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Abstract. We construct special solutions to the rational quantum Knizhnik—Zamolodchikov
equation associated with the Lie algebra gly. The main ingredient is a special class of the
shifted non-symmetric Jack polynomials. It may be regarded as a shifted version of the
singular polynomials studied by Dunkl. We prove that our solutions contain those obtained
as a scaling limit of matrix elements of the vertex operators of level one.
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1 Introduction

The quantum Knizhnik—Zamolodchikov (qKZ) equation, derived by Frenkel and Reshetikhin [9],
is a system of difference equations satisfied by matrix elements of vertex operators in the repre-
sentation theory of the quantum affine algebras. In this paper we consider the rational version
of the qKZ equation. Let V = EBéVZI(CUG be the vector representation of the Lie algebra gly. The
rational qKZ equation is the following system of difference equations for an unknown function
G(z1,...,2,) taking values in V®":

G(#z1,- oy 2m — By ooy 2n) = Ryym—1(Zm — Zm—1 — K) - - Ry 1(2m — 21 — K)

N
h.
X <Hpj3> Royn(zm — 2n) - - Ryymt1(2m — 2m+41)G (215 -+, Zmy -+, 2n)
j:l m

form=1,...,n. Here h; (1 <i < N) is a basis of the Cartan subalgebra, p1,...,py and k are
nonzero parameters, and R(z) € End(V®?) is the rational R-matrix (see (8) below). The lower
indices of the operators signify the components of V®" on which they act. The value —(N + k)
is called the level of the equation.

*This paper is a contribution to the Special Issue on Dunkl Operators and Related Topics. The full collection
is available at http://www.emis.de/journals/SIGMA /Dunkl_operators.html
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In [12] special solutions to the qKZ equation are constructed. Let us recall the construction
briefly. Consider the coefficients in an expansion of the unknown function with respect to the
standard basis of V®". In [12] a sufficient condition is given so that they form a solution to the
qKZ equation. It is described as an eigenvalue problem for the ¢-Dunkl-Cherednik operators
and the Demazure—Lusztig operators. The problem can be solved by using the non-symmetric
Macdonald polynomials [1, 13], which are by definition eigenfunctions of the ¢-Dunkl-Cherednik
operators. Once one obtains a solution to the eigenvalue problem, the coefficients are generated
from it through the action of the Demazure—Lusztig operators. Thus we obtain special solutions
to the qKZ equation from the non-symmetric Macdonald polynomials. In this construction the
polynomial representation of the affine Hecke algebra is a main tool.

In this article we apply the method of [12] to the rational gKZ equation. The main tool
is the degenerate double affine Hecke algebra H,. It is a trigonometric degeneration of the
double affine Hecke algebra introduced by Cherednik [2]. Usually we consider the polynomial
representation of H,, given by the differential operators called the Dunkl-Cherednik operators.
They form a commuting family of differential operators and the polynomial eigenfunctions are
the non-symmetric Jack polynomials [14]. In our construction of solutions to the rational qKZ
equation, we consider another polynomial representation given in terms of commuting difference
operators Y; (1 < i < n), which are difference analogues of the Dunkl operators

1
+

D, =k
VO S m

(1 —0i),

where o0;; is the transposition of variables x; < x;. The parameter x will play the role of
the difference step in the rational qKZ equation. The operator Y; has an expansion Y; =
1—D;+Y;, where Y; decreases the total degree by at least two. We can construct another family
of commuting difference operators in the same way as the construction of the Dunkl-Cherednik
operators from the Dunkl operators. Then the corresponding polynomial eigenfunctions are the
shifted non-symmetric Jack polynomials, which are originally obtained by Knop [11] as a classical
limit of the non-symmetric quantum Capelli polynomials.

