J. Math. Kyoto Univ. (JMKYAZ)
40-4 (2000), 707-729

Capelli type identities on certain scalar
generalized Verma modules

By

Akihito WACHI

Abstract

We give an analogue of the Capelli identity. The analogue is con-
structed on certain scalar generalized Verma modules of the complex
simple Lie algebras of Hermitian symmetric type, and has stronger com-
patibility with group actions than the original Capelli identity. As in
the original case, the analogue expresses certain invariant operators as
operators from the center of the universal enveloping algebra. We also
give examples for all the possible cases except for E7.

1. Introduction

The Capelli identity plays an important role in invariant theory. In [3],
it was studied in the context of multiplicity-free actions, and analogues of the
Capelli identity were given for these actions when they exist. We call both
these analogues and the Capelli identity [2] in the nineteenth century, the clas-
sical Capelli identities. To avoid confusion, we call the analogue which will
be constructed on certain scalar generalized Verma modules, a W y-analogue.
Let p be a parabolic subalgebra of a complex simple Lie algebra g with a
commutative nilpotent radical n™. In this case, we say (g,p) to be of commu-
tative parabolic type or Hermitian symmetric type. Then (L, Ad,n™) becomes
a prehomogeneous vector space and the action is multiplicity-free, where L
is the closed subgroup of G corresponding to a Levi subalgebra [ of p. Note
that the classical Capelli identity for this case was investigated in [3]. Set
M(X) = U(g) ®u(py Ca for A € Hom(p, C), where Cy is the representation
space of A. This U(g)-module M ()) is called a scalar generalized Verma mod-
ule induced from a character A\. There is a natural linear isomorphism between
M()) and C[n™]. Hence we can give the structure of U(g)-module to C[n™]
through this linear isomorphism and let ¥ : U(g) — End C[n™] denote this
representation. The main purpose of this paper is to give an analogue of the
Capelli identity for U.

Let us state the Wjy-analogue concretely. The classical Capelli identity
shows that an Ad(L)-invariant operator f'f(9) is in ad(Z(l)), where f € C[n*]
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is a relative invariant of (L, Ad,n™) and f(9) denotes the constant coefficient
differential operator with the weight opposite to that of f (see (2.2)). Our main
theorem and its corollary are (1.1) and (1.2) below. If there exists the classical
Capelli identity f*f(9) = ad(u) for u € U(I), then we have (Theorem 3.3)

(1.1) UA(fTf) = £ Va2, (u) ad(u),

where ‘f € S(nt) C U(g) is defined in Definition 2.3 (1) and the sign is
explicitly determined by (g,p) and f. We note that u is independent of X\ in
this presentation of the ¥y-analogue. Under the same condition, there exists
uy € U([) determined by u and A such that (Corollary 3.7)

(1.2) UA(ff) = Talun).

We call this formula the ¥ y-analogue again.

The W y-analogue of the classical Capelli identity was originally motivated
by the study on the irreducibility criterion of M ()) in terms of b-functions [7].
The relation between this study and the Wy-analogue is as follows: By using
the classical Capelli identity, we can easily calculate the b-function defined by
FU (D) f* = b(s—1)f*. Similarly we can calculate 8y (s) defined by W (f if)f*¢ =
Ba(s — 1) f* by using the ¥y-analogue (1.1). Here we know [7, main theorem)]

(1.3) Ba(s) = £b(s)b(s + constant).

We can regard the Wy-analogue as an operator version of (1.3). In fact, (1.3)
immediately follows from the Wjy-analogue and we will prove the Wjy-analogue
using (1.3). Thus the ¥y-analogue of the Capelli identity is closely related

(Agpr,7) & — i —e—o0—o—i—e (r>1)
(Bn, 1) o—e— - —e—>e (n>2)
(Cn,n) e— . .. —e<=o0 (n>3)
(D, 1) O_°_”'_I_° (n > 4)
(Dar, 2r) °_m_l_° (r>2)

(E7a 7) |

Figure 1: Regular type
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to the structure of generalized Verma modules via the b-functions. We can
find another importance of the ¥y-analogue from the expression (1.2). The
Wy-analogue (1.2) lives in the world of the representation of U(g) while the
classical Capelli identity lives in that of U(l). Namely the ¥y-analogue has
stronger compatibility with group actions than the classical Capelli identity.

The contents of this paper is as follows: In Section 2, we prepare basic
definitions to state the main theorem. In Section 3, we show the main theorem.
In Section 4, we give examples of types (Ag,-1,7), (Bn, 1), (Cpn,n), (Dy,1) and
(Ds,., 2r) in the notation of Figure 1, which are GL, ® GL,, O2,®GLy, S*?GL,,
O2,—1 ® GL; and A2G Ly, in the notation of [3], respectively.

The author would like to express his gratitude to Professor Mutsumi Saito
for his constant encouragement and valuable advice.

2. Scalar generalized Verma modules

In this section we give a realization of a scalar generalized Verma module
as a representation on a certain polynomial ring. Then we define three anti-
involutions which have close relation to the realization, and show some of their
properties. Throughout this section we assume that (g,p) is of commutative
parabolic type.

