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NEAR-BIPARTITE LEONARD PAIRS*

KAZUMASA NOMURAT AND PAUL TERWILLIGER!

Abstract. 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 on an eigenbasis for the other in
an irreducible tridiagonal fashion. Let A, A* denote a Leonard pair on V. Let {v;}¢_, denote an eigenbasis for A* on which A
acts in an irreducible tridiagonal fashion. For 0 < i < d, define an F-linear map E} : V' — V such that Efv; = v; and Efv; =0
if j#14(0<j<d). The map F = Z?:o E¥AE? is called the flat part of A. The Leonard pair A, A* is bipartite whenever
F = 0. The Leonard pair A, A* is said to be near-bipartite whenever the pair A — F, A* is a Leonard pair on V. In this case,
the Leonard pair A — F, A* is bipartite and called the bipartite contraction of A, A*. Let B, B* denote a bipartite Leonard
pair on V. By a near-bipartite expansion of B, B*, we mean a near-bipartite Leonard pair on V with bipartite contraction
B, B*. In the present paper, we have three goals. Assuming F is algebraically closed, (i) we classify up to isomorphism the
near-bipartite Leonard pairs over F; (ii) for each near-bipartite Leonard pair over F we describe its bipartite contraction; (iii)
for each bipartite Leonard pair over F we describe its near-bipartite expansions. Our classification (i) is summarized as follows.
We identify two families of Leonard pairs, said to have Krawtchouk type and dual g-Krawtchouk type. A Leonard pair of dual
g-Krawtchouk type is said to be reinforced whenever ¢2* # —1 for 1 < i < d — 1. A Leonard pair A, A* is said to be essentially
bipartite whenever the flat part of A is a scalar multiple of the identity. Assuming F is algebraically closed, we show that a
Leonard pair A, A* over F with d > 3 is near-bipartite if and only if at least one of the following holds: (i) A, A* is essentially
bipartite; (ii) A, A* has reinforced dual ¢g-Krawtchouk type; and (iii) A, A* has Krawtchouk type.
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1. Introduction. The notion of a Leonard pair was introduced by the second author [46]. We recall
the definition of a Leonard pair. 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 of V' with respect to which the matrix representing A is irreducible tridiagonal
and the matrix representing A* is diagonal;

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

In this case, we say that A, A* is over F. We call d = dim V' — 1 the diameter of A, A*.

In the literature, there are two well-known families of Leonard pairs, said to be bipartite and almost-
bipartite (see [16, Section 1]). In the present paper, we introduce a family of Leonard pairs called near-
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bipartite. We will describe this family shortly. In order to motivate things, we give some history and
background.

The Leonard pairs arose from the study of @-polynomial distance-regular graphs and orthogonal polyno-
mials. Delsarte showed in [20] that a Q-polynomial distance-regular graph yields two orthogonal polynomial
sequences that are related by what is now called Askey—Wilson duality. Motivated by Delsarte’s result,
Leonard showed in [32] that the ¢-Racah polynomials give the most general orthogonal polynomial systems
that satisfy Askey—Wilson duality. Leonard’s theorem was improved by Bannai and Ito [5, Theorem 5.1]
by treating all the limiting cases. This version gives 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, consisting of the ¢-Racah,
g-Hahn, dual ¢-Hahn, ¢-Krawtchouk, dual g-Krawtchouk, quantum g¢-Krawtchouk, affine ¢-Krawtchouk,
Racah, Hahn, Krawtchouk, Bannai/Ito, and orphan polynomials. The Leonard theorem [5, Theorem 5.1] is
rather complicated. The notion of a Leonard pair was introduced in [46] to simplify and clarify Leonard’s
theorem. A Leonard system [46, Definition 1.4] is a Leonard pair A, A* together with appropriate orderings
of the eigenvalues of A and A*. The Leonard systems are classified up to isomorphism in [46, Theorem 1.9].
This result gives a linear algebraic version of Leonard’s theorem.

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 [3,21,22,25,29,37], quantum
groups [1,2,13-15,26-28], spin models [17-19,41], double affine Hecke algebras [23, 24,30, 31, 38|, partially
ordered sets [33,34,44,52], and exactly solvable models in statistical mechanics [6-12]. For more information
about Leonard pairs and related topics, see [4,37,39,40,42,43,45,47,51].

We now describe the near-bipartite Leonard pairs. Let A, A* denote a Leonard pair on V. Let {vi}fzo
denote a basis of V' with respect to which the matrix representing A is irreducible tridiagonal and the matrix
representing A* is diagonal. For 0 < ¢ < d define an F-linear map E} : V — V such that Ejv; = v; and
Efv; =0for j # i (0 < j < d). Define F = Z?:o ErAE?. We call F the flat part of A. The Leonard
pair A, A* is bipartite if and only if F' = 0. The Leonard pair A, A* is said to be near-bipartite whenever
the pair A — F, A* is a Leonard pair on V. In this case, the Leonard pair A — F, A* is bipartite and called
the bipartite contraction of A, A*. Let B, B* denote a bipartite Leonard pair on V. By a near-bipartite
expansion of B, B*, we mean a near-bipartite Leonard pair on V' with bipartite contraction B, B*.

In the present paper, we have three main goals. Assuming F is algebraically closed,

(i) we classify up to isomorphism the near-bipartite Leonard pairs over TF;
(ii) for each near-bipartite Leonard pair over F, we describe its bipartite contraction;
(iii) for each bipartite Leonard pair over F, we describe its near-bipartite expansions.

We now summarize our classification for item (i). In this summary, we assume d > 3; the case d < 2 is
a bit different and given in the main body of the paper. We will identify two families of Leonard pairs, said
to have Krawtchouk type and dual ¢g-Krawtchouk type. These are attached to the Krawtchouk polynomials
and the dual g-Krawtchouk polynomials. A Leonard pair of dual g-Krawtchouk type is said to be reinforced
whenever g% # —1 for 1 <i < d— 1. A Leonard pair A, A* is said to be essentially bipartite whenever the
flat part F' of A is a scalar multiple of the identity. Assuming F is algebraically closed, we will show that a
Leonard pair A, A* over F is near-bipartite if and only if at least one of the following (i)—(iii) holds:

(i) A, A* is essentially bipartite;
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(ii) A, A* has reinforced dual ¢g-Krawtchouk type;
(iii) A, A* has Krawtchouk type.

The paper is organized as follows. In Section 2, we fix our notation and recall some basic materials from
linear algebra. In Section 3, we recall some materials concerning Leonard pairs. In Section 4, we introduce
the concept of a TD/D sequence for a Leonard pair. In Section 5, we introduce the normalized TD/D form
of a Leonard pair. In Section 6, we recall the bipartite Leonard pairs and essentially bipartite Leonard pairs.
In Section 7, we introduce the flat part F' of a Leonard pair. In Section 8, we introduce the near-bipartite
property for Leonard pairs. In Section 9, we classify the near-bipartite Leonard pairs with diameter d = 1.
In Sections 10 and 11, we classify the near-bipartite Leonard pairs with diameter d = 2. Starting in Section
12 we assume d > 3. In Section 12, we recall the type of a Leonard pair. In Sections 13-16, we recall
the primary data of a Leonard pair. In Section 17, we characterize the essentially bipartite Leonard pairs
in terms of the primary data. In Section 18, we characterize the bipartite Leonard pairs in terms of the
primary data. In Section 19, we describe the dual ¢-Krawtchouk Leonard pairs. In Section 20, we describe
the Krawtchouk Leonard pairs. In Section 21, we describe the Leonard pairs that are bipartite and have dual
g-Krawtchouk type. In Section 22, we describe the Leonard pairs that are bipartite and have Krawtchouk
type. In Section 23, we determine the near-bipartite Leonard pairs of dual ¢-Krawtchouk type, and describe
their bipartite contraction. In Section 24, we show that a Leonard pair of Krawtchouk type is near-bipartite,
and we describe its bipartite contraction. In Section 25, we classify the near-bipartite Leonard pairs. In
Sections 26 and 27, we describe the near-bipartite expansions of a bipartite Leonard pair.

2. Preliminaries. We now begin our formal argument. Throughout the paper, the following notation
is in effect. Let F denote a field. Every vector space and algebra discussed in this paper is over F. Fix an
integer d > 0. The notation {z;}& refers to the sequence zg, 71, ..., 74. Let Maty,1(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 F?*! 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
Matgy1(F) acts on F4+! by left multiplication. Throughout the paper, V denotes 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) — Matgs1(F). For A € End(V) and M € Matg11(F), we say that M represents A with respect
to {v;}¢_, whenever Av; = Z(j:o M, jv; for 0 < j < d. The isomorphism sends A to the unique matrix in
Matg1(F) that represents A with respect to {v;}¢ . 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
(B; —I)V; =0and E;V; =0 for j # i (0 < j < d). We call E; the primitive idempotent of A associated
(iv) A= Z?ZO 0;E;; (v) V; = E;V (0 <i <d); (vi) rank(E;) = 1; and (vii) tr(E;) =1 (0 < i < d), where tr

means trace. Moreover,

A—0;1
B = J- <3 <d).
[ H eliej (O_Z_d)
0<j<d
J#
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Let (A) denote the subalgebra of End(V') generated by A. The algebra (A) is commutative. The elements
{AB}4_ ) (resp. {E;}¢ ) form a basis of (A).

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

(i) H e (A4);
(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 € Matgyq(F) commutes with each diagonal
matrix in Matgq1(F) if and only if M diagonal. |

A square matrix is said to be tridiagonal whenever each nonzero entry lies on the diagonal, 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.

LEMMA 2. Let T' € Matgy1(F) be irreducible tridiagonal. Then the following are equivalent:

(i) T is diagonalizable;

(ii) T is multiplicity-free.

Proof. (i) = (ii) Observe that I,T,T2,...,T¢ are linearly independent. Thus, the minimal polynomial
of T has degree d + 1. So T has d 4+ 1 mutually distinct eigenvalues.

(ii) = (i) Clear. |
For elements 7, s in an algebra, the notation [r, s] means the commutator rs — sr.

3. Leonard pairs. In this section, we recall the notion of a Leonard pair. Recall the vector space V/
with dimension d + 1.

DEFINITION 3. (See [46, 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 of V' with respect to which the matrix representing A is irreducible tridiagonal
and the matrix representing A* is diagonal;

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

We call d the diameter of A, A*. We say that A, A* is over F. We call V' the underlying vector space.

NOTE 4. 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.

We recall the notion of an isomorphism of Leonard pairs. 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 F-linear bijection S : V' — V such that SA = BS and SA* = B*S. We say that A, A* and B, B* are
isomorphic whenever there exists an isomorphism of Leonard pairs from A, A* to B, B*.

LEMMA 5. (See [36, Lemma 5.1].)  For a Leonard pair A, A* on'V and scalars &, £*, ¢, ¢* in F with
EEF £ 0, the pair EA+ (I, £ A* + (*1 is a Leonard pair on V.
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LEMMA 6. (See [46, Lemma 3.1].)  For a Leonard pair A, A* on'V, each of A and A* is multiplicity-free.

LEMMA 7. (See [46, Lemma 3.3].) Let A, A* denote a Leonard pair on V. Then there does not ezist a
subspace W of V' such that AW CW, A W CW, W #0, W #V.

Let A, A* denote a Leonard pair on V. An ordering {6, }2_, of the eigenvalues of A is said to be standard
whenever there exists a basis of V' with respect to which the matrix representing A is diag(fo, 61, ...,04)
and the matrix representing A* is irreducible tridiagonal. For a standard ordering {92-};1:0 of the eigenvalues
of A, the ordering {64_;}%_, is standard and no further ordering is standard. A standard ordering of the
eigenvalues of A* is similarly defined.

We recall the notion of a parameter array.

LEMMA 8. (See [46, Theorem 3.2].)  Let A, A* denote a Leonard pair on'V. Let {0;}%_, (resp. {0:}L,
denote a standard ordering of the eigenvalues of A (resp. A*). Then there exists a unique sequence {p;}%_,
of scalars in F with the following property: there exists a basis of V' with respect to which the matrices
representing A and A* are

0o 0 05 ¢ 0

1 6 07 o

A: 1 6, , A* - 07
T Pd
0 1 0 0 0;

DEFINITION 9. Referring to Lemma 8, the sequence {(;}L , is called the first split sequence of A, A*
with respect to the standard orderings {6, }, and {67 }%_,.

LEMMA 10. Let A, A* denote a Leonard pair on V. Let {0;}%_, (resp. {0;}%,) denote a standard
ordering of the eigenvalues of A (resp. A*). Then there exists a unique sequence {¢; }&_, of scalars in F with
the following property: there exists a basis of V' with respect to which the matrices representing A and A*
are

0d 0 96 ¢1 0
1 0a 07 92
A 1 Oa—2 A* 07
ba
0 1 6 0 0%
Proof. Apply Lemma 8 to the eigenvalue sequence {64_;}% , of A, A*. d

DEFINITION 11. Referring to Lemma 10, the sequence {¢;}2_, is called the second split sequence of A, A*
with respect to the standard orderings {6, }, and {6;}4_,.
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DEFINITION 12. (See [48, Definition 11.1].)  Let A, A* denote a Leonard pair on V. By a parameter
array of A, A*, we mean a sequence

(3'1) ({9 }d 07{9* i= 07{<pl 1= lv{d)l )

where {0;}L, (resp. {0714 ) is a standard ordering of the eigenvalues of A (resp. A*), and {¢;}L, (resp.
{¢i}d_,) is the first split sequence (resp. second split sequence) with respect to the standard orderings {6;}%,
and {0; }{_g

We comment on the uniqueness of the parameter array.

LEMMA 13. (See [46, Theorem 1.11].)  Let A, A* denote a Leonard pair on V', and let

{9 }z 07{9* i= Oa{<pl 1= 17{¢z}z 1)

denote a parameter array of A, A*. Then each of the following is a parameter array of A, A*:

({0: )i {07} o’{%}z ey,

({6:}=0; {05 Yimoi {ba—it1 Ymi; {pa—it1 }im1),
({0a-i}o: {07} 07{@ Loy,

({04 }i:0§{‘9d iJi= 07{<Pd ’LJrl}z 13 {¢a— 2+1}7, 1)

Moreover, A, A* has no further parameter array.

We mention a significance of the parameter array.