In our construction of special solutions to the rational ¢KZ equation we need a polynomial
eigenfunction of the operators Y; (1 < i < n). Then, from the expansion Y; =1 —D; + Y}, the
eigenvalue should be one, and the leading degree part of a polynomial eigenfunction should be-
long to N}'_; ker D; (note that any eigenvalue of the Dunkl operator is equal to zero). A nonzero
polynomial in the joint kernel is called a singular polynomial, which is deeply studied by
Dunkl [3, 4]. It is proved that constants are only singular polynomials for generic x, and specific
values of k, called singular values, such that there exists a non-constant singular polynomial are
completely determined by Dunkl, de Jeu and Opdam in more general setting associated with
finite reflection groups [5]. When « is equal to a singular value, the space of singular polynomi-
als becomes a non-trivial C&,-module. In [3, 4] Dunkl determined its irreducible components
and proved that all the multiplicities are equal to one. Each irreducible component has a basis
consisting of non-symmetric Jack polynomials which are well-defined at the singular value and
singular. In this paper we consider the shifted case. We call a polynomial eigenfunction of Y;
(1 <i < n) a shifted singular polynomial. In Theorem 4 below we prove that the space of shifted
singular polynomials is isomorphic to that of singular polynomials as C&,,-modules, and it has a
basis consisting of shifted non-symmetric Jack polynomials. This fact follows from the inversion
formula [11], which relates the non-symmetric Jack polynomials and the shifted ones. We can
get a solution to the rational qKZ equation from a shifted singular polynomial which satisfies
some symmetry conditions (see (10) below).

Now we mention the result [6] by Di Francesco and Zinn-Justin. They constructed a class of
polynomial solutions to the qKZ equation and observed that their scaling limit give “extended
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Joseph polynomials”. As mentioned in [6], the scaling limit of their solutions solves the ratio-
nal gKZ equation of level one. It had been used in the construction of a new integral formula
for solutions to the rational qKZ equation of level zero in [16]. We prove that our solutions
contain the special solutions above of level one. In our framework, the extended Joseph polyno-
mials appearing in the solutions to the rational qKZ equation are shifted non-symmetric Jack
polynomials which are singular. The leading degree part of the extended Joseph polynomials
is nothing but the Joseph polynomial [10] which is a singular non-symmetric Jack polynomial.
Thus the inversion formula for (shifted) non-symmetric Jack polynomials at a singular value
may be regarded as a map which bridges some data of cohomology of orbital varieties (Joseph
polynomials) and their equivariant counterpart (extended Joseph polynomials).

The rest of the paper is organized as follows. In Section 2 we summarize the definitions and
properties of (shifted) non-symmetric Jack polynomials from a viewpoint of the representation
theory of the degenerate double affine Hecke algebra. In Section 3 we give the rational qKZ
equation and a corresponding eigenvalue problem. In Section 4 we construct polynomial solutions
to the eigenvalue problem, and hence we obtain special solutions to the rational qKZ equation.
The key is the isomorphism as CS,,-modules between the space of singular polynomials and that
of shifted singular polynomials. At the very last we prove an explicit formula for some singular
(shifted) non-symmetric Jack polynomials.

2 Shifted non-symmetric Jack polynomials

We introduce some notation. We call an element of ZZ, a composition. In the following we fix
n, and denote by A the set of compositions. A composition A = (A1, ..., \,) is called dominant
if Ay > --+ > Ay, The symmetric group &, acts on A by oA := (A,-1(1);- -+, Ag—1(n))- For A € A,
denote by At the unique dominant element in the orbit &, \, and by wj\r the shortest element of

k k
&,, such that wj\')\Jr:)\. We define the dominance order <on A by A < u< > A < > w; (Vk).
i=1 i=1

2.1 Non-symmetric Jack polynomials

First let us recall the definition of the degenerate double affine Hecke algebra (or the trigono-
metric Cherednik algebra) following [15]'. Let x be an indeterminate and denote the coefficient
field by F = C(k).