We give some notations and definitions needed later. Let g, p, [ and n™ be
as in Section 1. Let h be a Cartan subalgebra of g. Let A be the root system
of g, A" be the positive root system containing all the roots occurring in n*,
{a1,...,a,} be the simple system, and {w1,...,w@,} be the set of correspond-
ing fundamental weights. We assume that p contains h and all the positive root
spaces, and that [ contains . Let Ay and A‘}\} be the sets of roots occurring
in [ and n™, respectively. Set n= = ZaeA; g, where g® denotes the a-root

space in g. Then [ acts on n™ by the adjoint representation and accordingly
U(l) acts on a polynomial ring C[n™]. We denote this representation by ad
again. In this setting, p becomes a maximal parabolic subalgebra of g, and
there exists the unique number ¢, such that the simple root «;, is not a root of
[. We sometimes denote a pair (g,p) by (g,i0). We will always use Bourbaki’s
simple root numbering for iy ([1]). We fix an invariant bilinear form (, ) on g,
which must be a multiple of the Killing form.
For (g,p) of commutative parabolic type, and A € Hom(p, C), we set

M(\) =U(g) ®u(p) Ca,

where C, denotes the representation space of A. We have isomorphisms of
vector spaces M(\) ~ U(n~) = S(n~) ~ C[nT], since both n™ and n~ are
commutative. We obtain the second isomorphism above by identifying n~ with
the dual space (n*)* of n™ via the fixed invariant bilinear form. Hence U(g) acts
on C[n"] and we denote this representation by ¥, : U(g) — End C[nt]. We
can check the following explicit forms of ¥y (X) for X € g by direct calculations.
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Lemma 2.1.  Let {Fy} be a basis of n=. Then we have

(1) I\(X) = X (X en),
(2) WAX) = ad(X)+A(Y)

- zk:[x Fk]aik + A(X) (X e,
@ W00 = 5 AL Al o+ M Fel)

_ %Zk:\p%([x Fk])a(;k (X €nt).

In the case X € n™, the operator ¥ (X) =X € n™ ~ (n")* C C[n™] is just a
multiplying operator on C[n™|. In the latter expression of Uy (X) for X € nT,
we can use Way recursively, since [X, Fy] € L.

Remark 2.2. We have realized the scalar generalized Verma module on
C[n™] and represented the action in Dy+. In fact, for every finite dimensional
irreducible representation A of p, we can realize the generalized Verma module
induced from X on C[n*]®V) and represent the actions as differential operators.
Here V), denotes the representation space of A. We do not, however, give the
proof in this paper.

Next we fix a Chevalley basis of g. Let {X, |a € A}YU{H;|i=1,...,n}
be a Chevalley basis of g such that X, € g* and that H; € § is the coroot
of the simple root ;. Namely, it satisfies (1) w;(H;) = &5, (2) [Xa, X_q] is
equal to the coroot of o for & € AT, and (3) if we define constants c,g by
[Xa, Xﬁ] = capXatp, then c_o g = —cap.

We compute (X4, X_,) for later use. We have 2(X,, X_,) = ([Hqa, Xao],
X_a) = (Ha,[Xa, X-4]) = (Hoy Ho) = (20/(a,@),2a/(a,a) = 4/(a, a),
where (, ) is the bilinear form on h* induced from the fixed invariant bilinear
form (, ). Hence we have

2

(2.1) (X, Xoa) = (o)

Let us define three anti-involutions. One of them is on U(g), and the rest
are on D, +, the ring of polynomial coefficient differential operators on n™. We
can identify D+ with C[nT] ® S(n") naturally. Indeed, S(n™) is identified
with the ring of constant coefficient differential operators on n™ as follows: For
P € S(n™), we define a constant coefficient differential operator P(9) on n' as
an operator such that

(2.2) P(d) exp(x,y) = P(y) exp(z,y) (zent,yen).

Here P(y) on the right hand side is the polynomial function on n~ by the
identification S(n*) ~ C[n~] via the fixed invariant bilinear form ( , ). In par-
ticular, for F € n~ and P € nt

(2.3) P(9)(F) = (P, F).
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Definition 2.3. Let D,+ denote the ring of polynomial coefficient dif-
ferential operators on nt.
(1) Define an anti-involution * on U(g) by

tXa:X—a (aeA)’
tHi:Hi (’L'E{l,---an})v

where X, and H; are the elements of the fixed Chevalley basis. These formulas
define an anti-automorphism of the Lie algebra g, and we extend it to U(g) as
an anti-homomorphism of a ring.

(2) Define an anti-involution ¢ on D,+ by

o(Fy) = Iy,
S0 \__ 9
oF;) = " oF,’

where {F}} is a basis of n™. It is obvious that ¢ does not depend on the choice
of a basis.
(3) Define an anti-involution 7 on D+ by

T(X_0) = Xa(0),
T(Xa(a)) =X_o,

for o € A}, Here {X,} is a part of the fixed Chevalley basis. Note that

0 2 0

Xa(9) = <X°“X_a>8X_ - (a,) 0X_°

because of (2.1) and (2.3).
Next we show some of the properties of the anti-involutions defined above.

Lemma 2.4. (1) (cf. Humphreys [4], Section 6 Exercise) The anti-
involution * on U(g) is the identity on the center Z(I) of U(I).
(2) The anti-involution o on D+ satisfies

o(Ua(u) = Vox-s(s(u)) (ueU(g)),

where s is the anti-involution on U(g) defined by

_ -X (XE [)v
S(X){ X (Xent+4+n),

and p € Hom(p, C) is the half sum of roots in A}, or equivalently 2p(X) =
Tr,+ ad(X) for X €p.
(3) The anti-involution T on Dy+ satisfies

T(Ua(w) = Ux('u) (ueU().
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Proof. (1) I is a direct sum of the semisimple part [[,[] and the one-
dimensional center contained in §. Since the anti-involution * is the identity
on U(h), we have only to check that % is the identity on Z (L, []).

