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Abstract

The notion of a Leonard pair was introduced by Terwilliger in 2001 [48]
to simplify Leonard’s theorem, which classifies the orthogonal polynomials
in the terminating branch of the Askey-Wilson scheme. In the same year,
Kresch and Tamvakis [32] made a conjecture about a certain 4F3 hyper-
geometric series while studying the arithmetic analogues of the standard
conjectures for the Grassmanian G(2,n). The 4 Fj series appearing in their
conjecture is closely related to a family of orthogonal polynomials in the
Askey-Wilson scheme. Consequently, the theory of Leonard pairs provides
a useful framework for understanding their conjecture.

In this dissertation, we present our proof of the Kresch-Tamvakis con-
jecture (a result we first published in [6]). To do so, we construct a specific
Leonard pair A, A* and a related sequence of matrices B;. We identify the
hypergeometric series in question with the eigenvalues of these matrices.
We then use a result from mathematical physics known as the Biedenharn-
Elliot identity to prove that the entries of the B; are nonnegative, and,
from this, we obtain the conjectured bound from the Perron-Frobenius
theorem.

The Leonard pair studied here has many special properties related to
spin models and strongly regular graphs. We formulate a number of results
exploring these connections, and we prove a generalization that holds for

a larger family of Leonard pairs.



Acknowledgements

There are many people I am grateful for and I would not have gotten to where I am
without them. If I did not mention you I apologize profusely. In no particular order:

To my advisor Prof. John Caughman, I can’t thank you enough. I truly cannot
imagine having a better advisor. Thank you for giving me such a beautiful and am-
bitious problem. It always pulled me back in. I think any sane person would have
told me to stop, but you encouraged it, and it worked out in our favor. Your endless
optimism, patience, and willingness to listen to my ideas, no matter how silly, was
more helpful than you could possibly know.

And thank you to Paul Terwilliger, whose work is a big inspiration to me, and I
am very grateful to have had his many hints (in particular his suggestion to use spin
Leonard pairs to prove Corollary and also his incredible feedback on our paper
[6]. And T am also grateful I got to see a glimpse of his mastery of the craft of writing
for a mathematical journal.

Thank you to my other Ph.D. committee members Prof. Derek Garton and Prof.
J.J.P. Veerman, and to all my professors at PSU, Professors Joyce O’Halloran, Paul
Latiolais, Gerrardo Lafferriere, Dacian Daescu, Bruno Jedynak, Mau Nam Nguyen,
Steven Bleiler, Melanie Mitchell, Anthony Rhodes, John Lipor, Bart Massey, Simon
Niklaus. Also thanks to the PSU department and staff, and to the committees for
the generous GTAship and Enneking Fellowship.

I want to thank my mom Nancy Jane Pittman for all her infinite love and kindness
to me, but more importantly to others. I learned from her that having a compas-
sionate viewpoint when gaining and using our knowledge is necessary, and opens our

minds to ideas that might otherwise be hidden. She has always been supportive of

i



me in all my aimless curiosities. Her immense knowledge, interest in science, and
cleverness was the initial provenance for my love of mathematical things and what
also kept alive the dormant passion for math that I had hidden from myself.

I want to thank my dad for teaching me how to take risks, have fun, and remem-
ber the simple things in life and also to not worry so much about what other people
think.

I want to thank my sisters Yuuki and Jiemi (Jaimie) and their families. All that
I have learned from them is immeasurable (by way of Vitali). There is never a dull
moment when they are around and they have kept me sane throughout my life. I am
glad to be in their family, and it brings me endless joy knowing they have beautiful
fun loving families of their own.

Thank you to Prof. Brian L. Walter, who showed me that, not only did I not
hate math, but in fact I loved it. He showed me how playful it can be, and liberated
me from the confines of thinking it should be taken too seriously. He also taught
an ignorant person like myself that the immense diversity of styles and mediums of
recorded mathematics rivals the other human art forms. Also thank you for being a
good friend and for always encouraging and humoring me.

Thank you to all my Evergreen and Summit teachers especially my math teachers
Prof. David McAvity, Prof. Rachel Hastings, Prof. Rob Knapp, Jon Olver, Laurie
Clark, Chris Holland, Jody Granatir, and others. Special thanks to Ellen, Mike, Al
George, Peter, Cora, Andy, Marty, Bruce, Linda, Mike, Dan, Dorothy, Gale, Tom,
and Susan.

Thanks to Leslie, Neil, Dan, David, Kyle, Charlie, Ari, JJ, Kip, John T., Bethany,
Jonathan, Kiyomi, and Mark. Thanks for teaching me so much and for all the great
times. Hopefully you know that you are all truly amazing people for which I cannot

say enough praise.

il



Thanks to my fellow grad students at PSU for the paper airplanes, fun math, and
commiseration. There are too many to name, but hopefully you know who you are.

Also thanks to my friends and family who have passed. You have all taught me
something crucial for my academic path whether it be towards pursuing my passions,
appreciating art, deciding to go back to school, or having faith in myself. Mieko,
Doreen, Chloe, Goggy, and Ojiichama, your presence in my and others’ lives was a
true blessing.

Thank you to Haley, Leanne, and Beth for your support, encouragement, and
wonderful conversations over the years. I hope to be half as smart, kind, and giving
as you are some day.

To my dearest wife Addie, thanks for keeping me sane. Without her this disser-
tation would not have been possible. She always believed in me and kept me going.
Her brilliance and creativity is a joy to experience and inspires me everyday. I exist
to hopefully return a smidgen of all the love and kindness you have given me over the
years.

Thank you, to my cats Echo and Soba, your majesty, innocence, and companion-

ship has gotten me through tough times.

v



Table of Contents

[Abstract]

[Acknowledgements|

[List of Figures|

2.2 An example of a

Leonard pair| . . . . . .. ... ... L.

[2.3  Another example of a Leonard pair| . . . . . . ... ... ... ... .

2.4  Leonard systems|

[2.5  Automorphisms and anti-automorphisms| . . . . . ... ...

[2.6  Orthogonal polynomials| . . . ... . ... ... ... ... ......

[2.7 P tor the Leonard pair in Def. [2.3.1f and selt-duality| . . . . . . . . ..

[2.8 Two commutative subalgebras of Maty, 1(K)| . . . . . ... ... ...

[3.2  Distance-regular graphs, P-polynomial association schemes| . . . . . .

[3.3  Primitive idempotents and ()-polynomial association schemes|. . . . .

[3.4 Intersection matrices of a Leonard pair| . . . . . . . .. ... ... ..

[3.5 Subalgebra example from Det. 2.3.1) . . . . . ... .. ...

[4 Proof of the Kresch-Tamvakis Conjecture)

4.1  Outline of proof

ii

vii

© O

11
16
18
21
22

26
26
28
31
35
36

41



.2 The p}; in the self-dual case| . . . . ... ... ... ... ... ..

1.3 The nonnegativity of the pj',{ . . . . ... ... ... ...

4.4 Proot of the Kresch-Tamvakis conjecture] . . . . . . . ... ... ...

15 New p?; formula for Def. 2.3.1) . . . ... ... ... ... ...,

Spin Leonard pairs and fusion algebras|

[>.1 Spin model definition| . . . . . ... ..o

[>.2  Spin Leonard pairs| . . . . . . . ... oo

[>.3  Modular Leonard triples are spin Leonard pairs| . . . . . . .. .. ..

[>.4 Racah type spin Leonard pairs|. . . . . . . ... ... ... ... ...

(5.5 Alternating sum of products formula for Det. [2.3.1}. . . . . . . . . ..

6 i . for Tartl H

[References|

[Appendix A Irreducible matrices|

[Appendix B Alternate proof of Cor. |5.5.1|

vi

54
95
26
61
63
70
73
7

82

83

87

89



List of Figures

RI Tesseractl. . . . . . . .. 8
[3.2  The distance partition of a distance-regular graph.|. . . . . . . .. .. 30
[3.3  Clebsch graphl . . . .. ... ... ... ... ... 0. 40

vil



1 Introduction

The notion of a Leonard pair in its modern form was introduced by Terwilliger in
2001 [48] (although Leonard pairs over R appeared implicitly in his work dating back
to 1987 [47]). These algebraic objects were used to simplify the framework and results
of Leonard [33], and Bannai and Ito [I] on the classification of the terminating branch
of the Askey scheme of orthogonal polynomials. The theory of Leonard pairs is an
active area of research in algebraic combinatorics, with applications to the study
of association schemes, distance regular graphs, combinatorial designs, orthogonal
polynomials, special function theory, hypergeometric functions, representation theory,

knot theory, and quantum mechanics [T, 14} 43| 38|, 37, 21, 52], 4T].

In this dissertation, we use the theory of Leonard pairs to prove some results
about hypergeometric series. To describe our results, we need to introduce some
terminology. Formal definitions will be given in the next section (see Definition
, but loosely, a Leonard pair is a pair of diagonalizable linear transformations
A, A* over a finite vector space, with the property that each transformation acts on

an eigenbasis of the other one in an irreducible tridiagonal fashion.

Let z denote an indeterminate and let p,q be positive integers. Let us briefly
recall the notion of the hypergeometric series ,F,(z). For any real number a and

nonnegative integer n, define

(a)p =ala+1)(a+2)---(a+n—1). (1.1)

Given real numbers {a;},_; and {b;}\_,, the corresponding ,F, hypergeometric series



is defined by

a1, G2, ... Qp ° <a1>n<a2)n N (ap)n z
F, 2| = —. (1.2)
’ q[ by, by, ... by ] % (01)n(b2)s -+ (bg)n 7!

One of our two main results (Theorem [4.57)) resolves a 22-year old open conjec-
ture that was well-known in the special functions community [32] 26, 36, [46], [50]

Problem 11.5]. That conjecture, first put forth in 2001 by Kresch and Tamvakis [32]

in their study of intersection theory in algebraic geometry, can be stated as follows.

Conjecture 1.0.1. [32, Conjecture 2] For any positive integer D and any integers
i,7 (0 <i,5 < D), the absolute value of the following hypergeometric series is at
most 1:

1By 1. (1.3)
1, D+2, —D

Note 1.0.2. Conjecture appears in [32] Conjecture 2| with

n =4, s =7, T=D+1.

The proof of this result was found in 2023 (by Caughman and the present author),
and was recently published in [6]. A complete presentation of the proof also appears

in Chapter [4] of this dissertation.

The other main result of this dissertation regards a formula related to so-called
Boltzmann pairs for certain Leonard pairs. These Boltzmann pairs can be use-

ful in finding spin models [40, 41] which, in turn, can be used to construct link



invariants, including the well-known Jones polynomial and Kauffman polynomial
[29, B0, 27, 28, 13]. We will show that, under certain circumstances, these Boltz-
mann pairs satisfy formulas that give an expression for a specific sum of products of
hypergeometric series. Indeed, for the same Leonard pair we explored in our work
on the Kresch-Tamvakis conjecture, this formula implies a connection to a family
of feasible parameters of strongly regular graphs. The corresponding graphs have
been conjectured to always exist [22]. We hope this algebraic connection may lead to

further results in this direction.

The dissertation is organized as follows. In Chapter [2] we recall the definition of
a Leonard pair and discuss some of the basic related terminology and properties. We
introduce an example that we will use throughout the thesis. We further discuss some
basics of Leonard pairs, related orthogonal polynomials and discuss the intersection
matrices. In Chapter [3] we discuss association schemes and distance regular graphs
and how their so called intersection and Krein parameters relate to Leonard pairs. In
Chapter [ we present the proof of the Kresch-Tamvakis conjecture. In Chapter [5, we
recall the definition of a modular Leonard triple and a spin-Leonard pair, and discuss
how they correspond. We prove a formula that certain Racah type spin-Leonard
pairs satisfy. This result implies an algebraic connection between a family of strongly
regular graphs and the Leonard pair in our running example. Using the work of
Curtin [10, 1I] we show a similar formula for the Racah case holds for some other
families of spin-Leonard pairs. We state some hypergeometric formulas implied by

these formulas. Finally, in Chapter [6] we state some further directions of research.

Throughout this dissertation, the square root of a nonnegative real number is

understood to be nonnegative.



2 Leonard Pairs

In this chapter, we define Leonard pairs and review some of their basic properties,

which will be used throughout the dissertation.

2.1 Definition

Let K be an algebraically closed field with characteristic 0. A matrix B € Matg1(K)
is called tridiagonal whenever each nonzero entry lies on the diagonal, the subdiago-
nal, or the superdiagonal. Assume that B is tridiagonal. Then B is called irreducible

whenever each entry on the subdiagonal is nonzero, and each entry on the superdiag-

onal is nonzero. (See Lemma in Appendix A.1 for more details.)

We now recall the definition of a Leonard pair.

Definition 2.1.1. Let V be a finite dimensional vector space over K. Two transfor-
mations A : V — V and A* : V — V are called a Leonard pair on V if both of the

following (i),(ii) hold:

(i) there is a basis for V' such that the matrix representing A is irreducible tridiag-

onal and the matrix representing A* is diagonal, and

(i) there is a basis for V' such that the matrix representing A* is irreducible tridi-

agonal and the matrix representing A is diagonal.

The above Leonard pair A, A* is said to be over K.

Note 2.1.2. According to a common notational convention, the symbol A* denotes
the conjugate-transpose of A. We are not using this convention. In a Leonard pair

A, A* the linear transformations A and A* are arbitrary subject to (i), (ii) above.



Let d denote a non-negative integer. Let V' be a vector space of dimension d + 1

over K and let Mat,,1(K) denote the algebra of all (d+ 1) x (d + 1) matrices over K.

Let End(V) denote the K-algebra of all linear operators on V. For this dissertation,

we will work exclusively in finite dimension, where these two spaces are known to be

isomorphic [15].

