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Abstract. We obtain some properties of a class A of ¢g-hypergeometric orthogonal polyno-
mials with ¢ = —1, described by a uniform parametrization of the recurrence coeflicients.
We construct a class C of complementary —1 polynomials by means of the Darboux trans-
formation with a shift. We show that our classes contain the Bannai-Ito polynomials and
their complementary polynomials and other known —1 polynomials. We introduce some new
examples of —1 polynomials and also obtain matrix realizations of the Bannai-Ito algebra.
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1 Introduction

The classes of g-hypergeometric sequences of orthogonal polynomials with ¢ not equal to a root
of unity or with ¢ = 1 have been extensively studied for a long time [9]. In the case with
g = —1, some polynomial sequences have been obtained as limits as ¢ goes to —1 of well-known
g-orthogonal polynomials, such as the big and little g-Jacobi polynomials [26, 27|, or as trans-
formations of the Bannai—Ito polynomials [6, 7]. See also [4, 18, 19, 20].

In [24], we showed that all the g-orthogonal polynomials satisfy a generalized difference-
eigenvalue equation of order one, with respect to a Newtonian basis for the space C[t]. In [25],
we proved that all the sequences in the ¢-Askey scheme have a discrete orthogonality. Results
about the discrete orthogonality of a subclass of the —1 polynomials will be presented elsewhere.

In [21, 22, 23, 24], we have used a matrix approach to study diverse aspects of the orthogonal
polynomial sequences that produced general results that suggested new ways to classify the
hypergeometric and basic hypergeometric orthogonal polynomial sequences. See [10, 11, 12].

In the present paper, using some results from [24] we construct a class A of g-orthogonal
polynomials with ¢ = —1 and obtain a uniform parametrization for their recurrence coefficients.
These polynomials may be considered as the elements of a —1-Askey scheme because they are
constructed with the same procedure that we used to construct all the polynomial sequences
in the Askey and the g¢-Askey schemes. The continuous part of the —1-Askey scheme was
constructed in [14]. We show that giving particular values for the parameters we can obtain
some of the known —1 polynomials, such as the Bannai—Ito polynomials and the polynomials
obtained as limits of the big and little Jacobi polynomials. We also obtain some examples of
new —1 polynomials that seem interesting and deserve further study.

We also construct a class C of —1 polynomials that we call the class of complementary —1
polynomials because it contains the complementary Bannai-Ito polynomials, see [6, 19]. The
elements of this class are Darboux transformations with a shift of the —1 polynomials in the
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class A. We describe a family of continuous —1 polynomials that contains the continuous
Bannai-Ito polynomials obtained in [14]. We also obtain some matrix realizations of the Bannai-
Ito algebra.

In Section 2, we present a brief account of the construction of the bispectral g-hypergeometric
orthogonal polynomials. In Section 3, we consider the case with ¢ = —1 and present some
examples. In Section 4, we introduce a parametrization that reduces the number of parameters
and present some new examples. In Section 5, we consider a subclass of A of polynomials that
have simple recurrence coefficients. In Section 6, we construct the class C of complementary —1
polynomials and study a subclass of polynomial sequences whose recurrence coefficients are
simple rational functions. In Section 7, we construct some matrix realizations of the Bannai-Ito
algebra. Finally, in Section 8, we mention some topics for further research.

2 Construction of bispectral hypergeometric
orthogonal polynomials

In this section, we present a brief account of the construction of the bispectral hypergeometric
orthogonal polynomials presented in our previous paper [24]. Some similar results were obtained
by Terwilliger in [15, 16, 17] using a different approach.

Consider the linear difference equation

Sk+3 = 2(Sk+2 — Sk+1) + Sks k>0, (2.1)

where z is a nonzero complex number and si is a sequence of complex numbers with initial
terms sg, S1, s2. Since the characteristic polynomial is t3 — zt> + 2zt — 1, we see that the product
of the roots is equal to one, the sum of the roots is equal to z, and 1 is a root. Therefore,
the characteristic roots of the difference equation are 1, ¢, and ¢~', where 1 4+ ¢ + ¢~ = 2.
If z =3, then ¢ = 1 is a triple root. If z = —1, then ¢ = —1 is a double root, and if z # 3
and z # —1, then the roots 1, ¢, ¢~ ! are distinct. Therefore, the general solution of (2.1) is of
the form s, = do + d1¢* + dag™" when z # 3 and z # —1 and becomes s, = dy + dik + dok?
when z = 3, and s = do + d1(—1)F + dok(—1)¥ when z = —1. These lattices were considered
by Bochner and Hahn in their classification of the classical and the g-orthogonal polynomials.
Such lattices also appear in [13], where they are obtained from the solutions of a second order
difference equation [13, equation (3.1.12)] that must satisfy certain additional conditions.

Let xp, hi, and ey, be 3 solutions of (2.1). These sequences will be used to construct a basis
for the space C[t], a linear operator D on the space of polynomials, and a sequence of orthogonal
polynomials ug () that are eigenfunctions of D with eigenvalues hj. The sequence e is used to
simplify the definition of the operator D and provides additional parameters that are needed
to construct a theory that can be applied to all the hypergeometric and basic hypergeometric
orthogonal polynomials in the Askey schemes.

The sequence zj determines the Newtonian basis {v,(t) | n > 0} of the complex vector
space C[t] of polynomials in ¢, defined by

vp(t) = (t —x0)(t —x1) -+ (t — Tp—1), n>1, (2.2)

and vy(t) = 1.
We define the sequence g by

9 = Tk—1(hk — ho) + ek, k>1,

and gg = 0. This sequence satisfies a linear difference equation of order five. We add the
sequence e to avoid some complicated restrictions on the initial values of gi. Let us suppose
that hy # h; if k # j, and g # 0 for k > 1.
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We use the basis {v;, | £ > 0} to define the linear operator D by
Dy, = hivg + gkVk—1, k> 1.

