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Abstract. Nonpolynomial basic hypergeometric eigenfunctions of the Askey—Wilson second
order difference operator are known to be expressible as very-well-poised g¢7 series. In this
paper we use this fact to derive various basic hypergeometric and theta function identities.
We relate most of them to identities from the existing literature on basic hypergeometric
series. This leads for example to a new derivation of a known quadratic transformation
formula for very-well-poised g¢7 series. We also provide a link to Chalykh’s theory on (rank
one, BC type) Baker—Akhiezer functions.

Key words: very-well-poised basic hypergeometric series; Askey—Wilson functions; quadratic
transformation formulas; theta functions

2010 Mathematics Subject Classification: 33D15; 33D45

1 Introduction

In this paper we present derivations of various basic hypergeometric and theta function iden-
tities using the interpretation of very-well-poised g¢; series as eigenfunctions of the Askey—
Wilson second order difference operator D. For instance, we reobtain a nonstandard type three
term transformation formula for very-well-poised g¢7 series [7] as the connection formula for the
asymptotically free eigenfunctions of D, we investigate the eigenfunctions of D with trivial quan-
tum monodromy and relate them to (rank one, BC type) Baker—Akhiezer functions from [4, 5],
we rederive the quadratic transformation formula [6, (3.5.10)] for very-well-poised g¢7 series,
and we obtain various theta function identities by translating symmetries of the Askey—Wilson
function and of the asymptotically free eigenfunction of D in terms of the associated normalized
c-functions.

The most general family of orthogonal polynomials satisfying a second order g-difference
equation is the family of Askey—Wilson polynomials [1]. For our purposes it is convenient to
view the associated difference equations as eigenvalue equations for the second order Askey—
Wilson second order difference operator D already mentioned in the previous paragraph. The
operator D depends, besides on the difference step-size and the deformation parameter ¢, on
four additional free parameters.

Nonpolynomial basic hypergeometric eigenfunctions of D have been subject of study in va-
rious papers (see, e.g., [8, 9, 10, 19, 20, 24, 26]). Important examples are the Askey—Wilson
function £(-, z) and the asymptotically free eigenfunction ®(-,z) (the corresponding eigenvalue
depends in an explicit way on ¢ + ¢~* € C). They are defined provided that 0 < |¢| < 1.
They are selfdual eigenfunctions (the role of the argument and z is interchangeable). They
naturally arise in harmonic analysis on the quantum SU(1,1) group and in the study of the
double affine Hecke algebra of type CVC (the rank one Koornwinder case), see, e.g., [11]
and [24, 25] respectively. From this representation theoretic viewpoint (-, z) plays the role of
the spherical function and (-, z) the role of the Harish-Chandra series.
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Ruijsenaars’ R-function [19] is another nonpolynomial selfdual eigenfunction of D which is
required to satisfy yet another second order difference equation of Askey—Wilson type. The
step-direction of the two Askey—Wilson second order difference equations are allowed to be co-
linear (which corresponds to deformation parameter g being of modulus one). The R-function
arises as matrix coefficient of representations of the quantum double of the quantized universal
enveloping algebra of sly, see [2].

The Askey—Wilson function £(-, z) can be explicitly expressed in terms of the asymptotically
free eigenfunctions ®(-, £z). The elliptic function ¢(+, z) governing the expansion coefficients,

E(,z)=c(,2)P(-,2) +c(-,—2)P(-, —2),

is called the (normalized) c-function [10]. It is explicitly given as quotient of theta functions.
The selfduality of £ and ® and the fact that £(—z, z) = £(z, z) then allow us to express ®(—z, z)
in terms of ®(z, +z) (connection formula). The cases when the connection coefficient formula
trivializes is particularly interesting since it directly relates to the theory of Baker—Akhiezer
functions [4, 5]. We discuss this in Section 3.

Suitable two parameter specializations of the Askey—Wilson polynomials yield the continuous
g-Jacobi polynomials. They have appeared in two guises (see [17] and [1]) which are interrelated
by a quadratic transformation formula going back to Singh [22], see also [1, § 4] and [6, § 3.10].
This quadratic transformation formula was derived in [1] using the orthogonality relations of the
Askey-Wilson polynomials. Ruijsenaars [20] stressed that for these parameter specializations
the Askey—Wilson second order difference operator D factorizes up to an additive constant as
a square of an Askey—Wilson type second order difference operator with step-size half of the step-
size of D. We use this observation to prove a quadratic transformation formula for a two param-
eter family of the asymptotically free eigenfunction ®(-, z) of D. This complements Ruijsenaars’
results [20], where he lifted the quadratic transformation formula for continuous g-Jacobi poly-
nomials to a quadratic transformation formula for a two parameter subfamily of the R-function.

Using the known explicit expression of ®(-,z) in terms of basic hypergeometric series we
link the above mentioned results to various known identities for very-well-poised g¢7 series. For
example, the quadratic transformation formula for ®(-, z) becomes the known quadratic transfor-
mation formula [6, (3.5.10)] for very-well-poised g¢7 series after applying suitable transformation
formulas to both sides of the identity, see Remark 5.3(7) (this was observed by M. Rahman).

Combining symmetries of the Askey—Wilson function with its c-function expansion yields
nontrivial identities for the c-function, hence nontrivial theta function identities. For instance,
the fact that £(-, z) is invariant under negating the argument yields a theta function identity
which is a six parameter dependent subcase of a theta function identity [6, Exercise 5.22] due to
Slater [23]. The fact that ®(-,+z) satisfies a quadratic transformation formula but the Askey—
Wilson function £(-, z) does not, yields a nontrivial identity for the c-function and consequently
a quadratic type theta function identity (7.4).