Let A, A* be a Leonard pair on V. We will use B to refer to a fixed basis of

V', with respect to which the matrix representing A is irreducible tridiagonal and the

matrix representing A* is diagonal. We will sometimes refer to this as the standard

basis of the Leonard pair A, A*. Expressing A, A* in this basis, we use the parameter

conventions:
(%}
C1
A=
0

a

by

Cd—1

Ad—1

Cqd

ba—1

Qq

A* =

Because of the isomorphism between Matyy1(K) and End(V'), we often equate A

and A* with their matrices represented in the basis B (unless specified otherwise).

We will use B* to refer to a fixed basis of V', with respect to which the matrix

representing A* is irreducible tridiagonal and the matrix representing A is diagonal.



Expressing A, A* in this basis we use the parameter conventions:

6o 0 ay b§ 0
01 & ay by
A= , A = (2 5)
Oa—1 Ci—1 Og—1 by
0 04 0 c,oay

By assumption b;,c¢;11 # 0, for 0 < i < d. Typically ¢y, ¢}, bs, and b} are not
defined, but we will use the convention that ¢y = ¢ = bg = b = 0. We will also refer

to d as the diameter of A, A*.

We will need to discuss the bases B and B* of V' often enough that it will be conve-
nient to define the maps from End(V') — Matg1(K) that take linear transformations

of V' to their corresponding matrix in a desired basis.

Definition 2.1.3. [50, Def. 3.2] Let (A, A*) be a Leonard pair over V and let B
be the basis of V' where A is irreducible tridiagonal and A* diagonal. The map
b : End(V) — Matg1(K) takes each linear transformation X of V' to its associated

matrix, as represented in basis B. We note that b is a K-algebra isomorphism.

Note that, to get the map that represents a transformation as a matrix in basis

B*, we can apply Definition to the Leonard pair (A*, A).

: i b
For convenience, we define a few more parameters. Define k; = [[;_, ", and let
- 7

K be the diagonal matrix

K = diag(kg, k’l, ce ey k?d) (26)



The parameter v is defined by
v=> k. (2.7)

The values k are defined similarly in terms of the b} and ¢f. By [50, Def. 2.6, Lem. 3.8]

we have v* = v.

2.2 An example of a Leonard pair

A graph G is a pair of sets (V,E), where V is a nonempty set, and £ is a (possibly
empty) set of two element subsets of V. An element of V is called a vertex and
an element of £ is called an edge. This is sometimes referred to as a simple graph,
which means that £ is not a multi-set (there are no multi-edges), its members are not
ordered pairs (edges are undirected), and no edge is allowed from a vertex to itself (no
loops). We will assume all graphs are simple unless specified otherwise. A graph can
be depicted visually as a set of points representing the vertices connected by curves

or lines representing the edges. An example is shown in Figure [2.1]

As we will see in Chapter [3] Leonard pairs can sometimes be associated with
certain graphs. Here is an example that happens to be associated with the 4-cube

or tesseract) graph, depicted in Figure [2.1 With d =4, K=R, V =R5, let
( ) graph, dep g , :

(2.8)

S
I
o
DO
o
S
o
b
*
I
o o o o 9w
o
o
o
o



We can see in Figure 2.1} that if we take the partition of the vertex set
{Xo(w), Xq(u), Xo(u), X5(u), X4(u)} as shown by the dashed ellipses, then the (7,7 —
1), (i,1), and (4,7 + 1) entries of A, correspond to the number of neighbors any vertex

in the set X;(u) has in X;_1(u), X;(u), and X, 1(u), respectively.

Figure 2.1: Tesseract. The dashed ellipses show the partite sets X;(u). These contain
the vertices at distance i from the vertex u shown on the far left.

If we consider the following matrix,

1 2 0 -2 -1
P=11 0 -2 0 1|, (2.9)
1 -2 0 2 -1
1 -4 6 -4 1

then, by matrix multiplication, we find that P2 = (24)I, AP = PA*, and PA = A*P.

These facts easily imply that A, A* is a Leonard pair.

The combinatorial connection this Leonard pair enjoys with the graph above

offers many advantages to aid in its study. For one, many parameters of interest



must be nonnegative integers, because they count some combinatorial property of the
structure. However, not all Leonard pairs arise from graphs in this way. Indeed, the
next example, which will be very important in our subsequent work, does not have
such an immediate connection to graphs. Nevertheless we will eventually show that
some parameters of interest can still be shown to be nonnegative. As we will see,
this nonnegativity can have important implications, including the Kresch-Tamvakis

Conjecture [6].

2.3 Another example of a Leonard pair

In order to present our next example of a Leonard pair we need a few definitions.

Definition 2.3.1. Fix any integer d > 0. For each integer i (0 < i < d), define

B(d—i+Di(d+i+1)  Bili+1) ,  3(d—i)i+1)(d+i+2)

T T dd+ @i+ YT ddr2) T dd+2)(2itl)
(2.10)

and let 7 = 3 — 2a;. Define A and A* as the following matrices in Mat,1(R):

Qo bQ 0 98 0
Cc1 ap b1 9{
A= . A= . (2.11)
Ci—1 @d—1 ba—1 1
0 Cq Qq 0 9;




Definition 2.3.2. We define a matrix P € Mat,;1(R) with the following entries:

—i, i+ 1, —j, j+1
P =(2j+1)4F; i1 (0<4,5 < d). (2.12)
1, d+2, —d

As in our previous example, the matrix P is useful to verify that the given matrices

A, A* form a Leonard pair.

Lemma 2.3.3. ([49, Ex. 5.10] and [50, Thm. 4.9]) The following hold:
(i) P? = (d+ 1)%I;
(ii) PA = A*P;
(iii) PA* = AP;

(iv) the pair A, A* is a Leonard pair over R.

Proof. The calculations establishing (7)-(7ii) are the following special case of [49,

Ex. 5.10] and [50, Thm. 4.9]:

d=d, 6=0,=3  s=s=r =0 r=d+1, h=Rk=-—"

Item (iv) follows from items (i)—(iii). O

The Leonard pairs from [49, Ex. 5.10] are said to have Racah type. So the Leonard
pair A, A* in Lemma [2.3.3 has Racah type. This Leonard pair is self-dual in the sense
of [40, p. 5]. In particular, we see from Lemma that for all ¢, ¢; = ¢, a; = a},
b; = bf, and 0; = 0. Hence when discussing the Leonard pair in Def. (and

self-dual Leonard pairs in general) we will omit the * notation on these parameters.

10



We note that, for the Leonard pair in Def. [2.3.1] it is straightforward to show
that

ki=2+1  (0<i<d), (2.13)

which means that

v=> (2i+1)=(d+1)" (2.14)

()

2.4 Leonard systems

A useful structure related to a Leonard pair is an object known as a Leonard system.
We will define them briefly, but we refer the interested reader to the work of Terwilliger

([48, 149, [50]) for more detailed information.

Before we give the definition of a Leonard system we note a few observations.

Definition 2.4.1. A matrix A € Matgy1(K) is called multiplicity-free if it has d + 1

distinct eigenvalues.

Lemma 2.4.2. Let A, A* be a Leonard pair on vector space V' of dimension d + 1
over K. The eigenvalues of A are mutually distinct elements of K, and the eigenvalues

of A* are mutually distinct elements of K.

Proof. We prove the result for A, and the proof for A* is essentially the same.
By the definition of a Leonard pair (Def. [2.1.1]), there is basis of V' composed of
eigenvectors of A. First, this means the eigenvalues of A are in K. And, in this basis,
the matrix representing A is diagonal. Hence, for any repeated eigenvalue, A, on the

diagonal, only one factor of x — AI is needed in the minimal polynomial u(x) to zero

11



all of them. Hence the minimal polynomial has no repeated roots.

We now show that the degree of u( is the dimension of V. Again by Definition
[2.1.1] there is a basis of V' where A is irreducible tridiagonal. Let B be the matrix
representing A in this basis. Since B is irreducible tridiagonal, we will show that
B' has a nonzero ith upper diagonal and all jth upper diagonals for j > i are zero.
Hence the set {I = B° B, B!,..., B} is linearly independent, which will mean the

degree of p(z) is d + 1, which will complete our proof.

To prove our claim about the form of B, recall that

ag bo 0

1 a by

Cd—1 g—1 ba—1

We proceed by induction. Clearly the condition on the diagonals holds for i = 0
and ¢ = 1. Now fix any 7 > 1 and suppose B satisfies the condition on the diagonals.
Let the ith upper diagonal be (zg,z1,...,24-;). By assumption z; # 0 for (0 <
k <d-—i). Let (yo,y1,-..,Yq—i—1) be the (i + 1)th upper diagonal of B!, Since
B! = B'B, we have that y; = b, xzr # 0. And similarly, the jth upper diagonals
of B! for j > i+ 1, are zero, since they are given all in terms of entries in the /th

upper diagonals of B® for | > i. U

Given any matrix A € A = Matg,(K) with distinct eigenvalues {6;}L,, let I be

12



the identity element of A, and let

A—0,1
E =] o (2.15)
j#i

i —Yj
Then, as shown in [49], the following properties hold:

This can be seen by the fact that AF; — 0, F; is a multiple of the minimum

polynomial p(A) = 0.

If i # j, then E;F; is again a multiple of the minimum polynomial. If i = j,
express each vector v € V in the basis of eigenvectors of A as v = z;i:o S;V;.

We can see from ([2.15)) that for k # i, E;v,, has a scalar factor of 0, — 6, = 0,

0:—0;
and so we get Fv = <H#i 91__9;) $;v; = S;v;, hence E;E;v = s;v; = E;v.

(i) ¢ Ei=1.
Given v € V we have Z?:o Ev = Z?:o E; (Z?:o sjvj> = Z?:o E;s;v; =

d
Zi:o 5iv; = v = lv.

. d

(1V> A= Zi:() HzEz
As above, we have Av = A Z?:o S;V; = Z?:o 0;5;0; = Z?:o E;siv; = Z?:o Ev=
(Z?:o Ez) v

The matrix F; is called the primitive idempotent of A associated with ;. From
now on, we will use A to refer to a K-algebra that is isomorphic to Mat1(K). Now
suppose A, A* € A form a Leonard pair. Then A is usually referred to as the ambient
algebra of the pair (A4, A*). Let (A) and (A*) be the subalgebras of A generated by

A and A* respectively. Then (i)-(iv) implies that the E; form a basis of (A) as a

13



K-vector space [49].

We now give the definition of a Leonard system.

Definition 2.4.3. [[4§], Definition 1.4] By a Leonard system in A we mean a sequence
d = (A A B B

7 1=0

) that satisfies (i)—(v) below.

(i) Each of A, A* is a multiplicity-free element in A.

(ii) Eo, E1, ..., Ey is an ordering of the primitive idempotents of A.
(i) E§, EY,..., E} is an ordering of the primitive idempotents of A*.

) 0, ifl|i—j|>1, o
(iv) B;A*E; = for (0 <i,7 <d).
L0 ifli-jl=1,

0, ifl|i—j|>1,
(v) EfAE: = for (0 <i,7 <d).
£0 i jl=1,
We refer to d as the diameter of ® and say ® is over K. We call A the ambient

algebra of ®.

The next lemma tells us the connection between Leonard pairs and Leonard

systems.

Lemma 2.4.4. [50, Lem. 1.2] Let A, A* € A. Then the pair A, A* is a Leonard pair

in A if and only if the following hold.
(i) Both A and A* are multiplicity-free.
(ii) There exists an ordering of the primitive idempotents of A, FEy, Ey, ..., Ey4, and

the primitive idempotents of A*, Ej, EY, ..., K}, such that

14



(A; A5 {E Y ; {E}L,) is a Leonard system in A.

Proof. The necessity of (i) was proven in Lemma[2.4.2] For (ii), let vo, v, ..., vy be a
basis satisfying Definition [2.1.1f(ii). Hence for each ¢, the vector v; is an eigenvector of
A for eigenvalue 6;. Let E; be the corresponding primitive idempotent of A. Similarly,
let vg,v7, ..., v) be a basis satisfying Definition (i), and let £, BT, ..., B be the
corresponding primitive idempotents of A*. Conditions (i)-(iii) of Definition are

satisfied.

The v} are eigenvectors of A*. Working in this basis {v§, v}, ..., v} gives us that

A'is irreducible tridiagonal. We know from (2.15) that Ev} = 4; j07, and hence

i} 1, ifj=k=u,
(E7)jk =
0, otherwise.

Hence the tridiagonal shape of A gives us (v). Working in the basis of {vg, v1, ..., v4},

the same argument gives us (iv).

For the other direction, let (A; A*; B4 ; E;‘fzo) denote a Leonard system in A.
For 0 < i < d let v; denote a nonzero vector in E;V . Then the {vg,v1,...,v4} is a

basis for V' that satisfies Definition [2.1.1ii). Similarly, for 0 < i < d, let v} denote

a nonzero vector in EfV . Then the sequence {v§,v;,...,v}} is a basis for V that
satisfies Definition [2.1.1[i). Hence A, A* is a Leonard pair in A. O

The following lemma is implied by the proof above.

Lemma 2.4.5. Let A, A* be a Leonard pair on vector space V. Take a basis of V'
such that A is irreducible tridiagonal and A* is diagonal. Let {0;}%_, and {0;}%, be

the eigenvalues of A and A* respectively. Then the idempotents of A} are given by
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the matrices E}, where the entries satisfy

1, ifj=k=i1,

0, otherwise.

Definition 2.4.6. Let A, A* and B, B* denote Leonard pairs on V and V' respec-
tively. We say the pair A, A* is isomorphic (as a Leonard pair) to the pair B, B* if
there exists a K-algebra isomorphism o : End(V) — End(V”’) such that ¢(A4) = B,
o(A*) = B*.

Proofs of the following can be found in [50].
Theorem 2.4.7. [50, Thm. 2.1] Let ® be a Leonard system as in Definition [2.4.3

Then the elements

ATEFA® (0<r,s<d) (2.16)

form a basis for the K-vector space A

Corollary 2.4.8. [50, cor. 2.1] Let A, A* denote a Leonard pair on V. Then the set
{A, A*} generates End(V').

