THETA LIFTING OF NILPOTENT ORBITS FOR SYMMETRIC PAIRS
KYO NISHIYAMA, HIROYUKI OCHIAI, AND CHEN-BO ZHU

ABSTRACT. We consider a reductive dual pair (G,G’) in the stable range with G’ the
smaller member and of Hermitian symmetric type. We study the theta lifting of nilpotent
Kg-orbits, where K’ is a maximal compact subgroup of G’ and we describe the precise
Kc-module structure of the regular function ring of the closure of the lifted nilpotent orbit
of the symmetric pair (G, K). As an application, we prove sphericality and normality
of the closure of certain nilpotent K¢-orbits obtained in this way. We also give integral
formulas for their degrees.

INTRODUCTION

Let (G, G’) be a reductive dual pair in a symplectic group G = Sp(2N,R), where N
denotes the rank of G. Throughout this paper, we will assume that (G,G") is of type
[, and it is in the stable range with G’ the smaller member (cf. [9, 18]). We will also
assume that G'/K’ is an irreducible Hermitian symmetric space. By the classification of
irreducible dual pairs, our restriction amounts to saying that (G,G") is in the following

list (cf. [11]).
TABLE 1. The dual pairs treated in this paper

the pair (G, G") stable range condition

(O(p,q), Sp(2n,R))  2n < min(p, )
(U(p,q),U(m,n))) m +n < min(p, )
(Sp(p,q), 0" (2n)) n < min(p, q)

Note that we have excluded the equality 2n = min(p, ¢) in the first case, to avoid some
small technicalities.

Let g (resp. g') be the complexification of the Lie algebra of G (resp. G') and K (resp.
K'’) a maximal compact subgroup of G' (resp. G'). Let

g=tds, g=tas,
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be respectively Cartan decompositions of g and g’, compatible in certain way (see §2).

Notation. Let GG be a reductive algebraic group acting on an affine variety X. Then we
denote the ring of G-invariants on the coordinate ring by C[X]%, and the affine quotient
of X by G is defined to be X//G = Spec C[X]“, which parameterizes closed orbits in X.
The affine variety X//G is often called a categorical quotient.

Let Wg ~ R?M be a real symplectic space which realizes G = Sp(2N,R) as a symplectic
group on Wg. There is a canonical complex structure on Wr and we can view Wy as (the
underlying real vector space of ) a complex vector space W ~ CV. The symplectic form on
Wr is then given by the imaginary part of a canonical positive definite Hermitian form on
W. By this identification, a maximal compact subgroup K of G is realized as the unitary
group U(W) ~ U(N) on W ~ CV.

We may choose maximal compact subgroups K and K’ of G and G’ respectively, in such
a way that K - K’ is contained in the standard maximal compact subgroup K ~ U(N) of

G.
There is a double fibration of W by the moment maps ¢ and ¥ :

st WY L4

For explicit realization of these maps, see the Appendix. Here we only mention some of the
important properties of ¢ and . Thanks to the stable range condition, 1 is a surjective,
affine quotient map by the action of K¢. Thus we have ' ~ W//K¢. Furthermore
Y : W — g’ is flat. On the other hand, the image of ¢ is an irreducible closed subvariety
of s and ¢ : W — (W) C s is also an affine quotient map by K¢.

Theorem A (Theorem 2.5). Take a nilpotent Ki-orbit @/ C N(s'). Then the scheme
theoretic fiber p~H (V) = W xo O is a reduced, closed irreducible affine subvariety of W.
Moreover, it is the closure of a single K¢ x Kg-orbit in W.

The above result easily implies that the set () ~1(QV)) is the closure of a single nilpotent
Kc-oribt @ in 5. Thus we have a mapping from the set of nilpotent K¢-orbits in s to
the set of nilpotent K¢-orbits in s, which sends @ to @. We call this mapping the theta
lifting and denote it by O = 6(Q'). In the language of the signed Young diagrams, O is
obtained from @ by adding one extra box to each row at the right end (see Proposition
2.12). Thus O is slightly “bigger” than Q.

We remark that T. Ohta has proved the irreducibility and the existence of an open dense
orbit by a totally different (but case-by-case) method ([24], [25]). Another recent work by
Daszkiewicz, Kraskiewicz and Przebinda [6] proves similar results by classifying K¢ x K-
orbit in W combinatorially. There have also been earlier investigations of correspondence
of complex nilpotent orbits in [5] and by S.-Y. Pan for complex as well as real nilpotent
orbits.

Our approach is in some sense intrinsic and it is based on methods of algebraic geometry.
More importantly, we hope that it will help to shed light on the geometric aspects of the
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theta correspondence. The recent work of two of the authors [22, 23] are efforts in this
direction. o
Let C[O] (resp. C[OQ']) be the regular function ring on the closure of O (resp. @’). We

are interested in the Kc-module structure of C[Q]. One reason for this interest comes from
Vogan’s philosophy of unipotent representations [30]. Very roughly speaking, it entails
that if a unitary representation 7 is to be “associated” to a nilpotent orbit O, the regular

function ring C[Q] should encode the K-structure of the representation 7. In the present
situation, we will show that the Kc-module structure of C[Q] can be described entirely and
explicitly by the regular function ring C[0’] and the space of Kc-harmonic polynomials
H(Kc) on W. The main results are summarized in Theorem 2.10. In particular we have

the following

Theorem B. We have a Kc-module isomorphism
C[0] ~ (H(Kc) @ C[O])"¢.

It is well-known [10] that H(K¢) is multiplicity-free as a representation of K¢ x K¢

and the decomposition of H(K¢) ‘K . determines a one-to-one correspondence between
CABC

irreducible representations of K¢ and K¢ occurring in H(K¢). We note that the form of
isomorphism C[0] ~ (H(K¢)@C[Q']) ¢ bears strong resemblance to theta correspondence
of admissible representations of G' and G [11].

In §3, we will give some examples of the lifted orbits and their regular function rings.
We obtain a family of spherical nilpotent orbits and a precise K¢-module structure of
C[0]. We note that they occupy a large portion of the set of all the spherical nilpotent
Kc-orbits, which are classified by D. R. King [16] recently. As an application we prove
normality of the closure of some of these nilpotent orbits, which are lifted from the smaller
group. We also give explicit integral formulas of their degrees. The result is summarized in
Proposition 3.5. The formulas involve certain integral expression, which can be explicitly

evaluated.
Theorem C. Let £ be a complex number with a positive real part. Then

1 - =D [T i D (k4 24)
s Dn 2 Dn ﬁ—ld — =0
(+*)Du(a) [ [ i de T(GBn(n—1)/2 +nk+ 1)

|
n. Qn =1

where D (2) = [[<icjcn(Ti— 7)), D, (2% = 1_[1<i<]4<n(91;22 —x3), and the region of integral
is given as Q, = {z :_(:1;2')152'57% |2, > 0,37, z; <1},

In the Appendix, we describe the explicit form of moment maps and give some basic
properties of null cones. The results in the Appendix are known to the experts, but we
include them because of lack of appropriate references.