Definition 1. The degenerate double affine Hecke algebra IA-i,{ is the unital associative F-algebra
generated by

satisfying the following relations:

i, ;] = 0, [ui, us] = 0,
si=1,  sisip1si = sipsisiv1,  sis;=sjs ([i— 4[> 1),
5iTi8; = Tiy1, 5iTj = X;js; (j #d,i4+ 1),
SiU; = U418 + 1, SiUj = UjS; (] #i,i—l—l),
— TiSji (J <),
i, z;] = 4 RTi+ta; 2 st X0 spay (=1,
v 1<k<j j<k<n
— Z;8ij (Z < ])

Here sij = (8- 5j-1)(sj—2- - s;) for i < j.

'We change the notation in [15] as T3 — Tngi—i, Si — Sn—i, Ui — Unti—i-
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Note that IA-JI,.C contains the group algebra of the symmetric group (si,...,s$p—1) ~ FS,,.

Denote by H the subalgebra generated by x;, u; (1 < i < n) and s; (1 < i < n). The
algebra ﬁ:{ and its polynomial representation are crucial tools in the theory of Jack polynomials.
Let F[z] = Flx1,...,2,] be the polynomial ring. Denote by o; ; the transposition of variables
x; <> x;j. Then the polynomial representation ¢ : ﬁi — EndF|z] is defined by

$xi) =zi,  ¢(si) =0iir1,  O(w)=zDi+ > o, (1)
i<k<n
where D; is the Dunkl operator

1
SL‘?;—SL'j

0
+

Di =
Haﬂﬁz’ “—
J(F#)

(1 —0i). (2)

The operators ¢(u;) (1 < i < n) are called the Dunkl-Cherednik operators.
The non-symmetric Jack polynomials £ (A € A) are uniquely defined by the following con-
ditions:

u)ér =N (1<i<n), &) =2+ ey’ (en €F).
p<A

Here 2* = 27' - - 2}, and ¢(A) = (¢1(N), ..., cu(N)) € F™ is defined by

c(A) == KX + wip,

where p:=(n—1,...,1,0).

2.2 Shifted non-symmetric Jack polynomials

The shifted non-symmetric Jack polynomials are defined by the vanishing conditions. Hereafter
we use the variables z = (z1, ..., z,) for the shifted non-symmetric Jack polynomials, and denote
by F[z] = F[z1,. .., z,] the ring of polynomials in z1, ..., z,.

Theorem 1 ([11, Theorem 6.2]). For A\ € A there exists a polynomial Ex(z) € F[z] uniquely
determined by the following conditions:

Ex(c(i)) =0 for any pe A such that || < |\, p #

E)\(Z) = Z d)\,jzl/ (d)\,, c IF, d)\)\ = 1).
|v<[Al

n

Here |\ := > N\i. We call Ex (X € A) the shifted non-symmetric Jack polynomials.

i=1

Remark 1. The shifted non-symmetric Jack polynomials defined in Theorem 1 are slightly

different from the original ones given by Knop [11] as follows. In [11] the parameter is denoted

by r. Let F := C(r) be the corresponding coefficient field. Define a C-algebra isomorphism

W : Flz] — Flz] by ¥(k) = 1/r and ¥(2;) = n — 1+ z;/r. Then the polynomials E) defined

in [11, Theorem 6.2] are related to Ey in Theorem 1 by ¥(E,) = r~ M E.

The shifted non-symmetric Jack polynomials are also characterized as joint eigenfunctions
of some commuting difference operators. To construct the operators, we introduce another
polynomial representation of Hy. Define the operators T; (1 <1 < n) and w acting on F|[z] by

1
T =0iip1 + ——— (1 —0ii41), (3)
2 — Zi4+1
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(W21, vy 2n) = flzn — Ky 21, ooy Zn—1)- (4)
Here 0; ;41 is the transposition of variables z; < z;41. Set
Y =T - T T Tj (1<i<n). (5)

Proposition 1. There exists an F-algebra homomorphism 1 : ItIH — EndF[z] such that
Y(xi) =Y, Y(si) =T; Y(ui) = 2.
Proof. It can be checked by direct calculation using wT; = T;—jw (1 < i < n). |

Note that the generator x; acts as a difference operator and u; as the multiplication of the
variable z; on F[z]. It is opposite to the action ¢ (1).

