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Abstract. Let F denote an algebraically closed field of characteristic zero, fix a nonzero scalar
g € F that is not a root of unity. Consider the g-tetrahedron algebra X, over F with standard
generators {X;; : ¢,j € Zs4,j —i =1 or j—i = 2}. Let V denote finite dimensional evaluation
module for M,. In this article for each r € Z; and X, 2, € K, we find A € K, such that the pairs
A Xryor, A Xryo g3, and A, X, 3, act on V as Leonard pairs. Indeed we will show that A is a
linear combination of X, .41 and X, ,42.

1. Introduction

Leonard pairs were introduced by P. Terwilliger [6] to study the sequences of orthogonal
polynomials with discrete support for which there is a dual sequence of orthogonal polyno-
mials. Because these polynomials frequently arise in connection with the finite-dimensional
representations of nice algebras and quantum groups, it is natural to find Leonard pairs
associated with these algebraic objects. In [1] and [3], the author constructed a family
of Leonard pairs from the equitable basis of sly and the equitable generators of U, (sl,).
In this article we will use the standard generators of the g-tetrahedron algebra X, to
construct a family of Leonard pairs.

The the g-tetrahedron algebra X, is associative, non-commutative algebra, this algebra
was introduced by P. Terwilliger and T. Ito [5]. The X, has eight generators {X;; : 4,j €
Zy,j—i=1orj—i=2}

We can view the algebra X, as follows: the elements of Z, represent the vertices of the
tetrahedron and for each distinct ¢,j € Z4, the standard generator X;; of X, represents
the edge of the tetrahedron oriented from 7 to j. So, the generators Xoq, Xgo represent the
same edge but opposite direction, similarly the generators X3;, Xi3, the other generators
Xo1, X12, Xo3, X30 represent the other edges but oriented in one direction.

Throughout this paper F denotes an algebraically closed field with characteristic zero,
d is a nonnegative integer, and g € F is a nonzero scalar which is not a root of unity. Also,
let Mat g1 (F) represents the F-algebra of (d + 1) x (d + 1) matrices.

The article is organized as follows. In section 2 we recall the definitions of Leonard
pairs and parameters array, and state some facts related to Leonard pairs. In section 3 we
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recall the definition of the g-tetrahedron algebra X, and we give explanation for family
of bases described by authors in [5] for finite dimensional evaluation module of X,. In
sections 4, 5, and 6 we prove the result of this article, we will show that if V' is finite
dimensional evaluation module for X, then for each r € Z4 and X, 2, € X, we can find
A € X, such that the pairs A, X, 12,, A, X,42,43, and A, X, 3, act on V as Leonard
pairs. Also we will show that A is a linear combination of X, , 1 and X, 1 ,40.

2. Leonard Pairs

In this section we recall the definitions of Leonard pairs and parameter arrays and
some facts concerning them that we will use later in this article, before we state these
definitions we review some concepts.

By tridiagonal matrix we mean a square matrix in which nonzero entry presents only
on, immediately below or immediately above the main diagonal. A tridiagonal matrix is
called irreducible if all entries present immediately below or immediately above the main
diagonal are nonzeros. A square matrix is called upper bidiagonal if nonzero entry presents
on or immediately above the main diagonal, and is called lower bidiagonal if nonzero entry
presents on or immediately below the main diagonal.

Definition 1. [6] Let V' denote a vector space over F with finite positive dimension. By
a Leonard pair on V, we mean an ordered pair A, A*, where A:V —V and A*:V —V
are linear transformations that satisfy both (i) and (i) below.

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

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

For more details about Leonard pairs see [2, 8-11].

In [7], Terwilliger showed that for each Leonard pair there exists corresponding se-
quence of scalars called parameter array, the scalars that appear in this parameter array
depend on the eigenvalues of the Leonard pair.

We now recall the definition of the parameter array.

Definition 2. [7] Let d denote a non negative integer. By a parameter array over JF
of diameter d, we mean a sequence of scalars ({0;}¢_q, {010 ; {0 }¢ Gt {qu};l:l) taken
from F that satisfy the following conditions.