LEMMA 14. (See [46, Theorem 1.9].) Two Leonard pairs over F are isomorphic if and only if they
have a parameter array in common.

DEFINITION 15. By a parameter array over F, we mean the parameter array of a Leonard pair over F.

In the next result, we classify the parameter arrays over F.

LEMMA 16. (See [46, Theorem 1.9].)  Consider a sequence

(32) ({9 }7, 07{9* = O’{SD’L i= 17{¢Z )

of scalars in F. This sequence is a parameter array over F if and only if the following conditions (1)—(v)
hold:

) @i #0, (zwéo (1<i<d);

(i) @5 = d1 Ygrg 22t + (0 — 03) (i1 — 0a) (1< i < d);
) 6
)

0,—0 * * ;
bi = P1 Yo o=t 4 (07 — 03)(Ba—ivr — 00) (1 <i < d);
the expressions
Oi—2 —0it1 075 — 074

(3.3) g et S,

are equal and independent of i for 2 <i<d—1.
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LEMMA 17. (See [36, Lemma 6.1].)  Let A, A* denote a Leonard pair over F with parameter array:

({ei}?:m {67 ?:05 {oi ?:1§ {¢i}§l:1)-
Then for scalars €, £*, ¢, ¢* in F with ££€* # 0, the sequence
({80: + CHos (€707 + ¢ Hlos {€€7 0t {687 ok,

is a parameter array of the Leonard pair EA + (I, £ A* + (*1.

DEFINITION 18. Let ({0;}L o; {0: 3L o; {@i}d_1; {#i}L ;) denote a parameter array over F with d > 3.
Define 8 € F such that § + 1 is equal to the common value of the two fractions in (3.3). We call § the
fundamental constant of the parameter array.

DEFINITION 19. Let A, A* denote a Leonard pair over F with diameter d > 3. The parameter arrays of
A, A* have the same fundamental constant 8; we call 8 the fundamental constant of A, A*.

4. The TD/D sequences of a Leonard pair. In this section, we introduce the notion of a TD/D
sequence of a Leonard pair. To motivate this notion, we make some comments about Leonard pairs. An
irreducible tridiagonal matrix is said to be normalized whenever the subdiagonal entires are all 1.

LEMMA 20. For A € End(V) and a basis {u;}?_, of V, assume that with respect to {u;}%_, the matriz B

1=
representing A is irreducible tridiagonal. Then for nonzero scalars {c; }&, in F, the following are equivalent:

(i) With respect to the basis {cvu;}¢_ of V, the matriz representing A is normalized irreducible tridi-
agonal;

(11) O[i/Oéi,1 = Bi,i*l fOT’ 1 S ) S d.

Proof. By linear algebra, the matrix representing A with respect to the basis {aiui}f-lzo is equal to

D™1BD, where D = diag(ag, a1, ..., aq). The result is a routine consequence of this. d

PROPOSITION 21. Let A, A* denote a Leonard pair on' V. Let {0} }_, denote a standard ordering of the
eigenvalues of A*. Then there exists a unique sequence ({a;}¢_q; {z; ;) of scalars in F with the following
property: there exists a basis of V' with respect to which the matrices representing A and A* are

apg X1 0
1 ay To
(4.4) A o , A" diag(68, 65, ..., 07).
T4
0 1 Qaq

Moreover, x; # 0 for 1 <i<d.

Proof. We first show that the sequence exists. By Definition 3(ii) and the definition of a standard
ordering, there exists a basis {ui}fzo of V' with respect to which the matrix representing A is irreducible
tridiagonal and the matrix representing A* is equal to diag(6g, 05, ..., 0%). After adjusting the basis {u;}¢_,
using Lemma 20, the matrix representing A is normalized irreducible tridiagonal and the matrix representing
A* is diag(6g, 07, . . ., 05). We have shown that the sequence exists. Next, we show that the sequence is unique.
Suppose we have another basis {v;}%, of V with respect to which the matrix representing A is normalized
irreducible tridiagonal and the matrix representing A* is diag(6;, 07, .. ., 6). Observe that for 0 < ¢ < d each
of u; and v; is an eigenvector for A* with eigenvalue 6;. Therefore, there exists a nonzero scalar o; € F such
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that v; = a;u,;. By Lemma 20 and the construction, a;/a;—1 = 1 for 1 < i < d. Therefore, «; is independent
of i for 0 < i < d. Consequently, v; = agu; for 0 < i < d. This implies that the matrix representing A with
respect to {ui}fzo is equal to the matrix representing A with respect to {v; fzo. It follows that the sequence
is unique. We have x; # 0 for 1 < i < d by Lemma 7. O

DEFINITION 22. Let A, A* denote a Leonard pair on V. By a TD/D sequence of A, A* we mean a
sequence:

(4.5) ({ai}?:m {zi ?:1§ {‘91‘*}?:0)’

where {07}9_, is a standard ordering of the eigenvalues of A*, and ({a;}_o; {z;}% ;) is the corresponding
sequence of scalars from Proposition 21.

We comment on the uniqueness of the TD/D sequence.

LEMMA 23. Let A, A* denote a Leonard pair on V. Let
({aiy o {a}imn {07 }i0),
denote a TD/D sequence of A, A*. Then
(4.6) ({aa-iYios {za—it1 }ior; {05} io),

is a TD/D sequence of A, A*, and A, A* has no further TD/D sequence.

Proof. By Proposition 21, there exists a basis {u; ;-1:0 of V' with respect to which the matrices repre-
senting A and A* are as in (4.4). Define

Vi = TGTd—1 """ Td—i+1Ud—i (0<i<d).

The sequence {vi}fzo is a basis of V' with respect to which the matrices representing A and A* are

aqg  Xq 0
1 ag—1 xg—1
1 ) .
A: , A diag(63,605_1,...,005).
x1
0 1 ap

By the paragraph below Lemma 6, the ordering {6} . ?:0 is standard. By these comments and Definition

22, the sequence (4.6) is a TD/D sequence of A, A*. The uniqueness follows from the paragraph below
Lemma 6. O

We mention a significance of the TD/D sequence.

PROPOSITION 24. Two Leonard pairs over F are isomorphic if and only if they have a TD/D sequence
m common.

Proof. Let A, A* denote a Leonard pair on V, and let B, B* denote a Leonard pair on a vector space V.
First assume that A, A* and B, B* are isomorphic. Then clearly they have the same TD/D sequences. Next
assume that A, A* and B, B* have a common TD/D sequence ({a;}&o; {z:}¢ ;{07 }%,). By Definition 22,
{0:}9_, is a standard ordering of the eigenvalues of A* and B*. Moreover, there exists a basis {u;}¢_, of V/
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(resp. basis {vl o of V) with respect to which the matrix representing A (resp. B) is equal to the matrix on
the left in (4.4), and the matrix representing A* (resp. B*) is equal to the matrix on the right in (4.4). By
linear algebra, there exists an F-linear bijection V' — V that sends w; — v; for 0 < ¢ < d. By construction,
this bijection is an isomorphism of Leonard pairs from A, A* to B, B*. ]

DEFINITION 25. By a TD/D sequence over F we mean a TD/D sequence of a Leonard pair over F.

DEFINITION 26. Consider a parameter array

(4.7) ({0:}0: {67 Y imos {oibiini {oiimn),

over IF and a TD/D sequence

(48) ({a"b}z 07{‘%.1 i= 1’{0*/ ;j 0)
over F. Then, (4.7) and (4.8) are said to correspond whenever 6 = 6 for 0 < i < d, and there exists a
Leonard pair A, A* over F that has parameter array (4.7) and TD/D sequence (4.8).

LEMMA 27. Referring to Definition 25, assume that (4.7) and (4.8) correspond. Then Z?:o 0; =

Zj:() @i-
Proof. Let the matrices A, A* are as in (4.4). On the one hand, we have tr(A4) = ZLO a;. On the other
hand, tr(A) = E?:o 0;, since the eigenvalues of A are {6;}¢ ;. The result follows. 0

LEMMA 28. The following hold.

(i) Consider a parameter array over F:

(4.9) ({0:}0: {07 Y ios {wi it {oi} i)

Then there exists a unique TD/D sequence over F that corresponds to (4.9).
(ii) Consider a TD/D sequence over F:

(4.10) ({ai}izo: {wa by {07 }i0)-

Then there exists at least one parameter array over F that corresponds to (4.10). If

(4.11) ({0:}0: {07 Y inoi {oibimns {oi im0,

is a parameter array over F that corresponds to (4.10), then so is

({gdfl i= 0,{9 }z Ov{(bz i= 1’{301'}?:1)»

and there is no other parameter array over F that corresponds to (4.10).

Proof. (i) By Lemma 14, up to isomorphism there exists a unique Leonard pair A, A* over F that has
parameter array (4.9). By Lemma 23 and Definition 26, there exists a unique TD/D sequence over I that
corresponds to A, A*. By these comments, we get the result.

(ii) By Proposition 24, up to isomorphism there exists a unique Leonard pair A, A* over F that has TD/D
sequence (4.10). In Lemma 13, the four parameter arrays of A, A* are given. Among these four parameter
arrays, only the first and third involves the eigenvalues of A* in the same standard order as (4.10). By these
comments, we get the result. 0
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To prepare for the next results, we define some notation. For the moment, let {9* o denote any
sequence of scalars in F. For 0 < i < d define the following polynomials in an indeterminate )\.

(A=A —=6)(A—07)--- (A =07 ,),
ni(A) =A=0)A=051) - (A =04_;11)
LEMMA 29. Assume that d > 1. Consider a sequence of scalars in F:
(4.12) ({aiyos {zid e {67} o)-
The sequence (4.12) is a TD/D sequence over T if and only if there exists a parameter array:

(413) ({9 }z 07{9* i= 07{<)01 i= 17{¢Z )
over F such that

P1
4.14 =0
(4.14) ag = 0o + 00
Pi Pi+1 .
(415) ai:91-+ " ¥ + - ¥ (lglgdf].),
0y =07, 07 -0,
Pd
4.16 =40 D —
(4.16) =t

o i1 (07 1)ma—(67)
(4.17) Ti = i Oy 07)

In this case, the TD/D sequence (4.12) and the parameter array (4.13) correspond.

(1<i<d).

Proof. First assume that the sequence (4.12) is a TD/D sequence over F. By Definition 25, there exists
a Leonard pair A, A* over F that has TD/D sequence (4.12). Then, (4.14)—(4.17) hold by [49, Theorems
17.8, 17.9]. We have proved the result in one direction. Concerning the converse, assume that there exists a
parameter array (4.13) over F that satisfies (4.14)—(4.17). Let A, A* denote a Leonard pair over F that has
parameter array (4.13). By (4.14)—(4.17) and [49, Theorems 17.8, 17.9], we find that the sequence (4.12) is
a TD/D sequence of A, A*. The last assertion follows from our above comments. d

LEMMA 30. Assume that d > 1. Consider a sequence of scalars in F:

(4.18) ({aiyios {zibias {07} o).

The sequence (4.18) is a TD/D sequence over F if and only if there exists a parameter array:

(4.19) ({0:}i0: {07 Y imos {oibimni {oi im0,

over F such that

®1
4.2 =
(4.20) ag 9d+98_9,{,
O Git1 .
(4.21) a; = 04—; + — T = " (1<i<d-1),
o; =07, 07 =07,
bd
(4.22) ag = 0o + 79 .
0* * 9?‘
(4.23) 21 = it = 10y (0) (1<i<d).

(9*)nd z+1(97, 1)
In this case, the TD/D sequence (4.18) and the parameter array (4.19) correspond.
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Proof. By Lemma 28, ({8a—i}% ;{0714 o; {#i}; {pi}d ) is a parameter array over F corresponding
to (4.18). Now apply Lemma 29 to this parameter array. o

LEMMA 31. Let A, A* denote a Leonard pair over F with TD/D sequence
({aiios {zitiss {67} i0)-
Then for scalars €, (, £, C* in F with ££* # 0, the sequence
({€ai + C}g:(ﬁ {52551' g:ﬁ {€0; + C*}gzo)a

is a TD/D sequence of the Leonard pair EA + (I, E*A* + (*I.
Proof. By Lemmas 17 and 29. ]

For the rest of this section, we use the following notation. Let A, A* denote a Leonard pair on V' with a
TD/D sequence ({a;}&o; {zi}d 1;{0:}% ). For 0 <i < d let E} denote the primitive idempotent of A* for
or.

LEMMA 32. (See [49, Definition 7.1, Lemma 7.5].)  For 0 < i < d the following hold:

(i) EfAE; = a;E};

(i) a; = tr(AEY).

LEMMA 33. (See [49, Definition 7.1, Lemma 7.5].)  For 1 < i < d the following hold:
(i) EfAE! |AE! = a,E};

(i) z; =tr(EFAE; | A).

5. Leonard pairs in normalized TD/D form. Let A, A* denote a Leonard pair over F. In this sec-
tion, we describe a normalization for A, A*, called the normalized TD/D form. We show that the normalized
TD/D forms of A, A* are in bijection with the TD/D sequences of A, A*.

DEFINITION 34. A Leonard pair A, A* over F with diameter d is said to have normalized TD/D form
whenever the following (i)—(iii) hold:

(i) the underlying vector space of A, A* is F4+1;
(ii) A is a normalized irreducible tridiagonal matrix in Matg1 (F);
(iii) A* is a diagonal matrix in Mat g1 (F).

LEMMA 35. Consider a Leonard pair A, A* over F that is in normalized TD/D form:

apg X1 0
1 ay T
1 . .
A= , A* = diag(6, 05, ...,05).
Tq
0 1 Qq

Then the following hold.

(i) The sequence ({a;}do; {xi}d 15 {07} ) is a TD/D sequence of A, A*.
(ii) For 0 < i <d let Ef denote the primitive idempotent of A* for 0. Then E; has (i,i)-entry 1 and
all other entries 0.



Electronic Journal of Linear Algebra, ISSN 1081-3810
A publication of the International Linear Algebra Society I I
Volume 40, pp. 224-273, February 2024.

235 Near-bipartite Leonard pairs

Proof. (i) Note by the paragraph below Lemma 6 that {6 f:o is a standard ordering of the eigenvalues
of A*. Now the result follows from Definition 22.

