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PROPERTIES OF SOME FAMILIES OF HYPERGEOMETRIC
ORTHOGONAL POLYNOMIALS IN SEVERAL VARIABLES

J. F. VAN DIEJEN

ABSTRACT. Limiting cases are studied of the Koornwinder-Macdonald multi-
variable generalization of the Askey-Wilson polynomials. We recover recently
and not so recently introduced families of hypergeometric orthogonal polyno-
mials in several variables consisting of multivariable Wilson, continuous Hahn
and Jacobi type polynomials, respectively. For each class of polynomials we
provide systems of difference (or differential) equations, recurrence relations,
and expressions for the (squared) norms of the polynomials in question.

1. INTRODUCTION

It is over a decade ago that Askey and Wilson released their famous memoir
[AW2], in which they introduced a four-parameter family of basic hypergeometric
polynomials nowadays commonly referred to as the Askey-Wilson polynomials [GR].
These polynomials, which are defined explicitly in terms of a terminating 4¢3 series,
have been shown to exhibit a number of interesting properties. Among other things,
it was demonstrated that they satisfy a second order difference equation, a three-
term recurrence relation, and that—in a suitable parameter regime—they constitute
an orthogonal system with respect to an explicitly given positive weight function
with support on a finite interval (or on the unit circle, depending on how the
coordinates are chosen).

Many (basic) hypergeometric orthogonal polynomials studied in the literature
arise as special (limiting) cases of the Askey-Wilson polynomials and have been
collected in the so-called (g-)Askey scheme [AW2, KS]. For instance, if the step
size parameter of the difference equation is scaled to zero, then the Askey-Wilson
polynomials go over into Jacobi polynomials: well-known classical hypergeomet-
ric orthogonal polynomials satisfying a second order differential equation instead
of a difference equation. One may also consider the transition from orthogonal
polynomials on a finite interval to orthogonal polynomials on a (semi-)infinite in-
terval. This way one arrives at Wilson polynomials [W] (semi-infinite interval) and
at continuous Hahn polynomials [AW1, AtSu, A] (infinite interval).
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234 J. F. VAN DIEJEN

The purpose of the present paper is to generalize this state of affairs from one
to several variables. Our starting point is a recently introduced multivariable gen-
eralization of the Askey-Wilson polynomials, found for special parameters by Mac-
donald [M2] and in full generality (involving five parameters) by Koornwinder [K2].
By means of limiting transitions similar to those in the one-variable case, we arrive
at multivariable Jacobi polynomials [V, De, H] (see also [BO] and the references
therein) and at multivariable Wilson and continuous Hahn polynomials [D3].

The (g-)Askey scheme involves many more limits and special cases of the Askey-
Wilson polynomials than those described above. For instance, one also considers
transitions from certain polynomials in the scheme to similar polynomials with less
parameters and transitions from polynomials with a continuous orthogonality mea-
sure to polynomials with a discrete orthogonality measure. Such transitions (or
rather their multivariable analogues) will not be considered here. We refer instead
to [D1, Sec. 5.2] for the transition from multivariable Askey-Wilson polynomials to
Macdonald’s ¢-Jack polynomials (i.e., multivariable g-ultraspherical polynomials)
[M4] (as an example of a limit leading to similar polynomials but with less param-
eters), and to [SK] for the transition from multivariable Askey-Wilson polynomials
to multivariable big and little g-Jacobi polynomials [S1] (as an example of a limit
leading to multivariable polynomials with a discrete orthogonality measure).

Whenever one is dealing with orthogonal polynomials an important question
arises as to the explicit computation of the normalization constants converting
the polynomials into an orthonormal system. For Jacobi polynomials calculat-
ing the orthonormalization constants boils down to the evaluation of (standard)
beta integrals, whereas Askey-Wilson polynomials give rise to g-beta integrals.
In the case of several variables one has to deal with Selberg type integrals (Ja-
cobi case) and g¢-Selberg type integrals (Askey-Wilson case), respectively. For
these multiple integrals explicit evaluations have been conjectured by Macdonald,
which were recently checked using techniques involving so-called shift operators
[Opl, HS, C3, M5]. (Roughly speaking these shift operators allow one to relate the
values of the (g-)Selberg integral for different values of the parameters separated
by unit shifts; the integral can then be solved, first for nonnegative integer-valued
parameters by shifting the parameters to zero, in which case the integrand be-
comes trivial, and then for arbitrary nonnegative parameters using an analyticity
argument (viz., Carlson’s theorem).)

Very recently, the author observed that Koornwinder’s second order difference
equation for the multivariable Askey-Wilson polynomials may be extended to a sys-
tem of n (= number of variables) independent difference equations [D1] and that
the polynomials also satisfy a system of n independent recurrence relations [D5].
(To date a complete proof for these recurrence relations is available only for a self-
dual four-parameter subfamily of the five-parameter multivariable Askey-Wilson
polynomials.) It turns out that the recurrence relations, combined with the known
evaluation for the norm of the unit polynomial (i.e., the constant term integral)
[Gul, Ka], may also be used to verify Macdonald’s formulas for the orthonormal-
ization constants of the multivariable Askey-Wilson polynomials [D5]. Below, we
will use these results to arrive at systems of difference (or differential) equations,
recurrence relations and expressions for the orthonormalization constants, for all
three limiting cases of the multivariable Askey-Wilson polynomials considered in
this paper (Wilson, continuous Hahn and Jacobi type).
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HYPERGEOMETRIC POLYNOMIALS IN SEVERAL VARIABLES 235

We would like to emphasize that much of the material presented here admits a
physical interpretation in terms of Calogero-Sutherland type exactly solvable quan-
tum n-particle models related to classical root systems [OP] or their Ruijsenaars
type difference versions [R1, R2, D2]. The point is that the second order differential
equation for the multivariable Jacobi polynomials may be seen as the eigenvalue
equation for a trigonometric quantum Calogero-Sutherland system related to the
root system BC,, [OP]. From this viewpoint the second order difference equation
for the multivariable Askey-Wilson polynomials corresponds to the eigenvalue equa-
tion for a Ruijsenaars type difference version of the BC),-type quantum Calogero-
Sutherland system [D4]. The transitions to the multivariable continuous Hahn and
Wilson polynomials amount to rational limits leading to (the eigenfunctions of)
similar difference versions of the A,,_1-type rational Calogero model with harmonic
term (continuous Hahn case) and its B(C),-type counterpart (Wilson case) [D3].
For further details regarding these connections with the Calogero-Sutherland and
Ruijsenaars type quantum integrable n-particle systems the reader is referred to
[D2, D3, D4].

The material is organized as follows. First we define our families of multivari-
able (basic) hypergeometric polynomials in Section 2 and recall their second order
difference equation (Askey-Wilson, Wilson, continuous Hahn type) or second order
differential equation (Jacobi type) in Section 3. Next, in Section 4, limit transitions
from the Askey-Wilson type family to the Wilson, continuous Hahn and Jacobi type
families are discussed. We study the behavior of our recently introduced systems
of difference equations and recurrence relations for the multivariable Askey-Wilson
type polynomials with respect to these limits in Sections 5 and 6, respectively. The
recurrence relations for the Wilson, continuous Hahn and Jacobi type polynomials
thus obtained in Section 6 are then employed in Section 7 to derive explicit ex-
pressions for the (squared) norms of the corresponding polynomials in terms of the
(squared) norm of the unit polynomial.

2. MULTIVARIABLE (BASIC) HYPERGEOMETRIC POLYNOMIALS

In this section multivariable versions of some orthogonal families of (basic) hy-
pergeometric polynomials are characterized. The general idea of the construction
(which is standard, see e.g. [V, M2, K2, SK]) is to start with an algebra of (sym-
metric) polynomials H spanned by a basis of (symmetric) monomials {m)}ea,
with the set A labeling the basis elements being partially ordered in such a way
that for all A € A the subspaces Hx = Span{m,},ca < are finite-dimensional.
It is furthermore assumed that the space H is endowed with an L? inner product
(-,-)a characterized by a certain weight function A. To such a configuration we
associate a basis {px}rea of H consisting of the polynomials py, A € A, determined
(uniquely) by the two conditions

7. px =my + Z Co,p Mys e € G
pEA <A

i (pr,mua =0 if p<A
In other words, the polynomial py consists of the monomial my minus its orthogo-
nal projection with respect to the inner product (-, -)a onto the finite-dimensional
subspace Span{m,},ca, u<x. By varying the concrete choices for the space H, the
basis {mx}rea and the inner product (-,-)a, we recover certain (previously intro-
duced) multivariable generalizations of the Askey-Wilson, Wilson, continuous Hahn
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236 J. F. VAN DIEJEN

and Jacobi polynomials. Below we will specify the relevant data determining these
families. The fact that in the case of one variable the corresponding polynomials
py indeed reduce to the well-known one-variable polynomials studied extensively
in the literature is immediate from the weight function. The normalization for the
polynomials is determined by the fact that (by definition) py is monic in the sense
that the coefficient of the leading monomial my in p) is equal to one.

It turns out that in all of our cases the basis {my}xea can be conveniently
expressed in terms of the monomial symmetric functions

(2.1) Meym (2150 5 2n) = Z 2t ezhm N EA,
HESH(N)
where

In (2.1) the summation is meant over the orbit of A under the action of the permu-
tation group S,, (acting on the vector components Aq, ..., \,). As partial order of
the integral cone A (2.2) we will always take the dominance type order defined by

(2.3) w< A iff Z,ujgz/\j for m=1,...,n

j=1 j=1

(and p < A iff p < X and p # N).

Note: In order to avoid confusion between the various families we will often equip
the polynomials and other objects of interest with the superscripts ‘AW’, ‘W’ ‘cH’
or ‘J’ to indicate Askey-Wilson, Wilson, continuous Hahn or Jacobi type polynomi-
als, respectively. Sometimes, however, these superscripts will be suppressed when
discussing more general properties of the polynomials that hold simultaneously for
all families.

2.1. Askey-Wilson type. To arrive at multivariable Askey-Wilson type polyno-
mials one considers a space HAW consisting of even and permutation invariant
trigonometric polynomials. Specifically, the space HAW is spanned by the mono-
mials

(2'4) me(x) = msym)\(emwl + e—iam’ e 761’0@” + e_ioan)a AEA
(with A given by (2.2)). The relevant inner product on H4" is determined by

(2.5) <mfw,me>AAw
a\” T/ T/ AW ~ AW
:(%)/ / mAW (2) mAW () AW (2) day - - d,
-7/ -7/

with the weight function reading

26) AW@) = ]

1<j<k<n
51,62:i1

(62iaezj ; q)oo
« 1 — _ . . .
Zien (tO ewzszj’ th ezasrj’ ty ewzszj7 t3 ewzszj; Q)oo
e=F1

(eia(almj—i-agwk); q)oo

(t eia(slzj+sgmk); q)oo
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HYPERGEOMETRIC POLYNOMIALS IN SEVERAL VARIABLES 237

Here (a;q)00 = H;’fzo(l —aq™), (a1,...,0r;Q) 00 = (@15q) 00 - (ar; @)oo and the
parameters are assumed to satisfy the constraints

(2.7) a>0, 0<qg<l, —-1<t<1, [t;|<1 (r=0,1,2,3),

with possible non-real parameters ¢, occurring in complex conjugate pairs and pair-
wise products of the ¢, being # 1. For the weight function in (2.6) the polynomials
px determined by conditions i. and #. (above) were introduced by Macdonald [M2]
(for special parameters) and Koornwinder [K2] (for general parameters). In the spe-
cial case of one variable (n = 1) these polynomials reduce to monic Askey-Wilson
polynomials [AW2, KS]:

(tot1, tota, tots; @)
th (tot1tatsg' =15 q);

% ah g7l totatatzg' T, toe™™®, toeT " o
° tot1, tota, tots )

28)  pi"(x) =

2.2. Wilson type. In the Wilson case the appropriate space H" consists of even
and permutation invariant polynomials and is spanned by the monomials

(29) mKV(x) = msym,A(ZE%a e axi)v A€A.

