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Preface

This is the translation of the book Introduction to Algebraic Combinatorics, published
by Kyoritsu Shuppan (Kyoritsu Publisher), Tokyo, Japan in 2016, by Eiichi Bannai, Et-
suko Bannai, and Tatsuro Ito, written in Japanese. In making the English version, there
were two important changes: The title was changed to Algebraic Combinatorics, drop-
ping the “Introduction” from the original, because this will perhaps describe the na-
ture of the book more accurately. Another was that Rie Tanaka joined the group of
authors, and she took most of the job of translation from Japanese.

It is explained in the preface to the original Japanese version why and how this
book was written, and so we will not repeat the details. But let us mention that this
book is not exactly the Algebraic Combinatorics II that is a sequel to Algebraic Com-
binatorics I by Bannai and Ito. It was written as a kind of preparation for Part II, at
least in our minds. The authors are getting old, and Part II may not be completed in
the desired way. But we will endeavour, keeping optimistic that younger generations
will follow us and develop “Algebraic Combinatorics” beyond our personal dreams.
We would be very happy if this book could serve the purpose.

Here, we would like to add some personal comments by each of the authors of this
book.

Eiichi Bannai

I dreamed to be a mathematician since the time of junior high school. So I was very
lucky to have been able to do mathematics all the way up to now, even after retire-
ment. I was first interested in discovering a new finite simple group, but it turned
out that I came too late. Also, the classification problem of finite simple groups was
too difficult and too complicated for me, although I felt strongly that this is the most
important problem. So, I was interested in studying combinatorial objects from the
perspective of and with the underlying philosophy of finite group theory. With Tatsuro
Ito, we wrote the book Algebraic Combinatorics I (1984) to emphasize this philosophy.
Actually, there was a very strong flow of thought in this direction by many researchers
in many parts of the world somehow independently and also somehow related to each
other. I feel I was also lucky that we could take part of this flow of “Algebraic Combina-
torics.” I also feel that I am lucky that I still can basically believe in this flow, including
the contents of this new book. Finally, I would like to thank all the individuals who
helped and supported me to do mathematics, in various capacities: parents, teachers,
friends, fellow researchers and coauthors, many former colleagues and students, and
all my family members. I regret that many of these people have already passed away
or we have lost contact before I could express my personal gratitude to them.

Etsuko Bannai
I think I have come a long way. When [ was a middle school child, I liked solving prob-
lems in elementary geometry. At the same time I read about Marie Curie and I wanted
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VI —— Preface

to be a chemist like her. I entered University of Tokyo hoping to have such kind of ca-
reer, and majored in chemistry. Then I met Eiichi. He was studying mathematics. We
read the book Group theory (by Asano and Nagao, written in Japanese) together with
some other fellow students. That is how I became interested in mathematics. I entered
graduate school at Tokyo Metropolitan University to study mathematics. Around that
time Eiichi took a job at Ohio State University and we went to Columbus, Ohio (we
were already married). After a while, I entered the Graduate School of Ohio State Uni-
versity, and got my Ph. D. under John Hsia. My Ph. D. thesis was on quadratic forms.
At that time, Eiichi and Tatsuro were writing Algebraic Combinatorics I. I also knew
that they had a strong wish to write Algebraic Combinatorics II. After we returned to
Japan, Eiichi and I wrote Algebraic Combinatorics on Spheres (in Japanese). Then Ei-
ichi, Tatsuro, and I wrote the Japanese version of this book. I knew that many people
wanted to have an English version of this book. I am very happy that Rie joined us and
did great work to publish this English version. I have known her for many years. I feel
I have come a long way. I would like to thank all the people around us who helped us
to materialize this book.

Tatsuro Ito

I stayed at Ohio State University for a year twice, invited by Eiichi. It was fruitful visits.
I discussed mathematics with Eiichi every day at university and played Go with him
every weekend at his home after Etsuko prepared dinner. The first visit (1980-1981) led
to the publication in 1984 of Algebraic Combinatorics I. Part Il ought to have shortly fol-
lowed the second (1986-1987): we prepared manuscripts that roughly covered Chap-
ters 3 and 4 of this book, but they were not completed. Then came the 1990s, and we
were occupied with other projects separately: in 1989, Eiichi moved to Kyushu Univer-
sity to start a new life in Fukuoka, and I went to Osaka Kyoiku University and then in
1997 to Kanazawa University for a new life in Osaka and then in Kanazawa. I believe
that this book is the best we can offer as what should follow Part I at present, and I am
glad to see the English version, owing to the enormous efforts of Rie. A Japanese writer
wrote that there are two kinds of adventurers: the historian type and the geographer
type. The historian type of people, for example, visit the same restaurant repeatedly,
and the geographer type as many restaurants as possible. If we make a wild applica-
tion of his theory to mathematics and mathematicians, there are two kinds of them:
the converging type and the diverging type. Algebraic combinatorics includes both: it
is ayoung branch of mathematics and it tends to diverge or converge as we do. Readers
will find typical diverging features in Chapter 5 and converging ones in Chapter 6.

Rie Tanaka

This is my first experience to translate a book. (I did not translate the whole book;
Eiichi Bannai and Etsuko Bannai translated Chapter 5 and Tatsuro Ito translated the
last subsection of Chapter 6.) When I read the original Japanese version, my curiosity
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was stimulated so much that I became eager to challenge some of the open problems
introduced in the book. I hope that this English version also stimulates many readers
to study algebraic combinatorics. I would like to thank Hajime Tanaka for his valuable
linguistic advice and for pointing out some mathematical details in this book. He also
undertook the laborious task of converting the figures, which were embedded in the
.tex file of the original Japanese version, into .eps files. I would also like to thank the
authors of the original Japanese version to give me this valuable opportunity.

To conclude, we would like to thank those who helped us to prepare the English
version. First, we would like to thank Kyoritsu Shuppan for giving us official permis-
sion to use the original Japanese version freely. We thank Hajime Tanaka, who greatly
helped Rie Tanaka to prepare the English version. We thank Da Zhao, Yan Zhu, and
Wei-Hsuan Yu for checking the manuscript of the English version. We would like to
thank Yaokun Wu and Tullio Ceccherini-Silberstein, who helped us to find the pub-
lisher of the English version.

September 2020
Eiichi Bannai
Etsuko Bannai
Tatsuro Ito

Rie Tanaka






Preface to the Japanese version

The purpose of this book is to give an introduction to algebraic combinatorics.

There is no explicit definition of algebraic combinatorics. In Algebraic Combina-
torics I (1984), written by Eiichi Bannai and Tatsuro Ito, algebraic combinatorics is
described as “a group theory without groups” or “a character theoretical study of com-
binatorial objects.” Specifically speaking, we pursue the study of combinatorics as an
extension or a generalization of the study of finite permutation groups. In this book,
we keep this direction in our mind. This is also the approach, initiated by Philippe
Delsarte, which enables us to look at a wide range of combinatorial objects such as
graphs, codes, and designs from a unified viewpoint. Based on these thoughts, we
explain Delsarte’s theory and its various extensions.

When we finished writing Algebraic Combinatorics I, we wanted to write the se-
quel Algebraic Combinatorics II soon. We regret we did not write it up at that time,
but due to various reasons, we could not. We would not say that it has nothing to do
with our laziness, but if we could use an excuse, it seems that the developments in
the field are not enough to complete a book, and the range of mathematical objects
that we are interested in has expanded too widely to handle. Therefore, we thought
we could and should write on algebraic combinatorics on spheres, and in 1999, Eiichi
Bannai and Etsuko Bannai published Algebraic Combinatorics on Spheres, written in
Japanese. We did not prepare an English edition because we planned to write Alge-
braic Combinatorics II in the future, and we regard the above book as a preparation
for it. In the present book, we want to present another subject, Delsarte’s theory in
association schemes. Besides, we would like to start writing on the classification of P-
and Q-polynomial association schemes, which is the most important problem in Alge-
braic Combinatorics I, through the study of Terwilliger algebras by Terwilliger and Ito.
In this sense, writing up this book enabled us to work seriously on Algebraic Combi-
natorics II. Before we know it, we get older. Counting the remaining time in our lives,
we would like to write one more work.

We give an overview on the contents of this book in the following. Chapter 1is the
introduction to classical combinatorics. The contents are suitable for undergraduate
courses. In Japan, there are not so many universities offering lectures on combina-
torics for undergraduates. Therefore, we selected basic subjects which beginners in
combinatorics should learn. The contents are slightly long for a one-semester course.
Chapter 2 is the introduction to association schemes. Some contents overlap with Al-
gebraic Combinatorics I (and with Algebraic Combinatorics on Spheres). We start with
the basics, so the chapter is comprehensive for readers who are not familiar with this
area. Chapter 3 is the introduction to Delsarte’s theory, which is the theory of codes
and designs in association schemes. The description is faithful to the original paper
by Delsarte (1973). The contents up to this chapter are understandable to undergrad-
uate students. Chapter 4 is the extension of Delsarte’s theory. Our aim is to introduce
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several papers by Delsarte. The contents are not so difficult compared to the previous
chapter, but there remain several parts where we wonder if we make the best use of our
“ingredients.” In Chapter 5, away from association schemes, we study finite sets (and
algebraic combinatorics) on spheres or on other spaces. As for the case of spheres,
Delsarte—Goethals—Seidel (1977) is the starting point of the study in this direction, and
the main content of this chapter is to introduce this theory. Of course, some contents of
this chapter overlap with Algebraic Combinatorics on Spheres. In some parts, we refer
to the above book to avoid duplication. Chapter 5 also contains a survey of the recent
works by Eiichi Bannai and Etsuko Bannai and the topics they are recently interested
in. The reason to include this subject is to show the similarity of the progress in the
study of algebraic combinatorics on association schemes with that on spheres, which
is what we think is the essence of algebraic combinatorics.

In Chapter 6, we return to association schemes. As is seen in Algebraic Combina-
torics I and also in the previous chapters, Bose—Mesner algebras play an important
role in the study of association schemes. We explain the importance of Terwilliger al-
gebras, which are the refined concept of Bose-Mesner algebras, and the role they play
in the study of association schemes in the past and the future. This chapter is written
by Tatsuro Ito himself on years of research by Terwilliger and him, and the contents are
very original. The main theme of Chapter 6 is the classification of P- and Q-polynomial
schemes, which overlaps with Chapter 3 of Algebraic Combinatorics I in many parts.
We revised the representation theory of Bose—Mesner algebras, which was discussed
in the above book, by using principal representations of Terwilliger algebras. There-
fore, Leonard’s theorem appearing in Algebraic Combinatorics I, which claims that
dual systems of orthogonal polynomials are Askey-Wilson polynomials, is reformu-
lated into the theorem on the classification of Leonard pairs (L-pairs). While the proof
of the theorem requires many tools and becomes longer than the direct proof in Al-
gebraic Combinatorics I, the logic used here is much clearer. The concept of L-pairs is
obtained by generalizing principal representations of Terwilliger algebras, and a much
wider concept called tridiagonal pairs (TD-pairs) arises from general irreducible rep-
resentations of Terwilliger algebras. In fact, the classification of TD-pairs is completed
as they become some sort of tensor products of L-pairs. (Some of the results are still
unpublished.) In this book, however, we do not cover this topic because it requires
preparations for the representation theory of the quantum affine algebra Uq(sﬁz) and
the contents would be too long. If the reader is interested in this topic, we recommend
the original paper [260]. We introduce basic facts with proofs on TD-pairs which will
be needed to read the original paper. In Section 6.4 of Chapter 6, we give the list of
known P- and Q-polynomial schemes, where we add Hemmeter schemes, Ustimenko
schemes, and twisted Grassmann schemes as new families. In the last section, the
author (T. Ito) states his personal opinion on the present situation and the prospect
toward the classification of P- and Q-polynomial schemes.

As we mentioned above, the writing styles of Chapter 6 and the other chapters
are quite different. The authors are sure that algebraic combinatorics is located at the
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junction of the two streams. In this sense, with confidence, we put them together in
this book.

Finally, we would like to thank many people who supported us during the prepa-
ration of this book. Actually, it was about 20 years ago when we were requested to
write this book. While we thought we could write anytime, two decades have passed.
We apologize to the publisher and editors (especially Kei Akagi) for the inconvenience.
We could have written this book several years ago, and we recognize that we should
have completed the book earlier. It may sound like an excuse, but the environments
around the authors have drastically changed during this period. In 2008 Etsuko Ban-
nai and in 2009 Eiichi Bannai retired from Kyushu University. In 2011, Eiichi Bannai
got a position at Shanghai Jiao Tong University and moved to Shanghai with Etsuko
Bannai. Tatsuro Ito retired from Kanazawa University in 2014, and got a position at
Anhui University in China. We are trying to develop algebraic combinatorics in new
environments. We would like to thank many people who gave us the opportunity to
study in China, especially the following people: Zhexian Wan, Hao Shen, Yaokun Wu,
Yangxian Wang, Suogang Gao, Michel Deza, Paul Terwilliger, Xiaodong Zhang, Yuehui
Zhang, and Yizheng Fan.

It has been a long time since we started writing this book. During this period, in
2011 Nagayoshi Iwahori and in 2015 Noboru Ito passed away. We are sorry that we
cannot show them this book. We do not know for how long we can continue, but we
would like to study mathematics for as long as possible.

Finally, we would like to thank the people who read the draft and made various
comments. Especially, we are grateful to Ryuzaburo Noda, Masaaki Harada, Makoto
Tagami, Hajime Tanaka, and Tsuyoshi Miezaki. We would also like to thank Takamichi
Ookoshi, the editor, for helping with proofreading.

April 2016
Eiichi Bannai
Etsuko Bannai
Tatsuro Ito
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1 Classical design theory and classical coding theory

The purpose of this chapter is to give a brief introduction on theory of designs and
codes, which is a starting point for algebraic combinatorics. The contents of this chap-
ter are standard and appropriate for beginners at combinatorics, and do not contain
any new approach. This chapter is based on the lecture titled Introduction to Combi-
natorics given by one of the authors for undergraduate students as a half-year course.
The reader who is familiar with this topic can read through this chapter quickly.

1.1 Introduction to graph theory

First, we introduce graph theory before studying design theory.

Graphs

A graphis a pair (V,E) of aset V and a set E, where V is called the vertex set and E the
edge set. We give examples of graphs below. The shapes of the plane figures does not
matter. What matters is whether vertices are joined or not. A graph is said to have a
loop if there is an edge joining x € V to itself. A graph is said to have multiple edges if
there exist vertices x, y € V joined by more than one edge. A graph is called a directed
graph if each edge has a direction from one vertex to another. See Figure 1.1, Figure 1.2
and Figure 1.3.

Figure 1.1: Loop. Figure 1.2: Multiple edge. Figure 1.3: Directed graph.

A graph is called a simple graph if it does not have loops or multiple edges and is not
directed. We consider simple graphs in what follows. A graph T = (V, E) is regular if
the number of edges coming from a vertex does not depend on the choice of a vertex.
The number of edges coming from each vertex of a regular graph is called the degree.
All of the graphs in the following figure consist of 6 vertices of degree 3.

By renumbering the vertices, we can verify that the graph in Figure 1.4 is the same
as the graph in Figure 1.6, and that the graph in Figure 1.5 is the same as the graph in
Figure 1.7.

6 6 6 1 6
1 5 1 5 1 5
KX Ve
2 4 2 4 2 4
3 3 3 3 4
Figure 1.4 Figure 1.5 Figure 1.6 Figure 1.7
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2 — 1 Classical design theory and classical coding theory

There does not always exist a regular graph with given number of vertices and degree.
For example, there is no regular graph with 7 vertices of degree 3. Since 3 edges come
from each vertex, 3 - 7 must be twice the number of edges, which is impossible.

What kinds of simple graphs can exist? What kinds of simple graphs are inter-
esting in terms of combinatorial aspects? We consider these things toward the clas-
sification of simple graphs. As in the examples, we have observed that two graphs
which look different are identical by a suitable transformation. We need to define
when two graphs are identical mathematically. We have been vague about the defi-
nition of graphs. Here we give a slightly more precise definition of them. If there is an
edge e € E joining 2 vertices x;, x, € V, then x;, x, are called the endpoints of e. We say
e is a loop when x; = x,. When we consider a simple graph, we can think of the edge
set E as a subset of the set consisting of 2-element subsets of V.

Definition 1.1. Two graphs (V;, E;) and (V5, E,) are defined to be isomorphic and de-

noted as (Vy, E;) = (V,, E,) if they satisfy the following conditions (1) and (2).

(1) There exist bijections ¢y : V; — V,and ¢ : E; — E,.

(2) For e € Ey, let x;, x, be the endpoints of e;. Then ¢y (x;), @y (x,) are the endpoints
of pp(e;).

In what follows, consider the edge set E of a simple graph as a subset of {{x,y} | x,y € V,
X#Yyh

Adjacency matrices of graphs

When we study a graphT = (V, E), the use of algebra is effective. Defining the following
matrix enables algebraic analysis of graphs. Let v be the number of vertices and write
V ={1,2,...,v}. The square matrix A = (a;;) of size v which is defined by the following
equation is called the adjacency matrix of T = (V,E):

_{ 1, iffij} €E,
W7 0, otherwise.

The adjacency matrix A of a simple graph is a real symmetric matrix. When we study
combinatorics, our interest is to find a set of finite points with a good structure. So,
when we study graphs we would like to consider which type of graph is good or beau-
tiful. To this end, we use the adjacency matrices to study the properties of graphs with
good structures. The adjacency matrices of the graphs in Figure 1.4, Figure 1.5, Fig-
ure 1.6, and Figure 1.7 are the following in this order:

001110 01010 1
000 1 1 1 1 01010
A1 000 11 AL_| 010101
11110 0 0 1 | 7 1 010 10|
111000 01010 1
011100 1 01010
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0100 1 1 000 1 1 1
1 01100 000 1 11
A_| 010101 A_|000 1 11
3 lo1 1010} " ]111000
1 00 1 0 1 1 11000
1 01010 1 11000

Let P; and P, be the permutation matrices of size 6 corresponding to the permuta-
tion (1,5)(3, 6) and the transposition (2,5), respectively. Then A; = P} 1AlP1 and 4, =
Py 1A,P, hold. In other words, the graphs in Figure 1.4 and Figure 1.6 are isomorphic
as graphs and so are the graphs in Figure 1.5 and Figure 1.7, despite the names of their
vertices being different. Moreover, we can verify that the characteristic polynomials of
A, and A, are t*(t - 1)(t - 3)(t + 2)* and t*(t - 3)(t + 3). In this way, by using information
of adjacency matrices, we conclude that the graphs in Figure 1.4 and Figure 1.5 are not
isomorphic.

Problem 1.2. Find the adjacency matrix and the eigenvalues of the graph T = (V,E),
where V is the vertex set and E is the edge set of the regular n-gon.

Problem 1.3. Let I' = (V,E) be the graph defined by the following figure. Find the
adjacency matrix and the eigenvalues of T.

1 2 n—1 n

Connected graphs
For a pair of vertices x,y € V of a graph T = (V,E), x and y are joined by a path if
there exists a sequence of vertices x, = X, xy,...,X, = ¥, where {xq, X1}, {x1, X2}, . . ., {X,_15
X} € E and x; # x; whenever i # j. We call £ the length of the path x = x,x;,..., X, = y.
A graph T is connected if each pair of vertices in I is joined by a path.

For a connected graph I' = (V, E), we define the distance between vertices x and
y by the minimum length of the paths joining x and y, and denote it by d(x,y). The
distance d(x,y) satisfies the axioms of distance such as the triangle inequality. The
maximum distance between 2 vertices in T, i.e., d = max{d(x,y) | x,y € V}, is called
the diameter of T.

Next, we consider the properties of the eigenvalues of the adjacency matrix of
T =(V,E).

Theorem 1.4. Suppose I = (V,E) is a regular graph with v vertices of degree k. Let A
be the adjacency matrix of T and 6 an eigenvalue of A. Then 8 is real and |0| < k holds.
Moreover, k is an eigenvalue of A.

Proof. Since A is real and symmetric, every eigenvalue 6 is real. There are k 1’s and
v-k 0’sin each row of A. Thus, A {(1,1,...,1) = k(1,1,...,1). Hence k is an eigenvalue
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of A and (1,1,...,1) is an eigenvector corresponding to k. Let x = t(xl,xz, ...,X,) be
an eigenvector corresponding to an eigenvalue 8 and let i; € {1,2,...,v} be an integer
satisfying Ix;,| > Ix;1 (1< j <v).Asx # 0, wehave |x; | > 0. Since I' has degree k, for the
ip-th row vector (a; 1, ;... .»a;,,) Of A, there exist ji, j,,...,jx € {1,2,...,v} such that
a; j = @ j, == ; =landa; ;=0forj¢ {j;jp....ji} (1 <j <v). By calculating
the iy-th entry of both sides of Ax = 6x, we obtain x; +x;, +--- +x; = 6x; . Then we

]

have k|Xi0| > |x]-1 +Xj, + "'+Xjk| = |0||x,-0|, which implies k > |6]. O

Theorem 1.5. Suppose I' = (V,E) is a regular graph with v vertices of degree k. The
multiplicity of the eigenvalue k of the adjacency matrix A of T is equal to the number of
connected components of T.

Proof. LetV ={1,2,...,v}.Letx = '(x;,X,,...,X,) be an eigenvector of A corresponding
to the eigenvalue k and let i; be an integer satisfying Xi, 2 x; (1 <i<v). By comparing
the iy-th entry of both sides of Ax = kx, we show that there exist j, j, ..., ji satisfying
Xj, +X;,+---+x; = kx; . Notethat {j | {ip,j} € E} = {jp.Jo, ... Jx}- ASXj +x,+ 45, = ko >
Xj +X;, +--+X;,wehavex; =x;, =---=x, =x,.5nceq; ; =a;; ="=a; =1,
we have {iy,j,} € E (1 < ¢ < k). In other words, {j;,j,...,ji} i the set of vertices
adjacent to iy. Forj € V,letiy = €,,¢;,...,¢, = j be a path joining i, and j. Then, as
{io, &1} € E, we have £, € {jy,j,,....jx}, and thus x, = x;, > x, (1 < € <v). If we repeat
the same argument for [, as we did for iy, we can show that x, = x,,. By repeating this
argument, we obtainx; = X, = X,, =--- = X, = x;. SoifI'is connected, the eigenspace
for the eigenvalue k is the 1-dimensional subspace spanned by {(1,1,...,1). When T'is
not connected, let V.= V; uV,u---uV, be the decomposition of V into the connected
components and define E; = En(V;x V;) (1 < i < r). Then (V}, E;) is a connected regular
graph of degree k. Let A; be the adjacency matrix of (V;, E;) and express A in the order

of the above decomposition of V. The following holds:

A 0 ... .. 0
0 4 O... ... ©
Al .
: . . . 0

L 0 -~ - 0 A |

Here the eigenspace of A; for the eigenvalue k is 1-dimensional. Therefore the dimen-
sion of the eigenspace of A for the eigenvalue k, i. e., the multiplicity of k, is exactly
equal to the number r of the connected components. O

Complementary graphs
For a simple graph T’ = (V,E), the graph T = (V,E) having the vertex set V and the
edge set E = {{x, y} c V| {x,y} ¢ E,x # y} is called the complementary graph of T.
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1.2 Strongly regular graphs and Moore graphs

Among regular graphs, strongly regular graphs are known for their particularly good
properties.

Definition 1.6. A graph I = (V,E) is called a strongly regular graph with parameters
(v, k, A, p) if the following hold:

M [Vi=v;

(2) Tisaregular graph of degree k;

(3) if{x,y} e E, then|{z € V | {x,z},{z,y} € E}| is equal to A;

(4) if{x,y} ¢ E, then |{z € V | {x,z},{z,y} € E}| is equal to p.

BRose

Example 1.7.

v, kA p) W, kA, p) (v, k) = (6,2), not
=(4,2,0,2) =(5,2,0,1) strongly regular

v, k, A, p) v, kA W) v, kA )
=(10,3,0,1) =(4,1,0,0) =(6,2,1,0)

Proposition 1.8. A connected strongly regular graph I' = (V,E) with parameters
(v, k, A, u) satisfies the following equation:

k(k-A-1) =puv-k-1). (1.1)

Proof. For x € V, we count the number of {y, z} contained in the set {{y,z} | {x,y} € E,
{x,z} ¢ E,z # x}.

z A
adjacent to z not adjacent to x
k v—k—1

If we fix y, the number of choices of z is k — A — 1. If we fix z, the number of choices of
y is p. Therefore k(k -1 -1) = (v - k - 1)p. O
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It is an interesting problem to determine parameters (v, k, A, ) of which strongly
regular graphs exist.

Proposition 1.9. The complementary graph of a strongly regular graph is a strongly reg-
ular graph.

Proof. LetT = (V,E) be a strongly regular graph with parameters (v, k, A, u) and let
T = (V,E) be the complementary graph of I'. Since the number of vertices adjacent to
avertex x of VinTisv—k—-1, T is a regular graph of degree k = v—k-1. In the following
figure, the relations among vertices in I are described for the case where x and y are
adjacent and the case where x and y are not adjacent.

A=v—2k—pu)—2=v—-2k+pu—2, i=v—2k—XA—-2)—2=v—-2k+ A\
T Y €z Y
S —] s <]
O adjacent to y O adjacent to y
Qe 9
adjacent to x adjacent to x OJ

Example 1.10 (T(m) graph). Let m be an integer of atleast3and V = {{i,j} | 1 < i #
j < m}. Two elements x = {i,j}, y = {k,l} of V are joined by an edge if they satisfy
[xNy| = 1. Namely, if we define E = {(x,y) € VxV | [xny| = 1}, then (V, E) is a strongly
regular graph with parameters (W, 2(m-2),m-2,4). The graph is called the T (m)
graph.

Proof. The number of vertices is |V| = () = w Since the set of vertices adjacent

to {iy.jo} € Vis {{ig, €}, {jg- €} | € # ip,jo}, the degree is k = 2(m — 2). Since the set of
vertices adjacent to both {iy, £y} and {jy, £y}, where iy # jo, iy # €9 jo # €os 1S {{€g> €} |
€ # £y, iy, jotUllip, jo}}, we have A = m-2. Finally, since the number of vertices adjacent
to both {i;, j1}, {i5, jo} for distinct i}, i,,j3,j, is exactly 4, {i;, i,}, {i1, i3}, U b U ja), we
have y = 4. O

The T(4) graph and the T(4) graph embedded in R? are given in the following
figures.

The T'(4) graph The T'(4) graph in R?
{1,3} {1,3}

1,2} {1,4} 1,2} (\ {1,4}

{2,3} {3,4} {2,3} v {3,4}

{2,4} {2,4}

The complementary graph of the T(5) graph is the Petersen graph.
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The T'(5) graph

The Petersen graph

(10y  WLOMILSILTHI O} BHL 413} 5

. els | 4
{2, 10} o
3,10} {39} {38} {3)7}{3)6}{3)5} j
s (3,4}
{4, 10} ?
515y (4,5}
{5,10}
A S (5,6}
(6,10} 6. 7} The T(10) graph
{7,10} _—
()
{8, 10} o)
[

{9,10}

For example, for the case of T(10) depicted in the above figure, the vertices ad-
jacent to the vertex {3, 8} are the sequence of vertices from {1, 3} to {3,10}, that is,
{1,31{2,3}, {3, 4}, {3, 5}, {3, 6}, {3, 7}, {3, 9}, {3, 10}, and the sequence of vertices from {1, 8}
to {8,10}, thatis, {1, 8}, {2, 8}, {4, 8}, {5, 8}, {6, 8}, {7, 8}, {8, 9}, {8, 10}, and thus there are 16
vertices in total.

Example 1.11 (Complete graph). A graph is called a complete graph if any 2 distinct
vertices are joined by an edge. We denote the complete graph with v vertices as K,,.
Namely, K, = (V,E), where E = {{x,y} c V | x,y € V,x # y}.

K K, K,
The adjacency matrix of K, is A = J — I, a square matrix of degree v, where I denotes
the identity matrix and J denotes the all 1’s matrix.

Example 1.12 (Discrete graph). A graph is called a discrete graph if there is no edge.
Namely, a discrete graph is the complementary graph of a complete graph.

Complete graphs and discrete graphs are strongly regular graphs.

Example 1.13 (Complete bipartite graph). A graph is called the complete bipartite
graph if it is a strongly regular graph with 2v vertices and parameters (2v,v, 0,v). The
graph is denoted by K, ,,.
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Example 1.14 (Lattice graph). LetX = {1,2,...,m}, V = X x X, and L(m) = (V,E). For
(X1, Y1), (X2, ¥5) € V, we define {(x;,y;), (x5,¥,)} € Eifx; = x, and y; # y,, ory; =y, and
Xy # Xp; L(m) is a strongly regular graph with parameters (m%,2(m - 1),m - 2,2). The
graph is called the lattice graph.

The L(3) graph

(3,1) (3,3)
(3,2)

(2,1)

(2,2) (2,3)

(1,2)
(1,1) (1,3)

Proof. Since the set of vertices adjacent to the vertex (x;,y;) is {(x, ) | ¥ # y1}u{(x. y1) |
X # X1}, we have k = 2(m - 1). Since the number of vertices adjacent to both (x;,y;) and
(x2,y1) where x; # x, is [{(x,y;) | x # X3,X}| = m — 2 and the number of vertices
adjacent to both (y;,x;) and (y;, xp) is H(y1, %) | X # X3, X%}l = m -2, we have A = m — 2.
When x; # x5, ¥; # ¥,, the number of vertices adjacent to both (x;,y;) and (x,,y,) is
(a1, ¥2), (x2,¥1)}, and so we have u = 2. O

Example 1.15 (Paley graph). Let g be a prime power satisfying ¢ = 1 (mod 4). Let
F, be the finite field of order q. Let V = F,. We define E = {{x,y} ¢ V | x -
y is a non-zero square} as the edge set. It is well known that -1 is a square if g =
1 (mod 4) (the reader is referred to books on number theory). So we obtain an undi-
rected graph T = (V, E); T is strongly regular with parameters (g, ‘%1, }‘(q -5), %(q -1)),
and is called the Paley graph (F; contains non-squares). For g = 5,17, we have the
following tables.

q=5 The Paley graph (¢ = 5)
x|o][1]2]3]4 0
x*|[ol1]4 1 1®4

2 3

q=17
x|o|l1]2]3]4]5 718
X0 1[4]|9]16 2 (15|13
x|olwo[uln[Bls]15]16
*|B|1s|2]8lw|9]4]1
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We define f : F; — F; by f(x) = x*. Then f is a homomorphism and 1, -1 are
contained in Ker f. Hence there exists a non-squaren € F ;. Let & be a generator of F, ;.
Let H = (¢%). Then H is a cyclic subgroup of F ; of order qT_l and of index 2. Moreover,
every element of H is a square and every element of nH is a non-square. Therefore,
for any vertex x € F,, a vertex y defined by y = x -z (z € H) satisfiesx -y € H, and
so it is adjacent to x. Thus k = qT_l. The explicit values for A and u can be found in
Section 1.3.

Strongly regular graphs with at most 36 vertices are classified ([200, page 227]).!

There are lots of open problems on strongly regular graphs. For instance, for which
parameters do strongly regular graphs exist? Here we discuss strongly regular graphs
in terms of linear algebra. Let T' = (V, E) be a connected strongly regular graph with
parameters (v, k,A, 1) and let A be the adjacency matrix. Let I be the identity matrix
of size v and let J be the square matrix of size v in which every entry is 1. Since I' is a
regular graph of degree k, we have AJ = kJ, JA = kJ. Moreover the following holds:

A=K +M+uJ-A-1). (1.2)
This is because, if we denote the (x, y)-entry of A by A(x,y), we have

(A)06y) = Y A 2)AEY) = |z | .2, (2.} € B},

zeV
and then we have

k, ifx=y,
Ay =1 A ifpeyl €k,
uo if{xyl¢E x+y.

Because A and J commute under matrix multiplication, they are simultaneously
diagonalizable by an orthogonal matrix. The rank of J is 1 and the eigenvalues are v
and 0. The multiplicity of the eigenvalue v is 1. Let j be the column vector in which
every entry is 1. Then we have Jj = vj. By Theorem 1.5, k is an eigenvalue of A with
multiplicity 1. We also have Aj = kj. By equation (1.2), we have k%j = A% = kj + A4j +
u(J—-A-0j=(k+Ak+pu(v-k-1))j. Hence K =k + Ak + U(v -k - 1) holds. This gives
another proof for the formula in Proposition 1.8:

k(k-A-1) =puv-k-1).

Next we observe the eigenvalues other than k. Since the diagonal entries of A are all 0,
A has an eigenvalue other than k (because the trace of A is 0). Suppose A has exactly 2

1 Itisknown that there are 15 strongly regular graphs with parameters (25, 8, 3, 2), although it is written
that there are 10 such graphs in [200].
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eigenvalues k and p (# k). By Theorem 1.5, we have k+(v-1)p = 0. Thus pis an algebraic
integer and a rational number, which meansp = - % is arational integer. This implies
that a graph with exactly 2 eigenvalues must be the complete graph (with eigenvalues
k = v — 1 and -1). Therefore a graph which is not a complete graph must have at
least 3 eigenvalues.” Next we assume that I is not a complete graph and observe its
eigenvalues. Let u be an eigenvector of A with eigenvalue p. Since u is orthogonal to j,
Ju = 0. Thus by equation (1.2), we have p’u = A%u = ku + AMu — u(A + Du = (k + Ap -
Up — wuand u + 0, and therefore we have

p>=k-u+@A-pp. (1.3)

Since every eigenvalue p of A satisfies equation (1.3), equation (1.3) does not have mul-
tiple roots. Hence the eigenvalues of A are k, r, and s:

r= %(/\—u+\/(/\—u)2+4(k—u))> (1.4)

s = %(A—y—\/(/l—y)2+4(k—u)). (1.5)
Next let f and g be the multiplicities of r and s. Then we have
v=Ff+g+1. (1.6)
Also if we calculate the trace of A, we have
k+fr+gs=0. 1.7)

Therefore, by equations (1.4), (1.5), (1.6), and (1.7), we obtain the following:

f=1<v—1+ (u-Av-1) -2 ) (1.8)
2 \/(11 - A2 +4(k - p)

1 pu-MNyv-1)-2k
g= §<V—1— > (1.9)

V= D2 + 4Gk~ p)

Theorem 1.16. Let T = (V,E) be a connected strongly regular graph with parameters
(v, k, A, u). Suppose T is not a complete graph. Then one of the following holds:
M) k=v-k-Lu=A+1=%f=g=k
2 D=@A- y)2 + 4(k — p) is a square. Moreover,
(i) ifviseven, VD divides 2k + (A — p)(v — 1);
(ii) ifvis odd, 2VD divides 2k + (A - p)(v - 1).

2 In general, it is known that a graph of diameter d has at least d + 1 distinct eigenvalues ([200,
Lemma 8.12.1 on page 186]).
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Proof. (1) Note that f, g are natural numbers. If
u-NDNv-1)-2k=0,

thenf=g= VT_l.IfweputE =v-k-1,then ¢ > 0. If we substitute v = ¢ + k + 1in the
above equation, then we obtain (u — A)(k + £) — 2k = 0, and hence y — A > 0. We also
have 0 < (u—-A)¢ =(2- (u—-A))k.Namely,y—A=1or2.If y— A = 2, then £ = 0 and so
v = k+1, which implies I' is the complete graph. Therefore by the assumption, we may
setuy—A=1Thenwehavek=¢=v-k-1,andbyk(k-A-1) = u(v-k-1) = (A + 1)k,
we get k = 2(A +1).

@1t

pU-MNv-1)-2k+0

holds, D must be a square because f,g are natural numbers. Since 28 = v -1 +
2k+(A-p)(v-1) d 2k+(A-p)(v-1)
vD ’ 2vVD
must be an integer. O

is an integer, VD divides 2k + (A— W) (v—1). Moreover, if v is od

Theorem 1.16 is a powerful tool for classification of strongly regular graphs.

Let T = (V,E) be a regular connected simple graph. It is known that the number
of vertices of a connected graph of degree k and diameter d is at most 1+ k + k(k — 1) +
-+ k(k - 1T, as shown in the following figure.

1 k k(k—1) k(k—1)2 k(k—1)472 k(k—1)*!

Definition 1.17 (Moore graph). A regular simple graph of degree k and diameter d
whose number of vertices is exactly 1+ k + k(k—1) +- - - + k(k - 1)‘1*1 is called the Moore

graph of type (d, k).
The next theorem immediately follows from Definition 1.17.

Theorem 1.18. The graph consisting of (2d + 1) vertices and (2d + 1) edges of the (2d +
1)-gon is a Moore graph of degree 2. Conversely, a Moore graph of degree 2 is the graph
defined by the vertices and edges of the (2d + 1)-gon.

Theorem 1.19. A Moore graph T = (V,E) of diameter 2 is a strongly regular graph with
parameters (v, k, A, u), where A =0, u=1,v=k*+1,andk = 2,3,7, 57.

Remark 1.20. If k = 2, T is isomorphic to the graph defined by the vertices and the
edges of the pentagon (Theorem 1.18). If k = 3, we can easily show that I' is isomorphic
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to the Petersen graph. If k = 7, Hoffman and Singleton [232] proved that T is isomorphic
to the Hoffman-Singleton graph. The existence of a Moore graph of diameter 2 and
degree 57 is an open problem.

Proof of Theorem 1.19. By the assumption, v =|V|=1+k+k(k-1) = k? + 1 holds. We
also have A = 0, u = 1. Firstly, we consider the case where Theorem 1.16 (1) occurs. In
this case, k = v -k -1 = k? — k holds. So we have k = 2, v = 5, and T is isomorphic
to the graph with the vertices and edges of the pentagon. Next we consider the case of
Theorem 1.16 (2): D = (A - }1)2 +4(k — p) = 4k - 3 is a square; VD divides 2k + (A — p)(v —

o 12 k(k-2) . K (k=2)
1) = 2k - k°. Namely, v must be an integer. Therefore ~;=5
BERK2D' _ 6443 — 208K2 + 100k + 75 + 22 is also an integer. Thus k i
s = ] ger. Thus k is 2, 3, 7, or 57.
If k = 2, then D = 5 and D is not a square. So Theorem 1.16 (2) occurs only if k = 3,7,

or 57. O

is an integer. Then

Theorem 1.21 (Bannai-Ito [59], Damerell [156]). A Moore graph of diameter d > 3 and
degree k > 3 does not exist.

Remark 1.22. The non-existence of a Moore graph of d = 3 was proved by Hoffman
and Singleton [232] in 1960. The non-existence of a Moore graph of d > 4 was proved
by Eiichi Bannai and Tatsuro Ito, and by Damerell independently in 1973.

We close this section by giving the sketch of the proof of Theorem 1.21.
We assume that there exists a Moore graph I’ = (V, E) of type (d, k), where d, k > 3,
and derive a contradiction. By the assumption, we have

k((k-1)%-1
NS
Let A = (a;;) be the adjacency matrix of I'. The minimal polynomial of A is written as
a polynomial of degree d + 1 with the form (x — k)F;(x). Here the polynomial F;(x) of
degree d is given by the following recurrence formula:

v=|V|=1+k+k(k—1)+...+k(k_1)d—1=1

Fox)=1, F(x)=x+1,
Fi(x) = xF;i_1(x) = (k - 1F;_,(x), 2<i<d.

In general, it is known that such a polynomial has d distinct zeros. So the adjacency
matrix A has d + 1 distinct eigenvalues denoted by 8,(= k),0,,6,,...,60,. As we have
seen before, k is the largest eigenvalue. Let 6, be the smallest eigenvalue and assume
0; < 6;_, for1 < i < d. Since tr(4) = 0, we have 6; < 0. We observe that 6,,...,0, are
distributed on the real line as in the following figure.

= Divide the semicircle of radius
2vk — 1 into d + 1 equal parts.
0< %/mcos(gf—_z_r1 -0, <e¢
(1 <i<d), eis very small.

ar s

CESY

—2vVk -1 64 0 0; 012vVEk —1 k
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Moreover, if we let m(6;) be the multiplicity of 6;, then we observe that

vk(k — )41

fori<i<d.
(k — 6)F}(6)F41(6;)

m(6;) =

By using them, we can roughly estimate m(6;).

Since 0;,.. ., 0, are eigenvalues of A whose entries are O or 1, they are roots of a
monic polynomial, i. e., a polynomial whose leading coefficient is 1. Namely, they are
algebraic integers. If §; and 6 are algebraically conjugate over the rational field Q (i.e.,
if 6; and 6]- are contained in an orbit of the Galois group over Q), m(6;) = m(9j) holds.
Moreover, the following hold (except for several cases with small d and k):

m(el) < m(GZ)’ [ERES m(ed—l)’
m(6,) <m(B,), ..., m(O,_),
-1<6,+6,<0.

Therefore it is shown that neither 0, nor 6, is algebraically conjugate with 8,,...,0,_;
over Q. Hence 6, + 6,; must be invariant under the action of the Galois group. In other
words, 6, + 6; must be a rational integer (an element of Z). By using this fact, we de-
rive a contradiction and prove the non-existence theorem of Moore graphs. (For more
detail, see [59, 156, 60]. This is also related to the theory of association schemes in
Chapter 2.)

As a generalization of strongly regular graphs, we introduce distance-regular
graphs. Distance-regular graphs have very good properties, which we will discuss
in the next chapter. Certainly Moore graphs are examples of distance-regular graphs.
Aregular graphT = (V, E) of degree k and diameter d is called a distance-regular graph
if it satisfies the following condition: When we fix x € V and y € V with d(x,y) = i, the
numbers

a;=|{z e V]dxz2) =i dy,2) = 1}|,
bi=|{zeV|doz) =i+1, dy.z) =1}
c=|{zeV]dxz)=i-1, d(y,z) =1}
are constants which do not depend on the choice of x, y, and depend only on the choice
of i.
A graph satisfying this condition is called a distance-regular graph of type

¥ 6 G - G Cg
a, a a - ag; ag |- (1.10)
bo by by -+ by, x
A Moore graph is of type
* 1 1 e 1 1
0 0 0 e 0 k-1

k k-1 k-1 - k-1 =
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1.3 Classical t-designs: definitions and basic properties

The essence of design theory is to find a good subset which approximates the whole
set. In later chapters, various designs will appear. In this section, we describe stan-
dard designs in combinatorics, especially ¢-designs. They are important among vari-
ous kinds of concepts of designs and have a long history. (For the history of designs,
see Remark 1.70 in Section 1.4.)

Definition 1.23 (t-(v, k,A) Design). Let t, k, v, A be natural numbers (= positive inte-
gers), and assume that t < k < v. We consider a finite subset V consisting of v points
and the set V© consisting of the k-element subsets of V.2 A pair (V, B) of V and a sub-
set B of V% is called a t-(v, k, A) design (or simply a t-design) if there exists a natural
number A such that for any T € V', the following holds:

[{BeB|TcB}=A

For a t-design (V, B), an element of V is called a point, and an element of B is
called a block. A design is also called a block design.

Example 1.24 (The 2-(7,3,1) design). As shown in the following figure, V is a 7-ele-
ment set. There are 7 blocks consisting of 3 edges and 3 medians of the triangle, and 1
circle inscribed in the triangle.

Problem 1.25 (Trivial t-design). Let B = V%), Prove that (V, B) is a t-design. Find the
value of A. Such a t-(v, k, A) design is called a trivial t-design. Usually we consider non-
trivial t-designs.

Remark 1.26 (Block design with repeated blocks). Usually for a t-design, a set B of
blocks is assumed to be a subset of V%), There is another way of thinking of ¢-designs
which allows the case where a subset appears repeatedly as elements of 5. From the
viewpoint of pure mathematics such as group theory and combinatorics, it is more
natural to not allow repeated blocks. From the viewpoint of statistics, however, there
seems to be no problem with repeated blocks. Such a design is called a design with
repeated blocks. If repeated blocks are not allowed, a design is also called a simple
design. In what follows, we consider simple designs unless otherwise stated.

3 For1<¢<v,let V® be the set of £-element subsets of V.
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Definition 1.27 (Isomorphism of block designs). Two t-designs (V, B) and (V', B') are
said to be isomorphic if there exists a bijection from V to V’, and the bijection induces
a bijection from B to ', and moreover p € Bin (V, B) implies p° € B’ in (V', B'), where
o denotes the bijection.

Remark 1.28. To be precise, the above definition is relevant for simple designs. For
designs with repeated blocks, we should define (V, B) and (V’, B') to be isomorphic if
there exists a bijection ¢ from V to V' and a bijection p from B to B’ such thatp € Bin
(V, B) implies p° € B in (V', B'). However we may mostly ignore this remark because
we mainly consider simple designs.

Remark 1.29. The set of isomorphisms of designs from (V, B) to itself forms a group.
This group is called the automorphism group of the design (V, B) and denoted by
Aut(V, B). The automorphism group Aut(V, B) can be regarded as a permutation group
on a set V of points and also regarded as a permutation group on a set 5 of blocks.
Actions of these permutation groups are not necessarily transitive.

The next fact is easy but important.

Proposition 1.30. Let (V,B) be a t-(v, k,A) design. For any integer s with 0 < s < t,
(V, B) is an s-design. Namely, if we let

A A, (1.11)

()

then A, is a natural number and (V, B) is an s-(v, k, A;) design. (The concept of a 0-design
has no special meaning but A can be regarded as the number |B| of blocks.)

Proof. ForS € V(s), let A(S) = |{B € B|S < B}|. We prove that A(S) is independent of the
choice of S as follows. By counting the number of pairs (T,B) of T € V) and B such
that S ¢ T ¢ B(e B) in two ways, we obtain

A(S)(k B S) - (V B s)/\.
t—s t-s
(If we choose T first, we will get the right-hand side, and if we choose B first, we will

get the left-hand side.) Therefore A(S) = (g;/\ = A, and A(S) is independent of the
choice of S. Hence A, is a natural number atrid (V,B)is an s-(v, k, A;) design. O

S

From the above proof, we obtain the necessary and sufficient condition for the
existence of t-designs.

Proposition 1.31. A t-(v, k,A) design exists only if A is a natural number for any integer
s(0<s<t).

Remark 1.32. If we apply the above proposition to the case of ¢t = 2, the following
holds.
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Let (V, B) bea2-(v, k,A) design and let r be the number of blocks containing a point
and b the number of blocks (= |B|). Thenr = A, = Z_jA’ b=2,= ZEZZB/\ hold. Namely,
we have

rtk-1) = (v -1A, (1.12)
bk = vr. (1.13)

These two equations are important. A non-trivial 2-(v, k, A) design is also called a bal-
anced incomplete block design (BIBD), and a t-(v, k,1) design with A = 1is called a
Steiner system.

Definition 1.33 (Incidence matrix of a design (V, B)). For a design (V, B), we define a
matrix M whose rows are indexed by B and whose columns are indexed by V as fol-
lows. For B € B, P € V, define the (B, P)-entry of M as

1 (fPeB),

M(B.P) = { 0 (ifP ¢B).

The matrix M is called the incidence matrix of a design (V, B).

The incidence matrix of the 2-(7,3,1) design in Example 1.24 is given as follows:

0 1 1 01 0 0]
0011010
000110 1
M=[1000110
01000 1 1
1010001
1101 0 0 0 |

Here we give a basic definition.

Definition 1.34 (Complementary design). For a t-(v,k,A) design (V,B), define B’ =
{V\B | B € B}. Then (V, B') becomes a block design. Let t-(v, k', A’) be its parameters.

v—k
Thenk' = v-k A = %/\ holds. The design (V, B') is called the complementary
t
design of (V,B). For details, we refer the reader to [319, corollary on page 192] or
[366].

Let M be the incidence matrix of a t-(v, k, A) design (V, B). In general, each row of
M has exactly k 1’s, and each column of M has exactly r 1’s. Let J be the square matrix
whose entries are all 1. Namely, we have MJ = kJ and JM = r]. (Note that J has different
sizes for different equations. To avoid making things complicated, we often use J and
the identity matrix I with their sizes unspecified.) In particular, if (V, B) is a 2-design,
for any two different columns of M, there are exactly A rows in which both columns
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have 1’s. So we have the following:*

‘MM = ) : (1.14)
A . r
Problem 1.35. Prove that for the incidence matrix M of a 2-design, the determinant of
!MM is given as follows:
det("MM) = (r + (v = DA)(r - 1) 1.

Theorem 1.36 (Fisher type inequality). For a 2-(v,k,A) design, assume v > k. Then the
inequality b > v holds.

Proof. By the assumption k < v and by (1.12), we have r > A. Then the determinant
det(! MM) is non-zero (Problem 1.35). Namely, ‘MM is a non-singular matrix of size v,
and this implies b > v. (In general, for matrices A and B, the rank of AB does not exceed
the rank of A or B.) O

Definition 1.37 (Symmetric design). A2-(v, k,A) design with b = vis called a symmetric
(v, k, A) design.

Remark 1.38. By (1.13), for a symmetric (v, k, A) design, r = k holds.

Now, let M be the incidence matrix of a symmetric (v, k,A) design. Then M is a
square matrix and MJ = JM = kJ holds. Besides, (1.14) can be expressed as

‘MM = (r = NI + AJ.
Moreover, by the proof of Theorem 1.36, M is non-singular. Therefore we have
M={(r-NDI+NM .
If we consider M ‘M, we have

MM =M{(r-DI+ M = {r - DI+ J}MM™
r A

={r-NI+ A} = . : (1.15)
A r

This means that two blocks B; and B; contain exactly A common points. With this in
mind, we state the following proposition.

4 'M denotes the transpose of M.
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Proposition 1.39. Assume that a 2-(v,k,A) design satisfies v > k. Then the following
four conditions are equivalent:

D b=v;

2 r=k

(3) any two blocks have exactly A common points;

(4) any two blocks have exactly m common points for a constant m.

Proof. Since bk = vr, we have (1) © (2); (2) = (3) follows from the above discussion;
and (3) = (4) is obvious.

We show (4) = (1). We exchange the roles of points for those of blocks. Namely,
the matrix ‘M has exactly r 1’s in each row, and ‘M has exactly k 1’s in each column.
Besides, any two columns of ‘M have exactly m 1’s in common. Therefore ‘M is the
incidence matrix of a 2-(b,r,m) design. Each block of this design contains r points
and each point is contained in exactly k blocks. Applying (1.13) to the given design,
we have bk = vr. Moreover, since v > k, we have b > r. Next if we apply (1.12) to the
2-(b,r,m) design, we have k(r — 1) = (b — 1)m, and thus k > m. By Problem 1.35, we
have det(M ‘M) = (k + (b - D)m)(k - m)b‘1 > 0. Hence M ‘M is a non-singular matrix of
size b, and b < v holds. On the other hand, by applying the Fisher type inequality to
the given design (V, B), we have b > v, and thus b = v. O

Remark 1.40. As we considered in the proof of the above proposition, if condition (4)
of Proposition 1.39 holds for a 2-(v, k, A) design (V, B), the existence of a 2-(b, r, m) de-
sign is easily shown by exchanging the roles of points for those of blocks. The 2-(b, r, m)
design is called the dual structure or the dual design of (V, B).

Remark 1.41. To sum up, the incidence matrix M of a symmetric 2-(v, k, A) design sat-
isfies

M =IM=Kk((=1]), MM =M'M=(r-DI+A.

Remark 1.42. Aswas stated in M. Hall, Jr. [210, Section 10.2], for a symmetric 2-(v, k, A)
design (V, B), (V, B) has the same parameters as the dual design (5, V), but they are
not necessarily isomorphic.

Important theorems for designs
As we stated before, Proposition 1.31 together with equation (1.11) is a necessary con-
dition for the existence of a t-(v, k,A) design. How strong is it? How close is it to a
sufficient condition? It is not clear in general, but for the case of t = 2, we know it is
very strong.

For example, a 2-(v,3,1) design, which is called a Steiner triple system, has been
studied a lot. For a 2-(v, 3,1) design, Proposition 1.31 with equation (1.11) is shown to
be a sufficient condition for the existence of a design. And it is immediately proved
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that they are equivalent to
v=13 (mod®6).

(For details, see [319, Example 19.11, Example 19.15].) Of course, it is not true for
t-(v,k,A) designs in general. Many examples such that it fails to be a sufficient condi-
tion are known. The following Wilson theorem is a definitive result in this direction of
study. For details, we refer the reader to Wilson [515, 516, 518] and Ray-Chaudhuri and
Wilson [399].

Theorem 1.43 (Wilson). Suppose that k,A are given. There exists a number v,, deter-
mined by k,A such that there is a 2-(v,k,A) design withr = A(v - 1)/(k —1) and b =
Av(v —1)/k(k — 1) whenever v > vy, A(v — 1) = 0 (mod k — 1), Av(v — 1) = O (mod k(k - 1)).

Remark 1.44. Itwould be desirable if we could show a similar result for t > 3; however,
itis an open problem. If we allow repeated blocks, this necessary condition is known to
be very close to a sufficient condition. (For details, see Graver and Jurkat [204], Wilson
[517], or Khosrovshahi and Tayfeh-Rezaie [276].%)

Regarding the necessary condition for the existence of a symmetric 2-(v, k, 1) de-
sign, the next theorem is known (see [326, 116]).

Theorem 1.45 (The Bruck—-Ryser—Chowla theorem). For a symmetric 2-(v, k,A) design,

if we let n = k — A, the following hold:

(1) Ifviseven, thennis a square.

() Ifvisodd, thenz® = nx® + (-1)""Y2Ay? has a solution in integers x, y, z, not all of
which are 0.

Proof. (1) The left-hand side of det(MM) = (r+(v— DAr-A)"isa square. By symme-
try of the design, we have r = k. Moreover, by (1.12), we haver + (v-1)A = k?. Therefore
(r - 1)"is a square, and if we note that v — 1is odd, n = k — A must be a square.

The proof of (2) is very interesting but quite complicated. So we refer the reader to
other books. (Several kinds of proofs are known. See M. Hall, Jr. [210], K. Yamamoto
[523], and E. S. Lander [303].) O

1.4 Examples of designs

Finite projective planes
Let K be a field and consider the (n + 1)-dimensional vector space K"*! over K. Two
non-zero vectors in K"*! are defined to be equivalent if one is a scalar multiple of the

5 Note that the study of the extension of the theorem to the case ¢ > 3 has made progress in recent
years [184, 293].
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other, and the quotient space KP" = (K""\{0})/ ~ with this equivalence relation ~ is
called the n-dimensional projective space. We call an element of KP" a point. Namely,
a point of the projective space KP" corresponds to a 1-dimensional subspace of K™*!.
A subset of KP" corresponding to a 2-dimensional subspace of K™*! is often called
a line. Moreover a subset of KP" corresponding to a 3-dimensional subspace of K"
is often called a plane. In particular, the case n = 2 is the projective plane over K,
which consists of points and lines. In particular, if K is the finite field F, of order g,
we obtain the projective space or projective plane (over the finite field) which consists
of finitely many points. They are, in a sense, standard projective spaces or projective
planes, but with regard to projective planes it is natural and common to see them as
an axiomatization of an incidence relation of points and lines defined by inclusion
or non-inclusion, like the definition given in the following. The system of such points
and lines or the structure consisting of them is called finite geometry. Finite geometry
is not necessarily geometry over a finite field, which is a much wider concept.

Definition 1.46 (Projective plane). Let P be a set of points and let L be a set of lines.
An incidence relation € of inclusion is defined between points and lines. The triple
(P, L, €) is called a projective plane if it satisfies the following three axioms.

Axiom (1): For given 2 points, there exists a unique line connecting them.

Axiom (2): Every 2 lines meet at exactly 1 point.

Axiom (3): There exists a subset of 4 points, any 3 of which are not collinear.

Remark 1.47. As for the above definition, we allow the case where P is infinite. More-
over, in many cases, the definition of an incidence relation € is unspecified as an im-
plicit assumption. So we usually denote a projective plane by 7 = (P, L) in what fol-
lows. Due to Axiom (3), we can eliminate cases such as the following figure, which is,
in a sense, trivial and degenerate.

Remark 1.48. In particular, if P is a finite set, we call 7 = (P, L) a finite projective plane.
In this case, it is known that there exists a natural number n greater than 1 such that
the number of points and that of lines of 7 are n + n + 1, a line contains n + 1 points,
and a point is contained in n + 1 lines (we will discuss details later). We call the num-
ber n the order of a finite projective plane. The projective plane over the field F, is
a projective plane of order g and called a Desarguesian plane. Other than projective
planes over finite fields, several non-standard projective planes are known. They are



1.4 Examples of designs = 21

called non-Desarguesian planes. Up to the present, the orders of known finite projec-
tive planes are prime powers. It is an important open problem whether the order of a
finite projective plane is always a prime power. Specialists are divided over the above
issue. In search of algebraic structures, weaker structures than fields, which give coor-
dinate systems of non-Desarguesian planes, many studies have been conducted for a
long time. Also many attempts have been made to classify non-Desarguesian planes.
They are very difficult problems and only few things are known. Considering only fi-
nite projective planes, you will find many interesting open problems. Of course, if n is
given, there are “finitely many” projective planes of order n up to isomorphism. How-
ever, as is often the case, the condition “finitely many” is not so powerful. You might
think that computers can solve all the problems on finite things, but it is not true at
all. If the number of points is very small, computers may be useful more or less, but if
the number of points are increasing, computers become useless quickly.

In fact, the concept of finite projective planes can be characterized in terms of
designs. We state this fact as the following problem. (Readers would find it interesting
if they try to prove it.)

Problem 1.49. Prove that a finite projective plane of order n exists if and only if a 2-(n’+
n+1,n+1,1) design exists.

We also give the following facts as problems.

Problem 1.50.

(1) There exists a unique finite field with g elements for each prime power g = p’ up
to isomorphism. Check this fact by textbooks on algebra. We denote the finite field
by F,. (There is a way to denote it by GF(q) instead.)

(2) Verify that for each finite field K = F, KP? is a finite projective plane of order g. In
other words, consider the 3-dimensional vector space F 3 over the finite field F,. Let
V be the set of 1-dimensional subspaces of F 3 and let B be the set of 2-dimensional
subspaces of F;;’. (Note that a block, i. e., an element of 3, consists of g + 1 points
of V.) Then show that (V,B) is a 2-(qz +q + 1,q + 1,1) design, in other words, a
projective plane of order q.

Theorem 1.51. For a projective plane m = (P, L), the following are equivalent:
(1) A line contains exactly n + 1 points.

(2) A point is contained in exactly n + 1 lines.

(3) Every line contains exactly n + 1 points.

(4) Every point is contained in exactly n + 1 lines.

(5) There exist n* + n + 1 points in total.

(6) There exist n’ + n + 1 lines in total.

For the proof of the above theorem, we refer the reader to other books. (It is not
so difficult if you proceed step by step. For details, see [210]. When the author (Eiichi
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Bannai) lectured on this topic, he gave a proof only for the beginning part and the rest
was left for the students as an assignment.)

When considering the proof of the theorem, note that if three axioms (1), (2), (3)
of a projective plane in Definition 1.46 hold, then the following Axiom (3') holds.

Axiom (3'): There exists a set of 4 lines, any 3 of which do not meet at 1 point.

Note that Axiom (3') is the dual condition of Axiom (3), and guarantees that the dual
structure ' = (L, P) obtained by exchanging the roles of points and lines of a projec-
tive plane 7 = (P, L) becomes a projective plane.

Here we make some comments in regard to projective planes and projective ge-
ometries. If we apply the Bruck-Ryser—-Chowla theorem to a projective plane, i.e., a
2-(v, k,A) design, we obtain the following.

Theorem 1.52. Let n = 1,2 (mod 4). If there exists a projective plane of order n, then n
can be expressed as n = x* + y*, a sum of 2 squares.

Corollary 1.53. There exist no projective planes of order n = 6,14,21,22, .. ..

Remark 1.54. How many projective planes of order n do exist for a given n? Many stud-
ies have been conducted on this problem. Still there are a lot of things left unsolved.
It is known that for n = 2,3,4,5,7, 8, the projective plane of order n is unique up to
isomorphism. For the case of order 9, the classification was completed by concluding
that there are 4 non-isomorphic projective planes [301]. For the case of order 10, there
is a history of efforts by so many people. At one time there was a legend that people
who attacked this problem lost their mind because of the huge amount and complexity
of calculations. Through the early works of M. Hall, Jr., Parker, MacWilliams, Sloane,
and Thompson, at last this problem was solved in 1989; Lam, Thiel, and Swiercz [302]
proved the non-existence (see also [300]). The proof is essentially based on a brute
force search, and it is said that they run the fastest large computer at that time more
than 1000 hours. In that sense, this solution made a great impact in the world of
mathematics with regard to the role of computers like the proof of the four-color the-
orem and that of the Kepler conjecture (the conjecture on dense sphere packings in
3-dimensional Euclidean space) did. Furthermore, following the case of order 10, sev-
eral people seriously study the case of order 12 (or 15). As stated before, whether the
order n of a projective plane is a prime-power is the most important problem in this
area. In particular, if n is a prime p, whether a projective plane of order p is unique up
to isomorphism is also an interesting open problem. (No counter-example is known
yet.) In addition, it is known that depending on n, so many non-isomorphic projective
planes of order n exist.

Affine planes
Next we discuss the concept of affine planes, which are closely related to and as im-
portant as projective planes.



1.4 Examples of designs =— 23

Definition 1.55 (Affine plane). If aset P of points and a set L of lines satisfy the follow-

ing conditions, (P, L) is said to be an affine plane.

(1) There exists a unique line passing through 2 points.

(2) For a line and a point not on that line, there exists a unique line which passes
through the point and does not intersect that line.

(3) There exists a set of 3 points which are not collinear.

Remark 1.56. For an affine plane, it is known that the following are equivalent. (The
proof is an easy exercise for the reader.)

(1) Aline contains exactly n points.

(2) A point is contained in exactly n + 1 lines.

(3) There exist n® points in total.

(4) There exist n® + n lines in total.

An affine plane satisfying the above is called an affine plane of order n.

Problem 1.57. Prove that there exists an affine plane of order n if and only if there
exists a 2-(n%, n, 1) design (n > 2).

Problem 1.58. The existence of an affine plane of order n and that of a projective plane
of order n are equivalent. Prove that a 2-(n%,n,1) design exists if and only if a 2-(n® +
n+1,n+1,1) design exists.

Remark 1.59. The construction of a projective plane of order n from an affine plane
of order n is essentially the same as the construction of the (real) projective plane by
adding the line at infinity to the (real) Euclidean plane. (For details, see textbooks on
projective geometry [492], [210], [167], [243].) Conversely, by removing a line and n + 1
points on that line from a projective plane of order n, we obtain an affine plane of order
n. In general, we can uniquely construct a projective plane of order n from an affine
plane of order n. On the other hand, since the construction of an affine plane of order n
from a projective plane of order n depends on the choice of a line, there is a possibility
that non-isomorphic affine planes of order n are obtained. (In fact, several examples
are known. The smallest example is the case of order 9.)

Multiply (t-)transitive groups and t-designs

Definition 1.60 (t-Transitive groups). Let G be a permutation group on a set X. (Unless
otherwise stated, we only consider the case where X is finite, i. e., G is a finite permu-
tation group.) Then G is called a transitive permutation group (or simply, transitive
group) on X if there exists an element g € G such that a® = B for any elements a,
of X, where a® denotes the element of X obtained by the action of g on a. Moreover,
G is called a t-transitive permutation group (or t-transitive group) on X if there exists
an element g € G such that for any two ordered sets (a;, @5, ..., a;), (B1, B2 -, B;) of
distinct t elements of X, alg = B; (1 < i< t) holds. A t-transitive permutation group for
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t > 2is called a multiply transitive group. As is well known, the symmetric group S,, is
an n-transitive group if it acts naturally on a set of n letters and the alternating group
A, is an (n - 2)-transitive group. The symmetric group S,, and the alternating group 4,,
are called trivial multiply transitive groups.

Remark 1.61 (¢-Designs obtained from multiply transitive groups). The concept of
t-designs is deeply related to the concept of ¢-transitive permutation groups in group
theory. Particularly, in a historical view, we can say that the concept of t-designs arises
from the concept of t-transitive groups. The following proposition is very important
in this sense.

Proposition 1.62. Let G be a t-transitive group acting on a finite set X = {1,2,...,n}.
Suppose B is any subset of X and |B| > t. Then (X, B) is a t-design, where B = {B°|0 € G}.
(Note that it possibly becomes the trivial design.)

Proof. The proof seems almost obvious. If T, T’ ¢ X©, then there exists g € G such
that T8 = T'. Since A(T) = |{B € B|T c B}|, we have A(T') = |{B% < B|T c B}|, and thus
A(T) = A(T') holds. O

Next we will introduce the concept of the t-homogeneous group, which is similar
to but a little weaker than a t-transitive group.

Definition 1.63 (t-Homogeneous group). A permutation group G on X is called a
t-homogeneous group if it satisfies the following condition:

For any subsets {a;, a5, ..., &}, {B1, o - - ., B¢} of (unordered) ¢ elements of X, there
exists an element g € G such that {a;, &y, ..., a}* = {B1, By - .. B¢}

By the definition, it is obvious that a t-transitive permutation group is a t-homo-
geneous group. Also a t-homogeneous group is an (n — t)-homogeneous group, where
n = |X|. So we usually assume t < n/2 for a t-homogeneous group.

Remark 1.64. Proposition 1.62 holds for t-homogeneous groups exactly in the same
way. The proof seems to be obvious. Conversely, it is clear from the definition that
t-homogeneous groups can be characterized as groups satisfying this property. (Con-
sider the case |B| = t.) The following theorem is a very interesting theorem which
claims that a t-homogeneous group becomes a t-transitive group for ¢ > 5. Here it is
important that this holds for finite permutation groups. (In general, it is not true for
infinite groups.)

Theorem 1.65 (The Livingstone-Wagner theorem [320]). A t-homogeneous group be-
comes a t-transitive group for t > 5. (Here we assume t < n/2.)

Remark 1.66. As will be stated below, non-existence of non-trivial ¢-homogeneous
groups for t > 6 (and non-trivial ¢-transitive groups for t > 6) can be proved by using
the classification of the finite simple groups, which was completed in the early 1980s.
In that sense, the theorem can be viewed as the theorem with very few examples. How-
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ever, the proof of the theorem by Livingstone and Wagner (1965) is quite elementary
and very beautiful. This is my (Eiichi Bannai) favorite theorem among many theorems
on permutation groups. For 2 < t < 4, the classification of the finite {-homogeneous
groups which are not t-transitive groups was completed (Kantor [271]).

Remark 1.67 (Multiply transitive groups, esp. PGL(n,q), PSL(n,q)). We will reserve
the detailed explanation for other books dealing with group theory, but the most
important fact is that the actions of the general linear group GL(n, q) and the special
linear group SL(n, q) on the set of points of the projective space are 2-transitive. See
Proposition 1.62. Note that GL(n,q) is the group consisting of invertible n x n ma-
trices over a finite field F, and SL(n,q) is its subgroup of index g - 1 consisting of
the matrices with determinant 1. If we view GL(n, q), SL(n, g) as permutation groups
on the points of the projective space, we obtain the projective general linear group
and the projective special linear group, and denote them by PGL(n, q), PSL(n, q), re-
spectively. If n = 3, PGL(3,q), PSL(3, q) act doubly transitive on the set of g* + q + 1
points of a Desarguesian finite projective plane of order g. Note that the order of the
general linear group GL(n, q) is | GL(n, q)| = ¢"" ™ V2(¢" - 1)(¢"" - 1)--- (g - 1), and
|PGL(n,q)| = |SL(n,q)| = |GL(n,¢g)|/(qg - 1), |PGL(n,q) : PSL(n, q)| = (n,q - 1), where
(n,q — 1) denotes the greatest common divisor of n and g — 1. Besides, PGL(2,q) is a
triply transitive permutation group on the g + 1 points of a projective line over F,.
There are many other interesting examples of 2- or 3-transitive groups. For details, we
refer the reader to books on group theory.

Definition 1.68 (Extension of a permutation group). If G is a t-transitive group on a
set X, for an element a of X, the stabilizer G, becomes a (¢t — 1)-transitive group on
the set X\{a} obtained from X by deleting a. Conversely, if G is a t-transitive group on
a set X, and if for a transitive group G on the union X U {w} of X and a new point w,
the stabilizer Gw is isomorphic to G (as a permutation group on X), the permutation
group G is called a transitive extension of the permutation group G. (In this case, G is
always a (t + 1)-transitive group.)

In general, it is difficult to determine which permutation group admits to a tran-
sitive extension and many studies have been conducted on this problem. The group
PSL(3,4) is a 2-transitive group on 21 points of a projective plane over F,, and it is ex-
tended 3 times repeatedly to provide a 3-transitive group M,,, a 4-transitive group M,s,
and a 5-transitive group M,,. The orders are |[M,,| = 24|My3], |My3| = 23|M,|, IMy,| =
22| PSL(3, 4)|, | PSL(3, 4)| = 20160. Besides, it is known that by extending a 3-transitive
group on 10 letters repeatedly we obtain other Mathieu groups, a 4-transitive group
M;; and a 5-transitive group M;,. The orders are |[My,| = 12|My;], IMy| = 7920 =
2*.3%.5.11. These Mathieu groups were found 100 years ago, but no other ¢-transitive
group for t > 4 was found despite various attempts to find them.

Remark 1.69 (Finite simple groups and multiply transitive groups). As we stated be-
fore, by using the classification of finite simple groups, all multiply transitive per-
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mutation groups can be classified. For t = 2,3, there are several infinite families and
several exceptional cases. On the other hand, for t > 6, there is no non-trivial one;
for t = 5, there are two Mathieu groups M;,, M,, only; and for t = 4, there are exactly
4 Mathieu groups My, My, My, M,,. Since there is no non-trivial ¢-transitive group
fort > 6, it is desirable to show this fact directly using the strong condition of being
a multiply transitive group (not using the very difficult classification of finite simple
groups), but there is no idea how to solve it at present. We sincerely hope that some
readers find a breakthrough to this problem.

Remark 1.70. It seems that, historically, the concept of t-designs appeared in connec-
tion with ¢-transitive permutation groups, but the relation between them is not so sim-
ple. As we discussed before, it was proved that there is no non-trivial finite ¢-transitive
permutation group for t > 6. However, the situation is quite different for ¢-designs. The
problem of the existence of non-trivial ¢-(v, k, 1) designs has a long history. Various ex-
amples were known for small ¢t. Especially up to ¢t = 5 several examples were known,
but for ¢ > 4 known examples were limited to ¢-designs constructed from ¢-transitive
permutation groups as of the early 1960s. In subsequent years, for t = 4,5 several ex-
amples were found, which are not directly associated with multiply transitive groups
but even in the early 1970s, there was no known example of a non-trivial ¢-design for
t > 6. Afterwards, a number of non-trivial ¢-designs for ¢t = 6 were found but it had
not been known that for any (large) ¢, there exists a non-trivial design until it was first
shown in the paper by Teirlinck [457]. However, A is very large for the case of Teir-
linck. It is still an open problem whether a t-design exists for any small A. See also the
following remark.

Remark 1.71. A t-(v,k,A) design with A = 1is called a Steiner system or a Witt system
and has been studied for a long time compared to general t-(v, k, A) designs in the area
of geometry. It is an interesting open problem whether there exists a t-design withA = 1
for any (large) t. (To be precise, we should say it “was” an open problem. It seems that
Keevash recently solved the problem [273].)

Problem 1.72. Let V be the set of 1-dimensional vectors of the m-dimensional vector
space F;" over the finite field F,, and let B be the set of ¢-dimensional subspaces of
F ;", where ¢ > 2. Prove that (V, B) becomes a 2-design, and find the parameters v, k, A
of the design.

(Answer:

v=(q"-1)/(g-1, k=(¢"-1)/(g-1),

@2 -1D(@">-1)---(g" " 1)
@2-1D(@3-1---(g-1)

A=

We recommend the reader to verify these values.)
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Note that we can prove it directly without using groups, but we can obtain the result
immediately by the fact that PGL(m, q) is a 2-transitive group on V, which follows from
Proposition 1.62.

Remark 1.73. As we stated before, a 2-(v, k, 1) design with b = v is called a symmetric
2-design. There are so many symmetric 2-designs. A projective space, i. e., a 2-(n* + n+
1,n,1) design, is an example of a symmetric 2-design. Note that if we set £ = m — 1in
the previous problem, the design becomes a symmetric 2-design.

Remark 1.74. For a non-trivial ¢-(v, k, A) design, a stronger and generalized Fisher type
inequality holds: b > ([ [‘//2]). Moreover, if equality holds, it is called a tight t-design. (To
be precise, when t is odd, a much stronger inequality holds (Chapter 3, Section 3.6),
and it is called a tight t-design. Therefore we should think that the above definition of a
tight t-design is valid only for the case where t is even.) A tight 2-design is a symmetric
2-design. We refer the reader to Chapter 3 for the generalized Fisher type inequality

and its various extensions.

Latin squares and orthogonal arrays

Definition 1.75 (Latin square). LetS = {1,2,...,n}. An n x n matrix A = (ay) (a; € S) is
called a Latin square of order n if each number appears exactly once in each row and
each column.

Definition 1.76 (Orthogonal Latin squares). Two Latin squares A = (ay) and B = (b,-]-)
of the same order n are said to be orthogonal if each element (x,y) in S x S appears
exactly once in n’ pairs {(a;;, by} of elements. Moreover, r Latin squares A, 4,,..., A,
of order n are said to be mutually orthogonal if any two of them are orthogonal.

Definition 1.77 (Orthogonal square). Annxnmatrix A = (az) with entries in S is called
a square of order n. In the same way as Latin squares, two squares A = (a;), B = (b;)
of order n are said to be orthogonal if any element (x,y) in S x S appears exactly once
in n” pairs {(a;;, by)} of elements. Moreover, r squares A;, A, ..., A, of order n are said
to be mutually orthogonal if any two of them are orthogonal.

More generally, we define the following concept.

Definition 1.78 (Orthogonal array). LetS = {1,2,...,n}. An n? x k matrix A = (ay) with
entries in S is called an orthogonal array OA(n, k) if for any two columns of A, say, the
p-th and g-th columns, each element (x,y) in S x S appears exactly once in {(a;,, a;,)}
(1<i<nd).

Theorem 1.79. The following three conditions are equivalent:

(1) There exists OA(n, k).

(2) There exist k — 2 mutually orthogonal Latin squares of order n.
(3) There exist k mutually orthogonal squares of order n.

Proof. The proof is left as an exercise for the reader. O
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The following theorem holds. The proof is also left as an exercise for the reader.

Theorem 1.80. The following five conditions are equivalent:

(1) There exists OA(n,n +1).

(2) There exist n + 1 mutually orthogonal squares of order n.

(3) There exist n — 1 mutually orthogonal Latin squares of order n.

(4) There exists an affine plane of order n (i. e., 2-(n%, n, 1) design).

(5) There exists a projective plane of order n (i. e., 2-(n> + n + 1,n + 1,1) design).

Remark 1.81. A 2-(v,k,A) design (BIBD) or a Steiner system 2-(v, k, 1) are special cases
of t-designs. Likewise, OA(n, k) can be considered as a special case of a more general
orthogonal array t-OA(n, k; A).

Next we define a general orthogonal array t-OA(n, k; A).

Definition 1.82 (Orthogonal array t-OA(n, k; A)). A An® x k matrix A = (a;) with entries
in S is called an orthogonal array t-OA(n, k; A) if the following holds. A matrix con-
structed from any ¢t columns of A contains any element (x;, ..., x;) of a direct product
S’ of S exactly A times. (Clearly, if t = 2, A = 1, we obtain an orthogonal array OA(n, k)
which we first defined.) Note that this general orthogonal array t-OA(n, k; A) will ap-
pear as a t-design in the Hamming association scheme and will play an important role
in the following chapters (the last part of Section 3.3 in Chapter 3, and Chapter 4).

Disproof of Euler’s conjecture
It is clear that there exists a Latin square of order n for any natural number n. For in-
stance, the matrix with the first row (1,2,...,n) whose second and subsequent rows
are obtained by permuting the first row cyclically gives an example of a Latin square.
Then, for which n do two mutually orthogonal Latin squares exist? It is relatively easy
to show the existence if n is odd or a multiple of 4. Also clearly, there is no such ex-
ample for n = 2. When n = 6, Euler proposed and studied the 36 officers problem: Is it
possible to arrange 36 officers from 6 regiments and 6 ranks in the square so that each
row and column contains all regiments and ranks? He had a feeling that it is impossi-
ble. Moreover, in 1782 he made a conjecture that it is impossible for n = 4k +2. In 1900,
the French mathematician Tarry first proved that it is impossible for n = 6 [456]. The
proof was made by a brute force method and there was a dispute over the rigor of the
proof, but now it can be easily verified by using computers. After that, Euler’s conjec-
ture was believed to be true for a long time, and papers of false proofs were published.
For example, in the first edition of a Japanese book written by Teiji Takagi [446], he
introduced a proof that Euler’s conjecture is true, which is, of course, wrong. In 1960,
Bose, Shrikhande, and Parker [102] gave a construction of two mutually orthogonal
Latin squares for all n = 4k + 2 except for n = 2, 6, and disproved Euler’s conjecture. It
was a great surprise at that time.

Now Euler’s conjecture was disproved, but it does not mean the study of this area
ended. For example, the problem of the maximum number N(n) of mutually orthog-
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onal Latin squares of order n is interesting and has been studied a lot. In general,
2 < N(n) < n-1holds except for n = 2,6, and N(n) = n — 1if and only if there exists a
projective plane (or an affine plane) of order n. If n = 10, for instance, we can conclude
that 2 < N(10) < 8, but the problem of determining the value of N(10), or determining
whether N(10) > 3 or not is still open. On the other hand, there are some cases where
N(n) is reasonably well estimated (for example, see [210]).

Hadamard matrices

Consider an n x n matrix A = (a;;). Here g;;is a real number such that la;;| <1 for each
i,j. Then for the determinant det A of A = (a;;), we have | detA| < n'"2. (Why? Answer:
Denote the row vectors of the matrix A by a;, a,, .. ., a,.. Note that | det A| is an absolute

value of the volume of the n-parallelotope spanned by the vectors a;, a,, ..., a,. Now

the length of each vector a; is \/al?l + al?z 4ot al?n, which is bounded from above by vn
since the absolute value of each g;; is bounded from above by 1. Therefore the volume
of the n-parallelotope takes the maximum absolute value if and only if the length of a;
equals vn for all i, i. e., every a;; is 1 or -1, and the vectors a;, a,, ..., a, are mutually
orthogonal. Thus, | det A| is bounded from above by n' 2)

We consider the case the equality | det A| = n™/2 holds. If equality holds, the matrix

A is called a Hadamard matrix. Namely, we have the following.

Definition 1.83 (Hadamard matrix). Annxn matrix H is said to be a Hadamard matrix
of order n if each entry of H is either 1 or -1 and |det H| = n"?.

Immediately, we obtain the following proposition.

Proposition 1.84. For an n x n matrix H with each entry 1 or —1, the following three
conditions are equivalent:

(1) |detH| = n"? (i.e., H is a Hadamard matrix);

(2) H'H = nI (the orthogonality relation for the rows);

(3) 'HH = nl (the orthogonality relation for the columns).

Usually we define Hadamard matrices by using the orthogonality condition such
as (2) or (3) in the above proposition. The major problems of this area are determining
n such that a Hadamard matrix of order n exists, and classifying Hadamard matrices
of order n for each n, or if the complete classification is impossible, classifying them
in some form.

Example 1.85. The following matrices are Hadamard matrices:
(1) H=11];
@ H=[14];

The following theorem is fundamental.
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Theorem 1.86. If a Hadamard matrix of order n exists, nis 1, 2, or a multiple of 4.

Remark 1.87. The existence problem of a Hadamard matrix of order 4k for any natural
number k is a famous open problem. The conjecture that there exists a Hadamard
matrix of order 4k for any natural number k is called the Hadamard conjecture. We
have an impression that the number of specialists who believe the conjecture is true is
bigger than the number of those who do not, but we are not sure. At the time we started
writing this book, 428 was the smallest order of a Hadamard matrix whose existence
was unknown, but later the existence was proved by Kharaghani and Tayfeh-Rezaie
in 2005 [274]. As of December 2015, the smallest order of a Hadamard matrix whose
existence is unknown is possibly 668 = 4 - 167 [274].

Proof of Theorem 1.86. A Hadamard matrix remains a Hadamard matrix after per-
mutations or negating of rows and columns. (We say two Hadamard matrices are
equivalent, if one Hadamard matrix is obtained from the other by these transforma-
tions. For example, it can be verified that H and H' in the above Example 1.85 (3)
are equivalent. Note also that this defines an equivalence relation.) From now on,
we assume n > 3. By using the above transformations, we can set the entries of the
first row of H as all 1’s. Consider the second and third rows. Let x, y, z, w be the num-
bers of columns whose pair of the entries of the second and the third rows becomes
(1,1),(1,-1), (-1,1), (-1, -1), respectively. If we calculate the inner products of the first
row and itself, the first row and the second row, the first row and the third row, and the
second row and the third row, by the orthogonality of rows, we obtainx+y+z+w = n,
X+y-z-w=0,x-y+z-w=0,x-y-z+w=0.Thusx =y =z =w = n/4 holds,
and n must be a multiple of 4. O

Hadamard designs

Let H be a Hadamard matrix of order n. Then, by multiplying some rows and columns
by —1if necessary, we can normalize H so that the first row and the first column are all
1’s, SO we may write

where H' denotes an (n — 1) x (n — 1) matrix. The (0, 1)-matrix obtained from H' by
substituting —1 with 0 is denoted by A. Let n = 4t. Then the number of 1’s which appear
in each row (or each column) of A is 2t — 1, and the number of common 1’s which
appear in two distinct columns of A is t — 1. Namely, we have AJ = (2t — 1)J and ‘AA =
tI + (t—1)J. Hence A is an incidence matrix of a 2-(4t — 1,2t — 1, t — 1) design. To sum up,
we can obtain a 2-(4t — 1,2t — 1,t — 1) design from a Hadamard matrix of order n = 4t.
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A design with these parameters, i. e., a 2-(4t-1, 2t -1, t—1) design, is called a Hadamard
2-design. Conversely, it is clear that a Hadamard matrix of order 4n can be constructed
from a 2-(4t — 1,2t — 1, t — 1) design. It is also clear that Hadamard matrices of order 4t
constructed from two isomorphic 2-(4t-1, 2t -1, t —1) designs are equivalent. Note that,
however, given two equivalent Hadamard matrices of order n = 4t, we can normalize
the first rows and columns of them as all 1’s in various ways, so there is a possibility
that we may obtain several non-isomorphic 2-(4t — 1,2t — 1, t — 1) designs. (This in fact
occurs.)

Remark 1.88. Among symmetric 2-(v, k,A) designs, a projective plane, i.e., a 2-(n* +
n+1,n+1,1) design, and a Hadamard design, i. e., a 2-(4t — 1,2t — 1, t — 1) design, can be
viewed as two extremes and other symmetric 2-(v, k,A) designs take a position in the
middle of them in the following sense. For symmetric 2-(v, k, A) designs, we setn = k-2
and compare the numbers v of the points of designs as functions of the variable n. For
a projective plane, v is n* + n + 1, and for a Hadamard design, v is 4n — 1. For other
symmetric 2-(v, k, A) designs, it is known that 4n-1<v < n? + n + 1. (For details, see
[523, page 112].) If we regard the number of points as a function of k—A = n, a projective
plane takes the largest value and a Hadamard design takes the smallest. Note also that
a symmetric 2-(v, k, A) design and the complementary design, i. e., a 2-(v,v—k,v-2k+A)
design, take the same values of n = k — A.

Kronecker products of matrices
The Kronecker product of an n x n matrix A = (a;) and an m x m matrix B = (by) is an
nm x nm matrix defined as follows:

auB alzB b alnB

ayB apB -+ ap,B
A®B=

ayB apB - a,B

Then the following equation hold:
(1) “AeB)='A®'B;
(2) if A, C are n x n matrices and B, D are m x m matrices, we have

(A®B)(C® D) = (AC) ® (BD).

From these equations, if H, is a Hadamard matrix of order n and H,, is a Hadamard
matrix of order m, then we can verify that H,,, = H, ® H,, is a Hadamard matrix of
order nm. (We recommend the reader to verify it.)

Immediately this implies that there exists a Hadamard matrix of order a power
of 2, say, 2'. The reader who has knowledge of group theory will understand that this
Hadamard matrix coincides with the character table of the elementary abelian group
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of order 2. Therefore the problem of existence of a Hadamard matrix of general order
isreduced to the problem of existence of a Hadamard matrix of order 4x(odd number).
Next, we discuss the existence of Hadamard matrices of special orders.

Let F, ; be the multiplicative group of a finite field F,, with g elements, where g = p’
for a prime p. Also note that F ; isacyclic group of order g—1. (Please go over a textbook
on algebra.) Consider the case q is odd. Define a map y from F ;‘ to {1,-1} by y(x) = 1
if x is a square and y(x) = -1 otherwise. Then y becomes a homomorphism. Moreover
the kernel of y coincides with {a2 | ace ]F;} (the set of quadratic residues) and becomes
a subgroup of F ;‘ of index 2. Sometimes we extend the domain of the map y to the
whole F, by setting x(0) = 0. For example, for the prime field F; of order 7, we have
the following table.

Also for the case of F,3, the set of a with x(a) = 1 (i. e., quadratic residues) consists
of 1,2,3,4,6,8,9,12,13,16,18, and the value of y is -1 for other non-zero elements
5,7,10,11,14,15,17,19, 20, 21, 22.

Remark 1.89. We should pay attention to the difference between a finite field F, and
a finite ring Z/qZ. Of course, they coincide if q is a prime, but they do not otherwise.
We also note that if g is odd, F ; becomes a cyclic group of even order, which implies
x(-1) =1if g =1 (mod 4) and y(-1) = -1if g = 3 (mod 4).

Lemma 1.90. For the function x over a finite field F, (g is odd) defined above,

Y xbxb+0) = -1
beF,

holds for any c € F.

Proof. By x(0) = 0, we have y(0)x(0 + ¢) = 0. If b # O, there is a unique z € F, such
that b+ ¢ = bz. Sincec € F ; , we have z +# 1. We put 7(b) = z for this correspondence.
We have 7(—c) = 0. Therefore T becomes a bijection from F; to F,\{1}. Since x(0) = 0,
we have

Y x(bxb+c)=y xb(br(h) = Y x(b))x(r(h)

beF, beF; beF;
=Y x@d)= Y x@
beF; z€Fg,z#1
= Y x@-x) =-1. O
Z€F,

Remark 1.91. The reader who is familiar with group theory will soon notice that the
equation in the above lemma can be obtained immediately from the second orthogo-
nality relation of the character table of a cyclic group (or a finite abelian group).
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Next, we arrange the order of the elements in F; as aj, a,,. .., ag sothatag,,_; = -a;
(i=1,2,...,q) holds. Put qi = x(a; - aj). Define a matrix Q as follows:
Q = (j)1<i<q1<j<q-
Note that since g;; = x(a; - g;) = x(-1)x(q; - a;), we have g;; = —g;; if ¢ = 3 (mod 4) and
qij = qll lfq =1 (mOd 4).
Lemma 1.92. For the matrix Q defined above, Q = ql -], Q] =]JQ =0 hold.

Proof. Set Q'Q = B = (by). We have b; = Y7 x(a; - apx(a; - a;). If i = j, we have
b; = q-1.1fi # j, by applying Lemma 1.90 to the case b = a; - a;, ¢ = a; - a;, we obtain
bj = ~1. Therefore we have Q‘Q = gI - J; &J = JQ = 0 follows from ¥, x(z) =0. O

Theorem 1.93. Ifq = p” = 3 (mod 4), there exists a Hadamard matrix of ordern = p’ +1.

Proof. Assume g = p” = 3 (mod 4). Then note that the matrix Q defined above is a skew
symmetric matrix. Now we put

0 1 1
s -
1 .
q+ : 0
-1
By Lemma 1.92, 'S\ )} = =S, S0 'SU), = gl hold. Put Hyyy = I, + SU ). Then we
have
Hq+1 th+1 = (Iq+1 + S((I:')l) t(IqH + 821)1) = (Iq+l + S((Ijr)l)(lqﬂ + tsg,ﬂ)
- (=) , tc) (=) te=) _
=l +Spa+ Spa +S5 Sg =@+ DL (1.16)
So Hy,, is a Hadamard matrix of ordern =g + 1. O

The Hadamard matrix constructed in the above theorem is called a Paley type
Hadamard matrix.

Remark 1.94. When g = p" = 1 (mod 4), consider

S(+) —
q+1 .
: Q
1 |
Put
G 1 -1
H2(q+1) = Sq+1 ® [ 1 + Iq+1 ® 1 1

Then Hyg4,1) becomes a Hadamard matrix of order 2(¢ + 1). This Hadamard matrix is
also called a (Type II) Paley type Hadamard matrix.
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The conjecture of Noboru Ito and Hadamard groups

Various constructions of Hadamard matrices are known, but the scope of each applica-
tion is not so wide and the Hadamard conjecture seems far from completion. However,
there might be a possibility that this problem can be solved very easily. We introduce
a conjecture which may become a clue for the construction.

Let G(n) be a group defined by G(n) = (a, b | a™ = e, a® = b%, blab = a’');
G(n) has order 8n and has a unique element e* = a” = b? of order 2. The element
e” is central in G(n). A Sylow 2-subgroup of G(n) is a generalized quaternion group.
The quotient group of G(n) by the normal subgroup (e*) of order 2 is a cyclic group
of order 4n. Next, let D be a 4n-element subset of G(n) such that G(n) = D u De* and
DnDe* = 9. Such Dis called a transversal of G(n) with respect to (e*).

Conjecture (Noboru Ito ([248], page 370)). For any n, there exists a transversal D of a
group G(n) such that |D n Dg| = 2n holds for any g € G(n) (g + e, e”).

A group G(n) having such D is called a Hadamard group. It is known that if G(n) is
a Hadamard group, there exists a Hadamard matrix of order 4n. In addition, the auto-
morphism group of the Hadamard matrix obtained above contains G(n) (as a part of
it) ([247], [248]). In other words, this conjecture says that “a group G(n) is a Hadamard
group.”

Remark 1.95. The Hadamard matrices of order n < 28 are completely classified. It is
known that the number of equivalence classesis1ifn =1,2,4,8,12;is 5if n = 16;is 3
if n = 20 (M. Hall, Jr. [208, 209]); is 60 if n = 24 (Ito, Leon, and Longyear [249], Kimura
[277]); and is 487 if n = 28 (Kimura [278]). For n > 32, the classification of Hadamard
matrices of order n is open for any multiple n of 4, but recently it was reportedly solved
for n = 32 [275]. It seems that there is no good estimation of the number of equivalent
Hadamard matrices. We are not sure how important it is, but a formula which (in prin-
ciple) gives the number of equivalence classes of Hadamard matrices of order n was
given by Eliahou [178] in 1994. In practice, we cannot calculate this value, and so far
we do not understand what the point of this formula is. Anyway, the challenge of solv-
ing the Hadamard conjecture may attract amateur mathematicians as well.

1.5 Introduction to classical coding theory

Codes

The essence of design theory is, roughly speaking, “to find a subset which globally
approximates the whole set very well.” Likewise the aim of coding theory is “to find a
subset whose points are locally scattered as far as possible in the whole set.” Here we
can consider anything as “the whole set.” For example, we consider the n-dimensional
vector space F' Z over a finite field F, PR In this case, a subset C of F' ,’; is called a code, and
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nis called the length of the code C. In particular, if C is a subspace, it is called a linear
code.

The essence of coding theory is to find C with |C| = N for a fixed N such that the
minimum distance

d(C)= min d(x,y)
xyeCxy

is as large as possible, or to find C with d(C) = d for a fixed d such that |C]| is as
large as possible. Here, d(x,y) usually denotes the Hamming distance. Namely, for
X = (X5 Xn)s ¥ = (V1,Y2s---5Yn) € Fy, define o(x,y) = 1 | 1 <j < n, x # y}l.
Of course, there are various arrangements and extensions, such as considering other
distances or other spaces, which will appear in later chapters. Here we give some no-
tation and symbols. The e-neighbor of an element x € F,’; is defined as 2,(x) = {y €
F,’]’ | 9(x,y) < e}.

Firstly, we take a look at how to use codes for communications.

A binary channel is a channel where one can transmit one of two symbols {0, 1},
and it is said to be symmetric if the probabilities that 0 is changed to 1 and that 1 is
changed to O due to noise are both equal to p (0 < p < 1/2). Therefore if a message
u = uu,---u; of length k where u; € {0,1} is transmitted, the probability that it is
sent correctly is (1 - p)K. Of course, the probability that one u; is sent correctly is 1 - p.
Suppose that, when k = 1, the message 000 is sent instead of 0 and the message 111 is
sent instead of 1. Even if the received message is not necessarily 000 or 111, we regard
it as 0 if the received message contains more than two 0’s, and we regard it as 1 if the
received message contains more than two 1’s. Then the probability that a message of
length 3 is sent correctly is (1 — p)> + 3p(1 — p)°. This is larger than 1 — p if p is small.
In other words, one y; is sent more correctly. In this way, by sending a longer message
X = XX -+ - X, of length n instead of a message u = w;u, - --u; of length k, we obtain
more correct transmission. This is the idea of codes. The above example is the case
where k = 1and n = 3. However, it is thought that if the ratio k/n of k to n is larger
(or it is closer to 1), the transmission is more efficient. On the other hand, a code with
higher probability of a correct transmission is better. Here the process of constructing
X = X1X; - X, from u = uju, - - -y is called a coding, and the process of inferring the
original message u = uju, - - - u; from the received message X = X%, - - - X,, (where %; is
0 or 1) which is obtained by the transmission of the coding message x = x;x, - - - X,, is
called a decoding. In practice, a code with easy coding and decoding is good. Here,
however, we ignore this aspect and consider that a code with larger ratio k/n and a
higher probability of correct transmission is better.

We said that the higher the probability of the correct transmission, the better the
code is, but it is quite complicated to find the probability actually. Therefore instead
of finding the probability precisely, we consider an e-error correcting code (or e-code)
as the first approximation. Namely, let Fé‘ be the set of messages of length k and we
embed C into a k-dimensional subspace of F}. In other words, we replace a message
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U = wu, U by an element x = x;x,---x, of C (¢ Fj) (coding). Then C is called
an e-error correcting code (or e-code) if for any 2 distinct elements x,y of C, Z,(x) n
Z.(y) = 0 holds. Here if the received message X = XX, - - - X,, belongs to one of Z,(z)
(z € C), we can infer the element x of C which must have been sent, and decode the
original message u (an element of F;‘). If e is larger, an e-code C admits the higher
probability of the correct transmission of a message. Hence the problem is to find a
code C satisfying the following two requirements as much as possible:

(1) Let k/n be as large as possible.

(2) Find C which becomes an e-code where e is as large as possible.

These two requirements are incompatible. So the purpose of coding theory is to find
an equilibrium such that both requirements are satisfied as much as possible.

Proposition 1.96. A code C with minimum distance d is a [%]-code.

Proof. This follows immediately from the fact that the Hamming distance d(x,y) sat-
isfies the triangle inequality. O

Remark 1.97. Therefore the above requirement (2) to let e be as large as possible can
be replaced by the following condition:
(2') Let the minimum distance d of a code C be as large as possible.

Remark 1.98. So far, when we discuss a code, we consider a binary channel, but theo-
retically, it is possible to consider a g-ary channel. Again the purpose is to find C c IFZ
satisfying requirements (1), (2) as much as possible. Here C is called a g-ary code. The
above Proposition 1.96 remains true for a g-ary code. The distance d(x,y) is a Ham-
ming distance again. Moreover, in the above explanation, C is a k-dimensional sub-
space, but we may consider a subset which is not a subspace. In this case, we should
use logq(ICI)/n instead of k/n.

Remark 1.99. In terms of the above requirements (1), (2), a code with the following
condition would be an ideal e-code:

(P) For a code C, {Z,(x) | x € C} becomes a partition of C ¢ F,’;. Namely, {Z,(x) |
x € C} covers C c Fy without overlappings.

An e-code satisfying such ideal condition (P) is called a perfect code. In what
follows, we make various comments on such codes. In general, this condition is too
strong. So, perfect codes rarely exist, but if they exist, they are very good codes. There-
fore the problem on the existence of such codes is quite interesting and problems on
the existence and the classification of codes which are similar to perfect codes are also
interesting. We will discuss such problems in Chapter 4.

Definition 1.100 (Parameters of a code). Ifacode C is a subset of F", it is called a code
of length n. Moreover, if C is a k-dimensional subspace of F, ;’ with minimum distance d,
Cis called an [n, k, d]-code. If the minimum distance d of C is not specified, we simply
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call it an [n, k]-code. In addition, if C is a subset of Fg with minimum distance d, C is
called an (n, |C|, d)-code. (For the above notation, we do not specify that C is a code
over a field of order g, but if we want to specify that, we write it as an [n, k, d] ,-code.
For g = 2, we usually omit the index 2 and write [n, k, d]-code.)

Example 1.101 (Hamming [7, 4, 3]-code). We consider a system of linear equations:

bel +X3 X,  Xs =0,
X; X +X, +Xg =0, (1.17)
X, X3 X, +x; =0.

If we write it in matrix form, we have

X1
101110 07|, 0
2
1101010 = o [,
o1 1 1 0 O 1 0
X7

where the coefficients and variables of the above system of equations are elements
of F,. Let C be the subspace consisting of the solutions. Each of x;, xg, x; is deter-
mined by the first, the second, and the third equation, respectively, so we can choose
X1, X5, X3, X, freely for the solutions. In other words, C forms a 4-dimensional subspace.
Moreover, we can easily verify that the minimum distance d of C is 3. Therefore, this
code C is a [7,4,3]-code. We can also easily verify that this code is a perfect 1-code.
This code is called a Hamming (7, 4, 3]-code.

Definition 1.102 (Isomorphisms of codes). Two codes C,C’ ¢ Fj are isomorphic if
there exists a permutation on the n coordinates which maps C to C’'. The set of per-
mutations (on the n coordinates) which map C to itself forms a group. We call it the
automorphism group of C and denote it by Aut(C).

Remark 1.103 (Isomorphisms of codes over non-binary finite fields.). We should be
careful in defining isomorphisms of codes over non-binary finite fields. There are
several different definitions. We call isomorphisms defined in Definition 1.102 permu-
tation isomorphisms. If C is mapped to C' by multiplying a non-zero element of the
field to each coordinate of C or by permuting n coordinates of C, we say C,C’ ¢ F;’
are monomially isomorphic. The automorphism group of C in this sense is called the
monomial automorphism. Moreover, we sometimes consider actions of the Galois
group, i.e., the automorphism group of the field, over the prime field of the field
besides monomial isomorphisms, and in this case the automorphism group of C is
called the full automorphism group. The permutation automorphism, the monomial
automorphism, and the full automorphism coincide for a code over the binary field.

Definition 1.104 (Hamming codes and perfect 1-codes). Consider an r x (2" —1)-matrix
H whose columns consist of the base-2 expansions of the natural numbers from1to 2".
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Here each entry of H is an element of the binary field F,. In particular, if r = 3, we have

us)

I
- O O
o = O
—_ = O

1 1
0 0
0 1

O =

(This matrix can be obtained by a suitable permutation of columns of the matrix H for
the [7,4,3]-code, which was introduced in Example 1.101 without explaining where
the matrix comes from. Therefore if we consider the subspace generated by the rows
of the 3 x 7-matrix as a code over F27 , these two [7, 4, 3]-codes are isomorphic.)

For general r, let C be the set of row vectors x = (x{,X,...,Xy_;) € F%r‘l such that
foranr x (2" — 1)-matrix H, the following holds:

Hix=o0.

We can easily verify that C is a [2" — 1,2" - r — 1]-code. Since any 2 columns of H are
distinct, the weight (the number of non-zero coordinates) of a solution x of H {x = 0
cannot be less than or equal to 2. Therefore C becomes a [2" —1,2" — r - 1,3]-code. We
can also verify that this code C is a perfect 1-code. This code is called the Hamming
[2" - 1,2" = r — 1,3]-code. In general, for a linear code C, the matrix H having such
properties is called the parity check matrix of C.

The Hamming [8, 4, 4]-code and extension of a code

Consider the 3 x 7-matrix H given in Definition 1.104. Clearly, the solution space of
H 'x = 0 is a 4-dimensional subspace over F, whose basis consists of the three row
vectors of H and (1,1,1,1,1,1,1). Therefore the row vectors of the following matrix G
form a basis of C:

_ = O O

0
1
0
1

—_ = = O
= N

1 1
1 1
01
11

_ O O =+

In general, the matrix G whose row vectors generate a linear code C is called the gen-
erator matrix of C. We can define a linear code by using the parity check matrix as we
stated before and by using the generator matrix as well. If the parity check matrix of
a linear code C is the following (n — k) x n-matrix which has the form

H=A,I,,)
then the k x n-matrix G defined by

G = (I, -'A)
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becomes a generator matrix of C. The converse is also true. Note that we add the nega-
tive sign before tA, which is not needed for the case of the binary field, so that it holds
for a general case of a finite field F,.

Now we go back to the Hamming [7, 4,3]-code, and consider the generator ma-
trix G. Consider a 4 x 8-matrix obtained from G by adding a column (in this case, the
first column) so that each row sum becomes 0:

o
Il
- O O O
- = O O
— O = O
_ = = O
_ QO O =
L
—_ O = =
_ s =

We can easily verify that the code C defined by the generator matrix G is an [8,4,
4]-code. This code C is called the extended Hamming [8, 4, 4]-code. Note that a code
defined by a generator matrix which is obtained from the original generator matrix of
a code by adding a column so that each row sum equals 0 is called the extended code
of an original code.

1.6 Examples and existence problems of codes

Weight enumerators of codes and dual codes

In what follows, we consider linear codes of Fg unless otherwise stated. We use the
Hamming distance d(—, —) defined in Section 1.5. We define the weight w(x) of an ele-
ment X = (Xy,Xy,...,X,) by

w(x) = |{i| x; 20 (1 <i<n)}|=0x,0).
We also define a polynomial W, with 2 variables x, y as follows:

Weley) = Y X"y, (1.18)

ceC

Let A; be the number of elements of C with weight i. Then we have

n . .
Wely) =) Ax"7y'. (1.19)
i=0

This homogeneous polynomial of degree n is called the weight enumerator of a code.
The weight enumerator of the Hamming [7, 4, 3]-code is

X"+ 7x4y3 + 7)<3y4 + y7,
and the weight enumerator of the Hamming [8, 4, 4]-code is

x® + 14)(4y4 + y8.
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We define the inner product of 2 elements x = (x;,X5,...,X,), ¥ = /1, Y2 - -, Y,) Of
FJ by

XY =X+ XY+ + XYy € Fy.

There are various choices of inner product for F}; however, at present almost all the
works of coding theory are limited to the case of the above inner product. It seems that
it does not work for other inner products. Is there no possibility of using other inner
products?®

Definition 1.105 (Dual codes). For a code C, we define the dual code C* as follows:
C'={xeFy|x-y=0,VyecCh

In particular, if C* = C holds, we call C the self-dual code.

Remark 1.106. It is obvious from linear algebra that if C is an [n, k]-code, C* is an
[n,n — k]-code. We also note that if G and H are the generator matrix and the parity
check matrix of a linear code C, respectively, then H and G are the generator matrix
and the parity check matrix of the dual code C*, respectively.

If the minimum distance of a code C is given, that of the dual code C* cannot
be determined immediately in general; however, if the weight enumerator W (x,y) of
C is given, the weight enumerator W. (x,y) of the dual code C* can be computed in
principle. The following MacWilliams identity supports this claim.

Theorem 1.107 (The MacWilliams identity). For a linear code over the binary field F,,
the following holds:
1

WCL(X’y) = |C|

Wex+y,x-y).
In other words, if we denote the number of elements of C* of weight i by A}, we have

n n
Y A = LY Ay -y
par IC1 5

Note that for a code over F,;, we have

1
Wer(x,y) = ch(X +(g-Dy,x-y).

We omit the proof of this theorem, which is given in many books. As you will see
in later chapters, this theorem is very important in coding theory.

6 Da Zhao pointed out that there are some comments on other bilinear forms in [373].
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Binary Golay codes

Next, we define a [23, 12, 7]-code over the binary field and the extended [24, 12, 8]-code.
They are called binary Golay codes, which are important in various senses. First, we
define the Golay [24, 12, 8]-code as follows. Consider a 12 x 24-matrix [I, G]. We regard
the entries of the matrix as elements of the binary field F,. Here, I denotes the identity
matrix of order 12, and G denotes the following square matrix of order 12:

011111111111
111011100010
101101110001
110110111000
101011011100
100101101110
1000710110111
110001011011
111000101101
1111000710110
101 11000T1Q01°1
/110111000710 1|

The 11 x 11-submatrix obtained by deleting the first row and column is the matrix
whose rows are given by permuting (1,1,0,1,1,1,0,0,0,1,0) cyclically. The vector
(1,1,0,1,1,1,0,0,0,1,0) is related to quadratic residues modulo 11. Namely, the first
entry of the vector is 1 (regarding O as a quadratic residue), and for i with 2 < i < 11, the
i-th entry is 1if i — 1 is a quadratic residue modulo 11, and 0 otherwise. For example,
the 4-th entry is 1 since 3 = 5% (mod 11).

Let C be the linear code with the generator matrix [I, G]. Immediately it follows
that C has dimension 12, and any two rows of the generator matrix are orthogonal
with respect to the inner product over F224. Moreover, we can show that the weight of
each element of the code is a multiple of 4, and the minimum distance is 8. For the
determination of the minimum distance, we need a detailed discussion, so we refer
the reader to other books. It is, by using the term which will be stated later, a doubly
even self-dual [24, 12, 8]-code. This code is called the Golay [24, 12, 8]-code. It is proved
that a doubly even self-dual code with these parameters is unique, and equivalently,
it is isomorphic to the Golay code. We omit the proof. The weight enumerator of this
code is as follows:

We(x,y) = x** + 759x8y1 + 2576x12y12 + 750x16y8 4 2. (1.20)

We can verify that the automorphism group of the Golay [24, 12, 8]-code is the Math-
ieu group M,,, a 5-transitive group on 24 letters. Moreover, a (truncated) code C’ ob-
tained from the Golay [24, 12, 8]-code by deleting one coordinate position becomes a
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[23,12,7]-code. The weight enumerator of C’ can be computed as follows, for which
we also need some discussion (the code C is the extended code of C’):

Wer(x,y) = x>+ 253)(7y16 + 506)(8)/15 + 1288xuy12
+1288x 2y + 506x°y® + 253x1%y7 + 2.

It is very interesting that the [23,12,7]-code is a perfect 3-code. This follows immedi-
ately from the facts that the number of elements contained in the 3-neighbor of ¢ € C’
is given by [23(c)| = 1+ () + (%) + (%) = 2" and that this code is a 3-code (since the
minimum distance is 7). As will be stated in Chapter 4, the [23,12,7]-code is the only
non-trivial perfect e-code over the binary field with e > 2. For the case of the ternary

code, the following perfect 2-code is known.

Ternary Golay code

We consider the following 6 x 11-matrix:’
[1 00000 1 1 1 1 ]
01 0 0 0 0 0 1 -1 1
o 01 00O 1 0 1 -1 -1
000100 -1 1 0 1 1|
oo0o0o010 -1 -1 1 0 1
000001 1 -1 -1 1 |

where the entries are elements of the ternary field F; = {0,1,-1 = 2}. (The 5 x
5-submatrix in the lower right part is obtained by rotating the row vector (0,1, -1,-1,1)
cyclically.) The subspace C spanned by the 6 row vectors of the matrix has dimension
6 and minimum distance 5. (To prove this fact, we need some discussion.) Therefore
the code is an [11, 6, 5]3-code, and the weight enumerator is

Welx,y) = XM 132)(6y5 +132¢° y6 + 330x3y8 + 110x2y9 + 24y11.

The code is a perfect 2-code. (This is because |Z,(c)| = 1+2(}}) +22(121) = 3° holds and the
code has minimum distance 5.) If we consider the extended code, in other words, the
subspace C spanned by the 6 row vectors of the matrix which is obtained by adding a
column to the above 6 x 11-matrix so that each row sum equals 0, then C is a self-dual
(12,6, 6]5-code. The weight enumerator of C is given as follows:

Wexy) = x4 264)(6y6 + 440)(9)/3 + 24y12.

7 Youmay think the matrix appears “out of the blue.” Japanese mathematicians often use the Japanese
word “amakudari,” which means a descent from heaven, if something appears out of the blue like the
above matrix.
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(Hence, the weight of each element of C is a multiple of 3.) These two codes C, C
are called ternary Golay codes. The (permutation) automorphisms of these codes are
Mathieu groups (Aut(C) = M,;, Aut(C) = M,,), which are a 4-transitive group on 11
letters and a 5-transitive group on 12 letters, respectively.

Some other important topics are the general theory of cyclic codes, quadratic
residue codes, BCH codes, and so on. For details, we refer the reader to other books
[326, 319].

The relation between Golay codes and Witt designs
Golay codes and Steiner systems 5-(24,8,1) and 4-(23,7,1), which we call the Witt de-
signs, are closely related.

The automorphism group of the Golay [24,12, 8]-code is the Mathieu group M,,,
which is 5-transitive. On the other hand, if we let the set V of points be the set of 24
coordinates, and we let the set BB of blocks be the set of 8-element sets of supports of
the 759 elements of the Golay [24, 12, 8]-code with weight 8, then (V, B) is a 5-(24, 8,1)
design. Conversely, if we start from the 5-(24, 8,1) design (V, B) and view the incidence
matrix (of size 759 x24) as the matrix over the binary field F, and consider the subspace
of F2* spanned by the row vectors, then it forms a 12-dimensional subspace C and
C is the Golay [24, 12, 8]-code. (There is a similar relation between the Golay code C’
and the Steiner system 4-(23,7,1). There is a similar relation among the ternary Golay
[12, 6, 6]5-code, the 5-transitive group Mathieu M,,, and the Steiner system 5-(12, 6, 1)
design as well. For details, the reader is referred to other books.)

Self-dual codes and Gleason’s theorem
Let C be a self-dual linear code over F, of length n (i.e., C ¢ F('I'). Consider the codes
satisfying the following:

“The weight of each element of the code is a multiple of ¢, for a natural number
co > 0.

The codes with the following 4 types are interesting:
(1) the case where g = 2, ¢, = 2 (Type I code);

(2) the case where g = 2, ¢, = 4 (Type Il code);

(3) the case where g = 3, ¢, = 3 (Type III code);

(4) the case where g = 4, ¢, = 2 (Type IV code).

Any self-dual code over F, is of Type L. The codes satisfying the above condition in “- - -”
are essentially classified into these 4 types, which is known as the Gleason-Pierce
theorem, where we omit the proof. It is also known that for codes of Types I, II, III,
and IV, the lengths of codes are 2, 8, 4, and multiples of 2, respectively. In addition,
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the minimum distance d of each code satisfies the following:

2[gl+2,  Typel,

4[5 +4, Typell,
3[51+2,  Typelll,
2[g1+3, TypelV.

A code which attains the bound in each of these inequalities is called an extremal
code of each type. We can explain why these inequalities hold in terms of weight
enumerators. For a code C of length n, in (1.19), we define the weight enumerator by
Wex,y) = Z?:o Aix"’iyi. Consider W,(x,y) over the space Cl[x, y] consisting of bivari-
ate polynomials with complex coefficients. The group G = {0y, 0,) generated by the
following two matrices naturally acts on Cl[x, y]:

s_[1 O o1 [1 1 ]
lo vl P vzl -
X — X, X 5 +y),

y— V-ly, y = 5=y

The weight enumerator W(x,y) of a Type II code C is invariant under this action. It is
invariant under the action of g, since the code is doubly even (i. e., the weight of each
element is a multiple of 4), and the invariance under the action of o, follows from the
self-duality of C and from the fact that

Welty) = We. (x,) = WC<X:/L§y : X—ﬁy)

holds by the MacWiliams transform. Therefore W (x,y) is invariant under the action
of the subgroup G = (0y,0,) of GL(2, C). This is nothing but the well-known fact of
group theory that G is a unitary reflection group of order 192. This is the group called
No. 9 in the classification of finite complex reflection groups by Shephard and Todd in
1954 [424). Moreover it is known that the invariant subspace C[x, y]G ={f € Clx,y] |
of = f, Yo € G} of C[x,y] by the subgroup G is generated by the following polynomials
f and g as a polynomial ring:

fo,y) = X3+ 14)(4y4 + y8,

4

gloy) =x*y* (x* - y*)".
This is known as Gleason’s theorem (1970). The proof uses Molien’s theorem (1897) [351]
effectively ([434, 373, 326]). Therefore we can show that for a Type II code, the length
n of the code is a multiple of 8 and moreover the minimum distance d satisfies d <
4[%] +4([326]). The code is called an extremal code if equality holds in this inequality.
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As will be stated in the Assmus—Mattson theorem later, if we let C be a Type II code of
length n, the set of elements of C of weight k forms a t-(v, k, 1) design. Moreover, for an
extremal code, it is known that the value of ¢t is given as follows:

5, ifn=24m,
t=1 3, ifn=24m+8, (1.21)
1, ifn=24m+16.

