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ABSTRACT. We present finite truncations of the Aomoto-Ito-Macdonald sums
associated with root systems through a two-step reduction procedure. The first
reduction restricts the sum from the root lattice to a Weyl chamber; the second
reduction arises after imposing a truncation condition on the parameters, and
gives rise to a finite sum over a Weyl alcove.

1. INTRODUCTION

The study of summation formulas for hypergeometric and basic hypergeometric
series has a long and rich history [GR]. The general structure of most summation
formulas is that of a closed expression for a (basic) hypergeometric series—at a
special value of the argument—in terms of products of (¢-)gamma functions. In
recent work, Aomoto and Ito considered analogous product formulas for certain
multivariate basic hypergeometric series associated with the crystallographic root
systems [A], [K], [I1], [[2], [13]. These sums may be interpreted as evaluation formu-
las for Selberg-type g-Jackson integrals associated with root systems [AAR], [M3],
[O], [A]l, [I2], or alternatively, as affine analogues of well-known product formulas
due to Macdonald for the Poincaré series of Weyl groups [M1], [M2], [M4]. We
will refer to the multivariate basic hypergeometric summation formulas in question
as Aomoto-Ito-Macdonald sums. Various other types of multivariate (basic) hy-
pergeometric summation formulas can be found in the works of Milne, Gustafson,
Schlosser, and Rosengren [M], [G1], [G2], [ML], [S], [R].

The purpose of this note is to exhibit a finite analogue of the Aomoto-Ito-
Macdonald sum. To this end we perform a two-step reduction procedure. The
first reduction restricts the sum from the root lattice to a Weyl chamber; the sec-
ond reduction arises after imposing a truncation condition on the parameters, and
gives rise to a finite sum over a Weyl alcove. For the type A root systems, the
corresponding reductions of the Aomoto-Ito-Macdonald sums were already studied
in [DV] in connection with the eigenvalue problem of the compactified trigonomet-
ric quantum Ruijsenaars-Schneider model. More specifically, the results reported

Received by the editors December 13, 2002 and, in revised form, April 3, 2003 and April 11,
2003.

2000 Mathematics Subject Classification. Primary 33D67; Secondary 05A19, 11L03.

Key words and phrases. Multivariate basic hypergeometric series, summation formulas, root
systems.

This work was supported in part by the Fondo Nacional de Desarrollo Cientifico y Tecnolégico
(FONDECYT) Grant # 1010205 and the Programa formas cuadraticas of the Universidad de
Talca.

(©2004 American Mathematical Society
2085

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



2086 ANA-CECILIA DE LA MAZA

below constitute a generalization of the finite Aomoto-Ito-Macdonald sum of [DV]
to the case of an arbitrary reduced root system. For analogous summation formulas

connected with the nonreduced root systems the reader is referred to the papers
D], [DS].

Note. We will employ the following standard notational conventions from the theory
of basic hypergeometric series [GR]. For m € Z and a, ¢ € C, the g-shifted factorial
is defined as

(1—-a)(1—aq) (1 —agm™?t) if m=1,2,3,...,
(1.1)  (a;9)m =11 it  m=0,
if m=—-1,-2,-3,...,

1

(1-ag=1)(1-aq?)...(1—ag—™)
where it is assumed that ag=* # 1 for 1 < k < —m if m is negative. For |q| < 1,
the definition of the ¢-shifted factorial may be extended to include the case m = oo
through limit transition (a;¢)s = limy,—e0(a;q)m = [[reo(1 — ag®). Products of
g-shifted factorials will often be abbreviated as

(1.2) (a1,a2,...,01;@)m = (a1;Q)m(a2; Qm - - (A& @m-

2. THE AoMOTO-ITO-MACDONALD SUM

Let E, (-,-) be a real finite-dimensional Euclidean vector space spanned by an
irreducible crystallographic root system R (see, e.g., [B] for preliminaries on root
systems). Throughout this note, it will always be assumed that R be reduced. We
will denote the root lattice by Q := Spany(R) and the weight lattice by P := {\ €
E | (aY,\) € Z, Ya € R}, where a¥ := 2a/{a,a). To a choice of positive roots
R™, we associate a weighted half-sum of the positive (co)roots as

1 1
(21) Pg = 5 Z JaQ, P;/ = 5 Z gaavv

a€RTt a€ERT

where g, € C depends only on the length of the root . More specifically, one has
that g, = g, Yo € R if all roots have the same length (i.e., when the root system
is simply-laced), and otherwise one has that g, is equal to g; or gs, respectively,
depending on whether « is a long or a short root. Let S C RT denote the basis of
simple roots corresponding to R*.