The inner product on H" is now determined by

1 n o0 oo
(2.10) (mY, mKV>Aw = (%> /_ - /_ mYy (z) m}Y (z) AV (z)dxy - - - da,,
with the weight function taken to be of the form

B L(v +i(e1x; + e22y))
(2.11) AV (2) _133‘1191 [(i(e1w; + 221))

51752:i1
« H F(VO + iEZL‘j)F(I/l + iﬁxj)F(VQ + iaxj)F(yg + isxj)
_ ['(2icx;) '
1<j<n
e==+1

Here T'(-) denotes the gamma function, and the parameters are such that
(2.12) v>0, Re(yn)>0 (r=0,1,2,3),

with possible non-real parameters v, occurring in complex conjugate pairs. For this
weight function (and real parameters) the polynomials py were introduced in [D3].
In the case of one variable they reduce to monic Wilson polynomials [W, KS]
(vo +v1,v0 + v2, v +v3))
(=D o +vi+va+v3+1-1)
—lL,vy+rn+uve+uvs+l—1, vg+ix, vy —ix
X 4 F3 ; 1].
Vo +v1, Yo+ V2, Yo+ U3

(2.13) p)"(x) =

2.3. Continuous Hahn type. The space H°H is very similar to that of the Wilson
case, but instead of only the even sector it now consists of all permutation invariant
polynomials. The monomial basis for the space H then becomes

(2.14) m$H (2) = meyma(z1,- - 20), A EA.
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238 J. F. VAN DIEJEN

The inner product is of the same form as for the Wilson case
1

(2.15) <m§\H7meH>ACH = (%> /_ /_ miH(x)mzH(x) AH (z)dxy - - day,

but now with a weight function given by
(2.16) A% (z) =[] <F(v +iwy — ax)) D(v + iy, — xj)))

ok A\ — ) TG — )

X H D(vg +iz;)D(vy +iz;)T (v — iz )T vy — ixj),

1<j<n

where
(2.17) v>0, Re(yd),Re(i)>0, vy =vf, vy =vf.
(The condition v, =7} is assumed in order to guarantee that the weight function
A°H(x) in (2.16) is real and positive; cf. also Remark i. below.) Just as in the
case of Wilson type polynomials, the polynomials piH corresponding to the weight
function (2.16) were introduced in [D3]. For n = 1 they reduce to monic continuous
Hahn polynomials [AW1, AtSu, A, KS]
it (g + v vy v

(v +vg +vi +vp +1-1)

s Fy (—l, A A S e Y Vg'—l—ix.l)'

(2.18) pi"(x) =

1/3' + vy, 1/3' + vy '

2.4. Jacobi type. The space H’ and the basis {m{},\eA are the same as for the
Askey-Wilson type. The inner product is also of the form given there (cf. (2.5)),
but the weight function gets replaced by

e L« 2v
(2.19) Al(z) = H ‘sm 5(:10] + x) sin E(x] — Zk)
1<j<k<n
. (6% 2V0 o 2V1
X H sm(?zrj) cos(Exj) ,
1<j<n
with
(2.20) a>0, v>0, wvy,v >-—1/2.

In this case the corresponding polynomials p) were first introduced by Vretare
[V] (see also [De, H, BO]). For n = 1 they reduce to monic Jacobi polynomials
[AbSt, KS]

2% (v +1/2), =1, vo+uvy+1 ox
2.21 J(x)=——""—2 51 ;sin® (=) ).
( ) pi () (vo+v1+1) > ( vo+1/2 P S ( 2 ))

Remarks. i. For the parameter regimes described above, the weight functions for
the multivariable Askey-Wilson, Wilson, continuous Hahn and Jacobi polynomials
are positive and continuous; moreover, the integral determining the corresponding
inner product (-, -) A converges in absolute value. It is expected that (similarly to the
known situation in the case of one variable, cf. [W, AW2, KS]) these orthogonality
domains may be extended to a larger set of parameter values if one allows for
a weight function with mixed continuous/discrete parts. For the multivariable
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HYPERGEOMETRIC POLYNOMIALS IN SEVERAL VARIABLES 239

Askey-Wilson case such an extension of the orthogonality domain to more general
parameter values was recently considered by Stokman [S2].
7. In the explicit formulas for the polynomials when n = 1 we have used

their standard representations in terms of terminating (basic) hypergeometric series
[AW2, KS]

A1y... ,Qp _
(2.22) F< b z) —

A1y .. yAg41 . _
(223) s+1¢s < b17 L 7bs 345 Z) -

7a1”)k£
(b1, bo) kI

(ala"'va’s-i-l;q)k Zk

= (b b (G Ok

M2 1)

where we have used Pochhammer symbols and g-shifted factorials defined by
(a1, ar)e = (a1)k - (ar)k, (a1, ar; @)k = (a1;9)k -+ (ar; @k
with (a)o = (a;¢)o = 1 and
(@r=ala+1)---(a+k-1), (a5 =(1—-a)(l—ag)--(1-ag"")
for k=1,2,3,....

3. SECOND ORDER DIFFERENCE OR DIFFERENTIAL EQUATIONS

As it turns out, all families of polynomials {py}ea introduced in the previous
section satisfy an eigenvalue equation of the form

(3.1) Dpx=Expx, A€EA,

where D : H — H denotes a certain second order difference operator (Askey-Wilson,
Wilson and continuous Hahn case) or a second order differential operator (Jacobi
case). Below we will list for each family the relevant operator D together with its
eigenvalues Ey, A € A. In each case the proof that the polynomials py indeed satisfy
the corresponding eigenvalue equations boils down to demonstrating that the op-
erator D : H — H maps the finite-dimensional subspaces Hx = Span{m, } .ea, <
into themselves (triangularity) and that it is symmetric with respect to the inner
product (-, -)a. In other words, one has to show that

Triangularity
(3.2) Dmyx= Y [Dlxumu, with [D]y,€C,
HEA, <A
and that
Symmetry
(3.3) (Dmx,mu)a = (mx, Dmy)a.

It is immediate from these two properties and the definition of the polynomial py
that Dpjy lies in H and is orthogonal with respect to (-,-)a to all monomials m,,,
u € A with g < A. But then comparison with the definition of p) shows that
Dp) must be proportional to py, i.e., py is an eigenfunction of D. The correspond-
ing eigenvalue F) is obtained via an explicit computation of the diagonal matrix
element [D]y ) in expansion (3.2).

For the Jacobi case a proof of the second order differential equation along the
above lines was given by Vretare [V]. In the Askey-Wilson case the proof was given
by Macdonald [M2] and (in general) Koornwinder [K2]. The proof for the Wilson
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240 J. F. VAN DIEJEN

and continuous Hahn case is very similar to that of the Askey-Wilson case and has
been outlined in [D3].

3.1. Askey-Wilson type. The second order (¢-)difference operator diagonalized
by the polynomials hW, A € A, is given by
(34) DW= 37 (V@) (T~ 1) + VA @) 1)
1<j<n
with
H0§r§3(1 _ tre:tzazj)
(1 _ e:|:2iazj) (1 _ qe:I:Ziazj)
1—¢ to(tzj+xy) 1—+¢ to(tz;—xy)
X H ( 1— ;a(iw;—i—wk) ) ( 1— eeia(iw;—wk) ) :
1<k<n, k#j

35) ViV(z) =

Here the operators T} 4 act on trigonometric polynomials by means of a g-shift of
the jth variable,

(3.6) (Tjof)(e ™, ... eTn) = f(e'™1 ... el®Ti=1 qel™i elTit1 = eln),
The eigenvalue of DA™ on hW has the value
(37 B =Y (tetatatsg I — 1)+ gV — 1))

1<j<n
Proposition 3.1 ([K2]). The multivariable Askey-Wilson polynomials pfw, AeA
(2.2), satisfy the second order difference equation
(3.8) DA pW = BV pit.

For n = 1, equation (3.8) reduces to the second order difference equation for the
one-variable Askey-Wilson polynomials [AW2, KS]

[To<,<5(1 — tre™) AW 1 A
=T : —1 _ w
(1 _ eszw) (1 _ qe2zo¢w) (pl (:E + i 0g q) b ($)>

[o<r<s(1— tre='") AW 1 AW
(1 . e_Qin) (1 _ qe_QiaI) (pl (fE - E ].Og q) - D (.T))

= (totrtatsq™"(¢' = 1)+ (¢7' = 1)) pi*" (2),
3.2. Wilson type. In the case of Wilson type polynomials the difference operator
takes the form
(3.10) DV = 3" (VV(@)Ty -1) + V()T 1)),

1<j<n

(3.9)

+

where
HOSTSS(iVT + ;)

" H <iui:|:xj+xk) (il/i:txj—xk)
1<hEn kg N 03 Tk T T

(3.11) V¥ (x)

and the action of T} is given by a unit shift of the jth variable along the imaginary
axis,

(312) (ij)({l)l, oo ,:rn) = f(I‘l, oo ,ZCj_l,ZEj + i,$j+1, e ,xn).
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HYPERGEOMETRIC POLYNOMIALS IN SEVERAL VARIABLES 241

The corresponding eigenvalues now read

(3.13) EY =Y N\ +wtmtmtus—1+42n—jv).

1<j<n

Proposition 3.2 ([D3]). The multivariable Wilson polynomials pY, X € A (2.2),
satisfy the second order difference equation

(3.14) DVpl = B py.

For n = 1, equation (3.14) reduces to the second order difference equation for
the one-variable Wilson polynomials [KS]:

Hocrsse 2) ety i)

e

=1 +vo+vi+1e+vs—1)p" (2).

(3.15)

3.3. Continuous Hahn type. For the continuous Hahn type one has

(3.16) DH = Z (Vi @) (T = 1) + Vi ()T = 1))

with N

317) V@) = (f +iz) 0 +izy) 1§k£1[, y <1 + m> :
(318) ViH(z) = (v5 —ixy)(vi —ixj)lgkgk# <1—m>

The action of Tj is the same as in the Wilson case (cf. (3.12)), and the eigenvalues
are given by

(3.19) EH = 3" N (v +uf g +p 142 —j)y).
1<j<n

Proposition 3.3 ([D3]). The multivariable continuous Hahn polynomials pSH, \ €
A (2.2), satisfy the second order difference equation

(3.20) DHpSH = E¢H psH.

For n = 1, Equation (3.20) reduces to the second order difference equation for
the one-variable continuous Hahn polynomials [KS]

(3.21) (v —iz)(vy —iz) (P (x +14) — pi™ (2))
+(vg +iz) (v +iz) (pf (z — i) — i (x))
=1 +vf +vf +vy +vy —1)pf (2).
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242 J. F. VAN DIEJEN

3.4. Jacobi type. In the case of multivariable Jacobi type polynomials the oper-
ator D diagonalized by p) is given by a second order differential operator of the
form

32) D) =- > & —a ), (VOCOt(%)_Vltan(%)) 9;

1<j<n 1<j<n
—ar Y (Cot(%(xj +a2))(0; + Ok) + Cot(%(xj — 1)) (9 — ak)) :
1<j<k<n
where 9; = 0/dz;. The eigenvalue of D’ on py takes the value
(3.23) E{= Y XN(\+v+r+2n-—jpv).
1<j<n

Proposition 3.4 ([V, De, H]). The multivariable Jacobi polynomials pi, A\ € A
(2.2), satisfy the second order differential equation

(3.24) D’ps = E py.
For n = 1, equation (3.24) reduces to the second order differential equation for
the one-variable Jacobi polynomials [AbSt, KS]:
_d®p]
dx?

ax ax J
() — « (VO COt(T) -1 tan(7)) %(m)

(3.25)

= (I +wvo+w)pj (2).

