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Abstract: We review some of the main achievements of the orbit method, when applied to Poisson—
Lie groups and Poisson homogeneous spaces or spaces with an invariant Poisson structure. We
consider C*-algebra quantization obtained through groupoid techniques, and we try to put the results
obtained in algebraic or representation theoretical contexts in relation with groupoid quantization.
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1. Introduction

The name “orbit method” is attached to a variety of techniques linking the study
of irreducible representations of an algebra with geometric data. In its original form, in
fact, it was introduced to understand how representation theory of a Lie algebra could be
described in terms of its coadjoint orbits and proved to be very effective in the nilpotent
and solvable case, but was not limited to them and provided a general framework for
describing the semisimple case as well. If words like “method” and “framework” may
seem a bit vague, it has to be said this is not by chance. As mentioned by one of its pioneers,
A. Kirillov [1], the recipes the method provides are far from accurate, sometimes wrong
or need corrections and modifications, and are usually difficult to transform into rigorous
proofs. Despite these drawbacks, it provides an illuminating guide, or, to cite another of
the heroes of its study, David Vogan, a “spoiled treasure map”, parts of which are pretty
well understood, while others point towards unknown roads [2]. It is by now well known
that, in a nutshell, the orbit method can be seen as an instance of a quantization problem:
recognizing geometrical features of a Poisson manifold in terms of the algebraic properties
of its quantization. The case of Lie groups can fit into this framework by considering the
universal enveloping algebra as an algebraic quantization of the linear Poisson structure
on the dual Lie algebra g*. For this reason, the orbit method applied to quantum groups
and their homogeneous spaces, although often labeled as the quantum orbit method [3,4],
should, more correctly, be considered a nonlinear version of the classical orbit method.

In [5], we outlined a program to describe an orbit method type correspondence be-
tween symplectic leaves of a Poisson manifold and the unitary dual of its quantized
C*-algebra when the quantization procedure to be taken into consideration is the geomet-
ric quantization applied to the symplectic groupoid, as first introduced in [6] and later
modified by [7].

Our Poisson manifolds will not be arbitrary ones; we rather concentrate on examples
characterized by the presence of a wide array of symmetries, describing some ongoing
work and various open questions.

2. Quantization via Symplectic Groupoid

The purpose of this section is to give a short introduction to the quantization program
for Poisson manifolds via a symplectic groupoid. This quantization procedure was inde-
pendently introduced by Karasaev, Weinstein. and Zakrzewski in the 1980s, and it is based
on the so-called symplectic integration. We will follow the theory as later developed by [7].

To any Poisson manifold (M, 7r) there is associated a natural Lie algebroid struc-
ture on its cotangent bundle T*M, defined extending to all one-forms the Lie bracket
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[df,dg] = d{f,g}. For general Lie algebroids, however, the analogue of Lie’s third theorem
is not always true (see [8] for the characterization of obstructions to integrability). There
are non-trivial conditions to guarantee that a Lie algebroid can be integrated with a Lie
groupoid, which means that it can be identified with the tangent algebroid over the identi-
ties of a groupoid. Even in the case of Poisson manifolds, such obstructions are non-trivial:
a Poisson manifold whose Lie algebroid can be integrated with a Lie groupoid is called
integrable. The wide subclass of integrable Poisson manifolds is those for which groupoid
quantization can be applied.

What is specific to the Poisson case is the fact that the unique source connected and
simply connected groupoid integrating the Lie algebroid on T*M can be endowed with a
symplectic structure, which is multiplicative, i.e., compatible in a reasonable sense with the
groupoid structure. This groupoid is called the symplectic Lie groupoid integrating (M, 7r)
(see [9] for a detailed account of the theory of symplectic groupoids).

In the following, we usually denote the symplectic groupoid of a Poisson manifold
M as:

s
=M,
t
where s and t stand for the source and target map, respectively. Let:

2B CExT={(1,1) : s(y) =tn)}

be the set of composable pairs; we let m(vy, 1) = 1 - 17 be the partially defined product m :
¥ — 3. Furthermore, inv : & — X is used for the inverse map. Finally, p;, : 2(2) — %
are the two natural projections from composable pairs over the first and second component
of the Cartesian product. With such notations:

d=m*— (pri +pr3) : OF(Z) = QF(z?)

is the Lie groupoid cohomology operator. The multiplicativity of a symplectic form w €
0?(X) can be characterized as 9*w = 0. This in particular implies that the source (resp.
target) map is a Poisson (resp. anti-Poisson) surjective submersion from ¥ to M.

From the point of view of Poisson geometry, symplectic groupoids provide some sort
of desingularization of the original Poisson structure. Symplectic leaves are then encoded
as orbits of the groupoid. Let us remark that the natural topology on the space of orbits
M /% does not satisfy, in general, any separation axiom and can be rather pathological.

Most invariants of the Poisson manifold admit reinterpretation in terms of their
symplectic groupoid. As an example, the Poisson cohomology of the original Poisson
manifold is equivalent to the Lie algebroid cohomology, and it is thus related via a van Est
map to differentiable groupoid cohomology. In case the original Poisson manifolds carries
a Poisson action of a connected Lie group G, such an action can be lifted to an action of G
on X by symplectic groupoid automorphisms ([10], Theorem 2.1).

The basic idea of groupoid quantization is then to quantize the total space of the
groupoid as a symplectic manifold, but in a compatible way with the underlying
groupoid structure.

The technique used to quantize (X, w) is geometric quantization; the three basic steps
to be discussed here are the following:

1.  pre-quantization;
2. choice of Lagrangian polarization;
3.  Bohr-Sommerfeld conditions;

and on each such condition, suitable compatibilities with the groupoid structure can
be imposed, so that the final outcome of the quantization procedure is a groupoid C*-
algebra [11].

Of course, in specific examples, there may be further steps to be taken into consider-
ation; it is by now well known that geometric quantization is rather a set of techniques
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than a universal recipe. However, the three basic steps above always enter the quantization
procedure, and we will concentrate on them.