This last corollary states that the ambient algebra of a Leonard pair on V' is all
of End(V).
2.5 Automorphisms and anti-automorphisms

Let V' be a vector space over K. We say o : End(V) — End(V) is an automorphism
on the transformations of V' if it is K-linear and, for any two linear transformations

X,Y on V, we have 0(XY) = o(X)o(Y).
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Lemma 2.5.1. [42, Noether-Skolem, Cor. 9.122], A map o : End(V)) — End(V) is
a K-algebra automorphism if and only if there exists an invertible S € End(V') such

that o(X) = SXS™! for all X € End(V'). We say that S represents o.

Also note that for any a € K, aS represents the same automorphism o as S.
Furthermore, given any P that represents the same ¢ as S, we must have that for all
X € End(V), S7'PX = XS~!'P, which implies that S™' P is in the center of End(V').
But this center is {a/ : « € K}, so, by uniqueness of inverses in End(V'), P = aS for

some a € K. This proves the following lemma.

Lemma 2.5.2. Let 0 be an automorphism on End(V'). Assume that S € End(V)
represents o. Then S" € End(V') represents o if and only if there is a nonzero a € K,

such that S’ = aS.

We say 7 : End(V) — End(V) is an antiautomorphism on the transformations
of V if it is K-linear, and, for any two linear transformations X,Y on V, we have

T(XY) =7(Y)71(X).

Theorem 2.5.3. [50, Thm. 2.2] Let A, A* denote a Leonard pair in A. Then there
exists a unique antiautomorphism 1 of A such that A" = A and A*' = A*. Moreover,

X=X forall X € A.

In the proof of [50, Thm. 2.2] it is shown that the matrix K = diag(ko, k1, . . ., kq)
defined in ([2.6]), represents the antiautomorphism f given in Theorem [2.5.3] In other
words, XT = K 'XTK.

The following lemma also follows from the Noether-Skolem theorem.
Lemma 2.5.4. [Noether-Skolem, [42], Cor. 9.122] A map 7 : End(V) — End(V) is
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a K-algebra antiautomorphism if and only if there exists an invertible R € End(V')

such that 7(X) = RX"R™! for all X € End(V'). We say that R represents 7.

2.6 Orthogonal polynomials

Using a Leonard pair (A, A*) of diameter d, with A in tridiagonal form and A*

diagonal, we can define a sequence of polynomials from a three-term recurrence.

Definition 2.6.1. With reference to Definition and (2.42.5)), let

u_1(N), up(A), ur(A), ..., ug(A)

be the unique sequence of polynomials in K[\ satisfying:

A (N) = b1 (A) + aui(N) + cui—1(N) 0<i<d-1). (2.17)

This recurrence can be associated with the sequence of coefficients found in the
rows of A. In a similar way, we can also define a sequence of polynomials from a three-
term recurrence using the columns of A as coefficients. This amounts to a change in

normalization of the u;, following [50, Lem. 3.13].

Definition 2.6.2. With reference to Definition and ([2.412.5)). let

v_1(A), v0(A), v1(A), ..o va(AN)
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be the unique sequence of polynomials in K[\| satisfying:

)\Uz()\) = ci+1vi+1()\) + aﬂ]i()\) + bi_lvi_l()\) (0 S 1 S d— 1) (218)

For each i (0 < ¢ < d), the polynomials w;(\) and v;(A) have degree i. By [50,

Lem. 3.13], we can relate the two sequences of polynomials to each other as follows:

v\ = kw(\) (0<i<d). (2.19)

These polynomials also satisfy the following orthogonality relations, as shown in

[50, Thms. 4.6, 4.7]:

d
" v

>k (05t (6;) = 7O, (2.20)
j=0 "

d 14
Z kjuj(0n>uj(8m> = Eénmu (221)
j=0 "

d
> k5 0n(05)0m(05) = kntGpm, (2.22)
j=0

(0 (0,) v

Z NI (2.23)

- kj K

7=0

Definition 2.6.3. With reference to Definition [2.1.1] [2.6.1] and [2.6.2] suppose we
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are given a Leonard pair A, A* of diameter d, and the corresponding polynomials u;

and v;. Let P be the matrix with entries P,

5,5, Where

Pij = v;(0;) = kju;(6;) (2.24)

The matrix P is called the character table of the Leonard pair (A, A*).

Note that P*, u!, v} can be found using the definitions above by starting with

the Leonard pair (A*, A). By [0, Thm. 4.1, 4.2]) we also have, for 0 <i,j < d,
vi(0;) _ o5 (67)

O N (225)

From these equations and the orthogonality relations, we see that
d
PP =uvl = (Z k:) I. (2.26)
i=0

Hence P~' = 2P*. This and (2.17), (2.18), and (2.19)), imply that the columns

of P* = vP~! form a basis of right eigenvectors of A and the rows of P form left
eigenvectors of A, hence P diagonalizes A and the columns of Px form the basis where

A* is irreducible tridiagonal. Hence we have the following theorem.

Theorem 2.6.4. [48, Thm. 4.10] Let (A, A*) be a Leonard pair, let P and P* be
as in Def. and let § be the map from Def. applied to the Leonard pair
(A*,A). Then
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PA= A*P,
(2.27)
P*(A*)f = A*P*.

Recall from Definition that this means A* = diag(o, . ..,0,), and similarly
(A*)*is irreducible tridiagonal. Note that this theorem tells us that the ith row of P is
the eigenvector of A with eigenvalue ;. Similarly the ith row of Px is an eigenvector

of (A*)f with eigenvalue 6;.

2.7 P for the Leonard pair in Def. |2.3.1| and self-duality

Recall the Leonard pair in Definition [2.3.1] By [49, Ex. 5.10], we have that

1, d+2 —d

By this and [2.13], the matrix P in is indeed the character table from Definition
for this Leonard pair. And from

Lemma implies that A = %PA*P = P71A*P and A* = %PAP = P71AP.
Hence the map o(X) = P~'XP is an automorphism of End(V) that swaps A and

A*. By Lemma [2.4.8, ¢ is the unique automorphism that performs this swap.

Recalling Definition [2.4.6| the Leonard pair (A, A*) is isomorphic to (A*, A).

Definition 2.7.1. [40, p.5] A Leonard pair (A, A*) is self-dual if it is isomorphic to

(A%, A).
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Hence the Leonard pair in Definition is self-dual with duality map o.

2.8 Two commutative subalgebras of Mat,;(K)

In this section, we discuss the algebras generated by the matrices A, A* of a Leonard

pair. Let £ be the map defined in for the Leonard pair (A*, A).

Definition 2.8.1. Let M denote the subalgebra of Maty;(K) generated by A. Let

M* denote the subalgebra of Matgy1(K) generated by A*.

We describe a basis for M and a basis for M*.

Definition 2.8.2. For 0 < i < d define
Bi = ’Ui(A), B: = ’U:(A*),

where v;(A) and v () is from (2.6.2)).

These matrices are called the intersection matrices of (A, A*).

Lemma 2.8.3. For 0 < < d we have
PB; = B'P, P*(B})* = B} P*,

Proof. These follow immediately by Lemma [2.6.4] Definition [2.8.2] and linear

algebra. 0

Lemma tells us that, for integers 0 < 4, j < d, column j of P* = vP~!is an
eigenvector of B; with eigenvalue v;(6;). A similar statement can be said about (B;})?*

and the columns of P = v~'(P*)~" and v} (#}). We emphasize one special case. Let
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1 denote the vector in KPP+ that has all entries 1.

Lemma 2.8.4. For each integer 0 < ¢ < d, the vector 1 is an eigenvector for B;

with eigenvalue k;.

Proof. Immediate from Definitions [2.6.2} applied to Leonard pair (A*, A) and
Lemma 2.8.3 U

Lemma 2.8.5. The matrices {B;}¢_, form a basis for M. The matrices {B;}%,

form a basis for M*.

Proof. By Lemmal[2.4.2] the matrices A and A* have d+1 distinct eigenvalues. Hence
M* has dimension d + 1. By Definition [2.8.2] the matrices {B;}%, belong to M*.
By these comments, the matrices { B}, form a basis for M*. We have now verified
the second assertion. For the first, note that the matrix Bf = diag(v;(6y), . - ., vi(64)).
By the same argument for M*, the Bf generate the algebra generated by A*. Since #
is a K- algebra isomorphism between End(V') and Maty;(K) with basis B* the result

follows. O

We will refer to the algebra M as the intersection algebra of (A, A*). Next we

discuss the entries of the matrices { B;}¢_,. The following definition will be convenient.

Definition 2.8.6. For 0 < h,i,j < d let ij denote the (h, j)-entry of B;. In other
words,

Pl = (B (2.29)

The ij are called the intersection parameters of Leonard pair (A, A*).
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Definition 2.8.7. For 0 < h,i,j < d, let ¢'; denote the (h,j)-entry of (B;)*. In

other words,
diy = ((B)))nj- (2.30)
The qffj are called the Krein parameters of Leonard pair (A, A*).

We have a comment about the scalars pﬁj and qg’;j.

Lemma 2.8.8. [40, Lem. 4.19] For 0 < i,j < d we have

D D
B;B; = > p};Bu, B;B; =Y q¢"B;. (2.31)
h=0

h=0

The scalars p?’ ; can be computed using the following result. This result is from [39];

we include a proof for the sake of completeness.

Proposition 2.8.9. [39, Lem. 12.12] For 0 < h,i,j < d we have

D

> kg (O )ui(8)u; (6)- (2.32)

t=0

kik;

ho_
Pij =

Proof. We invoke Equation (2.29). By (2.26) and Lemma we have that B; =
v 'P*B!P. Recall that the matrix P has entries P;; = k;u;(;) and P* has entries

P = Kjuj(07). We also have B = v;(A%) = ku;(AY) and A* = diag(6y, 61, . . ., 04).

DY

Evaluating (2.29) using these comments, we obtain the result. O

The corresponding result for the qgfj is similar, and can be seen by considering the

Leonard pair (A*, A).
We end this section with a comment about Proposition [2.8.9
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Lemma 2.8.10. For 0 < h,i,j < d we have

Piy =P knpl'; = kiph; = kipl . (2.33)

Proof. Immediate from ([2.32]). U
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3 Association Schemes and Leonard Pairs

3.1 Association schemes

A closely related structure to Leonard pairs and an important structure of algebraic

combinatorics and coding theory is the concept of an association scheme.

Definition 3.1.1. Let d denote a positive integer. A d-class association scheme 2
is a pair (X, {R;}%,), where X is a finite set and R; is a relation on X for each i,

with the following properties.
(i) Ro={(z,2) | x € X}.
d
(i) URi =X x X and BR;,NR; =0 for i # j.
=0

(iii) For all @ € {0,1,...,d}, 'R, = {(y,z) | (x,y) € R;} = R; for some j €
{0,1,...,d}.

(iv) For any i,j,k € {0,1,...,d} and (z,y) € Ry, the number of z € X such that
(z,2) € R; and (z,y) € R; is a constant pf; independent of which (z,y) € Ry

was chosen.

If 'R; = R; for all i € {0,1,...,d}, then 2" is said to be symmetric. If pﬁj = p;“ for

1

all i,7,k € {0,1,...,d}, then 2" is said to be commutative.

We may sometimes call an association scheme simply a scheme for brevity. Some
sources use the term association scheme to mean a symmetric association scheme,
and unless stated otherwise, our schemes will be assumed to be symmetric schemes.

We also note that symmetric schemes are commutative.

Proposition 3.1.2. A symmetric scheme is commutative
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Proof. In a symmetric scheme, for any h, (z,y) € Ry, if and only if (y,z) € Ry,.

In particular, for any fixed i, 7, h and (x,y) € Ry, we have that z is such that
(x,2) € R; and (z,y) € R; if and only if (z,2) € R; and (y, 2) € R;. Since (y,z) € R,

we have p?j = p?l O

If we associate an adjacency matrix A; with each of the relations R;, so that

1 if (u,v) € R,

0 otherwise,

then we can equivalently define an association scheme by the following.

Definition 3.1.3. Let d denote a positive integer. A d-class association scheme 2
is a pair (X, {A;}%,), with X a finite set, |X| = n, and for each i, A; is an n x n

adjacency matrix on X with the following properties.

Ay =1 (3.35)
d
> A=, (3.36)
=0
Al = A;  forsome j€{0,1,...,d} (3.37)
d
AA; =) pliAy,  forall i g (3.38)
h=0

In the commutative case we have, for all 7,7, the extra condition,
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hence pﬁfj = p;lz In the symmetric case we have, for all ¢, the extra condition,

Al = A,

7

Definition 3.1.4. With reference to Definition [3.1.3] The subalgebra 2 of Mat,, (K),
which is generated by (Ag, A;,...,Ay) for a commutative association scheme 2~ =
(X, {A;}L,), is called the Bose-Mesner algebra of 2°. The algebra 21 is d + 1 dimen-

sional. The pZ ; are called the structure constants of 2.

We now define an important family of association schemes.

Definition 3.1.5. Let 2" = (X, {R;}%,) be a symmetric association scheme. Then
Z is called a P-polynomial association scheme, if for some ordering of the Ry, ..., Ry
and for each (0 < i < d) there is a polynomial v;(x) of degree i, in indeterminate ,

such that the adjacency matrix A; = v;(A4;).

In particular, this means that the Bose-Mesner algebra, and hence the A;, are

generated by A;.

3.2 Distance-regular graphs, P-polynomial association schemes

An association scheme is P-polynomial exactly when the graph with adjacency matrix
A; has a property known as distance-regularity (see [I, Prop. 1.1]), which we now

define.

Definition 3.2.1. A graph X of diameter d is called distance regular if it is connected
and given any integers 0 < h,4,j < d, there are constant values pﬁj, such that for

any vertices of u,v of distance d(u,v) = h, there are exactly pfjj vertices w with
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d(u,w) =i and d(w,v) = j.

In this case, we can define an association scheme 2" = (X, {A4;}% ), where 4; is

the distance-i matrix, and this scheme will have the P-polynomial property.

Given any vertex u and integer i, we will denote by X;(u) the set of vertices at
distance i from u. Hence for any vertex u, we can see that the collection {X;(u) : 0 <
i < d} partitions the vertices of X. We call this the distance partition from vertex
u. This notation allows us to formulate the following alternative to Definition

[, p. 192].

