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The Universal Verma Module and the b-Function

Masaki Kashiwara

§0. Introduction

In this paper, we study the universal Verma module and apply this
to the determination of the b-functions of the invariants on the flag mani-

fold.
Let g be a semi-simple Lie algebra over C, b a Borel subalgebra of g,

n the nilpotent radical of b and § a Cartan subalgebra in'b. Let ¥ be a
finite-dimensional irreducible representation of g and let v be a lowest
weight vector of V. Then there exists f € U(f) and a commutative diagram

U@ @C ——> U@ QY
U(n) U(n)
0.1) f g
U@®C
where g is given by the n-linear morphism from ¥ to C sending u to 1.
Note that Endy, (U(g) Quwm C)= U(H).
The first problem is to determine the minimal f with such a property.
In order to state the answer to this problem, we shall introduce further
notations. Let 4 be the root system for (g, ). For « € 4, let i, be the
coroot of «. Let 4+ be the set of positive roots given by b and p the
half-sum of positive roots. Let —y be the lowest weight of V.

Theorem . There exists a commutative diagram (0.1), with

S= 1, (bt o)+ 1. 1)

where (x,n)=x(x+1)---(x+n—1). Conversely for any commutative
diagram (0.1), f is a multiple of || zes+(ha-+h0)+ 1, A (12)).

By using this theorem, we can calculate the b-functions on the flag
manifold. Let G be a simply connected algebraic group with Lie algebra
g, and let B and N be the subgroup of G with Lie algebras b and 1, respec-
tively, and let B_ be the opposite Borel subgroup.
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Then the semi-group of B. X B-semi-invariants f on G, i.e. regular
functions f on G which satisfies f(b’gh) =X"(b"x(b)f(g) for b’ e B_, g e G,
b e B with characters X" and X of B_ and B, is parametrized by the set P,
of dominant integral weights. More precisely, for 2e P, let V, be a
finite-dimensional irreducible representation of G with highest weight 2,
v, a highest weight vector of 7, and v_; a lowest weight vector of the dual
V¥ of V,. We normalize them such that (v,, v_))=1. Then, the regular
function f* given by

JHg)=(gv, v_y)

is a semi-invariant, and any semi-invariant is a constant multiple of some
f% We have

S @)= f*(9).

Theorem. For any dominant integral weight p, we can find a differ-
ential operator P, on G such that

P,f*e=b,(2) f* for any 2.

Here
b ()= agﬁ (ha+ ), h()).
Notations
Z. : the set of non-negative integers.
Z.. : the set of positive integers.
g : a semi-simple Lie algebra over C.
b : a Borel subalgebra of g.
1 : b, b]
i : a Cartan subalgebra of b.
b_ : the opposite Borel subalgebra of b such that b_ Nb =Y.
n_ : [b., 6]
4 : the root system of (g, 0).
Y/ : the set of positive roots given by b
h, : the coroot of ¢ € 4
S, : the reflection 1—1—/1,(2)e.
W : the Weyl group of (4, §*)

Q+(A): ZaeA+Z+“

Q(A) : Zaedza

P, :{Aeh*; h(A)eZ, for any e 4*}.
14 D (Qaesr )2
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S(4*) : the set of simple roots of 4+.
U(x) : the universal enveloping algebra
U@ : U8)=C, Uy@)=U,-(@)g+U;_.(a)
R SOH=U®Y

c : the canonical homomorphism §—R

Ur(+) 1 R®c U(x)

R,., :for pel*, the Uy®)-module Ux(0)/(Uz(0)n+ > ses Ur(D) (h—
c(h)— u(h)))

1.., : the canonical generator of R,,,

C, : for 2eb*, the U(b)-module U®B)/(UOn+ >, e, UD)h—A(R)))

Z(g) : the center of U(g)

% : the central character £(g)—C of U(@)Qyw Ci_,; %=, for we
W

V, : for 1e P,, a finite dimensional irreducible representation of g
with highest weight 2

U; : a highest weight vector of V7,

v., : alowest weight vector of V¥

(xx,m) : x(x+1)---(x+m—1)

G,B,N,B_,N_, T: the group with g, b, n, b_, n_ and § as thelr Lie alge-
bras.