1. DIAMOND PAIRS

We review certain structure results related to our dual pairs [11].
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Let Wg ~ R?M be a real symplectic space which realizes G = Sp(2N,R) as a symplectic
group on Wg. There is a canonical complex structure on Wr and we can view Wy as (the
underlying real vector space of ) a complex vector space W ~ CV. The symplectic form on
Wr is then given by the imaginary part of a canonical positive definite Hermitian form on
W. By this identification, a maximal compact subgroup K of G is realized as the unitary
group U(W) ~ U(N) on W ~ CV.

We may choose maximal compact subgroups K and K’ of G and G’ respectively, in such
a way that K - K’ is contained in the standard maximal compact subgroup K ~ U(N) of
G.

In view of Table 1, we sometimes write G = G(p, q) for O(p,q),U(p, q) or Sp(p,q). We
denote simply G(k) = G(k,0), which is compact.

From the pair (G, G"), we define another three dual pairs, which form so-called diamond
dual pairs (see [11, §5]). Namely, take the commutant of K" in G and denote it by M.
Then M’ is also of Hermitian symmetric type and isomorphic to G’ x G’ containing G’
as the diagonal. The pair (K, M’) is a dual pair of compact type. Also, take the full
commutant of A in K, and denote it by L’. Then L’ is a maximal compact subgroup of
M’ and it is isomorphic to K’ x K’ and contains K’ as a diagonal subgroup. Similarly,
define M as the commutant of K’ in G, and L the commutant in K. Let us summarize this
somewhat complicated situation by the following diagram (Fig. 1). An explicit description

FIGURE 1. The diagram of a diamond pair.

K’
/ \ / A
L=LTxL" G — ¢ L'=K' x K'
K=Kt x K~ =G x G

of the diamond pairs for our three cases is given in [11, (5.3)]. In the table there, L (resp.
L) in our notation is written as MY (resp. M’(l’l)). For convenience of readers, we
reproduce the table here (Table 2 below) with some additional remarks.
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TABLE 2. Three diamond dual pairs.

(G, G M K=K¥xK- L=1I%x1I"- K’
(O(p,q), Sp(2n,R)) U(p,q) O(p)xO(q) U(p)xU(q) U(n)
(U(p,q),U(m,n))) Ulp,q)xU(p,q)  Up)xU(q)  (Up)xU(p))x(U(g)xU(q)) U(m)xU(n)
(Sp(p, q), 0" (2n)) U(2p,2q) Sp(p)xSp(q) U(2p)xU(2q) U(n)

M =G x &, L'=K x K’

Note that M/L is a Hermitian symmetric space (not necessarily irreducible), and the
containment M D G (resp. L D K) may or may not be the diagonal map, but it is always
a symmetric pair.

Recall G = Sp(Wg) and the complex vector space W ~ CV which is identical to W as
a real vector space. Then there exists a direct sum decomposition W = Wi @& W and
correspondingly W = W@ W=, which are compatible with direct product decompositions
L=L"xL and K = KT x K~ in the following way. The subgroups L* and K¥* are
contained in the unitary group U(W%). Moreover the pairs (K*,G’) and (L%, K') are
dual pairs in Sp(WiF). Also note that L* D K* is a symmetric pair.

For explicit realization of these decompositions, see the Appendix.

2. THETA LIFT OF A NILPOTENT ORBIT

Let & = Lie(G)c (resp. 8 = Lie(K)c) be the complexified Lie algebra of G =
Sp(2N,R) (resp. K = U(N)). Let & = 85 be the corresponding (complexified) Cartan
decomposition. Note that the complexified Lie group K¢ acts on the Cartan space 3 by
the restriction of the adjoint action; under this action 3 breaks up into P, each of which
can be identified with a copy of the space Sym n(C) of complex symmetric matrices of
size N. The action of k € GL(N,C) ~ K¢ on P =P, & P_ ~ Sym n(C) & Sym n(C) is
given by

F(XY) = (X, BYET) (XY € Sym (©))

Let Qmim € PB4 be the minimal nilpotent Ko ~ GL(N,C) orbit in P,. We have the
identification Qi = {(X,0) | X € Sym y(C),rank X = 1}. It is also well-known that
there is a map

W w:(wl,...,wN)E(CN:W
—  (fww,0)

j : W — @min
W
w

by which Qi = Ouin U {0} is regarded as a geometric quotient of the space W by the
action of O(1,C) = {£1}, and that the quotient map is K¢-equivariant.
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Let us consider the dual pair (G, G') € G. The maximal compact subgroup K (resp. K')
determines a Cartan decomposition of the complexified Lie algebra g (resp. g') of ¢
(resp. G'):

g=Etds, g=¥¢aqs,
where € (resp. ¥) is the complexified Lie algebra of K (resp. K'), and s (resp. s') is the
orthogonal complement of £ (resp. ¥) with respect to the Killing form. The subspace
s (resp. §') carries a linear action of K¢ (resp. K{) via the restriction of the adjoint
representation. Since G’/ K’ is a Hermitian symmetric space by assumption, s’ breaks up
into irreducible pieces s’y under the action of K¢.

We can arrange the Cartan decompositions so that s & s’ is contained in 3. Then the
inclusion map s C B (resp. s/ C B) induces the projection P* — s* (resp. P~ — ). By
identifying the complex linear dual 3* (resp. s*, ) with B (resp. s, §') by the invariant
trace form of matrices, we obtain two projection maps P; : p — s and Py : P — 5'. The
projections restricted to O, will then induce the so-called moment maps (cf. [24]):

geom. quotient

by {1} N projection
@ 74 @min

p: W——— s Oy ————— ¢’

These maps are K¢ x K{-equivariant with the trivial Kc-action on s’ and the trivial
K{-action on s respectively. Also we can (and we will) choose the subspaces s’y C s’ and
W= C W so that ¢»(W%) C 8’4 holds (cf. §1 for the notation W=*).

For a set S C B, we denote by N (S) the subset of all nilpotent elements in .

Lemma 2.1. We can choose Cartan decompositions and moment maps so that the fol-
lowing conditions hold.

(1) ¢ is an affine quotient map by K¢ onto s', i.e., s’ ~ W//Kc.

(2) ¢ is an affine quotient map by K{ onto its closed image.

(3) e(¥™H (N () C N(s).

Remark 2.2. For part (1) to hold true, we only need to have the following conditions:
min(p, ¢) > n for (O(p,q), Sp(2n,R)), min(p, ¢) > min(m,n) for (U(p,q),U(m,n)), and
min(p, q) > % for (Sp(p,q),0*(2n)). They are much weaker than the stable range condi-
tion.