Definition 3.2.2. A connected graph X of diameter d is distance reqular if there

are parameters

- G Cd—1 C4
ap a1 o Ag1 ag (s (3.39)
bo by - by, —

with ¢;41,b; # 0 for (0 <i < d—1), such that, given any vertex u, the corresponding
distance partition {X;(u) : 0 < i < d} satisfies the following property. For any i
(0 <i <d), any vertex x in X;(u) has exactly ¢; neighbors in X;_;(u), a; neighbors
in X;(u), and b; neighbors in X; 1(u). The parameters are called the distance

parameters.

Figure |3.2| depicts the distance partition with the X;(u) circled by solid lines. The
dashed bubbles comprise the neighborhood of a vertex v in X;(u). The cardinalities
of each dashed bubble in X; ;(u), X;(u), and X;;1(u) are shown as ¢;, a;, and b;

respectively.
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Xi(u) X;_1(u) Xi(u) Xigr(u) -+ Xa(u)

Figure 3.2: The distance partition of a distance-regular graph.

We saw an example of a distance regular graph in Fig. 2.1} along with its associ-

ated distance partition from a vertex u.

Because we have limited our discussion to simple graphs (hence no loops), it
follows that

ap=0, and ¢ =1. (3.40)

The regularity around every vertex implies that the graph is regular with valency by,
and hence we have

bo =c¢ +a; + bi, for 0 S 1 S d. (341)

This also means that only two rows of the distance parameters are needed, so the

distance parameters are sometimes given as

(b07b17"' yba—1ic1, - 7Cd—1,Cd)- (3-42)

We often list the parameters in a tridiagonal matrix, called the intersection ma-

trix, which is the following:
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Qo b() 0

By (3.43)

Ci—1 Gd—1 ba—1

0 Cq Qq

Despite its tridiagonal appearance, the B; from a distance regular graph does
not always come from a Leonard pair (A4, A*), with B; being the matrix for A in the
basis where it is irreducible tridiagonal. For example, the graph of the vertices of
a dodecahedron is distance-regular, but the tridiagonal matrix does not come from
any Leonard pair [34]. In essence, we can define a polynomial using the a;, b;, ¢; in a
manner analogous to Definition [2.6.2] but that does not guarantee us a way to define
the dual-polynomials v}, and hence the 7. For the intersection matrix of a distance
regular graph to form part of a Leonard pair, we need our graph to have another

property, called the Q)-polynomial property, that we will discuss in the next section.

3.3 Primitive idempotents and ()-polynomial association schemes

Recall that the Bose-Mesner algebra 20 of commutative association scheme 2~ =
(X, {A;}4 ) is generated by (Ao, Ay,...,As). Because this algebra is commutative
and closed under transposes, the A; are normal matrices. Therefore, by the spectral
theorem, the A; are unitarily diagonalizable. Since they commute, each A; preserves
the eigenspaces of all other A;. So it follows that these matrices are all simultaneously

diagonalizable by a unitary matrix U [25, Thm. 1.3.21]. As a result, we can decompose
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V' = K", where n = | X/, into the direct sum of common eigenspaces

V=Vo+ - +V.

By (3.36) we have that the all ones matrix J corresponds to the common eigenspace
spanned by (1,1,...,1)T = 1. We relabel to let V; correspond to this eigenspace.
Let F; be the projection matrices from V' — V;. As a consequence r = d and the

{FEy, ..., Eq} form another basis of 2 with the following properties:

nEy = Jy, (3.44)
Eo+FEi+---+E;=1,, (3.45)

If the association scheme is symmetric, so that A] = A; (0 < i < d), then we
have the additional condition:

E! =E;. (3.47)

The {Ey, E1, ..., E;} are called the primitive idempotents of 2", and Ejy is the
trivial idempotent of 2.

The binary operation o, the entry-wise product for matrices M, N of the same
dimension (also known as the Hadamard or Schur product), produces the matrix

M o N having entries:
(M o) N)i,j = Mz',jNi,j- (348)

From the definition of association scheme, we have that A; o A; = ¢;;A;, hence
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2l is closed under o. Since {E;}%, is another basis of 2, there are also parameters

qffj € K such that:

d
EioE;j=|X|™") ¢/E), forallij. (3.49)
h=0

The qlhj are known as the Krein parameters of 2 . For commutative associa-
tion schemes, the Krein parameters are known to be non-negative real numbers [I,

Thm. 3.8].

Definition 3.3.1. Let 2" = (X, {R;}% ) be a symmetric association scheme. Then
Z is called Q-polynomial if, for some ordering of the primitive idempotents Ey, ..., Ey
and for each (0 < i < d) there is a polynomial v} (z) of degree i, in indeterminate z,

such that the adjacency matrix E; = v} (E;) under the Hadamard product.

Or equivalently, we can define the @-polynomial property as in [I, p. 193].

Definition 3.3.2. A symmetric association scheme is @Q-polynomial if for some
ordering of the primitive idempotents, the matrix B with entries (B})n; = 4,
where qgj are the Krein parameters, is irreducible tridiagonal. In particular, the

matrix (B)* has the form

B = , (3.50)

>k * *
Co1 gy by

with nonzero super- and sub-diagonals (see Lemma [A.1.3]).
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From (3.38) we see that, for a distance regular graph, the distance matrices
{A;}4, satisfy the same recurrence that the intersection matrices {B;}%, satisfy
from a Leonard pair, as given in Definitions 2.8.2] 2.6.2] In other words, the poly-
nomials in Definition are defined by taking the a;, b;, ¢; from the intersection
matrix (3.43)), and defining v;(\) in an identical way to Definition [2.6.2}

/\U,L()\) = Ci+1’Ui+1(/\) + aivi()\) + bifl’ljifl()\) (0 S ) S d— 1) (351)

And similar to what we saw with Leonard pairs, the matrices (B;),; = pﬁj,
whose entries are given by the intersection numbers pz ; of a P-polynomial association
scheme also satisfy the same recurrence as the A;. This follows from the equivalence
of Def. and Def. ([1, Prop. 1.1]) and linear algebra. In particular, the
matrices B; can be expressed as B; = v;(B1), where the v; are the same polynomials
that generate A; in terms of A;, but here they are evaluated at B;. Hence the
algebra generated by {4;}%, and the algebra generated by { B;}%_, are isomorphic as

K-algebras.

In a similar manner, when an association scheme is ()-polynomial, then, under
some ordering of the idempotents, the entries of matrix B} can be used to define the
polynomials v} such that v (E;) = E; under the Hadamard product. Furthermore, a
basis of Maty1(K) exists where Bj is irreducible tridiagonal and Bj is diagonal, and
another basis where By is irreducible tridiagonal and B is diagonal [51], Lem. 16.1].
Hence (Bj, By) is a Leonard pair. So under this ordering of the idempotents, we can
similarly define matrices (B} ), ; = qgfj whose entries are the Krein parameters of a P-

and @-polynomial association scheme, and these matrices will satisfy Bf = v*(Bj)
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under normal matrix multiplication.

When the matrices A, A* of a Leonard pair come from a symmetric association
scheme in this way, then the pﬁfj and qffj are nonnegative. However, this is not
necessarily the case for Leonard pairs in general. Nonetheless nonnegativity is a very
useful property, with applications to open problems [50, prob. 11.3; 11.5] and [I,
p. 205], and we will use one such example to prove the conjecture in [32, Conj. 2] in

Chapter [4

3.4 Intersection matrices of a Leonard pair

Since the intersection matrices {B;}L, of a Q-polynomial distance regular graph act
(multiplicatively) like the distance matrices {A;}%,, we can think of the {B;}L,
as algebraic proxies for the distance matrices. Not all Leonard pairs come from
an association scheme; nonetheless, the {B;}%, from a Leonard pair A, A* can be
thought of as a generalization of the distance matrices of a )- polynomial distance
regular graph. In this spirit, we occasionally refer to the {B;}%, as pseudo-distance
matrices, and we refer to the algebra generated by B;, which by Lemma has

basis {B;}%,, as the pseudo-distance algebra of the Leonard pair A, A*.

For a given Leonard pair, it may be unknown whether there is a combinatorial
interpretation that shows the intersection or Krein parameters are nonnegative. We
would like to study this nonnegativity regardless. One method will be discussed in a

later section where we prove the Kresch-Tamvakis conjecture.

Another more speculative method of doing this could be to look for other com-
binatorial connections. If an association scheme cannot be found, perhaps a weaker

connection to a combinatorial structure would still allow us to prove nonnegativity.
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Though we have yet to find such an example, we show an algebraic connection be-
tween a certain family of Leonard pairs with rational intersection numbers and Krein
parameters and a family of strongly regular graphs. We hope that our results may
perhaps give clues on a possible direction to search for other combinatorial connec-
tions. In any case, we are of the opinion that this connection is of interest in its own

right.

Regardless of their ability to prove the nonnegativity of these parameters, both
methods allow us to prove some hypergeometric identities related to these parameters,
at least one of which (4.5 appears to have been unknown prior to our recent paper

[6]. Next we show an example to illustrate this second idea.

3.5 Subalgebra example from Def. [2.3.1

In this section, we return to our consideration of the Leonard pair of diameter d = 3

that was given in Definition [2.3.1]

We will define a subalgebra B of the algebra M. Recall that M is generated by
the pseudo-distance matrices {B;};_, for this Leonard pair. So in the case of this

specific Leonard pair, M is generated by the following matrices:

03 0 0 005 0 00 0 7

12 20 02 1 o0 { %

By=1, B = o0 , By = ° |, B = o0
24 6 21 6 14 21 14 &4

0% 5 3 150 7% 0% 5 3

3 12 3 12 12 12 6

00 5 % 05 2 % L 5 5 3

(3.52)

Note that, in general, the character table matrix P enjoys the property of being a

(d41) x (d+ 1) matrix, whose entries in the ith column are the the right eigenvalues
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of matrix B;. For our specific Leonard pair, the matrix P is given as follows:

1 3 5 7
1 4 1 -2
P= Z 75 (3.53)
1 ¢ -3 I
9 1
1 -2 1 -1

Let us define a subalgebra B of the algebra M to be the subalgebra generated by

Ay=1, A =B, Ay=B +Bs.

We will call a subalgebra of this type, where the basis consists of sums of disjoint
sets of basis elements of the parent algebra a fusion algebra or simply a fusion. (We
note that, in this case, we could just as easily have chosen to study the fusion algebra
generated by 1211 = By + B3 and 1212 = B,. But, as we will see later, this alternate

choice would simply yield the complement structure.)

When defining a fusion algebra, we can, for each i, let .S; denote the set of indices

such that A; = > .co Bj. Since the B; are mutually diagonalizable, we can keep the

JES;
eigenvectors in the same order and list the eigenvalues of A; in column i of a matrix
by summing the corresponding columns of P for all indices in S;. Viewing a character

table as a matrix whose ith column contains the eigenvalues of the ith basis matrix,

this gives us something resembling a character table for the fusion subalgebra. For
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our example, this matrix (which we denote ﬁ’) is given as follows:

1 5 10
o1 =2
P= (3.54)
1 -3 2
1 1 -2

Note the repeated row formed in P. From direct computation, one can check that
- 2 ~
B has structure constants, py ;, such that A;A; = 37 pl';Ay. These values pf'; can be
h=0

given as the entries in the following matrices (B;) hj = ﬁz ;» where:

05 0 00 10
Bo=1I, Bi=|10 4|, Bs=10 4 6 |. (3.55)
02 3 13 6

These matrices generate a matrix algebra that has the same structure constants as B

and has the matrix of eigenvectors:

1 5 10
P=11 1 _2f. (3.56)
1 -3 2

In other words, the columns (rows) are the right (left) eigenvectors of the B;. Also
the (i,7) entry is the eigenvalue of B; (B;) of the ith column (jth row) vector, of P.

We can see P matches the matrix f’, but with the redundant row removed.

An interesting observation here is that these are exactly the intersection matrices

and character table of a certain distance regular graph of diameter 2 (also called
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a connected strongly regular graph). Strongly regular graphs are accompanied by

parameters (v, k, A, ;1) where:
e v denotes the number of vertices,
e k is the valency,
e cvery pair of adjacent vertices has A common neighbors,
e every pair of nonadjacent vertices has p common neighbors.

The matrices in (3.55)), (3.56) are the intersection matrices and character table of
a strongly regular graph with parameters (v, k, A\, u) = (16,5,0,2). It is known that
there is only one strongly regular graph with these parameters; this graph is called

the Clebsch graph [4, [19]. The graph is shown in Figure

One way to define the Clebsch graph is as the graph whose vertices are the even
size subsets of [5], and where two vertices are adjacent whenever their symmetric

difference has cardinality 4.

39



Figure 3.3: Clebsch graph

The unique strongly regular graph with parameters (v, k, A, u) = (16, 5,0, 2).

Deleting any vertex and its neighborhood results in a Petersen graph.

If we instead consider the fusion algebra in M with basis A, = B, + Bs; and
Ay = B,, we get intersection matrices and character table that correspond to the
complement of the Clebsch graph. This graph is also strongly regular, with parame-
ters (16,10,6,6).

Later in Section [5.6, we will consider a more general version of this construction.
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4 Proof of the Kresch-Tamvakis Conjecture

In this chapter, we present an application of the Leonard pairs and pseudo-distance
matrices introduced above. In particular, we present the proof of a conjecture from
special functions theory that has been open for 22 years. The matter was recently
settled by Caughman and the present author in [6] and we include the details of our

proof here.

Before we do so, we mention some background about the problem. This conjecture
has its origins in algebraic geometry. To prove the so-called arithmetic standard
conjectures for the Grassmanian G(2, N), Kresch and Tamvakis (in [32]) proved a
bound on certain 4F3 hypergeometric series. Along the way, they conjectured that a
stronger bound than the one they needed appeared to hold. Their conjecture can be

stated as the following theorem.