Remark 2. The usual polynomial representation ¢ is induced from the one-dimensional repre-
sentation of the subalgebra generated by s; (1 <i < n) and u; (1 < i <n). The representation v
in Proposition 1 is constructed from an opposite side in the following sense. Consider the sub-
algebra generated by s; (1 <i <n) and z; (1 < ¢ <n). It is isomorphic to the group algebra
of the extended affine Weyl group én Then the induced module of the trivial Cén—module is
isomorphic to Flug,...,u,] as an F-vector space. Change the variables u; — z; and we obtain
the polynomial representation .

Proposition 2. Define v; € H, (1 <i<n) by
v; = ui(l —x;) + Z SikTi.
i<k<n

Then the following relations hold:

[Ui,'l)j] =0, SV = V418 + 1, 8V = V;S; (] #4104+ 1).
Proof. Set w; = u; — v; = (ul - > szk)azl Then we can check that [u;,u;] = 0 and
i<k<n
[vj, W] = [vi, U] = —ujs;; for ¢ < j. Thus we get the first relation. The others can be proved
by easy calculation. |

Thus we obtain commuting difference operators ¥ (v;) (1 < i < n) acting on F[z]. The shifted
non-symmetric Jack polynomials are joint eigenfunctions of them.

Theorem 2 ([11, Theorem 6.6]). The shifted non-symmetric Jack polynomials Ey (A € A)
are uniquely characterized by the following properties:

(v Ex = ¢;(\)E) (1<i<mn),

Ex(z)= ) dnz’  (daw €F, day=1).
[vI<IA|

Remark 3. The operators ¢(v;) (1 < i < n) are related to E/s in [11, Theorem 6.6] by
U=, 0 = (¥(v;) — (n — 1))/k, where U is the map defined in Remark 1.

Here we briefly explain why the eigenvalues of 9 (v;) (1 <i < n) are the same as those of the
Dunkl-Cherednik operators ¢(u;) (1 < i < n). Since the operator T; — o; decreases the total
degree by one, we have an expansion Y; = 1—D; +Y;, where D; is the Dunkl operator (2), and Y;
is an operator which decreases the total degree by at least two. Thus we see that ¥ (v;) — ¢(u;)
is an operator which strictly decreases the total degree. Hence v (v;) is triangular with respect
to the order on monomials in F[z] induced from the dominance order < and the total degree,
and its eigenvalues are equal to those of ¢(u;).

Proposition 3. Any eigenvalue of the operators Y; (1 < i <n) on F|z] is equal to one.

Proof. From the argument above, the operator Y; — 1 = —D; + Y; decreases the total degree
by at least one. This implies the proposition. |
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2.3 The inversion formula

The H,.-module F[z] is naturally an Hf-module by restriction. However we consider another
H,'-module structure defined through the following homomorphism.

Proposition 4 ([7]). Set U; :=u; —v; = (u; — Y. si)xi (1 <i<n). Then there exists an
i<k<n
F-algebra homomorphism T satisfying

(@) =,  T(si)=si,  T(w) =i

Hereafter we regard F[z] as an ItIfg—modNule through the map 1 o 7. To clarify it we write
"F[2] instead of F[z] when we consider the H-module structure. On the other hand we regard
Flz] as an Hf-module by the restriction ¢|g+.

Proposition 5. The map
O Flz] — "Flz], f(z1,...,xn) — U(f(@1,...,uy)) 1 (6)

18 an isomorphism between ﬁ,‘!—modules. The inverse ®~1 is a map taking the leading degree
part and changing the variables z; — x;.

Proof. The intertwining property follows from ¢(s;)1 = 1, ¢(u;)1 = n — i in Flz], and
Y(7(s8:))1 = ¢(s;)1 =1 and ¥(7(w;)) 1 = ¥(v;) 1 = n — i in "F[z]. The operator ¥ (u;) — z;
decreases the total degree of polynomials in z, and hence ®(z*) = 2* + (lower degree terms) for
any A € A. Therefore ® is an isomorphism. |

Corollary 1 ([11, Theorem 6.9]). ®(£\) = E) for any A € A. Hence the leading degree part
of Ey is equal to €.

