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TRANSFORMATION FORMULAS FOR MULTIVARIABLE
BASIC HYPERGEOMETRIC SERIES

T. H. Baker and P. J. Forrester
Dedicated to Dick Askey on the occasion of his 65th birthday

ABSTRACT. We study multivariable (bilateral) basic hypergeometric series asso-
ciated with (type A) Macdonald polynomials. We derive several transformation
and summation properties for such series, including analogues of Heine'’s 2¢1
transformation, the g-Pfaff-Kummer and Euler transformations, the g-Saalschiitz
summation formula, and Sear’s transformation for terminating, balanced 4¢3 se-
ries. For bilateral series, we rederive Kaneko’s analogue of the 191 summation
formula, and give multivariable extensions of Bailey’s 212 transformations.

1. Introduction

Multivariable basic hypergeometric series of the type studied in this paper were first
introduced by Kaneko [16] and Macdonald [19]. They are defined as
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where all quantities are defined in Section 1.1.

The g = 1 case had been studied previously by Yan [24] where several important
properties of the hypergeometric series ,Fq were studied, including the Gauss (2F71)
and Kummer (;F;) summation formulas, and the Pfaff-Kummer and Euler transfor-
mations, and integral representations were derived (see also [22] for the Gauss formula
with respect to arbitrary root systems).

Kaneko [16] considered a generalized g-Selberg integral dependent on parameters
xi,...,Tm and derived a set of m g-difference equations satisfied by such an integral.
He then showed that the basic hypergeometric series o®; defined by (1.1) was the
unique solution (satisfying certain properties) of such a system. Thus he was able
to derive an integral representation for this p®; series and hence give an alternative
proof of the g-Selberg integral [2] (see also [11, 12, 25]). He additionally derived the
g-analogue of the Gauss formula and another integral formula, the constant term ver-
sion of which was presented in [18, Theorem 4]. In a subsequent work [14], Kaneko
introduced a multivariable analogue of the bilateral basic hypergeometric series ¥z
and derived an analogue of Ramanujan’s 11; summation formula, along with a mul-
tivariable version of the Jacobi triple product identity (which is a limiting case; see
also [17]).

Independently, Macdonald, in his unpublished notes [19], carried out (among other
things) a program similar to Yan in the ¢ = 1 case along with a multivariable version
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of the Saalschiitz summation formula (the summation of a balanced 32 with unit
argument), while for general g, he derived the integral representation for the o®;
series and g-analogues of the Gauss and Saalschiitz formulas.

The aim of the present work is to supplement some of the existing knowledge with
some new transformation and summation formulas in this multivariable setting (in-
cluding the g-analogue of the Pfaff-Kummer transformation formulas, Heine’s transfor-
mation formula for the ;®; series, Sear’s transformation for terminating, balanced ,®3
series, and various summation and transformation formulas for bilateral o ¥, series),
as well as providing alternative derivations of known results. For a comprehensive
review of summation and transformation formulas for basic hypergeometric series in
the one-variable case, see Gasper and Rahman’s book [7].

We note here that many of the summation and transformation formulas involving
multivariable basic hypergeometric series are only valid when the argument is special-
ized to 2t := (2, zt, 22, ..., 2t" 1) (the exceptions being the ¢g-binomial theorem, the
Euler transformation of the o®; series, and the ;¥ summation formula).

Finally, we point out that many of the formulas presented here can be derived in
the case ¢ = t (the Schur polynomial case) as special cases of the very general formulas
of Milne and co-workers (see [21] and references therein), or from those found in the
works of Krattenthaler, Gustafson, and Schlosser [8, 23]. Also, summation formulas
for hypergeometric systems associated with the BC root system have been considered
by Van Diejen [4] (see also [5]).

The plan of the paper is as follows. In Section 1.1, we set out the basic facts
about Macdonald polynomials that we shall require. Section 2 exhibits a multivari-
able extension of Heine’s 3¢, transformations. The Euler transformation is derived in
Section 3 from the defining difference equations for the o®; series. Section 4 treats
the ¢g-Saalschiitz formula, while the g-Pfaff-Kummer transformation for ,®; and Sear’s
transformation for terminating, balanced 4®3 series are discussed in Section 5. Bi-
lateral series are studied in Section 6 where the {¥; summation formula is derived
using a shifted version of the multivariable Gauss summation formula, and various
oW, transformations are derived using two different methods.