Pre-quantization: The pre-quantization step is based on the choice of a Hermitian line
bundle E — X on the total space of the groupoid: the groupoid structure should then allow
defining a x-convolution product between fibers:

Ey®E; = Ey, Y(vn) ez?®.
This can be obtained through the following:

Definition 1 (see [10]). Pre-quantization data on symplectic groupoid >.=M are a Hermitian
line bundle E — X together with a connection V and a section:

o el (z?,0°E)

such that:

1. the curvature of V equals the symplectic form w;
2. o isanorm one, groupoid cocycle, valued in the pull-back line bundle 0*E*;
3. o is covariantly constant, i.e., do + 0*8c = 0, where 6 is a local primitive of w.

The existence of a section with these desired properties is equivalent to the trivial
holonomy of the pullback bundle 3*E on £(2). In [10], it was shown that a pre-quantization
exists if and only if the cohomology class [w/271] is integer along the fibers of the prequan-
tum line bundle. The pre-quantization cocycle ¢ can be chosen to be one whenever w is
multiplicatively exact, i.e., there exists a primitive one-form § € Q! M such that 90 = 0.
This condition corresponds to the Lichnerowicz cohomology class of the Poisson tensor to
be zero. When the pre-quantization cocycle is non-trivial, the quantization construction
we describe undergoes some modification so that the outcome is a twisted groupoid C*-
algebra, with a twisting induced by the quantization cocycle. However, even in some cases
in which o # 1, it is possible that this twisting does not appear in the final C*-algebra. We
will not discuss this in full detail in what follows, and we will limit ourselves to mentioning
at some points the effects of the non-triviality of the pre-quantization cocycle.

Polarization: In the usual geometric quantization, one has to choose a Lagrangian
polarization of the symplectic manifold with which he/she is starting. In physical terms,
this is the same as choosing a splitting of coordinates distinguishing between positions and
momenta or, in other terms, to deal with the problem that the Hilbert space constructed
through pre-quantization is somewhat too large to be physically reasonable.

Unsurprisingly, this choice of polarization is one of the most difficult steps of the
procedure, and neither the existence of polarizations can be taken for granted, nor the
independence from this choice can be taken for granted. The same features are present in
groupoid quantization.

Let =M be the symplectic groupoid of M, and let T¢X be its complex tangent bundle.
An involutive distribution £ in T¢X is said to be multiplicative if:

my[Lo(7, 77)] = Em('\m)
for any (7, 7) € . Itis called Hermitian if:
inv,(£) C L.

Definition 2 (See [7]). A Lie groupoid polarization is a polarization, which is both multiplicative
and Hermitian. A real Lie groupoid polarization is a real distribution L such that its complexifica-
tion is a Lie groupoid polarization.
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We remark here that (real) Lie groupoid polarizations admit a number of equivalent
descriptions: at the infinitesimal level, they are also considered as ideal systems in Lie
algebroids [12].

The reason for this multiplicativity requirement on polarizations is that under such a
condition, the set parametrizing Lagrangian leaves inherits a topological groupoid structure
from the quotient map:

X = Ee; e [

sending each point of the total space to the leaf to which it belongs. Something is lost,
in a sense, in this procedure since there is no guarantee that the quotient groupoid is
differentiable any more.

We will focus, in examples, on real polarizations. It has to be mentioned, however,
that there are topological obstructions to the existence of real multiplicative polarizations,
which therefore do not exist in many interesting cases. To overcome those obstructions, the
following weaker definition was proposed in [13]:

Definition 3. A multiplicative integrable model F on a symplectic groupoid 2= M is an integrable
system on . (w.r.t. the symplectic form) such that if X.r denotes the topological space of connected
contour levels of F, then L carries a topological groupoid structure such that the quotient map:
X — X is a groupoid morphism.

This definition, as shown in the cited paper, still allows constructing a quantizing
groupoid C*-algebra even in cases were the real polarization does not exist: the quotient
groupoid X r takes then the place of the quotient groupoid X ..

Bohr-Sommerfeld conditions: Whenever the Lagrangian leaves are not simply con-
nected, the existence of polarized sections cannot be taken for granted. They can exist only
when the connection holonomy is trivial. This selects a subset of Lagrangian leaves called
the Bohr—Sommerfeld variety, which under the multiplicativity condition for polarizations
and an additional geometric condition, turns out to be a topological subgroupoid of the
Lagrangian quotient groupoid X, (or of the integrable system groupoid X ). We will
denote it with £.5.

To be more precise, let | denote a Lagrangian leaf of the multiplicativity polarization,
i.e., an element inside £ (or a common level set inside X r):

Definition 4. We say that | satisfies the Bohr—-Sommerfeld condition (BS) if the holonomy of V
along 1 is trivial.

(2)

Proposition 1 (see [13]). If for each couple of composable leaves (11,1;) € j—? , the product map:

m:ll><lzﬁ2(2)*>ll'12

induces a surjective map in homology, then the set of Bohr—-Sommerfeld leaves Z%S is a topological
subgroupoid of Z r.

It is then the case that on the vector space of parallel sections of the pre-quantization
bundle, as considered over £5%, it is possible to define a convolution product (eventually
twisted by the pre-quantization cocycle), such that the completion (in case the Bohr-
Sommerfeld admits a Haar system) defines the quantization C*-algebra, which is the
outcome of groupoid quantization.

What reason do we have to expect that this quantization procedure can be used to
construct a well-behaved quantum orbit correspondence from symplectic leaves to unitary
irreps of the groupoid C*-algebra, let aside, for a moment, the pre-quantization issue?
In the integration step, symplectic leaves, as mentioned, are transformed into orbits of
the symplectic groupoid (preserving the quotient topology). The surjective groupoid
morphism sending the symplectic groupoid to the polarized groupoid of Lagrangian leaves
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has the effect of bundling together some of these orbits into families, where now, the
groupoid of Lagrangian leaves acquires additional isotropy, reflecting, in a way, some sort
of equivalence between leaves in the same family.

