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Abstract

Algebraic structure of Calogero-Sutherland-type models is reviewed. Each of the
models is related to representations of a degenerate version of the double affine Hecke
algebra. From this viewpoint, wavefunctions of the models can be treated in unified

manner.

1 Introduction

There are intimate relations between quantum mechanics and special functions. Wave-
functions for some models can explicitly be written in terms of suitable special functions.
Recent studies on integrable quantum many-particle systems reveal that wavetunctions of
some special cases can be written in terms of multivariable analogue of classical orthogonal
polynomials. Furthermore, in those cases, properties of the wavefunctions can be treated
in unified manner by using their algebraic structure.

An example of such models is the Sutherland model, which describes interacting particle
on a unit circle [Sul, Su2, OP]:

S | —1)
Hs = Zae2+ Zsm G—Gk)/Z] (1.1)

where (3 is coupling constant and we assume 3 is a non-negative positive integer. In this
case, wavefunctions can be written by the so-called Jack polynomials.
Another example is the quantum Calogero model confined in harmonic potential [Cal,
Ca2, Sul, OP]:
|

HA:§Z(—W+ )+Z ) (1.2)

Jj=1 ]<k k
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The subscripts “A 7 signify that this Hamiltonian is invariant under the action of the Weyl
group of Ay_;-type. There also exists the model invariant under the action of the By-type
Weyl group [OP, Y]:

HB:%iV:{—aa—Z—FZ L0 -Y - }+Z{ 21)) + ﬁ(ﬁ_ll}. (1.3)

j=1 i<k (Z] + Zk)

LL ”

(For the latter convenience, we use the letter as the coordinates of the By-type model.)
We remark that the model associated with the Cn-type Weyl group is equivalent to the
By case, and Dy-type model is obtained by setting v = 0.

In these cases, polynomial part of wavefunctions can be regarded as multivariable gen-
eralization of the Hermite (Ay_; case) and Laguerre (By case) polynomials and has been
studied by several authors [BF1, BF2, BF3, vD, Kal, Ka2, So, UW]. In fact, these three
models share the same algebraic structure, the degenerate double affine Hecke algebra.
From this viewpoint, each of the models corresponds to individual representation of the
degenerate double affine Hecke algebra. Furthermore, by using the intertwining operators
between representations of the degenerate double affine Hecke algebra, several known re-
sults on the Jack polynomials can be mapped directly to those of the multivariable Hermite
and Laguerre polynomials. As applications, we will construct raising operators and shift

operators for such polynomials.

2 Dunkl-type operators and multivariable orthogo-

nal polynomials

2.1 Jack polynomials and the Sutherland model

In this subsection, we define our notation and review the theory of symmetric and non-
symmetric Jack polynomials [M1, O, KS]. There are several ways to characterize the Jack
polynomials; Here we define them as eigenfunctions of some operators. We note that we
restrict ourselves to the case associated with the Ay_;-type Weyl group since we only use
such case.

In the paper [Dul], Dunkl has introduced differential-exchange operators, now called
“Dunkl operators”, which are associated with root systems. For the Ax_;-type root system,
the operators are defined as

S AN (=),
I k(#5) ©7
where s;; are elements of the symmetric group Gx. An element s;; acts on functions of x,
., n as an operator which permutes arguments x; and x;. We remark that the operators
D; preserve the space of polynomials of variables 1, ..., zx which we denote C[z]. These
operators satisfy the following properties:
(D}, D] =0, 53D} = Di's

i 2179

SijDkA DkSZ] (k%lvj)v

[DzAv J}]‘] - 52] (1 + 3 Z Szk) 1 - 52])ﬂ52]

k(i)
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Heckman introduced “global” Dunkl operators [Hel], which are written as :L'ij in our
notation. Heckman’s operators do not commute each other. Cherednik introduced another
version of Dunkl operators that mutually commute [Chl] (see also [BGHP, KS)):

Df = $]D;4 + ﬂ Z Sik-
k(<)

The algebra generated by the elements :1;;&1, D;‘ and s;; is isomorphic to the degenerate

double affine Hecke algebra $)' associated with the Ax_;-type root system [Chl, Ch2]. We

remark that the elements l’;ﬂ, Df and s;; also generate §)’ since D;‘ and D;‘ are related

through (2.1).
We denote by £ subalgebra of )’ generated by D;‘ and s;;, which is isomorphic to the

K
degenerate affine Hecke algebra. We further denote by 5:)/ subalgebra of £’ generated by
T, D;‘ and s;;. In terms of generators, the defining relations are

[D;A?D;A] = [zi,2;] =0, TiSi; = 84505, zisin = sppxi (1 F g, k),
si=1 858118 = Si1188541, siysi] =0 (t—J[#1),
D;A+1‘S]_S]D;'4 = 67 SJD;‘-l—l_D;ASJ = 67 [Slva] =0 (]%Zvl—l_l)v
—Pxjsi (>7),
[DZA,:L']‘] =< 7+ (Z TpSik + Z :I?Z'Sik) (e=1),
k(<i) k(>1)
—Bisi; (1 <J),
where s; = s; ;11 (j =1,---,n — 1) are the simple transpositions.

Since the operators D;‘ commute each other, they can be diagonalized simultaneously
by suitable choice of bases of C[z] [BGHP, O, KS]. Such basis is called non-symmetric
Jack polynomials. To define the non-symmetric Jack polynomials, we first introduce the
ordering <; For two pairs (A, w), (p,w') where A, p are partitions and w,w’ € Sy, we
define the ordering < as follows:

i A
N < (i) n<ph
(1, 0') < (\w) = {(ii) if 4 = A then w' <3 w,

where <p is the dominance ordering for partitions [M1], and <z is the Bruhat ordering for

the elements of Gx (see, for example, [Hu]).

