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Abstract

Let G be a complex reductive group. We study the problem of associating Dixmier
algebras to nilpotent (co)adjoint orbits of G, or, more generally, to orbit data for G.

If g =bh+n+nis a triangular decomposition of g and O is a nilpotent orbit, we
consider the irreducible components of O N n, which are Lagrangian subvarieties of
O. The main idea is to construct, starting with certain “good” components of O Nn,
a Dixmier algebra which should be associated to some cover of O. We carry out
the construction if the orbit O is small. Then we apply this result to certain simple
groups and obtain the Dixmier algebras associated to a variety of nilpotent orbits. A
particularly interesting example is a non-commutative orbit datum which we call the
Clifford orbit datum. By modifying our main construction a bit we obtain a Dixmier

algebra which should be associated to that datum.
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1 Introduction

The goal of the method of coadjoint orbits of Kirillov and Kostant is to establish a close
relation between the unitary dual (i.e. the set of irreducible unitary representations) of a
Lie group Gg and the set of orbits of Gg in gi (the coadjoint orbits). If Gy is nilpotent,
Kirillov has shown in [12] that the unitary dual of Gg is in a natural bijection with the
set of coadjoint orbits of Gg. In [1], Kostant and Auslander have generalized Kirillov’s
results to give a complete description of the unitary dual when Gg is a type I solvable
group. However, extending these results to the case when Gg is reductive has proven
to be very difficult. After initiating a program that eventually established, for complex
solvable groups Gc, a bijection between coadjoint orbits and primitive ideals of U(gc),
Dixmier suggested that, in the reductive case, one could postpone the construction of a
unitary representation associated with the real orbit Ok and instead construct a primitive
ideal I in the enveloping algebra U(gc). The ideal I = I(Oc¢) should depend only on
the complexification O¢ of Og, and the unitary representation 7(Ofg) associated to Og
should be an U(gc)/I(Oc¢)-module. Associating an ideal in U(gc) to Oc is an easier but
nevertheless very interesting problem that should provide useful ideas for the construction
of the representations m(Og).

The relation between the associated unitary representation 7(Og) and the primitive
ideal I(Oc) is illustrated by the case of a nilpotent group G. Then I(O¢) = Ann7(Of)
and the quotient algebra U(gc)/I(Oc) is an algebra of twisted differential operators on
a polarizing manifold for O¢. It is a filtered algebra and the associated graded algebra is
the same as the associated algebra to the filtered algebra of functions on the orbit.

The main tool for associating primitive ideals to coadjoint orbits of a complex reductive
group Gg is parabolic induction. Using it, one can reduce the problem to associating
primitive ideals to nilpotent coadjoint orbits. However, there are many non-induced
nilpotent orbits, and we need a different method for dealing with them. Furthermore,
Borho has given an example of a nilpotent orbit that can be obtained in two different
ways by induction such that the two corresponding induced ideals are different. Thus
both of these ideals ought to be attached to the same orbit so the orbit method map
seems to become multi-valued. The problem in this case is caused by the topology of the
orbit — it admits a double cover, so one of the ideals should be associated to the orbit
and the other one to the orbit cover. These considerations have lead Vogan to formulate
in [17] the following conjecture: instead of “coadjoint orbits” we should consider the
slightly more general notion of “orbit data” — algebras that are extensions of the ring of
functions on a coadjoint orbit (rings of functions on orbit covers give examples of orbit
data). Similarly, “primitive ideals” should be replaced by “Dixmier algebras”, which are
extensions of primitive quotients of U(gc). The orbit method should construct a bijective
correspondence (Dixmier map) between a certain set of orbit data (which should include
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all rings of functions on orbit covers) and a corresponding set of Dixmier algebras. If an
orbit datum R corresponds to a Dixmier algebra A, they should admit G-stable filtrations
such that the associated graded algebras are isomorphic (in particular R and A should
have the same G-module structure). The precise definitions will be given in Section 2.

The main goal of this thesis is to illustrate a new method for constructing Dixmier
algebras. It has been recognized for a long time that Lagrangian subvarieties of the
orbit O play an important role in understanding the geometry of the orbit. In case G is
reductive it is Vogan’s idea that a Lagrangian subvariety stable under a Borel subgroup B
of G should give rise to a Dixmier algebra. Our main result is in Section 6 where we show
how, starting with a nilpotent orbit O of certain type (we call such orbits small) and a
B-stable Lagrangian in O satisfying some conditions, we can construct a Dixmier algebra
which should be associated to a certain cover of . In Section 7 we give examples of
nilpotent orbits to which we can apply this construction: all spherical orbits of Sp(2n, C),
certain spherical orbits of SO(2n, C), the double cover of the maximal spherical orbit of
Sp(4n,C) (recall that an orbit O is called spherical if some Borel subgroup of G' has a
dense open orbit in O).

Another application that we give is obtaining the Dixmier algebra associated to a
certain non-commutative datum (the Clifford orbit datum) which appears naturally as
follows. Recall that the Dixmier correspondence conjectured by Vogan should be a bijec-
tion between a certain set of orbit data (including all orbit covers) and a corresponding
set of Dixmier algebras. One condition that should be imposed, if one hopes to have a
nice correspondence, is that both the orbit data and the Dixmier algebras must be com-
pletely prime (i.e. with no zero divisors). However, there are certain completely prime
primitive ideals that cannot be associated to any orbit cover, so one expects that they
should have an associated non-commutative orbit datum. One such example appears
when G = Sp(4n,C). In [15] McGovern has constructed a completely prime Dixmier al-
gebra Ag which is a model representation for G, i.e. each finite-dimensional representation
of G appears exactly once in Ag. Ag is a 2-fold extension of the quotient of U(g) sitting
in it. It is easy to see (by comparing the G-module structures) that neither Az nor the
quotient of U(g) that it contains can be associated to any orbit cover. We will construct a
non-commutative completely prime orbit datum — the Clifford orbit datum Rs — which
is also a model representation for G. It is natural to expect that A should be associated
to R¢ under the Dixmier map. As an application of our main construction, we obtain
the model Dixmier algebra Ag in a way which strongly suggests that its associated orbit
datum is Rg.

Here is an outline of this thesis. In Section 2 we give definitions of orbit data, Dixmier
algebras, and discuss the conjectural Dixmier map between them. In Section 3 we recall
some well-known methods for quantizing coadjoint orbits (polarizations, change of polar-



ization maps, induction, etc.) and discuss an example which illustrates all steps of our
main construction. In the next two sections we develop the machinery that will be needed
for the construction. In Section 4 we define induction of Dixmier algebras and prove its
basic properties. Section 5 deals with the construction of a “change of polarization” map
between Dixmier algebras obtained from a coadjoint orbit by using two different polar-
izations. In Section 6 we carry out (under favorable circumstances) the construction of a
Dixmier algebra which should be associated to the ring of functions on some orbit cover.
Finally, in Section 7 we discuss how restrictive the conditions we put on the orbit are,
and consider various examples of orbit data for which we are able to construct associated
Dixmier algebras: the spherical orbits of Sp(2n,C), some spherical orbits of SO(2n,C),
the double cover of the maximal spherical orbit of Sp(4n, C), and the Clifford orbit datum
for Sp(4n, C).



2 Orbit data and Dixmier algebras.

Suppose G is a complex algebraic group. As discussed in the Introduction, the attempts
to define a nice correspondence between coadjoint orbits for G and primitive ideals in U(g)
have shown that, if such a correspondence is to exist, one has to consider the more general
notions of orbit data and Dixmier algebras. In more detail, each orbit O is replaced by
its ring of functions R[O]. This ring is equipped with a G-action, and restricting regular
functions from g* to O gives a G-equivariant map

¥ : S(g) — R[O)]. (2.1)

ker 1 is a G-invariant ideal of S(g) and O can be recovered as the unique dense G-orbit
in the closed subvariety of g* corresponding to this ideal. Furthermore, recall from the
Introduction that a main reason for introducing orbit data was the observation that non-
ramified covers of coadjoint orbits had to be associated to certain primitive ideals of U (g).
If O — O is one such cover, then pulling back functions from O to o gives an inclusion
R[O] < R[O] and, after composing with (2.1), we get a map S(g) — R[O]. These
examples lead to the general definition of orbit data [17].

Definiton 2.1 An ORBIT DATUM for G is an algebra R equipped with the following struc-
ture:

e An algebra homomorphism S(g) — R which sends S(g) to the center of R.

e An algebraic G-action on R by algebra automorphisms (denoted Ad) such that the
map S(g) — R is G-equivariant.

As we saw above, any orbit cover gives rise to an orbit datum, namely the ring of
regular functions on the cover. Such orbit data are called GEOMETRIC. The SUPPORT of
an orbit datum R is the G-variety in g* corresponding to the ideal kerv of S(g). The
orbit data that we will consider will be spaces of global sections of bundles of algebras on
a coadjoint orbit O, i.e. they will be supported on the closure of O.

Definiton 2.2 A DIXMIER ALGEBRA for G is an algebra A equipped with the following
structure:

o An algebra homomorphism ¢ : U(g) — A. There is a corresponding g-action on A,
denoted by ad, given by ad(X)(a) = ¢(X)a — ap(X) for X € g and a € A.

o An algebraic G-action on A by algebra automorphisms (denoted Ad) such that the
map U(g) — A is G-equivariant and the differential of the G-action Ad is the
g-action ad.



This definition of a Dixmier algebra differs slightly from the one in [17]: we do not
require that the Dixmier algebra is a finitely generated module over U(g). The reason is
that, if G is not reductive, the algebras that we would like to call Dixmier algebras (e.g.
algebras of twisted differential operators on a polarizing manifold for some orbit) are not
necessarily finite as U(g)-modules. The same remark applies to the definition of an orbit
datum.

Rather than a correspondence between coadjoint orbits and primitive ideals, one ex-
pects that there should be a correspondence between a certain set of orbit data and a
corresponding set of primitive Dixmier algebras (i.e. algebras such that ker ) is a prim-
itive ideal of U(g)). As mentioned in the Introduction, many examples suggest that, if
such a correspondence is to have reasonable properties, both the Dixmier algebra and the
corresponding orbit datum should be completely prime, i.e. with no zero divisors. The
following conjecture was formulated by Vogan in [17]:

Conjecture 2.3 There is a natural injection from the set of geometric orbit data into
the set of completely prime Dizmier algebras. The Dizmier algebra A corresponding to an
orbit datum R should satisfy

o A and R admit G-invariant filtrations indezed by 3N such that the maps U(g) — A
and S(g) — R respect the filtrations.
o There s a G-equivariant isomorphism gr A — gr R carrying gr ¢ to gri, i.e.

=

grA

grR
gre gry

grU(g) —— S(g)
o The algebra gr A = gr R is completely prime.

Traditionally, the unitary representation associated to the real coadjoint orbit Og is called
the quantization of Og. Analogously to that, if the Dixmier algebra A is associated to
the orbit datum R we will often call it the QUANTIZATION of R.



3 An example of the construction

In this section we start by recalling a few fundamental ideas related to quantization of
symplectic manifolds. Next we consider an example showing how these ideas are used in
the main construction of Dixmier algebras in Section 4. Finally, the example will point
out the technical tools needed for the construction.

Even though in recalling the main ideas we do consider real symplectic manifolds and
real Lie groups, our main concern are complex algebraic groups and their coadjoint orbits.
From Section 3.4 on, all groups considered are complex algebraic.

3.1 Polarizations

The prototypical example of quantization of a symplectic manifold is the following. Let
M be a smooth real manifold and let X = T*M be its cotangent bundle. Then X carries
a natural symplectic structure. If we denote the real bundle of half-densities on M by
DY/2 then the quantization of X is given by the Hilbert space L?(M,D'/?). (The reason
we should consider L2(M, D'/?), rather than L?(M), is that defining L*(M) involves the
choice of a measure on M, while the space L?(M,D'/?) is defined naturally and carries a
natural Hilbert space structure.) To define the Dixmier algebra associated to X, notice
that the algebra of differential operators (M, D'/2) acts on the smooth sections of the
bundle D2, Moreover, if a Lie group G acts on M, there is an induced G-action on
D2 and an induced map U(g) — D(M,DY?). That will make the g-finite part A of
D(M,D'/?) a Dixmier algebra for G (which we associate to X).

This example can be generalized as follows. Let M be a smooth manifold and let
L be a Hermitian line bundle on M. Then, as shown in [13], one can define a twisted
cotangent bundle X = T*(M, L) on M. X will be an affine bundle on M and the fiber
at m € M will be an affine space for 7)) M. X carries a natural symplectic structure
and its quantization is the Hilbert space L?(M, L ® D'/?). As above, the Dixmier algebra
associated to X is the g-finite part of D(M, £ ® D/?).

These examples lead to the following method for quantizing symplectic manifolds. If
X is a symplectic manifold we would like to find a manifold M and a line bundle £ on
M such that X = T*(M, £). Observe that the fibers of 7*(M, £) will give a foliation of
X such that the leaves are Lagrangian submanifolds. Therefore, given X, we would like
to find a Lagrangian foliation on X and define M as the space of leaves. A Lagrangian
foliation is called a (real) polarization of X. Notice that, if a Lie group G acts on X, we
want G to act on the space of leaves of the foliation as well (so that L2(M, L&D'?) would
be a representation of G). In other words, we want the polarization to be G-invariant. In
the special case when X = O is a coadjoint orbit, A € O, and G, is the stabilizer of A in
G, this forces the set of leaves to be a homogeneous space G/H for G and the leaf through



A to be precisely H - A, for some subgroup H of G. The other leaves of the foliation will
be the G-translates of the leaf through A, hence the polarization is completely determined
by specifying A and H. The conditions that H must satisfy in order to give a polarization
of O at A are:

.‘:L) G,\ g H.
b) Ais a character of b, i.e. Ay g = 0.
¢) dmG/H =dimH - A = L dim O.

If such an H is given, and if 2mi)\ exponentiates to a character of G A, We obtain the
representation L*(G/H, £y ® D/?) associated to @, where £, is the sheaf of sections of
the bundle G x g Cyrix associated to 2mi). Notice that if we only want to associate a
Dixmier algebra to O, we do not need the integrality condition on A — the algebra of
twisted differential operators D(G/H, £, ® D'/?) exists even if X is not integral.

3.2 Change of polarization

A manifold X may admit more than one polarization. In that case, a natural and impor-
tant question is whether the associated unitary space (respectively, the associated Dixmier
algebra) depends on the choice of a polarization. A typical example is X = T*V 2 V@ V*
where V' is a real vector space. There are two obvious polarizations of X: one with leaves
parallel to V' and another one, with leaves parallel to V*. The corresponding spaces
of leaves are V* and V, respectively. The associated Hilbert spaces are LA(V*, DV/?),
respectively L*(V,D"/2). We know that the Fourier transform gives a natural isomor-
phism between these two Hilbert spaces. In the setting of Dixmier algebras, the Fourier
transform provides an algebra isomorphism D(V,DY?) = D(V*, D'/?). As this example
indicates, we expect that, under favorable conditions, quantization is independent of the
choice of polarization.

