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QUANTIZATION OF PLANCK’S CONSTANT

ELI HAWKINS

Department of Mathematics
The University of York, United Kingdom
mrmuon@mac.com

ABSTRACT. This paper is about the role of Planck’s constant, h, in the geometric
quantization of Poisson manifolds using symplectic groupoids. In order to con-
struct a strict deformation quantization of a given Poisson manifold, one can use
all possible rescalings of the Poisson structure, which can be combined into a single
“Heisenberg-Poisson” manifold. The new coordinate on this manifold is identified
with h. I present an explicit construction for a symplectic groupoid integrating a
Heisenberg-Poisson manifold and discuss its geometric quantization. I show that
in cases where h cannot take arbitrary values, this is enforced by Bohr-Sommerfeld
conditions in geometric quantization.

A Heisenberg-Poisson manifold is defined by linearly rescaling the Poisson struc-
ture, so I also discuss nonlinear variations and give an example of quantization of
a nonintegrable Poisson manifold using a presymplectic groupoid.

In appendices, I construct symplectic groupoids integrating a more general class
of Heisenberg-Poisson manifolds constructed from Jacobi manifolds and discuss
the parabolic tangent groupoid.
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1. INTRODUCTION

The term “quantization” is used in many ways in mathematics. Geometric quanti-
zation is a method of constructing a Hilbert space based upon a symplectic mani-
fold, (M, w). In practice, this has mainly been used to construct unitary group rep-
resentations, but it was originally intended as a way of constructing the state space
of a quantum-mechanical model from the corresponding classical phase space (the
symplectic manifold). From this perspective, operators on the Hilbert space should
be quantum observables and correspond to functions on phase space. This corre-
spondence is the “classical limit”, realized in a limit of diverging symplectic form.

This correspondence is made precise with the notion of strict deformation quan-
tization. Among other structures, this involves a continuous field of C*-algebras
over a subset I C R of the real line. The coordinate on R is usually denoted h
and thought of as Planck’s constant. The algebra at h = 0 is the algebra Cy(M) of
continuous functions vanishing at oco.

For (M, w), the algebra at h # 0 is the algebra X(J) of compact operators on
the Hilbert space constructed by geometric quantization of (M, h™'w).

The set I C R can be very different in different examples. The standard geomet-
ric quantization construction requires a line bundle with curvature equal to the
symplectic form. In this construction of a deformation quantization, that means
that for any i # 0 € [, the cohomology class of 5% must be integral.

This condition can be highly restrictive or vacuous. For example, the cohomol-
ogy class of a symplectic form w € Q?(S?) on a sphere is nontrivial. By rescaling,
we can suppose that [52] € H*(S?) is the generator of H*(S% Z), in which case

I={0,k'|keN}

On the other hand, for R?, the cohomology is trivial, so [55] = 0 is trivially integral.
This leads to

[=RsporR

(depending upon the choice of polarization).
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In using standard geometric quantization to construct a strict deformation quan-
tization of a symplectic manifold, we must put in the choice of I by hand, although
if we insist upon I = R, for S%, then the construction cannot be carried out.

Quantization is not limited to symplectic manifolds. The idea of strict defor-
mation quantization applies to any Poisson manifold, but Hilbert spaces are less
useful in general. The algebra of compact operators on a Hilbert space is not gen-
eral enough to quantize most Poisson manifolds.

In [8], I proposed a generalization of geometric quantization to Poisson man-
ifolds. The idea is to construct a C*-algebra from a Poisson manifold, M, using
several structures, including a symplectic groupoid. In particular, if M is symplec-
tic and the symplectic groupoid is the pair groupoid, Pair M = M x M, then this
construction can give the algebra X(J(), where J{ is a Hilbert space constructed
from M by standard geometric quantization.

Like standard geometric quantization, my proposal is a work in progress. I do
not have a completely general definition for constructing the C*-algebra.

If M is a manifold with Poisson structure TT € X?(M), then to construct a strict
deformation quantization of (M,TT), we first need a family of C*-algebras. The
simplest choice is to construct these by rescaling the Poisson structure to hIT and
constructing an algebra from that. In particular, when h = 0, this just gives C,(M).
As with standard geometric quantization, my construction requires certain inte-
grality conditions to be satisfied, so these algebras are typically only defined for a
discrete subset of nonzero h’s.

The next step is to assemble these algebras into a continuous field. This means
identifying an algebra of “continuous sections” which is a C*-subalgebra of the
direct product of the collection of algebras. From the perspective of noncommu-
tative geometry, this means assigning a (noncommutative) topology to a union of
(noncommutative) topological spaces.

Suppose for a moment that there are no nontrivial integrality conditions, and a
C*-algebra can be constructed from (M, hIT) for all h € R. In that case, we want to
construct a union over R of noncommutative spaces. The noncommutative space
ath € R corresponds to (M, hlT), so the noncommutative union should correspond
to the union of these Poisson manifolds. It should be constructed from M x R with
Poisson structure hIT, where h now means the coordinate on the R factor.

I will show in this paper that this still works when there are nontrivial integrality
conditions. The Bohr-Sommerfeld quantization condition automatically picks out
the values of h satisfying the necessary integrality conditions. This means that the
set I C R of allowed h-values does not have to be chosen by hand. It emerges
automatically when constructing a C*-algebra from (M x R, hIT).

1.1. Background. I will assume that the reader is familiar with symplectic group-
oids, but I shall quickly review some notations, terminology, constructions and
results.

Definition 1.1. A Lie groupoid [15, 16] consists of a not necessarily Hausdorff man-
ifold, G, a Hausdorff manifold, M (S is called a Lie groupoid over M), and the
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following maps: the unitis 1 : M — G, the inverse is inv : § — G, the source is
s:§ — M, the target ist : § — M, and the multiplication is m : §, — G, where
G5 := G sxt G is the manifold of composable pairs. (I regard a groupoid element as
an arrow from right to left, in analogy with the standard notation for linear opera-
tors.) The Cartesian projections are pr,, pr, : 3, — §. More generally, §, C §" is the
manifold of composable n-tuples. The target map is required to be a submersion
with Hausdorff fibers. The following diagrams are commutative:

ledfj

93 — 9

idg xml lm (1-1)
G ——§
G, —25 g G —1 G

(a) lm ls (b) lm lt (1.2)
G —=3M g — 5 M.

There exists one map completing the three commutative diagrams

----- > 92 R ) §---->9
pry s pr, (1.3)

G ----- *>S9% G- »S G- » 92
t pry lprz (1.4)
NN

These commute:

9 inv 9 9 inv 9

\ [ ® \ | (1.5)
M M.

There exists another map completing the diagrams

inv lpr] ls lm idg lprz (16)
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and one more completing the diagrams

G ----- » 92 G ----- » G2 G ----- » 92
k lph lt lm m lprz (1.7)
g M——g g.

Remark. This expression of the definition in terms of commutative diagrams will
be the most useful version for this paper. In practice, it is usually not convenient
to construct G, as a subset of § x G. Instead, it is treated as a space with structure
maps satisfying the definition of a pullback.