0 # 0; (0<i<j<d),
0; # 0 (0<i<yj<d),
ei # 0 (1 <i<d),
¢i # 0 (1<i<d)

\]

=~
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1 hzo . ‘;dh (07 —05)(0i—1 — 0q) (1<i<d), (5)
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1—1
0, — 04 . .
b = o1y e (67 0) (B — 00) (1< <d), (6)
h=0

Oi2 = Oiy1 _ 05 _o— 05,1
0;_1 — 0; 0r ., — 9;

(2<i,j<d-1). (7)

The common value of (7) minus one is called the fundamental parameter of the Leonard

pair, the fundamental parameter of the Leonard pairs appear through this article is equal
2, -2
q-+q°.

In Definition 1, the Leonard pair is described as diagonal and irreducible tridiagonal
matrices. In [12], Terwilliger showed that the Leonard pair can also be described as upper
bidiagonal and lower bidiagonal matrices using the parameter array associated with the
Leonard pair as it appears in the following theorem.

Theorem 1. [12] Let d denote a nonnegative integer, let B and B* denote matrices in
Matgy1(F). Assume B is lower bidiagonal and B* is upper bidiagonal. Then the following
are equivalent.

(i) The pair B, B* is a Leonard pair in Matgi1(F).
(ii) There exists a parameter array ({0;}L,, {0:}o; {@j ?:1, {gbj}?:l) over F such
that B(i,i) = 0;, B*(i,1) = 0 (0<i<a),
B(,j—1DB(—Lj)=¢; (1<j<d).
Suppose (1), (ii) hold. Then the parameter array in (ii) is uniquely determined by B, B*.

Indeed to prove the result of this article we will describe the Leonard pairs that appear
in sections 4,5 and 6 as upper bidiagonal and lower bidiagonal matrices and use Theorem
1 to obtain our result.

3. The ¢-tetrahedron algebra X,

In this section we recall the definitions of X, algebra and its evaluation module, also
we state some facts about this algebra that we will use later in this article. The material
in this section can be found in [4] and [5].

Definition 3. [5] Let X, denote the unital associative F-algebra that has generators
{Xiji,je€Zy,j—i=1orj—i=2}
and the following relations:
(i) Fori,j € Zy such that j —i =2,

Xinji =1.
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(i) For h,i,j € Zy such that the the pair (i — h,j —1i) is one of (1,1), (1,2), (2,1),

qXniXij — ¢ X0 X

- 1.
q—q!

(iii) For h,i,j,k € Zy such thati —h=j—i=k—j=1,
X Xk — 131X X0 Xni + 8] Xni Xju X — X1 X = 0.

We call X, the g-tetrahedron algebra.

To prove the result of this article in sections 4, 5 and 6, we will describe the action of
the generators of X, on different bases of an evaluation module of X,. So, we now recall
the definition of an evaluation module of X,.

The authors in [5] gave definition for the evaluation module of X,, and the authors in
[4] described 24 bases for it. we can summarize their work as follows:

Let V be a vector space over F with finite positive dimension. Let {si}fzo denote
a sequence of positive integers whose sum is equal the dimension of vector space V. A
decomposition of V' of shape {s;}2 is a sequence of subspaces {W;}%_, of vector space V'
such that the dimension of W is s; (0 <i <d), and V = Z?:o W; (direct sum). We call
d the diameter of V.

Definition 4. [5/ An evaluation module for g-tetrahedron algebra R, is a finite dimen-
stonal, nontrivial irreducible X,-module with shape (1,1, ...,1).

A flag on vector space V of shape {s;}%_, is a sequence of subspaces {W;}¢_, of V such
that W;_1 C W;, and the dimension of W; is equal sy + s1 + ... +s; for 0 < i < d.