Since gg = 0, we see that Dt" is equal to h,t"™ plus a polynomial of lower degree. The operator D
is a generalized difference operator and can be realized as a Dunkl type difference-reflection
operator when ¢ = —1, see [6].

For n > 0, we define u,, as the monic polynomial of degree n which is an eigenfunction of D
with eigenvalue h,. That is,

Duyp = hpty, n > 0. (2.3)

In [24, p. 249], we showed that

un(t) = Z Cn, iUk (1), n >0,
k=0

where the coefficients ¢, ;, are given by

n—1
gj+1
%*:IIEijﬁ 0<k<n-—1, (2.4)
j=k

and ¢, = 1 for n > 0. This expression for u,(t) was also obtained in [28] using a different
approach. The idea of representing orthogonal polynomials in terms of a Newtonian basis was
introduced by Geronimus in [8].

The matrix C' = [cy, 1], where the coefficients ¢, ; are defined in (2.4), is lower triangular and
all its entries in the main diagonal are equal to 1. Therefore, C' is invertible. Let C~! = [Cn k]
Using some properties of divided differences, we proved in [24, p. 251] that

n

b= 1] 525 0sk<n-1
j=k+1 J

and ¢, ,, =1 for n > 0.
The entries in the 0-th column of C~! are

n

A 9k

Cn0 = H h() hk, n Z 17 (25)
k=1

and ¢po = 1. We denote them by m,, = ¢, for n > 0.
In [24], we also proved that the monic polynomial sequence u,(t) satisfies a three-term re-
currence relation of the form

Un+1(t) = (t — Bp)un(t) — anun—1(t), n>1, (2.6)
where the coefficients are given by

In+1 In

=Tn+ — , n >0, 9.7

gn In—1 9n In+1
on = - + +Zp—Tp1), n>1 (2.8
" e = hn <hn—2 —hyn  hp—1—hyp  hp_1—hpp " " 1) (2.8)

Since gg = 0, the terms in the previous equations where h_; appears are equal to zero, see
also [12, Remark 2.5].
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If all the «,, are positive and the (,, are real, then the sequence u,, is orthogonal with respect
to a positive measure, and if all the «,, are nonzero, then u,, is orthogonal with respect to a not
necessarily positive definite moments functional.

The numbers m,, are the generalized moments of the polynomial sequence wuy(t) with respect
to the Newtonian basis {vg(t) | K > 0} defined in (2.2). From (2.5), we see that m,, satisfies the
recurrence relation

Let {p[ll,p[Q],p[?’]} be the basis of solutions of (2.1) whose initial terms are (1,0,0), (0, 1,0),
and (0,0, 1), respectively. These basic solutions are sequences of polynomials in z. It is easy to
see that the initial terms of pll and p[? are

1,0,0,1,2,2(z = 1), (z = 1) (2> =2 = 1), 2(z = 2) (2> — 2 — 1),...,
0,1,0,—2,—(z = 1)(z 4+ 1), —2(2% — 2 = 1), —2(2 — 1)(z — 2)(z + 1),
(=21 =22 —241),...,

and that pg’] = p,[glll for k > 0.

Let us note that for & > 0 we have

T = xopg} + 11:1;05] + $2PE}, hy = hopg] + hlpf} + thf’],

ey = eop;[:] + 612?22} + €2PE]~
Therefore, gy, ok, Br, cn i and ¢,k are functions of z and the initial terms of the sequences x, hy,
and ey.

The orthogonal polynomials with ¢ = 1 are obtained when we put z = 3. Taking z =
1+¢q+q ', where ¢ # %1, we obtain all orthogonal polynomials in the g-Askey scheme. In the
following section we consider the case ¢ = —1.

The properties of the polynomial sequence represented by the matrix C' can be expressed in
terms of matrix equations as we describe next. Let X be the shift matrix defined by Xj, 11 =1
for £ > 0 and all the other entries equal zero. The matrix S is the transpose of X. The
diagonal matrix H = diag(hg, h1,ha,...) is called the matrix of eigenvalues. The diagonal
matrix F' = diag(zg,z1,z2,...) is the matrix of nodes associated with the Newtonian basis.
The diagonal matrix G = diag(g1, g2, g3, ... ) is associated with the operator D. The Jacobi
matrix L is defined by Ly r+1 =1, Ly x = Br, Lg+1,1 = g4, for £ > 0.

With respect to the Newtonian basis the operator of multiplication by the independent vari-
able t is represented by X + F', and the operator D by (H 4+ SG). The three-term recurrence
relation (2.6) corresponds to the equation

LC=C(X+F)
and the difference-eigenvalue equation (2.3) is expressed in terms of matrices as
C(H+ SG)=HC.

See [24] for a more detailed account of these matrix equations.

3 The polynomials with g = —1

We consider now the class A of orthogonal polynomials obtained when the parameter z in the
difference equation (2.1) is equal to —1, and thus the roots of the characteristic polynomial of
the difference equation are 1 and —1, which is a double root.
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When z = —1 the basic solutions of (2.1) become the sequences

1,0,0,1,—1,2,-2,3, 3,4, —4, ...,
0,1,0,1,0,1,0,1,0,1,0,...,  and
0,0,1,-1,2,-2,3,-3,4, 4,5, ...,

and a solution with initial values sg, s1, s2 has the form
50,51, 82,80 + S1 — S2, —Sg + 289,250 + S1 — 289,. ...