The effect of BS conditions, in case there are non-trivial ones, is to discretize isotropy
groups of the groupoid of Lagrangian leaves. In many cases, the resulting BS groupoid
is étale. At this point, one has to study *-irreps of the groupoid convolution C*-algebras.
For such algebras, there are many tools allowing having a quite detailed description of
the unitary dual [14]. Typically, *-irreps are constructed via an induction procedure from
an orbit of the groupoid and an irreducible representation of the isotropy group of the
orbit. Under some suitable conditions, such an induction procedure allows recovering all
x-irreps. Furthermore, it is known that the primitive ideal space and the unitary dual are
homeomorphic if and only if the latter is a Ty space (post-liminal case).

Thus, to a symplectic leaf of the original Poisson manifold, in well-behaved cases, one
can associate an orbit in the BS groupoid and a representation of its isotropy, leading to a
point in the unitary dual. It is this correspondence that explains, in the context of groupoid
quantization, the quantum orbit method.

3. Review of Some Easy Cases

In this section, we review the easiest cases, just to give some comprehension of the set
of results needed to verify in which cases the quantum orbit method holds true.

3.1. Trivial Poisson

Let us first consider the case in which M is a compact manifold with the zero Poisson
bracket. Here, compactness is just a simplifying hypothesis. The symplectic groupoid
integrating M is just the cotangent bundle T*M where the symplectic form is the usual
Liouville symplectic form and the groupoid structure is determined by the addition of
elements on the same fiber. Therefore, the source and target map coincide with the vector
bundle projection &« = = pr+p. M itself is identified with the set of units via the zero
section m — (m,0). The pre-quantization line bundle is the trivial one-bundle with the
trivial one-cocycle.

A natural real multiplicative Lagrangian polarization, in this case, is obtained by
considering the vertical polarization (p, w,) — T, M. This is clearly integrated by cotangent
spaces, and T*M = UyemT, M is its leaf decomposition. The space of leaves can be
therefore identified with M itself. The quotient groupoid structure is trivial: each point is a
unit. All leaves of the Lagrangian foliation are simply connected, and as such, there are no
Bohr-Sommerfeld conditions to be imposed.

The quantization of the trivial Poisson structure, in this approach, is the convolution
C*-algebra of the groupoid M— M, where both the source and target map coincide with
the identity. The algebra structure is then just obtained by pointwise multiplication,
ie., C*(M) = C(M) is, as expected, the C*-algebra of all continuous functions on M.
Being Abelian, its unitary irreducible representations are all one-dimensional, i.e., are
all *-characters.

In this context, the orbit correspondence is just the statement that the set of *-characters
of C(M), with the Jacobson topology, is homeomorphic to M. This is nothing but the
Gelfand theorem for the compact topological Hausdorff space M.

3.2. Standard symplectic Euclidean space

Let M = R?" with the standard symplectic structure wqy. The symplectic groupoid
integrating the Poisson bivector 77g4q = w;cll is the pair groupoid £ = R*" with the pair
groupoid structure and, again, with the standard symplectic form. In this case again, the
pre-quantization line bundle is trivial with a trivial cocycle. The easiest possible choice
of real multiplicative Lagrangian polarization for the pair groupoid is the choice of a
horizontal polarization (setting the last 2n coordinates equal to constant ones), so that
each leaf is simply connected, and the space of leaves is a copy of R?*. The quotient
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groupoid structure is a transitive one: all points belong to the same orbit. There are no
Bohr-Sommerfeld conditions to be imposed, and therefore, the resulting C*-algebra is the
convolution C*-algebra of the transitive groupoid structure on R?". As one can see in [11],
this is nothing but the C*-algebra of all compact operators on L?(IR?"). In this context, orbit
correspondence is equivalent to Naimark’s theorem, which tells us that the unitary dual
of this C*-algebra consists only of one point and is, therefore, trivially homeomorphic to
the space of leaves of the underlying Poisson manifold. This example can be generalized
without major changes to the case of simply connected symplectic manifolds (N, wy)
giving rise to a convolution groupoid C*-algebra isomorphic to X (L?(N)).

3.3. Linear Poisson

Let us consider the case of a linear Poisson structure, i.e., the usual Poisson structure
on the linear dual of a Lie algebra g* where Lie brackets are given in terms of structural
constant of g as:

n
k
{¢i. ¢} = )3 ¢k -
k=1

It is well known that the symplectic leaf decomposition, in this case, coincides with
the orbit decomposition with respect to the coadjoint action. The symplectic groupoid inte-
grating this Poisson manifold can be identified with the cotangent bundle as a symplectic
manifold. The groupoid structure can be derived by:

T"G=g",

where the source and target maps are given, respectively, by left and right translations to
the identity, and the partially defined multiplication is nothing but the addition of covectors
over the fiber TG =~ g*. Pre-quantization, in this case, is given by a trivial line bundle over
TG, and the cocycle does not affect quantization.

The easiest choice of multiplicative Lagrangian polarization is given by the vertical
polarization, so that each leaf is diffeomorphic to the cotangent space over the base point,
and the set of leaves is naturally parametrized by G itself. The groupoid structure thus
imposed on the set of leaves tells us that Lagrangian leaves multiply exactly as the corre-
sponding group elements. Since there are no Bohr-Sommerfeld conditions to be imposed
(each leaf is simply connected), the groupoid quantization of g*, with respect to the vertical
polarization, is the group C*-algebra C*(G).

What about the orbit correspondence? Establishing a good homeomorphism between
unitary irreducible representations of C*(G) and coadjoint orbits inside g* is exactly a
way of rephrasing the classical orbit method, which is known to hold for nilpotent Lie

groups [1].

3.4. Symplectic torus

In this section, we will start exploring those situations in which the correspondence
between symplectic leaves of the original Poisson manifold and irreducible unitary rep-
resentations of its quantization do not match easily, unless some additional details are
considered. The easiest such example is given by the quantum torus.