§!1. The universal Verma module

For a ring R and a Lie algebra a over C, we write Ux(a) for RQ;U(a)
=U(RQn). Hereafter we take S(§)=U(h) for R, where §) is a Cartan
subalgebra of a semi-simple Lie algebra g. Let ¢ be the canonical injection
from § into R. We define R, by R, = U(0)/Uz(B)t+ 3, e5 Un(0)(t—c(R)).
Then R, is isomorphic to R as R-module. We write 1, for the canonical
generator of R,.

Definition 1.1. We call Ugz(g) Ry, R, the universal Verma module.

As a g-module, Ur(@) ®p,x R, is isomorphic to U(g) @y C. For
2 e b*, let C, be the U(b)-module given by UG/(U®MN+ 7, UGN A—
A(h))). We regard C, also as an R-module by R=—>U(). Then C,;Q
(Un(0) Qup R.) is nothing but the Verma module with highest weight 2.
Note that the universal Verma module is, as an R-module, isomorphic to
R®¢ U(n_), and in particular it is a free R-module.

For p e §*, we write R,,, for the Ug(b)-module C,&®,R

The following lemma is almost obvious.

Lemma 1.2. Endy,,(Uz(8)®y,wR.)=R.

Now, we choose a non-degenerate W-invariant symmetric bilinear
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form (, ) on §*.

Lemma 1.3. For p e b*, let f, be the function on H* given by

L=+ p+p, 2+p+0)—Q@+p, 2+p)

and regard this as an element of R.
Then we have

f;.« Eth}R(g) (UR(Q) ® Rc’ UR(g) ® Rc+,ﬂ)=0 for anyj.
URr(b) UR(D)

Proof. The Laplacian 4 e Z(g) acts on Ux(@)®y,,»R. by the
multiplication of (A4 p, 14 p) and on Ux(8)®y,c Resu bY A+p+p, 2+

¢+p). Hence (A4 p+p, 2+ p+p)— (A4 p, 2+ p) annihilates Ext/.
Q.E.D.

Now, let F be a finite-dimensional b-module generated by a weight
vector u of a weight 2, € h*. Hence §) acts semisimply on F. We shall
choose a decreasing finite filtration {F7} of F by b-modules such that

(1.1) F°'=F
(1.2) F’[F’+' has a unique weight 2.
(1.3) ;£ for j+j’.

Therefore, we have F'=nF and F°/F'=C,. Hence there exists an iso-
morphism

@0 Ur(@) ® Reizi—>Ur(@) ® (R F/F).
Ur(H) UR(b) C
Now, we shall construct a commutative diagram
¢ .
Uz(@) ® R..,,—>Ux(@) ® (R.Q F'/F?)
URr(b) URr(b) C
(1.4);: fi
Ur(@ ® Reiiy—>Ux(0) Q (R.QF[FY)
UR(5) 121 U R(5) c

with f; € R, by the induction on j.
Assuming that (1.4); has been already constructed (j=1), we shall
construct (1.4),,,. We have an exact sequence

0—U R(Q)U@%)(Rc QF/[F*)——U R(Q)U@(ﬁ)(& QF[FI*)—>
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—>Ux(9) @ (R, Q@ F[F)—0.
URr(b)

This gives an exact sequence
Homy ¢, (Ur(@) @ Reszp Uz(@) Q (R, QF[Fi+Y))
U r(b) UR(b)
—>Homy,,; (Un(@) ® R..1 Ur(g) @ (R.QF’[FY))
Ur() UR(5)

5 Py .
-_>EthR (g) (UR(Q)U®(5)RC +202 UR(Q) U®(5)(Rc ® FJ/FJ + 1))

On the other hand, F//F/*! is a direct sum of copies of R,,;,. Therefore,
by Lemma 1.3, we have

85 Exty i (Un(@) & R.usy Up(@) & (R,QF[FI*7))=0
UE® UR®)

where g; € Ris given by g;() =+ 2;+ 0,2+ 2;+ p) — @A+ 2+ p, 242+ p)-
Hence g,6(¢;)=0, which shows that g,¢, lifts to ¥r: Uz(8) Qppm Reszo—>
Ur(8) ®ppw(R O FO[FI*7).