4. LIMIT TRANSITIONS

The operator D of the previous section can be used to arrive at the following
useful representation for the polynomials py (cf. [M2, SK, D5]):

D—-F
4.1 = — .
(4.1) P H Er_E, mx
BEA <A

Indeed, it is not difficult to infer that the r.h.s. of (4.1) determines a polynomial
satisfying the defining properties i. and 7. stated in Section 2. To this end one
uses the triangularity (3.2) and symmetry (3.3) of D. (It is immediate from the
triangularity of D that the r.h.s. of (4.1) can be written as a linear combination of
monomials m,, with g < A; that the r.h.s. is also orthogonal to all m, with p < A
follows from the symmetry of D and the fact that the operator in the numerator—
viz. [[,enucn(D — Ey)—annihilates the subspace Span{my}.en u<x in view of
the Cayley-Hamilton theorem.) Notice to this end also that (generically) the de-
nominators in (4.1) are well-defined because in each of the concrete cases discussed
above one has that for generic parameters the eigenvalues of D are nondegenerate:
E, # Ey) if p # X The upshot is that the polynomials py (4.1) coincide with
the polynomials defined in Section 2, first for generic parameter values in the do-
mains indicated in Section 2, and then for general parameters in the domain using
a continuity argument. (It is immediate from their definition that the polynomials
of Section 2 are continuous in the parameters.) In fact, one may employ (4.1) to
extend the definition of the multivariable Askey-Wilson, Wilson, continuous Hahn
and Jacobi polynomials to generic complex parameter values (cf. [M2, SK, D5], and
see also Remark 4. at the end of this section). The results of the current section
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HYPERGEOMETRIC POLYNOMIALS IN SEVERAL VARIABLES 243

and also those of Sections 5 and 6 then remain true for such extended parameter
domains (notice, however, the note at the beginning of Section 6).

Below we will use formula (4.1) to derive limit transitions from the Askey-Wilson
type to the Wilson, continuous Hahn and Jacobi type families, respectively. The
transition ‘Askey-Wilson — Jacobi’ has already been considered in [M2, D1, SK]
and is included here mainly for the sake of completeness. It will be put to use
in Section 6 when deriving a system of recurrence relations for the multivariable
Jacobi type polynomials.

4.1. Askey-Wilson—W.ilson. When studying the limit hW — p¥ it is conve-
nient to first express the multivariable Askey-Wilson polynomials in terms of a
slightly modified monomial basis consisting of the functions

4.2)  mW(z) = (2/)*M mayma(sin®(az1/2), . .. ,sin®(ax,/2)), A€ A,
where |A| = A + -+ + \,,. Notice that

(4.3) lim 3" (2) = mY (),

o—
whereas the original monomials m4{!" (z) (2.4) all reduce to constant functions in
this limit. Using the relation sin®(ax;/2) = 1/2 — (€’®® + e7*%i) /4, one eas-
ily infers that the bases {m{" }rca and {m{" } e are related by a triangular
transformation of the form

(4.4) AW = (=1/a®)N mgW 4 Z axp me with ax, € R.
BEAN, p<A

It is clear that in formula (4.1) we may always replace the monomial basis {m}aea
by a different basis that is related by a unitriangular transformation, since (cf.
above) the operator [, , <\ (D—E,,) in the numerator of the r.h.s. annihilates the
subspace Span{m,},ea u<x because of the Cayley-Hamilton theorem. Hence, by
taking into account the diagonal matrix elements of the basis transformation (4.4),
one sees that formula (4.1) can rewritten in terms of 4" as

DAW _ EAW
(45) Y =] e | Y
PEA p<X A i

If we now substitute

(4.6) g=e % t=e Y t.=e " (r=0,1,2,3)

in DAY (3.4) and E}V (3.7), then we have that

(4.7) lim a2 DAY = DV, lim o2 E{Y = EYY.
a—0 a—0

(Notice to this end that for ¢ = e~* the action of T, (3.6) on trigonometric
polynomials is the same as that of T; (3.12), i.e., the action amounts to a shift of
the variable z; over an imaginary unit: x; — x; + 4. To infer then that in the
limit & — 0 the difference operator a=2D4W formally goes to D" boils down to
checking that the coefficients of the operator converge as advertised.)

By applying the limits (4.3) and (4.7) to formula (4.5) we end up with the
following limiting relation between the multivariable Askey-Wilson and Wilson type
polynomials.

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



244 J. F. VAN DIEJEN

Proposition 4.1. For Askey-Wilson parameters given by (4.6) one has
(4.8) px (x) = lim (—1/a®)M p™(z),  AeA
(with [I\| =X+ -+ A\ ).

4.2. Askey-Wilson—continuous Hahn. Just like in the previous subsection,
the derivation of the transition p{!"" — p$¥ hinges again on formula (4.1). If we
shift the variables x1, ... ,x, over a half period by setting

(4.9) zj—z;—7/(2a), j=1,...,n,
and substitute parameters in the following way:

q=e¢e % t=e ,
(4.10) " i

Yo Qg Yo —QVy

ty = —ie , 11 = —te , lo=1de” avy

*o , lz=1e” )

then the version of formula (4.1) for the multivariable Askey-Wilson polynomials
takes the form (e; denotes the jth unit vector in the standard basis of R")

[)AW _ EAW
o

™ ~
(4.11) pW (:z: — %(61 +- en)) = H (W) W (@),
HEA, p< A H

where
DV = 3 (V@)1 - 1) + VAV @I - 1),
1<j<n
with
 F AW
Vit (@)
(1 + e—al/;reiawj)(l + e—aufeiawj)(l _ e—owa eiamj)(l _ e—owf eiamj)
(1 + eZiamj) (1 + e—ozeQiawj)
14+ e—OtVeiOt(Ij-FIk) 1— 6—aveia(zj—rk)
X H ( 1+ eia(zj+zk) 1— eioz(mj—zk) ’
1<k<n, k#j

 F AW
VT (x)
(1 _ e—al/;re—iawj)(l _ e—aufe—iawj)(l + e—owa e—iamj)(l + e—owf e—iamj)
(1 + e—2io¢wj) (1 + e—oze—2io¢wj)

1 + e~ e io(zitar) 1 — e—ave—ialz;—zk)
. H 1+ e—iozjtok) 1 — e—ial(z;—zk)
1<k<n, k#j

and

AW (2) = mgym(2sin(azy), . .., 2sin(az,)).

(Just as in the case of the transition Askey-Wilson—Wilson we have rewritten the
operators T}, (3.6) for ¢ = e~ as Tj (3.12).) After dividing by (2a)/* the r.h.s.
of (4.11) goes for & — 0 to the corresponding formula for the continuous Hahn
polynomials (i.e. with DAY — DH EMW — psH and (2a)~MmgdW — msH).
Hence, we now arrive at the following limiting relation between the multivariable
Askey-Wilson and continuous Hahn type polynomials.
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Proposition 4.2. For Askey- Wilson parameters given by (4.10) one has

1 T
cH . H AW -
(4.12) ps (x) = lim o) P2 (w 2aw), A €A,
where w = e + -+ - + ey, (with ej denoting the jth unit vector in the standard basis
of R™).

4.3. Askey-Wilson—Jacobi. To recover the Jacobi type polynomials we substi-
tute the Askey-Wilson parameters

(4.13) t=q7 to=q%, ti=—q", to=q%" t3=—gnt/2

With these parameters the formula of the form (4.1) for the Askey-Wilson type
polynomials reduces in the limit ¢ — 1 to the corresponding formula for the Jacobi
type polynomials (i.e., the difference operator DAY with eigenvalues E{W gets
replaced by the differential operator D with eigenvalues EY). The limit ¢ — 1
amounts to sending the difference step size to zero. In order to analyze the behavior
of the operator DAW for ¢ — 1 in detail it is convenient to substitute ¢ = e~*?
(so the action of Tj 4 (3.6) on trigonometric polynomials amounts to the shift z; —
xj + i) and then write formally T; , = exp(i£30;). A formal expansion in [ then
shows that DAY ~ 52D7 and that E{W ~ B2EY for 3 — 0 (see [D1]). Here the

Jacobi parameters v, v, are related to the parameters g, gﬁl) in (4.13) via v = g,

vo =go+ g) and 11 = g1 + ¢}. As a consequence we obtain the following limiting
relation between the multivariable Askey-Wilson and Jacobi type polynomials.

Proposition 4.3 ([M2, D1, SK]). For Askey-Wilson parameters given by (4.13)
one has

(4.14) pa(x) = lim pi" ()
q—)

with the Jacobi parameters v, vy and vy taking the values g, go + g4 and g1 + g},
respectively.

Remarks. i. In the above derivations of Propositions 4.1, 4.2 and 4.3 we have used
the fact that the Askey-Wilson type difference operator converges formally (i.e.,
without specifying the domains of the operators of interest) to the corresponding
operators connected with the Wilson, continuous Hahn and Jacobi type polyno-
mials, respectively. In our case such formal limits get their precise meaning when
being applied to formula (4.1).

it. For all our four families AW, W, cH and J the dependence of (the coeffi-
cients of) the operator D and of the eigenvalues F) is polynomial in the parameters
t,to, t1,t2, t3 (AW), v, 1o, v1, v, v5 (W), 1, VSE, Vli (cH) and v, vy, v1 (J), respectively.
Hence, it is immediate from formula (4.1) that (the coefficients of) the polynomials
py are rational in these parameters. We may thus extend the parameter domains
for the polynomials given in Section 2 to generic (complex) values by alternatively
characterizing py as the polynomial of the form p) = rm\—i—z:#e)wKA e, umy, satisfy-
ing the eigenvalue equation Dpy = F)p. In particular, there is with this extended
definition no reason to require for the continuous Hahn family that the parameters
vf and v~ (2.17) are related by complex conjugation (the difference operator D
(3.16) remains triangular when this condition is not met).

It is then clear that also the limit transitions discussed in this section extend
to these larger parameter domains of generic (complex) parameter values. Notice,
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however, that the above limit transitions do respect the parameter conditions of
Section 2 in the sense that one stays within the specified parameter regimes when
performing limit transitions from the Askey-Wilson to Wilson, continuous Hahn and
Jacobi type polynomials with parameters taken from their respective orthogonality
domains in Section 2.

i7i. In the case of one variable the limit transitions from Askey-Wilson polyno-
mials to Wilson, continuous Hahn and Jacobi polynomials were collected in [KS]
(together with many other limits between the various (basic) hypergeometric or-
thogonal families appearing in the (g-)Askey scheme).

5. HIGHER ORDER DIFFERENCE OR DIFFERENTIAL EQUATIONS

In [D1] it was shown that the second order difference equation for the multi-
variable Askey-Wilson type polynomials can be extended to a system of difference
equations having the structure of eigenvalue equations of the form

(5.1) Dypyx=E.xpx, r=1,...,n,

for n independent commuting difference operators D1, ... , D, of order 2,...,2n, re-
spectively. For r = 1 one recovers the second order difference equation discussed in
Section 3.1. After recalling the explicit expressions for the Askey-Wilson type differ-
ence operators DAW and their eigenvalues E;‘}/‘\/V, we will apply the limit transitions
of Section 4 to arrive at similar systems of difference equations for the multivariable
Wilson and continuous Hahn type polynomials. In case of the transition ‘Askey-
Wilson— Jacobi’ the step size is sent to zero and the system of difference equations
degenerates to a system of hypergeometric differential equations, thus generalizing
the state of affairs for the second order operator in the previous section. This limit
from Askey-Wilson type difference equations to Jacobi type differential equations
has already been discussed in detail in [D1, Sec. 4], so here we will merely state
the results and refrain from presenting a complete treatment of this case.