We are now in the position to formulate the Aomoto-Ito-Macdonald sum.

Theorem 1 (Aomoto-Ito-Macdonald Sum [A], [12], [M4]). Let 0 < ¢ < 1 and
Re(ga) < 0, and let z € E be generic in the sense that go + (@, 2z) ¢ (Z+ “%qu)
for all « € R™. Then

1—ga+{a", z+pu)

(2.2&) Z q72(p;/, z+p) H (1 o q(a\/’ z+u)) (q ;) oo — 00 0(z),

(qga +(04v7 Z+H> ; q)

neQ aERT e
where
1-ga—{a, p;) datga—{a, p;>
(2.2b) o = ]I a e e
wert @il g Palig)
(Y, z) 1—{aV, z).
I (4 4 @)oo
(2.2¢) Q(Z) q H (qgqu(aV, z>, q179a*<av, z);q) ’

aERT >
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FINITE AOMOTO-ITO-MACDONALD SUMS 2087
with

(2.24) 5 1 foraels,
' “T 10 forae RT\S.

n [A] Aomoto showed that the sum on the Lh.s. of is proportional to
0(z) [2:2d). The value of 6y (2:2h) was subsequently conjectured by Tto [2], who
verified his conjecture for all root systems of rank (:= dim(E)) up to 2 and for the
Ap series. Soon thereafter, Macdonald found a complete proof of Theorem/[d], [M4].
The restrictions on the parameters ensure that all denominators are nonzero and
that the series on the L.h.s. converges in absolute value.

For our purposes, it will be more convenient to work with slightly different
normalizations of the summation formula. Division by 6(z) eliminates the z-
dependence from the r.h.s., thus leading to the identity

a gat+{aV, z4p). q)

(233) Z H 1+(av, z+u>’q)oooo = 90

pneEQ aeR

(with z € E such that (aV,z) ¢ Z + “i’gqu for all & € RT). Furthermore, normal-
ization such that the term corresponding to p = 0 equals 1 casts the summation

formula in the following basic hypergeometric form:

1— gl mm ) (gt mig) 0
2py, 1) :
2 3b Z q "' H < 1— q(av, z) (ql—ga—i-(ozv, z>;q)<

neQ aER+ atom)
1+ a z
)00
=t H .
ik ( $ 7)o
(with z € E such that (a",z) ¢ “quZ and go — 1+ (aV,2z) ¢ N+ “i’;qZ for all

a € R).

Remark 2.1. Tt is clear from the form in that we may replace the summation
over the root lattice @ in the Aomoto-Ito-Macdonald sum by a summation over
the translated lattice o + Q with ¢ in the weight lattice P (by the translational
symmetry in z). In particular, summation over all translates along o € P/Q =
{peP|0< (@) <1, Va € RT}, then reveals that we may replace the
summation over the root lattice Q by a summation over the weight lattice P upon
multiplication of the r.h.s. by the index |P/Q)|.

Remark 2.2. For a root system of rank 1, one has that P = Z, Q = 27Z, and that
py = g/2. The sum in (23B) reduces in this case to the identity

—om 1— z4+m g+z; m
T e ()

z
meZ q
m even

1—2g. 142 11—z

_ @079 (@ ¢ q)o0
(@'79,479 @) (@' 79%%, @' 79771 @)oo
In view of the previous remark, this formula remains valid when replacing the
summation over the even integers by a summation over the odd integers (and thus
also by a summation over all integers upon multiplying the r.h.s. by 2).
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2088 ANA-CECILIA DE LA MAZA

3. REDUCTION TO A WEYL CHAMBER

Let P be the dominant cone of weights in (the closure of) the positive Weyl
chamber, i.e., PT = {pu € P | («,u) > 0, Vo € RT}. Specialization of z to the
special point py (2] reduces the Aomoto-Ito-Macdonald summation formula to a
sum over weights u inside the dominant cone PT.

Definition. A weight o € P is called minuscule if 0 < (a¥,0) <1 for all « € R*.

Every root system R has a trivial minuscule weight o = 0. It is well known that
the total number of minuscule weights is equal to the index |P/Q| (cf. also Remark

2.T0).

