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COMPATIBILITY AND COMPANIONS FOR LEONARD PAIRS*

KAZUMASA NOMURAT AND PAUL TERWILLIGER!

Abstract. In this paper, we introduce the concepts of compatibility and companion for Leonard pairs. These concepts
are roughly described as follows. Let F denote a field, and let V' denote a vector space over F with finite positive dimension. A
Leonard pair on V is an ordered pair of diagonalizable F-linear maps A : V — V and A* : V' — V that each act in an irreducible
tridiagonal fashion on an eigenbasis for the other one. Leonard pairs A, A* and B, B* on V are said to be compatible whenever
A* = B* and [A, A*] = [B, B*], where [r,s] = rs — sr. For a Leonard pair A, A* on V, by a companion of A, A* we mean
an F-linear map K : V — V such that K is a polynomial in A* and A — K, A* is a Leonard pair on V. The concepts of
compatibility and companion are related as follows. For compatible Leonard pairs A, A* and B, B* on V, define K = A — B.
Then K is a companion of A, A*. For a Leonard pair A, A* on V and a companion K of A, A*, define B= A— K and B* = A*.
Then B, B* is a Leonard pair on V that is compatible with A, A*. Let A, A* denote a Leonard pair on V. We find all the
Leonard pairs B, B* on V that are compatible with A, A*. For each solution B, B*, we describe the corresponding companion
K=A-B.
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1. Introduction. The notion of a Leonard pair was introduced by the second author in [47]. We
will recall the definition after a few comments. A square matrix is said to be tridiagonal whenever each
nonzero entry lies on the diagonal, the subdiagonal, or the superdiagonal. A tridiagonal matrix is said to
be irreducible whenever each entry on the subdiagonal is nonzero and each entry on the superdiagonal is
nonzero. Let F denote a field, and let V' denote a vector space over F with finite positive dimension. A
Leonard pair on V' is an ordered pair of F-linear maps A : V — V and A* : V — V that satisfy (i) and (ii)
below:

(i) there exists a basis for V' with respect to which the matrix representing A is irreducible tridiagonal
and the matrix representing A* is diagonal;

(ii) there exists a basis for V with respect to which the matrix representing A* is irreducible tridiagonal
and the matrix representing A is diagonal.

We have some historical remarks about Leonard pairs. The concept of a Leonard pair originated in
Algebraic Combinatorics, in the study of @-polynomial distance-regular graphs [3, 15, 19]. The origin story
begins with the 1973 thesis of Philippe Delsarte [20]. In that thesis, Delsarte showed that a Q-polynomial
distance-regular graph yields two sequences of orthogonal polynomials that are related by what is now called
Askey—Wilson duality [51, p. 261]. Motivated by Delsarte’s thesis and Eiichi Bannai’s lectures at Ohio State
University, Douglas Leonard showed in 1982 that the g-Racah polynomials give the most general orthogonal
polynomial system that satisfies Askey—Wilson duality [34]. In their 1984 book [3, Theorem 5.1], Bannai and
Ito give a comprehensive version of Leonard’s theorem that treats all the limiting cases. This version gives
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a complete classification of the orthogonal polynomial systems that satisfy Askey—Wilson duality. It shows
that the orthogonal polynomial systems that satisfy Askey—Wilson duality all come from the terminating
branch of the Askey scheme (see [31] and [54, Section 1].) The Leonard theorem [3, Theorem 5.1] is a bit
complicated. To simplify and clarify the theorem, the second author introduced the notion of a Leonard
pair and Leonard system [47]. The Leonard systems are classified up to isomorphism in [47, Theorem 1.9].
This result gives a linear algebraic version of Leonard’s theorem. For more information on Leonard pairs
and orthogonal polynomials, see [47, Appendix A] and [51, 53].

We just mentioned how Leonard pairs are related to orthogonal polynomials. Leonard pairs have appli-
cations to many other areas of mathematics and physics, such as Lie theory [25, 39, 4, 21, 22, 29], quantum
groups [1, 12, 28, 30, 13, 2, 14, 26], spin models [17, 41, 18, 16], double affine Hecke algebras [40, 23, 24, 32, 33],
partially ordered sets [35, 45, 55, 36], and exactly solvable models in statistical mechanics [5, 6, 7, 8, 9, 10, 11].
For more information about Leonard pairs and related topics, see [48, 46, 39, 42, 44].

Next, we recall some basic facts about Leonard pairs. Let A, A* denote a Leonard pair on V. By the
construction, each of A and A* is diagonalizable. By [47, Lemma 1.3], the eigenspaces of A and A* all have
dimension one. Let d+ 1 denote the dimension of V, and let {6;}¢_, denote an ordering of the eigenvalues of
A. For 0 < i < d let v; denote an eigenvector for A corresponding to ;. The ordering {6;}%_, is said to be
standard whenever the matrix representing A* with respect to the basis {v;}¢, is irreducible tridiagonal.
For a standard ordering {6;}% , of the eigenvalues of A, the ordering {04_;}% , is standard and no further
ordering is standard. Similar comments apply to the orderings of the eigenvalues for A*. The Leonard pair
A, A* is often described using some data called a parameter array [51, Definition 17.1]. This is a sequence
of scalars:

(L.1) ({0} 0s {07 Yios {oi i {oii),

such that: (i) there exists a basis for V' with respect to which the matrices representing A and A* are

0o 0 98 P1 0
1 6 07 2
A L0 , A o1 ;
T Pd
0 1 6, 0 o

(ii) there exists a basis for V' with respect to which the matrices representing A and A* are

9d 0 98 (bl 0

1 041 07 ¢

A 1 bi2 ’ e 03
. . (bd
0 1 6 0 92

We are using the description in [54, Theorem 18.1]. For the above parameter array, the sequence {92'}?:0 (resp.
{6:19_,) is an ordering of the eigenvalues of A (resp. A*). These orderings are standard [47, Theorem 3.2].
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We comment on the uniqueness of the parameter array. Consider a parameter array (1.1) of A, A*. Then
by [47, Theorem 1.11], each of the following is a parameter array of A, A*:

({9¢}?:o;{9f f:o?{‘?i ;'1:15{@' (z'i:1)>

({91'}?:0; {QZ—i};‘i:O; {¢d—z‘+1}g:1§ {Sﬁd—z‘+1}g:1)a
({Gd—i}io?{e;ﬁ ?:0?{@' g:ﬁ{%‘ ?:1)7
({0a—iYi—0; {05 Ym0 {pa—iv1}imrs {da—is1 }iz1)-

Moreover, A, A* has no further parameter array. By [49, Lemma 12.4], two Leonard pairs over F are
isomorphic if and only if they have a common parameter array. Now consider a parameter array (1.1) of
A, A*. By [47, Theorem 1.9] the expressions:

* *
Oi—o — 011 07 o — 07,

1.2
(1.2) 61 —0, 0, — 07

are equal and independent of 7 for 2 < ¢ < d — 1. For the rest of this paragraph, assume that d > 3. Let
B + 1 denote the common value of (1.2). The scalar § is called the fundamental constant of A, A*. For a
parameter array of A, A*, the entries satisfy numerous relations [47, Theorem 1.9]. In [52], the solutions are
given in closed form, in terms of seven free variables in addition to d and 5. These seven variables are called
basic. The closed forms depend on the nature of 3, as we now describe. The Leonard pair A, A* is said
to have type I whenever 3 # +2; type II whenever 3 = 2 and Char(F) # 2; type IIIT whenever 3 = —2,
Char(FF) # 2, and d is even; type III~ whenever § = —2, Char(F) # 2, and d is odd; type IV whenever 8 = 2
and Char(F) = 2. For each type, the solutions are given in [52, Section 5].

We now describe our goals for the present paper. We introduce the concepts of compatibility and
companion for Leonard pairs. These concepts are described as follows. Leonard pairs A, A* and B, B* on
V are said to be compatible whenever A* = B* and [A, A*] = [B, B*], where [r, s] = rs — sr. For a Leonard
pair A, A* on V', by a companion of A, A* we mean an F-linear map K : V' — V such that K is a polynomial
in A* and A — K, A* is a Leonard pair on V. The concepts of compatibility and companion are related as
follows. For compatible Leonard pairs A, A* and B, B* on V, define K = A— B. Then K is a companion of
A, A*. For a Leonard pair A, A* on V and a companion K of A, A* define B= A — K and B* = A*. Then
B, B* is a Leonard pair on V that is compatible with A, A*. Let A, A* denote a Leonard pair on V. In this
paper, we find all the Leonard pairs B, B* on V that are compatible with A, A*. For each solution B, B*,
we describe the corresponding companion K = A — B.

We will describe our main results after a few comments. Consider a Leonard pair A, A* on V with a
parameter array (1.1). We will show that for d > 3, the scalar

k= (01— 0ip1)> + (B4 2)(0; — 0i-1)(0; — Oi41),
is independent of i for 1 <147 < d — 1. We call k the invariant value for A, A*.

As we will see, every Leonard pair can be represented by an ordered pair of matrices, such that the first
matrix is irreducible tridiagonal with all entries 1 on the subdiagonal, and the second matrix is diagonal.
Motivated by this fact, we consider the following setup. Fix a diagonal matrix:

A* = diag(6;, 07, ...,05),

with {07}¢_, mutually distinct scalars in F. An irreducible tridiagonal matrix is said to be normalized
whenever it has all entries 1 on the subdiagonal. Let the set € consist of the normalized irreducible tridiagonal
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matrices A such that A, A* is a Leonard pair on F¢*!. For the moment let A € Q. As we will see in Lemma
9.3, the set  contains all the matrices B such that B, A* is a Leonard pair on F4*+! that is compatible with
A, A*. For the rest of this section, fix matrices A and B in 2, and let

({ei}?:()?{a;k g:o;{%' ?:1;{@ ?:1)7 ({9; ?:03{9:}?:0§{‘P; ;-1:1;{(25;}?:1),

denote a parameter array of A, A* and B, A*, respectively.

We now describe our first main result. The Leonard pairs A, A* and B, A* are compatible if and only if
Pidi = 09} (1<i<d).

Our second main result is as follows. For the case d = 1, A, A* and B, A* are compatible if and only
if o101 = Yi¢). For the case d = 2, A, A* and B, A* are compatible if and only if ¢1¢41 = )¢} and
pay = phdh. For the case d > 3, A, A* and B, A* are compatible if and only if

(1.3) K=k, ©101 = V1P, Vada = by,

where x (resp. &) is the invariant value for A, A* (resp. B, A*). We now describe our further main results.
Assume that d > 3. Note that A, A* and B, A* have the same fundamental constant and the same type.
For each type, we describe the conditions (1.3) in terms of the basic variables for A, A* and B, A*. These
descriptions are given in Theorems 17.1, 20.1, 23.1, 26.1, and 29.1. We solve the resulting equations in terms
of the basic variables of A, A*. Our solutions are listed in Theorems 17.2, 17.3, 20.2, 23.2, 26.2, and 29.2.
For each solution, we describe the corresponding companion K = A — B. These descriptions can be found
in Theorems 18.1, 18.2, 18.3, 18.4, 21.1, 21.2, 24.1, 27.1, and 30.1.

We mention some examples of compatible Leonard pairs. Let A, B € Q as above. We mentioned earlier
that A, A* and B, A* are compatible if and only if ¢;¢; = ¢;¢; for 1 <4 < d. This condition is satisfied if
one of the following (i)—(iv) holds:

) ¢ =p;and ¢ = ¢; (1 <i<d);
(i) ¢} =@ and ¢} =¢; (1 <i<d);
i) ¢
) ¢}

= —p;and ¢; = —¢; (1 <i<d);
-:—(]5,' andqﬁgz—goi (1S2§d)

As we will see in Proposition 12.3, the condition (i) or (ii) holds if and only if there exists ¢ € F such that
B = A+(I. Here, I denotes the identity matrix. Define AY = —SAS™!, where S denotes the diagonal matrix
that has (i,i)-entry (—1)* for 0 < i < d. Then, AV € Q (see Lemma 10.1.) As we will see in Proposition
12.4, the condition (iii) or (iv) holds if and only if there exists ¢ € F such that B = AY + ¢I. In the main
body of the paper, we interpret conditions (iii) and (iv) using a symmetric binary relation called the bond
relation.

The paper is organized as follows. In Section 2, we fix our notation and recall some materials from linear
algebra. In Sections 3 and 4, we obtain some results about tridiagonal matrices that will be used later in
the paper. In Section 4, we discuss the normalization of an irreducible tridiagonal matrix. In Section 5, we
introduce the bond relation. In Section 6, we recall some basic facts about Leonard pairs. In Section 7,
we apply the bond relation to Leonard pairs. In Section 8, we introduce the concepts of compatibility and
companion for Leonard pairs. In Section 9, we introduce the set Q. In Section 10, we consider the bond
relation on 2. In Section 11, we consider the compatibility relation on €. In Section 12, we prove our first
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main result. In Section 13, we describe some basic facts about the type of a Leonard pair. In Section 14, we
display a formula that will be used in the proof of our second main result. In Section 15, we describe the
companions of a Leonard pair for d = 1,2. In Sections 16-30, we consider Leonard pairs with d > 3. For
each type I-IV, we describe the parameter array in terms of the basic variables and prove the formula from
Section 14 (Sections 16, 19, 22, 25, and 28); we represent condition (1.3) in terms of the basic variables and
give the solutions (Sections 17, 20, 23, 26, and 29); and we describe the companions of the given Leonard
pair (Sections 18, 21, 24, 27, and 30).

2. Preliminaries. The following notational conventions hold throughout the paper. Let F denote a
field. Every vector space and algebra discussed in this paper is over F. Fix an integer d > 0. The notation
{x;}4_, refers to the sequence zg,71,...,74. Let Matyy(F) denote the algebra consisting of the d + 1
by d + 1 matrices that have all entries in F. We index the rows and columns by 0,1,...,d. The identity
element of Matg(F) is denoted by I. Let F4*! denote the vector space consisting of the column vectors
with d + 1 rows and all entries in F. We index the rows by 0,1,...,d. The algebra Maty;1(F) acts on
Fa+! by left multiplication. Let V denote a vector space with dimension d + 1. Let End(V) denote the
algebra consisting of the F-linear maps V' — V. The identity element of End(V') is denoted by I. We
recall how each basis {v;}%_, of V gives an algebra isomorphism End(V) — Matgy1(F). For A € End(V)
and M € Matg1(F), we say that M represents A with respect to {v;}&_, whenever Av; = Z?:o M; jv; for
0 < j < d. The isomorphism sends A to the unique matrix in Matg;1(F) that represents A with respect
to {vi}¢,. Let A € End(V). By an eigenspace of A, we mean a subspace W C V such that W # 0 and
there exists @ € F such that W = {v € V| Av = fv}; in this case, 0 is the eigenvalue of A associated with
W. We say that A is diagonalizable whenever V' is spanned by the eigenspaces of A. We say that A is
multiplicity-free whenever A is diagonalizable and its eigenspaces all have dimension one. Assume that A
is multiplicity-free. Let {6;}¢_, denote an ordering of the eigenvalues of A. For 0 < i < d let V;, denote
the eigenspace of A associated with 6; and define E; € End(V') such that (E; — I)V; = 0 and E;V; = 0 for
j#1i(0<j<d). Wecall E; the primitive idempotent of A associated with ;. We have (i) E;E; = 0, ; E;
(0 <i,j<d) (i) I =30, E; (i) AE; = 6,E; = E;A (0 <i <d); (iv) A= Y0 6:E; (v) Vi = BV
(0 < i < d); (vi) rank(E;) =1 (0 < i < d); and (vii) tr(E;) = 1 (0 < i < d), where tr means trace.
Moreover,

A—06:1
E; = 27070 <i<d).
I 5= si<)
0<j<d
JF

Let (A) denote the subalgebra of End(V') generated by A. The algebra (A) is commutative. The elements
{A}4_ ) form a basis of (A) and H?ZO(A — ;1) = 0. Moreover, {E;}%_, form a basis of (A).

LEMMA 2.1. Assume that A € End(V') is multiplicity-free with primitive idempotents {E;}¢_,. Then for
H € End(V), the following (1)-(iii) are equivalent:

(i) H e (4);

(ii) H commutes with A;
(iii) H commutes with E; for 0 <i <d.