The Lie algebroid of G is (as a bundle) the normal bundle, vi\ 3, to the unit sub-
manifold (image of 1). The anchor map of a Lie algebroid is denoted #.

Definition 1.2. The multiplicative coboundary (in degree 1), 9* : Q*(G) — Q*(9,),
is 0 = pry —m* + pr;. A symplectic groupoid, (£, w) consists of a groupoid X
with a symplectic form w € Q?(X) that is multiplicative in the sense that 0*w = 0.
A symplectic groupoid (X, w) integrates a Poisson manifold (M,TT) if £ is an s-
connected groupoid over M and t: ¥ — M is a Poisson map (i.e., t* intertwines
Poisson brackets).

Remark. Some authors instead choose s to be a Poisson map. I believe that my
convention is the most appropriate to geometric quantization. The advantage is
apparent from the case when X is the pair groupoid of a symplectic manifold.

Definition 1.3. If G is a Lie groupoid over M with Lie algebroid A, then an expo-
nential map Expg : A — §G is a smooth map such that:

e For x € M, Expg 0, = 1(x).

e The linearization of Exp, about the 0 section is equal to the canonical iden-
tification of A with the normal bundle v G.

e There exists a neighborhood U C A of the 0 section such that the restriction
of Exp, to U is a diffeomorphism to its image, Exp, U.

Remark. Exponential maps always exist. For example, from a connection on any Lie
algebroid, Landsman constructs “left exponential” and “Weyl exponential” maps
with these properties [13, Thm. 3.10.6]. This is a very weak definition, chosen to
capture the properties of Landsman’s examples that I will actually need here.

Next, I summarize my main definitions and constructions from [8].

Definition 1.4. A prequantization, (L, V, o), of a symplectic groupoid (£, w) consists of
a Hermitian line bundle L — X with connection V and a section o € I'(Z;, prj L* ®
m*L ® pr; L*) such that:

(1) V? = —iw;

(2) ois a (multiplicative) cocycle and has norm 1 at every point;

(3) o is covariantly constant.
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The principal T-bundle associated to a prequantization is itself a groupoid, with
multiplication determined by the cocycle, o.

Recall that applying the tangent functor to the structure maps of a groupoid, G,
defines another groupoid, TS.

Definition 1.5. A groupoid polarization of G is a subbundle P C TG (a tangent distri-
bution) with these three properties:

Involutive: The space of smooth sections of P is closed under the Lie bracket.
Hermitian: Tinv(P) = P.
Multiplicative: For all (y,n) € G,

P ={TM(X,Y) | X € Py, Y € Py, Ts(X) = TH(Y)}.

Definition 1.6. A symplectic groupoid polarization of (X, w) is a groupoid polariza-
tion P C TcX thatis also Lagrangian at every point.

A polarization determines several other (typically singular) tangent distribu-
tions, which we will need.

Definition 1.7. For any Lie groupoid, G, define the bundles T'G .= ker Ttand TG :=
kerTs.

Given a polarization, P, of a groupoid G over M, the real distributions D, C TG
are defined by D := PN P and €% := P + P; the complex distribution Py C T*M is
defined by Py« := Tt(P1(x)) for any x € M; the real distribution Dy C TM is defined
by D§ := Py N Po. Finally, P' := TLG N P, et cetera.

Given a polarization P of a groupoid 9, define the line bundle
Qg i= A" (TLG/P @ TEG/P) (1.8)

provided that P! is locally trivial. The half-form bundle Q) is defined to be some
square root of Qy; that is, a line bundle equipped with an isomorphism

000} =0,.

The Bott connection for P determines a flat P-connection on Q;,/ ?_ It is thus mean-
ingful to speak of “polarized” (that is, P-constant) sections of Q;/ 2

Given a prequantization (L, V, o) and a polarization P of a symplectic groupoid
%, the flat P-connection on Q> and the connection on L combine to determine a

flat P-connection on L ® Qgp/ ?. This determines a sheaf of P-polarized sections of
this line bundle. In the best case, there exist enough globally polarized sections to
construct a convolution algebra.

Suppose that a,b € T'(L,L ® Q;,/ *) are globally polarized sections. I want to
define the convolution product a * b as another globally polarized section of the
same line bundle. The first step is to pull a and b back to £, and multiply, but this
gives

pr;a-pr;b e I'(I,,pr; L® pr; L ® pry Q—;/z ® pr; Q;/z) .
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The factors of L are not quite right, but this is corrected by the cocycle, o:

pria-prib-oeNImLepr Q) @pr;Q)?) . (1.9)
To define (a * b)(y) for any y € X, this needs to be integrated over the m-fiber
m~'(y), which is parameterized by the t-fiber, by

1 t(y) — m(y)
n— mn'y).

The product (1.9) is actually D-polarized in this fiber, so I actually don’t want to
integrate over those irrelevant directions. Instead, we should integrate over a com-
plete transversal to D in the t-fiber.

This requires a further correction, because the line bundle doesn’t contain quite
the right factor to integrate in this way. This comes from the difference between &'
and DU

Definition 1.8. Let m = rk®Py — rk D, (and suppose that this is constant). Let
ep € T(I, AT[E!/DY*) be the restriction of

1 /[—w\™
m! \ 27 )

This is a nonvanishing section (hence a trivialization) of this line bundle [8,
Thm. 5.3]. Its square root provides precisely the needed correction.

Remark. The power of 27 is not absolutely necessary, but we will see in examples
that this is the most convenient normalization.

Definition 1.9. The convolution product of two globally P-polarized sections a,b €
NL,Le Q;;/z) is given aty € Z by

(axb)(y) = j a(mb"y)om,n )Vt

where the integral is over alln € t7'[t(y)] in a complete transversal to D.

The involution is given at y by a*(y) = a(y™').

The twisted polarized convolution algebra is the set of polarized sections that fall
off rapidly, with this product and involution. Let C; (X, o) denote the maximal
completion of this *-algebra to a C*-algebra. I will also sometimes denote this as
C; (%, L) if the prequantization is (L, V, 1) or as C; (%, 0) if the prequantization is
(Cx X,d+16,1).

The idea is that if & integrates a Poisson manifold (M, IT), then C;,(%, o) should
be a quantization of the algebra Cy(M).
There are some amendments to this construction that will be needed in this pa-

per.
The first is the inclusion of Bohr-Sommerfeld conditions [18]. The real part, D,

of the polarization is a foliation of £. A polarized section a of L ® Q;)/ ? must in
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particular be covariantly constant along the leaves of D, and if there is nontriv-
ial holonomy around a multiply connected leaf, then a must vanish there. If D
has multiply connected leaves, then the holonomy is generically nontrivial and a
continuous polarized section must vanish everywhere. The standard solution to
this problem is to relax the requirement of continuity, or equivalently to deal with
polarized sections over the Bohr-Sommerfeld subvariety, Zps, which is defined to be
the set of points of I through which there is trivial holonomy around the leaves of
D. This approach works for quantization using symplectic groupoids [21, 8] when
Yps C L is a subgroupoid.