Let ¢ = Z([,1]) — U N[L,1]) be the Harish-Chandra homomorphism,
which maps Z (][, []) isomorphically onto its image. In particular, ¢ is injective.
The explicit form of ¢ is a composite of the projection from U(g) = U(h) @
(67U(g) + U(g)g™) to U(h) and the isomorphism on U(h) defined by H +—
H —6§(H). Here g* =3 o+ g5 and 6 = (1/2) ZaeAj a.

Since [X, z] = — X 2], the anti-involution * stabilizes Z([[,1]). Because
of the construction of ¢, it follows that () = ¢(u) for u € Z([I,1]). Hence
the injectivity of ¢ proves the assertion.

(2) Tt suffices to show the assertion for v = X € g. It is obvious for
Xen .

Let X € [ and {F}} be a basis of n™.

P(WA(X) = (Z[X Fil g + A(X))

k

0
= _zk: a_Fk[X’ Fi] + M(X)
) {[X,F,f]a% i a%ax,m)} FAX)

= —ad( Z 6Fk ad ))
= —ad(X) + MX) — Tﬁrn— ad(X)
= —ad(X) + M(X) + 2p(X).

We have proved the assertion for X € [.
Let X € n' to finish proving (2).

c(2¥\(X)) =0 (Z o ([X, Fk])ai )

k

—ZM ~2r-2p([X, Fi])

(2.4) = Z\IJ—Z)\—Q/)([X7 Fy) + Z { —ax—2,([X, Fk])]

k

where we used the (proved) assertion for X € [ in the second equality. We
compute the second term in the last expression.

3 [ v-orenlbo | = X [ s )

k -> (X AL B
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9 0
_ ;a—Fk(ad([X, F)(F) 55

J

0
- ST (X ) 5

- —;zpqx,m)fﬂ,

where we used the identity [[X, F}.], F;] = [[X, F}], F}] which is followed from

[Fk, F;] = 0 and the Jacobi identity. Then (2.4) is equal to
S (a1 ) 2000 F) i = S anean (X Fi
g OFy, g OF},
= 2\1/ a—2p(X).

This completes the proof of (2).

(3) Tt suffices to show the assertion for v = X € [ and A = 0. We define
Co = (Xa,X_o)7! for @ € A}, Then 9/0X_, = caXo(0) and {caX, | a €
AL} is a dual basis of {X_, | @ € AL} with respect to (, ).

0

radX) =7 Y [X, X,a]m

acAY
=T Z Z <CﬁXﬂ7[XaX—a]>X—ﬁ 'CaXa(a)
acAf; geny;
Z%Cﬁ X, [X, X_o]) X_aX5(0)

= — Xﬁ, ]>X7aCﬁXﬁ(a)

=Z (X5, X]csX5(0)
3

0
=> ['X,X_p
5 8X_
This shows (3) and we have proved the lemma. O

Remark 2.5. In the actual calculation of examples, it is slightly com-
plicated to use anti-automorphisms. We will accordingly use the automorphism
ogoTon D,+ instead of o and 7. It maps

X_o— —X,(0),
Xo(0) — X_aq,
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for a € A]J(,. In particular, we have
o or(ad(u)) = ¥_z,(s("u)),
for u € U(I).

3. Main theorem

In this section we first introduce a relative invariant of a prehomogeneous
vector space (L, Ad,n™), and then state the main theorem. The theorem says
that if there exists the classical Capelli identity for the relative invariant cor-
responding to some (g, p) then there also exists its ¥ -analogue of the classical
Capelli identity. Although there exists the classical Capelli identity not only
for the relative invariant [3], its ¥y-analogue does not exist in general.

Definition 3.1. (1) Let G be an algebraic group. A finite dimensional
G-module V is called a prehomogeneous vector space if there exists an open
G-orbit on V.

(2) A nonzero function f on V is called a relative invariant of (G, V), if
there exists a character x of G such that f(gv) = x(g)f(v) for all g € G and
veV.

(3) A prehomogeneous vector space (G,V) is said to be regular if there
exists a relative invariant f of (G,V) and the Hessian det(d?f/0x;0z;) is not
identically zero, where {x;} is a linear coordinate system on V.

We will consider the pairs (g,ip) of commutative parabolic type such that
(L, Ad,n™) becomes a regular prehomogeneous vector space. Such pairs are
(A2p-1,7), (Bn,1), (Cpnyn), (Dn,1), (D2r,2r) and (Er,7) and their Dynkin
diagrams are listed in Figure 1. We assume that (g,p) is of commutative
parabolic type and (L, Ad,n™") is a regular prehomogeneous vector space until
the end of this section.

Since (L, Ad,n") is regular, there exists the relative invariant f € C[n*]
with weight —2w;, ([7, Lemma 6.4]). This relative invariant f is unique up
to a constant multiple and has the smallest degree among non-trivial relative
invariants in C[n*]. Moreover all the relative invariants in C[n™] are of the
form f* (k € Z>o) up to constant multiples.

Lemma 3.2. Let f € C[n"] be the relative invariant of (L, Ad,n™)
with weight —2w;,. Then we have

FOUNW)fTY = U ioam,, (u) (o€ Cuel(D).