The results in the present paper play an important role in the study of the spectral problem
of the trigonometric Macdonald—Ruijsenaars—Cherednik commuting family of difference ope-
rators associated to root systems. They are for instance needed in the asymptotic analysis
of g-analogues of Harish-Chandra series associated to root systems (cf. [13, 14, 15, 25]) along
codimension one facets of the Weyl chamber. I will return to this topic in a future work.

2 Eigenfunctions of the Askey—Wilson
second order difference operator

We use, besides a deformation parameter 0 < g = e2mV=IT (1 € v/—1R+() and a choice
of step-size s € Qsq, four free parameters {, \,v,¢} which we call Hecke parameters (this
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name comes from their interpretation as multiplicity parameters in the Cherednik—-Macdonald
theory of the double affine Hecke algebra of type CVC1, see [16]). We assume that the Hecke
parameters k, A\, v and ¢ are real. We set ¢* := 2™V =I7T for 2 € C. In the paper g will be
fixed throughout. Step-sizes s and § will simultaneously appear in formulas. One can restrict
without loss of generality to considering step-sizes 2 and 1, but formulas are more transparent
when arbitrary values s of the step size are taken into account because it makes the s-dependence
of the Askey—Wilson parameters

{as, bs, s, ds} := { g, =g, g2 TTe —g2tvme}
explicit. We define dual Askey—Wilson parameters by
{587’587587 Cz?} = {qﬂ+v7 _qﬁi’L)? q%+)\+§7 _q§+>\7<}7

i.e. the roles of the Hecke parameters A and v are interchanged. The parameters as, bs, as
and ES do not depend on s, we therefore occasionally omit the subindex s for these Askey—
Wilson parameters. Interchanging A and v defines an involution on the set of Hecke parameters,
hence also on the associated set of Askey—Wilson parameters. In addition we have

- _ ~ 7 q as
a? = q abcd, asbs = agbs, — = cyds,
bs
s s
~ ~ q as ~ 7 q as
a5Cs = AsCs, =~ = bsd57 asds = asd57 ~ = bscs-
Cs ds

We now first recall the asymptotically free eigenfunction of the Askey—Wilson [1] second order
q°-difference operator, which we will regard here as a second order difference operator with step
size s. FExplicitly, the Askey—Wilson second order difference operator D, acting on meromorphic
functions on C, is defined by

(Df) (@) := A@)(f(z+5) = f(2)) + A(=2)(f(z = 5) = f(2)),
_ (1 —asq®)(1 —bsq®)(1 — csq”) (1 — dsq”)
- as(1 — ¢27)(1 — ¢5+27) :

Sometimes it is important to write explicitly the dependence on the parameters, in which case

(s)
we write D as anv,«;q

Remark 2.1. The Askey—Wilson second order difference operator D can be interpreted as
a second order ¢*-difference operator when acting on 7 '-translation invariant meromorphic
functions on C (which are the meromorphic functions of the form g(¢*) with g meromorphic
on C*).

We now define the elementary function W (x, z) = W (z, z; k, \,v,5; ¢, s) by

W(CL‘, Z) — q(/@—ﬁ-)\—ﬁ-x)(n—&—v—&-z)/s.

Note that W(x + s, 2) = ¢" TV W (x, 2) = ag*W (x, 2).
For generic b; the ,1¢, basic hypergeometric series is defined by the convergent power series

00 .
1,02, ..., Qrg1 (a17a27"')ar+1>q)j j
i q, = z z| <1
r+1¢T< bi1,09,...,bp 1= > _]ZO (q,bl,...,br;q)j ’ 12 ’
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S
where (al, ., 085G ) H H (1 — a,q") for j € Z>o U {00} (empty products are equal to one
r=1i=

by convention). The very-well- p01sed g¢7 series is defined by

1 1
3 3
ap, o, —qog , ..., 05
sWr (a0 a1, a2, a3, g, 053 ¢, )—8¢7< 1 ’ % 02 e ,q,z>
0,05 g0 ... qao/a5
oo
_ 1- an -9, H Oé],
— l-a qao/aj, )
. . . . 6 .
In case z = a3q2 Jarasagagas it has a meromorphic continuation to ((C*) as function of

(o, a1, - .., a5). This follows from the identity [6, (II1.36)] expressing such very-well-poised g7
series as a sum of two 4¢3 series. Define the holomorphic function St(x) = St(z; k, A\, v,5; ¢, s)
(“St” is standing for singular term) in x € C by

St(z) := (¢°T" /as, 4" Jbs, " Jcs, ¢° T /ds; ¢°)

o

We write St?(z) := St(z; k, v, A, <; q, 5) for the singular term with respect to dual parameters,
Sth(z) = (¢°7%/as, 4" Jbs, * 7 s *TF dss 4°) .

The following proposition combines and refines observations from [9, 10, 25].

Proposition 2.2. There exist unique holomorphic functions T', on C (r > 0) satisfying the
following three conditions,

(1) To(2) = (¢****1¢°) -

(2) The power series V(x,z) := Z I (2)¢"™ is normally convergent on compacta of (x,z) €

C x C (consequently V(zx, z) is a holomorphic function in (z,z) € C x C).

(3) The meromorphic function

. Wz, z) -
O(x,2) = 7St(:c)8td(z)qj( ,2) (2.1)
satisfies
(Do —¢*—q*+a+a")®)(z,z2) =0, (2.2)

where D, stands for the Askey—Wilson second order difference operator D = ijl\vgq

acting on the z-variable.

