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CERTAIN HYPERGEOMETRIC SERIES RELATED
TO THE ROOT SYSTEM BC

R. J. BEERENDS AND E. M. OPDAM

ABSTRACT. We show that the generalized hypergeometric function ,F; of ma-
trix argument is the series expansion at the origin of a special case of the hyper-
geometric function associated with the root system of type BC . In addition we
prove that the Jacobi polynomials of matrix argument correspond to the Jacobi
polynomials associated with the root system of type BC . We also give a pre-
cise relation between Jack polynomials and the Jacobi polynomials associated
with the root system of type 4. As a side result one obtains generalized hook-
length formulas which are related to Harish-Chandra’s c-function and one can
prove a conjecture due to Macdonald relating two inner products on a space of
symmetric functions.

1. INTRODUCTION

Various extensions of the classical Gauss hypergeometric function to sev-
eral variables exist in the literature. In this paper we will unify two different
approaches to hypergeometric functions in several variables and the related Ja-
cobi polynomials. We will show that the generalized hypergeometric function
of matrix argument is a special case of the hypergeometric function associated
with root systems. A similar result holds for the generalized Jacobi polynomials
of matrix argument.

One of the generalizations of the classical one-variable hypergeometric func-
tion ,F; is the hypergeometric function ,F; of matrix argument which was
introduced in 1955 by Herz [8] using Laplace and inverse Laplace transforms.
This idea originated in a paper by Bochner who considered Bessel functions
of matrix argument (see [8] for details). Constantine [2] then found a series
expansion for the ,F,’s in terms of so-called zonal polynomials. These zonal
polynomials are the spherical functions of certain irreducible polynomial repre-
sentations of GL(n, R). The zonal polynomials and the hypergeometric func-
tions were studied extensively by Constantine, James and Muirhead (cf. [2, 9,
10, 26] and the references given there). In [9, §8] the analogous situation for
GL(n, C) is treated and the complex zonal polynomials occur. Recently Gross
and Richards [5] treated the cases GL(n, F) (F =R, C or H) simultaneously.
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If we now put k = % dimg F then we can consider k as a parameter in the defi-
nition of ,F; in [5, 6.1(1)]. Faraut and Korényi associate in [4] hypergeometric
functions ,F, with any so-called symmetric cone and in particular they obtain
the cases k = % , 1 and 2 above. Hence they extended the number of values for
which one can define these ,F;’s. From the definition [5, 6.1(1)] or [4, (2.4)] it
is clear how to generalize the definition of the ,F,’s to arbitrary values of k,
except for the generalization of the zonal polynomials. Zonal polynomials how-
ever are closely related to the Jacobi polynomials associated with SL(n, F),
i.e. vith root system A,_;; these Jacobi polynomials have been generalized to
arbitrary k by Heckman and Opdam in [6 and 7]. By now a different approach
to the generalization of the zonal polynomials is well established in the liter-
ature. This approach is due to Macdonald who noted that the so-called Jack
polynomials are in fact a generalization to arbitrary k of the zonal polynomials
(cf. [20, 21, 22, 30]). The generalized hypergeometric functions ,F, of matrix
argument were then defined independently by Koranyi [15] and Macdonald [24]
in terms of the Jack polynomials instead of the Jacobi polynomials for A4,_; .
Let us note here that this paper deals exclusively with the case p=2, g=1.

The classical Gauss hypergeometric function ,F; can be interpreted in terms
of the rank-one root system of type BC . Heckman and Opdam [6, 7, 27] as-
sociate with any higher rank root system a ,F, hypergeometric function, thus
giving a completely different multivariable generalization of the classical ,F] .
We will show that the generalized ,F; of matrix argument is in fact the series
expansion “at the origin” of a special case of the hypergeometric function as-
sociated with BC, . The two variable case has essentially been established by
Yan [32, 33]). In addition we will prove that the Jacobi polynomials as defined
by Herz [8], James and Constantine [10] and Macdonald [24] correspond to the
multivariable Jacobi polynomials associated with BC, as defined in [6 and 7].

The paper is organized as follows. After some notations and preliminaries
we show in §3 how the Jacobi polynomials associated with A4,_; are related to
the Jack polynomials. This result also led us to lower and upper hook-length
formulas which generalize the classical (i.e. k = 1) hook-length formula. As
an application we prove a conjecture due to Macdonald [21, §4] relating two
inner products on a space of symmetric functions; this conjecture also follows
from the material in [20, Chapter VI]. In §4 we prove how the generalized
hypergeometric function ,F, of matrix argument can be obtained as a special
case of the hypergeometric function associated with BC, . Finally we treat the
Jacobi polynomials associated with BC, in §5.

2. NOTATIONS AND PRELIMINARIES

a. Jack polynomials and the generalized hypergeometric function of matrix ar-
gument. For unexplained results concerning partitions and symmetric functions
we refer to [19, Chapter I]. A partition A is any sequence A = (41, 42, ..., 4n)
of nonnegative integers such that 4; > A, > --- > 4, > 0. The number of
Ai # 0 is called the length of A and is denoted by /(A). The weight |A| of A4
is defined as

(2.1) A=A

i>1

Given a partition A = (4, 43, ..., 4,) we define the dual partition ' =
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(A1, 45, ..., 4,) by A; =Card{j|A; > i} . Furthermore we put

(2.2) n(A) = (i-Dii=) (’;)

i>1 i>1

The diagram of a partition A is the set of points (i, j) € Z? such that 1 < j <
Ai; we will simply write (i, j) € 4 if (i, j) belongs to the diagram of 1. We
write u <A if |u| =|A| and Zi;l ui < Zﬁ;l A; forall k > 1. This is a partial
ordering on the set of partitions of a given weight. We write u C 4 if u; <4;
for all i.

Denote by A, the ring of symmetric polynomials in # independent variables
with integer coefficients. If a = (ay, az,..., a,) € (Z*)" (Z* the set of
nonnegative integers) then we put |a| = a;+az+---+a, and we let x* denote
the monomial x{'x3?..-xp". For a partition A of length /(1) < n we define
the monomial symmetric polynomial m; in A, by

(2.3) ml=m,1(x|,x2,...,x,,)=2x°‘,

where the sum is taken over all distinct permutations o of A. If /(1) > n
we put m; = 0. The power sums p, are defined for each integer r > 1 by
pr = XXl = my,. For each partition A = (41, 42, ..., 4,) define p; =
DDy, Da, - Finally, s; will denote the Schur function corresponding to the
partition A4 (cf. [19, 1.3]). It is well known that the sets (m;) and (s;) form a
Z-basis for A, .

We now follow Stanley’s introduction of the Jack polynomials [30, Chapter

I]. For a partition A we write
(2.4) z =[] immit,

i>1
where m; is the number of parts of A equal to i. Let k be a parameter
and Q(k) the field of all rational functions of k with coefficients in Q. For
convenience we will work temporarily with symmetric functions in infinitely
many variables. In particular we let m; and p; denote the symmetric functions
in infinitely many variables in the ring of symmetric functions A as defined in
[19, §2]. The m; form a Z-basis of A and the p; form a Q-basis of A®Q,
the ring of symmetric functions with coefficients in Q. Let A ® Q(k) denote
the ring of symmetric functions with coefficients in Q(k) and define a scalar
product on A ® Q(k) by the condition

(2.5) (D1, Pudk = Oauzik™'®),
where d;, is the Kronecker delta. We quote the following theorem from [30,
Chapter I].

Theorem 2.1. There are unique symmetric functions J, = Jy(x; k') in A®
Q(k) indexed by partitions A, such that

L (i, Tk =0 if A# s

2. if

(2.6) Txs k7Y =3 (k7 my(x)
u

then v;,(k=') =0 unless p<2;
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3. If |A| =1 then the coefficient v; 1y of x1x2---X; in J; equals I!.

If we set x,.1 = Xp42 = --- =0 in J; then we obtain for any partition of
length /(A) < n a symmetric polynomial J;(x;, ..., x,; k™) in A, ® Q(k),
homogeneous of degree |A|. The Jy(xi, ..., X,; k~!) vanish for /(A) > n
and are linearly independent otherwise [30, Proposition 2.5]. We will call these
symmetric polynomials the Jack polynomials. Throughout this paper n will be
fixed.

Remark 1. Theorem 2.1 is a special case of a more general existence theorem
due to Macdonald [22, Theorem 2.3 and also 20, Chapter VI, §4]. Since we will
only need the case of the Jack polynomial, we refer to [30], where many more
details and results on Jack polynomials can be found. For a different approach
to Jack polynomials also see [21].

Remark 2. In [30, 20, Chapter VI, 21, 22, §1.7 and 24] the parameter a = k!
is used. We will use o differently later on. To avoid confusion we prefer
to write Jj(x; k~!) instead of J;(x; k). This explains the rather awkward
notation.