Proof. To show that ¢ : W — s’ is an affine quotient map, it suffices to show that ¢
induces an algebra isomorphism Cls’] ~ C[W]% ¢ where C[W]Et denotes the space of
invariants of the polynomial ring C[W]. Clearly it suffices to show that the restrictions
;b‘wi induce algebra isomorphisms C[s’ 1] ~ C[Wi]KCi.

Similarly, statement (2) asserts that the induced algebra homomorphism ¢* : Cls] —
C[W] maps C[s] onto the K/-invariants C[W]%¢. Note that the closed subvariety Im ¢ C s
is then defined by the ideal of relations of generators of invariants, or in other words, the

kernel of *.
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Explicit constructions of moment maps for each case of the three dual pairs in Table 1
are summarized in the Appendix. From the explicit formulas given there, the statements
(1) — (3) follow easily from classical invariant theory [31]. O

Using the moment maps, we shall define the theta lift of nilpotent orbits from N (s') to
N (s). Before that, we review the following well-known result due to Kostant.
We consider the null cones
N=y ' (0)CW,  N"=(5)7(0) C WH, (2.1)
where 1p* : W* — g/, is the restriction of 1) to W*. Let J* C C[W¥] be the augmentation

& "
ideal generated by homogeneous invariants C[I/Vi]i_(C of positive degree, and let J =
Wk . W] =Jt @ J-.
We observe that the stable range condition implies that

JE is the ideal in C[W¥] vanishing on M* and J* is prime;
The single Ké—orbit of generic elements of M* is dense in N*.

See for example Proposition 3.7.3.7, and Theorem 3.8.6.4 in [12], and references therein.
Some relevant properties of the null cones may also be found in the Appendix.

As usual, we denote by H(Kg) the space of harmonic polynomials on W#* (under
the action of Ké). Similar notations apply throughout this article. Applying Kostant’s
criterion [17], we get
Theorem 2.3. Let (G, G") be in the stable range (see Table 1) with G the smaller member,
and consider the dual pairs (K*,G") in Sp(WF). Then with respect to the action of Ké,
we have a tensor product decomposition of C[W=]:

CIW*] ~ H(KE) @ CW*]KE,
Corollary 2.4. We have
CIW] ~ H(Kc) @ CIW])*e ~ H(Kc) @ Cls'].
Consequently the moment map ¢ : W — s’ is flat.

Proof. Note that the induced map ©* of the moment map ¢ is just an inclusion: ¥* :
Cls'] ~ C[W]Ee — C[W]. Since C[W] ~ H(Kc) @ C[s'], it is free over C[s']. This implies
that v is flat. O

We are now in a position to prove

Theorem 2.5. Take a nilpotent K[.-orbit @/ C N(s'). Then the scheme theoretic fiber
P HO) =W xo O is a reduced, closed irreducible affine subvariety of W. Moreover, it
is the closure of a single K¢ x K{-orbit in W.

Proof. Let us prove that the fiber W xu @ is reduced. For this, it is enough to show that
the fiber of each closed point in s’ is reduced. Namely, we prove the following lemma.
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Lemma 2.6. Let x € §' be a closed point. Then the scheme theoretic fiber ' (z) =
W xo {2} is a closed, reduced and irreducible affine subvariety of W. Moreover, it is the
closure of a single Kc-orbit.

Proof. The scheme theoretic fiber is defined by W x4 {z} = Spec (C[W] @w C, ) . Here
C, = C[g']/m, ~ C, where m, denotes the maximal ideal corresponding to the closed
point x. Put A, = CIW] @qs) C;. We are to show that A, is an integral domain.
The proof is based on the general argument about deformations of homogeneous integral
domains.

Let us recall the tensor product decomposition C[W]| = H(Kc) @ C[s']. Thus, if we
abbreviate H = H(K¢), we can identify

A, = (C[W] Grs] C,=H»C, ~H.

However, note that H is not an algebra but it only enjoys a structure of K¢ x Ki-module.
Since H is a graded subspace of C[W], it is naturally graded by the ordinary degree of
polynomials. We denote the grading by H ~ €5,.,Hs. Then, A, becomes a filtered
algebra by putting -

(A)i= My @1CHOC, = A,

Now assume that A, is not an integral domain. Then there are non-zero elements
a,b € A, such that a - b= 0. Let us express ¢ and b as

=Y a0leHaC; b=Y" boleHaC,

with ag # 0 and by # 0. Then ab = 0 implies (agby) @ 1 € (Az)ayar—1, but this
is impossible. To see it, observe that the null cone 9 = M+ x M~ is defined by the
augmentation ideal J which is prime, and so 9 is irreducible. Note that C[91] = C[W]/J =~
H. Since agby & H by the irreducibility of the null cone, we have

aq - by @1 g Eiig_l H, @ C, = ("41’)d+d'—17

which is a contradiction.
Next, we prove that the fiber 1) ~!(z) contains an open dense K¢-orbit. Put M = ~!(x)

and denote by M the asymptotic cone of M (see [26, §5.2] for the definition of asymptotic

——~

cone). Then, by the flatness of ¢, the asymptotic cone M coincides with the null cone .
Let O be a generic Kc-orbit in M. Consider the cone CM generated by M in W, then
it is clear that the dimension of a generic orbit in CM is equal to dim O, which in turn
coincides with the dimension of the generic orbit in CM C W. Since Mt = M C CM,
the dimension of a generic orbit in 91 cannot exceed that of O. Note that 91 has an
open dense orbit (see the Appendix for details). This means that dim©O > dim9t. On

the other hand, we have an equality dimM = dim M = dim of dimensions, hence
dim O > dim M. Since O C M, we conclude that dim O = dim M, and that O is an open
dense orbit in M, by the irreducibility of M just proved above. O
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Let us return to the proof of Theorem 2.5.

By K{-equivariancy of ¢, we get ¥y~ 1(Q') = K{-¢~}({z}) for any x € (/. Consider the
multiplication map K x ¥~ ({z}) — ~H(). Since K. x "*({z}) is irreducible by the
above lemma, 1)~ (@/) is also irreducible (as an image of an irreducible set). Therefore its

closure ©»=1((¥) is irreducible. Since the moment map % is flat by Corollary 2.4, it is an
open map ([8, Ex. (II1.9.1)]). Thus we conclude that »1(Q/) = 1»=1(Q) is irreducible.

By the same lemma, v»~*(z) contains an open dense K¢-orbit Q.. Then the union of
Kl-translates K[ - O, is dense in ¢y "}(Q'). Thus K. O, = ~1(0) = ~Y(O), which
means that K/ - O, is open in 1~ 1(QV). O

Remark 2.7. As mentioned in the Introduction, T. Ohta proved the irreducibility and the
existence of an open dense orbit by a totally different (but case-by-case) method ([24],
[25]). In fact, his method is applicable beyond the stable range. However, outside the
stable range, things get much more complicated and the same statement of the above
theorem is no longer true.