Let V' denote finite dimensional irreducible module for X, with diameter d. For distinct
i, j in Z4 such that j —¢ =1 or j — ¢ = 2 we define a decomposition of the vector space
V called [i, j|]. The decomposition [i, j| has diameter d, and the nth component of [i, j] is
the eigenspace of X;; with eigenvalue qd_Q” for 0 <n <d.

There exists a collection of flags on vector spaces V', denoted [i], i € Z4, such that for
distinct 4, j € Z4 the decomposition [z, j] induces the flag [i]. By construction, the shape
of the flag [i] coincides with the shape of V.

Definition 5. [}/ Let V' denote an evaluation module for X, that has diameter d. Pick
mutually distinct i,j,k,1 € Zy. A basis {v,}2_, for V is called an [i, j, k,]-basis whenever:

(i) for 0 < n < d the vector v, is contained in the component n of the decomposition
[k, 1] of V;

(i1) ZZ:O v, 1S contained in component O of the flag [j] on V.

Lemma 1. [4] Let V denote an evaluation module for X,, and pick mutually distinct
i,7,k,l € Zy. Then there exists an [i, j, k,]-basis for V.
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Let V' denote an evaluation module for X,. In Definition 5 and Lemma 1 we can
recognize 24 bases for V. The action of standard generators of X, on these 24 bases is
described in Theorem 11.1 in [4], the authors used special matrices Z, Ky, Ey, and G4(t)
to describe the action of the standard generators of X, on these 24 bases, these matrices
are described in the following definition.

Definition 6. Let Z, K,, E;, and G4(t) denote the matrices in Matgy1(F) such that
Z(i,j) = Giyja for 0 < i,5 < d, the matriz K, is diagonal with K,(i,i) = ¢=2" for
0 < i < d, the matriz E, is upper bidiagonal with E,(i,i) = ¢*~ for 0 < i < d, and
E (i — 1,i) = ¢¢ — ¢*=972 for 1 < i < d, and the matriz G,(t) is upper bidiagonal with
Gq(t)(i,1) = ¢* =4 for 0 < i < d, and Gy (t)(i — 1,i) = (¢% — ¢*~92)(1 — tg? 2+ for
1<:<d.

We remark here that we will use the notations in Definition 6 in our work in the next
sections.

4. The Leonard pair A, X,

The g-tetrahedron algebra has eight generators { Xo9, Xo2, X13, X31, Xo1, X30, X12, X23}
with relations as in definition 3. Let S = { X9, Xo2, X13, X31}, and let {Ay, Ay, A3, Ay} =
{Xo1, X30, X12, X23}. In this paper we show that for each B € S, we can find A =
aAi + bAs such that the pairs A, B, A, Az, and A, A4 are Leonard pairs.

Before we start proving our result, we recall the following lemmas which will help us
in our work.

Lemma 2. [/] Pick an integerd > 1 and a nonzerot € F that is not among {g?¢=2"+1}4_,.
Then there ezists an evaluation module Vy(t) for W, such that V4(t) has a basis s =
[3,2,0,1] for which the matrices represent Xog, Xo1, X12, and X39 are By, Ky, ZE,1Z,

and G4(t) respectively.

The entries of the matrix F -1 is given in Definition 6, the entries of ZF, -1 Z can be
found using the following lemma.

Lemma 3. [4] For C € Matgy1(F) and 0 < 4,j < d the following coincide
(i) the entry (i,j) of ZCZ,
(ii) the entry (d —i,d — j) of C.

Lemma 4. [}/ Let V denote an evaluation module for ¥, that has diameter d. Then there
exrists a unique t € F such that:

(i) t is a nonzero and not among {q¢=2"+1}4_,.

(i1) the X,-module V' is isomorphic to Vy(t).
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For the rest of the paper we use V' to represents Vy(t), and ¢ will be a nonzero and not
among {g?=2"*t1}d_ scalar in F.

We now start proving the our result.

Definition 7. Let A € X, denote a linear combination of Xo1, X12. Write
A = (LX()l + leg.