In particular, if n = 24mand t = 5, wehavev=n=24m, k = 4m+ 4, and A = (5;1”:12).

Classification of extremal Type II codes is an extremely interesting open prob-
lem, and a lot of studies have been conducted. If an extremal Type II code exists,
n must be a multiple of 8. For n = 8,16,24, the classification is completed. For
n = 8, there exists only the Hamming [8, 4, 4]-code eg; for n = 16, there exist only
two, eg ® eg and d1+6; and for n = 24, there exists only the Golay [24,12, 8] code g,.
Moreover, it was proved that for n = 32, there exist only 5 such codes (Conway and
Pless (1980) [145], Conway, Pless, and Sloane (1992) [146], and Koch (1989) [282]).
For n = 40,48,56, 64,80, 88,104, 112,136, the existence of such codes is known. But
the classification is not completed for those n except 40. The situations are different
depending on n. For n = 40, King [279] showed that there exist quite a few such
codes, and recently Betsumiya, Harada, and Munemasa [89] announced that there
are exactly 16470 such codes. For n = 48, there is only one known example. Moreover,
it is known that if such a code exists, n must be at most about 4,000 (see Mallows,
0dlyzko, and Sloane [332] and Zhang [527], and the revised version of the former).
It seems that there is no such n for which the non-existence is proved. We refer the
reader to Harada [211] for the latest results as of March 2011. For earlier results, we
refer the reader to Conway and Sloane [147] and Nebe, Rains, and Sloane [373]. The
existence of an extremal Type II code of n = 72 is a famous open problem. Since Nebe
found an extremal even unimodular lattice of dimension 72 [368], it seems that many
researchers think an extremal Type II code of n = 72 may exist as well. (For even
unimodular lattices, see Section 5.1.3 of Chapter 5.)

Existence theorem for codes
Finally, we give a brief introduction of Shannon’s theory, which forms part of the ba-
sics of coding theory. For details, we refer the reader to books on coding theory or
information theory.

For p (0 < p < 1/2), we define the capacity by the following:

C(p) =1+plog,p + (1-p)log,(1-p).

Theorem 1.108 (Shannon’s theorem). Foranye > 0 and any R < C(p), ifnis sufficiently
large, there exists a (binary) [n, k]-code such that k/n > R and the probability of error
at the receiver is at most €.
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Remark 1.109. This theorem, which was proved more than half a century ago, is so ba-
sic and important that it has become a starting point of coding theory and information
theory. This theorem proves the existence of such codes and does not find or construct
explicit examples. Construction of examples is a very hard problem. In that sense, it
is interesting. In combinatorics, it is often the case that the existence is proved but
examples are unknown.®

So many conditions on parameters or necessary conditions for the existence of
[n, k, d]-codes are known. For example, the following condition is called the sphere
packing bound or the Hamming bound.

Proposition 1.110. If a (binary) [n, k, d]-code C exists, the following inequality holds:

ic| 52”/<1+"+<r21) ++<Z>>

wheree = [(d-1)/2].

The proof of this proposition is clear. (The denominator of the right-hand side is
the number of elements of F} contained in |Z,(x)|, or the e-neighbor of x € C.) There
are several tens, or more, of bounds named “- - - bound” for necessary conditions on the
existence of an [n, k, d]-code. Besides the Hamming bound (sphere packing bound),
there are famous bounds such as the Singleton bound, the Plotkin bound, the Gries-
mer bound, the Elias bound, and so on. For details, we refer the reader to textbooks on
coding theory ([326]). One of the most powerful methods to find necessary conditions
is the linear programming bound due to Delsarte [159]. We will discuss details in later
chapters. A strengthening of the linear programming bound based on semidefinite
programming has also been proposed (for example, see [414], [194]).

Here we gave Shannon’s theorem and related theorems for (binary) codes. Note
that they can be formulated for codes over other finite fields.

For a sufficient condition on the existence of codes, the following theorem is
known. (There are many reference books. For example, see [326].)

Theorem 1.111 (Gilbert-Varshamov bound). If the inequality

1+(n_1>+---+(n_1><2r
1 d-2

holds, there exists a (binary) [n, k, d)-code such thatk > n —r.

Remark 1.112. The Gilbert-Varshamov theorem is also an existence theorem and does
not give any construction of specific codes. Similar formulations are possible for codes
over other finite fields.

8 Recently, progress has been made in the construction of codes close to the Shannon limit.
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Remark 1.113. In general, to measure how well codes can perform, we consider the
following problem. Let § be a real number satisfying 0 < § < 1. Let A(n, nd) be the
maximum size of (not necessarily linear) codes of length n with minimum distance at
least nd. Then put

a(6) = lim supn_,w% log, A(n, én),

and consider the behavior of the function a(6) (0 < § < 1).

(At present, the existence of lim,,_, ., % log, A(n, 6n) is unknown. See [333, 334].)

Upper and lower bounds of the function a(8) (0 < § < 1) are known. In particular,
itis known that if 1/2 < 6 < 1, a(8) = 0.

A lower bound of a(6) can be obtained from the Gilbert—Varshamov bound, which
has the following form:

a(6) =1-H(6),
where 0 < § < 1/2 and H(x) is the entropy function
H(x) = -xlog, x — (1 - x)log,(1 - x).

For upper bounds of a(6), there are studies from various viewpoints. In general, the
most powerful bound is the McEliece-Rodemich—Rumsey-Welch bound, which is ob-
tained as an application of Delsarte’s linear programming method [339]. It is interesting
to determine to which bound a(6) is actually closer, and this is an open problem.

Remark 1.114 (Algebraic geometry code). Fora code over a general finite field F, if we
consider

a(6) = limsup,,_,, }1 log, A,(n, én),

then the value of a(8) in the interval [(q — 1)/g, 1] is 0, and in the interval [0, (g — 1)/q],
an upper bound and a lower bound are given. A lower bound is the Gilbert-Varshamov
bound over a finite field F, 4 (this is a little different from the one given before, but leads
to essentially the same estimation of a lower bound of a(6)), that is,

A,(n,6) = q"/Vq(n,é -1),
where V,(a,b) = 2, (9)(q - 1)!, and so we obtain
a(8) = 1- Hy(§).
Note that

H,(0) =0,
H,(x) = xlog,(q —1) - xlog, x - (1-x)log,(1-x), (0<6&<(q-1)/q).

For upper bounds, there is an F, version of the McEliece-Rodemich-Rumsey bound.
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For this case, it was also an open problem which bound the actual value of a(8) is
closer to. Since there is room for improvement of the upper bound, many researchers
conjectured that the lower bound, i.e., the Gilbert-Varshamov bound, would give
the actual value. In the paper [486] of 1982, Tsfasman—-Vladut-Zink showed that if
p is a prime number of at least 7 and g = p? there is a case that a(8) exceeds the
Gilbert-Varshamov bound, by considering a family of algebraic geometry code called
the Goppa codes. This made a great impact on coding theory, and since then a lot of
studies on algebraic geometry codes have been conducted. So far, the condition that
g > 49 has not been improved. For the case of the binary filed F,, it is still an open
problem whether a(6) exceeds the Gilbert-Varshamov bound ([485]).



2 Association schemes

In this chapter, we discuss association schemes. Association schemes can be regarded
as an extension of the concept of groups. Indeed, if a group acts transitively on a finite
set, the concept of an association scheme naturally arises. Strongly regular graphs
which are discussed in Chapter 1 become association schemes of class 2. For general
reference books on algebraic combinatorics, please see Biggs [94], Bannai and Ito [60],
Brouwer, Cohen, and Neumaier [113], Godsil [197], Godsil and Royle [200]. For basic
references, see Delsarte [159, 158, 161], Delsarte, Goethals, and Seidel [163], and for
general survey papers, see Bannai [24, 29, 30].

2.1 The definition of association schemes

Definition 2.1 (Association schemes). If a pair X = (X, {R;}o<i<q) Of a finite set X and
aset {Ry, Ry, ..., Ry} of subsets of the direct product X x X satisfies the following con-
ditions (1), (2), (3), and (4), then X = (X, {R;}oi<q) is called an association scheme of
class d. In what follows, R; is called the (i-th) relation.

(1) Ry ={06x) | x e X}

(2 XxX=RyUR U---URy, and R; N R; = 0if i # j. In other words, {Ry,Ry,..., Ry}
gives a partition of X x X.

(3) Define‘R; = {(x,y) | (y,x) € R;} for R; (0 < i < d). Then there exists i’ € {0,1,...,d}
such that ‘R; = R;.

(4) Fixi,j, k € {0,1,...,d}. Then pij(6y) =iz € X | (x,2) € R;,(z,y) € R;}| is constant
for any (x,y) € Ry. In other words, the number is independent of the choice of
(x,y) in Ry, and depends only on i,j, k. The number is denoted by pg‘,j and called
the intersection number.

Moreover, if the following condition holds, X = (X, {R;}<i<y) is called a commutative
association scheme.
(5) (Commutativity) For any i,j,k € {0,1,...,d}, p}; = pl;.

Also, if the following condition holds, X = (X, {R;}o<i<4) is called a symmetric associa-
tion scheme.
(6) (Symmetry) Foralli € {0,1,...,d}, ‘R; = R;, (i.e., i’ = i).

Problem 2.2. Prove that if an association scheme X is symmetric, X is commutative.

Example 2.3 (The association scheme coming from the action of a group). Suppose a
finite group G acts transitively on a finite set Q. We define the action of G on Q x Q by
(x,y)8 = (x5,y8) for x,y € Qand g € G. Since G is transitive on Q, Ry = {(x,x) | x € Q}
forms an orbit. Let Ry U R; U --- U R; be the G-orbit decomposition of Q x Q. Then
(Q, {R;}p<i<q) becomes an association scheme.

https://doi.org/10.1515/9783110630251-002
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Proof. Clearly, (1)-(3) hold. We prove (4). Let (x3,¥;), (x5, ¥5) € Ry. Since Ry is a G-orbit,
there exists g € G such that (x,, y,) = (x;,y;)%. The mapping which maps x € Q to x5 is
a bijection from Q to itself. Moreover, z; € {z € Q | (x;,2) € R;,(z,y,) € R;} if and only
ifz,f €e{ze Q| (x,2) € Ri,(2,¥,) € R;}. Therefore, [{z € Q | (x,2) € R;,(z,y) € Ri}l is
independent of the choice of (x,y) € R, and depends only on i,j, k. O

Remark 2.4. Association schemes defined in Example 2.3 are not commutative in gen-
eral.

Problem 2.5. Let Q = {1,2,3, 4,5} be the vertex set of the regular pentagon and let D,
be the dihedral group of order 10. The dihedral group acts transitively on the regu-
lar pentagon. We regard D, as the subgroup of the symmetric group S; generated by
(12345) and (14)(23). Determine the class d of the association scheme on Q. Also deter-
mine the relations Ry, Ry, . . ., R; explicitly. Moreover, find all intersection numbers pf-"j.

Example 2.6 (The Hamming association scheme H(d, q)). Let F be a g-element set
and let X be the direct product Fé of d copies of F. We also define the Hamming
distance between elements (we say “points” for the remainder) of X. Namely, for
X=X Xq)s ¥ = VY- Va) € X, letolxy) = [{j | x5 # y;,1 < j < d}|. Next,
foreachi (0 <i < d), define the relation R; ¢ X x X as R; = {(x,y) | o(x,y) = i}. Then
(X, {R;}o<i<q) becomes a symmetric association scheme of class d. This association
scheme is called the Hamming association scheme, or simply the Hamming scheme,
and is denoted by H(d, q).

Proof. Let S, be the symmetric group on the set F and S; the symmetric group on the
index set {1,2,...,d} of F4. Let S = Sq X Sq x -+ x §4 be the group of the direct product
of d copies of S;. For an element 0 = (03,0, ...,04) of S and x = (x;,X;,...,Xy), define
x% = (", %,%,...,x;°). Then S can be identified with a subgroup of the symmetric
group Sy on X. Also by defining x* = (xyr,Xyr,...,x4) for T € S;and x € X, S; can
be identified with a subgroup of the symmetric group on X. Then we can verify that
XU = 009,77 .. x %) for T € S;and 0 = (07, 0., 0y) € S, 50 we have 7ot =
(097, 0y, ...,04) € S. Therefore S; normalizes S, and SS; becomes a subgroup of the
symmetric group Sy on X; SS; is denoted by S, : S; and called the wreath product of
Sq and S;. The order of S, @ Sy is d!(q!)d. Clearly the group S acts transitively on X,
and so does S, : S3. Moreover, it is not difficult to show that each R; becomes an orbit
of the action of S; : S; on X x X. Clearly, ‘R; = R;. Hence (X, {R;}oi<q) iS @ symmetric
association scheme. O

Example 2.7 (The Johnson association scheme J(v,d)). Let V be the set of v points and
letX = {x | x c V,|x| = d}, whered < % Define the relation R; (0 < i < d) as
R; ={(x,y) e XxX | |xny| = d—i}. Then (X, {R;}o<j<q) becomes a symmetric association
scheme of class d. This association scheme is called the Johnson association scheme
or simply the Johnson scheme, and is denoted by J(v, d).
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Proof. The symmetric group S, on the set V acts transitively on X. Then X x X = Ry U
R, U---UR; gives the orbit decomposition. Moreover, by the definition of each R;, it is
symmetric. So (X, {R;}o<i<q) is @ symmetric association scheme. O

Example 2.8 (Conjugacy classes of a group G). Let G be a finite group and let {C, =
{1}, Cy, ..., C4} be the set of conjugacy classes of G, where 1 denotes the identity element
of G. Define the relation R; (0 < i < d) by R; = {(x,y) € Gx G | yix e C;}. Then
X(G) = (G,{Rj}o<i<q) becomes a commutative association scheme of class d. It is not
necessarily symmetric.

Proof. Define the action of the direct product G x G of the group G as follows. Forx € G
and (g, h) € GxG, define x&N = g_lxh. The action is transitive on G. By definition, each
R;isinvariant as a set under the action of GxG. Also, foreachi + 0, if welet (x;,y;) € R;,
i.e.,y,"x, € C;, where [ = 1,2, there exists h € G such that h™}(y, 'x;)h = y,"'x,. Then
by putting g = x;hx,”", we have (x;, )" = (™) gk, (ghg ™) yih) = (6, 7).
Thus R;isa G x G-orbitand G x G = Ry UR; U --- U R, gives the orbit decomposition.
Moreover, for each i,j, k, pg‘,j is determined by the following. Fix (x,y) € R;. Then we
have {z | (x,2) € R;,(z,y) € Rj} = {z | z'x € C;,y 'z € Cj} = xC; ' nyC; = y(y 'xC; ' nC;).
Soby puttingy x = a € Ck,pﬁfj = IaCl-’1 NC;l. Since C; is a conjugacy class, aC]-a*1 = (.
Then we have p]’-fi = IaCj‘1 NGl = ICJ-a‘1 n Cl-‘ll = IaC}-a_1 n aC,-"ll = IaCl-_1 NGl = plf]-.
Therefore X(G) is a commutative association scheme. O

Problem 2.9. Let Z, be the cyclic group of order n. Let X(Z,) be the association
scheme arising from the conjugacy classes of Z,, as defined in Example 2.8. Prove
X(Z,) is not symmetric if n > 3.

We have seen various examples of association schemes coming from the actions
of groups as in Example 2.3. It is known that the following association scheme cannot
be obtained by the construction as in Example 2.3.

Example 2.10 (Shrikhande graph). Let T be the graph with the vertex set X consist-
ing of 16 vertices as in the following figure. Define the relations R, R;, R, on X as fol-
lows:

Ry = {(6,x) | x € X},
R, = {(x,y) | x and y are adjacent},
R, = {(x,y) | x and y are not adjacent}.

Then (X, {R;}p<i<») becomes a symmetric association scheme of class 2. The intersec-
tion numbers péfi of this association scheme coincide with those of the Hamming
scheme H(2,4). However, H(2,4) is defined by the action of the transitive group
whereas the association scheme of the Shrikhande graph cannot be obtained as
the orbit decomposition of X x X by the action of a transitive group.
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The Shrikhande graph

In the above figure of the Shrikhande graph, we identify the vertices having the
same name. (The first row and the fifth row, and the first column and the fifth column
are identified.)

Proof. We derive a contradiction by assuming that this association scheme can be
defined by using the action of G which is transitiveon X = {v; | 1 < i < 16}. As-
sume that X x X = Ry U R; U R, is the orbit decomposition of the action of G. Then
each element of G is an automorphism of the graph I'. For a vertex a of X, define
T;(a) = {x € X | (x,a) € R;} fori = 1,2. Then there exists g € G such that (x,a)® = (y,q)
for x,y € T;(a). Then g is contained in the stabilizer G, of a. Therefore G, acts tran-
sitively on I'j(a) and I';(a). Say, a = v4. We have I'1(vg) = {vy, V5, Vs, V7, V40, Vy1), and
I',(vg) = {3, V4, Vg, Vg, Vins Vi3> Vig Vis Vi) - Let Aut() be the automorphism group of the
Shrikhande graph. Since Gy, < Aut(D), the stabilizer subgroup Aut(T),, of Aut(T') must
be transitive on I',(v4); however, we can show that it is impossible as follows. Assume
there exists g € Aut(T),, such that V5% = vy. ThenT;(vg)® = T;(vg) and T (v5)® = Ty (vye)-
Since Ty (vg) NT;(v3) = {vy, v;} and T (vg) NT(vig) = {41, v4}, we have {v,, v;}8 = {vy;,v4}.
However, v; and v, are joined but v;; and v; are not. Therefore, it contradicts g €
Aut(I'),, . That is, the relation R, of the Shrikhande graph is not a G-orbit. O

Problem 2.11. Prove that the intersection numbers of the association scheme con-
structed from the Shrikhande graph are the same as those of the Hamming scheme
H(2,4).

Exercise 2.12 (Cyclotomic schemes). Let g be a prime power and GF(q) the Galois field
(afinite field of g elements). Let d be a divisor of g—1and letr = qT_l. Let w be a generator
of the multiplicative group GF(g)" of GF(q), and let C; = a)i"lH, (1 <i < d) be the coset
of GF(g)* by the subgroup H, = (w?) of order r. Therefore the coset decomposition is
GF(q)" = U;j 1C;. On the other hand, define CO = {0}. Moreover, define the relations
on GF(q) by R; = {(x,y) | x—y € C;} 1 < i < d). Then (GF(q), {R;}o<i<q) becomes a
commutative association scheme of class d.

Proof. Let G be the set of maps ¢ from GF(q) to itself such that x° = ax + b, for a ¢
H,, b € GF(g); G is a subgroup of the symmetric group of GF(g) and acts transitively
on GF(q). We can also verify that the orbit decomposition of GF(gq) x GF(q) is given by
UiORi. By using the facts that fory — x € C, pﬁ"j =zlx-zeCz-ye(l =
|(=C; +x) n(C; +y)| and that for any subset Y and any b € GF(q), |Y| = |- Y| =|Y + b|,
we can show that pl’fj = p]’fi. O
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2.2 Bose—Mesner algebras

We start with the notation. For a finite set X, we consider |X| x |X|-matrices whose rows
and columns are indexed by the elements of X. Let My(C) be the full matrix algebra
of such matrices over the complex field. For x,y € X, M(x,y) denotes the (x,y)-entry
of a matrix M € Mx(C). Let I be the identity matrix of My(C), and let J be the matrix
in My (C) whose entries are all 1. For a matrix M € My(C), ‘M denotes the transpose
of M. For any matrices M;, M, in Mx(C), we define the Hadamard product M; - M, by

My o My))(x,y) = Mi(x,y)M>(x,y), (X,¥) e X xX.

Namely, the Hadamard product is the entry-wise product of matrices. (In elementary
linear algebra, this product is forbidden.)

Let X = (X, {R;}o<i<q) be an association scheme. For each relation R; (0 < i < d),
we define the matrix A; € My(C) as follows:

1, if(x,y)eR;

21
0, if(x,y) ¢R; @D

Ai(y) = {
A, is called the adjacency matrix of the relation R;. Then by conditions (1), (2), (3), and
(4) in Definition 2.1, we obtain the following conditions (1'), (2'), (3'), and (4):
(1’) Ao =1
@YAy+A +--+ A =T;
(3") foreachi (0 <i < d), there exists i’ € {0,1,...,d} such that ‘A; = Ay;
(4") foreach i,j (0 < i,j < d), there exist non-negative integers pll-f]- (0 < k < d) such that

d
k
Ay = ) PijAic
k=0
Moreover, if X is commutative,

(5') forany i,j (0 <1, j < d), we have A;A; = AjA;.

Also, if X is symmetric,
(6) foranyi (0 <i<d), A; is a symmetric matrix (i.e., 4; = Ay = ’Ai).

Conversely, suppose that for a finite set X, there exist (0,1)-matrices Ay, A4;,..., 44 €
My/(C) satisfying the above conditions (1'), (2), (3'), and (4'). For each i (0 < i < d),
we define a subset of X x X as

R ={(xy) e X xX | Ai(x,y) = 1}.

Then X = (X, {R;}p<i<q) becomes an association scheme. If (5') holds, X is commuta-
tive, and if (6') holds, X is symmetric.

Problem 2.13. Prove the above fact.
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Let X = (X, {R;}o<i<q) be an association scheme of class d. Let 2 be the linear sub-
space spanned by the adjacency matrices Ay, A, ..., A, of X. By (4'), 2 is closed under
the ordinary matrix product. Namely, 2 is a (d + 1)-dimensional subalgebra of My (C).
Moreover, by (2'), for any i,j € {0,1,...,d}, we have

Ai °A)' = 61"in.

This implies 2l is closed under the Hadamard product - as well, and 2 has two alge-
braic structures; 2l is not commutative with the ordinary matrix product in general,
but it is commutative with the Hadamard product. In general, 2 is called the adja-
cency algebra. In particular, if 2 is commutative with the ordinary matrix product, it
is called the Bose—Mesner algebra.

Lemma 2.14. Let M be a vector subspace of Mx(C). Assume that M is closed under the
Hadamard product. Then there exists a basis {Ag, Ay, ..., Ag} of M such that A; - A; =
6;jA;for0<i,j<d.

Proof. Let M be a matrix in 9t and let {8;,5,,...,,} be the set of distinct non-zero
entries of M. For each f3;, define the matrix M @ as follows:

1, 1fM(X>Y) :ﬁis

M9 X, ={
*xy) 0, otherwise.

Let MY = Mo .- ° M be the j-th power of M with respect to the Hadamard product.
Then M7 = ¥, BQM @ and since the determinant of the coefficient matrix satisfies

B B - B
AR,
B B o B

each MY is a linear combination of M, M*,..., M. In particular, M® belongs to 9.
Next, let By, B;,...,B,; form an arbitrary basis of 9t, and for each Bj, we construct

(0, 1)-matrices B(l),BQ), ... ,Bfr") by using the above method; BY is an element of om,
j T j j

and B; is a linear combination of B]@,B)@, .. ,B;r"). Therefore {B]@ |1<i<r,0<j<d}
spans 2. Among them, we can choose a basis {A,A4;,...,A,} of M. Next assume
AjoA; # Ofori # j. Let G = A; 0 A, C, = A; - C;. If necessary, we can exchange i
and j so that C;, C, # 0. Since C;, C, € M, {Ag, Ay, ..., Ai_1, C1, Cy, Ajyys - - -, Ay} Spans M.
We obtain a basis of 9t by removing one element from this generating set. By this op-
eration, the total number of 1’s appearing in the basis is decreasing. By repeating this
operation, we obtain the desired basis. O

Proposition 2.15 (Theorem 2.6.1in [113]). Let 90t be a vector subspace of Mx(C). Sup-
pose M is closed under the Hadamard product and the ordinary matrix product. More-
over suppose the following conditions are satisfied:
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(1) if M € M, then ‘M € M;
(2) foreach M € 9, there exists a constant a(M, I) such that M o I = a(M,D)I;
3B) L] em.

Then there exist (0, 1)-matrices Ay(= I), A, ..., A4 which satisfy the previous conditions
", 2", (3", 4", and form a basis of M.

Proof. Applying the method used in the proof of Lemma 2.14, there exists a basis of 9t
consisting of (0, 1)-matrices Ay, A;, ..., Ay. Also 4; o A; = §;;A; holds. Since I € I, we
may write I = Z?:o a;A;. Since I oI = I, a; = 0 or 1. Then for j such that g; = 1, by (2), we
have a(A;, I)I = A;j-I = A;. Therefore there exists j such that A; = I. We set A, = I. Next,
put/ = Y%, bA. ThenA; = Ajo] = Y& bi(A;0A;) = bjA. Hence by = by = -~ = by =1
and (2') holds. Since '] = J, we have Ag + A; +--- + Ay = "Ag +'A; +--- +'A,. Moreover,
each ‘A, isa sum of some of Ay, Ay, ..., Ay, and ‘A;o'A; = '(4;0A)) = 6 A;. This implies
there is exactly one A; which appears in the sum ‘4;. Thus (3') holds. Since 91t is closed
under the ordinary matrix product, (4") follows. O

2.3 Commutative association schemes

In this section, we assume X = (X, {R;}o<i<q) iS @ commutative association scheme.
Consider the property of the intersection numbers pﬁfj of X. By the assumption that X is
commutative, we have pf.fj = p]’fi. Here we introduce some notation. Fix x € X and define
I;(x) = {z € X | (x,2) € R;}. By the definition, I';(x) = {z €e X | (z,x) e R} (0 <i < d)
holds. Then for any (x,y) € Ry, we have |T;(x) n Li(y)l = pf-fj. We define the following:

ki = DYy 2.2)

Since (x,z) € R; if and only if (z,x) € Ry, we have k; = |[;(x)| for any x € X. We call k;
the valency of the relation R;.
By the definition of the intersection numbers, the following holds.

Proposition 2.16. We have:
(2) ki = kl'l;
3) Xl =ky+ky+-+kg

Moreover, the following holds.

Proposition 2.17. We have:
) pf-fo = ‘Si,k;

2 pl((),j = Oj ks

3 pgj = kiﬁi’]-r;
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@) Pl =pb

G) YLopl = ks

(6) kepf; = kp), , = bl

@) Zgzo pifjpi,a = fo:o PZ,ipfi,;-

Proof. By the definition, (1), (2), (3), and (4) follow immediately.

(5) Fix a pair (x,y) € Ry. Then T;(x) = U]‘-io(l"i (x) nT;(y)). Since the right-hand side is a
disjoint union, we obtain (5).

(6) The following holds:

{6y.2) | (x,y) € Ry, (x,2) € R;, (2,y) € R}}
-J U {xy.2) 1 (62) € Ry (z,y) € R}

xeX yel,(x)

U U {(x,y,2) | (z,X) € Ry, (x,y) € R,}

zeX yel(2)

U U {ey.2) 1 xy) € R, (v,2) € Ry}

xeX zel;(x)

Therefore we obtain (6).
(7) Fix a pair (x,y) € R,. Then the following holds:

{(zw) | (z,w) € R;, (x,2) € Ry, (w,y) € R;}

d
= U U {zw) | (z,w) € R;, (w,y) € R}}

a=0 zel"k(x)nl“a, )

d
= U U {iz,w) | (x,2) € Ry, (z,w) € R}

a=0 wel"a(x)nl“]., )

Therefore we obtain (7). O

Next, we consider the Bose-Mesner algebra 2l of X. We proceed the discussion in a
more general setting. For an algebra which is commutative under the ordinary matrix
product, by the method used in the proofs of Lemma 2.14 and Proposition 2.15, we can
prove the following lemma.

Lemma 2.18. Let 9t be a vector subspace of My(C). Assume 9 is closed under the or-
dinary matrix product and is commutative. Moreover, assume that 90t satisfies the fol-
lowing conditions:

(1) ifM € 9, then ‘M, M € 9;

(2) forany M € 90, there exists a constant a(M, ]) such that ]M = a(M,])];

Q) L] em.

Then there exists a basis Ey(= ﬁ I),Eq, ..., E; of M satisfying the following:



2.4 Character tables of association schemes = 57

") IX|Ey =J;
Q") Eg+E +---+E4=1, EiE; = 6;E;;
(") foreachi, there existsi € {0,1,...,d} such that 'E; = E;.

Proof. Forany M € 9, MM = tMM holds, i. e., M is a normal matrix. Therefore 9
has a basis of mutually commuting normal matrices. Since the elements of 9t com-
mute with each other, they are simultaneously diagonalizable by a unitary matrix U.
Namely, every matrix contained in tUMU is a diagonal matrix. For a set of diagonal
matrices, the ordinary matrix product and the Hadamard product are identical. Since
tUIMU is closed under the Hadamard product, by Lemma 2.14, there exists a basis
Mg, Ay..., Ag of 'UMU such that AjA; = Ajo A = 8. If we set E; = UAU (0 < < d),
then {Ey, Ey,..., Eq} is a basis of 9, and E;E; = §;;E; holds. Next set ] = |X| Z,io a;E;.
Since J? = |X|J, each a; is 0 or 1. In the same way as the proof of Proposition 2.15, by
(2), there exists j such that |X IEj = J. By renumbering the indices, we set E, = |71| J. We
alsoset I = Z?:o b;E;. Then I = I’ = Z]‘io b]?Ej, and we obtain by = b; =--- = b; = 1.
In this way, we complete the proof of (1”) and (2""). The decomposition of I into mu-
tually orthogonal idempotents as in (2) is easily shown to be unique, and hence (3")
follows. O

Regarding Lemma 2.18, for the case of symmetric matrices, see [113], and for the
non-commutative case, see [219].

Now we go back to the Bose—Mesner algebra 2 of a commutative association
scheme X. There exists a basis for 2 consisting of adjacency matrices Ay, A4;,...,A44.
Moreover, by Lemma 2.18, there exists a basis E, E;, . . ., E; of primitive idempotents.
Since 2 is closed under the Hadamard product, the following equations hold:

4") E;o E; = |;1(_| Zﬁzo qll'ijk;
(5") E;°E;=E;-E,.

The structure constants ql’fj of 21 with respect to the Hadamard product, which ap-
peared in (4"), are called the Krein numbers. They are not necessarily integers, but
it is known that they are non-negative real numbers. For details, we refer the reader to
[159, 217, 95, 417].

Problem 2.19. Let E,, E;, ..., E; form the basis of primitive idempotents for 2(. Prove
E; = 'E, for any i, where E; is the complex conjugate of E;.

2.4 Character tables of association schemes

Let X = (X, {R}y<i<q) be a commutative association scheme. Let V be an | X|-dimension-
al vector space over the complex field indexed by the elements of X. As was seen in the
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previous section, 2 has two kinds of bases Ay, 4;,...,Agand Ey, Ey, ..., E;. For each i,
define V; = E;V, which is a subspace of V. Then by (2"") and by E; = 'E; (Problem 2.19),
we have

V=VyLV,L---LV; (orthogonal direct sum), (2.3)

with respect to the complex inner product. In particular, since E, = ﬁ] , Vo is a
1-dimensional vector space spanned by the all 1’s vector 1. By (2”) in Lemma 2.18,
for any matrix M of 2 and any E;, there exists a constant a(M, E;) such that ME; =
a(M, E;)E;. So the subspace V; appearing in the orthogonal direct sum of V is a com-
mon eigenspace of all matrices of 2. In particular, we denote the eigenvalue of each
adjacency matrix A; on V; by P;(j). Then the following holds:

d
A=) P()E, O<i<d. 24)
j=0

Conversely, since Ay, 4, ...,A, is a basis of 2(, we have

E;

d
= % Y Q)4 o<is<d. (2.5)
j=0

These base change matrices

PO, Q= (QW®)gze
which are the matrices of size d + 1 whose (i, j)-entry is P;(i), Q;(1), respectively, are
called the first eigenmatrix (or the character table) and the second eigenmatrix (or the
second character table) of the association scheme X, respectively. Note that since each
P;(i) is an eigenvalue of A;, the first and second eigenmatrices of a symmetric associa-
tion scheme are real matrices.
Moreover, by the definition, we can easily verify that

PQ =QP = [X]|I. (2.6)

Proposition 2.20. Let m; be the dimension of the direct summand V; in equation (2.3)
(i. e., the rank of E;). Then the following hold.

W tay = %I

(2) ]Ai = Ai] = ki],'
(3) tr (El) =m;.

Proof. (1) Since A, =1, tr(4,) = |X|. If i # 0, tr(4;) = 0 since 4;(x,x) = 0.
(2) We have JA)(x.y) = ¥,ex J (6, 2)Ai(2,y) = ¥ ex Ai(z,y) = iz | (z,Y) € R}l = k;.
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(3) Since Eiz = E;, the eigenvalues of E; are O or 1. Since E; is diagonalizable,
tl’(El-) = mi. D

We call m; the multiplicity of X.

Proposition 2.21. Foranyi € {0,1,...,d}, the following hold:
(1) Po()=1;

() P;(0) = k;;

(3) Qo(i) =1

(@) Q;(0) = m;.

Proof. (1) Since Ay =1 =Ey +E; +--- + Eg, Py(i) = 1 holds for any i.

(2) By Proposition 2.20, EgA; = iJA; = 7k = kiEo holds. On the other hand, by

equation (2.4), EgA; = Eo Yo P;())E; = Py(0)E, holds. Therefore P;(0) = k;.

(3) We have E, = W1| J = Wll(AO +A; + -+ Ay). By equation (2.4), Q,(i) = 1 for any i.

(4) By Proposition 2.20, we have m; = tr(E;). By equation (2.4),

1 d
tr(E) = — Y Qi()tr(4)) = Q;(0).
X1 =
Therefore Q;(0) = m; for any i. O

Theorem 2.22. For the character tables of a commutative association scheme, the fol-
lowing hold:

(M Py () = P;());

@ &0) = QG

(3) 20 _ PO,

m; k

(4) Zf:o %Pv(i)m = 6i)j% (the first orthogonality relation);

(5) 25:0 mvP,-(v)IW = 6;j|X|k; (the second orthogonality relation);
(6) Pi(O)P;(0) = X4y PNiPi(0);

) QO = Yo 450

(8 P()Q;(0) = Xio PirQ(h.

Proof. (1) By equation (2.4) and Problem 2.19, we have

Therefore P; (j) = P;(j) holds.
(2) Since E; = 'E; = E;, we can show (2) by using equation (2.5).
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(3) By equation (2.5), 4; - E; = i Q (i)A;. Consider the sum of the entries in the matrix

of the left-hand side. Then we have

Y Y @icEpy) =Y Y EyAxy) = Y (EA)xx)

xeXyeX xeXyeX xeX
= tr(E]Alr) = tr(Pir (])E]) = Pl'r (])m) = m]PI(])

On the other hand, the sum of the entries of the right-hand side is

Q,(l) > Y Aixy) = kQ;().

|X| xeXyeX

Hence we obtain (3).

(4) Compute the entries of both sides of PQ = |X|I and use (3).
(5) Compute the entries of both sides of QP = |X|I and use (3).
(6) On the one hand, we have

AA; = Z A = Z P Z P(DE,,
= =0
and on the other hand,
d d d
AiA; = Y P(OE, ) Pi(k)Ey, = ) P(&)P;(0E,,
=0 k=0 =0

so we obtain the desired result.
(7) By (4"),

d

1
E; °Ei = mkz i,j Ey = |X|2 Z ql] Z Q(O)A,.

On the other hand,

d
EioE; = lez(Z Q (E)Ae> o <Z()Qj<v)Av> P 2 Z Qi(0)Q;(0)A,.

(8) We have

d d
i Z ( Y pf,ko,-(k>>Ae

£=0 \ k=0

AE, = %2 Z QAA = i 2 Z Q;(k) szkAe

On the other hand,

d
AE; = P,()E; = ip,.(j) Y Qi(04, = Z Pi()Q;()A,. O
£=0

X 1X] £
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Theorem 2.23. The intersection numbers and the Krein numbers of a commutative as-
sociation scheme are determined by the character tables as follows:

M af;="7 le 0 -0 pr PP, ()P, (0);
@ bl = T 120, 0Q,0)Q, @),

Proof. (1) Calculate the traces of both sides of the following equation:

|X| ql]Ef (El OE]')EE

The trace of the left-hand side is ol Xl q, M. As for the right-hand side, we obtain the
following:

tr(E; o EDE, = ) ((E; o E)E,)(x,X)

xeX

=Y Y E(Y)E(6Y)E(y,x)

xeXyeX

= Z Z (E; o Ej o 'Ep)(x,y)

xeX yeX

=2 z<|X|3 Y QQQM4, (x,y))

xsXyeX
|X|2 Z Q;()Q;(V)Q,(V)k,.

Moreover, by using Theorem 2.22 (3) and Theorem 2.22 (1), we obtain (1).
(2) Compute the sum of the entries of the matrix on both sides of the following equa-
tion:

PijAe = (AiA)) < A,.

As for the left-hand side, we obtain |[X Ipﬁjkg. As for the right-hand side, we obtain the
following:

Y Y ((AA) Ay = Y Y (AA)GGY) “Ay(y, x)

xeXyeX xeXyeX

d
= tr(AiAjAp) = tr< z P,(v)P;(v)Py (v)EV>
v=0

d
= Y P)P,(v)Py(v)m,
v=0

14

1 ]k€ d AT TN
> 2. 0,00, ).
v=0

Since the left-hand side is real, so is the right-hand side. Therefore, we obtain the de-
sired equation. O
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Since k,, = k,, the following holds:

d d

D %Pv(i)Pv(j)Pv(e) =) LZPV,(i)PV,(j)PV,(e)
v=0 "y v=0 "Y'
d e
- Z SPOPDPE = Y PP
v=0 v v=0 "y

Therefore, the right-hand side of the equation obtained in Theorem 2.23 (1) is real.
Hence, as mentioned before, the Krein numbers qij are real. We need more informa-
tion to show that they are non-negative. The Krein numbers satisfy the following equa-
tions, which are similar to the equations for pl‘f}-. We omit the proof except for (6). (For
details, see [60], [32].)

Proposition 2.24. The Krein numbers satisfy the following equations:

(1) q0] )k’
(2) qz,O - 61,k’
3 q?,-=6.«.mi,-
@) qf5=

1]
5) Zj;g qi,j = ml,
6) mqy; = qu = Mg, 5
d £
(7) ZQ 0 ql]qk a Za:O qlo((,iqa,].'

Proof. We prove (6) only. Since m; = m;, by Theorem 2.23 (1), the following holds:

mygql = my Lk Z PP OP,G)

ok ] |X| v=0 v
m;my, my
P,(i)P, (k)P )= P, ()P, (k)P (j)
" vzoka 7 3 ’
m m; & r
= |X| 2 P, ()P, ()P, (k) = myqy;.
Therefore we obtain miq;'(j = miq]f)k = mkq]’fi = mkql’fj. O

Problem 2.25. Prove Proposition 2.24.
At the end of this section, we give the following theorem.

Theorem 2.26 (The Krein condition). The Krein numbers of a commutative association
scheme are non-negative real numbers.

Proof. In short, the proof is as follows. Since E; and E; are non-negative Hermitian
matrices, E; ® E; is a non-negative Hermitian matrix, too. Since E; o E; is a principal
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minor of E; ® E]-, it is a non-negative Hermitian matrix, too. Therefore the eigenvalues
qgfj of E; - E; are non-negative real numbers (Biggs [95]).
We give an alternative proof in the following ([159]). In general, for a complex ma-

trix, we define [M|? = ¥, cx ¥, ex IM(x,y)[>. Then the following holds:
tr(M 'M) = [M]* > 0. 7)

Let U be a unitary matrix which diagonalize all matrices in the Bose—Mesner algebra
2. Let X' be the index set for the columns of U. Then |X'| = |X|. Note that Ey, E, ..., E,
are mutually orthogonal (condition (2'')). Then X’ can be partitioned into d + 1 subsets
X4, X1, ..., X], satisfying the following:

1, ifxyeX,x=y,

—
UEU=T; Tixy)= .
! ! i6Y) { 0, otherwise.

Namely, T; is a matrix whose diagonal entries consist of m; 1’s and 0’s. Let U =
[Uy, Uy, ..., Uyl be the partition of the unitary matrix U associated with the partition
of X'. Each U is indexed by X x X]. Then E; = UT;'U = U;'U; holds. So we fix an
eigenvector v of E; with eigenvalue 1, and define the diagonal matrix A as follows:

Alx,y) = 8, v(x), x,y € X.
Let M = 'U;AU;. Compute tr(M ‘M). Then we have the following:
tr(M ‘M) = tr(‘U,AU;'T; AU;) = tr(‘TAEAU;)
=3 Y Y Ui )AL, 4)E;(t, )AL, 6)Ui(t, X)

xeX! tieX t,eX

= > Y VE(t, t)v(t) Y Uity x) Tix, ty)

teX t,eX xeX!
= > Y V(tE;(t, tV(L)E(ty, ty)
teX t,eX
= > D (Eio Bty )vt)v(t)
tieX t,eX
d 4 — N d e T
=2 a5 ). ) Bt t)vt)v(t) = ) q;; ) VRIEV)(®)
=0  teX theX =0  t,eX
— 2
a5 Y vVt = 4 . V@)l 2.8)
" tex " tex
Then equation (2.7) is followed by ql’,‘]., > 0. O

Problem 2.27. Prove the following inequalities hold:
PG| < ki |QiG)| < my.

(Hint: P;(j) is an eigenvalue of A;. Consider an eigenvector v such that A;v = P;(j)v.)
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2.5 Intersection matrices and Bose—Mesner algebras

Let X = (X, {Rj}o<i<q) be @ commutative association scheme of class d and let 2 be
its Bose—Mesner algebra; 2( becomes an algebra with respect to the ordinary matrix
product and the Hadamard product. Moreover, we denote 2(° instead of 2l if we view it
as an algebra with respect to the Hadamard product.

Intersection matrices and regular representations of Bose—Mesner algebras
We consider the following square matrix B; of size d + 1 whose entries are the intersec-
tion numbers pﬁfj of X. Namely, the (j, k)-entry of B; is defined as follows:

B(j.k) = pf;, 0 <j.k < d.

The matrices By, B;, . .., B, are called the intersection matrices. Let B be the subalgebra
of the full matrix algebra M, (C) over the complex field generated by the intersection
matrices with respect to the ordinary matrix product. Then the following holds.

Theorem 2.28. The mapping which maps A; to B; for eachi (0 < i < d) gives an algebra
isomorphism between the Bose—Mesner algebra 2| and ‘B.

Proof. For each M ¢ 2, define a linear map L;; € End(2() where 2 is viewed as an
A-module by Ly (N) = MN (N € 2). Let p(M) be the matrix representation of L;; with
respect to the basis {Ay,A;,...,A4} of 2. Then we obtain an algebra homomorphism
p: A — My,,1(C). (The representation p is called the left regular representation of 21.)
If p(M) = 0, then Ly (N) = O holds for any N € 2. In particular, M = Ly(I) = O,
which means p is a faithful representation (i. e., injection). Since AA; = Zi:o pffjAk,
by the definition, we have p(4;) = ‘B;. Since 2 is commutative, the mapping 4; — B; =
t(p(A))) gives an algebra isomorphism between 2( and 5. O

By Theorem 2.28, we obtain the following.

Corollary 2.29. The adjacency matrix A; and the intersection matrix B; have the same
minimal polynomial.

Dual intersection matrices and regular representations of Bose—Mesner algebras
Consider the following matrix B; of size d + 1 by using the Krein numbers qllfj of X.
Namely, the (j, k)-entry of B; is defined as follows:

B} (i,k) = qf;, 0 <j k< d.

The matrices By, By, ..., B} are called the dual intersection matrices. Let 8" be the sub-
algebra of the full matrix algebra My, ;(C) over the complex field generated by the dual
intersection matrices with respect to the ordinary matrix product. Then the following
holds.
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Theorem 2.30. The mapping which maps |X|E; to B foreachi (0 < i < d) gives an alge-
bra isomorphism between the algebra 21° with respect to the Hadamard multiplication
and B* (the algebra with respect to the ordinary matrix product).

Proof. Similarly to the proof of Theorem 2.28, for each M € 2 = 2°, define a linear
transformation Ly; € End(") by Ly;(N) = M o N (N € 2l). Let p* (M) be the matrix rep-
resentation of L* (M) with respect to the basis |X|E,, |X|E, ..., |X|E; of A°. Then we ob-
tain an algebra homomorphism p* : 2° — M, (C). This representation p* is faithful.
(The representation p* is called the left regular representation of 2°.) By condition (4"")
on primitive idempotents in Section 2.3, p*(|X|E;) = tBi* follows from |X|E; o (|1X |E;) =
Zfzo ql’fle |Ej. Since 2° is commutative, the mapping |X|E; — Bf = Yp* (IX|E;)) gives
an isomorphism between the algebras 2(° and %5*. O

Proposition 2.31. We have:
(1) P'B;P! = diag(P,(0), P,(1),..., P;(d));
) Q'B; Q™" = diag(Q;(0), Q(1)...., Q(d)).

Here diag(xy, . . ., x,,) denotes the diagonal matrix whose i-th diagonal entry is x;.

Proof. We prove (1) only. The proof of (2) is similar. Compute the (v, j)-entry of the ma-
trix diag(P;(0), P;(1),..., P;(d))P. By Theorem 2.22 (6), we have

(dlag(Pl(0)>P1(1)> cee >P1(d))P)(V’])

d
= PWP,v) = Y pliPi(v) = (P 'B)(W,),
k=0

and we obtain diag(P;(0), P;(1),...,P;(d))P = P [Bi. O

2.6 Dual Bose—-Mesner algebras and Terwilliger algebras

In this section, we introduce the Terwilliger algebra T. Let X = (X, {R;}o<i<q) be a com-
mutative association scheme. As we mentioned at the beginning of the previous sec-
tion, the Bose—Mesner algebra 2 of X becomes an algebra with respect to the ordi-
nary matrix product and the Hadamard product. The algebra 2° with respect to the
Hadamard product is in a sense the dual of 2. (For details, see [60, Theorem 5.9].) The
Terwilliger algebra is introduced to be an algebra which contains both 2( and 2(°. More
specifically, we make a copy of 2° in the full matrix algebra My (C), which is called the
dual Bose—Mesner algebra denoted by 21*, and define the Terwilliger algebra to be an
algebra containing both 2 and *.

Firstly, we define the dual Bose—-Mesner algebra. Let P, Q be the first and second
eigenmatrices of X. Fix a point x,, of X. We identify the standard basis of the complex
vector space V = C¥! with the set X of points. Namely, x € X also means a unit vector
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of V.Fori (0 < i < d),letT;(xg) = {x | (xo,x) € R;}. Let V" be the subspace of
V spanned by I';(xy). Therefore dim(V;") = k; and we have the following orthogonal
decomposition:

V=Vy LV 1.1V}

Let E; be the matrix representation of the orthogonal projection from V to V;". By def-
inition, E;" is the diagonal matrix satisfying

. 1, ifx =yand (x4,x) € R;,
Ei (X,}’)=‘[ 0 '

0, otherwise.

Therefore, we obtain E; Ej* =6
we define

ijEi and I = Eg + E[ +---+ Ej. Next, fori (0 <i < d),

d
Af =) Q@E;. (2.9)
a=0
By definition, Ai* is a diagonal matrix, and if we let (xy, x) € R,, we have

d
Al (x,x) = Z Q;(VE, (x,x) = Q;(a) = |X|E;(x, X). (2.10)
v=0

Then the following proposition holds.

Proposition 2.32. We have:
* d T
@) E = ﬁ Yi—o Pi(DA;
2 A7Af = i, ql{fjA;, where ql’fj is the Krein number;
(3) {Q;(0),Q;(1),...,Q;(d)} coincides with the set of eigenvalues of A} .

Proof. (1) It is clear since PQ = |X|I.
(2) Since 4], A]-* are diagonal matrices, A; A]-* is also diagonal, and for x € X, by (2.10),
we have

(Alf“A].*)(x,x) = A;‘(x,x)A]-* (6.x) = |X|E;(xo, X)|X|Ej(xg, X)

d d
= ((IXIE;)  (IXIE}))(x0,X) = Y. q51X|Ex(x0,X) = Y. qlA5 (%, ).
k=0 k=0

(3) By definition, it is clear. O

Definition 2.33. The subalgebra A" = A*(xq) = (45,4;,...,A}) of the full matrix al-
gebra My (C) generated by {A, A7, ..., A}}is called the dual Bose—Mesner algebra with
respect to x;.
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(In the above definition, we omit the base point x, from the notation for the basis

of the dual Bose—Mesner algebra. In later chapters, there are cases where we need
the information of the base point. In such cases, we write 20" (xy), Eg (o), Ef (xo), - -
E}(xg), or Aj(xo), A (Xg), ..., A(xo) without omitting x.)
We have |X|E; = Z]‘io Q;()A;, where Ay, Ay, ..., Ay are the primitive idempotents of 21°.
On the other hand, by definition, Ej, E}, ..., E; are primitive idempotents of 2* and we
have A} = Z,‘io Q;()E;". So by Proposition 2.32 (2), the mapping |X|E; — A; becomes
an isomorphism between 2(° and 2(*. To sum up, we have the following proposition.

Proposition 2.34. The dual Bose—Mesner algebra ™ = 21" (x,) has the following prop-

erties:

(1) A" =(ES.Ef,....E});

(2) by the mapping |X|E; — A;, the Bose—Mesner algebra 2l is isomorphic to 2" as an
algebra with respect to the Hadamard product (note that since all matrices in 2*
are diagonal matrices, the Hadamard product and the ordinary matrix product are
the same in A*);

(3) by the mapping A} — B}, " is isomorphic to the algebra 8™ generated by the dual
intersection matrices with respect to the ordinary matrix product.

Proof. (1) It follows from the fact that P and Q are non-singular matrices.

(2) As was stated before, by Proposition 2.32, the mapping |X|E; — A becomes an
isomorphism from 2(° to 2(*.

(3) It is clear from (2) and Theorem 2.30. O

Definition 2.35 (Terwilliger algebras [468, 469, 470]). Let (2, 2(*) be the subalgebra
of the full matrix algebra My (C) generated by the Bose—Mesner algebra 2 and the
dual Bose-Mesner algebra 21" = 2*(x,). Then (21, 2A*) is called the Terwilliger algebra
with respect to x, and denoted by T = T(x,). The point x is called the base point.

Firstly, we mention some basic facts on subalgebras 2(,2(* generating the Ter-
williger algebra. Here we introduce a symbol. For matrices A, B € My(C), define the
inner product (4, B) as follows:

(A,B) = (A - B) = tr(A'B), (2.11)
where (M) = Z(Xy)e}(XX M(x,y) for M € My (C).

Lemma 2.36. For any non-negative integers a, B,y,1,j, k at most d, the following hold:
)} (E,,AZ;E EA*Ek) = 84,080k aﬁm},, where m, = Q,(0) = tr(E,) = dim(V,);

@) (E;AﬁE E[AEy) = 80,056y, kpaﬁky, where k, = P,(0) = tr(Ey) = dlm(Vy ).

The above lemma gives an alternative proof of the non-negative property of the
Krein numbers. Namely, the following corollary holds.

Corollary 2.37. For any non-negative integers a, 8,y at most d, the following hold:
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1) g),z=0;

(2) E,ARE, = 0ifand only ifqzﬁ =0;
(3) E;A4E; = 0if and only ifpﬁ,ﬁ =0.

Remark 2.38. In general, if an association scheme is symmetric, for any non-negative
integers a, 8,y at most d, pﬁ’ Bky and qz) My are symmetric with respect to a, 8, y (Propo-
sition 2.17 (6) and Proposition 2.24 (6)). This property is important when we consider
P-polynomial schemes and Q-polynomial schemes, which will appear in later sections.

The proof of Lemma 2.36. We transform the left-hand side of the equality in (1). Note
that tfk = E;, and tr(AB) = tr(BA) holds for square matrices A, B. By (2.11), we have
the following:

(EoAGE, EA] Ey) = 846, tr(E,AZE, AT)

= 8uibyic Y. Ea(6Y)A; (v, Y)E, (v, X)AT(x,X)
xyeX

=848,1 . Eq(6.Y)IX|Eg(x0,Y)E, (v, x)X|Ej(X0, X)
x,yeX

= 6,6,k 1XI° Y Ep(x0,Y)(E, o "E)(y, X)Ej(x, Xo)
x,yeX

= 84,8, |XI*(Eg(E, © ‘Eq)E;) (X0, Xo)
d
= 6,6, 1X1 Y dy, (ERE,E}) (X0, Xo)
v=0

= 801638y 11Xy Ep (X0, X0) = 8468y x4, Qp(0)
= 5a,i5ﬁ,j5y,kq§)ymﬁ.

Therefore by Proposition 2.24 (6), we obtain (1). Next, we transform the left-hand side
of the equality in (2). Similarly to (1), we have

* % * * * * t *
(E;AgE, . E{ AiEy) = 6, ) tr(E; AgEy 'AE])
= 84,0y tr(Ex AgE, ‘45)

=84y Y. Ex(6A00Y)Ey (1,y) ‘Aj(y, %)
x,yeX

=60,k Y. ApLY)Ai(xY)

x€l(xg),
yely (xg)

- _ y
=8,i0pi0, Y. Y Agloy) = 84,830y ik, Dl - O
yer, (xo) x€Tq(xo)
Next, we consider the action of the Terwilliger algebra on the complex vector
space V = C*I. Similarly to Section 2.6, we identify the standard basis of V = C*!
with the set X. Namely, x € X also means a unit vector of V.
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In what follows, we introduce some basic properties on T-invariant subspaces
of V, i.e., T-modules; V itself is called the standard module of T.

Proposition 2.39. If a subspace W of V is T-invariant, the orthogonal complement W*
is also T-invariant.

Proof. Since T = (2, 2A"), T is closed under conjugate transposition. Therefore if W is
T-invariant, so is W+. O

Let 1 denote the all 1’s vector in V. Then Jx, =1 € V, = EjV.
Lemma 2.40. We have:
(1) El*l = AiXO;
1 g%
(2) EiXO = mAl 1,'
(3) Axy = A1 and dim(RAxy) = dim(A 1) =d + 1.

Proof. (1) We have E{'1 = ¥, (1 () X = AiXo-
(2) By (1) and equation (2.9) in the definition of A7, we have

d d
1 1 % 1 .
Exy, = — Qi()Axy = — Q:(a)E;1=—A'1.
i*0 |X| 0;) i a0 |X| 0;) 1 a |X| 1
(3) This is clear from the definition and (1), (2). O

Definition 2.41 (Principal T-modules, primary T-modules). The subspace Ax, = 2A*1
appearing in the above lemma is T-invariant; 2(x,, is called the principal T-module or
the primary T-module.

Definition 2.42. For the principal T-module 20x,, we define the following.
(1) Letv;=E1(i=0,1,...,d). Wecall vy, vy,...,V, the standard basis of 2x,. Then

Vi = El*l = AiXO € Vl* (2.12)
and
Vo+Vi+--+vy=1€V, (2.13)

follow from Lemma 2.40.
(2) Letv{ =Exy (i=0,1,...,d). Wecall vy, V], ..., v the dual standard basis of 2x,.
Then
1
1X|

*

Vi

Exo=—A1¢eV, (2.14)
and
Vo +Vi + Vg =Xy €V (2.15)

follow from Lemma 2.40.
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We can easily verify the following proposition.

Proposition 2.43. For the principal T-module 2x, the following hold:

(1) dim(EQIxy) =1fori=0,1,...,d;

) dim(E;2xy) = 1fori=0,1,...,d;

3 Ay, = ZZZO p]’fivk ; namely, withregard to the standard basis, the matrix of the action
of Aj on X, is the transpose of the intersection matrix B; = (p}’-‘i) (Section 2.5);

4 Ajvi = e, g;;v; namely, with regard to the dual standard basis, the matrix of
the action of A] on Ax, is the transpose of the dual intersection matrix B]- = (qj,i)
(Section 2.5).

Proposition 2.43 implies that the principal T-module 2lx, has all the information
about the intersection numbers and the Krein numbers. Moreover, since we have

d d
b= t0 = 3 OB = > ROV e
i=0 i=0
% 1
vi=mAts X 2 ZQ (DE1 = 2 ZQ (iv; (217)

the first eigenmatrix P = (P;(i ))0<1<d and the second eigenmatrix Q = (Q;( ))oggg are
0<j<d 0gj<
the transition matrices for the standard basis vy, v;. ..., v, and the dual standard basis

* * *
VosVyeeaosVye

2.7 Various concepts on association schemes

When we proceed the study of association schemes, it is essential to consider which as-
sociation schemes are important. Of course, there are various viewpoints and various
definitions of importance. In this section, we introduce several concepts coming from
the study of association schemes which are important from the various viewpoints.

2.7.1 Duality of association schemes

Let X = (X, {R;}o<i<q) be a commutative association scheme of class d. Let 2 be the
Bose—Mesner algebra of X.

Definition 2.44. A linear isomorphism ¥ of 2l is called a duality of 2l if the following
hold:

(1) WY(MN) =¥ (M) - ¥(N) forany M,N € 2;

(2) YA(M) = |X|'M for any M € 2.

We follow the definition by Jaeger ([47]).
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Definition 2.45. If 2( has a duality, we say 2l and the association scheme X are self-
dual.

Problem 2.46. Let ¥ be a duality of 2(. Then prove the following holds:
Y = ‘I'(tM), ¥Y(MoN)= |71|‘P(M)‘P(N)~
Proposition 2.47. For a commutative association scheme, the following (1) and (2) are
equivalent.
(1) Xisself-dual;
(2) we can rearrange the order of the relations Ry, Ry, ..., R, of 2 so that the character
tables P, Q satisfy P = Q.

Proof. (1)=(2) Let ¥ be a duality of 2(. By Problem 2.46, for any M ¢ 2l, we have
YM)=V¥Y(JM) = |71|\PU Y (M) = Y(E,)¥Y(M). Therefore W(E,) = I = A,. Moreover,
since W(E;) = ‘P(El-z) = Y(E;) o W(E;), the entries of W(E;) are O or 1. On the other
hand, since ¥ is an isomorphism, W(E,), ¥(E;),..., ¥(E;) form a basis of 2. Hence
{W(Ey), Y(Ey),....,Y(Eg)} = {Ag,As, ..., Ay} as sets. Thus by rearranging the order of
the relations Ry, Ry, . .., R4, we obtain W(E;) = A;. Then the following holds:

d d
A =YE) = =Y QYA = — Y QGHYAE)
Xl & Xl &
d d o
=Y Q) E = Y Q) E;
j=0 j=0
Therefore we have
d
Aj=4; = Z i(])E)>

and we obtain P;(j) = Q;(j).
(2>=(1) Rearrange the order of the relations Ry, R;, ..., R, so that P = Q;(j) holds.
Immediately it follows that W(E;) = 4; (0 < i < d) becomes a duality of 2. O

It is known that the Hamming association scheme H(d, q) and the association
scheme X(G) constructed from the conjugacy classes of a finite abelian group G are
self-dual. We will give proofs for these examples in Section 2.10. We will look at many
other examples in Chapter 6.

2.7.2 Fusion schemes of association schemes
In this subsection, we discuss fusion schemes of association schemes.

Let X = (X, {R;}o<i<q) be @ commutative association scheme. For a partition of the
indexset{0,1,...,d} = {0}uA U---UA, define Ry = Ro, Ry = Uje,R;» - Ry = Ujen R;-
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If ¥ = (X,{Ri},.z) becomes an association scheme, X is called a fusion scheme
of X. (In some references, it is called a subscheme instead of a fusion scheme. In this
book, we will use the term “subscheme” in Section 2.7.4, so we use the term “fusion
scheme.”)

There are interesting problems on fusion schemes. For which association schemes
do fusion schemes exist? Which association schemes appear as fusion schemes? For
group association schemes, we refer the reader to Bannai [28], Iwakata [261], etc. The
following lemma, which is called the Bannai-Muzychuk criterion, gives a necessary
and sufficient condition for the existence of a fusion scheme of a commutative associ-
ation scheme and it is very useful.

Lemma 2.48 (Bannai-Muzychuk criterion [28, 365]). Let X = (X, {R;}p<i<q) be a com-

mutative association scheme. With reference to the notation above, X = (X, {Ei}o <i<d) 1S

a fusion scheme of X if and only if the following conditions (1), (2), and (3) hold:

(1) Foreachi,'R; € {Ry,R,...,R3}.

(2) There exists another partition of the index set {0,1,...,d} = {O}UF,U---U F3 such
that ‘E; € {Eo, Ey ..., Eg}, where Eq = Eq, By = Yjer, Ejs - Eg = Yjer, Ej-

(3) Let Plg,«n, be the submatrix of the character table P of X obtained by restricting
rows and columns of P on Fy and A, respectively. Then P, 5, has a constant row
sum. Namely, fori € F, Z}-E a, Pj(0) is constant and independent of the choice of i.

Proof. Foreach ¢ (0 < ¢ < d), define A, = Yy, A;-

(Necessary condition) Assume X is a fusion scheme. Then A, = Ay, A,,...,A; are the
adjacency matrices which form a basis of the Bose—Mesner algebra 2 of X. Clearly,
(1) holds. Also let Ey = Eg, E;, ..., E; be the basis of primitive idempotents of 2. Then
each Ek is an orthogonal idempotent of 2, so (2) holds. Next, if we let P be the first
eigenmatrix of X, then A,E; = P,(k)E,. Therefore we have

YA DY E=) Y AE=) Y POE =Pk ) E,

jeN,  i€F, ieF jeA, ieFy jel, ieF,

and we obtain Y 2, P = P, (k) for any i € F. Therefore (3) holds.

(Sufficient condition) Assume (1), (2), and (3) hold. It is obvious that conditions (1'),
(2"), and (3') for an association scheme appearing in Section 2.2 hold. Moreover,
{Ag = Ay, Ay,..., Ay} and {Ey = E,E,, ..., E3} are linearly independent. Furthermore,
{Ey = Eg,E,...,E3} is a set of orthogonal idempotents. Then by (3), the following
holds:

d d
A= A= Y PWE =) ) > BWE,

jen, jeA, v=0 k=0 veF jel,
a _ a_
=Y Y PykE, = Y Py(k)E;. (218)
k=0 veF k=0
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Therefore the subspace spanned by {A,A;,...,A3} coincides with the subspace
spanned by {Ey, E;, ..., E3}. Since the subspace spanned by {Ey, E;,..., E3} is closed
under the ordinary matrix product, A, 4, € (Eo, Ly, ..., E3) = (A, A;, ..., Ay) holds for
any integers k, £ with 0 < k, ¢ < d. Namely, Condition (4') of Section 2.2 holds. O

2.7.3 Primitive association schemes, distribution graphs, representation graphs

Primitive association schemes, which we will define below, correspond to simple
groups in group theory. As simple groups are building blocks of finite groups, prim-
itive association schemes play an important role in the construction of association
schemes.

Definition 2.49. Let X = (X, {R;}p<i<q) be a commutative (not necessarily symmetric)
association scheme of class d; X is said to be primitive if for any i with 1 < i < d, the
(directed) graph (X, R;) is connected. X is said to be imprimitive if X is not primitive.

(x.y) €R;
X 0
y eT;(0

Remark 2.50. In the above definition, for 2 vertices x,y € X of the directed graph
(X, R;), a sequence x = Uy, Uy, ...,U, =y of vertices satisfying (u,_;,u,) e R; (0 <v <)
is called a path from x to y. The graph (X, R;) is said to be connected if for every 2 ver-
tices x,y € X, there exists a path from x to y. We call r the length of a path. We consider
that for each vertex x, there exists a path from x to x of length 0.

Proposition 2.51. For the graph (X, R;) of a commutative association scheme X, which

is not necessarily symmetric, the following (1) and (2) hold:

(1) Let F(i)(x) = {y € X | Thereexists a path fromx toy in (X, R;)}. Then |l"(i)(x)| isa
constant which is independent of x.

(2) Forx,y € X, if there exists a path from x to y, then there exists a path from y to x.

Proof. (1) Let Ay = {0}, A; = {i}. For2 < ¢ < d, define A, = {v Ip}‘j,i > 0,4 € Np_y,v ¢
. i d
A0 <j < -1} Then TP = ¥5_o Yyen, ky-

Ae_19/L
vEN

(2) If there exists a path from x to y, then y ¢ F(i)(x). Next we assume there exists a
path from x to y, and show that there exists a path from y to x. For z € T®(y), there
exists a path from x to z via y. Hence z € F(i)(x). Namely, F(i)(y) cr® (x). It turns out
that T®(y) = I'? (x), which implies x € T?(y). O
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By Theorem 2.28, Corollary 2.29, or Proposition 2.31, the eigenvalues of the inter-
section matrix B; coincide with P;(0), P;(1),..., P;(d). The (j, k)-entry of B; is the inter-
section number pl’-fj > 0. By Proposition 2.17 (5), we have Z]‘io pffj = k; = P;(0). Therefore
P;(0) is the Perron—Frobenius eigenvalue of B;. Now consider the graph A, , whose 2 dis-
tinct vertices j, k of the index set {0, 1,. .., d} are adjacent if pl-‘,]- > 0. If X is symmetric,
by Proposition 2.17 (6), pf-fj > 0 if and only if p’lk > 0, and so we obtain an undirected
graph.

*r—re pﬁj>0

Definition 2.52 (Distribution graphs). Foracommutative association scheme X, which
is not necessarily symmetric, the graph A, defined above is called the distribution
graph of X for the adjacency matrix A;.

Lemma 2.53. Fori,v,u € {0,1,...,d}, the following are equivalent:

(1) Forany (xy,y) € Rw there exist x € ', (xy) and a path from x toy in (X, R;).
(2) Forsome (xg,y) € R, there exist x € ', (xy) and a path from x toy in (X, R;).
(3) There exists a path fromv topinl, .

Proof. (1) = (2): This is clear.

(2) = (3): By the assumption, there exists a path x = ug,uy,...,u, =y from x € T, (x,)
toy eT (XO) in (X,R;). Letvy = v, v, = yu, and (X0, ;) € Rv], forj = 1,2,...,r. Then
p}, = pvll > 0, pw >0,...,p = pé‘v > 0. Therefore there exists a path v =
vo, Vi,...,V, = U from vtouin the distribution graph A, .

T

] 1L Yy =ur

(3)=(1): By the assumption, there exists a sequence pl = pv o pl b p;.”'vyil = p:‘va of
positive intersection numbers. Therefore, for any (xy,y) € R,, we can take a sequence
Uy =Y, Uy, ..., Up, Uy = X such that (xg, uj_;) € R, and (u}-_l,uj) € R;. Thenx €T, (xg)
and x = ug, Uy, ..., U, =y is a path from x toy in (X, R;). O

Corollary 2.54. For the distribution graph A, if there exists a path from v to y, then
there exists a path from p tov.

Proof. Since condition (3) of Lemma 2.53 holds, by Lemma 2.53 (1), for (x,,y) € Ry
there exist x € T, (x,) and a path from x to y in (X, R;). Thus by Proposition 2.51 (2),
there exists a path from y to x in (X, R;). This means Lemma 2.53 (2) holds. Therefore
there exists a path from ptovinA, . O
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Forv,u € {0,1,...,d}, if there exists a path fromv topin A, , we writev ~, p. By
Corollary 2.54, ~, becomes an equivalence relation on the set {0,1,...,d}. An equiv-
alence class of ~, is called a connected component of A, .

Proposition 2.55. Let Q be the connected component of the distribution graph A, con-
taining 0. Let Ry = | JpeqR,- Then the following (1) and (2) hold:

(1) forx,y € X, (x,y) € R if and only if there exists a path from x toy in (X, R;);

(2) Rq is an equivalence relation on X.

Proof. (1) Let (x,y) € R, and assume there exists a path from x to y in (X,R;). By
Lemma 2.53, by setting v = 0, X, = X, there exists a path from O to u in A4.. Thus
we obtain u € Q. Conversely, suppose (x,y) € Rq. Then there exists y € Q such that
(x,y) € R,. Therefore, there exists a path from O to  in A, . By Lemma 2.53, by setting
v =0, xy = x, there exists a path from x to y in (X, R;).

(2) We define a relation on X as x ~r YV if there exists a path from x to y in (X, R;).
Then by Proposition 2.51, ~g is an equivalence relation on X. The above (1) claims
thatx ~p yifand onlyif (x,y) € R. Therefore R, is an equivalence relation. O

Corollary 2.56. The graph (X, R;) is connected if and only if A4, is connected.

Proof. The graph (X,R;) is connected if and only if x ~p y for any x,y € X. Also
x ~g, yfor(x,y) € R, if and only if u € Q. Therefore (X, R;) is connected if and only if
Q={0,1,...,d} if and only if A, is connected. O

Proposition 2.57. For a commutative association scheme X, the following (1) and (2)

are equivalent:

(1) X is imprimitive;

(2) there exists Q satisfying {0} ¢ Q ¢ {0,1,...,d} such that Ry = UpeqR, IS an equiva-
lence relation on X.

Proof. (1)=(2): By the assumption, there exists i € {1,...,d} such that (X, R;) is not
connected. Therefore, by Corollary 2.56, A 4, is not connected. Let Q be the connected
component of A, containing 0. Then by Proposition 2.55, R, satisfies condition ).

(2)=(1): Leti € Qandi # 0.Ifx ~g, ¥» x and y are contained in the same equiv-
alence class with regard to the equivalence relation Rg. Therefore (X, R;) cannot be
connected. O

By Proposition 2.31 (2), the eigenvalues of the dual intersection matrix B; are
Q;(0), Q;(1),..., Q;(d). Moreover, each entry of B; is a non-negative real number, and
if X is symmetric, Q;(0), Q;(1),...,Q;(d) are real. By Proposition 2.24 (5), we have
Z]‘.jzo q,lfj = m; = Q;(0). Therefore Q;(0) is the Perron-Frobenius eigenvalue of B; . Now
consider the graph Ap with vertex set {0,1,...,d}, whose 2 distinct vertices j, k are
adjacent if qllfj > 0. If X is symmetric, by Proposition 2.24 (6), q{k > 0 if and only if
qu > 0, and so we obtain an undirected graph.
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Definition 2.58 (Representation graphs). For a commutative association scheme X,
which is not necessarily symmetric, the graph Ag defined above is called the repre-
sentation graph of X for the primitive idempotent E;.

The following proposition holds. (This is known as a special case of the Perron—
Frobenius theorem. See Theorem 1.4 and Theorem 1.5 for the adjacency matrices of a
graph.)

Proposition 2.59. Let X be a commutative association scheme, which is not necessarily

symmetric. Then the following hold:

(1) For every eigenvalue P;(i) of B;, we have |P;(i)| < P;(0) = k;.

(2) The eigenvalue P;(0) of B; has multiplicity 1if and only if the distribution graph A A
is connected.

(3) For every eigenvalue Q;(i) ofBj*, we have |Q;(i)| < Q;(0) = m;.

(4) The eigenvalue Q;(0) of B]-* has multiplicity 1 if and only if the representation graph
AE}, is connected.

Proof. Since the proofs of (1) and (3) are similar, we prove (1) only. Let (xy, x, . .., X4) be
an eigenvector of B; for the eigenvalue P;(i). Let j, € {0,1,...,d} be an index satisfying
|ij | > |x]-| (0 <j <d).Thenif we compare the j,-entry of both sides of (x,, x5, . . . ,xd)Bj =
Pi(D)(xo, X3, ..., Xq), We have

d
Y Bj(&.jo)xe = Pi(i)x;,,
=0

and since B;(¢, j) = p;:"e is a non-negative integer, we obtain
d d .
[Pi(0g, | < 3, beel - By(€.fo) < b, | ) by = b, Ik
£=0 £=0

(Proposition 2.17 (5)). Therefore we obtain |P;(i)| < k;. Similarly, since B]-* (&jo) = ](’e isa
non-negative real number and Z?:o cf)"e =m holds, we obtain (3) (Proposition 2.24 (5)
and Problem 2.27).

Since the proofs of (2) and (4) are similar, we prove (4) only. Without loss of gen-
erality, we may set j = 1. Firstly, assume the representation graph Ay is connected
and prove that the m;-eigenspace of B has dimension 1. Let X = (xg, Xy, ..., Xg4) be the
eigenvector of B; for the eigenvalue m;. Let iy € {0,1,...,d} be an index satisfying
Xj, 2 X (0 < € < d). Here we may assume x; > 0. (Otherwise we may use —x.) Let
Vi, Vs vg) = {k | qi‘jk > 0}. By the choice of the index, we have Y} _, qiﬁ’vk =m.
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Considering the iy-entry of the equation xB; = m; X, we have

mlxzo Z qull z Xvkql v = Xzo z q1 Vi Xi, m,.
=0 k=1

Thereforex, =---=x, =x;.1fs=d+1,thenx =x; (1,1,...,1) and it turns out that the
eigenspace has dimension 1. If s < d+1,letj ¢ {v;,v,,...,vs}. Letj =j..jr_1 .. s josd1rdo =
ip be a path from j to i, in Ag . Since j; and i, are adjacent, we have qi’jl > 0, which
implies j; € {v;,V,, ..., Vs}. Therefore x; = x; . By repeating the above discussion using
jp instead of iy, if we note q’f’jz > 0, we obtain x; = x; = x;,. In this way, we obtain
Xi, = X;, = -+ = X = x;. Finally, we obtain x, = x; = --- = x4 = x; . It turns out that the
m,-eigenspace of B has dimension 1.

Next, we consider the case where AE1 is disconnected. We partition the index set
{0,1,...,d} of the rows and columns of B; into the connected components of the rep-

resentation graph Ag . Then Bj can be written as follows:

M, 0 - 0
. 0
B =
: . . 0
0 -~ 0 M,

Namely, the indices of M;,..., M, correspond to the connected components of the
graph. Since each of M, ..., M, has column sum m; = Q;(0), they have the eigenvalue
my with multiplicity 1. Therefore the dimension of the eigenspace of the matrix B; for
m, agree with the number r > 1 of connected components. O

Proposition 2.60. The following are equivalent:
(1) There exists j # O such that A 4, is disconnected.
(2) There existsi + O such that Ag, is disconnected.

Proof. (2)=(1): By Proposition 2.59 (4), the multiplicity of the eigenvalue Q;(0) of B; is
greater than 1. Therefore there exists j # 0 such that Q;(j) = Q;(0). By Proposition 2.21

and Theorem 2.22 (3), we have 1 = 3 (%)) 5 Ok - Therefore P;(i) = P;(0) = k; holds and by

Proposition 2.59 (2), the graph A 4, is dlsconnected. The proof of (1):>(2) issimilar. [
To summarize, we obtain the following proposition.

Proposition 2.61. Let X be a commutative association scheme, which is not necessarily
symmetric. Then the following are equivalent:

(1) X is primitive;

(2) foranyj+ o0, AA}, is connected;

(3) foranyi+ 0, Ag, is connected.
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Finally, we introduce new symbols. Let Q be a subset of the index set {0,1,...,d}
of X and let Ay = Y,c0A, and Ry = JueqR,- Moreover, for two subsets Q,Q' ¢
{0,1,...,d}, we define the product QQ' ¢ {0,1,...,d} as follows:

QQ' = {k | There existi ¢ Qandj € Q' such thatpﬂf)- # 0}. (2.19)

Proposition 2.62. We have
(1) QQ' ={k | (AgAq) ° Ay # O};
(2 (QQHQ" =QQ'Q") = {k | (AgAgAgn) o Ay # O

Proof. The proofis left to the reader. O

Lemma 2.63. For a subset Q of {0,1,...,d}, the following are equivalent:
1 0?=0;
(2) R, is an equivalence relation on X.

Proof. (1)==(2): Since Q? = Q, the transitive law is clear. Let & € Q and consider the
graph (X,R,). Let xy,x;,...,x; be a path in (X, R,). Since X is finite, we may assume [
is large enough so that there exist vertices x,, x; in the path such that x, = x; (r < s).
Since Q = O, we can verify that for any i,j with i < j, (x;,X;) € Rq. In particular, since
(x,,x,) = (x,,X5) € R, we obtain 0 € Q, which means the reflexive law holds. Since
(XssX5_1) = (X;,X5_1) € Rg, we obtain a € Q(ifr =s -1, weuse O € Qshown above).
Hence the symmetric law holds.

20 o 21 o Zr

® &
Ts—1
(e}

(2)=(1): We display the adjacency matrix so that each equivalence class of R, forms a
block. Then we obtain the following:

AQZ
J

Here ] is the all 1’s square matrix of degree kg, where kg = ¥ 4 k.. Then (4g)? = koAq,
and then by Proposition 2.62, we have Q% = Q. O
2.7.4 Subschemes and quotient schemes

In what follows, we assume X = (X, {R;}<i<q) is imprimitive. Then by Proposition 2.57
and Lemma 2.63, there exists a set Q satisfying {0} ¢ Q ¢ {0,1,2,...,d} such that
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Q? = Qand R, becomes an equivalence relation on X. Let Q be one of such sets. Let X =
X,UX,U---UX, be the partition of equivalence classes of Ry and let £ = {X;,X,, ..., X,}.
We call X the system of imprimitivity of X. For any R, (a € Q), the relation graph (X, R,)
is disconnected and the sets X; (1 < i < r) of system of imprimitivity give a partition of
the graph (X, R,). As we have seen in Theorem 1.4, Theorem 1.5, and Proposition 2.59, if
we display the adjacency matrices A, (a € Q) as the block matrices whose submatrices
are indexed by X; (1 < i < r), then they become block diagonal. Since we consider
adjacency matrices of the commutative association scheme, strong conditions hold
compared to the case of general graphs. Indeed, if we let kg = } ;. k,, we have |X;| =
1X,| = -+ = |X,| = kq. Each block A,|x .x, is a kg X kq square matrix and becomes the
adjacency matrix over X; of size ky (denoted by * in the following figure). Let Ay =
Yaco Aq- Then Ag|x..x, is the all 1’s matrix. Therefore kg, = @ We have

X X, o oo X X X, o oo X
X, x 0 v o0 X, J 0 - . 0
| o « o0 %l o J o
Aa= > AQ— >
0O % O o J
X, \ 0 0« X, \ 0 0

1Xil = kq.

Let Y = X; be an equivalence class of the system of imprimitivity and consider
(Aglyxy | @ € Q). Foreach a € Q, A,ly,y becomes the adjacency matrix of the graph
(Y,R,) with valency k,. Also, by Proposition 2.62 and Q? = Q, the vector space spanned
by {4, | a € Q}is closed under the ordinary matrix product. This implies that if we
let 20y = (4, | a € Q), A is a subalgebra of the Bose-Mesner algebra 2l of X. Since
0 € Q, the subalgebra 2, contains A, = I. Moreover, (4,ly,y | @ € Q) has dimen-
sion |Q|, which equals the dimension of 2. Hence (4,ly.y | @ € Q) is isomorphic
to g as an algebra. From the above discussion, we conclude that (A,ly.y | a € Q)
contains the identity matrix I = Ayly.y and the all 1’s matrix J = Aglyy, and satisfies
conditions (1)-(5') of the Bose—-Mesner algebra of an association scheme appearing
in Section 2.2. Namely, (Y, {R,lyxy}scq) becomes a commutative association scheme
and (4,ly.y | @ € Q) is its Bose-Mesner algebra.

Definition 2.64 (Subschemes). As seen above, the association scheme ) = (Y,
{R4lyxytacq) constructed on each connected component Y of the system of imprimi-
tivity of an imprimitive association scheme X is called a subscheme.

Let |Q| = s+ 1. Then s + 1 primitive idempotents of 2, are uniquely determined up
to ordering. Each primitive idempotent is a sum of some Ey, Ey, ..., E;. Namely, there
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exists a partition {0,1,...,d} = Ag U Ay U--- U Ag such that {Ey, = Y,ep Eq | O <
i < s} forms a set of primitive idempotents of the subalgebra 2(,. Therefore the basis
of primitive idempotents of the Bose-Mesner algebra (A,|yxy | @ € Q) is {E Alyxy |
0 < i < s}. On the other hand, since Agly,y = J € (Alyxy | @ € Q), there exists
E\ lyxy, which coincides with éAQIYXY = %] . We renumber {A; | 0 < i < s} so that
Ep,lyxy = %] holds. Now we let A = A,.

Proposition 2.65. With the above notation, regarding a subscheme %) of a commutative

association scheme X, the following hold:

1) 0eA;

(2) let Ao A = {k | Thereexisti,j € A such that ql!fj #0};thenAo A = A;

() let (P;(Ay)) osiss be the first eigenmatrix of 9); then P;(1\;) = Pj(a) for any a € A; and
jeQ;

(4) let(QA 1) Jea, be the second eigenmatrix of 9); then QA (i) = le ZaeA Q, (i) fori € Q.
We also have ZaeA Q,(i)=0ifi¢ Q.

Proof. (1) Since EyE, = m]AQ = %] = E,, we have 0 € A.
(2) It follows that Ao A ¢ A from koEp = Ag, Aq e Ag = Ag, and

EAOEA_ zzquk

1)eAk 0

The other inclusion is immediate from (1).

(3) Since the mapping A, — A,lyxy becomes an isomorphism from 2, to (A,ly.y | a €
Q), wehave 4; = Yio P;(\)E, forj € Q. On the other hand, we have 4; = Zgzo Pi(a)E,.
So we obtain (3).

(4) By the discussion in (3), forj € {0,1,.. s} we have EA IYI Yica QA (i)A;, where
|Y] = kq. On the other hand, we have E, = le Zi:o Q,(MA; and Ep = ZaEA]_ E,. This
implies (4). O

The character tables P and Q of X are displayed as follows (1; denotes the all 1’s
vector of size |A;| for 0 < i < s):

Q j

Y

Ay Pi(Ag)1y
: : 1Ql =s+1,
P= P(A)Y, o |, fafel,jeq,
P](a) = P](ﬁ) = P}(Al),

A P(Ay)1g
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the row sum of A

By @), ifieQ,

’ Q)= {1
Zacty QD {o, ifi ¢ Q.

Q= Qi e -

Next we consider the subalgebra 2, = (E; | i € A) of 2. Let [A| = ¢ + 1. Then
dim(2,) = t + 1. Since A = Ao A, 2, is closed under the Hadamard product. Moreover
since E, = éAQ and ‘Ag = Ag, for i € A, there exists j € A such that ‘E; = E;. Namely,
the subalgebra is closed under the transposition. Since 0 € A, we have |X|E, =] € ,.
In other words, 2[, contains the unit element J with respect to the Hadamard product.
Furthermore, 2, is commutative under the ordinary matrix product. In particular, for
any j € A, E\E; = E;E, = Ej holds. So E,, is the identity element of the subalgebra
2, with respect to the ordinary matrix product. By the discussion similar to the proof
of Proposition 2.15, 2/, has the basis of primitive idempotents (matrices with entries
1 or 0) with respect to the Hadamard product. Since idempotents with respect to the
Hadamard product contained in the Bose—Mesner algebra 2 must be a sum of some
adjacency matrices, there exists a partition of the index set {0,1,...,d} = QqU--- U Q;
such that the primitive idempotents of 2(, with respect to the Hadamard product can
be expressed as Aq, = Zaegi A, (0 <i<t).And we have 2, = (AQi |0<i<t).In
particular, let Q satisfy 0 € Q;. Then we have ] = |X|E, = Ag +Aq, + -+ Aq,.
Proposition 2.66. With the above notation, the following (1)-(3) hold:

(1) Foranyi(0<i<t),AqgAq=AgAq =koAqg,-
(2) For the system of imprimitivity X,, ..., X,, the (X, x Xp)-block Ag, |x,xx, of Ag, is the

zero matrix or the all 1’s matrix J.

(3) Foreachi (0 < i < t), define the adjacency matrix D; on £ = {X;,X,,...,X,} as
follows:

L ifAglxxx, =T

Dy(a, B) = { .
! O, lfAQi |Xa><Xﬁ = O

ThenAq, =D;®].

Proof. (1) Wehave®, = (E; | j € A) = (Aq, | 0 <i<t),anditisobvious thatE, = éAQ
is the identity element of 2.

(2) Compare the (X, x Xp)-block of both sides of AgAq = kqAg, . Since A, is block
diagonal and each diagonal block is J, if we let (AQi)a’ﬂ be the (X, x Xﬁ)-block of Ag,
we obtain J(Ag )ep = kq(Aq)eps- Here both J and (Aq, )4 p are square matrices of size
kq, and any entry of (A, ), p is O or 1. Hence equality holds if and only if the entries of
(Ag,)apareall 1, orall 0.

(3) It is immediate from (2). O
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Since each Ei e Apisa linear combination of {AQe | 0 < ¢ < t}, by Propo-
sition 2.66 (3), there exists a constant Q]-((Z) such that E; = % ZZ:O Q,-(E)Age
(% Yoo Qi(0Dy) ® (%]). Now we define

1 - .
F; = ;;)Qj(e)pg, j=0,1,...,t. (2.20)

Note that rkq = |X].

Proposition 2.67.

(1) Define a mapping ¢ from (E; | i € A)to(D; | 0 <i<t) by (p(%AQi) = D;. Then ¢
becomes an algebra isomorphism.

(2) Foreachi(0 <i<t), thereexistsj € {0,1,...,t} such that 'D; = D;.

(3) We have Aq = Aq, . Therefore Dy =1, Qg = Q.

(4) The algebra (D; | O <i < t) is the Bose—Mesner algebra of the commutative associ-
ation scheme on the system of imprimitivity ¥ of X.

(5) The matrices Fy,F,,...,F; defined in equation (2.20) form the basis of primitive
idempotents of the Bose—Mesner algebra (D; | 0 < i < t). Note that forj € A,
@(E;) = F;.

Proof. (1) Since (é J)? = é J, by the property of tensor products (Kronecker products)

of matrices, the mapping ¢ : D; ® %] — D; becomes an isomorphism from 2, =
(Ag,jo<i<t) 0 (D; | 0 < i< t) € M(C).

() LetQ) = {d' | a € Qi}; [AQi = Ag holds for i = 0,1,.... t. Since the subalgebra 2,
is closed under transposition, we have AQ; € 2,. Moreover, since {Aq ,Aq,...,Aq,}
are primitive idempotents of 2(, with respect to the Hadamard product, we have AQIg €
{Ag,>Aq,>--->Aq,}- Namely, there exists j such that Q= Q;. Therefore for each i, there
existsj € {0,1,...,t} such that tDl- =D;.

(3) Since Aq = koE) € Ay, Ag is a sum of some matrices in {Aq ,Aq,>. .-, Aq,}. On the
other hand, we have Ag = I®Jand Aq = Y,cq, A¢ = Ao +---. Hence we have Ag = Ag .
Thus we obtain Q, = Q, Dy = 1.

(4)Since] = Ag +Aq, +:--+Aq, , we have Dy +D; +- -+ D, = ]. Therefore all conditions
1", @",...,(5") of the Bose—-Mesner algebra of an association scheme in Section 2.2
are satisfied.

(5) This is clear from (1). O

Definition 2.68 (Quotient schemes). The commutative association scheme on the sys-
tem of imprimitivity ¥ = {X;,X,,...,X,} of X which has the Bose-Mesner algebra (D; |
0 < i < t) of Proposition 2.67 (4) is called the quotient scheme of X.
Proposition 2.69. Let P and Q be the first and second eigenmatrices of the quotient
scheme of X. Then the following hold:
1) P = % Yaco, Pald) (i€ A, 0<j<t);

ifi¢ Aand O <j <t, we have ZMQ], P, (i) = 0;
) Qi) = Qi) (@ ey jeN).
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Proof. For the quotient scheme, we have the following:

D; =) P(i)F;, 0<j<t,
ieA

T s o
F;= ;%Qj(z)ui, jeA. (2.21)
1=

Considering the inverses ¢ ' (D;) and ¢~ (F;), where ¢ is defined in Proposition 2.67 (1),
we have the following equations for the bases of the subalgebra 2, = (E; | i € A) =
(AQi|0sist):
éAQj = iEZAP,-(i)E,-, 0<j<t,
1 & -
B =, OQ]-(i)AQi, jeA. (2.22)
iz

On the other hand, we have

Ag = Y Ag= i( > ol B

aeQ; i=0 “ael
1 4
E=— Y Q@A, (2.23)
IX] a=0
Thus we obtain (1) and (2). O

The character tables P and Q can be displayed as follows (fori (0 < i < ¢t), 1;
denotes the all 1’s vector of size |Q;]):

Q - 9 Q
Ad) - = = the row sum of Q;: ¥’y Po(0)

P= o { koP;(i), ifie A,

0, ifig¢A,
A j
Qo Q;(0)1,
: : Al =t+1,
Q= Q Qj(i)li , ifa,feQ,jeA,

Q;(a) = Q;(B) = Qj(i)-
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2.8 Distance-regular graphs and P-polynomial association
schemes

In Chapter 1, Section 1.2, we defined distance-regular graphs, which are undirected
connected regular graphs with parameters given in (1.10). Let T = (X, E) be a distance-
regular graph of diameter d. Let d(x, y) be the distance between 2 vertices x, y € X. For
x € V,defineT;(x) = {y € X | d(x,y) = i}. With this notation, the definition of distance-
regular graphs is reformulated as follows. For any integer i with 0 < i < d and for any
x e Xandy € I;(x), IT;, 1) nT1()| = by, IT;_1(x) N T1(y)| = ¢; are constants which do
not depend on the choice of x and y, where we define ¢, = b; = 0. In fact, if we let k
be the valency of a distance-regular graph, then b, = k, and also if we let z € T;(y),
then the following hold:

o(x,z) +0(z,y) 2 0(x,y) =1,
(X, y) + 0y, 2) = 9(x, z).

Sowehavei-1<0d(x,z) <i+1, whichmeans z € I';_;(x) UT;(x) UT;,;(x). Therefore by
setting a; = |I;(x)NI';(y)|, we have a; +b; +¢; = |T1(y)| = k. Thatis to say, g; is a constant
which does not depend on the choice of x and y. We also have ¢; = [Ty(x) nT;(y)| =
[{x}| = 1. Moreover, since the diameter is d, we havec; > 0for1<i<d.

Problem 2.70. Letk; = |T;(x)| for 0 < i < d. Provethatky = 1, k; = k, ki,; = ’;—” hold for

0 <i < d-1. (Hint: Count the number of edges contained in {{z,y} | 3(x,y) = i,0(x,z) =
i+1}.)

Proposition 2.71. Let T be a distance-regular graph. Define the subset R; of X x X as
R; ={(x,y) | o(x,y) = i}. Then X = (X, {Rj}p<i<q) IS a Symmetric association scheme.

Proof. Define the matrix A; as in equation (2.1). Then the previous conditions (1), (2'), (3')
and (6') on the adjacency matrices of an association scheme hold. Hence it suffices to
show that (4') holds. We have

AADXY) = Y Ai(x,2)A(z,y) = [Tj(x) nTy ()|

zeX
G ifo0y)=j+1,
] g, ifoxy) =],
b)-_l, ifo(x,y)=j-1,
o, if [o(x,y) —jl = 2.

Sofor1<j<d-1, weobtain
A}Al = j+1Aj+1 + a]A] + bj—lAj—l‘ (2.24)

Therefore we can verify that 4; is a polynomial in A, of degree j inductively. Moreover
since the graph I" has degree k = b,, we have

(A, - kD)J = A)J - k] = 0. (2.25)
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Thus we obtain (4; — kI)(Ag + A; + -+ Ay) = 0. Since A, Ay, ..., A, are linearly inde-
pendent, the minimal polynomial of 4, is the polynomial in A, of degree d + 1 given by
the left-hand side of equation (2.25). Therefore the vector space spanned by the matri-
ces Ay, A, ...,A, is closed under the ordinary matrix product. Namely, there exists a
non-negative integer pij such that A;A; = Z?:O pijAe. Thus we obtain (4'), proving that
X = (X, {Ri}o<i<q) 1s @ symmetric association scheme. O

By Proposition 2.71, if d(x, y) = ¢, then
IT;00 N T()| = pi;

holds and the left-hand side is independent of the choice of x and y. In this way, the
following concept arises from distance-regular graphs.

Definition 2.72 (P-polynomial scheme). Let X = (X, {R;}(<i<q) be a symmetric associa-
tion scheme; X is called a P-polynomial association scheme or a P-polynomial scheme
with respect to the ordering Ry, R;, ..., Ry if the following condition holds: For each
i (0 < i < d), there exists a polynomial v;(x) of degree i in the variable x such that
A; = v;(A,) holds by a suitable rearrangement of the ordering of the adjacency matri-
cesof X.

By definition, the Bose—-Mesner algebra of a P-polynomial scheme becomes an
algebra generated by the matrix 4;.

The following theorem holds.

Theorem 2.73.

(1) Let X = (X,{Ri}p<i<a) be a P-polynomial scheme with respect to the ordering
Ro.Ry,...,R;. The graph T = (X,E) with vertex set X and edge set E = {{x,y} |
(x,y) € R} is a distance-regular graph.

(2) LetT = (X,E) be a distance-regular graph of diameter d. If we define R; ¢ X x X
as R; = {(x,y) | o(x,y) = i} foreachi (0 < i < d), then X = (X,{R;}o<i<q) IS a
P-polynomial scheme of class d.

Problem 2.74. Prove Theorem 2.73. (Note that (2) is clear from Proposition 2.71.)

Definition 2.75. Let M = (m;;)o.;j<q be @ square matrix of size d + 1. If m;; = O for any
i,jwith |i-j| = 2(0 < i,j < d), then M is called a tridiagonal matrix. We denote M as
follows:

* Mo1 Myp; - Mgogq Mggg
M=| myy my; my, - Maygq Myg
Mo My; Mz - Mg, N

Let X = (X, {Rj}o<i<q) be a P-polynomial scheme with respect to the ordering
Ro,Ry;...,R;. Then by Theorem 2.73, it turns out that the intersection matrix B, be-
comes a tridiagonal matrix.
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Theorem 2.76. Let X = (X, {R;}o<i<q) be a symmetric association scheme. Then the fol-
lowing are equivalent:

(1) X is a P-polynomial scheme with respect to the ordering Ry, R;, ..., Ry;

(2) the intersection matrix B, is a tridiagonal matrix with the following form:

* 60 G - Gy G
Bi=| 0 a a - a4 a |,
bo by by - by, x

whereb; +0(0<i<d-1),¢c;+0(1<i<d), b, =p§’)1 =k, andc, = 1;

(3) if we let P be the first eigenmatrix of X and we let 0; = Py(j) forj = 0,1,...,d, then
foreachi (0 < i < d), there exists a polynomial v;(x) of degree i in the variable x
such that P;(j) = vi(GI-) holds forj =0,1,...,d.

(Remark: In (3), 6,,0;,...,0, are the eigenvalues of A,. Therefore for a P-polynomial
scheme, any eigenvalue of A; (2 < j < d) is determined by the eigenvalues of A;. )

Proof. First we prove (1)=(2). Firstly, we have pio =0, b, = pﬁl =k, ¢y = p},o =1.By
the assumption of (1), for each i, there exists a polynomial v;(x) of degree i such that
A; = vi(4,). Since xv;(x) is a polynomial of degree i + 1, it can be expressed as a linear
combination of vy (x), v;(x), ..., v;,1(x). So we may write xv;(x) = ’;;10 CoVp(x). In partic-
ular, ¢;,; # 0. If we substitute A, in the equation, we have A,v;(4;) = ?:10 CpVe(Ay).

Therefore we obtain A4;4; = ’;10 cpA,. Since the left-hand side of the equation is

Y9 o bt As, we have p{; = 0 for any £ with ¢ > i + 2. We also have pif = Cisp # O.
Since X is symmetric, by Proposition 2.17 (6), we have kgpf)i = ipi,e- Therefore p; , =
holds for any £ with £ > i + 2and pii +1 # 0 holds as well.

Next we prove (2)=(1). Since ay = 0, a; = p’i,i l<i<ad),b; = p’i,iﬂ 0<i<d-1),
and ¢; = pil 1 <ic<a), p’il = 0 (i - j| = 2), we have A;4; = p’i‘ll 1 +p§lA +
py llAl+1 = b;_1A;_1 + a;jA; + ¢; 14,1 Define a polynomial v;(x) of degree i as vy(x) = 1,
v1(x) = x and define a polynomial v;, (x) of degree i+1 by using a three-term recurrence
xv;i(X) = by_1v; 1 (X) + @V;(X) + Cj1Vi41 (x). Then we have A;,; = v;,4(4y).

Finally, we prove (1)4:»(3) Let E; (0 < i < d) be a primitive idempotent of X. We have
A= Z]‘io P,()E; = Z] o 6;E;. Then for any polynomial v;(x) = Zifz() A,x¢ of degree i, we
obtain

d
vl(Al)—Z/leAl _ZAEZG"E Z(Z/‘e >j:2vi(9j)E
j=0

j=0\¢=0

Therefore (1) and (3) are equivalent. O

Problem 2.77.
(1) Prove that the Hamming scheme H(d, q), which is defined in Example 2.6 in Sec-
tion 2.1, is a P-polynomial scheme.



2.9 Q-polynomial association schemes =—— 87

(2) Prove that the polynomials K;(x), which give the first character table P of H(d, q)
(i. e., the polynomials of degree i which satisfy P;(j) = K;(j)), satisfy the following
three-term recurrence relation:

(I + DK 0) = (i + (g - D(d - 1) - g)K;(x) - (g — 1)(d - i + DK;_4(x).

Problem 2.78. Prove that the Johnson scheme J(v, d) defined in Example 2.7 in Sec-
tion 2.1is a P-polynomial scheme.

Proposition 2.79. Let X be a P-polynomial scheme. Then the eigenvalues 6,0, ...,0,
of A,, which are defined in Theorem 2.76 (3), are mutually distinct real numbers.

Proof. Suppose that there exist integers 0 < j # ¢ < d such that 6; = 6,. Then for
any integeri = 0,1,...,d, we have P;(j) = v;(6;) = v;(6,) = P;(¢), wherev; (0 < i < d)
is the polynomial of degree i defined in Theorem 2.76 (3). Then the j-th row and the
¢-th row of the first eigenmatrix P are equal, which contradicts the fact that P is non-
singular. O

Here we make a remark on the origin of the concepts and the names of distance-
regular graphs and distance-transitive graphs. Higman (1967) [215] studied distance-
transitive graphs, which he called permutation groups of maximal diameter. It was in
the late 1960s when the relation between permutation groups of rank 3 and strongly
regular graphs was known to the group theorists, and so Higman undoubtedly knew
the concept of distance-regular graphs at that time. Historically, Tutte [490] (1947) is
the old original paper that started the study in this direction in a sense. Also, we should
mention that there was a tradition of Russian school started around the end of 1960’s,
by Lehman, Weisfeiler, Faradjev, A. A. Ivanov, A. V. Ivanov, Shpectrov, Klin and oth-
ers. Cf. [262], [182] and many other papers. Biggs (1971) [92] introduced the term and
the concept of distance-transitive graphs, and a little later, he introduced the term of
distance-regular graphs. It is said that the concept itself was clearly understood by
Biggs around 1970 ([91] and [113, page 128]). Delsarte [159] independently figured out
the concept of distance-regular graphs, which he called metrically regular graphs or
P-polynomial association schemes. Delsarte also made an important contribution by
introducing Q-polynomial schemes, which will be discussed in the following section.

2.9 Q-polynomial association schemes

In this section, we consider a symmetric association scheme X. The Bose—-Mesner al-
gebra of X has a structure of a commutative algebra which is closed under the ordinary
matrix product and the Hadamard product. For the algebraic structure with respect to
the Hadamard product, we can define a concept similar to P-polynomial schemes.

Definition 2.80. Let X = (X, {R;}o<i<q) be a symmetric association scheme; X is called
a Q-polynomial association scheme or a Q-polynomial scheme with respect to the order-
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ing Ey, Ey, ..., E, if the following condition holds: For each i (0 < i < d), there exists
a polynomial v (x) of degree i in the variable x such that |X|E; = v; (IX|E;) holds by a
suitable rearrangement of the ordering of the primitive idempotents of X.

When we substitute a matrix into the polynomial v; (x), we use the Hadamard
product for products of matrices.

Distance-regular graphs give a combinatorial meaning of P-polynomial schemes.
Unlike P-polynomial schemes, Q-polynomial schemes do not have such combinatorial
objects. However, the following proposition holds.

Proposition 2.81. Let X = (X, {R;}o<i<q) be a symmetric association scheme. Then the
following are equivalent:

(1) X is a Q-polynomial scheme with respect to the ordering Ey, E;, ..., Ey;

(2) the dual intersection matrix By is a tridiagonal matrix with the following form:

* * * *
¥ 0 & o Gy G
Bi=| 0 a & - ay, a; |,
* % % *
by, by by -+ by, *

whereb; #+0(0<i<d-1),cf +0(1<i<d),b; :qﬁ1 =my,andc; =1;

(3) if we let Q be the second eigenmatrix of X and we let Gj* = Q,(j) for0 <j < d, then
foreachi (0 < i < d), there exists a polynomial v{ (x) of degree i in the variable x
such that Q;(j) = v{‘(@l-*)for anyj (0 <j<d).

Proof. The proofis similar to the proof of Theorem 2.76 for P-polynomial schemes. [
Problem 2.82. Prove Proposition 2.81.
The property similar to Proposition 2.79 holds for Q-polynomial schemes.

Proposition 2.83. Let X be a Q-polynomial scheme. Then the following hold:
(1) for1<i<d-1,wehave

* ak * * * 4% * *
A A} =ciyAin + 4G Ay + b A

in particular, qff]- = 0 holds for any integers 0 < i,j,k < dwithi+j < k;
(2) 65,6;,...,86; defined in Proposition 2.81 (3) are the eigenvalues of A; and they are
mutually distinct real numbers.

Proof. (1) This is clear from Proposition 2.32 (2) and Proposition 2.81 (2).

(2) By equation (2.9) of the definition in Section 2.2, we have A{E; = Y4_ Q;(@)E.E} =
Q,(KE; = O¢E; . Therefore 6,0y, ...,0) are the eigenvalues of A}. The proof that they
are mutually distinct is similar to that of Proposition 2.79. O

The polynomial systems arising from P-polynomial schemes and Q-polynomial
schemes form systems of orthogonal polynomials satisfying the so-called three-term
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recurrence relations. Many association schemes which are important in terms of ap-
plications to combinatorics and other areas have the properties of both P-polynomial
and Q-polynomial schemes. The association schemes having these properties are
called the P- and Q-polynomial schemes, and the corresponding orthogonal polyno-
mials have been extensively studied in the theory of orthogonal polynomials. The
Hamming schemes and the Johnson schemes defined in Examples 2.6 and 2.7 in Sec-
tion 2.1 of this chapter provide important examples of P- and Q-polynomial schemes.
In the next section, we will explicitly compute their character tables and show that
they are indeed P- and Q-polynomial schemes. Besides these examples, the g-Johnson
schemes and the association schemes of bilinear forms also have the structure of P-
and Q-polynomial schemes. These will be discussed in Chapter 6.

2.10 Character tables of various association schemes

2.10.1 Association schemes on finite abelian groups

Let G be a finite abelian group. Every conjugacy class of G consists of a single element.
Here we consider the association scheme X(G) arising from the conjugacy classes of G,
which is defined in Example 2.8. In what follows, the operation on G is written in ad-
ditive notation and the identity element is denoted by 0. If we define R, = {(x,y) €
GxG | x-y=g}foreachg € G, we can write X(G) = (G, {Rg}sec)- The adjacency
matrix A, corresponding to R, of X(G) is indexed by G x G and its (x, y)-entry can be
written as A, (x,y) = 6,_, - Thenfor g, h € G, the (x, y)-entry of A;Aj, can be calculated
as follows:

(AgA)XY) = Y A6 2AREY) = ) By 166,y

zeG zeG

_{1, ifx-y=g+h,
|l o ifx-y#g+h

So it turns out that A,Aj, = ApA, = Ag,p- Let P be the character table of X(G) and E,
(x € G) the primitive idempotents of X(G). Since we have

AX = z Px(g)E >
geG
the following holds:
Y Proy(® = Ay = Ay = ( ¥ PoIE, )( T B (E,
geG geG heG
= ) P.(8)P,(9)E,. (2.26)

geG
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Therefore we obtain P, (8) = Py (8)P,(g) for each g,x,y € G. If we define lpg(x) =
P,(g), then 1, becomes an element of the character group G of G. Since P is non-
singular, {); | g € G} is identical to G, and P is identical to the character table of
the irreducible characters of G. We can rearrange the ordering of R, (x € G) so that
P is symmetric. Since any finite abelian group is isomorphic to a direct product of fi-
nite cyclic groups by the fundamental theorem of finite abelian groups, we explain
the case of cyclic groups only. Let G = Z/mZ = {0,1,...,m — 1} be the cyclic group of
order m. Let { be a primitive m-th root of unity. If we define 1, (x) = P,(y) = ¢, , is
a linear character of G = Z/mZ. Obviously, P, (y) = P, (x). Thus P becomes symmetric.
Then by Theorem 2.22 (3), it turns out that P = Q, and by Proposition 2.47, X(G) is
self-dual.

2.10.2 The character table of the Hamming scheme H(d, q)

At the end of Section 2.8 in this chapter, the proof of the fact that the Hamming scheme
H(d, q) becomes a P-polynomial scheme is left as an exercise for the reader. Here, by
calculating the eigenmatrices P, Q of H(d, q), we want to show that H(d, q) is a self-
dual P- and Q-polynomial scheme. When we defined the Hamming scheme H(d, q) in
Example 2.6 in Section 2.1, F was defined to be a g-element set which does not have any
algebraic structure. Here we regard F as an abelian group, and write F = F,. Namely,
F = F, is an additive group of order g. In fact, this does not make any difference to
the definition of the Hamming scheme. For x € X, we define the weight as w(x) = |{i |
1<i<d, x; # 0}|. Then the Hamming distance can be expressed as d(x,y) = w(x —y).
Thus we have R; = {(x,y) | w(x —y) = i}. We define X; = {x € X | w(x) = i}. Then
Xo, Xy, ..., X, give a partition of X. As is mentioned in Section 2.10 of this chapter, let
F 4 be the character group consisting of the linear characters of the finite abelian group
F,; F, can be indexed by F,. If we put F; = {1, | x € F,;}, we can rearrange the ordering
of the elements of Fq sothaty,(y) = l/)y(X) holds; X = F,‘; is also a finite abelian group.
Forx = (x,X3,...,X2), ¥ = V1, V2 --->Vq), if we define ¥, (y) = Hid:l ¥ (vi), then ¥y
becomes a linear character of X. It turns out that the character group of X is X = W, |
X = (X1, Xp,...,Xg) € F(‘;}.

Proposition 2.84. LetD = {0,1,...,d}. For givenj,k € D and u € X;, we have
g pki(d =T\ (]

Y W0 = Kel) = Y -'(a - (1))

xeXy i=0 - UM

Remark 2.85. The polynomial K, (u), which appears in Proposition 2.84, becomes a
polynomial of order k in u. In general, the polynomials of the following form are called
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Krawtchouk polynomials and form a system of orthogonal polynomials:

K(w) = i(—l)"(q - 1)k‘i(‘f<:‘.‘)(‘.‘). 2.27)
i=0

1 1

The following transformation is also known:

K = Y- (@) 2.28)
i=0

1

The generating function of the Krawtchouk polynomial is (1+ (q—l)z)d‘“ (1-2)". Namely,
K, (u) appears as the coefficient of the term ZFin the generating function. Consider the
following transformation of the generating function:

u

d-u u_ _ d 1-z
(1+@-D2) (1-2"=(1+(q-12) (—1+(q_1)z)-

Then we can prove equation (2.28). We omit the proof ([445]). Here we extend the def-
inition of the binomial coefficients as (;) =0ifi<Oorj<0,o0ri<j.
Proof of Proposition 2.84. Let D* = D\{0}. For each k-element subset M of D*, define
Xy < Xy by

Xy=xeX|x,+0,veM]

For M;, M, c D* with |M;| = |M,| = kand M; # M,, Xum, N Xy, = 0 holds. Therefore X;
is partitioned as follows:

X=|J Xu
McD*,
IM|=k

Letx = (x1,X3,...,Xq) € Xpr- Thenx, = Oforv ¢ M, and x, # O for v € M. So we have
Y, (x) = ]_[“il:1 Yy, (%) = [Tyem Yo, (). Therefore we have

> w0 = Y (1) =TT T oo

xeXy xeXy ‘veM VeM x, €Fy

Since ¥, is a linear character of F;, we have ), F, Yy, (%) = 6,4, and thus we have

T (X)z{q—l, ifu, =0,

s 1, ifu, # 0.
Next we definei = |[{v € M | u, # 0}|. Then

1Y v,x)=EDig-n

VeEM x, eFy
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On the other hand, sinceu € Xj, foreachi (0 <i < d), the number of M ¢ D* satisfying
i=|{veM|u,+ 0} and |[M| = k is exactly equal to (]l)(‘lfj) Therefore we obtain

Y=Y ¥ ¥, i()(z ’)( g -1k 0

xeX; McD* xeM i=0
M=k

Theorem 2.86. Let P, Q be the first and second eigenmatrices of the Hamming scheme
H(d, q). Then the following holds:

Py (i) = Qi) = Ky ().
In particular, H(d, q) is self-dual.

Proof. Define a matrix H;, whose rows are indexed by X and columns by X;, as follows.
For (x,y) € X x X,

Hy(x,y) = Y, ().

Then for any (x,y) € R;,

(HH)xY) = Y Y@P,0) = Y ¥ ()Y (@)

zeX; zeX)
= ) ¥, (@) = K(i).
zeX;
So we have
LT ZK (D)A;.
Xk T X &t

Moreover, for (x,y) € X x X;, we have

(HiH)(x,y) = ) T,00%,(y) = ). W,y - X) = 8, |X].

zeX zeX

So we obtain
H,fH] = 6 IXII.

Therefore, if we define E; = le 1H forj € D, then E, E,, ..., E; are mutually orthogo-

nal idempotents and satisfy

E= X 2 ZK(I)A

Therefore we have

Qi) = K;(i).
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Next, note that m; = Q;(0) = K;(0) = (¢ - 1)'(¢) and k; = |X;| = (g - 1Y(9). By Theo-
rem 2.22 (3), we obtain

Py(i) = ’Q ) = @-v0), )
il G w i
_(g-v7lid- i ie(d—j
S jid-j) Z( Da-1 ( e)(e)
j . .
N \Ep  qy-eiid = D)! (d-j)! j
= Z( D(g-1 l(d ])l i-o&)\(d- ]_ i+0) €|(] ?)!
j o
N1\ Ve il(d-1i)
_go( V-V G pmd-icj+0G-0)
= Ky(i). .

Thus we have shown that H(d, q) is self-dual. In Problem 2.78, H(d, q) was proved
to be a P-polynomial scheme. Theorem 2.86 shows that H(d, q) is a P-and Q-polynomial
scheme.

2.10.3 The character table of the Johnson scheme J(v, d)

Let V beav-element set and X the set V9 of d-element subsets of V. Assume 0 < d < %
The Johnson scheme J(v, d) is defined on X and its relations Ry, R;, ..., R; are defined
byR; ={(x,y) e XxX | [xny| =d—i}.Let Ay, Ay, ..., A, be the adjacency matrices and
2 the Bose—Mesner algebra. Let D = {0,1,...,d}.