1.1. Notations. The Macdonald polynomials Py(z;q,t), z := (z1,...,Zn) (often
abbreviated as Py(z) or just Py when the context is clear) are defined as the unique
symmetric polynomials having the expansion

Py(z) = ma(@) + ) erumyu(a)
pn<A

(where < denotes the dominance order on partitions and my(z) denotes the monomial
symmetric function), which form an orthogonal basis of symmetric functions with
respect to the inner product

()0 = = CT. (§(2) g(a™) Agu(x)) (12)

where C.T. stands for “the constant term of” in the case of Laurent polynomials
or the corresponding contour integral otherwise, |g| < 1, (u;q)oo = [[;o0(1 — ug®),
z~l:= (z7%,...,z;1), and

Agi(z) == H (@i/T53 @)oo (Tj/ 245 @) 00 w3
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We define the quantities

hy = H(l _ qa(s)tl(s)+1)’ hl)‘ - H(l _ qa(s)+1tl(s)) (1.4)

SEA SEX

where a(s) = A; — j and I(s) = A} — i denote the arm-length and leg-length (that is,
the number of boxes to the right of and below, but not including s), respectively, of
the node s = (4, 7) in the Ferrer’s diagram of A. The generalized shifted g-factorial is
given by (a; q)x := t"™ [TiL, (at' =% q)x,. Heren(X) = 32,(i—1)Ai = 3, N (N —1)/2.
We require two fundamental results on Macdonald polynomials, both of which can be
found in [20]. They are the specialization formula

n.
P t,... 1) = EHx (1.5)
hx
and the normalization with respect to the inner product (2.1)
A 9)a
Py, P\t = 2 —222% (1.1),. 1.

In the case t = ¢* where k is a positive integer, we have the explicit evaluation
[9, 11, 25]

1 = (¢ @)ik—1
1,1 = — C.T. Ax(z) = ’ . 1.7
Wlhge = o 0T 8uo) = I s P00 an
We note that in general
1 T (690 (@ @)oo
1,1)gs = — C.T.Ag () = : 1.8
(L hae = 31 (@) };[1 (% 9)oo (¢ Qoo (5
where the product A, :(z) is expanded using the g-binomial theorem
Z (a’ q)n n — (a’z; q)OO' (1.9)
=@ Dn - T @0

The identity (1.8) can be proved by applying Ismail’s argument as found in [10] using
the known result (1.7). Similarly, although the result (1.6) is derived in ref. [20] with
the restriction t = ¢*, the final result remains valid for general ¢ (see the remark on
p- 372 of [20]).

Further, following Macdonald [20], for a partition A, let u) denote the evaluation
map on polynomials in n variables which sets x; = ¢*¢¢"~*. There are no nice expres-
sions for uy(P,) except in the cases A = 0 (since ug(Py) = Pu(1,t,...,t"" 1) given
above in (1.5) or more generally A = (m") (since w(mn)(Py) = ¢™uo(P,)). Nonethe-
less, there is a useful symmetry property for ux(P,) in general, which reads

ux(Py) _ uu(Py)
uo(Pu)  uo(Pr) '
One of the fundamental results in the theory of basic hypergeometric series is the

summation formula for a ;¢ series (1.9). This has the important multivariable gen-
eralization (see e.g., [16, Thm 3.5]):

1‘1"’[ ] “H ((azzf,’q): (112)

(1.10)
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which will often be of use below.

2. Heine’s transformation formula

A fundamental transformation formula for ¢¢; series is Heine’s transformation formula

2b1 [a, b; z} (5;9) 0 (a2; @)oo ob1 [c/b,z;b] . 2.1)

c (65 @)oo (%3 @)oo az
The utility of this formula is two-fold: iterate it twice to get the Euler transformation
formula (see (3.1)); set z = ¢/ab and the 2¢; on the right-hand side of (2.1), becomes
160 which can be summed by the g-binomial theorem resulting in the Gauss summation
formula

21 [a, b, g] _ (c/a3q)oo(c/b30)oo
c’ab]  (c;q)o(c/ab;q)co
The multivariable version of Heine’s formula is:

(btl_zaQ)oo(a'ztn za‘])oo C/b 2t 1—ns6
2<I>1[ ] H ot ig) e 22 | astnt bty (2.2)

(as mentioned in the introduction, the notation z¢® stands for the argument (z, 2t, ...,
2t"~1)). The proof of this identity follows in the same manner as the one-variable
case, with the aid of the symmetry property (1.10). To see this, first note that setting
z; = bt'~*¢* and a = ¢/b in the ¢g-binomial theorem (1.11) yields

1—i ;. c
HEZjl—zZA, Z;w E( /b,Q)u (B (P,). (2.3)

Thus
2®1 [a;b§ ztd} = ln—[ E:i::,ggw Z (e Q)/\P (té)zl’\l Z (C/Z—’Iq)“ (btl—n)ll-d u/\(PM)
=1 ’ u
-TI g:ggw 5 (oig )};(Z{b Qi 0 1) (B, (P
i=1 13700

n ; .
17 (0t 75 @)oo (a2t @)oo (e/b @ u(Zt™ 5 D 1yl
_Hl (et~ @)oo (224 @)oo 2 (azt™=1;q) k), (677" Hluo(Fy)

which gives the result. Here we have used (2.3), (1.10), and (2.3), respectively.