If + is divisible by g;, then ¢; itself lifts and we obtain (1.4),,, with
f:1+1:.fj-

Assume that 4 is not divisible by g,. For 2 € §*, let us denote by
4r(2) the specialization of +, i.e. C;@z+. Then, for a generic point 1 of
£7'0), y(1)+0. Hence we obtain a diagram

o 2V@ K (C,QFF+)
- U (b)

e
-
-
-
-

(1.5) U@) ® Carg—ID_, U) ® (C,® FYF+)
T(b) U(s)

gfovsom

Ui (g)vcg (C,QF/F’)

Since g,(2) =0, we obtain a nonzero homomorphism 4: U(g) ®y ) C,120—
U@ Quw (C;QF!F+*). Since U(Q)Que (C;® FI/Fi+1) is a direct sum
of copies of U(g)®y Ci+ay» the central character of U(g) ®y(, C;.s, and
that of U(g) ®y s C,.2, must coincide. Hence there exists w e W such
that w(A4+2,+p)=2+1,+p. This shows that w(A-+2,+p=24+21;+p
holds for any 2 e g;%(0). Since 2;#2,, w#1. Since w fixes the hyper-
plane (4, 1, — 2,)=0, w must be the reflection s, for some « ¢ 4*. Hence
we obtain

0=2+lj+P"‘sa()~+zo+P)=2j_20+ha(2+20+.0)“-
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This implies that 2;=2,+k« for some k e C. Since 2;—2, € Q.(4\{0}, k
is a strictly positive integer. Moreover A2+ 2,4 p)+k=0 holds on
£57'(0). Hence g; is a constant multiple of /,(24 2, p)+k.

Summing up, we obtain

Lemma 1.4. (i) If 2, is not of the form 2,+ ko witha e d,,keZ,,,

then @; lifts to ¢;.1: Up(8) Qu iy Res 10> Un(8) Qu ey (R @ F°[FI+Y)
() If2;=2-tka for some a e 4* and ke Z, ., then (c(h)+h.(,+p)

+ k), lifts to ¢; ...
Repeating this procedure we obtain

Theorem 1.5. There exists a commutative diagram

Ur(@ ® Revi—>Ux(g) ® (ROF)
URr(b) UR(b)
a6 lf
Un® @ Revs~>Unl@) @ (RDFIF.

Here f=T] (0, 1yecir Path(o+ 0)+k) and S(F) is the set of pairs (e, k)
of positive root o and a positive integer k such that Ay+ ke is a weight of F.

Example 1.6. We set F,=U(0)/(U®))+U®)n*). Let K be the
quotient field of R. Then for any k, there exists a unique

or: Ux(@) @ R—Uk(@) ® (R.QF,)
Ur(b) U R(b)

such that the following diagram commutes

Ux(@) ® R—>Ux(@) @ (R.®F))
T Ur(b) URr(b)
1
Ur(8) ® (RO F).
URr(b)
Hence, taking the projective limit, we obtain

¢: Uk(@) ® R.—lim Ux(g) ® (R.QFy).
U5 ) UR®)

When g=s/,, we shall calculate ¢. Let us take the generator X,, X_,
h such that [h, X, ]=42X,, [X,, X ]=h Set A=c(h). We can write
P=¢(1) in the following form

P=§oajx_f®xg(1c®1)



Universal Verma Module 73

with ¢q,=1. Then
X, P=3a,X X' @XI(1,Q1)
=214, X QX" (1, QD)+ ja; X " (h—j+ 1)@ XI(1,®1)
=2, X QX"(1. Q)+ > jA+j+Da, X '@ XI(1,R1).

Here we have used the relation [X,, X7]=jX7-"(h—j+1).
Hence we obtain the recursion formula

1 .
aj=———" _qa,_ for j=1.
a4y
Solving this, we obtain
s (=) yioxs
{a.7n P=3 - —~ _X'®X/(1.®1).

7=0 j12+2,7)

Let V¥ be a finite-dimensional irreducible representation of g with a
lowest weight —x and v_, a lowest weight vector. As well-known, —p
+ka is a weight of V¥ if and only if 0<k<h,(y). Hence Theorem 1.5

»
implies the following Theorem.