Definition 2.1 ([BGHP, O, KS]) An non-symmetric Jack polynomial E)(z), labeled
with the partition X = (A1,...,An) and the element w € Gy, is characterized by the
following properties:

() Ey(@)=ah+ > ugwal
(p,,w’)<(/\,w)

(ii) E)(z) is joint eigenfunction for the operators D;‘,

, A f— A]‘ o .. AN
where we have used the notation x, = L1y TN
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We note that our definition of the non-symmetric Jack polynomials is slightly different
from the one in the references cited above.

Since the action of Df on monomials x7, are given by

D;‘xju = (wA+ B8))ad + S Wt (2.1)
(u,w’)<(/\,w)

with 6 = (N — 1, N —2,---.,0), the action of D;‘ on the non-symmetric Jack polynomials
can be evaluated as follows [BGHP, O, KS]:

DI E () = (w(A + 86)),E; (). (2.2)

From physical viewpoint, the operators D;‘ are related to the Sutherland model (1.1).

To see the relation, we introduce “gauge-transformed” Hamiltonian Hs:

Hs = Res (fj {D;‘ - g(zv - 1)}2)

j=1

Z( )2 ﬁzx]ﬂk( ai] axk)+f;N(N b,

i<k o

where Res X means that action of X is restricted to symmetric functions of the variables
x1,...,2n. If we make a kind of gauge transformation and a change of variables z; =
exp(if;), Hs reduces to the Sutherland Hamiltonian (1.1):

60" o Fs o (o) :E(%x) BT s =

j<k (x; — ak)

where qb(sﬁ)(x) = [Tk l2; — axl’ H;V:l :ch_ﬁ(N_l)/2 is the ground state wavefunction of the
model. The symmetric Jack polynomials appear as polynomial part of wavefunctions for

excited states.

Definition 2.2 ([M1]) The symmetric Jack polynomials Jiﬁ)(:p) are characterized by the

following properties:

(i) a(z) =ma(z)+ D wumu(e),

w(<pA)
(ii) Ji(x) are eigenfunctions of the transformed Hamiltonian Hs,
where my are the monomial symmetric functions.

The symmetric Jack polynomials are obtained by symmetrizing E7, i.e.,

1
A
#GN veBy

Ja(z) = v(E}),

where GJAV is a subgroup of &y that preserve A. This relation follows form the fact that
the right hand side satisfies both of the defining properties of the Jack polynomials.
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As wavefunctions of the Hamiltonian Hg, the following scalar product is naturally

introduced:

()9 = ¢ Fnata)od (@) (@) o SO

2wz 2mix N

where the integration contour is the unit circle in the complex plane. This scalar product

can alternatively be written as

(f(2), (2D = (=) VN2 (D)7 (2.3)

0 b
where [ - |, stands for the constant term and g = g(z7'). By a direct calculation, we see

that the operators D;‘ are self-adjoint with respect to the scalar product (2.3).

Proposition 2.3 ([M1]) The Jack polynomials J\(x) are pairwise orthogonal with respect
to the scalar product (2.3).

Proof. We first introduce generating function of symmetric commuting operators [BGHP,

Kal]:
N
H u + DA

If we expand AJ(U) as polynomial in u, the coefficients form a set of symmetric commuting
operators which contains Hg. Using (2.2), we can evaluate the action of Aj(u) on the Jack
polynomials:

A~

By()dPfa) = T {u+ Mg + 86 — D} A0 (2.

Since all the eigenvalues of AJ(U) are distinct and the operator AJ(U) is self-adjoint, we

conclude that the Jack polynomials J,(x) are pairwise orthogonal with respect to the scalar
product (2.3). O

The property below follows from the fact that the Jack polynomials form an orthogonal

basis of the space of symmetric polynomials C[$]6Ni

<J§ﬁ)(:1;),mu(:1;)>gﬁ) =0 forall u<y A

One can use this relation instead of the second property of Definition 2.2.

2.2 Multivariable Hermite polynomials and A4y _;-type Calogero
model

We introduce an analogue of the creation and annihilation operators:

%T: (=D +aj),  a;=—=(Df + ;).

1
ﬁ

Sl
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The commutation relations of these operators are the same as those of z; and Df by

i

construction. We then make a gauge transformation on a;
~T ~1 T ~ 1 8 1 — S]‘k

al = ¢  o0alogy = —|——+22;, - 7
’ ! V2 O k(zsﬁ:j) T

- - 1 {d 1— s
i = dloa = [Ty
K e e \/i(axj—l_ﬁk(sﬁj) xf'_“"“)7

with ¢4 = 1o, exp(—22/2). Since this transformation leaves the commutation relations

and a;:

unchanged, we can introduce the following isomorphism:

PA(%) = ajv PA(D]‘) = aj, PA(SZ']‘) = S5

It should be remarked that this mapping has already been appeared implicitly in [UW],
however, treated only as an isomorphism of the algebra. To construct eigenstates of 77,4,
we should introduce intertwiner between two representations which will be discussed in the
followings.

We can obtain a set of commuting operators by applying p* to D;‘:

%}4:/) (D) ~T~ ‘|‘ﬂ28]k

The mapping p* gives another representation of 5:5/ on C[z]. We then introduce intertwining

operator o, which is a linear operator on C[z] such that

o (f(xy,...,2N)) = f(&i[,.. J[) 1 forall f(zi,...,2x) € Claz].
The intertwiner o# enjoys the following property.

Theorem 2.4 o4(Qf(z)) = pH(Q)a*(f(x)) for all Q € 9}, f(x) € Clz].