(ii) Clear. |
LEMMA 36. Let A, A* denote a Leonard pair on V with TD/D sequence
({as 2‘1:03 {@i ;‘i:ﬁ {91'*}?:0)~

Then the matrices

apg I1 0
1 al To
1
, diag(63, 05, ....0%),
Tq
0 1 Qaq

form a Leonard pair in normalized TD/D form that is isomorphic to A, A*.

Proof. By Proposition 21 and Definition 22. 0

Next, we give a variation on Lemma 36. Consider a sequence of scalars in F:

({ai}ios {zi Y (0] 1io)-
Define matrices A, A* € Matg;(F) by:

agp T 0
1 ay T2
1 L
(5.24) A= S , A* = diag(6;, 07, ...,05).
Zq
0 1 aq

PRroOPOSITION 37. With the above notation, the following are equivalent:

(1) ({aitdo; {z:}d ;{0714 ) is a TD/D sequence over F;
(ii) the matrices A, A* form a Leonard pair over F.

Suppose (i) and (ii) hold. Then the Leonard pair A, A* is in normalized TD/D form, and ({a;}%o;
{2} ;{053 ,) is a TD/D sequence of A, A*.

Proof. By Definitions 22 and 34. O

6. Bipartite and essentially bipartite Leonard pairs. In this section, we first recall the bipartite
and essentially bipartite conditions on a Leonard pair. We then characterize these conditions in terms of the
parameter array.

Throughout this section, let A, A* denote a Leonard pair over F with parameter array:

({92‘}?:0; {07 ?:0§ {pi ?:1? {o ?:1)7
and the corresponding TD/D sequence:

({ai}izo: {wi by {07 }im0)-
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DEFINITION 38. (See [35, Section 1].)

(i) The Leonard pair A, A* is said to be bipartite whenever a; = 0 for 0 < i < d.
(ii) The Leonard pair A, A* is said to be essentially bipartite whenever a; is independent of i for 0 < i < d.

NoOTE 39. A bipartite Leonard pair is essentially bipartite.

NOTE 40. Assume that d = 0. Then any ordered pair A, A* of elements in End(V) is an essentially
bipartite Leonard pair. This Leonard pair is bipartite if and only if A = 0.

LEMMA 41. The following hold.

(i) Assume that A, A* is bipartite. Then for { € F the Leonard pair A + (I, A* is essentially bipartite.
(ii) Assume that A, A* is essentially bipartite. Then there exists a unique ¢ € F such that A — (I, A* is
bipartite. The scalar  is equal to the common value of {a;}&,.

Proof. By Lemma 31 and Definition 38. a0

LEMMA 42. Assume that A, A* is bipartite. Then for scalars &, £, (* in F with ££* # 0, the Leonard
pair EA,E*A* 4+ (*1 is bipartite.

Proof. By Lemma 31 and Definition 38. a

LEMMA 43. Assume that A, A* is essentially bipartite. Then for scalars &, ¢, £, ¢* in F with £&&* # 0,
the Leonard pair EA + CI,£*A* + (*1 is essentially bipartite.

Proof. By Lemma 31 and Definition 38. O
LEMMA 44. (See [35, Theorem 1.5].)  The following are equivalent:

(i) A, A* is essentially bipartite;
(ii) 0; + 04—; is independent of i for 0 <i <d, and p; +¢; =0 for 1 <i <d.

Suppose (i), (ii) hold. Then 0; + 04—; = 2 for 0 < i < d, where o is the common value of {a;}¢_,.
LEMMA 45. Assume that d > 1. Then the following are equivalent:
(i) A, A* is bipartite;
(ii) 0; + 64—, =0 for 0 <i<d, and p; + ¢; =0 for 1 <i <d.
Proof. (i) = (ii) By Lemma 44.

(ii) = (i) We first show that Char(F) # 2. By the assumption, 6y 4+ 6; = 0. By d > 1 and Lemma 16(i),
0o # 04. By these comments, 0y # —0y. Thus, Char(F) # 2. By the assumption, 6; +6,_; = 0 for 0 <14 < d.
By this and the last assertion of Lemma 44, 2a; = 0 for 0 <4 < d. By this and Char(F) # 2, we get a; =0
for 0 <i <d. O

LEMMA 46. Assume that d > 1 and A, A* is essentially bipartite. Then Char(F) # 2.

Proof. By way of contradiction, assume that Char(F) = 2. By Lemma 44, 6y + 85 = 0. So 6y = 04,
contradicting Lemma 16(i). |

DEFINITION 47. A parameter array over F is said to be bipartite (resp. essentially bipartite) whenever
the corresponding Leonard pair is bipartite (resp. essentially bipartite).
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7. The element F for a Leonard pair. Throughout this section, let A, A* denote a Leonard pair
over F with TD/D sequence:

d d *\d
(7.25) ({aitizos {zitiz1: {67 Fimo)-
We introduce the flat part F' of A. We describe the bipartite condition and essentially bipartite condition
in terms of F. For 0 < i < d let E; denote the primitive idempotent of A* associated with ;.

DEFINITION 48. Define
d

F =) E;AE}.

i=0
We call F' the flat part of A.
NOTE 49. The element F is independent of the choice of the TD/D sequence (7.25) for A, A*.
LEMMA 50. Referring to Definition /8, F = Zg:o a; Ef.
Proof. By Lemma 32(i) and Definition 48. |
LEMMA 51. Assume that A, A* is in normalized TD/D form:

apg I 0
1 ay T2
1
A= , A* = diag(6;,07,...,05).
. :L'd
0 1 aq
Then
0 X1 0
1 0 To
1
(7.26) F = diag(aog, a1, - - ., aq), A-F =
0 1 0
Proof. By Lemmas 35(ii) and 50. |
LEMMA 52. Let F' denote the flat part of A. Then F commutes with A*. Moreover, F € (A*).
Proof. By Lemma 1 and Definition 48. O

LEMMA 53. Let F' denote the flat part of A. For scalars &, ¢, £, (* in F with £€* # 0, consider the
Leonard pair EA+ (I, A* + (*1. For this Leonard pair, the flat part of €A+ (I is EF + (1.

Proof. By Definition 48. ]
LEMMA 54. Let F' denote the flat part of A. Then the following hold:

(i) A, A* is bipartite if and only if F = 0;

(ii) A, A* is essentially bipartite if and only if F is a scalar multiple of I.

Proof. By Definition 38 and Lemma 50. O
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8. Near-bipartite Leonard pairs. In this section, we introduce the near-bipartite condition on a
Leonard pair. To motivate this condition, we make an observation. Let O denote the sequence {a;}¢ , of
scalars in [F such that a; =0 for 0 < i < d.

LEMMA 55. Let A, A* denote a Leonard pair on V with TD/D sequence:

({ai}izo: {a iy {07 }imo)-

Let F denote the flat part of A, and assume that A — F, A* is a Leonard pair on V. Then A — F, A* has a
TD/D sequence:

(8.27) (O; {wi}_1; {07 Ho)-

Moreover, the Leonard pair A — F, A* is bipartite.

Proof. By Lemma 36, we may assume that A, A* is in normalized TD/D form, and A, A* are as in
(5.24). By Lemma 51, F and A — F' are as in (7.26). By this and Proposition 37, A — F, A* has a TD/D
sequence (8.27). By this and Definition 38, the Leonard pair A — F, A* is bipartite. O

DEFINITION 56. Let A, A* denote a Leonard pair on V', and let F' denote the flat part of A. Then A, A*
is said to be near-bipartite whenever A — F, A* is a Leonard pair on V. In this case, we call the Leonard
pair A — F, A* the bipartite contraction of A, A*.

NOTE 57. An essentially bipartite Leonard pair is near-bipartite.

NoOTE 58. Assume that d = 0. Then any ordered pair of elements in End(V') is a near-bipartite Leonard
pair.

DEFINITION 59. Let B, A* denote a bipartite Leonard pair on V. By a near-bipartite expansion of B, A*
we mean a near-bipartite Leonard pair A, A* on V whose bipartite contraction is equal to B, A*.

In the next result, we clarify Definitions 56 and 59.

LEMMA 60. Let A, A* denote a Leonard pair on' V', and let F' denote the flat part of A. Let B, A* denote
a bipartite Leonard pair on V. Then the following are equivalent:.

(i) B, A* is the bipartite contraction of A, A*;
(ii) A, A* is a near-bipartite expansion of B, A*;
(iii) A— F =B.

Proof. (i) < (ii) By Definitions 56 and 59.

(i) & (iii) By Definition 56. |

In the next result, we give a variation on Lemma 60 that does not refer to F.

LEMMA 61. Let A, A* denote a Leonard pair on V', and let B, A* denote a bipartite Leonard pair on V.
Then the following are equivalent:

(i) B, A* is the bipartite contraction of A, A*;
(ii) A, A* is a near-bipartite expansion of B, A*;
(if) [4, 4] = [B, A°).

Proof. (i) < (ii) By Lemma 60.
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(i), (ii) = (iii) By Lemma 60, A — F = B. By Lemma 52, [F, A*] = 0. By these comments, [4, A*] =
(B, A*].

(iii) = (i), (ii) For the Leonard pair A, A* let {67}, denote a dual eigenvalue sequence of A, A*. For
0 < i < dlet Ef denote the primitive idempotent of A* associated with 6f. By Definition 48, the flat
part of A is F = Z?:o EfAE}. By Lemma 54(i) and since the Leonard pair B, A* is bipartite, we have
EfBE; =0 for 0 <14 < d. By assumption [4, A*] = [B, A*] so [A — B, A*] = 0. By this and Lemma 1, we
have A— B € (A*). The elements {E;}¢_, form a basis of (A4*), so there exist scalars {a;}¢_, in F such that

A-B= Z?:o a; Ef. We may now argue

d d d
F=) E;AE; =) E;j(A-B)E; =) a;Ef =A-B.
=0 =0 =0
By these comments and Lemma 60, we obtain (i), (ii). |

LEMMA 62. Let A, A* denote a near-bipartite Leonard pair on V, with bipartite contraction B, A*. Let
& C, &, C* denote scalars in F with £€* # 0. Then the Leonard pair

(8.28) EA+ QI &A™ + (7,

is near-bipartite, with bipartite contraction {B,§*A* + (*1.
Proof. Let F denote the flat part of A. We have B = A — F by Lemma 60. For the Leonard pair (8.28),
the flat part of €A + (I is €F + (I by Lemma 53. We have

EA+CI— (EF+CI)=&A—-F) =¢B.

Note that ¢B,£*A* + (*1 is a bipartite Leonard pair by Lemma 42 and since B, A* is a bipartite Leonard
pair. By these comments

A+ (T — (§F + (), &A" + (7,
is a Leonard pair. By these comments and Definition 56, the pair (8.28) is near-bipartite, with bipartite
contraction £B,*A* + (*1. ]

LEMMA 63. Let A, A* denote a near-bipartite Leonard pair over F that is in normalized TD/D form.
Then the bipartite contraction of A, A* is in normalized TD/D form.

Proof. By Definition 34 and Lemmas 51, 55. ]

LEMMA 64. Let B, A* denote a bipartite Leonard pair over F that is in normalized TD/D form. Then
every near-bipartite expansion of B, A* is in normalized TD/D form.

Proof. By Definition 34 and Lemmas 51, 55. ]
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LEMMA 65. Referring to Lemma 61, assume that both A, A* and B, A* are in normalized TD/D form.
Let

({6: }z 07{9* i= 07{% i= 1a{¢z 1); ({0; }z 0: {07 }1 Oa{% i= 17{¢} 1),
denote a parameter array of A, A* and B, A*, respectively, and let
(ashos (o} 4071, (O: (e} {01y,
denote the corresponding TD/D sequence of A, A* and B, A*, respectively. Then (1)—(iii) hold if and only if
(5.29) P (1 <i<ad),
if and only if
(5.30) P (1<i<d)
Proof. By Lemma 51, A* = diag(6;,07,...,6}) and F = diag(aog, a1, ...,aq). Also by Lemma 51,

ay T1 0 0 i 0
1 a1 w9 1 0 af
A= 1 , B= :
. . xd . . J:Id
0 1 aq 0 1 0
By this and Definition 56, the equivalent conditions (i)—(iii) in Lemma 61 hold if and only if A — F = B if
and only if (8.29) holds. By (4.17), the condition (8.29) is equivalent to the condition (8.30). 0
LEMMA 66. Let A, A* denote a Leonard pair over F with parameter array
(8.31) ({0:}0: {67 Yioos Lo yim i {oa}im)-
Let
(832) ({9/ i=0> {9* i=0> {(ID’L i=1> {(b } )

denote a bipartite parameter array over F. Then the following are equivalent:
(1) pidi = pid; for 1 <i < d;
(ii) A, A* is near-bipartite, and its bipartite contraction has parameter array (8.32).

Proof. By Lemma 36, we may assume that A, A* is in normalized TD/D form. Let B, A* denote a
Leonard pair in normalized TD/D form that has parameter array (8.32). Note that B, A* is bipartite. Now
the result follows by Lemma 65. O

LEMMA 67. Let B, A* denote a bipartite Leonard pair over F with parameter array

(833) ({el}d 07{9* i= 0’{<pl 1= 1’{¢} )
Let
(8.34) ({0:}i0: {07 Yos {oibips {0i} i),

denote a parameter array over F. Then the following are equivalent:

(1) i = @il for 1 <i<d;
(i) there exists a near-bipartite expansion of B, A* that has parameter array (8.34).
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Proof. By Lemma 36, we may assume that B, A* is in normalized TD/D form.

(i) = (ii) Define scalars {a;}¢_, by (4.14)—(4.16). Define scalars {z;}¢_, by (4.17). Define A € Maty1(F)
as in (5.24). By Lemma 36, the pair A, A* is a Leonard pair that has parameter array (8.34). By Lemma
65, A, A* is a near-bipartite expansion of B, A*.

(ii) = (i) By Lemma 65. d

In the present paper, we have three main goals. Assuming F is algebraically closed,

(i) we classify up to isomorphism the near-bipartite Leonard pairs over F;
(ii) for each near-bipartite Leonard pair over F, we describe its bipartite contraction;
(iii) for each bipartite Leonard pair over I, we describe its near-bipartite expansions.

LEMMA 68. Assume that d > 1 and Char(F) = 2. Then there does not exist a near-bipartite Leonard
pair on V.