Another issue is particular to complex polarizations. A negatively curved line
bundle on a complex manifold either has no nonzero holomorphic sections, or else
the holomorphic sections grow very rapidly. In this way, the polarized sections of

L® Q‘JP/ 2 may all vanish or be badly behaved over at least part of Z. A sufficient
condition to prevent this is:

Definition 1.10. A polarization is positive [18] at y € X if for any X € P,,
iw(X,X) >0.

This suggests, in analogy with the Bohr-Sommerfeld conditions, to only work
with the part of X over which P is positive.

Another problem is that P! is not necessarily locally trivial, and hence Q may
not be a bundle at all. In these cases, we need to keep in mind that the impor-
tant thing is not the bundle, but the sheaf of polarized sections. It is reasonably
apparent what this should mean in some cases, including those discussed in this

paper.

1.2. Strict deformation quantization. The idea of strict deformation quantization
began with Rieffel [17]. There are several variations on the definition, which I sur-
veyed in [9]. Most versions of strict deformation quantization of a Poisson man-
ifold (M, TT) use two main structures: a continuous field of C*-algebras, A, over
some I C R and a linear map Q : C§°(M) — I'(I, A). Let’s also write Qy, : CF (M) —
Ay, for the composition of Q with the evaluation ath € L.

The most important axioms are that:

(1) 0 € I and is an accumulation point.
(2) Ao =Cy(M) and Q : C°(M) — Co(M) is the inclusion.
(3) For any f, g € C3°(M),

lim [ [Qn(f), Qu(g)] — iQu({f, gh)[| =0,

where { -, - }is the Poisson bracket determined by IT on C§°(M).

This makes precise the idea that the Poisson algebra of smooth functions on
(M, TT) is an approximation to the noncommutative algebra A;. More generally,
(M, RIT) corresponds to Ay,.

In the spirit of Noncommutative Geometry, we can think of I'(I, A) as the algebra
of functions on a noncommutative space over I. Each of the fibers of the projection
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to I is a noncommutative version of M. The fiber at 0 € I is M itself, while the
algebra of functions on the fiber at h € I is Ay.

The continuous field, A, is the most important structure here. The map Q sim-
ply gives a preferred way of extending each smooth function on M to this larger
noncommutative space. More than one choice of Q will encode the same essential
information.

I would like to systematically construct strict deformation quantizations using
the quantization recipe summarized in the previous section. In order to construct
the continuous field, we need the algebras Ay and the algebra of continuous sec-
tions, I'(I, A). In principle, Ay, should be constructed by quantizing (M, hIT). To get
I'(I, A), we should quantize M x I with a Poisson structure such that the projection
to I is a Poisson map and the fiber over h € Iis (M, hlIT).

Of course, M x I is not necessarily a manifold, but it is if I = R, and this case
motivates the definition of the Heisenberg-Poisson manifold of (M, IT).

1.3. Other notation. I use the standard notations € for continuous functions, G*
for smooth (infinitely differentiable) functions, I' for smooth sections of a vector
bundle, A" for exterior powers, A" for maximal exterior power, Q* for differen-
tial forms, and X* for multivector fields. The symbol + denotes contraction of a
vector into a differential form. For any set, A,ida : A — A is the identity map. The
normal bundle to a submanifold N € M is vy\M = TM|n/TN.

R is the set of real numbers. R, is the nonzero real numbers. R, is the strictly
positive real numbers. C is the set of complex numbers. Z is the set of integers. N
is the set of strictly positive integers. T C C is the group of complex numbers of
modulus 1.

There are two notations associated with Cartesian products that I have found
very useful here, but which may seem cryptic at first. If f : A - Bandg:C —= D
are maps, then their Cartesian productis f x g : A x C — B x D. On the other hand,
iff:A—>Bandg:A — C, then (f,g): A — B x C,a~ (f(a),g(a)).

Remark. The symbol h has multiple meanings in this paper, and there is some po-
tential for confusion. Several of the manifolds considered here are manifolds over
R, and h denotes the canonical projection to R from any of these. It can also be
thought of as a coordinate, and so I will sometimes speak about subsets deter-
mined by values of h. Finally, h is also an element of the algebra of functions on
any of these manifolds, and after quantization this becomes the parameter, h, used
in deformation quantization.

1.4. Outline. In Section 2, I construct a symplectic groupoid that integrates the
Heisenberg-Poisson manifold of an arbitrary Poisson manifold. I begin with sev-
eral structures constructed from a Poisson manifold: the Heisenberg-Poisson man-
ifold, the cotangent Lie algebroid associated to the Poisson structure, and another
Lie algebroid associated to the Poisson structure as a special case of a Jacobi struc-
ture. Comparing these constructions suggests the structure of the symplectic group-
oid integrating the Heisenberg-Poisson manifold. The explicit construction re-
quires some general results about double explosions of manifolds.
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In Section 3, I discuss geometric quantization using this symplectic groupoid.
First, I discuss the prequantization, polarization, and half-form bundle needed in
this construction. Then, I analyze what happens in the cases when there are or are
not integrality conditions. I show how Bohr-Sommerfeld conditions enforce these
integrality conditions.

In Section 4, I look at the explicit geometric quantization of the Heisenberg-
Poisson manifold of three examples: a vector space with constant Poisson struc-
ture, the sphere S? with a symplectic structure, and the dual of a Lie algebroid. In
the case of the sphere, it is easy to compare several perspectives on the quantiza-
tion.

In Section 5, I consider generalizations of Heisenberg-Poisson manifolds, in which
the Poisson structure is not simply rescaled linearly. I show that these tend to not
be integrable to symplectic groupoids. In one example, I show how my geometric
quantization construction can be generalized to give the appropriate quantization.

In Appendix A, I give a further generalization of the construction of the sym-
plectic groupoid. Jacobi manifolds are a generalization of Poisson manifolds, and
Heisenberg-Poisson manifolds can also be constructed from Jacobi manifolds. My
construction of a symplectic groupoid integrating a Heisenberg-Poisson manifold
extends to this generality.

In Appendix B, I describe how the double explosion construction that I use here
can be used to construct the parabolic tangent groupoid with which Erik van Erp
[19] computed the indices of subelliptic operators on contact manifolds.

2. HEISENBERG-POISSON MANIFOLDS

2.1. Heisenberg and Jacobi. Let M be a manifold with Poisson bivector TT € X?(M).
This defines a Poisson bracket by {f, g} := T1(df, dg) for any f, g € C*(M).
There are two important Lie algebroids defined by a Poisson structure.

Definition 2.1. The cotangent Lie algebroid of (M,TI) is the cotangent bundle T*M
with the anchor map #7 : T"M — TM defined by contraction with TT and the
Koszul bracket [ -, -l — which is the unique Lie algebroid bracket such that for any
f,g € C*(M),

[df, dgln = d{f, g}.

Poisson structures can be viewed as a special type of Jacobi structure (see App. A).
There is a Lie algebroid naturally associated to any Jacobi structure, and in partic-
ular to any Poisson structure.

Definition 2.2. The Jacobi Lie algebroid [6, 12] of (M, TT) is the bundle T;M = T*M &
R with the anchor #(«, f) = #7 and the bracket

[(‘Xa f)» (Ba 9)] = ([(Xa (5]n,ﬂ(oc, B))a
for o, p € Q'(M), f, g € C*(M).
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Remark. The Poisson bivector, TT, is a 2-cocycle of the Lie algebroid T*M, and T;M
is the central extension determined by it. My notation, T;;M, is based on this fact.