Furthermore, T, is 7~ -translation invariant and

qs+x+zas qs+x+zbs qs+x+zcs qs+ac+z'(‘is 5422 T. s
\I/(l‘ z): ’[l's Y as 9 ?is bl ds 7q 7d5q 7q)oo
) q25+z+22 s
( ds g )oo
+x+2z s+z s+z s+
q q q T oz~ 2z 4 s x
X 8W7 < d S >bsq ,Csq d 5 q 7d8q (23)
S as ds s

if |[dsq*| < 1.
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Proof. The explicit expression (2.3) is

(qs+z+zas qs+z+zbs qs+z+zcs qs+z+z
as ) a ) )

U(z,z) = e (qfimuz - ;ls

(Qi+z qs~+z gq qu7 49' 7Q) dgqrw

LT dsq” )

00
(3 (1o o d (2.4)
ds (qs+x+zas gstrt+za, gste+zh, gstetze, 5422 . S) ’ ’
r=0 ds I as ’ as ’ Qs »q q r

It is a well defined meromorphic function in (z,z) € C x C provided that |ds¢®| < 1, with
possible poles at ¢*+tsr+2+22 = 4  (r € Z>p). It can be expressed as sum of two 4¢3 series using
[6, (II1.36)] with parameters (a,b,c,d, e, f,q) in [6, (II1.36)] specialized to

(q8+x+2z/ds> qs+2/as’ qs+z/d5, bsqz7 Equ’ qs-i-ﬂ&/ds; qs),

leading to the expression

(qs+z - qs+z qs+z qs+z+zas qs+m+z‘ds S)
\I/ . as Sq 9 ’55 9 ’5S 9 ’ds 9 ds ) oo
(.T,',Z) - (% S)
as' 9 ) oo
9 T ~
asq”, 2 d bsq®, 657 o
X 4¢3 gstetzg q9+T+z as qSas’ q,q
as ’ ds > ds
+ stx+z7 s+z+z~
q as ¢ ds. s
(a'sq ’ d bSq qu ’ as 87 as S7q )OO
Us . ~S
(ds’q )oo
qs+z - qs+z qs+z
X 10 as ,dsq®, 5. ' G (2 5)
493 FrtEg, qs+x+zd *ds 7q q .
as ’ as ’ ag

This alternative expression provides the meromorphic continuation and shows that ¥(z, z) is
holomorphic in (z,z) € C x C. The expression (2.4) of ¥(z, z) shows that ¥ (z, z) satisfies (1)
and (2). By [9] (see also [10] for notations close to the present one), the resulting meromorphic
function ®(z, z) (see (2.1)) indeed satisfies the difference equation (2.2).

It remains to prove uniqueness. If a series of the form

O(x,2) = @ ZF
7“>0

is a formal solution of (2.2) then the I'y(2) (r > 0) satisfy recursion relations of the form
(@™ =D =g ) (2) = ) v (¢)Te(2),  r=>1
for some Laurent polynomials v]. This shows that the I';(z) (r > 1) are uniquely determined

by T'o(z). ]

If confusion may arise about the parameter dependencies then we write the asymptotically
free solution ®(z, z) as ®(x, z; k, A\, v,¢;q, s) and ¥(x, z) as V(z, z; Kk, \, V,$; ¢, S).

Remark 2.3. The characterization of ®(z, z) as eigenfunction of D is equivalent to a characteri-
zation of ¥(z, z) = Z I (2)q" as eigenfunction of the second order difference operator obtained

from D by gauging 1t Wlth gauge factor W (-, z)/St(:). The gauged difference operator and the
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relevant eigenvalue are symmetric under arbitrary permutations of the Askey—Wilson parame-
ters as, bs, s, ds. Since the normalization T'o(2) = (¢°+%; qs)oo of ¥U(z, z) is independent of the
Askey—Wilson parameters, it follows that W(z, z) is symmetric under arbitrary permutations of
the Askey—Wilson parameters ag, bs, cs, ds.

Let 0(u;q) = (u, q/u; q)oo be the modified Jacobi theta function and write

O(ut,. .., ur;q) = HQ(Uz‘;Q)
i=1

for products of theta functions. Define the (normalized) c-function ¢(z, z) = ¢(x, z; kK, A\, v, q, S)
by

~ T—2z

e(a’sq—z’ bsq_zv gsq_za ds%isa qs>

W (x,2)0(q=2%, dsq%; ¢°)

c(x,z) = (2.6)
Using 0(qu; q) = —u~'0(u; q) it follows that c(x + s,2) = c(w, z) and c(z, z + 5) = c(z, 2). We
write ¢?(z, z) = c(x, z; K, v, A\, 5; ¢, 8) for the c-function with respect to dual parameters.

The Askey—Wilson function &(z,z) = £(x, z; k, A\, v,; q, s) is defined by

5. s+z—ax ’C‘i s+z+ax Sa .
( Squ ) squ , asbs, asCs, qus’qs)oo
g(.%',Z) = qs+:c qs—:c qs+z ~ ”Z‘)’ ~ s
( 4 0 ds 0 g, y As0sCsq”5 4 )oo
197 ~g~ —s+z. T —z ~ zg z z,sqs_z 2.7
X gWr | as0scsq ;059,059 , 059,054, Csq 754G, J ( . )
S

for |¢**/ds| < 1 (see [10]). Using [6, (II1.36)] to express £(z, z) as sum of two 4¢3 series it follows
that £(-,-) has a meromorphic extension to C x C. We write £ and ®? for the meromorphic

functions £ and ® with respect to dual parameters. The following properties of £ and ® are
known from [10, 25] (cf. also [8, 9, 26]).

Proposition 2.4.
(i) E(x,2) = EUz, x) (selfduality).

(17) E(—x,2) =E(x, 2) and E(x,—2z) = E(x, 2).
(iii) ®(x,z) = ®4(z,x) (selfduality).
(iv) E(z,2) = c(x, 2)P(x, 2) + c(x, —2)P(x, —2) (c-function expansion).

Proof. (i) This follows from the transformation formula [6, (II1.23)] for very-well-poised g¢7
series.

(77) By the explicit expression (2.7) it is clear that £(—z,2) = £(z,2). By (i) it then also
follows that E(x, —z) = &(x, 2).