Remark 3. The Jack polynomials reduce to the so-called zonal polynomials
C, if k = %, although the C; in e.g. [2] are normalized differently. In fact
Ci(x) = 2M|A|1J7(x; 2) which can be obtained from [9, (18) and (117)]; the
zonal polynomials Z; in [9, (18) and (116)] have the same normalization as
the J; so that J;(x;2) = Z;(x). If k=1 the Jack polynomials reduce to the
Schur functions s; , up to normalization. (For these remarks see [30, Proposi-
tion 1.2].)
As in Macdonald’s manuscript [24] we write

(2.7) Jp =T kT = B kYR kY, T kT

and

(2.8) Qi =Qu(x; k7" = L(x; k7N /L1 k7Y,

where by 1, we mean x; = x; =--- = X, = 1. Next we recall the Pochhammer
symbol

(a)s=a(a+1)---(a+s-1), aeC, sel",
and define for a partition 4= (4, 4, ..., 4,) of length /(1) <n,

(2.9) @i=[Ja-kG-1), aeC

i=1

Note that we suppress the dependence on k of (a); in the notation.
We are now ready to define the generalized ,F, hypergeometric function of
matrix argument. For a, b, ¢ € C such that (c); # 0 for all A we define

=1y _ N @a)3 gy
(2.10) 2Fi(a,b;c;x; k )_;(c)lkm Ji(x; k7Y

where the sum is over all partitions A of length < n. This definition and its
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extension to ,F;’s was given independently by Koranyi [15, §§3-4] and Macdon-
ald [24, (6.4)]. In [15, (4.2)] Korédnyi defines the (a); in terms of generalized
gamma-functions which in turn are given as a certain extension of the Selberg
integral. In doing so he follows the classical case (i.e. k = 1) where a well-
known result on zonal polynomials (see e.g. [26, Theorem 7.2.10]) written in
polar coordinates leads in a natural way to the extension of the Selberg integral
for k = % . For general k the extension has been studied by Kadell. Conjecture
2 in [11] states that there exist homogeneous symmetric polynomials such that
if the integrand of Selberg’s integral is multiplied by these polynomials then
the integral has a given closed form. Macdonald observed that these symmet-
ric polynomials should be the Jack polynomials J;, which led to conjecture
C5 in [21]. As stated in Remark 3 the Jack polynomials indeed reduce to the
zonal polynomials for k = % . Kadell established the conjecture in [12] while
Macdonald proves a g-analogue in [20, Chapter IV]. The result leads to the
coefficients (a); as defined in (2.9). Constantine [2, §5] was the first to give
definition (2.10) in the case k = 1. In order to obtain [2, (25)] from (2.10) one
needs the results stated in Remark 3. James [9, §8] also defines the ,F,’s for
the complex case, i.e. kK = 1. In [5, 5.3(1) and 6.1(1)] the real, complex and
quaternionic case (k = 2) are treated simultaneously; they use the notation
Z, instead of C; (sic!). In [4] hypergeometric functions ,F, are associated
with any so-called symmetric cone; as special cases they obtain the cone of real,
complex and quaternionic positive definite matrices.

Now for k = % Muirhead [25] (also see [26, §7.5]) proved that the ,F; as
defined in (2.10) satisfies a system of n partial differential equations. Koranyi
[15, §4] states that Muirhead’s arguments can be generalized to show that the
same result holds for the general parameter k. This statement is proven by
Yan in [33, §2] (also see [32, Theorem A}); the proof follows closely that of the

case k = % . To describe the result we define for i =1, 2, ..., n the operators
Ai(a, b, c; k) by
(2.11)

Ai(a, b, c; k) =xi(1 — x;)02 +(c—k(n— 1)—(@a+b+1—k(n—1))x;)dy,

+k2 x’ax,kz(.xax,
o

111#1 J=15J#

where we have written 9y, = 8/9x;, 82 = 0%/0x?, etc. One now has the
following result [15, §4; 32, Theorem A, 33 §2].

Theorem 2.2. The hypergeometric function Fi(a, b;c; x; k™) is the unique
symmetric function in the n variables x,, ..., x, that satisfies

Ai(a,b,c; k)F = abF, i=1,2,...,n,
and which is analytic at x, = --- = x, = 0 and normalized by F(0) = 1.

Corollary 2.3. The hypergeometric function yF\(a, b; c; x; k™) satisfies

(2.12) A(a, b, c; k) F, = nab,F,
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where A(a, b, c; k) is given by
n
Ala,b,c;k)=Y Aia,b,c;k)

xi(1 = x;)

)
(xi — x;) i

(2.13) =Y xi(1-x)32 +2k >
i=1

i, j=1;i#j

n
+Y (c—k(n=1)=(a+b+1—-k(n-1))x,)dy,
i=1
Macdonald [24] gives an independent proof of Corollary 2.3 along the same
lines as the proof for k = % by Muirhead [25 or 26, Theorem 7.5.4]. Note that
the case n =1 reduces to the ordinary Gauss hypergeometric equation.
One can use Theorem 2.2 to prove that

2Fia, byesxy, .o, Xn k7Y
(2.14) z _ ( X Xn _1>
= 1-x))"%F lc-b,a;c; e ik .
[10-x)7aF, -0 Ga- D)
In fact, if we put u; = x;/(x; — 1) for i =1, ..., n then it is not very hard

to calculate the operators A; in the u-coordinate and to show that the right-
hand side of (2.14) again satisfies the requirements of Theorem 2.2. This result
is stated as Proposition 4.2 in [33] (also see [32, (3.3)]). The transformation
properties of the operators A; are treated systematically in [16].

Another result we will need later on is the generalized Gauss summation
formula

Hl"(c k(i—-1D))I'(c-a-b-k(i-1))
l"(c——a—k(z—l))l"(c—-b k(i—1))’

which will certainly hold when Re(b —k(n-1))>0, Re(c-b—-k(n-1)) >0,
Re(c—b—a—k(n—1)) > 0 and Rek > — min(}, R n"ﬂ" 1) | Refe=b-a_kin-1)y
Often the notation I'y(c; k~') = y(k, n) ]}, T'(c — k(i — 1)) is introduced
where y(k, n) is a constant which is author-dependent (see e.g. [24, §6, 32, §1,
33, §4], and for the case k = % [26, §2.12]). The Gauss summation formula
(2.15) is due to Macdonald and is obtained from the extension of the Selberg
integral mentioned earlier. In fact, just as in the classical case (so k = 2 ;
see [26, Theorem 7.4.2]), Macdonald uses the extension to obtain an integral
representation for the ,F(a, b;c; ¥y, ..., ya; k~1); this result is also stated
by Yan [33, §4 (10)]. Then Macdonald observes that one can take y; = --- =
yn = 1 in this integral representation and then use the ordinary Selberg integral
to obtain (2.15).

(215) 2F1(a b C, ln,

b. Root systems and Jacobi polynomial. Let (ey, ey, ..., e,) be the standard
basis in R” and let (-, -) denote the usual inner product for which this basis
is orthonormal. Let V' denote the hyperplane in R” orthogonal to the vector
ej+e,+- - -+e, . The inner product on R” induces an inner product on ¥ which
we shall also denote by (-, -). We identify the dual space of R” with R” and
the dual space of ¥ with V' by means of these inner products. We consider R”
as the standard real form of C” and extend (-, :) to a complex bilinear form on
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C" . The complexification of ¥ in C” will be denoted by V. Again we identify
their dual spaces by means of (-, -). Weuse ¢, ¢, ..., t, as coordinates with
respect to (e;, ..., e,). Then V ={(t;,...,t,) e R} ¥ ;= 0}.

In V' we consider the set of vectors

Ry={*(ei—¢j)|]l <i<j<n}.
This set forms a root system of type A,_; in V. We choose
Si={er—er,er—e3,...,e,_1 — ey}

as basis for R, and we let R denote the set of positive roots relative to this
choice. In R" we consider the set of vectors

Rp = {ze;, £2¢;, t(ex 2 e)|i=1,...,n; 1 <k<l<n}
which forms a root system of type BC,. We choose
Sp={e1—er,e2—e€3,...,en_1 -y, €}

as basis for Rp and let R} denote the corresponding set of positive roots. The
Weyl group of Ry will be denoted by Wy . Here we introduced the convention
that X stands for either 4 or B. Let Px be the weight lattice of Ry . So

Py={AeV|2(A, a)/{a,a) € ZVa € Ry},
and similarly for Pp. The set of dominant weights will be denoted by P :
Pf = {A € Px|(A, a) >0Va € R}}.

If we write
RY = {a € Rp|2a ¢ Rp},

then R°B is a root system of type C,. Denote by w,, w,, ..., ®, the funda-

mental weights of C,, so thatfor i =1, 2, ..., n one has
(2.16) wij=e +e+---+e.
Then
Pp=Zw)+Zwy+ - +Zw, =Zey+---+Ze, =Z7"
and
Pr=Z'o1+Z'wr+- -+ Z w,.
Note that

Ry={ca€Rpl{a, w,) =0},  S4={acSs|(a, w,) =0},

and that we can consider W, as subgroup of Wp. We let n denote the orthog-
onal projection along w, onto V , then

1 n
”(t)=t—;(i_zlti>wn, t=(t,..., 1) €R".