Definition 2.3. A contact form on a 2n+ 1-dimensional manifold is a 1-form, 0, such
that © A (d6)™ is nowhere vanishing.

A strict contact groupoid (8,0) is a Lie groupoid 8 with a contact form 6 € Q'(8)
that is multiplicative:

00 =pr;0—m*0 +pr;0=0.

A (strict) contact groupoid (8, 0) integrates a Poisson manifold (M, IT) as a Jacobi
manifold if 8 is an S-connected groupoid over M and t : § — M is a Jacobi map in
the sense that forany y € §, £ € T;M, and X € T, 8,

X2do=—1E = THX) =#1&.

If (8,0) integrates (M, IT), then the Lie algebroid of § is the Jacobi Lie algebroid,
TiM. In fact, (M, 1) is integrable to a contact groupoid if and only if T;M is in-
tegrable [6]. In particular, the T-bundle associated to a prequantization of a sym-
plectic groupoid integrating (M, TT) is a contact groupoid integrating (M, IT); see
Section 3.4.2.

Remark. Contact groupoids that are not strict are discussed in Appendix A. A
contact groupoid integrating a Poisson manifold is always strict.

Definition 2.4. Let Pry; : M x R — M denote the Cartesian projection and h the
coordinate on R. Given a Poisson manifold, (M, IT), the Heisenberg-Poisson manifold
[20] is H(M, TT) = (M x R, hIT). To be precise, the Poisson structure is defined by

{Pry, f, Pry, glar = R Pry{f, g}
and
{h,Pr}, flhn =0

for f, g € C*°(M). For any Poisson map, ¢, define H¢ := ¢ xidr. This H is a functor
from the category of Poisson manifolds to the category of Poisson manifolds over
R. I also denote HM := M x R.

Note that any cotangent vector on HM can be written as the sum of a multiple
of dh and the pullback by Pry of a cotangent vector on M.
The Koszul bracket on H(M, IT) satisfies

[Pry, df, Pry, dglun = d(R Pry,{f, g}) = hPry, d{f, g} + Pry,{f, g}dh
= hPry,[df, dgln + Pry, [TT(df, dg)]dh
and
[dR, Prly dfly = 0.
By the properties of a Lie algebroid bracket this gives, for any o, p € Q'(M)
[Pry, &, Pry, Blnm = M Pry, [, Bl + Pry [M(, B)1dh (2.1)
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and
[dh, O(]hﬂ =0.

This is very similar to the definition of the Jacobi bracket, except for the factor of
h. Let R, be the set of nonzero real numbers. Over M x R, € HM, we can cancel
that factor of h by rescaling the 1-forms,

h~! Pr}y o, h™! Priy Bl = R Priylex, Bl 4 Priy, T, B)IRdh.
This shows that we can identify the Lie algebroid T*(M x R,) with TiM x R,.
Definition 2.5. Let x : T"HM — T;M be the vector bundle map over Pry : HM —
M such that for any « € Q'(M), x(Pry, «) = (he, 0) and x(dh) = (0, h%).

Lemma 2.1. The map x : T'HM — T;M is a Lie algebroid homomorphism, and the
restriction of (x, ) to h # 0 is an isomorphism from T*(M x R,) to T/M x R..

Proof. To show that x is a homomorphism, it is sufficient to check that the base-
preserving map (x,h) : T"HM — TiM x R is a homomorphism, so we just need to
check that this intertwines the anchors and brackets.

For any o € Q'(M),

#n(Pry o) = (hitno, 0) = #[x(Pry, )]
and
#andh = 0 = #[x(dR)] .
Equation (2.1) shows that for «, B € Q'(M),
X([Pr3, & Priy Bln) = X (R Pry[e, Bliy + Pry [M(er, B)]dR)
= (h*[a, Blm, T (ex, B)) = [(hex, 0), (RB, 0)]
= [x(Pry o), x (Pryy B)] -
Likewise,
x([dh, Pry, odnnr) = 0 = [(0,?), (hey, 0)] = [x(dR), x(Pry, )] .

Over h # 0, (x,h) is a bundle isomorphism, and therefore a Lie algebroid iso-
morphism. O

2.2. Integration: motivation. The first objective here is to integrate H(M,IT), i.e.,
to construct a symplectic groupoid over HM (with Lie algebroid T*HM) such that
the target map is a Poisson map.

Theorem 2.2. The Heisenberg-Poisson manifold H(M, 1) is integrable to a symplectic
groupoid if and only (M, T1) is integrable to a contact groupoid.

Proof. Crainic and Fernandes [5] showed that a Poisson manifold is integrable if
and only if its cotangent Lie algebroid is integrable. They also showed [4] that a
Lie algebroid is integrable if and only if its monodromy groups are locally uni-
formly discrete. Crainic and Zhu [6] showed that (M, IT) is integrable to a contact
groupoid if and only if T;M is integrable.
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For any Lie algebroid A over M, denote the monodromy group of A atx € M
by Ny(A) C A,. Monodromies are determined by maps of S? into orbits of A,
so if B C A is the full Lie subalgebroid over a submanifold containing x, then
NX(A) - NX(B)

In this case, h is constant along the orbits of T"HM (which are the symplectic
leaves) so the restriction of T*"HM to a fixed value of h is a full Lie subalgebroid,
and Lemma 2.1 shows that this is isomorphic to T;M for h # 0. To be precise,
Lemma 2.1 implies that for any x € M and h # 0, the monodromy group at (x, h)
is the inverse image by x:

N (THM) = Tj i HM N x T ING(TM)]
={{+adh|&ecTM, a eR, (h& h%a) € N,(TsM)}.
On the other hand, the symplectic leaves of H(M, IT) over h = 0 are points, so
Nixo)(T"HM) =0.

Clearly, N (T*HM) is discrete for any h if and only if Ny(T;;M) is. Further-
more, the monodromies of T;M can only be locally uniformly discrete if those of
T*HM are. Finally, if the monodromies of T;;M are locally uniformly discrete, then
the monodromies of T*HM expand away from 0 as h — 0, therefore they are also
locally uniformly discrete. 0

Since the objective is to integrate H(M, IT), we must assume that it is integrable,
and so there exists a contact groupoid (8, 0) integrating (M, TT) as a Jacobi mani-
fold.

Suppose that (I} wr) is a symplectic groupoid integrating H(M, IT), and suppose
that the Lie algebroid homomorphism x : T'"HM — T;M integrates to a groupoid
homomorphism X : ' — & such that (like x) the restriction of X to any fixed h # 0
is an isomorphism.

This means that the h # 0 part of I' is isomorphic to § x R,. This is a dense, open
subgroupoid, so all we need now is to glue this together with a neighborhood of
h=0.

Let Exp, : TiM — 8 be some exponential map (Def. 1.3) that is well behaved on
an open neighborhood U C T;M of the 0 section. Let V := x~'(U) and let V. C V
be the h # 0 part.

