
about the overall query patterns of the network. In a sufficiently large network, this limitation
minimizes the server’s ability to create user profiles based on the collected data.

Therefore, in a UPIR system, anonymity with respect to the server is easy to obtain, however
the users within the network may be able to do inference that would allow them to identify
the sources of certain queries. The goal of UPIR is then to protect against malicious users in
the network. The main tool to increase privacy is to restrict the traffic of information in the
network by means of message spaces, where the information is recorded and retrieved. We will see
how the structure of the message spaces is crucial to the level of anonymity of users in the network.

Formally we define a UPIR system as follows:

Definition 7.2.1. An UPIR system is defined as a bipartite graph (4 U M, E), where U denotes
the set of users and M denotes the set of message spaces. A user u € U is said to have access to
the message space M € M if (u, M) € E. We say that the UPIR system is connected whenever
the bipartite graph (U U M, F) is connected.

Figure 7.1: Visualisation of a UPIR system

Remark. From an incidence structure D with points P and blocks B, we can construct a UPIR
system (PUDB, E) by taking the incidence graph, also known as the Levi graph, of D. In this graph,
an edge (p,b) € E exists if and only if point p is incident to block b.

We measure the distance between two users u,v € U in a UPIR system (U UM, E) as d(u,v)/2,
where d(u,v) is the shortest distance between u and v in the bipartite graph.
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In a UPIR system, message spaces serve as the means of communication among users, where
messages are both written and read. Queries intended for the server and the corresponding replies
are communicated through these message spaces. We assume that the content of a message space
M € M is only visible to users © € U who have access to M. To enable communication within
the UPIR system, a protocol is required. We provide an explicit example of such a protocol below.
We refer to the combination of a UPIR system and a protocol as a UPIR scheme. Distinguishing
between the UPIR system (bipartite graph) and the protocol helps illustrate the interplay between
the graph’s combinatorics and the privacy properties of the protocol.

Protocol 1. Let (U UM, E) be a connected UPIR system. Suppose that user u wants to retrieve
the response to query () from the server S

1. User u chooses a user v uniformly at random from the set of all users.
2. If u=wv, u requests @) directly from the database, receiving response R.

3. Otherwise, u chooses uniformly at random a shortest path (u, My, uy,..., M,,v) from u to
v in the bipartite graph.

4. User u writes a request [(u1, Ma, ..., M,,v), Q] onto M.

5. For i = 1,2,...,n — 1, user u; observes the request [(u;, M1, ..., M,,v),Q] addressed to
him in M;. u; writes a new request [(w;y1, Mito, ..., Mp,v),Q] to M;;; and remembers M;
and Q.

6. When the message [(v), Q)] reaches message space M,,, user v sees it and forwards @ to the
server. User v writes the response R from the server as [@, R| in M,,.

7. User u;, upon seeing the response (@, R] in M,4, writes the response [@Q, R] to M;.
8. User u receives the response R to his query after u; writes [Q, R] to M.

UPIR was introduced by Domingo-Ferrer, Bras-Amords, Wu and Manjén in [65]. Here, the
authors presented a protocol where users write queries to message spaces without specifying a
proxy. Swanson and Stinson also developed a special case of this protocol [157, 158]. Both groups
of authors focused on UPIR systems where every pair of users share a common message space.
In such cases, Protocol 1 can be implemented to ensure that every path between two users has a
length of at most 2, allowing any user to write requests directly to their chosen proxy.

Stokes and Bras-Amor6s [1] addressed the problem of constructing a UPIR system while imposing
restrictions such as a constant degree for all message spaces M. This requirement aims to balance
the load among message spaces. They also stipulated that every pair of users shares precisely
one message space. After eliminating degenerate solutions where message spaces have sizes of 1,
2, n—1, or n, the authors identified the class of finite projective planes as the optimal configuration.

Swanson and Stinson [157] analysed attacks on UPIR systems based on projective planes and
proposed UPIR systems constructed from balanced incomplete block designs (BIBD) and pairwise
balanced designs (PBD). We recall the definition of PBD bellow:

Definition 7.2.2. Let X be a set of points with cardinality v, let K C [v] := {1,...,v}. A pair
(X, B) where B is a family of subsets of X is called a (v, K, \)-pairwise balanced design, or PBD, if
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(i) |B| € K for all B € B,
(ii) Every pair of distinct elements of V' is in a unique block of B.

In particular, a projective plane of order n is an (n?+n+1,{n+1},1)-PBD. See [17] for a reference
on design theory.

7.3 Privacy in UPIR schemes

Under the assumption that message spaces can only be accessed by the users in the network and
not by the server, one can establish privacy against the server and more generally against any
external observer. By external observer we mean some entity which can read communications
between users and servers, but has no access to the message spaces and their information. To
formalize these notions, we introduce some notation and definitions. Let Q be a finite set of
possible queries and X be a finite set of possible database items, recall that the servers respond
according to a function A : Q — X. As our setting involves a finite set of users U, we can model
all events using finite probability spaces and finite probability distributions.

When a user u € U requests a query () € Q through the UPIR scheme, we refer to u as the source
of Q. We define the event s(Q)) = u as the occurrence of u being the source of query ). Similarly,
when a user v € U acts as a proxy sending query () to the server S, we denote it as p(Q) = v. We
assume that the server has a prior finite probability distribution for each user’s query, denoted as
P(s(®Q) = u). Similarly, we assume that the server has a prior distribution for the event p(Q) = v,
denoted as P(p(Q) = v).

Definition 7.3.1. We define a UPIR scheme to be private against external observers if, for any
pair of users u,v € U, the conditional probability P(s(Q) = u|p(Q) = v) is equal to P(s(Q) = u).

In Definition 7.3.1, we adopt a Bayesian approach, assuming that an external observer holds
a prior probability distribution representing their degree of belief that user u will request item
Q. According to Definition 7.3.1, privacy against external observers implies that the observer’s
posterior probability, after observing an execution of the UPIR scheme where u requests (), remains
equal to the prior probability. In other words, the observer gains no new information on the
likelihood that w will request ). Notice that Definition 7.3.1 does not consider message spaces or
internal information of the UPIR scheme, hence the name “privacy against external observers”.
Formally we could define a general observer w to a UPIR scheme as a joint probability distribution

PW(S(Q) = U,p(Q/) = U7Q” € M)7

for Q,Q,Q" € Q, u,v € U and M € M. The marginal probability distributions derived from
this joint distribution provide us with the observer’s degree of belief regarding all possible events
occurring within the UPIR scheme.

Theorem 7.3.1 (Swanson and Stinson, Theorems 6.1, 6.2 [157]). A connected UPIR scheme is
private against external observers if each user chooses prozies uniformly at random, and the proxies
for distinct queries are chosen independently.

In particular, Protocol 1 ensures privacy against external observers. Therefore, the main problem
of UPIR is not to guarantee anonymity against the server, but rather to ensure that the identity
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of users in the network cannot be compromised by a coalition of honest-but-curious colluding
users within the network. By honest-but-curious, we mean that the users in this coalition will act
according to the UPIR scheme protocol but may attempt to determine the source of the queries
they observe.

Definition 7.3.2. Let (U UM, E) be a UPIR system equipped with a communication protocol.
Consider a coalition C C U consisting of users collaborating to identify the source of the messages
transmitted within the UPIR scheme. Users u,v € U are pseudonymous with respect to C if and
only if P(s(Q) = u) = 0 is equivalent to P(s(Q) = v) = 0, and for any pair (Q, M) where Q € Q
and M € M is a message space accessible to a user in C, the following holds:

P(s(Q) = ul@ € M)P(s(Q) = v) = P(s(Q) = v[Q € M)P(s(Q) = u).

Here the probability distributions correspond to the beliefs of coalition C. Informally, the concept
of pseudonymity of two users u and v with respect to a coalition C means that the information that
C can gain from observing the message spaces they have access to is not sufficient to distinguish
between v and v. Notice that, unlike privacy against external observers, pseudonymity with respect
to coalitions depends on the structure of the UPIR system.

Lemma 7.3.1 (cf. [80]). Pseudonymity with respect to a coalition C is an equivalence relation on
the set of users U of a UPIR scheme.

Proof. Reflexivity and symmetry are both trivial. To show transitivity holds, let u,v € U be
pseudonymous with respect to C and likewise with v and w, then we have

P(s(Q) = ulQ € M)P(s(Q) = v) = P(s(Q) = v|Q € M)P(s(Q) = u), and
P(s(Q) = v|Q € M)P(s(Q) = w) = P(s(Q) = w|Q € MP(s(Q) = v).

Direct computation shows that

P(s(Q) = ul@ € M)P(s(Q) = w)P(s(Q) = v) =

2
<
O
m
=
0
—~
S
I
S
~—
B,
—~
=
S
I
=

Therefore,

[P(s(Q) = ulQ € M)P(s(Q) = w) — P(s(Q) = w|Q € M)P(s(Q) = u)]P(s(Q) = v) = 0.

If P(s(Q) = v) # 0 then we are done. Otherwise, if P(s(Q) = v) = 0, then from the equivalence
of P(s(Q) = v) = 0 to both P(s(Q) = u) = 0 and P(s(Q) = w) = 0 we have that v and w are
pseudonymous. O

We use the following definition of security against coalitions

Definition 7.3.3. Let (V;) be a family of UPIR schemes indexed by i € N, where scheme i has
exactly n; users. We say that the family V; has a secure against t-coalitions if and only if, for
any € € (0,1), there exists N, € N such that for n, > N, and any coalition C C U(V;) of size
t in V;, there exists a pseudonymity class P with respect to C such that the union of all other
pseudonymity classes has a size of O(n; ). A family of UPIR schemes is called secure if and only
if it is secure against t-coalitions for all £ € N.
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In other words, a family (V;) of UPIR schemes is secure against ¢-coalitions if for large enough
members of (V;), an arbitrary coalition of size t can identify only a negligible portion of the
UPIR system. A secure family of UPIR schemes is one that is secure against coalitions of users of
bounded size.

An identifying set is a coalition C C U such that the pseudonymity classes with respect to C are
all of size 1. In order to evaluate the level of anonymity provided by a UPIR scheme within the
network, we use the concept of linked queries introduced by Swanson and Stinson in [157]. Linked
queries refer to a group of queries that can be traced back to a single source, such as queries
related to a very niche topic. In our analysis, we adopt a conservative approach by considering a
worst-case scenario where each user attaches a unique identifier to each of their queries, e.g. their
IP or MAC address. We emphasise that this does not mean that the true identity of the user w is
exposed, but rather that the queries originate from the same user u.