Since Sy = {a € Sp|n(a) = a} it follows that {n(w;)|i=1,2,...,n—1} is
the set of fundamental weights for 4,,_; so that

(2.17) P4 = n(Pg).
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Also tow =won forall we W,. Let Qx be the root lattice ZRy and put
Qf =Z*R} . Then

Qp=Pg=127", Qs=VNZL'CPy
and also
(2.18) Q;=Vng;

(if A=Y07"bi(ei — eir1) + bnen € Qf; and A€ V then b, =0).

Next we want to introduce the tori corresponding to the Q-lattices. In gen-
eral, a compact torus 7 is a Lie group of the form R”/L where L CR" isa
lattice of rank n. Choose a Z-basis ¢, ..., &, of L,then D ={} ], t:€|0 <
t; < 1} is an open dense subset of a fundamental domain. Normalized Haar
measure on 7 is then given by

dv
[ rwa= [ 1o

where dv is Lebesgue measure and vol L = vol D is independent of the choice
of a basis. By looking at it this way it follows easily that for a surjective con-
tinuous group homomorphism ¢: 7, — T, one has

(2.19) /T fydt = /T (fod)t)dr,  feC(Ty,).

Now let T4 and Ty be the compact tori defined by
Ty = iR"/27iQp = iR"/2niZ"
and
Ty=iV/2niQ4 =iV/2ri(V NZ").
Later on we will also consider their complexifications Hy and Hp, i.e.
Hg =C"/27iQp = C"/2miZ"

and
Hy=Vc/2miQq = Ve /2ri(VeNZ").

We use the map
n

thej (mod 27iZ") — (e, ..., e") (¢ € IRV))

j=1
to identify T with {(x;, ..., xn) € C"||x;| = 1Vj}. It follows that T, = {x €
Tg|x1x; -+ x, = 1}. Consider the group homomorphism defined by

¢: Ty x iR/2nIZ — Tg,
((try ooty D)o (i +t, o+, ., tn+ 1),

where ()° denotes equivalence class; multiplicatively ¢ is given by

((X15 v Xn), X) € Tgx S' = (xx1, XX2, ..., XXy) € Tp.
From (2.19) then follows that for f € C(Tp) we have

(2.20) / f(x)dx = / f(sxy, x5, ..., 8x,)dx"ds,
Ts seS! Jx'eT,
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where dx’', ds and dx are normalized Haar measure on T, S' and Tp re-
spectively.

Let C[Pg] denote the group algebra over C of Pp. If 1 € Pg then we write
e* for the corresponding element of C[Pg]. Multiplication in C[Pg] is defined
as e*et = e**# for A, u € Pg. This group algebra C[Pg] can also be considered
(and we will do so) as the algebra of functions on Hp generated over C by
the exponentials e* with 1 € Pg. Here e* denotes the function e*(f) = e{*-?
where ¢t € C" (when restricted to T, e* is the character corresponding to A).
In particular e%(f) =e% if t=(t;,...,1,) € C". An element f € C[Pg] will
be called exponential polynomial; it is a finite sum of the form

=Y aé
A€EPg
The support of f is the (finite) set {1 € Pg|c; # 0} . The Weyl group Wp acts
on P and hence also on C[Pg]. An element x € C[Pg] is called invariant
(under Wp) if w- f = f for all w € Wp and it is called skew-invariant if
w-f=detw- f forall we Wp. We write C[P]"? for the subalgebra of
C[P3] consisting of all Wp-invariant elements in C[Pg]. An invariant element
f € C[Pg] can be written as

f= eam?
ieP;
where m$ is defined as
(2.21) mi= )" e,  iePj.
UEWR A

Here Wpg-A denotes the Wp-orbit of A. The analogous concepts for (P4, W)
will be denoted by C[P,], C[P4]"* and m{ ; these will be considered as func-
tionson Hy,.

We now introduce the Jacobi polynomials associated with the root system
Ry (as always X stands for either 4 or B). Our reference for this material
is [6, §§2-3, 7, §8]. For A € P{ we write Ilx(4) for the convex hull of the
orbit Wy - A intersected with 4 + Qx. Note that IIx(A) is equal to the set
of all u € P{ with A —u € Q} and the Wy-conjugates of such x. Let m
be the number of Wy-orbits in Ry. Define Z = C™ as the vector space
of Wy-invariant functions on Ry with values in C. We call elements of .7
multiplicity functions on Ry and we denote by k, the value of k¥ € Z on
a € Ry . For the A,_,-case there is only one Wj-orbit so that we will simply
write k = k, for all « € R, . For the BC,-case there are three Wjx-orbits; we
will write

(222) kl = ke,- 5 k2 = k2e,~ 5 k3 = kei:l:ej'
Introduce the following (multivalued) function on Hy :
1 1
(2.23) ox(k) = ] (e2*-e"2%)*, keX.
a€R}

Now let ¥ € % be such that k, > 0 forall a € Ry. We endow C[Pyx]"* with
a (Hermitian) inner product as follows:

(2.24) (f, 8x.x= /T fx)gM)lox(r)(x)ldx, [, g€ ClPx]"™.
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1 1
Note that [[,_;(e2™%) — e72¢7%)) = ], _;(e% — e%) as functions on T so
that

225 fi8law= [ SEE[[u-xPrdx, k>0

T i<j
Define the Jacobi polynomials Px(4, k) on Hx(A € Pf) associated with Ry
and multiplicity function ¥ € Z by means of the following two properties:

L. Px(A, k) = ¥ emum Tu(d, k)e# with T3(4, k) = 1 and Tyu(d, k) =
I'u(4, k) forall we Wy.

2. (Px(u,x), Px(v,Kk))x,x =0 forall ve P} with u—veQf.

Note that in [6, Definition 3.13; 7, §8 and 28, §2] the Jacobi polynomials
are parametrized by u = woA € Py instead of A € P} . Here wy denotes the
longest Weyl group element. For the case X = B we have wy = —1.

One may replace 2 by the condition that Px(A, k) satisfies

(2.26) Li(k)Px(k, k) = (1, 1+ 2px(k)Px(4, K),
where
(2.27) px(e)=5 3 ke

a€R}

and Lyx(x) is the so-called generalized radial part of the Laplace-Beltrami op-
erator. It is given by

1
(2.28) Lx(k) = Lx(0)+ Y kacoth 50" B
a€R}
where Lx(0) denotes the ordinary Laplacian on R” (in the case X = B) or on

V (in the case X = A4) and 9, denotes differentiation in the direction of «.
We also note that because of the Weyl group invariance of Px(4, k) one may

write
Px(A, k)= > dymf
KEPY ,A—peQ}

with m;}’ as defined in (2.21) and dj; = 1. The condition 4 — u € QF is often
denoted by u < A, which gives the usual partial ordering on weights. In order
to avoid confusion with < for partitions we do not use this notation.

Finally we define for A € C* and x € Z the generalized Harish-Chandra
c-function by

T((h, @V) + bkg)T((px(x), @¥) + beg + ko)
T({F, a¥) + Fkg + k)T(px (), a¥) + Tkg)

(2.29) ex(d,0)= ][]

a€ER}

where I' denotes the usual gamma-function and oV = 2a/(a, a) (we should
warn the reader that this definition differs from [6, §6 and 28, §2] by a change of
A into —A1). For specific values of the k, this is the well-known product formula
of Gindikin and Karpelevich for the classical Harish-Chandra c-function. Later
it will be convenient to have pg(x) explicit; with the convention (2.22) one has

(2.30) 2p5(k) = (ky + 2k) (i e,-) + 2k; Z":(n —i)es.

i=1

i=1
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3. THE CONNECTION BETWEEN JACK AND JACOBI POLYNOMIALS

In this section we want to describe the precise relationship between Jack
and Jacobi polynomials. In order to do so we first study in some detail the
relationship between partitions and weights.

We associate with a partition A = (4;, 43, ..., 4,) of length /(1) < n the
vector A = Aje; +4Ae3+---+4,e, in R, By (2.16) we have A = (4; —4;)w; +
(A2 =A3)wa+ -4 (An—1 — An)Wn_1 + 4w, so that A € P} . On the other hand,
if A€ P§ then A=a,w;, +- -+ ayw, with a; € Z* so that by (2.16) we have
A=Ae +---+Aise, with A; = a;+---+a;, which determines a unique partition
(A1, ..., An). From the partition A= (4;, ..., 4,) we also obtain

n(4) = (At = A)n(@1) + -+ + (A1 — An)7(@Wn-1) € P
where, as before, m is the orthogonal projection along w,. The partitions
A=A1,...,4,) and A+a(l,...,1) = (4 +a,...,A, +a)(a € Z* and
a > —4n) correspond of course to the same weight in P;. One obtains a
one-to-one correspondence between weights in P; and partitions if we fix the
weight of the partitions. Let us extend the notion of the weight of a partition
to any vector in R"; so for A = A1, +---+ 1,6, in R we put |A| = ZL] Ai.
We then write

Py={A=Aey+---+ Ane, € Pg||A| =d}, del.