As mentioned above, upon setting 2 = c/abt™ !, the right-hand side of (2.2) reduces
to a 1®¢ which can be summed through the g-binomial theorem giving the Gauss
formula

a,b (ct*~*/b; @)oo (ct'~%/0; q) oo
2{)1[ ¢ ’abt"' ] H (ct'=*/ab; q)oo(ct! "% @)oo 24)

Also, we can iterate (2.2) twice and obtain a version of Euler’s transformation which
is valid for the variables zt°. In fact, we shall see in the next section that there exists a
multivariable version of the Euler transformation, which is true for general argument

= (21,---,2n)-
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3. Euler transformation

In the theory of the one-variable g-hypergeometric function 2¢;, the Euler transfor-

mation reads
a,b, (abz/c; @)oo c/a, c/b
o] Pso| = LB D g, /0P ] (3.)
This transformation generalizes naturally to the n-variable case.

Proposition 3.1. With 2®, defined by (1.1), we have

o] [ ]

The n-variable Euler transformation (3.2) can be proved by using a theorem of
Kaneko [16, Thm. 4.12] which characterizes o®; as the unique solution of a system of
g-difference equations. To state these equations, let 7; denote the g-shift operator for

the variable z; so that 7;f(z1,...,2n) = f(21,...,¢2iy. .., 2n), Write
n
LN tz; — 2
Ai(zt) = ;I_:]l: Py
I#i

and define the g-derivative by

0p _(1-m)¢
Oz (1—q)z

(3.3)

Theorem 3.2 (Kaneko). The multivariable basic g-hypergeometric series o®1 [a,cb; 2|

as defined by (1.1) is the unique solution of the system of q-difference equations'

Ziz aoz 2
e a2 + (1= 3 ZHEm ) T

poec 042i042;
J#i
tn_l —C 1 n—1 n—1 65
+{ 14 +1_q((1—a)(1—b)t —(¢ —abq))z,}aq ”

L1t {1-7,-(Ai(z;t))( ~ abgz 25 Z_Zj(c %) ro(As (s t))——}

1—¢q 1-t 0q2i el
J#i
(1-a)(1-b)t"1 )
— =97 S =0, i=1,...,n, (3.4)
subject to the conditions that S(2) is a symmetric function in z1,...,2n and S(z) is

analytic at the origin with S(0) = 1.

In light of Theorem 3.2, the Euler transformation (3.2) can be proved by verifying
that the substitution

(abzz /¢ q)<><>
]’:11: (2i59) o

LThis is (2.26) of [16] with the factor (1 — g) in the second term corrected to read (1 — t).
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into the g-difference equation (3.4) implies that U satisfies the same g-difference equa-
tion (3.4) with the replacements

abz;
a =, bHE’ c—e 2z c’ (3.5)
To perform this task, we will require the g-differentiation product rule
o(¢y
) — v+ ) (35)
as well as the special summation formula [16, eqn.(2.11)]
zn: zjAj(zt) _ Ai(zt) — 3.7)
oty - 1-t ’
J#i

Proof of Proposition 3.1. Let us now give some details of the required calculation.
With

_ (abzi/C; Q)oo p’.— (aquzi/c; Q)oo

(2 @) O
straightforward use of (3.3) and (3.6) shows that
ab/c(l —abgz;[c)P{'U + (1 — z)(1 — aqu,/c)P" 8U (3.8)
: 1 ab/c)(l abg/c) (L —ab/c)(1 = 2:) 0 U
ang (hU) = (1-q)? R 1-¢ ' o=
ou U

+(1 - 2)(1 - gz)P 57—

o (39

—= (1- — 2P
=/~ 2Pl g

Double use of (3.8) allows us to write down a similar formula for

32

0q2:0q7; Bomitoz; L iU):

Next we use these formulas to rewrite the derivatives in (3.4) with S = ([T, B,)U,
and proceed to collect together terms so that the essential structure of (3.4) is main-
tained. Thus, for example, we must collect together all terms proportional to U,
and show that, apart from a common factor (which is eventually canceled out), the
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coefficient of S in (3.4), with the substitutions (3.5), results. These terms are

gl(;la—é%"’/ﬁ <H Pl) il [cziTi(Ai(z? £))(1 — ab/c)(1 — abg/c)
=1

I#
+ (1 —t)e(1 — ab/c)?2 ; sz-tz—jn(Aj(z; £)
J#i
+ (1 — ab/o) {t“‘l —c+ ((1 — )1 -yt — (gt — abq))z,-}
+ (1 —t)(1—ab/c ){M(c aqu)—cZ T,(A (2 t))}
J#z
—(1-a)(Q-b"t1- abzi/c)] . (3.10)

Noting that
n n

Z - o — 1z A () = n( > A t))

j=1
J#z i

we see that the summation can be evaluated according to (3.7). The expression (3. 10)
then greatly simplifies, reducing down to

1- —b/c)t" !
((1 — abgzi/c)(1 — z;) (H Pl) Pi") {—( e/0) l;/c) } (3.11)
=1 (1 - q)
I#i
The factor in the curly brackets is precisely what is required to obtain (3.4) with the
replacements (3.5).
Similar calculations to simplify the terms proportional to the g-derivatives show
that the precise g-difference equation (3.4) results with S = U and the replacements
(3.5); the term in the parenthesis in (3.11) is a common factor which cancels out. [

4. g-Saalschiitz summation formula

A summation formula for basic hypergeometric series used in many contexts is the
sum of a terminating, balanced 3¢ series (g-Saalschiitz formula)

gV, b | _ (e/bsa)n(e/c;a)N
sz [6 q'- Nbc/e q] " (esg)n(efbeg)n

This formula follows directly by comparing coefficients of z" on both sides of the
Euler transformation formula (4.1) (the products being expanded with the g-binomial
theorem). This can be generalized to a multi-variable setting following the proof of
Macdonald [19] in the g = 1 case. First, we need some preliminary results.