Actually, X = V@V* is a coadjoint orbit for the Heisenberg group V@ V*@®R and the
Fourier transform actually is an equivariant isomorphism. (This example will be discussed
in more detail and used in Section 5.) More generally, the independence of polarization
can be proven for polarizations of coadjoint orbits of unipotent groups. However, there is
no “independence of polarization” result for arbitrary symplectic manifolds (or even for
coadjoint orbits of general Lie groups). One of the reasons such a result is hard to even
formulate is that, in general, the representations (and Dixmier algebras) obtained from
different polarizations will not be isomorphic. To see what can be expected in general,
consider the example of the group G = R*x R where R* acts on R by multiplication.
There is a dense coadjoint orbit G - A in g*, isomorphic to G, and the subgroups R* and



R of G give two polarizations of G - \. We cannot expect that there is an isomorphism of
Dixmier algebras
D(G/R*, L) ® DV?) = D(G/R, L) ® D'/?).

(The algebras of symbols of these two algebras of differential operators are not isomorphic.)
However, from results of Dixmier ([8], Theorem 6.1.4) and Borho and Brylinski ([4],§1),
it follows that for any solvable group G, A € g*, and a polarization H of G - A, the kernel
of the map U(g) — D(G/H, £ ® D/?) is independent of the choice of polarization. In
the example above, the map

U(g) — D(G/R*, £, ® D'?)
is surjective, so, rather than an isomorphism, we have an injection of Dixmier algebras
D(G/R%, L, ® D/?) < D(G/R, L) ® D*/?)

(and the image of U(g) is the same in both algebras, which is precisely Dixmier’s result).

In Section 5 we will construct a similar change of polarization map for coadjoint orbits
of not necessarily solvable groups (but the orbits considered will be of very special kind).
That map will be an essential tool in our construction of Dixmier algebras.

3.3 Induction

Induction is a generalization of the method of using polarizations. The basic idea of
induction is the following. Let H be a subgroup of G, let Xy be a symplectic manifold
with a Hamiltonian H-action, and let u : Xz — b* be the moment map. Suppose
the unitary representation 7y is the quantization of Xy. We can consider the induced
representation 7¢ = Ind § (7 ® D'/?) and a natural question is to determine the manifold
X whose quantization is 7. Roughly, the answer is

X(;:GXHp'l(XH) (31)

where p~*(Xp) denotes the pullback of Xy under the projection p : g* — h*.

To see how this extends the method of polarizations, observe that if H is a polarization
of G- X at A then Ay is fixed by H, i.e. its orbit Oy consists of a single point. The
unitary representation of H associated to Op will be the one-dimensional Hermitian
vector space Ty = Corin (where H acts by the unitary character exp(2mi\)) and the
induced representation from H to G will be L*(G/H, £, ® D'/?), which is precisely the
quantization of G - . Now it is easy to see that the induced space X¢ is equipped with
a map ug : Xg — g* which, at least if G is unipotent, gives an isomorphism X¢ = G-\
In other words, using the polarization H to quantize G - A is the same as simultaneously
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inducing the unitary representation 7y = Cy.;, and its corresponding coadjoint orbit
H - )|y from H to G.

We will be interested in induction mostly in the context of Dixmier algebras and
orbit data. One can define induction of orbit data in a way that is consistent with and
motivated by (3.1). Similarly, one can define induction of Dixmier algebras. This is done
in [17] for the case of parabolic induction, i.e. induction from a parabolic subgroup to a
reductive group. We will give the corresponding definitions in Section 4. We expect that,
at least under some favorable conditions, quantization should commute with induction.

3.4 Dense orbits

From now on all groups considered will be complex and algebraic. Let H be a closed
subgroup of G. Suppose Oy = H - X is dense in the coadjoint orbit Og = G - A. Let
Ry be the ring of functions on Oy and let Rg be the ring of functions on Og (so that
Rc C Rpy). The action of g on Rg extends to an action on Ry (the elements of g act as
vector fields on Og) and Rg is precisely the G-finite part of Ry (i.e. the space of functions
in Ry which transform finitely under g and on which the g-action exponentiates to a G-
action). To see this, first recall that regular functions on algebraic varieties equipped with
an algebraic G-action transform finitely under GG, hence Rg consists of G-finite functions.
To prove the converse implication, suppose f is a regular function on Oy (hence a rational
function on Og) which transforms finitely under G. Suppose f is not regular on Og and
let P denote the divisor of poles of f (i.e. points on Og where f is not defined). Let
V' denote the (finite-dimensional) vector space of rational functions on Qg spanned by
G-translates of f. Then V has a finite basis over C, hence the set of polar divisors of
functions in V' is finite. On the other hand, any G-translate of P; will be the polar divisor
of the corresponding G-translate of f, and the set of such translates is clearly infinite.
This contradiction shows that f cannot have poles, i.e. it must be a regular function on
Og.

Suppose now that Agy is the Dixmier algebra for H which quantizes Rg. Then we
expect to have Ag C Ay and, furthermore, A should be precisely the G-finite part of
Ay for the adjoint g-action on Ay coming from the map g —+ Ag — Apy. In particular,
in order to construct Ag, it will be sufficient to construct Az and the map g — Ay, and
then define Ag as the G-finite part of Ag.

3.5 Using Lagrangian coverings instead of polarizations

If G is reductive, only a small fraction of the nilpotent coadjoint orbits admit a polariza-
tion. One would like to find a “generalization” of the notion of polarization which would
give a procedure for quantizing non-polarizable orbits. A possible approach is developed
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by Graham and Vogan in [10]. The idea is to replace the Lagrangian foliation of O by
a family of Lagrangian submanifolds of O which are allowed to overlap. Recall that if
O = G - ) is polarizable and if P - A is the leaf of the foliation through A then, by a result
of Ozeki and Wakimoto [16], P is a parabolic subgroup of G. Then P - A is an irreducible
Lagrangian subvariety of O stable under some Borel subgroup B of G and the space of
leaves of the foliation is precisely the space of G-translates of P - \. While few nilpotent
orbits admit polarizations, all have B-stable Lagrangian subvarieties ([9]). Furthermore,
it is known that the set of irreducible B-stable Lagrangian subvarieties of O is precisely
the set of irreducible components of O N'n (where n is the nilradical of b = Lie(B)). We
can try to obtain the quantization of O (or of orbit covers of O, or, even more generally,
of orbit data supported on O) from any irreducible component L of O N n. To be more
specific, let the parabolic subgroup @ be the stabilizer of L in . Then the space of
G-translates of L is G/Q. The translates of L will overlap unless @) is a polarization of
O but we may still hope to obtain the quantization of O from the space of L2-sections
of some well chosen line bundle £ on G/Q. Unless @ is a polarization of O, the whole
space of L2-sections of £ on G/Q is “too big” for this purpose. One expects to find a
G-invariant subspace of I'(G/Q, £) which will be the quantization of O. (How one should
define this subspace is explained in [10].)

This invariant subspace will be preserved by U(g) and, one expects, by D(G/Q, L).
Therefore we expect to obtain the Dixmier algebra associated to O as a certain quotient
of D(G/Q, L). Of course, it is not clear how one should choose the bundle £ and how
to construct the quotient map. We will show how to do this in the example in the next
section. In Section 6 we will generalize the construction to a certain class of nilpotent
orbits.

3.6 The example

The following example will demonstrate the ideas involved in the construction of the
Dixmier algebras.

Let G = Sp(4n,C), g = Lie(G). Denote by ey, ..., e, f1,..., fon the standard basis
for C** and let W and W' denote the span of the vectors ey, ..., e and fi,..., fon. Then
W and W' will be complementary maximal isotropic subspaces and the symplectic form
identifies W' with the dual of W.

Each element of g can be written in the form (? 5 )with A e gl(W), S €

—t4
A S

S W), T € S2W'). Let P = {(0 et

) |[A71S € SQ(W)} be the stabilizer of W, a
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parabolic subgroup of G with Levi decomposition P = GL(W) x S*(W), and let

o O O O
o O O O
O O ~N O
S O O NN

be an element of up (we identify g with g* using the trace form). Since up = S?(W), A
gives a non-degenerate symmetric form on W’ and an induced non-degenerate symmetric
form on W. If V is the span of ey, ..., e, and V' is the span of e, 1, ..., €3, then V and V'
will be complementary maximal isotropic (with respect to the symmetric form) subspaces
of W. Let @) be the stabilizer of V' in G. @ is written in the form

A * *
@=10 B x |withAeGL(V), Be Sp(2n,C),
0 0 ‘A7!
in basis {€1,...,€n,€ni1s---,€2m, frtly- s fon, f1,--+» fu}. From now on, when writing

elements in matrix form, we will be using this basis.

Consider the coadjoint orbit O of A. The stabilizer of A is O(W) x Up C P, therefore
O has a double cover O & G/[SO(W) x Up]. P is a polarization of O at A, hence the
Dixmier algebra associated to O is D(G/P, pg/p). A more difficult question is how to
obtain the Dixmier algebra associated to O and that is what we will show. Let A be a
point in the pre-image of A in 0.

The special case when the group G is Sp(4, C) suggests how to obtain the quantization
of O. In that case the parabolic () considered above is a polarization of O at X so the
Dixmier algebra associated to O is D(G/Q, pc/q). (Notice that @ is not a polarization
of O since G = O(W) x Up is not contained in @ — only G5 = SO(W) x Up is). Also,
ONn = P-AUQ- A, so, in accord with the general idea of Lagrangian coverings outlined in
Section 3.5, we have obtained quantizations (of @ and @) from each of the two irreducible
components of O Nn.

In the G = Sp(4n, C) case @ is not a polarization of O since G5 is not contained in
Q. However @ - A is a Lagrangian subvariety of O and we will construct the Dixmier
algebra associated to Oasa quotient of D(G/Q, x + pg/q) for some appropriately chosen
character x of Q.

Using the dense P-orbit on . An idea on how to proceed is given by the following.

Let P = { <; t/;:) } be the parabolic opposite to P. Then Op = P - ) is dense in O.

13



According to the discussion in Section 3.4 we want to construct a quantization Az of the
double cover Op of Op, as well as a map

D(G/Q, x ® pcjq) — Ar (3:2)

for some character y of Q. _
Since SO(W) x Up is a polarization of Op at A, the Dixmier algebra associated to Oz
will be

Aﬁ‘—: D(?/[SO(W) X Uﬁ],)\).

(The top exterior power of the cotangent bundle to P/[SO(W) x U] is trivial which
implies p5/;sow)xuy) = 0-) It Temains to construct the map (3.2).

Change of polarization. The first step towards obtaining such a map is easy: P/[PNQ)]
is the open P-cell on G/@, so there is a restriction map

D(G/Q,X@pg/Q) __HD(F/[FOQ]’X(@pG/Q)' (3.3)
Now we need a map
D(P/[PNQ],x® pajo) — D(P/[SO(W) x Us, A).

Again, the special case G = Sp(4,C) suggests what to do further. In that case (in basis
€1, €2, f?a fl)

a m 0 0 a 0 0 O

— 0 b O 0 0 a0 0
P = ™ —

ne 0 n bl « , SO(W) x Up z y a 0

0 0 0 at z x 0 at

(x denotes an entry which is entirely determined by the rest of the entries in the matrix).
PNQ and SO(W) x Up are two different polarizations of Op at A. As discussed in Section
3.2, we expect that there is a change of polarization map

D(P/[P N Q) pgrq) — D(P/ISO(W) x Upl, ).

(The weight A does not have to appear on the left because A|; = 0.) Such a map will be
constructed in Section 5.

So, in the general G = Sp(4n, C) case, we need a similar change of polarization map.
We have

A M 0 0 A S 0 0
— 0 B 0 0 T -4 0 0
PNQ = 0 N B s , SO(W)x Up = exp X Vv A«

0 0O 0 AL Z X x —tA
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where S and T are skew matrices and Y and Z are symmetric matrices.

Let Qso = {(g tAS_'1>} C O(W) be the intersection of ¢ and O(W), i.e. the

parabolic in O(W) which stabilizes V. Using the results from Section 5 we obtain a
change of polarization map

D(P/[P N Ql, 15 try ®ps/q) — D(P/[Qso x U, A). (3-4)

The composition of (3.3) and (3.4) gives an injection
D(G/Q, ;5% trv ®pg/) — D(P/[Qso x Ug), A). (3.5)
Notice that our choice of the character y of q is determined at this stage — y = 1_;’1 try

is forced upon us by the change of polarization map.

Constructing the quotient map. Next, we need a map
D(P/[Qso x Usp, Al) — D(P/[SO(W) x Usl, A). (3.6)
Notice that we have a fiber bundle
P/[Qso x Up] — P/[SO(W) x Us]

with fibers isomorphic to the projective space S O(W)/Qso. Global differential operators
on SO(W)/Qso act on C (the space of regular functions on SO(W)/Qso) by multiplica-
tion by scalars, which gives rise to a quotient map

D(SO(W)/Qs0) — C. (3.7)

Locally on the base P/[SO(W) N U], an element of D(P/[Qso X Ug), ) is of the form
0 =) 01 ® 0, with 9, a locally defined differential operator in D(P/[SO(W) x U], A)
and 0, € D(SO(W)/Qs0). If c; denotes the image of &, under the map (3.7), then we
define the map (3.6) by

GHZ(?I@CQ.

This argument is made rigorous in Section 4 by using induction of Dixmier algebras.
Finally, composing (3.5) and (3.6), we obtain a map

D(G/Q, 5" try ®pc/q) — D(P/[SO(W) x Upl, \) = Ap. (3.8)
As discussed in Section 3.4, we now use the composition map
Ulg) — D(G/Q, 152 trv ®pgq) — D(P/[SO(W) x Up), \) = Ap
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to define a g-action on Ap, and we define Ag C A to be the subalgebra of G-finite
elements (see Section 3.4). Ag will be the quantization of the double cover O of O.
The construction of Ag can be summarized in the following diagram:

ntI‘v@ﬂ)‘————*D(P/[PﬁQ] ntrv®p)'—‘_"D(P/[Qsol>(U] )

The map r is a restriction map, p is a change of polarization map (constructed using
results from Section 5), and ¢ is a quotient map.
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4 Induction of Dixmier algebras and orbit data

The results from this section will provide the machinery needed for the construction of
Dixmier algebras in Section 6. More specifically, we will define induction of Dixmier
algebras and prove the transitivity of induction (Proposition 4.16) and the Mackey iso-
morphism (Proposition 4.15). We start by recalling from [2] the basic definitions and
results about D-algebras (possibly equipped with a group action) on algebraic varieties.
Dixmier algebras for a group H are the same as D-algebras with H-action on a vari-
ety consisting of a single point. An important result from [2] is that, if X — Y is a
principal H-bundle, there is an equivalence of categories between D-algebras on Y and
D-algebras with H-action on X. That enables us to obtain, from a Dixmier algebra Ay
for H, a D-algebra Ay on Y. If G is a complex algebraic group and H is a subgroup of
G, by applying this construction to the principal bundle G — G/H we define induction
of Dixmier algebras in Section 4.3. We prove transitivity and Mackey isomorphism for
this induction. These properties will be extensively used in the construction of Dixmier
algebras in Section 6.