For A, u € P; one has of course n(1) — n(u) = A — u so that = is one-to-one
on P;. Nowlet 4 and u be partitions with |A| = |u|. This givesus 4, u € Pg
with |A| = |u| and hence

(3.1) A—p= Z (Z(l — U )( ei—eir1) € 04 C Qp.

i=1 \j=1

Now assume that x < A as partitions so that Zj-=1 uj < Z;;, Aj forall i >1
and equality holds for i = n. Then we see from (3.1) that A—u € Q} c Qf.
If on the other hand 4 — pu € Qf with A4, u € P§ and |A| = |u| then by (2.18)
we have 1 — u € QF and since 4; — u; > 0 for all j it follows from (3.1)
that u < A as partitions. Finally we note that if 4 C A as partitions then
A—pu=37 (A — ui)e; € Qf . Hence we have obtained:
Lemma 3.1. (i) Let 1 and A be partitions with |A| = |u|. Then n(A) — n(u) =
A—u and
u < A as partitions & A—pe QY o A—pueQf.
(ii) If u and A are partitions such that p C A then A—p€ Qf. 0O
For future reference we prove here the following result.

Proposition 3.2. Let A be a partition which we also consider as element of Py .
Then

{partitions v|3 partition u withv <p, pC A} ={v e P§lA—-v € Q}}.

Remark. The set {v € Pf|A—v € Q}} is precisely the intersection of Ilp(4)
with the positive Weyl chamber of BC, .

Proof. The inclusion C is obvious since u C A implies that A — u € Qf while
v < u as partitions also implies u —v € Qf (Lemma 3.1). Hence A—-v € Qf .
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Next we prove the other inclusion. Solet v = Y7, vie; in P§ with A—v € Qf .
Write A =37, 4;¢; . We have to show that 3u =Y [, we; in Py with pC 4,
i.e. 4; < A; and such that 4 —v € Q} (since then |u| = |v| and hence also
v < u as partitions by Lemma 3.1). We know that

n—1
A=v+) aiei - €iq1) + anen, a; €Z".
i=1
Put ap=0 andlet i€ {l,2,...,n}. Since 4; >0 one has v;+a;—a;_, >0
so that from v; +--- + v, < a;_; it would follow that v;,; + V2 + -+ v, <
ai_1 —v; < a; and similarly v;,p +---+ Uy < Qjy1, --- 5 Un < Gy—1 . SO, starting

with v, + .-+ v, > 0 =ag, we can choose i € {1, 2, ..., n} such that

Vi+ Vg +--+vy>a;—; and

(3.2) .
vitvip+--+vp<ajy forj=i+1,...,n
Now define
p=v+a(er—e)+- - +aii(ei-1—e)
+ (Vig1 + - +vn)(€ — €iy1) + - + Vn(€n—1 — €n)
then ] )
Aj j=1,2,...,i-1;
Bi=Q VitVipi+ o+t vn—ais1,  J=1
0, j=i+1,...,n

Since by (3.2)
Aici2Ai=vi+ai—ai >Vi+vig+--+vp—ai-;1 20

we see that u is indeed a partition, i.e. x4 € Pg . Furthermore, since a; € Z+
and v; € Z*+ for all i it is clear that u — v € QF . It remains to show that
U CA,ie Aj—uj>0 forall j. This is clear for j # i while for j =i we
have

Ai—pi=Wi+ai—ai)— Wi+ +vp—ai-1) =a— WViy1 + -+ V)

which is nonnegative by (3.2) again. This proves the proposition. 0O

As in §2b we now take e* € C[Pp] and consider it as function on Tp. By
restriction we can view it as function on T, and we will denote this restriction
by (e*)™. One has

(3.3) ()~ = ™™

since 7 is the orthogonal projection onto ¥V and #n(Z") =V NZ"=Q4. We
extend the restriction to C[Pg] by linearity so that from f € C[Pg] we obtain
f € C[P4]. For d € Z we write C[Pg); for the collection of f = ¥, c;e*
in C[Pg] in which the sum is taken over A € P;. Then f — f is obviously
injective on C[Pg]y. Note that since # commutes with W, it follows that
if C is a Wy-invariant subset of Pg then n(C) is a Wy-invariant subset of
P, (here W, is considered as subgroup of Wjp). Hence if f € C[Pg] is Wy-
invariant then f € C[P4]"4. Let i be any partition. The Jack polynomial
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Ji(X1, ..., xn; k~1) is a symmetric polynomial in Xx;, ..., x, and homoge-
neous of degree |A|. We put x; = e’ = e®({) for t = (t,, ..., t,) € C" and con-
sider J) (A € Pg) as Wjy-invariant element of C[Pg]};; (cf. subsection 2b). The
same applies to the monomial symmetric polynomial m; = m;(x;, ..., X»).

From the definitions of m; (in (2.3)) and m; (cf. (2.21)) and the fact that
n(Wy-A) = Wy-n(A) it follows immediately that

(3.4) r’hl = mg(l).

On C[Pg]; we introduce an inner product (-, -)4, ,—which is an ‘extended
version’ of the inner product (-, -)4 x in (2.25)—by

65 U faw= [ S@ED[[Ixi-xfrdx, k2o

i<j
For any partition A of length /(1) < n we define A.(4) by
(3.6) h()y= [ ¥—i+1+k7" i)
(i,))er
and h*(A) by
(3.7 h*(A) = H (A —i+ k=Y = j+1)).
(i, ))€r

The factors in (3.6) are the so-called ‘lower hook-lengths’ at (i, j) € A while
the factors in (3.7) are the so-called ‘upper hook-lengths’ at (i, j) € 4 (cf.
[30, §5 or 21, §4]); they both reduce to the ordinary hook-length at (i, j) if
k = 1. We can now state the exact relationship between the Jack and the Jacobi
polynomials.

Proposition 3.3. Consider the Jack polynomial Ji(x; k=) as function on Tg

under the change of coordinates x; = e' = e%(i) if t = (t;,...,t,) €C". Let
Py(u, k) denote the Jacobi polynomial associated with A,_,. Then

(3.8) T3 k7 = h(A)Pa(n(A), k).

Proof. Let x' = (x;,...,x,) € T4 and s € S' (see subsection 2b). Then

f(sx') = s?f(x') for f € C[Ply and |[[, ;(sxi — sx;)| = |TL;c;(xi — x))|.
Hence
(39) (f, g)Ae,k=<f~‘a g)A,ka fagEC[PB]d'

In [21] (also see [20, Chapter VI, §§9-10]) Macdonald notes that the Jack poly-
nomials J; are also characterized (up to normalization) as the symmetric poly-
nomials of the form (2.6) that satisfy

(Jas Ju)a, k=0, U< A

By restriction to 74 we obtain Wy -invariant polynomials ‘7,1 in C[Pg]};; which
by (3.9) will satisfy

(o, Tk =0,  p<A
Moreover, by (2.6), (3.4) and Lemma 3.1 they will have the form

T A
JA = Z Cawm, .
vePy ,u—n(l)EQj
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But these two properties characterize exactly the Jacobi polynomials Py (n(4), k),
up to normalization (cf. subsection 2b). Now the coefficient of my, in
Py(n(A), k) equals 1 while the coefficient of mf(l) in J; equals vk~ (cf.

(2.6)). Stanley has shown in [30, Theorem 5.6] that the coefficient v;;(k~!) of
m; in J; equals h.(4). Hence the proposition follows. O

To our knowledge the result (3.8) has never been stated in this precise form in
the literature although it is probably known (cf. [23, p. 316, ex. (5)]). In a sense
the two variable case of Jack polynomials was already studied by Koornwinder
and Sprinkhuizen-Kuyper in [14, §4].

For the product of the ordinary hook-lengths (so k = 1) there is the well-
known ‘hook-length formula’ [19, Chapter I, Ex. 1(4)]. From Proposition 3.3
we obtain a generalization to arbitrary k of this hook-length formula. Let us
introduce the notation a! =I'(a+1) and (b), =I'(b+k)/T'(b) for a, b, k € C
(so (b)x reduces to the Pochhammer symbol for k € Z*). Whenever we write
i<jwewillmean 1<i<j<n.

Corollary 3.4. For any partition A= (A1, A2, ..., An) we put
ui=kn—i+1)+4,-1 fori=1,2,...,n.

Then we have for k € C,

(3.10) ha(R)[Ta(1ns k1) = ca(m(2) + pa(k), k)

or, equivalently,

Je— 14l I, !
3.11 ho(A) = i=1i7 .
3.1 @ ITici (ke = D Tl <cicjcn (i — 15k

In particular
(3.12) ho(lwn)/Jiw,(1n; k1) = 1.
Proof. From [28, Corollary 5.2] one obtains that

Pa(u, k)(e) = 1/cq(u+ pa(k), k)

where e € H, is the unit element. But e € H, corresponds to x = 1, so
that we obtain the corollary from (3.8). To obtain (3.11) we note that p4(k) =
%k Y (n=21+1)e; and (n(A), e;—e;) = A;—4; so that we obtain from (2.29)

o TAi=Ai+ k(= D)(k(j—i+1))
car®+pa). b = 1l 1z =5 G =7+ TG -0y

(Note that this is a rational function of k.) The product
[IT*G - i+ 1)/Tk( ~ i)
i<j

reduces to [];_, I'(ik)/T'(k). Moreover, the value of J;(1,;k~!) has been
determined by Stanley [30, (2.10)] and is given by

(3.13) Ll k™= J] n-i+1+k7'(-1).