Suppose that we can complete the commutative diagram

T"HM —— T:M

|
: Expr lExp s

r—>—s
with an exponential map for I'. The map (Expgox,h) : T'THM — & x R is well
behaved over V, (see Fig. 1), so Exp;. is at least well behaved over V..

Exp,. becomes better and better behaved as h — 0. Over h = 0, T'"HM is a
bundle of Heisenberg Lie algebras, so the restriction of I' should be a bundle of
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FIGURE 1. Sketches of V C T*HM with the 0 section and the h = 0
part (left) and of its image (Expgox,h)(V) C 8 x R with the unit
submanifold (right).

Heisenberg groups. Recall that the exponential map to a Heisenberg group is a
diffeomorphism. This suggests that Exp_. is well behaved over all of V.

V C T*HM is a neighborhood of the h = 0 part of T"HM (see Fig. 1 again). If
Exp; V is a neighborhood of the h = 0 part of I', then we have a covering of I" by
two open subsets. As a manifold, I" can be constructed as a union of V and 8§ x R,,
where V, C V is identified with a subset of § x R, by the map (Expg ox, ). This is
summarized in the push-forward diagram:

V, — V

(EXPS ox,h]l iExpr (22)

As a set, T' is the disjoint union of 8§ x R, with T*"M x R. To see the manifold
structure, we look to coordinate charts. Locally, a coordinate chart on M and a
local trivialization of T*M give a coordinate chart on T*HM with four kinds of co-
ordinates: h, coordinates on M, coordinates in the fibers of T*M, and the coefficient
of dh. This is glued together with § x R, using X, which gives an inhomogeneous
rescaling: The coordinates on M are not rescaled, the fiber coordinates are rescaled
by h, and the coefficient of dh is rescaled by h?. In the terminology of Weinstein
[20], this is the double explosion of § along M, in the direction of T*M:

r=ES,MTM).

To construct I' as a Lie groupoid, we need to smoothly extend the structure maps
of S xR, CT.

How about a symplectic form on I'? The contact form 6 on 8§ corresponds to
the Poisson structure T1. If the Poisson structure is rescaled to hIl, then the contact
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structure should be rescaled to ' 0. This suggests that h™'0 should be a symplec-
tic potential on 8§ x R,. We shall see that this extends to a smooth form on I', and
(I, —d[m'0]) is a symplectic groupoid integrating H(M, TT).

To prove this, it will be useful to have some general results about explosions.

Remark. Weinstein defined double explosions in order to construct a symplectic
groupoid integrating the Heisenberg-Poisson manifold of a symplectic manifold,
so it is not surprising that this construction is relevant to the more general case.

2.3. Explosions. To begin, we need the category on which explosions are defined.

Definition 2.6. An explosive triple is a triple (M, N, E), where M is a (smooth) man-
ifold, N € M is a submanifold, and E C vyM = TM|n/TN a subbundle of the
normal bundle. A compatible map ¢ : (M,N,E) — (M’,N’,E’) between explosive
triples is a smooth map ¢ : M — M’ such that $(N) C N’ and Tdp(E) C E".

Weinstein [20] defines the double explosion E(M, N, E) of M along N in the direc-
tion of E to be a union of M x R, with the normal bundle, glued together using
an inhomogeneous rescaling. As we shall see, a compatible map, ¢ : (M, N, E) —
(M/,N’,E’), determines a smooth map E¢ : E(M,N,E) — E(M',N’,E) whose
restriction to M x R, C E(M, N, E) equals ¢ x idg,. This makes E a functor.

This is most easily constructed in the case that M is an open subset of a vector
space such that N and E are the intersections of vector subspaces with M.

Definition 2.7. An explosive chart is an explosive triple (M, N, E) such that M C R"
is an open subset of a vector space with coordinates (x,y, z) (each letter denotes a
vector) such that

N ={(x,y,z) e M|y=2z=0}
and E is spanned by the vectors in the y directions.
Remark. N can be empty.
Definition 2.8. The double explosion of an explosive chart, (M, N, E), is

E(M,N,E) :={(x,y,2,h) € R™" | (x,hy,h’z) € M} (2.3)
and the projection Pry : E(M, N, E) = M is
PrM(X)y)Z> h) = (X> hy>hzz) . (24)

Theorem 2.3. Let U be the forgetful functor from explosive triples to manifolds. There
exists a functor, E, (which I call explosion) from the category of explosive triples and
compatible maps to the category of smooth manifolds over R, and a natural transformation,
Pr:E = U such that:
(1) For any explosive chart, E is as defined by eq. (2.3), Pr is as defined by (2.4), and
the projection to R is the coordinate, h;
(2) for a trivial explosive triple, E(M,M,0) = M x R and Pry is the Cartesian
projection, and for a map ¢ : (M, M, 0) — (M’;M’,0), Ed = ¢ x idg;
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(3) for any explosive triple, (M, N, E), the restriction of
(Prp, ) :E(M,N,E) = M xR
to h # 0 is a diffeomorphism to M x R,.
Proof. 1begin by proving this for the subcategory of explosive charts.
First, we need to define E on morphisms. Let ¢ : (M, N,E) = (M',N,E’) be a
compatible map of explosive charts. Naturality of Pr means that
Ed o Pryy = Pryrod . (2.5)
That E¢ is a map over R means h o E¢p = h. Putting these conditions together
implies that E¢ : E(M,N,E) — E(M',N’,E’) must be a smooth map such that
Ecb(x,y, Z, h) = (X/>y/>zl>h)/ where
(x',hy’, h?z’) = b(x, hy, h’z). (2.6)
Denote the components of ¢ as ¢ = (*, $pY, ¢*) and denote derivatives by sub-
scripts. The condition that ¢ maps N to N is simply ¢¥(x,0,0) = $*(x,0,0) = 0.
This implies that the derivatives ¢Y and ¢ similarly vanish. The condition that the

induced map on the normal bundle maps E to E’ means that also ¢7(x,0,0) = 0.
In other words, the Jacobian matrix along N reduces to the block triangular form:

oy by ¢
0 0 ¢
L'Hopital’s rule shows that for E¢ to be continuous, at h = 0 it must equal
Ed(x, Y, Z, 0) = (%, yd)ga %Uzd);y + Z(bza 0), (2.8)

where the functions on the right are all evaluated at (x, 0,0) and contraction is im-
plied wherever possible between a coordinate and the corresponding derivative.
Taylor’s theorem shows that E¢ is smooth, and so it is well defined.

This defines E for compatible maps of explosive charts. Pr is natural by con-
struction, and E must be a functor because it is uniquely defined on maps by the
naturality condition (2.5). Properties 2 and 3 are immediate from the definitions of
E and Pr on explosive charts. This proves the theorem for the full subcategory of
explosive charts.

In order to extend this to the whole category of explosive triples, observe that
constructing a manifold from a coordinate atlas really means expressing it as a
colimit of coordinate charts and injective local diffeomorphisms.

If a compatible map of explosive charts is just the inclusion of an open subset,
then it is obvious from (2.6) that the explosion is also an inclusion. If a compatible
map of explosive charts has a compatible inverse, then by functoriality, its explo-
sion is a diffeomorphism. Any injective local diffeomorphism of explosive charts
is a composition of such maps, therefore its explosion is an injective local diffeo-
morphism.