(731) This follows again by application of the transformation formula [6, (II1.23)] for very-
well-poised g¢~ series.

(iv) Use Bailey’s three term transformation formula [6, (II1.37)] for very-well-poised g¢r
series. |

Remark 2.5. The selfduality of ®(x,z) and &(x, z) ensures that ®(z,-) and &(x, ) are eigen-
functions of the Askey—Wilson second order difference operator with respect to dual parameters.

Note that the Askey—Wilson second order difference operator D is invariant under z +— —zx,
hence ®(—x,2) is again an eigenfunction of D, with eigenvalue ¢ +¢~* +a +a '. It can be
expressed in terms of the eigenfunctions ®(z, z) and ®(z, —z) as follows.
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Corollary 2.6.

ez,

) O(x,2) + cd(%__z))@(a:, —z) (2.8)

c(z,2) — 4z, )

(=, 2) = < c(z,—x)
(connection formula).
Proof. By the previous proposition we have
E(x,2) = EUz, —x) = Az, =)Dz, —x) + (2, )Pz, z)
= (2, 2)®(x,2) + Nz, —2)®(~x, 2).

Compared with the c-function expansion for £(z, z) (see Proposition 2.4(iv)) we get the desired
result. [

Remark 2.7. The connection formula (2.8) is not a direct consequence of Bailey’s three term
transformation formula [6, (II1.37)] for very-well-poised g¢7 series. This is reflected by the fact
that the coefficient of ®(x, z) in (2.8) does not admit an explicit expression as a single product
of theta functions. The connection formula (2.8) is though directly related to the three term
transformation formula [7, (5.8)].

Corollary 2.8. The c-function satisfies

c(z, 2)c (2, —x)ct(—2, —x) + c(—x, 2)c (2, 2) ¢ (~2, —x)

= c(z, 2)c(—x, 2)cH(—2z, —2) + c(z, 2)e(—x, —2) (2, —x). (2.9)
Proof. Since £(—=z, z) = £(x, z) we have
c(x,2)®(x, 2) + c(x, —2)®(x, —2) = c(—z,2)P(—x, 2) + c(—x, —2)P(—z, —2).
Applying (2.8) twice to the right hand side of this formula implies
a(z, z)P(z, 2) = —a(z, —2)®(x, —z) (2.10)
with the function «a(z, z) given by

c(—z,2)c(x, 2) — c(—x,2)cHz,x)  c(—z,—2)c(x, 2)

alw,2) = c(z, —x) * cd(—z,—x)

—c(z, 2).

Replace in (2.10) the variable x by x 4+ ms and consider the asymptotic behaviour as m — oo of
both sides, using the fact that c(z, z) is s-translation invariant in both x and z and using that

a Mg " P(x 4+ ms, z) = To(z) (1 + (’)(qsm))
as m — oo. It gives a(x, z) = 0. This is equivalent to (2.9). [ |

Remark 2.9. Substituting in (2.9) the explicit expression (2.6) of the c-function ¢(x, z) gives
the theta function identity

d d - d .. d o~
0 (aq”i —q" "%, aq",bq", cq”, dgq ”",qQZ;q)—@ (561 vtE "t ag7, bg*, g7, dg Z,q%;q)

a
—q2"’”9( q q % aq” ", bg™" cq‘w,dqz,q%;q)
d _, . d .
— 0 =g "%, =" Z7aqZ,qu,cqz,dqz,q”;q>,
a a
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where we have taken s = 1 and have written a = ay,...,d = d; (and similarly for the dual
parameters). This is a special case of Slater’s theta function identity [6, Exercise 5.22], with the
parameters (a,b,c,d, e, f,g,h) in [6, Exercise 5.22] specialized to

ql—z d

d _ S U
(17 =q x—i—z’aq Zabq Zacq Za ~ ,qu+z’q22> .
a d a

Note that Slater’s formula [6, Exercise 5.22] is more general since it has, besides ¢, seven free
parameters, while the formula (2.9) only has six.

3 The case of trivial quantum monodromy

Determining the monodromy representation for Gauss’ second order hypergeometric differential
equation is equivalent to deriving its connection coefficient formulas. The connection coefficient
formulas explicitly relate the fundamental series expansion solutions around the three regular
singularities of the hypergeometric differential equation. These formulas turn out to be di-
rectly related to well known three term transformation formulas for the Gauss’ hypergeomet-
ric function oFy. From the above notion of monodromy only its incarnation in terms of con-
nection coefficient formulas generalizes to the difference setup (see Sauloy [21] and references
therein for a detailed discussion of this issue). We therefore say that the explicit connection
coefficient formula (2.8) solves the quantum monodromy problem of D. In addition we say that
the quantum monodromy is trivial if the coefficient of ®(x,z) in (2.8) vanishes. The latter
terminology is motivated as follows. Firstly, for trivial quantum monodromy the connection
coefficient formula (2.8) reduces to a simple equivariance property of the following renormaliza-
tion &)(az, z) = &J(x, Z; K, A\, U,6; ¢, 8) of the asymptotically free eigenfunction ®(z, z),
B(z,2) = c(x, 2)®(x, 2),
see Proposition 3.1(i7i) below. Secondly, for an important subclass with trivial quantum mon-
odromy, a suitable renormalization of the asymptotically free eigenfunction ®(x, z) has a termi-
nating series expansion, see Remark 3.2(i) for further discussions on this issue.
Note that the renormalization ®(z, z) of ®(z, z) still satisfies the eigenvalue equation

D(&)(v Z)) = (qz + q—z —a— a_l)g('a Z)
since ¢(z, z) is s-translation invariant in z. Write ®%(z,z) := ®(z, z; 5, v, A, <; ¢, 5).
Proposition 3.1.