Given a partition A of length £(\) < n, let A be the complement of ) in the rectangle
(N™). That is, N=N- An+1—i- Then it follows from the various definitions that

.q)5 = "N ) =(N=1)]A (a; ) (v _ i1
(a0)s =" oW E—1g=N Ja;g)x (4
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Next, let fﬁ‘y(q, t) denote the coefficient of P) in the expansion of P, P,. The
following result is due to Macdonald [19], but we include the proof for completeness.

Lemma 4.1. We have
n (Puy Pp)k (tn; Q)uh,
f(N ) q’t = v = b
w (@t = Le P (@b
Proof. Writing |z| := z1 + - Zp, first note that
P;s(z) = =V Pr(z™) (4.3)

which follows from the characterization of the Macdonald polynomials explained in
Section 1.1 (clearly both sides of the above equation have leading-order term mj(z)
and also (|z|N Py(z71), |z|N Pu(z71))k = (Pu, PA)k, yielding the requisite orthogonal-
ity; see also [5] on this point). It thus follows from (4.3) that

(PA(z), Pu(z))k = (P(z) Pu(z™1), )i = (Px(z) Pa(x), [z|" )k
=3 £2u(a. t)(Po (@), Payny(@)) = £ (2, £)(1, L.

S (4.2)

The result now follows from the orthogonality of Macdonald polynomials and the
expression (2.5) for their normalization. a

The last ingredient needed is the following expression for h due to Kaneko [17]:

)\. A_7+1t_1 1. (I)oo
h}\ - (q7 q)oo H (q’\""lt”_' ) g ((])“ ’\1+1t-7_’— q) (4.4)
from which one obtains a relation we shall need presently, namely,
A -1,
"5 (Cayenmn@mn rovy-nip @ e (4.5)
Ry (N @)a(gt" 1 9)a

Beginning with the Euler transformation formula (3.2), expand the products oc-
curring there with the g-binomial theorem and compare coefficients of Pj(z) on both
sides to obtain

(a;9)x(b;9)x (c/a;@)u(c/b; @)u(ab/c; @) (ab el
(ko Z IEC; q)uh;”h;, ( - ) Fun(@: ). (4.6)

The point here is that, in the case when A = (N"), the sum on the right-hand side
can be expressed as a balanced 3@, series (the series »®; in (1.1) is said to be balanced
if ay---aprqt"! = by ---b,). Indeed, after using the expression (4.2) for f,S’.Y"’ and
expressing all quantities labeled by [ in terms of those of u by means of (4.1) and
(4.5), the resulting sum over u can be simplified to yield

(G;Q)(Nn)(b;Q)(Nn) =P [ q_N,C/a,C/b . t&:l (47)
(c; @) vny(ab/c; @) (vm) ’

which is a multivariable version of the g-Saalschiitz formula.
Note that by taking the limit ¢ — 0 in (4.6) and using the fact that

lim (% l‘I)u — (—1)llgn),

T—00 ;1;|
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we have (after shifting b — c/b)

n(y (¢/b:9) ) .n()_ (039) Il
C O Dk, = Zt” GO, (-3)" £atn), (48)

which is a generalization of the Chu-Vandermonde formula (especially in the case
A = (N™) when the right-hand side can be expressed as a terminating 2®;) that we
shall need subsequently.

5. Other transformation formulae

One of the simplest transformations where the simple n = 1 proof must be rethought
is the Pfaff-Kummer transformation

(az 9o a,c/b,
2¢ [ ] (Z q)oo 2¢2 C, az bl bz . (5'1)
This is a g-analogue of the classical relation
a,b _ a,c—b =z
2F1[ c;z]=(1—z) a2F1|: c ;Z—].:I. (52)

Indeed, it can be shown, using the 2 F; integral representation [19] or the defining set
of m partial differential equations [15, 24], that the multivariable analogue of (5.2)
holds in its full generality:

a,b, & —a a,c—b =z
2.7:1|:c,z:|=]:1(1—z1;) 2.7:1[ c ’z—l] .
1=
This is not possible in the multivariable version of (5.1); however, for the restricted ar-
gument zt%, such a formula can be derived via a suitable modification of the argument
in [7].
The key step is to establish the identity

e A T SRR
1 14) oo Av

for then it follows, from the Chu-Vandermonde formula (4.8), that
23, [ . zt"] z( )l g b —b () L0 D (c/b@)u (a;9)r p(Py) 2P £, AAmi+