Proposition 2.87. The valency k;(i € D) of ] (v, d) is given by the following equation:

= (07

Proof. Fixx € X. Thenk; = [fy e X | (x,y) e R}l = {y € X | Ixny| = d - i}|. Thus
by choosing d - i elements from x and choosing i elements from V\x, we obtainy € X
satisfying the condition. Therefore, k; = (,%.)(*7%) = (4)("79). O

1
Next, we define a matrix C; € 2 (i € D) as follows:

C; = i(f)AH. (2.29)

S
i)

Proposition 2.88. We have:

(1) Cy,Cy,...,C4form a basis of 2;

(2) if welet (x,y) € Ry_y, then Ci(x,y) is the number of i-element subsets contained in
xny.
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Proof. (1) By the definition, C;_; = A; + (d - i+ 1)A;; +---fori = 0,1,...,d. Hence
(Cd, Cd—l’ ey Cl’ C0> = <A0’A1’ osa ’Ad—l’Ad> = Q[
(2) It is clear because C;(x,y) = (¥) and [xny| = k. O

Proposition 2.89. We have

(D0)= 20 (Z00)

Proof. We use induction on j. For any d, r, when j = 0, both the left-hand side and the
right-hand side become ( )ifi = 0 and they become 0 ifi > 0. For any d, r, i, we assume
the equation holds for 0 < j < k, and will show that it holds for j = k + 1. We have

S (L)

e=i
r

X O awrie
=<’<+1>Z<—”€ l( )(f ﬁ)t"(k =

= (k+1) Z( " ’(V 1)(d 11 :)$

v=i-1

k”rl =) v! d-1-v\ k!
vgl(_) 1)!(‘/—(i—l))!(r—l—v>v!(k—v)!

k+1 "Zl 1y 1)( v )(d—l—v)(k)
V r-1-v/\v/
By the induction hypothesis, for d — 1,i — 1,r — 1, the equation holds for 0 < j < k.
Therefore we have

S (69

- g(r —dl_—l(:(l)><i,—<1) B (d _r(’—< z+ 1))(k z+ 1)' =

Proposition 2.90. We have

min{r,s}

d-e\(d-e\(v-r-5
Gl = go (r—e)<s—e><v—d—e>c€'

Proof. For k € D, let V% be the set of k-element subsets of V (X = V?), We want
to compute the (x, y)-entry of the matrix C,C;. Let (x,y) € R;_,,i.e., x,y € X = v,
[x ny| = u. Then we have

(CCHY) = ) Cx2)Cy(2,Y).

zeV @
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By Proposition 2.88 (2), C,(x,z) = |{¢ c xnz | |€| = r}land C,(z,y) = [{n c zny | In| = s}.
So we have

(CCHxy) =Y [{Ecxnz|El=r}|[{nczny|nl =s}|

zeX

={(&.n.2) € VOV V@ | fcxnecy,éunc z}|.  (2.30)

For eachi € D, we have

e cxrgevienyi=iy=(T-1)(%)

r—1

If we fix & € V" satisfying & c xand |£ ny| = i, and j € D, we obtain

fneyinevmng=i-(5)()

Moreover, if we fix ¢ € V" andn e V' satisfying & c x,n c y, |€ny| =iand | nn| =,
we obtain

7@ :<v—r—s+j).
|{z € [&unczl v_d

Therefore we obtain

comn=3 (ST e

ijeD

Now we apply Proposition 2.89 to (‘ij‘)('l‘) We obtain

o o e
BEE OO0 T

)
)3 s

D

O

We simplify the coefficient of C,(x, y) by using Proposition 2.89. We have
2 S G )
¢/\s—-j/\j v-d

i=0 j=0
(e ()
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S (), 50
- (fi DX (TN )6)
(DT

Here we put v = ¢ — j. Again by Proposition 2.89, we obtain the following:

ST 0 S G)

V-r-s+¢£-¢ vV-r-sS
_< d-r-s+¢ >_<v—d—€) (232)

By combining the above calculation, the proof is complete. O

Next, we consider the relation between the basis E, E;, ... ., E; of primitive idem-
potents for the Bose-Mesner algebra 2l and Cy, C;, .. ., Cy.

Proposition 2.91. By a suitable rearrangement of the ordering of Ey, E;, . .., E4, the fol-
lowing (1), (2) hold:

(1) foranyr=0,1,...,d,C, = Yi_o (TN ("} )E;;

(2) m; = rank(E;) = rank(C ) — rank(C;_;).

Proof. (1) By the definition of C; (0 <i < d),wehave2 = (4; |0<i<d)=(C; |0 <
i<d).If wedefine 2, = (C; | 0 <i<r), then the following holds:

Ay Ay C--- Ay,

Each 2, is an ideal of 2, and as a vector space, its dimension is dim(2(,) = r + 1. There-
fore by a suitable rearrangement of the ordering of Ey, E;, ..., E;, we have 2, = (C; |
O0<i<r)y=(E|0<ic<r).Thenforeachr =0,1,...,d, there exists a real number
pr; (0 <1 <r)satisfying the following:

.
G = zpr,iEi-
i=0

Now suppose 0 < s <r < d, and we compute C,C,. Then we obtain the following:

anE ZPSJ Zpr,ps, ;

j=0
s-1

= pr,sps,sEs + Z pr,jps,jEj
j=0



2.10 Character tables of various association schemes = 97

s-1 s-1
= pr,s<cs - zps,jEj> + pY)jpSJEj
j=0 j=0
s-1

= pr,sCs + zps,j(pr,j _pr,s)Ej~
j=0

Since Zf;é Psj(Prj — Prs)Ej € Us_y, by Proposition 2.90, we obtain

_(d—s)(v—r—s)_(d—s)(v—r—s)
Prs =\ s \v_da—s) " \r=s )\ a=r /)
This completes the proof of (1).

(2) Since Ey,E,...,E; are mutually orthogonal primitive idempotents, we have
rank(C,) = Y!_, rank(E;) = YI_, m;. By this, we can prove (2). O

Next, in order to find the rank of C;, we define the following matrix. Let 0 <i < d.
We define the matrix M;, whose rows are indexed by X = V@ and whose columns are
indexed by V?, as follows. For (x, &) € X x V1, the (x, &)-entry of M; is defined by

1, ifé&cx,

0, ifé&¢x @33)

M;(x,§) = {
Then the following holds.
Proposition 2.92. We have
Ci=M;'M;, O<i<d.

Proof. Let (x,y) € R;_,. Then by the definition, C;(x,y) = (f) On the other hand, since
[x ny| = ¢, we have

i e
Y Mo oM. = |{§ v 1§ cxnyll= (). O
Eey® !
The next lemma was given by Kantor [272].!
Lemma 2.93 (Kantor 1972). With the above definitions and notations, the following
holds:

rank(M;) = |V(i)| = (v)

1 Tsuyosi Miezaki pointed out that this result is introduced as Gottlieb’s theorem [202] in the book: Jifi
Matousec, Thirty-three Miniatures: Mathematical and Algorithmic Applications of Linear Algebra, AMS,
2010.
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Proof. Suppose the column vectors of M; are not linearly independent. Then there ex-
ists ¢£* € V¥ such that

M) = ) aM(é), a;eR xeX.
gevingss:

Let S; be the symmetric group on ¢* and S,_; the symmetric group on V\é*. Let G =
S; xS,_;act on V. More precisely, for g = (0,7) € Gand a € V, we have

ag_{a", ifaeé”,
| a', ifagér.

Then for any g € G and for subsets ¢ € V9 x € X = V'@ of V satisfying & c x, we have
&8 c VD x8 e X, &5 c x5. Wealso have (£*)8 = &*. Thereforeforg € G, (x,&) € XxV®,
we have M;(x%, &%) = M;(x, ¢) and the following holds:

M6 &%) =M, (8% ) = Mi(x%, &%) = Y agMi(x5,€)

Eev i Exs
-1
= Z a{Mi(X, {g ) = Z a{gMi(X, 5) (2.34)
rev®, sevd,
§#” §#"

If we take the summation over g € G for both sides of equation (2.34), we obtain

wwwfﬂ=221%mma=ZAmuﬂz%Q. (2.35)

g€G gevd, sevd, geG
§#E" §g

Now consider the action of G on V. If we define V}.(i) ={£ e @ | € n&*| =j}, then
I/j(i) becomes an orbit and V¥ = U;;O Vj(” is the orbit decomposition of V® by G. In
particular, Vi(” = {£*}. Moreover, for &;,¢, € !/I.(i), both of which belong to the same
orbit of V?, we have DgeG U = Dge s - Here we define

b= g £V j=0. -1
geG

Then we obtain the following:

b; M;(x,¢), xeX. (2.36)

Eev®

Mi(x,§7) =

ML

I
o

J

Next, for eachj = 0,1,...,i -1, fix xX¥ ¢ X satisfying [x? n &*| = j. Then the following
holds:

M;(x9, &) =0, 0<j<i-1(&" ¢x¥), (2.37)
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Z My(x",&)+0, 0<e<j<i-1(thereexisté cx?,¢ e Véi)), (2.38)
gev®

Y M(x",&)=0, 0s<j<e<i-1(¢¢x?). (2.39)
£ev®

If we substitute x in (2.36) by x¥ (0 <j <i-1), we obtain exactly i linear equations in
b, (0 < ¢ <i-1)as follows:

i-1
Y b, Y M(xP.&)=0, 0<js<i-1 (2.40)
=0 rey®

By (2.37)-(2.39), it turns out that the coefficient matrix of (2.40) is a triangular matrix
with diagonal entries non-zero. Thus by = b; = --- = b;_; = 0. By (2.36), M;(x,&*) =0
holds for all x € X. However, x € X satisfying £* ¢ x always exists, which is a contra-
diction. Therefore, the column vectors of M; are linearly independent, which means
rank(M;) = [V?] = (¥). O

By Proposition 2.91, Proposition 2.92, and Lemma 2.93, we obtain the following.

Proposition 2.94. The multiplicity of the Johnson scheme is given by the following:
m; = rank(E;) = (1:) - (i 1/ 1), O<i<d.

Theorem 2.95. Let P, Q be the first and second eigenmatrices of the Johnson scheme
J (v, d), respectively. Then the following hold:

Py(0) = i(—l)ff(Z:f)(d; H(-are, (241
£=0
Q;(i) = mk; 'Py(). (2.42)

Proof. By (2.29), Ay = Cy4. In general, we can verify that

d
A=Y e, (2.43)
-k ;k (k)

Hence by Proposition 2.91(1), we have

T Y (4D {9 (g 3 )
Ifwesetj=d-r,u=d-kin (2.44), then we obtain
ro=Sr (DN e
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Thus, we have determined the eigenmatrices of the Johnson scheme J (v, d) specifi-
cally. In Problem 2.78, the Johnson scheme (v, d) was shown to be P-polynomial. If we
express as E;(x) = ";:0(—1)"“}(%’_? )(4,%)("~44¢7), then E;(x) is a polynomial of degree 2j
in x; P;(i) is a polynomial of degree j in P, (i), where P, (i) = (d —i)(v-d -i+1) —d. This
polynomial E;(x) is an orthogonal polynomial, which has long been known. In Del-
sarte [159], E;(x) is called the Eberlein polynomial (this name seems not very common
nowadays). For details, see Chapter 6. Also, by using the formulas in Theorem 2.95,
the second eigenmatrix Q can be expressed in terms of an orthogonal polynomial. We
omit the proof because the calculations are too complicated. In this way, we can verify

that the Johnson scheme J(v, d) is a P- and Q-polynomial scheme.

2.11 Embeddings into spheres

In this section, we consider a symmetric association scheme X = (X, {R;}o<j<q). Since
the eigenvalues of a symmetric matrix are real, the eigenmatrices P, Q of X are real
matrices and the basis of primitive idempotents consists of real matrices. Therefore,
in this section, V denotes the vector space spanned by X over the real field, i.e., V =
R¥! = R", where n = |X|. Here we identify X with the canonical basis of R", that is,
x € X is also the basis vector in R" whose x-entry is 1. The canonical inner product of
R" is denoted by {, ). Fix E = E, for a primitive idempotent E,. For each i (0 < i < d),
let 67 = Q,(d).

Definition 2.96 (Spherical embeddings). Define a mapping p = pg from X to V = R"
by p(x) = vnEx. The mapping p is called the spherical representation of X.

The next lemma holds.

Lemma 2.97.

(1) If(x,y) € Ry, then (p(x),p(y)) = 6;. Note that 6] = Q,(i).

(2) There exists a constant a € R such that zyer,-(x) p(y) = ap(x) holds, where T';(x) =
{y e X | (x,y) € R;}. Inthis case, a = P;(1).

Proof. (1) By definition, we have the following:

(p(x),p(y)) = n(Ex, Ey) = n'x'E,E,y = n'xE,y

d
= fx(Z Q, (DA, )y = Q,(i).
1=0
(2) By definition, we have the following:
Y py)=+nE; Y y=+nEAx

yel;(x) yel;(x)
= VnP;(1)E.x = P(1)p(x).

Hence we have a = P;(1). O
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By definition, the set {p(x) | x € X}isasubsetof V; = E,V ¢ V = R*; v, is an
m;-dimensional subspace of V. Moreover, by Lemma 2.97 (1), we have (p(x), p(x)) =
05 = Q;(0) = my. So each element of {p(x) | x € X} is on the sphere of radius /m;. The
reason why we call p = py the spherical representation is based on this fact.

Definition 2.98. The spherical representation p = pg is said to be non-degenerate
(resp. weakly non-degenerate) if 6,67, . .., 8 are distinct (resp. if ) # 6,1 <i < d).

Remark 2.99. If X is Q-polynomial with respect to E = E;, then p = pj is non-
degenerate.

Proof. 1t follows from Proposition 2.83. O

In what follows, we consider a weakly non-degenerate spherical embedding
P = PE-
Definition 2.100 (Terwilliger [464, 472]). For any x,y € X and i,j € {0,1,...,d}, the

spherical representation p = py is said to be balanced if the following holds: There
exists a real number a € R such that

Yoop@- Y p)=alpXx) - p®)). (2.46)

zel;()NL;(y) zel;0)nT(y)
In this case, if we let (x,y) € R, and define
o - 9].*

e .47)
60 - ek

k k

Yij = Dij

thena = yffj. Moreover, if (2.46) holds for specifici,j € {0,1,...,d}, p is said to be bal-

anced with respect to {i,j} (or {i, j}-balanced). Equation (2.46) is known as the balanced
set condition ([464, 472]).

Proof. 1f we compute the inner product of p(x) and the left-hand side of (2.46), then
we obtain

k n* k o k (n* *
If we compute the inner product of p(x) and the right-hand side of (2.46), then we
obtain a(6; - 6;). a
Next we consider the representation graph Ag, which was introduced in Defini-

tion 2.58 in Section 2.7.3 of this chapter.

Proposition 2.101. Let Ay be the representation graph for E = E,. Then the following
are equivalent:

(1) The spherical representation p = pg of X is weakly non-degenerate.

(2) The representation graph A = Ag of X for E is connected.

Proof. By Proposition 2.59, A is connected if and only if the Q,(0)-eigenspace of B is
1-dimensional if and only if Q;(j) # Q;(0) for anyj # O. O
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An alternative proof of Proposition 2.101: (1)=(2). We use the dual Bose—Mesner alge-
bra 2* = 2A*(x,) defined in Section 2.6 of this chapter (Proposition 2.32 and Def-
inition 2.33). Here x, is a fixed point of X. Let A’ be a connected component of A.
Let Eyr = Y;ca Ej. By a suitable rearrangement of the ordering of 45,..., A}, we set
A™ = A]. Firstly, we show that

EAIA* :EAIA*EA/ :A*EAI. (2.49)

By Corollary 2.37 (2), we have EiA*Ej = 0if and only if ‘1111 = 0. Therefore we obtain the
following:

d
EyA*T = <Z Ei>A*<ZE}-> = Y EA'E
j=0

ieN ien’
0<j<d

= Y EA'Ej=EyA"Ey. (2.50)
ijen’

Similarly, we can prove IA*E, = EyA*E, . Hence (2.49) holds. Let Ey = Z?:o a;A;. By
(2.49), we obtain
d

0=EyA" -A"Ey = ) a(AA" - A A)). (2.51)
i=1

(AA™ - A™A)(x0,Y) = Ai(x0, VAT (1Y) = A" (X0, X0)Ai (X0, )
~ {61* -6, if(xg,y) €R;,

, 2.52)
0, lf (XO: }/) ¢ Ri'

Since the spherical representation p is weakly non-degenerate, 8; # 6; for any i # 0.

Thereforea; = a, = --- = a; = 0, and E = a,l. Since E,, is an idempotent, af, = Qy,
which implies ay = O or 1. If ag = 0, A’ is an empty set. If ao = 1, then A’ = {0,1,...,d}.
Thus A is connected. O

Theorem 2.102 (Terwilliger [464, 472]). Let E be a primitive idempotent of a symmetric
association scheme X and let p = pp and A = Ag be the weakly non-degenerate spher-
ical representation and the representation graph, respectively. Then the following are
equivalent:

(1) p = pg is balanced;

(2) A=Agisatree.

The next corollary immediately follows from Proposition 2.81 (2) and Theo-
rem 2.102.

Corollary 2.103 (Terwilliger [464, 472]). If X is Q-polynomial with respect to E = E,
then the spherical representation p = pg, is balanced.
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Proof of Theorem 2.102. We use the dual Bose-Mesner algebra 21" = 2*(x,) again. Let
A" = A7 € A*. We define a linear subspace £ of the Terwilliger algebra T as follows:

L = L(xg) = Span{MA*N — NA*M | M,N ¢ 2l}. (2.53)
Firstly, we prove the next lemma and corollary.

Lemma 2.104.
(1) Theset{E,A"E;-EA"E;|0<i,j<d,i#}j, q|; # O} is a basis of L.
(2) The subset {A*A; — A A™ | 1< k < d} of L is linearly independent.

Proof. (1) LetM = Z?:o oa;E;and N = Z,d:o B;E;. By Corollary 2.37 (2), E;A*E; = 0 if and
only if q’ll = 0. So the following holds:

MA'N-NA"M = ) af(EA"E; - EA'E).
qlllzl*o
Therefore we obtain
£ =Span{EA'E; - EA'E; |0 <ij<di#}], |, # O}
Next, we show the above generating set is linearly independent. Assume

Y a;(EA'E - EA'E;) =0, (2.54)
i,j,i#j
”{,i;O
and multiply both sides of (2.54) by E; from the left and by E; from the right. Then the
left-hand side becomes a;;E;AE;, and hence q;;E;A"E; = 0. Since q’li # 0, we have
EIA*E] Zﬁ O ThuS 0(1-’]- = O
(2) Similarly to (2.52) in the alternative proof of Proposition 2.101, the following holds:

0: 067, if(xy,y) €Ry,
(A*Ak—AkA*)(Xo,Y)=1 oK 1 o)< By

0, if (xo,y) ¢ Ry.
Assume

d
> oy (A"A - AAT) = 0.
k=1
Forall1 < k < d, compute the (x,,y)-entry of both sides where (x,,y) € Ry. Then we
obtain a, (65 — 6;) = 0. Since p is weakly non-degenerate, 65 — 6; # 0, and hence
Q. = 0. O

Corollary 2.105.

(1) The dimension dim(L) of £ equals the number of edges of the representation graph
A= Ag.

(2) We have d < dim(L). Equality holds if and only if the representation graph A = Ag
is a tree.
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Proof. (1) This is clear from Lemma 2.104 (1).

(2) By Lemma 2.104 (2), we obtain d < dim(£). Note that d + 1 is the number of vertices
of the representation graph A and dim(£) is the number of edges of A. Moreover, since
p is weakly non-degenerate, A is connected by Proposition 2.101. Therefore dim(£) = d
if and only if A is a tree. O

Here we return to the proof of Theorem 2.102. As we mentioned above, A is a tree
(Theorem 2.102 (2)) if and only if d = dim(£) if and only if £ = Span{A*A; —A;A* | 1<
k < d} ifand only if for any i,j € {0,1,..., d}, there exists a real number ygfj such that

d
AAA - AATA = Y YE(A A - A AY). (2.55)
k=1

If (2.55) holds, we have

K 6)i* B 9}‘*

oo (2.56)

k
Yij =P

This can be proved as follows. For (xq,y) € Ry, the (xq,y)-entry of the right-hand side
of (2.55) is yffj(BS - 6;), and the (x,, y)-entry of the left-hand side is

Y Ailxg, A" (2, 24)(z,y) - Y Ailxo,2)A (2,2)A(2, )

zeX zeX

= pi(6; - 67). 2.57)

Therefore (2.56) holds. Next, we show the following lemma.

Lemma 2.106. Letp = pg be the spherical representation and let A* = A7 (xo) € 2" (xp).
Then the following hold:

(1) foranyz e X, we have A*(z,z) = {p(xy), p(2));

)

Pxe),p(x) —p(y)), if(x,y) € Ry,

(A*A -A A*)(X, ) =
KA TR {0, if (%,Y) ¢ Ry

Proof. (1) If (xy,2) € Ry, by definition, A*(z,2) = Q;(k) = 6; ((2.9) and (2.10)). Hence
by Lemma 2.97 (1), A*(z,z) = {p(xp), p(2)).
(2) Similarly to (2.52) in the alternative proof of Proposition 2.101, we obtain

(A"Ay - A A (x,y) = A" (X, ) A (%, ) = A (G ))A™ (1, )

) {A*(X,X) -A*(yy), if(xy)eRy,

(2.58)
0, if (x,y) ¢ Ry.

Hence by (1), we obtain (2). O



2.11 Embeddings into spheres = 105

By Lemma 2.106, the (x, y)-entry of the left-hand side of (2.55) can be calculated as
follows:

(AIA*A] - A]A*Al)(x, y)

= Y A2DA (2 2Azy) - Y Ai(x.2)A(2,2)A(z,)
zeX zeX

A*(z,2) - Z A%(z,2)
zel;(0)NT(y) zel;(x)NL(y)

<p(x0), Y - ) p(z)>. (2.59)

zel;00NL(y) zel;()NL(y)

For (x,y) € Ry, the (x,y)-entry of the right-hand side of (2.55) is yfj(p(xo), px) = py)).
Since x, is arbitrary, for any (x,y) € Ry, (2.55) and (2.46) are equivalent. From the above
discussion, we have shown that the spherical representation p is balanced if and only
if Ais a tree. This completes the proof of Theorem 2.102. O

We close this section by proving the next theorem.

Theorem 2.107 (Terwilliger [472]). Let X = (X, {R;}o<i<q) be a P-polynomial scheme of
class d > 3. Let p = pg be the spherical representation of X for a primitive idempo-
tent E = E,. Suppose p is weakly non-degenerate and balanced with respect to {1, 2}
({1, 2}-balanced). Then X is a Q-polynomial scheme with respect to E;.

Proof. The proof consists of four parts: I, II, III, and IV.

I. Let (x,y) € Ry. Then the constant a of the balanced set condition (2.46) in Defini-
. o . k k 6;-6,

tion 2.100 is given by a = y;, = p1,5-%-

> Yo Yk

II. For A* = A] (x,), the following holds:

d
AAT Ay - AT A = Y Y (AT A - ALAY). (2.60)
k=1

Proof. Let (x,y) € R;. Compute the (x,y)-entry of both sides of (2.60). By Lem-
ma 2.106 (1), we have
(AlA*Az - AZA*Al)(X, y)
= Z A (x,2)A] (z,2)A5(z,y) - Z Ay(x,2)A{ (z,2)A,(2,Y)

zeX zeX
= Y Apkohp@) - Y (pkxo).p(2)). (2.61)
zel ()NT,(y) zeT,00NT(y)

On the other hand, we have

d
(ZYi,z(A*Al _AZA*)>(X>Y)

=1
= V1o (A" (6 X) = A" (1)) = ¥15{p(0), p(X) = p(¥)). (2.62)
Hence by I and the {1, 2}-balanced set conditions (2.61), (2.62), we have II. O
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III. Let A = A;. Then there exist 8,y, 8 € R such that
APA —ATA— (B+1)(A’ATA - AA*A?) — y(APA* - A*A?)
-8(AAT -ATA) =0. (2.63)
Proof. Since X is a P-polynomial scheme, for any integer k with 4 < k < d, we have
p{‘,z = 0. Hence, by I, we have yfz = 0. Then by II (2.60),
AA*A, - A,A"A,
= )’13,2(A*A3 - A;AT) + Yiz(A*Az - AA") + Viz(A*Al -AAT). (2.64)
The case where yiz # 0.
Since X is a P-polynomial scheme, for eachi = 0,1,...,d, there exists a polynomial
v;(x) of degree i such that 4; = v;(4;) = v;(4). Let v5(x) = a3x3 + azx2 + a;x + ay, where
as # 0. Then we have
ATA; - ASA™ = A"v3(A) - v3(A)A”
= A*(a34° + BA* + A + agl) - (a3A° + a,A + @A + agl)A*
—a;(ATA - APA%) + ay(ATA? - A’AT) + a)(ATA - AAT).  (2.65)
By (2.64) and (2.65), A°A* — A*A> is a linear combination of A*A — AA*,A*A* -
A’A* AA*A? - APATA.
The case where y;, = 0.
We will prove this case does not occur. Suppose Y13,2 = 0. Since X is a P-polynomial

scheme, p7, # 0 holds (Theorem 2.76). Therefore by I, we have 6] = 6;. Hence by I,
yfz =0 holds for k = 1,2,...,d. Thus by II, we obtain

AA*A, - A,A™A, = 0. (2.66)
Multiplying both sides of (2.66) by E; from the left and by E; from the right, we have
0 = E{(AA" Ay — A, A" A))E; = (Py(DPy(j) - Po(i)Py () EA"E;. (2.67)
If we let 6, = P;(k), then P, (k) = v,(6;) (Theorem 2.76), and we have
(6;v2(6;) - v5(6))6;)E;AE; = 0.

Here we consider i,j with i # j and q’ll # 0. By Corollary 2.37, we have E;A"E; # 0. Set

Vy(x) = C—lz(x2 - a.x - k), where ¢, and a, are parameters of the distance-regular graph
(Theorem 2.76). Then we have

0;v2(6;) — v,(0)8; = —(6; - 6,)(6;6; + k).

1
o
By Proposition 2.79, 0,,0;,...,60, are distinct real numbers, and hence for i,j with
q’i’i + 0, we have 6,~9j = —k # 0. Since p is weakly non-degenerate, by Proposition 2.59,
the representation graph A of X is connected. Since ‘1111 # 0, i,j are adjacent in A.
Therefore there exist three vertices i,,j' in A such that i is adjacent to both j and j'.
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/

J ? J

Therefore, there exists j' such that q’lll + 0, and we have 9,~0]~ = 91~6j, = —k # 0. This
does not occur because 6; # ¢;, which means Yiz = 0 does not occur. O

IV. The graph A is a path. This means X is a Q-polynomial scheme with respect to E.

Proof. Since p is weakly non-degenerate, A is connected. It suffices to show that the
valencies of the vertices of A are at most 2. Let i be any vertex of A. Suppose j and i are
adjacent, which means q’ # 0. As mentioned above, E;A"E; # 0 holds. By multiply-
ing both sides of III (2. 63) by E; from the left and by E; from the right, we obtain the
following:

0=E(A’A* —A*A> - (B+1)(A’A"A - AA*A%) - y(A’A* - A*A?)
- §(AA" - A"A))E;
= (67 - 6] — (B+1)(6;6; - 6,07) - y(6 - 67) - 6(6; - 6,))E:A"E
= (6; - 6,)(67 — PO,6; + 67 — y(6; + 6)) - )E;AE;.
Therefore, if we fix 6;, then 6 is a solution of a quadratic equation (again, we use the

fact that 0,, 6,,..., 6, are distinct real numbers). Hence the number of vertices which
are adjacent to i is at most 2. O

This completes the proof of Theorem 2.107. O






3 Codes and designs in association schemes
(Delsarte theory on association schemes)

In this chapter, we consider subsets, namely, codes and designs, in association
schemes. The theory of codes and that of designs are unified in the framework of
association schemes. This is a basic idea of Delsarte’s theory, which was introduced
in his remarkable Ph. D. thesis. In this chapter, we explain the basic part of Delsarte’s
theory following his thesis.

3.1 Introducing linear programming

In this section, we consider the application of linear programming to association
schemes. We adopt the notation by Delsarte [159], which is suitable for the appli-
cation to the character tables of association schemes. (For linear programming, see
[210], etc.)

Let d be a positive integer. Let D = {0,1,2,...,d}, M ¢ D, 0 € M, D* = D\{0}, and
M* = M\{0}. Let C be a real square matrix of size d + 1 indexed by D. Let G;(i) denote
the (i,j)-entry of C. Let Cy(i) = 1for anyi € D. Now we consider the following two
problems.

Problem (C, M):
Maximize g = Z a;Cy(i) = z a; subject to

ieM ieM
Constraint 1: ) a;C;(i) >0, j € D*,a; > 0 (i € M*).
ieM

Problem (C, M)':
Minimize y = z a;C;(0) subject to
jeb
Constraint 2: ) a;C;(i) < 0,i € M*,a; 2 0 (j € D¥).
jeb

Let [M| = m + 1. Let a € R™" be a vector indexed by M whose i-th entry is a;
(i € M). The vector a is called a program of (C, M) if it satisfies a, = 1 and Constraint 1.
A program is called a maximal program if it gives the maximum value of g. Let & € R%*"!
be a vector indexed by D whose i-th entry is a; (i € D). The vector a is called a program
of (C, M)’ if it satisfies a, = 1 and Constraint 2. A program is called a minimal program
if it gives the minimum value of y. Problem (C, M) and Problem (C, M)’ are said to be
feasible if there exist a and a satisfying Constraint 1 and Constraint 2, respectively.

Proposition 3.1. Let a and a be programs of (C, M) and (C, M)', respectively. Theng < y.

https://doi.org/10.1515/9783110630251-003
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Proof. By Constraint 1, we have

aoCi(0) + Y a;Ci(i) 2 0,
ieM*

Y a;Ci(i) 2 —ayC;(0) = —C;(0)  (j € D¥).
ieM*

Therefore, we have
D aj< D a,.c,.(i)> >- ) aCi(0)=1-) aCi(0)=1-y.
jeD* ieM* jeD* jeD
By Constraint 2, we have

Y G0 < —agColi) = -1 (i € M¥),

jeDn*
z a,-( z a]C](l)> < - z a; = l—g
ieM* jeD* ieM*
Consequently, we have 1 -y <1 - g, from which we obtaing < y. O

The following is the duality theorem for linear programming.

Theorem 3.2. IfProblem (C, M) and Problem (C, M)' are feasible, then there exist a max-
imal program and a minimal program, and g, = y, holds, where g, is the maximum value
of g and y,, is the minimum value of y.

As a preliminary for the proof of the theorem, we state some basic facts.

A closed subset Q of R" is called a closed convex cone if it satisfies the following
conditions:
(1) Forany x,y € Q and any real number A with 0 <A <1, wehave Ax + (1-A)y € Q.
(2) For any x € Q and any non-negative real number a > 0, we have ax € Q.

For a closed convex cone Q of R", define Q* = {u ¢ R" | u-x > 0,x € Q}. Then Q" is
also a closed convex cone, and it is well known that (Q*)* = Q. (For proofs, see [210,
Chapter 8].) In general, we define x > 0if x = t(xl, ...,X,) € R" satisfies x; > O for all
1<i<n.

Theorem 3.3. Let A be an m x n-matrix and ¢ € R". For any u € R" satisfying Au > 0,
if ¢ -u > 0 holds, then there exists x € R™ such that ¢ = ‘tAx and x > 0.

Proof. Let Q = {{Av | v ¢ R™,v > O}. Namely, if we let a; be the i-th row of 4, we
have Q = {Y1, vi'a; | v;,v,, ...,y > O}. Then Q is a closed convex cone of R". By the
assumption, for any u satisfying Au > 0, c satisfies ¢ - u > 0. If Au > 0 holds, then
tai -u > 0 (1 < i< m).Therefore, for any z € Q, we have z - u > 0. Namely, u € Q*. It
turns out that ¢ € (Q*)* = Q. Thus, there exist x;,...,x,, = 0 such that ¢ = Y, x;'a;.
That is to say, there exists x such that ¢ = tAx and x > 0. O
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Lemma 3.4. Let A be anmxnmatrix and letb € R™ and x € R. Assume that there exists
u € R" such that Au > b. Then the following two conditions on ¢ € R" are equivalent:
(1) Foranyv € R" satisfying Av > b, we have v - ¢ > k.

(2) There exists x € R™ such that ¢ = 'Ax, x-b > x and x > 0.

Proof. First we show (2)=(1). By the assumption, there exists x ¢ R™ which satisfies
the condition in (2). Then if we let Av > b, we obtainv-c=v-‘Ax =‘xAv>x-b > k.
Next we assume (1) and define the matrix A’ and the vector ¢’ as follows:

A —b] ' [c]
, € = .
0 1 -K

We show A’ and ¢’ satisfy the assumption of Theorem 3.3. To be precise, we show the
following:

A=

n+1

Forany v' € R™" satisfying A'v' > 0,we havec’ -v' > 0. 3.1

Letv' = [,” ]. By the assumption, v,,,; > 0.
(i) The case v,,,; > O:
Since 0 < A'V', we have Av — v,,,;b > 0. Hence we have A(VLIV) > b. Therefore by (1),

we have Tlﬂv -¢ > k. Then we obtain ¢’ - v/ = ¢ - v — v,;1k > 0. Thus (3.1) holds.

(ii) The case v,,; = 0:

By the assumption of the proposition, there exists u € R" such that Au > b. Since
we assume (1), we have u - ¢ > k. Letu’ = [¥] e R"™ and v’ = v' + eu’, where e is a
positive real number. Then we have A'v" = A'v' +eA'u' = A'v' +¢[A%°P] > 0. Since the
(n + 1)-entry of v is £ (> 0), we can apply (i). Namely, we have ¢’ - v’ > 0. Therefore,
foranye >0,wehaveO<c'-v +ec’ -u' =c’ - v +e(c-u-x).Sincec-u—-x > 0, we
have ¢’ -v' = 0.

By the above discussion, we showed (3.1). So we can apply Theorem 3.3 to A’
and c’. Therefore there exists X' ¢ R™"! such that ¢ = ‘A’x’ and x' > 0. If we let
x' =[x, ],wehavex € R™, X > 0, Xp,; > 0,and [ §] = ¢ ='A'x' = [_tf‘b?][xrfﬂ].
Namely, we have ¢ = ‘Ax and ~x = —b - X + X1, and thus b - X = k + X1 = K. O

Proof of Theorem 3.2. Suppose Problem (C, M) and Problem (C, M)’ are feasible. Then
there exist a program a € R™" of Problem (C, M) and a program & € R%! of Prob-
lem (C,M)". Let g4 = Y;epr 4iCo(1) = Yy @ and yg = Yjep 4C;(0). Let x € R™" and
y € R be programs of Problem (C, M) and Problem (C,M)’, respectively, and let
8x = 2iemXiCo(D) = YiemX; and yy, = };cpy;C;(0). Then by Proposition 3.1, we have
8x < Vg and g, <,. Therefore, subject to

Condition 1: ;4 x;C;(1) = 0, x; > 0 (j € D*, i e M),

g, is bounded from above. Namely, there exists a program x,, € R™*! which gives the
maximum value g, of g,. Similarly, subject to
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Condition 2: ¥, y;C;(i) < 0,y; 2 0 (i € M*, j e DY),

Yy is bounded from below and there exists a program y, € R%! which gives the min-
imum value y,. For any program y of Problem (C,M)’, we have Yy 2 8o- Therefore,
Yo = 8o- In order to use Lemma 3.4, we state Problem (C, M)’ in another way. Let
Y = ‘0o ¥1r...»¥g) € R? be a program of Problem (C,M)' (hence,y > 0, y, = 1).
Lety = ‘(yp,...,¥q) € RY. Let A be the m x d-matrix whose (i,j)-entry is defined by the
following:

A@j)=-Ci) (I<ism 1<j<a).

Sincey is a program of Problem (C, M)', we have 1+Z]‘-71:1 y;C(0) < O(l<sism,1<j<d).
Therefore, if we let b € R™ be the all 1’s vector, we have Ay > b. Define € = (cy,...,c,) €
R? by ¢; = C;(0) (1 <j < d). By using the above notation, Problem (C, M ) is equivalent
to the problem to minimize €-y =y, —1subject to Ay > b. Since there exists a vector to
make Problem (C, M)’ feasible and there exists the minimum value y,, if weletx = y,-1
in Lemma 3.4, then Lemma 3.4 (1) holds for €. Therefore, Lemma 3.4 (2) holds. Namely,
there exists X = ‘(x;,...,x,,) € R™ such that ¢ = ‘Ax, X - b > y, - 1,and X > 0. Let
x = 1(1,'%). Since € = A%, we have

m m
XoCi(0) = ¢; = ZA(i,j)xi = —z G;(D)x;,
i=1 i=1

and hence we have
m
Y C(ix; = 0.
i=0

Namely, x is a program of Problem (C, M). Therefore 1+ Y ", x; = 8 < 8o. On the other
hand, since X - b > y, - 1, we have 1+ Y, ; = ¥ > go. Therefore, y, = g, and x is a
maximal program of Problem (C, M). O

Lemma 3.5. Let a be a maximal program of (C, M) and a a minimal program of (C, M)'.
Then we have

a]-< > a,-cj(i)> =0 (jeD"), (32)

ieM

ai<z a,.c,.(i)> =0 (ieM"). (33)
jeD

Conversely, if (3.2) and (3.3) hold for programs a and a, then a is a maximal program of
(C,M) and a is a minimal program of (C,M)'.

Proof. Let g, be the maximum value of g and y,, the minimum value of y. Then we have

8 =VYo= Z a; = Z @;C;(0).

ieM jeD
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Since g; > 0, by Constraint 2, we have

0> Z a; Za]C](l) = Za] Z alC](l)

ieM*  jeD jeD  ieM*
=y aj< > aiGi(i) - aocj(0)>
jeb ieM
= Z a]- Z alC](l) + Z aoaiCO(i) - Z a]aOC](O)
jeD*  ieM ieM jeD
= Z 0(]- Z alC](l) +80— Vo= Z aj Z a,CI(l) >0. (3.4)
jeD<  ieM jeD*  ieM

Therefore we obtain

Y o4y aCi =) a ) aC(i)=0.
ieM*  jeD jeD*  ieM
By the assumption, we have a; > 0 and } ;. a;C;(i) < O forany i € M*, and we have
a; > 0and Y, a;C;(i) > Oforanyj € D*.So (3.2) and (3.3) hold. Conversely, if (3.2) and
(3.3) hold, by the process of the proof, it turns out that a = (a,, a;, . . ., a,,) is a maximal
program of (C, M) and & = (ay, ;. . ., &,,) is a minimal program of (C, M)'. O

3.2 Subsets of association schemes

3.2.1 Subsets of association schemes

Let X = (X, {R;}o<i<q) be a symmetric association scheme. Let D = {0,1,...,d}. Let P,Q
be the first and second eigenmatrices of X, respectively. We follow the notation used in
the previous chapter for adjacency matrices, primitive idempotents, and so on. We in-
troduce the following concepts for a non-empty subset Y ¢ X. Let ay = (ay,ay,...,a,)
be the (d + 1)-dimensional row vector whose entries are defined as follows:

1

a; = mlRlﬂ(YXYH (i € D).

The vector ay is called the inner distribution of Y. We also define ay = ayQ and call it
the dual distribution of Y. We denote ay, = (a;,aj, ..., a}). Let By be the matrix indexed
by X x D whose entries are defined as follows. For (x,i) € X x D,

By(x,1) = |R;n ({x} x Y)| = |Y nT;(x)|.

The matrix By is called the outer distribution of Y. Define the column vector ¢y indexed
by X as follows:

1, ifxeVY,

Yr0 = {o, ifx ¢ Y.
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We call yy the characteristic vector of Y. In particular, if Y = {x}, we write i, = ¥,.
For any vector u = (uy,uy,...,u,), let A, denote the diagonal matrix whose diagonal
entries are uy, ..., U,.

Proposition 3.6. For the inner distribution ay = (agy, a;,...,ay) of Y c X, the following
hold:
)] ap=1;

2 a; = Z;j:o a; =1Y|.

Proof. By the definition, it is clear. O

Proposition 3.7. We have:

) a = g byApy;

(2 By = [Ao¥y, Ay, ... Agyyl;
(3) ay = 7" YyBy.

Proof. (1) We have 5 YyAy = 37 Yiyyevxy Ailx.Y) = 4;
(2) For (x,1) € X x D, we have

Apy)(x) = Y A, 2)y(2) = |Y NT;(x)] = By (x, ).

zeY

This means A;iy is the i-th column vector of By.
(3) We have

1 t 1 t
By = (o oty Ay, - Ay )

=(ag,ay,...,a4) = ay. O

Theorem 3.8. ForY c X, we have

t Y]
ByBy = PA, P
By =15

Proof. By Proposition 3.7 (2), we have
(‘ByBy)(i.j) = (Apy) Ajhy) = ‘WyAAipy

d d
= Z pll'fjt'PYAkl/}Y = Y] zpf'(,jak' (3.5

k=0 k=0

On the other hand, since ay = ~-aj}P, we have a; = \XI Ze _o Ay P (¢), and hence

X

(‘ByBy)(i,j) = |X| ZP” Z a,Pi(€)

:§: Z a; Z PlP(©). (3.6)
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Therefore, by Theorem 2.22 (6), we obtain

(‘ByBy)(i.j) = Z a; P,(0)P;(¢)

IXI

= X A tpa, <P)(i.j)- 37)

O

Corollary 3.9. The rank of the matrix By is equal to the number of non-zero entries of
the dual distribution ay, of Y.

Theorem 3.10. For a subset Y c X of a symmetric association scheme X, each entry ay,
of the dual distribution ay is a non-negative real number. Moreover, the following are
equivalent:

M a = 0;
(2) ByQ,=0
) Expy =0

Here Q, denotes the k-th column vector of the second eigenmatrix Q of the association
scheme X.

Proof. By Theorem 3.8, we have

Y|

tnt
Q' ByByQ = -+~
rBrC= i

Q('PAg;P)Q = IX||YIAg,

If we compute the diagonal entries of both sides, we obtain

Y ((By@Q(x. k)’ = IXIIYlaj, k=0,1,...,d.

xeX

Thus, we have g; > 0, and (ByQ)(x, k) = 0 holds for any x € X if and only if a; = 0.
Next, by Proposition 3.7 (1), we have g; = ﬁ[ YyA;py. Therefore, we have

d d
* . X
@ = Qi) = z WPy Aahy Qi) = | |tl/)YEkl/)Y
= 5 Y1 Y]
X X
:Y: WyEEby = :Y: (Exthy) Exiy)- (3.8)
Hence a; = O if and only if E; iy = 0. O

We are interested in which a;, of the dual distribution becomes 0. The property of
the dual distribution ay of a subset Y in a symmetric association scheme is important
when we define designs in Q-polynomial schemes.

Definition 3.11. Let ay = (ag,a;,...,a,) and ay = (ag, a5, ...,a}) be the inner distri-
bution and the dual distribution of Y, respectively.
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(1) Define
6 =min{i | a; # 0,i > 1}, 6" =min{i | a #0,i>1}.

We call 6 the minimum distance of Y, and §* the dual minimum distance of Y.
(2) Define

s=|lila#0,i=1], s =|{ila #0,ix=1}|

We call s the degree of Y, and s™ the dual degree of Y.
(3) Define

t=max{i|a; =a;=---=a=0,i>1}=6" -1

We call t the strength of Y.

The above definitions depend on the ordering of the adjacency matrices and the
primitive idempotents, which becomes important if we consider the structures of P-
polynomial schemes and Q-polynomial schemes.

Next we introduce the MacWilliams inequality, which plays an important role in
the theory of codes and designs in association schemes. For a vector u = (ug, Uy, ..., ug)
of R%*!, define

tw) =max{i |u; =uy, =---=u; = 0}.
If u; # 0, we define t(u) = 0. We also define
sw) =|{iluy+#0,1<i<d.

Theorem 3.12 (MacWilliams inequality). Let X be a symmetric association scheme
and let P and Q be the first and second eigenmatrices of X, respectively. Let u =
(Ug» Uy, - .., Uy) be a vector in R**! and let u, # 0.

(1) If X is a P-polynomial scheme, we have

[ t(u) ]

S(uQ) > LT_.

(2) If X is a Q-polynomial scheme, we have

) ]
S(llP) > _T .

Before the proof of Theorem 3.12, we give a corollary.

Corollary 3.13. Let X be a Q-polynomial scheme with the ordering of the primitive idem-
potents Ey, E;,...,E;. Let Y be a subset of X in X with degree s and strength t. Then
s[5
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Proof. We use Theorem 3.12 (2). Let u = ay = ayQ. Then by Proposition 3.6, we have

Uy = ay > 0. Therefore, s = s(ay) = s(uP) > [“" ] = [@] = [£]. a

Proof of Theorem 3.12. The proof of (2) is similar to that of (1), so we only prove (1). Let
0; = P;(i) (0 < i < d). Since X is a P-polynomial scheme, for each k (0 < k < d), there
exists a polynomial Vi (z) of degree k such that Py (i) = v,(6;). By definition, u; = u, =

= Uy = 0, Upyy1 # 0. We assume s(uQ) < [ (;‘)] for the sake of contradiction. Let
s = s(uQ) and {v;,v,,...,vs} = {i | uQ; # 0,i # O}. Let h(z) be a polynomial of degree
[{] - s - 1(> 0) satisfying h(6;) # O foranyi=0,1,...,d. Let

f@) =h@[]E-86,),

j=0
where 6, = 6,. Then the following holds:
f(6;) =0 ifandonlyif i€ {0,vy,vy,...,vg}.
Since deg(f(z)) = 2[*%], we have
f(z)2 =bovo(2) + byvy(2) + - + bz[@]vz[@](z).

Define b; = 0 for 2[“®] +1 < i < d, and write b = (b, by, b,). Since 2[“®] +1 = t(w)
or t(u) + 1, we obtain

d
uQ‘(b'P) = uQP ‘b = |X|u'b = 1X| ) u;b; = |X|ugby.
i=0

Moreover, since

d d
(b'P)) = Y P = Y bv(®,) = (f6,)) =0, 0<j<s,
k=0 k=0

we have
uQ‘(b'P)=0

Since u, # 0, we have b, = 0. Therefore we obtain

Zf(em,(o) ZZ iP;(i)Q;(0) = 1X|by = 0

i=0j=0

This is impossible asf(Gi)2 > 0and Q;(0) =m; > 0fori ¢ {O0,vy,...,Vv}. O
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3.2.2 Codes in P-polynomial schemes

In Chapter 1, Section 1.5, we consider codes, namely, subsets or subspaces, of the
n-dimensional vector space over F, equipped with the Hamming distance. For a subset
Y of X in a P-polynomial scheme X, we adopt the distance coming from the distance-
regular graph (X, R;) and consider e-error correcting codes. The following properties
on P-polynomial schemes are well known. Every eigenvalue 6; = P;(i) (0 < i < d) of 4,
isreal, and k; = 6, > 6; for 0 < i < d. Moreover, 6; = ¢; if and only if i = j. We consider
the inner distribution ay of Y. Now the graph (X, R,) is a distance-regular graph. We
denote the distance between x,y € X by d(x,y). Then (x,y) € R;ifand only if a(x, y) = i.
The minimum distance § of Y is expressed as 6 = min{d(x,y) | x,y € Y, x # y}. In Chap-
ter 1, we denote the minimum distance by d. Here we use 6 instead of d since d denotes
the class of the association scheme. By definition, we have § = t(ay) + 1, and hence
by the MacWilliams inequality, the dual degree s* = s(a}) of Y satisfies s* > [%].
A code Y is called a perfect e-code if X is partitioned as
X=[Jixexlowy) <e}.
yeY

Since[{x € X | 9(x,y) < e}| = Zf:o k;,if Y isa perfect code, then |Y|(kg+k; +- - -+k,) = |X].
In general, if the minimum distance 6 of Y satisfies § > 2e + 1, then {x € X | d(x,y;) <
elnfx e X | d(x,y,) < e} = @ fordistinct y;,y, € Y, and hence |Y|(kg+k; +---+k,) < |X].

Theorem 3.14 (Lloyd type theorem). Let Y be a code of minimum distance 6 in a P-
polynomial scheme X. Let e = [%]. Then the following (1) and (2) hold:
(1) We have

[Y(kg + Ik +--- + k) < |X].

(2) Ifequality holds in (1), the dual degree s* = s(ay) of Y is equal to e. Moreover, the e
distinct eigenvalues 6, such that a;, # 0 are the zeros of the polynomial

Y. (2) =vp(2) + v1(2) + - + V,(2),

where v;(z) is the polynomial of degree i such that A; = v;(4,) (and hence P;(j) =
Vi(Gj)).

The polynomial ¥ ,(z) is called the Lloyd polynomial.

Proof. Although (1) was already proved, we give an alternative proof based on linear
programming. Let M = {0,6,8 + 1,...,d}. We apply linear programming to M and the
second eigenmatrix Q. We have

d
0<ayQ =Y aQ) =Y a;Qu),

i=0 ieM

IYI= ) a.

ieM
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We also have a, = 1, and a; > O for any i € M*. Therefore ay is a program of Prob-
lem (Q, M). Next, we define a vector a = (ay, a3, . .., ay) in R by

¥, (6)) )2
a; = ,0<j<d,
J < K,

where K, = ¥,(6,) (= Zf:o P;(0) = Zf:o k;). We have a, = & 00))2 =1, and q; > 0 for
any j € D*. Moreover, the eigenmatrices P, Q are real matrices and satisfy

mPi(j) — myv;(6))
ki - ki '

Qj(i) =

Therefore we have

d d, (Wo(6) \? mvi(6)
(a'Q)(i) = Z 2;Q;(0) = Z(K—’) m’vk—’

j=0 e

Z\P(@)mv(e) (39)

sz,] -

Since e = [ 11, the degree of ¥ (z) is 2e, and hence we have
, 2e
Yo (2)" = ) c,1,(2)
v=0

for some ¢, € R. Note that 2e = §-1if § is odd, and 2e = §-2if § is even (hence 2e < §).
By Theorem 2.22 (5), we have

d d
8,ilXlk, =Y mP,)P,() = Y mv,,(6;)vi(6)).
j=0 j=0

Thus, fori € M*, we have

ZaQJ(l) sz Z\If (6)°myv(6))

e j=0
1 d 2e
2 z z CZVf(ej)mjVi(ej) = 0
K kl] arfurt
Therefore, a = (@, 3, ..., ay) is a program of Problem (Q, M)'. Next, we will show

co = K. (3.10)

Note that P is a real matrix. By Theorem 2.22 (5), we have

e

d e e
Z m,(¥,(6,)) Z m, Y > P(Pv) = Y |Xlk; = [X|K,.

v=0 i=0 j=0 i=0
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On the other hand, we have

Zm (¥.(6,))° ZQ(O)ZcP(V) IXlco.

v=0 i=0

Therefore we obtain (3.10). Next, by (3.9), we have

jeD j=0
1 d 2e 2e d
=2 M OImve(6) = — <7 2. S 2, MPyG)Po()
e j=0v=0 e v=0 j=0
1
K_3CO |X| (3.11)

By (3.10), (3.11), we have y = and

X
YI=Ya=) a=g<y-= 'K'
ieD ieM

This proves (1). Here, if equality holds, a is a maximal program of (Q, M) and a is a
minimal program of (Q, M)'. Therefore, by Lemma 3.5 (equation (3.2)), we have

a,.< > ain(i)> = aa =0, jeD".

ieM

Therefore, for anyj € D* satisfying aj* + 0, we have a; =0, and hence ‘Pe(é)j) =0;¥Y,(2)
is a polynomial of degree e, and 6,, 6,, ... ., 8, are distinct real numbers. Consequently,
the dual degree s* = s(ay) of Y is at most e, which implies s* < e. Furthermore, by
the MacWilliams inequality, we have s* = s(ayQ) > [t(“y ] = [E] = e, and hence

2
s* =e. O

3.2.3 Designs in Q-polynomial schemes

In Chapter 1, Section 1.3, we discuss combinatorial designs. We will extend the theory
of designs in the framework of Q-polynomial schemes. In Section 3.2.1 of this chapter,
we investigated the inner distribution ay and the dual distribution ay, = ayQ of a
subset Y of X in an association scheme X, and proved that a; is a non-negative real
number for each i € D. We first considered the case of linear codes in F,';, where F,
is the finite field of order g. As we introduced in Theorem 1.107 for the case g = 2,
in general, the weight enumerators of a linear code C ¢ F g and its dual code C* are
related to each other in terms of the MacWilliams identity,

Wei(x,y) = %WC(X +(g@-Dy,x-y). (3.12)
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We omit the proof because there are many books which discuss this identity Let
Wexy) = Yhoax 'y and a = (ag, a;, ..., ay,). Also let We. (x,y) = Y1, alx"'y" and
a' = (aj,aj,...,a)). Then (3.12) can be reformulated in terms of the Hamming scheme
H(n, q) as follows:

WCL(X)/) zar n—i l

i=0
=|é| (X+(q 1y, x — y Z X+(q 1))/) (X_y)v
_i n-v n-v\/v vk "V€€+kn€k
| |v;)ave:ok;< )<k>( DECESY
_i > v v—p+t n-v-e, . n-
_|C|;;)V:Zoave ( >(y €>( DISNUES ViR S 4
_15 5 v e e
N |HZOV=ZOGV€=O< )(n = g)( D" g - 1) HyH
1 n o n M . M=\ g

Z Za Qy(V)X y (13)
|C|,u 0v=0

Thus, we obtain

' 1

a = maQ, (3.14)
where Q is the second eigenmatrix of H(n, q) (Theorem 2.86). Since the vector a is the
inner distribution of C, the dual distribution a* of C satisfies a* = |C|a’. Therefore,
the minimum distance §* of the dual code C* coincides with the dual minimum dis-
tance which is defined in Definition 3.11 for a Q-polynomial scheme. This is why the
maximum index ¢ satisfying aj = a; = --- = a; = 0 is important for the dual dis-
tribution a* = aQ = (ag,ay,...,ay) of a linear code C in F, which is a key to the
definition of ¢t-designs in a Q-polynomial scheme X. By generalizing this definition,
we can define t-designs for codes, which are not necessarily linear, in a Hamming
scheme over a finite set, which is not necessarily a finite field. Similarly, we can define
t-designs in symmetric association schemes, in particular, in Q-polynomial schemes.
This is the starting point of the successful work of Delsarte. For a subset T of the index
set D* = D\{0}, Delsarte defines T-designs in general symmetric association schemes,
which are not necessarily Q-polynomial. In what follows, we consider the case where

={1,2,...,t} for a Q-polynomial scheme.
The definition of a t-design in a Q-polynomial scheme X is given as follows.
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Definition 3.15 (¢t-Designs in Q-polynomial schemes). Let Y be a non-empty subset of
X; Y is called a t-design if there exists a natural number ¢ such that a; = 0 for any i
with1<i<t!

In Definition 3.11, we defined the degree s and the strength ¢ for a non-empty sub-
set Y of X. In Corollary 3.13 of Theorem 3.12, we proved that s > [%] holds for a Q-
polynomial scheme. For a ¢t-design Y in a Q-polynomial scheme X, the following the-
orem holds.

Theorem 3.16. Let Y be a t-design in a Q-polynomial scheme X and let e = [%]. Then
the following (1) and (2) hold:
(1) We have

Y =2mg+m+---+m,.

(2) Ifequality holds in (1), the degree s = s(ay) of Y is equal to e. Moreover, the e distinct
eigenvalues 0y such that a; + O are the zeros of the polynomial

W (2) =v5(2) + V] (2) + - +V, (2),

where v{ (2) is the polynomial of degree i such that |X|E; = v (|X|E,) (and hence
Q) =v; (01-* )). The polynomial v; (2) is called the Wilson polynomial.
Before the proof of the theorem, we give the following definition.

Definition 3.17 (Tight 2e-design). Let Y be a 2e-design in a Q-polynomial scheme X. If
equality holds in (1) of Theorem 3.16, Y is called a tight 2e-design in X.

Remark 3.18. In Section 3.6, we will discuss tight t-designs for odd ¢.

Proof of Theorem 3.16. The proof is based on linear programming Let Y be a t-design.

Leth = |Ylay and write b = (by, by, ..., b,). Then by = |Y|a0 =1land b; = |Y|al >0
(1<i<d).LetM=1{0,t+1,...,d}. Since Y is a t-design, b; = %I =0for1<ic<t.
Therefore, for any k € D, we have
d x|
> biPy(i) = Z b;P, (i) = Z 71 2 Z a,Q;(&)P, (i) = Tz 0,

ieM

and hence b is a program of Problem (P, M), i. e., the problem to maximize g = Y ;s b;-

Theng = Iﬂ Next, let

Vi(z) =vy(2) + vy (2) +-- +V, (2),

1 By Theorem 3.10, a; = 0 if and only if E;jipy = 0.



3.2 Subsets of association schemes = 123

and define

Yo (0))? .
ﬁj:( K ) O<j<d
Since W} (6;) = v5(65) + vy (B5) +--- + v, (65) = Qp(0) + Q1(0) + - + Q,(0) = my + my +
Z K(*e )) = 1. On the other hand, since (¥} (2))? has degree
2e, we may write (¥} (2))> = Y%, ¢; v; (z) for some real numbers ¢; (0 < I < 2e). Then
fori € M*, we have

Y. BiP;(i) = QZW Pm— 2ZZQmomo

jeD e )eD e ]eD€0

KZZ@Z@wmp MZQW%. (3.15)
e =0

jeD

--+m, = K, we have f;, =

Since e = [%], ifi e M*, theni >t +1 > 2e, and by (3.15), we have

Y BP;(i) = 0. (3.16)

jeD

Therefore B = (By, b1, - - -, Bg) is a program of Problem (P, M)', i. e., the problem to min-
imize

Y= ZB,’P]'(O)

jeD
Next, we will show
cp =K,. (3.17)

We have

> Qi(0Q;(0)

e
2

=0 €=0 i=0j=0
d
2

myP,(1)Q;(6)

= |X] = IXIK;. (318)
i=0
Similarly, we have
d 2 d 2e
Z ke(¥e(6,)) = Z ke Z ¢ Q;(0)
£=0 =0  j=0
d
=Y ¢ Y P(0)Q(e) = IX]cp. (3.19)
j=0  ¢=0
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So we get ¢ = K; . Then we have

Xlco _ IX]
Y=Y BP0) = —5 = = (3.20)
jeD Ke 2 Ke
Therefore % =g<y= ?—J, and thus |Y| > K = mg+my+---+m,.If equality holds, b is

a maximal program of Problem (P, M) and 8 is a minimal program of Problem (P, M)'.
By (3.2) in Lemma 3.5, we obtain

ﬁ;(z biP]-(i)> =0,jeD".

ieM

Note that } ;. b;P;(i) = %a]-. Then, for any j € D* with a; # 0, we have §; = 0, i.e.,
¢ (6;) = 0. Since ¥; (2) is a polynomial of degree e and 65,6}, ..., 0; are distinct real

numbers, we obtain s < e. Therefore we haves = e = [%]. O

3.2.4 On the strength and the degree of a Q-polynomial scheme

In Definition 3.11, we introduced the strength t and the degree s of a subset in a sym-
metric association scheme. These concepts depend on the orderings of the adjacency
matrices and the primitive idempotents of the Bose—-Mesner algebra. In particular, for
a Q-polynomial scheme, the strength and the degree, which are defined with respect to
the ordering of the primitive idempotents associated with the Q-polynomial structure,
have nice properties. In this section, we give the following theorem on the strength
and the degree of a subset Y in a Q-polynomial scheme X.

Theorem 3.19. We retain the above notation. Let Y be a subset of a Q-polynomial

scheme X with strength t and degree s. Let e = [%]. Then the following (1) and (2) hold:

(1) Wehavel|Y|<mg+my+---+m.

(2) If equality holds in (1), we have s = e. Therefore, equality holds in 3.16 of Theo-
rem 3.16.

Proof. We follow the Ph. D. thesis of Delsarte. As was seen in the proof of Theorem 2.26,
all matrices in the Bose—Mesner algebra are simultaneously diagonalizable by a uni-
tary matrix U. Since X is a symmetric association scheme, we may assume U is an or-
thogonal matrix. The rows of U are indexed by X. Let X' be the index set of the columns
of U. Then |X'| = |X|. Foreachi € D = {0,1,...,d}, T; = tUEiU is a diagonal matrix
whose diagonal entries are m; 1’s and |X| — m; 0’s. Define Xi’ ={xeX | T(x,x) =1}.
Then |X{| = m; and X' = X[ UX{ U --- U X} is a partition of X'. For each i, define the
|Y| x m;-matrix H; indexed by Y x X/ as follows:

H(xy) = VIXIU(Y), (xy) €Y xX]. (3.21)
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Then H,, is the Y-dimensional vector whose entries are all 1’s. We have

(H'H)(y) = Y Hix2)H(y,2) = 1X| ) Ux,2)U(y,2)

zeX! zeX!
=1XI ) Ux,2)Ti(z,2)U(y,2) = IXIE;(x.y)
4 zeX .
= Y Q0A6y) = Y v (6;)A,x.y), (3.22)
£=0 £=0

where §; = Q;(¢)and v;" is the polynomial of degree i associated with the Q-polynomial
structure, i.e., Q;(¢) = vl-* (9; ). Since Y has degree s, for the inner distribution
ay = (ay, ay,...,ay) of Y, we may choose {¢;, £,,..., 8} ¢ D sothat {¢;,6,,...,6} ={€|
a, + 0, £ € D*}. Let M = {£,,8,,0,,...,¢6}, where £, = 0. Next define the polynomial
F(z) as follows:

Y|
Fz)= ——— | | - 3.23
@ [T, (65 - *)(Z 2 G3)
Then we have
F(63) =F(6; ) =17I. (3.24)

Moreover, F is a polynomial of degree s whose zeros are 6,6, , ..., 0, . If we write
F(z) = Zf]v @), fieR j=0,1,...,s (3.25)

we obtain the following equation:

M Zf] j = fomg + fimy + -+ + fumg. (3.26)
Now we consider the sum Y3 f; Hj'H;. By (3.22), we obtain

Z(HHmw Zﬁz 0;)Ac(x,y)

j=0 j=0 £=0

d
=Y F(6;)A,(x.y). (3.27)

Since (x,y) € Y x Y, the ¢-th term of the sum Z?:o F(6;)A,(x,y) is non-zero if (x,y)
belongstoR, N (Y x Y)and R, n (Y x Y) # 0. Therefore we obtain

Zf, H'H))(x.y) = ZFG A, (x,y)

i=0
= F(6;, )A,(6,y) = 8, Y. (3.28)
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Define the |Y| x (mg + my + -+ + my)-matrix H by H = [Hy, H,, ..., H]. Moreover, we
define the diagonal matrix A indexed by (|_oX;) x (Ui_oX;) as A(x,x) = f; for x € X;.
Then (3.28) can be written as follows:

HA'H = |Y|L. (3.29)

Since the right-hand side is a non-singular matrix of size |Y|, we havef; # 0 (0 <i < s)
and HA'H hasrank |Y|. Therefore, H has rank |Y|, which implies |Y| < my+my+---+mg.
(2) Suppose equality holds in (1), i.e., |Y| = my + my + - - - + m,. By (3.26), we have

Mo+ Mg+ + Mg = fomg + fimy +--- + foms. (3.30)
By the assumption, H is non-singular. Therefore we obtain

|
A= —'HH. (3.31)
Y|

Since ‘HH is a positive definite symmetric matrix, we have f; > 0 fori = 0,...,s. In
particular, f; = 1. Next we show O < f; < 1foranyi=0,1,...,s. By (3.23), F(,) = O for
¢ € M*. Therefore, if we substitute v;‘(e; ) = Q;(¢) in (3.25), we get

Y £Qie) =0, (3:32)

jeD
where we define f; = 0 (s +1 < j < d). Next we compute the following sum in two ways:

Y a,Qi(0) ) f;Qi(¢) (i eD). (3.33)

teM jeD

Note that ¢ € D* and a, = 0 for £ ¢ M. By (3.32) and (3.24), we have

z a, ijQj(e)Qi(f)

eeM  jeD
=ay Y fiQ(0)Q(0)+ Y a,Qi(e) Y £Q;(0)
jeD LeM™ jeD
= a,Q;(0) ) £,Q;(0) = |Y|m;. (3.34)
jeD

Next, if we compute the sum (3.33) by using Theorem 2.22 (7), Proposition 2.24 (3), and
Proposition 3.6, we obtain the following:

> a,Qi(e) Y f,Q;(e)

eeM jeD

_ k _ k
- ] 5 - B
> ) fi Y 4Q® =Y ) fidi; Y, arQu(e)

teD  jeD keD keD jeD ¢eD
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= > fiiy Y @Qo(®)+ ¥ Y fial; Y a:Qu(e)

jeD ¢eD keD* jeD ¢eD
k
=fmilYI+ ) ) fdi;a;. (3.35)
keD* jeD

By (3.34) and (3.35), we have

Yim-£) =Y Y faa;. (3.36)

keD* jeD

Since each term of the right-hand side of (3.36) is non-negative real, we have O < f; < 1.
Therefore by (3.30), it turns out that f, = f; = --- = f; = 1. Consequently, the matrix
A in (3.29) is the identity matrix, and so ‘HH = H'H = |Y|I. Hence for any integers i, j
with 0 < i,j < s, we obtain

YIL, ifi=j,
= | J (3.37)
0, ifit].

If we compute the sum IItH,-H]- % of the squares of each entry of the matrix tHl-H]-, we have

2

IHHEE = Y (HH)oy) = Y (ZHAZ,x)H,-(z,y))

xex!, xex!, “zeY
yeX’.’ yer’

=y (ZH(Z X)Hj(z, y))( > Hi(w, \)H;(w, y))
xex!, “zeY weY

ex!
Vel

> < D Hi(z,x)Hi(w,x)>< > H,-(Z,)’)H,-(W,)’)>

z,weY “xeX! yeX]
= Y IXPE(zw)Ezw) = X] Y IXIE; - E)(z,w)
z,weY z,weY
= 1X] Z Z‘IUEMW) |X|Zq “YyEy. (3.38)
z,weY €=0

Hence forany 0 <i #j < s, we have
d et
z g;; YyEepy = 0. (3.39)
£=0

Since qf:]- is a non-negative real number and ‘Yy E, iy = (E,)y)E, Py > 0, we have

q; wyEepy =0 (3.40)



128 —— 3 Codesand designs in association schemes (Delsarte theory on association schemes)

forO<i+j<sandfeD.Ifweletl<¢<2s-1,thereexistO<i#j<swithi+j==¢.
Since q;? > 0, we have

“YyEapy =0, €=1,2,...,25-1. (3.41)

Therefore we geta, = 0for£ =1,2,...,25-1. So, Y is a (2s — 1)-design. Moreover, if we
leti =j=s, by (3.37), (3.38), and (3.41), we obtain

2
ms|Y|2 = "tHsHs"
= 1XIges Yy Eoy + IXIg2(‘"YyEasthy)
= mg| Y + 1X1g25("PYy Easthy). (3.42)

Since X is Q-polynomial, we have qiss # 0. It follows that ‘i, Exipy = 0. Hence we
have E,ipy = O forany 1 < ¢ < 2s. So, Y is a 2s-design. Therefore we have 2s < t. By
Corollary 3.13 of Theorem 3.12, we obtain s = [%] =e. O

3.3 Combinatorial designs and designs in Johnson schemes

In Chapter 2, Section 2.10.3, we defined Johnson schemes and showed that they are
P- and Q-polynomial schemes. In this section, we consider the connection between
combinatorial t-(v, k, 1) designs, which were introduced in Chapter 1, Section 1.3, and
t-designs in Johnson schemes. In what follows, let V be a v-element set and let X =
{x | x c V,|x| = k} be the set of k-element subsets of V. Let J (v, k) = (X, {R;}p<i<x) be the
Johnson scheme, where R; = {(x,y) € X x X | [x ny| = k — i}. We will explain that the
concept of combinatorial designs is identical to that of designs in J(v, k). To be precise,
we will prove the following theorem. Note that the set of blocks of a t-(v, k,A) design
is a subset of X, which we will denote by Y rather than B in this context.

Theorem 3.20. Let Y be a subset of the Johnson scheme J(v, k) = (X, {Rj}o<i<r)- Then Y
is a t-designin J(v, k) if and only if Y is a t-(v, k, A) design for some integer A > 0.

Proof. In this proof, we use many propositions appearing in Chapter 2, Section 2.10.3.
First, suppose Y is a t-(v, k,A) design. Note that ¥ ¢ v® = X. Fori < t, let V® be the
set of i-element subsets of V. We define the matrix M; indexed by X x V) as follows
((2.33) in Chapter 2, Section 2.10.3). For (x, &) € X x v let

1, ifé&cx,

(3.43)
0, ifé&¢x.

Mi(Xﬂf) = 1

By Proposition 1.30 in Chapter 1, Section 3.3, for any integer i with0 < i < ¢, Yisan
i-(v, k, A;) design. We also have

_ (1;::) _ (Z:i) _ m v—i
A (f:;')/l_ i ¢ X (k—i)' (3.44)
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In particular, |Y| = A, = %/\. Let Yy and yy be the characteristic vectors of X and Y,
t
respectively. Note that iy is the all 1’s vector.

Fix & € V?, Then we have
(‘Mpy)(&) = Y My py(0) = Y My(y, &)

xeX yeY
=lfyeY &yl (3.45)

Namely, (‘M Wy)(&) is the number of points (or blocks) in Y each of which contains
the i points in &. Since Y is an i-(v, k, A;) design, we have (tMl-l,by)({ ) = A;. On the other
hand, for iy, we have the following:

(‘Mapy)(€) = ZM(X€)—|{xeXI£CX}|—( 1) (3.46)
xeX
By (3.44), (3.45), and (3.46), we obtain
t 1Y]¢
My = |X| My (3.47)

Next, let C; be the matrix defined by (2.29). In Proposition 2.92, we proved C; = M;'M;
for 0 < i < k. Therefore, by (3.47), for any i with 0 < i < ¢, we have Cpy = [Citpy.
Moreover, by Proposition 291, for any r € D = {0,1,...,k}, we have (Cy,C;,...,C,) =
(Eo,E, ..., E,). Note that the ordering of E; (i € D) is associated with the Q-polynomial
structure of J (v, k). From the above facts, we have E;iy = %Eisz foranyi=0,1,...,t
Since iy is the all 1’s vector, we have E;ijpy = O fori > 0. It follows that E;ipy = O for
i=1,2...,t. By Theorem 3.10, Y is a t-design in J (v, k).

Next, suppose Y is a t-design in ] (v k) and show that Y is a combinatorial ¢-(v, k, A)
design. By the assumption, E;py = IXIE Yy for any iwith 0 <i < t, becauseifi # O,
both sides equal 0 and if i = 0, we have Ejipy = le l/)X = B;l'EOt/)X since E, = W]‘
By following the above discussion in reverse order, we obtain M;' My = 1Y MM My,

x|
and this implies that

(141) (- ) =0

Hence we have ‘M;(y — %QDX) = 0, that is to say,
1Y]¢
X1
fori = 0,1,...,t. By (3.45), foranyi € Dand ¢ € V¥, we have (Mpy)(¢) = [{y € Y |
& cylland (M) (&) =[x e X | & cx}| = (¥7). So we get

My = "My,

V-l

viov-iy o G
(‘My)(©) = |X|< ) | I(k) (3.48)
)b

Y Ev)'), Yisani-(v,k,A;) design for anyi with 0 <i < ¢. O
k

Ifweleth; =
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The concept of t-designs in the Hamming scheme H(d, q) is equivalent to that of
so-called orthogonal arrays. Let X = F x --- x F be the vertex set of H(d, q). A subset
Y of X is called an orthogonal array if it satisfies the following condition. If we fix
z =(21,2...,24) € X and a subset L = {£,,6,,..., ¢} of D* which consists of ¢ distinct
integers, the cardinality of the set {y = (y1,¥5,...,¥q) € Y | ¥, = 2, £ € L} equals a
constant A which is independent of the choices of z and L. The constant A is called the
index of the orthogonal array. If ¢ is the largest integer which satisfies this condition,
t is called the strength of the orthogonal array Y. Usually, an orthogonal array Y is
displayed as a | Y|xd-matrix, where each element of Y is a row vector. By the discussion
similar to the case of Johnson schemes, we can show that Y is a t-design in the Q-
polynomial scheme H(d, q) if and only if the strength of the orthogonal array Y is at
least t. Design theories of this sort will be generalized further in Chapter 4, Sections 4.1
and 4.2. The proof of the above fact will be found there as a special case of the general
theorem. The detailed discussions are left as an exercise for the reader.

3.4 Codes in Hamming schemes

In Chapter 1, Section 1.5, we mainly consider linear codes over a finite field F, ° In this
chapter, we consider codes on the Hamming scheme H(n, g). We use the notation in-
troduced in Example 2.6 of Chapter 2. Let F be a g-element set, where we do not mind
the algebraic structure of F. Let g be a natural number of at least 2, which is not nec-
essarily a prime power. Let H(n, q) be the Hamming scheme with vertex set X = F".
Let 0(—, —) be the Hamming distance on X = F". For ¢ € X and a natural number e, we
call Z,(c) = {x € X | 9(x, ¢) < e} the e-neighborhood of c. A subset C of X = F" is called
a perfect e-code of X if {Z,(c) | ¢ € C} gives a partition of X. The existence problem
of perfect e-codes in the Hamming scheme H(n, g) has a long history in coding theory
([318], [482, 483]). The complete classification of the perfect e-codes in H(n,2) with
e > 2 was given by Tietdvdinen and Perko (1971) [484]. For the case where g is a prime
power (and hence X is the n-dimensional vector space over the finite field GF(q)), the
existence of the perfect e-codes with e > 2 was solved by Tietdvidinen et al. (1973) [482].
For H(n, q), the following examples of perfect e-codes Y (e > 2) are known:
(1) e =n,thatis, |Y| =1 (Y is called trivial);
(2) eisany natural number, n =2e+1, q =2, |Y| = 2(Y is called almost trivial);
(3) e=3,n=23,q=2,|Y| = 22 (Y is called the binary Golay code, which is related
to the Mathieu group M,3);
4) e=2,n=11,q=3,|Y| = 3% (Y is called the ternary Golay code, which is related
to the Mathieu group M;;).

Remark 3.21. We refer the reader to [317, 119]. Moreover, for the relation between
group theory and codes, the work of Ward [508] is interesting.
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It is conjectured that if e > 2, there exists no other example of a perfect e-code in
H(n,q).

Theorem 3.22 (Tietdvdinen (1973) [482], some parts are proved by van Lint etal.). If
e > 2 and q is a prime power, then a perfect e-code in H(n, q) is one of the above (1)-(4).

Remark 3.23. Inthe proof by Tietdvdinen and van Lint, we use the Lloyd type theorem
and a trivial necessary condition called the sphere packing condition:

A+kg+--+ ko) | 1X], (3.49)
where k; = (q - 1)1'(';), IX| =

The condition that g is a prime power is effective when we use the above condition.

The general case where q is not a prime power was considered to be difficult. For
e = 3 and several special e’s, There are some works on the existence and the non-
existence of perfect e-codes in H(n, q), where g is not necessarily a prime power, such
as the Ph. D. thesis of Reuvers (1977) [402]. Eiichi Bannai proved that for a given e > 3,
there are only finitely many perfect e-codes in H(n, q) for any (n, q) (1977). The main
purpose of this section is to explain this result, or the following theorem.

Theorem 3.24 (Bannai (1977) [21]). For each e > 3, there are only finitely many non-
trivial perfect e-codes in the Hamming scheme H(n, q). (Both n and q are bounded above
by a function of e.)

Sketch of the proof of Theorem 3.24. (For details, see [21].) We use the Lloyd type the-
orem only. We prove this theorem by contradiction. Precisely, we will show that the
Zeros Xy, Xy, . . . , X, of the polynomial

& ; im-1-j\/x-1
Y00 = Y a/@-v(" ) ()
=0 e—) J
can not be all integers for infinitely many values of n and q. (Remark: Note that the
eigenvalues of H(n, q) are given by 6; = n(q — 1) — gi (0 < i < n). The polynomial W, (x)
above is obtained by the polynomial ¥, (z) in Theorem 3.14 by the affine transforma-
tionz=n(g-1)-gx)Lleta=(x+x+ - +x)/e,x =a+m, ¥, (x) =Y (a+m) :=
(-1)°F,(m). We regard m as a variable. Then F,(m) is expanded as follows:

= Y Bpen-e)¥m’ (B, < Qlq)).

O<b<e
0<c<e

By using the generating function of ¥,(m), we can show that:

(1) b+2c>e= B, =0;

(@ b+2c=e= By, =[(-1)(5) - Q2c~ 1)”]e,q (q-15

(3) b+2c=e-1= By = (D (,&3)- Qc-1) -] LD 2 gP(g-1)° - (g-2);
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where we define 2r - 1)!! =1-3-5...(2r - 1), (-1!! = 1. (The proof of this part is very
difficult.) We define the Hermite polynomial H,(x) by

H, (x) = (_1)ne—x2/2 ) i(e—xz/z) _ ['f] <”>(2r Nt
n = = 13 .
dx 2N

(Different books have slightly different definitions of the Hermite polynomials.) The
parts in the brackets of the right-hand sides of 8, . of the above (2) and (3) denote the
coefficient of the term of degree e—2c of the Hermite polynomial of degree e and that of
the term of degree e—3-2(c—1) of the Hermite polynomial of degree e -3, respectively.
Therefore, if we let

Pei(m) = Y By (n—e)m’,

b+2c=i

then we obtain

Fo(m) = @, (M) + @, ,_1(M) + (the rest terms),

1 6/2 q )
=7 - - H —2 —_m),
Peelm) = {(n-e)g -1} e( EOE
Pee-1(m) = l' . W{(n —e)(q- 1)}(9—3)/2
el 6
q
s\ Tt -e)g-1)(g-2). 50
e—3< (n—e)(q—l)m>(n e)g-1(g-2) (3.50)

Let 8 = \/(n - e)(q - 1)/q and consider the situation when 8 — +co. Let
X(fefan) < <Xy < (X)) <Xy < < X(lep2))
be the zeros of ¥, (x), where x o, appears only if e is odd. We also let
& ez < <8< (§) <& < < epy
be the zeros of H,(x), where &, appears only if e is odd. Then it turns out that if § — +co,
Xg — a+ &+ A
(Hence the difference between both sides tends to 0.) Here we have

(g-2fe-1 &
w= 2 (%)

When e is large, the location of x;), X2), X(_1), X(_2) is described as follows.

&8 &8

Z(-2) L(-1) (1) Z(2)
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Then we have x) +X_1) — X2 = X(_z) — [(q-2)/q]-(2/6)- (522 - {12). Since the casegq =2
was solved by Tietdavdinen and Perko [484] (see also [318, 432]), we consider the case
q > 2 only. Approximate values of the zeros of Hermite polynomials are well known.
In particular, if e is a little large, we have

0< T2 2@ -5 <1
If B — +oo, this contradicts the Lloyd type theorem since Xy +X(_1)—X(2)—X(_p) is always
an integer. This implies that f is bounded above by a function of e. It is relatively easy
to show that both n and g are bounded above by a function of e only. If e is small (but
e > 3), we need a special discussion but can prove it similarly. This completes the proof
of Theorem 3.24. (If g = 2, x;,’s are symmetric with respect to a, and the technique that
evaluates the deviation is not available. However, we can use another technique.) [OJ

Remark 3.25. It is possible to find a function of e which bounds n and ¢, although it
was not found in Bannai (1977) [21].

In the Ph.D. thesis of Best (1982) [88], he refined the technique used in Theo-
rem 3.24 and showed the non-existence except for the cases e = 6 and e = 8. Hong
eliminated these cases and completed the proof of the non-existence of a perfect
e-code in H(n, q) with e > 3 except for the examples (1)—(4) listed at the beginning of
this section [237, 238] (1984). If ¢ = 2 or q is a prime power, the sphere packing condi-
tion (3.49) and the Lloyd type theorem are used in the proof. On the other hand, if q is
not necessarily a prime power, as was seen in the sketch of the proof of Theorem 3.24,
only the Lloyd type theorem was used in the method of Bannai, Best, and Hong. To
be precise, if g = 2, the zeros of the Lloyd polynomial are located symmetrically with
respect to the average, and hence the technique that evaluates the deviation is not
available. Since Hamming schemes are self-dual, i. e., P = Q, the Lloyd polynomial of a
perfect e-code and the Wilson polynomial of a tight 2e-design are identical. Hence the
result of Bannai, Best, and Hong almost solved the classification of tight 2e-designs
in H(n, q) with g # 2 and e > 3 at the same time.

Remark 3.26 (Some remarks).

(1) If g = 2, the classification of tight 2e-designs in H(n, q) is not complete (Ph.D.
thesis of Delsarte). It is conjectured that there does not exist a non-trivial case.

(2) If t is small, the exceptional examples of tight ¢-designs in Hamming schemes
are considered in the paper by Ryuzaburo Noda [379, 380]. For other interesting
papers of Noda, see [381, 382]. The cases t = 3, 4,5 seem unsolved.

(3) Quite a few examples of perfect 1-codes in H(n, q) are known, and the classifi-
cation seems almost impossible. There are a lot of reference books. We refer the
reader to [326, page 180].

(4) The classification of perfect 2-codes in H(n, q) is not complete. When q is a prime
power, as was stated in Theorem 3.22, it is complete (Tietdvdinen, 1973). The case
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where g has exactly two different prime factors (g = p? pgz) and the case where g
has exactly three prime factors (q = p'p7p3’) are solved in [483] and [299], respec-
tively. They are non-existence theorems, and it is conjectured that there are no
perfect 2-codes except for examples (1)-(4) listed at the beginning of this section.

3.5 Tight designs in Johnson schemes

In Section 3.2, we discussed the general theory of tight ¢-designs in Q-polynomial
schemes (especially for the case t is even), which is an important part of Delsarte’s
theory. Now we focus on the case of the Johnson scheme J (v, d).

3.5.1 Existence and non-existence of tight designs

LetV ={1,2,...,v},and let X = (Z) be the set of d-element subsets of V. We assume
1<t<d< % Let (X, {R;}o<i<q) be the Johnson scheme J (v, d). Recall that a 2e-design
Y ¢ Xistightif |Y| = mg +my +---+m, = Y7,((%) - (%)) = (%) holds. In general,
a 2e-design Y satisfies the Fisher type inequality |Y| > (!). This inequality was first
obtained by Petrenjuk [395] for the case e = 2. Afterwards, Ray-Chaudhuri and Wilson
announced that it holds for any e [514]. For the proof, see Ray-Chaudhuri and Wilson
[400]. Delsarte (1974) also gave a proof, and as was written in the book of Hiroshi Na-
gao [366], Noda and Bannai obtained the same result independently in 1972. If there

exists a tight 2e-design, by using Theorem 3.16, we can show the following theorem.

Theorem 3.27. If there exists a tight 2e-design in the Johnson scheme J (v, d), then all e
zeros of the polynomial

vk ki

(vie)(e_:.)( eii l) (X>
) i

are positive integers. This polynomial ¥, is called the Wilson polynomial or the Ray-

Chaudhuri—-Wilson polynomial.

Y00 = Y (-1
i=0

When e = 1, Y is a tight 2-design if and only if b = v (b = |Y]) if and only if Y is
a symmetric 2-design (Chapter 1, Section 1.3, Definition 1.37). There exist quite a few
symmetric 2-designs and their classification seems to be almost impossible.

When e = 2, the non-trivial tight 4-designs are the Witt design 4-(23,7,1) and its
complementary design 4-(23,16,52) only. (In the latter case, d < g does not hold.)
The classification was started by Noboru Ito [245, 246] and was almost completed by
Enomoto, Ito, and Noda [179]. To be precise, the classification was completely solved
by Bremner [111] and Stroeker [440] by determining a rational integral solution of the
Diophantine equation 3x* — 4y* — 2x? + 12y? - 9 = 0, which is related to an elliptic
function. In the next subsection, we present the detailed proof by Noda.
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When e = 3, the non-existence of a non-trivial tight 6-design was shown by Peter-
son [394]. The proof is relatively easy.
For the case e > 4, we have the following theorem.

Theorem 3.28 (Bannai (1977) [22]). For each e > 4, there exist only finitely many non-
trivial tight 2e-designs.

Sketch of the proof of Theorem 3.28. We want to show that the e zeros of the polyno-
mial ¥, (x) are not all integers. The method is quite similar to the proof of Theorem 3.24
for the case of perfect e-codes in H(n, q). In fact, Hermite polynomials play an essen-
tial role in evaluating the first-order and the second-order approximations of zeros.
In this case, the polynomial ¥, (x) is complicated, which makes the calculation very
hard. If v = 2k + 1, unlike the case v # 2k + 1 (similar to the case ¢ = 2 in the proof
of Theorem 3.24), the locations of zeros are completely symmetric with respect to the
average, and the technique used in Theorem 3.24 that evaluates the deviation of the
location of zeros is not available. However, we can use a result on the distribution of
prime numbers by Schur to show the non-existence. For details, see [22]. (In [22], the
proof was given only for the case e > 5.) The proof for the case e = 4 was almost fin-
ished by Bannai and Ito (unpublished), where a few possible cases still remain. (The
difficult part is about an integral solution of a Diophantine equation.) There was no
progress for a long time about this problem, but recently, Dukes and Short-Gershman
[173] showed the non-existence for the case 5 < e < 9. They refined the discussion of
[22]. The non-existence for the case e = 4 was proved by Xiang [522]. As of May 2020,
the case e > 10 is open. O

Remark 3.29. The existence of perfect e-codes in the Johnson scheme J(v,d) is an
open problem. In this case, zeros of the polynomial ¥,(x) have a certain symmetry,
so we cannot apply the technique that evaluates the deviation. The discussion of Dio-
phantine equations is also difficult since it becomes 3-variate. For a partial result, see
[23]. Later, some partial results were obtained (for example, see [181, 405, 426]). Any
results on extensions like Theorem 3.24 are unknown. We expect the reader to try it.

Remark 3.30. The existence of tight t-designs whose automorphism groups are
t-transitive is interesting from the viewpoint of multiply transitive groups. For a
2s-design whose automorphism group is 2s-transitive, a generalized Fisher type in-
equality can be easily proved by using the representation theory of symmetric groups.
This, together with Ryuzaburo Noda’s influence, motivated Eiichi Bannai to study this
area around 1972.

Let G be a 2s-transitive group on Q = {1,2,...,n} and let H be the stabilizer sub-
groupof A = {1,2,...,s}asaset,i.e.,, H = {g € G | A* = A}. If there exists a subgroup
K of G which satisfies (1H)G = (1K)G ((1H)G denotes the induced character to G of the
identity character 1 of the subgroup H) and is not conjugate to H, then it induces a
tight 2s-design. Conversely, if there exists a non-trivial 2s-design whose automorphism
group is 2s-transitive, then the stabilizer subgroup K of a block as a set satisfies the
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above condition. The case s = 1 is well known. If we use the classification of multiply
transitive groups, we can show that there does not exist a 2e-transitive group (e > 2)
from which a tight 2e-design arises except for M3, although we do not want to use it
because it means the use of the classification of the finite simple groups.

Remark 3.31. It is a subtle question how to define a tight t-design for t = 2e + 1. When
t is odd, Ray-Chaudhuri and Wilson [400] proved that b > g(‘[’gll) by applying a Fisher
type inequality to a (t —1)-design which fixes a point. So it seems natural to define that
Y is a tight t-design if equality holds in the above inequality. Since we may assume d <
‘5’, we have b > 2(‘[’5), in general. This definition seems a bit too strong (Section 3.6).

3.5.2 Classification of tight 4-designs in Johnson schemes

Let (V, B) be a tight 4-design in the Johnson scheme J(v, k). Suppose (V, B) is non-
trivial. Assume k < g Note that if k > %, the complementary design is also a tight
4-design. In this section, we prove the following theorem.

Theorem 3.32 (Enomoto—Ito—Noda [179]). A non-trivial tight 4-design in the Johnson
scheme is the 4-(23,7,1) design or its complementary design 4-(23,16,52) only.

Remark 3.33. Noboru Ito [245, 246] started the proof of this theorem, and Enomoto,
Ito, and Noda (1979) [179] almost completed the proof by correcting errors. In a part
of the proof, a number theoretic result on the solution of a Diophantine equation was
used (Bremner [111], Stroeker [440]). The proof given here is based on an unpublished
note by Ryuzaburo Noda, which was written soon after [179]. We are grateful to Pro-
fessor Noda, who permits us to use the contents of his note. It is similar to [179] that
the problem is transformed into the Diophantine equation. However, compared to the
proof combining three papers [245, 246, 179], this proof is clearer and easier to read.

The proof of Theorem 3.32 consists of steps (A)—(K).
(A) Let i,j be the cardinalities of intersections of two distinct blocks. Let i < j. Then i, j
are the roots of the following quadratic equation:

— — —1)2 —
X% - (—2(k vlz(;‘ 2, 1>X + —k((’;_ ;)) (‘Ek_ 3)2) = (3.51)
(B) We have
v -=2)(v-3)2k(k - 1)(k - 2). (3.52)
Proof. Since b = Ay = (), A, = % is an integer. Therefore, 21, =
% is an integer. On the other hand, by (A), % is an integer, and

k(k=1)*(k=2) _ k(k=1)(k-2)(k-3) _ 2k(k-1)(k-2

hence 55055 V-2(v-3) v-2)v-3)

) js also an integer. O
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(C) We have (j - i)|(k - j).

Proof. Let A be the incidence matrix of points and blocks, and let N be the adjacency

matrix between blocks. Namely, A is a vxb-matrix whose entries are defined as follows:
1, ifpeB,

A(p.B) = P
0, ifp ¢ B;

N is a b x b-matrix whose entries are defined as follows:
1, if[BnC|=1i,

N(B,C) =
0, if|BNC|#1.

Then the following equation holds (E is the identity matrix and J is the all 1’s matrix):
‘YAA=KE+iN+jJ —E-N)=(k—-j)E+(i-j)N +jJ.

Since !4 A has 0 as an eigenvalue, we have (k- j)+(i—j)a = 0, where a is an eigenvalue

of N. Since the eigenvalues of N are integers, I]‘_;IJ is an integer. O

(D) Define integers e,aby e = %(2 0), a = j—i(> 0), respectively. Then we have e > a.
k-
L. a
Then k- =22 < a(a-1). Hence 2k - (i+j) < 2a(a-1)+a. Moreover, 2(k—1) - (i+j—-1)+1 <
2d® — a. Therefore, we obtain

Proof. Assume e < a for the sake of contradiction. Since e < a — 1, we have <a-1.

2k-1)-({i+j-1)<2a*-a-1<2(a®-1). (3.53)
On the other hand, by (A), we have
i+j_1=w’ (3.54)
v-3
k(- 12(k - 2)
=20 3) (3.55)
Thus by a? = (j — i)? = (i +j)* — 4ij, we get
2oqo Mk-Dk -2 -k-2(v-k-1) (3:56)

(v-2)(v-3)?
Therefore, by (3.53), we have

(-k+v-1) < 4k -2)(-k+v-2)(-k+v-1)
wv-3 v-3)2v-2)

>

and hence

Xk—D+2W—k—D>2

(v—2)(v—3)S2(k—2)~2(v—k—2)S( 5

= (v-4),

which is impossible. O
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(E) We have a > 1 and the following equation holds:

_ (2ea+a-1)(2ea+a-3)

-2
a’-1

(3.57)

Then we have v = 4e” + 4e — 1 + % Hence %

Proof. By definition, a > 1.Ifa = 1, by (3.56), wehave k = 1, k =2,v =k+1,0rv = k+2,
which implies it is a trivial design. So we must have a > 1. Then by (3.56), we have

is an integer.

_ 4k-1)k-2)(v-k-2)(v-k-1)

-2 (@ - 1)(v -3)?

On the other hand, we have
. .o .o k-1
2ea+a—3=2(k—])+()—1)—3=2(k—2)—(1+]—1)=2(k—2)<1—v—3>
and

2ea+a—1=2(k—j)+(j—i)—1=2(k—1)—(i+j—1)=2(k—1)<1—§%§).

Therefore, (3.57) holds. O
(F) Let p = v —2k. Then p? = (v — 2)> = 2(2ea + a - 1)(v - 3).
Proof. By the proof of (E),

Ak-Dv-k-1) _ 252 —1)(HE - 1)

2ea+a-1=
v-3 v-3
v-2°-p’

=— 3.58

2(v-3) ( )

O

(G) Letm = % By (E), mis an integer, and the following holds:

(2ea + a-1)|(m - 3)(a’ - 1), (3.59)
(2ea+a-1)|(m-3)(2e—a+1). (3.60)

Proof. By (3.54) and (3.52), we have (v — 2)|k(i + j — 1). On the other hand, by the defi-
nitions of e and a, we have

i+j-1=2k-1-2k-j)-(j-i)=v-p-1-2ea-a. (3.61)

Since k = %,wehave (v—2)|@(v—p—1—2ea—a). Since(v-p-1-2ea-a) =
(v-2) - (p -1+ 2ea+ a), we obtain

(v—2)|%(v—p)(p— 1+ 2ea + a). (3.62)
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Next, we want to show
(v -2)°%Q2ea +a-1)(2ea +a - 3)°. (3.63)
Concerning the right-hand side of (3.62), we have

(v-p)p-1+2ea+a)=(v-2-(p-2))(p—-1+2ea+a)
=(v-2)(p-1+2ea+a)-(p-2)(p-1+2ea-+a).

Moreover, by (F), we have (p—2)(p—1+2ea+a) = 2ea+a-3)p— (v-2)(-v +2a + 4ea).
Hence (3.62) is rewritten as follows:

2v=-2)((v-2)(p -1+ 2ea +a)
+(v—=2)(-v +2a + 4ea) — (a + 2ea — 3)p). (3.64)

If v—2is even, by definition, p is even, and by (3.58), 2ea + a — 1is also even. Therefore,
2(v - 2)|(2ea + a - 3)p and hence 4(v — 2)%|(2ea + a — 3)*p>. Again, by (F), we have

4(v - 2)%|2ea + a - 3)*((v - 2)* - 2(2ea + a — 1)(v - 3)).

Moreover, since 2ea + a — 3 is even and v - 2 and v — 3 are coprime, we obtain the
desired condition (3.63). On the other hand, if v — 2 is odd, we do not have to care
about the prime factor 2, and by (3.64), we have (v - 2)|(2ea + a — 3)p. Hence we get
(v - 2)*|(2ea + a - 3)’p?. Since v — 2 and v — 3 are coprime, by (F), we obtain (3.63). By
this condition (3.63) and (E), we have (2ea + a — 1)|(a® - 1)*. By expressing 2ea + a—1 =
a(2e — a + 1) + (a® - 1), for the greatest common divisor of 2ea + a — 1, 2e — a + 1 and
a’* - 1, the following equation holds:

(2ea+a-1,a°-1) = (aRe-a+1),a’ 1)

=(2e-a+1,a*-1). (3.65)

Therefore, we have (2ea + a — 1)|(2e — a + 1)>. Furthermore, since 2e — a + 1)* = (4€* +
4e + (a® - 1) — 2(2ea + a - 1)), we have

(2ea + a - 1)|(4€” + 4e + (a® - 1)). (3.66)

On the other hand, by definition, we have (m—3)(a2 -1) = 4’ +4e+(d’ -1)-4Qea+a-1)
and we get (3.59). Since a common divisor of (2ea+a-1) and a’>~1 must divide 2e-a+1),
we obtain (3.60). O

(H) We have2e < @’ + a - 2.

Proof. By (3.66), we have (2ea+a-1)|(4€? +4e+a®—1)a. Moreover, since (4e* +4e +a* -
1a = Ze(2ea+a—l)+(2€a+a—1)+2€+a3—2a+1, we have (Zea+a—1)|(26+a3—2a+1).



140 — 3 Codes and designs in association schemes (Delsarte theory on association schemes)

Therefore, we have 2ea+a-1 < 2e+a®>-2a+1,and 2e(a-1) < a>-3a+2 = (a*+a-2)(a-1).
Since a > 1, we obtain 2e < @® + a - 2. O

(I) If m = 0, the parameters of the design are 4-(23,7,1). The casesm = 1and m = 2do
notoccur. If m > 3, thenm =3, 0or2e =a* +a-2andm = a(a - 2).

Proof. By (D), we havem > 0.

Assume m = 0. Then e = a. By (3.59), we have (2e — 1)|3(e — 1). Since (2e - 1) and
(e — 1) are coprime, we have (2e — 1)|3. Then e = a > 1, and so e = 2. Therefore, the
parameters of the design are 4-(23,7,1).
Assume m = 1. We have % = 1. Since e > a, we have e = 3"—2_1 Then
2ea+a-1=3a’-1,(m-3)a-1) = -2a° +2 = -3a* + 1 + @’ + 1. By (3.59), we have
(3a*> - 1)|(a® + 1). Since a > 1, this is a contradiction.

Assume m = 2. Then by (3.59), we have (2ea + a — 1)|(a® — 1). However, we have
(Rea+a-1) > 2a> + a-1> d® - 1, which is a contradiction.

Assume m > 3. We will show that 2e = a> +a—2and m = a(a - 2). Lets =
(m"ziﬁff;‘;*l), r = (";(311(;’:1). By (3.59), (3.60), both s and r are positive integers. The
condition 2e = @’ + a - 2 is equivalent to s = r. We show s = r. By (H), we have s < r.
By definition, sa + r = m - 3, f = 2‘;}?;1, andm = % Combining these three

equations, we delete m and e. Then we have

s’a® - rs(r+2a-(s°+r +2r*) = 0.

Therefore

gl P+ Vr2(r + 4)? - 4(r* = s2)
= s _

Hence r’(r + 4)* — 4(r* — s*) must be a square. Let d > 0 and d* = r(r + 4)% — 4(r* - s?).
Sincer > s > 1, we have d < r(r + 4). By definition, we have & =rr+4? -4 -s% =
(r(r+4)=2)% +4s*> +16r —4 > (r(r + 4) - 2)>. Therefore, d = r(r + 4) - 1ord = r(r + 4). If
d=r(r+4)-1,thens® = }‘(Z(r2 —47)+1), which contradicts the fact that s is an integer.
Therefore, we have d = r(r + 4). Thens =r. Thus2e =@’ +a-2andm=a(a-2). O

(J) The case m = 3 does not occur.

Proof. Assume m = 3. Then by (E) and (G), we have v = 4€® + 4e + 2 = (2e + 1)> + 1. We
also have 4(e — a)(e — a + 1) = 3(a® - 1). Thus we have (4e + 2 — a)’ = 32e + 1)*> - 2.
Therefore, we obtain a = 2(2e + 1) — V12e? + 12e + 1. Then
2e—a+1=V12e2+12e+1- (2e +1),
2(v-2) = (V12e? + 12e + 1 - (2e + 1))(V12e? + 12e + 1 + (2e + 1)),
22ea+a-1) = (V12e2 + 12e + 1 - (2e +1))'.



3.5 Tight designs in Johnson schemes =— 141

Therefore, by (F), we have

4p2 =4(v - 2)2 -8Rea+a-1)(v-3)
=(V12e? +12e +1- (2e + 1))2
x (V12 +12e + 1+ (2e + 1))2 — 4(4e® + 4e - 1)). (3.67)

Then V12e? + 12e + 1is an integer, and 4p2 is a square. Hence by (3.67),

(V12e? +12e + 1+ (2e + 1))’ - 4(4€* + 4e — 1)

is a square and even. Therefore if we let

1
fo E\/(x/lzez T 2e+ 1+ Qe+ 1) —4(4e? + be—1),

then f is an integer. Then the following holds:

4f% =2(2e +1)V12e2 + 12e + 1 + 6. (3.68)
LetX=2e+1,Y =f.Then

2¥2 = XV3X2-2+3.

According to Bremner, there does not exist an integral solution of this equation with
X,Y > 0 except for (X,Y) = (3,3). This contradicts X =2e +1>2a+1 > 3. O

(K) Let2e = a’>+a—-2.Thena = 2, e = 2, and the parameters of the design are 4-(23,7,1).

Proof. Wehave2ea+a-1= (a-1)(a+1)?andv-2 = (a’+a®-a-3)(a+1). Therefore,
ifa = 2, then v = 23, and by (3.56), we have k = 7. Hence A = 1 and we obtain a
4-(23,7,1)-design. From now on, we show the case a > 3 does not occur. By (F), we
have p2 =(v-22-2Qea+a-1)(v-3) = (a+1°(a’ - a* -2a® - 2a* + 5a + 1). Therefore,
(a+1)(a®-a*-2a® - 2a® + 5a+1) is a square. By putting x = a+1, this equation becomes
the following:

F(x) = x(x° — 6x* + 12 — 12x* + 12x - 6). (3.69)

By the assumption, x = a + 1 > 4. Let x = ya?, where y is 1, or the product of distinct
primes. Then we have F(x) = ya?(y°a'® — 6y*a® + 12)°a® - 12y%a" + 12ya® - 6). Since
F(x) is a square, y is a divisor of 6. That means x = o, 22, 302, or 64°.
(i) The case x = a® > 4.

We have F(x) = a’F,(a), where

Fi(a) = o — 6a® +12a° - 120" + 120° - 6.
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Thus 4F,(a) is a square. Then
4F (@) = (20° — 60° + 30()2 — (120" - 390° + 24)
= (2 - 6% + 30 - 3)2 +3(a + 1)(4a” - 8° - 4a® +17a - 11).
Therefore, we have 4F;(a) = 2a° - 60> +3a-2)? or 2a° — 6a° + 3a— 1)%. However, there
does not exist an integer @ > 2 which satisfies these equations.
(ii) The case x = 2a°.
Since x > 4, we have a > 2. We have F(x) = 4a2F2(a), where
Fy(a) = (160" - 48a® + 48a° - 240" + 120° - 3).
Thus F,(a) must be a square. Then
4F,(a) = (8 — 120 +3a + 1)2
— (a+1)(16a* + 8a® — 32a° — 7o + 13)
= (8a® - 1207 +3a—2)°
+320° - 240" — 487 +390° + 12 - 16.

Therefore 4F,(a) = (8a° — 12a° + 3a — 1)? or (8a° — 12a° + 3a)*. However, there does not
exist an integer a > 2 satisfying these equations.
(iii) The case x = 3d°.

By x > 4, we have a > 2. We have F(x) = 9a2F3(a), where

F3(a) = (81a™ - 162a® + 108a° - 36" + 124 - 2).
Therefore, 4F;(a) must be a square. Then
4F;(a) = (18a° — 18a° + 30()2 - (360" -390 + 8)

= (18a° - 18 +3a - 1)2
+3(a-1)(12a" - 120° + a + 3).

Therefore, there does not exist an integer a > 2 satisfying this condition.
(iv) The case x = 6a°.
We have F(x) = 36a2F4(a), where

Fy(a) = 1296a'° — 1296a® + 432a° — 720" + 126% - 1.
Thus F,(a) must be a square. We have
4F, () = (722° - 36° + 30()2 — (720" - 390° + 4)

= (720° - 360° +3a - 1)2
+ (1440° - 720" — 7202 + 39a® + 6a - 5).

There does not exist an integer a satisfying this condition. O
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3.6 Tight t-designs for odd ¢ in Johnson schemes and Hamming
schemes

Delsarte proved the Fisher type inequality on the size of a t-design Y in a general
Q-polynomial scheme as follows (Theorem 3.16 in Section 3.2):

|Y|2m0+m1+--~+m[£].
2

He defined that Y is a tight ¢-design if equality holds in the above inequality. By this
definition, it is easily proved that if there exists a tight ¢-design, ¢t must be even. In
this section, we discuss Fisher type inequalities for odd t in J(v,d) and H(d, q). The
following inequalities hold.

Let Y be a (2e + 1)-design in the Johnson scheme J(v,d), where e > 1. Then the
following holds:

Y] > K(" R 1). (3.70)
d\ e
Let Y be a (2e + 1)-design in the Hamming scheme H(d, q), where e > 1. Then the
following holds:

Y| >1+d(g—1)+ (;1)((1 )Pt (Z)(q —1)°+ (d . 1)((1 —pel @)
The proofs of the above inequalities are as follows.

Proof of the case of J(v,d). Let (V,B) be a (2e + 1)-(v,d, A) design. Fix a point P of V,
and let B’ = {B\{P} | B € B,P ¢ B}. Then (V\{P}, B’) becomes a 2e-(v — 1,d — 1,A,,)
design. Hence, by the Fisher type inequality for a 2e-design, we have A; > (¥ ;1). On the
other hand, we have |Y| = A, = g/ll. We obtain (3.70). O

Proof of the case of H(d, q). Consider the Hamming scheme on X = F4 (|F| = q). Let
Y c X be an orthogonal array with strength ¢t = 2e + 1; Y can be expressed as a |Y]| x
d-matrix. Since ¢ > 2e + 1 > 3, by definition, we have |{i | y;; = a}| = % (always a
constant) fora € Fand 1 < j < d. Next, define a submatrix Y’ of Y as follows. Fix
a € F. Then there exist exactly % a’s in the first column of Y. Select the :—} rows whose
first entry is a. Then we obtain a /51 x d-matrix whose first column consists of all a’s.
By deleting the first column, we obtain the % x (d —1)-matrix Y'. Then Y’ becomes an
orthogonal array of strength t — 1(= 2e) in H(d - 1, q). Therefore, by the Fisher type
inequality for H(d - 1, q), we get
v=Terv@-ng-n+ () a2 () e
q 2 e
By an elementary calculation, we obtain

Y| >1+d(g-1)+ (g)(q 1244 (i)(q -1)°+ (d; 1)(q — 1), 0
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By the above discussion, it seems natural to define tight (2e + 1)-designs in J(v, d)
and H(d, q) as the cases where equality holds in inequalities (3.70) and (3.71), respec-
tively. Most part of the classification of tight (2e + 1)-designs seems to be essentially
reduced to that of tight 2e-designs.

Unlike the cases of J(v, d) and H(d, q), there is no combinatorial or geometric inter-
pretation of designs in a general Q-polynomial scheme. It is unclear how to obtain the
Fisher type inequality for a t-design with odd t in general. This is an open problem. As
will be seen later, Delsarte’s theory is extended to a finite set of points on a sphere in a
Euclidean space, and to a finite set of points on several spheres in a Euclidean space.
In this area, the theory of cubature formulas in analysis has been studied ahead of the
development of the combinatorial theory, and since some time ago, they have been
studied in parallel. In the theory of analysis, lower bounds for the number of nodes in
cubature formulas of odd degree t were obtained by Moller [352]. It is most desirable
that we can apply a similar method to Q-polynomial schemes.



4 Codes and designs in association schemes
(continued)

4.1 The Assmus—Mattson theorem and its extensions (Relative
designs in Delsarte theory)

We introduce a famous theorem by Assmus and Mattson on a construction of designs
from codes. Combinatorial 5-designs, which are not directly related to 5-transitive
Mathieu groups, were first found by this method [6]. Let N = {1,2,...,n}and F, = {0, 1}.
Each element of F}' corresponds to a subset of N as follows. Foru = (uy, u,, ..., u,) € Fy,
the subset {i | u; = 1,1 < i < n} of N is called the support of u and is denoted by u. If u
has weight m, then u is an m-subset of N. By this correspondence, the set of codewords
in C of weight m is identified with a subset of the set N'™ consisting of m-subsets of N.
This means, in the language of association schemes, a subset in the Hamming scheme
H(n, 2) can be described in terms of the Johnson scheme J(n, m).

Theorem 4.1 (Assmus and Mattson (1969) [6]). Let C be an [n, k, §] code over F,. Name-
ly, C is a k-dimensional subspace of Fy with minimum distance 8. Let t < . Moreover
suppose the following condition holds.
There exist at most 6 — t positive integersin {1, 2, ...,n—t} which arise as the weights
of codewords in C*.

Then the following (1), (2) hold:
(1) {weN™ |ueC, wu)=m formsa t-design in the Johnson scheme J(n, m);
() {ueN™ |uecC, wu)=m} forms a t-design in the Johnson scheme J(n, m).

In (1), (2), we only consider the case that there exists a codeword such that w(u) = m.

The original Assmus—Mattson theorem in [6] deals with [n, k, 6] codes over a gen-
eral finite field F,. Here, for the sake of simplicity, we restrict the proof to codes over the
binary filed F,. There are many English books which contain the proof of the Assmus—
Mattson theorem. However, there seem to be no Japanese books. So we introduce the
proof based on the original paper, by following the proof from the book by van Lint
and Wilson [319].

Proof. Fix a t-subset T of N. For u € F, define a codeword u’ of lengthn -t by u' =
(u)ieny - The mapping u — u' is linear. If we let C' = {u’ | u € C}, then C' is a linear
code of length n — t. Next, let C, = {u' | u € C, y; = Oforalli € T}. Then C, is a
subspace of C'. Let B = C*. Similarly, for B, define B' = {u' |u € B}, By = {u' |u € B,
y; =0forallie T}.

For the proof of Theorem 4.1, we show B, = (C')" in Step 1, and then in Step 2,
we show that the weight enumerators of B, and C' do not depend on the choice of T,
but only on n, k, t. Moreover, we prove Theorem 4.1 (1) in Step 3 and Theorem 4.1 (2) in
Step 4.

https://doi.org/10.1515/9783110630251-004
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Step 1: By = (C')*.

Since t < &, the sizes of C and C' are equal. Thus, we have dim(C’) = dim(C) = k.
Therefore dim((C')") = n - t - k. On the other hand, since dim(B) - dim(B,) < t, we
have dim(B,) > dim(B) -t = n—k~t. Moreover, since B, c (C')"*, we obtain B, = (C')™*.

Step 2: The weight enumerators of B, and C' do not depend on the choice of T.

Leta; = |fu' € C' | w') = jlland B; = [{u € By | wu) = i}|. Assume
fww)|lueB, O<w(u) <n-t}={,6,....¢},where0 < ¢, < ¢y <---< ¢ <n-t.By
the assumption of the theorem, r < §—t. Henceifwelet1 <j <r-1,then1<j<d-t-1,
and so if we let w(u') = jfor someu € C,then 0 < wu) < t +w') =t+j<é6-1.
Therefore we have ¢; = 0. Namely, we have (ay,a;,...,a_;) = (1,0,...,0), which is
independent of the choice of T. Since {w(u') | w(u') > 0,u’ € By} ¢ {£},4,,...,4,}, by
the MacWilliams identity for (By)* = C' (Chapter 1, Section 1.6), we obtain

S g o0 n—t\ N p on-d
Bole = Y. 8@ 0 = (" 1) + Y Q"6 (4.1)
=0 J 1

i=

where Q;“_t) (x) is the Krawtchouk polynomial for H(n - t, 2), that is,

Q"0 (x) = 2(—1)5(’;)(" }__t )

(Chapter 2, Section 2.10.2). Withj = 0,1,...,r — 1, (4.1) is a system of r linear equations
with r unknowns and its coefficient matrix is a non-singular matrix of size r. The
reason is that the Krawtchouk polynomial is an orthogonal polynomial and hence
the above coefficient matrix is reduced to the Vandermonde matrix with entries
{61, ¢,...,¢,}. Therefore, B, ,...,B, are determined by n,k,t only. This implies that
the weight enumerator of B, does not depend on the choice of T, but only on n, k, t.
By using the MacWilliams identity again, it can be shown that the weight enumerator
of C' does not depend on the choice of T, but only on n, k, t.

Step 3: Proof of Theorem 4.1 (1).
Letm >0and B, ={u c N™ | u e Ct, wu) = m}. It suffices to show (N,B,)isa
t-design in J(n, m). The proof is as follows.

Thecasem <n-t:

By the definition of By, we have |[{u € B, |[unT = 0}| = |[{u' € By | wu') = m}| =
B As was shown in Step 2, the number f3,, is independent of the choice of T. There-
fore, the complement By, of B, is a t-design. Hence by Definition 1.34, 3, is a t-design.

Thecasem >n-t:

Let t' = n — m(< t). Then by the assumption of the theorem, there exist at most
8 - t' positive integersin {1,2,...,n—t,n—t +1,...,n — t'} which arise as the weights
of codewords in C*. If we apply the similar discussion to a t'-subset T’ of N, we can
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show that B;, is a t'-design. Since m = n - ', B, is an empty set or is equal to N )
Therefore, B,, is a trivial t-design as 5,, = N'™.

Step 4: Proof of Theorem 4.1 (2).
LetC, ={uc N™ | u e C,w(u) = m}. We show (N, Cp) is a t-design in J(n, m) by
induction on m. Let

Conr ={u=@y,...,uy) e Clwu)=m, y; = 1foralli e T}.