(i) If &, %, 2,5 € %Z with an even number of them being integers, then c(x,z) = c¥(z,x).

In the remaining items of the proposition we assume that (k,\,v,s) is a four-tuple of real
parameters such that c(z, z) = c(z, x).

(ii) ®(z,2) = DUz, z) (selfduality).

(iii) B(—x,2) = B(x, —2).

(iv) E(x,z) = B(x,2) + B(—x, 2).

Proof. (i) Consider the quotient o := c¢(x,z)/c?(z,x) (we suppress the dependence on the
variables and parameters). Using the explicit expression of the normalized c-function (2.6) in

terms of theta functions it follows that a = 1 if (5 A v %) is taken from the set

CRECREER

11 1 1 1 1
{(0)07050)7 (2725050> ) <2)O)270> ) <27070) 2> )
11 1 1 11 1111
0,=,-,0),(0,2,0,=),(0,0,=,=),(=,=,=,=]¢.
(72727 >7(727 72>7<7 7272>7<2727272>}
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In addition, it is easy to check that « is invariant under integral shifts of the rescaled Hecke

A
parameters %, 2, ¢, ¢. This gives the result.

(74) This follows from Proposition 2.4(iii).
(i73) This follows from the connection formula (2.8) for ®(z, z).

(t7v) This is immediate from the c-function expansion of the Askey—Wilson function, see
Proposition 2.4(iv). [ |

Remark 3.2.

(7) Due to [13, § 4] the function 5(:1@,2) for Hecke parameters (k, A\, v,s) satisfying, besides
the integrality conditions from Proposition 3.1(i), suitable additional (positivity) condi-
tions, is up to normalization Chalykh’s BC; type normalized Baker—Akhiezer function [4,
§ 6]. An important property of the Baker—Akhiezer function is the fact that it has a ter-
minating series expansion. Surprisingly this is not evident from the explicit expressions
of ®(x,z) in terms of basic hypergeometric series. The properties from Proposition 3.1
can be easily matched with the properties (see [4, 5]) of the Baker—Akhiezer functions.
For instance, the Askey—Wilson function £(z, z) relates to the symmetrized normalized
Baker—Akhiezer function ® from [5, (3.20)]. In particular, formula [5, Theorem 3.9] re-
lating the symmetrized Baker—Akhiezer function to Askey—Wilson polynomials matches
with the known fact that the Askey-Wilson function &(x, z) reduces to the normalized
Askey—Wilson polynomial for suitable discrete values of z, see (6.2) below.

(7i) The relation between the A; type Baker—Akhiezer function (see [4, § 4.1]) and Heine’s
basic hypergeometric series 2¢1 was stressed in an informal note of Koornwinder [12].

4 The factorization of the Askey—Wilson
second order difference operator

Ruijsenaars [20] analyzed when the square (D +a+ 5‘1)2 is an Askey—Wilson second order
difference operator again (with doubled step-size). An important special case turns out to be
when the Hecke parameters are of the form (k, A, 0,0). In our notations the resulting formula
[20, (3.11)] reads as

2 z _z - 2 z . B
(D00 =47 =4 7 +4" +0%) (D00, T 42 +a7 7 +a" +47)
=D g~ — 0 (4.1)

Remark 4.1. Our operator D +a + a ' = D + ¢** + ¢~2* for arbitrary Hecke parameters
(K, \,v,¢) is essentially the second order difference operator As(c;-) in Ruijsenaars’ paper [20,
(2.1)] with the parameters (cg, c1,c2,c3) in [20] related to our Hecke parameters by k + A =

—vV—=lcg, k—A=—v/—1lcj,v+¢=—v—1co and v — ¢ = —/—1cs.

A simple derivation of (4.1) is as follows. Consider the second order difference operator
L= E(S/ ) defined by

- (1 _ qn+)\+x)(1 4 qnf)\ﬂc) s (1 _ qlﬁ+)\*x)(1 + qK,A,x) s
(£1)(@) = ¢~ (1 —q¢**) d <x * 2) - q"(1—q=2) d <x ) '
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Then
5/2) _ x_ x (=g (A 4 g s\ _
(o)~ —a ")) (@) = =) (F(z+3) - @)
(1 _ q/ﬁ-)\—x)(l + qn—)\—x) s
+ (1 —q2%) (f (a: B 5) B f(:v))
= (DX50a)) @)
Formula (4.1) thus is equivalent to
(L — a2 —a 2 (L3 +aF + a7 3) =D}y — 0+ g (42)

which is an easy check (use that the Askey—Wilson parameters associated to Hecke parameters
(K, \, K, A) satisfy cs = qias = g2t and dy = ¢3b = —q%+“_’\).

The eigenfunctions of D, of the form p,(¢* + ¢~*) (n € Z>¢) with p, a polynomial of
degree n, are the well known Askey—Wilson polynomials [1] (see also Section 6). In the special
case that the associated four Hecke parameters are taken to be (k, A, k, \) (corresponding to the
condition that the Askey—Wilson parameters satisfy ¢s = g2 as and dy = q%bs) the Askey—Wilson
polynomials are called the continuous g-Jacobi polynomials by Askey and Wilson [1, § 4]. In
[1, (4.22)] a quadratic transformation formula for balanced 4¢3 series, going back to Singh [22],
is used to relate the above continuous g-Jacobi polynomials to Rahman’s definition [17] of the
continuous g-Jacobi polynomials (see also Section 6).

Ruijsenaars [20] used the factorization (4.1) to motivate and analyze quadratic transforma-
tion formulas for the hyperbolic nonpolynomial generalization of the continuous g-Jacobi poly-
nomial, which is Ruijsenaars’ R-function with the continuous g-Jacobi specialization (k, A, k, A)
of the associated Hecke algebra parameters (see Remark 4.1 for the relation with Ruijsenaars’
notations [20]). In the following section we use the factorization (4.1) to prove quadratic trans-
formation formulas for the asymptotically free eigenfunction ®(-, z; k, A, k, A; g, 3).