Proof. We have only to show the equality for u = X € [. We note that
—2w;, is not only a weight, but also a character of p. We have

[WA(X), f7°] = [ad(X), f7°]

= ad(X)(f7%)
= QOéin (X)f_a.
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Hence we have
UA(X) ™ = [T (WA(X) + 204, (X)) = [~ Uit20m,, (X).
This immediately gives the equality. O
Now we can state the main theorem.

Theorem 3.3.  Let (g,p) be of commutative parabolic type such that
(L,Ad,n") is a regular prehomogeneous vector space. Let f € Cnt] be the
relative invariant of (L, Ad,n") with weight —2w;,, and r be the degree of f.

(1) For k € Z~y, if there exists u € U(I) such that

(3.1) FEIF*(0) = ad(u),

then we have

(3.2) UA(SER) = (1) Woniap (u) Wo(u).
(2) For k € Z~y, if there exists v € U(I) such that

(3.3) 'FE0) f* = ad(v),

then we have

(3.4) UACF ) = (1) Wari9,(0) To(v).

Here p € Hom(p, C) is the half sum of roots in AY;.

Remark 3.4. (1) In the theorem above, the classical Capelli identity
is the £ = 1 case of (3.1). Among the pairs listed in Figure 1, only in the
case (E7,7), the classical Capelli identity does not exist ([3]). There may be,
however, a possibility that Wy(f*f*) is in the image W,(Z(I)) for the case
(E7,7).

(2) Even in the case where the classical Capelli identity exists, either u or
v in the theorem above is not unique. In Section 4, we give several choices for
u and v.

Proof. 'We prove only (2). We can prove (1) similarly or applying Lemma
3.8 to (2).

[Step 1] In this step, we recall the ad(U([))-irreducible decomposition of
C[n"], or equivalently its W (U([))-irreducible decomposition.

By Schmid’s theorem ([5]), we can take the maximal set of mutually
strongly orthogonal roots v1,...,7, € AE such that

Chhtl=@P L (t=k+ - +kA kj € Zso),
m

where \; = —(y1 4+ -+ +1;) and I, C C[n*] is the unique ad(U([))-irreducible
submodule with highest weight . Moreover I, has a homogeneous degree
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k1 +2ko+-- -+ rk,. Since U (X) = ad(X)+ A(X) for X € [, it is obvious that
Cn"] = @1, is also the U, (U([))-irreducible decomposition.

We take a highest weight vector f; € I, for each j. Then f; is of degree
j and f, is equal to the relative invariant f up to a constant multiple. Set
fu = F1... ke Then fu is a highest weight vector of I, and {f,} is a
complete set of ad(U(l))-maximal vectors in C[n*].

[Step 2] In this step we remark that there exists Py € Df+ such that
W,('f*) = P\'f*(9), where DL, denotes the subring of D,+ consisting of all
Ad(L)-invariant elements. Indeed, we can prove this by modifying the proof of
[7, Lemma 14.1], that is, by replacing f, in the proof by f*.

For the theorem, we thus have only to prove that P, is equal to
(1) " Waryap(v).

[Step 3] In this step we define polynomials b(u) and Sy () in ki, ..., k.,
and we show that Bx(u) = (—=1)"b(u)b( — (A% + p°)\,.). Here X° and p° are
the complex number defined by A = X%z, and p = p’w;,, respectively.

Periods in the following formulas mean the action of Dy+ on C[nT]. An
operator f(9)f is Ad(L)-invariant, since ‘f has the character y !, where y €
Hom(L, C*) is the character corresponding to the relative invariant f. Hence
'f(9)f.f, has the same weight as that of f,, and it is still an ad(U([))-maximal
vector. Since C[n™] is multiplicity free, 'f(9)f.f, is a constant multiple of f,,.
We define b(p) by

"F(O)f-fu = b() fu-
Similarly W, (*f f) is Ad(L)-invariant, since Wy is Ad(L)-equivariant ([7, Lemma
6.5]). We define 8)(u) by
\I})\(tff)fu = 5)\(#)][#'

The main theorem of [7] asserts Bx(u) = (=1)"b(u)b(pr — (\° + p°)\,.). Note
that b(u) and By () are denoted by b, (1) and By (1), respectively, in [7].
[Step 4] In this step we show that Py = (—1)k"Way 15,(v).
We will compute Wy (Y% f*)f, and Wayi0,(v)f, in turn. First we have
AP FE) fu = )OS )
= UL S) st (e
= Ba(p+ (k= DA N £

= Ba(p+ (k= 1)A0)Ba(p + (k= 2)Ar) -+ Ba(p) fu-
Similarly we have
YOV L = b4 (k= DA+ (k= 2)As) -+ b(p) -
It follows from the above two equalities and Step 2 that

(3.5) Prfu=(—1)"b(p+ (k—1=X"—=p )\ )b+ (k=2 =A% = p”)A,) - -
S+ (=20 = p")A) fu-
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Second, we have
(3-6) \112)\+2p(v)flt = b(,u + (k -1- )‘0 - po))\r) e b(u + (_)‘0 - po))\r)f/r
Indeed, we can prove this formula by using Lemma 3.2 as follows:

Wort2,(v) fu
= P ) N,
— HFEO)FE . fre a0,
= P (= (A0 4 P+ (k= DA bl = (A 4 p2)An) fum (0400,
= b(p+ (k=1 =X = pO)An) b + (=X = p°)Ar) f-
Here two operators Py and Woxyo,(v) are Ad(L)-invariant. Hence they are
scalar operators on each ad(U(l))-irreducible submodule of C[n*]. The values

of the scalars are given by (3.5) and (3.6), and they coincide (up to sign). We
therefore have Py = (—1)*" Wy 12,(v) and we have proved the theorem. O