Since [{u € C, | T c u}| = |Cp, 1l, it suffices to show that |C,, r| depends only on n, m, t.
First, consider the case m = §. Then we have |Cs 7| = [{u' € C' | w(u') = 6 - t}|. For, if
weletu € Csr, thenuy; = 1foranyi e T,and so [{i € N\T | y; = 1}| = 6 - t. By Step 2,
|Cs.7| depends only on n, ¢, §. Next, assume that m > 6 and for any m' withd <m’ <m,
Cpy is a t-design. We show C,, is a t-design. Note that the map u — u’ is a bijection
since t < 6. We have the following:

[{u' e C" | w(u') =m-t}|
=[{fuecC|lw')=m-t wu) <m}
YueClwm =k [{ieT|uy=1=k-m+t}|

k<m

:Cm,T
+ Y HueCiwu) =k [ieT|u=1=k-m+t}. (4.2)

ksm-1

By Step 2, [{u’ € C' | wu') = m — t}| does not depend on the choice of T. By induction
hypothesis, C; (8 < k < m) is a t-design, and hence it is an s-design for s < t. It can
be easily shown that each term of the summation in (4.2) is a constant which does
not depend on the choice of T (see [319, (19.6) on page 220]). Therefore C,, r does not
depend on the choice of T. This completes the proof. O

Theorem 4.1 deals with codes over F,. The same result holds for codes over F,.
Namely, under the same condition, for any m, the set of the supports of codewords in
C of weight m forms a t-design in J(n, m).

In the paper [161] of 1977, Delsarte introduced the concept of relative designs in
general Q-polynomial schemes and proved an analogue of the Assmus—Mattson the-
orem. In this section, we introduce his result. First, we give some terminologies. Let
X = (X, {Rj}o<i<q) be a Q-polynomial scheme with respect to the ordering of the prim-
itive idempotents Ey, Ey, . .., E; of the Bose-Mesner algebra 2. Let v;' (0 < i < d) be
the polynomials associated with the Q-polynomial structure. We have Q;(i) = v; (6;),
where 6] = Q,(i). In Chapter 2, Section 2.4, V is the |X|-dimensional complex vector
space indexed by X. Here, since 2 is a symmetric association scheme, we may identify
V with the |X|-dimensional real vector space R, For x € X, the vector x € R¥! is
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defined by

R 1, ify=x,
x(y) = )
0, ify+x.

The vector X is called the characteristic vector of x. In Chapter 3, we defined the char-
acteristic vector iy of a subset Y ¢ X. With this notation, we have X = ¥, = ¥,. For
X € Vand x € X, the x-entry of y is expressed as y(x), which means V is the space of
real valued functions on X. In what follows, we identify V = R™*! with the space of real
valued functions on X. The characteristic vector iy of a subset Y can be regarded as a
function which takes 1 on Y and 0 on X\Y. In this way, the concept of designs is natu-
rally extended to functions on X. Before defining designs, we extend the definition of
the inner distribution of a subset of X, appearing in Chapter 3, to a function in V. The
following definition is a natural extension of the definition of the inner distribution
of a subset of X, which was defined in the Ph.D. thesis [159] of Delsarte, to a function
in V. Note that the following a, is a positive scalar multiple of the one in Delsarte’s
paper [161]. Fory € V, let [[* = ¥, x x(x)%. For a function y satisfying [y||* # 0, define
a (d + 1)-dimensional row vector a, = (ay, a;,...,ay) so that each entry a; (0 <i < d)
becomes as follows:

Y XX 4.3)

a= —
2
Il (x.y)€R;

The vector a, is called the inner distribution of . In particular, if x is the characteristic
vector Yy of a subset Y, we have ||1,0Y||2 = |Y| and the definition of the inner distri-
bution of y = Py and that of Y are completely identical. By definition, the following

proposition follows (Proposition 3.6 in Chapter 3).

Proposition 4.2. Let y # 0. Then the following (1) and (2) hold:

M a=1
2
Q@ Y4 a= % in particular, if = py, we have Y4, a; = |Y|.
Next, let
a, = a,Q (4.4)

and write a; = (ap,ay,...,ay). Then the following holds (Proposition 3.7 and Theo-
rem 3.10).

Proposition 4.3. Lety € V andx # 0. Then for any i € D, the following (1), (2), (3), and
(4) hold:
W) a; = XA

. ; . « _yd cex X))
Q a = "'Xi”'zth,-x; in particular, at, = Y&, a; = & ”};)"(5")) ;
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) af =
(4) af =0 lfand only if Ejx = 0.

Proof. (1) We have

= "2 > xox)
x,y)eR;
=— Y X®AXYXY) = 2”(
|m| o Il
(2) We have
d
Z a,Q;(e) = Hxnz Z XAexQ;(e)
:Li Q()AX_ % |tX1X
IxI? & xR
(3) We have
. Xl IX| ¢ Xl oo
P = U Ex = S UEXNEX) = —5 ExlIF =0
%= g XX gz FOE0 = g a I =
(4) It is obvious by (3). O

For y € V, we defined the (d +1)-dimensional vectors a, and a . Moreover, we give
the following.

Definition 4.4. Fory € V, we define the degree Sy the minimum distance 5)(, the dual

degree Sx’ and the dual minimum distance 6 * of y € V as follows:

s={ila;#0,i#0}, & =min{i|a#0,i#0}
=l{ilai #0,i#0}|, &, =min{i|a; #0,i# 0}

Definition 4.5. Let X = (X, {R;}p<i<4) be @ Q-polynomial scheme. Fory € V (y # 0), x is
a t-design in X if

forj=12...,t.

We obtain this definition by extending the equivalence condition (3) of designs in
Theorem 3.10 to the functions in V (or a pair of a subset and a weight function). Here
is an equivalence condition of a t-design y € V in a Q-polynomial scheme X.
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Lemma 4.6. Let X be a Q-polynomial scheme. Fort € D*,x € V (x # 0) is a t-design if
and only if the following equation holds for any i,j € D satisfyingi+j < t:

El-<|X|AXE]- -y X(x)&-ﬂ) =0, (4.5)

xeX

where Ax is the diagonal matrix whose diagonal entries are defined by AX(X, x) = x(x)
(x € X).

Proof. In general, we denote the sum of squares of entries of the matrix M by |M 112
We prove

We compute |E;(IXIAEj — ¥ ex X()8;;DI%. If i # j, we have

Ei<|X|AXEj - X(x)(si,jI)

xeX

2 n
=Xy qf;'XEex. (4.6)
£=1

2
[IXIE:AE;|

=P Y (B E) )
x,yeX

- ixP Y (Z E;(x,2)X(2)E;(z, y)>< Y Ei(x.2' (2 )E;(z, y))

x,yeX ‘zeX z'eX

= 1X]? z x@x(z") Z E;(x,2)E;(x,2") z Ei(z,y)E;(z',y)

z,2'eX xeX yeX
= IXP* Y x@x(z")E(z.2)Ej(z.2")

z,2'eX

=1XP? Y x@x()E < E(z.2")

z,2'eX

d d
=1X| Y xx() Y qiE(z.2") = 1XIY qf;'XEex @7
=1

z,z2'eX £=0

(note that qgj = 0ifi # j). Next we consider the casei = j. Let ), .x x(x) = a. The
(x, y)-entry of the matrix in the left-hand side of (4.5) yields

X| D" X(2)E;(X, 2)E;(y, 2) - aEy(x. y). (4.8)
zeX
Therefore, we have
2
IIXIE:AE; - ak|

2

i Y (Tr@Ew2E.)

x,yeX ‘zeX
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—2aX| Y Y X@Ex2DE(y, 2)Exy) +a Y Exy)
x,yeX zeX x,yeX

d
=1X1Y gi'xEex -2a ) x(@) Y IX|Ei(x,2)" + &’m;. (4.9)
=0 zeX xeX

Since we have |X quit)(EOX = o’m; and

d
Y x@ Y XIE(x2) =Y x@ Y Y qfE(x.2)

zeX xeX zeX xeX =0
= Z X(z)qgi = am;, (4.10)
zeX

(4.9) is equal to |X| Z?:l qf,it)(E ¢X- Next suppose x is a t-design and i +j < t. Then by the
property of Q-polynomial schemes, qu = Oforall ¢ > t. Since y is a t-design, E;xy = 0
forall 1 < ¢ < t. Thus by (4.6), we obtain (4.5). Conversely, suppose (4.5) holds for all
i,j € Dwithi+j < t. By the property of Q-polynomial schemes, qi j is non-negative real
foralli,j, ¢ € D and we have ‘YE,x > 0. Therefore g{;'xE,x = 0. For £ with 1< £ < t, by
choosing i,j (= ¢ — i) satisfying i + j = ¢, by the property of Q-polynomial schemes, we
have g{; = gf,; # 0. Hence E,x = 0, and so E,x = 0. That is, x is a t-design. O

Next, we define relative designs, which are defined for a function in ¥ with respect
tou, € X.

Definition 4.7. Let X = (X, {R;}o<i<q) be a Q-polynomial scheme. Fix uy € X. For a
function y € V (x # 0), x is called a relative t-design with respect to u,, if the vectors
Ejx and Eju, are linearly dependent for all jwith 1 <j < ¢.

Remark 4.8. The vectors Eyx and E,u, are always linearly dependent.
The following proposition follows.

Proposition 4.9. Let X be a Q-polynomial scheme. The following holds:

(1) At-designy € V in X becomes a relative t-design with respect to every fixed vertex
Ug € X.

(2) Forug € X, letX; = {x € X | (x,uy) € R} (0 < i < d). Then for every integer
1(0 <i < d), the characteristic vector (function) Y. of X; is a relative t-design with
respect to uy.

Proof. (1) This is clear by the definition.
(2) Let x € X,. Then for every O < j < d, we have

d d
Epx)0= Y Exa=Y Y Exz)-— Y phaw.
zeX; v=0 z€X; |X| v=0
(x,2)€Ry
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Hence by Theorem 2.22 (8), we have
1 . .
(B )0 = PG = PLOE (o).

It turns out that Ejppy. = P;(j)Eju, holds for every j =1,2,...,d. O

The next lemma is very important when we consider an analogue of the Assmus-—
Mattson theorem. We recall the binary Hamming scheme H(n, 2). Let F, be the binary
field. Then H(n,2) has the vertex set X = F5, and the relation R; (0 < i < n) is defined
by the Hamming distance. Let u, = (0,0,...,0) € X = Ff. Let X = T (ug) = {x € X |
(x,uy) € Ry} be the set of elements in F} with Hamming weight k. Then X has the
structure of the Johnson scheme J(n, k).

Lemma 4.10. We retain the notation above. For 1 < t < k, the characteristic function
Yy € Vof Y c X, is arelative t-design in H(n, 2) with respect to u, if and only if Y is a
t-design in the Johnson scheme J(n, k).

Before the proof of Lemma 4.10, we give the following proposition.

Proposition 4.11. Let Q be the second eigenmatrix of the binary Hamming scheme
H(n, 2). Then the following holds:

m

Z(—l)e<m>Qm(k “ma20) = 2",

£=0 ¢

Proof. By Theorem 2.86 in Chapter 2, Section 2.10, the eigenmatrix Q of H(n, 2) is given
in terms of the Krawtchouk polynomials as follows by putting g = 2 in (2.27):

=y - S0 - S (L)),

The generator function is (1 + x)" (1 — x)*, and Q,,,(k — m + 2¢) is the coefficient of x™
of the polynomial

)n—(k—m+2£) (1 k-m+2¢

1+x -X)

Hence ZZLO(—I)"(’;')Qm(k —m + 2¢) is the coefficient of x™ of the polynomial
& m
z (_1)€< . >(1 i X)n—(k—m+2€)(1 _ X)k—m+2€. (4.11)
£=0

The polynomial (4.11) can be rewritten as follows:

1+ x)"mA - )k i(_nf (’")(1‘_")

2¢

= ¢/\1+x
1-x 2\™
- +X)n—k+m(1 _X)k—m<1 _ <_> >
1+x
= (L+ 0" - )™ exo™, (4.12)

Therefore the coefficient of x™ of this polynomial is 4™ = 2°™, O
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Proof of Lemma 4.10. We construct the structure of the Johnson scheme on X, by
identifying x € X, with the support X of x. Namely, for x ¢ X, a k-subset x of
{1,2,...,n}is defined by X = {i | 1 < i < n,x; = 1}. This correspondence becomes the
one-to-one correspondence between X; and the set Q of k-subsets of the set {1,...,n}.
Then Q has the structure of J(n, k) = (Q, {R{ Yo<i<k). We have (X,y) € Rl]. forx,y € Qif
and only if [xny| = k-iifand only if (x,¥) € R,; for vertices x,y € X in H(n, 2). Assume
Y c X, is arelative t-design in H(n, 2) with respect to u,, and show that Y= ylyeVY}
isat-(n,k,A) design. Let1 < p < t. For a p-subsetX = {i;, i,,...,1,} of {1,2,...,n}, define
A, (x) = {y € Y | x c y}I. By induction, we show that A,(x) does not depend on the
choice of x, but only on y. In terms of H(n,2), A,(x) is characterized as follows. Let
X = (XX, ..., %,) € X, be the element of X, ¢ X which corresponds to X. Then we
have the following:

A =y €Y 1y, =X, Vi, = Xips -5 Vi

- Xiu}l'

Sincey € Y c X;, we have
WeYly, =Xy, =X,....¥i, =%} =Y 0T, (x).
So the following holds:
A0 =Y n Ty, (x)). (4.13)
Furthermore, for an integer # with 1 < ¢ < pand z ¢ X with |z| = ¢, we define a number
a, ¢(x, z) as follows:
a,,x.2)=|{yeY|ynx=z}| (4.14)

We prove A, (x) and a,, ,(x, z) do not depend on the choices of x and z, but depend only
on u and ¢, by induction. Since iy is a relative ¢-design, we have

E]ll)y = ajll){uo} (4.15)
forj=12...,t.

The casey =1.

Letx = (x3,...,X,) € Xj, and let x; = 1, i.e., X = {i}. Since the choices of ¢ and
z € X,, which define aM(x, z), are £ = 1, z = x only, we have a;;(x,x) = A;(x). For
j = 1, compare the x-entry of both sides of (4.15). Then since x € T';(u,), the right-hand
side is a, E;(x, uy) = &—1|Ql(l), which is independent of i, i.e., the choice of x € X;.
Multiplying the left-hand side of (4.13) by |X| yields

(IXIEy)(x) = ) IXIE (X, y)

yeY

= Y XE@y+ Yy  IXIE®XY)
yeYnl,(x) yeYnly,,(x)

= Y N T (0|Qi (k= 1) + (IY] - |Y N T, 00])Qy(k + 1)
= 4 00)(Qyk — 1) = Qyk + 1)) + [Y]Qy (K +1). (4.16)
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Since Q;(k - 1) # Q;(k + 1), A;(x) is independent of i, or the choice of x € X;. Next,
suppose for every integer y with 1 < y < m -1, A, = A,(x) does not depend on x, but
only on y, and consider the case x € X,,,. Letj = m, and compute the x-entry of both
sides of (4.15). The right-hand side is %Qm(m), which is independent of the choice of
x € X,,. The left-hand side is

Y En(xy)

yeY

= Y Eqx,y)+ Y Y En(xy)

yox £=1 lynx|=m-¢
yey yey

_ A
- |X| Qm(k - m)
1

+_
X

Y Y [ eY | ¥nX =Z}Qu(k - (m-20)). (4.17)
=1 zx
|z|l=m—-¢

Next, let z,,_, ¢ X, where |2,,_,| = m—¢and 1 < £ < m - 1. By induction on ¢, we show
the following:

£—

Y ift e
am,m—e(x’ zm—e) = Z(_l) (i)Am—Zﬂ' +(-1) /\m(x)- (4-18)
i=0

If¢=1,wehave{yeY|yoz,4}={yeY|ynx=2,JufyeY|y>Xx} Sowe
have

am,m—l(x’ zm—l) = Am—l - Am(x)>

and we get (4.18). Next, suppose that (4.18) holds for any integer vwith 1 < v < £-1and
forz,,_, c x with |z,,_,| = m—-v. Letz,_, c X and |z,,_,| = m — £. Here, we abbreviate
as Ay (X, 2y ) = Ay for 1 < v < € - 1. By the induction hypothesis, we have

Am—ez l{y € Y|!732m—€}|
-1
=Y Y [yeY|ynx=2z, ,uul

j=0 ucx\zp,—,
[al=j

+|{yeY|yoXx
1,
= A (X,Zpy o) + Z (},)am,m_e A (). (4.19)
j=1
Therefore, we have
&1,
am,m—e(x’ Zme) =Ape - Z j Amm—-e+j ~ A (x)
j=1

¢-1

A=Y j><€+l(‘”i(€ Zj)Am-w_m + (—D“Amm)
=0

j=1 i

)
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- Am(x)
-1 y) £-j-1 . —j ,
= Amfé’ - }:zl (}) l:zo (_1) < i )Am,gﬂ'ﬂ' + (—1) Am(X)
-1
= e+ YD Pncees + (D0 (4.20)
s=1

This proves (4.18).
By (4.18) and (4.17), the left-hand side of (4.15) becomes as follows:

Ap(X)
|X|

18 (o E (s ot

X Qp(k —m +2). (4.21)

Qm(k - m)

The coefficient of |X|A,,(x) in the above polynomial is
m
Y 0 (7 )@tk - m + 20,
=0 ¢
which equals 22 by Proposition 4.11. Therefore, by (4.15), A,,,(x) is independent of the

choice of x. This completes the proof of Lemma 4.10. O

We use the terminology of Terwilliger algebras introduced in Chapter 2, Sec-
tion 2.6. Let T = T(ug) be the Terwilliger algebra. For y € V, we consider

E'y, 0<i<d, (4.22)

1

where Ej, Ef, ..., E; form a basis of the dual Bose-Mesner algebra. Let D = {0, 1,...,d}.
We define the support sup(y) and end(y) of y with respect to u, as follows:

sup() = {ie D | E[x #0,1#0}, (4.23)
end(y) =min{i € D | Ex # 0, i # 0}. (4.24)

The support sup(y) and end(y) defined above depend on the choice of u, € X. By
Proposition 4.3, s; and &, which was introduced in Definition 4.4, are expressed as
follows:

s;:l{ieD|E,-X¢O,i¢O}|, 8;:min{ieD|E,~X¢O,i¢0}.

The following theorem is an analogue of the Assmus—Mattson theorem.
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Theorem 4.12 (Delsarte ([161], Theorem 8.4)). Let X be a Q-polynomial scheme. Let y €
V and fix uy € X. We retain the above definitions and notation. Assume 1 < [sup(x)| <
6)’(‘ — 1. Then for every i € D with E{'y # 0, Ey is a relative (5; — |sup(x)|)-design with
respect to uy.

Proof. Leti € D.Ifi = 0, we have Ejy = x(uo)uy. Hence for every j € D, we have
EjEgx = x(uo)Ejuy, and Egy is a relative d-design with respect to u,. From now on, fix
i € sup(y). We define a polynomial f(z) as follows:

f@ =[] 27— (4.25)

jesup(y) i
j#

The polynomial f(z) has degree |[sup(y)| -1, and for j € sup(y), we have f (9]-*) = §;;. Let
A, be a diagonal matrix indexed by X whose x-th diagonal entry is x(x) for x € X. That
is, A (x,y) = 8, x(x). Then the following holds. Since 0 ¢ sup(x), we have

d
(Ax<zf(9i* )4 )“ﬁ0>(x) = (B (Ao + f(85)Aolo)) ()
j=0

= X00OA;(x, ug) + F(05 )X ()AH(x; ug)

= (EfX) 00 +£(65)(Egx) (0. (4.26)
Therefore, we have
d
AX<Zf(9, )A,>uo = E; X + f (06 )X (uo)tp. (4.27)
j=0
Next, let
m-1
f@@) =Y fov; (2) (4.28)
£=0

be the expansion of f(z) in terms of v; (), v; (2),...,v(z), where m = [sup(x)|. Then

d d m-1
2.f@ i )A; = IDWAAC
j=0 j=0 €=0
m-1 d m-1
= Z 2 Y QDA = 1X1 Y foE,. (4.29)
¢=0 j=0 £=0

Then (4.27) is rewritten as follows:

m-1

X z febEptip = E7x + (60 )x (uo)to. (4.30)
2=0
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Note that y is a (5; — 1)-design by the assumption of the theorem. We multiply both
sides of (4.30) by E; for jwith 1< j < 6; — |sup(x)|. Sincej + € < 6; - 1holds for ¢ with
0<¢<m-1=|sup(y)| — 1, we can apply Lemma 4.6. Since y is a (5; — 1)-design, by
Lemma 4.6, we have

IXIEAE, = ) X(X)5; ,E;,

xeX

and

Z XX)f;Ejuiy = E;(E{'x) + f (65 )X (uo)Ejtiy.

xeX

Therefore, we obtain

E(Ex) = (fj > X —f(eg)X(uo)>Ej'I0’

xeX
which means that E'y is a relative (5; - |sup(y)|)-design with respect to u,. O

This theorem looks weaker than the original Assmus—Mattson theorem (Theo-
rem 4.1). For example, if we apply this theorem to the Golay [24,12, 8]-code, it only
claims that the set of supports of codewords of a fixed weight forms a 4-design. (The
original Assmus—Mattson theorem claims that it becomes a 5-design.) However, as
was written in Brouwer, Cohen, and Neumaier [113, pages 61, 62], if a code contains all
codewords of a certain weight, say, w, we can ignore w when we evaluate t. So for the
case of the Golay [24, 12, 8]-code, we can get a 5-design since it contains the unique
codeword of weight 24. In this sense, the above theorem is not so weak.

4.2 t-Designs in regular semilattices

First, we give definitions and basic facts on semilattices.

Definition 4.13 (Poset). A partial order on a set L is a binary relation < on L satisfying
the following (1)-(3):

(1) reflexivity: a < a;

(2) transitivity: ifa < band b < ¢, thena < c;

(3) antisymmetry: ifa < band b < a, then a = b;

where a, b, c € L. If a binary relation < is a partial order on L, a pair (L, <) is called a
partially ordered set or a poset.

Definition 4.14 (Meet semilattice). Let L be a poset. For a pair a,b in L, an element
of L, denoted by a A b, is called the meet of a and b if it satisfies the following (1), (2):
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(1) anb<a,anb<b;
(2) ifc<aandc<bforceL,thenc<anbhb.

Note that the meet a A b is uniquely determined if it exists. The poset L is called a meet
semilattice if the meet exists for every pair of elements of L.

Definition 4.15 (Join semilattice). Let L be a poset. For a pair a, b in L, an element of
L, denoted by a Vv b, is called the join of a and b if it satisfies the following (1), (2):

1) avb=a,avb>=b;

(2) ifc>aandc>bforceL,thenc>avhb.

Note that the join a v b is uniquely determined if it exists. The poset L is called a join
semilattice if the join exists for every pair of elements of L. The poset L is called a lattice
if it is a meet lattice and a join lattice.

In what follows, a semilattice means a meet semilattice. Assume that for a semilat-
tice L, there exists a unique element u such that u < x for all x. We denote this element
by 0.

Definition 4.16 (Graded semilattice). Let L be a semilattice consisting of finite el-
ements. For x,y € L, we write x < yifx < yandx # y.Forx < y € L, a se-
quence X, ..., X, of elements in L is called a chain from x to y of length r if it satisfies
X=Xy<X <:-<Xx,=y.Achainx = xy < x; <--- < x, =y from x to y is said to be
maximal if there exists no chain from x to y which contains x,, ..., x,. A semilattice L
is said to be graded if it satisfies the following:

(1) forevery x <y, all maximal chains from x to y have the same length;

(2) thereexistsamaph:L — Z;

(3) h(0) = 0;

(4) forevery x <y, h(y) — h(x) is the length of a maximal chain from x to y;

(5) if we let n = max{h(x) | x € L} and for every s with 0 < s < n we define

Li={xeL|h(x) =s}, (4.31)
thenLy,L;,...,L, are not empty.
The map h is called the height function of L. Each L; (0 < j < n) is called a fiber. In
particular, L, is called the top fiber.

For subsets A, B of a semilattice L, define AAB={aAnb|acA, b e B}.

Definition 4.17 (Short graded semilattice). Let L be a graded semilattice and L, the
top fiber of L. The semilattice L is called a short graded semilattice if L, AL, = L.

Proposition 4.18. Let L be a short graded semilattice and L,, the top fiber of L. Then for
any integersjandr with0 < j <r < n, thereexista € L, andy € L, suchthat h(any) =j.
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Proof. Letz € L;. Let x,y € L, be elements which satisfy z = x A'y. The length of a
maximal chain fromz toxisn —j. Letz = q; < --- < @, < -+ < @, = x be a maximal
chain. Sincey Aa, < a, < x,y Aa, <y, wehavey Aa, < x Ay = z. On the other hand,

sincez=xAy<y,z= a; < a,, we obtain z < y A a,. Therefore,y Aa, =z € Lj. O

Definition 4.19 (Regular semilattice). Let L be a short graded semilattice and L, the

top fiber of L. The semilattice L is called a regular semilattice if the following (1), (2),

(3) hold:

(1) Fory e L,andz € L, withz < y, the number of u € Ly such thatz < u <yisa
constant which depends only on r, s. The constant is denoted by u(r, s).

(2) Foru e L, the number of z € L, such that z < u is a constant which depends only
onr,s. The constant is denoted by v(r, s).

(3) Fora € L,andy € L, witha Ay € L;, the number of pairs (b,z) € Ly x L, such
that b <z, b <y, a < z is a constant which depends only on j, r,s. The constant is
denoted by 71(j, 1, s).

Remark 4.20. The constants y, v, and 71 defined in Definition 4.19 are called the pa-
rameters of a regular semilattice. If 0 < r < s < n, then u(r,s) and v(r, s) are positive
integers. We also have u(r,r) = v(r,r) = 1. Note that (3) implies (2), which will be stated
in the following proposition.

Proposition 4.21. In Definition 4.19, (3) implies (2). Namely, we have n(j, n, s) = v(s, ).

Proof. We assume r = n in (3) of Definition 4.19. By the assumption, we have a € L,,,
anye€l;Sincea<zelL,we have z = a. Hence we have n(j,n,s) = [{b | b<a, b <
yHl=1{b | b <any}.Recallthatany € L;. Conversely, since L is short, for every
cel;, there exist a,y € L, suchthatc = any. Thusn(j,n,s) = |[{b € Lg | b < c}|isa
constant which does not depend on the choice of ¢ € L;, but only on s and j. Hence we
have n1(j, n, s) = v(s,j). O

In what follows, let L be a regular semilattice. We denote the top fiber L, of L by Q.

In the previous section, we identify the vertex set X of an association scheme with the
standard basis of the vector space R¥!, and identify the space of functions on X with
RX, Here, we make similar identifications. Namely, Q is identified with the standard
basis of V = RY, and we identify V with the space of functions on Q. Let x € V. For
an integer j with 1 <j < n, define a real valued function A;, on L; as follows. For z € L;,
Ay(2) =) x(x). (4.32)

xeQ
x=z

Definition 4.22 (Geometric design). Lety € V = R, y # 0. Let t be a natural number.

(1) Ifthe function Aty (z) takes a constant value A on L;, we call x a geometric t-design.
The constant A is called the index of a geometric t-design.

(2) If there exists a fixed element x,, in Q such that for each j with 0 < j < t, the
function A; ,X(z) takes a constant value Axo,j on{z € L; | h(z Axy) =j}, wecallya
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geometric relative t-design with respect to x,. The constant A, ; is called the index
of a geometric relative ¢-design.

The definition of geometric designs is very natural in the sense that they are
closely related to association schemes, as we will see in the following theorems.

To begin with, we explain how to construct an association scheme on the top fiber
Q = L, of a regular semilattice L. We define the relation R; ¢ Q x Q on Q as follows:

Ri={x,y) e QxQ|h(xAny)=n-i}, 0<i<n (4.33)

By Proposition 4.18, wehaveR; # 0 (0 < i < n).Let(x,y) € Ry. Bydefinition, h(xAy) = n.
Since x Ay < x, the length of a maximal chain from x A y to x is h(x) — h(x Ay) = O.
That is, x Ay = x. Similarly, we have x Ay = y, and hence x = y. It follows that
Ry ={(x,x) | x € QL. Ifi # j, then R; N R; = 0. We also have 0 < h(x Ay) < nforx,y € Q.
It turns out that Q x Q = Ry UR; U --- U R, is a partition of Q x Q. Clearly, we have
‘R; = R; (0 < i < n). In the following, we show that (Q, {R;}(;<,,) becomes a symmetric
association scheme. The method of the proof is similar to the way we found the first
and second eigenmatrices of the Johnson scheme in Chapter 2, Section 2.10.3. We use
a similar matrix as the matrix appearing in Lemma 2.93 (Kantor). In this way, the top
fiber of a regular semilattice carries the structure of a symmetric association scheme.
As will be discussed later in this chapter, it is well known that Hamming schemes and
Johnson schemes appear as the top fibers of certain regular semilattices. In general,
it is an open problem whether there exists a regular semilattice whose top fiber is not
related to the structure of a Q-polynomial scheme.
Now, we prove two lemmas.

Lemma 4.23 (Delsarte ([160], Lemma 1)). We retain the above definitions and notation.
Let a € L,. The cardinality of the set {z € Q | z > a} does not depend on the choice of a
and equals 1(r,r,0). We denote 6(r) = n(r,r,0).

Proof. Takey € Qsatisfyingy > a. Then we have any = a € L,. We apply condition (3)
of a regular semilattice with j = r. If we let s = 0, the element b in condition (3) must
be the least element O of L. Therefore, we have 71(r,r,0) = |{z € Q | a < z}|. This proves
the lemma. O

Lemma 4.24 (Delsarte ([160], Lemma 2)). Fixy € Qand u € L; with u < y. Then the
number of z € L, such thatunz € L; and z <y does not depend on the choice of y, u, but
only onj,r,s. The number is denoted by Y(j, 1, s).

Proof. Let h = min{r,s}. Fix k with 0 < k < h. We count the cardinality of the set
{(x,z) e Ly x L, | x < u, x < z <y} in two ways. First, fix x € L;. Then we get

{xz) e Ly xL, | x<u, x<z<y}
= U {zeL, |x<z<y}=ukrvk,s). (4.34)

X€ELy
Xsu
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Next, choose z € L, first. Letunz € L;. Then j takes a value in {0, 1,..., h}. Since x < u
and x < z, it suffices to count the number of x such that x < u A z. Namely,

{,2)e Ly xL, | x<u x<z<y}

h
:Z U xeX | x<unz}

] 0 z€Ly
uMEL]

z<y

h
Z|{z €L, |unzel,z< yHv(k.j)
j=0

h
Z Y, r, s)v(k,j). (4.35)
j=0

Thus, we obtain a system of h+1 linear equations in h+1 unknowns (j,r,s) (0 < j < h)
as follows:

h
Y WG, r. sk, j) = ptk,rvik,s)  (0<k<h). (4.36)
j=0
Since v(j,j) = 1 (0 < j < h) (Remark 4.20) and v(k,j) = Oforall0 < j < k < h, the
coefficient matrix of the above system of linear equations is non-singular. Therefore,
the number Y (j, 1, s) depends only onj,r,s. O

The following proposition immediately follows from (4.36).

Proposition 4.25. Let (V'(r, S))0<r<n be the inverse of the matrix (v(r, S))0<r<n Then
Y(j,1,s) is given by the followmg formula

n
WG, 1, 8) = Y v(i, sV (i, Du(, 7). (4.37)
i=0
We denote the adjacency matrix of the relation R; on Q by 4; (0 <i < n). Itis easy
toshow that A, = I (= the identity matrix), and Ay +4;+- - -+A, = J (=the all I’s matrix).
Similarly to the case of the Johnson scheme, we define the matrices C,, C;, ..., C, by

n n
Ci= Y VL.l Ay = Y Vi, KAy k. (4.38)

k=0 k=i

Since v(0,0) = v(0,1) = --- = v(0,n) = 1, we have
CO :A0+"'+An. (4-39)

Lemma 4.26. Thevector space spanned by C,, C;, ..., C, coincides with the vector space
spanned by Ay, A, ..., Ay
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Proof. Since the transition matrix (v(i, k)) o«k<n is a triangular matrix whose diagonal
0.

entries are all 1’s, it is clear. = O
Theorem 4.27. The pair (Q, {R;}o<i<n) constructed from the top fiber Q of a regular semi-
lattice L is a symmetric association scheme.

By definition, Ay,A4;,...,A, are symmetric matrices. In order to prove Theo-
rem 4.27, it suffices to show that the vector space spanned by Ay, 4;,...,A4, is closed
under the ordinary matrix multiplication. We use the basis Cy, C;, ..., C,,. To compute
C,C,, we use a matrix M;, which is similar to the matrix used by Kantor. Let M; be the
matrix indexed by L; x Q whose (x,y)-entry is defined by

1, ifx<y,
M;(x,y) = ] (4.40)
0, otherwise.
Lemma 4.28. We have C; = "M;M; fori=0,1,...,n.
Proof. Let (x,y) € R]-, i.e,xAye L,H-. Then we have
("M;M;)(x,y) = Z Mi(z,0M(z,y) = [{ze L | z<x, z <y}
zeL;
=[{zeLilz<xny}|=v@i,n-j).
Therefore we have
¢ n n
MM; = v(i,n-jA; = Y v(i, KA, i = C;. (4.41)
j=0 k=0
O
Proof of Theorem 4.27. 1t suffices to show the following:
n n
CCs=) <Z WG, r,n -k, r,s))Ak. (4.42)
k=0\j=0

Let (x,y) € Ry, i.e.,, x Ay € L,_;. Then we have

(GCHy) = (tMertMsMs)(X’ y) = Z (tMer)(X’Z)(tMsMs)(Z’ y)

zeQ

= Z( > M,(a,x)M,(a, z))( > M(b,2)M(b, y))

zeQ “ael, beL,
= Zl{a eL la<xnzl|[fbeLs|b<znyl

zeQ

=|{(a,b,z) e L, xLixQ|a<xAz, b<ynz}. (4.43)
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First, count the number of possible a’s. For each j, let a Ay € L;. Then the number of
suchais|{aeL, |anye Lja< x}|. Assumea € L,,any € L;, anda < x.Letc =xAy.
Since A is associative and a < x, wehavea A (x Ay) = (aAXx) Ay = a Ay. So we have
anc=any €l Therefore, in Lemma 4.24, by substituting n—k for s and counting the
number of ¢, x, a instead of u, y, z, respectively, we obtain [{a € L, | anc € Lj, a < x}| =
Y(j,r,n—k).Next, fixa € L, such thaty e Q,any € L]-, and a < x. Then the number of
pairs (b, z) such that a < z, b < y Az is equal to 71(j, r, s). Thus we obtain (4.42). O

Let 2 be the Bose-Mesner algebra of the association scheme (Q, {R;}(<;<,) Ob-
tained from a regular semilattice L. Let E, E;, . . ., E,, be the basis of primitive idem-
potents of 2, where E, = Illll —=:J. The Bose—Mesner algebra 2l is commutative since
(Q, {R;}o<i<n) is symmetric. Let o'(r, S))0<r<n be the inverse of the matrix (v(r, S))O<y<n

0<s<n

Since (v(r,s)) osren is a non-singular 1ntegral upper triangular matrix whose diagonal
entries are all 1 s, so is (V'(r, S))gsrsn Namely, V' (r,s) are all integers. By (4.42) and
(4.38), we have a

M=
M=
M=

1l
o

C.C = v(i,n - kW', Du@,rn(,r,s)A;

T
o
T
o

i

I
M=
M=

-
I

o
T

o

VG, Du@ NG, r,s) Y v(i,n - kA
k=0

V' (G, D, ), 1, 8)C;

I
™M=
M=

T
)
=
)

r

Zy(z r)(Zv G, Dn(,r, s)) (4.44)
i=0 j=0

Therefore, C,C; is a linear combination of Cy, C;, ..., C,. Similarly, C,C, is also a linear
combination of Cy, Cy, ... ., Cs. Moreover, since 2 is commutative, C,C; = C,C, is a linear
combination of Cy, Cy, ..., Cpingr s - Hence, if we let 2, be the subspace of 2 spanned
by Cy, Cy, ..., C,, then 2, is an ideal of . By (4.39), it turns out that 2y = (Cy) = (Ey).
So by a suitable rearrangement of the ordering of the primitive idempotents of 2, we
have 2, = (C,,C;,...,C,) = (Ey, E;, ..., E,). We denote

C, = ) p(i,NE;. (4.45)
i=0
If r < s, we have
r S
C,C, = Zp(i, 1)E; Zp(j,s)Ej = p(r,r)p(r,s)E, (mod A,_,). (4.46)

i=0 j=0

On the other hand, by (4.44), we have

C,Cs = Y V'(,n)a(,r,s)p(r,r)E, (mod 2, ;). (4.47)
j=0
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Thus we obtain

p(r,s) = Z V' G, nnG,r,s). (4.48)

j=0
Then we get the following theorem.

Theorem 4.29. Each entry of the first eigenmatrix P of (Q, {R;}o<i<n) IS a rational integer.

Proof. By (4.38), (4.45), and (4.48), we have

A=Y Vn-1i,5C = i V(n-1is) ip(j, S)E;
s=0

s=0 j=0
n n n
=Y Y Vn-is) Y vk jmakjs)E;. (4.49)

j=05=0 k=0

Therefore, we have
n n
PGj)= Y Vvi(n-i,s) Y V'(kjm(k,j,s). (4.50)
5=0 k=0

These are all rational integers. O

Delsarte [160] did not mention whether the association scheme obtained from a
regular semilattice becomes a Q-polynomial scheme. We tried to show that it becomes
Q-polynomial with respect to the ordering defined by (4.45), but it does not seem easy.
Probably, there may exist a regular semilattice such that the association scheme ob-
tained from it is not Q-polynomial. In the following, for the case n = 3, we find a
necessary condition for the association scheme obtained from a regular semilattice to
be Q-polynomial.

Proposition 4.30. LetL be aregular semilattice whose top fiber is L. Let (Q, {R}y.;<3) be
the association scheme obtained from L. Then (Q, {R}y.;<3) is Q-polynomial with respect
to the ordering of the primitive idempotents defined by (4.45) if and only if the following
(1), (2) hold:

1) v(1,3)%-v(1,3) - v(2,3)(v(1,2)* - v(1,2)) = 0;

2 v(1,2),v(1,3) = 2andv(1,3) + v(1,2).

Proof. By the condition of a regular semilattice, we have v(0,0) = v(0,1) = v(0,2) =
v(0,3) = 1. By (4.39) and (4.45), we have A, + A; + 4, + A; = Cy = p(0,0)E,, and so
p(0,0) = |Q|. By (4.39) and (4.45), we get

C3 = Ay =p(0,3)Ey + p(1,3)E, + p(2,3)E, + p(3, 3)E;. (4.51)



4.2 t-Designsin regular semilattices —— 165

So we have p(0,3) = p(1,3) = p(2,3) = p(3,3) = 1. By plugging them in (4.45) and
using (4.39), we can express E; o E; as a linear combination of E, E;, E,, E5, where the
coefficient of E; is

p(lll)z (v, 32 -v(1,3) - (v, 2% v, 2))v(2,3)).

Hence Proposition 4.30 (1) follows. By (1), if v(1,2) = 1, then v(1,3) = 1. Then the
assumption that L is short does not hold. Therefore, v(1,2),v(1,3) > 2 and v(2,3) =
% Next, if we express E; - E; o E; as a linear combination of Ey, E;, E;, E;,
then the coefficient of E; is

1
—=(v(1,3) -1 1,3) -v(1,2))v(1, 3).
S VB - D) v 2)3)
The above coefficient is non-zero if and only if E; is a polynomial of degree 3 in E; with
respect to the Hadamard product. O
Research problems

(1) TheJohnson scheme J(v, 3) satisfies the conditions of Proposition 4.30. Find other
examples of regular semilattices with n = 3 which satisfy the conditions of Propo-
sition 4.30.

(2) Find a regular semilattice with n = 3 which does not satisfy the conditions of
Proposition 4.30, if it exists.

In the rest of this section, we assume the association scheme obtained from a regular
semilattice is Q-polynomial with respect to the ordering of the primitive idempotents
defined by (4.45), and we show that the concept of t-designs and relative t-designs in
a regular semilattice is identical to that of t-designs and relative t-designs in the cor-
responding Q-polynomial scheme. Firstly, we introduce a basic property of geometric
t-designs.

Lemma 4.31 (Delsarte ([160], Lemma 12)). Let Q be the top fiber of a regular semilattice
L and let t be a natural number with t < n. If C;y = 0 holds for y € R, then C;y = 0
holds for alliwith1 < i < t. Here, C; is the matrix defined by (4.38).

Proof. By the assumption of the lemma and by Lemma 4.28, we have ‘y'M,M,y = 0,
which implies My = 0. Fix a € L;, and compute ) o x(x) in two ways. Then we

aszs<xzely

have

Y x0= Y Y x=pit) Yy xt

x€Q asx,xe() aszsx as<x,xeQ
aszs<x,z€Ly zely

= u(i, ) (Mx)(a). (4.52)



166 —— 4 Codes and designs in association schemes (continued)

On the other hand, we have

Y oxm= Y Yy

x€fd asz,zel, zsx

= ) My =0. (4.53)

aszzel,

Since u(i, t) > 0, by (4.52) and (4.53), we have M;y = 0. Therefore, C;y = 0 holds for all
il<ic<t). O

We give one more lemma before the proof of Delsarte’s theorem on geometric de-
signs.

Lemma 4.32. We retain the above notation. The following (1) and (2) hold:
(1) p(i,r) > 0 holds for every integeri,r withO <i<r <n;
(2) G2 =2, holds for every integeri,r withO <i<r <n.

Proof. (1) By (4.45), p(i, r) is an eigenvalue of C, = ‘M, M,. Since C, is a positive semidef-
inite symmetric matrix, we have p(i,r) > 0. If there exist i,r such that p(i,r) = 0
(0 <i <r < n), then C,E; = 0. Therefore, by Lemma 4.31, we have G;E; = 0, and
p(@i,i) = 0. Then C; € (Cy,C;,...,Ciy) = (Ey,Eq,...,E;_1), which is a contradiction.
Thus (1) holds.

(2) We have C,21; ¢ 2;. Moreover, since C,E; = p(i,r)E;and p(i,1) > 0, we have E; € C,2;.
Thus we have C,2(; = 2; (i < 1). O

Theorem 4.33 (Delsarte ([160], Theorem 13)). Let L, = Q be the top fiber of a regular
semilattice L. If y € V = R is a geometric t-design of index A, then X is a geometric

i-design of index ’}f((t’)) for every integeriwith1<i<'t.

Proof. We use the above notation. By Definition 4.22 (1) and Definition 4.19 (2), for all
X, we have

(‘MMx)(x) = > M(z,)(Mx)(2)

z€eL,
=AY M(z,x) = Av(t,n). (4.54)
zeL,
Hence, by Lemma 4.28, we obtain
Cx = Av(t, n)yg, (4.55)

where 1), is the characteristic function of Q. Moreover, by Lemma 4.23, we have |{x €
Q| z < x}| = 6(t) for arbitrary z € L;. So we obtain

(‘MMapo)(x) = >’ My(z,%) Y Mi(z,y)Pqa(y)

z€eL, yeQ
=0(t)v(t,n). (4.56)
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Thus by Lemma 4.28, we get
Cihg = 0(t)v(t, n)hg. (4.57)

By (4.55) and (4.57), for every integer i with 1 < i < t, we have

A
Ci<X - %1/@ =0. (4.58)
Therefore, we have
which means
_ /10(1)
(Mix)(z) = e(t) 2~ (Miho)(2) = B0 (4.60)
Hence y is a geometric i-design of index A9G) O

LGN

Theorem 4.34 (Delsarte ([161], Theorem 9.8)). Let X = (Q, {R;}o<i<n) be the association
scheme obtained from the top fiber Q = L, of a regular semilattice L. Assume X is Q-
polynomial with respect to the ordering of the primitive idempotents defined by (4.45).
Lety e V = R and let t be an integer with 1 < t < n. Then the following (1) and (2)
hold:

(1) xisat-designin X if and only if x is a geometric t-design in Q;

(2) fix xo € Q; then x is a relative t-design in X with respect to x, if and only if x is a

geometric relative t-design in Q with respect to x,,.

Proof. (1) First assume that y is a geometric t-design in Q of index A. By (4.58) and
(4.45) in the proof of Theorem 4.33, for every integer j with 1 < j < t, the following
holds:

j
Y el em(x o wg) (4.61)

Multiplying both sides of (4.61) by E; (1 < j < t) yields p(j, ))Ejx = 0. Since p(j, ) # 0, we
obtain Ejy = 0 (1 < j < t). Namely, by Definition 4.5, x is a t-design in X. Conversely,
assume y is a t-design in X, and follow the above discussion in reverse order. Then we
can prove that y is a geometric ¢-design in Q.

(2) First, we introduce a matrix as follows. Let M, ; be the matrix indexed by L x Q
whose (z, x)-entry is defined by

1, ifh(zAx)=j,
Mk,j(Z>X) = ' (Z .X) J (4.62)
0, otherwise.
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Then for (z,x) € L; x Q with h(z A x) = j, the following holds:

(M'MM)(zx) = Y Y Mi(z,y)M;(, y)M;(u, X)

yeQuel;
=7(j, k, ). (4.63)
Therefore we have
n
MiC; = Y 1, k, ))Myj. (4.64)
j=0

Next, we consider the dimensions. We have the following:

k+1>dim((My; |0 <i<k))>dim((MC; |0<i<k))
> dim({'MM,C; | 0 <i<k))=dim((C,C; | 0 <i<k)). (4.65)

By Lemma 4.32, we have dim(C;2(;) = dim(%(;) = k + 1, which implies equality holds
in (4.65). Therefore, we have

(M; 10<i<k)=(MC;|0<i<k), (4.66)
(MM 10<i<k)={MMC;|0<is<k)=2. (4.67)

Thus, the matrix (71(j, k, 1)) o5« Of size k + 1 is non-singular. Now we assume y is a ge-

O<i<k

ometric relative ¢-design in Q with respect to x, of index A, ;. Then, for z € L; with
h(z Axg) = j, we have (Myx)(2) = Y, cq Mi(z, X)x(x) = A,_;. So we obtain

0 °
t
M =) Ay iMe i, (4.68)
j=0
Hence, by (4.67) and (4.68), we get

t
Cx ="MMy = Y A MM, € Anthy, . (4.69)
j=0

Therefore, for every j with 0 < j < t, we have
pU,OE) = CE) € by = (Ejihy, ). (4.70)

Thus Ejx and Ej, are linearly dependent. That is, x is a relative ¢-design in the Q-
polynomial scheme X with respect to x,.

Conversely, suppose y is a relative ¢t-design in a Q-polynomial scheme X with re-
spect to x,. Following the discussion above in reverse order, by (Ex) € (Ejlllxo) (0 <
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j < t)and (4.67), we have ‘MM = Cx € Ay, = (‘MM,; | 0 < i < t)y, . Therefore,
there exists a constant AXOJ- (0 <j < t)such that

t
‘M My = ZAxo,thtMt,jlpxo- (4.71)
j=0
This implies
t t 4
(M, M) (M) = (M, Mt)(Z Ao iMe iy, ) (4.72)
j=0
Hence we obtain
t
M = ZAxo,th,jlpxo' (4.73)
j=0

Therefore y is a geometric relative ¢-design with respect to x, of index 4, ; (0 < j <
t). O

Corollary 4.35. Ifx is a geometric relative t-design with respect to x, € Q, it is a geo-
metric i-design with respect to x, € Q foreveryiwith1<i<t.

Remark 4.36. For the Hamming scheme H(n, q) and the Johnson scheme J (v, d), there
exist regular semilattices such that H(n, q) and J (v, d) become the association schemes
obtained from their top fibers. In this sense, Theorem 4.34 is a generalization of The-
orem 3.20. We give two examples of regular semilattices.

Example 4.37. Let F be a g-element set, where g > 2. Let “+” be a new symbol for an
element which does not belong to F. Let L be the set of words of length n over Fu{x}. We
consider a partial order in L as follows. For x = (X;,Xp,...,Xp), ¥ = W1,V -->¥n) € L,
we define x < y if the following holds:

Foreveryi(1<i<n), wehavex; = *orx; =y;. (4.74)

It is known that L becomes a regular semilattice with respect to the above partial or-
der. The regular semilattice L is called the Hamming lattice, whose height function is
defined by h(x) = |{i | x; # *}|. The Hamming scheme H(n, q) arises from the top fiber
L,ofL.

Example 4.38. Let Q be a v-element set. Letd < 3 and L = {x c Q | |x| < d}. For
x,y € L,wedefinex < yifx ¢ y. With this partial order, L becomes a regular semilattice
called the truncated Boolean lattice, whose height function is given by h(x) = |x|. The
Johnson scheme J (v, d) arises from the top fiber L,; of L.

Remark 4.39. The geometric interpretation of ¢-designs in regular semilattices was
started by Delsarte [160]. It seems that he came up with this concept when he con-
sidered the geometric interpretation of ¢-designs in various Q-polynomial schemes.
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Munemasa [355] and Stanton [438] also gave geometric characterizations of ¢t-designs
in some Q-polynomial schemes (see also [356]). They consider posets whose struc-
tures are weaker than regular semilattices. Can we give a geometric interpretation of
t-designs in Q-polynomial schemes by considering associated semilattices or posets
with weaker structures? Which kinds of Q-polynomial schemes carry the structure of
regular semilattices? These problems are very interesting for future study. It is one of
the important open problems whether there exists a code which produces a t-design
with t > 6 by the Assmus—Mattson theorem.

Many extensions and generalizations of the Assmus—Mattson theorem are known.
There are many references (for example, see Tanaka [451]). (The authors recommend
Bachoc [8], Tanabe [449], and Janusz [267].)

At present, the work of Tanaka [451] seems to be a culmination of this area. We
close the part on the Assmus—Mattson theorem by taking a quick look at his study. (For
details, see Tanaka [451].) The following is a reformulation of the Assmus—Mattson
theorem for the case of H(n,2) or H(n, q). (This is essentially the same as Theorem 4.1,
which was introduced in the beginning of this section.)

Theorem 4.1'. Let Y be a linear code in the Hamming scheme H(n, q) with vertex set FZI’.

Suppose the following (a) or (b) holds:

(a) There exist at most 6 —t positive integersin {1,2,...,n—t} which arise as the weights
of codewords in Y*.

(b) There exist at most 6" —t positive integersin{1,2,...,n—t} which arise as the weights
of codewordsinY.

Then the set of the supports of codewords of weight min Y forms a t-design in the Johnson
scheme J(n, m).

Moreover, Tanaka [451] gave an extension of the Assmus—Mattson theorem to gen-
eral P- and Q-polynomial schemes. Let X = (X, {Ry<i<,}) be a P- and Q-polynomial
scheme of class n. (Here we use n for the class of an association scheme since we
consider codes.) Let 2 be the Bose—Mesner algebra of X. In Chapter 2, Section 2.6,
we defined the dual Bose-Mesner algebra 20* = 2A*(u,) and the Terwilliger algebra
T = T(ugy) with respect to a fixed vertex u, of X (Definition 2.33 and Definition 2.35).
We say y € V is a non-trivial code ify ¢ E,V and y ¢ EJV. In what follows, fix u, € X.
We denote the characteristic vector of x € X by x. As will be explained in Chapter 6,
the Terwilliger algebra acts naturally on V = Y. In this sense, V is called the stan-
dard module of the Terwilliger algebra. Let A = A;, A* = A;. Then we have 2 = (4),
A™ = (A™). Furthermore, the following hold:

AV c Vi + V] + V]

i i+1°

AVE c Vo + V), AV CV, + V),
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AV S Vi + Vit Vi,
AV Vo+Vy AV, CVy +V,

For details, see Chapter 6, Section 6.2. (The above properties lead to the concept of
tridiagonal pairs, which will be given in Chapter 6, Section 6.2.) We define the sub-
spaces U;; (0 < i,j <n) of V as follows:

Ujj= (Vg + V] ++ V)N (Vi + Vi +---+ V).

Theorem 4.40. Let X = (X, {Ro<i<n}) be a P- and Q-polynomial scheme and letx € V be
a non-trivial code. For each integer r with 1 < r < t, assume the following (a') or (b')
holds:

@)Ijlr<j<n-r Ex+0}|<6-r;

M) jlr<j<n-r, E'x+#0}| <8 -r.

Then the following (1) and (2) hold:

(1) For any element F € T of the Terwilliger algebra and for any integer i with1 <i <,
the vector Fy is orthogonal to U ,_; 0 (Aiiy)*.

(2) Forany element F € T of the Terwilliger algebra and for any integer j with1 < j < t,
the vector Fy is orthogonal to U,_j; N (Airy) ™.

Tanaka [451] claims that for the case of H(n, q), if (a) in Theorem 4.1' holds, then
(@) in Theorem 4.40 holds for every r with 1 < r < t, and the same is true for (b) and
(’). He claims, however, the conclusions (1) and (2) in Theorem 4.40 are much stronger
than those of Theorem 4.1'. Namely, for any element F of the Terwilliger algebra, Fy
(in particular, any non-zero E,x (1 < m < n)) is orthogonal to U;,,_; N 0, , Ui =
(V5 +--+ V) n(V,; +--+ V,) (Example 5.4 in Tanaka [451]). Therefore, he claims
that Theorem 4.40 generalizes the original Assmus—Mattson theorem for H(n, q). He
also claims that the proof is valid for any codes which are not necessarily linear (by
exchanging the role of weights of Y* by the dual distribution of Y).

For relatively larger t, say, at most 10, many examples of t-(v, k, A) designs are con-
structed ([306], [330]). If repeated blocks are allowed, the existence is shown under
very weak conditions (Wilson [517], Graver and Jurkat [204]). In the 1960s, there was a
vague impression that there exists no non-trivial ¢-(v, k, A)-design for t > 6. However,
the situation has changed, and now it is popularly believed that there are many and
various types of ¢-designs for large ¢.

Concerning other Q-polynomial schemes (especially for P- and Q-polynomial
schemes) aside from Johnson schemes, for some cases the existence of t-designs is
well known, and for other cases, the existence is not known at all. The situation differs
depending on each association scheme. Generally speaking, for the cases of self-dual
association schemes, e.g., H(n,q) (g is a prime power), and P- and Q-polynomial
schemes coming from classical forms, the construction of examples is easy (the dual
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of a linear code of large minimum distance will be an example) and many examples
are known. On the other hand, for cases such as Jq(v, k), the construction is still not
easy. For instance, examples of t-designs in J4(v, k), except for t = 2, are known for
t = 3 only [110].

For arbitrarily large t, the existence of non-trivial ¢-(v, k, A) designs for some v, k, A
are shown by Teirlinck [457] in 1987. In his result, k = t + 1 and v, A are explicitly deter-
mined!. The construction is based on induction. For the case of the Hamming scheme
H(n, q), if q is a prime power, by considering the n-dimensional vector space over the
finite field F, it can be proved that there exists a subspace such that the minimum dis-
tance of the dual space is arbitrarily large. By using this fact, it is clear that a t-design
exists for any t. However, if g is not a prime power, we cannot use the property of vec-
tor spaces since there is no finite field of order g. For this reason, there was no rigorous
proof while the existence was believed. For other association schemes, e. g., the asso-
ciation schemes constructed from bilinear forms or classical forms, the existence of
t-designs for arbitrary ¢ is trivially true. For the g-Johnson scheme J, (v, k), the exis-
tence of t-designs for large t was left as an open problem. In this situation, Kuperberg,
Lovett, and Peled [293] (see also [292]) gave a general method to show the existence of
t-(v, k,A) designs and t-designs in H(n, q) (i. e., orthogonal arrays of strength t). This is
the existence theorem based on probability theory, which does not give a construction.
It is, however, a very strong theorem. Also, Fazeli, Lovett, and Vardy [184] applied the
method of [293] and showed the existence of t-designs for arbitrary t in the g-Johnson
scheme J,(v, k). It seems that this implies the existence of ¢-designs for arbitrary ¢ in
many other Q-polynomial schemes. (We expect further progress.)

We have already discussed the geometric interpretation of t-designs associated
with regular semilattices. For other classical known P- and Q-polynomial schemes,
we can obtain their geometric interpretation by choosing appropriate posets. See
Munemasa [355], Stanton [438], etc. However, it is a subtle problem how well we
can achieve the geometric interpretation for general Q-polynomial schemes or P-
and Q-polynomial schemes. Song considered the case of the P- and Q-polynomial
scheme which has the same parameter as H(n, 4), that is, the case of the Doob scheme
(unpublished, 1980s), but he could not find good posets. Precisely, he showed the
non-existence of such posets if the class is small. For various Q-polynomial schemes
or P- and Q-polynomial schemes, the problem whether posets are associated with
them needs further study.

The main families of P- and Q-polynomial schemes are related to permutation
representations of Chevalley groups, which will be discussed in later chapters. Ex-
plicit calculations of the spherical functions for these permutation representations
(or the character tables of the corresponding association schemes) were given by
Stanton [436, 437, 438], Dunkl [174], etc. In these papers, it was first shown that they

1 In passing, let us mention that Ito [251] may be interesting since it gives a t-transitive set (in the
symmetric group S,) from a combinatorial ¢t-design.
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are P- and Q-polynomial schemes. For special cases, there are lots of various studies.
Through these studies, together with the work by researchers in representation the-
ory of Chevalley groups, the understanding of orthogonal polynomials and spherical
functions has been deepened. Following this development, algebraic combinatorics
began. It started with the study of P- and Q-polynomial schemes, and developed to
the study of (the character tables of) general commutative association schemes. For
an exposition of the historical background, see, for example, Bannai [27], Song and
Tanaka [433], or Martin and Tanaka [336]. For the development of the study on charac-
ter tables of commutative association schemes, there is a series of papers by Bannai,
Song and others, for example, Bannai, Hao, and Song [57], Bannai, Song, Hao, and
Wei [73], etc. A part of the above study was related to the study of parameters and
character tables of various association schemes which was developed in China. Here
we take a look at the history of algebraic combinatorics in China.

We briefly explain the trends of the study related to algebraic combinatorics. It is
said that the first study of association schemes in China was conducted by L. C. Chang
and Pao-Lu Hsu in the 1950s. (For details, see the preface to Wang, Huo, and Ma [504]
written by Zhe-Xian Wan [= C.-h. Wan].) The study related to group theory, especially
classical groups, was started by L.-k. Hua and Zhe-Xian Wan. Hua and Wan’s book,
Classical groups [241], and Zhe-Xian Wan’s books, Geometry of Matrices [501] and
Geometry of Classical Groups over Finite Fields [502], were published. In the 1960s,
Zhe-Xian Wan and his group studied association schemes related to classical groups,
which were advanced studies at the time. Although the research of this trend was suc-
ceeded in spite of the interruption due to the Cultural Revolution, communications
with researchers in the West were almost completely cut off. Full-scale resumption
of exchanges with the West began in the early 1980s. At that time, there were some
leading research groups, such as the groups of Zhe-Xian Wan (Chinese Academy of Sci-
ences), Yangxian Wang and Hongzen Wei (Hebei Normal University), and Hao Shen
(Shanghai Jiao Tong University). (Bannai had a personal mathematical connection
with these groups and first visited China in 1992.) These groups resumed their study
actively, but they might have felt that they lagged behind. The feature of these studies
is to find the parameters of association schemes related to classical groups or classical
finite geometry, which was discussed in Wang, Huo, and Ma [504] (2010) (Chinese edi-
tion, 2006). There are some results on association schemes related to finite geometry
by younger researchers, such as Kaishun Wang, Jun Guo, Fenggao Li, Suogang Gao,
Rongquan Feng, Changli Ma, Jianmin Ma, etc. (Cf. [186, 423, 505, 506, 507, 510, 511, 512]
for example.) (The study by a Japanese researcher, Hirotake Kurihara [295, 296, is also
related to their studies.) These studies are heavily based on calculations, and it is a
future project to develop the theoretical aspects of these studies. These results of cal-
culations are variable as primary sources, and the authors hope that we will be able
to make use of them in order to construct a general theory of designs in association
schemes related to classical geometry. The above is a too simple overview. We should
mention that there are many other research streams of association schemes, such as
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the study related to design theory, group theory, and representation theory, and the
research of the MIT school. This is beyond the scope of this book.

For many of the known P- and Q-polynomial schemes, the non-existence of perfect
e-codes and tight t-designs is shown in a unified manner. In particular, if g # +1,
there are no perfect e-codes and tight ¢t-designs except for special cases of e = 1 or
t = 2 (Chihara [135].) For the proof, we use the Lloyd type theorem. Depending on
the cases, we can directly prove it by using a combinatorial method. At present, we
need properties of each P- and Q-polynomial scheme for the proof ([135]). Namely,
even if g # +1, the non-existence of perfect codes and tight designs in general P- and
Q-polynomial schemes is not proved yet by using Askey-Wilson polynomials only. The
case g = +1is more subtle. For example, as was seen in Chapter 3, classification of the
perfect codes (and tight designs) in Johnson schemes is not completed.



5 Algebraic combinatorics on spheres and general
remarks on algebraic combinatorics

In Chapters 2-4, we treated association schemes and their subsets (codes and de-
signs). In this chapter, we first discuss finite subsets (spherical codes and spherical
designs) of spheres in Euclidean spaces. We explain that we can study finite subsets
of spheres in a very analogous way as we studied the subsets of association schemes
(Delsarte’s theory) in Chapters 3 and 4. As for the study of finite subsets of spheres,
the first two authors already published the monograph Algebraic Combinatorics on
Spheres (1999) [32], written in Japanese. In the original Japanese version of the present
book, we referred to the corresponding part of [32] in addition to the original source.
In this English version, we keep this style. The main purpose of the latter part of this
section is to state our own overview on how the study of finite subsets of association
schemes and/or spheres are generalized and also in which directions we should pro-
ceed. We will mention many research problems that are open at the present stage,
hoping that they are attacked by the reader.

5.1 Finite subsets on spheres

In this section, we first explain that similar methods to the study of finite subsets of
association schemes are used for the study of finite subsets of spheres. The origin of
this study can be found in Delsarte, Goethals, and Seidel [163]. This will be described
as Delsarte’s theory on spheres. See also the survey article [38].

The main purpose of the study that we call algebraic combinatorics on a sphere
is to study “good” finite subsets of the sphere. What “good” means can be regarded
as a part of the problem. Actually, what “good” is not unique and there are various
viewpoints. Among them, roughly speaking, we will first treat the following two view-
points: the viewpoint from coding theory and the viewpoint from design theory.

5.1.1 Study of finite sets on the sphere from the viewpoint of coding theory

We divide this subsection into parts (a) to (e) as follows.

(a) Let N be a natural number. Among all the N-element subsets of the sphere, find
subsets with the property that the minimum value of the non-zero distances (i. e.,
the minimum distance) is the largest. Then classify such sets. (Such sets are called
“optimal” codes.)

This problem is also called the “Tammes problem” [447]. This problem, in botany,
originated from the problem to study the locations of the pollen grain on a pistil of
flower. The classification of optimal codes for the 2-dimensional sphere S? (in the
3-dimensional Euclidean space) had been known for N < 12and N = 24 until relatively
recently (for the details, see Ericson and Zinoviev [180]). This problem for N = 13 was

https://doi.org/10.1515/9783110630251-005
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solved by Musin and Tarasov (2012) [363] and for N = 14 also by Musin and Tarasov
(2015) [364].
The following problem (b) is in a similar direction to problem (a).

(b) Suppose that a positive real number is given. Among all the subsets of the sphere,
what is the largest size of them having the property that the minimum distance is
greater than or equal to that given positive real number? Then also classify those
subsets with this largest size.

In the unit sphere ™! in the real Euclidean space R", the problem of finding a subset
whose Euclidean distance between the distinct points in it are at least 1 (or equiva-
lently the geodesic distance on the sphere is at least 71/3, or the central angle is at
least 60 degrees, or the minimum inner product is at most 1/2) is well known as the
problem of finding the kissing number k(n).

Kissing number problem
A sphere is given. How many spheres of the same radius can you put around the given
sphere so that they touch (kiss) the given sphere and also do not overlap each other?
It is well known and very obvious that k(2) = 6, because we can put exactly 6
coins around a given coin. It is not so easy to find k(3). There was a famous dispute
between Newton and Gregory in 1694. It is said that Newton claimed the answer to
be 12, but Gregory claimed it to be 13, although the details of the discussion are not
known. We can put 12 spheres around the given sphere so that the spheres touch at the
given sphere in the places corresponding to the 12 vertices of the regular icosahedron
inscribed in the given sphere. The central angle of the nearest two points among these
12 points is more than 63 degrees apart. So, these 12 outside spheres are separated.
Therefore, if we move these spheres to some directions and keep them touching the
central sphere, there might exist a space to put another sphere there. The problem
whether this is possible or not is called the 13 spheres problem, and various people
have tried to settle this problem. Now, the answer is known to be k(3) = 12. It is said
that the first rigorous proof was obtained by Schiitte and van der Waerden in 1953
[416]. There were several proofs before, but they are believed to be not quite rigorous.
After 1953, at least about 10 proofs have been published. But none of them is very
easy, and good proofs remain wanted ([103, 5, 125, 157, 307, 396, 404, 363, 240, 327]).
The paper by Maehara [328] is relatively easy, and may be accessible for undergradu-
ate students. Next, we will discuss kissing number problems for higher-dimensional
spaces. (Since this topic was described carefully in [32] until the relatively recent de-
velopment, we hope that the readers refer to the book. See also [270]) Here we also
give a quick review. In 1979, k(8) = 240 and k(24) = 196560 were proved by Odlyzko
and Sloane [389] (see also Conway and Sloane [147, Chapter 13]) in the USA and by
Levenshtein [312] in the Soviet Union independently. At that time there was not much
free communication between the USA and the Soviet Union. It is said that Odlyzko
and Sloane utilized a computer, but Levenshtein did all his calculations by hand.
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Their proof is obtained applying the linear programming method. For the details, see
0Odlyzko and Sloane [389] or Conway and Sloane [147, Chapter 13] or [32, Chapter 1].
(This method is called Delsarte’s method.) Since then, there had not been many de-
velopments on the kissing number k(n) for n > 3 and k # 8, 24 until Musin announced

k(4) = 24 by circulating the preprint in 2003. This was a big surprise to this research

area. His proof was officially published [360]. Soon afterward, he applied his method

in the 4-dimensional space to the 3-dimensional case [359], and gave a new proof of

k(3) = 12 in a very convincing way. Musin’s method to prove k(3) = 12 and k(4) = 24

was to improve Delsarte’s method combining with geometric considerations. As al-

ready mentioned in the present book, this method by Delsarte is based on the linear
programming method. In the meanwhile, with the development of computers, the
semidefinite programming method has very much developed in applied mathematics
generalizing the method of linear programming. Schrijver [414] made it clear that the
method of semidefinite programming can be applied to combinatorics to get stronger
results. Then, Bachoc and Vallentin [13] applied the method of Schrijver to the kissing
number problem, and then gave another proof of k(3) = 12 and k(4) = 24. They made
crucial use of a computer when they applied semidefinite programming, and they
used just standard, well-established software packages. So, the correctness of their
result is very convincing. The correctness of k(3) = 12 is also evidenced by the work of

Musin and Tarasov [363], as they gave the complete classification of optimal codes of

13 points. (Here, Musin and Tarasov also used the computer substantially.)

We would like to emphasize that (i) the solution of Kepler’s conjecture by Hales
[207], (ii) the progress on the sphere packing problems in 8- and 24-dimensional Eu-
clidean spaces by Cohn and Elkies [139] and by Cohn and Kumar [142], and (iii) the
determination of the lattice packings of the spheres in these two dimensions by Cohn
and Kumar [142] are very important breakthroughs together with the work of Musin
[360]. More recently, further breakthroughs of the sphere packing problems in 8- and
24-dimensional Euclidean spaces were obtained by Viazovska [496] and Cohn, Kumar,
Miller, Radchenko, and Viazovska [143].

We mention another viewpoint related to the coding theoretical viewpoint,
namely, s-distance sets.

(c) A subset X ¢ S™!is called an s-distance set if there are exactly s non-zero dis-
tances between 2 elements of X. (Some people say that it is an s-distance set if
there are at most s non-zero distances.) Note that the same concept was already
discussed for subsets of association schemes. The typical problem here is to find
the maximum size of s-distance sets on "'

The paper by Delsarte, Goethals, and Seidel [163] is one of the starting points for the
study of s-distance subsets on spheres. Namely, their main result is that if X is an
s-distance set on S*!, then the following holds:

|X|S(n—1+s)+(n—1+s—1>.
S s-1
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Although the details will be explained later, the number on the right-hand side is ex-
actly the number appearing in the tight spherical 2s-designs.

There have been some new developments in the study of s-distance subsets on
spheres and of the Euclidean spaces. The most notable ones are due to Musin [361],
Nozaki and Shinohara [388], and Musin and Nozaki [362] on the refinement of the
evaluation of the bound (under some additional conditions) on 2-distance sets, and
generalizations on s-distance sets. In particular, Nozaki’s generalization of Larman-—
Roger—Seidel’s theorem to s-distance sets [386] and Kurihara and Nozaki’s study
on the spherical embedding and their characterization of Q-polynomial association
schemes [297] seem to be very important and useful results (see also [298]). See also
Barg and Yu [77], Yu [524], and Glazyrin and Yu [195] for more recent results on spher-
ical 2-distance sets. In particular, Glazyrin and Yu [195] solved infinitely many cases
of maximum spherical 2-distance sets. See also Barg and Musin [76].

Here is another problem related to the coding theoretical viewpoint.

(d) Coulomb-Thomson problem

Let N be a natural number. Among all the N-element subsets X = {x;,x,...,xy}

of S, find subsets that minimize the following value:
1
- xl .

1<igen X

Also, determine this minimum value as well as the structure of such sets.

It is possible to consider a similar problem for other energy functions, i. e., to find the
minimum energy subset X = {x;,X,, ..., Xy}, the minimum energy value, as well as the
structure of such X. In this direction, the concept of universally optimal codes is very
interesting. We will discuss it later in this book.
(e) The covering problem
Let N be a natural number. Among all the N-element subsets X = {x;,x5,...,xy}
of S™1, find subsets that minimize the following value:

max | mip (et}

Also, determine this minimum value, as well as the structures of such sets. (Here
d(x,y) denotes the distance between x and y.)

For other closely related problems, we refer the reader to Conway and Sloane [147,
Chapter 2, Section 1.3 (page 36)].

5.1.2 Design theoretical study of finite subsets on the sphere

We consider the following problem. What are the good finite subsets that approxi-
mate the sphere very well as a whole? One very interesting condition is the following
concept of spherical designs. We consider non-empty finite subsets on the unit sphere
S = (X9 5 Xy) | xf +x§ + ~-~+X31 =1}.
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Definition 5.1 (Spherical t-designs, Delsarte—Goethals—Seidel [163]). For a finite sub-
set X of the sphere S"}, if the equality

! jf(X)dG(X)= . Y fo0)

n-1 d
511 ) Xl &

is attained for all polynomials f(x) = f(x;.X5, .. ., X,,;) of degree at most ¢, then X is called
a spherical t-design on S"!, where |S"!| denotes the surface area of the sphere $".

As the definition shows, “X is a spherical ¢t-design” means that the value of the
surface integral over the sphere (divided by the surface area) of any polynomial of de-
gree at most t can be calculated as the average value of the polynomial at the points
of the finite set X. In this sense, we can say that X is a good finite subset that approxi-
mates the sphere well. It is obvious from the definition that if X is a spherical t-design,
then it is an i-design for any integer i with 1 < i < t. There are many equivalent condi-
tions that X is a spherical t-design on "', In the following we will mention equivalent
conditions (i)—(iv). For more details and the proof, the reader is referred to [163, 32].
(i) The equation

Y 9x)=0
xeX
holds for any homogeneous harmonic polynomial ¢(x) of degree £ with1< ¢ < ¢.
(ii) The equation

Y ) =Y feo
xeX xeX

holds for any polynomial f(x) of degree at most ¢ and for any orthogonal transfor-
mation g € O(d).

An alternative, but essentially equal expression of (ii) is stated as (ii').

(ii") Any moment of degree at most t of X is invariant under any orthogonal transfor-
mation. (Namely, this is the case where we use the monomials xilxiz . xﬁ, with
O<ij+iy+---+i,<t.)

Furthermore, obviously from (ii) we have the following equivalent condition.
(iii) The equation

1 1
i 20 = i | Fdoco

X1 &

holds for any polynomial f(x) of degree at most t and for any orthogonal transfor-
mation g € O(d).

Let P(R") be the space of all the polynomials in n variables x;, X, .. ., X,,. Let Hom,(R")
be the space of homogeneous polynomials of degree ¢. Let #(R") be the subspace
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of P(R") consisting of all the harmonic polynomials. If we denote the Laplacian by
A= (aixl)2 + (a%)2 +et (%)2, then we have

H(R") = {f(x) e P(R") | Af (x) = O}.

Let Harm,(R") = H(R") n Hom,(R") be the subspace consisting of all the homoge-
neous harmonic polynomials of degree ¢. Furthermore, when we restrict the domain
of definition to the sphere, we denote P(S"™"), Hom,(S"™1), #(S"™"), and Harm,(S" ™),
respectively. Now, we define the inner product of two polynomials f(x) and g(x) in
P by

£.9) | £o0g00 doco

Sn—l

1
s

Let h, = dim(Harm,(R")) and let Pp1(X), Pp (%), ... ,(pg,he(x) be the orthonormal basis
with respect to the inner product on Harm,(R") given above.

Let us recall Gegenbauer polynomials. We denote the Gegenbauer polynomial of
degree ¢ by Gf_,")(x). It is known that Gegenbauer polynomials satisfy the following
recursive relations:

k, £+1
S, 1
kp,y n+2¢ G0
k ko
£GP (0) = xGP(x) - (1 -2 )agfg(x), (5.2)
k€+1 ké’fl

wherek_; =0, ko =1, G" =0, Gg‘) =1.

Remark 5.2. Gegenbauer polynomials GE,")(X) (¢ = 0,1,...) are orthogonal polynomi-
als on the interval [-1, 1] with respect to the integral with the weight function w(x) =

1-x0)%. Namely, I_ll Gg') 006G (x)w(x) dx = 5e,m% holds ([163], [32], [445], etc.).

The following facts are well known.
(@) We have dim(Harm,(R")) = dim(Harm,(S"™)) = G{"(1) = (""1*¢) - (" 1+£-2),
(8) We have P(S"') = Harmy(S™!) L Harm,(S"™") L --- L Harm,(S™ ) L ---- .- .
(This is the orthogonal decomposition with respect to the above inner product.)
(y) For any x and y in "', any non-negative integer ¢, and any orthonormal basis

©p1(X), ©pr(X), ..., Pen, (x) of Harm,(R"), the following “addition formula” holds:

h,
Y 9ei009e;) = GV (x-y), (3)
i=1
Here x - y denotes the standard inner product in R".
(6) For any non-negative integers i and j, we have
i+j
GG ) = Y gr@ NG00, gii.j) = 0. (5.4)
k=0
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Moreover, g, (i,j) > Oholdsifand onlyif [i—j| < k <i+jand k = i+j (mod 2) hold.
Here, note that g, (i, 1) = Glg")(l) = h;.

To discuss further equivalent conditions for X to be a spherical ¢-design, we intro-
duce the following notation. We consider the following matrix H, of size |X| x h,. Here
the rows are indexed by the elements in X and the columns are indexed by the ele-
ments of a fixed orthonormal basis ¢, ;(x), @,,(x),... N (x) of Harm,(R"). Namely,
the (x,i)-entry is defined by H,(x,i) = ¢@,;(x) for x € X and 1 < i < h,. Note that H,
is the column vector of size |X| whose entries are all 1. These matrices are called the
characteristic matrices. Then each of the following conditions (iv)—(vii) is equivalent
to the condition for X to be a spherical ¢-design.

(iv) Fore=1,2,...,t,"H,H, = 0.

(v)  For any non-negative integers k and ¢, tHng = |X]Ay . holds, with O < k + € < ¢.
Here we define A,, to be the identity matrix and Ak,gl to be the zero matrix if
k+¢.

(vi) We have ‘H,H, = |X|I and ‘H,H, = 0, where e = [§] and r = e - (-1)".

(vii) We have ¥, ) cxxx GP(x-y)=0fore=12,....t.

The reader is referred to [163, 32] for the proof of these claims.
The next two theorems are also important for the purpose of characterizing spher-
ical t-designs.

Theorem 5.3 (Sidelnikov’s inequality, cf. Venkov [503]). Let X be any finite subset of
the sphere S". Then the following inequality holds:

0 for odd integer ¢,

1 14 >
— x-y) = _(n- .
X2 (xy)ZG;(xX( y) { % for even integer ¢.

(5.5)

Moreover, X is a spherical t-design if and only if the equalities in (5.5) hold for all integers
fwithl<e<t.

Theorem 5.4 (Venkov’s fundamental equation [493, 494]). Let X be an antipodal fi-
nite set. Then X is a spherical t-design if and only if the equality

1 2 1-3----(26-1) e
m){;{(a-x) _n(n+2)~~(n+2€—2)(a @ (5.6)

holds for any integer with 1 < ¢ < [%] and for any vector a in R". Moreover, it is also
equivalent to the condition that (5.6) holds just for € = [%].

Now, for a finite subset X of S"! we define

AX)={x-yIxyeX, x#y}, AX) ={1}UAX).

1 Exactly speaking, Ay , is a matrix of size hy x h,.
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In addition, for each a € A’(X), let us define the matrix D, whose rows and columns
are indexed by the elements of X. Namely,

1, forx-y=a,

D,(x,y) = .
a(X.Y) { 0, forx-y+a, 5.7
and for each a we define
d, = Z D,(x,y). (5.8)
x,y)eXxX

(Note that D; =T and d; = |X|.)

Lemma 5.5 (Theorem 5.10 in [163], Lemma 4.2.2 in [32]). Suppose the Gegenbauer ex-
pansion of a real coefficient polynomial F(x) is given by

(00)
Fo) =Y fiGPx) (finite sum), (59)
k=0

and the following conditions are satisfied:
F@)=0 foranyae[-1,1], F1) >0, f, >0, andf, <Oforanyk >t +1.

Then, for a spherical t-design X on S"™, the following condition holds:

x> £ (5.10)
fo
Moreover, equality holds in (5.10) if and only if F(a) = O forany a € A(X) andfktHkH0 =0
for any integer k with k > t.

Proof. By using the addition formula (5.3) and (5.8) we have

hy 2

h
|‘HiHol” = z "HyHo ) (D))’ Z( Y Hi(x,i >

i=1 xeX

hy y
=Y D 00 Y P = Y Y PPk y)

i=1xeX yeX xy)eXxX i=1

= Y uy= Y dGl ). (5.11)

xy)eXxX aeA'(X)

Therefore, we obtain

kall HHy|’ —ka Y 46 @= Y dF@)

k=0 acA'(X) acA'(X)

=IXIFQ)+ ) d.F(a). (512)
acA(X)
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Moreover, since X is a t-design, by condition (v) in Section 5.1.2, we have

(c0)
foll HoHol* = KIF) = Y dyF(@ - Y. fill HiHol" (513)
acA(X) k=t+1

Thus, we get f,|X|*> — |X|F(1) > 0 by the assumption. Also, if equality holds in (5.10),
then the right-hand side of (5.13) must be equal to 0. Since d,, > O for any a € A(X) and
fi <Oforanyk > t + 1, we have F(a) = O for any a € A(X) and f; ||'H,H,||> = 0 for any
k>t+1. O

The existence of spherical t-designs on ™! for any n and t was proved by Seymour
and Zaslavsky [422]. Namely, they proved that for any n and ¢, and for a sufficiently
large positive integer N, there exists a spherical t-design on S"! whose cardinality
is N. However, their proof is an existence proof, and the explicit constructions were not
given. Therefore, our interest goes to the problem how small-sized spherical t-designs
on S™! can exist. The next theorem gives a very natural lower bound for the size of a
spherical ¢t-design on S™'.

Theorem 5.6 (Theorem 5.11in [163], Theorem 4.2.3in [32]). Let X be a spherical
2e-design on S"". Then the following inequality holds:

IX| z("‘2+e>+("_;tf_l) - R,(1), (5.14)

where R,(x) = Gg')(x) + Gi")(x) + -+ G™(x). Moreover, equality holds in (5.14) if and
only if the set A(X) is equal to the set of zeros of R,(x).

Remark 5.7. The polynomials R;(x) (i = 0,1,2,...) appearing in Theorem 5.6 form a
system of orthogonal polynomials called the Jacobi polynomials.

Proof of Theorem 5.6. Apply Lemma 5.5 for the function F(x) = R, (x)2. Then the previ-
ous statement in (§) about the non-negativity of the coefficients of Gegenbauer expan-
sions of the product of two Gegenbauer polynomials is applied. Then F(x) satisfies all
the assumptions of Lemma 5.5 for t = 2e. Therefore, we have the following:

FQ)
X| > —=.
Xz

By (5.4) we have

e e
F(1) =R, fo =) goi:d) = Y G™(1) = Re (D).
i=0 i=0
Then we can show, by an easy calculation, that R,(1) = Yi_o b; = (" 1) +("1*¢1). O

e-1

In the case that ¢t is an odd integer, we have the following bound.
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Theorem 5.8 (Theorem 5.12 in [163], Theorem 4.2.5 in [32]). Let X be a spherical (2e +
1)-design on S""'. Then we have the following inequality:

IX| > 2(" _; * e) - 2C,(1), (5.15)

where C,(x) = Gé") (x)+ Gé’i)z(x) +oeet Ggi)z[g] (x). Moreover, equality holds in (5.15) if and
2

only if A(X) consists of -1 and the set of all zeros of C,(x).
For the proof, we refer the reader to [163, 32].

Remark 5.9. The polynomials C, in Theorem 5.8 are also Jacobi polynomials. If equal-
ity holds in Theorem 5.8 (equation (5.15)), then X is shown to be an antipodal set.

Definition 5.10 (Tight spherical designs). If equality holds either in (5.14) of Theo-
rem 5.6 or in (5.15) of Theorem 5.8, then X is called a tight spherical t-design. (Note that
a tight spherical t-design for odd t is antipodal.)

A tight spherical ¢-design, if it exists, makes it possible to calculate the integral
of any polynomial f of degree at most t as the average value of f on finitely many
points with the smallest possible number, so it is a very good finite subset that ap-
proximates the sphere most efficiently. In addition, tight spherical ¢-designs have very
good combinatorial structures, as is explained below. In Section 5.1.1 (c), we men-
tioned s-distance sets in view of coding theory. Delsarte’s theory, which deals with
codes and designs in Q-polynomial association schemes in a unified way, has simi-
larly developed in the theory of codes and designs on the sphere, which is observed
in Theorem 5.6 and Theorem 5.8. The polynomials R,(x) and C,(x) appearing in The-
orem 5.6 and Theorem 5.8 are orthogonal polynomials. Moreover, the upper bounds
on the sizes of e-distance sets (on the sphere) and antipodal e-distance sets (on the
sphere) are given by R.(1) and 2C,(1), respectively. We have already seen in Theo-
rem 3.16 and Theorem 3.19 that in the case of Q-polynomial association schemes, the
orthogonal polynomials v;" (x) (1 < i < d) that define the second eigenmatrix Q play a
very similar role as Gegenbauer polynomials play in the case of spheres.

Now, we want to study the structures of tight spherical designs and spherical
designs close to tight designs. For a finite subset X on S™, we define parameters
(n, |X],s,t). Here, n is the dimension of the space S ¢ R, s = |A(X)|, and t is the
largest integer for X to be a t-design. We call s the strength of X, as we used that word
in the same way for subsets of Q-polynomial association schemes. (So, it means X is
not a (t + 1)-design.) For a subset A = [-1,a] of [-1,1), we say that X is an A-code if
A(X) c A. We may also call X an a-code. If a polynomial F(x) satisfies F(x) = 0 for any
xin A c [-1,1), then F(x) is called an annihilator of A. Moreover, if F(1) = 1, then F(x)
is called a normalized annihilator.

Lemma5.11. Let A ¢ [-1,1). Let F(x) be a polynomial and let F(x) = Z,((":OO) ka,((")(x)
(finite sum) be the Gegenbauer expansion. Suppose that F(a) < 0 forany a € A, f, > 0O,
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and f;, = 0 for any natural number k. If there exists an A-code X on S™1, the following
holds:

IX| < ——=. (5.16)
Moreover, equality holds in (5.16) if and only if F(a) = O forany a € A(X) andf,'H,H, = 0
for any integer k > 1. Note that A(X) = {x -y | x,y e X,x # y}.
Proof. By using formula (5.12) in the proof of Lemma 5.5, we get
(00) ; 5
Y Al HH,| = 1XIFQ) + ) dF(a), (517)
k=0 acA(X)
and from the assumption, we have
t 2 () t 2
IXIFQ) - fo|'HoHo|” = ). fil ' HiHo| = ). doF(a) 2 0. (5.18)
k=1 acA(X)

So, we get (5.16). Moreover, equality holds in (5.16) if and only if the right-hand side of
(5.18) becomes 0. Since each term in the right-hand side is a non-negative real number,
we get the conclusion of Lemma 5.11. O

Let A be a finite subset of [-1,1) with |A| = s. Let us define

Fa00 =[] =2 (5.19)

ach 1 a
Then F,(x) is the normalized annihilator polynomial of A of degree s.

Theorem 5.12 (Theorem 6.4 in [163], Theorem 4.3.4in [32]). We use the notation
above. Let X be an A-code on S"!, and let

Fo(0) =Y fGPx)
k=0

be the Gegenbauer expansion of F,(x). Then the following (1) and (2) hold:
(1) Iff; = 0 holds for any integer i with O < i < s, then f; < |71| foranyiwith0 <i<s.

1

(2) If there exists an integer j with O < j < s satisfying f; = X

we have |Y| < |X]|.

then for any A-code Y,

G
Proof. (1) We fixjwith0 <j <s. Weset Z(x) = <;I<T(()1())F '4(x). Then Z(x) is a normalized
_ j
annihilator of A. Let Z(x) = Zf;’o Sk GI((”) (%) be the Gegenbauer expansion. Then we can
seethatg, = f] and that g; > 0 for all integer k > 1, by (iii) (in Section 5.1.2) and also by

using the property (5.4) of Gegenbauer polynomials given in Remark 5.2 (§) and f; > 0
for 0 < i < s. Therefore, by applying formula (5.12) in the proof of Lemma 5.5 to the
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function Z(x), and by the fact that X is an A-code, we have

s+j

Y gl HHo| = IXIZ(1) = IXI. (5.20)
k=0
Therefore, we have
) S+j ,
1X| - go| HoHy||” = ngntHkHo" >0. (5.21)
k=1

So, we get f; = |)1(|

(2) Assume f] il X| holds for an integer j, satisfying 0 < j < s. Apply Lemma 5.11 for
the polynomial Z (x) given in the proof of (1) with this j. Then for any a € A we obtain
Z(a) = 0,8y =f; = & > 0, g > 0 for k > 1. Hence we obtain |Y| < Z“ = X|. O

Theorem 5.13 (Theorem 6.5in [163], Theorem 4.3.5 in [32]). We keep the notation used

in Theorem 5.12. For an A-code X, we have the following:

(1) IfXisat-designandt > s, thenwe havefy=fi=---=fi_s = ﬁ

(2) Suppose that for an integer r withO <r < swe havefy, =fi=---=f, = % and for
allintegersiwithr <i < swehavef; >0. ThenX is an (r + s)- deSIgn

Proof. (1) As in the proof of Theorem 5.12, we fix an integer j with 0 < j < t —s. Then
6" (0
G(")

t-design, we have |['H, H, | = O for any k with 1 < k < s +j. Therefore, by (5.20), we get
S] =80 = x|

(2) We use the function Z(x) = x"F, (x). First, let us consider the Gegenbauer expansion
of xF4(x). Then,

00 = 30 = 3 7 G0 + )

we consider the normalized annihilator Z(x) = 2—F,(x) of degree s +j. Since X is a

| G(n) (X) + z (fk+1 n+ k 2 fk_l k >G,(<Yl) (X)

| n+22k-2 n+22k-2
+mfs (67 ) 4 O 0
- s+1 ( )
n n
“xi 2 Z G (x) + ka (). (5.22)

Here, f; > 0 forany k withr < k < s+1. Repeating this process r times, the Gegenbauer
expansion of Z(x) becomes Z(x) = X"F,(x) = |)1(| G(" ) + 3 ng(”) (x). Moreover, we
know that g; > 0, forany k with1 < k < s +r. Then applying formula (5.12) for the
function Z(x), since X is an A-code and Z(x) is a normalized annihilator of A, we get
S gl Hi Holl? = 1X| - gol'HoHoll* = 0. Therefore, ‘HyH,, = 0 holds. So, X is proved

to be an (s + r)-design. O
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Theorem 5.14 (Theorem 6.6 in [163], Theorem 4.3.6 in [32]). For a finite subset X of
S"1 with degree s and strength t, the following hold:

(1) t<2s;

@ IXI<R() = (M) + (2);

(3) if |X| = Rs(1) holds, then t = 2s holds and X is a tight 2s-design;

(4) ift = 2s, then |X| = R;(1) holds, and so X is a tight t-design.

Proof. We first prove (2). Let A = A(X) and let F4(x) be the normalized annihilator of A
of degree s, and let F,(x) = Y3 _, ka,(!‘) (x) be the Gegenbauer expansion of F(x). Then
for x,y € X, we have

ka H'Hy)(x,y) = kaZ‘Pkl(X)fpkl(Y) kaG(n)(X ) (5.23)
k=0 i=1
So, we get
Y fi(HHy) = Z fi Y GM@Dy= Y Fy@D,=1I. (5.24)
k=0

k=0 acA'(X) acA'(X)

Let T be the diagonal matrix of size R, (1) whose diagonal entries are

Forfireeisfireeirfoeeirfireeisforeo i fo

G () G () G ()

Now, let H = [Hy, H;, . .., H] be the |X| x Rg(1)-matrix. Then we get

S
HT'H= ka(Hk 'H,) = I (the identity matrix of size |X]).
k=0

Therefore, we have rank(H) > |X|, and so we have |X| < Ry(1).

Now we prove (1). Let t > s. Then by Theorem 5.13 (1), we get fy, = f; = -+ = f;_s =
i XI Since F,(x) is a polynomial of degree s, we have f; = O for i > s. Therefore, we have
t — s < s. Namely, we get t < 2s.
(3) Suppose |X| = R,(1). Then the matrix H defined above is a square matrix, and
also non-singular. Therefore, the matrix T is also non-singular, and so T! = 'HH.
Since 'HH is a positive definite matrix, each entry of T must be a positive real number.
Namely, fy.f;> .- fs are all positive real numbers. Applying Theorem 5.12 (1), we get
0<f< |71| = RO (1 for any i w1th 0 <i<s.Sincel =Fy(1) = Y;_ Oka(”)(l) and
Zizo Gf{")(l) = Ry(1), we havef; = o (1) foreachiwith 0 < i < s. Namely, X is a 2s-design
by Theorem 5.13 (2). And so, itis a tlght 2s-design.
(4) Suppose t = 2s. Then |X| > R;(1) by Theorem 5.6. Therefore, by (2), we get |X| =
R,(1). O
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The following theorem is proved by essentially the same argument as in the proof
of Theorem 5.14. However, the details are a bit more complicated. (The reader is re-
ferred to [163, 32] for the details.)

Theorem 5.15 (Theorem 6.8 in [163], Theorem 4.3.7 in [32]). Let X be an s-distance set
and also a t-designon S"™ . Let A= AX) = {x -y | x,y e X,x # y},and A’ = A'(X) =
{1} U A. Suppose that A' = -A' (= {-a | a € A'}) holds. Then the following hold:

1) t<2s-1;

(2 1XI<2C,41(1);

(3) if |X| = 2C,_;(1) holds, then t = 2s — 1, and X is a tight (2s — 1)-design;

(4) ift = 2s — 1 holds, then |X| = 2C,_;(1), and X is a tight (2s — 1)-design.

The next theorem is not explicitly mentioned as a theorem in [163], but it is clear
from Theorem 5.6, Theorem 5.8, Theorem 5.14, and Theorem 5.15.

Theorem 5.16 (Theorem 4.3.8 in [32]).

(1) Suppose |X| = R,(1). Then X is a 2s-design if and only if X is an s-distance set.

(2) Suppose |X| = 2C,_;(1). Then X is a (2s — 1)-design if and only if X is an antipodal
s-distance set.

As we have seen above, the arguments in algebraic combinatorics on spheres are
developed parallel to the case of association schemes.

Association schemes obtained from tight spherical t-designs
The contents here are due to Delsarte, Goethals, and Seidel [163]. We faithfully follow
[163] in the discussion below (see also [32, Section 7.2]).

Let A be a subset of [-1,1) and let X be an A-code on S*!. For a,fecA(=AuUfl})
and for x,y € X, we define

Ve)=[{zeX | x-z=a},

Papty) = |zeX | x-z=az-y =B}

By definition, we have p, ,(x,x) = v,(x) and v;(x) = 1. If for each a € A, v,(x)isa
constant independent of the choice of x € X, then the A-code X is said to be distance-
invariant. Moreover, for any a, B,y € A', if Pap(x,y) is a constant independent of the
choice of x,y € X such that x-y = y, an association scheme is attached to the A-code X.
To be more precise, let A’ = {ay(= 1), a3, ..., a5}, and letR; = {(x,y) e X x X | x -y = a;}.
Then

XxX=RyURU---URy
holds, and (X, {R;}o<<s) becomes an association scheme. The reference [163] gives a
condition when an A-code X on S ! has this good property that an association scheme
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is attached to it (see also [32]). Now, let us define some more notation. Let
i
X= Y £,68(x) (5.25)
=0

be the Gegenbauer expansion of the monomial x. Also, let

min{ij}

Fy) = Y fiefieG (0). (5.26)
£=0

Then the next lemma follows.

Lemma 5.17. Let X be a finite subset of S"* which is an s-distance set and a t-design.
Letx,y € X satisfy x -y = y, and let a, B € A'(X). For non-negative integers i, j satisfying
i+j <t, we have the following linear equations:

Y @paalx) = IXIF() -1 (fory =1), (5.27)
acAX)

Z AP papy) = XIF(y) -y -y (fory #1). (5.28)
a,BeAX)

(Note that if y = 1, then x = y, and we have

pa,ﬁ(xa X) = 5a,ﬁpa,a (X, X)-

Ifx #y, thenp,g(x,y) = 8g,, and p,,(x,y) = 6, hold.)

Proof. We use the equivalent condition (v), given in Section 5.1.2, for X to be a spherical

t-design. Namely, we use the condition that tHiHj = |X|A;; holds. Then, we have the fol-

lowing matrix equation (whose rows and columns are indexed by the elements of X):
i . j . min {i,j} .

(z fixHy Hk>< Y fieHe He> =Xl Y fufiH Hy. (5.29)

k=0 £=0

k=0

The (x, y)-entry of the left-hand side of (5.29), where x - y = y, becomes as follows, by
a similar calculation to that we did in (5.24):

i j
( ( > fi,katHk> ( D fj,eHetHe> )(X,y)
k=0 £=0
i j
- (( Yhie Y Gi”)w)Da)( Yhe Y GO (B)Dﬂ> )(x,w

k=0 acA’(X) €=0  BeA'(X)
:< Y @p, Y ﬁjDﬁ>(x,y)
acA'(X) BeA'(X)
= Z AP Papx.y). (5.30)

e (X)
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Meanwhile, the (x, y)-entry of the right-hand side of (5.29) is given by

min {i,j} min {i,j}
<W|§jﬁmﬁwm>ww=M|Z fifixGl (x-y)
k=0

k=0

= IXIF;;(x - y) = XIF;;0). (531)

Since py;(x,y) = 8, and pg;(x,y) = 8, P1p(x,y) = b, for a, B # 1, we complete the
proof of (5.27) and (5.29). O

This lemma leads to the following theorem.

Theorem 5.18. Let X be a finite subset of S™ which is an s-distance set and a t-design.
Then we have the following assertions:

(1) Ift > s—1,then X is distance-invariant.

(2) Ift = 2s - 2, then a Q-polynomial scheme of class s is attached to X.

Proof. Let A'(X) = {ap(= 1), 09,.. ., ag}.
(1) In formula (5.27) in Lemma 5.17, remarking that Vo, (X) = Pg o x) for0 <i<s-1
and j = 0, we have

Y a,'vg, (x) = 1X|Fy(1) - 1 (5.32)
¢=1

fori=0,1,...,s — 1. Namely, we have s linear equations with s variables Ve, (x), Ve, (x),
-+ Vo (x)- The coefficient matrix of this system of linear equations is the Vandermonde
matrix W = (a};) osizs-1 and non-singular. Therefore, v, (x), Vg, (X), ..., v, (r) are constant
numbers indeper{cfent of the choice of x € X.

(2) Similarly to (1), regarding thati+j < 2s -2 < tfor0 < i, j < s — 1, we have s?
linear equations in s® variables Doy (x,y) by formula (5.29) in Lemma 5.17. The coef-
ficient matrix is exactly W ® W, and hence non-singular. Therefore, if x - y = y then
Doy (x,y) is a constant number independent of the choice of x and y, and only depends
on a;,ay, ..., & and y. This means that X has the structure of an association scheme.
Now we want to show that this association scheme is a Q-polynomial scheme. We set
A; = D, for 0 <i < s and let 2 be the Bose-Mesner algebra of the association scheme.
Letusset E; = ﬁHI tHj (0O<i<s-1),E,=I- Zf;é E;. Then, using formula (5.24) used
in the proof of Theorem 5.14, we get E; = ﬁ Yio G]?")(a,-)Ai. Therefore, Ey, E;, ..., E; are
contained in .

By condition (v) in Section 5.1.2, we have E;E; = §;;E; for 0 < i,j < s - 1. We also
have E;E; = 6;,E. Namely, Eg, Ey, ..., E; form the basis of the primitive idempotents
of 2. Let Q = (Qj(i))o<i<s,0<j<s Pe the second eigenmatrix. For jwith 0 < j < s -1,
Qi) is expressed by using the Gegenbauer polynomial as Q@) = G}?")(ai). Meanwhile,
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since
s—1
E;=1-)E
j=0
1 1 s [/s-1
1X] - Z Q;(0) JA Y1 Qo A, (5.33)
|X| | | i=1 \j=0
we have
s-1 s—1
Q,(0) = X1 - Y Q;(0) = IX| - Y 6" (D), (5.34)
j=0 j=0
Qi) = Z Qi) = Z G (@), (5.35)
j=0

Thus 6* = Q) = G{"(a) = na;, and Q;()) = G"(«) = G}F’”(%) for0 < i < s,
0 < j < s - 1. We need some more works to consider Q4(i). Namely, we consider the
annihilator polynomial F(x) = []i, 75 of A(X). Since F(a;) = Ofor1 < i < s, we
have 1

s—1 a* s—1 0-*
Qu() = F(@) - ¥, 6 (@ = F(—) -y o ()
j=0 n j=0 n

fori=1,2,...,s. Moreover, we get

s-1 s-1
Q,(0) = 1XI- Y G"() = IXIF1) - Y G (1)
j:O j:0
* s-1 *
'X|F<9 > >.G" (9 ) (5.36)
n 0 n

Therefore condition (3) of Proposition 2.81 (3) in Chapter 2 is verified. This implies that
this association scheme is Q-polynomial. O

We get the following theorem immediately from Theorem 5.6, Theorem 5.8, and
Theorem 5.18.

Theorem 5.19. For any tight spherical t-design X on ", a Q-polynomial association
scheme of class [”1] is associated with it.

As for Theorem 5.18 (2), if we additionally assume that X is antipodal, then t > 2s-2
is replaced by t > 2s — 3 ([36]). See also Suda [441].

Tight t-designs are, if they exist, the most extremal ¢-designs among all the
t-designs. So, we are very much interested in finding and classifying tight ¢-designs
and designs close to them. We now explain the current situation of the classification
of tight spherical t-designs.
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Theorem 5.20 (Some theorems and explanations).

(1) Tight t-designs on S' are completely classified. They are the (t + 1) vertices of a reg-
ular (t + 1)-gon inscribed in S'. (So, in what follows, we assume that n > 3 unless
otherwise stated.)

(2) Forn > 3, tight t-designs on S™! are completely classified for t = 1,2, 3. Namely:
(2a)Ift = 1, then X is a pair of two antipodal points {x, —x} on S" .

(2b)Ift = 2, then X is the (n + 1) vertices of a regular simplex inscribed in S* .
(2c) Ift = 3, then it is the 2n vertices of a generalized regular octahedron (also called
a cross polytope) inscribed in S"'.

(3) Forn > 3, tight spherical t-designs on S ! exist only fort < 5,t = 7, or t = 11 ([163],
[55, 56)).

(4) Forn > 3, tight spherical 11-designs on " exist only when n = 24. Moreover, it must
be isomorphic (i. e., similar) to the set of 196,560 minimum vectors (normalized as
unit vectors) of the Leech lattice ([72]).

(5) Fort = 4,5,7, the classification of tight spherical t-designs is still open.

(5a) For n > 3, if there exists a tight spherical 4-design on S™ %, then it is known that
n must be of the form

n=(2m+1)2—3,

where m is an integer. The first two numbers for n satisfying this condition are
n = 6 and n = 22. For these two numbers, there are tight spherical 4-designs of
sizes 27 and 275, and each of them is unique for each of the dimensions given
here. On the other hand, no other tight spherical 4-designs are known for any
other values of n. Bannai, Munemasa, and Venkov [71] proved the non-existence
of tight spherical 4-designs for some infinitely many values of n satisfying the
conditionn = (2m + 1)2 — 3, where m is an integer, which is given above. In the
case of n = 46, there is a non-existence theorem on tight spherical 4-designs by
Makhnev only using purely graph theoretical arguments ([331]).

(5b)Let n > 3. It is shown that a tight spherical 5-design on S™ ! exists if and only if a
tight spherical 4-design on S" (the sphere of 1 dimension less) exists. Namely,
if there is one, then another is constructed and vice versa. Therefore, if a tight
spherical 5-design exists on S™! then n must be either n = 3 or (2m + 1)2 -2,
where m is an integer by (5a). Note that for n = 3, there exists a tight spherical
5-design, namely, the 12 vertices of a regular icosahedron inscribed in S*. (The
corresponding tight 4-design is the set of vertices of a regular pentagon in S* 2 =
S.) So, this case (5b) is essentially reduced to case (5a).

Moreover, tight spherical 5-designs do exist for n = 3,7,23 and the sizes are 12,
56, and 552, respectively. Each of them is known to be unique up to the orthog-
onal transformation.

(5¢) For n > 3, it is known that if there exists a tight spherical 7-design on S™™, then
n must be of the form

n:3m2—4,
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where mis an integer. The first two such numbers n are 8 and 23, and there are
tight 7-designs of sizes 240 and 4600, respectively. Each of them is known to
be unique for n = 8 and n = 23. No other tight spherical 7-designs are known,
and Bannai, Munemasa, and Venkov [71] proved the non-existence for certain
infinitely many values of n satisfying the above condition n = 3m® — 4.

The reader is referred to the reference [163, 55, 56, 72, 71] for the details of the proof
as well as further explanations. The basic idea of the proof is that A(X) must be the ze-
ros of certain orthogonal polynomials (Lloyd type polynomials, i. e., something like
Wilson polynomials in tight combinatorial ¢-designs) ([55, 56]) and that these inner
product values must be rational numbers in general. The fact that Q-polynomial asso-
ciation schemes are associated with tight designs ([163]) and some number theoretical
arguments are used to get (3). For (5), we can get the restriction on n relatively easily by
a similar consideration, but to eliminate the remaining n is not so easy. See [71] for the
details. For the classification of tight t-designs for t = 4,5,7, Nebe and Venkov [374]
proved further non-existence results beyond [71]%. However, it seems that the complete
classification of tight spherical ¢-designs for t = 4, 5,7 is not easy and not expected to
be solved very soon.

At the beginning of this chapter, we mentioned optimal codes. The stronger con-
cept “universally optimal” seems to be a very interesting concept. So, here we will dis-
cuss this topic.

Definition 5.21 (Absolutely monotonic function). A function a : [-1,1) — R is called
an absolute monotonic function, if a is of class C* and if the k-th derivative a® of a
satisfies a® (x) > 0 for any integer k > 0 and for any x € (-1,1).

Definition 5.22 (Universally optimal code). A finite subset X on S"! is called a univer-
sally optimal code, if for any subset Y on S"! with |Y| = |X| and for any absolutely
monotonic function a, the following condition holds:

z ax-y) < z alx-y).

x,yeX x+y x,yeY x+y

Remark 5.23. By considering the function a(x) = (x + )™ onx ¢ [-1,1) (m = 1,2,...)
and letting m go to infinity, we can see that a universally optimal code is an optimal
code. Universally optimal codes are interpreted as codes which satisfy the energy min-
imizing conditions not only for very special classes of potential functions but for gen-
eral wide classes of potential functions. These subsets can be regarded as very good
finite point-sets on the sphere, even from the viewpoint of physics or chemistry.

2 For an explanation of the work of Boris Venkov who passed away on Nov 10, 2011, see Nebe [369].
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The following concept is essentially equivalent to that of universally optimal
codes. This definition might be intuitively understandable from the viewpoint of
physics.

Definition 5.24 (Completely monotonic function). A function f : (0,4] — R s called
a completely monotonic function if f is of class C* and if the k-th derivative f ) of f
satisfies (—1)kf (k)(x) > O for any integer k > 0.

The following definition is in fact known to be equivalent to Definition 5.22.

Definition 5.25 (Universally optimal code). A finite subset X on S"! is called a univer-
sally optimal code if for any subset ¥ on S"! with |Y| = |X| and for any completely
monotonic function f, the following condition holds:

Y flx-yI) < Y flx-yI?).
x,yeX x+y x,yeY x+y

Before Cohn and Kumar defined and studied universally optimal codes, there had
been some preceding studies to find energy minimizing finite subsets on $" ! for some
special classes of potential functions by Yudin, Kolushov, Andreev, and others ([525,
283, 284, 2, 3], etc.).

Cohn and Kumar [140] tried to classify universally optimal designs. For the sphere
$? in R?, they proved relatively simply that there are only three kinds of universally
optimal codes, i. e., the regular tetrahedron, the regular octahedron, and the regular
icosahedron, by using the results of Leech [308]. However, for other dimensions n > 4,
the problem is completely open. They conjecture that for each n > 4, there are only
finitely many universally optimal codes, although this is also still open. The list of
known universally optimal codes is given in Cohn and Kumar [140]. Except one exam-
ple which is the set of 120 vertices of a regular polytope (600-cell) on S*> ¢ R* with
t = 11 and s = 8, all other known universally optimal codes satisfy the condition that
t > 2s — 1. At the present stage, it is not clear’ whether there are any other univer-
sally optimal codes with t < 2s — 1. Ballinger et al. give some candidates of universally
optimal codes ([18]). Most interesting and promising candidates are (i) n = 10 and
|X| = 40 and (ii) n = 16 and |X| = 64. These two examples have the structures of asso-
ciation schemes ([43]). Further candidates that also have the structures of association
schemes can be seen in Abdukhalikov, Bannai, and Suda [1]. As is seen from these
examples, universally optimal codes are usually associated to association schemes.
However, it is still an interesting open question whether there is a universally optimal
code which is not associated with an association scheme. Anyway, we would like to
say that the classification of universally optimal codes, or more specifically the classi-
fication of those X with t > 2s — 1, or more generally the classification of those X with
t > 2s-2 (then association schemes are always attached) may be very interesting open
problems that we should try to attack.

3 Personally, the author (Eiichi Bannai) thinks that there should exist some such examples.
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In particular when we try to study a finite subset X on $™! with strength t and
degree s satisfying t > 2s - 1, the series of work by Levenshtein [315, 313, 314] are
extremely important. So, let us comment on the crucial points of these works. The idea

of his proof is to “try to find good test functions.” For the classical Jacobi polynomials
a+™2 13

p. 2 (x), where a, b € {0, 1}, let us define

1

1e . 1,e 2l
T, (x,y):Zri’Pi2 2
i=0

n-1 n-3
2 e+ 2

(P27 2 (y), (5.37)

n+2i-1+e\ S m+i-2-¢
ril’£=<—> ( . ) €€ {0,1} (5.38)
n+e-1 i

n—

Now, let t}(’l and t}(’o be the largest zeros of polynomials P,

n-1 n-1 3
2 2

(x) and P, T2 (x), re-

n-1 n-1

spectively. Here, we remark that if we set P,i")(x) = PkT "2 (x), then we get

G (0

PP (x) = .
k Gl((n) 1)

(Namely, P,((“)(x) are the Gegenbauer polynomials normalized as Pf(")(l) =1.) Based on
these polynomials, Levenshtein defined the polynomials f,;y )(x) by

2
P00 = 0+ D - D(TE 00 )) (5.39)
withm =2k +1-gand t'}, <y < t}".

Theorem 5.26 (Levenshtein [313, 314, 315]). Let X be a finite set on S with |X| = N.
Let A(X) c [-1,y] (so X is a y-code). Then the following inequality holds:

N < { Ly(my), forty', <y <%
| Ly(ny),  for t,l(’o <y< t,l(’l.

Here, we define

_(k+n-3\(2k+n-3 P"(y) - PP(y)
Ly1(ny) = ( k-1 )( n-1_ - y)P,((")(y) ) (5.40)
k+n-2 <2k tn-1 A+nEPY) —Pi?l(y»)
L V) = - . 541
any) = ()5 - PP + P ) G

Moreover, if N = L,,,(n,y), then X is an m-design on S™ ! and A(X) coincides with the set
of the zeros of the polynomial f,%y )(x).

The importance of the results of Levenshtein lies in the fact that the converse of
the claim holds. Namely, if X is a spherical t-design with t > 2s — 1, then the following
holds:

IX| = L,(n, ).
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Here, a is the largest element in A(X). There are many works already done to find the
lower bounds of the sizes of t-designs, using either linear programming or semidefi-
nite programming. In the work of Levenshtein, he tried to find the lower bound under
the condition ¢t > 2s — 1 by using polynomials as test functions. Besides, there are
works of Boyvalenkov [105] and his school to improve the Fisher type lower bound for
t-designs ([106, 107, 108, 104, 378]). Meanwhile, Yudin [526] gives a method to improve
the Fisher type lower bound. He uses not only polynomials but also other functions
as test functions. The paper of Cohn and Kumar [140] uses this idea of Yudin. There is
more recent work by Bondarenko and Viazovska [98] in this direction. We will mention
further extensions by Bondarenko, Radchenko, and Viazovska later in this chapter in
between Theorem 5.32 and Definition 5.33. In that work it is shown that there are many
successes to improve the lower bound when the dimension n is fixed and ¢ goes to in-
finity. On the other hand, when ¢ is fixed and n goes to infinity, much progress has not
been made yet, except for the non-existence of tight t-designs in some extreme cases.
(This is partly seen from an unpublished computer experiment by Sikiri¢, Schiirmann,
and Vallentin [168] that searches for the lower bounds by using either linear program-
ming or semidefinite programming. This may imply that even semidefinite program-
ming has some limitations, which seems interesting.)

5.1.3 Connections of spherical designs with group theory, number theory, modular
forms

(a) t-Designs obtained as orbits of finite groups

Let us consider what kinds of spherical ¢t-designs there are. The most natural way of
the construction is to consider orbits of a finite group G in the orthogonal group O(n).
Namely, for x € $"! we consider the orbit x® of x by G as follows:

X=x"={x¥|geG}cs".

There are many possibilities for G. We expect that if we take larger finite subgroups G in
O(n), then we may get better designs. This topic was already treated in [32, Chapter 6]
in a detailed way, so here we just mention the points that we think important, leav-
ing the details to the book [32]. The most important finite groups are: real reflection
groups (including Weyl groups and more generally Coxeter groups), the Conway group
Co0.0 in the 24-dimensional space and their various subgroups, and Clifford groups.
The research in this direction was started by Sobolev in the 1960s (cf. [412]). See also
Sidelnikov [428, 429]. There are some works on properties of finite groups such that
orbits become t-designs (for details, see [32]). Here we just mention some important
facts that we believe interesting.

For each n > 3, among spherical t-designs that are obtained as an orbit of a finite
group G of O(n), those with large ¢ are not yet found. We remark the following.
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Theorem 5.27 (Bannai [25] (1984)). For x;,x, € S"! suppose that an orbit le of Gisa
t,-design (but not a (t; + 1)-design) and also the orbit sz of G is a t,-design (but not a
(t; + 1)-design). Then we get t, < 2t, + 1 (hence symmetrically, we also get t; < 2t, + 1).

This result implies that the property that a finite subgroup G of O(n) is t-homoge-
neous, namely, every orbit of G is a t-design, has an important meaning.