5 Quadratic transformation formulas
For a function Z(z, z; k, A, v,; ¢, s) we write

_ _ z s
Er(z,z) :=E (:c, 5; K, X, 0,0: ¢, 5) )

This is the parameter specialization which reduces the Askey—Wilson polynomials to Rahman’s
version of the continuous g-Jacobi polynomials [17] (in base ¢2). Furthermore we set Ed(z,2) =

E(z, 5;/,0,A,0; ¢, 5) for its dual version. Since

(s/2) _ p(s/2) -
ﬁﬂ,k,q B Dn,/\,O,O;q NEARA
we know from the previous section that the meromorphic function ®g(x, z) satisfies
(Ex—qg —q*%)CIDR(~,z) =0. (5.1)
In fact, ®r(x, 2) is the unique solution to (5.1) which is of the form

Dp(z,2) = ZFRT

StR

with T'p (2) holomorphic in z € C, with I'ro(z) = (q§+z;q§)oo and with the power series

o0
Ur(z,z):= > T'r,(2)¢"" converging normally on compacta of (z,z) € C x C.
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For a function =(z, z; k, A, v, <; q, ) we write
Esl(z,2) = E(z, 216, A K, A g, 8).

This is the parameter specialization which reduces the Askey—Wilson polynomials to Askey’s

and Wilson’s version of the continuous g¢-Jacobi polynomials [1, § 4]. In addition we write

E%(aj, z) = E(z, z; K, K, A\, \; q, §) for its dual version.

Theorem 5.1. ®;(z,2) = Pr(z, 2).

Proof. First of all note that the Askey—Wilson parameters associated to the Hecke parameters
(k,A,0,0), deformation parameter g and step-size 5 are given by

(¢, =", ¢, —q1).

The expression of U(z, z) as a sum of two 4¢3’s, see (2.5), shows that
s sy —1

(—¢77";q2)  VR(z,2)

is holomorphic in (z,z) € C x C. By Remark 2.3 also
sy sy—1 -1

(g1, —q 1" ";q2)  Wr(x,2) = (¢27;¢°) _ Vp(z,2)

is holomorphic in (z,z) € C x C. We write its power series expansion in ¢* as

o0

(q%"er;qs) \I/R z, Z _ Z

r=0

The Elr(z) are holomorphic in z € C, the series converges normally on compacta of (z, z) € CxC,
and Hy(z) = (q§+z; qi)oo. Define new holomorphic functions by

H,(2) = (—¢>"%;¢2) Ho(2)

for r € Z>o. Then Ho(z) = (¢*"%; qs)oo and

WR(HZ,Z) (q2+2$7q )
H,(
Str()Sth(2) (—a77%;4?) Z

with the series converging normally on compacta of (z,z) € C x C. A direct computation now
shows that

Op(z,z) =

oo'rO

o0
Pr(,2) = Z H, (=
r:O

StJ

By (5.1) and (4.2) we furthermore have

(ID,(QS%\ g qz N q—z + q2n + q72n) ‘I)R('; 2:) =0.
Hence ®r(z, z) satisfies the characterizing properties of @ ;(z, 2). [

By the proof of the theorem we in particular have

g2
]
o

Substituting the explicit expressions of Ui and ¥ ; in this formula gives the following quadratic
transformation formula for very-well-poised g¢7 series.

Up(z,2) =
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Corollary 5.2.

3

2zxz 1 1
qBrz, — L=, 4 —q2axz;q 2 2z
( L 7 )oo sWr _q%$22;%7_q,3 ,—ozz,q%ﬁz, _q%xﬂb —q%l‘

1 3 2 2
T3 5 gPBa’,
(q2a, —q2a22, T2 q)

(_ q?xz? qox

aff ? —qoaﬁxz2, R q2)oo

()

4
Tz
« W (_qﬁ 4

222

qBzx qox
2 7_q227_227Q/82Z27_ ;q27_ > (52)
(6% (6% (6%

if both |g2z| < 1 and |5 < 1.

Remark 5.3.

(i) As observed by Mizan Rahman (private communication), the quadratic transformation
formula (5.2) for W7 is equivalent to the quadratic transformation formula [6, (3.5.10)]
by applying to the left hand side of (5.2) the transformation formula [6, (II1.23)] with
parameters (a, b, c,d, e, f) in [6, (I11.23)] specialized to

(07

1
2z z
(qqﬁ —qéx,q,qéﬁz)

and to the right hand side of (5.2) the transformation formula [6, (IT1.23)] with parameters
(a,b,c,d, e, f,q) in [6, (I11.23)] specialized to

4 2.2
qBzz q°z"  qPx
<_ a a_q227_227QB222’ 042 y a 7612) .

(73) The formal classical limit ¢ 1 1 of (5.2) can be computed after replacing the parameters
(z,2,a,B) in (5.2) by (=, ¢%, ¢%, ¢°) and moving all the infinite g-shifted factorials in (5.2)
to one side. The resulting classical limit turns out to be trivial, since both sides reduce to

P 142z — 20,5 +224+23 4
21 1+4Z ’(1_1_3:)2 )

where 9 F is Gauss’ hypergeometric series (in contrast to the classical limits of the quadra-
tic transformations of very-well-poised g¢7’s from [18, § 5], which reduce to nontriv-
ial quadratic transformations for o). On the polynomial level (5.2) reduces to the
quadratic transformation formula for the continuous g-Jacobi polynomials, see Section 6,
which is known to reduce to nontrivial quadratic transformations (see [1, (4.24)]) on the
classical level when taking the limit ¢ 1 1 after replacing the parameters (z,z, «, ) by

(_qz’ qzv qa, qﬁ)

There is a dual version of (5.2), which can be obtained by using the selfduality of ®(z, z) to
both sides of the quadratic transformation formula ®;(x, z) = ®g(x, z) before substituting the
explicit expression as a gW7 series. It leads to the following quadratic transformation formula.
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Corollary 5.4.