2 ok, 1,
(@zt™ % @)oo a,c/b ., s
H (2t"~%; @) oo 2P2 c, azt"_l’bZt ’ (5.4)

which is the multl-varlable version of the Pfaff-Kummer transformation formula. It
thus remains to prove (5.3). This identity is, in fact, a special case of the more general
identity:

Lemma 5.1.

lo| Llul
Z (C, q)a'z (a' q)l(l'b’ :)P (t ) f,‘\l,o-(qv t)

=ﬁ(czzt"—.i;q)oo(azl‘tf—i;Q)oo (az; @)a SN Py (£9)
i (Bt @) (22t @)oo (azat™ 1 g)a
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provided b = aczzt™ L.

Proof. Let S denote the summation side of the above equation. Note that from the
definition of the generalized g-factorials and the g-binomial theorem, we can write

a: n a 1—i. . a;q)r
et o ey e,
b i=1 b

It follows that

at!~% c az""' _ :q)r
H Ebfl-zf))w > 92 (g, att =y LB D p 15y, (B ()

0,1

(5.5)

where we also have used the symmetry property (1.10) for Macdonald polynomials.
Now, from the definition of the coefficients f, (g,t) and the g-binomial theorem, it
also follows that

Z (¢ Q)az Do eu (o t)$|”| ur (Py(w)) = uT< H w =Py (w))

(z:v'w,, Q)oo

Using this result in (5.5) gives

H (atl—ia q)oo(czxtn—ia q)oo
(Bt17% @) oo (23" %5 @) oo

at=™)"l(b/a; g) (22" 1; )
S

T

(at' 7% @)oo (28" % @)oo 13| . (46
H (6815 @) oo (2Tt q)oo TR

3 B oy 1,0 5)

where again, we have used the symmetry property (1.10). The crucial point now is
that if b = aczzt™1, then the sum over T can be carried out using the g-binomial
theorem again, i.e.,

Z <(z$t 7 7Q)1'P (atl—nw)> H (aza:t" z:Q)oo (aa Q)A

(at'=% @)oo (azztm—15q)n

T

Using this in (5.6) gives the required result. O

Remark 1. When A = 0, this identity reduces to the Gauss formula (2.4), and thus
can be considered a “shifted” version of the Gauss theorem.

Remark 2. The identity (5.3) is simply the case b= ¢ = 0, z = 1 of the above lemma.

5.1. Sear’s 4®3 transformation. A final application of the g-Saalschiitz formulas
(4.6) and (4.7) is in deriving a multivariable analogue of Sear’s transformation of a
terminating, balanced 4¢3 series (see [7, eq. (3.2.1)]. Following the proof given in [7,
Ex. 2.4], it suffices to write the product of two specific 3@, series in two different ways
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and compare coefficients of the Macdonald polynomial P(y~)(z) in each case. Indeed,
the coefficient of Pjyn~y(2) in the product

a,b d,e abz
P =79, [ c ,Z] 2®1 [abde/c’ —E‘]
can be seen to be
q—N tn—lql—Nc—l d. e

(a5 9) (vny (b5 ) () , ,d, o b
4¢3 tn—lql—Na—l’ tn_lql_Nb_l, abde/c’ qt (57)

(¢;0) (nmy Al pymy

where one must use the expression for f,(f,yn)(q, t) given in (4.2), along with (4.1) and
(4.5). On the other hand, we have by Euler’s transformation (3.2):

p-[l gt [l [2h] . oo

Expanding this using the g-binomial theorem and then examining the coeflicient of
P(nny(2), it follows from use of (4.1), (4.2), (4.5) and (4.6) that the coefficient of
P(Nn)(z) in (5.8) is

ab\"™ (c/a; q) ) (c/b; @) vm) o | @Vt g Nt abe/c,abd/c | s
c (CW)(N")hENn) 453 | gn—1g1=Nge=1 ¢n=141=-Npe=1 gbde/c’ ’
(5.9)

Comparing (5.7) and (5.9) yields the multivariable analogue of Sear’s transformation
® g N, tn1g1Ne1 d e 5] _ (ab nN
4T3 | gn—1g1-Ng=1 gn—1g1— Nb— ,abde/c’ A=A

(c/a; @) (vmy (c/b; @) (vmy B, q'N t"‘lq1 ~Nc¢1,abe/c,abd/c | 45 (5.10)
(a5 @) (vny (b5 @) () n-lgl=Ngc—t t"‘l i ~Nbe—1,abde/c I |+ >

6. Bilateral series

We now turn our attention to bilateral basic hypergeometric series. The key point is
that by using the following property of the Macdonald polynomials [20]

|e|* Pr(z) = Pora(@), a€Z, |g|i=21-3n, (6.1)

where A + a := (A1 +a,...,A, + a), one can define Macdonald polynomials for all
n-tuples A with A; > Ag > .-+ > X\, where \; € Z, namely, if A, < 0, then Py(z) =
|Z|*» Py—x, (). Denote the set of such partitions as P and those with nonnegative
entries as Py.