From the above theorem, we see that ¢(:)"3(Q)) is a Kc-stable irreducible closed set
in 5. Since p(x»~'(Q/)) is contained in the nilpotent variety A'(s), which has only finite
number of K¢-orbits, it must be the closure of a single K¢-orbit Q.

Definition 2.8. Let @/ C s’ be a nilpotent K/-orbit. Then t»~1(Q) is a closed, irreducible
affine subvariety in W. The image ¢(»~1(QV)) is the closure of a single nilpotent Kc-orbit
in s, i.e., p(xp 1)) = O for a certain nilpotent Kc-orbit Q. We call O the theta lift of
@, and denote it by 6(0).

We introduce some notations. For any complex reductive Lie group F, let Irr(E) be
the set of equivalence classes of irreducible finite dimensional representations of K. Given
a (completely reducible) representation of £ on U, let Irr(E;U) be the subset of Irr(F)
which appear in U.

We now recall some standard results of Howe [10]. As noted in the Introduction, the
space of harmonics H(Kg) is multiplicity-free as a representation of Kg x K¢. Further-
more the decomposition

H(KH)| Y
1 . L,
C I‘g x K¢ UEIrr(I(g sHT),reln(KLHT)

o T (2.2)
determines a one-to-one correspondence between o € Irr( Kl ; HY) and 7 € Trr(Kf; HT),
where we abbreviate H(K7) to H*. Similar statements apply to H(K).

We shall abbreviate RE(K/) = Irr( K}; H(Ké)) in the following. Under the assumption
of stable range, one can explicitly check that 7* € RT(K{) if and only if 7 € R™(K(),
where 7* denotes the contragredient representation of 7 € Irr(K’). So we put

R(KL) = RY(KL)" = R~ (KL). (2.3)
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To summarize, for each 7 € RE(K/), there exists a unique o € Irr([&’g) such that
Hom KE xIx"(’C(U &, H([((::t)) # 0.

We denote this o by o%(7), specifying the dependency of 7 and the sign &. Then, we can
rewrite (2.2) and its sister statement as

HED = S ot B, and H(KZ) = Y o7 (n)Er. (24)

TER(K() TER(K()

Remark 2.9. By the theory of highest weight, we may identify R(K{) with a certain
semigroup in the integral weight lattice of K. We note that in an explicit realization,
the semigroup R(K([) may be identified with a set of partitions, and it is saturated. The
explicit decompositions in Equation (2.4) are well-known. See [14] for the orthogonal and
unitary cases, or [12] in general.

Theorem 2.10. Let (G,G") be in the stable range (see Table 1) with G' the smaller
member. For a nilpotent K{-orbit O C N (s'), denote its theta lift by O = (Q'). Put
Z(Q) =~ HO). Then the closure O is an affine quotient of Z(Q') by K

0~ E(0)//Ke.

Moreover, the Kc-module structure of the reqular function ring of Q is given in terms of

Q as follows:

1
K¢

Cl0] ~ (H(Kc) @ C[O'])
ZGB Hom yr.(n @ 75, ClO]) @ (o () B o™ (2)), (2.5)

T1,72 ER(I{({:)

[

where o (77)®o™(12) is an irreducible representation of Ko = KI x K5 given in Equation
(2.4), and K¢ acts on the space of multiplicities Hom o (11 @ 75, C[O]) trivially.

Proof. The assertion that @ is an affine quotient follows from general theory of affine
quotient maps because ¢ itself is a quotient map, and Z(Q') is a K{-invariant, affine
closed subvariety of W (cf. [20, Prop. 3.3]).
Next we prove the statement on the module structure of C[Q]. By Theorem 2.5, we
have
CZ(0")] ~ C[W xo O] = C[W] Qg ClO]
(CW*] @ CWT]) @, jecs.) ClO']

~ (€] O, CO]) O (CWV ] 00 COT) . (26)

[
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Note that C[W#] ~ H([(é)@@[wi]l"g and (C[I/Vi]Ktti ~ C[s’,] by Theorem 2.3. Therefore

we have
CIWH] @pe ) ClO7] = (H(KE) @ CIWHNY) Gy ) COY] = H(KE) @ C[O],
and (2.6) becomes
(H(KZ) @ ClO]) Oz (H(KZ) @ CO]) ~ (H(KE) @ H(KZ)) @ ClO].
Since ¢ is an affine quotient map by the action of K¢, we have

C[O] ~ OE(O)] = (H(KE) © H(KD)) © CO)™
~ ZGB ((U""(Tl*) X T1*> ® <0'_(T2) X 7'2> ® C[@])BgC

T1,72 ER(I{({:)

S (7 ene ) e (o () 8o (m)

T1,72 ER(I{({:)
©® _
Z Hom g/ (1 @ 73, C[O']) @ (U""(Tl*) X 0'_(7'2)>.
T1,72 ER(I{({:)
The theorem follows. O

[

[

Let us briefly describe our orbit correspondence in terms of signed Young diagrams.
See also [24], [25], [6].

Since our G or G’ is either Sp(2n,R), O(p, ¢), U(m,n), Sp(p,q) or O*(2n), their nilpo-
tent Kc-orbits are classified by the signed Young diagrams. See, e.g., [4, §9.3] for the
classification in the case of classical Lie algebras. We reproduce it for the readers’ conve-
nience.

Lemma 2.11. The nilpotent Kc-orbits for a symmetric pair (G, K) are in one-to-one
correspondence with the following signed Young diagrams.

(1) G = Sp(2n,R) : diagrams of size 2n with any signature in which odd rows begin with
+ and occur with even multiplicity.

(2) G = O(p,q) : diagrams of size p + q with signature (p,q) in which even rows begin
with + and occur with even multiplicity.

(3) G =U(m,n) : diagrams of size m + n with signature (m,n).

(4) G = 0*(2n) : diagrams of size n with any signature in which odd rows begin with +.
(5) G = Sp(p,q) : diagrams of size p + q with signature (p,q) in which even rows begin
with +.

Proposition 2.12. Let @' be a nilpotent K{--orbit in N(s'), and O = 0(Q) its theta lift.
If @ corresponds to a signed Young diagram X, Q corresponds to A which is obtained by
adding one box to the right end of each row (including empty one) of X'. The signature

of the added boxes are completely determined by the requirement that X is a signed Young
diagram for (G, K).
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Proof. We note that the stable range condition ensures that we can always make A out
of M by adding a box in each row. Then the proof is based on a case-by-case calcula-
tion, using explicit realization of moment maps in the Appendix. Since we know that
o(p"HQ@)) = O, we only need to take a representative of @ and examine a generic

element in (b ~1(Q)). O

3. LIFTING OF HOLOMORPHIC NILPOTENT ORBITS

We apply Theorem 2.10 to the lifting of the so-called holomorphic nilpotent orbits.
In the process, we get a family of spherical orbits and prove normality of the closure of
certain lifted orbits. This application reproduces some of our previous results ([19], [20],
[22]) as well. In the following, we use the notations in Theorem 2.10 freely.