Group theoretically, the condition that a finite subgroup G of O(n) is t-homoge-
neous is equivalent to the condition that the representation of the i-th spherical rep-
resentation p; (i. e., the representation of O(n) acting on the space Harm;(R") of ho-
mogeneous harmonic polynomials of degree i), if restricted to G, does not contain the
identity representation as an irreducible component. This concept was introduced as
an analogue of t-homogeneous permutation groups. Let G be a subgroup of the sym-
metric group S, on the set V' = {1,2,...,v}. We say G is a t-homogeneous permutation
group if G acts transitively on the set of ¢t-element subsets of V. This is equivalent
to the condition that for any k-element subset of V, its orbit by G makes a t-(v, k, A)
combinatorial design. This condition is slightly weaker than the condition G being
t-transitive, and representation theoretically this is equivalent to the following condi-
tion. Let x,_;; be the representation of S, corresponding to the Young diagram of type
(n—1i,1). Then the restriction of y,_; ; to the subgroup G does not contain the identity
representation as an irreducible component for all i with 1 < i < t. So, this concept of
t-homogeneous (linear) group for a subgroup of O(n) was obtained as an analogue of
t-homogeneous permutation groups.

The same statement, replacing x;, x, by k-element subsets of V, and also the same
proof as for Theorem 5.27, holds for classical combinatorial ¢-designs. This is also men-
tioned in Cameron and Praeger [123].

For small n, finite subgroups of O(n) are classified. The results for n = 3 are well
known. Conway and Smith [148] give the classification for n = 4. Miezaki [346] man-
aged to prove that finite subgroups of O(4) are at most 11-homogeneous, by using
the result of Conway and Smith [148]. So, from Theorem 5.27, it turns out that for
any spherical t-design on S° that is obtained as an orbit of a finite group, we have
t < 23. It is known that there exist some 19-designs as an orbit of the real reflection
group W(H,) (Goethals and Seidel [201] or [32]). Meanwhile, it is known that for n = 8,
W (Ejg) is 7-homogeneous and there are some 11-designs as its orbits. For n = 24, Co.0
is 11-homogeneous, and there are some 15-designs as its orbits.

Theorem 5.28 (Bannai (1984) [26]). There exists a function f(n) such that for n > 3 if
there exists a spherical t-design that is an orbit of a finite group G in O(n), then t < f(n).
(The explicit form of f (n) is not yet known.)

As far as looking at known examples, we know only up to 11 homogeneous groups
G in O(n) for n > 3. Also only up to 19-designs, which are orbits of a finite group,
are known. It is conjectured that the function that appears in Theorem 5.28 may be
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replaced by an absolute constant, say, by 19, but it is still an open problem. We wonder
whether we can use the classification of finite simple groups to prove this claim. (We
encourage the reader to try to prove this.)

As mentioned on the previous page it is shown that if there is a t-(v, k, ) combina-
torial design on whose blocks a subgroup G of S, acts transitively, then t < 7, by using
the classification of £-homogeneous finite permutation groups (with £ > 2), which is
proved in turn by using the classification of finite simple groups. Cameron and Praeger
[123] conjecture that t < 5.

(b) Spherical t-designs that are obtained as shells of a lattice

In addition to the spherical t-designs which are obtained as orbits of a finite sub-
group G in O(n), there is another natural method for the construction of the spherical
t-designs obtained as shells of a lattice.

Let us fix some notation. A subset L of R" is called a lattice if there exists a basis
{V1,Vy,...,v,} of the real vector space R" and L is the set of linear combinations of
{vi,vy,...,v,} with integral coefficients. We call {v;, v,, ..., v, } a generator of L. A lattice
L is a free Abelian group of rank n. For the important examples of lattices, the reader
is referred to basic references on lattices, Conway and Sloane [147] or Ebeling [175]. (In
what follows, {e;, e,, ..., e,} is the standard orthonormal basis of L.)

— Let Z" be the set of all integer points: {(x;,X5,...,X,) | X; € Z,1<i < n}.

— The A, latticeis {(a;, ay,....a,1) | G € Z,a; + -+ + a, + Ay, = 2}
(Note that for the hyperplane H, we have H = {(a;,...,a,, ay,;) € R™ | a; +--- +
a, +a,,; = 2} = R".) In particular, the A,-lattice is called the hexagonal lattice, as

/NINENAN/ N/
VAVAVAVAVAVAVA
AVAVAVAVAVAVAVAN

— The Dy-lattice is the free Abelian group generated by the set {+e; + ¢; | 1 < i,
j <n,i#j, withall the choices of +} = {(a;,...,a,) € R" | a; +---+a, = 0 (mod 2),
a;eZ,1<i<nj.

— The E,-lattices (n = 6,7, 8).

The Eg-lattice is defined as the set of integral linear combinations of the vectors

shown below.

{+e;+e; | 1 < i, j < 8, i # j withall possible choices of signs} U {%(iel tet
---teg) | with an even number of minus signs}. This is equivalent to the Dg lattice
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defined as the union of the Dg-lattice and the set {Dg + %(e1 +e,+---+eg)l So, it
is{(a;,ay,...,ag) |la;+a,+---+ag=0(mod2),a; € Zora; € Z + % 1<i<8h
The E;-lattice is isomorphic to the subset (of the Eg-lattice) consisting of the vec-
tors perpendicular to any fixed vector of length V2 of the Eg-lattice. (So, it is a
lattice in R”.)

The Eg-lattice is isomorphic to the lattice (in 1R6) which is the subset of the
Eg-lattice consisting of the vectors perpendicular to a pair of two vectors of length
V2, 120 degrees apart in the Eg-lattice.

— The Leech lattice A,, is defined as A,, = {ng(o +2c+ 4x)} U {\/ig(l + 2¢C + 4y)}.
Here, 0 = (0,0,...,0),1 = (1,1,...,1), and c is in the Golay code (regarding the
components of ¢ as real numbers 0 and 1 rather than the elements of the finite field
F,). Also, X = (X;,Xp,...,Xp,) and y = (3,5 ...,Y,,) are vectors in R** satisfying
XpYi €2, 1<i<24, X+ X+ + X, =0(mod 2), y; +y,+ -+ ¥y =1(mod 2).

We say that a lattice L is an integral lattice if the ordinary Euclidean inner product x - y
is an integer for any x,y € L. If x - y is always an even integer, then L is called an even
lattice. It is immediate from the definition that an even lattice is an integral lattice. For
any lattice L, we define the dual lattice L* by

L"={xeR"|x-yeZ Vyel}

So, the lattice L is an integral lattice if and only if L ¢ L*. We say that an integral lattice

L is unimodular if L = L* holds. For an integral lattice L, |[L* /L] is the determinant of

the Gram matrix of a basis {v;, v,, ..., v,} of L. This quantity is also equal to the square

of the determinant of the n x n-matrix whose column vectors are a basis {v;, v, ..., V,}

of L.

— The lattice Z" is a unimodular integral lattice, but is not an even lattice.

— The A, -lattice is an even lattice, but not a unimodular lattice; |[L*/L| = n + 1 and
L* /L is isomorphic to Z,,,, the cyclic group of order n + 1.

— The D,lattice is an integral lattice, but not a unimodular lattice; |[L* /L| = 4. More-
over, L*/L =7, ifnisodd, and L*/L = Z, x Z, if nis even.

— The Eg-lattice is an even lattice, but not a unimodular lattice; L* /L = Z5.

- The E;-lattice is an even lattice, but not a unimodular lattice; L* /L = Z,.

— The Eg-lattice is an even unimodular lattice.

— The Leech lattice A,, is an even unimodular lattice.

Aswe mentioned in Chapter 1, Section 1.6, it is known that for a Type Il code, the length
n must be a multiple of 8. Similarly, it is known that for an even unimodular lattice L
in R", n must be a multiple of 8. Now, for an integral lattice L and a positive integer m,
let us define

L,={xeLl|x-x=m}
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Namely, L,, is the set of points of L with the constant length /m from the origin. We

call L, a shell of L. Then #Lm is a finite subset of the unit sphere S"!. We can expect

that there are some good spherical ¢-designs among them.”

One of the very important results is the following theorem by Venkov (Theo-
rem 5.30, discussed later). Before stating Venkov’s theorem, let us discuss the concept
of extremal lattices. Let L be an even unimodular lattice in R". (Such a code is also
called a Type II code.) Then as we mentioned already n must be a multiple of 8. It is
known that for an even unimodular lattice L in R", we have

min{x~x|xeL,x¢O}§2[% +2.

If equality holds in the above inequality, L is called an extremal even unimodular lat-
tice. (This situation is very similar to the case of extremal Type II doubly even codes.)

The problem of finding (or constructing) and classifying extremal even unimodu-
lar lattices is a very interesting problem, similarly to the case of extremal type II codes.
Many works have been done on this problem.

The current situation of the study of extremal even unimodular lattices is as fol-
lows. (In the original Japanese version of this book, we described the situation of Oc-
tober 2015. It seems that the situation has not changed in June 2020, when we wrote
this English version.)

— Forn = 8, the Eg-lattice is the unique such lattice.

- Forn = 16, there are exactly two such lattices: Eg & Eg and Dj.

— Forn = 24, the Leech lattice A,, is the unique such lattice.

—  For n = 32, there are many examples known. King (2003) [280] proved the follow-
ing result. The mass of the even unimodular lattices with no roots, i. e., vectors
of length V2, is 110037331282023326658917 _ 5 48 » 10°, This implies that there are

; 238863431761920000 .
at least 10’ such lattices. Here the mass means the quantity ) ; .y -, where

Aut(L) is the automorphism group of L and Y consists of all the reprlé\suetg;gtives of
the isomorphism classes of extremal even unimodular lattices with no roots.

— For n = 40, there are some (many) examples known. The first example was given
by McKay [340]. King [279] proved that there are at least 12,579 extremal Type II
codes of length 40. Now it is known that the exact value is 16,470, as proved by Bet-
sumiya, Harada, and Munemasa [89]. On the other hand, Kitazume, Kondo, and
Miyamoto [281, Theorem 3] proved that the extremal unimodular lattices which
are obtained from extremal type II codes by so-called Construction C are not iso-
morphic to each other. So, there are at least as many non-isomorphic extremal
unimodular lattices as them.

4 As far as all known examples of lattices are concerned, for any n > 2, there is no known shell L, (of
any lattice) which is a 12-design. (Moreover, for n = 2, no 6-design is known; for n = 3, no 4-design is
known.) It is an interesting open question whether there is an absolute constant ¢, such thatif L, isa
t-design, then t < ¢, for all n, m, and L. (So, we may be able to take ¢, = 11.)
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- Forn = 48, there have been known three examples: Pygy, Pyg,, and Pyg, (Con-
way and Sloane [147], Nebe (1998) [367], and others). Nebe found a new example
[370, 371].

— For n = 56 and 64, it is known that there is at least one for each. Nebe, Ozeki, and
Quebbemann constructed some examples, but isomorphism classes among them
are not completely determined yet.

— Forn =72,in 2010 Nebe announced that she constructed one example. Her paper
was published in 2012 [368].

—  For n = 80, two examples were known by Bachoc and Nebe [12]. Two more exam-
ples have been discovered by Stehlé and Watkins [439] and Watkins [509].

- Forn > 88, no example has been discovered yet.

The existence of an extremal even unimodular lattice of dimension 72 was the long-
standing famous open problem, and Nebe affirmatively solved it in 2010. It is very
interesting whether a similar thing will happen for other values of n, in particular
for values that are multiples of 24. It is known that if there exists an extremal even
unimodular lattice of dimension n, then n is bounded above by about 40,000 (Mal-
low, Odlyzko, and Sloane (1975) [332]) (see also Gaborit (2004) [188, Table 3]). Miezaki
informed us that the above number 40,000 is not correct and must be replaced by
163, 264 (Nebe [372] and Jenkins and Rouse [268]).

Remark 5.29. Griess constructed the Leech lattice A,, from the Eg-lattice in the fol-
lowing way. Let M and N be the lattices in R® isomorphic to the Eg-latticeand MNN =
V2Eg. There are in fact many such choices. Let L be defined by

L={w+x,w+y,w+z)|weM, x,y,ze N, x+y+z e MnN}.

Then L is a lattice in R? and the square of the minimum distance equals 4. So, it is an
extremal even unimodular lattice in R?*. Griess [205] tried to construct even unimodu-
lar lattices in R72 by a similar method to the above case, starting from the Leech lattice
M. Namely, he tried to construct L using M, N isomorphic to Ay, with MNN = V2A,,.
Since there are too many choices of such M and N, Griess could not find an extremal
even unimodular lattice in R72. However, Nebe could, in fact, find such good M and
N with the property that the square of the minimum distance of L is 8, namely, L is an
extremal even unimodular lattice in R”2.

Now, let us return to the work of Venkov.

Theorem 5.30 (Venkov, 1984). LetL be an extremal even unimodular lattice in R". Then
n = 0 (mod 8). Then for each even integer 2m, we consider the shell L,,,. Then the fol-
lowing assertions hold:

(1) Ifn =0 (mod 24), then L,,, becomes an 11-design.

(2) Ifn =8 (mod 24), then L,,, becomes a 7-design.

(3) Ifn =16 (mod 24), then L,,, becomes a 3-design.
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(Note that since L is an even lattice, the square of the distance of any point from the
origin is an even integer.)

The proof of this theorem is seen in Venkov [493]. See also Venkov [494]. The proof
written in Japanese is also available in [32, Chapter 10, Section 2]. It is crucially impor-
tant that the proof uses the theory of modular forms.

The relation between modular forms (theta series of lattices) and spherical de-
signs through lattices is very deep, and the study was started by Boris Venkov. As
mentioned in Section 1.6 of Chapter 1 in this book, this relation is an analogue of the
relation between polynomials (weight enumerators of codes) and combinatorial de-
signs, through codes. As for the general references on this topic, we refer the reader to
Broué and Enguehard [112], Conway and Sloane [147], Runge [409], Ozeki [391], Nebe,
Rains, and Sloane [373], Ebeling [175], and Huffman and Pless [397]. Broué and Engue-
hard (1972) [112] showed that modular forms are obtained from the weight enumera-
tors of codes (Theorem 5.31 below). The concept of modular forms is very important
and appears in number theory and related areas. We refer the reader to books on num-
ber theory for the details. Roughly speaking, a modular form is a good holomorphic
function on the complex upper half-plane satisfying the good property (automorphic
property) that by the action of the modular group SL(2, Z) it is just changed to a cer-
tain factor times the original function. The weight of a modular form is related to this
factor. Here, we only consider modular forms of even weight and for the full modular
group SL(2, Z).

Theorem 5.31 (Broué-Enguehard (1972) [112]). Let C be a doubly even self-dual code
of length n over the binary field F,, and let We(x,y) = Y.cc X" "Oy") pe the
weight enumerator of C. Then if we put 65(271,0) to x and put 6,(2t1,0) to y, then
W(65(21,0),0,(21,0)) is a modular form of weight n/2. (Exactly speaking, these are
modular forms with respect to the full modular group SL(2,Z).) Here, 6,(21,0) and
03(21,0) are defined as follows:

0,(1,2) = Z nen’i(n+1/2)zr+(2n+1)ﬂiz,
nez

) .
93(_[)2) _ Z emn ‘r+2nmz.
nez

Here, T is an element in the upper half-plane, and z is an element of the complex number
field C. In the proof of this theorem, the variable T is not needed, but it is sometimes better
to use theta series in this form, so we keep this expression.

We call the map that assigns 85(2t, 0) to x and 6,(2t, 0) to y the Broué—Enguehard
map. This Broué-Enguehard map gives the isomorphism between the algebras gener-
ated by the weight enumerators of binary self-dual doubly even codes over F,. This
algebra gives an isomorphism from the invariant ring C[x, y]G, for the 2-dimensional
complex reflection group No.9 (of the Shephard-Todd classification) of order 192,
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to the subspace of modular forms, exactly speaking the subalgebra C[E,,A,] gener-
ated by the Eisenstein series E, of weight 4 and A,,, a cusp form of weight 12. By this
Broué-Enguehard map, the weight enumerator W, (x,y) for the Hamming code eg cor-
responds to E,, but note that ng, the weight enumerator of the Golay code g,,, does
not corresponds to A;, directly, nor to the theta series of the Leech lattice directly.

The essence of the proof of the theorem of Broué and Enguehard is as follows.
For a code C of length n over F,, the Construction A to construct a lattice L. in R" is
known. Namely, let ¢ be the natural homomorphism from Z" to (Z/2Z)" = F5. For
a code C which is a subset of F}, let ¢ 1(C) be the full inverse image of C and let
Lc = %(p‘l(C). Then L is the desired lattice in R". For example, for the Hamming
code eg, L, becomes the Eg-lattice in R® generated by the roots of type Eg. Generally,
for a self-dual doubly even code C, L. is an even unimodular lattice. Then from the
theta series of the lattice L, we get a modular form of weight n/2. It is well known
that the space of modular forms is given as C[E,, E¢], where E, is the modular form
called Eisenstein series of weight 6. Also, it is known that the image of the Broué-
Enguehard map is the subspace C[E,, A;,] and not the whole space of modular forms.
However, by considering in the following way, we can get all the space of modular
forms. Let

1

O'—i[l 1]Xr—>i(X+) — x-y)

TRl a YTy gy
1 0

02:[0 \/__1],x»—>x,yr—>\/—1y.

(Note that there is some difference in the notation given in Chapter 1, Section 1.6.) The
group G = (0;,0,) is the complex reflection group No. 9 of order 192. Then the map
defined by 6; — -1and 0, — 1 gives a homomorphism from G to the cyclic group of
order 2. The kernel H of this homomorphism is a subgroup of index 2 of G and is also
a complex reflection group, No. 8 and of order 96. Then

w1 s 2D

The invariant ring C[x, y]? for H is isomorphic to a polynomial ring and the Broué-
Enguehard map gives the isomorphism between C[x, y] and the space of full modular
forms C[E,, E¢]. Here, Clx, y]H is generated by f;, the weight enumerator of the Ham-
ming [8, 4,4] code, and the homogeneous polynomial f, = x12 - 33x8y* — 33x%y8 4+ Y12,
Now, note that the Broué-Enguehard map maps f, to E;. (As the negative sign appears,
we can see that f, cannot be the weight enumerator of a code.)

The theorem of Broué—-Enguehard means that the whole space of modular forms
is understood to be isomorphic to the invariant ring of a certain finite group. There
are many generalizations of this situation that the space of certain modular forms can
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essentially be understood as the space of the invariant ring of a certain finite group.
(This isomorphism may not be completely isomorphic but at least we can grasp the
essential part as the space of invariants by a finite group.) For example, Siegel modular
forms of genus g (the case of g = 1 corresponds to the usual modular forms for SL(2, Z))
can be understood close to the space of certain multiweight enumerators, and in turn
the polynomial invariants by the Clifford group G = 42" Sp(2g, 2) that is a subgroup
of GL(28, C) (Duke, Runge); and certain Hilbert modular forms are related to the Lee
weight enumerators of certain codes over F, (Hirzebruch, van der Geer); and Jacobi
modular forms are related to the invariants of the groups H or G of order 96 and 192 that
appeared already, acting as the simultaneous diagonal action (Bannai—0Ozeki, Runge).
(In the Jacobi case, the variable z in the theta series matters.) In these cases, although
all the modular forms are not obtained by this method, it seems that the essential parts
are actually obtained. Also, many more generalizations are expected. In coding theory,
codes not only over the finite field but also certain finite rings, as well as certain p-adic
rings have been studied. And there are close connections between these general codes
and various modular forms. Anyway, it seems to be very interesting to see that finite
objects (like codes, weight enumerators, or invariant rings of finite groups) describe
the essence of the infinite objects (like modular forms).

Considering the shells of a lattice as spherical designs is similar to considering
the subsets of a fixed weight of a code as combinatorial designs. In this sense, we can
regard Venkov’s theorem as a spherical analogue of the Assmus—Mattson theorem.

All known examples of spherical ¢-designs obtained from shells of a lattice satisfy
t < 11. This is very similar to the situation that all known combinatorial ¢-designs
obtained as shells (we tentatively call a subset of a fixed size a shell) satisfy t < 5.
Whether these restrictions, i. e., t < 11 for such spherical t-designs, or t < 5 for such
combinatorial ¢-designs, are absolute restrictions or not seems to be a very important
question at this stage.’

The method of using the orbits of a finite subgroup of O(n) for n > 3 and the
method of using the shells of a lattice in R" are good methods to find spherical
t-designs. But it seems difficult to get t-designs for large t. Then, a question arises.
Do there exist spherical ¢t-designs for large t? The following theorem of Seymour and
Zaslavsky [422] answered this question decisively.

Theorem 5.32 (Seymour-Zaslavsky (1984) [422]). For any positive integers n and t,
spherical t-designs on S"! exist.

One proof of this important theorem is given in [32], so we will not repeat that
proof. The existence of spherical t-designs and interval t-designs (that will be ex-
plained later) was first proved by P. D. Seymour and T. Zaslavsky (1984) [422]. A proof

5 As a generalization of relations between codes and combinatorial designs, or lattices and spherical
designs, there is a relation between vertex operator algebras and quantum designs ([236, 338, 347]).
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of the interval t-designs which is relatively easy to understand was obtained by Arias
de Reyna (1988) [4]. Meanwhile, G. Wagner (1991) [499], P. Rabau and B. Bajnok (1991)
[398], and Bajnok (1992) [15] proved that if there exists an interval t-design X on the
interval [-1,1], then t-designs of size (t + 1)|X| exist on S2. Moreover, they proved
that if there exists an interval t-design on the interval [-1, 1] with Gegenbauer weight
wx) =1 —xz)%3 , then spherical ¢-designs on S"! are constructed. As is seen from the
proof of Proposition 5.35 of the simple case, the separation of variables of integrals is
utilized here. So, we would like to start with the discussion of the existence and the
construction of interval t-designs on [-1, 1]. The proofs in the original papers [422, 4]
were just the existence proofs. So, the information on the size |X| was not obtained.
On the other hand, in the proof of [499] and [398], the existence of interval ¢t-design
was obtained in a way that the size |X| is bounded from above. The proofs for the ex-
istence of spherical ¢t-designs on S? are done through constructions by using interval
designs whose sizes are of order O(¢>). This result was best possible at the stage of the
early 1990s. Also, as fozr the spherical t-designs on S™! the existence of designs whose
sizes are of order O(tnzi), which was proved by Korevaar and Meyers [287], was the
best result at that time.

For interval t-designs X on [-1,1], Bernstein (1937) [86] showed that if t — oo,
then |X| must be at least of order O(t%). Moreover, Bernstein (1937) [87] obtained the
result that if we allow multiple points, i. e., if x; and x; are not necessarily different,
then there are interval designs whose sizes are of order 0(t?). (However, this result was
not known widely.) Kuijlaars [290] excavated this paper of Bernstein and succeeded
in further proving that slightly moving (deforming) Bernstein’s multiple point interval
t-design, one can separate multiple points and can get a real interval t-design of order
0(t?) whose points are all distinct.

On the other hand, it seems that many researchers have conjectured that there
should be spherical t-designs on ™! of order O(t"1). There was some progress toward
this conjecture by Bondarenko and Viazovska [98, 99] and then the conjecture was
finally fully settled by Bondarenko, Radchenko, and Viazovska [100, 101]. The Fisher
type lower bound of sizes of spherical t-designs on $"! implies that if n is fixed and ¢
goes to oo, then it is of order O(t"™1). Therefore no essential improvement is possible,
except for the exact determination of the coefficients. On the other hand, it seems to
be still unknown what will happen if ¢ is fixed and n goes to co.

So far, we have discussed the existence problem of spherical ¢-designs. Besides the
results already mentioned, there are some related works, for example, by Hardin and
Sloane [212], Mhaskar, Narcowich, and Ward [345], Chen, Frommer, and Lang [133],
Chen and Wormersley [134], and Grof and Pott [203].

In most of the papers mentioned above, including Seymour and Zaslavsky, their
existence proofs were either analytic or topological, and use the continuity of real
numbers crucially. Also, in most cases, the proofs were existence proofs, and so they
were not useful for the explicit construction of the t-designs. The following paper by
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Kuperberg [291] exceptionally gives an explicit construction of interval t-designs. Let
us discuss it below. (However, it is very delicate to what extent the constructions are
explicit.) Using this result of Kuperberg, Okuda [390] gives an explicit construction of
spherical t-designs on s (see also Cohn, Conway, Elkies, and Kumar [138] for another
approach of this result). Reznick [403] may be interesting in connection with spherical
designs.

Definition 5.33 (Interval t-design). Let t be a positive integer, and let w(x) be a weight
function on the interval [-1,1]. A subset {x;,X,,...,xy} of [-1,1] is called an interval
t-design on [-1,1] with respect to the weight function w(x), if the following equality
holds for any polynomial f(x) of degree at most ¢:

1 ( N
T [ Fooweo dx = Y werf .

1
Ll w(x)dx i1
Kuperberg discovered a method to construct interval t-designs on the interval
[-1,1] for w(x) = 1.

Theorem 5.34 (Kuperberg [291]). Let Q,(x) be the polynomial of degree s defined by

XS—l XS—Z (_l)S
+ — et .
3 "3.15 1.3-15- - - (45—1)

Q;(x) =x° -

Then the following assertions hold:

(1) The polynomial Q4(x) has s positive real zeros a, @5, . .., &g which are distinct from
each other.

(2) Ifwedefine Z = {++/0] + \/&; - -+ + /0@ | take all the choices of signs}, then |Z| = 2°
and Z c (-1,1). (Note that in the original paper [291] and also in [32], there are typos
that the square roots in /&;’s are missing.)

(3) The set Z gives a Chebyshev type quadrature formula of degree 2s + 1. Namely, the
2% points give an interval (2s +1)-design on [-1, 1] with respect to the weight function
w(x) = 1.

As mentioned already, if there is an interval t-design on [-1, 1] with respect to
the weight function w(x) = 1, then a spherical ¢t-design on §? is constructed, and if
there is an interval t-design on [-1, 1] with respect to the Gegenbauer weight function
wx) = (1- xz)%}, then a spherical t-design on S"! is constructed, as mentioned in
Wagner [499], Rabau and Bajnok [398], and Bajnok [14]. Now we will see how spheri-
cal (2s+1)-designs on S? are constructed from the interval (2s+ 1)-design, or Chebyshev
type quadrature, Z = {z,2,,...,2»} on [-1,1] which is constructed by Kuperberg (by
Theorem 5.34). Now, for an integer m > 2s + 2, let Y be the set of the m vertices of a
regular m-gon inscribed in S. For example, Y is given as Y = {y; = (cos % sin %k) |
k=0,1,...,m-1}.Sincem > 2s + 2, Y is a (2s + 1)-design. Now we define the subset X
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on S as follows:
={ryez) 11<i<2,0<k<m-1}.
Here, r; = @ (1<1i<2%.So, X is a subset of size 2°m on S°.
Proposition 5.35. The set X defined above becomes a spherical (2s + 1)-design on S°.

Proof. We consider monomials xl"lxz’lzx{13 (A + A+ A5 < 25+1) of degree at most 25 + 1
on §? ¢ R>. Since Y is an (m — 1)-design on S? and since A; + A, < 25 +1 < m — 1, we get

1 17 ome\My . 2mk\"
— JxlAlszZ dox = — Z (cos Lk) (sin Lk) . (5.42)
2 m = m m
st =
On the other hand, we have

z X1A1X Azx A5

|X| xeX
» 1< ) < . znk >A2 A3
os — risin— | z;
2m § i=1 k=0 m
2 A A
A 27tk . 2nk
(V1-z2) 1 A3 ( cos —<> <sm —) . (5.43)
m m

1:1

First, let us consider the case when A; + A, is odd. Then either A, or A, is odd. Therefore,
we get

1 Mo Ay A 1 J Ao A
— | xM 2 3 =0, _ 1 2 =0.
nJ 1 2x3" dox = 0 o | 0% dox =0
s st
Therefore, by (5.42) and (5.43), we have

Ay, A
x1x22x33( 0).

1
JxlAlx AZX3A3 dox =
xeX

47 1X|

S?

Next, let us consider the case where A; or A, is even. Then, since Z is a quadrature
formula of degree 2s + 1 (i. e., interval ¢t-design) on the interval [-1, 1], we have

1 14,
EJ’XAdXZZ—S;Zi
] 1=

for any integer A with 0 < A < 2s + 1. In particular, since A, or A, is even, we get

2 A+ ! A+
1 Z(l—ziz) Tz = % I(l—xz) 2 X dx
i 1

n
- % J sin’ ™ 1) cos™ Y dip. (5.44)
0
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Also, using the polar coordinates x; = cosfsiny, x, = sinfsiny, z = cosy, the
integral over S? is represented as follows:

(cos Osin l,b)’11 (sin @sin 1/))]lz (cos l/))A3 siny dy db

n
cos™ fsin™ 6 d6>< % J sin'™* y cos Y dy )

0

Therefore, by (5.42), (5.43), and (5.44), we obtain

1 Ay Ay A 1 Ay Ay A
e Jxl 1X,"2x5" dox = X Z X712 x57. (5.45)

s xeX

O

The construction of spherical ¢t-designs on §"! using interval t-designs on [-1,1]

with respect to the Gegenbauer weight is proved in a similar way. The following two
questions seem to be interesting as research problems.

Problem 1: Find a method to concretely construct interval t-designs on [-1, 1] with
respect to the Gegenbauer weight. Is it possible to extend Kuperberg’s method to
this case?

Problem 2: Is it possible to find concrete constructions of interval ¢-designs with-
out using the continuity of real numbers? In particular, are there interval t-designs
whose points are all rational numbers®?

Now, let us return to the spherical t-designs obtained from shells of a lattice.

1.

When we consider spherical ¢-designs obtained from orbits of a finite group G ¢
O(n), we mentioned in Theorem 5.27 that if one is a ¢;-design and the other is a
t,-design, then one is not extremely large compared with the other, i. e., we get
t, < 2t; + 1. We wonder whether a similar situation can happen for two spherical
t-designs obtained as shells of the same lattice. It is shown easily that this does
not hold unconditionally. Namely, we can find an example of a lattice with one
shell having a t;-design (although ¢, < 11 anyway) and another shell is only a
1-design. But under some restricted conditions such as the condition that both
designs generate the whole lattice, can we say that ¢, is not too large compared
with ¢,?

6 This was answered affirmatively by Cui, Xia, and Xiang [152] in 2019.
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2. When we consider the shells of the Eg-lattice L, each shell of L is a spherical
7-design. This was seen from the theorem of Venkov (Theorem 5.30), or from the
fact that the shell is a union of some orbits of the reflection group W (Eg). This, of
course, means that each shell is a 7-design, but this does not exclude the possibil-
ity that it becomes an 8-design or ¢-design for bigger t. This is a very simple and
natural question. Actually, this has an unexpected important meaning, as we will
see next.

Theorem 5.36 (Venkov, de la Harpe, Pache [392, 165, 166]). Let L,,, be a shell of the
Eg-lattice. Then L,,, becomes an 8-design if and only if T(m) = 0, where Ramanujan’s
tau function t is defined by

n@* =q[Ja-4)" = ¥ ttg~. (5.46)

i>1 k>1

Here n denotes the Dedekind eta function.

The reason why this theorem is interesting is closely related to the famous conjec-
ture in number theory called Lehmer’s conjecture (Lehmer [309], Serre [420, 421]).

Lehmer’s conjecture. For each integer k > 1, 7(k) + O.

So, Lehmer’s conjecture was reformulated in terms of spherical ¢-designs. How-
ever, there are still great difficulties to prove Lehmer’s conjecture, and this still
remains an open problem at the present stage. Many analogues or extensions of
Lehmer’s conjecture are known. (Pache [392] gives a detailed explanation about this.)
The most simple analogue of Lehmer’s conjecture is reformulated as follows.

Problem I: It is easy to see that any shell L,, of the lattice L = 7? in R? is a spheri-

cal 3-design. (Because the cyclic group of order 4 of 90-degree rotation makes L,,

invariant.) Is there any 4-design among these shells L,,?

Problem II: It is easy to see that any shell L,,, of the A,-lattice (hexagonal lattice)

L in R? is a spherical 5-design. (Because the cyclic group of order 6 of 60-degree

rotation makes L,,, invariant.) Is there any 6-design among these shells L,,,?

We call these problems toy models of Lehmer’s conjecture. These two problems were
solved negatively by Bannai and Miezaki (2010) [67]. Here the theory of modular forms
also played an important role.

Theorem 5.37 (Bannai—Miezaki (2010) [67]). The following hold:
(1) Inthe integer lattice L = Z* in R?, any shell L,, cannot be a 4-design.
(2) Inthe Ay-lattice in R?, any shell L,, cannot be a 6-design.

A generalization for other 2-dimensional lattices can be found in [69]. A proof of
the above theorem that does not use modular forms can be found in [70]. Let us recall
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again that for any 2-dimension lattice, no shell that is a 6-design is known. Mean-
while, for any 3-dimensional lattice, no shell that is a 4-design is known. In addition,
in any lattice in any dimension, no shell that is a 12-design is known. These are very
important and interesting open problems. We propose another open problem that was
proposed by Yudin.

Problem. Let us consider the lattice Z>. We have explained that the shell of the lattice,
namely, the points on the circle whose center is at the origin, cannot be a 4-design. Is
there any 4-design on a circle whose center is not necessarily at the origin? We can
consider similar problems for other lattices.

The following result is not directly related to spherical ¢-designs. But we would
like to mention it in order to advertise this result.

Theorem 5.38 (Bannai—Miezaki (2012) [68]). Let L be any integral lattice in R>. For any
positive integer N, there is a circle that contains exactly N points of L.

For the proof of this theorem, we need the theory of 2-dimensional integral lat-
tices and some number theoretical method related to class field theory. As for the
background of this problem, see Maehara [329]. In addition, if we use this result for
2-dimensional lattices, it is possible to show that for any positive integer N and for
any integral lattice in R" (n > 3), there is a sphere that contains exactly N points in
L, although this extension for higher dimensions is rather formal (and not substan-
tial).

We would like to remark about the shells of extremal even unimodular lattices.
As we have seen in Theorem 5.30 (Venkov’s theorem), if n = 0 (mod 24), then any
shell is an 11-design. Also, for n = 8 (mod 24) and n = 16 (mod 24), then any shell
is a 7-design and a 3-design, respectively. In the case of n = 24, the smallest shell
of the Leech lattice has 196, 560 points and is a tight 11-design, and so it cannot be a
12-design. In the case of n = 8, the smallest shell of the Eg-lattice has 240 points and is
a tight 7-design and so it cannot be an 8-design. In the case of n = 0 (mod 24), can the
smallest shell of an extremal even unimodular lattice be a 12-design? Or more strongly,
is there any case where all the shells are 12-designs? Also, in the cases n = 8 (mod 24)
and n = 16 (mod 24), is there any possibility that all the shells are 8-designs and
4-designs, respectively? These problems are simple, but the answer is not yet obtained
completely. We can see a partial answer in [66]. (This might be also interesting from the
viewpoint of modular forms.) Note that similar questions can be made on the shells
of extremal Type II codes. It is interesting that in case of extremal codes, all the shells
have the same strength (Janusz [267], [66]). However, whether there is actually an ex-
tremal code whose shells have a larger strength ¢t than the value of ¢t determined by
Venkov’s theorem is still an open problem. (No such examples are known.) For some
partial results, please see [66]. Horiguchi, Miezaki, and Nakasora [239] and Miezaki
and Nakasora [349] give some partial results improving previously known results.
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(c) Spherical designs appearing in physics and chemistry

Now, we list what we think interesting in an informal way. Frankly speaking, the con-

tents here are the authors’ personal impression and also meant to be a guidance for

the readers what references to look at. Of course there are many other interesting and

deep relations between spherical designs and physics or chemistry that we are not

aware of. So, we hope and expect that the contents could be supplemented by other

experts. We will list eight references or topics (i)—(viii), and make some comments on

them. The first two expository articles were already mentioned in [32]. The rest arises

after the publication of [32].

(i) Saffand Kuijlaars, “Distributing many points on a sphere” [410]. (Many references
mentioned there are also very useful.)

(ii) Smale, “Mathematical problems for the next century” [430].

(iii) M. Atiyah and P. Sutcliffe, “Polyhedra in Physics, Chemistry and Geometry” [7].
Milano J. math. 71 (2003), 33-58.

(iv) H. Cohn, “Order and disorder in energy minimization” [137]. Proceedings of the
International Congress of Mathematics, Volume IV, Hindustan Book Agency, New
Delhi (2010), 2416-2443 (see also [141]).

The main topic of papers (i) and (ii) is to find finite subsets of the sphere " for a given
potential functionf : [0, 2] — R, which have the property that among all the subsets of
the same size, the energy for f is minimum. For example, the most important problem
is the next problem, called the Coulomb-Thomson problem. Let the potential function
bef(r) = % and let the energy (for the potential function f) of a subset Y be defined by

Z 1

yeray X =V

Here, we fix a positive integer N, and to try to find and/or determine a subset X of
size N with the smallest energy among all subsets Y of the same size N. If we take
a different potential function f, of course the minimum energy subsets are generally
different. The following question:

“Is there a finite subset that is the minimum energy subset for all good potential functions?”

is the key to the concept of universally optimal codes proposed by Cohn and Kumar. Of

course, there are many choices of potential functions, and these potential functions

usually come from the requirement from physics and/or chemistry. We explain some
results that we think interesting in the following (a) to ({). (For the notation, the reader
is referred to the original source.)

(a) There is no universally optimal code of size 5 on S2. However, for any given com-
pletely monotonic potential function f, it seems and is conjectured that the energy
minimizing sets are either (1) 5 points consisting of three points of the equilateral
triangle on the equator and north and south poles, or (2) 4 points on the square
slightly south of the equator and the north pole (although the exact shape de-
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B

2]

(6)

(€)

pends on the potential function f). (Many experiments confirm this claim, but it
is not rigorously proved yet. See [144].)
The 8 points of a cube and the 12 points of a regular dodecahedron are not uni-
versally optimal, and not even optimal either. However, it is shown that there are
some potential functions that these two sets are energy minimizing sets for those
potential functions. Examples of these potential functions are also explicitly given
([142]).
As will be discussed in Section 5.2.1 in this chapter, the concept of universally op-
timal codes is extended to compact symmetric spaces of rank 1 (projective spaces
over R, C, H, O). For example, PR? is the 2-dimensional projective space, and
this is the space where the lines through the origin in R> are regarded as points of
PRR%. Cohn and Woo [144] classified universally optimal codes on PR? completely.
Namely, they are described as follows:
(1) lessthan 3 lines that are orthogonal to each other;
(2) the 4 lines that connect antipodal points of the cube;
(3) the 6 lines that connect antipodal points of a regular icosahedron;
(4) the 3 + 4 = 7 points that connect antipodal points of the union of a cube and
its dual (the regular octahedron).
It is interesting to note that in example (4), the automorphism group of the uni-
versally optimal code cannot be transitive on the set of points. This might suggest
that a similar situation might happen for universally optimal codes on the sphere.
Although the details will not be explained here, the concept of universally op-
timal codes is defined for lattices (or more generally for periodic infinite sets).
Some study on this topic has already started. The A,-lattice, the D,-lattice, the
Eg-lattice, the Leech lattice A,,, and possibly D] are expected to be universally
optimal codes, although these are not yet verified. Coulangeon and Schiirman
[150] have shown that if a lattice has the property that all the shells are spherical
4-designs, then the lattice is “locally” universally optimal.
Good finite point sets that appear in physics and chemistry are not limited on the
sphere. One method is to consider the energy function such as the one appearing
in[7],

) TN

XyEX XY Il = yll xeX

or generally, to consider the energy function

Yo fllx-yih+ Y kP,

x,yeX x+y xeX

which involves the distances from the origin. More generally, the energy functions

x,yeX x+y




5.1 Finite subsets on spheres =— 213

are considered. Here, we are interested in grasping the cluster of particles in the
Euclidean space R" as an energy minimizing set for certain energy functions.

(¢) The following is a very casual idea of the first author (Eiichi Bannai). We want to
propose a definition of universally optimal code in R". We would like to hear the
feedback from the readers whether this definition is appropriate or not. (Please
contact us if you have any comments.)

Definition. For a subset X in R", the center of X is defined by

1

Xo = —
o x|

xeX

The deviation m(X) of X is defined by

1
mX) = o Y lx - xl.
xeX

Then X is called optimal, if the condition

mind(x,y) = mind(x,y)

x,yeX x,yeY

X#y X+y
holds for any finite subsets Y in R" with |Y| = |X| and m(Y) = m(X). Moreover, X
is called universally optimal if

Y flx-yI)< Y fllx-yI?)
X,yeX x+y x,yeY x+y

holds for any finite subsets Y in R" with |Y| = |X| and m(Y) = m(X) and for any
complete monotonic function f(x) (Definition 5.24).

We hope that this concept could be related to the concept of Euclidean t-designs
that we will discuss in the next subsection. From a very personal attachment of the first
author, the concept of rigid spherical t-designs (namely, those t-designs that cannot
be deformed keeping the property of being t-designs) should reflect some physical
and/or chemical properties well, and their classification problem seems interesting.
(v) There are many work on fullerenes.

It is beyond our ability to discuss this topic. This started with the discovery of C¢y and
the study of such objects on spheres or on some layers of spheres should be closely
related with the research described in this book. We expect that the study of finite sets
on the layers of several spheres should closely be related with the study of Euclidean
designs, which we will discuss in the next subsection.

There are researchers with a strong interest in the areas of algebraic combinatorics
and related topics; there are works by Deza, Shpectrov, Klin, Kerber, and others. (We
hope that the interested reader can find the details of these relevant works for them-
selves.)

(vi) The “Optimal Configurations on the Sphere and Other Manifolds (Optimal 2010)”

conference was held in Nashville, Tennessee in May 2010.
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At this conference, optimal objects (in various senses) in mathematics and other re-
lated areas including physics and chemistry were studied. In the sense of studying
many good finite point sets on the earth (the sphere), there were some talks from the
geocentrism viewpoint. From the viewpoint of analysis, the cubature formulas were
very much studied (as will be mentioned in the next subsection). There were many
interesting studies. One question that was presented was: What is the best density of
filling the Euclidean space with the ellipsoid of the same size (instead of the sphere of
the same size). Interestingly, in the 2-dimensional plane, it is the same as in the sphere
case. But in dimensions n > 3, the density can get smaller (Bezdek and Kuperberg [90]
and Schiirmann [415]). (In Japan there are some works by the group of Odagaki on this
topic.) Anyway, it seems that there are many interesting new directions. This confer-
ence was subsequently followed up by the following conferences: Vienna in October
2014, ICERC, Brown University in May 2018, and Vienna again in January 2021.

As for the relation of spherical ¢-designs and physics, one of the authors is specif-
ically interested in the paper of Crann, Pereira, and Kribs [151].
(vii) Spherical t-designs seem to be closely related to anticoherent spin states in

physics.

Conjecture (Conjecture 1 (page 8) in [151]). A spin state is anticoherent if and only if its
Majorana representation is a spherical t-design.

Unfortunately, counter-examples were obtained for both directions by Bannai and
Tagami. It would be very interesting if we could say anything positive by modifying this
conjecture.

(viii) The book [442] of Sunada, Why do diamonds look so beautiful?

We are very much interested in and excited about this book. Unfortunately, it seems
that this book is published only in Japanese. (Please also see the article of Sunada in
the Notice of AMS [443].) Sunada [442] is based on the series of papers of Kotani and
Sunada ([288], etc.). The part that is closely related to spherical designs is as follows.
For any finite graph, which is not necessarily a simple graph, construct a finite set X
of vectors in R" satisfying condition (2) of Theorem 3.3 in [442, page 107]:

> x u)’ = constant. (5.47)

xeX

Here, u is an arbitrary unit vector in R". Then, using this set X, we can construct a
crystal lattice. Note that the condition (5.47) is one of the important parts of X to be
a spherical 2-design. Generally, these points of X are not necessarily on one sphere.
However, we observed that if we take a strongly regular graph (or some good graph),
then X is on a single sphere (see some Master’s theses at Kyushu University and Ju-
nichi Shigezumi’s report [425]). Although it was not easy to prove this, Hirotake Kuri-
hara [294], in his Master’s thesis, proved this result in a very general form. Namely,
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he succeeded in proving this for any graph attached to an association scheme. (We
believe this result is interesting, although it is not published in a journal.) It would be
an important problem to consider which of those X obtained in this way is interesting
as spherical designs. (However, it is seen that spherical t-designs for large t cannot
appear in this way.) We also would like to mention that the condition (5.47) is the con-
dition that X is a tight frame. It seems that there are many researchers interested in
tight frames (Miezaki and Tagami [348], Kotelina and Pevny [289], and Bachoc and
Ehler [11]; see also Waldron [500]).

In concluding this subsection, we would like to mention one more thing. Larman,
Rogers, and Seidel [305] studied 2-distance sets in the real Euclidean space R™ L, They
proved that if the size of a 2-distance set is not small, then the ratio of the squared
lengths of the 2 distances are the ratio ’%1 of some consecutive positive integers k — 1
and k. This result of Larman, Rogers, and Seidel is often used efficiently in the study of
spherical or Euclidean ¢-designs. It was hoped to generalize their result to 3-distance
sets, and this was solved by Nozaki [386] in a very beautiful way. Bannai and Bannai
[34] found that this integer k can be read from the character table if the 2-distance
set comes from a strongly regular graph. Kurihara and Nozaki [297] generalized this
for Q-polynomial association schemes. The study in this direction is showing a very
interesting and deep progress.

5.2 Study of finite subsets on other spaces

5.2.1 Finite subsets on projective spaces (compact symmetric spaces of rank 1)

The study of finite subsets on the sphere is generalized to the study of finite subsets
on the real projective space. The real projective space is obtained by identifying two
antipodal points of the sphere. Therefore, we can regard the study of finite subsets on
the real projective space as the study of antipodal subsets on the sphere. In this sense,
some of the results mentioned in the previous sections can be regarded as the results
on the real projective space. The projective spaces over the real and complex spaces
are identified as the space of 1-dimensional subspaces of the vector space over each of
these fields. In this sense, the study of equiangular lines has been made. See Delsarte,
Goethals, and Seidel (1975) [162] and Koornwinder (1976) [286]. Besides real and com-
plex fields, there are projective spaces over the quaternion (skew) field and the Cayley
octonion. (Only the projective plane exists over the Cayley octonion.) These spaces
are, together with the sphere, called compact symmetric spaces of rank 1. It is shown
by Cartan [124] (work in the 1920s) that these are the only connected compact symmet-
ric spaces of rank 1. Also, H.-C. Wang (1952) [503] showed that the compact symmetric
spaces of rank 1are characterized as compact 2-point homogeneous symmetric spaces.
Note that this last property essentially corresponds to the distance-transitive property,
and therefore in the case of graphs, to the property of distance-regular graphs or P-
polynomial association schemes.
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Some attempts to look at these spaces in a more general framework have been
made. Neumaier (1981) [375] introduced the concept of “Delsarte spaces” to consider
t-designs on both Q-polynomial association schemes and compact symmetric spaces
of rank 1. Hoggar (1982) [233] studied finite subsets on projective spaces, by devel-
oping general theory and discussing many examples of ¢-designs, and then made it
clear that a very similar theory to those on the sphere is developed on these projective
spaces. The study of tight t-designs is also made on these projective spaces (Bannai
and Hoggar (1989) [58], Hoggar (1989) [234], Hoggar (1990) [235]). The details will not
be explained here, but the reader is referred to original papers of Hoggar. (A short ex-
planation in Japanese is given in [32, Chapter 13].)

Levenshtein called these spaces “polynomial spaces” and it looks that his formal-
ization is essentially similar to Neumaier [375] and Godsil (1988) [198]. Levenshtein
studied finite subsets on these spaces in a very thorough and yet very useful way. The
reader is referred to the original papers of Levenshtein [313, 315]. As subsequent de-
velopments, there are some works by the group of Boyvalenkov [107, 108, 109], Lyu-
bich and Vaserstein [321], Lyubich [322], and others. We think it is safe to say that the
study of finite subsets on compact symmetric spaces of rank 1 is as well developed as
that on spheres. It is interesting to remark that the existence of tight 2-designs on the
complex projective space is equivalent to the existence of Symmetric Informationally
Complete Projective Operators (SIC-POVMs), and the existence of Mutually Unbiased
Bases (MUBs) is closely related to the existence of a very special kind of 2-designs.
The existence of these objects is an important topic in quantum physics, in particular,
quantum information theory. For more details, the reader is referred to Scott [418] and
Roy and Scott [407].

5.2.2 Finite subsets on compact symmetric spaces of general ranks

The compact symmetric spaces of a general rank were classified by E. Cartin around
1920 (Helgason (1962) [213], Wolf [519], mathematical dictionaries, etc.).

Now, we will see that finite subsets (codes and designs) on these spaces are
very much studied. Typical compact symmetric spaces of rank greater than 1 are
real Grassmann spaces. Finite subsets there have been studied extensively by Shor,
Sloane, Calderbank, Hardin, Rains, and others. This work came from the study of
error correcting codes in quantum computers, indeed a very interesting topic. The
reader is referred to [427, 118]. For a simple explanation in Japanese, please see [32,
Chapter 15, Section 15.6].

The study of finite subsets of real Grassmann spaces from the viewpoint of alge-
braic combinatorics was started by Bachoc, Coulangeon, and Nebe (2002) [10], and
then further developed in Bachoc, Bannai, and Coulangeon (2004) [9]. There, the con-
cepts of t-designs and tight ¢-designs were defined, and a similar theory to the case of
those on the spheres has been developed, although the classification of tight t-designs
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is not yet within reach. In the case of compact rank 1 symmetric spaces, 1-variable Ja-
cobi polynomials appear as spherical functions. In the case of real Gassmann space,
multivariable orthogonal polynomials appear. In fact, in the general compact sym-
metric rank r, certain generalized Jacobi polynomials of r variables appear (the reader
is referred to Vretare (1984) [498] or further more general work by Koornwinder (cf.
[285])).

Roughly speaking, there are two kinds of compact symmetric spaces. One class
consists of the homogeneous spaces G/H of simple Lie groups G by subgroups H, and
another class consists of the compact simple Lie groups G themselves. (The second
class is also interpreted as (G x G)/G by the diagonal subgroup isomorphic to G.) The
real Grassmann space is one in the first class, and the work on the real Grassmann
case is generalized for other symmetric spaces in the first class. (For the complex
Grassmann case, see Y. Miura [350] [the Master’s thesis of Kyushu University (2004)]
and Roy (2010) [406]. There was an unpublished generalization by Takanori Yasuda
on this topic.)

In the case of a simple Lie group G itself, the concept of ¢-designs is defined for
finite subsets X of G. In particular, for the unitary group U(d), this is given in Roy and
Scott [407]. The concept of tight t-designs is also defined there, but the classification
problem is still difficult to handle, and the problem still seems to be open. It seems
that the situation is the same for other simple Lie groups. (We wonder whether any
work has been done already on this topic.) Meyer [344] considered certain designs in
U(d). It seems that these designs are not the same as the t-designs in Roy and Scott
[407], but related to the Hermite constants of lattices, and so it may have a number
theoretical interest. (It seems that the work of Gularnich and Tiep [206] and Tiep [481]
might be related with the work of Meyer [344].) In these definitions of finite subsets of
U(d), designs are defined basically for certain subsets of irreducible representations
of U(d). We also remark that there are some (unpublished) works of Takayuki Okuda
that consider designs for subsets of irreducible representations of any compact group.
This situation is a kind of analogy of considering T-designs in an association scheme
X = (X, {Ri}o<i<q) forasubset T c {1,2,...,d}. Since there are many possible subsets T,
it would be important and interesting to consider what subsets T should be taken.

Another generalization of finite subsets on the sphere would be the study of fi-
nite sets on complex spheres. This is related to the study of finite sets on the complex
projective space or on the unitary group U(d), but there are some differences. For this
study, please see Roy and Suda [408]. This study is also related to MUBs, quantum
information theory, and quantum physics. The following are some papers related to
design theory in quantum information theory, e.g., [401, 419, 520].

For the discussion of unitary t-designs in U(d) as well as spherical ¢-designs, we
would like to add the following recent papers.

— E.Bannai, G. Navaro, N. Rizo, and P. H. Tiep, Unitary ¢-groups, J. Math. Soc. Japan

72 (2020), 909-921;
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— E. Bannai, M. Nakahara, D. Zhao, and Y. Zhu, On the explicit construction of cer-
tain unitary t-designs, J. Phys. A: Math. Theor., 52 (49): 495301, Nov. 2019;

— E. Bannai, Y. Nakata, T. Okuda, and D. Zhao, On explicit construction of exact
unitary designs, arXiv:2009.11170.

(The last paper gives explicit constructions of unitary t-designs as well as spherical
t-designs by using an induction.)

5.2.3 Finite subsets in Euclidean spaces

So far we have discussed subsets of association schemes, finite point sets on unit
spheres in Euclidean spaces, finite subsets in projective spaces, and more generally
finite subsets in compact symmetric spaces. In this section, we would like to discuss
finite sets in Euclidean spaces. The fact that a Euclidean space is not a compact space
causes a quite different situation compared with the cases listed above. In particular,
when we consider designs in Euclidean spaces, we have some difficulties because
in design theory we usually consider how to approximate the given set with a sub-
set which consists of finite elements. On the other hand, there are cases, such as
s-distance sets, where the property of non-compactness does not become any ob-
struction to the study. Here, at first, let us consider design theory in Euclidean spaces,
which seems to have big differences from design theory on finite sets.

Among the researchers of combinatorial theory, Neumaier and Seidel introduced
the idea of t-designs to Euclidean spaces ([377], 1988). They also introduced the Fisher
type inequality for 2e-designs and the idea of tight 2e-designs in Euclidean spaces. On
the other hand, when we reconsider t-designs in Euclidean spaces, we find that there
is already a similar concept, which is called a “cubature formula” in approximation
theory and numerical analysis. It is almost exactly the same concept as the idea of
Euclidean designs. The theory of cubature formulas developed without any contact
with combinatorial theory. The study of rotatable designs in statistics is also a very
similar research subject to Euclidean designs and the history is far longer than that of
combinatorial study. However, from a personal viewpoint, at this stage, the authors
feel that the researches of them in analysis or combinatorics have some differences
and in some parts are developed much more deeply compared with that in statistics.

Here we give the definition of t-designs in R" due to Neumaier and Seidel [377].
The concept that “a finite set X ¢ R" is a Euclidean design” is a two-step generalization
of a spherical design in the following sense.

(1) Relax the condition X ¢ S*1.
(2) Consider a weight function on X, that is, X is a weighted set.

First we introduce some symbols. Let X be a subset of R" which consists of a finite
number of points; X intersects with some spheres centered at the origin 0 ¢ R". Let p
be the number of such spheres and let ry, 1,,..., 1, be the radii of these spheres. Then
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{11y} = {Ixll | x € X}, where x = (x;,Xp,...,X,) and |IX|| = \x7 +x3 +--- +x2.

If X contains the origin 0 of R", then 0 ¢ {||x|| | x € X} holds. So we consider O as a
special case of a sphere, i. e., this corresponds to the relaxation (1). As for (2), a t-design
X in the Euclidean space R" is a finite set weighted by a positive real valued weight
function w defined on X. Let S""l(rp) be the sphere of radius r,, centered at the origin 0.
Let S = S"'(r;) u--- U S"\(r,) and call S the support of X, i.e., X is supported by p

concentric spheres.

Definition 5.39 (Neumaier-Seidel (1988)). The notation is as given above. Let t be a
natural number. A weighted subset (X, w) in R" is called a Euclidean t-design if the
condition

i w(X;)

S"1(ry)]
N

| o doio = 3 wooreo

i=1 m1(r) xeX

is satisfied for any polynomial f(x) = f(x;,...,X,) € P(R") of degree at most t.

The following conditions are known to be equivalent to the condition given in
Definition 5.39.
(1) Let t be a natural number. For any integers k and j satisfying1 < k, 0 <j, k +2j <
t and for any harmonic polynomial ¢(x) € Harm,(R") the following condition
holds:

Y wlxl?p(x) = 0.

xeX

(2) Any moment of X with degree at most t is invariant under the action of orthogonal
transformations.

Condition (2) given above is equivalent to the following condition:
") Yex WOOf(x) = Y, cx wX)f (x?) holds for any polynomial f(x) = f(x;,...,X,) of
degree at most t and any o € O(n).

Remark 5.40.

(1) When we consider ¢-designs on $"!, we can use exactly the same condition (2')
above. Hence the definition of ¢-design using (2') is a good definition which puts
together designs on the sphere and designs in the Euclidean space as a whole.

(2) A Euclidean t-design on exactly one sphere can be consider as a weighted spher-
ical t-design. Moreover if the weight is constant, then we can regard it as an ordi-
nary spherical t-design. In that sense the concept of Euclidean designs is regarded
as two-step generalization of the concept of spherical designs. Euclidean designs
without weight functions are also interesting research objects; however, if we put
weights on them we can find many more examples. So we think it is interesting
to consider weighted designs. In analysis we usually consider cubature formulas
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with weight functions. In particular, designs with constant weights are called cu-
bature formulas of Chebyshev type.

When we study Euclidean designs, the fundamental strategy is the same as the
one we took when we sought for spherical designs. That is, we seek for designs X with
smaller cardinalities |X|. Neumaier and Seidel [377] and Delsarte and Seidel [164] ob-
tained the following Fisher type inequality for ¢ = 2e.

Theorem 5.41. Let (X,w) be a Euclidean 2e-design in R" and let S = S"™'(r,)) U --- U
S"‘l(rp) be the support of X. Then the following inequality holds:

IX| > dim(P,(S)), (5.48)

where P,(R") = EB;’:O Hom;(R") and P,(S) = {fls | f € Po(R")}.

Remark 5.42.

(1) For a positive odd integer t = 2e + 1, Delsarte and Seidel obtained the following
lower bound for |X| under the condition that X is antipodal and the weight func-
tion is symmetric with respect to the origin 0, i. e., w(-x) = w(x) ([164]):

IX| > 2dim(P} (5)).

Here P; (R") = @) Hom, 5(R") and P (S) = {f Is| f € P (R").

(2) Itis well known that dim(P,(R")) = ("ze). On the other hand dim(P,(S)) depends
on the number p of the spheres in the support S of X. Let &g = 0if 0 ¢ Sand &g = 1
if 0 € S. Then, it is also known that the following holds ([164, 74], etc.).

Forp < [5*],
2(p—€5)-1 e
dim(Py(S)) = &5+ (n +: lz 1) < dim(Pe(R")),
i=0 B
and forp > [S55] + 1,

dim(P,()) = ¥ ("t i- 1) - dim(P,(R")).
i=0

We will give a neat definition of the tight design of a Euclidean space later, how-
ever Delsarte, Seidel, and Neumaier called a Euclidean design (X, w) tight when equal-
ity holds in the inequality given in Theorem 5.41 or Remark 5.42 (1). One of the authors,
Eiichi Bannai, has a memory related to this subject. He had known Seidel well at a per-
sonal level, and there were several occasions to discuss mathematics with him. Every
time Seidel suggested him to study the existence (non-existence) problem of tight Eu-
clidean t-designs. He even said to him that “You are the most right person to work on
this problem.” At that time, unfortunately we had not reached any good idea to attack
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that problem. It was only after his death (in 2001) that we could get some results on
that problem. We believe that Seidel would have been very happy if we could let him
know these results, and we deeply regret that we cannot report them to him.

The authors had not been taking the study of Euclidean designs into considera-
tion before they really started their work around 2002-2003. The first result was the
paper [35] published in 2006. This paper may not be easy to read; however, as a first
step we took up the study of tight Euclidean designs for the case t = 4 and p = 2. Del-
sarte, Seidel, and Neumaier were pessimistic about the existence of tight Euclidean
designs, and they conjectured that there is no tight ¢-design for t > 4 except those triv-
ially obtained. However, against expectations, we could find tight 4-designs and tight
5-designs ([35, 74]). We had been thinking that the lower bound of the cardinalities of
Euclidean t-designs X with odd integer t should be the same as given in Remark 5.42 (1)
without assuming that X are symmetric with respect to the origin 0. However we could
not give a proof of it. Around that time we had some interaction with researchers in
analysis (M. Hirao and M. Sawa). They introduced us to the work of Méller (1979) [352]
on cubature formulas and we could find out that his theorem had already solved our
problem. Hence for odd integer t = 2e + 1, we are also able to give the definition of
tight (2e + 1)-designs. In the following, we give theorems on the natural lower bound
of the cardinalities of Euclidean (2e + 1)-designs and the definition of tight Euclidean
t-designs. Please refer to [352, 45] for the detailed story.

Theorem 5.43 (Méller [352]). Let (X,w) be a Euclidean (2e + 1)-design in R". Let S =
S""l(rl) U---u S"‘l(rp) be the support of X. Then the following inequality holds:

X| > { 2dim(P;(S)) -1, ifeisevenandO € X,
~ | 2dim(P;(S)), otherwise,

where P; (R") = @\) Hom, 5(R") and P (S) = {fls | f € P (R},

Here we gave the theorem in the form that we can apply for Euclidean ¢-designs.
However the original theorem by Moller is a more general theorem on cubature for-
mulas.

Definition 5.44 (Tight Euclidean design [377, 164, 45]).

(1) Let (X,w)be a Euclidean t-design in R". If equality holds in the inequality of The-
orem 5.41 or Theorem 5.43, then (X, w) is called a tight Euclidean design on p con-
centric spheres.

(2) Moreover, according to t being even or odd, if dim(P[%](S)) = dim(P[%](lR")) or
dim(P[*%](S)) = dim(P[*é](]R”)) holds, then (X,w) is a tight Euclidean t-design
of R".

Remark 5.45. Here we would like to explain the subtle differences between arguing
cubature formulas in analysis and arguing Euclidean designs as combinatorial ob-
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jects. As an example let us take cubature formulas with respect to the Gaussian mea-
sure. We define the integration of a polynomial f(x) on R" by J-]R" f (x)e‘”""2 dx. A set
{uy, u,, ..., uy} of points in R" is called a cubature formula in R" of degree t with respect
to the Gaussian measure if there exist positive real numbers wy, w,, ..., wy satisfying
the following condition:

1 o
T e PP dx [ Fo0e™ dx = wyftu) + -+ wf ) (549)

R
for any polynomial f(x) of degree at most ¢. We can show that this cubature formula of
degree t with respect to Gaussian measure is actually a Euclidean t-design of R". We
can show that any cubature formula of degree t with respect to a radially symmetric
measure is a Euclidean ¢-design of R", not only with respect to the Gaussian measure.
Now get back to the theorem of Moller. Then we have the following lower bound for N.
1. Caset =2e:

N > dim(P,(R")) = (” Z e). (5.50)

2. Caset=2e+1:

. - e . B .
S { 2dim(P; (R")) -1, ifeisevenandu; = 0 for somei, (5.51)

2dim(P; (R")), otherwise.

Let us explain the idea of tight designs in Euclidean spaces, for example, using a tight
9-design (X, w) in R?. Let us consider the possibility that the support S of X satisfies
dim(P; (S)) = dim(P; (R?)) = 9. For example, in the picture on the left of the figure
given below, we have S = {0} U Sl(rl) u Sl(rz). In the picture on the right, we have
S = S'(ry) U S'(r,) U S'(r3). Also, there are several kinds. In these two cases 17 points
and 18 points are the natural lower bounds for the 9-designs in R?, respectively. So we
say each of them is a tight 9-design of R%. According to the idea of Méller, the 17 points
on the left is the cubature formula with the smallest number of points ([352]).

tight 9-design in R?, 0 € X tight 9-design in R?, 0 ¢ X
two regular three regular
octagons and hexagons
the origin 0 | X|=18
[ X| =17

The circles are centered at the origin.
Consecutive two regular polygons are in the position
of rotation by half the central angle.

Using the results obtained by Méller we can prove the following theorem.
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Theorem 5.46 ([352, 45]). Let (X,w) be a tight (2e +1)-design on a union of p concentric

spheres. Then the following hold:

(1) Ifeisodd, then X is antipodal and the weight function w is symmetric with respect
to the origin O.

(2) Ifeisevenand O € X, then X is antipodal and the weight function w is symmetric
with respect to 0.

(3) AssumeeisevenandO ¢ X. Moreover, assume for each line | passing through 0, Xnl
contains at most % + 1 points which are not antipodal to each other (i.e., Y c Xnl
and x + -y for any distinct two points x,y € Y, then |Y| < % +1). Then X is antipodal
and the weight function w is symmetric with respect to 0.

Remark 5.47.

(1) Theorem 5.46 shows that for the case where e is even, if the number p of concentric
spheres is at most g + 1, then tight (2e + 1)-designs are antipodal and the weight
functions are symmetric with respect to the origin. Hence all the examples of Eu-
clidean 5-designs obtained in [74] are tight 5-designs on two concentric spheres.
Please refer to [74] for further details.

(2) For odd integer ¢, up to the present, no example of a non-antipodal tight ¢t-design
of R" nor of a non-antipodal tight ¢-design on p concentric spheres has been re-
ported to exist so far. In general, for a union S of p concentric spheres, it is known
that if p < [5], then dim(P; (S)) < dim(P;(R")) holds, and if p > [5] + 1, then
dim(P;(S)) = dim(P; (R™) holds. It is also an interesting problem whether we
can prove the same thing without the assumption of Theorem 5.46 (3).

The following facts on t-designs in R" are known, although they are not necessar-
ily listed in chronological order.

It is easy to see that (X, w), with O ¢ X, is a t-design if and only if (X U {0}, w) is a
t-design, where w(0) could be any positive real number. Therefore when we consider
tight ¢t-designs X on p concentric spheres, assuming O ¢ X, we only have to check
carefully whether (X U {0}, w) is a tight t-design on p + 1 concentric spheres or not.

We introduce some more notations. Let S = S"fl(rl) U---u S”fl(rp) be the support
of the finite set X of a t-design (X, w). For each pair X; = X n S”_l(r,-) + {0} and X; =
Xn S"‘l(ri) # {0} we define A(X;, X;) = {i—ﬁ’ | x € X;,y € X;}. In particular for i = j we
write A(X;) = A(X;, X;). ]

Theorem 5.48 ([35, 74]). Let (X,w) be a tight t-design on p-concentric spheres in R".
Assume 0 ¢ X. Then the following (1) and (2) hold:
(1) Lett = 2e. Then the following (i)-(iv) hold:

(i) The weight function w is constant on X;, i. e., there exists a positive real number

w; satisfying w(x) = w; for any x € X; and i with1 <i < p.

(ii) Each X;is an at most e-distance set, i.e., |A(X;)| < e holds fori=1,2,...,p.

(iii) We have |A(X;, X;)| < efor1<i+j<p.

(iv) Ife > p, then X; is a spherical 2(e - p + 1)-design on S™".
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(2) Lett = 2e+1.IfX is antipodal and w is symmetric with respect to 0, then the following
(i)—-(iv) hold:
(i) The weight function w is constant on each X;, i. e., there exists a positive con-
stant w; and w(x) = w; holds for any x € X;andi=1,2,...,p.
(i) We have |A(X;)| <e+1fori=1,2,...,p.
(iii) We have |A(X;, X;)| <efor1<i#j<p.
(iv) For e > p, X; is a spherical (2(e — p + 1) + 1)-design on ™.

Remark 5.49. By Theorem 5.46, if p < ‘23 + 1, then the condition in Theorem 5.48 (2)
that X is antipodal and w is symmetric with respect to O is automatically satisfied.

As we have seen in Theorem 5.18 and Theorem 5.19, tight spherical t-designs or al-
most tight spherical t-designs have structures of Q-polynomial association schemes.
Then, for the Euclidean designs, what kind of property do they have? In particular,
consider a tight ¢-design (X, w) on a union of two concentric spheres. Let X = X; U X,.
Then Theorem 5.48 implies that X; and X, are spherical (¢ — 2)-designs and at most
[tlzl]-distance sets. Hence Theorem 5.18 and Theorem 5.19 imply that they have the
structure of Q-polynomial schemes. Also Theorem 5.48 implies |A(X;, X,)| < [%]. On
the other hand there is a concept of a coherent configuration which is one of the gen-
eralizations of association schemes which are very important research objects in al-
gebraic combinatorics. The concept of coherent configurations was defined by D. G.
Higman around 1970 ([216, 217, 218, 219, 220]). There are several ways to define coher-
ent configurations. Since we want to describe the connection with Euclidean designs
we give the following definition.

Definition 5.50 (Coherent configuration). Let X be a finite set; X is divided into p sub-
sets, X = X;U---UX, withX; nX, =0 (1 <A+ p <p).Foreach1 <A, p < p, we consider
the following partitions:

(0) (1) (S3.0) _
XK - Ry yUR U URYY, ford=p,
AT RD GRD G GRS, fora +
Au AU Au K

If X and the partition {Rf{;l}l_(;“ggs“ of X, ><XH satisfy the following conditions (1)—(3),

then (X, {R)({L}l,%slss“) is called a coherent configuration:

(1) RO ={(ox) [ x e Xy} for1 <A<p;

. . e {4 ]
(2) sy, = s, and there exists an integer ¢’ satisfying tR( ) _ R and1-6,, < ¢ <
Au = PpA Au uA Ap

(€)
Sp Where 'Ry, = {(x,y) € X, x X | (r,x) € R}

(3) forintegers A, u, v, k satisfying 1 < A, u,v < p, 1- 6, < k < 5, the cardinality of
the set
{zeX, | (x2) €RY,(z,y) e R)}
is independent of the choice of (x,y) € R;"; and depends only on the choices of
the integers A, yu, v, 1,j, k.
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Remark 5.51.

(1) From the definition it is clear that (X), {R;{}}OSESSM) is an association scheme of
class sy, for A = 1,2,...,p. In particular if p = 1 this is an association scheme
itself.

(2) The nature of coherent configurations is purely combinatorial objects which are
obtained from the orbits of a permutation group (not necessarily transitive) of X
acting on X x X. When G acts transitively it gives an association scheme. (Exam-
ple 2.3 in Section 2.1 in Chapter 2). In this sense coherent configurations can be
considered as a generalization of association schemes. Higman called association
schemes homogeneous coherent configurations. Even now sometimes we come
across this expression.

(3) For1<Au<p, 1-8;, <i<s,, define a matrix A;’L indexed by X x X by

1, for(x,y) € R/({L,

AY (x,y) = ;
An 0, for(x,y)¢ R;’L

The vector space 2 spanned by {Aﬁ& [1<Ap<p 1-6, <i<s,}isclosed
under the ordinary matrix multiplication, so it is an algebra not necessarily com-
mutative. This algebra is called the coherent algebra.

Let (X, w) be a t-design in R" supported by the union S = S"'(r;) U---US" (1) of
p concentric spheres with positive radiir;, ..., r,. Also we assume that the weight w is
constantoneach X, forv=1,...,p.Letw=w, onX, forv=1,...,p. Theneach X, (1 <
v < p) is a spherical (t —2(p —1))-design. We define A(XA,XF) = {a/(& |1 —5,1’” <i< SM}.
In this situation, if the number of points in

Xz _ o ZY_. 0
{z €X, | o ) E = aw]»

depends only on the choice of A, u,v,1i,j, k, then the finite set X is associated by the
structure of a coherent configuration. Unfortunately if p > 3, tight ¢-designs on p con-
centric spheres hardly exist. Actually the existence of a tight 5-design on 3 concentric
spheres in R* which does not have a structure of a coherent configuration is known
[230]. However, it is proved that tight t-designs on 2 concentric spheres always have
structures of coherent configurations [39]. This fact makes the possibility of classifying
tight t-designs on 2 concentric spheres large.

Next, before we finish this subsection, let us discuss the current status of the study
on the classification problem of tight ¢-designs in R".

For t = 1,2, 3, the classification problem on tight Euclidean ¢-designs is settled in
general ([74, 50]).
(1) Atight1-designin R"is X = {x, —x}, where x is an arbitrary vector in R".
(2) Any tight 2-design in R" is similar to (X,w), with |[X| =n+1, {x-y | x,y € X, x #

1

y} = {-1} (i. e., X is a 1-inner product set) and w(x) = FrvpTe For any integerp < n+1
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there exists X satisfying this property with |{|x|| | x € X}| = p ([50]). The Fisher
type inequality for the 1-inner product sets is obtained by Deza and Frankl [169].
Also Nozaki [385] gave a more algebraic combinatorial proof for this problem.
Any tight 3-design in R" is similar to (X, w) satisfying |X| = 2n and

with w(zre;) = # (1 <i < n), where {e,,...,e,} is the standard basis of R" and

Tp... Ty are arbitrlary positive real numbers ([74, 16]).

For t > 4, in particular if p is not small, the complete classification seems ex-

tremely difficult. As mentioned in [50], it is expected that there are many such

kinds of tight ¢t-designs. This is a quite new development considering that non-

existence was conjectured in [377, 164], etc. For n = 2, Cools and Schmid [149],

Bajnok [16, 17], and others listed all the known examples for the case p < [‘23]+1 and

classification was essentially possible. In the following we give the result without

proof. Please refer to [45] for a precise proof.

Any tight t design on p concentric circles in R? for p < [%] + 1is similar to one of

the following:

(i) CaseO € X:X = {0}uX;U---UX,,, where each X; is the regular (t - 2p +
5)-gon on the circle of radius r; > 0. Letr; > r, > --- > r,; > r, = 0. Then
consecutive X; and X;,, are in the position of rotating half of the central angle.
Letw; = w(x), x € X;. Then % is a constant which depends onlyonr;,...,r,_;.
Ifp = [£] +1, then X is a tight t-design of R”.

(ii) CaseO ¢ X: X = X;u---UX,, where each X; is the regular (t - 2p +3)-gon on the
circle of radius r; > 0. Letr; > r, > --- > 1, > 0. Then consecutive X; and X;,
are in the position of rotating half of the central angle. Let w; = w(x), x € X;.
Then % is a constant which depends only onry,...,r,. If p = [Z—i] +1, then X

1>

is a tight t-design of R%.
If a tight ¢-design X of R? contains 0, then t = 4k or t = 4k + 1and p = k + 1 holds.
(This is also true for tight t-designs of R™.) It is expected that there are many tight
t-designs of R" on p concentric spheres which do not contain 0 for p > [%] + 2.
However except the case forn = 2, t = 4, it is not studied so far (in the case
n =2, t = 4, it was proved [45] that infinitely many of them exist).
For the case n > 3, the existence of tight t-designs of R" with p > 4 is not known
yet. In the case p = 3, the following two examples are known so far.
A tight 7-design of R:X = X, UX,UX;5, where |X| = 6, |X;| =8, |X5] =12, X is the
regular octahedron, X, is a regular hexahedron, and X; consists of the mid points
of the 12 edges of the regular hexahedron (for the details, see [17]).
A tight 5-design of R*: X = X; UX, U X;, where |X;| = 2, |X,| = 8, |X;| = 12 (for the
details, see [230]).
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In the following we mainly discuss tight t-designs (X, w) supported by 2 concentric
spheres forthecaset > 4.1f0 € X, then X\{0} is a spherical tight t-design. Therefore we
consider the case O ¢ X.For t = 4,5,6,7, dim P[%](S) = dim P[%](IR”) and dim P[*%](S) =
dim 73[*%] (R™ hold and it is a tight t-design of R". It is known that a tight ¢-design on

2 concentric spheres has the structure of a coherent configuration ([39]) and this fact
plays a big role on the classification problems and discoveries of concrete examples
we mention in the following.

@

@

Let (X, w) be a t-design on two concentric spheres and X = X; uX,, 2 < |X;| < |X,|.

For the case t = 4, there is a remarkable fact that they are related to tight designs

on Johnson schemes or Hamming schemes. The classification of tight 4-designs is

not yet completed, and so far the following are the best results known at present

(as of 2020) ([75, 39]) (1X;| = n + 1 holds for t = 4).

(@) If (X,w) is tight and |X;| = n + 1, then we must have n = 2,4,5,6,22. For
n = 4,5, 6, X, has the structure of the Johnson scheme J(n + 1, 2). In particular
for n = 22, X, has the structure of the tight 4-(23,7,1) design of the Johnson
scheme J(23,7) ([75]).

(b) If(X,w)istightand |X;| = n+2, thenn = 4 holds. Moreover X, has the structure
of the Hamming scheme H(2, 3) ([75]).

(c) For the case where (X, w) is tight and |X;| > n + 3, the classification problem
is not yet settled; however, for n = 22 and |X;| = 33 the existence is shown. In
this case X, is a tight 4-design on the Hamming scheme H(11, 3) ([75]).

(d) There is a series of parameters of tight 4-designs for n = (6k*> — 3)* - 3 (k > 1)
in which |X;| and the values in AX;, X)) (1, = 1,2) depend only on k(n). The
case k = 11is exactly the case (a) with n = 6 and actually it exists. However, in
general, the existence or non-existence is an unsolved problem ([39]).

(e) If the weight function w of (X, w) is constant on each X; (i = 1,2), then X has
the structure of a coherent configuration and (X, w) is a tight 4-design or n =
2,0rn = (2k-1%-4(k > 2).1fn = 2, thenitisa tight 5-design which
consists of two squares. If n = 2k — 12 — 4, k > 2, then IXil, AX;, X;) (1) =
1,2) depend only on k. These parameters satisfy all the integral conditions of
coherent configurations; however, the existence is not known yet ([39]).

The structure of the coherent configurations associated with examples of the tight

4-designs in (a), (b), and (c) and candidates of 4-designs given in (d) are unique

for each dimension and the ratio of the radii is also a constant (without any free-
dom). On the other hand the coherent configuration associated with the family of
candidates of 4-designs in (e) which are not tight is unique for each dimension
but the ratio of the radii is arbitrary and the weight function becomes constant on

X by a suitable choice of them.

The classification of tight 5-designs on 2 concentric spheres is done. They exist

only for n = 2,3, 5, 6. The ratio of the radii is flexible; however, the structure of the

coherent configuration is unique ([74]).
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Only one example has been found for the case of a tight 6-design on the union of 2
concentric spheres. It is in the case n = 22 and |X;| = 275, |X,| = 2025, where X; isa
tight 4-design on S*. Both X; and X, are orbits of the McLaughlin group, which is
known as a simple group, acting on R? asan orthogonal transformation ([48]). In
this case the ratio of the radii of two concentric spheres is a constant. It is known
that a tight 4-design on the unit sphere $?! is unique. If we choose this design for
X, then X, has to be on the sphere of radius V11. It is still unknown whether there
exists any other tight 6-design on 2 concentric spheres.

Tight 7-designs on two concentric spheres exist only for n = 2,4,7. In each of the
cases the ratio of the radii is flexible; however, the structure of the corresponding
coherent configuration is unique. In the case n = 4, we have |X;| = |X,| = 24 and
both of them have the structure of the kissing configuration. In the case n = 7, we
have |X;| = 56 and |X,| = 126, and X is a spherical tight 5-design. In this case we
can make the weight function w constant on X by a suitable choice of the ratio of
the radii of the spheres ([37]).

If n > 3, there is no tight 9-design on a union of 2 concentric spheres ([40]). On the
other hand it is proved that if a tight 9-design (X, w) has the property O € X, then
we must have p = 3. Hence (X\{0}, w) must be a tight 9-design on a union of 2 con-
centric spheres. This fact implies that the radially symmetric minimal cubature
formula mentioned by Méller does not exist for n > 3.

We expect that there is no tight t-design with ¢ > 11 on the union of 2 concen-
tric spheres except for n = 2. The authors (Ei. Bannai and Et. Bannai) have been
working on this using the properties of the corresponding coherent configuration.
However, we could not obtain the final solution so far (cf. [42]).

Verlinden and Cools [495] proved that a minimal cubature formula of degree t = 4k +1
in R?, in the sense of Méller, does not exist except for some small values of k. Hirao
and Sawa [229] and Bannai, Bannai, Hirao, and Sawa [46] extended their result to the
case without the condition ¢ = 4k + 1, by using the properties of tight ¢t-designs of R?.

When we study tight t-designs of R”, tight t-designs on p concentric spheres, or

sometimes designs having a property that is close to tightness, it is very interesting to
consider under what kind of situation structures of coherent configurations appear.

5.2.4 Connections with analysis (in particular, numerical analysis, approximation

theory, orthogonal polynomials, and cubature formulas)

Cubature formulas
Let D be a domain (or subset) in R", X a subset of D, and w a positive real valued

function on X. Now, let 4 be a measure on D.
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We say (X, w) is a cubature formula of degree t if

1
) B[f(X)y(X) ax= 3 wiofo)

holds for any polynomial f (x) = f(xy, X,,...,X,,) of degree at most t.

(We sometimes consider cubature formulas for other classes of functions, instead of
polynomials of degree at most . In some cases, the function w is allowed to take neg-
ative values. However, here we consider the case of f(x) being polynomials of degree
at most t and w being positive real valued functions unless otherwise stated. If n = 1,
the cubature formula is also called the “quadrature formula.”)

Anyway, the cubature formula means that it gives the approximate value (more ex-
actly speaking, it gives exact values for polynomials f (x) of degree at most t), by taking
the average value at the finitely many points in X. The cubature formulas have been
studied extensively in analysis, in particular in numerical analysis, approximation
theory, and the theory of orthogonal polynomials. Spherical designs and Euclidean
designs which we just considered are special but very important cases of the study
of cubature formulas and ¢-designs. The case we consider here is the case where D
and u are radially symmetric. We say the subset D in R" is radially symmetric if x € D
implies any y € R" with |x| = |y| is in D. (Namely, D is a union of spheres whose cen-
ters are at the origin. The number of such concentric spheres can be finite or infinite.)
We also say u is radially symmetric if the measure y is constant on each concentric
sphere.

IfD = S"'and uis a constant, then the cubature formula corresponds to weighted
spherical designs. If D is the union of finitely many concentric spheres and y is con-
stant on each concentric sphere, then this case corresponds to Euclidean designs we
just considered in the previous section. Other than these cases, there are many inter-
esting cases given as follows:

D=R" and pu(x)=e
_mn _ -lixI?
D=R" and pux)=e ,
_R" _ I
D=R" and pux)=e 5
D=B" (theunitball)and u(x) = (a constant),
D=B" (theunithall)and u(x)=(1-|x]|)%
u

and so on. Now we want to give our explanation taking the example of D = R" and
2
ux) = e M Let

1
_ 2
I]R" e [l dx

Jf(X)e‘”"”z dx =Y wf(x)

R xeX

be satisfied for any polynomial f(x) = f(x3,X,,...,X,) of degree at most ¢. This (X, w)
is called a Gaussian t-design. As is shown in [33], we have the following Fisher type
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inequality for Gaussian 2e-designs:
X (n + e>.
e

If the equality

n-(11%)

holds, then such (X, w) is called a tight Gaussian 2e-design. We are interested in the

problem whether such tight Gaussian 2e-designs exist. Actually, this problem is not yet

settled. This problem is still open, even if we assume that w(x) is a constant function.

On the other hand, we know the following facts:

(1) a Gaussian 2e-design is a Euclidean 2e-design;

(2) Xison atleast [e/2] + 1 concentric spheres;

(3) if X is a tight Gaussian 2e-design, then w(x) is a constant function for each con-
centric sphere;

(4) if X is a tight Gaussian 2e-design, then each X; (the set of points of X on the i-th
concentric sphere) is an e-distance set.

By utilizing this information, Bannai and Bannai [33] give the classification of tight
Gaussian 4-designs.

It would be very desirable if we could classify tight Gaussian 2e-designs for e > 3,
but we have no good idea how to attack this problem in general. The case that might
be attackable is the case where the number of concentric spheres is [e/2] + 1 or very
close to that.

In the study of cubature formulas, some combinatorial concepts are very use-
ful. For example, in the study of tight Euclidean 4-designs, tight 4-designs in Johnson
schemes and/or Hamming schemes are very relevant ([75]). It is interesting to note that
Victoir [497] has succeeded in drastically decreasing the number of points in the cuba-
ture formula, by replacing the part of the points that is in a certain orbit of a group, by
t-designs in an association scheme (Victoir [497], Sawa, Hirao, and Kageyama [412]).
See also Nozaki and Sawa [387] and Sawa and Xu [413], where cubature formulas
whose numbers of points are relatively small are explicitly constructed and studied.
Many further developments are expected. Besides using ¢-designs in Johnson or Ham-
ming schemes, regular t-wise balanced designs are also used (Section 5.2.5 of the
present book).

5.2.5 Analogy between Euclidean or hyperbolic t-designs and relative t-designs in
association schemes

As we have seen in the previous section, the Euclidean space R" is a non-compact
symmetric space of rank 1. Non-compact symmetric spaces are also classified ([213],
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[519]) and the real hyperbolic space H" is one of them:

H" = {(Xgs Xp» .. s Xp) € R™ | XG =xF == X2 =1, xq > O},
For 2 elements x = (Xp, Xy, ..., X,) and y = (¥, ¥, - - -, ¥y) the distance between them is
defined by

d(x,y) = arccosh(xoyo = X1y1 ="+ = Xp¥p)-
Here, cosh(z) = ezge_z. This space is also known as the famous non-Euclidean space
called Bolyai-Lobachevsky space. This space is also expressed as the homogeneous

space

H" = SO'(n + 1)/ S0(n)(= 0'(n +1)/0(n)).

(For the notation, see [213, 519], etc.) This space is a Riemannian symmetric space
and 2-point homogeneous, like spheres and Euclidean spaces. Roughly speaking, this
space is described as in the figure below.

VAl
Rl

1

As we have already explained in [32], one of the authors was eager to find a rea-
sonable definition of ¢t-designs in H". In Bannai, Blockhuis, Delsarte, and Seidel [54],
we have succeeded in finding an addition theorem in harmonic analysis, and proved
that |X| < ("}%) for an s-distance set in H". Then we hoped to define t-designs in H",
but we were not successful at all. Relatively recently, we proposed in [41] the defi-
nition of t-designs in H". By the definition of H", Isom(H") = O!(n + 1), and for
z5 = (1,0,0,...,0) € H" the stabilizer of z, is isomorphic to O(n). On the other hand,
Isom(R") = E(n)(= R" - O(n)), and the stabilizer of z, = (0,0,...,0) € R" is isomor-
phic to the group O(n). Therefore, the following definition seems to be natural as the
definition of t-designs on H".

Definition 5.52 (¢t-Designs on real hyperbolic spaces). Let X be a finite subset of the
real hyperbolic space H" = {(Xg,X;,...,X,) € R™ | X(z) - (Xf ot xﬁ) = 1} and
letw : X —» R, be a positive real valued weight function on X. Fix a special point
z5 =(1,0,...,0) € H". We call (X, w,) a t-design on H" with respect to z, if any moment
of degree at most ¢t in x3,X,, ..., X, is invariant by any element o € O(n) where O(n) is
isomorphic to the stabilizer of z, by Isom(IH"). In other words,

Zf(xl,...,xn) = z fxXg . 0xy)

xeX xeX?

holds for any polynomial f (x;, x,, . .., x,,) of degree at most ¢.
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(a)

(b)

(c)

(d

Let us add several comments (a) to (d).

The similarity with ¢t-designs in Euclidean spaces would be very clear. (Compare
with condition (2') given right before Remark 5.40.)

For the sphere S™ = {(xo, Xy .., X,) € R™! | xé X2t ~+x§ = 1} by taking a special
point z, € §"! we can define a t-design on S" with respect to the special point
zy € S" as follows.

Let X be a finite subset of S, letw : X — R, be a positive real valued weight func-
tion, and let z; = (1,0,...,0) be the special point. Then (X, w) is called a ¢-design
on S" with respect to the special point z, if any moment of degree at most ¢ in the
variables x;,x,,...,X, is invariant by any element of O(n) (the stabilizer of z, in
O(n+1) = Isom(S")).

This definition of a t-design on S™ with respect to the special point z, is very weak
when we compare it with the definition of a usual t-design on S", because the latter
has the stronger property that any moment of degree at most ¢t in the variables
Xo>Xp> - - - » X, 1S invariant by the element in O(n + 1).

Now we want to mention the relations among ¢t-designs on the three spaces S", R"
and H". Now let X be one of the following three spaces, and let w : X — R.,,.

sm c R R™ H™ c R™H!
z0 = (1,0,...,0) 20 = (0,0,...,0) 20 = (1,0,...,0)

OZ()

If there exists a t-design in this sense, then there also “essentially” exist t-designs
in two other spaces. This is explained in the following:

X =XgsXps- o5 Xp) = (Xpp oo 05 Xp) & X = (Xg> X5+ -5 Xp)s

(VI=0 = =2, Xp X)) = (g X) 2 x = (VL X3+ + X2, X0, Xy).

The reason why we used the term “essentially” is that in S"(c R"™*') the condi-
tion

2 2 2
XX X, <1

may not hold. In the above map, it may not hold indeed, but in R" we can expand
or shrink X, keeping it as (isomorphic) Euclidean ¢-designs. (So, by shrinking ap-
propriately if necessary, we can get the isomorphism as mentioned above.) This
fact implies that the Fisher type inequality for t-designs, tight ¢-designs, and their
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classifications should go exactly parallel to each of these cases. This situation
that whole things go parallel to three cases might be regarded as uninteresting
by some people, but at the personal level, I was very much convinced by the
correctness of the definition of Euclidean ¢-designs for the first time. The designs
we considered here on R" and H" are considered as kinds of self-centralized or
“ptolemaic” designs.

The idea of this design is based on a very similar viewpoint of ¢-designs and relative
t-designs of Q-polynomial schemes X = (X, {R;}p<i<q) defined in Definition 4.5 and
Definition 4.7 in Chapter 4. More precisely, we defined t-designs as elements of the
vector space V = R¥, i.e., the space of the functions on X. We choose an arbitrary
point u, € X and we decompose X into (d + 1) shells (layers), X; = {x € X | (x,u,) € R;}
(0 <i < d). Here note that considering the element in V is equivalent to considering
the weight function on X. For a non-negative weight function ¢ on X, we consider
Y = {x € X | ¢p(x) # 0}, the support of ¢p. Then considering (Y, ¢) is equivalent to
considering a positive real valued weight function on a finite subset in the case of
Euclidean designs.

When we consider a Euclidean t-design and if the support contains only one
sphere, then the theory corresponds to that of spherical ¢-designs. Similarly, when we
consider a relative t-design on an association scheme and if the support of Y is just
on one layer (namely, if Y c X; for one i), then a similar situation holds. For example,
in the association scheme H(n, 2), for a subset Y c X and the characteristic vector ¢y
of Y, (Y, ¢y) is a relative ¢t-design with respect to u, = (0,0, ...,0) ifand only if Y (as a
subset of X, ) is a t-design, i. e., a t-(n, k, A) design of the Johnson scheme J(n, k) = X,.
In this way, the special point u, of the Q-polynomial scheme X = (X, {R;}o<j<q) COI-
responds to the origin of R" and it is natural to regard each layer X;, determined by
Ug, as each of the concentric spheres in the Euclidean case. Now, we want to give
a formulation of a relative ¢t-design on Q-polynomial scheme X = (X, {R;}g<j<q) With
respect to the point u, € X in terms of the function space. We use the notation that
we used already. Let L(X) be the vector space of real valued functions on X. We use
this notation instead of V. = R¥!, For u ¢ X, let ¢, be the characteristic function
of {u}, so ¢, = ¢{u}. (Previously we used the term characteristic vector, but here we
use the term characteristic function.) Then, {¢, | u € X} is a basis of L(X). For each
jwith 0 < j < d, let Li(X) be the subspace of L(X) generated by {Ejp, | u € X}.
If we regard L;(X) as the subspace of V, then L;(X) is isomorphic to the subspace
spanned by the column vectors of E;. Then, we can define the natural inner product
on L(X):

f-g=) fgkx) forf,geLX).

xeX

If we recall the definition of the primitive idempotents E,, E;, ..., E;, we get the fol-
lowing proposition.
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Proposition 5.53.

(1) We have dim(L;(X)) = m; forj = 0,1,...,d.

(2) With respect to the inner product defined above, L(X) has the following orthogonal
decomposition:

LX) = Ly(X) L Ly(X) L -+ L Ly(X).

Now, we give the definition of a relative t-design on a Q-polynomial scheme, imi-
tating the definition of Euclidean ¢-designs. We use the following notation. Let X; de-
note the i-th layer of X with respect to the special point u, as defined before. We con-
sider a subset Y of X. Let p = |{u | YnX, # 0} and set {uy, Yy, ..., Uy} = {1 | YnX, + 0}
WecallS=X, uX, U--- UXyp the supportof Y. Set Y, =Y nX,, forl<i<p. We con-
sider a positive real valued function w defined on Y, and define w(Yyi) = Zyeym w(y)
fori<i<p.

Definition 5.54. Under the above notation, the pair (Y,w) of a subset Y ¢ X and a
positive real valued weight function w on Y is called a relative ¢-design with respect
to the special point u, if the condition

Z ("‘ Y f0 =Y wor) (5.52)

i=1 I Iiz xeX yeY
holds forany f € Ly(X) + Ly(X) + - -+ + Ly(X).

In Definition 4.7 in Chapter 4, we defined a relative t-design for a non-zero function
Y € L(X); here we define a relative ¢-design for a positive real valued weight function
on a subset Y of X. These definitions are equivalent, as we will see below.

Theorem 5.55. Let i € L(X) be a non-negative function. Define ) € L(X) by P(x) =
)%i ZyeXi Y(y) foranyi (0 <i < d) and x € X;. (Namely, l]) becomes a constant function
oneach X;.) Define Y = {y € X | Y(y) + 0} and w = Y|y. Then the following conditions
(1), 2), (3) are equivalent:

(1) s a relative t-design with respect to the point u, in the sense of Definition 4.7;

(2) foreachjwith1<j<t,Eqpand E]-l,_b are linearly dependent;

(3) (Y,w)isarelative t-design with respect to the point u, in the sense of Definition 5.54.

Proof. Lety, and iy be the characteristic functions of u, and each layer X;, respec-
tively. For x € X,, (Ejll)uo)(x) = E;(x,up) = i Q (¢). Since the second eigenmatrix Q is a
non-singular matrix, Ej(¥, ) # 0. Let the supportof Y be S =X, U---UX, 2y

(1) © (2). As we have seen in Proposition 4.9, Yy is a relative t-design, and as we have
seen in that proof, Ejpx. = P;(j),, holds forj = 1,2,...,d. Meanwhile, from the defi-
nition, we have

d d
E = Z Z Yy, = Z Y YOPG) |Epy, .
:o yeX; Xl yeX;

Therefore, E;i and Ej,, are linearly dependent.
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In order to show (1) & (3), we need some preparation. The condition (5.52) is the
condition on any integer j with 0 < j < tand f € L;(S). Since L;(X) is generated by
{Ejp,,u € X}, it suffices to consider the case of f = Eji,[s. Let (ug, u) € R,. By Theo-
rem 2.22 (8), we have

d d
Y Exu) = Z > Q) = - Y P Qi)
1X| X1 =

xeX, k=0 xeXy
(x,u)eRk

1 .
= X 0e©. (5.53)

Therefore, the left-hand side of (5.52) becomes

2w

=N (E) )

Vi xeX

_13 (V')P )Q()—p (”)P )E; (u, o)
- Z|X| ¥ IZI|X| (Do

p
=y va P, ()(Ej,,)(w). (5.54)

i=1 Vi

From |X, | = kv,- and Theorem 2.22 (3), we have

2w,)
ZVTX[PVI,(J) Zw(Y )Q;(v,). (5.55)

i=1 Jll

For v satisfying v € {v;,v,,...,v,} we have Y(y) # O fory € X,, and for x ¢ Y we have
Y(x) = 0. Therefore, we have

p
_zww Q) = — S Y gm)

] i=1 ] i= 1yEY
=—Z 5 3000) = XS 3 g 000
]v 0 xeX, ] v=0 x€X,
= oL 3 B 000 = L) (5:56)
}xeX

Thus, by (5.54), (5.55), and (5.56), we see that the left-hand side of (5.52) is given by
|X| E E
%( i) Wo)(Ejpy,, ) (w). (5.57)
j
(1) = (3): By the assumption, for each integer j with O < j < t, there exists a real number
a; such that Ejpp = a]-EjlpuO. So, by (5.57), the left-hand side of (5.52) becomes

B, ) B, ) = 2 sk, 0 g0 = |X|Q“’)
1
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On the other hand, the right-hand side of (5.52) becomes

Y w)EP)Y) = Y YXE;(x,u) = (Ep)(w)

yeY xeX
hl

= (a]E]l/)uo)(u) = ajE]'(ll, UO) = |X| Q)(L’) (5.58)
(3) = (1): Using (5.57), we can modify equality (5.52) as
§(Ej¢)(uo)(Ej¢uo)(u) = (Ep)w). (5.59)
j

Therefore, E;ip = (%(Ej!,[))(uo))Ejll)uo holds. Namely, i is a relative ¢-design with re-
]
spect to the point uy,. O

From Theorem 5.55 and Proposition 4.9, we have the following.

Proposition 5.56. Fix u, € X. For any integeri withO <i<dletX; ={u e X | (u,uy) €
Rj}. Also, let py. be the characteristic function of X;. Then (X;, Yx,) is a relative d-design.

We call (X;, Yx,) the trivial relative design. When we define spherical or Euclidean
t-designs, we described them as properties with respect to the polynomials of degree
at most t. The relative ¢-design described in this chapter is described by using the in-
dices of the primitive idempotents. The next proposition shows that a similar property
holds.

Proposition 5.57. Let0 <j < ‘—21. Then
%
f2e Yy LX)
i=0

holds for any f € Y_ Ly(X).

Proof. Ttsuffices to show that for non-negative integers v, y with y+v < 2j and arbitrary
u,v € X the relation

2j
EP)ED,) € Y LiX) (5.60)
i=0

holds. As explained in Proposition 5.53 (2), each L;(X) (0 < i < d) is a factor of the
orthogonal decomposition of L(X). Therefore, the proof is completed if we show that
(EY)(ELY,) L Exyp, forany k (0 < k < d) withk > p+vandz € X. Now, the following
holds:

IX| Y E, (6 WE, (6, V)E;(x,2)

xeX

d
=1X1) ) E&WE,XV)E(xz2)

i=0 x&X
(x,v)eRi
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Ma

> E,(6w)Q,()Ex(x,2)
(X:):/E)}E(Ri

I
o

i

d
> Y E,06wQ,(E] (X, X)Ex(x,2)
i=0

=0 xeX

Y E,06wAL (X X)E(x,2) = (E AL Ey ) (1,2). (5.61)
xeX

By Corollary 2.37 (2) in Chapter 2, Section 2.6, the condition EVA;Ek = 0 is equivalent
to the condition q’v‘,y = 0. Also, by the property of Q-polynomial association schemes

(Proposition 2.83 (1) in Chapter 2, Section 2.9), if 0 < v,u,k < dand v + u < k, then
qff,y = 0. Therefore we have (E, ¥, )(E,,) L Exy,. O

By using Proposition 5.57, we can obtain the lower bound of the size |Y| of a rela-
tive 2e-design (Y, w) with expect to the point u, as follows.

Theorem 5.58. For the size |Y| of a relative 2e-design (Y, w) on a Q-polynomial associ-
ation scheme X = (X, {R;}p<i<q) With respect to the point u, € X, we have

Y] > dim(Ly(S) + Ly(S) + -+ - + L,(S)), (5.62)

whereS =X, UX,, u~--uXVp is the support of Y and Ly(S) = {f|s | f € L;(X)} (0 <i < d).

Proof. Letp : Ly(S) + Li(S) + -+ + L,(S) — L(Y) be defined by p(f) = fly for f €
Lo(S) + Ly(S) + --- + L,(S). If we prove that p is injective, then we can see that |Y| =
dim(L(Y)) = dim(Ly(S) + L1(S) + - -- + L,(S)) holds. For that purpose, we have only to
show that if f € Ly(S) + Ly(S) +- - - + L.(S) satisfies f(y) = O forany y € Y, then f(x) =
for any x € S. Since f2 € Ly(X) L Li(X) L --- L Ly(X) holds by Proposition 5.57, from
the defining relation (5.52) we get

i Z (F0)° = D wy) ()’ = 0. (5.63)

i=1 Vi xeXVi yeY

Therefore we get f(x) = O forany x € X, (1 < i < p) and we get f = 0 as a function in
Lo(S) + Li(S) + - - + L,(S). Therefore, p is injective. O

Definition 5.59. If equality holds in the inequality in Theorem 5.58, then (Y, w) is
called a tight relative 2e-design with respect to the point u.

While continuing the study of Euclidean designs, we noticed that a similar con-
cept can be defined on Q-polynomial association schemes, and then realized that it
is exactly the concept of relative ¢t-designs that was already defined and studied by
Delsarte (1977) [161]. The following theorem suggests a similarity.

Theorem 5.60 ([44]). Let X = (X, {R;}o<i<q) be a Q-polynomial scheme, and let (Y, w) be
a tight relative 2e-design with respect to the point u,. Suppose the stabilizer subgroup
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G, of uy of the automorphism group G of X acts transitively on each X,,. Then the weight
0 i
function w becomes a constant functiononeachY, =X, nY (1<i<p).

We will not discuss the proof here. (Please see [44].) There are many Q-polynomial
association schemes that satisfy this assumption, including the Hamming scheme
H(d, q), the Johnson scheme J(v,d), and many others. For a tight Euclidean ¢-design
on two concentric spheres, it is known that the structure of a coherent configuration is
generally attached ([75, 39]). We think it is natural to conjecture that the same conclu-
sion (a coherent configuration is attached for a tight relative ¢t-design) if the assump-
tions in Theorem 5.60 is satisfied and if p = 2. Actually, it is shown ([44]) that this is
true for tight relative 2-designs on H(d,2) if p = 2. The concept of relative t-designs
on Q-polynomial schemes was first defined and studied by Delsarte in the late 1970s
([161]). There are many problems that are to be studied more, including finding more
explicit examples.

Remark 5.61.

(1) Inthe Hamming scheme, for the fixed u, = (0,0,...,0), we consider the layer X;
and a subset Y in X;. Let 1y be the characteristic function of Y. Then (Y, y) isa
tight relative 2e-design with respect to the point u, if and only if Y is a classical
tight 2e-(n, k, A) design.

(2) For the designs in Euclidean spaces, Moller obtained a natural lower bound for
the number of points of a (centrally symmetric) t-design for odd t = 2e + 1. It is
expected to find a natural lower bound for the size of a relative (2e + 1)-design on
a Q-polynomial scheme with respect to the fixed point u,,.

Remark 5.62. Delsarte and Seidel [164] defined the new concept of designs on the
Hamming scheme H(n,2) which removes the condition that the block sizes are con-
stant, as an analogue of Euclidean designs. Let F, = {0, 1} and H(n, 2) be the Hamming
scheme on thesetX = F}. Forx = (X3, Xy,...,X,) € X,wedefinex = {i | x; =1,1<i<n}.

Definition (Delsarte-Seidel, Definition 6.1in [164]). Let (Y,w) be a weighted subset
of X, where Y is a subset of X and w is a positive real valued weight function on Y.
We say that (Y, w) admits the index j if the quantity

Y w(y)

yeY
zcy

does not depend on the choice of z € X; and is determined only by j.

A pair (Y, w) that admits the index j is called a j-wise balanced design. If (Y,w)
admits all integers j with 0 < j < t, then it is called a regular t-wise balanced design.

Moreover, Delsarte and Seidel used the following space as the space correspond-
ing to the space of polynomials of degree at most ¢ in the real Euclidean space. First
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we define, for each z € X, the functionf, : X — R by

1, ifz c x holds,
0, otherwise.

f:00 = {

(For z with |Z| = j, f, corresponds to a column vector of the matrix M; defined in Chap-
ter 2.) For each j, we define Hom;(X) = {f, | z € X, |z| = j) as the subspace of the space
of the real valued functions on X. Note that by Lemma 2.93, dim(Homj(X ) = (;’) Der-
sarte and Seidel proved the following two theorems.

Theorem (Delsarte-Seidel, Theorem 6.2 in [164]). In H(n,2), (Y,w) admits the index j
if and only if

w(Y,,)
X, |

M=

Y f0 =Y wy)fy) (5.64)

i xeXVi yeY

1

]
—_

holds for any f € Hom;(X).

Theorem (Delsarte-Seidel, Theorem 6.3 in [164]). If(Y,w) admits all the indices j with
0 <j<2e,then

|Y| > dim(Homg(S) + Hom,(S) + - - - + Hom,(S)) (5.65)
holds, where S = X, UX,, U---U va.

Therefore, it becomes a very interesting problem to find the dimension of the right-
hand side of (5.65) in general. In Definition 5.54 in this chapter, we gave a definition of
relative design (Y, w) (in any Q-polynomial scheme) that is equivalent to Definition 4.7
of relative ¢t-design in the sense of Delsarte. Also, in Theorem 5.58, we already obtained
the lower bound (5.62):

Y| 2 dim(L(S) + Ly(S) + - + Ly(S)),

which very much looks like the lower bound (5.65) mentioned above.

Although these two formulas look very much alike, the spaces of functions ap-
pearing in (5.65) and (5.62) are mathematically different objects in general. In Chap-
ter 4, we have explained that the top fiber of a regular semilattice Q has the structure
of an association scheme. For the semilattice constructed in Example 4.37, for g = 2,
the top fiber becomes the association scheme H(n, 2). Let w be a non-negative real val-
ued function on Q = F3 and let Y = {y | w(y) # O}. If (Y, w) is a relative t-design with
respect to the point x, = (0,0,...,0), then w(y) becomes a geometric ¢-design on Q,
and so if we consider the function defined by (4.45), the pair (Y, w) admits j for any
integer with 0 < j < t. Namely, (Y, w) becomes a j-wise balanced design for any integer
jwith O < j < t. By these considerations, in H(n, 2) the value in (5.65) is smaller than
the value in (5.62) in general. Many studies are ongoing, including the study of exact
values of (5.62) as well as the case where equality holds, i. e., the study of tight relative
2e-designs.
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Remark 5.63. The research of relative 2e-designs has restarted with the joint work by
Li, Bannai, and Bannai [316]. Some progress has been made since the authors wrote
the manuscript of the original version of this book around 2011. In particular, Ziging
Xiang [521] (who was an undergraduate student at Shanghai Jiao Tong University at
that time) succeeded in proving that in H(n, 2) the right-hand side of (5.65) (under some
reasonable conditions like e < v; < n—e)isequal to (%) + (") +--- +( ep 1) Moreover,
Bannai, Bannai, Suda, and Tanaka [49] proved that as a space over H(n, 2), we get

Homy(X) + Hom,(X) + - -- + Hom,(X)
=LoX) + Li(X) + - + L (X). (5.66)

So, the result of Xiang ([521]) implies that the value of the right-hand side of (5.65) has
the same value as that of (5.62), because of (5.57). However, this property (5.57) does
not hold in general for P- and Q-polynomial schemes even if P = Q (due to a remark
by Suda and Tanaka). Therefore it is very desirable to calculate the right-hand side of
(5.62) for general Q-polynomial schemes. Also, it would be very interesting to calculate
the right-hand side of (5.65) for general P-polynomial schemes. The reader is referred
to [49] for these discussions, as well as Bannai, Bannai, Tanaka, and Zhu [51].

The study of tight relative 2-designs on two shells of H(n, 2) and J (v, k) ([44, 528]) as
well as tight relative 4-designs on two shells on H(n, 2) ([53]) is ongoing. The research
on tight relative 2e-designs in general has started. For updates, see Bannai, Bannai,
Tanaka, and Zhu (2020) [52].



6 P-and Q-polynomial schemes

6.1 P-polynomial/Q-polynomial schemes revisited

6.1.1 Distance-regular graphs revisited

We begin with the definition of a distance-transitive graph. Let I' = (X, R) be a finite
simple graph (Chapter 1, Section 1.1), where X is the vertex set and R is the edge set. For
x,y € X,leto(x,y) be thelength of a shortest path connecting x and y. If there is no such
path, then we set d(x,y) = co. We let d = Max{d(x,y) | x,y € X} denote the maximum
of the distances between vertices in X, and call d the diameter of I'. In what follows,
we assume that the diameter satisfies d < oo, that is, I' is a connected graph. Let s
be the symmetric group on X. An element o € S¥ is said to be an automorphism of T if
(x%,¥%) € Rforany edge (x,y) € R. The set of all automorphisms of I’ will be denoted by
Aut(T). The set Aut(T) forms a subgroup of S¥, and is called the automorphism group
of the graph I. It acts on X x X by (x,y)’ = (x°,¥%) (6 € Aut(T)). For 0 < i < d, we
set

R =1{(y) e XxX |d(x,y) =i}. (6.1)

Each R; is invariant under the action of Aut(T’). Namely, Aut(I') acts on each R;. We say
that I is a distance-transitive graph if the action of Aut(I') on R; is transitive. That is, we
call T a distance-transitive graph if there exists ¢ € Aut(T') such that x' = x°, y' = y°
forany x,y,x',y' € X satisfying d(x,y) = o(x',y").

We now forget about the group action, and return again to a finite connected
simple graph I' = (X, R). Recall that d denotes the diameter of I'. For x,y € X and
i,j € {0,1,...,d}, let

pij(6y) = {z € X | (x,2) € R, (z,y) € Rj}|. (6.2)

If T is a distance-transitive graph, then for any i,j,k € {0,1,...,d} there exists a con-
stant pl’-fj such that

pﬁj =pij(6y) ((6y) € Ry). (6.3)

In other words, p;;(x,y) is determined only by i, j, and k, and is independent of the
choice of (x,y) € Ry. A finite connected simple graph for which (6.3) holds is called a
distance-regular graph. A distance-transitive graph is a distance-regular graph. Usu-
ally, a distance-regular graph is defined by using the following condition, which is
weaker than (6.3):

Pij=pj06y) ((6Y) € Re lk—jl <1). (6.4)

https://doi.org/10.1515/9783110630251-006
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Namely, for x, € X, let
T;(x) = {x € X | 9(xg, x) = i}
If the numbers

a; = [Tixo) NT;x)| (0<i<d), (6.5)
¢ = Tiqaxo) NTi0)| (1<i<d)

are constant and independent of the choice of x, € X, x € Tj(xq) (i.e., if b; = p’i,i 1=
P11 (6X0), @ = Pl = P1i(XX0), ¢; = P i1 = P1i-1(X: Xo)), we define T to be a distance-

regular graph.
[ ]
) X

Ti1(zo) Ts(xo) Tiy1(wo)

A distance-regular graph is regular with degree k = |T';(xy)| = b, and the following
holds:

k=ag+by=ci+a;+bj=cg+a; (1<i<d-1). (6.6)

Clearly, we have a, = 0, ¢; = 1. In the following, we will check that (6.4) implies (6.3).
Assume (6.4). Let A; be the adjacency matrix of R;:

1, ifoCy) =i,
0, otherwise.

&mwz{ (6.7)

By the triangle inequality of the distance function 9d(x,y), the condition (6.4) can be
written as follows. We have
(1) AlA] = j*lAjfl + a}A] + Cj+1A]'+1 (0 S] < d),

and b;_i¢; # 0 (1 < i < d), where b;, g;, c; are defined in (6.5). Here, we let b_; be an
indeterminate and ¢4,y = 1, A_; = 0, A4,; = 0. We define a polynomial v;(x) of degree
i by the following three-term recurrence:

xvj(X) = bj_1Vj_1(X) + @jvj(X) + Cj41Vj41 (%), (6.8)
where v_;(x) = 0, vy(x) = 1. Then we have

) A =v4,) O<i<d).
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By (ii), we have
T =vy(Ay) +v1(A) + vo(A)) + -+ + v4(4;), (6.9)

where J is the all 1’s matrix. The matrices vy(4;) = I,v1(4;),V5(41),...,v4(4;) are lin-
early independent. Hence, A? = I,A;,A%,...,A? are linearly independent. Since 4, is
the adjacency matrix of a graph I" of degree k, every row sum of 4, is k, and hence we
have (A, — kI)J = 0. Therefore, the polynomial

(O = ) (Vo(X) + v1(X) + vo(X) + -+ - + v4(x)) (6.10)

is a scalar multiple of the minimal polynomial of A;. In particular, the minimal poly-
nomial of A; has degree d+1. Note that we only need the condition that the polynomial
v;(x) has degree i in the above discussion. This is important because it matters when
we define P-polynomial schemes. By using the fact that v;(x) is given by (6.8), we can
show thatv,,;(4;) = 0 and that the minimal polynomial of 4, has degree d +1. In fact,
V4,1(%) equals the polynomial (6.10). Let 2 be the subalgebra of My (C) generated by
A;. Since the degree of the minimal polynomial of 4; is d +1, the dimension of 2 is d+1
and {4; = v;(4;) | 0 < i < d} forms a basis of 2. Therefore, there exists a non-negative
integer pf-"]- such that

d
(i) A = ) PAx.
k=0

As we defined in (6.7), 4; is the adjacency matrix of R;, so (iii) is equivalent to (6.3).
Hence, (6.4) implies (6.3). Combinatorial conditions (6.4), (6.3) correspond to algebraic
conditions (i), (iii), respectively, and algebraically we have (i) = (ii) = (iii) = (i).