Theorem 1.7. There exists a homomorphism

900: UR(g) ® RCHUR(Q) ® (Rc+,u® V;k)
U r(b) U R(b) .

such that g o ¢y=[]acs+ (hat+hi0)+1, (1)), where g: Ur(@) ®ppi) (Ress
R V¥)—>Ux(8) ®urw R. is given by g(1®1,,,®v_,)=1R1,.
Now, we shall show the converse.

Proposition 1.8. For any homomorphism

SD: UR(g) ® Rc—_éUH(g) ® (Rc+p® Vj),
UR(B) Ur(b)

set f=goqpeR. Then fisamultiple of [],cs+ (Na"th(0)+1, h(1r)).

Proof. Note that h,+h,(0)+k=c(h.+h.(o)+k') with a, o’ e 4*,k,
k', c e C implies, e =0a’, k=k’. Hence we can construct another ¢ such
that g o ¢ is the greatest common divisor of fand [] (k.4 %.(0)+1, A ().
Therefore, we may assume from the beginning that f is a divisor of
T (hut-p(h)+ 1, B(1).

Set M=Ur(8) uzw R+, @ V)=ZU@ Quw V¥ and let M; be the
image of U, (@) ® V¥ in M. Then we can easily show
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grM=@ Mj/Mj—l=(S(g)/S(g)n)®c v

as an n-module.

Now, v=¢(1) is a non-zero element of M which is n-invariant. Let
J be the smallest integer such that v € M, and let T be the image of v in
M;/M;_,. Then U is also n-invariant. By the Killing form we identify g
and g*. Then S(g)/S(g)n is isomorphic to C[b], the polynomial ring of b.
Hence we can regard U as a V' ¥-valued function on b, and we denote it ¥'.
By the assumption, v has the form

v=f®uv_,mod UMb )n.@nV}*.

Hence j>deg f and we have either

(1.8) j>degf and 7'|H=0
or
(1.9 j=degf and ¥ (W)=f(hv_, for heh.

Here f is the homogeneous part of /. Since N} is an open dense subset
of b, ¥'|§=0 implies ¥ =0. Hence the first case (1.8) does not occur and

we have (1.9).
Let S(4*) be the set of simple roots. For a € 4, let x, be a root
vector with root «. We normalize as [x,, x_,]=h,. We set

X, = 2, X, xX.= 3 X_a
a€§(4+) a€S(4+)

We take the element 7, € § such that A a)=2 for « € S(4*). Then A=
> wca+h.. Now, we can show easily [k, x.]==42x,, [x,, x_]=h, and
hence {(h,, x,, x_)¢ forms a Lie algebra isomorphic to s/,, We have

e +thy=h,—2tx,.
Therefore, we obtain
U(ahy—2x ) =T (ae* **+hy)=e* "+ U (ah,)
=f(ah)e* *+v_,

=3 (anl)kf(aho)x’iv_”.

k!

The representation theory of s/, implies that x%v_,==0 for (0=k=Zhy(w))
and x%v_,=0 for £>hy). Since ¥(ah,—2x.) is a polynomial in a,
fah)a="® is also a polynomial in a. Moreover f(h)#0 because £ is a
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factor of ] A%=%. This shows that
deg f=deg f=hy(p) = 23 hae.

Hence f is [] (h,+h.(p)+1, h (1)) up to constant multiple. Q.E.D.

For a g-module ¥ and a b-module F, we have a canonical isomor-
phism

(1.10) V@R F® N—VQUQ@KF)

by 1IQ(f@v)—»vR®(UQf) forve V, feF.

Similarly, we have

(1.1D) Ur(®) ® (R, , @ V)"V EQ(Ug(g) ® R..,).
230 c Tr®

Therefore, we have
Homy ¢, (Uz(8) ® R., Ux(g) ® (Rc+p® V;ﬂf))
U Rr(b) UR()
=Homy (U(®) @ Rer VIO (Uslo) ® Re.,)
1.12
2 —Homy,y (1, U@ 8 R). Us®) @ Re)
=H0mvk<g) (UR(Q)U%) (Rc ® Vy)s UR(Q)U@(DB)RC +F)'

We choose a lowest weight vector v_, of V¥ and a highest weight vector
v, of V,, normalized by (v,, v_,}=1. We define g: Un(@) Ry, m R+, ®
V)= Ur(@) @R, and h: Ux(8) Opry Rerp —Ur(8) Oy (R:® V) by
g(1®1,,,Quv_)=1®1, and A(1®1,,,)=181,Qv,