(i,j)ear
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This can be rewritten as

n n
k"W T[k(r =i+ 1)3, = k"M [ Tlk(n — i + 1) + 4;) /T (ki)
i=1 i=1
and thus we obtain (3.11). Since n(/w,) = 0 the final result follows from the
normalization of the c-function. O

Of course it is not hard to get (3.12) directly from (3.6) and (3.13). The
case k =1 of (3.11) is the hook-length formula in [19]. One can give a direct
proof of the ‘lower hook-length formula’ (3.11) in the following way. Given A =
(A1, ..., An) we consider for k € Z* the partition k-4 = (kd;, ..., kA,). For
convenience we assume /(A) =n. Let A’ = (4],...,4),) sothat A{ =I/(A)=n
and m =[(’) = 4, . Thenthedualof k-Ais (A, ..., 41,45, ...,4,, 4, ...,
Am) Where each ) is repeated k times. If we now use [19, Chapter I, (1.7)]
then it follows that the km + n numbers

kA+n—i  (1<i<n),  k(j-D)++n-2;, (1<j<m, 0<I<k-1)

are a permutation of 0, 1,2, ..., km+ n— 1. This proves that
m k-1

H(kl,+n—t)H [T(n=%+k(G-1)+ 1) =(km+n—1)!/(k - 1)!

j=2 1=0
and hence, with 4 and A’ interchanged

Ay
T(k) [J(kA; + 41 = i) H(xl —Aj+k(j-1))y=Ttkn+i-1), keZ*,

i=1 Jj=2

where n = A] . If we apply this successively to the partitions (A;, Aj41, ..., 4n)
for /=1, 2, ..., n and multiply the resulting identities then one obtains (3.11)
for k € Z*. Since we are dealing essentially with polynomial identities (3.11)
follows for k € C.

One may ask whether a similar formula holds for the ‘upper hook-length’
h*(4) as defined in (3.7). The next proposition shows that this is indeed the
case.

Proposition 3.5. For any partition A = (A;, A2, ..., An) weput v;i = k(n—i)+A;
Jor i=1,2,...,n. Then we have for k € C,

: KT, v
(3.14) h*(A) = Miereyen i - ‘_( 1),

or, equivalently,

* . Ccq(—m(A) — pa(k) + ¢, k)
a1 Wi L ) = e B e, B

In particular

(3.16) h*(lw,,/ I[I m-i+ktj)=1

(i, J)E(m)
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Proof. Let A and A’ be as above. Note that {k(j—1)+/+n-Aj|j=1, I=
0,1,...,k— 1} is the set of integers {0, 1,..., k — 1}. If we delete this
set of integers from the km + n numbers above and subtract k — 1 from the
remaining set then we obtain that the k(m — 1) + n numbers

k(Ai-D)+n—-i+1 (1<i<n),
k(j=2)+1l+n-2; 2<j<m,1<I<k)

are a permutation of 1,2, ..., k(m — 1)+ n. One now proves (3.14) exactly
as above for A,.(4). To prove (3.15) we first note that

n n

[T+ H Tk(n-i)+1) [ k(n=1i)+j.

i=1 i=1 (i, j)€r
Since [];; T'(k(j—i—1)+1+k)/T(k(j—i—1)+1) reduces to [T, T(k(n—i)+1)
we thus obtain that

H?:l l/i! _ o .

Moti-v -Gy~ L k=0+)
Hm A+ k(—i—1)+ D)(k( - i)+ 1)
ThG=i—D+ DTk &+ kG -+ 1)

i<j

Hence from (3.14) we have

o J—i= 1)+ Dy
/H —i+kT) H(k1—z)+>. :

(i,j)EA i<j

In order to calculate the limit as ¢ — 0 in the c4-functions we may as well
consider lim,_gc4(—n(A) — py(k —€), k)/ca(—pa(k — €), k). As in the proof
of Corollary 3.4 we have

gglch(—ﬂ(l) —palk —e), k)[ca(—pa(k — &), k)

H T'(4j -4 — (k- &) — )Tk — (k- &)(j — 1))
=5 F Tk —e)(j = DT = 4 = (k — &)(j — 1) + k)’

(Aj—Ai—(k—&)(j—i)+k)z,1;

If we write the right-hand side as [, z—5—g=5=n;, -~ then we can take
i i—4j

the limit &€ — 0. A simple calculation then shows that

(Aj=Ai—k(j=D)+Kk)z-2, ypk(U=—i=-1)+1);,
I1 (Aj—Ai—k(G =D, 1 (k( =)+ D)3-z

which proves (3.15). Since n(/w,) =0 one immediately obtains (3.16) O

i<j i<j

Remark 1. To get (3.10) in the same form as (3.15) one can divide (3.10) by
c4(pa(k), k) which equals 1.

Remark 2. The partition (n—1,n—2,...,1,0) corresponds under n with
pa(1) € P;. Hence both partitions (u;, ..., #n) from Corollary 3.4 and
(v, ..., vn) from Proposition 3.5 correspond to 7(1) + p4(k).
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The two expressions (3.10) and (3.15) can be used to give the relationship
between the two inner products (-, ), in (2.5) and (-, +)4, « in (3.5). Stanley
has shown [30, (3.8)] that

(3.17) (1, Sk = he(A)h*(2)
so that from (3.10) and (3.15) we obtain that
(a/ha(R), Tafha(W)) = B (W) /R () =[]
(i,j)er
-ca(m(A) + palk), k)~ limey(=n(d) ~ pa(k) + ¢, k)/ca(=pa(k) + &, k).
The polynomials J;/h.(A) are denoted by P¢ in [20, Chapter VI]. If we now

compare this result with [7, Theorem 8.5] (cf. [28, Theorem 2.1]) then it follows
that

n—i+k7j
n—i+1+k-1(j-1)

(Dafha(A) s Ta/ha(A))k
1] n—i+k-lj (Py(m(A), k), Py(m(R), k) i
n—i+1+k-1(j-1) (1, 1) 4.k

(i, ))€a
so that from (3.8) and (3.9) we obtain the following result.
Corollary 3.6.

(Ja, Tk n—i+k7lj
1,1 — = = - - . O
O haigegy = U a1

This corollary proves conjecture (C4) in [21, §4], a result which also fol-
lows from the material in [20, Chapter VI, §10]. The well-known constant
(1, Da, e = fp, TLicj1xi = xj1** dx is given by (kn)!/(k!)" (‘Dyson’s conjec-
ture’; see e.g. [28, §4]).

A straightforward combination of (3.10), (3.15) and (3.17) shows that for
arbitrary A one has

Ly k=1 N
<J/1, J;_)kkw H (k(n - l) +])
(3.18) (i,))er
_ e ca(=palk) +e, k)
= calr® 2l K I L a D - pal) + &, 1)
For A = lw, this result has a nice interpretation in the theory of Jacobi poly-
nomials in §5 (cf. Corollary 5.3; also see (5.17)).

Finally we mention the following consequence of (3.10), for which we do not
have a direct proof. Let us identify w, with the partition (1,1, ..., 1) = (1%).
For a partition 4 = (4, ..., 4,) define 7(A) = (Ay —An, A1 —An_1, .oo, A —
A2, 0). From the diagram of 4, - w, one sees immediately that 7(1’) = (7(4))’
if I(A) =n. Also t%(A) = A — 4, - w, . Hence if we define 79(A) = T(A) + An - @y
then 7 is an involution on partitions. Note that n(7(1)) = n(7o(4)) with 7 as
always. We now have

(i,j)er

Corollary 3.7. Let A= (4, ..., A,) be a partition. Then
Ji(Lns k7Y /ha(A) = Jey(1ns k71 /ha(2(A)).
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Proof. Let wy denote the longest Weyl group element in W,; wp acts as
(e1,€2,...,85) — (€n,€n_1,...,€). Then woRY = —RY where —R} =
{—ala € RY} and hence —w, permutes the elements in R} . Since W, acts as
orthogonal transformations it follows immediately from the definition of ¢4 in
(2.29) that c4(—wod, k) = c4(4, k). Itis easy to check that —won(4) = n(7(4))
and since —wop4(k) = p4(k) we obtain from (3.10) that h.(A)/Ji(1,; k~!) =
ca(-wom(A) + pa(k), k) = ha(t(D)/ Ty (1 k™). 'O

4. HYPERGEOMETRIC FUNCTIONS

In this section we will show that the hypergeometric function ,F; as defined
in (2.10) is a special case of the hypergeometric function associated with root
system BC, asdefined in [6, §6 or 7, §7]. Recall from Corollary 2.3 that the ,F;
is an eigenfunction of the operator A(a, b, c; k) given by (2.13). In the paper
[10] by James and Constantine A(a, b, c; k) for k = % and special values of
a, b and ¢ occurs, after the change of variables x; = cos?t; (i=1,...,n),as
the radial part of the Laplace-Beltrami operator on the Grassmann manifold.
Since this space has a type B root system it is then clear that for general a, b, ¢
and k the operator A(a, b, c; k) is the generalized radial part of the Laplace-
Beltrami operator associated with root system BC, in the sense of §2. This
result was also noted by Kordnyi in [15, §4]. We now describe explicitly how to
interpret A(a, b, c; k) as a generalized radial part.