Proof. Since both @) and f(x) are elements of 5:)/ it suﬂices to prove o4(P - 1) = pA(P) -1
forall P € f)/ We then note that every element P of 5') can be represented in the following

form:

P=3 % puale)(DA) - (D), (2.5)

n ’LU66N

where py () are some polynomials. Considering the action of (2.5) on 1, we have

Pol= 30 3 pual@)B - (N =1)B)™

n(n1=0) weGy

since w-1 =1 for all w € & and D;‘ -1 =p(5—1) for all 7. On the other hand, applying
p? to (2.5), we have

=Y pan(@)EA (R,

n eSSy

Since 7L}4 1= p3(j — 1) for all j, we conclude that o4(P-1) = p*(P)-1forall P € . O
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The representation p? is related to the Ay_;-type Calogero model. If we define H, as

m = TA s
Hs = Res ]Z::lhj — §N(N— 1)
L& 0 0 1 0 0
- AT VRS R - 7
2]2::1( 0z * %ax]‘) ﬂ;ﬂ% — T (al'j a’m) 7
we can obtain the Ay_;-type Calogero Hamiltonian (1.2) via gauge transformation:
~ N
Ha= o o Fa o (6)7 + 5+ IN(N — 1),

with qbff) = Tlj<x lv; — 2P TIXL | exp(—a?/2) ground state wavefunction.
We then introduce scalar product for this case:

(0 / / D)2z, - - day (2.6)
1

By a direct calculation, we see that the operator a; is adjoint of a; with respect to the

scalar product (2.6) for all j = 1,..., N. Note that z; (= (pA)_l(ﬁ;[)) is not adjoint of
D;(= (p*)~1(a;)) for the Jack case.

Multivariable Hermite polynomials are defined by using this scalar product [BF1, vD].
In fact, the definition in [BF1] and that in [vD] are slightly different. Here we shall follow
[vD]:

Definition 2.5 ([vD]) Multivariable Hermite polynomials Hﬁﬁ)(aj) are characterized by
the following properties:

(1) H(z) =my(a)+ Y wdm

w(<DA)

(i) (H\P (@), m () =0 for all p <y A

A

Using the intertwiner o, we can construct an operator representation of Hﬁﬁ)(aj).

Proposition 2.6 ([Kal, UW]) Multivariable Hermite polynomials Hgﬁ)(aj) are related to
the Jack polynomials as follows:

H P () = 27 M2 (JO(2)) = 272 @) -1

Proof. We can easily see that 2|A|/2JA(61[, o ,?JV) - 1 satisfy the condition (i) of Definition
2.5. Hence it suffices to show (ii). Applying o to (2.4), we have

N
Au(u) O] ak) 1= T vy + 86 - D} O] a1,
7=1
where we denote AH(u) = pA(AJ(u)) = ﬁvzl(u—l—%f) Since all the eigenvalues of AH(u) are

distinct and the operator Ay (u) are self-adjoint with respect to the scalar product (2.6), we
conclude that the polynomials Jﬁﬁ)(ﬁ) -1 are orthogonal with respect to the scalar product
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(2.6). On the other hand, one may know that the polynomials Jiﬁ)(’cﬁ) -1 form an orthogo-
nal basis of C[2]®¥ by considering the leading term. It follows that <J§ﬁ)(’cﬂ) -1, mﬁﬁﬁ) =0
for all ¢ <y A, which proves the theorem. a

It should be noted that Ujino and Wadati [UW] have shown that Jiﬁ)(tﬂ) -1 diagonalize
the first two of the family of commuting operators that contains H4. The proot given here

is essentially the same as that given in [Kal].

The scalar product (-, >(Hﬁ) induces another scalar product on Clz]:

(f(2),g(a)))a = (f@h)- 1@ - DY

This gives another example of scalar product which makes the Jack polynomials orthogonal.
On the other hand, Dunkl [Du2] introduced the scalar product [f(DA)g(:I;)]O. These scalar

products coincide up to a constant factor:

(F (), g())a = (1, F(@)g
= 1,00 |f@g@h -1

N

h- iy
= (1L [F(DNg(0)]

0

—_

0

We shall evaluate the value (1, 1>(Hﬁ) in section 4.2. (See Proposition 4.8 below.)

2.3 Multivariable Laguerre polynomials and By-type Calogero
model

Dunkl operators associated with the By-type root system are defined as follows [Dul, Y]:

w1 —titgs, 1 —t
DB =% +ﬁ2( L ““Sf’“)ﬂ —, (2.7)

Z; — Zg z; + 2 Z;

where s;; and ¢; are elements of the By-type Weyl group. An element s;; acts as same as
in the Ay_q-case and {; acts as sign-change, i.e. replaces the coordinate z; by —z;. The

commutation relations of the By-type Dunkl operators are

[DP, DP] =0, si;DP = DP sy, siDP = Disiy (k#1i,5),
t;DP = —DP1;, t; D¢ = DPt;  (k #j),

K(#0)

We then define Cherednik-type commuting operators associated with (2.7):

DF = 2D 43 (sjp + titrsar).

k(<j)

Note that the operators D? do not coincide with the Cherednik operators associated with
the By-type Weyl group.
Lemma 2.7 All of the operators Df, S5, tj and 2]2 preserve (22, ..., 2%].
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Proof. Only D? need to prove. We introduce the notation Res(t)(X) which means the
action of the operator X is restricted to the functions with the symmetry t;f(z) = f(2).
Under this restriction, Res(t)(f)f) is equivalent to 215;4 if we make a change of the variables
x; = 27 /2. Since D;‘ preserve C[z], the operators ﬁf preserve C[22]. O

From these facts, we can define representation ¢ of 5:)/ on C[z?):
;) = 527, WDy ==DP (sif) = 34j.