Remark 3.5.  Under the notation in the proof of Theorem 3.3, let {g;}
be a basis of I, and {g%} be the dual basis of I, with respect to the invariant
perfect pairing of C[n*z] and S(n') defined by (g,p) — (p(9)g)(0). Set z, =
>-;9797(0). Then 2, is in DL and {z,} spans DL, thanks to Schur’s lemma.
The classical Capelli identity says that we can express z),. by an operator in
ad(Z(1)), since z, = *ff(0) for p = A,. In fact, 2, is in ad(Z(I)) for all p in
the types except for (E7,7) where the classical Capelli identity does not hold
([3])- In other words, the classical Capelli identity can be generalized to all
ad([)-invariant operators z,. By contrast the Wy-analogue does not have such
a generalization in general.

We can describe the relation between v and v in Theorem 3.3.

Definition 3.6.  Define an automorphism ¢, on U([) for v € Hom(p, C)
by
WX)=X+rv(X) (Xel.
Then we have
Ua(w(w) = Urpp(u) (uweUQ),
since Uy (X) = ad(X) + A(X) for X €L

Thereby we can express the main theorem in the following way:

Corollaly 3.7. Under the same notations and the same conditions as
in Theorem 8.3, we have

UA(fFUfR) = Wi (un),
UA(FEFE) = Wa (o),
by setting
ux = (=1) " tay2p(u)e—a(u),
ox = (1) g2, (V)1 (v).
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The following lemma is useful in Section 4.

Lemma 3.8.  Let f € Cln™] be the relative invariant with weight —2w;, .
The anti-involution s is the same as in Lemma 2.4(2). Then we have
(1) For k € Z~y, if there exists u € U(I) such that

FFUE0) = ad(w),

then we have

'FEO)fF = ad(t-zkm,, (w) = (1) ad(1-2p(s("w))).
(2) For k € Z~y, if there exists v € U(l) such that
'EO)fF = ad(v),
then we have

FFUE0) = ad(i2km,, (v) = (1) ad (-2, (s( "))

Proof. If fktf¥(9) = ad(u) for some u € U(I), then it follows from Lemma
3.2 that 'f*(9)f* = f~Fad(u)f* = ¥ ke, (1) = Wo(t—2pw,, (u)).

Moreover by Remark 2.5, the automorphism o o 7 maps f¥!f*(9) to
(—1)ktfR(9) f* and ad(u) to U_s,(s(w)) = ad(t—2,(s(u))). These prove (1).
We can prove (2) similarly. O

4. Examples

In this section, we give examples of the W y-analogue of the Capelli iden-
tity. We deal with (g,p) of commutative parabolic type, where (L, Ad,n") is
a regular prehomogeneous vector space, and, in addition, the classical Capelli
identity for the relative invariant holds. Such a pair (g, p) is (Azr—1,7), (Bn, 1),
(Cn,n), (Dp,1) or (Da,., 2r). These pairs correspond to GL, @ GL,., Os, ® GL1,
S2G Ly, Oz, 1 ®GL; and A2G Lo, respectively, in the notation of [3, (11.0.1)].

For each type, we first give a realization of g, give an explicit form of the
relative invariant f (f2 in (Da,, 2r)), and state the classical Capelli identity for
the relative invariant and its ¥y-analogue.

In the following subsections, E;; denotes the matrix unit whose (¢, j)-entry
is equal to one, II and II; denote the simple systems of g and [, respectively,
and the other notations are the same as in the preceding sections.

For a matrix whose entries belongs to not necessarily commutative ring,
we recall the definition of a determinant.

Definition 4.1.  Let A = (a;;);; be a matrix with n rows and n columns.
Define det A by

det A = Z €(U)ao(1)1 Qo (n)n
ceG,

where £(0) is the sign of o.
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4.1. Type (Ag._1,7) or GL, ® GL,

In [3], the ad(l)-invariant operators on n* such as the Euler operator were
expressed as operators in ad(Z(l)). For the type (Ag,._1,7), the group action
on nt corresponding to (gl(2r, C),r) were used in [3] instead of that corre-
sponding to (sl(2r,C),r), since we can express the Euler operator on n™ not
within ad(Z(Levi subalgebra of sl)), but within ad(Z(Levi subalgebra of gl)).
We accordingly use (gl(2r, C),r) for the ¥y-analogue. Set g = gl(2r, C). Let
b be the set of diagonal matrices in g. We define ¢; € h* (¢ € {1,...,2r}) by
ei(Ej;) = 0ij.

We list the information about the root system, the Chevalley basis (C. B.)
which we fix, the invariant bilinear form which we fix, and so on.

11 = {51 —E&2,...,E2r—1 _527«},

AT = {Si—5j|1§i<j§27“},

E;; : (e; —gj)-root vector for i # j,

Iy, = I\ {e; —&rs1},

AT = {ei—¢j|1<i<j<riu{e—cg|lr+1<i<j<2r}
wi, = gleit e —erp— - —e2),

p = TWig,

(X.Y) = T(XY) (XY eg),

C. B. : {E'L'j | 7 ;é j} U {E” — Ei+1,i+1 | 1<i< 2’[”}

The subalgebras p, n™ and [ are given explicitly by

p{(él g)eg‘A,B,Deg[(r,C)},
w={( 0§ )es|peato).
[:{(‘3 g)eg‘A,Deg[(r,C)}.