Proof. By Definition 56 and Lemma 46. O
In view of Lemmas 46, 68, for the rest of this paper we assume
Char(F) # 2.

As a warmup, we will treat d = 1, and for this case we assume that F is arbitrary. Later, for d > 2 we will
assume that F is algebraically closed.

9. Near-bipartite Leonard pairs with diameter one. In this section, we classify up to isomorphism
the near-bipartite Leonard pairs with diameter one. Moreover, for each near-bipartite Leonard pair with
diameter one, we describe its bipartite contraction. Also, for each bipartite Leonard pair with diameter one,
we describe its near-bipartite expansions.

In view of Proposition 37, we consider the following matrices in Matq(F):
ap Ty 0 05 0
A= B= Af = .
(%) (1 7%) (5 &
Let fa(A) denote the characteristic polynomial of A. By linear algebra,

fA()\) = )\2 — (ao —+ (11))\ + apal — Xq.

Let 6y and 6; denote the roots of f4(A). We remark that 6y, 6 are contained in the algebraic closure of F,
and possibly not in F. We have

(935) (00 — 91)2 = (CLQ — CL1)2 +4xq.

LEMMA 69. The pair A, A* is a Leonard pair over F if and only if the following (i) and (ii) hold:

(i) 90, 91 S F,‘
(i) =1 #0, 65 # 07, and

(9.36) (ap —a1)? + 4z #0.
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Proof. First assume that A, A* is a Leonard pair over F. Clearly (i) holds. By Lemma 7, x; # 0.
By Lemma 6, 6} # 0%. Also by Lemma 6, 6y # 6;. By this and (9.35), we get (9.36). Thus, (ii) holds.
Next assume that (i) and (ii) hold. We have 6y # 6; by (9.35) and (9.36), so A is diagonalizable. The
matrices A and A* do not have an eigenspace in common, since A is not upper or lower triangular. Since A
is diagonalizable, there exists an invertible matrix P € Maty(F) such that PAP~! is diagonal. The matrix
PA*P~! has off diagonal entries nonzero, because A and A* have no eigenspace in common. Therefore,
PA*P~1 is irreducible tridiagonal. By these comments, A, A* is a Leonard pair over F. 0

Let fg(\) denote the characteristic polynomial of B. We have fg()\) = A2 — 1. The roots of fg(\) are
+./z1. We remark that ,/x; is contained in the algebraic closure of I, and possibly not in F. The following
result classifies the bipartite Leonard pairs with diameter one.

PROPOSITION 70. The pair B, A* is a Leonard pair over F if and only if the following (i) and (ii) hold:
(1) VT € F,’

(ii) 1 # 0 and 6§ # 67.

Proof. By Lemma 69. 0

The following result classifies the near-bipartite Leonard pairs with diameter one and describes its
bipartite contraction.

PROPOSITION 71. Assume that the pair A, A* is a Leonard pair over F. Then the following (i) and (ii)

are equivalent.

(i) A, A* is near-bipartite;
(ii) B, A* is a Leonard pair over F.
Assume that (i) and (ii) hold. Then B, A* is the bipartite contraction of A, A*.
Proof. Clear. O

The following result describes the near-bipartite expansions of a given bipartite Leonard pair over F
with diameter one.

PROPOSITION 72. Assume that the pair B, A* is a Leonard pair over F. Then the following (i)—(iil) are
equivalent:

(i) A, A* is a near-bipartite expansion of B, A*;
(ii) A, A* is a Leonard pair over F;
(iii) g, 01 € F and ag, a1, x1 satisfy (9.36).
Proof. The equivalence of (i) and (ii) follows from Lemmas 51 and 60. The equivalence of (ii) and (iii)
follows from Lemma 69 and Proposition 70. O

Next, we consider what the previous results in this section become if F is algebraically closed.

LEMMA 73. Assume that F is algebraically closed. Then the pair A, A* is a Leonard pair over F if and
only if x1 # 0, 05 # 05, and
(ao — a1)2 + 4xq 7é 0.

PROPOSITION 74. Assume that F is algebraically closed. Then, the pair B, A* is a Leonard pair over F
if and only if x1 # 0 and 05 # 67.
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PROPOSITION 75. Assume that F is algebraically closed, and the pair A, A* is a Leonard pair over F.
Then A, A* is near-bipartite if and only if B, A* is a Leonard pair over F. In this case, B, A* is the bipartite
contraction of A, A*.

PROPOSITION 76. Assume that F is algebraically closed, and the pair B, A* is a Leonard pair over F.
Then A, A* is a near-bipartite expansion of B, A* if and only if A, A* is a Leonard pair over F if and only
if ag, a1, x1 satisfy (9.36).

For the rest of this paper, we assume that F is algebraically closed.
10. Leonard pairs with diameter two in TD/D form. In the previous section, we described

the near-bipartite Leonard pairs with diameter one. In the present section and the next, we describe the
near-bipartite Leonard pairs with diameter two. Consider the following matrices in Matgz(IF):

apg I1 0 93 0 0
A= 1 ay X9 5 A* = 0 GT 0
1 a2 0 0 0;

In this section, we prove the following result.

PROPOSITION 77. The pair A, A* is Leonard pair over F if and only if

(10.37) 0; #60; (0<i<j<2), zi #0 (1<i<2),
1 X2 ap — a2 * * * * * *

1 . = _— —_— —_
( 0 38) 9; _ 0; + 06 _ 0{ (08 _ 0;)2 (0’0(00 01) + ai (02 00) + a2(91 92))7

T T2 (ao — az2)?
10.39 0# — —~5 T 772 5 T s 5
(1039) G- @ -0 T 0 -0

— ap)? 05 — 63 05 — 0; 07 —03))°
(10.40) 0 # *xl _— *xQ _ 4+ (aO* 022 + (aO( 0 1)+ ai( *2 *0)3+ a2 (67 2)) .
02 - 01 60 - 01 2(62 - 00) 2(62 - 90)

LEMMA 78. Assume that A, A* is a Leonard pair over F, and {0;}?_, is a standard ordering of the
eigenvalues of A. Then

ao(0y — 07) + ax(07 — 03)
10.41 0, = .
(1041) s "

Proof. By Lemma 16(iii),
P2 = ¢1 + (03 — 65)(01 — 02).
In this equation, eliminate ¢5 and ¢, using (4.16) and (4.20) and solve the result in 6;. 0
LEMMA 79. Assume that A, A* is a Leonard pair over F. Then (10.38) holds.
Proof. By (4.17),

- 0 — 03 - 0 — b;
N TR a0 ) G R A e

In these equations, eliminate @1, w2, ¢1, @2 using (4.14), (4.16), (4.20), and (4.22). This gives

(ap — bo)(ao — 62)(67 — 05) _ (ag —b)(az — 02)(05 — 07)
’ T2 = —
0 —0; 0; —0;

r1 = —
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So
(10.42) 0 . (a0 — 6o)(ao — 62) — (a2 — 0o)(az — 92).
01 =05 05— 07 05 — 0;
Considering the trace of A,
0o + 01 + 02 = ag + ay + az.
Using this and (10.41), one finds that
(a0 — bo)(ao — b2) — (a2 — bo)(az — 02)
(a0 — as) (a0 (05 — 07) + ar(03 — 05) + a2(67 — 92))
B 05 — 65
By this and (10.42), we get (10.38). |

LEMMA 80. Assume that A, A* is a Leonard pair over F. Let {0;}?_, denote a standard ordering of the
eigenvalues of A. Then

ao(9 0 )+a1(9*—9 )+a2(05—9f)

10.4 O + 02 =
(10.43) 0t+b2= 0 —0; .
0*_9* 9*_9* _ 2 * Ok * _ [)*
(10.44) 6o, — “1(001 f)+f2( b= 00) (a0~ a2) G f‘)g(gl %) _ o — .
05 — 63 (05 — 03)

Proof. Let f(X) denote the characteristic polynomial of A. Then
FO) =23 — (ag + a1 + a2)\?* + (apay + agag + ajas — 1 — x2)\
“+ apxa + asxq — apa1a9.
We have f(A) = (A —6p)(A — 61)(A — 63). Comparing the previous two equations, we obtain

(10.45) 0o + 05 = ag + a1 + as — 04,

(10.46) 0002 = aga; + agas + ajag —x1 — x2 — 01 (90 + 02).

In (10.45), eliminate 6; using (10.41) to get (10.43). In (10.46), eliminate #; using (10.41) and simplify the
result using (10.38) to get (10.44). |

LEMMA 81. Assume that A, A* is a Leonard pair over F. Let {0;}?_, denote a standard ordering of the
eigenvalues of A. Then

(91 — 00)(91 — 92) _ X1 + i) + (ao — a2)2
(07 —05)(07 —03) (05 —07)> " (65— 07)* (05— 05)%
(Oo—62° _ @ @ (ao—az)® | (a0(0G — 07) + aa(05 — 06) + ax (0] — 03))”
2005 —05) 05 —07 0507 " 2(05 - 65) 2(05 — 05)° '

Proof. We have

(81 — 00) (01 — 62) = 6% — (B + 602)01 + 0002,
(B — 62)2 = (B + 62)? — 46065.

In the right-hand sides of these equations, eliminate 601, 6 + 02, 6p62 using (10.41), (10.43), and (10.44) and
simplify the result using (10.38). o
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Proof of Proposition 77. First assume that A, A* is a Leonard pair over F. Clearly (10.37) holds. By
Lemma 79, (10.38) holds. The scalars {6;}7_, are mutually distinct. By this and Lemma 81, we get (10.39)
and (10.40).

Next assume that (10.37)—(10.40) hold. Define scalars {6;}2_, that satisfy (10.41), (10.43), and (10.44).
Define scalars

(10.47) ¢1 = (ao — 0o) (0 — 01), P2 = (a2 — 02)(0; — 07),
(10.48) ¢1 = (ao — 62)(65 — 67), $2 = (a2 — bp) (05 — 07).
Our first goal is to show that the sequence

(1049) ({ei}zz:o%{ef ?:05{%}12:1;{@}?:1)7

is a parameter array over . We have
(ao — 90)(&0 — 92) = ag — (90 + 92)0,0 + 9092.

In this equation, eliminate the factors 6y + 62 and 002 using (10.43) and (10.44). In the result, eliminate
x2 using (10.38) to get

x _ Qx
(10.50) (ao — bo)(ao — 62) = —03 2.
07 — 03
In a similar way, we get
(10.51) (az —0o)(az — 62) = %% T
05 — 01
We show that
01 — 63
(10.52) T = —P191 e,
(05 — 67)%(05 — 63)
(10.53) ¢ % — %
. ro = — .
PTG - 0) (07 - 037

In the right-hand side of (10.52), eliminate o1, ¢1 using (10.47) and (10.48) and simplify the result using
(10.50) to get (10.52). The line (10.53) is similarly obtained. We now verify conditions (i)—(v) in Lemma 16.
We are assuming d = 2. We first verify that condition (i) holds. The scalars {6;}?_, are mutually distinct
by (10.37). As in the proof of Lemma 81, we get the two equations in Lemma 81. By this and (10.39)
and (10.40), we find that the scalars {6;}2_, are mutually distinct. By these comments, condition (i) holds.
Condition (ii) holds by (10.52) and (10.53). Conditions (iii) and (iv) hold by (10.41), (10.47), and (10.48).
Condition (v) vacuously holds. We have shown that (10.49) is a parameter array over F. Our next goal is
to show that the sequence

(10.54) ({ai}ioo iy {67 Yiso)

is a TD/D sequence. To do this, we verify (4.14)—(4.17). Lines (4.14) and (4.16) hold by (10.47) and (10.48).
Using (10.47), we find that
Y1 + P2
0y -6 07 —6;
In this line, use 0y + 01 + 02 = ag + a1 + a2 to get (4.15). Line (4.17) holds by (10.52) and (10.53). We have
shown that the sequence (10.54) is a TD/D sequence. Now by Proposition 37, A, A* is a Leonard pair over
F.

:00+02—a0—a2.
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11. The classification of near-bipartite Leonard pairs with diameter two. In this section, we
classify up to isomorphism the near-bipartite Leonard pairs with diameter two. Moreover, for each near-
bipartite Leonard pair with diameter two, we describe its bipartite contraction. Also, for each bipartite
Leonard pair with diameter two, we describe its near-bipartite expansions.

In view of Proposition 37, we consider the following matrices in Mats(F):

apg I 0 0 X 0 98 0 0
A= 1 a; X2 |, B = 1 0 x|, A* = 0 9){ 0
0 1 a9 0 1 0 0 0 65

The following result classifies the bipartite Leonard pairs with diameter two.

PROPOSITION 82. The pair B, A* is a Leonard pair over F if and only if

(11.55) 0r #£07 (0<i<j<2), 2 £0 (1<i<2),

X1 xro
11. = .
- 0 00

Proof. Apply Proposition 77 with a; =0 (0 <14 < 2). d
The following result classifies the near-bipartite Leonard pairs with diameter two and describes its
bipartite contraction.

PROPOSITION 83. Assume that A, A* is a Leonard pair over F. Then the pair A, A* is near-bipartite if
and only if (11.56) holds. In this case, B, A* is the bipartite contraction of A, A*.

Proof. By Propositions 77 and 82. ]
Our next goal is to determine all the near-bipartite expansions of a given bipartite Leonard pair. We will

invoke Proposition 77. To do this, we consider what conditions (10.38)—(10.40) become under the assumption
that B, A* is a Leonard pair. We first consider the condition (10.38).

LEMMA 84. Assume that B, A* is a Leonard pair over F. Then (10.38) holds if and only if one of the
following (i), (ii) holds:

(i) apg = agy
(ii) ag # az and
(11.57) a0y — 07) + ax(07 — 03) + a1(05 — 05) = 0.

Proof. Note by Proposition 82 that (11.56) holds, and so in (10.38) the left-hand side is zero. First
assume that (10.38) holds. In (10.38), the right-hand side is zero. Thus, one of (i) and (ii) holds. Next
assume that one of (i) and (ii) holds. Then in (10.38), the right-hand side is zero. So (10.38) holds. 0

Next, we consider conditions (10.39) and (10.40).
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LEMMA 85. Assume that B, A* is a Leonard pair over F. Then (10.39) and (10.40) hold if and only if
one of the following holds:

(i) ao = ag, and
(11.58) (ao — a1)? +4(z1 + x2) # 0;

(ii) ag # az, and

(11.59) (ap — az)? +4(xy + x2) #0,
3
(11.60) (a0 — a2)? + % £0.