Another basis for the space of solutions of the difference equation (2.1) when z = —1 is
{1,(=1)%, (=1)*k}. We write the sequences x, hj and ey, in terms of this basis as follows:

zp = by + by (—1)% + by(—1)*E, (3.1)
hi, = ag + a1 (—1)F + ao(=1)*k,
er = do + di(—=1)F 4+ dy(—1)"E. (3.3)

It is clear that the coefficients in these representations can be written in terms of the corre-
sponding initial terms, and vice-versa. We will see that the number of parameters needed to
describe the orthogonal polynomials with ¢ = —1 can be reduced to four.

The coeflicient by is the constant part of the sequence of nodes x; and hence, a change in the
value of by is equivalent to a translation of the polynomials vy () in the Newtonian basis and also
of the orthogonal polynomials uy(t). Since translations do not change the relevant properties
of the polynomials ug(t), sometimes we take by = 0 in order to simplify the expressions for the
coefficients of the uk(t) and of their three-term recurrence relation.

Let us note that the eigenvalues hj appear only in terms of the form hp — h, in the for-
mulas of the previous section. Therefore, the coefficient ag, which is the constant part of the
eigenvalues hy, is always cancelled and thus we take ag = 0.

In order to have gg = 0, we need ey = 0 and thus we put dy = —d; in (3.3). If we take by = 0
,then there remain six parameters, ay, as, b1, b, di, do.

The sequence g = xx_1(hx — ho) + e is in this case

g = —k((k‘ — 1)(12[)2 —dy + azbl) if k£ is even,
gk = a2b2k2 + (d2 + (bl — bg)ag + 2@1[)2)]{2 + 2(b1 — bg)al + 2ds if k£ is odd.

For even n, the recurrence coefficients are

n((n — 1)&2 + 2a1)(na2b2 + 2a1by — (I2b1 + dg)((n — 1)(12()2 + a2b1 — dg)

n = , 4
a a5((2n — Day + 2a7)2 (34)

8, = a2(2a1b2 + (Ig(bg — 2b1) — 4d1)n — (2d1 + dg)(2a1 — CLQ) (3 5)

" ((2n — 1)ag + 2a1)((2n + 1)az + 2a;) ' '
For odd n, we have
_ —wi(n)wy(n)

Qp = a2((2n — ]_)CLQ + 2@1)2’ (36)

where

wl(n) = a2b2n2 + ((bl — bg)a2 + 2a1b2 + dz)n + 2(b1 — bg)al + 2d1,
wg(n) = a§b2n2 + (—(bl + bQ)CL% + (2a1b2 - dg)ag)n + a%bl
+ (2d1 + dg — 2a1b9)as — 2a1da,
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and

—ws(n)

on = ((2n = 1)az + 2a1)((2n + 1)az + 2a1)’

(3.7)

where

wg(n) = a2(2albg + ag(bg — 2[)1) — 4d1)n — 4a1b2
+ ((4b1 — 2bo)ag + 4dy — 2d2)aq + (2d; + dQ)ag
Giving appropriate values to the parameters in the equations (3.4)—(3.7) we can obtain the
recurrence coefficients of the —1 orthogonal polynomial sequences in the class A. For example,
the recurrence coefficients for the Bannai-Ito polynomials [7] are obtained with
as =1, by =1, a1:a+5+’y+5+3/2, 1)1:14-26,
dy =270 —2af—B+vy+0+1/2, dy = —1 — 2.

Here a, f3, 7y, 0 are the parameters used in [7] to define the Bannai—Ito polynomials.
If we take

1+a+p 1
1 C, 2 ) ai 2(1+C> ) a2 1+C’
l+a+8 14« 1
dlz - ) d2: )
2(1+¢) 2 1+ec

we get the recurrence coefficients of the polynomial sequence obtained from the big ¢-Jacobi
polynomials by taking the limit as ¢ goes to —1. See [4] and [27].

For the —1 polynomials obtained in [26] as limits of the little g-Jacobi polynomials, we get
the recurrence coefficients with

1
5120, 52:0, a1:+++5, a2:1, dlzg d2:1.
Note that these coeflicients are obtained from those of the big g-Jacobi polynomials taking ¢ = 0
and 8 = a.
We obtain —1 polynomials related with Chebyshev polynomials as follows. Taking

a1=%7 by =0, by =0, dy =0, da = ag,
the recurrence coefficients are o, = 1/4 for n > 1, fp = —1/2, and §, = 0 for n > 1. The

corresponding monic orthogonal polynomial sequence uy, (t) is related with the monic Chebyshev
polynomials of the first kind 7,,(¢) by

un(t) = Z g:(_tlg, n > 0.

k=0

If instead of dy = ag, we put dy = —ag then we get Sy = 1/2 and the corresponding orthogonal
polynomials w,, (t) satisfy

i ka()’ n> 0.

k=0

Another simple case is obtained when we take

a1 =1/2, ax=1, b =1/2, by=1, di=1/4, dy=-1/2.
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In this case, we have a,, = —n?/4, for n > 1, and 3, = 0, for n > 0. These examples provide
matrices that can be used to obtain generators of the Bannai-Ito algebra.

We can also obtain the recurrence coefficients of other —1 polynomials considered in [14] by
taking appropriate values for the parameters ai, ag, b1, ba, di, do, without taking limits.

A classification of the polynomial sequences in the class A can be obtained by the method
used by Koornwinder to construct the schemes in [10, 11, 12].

4 A change of parameters for the case with by # 0

In this section, we consider the class of orthogonal —1 polynomials for which the parameter by
is nonzero. Since xy = by(—1)F + bok(—1)* we can see that when by is nonzero the nodes
are pairwise distinct. We will introduce a parametrization for the recurrence coefficients that
simplifies the expressions and also reduces the number of independent parameters.

From equations (3.4) and (3.6), we see that as must be nonzero. This condition is also needed
to have hy # hy, if k # n.

We define the parameters r, s, t; and to by the equations

1 1 t 1 1
ap = <s+ 2>a2, bi = (7“ + 2>b2, di = <21 + 4>a2b2, dy = (tz - 2>a2b2.