We now introduce creation and annihilation operators for the By case:

1 1
bj = ﬁ(—Df +z), b= E(Df + z;).

The commutation relations of these operators are the same as those of z; and Df by

construction. We then make a gauge transformation on b;[ and b;:

= ~_ ~ 1 8 1—S‘k 1—t‘tk8‘k 1—1¢;
bT — 1 bT — o 2 L 2: J J J J
: R \/ﬁ{ aZi+ K ﬁk(sﬁj) (Z‘— ! )+7 ‘ }7

i = 2k Zj + zg Z;

- .y - 1| o L—sjp 1 —titesj -t
by = d5lobjods = —={— ’ - :
g ?5 ©boos \/ﬁ{aszrﬁk%;)(zj—szr zj+ zp " 5 )

with ¢p = [To, exp(—22/2). Since this transformation leaves the commutation relations

unchanged, we can define the following algebra isomorphism:

w(a) =B, w(DFY=b,  w(sy)=sy (L) =1

We then define the operators %;3 as follows:

7@? = IQ(D]B) = ijj + 7 Z (sjk +ttrsik).

k(<4)
Lemma 2.8 The operators %;3 and (ZJ)Q preserve (22, ..., 2%].

Proof. Since the operators Df preserve (Jz1,.. ., zy], it is clear that both %;3 and (Ej)z
also preserve (Jzy, ..., zy]. Then it suffices to prove [t; 7@5] = [t;, (’5;[)2] = 0 for all 4,7,

9 J
which can be proved by a direct calculation. a

Using both ¢ and «, we introduce another representation of & on C[?):

We introduce a linear map of C[z] to C[z?] by using p?:

B F(ars . yan)) = L2, (BL?2) -1 forall flen,...,an) € Cla].

As in the Ay_;-case, the intertwiner o enjoys the following property.
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Theorem 2.9 ¢8(Qf(x)) = pP(Q)oP(f(x)) 1 for all Q € HY, f(x1,...,2n) € Cla].

Proof is given in the same fashion as Theorem 2.4, so we omit details.

The operators 7);[ and Zj are related to the By-type Calogero Hamiltonian (1.3); If we
define Hg as

. N
Hp = Res (th)—mv(zv—m
j=1
L~ (_ & 290 1 B P
) 52(_87?”%?78?)_2@22—23 (a—‘a—)

we can obtain the Hamiltonian (1.3) via gauge transformation:

His = 6 0 s o (6 + (5 2) N + ANV = 1),

with ¢§35) = TLjc |22 — 22PTIL, |25 exp(—22/2) ground state wavefunction of (1.3).
Scalar product associated with this model is

(P = [ [ )68 e e (28)

By a direct calculation, we can show that the operator Zj is adjoint of Zj with respect to
the scalar product (2.8), and hence the operator hf is self-adjoint for all j =1,..., N.

Now we define multivariable Laguerre polynomials [vD].

Definition 2.10 ([vD]) Multivariable Laguerre polynomials L(Aﬁ)(z) are characterized by
the following properties:

1) L) = ma(z) + Y wma(2?),

w(<pA)
(i) (L7 (2),mu (20 =0 forall p<y A

We can construct an operator representation of L(Aﬁ)(z) by using the intertwiner o®.

Proposition 2.11 ([Ka2]) Multivariable Laguerre polynomials L(Aﬁ)(z) are related to the

Jack polynomials as follows:
1) = 0" (1)) = JO(E/2) - 1.

One can prove this statement in the same way as Proposition 2.6, so we omit details.

3 Construction of raising operators

As is shown in the previous section, the multivariable Hermite and Laguerre polynomials
are expressed in terms of the Jack polynomials whose arguments are Dunkl-type opera-
tors. Some properties of the multivariable Hermite and Laguerre polynomials are obtained
directly from those of the Jack polynomials simply by applying p* or pP. As an example,

we will construct raising operators for the polynomials.
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Lapointe and Vinet constructed raising operators for the Jack polynomials [LV]. Using
their raising operators, they obtained Rodorigues-type formula for the Jack polynomials.
Raising operators for the multivariable Hermite polynomials have been constructed by
Ujino and Wadati [UW]. The raising operators above are constructed by the use of Dunkl
operators of Heckman-type (non-commutative). In those cases, relation to the degenerate
double affine Hecke algebra is still unclear.

On the other hand, Kirillov and Noumi gave another expression of raising operators by
using Cherednik operators [KN]. In our notation, their raising operators are expressed as
the following form:

Bl = Y anan o an(DE 82— k)

k1 <-<km

$(Diy + B3~ ka)) -+ (DL, + Bl — ki + 1)),
We recall a important property of these operators.

Theorem 3.1 ([KN]) Action of the operators B) ¢ &' on the Jack polynomials are given

by

B}, H
An +1

A+ Blm = j+ 1) (),
where A+ (1™) = (M +1,..., )

)

Applying 0?4 or o to B!, we obtain raising operators for the Hermite-case or the
Laguerre-case respectively:

BY = Y alal -l (4 82— k)

k1< -<km
(B + B3 — k) (W + Blm — ko + 1)),
BY = Y BB B (BE 4 82— k)

k1<<km

X(h, + B3 = k) -+ (R, + Blm = by + 1),
Form the theorem 3.1 and the propositions 2.6, 2.11, it immediately follows that:

Proposition 3.2 (i) BEH&B)(Q(;) =2-m/? [T (A + B(m — g + 1))H§+)(1m)(:1;),

(i) BLL(2) = T2y (As + Blm — § + D)L 1 (2).