For i=1,...,n weput y; =cosht; (t; € C) and we let z; be the jth ele-

mentary symmetric polynomial in y,,...,y, for j=1, ..., n. Furthermore
we let
@41) xi=i(l-yp)=1-1"+e ) =—sinh’ly;, i=1,...,n

Finally we let w; denote the jth elementary symmetric polynomial in the x;.
(Recall from §2b that e’ = e% (i) for t=(t, ..., ty) €C".)

From (4.1) it is clear that from a symmetric function in the variables x; one
obtains a Wjx-invariant function on Hp . In this sense we can consider the func-
tion ,Fi(a, b;c; x; k~!) as a Wp-invariant function on Hp. A straightfor-
ward calculation shows that under the change of coordinates (4.1) the operator
A(a, b, c; k) becomes

n
-A(a, b, c; k)= Za,f + kz (coth %(t,- +t;)(8y + Oy,)
i=1 i<j

1
o + coth -2-(11' — )0, — a’f))

n
+> ((2a+2b+ 1 - 2c) coth ;9
i=1

+((2c—a-b—1—k(n-1))cothit;0).

If we compare this with (2.28) and recall the notation (k;, k3, k3) in (2.22)
then we see that

(4'3) A(aa ba c, k) = _LB(kl s k2, k3)
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with
ky=2c—-a-b-1-k(n-1),
ky=a+b+4—c, ky=k.
For later use we note that
(4.5) ki +2ky+ ks(n—1)=a+b.

There are many places in the literature where the operator Lg(k;, k, k3) 1is
defined by (4.2) and then calculated in the y-coordinates. For some more ref-
erences see [1, §7] where the operator is also given in the z-coordinates.

Now let / € Z* and consider ,F;(—/, b; c; x; k~!). Since

(4.6) (=Da=(=Da (=1 = k)z, -+ (= = k(n = 1)),
and (-/);, =0 if 4, >/+1 we see that

(4.4)

- (b
47 SR biex k) =5 o, 2 s k)
is a polynomial. In (4.7) the sum is taken over all partitions 4 = (4, ..., 4,)
such that / > A; > 4, > --- > A, > 0. This is equivalent to A C (/") =
(I,1,...,1). Note that the partition (/") corresponds to the weight /w, € Pg
with w, asin (2.16).

To formulate the next lemma we need some notations and results concern-
ing Wpg-invariant differential operators. In [3, Chapter II, §2, §8a and b] it
was shown by explicit construction that Lg(k;, k,, k3) is contained in an n-
dimensional commutative algebra & of Wjg-invariant differential operators
with rational functions in the y; as coefficients. For special values of the pa-
rameters ki, k,, k3 this follows from the well-known fact that the algebra of
invariant differential operators on a Riemannian symmetric space is commuta-
tive (cf. [6, Remark 2.11]). In [27, Theorem 3.6.a] it is shown that such a result
holds for arbitrary root systems and arbitrary parameters (2 is denoted by
(0, k) in [27]). In any case one obtains that the so-called Harish-Chandra
homomorphism y: 2 — C[t,, ..., t,]"? is an algebra isomorphism for all
values of (k;, ka2, k3). Here C[t;, ..., t,]"® is the algebra of Wp-invariant
polynomials on C". One can describe y as follows. Let C[.Z] denote the
algebra of polynomials in ki, k,, k3 and A, the Weyl algebra of differential
operators in the variables z; (j =1, ..., n) with polynomials in the z; as coef-
ficients. Then we let 2 be the algebra consisting of those D € C[Z]® A, that
commute with Lg(k, k;, k3). The Jacobi polynomial Pg(4; k) then satisfies

(4.8) D¢ = y(D)(A+ pp(k))p, DeZ,

for some y(D) € C[Z]1®Clt,, ..., tn]"? . For more details we refer to [6, §2
and 27, §§2-3].

Proposition 4.1. If | € Z*+ then ,F\(-[, b;c; x; k') considered as function
on Hpg under the change of coordinates (4.1) satisfies

(4.9) Lg(k)2Fy = (lwy, lo, + 2pp(Kk)) 2F1,

where x = (ky, ky, k3) is related to (b, c, k) as in (4.4) with a = —1. Fur-
thermore

(4.10) 2Fi(=1,b;¢; x5 k™) = eg(lwn + pa(K) , k) Pp(lwn, K)(D).
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In particular ,F (-1, b; c; x; k™) satisfies (4.8) forall D e 9 .
Proof. For A =lw, = (I") we get from (2.30) that

(A, A+ 2pp(K)) = nl(ky + 2ks + ky(n — 1) + 1) = —nab,

where the last equality follows from (4.5) with a = —/. The first statement
of the proposition now follows immediately from (4.3) and (2.12). From (4.7)
and (2.6) we obtain

o l);, lvlv(k )
RGN HOEDY Z )ik (I3, J3) )

AC(I?) v<A
where m,(x) = Eaes,,'u x*. The support of this polynomial in x;, ..., x,,
i.e. those a = (a;,...,a,) for which the coefficient of x® is nonzero, is

contained in the set {(aj,...,an)|0 < o; < [}, since v < (/") implies
v; < I for all i. Applying the transformation x; = 1 — k(e + e7%) will
result in a Wpg-invariant polynomial on Hp with its support contained in
{(ar, ..., an)||ail < I}. Considered as vectors in R” this set is precisely
Np(lw,). Hence F(-1,b;c; x; k~!) is a Wp-invariant polynomial of the

form
Y dw.,b,c, 1, ke

velg(lw,)

for certain constants d(v, b, c, [, k). As we have seen above, it is also an
eigenfunction of Lp(x). As stated in §2b these two properties characterize
the Jacobi polynomials Pg(/w,, k) up to normalization. From [28, Corollary
5.2] we obtain that Pg(4, k)(e) = cg(A + pp(k), k)~! where e € Hp is the
unit element. Since J; is a homogeneous polynomial of degree |A| it follows
from the definition of the ,F; that ,F;(—/,b;c;0;k~!)=1. Since e € Hp
corresponds to x = 0 the second statement in the proposition follows. The
final statement is a standard result using the form of the operators in 2 and
the commutativity of & (cf. [6, p. 341]). This completes the proof. 0O

In Proposition 4.3 we will show that cg(lw,+pp(x), k) = 2728 (b)m) /() ny -

Now let Fg(A, k; h) denote the hypergeometric function associated with
the root system BC, as defined in [6, §6 or 7, §7]. Here 1 € C*, k € Z and
h € Hp . Recall from [6 or 7] that for 1 € P} one has

(4.11)  Fp(=(A+ pp(x)), k; §) = c(A + pp(K), k)Ps(A, k)({),  teC"

(One can ignore the sign in Fp since wy = —1 € Wp and Fp is Wpg-invariant.
Also see the remark after the definition of the Jacobi polynomials.)

Theorem 4.2. Let ;Fi(a, b; c; x; k~') be defined by (2.10) and let Fg(4, k; h)
be the hypergeometric function associated with the root system BC,. Then

2Fi(a, by c; x; k™' = Fp(—(A+ pp(k)), k; {)
where x = (X1, ...,%,), K= (ki,ky, ks), t=(t1,...,1t,) €C" and

xi=1-1"+e), i=1,...,n,
A= —awn,, a+b=k +2ky+ky(n-1),
c=k|+k2+k3(n—1)+%, k = kj.
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Proof. We first want to prove that for general parameter a the function F,
considered as a Wjp-invariant function under the change of coordinates (4.1),
satisfies the system of equations (4.8). As was shown in [6, §2], D as differen-
tial operator in the z-coordinates has polynomial coefficients (our coordinates
zy,..., z, are indeed the z-coordinates for this case as defined in [6, §2]).
Hence D as differential operator in the w-coordinates has polynomials coeffi-
cients. Moreover, the J;(x; k~!) can be expressed as weighted homogeneous
polynomials in the w; since the w; are the jth elementary symmetric polyno-
mials in the x;. By ‘weighted homogeneous’ we mean that we take the degree
of w; tobe j. When we consider (4.8) in the w-coordinates it can now be sep-
arated into its weighted homogeneous parts. In each of the resulting equations
the parameter a occurs polynomially. Since we have shown in Proposition 4.1
that the ,F; satisfies (4.8) for a = —/ with / € Z* we can conclude that the
2 F) satisfies (4.8) for all a. Since ,F; is analytic in |x;| < 1 we obtain from
[6, Theorem 6.9] that

(4.12) 2Fi(a,b;c;x; kY =d(A, k)Fg(—(A+ pa(k)), k3 )

where (a, b, c, k, x) correspond to (4, x, t) as stated in the theorem (cf.
(4.4) and Proposition 4.1) and d(4, k) is a constant depending meromorphi-
cally on A and «. It remains to show that d(4, k) = 1. Now Conjecture 6.11
in [6] states that (for arbitrary root systems and arbitrary 1) Fp(4,kx;e) =1
where e € Hp is the unit element. As in Proposition 4.1 it would then follow
that d(4, k) = 1. Although the conjecture has recently been established by
Opdam [29] we will not use this result and present an alternative proof instead.
First of all, just as in the group-cases, it follows from the construction of the
hypergeometric function (which is the spherical function in the group-case) that

Jim et~ () Fp(—p, K5 he) = ep(p, k)

where h, = (tv)" with t€ R and v = (v, ..., v,) and u in the positive Weyl
chamber of BC, . If we take u = —aw, + pp(x) with Rea < 0 then it follows
that

(4.13)  lim e™*“r(h)Fp(awn - pp(x), k; b)) = cp(—awn + pp(K), k).