Consider, in fact, any right-invariant symplectic form on T?: such Poisson structures
are all of the form 71y = 69y, A 9y, where 6 € R and ¢; are the angular coordinates on T?.
Let us assume that 0 ¢ Q is irrational. Since this Poisson structure is nondegenerate, the
corresponding space of leaves consists only of one point. The corresponding symplectic
groupoid is still symplectomorphic to the cotangent bundle, but now, the source and target
maps differ by a f-dependent term. To be more precise, identifying T*T? with R?/Z? x R?
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and letting g; be the coordinates on R? (such that ¢; = [g;]) and p; the cotangent coordinates,
the groupoid structure is determined by the source and target maps:

(91,92, P1, p2)

— T

(91 — 30p2,92 + 30p1) (g1 + 30p2, 92 — 30p1)

The groupoid quantization of this Poisson bracket was the original example described
in [6] to show that after such a procedure, one gets, exactly as expected, the quantum
torus algebra. The pre-quantization line bundle in this case is trivial, but with a non-trivial
cocycle obtained exponentiating 6.

There are two different choices of multiplicative Lagrangian polarization inside the
symplectic groupoid T*T?=T? determined by 6. If we choose a horizontal polarization,
with all Lagrangian leaves that are circles, thus subject to Bohr—Sommerfeld conditions, this
will produce as the outcome the quantum torus: a C*-algebra generated by two invertible
unitary, g-commuting operators. If we choose a Lagrangian polarization by cylinder
polarization, the underlying Bohr-Sommerfeld groupoid turns out to be the transformation
groupoid Z x4 S!. Its groupoid C*-algebra is the cross-product C*(Z x4 S'). This two
quantization outcomes are however C*-isomorphic, and we will denote either of them as
C*(T%). It is well known that such a C*-algebra has infinitely many irreducible unitary
representations (e.g., [15]), despite the underlying Poisson manifold having only one leaf,
so that the orbit correspondence seems to break down. The point is that since the space
of primitive ideals is not even Tj, the quantum torus C*-algebra is not post-liminal, and
therefore, the space of primitive ideals and the unitary dual are no longer homeomorphic:

o —

Prim(C*(Tj)) # C*(T3).

Thus, the quantum orbit correspondence may still be recovered by a little modification.
We just need to consider as the target space of the orbit correspondence the space of
primitive ideals (endowed with a Jacobson topology). Let us remark that in all previous
examples, the space of orbits is Ty, and therefore, the unitary dual and primitive ideal space
are homeomorphic.

Of course, one may think that such replacement cannot be justified only by such an
easy example: the topology on the one-point set Prim(C*(T3)) is after all quite trivial. We
will later (in Section 7) mention a much wider class of examples, which can be a reasonable
setting to understand to what extent groupoid quantization may be implemented and
understood also for non-post-liminal C*-algebras.

4. Poisson Structures and Symmetry

Before any further analysis of groupoid quantization, we will digress from the main
topic and explain which kind of Poisson structures with symmetries we plan to consider in
the following. We first need a basic definition:

Definition 5. Let G be a Lie group. A Poisson structure 7t on G is said to be multiplicative or
Poisson—Lie if it verifies:

(81 - 82) = Ry 7t(g1) + Lgy,71(82)
where Lg and R denote left and right translations on G, respectively.

This definition was introduced by Drinfel’d in [16]. Let us remark that on any Lie
group, the trivial Poisson bracket 77 = 0 is a Poisson-Lie structure. On the other hand,
since any Poisson-Lie structure verifies 7(e) = 0, e being the identity element, all non-
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trivial Poisson-Lie group structure are of non-constant rank; in particular, they cannot
be symplectic.

Classification of such structures is better understood when looking at the infinitesi-
mal level.

Definition 6. Let g be a Lie algebra. A Lie bialgebra on g is a linear map 6 : g — A?g, called a
cobracket, such that:

® b is aone-cocycle with respect to the adjoint representation, i.e.:
5([X,Y]) = ad%d(Y) — ad3é(X)

where ad®> = ad ® 1+ 1 ® ad is the extension of the adjoint action of g on N%g.
o 5%:A%2g* — g*isa Lie bracket.

The following theorem then holds true:

Theorem 1. Let (G, 71) be a Poisson—Lie group structure. Then, there is a unique Lie bialgebra
cobracket § on g = Lie(G) such that:

5= Zg(Rgll*n(g)) |g:e

where Rq stands for right translations in G. On the other hand, for any Lie cobracket 6, there
is a unique Poisson—Lie structure on the unique connected and simply connected Lie group G
integrating g.

The correspondence (G, 7t) — (g, d) is, in fact, functorial. A characteristic feature of
Poisson-Lie group theory is that it is endowed with natural duality. In fact, if (g, ) is a Lie
bialgebra, then the transpose map:

ts . /\29* —g*

defines a Lie bracket on g* (the axioms in Definition 6 are equivalent to ‘5 being a Lie
bracket), and therefore, there exists a dual (connected, simply connected) group G* of G
integrating the Lie algebra g*. On the other hand, the dual of the Lie bracket on g:

[1:9" = A%g*
is a cobracket on g*; thus, G* also carries a natural Poisson-Lie group structure, and as
such, it is called the Poisson dual of G.

This is not the end of the story. On the vector space ? = g ® g*, there are both a natural
Lie bracket and a Lie cobracket defined as:

(X4 Y +1lo = [X, Y] +adk(y) —ady(§) +[S, 7] +adz (Y) —ady (X) 1)
Jo(X +¢) = 64(X) +64+(C) @)

in such a way that 9 is a Lie bialgebra integrated by a connected and simply connected
Poisson-Lie group D. Both will be called the Drinfel’d double of the original Poisson-Lie
group/Lie bialgebra.

To summarize, Poisson-Lie group structures on G come in triples (D, G, G*), which at
the infinitesimal level determine triples of Lie bialgebras (9, g, g*).