Set Tij = ET_;_J'J‘ and 3z’j = 3/31321 for i,j € {1, - ,7‘}. Then {$w} is a
linear coordinate system on n*. The relative invariant f € C[n™] with weight
—2w;, is given by

f = det(x”)
The celebrated (classical) Capelli identity ([2], [3]) is
(4.1) det(xij) det(@l) = det lz x;ﬂ@kj + (T‘ — ])51j]
k=1 1<i,j<r

It follows from Lemma 2.1 (2) that
ad(Eij) = — Y zjx0i,
k=1

ad(Eyti,r45) = Z Tki Oy
k=1
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We can therefore translate (4.1) into our setting, and obtain
(4.2) FUf(0) = ad(det[Er i rpj + (1 = )0i]i5)-
Moreover we obtain the following proposition.

Proposition 4.2.  Set

uft = det [Bppiryy + (r = 585515,
f = t[ g (0 — 1)zl
det [Eripj + (r+1—5)di],,
det [Eryjrti + 30455 5
det [—Ej; + (r — j)d; ]
det [-E;; + (j — 1)4; ] )
vt = det [~ Eji + (r+1— )b,
= det [ E;; —|—j<52]]
Then we have
Ff(9) = ad(u),
'F(0)f = ad(v),
where u is ul*, ul'T ulT or ul, and v is similar. Hence we have

™o or T

UA(S) = (1) Wargo,(u)¥o(u),
UA(fF) = (=1)"Wari2,(v)¥o(v).

Proof. The second assertion is just the result of Theorem 3.3. Thus we
have only to prove the first assertion.
In the equality (4.1), we change variables z;; to x;;, and then we obtain

det(x;;) det(0;;) = det inkajk + (1 — j)dsj
k=1 1<i,j<r

This can be translated into

f£(0) = ad(det [~ Eji + (r — §)dijl,;)-

In this way we can obtain ‘L-version’ from ‘R-version’. Thus we have only to
show the assertions of the ‘R-version’.
We use Lemma 3.8. We have

[’_Q‘Wio (UTR) = det[ r4i,r+j + 51] + ( )(5”] = ’U,,},%,
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RT

_ BT
) = vt Moreover

and we also have t_ae, (u
(1) e—9p(s(")f1)) = (=1)" det[=Eryjryi — r0ij + (r+ 1= §)dijli = w7,

and we also have (—1)"t_2,(s(wfT)) = u®. Then by Lemma 3.8 we have
proved all the assertions of the ‘R-version’, since we already know the equality
(4.2) for uf. O

4.2. Type (C,,n) or S*°GL,

We set

A B A, B,C € gl(n,C

Let b be the set of diagonal matrices in g. Set
Hij = Eij — Engjntis
Gij = Eintj + Ejnti,
Fij = Entij + Enyji,
fori,5 € {1,...,n}. We define ¢; € b* (i € {1,...,n}) by €;(Hj;) = d;j.

We list the information about the root system, the Chevalley basis (C. B.)
which we fix, the invariant bilinear form which we fix, and so on.

II = {61 7523"'75n—175n;25n}a
AT = {62:|:€J|1§Z<]§TL}U{2€Z},
H;, : (i —¢gj)-root vector for i # j,
Gij : (i +¢€j)-root vector,
Fy; : —(&i +¢4)-root vector,
In; = I\ {2e,},
AT = {g—¢|1<i<j<n},
Wig = &+ +eén,

_ n+1
P - o Wigy
(X,Y) = 3Tr(XY) (XY €yg),

The subalgebras p, n™ and [ are given explicitly by
pz{( 61 _B:A ) EQ‘A,BEEI(H,C),tB:B},

n+:{(8 l(;j))eg‘Be;;[(n,C),tB:B},

[:{(61 _qA)eg’Aeg[(n,C)}.

Set x;; = F;; and 0;; = 0/0x;; fori,j € {1,...,n}. Then {z;; | i < j}isa
linear coordinate system on n™. The relative invariant f € C[n*] with weight
—2w;, is given by

f = det(x;;).
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For 1 7é j, tFij((‘)) = G,J(8) = (Gij,Fij>8ij = (%'j. By CODtI'E:LSt7 tFl(é) =

<G”‘, Fn>3zz = 20;;. For this reason we set &j = (1 + 513)321 and thereby obtain
'f(9) = det(dyy).
The classical Capelli identity for the type (C,,n) ([6], [3]) is

(43) det(a?ij) det(éij) = det Z xikgjk + (n — ])(5”

k=1 1<6,j<n

It follows from Lemma 2.1 (2) that
n ~
ad(Hi;) = — Z T Ok
k=1

We therefore translate (4.3) into our setting, and obtain
(44) ftf(8) =ad (det[—Hﬂ + (n — .])5”]”) .
Moreover we obtain the following proposition.

Proposition 4.3.  Set
(n = 7)ijlis
(7 = 1)dijlis,
(n+2—j)dijlij,
(7 + 1)dijlij-
Then we have

FUf(9) = ad(uw),

'F(9)f = ad(v),

where u is uz; or Uy, and v is similar. Hence we have

UA(f) = (=1)"Waxp2,(u) To(u),
UA('ff) = (=1)"Wari2,(v)¥o(v).