Proof. Note by Proposition 82 that (11.56) holds. Using (11.56), one routinely finds that

X1 i)
11.61 gk -9
(11.61) (65 92)<9T_9§+e3_9,{> (1 + x2),
3
11.62 0 _ 0* 2 x1 ) _ (xl +fE2) .
— (% —42) ((01‘—992 T -0 1

For each of the cases ag = a2 and ag # ag, simplify (10.39) and (10.40) using (11.61), (11.62). For the case
agp # ag, also use (11.57). d

PROPOSITION 86. Assume that B, A* is a Leonard pair over F. Then A, A* is a near-bipartite expansion
of B, A* if and only if one of the following (i) and (ii) holds:

(i) ap = ag and (11.58) holds;
(ii) ag # az and (11.57), (11.59), (11.60) hold.
Proof. By Proposition 77 and Lemmas 84, 85. ]

12. The type of a Leonard pair. In Sections 9 and 11, we classified the near-bipartite Leonard pairs
of diameter one and two. To classify the near-bipartite Leonard pairs of diameter at least 3, we will divide
the arguments into some cases. To describe these cases, we recall from [35] the type of a Leonard pair.

For the rest of this paper, we assume that d > 3.

DEFINITION 87. (See [35, Section 4].)  Let A, A* denote a Leonard pair over F with diameter d. Let
£ denote the fundamental constant of A, A*. We define the type of A, A* as follows:

Type Description
I | B#2, B#-2
I B=2
It | B =—2, deven
1 | g=-2, dodd

NoTE 88. By Definition 18, the fundamental constant of a Leonard pair A, A* is determined by A*. By
this and Definition 56, any near-bipartite Leonard pair has the same type as its bipartite contraction.

DEFINITION 89. By the type of a parameter array, we mean the type of the corresponding Leonard pair.
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LEMMA 90. Let A, A* denote a Leonard pair over F. For scalars &, ¢, £, (* in F with ££* # 0, the
Leonard pair EA 4+ (I, A* + ("1 has the same type as A, A*.

Proof. By Lemma 17 and Definition 18, the Leonard pairs A, A* and A+ (I, £*A* + (*I have the same
fundamental constant. 0

By [35, Theorem 9.6] a Leonard pair of type III~ is not bipartite, so not near-bipartite by Note 88. In
Sections 13-15, we will describe the parameter arrays of types I, II, IIIT.

13. Parameter arrays of type I. In this section, we describe the parameter arrays of type I. Through-
out this section, fix a nonzero ¢ € F such that ¢* # 1.

LEMMA 91. (See [42, Lemma 16.1].)  For a sequence
(13.63) (6, pay Iy 0%, ™, ™, ),
of scalars in I, define

(13.64) 0, = 6 + ug® =1+ he?2,
(13.65) 0 = 5" + I i S

for0<i<d and
(1366) 0; = (ql _ q—i)(qd—i+1 _ qi—d—l)(T _ Hﬂ*q2i_d_1 _ hh*qd_2i+1),
(1367) ¢z — (qz o q—z)(qd—z—i-l o qz—d—l)(T o hu*q2z—d—1 o uh*qd_2’+1),

for 1 <i<d. Then the sequence

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

is a parameter array over F that has type I and fundamental constant B = ¢> + ¢ 2, provided that the
inequalities in Lemma 16(i),(ii) hold. Conversely, assume that the sequence (13.68) is a parameter array
over F that has type I and fundamental constant 3 = ¢> + ¢ 2
of scalars in F that satisfies (13.64)—(13.67).

LEMMA 92. (See [42, Lemma 16.4].)  Referring to Lemma 91, the inequalities in Lemma 16(i),(ii) hold
if and only if

. Then there exists a unique sequence (13.63)

(13.69) @ #1 (1<i<d),
(13.70) u# hg* (1—-d<i<d-—1),
(13.71) w* # h*g* 1-d<i<d-1),
(13.72) T # ppt g ¢ hhr gt (1<i<d),
(13.73) T # hpt® A 4 phr gt 2t (1<i<d).

DEFINITION 93. A primary g-data is a sequence (13.63) of scalars in F that satisfy (13.69)—(13.73). The
primary g-data (13.63) and the parameter array (13.68) are said to correspond.

DEFINITION 94. Let A, A* denote a Leonard pair of type 1. By a primary q-data of A, A*, we mean the
primary g-data that corresponds to a parameter array of A, A*.
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LEMMA 95. For the parameter arrays in Lemma 13, consider the corresponding primary q-data. These
primary q-data are related as follows:

Parameter array Primary g-data
({0 }z 0’ {9* 1= 07 {901 1= 17 {¢1 ) (6 :U/vh 5*7/1‘* h* )
({9 }z 07 {9 1 0’ {¢d lJrl}'z 15 {(Pd lJrl}'z 1 (5 ,U/,h 0 h*,M T)
({ad 1}1 0’ {9* i= (]7{¢Z i=13 {901 i:l) (5 h Ha5*7ﬂ h* )
({0a- l}z 0 {05 i:07{@dfiJrl};‘i:l;{d)dfiH}g:l) (8, hy 1, 0%, R* pu*, 7)

Proof. Use Lemma 91 and Definition 93. ]

14. Parameter arrays of type II. In this section, we describe the parameter arrays of type II.

LEMMA 96. (See [42, Lemma 19.1].) For a sequence
(14.74) (57.U? h, 5*7/’[/*7}1/*77—),
of scalars in T, define
(14.75) 0; =0+ u(i —d/2) + hi(d — i),
(14.76) 0F =6 4+ p* (i —d/2) + h*i(d — 1),
for0<i<d and
(14.77) i = i(d — i+ 1) (7 — /2 + (hy* + ph*) (i — (d+1)/2) + hb* (i — 1)(d — i),
(14.78) ¢ =i(d—i+1)(7+pp/2+ (h* — ph*)(i — (d+ 1)/2) + hh* (i — 1)(d — i),

for 1 <i < d. Then the sequence

(14'79) ({9 }d 07{9* i= 07{901 1= 1’{¢1}1 1)

is a parameter array over F that has type II, provided that the inequalities in Lemma 16(i),(ii) hold. Con-
versely, assume that the sequence (14.79) is a parameter array over F that has type II. Then there exists a
unique sequence (14.74) of scalars in F that satisfies (14.75)—(14.78).

LEMMA 97. (See [42, Lemma 19.4].)  Referring to Lemma 96, the inequalities in Lemma 16(i),(ii) hold
if and only if

(14.80) Char(F) is equal to 0 or greater than d,

(14.81) [ # hi (1-d<i<d-1),

(14.82) £ i (1-d<i<d-1),

(14.83) T # pp* /2 — (hp™ 4+ ph*) (i — (d+1)/2) — hh*(i — 1)(d — @) (1<i<d),
(14.84) T# —pp* /2 — (hp™ — ph*)(i — (d+1)/2) — hh* (1 — 1)(d — 1) (1<i<d).

DEFINITION 98. A primary data of type II is a sequence (14.74) of scalars in F that satisfy (14.80)—
(14.84). The primary data (14.74) of type II and the parameter array (14.79) are said to correspond.

DEFINITION 99. Let A, A* denote a Leonard pair of type II. By a primary data of A, A*, we mean the
primary data of type II that corresponds to a parameter array of A, A*.
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LEMMA 100. For the parameter arrays in Lemma 13, consider the corresponding primary data of type

II. These primary data are related as follows:

Parameter array

Primary data

{030 {05 Yo; {witios {di}iny)
{91‘}?:05 {92—1‘ ?:0§ {¢d7i+1}g:15 {@d7i+1}§i:1)
{0a—i fl:o§{9§k g:o?{@ 2'1:13{%‘ ?:1)

O, py hy 6%, % W, T)
57 /1“’ hvé*a _N*7h*77—)
67 —M,h,é*,ﬂ,*,h*,T)

~ o~ o~ o~

(
(
(
{0a—i} 0 {05 Yos {pa—iti Moy {da—inr Fi) (0, =, hy 6%, —p*, b, T)
Proof. Use Lemma 96 and Definition 98. ]

15. Parameter arrays of type IIIT. In this section, we describe the parameter arrays of type III7.

LEMMA 101. (See [42, Lemma 22.1].)  Assume that d is even. For a sequence

(15.85) (d,8,h, 0%, s, A", 7),

of scalars in F, define

(15.86) 0, = 04+ s+ h(i—d/2) ifiiseven,
0—s—h(i—d/2) ifiisodd,

(15.87) 0r — 0* + s+ h*(1 —d/2) ifiiseven,
§* —s* —h*(i—d/2) ifiisodd

for0<i<d and

(15.88) - i(r = sh* —s*h — hh*(i — (d +1)/2)) if 7 is even,
| P @i+ D) (74 sk sth+ hhe (i — (d41)/2)) if s odd,
(15.89) b = i(7 = sh* + s*h + hh*(i — (d +1)/2)) if 7 is even,
| Vo d= i+ 1) (7 +sh —s*h— hh*(i— (d+1)/2)) ifiis odd

for 1 <14 <d. Then the sequence

(15.90) ({0:}0; {07 Yooi {witiers {di}imn),

is a parameter array over F that has type IIIT, provided that the inequalities in Lemma 16(i) and (ii) hold.
Conversely, assume that the sequence (15.90) is a parameter array over F that has type IIIT. Then there
exists a unique sequence (15.85) of scalars in F that satisfies (15.86)—(15.89).
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LEMMA 102. (See [42, Lemma 22.4].)  Referring to Lemma 101, the inequalities in Lemma 16(1),(ii)
hold if and only if

(15.91) Char(F) is equal to 0 or greater than d/2,

(15.92) h#0,  h*#£0,

(15.93) 2s # ih ifiisodd (1—d<i<d-1),

(15.94) 25" £ih*  ifiisodd (1—d<i<d-—1),

(15.95) ;4 sh* 4+ s*h+hh* (i — (d+1)/2)  if i is even, (1<i<d)
—sh* — s*h — hh* (i — (d+1)/2) if i is odd
sh* —s*h —hh*(i — (d+1)/2 if 7 i

(15.96) ;4 s (i—(d+1)/2) ifiis even, (1<i<d)
—sh* + s*h+ hh*(i — (d+1)/2) ifiisodd

DEFINITION 103. A primary data of type IIIT is a sequence (15.85) of scalars in F that satisfy (15.91)—
(15.96). The primary data (15.85) of type IITT and the parameter array (15.90) are said to correspond.

DEFINITION 104. Let A, A* denote a Leonard pair of type IIIT. By a primary data of A, A*, we mean
the primary data of type IIIT that corresponds to a parameter array of A, A*.

LEMMA 105. For the parameter arrays in Lemma 13, consider the corresponding primary data of type

IIIt. These primary data are related as follows:

Parameter array Primary data

{0} _os {07 }i= o,{% i {oiti 5,5,h, 0%, 8%, h*,7)

( (
({0: }z 0105 ie 07{¢d z+1}1 1,{90d z+1}Z 1) (6,8,h,0%, ", —h*,T)
({ad z}z =0’ {9* i= Oa {¢1 i=17 {807, ) (5, s,—h, 0%, s*, h* T)
({911 }z 07{9 i= 07{‘Pd l+1}1, 17{¢d l+1}z 1) ( ;8 —h, 0%, %, —h ’T)
Proof. Use Lemma 101 and Definition 103. O

16. About the condition @;¢; = ¢}¢;. In the proof of our main results, Lemma 65 will play an
essential role. In that lemma, we see the condition (8.30). In this section, we recall from [42] the necessary
and sufficient conditions for (8.30) in terms of the primary data.

Let A, A* and B, A* denote Leonard pairs over F. Let

(1697) ({0 }z 07{9* i= 07{901 i= 17{¢Z}1 1) ({0/ i= 07{9* i= O’{QOZ i= 17{¢} )

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

First consider the case of type L.
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LEMMA 106. (See [42, Theorem 17.1].) Assume that A, A* has type I. For the parameter arrays in
(16.97), let

(57M3h75*’ﬂ*7h*”r)7 (6/’/’1’/’}1//76*’#*’}7’*?7,)?

denote the corresponding primary q-data. Then @;¢; = ©id} (1 <i < d) if and only if

(16.98) W
(16.99) T(u+h)="7(+hn),
(16.100) 24 (p+ b)Y h* =72+ (4 B2t

Next, consider the case of type II.

LEMMA 107. (See [42, Theorem 20.1].)  Assume that A, A* has type II. For the parameter arrays in
(16.97), let

(67/% hvé*a,u/*vh*aT)? (6/51’-1’/7}1/75*’/1/*7}"*’7/)’

denote the corresponding primary data. Then p;¢; = ©;¢; (1 <1i <d) if and only if

(16.101) h? = h"?,
(16.102) 2hT + p?h* = 20T + p*h*,
(16.103) 472 — 2 (W + (d = 1)°h?) = 47 — 12 (W2 + (d - 1)%h"2).

Next consider the case of type IIT7.

LEMMA 108. (See [42, Theorem 23.1].) Assume that A, A* has type IIIT. For the parameter arrays in
(16.97), let

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

denote the corresponding primary data. Then, p;¢; = ¢id; (1 <i < d) if and only if

(16.104) h* = 1’2,
(16.105) (74 sh*)? = (7 + s'h*)?,
(16.106) (1 —sh*)* = (' — s'n*)%

17. Some characterizations of the essentially bipartite Leonard pairs. In this section, we
characterize the essentially bipartite Leonard pairs in terms of the primary data, the parameter array, and
the TD/D sequence.

Throughout this section, let A, A* denote a Leonard pair over I, with parameter array:

(17.107) ({ei}?:oé {67 ?:oé {wi ?:1§ {¢i}?:1)7

and corresponding TD/D sequence:

({ai}?:o% {z; g:1§ {67 };‘1:0)~

We first consider the case of type I.
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LEMMA 109. (See [35, Theorem 6.11].) Fiz a nonzero q € F, and assume that A, A* has type I with
fundamental constant B = q¢*> +q 2. Let

(57 /‘L7 h’(;*?lj’*?h*?/r)’

denote the primary q-data corresponding to the parameter array (17.107). Then the following are equivalent:

(i) A, A* is essentially bipartite;
(ii)) p+h=0andT=0.