Theorem 2 (Reduced Aomoto-Ito-Macdonald Sum). Let 0 < ¢ < 1, and let
Re(ga) < 0 be such that g, — (¥, pg) —1 ¢ N+ 27 for all « € R*. Then

ilog q
for any minuscule weight o,
(3.1a)

v 1 — gla’s pgtu 9a+<avﬁpg>; v
I I e e T

pe(o+Q)NP+ wERt 1-— q(a\/, Pg) (ql—ga—i-((yv, pg>;q)<(yv,u>

with

(3.1b) Neo=TI (g o) g) o I (g%~ 70 g)oe

aERT (q—((y, pZ)vq)OO aER*\S (ql—ga-i-(av, pg);Q)oo.

Proof. Our starting point is the Aomoto-Ito-Macdonald sum in the basic hyperge-
ometric normalization of (2.3D) with a translated lattice o + Q (cf. Remark 2.7)).
Let us temporarily assume that the parameters g, are such that Re(g,) < 0 and
go — 1+ (¥, py) ¢ N+ “iqu for all o € R. Substitution of z = p, then reduces
the sum on the l.h.s. to a sum over those weights p in the lattice o + Q that lie
inside the dominant cone P*. Indeed, for u € (o + Q) \ P+ there exists a simple
root 3 € S, such that {3V, u) < 0. Hence, we pick up a zero in the corresponding

term of the Aomoto-Ito-Macdonald sum (2.3H) from the factor

1 1
. = =0.
(gt =9+ B%Pa)iq) gy iy (€30 (5v )
The simplification of the corresponding evaluation constant from the r.h.s. of (2:3H)
to the stated value Now BID) (for z = p,y) hinges on the identity (cf. Remark B3
below)

(3.2) 1T (@ e 1 (@' "5 q)o

e (qt=92—(a", Pa): ) o e (qlfgfr(a, Py Qoo

(and the fact that (a",py) = (@, py) = ga for any a in the simple base S). In
the resulting summation formula we may relax the restrictions on the parameters
go somewhat through analytic continuation; this recovers the parameter conditions
stated in the theorem. O

The product formula for the evaluation constant N, in Theorem[2 contains some
redundancy. In Table [ we have listed—for each reduced irreducible root system
R—a more compact expression for NV. These formulas are obtained from (3.11)
through cancellation of the common factors in the numerator and denominator.
For the reader’s convenience, we have also included the index |P/Q| in each case.
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FINITE AOMOTO-ITO-MACDONALD SUMS 2089

R Noo [P/Ql
N 14+kg.
(¢ 1) 0o
AN Py — N +1
w1 (@7F959)
N IH N+k—2 3 [%} 1H2k—1 [%} —2(k—1 —2gg
(gt D artes g) 1 ("9 gy (2D o295, gy
By : 2
ooy (@VR99s gy oo (N DG 298 g) o L (qHRINR9L )
N N
N (q1+(k—1)g.;+gl : q)oo [ 2 } (q1+(2N—2k—1)gs+29l : q)oo [ 2 } (q—Q(N—Ic)gS : q)oo
CN 2
L (=N g) kl;[l (@ Dss; g) oo A (getDast2e g) o
(D9 gy o T (PR DI )
Dy : 4
(N=D9:q)ee o (@D )
5 (q'19,q" 149, ¢! 159 g1 179 g H89 111, 4y 5
6
(¢g=9, q=49, q=59,q779,q=89,q7119; q) oo
B (q'19,q" 159,179, 1199 ¢l 19 gl H189 (1 +179. q) )
(¢=9,q9759,q779,q=99,q=119,q=139,q=179; q)
E8 (q1+g7q1+7g’ ql-f—llg’ q1+13‘g’ q1+17g’q1+19g’q1+23g’q1+29g; q)oo 1
(g=9,q779,q=119,q=139,q=179,¢q=199,q=239,q=299; q) o
(q*495 , q76y572y1 , q1+y1 , q1+ys+3y1 . q1+2gs+3yl , q1+395+49] . q1+3gs+5yl , q1+5g5+6gl . q)x
4 (qH29s169; gltda; q—69s-59; q—59s-80) q—49s739) 3957201 395701 g—9s;q)o
a (qlJrgl7 q1+95+2917 q1+2§5+3§l7 q73gs;q)oo L
’ (q"tP91, q=9s, q729s 791, 7395 72915 q) oo

TABLE 1. Reduced Expressions for N

Remark 3.1. For the simply-laced root systems (i.e., the types A, D, E) and for
the nonsimply-laced root systems (i.e., the types B, C, F', G) with g; = g5, we have
that g, = g, Vo € R. The formula in Table[l is in these cases of the form

(3.3) N = [[ LD

where N := dim(E) denotes the rank and my,...,my are the exponents of (the
Weyl group of) the root system R.