Let us consider the orbit decomposition of 5/, by the adjoint action of K. Any Kg-orbit
in s is clearly nilpotent. We call these nilpotent orbits holomorphic. It is well known
that s/ is a prehomogeneous vector space, and there exists a numbering of Kg-orbits

Q,,0Q,,...,0} in such a way that @/_, C Qf for 1 <7 < [. Here [ is the real rank of G’.
As a consequence, Q) = {0} and O = s! ,i.e., @ is the open dense orbit in ', . The orbit
O is called regular, while the orbits {Q, }o<r<: are called singular.

3.1. Trivial orbit. We first consider the trivial orbit @* = @), = {0}. Then, the lifted
orbit O' = #(Q'!) is a two-step nilpotent orbit in N (s) (cf. [19]). The orbit O corresponds
to the following signed Young diagrams.

O(p.q) & N = [(+= )" (=) ()2 (=)
Ulpea) & A= [(4= )" () () ) (=)
Splp.a): N = (=GP (=)

We have

Theorem 3.1. The group K¢ acts on O multiplicity-freely. As a Ko = K& x Kz -module,
we have

Cof] = 3 ot Ra(r). (3.1)

TER(K()
Proof. Since C[0'] = C, by Theorem 2.10, we get
52
ClO] ~ Z HomK(/C(Tl @7y,C)® (U""(Tl*) X 0'_(7'2)>.
Tl,TQER(I(({:)
But, by Schur’s lemma, the multiplicity HOTHK(C(Tl @ 75,C) is not zero if and only if
T4 = T3, in which case it is C, i.e., the multiplicity is one. g

Recall that an orbit @ is called spherical, or more precisely Kc-spherical, if a Borel
subgroup of K¢ has a dense orbit in @. This is equivalent to saying that K¢ acts on O

multiplicity-freely (i.e., C[O] decomposes without multiplicity as a Kc-module).
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Corollary 3.2. The orbit Q' lifted from the trivial orbit is spherical. The closure Ot is
a normal variety.

Proof. The claim that Q' is spherical follows directly from the above theorem. The
normality follows from [29, Th. 10]. O

3.2. Regular holomorphic orbit. Let us denote by Q) = 6(Q}) the theta lift from the
regular holomorphic orbit @) C s’,. The orbit OF corresponds to the following signed
Young diagram.

O(p.q) + A=T[(+—+)"(+)7"(=)""]
Ulp.q) = A= [(F=H)"(+=)" " (+)P (=)= (m = n)

a2 (E=R) R () ()R] (0 =204
Sp(p,q): A= { [(_I___I_)n/Z(_I_)p—n(_)q—n/?] (n =20

For the regular orbit, we have
2(0) = ¢7H0Q)) = (s ) = W x 07,
where ¢~ = ;/)‘W_ and M~ = (»7)710) C W~ is a null cone. Thus Theorem 2.10 yields

the following
Lemma 3.3. Let O C N(s) be the theta lift of the regular holomorphic orbit O}, which

is open dense in s'y. Then ils closure is an affine quotient of W+ x M~ by K.,
QF ~ (W x N7)// K.

Let us recall (§1) the compact group Lt whose action on W+ commutes with that of
K'. In fact (L*, K') forms a dual pair in Sp(Wg ). Let

52
Wt~ ) ptryer (3.2)
TElr(KL;CW])

be the decomposition of C[W*] as an LT x K’-module. Here p*(7r) € Irr(L*) cor-
responds to 7 € Irr(K’) via the above multiplicity-free decomposition. Note that

CW™] ~ H(KS) @ CW*)5E | and so Irr(KL; CIWT)) = Te( K H(KSE)) = R(KE)™
We may therefore rewrite Equation (3.2) as
@
CW*~ Y pf(r)ar (3.3)
rER(KL)
Note that LT is a unitary group containing Kt in each of the three cases, hence its

complexification L} is isomorphic to a general linear group. Since the action of L{
commutes with that of K7, LE x K5 naturally acts on the affine quotient space

(W x N7 J/ Kt~ OF,
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extending the action of K¢ = K& x K5. Note that the orbit Of itself does not admit an
action of LE x Kz, but its closure does.

Theorem 3.4. The group LY x Kz acts on the closure (OT? multiplicity-freely. As a
LE x Kz -module, we have

_ @ " _
COf]~ > = pt(r)Bo (7). (3.4)
rER(KL)
Consequently, the closure (OT? is LE x Kz -spherical, and it is a normal variety.

Proof. We have
Clof] ~ (O] @ o))"

<
K¢

52 52
~(( X rrmen)e( Y o(men))
T1ER(K() T2 €R(K()
® § B
~ Z pT ()R o (7).
TER(K()
The normality follows from [29, Th. 10], since ZR(K{) N Q4 R(K{) = R(K(). O

3.3. Degree of nilpotent orbits lifted from holomorphic orbits. As an application
of the explicit decomposition formula of the function ring of nilpotent orbits, we give an
integral formula of their degrees.

Since a nilpotent orbit @ C s is a cone, we naturally consider it in a projective space
P(s). As a projective variety, the closure P(Q) in P(s) has a degree. We shall denote this
degree by deg @ by a slight abuse of notation, and we call it the degree of the nilpotent
orbit @. We refer to [28, §V.4.2] for the definition of the degree of projective varieties.
See also [8].

To state our result, let us introduce some notation. We denote by A = A(X,) an
irreducible root system of type X, = A,_1, B,,C,, D,. We realize A in a standard way
(see [2, Planche I-1X]), and choose a positive system At as AT(A,_1) = {e; —¢; | 1 <
i<g<rh AT(D,)={e;te; |1 <i<yj<r} ANB,)=ATD)U{e |1 <7< r};
AT(C) = AT (D) U {2 | 1 < i < r}. Asusual, p = px, = Y wea+ @/2 denotes the
half sum of positive roots, and we fix an invariant inner product (a, #) on the root space
which makes {¢;} an orthonormal system. For fixed n < r, we put

A;';(XT) ={a € A"'(XT) | {a,e;) =0 (1 <i<n)}, and
O (X)) = AT(X,) \ AF(X,),
and for m+n <r,

@;7H(AT_1) ={e;—¢, € A"'(AT_l) |t <morr—n<j}.
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We introduce the difference product D, (x) on a multi-variable @ = (x1,...,x,) defined

by
Dy(x) = H1§i<j§n(xi — ;).
We abbreviate D, (2?) = D,(«3,...,22). Finally set

b n

Q, = {z = (z:)1<i<n | ©: 20, Yo <1}

Proposition 3.5. (1) Case O(p,q) X Sp(2n,R) (2n < p,q): Put r = [p/2],s = [¢/2] and
X = B or D (respectively Y = B or D) according as p (respectively q) is odd or even.
Then the degree of the nilpotent orbit is given by