It also follows from (6.1) and the definition of the inner product on the space of
Macdonald polynomials that, for any A € P, and any a, we have (|z|*Py, Pu)r =
(P, |z|~®Py)k, and it follows that we can extend the definition of the inner product
to polynomials Py for all A € P, and that they remain orthogonal, i.e.,

(P Pu)k = Oau{Proxrn> Pr—a, )k -
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Following Kaneko [14], define the multivariable bilateral hypergeometric series by

ai,. .., ar (0715 9)00 (g @)oo
v v ; ;
r¥s+1 [b b11 ’ } l[Il (qtz—lq)w(b q)oo

> o) T @i e (@ s p o
<A§>(( g ) (bt @)a(b13q)a - (bs;Q),\h')‘P)‘( )- (62)

For A, < 0, the above factorial symbols (a)) must be interpreted according to
n 1-i
i—1)\; % @)oo
AN NI b Gt S

() 1:11 (ag*t'~% g)oo
and h), is interpreted according to (4.4).
6.1. Kaneko’s ;¥; summation formula. In [14], Kaneko gave a simple argument
for the summation of a ;W¥; series, following Ismail’s argument for the one-variable

case [10]. Here, we give an alternative proof following Andrew’s argument in the
one-variable case [1] which uses the Gauss theorem.

Theorem 6.1 (Kaneko). For |b/a| < |z;| <1 for alli=1,...,n, we have

1\111[ ] H(axz’Q)oo(Q/a'znq)oo(bti_l/aaQ)oo(Qa‘I)oo (63)

(743 9) oo (b/ 05 @)oo (a1 /@3 @) 00 (b5 ) o

Proof. We have from the g-binomial theorem that

(b/azi;9)oo a. ] _ 11 0 0)00(0 Do
H L (a/azi;9)oo o [b’ x] - H > (@1 @)oo (B3 9) o

(b/q, Do (gl (gt" ,q)p -1
Z (a) (btn— ) P (:IJ )P (l‘)
oc€EPy
HEP

We need to expand P,(z~!)P,(z) in terms of Macdonald polynomials. Suppose

P,(z7")Pu(z) = Y _ d),Px(a).
AEP
From the orthogonality of {Py}xep, we have that
(Po—v (%), Pomv, (@))kdyy, = (Pu(), Po(@ ™) Pu(@))k
= (Py—v,(z)Ps(x), P/-L_Vn(x))k’

Since both o and v—vy, € P4, then dy,, is nonzero only for all 4 such that p—v, € Py.
Thus,

d’ =M H—ln h:‘_l’n V—VUn (tn;Q)u—Vn(qtn—l;Q)u—un n—vn
e APovevpy Pown ke VT B Iy V—Un (@ 5 Quev, Qo T
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Thus, we have

(b/azi; q)oo(b; @)oo
H(Q/awuq)m(q,q)m 1t ]

_ ﬁ Ebt':-_—i’q)oo Z hu—l/n(qt ,q)y—un B,P, (IB) (6 4)
i=1

;q)OO veP 1/ Un tnaq)V—V
where
=H (bg" "% q) v, D> (b/q,q)a (g)""
ntl—i
(aqv l—i. q) —Vn geP,  Ash. a
Il:—l/nE'P_'_

(aanoq) —Un —Un
(bqvntnil.:;):_y B—vn (té) ” :n,a(Q1 t) .
We now observe that we can use Lemma 5.1 to sum the above expression, yielding
= ﬁ (bg""t" " @) v, (b1 /03 @)oo (@ 1" % @)oo _ (a0"5 Q)v—vs
o1 (@@ t1750) 1, (7 )0 (087705 Q)0 (TN Q)

Clearly B, = 0 when v, < 0. In the cases when v, > 0 (i.e., v € P;), it follows after
some manipulations that

P,_,, (t%).

B =ﬁ(bti_1/a;Q)°0(qti_1;Q)oo [ Gt P (T
Y (@145 @)oo (b1 @)oo Pu—v, (@Y @)uvy R,

Substituting back into (6.4) and using the g-binomial theorem gives the result. a

6.2. 2P, transformations. Our final application of the theory of Macdonald poly-
nomials will be to transformation and summation formulas for bilateral Vs series.
We begin with the following important result of Kadell and Kaneko [13, 16, 18] which
is equivalent to the ; ¥; summation theorem given above.

Theorem 6.2. Given a partition X\ € P, let

A@9) = O ) [0 Dt/ s do ) |

=1

where Ay (z) is the Macdonald weight function given in (2.2) with t = ¢*, k a positive
integer, and a, b are arbitrary complexr numbers. Then

1+ayi—1. 14bpi—1 _
_ i TT @ 000 (@ T 0o (9755 0)a 5
Axa,b) =¢ H (@1 Qoo (@1, )00 (g1+otn—1; )5 Pr(t°)(1,1)g g

We remark that here there is nothing essential about the restriction ¢ = ¢* in
Theorem 7.2; the result remains valid for general ¢ provided C.T. is interpreted as an
appropriate contour integral.