4.1 D-algebras on algebraic varieties

Let R be a commutative algebra over C and let M be an R-bimodule. For r € R we
define an endomorphism ad(r) of M by ad(r)m = rm — mr. A D-filtration on M is an
increasing filtration such that M_; = 0 and ad(r)M; C M;_, for i > 0. One such filtration
can be defined by induction:

M, =0, M ={me M|ad(r)m € M;_ for any r € R}, i > 0.

The submodule M~ = UiZOMiV is called the differential part of M. M is called a differential
bimodule if M = M. Equivalently, let I C R ® R be the kernel of the multiplication
map R® R — R, i.e. the ideal of functions vanishing on the diagonal of Spec R x Spec R.
Then M, = {m € M |I'*'m = 0}. If M~ is the sheaf on Spec R x Spec R associated to
the R® R-module M, then M = M" if and only if M~ is supported on the diagonal. The
definition of a differential bimodule behaves well with respect to localization: if f € R
and M; = R; ®g M ®g Ry is the localized bimodule, then (M;)" = (M );.

Let A be an associative algebra equipped with an algebra morphism 7 : R — A. An
increasing filtration on A is called a D-ring filtration if A;A; C A;1j, A1 =0, i(R) C Ay,
and ¢(R) lies in the center of the associated graded algebra. If we consider A as an R-
bimodule, a D-ring filtration will be a D-filtration as a bimodule. The differential part
A" of A is defined in the same manner as above. A is called an R-differential algebra if
A=A
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The global versions of these definitions are as follows. Let X be a scheme. A differ-
ential Ox-bimodule M is a quasi-coherent sheaf on X x X supported on the diagonal.
Equivalently, M is a sheaf of Ox-bimodules on X satisfying:

a) For any open U C X, M(U) is a differential O(U)-bimodule.
b) If U is affine and f € O(U) then M (Uy) = M(U);.

An Ox-differential algebra (or simply a D-algebra on X) is a quasi-coherent sheaf of
associative algebras A on X, equipped with an algebra morphism i : Ox — A such that
A is a differential bimodule.

Example 4.1 Let M, N be quasi-coherent Ox-modules. A C-linear morphism f : M —
N is called a differential operator if, for any affine subset U of X, the morphism fy :
M(U) — N(U) lies in the differential part of the O(U)-bimodule Hom¢ (M (U), N(U)).
The differential operators form a sheaf of Ox-bimodules D(M, N) C Homc(M,N). If M
is coherent, then D(M, N) is a differential Ox-bimodule.

Next we describe D-algebras with a group action. Let G be an algebraic group acting
on an algebraic variety X. Consider the “complex Harish-Chandra pair” (g x g,G). It
acts on X x X (i.e. on the sheaf of functions on X x X) and preserves the diagonal (the
G-action comes from the diagonal embedding G < G x G). Let M be a differential Ox-
bimodule, i.e. a quasi-coherent sheaf on X x X supported on the diagonal. A G-action on
M is a lifting of the (g x g, G) action on the diagonal to an action on M. In other words,
a (g x g,G)-action on M is a pair (par, apr) where pps is a G-action on M considered
as a sheaf on X x X (G acts diagonally on X x X), and ay, is a g X g-action on the
Ox ® Ox-module M, i.e. a Lie algebra map g x g — End¢(M) such that

anm (71, v2) (fimfz) = [n(f)mfz + fimy(fo)] + fraa (v, v2)(m) fa.

These actions should be compatible, i.e. the g-action on M induced from i, should coin-
cide with the g-action on M coming from the diagonal g C g x g, and g*(ap(y1,72)m) =
an (g 1, g*v2)g9* (m) for g € G, 71, v2 € g. Here g* denotes the py-action of an element
g €.

If A is a D-algebra on X, a G-action on A is a pair (14, 4) giving a G-action on
A as a differential bimodule, which is compatible with the algebra structure on .4 in the
following sense:

a) g*(a1a2) = (g*a1)(g*az2), g*(1) =1 for g € G and a1, 0a, € A.

b) We have aa(v,0)(a1a2) = [aa(7,0)(a1)]as, a4(0,7){ar1a2) = a1{a(0,7)(az)] for
v € g and a;,ay € A.
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For v € g define 44(y) = a4(7y,0)(1) € A. Then a4 is completely determined by i, since
(b) above implies a4(7y1,72)a = ig(71)a — aig(72). The definition of a G-action on A can
be rewritten in terms of ¢;. A G-action on the D-algebra A is a pair (u4, ;) where u 4 is
a G-action on A as a left Ox-module and 7, : g — A is a Lie algebra map such that

a) the G-action given by p4 is compatible with the algebra structure,
b) i4: g — Ais a G-equivariant morphism, and

c) the g-action on A induced from p 4 coincides with ad;,.

Example 4.2 If G acts on a coherent module P on X then the sheaf D(P) of differential
operators on P is a D-algebra on X with a G-action.

Example 4.3 If X consists of a single point, a D-algebra on X with a G-action is the
same as a Dixmier algebra for G.

The result that we need from [2] about D-algebras with group action is the following.

Proposition 4.4 ([2],1.8.9) Let p: X — Y be a principal H-bundle. Then there is an
equivalence of categories between D-algebras with H-action on X and D-algebras on Y.

The equivalence can be given explicitly. Let A be a D-algebraon Y. Consider the sheaf
p*A = Ox ®p-10, p~* A of algebras on X. This is a quasi-coherent left Ox-module with
a compatible right p~!.A-action. Define p'A to be the sheaf of all differential operators on
p*A which commute with the right p~'A-action, i.e. p A = Dp-14(p*A). Then pAis a
D-algebra on X with an H-action.

Let B be a D-algebra with an H-action on X. Let b = (Ox ® b)¥ be the sheaf on Y
associated to the H-module h. (Here we are using the fact that if S is a sheaf with an H-
action on X, then the H-invariants naturally form a sheaf S on Y.) Define By = (p.B),
a sheaf of D-algebras on Y. The map 4 : h — B induces a map 4; : hy — By and
By - iy (hy) is a 2-sided ideal (By is fixed by the H-action on p,B, therefore the adjoint
action of hy on By is trivial). Define By = p B = By /i, (hy)By. Then p" and p. establish
an equivalence of categories between D-algebras on Y and D-algebras with H-action on
X.

We have the following important corollary of Proposition 4.4.

Corollary 4.5 Any Dizmier algebra Ay for H gives rise to a D-algebra on Y .

Let Ay be a Dixmier algebra for H, i : h — Ag. Then D(X)®c Ay is a D-algebra with
an H-action on X. Here H acts by h(0® a) = hd ® h~'a and the map h — D(X) ®c Ay
is given by ix(a) = a*®1—1Q®i(a) (a* is the vector field on X associated to the element
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a € bh by the H-action). The equivalence of categories shows that there is a corresponding
D-algebra p (D(X) ®c Ag) on Y.

In the next section we will give a slightly different version of this construction (Propo-
sition 4.7) and will prove that it is equivalent to the one above.

4.2 A construction of D-algebras

Notation and basic facts. For any variety X, Ox will denote the sheaf of regular
functions on X, ©(X) will denote the sheaf of vector fields on X, D(X) will denote the
sheaf of differential operators on X, and D(X) will denote the algebra of global differential
operators on X. All varieties considered will be complex smooth algebraic varieties.
Suppose X — Y is a principal H-bundle with connected base Y and V is an algebraic
H-module. Let V be the sheaf of sections of the associated vector bundle X xgV on Y.
In other words, there is an isomorphism V 2 (Ox ®c V)# of sheaves on Y, where the
H-action on the sheaf Ox ®c V of functions from X to V is given by (hf)(z) = h- f(zh).
D(X) acts naturally on Ox ® V and if we denote the action of 0 on f by 9(f) we have

(h0)(hf) = h-O(f). (4.1)

Thus p,D(X) acts on (Ox @ V)E 2V,
The following proposition describes the above action locally on Y. It will be used in
the construction of the D-algebra on Y.

Proposition 4.6 Let X — Y be a trivial principal H-bundle.

e A choice of a trivialization X =Y x H induces a flat connectionh : O(Y) — ©(X)#
which eztends to an inclusion of sheaves of algebras h : D(Y) — p,D(X) and an
isomorphism of sheaves of algebras on'Y

pD(X)" = DY) ®c U(h). (4:2)

e A choice of a trivialization also induces an embedding V. — T'(V) with image Vj,
such that V =& Oy Q¢ Vh. Explicitly, the embedding is given by v — f, where
foly,h) = 1.

o Vi CT(V) is precisely the subspace of sections horizontal with respect to h.

In light of the above decompositions the p,D(X )" -action on the sheaf V can be described
as follows:

e D(Y) acts trivially on V.. Its action on Oy is the standard one.
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o U(h) acts trivially on Oy. Its action on V;, is transported from the H-action on V.

The construction. Suppose p : X — Y is a principal H-bundle and A is a Dixmier
algebra for H. We will associate to A a sheaf of algebras Dy_,y(A) on Y which locally
(i.e. if X — Y is trivial) is isomorphic to D(Y) ®c A. This sheaf is the same as the
D-algebra constructed in Corollary 4.5, as Proposition 4.8 shows.

Let & and A be the sheaves of sections of the bundles of algebras on Y associated
to U(h) and A respectively. There is an induced homomorphism U« — A. U can be
identified with the subsheaf of vertical differential operators in p,D(X)¥, i.e. with the
subsheaf generated by H-invariant functions (Ox)¥ on X, and by H-invariant vector
fields which annihilate (Ox)#. Now we define

Dxoy(4) = p.D(X)? @y A.
The following proposition shows that this sheaf has a natural algebra structure.

Proposition 4.7 The sheaf Dx_,y(A) admits a unique algebra structure such that

a) Multiplication respects the left p.D(X)H -module structure and the right A-module
structure on Dx _y(A). More specifically, the canonical maps p,D(X)¥ — Dx_,y(A)
and A — Dx_,y(A) are algebra homomorphisms and (0 ® 1) - (1®a) = Q a for
0 € p.D(X) anda € A.

b) For 8 € ©(X)H and for any section a of A,
0®1)(1Qa)-(1®a)(0®1) =1® I(a)
where 0(a) denotes the action of D(X)¥ on A defined in (4.1).

Proof: If such an algebra structure exists it must be unique. To see this, notice that
D(X)H is generated (as a sheaf of algebras) by its sub-sheaves of H-invariant vector fields
and of H-invariant functions on X. However, if @ is an H-invariant vector field and a € A,
we have (0 ® 1)(1®a) = 0Q®a by part a), and (1®a)(0®1) =0®a—1® d(a) by
part b). This, along with (0; ® 1)(3:® 1) = 810, ® 1 and (1 ® a1)(1 ® az) = 1 ® a;as,
determines the algebra structure, if it exists, uniquely.

The uniqueness shows that it is sufficient to prove the existence locally, i.e. for a trivial
principal bundle X — Y (the local products would then be forced to be compatible by the
uniqueness). In that case, a choice of a trivialization X 2 Y x H induces a flat connection

h: DY) = p.DX)E
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and isomorphisms
U=0ycU(h), AZO0y@cA. (4.3)
The space of horizontal sections of A is isomorphic to A and

DXV @y A= DY) @c U(h)] Oy A

(4.4)
= D(Y) ®oy A= D(Y) G¢ A

as sheaves of Oy-modules.

The usual algebra structure on D(Y) ®c A (such that D(Y) and A commute) gives
p«D(X)¥ @y A an algebra structure. Using (4.2), (4.3), and (4.4), it is easy to see that
this multiplication respects the left p,D(X)*-module structure and the right .A-module
structure on p,D(X)¥ — Dx_y(A). The last two parts of Proposition 4.6 show that

@el)(1®a)-(18a)@®1) =1da).

for any € ©(X)¥, a € A. This proves the existence of the algebra structure locally.
The uniqueness implies that it is independent of the choice of trivialization, so the local
multiplications are compatible and give Dx_,y(A) the desired algebra structure. O

Remark. The proof above makes use of the local triviality of the principal bundle
X — Y. The bundle is locally trivial in the étale topology, but not in the Zariski
topology. However, we only used the decompositions

DX E2DY)®cUB), UZOyRcU(h), AX0yecA (4.5)

obtained from the trivialization. The following argument shows that such decompositions
will actually hold (locally) in the Zariski topology.

Let Y — Y be an étale cover of Y, let X be the pull-back of X to Y and suppose
that the bundle p : X — Y is trivial. Since any étale cover is dominated by a Galois
cover, we may assume that Y is a Galois cover of Y. Let I’ denote the group of covering
transformations. It is easy to see that the I'-action on X commutes with the H-action.
Therefore the isomorphism D(X X)T = D(X) gives (5, D(X)H)F = p, D(X)H. A choice of a
trivialization of X gives an isomorphism p,D(X)# 2 D(Y) ®c U(h). From this we obtain

pD(X) = (ED(X)H)" = DY) @c Uh) = DY) ®c U(h).

Similarly, we see that the remaining decompositions in (4.5) are true locally in the Zariski
topology.
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Proposition 4.8 Let Ay be a Dizmier algebra for H. Then Dx_,y(Ag) is isomorphic
to the D-algebra p (D(X) ®c Ax) constructed in Corollary 4.5.

Proof: Let
Ax = D(X) &c Ar = D(X) ®ox (Ox ®c An)

be the D-algebra with H-action on X defined in Corollary 4.5. The algebra homomor-
phisms D(X) — Ax and Ox ®c Ay — Ax give rise to homomorphisms p,D(X)? —
(pAx)" and Ag = (p.Ox ®c An)” — (p.Ax)H and it is easy to check that

(p.Ax)? 2 p.D(X)¥ ®0, Ag.

Furthermore (using the notation from Proposition 4.4), the 2-sided ideal of (p,.Ax)#
generated by 4 (™) is the same as the ideal in p,D(X)” ®c, Apg generated generated by
K" ®1-1®ig(h"), where h™ € hy C D(X)" is a vertical vector field on X, and 4 (h")
is its image in (Ox ® Ag)¥ = Ap. Since p(D(X) ®c Ay) is the quotient of (p,.Ax) by
this ideal we obtain

p.(D(X) ®c An) = p.D(X)" @y An.

O

The following easy proposition will be used in the next section to show that induction
of Dixmier algebras preserves complete primality.

Proposition 4.9 If A is completely prime then Dx_,y(A) is a sheaf of completely prime
algebras.

Proof: Locally (i.e. for a trivial bundle X — Y) the sheaf Dy _,y(A) is isomorphic to
D(Y) ®c A, which is a sheaf of completely algebras on Y since both A and D(Y) are
completely prime. 0O

In the examples that follow we will show that various familiar algebras of differential
operators on Y can be obtained as Dx_,y(A) for appropriately chosen Dixmier algebras
A for H. All the proofs are nearly identical, so we will sketch the idea and skip the details
for the individual cases.

In order to prove that there is an isomorphism of sheaves of algebras

1R

Dx,y(A) =D

?

it is sufficient to construct a map of sheaves Dx_y(A) — D and see that, locally on
Y, the map is an isomorphism. To obtain such a map, it is sufficient to construct maps
D(X)? — D and A — D (notation as in Proposition 4.7) and that can be done in
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each individual case. The local decomposition of Dx_,y(A) was given in the proof of
Proposition 4.7, and an analogous local decomposition of the algebra D can easily be
done for each of the examples that we consider.