The combinatorial condition (6.3) or the equivalent algebraic condition (iii) im-
plies (X, {R;}o<i<q) is @ symmetric association scheme, which will be denoted by X.
Namely, the distance-regular graph defined by the combinatorial condition (6.4) or the
equivalent algebraic condition (i) induces a symmetric association scheme defined by
(iii). By the triangle inequality of the distance function o(x, y) appearing in (6.7), the
intersection numbers in (iii) satisfy

) ¢ |=0, ifi<]k—jlori>k+j,
(iii) Pij
“1#0, ifi=lk-jlori=k+]j,
fori,j, k € {0,1,...,d}. The intersection numbers in (i) satisfy
, =0, ifl<lk-jl,
@ Pl . :
#0, ifl1=1lk-jl,

forj,k € {0,1,...,d}. Assume a symmetric association scheme X = (X, {R;}o<i<4) satis-
fies (i)’. Similarly to the discussion which shows (i) implies (ii), the following holds:

(i)’  A;isapolynomialin A, of degreei (0 <i< d).
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By (ii)’, it is clear that for i,j, k € {0,1,...,d},

i)’ pf; {: O Miey<k

“#0, ifi+j=k
On the other hand, since kypﬁ’/3 = kﬁpﬁa = kapj, (Chapter 2, Proposition 2.17), (ii)"
implies (iii)’. Therefore we have (i)’ =(ii)’ =(ii)’ =(i)’. A symmetric association
scheme X = (X, {R;}p<i<q) is called a P-polynomial scheme if it satisfies one of (i)',
(i), (iii)’ with respect to the ordering Ry, R;, ..., R,. Then the polynomial of degree i
in (i)’ coincides with the polynomial v;(x) given by (6.8), and the minimal polynomial
of A, is a scalar multiple of v,4,;(x). Moreover, v,4,(x) coincides with the polynomial
(x = 1) (Vo (x) + v1(x) + -+ + v4(x)) in (6.10).

In this way, P-polynomial schemes arise from distance-regular graphs. Con-
versely, if we assume X = (X, {R;}p<i<q) is P-polynomial with respect to the ordering
Ro,R;,..., Ry, it is clear by (i)’ that in the graph T = (X, R;), R; is the distance i rela-
tion given by (6.1). So I is a distance-regular graph. In this sense, distance-regular
graphs are often identified with P-polynomial schemes. There is another definition
for P-polynomial schemes in the framework of Terwilliger algebras. Although the Ter-
williger algebra first appeared in the papers [468, 469, 470] published in 1992-1993,
Terwilliger had been considering the idea of this algebra since late 1980s. He obtained
the idea inspired by Bannai and Ito [60], and his paper [468] was a kind of answer
to the book, that is, his paper shows how he interpreted it. Terwilliger himself calls
the Terwilliger algebra the subconstituent algebra. What Terwilliger is interested in
is distance-regular graphs or P- and Q-polynomial schemes, and the subconstituent
algebra is invented in order to study them. It seems that this is a key to the success
of the theory. Since the idea of the subconstituent algebra is natural, there must have
been several people who had similar ideas. However, these ideas lacked the objects
like distance-regular graphs or P- and Q-polynomial schemes, and this is why these
ideas could not come to light as fruitful theories.

Let X = (X,{Rj}o<i<q) be a symmetric association scheme. We review the Ter-
williger algebra of X. Let 4; be the adjacency matrix of the relation R; and V = P, .y Cx
the standard module of the Bose-Mesner algebra 2l. Fix a base vertex x,, € X, and set

V=V = 6P ¢x, (6.11)

xel(xo)

where I(xg) = {x € X | (xp,X) € R;}. Let V;* be the projection determined by the direct
sum decomposition V = Z]io V;" as follows:
El =E'(xp): V — V. (6.12)

1

The subalgebra

A=A (xo) = (Eg Ef .., EL) (6.13)
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of End(V) is called the dual Bose—Mesner algebra. Moreover, the subalgebra of End(V)
generated by {A*, 2}, i.e.,

T =T(xo) = (A, ), (6.14)
is called the Terwilliger algebra. By Corollary 2.37 in Chapter 2, we have
pﬁ’ﬁ =0 & E,AgE, = 0. (6.15)
Hence, by p’l"]- = p]’-fl, condition (i)’ is equivalent to

. e [F 0 i1 <Ik=j,
(iv)  EjAE; { ] _
+0, ifl1=]k-j,

where A = A;. Namely, (iv) is the fourth definition for X to be a P-polynomial scheme.
Since V;* = E;'V, for a P-polynomial scheme, we have

AV c Vi + Vi + V], (0<i<d), (6.16)
where V¥, = V;,; = 0. Comparing the above with the definition of distance-regular
graphs (6.5) or (i), although the contents are the same, we can see the framework
changes from the representation of 2l to that of T.

In what follows, let X = (X, {R;}o<i<q) be a P-polynomial scheme. In Section 6.1.4,
we formally reframe several facts on the Bose-Mesner algebra 2 = (Ay,4;...,A4,)
of X in the framework of orthogonal polynomials. For this purpose, we review basic
facts from this point of view. The adjacency matrix A; of R; is given by the equation
A; = vi(4,) in (ii), where v;(x) is the polynomial in (6.8). The standard module V =
PD,cx Cx of 2 is decomposed into the direct sum of the eigenspaces V; of A;:

d
V=PV, Aly,=6. (6.17)
i=0

Since A, is a real symmetric matrix, the eigenvalues 6; (0 < i < d) are real. Let E; :
V — V; be the projection onto V; defined by the above decomposition. Then we have

I, (6.18)

The Bose—Mesner algebra 2l has two bases, {A, Ay, ..., Az} and {Ey, E;, ..., E;}. Let P =
(P;(1)) be the transition matrix (first eigenmatrix) between them:

d
A; = Y P()E;. (6.19)
i=0
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Namely, P;(i) is the eigenvalue of A; on V;. The eigenvalue of A; on V; is Py (i) = 6; and
Aj = vj(4,). So we have

Here we set
ki = |ri(X0)l, (6.21)

where I;(xg) = {x € X | (xo,x) € R;}. The number k; is the row sum of A;. By Proposi-
tion 2.21 in Chapter 2, we have k; = P;(0). Hence, by (6.20), we have

ki = v;(6,). (6.22)
In particular, if we let k be the degree of the distance-regular graph I = (X, R;), we get
k=1k =6, (6.23)

Next, let m; be the multiplicity of the eigenvalue ; of A;:
m; = dim V; = tr E;. (6.24)

By rewriting the first and second orthogonality relations in Theorem 2.22 in Chapter 2
using (6.20), we have

i VV(Gi)vv(Gj)l = 6ij£) (6.25)
v=0 kv Tm

d

Y vi6,)v;(6,)m, = &;jnk;, (6.26)
v=0

wheren = |X| = Z?:o k = Zf;o m;. Note that P;(i) = v;(6;) is real since it is an eigenvalue
of the real symmetric matrix 4;. By setting i = j in (6.25), we obtain the Biggs formula
on the multiplicity m; as follows.

Theorem 6.1 (Multiplicity formula).

n

= 6.27
25:0 Vv(ei)z/kv ( )

m;
Let
p:2A — My4(C) = End(2) (6.28)

be the matrix expression of the regular representation 20 — End(%() of the Bose—
Mesner algebra 2 with respect to the basis Ay, 4,,...,A, of 2. Set p(4;) = ‘B; and we
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call B; the intersection matrix of A; (Chapter 2, Section 2.5). Since 4;4; = zfzo pf-fjAk,
the (k,j)-entry of ‘B, is pf.f].. If we set B = (B, By, ..., By), since 2 is commutative, by
the correspondence A; — B;, we have

A =B (asalgebras).
Let B = !B,. By (i), Bis the tridiagonal matrix

as by

B- , (6.29)

Ca-1 Qg bg
O Cd ad

where b;_;¢; # 0 (1 < i < d). A tridiagonal matrix is said to be irreducible if the super-
diagonal entries and the subdiagonal entries are all non-zero. So the above matrix is
an irreducible tridiagonal matrix. The minimal polynomials of A; and B = ‘B, are iden-
tical, which are equal to the polynomial of degree d+1 given by (6.10), and hence B has
d+1distinct eigenvalues 6, 6;, . . ., 04. In particular, B is diagonalizable. Furthermore,
by (6.6), (6.23), every row sum of B is 6,. Such B, that is, a diagonalizable irreducible
tridiagonal matrix whose row sums are constant, will be discussed in Section 6.1.4.
Since k; = |T;(xg)| in (6.21) satisfies k;_;b;_; = k;c;, we have

ki _ bi_lkifl — bobl'”bi—l

- (0<ix<ad). (6.30)
Ci GGy G

Therefore, {ki}?:o are determined by B only. Moreover, by (6.8), the polynomials
{vi(x)}?:o depend only on B, and {9,-}?20 are distinct eigenvalues of B. By the above
discussion, the multiplicities {mi}?zo determined by (6.27) in Theorem 6.1 are con-
stants depending only on B.

For an irreducible tridiagonal matrix B which has the form of (6.29) to coincide
with the transpose ‘B, of the intersection matrix of a distance-regular graph, it is nec-
essary that it is diagonalizable, it has a constant row sum, and m; (0 < i < d), which
are determined by (6.27), and k; (0 < i < d), which are determined by (6.30), are posi-
tive integers. The above necessary condition is called the feasibility condition and B is
said to be feasible if it satisfies the feasibility condition. There are various other con-
ditions for the irreducible tridiagonal matrix B to coincide with the transpose of the
intersection matrix of a distance-regular graph ([94, 113, 459, 461]). These conditions
are also called feasibility conditions, and it depends on the text what the feasibility
condition refers to. The conditions appearing in the following proposition are typical
examples.

Proposition 6.2. The intersection matrix of a distance-regular graphT = (X, R) satisfies
the following:
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(1) k=by=by=---2byy;

2 1= <cy;

() ifi+j<d,thenc; < b;;

(4) ifa; #0,thena; +0(2<i<d-1).

Remark 6.3. Assume the Terwilliger algebra T is 1-thin. Namely, every irreducible
T-module of endpoint 1is thin (Section 6.2, Remark 6.30). Then a; = 0 implies a; = 0
(2<i<d-1)[170,172].

As a preparation for the proof of the above proposition, we define the distance
distribution diagram of a distance-regular graph I' = (X, R). Fix 2 vertices x,y € X at
distance 1. For x,y and i,j € {0, 1,...,d}, set

Dé =L, NT(y) = {zeX|0(x 2)=10(,2) = j} (6.31)

If Di is not empty, clearly we have |j—i| < 1. (There are cases such that Dﬁ is empty even
if the inequality holds.) There are edges joining vertices in Di and those in Di only if
Dé and Di are non-empty and |j — €| < 1, |i — k| < 1 hold. (There are cases such that
there exists no edge even if the inequalities hold.) The undirected graph with vertex
set {Dj: | Ij =il < 1} and edge set {DéDi | Ij — €| <1,]i - k| < 1}is called the distance
distribution diagram.

Yy /1;\ D3

1
2

2
1

, L

Lemma 6.4. The sets D::*l (1 < i < d) are non-empty. There are b; edges joining any
vertex z € Dﬁ’l and vertices in Df wh
and vertices in D::‘l. Similarly, the sets D;;l (1 <i < d) are non-empty. There are b; edges
i+1
i

and there are c; edges joining any vertex z € Dj,,

joining any vertex z € D;_, and vertices in D;"", and there are c; edges joining any vertex

z € Di*! and vertices in D._,.
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Proof. We prove by induction on i. When i = 1, D = {y} is non-empty. If we let x be a
base vertex, we have D{ c T;(x). There are b, edges joining z = y € D} and vertices in
I,(x), and each of these edges has another endpoint in D} since T,(x) = Dy u D3 U D3.
Therefore there are b; edges joining z € D? and vertices in D;. Next assume that D"‘1 i
non-empty and that there are b; edges joining any vertex in D! and vertices in Di 10
Since b; # 0, D', is non-empty. If we let x be a base vertex and z € D, ¢ T, (),
then there are b;,; edges joining z and vertices in I';,,(x), and each of these edges has
another endpoint in D!'} since T;,,(x) = DY} u DI2 u D3, Therefore there are b

i+2 i+2 i+2° i+1
edges joining z € D!, and vertices in Di*}. The remaining part of the lemma is similarly

i+1 i+2°

proved. O

Proof of Proposition 6.2. (1) Fix z € D::‘l. By Lemma 6.4, there are b; edges joining z
and vertices in D, ,. On the other hand, we have z ¢ D' ¢ Ty4(y), and the b; edges
joining z and vertices in D ;,1 are contained in the set of the b;_; edges joining z and
vertices in I;(y). Therefore, we get b;_; > b;. Similarly, we obtain (2), i.e., ¢; < ¢j,4-

(3) By Lemma 6.4, we can choose a pathy, = y,y;,...,y4; inT such thaty; ; € D;- la<
i < d).Notethaty; ; € I';_;(yo). Chooseany y,inT ;(y,) = Dg 1UDd which is joined with
Y4-1 by an edge. Then we have o(y;,y;) = li - jl (i,j = 0,1,...,d) since d(yo, y4) = d. By
Lemma 6.4, there are c; edges joining y; € DL, and vertices in D{™". Since d(y,, ;) = d—i,
we have y; € I'y_;(y4). By the distance distribution diagram, we can easily verify that
the endpoints of these edges other than y; are contained in I';_;,;(v4). Therefore we
obtain by_; > ¢;. If i +j < d, by (1), we obtain b; > by_; > ¢;.

(4) We use the path yg = y,¥;,...,Y4.1 in the above proof of (3). Since a; # 0, there
exists a triangle which contains the edge yl-_lyl Lety; 1w be one of such triangles. The
vertex w is adjacent to y;_;,y;, and y;_; € Di Vi € Dl +1- By the distance distribution
diagram, we have w € D' u D} u D! - fwe D' u D, then the edge y;_;w is contained
in T;(x). Therefore a; # 0. If w ¢ Dl ,+1» then the edge y;w is contained in I';(y). Hence

a; # 0. O

The condition that the intersection numbers pij are non-negative integers and the
condition that the Krein numbers qﬁi are real and non-negative can also be called fea-
sibility conditions. By Theorem 2.23, Theorem 2.22 (3) in Chapter 2, and (6.20), we have

P o |X| Z m,vi(6,)v1(6,)v(8,), 632)
LR 0,)v, (6;)v,,(0 6
4ij = 1X| = v v, (0:)v,,(6;)v,,(6,). (6.33)

So the right-hand sides of (6.32) and (6.33) are constants determined only by the inter-
section matrix of the distance-regular graph. Hence, the condition that the right-hand
side of (6.32) is a non-negative integer and the condition that the right-hand side of
(6.33) is real and non-negative are necessary conditions for the irreducible tridiagonal
matrix B of (6.29) to be the transpose of the intersection matrix of a distance-regular
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graph. In this way, there are various conditions which can be called feasibility condi-
tions. Usually, the feasibility condition refers to the condition that m; are integers as
in (6.27). The proof of the non-existence of Moore graphs in Chapter 1, Section 1.2 uses
the feasibility condition (6.27). The technique of using the integrality of m; was estab-
lished by the study of generalized polygons by Feit and Higman [185] and the study of
permutation groups by D. G. Higman [215]. It spread widely after the study of Moore
graphs by Bannai and Ito [59] and Damerell [156] and the publication of the textbook
by Biggs [94]. This technique has now become a standard tool. Beyond these studies,
there is a far-reaching goal to classify distance-regular graphs with large diameters.
Roughly speaking, the classification problem of distance-regular graphs consists of
the following two parts:

(A) To narrow down the possibilities of parameters of distance-regular graphs.

(B) Characterization of distance-regular graphs by parameters.

For the latest information, we refer the reader to the survey paper by Van Dam, Koolen,
and Tanaka [155].

Recently, the Bannai-Ito conjecture [60, page 237] was solved by Bang, Dubickas,
Koolen, and Moulton [19].

The Bannai-Ito Conjecture. LetT be a distance-regular graph of degree k and diameter
d (k = 3). Then there exists a function f (k) in k which is independent of T such that
d < f(k). In particular, if we fix the degree k > 3, then there are finitely many distance-
regular graphs.

For details, we refer the reader to [61, Section 2] and [19]. The reason why it is
called the Bannai-Ito conjecture is that the serious challenge to this conjecture began
with a series of papers, “On distance-regular graphs with fixed valency I, II, III, IV” by
Bannai and Ito [63, 64, 62, 65]. The conjecture itself existed in Biggs [97] in the 1970s
(see also Terwilliger [458]). There is a same conjecture for distance-transitive graphs,
which was solved by Cameron [121] and Cameron, Praeger, Saxl, and Seitz [122] by
using the classification of finite simple groups in the early 1980s. (After that, the proof
without using the classification of finite simple groups was obtained by Weiss [513].) In
[61, Section 2], there is a detailed explanation how the study of the conjecture changes
by the transition of objects from distance-transitive graphs to distance-regular graphs.

There are two streams of the study of the Bannai-Ito conjecture. One is based on
the technique of using multiplicities of eigenvalues, which originates from Ito [250],
and through Bannai and Ito [63, 64, 62, 65], ends at Bang, Dubickas, Koolen, and Moul-
ton [19]. The other is based on the technique of using distance distribution diagrams,
which originates from Ivanov [262], and through Biggs, Boshier, and Shawe-Taylor
[96], arrives at Hiraki [221, 222, 223, 224, 225, 226, 227, 228]. The technique of using
multiplicities of eigenvalues culminated in [19]. On the other hand, for the technique
of using distance distribution diagrams, we expect various developments beyond the
study of Hiraki.
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6.1.2 Q-polynomial schemes revisited

As a preparation for Section 6.4, where P- and Q-polynomial schemes will be dis-
cussed, we review the definition of Q-polynomial schemes briefly following the man-
ner of the previous subsection, where P-polynomial schemes are discussed. Espe-
cially, the definition in terms of Terwilliger algebras will play an important role later.
Let X = (X, {Rj}o<i<q) be @ symmetric association scheme and let Ey,E;,...,E; be
the primitive idempotents of the Bose-Mesner algebra 2l of X. By (4') in Chapter 2,
Section 2.3, we have

1 4
EioEj= mgoqfﬂfk

with respect to the Hadamard product of 2. Note that Krein numbers ql!fj are non-
negative real (Theorem 2.26, Corollary 2.37). Then the following conditions (i)', (ii)’,
and (iii)’ on ql’fj are equivalent, and a symmetric association scheme satisfying these
conditions is called a Q-polynomial scheme. For the proof of the equivalence, the proof
in the previous subsection is valid if we replace the ordinary matrix product by the
Hadamard product and the intersection number pf-‘)j by the Krein number qff]-. We have:

@'

o~ =0, if1<|k—jl,
Yl#o, if1=lk-j|

(i)’ E; is a polynomial of degree i in E; with respect to the Hadamard product (0 <
i<d);
(iii)’
v |=0, ifi<|k—jlori>k+j,
q. .
Y l#0, ifi=lk—jlori=k+j.

* _ o0 * N | N .
Ifwesetb; = qy;,1,4; =q1;,¢; = qy; 1, then (i)' is rewritten as
()

1

Bebit

(b 1Ej1 + @ Ej + ¢, Ejy) (0<j<a), (6.34)

and b; ,c{ # 0 (1 <i < d), where b”, is indeterminate and c¢j,;, =1, E.; = 0, E4,; = O.
Moreover, if we set m = b§ = qgl, we have

m=ay+by=c +a; +b; =cy+a; (1<i<d-1) (6.35)

(Proposition 2.24).
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We will discuss the duality of P-polynomial schemes and Q-polynomial schemes
again in Section 6.1.4 from the aspect of orthogonal polynomials.

Here we discuss the duality of P-polynomial schemes and Q-polynomial schemes
in the framework of Terwilliger algebras. Let 2™ be the dual Bose—Mesner algebra of
the association scheme X and let EJ, E} , . .., E; be the primitive idempotents of 2A*. As
in Chapter 2, Section 2.6, we set

d
Al = ) QaE,
a=0

where Q;(a) is the (a,i)-entry of the second eigenmatrix of X. Let V = P, .x Cx be the
standard module of %, E; (0 < i < d) the primitive idempotents of 2, and V; (0 <i < d)
the image of V by E;: V = EBf:O V;, where V; = E;V. Let A* = A]. Then the symmetric
association scheme X is a Q-polynomial scheme if and only if

AV, c Vi +V;+Vy (0<i<d),

where V_; = V,,; = 0. To be precise, condition (i)’ of Q-polynomial schemes is equiv-
alent to

(iv)

* =0, 1f1<|k_]|>
E;A"E) . .
+0, if1<|k-j.

(This follows directly from Corollary 2.37.) In the previous subsection, we adopted the
following as the fourth definition of P-polynomial schemes:

AV c Vi + V] + VY

1 i+1

(0<i<ad),

where V7, = V., = 0. More precisely,

w o |=0, if1<]k—j|
E; AE), ) ]
+0, if1=k-j|.

The dual of this definition is the above condition (iv) of a Q-polynomial scheme.

For P-polynomial schemes, as was seen in Section 6.1.1, there is a graph theoretic
interpretation (distance-regularity). There is no known graph theoretic interpretation
for Q-polynomial schemes. Since the origin of Q-polynomial schemes is design theory
(Delsarte’s theory) which is the dual of coding theory, it seems to be hard to inter-
pret Q-polynomial schemes in the framework of graph theory. Q-polynomial schemes
have a connection with spherical geometry through the spherical representation. It is
known that Q-polynomial schemes arise from various combinatorial objects through
the spherical representation. For instance, Q-polynomial schemes arise from spheri-
cal tight designs or similar objects (e. g., Theorem 5.19). By the discussion in Chapter 2,
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Section 2.11, it is important that the balanced condition of the spherical representation
gives a condition for a P-polynomial scheme to be a Q-polynomial scheme. This dis-
cussion is a prototype of the theory to derive the TD relation in the classification of
L-pairs in the next section.

As was seen in Chapter 2, Section 2.5, let

p* A — My,,(C) = End(")

be the matrix expression of the regular representation 2° — End(2(°) of the algebra
21" with the Hadamard product with respect to the basis |X|E, |X|E;, ..., |X|E4, and let
p*(IX|E;) = 'B;. The (k,j)-entry of 'B} is ql{fj. We call B the dual intersection matrix. Let
B* = (By,Bj,...,By). Since 2’ is commutative, by the correspondence |X|E; — B;,
we have

A° =B*  (as algebras).

Let B* = 'B}. By (6.34), B* is the irreducible tridiagonal matrix

ag by
¢ a b] 0

B* = , (6.36)
0 Ci1 43 biy

* *
Ca a,

and b{ ;¢ # 0 (1 < i < d). By (6.35), every row sum of B* is m = bj. Since the Krein
numbers ql’fj are real and non-negative, the matrix B* is a real matrix and b; ;c; >
0 (1 < i < d) holds. In particular, B* is diagonalizable and has d + 1 distinct real
eigenvalues (Corollary 6.11 and Proposition 6.12).

What is the necessary condition for the irreducible tridiagonal matrix B* in (6.36)
to coincide with the transpose th of the dual intersection matrix of a Q-polynomial
scheme? The problem of the so-called feasibility of B* is not deeply studied compared
to the case of P-polynomial schemes, for the study of Q-polynomial schemes itself just
started recently.

In what follows, assume that the irreducible tridiagonal matrix B* in (6.36) coin-
cides with the transpose ‘B of the dual intersection matrix. Since g, = g7, ¢; = 41,
we have aj = 0, ¢ = 1. Moreover, as was seen before, the row sums of B* are equal to
m= bg. Furthermore, if we set

my = 2P bi g g (6.37)

* % *
Clcz...ci

we can verify m; (1 < i < d) are positive integers as follows.
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Let v;(x) (O < i < d + 1) be the polynomial of degree i defined by the following
three-term recurrence:

xvj* (x) = b].*_lvj*_l(x) + aj* vj* (x) + Cjilvj’:l(x), (6.38)

where v*;(x) = 0, v5(x) = 1, b%, is indeterminate, and cj},; = 1. Since we assume B*
coincides with the transpose tB;‘ of the dual intersection matrix of a Q-polynomial
scheme, by (6.34), we have

IX|E; = v/ (IXIE;) (0<j<d)

with respect to the Hadamard product. Taking the Hadamard product of the above
equation and 4;, for the (i, j)-entry Q;@@) of the second eigenmatrix, we obtain

Q) =v'(6)), 6 = QD) (6.39)

(Proposition 2.31). Here 6; = Q,(i) (0 < i < d) are the eigenvalues of B* = “Bi" (Propo-
sition 2.31), and 6}, is the Perron-Frobenius eigenvalue of B* (since every row sum of
B* is by and by, = g7, = Q,(0) = 63). Note that the set {6} 14, and 6}, are determined by
B* only. If we seti = 0in (6.38),

is a positive integer (Proposition 2.20, Proposition 2.21). If we set x = 6 in (6.39), by
(6.39), (6.40), we obtain
8om; = b ym_y +aim; + ¢\ ym;, (6.41)
(0 <j<d-1), where m_; = 0, my = 1. As a solution of the recurrence (6.41), we obtain
(6.37). (We use the fact that every row sum of B* is b = 6;.) The right-hand side of
(6.37) is a positive integer.
Next, we setn = Zflzo m;, where m;, = 1and m; is determined by (6.37). We also set

k= — (6.42)

Yo vy 0 /m,

for the eigenvalues 6; (0 < i < d) of B* and the polynomials v, (x) (0 < v < d) deter-
mined by (6.38). Then we can verify that k; (0 < i < d) are positive integers as follows.

Since we assume B* = tB;‘ , (6.39) holds. The second orthogonality relation (The-
orem 2.22 (5))

d
Z Pi(V)Pj(V)mv = 6i,j|X|ki
v=0
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is rewritten as follows by using Q;()/m; = P;(j)/ k;:

1

d
z Qv(l)Qv(]) = 61J|X|_
v=0 ki

1
mV
Here m; is given by (6.40) (hence by (6.37)), and k; is given by

k; = P;(0) = (the row sum of 4;) (6.43)

(Propositions 2.20 and 2.21). Moreover, by (6.39) and |X| = ?:o m; = n, we obtain

d
* * * * 1
Y VG W6 = By (6.44)
]

If we set i = j, we obtain (6.42), and by (6.43), k; are positive integers.
By Theorem 2.23, we have

kik. d 1 LN AN T LA 7L
Pl = 2 v (6 (6 )v; (6;), (6.45)
| | v=0 mV
e _ 1 0\ (0% \v* (0"
9ij = m,|X V:ZOval (ev )V] (ev )Ve (ev ) (6.46)

So the right-hand sides of (6.45) and (6.46) depend only on the dual intersection matrix
of the Q-polynomial scheme. Hence the conditions that the right-hand side of (6.45) is
a non-negative integer and that the right-hand side of (6.46) is real and non-negative
are necessary conditions for the irreducible tridiagonal matrix in (6.36) to coincide
with the transpose tBi" of the intersection matrix of a Q-polynomial scheme.

However, it is not known well how strong they are as necessary conditions.

For the intersection matrices of P-polynomial schemes, Proposition 6.2 (1)-(4)
hold, but for Q-polynomial schemes, we cannot expect the same properties except
for Proposition 6.2 (4). As a Q-polynomial version of Proposition 6.2 (4), we have the
following.

Proposition 6.5 ([170]). Assume the irreducible tridiagonal matrix B* in (6.36) coin-
cides with the transpose tBi‘ of the dual intersection matrix for a Q-polynomial scheme.
Thena; # O impliesa #+ 02<i<d-1).

Remark 6.6. Assume that the Terwilliger algebra T is dual 1-thin. Namely, we assume
every irreducible T-module of dual endpoint 1 is thin (Remark 6.30 in Section 6.2).
Then aj = 0impliesa; =0 (2<i<d-1)[170, 172].

By weakening Proposition 6.2 (1)-(3) and considering the Q-polynomial version
of them, we obtain the following conjectures.
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(1) The conjecture by Bannai and Ito [60, III-1]: There exists i (1 < i < d) such that
My=1<my<my<-- <M 2my = 2my.
(2) The conjecture by D. Stanton: Fori < %, the following hold:

m; <m;,; and m; <my;.

Obviously, conjecture (2) is stronger than (1). For a conditional approach to conjec-
ture (2), we refer the reader to [411, 393].

As a dual version of the Bannai-Ito conjecture for distance-regular graphs (Sec-
tion 6.1.1), the following theorem holds for Q-polynomial schemes.

Theorem 6.7 (Martin-Williford [337]). Let X = (X, {Rj}<i<q) be a Q-polynomial scheme
with respect to the ordering E, E;, . . ., E; of the primitive idempotents. Let m = rank(E;)
and assume m > 3. Then there exists a function f(m) in m which is independent of X
such that d < f(m). In particular, if we fix m > 3, there are finitely many Q-polynomial
schemes with rank(E;) = m.

In [337], they first show that the splitting field of a Q-polynomial scheme X is an
at most degree 2 extension of the rationals, and this is the key to the proof. Here the
splitting field of X means the smallest extension of the rationals containing all the
entries P;(i) of the first eigenmatrix P.

6.1.3 P-polynomial schemes and Q-polynomial schemes

In this subsection, we present several additional basic facts on P-polynomial schemes
and Q-polynomial schemes without proofs. For details, see, for example, [60].

Imprimitive P-polynomial schemes
Let X = (X, {Rj}o<i<q) be @ P-polynomial scheme. Let A; be the adjacency matrix of R;.
Then we have

AlAi = bi*lAifl + aiAi + Ci+1Ai+1 (O <i< d),

where A_; = 0, A4,1 = 0. The first intersection matrix B; = (Plf,j) of X has the following
form:

ap b
aq a b 0

tBl = '.. '.. '-. . (6.47)
0 Ca1 Qg1 bag
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Assume b, > 2. (If by = 2, the graph (X, R) is an n-gon.) In what follows, assume X is
imprimitive. Namely, there exists Q such that {0} ¢ Q ¢ {0,1,...,d} and

AA; =Y pliAc (VijeQ)
keQ

(Chapter 2, Section 2.7.3). Then one of the following holds:

Casel: Q=1{0,24,...,[d/2]}, (6.48)
Case2: Q=1{0,d}. (6.49)

Moreover, a P-polynomial scheme X is imprimitive with Case 1 if and only if the fol-
lowing holds in (6.47):

Similarly, a P-polynomial scheme X is imprimitive with Case 2 if and only if the follow-
ing holds in (6.47):

bi=cp; O<i<d-1 (i#[d/2)). (6.51)

For an imprimitive P-polynomial scheme X, if Case 1 holds, X is called bipartite, and
if Case 2 holds, X is called antipodal.

Let X = (X, {R;}o<i<q) be a bipartite P-polynomial scheme. Define a relation ~ on X
as follows by using Q in (6.48):

x~ye= @y el JR, Q={0,24,...[d/2]}.
ieQ

Then the relation ~ becomes an equivalence relation and X is partitioned into exactly
two equivalence classes X;, X;:

X:X1UX2, XlnXZZG.

We call X; (i = 1,2) a bipartite half. Let Y = X; or Y = X,. Then the subscheme

2 = (Y, {Rzi}0<,~<[ d ]) on the bipartite half Y arises (Chapter 2, Section 2.7.4), and %)
- —t2

is a P-polynomial scheme (the graph (Y, R,) is a distance-regular graph). Let B be the

intersection matrix ) with respect to R,. Then by using (6.47), we have

ay by
¢ a, b 0
gl - ’ d;:[é_f]’
2
0 Cpq gy by,

Cy  ay



258 — 6 P-and Q-polynomial schemes

where

b| = bzib2i+l’ o= Qm%ie g i g q (6.52)

c, i+1 >

)
We denote the subscheme 2) on the bipartite half Y by %36
Remark 6.8. IfwesetY = X, instead of Y = X;, we obtain the same intersection matrix

Bj of the subscheme 9) on Y, but the corresponding distance-regular graphs are not
necessarily isomorphic.

Next, let X = (X, {R;}o<i<q) be an antipodal P-polynomial scheme. Define a relation
~on X as follows by using Q = {0, d} in (6.49):

X~y & (x,¥) € RyUR,.

Then the relation ~ becomes an equivalence relation, and X is partitioned into r equiv-
alence classes, where r = |X|/(1 + ky):

X=XuXUu---UX,, XinX;=0(0#)).

Here, |X;| =1+ kg (1<i<r), kg=Dbob;---by_1/ciCy- - 4. By (6.51), we have

hz=;%i; <d’=[§]>. (6.53)

Theset Z = {X;,X,,...,X,} of equivalence classes is called a system of imprimitivity. By
Proposition 2.66, there exists a partition

01,...,d} =QUQU---UQ, QNQ=0(i#))

of the index set {0, 1,...,d}, where O € Q,, and if we let
RQi = UR"
jeQy

then Rq, (0 < i < ) becomes a union of some of X, x Xg = {(x,y) | x € X,y €
Xg}. Therefore, we can regard Ry, as a relation on the system X of imprimitivity. By
this identification, X = (Z, {Rq }o<i<;) becomes an association scheme. Namely, X is
a quotient scheme of X (Definition 2.68 in Chapter 2, Section 2.7.4). If X is an antipo-
dal P-polynomial scheme, then the quotient scheme X also becomes a P-polynomial
scheme. (In this case, the class t of X satisfies t = [g].) The quotient scheme Xis called
the antipodal quotient scheme of X. Let B, be the intersection matrix of the antipodal
quotient scheme X = (%, {Ro}oui <[ ]) with respect to Rq, where 1 € Q. Then by using
(6.47), we have

aO BO
&g a b 0

~ d
0 Eyy @y by

Cq ag
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where

bij=b;(0<i<d -1), ¢&=cO<i<d -1),

&dl =

1+ ky)cy, ifdiseven,
{(+<d)d if d is even (6.54)

Cars if d is odd.

The above results are due to Biggs, Gardiner, and Smith ([431]). (The proofs are rel-
atively easy if we consider the definition of distance-regular graphs. We recommend
the reader to prove them as exercises.) It seems that Biggs regarded the primitivity
and imprimitivity as important problems as soon as he obtained the idea of distance-
regular graphs, for permutation groups acting on distance-transitive graphs are proto-
types of distance-regular graphs, and the primitivity and imprimitivity of permutation
groups naturally arise as important problems.

Imprimitive Q-polynomial schemes

Let X = (X, {Rj}o<i<q) be a Q-polynomial scheme. Let 2 be the Bose-Mesner algebra of
X, and let E(, E;, ..., E; be the primitive idempotents of 2. Then the following holds
with respect to the Hadamard product:

1 * * * .
Ei°E; = m(bi—lEi—l +a; E; + ¢ Ey), 0<is<d,
where E_; = 0,E,,; = 0, and the first dual intersection matrix B; = (qi‘)j) of X is given
by

a; by
¢ a; by 0

‘Bf = . (6.55)
0 Ci1 Ga1 bag

* *
Cd aq

Remark 6.9. In what follows, we assume bg, > 2. Since bj = m; = rank(E; ), by consid-
ering the spherical representation pg, in Chapter 2, Section 2.11 (Definition 2.96), the
case b = 1does not occur, and if by = 2, the set {pE1 (x) | x € X} of points is located on
the circle as the regular (d + 1)-gon (Lemma 2.97).

Assume X is imprimitive. Namely, there exists A such that {0} ¢ A ¢ {0,1,...,d}
and

oE

1 k ..
B =15 Y g (Vijeh)

kel

(Chapter 2, Section 2.7.3). Then one of the following holds:

Casel: A={0,24,...,[d/2]}, (6.56)
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Case2: A =1{0,d}. (6.57)

Moreover, a Q-polynomial scheme X is imprimitive with Case 1 if and only if the fol-
lowing holds in (6.55):

af =0, O0<is<d. (6.58)

Also, a Q-polynomial scheme X is imprimitive with Case 2 if and only if the following
holds in (6.55):

b =cj;, O<i<d-1 (i#1d/2). (6.59)

For an imprimitive Q-polynomial scheme X, if Case 1 holds, X is called dual bipatrtite,
and if Case 2 holds, X is called dual antipodal.

Let X = (X,{R;}o<i<q) be a dual bipartite Q-polynomial scheme. By using A in
(6.56), define the subalgebra 2, of the Bose—Mesner algebra 2! of X as follows:

Ap = (Ey | 0 < i< [d]2)).

Since 2, is closed under the Hadamard product, a partition of the index set, which
corresponds to the primitive idempotents Ag, = Zjegi Aj(0<ic< [d/2]) of 2, with
respect to the Hadamard product, arises as follows:

{0,1,..,d} = QoUQ U UQugpy QNQ; =0 #J).

Let 0 € Qp. Then Rq = jeq, R; is an equivalence relation on X. (This follows from the
fact that the identity element of 2, is a scalar multiple of Aq .) Let £ = {X;, X,.... X/}
be the set of equivalence classes. Then X is a system of imprimitivity of X. If we set
R, = Ujeq,R;» then 2, is isomorphic to the Bose-Mesner algebra of the association
scheme X = (Z,{Rq }o<ic(az) ON (Proposition 2.66 in Chapter 2). The association
scheme X is a quotient scheme of X (Definition 2.68 in Chapter 2). Then X is a Q-
polynomial scheme. Let B;‘ be the dual intersection matrix of X for E,. Then by using
(6.55), we have

a, by
e ar b 0
tBI‘ = , d' =1[d/2, (6.60)
Coy fz;;,_l b;’—l
0 ¢y oay
where
. bibi. o cx ¢k
b =22 = LA 0cicd -1 (6.61)
) )
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Next, let X = (X, {R;}p<i<q) be a dual antipodal Q-polynomial scheme. By using A
in (6.57), define the subalgebra 2/, of the Bose—Mesner algebra 2( of X as follows:

Q[A = <E0’Ed>'

Since 2, is closed under the Hadamard product, by the similar discussion above, a
partition of the index set arises as follows:

{O,l,...,d}=QOUQl, Qoﬂgl=0.

Let O € Q. Then Ry = [Jjeq, R is an equivalence relation on X. (In particular, Ag =
Yjeq, Aj is a scalar multiple of the identity element E, = Eq + E; of 2,.) If welet Y ¢ X
be an equivalence class, then a subscheme 9) = (Y, {R;}jcq,) on Y arises. The Bose-
Mesner algebra of 9 is 2o = (4; | i € Qy), which is a subalgebra of the Bose-Mesner
algebra 2 of X. Corresponding to the primitive idempotent E, = Zje A Ej of Ay , a
partition of the index set arises as follows:

{0,1,...,d} = AgUA U---UA;, ANA=0(i#))

(1+5s =1Qgl). Let 0 € Ay. Then we have Ay = A = {0, d} (since the identity element
Aq, = Yjeq,4j of 2 with respect to the Hadamard product is a scalar multiple of
Ey, = ZI-E a Ej (Eg = |71| J)). Since X is a Q-polynomial scheme, we may set

Aiz{i,d—i}, i:O;LZ)-H)

and we obtain s = [g]. The subscheme ) = (Y, {Ri}iego) on Y becomes a Q-polynomial
scheme. Let B} be the dual intersection matrix of 9) for E A,- Then by using (6.55), we
have

a b

& a by 0

‘B = , d'=1d/2,
Carq ‘7‘;1'71 b;'—l
0 Cd/ adl

where

b =b; (0O<i<d -1), & =c (Q<i<d -1,

1

(6.62)

. {(1 +my)cy, ifdiseven,
C =
d/

e if dis odd.

Here, m; = trE,.

The above results are due to Suzuki [444]. The proofs are not easy unlike the case
of P-polynomial schemes. It is necessary to refine the technique on the Krein numbers
qifj used in the Ph. D. thesis of Garth Dickie. Moreover, in [444], there were exceptional
cases of d = 4,6, which were eliminated later by Cerzo and Suzuki [132] and Tanaka
and Tanaka [455], respectively. Readers are also referred to [335].



262 —— 6 P-and Q-polynomial schemes

Double P-polynomial structures
Let X = (X,{Ri}o<i<q) be a symmetric association scheme. When we define a P-
polynomial scheme, the ordering of the relations {R;},.;<; matters. Precisely, if

AlAi = bi*lAifl + aiAi + Ci+1Ai+1’ 0<ic< d,

holds with respect to the ordering Ry, R;,...,R;, X is defined to be a P-polynomial
scheme, where 4; is the adjacency matrix of R; and A_; = 0, A;,; = 0. Usually,
unless otherwise stated, we understand that the ordering of {R;}(.;4 is fixed for a
P-polynomial scheme X, and it is P-polynomial with respect to this ordering. How-
ever, there is a case that a symmetric association scheme X = (X, {R;}o<i<q) is P-
polynomial with respect to the ordering Ry, R;, ..., R, and is also P-polynomial with
respect to another ordering Ry, R; , ..., R;,. In this case, X is said to have a double P-
polynomial structure. Since the ordering Ry, Ry, . . ., R; is fixed, we call another ordering
Ry, R, ..., R;, the second P-polynomial ordering. There are only four patterns of sec-
ond P-polynomial orderings (note that X cannot have a triple P-polynomial structure,
namely, X cannot be P-polynomial with respect to three orderings of {R;}o<;i<4):

(D) Rg,Ry,R4Rg,....R5,R3,Ry;

(I Ro,R4, Ry, Ry1, Ry, Ry 2, R3, Ry 3+

(I) Rg,R4 Ry Ry 2 RiRy s> »Ry5:Rs, Ry 3 R3, Ry 1 Ry

(IV) Rg,R41, Ry R4 3Ry R4s5,...,R5,Ry_4,R3,Ry_5, Ry, Ry.

If we regard ordering (I) as a standard ordering, then the ordering Ry, R, ..., R, co-
incides with pattern (II), and if we regard ordering (II) as a standard ordering, then
the ordering Ry, Ry, .. ., R4 coincides with pattern (I). In this sense, pattern (I) and pat-
tern (II) are dual to each other. Similarly, (III) and (IV) are self-dual. Namely, the dual
of (I1I) is (III) itself, and the dual of (IV) is (IV) itself.

We can determine whether a P-polynomial scheme has a double P-polynomial
structure or not by the intersection numbers. Let X = (X, {R;}o<i<q) be a symmetric
association scheme which is P-polynomial with respect to the ordering Ry, R;, ..., Ry,
and also let A; be the adjacency matrix of R; and p{fj the intersection numbers:

d
k
A =) piAy.
k=0

The first intersection matrix B; = (p’f)j) is given by (6.47). Then X has a double P-
polynomial structure of pattern (I) if and only if

a;=0 (0<i<d-1) and a;#0, (6.63)

where g; = pii. A P-polynomial scheme satisfying condition (6.63) is called almost
bipartite.
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The P-polynomial scheme X has a double P-polynomial structure of pattern (II) if
and only if

pla=0 @<j<d. (6.64)

The necessary and sufficient conditions for X to have a double P-polynomial struc-
ture of pattern (III) are as follows. In the cased = 2¢ +1 > 5,

a;=0 ({+¢+1), pfd =0(+#0,2), and p‘zi’d #0, (6.65)
where a,,, is arbitrary. In the case d = 2¢ > 6,
a;=0(#66+1), a#0, @, #0, ply=0(G+0,2), and pi,+0. (6.66)

Inthecased = 3, pfﬁ = O and the graph (X, R;) is connected. In the case d = 4, pi’A =0,
pi.4(PL1 + P, - Pi3) = Pi,, and the graph (X, R,) is connected.

The necessary and sufficient conditions for X to have a double P-polynomial struc-
ture of pattern (IV) are as follows. In the case d = 2¢,

bi=c4i(i+¢) and a;=0(i%#?), (6.67)
where a, is arbitrary. In the case d = 2¢ + 1,
bj=cy;(i+¢€), a=0({+¢ ¢+1), and a,=a,,#0. (6.68)

The above results are due to Bannai and Bannai [31]. Note that there are several
errors in [60, Theorem 4.2 in Section 4 of Chapter III] about double P-polynomial struc-
tures. In the above list, errors are corrected.

Note that if a P-polynomial scheme X has a double P-polynomial structure of pat-
tern (I), the bipartite doubling of X also becomes a P-polynomial scheme. For details,
see [60, III. 6, Remark (5)].

Double Q-polynomial structures

Let X = (X, {R;}o<i<q) be a symmetric association scheme. Let 2 be the Bose-Mesner
algebra of X and {Ej}o.;-4 the primitive idempotents of 2. When we define a Q-
polynomial scheme, the ordering of {E;} ;.4 matters. Precisely, X is a Q-polynomial
scheme if

1
P
holds with respect to the ordering E,, E;, .. ., E;, where E_; = E;,; = 0. However, there
is a case where X becomes a Q-polynomial scheme with respect to another ordering
EO,El-l, ... ,Eid. In this case, X is said to have a double Q-polynomial structure, and an-
other ordering E,E; ,...,E;, is called the second Q-polynomial ordering. There are
only four patterns of second Q-polynomial orderings (note that X cannot have a triple
Q-polynomial structure, namely, X cannot be Q-polynomial with respect to three or-
derings of {E;}o<icq):

E, o E (b Eiy + aiE; + ¢4 E,1), 0<i<d,

i+1
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()  EyEyE, . Eq... Es,E3, Ey;
() Eq EpEyEg 1 EpEg s EsEgs. s

(UD) Eg,Ez EysEg 2 EurEg goev rEg 5. Es Eq 5.E5 Eq 1.y
(IV) Eo,Eq-1,E»Eq 3,EfEy s ..., Es, Eq_4 E3, Eq 5, By, Eg.

Similarly to the case of P-polynomial schemes, (I) and (II) are dual to each other, and
(III) and (IV) are self-dual.

We can determine whether a Q-polynomial scheme has a double Q-polynomial
structure by the Krein numbers. Let X = (X, {R;}o<i<q) be @ Q-polynomial scheme with
respect to the ordering E, E;, . . ., E; of the primitive idempotents {E;};<4, and let ql{‘)j
be the Krein numbers:

d
1 k
EioE; = i k:ZO q;Ex-

The first dual intersection matrix By = (q’l‘, ;) is given by (6.55). Then X has a double
Q-polynomial structure of pattern (I) if and only if

a; =0(0<i<d-1) and aj;+0, (6.69)

where a; = qii. A Q-polynomial scheme satisfying condition (6.69) is called al-
most dual bipartite. The necessary and sufficient condition for X to have a double
Q-polynomial structure of pattern (II) is

qfd =0(2<j<d and qid #0. (6.70)

The necessary and sufficient conditions for X to have a double Q-polynomial structure
of pattern (III) are the following. In the case d > 5,

qlffd =0(G#0,2) and qu #0. (6.71)

(In this case, if d = 2¢ + 1, we have a]-* =0(j# €+1),and if d = 2¢, we have a]-* =0(+
¢,¢+1),a; #0,a;, +0)Inthecased = 3,4}, = 0, ¢35 # 0, and in the case d = 4,
44 = 43, = 0and g3, # 0, ¢35 # O. The necessary and sufficient conditions for X
to have a double Q-polynomial structure of Pattern (IV) are the following. In the case
d=>4,

gl =0 (i#0,). (6.72)

(In this case, if d = 2¢, we have a]-* =0( # £),andifd = 2¢+1, we have aj* =0( + ¢, 6+1)
anda; # 0, a;,; #0.) Inthecased = 3, g7, # 0, g5, = 0.

The above results are due to Suzuki [444]. In [444], there was an exceptional case
of d = 5, which was eliminated by Ma and Wang [323] later. Note that if a Q-polynomial
scheme X has a double Q-polynomial structure of pattern (I), the bipartite doubling of
X is also a Q-polynomial scheme. For details, see [60, III. 6, Remark (5)].



6.1 P-polynomial/Q-polynomial schemes revisited —— 265

6.1.4 Orthogonal polynomials

In this section, we consider an irreducible tridiagonal matrix in general:

a, by
g a b 0
B = T .. T ’ bl_lclr)EO(lﬁlﬁd) (673)

Ca1 g1 bgq
O Cd ad

We set the complex field C as the base field. The intersection matrix B; of a P-
polynomial scheme and the dual intersection matrix B] become irreducible tridi-
agonal matrices. If we consider P-polynomial schemes and Q-polynomial schemes,
since B; and B; are real matrices and their eigenvalues are also real, it is enough to
consider the real field as a base field. If we consider L-pairs later, we need to consider
complex matrices.

For B, we define the polynomial v;(x) (0 < i < d + 1) of degree i by the following
three-term recurrence:

xvi(X) = bi_1vi1(X) + aV;(X) + Cyqvia(0) (0 <i<d), (6.74)

where v_;(x) = 0, vy(x) = 1, b_; is an indeterminate, and c;,; = 1. We also define a
sequence ko, ky, ..., kg1 by kg = 1, and

ki = lei—l = % (1 <i< d+1), (6.75)
i 1427774

where b; = c;4,1 = 1. Then we have

vi(x) .VH(X) vi(x)

Vi+1(X)
Kk

lk_

i+1

+b (0<i<ad), (6.76)

lk'

1

where ¢y, k_; are indeterminate. We call {v; (x)}fjo1 and {k,-}?:ol a system of polynomials

and a sequence of degrees determined by B, respectively. Conversely, if polynomials
v;(x) (0 < i< d+1) of degree i satisfy the three-term recurrence (6.74) fori = 0,1, ..., d,
the corresponding tridiagonal matrix B is uniquely determined.

Proposition 6.10. The minimal polynomial of Bis c;C; - - - C4V 4,1(X).

Proof. Letey ='(1,0,...,0), e; = (0,1,...,0), ---, ez, = '(0,0,...,0,1) form the stan-
dard basis of C**'. We have

Bei = bl‘_lei_l + a;e; + Ci11€j.1, (6.77)

wheree_; =0,e,,; =0.
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Consider the polynomial ring C[x], and let Z be the ideal generated by v,,,(x). By
comparing (6.74) and (6.77), we can see that the action of Bon c¥lis isomorphic to the
natural action of x on the quotient ring C[x]/Z by the correspondence e; — v;(x) (0 <
i < d). Since the leading coefficient of vz, ;(x) is —— o0y G162 Cava +1(x) is the minimal
polynomial of the action of x on C[x]/Z. O

Allowing repetition, let 6,0, ..., 0, be the zeros of vz, (x):
C1Cy  CqVa(X) = (x — 0p)(x = 0)) - -+ (x — By). (6.78)

Corollary 6.11. The irreducible tridiagonal matrix B is diagonalizable if and only if the
zeros 0y, 0,,...,0, of vq,1(x) are mutually distinct. In this case, the eigenvalues of B are
00,0, ...,0,. Namely, B has d + 1 distinct eigenvalues.

In what follows, we assume that B is

(I) diagonalizable.

In this case, {vl-(x)}f=0 are called a system of orthogonal polynomials. The set of zeros
of v4,1(x) is called the support of the system of orthogonal polynomials. Note that 6; #
0; (i #j)-

Proposition 6.12. Suppose a tridiagonal matrix B is

()" areal matrix and b;_;c; > 0 (1< i < d).

Then B is diagonalizable and the eigenvalues of B are all real.

Proof. IfweletAy =1, A; = ‘/ Al 1 (1 <1i<d), then A; is real and we have - bl 1=
/’“lci (1<i<d).LetA = dlag(/lo,/ll,...,/ld) be the diagonal matrix whose dlagonal

entries are Ay, A;,...,Az. Then A™'BA is a real symmetric matrix. Therefore A™'BA is
diagonalizable and the eigenvalues are all real. O

In the following, we fix an ordering 6, 6;, ..., 0, of zeros of v4,,, and set diagonal
matrices D and K as follows:

D = diag(eo, 91, ceey ed), I< = diag(ko, kl’ ceey kd) (6.79)
Let
= (Vj(ei)) (6.80)

be the matrix whose (i, j)-entry is v;(6;). We also let
v;(6;
P = (%) =K 'p. (6.81)
i

Note that the (i, j)-entry of P’ is =2~ li <9)
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Proposition 6.13. The matrices P and P' are non-singular matrices and the following
hold:

(1) PBP'=D;

) (P")'BP' =D.

Proof. By (6.74) and (6.78), the i-th row (v((6;),v41(6;), ..., v4(6;)) of P is a left eigenvec-
tor of B with eigenvalue 6;. Therefore PB = DP. Moreover, since 6; # 0]- @i # j), the

0-th, 1-th, ..., d-th rows belong to distinct eigenspaces, and so they are linearly in-
dependent. Hence, P is non-singular and (1) holds. By (6.76), (6.78), the j-th column
t(%?"), %i)"), ey %f")) of P! is a right eigenvector of B with eigenvalue 6;. Therefore

BP' = P'B. Moreover, similarly to (1), since 6; # 6; (i # j), the O-th, 1-th, ..., d-th
columns belong to distinct eigenspaces of P’, and so they are linearly independent.
Hence P’ is non-singular and (2) holds. O

Theorem 6.14. There exists a non-singular diagonal matrix M = diag(yg, 4y, --->M1q)
(4; # 0, 0 <1 < d) such that the following (1), (2) hold:

(1) M'=PK'P;

(2 K ="'PMP.

Proof. By Proposition 6.13, we have P"'DP = B = P'D(P')"!. Therefore PP’ and D are
commutative. Since D is diagonal and their diagonal entries 6,, 6;, ..., 8, are distinct,
amatrix which commutes with D must be a diagonal matrix. Hence, there exists a non-
singular diagonal matrix M such that M~ = PP'. By (6.81), we have P’ = K"}'P and we
obtain (1); (2) follows directly from (1). O

Computing the (i, j)-entries of both sides of (1) and (2) in Theorem 6.14 yields the
following orthogonality relations.
The first orthogonality relation:

3 v O (6L = 8, (6.82)
= v\Vi/Vy Ikv_ z,in' .
The second orthogonality relation:
d
Z Vi(ev)Vj(ev)]lv = 6i,jki‘ (6.83)
v=0
Theorem 6.15. The following holds:
M—L (O<i<d) (6.84)
bV (B)vg(6)) I '

where v(’m(x) is the derived function of v4,,(x).
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The number y; is called the Christoffel number. As a preparation for the proof of
Theorem 6.15, we prove the Christoffel-Darboux formula in the following proposition.

Proposition 6.16 (Christoffel-Darboux formula). For i € {0,1,...,d}, the following

equation holds:

Civg Virn QOV(Y) — v;(X) 1+1(Y)
k, xX-y

Zwuwm—=

Proof. By (6.74), we have

Vi (X)Vv()/) - VV(X)VV+] )
= (0= @00~ by ks (M)

v+l

! (()’ - a,)v,(y) - bv—lvv—l(Y))Vv(X)

v+l

b
= ! x =y, (X, (y) + ol (VV(X)Vv—l()’) - Vv—l(X)Vv(y))'

v+l v+l

Since b,_; = kc—ilkv by (6.75), we have

%u—wwmwm:ﬂﬂmmmwm—wmwmw)

14

(000 = Vs 0% 0)).

Taking the summation through v = 0, 1,...,ivields the desired equation.

Corollary 6.17. Fori € {0,1,...,d}, the following holds:

z vV, (X) K ( ,+1(X)V (0 —v; (X)V1+1(X))

Proof. Note that
Vi 00V (y) = vi()via (y)
= (Vi1 00 = Vi M)V y) = (vi0O = ;)i )
Taking the limit of (6.85) as x —y — 0 yields the desired equation.
Proof of Theorem 6.15. Seti = d, x = 6; in (6.86). Since v,4,;(6;) = 0, we get
d

1 1
> Vv(ej)zk_ = 2 Van©)va(6).
v=0 4 d

(6.85)

(6.86)
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(Note that c4,; = 1.) On the other hand, let i = j in (6.82). We obtain

d

1 1
v, (0)°— = —.
\/Z(:)V]kV j

=

Hence we get ul, = évgﬂ(ej)vd(ej). O
Proposition 6.18. We have py +p; + -+ pg = 1.

Proof. By Theorem 6.14, we have P! = K~''PM. Hence the 0-th row of P! coincides
with the 0-th row (ug, My, ..., pig) of K''PM. On the other hand, since the 0-th row
of Pis {(1,1,...,1), by comparing with the (0, 0)-entry, we obtain 1 = (P7'P)(0,0) =
Mo+ Mg+ + Ug. O
The above is a general theory on diagonalizable irreducible tridiagonal matrices.
Among the diagonalizable irreducible tridiagonal matrices of size d + 1, the subset of
non-negative real matrices forms an important class. For any matrix which belongs to
this class, we can choose an eigenvector such that all components are real and positive
as a basis of the (1-dimensional) eigenspace corresponding to the Perron—Frobenius
eigenvalue 6. Since an eigenvector corresponding to 6, is ‘( Volgf”) , 4 ;(‘?0) e V",((fo) ), this
property can be rephrased as v;(6,) > 0 (0 < i < d). (Conversely, the Perron-Frobenius
eigenvalue 6, can be characterized by the positivity of a corresponding eigenvector.)
For a general diagonalizable irreducible tridiagonal matrix of size d + 1, we consider
the weaker condition:
(I); There exists an eigenvalue 6 such that v;(8,) # 0 (0 <i < d).

For two diagonalizable irreducible tridiagonal matrices B, B'of size d + 1, we define B
and B’ to be equivalent if there exists a non-singular diagonal matrix A of size d + 1
such that B' = A™'BA. Let 6, be an eigenvalue of B. Condition (II); holds, i. e., any
component of any eigenvector for the eigenvalue 6, is non-zero, if and only if there
exists a matrix B’ whose row sum is 6,,, where B' is equivalent to B (i.e., f1,1,...,1)
becomes an eigenvector of B’ with eigenvalue 6,). Moreover, such matrix B’ is unique
in the equivalence class which contains B. Therefore by replacing matrices in the same
equivalence class, the above condition (II); can be replaced by the following:

(I); There exists an eigenvalue 6, such that v;(6,) = k; (0 < i < d).

Namely, the condition (II); can be replaced by the following:
(I); Every row sum is 8.

In this case, 6, is an eigenvalue of Band {(1, 1, ..., 1) is an eigenvector for the eigenvalue
0,. From the above discussion, in the following, we consider irreducible tridiagonal
matrices of the form (6.73) satisfying the following:

(I) they are diagonalizable;

(I1) every row sum is 6.

(We denote condition (II); by condition (II) as a separate condition from (I).)
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Proposition 6.19. The following condition is the necessary and sufficient condition for
condition (II):

Vg () = (x = 0p) (Vo (X) + v, (X) + - -+ + v4(x)). (6.87)

Proof. Taking the summation of the three-term recurrence (6.74) throughi = 0,1,...,d
yields (6.87) by condition (II). Conversely, by (6.87), we obtain condition (II). O

Proposition 6.20.
(1) We have ki = Vl'(eo) (O <i< d)-
(2 Setn=ky+k +---+ky Thenn+0.

Proof. (1) By (6.76) and (6.78), the vector [( Yo(8o) Vl(e(’), L (90)) is a right eigenvector
for the eigenvalue 6,. On the other hand, by (I) andICorollary 6.11, the eigenspace of B
for the eigenvalue 6, is 1-dimensional. By (II), the vector f1,1,...,1)isan eigenvector of
B for the eigenvalue ,,. So v,(6,) = 1, ko = 1, and hence 1 = kajo) Vlggo) == %ZO).
(2) By condition (I) and Corollary 6.11, v4,;(x) = 0 has no multiple root. Hence by
Proposition 6.19, 8, is not a zero of v (x) + v (x) +- - - + v4(x). By (1), we have v;(6,) = k;,

and hence we obtain ky + k; + - -+ + k; # O. O

We normalize the Christoffel number y; in (6.84) and set
m;=ny; (0<i<d). (6.88)

We call m; the multiplicity. In terms of the degree k; and the multiplicity m;, we rewrite
the orthogonality relations as follows.
The first orthogonality relation:

i VBV, (6) = 6. (6.89)
v=0 kV nm;

The second orthogonality relation:
d
> vi(6,)vi(6,)m, = 6;jnk;. (6.90)
v=0

Moreover, setting j = i in (6.89) and rewriting (6.84) in terms of m; yields the fol-
lowing multiplicity formula.

Theorem 6.21 (Multiplicity formula). We have

n nkd

= . 6.91
23:0 Vv(ei)z/kv V:i+l(9i)vd(9i) ( )

m; =

Proposition 6.22. The following hold:
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o) my=1;
@ my+my+---+my=n.

Proof. (1) Seti = 0 in (6.91) and note that v,(6,) = k, and n = Z‘Vizo k,. Then we get

mo = 1.
(2) By Proposition 6.18, we have pg + iy +- - - + 4g = 1. By noting that m; = ny;, the result
follows. O

Other than the irreducible tridiagonal matrix B in (6.73), assume another irre-
ducible tridiagonal matrix B* is given as follows:

ap by
¢ af by 0
B" = , b #0Q<i<a). (6.92)
Cin dgq ba,y
0 ¢, a;

Suppose B and B* are (I) diagonalizable and (II) their row sums are 6, and 6, re-
spectively. Let {v;00}%1, k)&, and {v; 001%, (k%] be the systems of polynomials
and the sequences of degrees of B and B*, respectively. Note that B and B* have d + 1
distinct eigenvalues, respectively, and they are the roots of v, (x) and v, (x), respec-
tively. Note also that the row sums 6y, 6; are the eigenvalues of B, B*. If the ordering
00,0;, ..., 0, of eigenvalues of B and the ordering 63,6, ..., 8 of eigenvalues of B* are
given, define square matrices P, P’, Q, Q' of size d + 1indexed by i,j with 0 <i,j < d as
follows:

P=(v6)), P = (V"If") )
Q= (6), Q= (V"*If"*) ) (6.99)
i
By Proposition 6.13, P, P, Q, Q' are non-singular and the following hold:
P'DP=B=PD(P')",
Q'D*Q=B"=qQ'D*(Q) ", (6.94)

where D, D" are diagonal matrices defined by

D = diag(eo, 91, e Gd)’
D" = diag(6;,6;,...,0;). (6.95)



272 — 6 P-and Q-polynomial schemes

Definition 6.23. If there exist an ordering 6,,0;,...,0,; of the eigenvalues of B (the
zeros of v4,,(x)) and an ordering 6, 6], ..., 0, of the eigenvalues of B* (the zeros of
v, (x)) such that tp' — @ ie.,

(6. (g
(111) (69 _ U ©) (6.96)

k; k;

holds fori,j € {0,1,...,d}, we call {v,-(x)}lio, {vi (x)}l‘-i=0 a dual system of orthogonal poly-
nomials.

When {vi(x)}fzo, {v{ (x)}flzO form a dual system of orthogonal polynomials, we as-
sume an ordering 6,, 6;, ..., 8, of the eigenvalues of B (the zeros of v4,,(x)) and an or-
dering 65,6, ..., 0} of the eigenvalues of B* (the zeros of v}, (x)) such that (III) holds
are fixed. Note that by (6.87), the zeros of v,,,(x) are determined by the row sum 6,
and the system of orthogonal polynomials {v;(x)}2,, and the zeros of v}, (x) are deter-
mined by the row sum 6; and the system of orthogonal polynomials {v; (xX)}2,.

Let y; and m; (0 < i < d) be the Christoffel numbers and the multiplicities of a sys-
tem of orthogonal polynomials {vi(x)}fzo. Also, lety; and m;" (0 < i < d) be the Christof-
fel numbers and the multiplicities of a system of orthogonal polynomials {v; (x)}?;o. By
(6.88) and Proposition 6.22, we have

d d
ml* = n*y;‘) n* = Zki* = Zml* + 0. (6.97)

Let K = diag(ko,ky,...,kg), M = diag(ug,py>...,ug), K* = diag(ky, k{, ..., k}), and
M* = diag(ug, 1y » ..., 4y). By Theorem 6.14, we have

M'=pPKk P, K='PMP,
M) =k, KT ='QM*Q. (6.98)

Note also that

_lt

P=K"P, Q=(K")"‘Q (6.99)
Proposition 6.24. Let {vi(x)}?:o, {v{ (x)}f:O form a dual system of orthogonal polynomi-
als. Then the following (1)-(3) hold:

1) n=n";

@ m=k',m =k O<i<d);

(3) PQ=QP =nl.
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Proof. By using (6.99), we rewrite the dual condition (II) ‘P’ = Q" as PK* = (K*)"1Q,
kP! =tQ 'k*. By (6.98), we have KP™! = {PM, tQ'K* = M*Q. Hence we get

tPM = M*Q. (6.100)

By Proposition 6.20, we have k; = v;(8y), k = v{ (6). So we obtain

1k e Ky 1k K
1 1
P = . S Q: . . (6.101)
. * . *
1 1

Therefore, the 0-th row of ‘PM is (g, Js, . .., Hg), and the 0-th column is (i, Hoky, - . .,
Uoky). Moreover, the O-th row of M*Q is (ug, poky, ..., uoky), and the O-th column is
Yus,ui, ..., 15). Therefore, by (6.100), we get p; = psk’, uok; = pi (0 < i < d). If we
leti = 0, we have o, = ug, and by Proposition 6.22, we have my = 1 = mg. Thus
npy = my = 1 = my = n*pg, which implies n = n*. We also get m; = ny; = nugk =
npoki = moki = k', and m; = n"p; = n"pok; = npok; = mok; = k;.

Finally, we show PQ = QP = nl. By (1), (2), we have

nM=K", nM" =K.

As we stated in the beginning, the dual condition (III) tp' = Q' is rewritten as PK~! =
(K*)1Q. By using nM = K*, we rewrite PK~! = n'M~!Q again. Substituting this for
M = PK7'P in (6.98) yields M~ = n "M~ Q!P. Therefore PQ = nl. O

Theorem 6.25. Let B, B* be irreducible tridiagonal matrices given by (6.73), (6.92), re-
spectively. Assume B,B* are (I) diagonalizable and (II) every row sum of B is 6, and
every row sum of B* is 8. Let {v;()}L,, {v; 00}, be the systems of orthogonal polyno-
mials determined by B, B*, respectively. Then with respect to an ordering 6,,6,,...,0, of
the eigenvalues of B and an ordering 63,65, . .., 0 of the eigenvalues of B*, the following
are equivalent:

(i) There exists a non-singular matrix S such that

SBS™! = diag(6,,6;,...,6,),
S7'B*S = diag(6;, 65, ...,65).
(ii) Foranyi,j € {0,1,...,d},
Vl(el) _ Vi* (9]*)

2 K

where {ki}fzo, {k }?:0 are the sequences of degrees determined by B, B*, respectively.
Namely, {Vi(X)}?:(), {vi (X)}?:o form a dual system of orthogonal polynomials.
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If (i) holds, by setting P = (v;(6;)), Q = (vj* (6;")), there exists a non-zero constant A € C
suchthatS = AP, S™ = LQ, wheren = YL k; = YL o k.

Proof. Following (6.93), set P’ = (V;(Q)) Q = (" D),

(()=(ii): Let D = diag(6y,0;,...,60y), D* = dlag(G*, 0;,...,03). By (6.94), we have
S7'DS = B=P'DP, and so SP‘1 and D are commutative. By Corollary 6.11, the eigen-
values 6,0, ...,0, of B are distinct, which means that if a matrix commutes with D,
it must be a diagonal matrix. Therefore there exists non-zero constants A; (0 < i < d)
such that

S = diag(Ag, Ay, ..., Ay)P. (6.102)

Similarly, by (6.94), we have SD*S™! = B* = Q'D*(Q’)™". Hence (Q') 'S and D are com-
mutative, and so there exists non-zero constants A (0 < i < d) such that

S = Q' diag(Ag, A, ..., A}). (6.103)

By (6.101), the O-th row and the O-th column of the right-hand side of (6.102), i.e.,
diag(Ag, Ay, ..., Ag)P, are Ay(1,ky,..., k;) and ‘(Ag, A, . .., A). The O-th row and the 0-th
column of the right-hand side Q' diag(A3,4;,...,A})) of (6.103) are (A;,A;,...,A}) and
A3'(1,1,...,1). Therefore, we obtain Agk; = A7, A; = A3 (0 < i< d). IfweletA =4, = A,
since ;; = A, A = Ak; (0 < i < d), by (6.102), (6.103), we obtain AP = S = AQ'K, where
K = diag(ko,kl, ... k). In particular, we get P = Q'K, PK™! = Q'. On the other hand
since ‘P’ = PK™' by (6.99), we have ‘P’ = @', 1 e., (ii) holds. Moreover, since P = 1Q
by Proposition 6.24, by AP = S, we get S~! = = Lq.

(11):>(1) By the assumptlon, Q' =P holds. By (6.99), we have P’ = K™"P, and hence

Q = = PK™!. By (6.94), we have D* = (Q')"'B*Q'. Substituting Q' = PK" yields
D* = I(P‘lB*PK‘l. Therefore, D* = P"'B*P. On the other hand, since D = PBP! by
(6.94), by setting S = P, we have (i). O

Remark 6.26. ThematricesB, B*,D = diag(6,6,,...,6,),andD* = diag(6;,6;,...,63)
in Theorem 6.25 which satisfy (i) are called an L-pair (precisely, an L-pair associated
with an L-system) (Section 6.1.3). By Theorem 6.25, if we look at dual systems of or-
thogonal polynomials in another way, we get L-pairs. In Section 6.3 in this chapter, we
classify L-pairs and show that dual systems of orthogonal polynomials are identical
to dual systems of Askey-Wilson polynomials. In [60], the direct proof of the above
fact was given.

6.2 Tridiagonal pairs (TD-pairs)

In the previous section, we stated some properties on irreducible representations of
the Terwilliger algebra of a P- and Q-polynomial scheme. In this section, we axiomatize
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the essential part of them and introduce the concept of tridiagonal pairs (TD-pairs).
Some TD-pairs do not arise from irreducible representations of Terwilliger algebras.
However, this wider framework of TD-pairs is suitable for the study of irreducible rep-
resentations of Terwilliger algebras.

The classification of TD-pairs implies the determination of all the irreducible rep-
resentations of Terwilliger algebras. The classification of TD-pairs is almost completed
[260, 253]. In this book, we deal with so-called L-pairs, a special class of TD-pairs.
Using the classification of L-pairs we can determine the principal representations of
Terwilliger algebras. This implies, if we ignore combinatorial structures, we can de-
termine the Bose—Mesner algebras of P- and Q-polynomial schemes at the algebraic
level.

In Section 6.2.1, we discuss weight space decompositions of TD-pairs, and in Sec-
tion 6.2.2, we discuss TD-relations following [256]. We also introduce Askey—Wilson
parameters (AW-parameters). The classification of L-pairs will be discussed in Sec-
tion 6.3.

We prepare the notation. Let V be a finite-dimensional vector space over the com-
plex field C, where dim(V) > 1, and let End(V) be the algebra over C consisting of the
linear transformations on V. In this section, A, A* denote diagonalizable linear trans-
formations on V. We denote the eigenvalues of A,A* by 6; (0 <i<d), 6 (0<i<d"),
respectively, and denote the eigenspace of A for 6; by V; and the eigenspace of A* for
6; by V;". Note that 6; # 6;, 6 # 6; wheneveri # j. Let E; be the projection onto V; and
E} the projection onto V;":

E V=6V, —V, Aly=06,

E :V=el,V; —V, A’ly. =6
Note that the following hold:

A-6 A" -0
E=[]7—%2 E =[]0 (6.104)
l i 0= l jui O 0

In particular, E; is contained in the subalgebra (A) of End(V) generated by A, and
E} is contained in the subalgebra (A*) of End(V) generated by A*. The subalgebra of
End(V) generated by A, A* is denoted by (A4, A™). We keep the above notation through-
out this section unless otherwise stated.

Definition 6.27 (Tridiagonal pairs (TD-pairs)). The pair A, A" is called a TD-pair if the
following (1), (2), (3) hold:
(1) there exists an ordering V§, Vy,..., V}. of the eigenspaces V" of A* satisfying the
following:
AV Vi + Vi + VL, (I<i<d -1), (6.105)

1

AVE SV + V), AV Vi  + Vi (6.106)
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(2) there exists an ordering V,, V;, ..., V,; of the eigenspaces V; of A satisfying the fol-
lowing:

AV, cV +Vi+Vy (I<i<d-1), (6.107)
AVycVo+V,, AV cVy,+Vy (6.108)

(3) Visirreducible as an (4,A")-module; namely, a subspace of V which is A-invari-
ant and A*-invariant is {0} or V.

Two TD-pairsA,A* € End(V)and B, B* € End(V') are said to be isomorphic if there
exists an isomorphism ¢ : V. — V' as vector spaces such that A = Bp, pA* = B*¢.

Vv 2V
A,A*l O lB,B*

vV

Remark 6.28. Let A,A* be a TD-pair. Then:

(1) There are exactly two orderings of the eigenspaces V;" of A" satisfying Defini-
tion 6.27 (1) if d* > 1, and if one of them is Vj, V', ..., V., then another ordering
is the reversed ordering V}.,..., V;', V§. The same property holds for orderings of
the eigenspaces V; of A satisfying Definition 6.27 (2).

(2) Aswill be proved in Corollary 6.33 in the next subsection, we have d = d*. We call

d the diameter of a TD-pair A,A*. A TD-pair with d = 0 is called a trivial TD-pair.

If a pair A,A* € End(V) is a TD-pair, we assume an ordering V,, V;,...,V, of
eigenspaces of A and an ordering V;, Vy',..., V; of eigenspaces of A* satisfying Defi-
nition 6.27 are given unless otherwise stated. Such a quadruple (4, A%; {V}l o 1Vi } 0)
is called a TD-system. Instead of eigenspaces V;, V;", we sometime use eigenval-
ues 6;,0; or prolectlons E, E to denote a TD-system by (4,A";{6; }l 0167 }f;o) or
(A, A" {E; }1 o 1Ef } o) Sometimes we abbreviate A,A* to denote a TD-system by
(VLo (V7 10D, (10310 167 1), or (Eb g, (BT Y ).

By Remark 6.28 (1), a TD-pair A,A* € End(V) is associated with the following four
TD-systems:

(A A*'{V‘}?—oa{V' }:1:0) (A A {Vd l}l 0’{ i }?*O)

(A AV (Ve do) (AT Vo Vi d )

Remark 6.29. If A,A* € End(V) form a TD-pair, for any complex numbers A, u,A*, y
A#0,1" #0 € C),AA +u,A"A* + u* € End(V) also form a TD-pair. Let (4,A* {V}1 0
{vr }d 0)beaTD system associated with a TD-pair A,A*. Then (}LA+,u,)l A"+’ {V}l 0
(v }1:0) is a TD-system associated with a TD-pair A4 + u,A*A™ + p*.
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Remark 6.30. Let X = (X, {R;}o<i<p) be a P- and Q-polynomial scheme of diameter D.
LetAg, Ay, ..., Apbethe adjacency matrices and let Ey, E;, . . ., Ep be the primitive idem-
potents of the Bose—Mesner algebra 2l of X, each of which follows the P-polynomial or-
dering and the Q-polynomial ordering, respectively. Let Aj, A7, ..., A}, be the dual ad-
jacency matrices and Eg, E7, ..., E, the dual primitive idempotents of the dual Bose—
Mesner algebra 2 of X, where E = E; (x,) for a fixed base vertex x, € X, each of
which follows the Q-polynomial ordering and the P-polynomial ordering, respectively.
The Terwilliger algebra is generated by A = A; and A* = A;:

T =T(x) = (4,A") cEnd(V), V=(Pcx,
xeX
where V is the standard T-module. By Proposition 2.39 in Chapter 2, Section 2.6, the
standard module V is decomposed into the direct sum of irreducible T-modules. Let
W be an irreducible T-module of V. By condition (iv) for P-polynomial schemes and
condition (iv) for Q-polynomial schemes in Sections 6.1.1 and 6.1.2, and by the irre-
ducibility of W, there exist integers r, t,d,d” such that

{i|EfW+0,0<i<D}={i|r<i<r+d’},
{i| EW+0,0<i<Di={i|t<i<t+d}.

The restrictions Aly,A*|yy € End(W) of A,A* on W form a TD-pair. In particular,
d = d*. Moreover, if we let W; = E;W, W = E{ W, by the general theory of TD-pairs
which will be shown later (Corollary 6.37), we have dim W,; = dim W} ; (0 < i < d).
Furthermore, by Theorem 6.39, which will be shown later, the sequence of dimen-
sions {dim W;";}., are unimodal and symmetric. We call d = d* the diameter of an
irreducible T-module W, and r and t the endpoint and the dual endpoint of W, respec-
tively. If dim W;°; = 1(0 < i < d) holds, an irreducible T-module W is called thin. If
every irreducible T-module of the standard T-module V is thin, T is called thin. In this
case, we say a P- and Q-polynomial scheme X is thin with respect to a base vertex x. If
it is thin with respect to any base vertex x,,, we say X is thin. If an irreducible T-module
W is thin, a TD-pair Ay, A* |y becomes an L-pair. (The definition of an L-pair will be
introduced in the next section.) Note that the primary T-module is thin (Definition 2.41
in Chapter 2, Section 2.6). For the primary T-module, we haver = t = 0, d = D. Con-
versely, if one of r = 0, t = 0, d = D holds, such irreducible T-modules coincide with

the primary T-module.

6.2.1 Weight space decompositions

Let A,A* € End(V) be a TD-pair and (4,A*; {V;}¢,, {V;}%L,) an associated TD-system.
For a pair i,j of integers with 0 <i < d* and 0 <j < d, we set

Uij = (V5+-+V)n (V; +---+ V). (6.109)

For a pair i,j of integers with i ¢ {0,1,...,d*} orj ¢ {0,1,...,d}, we set Ui =0.
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Lemma 6.31. The following hold:

(1) (A-0)U;; € Uy, .1, where 6; is an eigenvalue of A on Vj;

() (A" -6))U;; € U;_yj_4, where 0] is an eigenvalue of A* on V.

i+1°

(A= 6)(Vj+---+Vy) € Vjg +---+ V. Statement (2) is similarly proved. O

Proof. Statement (1) follows directly from (A — 6;)(Vy + --- + V) € Vg + - + V]

Proposition 6.32. We have U;; =0 (0 <i<j<d).

Proof. Let W = Uy + Uyj_jyq + -+ + Ujj + - + Uy j_jq-- By Lemma 6.31, W is
(A,A")-invariant. On the other hand, since W ¢ V;; +---+ V4 # V and V is an
irreducible (A, A*)-module, we have W = 0. In particular, U;; =0. O

Corollary 6.33. We haved = d*.

Proof. Assume d* < d.Wehave Uy g = (Vi + V) +---+V3)nVy=VnV,; =V,
Therefore, U;. ;4 # 0, which contradicts Proposition 6.32. Hence d < d*. Next,
exchanging the roles of A and A*, applying the above discussion to a TD-system
(A" AV V) vields d* < d. O

We call d the diameter of a TD-pair A,A™.

Definition 6.34. Let U; = U;; = (Vg + -+ V) N (V; + --- + V). We call U; the weight
space of a TD-system (4,A"; {Vi}?zo, {Vi*}f:o)- Ifi ¢ {0,1,...,d}, let U; = 0. Note that
Uy=V,Uy=V,

By applying Lemma 6.31 to the weight space U;, we obtain the following lemma.

Lemma 6.35. The following hold:
(1) (A - Gi)Ui Cc Ui+1 (O <i< d),'
2 A" -6")U;c U (0<i<a).

Theorem 6.36. The following hold:

1) V=U,eU @-- ®U, (adirect sum);

@ Up+Up+---+U=Vy+ Vi +---+ V7 (0<i<d),Ui+ Uy +--+ Uy = Vi + Vi +
e+ Vy (0<i<d).

The direct sum decomposition V = Uy @ U; @ - -- & Uy is called the weight space decom-
position (or split decomposition).

Proof. (1) If welet V = Uy + U; + --- + Uy, by Lemma 6.35, W is (4, A" )-invariant. On
the other hand, since W > Uy = V§ # 0, we have W # 0. Since V is an irreducible
(A,A")-module, we have W = V. Moreover, since Uy + Uy +---+ U; S VG + V) +-- -+ V]
and U;,q € Viq + -+ + V,, we have

(UO + Ul + -+ Ul) n Ui+1 C Ui,i+l'

By Proposition 6.32, we have U;;,; = 0.So V = Uy + U; + - -+ + Uy is a direct sum.
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(2) We prove the former claim only. The latter is similarly proved. First, clearly we have
Up+Up+---+U; € Vg5 + V] +---+ V. On the other hand,

V5+V1*+-~~+V*—( -6/, (A" -6V
_z 1+1 A _ed)

By Lemma 6.35 (2), if i + 1 < j, we have (A" - 6],,)--- (A" — 9].*)Uj ¢ U;, and for arbitrary
j» we have A*U; € U;_; + U;. Hence if j < i, for any natural number k, we have A*kUj c
Up +Uj +--- + U;. Therefore for any j we have (A" - 6;,)--- (A" —6;3.)U; C Uy +--- + Uj.
Thus we obtain

Vo +Vi+-+ V] cUy+ U+ +U,. O
Let the map F; be the projection from V onto the weight space U;:

d
F:V=PU — U, (6.110)
j=0
Corollary 6.37.
(1) The maps Eily, : Uy — V; and Fyly, : V; — Uj; are isomorphisms as vector spaces,
and one is the inverse of the other.
(2) The maps Ef|y, : Uy — V; and Fyly- : V' — U; are isomorphisms as vector
spaces, and one is the inverse of the other.
(3) We have dim(V;) = dim(U;) = dim(V;") (0 < i < d) and dim(V;) = dim(V,_;)
(0 <i < d). Hence dim(V;") = dim(V}_,), dll’l’l(Ul) = dlm(Ud,,) (0<i<ad).

Proof. (1) Let W; = V; +---+ V4 (0 < j < d). By Theorem 6.36, we have the direct
sum decomposition W; = U; + - - - + Uy. Therefore we obtain an isomorphism V; = W;/
Wi, = U; as vector spaces. By this isomorphism, if v € V; maps to u € U;, we have
v+ Wi =u+Wy,andEu=v,Fv=u.

(2) By Theorem 6.36, we have the direct sum Vg +--- + V]* = Uy +---+ Uj. So we obtain
the desired result similarly to (1).

(3) By (1), (2), we get dim(V,-) = dim(Ui) = dim(V;"). In particular, if we consider as
the TD- system (A4,A%; {V}l A }1 o)» we get dim(V;) = dim(V;"). For the TD-system
(A, A% {V, 1}1 o 1V } _o)» the same thing must hold. Namely, we have dim(V;_;) =
dim(V;"), which proves (3). O

Definition 6.38. Let R, F € End(V) be the maps defined as follows:

d d
R=A-)6F, L=A"-)6/F (6.111)
i=0 i=0

We call R the raising map and L the lowering map. By Lemma 6.35, we have

RU; c Uy, LU;cUi; (0<i<a). (6.112)
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Theorem 6.39. Let d be the diameter of a TD-pair. For a pair i,j of integers with0 < i <

j < d, R and L satisfy the following:

(1) The map Rj‘i|Ui : Uy — Uj isinjective if i +j < d, surjective if i + j > d, and bijective
ifi+j=d.

(2) The map Lj‘illjj : Uy — Ujisinjective if i + j > d, surjective if i + j < d, and bijective
ifi+j=d.

(3) We have

dim(Up) < dim(Uy) < -+ < dim(U,4),
dim(Uy) < dim(Uy_y) < -+ < dim(U,_a)).

Inparticular, U; = U,_;,i=0,1,..., [%].

Proof. We prove (1) only since (2) is similarly proved and (3) is clear from (1) and (2).
First, we show that R’ is injective under the assumption that i + j < d. Assume u ¢
U;, Ry = 0. Since Ri‘iIUi =(A- 6]-_1)(A - 6j_2) (A - 61-)|Ui, we have u € Ker(A -
0, )A-6_5)(A-6) =V +Viy+--+V; € Viy+Vi,+--V, On the other
hand, by Theorem 6.36, we have u € U; € V§ + V] +--- + V", which implies u €
(Vg + Vi +---+ V)N (Vg + Vj_, + -+ + V). By applying Proposition 6.32 to the TD-
system (4,A"; {Vd,i}fzo, {v; }?:0), sincei < d—j+1, the weight space for indicesi,d—j+1
is (Vo + Vi +- -+ V)N (Vg_(asjsr) + Va—(djsa) + -+ Va—a) = 0. Hence u = 0. This means
R™|y, is injective.

Next, we consider the case i +j = d. By the above proof, B : U; — U is injective.
Moreover, by Corollary 6.37 (3), we have dim(U;) = dim(U,_;) = dim(Uj), and so R"‘lUi
is surjective.

Finally, we show Ris surjective under the conditioni+j > d. Notethatd—-j <i <j
and apply the above discussion to d —j and j. Sinced —j +j = d, R¥ 4. Ugj — Ujisa
bijection. Therefore, U; = R¥-(U, ;) = R™(R™?U, ;). Since RW9U, ; ¢ U;, we have
U; < R7(Up) and R : U; — Uj is surjective. O
Lemma 6.40. Let d denote the diameter of a TD-pair A,A* and let i,j,k,¢,m € {0,1,2,
oo dlh
(1) Ifm<|i-j|, then Ei*AmEj* =0.

(2) Lete+m=|i-j|. Then
Ei*AeE,’:AmEj* _ {E{‘A“'”Ej*, ifi+¢ = k=j-mori-¢=k=j+m,
0, otherwise.

(3) We have

0; Ef A“TE;, ife+m=j-i,

* a0 p% * % % % . . .
E{A'ATAVE] = 16; EfA"TE;, ife+m=i-],
o, ife+mc<li-jl.
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The above (1), (2), and (3) hold if we replace A by A*, E;, by E,, and 6, by 0, (v €
{0,1,...,d}) at the same time.

Proof. (1) This is clear by the definition of a TD-pair.

(2) By the assumption £+m = |i—j| and (1), ifEi*A"E,jAmEj* +#0,wehavei+l=k=j-m
ori-¢=k=j+mlIfi+¢=k=j-mori-¢ =k=j+m,foranyv + k, we
have E;A‘E} A™E] = 0. Namely, Y9 E: = Iis the identity map, and hence we get
EfAY™E; = EfA'(S0  E))A™E] = Ef A'E;A™E] .

(3) For each case of (1), (2), substituting A* = 23:0 0, E, yields the desired result.

The proof is similar for the cases in (1), (2), and (3), replacing A by A*, E; by E,, and
0, by 6, (v € {0,1,...,d}) at the same time. O

Proposition 6.41. Let i,j,k € {0,1,...,d}. If k = |i - j|, we have El-*A"Ej* + 0 and
EA™ E; 0.
Proof. We prove Ei*AkEj* # 0 only. The proof of EiA*kEj # 0 is similar.
Ifi > j, we have k = i — j and by Lemma 6.40, we have
E;AY (B AYE; ) AEy = (E;A'E; ATE! ) AE;
= E;A"TE; NE; = E;AE;,. (6.113)

Ifi < j, we have k = j — i, and similarly by Lemma 6.40, we have

* al/px pakp#\ pd—jp* % alfp* aj—lp* ad—j o
E A'(Ef A E; JA“TE; = E;AY(ET A IEI- A°TEY)
= E;AE;. (6.114)

Therefore it suffices to show E;AYE; # 0 and E;AE; # 0. If we show E;AE;, # 0, by
the similar discussion on a TD-system (4, A*; {V;}4 ,, {V;;_}4), we can show E;A’E; #
0. Hence it suffices to show E ;AdES # 0. By Lemma 6.40 (1), for any m with 0 < m <
d-1, we have E;A™E; = 0. Thus we have E;AE] = Ejj(A—0,_1)(A-0,4_5) - (A-0,)E;.
Moreover, since E;V = V{ = Uy, by the fact that RdIUo : Uy — Uy is bijective in
Theorem 6.39 (1), we obtain

Ej(A-04_1)(A~0g)--(A-6y)EqV
= E; (A - Gd—l)(A - ed_z) te (A - 90)U0 = E; Ud (6.115)

Then by Corollary 6.37 (2), we have E;U, = V. Thus we obtain E;AYE}, # 0. a

Remark 6.42 (Character formula conjecture, Leonard pairs). Let A,A* ¢ End(V) be a
TD-pairand V = U, & U; & --- & Uy its weight space decomposition. The following
inequality is proved in [257, 383, 384]:

dim(U}) < (‘f) 0 <i<d). (6.116)
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In particular, dim(Uy) = dim(U,) = 1. Moreover, define the character of a TD-pair 4, A*
by

d
ch(t) = ) (dim U))t. (6.117)
i=0

It is conjectured that there exist natural numbers ¢;, ¢,,..., £, such that the following
character formula holds [256]:

ch(t) = ﬁ T (6.118)

TD-pairs are classified into Types I, I, and III in the following subsection. The charac-
ter formula for Type I is proved in [260]. It is announced that the character formulas
for Type Il and III are proved in [253].

A TD-pair A, A" is called a Leonard pair (L-pair) if the weight space U; is 1-dimen-
sional for any i with O < i < d. This condition dim(Uy) = dim(U;) = --- = dim(Uy) =1
holds if and only if the character satisfies

1- td+1

ch(t) = (6.119)

1-t
Note that TD-pairs arising from Terwilliger algebras of P- and Q-polynomial schemes
become L-pairs (Remark 6.29).

Let A, A* be an arbitrary TD-pair and ¢, #,,. . ., £, the natural numbers determined
by the character formula of A, A*. It is conjectured that for each i (1 < i < n), there
exists an L-pair A;, A of diameter ¢; such that A,A* are a kind of tensor product of
A;, A} . The conjecture is true for TD-pairs of Type I [260], and it is announced that the
cases for Type II and III are proved in [253].

6.2.2 TD-relations

Let A,A" € End(V) be a TD-pair and (4,A"; {V,-}flzo, {v; }?:0) an associated TD-system.

Lemma 6.43. For a subalgebra (A) of End(V) generated by A, define a subspace L of
(A,A") as follows:

L =Span{XA*Y - YA"X | X,Y € (A)}.

Then each of the following sets (1), (2) forms a basis of L:
(1) {EiA*Ei+1 - Ei+1A*Ei | O<i<d- 1},’

() {AlA* -A*Al|1<i<d).

The above claim holds if we replace A by A* and E; by E; (0 < i < d — 1) at the same
time.
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Proof. Since the proof is similar to that of Lemma 2.104 in Chapter 2, we check the
points only. The algebra (A) is spanned by {E; | 0 < i < d}. By Lemma 6.40 (1), for i,j
with |i — j| > 1, we have E,-A*E]- = 0, and so it is clear that the set (1) spans £. Therefore
we have dim(£) < d. If we show the set (2) is linearly independent, we get dim(£) > d
and hence dim(£) = d. Namely, each of the sets (1), (2) forms a basis of £. We show the
set (2) is linearly independent. We assume the set (2) is linearly dependent to get the
contradiction. There exists an integer r (1 < r < d) such that 217:1 A,-(AiA* - A*Ai) =0.
By Lemma 6.40, we obtain

r r
E;"(ZA,-(A’A* —A*Al))ES =Y A(E;A'A'E; - EJA"A'Ey)
i=1 i=1

=A.(6; - 6;)E;AES.
Hence E; A"E; = 0, which contradicts Proposition 6.41. O

Theorem 6.44. There exist complex numbers B,y,6,y*, 6" € C such that the following
relations (TD) hold:

APA* - (B+1)(A’ATA-AA* A% - A* A3
= y(A2A* - A*A%) + 6(AA™ - A*A),
A*34 B+ 1)(A*2AA* —A*AA*Z) _AA*3
=y (A*A - AA*?) + 6% (A*A - AAY).

(TD)

The eigenvalues {9,-}?:0 of A and the eigenvalues {6; }?:0 of A" satisfy the following recur-
rence relations:

{ 6= eii:z— 16 +*91.2 VO +6) ©<isd-D, (6.120)

6" =071, —BOL0 +67 -y (6, +6) (O<i<d-1),

{ y*: 9i+: - B6; + 9i_1* (<i S d-1), (6.121)
Yy =07,-B0+6;, (1<i<d-1),

01— 0; + 6,1 -0, _ i =0 +6., -6,
0; - 6;_, 0; -0,

1

B =

2<i<d-1). (6122

Ifd > 3,B,y,y", 6,6 are uniquely determined. If d = 2, we can choose arbitrary B, and
theny,y*, 8,6 are uniquely determined. If d = 1, we can choose arbitrary B,y,y", and
then 6, 6™ are uniquely determined. If d = 0, we can choose arbitrary B,y,y*,6,6".

The relations (TD) in Theorem 6.44 are called the TD-relations. Moreover, {01-}?:0,
{07 }?:0 satisfying the recurrence relations (6.120) are called a (8,y, §)-sequence and a
(B*,y*,8")-sequence, respectively.

Proof. We show the first equation of the relations (TD). The second one is similarly
proved by replacing 8 by 8* at first, and showing 8 = B* later.
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Since A’A*A - AA*A? ¢ L, it is expressed as a linear combination of the basis (2)
in Lemma 6.43. Namely, we have the unique expression as follows:

r . .
AATA-AATA? =Y L(ATA"-ATAT) (A, #0). (6.123)
i=1

Note that A%2A*A — AA*A? # 0. For, by Lemma 6.40 (3), Proposition 6.41, we have
Ej(A’A*A - AA"ADE; = (6; - 6;)E;A’E} # 0,

where d > 3. We deal with the case d < 2 separately. Similarly to the proof of
Lemma 6.43, we have

E;(A’A"A - AA*A®)E} = A(6 - 6;)E;A'E] # 0.

By Lemma 6.40 (3), E; (AA*A - AA*A®)E; # O only if r < 3.

If we multiply both sides of (6.123) by E; from the left and by E; from the right, by
Lemma 6.40 (3), the right-hand side must be zero if r < 2. However, as we noted before,
the left-hand side becomes E; (A’A*A - AA*A)E; = (07 - 63)E; A’E; # 0, which is a
contradiction. Therefore if d > 3, we have r = 3. Then the right-hand 51de of (6.123) is
EZ (Zl A (AIA* — A* A ))E = A3(65 — 63)E. A3E0, and so we get A5 = 91 Settlng

1
1=—, y= 5=-21 6.124
B+ PR A 1, (6.124)
yields the first equation of the relations (TD). Since A3, A,, A; are uniquely determined,
so are §3,y, 6.

The case d = 2: Given arbitrary f in the first equation in (TD). Since A’A* — A*A?
and AA™ — A* A form a basis of £, y and § are uniquely determined.

The cases d = 1and d = O are similar.

Next we show {6; } _o isa (B,y,6)-sequence. Let O < i < d - 1. Multiplying the first
equation in (TD) by E;,, from the left and by E; from the right yields

( i+1 (ﬁ + 1)(62 0 9H102) 03) 1+1A E

i+1
= V(67,1 = 67) + 8(6141 — 6)))Ei 1 A"E;. (6.125)
Since E;,;A"E; # 0 and 6,,, - 0; # 0, we have
- 36;.16; +9 =y(0;1+60)+6 (0<i<d-1).

1+1

Taking the difference between the i-th and (i — 1)-th of these d equations and deleting
d yields

0i+1+0i71_ﬁei:y (1S1Sd—1)
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Again, taking the difference between the i-th and the (i — 1)-th of the d - 1 equations
and deleting y yields

6is1 - 6;+ 6,1 -6;,-B(6; -6, =0 (2=<i<d-1).

We obtain the first equation of f in (6.122). Similarly, we can show that {6;}%, is a
(B*,y*,6")-sequence by the second equation of (TD).

Finally, we show 8 = B*. If d < 2, we can choose arbitrary 8, 8" so we may set
B = B*. Next, let d > 3. By the second equation in (TD), we can show {6; }?:0 is a

(B*,y",8")-sequence, which means g* = % holds fori = 2,3,...,d-1.In
i i-1

particular, if we leti =2, we get B* +1 = Si :Zﬂi . On the other hand, since 8 + 1 = S‘i :Zi

2 1 1 2

in (6.124), we have 8* = B. O

Next, in order to express the eigenvalues {9,-}?20, {67 }?:o of a TD-pair A,A™ by the
AW-parameters, we consider a general (8, y, §)-sequence.
A sequence {x,-}?=0 (d = 3) is called a B-sequence if for a constant 8 € C, it satisfies

B —Xiq) =X X+ X - X, (2<i<d-1).
If {Xi}?:o (d = 3) is a f-sequence,
Yy=Xi—Pri+xiy (1<i<d-1)

is a constant which is independent of i. Such a sequence {x,-}f:0 (d = 2)is called a
(B,y)-sequence. Conversely, if d > 3, a (8,y)-sequence is a f-sequence. Moreover, if
{Xi}?:o isa (B,y)-sequence,

6= xinr1 - BXi 1% +xi2 -yXi g +x) (0<i<d-1)

is a constant which is independent of i. Such a sequence {xi}?zo (d = 1) is called a
(B,y, 6)-sequence. Conversely, if d > 2, a (8, y, §)-sequence satisfying x;,; # x;_; (1 <i <
d-1)isa (B,y)-sequence.

Lemma 6.45. Let {xl-}lio be a (B,y)-sequence. Then the following hold:
(D X -y -6=xX,; 1<i<d-1);
) (B-2x7 +2yx; +8 = (Xyq = X)(; — ) A< i< d-1).

Proof. Substituting (1) and (2) by & = x7,; —BX;,1X; +X7 —y (Xie1 +X;) and BX; = Xpuq+X;_1 Y

i+1

yields the desired equations. O

By

B = Xi_1) = X1 = X; + Xi_q — Xip,
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we expand a f-sequence {Xi}?zo to {X;};cz- Fix a complex number € C. The set of
B-sequences forms a 3-dimensional vector space with respect to standard sums and
scalar multiples of sequences. Let

B=qg+ q"l. (6.126)

A B-sequence is called Type I if g # +1, Type Il if g = 1, and Type [l if g = 1.
The vector space formed by the set of f-sequences of Type I has the following
basis:

Wicer {ahierr 10 s
For the case of Type II, it has the basis
{1}iEZ’ {i}ieZ’ {iz}iel’
and for the case of Type I1I, it has the basis
{Biez> {(_1)i}ieZ’ {(_1)ii}iel'

Therefore 8-sequences {x;};c, are expressed as follows:
Typel: x; =a+ bq' +cq;
TypeIl: x; = a + bi + ci’;
TypeIll: x; = a + (—l)i(b + ci).

The constants y, § are expressed as follows:

Typel Type II Type 111
y=Q2-PBa y=2 y=4a
8=02-B)(QR+P)bc—-a*) | 6 =b*—-c?—4ac | § = c* - 4a

For the case of Type I, by exchanging q and ¢! if necessary, we have the following
expression:

X=X + h%(l ~g)(1-sq™),

Taking limits g — 1, (1 - g¢)*°h — H/, 11_;; — s’ and replacing K, s’ by h, s yields the
following expression of Type II:

X; =Xo +hi(i+1+5).

Moreover, taking limits h — 0, hs — h' and replacing h' by h yields the following
expression of Type II:

X; = Xo + hi.
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These two expressions of Type Il exhaust all cases of Type II. This means that all Type I
cases appear in the limiting cases of Type I. For the case of Type I, taking limits g —
-1,(1+q)h — K, L;; — s’ and replacing /', s’ by h, s yields the following expression
of Type III:
Cfxe+ 2hi, if i is even,
" |xo-2n(i+1+s), ifiisodd.

This expression exhausts all cases of Type III. Namely, all cases of Type III appear in
the limiting case of Type 1. The above expressions are called the expressions by AW-
parameters.

Remark 6.46.
(1) For the expression of the case of Type I by AW-parameters, taking limits h — O,

hsq — h' and replacing h' by h yields the following expression of the case of
Type I:

X; = xo —h(1-q').

This coincides with the expression obtained by replacing g by ¢! and setting s = 0
in the expression of the case of Type I by AW-parameters. However, if it is not
allowed to replace g by g ', we have to use the following two expressions by AW-
parameters:

X; = X, +h§(l—q">u—sql‘“>,

X =xo - h(1-¢').

These two expressions exhaust all cases of Type I.

(2) Aswas stated before, we extend a 8-sequence {xi}?zo (d = 3) to B-sequence {X;}icz-
If d = 2, we extend a sequence x,, X;, X, to a f-sequence {x;};c, where f is arbitrary.
If d = 1, we extend a sequence x, x; to a (8,y)-sequence {x;};c, where f3,y are ar-
bitrary. If d = 0, we extend to a -sequence x; = x,, (i € Z). A (B,y)-sequence ex-
tended toi € Z is a f-sequence, and conversely, a -sequence is a (8, y)-sequence.
In this sense, for any d > 0, we mention a f-sequence {x,-}?:0 or a (f,y)-sequence
{xi}fzo, and express {xi}fzo by AW-parameters.

(3) When we express a B-sequence {xi}?zo by AW-parameters, the condition for x; = x;
in each case is given as follows.

Typeland h # O:
X; =X & g7 =1orsq" =1.

The limiting case of Type I: h — 0, hsq — h', and h' # 0:

Xi=xe=q’' =1
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Type Il and h # O:

Xp=Xjei=j or s+1+i+j=0.

The limiting case of Type II: h — 0, hs — h’, and b’ + 0:

Xi:X]'<:>l:].

Type Ill and h # O:

Xp=Xxje1i=j, or s+l+i+j=0and1l+i+jiseven.

Let (4, A", {V;}L,, {V7'}4,)) be a TD-system. By Theorem 6.44, since the eigenvalues
{91-}1‘-10 and {6; }?:o of A,A* are B-sequences, they can be expressed by AW-parameters.
Let

B=q+q".

Note that for the case of Type I, we need a restriction if we exchange ¢q and g since
we express {6;}2, and {6;}4 , by AW-parameters at the same time. The following list
exhausts all of the possible cases of {91-}?:0 and {6 }?:0. The cases (I), (II), and (III) are
most general expressions of Type I, Type II, and Type III, the case (IA) is the limiting
case of (I), and the cases (ITA), (IIB), and (IIC) are the limiting case of (II). The symbols
Ap, Apps Aqp, Apas Anes Aqie, and Ay denote the sets of AW-parameters. At each end, the
condition for 6; # 0; (i # j), 0] # 9]-* (i #j) is given.
()  Wehave
6; = 6, + h%(l - g1 -sq™) (0<is<d),
6 =65 +h" ;(1-g)(1-s'¢") (O<is<a),
AI = (S)S*> h) h*) 90) 98 I q> d))
Rh*+0; ¢ #1(1<i<d); ss*¢ {q'z,q"3,...,q‘2d}.
(IA) In(I), sets® = 0, and take limits h — 0, hsqg — h’. Then we have
6, = 6, - h(1-q') (0<i<a,
6 =6;-h"(1-q") (0<i<ad),
Ay = (—, —hh*, 90, 98 | g, d))
Wh*+0; ¢ #1(1<i<d).

() In (D), take limits ¢ — 1, (1 - ¢)*h — K, 1 - 9*°h* — (h*), %SI s,
% — (s*)'. Then we have

0;,=0y+hi(i+1+5s) (0<i<a),
0 =0, +h"i(i+1+s") (0<i<d),
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AH = (S,S*;h, h*,eo,es | d),
hh* #0; s,5" ¢{-2,-3,...,-2d}.

(I1A) In (II), take limits h* — 0, h*s* — (h*)’. Then we have

0, =0y +hi(i+1+s) (0<i<d),
07 =65 +h"i (0<i<a,
Aqp = (s,—3h,h", 00,65 | d),
hh* +#0; s¢{-2,-3,...,-2d}.

(IIB) In (II), take limits h — 0, hs — h'. Then we have
{9i=90+hi (0<i<d),
0 =05 +h*i(i+1+s") (0<i<d),
AHB = (—,S*;h,h*,go, 9; | d),
hh* +#0; s"¢{-2,-3,...,-2d}.
(IIC) In (II), take limits h — 0, h* — 0, hs — h', h*s* — (h*)'. Then we have
0; =0, + hi (0<i<ad),
0r =0, +h*i (0<i<d),
Ayc = (= —hh", 00,6, | d),

hh* #0.
(I In (1), take limits g — -1, 1+ @0h — K, 1 + @h* — ("), L;; —
1-s* *
ﬁ —> (s*)'. Then we have
{ 0, + 2hi, ifiiseven (0 <i<d),

" | 6y-2nG+1+s), ifiisodd (0<i<d),

*_{ 05 +2h*i, ifiiseven (0<ic<d),

’ 0y —2h*(i+1+s%), ifiisodd (0<i<ad),

Aq = (S,S*; h,h*,GO,GS | d),

hh* +0; s,5" ¢ {-2—4,...,-2(d-1),-2d}.
By Theorem 6.44, a TD-pair A,A* € End(V) satisfies the TD-relations. The following
theorem shows the converse is true [474].

Theorem 6.47. Let A,A* € End(V) be diagonalizable linear transformations. Assume
V is irreducible as an (A, A™)-module. If there exist complex numbers B,y,8 € C such
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that the first equation of (TD)
APA* - (B+1)(A’A*A-AA*A®) - A AP
= y(A’A* - A*A%) + 8(AA* - A*A),
holds, then there exists an ordering V), V,, ..., V, of the eigenspaces V; of A such that

AV, c Vi +V;+Vy, (0<i<d).

Here,weletV_, =V, Vg = Vyiff=q+q ", q#+1,q"" =1,andlet V_; = 0, V,, = 0
otherwise.
Moreover, if we exchange the roles of A and A*, the same holds.

Proof. 1fd = 0,1, it is clear. Supposed > 2. For0 € C,let V(0) = {x e V | Av = Ov}. If
V(0) + {0}, fis an eigenvalue of A. Let v € V(6) and let A’A* — (B+1)(A%A*A—AA*A?) -
A*A3 — y(A’A* - A*A%) - §(AA* — A*A) act on v. Then we get

(A-0)(A*-BOA+ 6> —y(A+6) - 6)A*v = 0.
Let ',0" be the roots of the quadratic equation x* — f6x + 6> — y(x + 8) — § = 0. Then
A-6)(A-0)A-0")A"v =0
holds for any v € V(). Therefore, we get
A'V©O) cV(©O) +V(0)+ V(6" (6.127)

Next, define a relation of an undirected graph on the set {91-};1:0 of distinct eigenvalues
of A as follows:

0; ~ 0; < 6; — BO,6; + 6; —y(6; +6) -6 =0, i#]. (6.128)
By (6.127), we obtain

ATVO) cV(B)+ ) V().
6;~6;

Since V is an irreducible (4, A*)-module by the assumption, the graph must be con-
nected. By (6.128), the number of edges coming from each vertex is at most 2. Hence,
the graph is a path or a cycle. Namely, there exists an ordering 6,,;,..., 8, of eigen-
values such that

0;,~0,;, (0<i<d-1),
0, ~ 6, ifthe graphisacycle.
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Namely, the eigenvalues {0,-};10 of A form a (8, y, §)-sequence. Since d > 2, we extend
the (B, y)-sequence {61-}?:0 to the (B, y)-sequence {6;};.. If we extend the graph to {6;};.»
by (6.128), since a (8, y)-sequence is a (8, y, 6)-sequence, we have

0;~ 01 (i€Z).

Therefore, if 6, ~ 6,, we have 6_; = 8, 8,,; = 6,. Hence by Remark 6.46 (3), 6_; = 6,
04,1 = 0, and 6,,0,, ..., 0, are distinct only if g # +1, ¢! = 1. O

Remark 6.48. Let X = (X, {R;}p<i<q) be @ P- and Q-polynomial scheme and I' = (X, R)
the associated distance-regular graph. Let T = T(x,) be the Terwilliger algebra of X,
and let A,A* be standard generators of T (4 is the adjacency matrix of I'). Let V =
P cx Cx be the standard module, and let W (c V) be the principal T-module (Defi-
nition 2.41). In Remark 6.42, we stated that A|, A* |y € End(V) form an L-pair, which
consists of a special class of TD-pairs. Let {6; | 0 < i < d} be the set of distinct eigen-
values of A|yy. Then {6; | 0 < i < d} is the set of eigenvalues of A (Lemma 2.40).

(1) Ifd = 5andT is not the n-gon, then 6, 6,, .. ., 6, are all rational numbers [60, 170].
In particular, in the expression of 8; by AW-parameters, § = g + q! is a rational
number.

(2) If the pair A|y, A%l € End(W) is of Type III, one of the following holds [463]
(Section 6.4):

(i) Tisthe Hamming graph H(d, 2);

(ii) T isthe odd graph O4,q;

(iii) T is the antipodal quotient of H(2d + 1, 2).

The classification of I' is completed for the cases of Type I, Type IIA, Type IIB, and
Type IIC [462], [460], [465], [466], [176].

(3) For the core part of known P- and Q-polynomial schemes, in the expression of
0] by AW-parameters, we have s* = 0 (Section 6.4). AW-parameters are called
classical if s* = 0. It is conjectured that except for polygons, P- and Q-polynomial
schemes are expressed by classical AW-parameters or are “relatives” of such
schemes (Section 6.4).

6.3 Leonard pairs (L-pairs)

We already mentioned the definition of an L-pair in Remark 6.42. Here we give the
definition again.

Definition 6.49. Let A,A* ¢ End(V) be a TD-pair, and let (4,A%;{V;}4,, (V1)
be an associated TD-system. A pair A,A" is called a Leonard pair or L-pair and
(A, A VL, (ViY4,) is called a Leonard system or L-system if dim(V;)) =
dim(V;") = 1foralli (0 < i < d). If we emphasize the space which 4,A" act on,
we say an L-pair on V, or an L-system on V. Note that the definition of an L-pair does
not depend on the choice of the associated TD-systems. If d > 1, for a given L-pair,
there are four associated L-systems.
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In this section, we classify L-pairs (precisely, L-systems). In Section 6.3.1, we in-
troduce the standard basis and the dual system of orthogonal polynomials. There
is a one-to-one correspondence between L-systems and dual systems of orthogonal
polynomials. In Sections 6.3.2-6.3.5, we classify L-systems. In Section 6.3.6, it will be
shown that dual systems of orthogonal polynomials are identical to the dual systems
of AW-polynomials. Historically, the concept of dual systems of orthogonal polyno-
mials arose from the algebraic properties of character tables of P- and Q-polynomial
schemes (the base field is the real field R), and the classification was made [310, 60].
The concept of L-systems was introduced later to understand dual systems of orthog-
onal polynomials in the framework of representation theory of Terwilliger algebras
[475]. Readers are referred to [479] as an expository article.

In this section, L-pairs will be classified by the following procedure. First, in Sec-
tion 6.3.2, we introduce pre-L-pairs. It is very hard to construct L-pairs since the con-
straints are strong. The advantage of pre-L-pairs is that they are freely constructed
since there are no constraints. In Section 6.3.3, we derive a necessary condition for a
pre-L-pair to become an L-pair. The key is the lemma by Terwilliger [475, Corollary 11.4].
In Section 6.3.4, we show an L-pair satisfies AW-relations. AW-relations are stronger
than TD-relations. In Section 6.3.5, we show the necessary condition which is obtained
in Section 6.3.3 is also a sufficient condition to be an L-pair in terms of AW-relations.
In this way, the classification of L-pairs (precisely, L-pairs associated with L-systems)
is completed.

Finally, in Section 6.3.6, by using the classification of L-pairs, we describe dual
systems of orthogonal polynomials in terms of a g-analogue of hypergeometric series
4@5 (and its limit). By this, it turns out that dual systems of orthogonal polynomials
coincide with dual systems of AW-polynomials.

We begin with preliminary facts on L-pairs. From the following theorem, it turns
out that an L-pair A,A* on V generates End(V). (By Burnside’s theorem, any TD-pair
A,A" € End(V) generates End(V).) Note that the following theorem on L-pairs is much
stronger than Burnside’s theorem.

Theorem 6.50. Let A,A* ¢ End(V) form an L-pair, and let (A,A"; {Vi}l‘io, {Vi*};io) be an
associated L-system. Let E; : V = @f:o Vi — Vi, Ef =V = G}]‘io Vi — Vi be the
projections onto the eigenspaces. Then each of the following (1)-(4) forms a basis of
End(V) as a vector space:

(1) AE;A (0<i<d0<j<d);

) (A")E,A™Y (0<i<d0<j<d);

() EEyE (0<i<d,0<j<d);

(4) Ei*EOE].* (0<i<d,0<j<d).