Poisson-Lie group structures have been classified on the compact Poisson-Lie group [17],
in dimensions up to three [18], and for some specific cases of higher-dimensional Lie groups.

In this approach, the natural notion of the Poisson-Lie subgroup of a Poisson-Lie
group can be considered: H is a Poisson-Lie subgroup of (G, ) if it is both a Poisson
submanifold and a Lie subgroup. Its Lie algebra h will then be a Lie sub-bialgebra, i.e.,
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a Lie subalgebra such that 5(h) C AZh. In terms of the dual of the cobracket, this last
notion means that the annihilator b= € g* is a Lie ideal, and therefore, the dual Lie algebra
associated with H is h* ~ g* /h*.

This notion is very rigid, since being a Poisson submanifold implies being a union of
symplectic leaves. As such, for example, it is not invariant by conjugation (conjugation
is not a Poisson map in Poisson-Lie groups), and a Poisson-Lie group typically has
but a very limited number of Poisson-Lie subgroups. One such subgroup is always
Go = {g € G : m(g) = 0}, the zero set of the Poisson structure.

A very useful weakening of the notion of Poisson-Lie subgroup is given by coisotropic
Lie subgroups, i.e., Lie subgroups that are coisotropic as submanifolds of (G, 7). At the
infinitesimal level, they are characterized by the fact that 6(h) C h A g. This condition is
enough to say that h= is a Lie subalgebra of g*, but not necessarily a Lie ideal, so that there
is nothing like a Lie bracket on h* = g*/ hL. There is, certainly, a Lie bracket on ht, and
thus, some sort of complementary dual subgroup H+ C G* [19].

The notion of being coisotropic is not conjugation invariant either. Thus, in a fixed
conjugacy class of subgroups, there may be Poisson subgroups, coisotropic subgroups, and
also subgroups that do not verify any special property with respect to the Poisson bracket.

Let us now come to actions:

Definition 7. Let (G, 7tg) be a Poisson—Lie group and (M, 7tpy) a Poisson manifold. A differen-
tiable action:
$:GxM—M

is said to be Poisson if:
M (P(8, %)) = @716 (8) + Py tm(x)
where ¢x = ¢(—, x) and ¢pg = P(g, —) are the orbit map and g-translation, respectively.

In the case in which 75 = 0, the Poisson bivector 7Ty is said to be G-invariant;
otherwise, it is called G-covariant. If the action is transitive, the corresponding (M, 7tp) is
called (G, 7t )-homogeneous.

The reason for considering coisotropic subgroups is clear after the following:

Proposition 2. In [20,21]. Let (G, rtg) be a Poisson Lie group.

e Let H be a coisotropic subgroup of G. There exists a unique Poisson structure 7t on G/ H such
that the natural projection G — G/ H is a Poisson map. With respect to the quotient action:

g (g1H) = (gg1)H

the manifold G/ H is a Poisson homogeneous space, having at least one zero-dimensional leaf
Po = H/H.

e Let (M, rtpr) be a Poisson homogeneous space having at least one zero-dimensional leaf py.
Its stabilizer Hy, = {g§ € G : g~ po = po} is then a coisotropic subgroup of G such that the
canonical G-equivariant diffeomorphism between M and G/ Hy, is a Poisson diffeomorphism.

One of the most relevant outcomes of the fact that neither being Poisson-Lie nor
coisotropic is a conjugation invariant notion is the fact that in principle, there may be more
than one Poisson homogeneous structure on the same homogeneous manifold M. This
is the case, for example, for the family of SU(n)-covariant Poisson structures on complex
projective spaces studied in [22]. In general, the problem of classifying all G-covariant
Poisson structures on a given homogeneous space is far from being trivial.

On the other hand, the integration procedure for coisotropic Poisson homogeneous
spaces is by now quite well understood (see [23] and, recently, [24]). Under the assumption
that the Poisson-Lie group G is complete, let us consider the restriction of the dressing
action to:

HxG"— G*
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This lifts to an action on the total space of the symplectic groupoid of G, which is
G x G* [20]. This action has a moment map-type application (taking values in Poisson
homogeneous space rather than in a Poisson-Lie group):

Ju;G x G* — G*/H™*,(g,7) = [¢7]

such that N = J~1(eH") is coisotropic in G x G* and the space of H-orbits in N is smooth.
Under such a hypothesis, it is possible to perform a symplectic reduction and to show that

as a symplectic manifold:
Y(G/H) ~ y\J Y(eH").

This manifold, in fact, also carries a natural action groupoid structure under which
the symplectic form is multiplicative and is therefore the symplectic groupoid integrating
G/ H. The completeness hypothesis on G can be relaxed to the much weaker requirement
of the integrability of the dressing action of H on H* (relative completeness in [23]).

4.1. Abelian Poisson Structures

A different construction of Poisson structures satisfying some symmetry condition
(introduced by P. Xu in [25]) is the following: let 6 be any left-invariant Poisson structure
on an Abelian group T. This is just determined by an antisymmetric matrix 6, which
determines the Poisson bivector:

0=Y 0, TiAT;
i<j

where Ty, ..., T, is a fixed basis of the Lie algebra t, identified with left-invariant vector
fields. It is clear that such an invariant Poisson structure has a constant rank determined by
the rank of the matrix 6. The Poisson bivector 7ty induces a map:

At = X(T), &) 6;¢(T)T;
i<j

and the symplectic leaves are obtained by integrating the involutive distribution A(t*). This
map can be seen as an infinitesimal action of the Abelian group t* on T. If this action can
be integrated with a global group action of (t*, +) on T, we will denote it by (,t) — Agt.
It is useful to consider the map:

T:t" =T, ()= Ager.