Example 4.10 Suppose A = D(H), U(h) — D(H) is the natural embedding as right
H-invariant differential operators and the H-action on D(H) is induced from the left
translation action of H on itself. Then we have a natural isomorphism

Dy [D(H)] = p.D(X). (4.6)

Following the idea outlined above, it is sufficient to construct maps p. D(X)? — p,D(X)
and (Ox @c D(H))? — p.D(X) (A = (Ox ®c D(H))¥ since A = D(H)). The first of
these is the canonical inclusion. To get the second map, observe that Ox ®¢ D(H) acts
naturally on Ox ®c C[H] by (£10)(f29) = f1f2-9(g). By taking H-invariants we obtain an
action of (Ox @cD(H))¥ on (Ox ®c C[H])# = Ox, which can be easily seen (locally, by
trivializing the principal bundle) to be precisely the action of vertical differential operators
on Ox. This action gives a map (Ox ®c D(H))? — D(X).

To prove that the resulting map p,D(X) @¢ (Ox ®c D(H))? — p,D(X) gives the
isomorphism (4.6), it is sufficient to consider the case when the bundle X — Y is trivial.
Then a choice of a trivialization induces isomorphisms p,D(X) = D(Y) ®c D(H) and, as
in (4.4),

DxLy[D(H)] = DY) @c D(H).

If we take H-invariants in both sides of (4.6) we obtain
Dx-y[U(H)] = p.DX)".

Example 4.11 Let V be an H-module and let ¥ be the associated vector bundle on Y.
Then

Dxoy(End V) 2 D(Y, V).

A Dbit more generally, let F' be an H-manifold, let £ — Y be the fiber bundle with fiber
F associated to the bundle X — Y, let Vg be any H-equivariant vector bundle on F'
and let Vg be the H-equivariant vector bundle on E induced by Vg. Then U(h) maps to
D(F,Vr) H-equivariantly and

Dx_y[D(F, V)] = D(E, Vg).

Example 4.12 A character A of h gives a Dixmier algebra End C, for H. Then the
sheaf Dx ,y(End C,) is a sheaf of twisted differential operators on Y and will often be
denoted by D(Y, ). Also, if A is a Dixmier algebra, the tensor product Dixmier algebra
A ® End(C,) will often be denoted by A ® .
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Remark. If A and B are Dixmier algebras for H then A ®c B has a natural structure
of a Dixmier algebra for H x H. The diagonal embedding H — H x H makes A ®¢ B
into a Dixmier algebra for H. When B = End(C,) for a character A of h, A ® B is the
twist of A by .

Example 4.13 As a special case of Example 4.10 consider the case when H is a finite
group. Then p : X — Y is a finite étale covering with transformation group H. Denote by
FH the (commutative) algebra of functions on H under pointwise multiplication. Then

pD(X) = Dx,y(FH).

If Ox is the sheaf of functions on X then p,Ox is a vector bundle on Y associated to the
H-module FH and
D(Y', p*Ox) = DX_,y(End fH)

The embedding p, D(X) — D(Y, p.Ox) is induced from the embedding of FH in End FH
as multiplication operators, so D(Y,p.Ox) is a locally free sheaf of p,D(X)-modules of
rank [H|.

The next example will be used in the quantization of the Clifford orbit datum in
Section 7.4.

Example 4.14 Suppose W is a 2n-dimensional complex vector space carrying a non-
degenerate symmetric bilinear form, V' is a maximal isotropic subspace of W. We fix
a maximal isotropic complement to V and identify it with V* using the bilinear form.
Qso € SO(W) is the parabolic stabilizing V* and Qg is the corresponding parabolic
in Spin(W). Then —try is an anti-dominant weight of qso which exponentiates to a
character of Qgp, and —% try exponentiates to a character of Qgpin. Denote the associated
line bundle on Pin(W)/Qspin by Loy, UC (W) denotes the Clifford algebra of W then

C(W) = End[F(Pln(W)/Qszm ‘C—%trv)] (47)

To see this, recall that the Clifford algebra C'(W) has a unique irreducible representation
of dimension 27, and that its restriction to the group Pin(W) C C(W) is also irre-
ducible ([7], 5.2.1). The unique irreducible representation of Pin(W) of dimension 2" is
I'(Pin(W)/Qspin, L_1 4, ), which proves the isomorphism (4.7).

The action of global differential operators on global sections of £ 1, gives a map

D(PZTL(W)/QSPW, —% tl‘v) — C(W)

25



and C(W) is a 2-fold extension of the image of D(Pin(W)/Qspin, —3 try). Since
D(Pin(W)/Qspin, =3 trv) = D(O(W)/Qs0, =3 trv),
we get an algebra homomorphism
D(O(W)/Qso,—3 try) — C(W)
and C(W) is a 2-fold extension of the image of D(O(W)/Qso, —3 trv).

4.3 Induction of Dixmier algebras

Suppose H is a subgroup of G and Apg is a Dixmier algebra for H. Then we can apply
the construction from Proposition 4.7 to the principal H-bundle G — G/H. We get a
sheaf of algebras Deq/u(An) on G/H and define Ag = I'(G/H, Daq/u(An)). The
homomorphism
DG — Deoau(An).

combined with U(g) = D(G)¢ C D(G)¥ gives a map U(g) — Ag. Also, G acts on
Ag algebraically by algebra automorphisms and the map U(g) — A¢ is G-equivariant.
Therefore Ag is a Dixmier algebra, the Dixmier algebra for G' induced from Ay. We call
this non-normalized induction and denote it by

Ag =ind & (Ap).

Now we will describe normalized induction. Let pg/gp = %tr(g/h)*. Then pg/p is a
character of U(h) and gives rise to a Dixmier algebra End(pg/g) for H as in Example
4.12. The tensor product Ay ®c pg/u is also a Dixmier algebra for H. The Dixmier
algebra obtained from Ag by normalized induction is

Ind % (Ay) = ind §(Ay ® pa/n)- (4.8)
When Ay = End(C,) for a character A of h we have
Ind G(\) = D(G/H,\ ® pc/x)

and we will use both notations.
The Mackey isomorphism and transitivity of induction proved in the next two propo-
sitions will be used extensively later on.

Proposition 4.15 (Mackey isomorphism) Suppose G is an algebraic group and H C
G s a subgroup. Let Ag and By be Dizxmier algebras for G and H, respectively. Then

ind %(Ag ®c By) = Ag ®c ind §(Bg).

The analogous result holds for normalized induction.
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Proof: It is sufficient to treat only the case of non-normalized induction (that implies
the normalized induction case, if we replace By by By = By ®c pa/n).
Let 14 : g = Ag denote the Lie algebra homomorphism. Define

& = (0g ®c 46)% C D(G) ®c¢ Ag.

Then the map a — @' = f,(g9) = Ad(¢9) 'a gives an isomorphism Ag = Af,. For X €
g denote by X (respectively Xg) the corresponding left-invariant (respectively right-
invariant) vector field on G. Further, define ¢’ = ¢ for ¢ € Og and X} = X, ®1-1Qi4(X)
for X € g (i4 denotes the map g — Ag). Using the decomposition D(G) = Og ®¢ U(gr)
we obtain an embedding

D(G) — D(G)' C D(G) &c¢ Ag,

which sends the right-invariant vector field Xz to X = Xp® 1 —1®i4(X)". Now Aj
commutes with D(G)'. To prove this it is enough to see that A, commutes with g, (since
D(G) 2 Oc®cU(gy))- If X € gand o’ € Ay, then (X}, d'| = [Xg,d'] — [14(X)',a']. The
action of Xg on a' = f,(g) is given by [Xg,d'] = Xg - fo(9) = faa(x)a(g) = (ad(X) - a)’
which is the same as the bracket of i4(X)" and a'. Therefore [X},a'] = 0.

We obtain a new decomposition D(G) ®c Ag = Az ®c D(G)'. It has two advantages:
the G-action on Ay is trivial, and the image of X € g under the map g — D(G) ®c Ac
is X} C D(G)'. This allows us to compute p (D(G) Q¢ Ag ®c By) easily (where p: G —
G/H). First we have

(D(G) ®c Ag ®c By)" = (A ®c D(G) @c By)" = Ay &c (D(G)' @c Bu)™.
(4.9)

Next, we have to divide by the ideal generated by i~ (h™) where
X XR101-10i,(X)®1-1810i3(X) =X; —1®1®i5(X).

Clearly, the quotient is isomorphic to the D-algebra Ag ®c De—e/u(Br) on G/H. Since
Ag is a free sheaf on G/H, after taking global sections, we obtain the result we want. O

Proposition 4.16 (Transitivity of induction) Suppose G is an algebraic group and
K C H are subgroups of G. Let Ag be a Dizxmuer algebra for K. Then there is a

canonical isomorphism
ind ¢[ind #(Ax)] = ind §(Ak).

The analogous result holds for normalized induction.
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Proof:  First we will give the proof in the case of non-normalized induction. Let
Ay = Ind LAk, let 7 denote the projection G/K — G/H, and denote by Ux (respectively
Uy) the sheaf of algebras on G/K (respectively G/H) associated to U(E) (respectively
U(h)). Then
ind¢ A = T(G/K, D(Q)X ®uy Ax) = T(G/H,m(D(G)" Quy Ax))
and
ind€ Ay = T(G/H,D(G)” Quy An).
Therefore it is sufficient to show that
W*('D(G)K Quige .AK) = 'D(G)H Ruy Ag.
This question is (étale) local on G/H, so it suffices to notice that if X =Y x H = Y 1s
a trivial principal H-bundle and 7 denotes the projection ¥ x H/K — Y then
D(Y, 7 (D(X) ®uy Ak)) = T(a 'Y, D(X)" @y Ax)
T(Y x H/K,D(Y) ®c D(H)* ®uj Ax)
(Y, D(Y)) ®c T'(H/K, D(H)" ®uy Ax)
=D(Y) ®c An (4.10)
=~ (Y, D(X)” ®u, An).
To prove transitivity for normalized induction we will use the Mackey isomorphism.
We have

Ind§Ax = ind $(Ax ® pex) 2 ind G (Ax ® peju ® pryK)
=~ ind § ind { (Ax ® pu/x ® pcyn) (4.11)
~ ind $[ind % (Ax ® pr/x)] @ pe/n .
> Ind $Ind 2 (Ag)
which finishes the proof. a

Recall from Conjecture 2.3 that the Dixmier map should attach completely prime
Dixmier algebras to completely prime orbit data. The following proposition shows that
induction of Dixmier algebras preserves complete primality.

Proposition 4.17 If Ay is completely prime then so is the induced Dizmier algebra
Ag =ind G Ag. The analogous result holds for normalized induction.

Proof: If Ay is completely prime then so is the twisted Dixmier algebra Ay ®c pe/n-
Therefore it suffices to treat the case of non-normalized induction. In that case, Proposi-
tion 4.9 shows that Dg_,¢/u(Ag) is a sheaf of completely prime algebras on G//H, hence
its space of global sections Ag must be completely prime. O
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4.4 Induction of orbit data

We will give the definition of induction of orbit data. The one we give here is very similar
to that for parabolic induction given by Vogan in [17].

Suppose Ry is an orbit datum for H, i.e. it is an H-algebra equipped with an algebraic
H-action and an H-equivariant algebra homomorphism S(h) — Rg such that the image of
S(b) is in the center of Ryy. Define Rg/g = S(g)®s(y) Rr- It has an algebra structure such
that S(g) ® 1 commutes with 1 ® Ry. There is an H-equivariant algebra homomorphism
S(g) — Rgyu sending S(g) to the center of Rg/p. Define a G-equivariant sheaf of algebras

RG =G Xy Rg/H (412)

on G/H and put Rg = I'(G/H,R¢). Rg is equipped with an algebraic G-action and a
G-equivariant algebra homomorphism S(g) — R sending S(g) to the center of Rg, i.e.
R is an orbit datum for G.

Definiton 4.18 R is called the orbit datum induced from Ry, and is denoted Rg =
Ind G Ry.

We can give a more geometric description of induction of orbit data. If we have a
commutative ring A, an A-algebra B corresponds to a quasi-coherent sheaf of algebras
B™ on Spec A. Therefore we can think of Ry as an H-equivariant sheaf of algebras Ry
on h*. Consider the map 7 : g* — b* and define the sheaf R g = 7* Ry of algebras on g*
(so that Rg/m = I'(g*, R, / 1)) There is a corresponding G-equivariant sheaf of algebras
R =G xHRg/H on G xg g* and

RG = F(G Xy g*,RE) = F(G/H, Rg/H)

Equivalently, Rs can be described in the following way which will be useful in the
next section. The map 7 : g* — bh* induces a map G xg g* — G Xy h* which we still
denote by 7. There is an exact sequence of vector bundles

O-)T*(G/H)—)GXHQ*L)GXHb*—-)O

on G/H. Let Ry be the sheaf G Xy Ry on G xx h*. Then we have an isomorphism of
sheaves R = m*Ry on G X g g* and

Re=T(G xgg",m"Rpy).
When Ry is the ring of functions on a coadjoint H-orbit, Rg is easy to identify.

Lemma 4.19 Let Oy be a coadjoint orbit for H and let Ry be its ring of functions.
Let H act on G by right multiplication. Then the induced orbit datum Rg is the ring of
functions on the Hamiltonian reduction of T*G at the coadjoint orbit Oy.
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In some cases Rq will actually be the ring of functions on a coadjoint orbit (or on an
orbit cover). An important example is parabolic induction of coadjoint orbits, as discussed
in [17]. Here we will give another (rather special) case when this happens. The result will
be used in Section 6.2.

Lemma 4.20 Let Oy be a coadjoint orbit for H and let Ry be its ring of functions.
Assume that 7=1(Og) (which is an H-stable subvariety of g*) is a single H-orbit. Then

the induced orbit datum Rg = Ind G Ry is the ring of functions on a cover of a coadjoint
orbit for G.

Proof: From Lemma 4.19 we know that R is the ring of functions on G x g7~ !(Opg), the
Hamiltonian reduction of T*G at Op. Since 771(Op) is a single H-orbit, G x i 7~ (Ox)
must be a single G-orbit. By a result of Kostant [14], the G-homogeneous Hamiltonian
manifolds are precisely the covers of coadjoint orbits for G, which completes the proof. [J
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5 Change of polarization

Let G be a complex algebraic group and let O = G - X be a coadjoint orbit for G. If the
subgroups H; and H, of G give two polarizations of O at A we expect that the two Dixmier
algebras D(G/Hy, A+ pg/n,) and D(G/Haz, A+ pg/m,) are close to being isomorphic (here
pPejH = %tr(g/b).). In this section we will prove that, for a certain type of orbit @ and
special polarizations H; and H, of O, there is a homomorphism of Dixmier algebras

D(G/Hl, A+ PG/HI) —> ]D)(G/Hg, A+ PG/HZ)

which we call the change of polarization map. (This map gives the “near isomorphism”
between the two algebras.) This result will be one of our main tools in the quantization
of nilpotent orbits in Section 6.

The proof will use the most common change of polarization map — the Fourier trans-
form — so we start by recalling the basic results in that case.