Proof. This is a reformulation of the fact that a matrix M € Matgy1(F) commutes with each diagonal
matrix in Matgq1(F) if and only if M diagonal. d
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LEMMA 2.2 (Skolem-Noether, see [43, Corollary 7.125]). For a map o : End(V) — End(V), the
following are equivalent:

(i) o is an algebra isomorphism;
(i) there exists an invertible S € End(V) such that X° = SXS~ for all X € End(V).

3. Tridiagonal matrices and diagonal equivalence. Recall the algebra Mat,1(F). In this section,
we describe an equivalence relation on Matg 1 (IF) called diagonal equivalence. We investigate this equivalence
relation on the set of irreducible tridiagonal matrices in Mat 41 (F).

DEFINITION 3.1. Matrices A and B in Maty11(F) are said to be diagonally equivalent whenever there
exists an invertible diagonal matriz S € Matgy1(F) such that B = SAS™!.
Note that diagonal equivalence is an equivalence relation on Mat g1 (FF).

LEMMA 3.2. For a matriz A € Matgy1(F) and an invertible diagonal matriz,
S = diag(so, 51, .-, Sd),
the matriz SAS™' has (i, j)-entry sisjflAi,j for0<4,j <d.
Proof. By matrix multiplication. O

COROLLARY 3.3. For diagonally equivalent matrices A, B in Matgi1(F),

(3.1) Aii =By (0<i<d),
(3.2) AijAj: = B, jBj; (0<4,j <d).
Proof. Use Lemma 3.2. 0

We have a comment about Corollary 3.3. Suppose that A, B in Matgq1(F) satisfy (3.1), (3.2). It is
natural to conjecture that A and B are diagonally equivalent. This conjecture is not true in general; a
counterexample is

01 2 0 1 4
A={(1 0 1], B=|1 0 1
2 1 0 1 10
We now consider a class of matrices for which the conjecture is true.

A matrix M € Matgyyq(F) is said to be tridiagonal whenever the (i,j)-entry M;; = 0if |[i — j] > 1
(0 < 4,5 < d). Assume that M is tridiagonal. Then, M is said to be irreducible whenever M; ; # 0 if
i—jl=1(0<4dj<d).

Next, we give a variation on Lemma 3.2.

LEMMA 3.4. For a tridiagonal matriz A € Matqi1(F) and an invertible diagonal matriz:
S = diag(so, 1545 8d)7
the matriz SAS™! is tridiagonal with entries:

(i,4)-entry (i,7 — 1)-entry (i — 1,4)-entry

-1 -1 :
Am‘ Sisi_1Ai,i71 Si—15; Aifl,i
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Proof. Use Lemma 3.2. ]

We emphasize a few points from Lemma 3.4.

LEMMA 3.5. For diagonally equivalent matrices A, B in Matyy1(F), A is tridiagonal if and only if B is
tridiagonal. In this case, A is irreducible if and only if B is irreducible.

Proof. Use Lemmas 3.2 and 3.4. O

We now establish the converse of Corollary 3.3 for irreducible tridiagonal matrices.
LEMMA 3.6. For irreducible tridiagonal matrices A and B in Maty1(F), assume that
(3.3) Aii=B;; (0<i<d), Aii1Ai—1;=Bii1Bi—1; (1< <d).

Define a diagonal matriz S € Matgy1(F) that has diagonal entries:

Bi1oBa1---B;i1

3.4 Sii =
(34) Ay pAs - Ay

(0<i<d).

Then B = SAS™1L.
Proof. For 0 < i < d abbreviate s; = S; ;. By (3.3) and (3.4),

Si Biio1 A1y .
3.5 Sl 1<i<d).
(3 si-1 Ajic1 Bisag (I1<i<d)

The matrices SAS™! and B are tridiagonal. By Lemma 3.2 and (3.3),
(SAS™);, = Aii = By (0 <i<a).
By Lemma 3.2 and (3.5),

(SAS™Y);io1 = sis;  Aii1 = Biia (1<i<a),
(SAS™Y); 1 =si_187 A1 = Bi_1, (1<i<d)
By these comments, SAS~! = B. O

LEMMA 3.7. For an irreducible tridiagonal matric A € Matgy1(F) and an invertible diagonal matriz
S € Matgy1(F), define B= SAS™L. Then the following (i)—(v) are equivalent:

(i) A i1 =B;—1 for1 <i<d;
(i) Aj—1,;=DBi_1, for1<i<d;
(iii) A — B is diagonal;

(iv) A

(v) S“ —SO’O for 0 <i<d.

Proof. Note that B is irreducible tridiagonal.

(i) < (i) By (32).

(i),(ii) < (iii) Since B is tridiagonal.

(i),(ii) = (iv) By (3.1) and since B is tridiagonal.
(iv) = (iii) Clear.

(i) & (v) For 0 <4 < d abbreviate s; = S; ;. By Lemma 3.4, B, ;_1 = s; s;_llAZ-ﬂ-,l for 1 <i<d. So (i)
holds if and only if s;5; %, =1 (1 <i < d) if and only if s; = 59 (0 < i < d). 0



Electronic Journal of Linear Algebra, ISSN 1081-3810
A publication of the International Linear Algebra Society I I
Volume 38, pp. 404-456, August 2022.

411 Compatibility and companions for Leonard pairs

4. A normalization. In this section, we introduce a type of irreducible tridiagonal matrix, said to be
normalized.

DEFINITION 4.1. An irreducible tridiagonal matrix A € Matgy1(F) is said to be normalized whenever
Ai,i—l =1 fOT‘l § ) S d.

LEMMA 4.2. Every irreducible tridiagonal matriz in Matgy1(F) is diagonally equivalent to a unique
normalized irreducible tridiagonal matriz in Mat 41 (F).

Proof. Consider an irreducible tridiagonal matrix A € Matg1(IF). We first show the existence of a nor-
malized irreducible tridiagonal matrix in Matg41 (F) that is diagonally equivalent to A. Define an irreducible
tridiagonal matrix B € Matgy;(F) such that B; ; = A;; for 0 <i < dand B;;_1 =1, Bi_1; = A;i—14i—1,
for 1 < i < d. By Lemma 3.6, there exists an invertible diagonal matrix S € Matg41(F) such that
B = SAS™'. Then B is a normalized irreducible tridiagonal matrix that is diagonally equivalent to A.
We have shown the existence. Next, we show the uniqueness. Consider normalized irreducible tridiagonal
matrices By and By in Matgy1(F) each of which is diagonally equivalent to A. Then B; and Bs are diag-
onally equivalent. We apply Lemma 3.7 to By and By. We have (B1);;-1 = (B2);—1 for 1 < i <d. So
Lemma 3.7(i) holds. By this and Lemma 3.7(iv), we obtain B; = Bs. We have shown the uniqueness. O

5. The bond relation. In this section, we introduce a symmetric binary relation on the set of irre-
ducible tridiagonal matrices in Matgy1(F). We call this relation the bond relation. To motivate things, we
mention a variation on Lemma 3.7.

LEMMA 5.1. For an irreducible tridiagonal matric A € Matgy1(F) and an invertible diagonal matriz
S € Matgy1(F), define B = SAS~t. Then the following (i)—(iv) are equivalent:

(i) A; -1 = —By,i—1 for1 <i<d;

(i) Ai—1s=—DBi_1; for1 <i < d;

(iii) A+ B is diagonal;

(iv) Sii = (=1)"So,0 for 0 <i <d.

Moreover, if (i)—(iv) hold then A+ B has (i,1)-entry 24, ; for 0 <i<d.

Proof. Note by Lemma 3.5 that B is irreducible tridiagonal.

(i) & (ii) By (3.2).

(i),(ii) < (iii) Since B is tridiagonal.

(i)  (iv) For 0 < i < d abbreviate s; = S; ;. By Lemma 3.4, B; ;_1 = sis;_llAi’i,l for 1 <i<d. So (i)
holds if and only if s;5; %, = —1 (1 < < d) if and only if s; = (—1)%s (0 < i < d).

Suppose (i)—(iv) hold. By Corollary 3.3, we have A;; = B;; for 0 < i < d. So the matrix A + B has
(¢,4)-entry 24, ,; for 0 <i < d. a

In view of Lemma 5.1, we make a definition.

DEFINITION 5.2. For an irreducible tridiagonal matriz A € Maty,1(F), define AY = —SAS™!, where
S € Matg1(F) is diagonal with (i,i)-entry (—1)* for 0 <1i < d. Note that AV is irreducible tridiagonal and
diagonally equivalent to —A.
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NOTE 5.3. For an irreducible tridiagonal matriz A € Matg41(F), (AY)Y = A.
NOTE 5.4. Referring to Definition 5.2, assume that Char(F) = 2. Then S =1 and AV = A.

DEFINITION 5.5. Irreducible tridiagonal matrices A and B in Matg1(F) are said to be bonded whenever
B=AV.

NOTE 5.6. The bond relation is a symmetric binary relation on the set of all irreducible tridiagonal
matrices Mat gy ().

LEMMA 5.7. For an irreducible tridiagonal matriz A € Matgy1(F), there exists a unique irreducible
tridiagonal matriz in Matgy1(F) that is bonded to A.

Proof. By the construction. 0

LEMMA 5.8. Consider irreducible tridiagonal matrices A, B in Matqi1(F). Then A and B are bonded
if and only if the following (i)—(iil) hold:

(i) Ajim1=Bi,—1 for1 <i<d;
(i) Ai—1=DBi_1; for 1 <i<d;
(i) Ay = —B;; for 0 <i<d.

Proof. Use Lemma 3.4. O

LEMMA 5.9. For irreducible tridiagonal matrices A and B in Matgy1(F), assume that A and B are
bonded. Then A is normalized if and only if B is normalized.

Proof. By Lemma 5.8(i). d

In the next two results, we characterize the bond relation in various ways.

LEMMA 5.10. Consider irreducible tridiagonal matrices A, B in Matqy1(F). Then the following (i)—(iii)
are equivalent:

(i) A and B are bonded;
(ii) A — B is diagonal with (i,1)-entry 24;,; for 0 <1i <d;
(iif) B — A is diagonal with (i,1)-entry 2B; ; for 0 <i <d.

Proof. Use Lemma 5.8. O

LEMMA 5.11. For an irreducible tridiagonal matriz A € Matyy1(F) and a diagonal matriz K € Mat 41
(F), the following are equivalent:

(i) A and A — K are bonded;
(11) Ki,i = 2Ai,i fOT 0 < ) < d.

Proof. Define B= A — K and use Lemma 5.10. |

LEMMA 5.12. Let A € Matgy1(F) be irreducible tridiagonal. If Char(F) = 2, then A is bonded to A. If
Char(IF) # 2, then the following are equivalent:

(i) A is bonded to A;

Proof. First assume that Char(F) = 2. Then A is bonded to A by Note 5.4. Next assume that Char(FF) #
2. In Lemma 5.11, set K = 0 to get the equivalence of (i), (ii). 0
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6. Leonard pairs and Leonard systems. In this section, we briefly recall the notion of a Leonard
pair and a Leonard system.

DEFINITION 6.1 (See [47, Definition 1.1]). By a Leonard pair on V, we mean an ordered pair A, A* of
elements in End(V') that satisfy (i) and (ii) below:

(i) there exists a basis for V with respect to which the matriz representing A is irreducible tridiagonal
and the matriz representing A* is diagonal;

(ii) there exists a basis for V with respect to which the matriz representing A* is irreducible tridiagonal
and the matriz representing A is diagonal.

NOTE 6.2. By a common notational convention, A* denotes the conjugate-transpose of A. We are not
using this convention. In a Leonard pair A, A*, the elements A and A* are arbitrary subject to (i) and (ii)
above.

NOTE 6.3. Assume that d = 0. Then any ordered pair of elements in End(V') form a Leonard pair on
V.

For the rest of this paper, we assume d > 1.

Consider a Leonard pair A, A* on V and a Leonard pair B, B* on a vector space V'. By an isomorphism
of Leonard pairs from A, A* to B, B* we mean an algebra isomorphism End(V) — End(V’) that sends
A — B and A* — B*. The Leonard pairs A, A* and B, B* are said to be isomorphic whenever there exists
an isomorphism of Leonard pairs from A, A* to B, B*.

LEMMA 6.4. For a Leonard pair A, A* on'V and a pair B, B* of elements in End(V'), the following are
equivalent:

(i) B, B* is a Leonard pair on 'V that is isomorphic to A, A*;

(ii) there exists an invertible S € End(V) such that B = SAS™! and B* = SA*S~1.

Proof. Routine verification using Lemma 2.2. a0

LEMMA 6.5 (See [38, Lemma 5.1]). For a Leonard pair A, A* onV and scalars &, £, ¢, ¢* in F with
EEF #£ 0, the pair EA+ (I, £*A* + (*1 is a Leonard pair on V.

When working with a Leonard pair, it is often convenient to consider a closely related object called a
Leonard system. In order to define this, we first make an observation about Leonard pairs.

LEMMA 6.6 (See [47, Lemma 3.1]). For a Leonard pair A, A* onV, each of A, A* is multiplicity-free.

A Leonard system is defined as follows.

DEFINITION 6.7 (See [47, Definition 1.4]). By a Leonard system on V, we mean a sequence:
(6.1) ® = (A { B} A% {B] Hio),
of elements in End(V') that satisfy the following (1)—(v):

(i) each of A, A* is multiplicity-free;
(ii) {E;}L, is an ordering of the primitive idempotents of A;
(iii) {E;}L is an ordering of the primitive idempotents of A*;
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0 if |0 — | > 1,
() Brag; =10 TlI 0<ij<d)
70 dfli—jl=1
0 if |0 — g > 1,
A0 ifli—jl=1

We say that ® is over F.

Leonard systems are related to Leonard pairs as follows. For the Leonard system ® from (6.1), by [51,
Section 3] the pair A, A* is a Leonard pair on V. Conversely, for a Leonard pair A, A* on V, each of A, A*
is multiplicity-free by Lemma 6.6. Moreover, there exists an ordering {E;}¢_ of the primitive idempotents
of A and an ordering of {E}}%_ of the primitive idempotents of A* such that (A; {E;}¢_o; A% {E}L,) is

a Leonard system on V (see [51, Lemma 3.3].)

Consider the Leonard system ® from (6.1) and a Leonard system:
® = (B {E}{o B B }0),

on a vector space V'. By an isomorphism of Leonard systems from ® to ®, we mean an algebra isomorphism
End(V) — End(V’) that sends A — B, A* — B* and E; — E], Ef — E} for 0 < i < d. The Leonard
systems ® and ®’ are said to be isomorphic whenever there exists an isomorphism of Leonard systems from
D to 9.

LEMMA 6.8. Consider the Leonard system ® from (6.1) and a sequence:

' = (B;{E[}y; B {E}L,),

of elements in End(V'). Then the following are equivalent:
(i) @ is a Leonard system on V that is isomorphic to ®;
(ii) there exists an invertible S € End(V) such that SAS™ = B, SA*S~! = B*, and SE;S™! = E,
SE;S™ = E} for0<i<d.
Proof. Routine verification using Lemma 2.2. a0

DEFINITION 6.9. Consider a Leonard pair A, A* onV. An ordering {E;}_, of the primitive idempotents
of A is said to be standard whenever it satisfies Definition 6.7(v). A standard ordering of the primitive
idempotents of A* is similarly defined.

Referring to Definition 6.9, for a standard ordering {E;}%_, of the primitive idempotents of A, the
ordering {Ed,i}fzo is standard and no further ordering is standard. A similar comment applies to the
primitive idempotents of A*.

For the Leonard system ® from (6.1), each of the following is a Leonard system on V:
®" = (A" {E Yo A { B o),
ot = (4; {Ei}f:o; A {EG; (z‘i:o)y
ot = (A {Eai}ig; A {E ML),

For g € {x,], |} and an object f associated with ®, let f9 denote the corresponding object associated with
I,

The Leonard system @ from (6.1) and the Leonard pair A, A* are said to be associated.
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LEMMA 6.10 (See [49, Section 3]). Let A, A* denote a Leonard pair on V. If ® is a Leonard system
associated with A, A*, then so is ¥, &Y, ®W. No further Leonard system is associated with A, A*.

DEFINITION 6.11. Consider the Leonard system ® from (6.1). For 0 < i < d let 6; (resp. ) denote
the eigenvalue of A (resp. A*) associated with E; (resp. Ef). We call {0;}L (resp. {0:}%_,) the eigenvalue
sequence (resp. dual eigenvalue sequence) of ®.