Definition 7.3.4. In a UPIR scheme, two queries ) and @’ are linked if and only if

In other words, the coalition C has complete belief that the source of query @ and query @’ is the
same. We say that u makes sufficiently many linked queries whenever u requests a series of linked
queries {Q1,...,Qn} repeatedly until all possible combinations of proxies and paths to request
Q € {Q1,...,Qn} in the UPIR scheme have been used.

Theorem 7.3.2 (Theorem 10, [80]). In a PBD-UPIR scheme using Protocol 1, a single eaves-
dropper can identify any user who makes a sufficiently large number of linked queries. In other
words, any coalition of size one is an identifying set.

Proof. Let u be a user who makes a sufficiently large number of linked queries. Then, an eaves-
dropper ¢ will observe linked queries in the unique message space M to which both ¢ and u have
access. Then, ¢ will note that u is never written as a proxy for a linked query @) in M since u acts
as its own proxy. Therefore, ¢ can identify u as the source of the linked queries with a probability
of 1. O

Corollary 7.3.1. A PBD-UPIR scheme using Protocol 1 is not secure.

Proof. Since a coalition C of size one is an identifying set, each pseudonymity class is a singleton.
Let P be an arbitrary pseudonymity class with respect to C in a PBD-UPIR scheme with n; users,
then the union of all pseudonymity classes distinct from P is of size n; — 1 = O(n;). O

Note that v must act as its own proxy as often as any other user, otherwise we lose privacy against
external observers which is the main priority in a UPIR scheme. To circumvent the vulnerability
of u not writing in his message spaces to be the proxy, one may suppose that u writes [Q,u]
randomly in one of the message spaces he has access to. In this case, a frequency analysis by c,
observing the query patterns and analysing the frequency of [@Q,u] in the message spaces would
compromise the identity of u.

We consider an encrypted version of Protocol 1, using the technique of onion routing [160] to
ensure that only the source and the proxy can read the query Q.
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Protocol 2. Let (U U M, F) be a UPIR system where the distance between any pair of users is
at most 2, equivalently the diameter of the bipartite graph is 2 or 4. Suppose furthermore that
a public key infrastructure is in place, and a public key for every user is available. Namely, for
each user u € U there is a unique encryption function ¢, accessible to all users in ¢/, and a unique
decryption function 4, accessible only to w, such that d6,(p,(z)) = x for all possible messages =.
User u wishes to retrieve the response to the query @ from the server.

1. u chooses a user v uniformly at random from the set of all users, and generates a secret key
Y for a symmetric cipher.

2. If u = v, u requests @ directly from the server, receiving response R.

3. If d(u,v) = 1, then user u encrypts both the query @) and the key 1 using v’s public key ¢,,
and writes the request [v, p,(Q), ¢, (1)] to a message space that they share.

4. Otherwise, u chooses a shortest path to v, say [u, My, u;, Ma,v]. wu writes the query
[(u1, Ma2,v), 00(Q), ¢u(¥)] to M.

5. When v receives the request, he forwards () to the database, receives response R, and writes
the response [(v), ¢, (Q), ¥ (R)] to the message space in which the query was observed. The
response is returned to user u as in Protocol 1.

The encryption in Protocol 2 offers a significant advantage in that only proxies are able to observe
the content of the query Q. However, PBD-UPIR schemes remain insecure when using Protocol
2. We show this below with an analysis based on intersection attacks. These are attacks in which
members of a coalition exploit knowledge of the incidences in the system, observing linked queries,
and determining the source as a user in the “intersection” of two or more message spaces.

Theorem 7.3.3 ([80]). In a PBD-UPIR scheme using Protocol 2, there is an identifying set of
size 3.

Proof. Let u be a user, and assume that v makes sufficiently many linked queries. We show that a
coalition C = {cy, ¢, c3} of three users, not all sharing a common message space, is an identifying
set. Users u and c¢; share access to a unique message space M. The spy c¢; can identify M, as
linked queries addressed to ¢; will only be written in M. Since the users in C do not all share the
same message space, there is a user ¢ € {cq, 3} that does not have access to message space M,
without loss of generality we may assume that co = ¢. Let U(M) be the set of users with access to
message space M. Then, ¢y shares exactly one message space with each user in U(M), and ¢y will
observe linked queries only in the unique message space shared with v and in no other message
space ¢ has access to. In this way, the coalition can identify any user u with probability 1. O]

This vulnerability in PBD-UPIR schemes arises from the fact that every pair of users shares
a message space. We present secure UPIR schemes based on incidence structures where this
condition no longer holds.

7.4 Generalised quadrangles
In this section we introduce generalised quadrangles (GQs). Here we assume that the reader is
familiar with the concepts of Chapter 1 and Chapter 3. For more on generalised quadrangles see

[137].

193



7 - User-Private Information Retrieval and Finite Geometry

Definition 7.4.1. A generalised quadrangle is an incidence structure consisting of points and lines
that satisfy the following properties:

1. Each block is incident to 1 + s points for some s > 1 and two distinct lines are incident to
at most one point.

2. Each point is incident to 1 + ¢ lines for some ¢ > 1 and two distinct points are incident with
at most one line.

3. For any point-line pair (x, L) where x is not in L, there is a unique point 2’ in L that shares
a line with .

A generalised quadrangle with parameters s and ¢ is denoted by GQ(s,t), and the tuple (s,t) is
the order of the generalised quadrangle. There is a point-line duality in the definition of GQs, if
we exchange the words point and line in the Definition 7.4.1, we obtain the definition of a GQ(t, s).

A GQ(s,t) is said to be trivial if s =1 ort = 1. If s = 1, then there are two points in every line
so the GQ is a graph, in this case the GQ axioms force the graph to be bipartite. If £ = 1, then
there are 2 blocks through every point, so the GQ is a grid and points can be labelled as z;; for
0 < 1,7 < s and lines consist of points sharing a common subscript in the same position.

Example 7.4.1. Consider the set [6] = {1,2,3,4,5,6} with six elements. Let P = ([S]) be the set
of unordered pairs from [6], resulting in |P| = 15 elements. Let £ be the set of partitions of [6] into
three disjoint unordered pairs. We define an incidence structure with points in P and lines in L.
The incidence relation is defined by the occurrence of a pair of P in a partition of L. For example,
the pair 12 occurs in exactly three partitions, namely {12,34,56}, {12,35,46} and {12,36,45}.
This incidence structure is a GQ(2,2), pictured below

Figure 7.2: The smallest non-trivial generalised quadrangle.

Lemma 7.4.1 (1.2.1 [137]). In a GQ(s, ) the number of points is v = (s + 1)(st + 1) and, dually,
the number of lines is b = (¢ + 1)(st + 1). The total number of points at distance 1 from a given
point z is s(t + 1) and the total number of points at distance 2 from z is s%t.

Proof. To see that v = (s+1)(st + 1) one can fix a point z in the GQ and count the total number
of points sharing a line with z, and not sharing a line with x. Since ¢ 4 1 lines pass through = and
s + 1 points in each line, there are exactly s(t + 1) points sharing a line wiht z. For each point
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y # s in a line ¢ through x, there are ¢ lines distinct from ¢ passing through y. For each such line,
there are s points distinct from y, and each such point shares no line with z, giving a total of st
points. By axiom (iii) in Definition 7.4.1, this accounts for all points of the GQ not sharing a line
with x. Therefore, the total number of points is

v==st+s(t+1)+1=(s+1)(st+1).
Exchanging the roles of points and lines, duality shows that b = (t + 1)(st + 1). O

Generalised quadrangles are a particular case of a wider family known as generalised polygons. A
generalised m-gon is an incidence structure whose incidence graph has diameter m and girth 2m.
In particular, generalised quadrangles contain no triangles.

Theorem 7.4.1 (Feit and G. Higman, [75]). A finite generalised m-gon of order (s,t) with s,t > 1
satisfies m € {2,3,4,6,8}.

The class of finite generalised 3-gons (or generalised triangles) coincides with the class of finite
projective planes. Namely, a finite generalised triangle of order (s,t) satisfies s = t = n, and is
a projective plane of order n. For generalised quadrangles the values of s and ¢t may be different,
but they must obey Higman’s inequality:

Theorem 7.4.2 (D.G. Higman, 1.2.3 [137]). In a generalised quadrangle, if s > 1 and t > 1 then
t <82, and dually s < t2.

Because of the common framework of generalised polygons, generalised quadrangles are a natural
structure to consider in the setting of UPIR, as an extension of previous work focused on projective
planes and PBDs.

7.4.1 Quadrics and Hermitian varieties over finite fields

The main infinite families of finite generalised quadrangles are the classical generalised quadrangles,
which arise from bilinear or sesquilinear forms. Before we can introduce the classical generalised
quadrangles we need to discuss quadrics and Hermitian varieties on finite fields.

Definition 7.4.2. Let [, denote the finite field on ¢ elements. The n-dimensional affine space
on [, is the set AG(n,q) = F}. The n-dimensional projective space on [, is the quotient set
(Fp+t —{0})/ ~ of non-zero vectors of F7*" by the equivalence relation ~, where z ~ y if and only
if there is a non-zero scalar A € F; such that x = A\y. We denote the n-dimensional projective
space on [, by PG(n, q).

The projective geometry PG(2,q) is precisely a projective plane of order ¢. In projective space
PG(n,q), projective subspaces of dimension d are in bijective correspondence to subspaces of
dimension d + 1 of the underlying affine space. For example, in PG(2,q) each point corresponds
to a 1-dimensional subspace of [Fg.

Notice that over a finite field, every function f : Fj — [, is a polynomial on n variables with
coefficients in F, i.e. f € F,[zy,...,x,]. This is a consequence that by Lagrange interpolation we
can construct a polynomial that takes the same values as f on finitely many points, since [, is a
finite field we can find a polynomial that agrees with f everywhere on Fp.
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Definition 7.4.3. If f € F,[xy,...,2,] is a polynomial, the affine variety defined by f is the
subset
V(f)={x € AG(n,q) : f(z) =0} C AG(n,q).

If fis a form on n + 1 variables, i.e. if f € F [zo,21,...,2,] is a homogeneous polynomial, then
the projective variety defined by f is the subset

V(f) ={z € PG(n,q) : f(z) = 0} C PG(n,q).

It is necessary to require that f is homogeneous in order to define a projective variety. Since
otherwise we may have f(x) = 0 yet f(A\x) # 0, and the zeros of f would not be well-defined as
elements of the quotient space (F*' — {0})/ ~.