LEMMA 110. Referring to Lemma 109, A, A* is essentially bipartite if and only if

i =6+ p(® =gt (0<i<d),
R R R (0 <i<d),
0i = —(q — g~ (g — gimI N (R A — g (1<i<d),
¢ = (¢ — g~ (g — ¢ Y g¥imdL — prgd B (1<i<d).
Proof. By Lemmas 91 and 109. O

LEMMA 111. Referring to Lemma 109, assume that A, A* is essentially bipartite. Then

¢ #1 (1<i<d),
¢ # -1 (1<i<d-1),
p#0,
wrqt £ hrgTt (1-d<i<d-1).
Proof. Evaluate the inequalities in Lemma 92 using Lemma 109(ii). O

LEMMA 112. Referring to Lemma 109, A, A* is essentially bipartite if and only if

(qi _ qfi)(qdfz#l _ qifdfl)p?(’u*qi _ h*qfi)(‘u*qifdfl _ h*qdfiqtl)

(1<i<d-1),

Te = (17 g% — h*qd—20)(p*q2i—d-2 — prqd-2i+2)
N C ek [ C B VI VI 1)
M*qd—Z _ h*q2—d :
Proof. By Lemmas 29 and 110. O

Next consider the case of type II.
LEMMA 113. (See [35, Theorem 7.11].) Assume that A, A* has type II. Let

(&Maha(s*au*ah*aT)a

denote the primary data corresponding to the parameter array (17.107). Then the following are equivalent:

(i) A, A* is essentially bipartite;
(ii) h=0 and 7 =0.
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LEMMA 114. Referring to Lemma 113, A, A* is essentially bipartite if and only if

0; =6+ pu(i — d/2) (0<i<d),
0r =6 + p*(i — d/2) + h*i(d — 1) (0<i<d),
pi = —i(d—i+1)u(p*/2 = h*(i - (d+1)/2)) (1<i<d),
¢ =i(d—i+ Dpu(p*/2—n*(i— (d+1)/2)) (1<i<ad).

Proof. By Lemmas 96 and 113.

LEMMA 115. Referring to Lemma 113, assume that A, A* is essentially bipartite. Then

Char(TF) is equal to 0 or greater than d,

p# 0,
A h¥i (1-—d<i<d-—1).

Proof. Evaluate the inequalities in Lemma 97 using Lemma 113(ii).

LEMMA 116. Referring to Lemma 113, A, A* is essentially bipartite if and only if

i(d—i 1 2 * iRt * d—1 Dh*

G T Uk )1+ ( “itl) ) (1<i<d-1),
A+ (d = 20)h*) (u* + (d = 20+ 2)h*)
dp®(p* + h*)

Trq =

e+ C—dh)
Proof. By Lemmas 29 and 114.

Next consider the case of type IIIT.
LEMMA 117. (See [35, Theorem 8.11].)  Assume that A, A* has type IIIT, and let

(57 57 h’ 5*7 8*7 h*’ T)?
denote the primary data corresponding to the parameter array (17.107). Then the following are equivalent:

(i) A, A* is essentially bipartite;
(ii) s=0 and T =0.

LEMMA 118. Referring to Lemma 117, A, A* is essentially bipartite if and only if

0, — d+h(i—d/2) ifiis even, (0<i<d),
d —h(i—d/2) ifiisodd
(5*+s + h*(i—d/2) ifiis even, (0<i<d),
*—s*—h*(i—d/2) ifiisodd
_ s +h*(2 (d+1)/2)) if ¢ is even, (1<i<d)
d—i+1)h(s* +h*(i— (d+1)/2)) ifiisodd
_ Jin(s* +h*z—(d+1)/2)) if i is even, (1<i<d)
d—i+1)h(s*+h*(i—(d+1)/2)) ifiisodd
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Proof. By Lemmas 101 and 117. ]

LEMMA 119. Referring to Lemma 117, assume that A, A* is essentially bipartite. Then

Char(F) is equal to 0 or greater than d,
h #0, h* #0,
28" # h*i if ¢ is odd (1-d<i<d-1).

Proof. Evaluate the inequalities in Lemma 102 using Lemma 117(ii). |

LEMMA 120. Referring to Lemma 117, A, A* is essentially bipartite if and only if

v — ih?((d — i+ 1)h* —2s*)/(4h*) if i is even, (1<i<d
(d—i+1)h%(ih* +2s*)/(4h*) if i is odd
Proof. By Lemmas 29 and 118. O

LEMMA 121. (See [35, Theorem 9.6].) A Leonard pair of type III~ is not essentially bipartite.

18. Some characterizations of the bipartite Leonard pairs. In this section, we characterize the
bipartite Leonard pairs in terms of the primary data, the parameter array, and the TD/D sequence.

Throughout this section, let A, A* denote a Leonard pair over F, with parameter array

(18.108) ({0: 10 {07 Yo {witims {oi}iny),

and corresponding TD/D sequence

({ai}y o {wi}imn {07 }io)-

We first consider the case of type I.

LEMMA 122. Fiz a nonzero q € F, and assume that A, A* has type I with fundamental constant =
¢> +q 2. Let
(5? M, h/a 5*7 /j/*a h*’ T)a

denote the primary q-data corresponding to the parameter array (18.108). Then the following are equivalent:

(i) A, A* is bipartite;

(ii)) d=0and p+h =0 and 7 =0.

Proof. By Lemmas 109 and 112. ]
LEMMA 123. Referring to Lemma 122, A, A* is bipartite if and only if

0: = p(g* =" = ") (0<i<d),
o;k —§* +‘u>n<q2ifol + h*qd72i (0 < i < d),
pi=—(¢" = )@ =TT (g = g (1<i<a),
¢i — (q’L _ q—i)<qd—i+1 _ qi—d—l)u(’u*q%—d—l _ h*qd—2i+1) (1 <i< d)

Proof. By Lemmas 110 and 122. O
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LEMMA 124. Referring to Lemma 122, assume that A, A* is bipartite. Then

A1 (1<i<a),
¢ # -1 (1<i<d-1),
p# 0,
wrgt # hrgt (1-d<i<d-1).
Proof. Evaluate the inequalities in Lemma 92 using Lemma 122(ii). 0

LEMMA 125. Referring to Lemma 122, A, A* is bipartite if and only if

— (0<i<ad),
(¢ —q (" — ¢ P (g — hrg ) (g — hrg? T (1<i<d-1)
(p*q2i—d — hrqd—21)(p*q2i—d—2 — prqd—2i+2) - ’
(@'~ Va—a " )Pwa " —h*q)
purqi—2 — h*q2—d

xXr; =

Tq =

Proof. By Lemma 112. ]

Next consider the case of type II.
LEMMA 126. Assume that A, A* has type II, and let

(5’ /1“7 h55*7/’[’*7h*77-)5

denote the primary data corresponding to the parameter array (18.108). Then the following are equivalent:
(i) A, A* is bipartite;
(iil) 0 =0 and h=0 and 7 = 0.
Proof. By Lemmas 113 and 116. O
LEMMA 127. Referring to Lemma 126, A, A* is bipartite if and only if

0; = p(i —d/2) (0<i<d),
0F = 0% 4 p*(i — d/2) + h*i(d — i) (0<i<d),
i = —i(d— i+ Dp(p*/2—h*(i— (d+1)/2)) (1<i<d),
¢i=i(d—i+Dp(u /2~ b — (d+1)/2)) (1<i<d).
Proof. By Lemmas 114 and 126. ]

LEMMA 128. Referring to Lemma 126, assume that A, A* is bipartite. Then

Char(TF) is equal to 0 or greater than d,

w# 0,
w £ hi (1—d<i<d-—1).

Proof. Evaluate the inequalities in Lemma 97 using Lemma 126(ii). 0
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LEMMA 129. Referring to Lemma 126, A, A* is bipartite if and only if

a; =0 (0<i<d),
i(d—i+1)p?(p* —ih*)(p* + (d — i+ 1)h*)
A(p 4 (d = 20)h*) (4 (d — 2i + 2)h*)
dp®(p* + h*)
4(p* + (2 = d)h*)’

Proof. By Lemma 116.

Ty =

Tqg =

Next consider the case of type III7T.
LEMMA 130. Assume that A, A* has type III™, and let

(57 S, ha 5*7 8*7 h*a 7-)7
denote the primary data corresponding to the parameter array (18.108). Then the following are equivalent:

(i) A, A* is bipartite;

(i) =0 and s =0 and 7 = 0.

Proof. By Lemmas 117 and 120.

LEMMA 131. Referring to Lemma 130, A, A* is bipartite if and only if

0, — h(i—d/2)  ifiis even, 0<i<d,
—h(i —d/2) ifiisodd
or = 0"+ s* +h*(i —d/2) ifiis even, 0<i<d),
0* —s*—h*(i —d/2) ifiisodd
i — —ih(s*+h*(z (d+1)/2)) if ¢ is even, 1<i<d)
d—i+1)h(s* +h*(i—(d+1)/2)) ifiisodd
b= ih(s* +h*(i— (d+1)/2)) if i is even, (<i<d)
—(d—i+1)h(s* +h*(i — (d+1)/2)) ifiisodd
Proof. By Lemmas 118 and 130.
LEMMA 132. Referring to Lemma 130, assume that A, A* is bipartite. Then
Char(F) is equal to 0 or greater than d,
h #0, h* £ 0,
2s* #£ h*i if 4 is odd (1-d<i<d-1).
Proof. Evaluate the inequalities in Lemma 102 using Lemma 130(ii).
LEMMA 133. Referring to Lemma 130, A, A* is bipartite if and only if
v, — ih*((d — i+ 1)h* —2s*)/(4h*) if i is even, 1<i<d)
(d—i+ 1)h%(ih* + 2s*)/(4h*) if i is odd
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Proof. By Lemma 120. ]
LEMMA 134. A Leonard pair of type I~ is not bipartite.
Proof. By Lemma 121. ]

19. Leonard pairs of dual ¢-Krawtchouk type. In this section, we describe a family of Leonard
pairs, said to have dual ¢g-Krawtchouk type.

Throughout this section, let A, A* denote a Leonard pair over F with parameter array

(19.109) ({60: o0 {07 Yio; {0ibins {di}imy)-

DEFINITION 135. The Leonard pair A, A* is said to have dual q-Krawtchouk type whenever the following
(i)—(iii) hold:

(i) A, A* has type [;
(ii) the expression (0;_, — 607)/(0; — 07, ,) is independent of i for 1 <i <d —1;
(iii) the expression ¢;/¢; is independent of ¢ for 1 < ¢ < d.

NoOTE 136. The Leonard pairs of dual q-Krawtchouk type are attached to the dual g-Krawtchouk polyno-
mials [50, Example 35.8].

For the rest of this section, assume that A, A* has type I, and let
(19110) (57/’[”]7’)6*7,“*7}1’*77-))

denote the primary g-data corresponding to the parameter array (19.109).
LEMMA 137. We have

02;1 _ 9: M*q47, _ h*q2d+2

19.111 = - 1<1<d—-1
( ) 0: — 07y, prqi2— hegd (1<i< ),
* 21—d—1 * o d—2i+1
Yi T — g — hh*q ,
(19.112) G T — hurqBi—d—1 _ pprgd—2it1 (l<i<d
Proof. Use (13.65)—(13.67). 0
Note by (13.71) that pu* and h* are not both zero.
LEMMA 138. The following are equivalent:
(i) A, A* has dual q-Krawtchouk type;
(ii) p*h* =0 and T =0.
Suppose the equivalent conditions (i) and (ii) hold. Then
\ g ¢ ifpr=0, .
(19.113) (071 = 07)/(07 = 0711) = (I<i<d-1),
g ? ifh*=0

hip if p* =0,
19.114 i) bi = 1<i<d).
( ) ©i/d LMhi”ﬁzo ( )
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roof. (1) = (11) Usin, efinition 1), compare the values o . ortz=1and 72 = 2 to find that

Proof. (i) (ii) Using Definiti 135("), p hi 1 f (19.111) for i = 1 and ¢ = 2 to find th
,U*h*q2d+4(q4 _ 1)2 — 0

By this and (13.69), we get p*h* = 0. First assume that * = 0. By (19.112),

0 B T — hh*qd—2i+1

19.115 =
( ) (;Zsz T — Mh*qd72z+1

(1<i<d).

Using Definition 135(iii), compare the values of (19.115) for ¢ =1 and ¢ = 2 to find that
h*(n—h)(¢* —1) = 0.

By this and (13.69) and (13.70), we get 7 = 0. Next assume that A* = 0. We get 7 = 0 in a similar way.

(ii) = (1) By (19.111) and (19.112) we find that (19.113) and (19.114) hold. Thus, in Definition 135 the
conditions (ii) and (iii) hold. 0

LEMMA 139. The following hold:

(i) A, A* has dual g-Krawtchouk type with p* = 0 if and only if

0 =8+ pg* !+ hqg"* (0<i<ad),
0; = 0"+ h*qg"™* (0<i<d),
i = —hR B (g — g7 (gL — ity (1<i<d),
¢; = —uh*qi=2 1 (gi — g~ (gt — gimd (1<i<d);
(ii) A, A* has dual g-Krawtchouk type with h* = 0 if and only if
0; =6+ pg” =" + hg'™* (0<i<d),
07 = 0" +ptg* e (0<i<ad),
pi = =g — g (T =g (1<i<a),
b = —hp*gd Y (g — g ) (g — gimd Y (1<i<d).
Proof. By Lemmas 91 and 138. ]
LEMMA 140. Assume that A, A* has dual g-Krawtchouk type. Then
'#1 (1<i<d),
p#he®  (1-d<i<d-1),
p#0, h #0,
w*, h* not both zero.
Proof. Evaluate the inequalities in Lemma 92 using Lemma 138(ii). 0

Let ({ai}do; {z: Y415 {0719 ) denote the TD/D sequence of A, A* corresponding to the parameter array
(19.109).
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LEMMA 141. The following hold:

(i) A, A* has dual g-Krawtchouk type with p* = 0 if and only if

(19.116) a; =04 (p+ h)g*¢ 0<i<d),
(19117) T = 7th2i7d71(q7“ o qfi)(qdfz#»l o qifdfl) (1 S i S d),
(19.118) 0F = 0% + h*q? % (0 <i<d);

(ii) A, A* has dual g-Krawtchouk type with h* = 0 if and only if

a; =04 (p+ h)g?? (0<i<d),
T; = _uhqd*2i+l(qi . qfi)(qdfz#l N qifdfl) (1 <i< d),
0F = 0" 4+ prg* (0 <i<d).