The symplectic groupoid of (T, ) can then be described as the transformation groupoid
associated with this action:
T xt'=T

with the symplectic structure obtained from the Liouville one, via identification with the
cotangent bundle.
Let now M be a manifold together with in infinitesimal T-action:

p:t— X(M)
and let 7ty be the Poisson bivector on M induced by 8, through p:

o = 0:(8) = )_0iip(T;) Ap(T)) -

i<j

This Poisson manifold (M, 7tg) is also called a locally Abelian Poisson manifold.
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We will also denote by p* : T*M — t* the dual of the infinitesimal action. The
symplectic foliation of a locally Abelian Poisson manifold is then described as follows: for
any p € M, the leaf through p is given by:

Ly = (p" (T;M)) - p.

5. Quantum Heisenberg Group

Since nilpotent Lie groups, classically, are the arena where the orbit correspondence
has better properties, it seems reasonable to analyze, at first, an example of the quantization
of a nilpotent Poisson-Lie group. The case of the C*-algebra quantization of Poisson-Lie
group structures on Heisenberg groups was solved by B.]. Khang in a series of paper [26-28]
without making explicit use of symplectic groupoid quantization techniques. I use the
word explicit since much of his work could be rewritten in groupoid terms. In this section,
we review the easiest such case.

Let me start by saying that Lie bialgebra structures on the 21 + 1-dimensional Heisen-
berg group H(n) were classified, during the early 1990s [29]. We will describe the
Lie-Heisenberg algebra h(n) as spanned by 2n + 1 elements labeled as Q;, P;, H, where
i=1,...,nwith Lie brackets:

[Qi/ b ] =K,

and we will use lowercase letters for the dual basis {g;, p;, k} € b*(n). The standard Lie
bialgebra structure is given by:

(S(Ql) =vQ; ANK, J(Pi) =vQ; A K,(S(K) =0.
The dual Lie algebra structure on h* is then:

pi,q;] =0, [qi,kl =vk, [pik]=vp;.

This Lie bialgebra structure integrates with a multiplicative Poisson bivector on the
Heisenberg group H(n). Its symplectic foliation is easily described: each point sitting in
the K = 0 hyperplane is a zero-dimensional symplectic leaf, while each hyperplane of the
form K = r € R is a 2n-dimensional leaf. Every leaf is therefore simply connected.

The quantization of this Poisson-Lie group via groupoid quantization was one of the
early successes of groupoid quantization techniques and was obtained in [30]. In Khang's
papers, the same quantization was obtained through Rieffel-type deformation quantization
constructions and reconciled with the Hopf algebras (quantum groups) approach of [31].
If we denote by Z the center of the Heisenberg group, what one can prove is that the
quantization C*-algebra is isomorphic to a twisted cross-product C*-algebra of the form:

C*(Z w Co(H*/ZH);0)

where the twisting ¢ is induced by the pre-quantization cocycle. In [30], little mention
was made about the “groupoid polarization”, a concept that, at the time, was still not well
understood. The point is, however, that the symplectic foliation is exactly reflected in the
orbit structure of the transformation groupoid Z x H*/Z+=H*/Z' and that Khang’s
work can be rephrased explicitly as the relation between those orbits and the corresponding
unitary irreducible representations of the C*-algebra. In particular, in Theorem 2.3 of [28],
it was proven that this correspondence is indeed a homeomorphism between the space of
leaves with the quotient topology and the set of primitive ideals with the Jacobson topology
and since this is a type I C*-algebra also with the space of unitary irreps. His results, in fact,
are valid also for other Poisson-Lie group structures on H(n), a setting in which groupoid
quantization up to now was not attempted, but that should reproduce the same statements.

Since Heisenberg—Poisson-Lie groups have quite a rich structure of Poisson homoge-
neous spaces of the coisotropic type (the coisotropy condition being quite easy to satisfy),
it would be interesting to rewrite Khang’s results explicitly in the groupoid quantization
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framework in such a way to extend it to families of homogeneous spaces of Heisenberg—
Poisson-Lie groups.

6. Compact Quantum Homogeneous Spaces

Compact quantum groups and their homogeneous spaces were, historically, the first
cases in which the quantum orbit method was developed, resting on purely representation
theoretic techniques. Little attention was given, at the beginning, to the topological aspects
of the orbit correspondence.

Let us first briefly recall the essentials about Poisson-Lie group structures on a real
compact Lie group G, with Lie algebra g. Let gc be the complexified Lie algebra, seen as a
2n-dimensional real Lie algebra. Let us fix a Cartan Lie subalgebra h and the corresponding
Cartan decomposition:

gc=n-DbhoOny

related to a splitting of the set of roots A = A_ LU A, into positive and negative roots.
Let t = g N h be the Lie algebra of a maximal torus of G corresponding to this choice of
Cartan. Let:

ro= Y X aAXa

aEAL

where the X, are a set of Chevalley-Weyl generators in g¢. Let, furthermore, u € A2t. Then,
any Lie bialgebra structure on g is isomorphic to one of the forms:

5(X) = ad? (Arg + 1)

where A € R and ad® denotes the natural extension of the adjoint actionto g A g. If u =0,
the corresponding Lie bialgebra structure is said to be standard, while if A = 0, it is said to
be twisted.

The decomposition of the Poisson manifold G into symplectic leaves has completely
different features in the standard, twisted, and general case, with the latter resembling
more the second than the first. We will briefly recall them here.

We will denote with W the Weyl group associated with § and with W its natural
covering sitting inside G. This determines a decomposition of the group G of the form:

G: U G'w
weW

called Bruhat decomposition. Here, G, = T is the maximal torus if e is the neutral element
in W. Then, the following holds true (see [17] and the references therein):

Theorem 2 (In [32]). Each symplectic leaf of the standard Poisson—Lie structure on G is contained
in Gy. In particular, all points of T are zero-dimensional symplectic leaves. Furthermore, if w € W
and @ is a lift of w, let Ly, be the leaf through w. Then, any other symplectic leaf inside G, is of
the form:

t-Ly, teT.

Each symplectic leaf is isomorphic to an affine manifold of the form C'®), where 1(w) denotes
the length of the Weyl element w.