5.1. Askey-Wilson type. The difference operators diagonalized by the multivari-
able Askey-Wilson polynomials via (5.1) are given by

A A A
(5.2) DV = > Ust (@) Ve (@) Teggy r=1,...,m,
JC{1,.m}, 0<J|<r
g;==x1, jeJ
with

_
Terg =[] 150
jeJ

VAR (@) = [T w*™ (ejz))
jed
X H oW (a5 + ey ) 0™ (ejx; +ejpay —ilog(g)/a)

J.i'ed
i<y’

X H v W (e x; 4 op)o W (g2 — x),

JjeJ
keK
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vl @) = (7 Y (TTw™ ()

LCK, |L|=p lEL

g=+x1,l€L
x [T v (e +evar o™ (—eim — epay +ilog(q)/a)
I,I'el
<t
leL
kEK\L
and
1—t eiaz
A _
o v = e (ﬁ) ;
1-—t¢ eiozz
(5-4) wAW (z) = (totthth—l)—lﬂ H0§r§3( T )

(1 _ eZiaz)(l _ q62io¢z) '

Here the action of the operators ijql is defined in accordance with (3.6). The

summation in (5.2) is over all index sets J C {1,...,n} with cardinality |J| < r

and over all configurations of signs ¢; € {+1, -1} with j € J. Furthermore, by

convention empty products are taken to be equal to one, and Uk , =1 for p = 0.
The corresponding eigenvalue of DA™ on hW has the value

(5.5)

EN = Eo(rig™ + 1 a7 g T

";TT-FTT_l,... ,Tn—|-7'n_1),
where
(5.6) Er(x1,... s TniYry--- »Yn)

= Z (-1l H z; Z Yo Yl

Jc{1,...,n} jeJ  r<hi<-<l._ |5 <n
0<|J|<r
and
(57) Tj :tn_j(totltgtgq_l)l/z, j = 1,... ,n.

(The second sum in (5.6) is understood to be equal to 1 when |J| = r.)
Summarizing, we have the following theorem generalizing Proposition 3.1.

Theorem 5.1 ([D1, D4]). The multivariable Askey-Wilson polynomials p{™', \ €
A (2.2), satisfy a system of difference equations of the form

(5.8) DAW pdW — Efj\/v W, r=1,...,n

For r = 1 the difference equation (5.8) goes over in the second order difference
equation (3.8) after multiplication by a constant with value "~ (totitatzqg™")"/2.
More generally, one may multiply the difference equation (5.8) for arbitrary r by the
constant factor t"(»~D=r("=1/2(tqt,t5t3¢g=1)"/? to obtain a difference equation that
is polynomial in the parameters t, tg, ... ,t3 and rational in ¢q. Such multiplication
amounts to omitting the factors ¢t~!/2 and (totltgtgq_l)_1/2 in the definition of
v (2) (5.3) and wAW (x) (5.4) and to replacing the eigenvalues by

E?XV _ t—r(r—l)/Q

+ A - - A R - -
XET(qul—Fqu 17"'17-7an+an anqj__'—Tra-"aTrj_'_Tn)
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with

= " N (totitatsqg™ )Y 21y = totitatsgT 2T,
o= " Ntotatatsg )P =

5.2. Wilson type. If we substitute Askey-Wilson parameters of the form (4.6)
and divide by o?", then for a — 0 the operator DAY goes over into

(5.9) DY = > Uy i@V @) Ty, r=1,...,n,
Jc{1,... ,n},0<|J|<r
gj==%1, jeJ
with
TEJ = HTJ'Eja
jeJ
VY k@) = [[w" ) [ " (ms +ejmi)o™ (ejm5 + ejay +1)
JeJ Ji'ed
i<y’
X H oW (ejz; 4+ mp)v" (g3 — 1),
jeJ
keK
Ui ()
= (—l)p Z (H wW(sm) H UW(51$1 + 6l/$l/)vw(—6l$l —Epxy — Z)
LCK,|L|l=p leL LI'eL
e==+1, l€L 1<t
X H oW (g1 + xp)0W (g3 — xk)),
leL
kEK\L
and
WAz [lo<,<s(ive +2)
5.10 wWi(z) = , wW(z) = ==
(5.10) () z () 2iz(2iz — 1)

Here the action of TjjE is taken to be in accordance with (3.12). To verify this limit
it suffices to recall that for ¢ = e~ the action of T}, (3.6) amounts to that of Tj
(3.12) and to observe that for parameters (4.6) one has limg_o v4W (2) = 0"V (2)
and lim, o a 2w (2) = w" (2).

The eigenvalues become in this limit

with E.(---;---) taken from (5.6) and
(5.12) p) = (n—jv+ (vo+v1+ve+vs—1)/2.

For the eigenvalues the computation verifying the limit is a bit more complicated
than for the difference operators; it hinges on the following lemma.

Lemma 5.2 ([D1, Sec. 4.2]). One has

ol(i_}rx%J QT B (€M7 4T %Tn T, gMWr | oTMWr | gOYn 4 o= MYn)

— 2 2.,2 2
=FEo(xf,. .. x5y, s
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We may thus conclude that the transition AW—W gives rise to the following
generalization of Proposition 3.2.

Theorem 5.3. The multivariable Wilson polynomials pY, X\ € A (2.2), satisfy a
system of difference equations of the form

(5.13) DY p¥¥ :EVK\pKV, r=1,...,n.

T

For r = 1 the difference equation (5.13) coincides with the second order difference
equation (3.14).

5.3. Continuous Hahn type. After shifting over a half period as in (4.9) and
choosing Askey-Wilson parameters of the form (4.10), the operators a=2" DAW for
a — 0 go over into

cH __ cH cH
(5.14) D7" = E Usénge rmtag—1a @) Vils s gense @) Toya,
Jy,J-c{1,...,n}
J4NJ_=0, |J|+]J-|<r

r=1,...,n, where

T =[5 I] T

JjeEJ 4 jeJ-

fo{J,;K(x) = H wiH(ffj) H wc—H(xj)
JjeEJ+ JjeJ—

X H vH (25 — xj )

jedi,jled_
X H UCH(xj — ) H v (2, — zj),

jeJ 4 JjeJ—
keK keK

Uila) = (<17 Y (TTws @) [T we @)
L+,L7CK,L+QL,:® lEL+ leL
|Ly|+IL—|=p
X HUCH(ZEl — ) (zy — a2y +1)

l€L+
l'eL_

X H v (x) — xy) H ’UCH($k_$l))v

leLy leL_
kEK\L UL _ kEK\L UL _

(zj —zj — 1)

and
(5.15) vH(z) = 1+ %),

(5.16) wi(2) = (vf +iz) (v +iz), wH (2) = (vy —i2)(vy —iz).

(The action of the operators Tji is again in accordance with (3.12).) To verify this
transition one uses that vAW (£ (x; + 21)) — 1, v (z; — 25) — v°H (2, — z;) and
a 2wV (£x;) — wi (x;), if one sends o to zero after having substituted (4.9)
and (4.10).
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The computation of the limit of the eigenvalues is exactly the same as in the
Wilson case, and the result reads

(5.17) BN =B (057 + 202 (i + 2% (072, (05)?)
with E.(---;---) taken from (5.6) and
(5.18) Pt = (n—jv+ (v +vf +vy +vp —1)/2.

Hence, we arrive the following generalization of Proposition 3.3.

Theorem 5.4. The multivariable continuous Hahn polynomials piH, Ae A (22),
satisfy a system of difference equations of the form

(5.19) DeH psH :Ef)[f\rpf\H, r=1,...,n.

For r = 1 the difference equation (5.19) coincides with the second order difference
equation (3.20).

5.4. Jacobi type. After substituting Askey-Wilson parameters given by (4.13)
and dividing by a constant with value (1 — q)?", the rth difference equation in
Theorem 5.1 for the Askey-Wilson type polynomials goes for ¢ — 1 over into
a differential equation Dyp{ = EJ,p{ of order 2r for the multivariable Jacobi

type polynomials [D1, Sec. 4]. The computation of the eigenvalue E;’ N =

limg_ (1 — q)_QTE;fg\/V hinges again on Lemma 5.2, and the result is
(5:20) Bl = By (o + MR (04 A% (D)2 (1)
with E,.(---;---) taken from (5.6) and

(5.21) pj = (n—35)v+ (v +n)/2

where v = g, vy = go + g, and v1 = g1 + g}. For r = 1 the differential operator
D] = limy_1(1 — ¢)~?"DAW is given by D7 (3.22). More generally, one has that
D/ is of the form

(5.22) pl= > J]® +1lo

JcA{1,...,n} jeJ
| J|=r

(where Lo. stands for the parts of lower order in the partials), but it seems difficult
to obtain the relevant differential operators for arbitrary r in explicit form starting
from DAV (5.2).

Theorem 5.5 ([D1, Sec. 4]). The multivariable Jacobi polynomials py, X € A (2.2),
satisfy a system of differential equations of the form

(5.23) D,{p{zE;])/\pi, r=1,...,n,

where D = lim,_1(1 — )" DAW is of the form (5.22) and the corresponding
eigenvalues are given by (5.20).

For r = 1 the differential equation (5.23) coincides with the second order differ-
ential equation (3.24).

Remarks. i. The proof in [D1, D4] demonstrating that the multivariable Askey-
Wilson type polynomials satisfy the system of difference equations in Theorem 5.1
runs along the same lines as the proof for the special case when r = 1 (Proposi-
tion 3.1): it consists of demonstrating that the operator DAW is triangular with
respect to the monomial basis {mfw} rca and that it is symmetric with respect to
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the inner product (-, -)aaw. The triangularity proof consists of two parts. First it
is shown that D;f‘Wme lies in the space HAW by inferring that poles originating
from the zeros in the denominators of vAW (2) (5.3) and w" (z) (5.4) all cancel
each other. Next, it is verified that the operator DAW is indeed subtriangular by
analyzing the asymptotics for x at infinity.

It is worth noting that if one tries to apply the same approach to arrive at a
direct proof of the system of difference equations for the multivariable Wilson and
continuous Hahn type polynomials (i.e., without using the fact that these two cases
may be seen as limiting cases of the Askey-Wilson type polynomials), then some
complications arise. In both cases the proof that the operator D, maps the space H
into itself and that it is symmetric with respect to the inner product (-, -)a applies
without significant changes. However, it is now not so simple to deduce from the
asymptotics at infinity that the difference operator D, is indeed triangular. The
reason—in a nutshell—is that the functions w" (z) (5.10) and w$(z) (5.16) no
longer have constant asymptotics for z — oo (as does wA" (z) for exp(iaz) — o).
As a consequence, it is now much more difficult than for the Askey-Wilson case to
rule out the a priori possibility that monomials m,, with @ £ A enter the expansion
of D,my in monomial symmetric functions (in principle D, might a priori raise the
degrees of the polynomials). For r = 1 one easily checks by inspection that such
my,, with ¢ £ A indeed do not appear in the expansion of D,my, but for general r
this is not so easily seen from the explicit expressions at hand.