Theorem 4.0.1. [32, Conjecture 2] For any positive integer D and any integers i, j

(0 <i,j < D), the absolute value of the following hypergeometric series is at most 1:

1, D+2, —D

Note 4.0.2. Theorem is taken from [32, Conjecture 2] with

n ==, s =7, T=D+1.

Notice that (4.57)) is the same expression as (2.28) (and hence the 4F3 component

in (2.12))), with d relabeled by D. For this chapter, we will use variables a-g often, so
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for convenience, we will relabel the diameter of a Leonard pair from d to D.

Next we discuss some of the evidence for Conjecture that had previously
been offered by Kresch, Tamvakis, and others. In [32) Proposition 2], Kresch and
Tamvakis proved that the absolute value of is at most 1, provided that + < 3 or
i = D. In [20], p. 863], Ismail and Simeonov proved that the absolute value of is
at most 1, provided that i = D — 1 and D > 6. They also gave asymptotic estimates
to further support the conjecture. In [36], Mishev obtained several relations satisfied

by the 4F3 hypergeometric series in question.

Our proof of Theorem will not rely on any of the partial results mentioned

above.

In this chapter, we will consider all of our vector spaces to be over R

4.1 Outline of proof

To prove Theorem we use the following approach. For 0 < ¢ < D we take
the matrices B; € Matp,1(R) from Definition applied to the Leonard pair from
Def. . Using the Biedenharn-Elliott identity [2, p. 356], we show that the entries
of B; are nonnegative. Using the theory of Leonard pairs [39, 40, 48| [49] 50], we saw
by Thm. 2.6.4] and [2.28 that the eigenvalues of B; are 2i + 1 times

4 F3 1 (0<j<D).
1, D+2, —D
We also showed in Lem. that 1, the all 1’s vector in RP*!, is an eigenvector
for B; with eigenvalue 2i + 1. Applying the Perron-Frobenius theorem [25, p. 529],

we show that the eigenvalues of B; have absolute value at most 2i + 1. Using these
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results, we obtain the proof of Theorem [4.0.1}

4.2 The plh’j in the self-dual case

As mentioned in Section the Leonard pairs in Def. are self-dual.

In the self-dual case (2.32)) becomes

k"fﬂ > kg (0 )y (0 )y (05). (4.58)

t=0

h
Pi; =

We will take advantage of this formula when proving that, for the Leonard pairs

in Def. 2.3.1] the p}'; are nonnegative.

4.3 The nonnegativity of the p,

Our goal for this section is to show that pﬁj >0 for 0 < h,7,7 < D. To obtain this

inequality, we use the Biedenharn-Elliott identity [2l p. 356].

Recall the natural numbers N = {0,1,2,3,...}. Define %N =1{0,1,1,2,2,3,..}.

) 99 13994 9

Definition 4.3.1. Given a,b,c € %N, we say that the triple (a,b,c) is admissible

whenever a + b+ ¢ € N and

a<b+e, b<c+a, c<a+b. (4.59)

Definition 4.3.2. Referring to Definition {4.3.1} assume that (a, b, ¢) is admissible.

Define

a+b—0)(b+c—a)l(ct+a—b)\?
Ala,b,c) = <( ()a<—i—b—|—c—i—)1()! ) > : (4.60)
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Next, we recall the Racah coefficients.

Definition 4.3.3. ([2, Eq. 5.11.4] and [35, p. 1063]) For a,b,c,d,e, f € %N, we
define a real number W (a, b, ¢, d;e, f) as follows.

First assume that each of (a,b,e), (¢,d,e), (a,c, f), (b,d, f) is admissible. Then

Ala,b,e)A(c,d,e)Ala,c, YA, d, f)(B1 + 1)!(—1)Pr—(atbretd)

Wb e ) = s, 5 01Bs — 3015 — a5 — )1 — as)I(Br — o)
« o F ap — B, ag — P, ag — Bi, ag — By 1],
—B1—1, B—=0i+1, 8= +1
(4.61)
where

(a1, g, a3, cy) = any permutation of (a+b+e, c+d+e, a+c+ f, b+d+ f),

and where

f1=min(a+b+c+d, a+d+e+ f, b+c+e+ f),

and [, B3 are the other two values in the triple (a+b+c+d,a+d+e+ f,b+c+e+ f)

in either order.

Next assume that (a,b,e), (¢,d,e), (a,c, f), (b,d, f), are not all admissible. Then

W(a,b,c,d;e, f) =0. (4.62)

We call W(a,b,c,d;e, ) the Racah coefficient associated with a, b, c,d, e, f.
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Let 0 < h,i,5 < D. In order to show that pzj > 0, we will show that

Pl = (2i+1)(2j + 1)(D + 1)<W(

|t

We will use the Biedenharn-Elliott identity.

Proposition 4.3.4. (Biedenharn-Elliott [2 p. 356]) Let a,a’,b,b',¢,c e, f,g € %N.

Then
Z (=)= 1Q2d + DYW (b, V¢, d, e)W (a,d, e, d, fYW (a,d’, b,V d, g)

delN (4.63)
= (=1)*"IW (a,b, f,e; g, c)W(d,V, f,e;9,).

In order to evaluate the Racah coefficients in the Biedenharn-Elliott identity, we will

use the following transformation formula of Whipple.

Proposition 4.3.5. (Whipple [I8, p. 49]) For integers p, q, a1, as, r, by, by we have

aFy

=P ¢, a1, G2 ) :(b1 —q)p(b2 —q),
r, by, by ’ (bl)p(bZ)p
(4.64)

-p, 4, T — a1, T — Q2

><4F3 ,1,

r,1+q—b—p, 1+q—by—p

provided that p > 0 and g+ a1 +as+1 =7+ by + by + p.

We are interested in the following Racah coefficient. For 0 <, 7 < D consider
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Evaluating this Racah coefficient using Definition we get a scalar multiple of a
certain 4F3 hypergeometric series. Applying several Whipple transformations to this

hypergeometric series, we get the following result as we will see.

Proposition 4.3.6. For integers 0 < i,5 < D we have

L (—1)i+j7D _ia 1+ 17 _j7 j +1
W(%7%7%7§;27j): D+1 4F3 ) L|. (465>
1,D+2 —-D
Proof. To evaluate W (%, %, %, %; i,j), we will consider two cases: ¢ + 7 < D and

i+j>D.

Case i + 7 < D. In this case, from (4.61) we get 51 = D + i+ j, fo = 2D,
Bs=D+i+j, ap =ay =D +1, ag =ay = D+ j. The hypergeometric term in

(4.61)), after rearranging the upper indices, becomes

_i7 _Z.u _j7 _j
D—i—j—1,D—i—j+1,1

The coefficient in (4.61]) is

(A(2.2.0) (28, 2.5)) (D +itj+D(-1)+P
(D —i— )22
_ (D =)IED = NGNHD +i+ 5+ (=)™

4.67
(D+ i+ DND + + D — i — G o
The expression (4.67]) is equal to
D—i)(D— (D +i+j+1)(=1)+P

(D+i+1)(D+j+1)I(D—i—j)
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Performing a Whipple transformation (4.64]) with the substitutions —p = —i, ¢ = —j

a=—t,as=—j5,r=1,b=—D—i—j5—1,by =D —1—j+ 1, the hypergeometric

component in (4.66)), after rearranging lower indices, becomes

1F3 ;1. (4.69)
1,D+2, —D

The coefficient contribution from the Whipple transformation is

(=D —i—1);(D—i+1)

(=D —i—j=1iD—i—j+1)
_(-Di(D+i+1)! DI (D+i+1)  (D—i—j) (4.70)
@+ D=)(=D)ID+i+i+ D (D =)

We see that coefficients (4.68

and (4.70) multiply to %, as desired.

Case i+j > D. In this case, from (4.61]) we get 5, = 2D, By = D+i+7, (3

A = Qg =

= Dtit],
D +1i, a3 = ag = D + j. The hypergeometric term in (4.61)) becomes

i—D,i—D,j—D,j—D

2D —1,i+j—D+1,i+j—D+1
The coefficient in (4.61)) is
(8(2.2.0)"(8(2.2.)) @D+ 1)
(i+5 =D ((D=i))*((D—35))° (4.72)

(D - )()(D )'GH*(2D +1)! '
(D+z+nw +i+ DG+ 35— D)(D =)D —5))?
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The expression (4.72)) is equal to

o (iN2(jN%(2D +1)! 2 | (4.73)
(D+i+)(D+ 5+ D@ +j— D)) (D—i)(D - j)!

Now we will perform three Whipple transformations. For each one we list the indices
chosen —p, q, ai, as, 7, by, by, the resulting hypergeometric term (with possible
rearranging of some upper indices), and the coefficient contribution, C;, from the

corresponding Whipple transformation.

1. Using -p=1—D,q=7—D,ay =1—D,ay,=j—D, r=1+75—D+1,

b1:—2D—1,b2:Z+]—D+1

i—D,i+1,j—D,j+1
4 Fy L1, (4.74)
i+j+2 —D,i+j—D+1

(=D —j—1pi(i+1)p
(=2D —1)p_i(i+j—D+1)p_;
C(=D)PTD+j+1)DY (D+i+1) (i4j—D)! L5
B (i+j+1)! il (=)P-ieD+1)! 4§ (4.75)

Clz

2. Usjng—p:@'—D7q:j—|—]_7a1:i—|—1,a2:j—D,T:—D,b1:i+j+2,

e 1] (4.76)
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(i +1)p-i(i — D)p

C:

2T G+ +2)piliti—D+1)p
D! i @+ +D! (i4+45— D)

= (1P D =) . 4.
i!( ) 1) (D+j+1)! j! (4.77)

3. Using —p=—j,q=7+1, a1 =i—D,aa=—-D—i1—1,r=—-D, by =—D, by =1:

—i i+ 1, —j, i+ 1 —i i+ 1, —j, i+ 1
-D,D+2,1 1,D+2 —D
0o = (D =i 1(=5);
(=D);(1);
—1)7(D 45+ 1)! D—-'1

D+ (= )Jﬂ(—1)iD!ﬁ'

1)D—i+j o (_1)i+]'—D

Combining coefficients we see that CoC1C5C3 = (= T = b

, since 1, 7, D are

integers. U

We now evaluate the Biedenharn-Elliott identity using Proposition |4.3.6

Proposition 4.3.7. For integers 0 < h,i,5 < D we have

S (2 + Dug(Bn)ue(0)ue(6;) = (D + 1)3<W (

t=0

]IS

Proof. First we apply Proposition witha=ad =b=V=c=c = %, e =h,
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f=1,9=j,and d =t to obtain

Yot w(g, 8, %,

teIN

Nllw

;ta h)W(%, %7 %a %7tal)W(§7 %a %7 %atj)
(I (2, 2,0k, 2 W (R, 2,0 ki B) . (481)

Note that % + % +t is an integer if and only if ¢ is an integer. So by 1} the terms

of the sum vanish in which ¢ is not an integer or ¢ > D. By Proposition {4.3.6| and

(2.28), the left hand side of (4.81)) becomes

(D™ Puy(0n) (=)™ Pu(6:) (=1 uy(6))

D
P2t +1 J
;( AR D+1 D+1 D+1 ’

which simplifies to

(_1)z‘+j+h D
Z(2t + D)ue (01 ) ue(0;)ue(0;). (4.82)

(D+1)* =

Setting (4.82]) equal to the right hand side of (4.81]) and dividing by the coefficients

completes the proof. 0

Corollary 4.3.8. For 0 < h,i,5 < D we have

oy = @i+ )2 + )0+ )(W (220,05 2)) (4.83)

vt

Proof. Using Propositions and substituting (2.13)),(2.14) we have
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kik;
Ply = =0 Y keua(6:)un(0;)ur(0r)
t=0

(2 zrDl)J£2i7)2+ 1) ((D + 1)3<W (2,24, h;j, §)>2>

= (2i+1)(2j + 1)(D + 1)<W (2, 5,0, h; 4, %))2-

OJ
Corollary 4.3.9. For 0 < h,i,5 < D we have
pzj > 0.
Proof. Immediate from Corollary |4.3.8| 0

4.4 Proof of the Kresch-Tamvakis conjecture
We are now ready to prove our main result of this chapter. We will use the Perron-

Frobenius theorem [25, p. 529].

Proposition 4.4.1. For 0 <i,5 < D we have
ui(6;)] < 1.

Proof. By Lemma [2.8.4] the vector 1 is an eigenvector for B; with eigenvalue k;.

By Corollary 4.3.9, the entries of B; are all nonnegative. By Lemma the scalar
v;(0;) is an eigenvalue of B;. By the Perron-Frobenius theorem [25] p. 529], we have

|vi(0;)] < k;. The result follows from this and ([2.19)). O

Equation ([2.28)) and Proposition imply Theorem [4.0.1]
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4.5 New p}; formula for Def. [2.3.1

We finish this chapter with some more details about the formula for ij in Corol-
lary By Lemma [2.8.10 without loss of generality we assume ¢ < j < h. Also,
in order to avoid trivialities, we assume that h,i,j satisfy the triangle inequalities,
which in this case become h < 7+ j. As we evaluate pﬁj in line , we consider
the last factor. We evaluate that factor using Definition with

D
2

D
b=
’ 2

) C:Z’ dzh’? 62]7 f:

a =
For these values, we have:
ap =D +1, as =D + 7, a3 =D + h, ay=h+1+7,

bh=D+i+j  fo=D+h+i, [s=D+h+]

Note that we then have:
041—51:—17 ay — B = —1, as—ﬁlzh—i—j; a,— P =h—-D

B —1=-D—i—j—1, Po—Bi+1=h—j+1, Bs—Pi+1=h—i+1

For the above data, (4.83]) becomes

—j, —i,h—i—j, h—D 1 )2
—D—i—j—1,h—j+1, h—i+1

ply=Cl(2i+1)(2j +1)(D+1) <4F3
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where

on _ (AE B DAL DAB B WA D +i+i+ D
Wi (h— ) (h — )il + 5 — h)Y(D — h)!