Applying the raising operators repeatedly, one can obtain Rodorigues-type formulas for
the multivariable Hermite and Laguerre polynomials:

H/(\ﬁ)(x) — 2|/\|/2 H ()\2 _] T 6()‘; — 4 1))—1(B]137)/\N(B]137_1)/\N—1—AN . (BIH)/\l—/\Q . 17

(7,5)EX

1) =TT =g B0 — i+ 1) (B (Bl )= (Bl 1,

(7,5)EX

where X' = (A}, ), ...) is the conjugate partition to A.
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4 Construction of shift operators

In this section, we construct shift operators for the multivariable Hermite and Laguerre
polynomials. Each of such shift operators are related to one of the scalar products (2.3),
(2.6), (2.8) (see the theorems 4.2, 4.6 and 4.9 below). However properties related to scalar
product cannot be obtained simply by applying p# or pP. It require a little more effort to
construct shift operators.

It should be noted that the notion of hypergeometric shift operators were introduced
originally by Opdam, and Heckman gave an expression by using the Dunkl operators
[He2, Hel]. Since our construction of shift operators are based on the Cherednik operators,

relation to the degenerate double affine Hecke algebra becomes clear.

4.1 Shift operators for the Jack polynomials

In this subsection, we review the method of constructing shift operators for the Jack
polynomials by the use of the Cherednik operators. Our method is based on the lecture
note of Kirillov Jr. [Ki]; All results given in this section can be obtained by taking limiting
procedure on those of [Ki]. However, all proofs given here are algebraic and we avoid using
limiting procedure so that we can apply the results to the Hermite and Laguerre cases.

Consider elements of £; that have the following forms:

X=Tl@i—x)., W=T1B-D}+D}), M=Il-8-D+D}). (41)
i<j i<y i<y
We note that these operators preserve C[z]. From the defining relations of $), we know
that
(Sj + 1)(_5 - D}Ll + Df+1) = (_5 - Df+1 + D;‘)(Sj - 1)7
(Sj - 1)(5 - D}Ll + Df+1) = (5 - Df+1 + D;‘)(Sj + 1)7 (4-2)
sile =D + Di)e = DRy + i) = (e=Df + Di)(e— Diyy + Di)sy,
with ¢ arbitrary constant and k # j,j + 1. Then, if we define C[2]® and C[z]=®¥ as

Cl«)®* = {f(z) € Cla] | (s; — 1) f(x)
Cla]™® = {f(x) € Clz]] (s; + 1) f(x)

we see that
X eCll®, W (C)®) =Cl)™®, ¥ (Cl]©) =Cl]®.  (43)

We now introduce shift operators for the Jack polynomials as Gy = X~1Y, Gy =X,
The operators (G5 and Gy enjoy the following properties:

Lemma 4.1 ([Ki]) (i) GJJﬁ)é, éjjiﬁ—l—l) e Clx]®~.
i GJJ(B) = c(ﬁ—H)mA—l— “lower terms” with respect to <y,
A = 6

with ¢’ = [Lic; {AV_ijt1 = Aveigr +7 — 0+ B0 —e— 1)}
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(ifi) Gyt =&t

myrs+ “lower terms” with respect to <p,

with C(ﬁ—l—l) = [Ii; v = Avcipn 7 — i+ B8 — e+ 1)}

Proof. (i) Follows from (4.3).
(i) For the longest element wy of Gy, i.e. wo(j) = N —j+ 1, equation (2.1) reduces to

Dl = (Avojp +8G —Dan, + > wh .l
(u,w')<(/\,w0)
Using this relation, we can calculate the action of Vj:
yJJg_)& = H(ﬂ DA + DA)( A""é + “lower terms” with respect to <)
i<y
C(Aﬁ+1)xx+5 +

wo

“lower terms” with respect to <. (4.4)

On the other hand, (4.3) implies that yJJﬁ_)& is divisible by X. Together with (i), this
concludes the proof.

(iii) Can also be proved in similar way. O

The following theorem implies that Gy is, in a sense, adjoint of Gy:
Theorem 4.2 ([Ki]) For f,g € C[z]%~, (Gyf, g)} (B+1) = (f, ng>§ﬁ)

To prove this theorem, we introduce symmetrizer P, and anti-symmetrizer P_ as

1
= —1))
P e Lo Pom e X1

N wE@ wE@N

where [(w) is the length of the element w. We further prepare a lemma.
Lemma 4.3 ([Ki]) P_(); — Zg] DA, .. D) (s; — 1) for some (w1, -, an) €

It should be remarked that this lemma is a degenerate version of a lemma given in [Ki].
We will give a proof in Appendix A for reader’s convenience.

Now we go back to the proof of Theorem 4.2.

Proof of Theorem 4.2. Tt is clear that P, does not affect constant term of polynomials.
Then, for f,g € (C[:L']gN, we know that

(G f, >ﬁ+1) _ (_1)(B+I)N(N B/ [( lny) (ds s )2]0
= (—)ERNOD2 [ (9 1)ga(el7)?)]
= (1PN [P (g (6],

From Lemma 4.3, we see that P_(); — j;J)f =0 for all f € (C[:L’]gN. Hence we can replace
Vs by Vr:

(Gaf, )0 = (1PN [P (3 g X (6] = (i f X)) = (f, Gag).

In the last equality, we have used the self-adjointness of D;‘ a

—_

Using Theorem 4.2, we can evaluate the action of G5 and (i; on the Jack polynomials.
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Proposition 4.4 ([Ki]) GJJ/\_HS = (ﬁH)JiﬁH), C%Jﬁﬁﬂ) = E(Aﬁ-l—l)Jﬁ)é, where the con-
stants c( ) and @ “{ﬁ) are defined in Lemma 4.1.