A quadric in projective space PG(n,q) is a variety of the type @Q = V(¢) where ¢ is a quadratic
form on n + 1 variables. An Hermitian variety in projective space PG(n,q) is a variety of
the type H = V/(h) where h is an Hermitian form on n + 1 variables. The quadric @ (resp.
Hermitian variety H) is called non-singular if and only if the quadratic form ¢ (resp. hermitian
form h) is regular. Recall that a bilinear or sesquilinear form f on a finite-dimensional vector
space V' is regular if and only if the matrix Ay of f with respect to a basis of V' has determinant # 0.

Remark 7.4.1. In order to define an Hermitian form over [, we first need to have an involutory
automorphism 7 : F, — F,. All automorphisms of F,, where ¢ = p/ for some prime p, are powers
of the Frobenius automorphism, F : F, — F, given by F(z) = z? for all x € F,. Write 7 = F'*, so
that 7(z) = 27", then 7(7(z)) = z if and only if (2P")P" = z = 2%, but then p?>* = ¢, which implies
that ¢ is a perfect square. In what follows we write 7 in exponential notation, i.e. 7 := 7(x).

If two quadratic forms ¢ and ¢’ are equivalent then there is a projectivity taking V(¢) into V' (¢'),
i.e. a bijective linear mapping o : F7+" — F7*! such that o(V(¢)) = V(¢'). The same claim holds

for Hermitian forms. Both quadratic and Hermitian forms over finite fields can easily be classified
from the fact that any element in [ is the sum of two squares:

Lemma 7.4.2. Two binary quadratic forms over a finite field I, of characteristic # 2 are equivalent
if and only if their discriminants are equal, i.e.

(a,b) ~ (c,d),
if and only if ab = ¢d in the square class group I'(F,) = [F;/([F;)?

Proof. Theorem 1.4.6 in Chapter 2 implies that two binary forms (a,b) and (c,d) are equivalent
if and only if (a,b)f, = (c,d)F, and ab = cd in I'(F,). We also showed in Chapter 2 (see Example
1.4.3 ) that every element of F, is a sum of two squares, from which it follows that (a,b)F, = 1
for all a,b € I, so the first requirement is vacuous and we find that (a,b) ~ (c, d) if and only if
ab=cd in I'(F,). O

Theorem 7.4.3 (cf. Chapter 2, Theorem 3.8. [145]). Let F, be a finite field of characteristic
# 2, then there are exactly two isometry classes of reqular quadratic forms on [, of dimension n,
namely

(1,1,...,1), and
(e,1,...,1),

where € 1s a non-square element in F. In particular, the dimension and the discriminant form a
complete set of invariants for quadratic forms over finite fields.

196



7.4 - Generalised quadrangles

Proof. Let ¢ be regular quadratic form of degree n, then by the polarisation identity (Theorem

1.2.1) we may assume that there are ay,...,a, € [, such that

¢~ (ar,... a,) = a12s + -+ a,2>.
Without loss of generality we may assume that ay,...,a, are non-squares in [ and that
Gri1, ..., Gy are square. Then since the square-class group I'(F,) = F/(Fx)? has order 2, we
find that

p~{e,....e,l,. ., ) =¢e(ai+-+ad)+al, + - +a2,

where € € F* is a non-square residue. By Lemma 7.4.2 we have that (¢,e) ~ (1,1), since €* = 1
in I'(F,). Therefore applying the equivalence (1,1) ~ (e, ) one pair of variables at a time we find,

¢~ (1,...,1)if ris even, and ¢ ~ (¢,1,...,1) if r is odd.

Notice that these two possible forms are inequivalent since they have discriminant 1 and ¢ respec-
tively, which are different elements in I'(F,). O

From the classification of quadratic forms on [, of Theorem 7.4.3, we can classify quadrics on the
projective space PG(q, n).

Theorem 7.4.4 (cf. Theorem 5.2.4 [89]). Let q be an odd prime power, and @ be a quadric on
PG(n,q), then up to equivalence

(i) If n = 2s is even, then

Q= V(;L’g 4+ T1xo + X324 + -+ 1’25711’25).

(ii) If n =2s — 1 is odd, then

Q =V (xoxy + 2223+ ... Tos_oTas 1), OT
Q =V (f(xo,x1) + Tows + - - + Tos_2T25-1),

where f(x,y) is a binary quadratic form which is inequivalent to xy.

Proof. To prove (i) let ¢ be a regular quadratic form of dimension n + 1, where n = 2s. Then, by
Theorem 7.4.3, ¢ is equivalent to either (1,...,1) =22 + 22 + ... 23, or {g,1,...,1) =exd + 23 +
-+ +x3,. We show the identity V(23 + 23+ ---+3,) = V(exd + 23 + - - - + 22) holds. To see this,
notice that from the equivalence (g,¢e) ~ (1,1) we have that (¢,1...,1) ~ (¢,¢,...,¢), since there
are exactly 2s ones after the first coefficient in (,1...,1). Therefore,

V(e +ai+---+a3)=V(e(ad+ 2t +-- +22))=V(ad + 22+ +123,).
So in any case we find that an arbitrary regular quadratic form of dimension n+1 = 2541 satisfies
V(¢) =V(zg+ai+- - +a3).

Over the field F, with ¢ odd, the binary quadratic form z* — y? = (1,—1) is equivalent to the
quadratic form zy since

{1 —T [ 0 1/2} [1 —1} B {1 0}

1 1 /2 o1 1] [0 =1’
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over any field of characteristic # 2. Theorem 7.4.3 implies (1,1) ~ (—1, —1) over F,. Applying
this equivalence for s pairs (1, 1), we have

(11, .., 1) ~ (1;1,...,1;—1,...,—1),

where there are exactly s occurrences of 1 and s of —1 after the first coefficient in the right-
hand-side. Collecting the terms +1 and —1 in pairs, and using the fact that (1,—1) ~ zy, we
find

V(p) = V(2 + 2109 + -+ + Tos_1T05).

In particular any quadric @ is equal to V(z2 + z129 + - - - + T25_1Ta5). The proof of (ii) is similar,
and we refer the reader to Theorem 5.2.4 of [89] for the details. ]

Remark. The classification of quadrics above also holds for ¢ even, but the proof is entirely
different. We refer the reader to Theorem 5.1.7 of Hirschfeld’s book [89].

The representatives of quadratic forms chosen above are more convenient than the ones in
Theorem 7.4.3 since they do not depend on the parity of ¢q. In addition, we will see in the next
subsection that, with these representatives, it is easier to identify the dimension of a maximal
linear subspace contained in the quadric.

Recall that by Remark 7.4.1 we can only consider Hermitian forms over fields [, where ¢ is a
prime power. We can easily characterise Hermitian varieties:

Theorem 7.4.5 (cf. Theorem 5.1.5 [89]). Ouer the field F . there is only one isometry class of
reqular Hermitian forms of dimension n+1, in particular all such Hermitian forms are isomorphic
to the form

alxo + xTay + -+ ala, = a2t 4 20T gt

Proof. By Jacobson’s reduction (Theorem 3.1.2), two Hermitian forms h and h' over F, are
equivalent if and only if their trace forms ¢ and ¢, are equivalent as quadratic forms on [,.
Since F, C F,2 is a quadratic field extension, we can identify F, = [F,le], where € is a non-
square in Fx. After polarisation, an arbitrary Hermitian form h over F, can be written as
¢ = apzl™ + a1z + - 4 a2t for some ag,ay,. .., a, € FY, in which case its trace form
¢, is isomorphic to (ag, a1, . . ., ap; €ag, €ay, . . . ,£a,). Therefore, the discriminant of the trace form
¢, of an arbitrary Hermitian form h, is e"™'. By Theorem 7.4.3, two regular quadratic forms over
[, are equivalent if and only if they have the same dimension and discriminant. This shows that

all regular Hermitian forms of dimension n + 1 are equivalent. O]

Corollary 7.4.1. In PG(n, ¢?) there is only one Hermitian variety, namely

H =V 429 4. 422t

7.4.2 Classical families of generalised quadrangles

We can obtain families of generalised quadrangles from quadrics by restricting the incidence
structure of points and lines in PG(n, ¢) to a given quadric. First we note that, in order to obtain
a generalised quadrangle from a quadric @), the largest projective dimension of a linear subspace
contained in @ must be 1 (or equivalently affine dimension at most 2). Otherwise, there is a
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projective plane contained in ), and the incidence structure of a projective plane contains triangles.

Suppose () is a quadric given as the zero set of some regular quadratic form ¢ on a vector space
V over [,. Let b be the bilinear form associated to ¢, then a linear subspace W contained in )
is equivalent to a subspace of V satisfying ¢(x) = b(z,z) = 0 for all z € W. In the theory of
quadratic forms, a space W is said to be totally isotropic if and only if ¢(x) = b(x,z) = 0 for all
x € W, equivalently W C W+. So a linear subspace W of a quadric Q = v(¢) is equivalent to a
totally isotropic subspace of the quadratic space (V,¢). From the inclusion W C W+ it follows
that
dimV = dim W + dim W+ > 2dim W,

so a totally isotropic subspace W satisfies dim W < dim V/2. A maximal totally isotropic subspace
W of V is a totally isotropic subspace of V' that is not contained in any other isotropic subspace.

Theorem 7.4.6 (Witt decomposition, 5.11. Chapter 1, [145]). Let (V,¢) be a regular quadratic
space of dimension n. Then, the dimension of a mazimal totally isotropic subspace in'V ism < n/2
if and only if V.~ H, & --- @ H,, ® Vi, where H; ~ (1,—1) and V} is anisotropic. In other words,

¢2 <17"'a1;_1"'a_1>EBd}Emle+"'+x2m—1$2m+w(yla--'7yn—2m)7
where ¥(y) # 0 for all y € V3.

Remark 7.4.2. The integer m is an invariant of the quadratic space (V, ¢), known as the Witt
index of the space.

Theorem 7.4.7 (cf. Section 3.3.1 [137]). Let Q@ C PG(n,q) be a quadric containing no linear
subspaces of projective dimension > 2. Then the incidence structure of points in ) and lines of
PG(n, q) contained in Q) is a finite generalised quadrangle.

Proof. To show Axiom 1. in Definition 7.4.1, notice that every line in the quadric @) has exactly
s+1 = g+1 > 3 points. We now show that if () contains no linear subspaces of projective dimension
> 2, then there are no triangles in the point-line incidence structure of Q. Let @ = V(¢), and b
be the bilinear form corresponding to ¢. Then for z,y € @) with x and y distinct, if the line given
by x and y is contained in @), then

0= o(\z + py) = N¢(x) + 2 ub(z, y) + p*d(y) = 2\ ub(z, y).