5.1 Fourier transform

Let V be a complex vector space, let V* be its dual and let (-,-) denote the pairing
between them. W = V @ V* is canonically a symplectic vector space with symplectic
form w given by

w(v,v*) = (v,v"), wv,v) =w(v*,v*)=0.

Let
HV)y=WeaC
be the associated Heisenberg group. Recall that the multiplication in H (V') is given by
(w1, 21) - (wa, 22) = (w1 + w2, 21 + 20 + %w(wl,’wﬁ)-
The Lie algebra h(V') of H(V) can be identified with W @ C as well, and the bracket is
given by
[(w1, 21), (w2, 22)] = (0, w(wy, wg)).
The symplectic group Sp(W) acts on H(V) by group automorphisms, the action on C

being trivial (in particular GL(V') acts on H(V) by group automorphisms). Let c be the
linear functional on h(V') given by

clw=0, clc=id. (5.1)

The Sp(W)-action leaves c fixed. The subgroups V & C and V* @ C of H(V) are po-
larizations of the J{(V')-coadjoint orbit through c¢. The independence of polarization for
unipotent groups implies that there is an isomorphism of algebras of differential operators

D(H(V)/[V* & Cl,c + p) 2 D(HV)/[V & T, c + p°). (5.2)
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If we make identifications
HV)/V*eq =V, HV)/[Ve(=V"

the isomorphism (5.2) becomes the Fourier transform F : D(V,c + p) = D(V*, ¢+ p*).
We can describe it very explicitly. Fix coordinates zi,...,z, of V and dual coordinates
zt, ...,z of V* and put 9; = 0/0x; and 0f = 0/0z}. Then the Fourier transform sends

Actually, the map (5.2) is an isomorphism of Dixmier algebras for Sp(W) x H(V). A
priori it is not clear even why D(H(V)/[V* @ C], ¢ + p) and D(H(V)/[V @ C], ¢ + p*) are
Dixmier algebras for Sp(W). Denote by P(V*) the parabolic in Sp(W') which stabilizes
V*. Then P(V*) x H(V) acts on H(V)/[V* & C] and D(H(V)/[V* @ C|,c + p*) is a
Dixmier algebra for this group. Explicitly, the images of  and p(V*) in D(V,c + p) are
spanned by

zi, 0;, 1 and 2;0; + 30,5, ix; (1<i,j<n).
The span of
2;0; + 30ij5, Tixj, 0;0; (1<i,5<n)
is a copy of sp(W). This gives a Lie algebra homomorphism sp(W) x h(V) — D(V,c+p).
The adjoint action of sp(W) x (V) on D(V,c + p) is locally finite, so it exponentiates
to an action of Sp(W) x H(V). In this way, D(V,c + p) becomes a Dixmier algebra
for Sp(W) x H(V'). Similarly, D(V*, ¢+ p*) can be shown to be a Dixmier algebra for

Sp(W)x H(V) and it is clear from (5.3) that the Fourier transform (5.2) is an isomorphism
of Dixmier algebras.

5.2 The change of polarization map

Suppose U is an abelian unipotent group, H acts on U by group automorphisms, G = Hx U
and p € g* is such that

a) G, CH, and
b) the restriction of u to f is a character.

Then both H and G,U are polarizations of G-y at pu. To see this first notice that the
restriction of y to Lie(G,U) is a character. If a subgroup K of G contains G, and if the
restriction of y to its Lie algebra is a character then dimK/G,, < 1 dim G/G,, with equality
if and only if K is a polarization of G- u. When we apply this to the subgroups H and
G,U of G we see that

dimH/G, < dimG- g, dim[G,U]/G, < 5dimG - p. (5.4)
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Since
dimG/G, = dimH/G, 4 dimU = dimH/G, + dim G,U/G, < dim G/G,

we see that equalities in (5.4) do hold, so both H and G,U are polarizations of G - . As
a by-product we see that dim G - 4 = 2dim U.

We will construct a change of polarization map for these two polarizations. To do it we
will embed G- 1 as a dense open subset of the coadjoint orbit H(U) - ¢. The polarizations
of H(U) - ¢ given by V* + C and V + C will restrict to the polarizations of G - i given by
H and G,U. The Fourier transform (5.2) will produce the change of polarization map for
G - 4 that we want.

First notice that the H-action on U and U* induces an H-action on H(U) (such that H
acts trivially on the center). Combined with the left multiplication action of U on 3(U),
this gives a G-action on H(U). Consider the map i : G — H(U) defined by

i uh o (u, by, (b, u)). (5.5)

We will show that this is a G-equivariant embedding of the orbit G -y in H(U), where
G acts on the left-hand side by left multiplication. It suffices to check its H-equivariance
and U-equivariance separately. The following shows the U-equivariance:

i(u1u2h) = (u1 + Ua, hu, (h,u, Uy + U2>)

up - i(uzh) = (u1,0,0) - (ug, hp, (hps, ug)) = (u1 + g, by, (hps, wr) + (hp, ug)).

Denote the adjoint H-action on U by (h,u) — h o u. The H-equivariance follows from
Z(hluhz) = Z((hl o U)hlhg) = (h1 ou, hlh,g,u, (hthIUI, hl o ’LL>)

hl : Z(U/h’Z) = h’l ’ (U, h2/~1/a <h2/1’) 'LL>) = (hl O U, hthlLa <h‘2,u’7 U>)

since the pairing U x U* — C is GL(U)-equivariant, hence H-equivariant. This implies
that ¢ is G-equivariant. To calculate the stabilizer in G of a point on 4(G) notice that by
(5.5) i(uh) = i(1) implies u = 1 and h(u|y) = plu. Since p = uly + ply and H fixes uly
(H is a polarization of G - 4 at ) h(pl,) = |y implies h € H, = G, and we see that
the image of G in H(U) is G/G,, i.e. it is isomorphic to the orbit G - u. Now the map
H(U) = H(U) - c embeds G- x into H(U) - c. Since dimG - g = dim H(U) - ¢ = 2dim U we
see that this actually is an open embedding.

Next we consider the polarizations of H(U)-c given by V*+C and V +C. Their spaces
of leaves are J(U)/[V* + C] and H(U)/[V + C] respectively. The induced polarizations
of G-y are given by H and G,U. The corresponding spaces of leaves are

G/H = U= H(U)/[U* +C] and G/G,U C U* = H(U)/[U + C] (5.6)
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(the second space is the G-orbit of |, in U*, which is a dense open subset of U*).
Finally, consider the Fourier transform map

D(H(U)/[U* + ), ¢ + p) — D(H(U)/[U + T, c + ). (5.7)

We know from Section 5.1 that this is an isomorphism of Dixmier algebras for Sp(U +
U*) x H(U). Since the G = H x U-action on these algebras comes via the map G =
Hx U — Sp(U+ U*) x H(U), it must be an isomorphism of Dixmier algebras for G. So
we have a commutative diagram of morphisms of Dixmier algebras for G

D(H(U)/[U* +C,c+ p) —— D(H(U)/[U +C],c +p°)

o~

restr

D(G/H, i + pem) D(G/GLU, i + pe/c,u)
The composition of the three maps above gives the desired change of polarization map

D(G/H, u + pem) — D(G/G,U, p + pG/GuU)'

So we have proved

Proposition 5.1 Suppose U is an abelian unipotent group, H acts on U by group auto-
morphisms, G =Hx U, and p € g* is such that G, C H and the restriction of p to ) is a
character. Then both H and G,U are polarizations of G - pu at p and there is a change of
polarization map

D(G/H, 1 + pen) — D(G/GLU, p + pese,u)-
Here are a couple of examples that illustrate the construction of the change of polar-

ization map.

Example 5.2 Let G = GL, x M, where M, is the abelian group of n X n matrices and
GL, acts on M, by multiplication on the left. Let p = trps,. Then G, is trivial, so G- p
is dense in g*. Both GL, and M,, are polarizations of G-y at p. G embeds into H(M,)
via

mg — (m, g~ ", tr(g7'm)).
The change of polarization map
D(G/GLy, pu+ p) — D(G/My, i+ p)
is the composition
D(G/GLy, pt + p) 2 D(My, c+ p) >
L D(ME e+ p) 8 D(G/ My, 1+ p).
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Example 5.3 Suppose W is a vector space carrying a non-degenerate symmetric bilinear
form, H= GL(W), U = S?W (U is an abelian unipotent group) and G = GL(W) x S*W.
The bilinear form on W gives a linear functional p € u* which can be extended to g by
setting pulp = 0. Then

G, =0(W)CH,

and both H and G,U are polarizations of G-y at u. We get a change of polarization map

D(S*W, i + p) — D(GL(W)/O(W), s + p)-

Actually, in Section 6 we will need to use a change of polarization map in the following
slightly more general situation.

Proposition 5.4 Suppose U is a unipotent group, H acts on U by group automorphisms,
G=HxU, and p € g* is such that G,H is a subgroup of G and the restrictions of p to both
of GuH and G,U are characters. Assume that N = G, NU is an ideal of G, V = U/N is
abelian (we will identify it with its Lie algebra via the exponential map) and that pl, = 0.
Then G,H and G,U are polarizations of G - . and there is a change of polarization map

D(G/GuH, p+ p) — D(G/G,U, u+ p).

Proof: When N = 0 we are in the setting of Proposition 5.1. Using the fact that u|, =0
and the obvious Lemma 5.5 we see that the proof actually reduces to that case. O

Lemma 5.5 Let A\ € g* be a linear functional and let N be a normal subgroup of G such
that A, = 0. Let G' = G/N and let X' be the extension of A to a functional on g'. Then

ONQG)\.

e Let P’ be a polarization of G'- X at X and let P be the preimage of P' in G. Then P
is a polarization of G- A and

D(G'/P', X + p) 2 D(G/P, X + p)

with N acting trivially on both algebras.
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6 Quantization of nilpotent orbits

Suppose G is a connected complex reductive algebraic group and @ C g* is a nilpotent
coadjoint orbit. Our goal is to construct a Dixmier algebra Ag for G which quantizes the
ring of functions on O (or on some cover of O) in the sense of Definition 2.3. We will be
able to do this if the orbit satisfies certain extra conditions.

The construction of A follows the outline given in Section 3.6. The first ingredient
is the quantization of a dense subvariety Op of O obtained as follows. Let A € O, let
X € g be its image under the Killing isomorphism, and let {X,Y, H} be an sl,-triple with
nilpositive element X. Let P be the Jacobson-Morozov parabolic associated to {X,Y, H}
and let P be the opposite parabolic (definitions are given in Section 6.1). We call the orbit
O small if O = P - ) is a dense subvariety of O. If O is a small orbit and if {X,Y, H}
is an sl-triple with X € O, we construct the quantization Ay of O C O. Ag will be
defined as a subalgebra of Ap.

To construct A inside Ap we will use a Lagrangian covering of O, i.e. a family of
Lagrangian subvarieties of O such that each point of O belongs to at least one subvari-
ety (see Section 3.5). Actually, the families we use will be the set of G-translates of a
Lagrangian subvariety L passing through A. A choice of L completely determines such a
family. The following construction gives several candidates for L. Fix a triangular decom-
position g = h+n+1n, put b = b+ n, and let B be the corresponding Borel subgroup of
G. In [9] Ginsburg has shown that each irreducible component L of ONn is a Lagrangian
subvariety of O@. If @ denotes the stabilizer of L in G (a parabolic subgroup, since all
components of O Nn are stable under B), the space of G-translates of L is G/Q. We will
construct A¢s as a quotient (or, possibly, a finite extension of a quotient) of an algebra of
twisted differential operators D(G/Q, x ® pa/q) for some appropriately chosen character
x of gq. More specifically, we will need to choose an sly-triple {X,Y, H} with X € L so
that we can construct a map

D(G/Q,x ® pcjq) = Ap. (6.1)

Ag will be the subalgebra of elements of A transforming finitely under the adjoint action

of g CD(G/Q, x®pcq). We can construct the map (6.1) only if the following conditions
hold:

a) The Lie algebra q decomposes into a direct sum of eigenspaces under the ad H-
action. This means that H must normalize q. Since each parabolic is its own
normalizer, H must be contained in g.

b) Suppose we have fixed an sl,-triple with X € L, H € q, obtaining Op and A. The
first step in the construction of the map (6.1) is a restriction map

D(G/Qa X ® pG/Q) — D(?/[FH Q:\: X & pG/Q)
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(see (3.3)). For this we need that P/[P N Q)] is the dense P-cell on G/Q. We will
show that this is equivalent to being able to choose {X,Y, H} so that X € L and
H is dominant in . We call a Lagrangian L C O N'n dominant if we can choose
such an slo-triple. In Section 6.3 we will describe the set of dominant Lagrangians
and will show that it is not empty.

c¢) The second step is a change of polarization map (similar to (3.4)). In order to get
such a map we need q/q, to be a Lagrangian subspace of g/g (we know that q/q, is
an isotropic subspace of g/g, since @ - A C L). This means that @ - A must be dense
in L. Finally, the last step is a quotient map (similar to (3.6)) whose construction
requires that G»/Q, is a projective variety and that the character p) = %tr(m Jan)®
of g, lifts to a character of q. The projectivity of G)/Q», combined with the density
of Q- Xin L, implies that L = @ - A, i.e. L is a homogeneous variety for (). We call
such Lagrangians homogeneous.

We call a Lagrangian L good if it is dominant, homogeneous, and if for some (or
equivalently, for all) A € L, p, lifts to a character of q. In Section 6.4 we will construct
a Dixmier algebra Ag associated to a SMALL orbit O (or to a cover of O) from a GOOD
Lagrangian L C O Nn. In Section 7 we will discuss how restrictive these conditions are
and will give examples of coadjoint orbits which can be quantized using this method.

We start by recalling some results about sl-triples in reductive Lie algebras and
about equivariant covers of nilpotent orbits that we will need. Then we proceed with the
construction of Ag, following the outline given above.

6.1 Review of the theory of sl-triples and of equivariant orbit
covers

The theory of sly-triples. We recall the main results of the theory of sl,-triples. Our
basic reference is [6].

Let G be a complex connected reductive algebraic group with Lie algebra g and let
X € g be a nilpotent element. Then there exist H,Y € g such that {X,Y,H} is an
slp-triple. Conversely, let ¢:sl,(C) — g be an embedding of Lie algebras and let X be the
nilpositive element of sl,. Then X is a nilpotent element of g. This sets up a bijection
between nilpotent adjoint orbits and orbits of sly-triples in g. More precise result is
Theorem 6.1.

Next, fix an sly-triple {X,Y, H}. The H-action on g gives a decomposition of g into
H-eigenspaces

s2@Pa: (6.2)

1EZ
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We have [g;, g;] € giy; and X € go. The Killing form establishes non-degenerate pairings
g: X g—i — C which shows that dimg; = dimg_;,. To the sly-triple {X,Y, H} we can
associate the subalgebra p = €D,5,9; of g. It actually is a parabolic subalgebra ([6],
Lemma 3.8.4) called the Jacobson-Morozov parabolic attached to the triple. It has Levi
factor go and nilradical u = @, ;g;. We will denote by p = €,.,9; the opposite
parabolic, with nilradical & = &,_, gi. -

Let gx denote the centralizer of X in g and let g, be the centralizer of the sly-triple.
Since X is an eigenvector for H, gx will be graded, and it is not hard to see that gx has
components only in non-negative degrees ([6], Lemma 3.4.3):

ox 2 Poxi (6.3)

i>0

It follows that gx C p. Furthermore, gx o = g¢, ux = @i>1 gx, is the nilradical of gx and
gx = gy X uy is the Levi decomposition of gx. Similarly,_if G x is the centralizer of X in
G and Gy is the centralizer of the sl-triple, we have Levi decomposition Gx =2 Gy x Ux.