If (M,N,E) is an explosive triple, then there exists an atlas for M of explo-
sive charts. Applying E to the atlas gives an atlas, which has a colimit. Define
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E(M, N, E) as some colimit of this atlas. The naturality properties of colimits im-
ply that E extends to a functor on the category of explosive triples. 0

Remark. 1 am using the imprecise notation Pry,, because the correct notation Pr(y n )
is too cumbersome.

Remark. The map (Pry,h) : E(M,N,E) — M X R identifies a dense subset of
E(M, N, E) with M x R,. The natural projection, Pry, is just the smooth extension
of the Cartesian projection M x R, — M. The explosion E¢ is just the completion
of the Cartesian product of ¢ with the identity map on R.. The projection h :
E(M,N, E) — R is just the explosion of the unique map from M to a point.

Remark. N C vyM can be thought of as a (very short) filtration of the normal
bundle vy M. Indeed, it also gives a filtration of TM|x.

Corollary 2.4. The restriction of E(M, N, E) to h = 0 is the graded vector bundle (over
N) associated to this filtration of the normal bundle. The restriction of Ed to h = 0 is
given in explosive charts by eq. (2.8).

Definition 2.9. A compatible map ¢ : (M, N,E) — (M’,N’,E’) is an explosive sub-
mersion if ¢ : M — M’ is a submersion, the restriction ¢|n : N — N’ is a submer-
sion, and the induced map from E to E’ is fiberwise surjective.

A compatible map ¢ : (M, N,E) — (M’,N’|E’) is an explosive immersion if ¢ is
an immersion, the induced map on normal bundles is fiberwise injective, and the
induced map from vNM/E to vn:M'/E’ is fiberwise injective.

Lemma 2.5. If ¢ is an explosive submersion, then E¢ is a submersion. If ¢ is an explosive
immersion, then E¢ is an immersion. If ¢ is an explosive immersion and is injective, then
E¢ is also injective.

Proof. These are obvious over the h # 0 regions, so we just need to check what
happens at h = 0. It is sufficient to prove these claims for explosive charts. All
derivatives of ¢ in this proof are evaluated at (x, 0, 0).
Further application of L'Hopital’s rule shows that the Jacobian matrix of E¢ at
h=0is
dX 0 0 L Yoy
yo? oy 0 Fydy, +z¢?
TEd(x,y,2z,0) = y Yoo, 1AW o 2.9
POVBO = g Fagn ubi, 62 W0, +uzor, 22)
0 0 0 1

If w = TEd(x,y, z,0)v, then (with a slight reordering of the components)

wh ] 0 0 0\ (v
w¥ yoby (Ol 0 0 v

2.10
wof T\ e e ety ey 0w ] B0
w Yy Tyzdy, Y bl HzdL yoby, ¢F v

First, suppose that ¢ is an explosive submersion. This means, in particular, that
the Jacobian T (x,0,0) (given by the matrix (2.7)) is surjective. In particular, any
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value of the z-components occurs in the image, so ¢Z must be surjective. The re-
striction ¢ |y is given by ¢*(x, 0, 0), so the condition that this is a submersion means
precisely that the matrix ¢ is surjective. The induced map from E to E’ is the ma-
trix ¢y, therefore this is surjective. In other words, these conditions on ¢ imply
that the block diagonal components of TEd(x,y, z,0) in (2.9) are each surjective.

To show that the whole matrix is surjective, we need to show that for any w,
eq. (2.10) has a solution for v. Because the matrix is block triangular, we can itera-
tively solve for v*, v, v¥, and v*, using v* = w" and the surjectivity of ¢}, ¢p¥, and
¢-.

Now, suppose instead that ¢ is an explosive immersion. In particular, ¢|y is an
immersion, and so ¢} is injective. The induced map on normal bundles is given by
the matrix

(«bg d)‘é).
0 ¢z)’

that this is injective implies that ¢j is injective. The induced map on the quotients
by E and E’ is given by ¢?Z, therefore this is an injective matrix, so all of the block
diagonal components of TE}(x,y, z,0) (2.9) are injective.

If TEG(x,y,2z,0)v =0, then p;v* =0 = vV =0 = W =0 = W =
0 = ¢ =0 = V'=0,s0v = 0. Therefore TE(x,y, z,0) is injective and E¢
is an immersion.

Now suppose that ¢ is an injective explosive immersion. Let (x,y,z,0) and
(x'yy’,2’,0) be two points such that,

Ed)(x,y,z,O) = Ed)(X/)y/)Z/)O) . (211)

E¢ at these points is given explicitly by (2.8). Firstly, the x-component of eq. (2.11)
states that ¢*(x,0,0) = ¢*(x’,0,0); injectivity of ¢ implies that x = x’. Secondly,
the y-component states that y¢y = y'¢y, but injectivity of ¢y implies thaty = y'.
Finally, the z-component states that

Y Gy + 20 = 3y, +2'¢;
thus (z—z')$Z = 0, and injectivity of ¢Z implies that z = z’. Therefore, (x,y,z,0) =
(x'yy’,z',0) and so E¢ is injective. OJ

2.3.1. Exploding forms. In order to construct the symplectic potential in the next
section, it will be useful to construct differential forms on explosions.

Definition 2.10. Given an explosive triple, (M, N, E), let Q! (M,N,E) c Q'(M)

normal

be the space of 1-forms that are normal to N and E along N.

It is easy to check that the pullback of such a form by a compatible map also sat-
isfies this condition, therefore Q! is a contravariant functor from the category
of explosive triples to the category of vector spaces.

Lemma 2.6. There exists a unique natural tranformation ex : Q! = Q' o E, such
that forany 6 € Q) (M, N,E), hexy 6 = Pr}y, 0.

normal
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Proof. First, consider the subcategory of explosive charts and work with explicit
coordinates. Denote components by subscripts. For 0 = 0,dx + 0,dy + 0,dz, Pry, 6
is explicitly

(Pry, 0)(x,y,2z,h) =
0, (x, hy, h?z)dx + 0y (x, hy, hz)d(hy) + 0,(x, hy, h’z)d(h’z) .

The first two terms vanish at h = 0 because 8 € Q! (M, N, E) means precisely

that 0,(x,0,0) = 6,(x,0,0) = 0. The last term vanishes at h = 0 because d(h?z) =
h’dz + 2hz dh. This shows that Pr}; @ vanishes at h = 0 and so must be a multiple
of h, therefore there exists a unique exy, 6 such that h exy1 6 = Pry, 6.

Naturality of Pr means that for any compatible map ¢ : (M, N, E) — (M’,N',E’),
there is a commutative diagram,

E(M,N,E) — E(M’,N’,E/)

lPI' M lpr M/

M ¢ y M.

Pulling back some 6 € Q! (M/;N’, E') along this diagram gives that

normal
R (Ed)*(exm 0) = (Ed)* Pri,, 6 = Pri, 0 = hexu(d*0),

and therefore (Ed)* exm: 0 = exm(d*0), i.e., ex is natural. This naturality implies
that the construction is compatible with gluing in an atlas, and so it extends to the
tull category of explosive triples. O

2.3.2. Simple explosions. Weinstein also defined the simple explosion of a manifold
along a submanifold. These had also been previously constructed in [11].