Substitution of a1, b1, di, d2 in equations (3.4)—(3.7) yields, if n is even

_ —bn(n+2s)(n+2s —r+ta)(n+ 1 —ta)

On 4(n + s)? ’ -y
Bn:—@«r—s+mm+smﬂ¢ﬂx (4.2)
2(n+s)(n+1+s)
and if n is odd
o B4 425 )t (2= s 4ot t) (4.3
4(n+ s)?
x (n®+(2s—r—t)n— 2+ 1)s+7r+1t), (4.4)

and

Ch((r—st+t)n =28+ (2r+ti = L)s +r + 1)
" 2(n+s)(n+1+s) ' (4.5)

Let us note that as does not appear in the new expressions for the recurrence coeflicients.
Note also that, for all n, by is a factor of 3, and b3 is a factor of a,,. In [3, Appendix, p. 215],
Chihara shows that the effect of such factors on the corresponding monic polynomial sequences
is a change of the independent variable of the form w,(x) = byu,(x/bs). If we consider that
two monic polynomial sequences related in such way are equivalent, then bo can be taken as any
nonzero number. Therefore, the recurrence coefficients are essentially determined by the four
parameters r, s, t1, ta, see also [12, Remark 2.5].

We describe next the recurrence coefficients of a family of continuous —1 polynomial se-
quences. That is, such that all «, are positive and all 3,, are real.

Since the leading term in the numerators of (4.2) and (4.4) is —b3n?, it is clear that b3 must
be a negative number if we want a, > 0 for n > 1. We take by = i, where i = —1. Let
y = y1 +iy2 and w = w; + iwg be complex numbers.
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Substitution of

_ytw

b2 = ia s =i, r= Tv ty = 9 t1 T - (y1y2 - w1U}2)i,
in (4.2)—(4.5) yields the following formulas.
If n is even,
5 _
o, = Mt yl)(n+y2)(n+y)7 (4.6)
4(n+ 1)
~ (wiwe — y1ye)n + y1(wiws — y1y2) — Y132
B = : (4.7)
2(n+y1)(n+ 1+ y1)
If n is odd,
(n+y1 +wi)(n+y1r —wi)(n 4y +iwz)(n 4 y1 — iws)
4(n+ 1)
5 — (Y1y2 — wiwz)n + y1 (y1y2 — wiws) — wiwy. (4.9)

2(n+y1)(n+1+w1)

It is easy to see that a,, > 0 for alln >1if y; > —1 and wy; +y; > —1.

Let us consider some simple examples. If we take y; = 0 and w; = 0, then for even n we have
oy = (n2 + y%)/él, and for odd n we have a,, = (n2 + w%)/él, Bo = —y2/2 and B3, =0 for n > 1.

If y=w =0, then ay, = n?/4 for n > 1 and 3,, = 0 for n > 0.

If yo = 0 and wy = 0, then for even n we have a,, = n(n + 2y1)/4, for odd n we have
anp=(Mn+y1 —wi)(n+y —w)/4, and 5, =0 for n > 0.

The recurrence coefficients of the continuous Bannai-Ito polynomials, which are described
in [14] using parameters «, 3, v, ¢, are obtained by substitution of

y1:1+2(a+7)7 y2:2(5+6>7 w1:2(’}/—06>, w2:2(6_5)7

in (4.6)—(4.9).

There are also continuous —1 polynomial sequences in the class with by = 0. We give some
examples in Section 5.

We obtain next another useful parametrization of the class of —1 polynomials with by #£ 0
that gives factorized expressions for all the a,,. Let p and ¢ be roots of the numerator in (4.4)
and substitute

ti=pq+s—r(1+2s), t2=—(p+q+r+2s),
in (4.2)-(4.5). We obtain, for even n,

(n+2s)(n—p—q—2r)(n+p+q+2r+2s)
4(n+ s)? ’

(pg — 2rs)n — s?(1+2r) + s(pg —p — q — 2r)

2(n+s)(n+1+s)

n
o = —b3

Bn = —by

i

and for odd n
(n—p)(n—q)(n+p+2s)(n+q+2s)
4(n+ s)? ’
(pq — 2rs)n + pq + s2(1 — 2r) + s(pqg + p + q)
2(n+s)(n+1+s)

o = —b3

5n:b2
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5 A parametrization for the —1 polynomials with by = 0

If by = 0 and by # 0, then x, = b1 (—1)", for k > 0, and hence there are only two distinct nodes.
If both, b; and by are zero then zj = 0 for £ > 0. Recall that as must be nonzero.

For the case with by = 0, we obtain a parametrization of the recurrence coefficients by
substitution of

by =0, a] = (S + 1/2)0,2, dy = t1a2/2, do = taao,
in (3.4)—(3.7). We obtain, for even n,

— 2nn S
o = Ot £2+éﬁ+2), (5.1)

(by + t1)n + s(ty + to)

o = S st 11s) (5.2)

and for odd n we have

(b1 +t2)n 42015 + by +11)((by + t2)n + 25ty — by — 11) (5.3)
" 4(n + s)2 ’ '
8, = (bl + tl)(n + 1) + 8(2b1 + 1t — tz)

2(n+s)(n+1+s)

. (5.4)

Let us note that the recurrence coefficients are expressed in terms of the four parame-
ters by, s, t1 and ts.

We present next some examples obtained by giving particular values to the parameters
in (5.1)—(5.4). These examples are constructed so that the recurrence coefficients have simple
expressions as functions of the index n. We also try to show that it is easy to obtain recurrence
coefficients that are rational functions of the index n with several different values for the degrees
of the numerators and the denominators. These degrees may be used to obtain a classification
criterion. The examples also show that we can construct families of —1 polynomials that are
determined by several parameters.