Proof. Apply ® to the both hand sides of ¢(u;)§x = ¢;(A\)&x. Then we see that ®(&y) is an
eigenfunction of 1 (v;) with the eigenvalue c;(\). The coefficient of z* in ®(&,) is equal to one.
This implies that ®(&y) = E). [

Remark 4. The operators ¢(u;) (1 < i < n) are related to Zs in [11, Theorem 6.9] by
U1 Z,U = 4(4;)/k, where ¥ is the map defined in Remark 1.

The equality ®(£)) = E) is called the inversion formula.

The non-symmetric Jack polynomials £, may have poles when « is a non-positive rational
number. From the inversion formula, we see that the shifted one F) also has the same property.
We say that & (or Ey) is well-defined at k = ko € Q<o if it does not have a pole at k = kg.

Corollary 2. For XA € A, &) is well-defined at k = ko € Q<o if and only if Ey is well-defined.

In Section 4.2 we specialize k to some constant x = kg € Q*. Then the C-algebra ﬁﬁo acts

on C[z] and "C|[z] through the maps ¢ and 1 o T, respectively. In this situation the map
®: Clz] — "C[z], flxy, ... xn) — O(f(ur,...,u,))1 (7)

is still an isomorphism between ItIio—modules.
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3 The rational qKZ equation

3.1 The rational qKZ equation

Let V = @ ,Cv, be the N-dimensional vector space. We regard V as the vector representation
of the Lie algebra gly. Denote by h; (1 <i < N) a basis of the Cartan subalgebra, which acts
on V by hjve = d; cVe.

The rational R-matrix R(z) € End(V®?) is defined by

z+ P

R(z) = ma

(8)

where P is the transposition: P(u® v) = v ® u.

Fix a parameter k € C*. The rational quantum Knizhnik—Zamolodchikov (rational qKZ)
equation is the following system of difference equations for an unknown function G(z1,..., z,)
taking values in V®":

G2z, 2m — Ky ooy 2n) = Ryym—1(2m — 2Zm—1 — K) - - Ry 1(2m — 21 — K)

N
h.
X <Hpjj> Riyn(2m — 2n) - Ronymt1 (2m — 2m41)G (21, oy Zmy - -+, Zn)
j=1 m

form=1,...,n. Here py1,...,pn are nonzero parameters, and the lower indices of the operators
signify the components of V®™ on which they act. The value —(N + &) is called the level of the
equation.

3.2 Eigenvalue problem associated with the rational qKZ equation

Hereafter we assume that

n>N > 2.

N
Fix positive integers di,...,dy satisfying > d; = n, and define an n-tuple § by 6 =

J=1
(1%1,...,N). Consider the following eigenvalue problem for a function Fs = Fs(z1,..., z,):
YiFs =xiFs  (1<i<n, x; €CY), (9)
TiFs=—F5  if 0 = 0ip1. (10)

Here Y; and T; are given by (5) and (3), respectively. Note that the consistency of (9) and (10)
implies that x; = Xi41 if §; = d;41. Hence there are N independent parameters xg,..+d;
(1<j<N).

Once one solves the eigenvalue problem above, a solution to the rational gKZ equation can be
constructed as follows. Suppose that Fj is a solution to the eigenvalue problem (9) and (10). Set
Ig,. dy :=6n0 C{l,...,N}". Fore= (€1,...,€) € I, .4y, take a shortest element w. € &,
such that wee = 9. Let we = s;, - - - 55, be a reduced expression, and set Ty, :=T;, ---T;,. This
does not depend on a choice of the reduced expression. Now define a function Fe(z1, ..., z,) by

F.:= (=191, Fy,
where ¢(w) is the length of w € &,,. Set

F(z1,...,2pn) = Z Fo(z1,..0,2n) e @+ @,
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Let K(z1,...,2,) be a function satisfying

K(...,2;m Wi—‘[ 2j—2Zm+K+1 L Zm —2zj — 1 (1)
K(...,zm, i = Zm + n—lj:mﬂzm—zj—i-l
for m =1,...,n. For example, take

_zimz—l
K(z1,....m) = ][] F<”) (12)

11 _Zi—Zj-i-l
1<i<j<n r ( P )

Theorem 3. Set G(z1,...,2n) = K(z1,...,2n)F(z1,...,2n). Then G is a solution of the
rational ¢gKZ equation with pj = Xa,+..+d; (1 <j < N).