Definition 2.11. An explosive pair is a pair (M, N), where M is a manifold and
N C M is a submanifold; this is identified with the explosive triple (M, N, E),
where E = vNyM is the entire normal bundle. The simple explosion of an explosive
pair (M, N) is E(M, N) := E(M, N, vwM).

I will regard explosive pairs as a full subcategory of explosive triples.

The construction of simple explosions is simpler than the general construction
of double explosions because there are no z coordinates or rescaling by h*. In
particular, the restriction of E(M, N) to h = 0 is the normal bundle vyM, and the
restriction of E¢ to h = 0 is the linearization of ¢ about N.

Note that if (M, N) is an explosive pair, then (TM, TN) is also an explosive pair,
and the simple explosion is the subbundle E(TM, TN) C TE(M, N) of vectors tan-
gent to the constant h hypersurfaces. The bundle projection is the explosion of the
bundle projection for TM.

In order to construct polarizations in Section 3.2, we will need to construct tan-
gent distributions on simple explosions.



20 ELI HAWKINS

Lemma 2.7. If (M, N) is an explosive pair and I C TM is a tangent distribution (i.e., a
subbundle) such that rk(F N TN) is locally constant, then E(F,F N TN) C TE(M,N) is
a tangent distribution. The same is true for a complex tangent distribution, ¥ C Tc M.

Proof. The intersection FNTN is the kernel of the map F|y & TN — TyM, defined by
subtraction. This map has constant rank, therefore 7 N TN is locally trivial, hence
it is a submanifold of TN, and (F,F N TN) is indeed an explosive pair. The inclu-
sion J C TM is an injective explosive immersion; its explosion gives the inclusion
E(F,FNTN) C E(TM,TN) C TE(M, N).

Because J and 5N TN are locally trivial, any point of M has a neighborhood U C
M, such that there exists a trivialization of F over U that restricts to a trivialization
of 3 N TN over U N N. The explosion of such a local trivialization gives a local
trivialization of E(F, F N TN).

The proof for I C TcM is identical. O

2.4. Integration: construction. The definitions of the previous section allow a
more precise statement of the guesses of Section 2.2. Again, let (8, 0) be a contact
groupoid that integrates a Poisson manifold (M, IT).

The unit map 1 : M — & identifies M with a submanifold of 8. The normal
bundle vy is the Lie algebroid TjM. In this sense, T*M is a subbundle of the
normal bundle: T*"M C TiM = T*M @ R. In this way, we have an explosive triple,
(8§, M, T*M).

Definition 2.12. Let I' := E(8, M, T*M) with structure maps defined by applying E
to the structure maps of 8. Let wr := —d(exs 0) € Q*(T).
Letn :=dim M, so thatdim8 =2n + 1 and dim T = 2n + 2.

Lemma 2.8. T is a Lie groupoid over HM.

Proof. Note that (M, M, 0) is an explosive triple. By Theorem 2.3(2), the explosion
is just
E(M,M,0) =M x R=HM

as a manifold. The map (1,1) : M — §; identifies M with a submanifold of §,. The
normal bundle is T;M @ T;;M. In terms of this, (8;, M, T"M & T*M) is an explosive
triple; denote its explosion tentatively as I}.

The groupoid structure maps 1 : M — §,inv : § — §,s,t : § — M, and
m, pr,,pr, : 8, — 8§ are all compatible with these explosive triples, so we can
explode all of them. In particular, s and t are explosive submersions, so Es and
[Et are submersions as well.

To check that the fibers of Et are Hausdorff, we need to show that any two points
of a fiber are either separated or equal, so suppose that y,n € I" such that Et(y) =
Et(n). Firstly, Prsy and Prsn are in the same t-fiber, so if Prsy # Prgm, then they
are separated, and the inverse images by Prs of their disjoint neighborhoods are
disjoint neighborhoods of y and n, so those are separated. Secondly, if Prgy = Prgn
and h(y) # h(n), then they are separated, but if h(y) = h(n) # 0, then they are
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equal. Finally, if Prsy = Prsn and h(y) = h(n) = 0, then 'y and n lie in the same
coordinate patch in the construction of I, so they are either separated or equal.

We do need to check that I; really is the space of composable pairs, I' gsXg: I', SO
let

F:= (Epr,,Epr,): T3 = Tgsxm M CT xT.

By construction, the restriction of F to h # 0 is a diffeomorphism, so consider what
happens at h = 0. By Corollary 2.4, the restriction of I to h = 0 is the bundle
T*M @ R and Es and Et both restrict to the bundle projection to M. This shows
that the restriction of I' gsxpt I' to h = 0 is the bundle TM @& R & T*M @ R. This
is also the restriction of I}, so the restriction of F to h = 0 is a diffeomorphism.
This implies that F is bijective and the differential of F is bijective, therefore F is a
diffeomorphism.

There is a similar explosive triple for 83, and by a similar argument that explo-
sion is exactly the space of composable triples.

All of the remaining axioms for a Lie groupoid are expressed as commutative
diagrams in Definition 1.1. Each of these diagrams is commutative for §, and ap-
plying the functor E gives the corresponding commutative diagram for I'. O

Remark. To see that I' really is the push-forward in (2.2), note that a coordinate chart
on M and a trivialization of T;;M over the coordinate patch give an explosive chart
on 8 with the help of Exp, : T;M — 8. Covering 8§ with such charts gives an atlas
that expresses this union as an explosion.

Remark. Although the subgroupoid of I" at h = 0 is diffeomorphic to T*M x R, the
groupoid structure is not the obvious one (a bundle of abelian groups). Instead,
T*M x R is a central extension of the bundle of abelian groups, T*M, determined
by TI. The fibers are Heisenberg groups. This can be seen by considering the Lie
algebroid T*HM, which restricts to a bundle of Lie algebras along h = 0. This is
discussed further in Appendix B.

Lemma 2.9. The contact form, 0, isin Q! (8§, M, T*M), so exs 0 € Q'(T") is defined.
Moreover, exs 0 is multiplicative.

Proof. By definition, the contact form 6 € Q'(8) is multiplicative; that is
0=0"0 = pr; 0 —m"0 + pr; 6. (2.12)

The composition of pr,, pr, or m with (1,1) is just 1, so pulling back eq. (2.12)
by (1,1) gives
0=10—-10+10=170.
This means that 6 is normal to the unit submanifold. Any multiplicative 1-form
is equivalent to an algebroid 1-cochain, which is just the pairing with the normal
bundle. In this case, the algebroid cochain maps any element of TyM = T"M @ R
to its R-component. This means that T*M C T{;M is precisely the subbundle of the

normal bundle that is normal to 6, therefore 6 € Q! __(8,M,T*M), and exs 0 is
defined.
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By eq. (2.12) and Lemma 2.6 (naturality of ex)
(Epr,)" exs 0 —(Em)* exs 0+ (Epr,)* exs 0 = exs, (pr; 6 —m*0 +pr; 0) =0
so eXs 0 is multiplicative. O
Theorem 2.10. (T wr) is a symplectic groupoid integrating H(M, TT).