Let us recall that the values of the parameters also determine the generalized difference
operator D and the Newtonian basis. With an appropriate change of bases the operator D can
be transformed to an operator with respect to the standard basis of monomials.

Additional examples are presented in Section 7, where we consider a subclass of the class of
complementary —1 polynomials.

Example 5.1. Taking b; =0, t; = 2s and t9 = 1, we get

s(2n+2s+1)

n(n + 2s)
= >1
" 2(n+s)(in+1+s)’

_ (_1\n—1
an—m, - 4 ﬁn_( 1)

n > 0.

If we now put s = 0 in these equations, we get ay, = 1/4 for n > 1, yp = —1/2, and S, = 0
for n > 1. This is one of the examples related with the Chebyshev polynomials presented
in Section 3.

Example 5.2. With s =0 and 9 = —b1, we obtain, for even n,

by +t1
n:b2 d n — T ’
=0, an o= =2 1)
and for odd n,
by +t1)? by +t
an:_@ and By = Lt L

4n2 2n
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Example 5.3. Here we take by = 0 and ¢3 = 1 and we get, for even n,

n(n + 2s)
4(n+s)?’

2tin + 8(1 + 2t1)
2(n+s)(n+1+s)’

and Bn =

ap =

and for odd n

(n + 25 — 2t1)(n + 2t1)

B 2t1(n + 1) + S<2t1 — 1)
4(n+ s)? ’ B '

2(n+s)(n+1+s)

and Bn

Qp =

If we now take s = 0 and t; = 1/2, we obtain, for even n,

1 1

w=gamd fu= oo
an=p and S =—orTy

and for odd n

2
n®—1 1
anzw, and ani

6 The class of complementary —1 polynomials

In this section, we describe a class of orthogonal polynomial sequences whose monic Jacobi
matrices are obtained as Darboux transformations with a shift w of the Jacobi matrices of
sequences in the class A of —1 polynomials. We consider first Darboux transformations for
g-polynomial sequences with g # —1.

Let w be a complex number and let L be the Jacobi matrix defined in Section 2. Let
Y = diag(yo, 1, y2, - .. ) and Z = diag(zo, 21, 22, . . . ) be the unique diagonal matrices that satisfy

L-—wl=(I+YS)(X+2). (6.1)
From this factorization, it is easy to see that
L1k = Qi1 = Yk12ks k>0, Ly = Br = yr + 21 + w, k>0,

where the entries of L are given in (2.8) and (2.7).

The entries yx and zj of the matrices Y and Z can be obtained from (6.1). They are rational
functions of ¢*, w and the parameters in oy. As functions of ¢* the degrees of the numerator
and the denominator of y; and zj are increasing functions of k, but the degrees of the numerator
and the denominator of oy, as functions of ¢* are independent of %k, and they are both equal
to eight. For i, the corresponding degrees are both equal to four, see [24, Section 7]. This
happens because, for each k, yr11 has a rational factor whose reciprocal is a factor of zj, and
thus such factors cancel in the product yg112k.

We define the matrix

M=(X+2)(I+YS)+wl. (6.2)
This matrix is a monic Jacobi matrix and it is called the Darboux transform of L with shift w,

see [2].
From the definition of M, we can see that

M1,k = Yk12k+1, k>0, (6.3)
Mk = Yr41 + 21 + W, k > 0. (6.4)
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For general values of the shift w, the cancellation of factors that occurs in the products yx1 12k
does not occur in the products yiy12k4+1. Because of this fact, the entries of M are rational
functions of ¢* with numerators and denominators whose degrees are increasing functions of k.
Therefore, in such cases, the g-orthogonal polynomial sequence determined by the matrix M is
not in the class H,, defined in [24, Section 7], which contains the sequences in the ¢-Askey scheme.
For the particular value w = xg, the Jacobi matrix M determines a polynomial sequence in H,,
and M is obtained from L by a simple modification of the parameters, that we will describe next.

In the general case of the g-hypergeometric orthogonal polynomials, with ¢ # 1 and ¢ # —1,
the characteristic roots of the difference equation (2.1) are 1, ¢ and ¢~! and are distinct. There-
fore, the sequences hy, x, and e are given by

he = ao + a1q” + azq ", ok = bo + brg" + b, er = do + dig" + dag™",
where ag may be taken as zero and dy = —dy — ds.
The recurrence coefficients oy and 3, depend on the parameters a1, as, by, b1, ba, di, do
and ¢, and the entries of M depend on the same parameters and also on w.
If we take w = xg = by + b1 + b2, then applying the substitution

(a1, as,bo,b1,ba, d1,d2) — (qar, a2, gbo, ¢°b1, b, ¢*d1, qda), (6.5)

to (ag, Bx) we obtain (q2Mk+1,k, qu,k), which corresponds to a re-scaling of the variable in the
polynomial sequence determined by M. The value w = xq is the only one for which this result
holds for arbitrary values of the parameters aj, ag, by, b1, ba, d1, d2. Note that (6.5) is invertible
and therefore the Darboux transformation with w = ¢ sends the class H, onto itself.

For the Askey—Wilson polynomials, due to the symmetries of the four parameters a, b, ¢, d
that are used to describe the recurrence coeflicients, the initial node zy can be written as
Ty = (r+r*1)/2, where 7 is any of a, b, ¢, d, see [9, equation (14.1.5)] and [24, equation (7.15)].

For the class H; of g-orthogonal polynomials with ¢ = 1, defined in [24, Section 8|, the
sequences hg, T, e are given by

hi = ark +agk?,  xp =bo + bik +bok®, e, = dik + dok?.