The connection with the ;¥; formula is as follows: suppose

[[@:9)a(a/zi9)e = D exla,b) Pr(z™) . (6.5)

i=1 AEP
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It follows from the orthogonality of Macdonald polynomials that cy(a,b) = Ax(a,b)/
(P, Py) with Ax(a,b) given as in Theorem 6.2. Now, the transformation z; — ¢~%/z;
certainly doesn’t affect the constant term of the expression appearing in Theorem 6.2.
Thus

n
C-T.{Px(w‘l) [1(@ /25 Qo (@ 2i; @) Ak (w)} =gMA\@,¥). (6.6
i=1
As above, it follows that if
n
[(a/zi9)ar (¢ 23 )e = &, (@', V) Pu(a), (6.7)
i=1 HEP

then c),(a’,b') = q“M A, (a’,b')/(Py, Pu)k. Define

I(a,b,a',b';u) := C.T-{ [[@:9)ala/zs9)s(a7 /255 Q)ar (0" z55.0)w Ak(z)}- (6.8)

=1
It follows from (6.5) and (6.7) that
I(a,b,a',b';u) = Z ea(a,b)ch (@', b)) (Py, Pa)k
AG'P
= H (4% @)oo (48715 @)oo (4 15 Qoo (g 1715 ) oo
(¢; Poo(gt~ 1,q)oo(ql+“+”t"1, Q)oo(g e+t g) oo

X oWy [ q1+g qi-‘ll-a. g1 ;g"+ +2+ut5] . (6.9)

(1,1)q q*

We now note that there are a couple of values of u for which we can derive an alter-
native expression for I(a,b,a’,b’;u).

The case u = a— 1. In this case, note that (z;; ¢)a(¢°%:; ¢)pr = (%45 q)asb- Using the
g-binomial theorem to expand [];(¢g7%/i; g)as and inserting in (6.8), we have

—a’. , n
1= 3 e n-on c.T.{H(xz-;q)a+bf<q/xi;q)bPA<z-1>Ak<x>}
P4 A i=1
n (q1+bti—1. q)oo(q1+a+b’ti—1; Q)oo

= : Vg0 aiabs
_H (gt1; @)oo (qIHar+b 8i—1; ¢) 1, 1)k2<1’1[ q1+btn 150 t] (6.10)

where we have used (6.6) with u = —1 Companng (6.10) with the u = a — 1 case
of (6.9) gives (upon setting oy = ¢, aa = ¢, a3 = ¢'*%, and a4 = ¢'*?) the
transformation formula

/] Q1,02 | Qa3 t5
2¥2 n—1»
ag, ayt o102

H (‘L Q)m(QSti_l/aly Q)oo(a4ti_1/052a Q)oo(a3ti_l/a2’ 9)oo
(033 @)oo (4t ™15 @)oo (gt /t2; @)oo (3ti~1 /1022 @) 0

q/a4,qaz/a3 Q4 5
xzcbl[ g™ /oy ,azt] (6.11)
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Note that when a3 = qay, the o®; appearing in the above equation can be summed
by the Gauss formula (2.4) yielding the summation formula

U, [ o, ] H (4 @) oo(qt" ™5 @)oo (goat ™ /ag; @)oo (s’ /015 @) oo
ga1,a4t™ " ay L (9015 @)oo (@t ™15 @)oo (g1 /0025 @)oo (@71 /0115 @) 0
(6.12)

The case u = —1. Note from the definition (6.8) that
I(a,b,a’,b';—1) = I(V',b,a’,a;-1) = I(a,d’,b,b’; —1).

Taking, for example, the first of these relations, and using the equivalent expressions
given by (6.9) gives the following transformation formula:

Qag, 02 qa 5
oWy 15 t
g, aat o109

_H (g/02; @) oo(3t* ™5 @) oo (a4ti—1/a2’Q)oo(a3ti_1/a1aQ)oo
L (035 @)oo (1 /025 @)oo (g1 /010023 )0 (130421 /g5 @)

Q1,qas3 Qs s
X oW ;—t%] . 6.13
2%¥2 [q/a2, O:4t"'_1 011 ] ( )

6.3. The g — 1~ limit. One of the curious features of the bilateral basic series 219
is that there appears to be no analogue of the Gauss summation for the 9¢; series,
whereas in the ¢ = 1 case, the bilateral o Hy series with unit argument indeed can be
summed [6]. Let us now show that this behavior carries over in the multivariable case.
We begin by defining the limit as ¢ tends to one from below of the bilateral series
r¥s41, Damely,

coar ] 77T+ k(G = 1)T()
rHsy1 [b by... by z] = H L+ k(G —1))

(1+k(n —1)aa)x- - (@r)a '
Aze; b+ k(n— 1) a(b1)r - (ba)ad) Py(z;k). (6.14)

Here Py(z; k) is the Jack polynomial (normalized so that the coefficient of the mono-
mial symmetric function my(z) is unity), the generalized Pochhammer symbols are
defined by (a)x := [[;(a + k(1 — %)), with (a)n :=a(a+1)---(a+n — 1) being the
usual Pochhammer symbol, and d) := [],c,(a(a) + 1+ kl(s)) which is the limit as ¢
tends to one from below of k) defined in (2.3).