Now we can state the relation between conjugacy classes of sl,-triples and nilpotent
adjoint orbits more precisely.

Theorem 6.1 ([6], Theorems 3.4.10, 3.4.12) Let g be a reductive complezx Lie alge-
bra.

a) Any two sly-triples with the same nilpositive element X are conjugate under the
action of Ux, the unipotent radical of Gx.

b) Any two sly-triples with the same semisimple element H are conjugate under the
action of Go = Gg. The set of nilpositive elements X of such sly-triples form a
dense Gy-orbit in go.

Since dim g; = dim g_; we get

Corollary 6.2 Let {X,Y, H} be an sly-triple, let g = @ g; be the grading on g given by
the H-action, and let gy C go be the centralizer of the sly-triple. Then dimgy — dim g, =
dim g-2.

Let A € g* be the image of X under the Killing isomorphism. The bilinear form
By = Xo[,-] makes g/gy into a symplectic vector space. Using (6.3) we obtain non-
degenerate pairings

gi/8xi X g-2—i — Cfori > —1. (6.4)

In particular, since g, _; = 0, we see that g_; is a symplectic vector space.
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Equivariant orbit covers. We keep the same notation as in the previous section. A
reference for the results we recall is [6], Section 6.1. We would like to study the G-
equivariant covers of O. Define the G-equivariant fundamental group of O to be

7 (0) = GA/G5

for A € O. This is the same as the usual fundamental group of O if G is simply connected.
Then O = G /G$ is the universal G-equivariant cover of O and any other G-equivariant
cover is a quotient of O by a subgroup of 7¢(0).

Since G = G4 x Uy and U, is connected, we see that

T (0) & Gy/Gy.

6.2 Quantization of Oy and its covers

Let © = G - X be a coadjoint orbit, and let X € g be the image of A under the Killing
isomorphism. Pick an sly-triple {X,Y, H} with nilpositive element X. As in Section 6.1
we obtain a grading on g and define p = @, g; to be the opposite Jacobson-Morozov
parabolic associated to this grading. In this section we will first give a characterization of
the orbits O such that O = P - )\ is dense in O and then will construct the quantization
Agp of the ring of functions on Og.

First we have

Lemma 6.3 Let the notation be as above. Op is a dense open subset of the orbit O if
and only if H has no non-zero eigenspaces g; with |i| > 3.

Proof: Let p, = g NP be the stabilizer of A in p. Then P - A is dense in O if and only
if the inclusion p — g induces an isomorphism

P/ = g/8x-

From (6.3) we know that
g/ox = p/Px ® u/u.

Therefore P - ) is dense in O if and only if u = uy, i.e. if g; = gy, for all ¢ > 1. From (6.4)
we see that this is equivalent to

gi=0for: < -3

which finishes the proof. O
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This shows that the condition that Oz is dense in O is independent of the choice of
an slp-triple with X € . We shall call orbits for which this holds small. Next, suppose
O is a small orbit, {X,Y, H} is an sly-triple with X € O, and Og is the corresponding
dense open subset of 0. We will construct the Dixmier algebra Ap associated to Op.

From (6.3) we see that Py = Gy = G4. Therefore

Op = P[Py & GoG_,G_,/Gy.

The quantization of Op is easiest to construct when g_; = 0, i.e. when the orbit O is
even. In that case the subgroup G4G_5 of P is a polarization of Op at A. To see this first
observe that M|y, 14, is a character. Moreover, G4G_, contains P, and

dim G¢G_2/G¢ = dim G_2 = % dim O.

Therefore the Dixmier algebra associated to Op is A = D(P/GyG_a, X + pp/G¢G_2).
If g_1 # 0 the orbit Op does not admit an easy polarization. However in the general
case Op is an induced orbit, as shown in the following Lemma.

Lemma 6.4 Let O, be the coadjoint orbit
GyU - Mg,a 2 U - M
Then Op is an induced orbit, i.e. Op = Ind Eﬁ(o%ﬁ)'
Proof: First notice that the centralizer of g, g in GyU is G4G_s, so
Oc, = GyU/[GyG 2 2 TU/G .
Denote the map p* — (g, + u)* by 7. We will show in a moment that
w—l(o%-U—) =GsU - N2 GyU/Gy (6.5)
is a single G4U-orbit. Using Lemma 4.20 we then obtain
Ind Z,‘U(OGJJ‘) =P xg,pm (Og,7) = P/Gy = Op

which proves the Lemma.
To prove (6.5), first observe that G,U - A C 7 (Og,7)- The fiber of the map

Gd,U A quU . )\tg¢+ﬁ

over Alg, 1 is G_3- A, i.e. it is an orbit of the unipotent group G_, acting (algebraically,
by affine transformations) on the affine space 77'(Alg,+a). All such orbits of unipotent
groups are closed, hence G_5 - A must be closed in 7~'(Alg, 45). But by Corollary 6.2

dimG_3 - A = dim g_, = dim gy — dim gy = dim 7" (Al 15).
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Therefore G_5 - A = 77" (Alg,+a) and W_I(OGﬁ) = G4U - X, which proves (6.5). O

We will find the Dixmier algebra Ag 7 associated to Og i and then define Ay =
Ind ZﬁAG ,u- To find Ag 77, we will show that O, 7 is isomorphic to a coadjoint orbit
for a Heisenberg group. From (6.4) we know that the bilinear form B) makes g_; into a
symplectic vector space. Let m = {Z € g_, | A(Z) = 0}, an abelian ideal of u, and let
M be the corresponding normal subgroup of U. Then 3 = g_o/m & C, u/m X g_; +3
is isomorphic to the Heisenberg Lie algebra h(g_;), and we can identify the Heisenberg
group H(g_1) with U/M. Denote the restriction of A to /m by c¢. The coadjoint orbit
H(g_1) - ¢ is isomorphic to

H(9-1)/3 2 U/G-y = GT/GyG 2 = Og .

Let [_; be a Lagrangian subspace of g_; and let L_; = exp([_; be the corresponding
abelian subgroup of H(g_;). We saw in Section 5.1 that the algebra of differential oper-
ators

Ag,z =D(H(g-1)/[L13], A +p) = D(U/L_1G 2, A+ p) (6.6)

is the quantization of H(g_;) - ¢, i.e. of the U-coadjoint orbit (DGW—. We also saw that it
actually is a Dixmier algebra for Sp(g_;) X H(g-1). Since G is in the centralizer of A, it
acts on g_; by symplectomorphisms. Therefore we have a group homomorphism

Gy x U — Sp(g-1) x H(g-1)
extending the group homomorphism
U — g’C(g_l)

This shows that A i actually is a Dixmier algebra for G,U which quantizes the G4U-
coadjoint orbit Op. We have proven

Lemma 6.5 The quantization of the G4U -coadjoint orbit Og,v = GyU - Algg+u 18 given
by the algebra Ag 5 defined in (6.6).
Finally, combining Lemma 6.4 and Lemma 6.5 we see that the Dixmier algebra asso-

ciated to Op is Ap.

Remark. When g_; = 0 the orbit O 7 reduces to the single point Algg+u, 80 the claim
that Op = Ind g¢U(OG¢ﬁ) reduces to the fact we observed earlier, that (when g_, = 0)

the subgroup G4U gives a polarization of Op at A.
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We will also need the Dixmier algebras ,21% associated to P-equivariant orbit covers of
Op. Recall from Section 6.1 that G-equivariant orbit covers of O correspond to subgroups
of the component group G)/G§ = Gy/GY of Gy. If O — O is one such cover then the
pre-image Op of O is a dense open subset of O (and a P-equivariant cover of O5). The
construction of A can be easily modified to produce the Dixmier algebra Kﬁ associated
to 6‘15'.

In more detail, let I' be a subgroup of G4/Gj. Denote its pre-image in G4 under the
map Gy — G,/ Gg by I'Gg. The corresponding covers of O and Op are

0= G/TGU, Op=P/IGS.
As in Lemma 6.4 we see that

Op = Ind 1, :(Og,7)

and as before we conclude that the Dixmier algebra associated to 6ﬁ is

Ajg‘ = Ind 5G;U(AG¢U)'

6.3 DB-stable Lagrangian subvarieties of O

Let O be a nilpotent (co-)adjoint orbit. Fix a Borel subgroup B C G and a maximal
torus T' C B. We get a triangular decomposition

g=bh+n+n

The B-stable Lagrangians in O are precisely the irreducible components of @ Nn. These
components which are dominant and homogeneous are going to be used in the construction
of a Dixmier algebra associated to O. In this section we will define dominant homogeneous
Lagrangians in O and discuss their properties.

Let L be a component of O Nn and let Q@ = {g € G|g- L = L} be the stabilizer of
L in G. Since B is a connected group it preserves each irreducible component of @ N n,
therefore B C Q). Suppose A € L, X € g is its image under the Killing isomorphism, and
{X,Y, H} is an sly-triple with nilpositive element X. Let G4 be the centralizer of this
sly, G be the stabilizer of A in G, and U, be its unipotent radical. Put Q5 = Q N G5,
Q¢ = QN Gy As we saw in Section 6.1, G has Levi decomposition G, = Gy x U,.

Homogeneous Lagrangians in O. Let M 2 G/Q be the space of G-translates of L
in O, and let
Z={(ML)|[LeM,X€ LCO}=G xqL.
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The maps p: (A, L) = X and 7 : (A, L) — L give rise to a double fibration
VA
7 \\"‘ (6.7)
@ M

such that p has projective fibers and the fibers of 7 are isomorphic to L.
The Lagrangian L is called homogeneous if L = @ - A, i.e. L is a homogeneous variety
for (). Such Lagrangians have the following important properties.

Lemma 6.6 If L is a homogeneous Lagrangian then

a) G\/Qx is a projective variety.
b) Uy C Q and Q»/U, is a parabolic subgroup of G 4.

Proof: If L = Q- ) is a single Q-orbit we have Z = G xg Q- A = G/Q», so the fibers of
p are isomorphic to G\/@». Since p has projective fibers, we see that (), is a parabolic
subgroup of Gy, i.e. Q) contains the unipotent radical U, of G and Q,/U, is a parabolic
subgroup of the reductive group Gj. a

The following Lemma is sometimes useful for proving that a Lagrangian is homoge-
neous. We will have a chance to use it in Section 7.3.

Lemma 6.7 Let Q - A be a Lagrangian subvariety of O (hence a dense open subset of
some component L of O Nn). Then L is a homogeneous Lagrangian (i.e. L = Q - \) if
and only if @y 1s a parabolic subgroup of G.

Proof: We will use the fibration (6.7). Since @ - A is a dense open subset of L,
G xg @ - A= G/Q, must be a dense open subset of Z. The composition

G/Q\— Z — 0= G/G,

is a proper map since its fibers are isomorphic to G»/@, so they are projective. By [11],
Corollary 4.8, the open embedding G/Q, < Z must also be a proper map, which is only
possible if G/Q\ = Z,ie. L= Q- A. O

Lemma 6.8 If L C O is a homogeneous Lagrangian then any two sly-triples {X,Y, H}
such that X € L are conjugate under the adjoint action of Q.
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Proof: Since L is a single Q-orbit it is sufficient to prove that any two sl,-triples having
the same nilpositive element X are conjugate under Q. By Theorem 6.1 any two sly-
triples with the same nilpositive element are conjugate under the unipotent radical Uy of
the centralizer of X. Since L is a homogeneous Lagrangian, Lemma 6.6 shows that Uy is
contained in ), which completes the proof. O

Dominant homogeneous Lagrangians in ONn. The Lagrangian L is called dominant
if there exists an sl-triple {X, Y, H} such that X € L and H is a dominant element of §.
Now suppose that L C O Nn is a dominant homogeneous Lagrangian and that
{X,Y,H} is an sly-triple such that X € L (with no restriction on H). Since there
exists such a triple with H € h C g and since, by Lemma 6.8, any two such triples are
(-conjugate, we see that  lies in q. As in (6.2) we obtain decompositions g = Dicz 0i
and q = ,, 9; by H-eigenspaces. Since L = @) - ) is a Lagrangian subvariety of G - ),

q9/9x must be a maximal isotropic subspace of g/gy. Then (6.4) shows that
9i/9x: € 9i/8x; is the annihilator of q_,_; for i > —1. (6.8)

In particular q_; is a maximal isotropic subspace of g_;.
Since q/qy is an isotropic subspace of g/gy, it follows that A|jgq_,] = 0. From H € qq
we see that [qo,q_2] = q_2, hence

)“CI—z =0. (69)
Let p = €D;5, 8: be the Jacobson-Morozov parabolic associated to {X,Y, H} and let
p be its opposite. Dominant Lagrangians have the following important property.
Lemma 6.9 P/PNQ is the open P-cell in G/Q.

Proof: Since L is a dominant Lagrangian, we can conjugate the sl,-triple by an element
of @ so that H becomes a dominant element of f (conjugating the sl,-triple by Q doesn’t
change the P-cell in G/Q). If H is dominant in h we have b C p and up C n. Since b C q
we have up C q. This implies
9i = i fOI"iZl,
p/pNa=g/q
The last property shows that P/P N Q is the open P-cell in G /Q. O

(6.10)

Next we will give a better description of the set of dominant Lagrangians in @ Nn. All
sly-triples {X,Y, H} with X € O and dominant H € b actually share the same H. By
6.1, the set of elements X in such triples is a single Gy-orbit, namely the dense Gy-orbit
in go C n. This shows that the dominant Lagrangians are precisely these components of
O Nn which intersect g;. In particular, the set of dominant Lagrangians is non-empty.
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6.4 Construction of Ag

As in Section 6.3, fix a Borel subgroup B C G and a maximal torus 7' C B. We get a
decomposition
g=b+n+n

Let O be a small nilpotent coadjoint orbit and let L C ONn be a dominant homogeneous
Lagrangian. Let A € L, let X € g be its image under the Killing isomorphism, and let
{X,Y,H} be an sly-triple with nilpositive element X. The Lagrangian L determines a
certain cover O of @ and we will construct the Dixmier algebra EG associated to it. To
describe 6, denote by @ the stabilizer of L in G and by I' the component group of Q).
Since Q) = Q, X U, and U, is connected, I' is isomorphic to the component group of Q.
The assumption that L is homogeneous implies that @, is a parabolic subgroup of Gy
(Lemma 6.6). Since parabolic subgroups of connected reductive groups are connected, we
see that @ is a parabolic subgroup of G and that I' = Q4/Qy is a subgroup of Gy / G",
the equivariant fundamental group of O. Let O be the corresponding cover of O (i.e. 9]
is the quotient of the universal G-equivariant cover of O by T').