1. Some years ago, a rather explicit characterization of a family of commuting
differential operators simultaneously diagonalized by the Jacobi type polynomials
p{ (and generating the same algebra as the operators Dy, ... , D;) was presented by
Debiard [De]. Alternatively, it also turned out possible to express such differential
operators in terms of symmetric functions of Heckman’s trigonometric generaliza-
tion of the Dunkl differential-reflection operators related to the root system BC,,
[H, Du2]. In both cases, however, it is a nontrivial problem to deduce from those
results an explicit combinatorial formula for (the coefficients of) the operator D;
for arbitrary 7. In the case of Debiard’s operators one problem is that the corre-
sponding eigenvalues do not seem to be known precisely in closed form (and also
that one would like to commute all coefficients to the left); in the case of an expres-
sion in terms of trigonometric Dunkl type differential-reflection operators it appears
to be difficult to explicitly compute the differential operator corresponding to the
restriction of the relevant symmetrized differential-reflection operators to the space
of symmetric polynomials (except when the order of the leading symbol is small).
In the latter case the problem is that one has to commute all reflection operators
to the right (and preferably all coefficients to the left). This poses a combinatorial
exercise that seems tractable only for small order of the leading symbol.

it. If one transforms the operator D/ = Dy to a second order differential
operator that is self-adjoint in L?(R", dzy - --dx,) by conjugating with the square
root of the weight function A”(z) (2.19), then one arrives at a Schrodinger operator
of the form

(5.24) (A7)zD7(A7)" 3
o 2 2 Vo(VO — 1) I/l(I/l — 1)
—- > @+ 2> 2(em) t COSQ(%))

1<j<n 1<<n °

1 1 X
+= I/(V—l) o? E ( % o + — — ) .
? 1<j<k<n sin® § (z; —xy)  sin® §(x; — 2p)

RNy
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where g9 = o? doic i<n (pj )2. Explicit expressions for n independent commuting
differential operators generating the same commutative algebra as the transformed
operators (A7)2DJ(A7)~z, r =1,... n, can be found in the literature as a spe-
cial case of the formulas presented in [OOS, OS]. However, just as in the previous
remark it is again nontrivial to determine explicitly the relation between our trans-
formed operators (A7)2DJ(A7)~2 r=1,... ,n, and the relevant specialization of
the differential operators in [OOS, OS], because to our knowledge the eigenvalues
of the latter operators are not available in closed form (except in cases when the
order of the leading symbol is small).

6. RECURRENCE RELATIONS

Note: In this section we assume Askey-Wilson, Wilson and continuous Hahn
parameters subject to the contraints qtotl_ltgltgl =1,14+1vy—rv1i—v—v3=0
and 1 +vg — vy — v — vy =0, respectively. It is possible to extend the results
of this section to general parameters by invoking a recent result due to Macdonald
(see Remark iv, below).

We first recall the system of recurrence relations for the multivariable Askey-
Wilson type polynomials presented in [D5]. Next, the limit transitions of Section 4
are applied to arrive at similar systems of recurrence relations for the multivariable
Wilson, continuous Hahn and Jacobi type polynomials, respectively. To describe
these recurrence relations it is convenient to pass from the monic polynomials py ()
to a different normalization by introducing

BY A+(P)

(6.1) Py(z) = ca pa(w), ey =c¢ m7

where ¢ denotes some constant not depending on A (recall also that |A\| = A\ +-- -+
Ar) and the function A, (z) is of the form

6.2)  Ay@)= [ dosley+aer)dos(e—a) [] dus().

1<j<k<n 1<j<n

The precise value of the constant ¢, the vector p = (p1,...,pn) and the form of
the functions civ7+, afw,Jr depends on the type of polynomials of interest and will be
detailed below separately for each case.

The general structure of the recurrence relations for the renormalized polynomi-
als Py(x) reads

(6.3)  En(x) Pr(x) = Yo U+ X Var,ge(p+X) Prges,y (2)
JC{1,...,n},0<|J|<r
gj==%1, je€J; ecs+AEA

with r=1,...,n, and

Ceg = E €5€j,

JjeJ
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Verie(@) = [T aejas) T olejug +epay)oleja; +ejay +1)
jeJ j.g'eg
j<j/
X H ﬁ(ijj + xk)ﬁ(ajxj - ;Ck),
JjeJ
keK
UK-,p(iE)
= (—l)p Z (H ’LZI(Elxl) H @(Elxl + El/dil/) 17(—61131 —epxy — 1)
LCK, |L|=p l€L el
1==*1, leL 1<l
X H 81131 + xk) A(szl — $k>)
leL
keK\L

The functions Fy(z), ..., E,(x) appearing in the Lh.s. of (6.3) denote certain
(explicitly given) symmetric polynomials that generate the algebra of all symmetric
polynomials. The rth recurrence relation expresses the fact that the expansion of
the product E,.(z)Py(z) in terms of the basis elements P,(z), u € A, is known
explicitly (i.e., the coefficients in the expansion are known in closed form). The
expansion coefficients are determined by the functions ¢ and & (together with
the vector p) whose precise forms again depend on the class of polynomials of
interest. In combinatorics one sometimes refers to this type of recurrence relations
as generalized Pieri type formulas, after similar expansion formulas for the products
of elementary or complete symmetric functions and Schur functions (in terms of the
latter functions) [M4]. In the simplest case, i.e. when r = 1, the recurrence formula
(6.3) reduces to an expression of the form

64  E@PR@ = 3 Vilp+d) (P, @) - B@)
1<j<n
)\-FEJ'EA

+ Y Voilp+A) (Pae, (z) — Pa(x))
1<j<n
)\—ej €A

with E(z) = Ey () and
(6.5) Vij(o) =u(a;)  [] o2y + o) o2 — ).
1<k<n, k#j

We will see that for the four families considered below this formula reduces, in
the case of one variable, to the well-known three-term recurrence relation for the
Askey-Wilson, Wilson, continuous Hahn or Jacobi polynomials, respectively.

6.1. Askey-Wilson type. The normalization constants ch for the polynomials
in (6.1) of Askey-Wilson type P{!"(z) are determined by the constant ¢A" = 1
and the functions

6.6 Wiy = T
(66) + () (t4%; q)oo

R R 2z.
(67) dﬁﬁ(z) _ (totthtgq_l)_z/2 _ _ (q A7 Q)oo

(toq?, t1q7, 1207, t30%; @)oo
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Here we have introduced dependent parameters ¢, that are related to the Askey-
Wilson parameters ¢, by [M3, D5]

fo = (fotatatsq !)'/2,
t1 = (totity 'ty q)1/2
6.8 .
(6.8) By = (tot] 1t2 Ih/2,
ts = (tot; 'ty 1753(1)1/2'
The vector p = pAW = (pW, ..., pAW) has in the present case components of the
form
(69) p;lW =1 log Tj, Tj = tn_j (totltgtgq_l)1/2,

and is introduced mostly for notational convenience. In fact, the logarithm with
base ¢ entering through the components pj‘W merely has a formal meaning and
appears in our formulas always as an exponent of q.

The symmetric functions EAW (z) multiplying P{W(z) at the Lh.s. of (6.3) are
given by

(610) E;‘\W(x) =E, ( iz +e —zaz1 7eiazn +€_iam";’7ﬁr+’f’:l,... 77A_n+7gn—1)

with E,.(---;--+) being taken from (5.6) (as usual) and with

(6.11) # =" (fotrtataq™")'/?

(cf. (6.9)). The coefficients at the r.h.s. of (6.3) entering the expansion of the
function EAW (2) P{W (z) in terms of the basis elements P7*W (z) are characterized
by the functions

(6.12) W(z) = t7V2 (ﬂ> ,

1—¢*

12 o<r<s( =t a7)
(1 _ q22)(1 _ q2z+l)
(cf. (5.3), (5.4)). We now have the following theorem from [D5].

(6.13) W (2) = (fotitatzq™")”

Theorem 6.1 ([D5]). The renormalized multivariable Askey-Wilson type polyno-
mials APfW(Jr), A € A (2.2), satisfy a system of recurrence relations given by (6.3)
with EAW | 4V AW and pAW taken from (6.10), (6.12), (6.13) and (6.9) (and
withr =1,... ,n).

For » = 1 one has

E‘AW(ZIJ) — EAfXW(ZIJ) — Z (ewzm] te —iax; _723 _7_ 1)'
1<j<n

The corresponding recurrence formula (6.4), (6.5) specializes in the case of one
variable to the three-term recurrence relation for the renormalized Askey-Wilson
polynomials

(6.14) PAW () = 40 g7, totitatsg' ™Y, toei®®, toem i .
. 1 493 tot1, tota, tots 19,9 |
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which reads [AW2, KS]
(6.15) (2 cos(ax) — tog — tg )P (2)
(1 —totitatsq ") 1y cpas(l —totrd) 4o AW
= o (PAY (@) = P ()
to(l — t0t1t2t3q2l_l)(1 — t0t1t2t3q2l)
to(1 —¢') [l<rcses(l — tstrg ")
(1 — totatatsq*—2)(1 — totrtatsg® )
It is important to observe that, despite the appearances of square roots (and
infinite products) in intermediate expressions, both the normalization constants
e and the Askey-Wilson type recurrence relations (6.3) are in the end rational

in ¢ and the parameters ¢, g, ... ,t3. For the recurrence relations this is is rather
immediate from the fact that

(PAY (@) = P (2)) -

J
1— TszquajAj-i-aK)\k

1— tTEj 7_5k EjNj+ER Ak
(6.16) 04" (5(p3™ + Nj) +en(pp Y + M) =717 ( e d ) ;

J
NS [To<yes(1 — t, 757 q%N)
(6.17) @ (5(p1" + Aj)) = (fotrfatag™")~/? — Lo .
INEg J (1 _ TJ-QEJ qQEjAj)(l _ Tj26] q2s]~A]~+1)

J

. . . . €5 T Ej 2e . .
The point is that the combinations 7’ TF, ty T’ and T; ' are rationalint, to,... ,t3,

and that the functions 64" always emerge in pairs in (6.3) and (fot1t2t3q1)"/? = tg
(hence the square root constant factors in 94", 4" do not spoil the rationality).
The last equality is also needed to see that E4"™ (x) (6.10) at the L.h.s. of the recur-
t"~Jtg. For e the rationality in the parameters is seen similarly after rewriting
in the form (by cancelling common factors in numerator and denominator)

-1
(6.18) AV = ¢ H (T Dx+x (T 5 Dx—a
. \ = :
1<j<k<n (tTka; Q))\j-‘r)\k (tTka 1; q)>\j_)\k
(sz; Q)z,\j

1<j<n (BoTs Ty, taTj, E3755 q),

X

where C = T,.,,, 7).

6.2. Wilson type. If we substitute Askey-Wilson parameters in accordance with
(4.6), then the polynomials P{*"W (x) converge for o — 0 to renormalized multivari-
able Wilson type polynomials P}V (z) = c¢¥py(z). The normalization constant c}’
is of the form in (6.1), (6.2) with ¢V = —1, the vector p" taken from (5.12), and
with the functions CZZV T CZZY 4 given by

7 (v +2) 5 [To<r<s T'(0r +2)

6.19 dV. () = ———2 dV . (z) = —==
( ) 'u,—‘,-(z) P(Z) ’ w,—‘,—(z) 1—\(22)
Here we have introduced dependent parameters 7, related to the Wilson parameters
vy by

vy = (V0+V1+V2+V3—1)/2,

191 = (V0+V1—V2—I/3—|—1)/2,
(620) 192 = (VO — —|— Vg — U3 —|— 1)/2,

193 = (VQ—Vl—V2+V3+1)/2.
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To verify that the Askey-Wilson type polynomials P{"W (z) with parameters (4.6)
indeed converge for & — 0 to the renormalized Wilson type polynomials PyV (x)
thus defined, one uses Proposition 4.1 and the fact that (for parameters (4.6))
lima_,o(—az)wcfw = cYV. The latter limit can be easily checked with the aid of
representation (6.18) for ¢{"', which entails

H (p;/V + p?/))‘j"r)\k (p;/V - pkW))\j—)\k

lim (—a?)MedW = (—1)
( )7 =1 (v+ p;‘/V + pk;W))\j“l‘)\k (v+ p}/V - pkW))\j—)\k

a—0
1<j<k<n

% H (QPJW)nj .
1<i<n (0 +p}s o+ pfV, 2 40V, 03+ plV ),
It is not difficult to see that the r.h.s. of this expression indeed coincides with the
above defined c¥ of the form (6.1), (6.2) by rewriting all Pochhammer symbols as

a quotient of two gamma functions.