Proof. In the same way as the proof of Theorem 3.6 in [12], we can see that the following
relations hold:

nF..,ei,Ei_'.l,... = - F“,Ei+1,€i,...7

WFGn’Ela-nyfn—l = (_1)n_1Xd1+-~~+den F€1,~~7€n7
where w is defined by (4). By setting p; = X4, +...+4;, the two relations above are equivalent to

2 — Zig1 + 1
U s ,"Z'+1Ri72‘+1(zi —Zi+1)F(...,Zi,ZZ'+1,...> = F(...,zi“,zi,...),
Ziv1 — 2z +1

N
_ h;
Poin- PioF(zn — k21, .. 20-1) = (=1)"! Hpj] F(z1,...,2n).
= n

Combining them and (11), we see that G = KF is a solution to the rational qKZ equation. W

4 Special solutions to the rational qKZ equation

Now we construct a class of polynomial solutions to the eigenvalue problem (9) and (10). They
create solutions to the rational gKZ equation as discussed in the previous subsection (see Theo-
rem 3).

4.1 Shifted singular polynomials

First let us consider the equation (9). We want to obtain polynomial solutions. Then the
eigenvalues x; (1 < ¢ < n) should be one from Proposition 3. As seen below the polynomial
eigenfunctions can be regarded as a shifted version of singular polynomials.

A polynomial f(z1,...,z,) € C[z] is called a singular polynomial if f € N, ker D; [3, 4, 5].
Denote by S the subspace of C|z| consisting of singular polynomials. Recall that C[z| has H,-
module structure defined by the map ¢ (1). From the commutation relations 0;D; = D;;10;
and 0;D; = Djo; (j # i,i+1), the maps ¢(s;) (1 < i < n) preserve S. Thus S is a C&,,-module.

Now let us consider the shifted version.

Definition 2. We call g(z1,...,2,) € C[z] a shifted singular polynomial if it satisfies Y;g = g
forall1 <i<n.

Denote by S the subspace of C|z] consisting of shifted singular polynomials. From the rela-
tions T;Y; = Y;11T; and T;Y; = Y;T; (j # 4,1+ 1), which follow from Proposition 1, the maps T;
(1 <@ < n) preserve S. Hence S is also a C&,-module. It is naturally obtained from the
H, -module structure on "C[z] (note that 7(s;) = s; for all 7).
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Theorem 4. The map ® (7) gives a CS,-module isomorphism ®|s : S ~ 8.

Proof. Recall that ®~! is the map taking the leading degree part and changing the variables
2 — x;. Then we easily see @ 1(S) C S from the expansion Y; = 1 — D; + Y; given in the
argument preceding to Proposition 3.

Let us prove ®(S) C S. Suppose that f € Clz] be a singular polynomial. Then we have

x;D;if =0 (1 <i<n). From 2;D; = ¢(u; — >, s;x) and the intertwining property of @, we
i<k<n
have

0=®(x;D;f) = ¢<T (Uz - Z 5ik>>q)(f)

i<k<n
~bt= 3 wgo) = (- X ) a- e
i<k<n i<k<n
where Tj = 1(s;). Since the operator z; — Y. Ty is injective, we get Y;®(f) = ®(f) for
i<k<n
1<i<n. |

If k is generic, we have § = C, that is, constants are only singular polynomials. A specific
parameter value Kk = kg is called a singular value if there exists a non-constant singular polyno-
mial at K = ko. In [5] it is proved that the set of singular values is equal to {—I/m|m € Z~,
I=2,...,nand m ¢ IZ}?. From Corollary 1, Corollary 2 and Theorem 4, we find

Corollary 3. Let kg be a singular value. Suppose that X is a composition such that & is
well-defined and singular at k = kg. Then E) is also well-defined and shifted singular.