— 1 n o
deo® = T o) T (ond)” [ 1DuGP [Tl s

" heat(x,) BEDH(
R 1 n _3,
dea® = T (pwoa)™ T (pa ) [ 10D [ a7
" edd (X,) BEDT (Ag_1) n =1
(2) Case U(p,q) x U(m,n) (m +n < p,q):
_ 1
deg (O)l = 1! <pAp—17a>_1 H <pAq—17ﬁ>_1
M L ead o (Apo1) Bed, n(Ag_1)
x / D(@)PIDa(y)P T (i yy)? TT & H77 20040 T =204 gy
1<e<m =1 7=1
Qm XQn 1<5<n
1
deg Of = —— I1 (pa_>a)™  IT Apa,B)70 I {pag_n)!
TN e, (Ap_1) BERT(Ag—1) V€D (Ag-1)
[ D@ PIDAE TL Gt ) FL a0 Lt ey
1<e<m =1 7=1
Qi X 1<5<n
(3) Case Sp(p,q) x O*(2n) (n < p,q):
- 22n n —dn
deg O = — T (oo, I <ch,ﬂ>_1/ 1D, (22)|? H x?(p-l—q) ant2 g
" aed}(Cy) peE(Cy) n =t
R 2”
deg @7 = . H <pcp,Oé>_1 H <pA2q—17ﬂ>_1
" aeat(cy) BEDT (Azg_1)
* / |Do(2?) Dy ()] TT 2} @07 dy
n =1

Proof. Since we know the K¢-decomposition of the regular function ring, we can formally
express the Poincaré series by using Weyl’s dimension formula. The degree € is encoded in

the top term of the Hilbert polynomial Hg(t), whose degree coincides with d = dim P(Q).
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Thus, we have e = d!lim;_ ., Hg(t)/t?, which is essentially expressed by a Riemann inte-

gral (the limit of a Riemann sum). This machinery is explained in [15, §2.2]. We omit
the details. O

Let us evaluate the following integral, which appears in the above proposition.
Theorem 3.6. Let « be a complex number with a positive real part. Then
1 . =D TP i D (k + 20)
D, (z*)D, e = =0 :
(+*)Du(a) [ [ i~ de T(3n(n — 1)/2 + nr + 1)

=1

Proof. First we set
fle) = f(a,5) = Du(@*) D) T2, @77
Let a = 3n(n — 1)/2 + nk, then f(x) is homogeneous of degree a — n, that is,
FOR) =N (A0

We consider the integral

['(a+1) fla)de = / flz)s*e *duds.

Qn n X (0,00)

We have a diffeomorphism

Q, x (0,00) 3 (x,8) — (y,1) € (0,00)" X (0,00),

given by

vi o= yif (L4352 vk), Yy = sy,
s = 1+ Uk o= (1=, a)s.

The Jacobian of this map is given by

Then
flz)s"e*dads = f(sx)s"e *dads = f(y)e_t_zlnﬂy"dydt.

This proves

['(a+1) fla)de = / o )f(:z;)s“e_sddeZ/ f(y)e_zz;ly"e_tdydt

Qn (0,00)1+1

_ /( | f(y)e—Ei;lyidy (3.6)
0,00)7
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Now we use the determinantal expression

Daly®) = H (i —y;) = det(y?(i_l))i,jzl,...,n = Z sgn(o) yf(g(i)_1)7
1<i<jsn oESn i=1

Du(y) = [ i—wi)=det(y™)ijmronn = sen(r) [Jo/"
1<i<j<n 7E€Sn i=1

Then (3.6) becomes

/ f(y)e_ E:‘lzl y"dy e Z Sgn(o‘)sgn(»r) H/ y?(g(i)_1)+(7(i)_1)+ﬁ_1e—yidyi
(0,00)" 7 Jo

o, T

=, sen(o)sgn(r) [[iz, [(20(2) 4+ 7(2) + £ — 3)
=05, sen(0) [Ty D20 () + i+ 5 — 3)
=nldet(I'(2t + 74+ £ —3))ij=1..n
['(2e+54+x—3)
F(QZ —I_ K= 2) 2,7=1 n
=n! H?:_OI I'(k 4 2¢) x det ((2¢ + £k — 2);-1)
where (¢)y =c(c+1)---(c¢+ k —1). The last determinant is
det ((20 4+ £ —2)j-1) = det ((2@ + Kk — 2)j_1>i7],:17...7n
= vdM(k,k +2,..., 6k +2n —2) = vdM(0,2,...,2n — 2) = 27" D22

= n!H?:l ['(2i + k — 2) X det (

i,5=1,...,n 7

i,7=1,...,n

Here vdM denotes the vandermonde determinant:

vdM(eq, ..., ¢n) = H1§i<j§n(cj —¢).
This gives
1 1 o
. f(z)dz = mgm—l)/? 11 I T(k + 21),
which is the formula (3.5). O

Remark 3.7. By a similar argument, we have

1 - [1°2) T(k + 210)
Dn 2\2 ﬁ—ld — 1=0
(%) H i . I'2n(n —1) +nk +1)

=1

x det ((/i + 20 — 2)2]‘_2)

H o, i,j=1,...,n

The last determinant depends on x polynomially and seems to have no simple expression.
This suggests that Q! may have a more complicated structure than that of Qf.
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4. APPENDIX

In Appendix, we will give an explicit construction of moment maps ¢ and 1, and
establish some basic properties of null cones and harmonics.

4.1. O(p,q) x Sp(2n,R) (2n < min(p,q)). This case is already treated in [19]. For
convenience of the readers, we reproduce the synopsis of the arguments, and at the same
time we improve some of statements there.

Put G = O(p,q) and G’ = Sp(2n,R), and assume the stable range condition 2n < p, q.
We denote:

A
M =U(p.q) D) G =0(p,q) M’ = Sp(2n,R)> D G'= Sp(2n,R)
U U U U
_ 7+ - - Kt x K- A
L=1"x1L 0 A=At XA I'=K'xK' 5 K =U(n)

= U(p) x U(q) = 0O(p) x O(q) = U(n)?

In this diagram, the vertical containment means respectively maximal compact sub-
groups, and A denotes the diagonal embedding. Put

W = My, (C) = {(g‘) | A€ M,,(C),B e qu((C)}

=WtaWw™ =M,,(C)® M,,(C).

The complexification K¢ = O(p,C) x O(q,C) acts on W via the left multiplication, and
K{ =GL,(C) acts on W as

y(é):(éﬁo, g € GL,(C).