Now use the Kummer relation (2.14) for the ,F; , multiply (4.12) by e=9%~(h,)
and let ¢t — —oo. Then one obtains that

n
d(3, K)ea(d+ pa(x), k) = lim e~on () [J(1 - x;)~
i=1
’2F](C—b, a;C;X|/(XI - 1), cee s xn/(xn— 1)>k—1)
where (a, b, ¢, k, x) correspond to (4, k, t) as above. In particular x;/(x; — 1)
tendsto 1 as  —» —oco. Also 1—x; = 1 + {(e% + e~"!) with v; > 0 for all
i so that e=99n(h,) [T7_,(1 — x;)~° tends to 4"@ as t — —oo. Hence it follows
that
d(A, k)eg(A+ pp(k), k) =22 Fi(c—b,a; c; 1,5 k7).
The Gauss summation formula (2.15) then implies that

d(A, k)ca(A+ pa(K 22naHr(c_k(l—1))r(b a—k(i-1))

T(b—k(i—1)T(c—a—-k(i—1))
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under the appropriate conditions. The result d(4, k) = 1—and hence the
theorem—now follows from Proposition 4.3 below and analytic continuation
in A and «.

Proposition 4.3. With k = (k;, k, k3) we have

419 et = K D=0 i1
i=1

where c=ki+ky+1+ky(n—1), b=k +2ky+ks(n—1)—a and k = k3.
In particular one has for —a=1¢€ Z* that

(4.15) ca(lwn + pa(x), &) = 272" (B)any /() gn)-
Proof. Note that Rp = {aV|a € Rp} and that (aw,,e; —e;) = 0 so that

with k¥ = (k;, k2, k3) as in (2.22) one obtains from the definition (2.29) of the
c-function and the explicit expression of pg(x) in (2.30) that

n
) P Tk + 2ky + 2k3(n — i) — 2a)T(2k; + 2ky + 2k3(n — i)
cg(—awn + pp(K), k) = ,1:[1 T(k, + 2Ky + 2ka(n — )T (2k; + 2ky + 2y (n — 1) — 2a)

. T(ky + ky + ks(n — i) — a)T'(ky + 2ky + k3(n — i))
(k) + ky + k3(n — D)) '(ky + 2k + k3(n —i)—a)
I T(ky + 2k + k3(2n — i — j) — 2a)T(ky + 2ky + ka(2n — i — j + 1))

Ll T(ky +2ky+k3(2n—i—j)T(ky +2ky+k3s(2n—i—j+1)- 2a)°
1<i<j<n

In the products of the form [[,; rrsyamr

in successive quotients and only T~} 12:235(’::1)) remains. If we substitute this
into our expression for the c-function then we obtain

11 TQki + 2k + 2ks(n — i)
cg(—awy + pa(k), k) = E T(2k; + 2k, + 2k3(n — i) — 2a)

. I'(ky + ky + ks(n — i) — a)['(ky + 2ky + k3(n — i) — 2a)
T(ky + ky + ks(n — i))T(ky + 2ky + ks(n — i) —a) °
If we put z; = k; + k; + k3(n — i) and z; = z; — a and use the duplication
formula for the I'-function then it follows that
n 22211"(21 + %)r(22 + kz - a)
CB(—awn + pB(K) ’ K) - H 22221-\(22 + %)F(ZZ + k2)

i=1

there is a lot of cancellation

which proves the proposition since 2z, — 2z, = 2a, z; + % =c—k(i—1) and
Zy+ky=b-k(i-1). O

The case n =2 of Theorem 4.2 has essentially been established by Yan [32,
Proposition 7] and [33, Proposition 6.5].

Note that Theorem 4.2 proves in particular that Fg(aw, — pp(k), k;e) =1
since ,Fi(a,b;c;0; k) =1.

5. JACOBI POLYNOMIALS

In this section we will treat the Jacobi polynomials and in particular we will
show that the Jacobi polynomials as defined by Herz, James and Constantine
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and, more recently Macdonald coincide with Jacobi polynomials associated with
BC,.

Let us recall that in the one-variable case the Jacobi polynomials P,(“’ﬁ )(x)
can be defined on the interval [—1, 1] by

a 1 1
(5.1) PP (x) = ("“I’, )’zFl( Ll+atf+1a+1;5(1-x).
It seems natural to conjecture that a nice class of orthogonal polynomials in
several variables can be obtained from the ,Fi(a, b; c; x; k~!) as defined in
(2.10). Indeed, for k = % Herz [8, §6] defines Jacobi polynomials in 7 variables
X =(x1,...,%Xn) by

aB)on_ Tylla+l+1+(-1)/2)
(5:2) 00 = Hl Ta—(i-D2)

F (-, ~l+a+B+in+1);a+3(n+1);x;2).

As Herz remarks, for n > 1 this set of polynomials is “obviously incomplete”
and he wonders how to define a complete set of Jacobi polynomials. This
problem was picked up again by James and Constantine [10]. For any partition
A they define generalized Jacobi polynomials P; associated with the Grassmann
manifold as an expansion of the form

P(x) = 3 (x5 2)
u

for certain (undetermined) coefficients u;, [10, (14.1)]. Then they use the
radial part of the Laplace-Beltrami operator on the Grassmann manifold to
find a recurrence relation for the coefficients u;, [10, Theorem 15.1]. For
the special case A = (/") they give Py» explicitly [10, (15.4)] but they do
not mention any relation with the Herz Jacobi polynomials as given by (5.2).
Macdonald’s development of Jacobi polynomials for general k£ in [24] follows
that of [10]. Let us describe the results of [24] here.
Let E(a, B, k) be the differential operator

—E(a, B, k)= Zx,(l - x;)02 + 2k Z

i,j=1;i#j

+ Z(a +1—(a+ B +2)x)0,.
i=1

i—x,)

For a, B > 0 and any partition A define the Jacobi polynomial Gf{’"ﬂ )(x; k=1

in the n variables x = (x;, ..., X,) as the polynomial of the form
(5.3) GO P kN =3 (e, B, k)Qu(x; k7Y
ucCa

that satisfies
E(a, B, )G P (x; k1)
= ((a+ B +2+2k(n - 1) + 2(n() — kn(A)))GP(x; k),

where Q; and n(4) are given by (2.8) and (2.2) respectively. The Gf{”ﬁ )(x; kY
are normalized by the requirement that the coefficient u;; of Q; in (5.3) equals

(5.4)
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(=¥, It is now crucial that one can formulate (5.4) in terms of the root
system BC,. This is suggested not only by the case k = % in [10] but also
by the fact that after the change of variables x; = %(1 — y;) one obtains from
E(a, B, k) the operator —{D*:#:? with y = k— 3 that was defined by Vretare
[31, p. 816] (Vretare also defined Jacobi polynomials and showed that these were
eigenfunctions of D*-#-7; also see [3]). We have

(5.9) E(a, B, k)=-A(a, b, c; k)

where

(5.6) c=a+1l+k(n-1), a+b=a+p+1+k(n-1)

(this explains why we choose to use k~! instead of o in the theory of Jack
polynomials). Note that for k = % and a = —/ one obtains the parameters
in (5.2) and that for n = 1 this reduces to the familiar parameter change
in the classical Gauss hypergeometric function in (5.1). Often the parameter
p=k(n—1)+1 is introduced (e.g. in [8], where k = 1 sothat p=3(n+1),
and also in [24]). If we combine (4.3) with (5.5) and also (4.4) with (5.6) then
we obtain that

(5°7) E(a’ ﬂ,k)=LB(kl9k2ak3)
where
(5.8) ki=a-g, k2=ﬂ+%, ky = k.

If weput y =k —1 = k3 — 1 then the transformation (a, 8, 7) « (ki, kz, ks)
given by (5.8) is very well known in the literature on Jacobi polynomials asso-
ciated with BC, (see e.g. [1, §7] and the references given there). As for the
eigenvalue in (5.4) we note that for A = (4, ..., 4,), which we identify as
usual with A,e; +--- + A,e,, we have by (2.30)

(A, A+2pp(K)) = (ki + 2k)|Al + 2k3 3" Ai(m — i) + 3 42
i=1 i=1

= (ki + 2ky + 2k3(n — 1) + 1)|4|
- 2k3ZA,~(i -1+ zli(li - 1).
i=1 i=1

From the definition of n(4) in (2.2) and the relations (4.4) then follows that
(A, A+ 2pp(x)) = (ky + 2ky + 2kz(n — 1) + 1)|A| + 2(n(d’) — k3n(A))
=(a+b+k(n-1)+ 1A +2(n) - kn(A)).
Hence by (5.6)
(A, A+2pp(x)) = (a+ B +2+2k(n - 1))|A]| + 2(n(d") — kn(A))
so that with (5.7) we can reformulate (5.4) in terms of the root system BC, as
follows

Lp()GPx; k1) = (4, A+ 2pp()) G P k7).
Here x = (ki, k3, k3) is related to (a, B, k) asin (5.8).