In [3, 4] Dunkl obtained an explicit description of S as a CS,,-module. At a singular value
K = Kg, the module § is multiplicity-free and the set of the irreducible components is completely
determined from kg and n. Each irreducible component has a basis consisting of non-symmetric
Jack polynomials which are well-defined and singular. From Theorem 4 and Corollary 3, the
CG,,-module structure of S is the same as S. In the shifted case, S has a basis consisting of
shifted non-symmetric Jack polynomials.

Now we give a limiting procedure from non-symmetric Macdonald polynomials to shifted
singular ones. Let us recall the definition of non-symmetric Macdonald polynomials. Let ¢
and t'/2 be indeterminates and denote the coefficient field by K = C(g,t'/?). Consider the

following operators T} (1 <i<n)and @ acting on the polynomial ring K[X7,..., X,]:
N s /2 _4=1/2
T =1 / o; + m(ﬂ - 1), (@f)(X1,.o, Xn) = f(aXn, X1, ., Xno1),

where o; is the transposition of variables X; «» X; 1. The operators ﬁ (1 < i< n) are called
the Demazure—Lusztig operators. Then the g-Dunkl-Cherednik operators Y; (1 < i < n) are
defined by

}77'; = ﬁ fn_lfufflf;ll
The non-symmetric Macdonald polynomials E f’t (X € A) are defined by the following properties:

}A/;E?\’t = t(wip)iqki E/{Lt (1<i<nmn), Ef’t(X) =X+ Z a X" (aux € K).
p<A

Here X := X0 - X\

“Note that the parameter « in [3, 4] is equal to 1/x in this article. See the definition of the Dunkl operator (2).
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Introduce a small parameter € and set
X; = e, t1/2 = e=/2, q=-e " (13)

Then we find f’iil — T; and @ — w in the limit € — 0, and hence }A’z — Y;. Suppose that E;I\’t
has the Laurent expansion at ¢ = 0 in the form

EN(X)|g=te = €*(g2(2) + 0(1))

for some a € Z and nonzero g)(z) € F[z]. Then we obtain Y;gy = gy for 1 < i < n, that is, gy
is shifted singular. From the discussion preceding to Corollary 3, g, can become non-constant
only if x is a singular value. In Proposition 7 below, we give an example of A and a singular
value kg such that g, is non-constant at kK = kg.

4.2 Construction of special solutions

To construct a solution to the rational qKZ equation, we need a shifted singular polynomial
satisfying the condition (10).

Let r and k be positive integers such that » > 2, k < n and ged(r — 1,k + 1) = 1. Hereafter
we set?

k+1
r—1°

(14)

Take three integers s, m and [ satisfying
n=(s+mk+s+1, s> 0, m>1, 0<I<k.
For a > 1, we set
Alrys,a] == ((r—1)(s+a),(r—1)(s+a—1),...,(r—1)(s+1),0).
For a = 0, set A[r,s,0] = (0). Now we define the composition A(k,s,m,l,r) € A by
Mk, s,m,l,r) = (0<k+1)s, A[r, s,m — 1]k_l,A[r,s,m]l).

Next we take an N-tuple (di, ..., dy) satisfying the following conditions. For 1 <i < (k+1)s,
we have d; = 1. The rest (d(41)s41,---,dn) should be a subdivision of (mF=L (m + 1)!), that
is, d; > 0 and

m (1<j<k
dij+"'+di.i+1_1_{ m+1 (k—1<
for some i1 = (k+1)s+1<ip <--- <ip <igr1 =N+ 1.