In this case, the Darboux transformation with shift w of the generic Jacobi matrix L yields in the
general case a complicated Jacobi matrix M, but if we take w = x¢y = bg, then the substitution

(a1, a2,b9,b1,b2,d1,d2) = (a1 + az,az,by + by + ba, by + 2ba, b, di + da, d2), (6.6)

applied to (o, Bi) gives us (Myy1k, My ). Therefore, the Darboux transformation with shift
w = xo sends H; onto itself, since the change of parameters (6.6) is invertible.

We consider next the Darboux transformation of the class A of —1 polynomials. In this case,
the recurrence coefficients are given in equations (5.1)—(5.4).

Let us recall the main properties of the matrix C' of —1 orthogonal polynomials. We have
the recurrence relation

LC=C(X+F), (6.7)
and the eigenvalue equation
C(H + SG)=HC. (6.8)
Note that the matrix I + Y5, defined in (6.1) is invertible. Then we define

C=(I+YS)'C.
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From equation (6.1), we obtain
(I+YS) 'L(I+YS) = (X+S)(I+YS)+wl =M,
and from (6.7) we get
(I+YS)'L(I+YS)C=C(X+F).

Therefore, we have MC = C(X + F), and hence C is the matrix of orthogonal polynomials
associated with M, expressed in terms of the Newtonian basis {v,(t) | n > 0}. Therefore,
the polynomial sequences described by C' are —1 orthogonal polynomials. The set of all such
polynomial sequences is the class of complementary —1 orthogonal polynomial sequences that
we denote by C.

Define the matrix B = C~'C(H + SG)C~'C. Then by (6.8) we get CB = HC. The matrix
B is similar to the bidiagonal matrix H 4+ SG, but in the general case it is not a banded matrix.
The matrix C~1C represents a change of bases on the space of polynomials. For some particular
cases, it may be possible to find matrices of change of bases that convert B into a banded matrix
that represents some kind of difference operator.

The entries of M are rational functions of the parameters a1, ao, by, b1, bo, di, do, w and
the index k. In the general case the sequence of degrees, as functions of k or ao, of both
the numerator and the denominator of My for £ > 1 is 6,10, 10,14,14,18,18,... and the
analogous sequence for My ;. is 4,6,8,10,12,.... This shows that the coefficients of the three-
term recurrence coefficients satisfied by the complementary —1 orthogonal polynomial sequences
are in general quite complicated.

Giving appropriate values to the parameters we can obtain matrices M with entries whose
numerators and denominators have bounded or constant degrees. For example, the values by = 0,
by = —w, bg = 0, di = 0, do = wag, a; = (r/2 — 1)ay give us a matrix M for which the
denominator of M1 is equal to (r + k)(r + k + 1)%(r + k + 2), which has degree four for
every k, and the numerator also has degree four for every k.

There is a subclass of C whose elements have simple recurrence coefficients, similar to those
of the complementary Bannai—Ito polynomials. This subclass is found by looking for relations
among w and some of the other parameters that yield cancellation of certain factors in the numer-
ator and the denominator of M1 . We found that such cancellation occurs if w = by + b1 = xg
or w = —dy/as.

6.1 The subclass Cy

Let us denote by Cy the subclass of C of all the sequences obtained with w = by 4+ b;. When
w = by + b1 the sequences y; and zp become quite simple. They are rational functions with
different formulas for even and odd values of k that we present next. We define the following
functions:

Qk((bo — b1 + 2kb2)a2 + 2(11[)2 + dz)

e(k) = 2a1 + (4k — 1)as ’
yo(k) _ 20,%((2]{! + l)bg — by — bl)k + a2(2ka1b2 — kdo + dl) —ayids
a2(2a1 + (4k’ + 1)a2) ’
so(k) = — (2kbs + bg + bl)(ag(Qk: +1)+ 2a1) + (Qk + 1)d2 + 2d;
2a1 + (4k‘ + 1)a2 ’
Zo(k) _ (2@1 + (2]{ + l)ag)(ag(bg —b; — <2k + l)bg) + d2) ‘

az(2a1 + (4k + 3)asg)
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Then the sequences yi an z; for the subclass Cy are given by

Yor = y@(k)7 k 2 07 Y2k+1 = yo(k)a k Z 07
2ok = Zze(k), k>0, Zok+1 = Zo(k), k>0.

Let us note that, for every k£ > 0, y;. and zj, are rational functions of k£ with numerator of degree
two and denominator of degree one. Therefore, since M1 = Yry12x41 for every k& > 0, the
numerator of Mj 1\ has degree four and its denominator has degree two.

Explicit formulas for Mj_q ; for the subclass Cy are obtained immediately from

Mopi1.2k = Yo(k)2o(k), k>0, Mogok—1 = ye(k)ze(k), k> 1.

Note that, for £ > 0, the denominator of M} ;1 is a quadratic polynomial in k& with distinct
roots. On the other hand, for the generic Jacobi matrix L of the sequences in A, we can see
from (3.4) and (3.6) that the denominator of o = Ljy1 has a double root, for every k > 0.
Therefore, the elements of Cy can not be obtained from elements of A by some change of pa-
rameters.
Using equation (6.4), a simple computation gives us
do az(2by + b2) + da

th = —— if k is even, Mk,k =
a2 a2

if k is odd.

The complementary Bannai-Ito polynomials are in the subclass Cy. The matrix M becomes
the Jacobi matrix of the normalized Bannai-Ito polynomials using the substitution
CL2:1, b2:1, b0:—1/2, 1)1:—2T2—1/2,
ap=p1+p2—ri—r2+1/2,
dy = (1—2T1)p1+(27”2—|—2),02—27‘1—|—1, do = —2p2.
Here r1, 1o, p1, p2 are the parameters used to define the coefficients of the three-term recurrence
relation of the complementary Bannai-Ito polynomials in [6, equations (3.4) and (3.5)]. Since

those recurrence coefficients have some symmetries, there are other substitutions that yield the
same Jacobi matrix. For example,

CLQZl, 62:1, b0:—1/2, b1:2,01+1/2, a1:p1+p2—r1—r2+1/2,
dy = (2r)re + (1 —2p1)p2 — 11 + 1/2, dy = —2p9.