LEMMA 6.12 (See [47, Theorem 3.2]). Referring to Definition 6.11, there exists a sequence {@;}¢_, of
scalars in F and a basis of V' with respect to which the matrices representing A and A* are

90 0 98 ¥1 0

1 6 01 w2

A 1 6y ’ e 05
. . <pd
0 1 64 0 03

The sequence {@;}%_ | is uniquely determined by ®. Moreover, p; #0 for 1 <i <d.

DEFINITION 6.13 (See [47, Definition 3.10]). Referring to Lemma 6.12, we call {p;}¢_, the first split
sequence of ®. Let {¢;}L, denote the first split sequence of ®V. We call {¢;}%_ | the second split sequence
of ®.

DEFINITION 6.14 (See [53, Definition 22.3]). For the Leonard system ® from (6.1), by the parameter
array of ® we mean the sequence:
({01103 107 oy Lo (6100),
where {0;}4_ (resp. {0:}%_,) is the eigenvalue sequence (resp. dual eigenvalue sequence) of ®, and {p;}L,
(resp. {¢i}d_) is the first split sequence (resp. second split sequence) of ®.
LEMMA 6.15 (See [47, Theorem 1.9]). Consider a sequence

(6.2) ({92-}?:0;{9:-‘ ?:05{801' ?:15{@' g:l)v

of scalars taken from F. Then there exists a Leonard system ® over F with parameter array (6.2) if and only
if the following conditions (1)—(v) hold:

(1) 0; #0;, 0:#07 ifi#j (0<i,j<d);

) pi#0, ¢i#0 (1<i<d);
(i) @i = ¢1 Syg Tpros=t + (0; = 05)(0;1 — 0a) (1< < d);
)
)

9i = 01 Y4 Tt + (07 = 05)(Ba—ira — 00) (1< i< d);
the expressions

(6.3) 0i—2 — ‘9z‘+17 07 o — 9?+17
0;_1—0; 91* 1= f*
are equal and independent of 1 for 2 <i<d—1.

Moreover, if (1)—(v) hold, then ® is uniquely determined up to isomorphism of Leonard systems.

DEFINITION 6.16. By a parameter array over F we mean a sequence

({92‘};‘1:0?{9; g:oé{%‘ ?:15{@' g:l)?

of scalars taken from T that satisfy conditions (i)—(v) in Lemma 6.15.
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DEFINITION 6.17. Referring to Definition 6.16, assume that d > 3. Define 8 € F such that B+ 1 is equal
to the common value of the two fractions in (6.3). We call 8 the fundamental constant of the parameter
array (6.2).

DEFINITION 6.18. Assume that d > 3. Then the fundamental constant of a given Leonard system is the
fundamental constant of the associated parameter array.

Referring to Definition 6.18, observe that for a Leonard pair on V' the associated Leonard systems have
the same fundamental constant.

DEFINITION 6.19. Assume that d > 3. The fundamental constant of a given Leonard pair is the funda-
mental constant of an associated Leonard system.

In the next result, we emphasize some relations from Lemma 6.15 for later use.

LEMMA 6.20. Referring to Definition 6.16,

1 — @1 = (0] — 65)(60 — ba),
wa—¢1 = (07 —05)(0a—1 — 0a),
Pa — 1= (05 — 05)(01 — bo).
Proof. In Lemma 6.15(iii),(iv) set ¢ = 1 and i = d. d
LEMMA 6.21 (See [27, Theorem 11.1]). Assume that d > 3. Consider a parameter array (6.2) over F
with fundamental constant 8. Then there exist scalars v, o such that
v=0i1—B0; + 01 (1<i<d-1),
0="071 — B0;_10; + 67 — y(0;—1 + 6;) (1<i<ad).

For a Leonard pair A, A* on V, consider the scalars v and 3 for the parameter array of a Leonard system
associated with A, A*. Observe that the scalars v and g are determined by A, A*.

DEFINITION 6.22. Assume that d > 3. Referring to Lemma 6.21, define

(6.7) k=924 (2-B)o.

We call & the invariant value for the parameter array (6.2).

DEFINITION 6.23. Assume that d > 3. Let ® denote a Leonard system on V. By the invariant value for
®, we mean the invariant value for the parameter array of .

For a Leonard pair A, A* on V, consider a Leonard system ® associated with A, A*. Observe that the
invariant value for ® is determined by A, A*, and independent of the choice of an associated Leonard system.

DEFINITION 6.24. Assume that d > 3. Let A, A* denote a Leonard pair on V. By the invariant value
for A, A*, we mean the invariant value of a Leonard system associated with A, A*.

LEMMA 6.25. Referring to Definition 6.22,
k= (01— 0i11)° + (B+2)(0; — 0;—1)(0; — 0i+1) (1<i<d—1).

Proof. In (6.7), eliminate vy and g using Lemma 6.21 and rearrange the terms. O
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LEMMA 6.26 (See [54, Lemma 19.13]). Referring to Definition 6.16,

Op — Ba—¢ _ 07 — 034
-

(0<¢<d).

NOTATION 6.27. Let ® = (A;{E;}¢_o; A*; {E}}L) denote a Leonard system on V with parameter array
({9 }1 07{9* i= 07{SD’L = 1’{¢7f}7, 1)
LEMMA 6.28 (See [47, Theorem 1.11]). Referring to Notation 6.27, the following (i)—(iii) hold:

(i) The parameter array of ®* is ({0} }{_o; {0i}i—o; { @i }i=1; {Pa—it1}i=1)-
(ii) The parameter array of ®* is ({6} 0»{9 s {ba- z+1}1 v {ed—iri}iy).
(iii) The parameter array of ®¥ is ({04_;}¢ ¢ 0;{0r }z 0,{@ ¢ 1,{%}?:1).

LEMMA 6.29 (See [38, Lemmas 5.1, 6.1]). Referring to Notation 6.27, for scalars &, £, ¢, ¢* in F with
EEF #£ 0, the sequence

(EA+ CLAB} ;€ A" + CL{E ),

s a Leonard system on V' with parameter array:

({€0: + o {6767 + Yo {667 @i {E€7 0} iy)-
DEFINITION 6.30 (See [51, Definition 7.1]). Referring to Notation 6.27, define
= tr(AE}) (0<i<d).

LEMMA 6.31. Referring to Notation 6.27, Z?:o a; = Z?:o 0;.
Proof. Using Z?:o Ef = I, we find that Z?:o a; = tr(A). The result follows. |
LEMMA 6.32. Referring to Notation 6.27, the following hold: for 0 <i <d:

(i) af = Qd—i;
(i) af = a;.

Proof. By Definition 6.30. O

LEMMA 6.33 (See [51, Lemma 10.2]). Referring to Notation 6.27, for 0 # u € EgV the vectors { Efv}d_,
form a basis of V.

Our next goal is to describe the action of A, A* on the above basis.

LEMMA 6.34 (See [51, Lemma 9.2]). Referring to Notation 6.27, tr(EfEy) # 0 for 0 < i <d.

DEFINITION 6.35 (See [51, Lemma 11.5]). Referring to Notation 6.27, define

tr(E; AE?, , Ey) .
= 10/ <i<d—1),
tr(E; Eo) O=is )
tr(EfAE* . E
c; = I'( '3 1—1 O) (1<'L§d)

tr(E; Eo)
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LEMMA 6.36 (See [51, Lemma 10.2, Definition 11.1]). Referring to Notation 6.27, with respect to the
basis in Lemma 6.33, the matrices representing A and A* are

Qg bo 0
c1 ar b
" Co : A* : diag(6g, 67, ...,05).
ba—1
0 Cq aq

LEMMA 6.37 (See [51, Lemma 11.2]). Referring to Notation 6.27, the following (1)—(iil) hold:
(1) bi 20 (0<i<d—1);

(i) ¢ £0 (1<i<d)

(iii) ¢; +a; +b; =60y (0<1i<d), where co =0 and by = 0.

DEFINITION 6.38 (See [55, Definition 9.1]).  Referring to Notation 6.27, we call the scalars {a;},,
{b:}2), {ei Y, the intersection numbers of ®.

DEFINITION 6.39 (See [51, Definition 7.1]). Referring to Notation 6.27, define
x; =tr(EfAE} | A) (1<i<d).

LEMMA 6.40. Referring to Notation 6.27, the following hold for 1 <1i < d:
(i) o} = Tais1;
(i) aciL =x;.

Proof. By Definition 6.39. O

LEMMA 6.41 (See [51, Lemma 7.2]). Referring to Notation 6.27, let M € Matqy1(F) represent A with
respect to a basis of V' that satisfies Definition 6.1(i). Then

M;; =a; (0<i<d), M 1My ; = x5 (1<i<d).

COROLLARY 6.42. Referring to Lemma 6.41, assume that M is normalized. Then

apg X1 0
1 ay T2
1
M =
. xd
0 1 Qaq

Proof. We have M; ;1 =1 for 1 < i < d, since M is normalized. By this and Lemma 6.41, we get the
result. O

LEMMA 6.43 (See [51, Theorems 7.3, 7.4]). Referring to Notation 6.27, for 0 # v € EJV the vec-

tors {Ef A'}d ) form a basis of V that satisfies Definition 6.1(1). With respect to this basis, the matriz
representing A is normalized.

LEMMA 6.44 (See [51, Lemma 11.2]). Referring to Notation 6.27, x; = b;_1¢; for 1 <i <d.
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LEMMA 6.45 (See [51, Theorem 17.8]). Referring to Notation 6.27,

Y1
6.8 =0
(6.8) ao o + o6
Pi Pit1 .
6.9 ;= 0; 1<i<d-1),
o S A H=r=dmy
¥d
(6.10) aqg =ba+ -
03— 051
LEMMA 6.46 (See [50, Lemma 10.3]). Referring to Notation 6.27,
P1
6.11 =40
( ) ao 4+ 08 — 9;)
i Piv1 :
6.12 s= 04 1<i<d—1),
(012 R e A H=i=d-y
(6.13) ag = 0+ —20
03— 051

In the next result, we express each of ¢1, @1, w4, ¢4, and ag in terms of ag.

LEMMA 6.47. Referring to Notation 6.27,

(6.14) p1 = (a0 — o) (05 — 07),

(6.15) ¢1 = (ag — 04)(05 — 07),

(6.16) ¢a = (aa — 0a) (05 — 05_1),

(6.17) ¢a = (aa — 00)(0g — 05_1),

(6.18) 0y — 20006 = O7) + 6a(07 — 05_) + a1 (05 — 66).
92 - 92—1

Proof. Lines (6.14)—(6.17) come from (6.8), (6.11), (6.10), and (6.13), respectively. To get (6.18), evaluate

(6.15) and (6.16) using (6.5).

|

Let x denote an indeterminate, and let Flx] denote the algebra consisting of the polynomials in 2 that

have all coefficients in F. Referring to Notation 6.27, for 0 < ¢ < d define polynomials in F[x]:

Ti=(x—0p)(x—61) - (x—0;_1),
ni = (x—0a)(x —0a—1) - (. — Oa—it1),
i =@—0)(x—01)--(xz—07_,),
np = (@ —03)(x—05_1) - (x—03_;11).

LEMMA 6.48 (See [51, Theorem 17.9]). Referring to Notation 6.27,

T = i 7'1‘*—1(9;{—1)77571-(9?)
' ' ZTi*((’Z‘)nZFHl(@;il)

(1<i<d).

LEMMA 6.49. Referring to Notation 6.27, consider a Leonard system ® = (B;{E!}L o; A*;{E}%_) on
V with parameter array ({0:}9_o; {0514 o; {0l s {@}d ). Let the scalars {2}}%_, be from Definition 6.39

for ®. Then the following are equivalent:
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(i) = =2, (1<i<d);
(i) it = ¢ig; (1 <i<d).
Proof. Use Lemma 6.48.

For parameter arrays

(6.19) ({0303 05 Yo {i b {0} )- ({073 0s {07 Yo {0l imr: {8,

IL
AS

420

over F, we will consider two special cases of the condition (ii) in Lemma 6.49. One special case is described

in Lemma 6.50. The other special case is described in Lemma 7.22.

LEMMA 6.50. For parameter arrays (6.19) over F, the following hold:

(i) Assume that @}, = p; and ¢, = ¢; for 1 <i < d. Then there exists ( € F such that 0, = 0; + ¢ for

0<i<d.

(ii) Assume that @i = ¢; and ¢} = ¢; for 1 <i < d. Then there exists ( € F such that 0; = 04—, + ¢ for

0<i<d.
Proof. By Lemma 6.26 we find that for 1 <i <d,

iz_i ) _ Zz_i 07 — 05 ¢
2276, — 6, 0 — 07

£=0

Denote this common value by ;. By Lemma 6.15,

(6.20) i = ¢19; + (07 — 05)(0i—1 — 0a),
(6.21) ¢ = 19 + (9: - 96)(9d—i+1 — 90).

Using (6.20), we obtain
(6.22) o= 040, + (07 — 03)(01_, — 0%).
(i) By ¢l = o (1 <i < d), & = du, and (6.20), (6.22),
0 0, =6, — 0,

This implies 6] = 0; + ¢ for 0 < ¢ < d, where ( = 6/, — 0.
(ii) By ¢l = ¢; (1 <i<d), ¢} = 1, and (6.21), (6.22),

/ !
i1 — 0= 0441 — 09

This implies 0] = 04—; + ¢ for 0 <4 < d, where ¢ = 6 — 0.

(1<i<d).

|

We recall the bipartite property for Leonard pairs and Leonard systems. Recall the scalars {a;}¢, from

Definition 6.30.

DEFINITION 6.51 (See [37, Section 1]). A Leonard system ® on V is said to be bipartite whenever a; =0

for 0 <i<d.

LEMMA 6.52. Let ® denote a bipartite Leonard system on V. Then each of ®*, ®¥, &+ is bipartite.

Proof. By Lemma 6.32.
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In view of Lemmas 6.10 and 6.52, we make a definition.

DEFINITION 6.53 (See [37, Section 1]). A Leonard pair on V is said to be bipartite whenever an
associated Leonard system is bipartite.

We mention a lemma for later use.

LEMMA 6.54. Referring to Notation 6.27, assume that d = 2. Then,

(ao — 61)(05 — 07)

(6.23) a1 =0g+ 0 —ag+ " " R
01 — 03
(6.24) 0y = 10 = 922 — ai(eo — %),
07 — 05
Proof. Set d =2 in (6.18) to get (6.24). To get (6.23), use Lemma 6.31 and (6.24). |

7. The bond relation for Leonard pairs and Leonard systems. In Section 5, we considered the
bond relation for irreducible tridiagonal matrices. In this section, we consider a version of the bond relation
that applies to Leonard pairs and Leonard systems. We first consider the bond relation for Leonard systems.

DEFINITION 7.1. For a Leonard system ® = (A; {E;}d_o; A% {E;}L,) on V, define S = Zfzo(—l)iE;‘.
NOTE 7.2. Referring to Definition 7.1, S? = 1.

LEMMA 7.3. Referring to Definition 7.1, the sequence
OV = (~SAS L {SES g A {E M),
is a Leonard system on V. Moreover the Leonard system ® is isomorphic to the Leonard system
(=4 {Ei}g:m A% {E:}gzo)'

Proof. We have SA*S™! = A* and SE;S™! = E} for 0 < i < d. By this and Lemma 6.8, we get the
result. O

NOTE 7.4. Referring to Lemma 7.3, we have (®V)V = ®.

NOTE 7.5. Referring to Lemma 7.3, assume that Char(F) = 2. Then S =1 and ®¥ = .

DEFINITION 7.6. Leonard systems ® and ® on V are said to be bonded whenever ® = ®V.

NOTE 7.7. The bond relation is a symmetric binary relation on the set of all Leonard systems on V.

NOTE 7.8. For a Leonard system ® on V, there exists a unique Leonard system on V' that is bonded to
.

LEMMA 7.9. Let ® denote a Leonard system on V. If Char(F) = 2 then ® is bonded to itself. If
Char(F) # 2, the the following are equivalent:

(i) @ is bonded to itself;
(ii) @ is bipartite.