Theorem 1.9. Assume that
© € HomUR(Q) (UR(Q)U@’) Rc: UR(Q)U®(B) (Rc +p ® V;k))
and

‘P' € HomUR(g)(UR(g) ® (Rc® Vy)s UR(Q) ® Rc+,u)
U r(5) Ugr(%)

- correspond by the isomorphism (1.12). Set f=gop e Rand f'=+ohe R.
Then, we have

,_ h.+h0)
1.13 = e RA\E)
19 I=therm’
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Proof. For 2 e h*, we shall denote by ¢(2), ¥(2), #(2) and g(2) their

specializations at 2. Identifying V}QU(g) Ry Cisp) With U@Q) Ry
(G4, ® V), etc., we have commutative diagrams

U ® A1V 0 UE ® C.\)
U (b) U (b)

@ lg(z)
U(g) ® C;
U (b)
and
U@ Q C;.p
U (b)
h(2) )
V.®U@) ® C)—> U@®C, +ue
o @)

Letting 2 be a dominant integral weight and employing the homomorphism
U(@) Quw Ci—V;, etc. we obtain

Vil Vi@V,
(1.14) m)\A lg
V
and
Vitw
(1.15) l’F‘ 7@
VI‘® V;—“I‘—)Ifx”‘

Here g and / are characterized by g(v_,®u,, A=U, and h(v,,,)=v L, Q.
Moreover, @ and + are related by

(c®idy,, ) WR W)=y (w&®v) forveV, andweV,

where c is the contraction V,® V*—C.

Now, V,® V; contains V;,, with multiplicity 1. Let us denote by p
the projector form ¥, ® V, onto A(V,,,), and regard this as an endomor-
phism of ¥V,& V,. Then by (1.15), we have

hop=f")p.

On the other hand, we have a commutative diagram
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VERV,®V,

@V lvf@if\:cwr ®p

Vet s Vi Vi VE®V.OVs
fN lgr /@ Vi
Vi
where ¢: C—V*¥®V, is the canonical injection. Therefore we have
J@)idy,=f'A)(c@ V)« (VERP) o (B V).
Taking the trace, we have
16 S dim V=D tr,, @ V) o (VE®P) o (V).

In order to calculate the right-hand side, we shall take bases {w;} of V,,
{u,} of V, and their dual bases {w¥} and {u¥}. Then

(c®V)o(VERDP) o (tRV)(w))
=S @) (V®PWE ©u.®w)
=2 (c@ VU ®p(u ®w)).
Hence we obtain
try, (c® V) o (VE®P) o (t® V)
= ,Zk: w¥, (c®@ V) (uif @p(u, @ w,)))
=§ (uf @wi, pu, @w,))
=try,gr,p=dim V,,,.
By (1.16), we obtain
S dim V,=f"(2) dim V,,,.

Then the assertion follows from Weyl’s dimension formula

dim V,= ] @10 QE.D.
«es+  h(p)

Corollary 1.10. For a dominant integral weight p, there exists a
commutative diagram

UR(g) ® Rc+,u
Ur(b)
h
UR(Q) ® (Rc® V#)—‘—)UR(Q) ® 'Rc'l-lt
U R(6) ¥ UR(5)

f



78 M. Kashiwara

where f=T]aess (hatha(0), B(1) and h(1®1,,,)=1®1,®v,.

Remark 1.11. This corollary is also obtained either by a similar
argument as the proof of Theorem 1.5 or directly from Theorem 1.7 by
the following argument. First note that for any Ug(b)-module F, we have

R HomUR(g) (UR(Q)U@) F: UR(Q))
= Ux(@ & R Homy,o(F, Us(®).

On the other hand, for a finite dimensional b-module V
R Homy ) (R, ®V, Up(0))=R_._, ® V*[—dim 0]

where R_,.,, is the Ug(b)-module R with weight —c—2p. Hence the
commutative diagram ‘

U@ © R—>Us@® @ (Reer ® V)

UR(b)
N

Ux(8) @ R.
URr(b)

with /7= [T, (ra+ha(0) 41, k() gives
UR(Q) ® R—c—2p<——UR(g) ® (R—c—.u—2p® Vy)
UR(b) U r(b)

fl
UR(g) ® R—c—zp .
UR(®)

Now, the isomorphism A— —h—h(2p+ p) gives Corollary 1.10.