Proof. (i) First assume that A, A* has dual ¢-Krawtchouk type with p* = 0. Using Lemmas 29 and 139,
we get (19.116)—(19.118). Next assume that (19.116)—(19.118) hold. Comparing (19.118) with (13.65), we
find that p* = 0. Now by (4.14) and (13.64)—(13.66),

_ T _
ao =06+ (u+h)q d+ﬁq(1—q 2d).

Comparing this with (19.116), we find that 7¢(1 — ¢~2%) = 0. By this and (13.69), we get 7 = 0. So by
Lemma 138, we find that A, A* has dual ¢g-Krawtchouk type.

(ii) Similar. |
DEFINITION 142. A parameter array over F is said to have dual q-Krawtchouk type whenever the corre-

sponding Leonard pair has dual ¢g-Krawtchouk type.

20. Leonard pairs of Krawtchouk type. In this section, we describe a family of Leonard pairs, said
to have Krawtchouk type.

Throughout this section, let A, A* denote a Leonard pair over F with parameter array:

(20.119) ({0:}0: {07 os {oi Yo is {oi s

DEFINITION 143. The Leonard pair A, A* is said to have Krawtchouk type whenever the following (i)—(iii)
hold:

(i) A, A* has type IT;
(ii) 6; — 6;_1 is independent of i for 1 < ¢ < d;
(i) 67 —0F_, is independent of i for 1 <4 <d.

NOTE 144. The Leonard pairs of Krawtchouk type are attached to the Krawtchouk polynomials [50,
Ezample 35.12].

For the rest of this section, assume that A, A* has type II, and let
(20120) (57/’Lah55*7ﬂ*7h*77-)5

denote the primary data corresponding to the parameter array (20.119).
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LEMMA 145. For 1 <14 <d we have

(20.121) 0; —0;,_1 = /.L—|—(d+1)h—2hi,
(20.122) 0F — 07, = p* + (d + 1)h* — 2h"i.
Proof. Use (14.75) and (14.76). |

LEMMA 146. The following are equivalent:

(i) A, A* has Krawtchouk type;
(ii) h =0 and h* = 0.

Suppose the equivalent conditions (i) and (ii) hold. Then
61‘—91‘,1:#, 9*—9;71:/14* (1§Z§d>
Proof. Use (20.121) and (20.122). O

NoTE 147. Definition 143 is not the type II version of Definition 135. For the case of type II, the
conditions (ii) and (i) in Definition 135 hold if and only if ph = 0 and h* = 0.

LEMMA 148. The Leonard pair A, A* has Krawtchouk type if and only if

0; = 0+ p(i — d/2) (0<i<d),
0 = 6 + 1 (i — d/2) (0<i<ad),
i =i(d—i+1)(1 —pp*/2) (1<i<d),
¢ =i(d— i+ 1)(T+ pu*/2) (1<i<d).
Proof. By Lemmas 96 and 146. O

LEMMA 149. Assume that the Leonard pair A, A* has Krawtchouk type. Then

Char(F) is equal to 0 or greater than d,

w#0, w"#0,
27 # ', 21 # —pp’.
Proof. Evaluate the inequalities in Lemma 97 using Lemma 146(ii). |

Let ({ai}do; {z: 415 {0719 ) denote the TD/D sequence of A, A* corresponding to the parameter array
(20.119).

LEMMA 150. The Leonard pair A, A* has Krawtchouk type if and only if

(20.123) a; =0+ (2i — d)r/p* (0<i<d),
. . T .

(20.124) wi=i(d—i+1) (4— H*Q) (1<i<d),

(20.125) 0F = 6% + (i — dJ2) (0<i<d).

Proof. First assume that A, A* has Krawtchouk type. By Lemma 146, we have h = 0 and h* = 0. Now
using Lemmas 29 and 148, we get (20.123)—(20.125). Next assume that (20.123)—(20.125) hold. Comparing
(14.76) with (20.125), we get B* = 0. By (4.15) and (14.75)~(14.77) with A* = 0,

ao=5—d—: Ld;l)h.
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By (20.123),

CLQ:(S—T.

Comparing the above two equations, we find that h = 0. Now A, A* has Krawtchouk type by Lemma 146.0

DEFINITION 151. A parameter array over F is said to have Krawtchouk type whenever the corresponding
Leonard pair has Krawtchouk type.

21. Leonard pairs that are bipartite and have dual ¢g-Krawtchouk type. In Section 18, we
described the bipartite Leonard pairs. In Section 19, we described the Leonard pairs of dual ¢-Krawtchouk
type. In this section, we describe the Leonard pairs that are bipartite and have dual ¢-Krawtchouk type.

Throughout this section, let A, A* denote a Leonard pair over F that has type I with parameter array
({030 {0 Yinos {wid i {oi ).

Denote the corresponding primary ¢-data by

(21.126)

(21.127) (&, py Ry 6* ™ R, 7).

LEMMA 152. The Leonard pair A, A* is bipartite and has dual q-Krawtchouk type if and only if

6=0, uw+h=0, wrh* =0, T=0.
Proof. By Lemmas 122 and 138. O
LEMMA 153. The following hold:
1 , 18 bipartite and has dual q-Krawtchouk type with p* = 0 if and only 1
i) A, A* is bi ) d has dual q-K houk ith " = 0 if and only if
0; = u(g* = —q"%) (0<i<d),
0F = 6" + h*g?™% (0<i<d),
0 = Mh*qd—2i+1(qi _ q—i)(qd—i—i-l _ qi—d—l) (1<i<d),
Qbi _ _Mh*qd—2z+1 (qz _ q—z)(qd—z-l-l o qz—d—l) (1 <i< d),

(ii) A, A* is bipartite and has dual g-Krawtchouk type with h* = 0 if and only if

0; = p(g* ! —q%) (0<i<d),
0F = 6% + ptgti—d 0<i<d),
i =~ NG =) (¢ =) (1<i<d),
b = ppt g (g — g7 (g — gimd Y (1<i<d).
Proof. By Lemmas 122 and 139. 0
LEMMA 154. Assume that A, A* is bipartite and has dual q-Krawtchouk type. Then
¢ #1  (1<i<a),
FA-1 (1<i<d-1),
p# 0,

©*, h* not both zero.
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Proof. By Lemmas 124 and 152. ]

Let ({ai}do; {z: 415 {0719 ) denote the TD/D sequence of A, A* corresponding to the parameter array
(21.126).

LEMMA 155. The following hold:

(i) A, A* is bipartite and has dual q-Krawtchouk type with p* = 0 if and only if

a; =0 (0<i<ad),
X = /ﬂq%_d_l(qi o q—i)(qd—i—i-l o qi—d—l) (1 <i< d),

(ii) A, A* is bipartite and has dual g-Krawtchouk type with h* = 0 if and only if

a; =0 (0 <i<d),
;= p2qd B (gl — g (g — gimdl (1<i<d),
0F =6 +prq® 1 (0 <i<d).
Proof. By Lemmas 141 and 152. O

22. Leonard pairs that are bipartite and have Krawtchouk type. In Section 18, we described
the bipartite Leonard pairs. In Section 20, we described the Leonard pairs of Krawtchouk type. In this
section, we describe the Leonard pairs that are bipartite and have Krawtchouk type.

Throughout this section, let A, A* denote a Leonard pair over F that has type II with parameter array
(22.128) ({0:}0: {07} ioos {wa it {oa} i)
Denote the corresponding primary data by:
(22.129) (&, py hy 6* ™ R, 7).

LEMMA 156. The Leonard pair A, A* is bipartite and has Krawtchouk type if and only if

0 =0, h =0, h* =0, T=0.

Proof. By Lemmas 126 and 146. O
LEMMA 157. The Leonard pair A, A* is bipartite and has Krawtchouk type if and only if

0; = p(i — d/2) (0<i<d),

07 =6 + p'(i — d/2) (0<i<d),

wi = —ppi(d—i+1)/2 (1<i<d),

¢i = pp"i(d —i+1)/2 (1<i<d).
Proof. By Lemmas 126 and 148. O

LEMMA 158. Assume that the Leonard pair A, A* is bipartite and has Krawtchouk type. Then

Char(F) is equal to 0 or greater than d,
p# 0, p # 0.
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Proof. By Lemmas 149 and 156 ]

Let ({a;}& o; {zi}1; {0719 ,) denote the TD/D sequence of A, A* corresponding to the parameter array
(22.128).

LEMMA 159. The Leonard pair A, A* is bipartite and has Krawtchouk type if and only if

x; = p%i(d—i+1)/4 (1<i<d),
0 =8+ pu*(i—d/2) (0<i<d).
Proof. Use Lemmas 126 and 150. O

23. Near-bipartite Leonard pairs of dual ¢-Krawtchouk type. In this section, we determine the
near-bipartite Leonard pairs of dual ¢-Krawtchouk type and describe their bipartite contraction.

Throughout this section, let A, A* denote a Leonard pair over F that has dual g-Krawtchouk type. Let

(23130) ({9 }z =0’ {9* i=0) {901 i=1) {(bl )
denote a parameter array of A, A* and let
(23.131) ({aiyios {zities {67} o),

denote the corresponding TD/D sequence. Let
(23.132) (6, py by 6, (W™ B*, ),

denote the primary ¢g-data corresponding to the parameter array (23.130). Note by Lemma 138 that pu*h* =
and 7 = 0. In view of Lemma 122 and (16.98), we make a definition.

DEFINITION 160. Define scalars ¢, ¢/, h’, 7/ in F such that
(23.133) 5 =0, WA =0, W0 = b, =0,

DEFINITION 161. Define scalars {0.}¢_,, {¢!}¢,, {¢/}9, in F as follows.

(i) If p* =0, then

0) =/ ¢* 4+ W gt 0<i<d),

i = Wh g g =) (@ =g (I<i<d),

¢; _ h/h*qd—21+1(qi _ q—i>(qd—i+1 _ qi—d—l) (1 S < d)_
(ii) If h* =0, then

9/ _ Mlq21 h/qd—Qi (0 <i<d),

o= W g d— g — qfi)(qdfz#l _ qifdfl) (1<i<d),

¢ = M/u*qzz d=1(gi — g=i) (@1 — gimd-1) (1<i<d).

LEMMA 162. Let F denote the flat part of A. Then the eigenvalues of A — F are {0.}%_,
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Proof. We may assume that A, A* is in normalized TD/D form. The matrix A — F is shown in (7.26).
Define a matrix B € Matg41(F) that has (4,4)-entry 6 for 0 < i < d and (4,7 — 1)-entry 1 for 1 < < d. All
other entries of B are zero. Define the upper triangular matrix P € Matg,1 (F) that has (i, j)-entry
oy (07)

Pren @ i (07)
for 0 <i < j <d. Observe that P;; =1 for 0 <14 < d. Therefore, P is invertible. By matrix multiplication,
we routinely find

i, )

(A— F)P = PB.

The matrices A — F and B are similar, so they have the same eigenvalues. The eigenvalues of B are {6!}%_,.
The result follows. d

LEMMA 163. With reference to Definition 161, the following are equivalent:

(i) {034, are mutually distinct;

(i) ¢* #—-1for1<i<d-1.

Proof. For 0 <1,j <d,

0, — 0 =p'(¢" 7 — ¢ (g + g,

Thus for 0 < i < j < d, 0; # 0} if and only if U= #£ 1 and q?(d‘_i_j) # —1. By (13.69), ¢>=9) £ 1 for
0<i<j<d Sob+ 80 for0<i<j<difand only if ¢**="=9) # —1 for 0 < i < j < d if and only if
qzi#—lforlgigd—l. 0

LEMMA 164. With reference to Lemma 163, assume that the equivalent conditions (i) and (ii) hold. Then
the following hold:

(i) the sequence
(23.134) ({0; ?:0% {07 ?:oé {¥ ?:1? {@}?:1)7

is a parameter array over F;
(ii) the sequence

(23.135) TN A SR

is the primary q-data corresponding to the parameter array (23.134);
(iii) the parameter array (23.134) is bipartite and has dual g-Krawtchouk type.

Proof. (i), (ii) Use Lemmas 91 and 92.

(iii) By Lemma 153. ad
LEMMA 165. We have ¢;¢; = @@l for 1 <i<d.
Proof. Use Lemma 106. O

PROPOSITION 166. Let F' denote the flat part of A. Then the following are equivalent:
(i)
(il) A — F is diagonalizable;

(iii) A — F is multiplicity-free;
(iv) ¢* #—1for1<i<d-—1.

the Leonard pair A, A* is near-bipartite;

Suppose (1)—(iv) hold. Then the bipartite contraction of A, A* has parameter array (23.134).
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Proof. (i) = (ii) By Definition 56, A — F, A* is a Leonard pair. By this and Definition 3, A — F is
diagonalizable.

(if) = (iil) We may assume that A — F' is an irreducible tridiagonal matrix. Now use Lemma 2.

(iii) = (iv) By Lemma 162, {#/}%_, are the eigenvalues of A— F. These eigenvalues are mutually distinct
since A — F' is multiplicity-free. By this and Lemma 163, we get (iv).

(iv) = (i) Note by Lemma 164(i) that (23.134) is a parameter array over F. Now use Lemmas 66 and
165. O

DEFINITION 167. The Leonard pair A, A* is said to be reinforced whenever g% # —1 for 1 <i <d — 1.

COROLLARY 168. The Leonard pair A, A* is near-bipartite if and only if A, A* is reinforced. In this case,
the bipartite contraction of A, A* has reinforced dual q-Krawtchouk type with parameter array (23.134).

Proof. By Lemma 164(iii) and Proposition 166. |

We have a comment.

LEMMA 169. Assume that q is not a root of unity. Then A, A* is reinforced.

24. Leonard pairs of Krawtchouk type are near-bipartite. In this section, we show that a
Leonard pair of Krawtchouk type is near-bipartite, and we describe its bipartite contraction.