It follows from (6.9) that

lim I(a,b,a’,b’;u)
q—1-

n

_ F1+kE-1))I1+a+b+kGE—1)I1+a +b +k(—1))
H 1 TA+a)L(1+b+k(E—1)T(L+ + kG- 1))I(1+a' + k(i — 1))

y (kn)! —b, -V
n'(k')"2 |1+a,140a +k(n—1)

where we have used the fact that

171

1 (kn)!

q]'_i'r{]_ (1’ 1)q,¢1’° = H (k!)n)



162 BAKER AND FORRESTER

which follows from (1.7).
The crucial point now is that in the limit ¢ — 17, we can combine the quantities a
and b’ (respectively, o’ and b) in the definition of I(a,b,a’,b’;u) in (6.8), so that

Iix? I(a,b,a',b';u) = lir{l Ap(a+b',a' +b)
g—1- g—1-

_(kn)! YT +kGE—1)T(1+a+a +b+ +k(E—1))
Tl LT e+ + kG- 1) T(Q+a + 0+ k(G -1))

i=1

From these two equations, we have the summation formula

H. b Y ;1"
2 114a,14d +k(n-1)

n

_H Fl+a)'(1+a+ad +b+b +k(—1))
A T((A+a+b+k(E—1)T(1+a + ¥ + k(i - 1))
8 I"I TA+b+kGE -1+ +k(GE—1)T(1+a + k@G —1))
Tl+a+¥ +kG—D))T(1+d +b+k(G—1)) '

(6.15)

i=1
which certainly reduces to Dougall’s result [6] when n = 1.
6.4. Bailey’s ;¥; transformations. In this final section, we shall derive multivari-
able analogues of Bailey’s general transformations for 21, series [3]. First, given a

general partition A € P, define —AF := (=\,, =Ap—1,..., =A1). It follows from (4.3)
(which can easily be seen to hold for all partitions o € P) and (6.1) that

P_r(z) = Py(z71), for A e P. (6.16)

It also follows from the definitions that

_ 1Al ,n (A7) n—1. n—1.
(a;q)_rr = (—q/a)g (g¢t"159)_ar — $@-n)Al (gt h,,Q),\. (6.17)

(gt"1/a;q)a R \r R

The proof follows [3]: from the ;¥; summation formula (6.3), it follows that

_ ﬁ (ct™=!/b; @)oo ('t~ /abl; g)oo (qt™" /b'; @)oo (gt~ /ab; @)oo
it (@ /5;9)oo (gt~ /abl; @)oo ('t~ /Y @)oo (ct¥~1 /ab; @)oo

x 19, [lc),;az] 10, [acb;z] . (6.18)

We now need to compare the constant terms on each side. Certainly, the prod-
uct Py(z) P,(2) only has a constant term if g = —AF and that constant term is
(P, Px)k/(1,1)k. If we now use this fact to write down the constant terms in each
side of (6.18)), using the simplifications (6.17) and changing parameters, we end up
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with the transformation
Qy, 02 )
T b
2 Vs [a agtnU 7 t]

_ H (ost' ™" /a1 q)oo(tat’ ™! /0133 @)oo (22" @)oo (guat™™} /0100925 @)oo
i (@871 015 9)eo(0at T )oo (2871 @)oo (a3t ™1 /010273 @) 0

Xﬁ(a3ti-l3Q)oo(Q/a2;Q)oo o [ q/azz,q/aa as ta].

i1 (qti—l/aZZ‘])oo(oQ;Q)oo 2 Q/az,qt" 014/011‘123 (o 71
Following [3], we can rewrite this using the identity
(et 9)o0(9/95 Q)0 q/c,qt"1/d cd -1
W Q ' b b
2 [c @ ] H L (i9)oo(at /a1 0)00 © 9/ at™ T/ ac

which follows from making the substitution A — —AE in the definition of the ¥,
series and simplifying using (6.17). The final result is thus

LT [ a1, 5] =ﬁ(aat"'l;q)w(asf"‘l/al;q)oo(aqi‘l/az;q)oo
ag, 0t ? : (035 @)oo (gt /113 @)oo (at* 15 @)oo

l—n[ (022 Q)oo(g0at' ™ /01002 Q)00 o [z, cnc2/ay 0at™™" 5 (6.19)
e} (281715 @) o (a30at? 1 /010225 @) o azz,ast"_l’ oy ’ ’

We remark here that the transformations appearing in previous section (6.11), (6.13)
are special cases of the transformation (6.19).
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