Recall from §2b the Jacobi polynomials Pg(4, k) associated with root system
BC, and from §4 the change of coordinates (4.1). Also recall the definition of
h.(4) in (3.6) and the explicit value of J;(1,; k~!) from (3.13). The proof of
the next theorem is similar to the one given for Proposition 4.1.
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Theorem 5.1. For any partition A one has

272 p,(4) .

WPB(A , K)(2)

where k = (ky, ky, k3) = (@ — B, B+ 1, k) and x; = 1 — L(e% + e=4)(i) for
i=1,

Proof. From (5.3) and the definition of ; (and J,l) follows that

a U ’U,, k
Gl kT =30 Y At “‘ “( my(x).

uCA v<pu ”

GP(x k™) =

Note that the coefficient of m; equals uv;(k~!)/Ji(1,; k~!). As we have
seen in Proposition 3.2 the set

{partitions v | 3 partition u with v < u, u C i}

coincides with the intersection of ITg(1) with the positive Weyl chamber of
BC, . Let us denote this set by IT}(4) so that

G P k™)=Y da, B, v, k)m,(x)

vEITh(A)

where d(a, B, v, k) are certain constants and the coefficient of m; is as
above. Applying the transformation x; = J — 4(e" + ™) will result in a
Wpg-invariant polynomial on Hp which has as support the Wjp-orbit of the ele-
ments in IT}(4), which is T1z(4) . Hence Gf{’"ﬁ ) is a Wp-invariant polynomial
of the form 3 .,y @'(a, B, v, k)e” for certain constants d'(a, B, v, k).
We have seen above that Gﬁ“’ﬂ ) is an eigenfunction of Lg(x) with eigenvalue
(A, A+ 2pp(x)) where k = (ki, ky, k3) = (a— B, B+ 1, k). As in Proposi-
tion 4.1 these two facts allows one to conclude that the Gﬁ“’ﬂ ) are exactly the
Jacobi polynomials Pg(4, k), up to normalization. Now the coefficient of e*
in G# will equal

() sttty _ 22

4) (L k70 T L1 k)

Here the factor (—1)* enters because of the coordinate change. Since the
coefficient of e* in Pg(4, k) is 1, the theorem follows. O

For A= (I") = lw, € P§ we can combine (4.10) and Theorem 5.1 to obtain
that with x = (ki , k2, k3) = (@ — B, B+ %, k) one has
(5.9
—2nl
G;z,;ﬂ)(x; k_l) _ 2 h (lw,,)

Jiw,(1n; k= V)ep(lwn + pa(K) , K)

2Fi(=1,b;c; x5 k1)

where b = a+,3+l+k(n— 1)+/ and ¢ = a+ 1 + k(n —1). From
(3.12) we have h.(lwn) = Jip,(1,; k') while in (4.15) we have shown that
cs(lwn + pp(K), k) = 272" by /(c)yn) . Hence we have obtained the following
result.
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Corollary 5.2. One has

()amy
(b)m)
where b=a+B+2+k(n—-1)+l and c=a+k(n-1)+1. O

G P s k) = Fi(=1,b;c; x; k™)

The first result in this direction was obtained by Koornwinder in the two
variable case and with y = 0 (cf. [14, (4.13)]). Using a different method
Corollary 5.2 has also been obtained very recently by Kaneko [13, Theorem 5].

Corollary 5.3. In ,Fi(—1, b;c; x; k™) the coefficient of Qun(x; k™) equals

(=Da®)a a(ls k71 _ (B _ _ (Jn
(5.10) G AT v R O

Proof. In general the coefficient of Q; in Gf{’"ﬂ) is (=) while for A = lw,
we can read off the coefficient of Q,, in Fi(-/, b;c;x; k™) from (4.7).
Thus Corollary 5.3 follows immediately from Corollary 5.2. Based on (3.12),
(3.17) and the definition of A*(1) in (3.7) it is easy to give a direct proof of
(5.10). Using (3.16) one can also obtain (5.10) as the special case A = (/") of
(3.18) (note that n(/")=0). O

Corollary 5.2 gives explicit expressions for the coefficients u,,(a, B, k) of
Q, in the expansion (5.3) of Ggﬁ,’)ﬂ ). In fact

b my J, ln;k_l n
(51D i ples B0 = (DuEOB AU e,

where J,(1,; k=) and (J,, J,)x are known (see (3.13) and (3.17)), c=a +
k(n—1)+1 and b=a+ B +k(n—1)+1+1/. For general A Macdonald [24,
§9] writes

(5.12) G'(la,/’) = Z(_l)lﬂl 81 ; I:E: : 8;1 Cula+ B+2+2k(n-1)Q,
uCA 4

for certain coefficients c;/, . Expansions like this were first studied extensively
by Koornwinder and Sprinkhuizen-Kuyper in [14] for the two variable case. As
for the case k = % in [10] Macdonald obtains from the differential equation
(5.4) a recurrence relation for these coefficients. Solving this recurrence relation
then leads to the following expression for these coefficients ¢, :

r

(5.13) cyu(C) = ZTZHI ( 20 ) / (iC +2p(A) — 2p(ADY)

=
where C = a+ f+2+2k(n—-1), p(d) = n(A) — kn(A) and the sum is
over all standard tableaux A = A® > A) 5 ... 5 A0 = u of shape A/u.
In particular |A| — |u| = r and |A¥)] — |AG—D| = 1. For a definition of the
generalized binomial coefficients (z) for partitions u C A see, e.g., [24, §6, 32,
§2 and 17, §3]. Although the partitions which occur here are known from the
work of Lassalle [17], the resulting sum over all standard tableaux of shape A/u
seems hard to evaluate. For the case A = (/") we obtain from (5.11) a simple
explicit expression for c(ny;,(C).
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Corollary 5.4. Let c;;, be defined by (5.12). Then

(b)(n
(b)u

Leamula+ B+ 2+ 2k(n — 1))

= o, S e,

(5.14)

where b=a+B+1+k(n—1)+l,c=a+k(n—1)+1 and J,(1,; k") and
(Ju, Ju)i are given by (3.13) and (3.17). O

Note that the right-hand side of (5.14) does not depend on o and f. Let
us consider some special cases. First we take / = 1, so that u C (1") is the set
{(19|s=0,1,...,n}. From (3.13) and (3.17) follows that Ji;s)(1,; k~!) =
(")s! and kS(Jsy, Jas)k = s!(k(s — 1) + 1)q1s) . An easy calculation shows that
in general (—=/)gn) = (=1)"(k(n — 1) + 1)(s) . Hence we have

(lnak ) n s
(=1l 1)um (), = (1),

and so the expression for uj» 15y in (5.11) reduces to

b)as(c)n
0 anmco ()

It follows that

n b) lS
5.16 oD x; k1) = D 5 ()( ) Qe (¢ k™
(5.16) i rs k) = 3 Z 0 (§) e Qs k7,
a result which was previously obtalned by Macdonald [24, (9.21)']. In fact
Macdonald gives the expansion even for G(" A (x;k=1) with 0<r<n.In
order to compare (5.16) with [24, (9.21)] we notc that for n > s we have

Eb)?")) TI6 +kn— 1) = k(n+s+i-2)
1: i=1

and that for general / our pairs (¢, b) and (a, f) correspond to (4, C —
k(n—1)—1+1) and (a, b) respectively in [24, §9].

Another special case we want to mention is u = (["7!, ] —r) with r €
{0, 1, ..., 1} so that in particular |A| — |u| = r. We omit the details of the
calculation. The results are as follows.

ul J/l(ln; k_l) _ (1) (kn)r _ (Jn—1 _
(517)  (-Di(- Dty i =\ )@, A=W
Note that the identity (5.10) is the special case r = 0 of (5.17). Also note the
relation with (3.18). If 4 = (I*) and u = (I"~', [ - r) then there is only one
standard tableaux of shape A/u, namely the tableaux A = A® > A 5... >
A" =y with A® = (I*=!, [ —i). Hence the sum in (5.13) reduces to one term
only. Now it is not very hard to show that with A and u as above one has

I’I(iC +2p(A) = 2p(A0)) = 2D (b)m)
(b)u

i=1
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so that

(b (A

Hence it follows from (5.14) that (5.17) is equivalent to
(A=Y I' (kn),
19 (i ) -7
for r=1,2,...,1. From (5.18) follows easily that for i =1,2,...,1/

Al) kn+i
<,1(i+1>) =k-D%57
a result which also follows immediately from the much more general results
obtained by Lassalle in [17, §3]. For the case k = % the binomial coefficients
for partitions were introduced by Constantine. For references and more details

concerning the case k = 3 we refer to [26, §7.5] (also see e.g. [10]) while for k
arbitrary we refer to [24, 33 and especially 17 and 18].
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