For the rest of the article, by the notation [T]; we mean the matrix that represents
the linear map T : V' — V with respect to the basis s of V.

Lemma 5. With reference to Lemma 2 and Definition 7, let By = Xo9. Then the matrices
represent A and B1 with respect to the basis s are lower bidiagonal and upper bidiagonal
respectively with entries:

[Bils(i,i) = ¢*~*  (0<i<d),
[Als(i,i—1) =bg (1 —¢¥) (1<i<d),
[Bils(i —1,i) = ¢*(1 —¢*2172) (1 <i<d).

Proof. The matrices that represent the action of X1, X12 and X are given in Lemma
2, and the entries of these matrices are given in Definition 6.

Definition 8. With reference to Lemma 5, define

0 = agt? 4+ bg2d 0<i<d),

af = ¢ (0<i<a),

i = b(@* -1 -1  (1<i<d),
¢i = a(@®-1( -1 (1<i<d)

Note that a; = [A]s(4,1), af = [Bi]s(i,4) for (0 < i < d), and ¢; = [A]s(4,1—1)[Bi]s(i—
1,4) for (1 <i <d).

NOW by Theorem 1, if we find the conditions on the sequence of scalars ({a;}%,,
{a}L s {514 Gt {0; ;l:l) in which the sequence is a parameter array, then these condi-
tions imply that the pair A, Bj is a Leonard pair.

So, in the next work we will find when the sequence ({a;}L,, {af}ey; {p;}e

J=1
{0; }jzl) satisfies the conditions 1 — 7 in Definition 2.

Lemma 6. With reference to Definition 8, ay # «; for k #1i (0 < i,k < d) if and only if
a—bg* =4 £ 0 for 0 < h < 2d.

Proof. g, — o = a(qd—zkz qd—2i) + b( 2k—d q2i—d

_ aq - ( )+ bq21 ( 2(k—i) _ 1)

=(1—g**= ))( q —2k _ pg?i—d)
qd 2k< )(a 2(z+k d))
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_ qd—2k(1 _ q2(k—i))(a _ bq2(h_d)),
where h = k + 1.
Note that 0 < h < 2d, its clear that oy, = «; if and only if ¢?=2%(1 — q2(k*i))(a —
bq2(h_d)) =0,
but 1 — ¢2+=9) £ 0 because ¢ is not a root of unity, hence, oy, # «; if and only if
a—bg?h=4) £ 0 for 0 < h < 2d.

Lemma 7. With reference to Definition 8, of # o fork#1i (0 <i,k <d).

Proof. aj —a; = 0 if and only if ¢?=? — ¢*=4 = 0 if and only if ¢**~¢(1 — ¢?(—F)) = 0,
but ¢ is not a root of unity. Hence the result hold.
Lemma 8. With reference to Definition 8, w; # 0 if and only if b # 0, and ¢; # 0 if and
only if a # 0 for 1 <i <d.

Proof. Clear, since ¢ is not a root of unity.

Lemma 9. With reference to Definition 8,

i—1

Qp — Qg—k * * .
L ¢1Zﬁ+(%‘ —op)(@i—1 — aq) (1<i<a).
— Qo —ag

Proof. Note that

a — Qg = (aqd—2k + bq2k—d) _ (ank—d + qu—Qk) _ (a o b)(qd—Qk o q2k—d)’

and
ag — aq = (aqg” +bg~ ) — (ag™ + bg?) = (a = b)(¢" — ¢~ 9.
So,
iZE U — Yd—k _ i qd_zdk — Qf:_d _ (QQ(d_;:l) - 1)(¢* - 1)
~ a-as = q'—q (¢ =1)(¢* - 1)
And,

af —af =" =g =g ¥ - 1),
i1 —aq = (ag"H 2+ bg* %) — (ag™? +bg?) = ag(¢* Y — 1)+ bg? (¢* 7Y — 1),
¢1 = aqg > (¢* — 1)(1 — ¢*%).

Now, simplify to get the result.