We have in this case w = by + by = 2p;. This value for w corresponds to the one chosen in [19,
equation (5.11)], where the authors take w = p; to define the complementary Bannai-Ito poly-
nomials. The multiplier 2 in our w corresponds to a re-scaling of the variable of the polynomials.

We present next some examples of the recurrence coefficients of polynomial sequences in Cy.
The substitution

a; = (2r — 1)ag/2, by =1,
d1 = ( 2y (27’ — 1)(b0 + bl) + 1)a2/2, do = —(bo + b1 + l)ag
yields the Jacobi matrix M given by

Mapi12k = —(k +7)(k +1+b1), Moy op—1 = —k(k —b1 +1—1),

With the substitution

ap = az/2, by =1, di =0, dy = —ao, bp =1, b1

I
L
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we obtain the matrix given by

(2k +1)?
4 Y

(2k + 1)

Moy 12k = — Moy op—1 = g Moy o1 = 1, Mg 112641 = 2.

The substitution

a1 = (r—2)ag/2, by=1,  by=-1/2, b =-1/2,
dl = (7" — 3)&2/2, d2 = 2&2

gives the matrix defined by

M (26— 1)2(2k + 17— 1)? L _ 4Kk%(2k +1)?
LT T — )4k +r 4 1) AT T Uk o = 3) Ak — 1)
Moy o, = —2, Mok 12641 = 2.

Using the substitution
a; = 1, ag = 2, b() = O, bl = 1, b2 = 0, d1 = —1, d2 = 0,

the matrix M becomes the Jacobi matrix of the Chebyshev polynomials of the first kind. In this
case, My, = 0for k > 0, My 1 = 1/4 for k > 1, the nodes are xj, = (—1)%, and the eigenvalues
are hy = —1 + (=1)¥ + 2k(=1)¥, for k > 0.

6.2 Another parametrization of the subclass Cg

When we take the shift w equal to —da/ag, the sequences y; and zj also become simple rational
functions of k, with different formulas for even and odd values of k. In order to avoid confusion
with the corresponding sequences obtained with w = by + b1, we will write ¢ and Zp for the
sequences with w = —dy/ag, and M for the associated Jacobi matrix.

Define the following rational functions:

Gelk) = welk),  Bolk) = —ze(R), (k) = —yolk),  Zo(k) = zo(k).
Then the sequences g an Zp are given by

Joe = ye(k),  Gowt1 = —ze(k),  Zow = —yo(k),  Zok+1 = z0(k).
The explicit formulas for ]\Zl'kJrL;C are obtained from

Moji10k = —ze(k)2zo(k), k>0, Moy k-1 = —ye(k)yo(k), k>1.
From (6.4), a simple computation gives us in this case

My =bo+b;  ifkiseven, My =0bo—by+by ifkisodd.

The Jacobi matrix of the normalized complementary Bannai-Ito polynomials is obtained
when we apply to M the substitution

az =1, by =1, bo = —1/2, b1 =2p2+1/2, a=p1+p2—ri—ra+1/2,
di =2riry — 2p1pa — 11 — 12+ p1 + 1/2, do = —2p1.
Here we have w = 2p;.

There is some kind of duality between the cases with w = by + by and those with w = —ds/as
that we will try to clarify in what follows. Let P be the set of parameter vectors of the form
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(a1,az,bg,b1,be,di,dy,w), with az # 0, and let I' be the map that sends an element p of P
to the Jacobi matrix M, defined by (6.2)—(6.4). Then the subclass Cy is the set of polynomial
sequences whose Jacobi matrix is in the image under I' of the set Py of vectors in P that have
w = by + by. Let Py be the set of vectors in P that have w = —dy/as.

Let U: Py — Py be the map that sends p = (a1, a2, bo, b1, ba, d1,d2, by + b1) to p = (dl,dg,go,
l~71, 52, Jl, d~2, 50 + l~)1), where the entries are defined by

a; = a, as = a, bo = bo, by = —by — da/as, by = b,
dy = dy + (bg + by)ag/2 + do /2, dz = —as(bo + b1).

It is easy to verify that the inverse map of V¥ is given by
a; = ay, az = ag, bo = bo, by = —by — da/as, by = by,

dy 2651+(50+51)d2/2+622/2, dy = —as(bo + b1),

and hence V¥ is a bijective map. Therefore, every Jacobi matrix that is in the image under I’
of Py is also in the image under I' of Py, and thus I' is not injective.

It is also easy to see that the restriction of ¥ to the set Py of the vectors in Py that satisfy
(bo + b1)az + da = 0 is the identity map. Therefore, for every vector of parameters in Py the
corresponding Jacobi matrices M and M coincide.

Let us note that the polynomial sequences corresponding to vectors of parameters that are
in Py but not in Py are associated with at least two sequences of nodes x;, and two generalized
difference-eigenvalue equations, with the same sequence hj of eigenvalues. This suggests that
such sequences may satisfy two different discrete orthogonality relations. See [25].

The Jacobi matrix J determined by a vector of parameters in Py is obtained, for example,
by substitution of do = —(by + b1)as in either M or M. In this way, we obtain

8k(ka2b2 + a1by — a2b1>(k(2k + 1)a2b2 -+ (bo + b1 + kag)al + dl)
(2a1 + (4k — 1)az)(2a1 + (4k + 1)az) ’
2(2a1 + (2k + 1)az)(2b1 + (2k + 1)ba)
2a1 + (4k + 1)a2
o (k(2k + 1)a252 + (bo + b1 + 2kb2>a1 + dl)

2a; + (4k + 3)az ’

and Jip = bg + by if k is even, Jy 1, = bg — b1 + ba if k is odd.
Notice that the parameter do does not appear in these equations.