In particular, A, A* generate End(V) as an algebra: End(V) = (4,A").

Proof. We prove (1) only. We can prove (2) similarly to (1). Immediately, (3) follows
from (1), and (4) follows from (2).
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Since dim(End(V)) = (d + 1)?, it suffices to show AiESAj (0 <i,j < d) are linearly
independent. Note that by the definition of L-pairs, we have

s rips gjps | =0 ifk>ioreé>j
E;AE;NE;
+0, ifk=iand¢=j.

(We can show the above property for general TD-pairs similarly to the proof of
Lemma 6.40 and Proposition 6.41.) Assume ijzo cijA'E;A = 0. Fix k, ¢ and multi-
ply both sides of the equation by E; from the left and by E; from the right. By the
property noted above, we get

e ERAESACE; + Y o EfAEGNE; = 0. (6.129)

k<i<d,t<j<d
(i)#(k,6)

Hence, if ¢;; = O for all (i,j) satisfying (i,j) # (k,¢), k <i < d, ¢ <j < d, we have
e = 0. If we set (k, £) = (d, d), since there is no (i, j) satisfying the condition, we have
Cqq = 0. Therefore, we obtainc, 4 1 = 0,¢34, =0, ..., C4o = 0 sequentially. Similarly,
we obtainc; 14 = 0,¢454 =0, ..., o4 = O. Likewise, by the double induction, we
obtain ¢; , = O for all k, £. O

Let A,A* ¢ End(V) be an L-pair, and let (4,A"; {Vi}fzo, A }fzo) be an associated
L-system. Choose vectors v;',v; (0 < i < d) such thatv; € V;,v; € V", v # 0, v; # 0.
The vectors vy, vy,...,V, form a basis of V and so do vy, vy, ..., v;. With respect to the
basis vy, vy, ..., Vg, the representation matrix of A is an irreducible tridiagonal matrix

as by
g aq b 0
B= . b #0(<i<d), (6.130)

Ca-1 Qg bgq
0 Cd ad

and the representation matrix of A* is a diagonal matrix

%

o; 0
D* = . : (6.131)
0 0
Namely, we have
Avi =b Vi +av;+ vy (0<i<a), (6.132)
Av;=6fv; (0<is<d), (6.133)

wherev_; = 0,v4,; = 0, cg,1 = 1, and b_; is an indeterminate. Similarly, with respect
to the basis vy, vy,...,V;, the representation matrix of A* is an irreducible tridiagonal



294 —— 6 P-and Q-polynomial schemes

matrix,
ag  bg
¢ ai bf 0
B = , bf_lcfio(lsigd), (6.134)

% * %
Ca1 Agq ba,
%

.
0 ¢y ay

and the representation matrix of A is a diagonal matrix

6,
D= . : (6.135)
0 6,
Namely, we have
A*V = bl i +aivi + iy, (0<i<d), (6.136)
Avi =6y (0<i<ad), (6.137)

where v*; = 0,v;,; = 0, ¢z, = 1, and b”, is an indeterminate. If we let P be the
transition matrix, i. e.,

Vo Vs -5 Vg) = (V55 V)5 ..., V)P, (6.138)
then we have
PBP'=D, PD*P!'=B". (6.139)

The pair B, D* is an L-pair on C™!, and the pair B*, D is an L-pair which is isomorphic
to B,D".

Conversely, let B, B* be irreducible tridiagonal matrices given by (6.130), (6.134),
and let D, D* be diagonal matrices given by (6.135), (6.131). Suppose there exists a non-
singular matrix P such that (6.139) holds. Due to the following proposition, the pair
B,D* becomes an L-pair on C*!, and the pair B*, D becomes an L-pair which is iso-
morphic to B, D*. Therefore, every abstract L-pair is isomorphic to an L-pair B, D*. In
fact, the original definition of L-pairs by Terwilliger consists of such irreducible tridi-
agonal matrices B, B* and diagonal matrices D, D* [475].

Proposition 6.51. Let B, B*, D, D*, and P be the matrices satisfying the above condi-

tions. Then the following (1)-(3) hold:

(1) the eigenvalues {6,,0;, . ..,0,} of B are distinct;

(2) the eigenvalues {6],6],...,0;} of B* are distinct;

3) C™ isirreducible as a (B, D*)-module. Namely, if a subspace W of C™'is B-invari-
ant and D* -invariant, then W = {0} or W = C%*1.
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Proof. Statements (1) and (2) follow directly from Corollary 6.11. However, to make
the point clear, we discuss it again. Choose column vectors e, = ta,0,...,0), e =
£0,1,...,0), ---, 4,1 = 1(0,0,...,0,1) as a basis of C4*!, Note that

Bei = bi*leifl + a;e; + C;11€j,1 (0 <i< d); (6'140)

wheree_; =e;,; =0.

Since the proof of (2) is similar to that of (1), we prove (1) only. By (6.140), for 0 <
i < d, the vector B'e, — ¢,c, - - - ;e; is a linear combination of ey, e,, .. ., e;_;. Therefore,
e,, Be,, Be, ... ,Bde0 are linearly independent. In the full matrix algebra M;,,(C),
I = B° B,B?,..., B arelinearly independent, where I is the identity matrix. Hence, the
minimal polynomial of B has degree d+1. On the other hand, since B is diagonalizable,
the eigenvalues 0,),0;, ..., 6, of B are distinct.

(3) For each i (0 < i < d), define the diagonal matrix E; in My,;(C) as follows:

El(6.)) = {1, if (¢,)) = (i, 1),

0, otherwise.
By (2), the diagonal entries 6;,6;,...,60; of D* are distinct. Therefore, E € (D*) (0 <
i < d). Namely, if W # {0} is D*-invariant, W is E; -invariant fori = 0,1,...,d. Hence,
for non-zerou = Z?:o a.e, € W with a; # 0, we have E]'u = a;e; € W. So there exists
e; such that e; € W. On the other hand, since (6.140) holds for B, we can sequentially
show that ey, e,, ..., e, are contained in W, and obtain W = %!, O

6.3.1 Standard bases, dual systems of orthogonal polynomials

Let A,A* ¢ End(V) be an L-pair, and let (4,4%; {Vi};io, {Vi*}?:o) be an associated L-
system. As we have seen before, if we choose v; € V", v; # 0, then vy, vy,...,v, forma
basis of VV, and with respect to this basis the representation matrix of A is an irreducible
tridiagonal matrix B given by (6.130) and that of A* is a diagonal matrix D* given by
(6.131). Moreover, if we choose v;" € V;,v{ # 0, thenv,vy,...,v; formabasis of V, and
with respect to this basis, the representation matrix of A* is an irreducible tridiagonal
matrix B* given by (6.134) and that of A is a diagonal matrix D given by (6.135).
Definition 6.52.

(1) If B has the constant row sum 6, i. e.,

ayg+by=cij+a;j+b;=cyg+a; =6, (1<i<d-1), (6.141)

we call vy, vy, ...,v, a standard basis. Here, 6, is the eigenvalue of A on V.
(2) If B* has the constant row sum 6;, i.e.,

as+by=c¢f +ai +bf =cj+ay;=0, (1<i<d-1), (6.142)

we callvg, vy, ..., v; adual standard basis. Here, 6 is the eigenvalue of A* on V.
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Proposition 6.53. Let E; : V = ®L,V; — V, E : V = ®L,V; — V; be the

projections onto the eigenspaces V;, V", respectively.

(1) Ifweletv; = Efv e V7 (0 <i<dforveVy,v#O0,thenvgy,vy,...,vy forma
standard basis. Moreover, for any standard basis v{,v},..., V), there exists a non-
zero constant A € C such that v} = Av; (0 < i < d). In this sense, a standard basis
uniquely exists.

(2 Ifweletvi = Ev* € V; (0 <i<d)forv' e V§,v* # 0, thenv{,vy,...,v) form
a dual standard basis. Moreover, for any dual standard basis vS " vy "o ,v; ' there
exists a non-zero constant A* € C such thatv;' = A*v{ (0 < i < d). In this sense, a
dual standard basis uniquely exists.

Proof. Since the proof of (2) is similar to that of (1), we prove (1) only. First, we show
v; #0. Let I € End(V) be the identity map. Since Z]‘-jzo Ej* = I, we have EfE, =
214:0 E{EoE;". By Theorem 6.50, E{ EoE; (0 < j < d) are linearly independent, and
so we have E{'E, # 0. Hence 0 # E{E,V = E;'V, < V" and dim(V;") = 1. So we have
Vi = E;' V. Substituting V;, = Cv, we have V; = CE;'v, which implies v; = E{'v # 0.
Next we show the representation matrix B of A with respect to the basis vy, vy,...,v4
has the constant row sum 6. Since Zf:o Ef =1, wehavev = (Z]‘io E')v = Zf;o Efv.
Hence, we have

d
v= v, (6.143)

Since v € V,, we have Av = §,v = Z?:O 6ov;. On the other hand, if we let B = (b;;), we
obtain

d d d d /d
Av = ZAV]'Z Zzbi»jvi: Z(Zbu>vi (OSlSd)
j=0 j=0i=0 i=0\j=0

Therefore, Z]‘io bjj = 6, fori = 0,1,...,d. Namely, B has the constant row sum 6.
Finally, we show that for any standard basis v{, v, ..., v}, there exists a constant A # 0
such that vi’ = Av;, (0 < i < d). Clearly, for each i, there exists A; € C, A; # 0 such that
v = Ajv;. We show Ay = A; (0 < i < d). Let B' be the representation matrix of A with
respect to the basis v{,v;,...,v);. Then we have

- /1 -
ao ,T;bo o
Ao A
14 a ,lel
B =
A A
12Caa Qg xibag
d-1 d-1
0 A a
L A, -d d i

Since v{,,v;, ..., v} form a standard basis, B’ has constant row sum 6,. Therefore, by

(6.141),wehave1=j—;=’A‘—j=---:}%. 0
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In what follows, for an L-pair A,A* ¢ End(V), we fix an associated L-system
A A%V VY, and let vo,vy,...,v,4 be a standard basis and v§,v},...,v] a
dual standard basis. With respect to the standard basis vy, vy,...,v4, let B,D* be the
representation matrices of A,A*, respectively. Then B is an irreducible tridiagonal
matrix given by (6.130) and satisfies the condition (6.141) on the constant row sum.
On the other hand, D* is a diagonal matrix given by (6.131). Moreover, with respect to
the dual standard basis v, vy, ..., v}, let D, B* be the representation matrices of 4, A",
respectively. Then B* is an irreducible tridiagonal matrix given by (6.134) and satisfies
the condition (6.142) on the constant row sum. On the other hand, D is a diagonal ma-
trix given by (6.135). By the uniqueness of the standard basis and the dual standard
basis, B, D*, D, B* are uniquely determined. Following (6.138), let P be the transition
matrix between the standard basis and the dual standard basis. By (6.139), we have

PBP =D, P'B'P=D".

Let {v; (x)}flzO and {v; (x)}?;o be the dual system of orthogonal polynomials determined
by B,B*, and let {k;}¢, and {k;'}<, be the sequences of degrees. By Theorem 6.25, for
anyi,j € {0,1,...,d}, we have

Vj(ei) _ Vi*(ej*).

k]' ki*

Namely, {vl-(x)}l‘-i:0 and {v{ (x)}?:O form a dual system of orthogonal polynomials. Con-
versely, by Theorem 6.25, a dual system of orthogonal polynomials induces an L-pair
associated with an L-system. By Theorem 6.25, without loss of generality, we can set
the transition matrix P as

P = (V](el))
Moreover, by Proposition 6.24, if we let
Q= (v (6)),

then we have

d d
PQ=QP=nl, n=)k=)k.

6.3.2 Pre-L-pairs

In this section, we define pre-L-pairs and study their parameters.
Let V be a finite-dimensional vector space over C. Assume a direct sum decompo-
sition V = @2, U; and linear transformations R: V — Vand L : V — V such that

RU,c Uy, LU, CU,(0<i<d) (6.144)
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are given, where U_; = Uy,; = 0. Moreover, distinct numbers 6,,6;,...,0; € C and

distinct numbers 6, 6], ..., 0 € C are given. Then the pair of linear transformations
d d
A=R+) 6F, A"=L+) 6F (6.145)
i=0 i=0

is called a pre-TD-pair, where F; denotes the projection

d
F:Vv=PU — U, (6.146)
j=0

We call U; the weight space of a pre-TD-pair A,A* ¢ End(V) and V = @]{1:0 U; the
weight space decomposition. Note that a TD-pair is a pre-TD-pair by (6.111), (6.112) in
Definition 6.38 in Section 6.2.

If a pair A,A* € End(V) is a pre-TD-pair, by (6.145), both A and A* are diagonaliz-
able and their eigenvalues are {Bi}?:o and {6; }l‘-io, respectively. Let V = @?:0 Vi (Aly, =
6), V' = BL, v (A%ly- = 6;) be the eigenspace decompositions of A, A”, respec-
tively, and let V = @?:o U; be the weight space decomposition. Then we have

Uy+Up+-+Up=Vg+ V| +---+ V],
Ui+ U+ + Uy =Vi+ Vi +--- 4+ Vy, (6.147)
U=(Vyg + V] +-+ V)N Vi+- Vg +--+ V).

Moreover, if we let

d
E:V=Vv,—V,
j=0

d
E:v=pVv — V' (6.148)
j=0

be the projections onto the eigenspaces V;, V;* of A, A", respectively, then we have
V;=U; =V (isomorphic as vector spaces) (6.149)

and we obtain pairs of isomorphisms such that the one is the inverse of the other as
follows:

Fi'Vi : Vi — Ui’ Ei|Ui . Ui i I/i’ (6.150)
and

Fly-: Vi — U, Efly:U;— V;, (6.151)

1 1
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where F; is the projection given by (6.146). Note that by (6.148), the weight space de-
composition of a pre-TD-pair A,A* € End(V) is determined by the eigenspaces { V,-}l‘-i:0
of A and the eigenspaces {V;* }?:o of A*. Wecall (4,A"; {Vi}?:o’ {v; }?:0) a pre-TD-system.
We sometimes abbreviate A,A* and call ({Vi}fzo, {v; }?:0) a pre-TD-system. The order-
ings of the eigenspaces of A,A™ are fixed as V, Vy,..., Vyand V{, Vy', ..., Vj.

Let V = EB?ZO U; be the weight space decomposition of a pre-TD-pair A,A* ¢
End(V), and let ({Vi}?zo, {Vi*}io) be a pre TD-system. By (6.149), we have dim(V;) =
dim(U;) = dim(V;") in general. If dim(V;) = dim(U;) = dim(V;") = 1(0 < i < d), we
call A,A" a pre-L-pair and ({Vi}fzo, {v; }?:o) a pre-L-system. In this case, if we choose
a non-zero y; from each Uj, the vectors ug, uy, . . ., Uy form a basis of V, and the matrix
representation of A, A* with respect to ug, uy,...,u, are

6, o
X, 6

A= . . R (6.152)

L O Xq Bd
[ 93 Yo 0

A = o (6.153)
o Yaa
L 0 0,

If we choose a non-zero vector v; from each V;*, then vy, vy, ..., v, form a basis of V,
and the matrix representation of A with respect to vy, vy,...,v,is

A= o , (6.154)

and the matrix representation of A* is a diagonal matrix A* = diag(6;,6;,...,0)).
Here, letting E;* be the projection given by (6.148), we have

a; = tr(Ef AE]) (0 <i<d). (6.155)

Furthermore, if we choose a non-zero vector v;" from each V;, then vg,vy,...,v; form
a basis of V, the matrix representation of A* with respect to v, vy,..., v} is

ay by 0
A = 4 , (6.156)
. b,
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and the matrix representation of A is a diagonal matrix A = diag(8,,6;,...,0,). Here,
letting E; be the projection given by (6.148), we have

a =t(EA'E) (0<i<d). (6.157)

We also have

M=
2
1}
N
o

I}
<}
T
<}

;. (6.158)

s
=2,
Il
M

T
<}
T
<}

Set A; = x;,1y; (0 < i< d-1)forx;,,,y; in (6.152), (6.153). Then by (6.145), we obtain
A; = tr(LRy) = trRLl;, ) (O<i<d-1) (6.159)

and it turns out that A; does not depend on the choice of a basis ug, uy, ..., ug (U; € Up).
By (6.159), we extend the definition of A; to i = ~1,d so that A_; = tr(RL|y,) = 0,4; =
tr(LR|y,) = 0. We call a triple {6; }, o0 10] }1 0 {/1} ! the data of a pre-L-pair 4,A*. We
define the isomorphism of pre-L-pairs similarly to that of TD-pairs by the commutative
diagram in Deﬁnition 6.27 in Section 6.2. Note that if \; # 0 (0 < i < d - 1), the data
{6, }l 0 {0*}1 —0» i } ! determine an isomorphism class of a pre-L-pair. Note also that
{6; }l 0r 167 }l 0 {/\} ! form the data of a pre-L-pair only if §; # 0; (i +)),0; + 9* @i+)),
and if this condition holds, we can construct a pre-L-pair with data {9} o 165 }1 0
{AI}I:

In what follows, let A,A* € End(V) be a pre-L-pair, V = EBI _o U; the weight space
decomposition, ({Vi}fzo,{V }do) a pre-L-system, and {6; }1 (A }1 0 A }d o its data.
The linear transformations R, L determined by (6.144), (6.145), and (6.146) are called
the raising map and the lowering map, respectively.

Lemma 6.54. The following hold:

(1) Foru; € Uy, letuy,; = Ru; e U, i (=12, —1i). Then
d-i 1
;‘) (6; = 6:,1)(6; — 6:.2) -+~ (6; - 6,) Hiri (6:160)
is contained in V;.
() Foru; € U, letu; —Lu €Uj(i=12...,1). Then
" 1
];) @ =G )6 07,6 ef_j)ui_j (6.161)

is contained in V",
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Proof. We prove (1) only. The proof of (2) is similar. Let v = Z]d 0 Gjllisj- By (6.145), we
have Auy,; = uj,j,q + 03,Uj,5- SO we obtain Av = Z]d"é(cj 1+ 04456 )ul +j» Where c_; = 0.
Hence Av = O,v onlyif ¢;_; +6;,;¢; = 0;¢; (0 < j < d-i), thatis, ¢; = = o0 9 G (L<j<d-i).
If we let ¢, = 1, we obtain (6.160). O

Let E;, E;" be the projections of the eigenspaces of A,A* onto V;, V;" as in (6.148),
and define {g; }l o {al-*}l‘-io by a; = tr(E; AE;") in (6.155) and by a;" = tr(E;A*E;) in (6.157).

Theorem 6.55. The following hold:

)]
A Ay .
* PR * zei_ai (OSlSd)’
61+1 - ei 9i - ei—l
where fori=0,d weset/‘;l* =0, _—0;
> & 6,07, * 6,0 ’
2
A Ay

_ =0 -a’ (0<i<d),
O =0 6,0y

Ay

=0.
> 04104

where fori = 0,d, we set 7—4—

In particular, we have

91*+1 j=0 j=0
Ai i i i . )
i+1 i j=0 j=0

Proof. We prove (1) only. Statement (2) is similarly proved. The last statement in the
theorem follows immediately from (1), (2).

Choose a non-zero vector y; from U;. Following Lemma 6.54, we set u;,; = R u; €
Uy; A<j<d-i),uj=Du e Ug;(1<j<i).Since

V= 9* 19* Ui+ (6.162)

is contained in V;*, by the definition of a;, we have
E[AEv = av. (6.163)

Since E{'v = v, the left-hand side of (6.163) equals E; Av. Therefore, by (6.162), we have

1
Av=Aui+6* 9* Au;_ +---
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and by (6.145), we have

Aui = Rui + Giui = ui+1 + Giui,

Auy_y = Ruj_q + 04Uy = RLu; + 0;_quj_q = Ai_qu; + 61U 4.
It follows that

A
Av=ui+1+<9i+ 5 'é* )ui+~--. (6.164)

On the other hand, by (6.148), we have U;_; + --- + Uy = V{, + --- + V. Hence, by
multiplying both sides of (6.164) by E;, the terms after u;_; vanish as follows:

EAv = E; u,+1+<9 + 9*/1 o >E ;. (6.165)

Since E{' is the projection onto the eigenspace V;" of the diagonalizable matrix A*, we
have

A" - 9*
E = . .
=]] oo (6.166)
J#
By (6.145), we have
9;1 1 1 A
i = LU' = LRu = L u;
* 1 * * 1 * * * * >
0 91+1 i 9 91+1 a 91’ - 0i+1 l ei - 9i+1 l
A6 1,
* . = * * u. = * * u. + u'
9 6;—6- g g iTH
1
9* 9* Ui y»
9* Gk 9* 1 i1 0
6 9* 9* 9* Uy + ef_ej*uk—l ( =t—-L..., )
So by (6.165), (6.166), we obtain
E/Av = < . A — +0;+ *A’ L >ul~ + (the terms after u;_,). (6.167)
o —6; T or—or

Since E Av = a;v by (6.163), by comparing the coefficient of u;, we get

Ay

a; = A
67 -0,

l_e* 0

i+1

+0;+

Ifi = 0, we should setu_; = O in (6 162) and 9*’1_’(19* = 01in (6.164), and if i = d, we
0 -1

should set uy,; = 01in (6.165) and —4— T 9* = 01in (6.167). O
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Let A,A* € End(V) be an L-pair. There are four L-systems associated with A,A".
For each L-system, A, A* form a pre-L-pair. Using new symbols 7(1-, ]\i, 7l,-, we give a list of
the data of each pre-L-pair as below. We also give for each pre-L-pair {ai}io determined
by a; = tr(E; AE;") in (6.155) and {a; }?=o determined by a;" = tr(E;A"E;) in (6.157).

L-system Data of the pre-L-pair A,A*
Vo (V1) 1610167 10, A} {ao{ai i,
(Vo Vi) | 100380 10710 A | Halo{ai s
(Vo (Vi_3ey) 1010 05 1o S | Haglor (a1
Vaidlo Vi) | Bacidio 101 dle My | {aaitiotai o

If we let A,A* be an L-pair as in the above table, then A*, A also form an L-pair and
vy }l 0 {V} _o) is an associated L-system. If we regard A", A as a pre-L-pair with re-
spect to this L-system, we let {6; }, 0 1 i}io A }?:’01 be its data:

L-system ‘ Data of the pre-L-pair A*, A ‘
o o) | 6180 680 A5 | a1 (ads

Lemma 6.56. We have

A=A ¢ _
W=Z(ej_9d_}') (0<i<d-1).
j=0

Proof. By Theorem 6.55, we have

A i i
o* 19* =Zei_za1"

i+1 i j=0 j=0
;1 i i
—— 6* = ed,]' - Z a]'.
i+1 j=0 j=0
Taking the difference between the above equations yields the desired result. O

Lemma 6.57. The following hold:
(D A=A4i 1 O<i<d-1);

@ A=Agiy (0<i<d-1);

B3 AF=A0<i<d-1).

Proof. (1) By Theorem 6.55, we have

9* _9* Zed—] Zad—l Z 9 - Z a
d-i-1 d-i  j=0 j=d—i j=d—-i
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Since Z] 09 Z] o 6; by (6.158), we have
A d-i-1  d-i-1
W = - z 9] + Z a]-.
d-i-1"~ Vd-i j=0 j=0

Again by Theorem 6.55, we have

/ld . d-i-1 d-i-1
—l = —_ .
0" _o" = Z 9] Z a).
d-i d-i-1 j=0 j=0

Hence we have A; = 4;_; ;.
(2) Since A; = A;, by (1), we obtain A; = 4, ; ;.
(3) By Theorem 6.55, we have

i i

o7 = O
61+1 z z 9 1+1 - 9

— j=0

6.3.3 Terwilliger’s lemma

Let A,A* ¢ End(V) be a pre-L-pair, V = @1 o U; the weight space decomposition,
(Vi V1L, an associated pre-L-pair, and {6;}%, {67 1%, A;}4 4 its data. Let E;, E;
be the projections onto V;, V;*, respectively, given by (6.148). Following Lemma 6.56,
we define {fli}?z‘()l by

A=A-(6, - Z(e 04.))- (6.168)

In this subsection, we consider several necessary conditions for (4, A*; {V; }1 A } ~0)
to be an L-system.

Proposition 6.58. The sequence (A,A*;{V. }l A }?:0) is an L-system only if the fol-
lowing (1)-(4) hold:

1M 4#00<i<d-1);

@ A4#0(0<i<d-1);

BG) AV + VS +--+ V) SV + VS +---+ V),

4) A"(Vo+ V4 + V) S Vo + i+ + Vg

Proof. (1)IfweletA; = 0, since; = tr(LR|y.) = tr(RL|y, ), wehave RU; = 0or LU;,; = 0
If RU; = 0, then U, + U; + --- + U; is (A, A™)-invariant. If LU;,; = O, then Uj,q + -+ +
U, is (A, A™)-invariant. In any case, it contradicts the fact that V is irreducible as an
(A, A™)-module.
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Q) If (A, A% (V) o, (V714 is an L-pair, 50 is (4,A%; {V_i}L, (Vi }4,). Therefore, by
(1), the data {91-}?:0, {67 }1‘-1:0, {ﬁi}?z‘(} must satisfy /ii # 0.
Statements (3) and (4) are clear by the definition of an L-system. O

The next lemma appears as Corollary 11.4 in the paper [475] by Terwilliger. This is
a key lemma for the classification of L-pairs, which we call Terwilliger’s lemma in this
book.

Lemma 6.59 (Terwilliger’s lemma).
(1) The condition that EJ(A — ag)(A™ — 60;) = 0 is a necessary condition for

AV + VS ++ V)V + VS +-- 4V,

where a, = tr(E;AEy).
(2) The condition that E4(A* - a})(A - 6,_,) = 0 is a necessary condition for

A" (Vo +Vi+ 4+ Vi) S Vo + Vi+-+ Vg,

where a = tr(E4A™Ey).

Proof. We prove (1) only since (2) is similarly proved.
Note that

AV + VS 4+ V) SV + VS +-- 4+ V)
is equivalent to
EjAEf =0 (2<i<d). (6.169)
Moreover,
Eg(A-ag)(A"-67) =0
and
Ej(A-ap)(A*-6))Ef =0 (0<i<d) (6.170)

are equivalent. Therefore, since (A* - 67)E]" = (6] - 6;)E;", we have

Ej(A-ag)(A” - 6;)E;

1

(0] = 0])Eo(A - ap)E;
= (67 - 07 )(EgAE; — apbo,Ep).

Hence (6.170) always holds for i = 0, 1. Therefore, since §; - 6; # 0 (2 <i < d), (6.170)
is equivalent to

EJAE; =0 (<i<d).

Namely, (6.170) is equivalent to (6.169). O
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Theorem 6.60. Let A, A" ¢ End(V) be a pre-L-pair, ({V}l ~0° {V*} _o) an associated pre-
L-system, and {0; }1 0 {9*}1 0 {)l} Lits data. Assume d > 2, A #0(0 <i<d-1). Define
{Al’}lzo

/1 = A —(6; - 07)(6,; — 65) (6.171)

i+1

and fori = -1,d, we set A'; = 0, A}; = 0. Then the following (1), (2) hold:
(1) The condition

6; - 05
6*

i+1

A= LA +A,, (0<i<d-1)

6*1

is a necessary condition for A(Vy + V5 +---+ V) c Vi + V) +---+ V.
(2) The condition

6; -0, :
Al = 6 B;A,’l +Ay, (1<i<d)

is a necessary condition for A* (Vo + Vi + -+ Vy5) S Vo + Vi + - + Vg4

Proof. LetV = EB?:O U; be the weight space decomposition. Choose a non-zero vector
U, from Uy and set u; = R'uy (0 < i < d). We also let u_; = ug,; = 0. We have Lu;,; =
Au; (0 <i<d-1).SinceA; # 0(0 <i<d-1),wehaveuy; # 0 (0 < i < d). Therefore
Ugy, Uy, - . ., Uy form a basis of V.

We prove (1) only. The proof of (2) is similar. By Terwilliger’s lemma, it suffices to
show that condition (1) is a necessary condition for

Ej(A-ag)(A" -6 )u;=0 (0<i<d). (6.172)
Noting that Ruy; = u;,, Lu; = LRu; 4 = A;_juj_4, by (6.145), we have

Au]- =Ujn + 9ju]~,

A%y = 0] u; + A_quj . (6.173)
Therefore we obtain
(A-apg)(A" =0 )u; = (A - ao)((0; - 67 )u; + Ai_quiy)
= (0] = 07 )iy + ((6; — ag)(6; —07) + Ay
+Ai (i1 — ao)uyy. (6.174)

By (6.166), we have
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So, by using
(A7 =07) (A" = 6 Jux = Ao - Ay _yuo,
7+ = Yo = Uo>
00 - 6].
we get
Ao hy

(6.175)

Eguy = Up.
BCECRRNCEC

By (6.174), (6.175), we obtain

EZ(A - ag)(A* - 60 )y,
I
05 —6:)--- (8, -0

6* - 6* * * * *
X {9: _ 9*1 A+ (6 — ao)(6; - 07) +Aiy) + (6,1 — ao)(6 - 6; )}uo-
o — 6

i+1

Therefore, (6.172) holds only if

6* - 9* * % * *
9; — e*l A+ 0;—ag) (0 - 67) + Ay + (01 —ap)(6;-67)=0  (6.176)
0 i+1

holds for any i with 0 < i < d. Fori = 0, since the term containing u_; does not
appear in (6.174), the third term and the fourth term in (6.176) do not appear. Fori = d,
since the term containing u,,,; does not appear in (6.174), the first term in (6.176) does
not appear. Namely, in (6.176), we should regard 6}, ,,6_; as indeterminates, and set
Aq = A = 0. Under this rule, we may extend (6.171) to -1 < i < d and set

A=Al +(6; - 6,)(6;,, - 67). (6.177)

i+1

If we substitute (6.177) for (6.176), we obtain

0; - 60;
0; — 93 A+ A+ (0, -ao)(0y -6;)=0. (6.178)
0 i+1

Namely, (6.172) holds if and only if (6.178) holds for any i with 0 < i < d. Fori = 0,
(6.178) becomes

Ao = (64 - ag)(65 - 65). (6.179)
By Theorem 6.55 (1), we have

/10 = (60 - ao)(ei'= - GS) (6.180)
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Hence we have
Ay = Ao = (8~ 02)(6] — 65) = (64— ao)(6; — 6)

and (6.179) always holds. Therefore, (6.178) is equivalent to

0; - 6;
A=A+ A (6.181)
" 9i+1 - 90 l 0

Equation (6.181) trivially holds for i = 0, and for i = d, we have

Ay = A, (6.182)
In (6.181), replacing Ay by A);_, yields
6 - 07
Ay= A+ A, (6.183)
- 9i+1 - 90 l '

Equation (6.183) trivially holds fori = d, and we have (6.182) fori = 0. Therefore, (6.181)
holds for any i with 1 < i < d if and only if (6.183) holds foranyiwith0 <i<d-1. O

For a pre-L-system (A,A*;{Vi}fzo,{Vi*};iO) to be an L-system, the data {01-}51:0,

{67 }fzo, {/\,.}?;01 must be quite restricted. First of all, since an L-pair is a TD-pair, by
Theorem 6.44 in Section 6.2, {91-}?:0, {67 }?:0 are f-sequences and are expressed by
AW-parameters, as was seen in Section 6.2.2. Moreover, by Proposition 6.58 and The-
orem 6.60, we have

A= 995_—09;“* A+Ay, (O<is<d-1),
i+1 0
A= 91-—91171/\! A 1<i<d (6.184)
i =g phiatl (Isi<ad).

By solving (6.184), {A] }?z‘(} and {/li}fz‘ol are expressed by AW-parameters and A}, as will
be shown below.

Case (I): We have
6; = 0y +hg'(1-q")(1 - sq'™) (0<is<d),
{'Oq.q.q.l (6.185)
0 =6 +h*q i(1-g)1-s*q™) (0<i<d),
Wh*+0; g #1(<i<d); ss ¢{g%qg ....q ).
In this case, by inserting
6;- 6; = hg'(1-q7)1-sq™),
L - o (6.186)
01* _ 9}* — h*q—l(l _ ql—])(l _ S*ql+]+ ),
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(6.184) becomes
)11'1: q‘l /1 +/\d1 (0<i<d-1),
i-d+1
Al = %A{,l +Ay (<i<a.

By solving (6.187), we obtain the solution as follows:

p_(=g"Ha-4"Y, .
A = 0 —q9 Ay (-1<ic<a).

By substituting (6.188) and (6.186) into (6.177), we get
Ai _ hh*q—Zi—l(l _ qi—d)(l _ qi+1)

qd+i+1/16 el ,
x{-——F—0% 1 (1-s5¢"")(1- s"q”r ]»
{ hh*(1 - q)(1 - q%) ( X )

If we seti = 0 in (6.189), we have

A=A —hh* g 1 - g1 - (1 - s¢* ™)1 -5"¢P).
Substituting (6.190) into (6.189) yields

A= hi* g2 (1 - g1 - g*)

X {_ﬂ + (1 q )(1 ss*ql+d+3)}
hh*(1- @)1 - g%

Here, there exist constants ry, r, which are independent of i such that

i+1 i+1y _ * _i+d+3 qd+i+1A0
(1-ng"™)(1-rq"™") = (1-¢)(1-s5"¢g"") -

hh*(1- @)1 -q%)

Namely, r, 1, are the solution of

nr, = Ss*qd+1

d
* d q/1
r+r,=q " +sstqg+ —hh*(l—q)(()l—qd)'

(6.187)

(6.188)

(6.189)

(6.190)

(6.191)

(6.192)

(6.193)

(6.194)

Here, we regard r;,r, as parameters satisfying (6.193) and consider that A is given
by (6.194). Then by (6.191), (6.192), A; is expressed by AW-parameters and r;, 1, as fol-

lows:

A =hh* g (1- 4" - ¢ (A -rgd"™)A-rg"") (0<i<d-1). (6.195)
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Next, we find )1,- (0 <i <d-1)given by (6.168). Substituting (6.186) and (6.195)
into (6.168) yields

Ai=hh*q (1= ") (1 - ¢
X{(l l+1)( l+1) (1 S*q21+2)(1—5qd+1)}.

By (6.193), we have r;r, = ss*q%*!. Hence we have

( —r ql+1)( rzqi+1) (1 S*q21+2)(1 _ Sqd+l)
_ s*q21+2 (I’ + rz)q qd+1
{ (S* i+1 -n )(S* i+1 rz)’ ifs* + 0,

—(r +1)q" + sq™, ifs* = 0.

Therefore, if s* # 0, we have

s _hh" 5 i i . i . i .
A= - gdM1-g" D -s"¢N)r,-s"¢™) (0<i<d-1). (6.196)

Ifs* = 0, by (6.193), we have r,r, = ss*qd+1 0. So without loss of generality we may
assume r, = 0. Then we obtain

Ai _ hh*q—Zi—l(l _ qi+l)(1 _ qi—d)(_rlqi + Sqd+l)
that is,
A =hh*q 21 - (1-q¢")s-ng™ ), (O<i<d-1). (6.197)

Case (IA): In (I), we set s* = 0 and take the limits h — 0, hsq — h' (k' + 0). Then the
limit of (6.191) is
d+i+1
* _—20— i— i q A()
)l-:—hqz”l—qld 1_ql+l ]
’ ( ) )h*(l—q)(l—qd)

Let

- quo
YRR (-1 -q9)

Then we get
A= -Hhrg(1-g")(1-¢"). (6.198)

By (6.193), we have r;r, = ss*q%*! = 0. So without loss of generality, we may assume
1, = 01in (6.195). In (6.195), if we set

hry — h'r, 1,=0, (6.199)
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then we get (6.198). Therefore, by (6.198), (6.197), we obtain
;\i _ hlh*qd—Zi—l(l _ qi+1)(1 _ qi—d)(l _ T{qi_d+1). (6200)
Case (II): In (1), take the limits g — 1, (1 - g)°h > W', (1-g/°h* > (B*), =2 > ¢/,

q
=5 — ") (W #0, (h")" # 0). The limit of (6.191) is

N> . A i "
A =h (") (i -d)i+ 1){—W +i(i+d+3+s +(s )')} (6.201)
We regard the limits of parameters r;, 1, as

I-n o 1=n_

it (6.202)
By taking the limits as
11—__r;r2 — 1+ l_fsf*;]m Sl (s") +d+1,
(6.193) becomes
rar=s 4+ (s") +d+1 (6.203)

By (6.193), (6.194) becomes

qd/lo

-1 -1 _
aq— -n)(q _r2)+hh*(1—q)(1—qd) 0

Dividing by (1 - ¢)? and taking the limit g — 1, we obtain
Ao

(m+1)(ry+1)+ ers 0
By (6.203), we have
= s~ (s*) ~d-2- 20 (6.204)
1'2 hl(h*)ld

Namely, we introduce new parameters r{, ré satisfying (6.203) and consider that A, is
given by (6.204). Then by (6.203), (6.204), we have

Ao

ofs 12 #\/
h’(h*)’d+l(l+d+3+s +(s*)).

(i+1+r)(i+1+71) =~

So (6.201) becomes

A=Rm)(-d)i+1)i+1+r)(i+1+1)). (6.205)
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Note that (6.205) is the limit of (6.195) under (6.202). Therefore, by (6.168), (6.196),
(6.202), we get

A=Rm) G+ D)-d)(i+1+(s") —r)i+1+ (") 1) (6.206)

Case (ITA): In (II), we take the limits (h*)' — 0, (h*)'(s*) — (h*)" ((h*)" + 0). Then
(6.201) becomes

A =h(i-d)i+ 1){—};‘,—(:1 + i(h*)”]». (6.207)

Rewrite (6.203) as
(") +1-ry=rl-s' -d, (6.208)

and consider both sides of (6.208) to be finite under the limits (h*)" — 0, (h*)'(s*)' —
(h*)"". Namely, (h*)'((s*)" = r}) — 0, and hence

(h*)'rh — (n*)". (6.209)

Multiplying both sides of (6.204) by (h*)’ and taking the limit (h*)" — 0 yields

Ao
r{ =-1- m (6.210)
By (6.207), (6.210), we get
A=Hm)'(-d)i+1)(i+1+7). (6.211)

In (6.205), if we take the limit (h*)'r, — (h*)" as in (6.209), we obtain (6.211). There-
fore, by (6.208), (6.168), (6.206), we get

A=nm)'(+D)i-d)(i+r -5 -d). (6.212)

Case (IIB): In (II), we take the limits h' — 0, h's’ — k" (W' + 0).
Similarly to Case (IIA), we let h'(s' — r}) — 0, that is,

h'ry—h". (6.213)
By (6.205), (6.206), as the limiting case of Case (II), we get

A=h'") (- )i+ DE+1+1),
A== (B G+ D - d)i+ 1+ (") 7). (6.214)

Case (IIC): In (II), we take the limits k' — 0, (h*)' — 0, h's’ — h", and (h*)'(s*) —
()" (0" + 0, (h*)" + 0).
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The limit of (6.201) is

A=r@-ayi+1), r= —%. (6.215)

Following the definition of (6.168), we find A;. By 6; = 6, + h"'i, 67 = 65 + (h")"i, we
have

zi =A - 1+1 2(9 ed—])

= A= (n")" Z n'(2j - d)
j=0
=A-h"()" G+ 1) - a).
By (6.215), we get
A= (r-h' (")) + 1 - d). (6.216)

We interpret (6.215), (6.216) as limits of (6.205), (6.206). Namely, as the limits of r], r},
we have

Wrl -, (R rh -1l
Multiplying both sides of (6.204) by h'(h*)’ and taking the limit yields

"r"——/h—r
172 — d_'

So as the limits of (6.205), we get (6.215). By (6.203), we rewrite (6.206) as follows:

A

i =h () (+1)i-d)

x{(i+1+(s")) = (1 + 1) +1+ (7)) +1irs)

'Y G+ DG - +1+(s))i+1+(s") =1l =rh) + i}
") i+ 1) - d){(i+1+(s7))(i-s" -d)+rir}.

h
=h
Moreover, by taking the limit, we get

A=+ )i - d)(=(h")"n" + 2",

that is, we get (6.216).

Case (III)' in (I), we take the limits g — -1, 1+ g¢)h — h', 1 + g)h* — (h*)’, %s] -5,
and == 1+q — (s (W #0,(h*) +0).
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Next we write (6.191) as follows:
1o A-aha-g"
g9

i hh*q—Zi—l(l _ qi—d)(l _ qi+l)(l _ ql)(l _ SS*qi+d+3). (6217)

0

Here we introduce the following symbol:

) 1, ifjiseven,
() = (6.218)
0, ifjisodd.

The limit of the first term of (6.217) is

(1 - g - g %(d — D@ + 1)FED | if dis even,
1-q)(1-q% (DA, if d is odd.

The limit of the second term of (6.217) is

hh*q—Zi—l(l _ qi+l)(1 _ ql)(l _ qi—d)(l _ ss*qi+d+3)
4l () G+ DEVED G- @D (1 d 318+ (s7) )TN,

Therefore, the limits of (6.217) is

(d- D)% +4n'(h*)'i), if d and i are even,
(i+ 1)(% — 40 (h*)'(i+d+3+s +(s*))), ifdisevenandiisodd,
A= (6.219)
Ao —4h' (h*)i(i+d +3 +s" +(s*))), if d is odd and i is even,
-4h' (W) (i + 1)(i - d), if d and i are odd.

We regard the limits of parameters r;,r, as

1+, , 1+r,g*™
-1, —
1+q 1 1+q

—r+d+1 (6.220)

We write (6.193) as ryr,g"4! = ss*. Since we have

1-nng !
1+¢q

1-ss”

1+q

Sn+r-d-1,

— s+ (s*),

(6.193) becomes

rar=s +(s*) +d+1 (6.221)
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By (6.193), we rewrite (6.194) as

-1 -1 d qd‘l/\0
(n-q )rn-qg )(1-¢q )+m =
Since we have

n-q’
1+q
(r,-qH(1-q% . {Zd, if d is even,

1+q 2(ry +1), ifdisodd,

-1+,

(6.194) becomes

Ao {(r{ +1)d, if d is even, 6222

4R () | =@ + 1)@+ 1), ifdis odd.
Therefore, by (6.221), (6.222), we rewrite (6.219) as

~4h'(R*) (i-d)(i+1+1]), if d and i are even,
—4h'(R*) i+ DI +1+71h), if d is even and i is odd,

A= (6.223)
—4h'(W*) (i+1+71)(i+1+ry), ifdisoddandiiseven,

—4h'(h*)' (i + 1) - d), if d and i are odd.
By using the symbol given by (6.218), we rewrite (6.223) as
A = —4h' (h*) (@ + D (i - @)D

A (6.224)

x(i+1+ r{)g(i)(i +1+r
Note that (6.224) is the limit of (6.195) under (6.220). Hence, by (6.220), (6.168), (6.196),
we get

A = (%R (1) (+ DFV (i - @)
x(i+1+(s") - +1+(s7) - ) T8, (6.225)
We summarize the above discussion as the following theorem.

Theorem 6.61. A pre-L-system (A,A™; {V,-}f;o, v }?:O) becomes an L-system only if the
data {6,-}1‘-1:0, {6; }io, {/\i}?gg have the expression by AW-parameters as the following ta-
ble.

In the table, we give the data {6,-};10, {07 }fzo, {Ai}f:"(}, and {fli}?:"()l in (6.168). The sym-
bols Ay, Aja, Ay Ajias Apps Apie, and Ay refer to the sets of AW-parameters. At the bottom
of each part, we give the condition for 6; # 6;, 6] # 9].* i+j),A +0, /ii #00<ic<
d-1).
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@
0, =6, - h(1-q")(1-sq") (0<i<d)
0 =65 -h"(1-qH(1-s"q™) (0O<i<d)
Ai — hh*quifl(;l _ ql+l)(1 _ ql*d)
x(1-ng™MA-rg" (0O<i<d-1)
Ifs* +0,

jl — 1* hh*q72i71(1 _ ql+1)(1 _ ql*d)

s*

x (r, - s*q"H(r, - s*q¢') (0O<i<d-1)
Ifs* =0,
Ai=hh* g™ (1-4")1-¢")s-ng™ (0<i<d-1

Ap = (r1,15,5,8" 1, h*,00,65 | ¢, d), ryry = ss*q4*

hh*#0; ¢ #1(1<i<d)ss” ¢ig g ... %%

Ifs* 0, . ¢fg g .. ..guis*q,s* ¢ ...s"q%.
Ifs*=0,1,=0,1¢ {q‘l,q‘z,...,q‘d} U {sq,sq’...,sq.

(IA) In (1), set s* = 0, r, = 0, and take the limits h — 0, hsq — k', hr; — h'r].

6; =6, — h(1-¢') (0<i<d)
6 =6;-h"(1-q™) (0<i<ad)
A= -hh'ng(1-¢" (1 -¢"9)

(0O<i<d-1)
ji _ hh*qdle‘fl(l _ qi+1)(1 _ ql'fd)(l _ rlqifdJrl) (O <i<d- 1)

AIA = (rl, - —;.h,h*,eo, 08 | q,d).' ]
hh* +#0;q' #+1(1<i<d);r+0,q (0<i<d-1).

(I) In (1), take the limits ¢ — 1, 1-q)*h — K, 1-q)*h* — (h*)’

11__—2—>r{,11:—:;—>r§.
0;,=0,+hi(i+1+s) (0<i<d)
0 =05 +h*i(i+1+5s") (0<i<d)

A=hh"(i+1)(i-d)(i+1+r)i+1+r,) (0<i<d-1)
Ay = hh* (i +1)(i - d)

X({@+1+s" —r)(i+1+s" -1y (0<i<d-1)
A= (15,855 h", 00,605 | d),ri+1,=5+s" +d+1:
h,h* #0;s,8" ¢ {-2,-3,...,-2d};

e {-1,-2,...,-dluf{s* +1,s" +2,...,s" +d}.

1-s

1) 1-q

(IIA) In (1I), take the limits h* — 0, h*s* — (h*)', h*r, — (h*)'.

0;,=0y+hi(i+1+s) (0<i<ad)
6 =0 +h'i (O<i<d)
A =hh* (i + )i -d)(i+1+71) (0O<i<d-1)
A=hr*(i+D(i-d)i+r-s-d) (0<i<d-1)
Mg = (r, =5, =R h", 60,04 | d):

hh* #0;s ¢ {-2,-3,...,-2d};
né{-1,-2...,-dlu{s+1,s+2,...,s+dh.

!

-5,

1-s*

1-

q

- (s,
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(IIB) In (II), take the limits h — 0, hs — h', hr, — H'.

6; = 0, + hi (0<i<d)
07 =05 +h™i(i+1+s") (0<i<d)
A=hh"([i+1)({i-d)(i+1+r) O0<i<d-1)
A=-hh*(i+1)(i-d)(i+1+s"-1r) (0<i<d-1)

AHB = (rl, - —,S*;h,h*,eo, GS | d)’
h,h* +0;s* ¢ {-2,-3,...,-2d};
rne¢{-1,-2,....-dtuf{s" +1,s" +2,...,s" +d}.

(IIC) In (1), take the limits h — 0, h* — 0, hs — h', h*s* — (h*), hr; > 1r{, h*'r, > 1.
Setr =rr).

0; = 0, + hi (0<i<d
67 =05 +h*i (0<i<d)
A =ri+1)(i-d) (0O<i<d-1)
A=@-hh*)(i+1)(i-d) (O<i<d-1)

Ape = (r, 15, == h, R, 00,65 | d):
r=nr;hh" #0;1r#0,hh".

(I In (D), take the limits ¢ — -1, 1 + @)h — K, (1 + ¢h* — (h*), = s',

,mﬁ

* d+1
B N, T o, T o+ d+ 1 Sete(i) = 1ifiis even, and e(i) = 0 if
iis odd.
6; = 0, + (-1)2hifFD (i + 1 + 5)5TD (0<i<d)
0; =05 + (-)2R* V(i + 1+ 5T (0<is<d)
A = ~4hh* (i + DEED (G - @)D
x (i +1+ 1) (i + 1+ 1,54 (0O<i<d-1)
A = (~)%hh* (i + 150D (i — @)=
x(i+1+s" —r)fi+1+5 ) (0<i<d-1)

Ay = (1, 75,8,8"5h,h*, 04,6, | d):
n+ry=s+s*+d+1; h,h* #0;s,5" ¢ {-2,-4,...,-2(d - 1),-2d};
n#-1-2,s"+1+2j(0<2j<d-1),
r,#-d+2j,s"+d-2j(0<2j<d-1).

6.3.4 AW-relations

The relations of A, A* in End(V)
A’A* — BAATA + A*A?

= Y(AA* +A*A) + 6A" +y A’ + wA + 11",
(A*YA - BA*AA* + A(A*)?

=V ATA+AAY) + 8" A+ y(A") + wA” +1

(AW)

are called Askey-Wilson relations (AW-relations). Here, B,y,y*,6,6",w,n,n* are com-
plex constants determined for each AW-relation. In this section, we first show that
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L-pairs satisfy AW-relations. Then, we consider the condition for pre-TD-pairs and pre-
L-pairs to satisfy AW-relations. As an application, we show that if a TD-pair satisfies
AW-relations, it becomes an L-pair.

Before the discussion of the main theory, we look at another expression of AW-
relations (AW). In the first equation of (AW), replace w by w* and denote it as (AW),,
and denote the second equation of (AW) as (AW),. Namely, if we set

C=A’A* —BAA*A + A*A’ - y(AA* + A*A) - 6A", (6.226)
C* = (A*)’A-BA"AA* + A(A™) —y*(A*A+ AA") - 674, (6.227)
then we have
(AW),: C=y*A’+w*A+1", (6.228)
(AW),: C* =y(A*) +wA* +1. (6.229)

If we let w = w”, (AW) holds if and only if (AW), and (AW), hold. Define the bracket
product [, ] by [X, Y] = XY — YX. We rewrite TD-relations as follows:

[A,C] =0,

[A*,C*] = 0. (6.230)

) |

Hence, if both (AW), and (AW), hold, then (TD) holds. In particular, if (AW)-relations
hold, then (TD)-relations hold.

Lemma 6.62. Let [A,A*] # 0. If (AW), and (AW), hold, we have w = w*, that is, (AW)
holds.

Proof. By the definition (6.226), (6.227) of C, C*, we have
[C,A*] +[C*,A] = y[(A*)’,A] +y*[A%A%]. (6.231)
On the other hand, if (AW),, (AW), hold, by (6.228), (6.229), we get
[C.A*] +[C",A] =y [ALA*] +y[(A*)2. A] + (0" - w)[A,A%]. (6.232)
By (6.231), (6.232), and [A,A"] # 0, we obtain w* - w = 0. O
The next lemma is checked by the direct calculation.

Lemma 6.63. For A,A* ¢ End(V) and a,a” € C, we let
A=A+a, A" =A"+a".

If A,A* satisfy (AW), for constants B,y,8,y*,w*,n*, then A,A* satisfy (AW), for con-
stants § and

y=y-aB-2),
§=56-aly+7y),
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vy -a(B-2),
@' =w -2a'y+ay’)=w" -2a"y +ay* - (B-2aa"),
=0 -a*6-alay* +@*)=n" -a*6 - a(-ay* + w*).

IfA, A* satisfy (AW), for constants B,y*, 6%, y, w, n, then A, A* satisfy (AW), for constants
Band

=y -a'(B-2),

=6"-a'(y +7")

=y-aB-2),

=w-2ay" +a'y) =w-2(ay" +a*y - (B-2)a*a),
=n-a8" -a* (@’ +@)=n-ad* -a*(-a'y + w).

ogx ‘<x

-3 Ex

Let A,A* ¢ End(V) be an L-pair, and let ({V}l 0,{V{“}l‘-io) be an associated L-
system. Let {9,}120 be the eigenvalues of A, and let {6 }l: be the eigenvalues of A™.
Let E;, E{ be the projections E; : V = @]‘.1:0 Vi — Vi, Ef 1V = Q}]‘.jzo Vi —
and let a; = tr(EfAE]), af = tr(E;A”E;) (0 < i < d). Since an L-pair is a TD-pair, by
Theorem 6.44 in Section 6.2, there exist constants f8,y,y", §,6" such that {8;};, is a
(B,y, 6)-sequence and {6} };cz is a (B,y", 6*)-sequence in the sense of Remark 6.46 (2).

Then the following theorem holds [480].

Theorem 6.64. An L-pair A,A* satisfies AW-relations. Namely, there exist constants
w,n,n" € Csuch that C,C* in (6.226), (6.227) satisfy

— *AZ A *’
(awy | GV A wATT
C"=yA") +wA" +n.

Moreover, the following hold:

Y O + w0 +n" = a; (6;—6,)(6; - 6,1) (0<i<d),
V6;) + w6} +n = (6] ~67,)(6; ~6L) O=<isa)
w = a; (0; — 6;41) + a1 (01 — 65) —y" (6; + 6;_y)
=a;(0] - 0;,,) +a;1(6,-07,)-y(6 +6,) (1<i<d).

1
Proof. First we show there exist w*,n" € C satisfying (AW), in (6.228). Since an L-pair
A,A* € End(V) is a TD-pair, by Theorem 6.44 in Section 6.2, it satisfies TD-relations
(6.230). Therefore, C and A are commutative. Since A is diagonalizable and each
eigenspace is 1-dimensional, an element in End(V) which commutes with A must be
a polynomial in A. Therefore, there exist a; # 0, a3, ..., a4 € C such that

C=apA"+ A"+ v, A +ay, (6.233)
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Here, without loss of generality, we may assume the diameter d of the L-pair A,A*
satisfies d > 2. For, the minimal polynomial of A has degree d + 1 and if d < 1, the
right-hand side of (6.233) is a polynomial in A of degree at most 1 and the right-hand
side of (6.228) is also a polynomial in A of degree at most 1.

Following the definition (6.226) of C, we find E;/CE; (i > 2). By Lemma 6.40 in
Section 6.2, we have

(05 - BO; +03)E; A’Ey, ifi=2,

(6.234)
0, ifi >3.

E/CEj = {

On the other hand, following (6.233), we find E,, CE;. By Lemma 6.40 and Proposi-
tion 6.41 in Section 6.2, we have

E,CE; = aoE,A"Ej + 0. (6.235)
Comparing (6.234) and (6.235) yields n < 2. Hence, there exist a*, w*,n* € C such that
C=a*A’+w'A+n". (6.236)

By (6.236), we have
E;CE} = " E; A’E}. (6.237)

By Proposition 6.41, we have E; AzEé # 0. So, by (6.234), (6.237), we have a* = 6 —
B6; +6;. Since {6}, is a (B, y™)-sequence, we have 67 — f6; + 65 = y*. Thus, we get
a* =y” and (AW), in (6.228) holds.

Similarly, there exist w,n € C such that (AW), in (6.228) holds. We show w = w*.
Without loss of generality, we may assume the diameter d of the L-pair A, A* satisfies
d>1.1fd =0, A, A" are constants, and by a suitable choice of n*, 17 in (6.228), (6.229),
wemaysetw = w".Letd > 1. Wehave E{'[A,A*]E; = (65 —0;)E; AE;. Since E{ AE; + 0
by Proposition 6.41, we have E; [A,A"]E; # 0. Hence, [4,A*] # 0. By Lemma 6.62, we
get w = w”. Thus (AW) holds.

Following the definition (6.226) of C, we find E;CE;. We have E;CE; = (67 - 67 + 67 -
2y0; - 6)E;A"E;. By tr(E;A"E;) = af and dim(V;) = 1, we have E;A*E; = a] E;. Moreover,
by Lemma 6.45 in Section 6.2, fora (8, y, 6)-sequence {6,};.,, we have (ﬁ—2)91-2+2y9i+8 =
(65,1 — 6,)(6; - 6;_,), and we obtain

ECE; = —(0;,1 - 6,)(6; - 0,_))aE; (0<i<d). (6.238)
On the other hand, following C = y*A% + wA + n*, we find E;CE;. Then we get
ECE; = (y* 07 + w6; +n*)E; (0<i<d). (6.239)
By (6.238), (6.239), we obtain

Y07+ wb+n* =a (6, - 6,6 -6, (0<i<d). (6.240)
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Similarly, by E; C*E;, we have

* 2 * * * * * .
y(07) +wb; +n=a;6; -6 ,)(6; -6;,,) (0<i<a). (6.241)
In (6.240), subtracting the (i — 1)-th equation from the i-th equation and deleting n*
yields the desired equation on w. Moreover, in (6.241), subtracting the (i — 1)-th equa-
tion from the i-th equation and deleting 7 yields the other equation on w. O

Next, let A,A* € End(V) be a pre-TD-pair. Following the definition (6.145) in Sec-
tion 6.3.2, we express A, A" as follows. A direct sum decomposition V = EB?:O U; and
linear transformations R, L € End(V) such that

RU; c U;

i+1>

LU; cU;; (0<i<a), (6.242)

where U_; = Uy,; = {0}, are given. Moreovet, distinct numbers 8,,6,,...,0,; € C and
05,65 ,...,0; € Care given. For the projection F; : V = @;io U; — U, let

d d
F=) 6, F'=Y6F. (6.243)
i=0 i=0
Then A,A* are given by
A=R+F, A"=L+F". (6.244)

It is checked by the direct calculation that the relations (AW),, (AW), are rewritten as
the following lemma.

Lemma 6.65. The following hold:
(1) We have
APA* —BAA*A+ AT A = X, + X, + X + Xy,
where
X, = R°F* - BRF*R + F*R?,
X, = R’L + RFF* + FRF* - B(RLR + RF*F + FF*R)
+LR? + F*FR + F*RF,
X, = RFL + FRL + F’F* — B(RLF + FLR + FF*F)

+LFR + LRF + F*F?,
X, = F°L - BFLF + LF%.

We also have

V(AA* + A*A) + 6A* +y A2+ W A+ = Yo+ Y + Yy + Y,
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@

where
Y,=y'R’,
Y, = y(RF* + F*R) + y*(RF + FR) + "R,
Yo = y(RL+ LR + FF* + F'F) + 6F" +y"F>+ w'F + 1",
Y_, = y(FL + LF) + 8L.
In particular,

A’A* — BAA*A + A* A
= y(AA* +A*A) + 6A* +y* A2+ w A+
holds if and only if the following (i)—(iv) hold:
@ Xoly, =Y,ly, 1<i<d);
(i) Xly, = Y,ly, (0<i<d-2);
(iff) Xoly, = Yoly, (0 < i< d);
(iv) Xyly, = Yyly, (O <i<d-1).
We have
(A*)A-BA*AA* + A(A*) =X', + X', + X} + X,
Y (A*A+AA*) + 8 A+y(A"Y v wA* +n =Y, + Y + Yy + Y],

where X', X', X[, X{; Y',,Y',, Y\, Y| are obtained by exchanging as
X2>X1’XO>X—1; Yz, Yl’ Yo, Y—l’
and applying the following operations:

(R,F) & (L,F"),
6w ,n") < (", 6", wn).

In particular,

(A*)’A-PA*AA* + A(A*)
=y (ATA+AA%) + 8" A+ y(A*) +wA +1

holds if and only if the following (i')—(iv') hold:
(i) Xlly = ¥]ly (0 <i<d-1);

(i) X',ly =Y,y @<is<d);

(iii") X(,)|U, = Y(,)lU,- (0<i<d);

(V') X!yly, = Yly, A <i<d).
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Proposition 6.66. Letd > 1, and assume R°U; + 0 (0 <i<d-2) and L’U; + 0 2 <i <
d), and if d = 1, assume RU,, + 0, LU, # 0. Then the following (1), (2) hold:

@)

@

We have

A’A* — BAA*A + A* A
= y(AA* +A*A) + A" +y* A2+ w A+

if and only if the following (i)-(iv) hold:

() 6=67-PO0,1+67,-y(0;+6;) (<i<dy=6-p6,+6,_, <i<d),
namely, {61-}14:0 is a (B,y, 8)-sequence;

() y" =67 -B6;,+67, @2<i<a),
namely, (6]}, is a (B,y")-sequence;

(iif) ((6; — 6;1)LR— (6;,1 — 6)RL)|y, = (61— 6,)(6; - 6,_)6; +y* 67 +w*6;+n" (0 <
i<d);

(iv) (R’L-BRLR+LR?)|y; = ((6;,,-6,,1)6},,-(6;~6;_1)6; +y* (6;+6;,1)+w* )Rl (0 <
i<d-1).
Here, we interpret that 0; are extended to the (B,y)-sequence {0;};cz, and 6;
are extended to the (B,y")-sequence {0; };.5 in the sense of Remark 6.46 (2) in
Section 6.2.

We have

(A*Y'A - BA*AA* + A(A*)
=y (A"A+AA" )+ 8"A + y(A*)2 +wA" +1

if and only if the following (i')-(iv') hold:

(") 6% = (8;)—BO; ;1 +(0:)°~y* (6 +67.) (0 < i< d-1),y* = 07 -6}, +67,(0 <
i<d-2),
namely, (6]}, is a (B,y", 8*)-sequence;

(i{i") y=6;-BOuy + 64, (0<i<d-2),
namely, {61-}1?1:0 is a (B,y)-sequence;

(iii") ((6; - 6}, )RL— (6}, - 07 )LR)|y, = (8;, - 6;)(0; —6;,1)6; +y(6; ) + wl; +n (0 <
i<d).

(iv') (LR~ BLRL+RL*)|y = (6}~ 07.)6;1 — (6] —6;,1)6; +y(6; +6;-) + w)Lly, (1 <
i<d).
Here, we interpret that 6; are extended to the (B,y)-sequence {0;};c,, and 6;
are extended to the (B,y")-sequence {6; };c in the sense of Remark 6.46 (2) in
Section 6.2.

Proof. We prove (1) only. The proof of (2) is similar. Corresponding to conditions (i),
(ii), (iii), (iv) in Lemma 6.65 (1), we obtain (i), (ii), (iii), and (iv) of the proposition as
follows.
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(i) Since we have
Xaly, = (67, - B6;16; + 9?)L|U,»
Y ily, = (i1 +6;) + 6)Lly,
by the assumption that LlUi +0(1<i<d),weget
8=07 P06, +67, -y +6) (<i<d).
Subtracting the (i — 1)-th equation from the i-th equation and deleting § yields
y=0;-p0,_,+6;_, (2<i<ad).

Ifd =1, weregard y = 0, — 6, + 6_; as the definition of 6_;.
(ii) Since we have

Xly, = (6] - BO;,; + 6, )R2|U,-> Yoly = Y*R2|Ui»

i+2

by the assumption that R*|;; # 0 (0 <i < d - 2), we get

Y =6, -B0;,+6; (0O<i<d-2).

i+2
Ifd =1, weregardy* = 65 — 65 + 6; as the definition of 6;.
(iii) Since we have
Xoly, = ((Br_y + 6; — BOIRL + (6;,, + 6; — BO,)LR + (2 - B)6;6; )|y
Yoly, = (YRL + yLR +2y6,0; + 86, + V0l + w6 + n )y,

we obtain
((B_1 + 0; = B6; = Y)RL + (03,1 + 6; — BO; — y)LR)|y,
=((B-2)07 +2y0; + 8)6; +y" 07 +w* 6, +n* (0<i<d).

By (i), {6}icz is a (B,y,8)-sequence. So we have y + 80; = 0;,; + 6;_;. Moreover, by
Lemma 6.45 in Section 6.2, we have

(B - 2)612 + 2)/91 +6 = (9i+l - 91)(61 - ei—l)'

Hence, we obtain (iii).
(iv) Since we have
X,ly = (RL-BRLR + LR
+((6; + 0;,1 = BO)O; + (6; + 0,4 —59i+1)9;+1)R)|Ui’
Yily, = (v(6; +05,) +y"(6; + 6,1) + @™ )RIy,,

i+1

if we note y + 6; = 0;,; + 6;_;, we obtain (iv). O
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Theorem 6.67. Let A,A* € End(V) be a pre-L-pair and {0; }1 o0 167 }l 0 {}li}?;Ol the data.
Letd >1andA; #+ 0 (0 < i< d-1). Then the following (1), (2), (3) hold:

)

@

G

The relation (AW),
A’A* — BAA*A + A* A
= Y(AA* +A*A) + 8A* +y* A2+ w A+ " (6.245)

holds if and only if the following (i)-(iv) hold:

i 6= 91.2 - B6,6;_; + 91.2_1 -y(6;+6;_)(1<i<d),y=6;-86,_1+6,., (<i<d),
namely, {6; }d o is a (B,y,b)-sequence;

(i) y* =67 - ﬁ@ “1+0,2<i<a),
namely, {671, is a (B, y*)-sequence;

(iif) (6; = 6;_1)A; = (6141 = 0)A;y = (6141 - 0:)(6;— 6;_1)6; +y*6; +w*6;+n* (0 < i< d);

(iv) Ay = BAi+ Ay = (0132 = 031)0;,1 — (6; = 6,1)0; +y" (6;+6;,1) +w™ (0<i<d-1).
Here, we interpret that 6; are extended to the (B,y)-sequence {0;};c;, and 6;
are extended to the (B,y")-sequence {6; };c, in the sense of Remark 6.46 (2) in
Section 6.2. We also let A_; = 0, A; = 0. Moreover, (iii) holds for some n* € C if
and only if (iv) holds under condition (i).

The relation (AW),

(A*)YA-PA*AA* + A(A*)
=y (A*A+AAY) + 8 A +y(A*) + wA" +1 (6.246)
holds if and only if the following (i’ )—(iv') hold:

(i) 6% =(6]) - PO;6;,1 + (6" —y*(6; +6,)) (0O<i<d-1),y - BO;y +
(29 (0<1<d 2),

namely, {6} } oisa(B,y",6")-sequence;
(i) y=6;-pOu1+0,, (0<i<d-2),
namely, {6; }fi o is a (B, y)-sequence;
(iii") (6] — 07,1 )Ai_y — (6] 1 —01)A; = (67 ,—07)(6; —07.,)6;+y (6} 2 +wb; +n (0 < i < d);
(V") A = BAiy + Ay = (675, — 65 )0, — (6] = 6;,,))6; +y(6] +6; ) +w (1<i<d).
Here, we interpret that 0; are extended to the (B,y)-sequence {0;};cz, and 6;
are extended to the (B,y")-sequence {6; };c, in the sense of Remark 6.46(2) in
Section 6.2. We also let A_; = 0, A; = 0. Moreover, (iii') holds for somen € C if
and only if (iv') holds under condition (i').
If the relation (AW), in (6.245) holds, then the relation (AW), in (6.246) holds where
w = w*. Conversely, if the relation (AW), in (6.246) holds, then the relation (AW),
in (6.245) holds where w* = w. Moreover, if (AW),; and (AW), hold, then we have
w=w".

Proof. Note that since A; # 0 (0 < i < d — 1), the assumption of Proposition 6.66, i.e.,

RU;#0(0<i<d-2),L°U; #0(2<i<d),hold.

(1) Since RL|y, = Aicts LRly, = A;, conditions (i), (ii), (iii), and (iv) in Proposition 6.66 (1)
are identical to conditions (i), (ii), (iii), and (iv) of the theorem.
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Assume (i). Divide condition (iii) into the i-th equation and the (i + 1)-th equation as
follows:
(0101 = Oy = (6; = O;_A;
= (6141 - 0)(6; - 0,)0; —y* 6} —w 0, -n* (0<i<d-1), (6.247)
(611 = 0)Apg — (B2 — O
= (B2 — 0,1) By — 007, + Y 07 + W By +0° (O<i<d-1). (6.248)
By (i), {6;};cz is a B-sequence, and so we have
(011 = 0)B =015 — 0141 + 6, - 0,4,

and thus

(6i+1 - ei)(Aifl - ﬁAz + Ai+1)
= (9i+1 - ei)Ai—l - (91 - 91'_1)/11' + (9i+1 - ei)AiH - (9i+2 - 0i+1)/\i'

Therefore, the i-th equation of (iv) can be written as follows:

((B1 = BDA_y = (6; = 6,_DA;) + (41 — O)Aiy1 — (B2 — O)A;)
= (9i+1 - 6i)((eiﬂ - 6i+1)6i*+1 - (ei - 61‘—1)91‘* + y*(ei + 6i+1) + w*)
(0<i<cd-1). (6.249)
Hence, if two of (6.247), (6.248), (6.249) hold, then so does the rest. In particular, if (iii)
holds, we have (iv). Moreover, if we assume (iv), fori with 0 < i < d-1, the i-th equation
in (iii) holds if and only if the (i + 1)-th equation holds. Therefore, if we determine n*
so that (iii) holds for i = 0, then (iii) holds for i with 0 <i < d.
(2) This is similar to the proof of (1).
(3) Since a (B,y)-sequence is a (B,y,8)-sequence and a (B,y")-sequence is a (8,y",
6%)-sequence, (i), (ii) hold if and only if (i'), (ii') hold. We write (iv), (iv') as follows:
A = BA + A — 0"
= (02— 01007, — (0; - 6;_1)0; +y"(6;+6,1) (0<i<d-1), (6.250)
A =B+ AL —w
= (07, -07,1)0;,1 — (6] —6;,)6; +y(6; +6;,,) (0<i<d-1. (6.251)

i+2 ~ Vil i i+1
We find the difference between the right-hand sides of (6.250) and (6.251). Note that
{0;}iez is @ (B, y)-sequence and {6; };c is a (B, y*)-sequence. Then we get
B2 = )0y + (B =)0 = (65— V™ )Biu1 — (6, - V)6,
= (BO;11 — 0,)0;, + (BO; — 6,.1)6; — (BO;; — 6, )0 — (BO; - 6;,1)6;
=0.

Thus, the right-hand sides of (6.250) and (6.251) are equal. So w = w™ if and only if (iv)
and (iv') are equivalent. O
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Theorem 6.68. Let A,A* € End(V) be a TD-pair. Then A, A* satisfy AW-relations if and
only if A,A* form an L-pair.

Proof. 1f A,A* form an L-pair, by Theorem 6.64, they satisfy AW-relations. Conversely,
suppose A, A* satisfy AW-relations. Since A, A* form a TD-pair, if we let V = @?20 U;
be the weight space decomposition and R, L the raising map and the lowering map,
condition (iv) in Proposition 6.66 holds. In particular, foru € U; (0 < i < d - 1), we
have

LR?u € Span{R’Lu, RLRu, Ru}. (6.252)

Let u, € U, be an eigenvector of LR, and let u; = Ry, (0 < i < d). Note that u; € U,.
First, we have Luy = 0 € Cu_; (u_; = 0), Lu; = LRu, € Cu,. Assume Lu;_; € Cu;_,,
Lu; € Cu;_4 (i = 1). By (6.252), we have

Lu;,; = LR?u;_; € Span{R*Lu;_, RLRu;_;,Ru;_,}.

Since R’Lu;_; € CR?y;_, < Cu;, RLRu;_; = RLy; € CRu;_; = Cu;, Ru;_; = u;, we obtain
Lu;,; € Cu;. By induction, if we let

d
W = @ (Cu,-,
i=0

then W is L-invariant. Since W is R-invariant and it is also invariant under the projec-
tionF; : V = @}‘.1:0 U; — U, it is A-invariant and A*-invariant. Since V is irreducible
as an (4, A")-module, we have W = V. Therefore, A, A" is an L-pair. O

6.3.5 Classification

In this section, we prove the following theorem.

Theorem 6.69. A pre-L-system (A,A"; {V,-}l‘-io, {vr }fzo) becomes an L-system if and only
if the data {6[-}?:0, {07 }?:O, {Ai}fz‘ol are expressed by AW-parameters as in the table of The-
orem 6.61.

By the above theorem, isomorphism classes of L-systems are in one-to-one corre-
spondence with the data in the table of Theorem 6.61, and in this sense, the classifi-
cation of L-systems is completed. Note that if A; # 0 (0 < i < d — 1), a pre-L-pair with
given data {6;),, {671, {4} uniquely exists up to isomorphism.

In order to prove Theorem 6.69, it suffices to show the following proposition.

Proposition 6.70. Suppose the data {Gi}fzo, {67 }fzo, {/1,-}?;01 of a pre-L-system (A,A";
{Vi}fzo, A }?:O) are expressed by AW-parameters as in the table of Theorem 6.61. Then
the following (1), (2) hold:
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(1) A, A” satisfy AW-relations;
Q) V=L, V=P,V isirreducible as an (A, A*)-module.

If a pre-L-system (4,A"; {Vi}fzo, {Vi*}?zo) becomes an L-system, the data must be

expressed by AW-parameters as in the table of Theorem 6.61, which was shown in

Theorem 6.61. Conversely, suppose the data of a pre-L-system (4,A"; {Vi}?:w {Vi*}f:o)

are expressed by AW-parameters as in the table of Theorem 6.61. Since A, A* satisfy
AW-relations by Proposition 6.70 (1), A, A* satisfy TD-relations by (6.230). Therefore,
by Theorem 6.47 in Section 6.2, we have

AVS VI + Vi + V], (0<i<d),

AV, cV +V;+Vy, (0<i<d), (6.253)

where V¥, = Oor V = V3, V3, =0o0rVj, =V;,V,=00rV_, =V, Vg, =
0 or Vg, = Vy. In (6.253), if we show we may set V*; = V;,, = V; = V4, = 0,
then A, A satisfy conditions (1), (2) in Definition 6.27 in Section 6.2, and moreover, by
Proposition 6.70 (2), they satisfy condition (3) of Definition 6.27, and it turns out that
A, A form a TD-pair. Furthermore, since dim(V;) =1 (0 <i < d), A,A” form an L-pair.

First, if d = 0,1, clearly, we may assume V*; = V;,, = V_; = V;,; = 0. Letd > 2.
Since A, A™ form a pre-L-pair, if we let V = EB?:O U; be the weight space decomposition,
we have V| = Uy, V; = Uy, and

AV =AU, c Uy + Uy = V§ + V7,
A*Vd = A*Ud c Ud*l + Ud = Vd*l + Vd'

Therefore, in (6.253), we may set V*; = V;,; = 0. On the other hand, since the data in
the table of Theorem 6.61 satisfy the condition of Theorem 6.60, we have

AV + VS 4+ + V) SV + V) 4+ V3,
A*(V0+V1+"'+Vd72)gV0+V1+"'+Vd 1-

In particular, we have

AV c Vi + VS +--+ V],
A*VogVO+V1+"‘+Vd71.

On the other hand, by (6.253), clearly, we have
AV cVy+ Vi, + V3,
AV c Vo + Vi + V.

So in (6.253), we may set V;,; = V_; = 0. In this way, Theorem 6.69 is reduced to
Proposition 6.70.
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Proof of Proposition 6.70 (1). Let d > 1. It suffices to check conditions (i), (i), and
(iii) in Theorem 6.67. By the assumption, the data are expressed by AW-parameters
in Theorem 6.61. Therefore, there exist constants 8,y,y",8,6" such that {6; }d olisa
(B,y,6)-sequence and {6; } _oisa(B,y*,6")-sequence. Hence, (i), (ii) hold. Thus it suf-
fices to check that there exists a constant w* such that (iv) holds:

1P+ Ay
= (9i+2 - 6i+1)9i>:—1 - (91 - 9,~_1)9i* + y* (91 + 9i+1) +w* (0 <i<d- 1)

Namely, it suffices to check
Aicy = BA; + Ay = (B = 0:,1)074 + (0 = 667 —y™ (6; + 01,1) (6.254)

does not depend on i (0 < i < d - 1). Note that §; and 6; are extended to the
(B,y)-sequence {0;};c; and the (B,y")-sequence {6;};c, respectively. Without loss
of generality, we may assume the expression of the data by AW-parameters is of
Type I, since the other expressions are obtained as the limiting case of Type I. In the
following, we write 8 = g + g%, q # +1. By (6.171), (6.188), we have

A=A+ 0,-0,)(65,-65), (-1<i<ad),
!

A . .
N=— 0 (1+¢¥ g g% (-1<i<a).
’ (1—qxl—q%( )
Sinceq ' - B¢ + ¢ =0 (j € Z),
2-pa+q" A
i = 1-q)1-q%
does not depend on i. Moreover, since we have
(01'—1 - 6d)( ‘* - *) _B(e - ed)(ei*ﬂ - 08) ( i+1 ed)( i+2 S)
= 6;10; — B6;6;,1 + 0:,16;,, — (61 — BO; + 60,,1)0;
- ed( ﬁ91+1 + 61+2 2 - ﬁ)e;)
= 91’—10 ﬁe 9 at 91+191+2 ye;; - ed(y* - (2 _B)QS)’

Ay = BA + A

we obtain
ﬁA+A1+1— 119 Bee 1+61+19 216
_@2-B)a+g"HA,
1-q)(1-q%
Hence, in order to check (6.254) does not depend on i, it suffices to check

1 19 BQ 6z+1 + 91+191+2 (9i+2 - 0i+1)9i*+1
+(6; - 0,1)0; —y"(6; + 6;,1) (6.255)

—y05 - 04(y" - 2-B)6;).
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does not depend on i. Substituting (6.255) by 86;,; = 6 + 6;,, — y” yields
© i+1 -6; )01+2 © i+2 ~ 9i+1)01:1 - y* 9i+1' (6.256)

By using 6;,, — 0;,1 + 6; — 0,_; = (6;,1 — 6;)B, subtracting the (i — 1)-th equation from the
i-th equation in (6.256) yields

(9i+1 - ( i+2 Beul + 6 )

Therefore, (6.256) and (6.255) do not depend on i. O

0.

From the above discussion, we show that if the data {9} o0 167 } ~o» W }fl o ofa
pre-L-system (4,A*;{V; }l o Vi }]: ) are expressed by AW-parameters in the table of
Theorem 6.61, A, A* satisfy AW-relations. Therefore, (6.253) holds where V, =V, =
V_; = V4,4 = 0. This implies conditions (1), (2) in Definition 6.27 in Section 6.2 hold.
In the following, we show condition (3) in Definition 6.27 holds. If conditions (1), (2)
(3) in Definition 6.27 hold, A, A* form an L- palr In partlcular (A, A" {V,_ l}l o 1Vi } ~0)
is a pre-L-system and if we let {6,,_ l} 00 167 } —0 {/1 } ! be the data, then /1 is given by
(6.168) by Lemma 6.56. For V to be an irreducible (A,A y-module, it is necessary that
A #0,A; # 0 (0 < i < d-1). Note that this condition is included in the expression by
AW-parameters of Theorem 6.61.

LetV = @?:0 U; be the weight space decomposition, and let R, L be the raising
map and the lowering map. Choose a non-zero vector u, in Uy and let u; = R'uy. Then
since A; # 0 (0 <i < d - 1), we get the following inductively:

Lu=Aqu, #0 (1<i<d). (6.257)

In particular, we have u; # 0, U; = Cy; (0 < i < d). Let E] be the projection V =
P2,V — V. The following holds.

Proposition 6.71. If and only if EJV, # 0, V is irreducible as an (A, A*)-module.

Proof. (Sufficiency) Assume E]V, # 0. Assume W # Ois an (4,A")-submodule of V to
show W = V. Since A is diagonalizable, W is a direct sum of eigenspaces of A. Choose
the minimum i such that W n V; # 0. Since dim(V;) = 1, we have V; ¢ W. We show
i=0.Assumei > 1to get a contradiction. By Lemma 6.54,

belongs to V;. Then by (6.257), we have
(A" =67 )v = Ai_qu;_y + (theterms of uy, ..., uy) ¢ Ui+ + Uy = Vi + -+ Vg
By the minimality of i, we have

(A" =6 )veWcVi+ -+ Vy,
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which is a contradiction. Therefore, we geti = 0, and V;; ¢ W. Since E; Vo # 0 and
dim(Vy) =1, we have EjV, = V. Hence Vj ¢ W. Since

Vo =Uy Uj=(A-64)--- (A~ 60Uy,

we get U; € W (0 <i < d). Therefore W = V.
(Necessity) Assume V is irreducible as an (4,A*)-module. Assume EJV, = O to get a
contradiction. Define the subspace V;;,; (0 <i<d-1)of V by

Vi = Wo o+ V)0 (Vg -4 V).

1

LetV_;4 =0, V44,1 = 0. Since it was shown that A, A™ satisfy (1), (2) in Definition 6.27
in Section 6.2, we have

(A=0)Vijn € Vi
(A* - ei*)Vi,iJrl < Vi+1,i+2-
Therefore, if we let

W=Vo1+Vip+Vaig

W is (A, A*)-invariant. On the other hand, since V, ¢ V" +--- + V; by EjV; = 0, we
have

VocVon (V) +---+ V) =Vy;.
In particular, W 2 V,, # 0. Moreover, since
Vig1 S Vi ++ ViV +---4V; (0<i<d-1),

we have W < V' +--- + V] # V. This contradicts the irreducibility of V as an
(A, A )-module. O

Lemma 6.72. The following condition is a necessary and sufficient condition for

) Aohy Ay ‘o
55 (60— 6y) -+ (8~ 0,)(6 ~ 05) -+ (05 — 6;)

Proof. By Lemma 6.54,

2 1
V= ui
,-220(90—91)“'(90—91')
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belongs to V. Since dim(V,,) = 1, we have V,; = Cv. Since we have

LA _91*
Fo = g 6 -0
by noting that
-0/ ;
5~ 9]* U =uy (<j<a,
(A" -6 =, (<j<ad),
we obtain

(A" - 67) - (A" - 6p) (A" - 07)--(A" - 6)) |
G OG0, @6 @ 6"

_ AO Al—l Un.
@ -0 - )

*
Eoui =

Therefore we get

E*v=i Ao Aiy Ug. O
0 (@ —0,) -+~ (B — 0) (O —6;) - (6 —67) °

As will be stated below, by using the following theorem, we complete the proof of
Proposition 6.70 (2).

Theorem 6.73. We have

i Ay-+-A
(6 —61)--- (8, — 6,)( 65 — 67) -~ (65 — 6;)

i=0
i Ao Ay |
(60— 61) -+ (8 — 02)(0 — 67) -+ (65 - 03)

Proof of Proposition 6.70 (2). Since /i,- #0(0 <i<d-1), by Theorem 6.73, we have

i AO"'A*i-l * N
5 (B —6) -+ (6 — 6;)(65 — 67)--- (65 — 0;)

By Lemma 6.72, EjV, # 0. Therefore, by Proposition 6.71, V is irreducible as an
(A, A*)-module. O

For the proof of Theorem 6.73, it suffices to show the case that the data are ex-
pressed by AW-parameters of Type I, since the other cases are the limiting cases of
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(). As a preparation, we introduce new symbols and give two lemmas. For a,q;, ...,
a, € C, let

(1-a)---(1-agd™h (=12..),
(G;Q)i = .

1 (i=0),
(ay,....a;q); = (a;q); - (a; Q).

We define a basic hypergeometric series ,.,¢, by the following:

ay,...,qp > 3 (alr--~>ar+l;q)i Xi
cax ) = , (6.258)
r+1¢’r< by,....b, l:zo (by,.... b @) (@)

Lemma 6.74. If the data are expressed by AW-parameters of Type I, we have

i Ao+ Ay
(6 - 6y) (—9)(96—9f)'-~<98—9?)

i=0

nq.1.9.9
=3¢2< lsq zs*qz 3 g, 61)

Proof. We have the following:

0y - 0; = ~hg7(1-¢)(1-sg™),
By —6y)---(0y - 9)(9* - 9*)-~-(9* —9~*)

= (hh")'q Y (g; g)y(gs N RTNC T )
A =hh*q 771 —'CI’”)( - N1-nd™M(1-rg"),
Ao Ay = (M) ¢ (@ @i(q% @)y Dirag: @)

Therefore, we obtain
Ao Ay
(6o —6)--- (6 — 6;)(65 —07)--- (65 - 67)

_ 4@ %9ing9:ina: 9
(@ 9i(sq% 9)i(s* g% 9);

Since (q‘d;q)i =0(i=d+1,d+2,...),in the summation 3¢,, i goes from O to d, and
hence the lemma holds. O

Lemma 6.75. We have

nq.1q,q9
3¢2< 15q 2S*q2 ;q,Q>

L1 tdan (=50 =s'q ) =5"q)- - (ry = 5"g")
(s)%(sq% Da(s* 4% Qa
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Proof. We assume s* # 0. If s* = 0, by noting that (r; - s"q")(r2 —s*q')/s" = sqd+1 -
(r, +1,)q" + s* g%, we take the limit s* — 0.
In the g-analogue of the Pfaff-Saalschiitz formula [189],
" ( a,b,q™" . ) _ (c/a,c/b;q),
372\ c¢,abcig " (c,c/ab; q),
(n=0,1,2,..)), (6.259)
ifweleta=rgq,b=ryq,c=s"q’, bynr, = ss*q?*!, we get
na.nd.g?  \_ (s"q/rn.s"a/rsa)a
3¢, 2 2 34 )= s . :
sq°,8"q (s*q%,s* N1 q)g
Since we have
* 1 * * .
(s*q/rq)g = r_d(ri -s'q)--(ri—s qd) (i=1,2),
i
s* d |
(s™/mry; q)g=01 < ) Clid(d_l)(sqz;CI)d,
nr
we get the desired equation. O

Proof of Theorem 6.73. We prove the case that the data are of Type I and s* # 0. The
other cases are the limiting cases of the above case. We have

s hh”

Ai _ s_*q—Zl (1 q1+l)( )("1 * 1+1)( S*qu),

N K hh* d-1 * 1+1 * _1+1
AO-~-/1d_1=<S* ) T @Dala ), [[(n-s"d") - s"d™)
i=0

X (6~ 01) -+ (6~ 04)(05 — 07) -~ (6 - 63)
= (hh*) g %D (5 @)y (58 0) (5" T3 D)

d

Note that

(@ %q), = (~1)%g 794 (g ),

Then we get
Ao Agy
@0~ 0)-- (0o - )0 - 67) -~ (6 - 67)

_ (1) gy (n=8"q) - (n-s"g)r-s"q) - (- s"q")
(s)4sq% @)a(s* 4% @)a '

By Lemma 6.74 and Lemma 6.75, the theorem holds. O
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Remark 6.76.
1. Fora € C, let
a@+1)---(a+i-1), ifi=12...,
(@); = s
1, ifi =0.

Define a hypergeometric series ,,(F, by

a,....d X (ay); - (@yyp); X
F < 1 f+1;x> =y U Tl (6.260)
"\ by b, ,ZO (By)i--- (by); 1!

Note that ,,;¢, is a g-analogue of , ;F,. Moreover, (6.259) is a g-analogue of the
Pfaff-Saalschiitz formula:

< a,b,-n ] >_ (c—a),(c-b),
3t TN

cl+a+b-c-n"") (c)(c-a-h), (n=0,1,...). (6.261)

2. Inthe right-hand side of the equation of Lemma 6.75, the following holds:
(ry = 59) -+ (r; = 5¢%)(r, = 5g) -+ (r, = 5¢°)
d
S

(rn-s'q)---(r-s"q?)(r,—s*q) - (r, - s"q%
(s*)d '

Proof. Sincernr, = ss*q*!, we have

rr i i rr ; ; .
1 (qud i+1 + rzqz) + Sqd+1 _ ;*2 _ (nqd i+1 + rqu) +s qd+1.
Therefore,
(rn=sq)(r —sg* ™) (n-s"gH(r - s*g"™)
s - s*
and we get the desired equation. O

3. Inthe proofof Theorem 6.73, we make use of the g-analogue of the Pfaff-Saalschiitz
formula. In fact, TD-pairs are related to Drinfeld polynomials, and Theorem 6.73
is the special case of the product formula for them [260]. Hence, conversely we
can obtain the g-analogue of the Pfaff-Saalschiitz formula from Theorem 6.73.

6.3.6 Dual systems of AW-polynomials

Let (A, A*;{V;}4,, (V7 1%,) be an L-system and let {8,}4, {6712, {A}a be the data.
Let vy, vy, ..., V4 be the standard basis and vj, vy, ..., v, the dual standard basis. Then
there exist constants b;_y, a;, ¢;,1; b;_1, a;', ¢f,1 (0 < i < d) such that

AVi = bHVH + a;V; + Ci1 Vi (O <i< d), (6.262)
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A™V =b v +aiv] +ciyvi, (0<i<d), (6.263)

wherev_; = vy, = 0, VY = vy, = 0,¢c4q = €y = 1, and b_y, b7, are indetermi-
nate. Note that since we choose the standard basis and the dual standard basis, the
following hold:

a; + b; + ¢; = 0, (6.264)
a; +b; +c =65, (6.265)

where ¢ = ¢ = 0, by = b = 0 (Definition 6.52). Define polynomials v;(x), v; (x) (-1 <
i<d+1)ofdegreeibyv_j(x) = v’ (x) =0, vo(x) =v5(x) =1, and

xvi(X) = bi_1vi1(X) + av;(X) + Cyqvi () (0 <i<d), (6.266)

xvi (%) = b v 00 + aivi (X) + ¢f,yvi, (0 (0 <i<d). (6.267)

Then {v; (x)}?:o, i (x)}l‘-i:0 form a dual system of orthogonal polynomials (Theorem 6.25
in Section 6.1.4), and the following hold (equation (6.78) in Section 6.1.4):

€163+ CqVau () = (X = 6p)(x = 0y) -+ - (x = 6), (6.268)
C1Cy CaVa () = (x-65)(x—67)-- (x - 6)). (6.269)
In this section, we first prove the following two theorems.
Theorem 6.77.

(1) Let {84110, 167180, (A}90 be the data of the L-system (A, A*; {V Lo, (Vi 10).
Let a; (0 <i < d) be the numbers determined by (6.264). Then the following hold:
(07

i

~61,): (6} - 65)

b.: . (OSiSd_la
b6 -6 (67, - 65) )
¢ = (0 —6.1)--- (6] —63) 1<i<a).

e -0 6,0

) Let {8}, 16 180, A} be the data of the L-system (A, A*; {V}L,, 1V &), Let
ai (0 <i < d) be the numbers determined by (6.265). Then the following hold:

b 4 (6=60)--(6,-6))

: l (9i+l - 91') e (9i+l - 90)

i B0 (6= 6)
C0—0) (01— 60)

(O0<i<d-1),

(1<i<ad).

Remark 6.78.

(1) ByLemma 6.57 (2), wehave A; = A, ; ; (0<i<d-1).

(2) The data of the L-system (A", A;{V} }%,.{Vi}L,) are {6 )40, 60, A
(Lemma 6.57 (3)).
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Theorem 6.79. The following hold:
ey

(6 ~03) - (6 ~67)
Ao Ay

(x=6p)---(x-6_) (0<i<d),

bo--b: .
wherek; = =22 (0 <i<d);
1 i

2
Vi) & (0;=0p)---(6;-6;) . . ;
= = x—-07) - (x-0; (OSlSd),
ki ;) /\0"'/11‘—1 ( o)+ ( j 1)
j
where k' = % (0O<i<d).

After proving these theorems, by using them, we express constants b;, ¢;, b}, ¢}
and polynomials %, V"kff )

rem 6.69. For the case of Type I, the dual system of orthogonal polynomials {v,-(x)}?:o,
vi (x)}l‘-i:0 becomes a dual system of AW-polynomials. The other cases are the limiting
cases of Type L.

by AW-parameters appearing in Theorem 6.61 and Theo-

Proof of Theorem 6.77. (1) As we choose the standard basis v, vy, ..., V4, by Proposi-
tion 6.53, there exists a non-zero vector v in V;, such that

vi=EveV], (6.270)
where E; is the projection V = @]‘io Vi — V" expressed as follows:

g A6 A6 A,
‘"6 -0, 67-07,06 -6;

1 i+1

AT -6

S (6.271)
o -0

Now we consider the L-system (4, A*; {V_}4, {Vi1L,) and let V = @Z, U; be the
weight space decomposition:

U= (Vg +-+ V)N (Vg +--+ V).

Note that V,, = Uj. Let F; be the projection V = @, U; — U;. Then

d d
R:A_zed—iﬁb IZ:A*‘ZG;Az
i=0 i=0
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where U_, = U,,, = 0. If we choose a non-zero vector il, in U, and let &; = R'i,, then

we have #; € U;, and

Li; = (A" - 6))i; = Aitliy € Uiy,

(6.272)

Since A, ; # 0 (1 < i < d), we inductively get it; # 0 (0 < i < d). In particular, i, # 0.
Since U, = V, and dim(U,) = 1, without loss of generality, we may let v = i1, in (6.270).

Thus by (6.270), (6.271), (6.272), we get

AT -0 AT-0;, A -ﬁd_l R

*n
Vleiud:

i i+1

By (6.272), note that we have

9 u; =u; + ji_l ],
% % =4 *  Ai-1
0 - 9]. L 0 - 9]. !
forj # i. Then we get
A A .
Vi — " ;€ Upyq+---+ U,
l Ch i l+1) (6 )
Ai-Agy

CEAECEA 1if i = d. Since we have

where we set
Aty = Ruj + 0,43 = Uy, + 0431,

by (6.273), we have

A Agy -
Av; .
Vi — (6 91*+1 (9* 6*) l+leU+ -+ Uy

Applying (6.273) to v;_;, v;, v;,4 in the right-hand side of (6.262), we get

Ay <A N
Av; - il T Tdl cUi+---+U,.
G (01+1 - 0;:2) (91+1 ) Hl °

Comparing the coefficients of ii;,, in (6.274) and (6.275) yields

(61+1 1*+2) (61+1 93 ) .
O<i<d-1),
07 -67,,)--- (67 - 07) ( )

1+1

Ciy1 = A

where we set (6, - 6;,,)--- (6{, —03) =1ifi=d - 1.

005 O -6, 6 050 )"

(6.273)

(6.274)

(6.275)

(6.276)

Next we consider the L-pair (4,A%;{V;}d,, (V] }%,) and let {8}%,, {65 .1%,,
{A} ! be the data. For a non-zero vector v in Vj, let v; = = E;v. Then vy, vy,...,7,

form the standard basis of the L-system. If we let

AV; = by (Vi + @V + Vi

(6.277)
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by (6.276), we get

= A (01— 0445031 -65)
i+1 i (9;71- - 9271_71) ... (9;;71_ _ 68)

(0O<i<d-1), (6.278)

where A, = )1, Namely, let {8,_;1%,, {0 190, A}%a be the data of the L-system
(A, A% {Vd_i}?zo,{V;‘,i}io). By (6.270), we have V; = E; ;v = v,_;. Hence (6.277) be-
comes

Avgi =bi Vg i + QVa_i + CiaVaior>

and by comparing with (6.262), we get &;,; = by_;_;. Therefore, by (6.278) and by A; =
A4_i-1 in Lemma 6.57 (1), we obtain

(92—1'—1 B 9;—1'—2) t (92—1‘—1 B 98)
O~ 9.0+ 0~ %)

by iz =gz (0O<i<d-1.

(2) We consider the L-system (A%, A; {Vi*}?zo, {Vi}fzo). By Lemma 6.57 (3), the data of
the L-system are {6; },51:0, {Gi}?zo, {Ai}?z‘ol. On the other hand, the data of the L-system
A" A5 (Vg ) Lo, (Vi) are, by Lemma 6.57 (3), {63 }Lo, (6:)iLo, Ai}{s- Replacing 6;
with 6], and A;_; with A;_; and applying the part of the proof of (1) yields the equations
onb/,c;. a

In order to prove Theorem 6.79, we give a proposition. Let vy, v;, ..., v, be the stan-
dard basis, v;,V;,...,v; the dual standard basis, and v;(x), v; (x) the polynomials of
degree i determined by (6.262), (6.263). Then we have the following.

Proposition 6.80. We have:
1D v;(Avy=v;(0<i<d);
(2 vi@" vy =v; (0<i<d).
Proof. We prove (1) only since the proof of (2) is similar. By (6.266), we have

Av;(A) = b;_1v;_1(A) + a;v;(A) + CqVi1(A). (6.279)
Since v_;(A) = 0, vo(A) = I (= identity matrix), (1) holds for i = -1, 0. Assume (1) holds
for any integer i with O < i < k. Let both sides of (6.279) act on the vector v, of the
standard basis and substitute v;(4)v, = v; (0 < i < k). Then we get

Avy = by Vi + Vi + CriqViern A)Vvp- (6.280)

Since ¢;,1 # 0, by (6.262) and (6.280), we obtain v 1(A)Vy = Vi41- O
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Proof of Theorem 6.79. (1) Let % be the polynomial of degree i defined as follows:

vix) X
Tk FZOG(X 0o) -+ (x = 6;_y). (6.281)

We find the coefficient t € C, where we set (x — 6y)--- (x — 9]-_1) = 1forj = 0. By
Proposition 6.20, we have k; = v;(6,). Therefore we get

_ Vi(eo) _

= 6.282
0= (6282

LetV = EB]‘?:O U; be the weight space decomposition where U; = (Vy +--- + Vj*) N (V; +
--+Vy), and let R be the raising map. For the standard basis vy, vy, ..., vy, letuy; = Rv,.
Since v, € V§ = Uy, we have u, = v, € Uy, and

=Rvy=(A-01) - (A-0p)v, € Uj.

Therefore we have

i i
Dt = Y (A= 0,0)- (A= 6o)vo,
j=0

j=0

and by (6.281), the right-hand side is equal to %‘i‘l)vo. So we get

o
=

|

=

B
o

=0 i

~.

By Proposition 6.80, we have v;(4)v, = v; and so

" 1
Zt]u] = EVI- € Vi .
j=o i

Hence we have
l
(A" -6]) ) tw (6.283)
j=0

Let L be the lowering map. Since Ly; = A

j_1j_1 and Ly; = (A™ - 6;")u;, we have

(A* — 91*)u] = (L + (9]* — 91*))11] = A]‘_lul'_l + (9]* - 91* )u]

Thus by (6.283), we have

i
Zt) )1u]1+ *—ei*)u]'):O,
j=0
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which implies

M~.

(/1 t]+1 + (9 - 0'*)

1

1l
(=]

j
where ¢;,; = 0. Hence we get

At + (67 -6)t;=0 (0<j<i-1).
By (6.282), we have t, = 1. So we have

. 676 (67 -6)--- (6] - 016 - 6)
U A Ay

(2) By Lemma 6.57 (3), the data of the L-system(4*, A; {V}" }1 0,{V}d o) are {67 }1 0
{6; } “o» W } ! So if we use (1) of this theorem, we obtain the equation on ’k( %) imme-

diately. O

Since a dual system of orthogonal polynomials and an L-system can be identified
by Theorem 6.25, Proposition 6.51, and Proposition 6.53, we can classify dual systems
of orthogonal polynomials by the classification of L-systems (Theorem 6.69) and by
Theorem 6.79.

In the following, we express b;,c;, b;, ¢
Vi) v )
k Tk

*

; in Theorem 6.77 and the polynomials

in Theorem 6.79 by AW-parameters in the table of Theorem 6.61. There are
speciall cases on by, b;, cd, c; because if i = 0,d, zero appears in numerators or de-
nominators of b;, b, ¢;, ¢ in the general formulas. In Theorem 6.77, if i = 0, we set
6 =67 )--- (67 -0;5) =1,(0;-6;_1) --- (6;—6y) = 1, and if i = d, we set (8] -6, --- (6] -
07) =1, (6; - 6;,1) - (6; — 6,) = 1although in the general formulas it is not necessarily
the caseifi = 0,d.

In the table of the theorem below, ,,;¢, denotes a basic hypergeometric series
in (6.258), and ,,,F, denotes a hypergeometric series in (6.260). Moreover, 6,,6; are
given by 6; = (i), 67 = &* (i), where for the case of Type I1I, if i is even, we set 6; = (i),

=&%(i), and if iis odd, we set §; = &(-i—1-5), 67 =& (-i—-1-5s").

Theorem 6.81. Let {v;(x)}%,, {v; ()}, be a dual system of orthogonal polynomials in
the sense of Definition 6.23. It is one of the pairs of polynomials in the table below. Con-
versely, any pair {vl(x)}l o Vi (x)}?l:0 of polynomials in the table below is a dual system
of orthogonal polynomials.

@

(1) We have

vi(x) q’ S*ql“, q”,sq""
= 4¢3

;q,q> (0<i<ad),
q ’rlqﬁ'zq
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wherex = &(y) = 6, + hql—y(l - q)(1-sg"*™). Also,

o ai=dyq o iy i+1y1 _ i+1
b, - ha-¢ )-s7g )A-ng JA-rd") | _;_4 1y
(1 _ S*q21+2)(1 _ S*q21+1)
by = h(1- q_d)(l -nq)(1-rq)/(1- s*qz).

Ifs* +0,
RS Ay s R e | okl okl
i:lg(l q)(q S -5On-50) ;4 ),

s* (1-s*g*)(1-s*g"*)
ca=h1-q%)(n-s"q)(r-s"qY)/s" ¢ (1-5"¢*).

Ifs* =0,
¢ =hq(l-q)s-ng ™ a<i<a.

(2) We have
i ( q'sq,q7,s" g > :
e _ /N | (0<i<a),
ki «s q d,rlq,rzq

1

wherex = & (y) = 05 + h” qiy(l -1 -s*q"™. Also,

wq _ i-d _ enitl _ i+1 _ i+1
pr = M0-d 00 -sgNA-ng g™y gy
(1 _ sq21+2)(1 _ Sq21+1)

by =h"(1-q )1 -nrg)1-rg)/(1-sq).

Ifs +0,
* iAo and Cenl

ci*=h—q(1 7)q S =5a)2=54) ;g q),
s (1 _ quz)(l _ sq21+1)

ci =h*(1-q")(r, - sq%)(r, - sq”)/sq (1 - s4**).

Ifs=0,
¢ =h'q(1-q)(s"-ngd %) (s<i<d).
(IA)
(1) We have
Vi) _ < aha” @) :
k; =20 qid ;g " 0<i<d),

where x = £(y) = 0, — h(1 - ¢”). Also,
bi=-rg"(1-¢"%) (©<i<d-1),

¢=(1-¢)h-rngd™) a<i<d.
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(2) We have

v} (x) q’ q , hqi) .
= 3 q, — 0<i<ad),
k 2¢1< q— q rl ( <1< )

1

wherex = &*(y) = 05 —h*(1-g7). Also,

by = %q—m’(l ¢ (O<izd-1),
¢ =h*q’2i(1—q)<% —q> (1sis<d).
(In
(1) We have

v;(x) _ < -, +1+s ,—y,y+1+s;1> O<i<d),
-dr+1r+1

i
where x = &(y) = 0, + hy(y + 1+ s). Also,

hi-d)(i+1+s™ )i +1+r)i+1+r1y)

bi= @i+2+5) 2 +1+5%) (A<izd-1),
by = -hd(1+r)(1+1)/(2+5"),
hii+s* +d+1)([i+s" -r)(i+s" —ry) Q<i<d-1,

" (21 +5")2i+1+5%)
cg=hd(d+s" —r)(d+s" —r)/(2d +s").

(2) We have

Vi) F < ~Li+1+s,-y,y+1+s"
=4

k; -drn+lrn+1

;1) (0<i<ad),

wherex = &*(y) =05 + h*y(y +1+s™). Also,

hi-d)i+1+s)i+1+r)i+1+r)

bi = Qi+2+8)QRi+1+5) (1<i<d-1),
by =-h"d1+1)(1+1)/2+5),
C.*_h1(1+s+d+1)(1+s—r1)(1+s—r2) Q<i<d-1,

Lo (2i+5)2i+1+5)
cg=h"dd+s-r)d+s-r)/(2d+5s).

(I1A)
(1) We have

vl(x) < —-i,-y,y+1+s ) .
=5F ;1 <i<d),
K2 -d,r; +1 (O<i<d)

— 343



344 — 6 P-and Q-polynomial schemes

where x = &(y) = 8 + hy(y + 1+ s). Also,

bj=h(i-d)i+1+r) (0<i<d-1),
ci=hili+r,-s-d-1 (1<i<d).

(2) We have

vi(x —i,i+1+s,—
'():3F2< ”;1) 0 <isd),

k; -d,r;+1

where x = &*(y) = 65 + h*y. Also,

R (i-d)(i+1+s)(i+1+1)

* = 1<i -1),
bi Gir2rs@+irs | 1si=d-D
by =-h"d(1+1)/2+5),

*__h ii+s+d+1)(i+s-1) Q<i<d-1),

G = Qi+5)2i+1+59)
cy=-h"dd+s-r)/(2d +5s).

(IIB)
(1) We have

Vv;(x) —Li+1+s", -y > .
a2 F i1 0<i<ad),
k; 3 2( -d,r;+1 ( )

where x = é(y) = 8, + hy. Also,

_h(i-d)i+1+s")(i+1+1)

T 2i+2+5)Qi+1+5s%) (1<i<d-1),
by = -hd(1+1))/(2+5"),
_ hii+s" +d+1)(i+5" -1) d<icd-1,

i (2i +5*)(2i + 1 +5*)
cq=-hd(d+s" -r)/(2d+s").

(2) We have

Vi (x) ~i,-y,y +1+5s" ) .
-~ =3F ;1 0<i<d),
ko 2( -d,r; +1 ( )

i

wherex = &*(y) =05 + h*y(y + 1+ s¥). Also,
b =h*(i-d)i+1+r) (0<i<d-1),
¢ =h%i(li+r-s"-d-1) (1<i<d).
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(IIC)
(1) We have

where x = &(y) = 0, + hy. Also,

bi:h—r*(i—d) (O<i<d-1),

c,-=r_h’3h i (<i<ad).

(2) We have

where x = &£*(y) = 65 + h*y. Also,

b;‘:%(i—d) (O<i<d-1),

. Tr—hh",
¢ = =

1<i<a).

(III) For a real number t, we denote the largest integer not exceeding t by |t|. Namely,
Lt] = jis the integer satisfying j < t < j + 1. Moreover, for an integer j, we set £(j) = 1ifj
is even, and we set £(j) = 0 if j is odd.

(1) We have

_ i+2 __Z Y+2+5
g,:( 301820+ 5,5, 1 ;1>

. 1+r sd)+1+r
ki -15), 5p, 2

gl P+ 1457y
AED(1 + ry)E@) 141

SN PR ,
X 4F3 ( _|_d IJ 3+}’1 —e(d)+3+r, ;1 (0 <1< d))
2

+ (-1

where x = &(y) = 0, + 2hy. Also,

2h(i - AF D6+ 148"+ 14 1) O + 14 1,

b. =
! 2i+2+s*
O0<i<d-1),
c —2hifD (i + 5% + d + )EEID (G 4 5% — p)EED(j 4 57 — 1)
t 2i + s*

(1<i<ad).
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(2) We have

* i i+2 s yy+2+s*
vl(x):4F3< L1524 8, -, vz ;1>

* 1+r d)+1+r
ki _L J) 2 =1 > TZ

D@ +1+5)5HD y
AED(1 + 1rp)e@) 141

[ J[H3J s 2=y y+2+s”
><4F3< [ 2 2° 2 ;1) (0<i<a),

d-1, 3+r; —&(d)+3+r.
_J 201 _=\W/ToT2
2 22 2

+ (= 1)1 dl

where x = &*(y) = 6 + 2h"y. Also,

21" (i = AT+ 14 8TV + 14 1) O + 14 1, D

b* =
! 2i+2+s
(0O<i<d-1),
oo 25+ d e DMV s ) V(s - 1) "D
! 2i+s
1<i<d).
Remark 6.82.

(1) We call a pair of polynomials {vl-(x)}f:o, {vi (x)}f:0 of Type I a dual system of AW-
polynomials. We call v;(x), v{ (x) AW-polynomials.

(2) For the limiting case, the notation for AW-parameters is slightly different from the
one used in [60]. In our notation, 6, 8, h, h* are called affine parameters. If A, A*
form an L-pair, /(4 - 6,), (h*)"'(A* - 63) also form an L-pair. Hence, note that a
general L-pair is obtained by applying an affine transformation to an L-pair such
that 6, = 6; = 0, h = h* = 1. For the notation of AW-parameters of Type III, we
modify the notation used in [60] so that we can easily compare with the notation
of other limiting cases.

6.4 Known P- and Q-polynomial schemes

In this section, we give a list of known P- and Q-polynomial schemes X = (X, {R;}p<i<q)
with sufficiently large diameter d. We give parameters for principal T-modules which
are expressed by AW-parameters. Note that the intersection numbers pﬁfj and the Krein
numbers qll-f)- of X are determined by the principal T-modules of X (Proposition 2.43).
Moreover, the principal T-modules of X can be described by L-pairs (Proposition 2.43),
and L-pairs are given by dual systems of orthogonal polynomials (Remark 6.26). There-
fore, by substituting a dual system of orthogonal polynomials in Theorem 6.81 by AW-
parameters of Theorem 6.61, we can determine the first eigenmatrix P = (vj(6;)) and
the second eigenmatrix Q = (v (9 )) of X and b; p1 i1 @ p1 i Ci p’u_l, b;‘ =

* _ x _
a4 =415 C =4y1-

1
91,410
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Given an association scheme, it is relatively easy to check whether it is P-polyno-
mial or not. As was discussed in Section 6.1.1, it suffices to check whether the rela-
tion R, defines a distance-regular graph. We can check whether a given P-polynomial
scheme becomes a Q-polynomial scheme by the following proposition.

Proposition 6.83. A P-polynomial scheme X with intersection numbers b; = pi)i 1
a; = p’l’i, G = Pl1,i—1 is a Q-polynomial scheme if and only if b;, c; are expressed by
AW-parameters of Theorem 6.81.

Proof. If X is Q-polynomial, by Theorem 6.81, b;, c; are expressed by AW-parameters.
Conversely, suppose b;, c; of X are expressed by AW-parameters of Theorem 6.81. De-
fine b, ¢ by using these AW-parameters as in Theorem 6.81. Then irreducible tridiag-
onal matrices B, B* with constant row sums are determined, and so is the dual system
of orthogonal polynomials {vl-(x)}f:o, fvi (x)}f;o. Here by using the notation in Theo-
rem 6.81, we set P = (vj(6;)), Q = (vj*(Gi*)). Then we have PQ = QP = nl. On the
other hand, the intersection matrix of X coincides with ‘B, and by A; = vi(4y), the
first eigenmatrix is given by P = (v;(6;)). If we let Q' be the second eigenmatrix, since
PQ' = QP =nl,wegetQ =Q = (v{ (67)). This means that X has a Q-polynomial
ordering. The expression of eigenvalues 6; by AW-parameters determines the ordering
of primitive idempotents E;, and X is Q-polynomial with respect to this ordering. O

Remark 6.84. When b;, c; are expressed by AW-parameters of Theorem 6.81, there is a
case that even if the diameter d is large, the expression is not unique, i. e., they are
expressed in two ways by AW-parameters (unless X is an n-gon, there are at most
two ways). In this case, as is seen from the proof of Proposition 6.83, there are two
Q-polynomial orderings.

Now we observe how AW-parameters are determined by b;, c; of a distance-regular
graph by giving an example of Type I. First, we check that b; is expressed by AW-
parameters of Type I as follows (Theorem 6.81):

_ h(l _ ql—d)(l _ s*qi+1)(1 _ rlqi+1)(1 _ rzqi+1)
(1 _ s*q2i+2)(1 _ s*q2i+1)
bo =h(1-q )1 -ng)1-r9)/(1-5").

b; 1<i<d-1),

(Parameters g,r,,15,s", h are determined.) As for these parameters, we check ¢; coin-
cides with the expression by AW-parameters of Type I. If s* = 0, the expression of ¢;
determines s, and if s* # 0, s is determined by r;r, = ss*qd”. At this point, we can
verify that X is a Q-polynomial scheme by Proposition 6.83. Next, using the properties
¢ =1, by = kg = 6, of a P-polynomial scheme and the properties c; =1, by = m; = 6;,
of a Q-polynomial scheme, we determine the affine parameters h, h*, 6, 6; as follows.
The parameter h is already given. We can obtain h* by putting ¢; = 1in the expression
of ¢/ by AW-parameters. From the above discussion, we specify b, ¢ . The parameters
0y, 05 are determined by 6, = by, 65 = by.
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The list of P- and Q-polynomial schemes is divided into two parts: One is the core
part and the other is the part which is derived from the core part. Moreover, we classify
the latter part into four cases considering how they are derived from the core part:

(a) X isimprimitive;

(b) X has the second P- or Q-polynomial ordering;

(c) X has the extended bipartite double or a fusion scheme;

(d) there is an association scheme which has the same parameters as X but is not

isomorphic to X.

Remark 6.85. At the end of each item of the list of the core part in Section 6.4.1, we
give comments on the above (a)—(d).

We discuss P- and Q-polynomial schemes of the core part in Section 6.4.1, and we
discuss P- and Q-polynomial schemes derived from the core part in Section 6.4.2. As for
(d), there is an old important problem on the characterization in terms of parameters,
which will be discussed in Section 6.4.2. In Section 6.4.3, we state the current situation
on the study of irreducible T-modules.