Proof. The equalities for the ¥y-analogues are the result of Theorem 3.3.
We will prove only the first assertion.
We use Lemma 3.8 as in Section 4.1. We easily have
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(=1)"1—2p(s( ")) = tn,

(=1)"t=2p(5("vn)) = -

723

Then by Lemma 3.8 we have proved the proposition, since we already know

the equality (4.4) for

T
Us, .

4.3. Type (Dy,,2r) or A2GLo,

We set n = 2r and

(4

B

_t4

) € gl(2n. C) ‘ A, B,C € gl(n, C)C }

‘B=—B,C = -

Let b be the set of diagonal matrices in g. Set

Hij = Eij — Engjnti,
Gij = Eintj — Ejnti;

Fij = Entji — Entiy,

for i,j € {1,...,n}. We define ¢; € b* (i € {1,...,n}) by &(Hj;)
list the information about the root system, the Chevalley basis (
we fix, the invariant bilinear form which we fix, and so on.

II

AT
Hij
GZ‘]‘

(X, Y)
C.B.

{51 —€2,...,En—1 —En,En—1 T+ En}a
{estej |1 <i<j<n},

(e; — €5)-root vector for i # j,

(e; + €5)-root vector for i # j,

—(&; + €4)-root vector for i # j,
H\{En—l +5n}7
{Ei*Ej‘1§i<j§n},

sEr+ -t en),

(ni 1)wioa

1Tr(XY) (X,Y €g),

{H;;} U{Gi; | i <j}U{F; |i<j}.

The subalgebras p, n™ and [ are given explicitly by

=
ol
{

Set Tij = Fij and 8,‘]‘ = 8/8.’1,‘” for 4 75] in {1, ceey

A _-BtA>€g AvBeg[(nac)th:_B}a

0

0 B
0 0

A
0

)69‘369[(71,0),@:—3}7

o ) cg AEg[(n,C)}.

B.

8
)

O

Wthh

n}. Then {z;; | i < j}

is a linear coordinate system on n™. The relative invariant f € C[n"] with
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weight —2w;, is given by the Pfaffian
Then we have
'f(9) = PE(Dyy)-

Since the classical Capelli identity for the Pfaffian ([3]) is complicated to
state, we give an example only for the determinant which is the square of the
Pfaffian and has weight —4w;,,.

The classical Capelli identity for the determinant in the type (Do, 27) ([3])
is
(45) f2 tf2(8) = ad (det[—Hﬁ + (TL —-1- j)éij]lgi,jgn) .

Here we have from Lemma 2.1 (2),
ad(H;;) = — Z T Ok
ki,
Moreover we obtain the following proposition.

Proposition 4.4.  Set

ul = det[—Hj; + (n — 1 — §)d;i5,
uy, = det[—Hij + (5 — 2)dijlij,

vg =det[—Hj; + (n+ 1 — j)djlij,
vy, = det[—H,; + j6;5]i;

Then we have

T

where u 15 U,

or Uy, and v is similar. Hence we have

UA(f2f?) = Wanpop(u)To(u),
UA(YF21%) = Wanga,(v) T ().

Proof. The equalities for the ¥y-analogues are the result of Theorem 3.3.
We will prove the first assertion.
We use Lemma 3.8 as in Section 4.1. We easily have

b4y, (uz;) = Ug;7

L—4wi0 (un) = Un,

and also have
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Then by Lemma 3.8 we have proved the proposition, since we already know
the equality (4.5) for ul. O

4.4. Type (D,,1) or Oy,_1 ® GLy

We set

7 A B A,B,C € gl(n, C)
g{(c _tA)Gg[(anC)‘ tB:—B,tC:—C '

Let h be the set of diagonal matrices in g. Here we define basis elements of g
in a slightly tricky way. Set

Hij = EZ; — En_—&-],n_—&-z (Z,] S Z>0),

where 7 denotes the integer such that 1 < i<2nandi=i (mod 2n). Then
every H;; belongs to g and it follows that

t
Hytingy = —"Hij = —Hj,
Hi,nJri =0,

where 'H;; means the transposed matrix of H;j, not the image of the anti-
involution on U(g), although we will find that they coincide when we fix a
certain Chevalley basis. We define ¢; € b* (i € {1,...,n}) by ¢;(H;;) = 0i;
Ge{l,...,n}).

We list the information about the root system, the Chevalley basis (C. B.)
which we fix, the invariant bilinear form which we fix, and so on.

II = {e1—¢€2,...,6n-1 —En,En—1+En},

AT = et |1<i<j<n},

Hi; i (g; —ej)-root vector (1 <i,j <mn, i+#j),
Hini; (g +¢5)root vector (1 <4,5 <n, i#j),
Hpiji @ —(gi+¢5)-root vector (1 <14,j <mn, i#j),
Iy, = I\ {e1— e},

A7 = {afe[1<i<j<n}

Wi = £

1% = (TL— l)wio,

(X,Y) = lmn(XY) (X,Y €yg),

U{Hn+j,i | 1<y <j < TL}
The subalgebras p, n™ and [ are as follows:

[: Spa'nC{HllyHi'(l < Zv] S n)uHi,n+j(1 < Zv] S n)7Hn+j,i(1 < Z7] S ’I’L)},
n" = spang{Hy;(1 < j <n), Hinyi(1 <j<n)},
p=I[+nt.



726 Akihito Wachi

Set ; = H;; and 0; = 0/0x; for i € {2,...,n,n+ 2,...,2n}. Then
{z; |1 <i<mnorn+1<i<2n} forms a linear coordinate system on n*.
The relative invariant f € C[n™] with weight —2;, is given by

f=22%nqo2 +23Tpg3 + -+ TpTon.