So for A, € B and ¢ odd, this implies that b(xz,y) = 0. Therefore, a triangle in @) implies the
existence of z,y, z € Q with ¢(z) = ¢(y) = ¢(z) = 0, and b(z,y) = b(x, z) = b(y, z) = 0, but then

d(aor + ary + az2) = agd(w) + aid(y) + aze(2)
+ 2001 b(, y) + 2c0000b(x, 2) 4+ 201 0b(y, 2)
= 0.

This implies that there is a PG(2, ¢) embedded in @, contradicting the assumption that ) does not
contain linear subspaces of projective dimension 2 or larger. Now, to prove Axiom 3. it suffices
to show that for a non-collinear pair of line and point (¢, z) there is at least one point w in ¢
collinear to x: Let ¢ be an arbitrary line in () and z a point in ) not incident to ¢. Let x,y be
two distinct points incident to £, so that every point in ¢ can be written as a linear combination
of x and y. Now, we find a point w in ¢ such that b(z,w) = 0, in this case every point of the type
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Az 4+ pw will be isotropic, implying that z and w share a line contained in Q. If either b(z,x) = 0
or b(z,y) = 0 we are done. Otherwise, we may assume b(z,y) # 0, and let w = x + ay, where
a = —b(z,x)/b(z,y), so that

b(z, x)
b(z,y)

Finally, to show Axiom 2. let 1 + ¢(z) be the number of lines in () passing through a point z
in the quadric. Then, using Axioms 1. and 3. the total number of points in the is equal to
(1+s)(1+4 sf(x)). This quantity is independent of x, which implies that there is a constant ¢ such
that each line in the quadric contains 1+t points. For the case where ¢ is even, we refer the reader
to [137]. O

b(z,w) = b(z,z) — -b(z,y) = 0.

Theorem 7.4.6 together with Theorem 7.4.4 and Theorem 7.4.7 imply that the point-line incidence
structure of a quadric yields a generalised quadrangle only for a quadric ) in dimensions 3, 4 or
5 equivalent to

1. V(JIQZEl + l’gl’g) in PG(S, q),
2. V(2% + z179 + x324) in PG(4,q), or

3. V(f(zo, 1)+ xows + z4x5) in PG(5, q), where f(x,y) is a binary quadratic form inequivalent
to xy.

These are the quadrics on [, which contain no totally isotropic subspaces of projective dimension
> 2. These quadrics turn out to induce generalised quadrangles:

Corollary 7.4.2. Let ¢ be a prime power, then the following are families of generalised quadrangles
embedded in PG(n, q):

QB,q): s=qt=1v=(¢+1)?*b=2(g+1), when n = 3,
Q(4,q): s=t=qv=b=(qg+1)(¢* +1), when n =4, and
QBG,q): s=qt=¢v=(g+1)(+1),b=(¢+1)(¢* +1), when n = 5.

~—~

Proof. The family Q(3,q) is given by the quadric @ = V (zox; + z223) in PG(3,¢). We show that
the parameters of Q(3, ¢q) are as stated. Suppose that (zq, z1, x2, 23) € [Fé is a non-zero solution to
the equation

Tox1 + zoxs = 0.

If xy = 0, then 25 = 0 or 73 = 0 and x; may be chosen freely. This gives a total of 2(¢*> — 1)
possible solutions, since in projective space two vectors are identified if and only if they are non-
zero multiples of each other, the total number of points in PG(3,¢q) with zo = 0 satisfying the
equation is 2(¢®> — 1)/(q — 1) = 2(q + 1). If 7y # 0, then letting z; = —x913/19 We have a solution
to the equation, so 9 and x3 can be chosen freely. This gives a total of (¢ — 1)(¢*> — 1) solutions
in Fj, which is equivalent to ¢*> — 1 solutions in PG(3,¢q). Therefore, the number of points in
Qisv=¢"—1+2(qg+1) = (¢g+ 1)% Since each line in PG(3,q) comprises ¢ + 1 points, the
number of points in a line contained in () is also ¢ + 1, so s = ¢. By Lemma 7.4.1 we know that
v=(s+1)(st+ 1), so from the knowledge of s and v we may find ¢, we have

(q+1)?=v=(s+D(st+1)=¢t+q+q+1=q(g+ 1)t + (g+1).
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From here it follows that t =1, and b= (t + 1)(st +1) = 2(¢ + 1).

Similarly, counting the number of points in Q = V(2 + z125 + x324) is sufficient to determine the
parameters of the family Q(4,q), likewise for @ = V(f(xo,x1) + o3 + x425) and Q(5, ¢), where
f(z,y) is a binary quadratic form inequivalent to zy. For the details of this computation we refer
the reader to Theorem 5.1.8 of [89]. O

We conclude this section by mentioning two more families of generalised quadrangles. For details
we refer the reader to Chapter 3 of [137].

Theorem 7.4.8 (H-family, 3.3.1 (ii)[137]). Let H be a non-degenerate Hermitian variety on
PG(n,q?) where n = 3 or 4. Then the points of H with the lines on H form a generalised
quadrangle, denote H(n,q?), with parameters

HB3,¢%): s=¢ t=q v=(+1)(¢’ +1), b= (¢+1)(¢’ + 1), and
H4,¢%): s=¢, t=¢, v=(F+1(¢"+1).
In either case, H is equivalent to V (xl™ 4 297 4 ... 4 z0+1),
Recall that a symplectic form on a k-vector space V' is a function f: V x V — k satisfying
(i) fle+2'y) = f(z,y) + f(«',y), and
(i) f(z,y) = —=f(y, ).
In particular f(x,z) =0, for all z € V.

Theorem 7.4.9 (W-family, 3.3.1 (iii)). The points of PG(3,q) together with the totally isotropic
lines in PG(3,q) with respect to a symplectic form constitute a generalised quadrangle, denoted
W (q), with parameters

s=t=q, v=>0=(¢+1)(¢" +1).

7.5 Privacy in GQ-UPIR schemes

We return to UPIR schemes. To analyse pseudonymity relations in a GQ-UPIR scheme we will
require the concept of hyperbolic lines on a GQ.

Definition 7.5.1. Let x be a point in a GQ. We denote by B;(x) the set of points collinear to x.
If X is a subset of points of a GQ, we write By (X) = (), Bi(x) for the set of points collinear to
every point in X'. The set

reX

sp(X) = Bi(Bi(X) = ] Bi(2),

z€By (X)

is called the span of X. When X = {z,y} for two non-collinear points x,y, the set sp(z,y) :=
sp({z,y}) is called the hyperbolic line defined by z and y.

Hyperbolic lines satisfy similar incidence relations to those of ordinary lines in a GQ.

Lemma 7.5.1 (cf. Lemma 16 [80]). If a € sp(z,y) then sp(a,z) = sp(z,y).
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Proof. Let a € sp(x,y) = B1(B1({z,y})). Since a is collinear to every point in B;(x,y) we have
Bi({z,y}) = Bi({a,z,y}) and clearly B;({a,z,y}) C Bj(a,z). Through the point x pass t + 1
lines, for each such line ¢ there is a unique point z in ¢ such that z and y are collinear. Therefore
for any two non-collinear points x,y we have that |B;({x,y})| = t + 1. Therefore,

t+1=|B({z,y})| = [Bi(a,z,y)| < [Bi(a,z)| =t + 1.
Which shows By ({z,y}) = Bi(a,x), hence sp(z,y) = sp(a, ). O
Corollary 7.5.1. If |sp(z,y) Nsp(w, z)| > 1, then sp(z,y) = sp(w, 2).

Proof. Let {a,b} C sp(x,y) N (w,z). Then by the lemma above sp(x,y) = sp(a,x) = sp(a,b) =

sp(w, a) = sp(w, z). O

Q Order | Span size

Wi(g), qodd | (q,q) |Isp(z,y)l=q+1

Q(4,q), geven | (q,q) | |sp(z,y)|=q+1

Q(4,q), godd | (q,q) | |sp(x,y)] =2

Q(5,q) (¢.¢%) | Isp(z,y)| =2

H(3,q%) (¢*,q) | Isp(z,y)] =q+1

H(4,q% (¢*,¢%) | Isp(z,9)| =g +1

Table 7.1: Sizes of hyperbolic lines in the classical generalised quadrangles. Here ¢ is a prime
power, z, and y are non-collinear points. See [137]: Chapter 1 contains the relevant definitions,
and the values of |sp(z,y)| can be inferred from 2.5.1. and Section 3.3

In Table 7.1, the structures W (q) and Q(4, q) are dual for ¢ odd, W (q) ~ Q(4, q) is self-dual for ¢
even, and H(3,¢*) and Q(5,q) are dual.

Proposition 7.5.1 ([80]). In a GQ-UPIR scheme using the unencrypted Protocol 1, the
pseudonymity classes with respect to a single eavesdropper ¢ are singleton classes for users at
distance 1 from ¢, and are of the form sp(c,u) — {c} for any user u at distance 2 from c.

Proof. Suppose that u sends sufficiently many linked queries. Then ¢ will observe these linked
queries only in the unique message space, or line, shared between ¢ and u, and u is the unique
user that never acts as a proxy for a linked query in said message space. This shows that ¢ can
identify u when ¢ and u share a message space.

If ¢ and u do not share a message space, then the GQ axiom implies that for each message space
M that ¢ has access to, there is a unique user u; that shares a message space with u. Since u
sends sufficiently many linked queries, ¢ will observe every user in M act as a proxy of a linked
query except for u;. Therefore, ¢ can identify the set X = By(c) N By(u). All candidates in
By(X) — {c} = sp(u,c) — {c} are then pseudonymous, since for every user v € sp(u,c) — {c} we
have that sp(u,c) — {c} = sp(v,¢) — {c} by Lemma 7.5.1. O

In particular, a single user can identify every user in the GQ-UPIR scheme if and only if every
hyperbolic line of the GQ has size 2. The infinite families Q(4, ¢) with ¢ odd and Q(5, ¢) have this

property.
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Proposition 7.5.2 ([80]). In a GQ-UPIR scheme using the encrypted Protocol 2, all users at
distance 2 from every member of a coalition C are pseudonymous with respect to C.