Proof. By Lemma 5.12. ]
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LEMMA 7.10. For the Leonard system ® in Definition 7.1 and the Leonard system ®V in Lemma 7.3,
their parameter arrays are related as follows:

Leonard system Parameter array
® ({0:}{=0: {07 Yios {witimrs {ditimy)
PV ({030 {07 Vg {—witins {—oike)
Proof. By Lemmas 6.29 and 7.3. ]

We now introduce the bond relation for Leonard pairs.
LEMMA T7.11. Referring to Definition 7.1, S+ = (—=1)?S and S¥ = S.
Proof. By Definition 7.1. O

LEMMA 7.12. Let A, A* denote a Leonard pair on V. Let ® denote an associated Leonard system and
let S be from Definition 7.1. Then the map End(V) — End(V), X — SXS™! is independent of the choice
of ®.

Proof. By Lemmas 6.10 and 7.11. 1]

In view of Lemma 7.12, we make a definition.

DEFINITION 7.13. Let A, A* denote a Leonard pair on 'V, and let ® denote an associated Leonard system.
Define AY = —SAS™, where S is from Definition 7.1. Note that AV is independent of the choice of ®.

NOTE 7.14. Referring to Definition 7.13, we have (AV)V = A.
NoOTE 7.15. Referring to Definition 7.13, assume that Char(F) = 2. Then AY = A.

LEMMA 7.16. Let A, A* denote a Leonard pair on V. Then the pair AV, A* is a Leonard pair on V that
is isomorphic to the Leonard pair —A, A*.

Proof. Use Lemma 7.3. ]

NOTE 7.17. Referring to Lemma 7.5 and Definition 7.13, the Leonard system ®V and the Leonrd pair
AV, A* are associated.

DEFINITION 7.18. Leonard pairs A, A* and B, B* on V are said to be bonded whenever A* = B* and
B=A".

NOTE 7.19. The bond relation is a symmetric binary relation on the set of all Leonard pairs on V.

NoOTE 7.20. For a Leonard pair A, A* on V, there exists a unique Leonard pair on V that is bonded to
A, A*.

LEMMA 7.21. Let A, A* denote a Leonard pair on V. If Char(F) = 2 then A, A* is bonded to itself. If
Char(IF) # 2 the the following are equivalent:

(i) A, A* is bonded to itself;
(ii) the Leonard pair A, A* is bipartite.

Proof. By Lemma 5.12. ]

Consider parameter arrays (6.19) over F. In Lemma 6.50, we described a special case of the condition
(ii) in Lemma 6.49. Here is another special case.
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LEMMA 7.22. For parameter arrays (6.19) over F, the following hold:

(i) Assume that ¢ = —p; and ¢; = —¢; for 1 < i < d. Then there exists ( € F such that 0, = ( — 0;
for 0 <i<d.

(ii) Assume that @}, = —¢; and ¢, = —p; for 1 <i < d. Then there exists { € F such that 0}, = —04_;
for 0 <i<d.

Proof. Let ® (resp. @) denote a Leonard system on V that has parameter array on the left (resp. right)
in (6.19). Now apply Lemma 6.50 to ®¥ and ®’ using Lemma 7.10. 0

We describe how the bond relation for Leonard pairs and Leonard systems is related to the bond relation
for irreducible tridiagonal matrices. Let ® = (A; {E;}¢_o; A*; {Ef}%_,) denote a Leonard system on V. Fix
a basis {v;}¢, of V that satisfies Definition 6.1(i). For X € End(V), let X” € Maty;(F) represent X
with respect to {v;}%_,. The map b : End(V) — Matgy;(F), X + X° is an algebra isomorphism. Recall
the matrix S € Matgy1(F) from Definition 5.2 and the element S € End(V) from Definition 7.1. Then the
isomorphism b sends S ~ S. Moreover, (A”)Y = (AY)?, where (A”)" is computed using Definition 5.2 and

AV is from Definition 7.13.

8. Compatibility and companions for Leonard pairs. In this section, we introduce the notion of
compatibility and companion for Leonard pairs.

DEFINITION 8.1. Leonard pairs A, A* and B, B* on V are said to be compatible whenever A* = B* and
[A, A*] = [B, B*].

DEFINITION 8.2. For a Leonard pair A, A* on'V, by a companion of A, A* we mean an element K € (A*)
such that A — K, A* is a Leonard pair on V.

The Definitions 8.1 and 8.2 are related as follows.

LEMMA 8.3. For a Leonard pair A, A* on V', the following hold:
(i) For a companion K of A, A*, define B = A — K. Then B, A* is a Leonard pair on V that is
compatible with A, A*.

(ii) For a Leonard pair B, A* on V that is compatible with A, A*, define K = A — B. Then K is a
companion of A, A*.

Proof. Use Lemma 2.1. ]
Ezxample 8.4. Let A, A* denote a Leonard pair on V. Then A, A* is compatible with itself. Moreover,

K =0 is a companion of A, A*.

Let A, A* denote a Leonard pair on V. In this paper, we find every Leonard pair B, A* on V that is
compatible with A, A*. By Lemma 8.3, this is equivalent to finding all the companions of A, A*.

LEMMA 8.5. For Leonard pairs A, A* and B, A* on V, the following (i)—(iil) are equivalent:
(i) A, A* and B, A* are compatible;

(i) A—Be (A%);
(iii) A — B commutes with A*.

Proof. Use Lemma 2.1. 0
LEMMA 8.6. For Leonard pairs A, A* and B, A* on V, define K = A — B. Then the following (i)—(iii)
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are equivalent:

(i) K commutes with A*;

(ii) K is a companion of A, A*;

(iii) —K is a companion of B, A*.

Proof. (i) = (ii) We have K € (A*) by Lemma 2.1. The pair A— K, A* is a Leonard pair since B = A—K.
By these comments and Definition 8.2, K is a companion of A, A*.

(ii) = (i) Since K € (A*) by Definition 8.2.

(i) & (iii) Similar to the proof of (i) < (ii). o

LEMMA 8.7. The compatible relation is an equivalence relation on the set of all Leonard pairs on V.

Proof. By Definition 8.1. O

LEMMA 8.8. For compatible Leonard pairs A, A* and B, A* on V', and for scalars &, ¢, £, * in F with
EEF #£ 0, the Leonard pairs EA + (I, E*A* + C*1 and EB + (I, £*A* + C*1I are compatible.

Proof. By Definition 8.1. O

LEMMA 8.9. Let A, A* denote a Leonard pair on V, and let K denote a companion of A, A*. Then
K + (I is companion of A, A* for ( € F.

Proof. By Lemma 6.5 and Definition 8.2. ]

9. The set 2. In our main results, we find it illuminating to represent a Leonard pair as an ordered
pair of matrices, the first one normalized irreducible tridiagonal and the second one diagonal. Such a
representation is guaranteed by Lemma 6.43. To describe our main results using such a representation, we
introduce a certain set of matrices denoted 2. In this section, we define 2 and give some basic facts about
it.

NOTATION 9.1. Assume that V = F4t1. Let {0:}¢ , denote mutually distinct scalars in F, and define
A* € Matyyq(F) by:

A* = diag(6;, 071, ...,03).

Note that A* is multiplicity-free, and (A*) consists of the diagonal matrices in Matyy1(F). For 0 <i <d let
E? denote the diagonal matriz in Matgi1(F) that has (i,i)-entry 1 and all other entries 0. Note that Ef is
the primitive idempotent of A* associated with 6.

For the rest of this section, Notation 9.1 is in effect.

DEFINITION 9.2. Let the set Q consist of the matrices A € Matgy1(F) such that:
(i) A is normalized irreducible tridiagonal;

(ii) A, A* is a Leonard pair on V.

LEMMA 9.3. Let A € Q. Let B € Matgy1(F) such that B, A* is a Leonard pair on V that is compatible
with A, A*. Then B € Q.

Proof. By Lemma 8.5, A— B € (A*) and so A — B is diagonal. Thus ,A; ; = B, ; if i # j (0 <4,j < d).
By this and since A is normalized irreducible tridiagonal, we find that B is normalized irreducible tridiagonal.
Thus, B € Q. 0

LEMMA 9.4. For A€ Q and ( € F, the matrix A+ (I is contained in Q.
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Proof. The matrix A + (I is normalized irreducible tridiagonal. By Lemma 6.5, the pair A + (I, A* is
a Leonard pair. The result follows. 0

LEMMA 9.5. For A, B € Q) the following are equivalent:
(i) the Leonard pairs A, A* and B, A* are isomorphic;
(i) A= B.

Proof. (i) = (ii) By Lemma 6.4, there exists an invertible S € Matg,(F) such that SAS~! = B and
SA*S™1 = A*. The matrix S is diagonal by Lemma 2.1, so A and B are diagonally equivalent. Consequently,
A = B in view of Lemma 4.2.

(ii) = (i) Clear. |

10. The bond relation on €). In the last paragraph of Section 7, we explained how the bond relation
for Leonard pairs and systems is related to the bond relation for irreducible tridiagonal matrices. In this
section, we discuss these bond relations in the context of the set €.

Throughout this section, Notation 9.1 is in effect.
LEMMA 10.1. For A € Q, the following are the same:
(i) the matriz AV from Definition 5.2;
(i) the matriz AV from Definition 7.13.

Moreover, AV € Q.

Proof. The matrices (i) and (ii) are the same by the last paragraph of Section 7. We now show that
AV € Q. By Definition 5.2, AV is irreducible tridiagonal. By Lemma 5.9, AV is normalized. By Lemma
7.16, the pair AV, A* is a Leonard pair. By these comments and Definition 9.2, AY € Q. ]

LEMMA 10.2. For A, B € Q, the following are equivalent:

(i) A and B are bonded in the sense of Definition 5.5;
(ii) the Leonard pairs A, A* and B, A* are bonded in the sense of Definition 7.18.

Proof. By Lemma 10.1. ]

We mention a result for later use.

LEMMA 10.3. For A, B € Q let K = A — B. Then the following are equivalent:

(i) A and B are bonded;
(ii) K is diagonal with diagonal entries K; ; = 2A;; for 0 <1i <d.

Proof. By Lemma 5.8. O

11. The compatibility relation on (). In Section 8, we introduced the compatibility relation for
Leonard pairs. In this section, we discuss this relation in the context of the set (2.
Throughout this section, Notation 9.1 is in effect.

DEFINITION 11.1. Matrices A and B in Q are said to be compatible whenever the Leonard pairs A, A*
and B, A* are compatible in the sense of Definition 8.1.

DEFINITION 11.2. For A € Q, by a companion of A, we mean a companion of the Leonard pair A, A*.
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LEMMA 11.3. For A € Q, the following hold:

(i) For a companion K of A, define B= A — K. Then B is contained in Q0 and compatible with A.
(ii) For B € Q that is compatible with A, define K = A — B. Then K is a companion of A.

Proof. (i) By Lemma 8.3(i), the pair B, A* is a Leonard pair on V that is compatible with A, A*.
By this and Lemma 9.3, B € Q. By these comments and Definition 11.1, B is compatible with A.

(ii) By Lemma 8.3(ii) and Definition 11.2. d

Ezxample 11.4. Every matrix A € Q is compatible with A, and K = 0 is a companion of A.

LEMMA 11.5. For A, B € Q, the following (i)—(iii) are equivalent:

(i) A and B are compatible;
(ii) A — B is diagonal;
(111) Ai—l,i = Bi—l,i fOT 1 S ) S d.

Proof. (i) < (ii) By Lemma 8.5.
(ii) < (iil) Use the fact that each of A and B is normalized irreducible tridiagonal. |

LEMMA 11.6. For A, B € Q let K = A— B. Then the following (1)—(iii) are equivalent:

(i) K is diagonal;
(ii) K is a companion of A;
(iii) —K is a companion of B.

Proof. By Lemma 8.6. ]
LEMMA 11.7. The compatibility relation on £ is an equivalence relation.
Proof. By Lemma 8.7. ]

LEMMA 11.8. For compatible matrices A, B € Q and { € F, the matrices A+(I and B+(I are contained
in Q. Moreover, these matrices are compatible.

Proof. By Lemma 9.3, the matrices A+ (I and B+ (I are contained in 2. These matrices are compatible
by Lemma 8.8. 1]

LEMMA 11.9. For A € Q, let K denote a companion of A. Then K 4 (I is a companion of A for ( € F.
Proof. By Lemma 8.9. ]

12. A characterization of the compatibility relation and the bond relation in terms of the
parameter array. In this section, we characterize the compatibility relation and the bond relation in terms
of the parameter array. Throughout this section, the following notation is in effect.

NOTATION 12.1. Assume that V = F4tL. Let {0:}¢ , denote mutually distinct scalars in F, and define
A* € Matg 1 (F) by:

A* = diag(6;,07,...,05).

For 0 < i < d, let E} denote the matriz in Matgy1(F) that has (i,7)-entry 1 and all other entries 0. Let
the set Q be from Definition 9.2. Let A and B denote matrices in Q. Let {E;}L (resp. {E!}¢_,) denote
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a standard ordering of the primitive idempotents of A (resp. B) for the Leonard pair A, A* (resp. B, A*).
Define

(A {E }1 O’A* {E }z 0) (I) (B {E'Z 1= ()"A>k {E }7, (])
and observe that each of ® and ®' is a Leonard system on V. Let

({0 }z 05{0* i= 07{@1 = 11{¢Z}z 1) ({9 }z 0’{9 }’L 07{§0z = 17{¢z 1= )

denote the parameter array of ® and ®', respectively. Let the scalars {a;}&q, {z:}&, (resp. {ai}L o, {=/}L )
be from Definitions 6.30, 6.39 for ® (resp. ®'). For the case of d > 3, let k (resp. k') denote the invariant
value for A, A* (resp. B, A*).

We now present our first main result, in which we characterize the compatibility relation in terms of the
parameter array.

THEOREM 12.2. The following (i)—(iil) are equivalent:

(i) A and B are compatible;
(i) z; =2 (1<i<d).
(ili) pigi = ig; (1 <i<d).
Proof. (i) = (ii) By Lemma 11.5, A;_q,; = B;_1,; for 1 <i < d. By this and Corollary 6.42, we get (ii).

(ii) = (i) By the construction, B;;—1 = A; ;-1 = 1 for 1 < i < d. By Corollary 6.42 and (ii), we have
Bi_1;=A4;_1, for 1 <i<d. Now use Lemma 11.5.

(ii) < (iii) By Lemma 6.49. |
Next, we consider some special cases of Theorem 12.2.
ProprosSITION 12.3. The following are equivalent:

(i) there exists ¢ € F such that B = A+ (I;
(ii) one of the following (12.1) and (12.2) holds:

(12.1) i = @i, ¢; = i
(12.2) i = ¢is ¢ = i
Proof. (i) = (ii) Consider the Leonard system:
(12.3) (A + CLAE Yo A B Ylo)-

By Lemma 6.29, the Leonard system (12.3) has parameter array:

{9 +<}z 07{9* = Oa{<pl 1= 17{¢z}z 1)'

The Leonard system (12.3) is associated with B, A* and is therefore equal to one of ®', ®'¢ by Lemma
6.10. First assume that the Leonard system (12.3) is equal to ®’. Then (12.1) holds. Next assume that the
Leonard system (12.3) is equal to ®¥. By Lemma 6.28, ®"¥ has parameter array:

({9d }@ 0107 }7, 07{¢ }z 1a{<P2 ?:1)-
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By these comments, (12.2) holds.