3
1 1 2zxz 1 1
—q2axz, —q2 fz, =5 222z qx ax 2z
( ! §q < Q)OO 8W7 _q ;qiu_q%wa_77q%m7_q 7Q7_qéﬁz
(_%;q) B aB B 5
oo
2 2 2 2 3 2
| (~qopuz? Lop L @ 2y
- 22,2
(—¢32222, =222, T 62)
2 2
T r ox z
X8W7 _quZZ;L,_ﬂ’_ijqaﬁx,_Q/B ;q27_qx . (53)
af « I5; Q@

Also (5.3) can be related to [6, (3.5.10)] by applying the transformation formula [6, (II1.23)]
to both sides, cf. Remark 5.3(¢).

6 Polynomial reduction

Both the asymptotically free eigenfunctions ®(x, z) of the Askey—Wilson second order difference
operator, and the Askey—Wilson function £(z,z), reduce to the Askey—Wilson polynomials
when z is specialized appropriately (see, e.g., [10, 25]). Concretely, for ®(x,z) we have for
n e Zzo,

_ 2(1—n)s
Qg n (asbs,ascs,asds;qs)n(gsbscsd5§qs)mp (.’L‘) (6 1)
n .

(q=Vsagbscsds; qs)nStd(—fi — v —ns)

O(x,—k —v—ns) =

with P,(z) = P,(z;k, A\, v,5;¢q,s) the normalized Askey—Wilson polynomial in ¢* 4+ ¢~ of deg-
ree n,

q ", q(n_l)sasbscsd37 asq®,asq" " o
P, = ; .
n(x) 4¢3 < asbs,ascs,asds 34,4

This can be proved directly from the expression of ®(z,—k — v — ns) as a very-well-poised
gWr series (see Proposition 2.2) by first applying Watson’s transformation [6, (III.17)] with
parameters (a,b,c,d, e, f,q) in [6, (II1.17)] specialized to

q2(1—n)s+z qs—l-x q(2—n)s q(l—n)s q(l—n)s q(l—n)s qs
asbscsd? 7 ds T asbscsds’ asds T bsds T ocsds ’

followed by Sear’s transformation [6, (III.16)] with parameters (a,b,c,d, e, f,q) in [6, (II11.16)]
specialized to

q(lfn)s q(lfn)s q(lfn)s q2(1fn)s q(lfn)s+x q(lfn)sfx qs
asds ' bgds T ceds asbscsds’ ds 7T ds '

Formula (6.1) can also be proved by observing that P,(x) is an eigenfunction of D, with eigen-
value a(q™ + 1) +a (g™ + 1) (see [1]) of the form

P (x) . (q_ns7q(n_1)sasbscsds;qs)n(*as)nq%n(nri»l) qnx i Z . qu
" (asbsaascsaasds§ qs)n " 7

m<n
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hence up to a multiplicative constant it must be equal to ®(z,—+ — v — ns) (this argument
generalizes to the setting of Macdonald-Koornwinder polynomials, see [13, 25]). Also the Askey—
Wilson function £(z, —k — v —ns) (n € Z>¢) is a multiple of the Askey-Wilson polynomial,

(asbm QsCs; qs)

(ast ) qs) oo
This can again be proved directly using transformation formulas and the expression of £(z, z)
as a gW7 series, see [10]. It can also be proved using the c-function expansion of £(z,z) (see
Proposition 2.4(iv)) and (6.1), since ¢(z;k + v + ns) = 0 for n € Z>o.

Specializing now z = —2k —ns (n € Z>p) in the identity ®;(x, z) = ®r(z, z) and using (6.1)
twice gives, after straightforward simplifications, the following result (we take s = 2 without
loss of generality),

4 q*2”,aqx,aq*x,q2"a2b2.q2 q2 = .4 qin,aqx,laqfx,l—q”ab'qq
4’3 ab, qa?, qab T 473 ab,q2a,—q2a T

< P, (2). (6.2)

E(x,—k—v—mns) =

for n € Z,. This quadratic transformation formula was first proved by Singh [22]. It was
reobtained by Askey and Wilson [1, (4.22)] and interpreted as quadratic transformation formula
[1, (4.22)] for the continuous g-Jacobi polynomial (to get it in the same form one has to apply
Sear’s transformation formula [6, (II1.15)]), see also [6, § 3.10] for further discussions. It was also
obtained in [20, (3.20)] (—a?q in [20, (3.20)] should be —abq) by specialization of the quadratic
transformation formula [20, (3.16)] for the R-function. A similar polynomial reduction can be
done with the dual version (5.3) of the quadratic transformation formula, in which case it reduces
to the quadratic transformation formula [1, (3.1)].