Lemma 10. With reference to Definition 8,

i—1

A — Og—k % * .
b = @1 E —— + (07 — ag)(g—it1 — ap) (1<i<ad).
=0 oo — Qg
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Proof. Similar to proof of Lemma 9.
Lemma 11. With reference to Definition 8,

Qh—2 = Oh41 _ X2 ki—l:q2+q72+1 2<hk<d-1).

Qp_1 — Qp ap_, —ay
Proof.
af oy — 0y, = q2(k—2)—d _ q2(k+1)—d _ q2k—d—4(1 — ),
and
af_,—al = q2(k71)7d _ q2(k)7d _ qzkfdfz(l — ).
Hence,

O[*_ —O[* 1_ 6
k2 7 Tt _ -2 q2:q2+q—2+1 (2<k<d-1).
akil—ak 1_q

Similar proof for a.

Lemma 12. With reference to Definition 8, let a and b be scalars in F. Then the sequence
of scalars ({ai}y, {a}L,; {cp]}] 15 {gf)j}?zl) is a parameter array if and only if a # 0,
b#0 and a —bg?0=D £ 0 for 1 <i<2d—1.

Proof. Note that the conditions 1—7 of the parameter array in Definition 2 hold for the
sequence ({a;}9, {a}L; {(,0]}] 15 {gbj}j ,) from Lemmas 6, 7, 8, 9, 10, 11 respectively

if and only if a £ 0, b#£ 0 and a — bg2=D £ 0 for 1 <i < 2d — 1.

Theorem 2. Assume d > 2, let V denote an evaluation module for M, with dimension
d+1. Let A € X, denote an arbitrary linear combination of Xo1 and Xi2, let By € K,
such that By = Xog, let a and b be scalars in F. Write A = aXo1 + bX12. Then the pair
A, By acts on'V as a Leonard pair if and only if a # 0, b # 0 and a — bg?=D £ 0 for
1<i<2d—-1.

Proof. The action of the pair A, By on the basis s is described in Lemma 5, the matrices
represent A and By with respect to the basis s are lower bidiagonal and upper bidiagonal
respectively in which o; = [A]s(7,1), o = [B1]s(4,1), and ¢; = [A]s (z i—1)[B1]s(i — 1,1).
In Lemma 12 we show that the sequence of scalars ({o;}4, {af}4,; {4,0]}] 1 {(bj}j 1)
is a parameter array if and only if a # 0, b # 0 and a — bg2(i—d) Z0for1 <i<2d-1.
Hence, the result hold by Theorem 1.
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5. The Leonard Pair A, X5

Lemma 13. With reference to Lemma 2 and Definition 7, let Bo = Xs39. Then the
matrices represent A and By with respect to the basis s are lower bidiagonal and upper
bidiagonal respectively with entries:

[Als(3,7) = ag®™ 2 + bg® =% (0<i<d),

+

[Bals(iyi) = ¢*~7  (0<i<d),
[Als(i,i = 1) =bg (1 —¢*) (1<i<a),
[Bols(i — 1,1) = q%(1 — ¢*7272)(1 — g~y (1<i<d).

Proof. The matrices that represent the action of X1, X12 and X3y are given in Lemma
2, and the entries of these matrices are given in Definition 6.

Definition 9. With reference to Lemma 13, define

\I’i — b(l o q2ifd)(1 . q2i72d72)(1 . tqd72i+1) (1 <i< d),
Ai — qfdfl(q2d72i+2 o 1)(q2i o 1)(bt . aq2ifd71) (1 <3 S d)

Note that a; = [A]s(4,7), of = [Ba]s(4,7) for (0 < i < d), where o; and o appear in
Definition 8. And ¥; = [A]s(4,7 — 1)[Ba]s(i — 1,4) for (1 <i <d).

Now, by Theorem 1, if we find the conditions on the sequence of scalars ({a;}%,
{of zd:05 {¥; }?:1, {A; }?:1) in which the sequence is a parameter array, then these condi-
tions imply that the pair A, Bs is a Leonard pair.