(ii) = (i) First assume that (12.1) holds. By Lemma 6.50(i), there exists ¢ € F such that ] = 6, + ¢ for
0 < ¢ < d. So the parameter array of ® is

({0; + CHoi {07 o {witiy {oitiny)-

By this and Lemma 6.29, the Leonard system (A + (I; {E;}Lo; A*; {E; },) has the same parameter array

1
as @' and is therefore isomorphic to ®’ by Lemma 6.15. Thus, the Leonard pair B, A* is isomorphic to

A+ (I, A*. By this and Lemma 9.5, B = A+ (I. Next assume that (12.2) holds. By Lemma 6.50(ii), there
exists ¢ € F such that 6] = 04, + ¢ for 0 < i < d. So the parameter array of @' is
({0a—i + CHio; {07 Yo {0 irs {oi}in)-

By Lemma 6.28(iii), the parameter array of (A; {E4_;}%_o; A% {EF}L,) is

({0a—i o3 {67 Yios {di}iy: {pitiy)-

By these comments and Lemma 6.29, the Leonard system (A + (I;{Eq_;}%_o; A*; {E;}L ) has the same
parameter array as ® and is therefore isomorphic to ® by Lemma 6.15. Thus, the Leonard pair B, A* is
isomorphic to A 4+ (I, A*. By this and Lemma 9.5, B= A + (. 0

PROPOSITION 12.4. The following are equivalent:

(i) there exists ¢ € F such that B = AV + (I;
(ii) one of the following (12.4) and (12.5) holds:

(12.4) @i = —pi, ¢ = —¢i (1<i<d),
(12.5) v; = —di, ¢, = —pi (1<i<d).
Proof. The result is obtained by applying Proposition 12.3 to ®¥ and &’ using Lemma 7.10. The result

can also be obtained using Lemma 7.22. 0

13. The type of a Leonard pair and Leonard system. For the rest of this paper, we assume that
F is algebraically closed. In this section, we recall from [37] the type of a Leonard pair and Leonard system.
Consider a parameter array over F:

(13.1) ({0:}=0: {07 Yio; {i Yimis {di}imr)-

For the case d > 3, let 8 denote the fundamental constant of (13.1).
DEFINITION 13.1 (See [37, Section 4]). To the parameter array (13.1), we assign the type as follows.

Type Description
O 1<d<2
I d>3, B#2, B# -2
I d>3, =2, Char(F) #2

I+t | d>3, B= -2, Char(F)# 2, deven
I~ | d>3, f=—-2, Char(F)#2, dodd
v d>3, =2, Char(F)=2
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DEFINITION 13.2. The type of a given Leonard system is the type of the associated parameter array. The
type of a given Leonard pair is the type of an associated Leonard system.

LEMMA 13.3 (See [47, Lemma 9.3]). The following (i)—(v) hold:

(i) For type I, ¢* # 1 for 1 <i < d, where 8 = ¢*> + q 2.
(ii) For type II, Char(FF) is equal to 0 or greater than d.
(iii) For type IITT, Char(F) is equal to 0 or greater than d/2.
(iv) For type IIT-, Char(F) is equal to O or greater than (d —1)/2.
(v) For type IV, d = 3.

14. A refinement of Theorem 12.2. In this section, we present our second main result, which is
Theorem 14.3. This result is a refinement of Theorem 12.2. The following proposition will be used to prove
Theorem 14.3.

PROPOSITION 14.1. Assume that d > 3. Let

(141) ({9 }7, 07{9* = O’{SD’L = 17{¢'L}’L 1)

denote a parameter array over F with fundamental constant 5. Then for 1 <i < d, we have

ipi Rip191 Si¢ddd
(gi—l - ed)(ei - 90) (91 - 90)(‘90 - 9(1) (gd - 91—1)(90 - gd)

where k is the invariant value for (14.1), and R;, S;, and T; are given below:

Type I:
(g - g2 (g — qifd)(qdfz#l g4
(143 T T
(gt —giihy? ( ¢ )¢ =47
(44 S = P = e =
u (qz _ q—i)(qz 1 _ ql ’L)(qd i qz d)<qd—i+1 _ qi—d—l)
(145) h= (¢ —q71)2(¢g* — q72)? ’
where 8 = q¢*> + ¢ 2.
Type II:
CR2d-id—it)
(14.6) Rim =
Cii—1)(d—i+1)?
11 g iD= )d-i+1)
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Type IITT:
(14.9) R — 0 if 4 is even,

. T \@—i+1)/d ifiisodd,
(14.10) g _ Ji/d ifiiseven,

' "o s odd,
(14.11) 7o JTid=0)/4 if i is even,

| Y= -1)(d—i+1)/4 ifiisodd.
Type IIT:
(14.12) R — 0 if ¢ is even,

. T ld-i)/(d—1) ifiisodd,
(14.13) g — 0 if i is even,

. " lG-1)/(d—1) ifiisodd,
(14.14) _ Jid—i+1)/4 ifiis even,

| (i —1)(d—1i)/4 ifiis odd.
Type IV:
(14.15) Ri=1, Ry =0, Ry =0,
(1416) Sl =0, 52 =0, 53 =1,

NoTE 14.2. In (14.3)—(14.14), the denominators of R;, S;, and T; are nonzero by Lemma 13.5.

The proof of Proposition 14.1 will be given in Sections 16, 19, 22, 25, and 28.
THEOREM 14.3. Referring to Notation 12.1, the following (1)—(iii) hold:

(i) Assume that d =1. Then A and B are compatible if and only if
161 = P19
(ii) Assume that d =2. Then A and B are compatible if and only if
P11 = P11, 2002 = Qo5
(iii) Assume that d > 3. Then A and B are compatible if and only if

(14.18) K=r, P101 = P11, Pida = PyPq.
Proof. (i), (ii) By Theorem 12.2.
(iii) First assume that A and B are compatible. We show that (14.18) holds. By Theorem 12.2,

p191 = P1¢) and padq = ¢)¢!,. To show k = k', we invoke Proposition 14.1. We consider the equation
(14.2) for ® and ®'. Let the scalars {R;}¢ |, {S:}L,, {T:}4, (vesp. {R/}¢ ., {S}4 ,, {T!}L ) be from
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Proposition 14.1 for ® (resp. ®'). By (14.3)—(14.17), we have R, = R}, S; = S, T, = T} for 1 <14 < d. Using
this and Theorem 12.2(iii), we compare the equation (14.2) for ® with the equation (14.2) for ®'. This gives
Tik = T;x' for 1 < i < d. Observe that in Proposition 14.1, for each type the scalars {T;}% ;| are not all zero
by Lemma 13.3. By these comments, we get k = k’. We have shown that (14.18) holds. Next assume that
(14.18) holds. By Proposition 14.1, we obtain ¢;¢; = ¢} for 1 <4 < d. By this and Theorem 12.2, A and
B are compatible. ]

COROLLARY 14.4. Referring to Notation 12.1, the following (1)—(iil) hold:
(i) Assume that d =1. Then A and B are compatible if and only if

(a0 — 6o)(ao — 0a) = (ag — 0)(ag — 07).
(ii) Assume that d =2. Then A and B are compatible if and only if

(ap — 6o)(ao — 02) = (ag — b)(ag — 03),
(az — 6o)(az — 02) = (ay — b)(ay — 63).

(iii) Assume that d > 3. Then A and B are compatible if and only if

Proof. By (6.14) and (6.15), 161 = ¢} ¢} if and only if
(a0 — 00) (a0 — ba) = (ag — 0)(ap — b4)-
By (6.16) and (6.17), @apaq = ¢,;¢}, if and only if
(aa = bo)(ad — 0a) = (ag — 65)(ag — 05)-
By these comments and Theorem 14.3, we get the result. O

We finish this section with a comment. Referring to Notation 12.1, assume that A, B are compatible
and let K = A— B. Recall from Lemma 11.3 that K is a companion of A, and therefore diagonal by Lemma
11.6. By Lemma 6.41 we see that

(14.19) K;;=a; — a; (0 <i<d).

15. The companions for type O. In this section, we describe the companions for type O. We first
consider the case d = 1.

PROPOSITION 15.1. Referring to Notation 12.1, assume that d =1 and A, B are compatible. Consider
the companion K = A — B from Definition 11.2. Then

li
Ko,o = ap — Qgp,

K171:90+91—a0796791+a6.

Proof. By (14.19) and Lemma 6.31. O
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Next, we consider the case d = 2.

PROPOSITION 15.2. Referring to Notation 12.1, assume that d =2 and A, B are compatible. Consider
the companion K = A — B from Definition 11.2. Then

Koo = ap — aj,
(ao —ah — 0 +9’)(9* —9*)
K11 =00+ 02 —ao— 0y — 05 +ap + } 0?—051 —
(61 —01)(05 — 03) — (a0 — ag)(05 — 07)

07 — 03 .

Koo =
Proof. By (14.19) and Lemma 6.54. d

16. The parameter arrays of type I. In this section, we describe the parameter arrays of type I.
We then prove Proposition 14.1 for type I. Throughout this section, assume that d > 3 and fix a nonzero
q € F such that ¢* # 1.

LEMMA 16.1. For a sequence
(161) (&Maha(s*aﬂ*ah*aT)a

of scalars in T, define

(16.2) 0; =6+ pg® =+ hg*™* (0 <i<d),
(16.3) 0F =6+ p g® 4 + hrg?™ (0<i<d),
(16.4) ©; = (qi _ q—i)(qd—i—i-l _ qi—d—l)(T o 'u'u*qu—d—l _ hh*qd—2i+1) (1 S i S d),
(16.5) ¢z _ (qi _ q—i)(qd—i-i-l _ qi—d—l)(T _ h,u*qu—d—l _ Mh*qd—2i+1) (1 < i < d).

Then the sequence

(16.6) ({91'}?=0; {9: ?:0; {%};‘l:ﬁ {¢i}g=1)7

is a parameter array over F that has type I and fundamental constant B = ¢> + ¢ 2, provided that the
inequalities in Lemma 6.15(1),(ii) hold. Conversely, assume that the sequence (16.6) is a parameter array
over F that has type I and fundamental constant 3 = q* + q=2. Then there exists a unique sequence (16.1)
of scalars in F that satisfies (16.2)—(16.5).

Proof. Assume that the inequalities in Lemma 6.15(i),(ii) hold. Using (16.2)—(16.5), we routinely verify
the conditions Lemma 6.15(iii)—(v). Thus, the sequence (16.6) is a parameter array over F. Evaluating the
expression on the left in (6.3) using (16.2), we find that the parameter array (16.6) has fundamental constant
B =¢q*>+q 2 Byq* # 1, we have 3 # +2. So the parameter array (16.6) has type 1. The last assertion
comes from [37, Theorem 6.1]. 0

DEFINITION 16.2. Referring to Lemma 16.1, assume that the sequence (16.6) is a parameter array over
F. We call the scalars &, pu, h, 6%, p*, h*, 7 the basic variables of (16.6) with respect to q. We call the sequence
(6, py by 6%, u*, h*,7) the basic sequence of (16.6) with respect to q.

LEMMA 16.3. Referring to Lemma 16.1, the following hold for 0 <i,j < d:
0i—0;=(a"7 — ¢ ) (ug™ " — hg""),

0; —0; = ("7 — /") (g™ = hrg" ).
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Proof. Routine verification using (16.2) and (16.3).
LEMMA 16.4. The inequalities in Lemma 6.15(1),(ii) hold if and only if

(16.7) P #1 (1<i<ad),
(16.8) w# hg* (1—-d<i<d-—1),
(16.9) w* # h*q* 1—-d<i<d-—1),
(16.10) T # pptg® Tt 4 hhr gt (1<i<d),
(16.11) T # hptg? A 4 bttt (1<i<d)

Proof. Routine verification using (16.4), (16.5), and Lemma 16.3.

|

For the rest of this section, let ® denote a Leonard system over F of type I with fundamental constant

B = ¢* + ¢ ? and parameter array:

(16.12) ({005 0 Yo {iyiin {oi i)

DEFINITION 16.5. By the basic variables (resp. basic sequence) of ® with respect to q, we mean the basic

variables (resp. basic sequence) with respect to q for the parameter array (16.12).

For the rest of this section, let (4, u, b, 6*, u*, h*, 7) denote the basic sequence of ® with respect to q.

LEMMA 16.6. In the table below, for each Leonard system in the first column, we give the basic sequence

with respect to q:

Leonard system Basic sequence
% (0, py by 6% R, u*, T)
oY (6, hy o, 0%, u*, h*, 7)
oV (=6, —p, —h, 0%, u* h*, —7)

Proof. Concerning ®* and ®¥, use Lemma 6.28. Concerning ®, use Lemma 7.10.
LEMMA 16.7. For scalars &, C, £, (* in F with ££* # 0, consider the Leonard system:
(€A+ I AE YLy €A™ + T {B] L),
For this Leonard system, the basic sequence with respect to q is equal to
(€64 €p, Eh, £76" +C75 €%, &R, €6°7).
Proof. Use Lemma 6.29.
COROLLARY 16.8. The Leonard system
(A= 0L {EiYLo: A" = 671 {E] }iy),

has basic sequence (0, p, h,0, u*, h*, 7) with respect to q.

DEFINITION 16.9. The Leonard system ® is said to be reduced whenever 6 =0 and 6* = 0.

LEMMA 16.10. The invariant value x for ® satisfies

(16.13) k= ph(g—q )?(¢* —q7?)"



Electronic Journal of Linear Algebra, ISSN 1081-3810

A publication of the International Linear Algebra Society I L
Volume 38, pp. 404-456, August 2022.
K. Nomura and P. Terwilliger 434
Proof. By Lemma 6.25 and (16.2). |

Proof of PROPOSITION 14.1, type I. One routinely verifies (14.2) using (14.3)—(14.5), (16.13), and
Lemma 16.1. O

Note that Theorem 14.3 holds for type I.

17. A characterization of compatibility in terms of the basic sequence, type I. In this sec-
tion, we characterize the compatibility relation for Leonard pairs of type I in terms of the basic sequence.
Throughout this section, Notation 12.1 is in effect. Assume that ® has type I and fundamental constant
B =¢?+ ¢ 2. Note that ® has type I and fundamental constant 3. Let

(67/’['a hvé*a,u/*vh*aT)? (6/,Ml,h/,(5*,/.l/*,h*,7/),
denote the basic sequence of ® and &’ with respect to g, respectively.

THEOREM 17.1. The matrices A, B are compatible if and only if the following (17.1)—~(17.3) hold:

(17.1) ph = u'h',
(17.2) T(p+h) =7 + 1),
(17.3) 24 (u+h)2utht =7 4 (W 4+ W) phr

Proof. We will invoke Theorem 14.3. To do this, we investigate the conditions in (14.18). By Lemma
16.10 and (16.7), k = £’ if and only if (17.1) holds. Using (16.4), (16.5), we find that under the assumption

(17.1) the expression @101 — 1P| — Yada + @y} is equal to
(q _ q—1)2(qd _ q—d)Q(qd—l _ ql—d)('u* _ h*>,
times
T(u+h)—7'(u +H).

Using (16.4) and (16.5), we find that under the assumptions (17.1) and (17.2), the expression 101 — ¢} d}
is equal to

(a—a ¢’ —a7)?
times
T2 + (/J/+ h)2/,t*h* _ 7_/2 _ (Ml + h/)2’u*h*
By these comments and (16.7), (16.9), we find that under the assumption (17.1), both v1¢1 = ¢} ¢} and
pada = @@l hold if and only if both (17.2) and (17.3) hold. Now, the result follows from Theorem 14.3. O

Our next goal is to solve the equations (17.1)—(17.3) for w’, h/, and 7/. It is convenient to handle
separately the cases Char(F) # 2 and Char(F) = 2. We first consider the case Char(F) # 2.

THEOREM 17.2. Assume that Char(F) # 2. Then the equations (17.1)—~(17.3) hold if and only if at least
one of the following (17.4)—(17.8) holds:

(17.4) =, (', 1) is a permutation of (u,h);

(17.5) 7= -7, (@', 1) is a permutation of (—u, —h);

(17.6) PR F 0, b =ph, R =)V = (et ) (th)Y
(17.7) W A0, Wh = ph, f B = =R TV T = (e ) (TR
(17.8) wh* =0, T =7=0, w'h' = ph.
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Proof. One routinely checks that each of (17.4)—(17.8) gives a solution to (17.1)—(17.3). Now assume
that (17.1)—(17.3) hold. We show that at least one of (17.4)—(17.8) holds.

We claim that if 72 = 72 and 7 # 0 then either (17.4) or (17.5) holds. If 7/ = 7 # 0 then u+h = p/ +H’
by (17.2), so (17.4) holds in view of (17.1). If 7/ = —7 # 0, then p+ h = —p/ — b/ by (17.2), so (17.5) holds
in view of (17.1). We have shown the claim.

For the moment, assume that p*h* = 0. By (17.3), 72 = 72. If 7 = 0, then (17.8) holds. If 7 # 0
then either (17.4) or (17.5) holds by the claim. For the rest of this proof, assume that p*h* # 0. In (17.3),
multiply each side by 72, and simplify the result using (17.2) to get

(2 =) (7 — (u+ h)*p*h*) = 0.
Thus, at least one of the following (17.9) and (17.10) holds:
(17.9) % =72

(17.10) % = (pu+ h)*u*h*.