Proof. Assume p <y, A. Then we have
(G m) ) = (1 Gam) = (I mygs + lower terms )i =0,

where we have used Lemma 4.1 and Theorem 4.2. From this fact, along with Lemma 4.1

(ii), we see that GJJﬁ_)& coincides with cgﬁ+1)J§ﬁ+1). The latter can be proved in similar

way. a

With these preliminaries, it is possible to derive the following result.

Proposition 4.5 ([M1])

B (NGB _ Ni—=Xj—k+ B —i+1)
<‘]/\ 7‘]/\ >J _N'I;IH)\ )\ ‘|‘k‘|‘ﬂ(]—l—1) (45)

Proof. From Proposition 4.4, it follows that

1
<J£ﬁ+1) J(ﬁ+1)>(ﬁ+1) _ <GJ§@57 J(ﬁ+1)>gﬁ+1)

A J — C(B-H) A
A
~(B+1)
1 A c
= ) <J/(\i)5v GJJ/(\B+1)>F15) = CE\B—H) <J/(\i)5v J/(\i)6>gﬁ)'
A A

Applying this relation repeatedly, we have

B-1 ~(B—k)

(& =
(I N = TT 25 (058 ™,

k=0 c/\-|—k6

which gives the desired result. O

The norm formula (4.5) can be rewritten into the following form:

(O g6 (VB)! Jm1HBN —i+1) A=+ 14BN -0
Lo 6')N (7)€ J+ BN —1) Ni—J+ BN —i+1)

(4.6)
A proof of the equivalence between (4.5) and (4.6) is given in Appendix B.

4.2 Shift operators for the multivariable Hermite polynomials

In this section, we will construct shift operators for the multivariable Hermite polynomials.
It should be noted that Heckman has constructed shift operators for the Hamiltonian H 4
without harmonic potential [He2]. However, for the application to norm formulas, it is
needed to compute actions of the shift shift operators on polynomials explicitly. Our
method gives an unified and straightforward way to compute such actions.

To construct shift operators, we first introduce Yy and Yy as follows:

Vu=p V) =18 -k + 02y, Du=p D) =TI(=8 - b+ 12).

i< <]
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Using these operators, we define shift operators for the multivariable Hermite polynomials
as Gy = X1y, GH = jiHX. We stress that we have used same X" as (4.1), and therefore
Gu # p*(Gy), G +* pA(GJ). This reflects the characteristics of the scalar products (2.3),
(2.6).
If we apply p* to (4.2), we have
(5“|’1)( B— hA—I_h]-l—l) = (=8~ h]+1‘|’7l}4)(5j — 1),
(S] - 1)(5 hA + h]+1) = (5 h]+1 + hA)(S] + 1)7
sie— b+ hif)(e h;“+1 +h) = (e— b+ R (e = by + b))

with ¢ arbitrary constant and k # j,j 4+ 1. These relations imply that

Vi (C[)®7) = Cla)™®%, it (Cle] ™) = Cla]®>. (4.7)
Furthermore, if we apply o to (4.4), we see that

yHH§@5 = c(f—l_ JaM 4 “lower terms” with respect to <. (4.8)

'LUO

For the proof of the shift relations for the Jack polynomials (Proposition 4.4), Theorem

4.2 played a crucial role. Here we state analogous result for Hermite case:
Theorem 4.6 For f,g € C[z]%, (Gyuf, g\ (5+1) = (f, éHg>(}Iﬁ)

Proof. The proof is similar to that of Theorem 4.2. For f,¢ € (C[:L']gN, we know that
) = [ [T PO g (o)) e - day,

On the other hand, applying p* to Lemma 4.3, we obtain

yH—yH Zg] al,.. J[)( ;i —1) for some g;(x1, -+, xy) € Cla].

From this relation, we find that P_(Yy — )}H)f =0 for all f € C[$]6N. Hence we can
replace Yy by )}H:
<Gvag>(Hﬁ+1) = / / ny QX(¢A ) dzy---dzy
= (Quf, Xo) = (£, Gug)ly)

In the last equality, we have used the self-adjointness of the operator 7L;4 a

Now we are in position to state that:
Proposition 4.7 GHHH_& = (ﬁH)HgﬁH), CA?HHﬁﬁH) = E{fH)Hﬁ)& where the constants

c(A ) and @ “{ﬁ) are defined in Lemma 4.1.

Proof. From (4.7) and (4.8), we know that (¢ (B+1) )" IGHHﬁ_)(S satisfies the first condition
of Definition 2.5. So it suffice to prove the orthogonality which can be shown in the same

way as Proposition 4.4. The second equation can be proved in similar way. a

%)

Using Proposition 4.7 and Theorem 4.6, we can prove the norm formula for H
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Proposition 4.8 ([BF1, vD])

N/2N[
B @ _ TN
(S 3w ~ A
N — X —k4+p8(—i+1)
(A + : 1.9
1;[ BN knlgj — N+ k48 —i—1) (49)

where |A\| =3 A

Proof. Using Proposition 4.7 and Theorem 4.6, we see that

~(6+1)
&

(D )Y = C(ABH) (1), O,
A

On the other hand, since Hﬁﬁzo)(aj) is direct product of the (one-variable) Hermite poly-

nomials, one can evaluate the norm easily:

_ _ _ N/2 #6
=, g - S L,

Using these relations, one arrives at the formula above. O

The norm formula (4.9) can be rewritten into the following form [BF1]:

N/ I, (75)!