Proof. First we consider a single user ¢;. Then, ¢; can identify if the source u of a series of linked
queries is at distance 1 or distance 2. If u is at distance 1, then ¢; will observed linked queries only
in the unique message space shared by ¢; and u. If u is at distance 2, then ¢; will observe linked
queries uniformly at random on all the message spaces it has access to. Since ¢; does not observe
queries addressed to other users, ¢; does not find information about Bj(u), hence no information
about the hyperbolic line sp(cq,u). The only information ¢; learns is that d(ci,u) = 2, and in
particular all users at distance 2 form c¢; are in the same pseudonymity class with respect to ¢;.
If u is at distance 2 from every member of a coalition C = {¢1, ..., ¢}, then the only information
that each member ¢; observes is a uniform random distribution of linked queries address to each of
their message spaces. This would be stil the case if v is the source of the linked queries, provided
that v is again at distance 2 from each coalition member. Therefore, the set of users at distance 2
from C is contained in a single pseudonymity class. O

Theorem 7.5.1 ([80]). A GQ-UPIR scheme with s > 1 and using Protocol 2 is secure against
coalitions of users of size O(s'=) for any € > 0. Therefore, any such family of GQ-UPIR schemes
1s secure according to Definition 7.5.3.

Proof. Let C be a coalition of size O(s'~¢). By Proposition 7.5.2 every user at distance 2 from C
forms a single pseudonymity class. By Lemma 7.4.1 the number of users at distance 1 from a given
user in C is s(t 4+ 1). Therefore, we have that the number of users at distance 1 from a member of
C is at most

IC|s(t +1) < s> (t+1). (7.1)

Again, by Lemma 7.4.1 the total number of users in the GQ-UPIR scheme is (s + 1)(st + 1). If
t = 1, then the GQ is a grid, and by Equation 7.1 the coalition C is at distance 1 from at most
O(s*>7¢) users. The users at distance 2 from C form a single pseudonymity class, hence the union
of all other pseudonymity classes has size at most O(s?>~¢) = O(v!~), where v, = (s + 1)? is the
total number of users in the UPIR scheme. Therefore, a grid GQ-UPIR scheme is secure in the
sense of definition 7.3.3.

Suppose now that ¢+ > 1 then applying Higman’s bound (Theorem 7.4.2) we find that s > /2.
Therefore the number of users at distance one from a coalition C is at most s~ ¢(t+1) = O(s*7%).
The total number of users in the GQ is vs; = (s + 1)(st + 1) = O(s*). Therefore, the GQ-UPIR

scheme is secure. O

Corollary 7.5.2. For all ¢ > 0, there is an N, € N such that any grid GQ-UPIR scheme using
Protocol 2, and having n > N, users, has no identifying sets of size O(n!/27¢).

Proof. The number of points in a grid GQ of order (s,1) is n = (s + 1)%. Let C be a coalition of
size O(s'7¢) = O(n'/?7¢) where € > 0 is arbitrary. Then, the number of users at distance 1 from a
member of C is at most

ICls < s> ¢ =0(n'").

Therefore, for n large enough, the set of users at distance 2 from all members of the coalition C has
more than one element. By Proposition 7.5.2, the users at distance 2 from C form a pseudonymity
class, hence C is not an identifying set. O]
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Note that the grid GQ-UPIR scheme requires only 21/n message spaces, while still achieving
security. In contrast to PBD-UPIR schemes, which are insecure and require at least as many
message spaces as there are users.

In analogy to Corollary 7.5.2 we can show that, among the classical generalised quadrangles, the
most secure GQ family is H(3,¢?) which is secure against coalitions of size O(n?/°~¢), while the
least secure is given by Q(5,q) which is secure against coalitions of size O(n!/4~¢).

Research problem 26. Consider a UPIR scheme in which the path between a source user u
and a proxy v is of a fixed length ¢, which may exceed the diameter of the underlying bipartite
graph. The question arises: what is the minimum size of an identifying set in such a scenario? For
instance, what is the smallest possible size of an identifying set in a GQ-UPIR scheme where the
message passing requires exactly 3 steps? Similarly, what about projective planes UPIR schemes
with a restriction of 2 steps?

We can also consider the following generalisation of the problem of finding a minimal identifying
set:

Research problem 27. In a GQ-UPIR scheme, determine the smallest value of ¢ such that the
average size of a pseudonymity class, with respect to an arbitrary coalition C of size ¢, is at most
2 (or more generally, at most k).
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Generalised Hadamard Matrices and Projective
Planes

This appendix is a companion to the survey in Chapter 4. Here we present known results, but
with a new exposition including several concrete examples.

There is a close connection between GHMs and projective planes. Namely, one can build a pro-
jective plane of order n from a GH(n, G) where |G| = n. In addition projective planes which are
obtained from a generalised Hadamard matrix have an astonishingly concise description, instead
of requiring a binary matrix of order n?+n+1 we require only an n X n matrix with entries over G.
In particular the Fourier construction shows that we can encode a projective plane of order p (for p
prime) in a p X p array. An interesting question arises which is to determine if all projective planes
of prime order can be obtained from a GHM. This is related to two well-known open problems

Research problem 28. Is every BH(p, p) matrix equivalent to the Fourier matrix F,?
Research problem 29. Is every projective plane of prime order Desarguesian?

It was shown in [88] that the existence of a BH(p,p) which is not isomorphic to F, gives rise to
a non-Desarguesian projective plane, and so if Problem 2 above has an affirmative answer then
so does Problem 1. For a nice account on non-Desarguesian projective planes see C. A. Weibel’s
survey [170].

We recall below some basic facts about affine and projective planes. A good reference in the
subject can be found in the book by Hughes and Piper [94] or in Chapter 3 of Dembowski’s book
[62].

Definition A.0.1. An affine plane is an incidence structure consisting of a set of points P and a
set of lines £ such that the following axioms hold

Al. There is a unique line through every pair of points.

A2. For any pair (p,¢) of point p € P and line ¢ € L such that p is not in ¢ there is a unique line
¢ through p such that ¢ and ¢ have no points in common.

A3. There are three non-collinear points.
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If a line of an affine plane has exactly n points then it follows from the axioms that every line has
exactly n points, and we say that the order of the affine plane is n. From the definition of affine
planes one can define an equivalence relation || of parallelism of lines. Two lines ¢ and ¢’ are said
to be parallel, denoted by ¢||¢, if and only if they have no common points. An equivalence class
of parallel lines in an affine plane is called a parallel class or pencil. An affine plane of order n has
a partition of its lines into exactly n + 1 parallel classes.

Example A.0.1. Let [, be a finite field, where ¢ is a prime power. We define an affine plane by
letting the set of points be F, x [, and the set of lines consist of all sets of the type

lape = {(z,y) € Fy x Fy i ax + by = c}.

where a,b,c € F,, and either a or b are non-zero. This construction gives an example of an
affine plane of order ¢, as it is easy to check that axioms A1-A3 hold and that each line has ¢ points.

As a particular example take ¢ = 2. Then our set of points consists of all four binary tuples
{00,01,10, 11}, here written in shorthand notation. The line 110 = {(z,y) € Fo x Fy : 2 +y = 0}
consists of the tuples whose coordinates add to zero, i.e. the two points 00 and 11. The full set of
lines is given below

6100 : {00,01}7 5101 : {10, ]_1}7
6010 . {00, 10}, 6011 . {01, 11},
6110 : {OO, 11}, 6111 : {01, 10}

Note that each row above represents a parallel class of lines.

Let Z be a finite incidence structure consisting of points and lines. The line-point incidence matrix
of Z is the matrix M with rows indexed by lines and columns indexed by points defined by

1 if £ passes through the point p
tp — . .
0 otherwise

For example, the affine plane of order 2 that we constructed in Example A.0.1 has the following
line-point incidence matrix

00 01 10 11
liooTl 1 0 07
lip |O 0 1 1
6010 1 0 1 0
bory |O 1 0 1
i |1 0 0 1
6111 L0 1 1 0.

Definition A.0.2. A projective plane is an incidence structure consisting of a set of points P and
a set of lines £ such that the following axioms hold

P1. There is a unique line through every pair of points.

P2. Any two distinct lines have a unique point in common.

A-2



P3. There are four points of which no three lie in the same line.

Proposition A.0.1. Let P be a projective plane and assume that a line £ of P has exactly n + 1
points. Then

(i) Each line of P contains exactly n + 1 points.
(ii) Each point is on exactly n + 1 lines.
(iii) P conmsists of n? +n + 1 points and n* +n + 1 lines.
Proof. See Theorem 3.5 on Chapter III of [94]. O

Example A.0.2. Similarly as in Example A.0.1 we can construct a projective plane of order ¢
from any finite field F,. This time the set of points is the set of one-dimensional vector subspaces
(p) of [FS’ where p is a non-zero vector in [Fg’. Lines, in turn, are defined to be the two-dimensional
vector subspaces of F2. And a point (p) is in a line £ if and only if (p) is a vector-subspace of /.
It is easy to check that axioms P1-P3 are satisfied, and that every line contains exactly ¢+ 1 points.

As a particular example take ¢ = 2. Since the only multiples of any vector in F3 are the
zero vector and itself, the set of points is given by the 7 non-zero elements of F3 namely
P = {001,010,011, 100, 101,110,111}. Any given line is of the type {z,y,z + y} where z,y € P,
therefore the complete list of lines is

{001,010,011},

{001,100, 101}, {001,110, 111},
{010,100, 110}, {010,101, 111},
{011,100, 111}, {011,101, 110}

Notice that the affine plane of order 2 constructed in Example A.0.1 can be embedded in this
projective plane. Take the mapping (z,y) — (1,,y), and notice that each row corresponds to
the parallel classes of the affine plane where each line has now an additional point. The line in
the first row is incident to all these additional points, in the context of this embedding the line
{001,010,011} is called the line at infinity and the points 001, 010 and 011 are called points at
infinity. The line-point incidence matrix of this projective plane is given below

111/0000
100[L 100
100/0011
010[10T10
010[0101
001[1 001

001|011 0]

Notice that the lower-right block corresponds to the line-point incidence matrix of the affine plane
of order 2 in the previous example.

The previous example is a hint at the fact that an affine plane is essentially a projective plane
with a distinguished line. The general construction is the following:
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From an affine plane one can obtain a unique projective plane up to isomorphism (See Chapter 111
of [62]). We include (n + 1) additional points (one for each parallel class) and one additional line
incident to each of these new points. These are the so-called points at infinity and line at infinity
respectively. If M is the incidence matrix of our projective plane then up to a re-indexing of the
lines M has block shape

My

M,

M,
where the rows of each M; are indexed by lines in the same parallel class. Under this assumption
the corresponding incidence matrix for the projective plane is given as

]-n+l 0,2
Ry | My
R |0, |

where 1,, and 0,, represent the all-ones and all-zeroes vector of length m respectively, and R; is
the n x (n + 1) rectangular matrix whose i-th column is the all-ones vector and every other entry
is zero (see the matrix in Example A.0.2).