Throughout this section, let A, A* denote a Leonard pair over F that has Krawtchouk type, with pa-
rameter array

(24.136) ({92‘}?:05 {67 g:oé Z ?:N {¢¢}§i:1)7

and corresponding TD/D sequence

(24.137) {aidiooi {zib {07 Yo), -
Let
(24.138) (6, s hy 6%, 1", B, 7),

denote the primary data corresponding to the parameter array (24.136). In view of Lemma 126 and (16.103),
we make a definition.

DEFINITION 170. Define scalars ¢, p/, h', 7/ in F such that

(24.139) 8 =0, B =0, 7 =0, W=k -

DEFINITION 171. Define scalars

0) = u'(i — d/2) 0<i<d),
o = —p'pri(d —i+1)/2 (1<i<d),
O = pti(d—i+1)/2 (1<i<d)
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LEMMA 172. The following hold:

(i) the sequence
(24.140) ({9;}?=0§ {o; ?:05 {¥ zc'l=1; {¢;}?=1)7

is a parameter array over F;
(ii) the sequence

(24.141) (YT AR S

is the primary data corresponding to the parameter array (24.140);
(iii) the parameter array (24.140) is bipartite and has Krawtchouk type.

Proof. (i), (ii) Note by Lemma 149 that p/ # 0. Now use Lemmas 96 and 97.

(iii) By Lemma 157. |
LEMMA 173. We have ;¢; = @il for 1 <i<d.
Proof. Use Lemma 107. ]

PROPOSITION 174. The Leonard pair A, A* is near-bipartite. The bipartite contraction of A, A* has
Krawtchouk type with parameter array (24.140).

Proof. By Lemma 172, the sequence (24.140) is a parameter array over F that is bipartite and has
Krawtchouk type. Now use Lemmas 66 and 173. O

25. The classification of near-bipartite Leonard pairs. In this section, we classify the near-
bipartite Leonard pairs with diameter at least 3. In Section 8, we saw that an essentially bipartite Leonard
pair is near-bipartite. In Section 23, we showed that a Leonard pair A, A* of dual ¢-Krawtchouk type is
near-bipartite if and only if A, A* is reinforced, and in that case the bipartite contraction of A, A* has
reinforced dual g-Krawtchouk type. In Section 24, we showed that a Leonard pair of Krawtchouk type is
near-bipartite, and its bipartite contraction has Krawtchouk type. We now state our classification result.

THEOREM 175. Let A, A* denote a Leonard pair over F with diameter d > 3. Then A, A* is near-
bipartite if and only if at least one of the following (1)—(iii) holds:

(i) A, A* is essentially bipartite;
(ii) A, A* has reinforced dual q-Krawtchouk type;
(iii) A, A* has Krawtchouk type.

Proof. First assume that at least one of (i)—(iii) holds. If (i) holds, then A, A* is near-bipartite by Note
57. If (ii) holds, then A, A* is near-bipartite by Corollary 168. If (iii) holds, then A, A* is near-bipartite
by Proposition 174. We are done in one logical direction. Next assume that A, A* is near-bipartite, and let
B, A* denote the bipartite contraction of A, A*. By Lemma 36, we may assume that A, A* is in normalized
TD/D form. Let

(25.142) ({0} 0: {07} os {wibiin {oa}imn), ({07} 0: {07} oos {eiiin {ei}imy),

denote a parameter array of A, A* and B, A*, respectively. By Lemma 121, B, A* does not have type II1~.
Recall that A, A* has the same type as B, A*. So the type of A, A* is one of I, I, and III*.
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First assume that A, A* has type 1. For the parameter arrays in (25.142), let
(67ﬂ7h75*7/’l’*7h*77—)’ (6/’M/7h/76*7u*7h*77-/)

denote the corresponding primary ¢g-data. By Lemmas 65 and 106, we have (16.98)—(16.100). Since B, A* is
bipartite, we have by Lemma 122 that

7' =0, W +h =0.
By these comments,
(25.143) T(n+h) =0,
(25.144) 7% 4+ (p+ h)2u*h* = 0.

First assume that p1+ h = 0. Then 7 = 0 by (25.144). Now by Lemma 109, A, A* is essentially bipartite.
Next assume that g+ h # 0. By (25.143), 7 = 0. By this and (25.144), p*h* = 0. Thus, A, A* has dual
g-Krawtchouk type by Lemma 138. By Corollary 168, A, A* is reinforced. We have shown that A, A* is
either essentially bipartite or of reinforced dual ¢-Krawtchouk type.

Next assume that A, A* has type II. For the parameter arrays in (25.142), let
(57u’h76*’ﬂ*7h*?7>7 (5/5““/7}1’/75*’,“*7}1’*’7-/)’

denote the corresponding primary data. By Lemmas 65 and 107, we have (16.101)—(16.103). Since B, A* is
bipartite, we have by Lemma 126 that

T =0, ' =0.
By these comments,
(25.145) h=0,
(25.146) (u? — W*)h* =0,
(25.147) 4r% = (p® — ) (W + (d — 1)°h*?).

First assume that h* = 0. Then, A, A* has Krawtchouk type by Lemma 146. Next assume that h* # 0.
Then by (25.146), u? — u*> = 0. By this and (25.147), we get 7 = 0. By these comments and Lemma 113,
A, A* is essentially bipartite. We have shown that A, A* is either essentially bipartite or of Krawtchouk

type.

Next assume that A, A* has type IIIT. For the parameter arrays in (25.142), let
(6?87}7/76*78*?]7/*77-)7 (6/78/7hl76*78*7h*77—l)7

denote the corresponding primary data. By Lemmas 65 and 108, we have (16.104)—(16.106). Since B, A* is
bipartite, we have by Lemma 130 that

=0, s'=0.
By these comments,
T4 sh* =0, T—sh*=0.

We have h* # 0 by (15.92), so 7 = 0 and s = 0. By this and Lemma 117, A, A* is essentially bipartite. 0O
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26. Near-bipartite expansions of a bipartite Leonard pair that has reinforced dual g¢-
Krawtchouk type. In Theorem 175, we classified the near-bipartite Leonard pairs with diameter d > 3.
Our next goal is to describe the near-bipartite expansions A, A* of a given bipartite Leonard pair B, A* with
diameter d > 3. In view of Theorem 175 and the discussion above it, we may assume that B, A* has either
reinforced dual ¢-Krawtchouk type or Krawtchouk type. In the present section, we assume that B, A* has
reinforced dual g-Krawtchouk type. In Section 27, we assume that B, A* has Krawtchouk type.

For the rest of this section, we assume that B, A* has reinforced dual ¢-Krawtchouk type. Let
(26.148) <{9£}§1:03 {67 ;‘1:05 {¢; 5:15 {¢;}?:1)
denote a parameter array of B, A*. Let
(26.149) (CXTI TN A
denote the primary g-data corresponding to the parameter array (26.148). By Lemma 152,
(26.150) ¥ =0, w+h =0, uwrh* =0, 7 =0.

Note by Lemma 140 that p'h’ # 0.

THEOREM 176. For scalars 6, u, h, 7 in F the following are equivalent:

(i) the sequence
(26.151) (6, p, b, 0%, ", B, T),

is a primary q-data of a near-bipartite expansion A, A* of B, A*;
(ii) the following conditions hold:

(26.152) w#0,

(26.153) w# +V—1p'q" 1-d<i<d-1),
(26.154) =0,

(26.155) h=u'h'/p.

Assume that (1) and (ii) hold. Then A, A* has reinforced dual q-Krawtchouk type.
Proof. (1) = (ii) Let

(26.156) {030 {07 oo {wi s {oi Hn),

denote the parameter array of A, A* corresponding to the primary ¢-data (26.151). By Lemma 67, p;¢; =
il for 1 < i < d. By this and Lemma 106, (16.98)—(16.100) hold. By (16.98) and since p'h’ # 0, we get
(26.152). By this and (16.98), we get (26.155). By (16.99) and (26.150),

(26.157) T(u+h) =0.

If w4+ h #0, then 7 = 0 by (26.157). If 4+ h =0, then 7 = 0 by (16.100) and (26.150). Thus, we have
(26.154). By Lemma 92, 1 # hq* for 1 —d <i < d— 1. By this and (26.150) and (26.155), we get (26.153).
We have shown that (26.152)—(26.155) hold.
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(ii) = (i) We first show that (13.69)-(13.73) hold. We have (13.69) and (13.71) since (26.149) is a
primary ¢-data. By (26.150), we have h’ = —p/. By this and (26.153) and (26.155), we get (13.70). By
(26.150), we have p*h* = 0. By Lemma 154, pu* and h* are not both zero. By (26.152), u # 0. We have
h # 0 by (26.155). By (26.154), 7 = 0. By these comments, we get (13.72) and (13.73). We have shown
that (13.69)—(13.73) hold. Therefore, (26.151) is a primary g-data. Define scalars {0;}%_, {pi}L,, {#i}d,
by (13.64), (13.66), (13.67). By Lemmas 91 and 92, the sequence

(26~158) ({ei}?=0; {9: g:o; {%‘ ?:13 {¢z‘}§l=1)7

is a parameter array over [ corresponding to (26.151). By (26.150) and (26.152)—(26.155), we find that
(16.98)—(16.100) hold. By this and Lemma 106, p;¢; = ¢i¢; for 1 < i < d. By this and Lemma 67, there
exists a near-bipartite expansion A, A* of B, A* that has parameter array (26.158). By construction, the
sequence (26.151) is a primary g-data of A, A*.

Assume (i) and (ii) hold. By Lemma 138 and (26.150) and (26.154), we find that A, A* has dual

g-Krawtchouk type. Moreover ,A, A* is reinforced since B, A* is reinforced. ]

Our next goal is to describe the near-bipartite expansions of B, A* in terms of matrices. In this descrip-
tion, we will use the following matrix.

DEFINITION 177. Let K € Matg, 1(F) denote the diagonal matrix that has (4, i)-entry ¢%* =< for 0 < i < d.

By Lemma 36, we may assume that B, A* is in normalized TD/D form:

0 0
1 0 b

s - 7 A* = diag(63,0%,...,0%).
0 1 0

THEOREM 178. Given scalars 6, u, h, 7 in F that satisfy the equivalent conditions (i) and (ii) in Theorem
176. Let A, A* denote the near-bipartite expansion of B, A* that has primary q-data (0, p, h, 0%, u*, h*, 7).

(i) Assume that p* = 0. Then
A=B+ (p+h)K+4I.

(ii) Assume that h* = 0. Then
A=B+ (u+h) K +4I

Proof. By Lemma 64 the Leonard pair A, A* is in normalized TD/D form. Let
({aiyios {zit e {67 Y0,
denote the TD/D sequence of A, A*. By Lemma 141, we see that

S+ (u+h)g* = if p* =0,
a; = .
S+ (p+h)g% ifh =0

By these comments and Definition 177, we get the result. 0
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27. Near-bipartite expansions of a bipartite Leonard pair that has Krawtchouk type. In
this section, we describe the near-bipartite expansions A, A* of a given bipartite Leonard pair B, A* that
has Krawtchouk type. Let

(27.159) ({92}220; {o; g:oé {¥ ?:15 {¢2}§1:1)7
denote a parameter array of B, A*. Let
(27.160) (€T TN A SO
denote the primary data corresponding to the parameter array (27.159). By Lemma 156,
(27.161) 5 =0, h' =0, h* =0, 7' =0.
THEOREM 179. For scalars 6, u, h, 7 in F the following are equivalent:
(i) the sequence
(27.162) (6, py by 6, ™ B*, ),

is a primary data of a near-bipartite expansion A, A* of B, A*;
(ii) the following conditions hold:

(27.163) w#0,
(27.164) h=0,
(27.165) 472 = (p? — )2,

Assume that (i) and (ii) hold. Then A, A* has Krawtchouk type.
Proof. (i) = (ii) Let

(27.166) ({0: 1 0; {07 Yos {witimys {i}iny),

denote the parameter array of A, A* corresponding to (27.162). By Lemma 67, ¢;¢; = ¢} for 1 < i < d.
By this and Lemma 107, (16.101)—(16.103) hold. By (16.101) and (27.161), we get (27.164). By this and
(14.81), we get (27.163). By (16.103), (27.161), and (27.164), we get (27.165).

(ii) = (i) We first show that (14.80)—(14.84) hold. We have (14.80) and (14.82) since (27.160) is a
primary data of type II. By (27.163) and (27.164), we get (14.81). By (27.161), (27.164), and (27.165), we
get (14.83) and (14.84). We have shown that (14.80)—(14.84) hold. Therefore, (27.162) is a primary data of
type IL. Define scalars {6;}2_,, {pi}¢_,, and {¢;}¢_; by (14.75), (14.77), (14.78). By Lemmas 96 and 97, the
sequence

(27.167) ({ei}g=o§ {9: ?:05 {%‘}f‘l:ﬁ {¢i}g=1)7

is the parameter array corresponding to the primary data (27.162) of type II. By (27.161) and (27.163)—
(27.165), we get (16.101)—(16.103). By this and Lemma 107, p;¢; = @i¢; for 1 < i < d. By this and
Lemma 67, there exists a near-bipartite expansion A, A* of B, A* that has parameter array (27.167). By
construction, (27.162) is a primary data of A, A*.

Assume that (i) and (ii) hold. By (27.161) and (27.164), we have h = 0 and A* = 0. By this and Lemma
146, the Leonard pair A, A* has Krawtchouk type. 0
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Our next goal is to describe the near-bipartite expansions of B, A* in terms of matrices. In this descrip-
tion, we will use the following matrix.

DEFINITION 180. Define a diagonal matrix H € Matgy1(F) that has (4,4)-entry 2i — d for 0 < < d.

By Lemma 36, we may assume that B, A* is in normalized TD/D form:

0 0
1 0 4
1 ..
B = , A* = diag(65,67,...,05).
Ty
0 1 0

THEOREM 181. Given scalars 6, u, h, 7 in F that satisfy the equivalent conditions (i) and (ii) in Theorem
179. Let A, A* denote the near-bipartite expansion of B, A* that has primary data (8, p, h, 0%, u*, h*, 7). Then

A=B+ (r/u")H + d1.
Proof. By Lemma 64, the Leonard pair A, A* is in normalized TD/D form. Let
({aiyios {zitiiys {07} o),
denote the TD /D sequence of A, A*. By Lemma 150,
a; =0+ (2i —d)t/u* (0<i<d).

By these comments and Definition 180, we get the result. ]
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