As an example, if one considers SU(2), with the usual choice of Cartan h as diagonal
elements in SU(2), the Weyl group can be identified with:

oo 9o (3 D)

This implies that there are two families of symplectic leaves, each parametrized by
points of the maximal torus S!. One such family is given by the diagonal torus itself. Each
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point of the torus is a zero-dimensional symplectic leaf. The second series is a family if
symplectic disks (real dimension two) given by:

Ly = {("‘5 5) € SU(2) : arg(B) = e}.

The symplectic leaf space, therefore, has the form X = S! US! where each point of
the second S! is open and has in its closure the whole first copy of S!. It is important to
remark that this topological space verifies the separation axiom Tp, but it is not even T7,
since it contains open points. In the general case, as mentioned in the previous theorem,
symplectic leaves of a fixed even dimension come in T*-families (k being the rank of the
group), and the closure relation between these families is dictated by the closure relations
in Bruhat decomposition.

The situation looks more complicated in the twisted and general case. Just to give
some details in the twisted case, symplectic leaves are tori of varying dimensions, each one
provided with an invariant symplectic form (eventually zero) determined by u € A%t. The
topology on the space of leaves is T, though not Hausdorff. In the general case, features
of both the standard and twisted case mix up: symplectic leaves are again arranged into
Bruhat cells, but inside Bruhat cells, there may appear invariant tori or dense affine leaves,
giving rise to a non-T; quotient space of leaves.

Let us now come to homogeneous spaces of standard compact Poisson-Lie groups,
by considering, first, quotients by Poisson-Lie subgroups. Let S be any subset of the set
of simple roots of gc. To any such subset, there corresponds a parabolic subalgebra pg
in gc. Let s = ps N g, and let Kg be the corresponding Lie subgroup in G. Then, Kg
is a Poisson-Lie subgroup [4], and the symplectic foliation on the flag manifold G/Kg
corresponds to its Schubert cell decomposition; this is called the Bruhat-Poisson structure
on G/Kg. In case, S = @ one obtains the full flag manifold G/T.

What if one wants to analyze coisotropic quotients? As already mentioned up to now,
those quotients are not completely classified, though some results can be deduced from [33].
It is known, for example, that for Hermitian symmetric spaces of compact Poisson—Lie
groups, there is always a one-parameter family of covariant Poisson structures [34]. The
appearance of this pencil of Poisson covariant structures is related to the fact that Hermitian
symmetric spaces can be described both as quotients of Poisson-Lie subgroups and as
quotients of coisotropic subgroups (see [22] for complex Grassmannians), and the corre-
sponding projected Poisson structures are not equivalent. In fact, the symplectic foliation
gets considerably more involved, though some general features are retained.

As an example: for CIP", while the Bruhat-Poisson structure has just one leaf in each
even dimension, every one sitting in the closure of higher dimensional leaves, in the
coisotropic case, there appear many different S!'-families of even-dimensional contractible
leaves, separated by families of lower dimensional leaves.

Let me briefly summarize what is known about orbit correspondence in this case.

Compact Poisson-Lie groups, quantized by generators and relations, were the first
successful case considered in quantum orbit method already in the 1990s [35]. There it was
shown, in fact, through an explicit analysis of representations how to establish a natural
bijective correspondence between the symplectic foliation of SU(2) and x-irreducible
representations of the quantum algebra. Details for the standard compact case were there
just hinted at, and a complete description can be found in [17].

The book [17] goes into some details also as concerns the general non-standard case.
There, the appearance of dense leaves inside tori considerably distorts the symplectic
foliation. Since the topology on the space of leaves is not even Ty, it is not reasonable
to expect a full correspondence between leaves and unitary irreps, which, in fact, is not
possible. In this case, the primitive ideal space of the quantized algebra has to be considered
as a sort of Tp-ization of this space, and it is this space that can be put in nice relation
with the topological space of leaves (though, in fact, no explicit topological considerations
were present in [36]). As for the twisted case, the unitary dual is parametrized by pairs
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(X, px) where x is a classical point and p, is an element of the unitary dual of the quantum
torus associated with x. An equivalence relation between pairs takes into account how
points belonging to the same symplectic torus are related, though there is a wide difference
between the space of primitive ideals and the unitary dual of the quantization (which is a
non-type I C*-algebra), just as for the quantum torus case. The considerations that we will
later (Section 7) take into account for locally Abelian Poisson manifolds should apply here
as well.

Let us move to homogeneous spaces. Quotients by Poisson-Lie groups of standard
compact Poisson-Lie groups were treated first in [4] and then in [37]. In the first paper,
through a detailed analysis on how unitary irreps of C;[G] induce unitary irreps of the
coideal *-subalgebra C;[G/Kjs], the author built up the correspondence between symplectic
leaves of the Bruhat-Poisson bracket and unitary irreps of the quantized algebra for a
specific subclass of flag manifolds, including Hermitian symmetric spaces. In the second
paper, the results were extended to generalized flag manifolds, by first constructing *-irreps
using (anti)-holomorphic quantum Pliicker coordinates and then generalizing the results
to the full C*-algebra via a version of Stone—Weierstrass theorem.

In [3], these results were finally refined, again through representation theoretic tech-
niques.

This paper makes essential use of the quantum version of the Poisson map:

Tk 1 SU(2) x ... x SU(2) - G - G/Kg

to relate the unitary dual of SU(2) to the unitary dual of G/Kg much in the same way as
this allows describing each Poisson submanifold of G/Kg from the products of the Poisson
manifold inside copies of SU(2) (essentially products of points and symplectic disks). This
map establishes composition series inside the quantized algebra of functions, which reflect
the way in which symplectic leaves organize themselves into Schubert cells. It is thus
possible to match perfectly the quotient topology on the space of leaves with the Jacobson
topology on the set of primitive ideals.
Two basic questions, here, remain open.

1.  To what extent are these results valid without the assumption if G is not a standard
compact Poisson-Lie group?
2. Does the quantum orbit method still hold for coisotropic quotients?