Conversely, given a projective plane P we may choose a line, say ¢, and construct an affine plane
A by taking as set of points all points which are not incident to £,,. Two points in A are defined
to be incident if and only if they are incident in P. If N is the point-line incidence matrix of P,
then up to a re-indexing of the points of P we may assume that the first row of N is given by
(1,41]0,2). Therefore taking the submatrix of N consisting of the last n? columns of all rows but
the first we obtain the line-point incidence matrix of an affine plane. Two affine planes obtained
in this manner by taking different choices of /., may not be isomorphic, see [62].

The following definition is taken from Bruck’s paper [30] although the study of nets started much
earlier, a good general reference for finite geometry can be found in Dembowski [62], for connections
of nets to group theory see the article by Baer [7].

Definition A.0.3. Let r and n be positive integers with » > 3. An r-net of order n is an incidence
structure consisting of a set of lines £ and a set of points P satisfying the following axioms

(N1) The set of lines £ contains r non-empty classes Ly, ..., L,.

(N2) Two lines a € £; and b € L; in distinct classes ¢ # j have a unique common point.
(N3) Each point p € P is in a unique line ¢ € L; for every class i.

(N4)

N4) There is a line with exactly n distinct points.

Proposition A.0.2. Let A/ be an r-net of order n. Then

(i) Every line of N has exactly n distinct points.
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(ii) Every class £; of lines consists of n distinct lines.
(iii) N has exactly n? points and exactly 7n lines.
(iv) n=1lorr<n+1.

Proof. The proof consists of a straightforward application of the axioms. The reader is invited
to prove these facts for themselves, but we include a proof here for completeness. Notice that if
n = 1 the only possible r-net consists of r lines through a point and claims (i)-(iv) follow trivially,
hence we may assume that n > 1.

To prove (i) let ¢y be a line with exactly n points. Assume ¢, is in the parallel class £; and let
¢ be an arbitrary line in a distinct parallel class, say £;. Then ¢ and ¢, meet at a unique point
t. Let £ be a third class distinct from both £; and £;, this class exists by the assumption that
r > 3. Now for every point p € ¢y distinct from ¢, there is by (N3) a unique line ¢, through p in
Ly, and ¢, meets ¢ at a unique point g. Now the p — ¢ for p # t extended by ¢ — ¢, is an injective
map from the points of ¢, to the points of ¢. Reversing the roles of ¢ and ¢, we find that ¢ has
exactly n distinct points. This shows that the lines of all parallel classes distinct from L£; have
exactly n points. Following the same argument with a line not in £; it follows that all lines in £;
have exactly n points as well.

To prove (ii) let £; be an arbitrary class of lines, and ¢ be a line in a class £; distinct from
L;. Then by (i) there are exactly n points in ¢, for each point p in ¢ there is one and only
one line in ¢, € L; passing through p, so L£; consists of at least n distinct lines. Conversely
if ¢ is a line of £; then ¢’ meets ¢ at a unique point, so by (N2) the number of lines of £; is at most n.

Claim (iii) is a straightforward consequence of (i) and (ii). Let p be an arbitrary point of A
and £; and Lo be two distinct classes of lines, then by (N3) there is a unique line ¢; € L4
and unique line ¢; € Ly each passing through p. This establishes an injection p — (4, ) from
the points of p into tuples of integers from 1 to m, so A has at least n? points. Conversely
given (i,7) € {1,...,n}? the lines ¢; € £y and ¢; in L, meet at a unique point of A by
(N2), therefore the number of points of N is exactly n?. Clearly there is a total of rn lines in
N since each class of lines contains exactly n lines, and two such classes must necessarily be disjoint.

Finally to prove (iv) we know since n > 1 that there are at least two distinct lines ¢y and ¢; in a
class £;. If p is an arbitrary point of ¢y then there are » — 1 lines not in £; which pass through p,
and by (N2) each of these lines meet /1 at a unique point. By (i) this implies that r — 1 < n, or
equivalently r < n + 1. O

Notice that an affine plane of order n satisfies the net axioms N1-N4, with classes £1,...,L,11
consisting of the parallel classes of the plane. Axioms (N1), (N3) and (N4) follow easily. It suffices
to show (N2), so let ¢; € £, and ¢ € L, be two lines in distinct parallel classes £; and £;. Then
{1 and /5 have at least one point in common. If they have two points in common, say x and y,
then by Al ¢; = ¢, which is impossible since £; is disjoint to £;. Therefore two lines in distinct
parallel classes meet in exactly one point. Hence affine planes are equivalent to (n + 1)-nets of
order n.

If NV is an r-net then we may choose a relabelling of the lines of N so that the first r rows of N
correspond to lines in Ly, rows r + 1 to 2r of N correspond to lines in L9, and so on. This can
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be done by multiplication by a permutation matrix by the left. It follows that a 01 matrix N of
shape rn x n? is the point-line incidence matrix of an r-net of order n if and only if there is a
permutation matrix () of order rn such that

nl, |...| J,
NNT=QT| |- | : |@Q
Jn | ... ndy,

An r-net N of order n meets the upper bound r < n + 1 with equality if and only if A/ is an affine
plane of order n. In other words an affine plane is equivalent to an (n + 1)-net of order n. So in
a way, the (n + 1)-net structure captures all the essential information contained in the projective
plane. In particular the value

r(n) = max{r : there is an r-net of order n}
quantifies how close one can get to building an affine plane (and in turn projective plane) of order n.

Now we introduce mutually orthogonal Latin squares or MOLS. These objects are equivalent to
nets, yet despite the fact that the description of nets is geometric in nature Latin squares can be
seen as purely combinatorial. Here we establish this relationship by interpreting permutations of
n objects as n X n permutation matrices and vice-versa. We refer the reader to Chapter III-3 of
the Handbook of Combinatorial Designs [51] for more on the relationship between nets, MOLS
and other equivalent objects.

Definition A.0.4. A Latin Square of order n is an n X n array L of symbols taken from the set
[n] ={1,2,...,n} such that every symbol occurs exactly once in each row and column of N.

Notice that by definition, every row and column of a Latin square consists of a permutation of the
elements of [n].

Definition A.0.5. Two n X n arrays L and R with symbols taken from the set [n] are orthogonal
if the list of tuples (L;;, R;ij), 1 <14,j < n contains every element of [n] X [n] exactly once. A set
of Latin squares {L1, Lo, ..., Ly, } such that L; and L; are orthogonal for each ¢ # j is called a set
of mutually orthogonal Latin squares, or MOLS.

Example A.0.3. The following arrays form a pair of orthogonal Latin Squares of order 3

1 3 2 1 2 3

21 3 2 31

3 21 31 2

Below is a set of four MOLS of order 5,

2 3 4 5 1 35 2 41 4 2 5 31 54 3 2 1
345 1 2 4 1 3 5 2 53 1 4 2 1 54 3 2
4 51 2 3 52 41 3 1 4 2 5 3 2 1 5 4 3
51 2 3 4 1 35 2 4 25 314 3215 4
1 2 345 2 41 3 5 31 4 25 4 3 2 1 5
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In the theorem below we will establish a bijection between MOLS and nets. A concise geometric
proof of the construction of MOLS from nets can be found in Chapter 3 of [62]. The proof we
present here is longer yet it has the advantage of being completely explicit and computational.
It also highlights the interplay between linear representations and permutation representations,
which will be useful later on in establishing the connection between GHMs, nets and MOLS.

Theorem A.0.1. An r-net of order n exists if and only if there is a set of v — 2 MOLS. In
particular projective and affine planes of order n exist if and only if there exist n — 1 mutually
orthogonal Latin squares.

Proof. Let N be an r-net of order n, and let NV be its line-point incidence matrix. Then there is
a choice of indexing of lines of N such that

nl,|...| J,
NNT = :

Jo | .. ndy,
This Gram matrix equation is preserved under column permutations. Then by Proposition A.0.2

we may permute the columns of N (or equivalently relabel the points of A) to assume that N has
the following block-shape

E FEs . E,
Noy Noa e Non
N = Niy Nio K Ny, ,
| Nr72,1 Nr72,2 <. Nr72,n i

where each N;; is an n X n matrix and E; denotes the n x n matrix whose i-th row is the all-ones
vector and every other row is the all-zeroes vector. In other words, since a parallel class of lines
partitions the point set, we re-indexed the points so that the first line of the first parallel class
contains the first n points, the second line contains points n + 1 to 2n and so on, the matrices F;
represent these incidences.

We now show that each N;; is a permutation matrix. Notice that EpM is a matrix whose k-th
row is given by the column sums of M and every other row has zero entries. From the equation
for NNT we know that Zj EjNiTj = J,. Therefore the row sum of every N;; is 1, i.e. there is a
unique non-zero entry in each row of IV;;. And since each N;; encodes part of the incidences of
a line in class £; the inner product of two distinct rows of IV;; must be zero. This shows that
NijNiTj = I,, so N;; is a permutation matrix.

Since each F; is invariant under permutations of columns, we may further permute the columns
of N so that Ny; = I,, for all j. We showed so far that NV can be put in the shape

E FE, . E,
I, I, . I,
N = Niy Nio e Ny, ,
| Nr—2,1 N’r—2,2 o N’r—2,n i
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where each N;; is a permutation matrix of order n. Let o;; be the permutation given by N;;.
Again from the Gram matrix equation for NNT we find that taking the inner product of the row
block (In[l,]...|I,) with any of the subsequent row blocks gives us > . N;; = J,. This implies
that if 0;;(k) = 0,5 (k) then j = j" otherwise the (o;;(k), k) coordinates of N;; and N;; would both
be 1 contradicting > y N;; = J,. This implies that we can build a Latin square L;, from each row
block (Ng1|Nga| ... |Nkyn) by letting the (4, j) entry of Ly be o4 ;(j). In other words, the i-th row
of Ly, is given by the expression of Nj; as a permutation n elements.

Finally we show that the Latin squares in the set {L,..., L, o} are mutually orthogonal. To see
this notice that ), NN, = J,,, and that the (r,s) coordinate of Nj; N/, is equal to one if and
only if oy,0,,1(s) = r. The latter is equivalent to the existence of an j such that oy;(j) = r and
ori(j) = s, and in terms of the Latin squares this means that the pair of (4, j) coordinates of Ly
and Ly is ((Lg)ij, (Li)i;) = (r,s). Now from >, Ny, NJ,. = J, it follows that all possible pairs
occur and so L; and L; are mutually orthogonal. This concludes the proof that the existence of
an r-net of order n gives the existence of a set of r — 2 MOLS of order n.