Let us next turn to the limiting behavior of the recurrence relations. For pa-
rameters as in (4.6) and after division by a?” the rth recurrence relation for the
Askey-Wilson type polynomial wa(;v) goes over in a recurrence relation of the
form in (6.3) for the Wilson type polynomial PV (x). The relevant symmetric

function at the 1.h.s. of the resulting Wilson type recurrence relation is given by

621) BV =1 Y [« X GFed )

JC{l,... n}j€J  r<li<--<l,_|;<n
0<|J|<r

with
(6.22) Py =(n—jw+ (Po+ 01+ 02 +03—1)/2
(cf. (5.12)). Furthermore, the coefficients at the r.h.s. of this recurrence relation
are determined by the vector p"' (5.12) and the functions
Up + 2z

v+ z, " (2) _ Hogrgg( )

z 22(22+1)
(cf. (5.10)). To check this transition from the Askey-Wilson to the Wilson type

recurrence relations one uses the fact that for Askey-Wilson parameters given by
(4.6) one has

(6.23) W(z) =

lim a~2"EAW (2) = BV (2)

a—0
(in view of Lemma 5.2) and that
ii—% ﬁAW(ajhW +epppV 4 2) = ﬁW(ajp}/V +enpl + 2),
oléig%) o<_2wAW(5ijAW +2z)= wW(aijW + 2).

We have thus derived the following theorem.

Theorem 6.2. The renormalized multivariable Wilson type polynomials P)I\/V(:z:),

A€ A (2.2), satisfy a system of recurrence relations given by (6.3) with E’XV, oW,
WY and p"V taken from (6.21), (6.23) and (5.12) (and withr =1,... ,n).

For r = 1 the recurrence formula is given by (6.4), (6.5) with

(6.24) EW(@)=EV(x)=- Y (aF+(p))?).

1<j<n
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In the case of one variable this recurrence formula specializes to the three-term
recurrence relation for the renormalized Wilson polynomials:
—lLvt+nt+rvat+uvs+1l—1, vg+iz, vy —ix
(625) BW(I‘) _ 4F3 ( 0 1 2 3 0 0 71> ,
vo +v1, Yo+ V2, Yo+ U3

which reads [AW1, KS]

(6.26) — (z* +13) P (2)
_ (+tvot+r+rva+vs— 1[50 +10+0vr)
B (2Z+V0—|—V1+I/Q+I/3—1)(2Z+V0—|—V1—|—V2—|—I/3

Ulicrcscs(U+vs v —1)
+
(2Z+I/Q+V1+V2+V3—2)(2Z+V0+V1+V2+V3—1

) (PZI-?-/l(x) - le(x))

) (PYy(x) = PV (x)).

6.3. Continuous Hahn type. If we substitute Askey-Wilson parameters given
by (4.10) and shift the variables z; over a half period (cf. (4.9)), then for o — 0
the Askey-Wilson type polynomials P)’\“W(x) become renormalized multivariable
continuous Hahn type polynomials P{H (z) = " p$H (x) of the form in (6.1), (6.2)
with ¢ = 1/i, the vector p°! taken from (5.18), and with the functions diﬁ, dCH

being
5 (v +2) A [Tocr<o T'(0r +2)
6.27 a5l (z) = i)y (2) = —="=
( ) v,+(z) F(Z) ) w,+(z) F(2Z)
Here we have again employed the parameters oy, ... , 73 that are now related to the

Wilson parameters VO ,1/1 by

vy = (u0++u1 +vy vy —1)/2,
A _ +_

(628) 71 - (V(_)‘r Vl +VO Vl +1)/27
vy = (1/0 —Vl vy +v; +1)/2,
3 o= (v +vf —yy —vy +1)/2.

(Notice, however, that dCH depends only on 7y, 71, 73 and not on 3, which is merely
introduced for convenience and will be used below (cf. (6.30)).) To verify the transi-
tion P{W (z) — P¢H (z) one uses Proposition 4.2 and the fact that (for parameters
(4.10)) lima—o(2a)MegtW = ¢$H. The derivation of the limit (2a)M W — c§H is
very similar to that of the Wilson case and hinges again on representation (6.18):
first one writes ch (6.18) explicitly as a rational expression in the Askey-Wilson
parameters t, to, ... ,t3 by invoking the definitions (6.8) and (6.9); next, substitut-
ing the parameters (4.10) and sending « to zero after having multiplied by (20()"\|
entails an expression for cCH involving Pochhammer symbols:

ol NN (P54 P ) +a (P57 = pH)x; —an
YO | | ok i)
1<j<k<n (v + Pyt P ))‘j"l‘)\k (v + P~ — Pk )Aj—Ak

y H _ A(2pj )HJA —
1<jzn W0t PG D1t 5, Do 4 P50,
which is seen to be equal to the stated expression of the form (6.1), (6.2) by rewriting
all Pochhammer symbols as quotients of gamma functions.

The corresponding recurrence relations for the renormalized multivariable con-
tinuous Hahn type polynomials P (z) are of the form given by (6.3) with the
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symmetric functions at the L.h.s. given by

(6.29) Ef@)y =1 > ]y > ottt

Jc{l,...,n} jeJ r<i1 <<l _|5<n

o<|J|<r
with
(6.30) P57 = (n— v+ (Do + D1+ Do+ 03— 1)/2.
The coefficients at the r.h.s. are determined by the vector p°¥ (5.18) and the
functions
. v+ z . r<o(Ur +2
(6:31) 07(e) = z i (z) = HOQSz(SZQz(—I— 1) |

To arrive at these recurrence relations for the multivariable continuous Hahn type
polynomials we have substituted the parameters (4.10), shifted the variables over
a half period (4.9) and divided both sides by (2i«)". For @ — 0 the rth Askey-
Wilson type recurrence relation then passes over into the rth continuous Hahn type
recurrence relation. At this point one uses that (for parameters as in (4.10))

lim (200) 7B (0 - 2)) = B (a)
(which is immediate from the definition of EAW (z)) and that
lim 047 (50" +enpt™ +2) = 0 (505 + enpf + 2),
clyii% (2ia)—1wAW(€jhW +2) = 0 (g5 + 2).
We arrive at the following theorem.

Theorem 6.3. The renormalized multivariable continuous Hahn type polynomi-
als P{H(z), N € A (2.2), satisfy a system of recurrence relations given by (6.3)
with ECH ) 98 and p taken from (6.29), (6.31) and (5.18) (and with

r=1,...,n).
For r = 1 the recurrence relation is of the form in (6.4), (6.5) with
(6.32) EM(z) = B (x) == Y (iay + p57) .
1<j<n

In the case of one variable this formula specializes to the three-term recurrence

relation for the renormalized continuous Hahn polynomials:
—Lvi+uy +vf v +1-1, v +ix
(6.33) P (z) = 3Fy ( 0 O oL 0 1),
vy vy, vy +1

which reads [AW1, KS]
(6.34) — (iz + v ) P ()
IR R e e Z i N R 2 R 2D I Z i 2D
Ql+vd +uvf +vy vy = D@4y + v +vg +vp)
x (P (z) — PP (@)
n —ll+vi+ry =D +vf +vy 1)
Ql+vi +vf +yy vy =24y v g vy — 1)
x (P () — PP () -
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6.4. Jacobi type. After substituting the Askey-Wilson parameters (4.13) and
sending ¢ to one, the Askey-Wilson type polynomials PAAW(;U) pass over to renor-
malized multivariable Jacobi type polynomials Py (z) = ¢f p{(z) of the form in
(6.1), (6.2) with the Jacobi parameters vy and vy taking the value go + g{ and
g1 + g4, respectively. The normalization constant ¢y is determined by the constant
¢’/ = 272 and the vector p”’ taken from (5.21), together with the functions ozg+ and

dA;L)Jr given by
I'(v+z2) @7 (2) = LD+ 2)L'(01 + 2)
r'(z) ’ Wb I'(22)

Here we have introduced dependent parameters g, 71 related to the Jacobi param-
eters vy, 1 by

(6.35) dj (z) =

7}0 = (V0+V1)/2,

(636) v = (VO -+ 1)/2

The verification of the transition P{W (x) — PJ(x) hinges on Proposition 4.3 and
the fact that (for parameters (4.13)) lim,—1 c{"V' = ¢J. The latter limit is again
AW

checked using formula (6.18) for ¢{"", entailing for ¢ — 1

o = 22 ] (o] +pDxen (o] = pDa-n,
1<j<k<n v+ p}-] + pihj‘”\k (v + p}] - pi)M—Ak
(2p)2x;
x 7 J 5 J ’
1<j<n (Do + p3, 01+ pi ),

which is seen to be equal to the stated expression for ¢f of the form (6.1), (6.2) by
once again rewriting the Pochhammer symbols in terms of gamma functions.

The corresponding recurrence relations for Py (z) are of the form in (6.3), with
the symmetric function at the L.h.s. given by

(6.37) El@@)=(-1" 3 []sin? (%)

JC{1,...,n}jeJ
[J|=r

(this is the rth elementary symmetric function in the variables —sin®*(%52), j =

1,...,n) and the coefficients at the r.h.s. being determined by p” (5.21) and the
functions

z 2z(2z + 1)
One obtains the recurrence relations for the multivariable Jacobi type polynomials
for ¢ — 1 from the Askey-Wilson type recurrence relations with parameters (4.13) if
one divides both sides by 227. To check this one uses the facts that (for parameters
given by (4.13))

lim1 27 EAW (1) = B (2)
q—?

(which is rather immediate from the definition of EAW (x)) and that

lim W (508t erpftV 4 2) = 07 (e50] + enpl + 2),

lim 2_2wAW(sijAW +2z)= ﬁ)J(aijJ + 2).

q—1
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We thus arrive at the following theorem.

Theorem 6.4. The renormalized multivariable Jacobi type polynomials Py (z), X €

A (2.2), satisfy a system of recurrence relations given by (6.3) with E7, o7, @’ and
p’ taken from (6.37), (6.38) and (5.21) (and withr =1,... ,n).

For r = 1 we now have a recurrence formula of the form in (6.4) with

A - o
6.39 B (z) = B} (z) = — si 2(—J)
(6:39) (@) = B (@) == 3 sin? (%
1<j<n
In the case of one variable this recurrence formula specializes to the three-term
recurrence relation for the renormalized Jacobi polynomials:

=1, v+ +1 ax
JioN ’ L2
(6.40) P (x) = o < PR (—2 )) :

reading [AbSt, KS] (notice, however, that our normalization of the polynomials
differs slightly from the standard normalization)

(6.41) ~ sin? (0‘2—”3) P/ (z)

. (Z+VO+V1)(Z+VQ+1/2) 7 S
T2+t )2+ + v+ 1) (P (2) = B ()
l(l+V1—1/2)

(2l +vo+11) (2l +vp+1v1 — 1)

Remarks. i. The combinatorial structure of the recurrence relations for the mul-
tivariable Askey-Wilson type polynomials is very similar to that of the difference
equations in Section 5. This is by no means a coincidence. In fact, in [D5] the recur-
rence relations were derived from the difference equations with the aid of a duality
property for the renormalized multivariable Askey-Wilson polynomials (which was
originally conjectured by Macdonald in [M3] and then proven by Cherednik in [C4]
for special parameters corresponding to the reduced root systems (and admissible
pairs of the form (R, RY)) and next in [D5] for more general parameters subject to
the condition in the note at the beginning of this section):

Gaz) v (TED gy ) p (LD ).

(PL1(2) = P (2)).

«

Here Plfw(x), 1 € A, denotes the renormalized multivariable Askey-Wilson type
polynomial with the parameters %, ... ,t3 being replaced by the dual parameters
to,... ,t3 (cf. (6.8)), and pAW is given by (6.9) whereas p*" is the corresponding
dual vector with 7; (6.9) replaced by 7; (6.11). If one substitutes

in the rth difference equation of Theorem 5.1 for the polynomial wa(:z:), then by
using property (6.42a) (and the fact that the coefficients have a zero at

_ ilOg(Q) (pAW + /\)

if A+ e.; # A (2.2)) one arrives at the rth recurrence relation of Theorem 6.1
(first at the points x = %(ﬁ"‘w +u), p € A, and then for arbitrary x using the

fact that one deals with an equality between trigonometric polynomials). In the
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case of one variable the duality property in (6.42a) is well-known and immediate
(for general parameters) from the explicit expression of the polynomials PAAW (x)
in terms of the terminating basic hypergeometric series (6.14).