As for Question 1, there are two different directions to explore. The first one is to
consider non-standard compact Poisson-Lie groups (about which something is known)
and their homogeneous spaces (about which only a handful of examples are known).
The second one is to consider examples of Poisson homogeneous spaces for non-compact
Poisson-Lie groups. Here, one could either explore the vast arena of low-dimensional
cases of interest in physical applications (e.g., [38—40]) or consider the case of Poisson
homogeneous spaces for the dual Poisson-Lie group G* of a standard compact Poisson
(where the duality behavior as those explained in [19] may help).

It would be interesting to recover such results (and explore new cases) in the context
of groupoid quantization.

1.  The symplectic groupoid of Poisson homogeneous spaces of a standard compact
Poisson-Lie group (and also of its dual) is by now quite well understood [23,41];

2. Itis known that there are obstructions to the existence of a real Lagrangian groupoid
polarization on standard SU(2): it is reasonable to expect such an obstruction to hold
for more general standard compact Poisson-Lie groups G (though this is still to be
proven; see [7], proposition 7.5).

3. In some cases, covariant Poisson structures on homogeneous spaces come in
pencils [13,42], and as such, it is reasonable to expect that a multiplicative integrable
system can be constructed, giving rise to a mildly singular Lagrangian polarization.
In fact, the above program was carried out successfully for CPN in [13], allowing an
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explicit description for the groupoid C*-algebra, equivalent to the one given in terms
of generators and relations.

4. The groupoid C*-algebra, in the case of Poisson quotients, was used to prove the
quantum orbit correspondence for the Bruhat-Poisson structure on CP" in [5]. Work
in progress is to prove that this holds also for the non-standard case.

5. Itcould be very interesting to work out in some detail the case of the Poisson structure
on the space of Stokes matrices introduced in [43]. This Poisson structure admits
a natural interpretation in terms of the coisotropic quotient of the standard dual
SU(n)* and can be quantized in terms of generators and relations (see [19] and the
references therein). When n = 3, its symplectic groupoid is explicitly known [44]. The
underlying symplectic foliation is determined by level sets of the Markoff polynomial
xyz — (x? + y? + z%) and is of particular interest since, different from the standard
compact case, there appears both simply connected and non-simply connected leaves.
As explained in the next section, this should reflect in a more subtle behavior of the
orbit correspondence where irreducible representations of the homotopy group of
leaves (rigged leaves) should be taken into account.

7. Quantizing Locally Abelian Poisson Manifolds

In this section, I will briefly report on some ongoing work related to the locally Abelian
case. As we have seen for the quantum torus, in the locally Abelian case, the expected
quantum C*-algebra typically will not be post-liminal. Therefore, the primitive ideal space
and the unitary dual of the quantum algebra will be different already at the level of sets.

Groupoid quantization of the locally Abelian Poisson manifold was studied already
in [7], based on previous work on symplectic integration [25] and pre-quantization [10]
already described in Section 4.1.

A real Lagrangian multiplicative polarization on the symplectic groupoid is deter-
mined by fixing a coisotropic subalgebra Fy C t with the additional condition of being
transversal to all pointwise kernels of the infinitesimal action. We will consider the case
in which the Abelian group T is an n-dimensional torus and this subalgebra integrates
with a k-dimensional subtorus Ty . If we then put N = M/Tj, and let l-"OL C t* be
the annihilator of Fy the topological groupoid of Lagrangian leaves, it turns out to be
isomorphic to:

t*/Ff x N=N

and leaves are copies of Ty r,. Bohr-Sommerfeld conditions are therefore non-trivial and
select the étale groupoid:
ZF x N=N.

At this point, computing the primitive ideal space is an exercise in groupoid C*-
algebra theory, following the lines of [14]. It turns out that under mild regularity conditions
on the action, the orbit correspondence is a homeomorphism if one assumes the primitive
spectrum as the target. The case of Connes-Landi-Matsumoto 3-sphere is treated in [45].

This is not, however, the end of the story, since still, a question remains open: is all, or
a part, of the unitary dual of the C*-algebra understandable in terms of geometrical data
on the original Poisson structure? It is reasonable to expect that the unitary dual is wild, in
such cases, as happens for the quantum torus, so that it fails to be homeomorphic to the
leaf space of the Poisson manifold: is there a geometrical explanation of this failure?

Going back to the classical orbit method for solvable Lie groups, here, provides
some hints. As explained already in [46], each time the coadjoint orbits of a solvable Lie
group have non-trivial homotopy, one has to consider some additional structure: a unitary
irrep of the Lie algebra is built up from any rigged orbit, i.e., a pair (O, p) where O is a
coadjoint orbit and p is an irreducible representation of the homotopy group 71 (O) on
a finite-dimensional vector space V. Hence, whenever our Poisson manifold has non-
simply connected symplectic leaves, one may consider modifying the domain space of
the orbit correspondence by taking into account rigged leaves, i.e., pairs (S,p) where
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S is a symplectic leaf of M and p a representation of the homotopy group 711(S) on a
finite-dimensional vector space V. Let me explain why this adaptation seems reasonable.
To any rigged leaf as defined above, after symplectic integration, one may associate a
pair (O, pp) where O is an orbit in the symplectic groupoid and pp is a representation
of its isotropy group, as explained in [8]: unitary representations of the homotopy group
of the leaf turn into unitary representations of the isotropy group of the corresponding
orbit in the groupoid. It is reasonable to think that a well-behaved choice of Lagrangian
multiplicative polarization may induce a pair of the same form on the topological groupoid
ZES . Unitary irreps of groupoid C*-algebras satisfying some regularity conditions can be
constructed through an induction procedure exactly from pairs (O, p) where O is an orbit of
the groupoid and p an irreducible unitary representation of the isotropy group, whenever
this is Abelian. This is exactly the case here, since the isotropy group of Bohr—Sommerfeld
Lagrangian leaves is always the discretized version of a quotient subgroup of the Abelian
group t*. Slightly more details about this conjectural correspondence are developed in a
work under preparation [45,47] and will be the subject of future further analysis.
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