(H, 1) = IAFBN(N-1)72 (51!)N
T (=14 BN =i+ D)HN =7+ 14+ BN, — 1)}
(e V=B =i+ 1) |

It should be remarked that other proofs of these formulas have been given via limiting

procedure [BF1, vD].

4.3 Shift operators for the multivariable Laguerre polynomials

We first define A1, )}, and 5}L as follows:

X =T1G2-28), W =T1B-hP/2+kP/2), W =[[(-B-LE/2+1F)2). (4.10)

i<j i<g <J

After same discussion as in the previous subsection, we see that

W (Cl49Y) = Cle27%, Oy, (C%7°Y) = C[:4®>, (4.11)

and
Vi L/\-|—6 = c&ﬁ—l_l)zi((ﬁ"'é) + “lower terms” with respect to <. (4.12)
Now we define the shift operators for Laguerre case as Gy, = X' ), GL = jiL/'\,’L.

These operators enjoy the following properties:

Theorem 4.9 [For f,g € C[Zz] AGL, o)1 (B+1) = (f, GL9>£B)'
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Proof. The proof for this case is also similar to that of Theorem 4.2. For f,¢g € C[22]6N,

we know that
(Gl g™ = [ [P OungA (o) Pz e,

On the other hand, applying p? to Lemma 4.3, we find that

(DL — yL Zg] H ,Z]J[V)(Sj —1) for some §;(zy,---,2n) € Clz].

From this relation, we see that P_(J}, — j}L)f = 0 for all f € (C[Zz]gN. Hence we can
replace Y, by Wy

Guf ) = [ [T PG da
= (uf, g = (f,Gug)t)

In the last equality, we have used the self-adjointness of the operator %;3 a

We then state the following results:

Proposition 4.10 G L| A+6 = (AﬁH)L(fH), CA?LL(ABH) = E&BH)LQS, where the constants

c(A ) and @ “{ﬁ) are defined in Lemma 4.1.

Proof. From (4.11) and (4.12), we know that (¢} (B+1) )" IGLL(AB_I_)(S satisfies the first condition
of Definition 2.10 up to a constant factor. So it suffice to prove the orthogonality which
can be shown in the same way as Proposition 4.4. The second equation can be proved in

similar way. a

)

Using Proposition 4.10 and Theorem 4.9, we can prove the norm formula for L)

Proposition 4.11 ([BF1, vD])

(N = VT, + 58 = )

il o i= A —k P
<JITOG+ BNV =)+ +1/2) [T S —A4+k1g8—ij1; (4.13)

k=11<j Z

where I'(+) denotes the gamma function.

Proof. The proof of this proposition is similar to the Hermite case. We only note the

following formula for the case 5 = 0:

2

(L= L= — (ey) H MU TG+ +1/2)),

which follows from the norm formula of the one-variable Laguerre polynomials. a
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The norm formula (4.13) can be rewritten into the following form [BF1]:

L, 1O) = f(ﬁl,w LT+ 5 )47+ 1/2)

I {1 —14+B(N -+ DHM —j+ 145N —9)}
(iex Ai—J+ BN —i+1) '

It should be remarked that other proofs of these formulas have been given via limiting

procedure [BF1, vD].

5 Concluding remarks

In this paper, we have reviewed the common algebraic structure of Calogero-Sutherland-
type models, i.e. the degenerate double affine Hecke algebra. From this viewpoint, we can
construct the intertwining operators that map the Jack polynomials to the multivariable
Hermite and Laguerre polynomials.

4 and oF are

We restrict ourselves to symmetric polynomials though the operators o
applicable to non-symmetric case, i.e. we can obtain the non-symmetric counterparts of
the multivariable Hermite and Laguerre polynomials:

EM (@) =272 pd @ty 1, EDANz) = EMN((51)?/2) 1

w

Baker and Forrester named these polynomials non-symmetric Hermite and Laguerre poly-
nomials respectively, and studied their properties [BF2, BF3]. We note that some of their
results may be obtained directly form the corresponding properties of the Jack polynomials
by applying the intertwiners.

Our constructs are based on the degenerate double affine Hecke algebra, so it is expected
that the results given here extend to non-degenerate case. Baker and Forrester studied
isomorphism between affine Hecke algebras that maps the Macdonald polynomials to the
multivariable Al-Salam and Carlitz polynomials [BF4]. On the other hand, van Diejen
proposed difference counterpart of the Hamiltonians H4 and Hp [vD]. It would be nice to

clarify algebraic structure of his models. We hope to report on them in the near future.

Appendices

Appendix A: Proof of Lemma 4.3

In Appendix A, we will give a proof of Lemma 4.3. We remark again that the proof given
in this section is a limiting case of [Ki].

We begin with seeing some properties of the anti-symmetrizer.

Lemma A.1 ([Ki]) (i) The anti-symmetrizer P_ is divisible by 1+ (—1)!")wqy both on
the left and on the right.

(ii) Forallj =1,...,N — 1, the anti-symmetrizer P_ is divisible by 1 — s; both on the
left and on the right.
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Proof. (i) G&n can be divided into pairs (w,wwy). Then, rewriting into the summation

over such pairs, we have

Po= 3 D)o+ () we) = 3 (=) {1+ (=)}

(w,wwo) (w,wwo)

Divisibility on the left is proved similarly.

(ii) Can also be proved by similar discussion. O

From Lemma A.1 (ii), we know that Ker P_ D 3=. Ker (1 — s;). To describe kernel of

the anti-symmetrizer, we first investigate kernels of 1 — s; and their union.

Lemma A.2 ([Ki]) (i) LetV is a representation of Sy, and denote V; = Ker (1 —s;),
Vi=3,V;. Then V' is Gn-invariant.