(D =)D = HUD = NG +h—l(h+i—7)
D+i+D)D+j+D(D+h+D)Gi+j+h+Dit]j—h)

( A(D +i+j+1)! >2
(h—i(h—H(D—=h))
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5 Spin Leonard pairs and fusion algebras

A spin model is a type of statistical mechanical model that was used by Vaughan
Jones to construct topological link invariants in his 1989 paper On Knot Invariants
Related to Some Statistical Mechanical Models [30]. Every spin model produces a link
invariant, although in some circumstances the invariant produced may be trivial. The
Jones polynomial is an example of a nontrivial knot invariant that is constructed using
a spin model called the Potts model [29]. Spin models have connections to association
schemes and Leonard pairs. In particular, Jaeger used topology to prove that every
spin model is contained in the Bose-Mesner algebra of an association scheme [2§],
and, shortly after, Nomura proved the same result using linear algebraic techniques

33].

Curtin in [I1] defined the notion of so called spin Leonard pairs. By the work of
Caughman and Wolff in [7], and Curtin [9], if a Bose-Mesner algebra supports a spin
model, then the intersection matrix By and Krein parameter matrix B, as mentioned
in Sec. [3.3] form a spin Leonard pair. Nomura and Terwilliger showed that, in certain
instances, it may be possible to construct a spin model given a spin Leonard pair and

a distance regular graph of a certain form [40] 4T].

In reference to the subalgebras given in Sections [3.5] and there are some cases
when the corresponding strongly regular graphs exist, and there is an associated spin
model [27], [13]. These, in turn, give rise to a link invariant which is an evaluation of
the well-known Kauffman polynomials. However, by the work of De La Harpe [13], it
appears that the specific evaluations that appear in these cases result only in trivial
link invariants. In the example of the Clebsch graph, which we saw in and
Figure [3.3] the Bose-Mesner algebra is known to afford a spin model (see [12]). As
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mentioned by De La Harpe, despite the triviality of the link invariant in some of these

cases, such spin models may still be of interest to combinatorialists [13].

In this section, we will use the theory of spin Leonard pairs to prove a general-
ization of the correspondence in Section (3.5} specifically Thm. and Cor. 5.6.2
In fact, we will prove a more general result that applies to all spin Leonard pairs of
Racah type. By work of Curtin ([11] and [I0]), the same result holds for the spin

Leonard pairs of the following types:

(1) Racah type (with h* = h, s* = s, r; = s/2, 719 = 35/2 +d + 1 in the notation of

[49, Ex. 5.10))

3ss8*
4

(2) Krawtchouk type with v = —1 (or r = and s = s* in the notation of [49,

Ex. 5.13))

(3) Bannai-Ito type (with h* = h, s* = s, 11 = —=3s/2+d+ 1, ro = —s/2 in the

notation of [49, Ex. 5.14])

We are primarily interested in the Lenoard pairs from Def. and so we will

only consider the Racah type spin-Leonard pair case, of which the Leonard pairs in

Def. are a special case.

5.1 Spin model definition

We now review the definition of a spin model.

Definition 5.1.1. Let n be a positive integer. A spin model is a triple S =

(X, W+, W~) where X = [n] and W, W~ are symmetric n X n complex matrices
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satisfying the following properties.

WhHWo, =1 forallabe X, (5.84)
> W, W =nde. forallabeceX, (5.85)
xeX
S W WSEWo, = VaW W, Wo,  for all a,b,c € X. (5.86)

zeX

The elements of X are called the spins of S. Matrices that satisfy are called
type II, and matrices that satisfy are called type III.

Jaeger and Nomura showed that a symmetric spin model is contained in a Bose-
Mesner algebra of some symmetric association scheme [28], [38]. Hence, if a spin
matrix W exists in the Bose-Mesner algebra generated by {4;}%_,, then there exist

scalars {to,t1,...,tq} in K, such that

d
W =Y "tA. (5.87)
i=0
The coefficients ty,tq, ..., tq, are called the Boltzmann coefficients of the spin model.

From Definition B.1.1] we have that

d
W=t A (5.88)
=0

5.2 Spin Leonard pairs

In this section we recall the definition of a spin Leonard pair.
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Definition 5.2.1. A Leonard pair A, A* on the vector space V is called a spin
Leonard pair when there exist invertible linear transformations W, W* on V that

satisfy the following:

WA= AW, (5.89)
W*A* = A*W*, (5.90)
WAW™ =W TAW™. (5.91)

The matrices W, W* are called a Boltzmann pair for (A, A*).

Since the A and A* of a Leonard pair are multiplicity free, Lem. [2.4.2| and condi-
tions ((5.89)) and (5.90|) are equivalent to W being in (A), and W* being in (A*), the

algebras generated by A and A* respectively (see [11, Lem. 3.2]).

Definition 5.2.2. Let A, A*, A® be linear transformations on a finite-dimensional
vector space V. We say A, A*, A®is a Leonard triple on V if, for any B € {A, A*, A°},
there is a basis for V' such that the matrix representing B is diagonal and the matrices

representing the other two transformations are irreducible tridiagonal.

Recall 7 is an antiautomorphism on the transformations of V' if it is K-linear and

T(XY) = 7(Y)7(X) for any two linear transformations X,Y on V.

Definition 5.2.3. Let A, A*; A®° be a Leonard triple on V. We say A, A*, A° is a
modular Leonard triple if, for any B € {A, A*, A°}, there exists an antiautomorphism

that fixes B, and swaps the other two transformations in the Leonard triple.

Curtin [II] classified all spin Leonard pairs and showed that if A, A* A° is a
modular Leonard triple, then A, A* is a spin Leonard pair. Conversely, Curtin also

showed that if A, A* is a spin Leonard pair, with Boltzmann pair W, W* then
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(A, A*; A°) is a modular Leonard triple, where A° = WA*W~! = W*'AW*. For
completeness, we present the proof of the direction that modular Leonard triples can
be used to form spin Leonard pairs. This direction will suffice for our needs. For

more details on the other direction, and for the classification, we point the reader to

[10] and [L1].

Definition 5.2.4. Let A, A*, A®° and B, B*, B°® denote Leonard triples on V" and V'
respectively. We say A, A*, A® is isomorphic (as Leonard triples) to B, B*, B if there
is a K-algebra isomorphism o : End(V) — End(V’) such that o(A) = B, ¢(A*) = B*,
and o(A°) = B°.

Definition 5.2.5. A canonical modular Leonard triple of diameter d, is an ordered
triple of matrices (A, A*, A°) in Maty,;(K) which form a modular Leonard triple on
K91, where A, A° are irreducible tridiagonal, and A* is diagonal, and where the row

sums of A are equal to (A*)g .

Curtin in [10] proved the following theorem and lemma.

Theorem 5.2.6. [1.6, [I0]] Let A, A*, A° be a modular Leonard triple, and let
o, ...,04 be an eigenvalue sequence of A, A*, A°. Then A, A*, A° is isomorphic to a

unique canonical modular Leonard triple B, B*, B® such that B* = diag(fo, . ..,04).

Lemma 5.2.7. [10, Lem. 1.7] Let A, A*, A° be a canonical modular Leonard triple

of diameter d. Then

bo b1 e bd,1 *
A= tr1d1ag ayg a1 ... Q4—1 Gq (592)
* CT ... Cg—1 Cq
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A* = diag(6o, . .., 04,) (5.93)

bovi  bive ... bg_1vy *
A® = tridiag | q, a ... Ag—1 ag (5.94)
x o /1n ... Cq1/Va1 Ci/Va
with ¢ = by = 0, where b;_1,¢;,v; # 0 for 1 < i < d, where the eigenvalues 0;,....,0,

are distinct, and where ¢; + a; + d; = 0y (0 < i < d).

The full theorem and lemma stated above are not needed for our goals, but we
direct the reader to [I0] and [I1] for more details. In particular, the uniqueness of
the canonical form is not necessary for us. The Leonard pairs in Def. belong to
the family of Leonard pairs of Racah type. We will identify a particular subfamily
of Racah type Leonard pairs that contain these examples and that always form spin
Leonard pairs. This is stated in the next lemma and will be proved over the next two

sections.

It is worth noting that Curtin showed that the family mentioned in the next lemma
in fact constitues all of the spin Leonard pairs of Racah type [11, Theorem 1.13]. As
a result, we will refer to them as the spin Leonard pairs of Racah type. We will
not present the necessary condition of this classification, but only the sufficiency

condition, and we again direct the interested reader to the work of Curtin.

Lemma 5.2.8. (Lemma 1.8 [I1]]) Fix a nonnegative integer d, a field K, and assume
char(K) = 0 or char(K) is an odd prime greater than d. Take 6y, h,s in K such that
h#0,s# —i(2<i<2d), and 3s # —2i (d+2 < i < 2d+1). Define the following
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matrices

bo b1 bd—l *
A= tridiag ag QA1 ... Q4—1 Qg (595)
* €1 ... Cg—1 (g4
and
A* = diag(0y, ... ,04,), (5.96)
where
O; =00+ hi(i +s+1) (0<:<d), (5.97)
hd(3s + 2d + 4
by = — (32 +4) (5.98)
h(z 1)(t—d)(21 2d + 4
b — (i4s+1)(d ' )(2i+ 35+ 2d + 4) 1<i<d—1), (5.99)
42t +s+1)
hi(i+s+d+1)(2i —s —2d — 2) .
;= , 1<i<d—-1), 5.100
¢ 421+ s+ 1) (Isis ) ( )
hd 2
g _Pdls+2) (5.101)
4

Then (A, A*) form a spin Leonard pair.

The fact that the matrices A, A* given above define a Leonard pair on V' is by the
work of Terwilliger (see [48 Ex. 5.10], and also [I1, Lem. 1.8], and [10, Lem. 1.10]).
We also note that, in these works, it is shown that the A, A*, have the same spectrum,
and hence these Leonard pairs are all self-dual. We will show these are spin Leonard
pairs in Section 5.4 We will do this by first showing that a modular Leonard triple
is a spin Leonard pair in Theorem and then we show the Leonard pairs in

Lemma [5.2.8 are modular Leonard triples in Theorem [5.4.3]
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5.3 Modular Leonard triples are spin Leonard pairs

Lemma 5.3.1. Let A, A*, A° be a modular Leonard triple on V. For each B €
{A, A*, A°}, the antiautomorphism that fixes B and swaps the other two is unique

and an involution.

Proof. Removing B from the set {A, A* A°}, the remaining two elements form
a Leonard pair. Call the two elements A" and A”. By Lemma the A’, A"
generate End(V'). Hence an antiautomorphism is uniquely determined by what its
action this generating set. Also, this antiautomorphism swaps A’ and A”; hence, it is

an involution. O

Lemma 5.3.2. [2.5, [11],10.1, [I0]] Let A, A*, A° be a modular Leonard triple on V.

Then there exist automorphisms v, v* of End(V') such that

VO(A°%) = A°, 1°(A) = A", (5.103)

Proof. Given distinct X,Y, Z € {A, A*, A°}, let axy be the antiautomorphism in
Theorem that fixes X and Y. Let puxy be the antiautomorphism as in Definition
that swaps X and Y and fixes Z. Then let v = a g0 afta- a0, let v* = aax apiac a,

and let v° = ag0 a+pt4 4+ The result follows. O

Corollary 5.3.3. [[I1, Cor. 2.6] [I0, Lem. 10.2]] Let A, A*, A° be a modular Leonard
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triple on V. Then there exist U and U* such that:

UA =AU

UA* = A°U

AU =UA®
AU = U*A*. (5.104)

Proof. We have v and v* as given in Lemma [5.3.2l By Lemma there exist

invertible U and U* in End(V') that represent v and v* respectively. Then, by Lemma

5.3.2, we have:
A=v(A)=UAU!
A =y(A") =UAU!
A* = A (AY) = UF A*(UF) !
A=v(A%) =UA(U*) "
The result follows. O

Theorem 5.3.4. [I1, Thm. 1.5] Let A, A*; A° be a modular Leonard triple on V.

Then A, A* is a spin Leonard pair.

Proof. Take U and U* from Corollary [5.3.3l We have that

UA = AU,

UA* = A*U*, and
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UAU ™ = A° = (U") 1 AU™,
The result follows. U

5.4 Racah type spin Leonard pairs

Our next task is to prove that the Leonard pairs given by the matrices defined in

(5.95} [5.96} [5.97H5.102)) in Lemma are spin Leonard pairs. We do this by taking

such a Leonard pair, A, A*, and showing that there is a transformation ¢ such that
A, A*, A® is a modular Leonard triple. The result then follows from Theorem [5.3.4]
We will be able to use this result to explicitly construct the matrices U and U*.
Throughout, we will work in a basis where A is irreducible tridiagonal, and A* is

diagonal, hence we can assume they are in the form as given in ([5.95} |5.96)).

Recall the antiautomorphism 1 given in Theorem Note that composing an
automorphism ¢ with an antiautomorphism 7 yields ¢ o 7, which is another antiau-

tomorphism.

Definition 5.4.1. Let A, A* be a Leonard pair of diameter d on vector space V.
Suppose A, A* is of the type given in Lemma [5.2.8] represented in the basis where
A is irreducible tridiagonal and A* is diagonal. Let P be the corresponding matrix

from Definition [2.6.3] Let T be the antiautomorphism given in [2.5.3]

Define the following matrix N € K4*1:

N = diag(1,—1,1,...,(=1)%). (5.105)

Define the following automorphisms:
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o : End(V) — End(V)
o(X)=PIXP = PXP, (5.106)

d: End(V) — End(V)
5(X)=N"'XN=NXN". (5.107)

Define the following antiautomorphisms,

g End(V) = End(V)
w(X)=06(c(6(X")) = (NPN)'XTNPN = (NP'N)'XTNPIN,  (5.108)
@ End(V) — End(V)
p(X)=6(X")=N"'XTN=NXIN" (5.109)
p° - End(V) — End(V)

(X)) =o(X" =P 'X'P=pPXTP (5.110)

Note that, since the inverses of NV and P (by self-duality) in the previous definition
differ from the original matrix by a constant, i.e. N™!' = N and P~! = v=1 P, where
v = Zf:o k;, all the automorphisms and antiautomorphisms of Definition are
involutions. Also recall that self-duality implies u;(0;) = u}(0;) = u;(6;). We also

need one more basic result.