§2. The b-functions of B_ X B-semi-invariants

For a dominant integral weight 2, let V, be an irreducible representa-
tion of g with highest weight 2. Let v, be a highest weight vector of ¥,
and v_, the lowest weight vector of V¥, normalized by (v,, v_;)=1.

Let f* be the regular function on G defined by

2.1 FH8)=(guy v_y).
Then f? is B_ X B-semi-invariant such that

2.2) fiWgb)y=x;(i(b)f(g) forgeG,b' eB_andbe B,
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where Z# is the character of B and B_ such that
F(e®)=e'™ forhel.

Moreover we have
2.3) fHe)=1.

Note that any B_ X B-semi-invariant with character X; ® X, is a con-
stant multiple of f* and any B_ X B-semi-invariant has a character X; ® X,
for some 4 € P+*. This follows from the well-known formula

oG = z@+V;k XV,

In particular, we have

249 F@=r()f*(@).

Theorem 2.1. For any dominant integral weight p, there exists a dif-
Serential operator P, such that

2.5) P,f*re=b(2)f* for any 2.
Here b#(l): Ha54+ (ha(l‘l‘P), ha(#))

Proof. Let us denote by 2 the sheaf of differential operators on G.
Then the right-action of G on itself gives a homomorphism R: U(g)—
2(G). In particular, R(U(g)) is the set of left invariant differential oper-
ators on G.

By Corollary 1.10, there exists an n-invariant element P of V}®
(U(0) Oy pm Rer,) With weight ¢, whose coefficient of v_, is [[.e4. (c(h,)
+h,(p), h(). Hence P is written in the following form

N
P=30,®P;®1..,
£

where

(2.6) Vo=V_ps Po=a5+(ha+ha(p—p«), h (1)
and

7 v,enV¥ P;eU®_)n_ forj=1.

We shall define the differential operator P, on G by
2.8) (Pa)(g) =2 (U, gV5) (R(P)u)(8)-
J
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Lemma 2.2. For any y e n, we have
[RO), P,] € 2(GRM).
Proof. We have [R(3), (v,, gv,)]=(v,, gyv;). Hence we have
(IRO), 1) =3 (7't 30 (REP i) )
+ }Jj (870, v (R([y, PDw)(g).

Since > v,®P;®1,,, is n-invariant, we have
ZyUJ®PJ®lc+,u+Zvj®[y: Pj]®lc+p=0
J J
in
ViQUy (Q)UG%RW =Vr®U@E/U@mn).

Therefore we can write, as the identity in V' ®¢ U(g),

ijvj®Pj+Zvj®[ya Pl=>w.®S,

with w, e ¥V} and S, e U(g)n. This shows
(R, PJu)(8)=2.1(87 "0, Wi) (R(SIu)(8).

Since R(S,) € 2(G)R(n), we have the desired result. Q.E.D.
By this lemma, we have for y e n

R(Y)P, f***=[R(), P,1f***+P,R(y)f***=0

because f**# is right invariant by N. Therefore P,f*** is also right N-
invariant. Since B_ N is an open dense subset of G, it is sufficient to show
(2.5) on B_. Now for g € B_, we have

(P (9)= :L (U, U (R(P)S*4) ().

Note that all P; belongs to U(b_) and P; e U(b_)n_ for j5=0. Since
[ y=f*#hn_)=h*** for heT and n_e N_, f**#|5_ is right N_-
invariant. This shows R(P,)f**#|,_=0 for j#0. It is easy to see for
geB_

RS (&)= ] ha+p)+hlo—p), hLe)f***
=b,()f***
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and (v,, gu,) =1/f".
This completes the proof of Theorem 2.1.

Remark 2.3. We can show 5,(2) in Theorem 2.1 is the best possible
one. This follows from the similar argument as Proposition 1.8, or we
can use the result in [3]. In fact if w, is the longest element of W, then
T# »,5Gis a good Lagrangian variety in the sense in [3], which is equivalent
to saying that n is a prehomogeneous vector space over b. Hence we can
show the degree of the local b-function is > ¢4, £.(1).
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