Moreover we have

tf(a) = a2877,Jr2 +-- 4+ an82n
The classical Capelli identity for the type (D,,1) ([3]) is

(4.6) ff(0) =ad (iHn(Hu —(2n—4)) - ic) ,

where c is the (universal) Casimir element of [[, [], the semisimple part of [, with
respect to the invariant bilinear form ( , ), and

ad(Hll):—ij8j (jE{2,...,’[7,,71-{-2,...,271}).
J

Note that (4.6) is one-fourth of [3, (11.4.12)] because of the difference of settings.
Moreover we obtain the following proposition.

Proposition 4.5.  Set
1 1
Ugn = ZHH(HH — (271 — 4)) — ZC,

Vop = i(HH —2)(Hy1 — (2n—2)) — %c.
Then we have
ftf(a) = ad(uzn),
F(9)f = ad(van),
and hence,

UA(ff) = Wortop(uan)Wo(uzn),
UA('ff) = Pariop(van) Po(van).

Proof. Asin the preceding cases, we have only to show the classical equal-
ities. We already know the equality (4.6) corresponding to us,. We have
L2, (u2n) = vap, since the Casimir element ¢ belongs to U([l,1]) and hence
w;, (¢) = 0. Then the proposition is proved by Lemma 3.8. O

4.5. Type (B,,1) or Os, ® GL;

We set

0 a b A,B,C € gl(n,C)
g= -% A B €gl2n+1,C)| a,beC”

o C -—'A ‘B=-B,1C=-C
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Let h be the set of diagonal matrices in g. Here we define basis elements of g
by extending that in the type (D,,1). We use the convention that the indices
of rows and columns of matrices in g begin with zero. Set

Hijj=E;5 — Ermam (6,) € Zso),
9i = Eg; — B (i € Zso),

where 7 is the same as in the type (Dy, 1). Then every H;; and g; belongs to g
and it follows that

Hyyinyj = —Hij = —Hji,
Hi,nJri = 07
In+i = *tgi-
We define ¢; € b* (i € {1,...,n}) by &;(Hj;) = di; (7 € {1,...,n}).

We list the information about the root system, the Chevalley basis (C. B.)
which we fix, the invariant bilinear form which we fix, and so on.

II = {e1—¢e2,...,6n_1 —En,En},

AT = {g+e|1<i<ji<n}U{e|1<i<n},
H;j : (i —gj)-root vector (1 <14,j <n, i # j),
Hinyj (i +¢j)-root vector (1 <i,j <n, i+#j),
H,iji : —(g +¢ej)root vector (1 <i,j <n, i#j),
In+i : ggroot vector (1 <14 <mn),

Gi : —giroot vector (1 <14 <mn),

15 = I\ {e1 —e2},

AT = {ete|l<i<j<n}u{e|l<i<n},
Wiy = &1,

P — 2n271wi0’

(X,Y) = 1Ty(XY) (X,Yeg),

The subalgebras p, n™ and [ are given explicitly by

[ =spanc{Hi1, H;j(1 <i,j <n),H;pnj(1 <i,j <n),Hppji(l<i,j<n),
gi(1 <i<n),gnyi(l <i<n)},
nt = spanc{Hy;(1 < j <n), Hinsj(1 < j <n)gnsr ),
p=1I+nt.

Set xTr; = Hﬂ, o = g1, 81 = 8/8.%1 and 80 = 8/8:60 for ¢ € {2,...,n,n+
2,...,2n}. Then {x; |i =0,1 <i<norn-+1<i<2n} forms a linear
coordinate system on nt. The relative invariant f € C[n"]| with weight —2co;,
is given by

L o

f=22Tnga + 23nis + o+ Tnon + 525
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Moreover we have
1
tf(@) = 020p42 + -+ + 0O + 53080.

The classical Capelli identity for the type (By, 1) ([3]) is

(4.7) Fi(0) =ad <£11H11(H11 —(2n—-3)) — ic) ,

where ¢ is the Casimir element of [I,[] with respect to the invariant bilinear
form (, ), and

d(Hi1) ij ;i (7€40,2,...,n,n+2,...,2n}).

Note again that (4.7) is one-fourth of [3, (11.4.12)] because of the difference of
settings. Moreover we obtain the following proposition.

Proposition 4.6.  Set

1 1
Uop41 = 1H11(H11 - (2n-3)) - 1°

1 1
’U2n+1 = Z(Hll — 2)(H11 — (271 — 1)) — ZC
Then we have

F£(9) = ad(uzn41),
'f(0)f = ad(vant1),

and hence,
UA(ff) = Wortop(uznt1)Vo(u2ntt),
UA('f ) = Yoriop(vant1)Po(vant1).
Proof.
We can prove the proposition in a similar way to Proposition 4.5. O

Remark 4.7. We can state examples of type (D,,1) and (B,,1) to-
gether. Define a complex number p° by p = p’w;,. Namely, 2p° = 2n — 2 in
(Dy, 1) and 2p° = 2n — 1 in (B,,,1). We also define m € Z~q as the number of
rows of matrices in g. Namely, m = 2n in (D,,1) and m = 2n+ 1 in (B,, 1).
Then we can define v and v to combine Proposition 4.5 with Proposition 4.6.

1 1
m = —Hy (Hyp —2p° +2) — =
U 1 1(Hi —2p" +2) 1©

1
Um = Z(Hll — 2)(H11 — 2[)0) — ZC.
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