As in Section 6.2, if P denotes the opposite Jacobson-Morozov parabolic we obtain a
dense open subset Op of O, its pre-image 05 = in (9 and the Dixmier algebra A— associated
to (’)P We will construct Ag as a subalgebra of AP To see how to do this, let x be a
character of q (arbitrary for now). We will show that, for an appropriate choice of ¥,
there will be a map D(G/Q, x ® pg/q) — AVF. The map will be obtained in several steps,
as shown in the following diagram.

D(G/Q,x ® paq) —— D(P/[PNQ],Xx® pe/q) : Ap

The map r will be a restriction map, p will be a change of polarization map (constructed
using results from Section 5), and ¢ will be a quotient map. ZG will be defined as the
algebra of all G-finite elements in gp, i.e. the ones finite under the adjoint action of
g C D(G/Q, x ® pc/o) on which the g-action exponentiates to a G-action. Ag will be a
finite extension of the image of D(G/Q, x ® pg/q)-

Change of polarization. The first step is easy. Since L is a dominant Lagrangian,
Lemma 6.9 shows that P/P N Q is a dense open subset of G/Q. Therefore there is a
restriction map

D(G/Q,x ® paq) = D(P/[PNQJ,x ® pa/q)- (6.11)
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Notice that P = GoG_,G_5 and PNQ = QyQ_1Q_» (slightly abusing notation, we denote
the subgroup of GG associated to the subalgebra go + g_; + g_, by GoG-1G_5). We will
construct a change of polarization map

D(P/[P N QLX® paja) — D(P/IQsQ1G 2, x 8 A® prjj,0.16.) L Ab.
(6.12)

To understand the geometry underlying the existence of such a map, notice that the
algebra D(G/Q, X ® pg/q) is the quantization of some coadjoint orbit @' (namely, the one
dense in G - (x +ng)), and D(P/[P N Q), x ® pg/g) is the quantization of a dense open
subset O% of O' (namely, the intersection of @' with P - (x + ng)). Notice that usually
O will not be a single P-orbit. Now O% admits two polarizations — one coming from
O', and another one, whose space of leaves is P/[Q4Q_1G_5]. The change of polarization
map (6.12) is a map between the Dixmier algebras obtained by using these polarizations.

We will obtain this map in a slightly roundabout way, using induction of Dixmier
algebras. The Ind notation for twisted induction (introduced in Section 4) will be used
(for example, the algebra D(G/Q,x ® pgsq) will be denoted Ind§(x)). We will use
extensively the two basic properties of induction of Dixmier algebras — transitivity and
Mackey isomorphism. The trivial character of a Lie algebra will be denoted by o.

First, by transitivity of induction and Mackey isomorphism (using the fact that, by
restriction, x is a character of qo, hence a character of qp + q_; + g_2), we see that

o N G_1G_
D(P/[PNQ),x® pajq) = Ind o~ 7% (x)

~ GoG-1G-2 QoQ-1G -2
= Ind g,57 62, Ind 50571075 (X)-

(6.13)

We will apply Proposition 5.4 (which constructs a change of polarization map) to the
coadjoint orbit of A|gy1q_,1g_, for the group G = QyQ_1G_,. Using (6.8) we see that
Gy = QpQ-1Q—2 and if we put H = Qy and U = Q_;G_,, then both GyH and G,U give
polarizations of G- A at A. Applying Proposition 5.4 now gives a map of Dixmier algebras

G- G-
Ind §o81675(A) — Ind 23 G2 ()
which, after recalling from (6.9) that A|;_, = 0 and, of course, that |, = 0 for i # —2,
becomes

Q-1G- QoQ-1G-
Ind 23152 (0) — Ind oo a2 (V).
Tensoring both sides with x and applying Mackey isomorphism gives

-1G_ 1G-
IndGe=167200) — d &80 (x ® 1), (6.14)

Now transitivity of induction combined with (6.13) gives a map
D(P/[PN QX ® parg) — Ind G152 (x ® \)
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which is the change of polarization map (6.12)we need.

The quotient map. We want to get a map

A% =1Ind S¢Q_1g_2(x ® A) — Ind ’FDGOU(AG¢U) Ap (6.15)

(recall from the end of Section 6.2 that I' is the component group of (4, which is a
subgroup of the component group of Gy; I'GY is a subgroup of Gy). We will rewrite A’F
in a way that makes obtaining such a map very easy. Notice that, by restriction, x is a
character of q,, hence of q4 + g1 + g—2. By applying transitivity of induction followed
by Mackey isomorphism for x, we obtain

1G-2

~ TP QG-
o Indg¢G_1G ZIndeQ e (x®A) (6.16)

P QsG_1G_
Ind §,6_,a_,[x ®c Ind 55" 62 (M)]-

o

Recall that q_; is a maximal isotropic subspace of the symplectic space g_;. Invoking
Lemma 6.5 we see that
QeG-1G- ~
hence the isomorphism (6.16) becomes

A= nd? 0,71X ®c Ag,p] = Ind IF”QOU[X ®c Ag,7l- (6.17)

Recall from Lemma 6.5 that Agﬁ is a Dixmier algebra for G¢U, hence, by restriction,
it is a Dixmier algebra for FG‘J)U Using once more transitivity of induction and Mackey
isomorphism we obtain

rGeu
AI o~ Indll’DGOUInd gU[X ¢ AgéU]
. - (6.18)
InerOU[AG ®cInd ( )]

To construct the quotient map (6.15) we want to choose x so that the algebra of differential
operators

INER o 0
Indl—\QfU( ) D(G¢/Q¢7X®p¢) (619)

will have an obvious quotient (here py = pg,/q,)- Since L is a good Lagrangian, we can
choose x so that x|q, = —pg. Then the algebra in (6.19) becomes D(G3/Q3). Since
L is a homogeneous Lagrangian, Lemma 6.6 shows that G3/Q3 is a projective variety,

47



so its space of global functions is C. Global differential operators act on this space by
multiplication by a constant, which gives a map

D(G3/Qg) — C. (6.20)
Using (6.18) we obtain the quotient map

Ay — Ind {5(Ag,p) = Ap

that we need.

The definition of Ac. Now we have an algebra EF which quantizes the ring of functions
on Op, and a map of algebras

¢ :D(G/Q, x ® pgg) — Ap.

Since g C D(G/Q, x®pc/q), we can consider the adjoint g-action on ﬁp given by adx (a) =
o(X)a —ap(X) for X € gand a € gﬁ. Let Zg denote the subalgebra of elements of /Tp
transforming finitely under this action, and let A be the subalgebra of ﬁg on which the
g-action exponentiates to a G-action. KG is a G-algebra equipped with a G-equivariant
map U(g) — Ag, i.e. it is a Dixmier algebra for G. Furthermore, Proposition 4.17 shows
that ;1% is completely prime, therefore so is its subalgebra, Z(;.

On the choice of x. The construction of ﬁg depended on the choice of a character y of
q such that x|q, = —ps. It is not clear whether p, can always be extended to a character
of q. Furthermore, in the cases when this is possible, there may be more than one way of
doing it, and we have to choose the “correct” character x. We will not concern ourselves
with this problem for two reasons. First, in the cases when there is more than one way of
extending q4 to q, the ring of functions on O will be induced (as an orbit datum, in the
sense of Definition 4.18) from some proper parabolic of G. We are primarily concerned
with associating Dixmier algebras to rigid (i.e. non-induced) orbit data, and in the case
of such orbit covers there cannot be an ambiguity in the choice of x. Second, in all
applications of this construction that we will give in Section 7, there will be a unique
choice of y.

Ag depends only on the choice of a Lagrangian in O. Finally we will show
that the Dixmier algebra A; we obtained is independent of the choice of the sly-triple
{X,Y, H}. Indeed, let {X',Y’, H'} be another sly-triple such that X € L. By Lemma 6.8
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there exists an element ¢ € @ such that Ad(q) - {X,Y,H} = {X',Y’, H'}. Then Ad(q)
takes P to P and it is easy to see that there is a commutative diagram

D(G/Q,x ® paiq) —— Ap

, Ad(q) j

D(G/Q,x ® pajq) —— Ap

Ad(q)

which shows that Ag and Ay, (the G-finite parts of Ap and A%) are isomorphic as Dixmier
algebras for G.
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7 Examples

We saw in Section 6 that we can construct a Dixmier algebra from a Lagrangian subvariety
L in a nilpotent coadjoint orbit O if several conditions are satisfied.

a) O must be a small orbit.
b) L must be a dominant homogeneous B-stable Lagrangian subvariety of O.

c¢) There must be a character y of q such that x|, = —p, (see (6.19)).

If O is an arbitrary (not necessarily small) nilpotent orbit, A € O, and P and P are
the Jacobson-Morozov parabolic and its opposite, associated to O as in Section 6.1, then
Op = P-Up - ) is a dense P-invariant subvariety of @. Examples suggest that it should
be possible to construct the Dixmier algebra Ap associated to Op using the methods
employed in Section 6.2 for small orbits, but I have not been able to do this in such
generality.

Using Lemma 6.3 it is easy to determine which nilpotent orbits for simple groups are
small (for example the minimal orbit is always small). To apply the construction of the
Dixmier algebra to one of these orbits we need a good Lagrangian contained in the orbit.
In the following sections we will show that there are good Lagrangians in many of these
small orbits so we can construct the corresponding Dixmier algebras.

7.1 The spherical orbits in Sp(2n,C)

Suppose (C*",w) is a symplectic vector space with standard basis {e1, ..., en, f1,..., fu},
and let G = Sp(2n, C). Then

sp(2n,C) = {(; —fA) | A€ gl(n,C), SandT are symmetric} :

Let q = {(? _5 A)} and let () be the corresponding parabolic subgroup of G. If W

is the span of ey, ..., e,, a maximal isotropic subspace of C?*, then Q is the stabilizer of
W in G. We will show that each small nilpotent coadjoint orbit for G contains a good
()-stable Lagrangian. This will allow us to apply the construction from Section 6 to each
of these orbits and obtain a corresponding Dixmier algebra.

The symplectic form w identifies the span of fi,..., f, with the dual of W and we
will denote that span by W*. Now let T' € ug, the nilradical of q. Then T : W — 0,
W*— W, so T gives a bilinear form (-,-) on W*. The form can be explicitly written as

(w1, w2) = w(wr, Twy)
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for wy, w, € W*, and the fact that T' € sp(2n, C) implies that it is symmetric:
(wa, w1) = w(wg, Twy) = —w(Tws, w) = w(wy, Tws) = (w1, wy).
This establishes an isomorphism of Q)-modules
ug & S°W. (7.1)
The set Ly C ug of symmetric matrices of rank & is a single Q-orbit of dimension
dim Ly = nk — $k(k — 1). (7.2)

This shows that there are n + 1 Q-orbits in ug, namely Ly, ..., Ly.
Let O, = G - Li. The O is a nilpotent coadjoint orbit and Ly = Ok Nug is a closed
isotropic subvariety of Ok. Using [6], Corollary 6.1.4, we see that

dim Oy = 2nk — k(k — 1).

This, along with (7.2), shows that Ly is a homogeneous Lagrangian in Oy whose stabilizer

is Q.
0 Ikn 0 0 Ikn 0
X. = ’ Y. = H, = ’
* (0 0 )’ ¢ (Ik,n 0) o ( 0 —Ik,n) ’

Put
. (I O ..
where Iy , denotes the n x n matrix 0 0/ Then it is easy to check that { Xk, Yk, Hi}

is an sly-triple with X; € Ly and Hj is a dominant element of the standard Cartan
subalgebra of sp(2n, C). Therefore Ly is a dominant Lagrangian.

It is clear that the eigenvalues of ad(Hj) on g are not greater than 2. Using Proposition
6.3 we see that all orbits O are small. Actually, these are all the small orbits of Sp(2n, C).
The partition of 2n corresponding to Oy, (as described in [6], Theorem 5.1.3) is [2F, 12"~ 2].
This shows that the small orbits for Sp(2n, C) are precisely the spherical orbits, i.e. those
in which some Borel subgroup has a dense orbit (since it is known that the spherical orbits
for Sp(2n, C) are precisely those whose partitions contain only 1’s and 2’s).

Let g4 be the centralizer of the sly-triple { Xy, Yy, Hx}. Then, if we write the matrices

in basis €1, ..., €k, k41, s €ny fhats- -« fns f1o---, fk , We have
0 0
S0y, 0 0 SOk 0
0 gl,_x * 0
g = 0 5Pon_ok 0 o = B¢ nq= t
0 0 —ts0 0 0 oy O
k 0 0 0 —tisop
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Since

_ (o,
1= ( 0 _tg[n) ’

the restriction of the character trg of q to gy is trg .. It is easy to see that ps =
.- Hence the unique character x of q such that x|, = —ps is x = —"2;'“ trgr .

All these properties imply that Ly is a good Lagrangian in O. Applying the construc-
tion from Section 6 to L, we obtain a Dixmier algebra A, which should be associated
to O. (As a matter of fact, the algebra Ay should be associated to a certain cover of
Ok. We can be more specific: in the notation of Section 6.2, A; should be associated
to the quotient of the universal G-equivariant cover of O, by the component group I' of
Q. In this case, the G-equivariant fundamental group of Oy is Z/2 (since G has two
components) and I' & Z/2, hence Ay is associated to Oy.) A is obtained as a quotient
(or a finite extension of a quotient) of D(G/Q, -5 trg +pg/q) = D(G/Q, Etry ). In
particular, the infinitesimal character of Az is [n — %,...,1— £].

n—k
5 gl _

7.2 Certain spherical orbits in SO(2n,C)

In this section we will show how the construction from Section 7.1 can be adapted to
obtain the Dixmier algebras associated to certain spherical orbits for SO(2n, C).

Suppose (C?",(-,-)) is a vector space with a non-degenerate symmetric bilinear form
and let G = SO(2n,C). Denote the standard basis by {es,...,en, fi,..., fa}, so that
(es,e5) = (fs, fj) = 0 and (e;, f;) = &;j. Then

s0(2n,C) = {(; —€A> | A€gln,C), Sand T are skew—symmetric} :

Let q = { <§ _'5; A> } and let () be the corresponding parabolic subgroup of G. If W is

the span of ey, ..., e,, a maximal isotropic subspace of C?", then () is the stabilizer of W
in G. As in Section 7.1, we will show that each Q-orbit L in the nilradical ug of q is a
good Lagrangian in the corresponding G-orbit O = G - L. About a half of all spherical
orbits of SO(2n, C) are obtained in this way. We will apply the construction from Section
6 to each of these orbits and obtain a corresponding Dixmier algebra.

The symmetric form (-, -) identifies the span of fi,..., f, with the dual of W and we
will denote that span by W*. Let T' € ug. Then T : W — 0, W* — W, so T gives a
bilinear form w(-,-) on W*. The form can be explicitly written as

w(wy, ws) = (wy, Twy)
for wy, we € W¥, and the fact that T € s0(2n, C) implies that it is skew-symmetric:

w(wg, w1) = (wg, Twy) = —(Twy, w1) = —(wy, Twy) = —w(wy, ws).
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This establishes an isomorphism of @)-modules
ug = A*W.
The set Lox C ug of skew-symmetric matrices of rank 2k is a singlé Q-orbit of dimension
dim Loy = 2k(n — k) — k.