So, we now need to find when the sequence ({o;}d, {af}i,; {\I/j};-lzl, {Aj};-lzl)
satisfies the seven conditions of the parameter array in Definition 2. From Lemmas 6, 7,
and 11 we know when the conditions 1, 2, and 7 hold. in the next work we will find when

the conditions 3 — 6 of Definition 2 hold.

Lemma 14. With reference to Definitions 9, U; # 0 if and only if b # 0 and t # ¢*~ 41
for1<i<d. And A; # 0 if and only if bt # aq® =21 for 1 <i < d.

Proof. Since ¢ is not a root of unity, this implies that ¥; = 0 if and only if b = 0 or

1 — tq?2*1 = 0, solve for t to get the result for ¥;. Similar work for A;.

Lemma 15. With reference to Definitions 8 and 9

i—1
A — Qq—k * * .
\Ifi = Alzm+(az —CMO)(O[Z'_l—O[d) (1§’L§d)
k=0

Proof. Similar to proof of Lemma 9.

Lemma 16. With reference to Definitions 8 and 9,

i—1

ap — Od—p * * .

A= Iy Z ———— 4+ (o — o) (g—iv1 — ) (1 <i<d).
h—o 0T Qd
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Proof. Similar to proof of Lemma 9.

Lemma 17. With reference to Deﬁnitions 8and 9, let a, b and t be scalars in F. Then the
sequence of scalars ({ci}, {a s {¥; }] 1 {Aj};l 1) isa pammeter array if and only
ifb#£0,t# ¢ bt £ ag? 1 for1<i<d, and a—bg?0=D £0 for1 <i<2d—1.

Proof. Note that the conditions 1 — 7 of the parameter array in Definition 2 hold
for the sequence ({a;}%, {af}d,; {¥; }J 1) {Aj}?zl) from Lemmas 6, 7, 14, 15, 16,
11 respectlvely if and only if b # 0, t # ¢ 41 bt # ag® %! for 1 < i < d, and

—bg?=D £ 0 for 1 <i<2d—1.

Theorem 3. Assume d > 2, let V denote an evaluation module for M, with dimension
d+1. Let A € X, denote an arbitrary linear combination of Xo1 and Xi2, let By € K,
such that Bo = X3q, let a, b and t # 0 be scalars in F. Write A = aXo1 +bX12. Then the
pair A, By acts on 'V as a Leonard pair if and only if b # 0, t # ¢* =91, bt # ag? 91
for1<i<d, anda—qu(i*d) #0 for1 <i<2d-—1.

Proof. The action of the pair A, Bs on the basis s is described in Lemma 13, the
matrices represent A and By with respect to the basis s are lower bidiagonal and upper
bidiagonal respectively in which o; = [A]s(i,1), of = [Ba]s(,4), and ¥; = [A]s(7, i

)[Bg] (1 -1 z) In Lemma 17 we show that the sequence of scalars ({a;}& 0, {a e 0
{Y; }] LA }J 1) is a parameter array if and only if b # 0, t # ¢~ d=1 bt £ ag® 91 for

1<i<d,and a— bq2(Z d) # 0 for 1 <7< 2d— 1. Hence, the result hold by Theorem 1.

6. The Leonard Pair A, X3

Lemma 18. [4] With reference to Definition 8 and Lemma 1, Let V' denote an evaluation
module for ®,. Then for the basis v = [3,0,2,1] of V the matrices represent Xz, Xi2,

and Xo1 are G-1(t), K,-1, and ZE,Z respectively.