Proposition 5.4.2. Fix a Leonard pair A, A* on a vector space V' of the type given
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in Lemmal[5.2.8. Then
‘91' — 26Lj = Hj — QCLZ'. (5111)

Proof. Expanding both sides individually, we find that they both equal —d?h +
hi? + hj* — 3dhs + his + hjs — 2dh + hi + hj — 6. O

We are now ready to prove that the Leonard pairs in Lemma [5.2.8) are modular

Leonard triples, and hence spin Leonard pairs.

Theorem 5.4.3. With reference to Definition let A, A* be a Leonard pair
of diameter d on vector space V. Suppose A, A* is of the type given in Lemma
represented in the standard basis, where A is irreducible tridiagonal and A* is
diagonal. Define A° = §(A) = N"*AN. Then A, A*, A° is a modular Leonard triple.

Proof. Recall from Theorem that T fixes 4 and A*, and X' = KXK', where
K = diag(ko, k1, ..., kq). Since N and K are diagonal, they commute, hence (A°)" =
KYNTAN)TK = K'NTAT(N-)TK = NT(K'ATK)(N"1)T = NAIN-! =
NAN—! = A°,

Recall that o(A) = A* and 0(A*) = A by Lem. Also note that A, A* A°
have the form given in (5.92), (5.93), and with v; = —1 for (1 <7 <d).

Our proof will be completed by the following two steps, each with three sub-steps.

(1) We show that p, u*, u° are antiautomorphisms satisfying the definitions for mod-

ular Leonard triples:

(i) p fixes A and swaps A*, A°.

Proof of (i). To see that u fixes A, we must show ANPNK™! equals
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(NPTIN)'K1AT = NPNK~1AT.

First note that NPNK~! = NPK~!N, and the i,j entry of PK~! is

v;(0:)/k; = u;(0;) = ui(0;).

By matrix multiplication, the 4, j entry of NPNK AT is:

(=1 (ejus1(6:) — aju;(0;) + bjujia(6;)
= (=)™ ejuyo(0:) + aju;(0;) + bjujia (6;) — 2a,u;(6;))
= (=1 (G;u;(6;) — 2a,u;(6;)) (by Def.

= (= 1) (06 — 20;)
By matrix multiplication, the i, j entry of ANPNK ™1 is:

(=1)" 7 (e (0im1) — aiwj(0:) + by (0541))
= (=1 cqu(05-1) + aiu(0) + by (0541) — 2a3u;(6;))
= (=1 cquima(05) + aiui(05) + biuira (6;) — 2aiui(05))
(since u;(0;) = u;(6;))
= (=1 (0;ui(0;) — 2a;u4(6;)) (by Def.

= (=1)"7 u;(6;)(0; — 2a).

And, by Propoisition [5.4.2] we know that 0, — 2a; = 60, — 2a;. Hence
ANPNK™' = (NPIN)'K1AT.
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To see p swaps A* and A°, we have:

u(A%) = 6(a(6((A°)")))

= A" (A* and N are diagonal)

(ii) p* fixes A* and swaps A, A°.
Proof of (ii). Since p*(X) = N"1XTN and N and A* are diagonal, we see
that p* fixes A*. We also have p*(A) = N"'ATN = N"'AN = A°, and p*
is an involution. Hence pu*(A°®) = A.

(iii) p° fixes A° and swaps A, A*.
Proof of (iii). Recall t fixes A and A*. By Lemma and self-duality,
we see that u® swaps A and A*. Also T fixes A% and p°(A°) = o((A°)") =
o(A°) = o (5(A)) = o(5(A")), and recall §(a(5(A))) = u(A) = A. Tt follows
that d(u°(A®)) = A. Since 6 is an involution and §(A) = A°, we have
pe(A%) = A°.

(2) We show that A, A* A° is a Leonard triple.

(i) There is a basis of V' where A is diagonal and A*, A® are irreducible tridi-

agonal.

Proof of (i). We see that u°u is the composistion of two antiautomorphisms
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(iii)

and is therefore an automorphism. And gy maps A, A*, A° to A*, A® A,
respectively. Now by the Noether-Skolem Lemma/2.5.1] There is a invertible
Q such that p°(u(X)) = QX Q™. Hence, in the basis with the columns of Q,
the matrices representing A, A*, A are the same as the matrices A* A°, A

represented in the standard basis, as desired.

There is a basis of V' where A* is diagonal and A, A® are irreducible tridi-

agonal.

Proof of (ii). This is satisfied by the standard basis in the assumption of

the problem.

There is a basis of V' where A° is diagonal and A, A* are irreducible tridi-

agonal.

Proof of (iii). Similar to (i), we can take the basis consisting of the columns
of matrix @ representing the automorphism u(u®(X)) = QXQ'. Hence,
the matrices representing A, A*, A° in this basis are the same as the matrices

A° A, A* in the standard basis.

The proof is now complete. 0

By Theorems [5.3.4] and [5.4.3], we have the following corollary.

Proof.

Corollary 5.4.4. With reference to Definition[5.4.1 Let A, A* be a Leonard pair of
type as given in Definition 2.3.1, Then A, A* is a spin Leonard pair, with Boltzmann
pairU*= N, U = NPN.

The only thing left to show is that U = NPN and U* = N. By the con-

struction of U,U* from v,v* given in Lemma 5.3.2, and by the proof of Theorem |5.4.3|
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we have that U = K"'!NP'NK = NK'PTKN,and U* = K"'NK = N.

And finally, we know that K~ 'PTK = P, since P,; = v;(0;) = kju;(6;) =
kj _ K
kjui(0;) = 7vi(6;) = 2Py, O

ki

Lemma 5.4.5. [I1, Lem. 5.1] Let A, A* be a spin Leonard pair on vector space V,
with Boltzmann pair U,U*. Then UU*U and U*UU* are nonzero scalar multiples of

each other.

Proof. Define automorphisms on End (V') by letting v(X) = UXU !, and v*(X) =
U*X(U*)7t. We see from Definition and that we have UA*U! =
U*~tAU*. By , U € (A), the algebra generated by A, and by , U* e (A*),
the algebra generated by A*. Hence by Theorem the map { fixes U and
U*. Applying the antiautomorphism 1 to we get UTTA*U = U*AU*L. Let
T=UAU"'=U"1AU* and let T* = U 'A*U = U*AU*~'. We see that v(A) = A,
v*(A) =T% v*(A*) = A*, v(A*) =T, and we see that both vv*v and v*vv* fix both
A and A*. By Cor.[2.4.8, A and A* generate End(V'), hence we have that vv*v and
v*vr* agree on End(V) and are hence equal. The result follows from Lem.[2.5.2] O

An implication of this lemma for the Leonard pairs from Definition is that
PNP and NPN are scalar multiples of each other. In this case, comparing the (0,0)
entry of NPN and PN P, we find that they differ by the constant 7 = 3¢ (=1)%k; =

(—=1)%(d + 1). Therefore, we have the following result.

Corollary 5.4.6. With reference to Definition let A, A* be the Leonard pair
given in Definition 2.3.1, Let N = diag(1,—1,...,(=1)%), let P be as in Definition
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and let 7 = 3 (=1)'k; = (=1)%(d + 1). Then

PNP = NPN = (-1)%d + 1)NPN. (5.112)

We will see in the next section (Section [5.5)) that this result can be used to

prove Corollary [5.5.2] which will imply a generalization of the construction made in

Section [3.5

5.5 Alternating sum of products formula for Def. 2.3.1

Note that Corollary also tells us that the columns of P are eigenvectors of
U = U*PU*. Specifically the mth column of P, which we denote by #,,, has eigenvalue
v(—1)™

Uty = NPN@, = 0(=1)"T, = (1) (d + 1)@, (5.113)

Dividing (5.113)) by k,,, and finding the nth entry in the vector on both sides, we

have the following corollary.

Corollary 5.5.1. For any n,m (0 < n,m < d),

(=) +m(d 4 1) = (=1Y(2) + 1)t (0;) 1 (6).

Jj=0
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Equivalently,

—n,n+1, —m, m+1

1, d+2, —d

[—nontl =g i1

§=0 L 1,d+2, —d
—m, m+1, —j, j+1
X4 F3 1
L 1,d+2, —d

By taking m = 0 in the previous corollary we get the next corollary, which we
will use in Section to prove a generalization of the correspondence observed in
Section [3.5] Specifically, we will show an algebraic connection between the feasible

strongly regular graph parameters
(4n*2n* —n —1,,n* —n —2,n* —n)

and the Racah-type orthogonal polynomials (and Leonard pairs) given in Defini-

tion 2.3.11.
Corollary 5.5.2. Forallk (0 <k <d)

d —n,n+1, =k, k+1 Lk
D (=120 + 1)4F P = (=D)d+1).  (5.114)
n=0 ]_, d—|— 2, —d

Proof. If we take A, A* to be the Racah type spin Leonard pair with s = 0 and

h=— ,then k; = [0, %= = 2i + 1, hencel/—zd o =Dk = (-1)Ud +1).

(d+2 J=0 ¢;

71



From Def. and ([2.28) the matrix P has entries:

Pij = kjui(0;) = (25 + 1)4F3 1
1,d+2, —d

By evaluating the hypergeometric series with j = 0, we see that first column of P is

(1,1,...,1)". Hence the first column of U*P is (1,—1,...,(=1)4)T.

Therefore, we get that the (i,0)-entry of PU*P is:

d —n,n+1, —i,i+1
> (=1)"(2n +1)4F; 1

-, 1,d+2, —d

By Corollaries [5.4.6| and [5.4.4] we have that PU*P = vU*PU*, and hence, this same

(1,0)-entry is equal to D(—l)”OPL0 = (d + 1)(—1)%+, -

It is worth noting that Corollary can actually be proved by expressing the
hypergeometric series as a sum, swapping the order of the summation, and then using

the following sum formulas:

i(—l)”(Zn +1) (";}'lh) — () d—h+1) (d *;;f 1) | (5.115)

é(—l)h(;{) (k Z h) = (-1~ (5.116)

This alternate proof is given in Appendix
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5.6 0Odd diameter fusion of Def. |2.3.1

In this section we show the following generalization from the example in Section
for all odd d (A similar formula follows for even values of d, but the ]5?7 ; values are not

integers, and so they do not correspond to feasible parameters of a strongly regular

graph).

Theorem 5.6.1. Let d = 2n — 1, for some integer n > 1. Let B be the matrix

algebra generated by the {B;}%_, for the Leonard pair in Definition [2.3.1 Let B be

the subalgebra generated by the matrices Ay = I, A} = > Bom, Ay = > Bom-1.
m=1 m=1

Then the following hold.
-~ 2 ~
(i) There are values ﬁZj such that for all i,j, A;A; = ;;oﬁ?’jAh'

(ii) The matrices (Bl‘)h,j = ﬁﬁj, are given by

0 2n°—n—1 0 0 0 2n +n
BOZL 31: 1 n?—n-—2 n? ) B2: 0 n? n®+n
0 n®>—n n?—1 1 n2=1 n®’+n

(5.117)

(iii) These matrices have the matrix of eigenvectors (and eigenvalues),

1 2n2—n—1 2n2+n

1 —(n+1) n
In particular the matrix in has columns (rows) that are the right (left) eigen-

vectors of the B;. Also the (i, ) entry is the eigenvalue of B; (B;) of the ith column

(jth row) vector, of P.
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Proof. Since the Leonard pairs in Def. are self-dual and the B; are simultane-

ously diagonalizable, we can work with the B;. Let flz‘) =B; =1, fl{ = znjl B, [1; =
i Bj ., ie. the corresponding duals of the A;. And since the diagonal of B¥ is
;nh:e1 1th column of P, we can think of them as these columns if we like, and hence the
diagonal of A;‘ as the corresponding sums of these columns. By and the or-
thogonality relation the sum of the columns of P has the Oth entry v = (d+1)?

and all other entries 0. Hence all for j > 0 we have (A%);; + (A3),,; + (A});; = 0.

Cor. [5.5.2) Def. [2.3.2] and (2.28)) tell us (A%);; + (A%);; — (AD);; = (=1 (d + 1).

The Oth entry of 1213 can be found by evaluating the sum of every other odd integer
starting with 3 to 2(d + 1) 4+ 1, and similarly for 121{ the odd integers starting with 5

to 2d + 1.

Hence it is straightforward to check that for odd d the first diagonal entries of
At and Aj are the entries (0,1) and (0,2) of the matrix P in ((5.118), and the other
diagonal entries repeat with period 2, specifically with the entries in (1, 1), (2,1), and

(2,1),(2,2) of P respectively.

Note that the B} are the images of the B; under a K-algebra isomorphism, they
form a commutative K-algebra, and Ay =1. So, to work out the ﬁffj, one only needs
to compute the products (A%)2, (43)?, and A% Aj. Because of the repeated entries, it
suffices to look at the entry wise products of the columns of P. It is a straightforward
calculation to see they come out to the entries in the matrices By, By, By from (5.117).

OJ

Note, this technique also allows one to compute the ﬁﬁfj, and the P in the even
diameter case, and By will still be irreducible tridiagonal. However, some values will

be half integers, and so will not correspond to intersection matrices, eigenvectors, and
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eigenvalues of feasible strongly regular graphs.

The intersection parameters and eigenvalues of a strongly regular graph are de-
termined by their parameters (v, k, A, p) [B, 19]. Tt is straightforward to check that
if an SRG exists with parameters (4n?,2n*> —n — 1,n* — n — 2,n% — n), then it will
have the the intersection matrices , and the distance matrices will have the
eigenvalues in . Hence as a consequence of the previous theorem, we have the

following corollary.