This shows that there are [g—] + 1 Q-orbits in ug, namely Ly, Lo, . .. ,L2[1§z].
Let Oy, = G - Log. The Oy is a nilpotent coadjoint orbit and Loy = Oy Nug is a
closed isotropic subvariety of Oy. Using [6], Corollary 6.1.4, we see that

dim ng = 4k(n - ]{7) — 2k = 2dim Lgk.

This shows that Ly is a homogeneous Lagrangian in Oy, whose stabilizer is Q.

Put
0 Jgkn 0 0 I2kn 0
Xop = ’ Yor = Hy, = ’
2 <O 0 )’ 2 (_J2k,n 0)’ * ( 0 —Izk,n)’

Iy O

0) and Jo, denotes the m x n matrix

where Iy, denotes the m X m matrix (

0 I, 0
—I; 0 0]. Then it is easy to check that {Xox, Yax, Hox } is an sly-triple with Xy €

0 0 0
Loy and Hyy, is a dominant element of the standard Cartan subalgebra of so(2n, C). There-

fore Loy is a dominant Lagrangian.

It is clear that the eigenvalues of ad(Hax) on g are not greater than 2. Using Propo-
sition 6.3 we see that all orbits Oy are small. The partition of 2n corresponding to O
(as described in [6], Theorem 5.1.4) is [22F, 127=4],

Let g, be the centralizer of the sly-triple { Xox, Yo, Har}. Then, if we write the matrices

in basis ey, ..., €2k, €2k11,s - -+ €n, fokt1s- -+ fns f15- -+, for, we have
sp 0 0 0
SPak 0 0 02k gl * 0
go=| 0 sommax 0 |, dp=geNq= e
0 0 _tsp 0 0 - gln—?k 0
2k 0 0 0 —tgp,,
Since

_ (e, x
1= ( 0 _tg{n) ’

the restriction of the character trg of q to qg4 is trg_ _,, . It is easy to see that p, =

n=2t=1 tr. _,.. Hence the unique character x of q such that x|q, = —pg is x = —2=2=L try .

2
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All these properties imply that Lo is a good Lagrangian in Oy;. Applying the con-
struction from Section 6 to Lox we obtain a Dixmier algebra A,; which should be asso-
ciated to Og. (All of the orbits Oy are simply connected, so Aoy, cannot be associated
to a cover of Og.) Ajp, is obtained as a quotient of D(G/Q, —Lf_l trg, +pc/Q) =
D(G/Q, k trg ). In particular, the infinitesimal character of Ay is [n —k — 1,n — k —

2 ..., —k].

7.3 The double cover of the maximal spherical orbit of Sp(4n,C)

In this section we will work out the example that we used in Section 3 as a motivation
for the construction of Dixmier algebras.

Suppose (C*",w) is a symplectic vector space and G = Sp(4n,C). As in Section 7.1,
put W = (ey,...,eam), W* = (f1,..., fan). Let P be the stabilizer of W, P = { (; i) },
and let up be the nilradical of p, the Lie algebra of P. As we saw in (7.1), up = S?W.
Let

00 0 I,
001 0
*=loo o o
000 0

(we identify g with g* using the Killing form) and let O = G - .

We already know from Section 7.1 that O is a small orbit (actually O is the maximal
spherical orbit of Sp(4n,C), with corresponding partition [22"]) and that O contains a
good P-stable Lagrangian from which we obtained the Dixmier algebra associated to
O. However @ has a double cover O (see Section 3) and we will use a different good
Lagrangian in O to obtain the Dixmier algebra associated to O.

All matrices will be written in basis ei,...,€n,€n11,---;€m, fasts-- s fon, fiye ey [
1
from now on. In this basis, A = (g (2)") Let () be the parabolic subgroup
GL, = *

0 0 ‘'GL;!

Let g = b+ n+ 7 be the standard triangular decomposition of g. Since A € ug, @ - A
is contained in n N O, hence it is an isotropic subvariety of ©. To show that L is a
homogeneous Lagrangian in O, we will use an approach different from that in Section 7.1.

Since the centralizer of ) is
Ogn *
Gy = 4
’ (0 tOﬁ)’ (74
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we have

A x % %
0 A1 % %
D=l0 0 4 (7.5)

0 0 0 4!

with A € GL,. It is easy to compute that dim@ - A = 2n? + n = 3 dim O. This shows
that L = @ - ) is a (not necessarily closed) B-stable Lagrangian subvariety of O, hence a
dense open subset of some component of O Nn. From (7.4) and (7.5) we see that @, is a
parabolic subgroup of G, so by Proposition 6.7 we see that L = @ - A is a homogeneous

Lagrangian.
0 I, 0 0 Ly, 0
X (0 0 ) ’ (Izn 0) ’ ( 0 —12n>

Put
Then {X,Y,H} is an sly-triple in g with X € L and H a dominant element of b, so
L is a dominant Lagrangian. Finally, the centralizer of the sly-triple {X,Y, H} in g is

_ (502 0 <o
9 0 —'sog,/’

A = 0 0
0 =4 0 0
“B=lo 0 4 =
0 0 0 —'A

with A € gl. From (7.3) we see that the restriction map establishes a bijection between
characters of q and characters of q,. In particular, the unique character x of g such that
Xla; = —Pg (notation as in Section 6.4) is x = — 2L try . Therefore L = Q- A is a good
Lagrangian. By applying the construction from Section nilpotent orbit quantization to it,
we obtain a Dixmier algebra A. To see that A should be associated to the double cover
of O, notice that the G-equivariant fundamental group of O is Z/2 (since G4 = O(2n)
has two components) and that Q, is connected, so I' = {1}.

The Dixmier algebra A is obtained as a quotient of D(G/Q, —"5* trg +pg/g). This
shows that its infinitesimal character is [n,n — 1,n — 1,n — 2,...,1,1,0]. Notice that
the quantization of O is the algebra of differential operators D(G/P, pg/p), which has

3

infinitesimal character [n — %, n—5,...,~n+ %], so the infinitesimal characters of the

Dixmier algebras associated to O and O are different.

7.4 The Clifford orbit datum in Sp(4n,C)

Finally, we will construct a non-commutative completely prime orbit datum Rg (the
Clifford orbit datum) and the Dixmier algebra A which should be associated to it. This
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example shows that certain completely prime Dixmier algebras cannot be associated to
any commutative orbit datum and should be associated to non-commutative ones.

The model Dixmier algebra. In his paper [15] on model Dixmier algebras McGovern
has constructed a model Dixmier algebra A¢ for G, i.e. an algebra such that each finite
dimensional representation of G appears exactly once in Ag. Ag is a 2-fold extension of
the quotient of U(g) sitting in it and has infinitesimal character [n,n — £,n—1,...,1,1].
Also, the kernel of the map U(g) — Ag is the maximal ideal of this infinitesimal character,
hence Ag has the smallest Gelfand-Kirillov dimension among all Dixmier algebras of this
infinitesimal character. It is easy to see (by comparing the G-module structures) that

neither Ag nor the quotient of U(g) that it contains can be associated to any orbit cover.

The Clifford orbit datum. The Clifford orbit datum will be supported on the maximal
spherical orbit O of Sp(4n,C) considered in Section 7.3. Define A, P, @, {X,Y, H}, etc.
, as in that section. Then G = O(2n,C) x Up. Let C(2n) be the Clifford algebra of
C*™ and let C be the associated sheaf of algebras on @ = G/G,. The CLIFFORD ORBIT
DATUM is the algebra Rs of global sections of C.

Rq has a natural Z-grading coming from the C*action on ©. We will prove in Proposi-
tion 7.4 that it is completely prime, so it is a natural candidate for quantization. Moreover,
Proposition 7.6 shows that R is a model representation of G, i.e. each representation
of G appears in Rg with multiplicity 1. These properties suggest that the Clifford orbit
datum should be associated to the model Dixmier algebra.

To prove the complete primality we will use the following easy lemmas.

Lemma 7.1 Let A be a sheaf of algebras on a connected algebraic variety X. Then
(X, A) is completely prime if and only if T(U, A) is completely prime for some open
subset U of X.

Lemma 7.2 Let H be a closed subgroup of the connected algebraic group G, let A be an
H-algebra, and let A be the sheaf of sections of the associated bundle of algebras Gx g A on
G/H. If A is completely prime then so is the induced algebra T(G/H, A). (The induction
considered here is ordinary induction of modules.)

Corollary 7.3 If K C H are closed subgroups of a connected algebraic group G, Ay is a
K-algebra and the induced H-algebra Ap is completely prime, then the induced G-algebra
Ag is completely prime as well.

Proposition 7.4 The Clifford orbit datum Rg is completely prime.
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Proof: To show the complete primality of Rg = I'(Og, C), it suffices (by Lemma 7.1,
since O = P/O(2n) is dense in Og) to check the complete primality of I'(P/O(2n),C).
By Corollary 7.3 it is sufficient to check that I'(GL(2n)/O(2n),C) is completely prime.
Applying Lemma 7.1 again we see that it suffices to check the complete primality of
['(B/Z3",C) (since B/Z2 C GL(2n)/O(2n) is a dense open subset, B denoting the group
of upper triangular matrices). Using Corollary 7.3 we see that it is sufficient to show that
[(C*? /72", C) is completely prime. This is done in Lemma 7.5. O

Lemma 7.5 The algebra T'(C*?" /72" C) is completely prime.

Proof: Write the ring of functions on C*?* as Clzy, 27", ..., 21, 23, ]. Then the ring
of functions on C*?"/Z2" is C[z?,272,...,22,,257]. Let vi,...,va, be the orthonormal
basis of C** on which Z32" acts by €;(v;) = —v;, €i(v;) = v; for j # i. We can extend
this action to an action of C*?* by 2(v;) = zv;, where z = (21,...,22,). Then the Z32"-

action on the Clifford algebra C'(2n) extends to a C*?"-action (which does not respect the
algebra structure). This shows that C is a free sheaf on C*?"/Z2", so its space of global
sections is a free module over C[z?, 272, ..., 22, 2;,’] on generators f; : C**" — C(2n),
f1(z) = zi, ... 2,5y ... vy, (where z = (21,...,22,) and I = (i,...,%)). The Clifford
algebra relations v? = 1 and v;v; + vju; = 0 transform into f? = 27 and f;f; + f;fi = 0.
Notice that f;z;? is an inverse to f;, which we denote by fi‘l. Then it is clear that
I'(Cx2" /73" C) is just the algebra C[fi, f{'',.. ., fon, fan ] of Laurent polynomials in 2n
anti-commuting variables. This algebra does not have zero divisors, which finishes the
proof. O

Proposition 7.6 The Clifford orbit datum is a model representation of G, i.e. every
finite-dimensional representation of G appears in it with multiplicity one.

Proof: Since the orbit O is isomorphic to the homogeneous variety G/[O(2n) x Up], we
need to show that, for any finite-dimensional representation V' of G,

dim¢ Homg(V, Ind g(Qn)KUPC(Qn)) =1. (7.6)

(In this proof Ind denotes usual induction of modules, not induction of Dixmier algebras.)
Using Frobenius reciprocity, we see that

Homo(anyxu, (V, C(2n)) = Homg(V, Ind g(%)KUPC’(?n)).
Next we use another version of Frobenius reciprocity: if W is an H-module, then

HOIDHD(U(‘/, W) = HOIIIH(VU, W), (77)
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where Vi = V/(u-v — v) denotes the space of co-invariants of U. After applying (7.7)
with H = O(2n,C), U = Up, and W = C(2n), we get

Homoanyxv, (V, C(2n)) = Homoan) (Vir,, C(2n)).

Next, observe that if V' is a G-module, then Vi, is a module for the Levi factor Lp =
GL(2n,C) of the parabolic P, and the correspondence V — Vy;,, establishes a bijection
between G-modules and GL(2n,C)-modules. Applying Frobenius reciprocity once more,
we see that

Homo @) (Vu,, C(2n)) = Homgran) (Vo Ind S(L?(Q;l 'C(2n)).
So we have reduced the proof of (7.6) to showing that

dime Homgr(on) (Vir,, Ind gay C(2n)) = 1
for every GL(2n,C)-module Vy,, i.e. we need to show that Ind ] GI 2")6’(271) is a model
representation for GL(2n,C). This is shown in the paper [3] on model representations. [

The Dixmier algebra associated to the Clifford orbit datum. We will show
that the construction from Section 6 can be used to obtain the Dixmier algebra Ag which
should be associated to the Clifford orbit datum Rg. Ag and the model Dixmier algebra
constructed by McGovern contain the same quotient of U(g) but I have not proven that
the two algebras are isomorphic.

To construct A we will use the @-stable good Lagrangian L used in Section 7.3.
The only difference with the construction in that section is the choice if y — rather than
choosing x = —”T"l trg, (which gives the Dixmier algebra associated to the double cover
of O) we choose x = —% trg .

We will trace the steps of the construction of Ag, as described in Section 6.4, to see
where the Clifford algebra will make its appearance.

The first step is the restriction map

D(G/Q, =% trg, ®pc/q) — D(P/[PNQ), —§ trgi, ®pc/q) (7.8)
from (6.11). Next, we have the change of polarization map

D(P/[PNQ],~2 trg, ®pc/q) — As

def rGou
Indpg,p(A ® Ind i (5 trg,)]  (7.9)
= Ind {52 ® Ind 7 (— % try ),
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defined in (6.12) and (6.18). (Ag,y = End(C,) since the orbit it even, so g, = 0, see
(6.6).)

In this case, Gy = O(2n,C), T = {1} as noticed in Section 7.3, and Q¢ = Q5 = Qso
(notation as in Example 4.14) is the parabolic in O(2n,C) which stabilizes a maximal
isotropic subspace of C?".

The next step is constructing a quotient map of A’ﬁ. To obtain such a map, recall
from (6.19) that there is an isomorphism of Dixmier algebras

G, U n ~ o
Fé;ﬁ(_i trg[n) = D(G¢/FQ¢’ _g trﬂln ®p¢)

= D(0(2n)/Qso, =73 trg,)

Ind ,
(7.10)

since py = "—g—l trg; , as is easy to see. As observed in Example 4.14, there is an algebra
homomorphism

D(O(zn)/ng, —% trg[n) — C’(QTL) (711)

and the Clifford algebra C(2n) is a 2-fold extension of the image of D(O(2n)/Qso, —3 trg,)-
Combining (7.9), (7.10), (7.11), and using the usual machinery of transitivity of induction
and Mackey isomorphism, we get a map

Ay — Ind [, 5[\ ® C(2n) “ 4.

Az should be the Dixmier algebra associated to Ry = I'(O5,C). The map (7.8), together
with the algebra homomorphism U(g) — D(G/Q, —% trg, ®pa ), provides an algebra
homomorphism U(g) — Ap, and we define Ag to be the G-finite part of Ap. The
infinitesimal character of Ag is the same as that of D(G/Q, —% trg, ®pg/@), which is
[n,n—1%,...,1,1]. We know that the model Dixmier algebra is the algebra of smallest
possible Gelfand-Kirillov dimension with this infinitesimal character. By comparing the
Gelfand—Kirillov dimensions of Ag and the model algebra, we see that the quotients of

U(g) that they contain are the same.
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