Conversely let {Ly,...,L,_o} be a set of MOLS of order n. We will construct a net by reversing
the process above, namely we identify the j-th row of L; as a permutation o;; of n elements. Now,
let N;; be the permutation matrix associated to o;; and define

Ey Ey, |...| E,

I, I, o I,

N = Niy Nio R Nin
L Nr72,1 Nr72,2 s Nr72,n _

We show that IV is the line-point incidence matrix of an r-net of order m. Since the NV;; are
permutation matrices it follows immediately that > ; E;N;; = J,, for all i. From the fact that L;
is a Latin square it follows that »_; N;; = J,, so the product of the row block (1,]...|I,) with
any other block is J,,. And since Ly and Ly are MOLS it follows that >, Ny, N}, = J,,, indeed
following the same argument as above, the (7, s) entry of Ny; Ny is equal to one if and only if there
is a unique j € [n] such that ox;(j) = r and ox;(j) = s. Hence, the orthogonality assumption
implies that for given (r, s) there is a unique value of ¢ and j such that (N, N/,).s = 1, in other
words >, Ny;Nl, = J,. This shows that N is the incidence matrix of an r-net of order n. O

In views of Theorem A.0.1 we have that r(n) = N(n) + 2 where
N(n) = max{N : there is an N-set of mutually orthogonal Latin squares of order n}.

The determination of the number N(n) has received much attention in the literature, see the
surveys by Colbourn and Dinitz on constructions for MOLS [49, 50]. The story begins with
Euler’s 36 officers problem, which asks whether or not N(6) > 2. Euler tackled this problem and
showed that N(2m + 1) > 2 and N(4m) > 2. Being unable to find a set of two MOLS of order
6, Euler conjectured that N(4m + 2) = 1 for all m. Tarry [165, 166] showed with a proof by
exhaustion that indeed N(6) = 1 however, Euler’s conjecture turned out to be false as shown by
Bose and Shrikhande [21] when they constructed two MOLS of order 22. More strongly the two
last authors together with E. T. Parker showed that Euler’s conjecture is false for all n > 10 [22].
Shortly after, Chowla, Erd6s and Straus [44] showed using sieve methods that N(n) > %nl/ N for
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n sufficiently large. Subsequent improvements to this lower bound appeared in the literature, with
a breakthrough result by R. M. Wilson in [173], where he improved the bound to N(n) > n'/*" —2.
We include below a short summary of results,

e N(n)<n-—1.
e N(q) =¢q—1if g is a prime power.

e N(nm) > min(N(n), N(m)).

N(n) > 1 for all n # 1,2,6.
e N(n)>6 for all n > 90 [173].
e N(n) > n'/'7 — 2 for n large enough [173].
We illustrate below the equivalence between nets and MOLS with some examples

Example A.0.4. A 4-net of order 3 is given by the following point-line incidence matrix

O~ Ol O OO OO o
_ O OO OO ROk OO
SO RO ROk OOoO OO

_ O OO R OO oo —=O
O O REFEOOoOOoO OOk O
O~ OO O KRR OO ORKRO

OO RO R OO ROO
O R OO R OO~k OO o+
_ O Ok O Ok O oo o

The reader may check that NNT has diagonal blocks 375 and off-diagonal blocks J;. Now denote,
001 010
P=11 0 0] and =10 0 1
010 1 00

so that we may rewrite

The permutation matrices I3, P, and P, correspond to following the permutations written in

two-line notation:
_(123) _(123) 1 _(123)
%0=\1 2 3)%r7\g 3 1) M%27\3 1 9/
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Now reading the second and third row of N by blocks we build a pair of MOLS by writing the
second line of the permutations associated to each block:

o0 1 23 o0 12 3
L1: 1| = 2 31 ,andLQZ 09| = 3 1 2
09 3 1 2 o1 2 31

Note that the subgroup of S3 generated by o; and oy is isomorphic to C3 and that letting G =
(r: 23 =1) ~ Cs then

H =

—_ = =

1 1
x  x?
2

is a GH(3, G).

Conversely, consider the following set of three MOLS of order four

Ly = , Lo = , and L =

=~ W N~
L B =N
N — W
— N W o
W N = =
=~ = W N
— R N W
N W =
N =~ W =
— W RN
SN — W
W = N

If we denote

_<1234) _<1234> ﬁ_(1234> d_<1234)
Y1234 \2143)FP7\841 2774392 1)

then we can write L1 = (¢, o, 5,7)7, Ly = (¢,7v,a,5)7, and Ls = (¢, 3,7,a)T. The permutation
matrices associated to «, f and v are

0100 0010 0001
1000 000 1 0010
A=1lo o0 1" B=|1 00 o =g 1 ¢ 0|
0010 0100 1000
respectively. So if we let
E, | Ey| Es | Ey
Iy | Iy | 1y | Iy
N=| 1L |A[B|C |,
I, C| A|B
I, B|C|A

then N is the line-point incidence matrix of a 5-net of order 4. Note that the subgroup of S,
generated by «, 3, and « is isomorphic to Cy x Cy, and that letting G = (a,b: a®> =0* =1, ab =
ba) ~ Cy x Cy, then

— = =
0 2
o o
L 0O =

where ¢ = ab = ba is a GH(4, G).
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We already hinted in the previous examples how generalised Hadamard matrices are connected
to nets and MOLS. Here we make this connection precise via the regular representation of the
group G. This representation can be thought of as a linear representation p : G — GL,(C) or as
a permutation representation p : G — S,,. The former will give a net structure, while the latter
gives us a set of MOLS.

Theorem A.0.2. Let G be a group of order n. If there is a GH(n, G) then there is an (n+ 1)-net
of order n.

Proof. Let p be the regular representation of G. Notice that for every g € G, p(g) is a permutation
matrix and so p(g9)T = p(g9)~' = p(¢~'). If H is a GH(n, @), we define a block-matrix M whose
(¢, j)-th block is given by p(h;)

phi) | ... | p(hin)
M= ) ) )

p(hn1) || p(han)
We compute M MT by blocks, and we find that the block (7,7) of MMT is given by

ZP ij) Zp ij) ZP )ZZP(1G>:n]n'

On the other hand the block (i,j) with i # j of MMT is given by

Zp i) Zp hichyl) = plg) =

geG
Therefore
nl, |...| Jy
MMT = : . )
Jo | ..o nd,
and this implies that M is the line-point incidence matrix of an n-net of order n where every
row-block (p(hi1)| ... |p(him)) corresponds to a class £; of parallel lines. We can construct from M

an (n -+ 1)-net of order n by introducing an additional class of lines £y. Let E; be the n x n matrix
whose i-th row is the all-ones vector and every other row consists of the all-zeroes vector. Then
we define

Ey . E,
N= {ElMEn] _ |2t B pUns)

Clearly Eyp(h;;)T = E}, as each E, is invariant under a permutation of columns. Also E,E] = nEjy
where Fyy is the n X n matrix with a one in its coordinate (k, k) and zeroes everywhere else, so
> v ExEl = nl, and of course ), Ej, = J,. Therefore the (n+ 1)n x (n+ 1)n Gram matrix of N
is

nl,|...| Jy
NNT = : o
o | .. ndy,
and hence N is the line-point incidence matrix of an (n + 1)-net of order n, equivalently N is the
line-point incidence matrix of an affine plane of order n. O
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Corollary A.0.1. Let G be a group of order m, then the existence of a GH(n,G) implies the
existence of a set of n —1 MOLS.

Proof. This follows directly from Theorem A.0.2 and Theorem A.0.1. O

When Drake introduced Generalised Hadamard matrices in [66], he gave the following generalisa-
tion of nets

Definition A.0.6. An (s,r,u)-net is an incidence structure consisting of v = s*u points and
b = sr blocks such that

1-N1. The set of blocks is partitioned into r non-empty parallel classes By, ..., B,,
u-N2. Two blocks in distinct parallel classes have p points in common.

#-N3. Each point is in a unique block of B; for each class i.

u-N4. Each block consists of £ = su points.

Notice that an r-net of order n is simply an (n,r, 1)-net. We remark as well that (s, r, p)-nets are
also known in the literature as affine resolvable balanced incomplete block designs or ARBIBDs.
To see this we note that ARBIBDs are 2-(v, k, A) designs admitting a partition of the block set
into r parallel classes, with » = k + \. It follows from this that two blocks in distinct classes have
@ points in common, see Theorem 5.21 Stinson’s book [155]. From here it follows easily that both
definitions are equivalent.

A.1 Orthogonal arrays and Shrikhande’s Construction

Definition A.1.1. An orthogonal array of s symbols, r constraints, index p and strength ¢ denoted
OAy(s,r, 1) is a matrix M of shape ¢ x s'u with entries taken from a set of s symbols S =
{0,...,s — 1} such that all s* ordered pairs of symbols appear exactly u times in any choice of ¢
distinct rows of M.

The book by Hedayat, Sloane and Stufken [86] is an excellent reference on the subject, see also
sections 6 and 7 of Chapter III of the Handbook of Combinatorial Designs [51]. We note that our
definition corresponds to the transpose of an orthogonal array in most of the literature.

Example A.1.1. The following is an example of an OA5(9,4, 1),

000111222
012012201 2
0122011220
012120201

It is easy to see that all ordered pairs of elements from {0, 1,2} appear exactly once comparing
row 1 to any other row. Comparing the second row with the third we find the pairs

(0,0),(1,1),(2,2),(0,2),(1,0),(2,1),(0,1),(1,2), and (2,0).
So each possible tuple appears exactly one. The reader can check the rest of the cases similarly.
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A.1 - Orthogonal arrays and Shrikhande’s Construction

For orthogonal arrays of strength 2 we have the following upper bound due to Bose and Bush [19].
Theorem A.1.1. If there is an OAy(s,r, 1) then

2 _
r<'u8 1.
- s—1

An orthogonal array meeting the Bose-Bush bound with equality is said to be complete. Now we
can state Shrikhande’s result [150].

Theorem A.1.2 (Shrikhande). Let p be an odd prime, if there is a complete OAs(p,r, 1) then
there is a BH(p?u, p).