By applying the transition Askey-Wilson — Wilson to (6.42a) one arrives at a
similar duality relation for the multivariable Wilson type polynomials:

(6.42D) PY (i(p"™ + ) =B (i(p"™ + ),

where IleV (z) denotes the Wilson type polynomial with the parameters vy, ... ,vs3
being replaced by oy, ... , 03 (cf. (6.20)). For n = 1 the duality relation in (6.42b)
is again well-known and immediate (for general parameters) from the explicit ex-
pression of the Wilson polynomials in terms of a terminating hypergeometric series

(cf. (6.33)).
ii. For p = 0 the r.h.s. of (6.42a) becomes identical to one, and we arrive at the
relation P{"W (ia~!log#) = 1 (where log 7 stands for the vector (log 71, ... ,log7,)

with 7; taken from (6.11)). This equality amounts to the following evaluation
(or specialization) formula for the monic Askey-Wilson type polynomials (cf. the
definition (6.1))
AAW( pAW + )\)
AW (1 _ 2+
(6.43a) py (ia” " logT) = Afw(pAW)

Using the limit transitions of Section 4 one readily arrives at similar evaluation for-
mulas for the multivariable Wilson, continuous Hahn and Jacobi type polynomials:

a AY (0" + )

W aWy
(6.43b) px (") = (=1) AV (o)
ey _ AT 4N
(643C) px (p ) Ai_H(pCH)
A (p? +N)
J _ 2|\ +
(6.43d) pl(0) = 2 AL

A proof of this evaluation formula for the Jacobi case by means of shift operators
can be found in [Opl]. For the Askey-Wilson case the evaluation formula was
conjectured by Macdonald [M2, M3] and then proven by Cherednik [C4] for special
parameters related to the reduced root systems (and admissible pairs of the form
(R, RY)) using an extension of Opdam’s shift-operator methods. In [D5] a proof
of the Askey-Wilson evaluation formula (6.43a) based on the recurrence relations
(6.3) was presented (valid for more general parameters subject to the condition in
the note at the beginning of the section).
i11. Observe that for Askey-Wilson parameters subject to the condition

(6.44a) qtoty Mgt =1,

one has (cf. (6.8)) that &, = ¢, (r =0,...,3) and hence wa(;v) = P (z) (cf.
Remark i. above). In other words, for these parameters the multivariable Askey-
Wilson polynomials are self-dual. If we restrict the limit transitions ‘Askey-Wilson
— Wilson’, ‘Askey-Wilson — continuous Hahn’ and ‘Askey-Wilson — Jacobi’
in Section 4 to the self-dual case (i.e. with Askey-Wilson parameters subject to
the condition in (6.44a)), then we wind up with multivariable Wilson polynomials
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pY (z) with parameters subject to the condition (cf. (4.6))
(644b) Vo—Vl—VQ—V3+1=O

and with multivariable continuous Hahn polynomials p§ (z) with parameters sub-
ject to the condition (cf. (4.10))

(6.44c) vg —vi vy —vy +1=0.

The (renormalized) Wilson type polynomials PyV(z) with parameters satisfying
(6.44b) are again self-dual in the sense that for these parameters o, = v, (r =
0,...,3) and hence P}V (z) = PV (x) (cf. Remark i. above). In the situa-
tion of a transition to the multivariable Jacobi polynomials, the restriction to the
self-dual case does not lead to any conditions on the resulting Jacobi parameters
vg, v1. The point is that if we substitute the Askey-Wilson parameters in ac-
cordance with (4.13), then imposing the self-duality condition (6.44a) gives rise
to the condition go — g, — g1 — g5 = 0 on the parameters go, g1, 9§, ¢;. How-
ever, given this condition, the Jacobi parameters vy = go + g and v1 = g1 + ¢
(cf. Proposition 4.3) can still take arbitrary values. In other words: the con-
fluence of the parameters in the limit ¢ — 1 has the consequence that the full
three-parameter family of multivariable Jacobi type polynomials (parametrized
by v, vy and vq) is recovered as a limiting case of the self-dual multivariable
Askey-Wilson polynomials with parameters satisfying (6.44a).

iv. The proof of the recurrence relations (Theorem 6.1), the duality relation
(6.42a) and the evaluation/specialization formula (6.43a) for the multivariable
Askey-Wilson polynomials presented in [D5] is complete only for parameters satis-
fying the self-duality condition in (6.44a). It is possible to extend the proof to the
case of general Askey-Wilson parameters by invoking recent results due to Macdon-
ald (see the note added in proof at the end of [D5], and cf. also the announcements
at the end of [M5]). In view of the previous remark, the statements in Section 6
(and also Section 7) pertaining to the multivariable Wilson and continuous Hahn
families thus also follow initially only for the restricted parameter domains subject
to the additional constraints (6.44b) and (6.44c), respectively. For the generaliza-
tion to the case of general parameters, one has at this point to rely on the extension
of the results on the multivariable Askey-Wilson polynomials of [D5] to the case of
not necessarily self-dual parameters made possible by Macdonald’s work. For the
multivariable Jacobi family it is not necessary to invoke such an extended version
of the results in [D5], since these polynomials may already be recovered fully from
the self-dual Askey-Wilson family (see Remark ., above).

7. ORTHOGONALITY AND NORMALIZATION

Note: In this section (except for Theorem 7.1, Proposition 7.2 and Gustafson’s
formulas in the remark at the end of the section and equations (7.26a)-(7.26c))
we assume Askey-Wilson, Wilson and continuous Hahn parameters subject to the
constraints qtot] 'ty 't =1, 1+vg—v1 —vo—vy = 0 and 14y —vy —vi —vy =0,
respectively. It is possible to extend the results of this section to general parameters
by invoking a recent result due to Macdonald (see Remark 4v. of Section 6).

Let us recall that the difference/differential equations in Section 5 hold for generic
complex parameter values in view of the rational dependence on the parameters (cf.
also Remark 7. of Section 4) and that the same is true for the recurrence relations
in Section 6 (but keep in mind the note at the beginning of the section). In order to
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interpret the polynomials as an orthogonal system with weight function A, however,
rather than allowing generic complex parameters we will from now on always choose
the parameters from the domains given in Section 2. (Recall that the conditions
on the parameters in Section 2 ensure that the relevant weight functions A(z) are
positive and that the integrals defining the associated inner products (-, -) A converge
in absolute value; cf. Remark ¢. at the end of Section 2.)

It is immediate from the definition in Section 2 that the polynomial p) is orthog-
onal to p, for u < A. It turns out that also for weights that are not comparable
with respect to the partial order (2.3), the associated polynomials are orthogonal.

Theorem 7.1 (Orthogonality). The multivariable Askey- Wilson, Wilson, contin-
wous Hahn and Jacobi type polynomials px, X € A, form an orthogonal system with
respect to the L? inner product with weight function A(x), i.e.

(7.1) (P, pp)a =0 if X#p
(for parameters with values in the domains given in Section 2).
The proof of this theorem hinges on the following proposition.

Proposition 7.2 (Symmetry). The operators D1, ... ,D, of Section 5 are sym-
metric with respect to the inner product (-,-)a, i.e.

(7.2) (Dymx,mu)a = (mx, Dpmy)a
(for parameters with values in the domains given in Section 2).

A detailed proof of the symmetry for the Askey-Wilson type difference operators
can be found in [D1, Sec. 3.4]. The same reasoning used there can also be applied
to prove the proposition for the Wilson and continuous Hahn case. The Jacobi
case follows from the Askey-Wilson case with the aid of the limit transition from
Askey-Wilson type to Jacobi type polynomials and operators (we refer to [D1, Sec.
4] for the precise details).

By combining Proposition 7.2 with the results of Section 5 we conclude that
the polynomials py, A € A, are joint eigenfunctions of n independent operators
Dy, ..., D, that are symmetric with respect to (-,-)a. The corresponding (real)
eigenvalues Fj y,...,FE, x separate the points of the integral cone A (2.2), i.e.,
it B,y = E,, for r = 1,...,n then A must be equal to p (this is seen using
the fact that the functions E,(z1,... ,Zn;Yr,...yn) (5.6) generate the algebra of
permutation symmetric polynomials in the variables x1,...,2,). It thus follows
that the polynomials py and p, with A # p are orthogonal with respect to the
inner product {-,-)a as eigenfunctions of a symmetric operator corresponding to
different eigenvalues. In the case of Jacobi type polynomials, orthogonality proofs
based on the simultaneous diagonalization by the algebra of commuting differential
operators (not using the fact that these differential operators are a degeneration
of the Askey-Wilson type difference operators) may be found in [De] and in [H,
HS] (upon specialization to the root system BC),). For the multivariable Askey-
Wilson case the original orthogonality proof by Macdonald [M2] and (in general)
Koornwinder [K2] uses only the operator DA% (3.4) and the fact that its eigenvalues
E{W (3.7) are nondegenerate as functions of ¢ (Macdonald) or ¢, ¢, (Koornwinder),
combined with the continuity of the innerproduct (-,-)aaw (2.5) with respect to
these parameters.

The main purpose of this section is to express the squared norms of the poly-
nomials (viz. (px,pxr)a) in terms of the squared norm of the unit polynomial
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(viz. (1,1)a, which corresponds to A = 0) using a technique due to Koornwinder,
who applied it to the case of type A Macdonald polynomials (or multivariable g-
ultraspherical polynomials) [K1, M4]. Our main tool to achieve this goal consists
of the recurrence relations derived in the preceding section. Our starting point is
the identity

(7.3) (E, Py, Priw )a = (Pr, B Priw ), wr =14 +er

where Py (z) denotes the renormalized Askey-Wilson, Wilson, continuous Hahn or
Jacobi type polynomial of the form (6.1) and E,(z) is the corresponding symmetric
function multiplying Py(z) at the Lh.s. of the recurrence relation (6.3). (In all
four cases of interest the functions Er(:z:) are real for parameters in the domains
of Section 2, and we hence have (7.3) trivially.) If we work out both sides of (7.3)
by replacing E, Py and E’TPA+MT by the corresponding r.h.s. of (6.3) and use the
orthogonality of the polynomials (Theorem 7.1), then we arrive at the following
relation between (Py, Pa)a and (Pxiw,, Datw, )A:

(74) V{l,,., rh{r+1,...,n} (P + )\) <P>\+w7\aP)\+wT>A
= ‘7{1,... ,r},{r—i—l,...,n}(_p - A= wr)<P>\7 P>\>A'

(Recall that UK@ = 1 for p = 0 and that V{l,...,r},{r+l,...,n} is taken to be in
accordance with the definition in (6.3) with all signs €;, j € J, being positive.)
In principle one can use this relation to obtain for each A € A the squared norm
of Py(z) in terms of the squared norm of Py(z)(= 1) by writing A as a positive
linear combination of the (fundamental weight) vectors wy, ... ,w, and then ap-
plying (7.4) iteratively by walking to the weight A starting from the zero weight
(0,...,0) through the successive addition of fundamental weight vectors w,. In-
deed, it is not difficult to verify that the combinatorial structure of the coefficients
‘A/{l,...,r}7{r+1,...7n} is such that the result does not depend on the order in which
the fundamental weight vectors w, are added, i.e., the result is independent of the
chosen path from (0, ... ,0) to A\. This hinges on the easily inferred (combinatorial)
identity

Vi ovrett ny (—7 = ws — 00) Vi ey gst1, ) (—2 — ws)

‘7{1,... rh{r+1,...,n} (CE + ws) ‘7{1,... ,sh{s+1,...,n} ((E)

_ ‘/{1,... st {s+1,... 7n}(_x — Wy — Ws) ‘A/{l,... o {r+1,... ,n}(_aj - wr)

Vit shist1,... n} (@ + wr) Vi e (@)
which expresses the fact that the result for the quotient of {Pxtw, +w., Prtw,.+w.)A
and (Py, P\)a computed via (7.4) does not depend on the order in which w, and
ws are added (as it clearly should not).