First consider the case (17.9). We may assume that 7 = 0; otherwise, either (17.4) or (17.5) holds by
the claim. By (17.3) with 7 = 7/ = 0, we get (u + h)?> = (¢ + h’)%. Thus, either ¢/ + h' = p+ h or
w+h =—p—h Ifu +n =p+h, then (17.4) holds in view of (17.1). If ' + ' = —pu — h, then (17.5)
holds in view of (17.1).

Next consider the case (17.10). By (17.3) and (17.10),
(17.11) = (W + 1) urh*.

For the moment, assume that 7 = 0. Then by (17.11), u’ + A’ = 0, and so one of (17.6), (17.7) holds in
view of (17.10). For the rest of this proof, assume that 7 # 0. By (17.11), one of the following (17.12) and
(17.13) holds:

(17.12) 7= (W W) (phT) Y,
(17.13) T =—( 4+ h)(h)Y2,

If (17.12) holds, then by (17.2),
(1 +h) (4 h) ()2 = (W + ).
In this equation, we have p/ + h’' # 0 by (17.11) and 7 # 0. So
(1 (" h) 2 = 7
Thus, (17.6) holds. If (17.13) holds, then by (17.2),
=+ ) B (B2 = 7 (4 B
In this equation, we have u' + h' # 0 by (17.11) and 7 # 0. So,
(B = 7

Thus, (17.7) holds. 0
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We have some comments about (17.4) and (17.5). By Proposition 12.3, (17.4) holds if and only if there
exists ¢ € F such that B = A 4+ (I. By Proposition 12.4, (17.5) holds if and only if there exists ¢ € F such
that B = AY + (I. The solutions (17.4)—(17.8) are not mutually exclusive.

Next, we consider the case Char(F) = 2.

THEOREM 17.3. Assume that Char(F) = 2. Then the equations (17.1)—~(17.3) hold if and only if at least
one of the following (17.14)—(17.16) holds:

(17.14) =, (i, 1) is a permutation of (u, h);
(1715) ,U/*h* 7& O7 'u/h/ _ /’Lhw M/ + h/ _ 7_(/[«}7/*)—1/27 7_/ _ (/’6 + h)(/,t*h*)l/Q;
(17.16) Wt =0, — W = b,

Proof. One routinely checks that each of (17.14)—(17.16) gives a a solution to (17.1)—(17.3). Now assume
that (17.1)—(17.3) holds. We show that at least one of (17.14)—(17.16) holds.

For the moment, assume that p*h* = 0. By (17.3), we have 7/ = 72, so 7/ = 7 since Char(F) = 2. We
may assume that 7 # 0; otherwise, (17.16) holds. By (17.2), u+ h = p/ + h/. By this and (17.1), we get
(17.14). For the rest of this proof, assume that u*h* # 0. By (17.3),

=1 = (W +N)? = (n+h)*) u*h*.

By this and since Char(F) = 2,
(T _7_/)2 — (,U// +h/ — - h)2/.l/*h*,

and so
T—7 = (W N —p—h)(phT)

In this equation, multiply each side by 7/ and simplify the result using (17.2) to get
(r=7) (7' = (u+ W) h) %) = 0.

Thus, at least one of the following (17.17) and (17.18) holds:

(17.17) =,

(17.18) 7 = (p+ h)(u*h*)2.

First assume that (17.17) holds. If 7/ = 7 # 0, then by (17.1) and (17.2), we get (17.14). If 7/ = 7 = 0, then
by (17.3), we get (1 + h)? = (¢ + h')%. By this and since Char(F) = 2, we get u+ h =y’ + h’. By this and
(17.1), we get (17.14). Next assume that (17.18) holds. In (17.3), eliminate 7/ using (17.18) to get
7_2 — (M/ < h’)2,u*h*.
By this and since Char(F) = 2,
= (’u/ + h/)(u*h*)l/Q
By these comments and (17.1), we get (17.15). ad

We have a comment about (17.14). By Proposition 12.3; (17.14) holds if and only if there exists ¢ € F
such that B = A + ¢(I. The solutions (17.14)—(17.16) are not mutually exclusive.
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18. Describing the companions for a Leonard pair of type I. In this section, we describe the
companions for a Leonard pair of type I. Throughout this section, Notation 12.1 is in effect. Assume that
® has type I and fundamental constant 8 = ¢? 4+ ¢~ 2. Note that ® has type I and fundamental constant 3.
Let

(18'1) (67/“1" h76*’u*7h*’7)7 (5/)ul7h/76*’u*7h*’7-/)’

denote the basic sequence of ® and &’ with respect to g, respectively. Assume that A and B are compatible
and consider the companion K = A — B. We will give the entries of K. To avoid complicated formulas, we
assume that each of ® and @’ is reduced so that § =0, 8’ =0, §* = 0.

We first assume Char(F) # 2. Under this assumption, we consider the cases (17.4)—(17.8) in Theorem
17.2. For the moment assume that (17.4) holds. By the comments below Theorem 17.2, there exists ( € F
such that B = A+ (I. By this and § = ¢ =0, we get B = A. So K = 0. Next assume that (17.5) holds. By
the comments below Theorem 17.2, there exists ¢ € F such that B = AY + (I. By this and § = §' = 0, we
get B = AY. By this and Lemma 10.3, K;; = 2a; for 0 < i < d. Next, we give the K that corresponds to
solutions (17.6), (17.7). In this case, u*h* # 0; we may assume p*h* = 1 in view of Lemma 16.7. To avoid
trivialities, we interpret 1*/2 = 1.

THEOREM 18.1. Assume that Char(F) # 2. Then the following hold:

(i) Assume that (17.6) holds with p*h* = 1. Then

(=g (p+h—r1)

Koo = p — gi—1 ’
d—2i(,,x _ ,—d—1 * _ o d+1 h—
Ko = 20 =g T ) — T et h =) l<i<d_1),
5 (/J/*_q — z—l)(u*_qd—2z+1)
o T =g (pth )
d,d — * 1—-d !
w—q
(ii) Assume that (17.7) holds with p*h* = 1. Then
oo W T (p bt T)
0,0 = * d—1 ’
H*+q
d—2i(,,* —d—1 * d+1
K, -1 W+ )W +¢")(pt+h+7) (1<i<d—1),
) (M* +qd72171)(u* +qd72z+1)
oo T+ D (pt b+ )
d,d = * 1—d :
Kt q
Proof. Use (14.19) and Lemmas 6.45, 16.1 with 6 = ¢’ = 0. O
Next, we give the K that corresponds to solution (17.8).
THEOREM 18.2. Assume that Char(F) # 2. Then
(i) Assume that (17.8) holds with u* = 0. Then
Kii=¢"Yu+h—u —n) (0 <i<d).

(i) Assume that (17.8) holds with h* = 0. Then

Kii=q7(u+h—pu —n) (0<i<d).
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Proof. Use (14.19) and Lemmas 6.45, 16.1 with 6 = ¢’ = 0. O

Next, we assume Char(F) = 2. Under this assumption, we consider the cases (17.14)—(17.16) in Theorem
17.3. For the moment assume that (17.14) holds. By the comments below Theorem 17.3, there exists ( € F
such that B = A+ (I. By this and § = ¢’ = 0, we get B = A. So K = 0. We now give the K that
corresponds to solution (17.15). In view of Lemma 16.7, we may assume that p*h* = 1.

THEOREM 18.3. Assume that Char(F) =2 and (17.15) holds with p*h* = 1. Then

(W +q ) (p+h+7)

Koo = ,
0,0 /l* +qd71
d—2i(,* —d—1 * d+1 h
Kii= 2 (1 +qd2.)(1u +4q d)(;wl +7) (1<i<d—1),
(" + g2 (4 g2
oo = T At b T)
d,d = * 1-d ’
W +q
Proof. Use (14.19) and Lemmas 6.45, 16.1 with § = ¢’ = 0. 0

Next, we give the K that corresponds to solution (17.16).
THEOREM 18.4. Assume that Char(F) = 2. Then

(i) Assume that (17.16) holds with u* = 0. Then

Kig =" u+h—p —h) (0<i<d).
(i) Assume that (17.16) holds with h* = 0. Then

Kig=q""(u+h—p —h) (0<i<d).

Proof. Use (14.19) and Lemmas 6.45, 16.1 with § = §’ = 0. |

19. The parameter arrays of type II. In this section, we describe the parameter arrays of type II.
We then prove Proposition 14.1 for type II. Throughout this section, assume that d > 3.

LEMMA 19.1. Assume that Char(F) # 2. For a sequence
(19.1) (0, po, b, 0%, ™, h*, ),
of scalars in I, define

(19.2) 0; = 6 + p(i — d/2) + hi(d — i),
(19.3) 0F = 6" + p* (i — d/2) + h*i(d — i),

for0<i<d and

(19.4) @i =i(d—i+1)(7 — pp* /2 + (hp* + ph*) (i — (d+1)/2) + hh* (i — 1)(d — 7)),
(19.5) ¢ =i(d—i+1)(7+ pp /2 + (h* — ph*)(i — (d+ 1)/2) + hh* (i — 1)(d — i),

for 1 <14 <d. Then the sequence

(19~6) ({Hi}fl:o; {9: g:0§ {%‘ ?:1? {¢i}?:1)7
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is a parameter array over F that has type II, provided that the inequalities in Lemma 6.15(1),(il) hold.
Conversely, assume that the sequence (19.6) is a parameter array over F that has type II. Then there exists
a unique sequence (19.1) of scalars in F that satisfies (19.2)—(19.5).

Proof. Assume that the inequalities in Lemma 6.15(i),(ii) hold. Using (19.2)—(19.5), we routinely verify
the conditions Lemma 6.15(iii)—(v). Thus, the sequence (19.6) is a parameter array over F. Evaluating the
expression on the left in (6.3) using (19.2), we find that the parameter array (19.6) has fundamental constant
B = 2. So the parameter array (19.6) has type II. The last assertion comes from [37, Theorem 7.1]. d

DEFINITION 19.2. Referring to Lemma 19.1, assume that the sequence (19.6) is a parameter array over F.
We call the scalars 0, p, h, §*, u*, h*, T the basic variables of (19.6). We call the sequence (8, p, h, 6%, u*, h*, 7)
the basic sequence of (19.6).

LEMMA 19.3. Referring to Lemma 19.1, the following hold for 0 < i,j < d:

0; —0; = (i —j)(n+h(d—i—j)),

0 =05 = (i —j) (" + h*(d—i—j)).
Proof. Routine verification using (19.2) and (19.3). 0
LEMMA 19.4. Referring to Lemma 19.1, the inequalities in Lemma 6.15(1),(il) hold if and only if

(19.7) Char(F) is equal to 0 or greater than d,
(19.8) [ # hi (1-d<i<d-1),
(19.9) A b (1-d<i<d-—1),
(19.10) P 2 — (g + )i — (d+1)/2) — B (= 1)(d — ) (1<i<d),
(19.11) T —ppt )2 — (hpt — ph*) (i — (d+1)/2) — hh* (i — 1)(d — ) (1<i<d).
Proof. Routine verification using (19.4), (19.5), and Lemma 19.3. O

For the rest of this section, let ® denote a Leonard system over F that has type IT and parameter array:

(19.12) ({0} 0s 07 Yo {eibin {0} i)

DEFINITION 19.5. By the basic variables (resp. basic sequence) of ®, we mean the basic variables (resp.
basic sequence) of the parameter array (19.12).

For the rest of this section, let (d, u, h, 6*, u*, h*, 7) denote the basic sequence of ®.

LEMMA 19.6. In the table below, for each Leonard system in the first column we give the basic sequence:

Leonard system Basic sequence
(I)J( (67110 h7(5*,—/,l,*,h*,7')
(I)u 63 _M7ha6*7u*7h*,7)
(b\/ (_67 —,U,—h, 6*7/~‘L*ah*7_7—)
Proof. Concerning ®+ and ®¥, use Lemma 6.28. Concerning ®V, use Lemma 7.10. n]

LEMMA 19.7. For scalars &, , £, C* in F with ££* # 0, consider the Leonard system:

(EA+CL; {BY Lo €A + T {EFYL,).
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For this Leonard system, the basic sequence is equal to
(€6 + G5 &p, Eh, €767 + 75 ", &°R7, €67 T).

Proof. Use Lemma 6.29. ]

COROLLARY 19.8. The Leonard system
(A=l B} g A" = 6" [ {EYLo),

has basic sequence (0, p, h,0, u*, h*, 7).
DEFINITION 19.9. We say that ® is reduced whenever § =0 and §* = 0.
LEMMA 19.10. The invariant value x for ® satisfies k = 4h2.

Proof. By Lemma 6.25 and (19.2). d

Proof of Proposition 14.1, type II. One routinely verifies (14.2) using (14.3)—(14.5) and Lemmas 19.1,
19.10. O

Note that Theorem 14.3 holds for type II.

20. A characterization of compatibility in terms of the basic sequence, type II. In this
section, we characterize the compatibility relation for Leonard pairs of type II in terms of the basic sequence.
Throughout this section, Notation 12.1 is in effect. Assume that ® has type II. Note that ®' has type II. Let

(57/% h76*7lu’*7h*77—)7 (6I7Nl7hl76*7u*7h*77—l)7

denote the basic sequence of ® and &', respectively.

THEOREM 20.1. The matrices A and B are compatible if and only if the following (20.1)—(20.3) hold:

(20.1) h* = h?,
(20.2) 2ht + pPh* = 207 + u?h,
(20.3) 472 — 2 (W + (d - 1)202?) = 47 — 12 (W2 + (d — 1)%h"2).

Proof. We will invoke Theorem 14.3. To do this, we investigate the conditions in (14.18). By Lemma
19.10 and (19.7), k = £’ if and only if (20.1) holds. Using (19.4), (19.5), we find that under the assumption
(20.1) the expression p1¢1 — ¢} — ada + ©,¢) is equal to d*(1 — d)u* times:

2ht + pPh* — 20T — /2R,

Using (19.4) and (19.5), we find that under the assumptions (20.1) and (20.2) the expression ¢1¢1 — ¢} ¢}
is equal to d?/4 times:

47_2 _M2 (,U,*Q + (d— 1)2h*2) _47_/2 _‘_/_/2 (U*2 T (d— 1)2/1*2).

By these comments and (19.7), (19.9), we find that under the assumption (20.1) both p1¢1 = ¢}¢} and
pada = ¢h¢l hold if and only if both (20.2) and (20.3) hold. Now the result follows from Theorem 14.3. 0O

/

Our next goal is to solve the equations (20.1)—(20.3) for p/, b, 7.
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THEOREM 20.2. The equations (20.1)—(20.3) hold if and only if at least one of the following (20.4)—(20.8)
holds:

(20.4) n =h, =, W =2

(20.5) h = —h, = -7, w2 = p

h* #0, h' =h+#0, T=—7— Iz
(20.6) h 2h*
W=t s (A B+ (d = 1)2R7%)) 5

h*#0, W =—h#0, =74

(M*Q + (d— 1)2h*2) ,

(20.7) . 2h
W= s (AT B 4 (d = 1)%h7)) 5
(20.8) h* =0, h'=h=0, 41 = 1) = (U — ).

Proof. One routinely checks that each of (20.4)—(20.8) gives a solution to (20.1)—(20.3). Now assume
that (20.1)—(20.3) hold. We show that at least one of (20.4)—(20.8) holds.

First consider the case h* = 0. Note by (19.9) that p* # 0. By (20.2) and (20.3),
(20.9) ht =h'71',
(20.10) AT = 77) = (0 = ).
We may assume that h # 0; otherwise, h = A’ = 0 by (20.1), and so (20.8) holds by (20.10). By (20.1), we

have either b’ = h or b’ = —h. If ’ = h, then by (20.9) we get 7" = 7, and so (20.4) holds by (20.10). If
h' = —h, then by (20.9) we get 7/ = —7, and so (20.5) holds by (20.10).