Remark 3.2. For a root system of rank N = 1, one has that p, = g, P* = N and
o € {0,1} (cf. Remark ZZ). The sum in Theorem [ reduces in this case to the
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2090 ANA-CECILIA DE LA MAZA

identity

(3.4) Z g (1 —q9+m> (4% @)m _ (¢*9; q) oo
meN 1=¢0 ) @Om (%)

m even/odd

where the choice of summation over the even or odd nonnegative integers corre-
sponds to the choice of o equal to 0 or 1, respectively.

Remark 3.3. The identity ([B:2) in the proof of Theorem [2]is trivial when the root
system is simply-laced (whence RV = R). For the nonsimply-laced root systems, we
checked the identity in question on a case-by-case basis through direct computation.

4. REDUCTION TO A WEYL ALCOVE

For parameters subject to a truncation condition, the reduced Aomoto-Ito-
Macdonald sum of Theorem [2 truncates to a finite sum over an alcove inside the
dominant cone P*+. Let ag be the (positive) root in R such that o is the maximal
coroot of RV := {a" | @ € R}. We define

(4.1) 9R = Gay T+ <O‘E)/a p9>
and, for M € N|
(4.2) Py i={neP* | (ag, ) < M}.

Theorem 3 (Terminating Aomoto-Ito-Macdonald Sum). Let M € N\ {0} and
ga >0, Va € R. Then for

211
4.3 = e,
( a) 9="exp (gR =+ M)

and any minuscule weight o,

(4.3b)
_<p;'/7 ) 1— q(av, Pgt+1) (qga"l'(ﬂ’ ) Pg) ; q) (a¥ 1) B N
Z 1 H 1 — glaY, pg) ( 1—ga+{(aV, pg). ) — M
pne(a+Q)NPy; a€RT q q 1) )
where
(4.3¢) Ny — Aaere (@2 g

Haem\s(ql*g”(av’ Pa)iq)ni—1

Proof. Let us first pick parameters from the domain described in Theorem 2] subject
to the additional constraint that

gr + M = 2mi/log(q).

The reduced Aomoto-Ito-Macdonald sum then truncates to a finite sum over the
alcove 731\";[. Indeed, for p € P+ \731\";[ we have that (o, ) > M, whence we pick
up a zero in the corresponding term on the Lh.s. from the factor

(@70 000 9) oy = (@3 Dy = (05 0) ) = 0
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The reduction of the evaluation constant N, on the r.h.s. follows from the identities

I (4" P g) I (g% (@ P q) o0
were (P Qoo pg (@O P g)o
(g4 Po): g) o (gMFortga—(a pZ>;q)Oo
- 1l (qMHor=tera): g) o (g9 padi g) o

a€R+ a€ERT\S
(gt pad; q) (gM 924", pa): g)

. 7q) oo 7 4)o
QEL (gMHe Pa)iq)og aeg\s (q'=9e e )i g)og

where the second equality follows from a straightforward but tedious case-by-case
computation for each root system. The resulting formula on the third line sim-
plifies to the stated expression for Nj; upon cancelling the common tails of the
infinite products. This proves the terminating Aomoto-Ito-Macdonald sum for ¢ =
exp(2mi/(gr + M)) with parameters g, such that Re(g,) < 0 and Re(gr) = —M,
Im(gr) < 0. By analytic continuation, we may now extend the identity to a pa-
rameter domain of generic complex values for g,. The restriction to the parameter
domain of positive real values for g, stated in the theorem ensures that all numer-
ators and denominators are nonzero. O

Elimination of the redundant factors in N; ([@3d) now gives rise to the reduced
expressions in Table . For the reader’s convenience, we have also listed the corre-
sponding values of gr (£1]) in each case.

Remark 4.1. In Theorem [ we have (see ([E3a))) that ¢ = € with 6 = 27/(gr+M) €
(0,2). The powers of the form ¢, w € R appearing in Egs. ([{.3D), (£.3d) are to
be chosen in accordance with the principal branch in the sense that ¢% := e*%.