To write down the answer for (Py, P\)a /{1, 1)a for general A € A, we introduce
the functions

(7.5) Ac@)= ][] doxlmj+an)dos(z;—ax) [[ dwxlz;),
1<j<k<n 1<j<n

with d, + () and dy +(2) (# 0) satisfying the difference equations

(7.6)

(7.7)

dy 4 (z4+1) = 0(2)dy 1 (2), dy _(z4+1) =0(—2—1)dy _(2),
dAw,+(Z +1) = 0(2) Jw,+(z)a CZw,—(Z +1) =w(-z-1) du -(2),

s
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where 9(z) and w(z) are taken to be the same as in Section 6. It is immediate from
the difference equations (7.6), (7.7) that

A.,_(x +wr) ?
(78) —_— V{l,,,,yr},{r+l,...,n}(x)7
Ay(z)
A_(z+wy) ~
7.9 — =V r}, {r4+1,... n}{—L — Wr).
(7.9) A @) {1} {r+ L m )
With the aid of the properties (7.8) and (7.9) we can rewrite (7.4) in the form
As(p+ A Ap(p+ A +w,
(7.10) <P>\,P)\>A A-i_(pi) = <P)\+wMP)\+wT>A M
A_(p+N) A_(p+A+w)
By using the fact that the fundamental weight vectors wy, ... ,w, positively gen-

erate the integral cone A (2.2), one deduces from this equation that the quotient
(P, Px)a At(p+N)/A_(p+ A) in the Lh.s. of (7.10) does not depend on the
choice of A € A. Comparing with its evaluation at A = 0 then entails

(P Pa)a _ A(p+2) Ay (p)
(La  Ai(p+NA_(p)
As we will see below (and is suggested by the notation), it turns out that the

function Ay (x) in the present section coincides with that of Section 6. So, by
combining (7.11) with (6.1) we obtain

(7.11)

<p)\7p)\>A _ |C|—2|)\\ A+(p + /\) A (p + )\)
(L, 1)a A-i-(p) A_(p) .

We will now list for each of our four families AW, W, cH and J the associated
functions d, +(z) and d,, +(z), and formulate the corresponding evaluation theorem
for the quotient of (px, pa)a and (1, 1)a. The proof of this theorem in each case boils
down to verifying that d, +(z) and dy, +(z) indeed satisfy the difference equations
(7.6) and (7.7).

For the multivariable Jacobi polynomials the value of the integral for the squared
norm (py, pa)a was first computed by Opdam [Opl] with the aid of shift operators
(see also [HS]). It turned out that one can simplify Opdam’s shift-operator method
somewhat with the aid of an extension to the case of nonsymmetric polynomials
[Op2] (see also [M5, C5] for the extension to the g-case) based (a.0.) on the ideas
of Dunkl [Dul, Du2] combined with (graded) Hecke-algebraic techniques due to
Cherednik [C1, C2]. In this special case our proof of the norm formulas by means
of recurrence relations rather than shift operators provides an alternative approach
towards this question.

The expressions for the squared norms of the multivariable Askey-Wilson polyno-
mials were conjectured by Macdonald [M2, M3] and then proven by Cherednik [C3]
for special parameters related to the reduced root systems (and admissible pairs of
the form (R, RV)) using a generalization of Opdam’s shift operator approach (see
also [C4]). Recently, Macdonald announced a further extension of these methods
to the case of general Askey-Wilson parameters [M5]. For the Askey-Wilson type
family, the above proof of the norm formulas based on the recurrence relations in
combination with Gustafson’s evaluation formula for the generalized Selberg inte-
gral [Gul, Ka] was presented in [D5] (for parameters subject to the condition in

(7.12)
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the note at the beginning of the section). This case is reproduced here for the sake
of completeness.

7.1. Askey-Wilson type. In the case of Askey-Wilson type polynomials the func-
tions Ax(z) = A2W(z) of the form in (7.5) are characterized by d'' (z) (6.6),
dAﬁvi(z) (6.7) and

(@)oo

1 JAW Z/Q
(13) A () = 2

2z+1

714)  dAW (2) = (Fotytataq1)?/2 — (@ @)
(114) =) = (oltabod ) o o Tt 5T, T )

(with £, given by (6.8)). Formula (7.12) leads us to the following theorem for this
case.

Theorem 7.3 ([D5]). For Askey-Wilson parameters with values taken from the
domain indicated in Section 2.1, one has

(2" A" )aaw AW (A 4 X) AW (AW 4 )

(1, 1) paw n A?W( )Aé (pAW)
with AW (z) (7.5) determined by dy¥ (6.6), AW (6.7), d2W (7.13), dAW (7.14),
and pW taken from (6.9).

(7.15)

)

To complete the proof of the theorem it suffices to infer that the functions ch;‘ZEV (2)

and dAﬁVi(z) indeed satisfy the corresponding difference equations of the form in
(7.6) and (7.7); a fact not difficult to deduce from the standard relation for the
g-shifted factorials (a; ) = (1 — a) (ag; ¢) oo

For n =1 the r.h.s. of (7.15) reduces to an expression of the form

<piAW7pi4W>AAW/<pE)4W7pE)4W>AAW

with (cf. [AW2, KS] and recall our normalization in (2.8))

2 (tot1tatsq®; q)oo
(7.16) (", p*" ) aa
: : (totitatzq' =15 q)i (¢ @)oo H0§r<s§3(t7‘tsql;q)oo

7.2. Wilson type. The relevant functions Ay (z) = AW (z) of the form in (7.5)
are determined by dy+(z), ci¥+(z) (6.19) and

P(_V+Z+ 1) Hogrgg F(_ﬁr+2+ 1)
T(z+1) T2z +1)
(with 2, given by (6.20)). The difference equations of the form in (7.6) and (7.7)

are easily verified using the standard functional equation I'(z 4+ 1) = 2I'(z) for the
gamma function. The normalization theorem becomes, in the present situation,

(7.17)  dV_(2) = , dyy _(z) =

Theorem 7.4. For Wilson parameters with values taken from the domain indicated
in Section 2.2, one has

(7 18) <pKV7p¥/>AW _ AW( ) AIiV(p + /\)
(L, )aw Y(p )AV_V( wy
with AY (z) (7.5) determined by J}J";, dw (6.19) a UW K_ (7.17), and p"

taken from (5.12).
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For n =1 the r.h.s. of (7.18) reduces to
<p}/vapz/v>AW/<p‘O/Vap‘O/V>AW
with (cf. [W, KS] and recall our normalization in (2.13))

21! H0§r<s§3r(’/r+ys+l)
VO+V1+V2+V3+Z_1)lF(VQ+V1+1/2+1/3+2l)'

(7.19) " p")aw = (

7.3. Continuous Hahn type. The functions Ay (z) = A$(z) of the form in
(7.5) are now determined by d<f (z), d57, (z) (6.27) and

P(—v+z+1) C Mocrco T=0r +2+1)
I'(z+1) I'2z+1)
(with 7. taken from (6.28)). The difference equations (7.6), (7.7) follow again

from the standard difference equation for the gamma function. The normalization
theorem reads, in this case,

(7.20)  d°H (2) = s (z)

Theorem 7.5. For continuous Hahn parameters with values taken from the do-
main indicated in Section 2.8, one has

(5 o5 s AL (™ 4+ N) A (pH 4 )

(1,1) et AiH(ch) AC_H(ch)
with A§ (x) (7.5) determined by dSt, d5i, (6.27) and dS™, dSi (7.20), and pH
given by (5.18).

For n =1 the r.h.s. of (7.21) becomes

(7.21)

o™, pi™) aen /(6™ 05 ) aen
with (cf. [AW1, AtSu, A, KS] and recall our normalization in (2.18))
(7.22)  (pf", pf") acn
U lsepoy IO +ve +1)
(i +vy +vf +vy +1=-10T (v +vy +vf vy +20)

7.4. Jacobi type. For the Jacobi type polynomials the functions A (x) = A (x)

of the form in (7.5) are determined by dJ , (2), d;, , (2) (6.35) and

I(—v+2z+1) M (2) = P(=op+z+1)I(=n +2+1)
L(z+1) S r(2z+1)

(with Dg, 1 taken from (6.36)). The difference equations (7.6), (7.7) follow again

from the difference equation for the gamma function. The normalization theorem
reads, in this case,

(7.23) d _(2) =

Theorem 7.6 ([Opl, Op2, HS]). For Jacobi parameters with values taken from the
domain indicated in Section 2.4, one has

(L Das AL(p?) A7 (p)
with A (x) (7.5) determined by di’+, di+ (6.35) and cii_, di_ (7.23), and p’
given by (5.21)).
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For n =1 the r.h.s. of (7.24) becomes
(vi',pi)as /(P3P3) s
with (cf. [AbSt, KS], and recall our normalization in (2.21))

Ur= U T (v +1/2+ D)1 + 1/2+ 1)
(V0+V1—|—Z)ZF(V0+V1+2Z+1) )

(7.25) (v )ar =

Remark. The integral of the weight function for the multivariable Jacobi polyno-
mials boils down to an integral evaluated by Selberg [M1, Se]. The correspond-
ing integrals for the multivariable Askey-Wilson, Wilson and continuous Hahn
polynomials amount to certain generalizations of the Selberg integral found by
Gustafson [Gul] (for the Askey-Wilson case see also Kadell [Ka]). Explicitly, one
has [Gul, Ka, M1, Sel:

t; totitatst™ =2,
(1,1)paw = 2"n! H ( 76_1)00( otitals ,q)?jl ’
(e (@ Do (B3 @)oo [ocrcacs(trtst? ™1 @)oo

<1 1> H V'] H0<r<s<3 F(Vr + vs + (] — 1)1/)
bl w = . |

A 1<j<n W) (v +vi +ve +v3+ (0475 —2)v)
1,1) n H F(Vj) HT,SE{QJ} F(V;" +vr +(—1w)

) cH = ! S _ ' ’

’ 1<jsn PW)(vy +vy +vi +ovp + (n+j—2)v)
s = 2 11 T)T(1/24+ v+ (= DV)T(1/2+ 1 + (j = 1v)
) A- T F(V)F(l —+ 140 + 121 + (n +j _ 2)]/) .

1<j<n

In [Gul] the proof of the integration formula for (1,1)aaw is given, but that of
(1,1)aw and (1,1) acr is omitted. One readily constructs such proofs oneself, how-
ever, by mimicking Gustafson’s proof for the multivariable Askey-Wilson integral
(1,1) oaw starting from the integration formulas in Theorem 5.1 (for the continuous
Hahn case) and Theorem 9.3 (for the Wilson case) of [Gu2].

It is moreover not very difficult to verify that the above evaluation formulas for
the integral (1,1)a can be rewritten in the form

(7.26a) (L, Daaw = 27nl AdW(p2W) AAW (pAW),
(7.26b) L Daw = 2l AW (V) AV ("),
(7.26¢) (L)aen = nl AL (p™) A (pH),
(7.26d) (L)ar = = "l Al(p?) AL (p”),

which combines with the expressions for the ratios (px,pa)a/(1,1)a given by The-
orems 7.3-7.6 into the following evaluation formulas for the squared norms of the
polynomials py(x) (cf. [Opl, Op2, HS] for the Jacobi case and [M2, M3, C3, C4,
M5, D5] for the Askey-Wilson case):

(7.270) (" p{" ) aaw = 2l ALV (AW £ 0) AV (AW 1),
(7.27b) X\ )aw = 2"l AT (0" + A) AV (0 + ),
(7.27¢) PSH p5Myaer = n! Ai_H(ch ) AC_H(pCH ),
(7.27d) pl,pas = 24z 7mpl A_‘{_(p‘] +A) AL (p? +N).
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