Next consider the case h* # 0. First assume that h = 0. By (20.1), A’ = 0. By (20.2), u? = u'?. By this
and (20.3), 72 = 72, So either 7/ = 7 or 7/ = —7. If 7/ = 7, then (20.4) holds. If 7/ = —, then (20.5) holds.
Next assume that h # 0. By (20.1), we have either h’ = h or ' = —h. First assume that h’ = h. By (20.2),

2h(r — 1)
20.11 2 _ e M T
(20.11) pr =t
In (20.3), eliminate u' using (20.11) to get
h
(20.12) (=) (204704 (4 (@ = 0P ) =

We may assume that 7 # 7/; otherwise, u? = p? by (20.11), and so (20.4) holds. By (20.12),

M*2 + (d o 1)2h*2).

T =—T

o
By this and (20.11),

MIQZMQ_’_%(4Th*+h(u*2+(d_1)2h*2))

Thus, (20.6) holds. Next assume that h’ = —h. By (20.2),

2h(t + 7'
24 (T T)'

20.1 2=
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In (20.3), eliminate p' using (20.13) to get

/ / h *2 27 %2

(20.14) (t+17) 2(T—T)+h—*(u +(d—1)*n*?) ) =0.
We may assume that 7+ 7/ # 0; otherwise, p/? = p? by (20.13), and so (20.5) holds. By (20.14),

=7+ h (N*Q +(d— 1)2h*2).

2h*
By this and (20.13),
h * * *
’ulzzuz—’—ﬁ(é‘ﬂ-h +h(/,6 2+(d_1)2h 2)).

Thus, (20.7) holds. O

We have some comments about (20.4) and (20.5). By Proposition 12.3, (20.4) holds if and only if there
exists ¢ € F such that B = A + (I. By Proposition 12.4, (20.5) holds if and only if there exists ¢ € F such
that B = AY + (I. The solutions (20.4)—(20.8) are not mutually exclusive.

21. Describing the companions for a Leonard pair of type II. In this section, we describe the
companions for a Leonard pair of type II. Throughout this section, Notation 12.1 is in effect. Assume that
® has type II. Note that ® has type II. Let

(21'1) (57u’h75*7u*7h*77-)’ (5/’/"L/’ h/75*7u*7h*77-/)

denote the basic sequence of ® and ®’, respectively. Assume that A and B are compatible and consider the
companion K = A — B. We will give the entries of K. To avoid complicated formulas, we assume that each
of ® and ®’ is reduced so that § =0, &' =0, §* = 0.

For the moment assume that (20.4) holds. By the comments below Theorem 20.2, there exists ( € F
such that B = A+ ¢I. By this and 6 = ¢’ = 0, we get B = A. So K = 0. Next assume that (20.5) holds.
By the comments below Theorem 20.2, there exists ¢ € F such that B = AY + (I. By this and § = §' = 0,
we get B = AY. By this and Lemma 10.3, K;; = 2a; for 0 <1i < d. Next, we give the K that corresponds
to solutions (20.6) and (20.7).

THEOREM 21.1. The following hold:
(i) Assume that (20.6) holds. Then

d (4h*t + h(p*? + (d — 1)2h*?))

Koo =— :
2h* (u* + (d — 1)h*)
K — ((d - 2i)p" + (d(d +1) — 2i(d - Z))h*) (4h*7- 4 h(u*2 +(d- 1)2h*2))
(1<i<d-1),
d (4h*7’ + h(ﬂ*2 +(d— 1)2h*2))
Kgaq= .

T 2 (= (d - k)
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(ii) Assume that (20.7) holds. Then

dh(u* + (d — 1))

K =
0,0 2h* )
h((d—2i)p* 4+ (dd—1) —2i(d —i))h*
o 20 (dld 1) it ) eiea,
’ 2h*
dh( — p* + (d — 1))
Kiq= .
d.d oh
Proof. Use (14.19) and Lemmas 6.45, 19.1 with § = ¢’ = 0. 0

Next, we give the K that corresponds to solution (20.8).
THEOREM 21.2. Assume that (20.8) holds. Then

(d—20)(r—71")

K;;=— "
o

)

Proof. Use (14.19) and Lemmas 6.45, 19.1 with 6 = ¢’ = 0. d

22. The parameter arrays of type IIIT. In this section, we describe the parameter arrays of type
III". We then prove Proposition 14.1 for type IIIT. Throughout this section, assume that d > 3.

LEMMA 22.1. Assume that d is even and Char(F) # 2. For a sequence
(22.1) (0,8,h, 6", s, ", T),

of scalars in T, define

(22.2) 0, — d+s+h(i—d/2) ifiiseven, 0<i<d),
d—s—h(i—d/2) ifiisodd
(22.3) o — 0 +s*+h*(i—d/2) ifiis even, 0<i<d)
§* —s* —h*(i —d/2) ifiisodd
and for 1 <i<d,
(22.4) _ Jilr —sh® —s"h — hh*(i — (d +1)/2)) if i is even,
| P =i+ )7+ b+ sTh+ hhT(i— (d+1)/2) if i is odd,
(22.5) 8 = i(T — sh* 4+ s*h + hh*(i — (d 4+ 1)/2)) if ¢ is even,
| U @i D) skt = sh = hh(i = (d+1)/2)) if s odd.

Then the sequence

(22.6) ({0 0; {07 Yoi {witins o)),

is a parameter array over F that has type I, provided that the inequalities in Lemma 6.15(i),(il) hold.
Conversely, assume that the sequence (22.6) is a parameter array over F that has type IIIT™. Then there
exists a unique sequence (22.1) of scalars in F that satisfies (22.2)—(22.5).
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Proof. Assume that the inequalities in Lemma 6.15(i),(ii) hold. Using (22.2)—(22.5), we routinely verify
the conditions Lemma 6.15(iii)—(v). Thus, the sequence (22.6) is a parameter array over F. Evaluating the
expression on the left in (6.3) using (22.2), we find that the parameter array (22.6) has fundamental constant
B = —2. So the parameter array (22.6) has type IIIT. The last assertion comes from [37, Theorem 8.1]. 0O

DEFINITION 22.2. Referring to Lemma 22.1, assume that the sequence (22.6) is a parameter array over F.
We call the scalars §, s, h, 0%, s*, h*, T the basic variables of (22.6). We call the sequence (6, s,h,d*,s*, h*, )
the basic sequence of (22.6).

LEMMA 22.3. Referring to Lemma 22.1, the following hold for 0 <1i,j5 < d:

h(i—j) if 7 is even, j is even,
0; —0; = 2s+h(i+j—d) ifiiseven, jisodd,
h(j —1) if ¢ is odd, j is odd,
h* (i —j) if 4 is even, j is even,
0; —0; = q2s* +h*(i+j—d) ifiiseven, jis odd,
h*(j —1) if ¢ is odd, j is odd.
Proof. Routine verification using (22.2) and (22.3). |
LEMMA 22.4. Referring to Lemma 22.1, the inequalities in Lemma 6.15(i),(i1) hold if and only if
(22.7) Char(F) is equal to 0 or greater than d/2,
(22.8) h#0,  h*#0,
(22.9) 2s £ ih ifiisodd (1-d<i<d-1),
(22.10) 2s* £ih*  ifiisodd (1—d<i<d-1),
(22.11) T # sh* + s*h+ hh*(i — (d+1)/2) if iiseven  (1<i<d),
(22.12) T # —sh* —s*h — hh* (i — (d +1)/2) if 7 is odd (1<i<ad),
(22.13) T # sh* — s*h — hh* (i — (d+1)/2) if iiseven (1 <i<d),
(22.14) T # —sh* + s*h+ hh* (i — (d+1)/2) if 7 is odd (1<i<d).
Proof. Routine verification using (22.4), (22.5), and Lemma 22.3. d

For the rest of this section, let ® denote a Leonard system over F that has type IIIT and parameter
array

(22.15) ({ez’}g=0§{9%k g:o;{%}zc'lzﬁ{ﬁbi}g:l)-
DEFINITION 22.5. By the basic variables (resp. basic sequence) of ®, we mean the basic variables (resp.

basic sequence) of the parameter array (22.15).

For the rest of this section, let (, s, h, 0%, s*, h*,7) denote the basic sequence of ®.

LEMMA 22.6. In the table below, for each Leonard system in the first column, we give the basic sequence:

Leonard system Basic sequence
ot (6,8, h, 0%, 8", —h* ,T)
(I)U (5785_}1”5*75*7}1’*’7—)

oV (=6, —s,—h,d6* s* h*, —71)
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Proof. Concerning ®+ and ®¥, use Lemma 6.28. Concerning ®, use Lemma 7.10. ]
LEMMA 22.7. For scalars €, C, £, C* in F with ££* # 0, consider the Leonard system:
(€A+ I B o €A™ + T {B]Y).
For this Leonard system, the basic sequence is equal to
(§6 4G5 &s, Eh, €767 + (75 &7s™, £°h7, £67T).
Proof. Use Lemma 6.29. 0
COROLLARY 22.8. The Leonard system
(A= 0L B} Lo A" = 8" I {Ef L),
has basic sequence (0, s, h,0,s*, h*, 7).
DEFINITION 22.9. We say that ® is reduced whenever 6 =0 and 0* = 0.

LEMMA 22.10. The variable k for ® satisfies k = 4h?.
Proof. By Lemma 6.25 and (22.2). O

Proof of Proposition 14.1, type IIIT. One routinely verifies (14.2) using (14.3)—(14.5) and Lemmas 22.1,
22.10. O

Note that Theorem 14.3 holds for type IIIT.
23. A characterization of compatibility in terms of the basic sequence, type III*. In this
section, we characterize the compatibility relation for Leonard pairs of type III* in terms of the basic

sequence. Throughout this section, Notation 12.1 is in effect. Assume that ® has type IIIT. Note that ®’
has type IIIT. Let

(5’s’h’5*78*7h*’7—)7 (5/’Sl7h/76*’8*’h*77'/)7

denote the basic sequence of ® and &', respectively.

THEOREM 23.1. The matrices A and B are compatible if and only if the following (23.1)~(23.3) hold:

(23.1) h% =12,
(23.2) (1 +sh*)? = (7' + s'h*)?,
(23.3) (1 —sh*)? = (7' — s'h*)%

Proof. We will invoke Theorem 14.3. To do this, we investigate the conditions in (14.18). By Lemma
22.10 and (22.7), kK = &’ if and only if (23.1) holds. Using (22.4) and (22.5), we find that under the
assumption (23.1) the expression ;¢ — ¢} ¢} is equal to d? times:

(T+Sh*)2 o (7_/ +S/h*)2,
and the expression @ dq — ¢,¢), is equal to d? times:
(1 — sh*)? — (7' — s'h*)%

By these comments and (22.7), we find that under the assumption (23.1), ¢1¢1 = ¢} ¢} holds if and only if
(23.2) holds, and ¢q¢q4 = ¢}¢); if and only if (23.3) holds. Now the result follows from Theorem 14.3. O
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Our next goal is to solve the equations (23.1)—(23.3) for ', A’, and 7.

THEOREM 23.2. The equations (23.1)—(23.3) hold if and only if at least one of the following (23.4)—(23.7)
holds:

(23.4) s =s, = 2 = B2
(23.5) s’ = —s, =, h'? = h?;
(23.6) s’ =T1/h*, 7' = sh*, h'? = h?;
(23.7) s = —1/h*, 7/ = —sh*, h'? = h%.

Proof. One routinely checks that each of (23.4)-(23.7) gives a solution to (23.1)-(23.3). Now assume
that (23.1)—(23.3) hold. Note by (22.8) that h* # 0. By (23.2),

T+ sh* =1+ s'h* or T+ sh* = —7" — §'h*.
By (23.3),
T—sh* =1 —sh* or T —sh* = -7+ §h*.
By these comments and (23.1), we get at least one of (23.4)—(23.7). d

We have some comments about (23.4) and (23.5). By Proposition 12.3, (23.4) holds if and only if there
exists ¢ € F such that B = A + (I. By Proposition 12.4, (23.5) holds if and only if there exists ¢ € F such
that B = AY + (I. The solutions (23.4)—(23.7) are not mutually exclusive.

24. Describing the companions for a Leonard pair of type IIIT. In this section, we describe
the companions for a Leonard pair of type III*. Throughout this section, Notation 12.1 is in effect. Assume
that ® has type IIIT. Note that ® has type IIIT. Let

(24.1) (0,8,h, 6", s, ", T), (8", s' B 6%, 8" h T,

denote the basic sequence of ® and &', respectively. Assume that A and B are compatible and consider the
companion K = A — B. We will give the entries of K. To avoid complicated formulas, we assume that each
of ® and ®’ is reduced so that § =0, 6’ =0, §* = 0.

For the moment assume that (23.4) holds. By the comments below Theorem 23.2; there exists ( € F
such that B = A+ ¢I. By this and 6 = ¢’ = 0, we get B = A. So K = 0. Next assume that (23.5) holds.
By the comments below Theorem 23.2, there exists ¢ € IF such that B = AV + (I. By this and § = §' = 0,
we get B = AY. By this and Lemma 10.3, K, ; = 2a; for 0 < i < d. We now give the K that corresponds to
solutions (23.6), (23.7).

THEOREM 24.1. The following hold:

(i) Assume (23.6) holds. Then

KO)O =S — T/h*,
(s —7/h*) (25" — (d+ 1))
25" — (d—2i+ L)h*
(s —7/h) (25" — (d+ Dh*) .
= f
25" — (d—2i— 1)h* i is odd

if 7 is even,

K;; =
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(ii) Assume that (23.7) holds. Then

(s+7/h*)(25* + (d + 1)h*)

- " if ¢ is even,
K, = 2s* — (d—2i—1)h O<i<d—1),
| - (s 7/h7) (25" + (d + DA) if ¢ is odd
2s* — (d—2i+1)h*
Kd,d = S+T/h*.
Proof. Use (14.19) and Lemmas 6.45, 22.1 with § = §’ = 0. |

25. The parameter arrays of type III™. In this section, we describe the parameter arrays of type
IIT~. We then prove Proposition 14.1 for type III~. Throughout this section, assume that d > 3.

LEMMA 25.1. Assume that d is odd and Char(IF) £ 2. For a sequence
(25.1) (6,s,h,6%, 8", h",T),

of scalars in F, define

(25.2) o, = §+s+h(i—d/2) ifiis even, 0<i<a)
§—s—h(i—d/2) ifiisodd

(25.3) o — 0* +s* +h*(i—d/2) ifiis even, O0<i<d)
§* —s* —h*(i —d/2) ifiisodd

and for 1 <i<d,

(25.4) ;= hh*i(d - i +1) if ¢ is even,
T —2s8* +i(d — i+ 1)hh* — (sh* + s*h)(2i —d — 1) if i is odd,

(25.5) ¢i = {hh*i(d oy if i is even,

T4 28s* +i(d — i+ 1)hh* + (sh* — s*h)(2i —d — 1) if ¢ is odd.
Then the sequence

(25.6) ({0: 1 0; {07 Yos {witimys {di}iny),

is a parameter array over F that has type III~, provided that the inequalities in Lemma 6.15(i),(ii) hold.
Conversely, assume that the sequence (25.6) is a parameter array over F that has type III-. Then there
exists a unique sequence (25.1) of scalars in F that satisfies (25.2)—(25.5).

Proof. Assume that the inequalities in Lemma 6.15(i),(ii) hold. Using (25.2)—(25.5) we routinely verify
the conditions Lemma 6.15(iii)—(v). Thus the sequence (25.6) is a parameter array over F. Evaluating the
expression on the left in (6.3) using (25.2), we find that the parameter array (25.6) has fundamental constant
B = —2. So the parameter array (25.6) has type III”. The last assertion comes from [37, Theorem 9.1]. 0O

DEFINITION 25.2. Referring to Lemma 25.1, assume that the sequence (25.6) is a parameter array over
F. We call the scalars 9§, s, h,6*,s*, h*, T the basic variables of (25.6). We call the sequence (0,s,h,d*,s*,
h*,T) the basic sequence of (25.6).
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LEMMA 25.3. Referring to Lemma 25.1, the following hold for 0 <1i,j < d:

h(i—j) if 7 is even, j is even,
0; —0; =4 2s+h(i+j—d) ifiiseven, jisodd,
h(j —1) if 7 is odd, j is odd,
h*(i —j) if ¢ is even, j is even,
0; —0; =q2s* +h*(i+j—d) ifiiseven, jis odd,
h*(j — 1) if 7 is odd, j is odd.

Proof. Routine verification using (25.2) and (25.3).