We fix a Cartan decomposition g = €@ s (resp. g =¥ ©5') as

B [ AlC) ] 0 0 | M, (O
g=op+¢C = el ;) =tes

0 |Alt,(C M, 4(C) |
, B M, (C) ‘ 0 0 ‘ Sym ,(C) . )
g =sp(2n,C) = ( 0 ‘ —tMn((C)> D (Symn((C) ‘ 0 ) =¥ ds.

Thus, we can identify s = M, ,(C) and s’ = s/, @5 = Sym ,(C) @ Sym ,,(C). The moment
maps are explicitly given by

L,Q:W9<g>|—>AtBEs, ¢:W9<g>|—>(tAA,tBB)65/.
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These maps are clearly K¢ x K{-equivariant if we define the trivial Kc-action (resp.
K{-action) on &' (resp. s). In the language of algebra, ¢ is induced by

n

o) =S b — (2 AN _ (laig)
S‘Q (227]) - kz:; al,kb]7k7 Z - (227]) E 57 <B> - <(bl7])> E W7
and it is well known that ¢*(z;;)’s generate G'L,-invariants C[W]%¢. This shows that

¢ : W — s is an affine quotient map onto its closed image: s O (W) ~ W//K(.
Similarly, ¢ is induced by

V(i) = D ke @riarg, X = (2i5) €84 ¥(yig) = Doy buibiy, Y = (y:;) € 52

Again, ¥(z;;)"’s and ¥(y; ;)*’s generate the O(p,C) x O(q, C)-invariants C[W]¥c which
proves that ¢» : W — g’ is an affine quotient map. By the assumption of the stable range,
2n < p,q, it is easy to see that ¢ : W — ¢’ is a surjection, hence s’ ~ W// K.

Let us consider the null cones

N=y(0)CW,  NF=(F)7(0) C W=,
where 1% : W% — s/ is the restriction of ¥ to W=,
Proposition 4.1. Assume the stable range condition 2n < p,q.

(1) The null cone M =N x N~ is an irreducible normal variety, which is of complete
intersection in the set theoretic sense.

(2) There are finitely many Ko x Kg-orbits in M, which are completely classified by the
ranks of each component in M. Among them, there is an open dense K¢ x Kl-orbit
Onn, which is a single Kc-orbit. Moreover, the singular locus coincides with M\O,, ,,
which is of codimension > 2.

(3) The regular function ring CIN] is isomorphic to the harmonics H(Kc) ~ HT(K¥) ®
H™(Kg) as a K¢ x Kg-module. Its decomposition is explicitly given as

) . 3 o ) "
OOt~ HH(EE) > Y oW e AT e H (kD) = Y oV e,

where P, denotes the set of all the partitions of length < n, and TA(n) (resp. O'E\p)) is an

irreducible finite dimensional representation of GL, (resp. O(p,C)) of highest weight \.

Remark 4.2. (1) In [19], the orbit decomposition of the null cone is carried out for K¢ X L,
though it is more natural to consider K¢ x Kg-orbits. In fact, their orbits are the same
(under the assumption of stable range). Also, in [19], the normality is proved when
2n + 2 < p,q. Here we improve it, and there is no more restriction other than the stable
range condition.

92) Tt is rather subtle to specify the representation o'”) because O C) is not connected.
p y p A P,

For this, see [12, §3.6.2].
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Proof. 1t is straightforward to check the claim for the K¢ x Kg-orbit decomposition in
(2) directly by calculation. Let us denote O, s = OF x O € N, where

Of={AeM,, | 'AA=0,tank A =r} C NT,
O; ={BeM,,|'BB=0,rank B=s} CN".

Then Of is a K& x K[-orbit, and O, is a single K¢ x K{-orbit. Since they are classified
by rank, the orbit of the largest possible rank O, , is open dense in 1. This implies that
N = m is irreducible. In fact, O, , is a single Kc-orbit. This follows from the Witt
theorem.

Explicit calculation of the rank of differentials of the defining equations of ¢*(;;)’s and
Y*(yi;)’s tells us that a point from M\ O,,,, is singular. Since

n(n+1)
2 2

n(n+1)

dim Nt =np — 5 )

dimMN~ = ng —
we have codim2t = n(n+ 1), which is equal to the number of the defining equations. This
proves that 9N is of complete intersection.

The dimension of the K} x Kf-orbit in 91" of rank r is given by

dim(’);" =r(p+n) — - r(r2—|— 1).

From this formula, we can easily show that codim (M\O, ) > 2.

By Kostant theorem (see [3, Th. 2.2.11], for example), we know that the defining
radical ideal of 91 is generated by ¢*(x;;)’s and ¥ *(y,;)’s, which are basic invariants of
O(p,C) x O(q,C). This means that

CIN = CIW /(" (wij), 7 (yi;)) = CIW/CIW] - CIWTES > H(Ke).

The decomposition of H(K¢) is given in [12, Th. 3.7.3.1 & Cor. 3.7.3.6]. See also [7] and
[14]. By the same theorem of Kostant, the null cone 91 is normal. Also, 9* are normal
varieties. g

4.2. U(p,q) x U(m,n) (m +n < min(p,q)). Put G = U(p,q) and ' = U(m,n), and

assume the stable range condition m + n < p,¢q. We denote:

A
M =U(p,q)* D G=U(p,q)
U

L=LtxL-=UpPxU(q? 5 K=K*xK=U(p) x Ulq)
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Here A denotes the diagonal embedding. Similarly, we denote M’, G', L', K’ replacing p
and ¢ by m and n respectively. Put

A B
W = Myt gmin(C) = {(C D) |AeM,,,,BeM,,,CeM,,,DEe Mq,n}

=W G W™ = Myu4n(C) & My 4n(C).
Then K¢ = GL,(C) x GL,(C) and K = GL,,(C) x GL,(C) act on W as

A B Ath tg, " Bhit
Gttt (7 ) = (200 i),
(91292) € GL,(C) X GL,(C),  (hi.ha) € GL () X GL, ().

We fix a Cartan decomposition g = €@ s as

o (MO 0 Y (0 M)
T80 ) T \mof o )T

The Cartan decomposition g’ = & & s’ is chosen similarly. We identify
5= Mp7q((c) @ Mqvp((c)7 5/ = Mm7n((c) @ anm((c)'
The moment maps ¢ and ¥ are explicitly given by

A B A B
go:WB(C D)»—>(AtC,DtB)65, ;/):WB(C D>|—>(tAB,tDC)E5’.

These maps are K¢ x K{-equivariant with the trivial Kc-action on s’ and the trivial
K{-action on s respectively. The maps ¢ and ¢ are almost the same. Therefore we will
treat only the map v in the following.