Now set § = (1%1,..., N). Then we find

Proposition 6. Ejg, s m) s well-defined at (14) and satisfies (9) and (10) with x; = 1
(1 <4 < n). Therefore the shifted non-symmetric Jack polynomial Ex( sm, ) at (14) creates
a solution to the rational gKZ equation with pj =1 (1 < j < N) of level kLN,

r—1

3The parametrization (14) is motivated by the condition of (k,r)-admissibility employed in the construction
of special solutions to the (trigonometric) gKZ equation [12]. It is originally appeared in [8].
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Proof. In [3, Theorem 5.7] it is proved that {4 sm,r) is well-defined and singular at (14)
(note that if n = k then (s,m,l) = (0,1,0) and Ej 01,0, = Eor = 1 is trivially well-defined
and singular). Hence, from Corollary 3, Ey( sm,,r) is also well-defined and satisfies (9).

To prove that Ej(sm,,») satisfies (10), we need the formula for the action of T; [7]:

ai(H)Eu =+ bi(#)Esm (ps > pit1),
B, = E, (i = piv1), (15)
ai(1) By + Es,p (i < pit1)-

Here a;(p) and b;(p) are defined by

1
ai(p) = ———m—, bi(p) =1 —a; ().
Z(lu) Cz(ﬂ) _ C7,+1(M) Z(lu’) Z(/’L)
The formula (15) can be obtained from the corresponding formula for the non-symmetric Jack
polynomials and the isomorphism @ (6).
Now let us check (10). We abbreviate A\(k, s,m,[,r) to A in the rest of the proof. If 6; = ;11,
we have \; > \j+1, a;(\) = —1 and b;(A) = 0. Hence we get T;FE\ = —E), from (15). |

4.3 Factorized formula for the case of (k,r,s) = (N, 2,0)

In [16] a new integral formula for solutions of the rational qKZ equation of level zero is con-
structed. In the construction we use as an ingredient a special solution of level one given as

follows. We consider the case of n = Nm for some m > 1, and dy = --- = dy = m. Then the
special solution is given in the form G = KF, where K = K(z1,...,2y) is the function defined
by (12), and
F(;: H (ZZ'—Zj—1>.
1<i<j<n
S5; :5]

It is obtained as a limit of a matrix element of the vertex operators associated with the quantum
affine algebra Ugy(sly). It is also found by Di Francesco and Zinn-Justin in [6].

The special solution above is contained in the polynomial solutions given in Proposition 6 as
follows.

Proposition 7. Let (k,r) = (N,2). Forn=Nm+1 (m > 1,0 <1< N), consider
AN,0,m,1,2) = ((m—1,...,1,00¥ (m,...,1,0)).

Then we have

N 0m1,2) (T, -5 )| _(N41) H (16)
1<i<y S
;=9

E)\(N,O,m,l,2) (217 s 7271)‘ —(N+1) H 7 (17)
1Si<i<n
;=9

where § = (1™, ..., (N — )™, (N — [+ 1)+ . N™+H),
Proof. Hereafter we set £ = —(IN + 1) and abbreviate A\g = A(IV,0,m,[,2). Denote the right
hand sides of (16) and (17) by &(x) and E(z), respectively.
In [12, Proposition 5.4] the following formula is proved:
EYU(X)|pmp-ven =[] (X —t71Xy),

1<i<j<n
5;=6;
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where Ef\’t is the non-symmetric Macdonald polynomial. Applying the substitution (13), we see
0
that the right hand side above has the expansion

N0+ (B(2) + (1))

at € = 0. From the argument in the end of Section 4.1, E is shifted singular, and hence £ =
<I>*1(E) is singular. Hence the Specht module F := C&,, - of isotype (N™ 1) consists of singular
polynomials. From the result of [3, 4] (see Section 6 of [4]), F has the basis {&, | p e AV (AD)},
where A™Y()\]) is the set of reverse lattice permutations of AJ. Since )g is minimal in A™¥()\)
with respect to the dominance order and &(z) = z*° + (lower order terms), we obtain & = &y,.

Sending the both hand sides by ®, we get £ = E),. |
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