7 A theta function identity

By the c-function expansion of the Askey—Wilson function (see Proposition 2.4(iv)) and by
Theorem 5.1 we have

Er(z,z) =cyj(x,2)Py(z, 2) + cy(x, —2)P (2, —2)
=cj(z,2)Pr(x, 2) + cj(z, —2)PRr(z, —2)

while on the other hand,
gR(‘/L‘a Z) = CR(CC, Z)@R(:E? Z) + CR(:’U’ _Z)(I)R(xv _Z)'
The c-functions cy(x, z) and cg(z, z) are explicitly given by

0(q2.‘£—27 —q 7, q§—+-2)\—z7 _q%—n—/\—i—a}—z; qs)

cj(z,z) = <
(@) Wz, 2)0(q%, —q2 " Mo ge)
9(q2n—z; qs)g(qi—k)\—%’ _qi—l€+$—%; qg)
cr(z,z) = — Ear— (7.1)
Wr(x,2)0(q %, —q11%;q2)

Note that Wy(z, z) = ¢(sTA#)(26+2)/s — Wi (z, 2) and that

co(m,2)  O(—q2 T FIE )0 (—q i TE, i g3)

CR(.%‘,Z) N 9(—(]%7"57 —q%JrH*)‘er;qs)e(—qif’%+17§;q%)
is not invariant under z — —z for generic Hecke parameters, since it is zero at z = 2\ +

5 + 2m/—17 but nonzero at z = —2X\ — § — 2my/—17. Hence &;(x, z) cannot be of the form
a(z, z)Er(x, z) with a(z, z) meromorphic and s-invariant in the variable .
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Remark 7.1. Both &;(+,z) and Eg(-, z) are eigenfunctions of DSE\HA,(] with eigenvalue ¢* +

q % — ¢* — g% (for Eg(-,z) this follows from (4.1) and the fact that cg(-,z) is -translation
invariant). On the other hand, Er(-, z) is an eigenfunction of E,(jfg with eigenvalue ¢2 + ¢~ 2,
but this is not true for £;(-, z) since c;(-, z) is not -translation invariant.

Remark 7.2. Ruijsenaars’ R-function R(-, z) [20] is a hyperbolic eigenfunction of the Askey—
Wilson second order difference operator (implying in particular that it admits an analytic con-
tinuation to the regime |q| = 1) satisfying R(—=z, z) = R(z, z). For the R-function R a quadratic
transformation formula of the form R ;(z,z) = Rpr(z, 2) holds true, see [20, (3.16)]. The dis-
crepancy with the fact that £;(z,2) # Egr(x,z) is not unexpected since the R-function R in
the trigonometric regime |g| < 1 has a nontrivial factorization in Askey—Wilson functions: it
expands as a sum of two terms, each term being essentially the product of two Askey—Wilson
functions, see [3, Theorem 6.5].

The quadratic transformation formula @ ;(z,z) = ®g(z,z) implies the following result for
the connection coefficients in (2.8).

Proposition 7.3. We have

cj(x,—z)  crlx,—2) cj(x,2) — ch(z,2)  cr(z,2) — ch(3,22)
d = d(z ’ d = d [z (72)
c5(z,—x)  cR(5, —2x) (2, —x) ch (3, —2x)
Proof. Using (2.8) and Theorem 5.1 we have
cs(z,z) — 4 z,az)) ci(z,—2)
q)J(ZL‘,Z) + (I)J(wv _Z)
< C%(Z, —[L‘) %(Z, _Jj)
cr(z,z) — c%(%, 2x) cr(z, —2)
= po CI)J(I'?Z) + ziq)‘](x: _Z)a (73)
( cﬁl{(i, —2r) cdR(§, —2z)

since both sides are equal to ® j(—z, z) = ®r(—=x, 2). By a straightforward asymptotic argument
(compare with the proof of Corollary 2.8) it follows that the coefficients of ®;(z,z) (resp.
of @ ;(x,—z)) on both sides of this equation should be the same.

Alternatively, one verifies by a direct computation that

cy(z,—z) _dkz M 6(q2x7q5+2/\+z,q2n+z;qs) N cr(r,—2)

C%(Z, —J;) =q s (q e(qz7qﬁ+)\+$’_qn—)\+m;q§) - C%(%,—ng)’

yielding the first equality of (7.2). Combined with (7.3) this implies the second equality
of (7.2). [

Since ¢(z, z) is s-translation invariant in both z and z, it follows from the right hand sides
of (7.2) that the quotients

CJ(xv _Z) CJ(l’,Z) —C%(Z,LL‘)
cd(z,—z)’ (z,—x)

are j-translation invariant in 2 (although c;(z, 2) is not, cf. Remark 7.1).

Using (7.1) and using the explicit expressions

e(qn+)\fm qnf)\fx qg"rl‘{-i-)\ x _qg—n—/\-i-z—a:,qs)
(z7) = S — - @)
W (z,2)0(q2*, —q2"%; ¢°)
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with W¢(z, z) = ¢WHA2)Ct2)/s and Wik(z,2) = 2F)EHAT2)/5 e have explicitly,

cr(@,2) = ¢h(2) _ aronra)/s 0(¢*"; 0°)
9(q5+/\+x’ —giAE, q%+/<+/\+x7 _qgfn—)arﬁz; qs)
. { 9(q2nfz, —q 7, g3t E, ‘_q%—n—)\-l—z—z’ g3tz qs)
0(q72z’ _ga Tt qs)
e(qm+)\fx7 _qnf)\fx’ q§+m+/\—x’ _qg—n—k—m-&-z; qs) }

0(a%; ¢°)
and
CR(:L" Z) — C?%(%’ Q‘T) _ ,—2x(2k+2)/s 9(q21'; qi)
(3, —22) O(qrtte, —gnAtE qitT —qiTrteTE g2)

e(qZH—z; qS)G(qi“_%, _q%—ﬁ—i-z—%’ _q§+/\+§;q§)
X S s
0(q%,—q17%;q2)

Hence (7.2) is equivalent to the following theta function identity.

Corollary 7.4.

2
2 12 2 9 .29 ¢b 2. 2 4 g€ ac qa 9
9<a,bc,—b,qbd,—,—qb7q)—9<b,—ad7a0d,—d,qa0d7—bgcdvq)

acd
6(— b2 d; 2 0 —62; 1 1
= ( e ) 1( Q) 0 bcv_bc)az)q%bda_QZba_qu;q
9(qa2;q2)9(—q5abc; q) ac b
1
_9 (sz_qé(%acd,_czlc’qéa’_qgca;q>}_ (74>
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