Lemma 19. With reference to Lemma 18 and Definition 7, let Bs = Xos. Then the
matrices represent A and Bs with respect to the basis v are lower bidiagonal and upper
bidiagonal respectively with entries:

[A]y(i,7) = ag % + bg®* ¢ (0 <i<d),

(Bl (i) = "% (0<i<d),
[A]V(Z7Z - 1) = aqd(l - q_2l> (1 < Z < d)’
[B3]V(—1,Z) _ q—d(l_q2d—2l+2)(1_tq2l—d—l) (1 S ’l S d)

Proof. The matrices that represent the action of X1, X12 and Xo3 are given in Lemma
18, and the entries of these matrices are given in Definition 6.
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Definition 10. With reference to Lemma 19, define

T, = a(l-¢P) (- )1 -tg" ) (1<i<d),
O = g D b (1<i<d)

Note that a; = [A]v(4,17), o = [Bs]v(i,i) for (0 < i < d), where a; and o appear in
Definition 8. And Y; = [A]v(i,7 — 1)[Bs]v(i — 1,4) for (1 < < d).

Now, by Theorem 1, if we find the conditions on the sequence of scalars ({ai}fzo,
{a} lij=05 {Y; };l:l, {Q; }?:1) in which the sequence is a parameter array, then these condi-
tions imply that the pair A, Bs is a Leonard pair.

So, we now need to find when the sequence ({a;}?,, {al}%,; {Tj};-lzl, {Qj}?zl)
satisfies the seven conditions of the parameter array in Definition 2. From Lemmas 6, 7,
and 11 we know when the conditions 1, 2, and 7 hold. in the next work we will find when

the conditions 3 — 6 of Definition 2 hold.

Lemma 20. With reference to Definition 10, Y; # 0 if and only if a # 0 and t # ¢?~ 2!
for1 <i<d. And Q; # 0 if and only if at # bg®2*1 for 1 <i < d.

Proof. Since ¢ is not a root of unity, this implies that Y; = 0 if and only if a = 0 or
1 —tg*~9=1 =0, solve for t to get the result for Y;. Similar work for €;.

Lemma 21. With reference to Definitions 8 and 10,
(s S
k— Qd—k * .
Yi = My ——F 4 (o] —af)(ai1 —ag)  (1<i<d).
o 0~ Qd

Proof. Similar to proof of Lemma 9.

Lemma 22. With reference to Definitions 8 and 10,

i—1

Qp — 0g— " % .
QG o= 1Y TR (0f — o) (e —a0)  (1<i<d).
=0 Qp — Qg

Proof. Similar to proof of Lemma 9.

Lemma 23. With reference to Definition 8 and 10, let a, b and t be scalars in F. Then
the sequence of scalars ({a;}4_, {ar}d ;s {Tj}?zl, {Qj}?zl) is a parameter array if and
only if a # 0 and t # @21 at £ bg?2F! for 1 < i < d, and a — bg® =D #£ 0 for
1<i<2d—1.

Proof. Note that the conditions 1 — 7 of the parameter array in Definition 2 hold
for the sequence ({a;}Ly, {af}Ly; {Tj}?:p {Qj}?zl) from Lemmas 6, 7, 20, 21, 22, 11
respectively if and only if a # 0 and t # ¢ 21, at # bg? 2+ for 1 < i < d, and
a—bqw_d) Z0for1<i<2d-1.
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Theorem 4. Assume d > 2, let V denote an evaluation module for X, with dimension
d+1. Let A € X, denote an arbitrary linear combination of Xo1 and X2, let B3 € X,
such that Bs = Xo3, let a, b and t # 0 be scalars in F. Write A = aXo1 +bX12. Then the
pair A, Bz acts on'V as a Leonard pair if and only if a # 0 and t # @2+, at # bgd=2+1
for1<i<d, anda—qu(i*d) #0 for1<i<2d-1.

Proof. The action of the pair A, B3 on the basis v is described in Lemma 19, the
matrices represent A and Bs with respect to the basis v are lower bidiagonal and upper
bidiagonal respectively in which «; = [A]yv(i,4), of = [Bs]v(i,4), and T; = [A]v (4,7 —
1)[Bs]y(i — 1,i). In Lemma 23 we show that the sequence of scalars ({a;}% o, {ai};
{T; }?:1, {Q; }?:1) is a parameter array if and only if @ # 0 and t # ¢%~ 2T, at # bgd—2+1
for 1 <i<d, and a — bg?(—9 # 0 for 1 <7< 2d— 1. Hence, the result hold by Theorem
1.