Now we summarize how to look at the list. For each P- and Q-polynomial scheme
X = (X, {Rj}o<i<d)> let R, Ry, ..., R, be the P-polynomial ordering unless otherwise
stated. We first list b; = p’i,i w0 G = pL-_l of the distance-regular graph on the rela-
tion R;. The relation R; equals the distance i of this distance-regular graph. There are
cases where X has the second P-polynomial ordering (X does not have the third P-
polynomial ordering unless it is an n-gon). We consider the second P-polynomial or-
dering in Section 6.4.2.

Next, we list AW-parameters with their types (Theorem 6.61). The expression by
AW-parameters determines the Q-polynomial ordering as we have seen in the proof of
Proposition 6.83. There are cases that the ordering of AW-parameters is not uniquely
determined and X has the second Q-polynomial ordering (Remark 6.84). We discuss
the second Q-polynomial ordering in Section 6.4.2.

At the end, we list the following parameters:

0;: the eigenvalues of the intersection matrix B, corresponding to the Q-polynomi-

al ordering;

0;: the eigenvalues of the dual intersection matrix B; corresponding to the

P-polynomial ordering;

Ai» A;: the data of the pre-L-pair (Theorem 6.61);

b}, c; : the entries of the dual intersection matrix B, i.e., bf = q},1, ¢/ =g,

k;: the valency determined by the intersection matrix By, i.e., k; = bob;---b;_1/

C1C - G5

m;: the multiplicity of the eigenvalue 6;, which is equal to the valency k;" deter-

mined by the dual intersection matrix B;;

ki = byby --- b /cic; - ¢ (Proposition 6.24).
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We denote the binomial coefficient and its g-binomial coefficient by (") and ('i')q, re-
spectively:

ny nn-1---(n-i+1)
(i)_ i(i-1)---1
(n> @ -D- @ -

i/g (@-D@?-1---(@-1
Moreover, an isomorphism of an association scheme X = (X, {R;}o<i<4) is a permu-
tation on X preserving each relation R;, and the set of isomorphisms is denoted by
Aut(X). If X is a P-polynomial scheme, Aut(X) is identical to the set of isomorphisms
of the distance-regular graph determined by the relation R;.

If a P- and Q-polynomial scheme is of Type I and satisfies s = s* = r, = 0, it is
said to have formally self-dual classical parameters. Note that in this case, we have
b; =b{,c;=c;,h=h", 0, = 6. Incidentally, classical parameters are AW-parameters
of Type I with s* = 0 (Remark 6.48 (3)). Except for n-gons, known P- and Q-polynomial
schemes have classical parameters, and moreover, if they have a non-thin irreducible
T-module, i. e., a TD-pair which is not an L-pair, they have formally self-dual classical
parameters except for twisted Grassmann schemes. (In fact, they have geometric du-
ality as well as algebraic formal self-duality.) We will make a remark on this point in
Section 6.4.1 again.

Finally, we give the notation on (a)—(d). An imprimitive association scheme X is
called antipodal if Ry UR; becomes an equivalence relation. In this cases, the quotient
scheme with respect to R, U R, is called the antipodal quotient of X which is denoted
by X. A P-polynomial scheme X is said to be bipartite if the distance-regular graph
determined by the relation R, is a bipartite graph. A bipartite P-polynomial scheme is
also imprimitive. The association scheme derived on a bipartite half is denoted by %36
Note that X and %36 of P- and Q-polynomial schemes also become P- and Q-polynomial
schemes (Section 6.1.3).

>

6.4.1 The core of P- and Q-polynomial schemes

In this section, we give a list of the core part of known P- and Q-polynomial schemes
X = (X,{Ri}o<i<q)- We divide them into two families. The second family consists of
P- and Q-polynomial schemes with formally self-dual (classical) parameters, and the
other belong to the first family. For most cases of P- and Q-polynomial schemes X,
the automorphism group Aut(X) acts transitively on each relation R;, and hence the
distance-regular graph determined on the relation R, is a distance-transitive graph.
We list the group which acts distance-transitively on X, and in general Aut(X) is a
little larger than it. For the details, we refer the reader to [113].

For the cases which belong to the second family, X itself has the structure of an
abelian group and acts regularly on X as a subgroup of Aut(X). This means the char-
acter group X of an abelian group X has the structure of an association scheme (X is a
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Schurring), and the first eigenmatrix of the association scheme on X equals the second
eigenmatrix of X. If we consider examples of the second family, the second eigenma-
trix and the first eigenmatrix of X are equal, and hence the association scheme on X
is isomorphic to X via the isomorphism of X and X as groups. For details, we refer the
reader to [60].

The association schemes of the second family has duality as well as formal dual-
ity. In Delsarte’s theory, duality of codes and designs is algebraic and formal, in gen-
eral. For P- and Q-polynomial schemes of the second family, geometric duality holds
in the sense that codes are regarded as designs and vice versa. This holds for P- and
Q-polynomial schemes in the list, and it does not mean that P = Q is derived from a
general discussion.

P- and Q-polynomial schemes of the first family have a remarkable property that
every irreducible T-module is thin, i. e., it can be described as an L-pair. We will dis-
cuss this in Section 6.4.3 again.

Now we give the list.

The first family

(i) The Johnson scheme J(v,d) (1< d < 3)

Let V be a v-element set and let X = (Y) be the set of d-subsets of V. Assume 1 < d < 3.
Define the relation R; on X by

xXy)eRi = |xny|l=d-i

(Chapter 2, Section 2.10.3). The symmetric group S, acts transitively on each R;. The
ordering Ry, R;, . .., R; gives a P-polynomial ordering of J(v, d) = (X, {Rj}o<i<q)- The pa-
rameters b; = pii w1 Gi = p’i’H of the distance-regular graph determined by R, are given
as follows:

bi=d-iv-d-i), O<i<d-1,

=14 l1<i<d.

The Johnson scheme J(v, d) is a Q-polynomial scheme with the following AW-parame-
ters:

Aya = (1,8, —5h,h", 60,6 | d),
n=-v+d-1, s=-v-2,
h=1 h"=-v(v-1)/dv-d),
Op=d(v-d), 6;5=v-1

The other parameters are as follows:
0,=div-d)+ili-v-1), 0<i<d,

s v .
0, =(v 1)<1 d(v—d)l>’ 0<ic<d,
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viv-1)

/\i:—d(v_d)(i+1)(i—d)(i—v+d), O<i<d-1,
N __v(v—l) . 20: . 3
A = d(v—d)(Hl) (i-d), O<i<d-1,

. V-1 d-Dv+1-i)v-d-i
P dv-d) (v-=-2hv+1-200 =~ °
. vv=1id+1-Dv+1-d-1i)

. _ L 1<i<d,
ST Av_d) (vr2-20w+1-20) sts=

kiz(?><v;d>, O<i<d,
) ()- () 0srse
Yov+1-i\i i i-1

(a) Ifv =2d,J(v,d) is imprimitive and antipodal.
(b) If v = 2d + 1, J(v,d) has the second P-polynomial ordering Ry, Ry, Ry, Ry_4,
Ry,R4 5, .... The distance-regular graph derived on R, is the odd graph O, ;.

(ii) The g-Johnson scheme J (v,d) (1< d < %)

(This is also called the Grassmann scheme.)

Let V be the v-dimensional vector space over the finite field Fg, andletX = (Z)q be the
set of d-dimensional subspaces of V. Assume 1 < d < 3. Define the relation R; on X as
follows:

(x,y) € R &= dim(xny)=d-i.

The full projective collineation group PT'L(v, q) acts transitively on each R;. The order-
ing Ry, Ry, ..., R, gives a P- polynomlal ordermg of the association scheme J,(v,d) =
(X, {Ri}o<i<q)- The parameters b; = pi;,,, ¢; = p};_; of the distance-regular graph deter-
mined by R, are given as follows:

b= (g - 1) - 1)/(g-1% o0<is<d-1,
¢=(q-1)/g-1% 1<i<d

The g-Johnson scheme J,(v,d) is a Q-polynomial scheme with the following AW-
parameters:

AI = (rly rZ)S:S*;h) h*>60)6(’; | q) d)>
= q—v+d—1, r, = 0, s= q—v—Z) S -0,
h=g""q-1" K =a(¢"-1)(¢"" - 1)/<q D@ -1)(¢* - 1),

0 =a(q" - 1)@ -D)/(g-1° 6;=a(g"" -1)/g-1.
The other parameters are as follows:

1

6 = (q_—l)z(fI(q”‘d ~1)(g*-1)- (¢ -1)(¢""" 1)), o0<i<d,
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v-d _ d _
g (@Dt
q" -1
A=hr'g N (1- g (@ 1)@ T -1), 0<i<d-1,

/ii _ hh*qfifvfz(qiﬂ _ 1)2(qd—i _ 1)’ O<i<d- 1,

T -D@T g -
qi(qv—zi _ 1)(qv+1—2i _ 1)

(g =@ - g™ - 1)
qi(qv+2—2i _ 1)(qv+1—2i _ 1)

ki:qiz(‘.i) <V_,d>, 0<i<d,

t/g\ 1 /Jq
V120

I S— 1<V) =(V) —(.v>, 0O<i<d.
q"““—l 1/q 1/q i—-1 q

The g-Johnson scheme J, (v, d) is a g-analogue of the Johnson scheme J (v, d), which is
also called the Grassmann scheme. Compared with the example listed in (iii) below,
it is called Type A,_1(g).

There exists a P- and Q-polynomial scheme which has the same parameters as
]q(2d + 1,d) but is not isomorphic to ]q(Zd +1,d). It is called the twisted Grassmann
scheme (Section 6.4.2 (d)).

—1+q*"), 0<i<d,

, 0<i<d-1,

b =h

¢ =h , 1<i<d,

(iii) Dual polar schemes

Let V be a vector space over the finite field I, equipped with a non-degenerate form.
In the table below, we list the dimension dim(V) of V, the non-degenerate form on V,
and the notation of the group which is determined by the form.

Name dim(V) | Form e | Group

B,(q) 2d +1 Quadratic form 0 | PTO(2d +1,q)

Cy(q) 2d Symplectic form | 0 | PTSp(2d, q)

D4(q) 2d Quadratic form | -1 | PTO*(2d, q)
Witt index d

de +1(@) | 2d+2 | Quadratic form 1| PTO"(2d +2,q)
Witt index d

2A,q(r) | 2d+1 | Hermitian form % PTUQ2d +1,71)

Ay (r) | 2d Hermitian form | -3 | PTU(2d,7)

In the table above, for the case of the Hermitian form, we require that the field has an
automorphism of order 2, and hence we set g = r?, where r = pf , and p is a prime.
Note that for any case of the table above, the dimension of a maximal totally isotropic
subspace is d.

For each case of the above table, let X be the set of maximal totally isotropic sub-
spaces of V. When the characteristic of the base field is 2, we need to take special care
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of the quadratic form. A bilinear form (u,v) is said to be symmetric if (u,v) = (v,u)
(u,v € V), and alternative if (u,u) = 0 (u € V). A quadratic form Q : V — T, associ-
ated with a symmetric bilinear form (, ) is defined by Q(Av) = A2Q() and Qu +v) =
Q) + Q(v) + (w,v), (A € Fyu,v,e V), and if the characteristic is not 2, we have
Q) = %(v, v) and it exists uniquely. If the characteristic is 2, it is not unique. Con-
versely, a symmetric bilinear form (, ) associated with a quadratic form Q is defined
by

(u,v) = Qu+v) - Qu) - Qv), (6.284)

and it is uniquely determined by Q regardless of the characteristic. If the characteristic
is 2, a quadratic form is defined to be non-degenerate as follows. Let

rad(V)={veV|(uv)=0, forallu e V}, (6.285)
V(Q) = {v erad(V) | Q(v) = 0}. (6.286)

Then the quadratic form is said to be non-degenerate if V(Q) = 0. (If a quadratic form
is non-degenerate in this sense, the dimension of rad(V) is 0 or 1 depending on the
parity of dim(V), so for the case of D,;(q) or 2Dd +1(q), we may also define it to be non-
degenerate if rad(V) = 0.) We also define a subspace U of V to be totally isotropic if
Q(u) = Oforallu € U.In particular, by (6.284), if U is totally isotropic, (u, v) = 0 for any
u,v € U. Now we define the association scheme on X. Define the relation R; (0 < i < d)
on X by

(x,y) € R = dim(xny)=d-i.

Then the group listed on the table acts transitively on each R;. The ordering Ry, R;, ...,
R, gives the P-polynomial ordering of the association scheme X = (X, {R;}g<i<4)- The
parameters b; = p} ;,;, ¢; = p};_; of the distance-regular graph determined by R, are

qu”( ~1)/(g-1), O<i<d-1,
=(¢'-1)/(g-1, 1<i<d.

The association scheme X is a Q-polynomial scheme with the following AW-parame-
ters:

Ay = (r,15,5,8";h,h", 00,65 | g, d),

rn=r=0 s=-qg%°2% s =0,
- qd+e+1 . _ q(qd+e + 1)(qd+e—l +1)
g-1’ (@-D(g+1) °

_¢@ - @ -nEt v
0 g-1 ° ° (@-1)(q°+1)
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The other parameters are the following:

6; = 6 - ﬁ(q" -1 +1), 0<i<ad,
0 =0;+h"(g"-1), O<is<d,
Ai _ _hh*q—i—l—d(qi+l _ 1)(qd—i _ 1)) O<i<d-1,
}li _ hh*q_i_e_z_d(qi+1 _ 1)(qd—i _ 1)) O<i<d-1,
e d-i _ d+e+1-i
br = I 2g(q .1)(q fl)  O<i<d-1,
q 1(qd+e—21 + 1)(qd+e+1—21 + 1)

- Mg -1+ )

i q2i(qd+e+2—2i + 1)(qd+e+1—2i +1) > <i<d,
K qi(2e+i+1)/z<6i1> C 0<i<d,
q
rd dre+1-2i | 4 i-1 _d+e—j 1 .
mizq'<_) qd .+ q +, O<i<d.
i/q q +e+1-i +1 j=0 q]—e +1

Note that:

(@) The dual polar scheme D,(q) is imprimitive (bipartite).

(b) The dual polar scheme %A, ,(g) has the second Q-polynomial ordering E,, E,, E;,
Ej1EpEgon...

(d) The dual polar schemes B,(q) and C,(q) have the same parameters but are
not isomorphic. Both B,(q) and C,4(q) have the extended bipartite double (Sec-
tion 6.4.2 (c)) and the fusion scheme (R; U R, determines the distance-regular
graph [Section 6.4.2 (c)]). The extended bipartite double of B;(g) is isomorphic
to D4,1(q), and the fusion scheme of By(g) is isomorphic to %Dd +1(@). On the
other hand, the extended bipartite double of C4(g) has the same parameters as
D,4.1(q), but if the characteristic is not 2, it is not isomorphic to D,,,(q). This P-
and Q-polynomial scheme is called the Hemmeter scheme, denoted by Hem,_,(q)
(Section 6.4.2 (c)). Moreover, the fusion scheme of C,(q) has the same parameters
as %Dd +1(q), but if the characteristic is not 2, it is not isomorphic to %Dd (@)
This P- and Q-polynomial scheme is called the Ustimenko scheme, denoted by
Ust[ %](q) (Section 6.4.2 (c)). The Hemmeter scheme Hem,,,(q) is bipartite and

% Hemy,(g) is isomorphic to Ust, @) ().

The second family

(o) n-gons

We regard X = {0,1,2,...,n — 1} as the abelian group Z/nZ, and define the relation R;
on X by

(x,y) e R &= x-y =+ (modn).

The dihedral group of order 2n acts transitively on each R;. Let d = [g]. The associ-
ation scheme X = (X, {R;}p<i<q) is @ P-polynomial scheme and R, R;,...,R,; gives a
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P-polynomial ordering. The parameters b; = pii w0 G = piH of the distance-regular
graph determined by R, are
by=2 b;=1(1<i<d-1), ¢=101<i<d-1),

2, ifniseven,
Ca = e
1, ifnisodd.

The association scheme X is a Q-polynomial scheme with the following AW-parame-
ters:

=(r,13,5,8"5h,h", 04,04 | g, d),
q= VM =1 (q is a primitive n-th root of 1),
rora M ={g a7 s=s"=q,
h=h"=1 0,=6,=2.
The other parameters are the following:

6;=6=q+q", 0<i<d,
Ai _ q—2i—1(1+qi)(l _qi+1)(1 _q2i+l)) O<i<d-1,
-1+ gHa-g"Ha -, o<i<d-1,

- if nis even,
i~ g2 - 21 = P, 0O<i<d-1,
if nis odd,
bf =b;(0<i<d-1), ¢ =¢(1<i<a),
k=m=2(<i<d-1, kg=mg=1 Fky=my= {1’ ifnis even,
2, ifnisodd.

(@) The association scheme X is imprimitive if and only if n is a prime.

(b) For ¢ with (n, £) = 1, X has the second P-polynomial ordering Ry, R, Ry, R3p, . .,
where the indices are taken modulo n. Let Ey, E}, E,, ..., E; be a Q-polynomial
ordering of X. For k with (n,k) = 1, X has the second Q-polynomial ordering
Ey, Ey, Eyy, E5p, - . ., where the indices are taken modulo n.

(i) The Hamming scheme H(d, q)
Let F be a g-element set and X = F. Forx e X, wewritex = (x3,...,Xg) (x; € F). Define
the relation R; on X by

y)eRi = |{ilx#y}| =i

(Chapter 2, Section 2.10.2). The wreath product S, : S, of the symmetric group S, by the
symmetric group S, acts transitively on each relation R; (Example 2.6). The ordering



356 =—— 6 P-and Q-polynomial schemes

Ry, Ry, ..., R, gives a P-polynomial ordering of H(d, g). The parameters b; = pii 0 G =
pﬁ,i_l of the distance-regular graph determined by R, are

bi=(q-1)(d-i), O<i<d-1,

=i, 1l<i<d

The Hamming scheme H(d,q) is a Q-polynomial scheme with the following AW-
parameters:

Ay = (r,—,—h,h",0,,6; | d),
r=q(g-1, h=h"=-q, 6,=06;=(q-1d.
The other parameters are the following:

0;=6 =(q-1)d-qi, 0<i<d,
A=q@-Di+DGi-d), 0<i<d-1,
A=—qli+1(i-d), O<i<d-1,
bi =b;(0<i<d-1), ¢ =c¢(1<i<d),

ki:mi:(q—l)i(?), OSlSd
(@) The Hamming scheme H(d,2) is bipartite and antipodal. If d is odd, 1H(d,?2) is

isomorphic to H(d,2). If d is even, %H (d,2) is antipodal and H(d, 2) is bipartite.

Moreover, 1H(d, 2) is isomorphic to %H (d,2) (Section 6.4.2 (a)).
(b) Ifdis even, H(d,2) has the second P-polynomial ordering

Ro:Rg-1:Ry, Ry 3Ry Ry 55, Ry, Ry
and the second Q-polynomial ordering
Ey,E41,E»Ey 3, E4Eqs,...,E, Ey.

If d is odd, by setting d = 2d’ + 1, %H (d,2) = H(d, 2) has the second P-polynomial
ordering

Ro,Ry,R;,Ry_1,Ry, Ry 5, - ..
and the second Q-polynomial ordering
Ey,EyE,, ..., E5 E;

(Section 6.4.2 (b)).
(d) There exists a P- and Q-polynomial scheme, called the Doob scheme, which has
the same parameters as H(d, 4) but is not isomorphic to H(d, 4) (Section 6.4.2 (d)).
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Remark 6.86. In H(n,2), fix x, € X and set

Y =T 06) ={xeX|(xp,x) eRy}, 1<d<

NS

The association scheme Y = (Y, {R,;}p<i<q) is isomorphic to the Johnson scheme J (n, d).

(ii) The bilinear forms scheme Bil;, ,(q) (d < n)
Let X be the set of d x n-matrices over the finite field E,. Assumed <n.For0 <i<d,
define the relation R; on X by

(x,y) € R & rank(x —-y) =i.

The set X forms an abelian group with respect to matrix sum. The abelian group X
acts naturally on X itself by addition, and the action preserves the relation R;. Let H =
GL(d, q) x GL(n, q) be the direct product of general linear groups GL(d, g) and GL(n, q).
Then H acts on X as follows:

X% — a7 lxb, xeX, (ab)cH,

and the action preserves the relation R;. Combining the above actions on X yields the
semidirect product G = HX > X of X by H: For the group G, the conjugate of x € X
by (a,b) € H is given by (a,b) 'x(a,b) = x* = a xb. The group G acts transi-
tively on each relation R;. The ordering Ry, R;, . .., R, gives a P-polynomial ordering of
X = (X, {Ri}o<i<q)- The parameters b; = pii 0 Ci = piH of the distance-regular graph
determined by R, are

b; = q(q (" -1)/(g-1), O<i<d-1,
-¢d N qd'-1)/@g-1), 1<i<d

The association scheme X is a Q-polynomial scheme with the following AW-parame-
ters:

Ay =(r,15,5,8"5h,h", 00,6 | g,d),
-n-1

r1=q > r2_0> st :0’
h* qd+n/(q _ 1), 60 = eg = (qd - 1)(qu - 1)/(q - 1)

The other parameters are the following:

eizei*:(qd+"’i—qd—q"+1)/(q—1), 0<i<d,
A=g"" T (1-g") (@ - )@ -1)/g-1% 0<is<d-1,
A=qm (g™ = 1) (g - 1)/(g-1% O0<i<d-1,

bl* b;(0<i<d-1), =c;(1<i<ad),

fo
ki=m; = ”1)/2()(>(q D(g*-1)---(¢' 1), 0<i<d
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The P- and Q-polynomial scheme X is called the bilinear forms scheme denoted by
Bil,,,(9). In the following, we state the relation between Bil,,,(g) and the g-Johnson
scheme J,(d + n,d) ([60, page 311] and [113, page 280]). As we have seen before, in
Bil,,,(q), the group G = HX acts transitively on each R; as the automorphism group,
where H = GL(d,q) x GL(n, q). Therefore, Bily,,(q) is identical to the association
scheme determined by the transitive action of the group G on X (Example 2.3). Let 0
be the zero matrix in X. The stabilizer G, of O coincides with H: H = G,. Therefore,
the action of G on X is isomorphic to the action of G on H\G. Namely, the pair of G and
the subgroup H of G determines the association scheme Bil ;,.,(q).

On the other hand, the group G = HX is isomorphic to the maximal parabolic
subgroup

sz{( g Z )|xeX,(a,b)eH}

of the general linear group GL(d + n,q) by the natural correspondence x — (%),
(a,b) — (49). Namely, let P; = L;U; 1> U; be the Levi decomposition of P; where

{3 ) twen. uef(4 e}

Then we have the following isomorphism:
G=P, H=L;, X=U,.

This means that Bily,,(q) is determined by the maximal parabolic subgroup P; and
the Levi subgroup L;. Then we can interpret the homogeneous space L;\P; on which
P; acts in the framework of the g-Johnson scheme ]q(d +n, d) as follows.
Let
d
V=F""={v=01n.Van) | Vo, Vain € B}

be the (d + n)-dimensional vector space over the finite field IF,. Choose the n-dimen-
sional subspace

Xo={veV|vy=-=v3=0,V41,...., Vg € Fg}

of ¥V and define the family Y of d-dimensional subspaces of V as follows:

Y= {ye (Z)q lynxo = {0}}.

Moreover, define the relation S; on Y by

0.y') €S; &= dim(yny')=d-i
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Then 9 = (Y, {S;}<i<q4) becomes an association scheme isomorphic to Bil,,,(q). Note
that 9) is the restriction of the g-Johnson scheme ]q(d +n,d)on Y. We call Y the atten-
uated space.

We can check that ) is isomorphic to Bil,,(q) by considering the group isomor-
phism G = P; as follows. First, the general linear group GL(d + n, q) acts naturally on
V from the right, and also acts transitively on the set ( Z)q of n-dimensional subspaces
of V. The stabilizer of x, is equal to the maximal parabolic subgroup P;: GL(d+n, q),, =
P;. Since P; fixes x,, it acts on Y. Moreover, the action is transitive on Y and transitive
on each relation S;. Namely, the association scheme determined by the action of the
group P; on Y coincides with ). On the other hand, if we choose an element

Yo={veV|vy,...,vgeFyvgq = =Vgy =0}

of Y, the stabilizer of y, coincides with L;: (P])y0 = L;. Namely, the action of P; on Y
is isomorphic to the action of P; on L;\P;. By the isomorphism G = P;, we obtain the
isomorphism

(G,X) = (G,H\G) = (P,,L,\P)) = (P}, Y)

of permutation groups, and hence Bil;,,(g) is isomorphic to 2) as association schemes.

The correspondence of X and Y in this isomorphism is described specifically as
follows. Since in the isomorphism (G, H\G) = (P;,L;\P)), H is the stabilizer of 0 € X
and L; is the stabilizer of y, € Y, in the isomorphism (G,X) = (P, Y), the element
x = 0 + x of X corresponds to the element y, =y,(3 %) of Y: Y = {y, | x € X}. Now we
note thaty, = {(u,0) | u € ]qu}. Since we have

Ve = {wwo) lue A,
we have
dim(y, ny,) = dim({u € F,* | wx = ux'}),
and thus we have
d - dim(y, Ny, = rank(x - x").

Namely, for the g-Johnson scheme J,(d + n, d), if we restrict the relation on (g)q toY,
we obtain the association scheme isomorphic to Bil,,,(g).

(iii) Affine schemes (or classical forms schemes)

By X and the relations defined in (iii-1), (iii-2), (iii-3) below, we obtain three types of
association schemes X = (X, {R;}<j<q). We denote Alt, (r), Her,(r), and Quad,(r) and
call them the alternating bilinear forms scheme, the Hermitian forms scheme, and the
quadratic forms scheme, respectively. The association schemes Bil . () defined in (ii)
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and Alt, (r), Her,(r), Quad,(r) defined in (iii) are called the affine schemes or the clas-
sical forms schemes.

(iii-1) The alternating bilinear forms scheme Alt,,(r)

Let V be the n-dimensional vector space over the finite field IF,, and let X be the set of
alternating forms on V. (If the characteristic of the base field is not 2, X can be regarded
as the set of skew symmetric matrices of size n). Let d = [g] and define the relation R;
on X by

(x,y) € R; & rank(x —y) = 2i.

(Note that the rank of an alternating bilinear form is always even.)

(iii-2) Hermitian forms scheme Her(r)

Let V be the d-dimensional vector space over the finite field F,. and let X be the set of
Hermitian forms on V. (X can be regarded as the set of Hermitian matrices of size d.)
Define the relation R; on X by

(x,y) € Ry & rank(x -y) =1i.

(iii-3) Quadratic forms scheme Quad,,(r)

Let V be the n-dimensional vector space over the finite field IF,, and let X be the set of
quadratic forms on V. (If the characteristic of the base field is not 2, X can be regarded
as the set of symmetric matrices of size n.) Let d = ["T“] and define the relation R; on
X by

(x,y) € Ry &= rank(x -y) =2i - 1,2,

where we define rank(x) = dim(V/V(x)) by using the notation in (6.286). (If the char-
acteristic of the base field is not 2, it coincides with the usual rank, that is, rank(x) =
dim(V/rad(x)).)

We give the table of affine schemes X = (X, {R;}(<i<4) With parameters which will
be appear later. In any case, the diameter is d.

Name dim(V) Field q ¢ e Form
Bil ., (1) dxn(d<n) F, r 1 n-d Bilinear
Alt,,(r) 2d F, o1 —% Alternating bilinear
Altyy.1(n) 2d +1 F, o1 % Alternating bilinear
Her,(r) d F,. -r -1 0  Hermitian

(r>0)
Quad,;_4(r) 2d -1 F, o1 —% Quadratic

Quad,,(r) 2d F, o1 ! Quadratic

N



6.4 Known P- and Q-polynomial schemes =— 361

Let X = (X,{R;}o<i<q) be the association scheme of diameter d with parameters
g, €, einthe above table. The ordering Ry, R;, . . . , R4 gives a P-polynomial ordering of X.
The parameters b; = pi;,;, ¢; = p; ; of the distance-regular graph determined by R,
are

bi=eq” (g7 - 1)@ -e)/g-1), 0<izd-1,
¢=q¢'(d-1)/@g-1, 1<i<d.

The association scheme X is a Q-polynomial scheme with the following AW-parame-
ters:

Ay =(r,15,5,8"5h,h", 00,65 | g, d),
rn=eq v, 1r,=0, s=s"=0,

h=h*=€q2d+e/(q—1), eozeszg(qd_l)( d+e _ )/(q 1)
The other parameters are the following:

6;= 6] = (eq(q"" -1)-q* +1)/(g-1), O<i<d,

A= PPN gY@ 1) (@™ ) (g -1 0<i<d-1,
e g™ - 1) -1)/(g-1)? O0<i<d-1,
=b;(0<i<d-1), ¢ =¢<i<d),

i

,_.

i-
ki =m; = glql(l_l)/2<6i1> (qd+e—) 8), O<ic<d
q

Il
(=}

j

We state the relation between affine schemes Alt,(r), Her,,(r), Quad, (r) and dual
polar schemes D,,(r), *A,,_; (1), C,(r) ([60, page 311] and [113, pages 286-287]). In what
follows, we denote the 2n-dimensional vector space over the finite field F by

F" = {v = (v, vy) | vy, vy € F),
and fix n-dimensional subspaces of V as follows:

Xo={v=(0,v,) €V |v, e F"},
Yo={v=(,0) €V |v e F'}.

(iii-1) The association schemes Alt,(r) and D, (r) are related as follows. Let |F| = r and
assume that the characteristic of the field I is not 2. Define a non-degenerate quadratic

form on V by
0 1)\
(u,v)-u( 1 0>v,
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where 1 denotes the identity matrix of size n. Let O*(2n,r) be the orthogonal group
determined by the above quadratic form. Namely,

b

o2 5 )eaanni(25)(3 3 (2 5)-(3 4

The orthogonal group O*(2n,r) acts on V as an isometry, and also acts transitively
on the set of maximal totally isotropic subspaces (K): of V. The association scheme

determined by the action of 0" (2n, r) on (‘;); is D,,(r). For an element x, = {(0,v;) | v, €
"} of (K):, let

Tn(xo) = {y € (Z): | XNy = {0}}.

Then the stabilizer 0" (2n, My, Of Xo in 0*(2n,r) acts transitively on T,(x,). If we let
P = 0*(2n, r)XO, P is a maximal parabolic subgroup of 0" (2n,r) and has the Levi de-
composition P = LU > U. Here we have

L:{<g t;’,l>|aeGL(n,r)}, U:{((l) ’1‘>|xex},

where X is the set of skew symmetric matrices of size n. Since the Levi subgroup L
coincides with the stabilizer of y, = {(v;,0) | v; € F"} € [,,(x,) in P, the action of P on
I',(xp) is isomorphic to the action of P on L\P: (P,T,(xy)) = (P, L\P).

It can be checked that the association scheme determined by the action of P on
I',,(xy) is the affine scheme Alt,,(r) as follows. First note that the set of alternating forms
on IF" is identified with the set X of skew symmetric matrices of size n. With respect to
the matrix sum, X becomes an abelian group, and the general linear group H = GL(n,r)
acts on X by

x*=ax'a™
as an automorphism group of the abelian group. Thus the semidirect product G =
HX > X of X by H is determined (the conjugate of x € X by a € H is x%), and G acts
transitively on X by

yY¥=alVal+x (yeX aecH xeX).

The association scheme determined by this action is the affine scheme Alt, (r). If we
let O be the zero matrix of X, since the stabilizer of 0 in G is identical to H, the action
of G on X is isomorphic to the action of G on H\G: (G, X) = (G, H\G). Namely, the pair
of the group G and the subgroup H determines Alt,,(r). On the other hand, since the

natural isomorphisms H = L (a — (§ 1)), X = U (x = (}¥)) are extended to the
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isomorphism G = P (ax + (g ao_1 )(3 %)), we obtain the isomorphism as permutation
groups as follows:

(G, X) = (G,H\G) = (P,L\P) = (P,T,,(xg))-

Namely, the association scheme determined by the action of P on I',,(x,) is isomorphic
to Alt,(r).

Similarly to the case of (ii), the correspondence between X and I',,(x,) in the above
isomorphism is described explicitly as follows. As for the isomorphism (G, H\G) =
(P,L\P), H is the stabilizer of 0 (¢ X) and L is the stabilizer of y, (¢ I',(x,)). Hence as
for the isomorphism (G, X) = (P,T,,(x,)), an element x = 0 + x = 0* of X corresponds

to the element
B ( 1 x )
Yx =Yo 0 1

of T,,(xg): Tp(%g) = {yx | x € X}. Note that y, = {(v,0) | v € F"}. Since we have
Yy = {v,vx) | v e F"},
we have
dim(y, Ny,) = dim({v € F* | vx = w'}),
and hence we obtain
n - dim(y, Ny, = rank(x - x").

Namely, restricting the relations Ry, Ry, ..., R, of D,(r) on (‘rf): to T, (x,) vields the re-
lations Ry, Ry, Ry ..., Ryg (d = [3]), and the association scheme on T',(x,) with these
relations is isomorphic to Alt, (r).

(iii-2) The association schemes Her, (r) and *A,,,_;(r) are related as follows.

Let |F| = r%, and denote the automorphism of the field F of order 2 by A ~— A. For
a vector v and a matrix a over IF, we denote the vector and the matrix obtained by
applying the above automorphism by v, @, respectively. Fix an element é # 0 of F
such that & = —¢, and define a non-degenerate Hermitian form on V = F** by

<u,v):§u< _01 (1) >t7,

where 1 denotes the identity matrix of size n. The unitary group

U(2n,r):<1< ‘(Z Z >€GL(2n,r2)|<Z Z)( i)l (1) )f( ccz Z >:< —01 (1) >}
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determined by this Hermitian form acts on V as an isometry and also acts transitively
on the set (K):2 of maximal totally isotropic subspaces of V. The association scheme

determined by the action of U(2n,r) on (K):z is 2A,,,_,(r). For an element x, = {(0,v) |
veF" of(‘r{):z, let

too ={y e (V) 1xony =0l

Then the stabilizer U(2n, N, of x in U(2n,r) acts transitively on T',(x,). If we let P =
U(2n,r),,, P is a maximal parabolic subgroup of U(2n,r) and has the Levi decomposi-
tion P = LU > U, where

L:{(S tc?_1>|aeGL(n,r2)]», Uz{((l) T)lxeX}

Here X is the set of Hermitian matrices of size n. Since the Levi subgroup L coincides
with the stabilizer of y, = {(v,0) | v € F"} € T,,(x,) in P, the action of P on T,(x,) is
isomorphic to the action of P on L\P: (P,T,(xy)) = (P,L\P).

Let H = GL(n, r%). Let H act on X as an automorphism of the

group X with respect to the matrix sum as follows:

1 1

x*=axal.

Let G = HX1>X be the semidirect product of X by H. Then by the mappings a — ( g [504 )
and x — (}¥), the semidirect product G is isomorphicto P: G =P, H = L, X = U. The
association scheme determined by the transitive action

Yy =a'y'a'+x (yeX,acH, xeX)

of the group G on X is Her,,(r). Let O be the zero matrix of X. Since the stabilizer of 0
in G equals H, we obtain the isomorphism (G, X) = (G, H\G) as permutation groups.
Since by the isomorphism G = P of groups, we have the isomorphism

(G,X) = (G,H\G) = (P,L\P) = (P,T,,(xg))

as permutation groups, the association scheme determined by the action of Pon T, (x,)
is isomorphic to Her,,(r).

Similarly to the case of (iii-1), the correspondence between X and T, (x,) in this
isomorphism is described explicitly as follows. For x € X, let

YX=Yo< (1) )1( )z{(v,vx)|ve]F”}.

Then we have

Tn(xo) = {yy | x € X},



6.4 Known P- and Q-polynomial schemes =—— 365

where X is the set of Hermitian matrices of size n. Since we have
n-dim(y, Ny,) = rank(x - x'),

restricting the relations on (‘;);2 of the association scheme ?A,,_,(r) to T,,(x,) yields the
association scheme isomorphic to Her, ().

(iii-3) The association schemes Quad,,(r) and C,(r) are related as follows.
Let |IF| = r and assume that the characteristic of the field F is not 2. Define a non-
degenerate alternating bilinear form on V = F" by

_ 0 1\
(u,v)-u< 1 0>v,

where 1 is the identity matrix of size n. The symplectic group

a b

Sp(2n,r):{(c d)eGL(Zn,r)](ch Z)(i)l é>t<z Z>=<?1 é)}

determined by this alternating bilinear form acts on V as an isometry, and also acts
transitively on the set (‘r{): of maximal totally isotropic subspaces of V. The association
scheme determined by the action of S,(2n,r) on (K); is C,(r). Forxo = {(0,v) | v e F"} ¢
( Z):’ let

o) = {y e (") 1xny= o}

Then the stabilizer Sp(2n, r)x0 of x in Sp(2n,1) acts transitively on I',(xg). Let P =
Sp(2n, r)xo. Then P is a maximal parabolic subgroup of Sp(2n,1), and has the Levi
decomposition P = LU > U, where

L={<g t£1>|aeGL(n,r)}, U={<(1) ’1‘>|xex}.

Here, X is the set of symmetric matrices of size n. Since the Levi subgroup L coincides
with the stabilizer of y, = {(v,0) | v € F'} € T,(x,) in P, the action of P on T,,(x,) is
isomorphic to the action of P on L\P: (P,T,(x,)) = (P,L\P).

Let H = GL(n,r). Let H act on X as an a belian group with respect to the matrix
sum as follows:

x?=axal

Let G = HX 1> X be the semidirect product of X by H. By the mappings a — (& 0 ) and

o'a!

x — (§%), the semidirect product G is isomorphictoP: G =P, H=L,X = U.
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Consider the transitive action of G on X:
yY=aly'al+x (yeXaeHxeX).

Let O be the zero matrix of X. Since the stabilizer of O in G coincides with H, we get the
isomorphism (G, X) = (G, H\G) as permutation groups. By the isomorphism G = P as
groups, we obtain the isomorphism

(G,X) = (G,H\G) = (P,L\P) = (P,T,,(xp))

as permutation groups. Namely, the action of P on I',(x,) is isomorphic to the action
of Gin X.

Similarly to the cases of (iii-1), (iii-2), the correspondence between X and T',,(x,) in
this isomorphism is described explicitly as follows. For x € X, let

1 x

0 1 >={(v,vx)|ve]F}.

Yx =Yo <
Then we have

Tn(xo) = {yy | x € X},

where X is the set of symmetric matrices of size n. Similarly to the cases of (iii-1), (iii-2),
we have

n - dim(y, Ny, = rank(x - x").

Unlike the cases of (iii-1), (iii-2), in the action of G on X, the stabilizer H = GL(n, r) of
the zero matrix O is not transitive on

X; = {x € X | rank(x) = i},

and X; is divided into two H-orbits. (If i is odd, by the scalar multiple of a non-square
in IF, these two H-orbits are merged. If i is even, they are divided into essentially differ-
ent classes of symmetric matrices.) Due to this, the association scheme determined by
the action of G on X (hence the action of P on T, (xy)) is not necessarily a P-polynomial
scheme. By merging the relations of rank 2i — 1 and 2i (four H-orbits) to make one
relation, it becomes a P-polynomial scheme and obtain Quad,(r) [177]. Therefore, re-
stricting the relation on (‘rf)r of the association scheme C,(r) to I, (xy) and merging the
relations R,;_;, R,; yields the association scheme isomorphic to Quad,,(r).
(d) The association schemes Quad,(r) and Alt,,,,(r) have the same parameters but are
not isomorphic. The automorphism group of Quad,,(r) does not act transitively on
R;, which is divided into 3 orbits. On the other hand, the automorphism group of
Alt,,,1(r) acts transitively on each relation R;.
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6.4.2 P- and Q-polynomial schemes derived from the core part

In this section, among known P- and Q-polynomial schemes X = (X, {R;}o<ij<4)> We give

the list of those derived from the “core” P- and Q-polynomial schemes in Section 6.4.1.

Depending on the way they are derived from the “core” P- and Q-polynomial schemes,

the list is divided into the following 4 cases:

(a) derived from imprimitive schemes;

(b) derived from the second P- or Q-polynomial orderings;

(c) derived as the extended bipartite double or a fusion scheme;

(d) derived as a “cospectral scheme,” which has the same parameters as a “core” P-
and Q-polynomial scheme X but is not isomorphic to X.

(a) The case derived from imprimitive schemes
Let X = (X, {R;}o<i<q) be a P- and Q-polynomial scheme. If X is an imprimitive asso-
ciation scheme, it is bipartite or antipodal as a P-polynomial scheme, and it is dual
bipartite or dual antipodal as a Q-polynomial scheme (Section 6.1.3). If X is bipartite
as a P-polynomial scheme, then it is dual antipodal as a Q-polynomial scheme, and
the bipartite half %36 also becomes P- and Q-polynomial scheme. Moreover, if X is an-
tipodal as a P-polynomial scheme, then it is dual bipartite as a Q-polynomial scheme,
and the antipodal quotient scheme X also becomes a P- and Q-polynomial scheme.
Note that X is bipartite if and only if @; = 0 (0 < i < d), and X is antipodal if
andonlyifb; =c4; (0 <i<d, i+ [g]), where g; = p’i,i, b; = p'i)m, C; = pi)i_l are the
intersection numbers of X. Then the intersection numbers of the P-polynomial scheme
ixare b] = byby/c, (0 < i < [g] - 1), ¢ = cyq6o/c, (1 < i < [‘—;]). Moreover, the
intersection numbers of the P-polynomial scheme X are b; = b; (0 < i < [4]-1), & = ¢
(1<i<[4]-1),and

o

[STE

{(1 + kd)C[g], if d is even,
— 2
=

c ifdis odd,

(50
where k; = b[g]/C[g] if d is even.
2 2
Note that a Q-polynomial scheme X is dual bipartite if and only ifa; =0 (0 <i <
d), and X is dual antipodal if and only if b = ¢ ; (0 <i<d-1,1 +# [g]), where

*_

a; = qii, b; = qL. +10 Ci qii_l are the dual intersection numbers of X. Then the dual
intersection numbers of the Q-polynomial scheme %% are B{‘ =bf (0<ic< [g] -1),

& =c (1<i<[§]-1),and

LI P if dis odd,

4y

{(1 +my)c’,., ifdiseven,
E. _ [5]
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*

where m; = b[

(4

polynomial scheme X are b = b}b3;,,/c; (0 <i < [‘51] -1),¢ =cy 6 (1<i< [%]).

4 /c’,. if d is even. Moreover, the dual intersection numbers of the Q-
2

(i) J(2d, d): The antipodal quotient of the Johnson scheme J(2d, d)

Since the intersection numbers b; = pi)i 410 Ci = pi)i_l of the Johnson scheme J(2d, d) are
bj=(d-i*(0<i<d-1),¢ =1 (1<i<d),wehaveb; =cy;(0<i<d-1),which
implies J(2d, d) is antipodal. Moreover, since the dual intersection numbers b;" = qii 10
¢ = qu ofJ(2d,d) are b} = 2d -1)(2d +1-i)(d -i)/d2d+1-2)) (0 <i<d-1),
¢ =@2d-1)i(d+1-i)/d2d+1-2i))(1 <i<d),wehavea =0 (0 <i< d),which
implies J(2d, d) is dual bipartite. We rewrite the intersection numbers of the antipodal
quotient J(2d, d) of J(2d,d) as b; = pi)i 41 Ci = pii_l. Then they are given by

b; = (d -1y, Osis[g]—l,
P . d

¢ =1, lszs[i]—l,
2[‘51]2, if d is even,
9= a2 e
2 ;515 if d is odd.

The antipodal quotient J(2d, d) is also a Q-polynomial scheme with the following AW-
parameters:

Ag = (rl,rz,s,s*;h,h*,eo,eg | [g])

—g—%, if d is even,
n=-d-1 n=
-4-1, ifdisodd,
s:—d—é, s*=-d-1,
2
«  22d-1)(2d - 3) 2 s
h=4, h"'=——7"—"—=, 6y=d°, 6,=d2d-3).
4 dd-1) 0 o =d@d-3)

The other parameters are the following:

0, =d*+2iQ2i-2d-1), 0<ic< [g]

e 20d-DEd-3). . - [d
0; =d(2d 3)+—d(d—1) ii-d), 0<ic< [2],
/\,—:hh*(i+1)<i—%)(i—%)(i—d), Osis[g]—l,

/ii:hh*(z‘+1)2<i— [‘—21]><i+%— [g]) 0<is [g] -1,

b*_E(2d+1—2i)(d—2i)(d—i)(d—2i—1) [9]—1
17 (2d +1 - 4i)2d — 1 - 4i) AR 1PN
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*__*i(Zi—l)(d+2—2i)(d+1—2i) 0<i<

%y T d+3-ahd+i-4) “[

=
1l
S
QU
N———
o N
o
IN
IN
—
|
—
|
=

,El) , ifdisodd,
2d+1-4i/2d . d
mi:—,( ) O<i<|=|.
2d+1-2i\2i 2
(ii) %Dd(q): The bipartite half of the dual polar scheme D;(q)

Since the intersection numbers b; = pL. 410 G = p’i,i_l of the dual polar scheme
Dy(q) are by = ¢'(q*" ~D/@-D O <i<d-1,¢=(q-Dig-DA<iz<d),
we have a; = 0 (0 < i < d), which implies D,(q) is bipartite. Moreover, since the dual
intersection numbers b} = qii L0 G = qu of Dy(q) are

*(qd—i _ 1)(qd—i + 1)/q2i+1(qd—1—2i + 1)(qd—2i + 1)’ O<i<d- 1,
¢ =h" (@ -1)(@ +)/g" @+ 1)@ +1), 1<i<d,

we have b}’ = ¢;_;, which implies 1D,(q) is dual antipodal.
We rewrite the intersection numbers of the bipartite half %Dd(q) of Dy(q) as b; =
Pl G = P11~ Then they are given by

4irl, d-2i 1y, d-2i-1 _
S S L S OSiS[ﬂ]_L
(-1 -1 2
L @ -net-y [g]
Yog-n@r-n T 2]
The bipartite half %Dd(q) is also a Q-polynomial scheme with the following AW-
parameters:

A= <r1,r2,s,s*;h,h*,00,98 | ¢ [6_21 )

—d-1 s
q if d is even, ~2(d+1) .
= = O’ = 5 = 0’
" { g4 ifdodd, r2 s=4 s
U b €@ D@+ D
(@-D(g*-1)’ -1 ’
_a@’ 0@ - @@+
" @-v@-p > ° g -1

The other parameters are the following:

(g-1(g*>-1)

IA

91':60—

|

N
—_—

, 0<i
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6 =6;-h"(1-¢%), o<i< [g]
A= —hR* g (@2 1) (g2 - 1)(g T —1), o<i< [g] .t

A = Rt g 22 ) (P - 1)(q2[§]—2i “1), O<is [g] .t

2
2d-i) _q d
b; =h"—; T —, Osis[—]—l,
q z+l(qd—l—21 + 1)(qd—21 +1) 2
g’ -1 . [d
=k 21 d+1-2i d-2i ISIS[E]_L
(q + 1)(61 +1)
d-
(¢’ ?g‘iq:&q = D ifdis even,
E q- % P
o @I g diis odd,
1' 1(21 ( ) R O<l<|:g],
2i 2

m.:qi(d> qd21+1i—1qd—1—i+1 O<i<[g]_1
' gqii+l g g1’ T T 2] 7

deay 1 ppalgtna i£di
q (g)q =0 g if d is even,
m[g] ) = q+1 1 ¢
5 2 . .
q-? (%)qq%” j=0 g if d is odd.

(iii) %H (d,2) and H(d, 2): the bipartite half and the antipodal quotient of the Ham-
ming scheme H(d, 2)

For the 1ntersect10n numbers b; p1 i+10 Ci pll , and the dual intersection num-
bers b; = ql i+ G = qll , of the Hamming scheme H(d,2), we have b; = b} = d -1
(0<i<d-1),¢ =c =i(l<ix<d).Hence H(d,?2) is bipartite and dual antipodal,
and is also antipodal and dual bipartite.

We rewrite the intersection numbers of the bipartite half %H (d,2)ofH(d,2)as b; =
Pl Ci = Pl - Then they are given by

b = %(d—zi)(d—Zi—l), O<is< [‘g] 1,

G =1i(2i-1), 1<i< [g]

The bipartite half %H (d,2) is also a Q-polynomial scheme with the following AW-
parameters:

x « [d
Aqp = <f1,—,S,—;h,h ,00,65 | [ED’
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—‘—21—%, if d is even,
s=-d-1,
d_1q
2

, ifdisodd,
h=2, h* =4, Hozéd(d—l), 6; = d.

The other parameters are the following:

Gizld(d—l)—Zi(d—i), 0<i< ﬂ 0 =d-4i, 0<ic< ,
2 2

n=nnen(i-2)(i-951) o<i<|4]-1
2 2 2

] N { d, if d is even,
-1, — d

%1, if d is odd,

Next, we rewrite the intersection numbers of the antipodal quotient H(d,2) of
H(d,2)as b; = pi 1, ¢; = p}; ;- Then they are given by
d
bij=d-i, 0<i< [—] -1,
2
d

¢=1i, 1<i<|-|-1 ¢, =
4]

{ d, if d is even,
%, if d is odd.

The antipodal quotient H(d, 2) is also a Q-polynomial scheme with the following AW-
parameters:

* * * d
AHB=<r1)_:_aS ;h>h )00)00 | [5]))
d 1 g
-3 =3 if d is even,
r1: d
2L

ifdis odd,

s'=-d-1,

h=-4, K'=2 O=d 6=>dd-1.

The other parameters are the following:

0;=d-4i, 0<i< [g]
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0 = Jdd-1)-2id-D, O<is [‘—21]

wemaen(i-2)(i- 1), osie[d]os
A= hh*(i+1)<i— ED(:‘— [g]

b? :%(d—zi)(d—Zi—l), O<is<

d d 1(9). ifdiseven,
k,-=<,), Osis[—]—l, kiay = dz
i 2 2 (&), ifdisodd,

m- (%), 0=is[4)

Note that the structure of %H (d,2) as a P-polynomial scheme is the same as the
structure of H(d,2) as a Q-polynomial scheme, and the structure of %H (d,2) as a Q-
polynomial scheme is the same as the structure of H(d, 2) as a P-polynomial scheme.

If dis odd, 1H(d, 2) and H(d, 2) are isomorphic as association schemes. They have
two P-polynomial orderings and two Q-polynomial orderings: By the isomorphism,
the natural P-polynomial ordering of one corresponds to the second P-polynomial or-
dering of the other and the natural Q-polynomial ordering of one corresponds to the
second Q-polynomial ordering of the other (Section 6.4.2 (b)).

Both %H (d,2) and H(d,2) are imprimitive if and only if d is even. In this case,
%H (d,2) is antipodal as a P-polynomial scheme (and dual bipartite as a Q-polynomial
scheme), and H(d, 2) is bipartite as a P-polynomial scheme (and dual antipodal as a
Q-polynomial scheme). This fact is observed from the intersection numbers b;, ¢; (and
dual intersection numbers b}, c;’).

Here we rewrite the even diameter d as 2d. Then the following holds:

IN

1 11—
EH(Zd’ 2) = EH(Zd’ 2).

Namely, the antipodal quotient of %H (2d,2) and the bipartite half of H(2d,2) are
isomorphic. This fact can be easily checked if we note that in the bipartite half of
H(2d, 2), the antipodal relation Ry UR,, is closed. We rewrite the intersection numbers
of 1H(2d,2) = 1H(2d,2) as b; = p} 1,1, ¢; = p};_;. Then they are given by

b;=(d-i)2d-2i-1), Osig[g]—l,
]—L

¢ =iQi-1), 1sis[‘—21
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d(d-1), ifdiseven,
Cray =

@@ - if 4 is odd
2 > -

The association scheme %H (2d,2) = 1H(2d, 2) is a Q-polynomial scheme with the fol-
lowing AW-parameters:

Ay = <r1,r2,s,s*;h,h*,90,93 | [g])

1
2 r2=_d——,

-4_1, ifdisodd, 2

s=s"=-d-1, h=h"=8, 0,=6;=d2d-1).

_d_ % if d is even,
r =

The other parameters are the following:

6;=6; =dQ2d-1)-8i(d—i), 0<is [g]

A= 8(i+D@i-d)@2i-d+D@i-2d+1), 0<is [g] b

d +1>, Ogis[g]—l,
2

2 . . . d .
A =8+ 1)(2i + 1)<21 —2[§]><21 -2 3

2i 2
_ B 2, ifdiseven,
kay=may =4 e odd
(d_l), if d is odd.

(b) The case derived from the second P- or Q-polynomial orderings

In this section, if a symmetric association scheme X = (X, {R;}o<i<q) has two P-
polynomial orderings, we consider the two P-polynomial schemes are distinct. For
Q-polynomial schemes which have two Q-polynomial orderings, we consider simi-
larly.

Let X = (X, {Rj}o<i<q) be a P- and Q-polynomial scheme. Let Ry, Ry, ..., R; be the
P-polynomial ordering and A; the adjacency matrix of R;. Note that the numbering
of primitive idempotents {E;}.;.4 is determined by 4; = Zf;o 0;E;, where {0;}o<i<q
are the eigenvalues of A;. The intersection numbers b; = pim 0 <i<d-1,
¢ = pii_l (1 < i < d) are determined by the P-polynomial ordering R, R;,...,R; and
they are expressed by AW-parameters Az, where Z denotes the type which is one of
I, IA, 11, IIA, IIB, IIC, and III. The AW-parameters A; determine the ordering of the
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eigenvalues 6,,6,,...,0, of the adjacency matrix A,, and hence they determine the
Q-polynomial ordering E, E, .. ., E;. Therefore, if a P- and Q-polynomial scheme has
two Q-polynomial orderings, the intersection numbers b; (0 <i<d-1),¢(1<i<d),
which are determined by a fixed P-polynomial ordering, have two distinct expressions
by AW-parameters.

Similarly, if a P- and Q-polynomial scheme X = (X, {R;}<i<4) has two P-polynomial
orderings, the dual intersection numbers b (0 <i < d-1), ¢ (1< i < d), whichare de-
termined by a fixed Q-polynomial ordering of the primitive idempotents E,, E1, ..., Eg4,
have two distinct expressions by AW-parameters.

(i) The Johnson scheme j(2d + 1,d)

As was seen before, the Johnson scheme J(v,d) 1 < d < %) is a P- and Q-
polynomial scheme with AW-parameters of Type ITA: Ay = (ry, -, 5, —h, h*, 04,05 | d),
n=-v+d-1,s=-v-2sh=1Lh" =-v(v-1)/dv-d); 6, =dlv-d), 05 =v-1.1f
v = 2d + 1, the dual intersection numbers b; = qim, ¢ = qiifl are

b - 2d+1(d-1)@2d+2-1)
! d+1 2d+1-2i
o _2d+1id+2-1)
U d+12d+3-2

, O0<i<d-1,

1<i<d,

and these dual intersection numbers of J(2d + 1, d) have another expression by AW-
parameters:

AIH = (1’1, rz,s,s*;h,h*,eo, 9(*) I d),
n=-2d-3, rp,=-d-1, s=-2d-3, s"'=-2d-2,
1 N 2d +1

h=-3 k=5 Go=drl 6=2d

The other parameters are the following:

6;=(-D'(d+1-i), O0<i<d,

03 = 2d - 2241, 0<i<d,
{ il d+211+1 . . 2—1 (6'287)
02i+1 =2d- 2d+1 (d_l)) 0<i< =5
2d+1 £(i+1) .
A=- (1—d)(+1) (i-2d- 2) , O<i<d-1,
A= )dZd”(z—d)( P10, 0<icd-1
(e(j) = 1ifj is even and €(j) = 0 if j is odd), (6.288)
b; = [Hl], O0<i<d-1,

d+
[1+1] <4
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k= (). osisa

3 2(d+1—i)(2d+1)) 0

L= <i<d.
Yo2d+2-1i i

The Q-polynomial ordering E, E;, . .., E; of the Johnson scheme J(2d + 1,d) is fixed,
and the dual intersection numbers b (0 <i < d-1), ¢ (1 < i < d) determined by
this Q-polynomial ordering have two expressions by AW-parameters of Type IIA and
of Type III. Therefore, the dual eigenvalues {Q;(i)}o<;<q Of the primitive idempotent
E; have the expression 6; ((IIA)) (0 < i < d) determined by AW-parameters Ay, and
the expression 67 (III) (O < i < d) determined by AW-parameters Ay;. Since we have

6; (I1A) = 2d - 2%i (0 < i < d), by (6.287) the following hold:

05;(I1) = 6 (I1A), O0<i<

65,,(1D) = 65 ,(IIA), 0<i<

Thisimplies thatifweletRy, R;, . .., R, be the P-polynomial ordering determined by the
expression by AW-parameters of Type IIA, then the P-polynomial ordering determined
by the expression by AW-parameters of Type III is

RosRpRy Ry 1. ...

The distance-regular graph determined by the relation R, is the Johnson graph j(2d +
1,d), and the distance-regular graph determined by the relation R, is the odd graph
0,. If we start from the P-polynomial ordering of the odd graph, then the P-polynomial
ordering of the Johnson graph J(2d + 1, d) becomes

Ro,Rz,R4, cee ,R3,R1,

and this is also checked by the fact that the odd graph Oy is almost bipartite, i. e.,
aiZO(OSiSd—l,ad:ﬁO).

(ii) The dual polar scheme ?A,,;_,(r)

As was seen before, the dual polar scheme is a P- and Q-polynomial scheme with
Aw-parameters Onype L: AI = (rl’ 53 S’S*; h> h*) 00) 68 | d)’ n=n= S* = 0, S = _r_Zd_B)
h=re? -1, 0" = P20 + )3 + 1)/ - D+ 1), 0, = 1 - 1)/(% - 1),
0y = 2(r* — 1)(r*3 + 1)/(r* = 1)(r + 1). The intersection numbers b; =Pl G = Pl
are

r2d+1

r2-1

rr-1
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and these intersection numbers of 2A2d,1(r) have another expression by AW-parame-
ters:

AI =(r;,125,8"sh,h", 64,05 | -1,d),
_ ( 1)d —d- 1, r, = 0, s= r72d72’ s* -0,
r2d+l . r(rzd—l + l) B r(rzd _ 1)

h= ,
r2-1 r+1

The other parameters are the following:

0y =0y — 5= -1 211, o0<i<d
{ A770 2 (6.289)

Osis1 = 00— 2P - +1), 0<i<L!
07 =05 -h*(1-(-r)), 0<i<d,
A = —hh'r —2i— 1( 2i—2d)(1_ (_r)i+1), O<i<d-1,
A= ()T R - A - (), 0<i<d-1,
<

2i-2d-1

{ by=h"1l o, 0<i< Ll
b21+1 =h" 1;:1 2:4 , 0<i< de
CZz h*212d11+im%) 1Si£§,
Coip1 = h* i 1:;'12:”, 1<i< %,

k,:riz(‘f) . o0s<i<d,
r

_ 2ird 2d+1 41 i-1 r2d71—2j+1 d

{ m2i =T ( )r 2 p2d+1- 21+1 l_[] 0 2141 0 <1 S 5,
o 2d-2iggy  re rd-i-1 P40 d-1
My =T ( )rz ,21+1+1 l_[ EEE 0<i< -5

The P-polynomial ordering Ry, R;,..., R, of the dual polar scheme 2A,, (r) is fixed,
and the intersection numbers b; (0 < i < d-1), ¢; (1 < i < d) determined by this P-
polynomial ordering have two distinct expressions by AW-parameters of Type I. There-
fore, the eigenvalues {Pl(i)}0<,<d of the adjacency matrix A, of the relation R; have the

expression 6;(I-1) (0 < d) determined by the first AW-parameters A;; and the ex-
pression 6;(I-2) (0 < i < d) determined by the second AW-parameters A;,. Since we
have

( - 1

P - 11), o<i<d,

0;(11) = T 71

by (6.289) the following hold:
0,(12) = 6;(I-1), 0<i<

05.1(12) = 6,.;d1), O0<ic<
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This implies that if we let E, E,, ..., E; be the Q-polynomial ordering determined by
the first AW-parameters Ay, then the Q-polynomial ordering determined by the sec-
ond AW-parameters Ay, becomes

EgEpEpEgys....

If we start from the second Q-polynomial ordering, the first Q-polynomial ordering
becomes

Eo,Ez, E4, cee ,E3,E1,

and this is also checked by the fact that the second Q-polynomial ordering is almost
dual bipartite,i.e.,a; =0 (0 <i<d-1,a; #0).

(iii) The Hamming scheme H(2d, 2)

Let Ry, Ry, ..., Ry be the natural P-polynomial ordering of the binary Hamming
scheme H(2d, 2) of diameter 2d. Namely, R; is the relation determined by the Hamming
distance i (Example 2.6 in Chapter 2). The intersection numbers b; = 2d -i (0 < i <
2d-1),c; =i (1 <1< 2d) determined by this P-polynomial ordering have the following
AW-parameters:

AHC = (r, "5 h, h*, 60, 08 | 2d), (6.290)
r=2, h=h"=-2, 6,=0y=2d,

and H(2d,2) becomes a Q-polynomial scheme. Let E,, E;, . . ., E,; be the Q-polynomial
ordering determined by the AW-parameters Ayc. The other parameters are the follow-
ing:

0; =6 =2(d-i), 0<i<2d,

A=-A=2i+1)(i-2d), O0<i<2d-1,
b =b;=2d-i, 0<i<2d-1, ¢ =¢=1i 1<i<2d,

1 1

k,-=ml~=<2;i>, 0<i<2d

It can be easily seen that b; = ¢;4_; (0 <i<2d-1),a; =0 (0 <i<2d). Hence H(2d,2)
has the second P-polynomial ordering as follows:

RosRya-1:R2, Rog 3 Ry Rog 55 .- . sRs5, Rog 4> R3: Ryg 2. Rys Royg

(Section 6.1.3). Moreover, since by = ¢, ; (0 <i<2d-1),af =0(0<i<2d),H(2d,2)
has the second Q-polynomial ordering

Eo,Exg1,Ey Exg3,Ef Epgoss - ... s Es, Exg45 E3» Eyg 2, Ey, Eng.
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Therefore there are four combinations of P-polynomial orderings and Q-polynomial
orderings, and corresponding to them, four P- and Q-polynomial schemes arise from
H(2d,?2) (see Table 6.1).

Firstly, we fix the first Q-polynomial ordering. Then the dual intersection numbers
bi =2d-i(0<i<2d-1),c =i(l<i<2d)have the following AW-parameters:

AIH = (rl, I’Z,S, S*;h, h*,eo, 98 | zd), (6.291)
1, s=s"=-2d-1,
2

h=h*=-1, 6,=6=2d.

r1:r2:—d—

The other parameters are the following:

{02i=0§i=2(d—2i), 0<i<d,

0y =05,,=2Qi+1-d), 0<i<d-1,

Al:_ﬁ_z{ ~4(i-d+3)(i-2d), 0<i<2d-1 (ifiiseven),
o | -a-d+ i+, os<is<2d-1 (ifiisodd),
b;=b =2d-i, 0<i<2d-1, ¢=c¢ =i, 1<i<2d,

ki:mi:<2id>’ OSlSZd

Let 6/ (IIC) be the expression of the dual eigenvalues of E; by AW-parameters Ay, and
let 6; (I1I) be the expression of them by AW-parameters Ap;. Then we have

65(IIT) = 65(1IC), 0<i<d,
03,1 = 63, 5 ,(1IC), O0<i<d-1. (6.292)

So the second P-polynomial ordering arises from the ordering of 6; (III).

Next, we fix the first P-polynomial ordering. Then the intersection numbers b; =
2d-i(0<i<2d-1),¢ =i(1<ix<2d)have the same AW-parameters as (6.291), i. e.,
Aqpp- Let 6;(IIC) be the expression of the eigenvalues of the adjacency matrix of R; by
AW-parameters Ay;c, and let ;(III) that by AW-parameters Ayy;. Then we have

6,(IIT) = 6,(1IC), 0<i<d,
621+1(III) = ezdfzifl(IIC); 0 < i < d -1 (6.293)

So the second Q-polynomial ordering arises from the ordering of 6;(III).

Consider the case a P- and Q-polynomial scheme H(2d, 2) is defined by the second
P-polynomial ordering and the first Q-polynomial ordering. Now we fix the second
P-polynomial ordering. Then the eigenvalues of the adjacency matrix A,;_; of Ryy_;
have the expression (6.291) by AW-parameters of Type III Ay, and we denote it by
0;(11I) (0 < i < 2d). Note that 6;(III) corresponds to the first Q-polynomial ordering. By
(6.291), the intersection numbers by the second P-polynomial ordering are b; = 2d — i
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(0<i<2d-1),¢; =i(1<ic< 2d),and hence have the same expression as (6.290)
by AW-parameters of Type IIC Ayc. Let 6;(IIC) be the expression of the eigenvalues of
Asy_1 by (6.290). Then (6.293) holds and hence 6;(IIC) corresponds to the second Q-
polynomial ordering.

As for Ay, wehave h = h*, 0, = 6], and as for Ay, we haves = s*, h = h*, 6, = 6.

Table 6.1: AW-parameters of H(2d, 2).

Q\P Ro>Rys... Ro>Rag_1>Ras - > Ri> Rog
Eg»Eys... Aic» (6.290) Aui» (6.291)
Eo»Exd-1>Epr- s Eqy Eag A, (6.291) Nic» (6.290)

(iv) %H (2d + 1,2): The bipartite half of the Hamming scheme H(2d + 1,2)

The bipartite half %H (2d + 1,2) of the Hamming scheme H(2d + 1,2) have AW-
parameters of Type IIA:
AHA = (rl,—,s, -5 h,h*,eo, 95 | d), (6.294)
r=-d- 3 s—2d-2
2
h=2 h*=-4, 6y=d2d+1), 6;=2d+1,
and it becomes a P- and Q-polynomial scheme. Let Ry, Ry, ..., R; be the P-polynomial
ordering and let Ey, Ey, ..., E; be the Q-polynomial ordering determined by the AW-

parameters Ap,. Then the intersection numbers and the dual intersection numbers
are

b;=(@d-i)(2d+1-2i), 0<i<d-1, ¢=iR2i-1), 1<i<d,
bf =2d+1-i, 0<i<d-1, ¢ =i, 1<i<d.

The other parameters are the following:

6;=dQd+1)-2i2d+1-1), 0<i<d,
0; =2d+1-4i, O<i<d,

Ai:hh*(i+1)<i—d—%>(i—d), 0O<i<d,
i =hh*(i+1)<i+ %)(i—d), 0<i<d,

ki=<2d2:_r1), 0<i<d, mi=<2di+1), 0<i<d.
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First we fix the Q-polynomial ordering E,, E;, . .., E;. Then the dual intersection num-
bersb/ =2d+1-i(0 <i<d-1),¢ =i(l<i< d)havethe following AW-parameters:
AHI = (rl,rz,s,s*;h,h*,eo, 98 | d), (6.295)
n=-2d-2, rp,=-d-1, s=s"=-2d-2,
h=h"=-1, 6,=0;=2d+1.
The other parameters are the following:
{ 0, = 05 =2d +1- 4,
001 =05, =2d +1-4(d-1),

{—4(i—d)(i—2d—1), O<i<d-1 (ifiiseven),
-4(i+1)(i - d), O0<i<d-1 (ifiisodd),

A=(E0)%GE+1)G-d), O0<i<d-1,
bi=b =2d+1-1i, 0<i<d-1, ¢=c¢ =i 1<i<d,
ki:mi:(Zdi+1), O<i<d.
Let 6; (IIA) be the expression of the dual eigenvalues of E; by AW-parameters Ap,, and
let 6; (III) be that by AW-parameters Apy;. Then we have
d
2 b

A=

1

65(I) = 6; (I1A), O0<i<
* * .od-1
65;,,(I) = 65_,(IIA), O<i< R (6.296)

So from the ordering of 6" (I1I), the second P-polynomial ordering

Ry, R4 Ry Ry 1Ry Ry ...

arises. This is also checked by the fact that the second P-polynomial ordering is almost
bipartite, i.e.,aq; =0(0<i<d-1),a, + 0.

Next, we fix the P-polynomial ordering Ry, R;, ..., R;. Then the intersection num-
bersb; = (d-i)(2d+1-2i))(0<i<d-1),c; =i(2i - 1) (1 <i < d) have the following
AW-parameters:

Ay = (r,12,5,8"5h,h", 00,64 | d), (6.297)
d 3 d 5 - 3

]’1:————) )’2:————, S=S8 :—d——)
2 4 2 4 2

h=h"=8, 6,=0)=dQd+1).

The other parameters are the following:

0.0  —d2d+1)+8i(i-d-L), O<i<d
1 1 2

)l,-=hh*(i+1)(i—d)<i—6—1+1><i—‘—1—1>, O<i<d-1,
2 a)\'"27 %
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)‘ti=hh*(i+1)(i—d)<i—‘—i+1><i—‘—i+§>, O<i<d-1,
2ta)\l"2s
b =b;=(d-1)2d+1-2i), 0<i<d-1, ¢ =¢=i2i-1), 1<i<d,

ki:mi:(2d+l

. ) O<ic<d.
2i

Let 6;(ITA) be the expression of the eigenvalues of the adjacency matrix A, of R; by AW-
parameters Ay, and let ;(I) be the expression of them by AW-parameters Ay;. Since
we have

6:(I1) = 6,,(I1A), O0<ic<
{ ;1) Hi(LTA) <1< (6.298)

d
5)
Oa-i(D) = 6,1(I1A), O0<i< %,
from the ordering of 6;(II), the second Q-polynomial ordering
Ep.EpEyEs,...... ,Es, B3, E;

arises. This is also checked by the fact that the first Q-polynomial ordering is almost
dual bipartite,i.e.,af =0(0<i<d-1),a}; #0.

As was seen before, the second P-polynomial ordering and the first Q-polynomial
ordering are associated with the expression (6.295) for %H (2d +1,2) by AW-parameters
of Type III. Here we fix the second P-polynomial ordering and consider the intersection
numbers b; =2d+1-i(0 <i<d-1),¢; =i(1 <i < d). Then these intersection numbers
have the following expression by AW-parameters:

A = (r,——s"sh,h*, 64,65 | d), (6.299)
" =—d—§, s*=-2d-2,
2
h=-4, h*=2, 6,=2d+1, 65=d(d+1).

The other parameters are the following:

F=d2d+1)+2i(i-2d-1), 0<i<d,

bj=2d+1-i, 0<i<d-1, ¢=i, 1<i<d,
b =(d-i)@d+1-2i), 0<i<d-1, ¢ =iQi-1), 1<i<d,

ki:<2di+1), 0<i<d, mi:<2d2?1), O<i<d.

Let 6;(IIT) be the expression of the eigenvalues of the adjacency matrix A; of R; by
AW-parameters Ay, and let 6;(IIB) be the expression of them by AW-parameters Aypg.
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Since we have

6,(IIB) = B,(II), 0 <i< ‘—21,

d-1

64-i(1IB) = 5,y (I, 0 <i< —

> (6.300)

from the ordering of 6;(IIB), the second Q-polynomial ordering
Ey,EyE, Eq,...... ,Es,E3 E;

arises. This is also checked by the fact that the first Q-polynomial ordering is almost
dual bipartite, i.e., a; = 0(0 < i < d-1),a; # 0. Note also that (6.300) is the
dual of (6.296). Moreover, (6.299) is obtained from (6.297) as follows. We fix the second
Q-polynomial ordering associated with the expression (6.297) for %H (2d +1,2) by AW-
parameters of Type II, and consider the dual intersection numbers b; = (d-i)(2d+1-2i)
(0<i<d-1),¢f =ii-1) (1 <i<d).Then these dual intersection numbers have
another expression (6.299) by AW-parameters of Type IIB. The expression 6; (II) of the
dual eigenvalues of the primitive idempotent E, by A;; and the expression 6; (IIB) by
Aqp have the following relation:

05(IIB) = 6; (II), O<i<

65;,,(1B) = 6;_,(I), 0<i< (6.301)

So the second P-polynomial ordering
Ry, R4 R, Ry_1,RyRy5 ...

arises. Note that (6.301) is the dual of (6.298).

In the expression for %H (2d + 1,2) by AW-parameters, if we fix r; and replace s by
s*, hbyh*, and 6, by 6, then Ay, is exchanged by Ayg. On the other hand, in Ay, Ay,
note thats = s*, h = h*, 6, = 6§ hold.

We summarize the argument on the combination of P-polynomial orderings and
Q-polynomial orderings in Table 6.2.

Table 6.2: AW-parameters of %H(zd +1,2).

Q\P Ro>Rys. .. Ro>Ra>Ri>Ry_15RasRyz ..
Eo, El’ ves /\”A, (6.294) /\|||, (6.295)
EorExrEgr.. B3 Ey A, (6.297) Ais» (6.299)

(v) H(2d + 1,2): The antipodal quotient of the Hamming scheme H(2d + 1,2)
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The antipodal quotient H(2d + 1, 2) of the Hamming scheme H(2d + 1,2) has AW-
parameters of Type IIB:

Ayg = (r,——s"3sh,h", 6,6 | d),
rlz—d—g, s*=-2d-2,
h=-4, h*=2 6,=2d+1, 65=d(2d+1).

Note that AW parameters Apg for H(2d +1,2) coincide with AW-parameters Ay for
1H(2d+1,2)in (6.299). Let Ry, R, ..., R s be the P-polynomial ordering of H(2d + 1,2) de-
termined by the AW-parameters Ay, and let Ey, E;, . .., E; be the Q-polynomial order-
ing. This is equivalent to rewriting the second P-polynomial ordering of %H (2d+1,2) as
Ry, Ry, ..., R; and rewriting the second Q-polynomial ordering as E, E;, . .., E;. There-
fore, H(2d + 1, 2) has the second P-polynomial ordering

Ro,Ry R4, R, -5 Rs, R3, Ry
and the second Q-polynomial ordering
EO; Ed: El’ Ed—l’ E2, Ed—Z’ e

The AW-parameters for the P- and Q-polynomial schemes H(2d + 1,2) arising from
these combinations of P-polynomial orderings and Q-polynomial orderings are listed
in Table 6.3.

Table 6.3: AW-parameters of H(2d + 1, 2).

Q\P Ro>RysRys...sR3Ry RosRys...
EorEgsE1sEqrExsEggrenn Myas (6.294) Ay, (6.295)
EgrEys. .. Ay, (6.297) Nyg, (6.299)

In fact, %H (2d +1,2) and H(2d + 1,2) are isomorphic as association schemes. This can
be verified as follows. If we denote H(2d + 1,2) by X = (X, {R;}o<i<2d+1)> then X is bi-
partite and two bipartite halves X; and X, of X arise: X = X; U X,, X; n X, = 6. For
x € X, the antipodal point x’ ((x,x') € R,4,,) is uniquely determined, and the quotient
X of X by the equivalence relation R, U R,g,; arises. Since the antipodal point x’ of
x € X, belongs to X,, there is a one-to-one correspondence between the bipartite half
X, and the quotient X. By this correspondence, the association schemes %36 and X are
isomorphic.

(c) The Hemmeter scheme Hem,(q) and the Ustimenko scheme Ust[§](q)
LetT' = (X, R) be a distance-regular graph of diameter d and let X = (X, {R;}p<i<q) be
the P-polynomial scheme determined by I'. Namely, we define (x, y) € R; if the distance
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d(x,y)of x,y € XinTisi.Leth; = pi;,; (0 <i<d-1),¢ =pj;,(1<ix d)bethe
intersection numbers of T

The graph r% = (x ,R; UR,) is called the distance 1-or-2 graph determined by I'.
Namely, the adjacency relation of x,y € X in I is defined by d(x, y) = 1,2. Then I"?
is a distance-regular graph if and only if

bii+c —a=by+c,-a; (2<i<d-1)

([113, page 150]).
Let A be the adjacency matrix of a distance-regular graph I = (X, R) and define

. 0 A+I
A= ,
< A+I O )
where I is the identity matrix. We write I' = (X, R) to denote the graph which has A
as its adjacency matrix and call it the extended bipartite double of T. The graph I is

a bipartite graph of diameter d + 1, and a bipartite half %f" of ' is isomorphic to the
distance 1-or-2 graph T of I'. The graph I'is a distance-regular graph if and only if

bi+Ci+1=b0+1) (1313(1-1)

([113, page 26]). In this case, the intersection numbers Ei, ¢; of T are

by =b;(0<i<d-1), by=hy+1,

G=c¢(l<i<d), Cgyq=by+1l

The dual polar scheme By(g) has the same intersection numbers as C;(q), which
are

i+l d-i _
biz% O<i<d-1),
i_
ciz‘fl—ll 1<i<ad).

Therefore both B,;(g) and C,;(g) have the extended bipartite doubles, whose intersec-
tion numbers are

i dtl-i
b= 14 D o<iza),
q-1
i_
=11 <i<d+r).
q-1

They coincide with the intersection numbers of the dual polar scheme D, ;(q). In fact,
the extended bipartite double of B,(q) is isomorphic to D,,,(q). However, if g is odd,
the extended bipartite double of C4(g) is not isomorphic to D,,;(g) (note that if g is
even, B,(q) and C,(q) are isomorphic) [115, 214]. This graph is called the Hemmeter
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graph and the corresponding P-polynomial scheme is called the Hemmeter scheme,
which is denoted by Hem,(gq). The Hemmeter scheme Hem,,,(g) is bipartite and has
the same intersection numbers as D;,(q), and thus it is a Q-polynomial scheme.

The bipartite half % Hem,,(g) of Hem,,,(q) has the same intersection numbers as
%Dd +1(@) but is not isomorphic to it when g is odd. This graph is called the Ustimenko
graph and the corresponding P-polynomial scheme is called the Ustimenko scheme,
which is denoted by Ust[% | (g). Since Ust[% ](q) has the same intersection numbers

as %Dd +1(q), itis a Q-polynomial scheme. Since the bipartite half %f" of the extended bi-
partite double I is isomorphic to the distance 1-or-2 graph %2, lDdﬂ(q) isisomorphic
to the distance 1-or-2 graph of B;(g) and Ust[ as) (q) is isomorphic to the distance 1-or-2
graph (a fusion scheme) of C4(g). In fact, Ust[ @) (g) was found as a fusion scheme of
C4(q) [491, 263, 115, 130].

For a distance-regular graph I = (X, R) of diameter n, fix x, € X and set

X, = Xp(xo) = {y € X |d(xp,y) = n}~
The graph whose R is restricted on X,, is denoted by I',;:
rn = rn(XO) = (Xn’RlX,,XXn)'

Let R, be the distance-2 relation on X, and denote the graph with vertex set X,, and the
adjacency relation R, by I'?:

n

r(Z) — F;Z)(XO) = (Xn’R2|X,,><Xn)‘

Namely, we define the adjacency relation for x,y € X,, in l“f) by o(x,y) = 2.

As we have seen in Section 6.4.1, the second family (iii), if T is the dual polar
scheme D;,(g), then 1";231 is isomorphic to the affine scheme Alt;,;(g). On the other
hand, if I is the Hemmeter scheme Hem,,(q), Ffﬁl is isomorphic to the affine scheme
Quad,(q) [130]. Note that Alt,,,(g) and Quad,(g) have the same intersection numbers
but are not isomorphic. Moreover, ifT'is %Dd +1(q), then I @) isisomorphic to Alt,,,(g),
and ifT'is Ust[ as) (g), then 1"[ Y is isomorphic to Quad;(g).

The above facts are visualized as the following figure.

- T = Ba(q) r.2)
I'=Dat1(q) $Dg441(q) = A
M A
IR 1
dtl Altay1(q) 5]

/ %
1=
) it

I' = Hemgy1(q)
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Remark 6.87. Ifadistance-regular graphT of diameter nis bipartite and Q-polynomial,
Fﬁlz) is always distance-regular [128].

Remark 6.88. Neither Hem,,,(g) nor Ust[@](q) is distance-transitive. Note that
2
Quad,(q) is not distance-transitive, either.

(d) Twisted Grassmann schemes and Doob schemes

We have considered dual polar schemes B;(q) and C,(q), affine schemes Alt,(q) and
Quad,_;(q), D4(g) and Hemy(q), and %Dd(q) and Ust[ a (q) as examples of pairs of P-
and Q-polynomial schemes such that the intersection numbers are the same but they
are not isomorphic. As other such examples, we have the g-Johnson scheme J,(2d +
1, d) (or Grassmann scheme) and the twisted g-Johnson scheme (or twisted Grassmann
scheme), and the Hamming scheme H(d, 4) and the Doob scheme.

Let V be the (2d + 1)-dimensional vector space over the finite field F, (d=2).Fixa
2d-dimensional subspace H of V. Let X; be the set of (d + 1)-dimensional subspaces of
V not contained in H, let X, be the set of (d - 1)-dimensional subspaces of V contained
inH,andsetX = X; UX,:

X,={UcV|dimU)=d+1, U¢H},
X, ={U cH | dim(U) =d -1}.

For U,U’ € X, we define U and U’ are adjacent and write U ~ U’ if they satisfy one of
the following:

UU e€X, and dim(UnU’)=d,
UeX;, Ue€X,, and U cU,
U,U ¢ X, and dim(Un UhY=d-2

Let T be the graph with vertex set X and the above adjacency relation ~. Then T'
becomes a distance-regular graph and has the same intersection numbers as the
g-Johnson graph ]q(2d + 1,d), but it is not isomorphic to ]q(2d +1,d) (van Dam and
Koolen [154]). This distance-regular graph T is called the twisted q-Johnson graph
(or twisted Grassmann graph), and the corresponding P-polynomial scheme is called
the twisted g-Johnson scheme (or twisted Grassmann scheme), which is denoted by
qu(zd + 1,d). The twisted g-Johnson scheme 2],](2d + 1,d) has the same intersection
numbers as ]q(2d +1,d) and so it is Q-polynomial.

The automorphism group of 2]q(2d +1,d) is the stabilizer of H in PTL(2d+1, q) [187].
It is known that 2]q(zd + 1, d) is not distance-transitive and the automorphism group
does not act transitively on X.

Remark 6.89.
(1) Other than qu(zd + 1,d), known examples of distance-regular graphs of large di-
ameter which are not distance-transitive are Quad,,_;(gq), Hem,(q), Ust[ 4 (q9), and
2
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the Doob graphs, which will be introduced below, but their automorphism groups
act vertex-transitively. In this sense, qu(zd +1,d) is a special example.

(2) A. Munemasa proved that applying the Godsil-Mckay switching [199] to J,(2d +
1,d) yields *J,(2d + 1,d).

Let T¥ be the graph with vertex set X; (1 < i < r). We define the adjacency relation ~
between x = (x,...,%,), ¥ = (V1»-..,¥,) in X = X x --- x X, as follows: we define x ~ y
if there exists i such that x; = y; for j # i, and x; and y; are adjacent in I'D. The graph
with vertex set X and the above adjacency relation ~ is called the direct product of I'?
(1 <i<r)and is denoted by D x...xT®,

Let T be the Shrikhande graph (Chapter 2, Example 2.10). The Shrikhande graph
I' is a distance-regular graph with the same intersection numbers as the Hamming
graph H(2, 4), but is not isomorphic to H(2, 4). Let I be the direct product of m copies
of I'. Then I' is a distance-regular graph with the same intersection numbers as the
Hamming graph H(2m, 4) but is not isomorphic to H(2m, 4).

Moreover, the direct product I x H(n, 4) of I'"" and the Hamming graph H(n, 4) is
a distance-regular graph with the same intersection numbers as H(n + 2m, 4), but is
not isomorphic to H(n+2m, 4). We call T™ x H(n, 4) (m > 1, n > 0) the Doob graph, and
call the corresponding P-polynomial scheme the Doob scheme. The Doob scheme is
also a Q-polynomial scheme. The automorphism group of the Doob scheme is vertex-
transitive, but is not distance-transitive. Note that H(1, 4) is the complete graph K, on
4 vertices, and H(n, 4) is the direct product K} of n copies of K,. Since the neighbor of
a vertex of the Doob scheme I'™ x H(n, 4) is a union of m hexagons and n triangles, if
(m,n) # (m',n'), then T™ x H(n, 4) and I"™ x H(n', 4) are not isomorphic.

6.4.3 Towards the classification of P- and Q-polynomial schemes

This section is about the classification of P- and Q-polynomial schemes: how the clas-
sification problem of them arose and developed, what the present status is, and how
it, in our personal view, could finish.

The starting point was the studies of distance-transitive graphs by D. G. Higman
and N. L. Biggs [215, 91, 97]. Distance-transitive graphs are the terminology adopted
by Biggs, whereas Higman called them “permutation groups with maximal diame-
ter.” These were studies on distance-regular graphs, in view of the fact that they did
not make essential use of group actions. In fact, they soon dropped the assumption of
group actions from the frameworks in which they developed their subsequent work.
In the framework of distance-regular graphs, Biggs formulated the Lloyd theorem for
perfect codes in the Hamming scheme [93]. Around the same time, at least by 1971,
Ray-Chaudhuri defined tight designs in the Johnson scheme and gave the theorem of
Lloyd type for them; they were published much later in 1975 [514, 400]. It was Del-
sarte who formulated these theorems of Lloyd type systematically in the framework
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of association schemes (Delsarte theory) [159]. To do so, he introduced the concept of
P-polynomial schemes in place of distance-regular graphs and defined Q-polynomial
schemes as the dual concept of them: they serve as the underlying spaces for coding
theory and design theory, respectively.

Bannai, who was at Ohio State University and gave lectures on Delsarte theory in
1979, came to realize that P-polynomial schemes are the finite analogue of compact
2-point homogeneous spaces and Q-polynomial schemes are that of compact symmet-
ric spaces of rank 1. From this point of view, since compact symmetric spaces are clas-
sified by Elie Cartan and since it is known by the theorem of Hsien Chung Wang that
compact 2-point homogeneous spaces are symmetric spaces of rank 1, and vice versa
[503], it is possible to guess how to collect examples of P-/Q-polynomial schemes as
their finite analogue. Thus Bannai made a list of P- and Q-polynomial schemes; he also
referred to the spherical functions on homogeneous spaces of finite Chevalley groups
by certain maximal parabolic subgroups, which had been in a timely manner calcu-
lated by D. Stanton [435]. Based on this list, Bannai proposed the classification of P-
and Q-polynomial schemes with the following conjecture:

(1) P-and Q-polynomial schemes with sufficiently large diameter are either in the list
or “relatives” of those in the list.

(2) Primitive P-polynomial schemes with sufficiently large diameter are Q-polynomi-
al. Conversely, primitive Q-polynomial schemes with sufficiently large diameter
are P-polynomial.

There may be various ways to interpret the meaning of the “relatives”: for example,
they could be those that were derived from the list by means of (a), (b), (c), (d) in the
previous section. In what follows, we understand them in a narrow sense: the “rela-
tives” are those that have the same parameters as in the list.

Since then four new series of P- and Q-polynomial schemes have been found:

affine schemes Quad,,(r) in Section 6.4.1 (Egawa [177]),

Hemmeter schemes Hemy,;(g) in Section 6.4.2 (c) [115],

Ustimenko schemes Ust[ an) (q) in Section 6.4.2 (c) [491, 263], and

twisted Grassmann schemes 2J ¢(2d +1,d) in Section 6.4.2 (d) [154].

Conjecture (1) holds for each of the newly found series. No counter-examples have
been found to Conjecture (2). For Conjecture (2), we cannot drop the assumption that
the association scheme is primitive: there are examples with arbitrarily large diame-
ter of imprimitive P-polynomial schemes that are not Q-polynomial [60, Remark (5) on
page 313], and of imprimitive Q-polynomial schemes that are not P-polynomial [354].
At present, it seems hopeless to prove Conjecture (2), if we think of its implication:
Conjecture (2) reduces the classification of distance-regular graphs to Conjecture (1).
Conjecture (1) was also a dream when it was put forward, but since then there have
been a considerable number of breakthroughs that enable us to consider the classifi-
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cation of P- and Q-polynomial schemes as a realistic target. Details will be explained in
the following, where the classification means the classification of P- and Q-polynomial
schemes with sufficiently large diameter.
The classification problem of P- and Q-polynomial schemes is divided into two
parts:
(A) to show that P- and Q-polynomial schemes with sufficiently large diameter have
the same parameters as in Bannai’s list and
(B) to characterize P- and Q-polynomial schemes in Bannai’s list with sufficiently
large diameter by the parameters.

First, breakthroughs were made by Y. Egawa and D. Leonard, who attended the lec-
tures of Bannai at Ohio State University. Concerning (B), Egawa completed the char-
acterization of the Hamming schemes H(d, q) by the parameters [176]. He also added
a new series of P- and Q-polynomial schemes to Bannai’s list by constructing the
affine scheme Quad, (r) [177], which had been conjectured in Bannai’s lectures to
exist. Concerning (A), Leonard showed that P- and Q-polynomial schemes must have
AW-parameters [310, 311] (for more details see [60, Sections 3.8, 3,9 of Chapter 3]).

Then, based on Bannai’s lectures (1978-1982) at Ohio State University, the book
[60] was published. The theme of the book was the classification of P- and Q-polynomi-
al schemes, though the lectures of Bannai were mainly aimed at Delsarte theory: the
part of underlying spaces for Delsarte theory was first published as Part 1. Algebraic
Combinatorics, the title of the book, has been widely accepted since then as the name
of the field, in which the classification of P- and Q-polynomial schemes is one of the
central problems. All the important things written in [60] about P- and Q-polynomial
schemes are contained in this book, except for the theorem below.

Theorem 6.90 ([60] page 358, Theorem 7.11). Fora P- and Q-polynomial scheme which
is not an n-gon and has diameter large enough, all the entries of the first eigenmatrix are
rational integers.

In [60], Theorem 6.90 is shown on the condition that the diameter d > 34. In [170],
the condition is improved to be d > 5.

Let X be a P- and Q-polynomial scheme with diameter d. Suppose that d > 5 and
X is not an n-gon. Then the eigenvalues 6; (0 < i < d) of the intersection matrix of
X are rational integers by Theorem 6.90. Let T be the Terwilliger algebra of X. Apply
Theorem 6.44 to the principal T-module of X. Then we find that

6is1 —6; + 61 — 65 d<i<d-1

B= , 2<i<
6; = 6i1

is a rational number which is a constant not depending on i. Set

B=q+q .
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Then g is the parameter that determines the type of AW-parameters. Suppose that
q # +1and q is a primitive ¢-th root of unity. Since f is rational, g has degree at most
2 over Q and so we have ¢ = 3,4,6. If £ = 3, then we have 8 + 1 = 0, which contra-
dicts (6.124). If ¢ = 4,6, then d > 6 cannot occur because of the list of eigenvalues
0; (0 < i < d) that appears after Remark 6.46. Therefore we conclude that if a P- and
Q-polynomial scheme with d > 6 is not an n-gon, then the parameter g, which de-
termines the type of AW-parameters, cannot be a root of unity in Type I and Type IA.
This fact has an important meaning when we treat irreducible representations of the
Terwilliger algebras later on.

Then in 1982, Terwilliger joined, though not for long, the Bannai school at Ohio
State University, and the classification project of P- and Q-polynomial schemes was
accelerated to reach a peak. The major results during this period include: concern-
ing Problem (B), the characterization of the Johnson scheme J (v, d) by the parameters
(Terwilliger [460], Neumaier [376]); concerning Problem (A), the classification by Ter-
williger of P- and Q-polynomial schemes of Type II [462], of Type IIA [465], of Type IIB
[466], and of Type III [463]. Exactly speaking, the classification of Type II was com-
pleted later in the 1990s by the auxiliary work of Bussemaker and Neumaier [117], and
Metsch [343]. Although the Johnson scheme J(v, d) had been almost characterized by
the parameters by Moon [353] and the classification of Type IIC had been completed
by Egawa [176], a new method by means of root systems was devised and gave an-
other proof to these results, finishing the classification of Type IIA as well. P- and Q-
polynomial schemes of Type IA do not exist (unpublished work of Terwilliger, also
refer to [155]). It is during this period that the Ustimenko scheme [491, 263] and the
Hemmeter scheme [214, 115] were found. The first stage of the classification could be
considered to have come to an end by the beginning of the 1990s with Bannai’s moving
to Kyushu University in 1989; Terwilliger moved to University of Wisconsin-Madison in
1985. Readers are referred to [61]. Terwilliger himself seemed to believe he could finish
the classification within several years, but the remaining case, Type I, was tough and
the classification project proposed by [60] was stuck in the framework of Bose—Mesner
algebras.

Among other things that happened around 1990, two things are particularly worth
mentioning here. One thing is the outflow of Russian mathematicians to the West,
caused by Gorbachev’s perestroika and glasnost, which were followed by the coup of
August 1991 and the collapse of the Soviet Union. In the field of algebraic combina-
torics, the Bannai school started active communication with Russian mathematicians
such as I. A. Faradzhev, M. H. Klin, A. A. Ivanov, M. E. Muzichuk, and S. V. Shpectrov,
and came to know that in the Soviet Union there were studies of cellular rings that
could be traced back to Schur; the cellular ring is a concept very close to the associa-
tion scheme. Readers are referred to [183], which was first published as an appendix of
the Russian translation (1987) of [60]; at that time, they had no choice but to publish
it as an appendix of a translation. Another thing worth mentioning is the publica-
tion of [113]. There are detailed descriptions, particularly from a geometric point of
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view, of known distance-regular graphs in this book, which are indispensable when
we deal with Problem (B). This book was conceived early in the 1980s, based on [136],
which was inspired by Bannai’s lecture at Oberwalfach in 1980, but was published in
19809.

The second stage of the classification started with the creation of Terwilliger alge-
bras [468, 469, 470], which Terwilliger himself called subconstituent algebras. When
an association scheme X = (X, {R;}o<j<q) comes from an action of a group G, i. e., when
G acts transitively on each R;, the Bose-Mesner algebra of X coincides with the cen-
tralizer algebra Homg;(V, V) of G, where V is the standard module V = 5, .x Cx of X.
On the other hand, the Terwilliger algebra T of X contains Hom¢(V, V) and is con-
tained in the centralizer algebra Homy (V, V) of the stabilizer H in G of the base point
x: Homg(V,V) € T < Homg(V, V), with H = G, T = T(x). In most cases, T coincides
or almost coincides with Homy (V, V). It is natural to come up with the present defini-
tion of the Terwilliger algebra if we seek something like Homy (V, V) in general for an
association scheme that does not necessarily come from an action of a group. Never-
theless it would also be natural to ask if there could be another definition for it, even
in the case of a P- and Q-polynomial scheme. For example, the Terwilliger algebra T
of the bilinear forms scheme Bil;, ,,(¢) is properly contained in Homg(V, V) and it may
cause a serious problem of how big the gap is between T and Homy(V, V).

The hidden aim of [468, 469, 470] is to introduce the concept of L-systems and ap-
ply it to the classification of P- and Q-polynomial schemes: L-systems, a concept in the
framework of representation theory, turn the Leonard theorem into a theorem of repre-
sentations, in view of the fact that L-systems are equivalent to dual systems of orthog-
onal polynomials and the Leonard theorem is the characterization of Askey-Wilson
polynomials with finite support as dual systems of orthogonal polynomials. For that
aim, Terwilliger introduced the Terwilliger algebras T and realized L-systems in the
standard T-modules of P- and Q-polynomial schemes. In fact, he wrote a paper in 1987
on L-systems and dual systems of orthogonal polynomials, but it was never published.
Perhaps, it contained Theorem 6.25 of Section 6.1.4 or something like that. If all the ir-
reducible T-modules were thin (Remark 6.30), which Terwilliger might have expected,
the classification would have been completed at this point. For known examples of
P- and Q-polynomial schemes, thin irreducible T-modules are described in detail in
[470]. All known P- and Q-polynomial schemes are thin except for the Doob scheme
[448), affine schemes, and the twisted Grassmann scheme %J q(Zd + 1,d): each of the
exceptions has non-thin irreducible T-modules of endpoint 1. The twisted Grassmann
scheme *J,(2d + 1, d) was found after [470], and the Terwilliger algebra of *J,(2d + 1, d)
depends on the base point, so it can be non-thin when we choose a right base point
[20].

With the observation of non-thin irreducible T-modules emerging for some ex-
amples of P- and Q-polynomial schemes, the classification entered a new phase, in
which the most important target was to describe all the irreducible T-modules, includ-
ing non-thin ones, for all the known examples of P- and Q-polynomial schemes, thus
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completing the work of [470]. Progress, however, has not yet been made for that target.
This is because we could not build up representation theory of non-thin irreducible
T-modules until recently. It has now been established in the form of the classifica-
tion of TD-pairs [256, 257, 258, 260, 253]: the case where q is a root of unity, including
q = *1, has not yet been published. If the second stage of the classification is some 15
years up to this point, we must admit that it was a period of stagnation, for most of
the important tools or concepts for the classification, such as the balanced set condi-
tion (Chapter 2, Definition 2.100, Corollary 2.103, and Theorem 2.107) [464, 467, 472],
the concepts of TD-pairs and TD-relations [256], not to mention Terwilliger algebras
[468, 469, 470], had been obtained substantially in the 1980s by Terwilliger. Essen-
tial breakthroughs in this period are as few as the weight space decomposition, which
led to the classification of TD-pairs by the series of work that started with [256]. The
weight space decomposition was found by Terwilliger in the middle of the 1990s and
he himself called it the split decomposition.

Nonetheless we can see steady efforts to push ahead with the classification during
this period. As for Problem (A), the Terwilliger school (G. Dickie, B. Curtin, J. Caugh-
man, M. MacLean, M. Lang, etc.) classified P- and Q-polynomial schemes that are
almost dual bipartite [170], dual bipartite [171], or almost bipartite [131, 304]. As a
byproduct of the classification of dual bipartite ones and almost dual bipartite ones, P-
and Q-polynomial schemes with second Q-polynomial orderings were classified [170];
all of them are thin. Bipartite P- and Q-polynomial schemes were also deeply studied
[126, 127, 129], though they have not yet been classified completely. Multiplicity formu-
las of irreducible T-modules [127] were also produced by the Terwilliger school; they
are important as pioneering work. On the other hand, Terwilliger started the study of
irreducible T-modules with endpoint 1 during this period ([476, 477, 196, 269, 324],
see also [325]), but many of the results are in his unpublished lecture notes. For exam-
ple, the Terwilliger polynomials [190] were born during this period but were hidden
in his unpublished lecture notes for long. The detailed study of non-thin irreducible
T-modules with endpoint 1for P- and Q-polynomial schemes with classical parameters
[231] was carried out during this period, but it owed the key part to his unpublished
lecture notes. Also during this period, irreducible T-modules of the Doob scheme
were completely described by Tanabe [448]. This was the first work that determined
irreducible T-modules for a non-thin P- and Q-polynomial scheme. Moreover, looking
back on it, it is a pioneering piece of work in which representations of the Onsager
algebra appear.

As for Problem (B), the affine scheme Her,(r) was characterized by the parame-
ters [265, 471]. The previous characterization by Ivanov and Shpectrov [266] assumed
some geometric local condition when r > 3, and the local condition was dropped in
[471], making good use of the balanced set condition. The g-Johnson scheme J, (v, d)
B<dx< %) was characterized by the parameters by Metsch [341] except for the follow-
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ing:

q=4, v=2d, 2d+1,
qg=3, v=2d, 2d+1, 2d+2,
q=2 v=2d, 2d+1, 2d+2, 2d+3.

Note that when d = 2, it is impossible to characterize J,(v,2) by the parameters, and
that when v = 2d +1, the twisted Grassmann scheme J q(2d +1,d) has the same param-
eters as ]q(2d +1,d). The bilinear forms scheme Bil ;,,,(g) (d < n) was characterized by
the parameters also by Metsch [342] except for the following:?

qg=>3, n=d, d+1, d+2
qg=2, n=d, d+1, d+2, d+3.

Note that assuming some geometric local condition, T. Huang characterized Bil ;,,(q)
by the parameters in the middle of the 1980s [242]. Assuming some geometric lo-
cal condition, Munemasa and Shpectrov [358, 357] characterized the affine schemes
Alty,(r), Alty,,1(r) by the parameters.

The present status of the classification of P- and Q-polynomial schemes is as fol-
lows, assuming diameters are sufficiently large. As for Problem (A), the classifica-
tion has been completed except for Type I. For Type I, dual bipartite, dual almost
bipartite, or almost bipartite ones are classified. Bipartite ones are almost classified:
they are classified up to the 1-parameter family that includes the dual polar scheme
D,(g) and so the Hemmeter scheme Hem,(q) as well. As a result, P- and Q-polynomial
schemes with second Q-polynomial orderings or second P-polynomial orderings’ are
classified. As for Problem (B), only the dual polar schemes (hence Hem,(g), %Dd(q),
Ust[gl(q) as well) and the affine schemes are left open to the characterization by the

parameters. Among them, the dual polar scheme 2A,,_,(r) [264] and the affine scheme
Her,(r) are already characterized by their parameters. For other dual polar schemes,
some geometric conditions were assumed for their characterization by the parame-
ters ([113, 155, 120]). For the g-Johnson scheme ], (v, d) and the bilinear forms scheme
Bil,,,(q), few but serious cases are left open to the characterization by the parameters
(see the results above by Metsch).

The following observations are made about Problem (A) in the list of known P-
and Q- polynomial schemes:

1 Recently, J4(2d, d) was characterized by the parameters [191, 193].

2 Recently, Bil, ;(2) was characterized by the parameters [191, 192].

3 In the Japanese version, it is written that P- and Q-polynomial schemes with second P-polynomial
orderings are not yet classified. It is pointed out by Jack Koolen that they can be classified in principle,
because almost bipartite P- and Q-polynomial schemes are classified and bipartite ones are classified
up to the 1-parameter family.
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(i) Inthe core part of the list, the AW-parameter s* vanishes: s* = 0. It is only in the
part derived from the core that s* # 0 occurs.

(ii) Inthe core part of the list, known P- and Q-polynomial schemes of Type I have the
AW-parameter q that satisfies q¢ = pf > 1 for some prime p, except for the affine
scheme Her,(r).

Note that g < —1holds for Her,(r) and for this reason Her,(r) becomes kite-free, which
is the key property used for the characterization of Her;(r) by the parameters. Fur-
ther, the following holds for known P- and Q- polynomial schemes with the unique
exception of the twisted Grassmann scheme %J(2d + 1, d):

(iii) Non-thin irreducible T-modules appear only when s = s* = 0.

It is difficult to explain in the framework of Bose-Mesner algebras why known P- and
Q- polynomial schemes have such properties. We hope that it will be explained in the
framework of Terwilliger algebras.

A TD-pair arises from an irreducible T-module and it is expressed as a tensor prod-
uct of L-pairs [260]. An irreducible T-module with endpoint 0 is nothing but the princi-
pal T-module, which exists uniquely, and it contains exactly the same information as
the Bose—Mesner algebra. On the other hand, an irreducible T-module with endpoint
1 produces a TD-pair which has a very special structure, i. e., it is expressed as a tensor
product of L-pairs in a very special shape. This structure of the tensor product deter-
mines the eigenvalues of the first subconstituent I';(x,); in many cases, it determines
geometric structure of I'; (x,) further. We expect that the same will hold for irreducible
T-modules with endpoint 2. Suppose so. Then the structure of I'; (x,) U ', (xg), the first
and second subconstituents, will be extended to the whole space by the balanced set
condition and the TD-relations, determining the global structure. This global structure
depends on the base point x, and must be in harmony when we vary x,, perhaps lead-
ing to properties (i), (ii), (iii) above. Also if we get multiplicity formulas of irreducible
T-modules in the standard module in general, we will be able to eliminate many pos-
sibilities of the parameters. Anyway, it is a top priority to find the decomposition of
the standard T-module into a sum of irreducible T-modules for all the known P- and
Q-polynomial schemes, thus completing the list of [470], which only treats the thin
cases and does not calculate the multiplicities of irreducible T-modules in the stan-
dard T-module. For the decomposition of the standard T-module, readers are referred
to [478].

Problem (A) mainly concerns non-existence and Problem (B) uniqueness, but the
same methods are often used when we treat them; if there is progress in one of them,
the method can be applied to the other. The characterization by the parameters (Prob-
lem (B)) proceeds as follows in general: first (1) to determine the geometric structure of
the i-th subconstituent I';(x,) (i = 1,2), and then (2) to extend the local structure of (1)
to the whole space. In the case of [266] which characterizes Her4(r) by the parameters,
the local structure is assumed for i = 1for the first step (1), while for the second step (2),
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the farthest subconstituent I';(x,) of 2Ade(r), which is isomorphic to Her,(r), is ex-
tended to the whole space, which turns out to have the same parameters as 2AZd_l(r),
thus reducing the Problem to the characterization of ?A,,_;(r) by the parameters that
has been already solved in [264]. Although T-modules of *A,;_,(r) are hidden behind
the argument of [266], the second step can be understood more easily in the frame-
work of T-modules. If some method of T-modules is developed for Problem (A), it can
be used for Problem (B), and vice versa.

Finally, we give an outline of the classification of TD-pairs in the case where q is
not a root of unity. We hope it will be of help to those who read [256, 257, 258, 259,
260], in which full details are found. Section 6.2 covers [256]. Expository articles are
[252, 253, 254].

Let A,A* € End(V) be a TD-pair of Type I. Denote by A = (z,z*) the associative
C-algebra generated by z, z* subject to the following relations (TD):

(D) { (2, (2, [2,2%] )] = -€(¢* - ¢ *)[z.2"],

2%, 12", 2%, 2]yl ] = —€"(¢* - q7*)[z", 2],

where g,&* € {1,0}, [X,Y] = XY - YX, [X, Y], = qXY - q‘lYX. A becomes an infinite-
dimensional algebra. A is called the TD-algebra of Type 1. Affine transformations 1A +
U, A*A* + u* of A,A™ are also a TD-pair, where A # 0, A* # 0, L, A", u,u* € C, and for
appropriate A,A*, u, u*, AA + p and A*A* + u* satisfy the relations (TD). So from the
beginning we may assume A, A* satisfy the relations (TD). Then

p: A— End(V), (z,z"+— AA") (6.302)

becomes a finite-dimensional irreducible representation of A (Theorem 6.44). Here we
have chosen ¢” in place of the main AW-parameter g: 8 = g>+q>. We may assume that
q is not a root of unity (Theorem 6.90). Conversely, if a finite dimensional irreducible
representation p of A satisfies

A=p(z), A" =p(z") arediagonalizable, (6.303)

then A, A* become a TD-pair (Theorem 6.47). Therefore, the classification of TD-pairs
of Type I is reduced to that of finite-dimensional irreducible representations of .4 that
satisfy (6.303). In the case of € = €* = 0, A is isomorphic to the positive part of the
quantum affine algebra U, (s I,) and (TD) is the g-Serre relations. In the case of € = £* =
1, Ais called the g-Onsager algebra." To summarize, our goal is to make a g-analogue
of the representation theory of the Onsager algebra for A.

We choose a TD-system (4, A*; {V;}, {V;'}4,,) for the TD-pair 4, A* and fix it. With
orderings of the eigenspaces fixed, we regard the TD-pair A,A* as a TD-system. Let

4 In the Japanese version, it is written that finite-dimensional irreducible representations of the
g-Onsager algebra always satisfy (6.303), but it is a false statement.
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V= 69?:0 U; be the weight space decomposition. First, we construct a basis of A as
a linear space, which we call the zigzag basis. As a corollary to the construction of
the zigzag basis, we can prove the shape conjecture: dim U, = 1 holds in the weight
space decomposition V = 69?20 U; of the TD-system A, A*. Let R, L be the raising and
lowering maps, respectively, associated with the TD-system A, A* and the weight space
decomposition V' = @f;o U;. Define the sequence {0;}Z ; by

LRy =0;€C (i=0,1,....d). (6.304)

We remark that o; +# 0 holds. Then the isomorphism class of the TD-system A,A™ is
determined by the eigenvalues {91-}?:0, {67 }d o of A, A" and the sequence {ai}io. This is
obtained as a corollary to the shape conjecture (see also [255]).

The next stage is to embed A into U,(L(sl,)) and construct finite-dimensional
irreducible representations of A through the embedding, where U,(L(sl,)) is the
g-analogue of the universal enveloping algebra U(L(sl,)) of the loop algebra. The
embedding is constructed in two steps: to construct an embedding ¢ of A into the
augmented TD-algebra 7 and to construct an embedding ¢, of 7 into U, (L(shy)),
where t,s € C* are parameters for the embeddings, and finally to embed A into
U,(L(sy)) by ¢ o 1,. For a finite-dimensional irreducible representation p of U, (L(sL,)),
we ask when p ¢ o (; is irreducible as a representation of .A, how we can distinguish
the isomorphism class of p - ¢, ° i, as a representation of A if it is irreducible, and
whether all the irreducible representations of .A can be obtained in this manner as
p o @ o I;. These questions are answered in terms of the Drinfeld polynomial Py, (7):

Pv(A) Z( 1) T]Z 1—[ A ES -2 Z(d] E*quiz(dij)), (6.305)
i=0 ( ) [l ) j=i+l

where [i] = %, [i]' = [i][i—1] - - - [1], s is the parameter for the embedding ¢, and o;

is the eigenvalue of L'R’ on U, defined by (6.304).

The irreducibility of p o @, © ; as a representation of A is judged by s, ¢, and the
structure of zeros of Py (A). The isomorphism class of p o ¢, - (; as a representation of A
is determined by Py,(A) and the eigenvalues {9,-}?20, {67 }fzo of A,A*, if it is irreducible,
where
2i-d

6, =stg? % +es it g7, 0<i<d,

0] =¢"st g+ sMg Y, o<i<d (6.306)
An important and interesting fact is that Py, (A) is independent of the eigenvalues of

A*, though the parameter s appears in the definition (6.305) of Py, (A): in fact, s dis-
appears from the right-hand side of (6.305) eventually. Finally, it is shown that all
the finite-dimensional irreducible representations of .4 are obtained in this manner
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as p o @ o ;. This means that a TD-pair is a tensor product of L-pairs, because a finite-
dimensional irreducible module of U, (L(sly)) is isomorphic to a tensor product of eval-
uation modules.

The classification of TD-pairs is summarized in [253], including the cases of Type
I with g a root of unity, of Type II and of Type III, but the details of the last three cases
are not yet published. In the case of Type II or of Type III, the classification of TD-pairs
is also reduced to the classification of finite-dimensional irreducible representations
of the TD-algebra that satisfy (6.303). The construction of representations, however,
is through the limits of those of Type I, since we have not yet found algebras such as
U,(L(sl,)) into which the TD-algebra of Type II or Type III can be embedded; the On-
sager algebra, which is the most degenerated TD-algebra of Type II, can be embedded
in U(L(s1,)).

The g-Onsager algebra, which was found during the course of the classification of
P- and Q-polynomial schemes, finds applications nowadays in the field of statistical
mechanics such as the XXZ model [78, 79, 80, 81, 82, 83, 84]. If the TD-algebra of Type
II or of Type III can be embedded into an algebra that has a coproduct, the algebra will
be bigger® than U(L(sl,)) or U(L(sl,)) at ¢ = -1 [487, 488, 489] and will have further
applications in various fields of research. It was in [153] that distance-regular graphs
were first related to a quantum group, notably in the study of spin models, which be-
longs to statistical mechanics again.

L-pairs correspond to AW-polynomials with finite support, so most probably TD-
pairs, which are tensor products of L-pairs, will be corresponding to some sort of or-
thogonal polynomials, but so far we cannot pin them down. It is important to find
them — while writing this part, there seems to have been progress: some kind of mul-
tivariable AW-polynomials have been found to be related to TD-pairs [85]. It is often
observed that a P- and Q-polynomial scheme contains another P- and Q-polynomial
scheme as a subset. Structure of the inclusion hierarchy seems to have important
meaning in the classification of P- and Q-polynomial schemes. See [473, 450, 452, 453,
454], [114]. The attempt to define L-pairs of rank 2 is also challenging and important
[244].

The classification problem of P- and Q-polynomial schemes has been producing
new concepts, deepening the interactions with other areas of research, each time it
meets difficulty. This means that P- and Q-polynomial schemes promise fertile land
of mathematics. It is not easy to foresee how and when the classification of P- and Q-
polynomial schemes finishes, but our mathematics will certainly be deepened each
time we meet another difficulty in this problem.

5 U(L(sl,)) may be big enough for the TD-algebra of Type II to be embedded. We found some strong
evidence for it after the publication of the Japanese version.
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