Remark 4.2. The reduction from No, to Ny for ¢ = exp(27mi/(gr + M)) is in fact
more easily performed on a case-by-case basis at the level of the reduced expressions
in Table Mand Table Pl (rather than directly with the aid of the uniform expressions
in Theorem [ and Theorem [3).

Remark 4.3. The restriction to positive values for g, in Theorem[3 ensures that the
terms of the basic hypergeometric series on the L.h.s. are all positive (cf. Remark
El below). By analytic continuation, the summation identity can be extended to a
domain of generic complex values for the parameters g, (cf. the proof of Theorem

B).

Remark 4.4. If g, = g, Va € R, then the product formula for A}, in Table
amounts to the following expression in terms of the exponents my, (see also Remark

BT

(4.4) N =TT @ ™5 g a1
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2092 ANA-CECILIA DE LA MAZA

R Nu IR
AN I (@ %95 q)ar—1 (N +1)g
N
N 1+(N+k—2)g;+gs. [7} 1+(2k—1)g; .
—1q q)mM—1 —1q q)mM—1
By | A ] 1q) ;2 ( 1 9) 2N — 1)g1 + 205
IT521 (2N =Rt gy
N
N 1+ (k—1)gs+a;. (3] 1N ok 10, t2g;.
—1\q sq)M—1 —1\q sq)M—1
On [T=1( b ) T2 ) 2N — 1)g + 201
12 (gt+2(k=Das+2al; q) g

Dy (@t =D9 gy szf':_ll(q“(%‘”g;q)zufl 2(N —1)g
Eg (q'h9,q' 49, g 39, g1 H79 g1 H89 g T gy 12g

E; (q'19,q" 159, 179, 109 g1 T1l9 g1 H189 (1179 gy 18g

ES (q1+g’ql+7g’ q1+1lg’ q1+1391 q1+17g’q1+19g’q1+23g’q1+29g; q)M—l 309

(q1+y1 . q1+ys +39; q1+2ys +391 q1+3ys +4g; q1+3ys +59; q1+5ys +69; ; q)M_l
By / / T25. 760 51743, / 695 + 6g1
(g sTO9, q Liq)m-1
14g; 1+g9s+2g; 14+2g5+3g;. _
Cs (79, q L q ;) M—1 3g. + 3q1
(" 3915 q) 1
TABLE 2. Reduced Expressions for Ny
Remark 4.5. For a root system of rank N = 1, the terminating Aomoto-Ito-

Macdonald sum of Theorem [3] reduces to the identity

1- gtm 2g; m
(4.5) > a ( - ) (L5 Dm _ (g4, g),
LM}

— a9 .
me{0,1,2,.. 1 q ((J7Q)m

m even/odd

where ¢ = exp(m’/(g + M/2)), and the choice of summation over the even or odd
nonnegative integers corresponds to the choice of o equal to 0 or 1, respectively.

Remark 4.6. By summing over all minuscule weights o in P/Q, it is seen that in
Theorem B we may replace the summation over the intersections (o + Q) N P+
and (0 + Q)N P]J\} in Theorems [2 and Bl respectively, by summations over the
full dominant cone P+ and alcove Pf\}, upon multiplication of the corresponding
constants on the r.h.s. by the index |P/Q| (cf. Remark 2TJ).

Remark 4.7. It is instructive to think of the terminating Aomoto-Ito-Macdonald
sum in Theorem [l as a trigonometric identity. Indeed, putting ¢ = e?* recasts the
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summation formula in the form
(@, p)
sinw(aY, py + p) H sinw({a, pg) + ga +k—1)

w ¥l o

+ +
PEEEANT S sinw(a¥, py) [T sinw((@Y, py) = g + k)
k=1

M-1 .
_ oN(M-1) [Tocrssinw({a”, pg) + k)

k=1 HaER+\S sinw({a’, pg) — ga + k)’

forw = 7/(gr+M). The positivity mentioned in Remark[£.3]is immediate from the
trigonometric representation. Indeed, the parameter restrictions guarantee that all
arguments of the sine functions lie in the open interval (0, 7). After setting g, = g,
Va € R and performing the limit ¢g | 0, the summation formula under consideration
degenerates to the combinatorial identity

1+ (oY, p) h—(a’, p) N
4.7 T —_— =M
D S | e L | R
pe€(e+Q)NPyY;, acRt a€RT
(@¥,1)>0 (@Y, u)=M

where p:= 33 p+ o and h:= (o, p) + 1 (the Coxeter number of R).
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