Theorem 5. Assume d > 2, let V denote an evaluation module for XM, with dimension
d+1. Let A € X, denote an arbitrary linear combination of Xo1 and X2, let By, B, B3 €
X, such that By = Xo9, By = X309, and B3 = Xo3, let a, b and t # 0 be scalars in F.
Write A = aXg1 + bX12. Then the pairs A, B1, A, By, and A, B3 act on V' as Leonard
pairs if and only if a #0, b#0, t #0, t # ¢ 2+ a=lbt £ ¢4 b~lat # ¢@=2+1 for
1<i<d, anda—bg?0=D £0 for1<i<2d—1.

Proof. Clear from Theorems 2, 3, and 4.

Lemma 24. [/] Consider the X,-module Vy(t). Pick mutually distinct i, j,k,l € Zy. Then
for each standard generator X,s the following are the same:

(i) the matriz that represents X,s with respect to an [i, j, k,l]-basis for Vi(t);

(i1) the matriz that represents X,41 541 with respect to an [i+ 1,7+ 1,k + 1,1+ 1]-basis
for Vy(t=1).

Theorem 6. Assume d > 2, let V denote an evaluation module for M, with dimension
d+1. Let A € X, denote an arbitrary linear combination of X12 and Xo3, let By, Bo, B3 €
X, such that By = X31, By = Xo1, and B3 = X3q, let a, b and t # 0 be scalars in F. Write
A =aXi3+ bXo3. Then the pairs A, By, A, By, and A, B3 act on V as Leonard pairs if
and only if a # 0, b# 0, t # 0, t71 £ g2+ g7 Ipt=1 £ 2471 plgt1 £ @21 for
1<i<d, anda—qu(i_d) #0 for1<i<2d-1.

Proof. Similar to proof of Theorem 5 but replace t by t ! and replace the bases [i, j, k, []
that appear in the proof of Theorem 5 by the bases [i+1,j+1,k+1,l+1], and use Lemma
24 to find the action of the standard generators of X, on the new bases.

Theorem 7. Assume d > 2, let V denote an evaluation module for M, with dimension
d+1. Let A € X, denote an arbitrary linear combination of Xo3 and X3, let B1, Bo, B3 €
X, such that By = Xo2, Bs = X2, and B3 = Xo1, let a, b and t # 0 be scalars in F.
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Write A = aXao3 + bX39. Then the pairs A, B1, A, By, and A, B3 act on V as Leonard
pairs if and only if a #0, b#0, t #0, t # ¢ 2+ a=lbt £ 471 b~lat # ¢@=2+1 for
1<i<d, anda—bg?0=D £0 for1 <i<2d—1.

Proof. Similar to proof of Theorem 5 but replace the bases [i, 7, k, [] that appear in the
proof of Theorem 5 by the bases [i + 2,5 + 2,k + 2,1 4 2], and use Lemma 24 to find the
action of the standard generators of X, on the new bases.

Theorem 8. Assume d > 2, let V denote an evaluation module for X, with dimension
d+1. Let A € X, denote an arbitrary linear combination of X12 and Xag3, let By, B, B3 €
X, such that By = X31, Ba = Xo1, and B3 = X39, let a, b and t # 0 be scalars in F. Write
A =aX13+ bXo3. Then the pairs A, By, A, By, and A, Bs act on V as Leonard pairs if
and only if a # 0, b# 0, t #0, t71 # ¢ 2+ a7 1pt=1 #£ 2971 b lat=1 #£ ¢4 21 for
1<i<d, and a—bg20=D £0 for1 <i<2d—1.

Proof. Similar to proof of Theorem 5 but replace ¢ by ¢! and replace the bases [i, j, k, []
that appear in the proof of Theorem 5 by the bases [i+3, j+3, k+3,1+3], and use Lemma
24 to find the action of the standard generators of X, on the new bases.
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