The map @ induces an algebra homomorphism 2 : C[s'] — C[W] by

r(wig) = Dk kabrys 7 (ig) = 20000 cidi,
where (2;;) and (y, ;) are coordinate function on (X,Y) € M,, ,(C) x M, ,(C) = 5.
Then the GL,-invariants (resp. GL,-invariants) on C[W*] (resp. C[W~]) are generated
by ¥(x;;)*’s (resp. ¥(y;;)*’s). Hence ¢ : W — s’ is an affine quotient map by K¢, which
is surjective under the condition of the stable range. Note that ¢ is not surjective in
general.
Let us consider the null cones

N=¢7(0)CW, 9= (F)7(0) c W,
where ¢ : W% — g/, is the restriction of ¥ to W=,
Proposition 4.3. Assume the stable range condition m + n < min(p, q).

(1) The null cone M =N x N~ is an irreducible normal variety, which is of complete
intersection in the set theoretic sense.
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(2) There are finitely many Ko x Kg-orbits in M, which are completely classified by the
ranks of each component in ME. Among them, there is an open dense K¢ X Kl-orbil
Opin, which is a single Kc-orbit. Moreover, the singular locus is of codimension > 2.
(3) The regular function ring CIN] is isomorphic to the harmonics H(Kc) ~ HT(K¥) ®
H(Kg) as a Kc x Kg-module. Its decomposition is explicitly given as

53]
O e HH(EE) = Y 2o (7)),

aEPm,ﬁEPn
— — s — ® m ) %
CV ) 2 H (Kg) ~ Z TW(?D)(S@(TW( )®T5()>,
YEPm,6€Pn

where, for partitions o € Py, and B € P,,, we denote

a@ﬂ:a@pﬂ:(ozl,ozg,...,ozm,(),...,(),—ﬂn,...,—ﬂl)EZp;
(p)

and 1,7 is an irreducible finite dimensional representation of GL, of highest weight ).

Proof. Put Of, = {(A,B) € My yn | "AB = 0,tank A = r,rank B = s} C 9N*. Then
(’);':5 is a K&' X K¢-orbit, and dim (’);':5 =r(m+p)+s(n+p)+rs—(r+ 5)2. It is easy to
see that OF | C 9T is an open dense orbit and dimN* = dim O, | = p(m + n) — mn,
which means 9T is of complete intersection. The singular locus is given by

OT-I;L—I,TL—I = H O:s C m—l—?
r<m—1,5<n—1
which is of codimension > 2. The rest of the proof is similar to that of Proposition 4.1.

The decomposition of harmonics is given in [12, Th. 2.5.4]. O

4.3. Sp(p,q) x O*(2n) (n < min(p,q)). Put G = Sp(p,q) and G' = O*(2n), and assume
the stable range condition n < p,q. We denote:

A
M =U(2p,2q) D G = Sp(p,q) M'=0*(2n)? O G'=0*2n)
U U U U
L=1IL%tx L~ D K=KtxK~

"= K'x K’ 3 (' =U(n
= U(2p) x U(2q) = Sp(p) x 5p(q) b= IU(nX)QI o K'=U(n)

Put

W = May20(C) = {(g‘) | A€ My, (C), B € qu,n(C)}

— W+ @ W_ — szm((C) @ ngm((C).
The complexified groups K¢ = Sp(2p, C) x Sp(2¢,C) and K{ = GL,(C) act on W as

AN kAl (k1 k2) € Sp(2p,C) x Sp(24,C)
B thy By ) g€ GL,(C)
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We fix Cartan decompositions g=€¢@ s and g’ =& @ s as

= sp(2p + 2¢,C) = #p Q| 0 @ 0| Mo
g=2p(2p+2¢,0) = 0 |sp(24,C) Jy Moy | 0 )

= ¢ @57 Jp — (_01 10p>
P

/ M, (C) ‘ 0 0 ‘Altn((C) o
g :0(271,@):< 0 ‘—tMn((C)>@<Altn((C)‘ 0 )ZE@E.

Thus, we can identify 5 = My, 5,(C) and 5" = s/, @5’ = Alt ,(C) @ Alt ,(C). The moment

maps are explicitly given by
A t A t t /
p: W3 B — A'B € s, YW B — ("AJ,A, 'BJ,B) € 5.

These maps are clearly K¢ x Kg-equivariant with the trivial Kc-action on §', and the
trivial K{-action on s respectively. They induce algebra morphisms ¢* and ¢*:

© (2i4) = D opey @ikbin, 72 = (2i5) € Mapog, A= (ai;) € My, B=(bi;) € Magn,
PH(wig) = = Dot Gk itk T Dy Ghithapjs X = (2ij) € Alty,
O (yig) = = 2oimy biguibi + 200 by, Y = (yi) € Alt .

Classical invariant theory tells us that ¢*(z;;)’s generate the G'L,-invariants C[W]%¢, and
that o (2;;)*’s (resp. ¥(y;;)*’s) generate the K& = Sp(2p, C)-invariants (C[VV"’]I‘QEr (resp.
Kz = Sp(2q, C)-invariants C[W ~]"c ). This shows that ¢ and 1 are affine quotient maps.
By the assumption of the stable range, n < p, ¢, the map ¢ : W — s’ is a surjection, and
we have C[s'] ~ C[W e, C[s),] ~ C[Wi]KCi.

Let us define the null cones by

N=y7(0)CW,  NF=(*)7(0) C W*,

where 1% : W% — s/ is the restriction of ¥ to W=,
Proposition 4.4. Assume the stable range condition n < p,q.

(1) The null cone M =N x N~ is an irreducible normal variety, which is of complete
intersection in the set theoretical sense.

(2) There are finitely many Ko x Kg-orbits in M, which are completely classified by the
ranks of each component in NE. The full rank orbit O, ,, is an open dense K¢ x Kj-orbit
in N, which is also a single Kc-orbit. The singular locus of N is of codimension > 2.
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(3) The regular function ring CIN] is isomorphic to the harmonics H(Kc) ~ HT(K¥) ®
H(Kg) as a K¢ % K{C-module and we have

CINt] ~ HY(K{ Z 0'/\ ®T/\); CV ) 2 H (Kg) ~ Z 0'/\ ®7’A ,
AEP, AEP,

wnere o enoies an 27“7“6 ucioie jinite Zmenswna representation o w1t ] -
here 0P denot ducible finite di [ representation of Sp(2p,C) with high

est weight A € P,.
Proof. Put
OF ={AecM,,, | 'AJ,A=0rank A=r} Cc NF,
O; ={B& My,, | 'BJ,B=0,tank B =s} CIN".
Then O, s = OF x OF is a single K¢ x K{-orbit and

—1 —1
dim@j’:r@p—l—n)—r?—%, dim OF :3(2q—|—n)—52—8(827).
It is easy to show that OF C M* is an open dense orbit and
—1 —1
dim N = dim OF = 2pn — %, dimM” =dim O, = 2gn — %,
which tells us that 9N (resp. M%) is of complete intersection. The singular locus is given
by
IT of co,
r<n—2
which is of codimension > 2. The rest of the proof is similar to that of Proposition 4.1.
The structure of harmonics is given in [12, Th. 3.8.6.2]. O
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