Corollary 5.6.2. Suppose d = 2n — 1, where n > 1 is an integer, and recall the
intersection matrices By = I, By, . .., By from the Leonard pair in Def.|2.3.1. Let M

be the subalgebra generated by the following matrices, /Nlo =1, /Nll = > Bom, 1212 =

m=1

> Bam—1. Then the following hold.

m=1

(i). There are structure constants ﬁ?’j such that for all i, 7,
2
Al = ZﬁZjAhv

(ii). The matrices {B;}%_, with entries (B;)y,; = p};, are the feasible intersection
matrices of the feasible strongly regular graph parameters (v, k, \, ) = (4n?,2n? —

n—1,n?—-n—2n%—n).
(iii). The matrix By is irreducible tridiagonal.

For odd diameters satisfying:

de{l1,3,5,7,9,11,15,17,19,23,27, 31, 35}, (5.119)
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the intersection matrices and P in ((5.117) and (5.118) correspond to known strongly

regular graphs [3],[8]. For a given d = 2n — 1, if the A; corresponds to an intersection
matrix of a distance regular graph, then any such graph is strongly regular with
parameters:

(4n?2n* —n —1,n* —n —2,n* —n). (5.120)

Or, similarly, we could swap B; and B, and get the parameters of the complement:

(4n?,2n* +n,n® +n,n* +n). (5.121)

These graphs are also known as the maximal energy graphs, which means that
the sum of magnitudes of the eigenvalues equal the maximum value possible for a
given number of vertices [31]. Haemers [22] conjectured that these graphs exist for
all n. The existence of a strungly regular graph for a given n is also equivalent to the
existence of a regular graphical Hadamard matrix of negative type of order 4n?, and

in [23] Haemers proved they exist whenever n is a perfect square.

Other infinite families are known. Fickus et.al., in [I6], show that for d = 2n — 1

and n = 277! for some j > 2, there exist strongly regular graphs with the parameters

given in equations ((5.120) and (5.121)). Odd values of n in general appear to be open.

In particular, it is unknown [3] whether or not such a graph exists when

o —1=d e {13,21,25,29,33}. (5.122)

As far as we know, this connection between the pseudo-distance matrices of this

set of Leonard pairs and this family of feasible strongly regular graph parameters was
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unobserved.

In the next section, we prove a generalization of Corollary for other families

of spin Leonard pairs.

5.7 Signed sum of products for certain Boltzmann pairs

In Section we proved that, for the spin Leonard pairs of Racah type (as given in
Lemma , we have PNP = vNPN, where P is from Definition , N is from
(5.105), and 7 = 327 (—1)k;. If we assume the work of Curtin [I1], a similar formula
can be shown to hold for a larger class of Leonard pairs. We direct the interested
reader to [I1] for details. In [II], Curtin gave formulas for the Boltzmann pairs of
all spin Leonard pairs. We will show that, under certain conditions, we can derive a
simplified formula for these Boltzmann pairs. The equivalence of these matrices (up
to a scalar) implies a formula for the eigenvectors of the matrix P from Def. 2.6.3|
It also gives us a proof of an identity involving a signed sum of products of certain

hypergeometric series given in Corollary [5.7.3]

The condition needed for this simplification is valid for all known spin Leonard
pairs that have Racah type, Krawtchouk type (when parameter v = —1), or Bannai-

Ito type [I1, Lems. 1.8-1.11].

Theorem 5.7.1. Let A, A* be a spin Leonard pair, with character table P, and
with Boltzmann pair W, W* as given in [11, Theorem 1.17]. If (W*)~' = W*, then
the pair:

Us=w-, (5.123)

U =W*PW* = U*PU", (5.124)
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forms a Boltzmann pair for A, A*. Note: Lemma [I1}, 1.17] tells us that W* = U* is

diagonal.

Proof. We can take A, A*, A° to be a canonical modular Leonard triple as in Lemma
and |10, Lemmas 1.6, 1.7]. By [40, Theorem 5.10], spin Leonard pairs are self-
dual. Hence the matrix P with entries P, ; = v;(6;) diagonalizes the matrix of A into
A*. This is since v;(6;) = kju;(0;), 0;v,(8;) = ciy1vip1(0;) + aivi(6;) + bi1vi—1(6;),
and 0ju;(6;) = biuis1(05) + a;ui(0;) + c;ui—1(0;). Hence, P is a matrix of left and
right eigenvectors of A. The orthogonality relations in this case give PP = vI, where

v =30k, hence P~ = ip.

So we have A* = %PAP and A = LPA*P, and so the duality o from (4, A*) —
(A*, A) is defined by 0(X) = LPXP.

(i) Since U* and A* are diagonal, we have U*A* = A*U*.
(ii) If it is the case that (U*)™! = U*, then
U N U TTAUU = (U*PUNUAU*(U*PU*) = U*P ' TAIPU*
_ U*PIAPU* = U A*U* = A"
since A* and U* are diagonal. Hence, we have that (U*)'AU* = UA*U L.
(iii) By [1I, Lemma 1.6] A° = (U*)"'AU*, and (A°)* = U*A(U*)~L.

Hence we have

U A(U) ! = (A°)" = 0(A°) = o(U") AU = L P(U™) " AU*P.

14
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This means A = L(U*)"'P(U*)"LAU*PU*, so finally

UA=U"PU"A=AU*PU" = AU.

Therefore, U*, U is a Boltzmann pair for A, A*. O

The assumption of the theorem above holds in the case that we have a spin
Leonard pair of what Curtin refers to as Type II, IV, or V. Specifically, this result

applies to the spin Leonard pairs of

(1) Racah type (with h* = h, s* = s, r; = s/2, 719 = 35/2 +d + 1 in the notation of
[9, Ex. 5.10)),

3ss™

"~ and s = s* in the notation of [49,

(2) Krawtchouk type with v = —1 (or r =

Ex. 5.13)),

(3) Bannai-Ito type (with h* = h, s* = s, 11 = =3s/24+d + 1, 15 = —s/2 in the

notation of [49, Ex. 5.14]).

In contrast, the formula given in [I1, Theorem 1.17] gives the Boltzmann pair
W* = U*,W = PU*P. However, as shown in [I1, Theorem 1.18], for any other
Boltzmann pair U*, U, there exist scalars a and b such that U* = aW*, and U = bWW.
(There is an exception in the Bannai-Ito case of [I1, Lemma 1.11], where there are
two choices for W and W*, as chosen in [I1, Lemma 1.17]. However, they still satisfy
(W*)~! = W*, and the previous theorem and the next argument still hold for finding
the coefficients a and b.) We defined U* to be W*, hence a = 1. The (0,0) entry of
U is 1, and the (0,0) entry of W is 0 = ZfZO(U*)iiki, as in [50, Lemma 3.10]. Hence,

we get PU*P =pvU*PU*, so b= % Therefore, we have the following corollary.
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Corollary 5.7.2. Let A, A* be a spin Leonard pair with character table P. Suppose

P satisfies the condition to have Boltzmann pair U*,U = U* PU* as given in Theorem

. Let v = Zld:O(U*)Z,lkz Then
PU*P = oU* PU". (5.125)

Furthermore, the eigenvectors of P are given by the columns of U*P, and the ith

entry of the jth eigenvector v; under the ordering implied by U*P is given by
(U*P)i; = U Py, (5.126)

which has eigenvalue \; = vU; ;. U

Proof. We already proved (5.125]), and the eigenvector result is proven from noticing
that (5.125) gives the diagonalization of P = 1(U*)"'PU*P(U*)™". O

Note that the above corollary also tells us that the eigenvectors of U = U*PU*

are the columns of P, and for the jth column of P, which we denote by v;, we have

UUj = ﬂU;jUj. (5127)

We have the following immediate consequence, which is a generalization of Corol-

lary

Corollary 5.7.3. Let u; be the orthogonal polynomials associated with spin Leonard
pairs of Racah type, Krawtchouk type with v = —1 (r = 3 and s = s* = 2), or
Bannai-Ito type, [11, Lems. 1.8-1.11]. Let U* be defined as in Theorem and let
U= Z?:o U ki. Then
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6 Directions for further research

As we mentioned in Section [3.4] for a Leonard pair coming from the intersection
parameters of a distance regular graph, the intersection parameters are nonnega-
tive integers and the Krein parameters are nonnegative real numbers. Although we
were not able to find a direct combinatorial interpretation of the Leonard pairs in
Def. 2.3.1] we were able to prove nonnegativity of the intersection numbers. Since
these Leonard pairs are self-dual, the intersection numbers and Krein parameters are
the same. As mentioned, this was used to solve a previously unknown special case of
[50, Problems 11.3, 11.5]. We hope this might serve as a possible direction to follow

for further understanding of these two problems.

In the future, we also hope to further explore the general Racah-type Leonard
pairs and learn what can be said about the nonnegativity or factorization of the
intersection and Krein parameters. We would also like to explore the ¢-Racah type
Leonard pairs and see if some of the techniques we have presented can be used in
combination with some of the fundamental formulas associated with the ¢-Racah

coeflicients and U, (sl(2)).

We would also like to further understand the algebraic connection between the
fusion matrices and the strongly regular graphs mentioned in Section [5.6] and to
further explore the fusions in the general Racah, Krawtchouk, and Bannai-Ito type
spin-Leonard pairs. It would be interesting to learn if any algebras isomorphic to

adjacency algebras of other graphs arise.
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Appendix A Irreducible matrices

The following theorem is proved in [25], and the history and origins of the following
definition are discussed in [44]. The following references are also of interest: [[17],
201, [241, [45]].

Theorem A.1.1. Let A be an n x n matrix. The following are equivalent:

(1) There exists a permutation of A to block lower-triangular form with more than
one block.

(2) There exists a permutation of A to block upper-triangular form with more than
one block.

(3) The digraph with adjacency matrix 1, (the nonzero indicator matrix of A, See
[25, Page 399]), is not strongly connected.

Definition A.1.2. An n x n matrix is called reducible if it satisfies any of the three
equivalent conditions in Theorem [A.1.1]

A matrix is #rreducible if it is not reducible.

Lemma A.1.3. A n x n tridiagonal matrix A is irreducible if and only if it has
nonzero super- and sub-diagonal.

Proof. If A has nonzero super- and sub-diagonal, the directed graph D with adja-
cency matrix 1, contains a two way directed path through all vertices, and hence D
is connected. Hence A is irreducible by Theorem [A 1.1 which proves one direction.

Suppose some b; = 0 (the ¢; = 0 case is symmetrical). Then we have
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ag by 0 0 0 0

c1 a by

0 0
: -+ G a1 big
A— o --- 0 C; a; 0 s 0
10 o 0 g |aigr b 0 - 0
0 0 Civ2 Q42 bi+2
0 0

; Ci—1 Qg—1 bg—1
0 00 - 0 ca oa

(&)

Hence we have that A is reducible by Theorem [A.1.T| which completes the other
direction. 0
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Appendix B Alternate proof of Cor.

First we evaluate two sums ([5.115)), ((5.116) mentioned at the end of Sec. .

Proposition B.1.1.

S (1) + 1) (”;hh> — (—1)d—h+1) (d +2};+ 1> (B.128)

n=0

Proof. Looking at a summand we have,

(—1)"(2n + 1) (” - h) _ (_1)"(”;Lh) (2n+1—h+h)

)(—h—n—1+h—n)

h)<_(h_g;__173(f$n+1)+h—n)

h) ((h—(n+1))(n(f;_h;llll) +h—n)

== (=) f;_h;lll 1 (n;zh) th=n) (n;zh»

= —(=1D)"((h = (n+1)) (n +2};L+ 1) +(h=n) (n;;h))
iy (n+1) (")

(since (

k) T n—k+1) \k
_ (_1\n+1 N (n+1)+h vl n+h
= -, Cayn-m ("N,
This expression telescopes in n, hence summing from n = 0 to d, evaluates to
(1) (h = (d+1)) ((d+21,3+h) = (=1)%d - h+ l(dg};:rl), as desired. O

Proposition B.1.2.

hi(-gh(z) (’“ Z h) — (—1)* (B.129)

0

Proof.

First note that ZZZO(—l)h(Z) (k;;h) = E:zo(—l)h(Z) (kzh). For a base case k =0
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we have

B ()0

h=0
We will show that the sum of interest of value k and k+ 1 are negatives of each other.
We will do this by showing that the summand,

(—1)h(k;:1) (k+fll+ h) (=1 (]Z) (kzh) (B.130)

is equivalent to the telescoping sum,

e | () | G B = [
(B.131)

Hence summing (B.130)) from h = 0 to d, will evaluate to 0, which implies the result.

Towards this we have,

-1 (1)

-0 () () @SS Sy

(by (”Zl) - (ﬁ:ﬂ) (Z))
=) () (5 )

= (—1)h(]§h)(}l+)1)((k +h+1)+(k—h+1))

=—(- )h—(,f’g(kh_)w(?(k +1))
_ w265
__“U(h—k—m@+n
_ w20 (3
=-(=1) (h—k—1)(k+1)

(k+1)

(= (h—k—=1)(k+1+h)+h%

2]{1 ]€+h h2

) Eh ( (k+h+1 —h k—l))

hz(ﬁ "”“+h ) (k+h+1) h?
(k+ +1 (h+1) (h—k—1)
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-ttt (he )

(K +(1_)(11ih—2};:— 1) (i) (k Z h)

(using () = 75 () and G11) = (55 2)

- @I,

This completes the proof. ([l
We now give an alternate proof of Cor. hence ford > 1,0 < n,k,<d,

d
- 1, - 1
S (-1rEn+ aF| " 711242 k_’;‘” : 1] = (~1)¥d+1). (GI1)
TLZO 7 7
Proof.

—n,n+1, =k, k+1 '1]

rar 1,d+2, —d
= ;(—Un(% +1) h; (_nizh!irf):(cll)i(;)l,jz,ﬁ;): Dy,
-Eev gy Dere () (17)
- g i e () () ) = k)
- g () e (')
@0 =05

(by Prop. [B11)
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(-1)"

() (")

(d+h)<d+h+1)

()
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(

(d—h+1 d+h+1<d+h>)

(d—h+1

(") = 22 ()

(by Prop. [B.1.2)
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