Proof. Let A be a complete OAy(p,r, 1), so A has shape r x up* where (p — 1)r +1 = pp?. We
create a pup? X pp? having the following block shape

Here Ay, is the r x pp® matrix whose (7, 7)-th entry is (Ay);; = C,]fa” , where (, is a primitive p-th
root of unity. Since A is an orthogonal array the inner product of two rows ¥ and rf in blocks Ay
and Ay, where 1 <i < j <ris

= S =y =0
t t
The inner product of rows rf and 'r’f in blocks A;, and A, where k& < ¢ is
rkerl =3 e me = Y 0t = 0,
t t

Similarly the inner product of 1,,2 with any other row r¥ in block Ay is

1#1’2 . T‘f = ZCS““ = 'U’chlft = 0.
t t

This shows that H is a BH(p?u, p). O

We note however that in part due to the relationship between orthogonal arrays, nets, and projec-
tive planes [66], constructing a complete orthogonal array is hard. So Shrikhande’s Construction
is not as useful for the construction of Butson-type Hadamard matrices. More interesting is the
partial converse that Shrikhande gives in his paper [150], that Butson-type Hadamard matrices can
be used to construct orthogonal arrays. In particular Shrikhande finds using Butson’s result on the
existence of BH(2p", p) matrices that for every prime p there is an OAs(p, 2p7;+_11_1 —1,2p" ). For
p odd, the Bose-Bush bound for an orthogonal array in s = p symbols and with index p = 2p"!
is not integral, so it cannot be achieved. It turns out that for there values of s and p the value of
r= 2pnp+j; L _1=142(p+p*+---+p") is the largest possible. Hence Shrikhande’s Construction
using Butson matrices gives examples of orthogonal arrays with largest possible constraint number.
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Tables of Matrices

This appendix contains several examples of matrices. All matrices are written logarithmically,
which means that if the entry (i,7) of the matrix has value k, then it should be interpreted as ¢*
where (,, is a primitive m-th root of unity.

B.1 Examples of de Launey’s Construction

All matrices here are Butson-type Hadamard matrices over the third roots, constructed using
Theorem 4.3.4.

112211221122
112222112211
221111222211
221122111122
121220200101
121202021010
212120201010
212102020101
122101102200 2
1221100102220
2112011002220
21121001200 2

Figure B.1: A BH(12, 3) matrix.

B-1



B - Tables of Matrices

11221122220022000011°00T171
112211220022¢002211O00110O00
221122112200220011001T1F¢020
2211221100220022¢0011%0°0T171
1122221100111 10022¢000¢02 2
1122221111000011O002222200
22111122001111000¢02222200
221111221100001122¢0000 2 2

20200101202001012202%001°01

202001010202101002¢021°010

06020210102020010102¢021S01F®0

06020210100202101022020¢01°01

2020101001102002011°02¢00 2
2020101010010220100102220
02020101011020021O001%02220
060202010110010220011H0?2¢00 2

06011020022020101001100220

060110200202902010110012¢00 2

10010220202010101O0012¢0¢0 2

10010220020220101O011002220

011002200110022¢02¢02¢010120
060110022010012002¢02¢02¢01F01
100120020110022¢00202¢01°01
1001200210012002202¢01Q012®0

Figure B.2: A BH(24, 3) matrix.
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B.2 Barba matrices over the third roots

The following are the known Barba matrices over the third roots, these are in particular maximal
determinant matrices. See Table 5.2 for reference.

1112122

2111212

?;}1 2211121
Bi=|, {44 Br=|l221112
P 2122111
1212211

11212 2 1]

Figure B.4: The two unique Barba matrices over the third roots with two distinct entries.

002121122 2 27
2022212112
1201222212
2210222121
B 1222021122
=11 122202221
2222120211
2121122022
2112221202
(2221211220,

Figure B.5: A Barba matrix of order 10 in the Bose-Mesner algebra of the Petersen graph.

B3 =

NN = NN NN~ O
DN — NN == =N O =
N M P P R NN~ DN~ ODNDDND
NN =N DN O DN DN
R R R P NN~ DNONDNDDND -
R R NN RO NDN =N
F R NN DNDON NN
NN = RN ON RN N ==
NN DNON NN
N R NN DN~ =N =
— N ON R~ NNRF N~ N
O NN~ =N - =N
O = NN === DN N

Figure B.6: A Barba matrix of order 13 in the Bose-Mesner algebra of the Paley graph.
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B.3 - Large determinant matrices over the third roots

B.3 Large determinant matrices over the third roots

Below we include two matrices with entries on the third roots of unity achieving large values of
the determinant at orders n = 11, 14, and 16. Notice that the Gram matrices at orders n = 11
and 14 have Ehlich block type structure.

01111001 220T
20111121021
00012121200
00122020221
11012210022

Mp=|1221022222?2
21020112222
21210210201
11001022101
11221120110
2120202201 0]

r11 02 2 2 — — — — — —
2 11 2 2 — — — — — — -
2 2 11 2 — — — — — — -
2 2 2 11 - S
— - - - 11 2 2 2 - - -
MyMi=| - — — — 2 11 2 2 — — -
- - - -2 21 2 - - -
- - - -2 2 2 11 - -
S
- - - - - - - - 211 2
- - - - - - - - 2 2 11|
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021001122¢02220290

1200021101210 2

21 0012022122201

11010012211000
21 000210102010
2202022220000 2
0122121202012 20

001212111210¢01

2011221200112 1

000221121 101171

022102021211T171

11120001000 2T171

1111110010010 2
0101112100121 2

My =

14

2
2
14

14 2
2
2

* —_—
14 —

M14
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B.3 - Large determinant matrices over the third roots

1 0002110010101 T1 2

0200002022102 2 22

002100112112¢0¢01 2

1210211222¢0220220

0010222221200213F0

022122110221212 2

022001011100O01220

10112002121¢0211 2
1 2212121200012 1 2
021000120011 111FO0

0012011102002 21]1

1 2122021211101 21

202010212201211F¢0

2211101201000 22 2
1 1202011011022 200
0601 110122210121¢0 2

Mg =

1

1
16

-2
-2 16

16

1
-2

-2 16

1

1
16

1
1

1

1
-2

-2 16

1

1
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1

1

1
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16 -2
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*

16 —

M16
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A Family of Generalised Weighing Matrices

In this appendix, we present constructions of generalised weighing matrices from Hadamard ma-
trices by using exterior products. The present author rediscovered the following theorems by
Dandawate and Craigen:

Theorem C.0.1 (Dandawate, [56]). If there exists an Hadamard matrix of order n then there is
a W((3): %)

Proof. Let H be an Hadamard matrix of order n. All 2 x 2 minors of a +1 matrix have values 0
or £2. Therefore we have that £ A2 H is a (0, £1)-matrix. By the Cauchy-Binet formula, Lemma
5.5.1, we have
1, 1 1 n?
“ANPH) (=N H)T = - N> (HH") = —I/ny. O
(G H)G A H)T =g A (HHT) =T

Theorem C.0.2 (Craigen, [54]). If there exists an Hadamard matrix of order n then there is a
3

W((5), 55)-

Proof. The proof is analogous to the one in Theorem C.0.1. All 3 x 3 minors of a +£1 matrix have
value 0 or +4, from which the result follows. m

In addition, we found a new construction for generalised weighing matrices over the sixth roots of
unity.

Theorem C.0.3. If there exists a BH(n,3) then there exists a GW((5), %2;6).

Proof. Let H be a BH(n,3). The set {1,w,w?} forms a multiplicative group. Therefore all 2 x 2
minors of H are of the shape x —y where x,y € {1,w,w?}. So up to dephasing all possible minors
are @ = w — 1 and B = w? — 1. Both values have modulus v/3 and the minimal polynomials of
a/v/—=3 and B/v/—3 over Q are X2 — X + 1 and X2 + X + 1 respectively. It follows that a/v/—3
and (3/v/—=3 are both 6-th roots of unity. Therefore \/% A% H is a matrix whose nonzero entries
belong to the 6-th roots of unity. Finally, the Cauchy-Binet formula, Lemma 5.5.1, implies

A2H)*=1A2 (HH*):n—an. O
3 3°(3)

2
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C - A Family of Generalised Weighing Matrices

As an example take the symmetric BH(6,3) matrix

1 1 1 1
1 1 w w?

1 w 1 w

H == 2

1 w w 1

1 w? W? w
1 w w? W?

Then by Theorem C.0.3 the matrix

r 0 —w? —w? w w -1 w

—w? 0 Ww? —w? 0 —w? w

—w? w2 —w 1 —w? 0 0
w —w? 1 0 —w w? —w?

w 0 —w? —w w? —w? 1

-1 —w? 0 w? —w? —w 1

1 9 w w 0 —w? 1 1 0
—— A" H = w -1 w 1 0 -1 —w
vV -3 -1 w —w 0 w —w? —w
0 -1 —w? —w? —w 0 w?
—w? w -1 w -1 0 —w?

—w? -1 0 0 w w? 1

0 w w2 -1 —w w 1

1 -1 1 w 0 —w O
L 1 0 —w? -1 1 —w? -w?

is a GW(15,12;6). We conjecture that there are no

1 1

(,d2 w

w? Ww?

w w2 )

1 w

w 1]
w -1 0 —w?
-1 w -1 w
w o—w —w? -1
1 0 —w? w
0 w —w -1

w —w® —w
0 1 1
—w? -1 w? w?
w 0 -1 —w
—w w —w? —w
w? —w 0 w?

other families

—w? 0 1 1 7
-1 w -1 0
0 w? 1 —w?
0o -1 w -1
w —w 0 1
w2 W —w —w?
1 1 0 -uw?
—w? W —w w?
-1 0 W —w
w? -1 —w? 0
w? —w —w w?
—w —w? w 0
—w? Ww? 0 w
w 0 w? —w?
0 w —w? —w

of Butson-type matrices, or

choices of k, such that the k-th exterior product construction yields a generalised weighing matrix.
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Butson-type, 69
dephased, 85
generalised, 84
quaternary unit, 73, 92
skew, 92
unreal, 90

Index

Hadamard’s maximal determinant problem, 113

Hasse local-global principle
strong, 19
weak, 24



Index

Hasse-Minkowski orthogonal group, 5
invariants, 23
theorem. 23 p-adic numbers, 19
Hasse-Pall invariants, 24 Paley
core, 103
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isometry, 5 regular, 7
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Hilbert, 22
Latin square, A-6 quadratic, 20
Legendre symbol, 20, 94 ring of integers, 62, 66

linked queries, 192
Scarpis construction, 85

matrix security against coalitions, 192
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adjacency, 42 Cauchy, 18
Barba, 116 convergent, 19
EW, 118 signature, 23
Fourier, 81 square class group, 12
generalised weighing, 136 Sylvester
Gram, 1 criterion, 3
Hermitian, 2 law of inertia, 3
incidence, 30
maximal determinant, 115 UPIR
monomial, 79 scheme, 189, 193
normal, 2 system, 188
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symimetric intersection, 166
type II, 78
message space, 188
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Weil bound, 101
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