(ii) Assume V is a finite-dimensional irreducible representation of Sy. Then we have

Vo 0 (if V is the sign representation),
|V (otherwise).

Proof. (i) From the definition of V}, it follows that s;(s;v) = s;v for all v € s;V,. If we
introduce vy = (v £ 5;v)/2, we see that s;(vy —v_) = vy —v_ which means vy —v_ € V].
Since vy € V; by definition, we obtain v = vy +v_ € V; + V. This leads to s;,V; C V; +V,,
which concludes the proof.

(ii) From (i), it follows that V' is a subrepresentation. Due to the irreducibility, V'
can be either 0 or V. If V/ = 0, then we have V; = 0 for all j. This means that 1 — s;
is invertible, i.e. for all v € V, there exists u such that v = (1 — s;)u. Then we obtain

sjv = —v for all v € V, ie. V is the sign representation. a

From Lemma A.2(ii), it immediately follows:

Ker P_ = ZKer (1—3)
J

for any finite-dimensional representation of &y. Note this identity also holds for the
representation of &y in the space of polynomials C[z], since this representation is a direct
sum of finite-dimensional representations.

We now introduce operators 5; as
s;—1
~ _ . J

sj=s;+p

Ti— i+l

Using these operators, we can define another representation of the degenerate affine Hecke
algebra 9, on Clz]:
W X
PDY) =, pls)) =3

Using the isomorphism p’, we introduce deformed anti-symmetrizer P as
PO = J(Pl) = —— — 1)),
i(P-) = gg- 2 (=1)

where w = p'(w).
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Lemma A.3 ([Ki]) Ker P = Ker P for the action of P in Clz):

Proof. By similar discussion to Proposition A.1, we know that PP is divisible by §; — 1
both on the left and on the right for every j = 1,..., N — 1. Hence we have

Ker P 5 > Ker (1 —38;)=> Ker (1 —s;) = Ker P, (A.1)

J J
and thus dim(Ker 77(_5)) > dim(Ker P_). On the other hand, if we denote C[z], as space
of polynomials of order n, it is clear that p) preserves C[z],. Since dim(Ker 77(_5)) can

not decrease under specialization, it follows that dim(Ker 77(_5)) < dim(Ker 77(_520)) =

dim(Ker P_) and hence we have
dim(Ker 77(_5)) = dim(Ker P_). (A.2)

Thus it follows from (A.1) and (A.2) that Ker PP = Ker P = > Ker (1 —s5). O

We then define )’ and )Ai’ as

V'=p'() = l:[(ﬂ —zitay), YV =p)= 1:[(—5 —x; + 1)
i< i<i
Lemma A.4 ([Ki])
P_(Y -Y)f=0 foral feClx]®,
Proof. We can show that
(1 + (=D 200) (Y = V') = (V' = V')(1 = wo).
by the direct calculation. Considering the action on C[z]®¥, we have
(14 (=)D 20) (Y = V) f =0,

for all f € (C[:z:]gN. Using this formula and Proposition A.1 (i), we obtain the desirous
result. O

From Lemma A.3 and Lemma A.4, we know that
POV -V f =0 forall feClx]®.
On the other hand, the following statement can easily be proved:

Lemma A.5 Let A be a operator of the form, A = Y e, Guwth with g, € Cla]. IfAf =0
forall f € C[Q?]@N, then A can be represented in the following form:

A=3"4(8—1) for some g € Cla]®¥.
;
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Proof. The operator A can be rewritten as

A = Z g;1 ]k(§]1 - 1) e (éjk - 1) —I_ f]é) for some g;1 ..... ]k E C[x]

.....

Then the assumption of the proposition means g = 0, which gives the desirous result. O

Applying Lemma A.5 to Lemma A.4, we conclude that
Pﬁﬁ)(yl - )A/') = Zf]j(:z:l, ~-yan)(8; — 1) for some §j(zq,...,2N) € (C[:L‘] (A.3)
J

Applying (p’)~* completes the proof of Lemma 4.3.

Appendix B: Equivalence of the two expressions for the norm
formula
In Appendix B, we will give a proof of equivalence between two expressions of the norm

formulas. We first begin with considering the Jack case.

Let A be a partitions satisfying the following conditions (see Figure 1 below):

Apo1 > Ap = = A1 > Ay = 0 = A2

> > A et =T = A el S Appri ey, = 00 =0,
)\/1 = ”':)\/51 > )\/51+1 :'”:)\/51%-52

> > N gt = = Naggen, > A, = =0,

We further define g as pp = (A, -+, A, +1,---, An).

p) '

r u—)\
24 S,
/JJ
rm S2
Sl

Figure 1: Young diagram of A and g

Calculating the ratio (J{?), J(ﬁ)>gﬁ)/<¢]£ﬁ) J§B)>gﬁ) by using (4.5) or (4.6), one can show

ot ot )
that both cases reduce to

OIS A=A B =) A=A = L4 B(p— i)

W_izl M=+ B8p—i—1) N—A —1+8(p—i—1)
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St 1+ B8 —1) sp+-+si+1+80m+-+rn—1)

1+ B(ry—1) Smot s+ 1+ B+t —1)

Pri sptBlritr) sptesat Bt )
Sy Bri Sm A Smo1 F B+ ) S s F B+ )
g Smt s A BN —ptl) 1

SmA s F1LF BN —p) B

On the other hand, if we consider the simplest case A = ¢, both (4.5) and (4.6) reduce
to <1,1>gﬁ) = (BN)!/(BHN. Hence, by induction, we conclude that (4.5) and (4.6) are

equivalent for all A.

X

The Hermite and Laguerre cases can be proved in the similar fashion.
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