Jok2k—1 = —

Joki12k = —

7 The Bannai—Ito algebra

In this section, we find several concrete realizations of the Bannai—Ito algebra using infinite
matrices as generators. Let ag = 1, by = 1, and by = 0. Then we have hy = (a1 + k)(—1)* and
xp, = (b1 + k)(—1)*. Let By be the matrix representation of the generalized difference operator D
with respect to the Newton basis with nodes x;. Let By be the matrix representation with respect
to the Newton basis of the operator of multiplication by the variable . We have

e 0 0 0 ... [z9 1 0 0
g hi 0 0 0O =1 1 O
Bi=|0 g2 ha O By = 0 0 @ 1

Let us recall that g = l‘k—l(hk — ho) + ep, and e, = —d; + (d1 + k’dg)(—l)k, for k& > 0.

[an}

0 g3 hs

0

0

0

T3
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Define the constants

wy = 2d1 + d2(1 — 2b1) —aq,
wy = 2d1 + d2(1 — 2&1) + a1(2b1 — 20,1),

w3:a1—61—2d1+1/2, (71)

and let By = {B1, Ba} —wsl, where I is the infinite identity matrix and {By, Bo} = B1Bs+ B2 By
is the anti-commutator. By straightforward computations, we can see that

{B2>B3}:Bl+wllv {B3aBl}:B2+w2Ia
Q = B% +B§ +B§ = ((a1 + d2)2 + (al — bl)(l “+ a1 — bl) — 2dq + 1/4)],
and that () commutes with By, By and Bs.
Therefore, B1, By, Bs are generators of the Bannai—Ito algebra, with structure constants

w1, w2, wW3.
We obtain another realization of the Bannai-Ito algebra as follows. Let

ho 0O 0 O 8o 1 0 0

0 hy 0 0 ar B 10
Li=10 0 hy O : Lo=|0 a B2 1 7

0 0 0 hs 0 0 a3 fBs

where «,, and 3, are defined in (3.4)—(3.7), and define L3 = {L;, Lo} — wsl.

Since we have L1 = CB1C~! and Ly = CByC~!, where C is the matrix defined in (2.4), it is
easy to verify that L, Lo, L3 are generators of the Bannai—Ito algebra, with the same structure
constants wi, ws, ws of the generators By, By, Bsy. Let us note that Ls is a Jacobi matrix.

We can give particular values to the parameters in (7.1) to obtain simpler matrices and
structure constants, for example, if we substitute

CL1:1/2, CLQ:L b1:1/2, b2:1, d1:1/4, d2:—1/2
in L1, Lo, L3, we obtain the matrices
[1/2 0 0 0 0 ]
0 =-3/2 0 0 0
- 0 0 5/2 0 0
Li=1o 0o 0 -72 o0 ;
0 0 0 0 9/2
[0 1 0 0 O i 0 -1 0 0 0 i
-1/4 0 1 0 O 1/4 0 1 0 O
- 0 -1 0 1 0 - o -1 0 -10
Lr=| o 0 -9/4 0 1 v Ls=10 0 94 0 1
0 0 0 —4 0 0o 0 0 —-40
These matrices satisfy
{fflaf/?} :f/?n {E27E3} :Ely {-E37-Z/1} :f@?

and the structure constants are equal to zero.
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By substitution of
a; =1/2, az =1, by =1/2, by =1, dy = 1/4, dy =—1/2
in By, Bs, Bs, we obtain the matrices

/2 0 0 0 0
1 -3/2 0 0 0
i 0 -4 52 0 0
Bi=lo0 0o -9 -7/2 0

/

0 0 0 —16 9/2
/2 1 0 0 0 ..
0 -3/2 1 0 0
i 0o 0 572 1 0
Ba=19o 0o o0 -7/2 1 :
O 0 0 0 9/2
—1/2 -1 0 0 0 T
1 -1/2 1 0 0
~ 0 -4 -1/2 -1 0
Bs=| ¢ 0 9  —1/2 1
0 0 0 —16 -1/2

These matrices satisfy
{B1,Bs} = B3,  {By,Bs} =B, {Bs,Bi} =By,

and hence the structure constants are equal to zero. We also have B? + B3 + B2 = (1/4)1.

The Bannai-Ito algebra with zero structure constants has been extensively studied because
its commutation relations can be considered as an anticommutator analog of the ordinary spin
algebra su(2). See [1] and [5] for details about the finite-dimensional representations and the
applications of this algebra.

8 Final remarks

The polynomial sequences in the class of complementary —1 polynomials that are not in the
subclass Cyp have complicated recurrence coefficients and their study requires further research
work.

The discrete orthogonality of the —1 polynomials associated with a sequence of pairwise
distinct nodes can be studied using the same approach that we used in [25].

The construction for the —1 polynomials of a scheme analogous to the ones obtained by
Koornwinder in [10, 11, 12] for the ¢ = 1 and the general g-polynomials is an interesting research
project that requires further work.

Another interesting problem is that of finding a systematic way, without using limits, to
associate to a given family of g-hypergeometric polynomials a family of —1 polynomials that
coincides with one that can be obtained by taking limits as ¢ goes to —1 of the given family of
g-polynomials.
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Finding the polynomial sequences in the class C for which the generalized difference opera-
tor D can be interpreted as some kind of simple modified difference or differential operator, or
some sort of Dunkl type operator, such as the operator obtained in [6] for the complementary
Bannai—Ito polynomials, is also an interesting problem.

The study of how our approach compares with the one of Terwilliger may lead to some
generalizations and simplifications of the results already obtained.
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