LEMMA 25.4. Referring to Lemma 25.1, the inequalities in Lemma 6.15(i),(i1) hold if and only if

448

d

(25.7) Char(F) is equal to 0 or greater than (d —1)/2,
(25.8) h#£0,  h*#0,
(25.9) 2s # ih ifiiseven (1—d<i<d-—1),
(25.10) 25" #£ih” if ¢ is even (1-d<i<d-1),
(25.11) T # 285" —i(d—i+ 1)hh* + (sh* + s"h)(2i —d—1) ifiisodd (1<i<d),
(25.12) T# 285" —i(d— 1+ 1)hh" — (sh" —s"h)(2i —d—1) ifiisodd (1<i<d).
Proof. Routine verification using (25.4), (25.5), and Lemma 25.3.
For the rest of this section, let ® denote a Leonard system over F that has type III~ and parameter
array:
(25.13) ({0:} i {07 Yo {0 ias {didiiy)-

DEFINITION 25.5. By the basic variables (resp. basic sequence) of ®, we mean the basic variables (resp.

basic sequence) of the parameter array (25.13).

For the rest of this section, let (4, s, h, 0%, s*, h*,7) denote the basic sequence of ®.

LEMMA 25.6. In the table below, for each Leonard system in the first column, we give the basic sequence:

Leonard system Basic sequence
ot (6,8,h,0%, ", —h*,T)
o (6,8, —h, 0%, s*, h*,T)
oV (=0, —s,—h, 6%, s*, h*, —T)

Proof. Concerning ®+ and ®¥, use Lemma 6.28. Concerning ®V, use Lemma 7.10.

LEMMA 25.7. For scalars &, , £, (* in F with ££* # 0, consider the Leonard system:
(EA+ (L AEY Ly €A™+ ¢ L5 (B L)
For this Leonard system, the basic sequence is equal to

(€6 + G &s, Eh, €767 + (75 &7s™, 77, €67 T).
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Proof. Use Lemma 6.29. ]

COROLLARY 25.8. The Leonard system
(A= 0L {EiY Lo A" = 671 {E] }iy),

has basic sequence (0, s, h,0,s*, h*, 7).
DEFINITION 25.9. We say that ® is reduced whenever § =0 and §* = 0.
LEMMA 25.10. The invariant value x for ® satisfies k = 4h>.

Proof. By Lemma 6.25 and (25.2). O

Proof of Proposition 14.1, type III~. One routinely verifies (14.2) using (14.3)—(14.5) and Lemmas 25.1,
25.10. O

Note that Theorem 14.3 holds for type III™.
26. A characterization of compatibility in terms of the basic sequence, type III™. In this
section, we characterize the compatibility relation for Leonard pairs of type III™ in terms of the basic

sequence. Throughout this section, Notation 12.1 is in effect. Assume that ® has type III™. Note that @’
has type ITI™. Let

(8,8,h,0%, s h*,T), (6,8 h, 6%, 8" h*, 1),

denote the basic sequence of ® and &', respectively.

THEOREM 26.1. The matrices A and B are compatible if and only if the following (26.1)—(26.3) hold:

(26.1) h? = h"?,
(26.2) ht +2h*s? = K7/ 4+ 2h*s"?,

. T+ (457" + (d+ T = T+ (4577 4+ (a + T.
26.3 2h* 2 4 *2 d 1 2h*2 h 2h* 12 4 *2 d 1 Qh*Q h/ /

Proof. We will invoke Theorem 14.3. To do this, we investigate the conditions in (14.18). By Lemma
25.10 and Char(F) # 2, x = £’ if and only if (26.1) holds. Using (25.4) and (25.5), we find that under the
assumption (26.1) the expression p1¢1 — 1) — pada + @@ is equal to 4(d — 1)s* times:

ht + 2h*s? — /7' — 2h*s'2.

Using (25.4) and (25.5), we find that under the assumptions (26.1) and (26.2), the expression ¢1¢1 — ¢} ¢}
is equal to

2h* T2 + (45*2 + (d+ 1)2h*2) hT — 2h* 7% — (45*2 + (d+ 1)2h*2) hr!
2h* '
By these comments and (25.7) and (25.10), we find that under the assumption (26.1), both p1¢1 = ¢} ¥}

and @qdq = ¢,¢,; hold if and only if both (26.2) and (26.3) hold. Now the result follows from Theorem
14.3. 0

Our next goal is to solve the equations (26.1)—(26.3) for s’, A’, and 7.
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THEOREM 26.2. The equations (26.1)—(26.3) hold if and only if at least one of the following (26.4)—(26.7)
holds:

(26.4) B =h, =T s = 5%

(26.5) B = —h, 7= -7, s'? = 52

W =h ' =—1—2hh* ((s*/h*)2 +((d+ 1)/2)2) ,

2.6 ’
(269 = ) 02 (1 (4 1)/2)7):

Wo=—h, =2 (/) ((d+1)/2)7)),

26.7
(26.7) $2 = 52 4 (h/h)r + b (s /0% + ((d+1)/2)°).

Proof. One routinely checks that each of (26.4)-(26.7) gives a solution to (26.1)-(26.3). Now assume
that (26.1)—(26.3) hold. We show that at least one of (26.4)—(26.7) holds.

By (26.1), we have either b’ = h or i’ = —h. First assume that h’ = h. We may assume that 7 # 7/;
otherwise s? = 5’2 by (26.2), and so (26.4) holds. By (26.3),

(r—1") (Qh*(T +7')+ h(ﬁls*2 + (d+ 1)2h*2)> =0.

By this and 7 — 7' #£ 0,

(26.8) 2h* (T +7') + h (45 + (d + 1)*h*?) = 0.
By (26.2),
h(r —1")
12 2
§°=5"+ o=
By this and (26.8), we get (26.6). Next assume that i’ = —h. We may assume that 7/ # —7; otherwise

52 = s"? by (26.2), and so (26.5) holds. By (26.3),
(r+7") (2h*(7’ —7') + h(4s*? + (d + 1)2h*2)) =0.

By this and 7+ 7/ # 0,

(26.9) 2h* (T —7') + h (45 + (d + 1)*h*?) = 0.
By (26.2),
h /
§2 =24 (7’22’*7 )
By this and (26.9), we get (26.7). |

We have some comments about (26.4) and (26.5). By Proposition 12.3, (26.4) holds if and only if there
exists ¢ € F such that B = A + (I. By Proposition 12.4, (26.5) holds if and only if there exists ( € F such
that B = AY + ¢I. The solutions (26.4)—(26.7) are not mutually exclusive.
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27. Describing the companions for a Leonard pair of type III~. In this section, we describe
the companions for a Leonard pair of type III~. Throughout this section, Notation 12.1 is in effect. Assume
that @ has type III~. Note that ® has type III™. Let

(271) (6787h76*78*7h*77—)7 (6/78/7h/75*u8*ah*77—/)7

denote the basic sequence of ® and &', respectively. Assume that A and B are compatible and consider the
companion K = A — B. We will give the entries of K. To avoid complicated formulas, we assume that each
of ® and ®’ is reduced so that § =0, &' = 0, and 6* = 0.

For the moment assume that (26.4) holds. By the comments below Theorem 26.2, there exists ( € F
such that B = A+ ¢I. By this and § = §' = 0, we get B = A. So K = 0. Next assume that (26.5) holds.
By the comments below Theorem 26.2, there exists ¢ € F such that B = AY 4 (I. By this and § = §' = 0,
we get B = AY. By this and Lemma 10.3, K, ; = 2a; for 0 < i < d. We now give the K that corresponds to
solutions (26.6) and (26.7).

THEOREM 27.1. The following hold:
(i) Assume that (26.6) holds. Then

r4hh (/1) 4 ((d+1)/2)°)

- if ¢ is even,
K= s*— ((d—1)/2 —i)h* , (0<i<d)
T+ hh* ((s*/h*)2 + ((d+1)/2) )
- . if 4 is odd
s*— ((d+1)/2—i)h*
(ii) Assume that (26.7) holds. Then
Koo = —h(S*/h* + (d+ 1)/2) R
ahe ((s/07)2 = ((d+1)/2)")
— - if 4 even,
K = 8**((d+1)/2*2)h*2 (1<i<d—1),
S e (s = (@4 1)/2)°) .
s —((d—1)/2—i)h* Heo
Kga=h(s"/h* = (d+1)/2).
Proof. Use (14.19) and Lemmas 6.45, 25.1 with § = ¢’ = 0. O

28. The parameter arrays of type IV. In this section, we describe the parameter arrays of type
IV. We then prove Proposition 14.1 for type IV. Note by Lemma 13.3 that d = 3 for type IV.

LEMMA 28.1. Assume that d = 3 and Char(F) = 2. For a sequence
(28.1) (6, h,s,0", h*, 5%, 1),

of scalars in T, define

(28.2) 6o = 0, 61 =30+h(s+1), 0y =6+ h, 035 = + hs,
(28.3) 0y =0", 0] =0"+h"(s"+1), 05 =30"+h", 05=050+h"s",
(28.4) w1 = hh™r, w2 = hh™*, w3 = hh*(r + s+ s"),
(28.5) o1 = hh*(r+ s+ ss*), ¢2 = hh*, ¢3 = hh*(r + s* + ss™).
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Then the sequence

(28.6) ({ei}zc‘l:(ﬁ {67 g:(); {pi ?:15 {@'}g:l)a

is a parameter array over F that has type IV, provided that the inequalities in Lemma 6.15(i),(ii) hold.
Conversely, assume that the sequence (28.6) is a parameter array over F that has type IV. Then there exists
a unique sequence (28.1) of scalars in F that satisfies (28.2)—(28.5).

Proof. Assume that the inequalities in Lemma 6.15(i),(ii) hold. Using (28.2)—(28.5) we routinely verify
the conditions Lemma 6.15(iii)—(v). Thus, the sequence (28.6) is a parameter array over F. Evaluating the
expression on the left in (6.3) using (28.2), we find that the parameter array (28.6) has fundamental constant
B = 2. So the parameter array (28.6) has type IV. The last assertion comes from [37, Theorem 10.1]. ]

DEFINITION 28.2. Referring to Lemma 28.1, assume that the sequence (28.6) is a parameter array over F.
We call the scalars 6, h, s, 0, h*, s*,r the basic variables of (28.6). We call the sequence (0, h,s,0*, h*, s*,r)
the basic sequence of (28.6).

LEMMA 28.3. Referring to Lemma 28.1, the inequalities in Lemma 6.15(1),(il) hold if and only if

(28.7) h # 0, 5 #0, s+1+#0, h* #0, s* #£0, s +1#0,
(28.8) r#£0, r+s+s #£0, r+s+ss"#£0, r+ 8"+ ss" #£0.
Proof. Routine verification using (28.2)—(28.5). O

For the rest of this section, let ® denote a Leonard system over F that has type IV and parameter array:

(28.9) ({030 {07 Yio; {0i imrs {di}imy)-

DEFINITION 28.4. By the basic variables (resp. basic sequence) of ®, we mean the basic variables (resp.
basic sequence) of the parameter array (28.9).

For the rest of this section, let (4, h, s,d*, h*, s*,7) denote the basic sequence of P.

LEMMA 28.5. In the table below, for each Leonard system in the first column, we give the basic sequence:

Leonard system Basic sequence
ot (0,8,h, 0% + h*s*, s* h* r+ s* + ss*)
ol (0 + hs,s,h, 0%, s*, h*, 7 + s + ss*)
oV (0,8, h, 0%, s* h* 1)
Proof. Concerning ®* and ®¥, use Lemma 6.28. Concerning ®¥, use Lemma 7.10. a0

LEMMA 28.6. For scalars &, C, £, C* in F with ££* # 0, consider the Leonard system:
(EA+ CL{E Lo €A™ + CTE] Hlo).
For this Leonard system, the basic sequence is equal to
(€6 + ¢, Eh, s, 76" + ¢, E7h7, ™, T).

Proof. Use Lemma 6.29. ]
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LEMMA 28.7. The invariant value k for ® satisfies k = h?.

Proof. By Lemma 6.25 and (28.2). d

Proof of Proposition 14.1, type IV. One routinely verifies (14.2) using (14.3)—(14.5) and Lemmas 28.1,
28.7. O

Note that Theorem 14.3 holds for type IV.
29. A characterization of compatibility in terms of the basic sequence, type IV. In this
section, we characterize the compatibility relation for Leonard pairs of type IV in terms of the basic sequence.

Throughout this section, Notation 12.1 is in effect. Assume that ® has type IV. Note that & has type IV.
Let

(57h7 576*7h*78*’r) (6/’ h/78/75*’h*75*7,r/)7

denote the basic sequence of ® and &', respectively.

THEOREM 29.1. The matrices A and B are compatible if and only if the following (29.1)—(29.3) hold:

(20.1) h=H,
(29.2) s(14+s+s") =51+ +s%),
(29.3) r(r+s+ss*) =r'(r' +5 +5's").

Proof. We will invoke Theorem 14.3. To do this, we investigate the conditions in (14.18). By Lemma
28.7 and since Char(F) = 2, k = £’ if and only if (29.1) holds. Using (28.4) and (28.5), we find that under
the assumption (29.1) the expression ¢1¢1 — @} ¢} is equal to h2h*? times:

r(r+s+ss*) —r'(r' +5 +5's"),
and the expression p3¢3 — p5¢4 is equal to h?h*? times:
(r+s+s)(r+s +ss)— (' +s+s)(r+s" +5s").

By these comments and (28.7), we find that under the assumption (29.1), ¢1¢1 = )¢} holds if and only if
(29.2) holds, and @q¢q = ¢;¢, holds if and only if (29.3) holds. Now the result follows from Theorem 14.3.0

Our next goal is solve the equations (29.1)-(29.3) for A/, s’, and 7.

THEOREM 29.2. The equations (29.1)—(29.3) hold if and only if at least one of the following (29.4) and
(29.5) holds:

(29.4) h' = h, s'=s, r=r or r'=r+s+ss",

/ /1 *
(295) h/:ha S/:1+S+S*, Iir*+r(:f):3, 7",+7‘7é0.
S r r

Proof. Recall that Char(F) = 2. One routinely checks that each of (29.4) and (29.5) gives a solution to
(29.1)—(29.3). Now assume that (29.1)—(29.3) hold. We show that (29.4) or (29.5) holds.

By (29.1), K’ = h. Using (29.2), we find that

(s +5)(8 +1+s+s")=0.
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So either s’ = s or s’ =1+ s+ s*. First assume that s’ = s. By (29.3) with s’ = s,
(r+r"Yr+r" +s+ss*)=0.

So either ' = r or ' = r+ s+ ss*. Thus, (29.4) holds. Next assume that s’ = 1+ s+ s*. In (29.3), eliminate
s’ to get
r(r+s+ss)+r'(r+(1+s+s)(1+s%)) =0.

In this equation, rearrange terms to get
(r+r)2+s(r+r)(1+s)+7(1+s)2=0.

We have r + ' # 0; otherwise /(1 + s*)? = 0, contradicting Lemma 28.3. In the above equation, multiply
each side by (7 +7/)71(1 + s*)~! to get the third equation in (29.5). By these comments (29.5) holds. O

We have a comment about (29.4). By Proposition 12.3, solution (29.4) holds if and only if there exists
¢ € F such that B = A + (I. In this case, ( = § — ¢ in view of Lemma 28.6.

30. Describing the companions for a Leonard pair of type IV. In this section, we describe the
companions for a Leonard pair of type IV. Throughout this section, Notation 12.1 is in effect. Assume that
® has type IV. Note that @’ has type IV. Let

(30'1) (6’ h) 87 5*7h*78*’T) (6/’ hl’ 8,7 5*)h*75*7rl)7
denote the basic sequence of ® and @', respectively. Assume that A and B are compatible and consider the
companion K = A — B. We will give the entries of K.

For the moment assume that (29.4) holds. By the comment below Theorem 29.2, we have B = A+ (¢’ —
NI, so K = (§ —d")I. We now give the K that corresponds to solution (29.5).

THEOREM 30.1. Assume that (29.5) holds. Then

h(r+1") r4r
Koog=0—-06+—-—- Kig=06—-6+h(1+s"
0,0 + s 11 1,1 + <+s +s*+1>7
r+r r+r
Koo=0—-06+h(1 K33=0—-08+h|(s" .
2,2 + ( +s*+1>’ 3,3 + (s +S*+1>
Proof. Use (14.19) and Lemmas 6.45, 28.1. |
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