Proof. Since 0 is a contact form, 6 /A (d0)™ is a nowhere-vanishing volume form on
8. Over h # 0, the maximum exterior power of

wr = —d(exs 0) = *dh APr; @ —h' Pr; do
is
WM = (=) (n+ DR Pri(0 A [d]™) A dh. (2.13)

In an explosive chart around M C §, there are n x-coordinates, n y-coordinates,
and one z-coordinate. Equation (2.4) shows that the Jacobian of the map (Prs,h)
is W2, which exactly cancels the power of h in eq. (2.13), therefore w™*"' is non-
vanishing, and wr is nondegenerate. As wr is manifestly closed, it is a symplectic
form. Multiplicativity of exs 0 (Lem. 2.9) implies that wr is multiplicative, and
therefore (I] wr) is a symplectic groupoid.

Let HyM := M x R, C HM be the open submanifold with h > 0. A Poisson
manifold is a special type of Jacobi manifold, and in [14] (see also [6]) a construc-
tion is given for the “Poissonization” of a Jacobi manifold. The Poissonization of
(M, TT) is simply H, (M, TT) := (H M, hlIT); the explicit constructions are related by
the coordinate transformation h = e™.

A contact manifold is also a special type of Jacobi manifold. The Poissoniza-
tion H, (8,0) is a symplectic groupoid integrating H. (M, TT) [6, Prop. 2.7]. As a
symplectic groupoid, this is precisely the part of (I} wr) where h > 0.

This shows that the restriction of the target map Et : ' — HM toh > O is a
Poisson map. By changing signs, this also shows that the same is true for h < 0.
Finally, h # 0 over a dense subset, therefore Et : ' — HM is a Poisson map. O

Remark. Given a contact groupoid integrating a Jacobi manifold, this construc-
tion generalizes to give a symplectic groupoid integrating the Heisenberg-Poisson
manifold of the Jacobi manifold. This is described in Appendix A.

3. QUANTIZATION OF HEISENBERG-POISSON MANIFOLDS

Suppose that (M, TT) is a Poisson manifold for which both Lie algebroids, T*M
and T;M, are integrable. This implies that there exist both a symplectic groupoid
(Z,w) and a contact groupoid (8, 0) integrating (M, TT), along with a surjective
homomorphism (a fibration of groupoids [15]) q : 8 — X such that

q*w =—do (3.1)
(compare [6, Thm. 2]).
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If we start with the contact groupoid, (8,0), then the kernel of d0 is a rank 1
foliation of 8. If L is defined to be the leaf space and q : § — I the quotient
map, then (provided that X is smooth) eq. (3.1) determines a symplectic groupoid
structure integrating (M, TT).

Conversely, if we start with the symplectic groupoid (Z, w) and a prequantiza-
tion (L, V, o), then we can define 8 to be the circle bundle associated to L. The
cocycle o determines the groupoid product on §, and the connection 1-form asso-
ciated to V is the contact form.

Throughout this section, (I;wr) = (E[§, M, T*M], —d[exs 0]) is the symplectic
groupoid constructed from (8, 0). Structure maps without subscripts (1, s, t, inv,
and m) are those for 8. The dimensions are dim M = n,dim £ = 2n,dim 8§ = 2n+1,
and dimT" = 2n + 2.

3.1. Prequantization. Because the symplectic form wr is exact, (I, wr) can be pre-
quantized with the trivial line bundle C x I" over I'. Because exs 0 is a symplectic
potential, the connection d + iexg 0 has curvature wr. Because exs 0 is real, this
is compatible with the trivial Hermitian inner product on C x I'. Because exs 0 is
multiplicative, the trivial cocycle 1 is compatible with this connection.

In this way, (C x I d +-1iexs 6, 1) is a prequantization of the symplectic groupoid
(I wr). However, there are other equivalent choices of prequantization that will be
useful in more specific examples.

3.2. Polarization. Let P be some polarization of the symplectic groupoid X. Let P,
and D, be as in Definition 1.7.

Definition 3.1. P := E(P,PNTcM) C TcE(Z,M) and Q := (TEq) (D).

Lemma 3.1. The simple explosion E(X, M) is a Lie groupoid over HM. If rk D, is locally
constant, then P is a polarization of E(Z, M).

Proof. The proof that E(X, M) is a Lie groupoid is just a simpler version of the proof
of Lemma 2.8. I will not repeat the details.

Letx € M and v € Df,. By the definition of D, there exist X € Py and Y € Py
such that v = Tt(X) = Tt(X). The groupoid multiplication in Ty X (denoted by a
dot here) is linear (rather than bilinear), therefore

XY = (X=T1W) -0+ (TIW) - (TIWD +0- (Y =T10]) = X+Y ' =T1(v).

The Hermiticity of P implies that Y € Py ). The multiplicativity of P implies
that X - Y~' € Py, and since this is a vector space, T1(v) € P. This shows that
T1(D§) € PN TcM. The opposite inclusion is immediate from the definition of Py,
therefore PNTcM = T1(D§) has constant rank and is locally trivial, and by Lemma
2.7, Pis locally trivial.

The restriction of P to h # 0 is P x R,, which is a groupoid polarization of £ x R..
In particular, P x R, is involutive, so if X,Y € T(E(Z, M), P), then the Lie bracket
[X, Y] is valued in P for h # 0. By continuity, (X, Y] € T'(E(Z, M), P), therefore P is
involutive.
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By Corollary 2.4, the restriction of E(X, M) to h = 0 is the vector bundle T*M,
with the groupoid structure of fiberwise addition. A tangent distribution on a
vector bundle is multiplicative if it is vertically constant. The restriction of P is
vertically constant, therefore P is multiplicative. It is also invariant under com-

plex conjugation and negation on T*M. Therefore P is a groupoid polarization of
E(X, M). O

Theorem 3.2. If rk Dy is locally constant, then Q is a polarization of the symplectic group-
oid (T; wr).

Proof. The quotient map q : (8§, M, T*M) — (X, M) is an explosive submersion, and
soEq:T"— E(X, M) is a submersion, therefore Q is locally trivial. By [8, Lem. 7.10]
Q is a groupoid polarization of I'. It remains to check that Q is a Lagrangian distri-
bution.

Over 8§ x R, C T, Qis equal to (Tq)™"(P) x 0. Let X,Y € Q be two vectors over
the same point of 8§ x R,. The directional derivative of h by either of these vectors
is 0, therefore the contraction with the symplectic form is

wr(X,Y) = (—dmh7'8])(X,Y) = —h 'do(X,Y).

Now, we can view X and Y as vectors on 8. The relation (3.1) between the symplec-
tic and contact forms gives

—do(X,Y) = (q"w)(X,Y) = w(Tq[X], Tq[Y]) = 0,

because Tq(X), Tq(Y) € P, which is Lagrangian. By continuity, this shows that Q is
isotropic, but because rk Q = n + 1, it is Lagrangian. O

Remark. If tk Dy is not locally constant, then it seems reasonable to regard Q as a
“singular polarization”. This can probably still be used for quantization. In a re-
cent paper, Bonechi, Ciccoli, Staffolani, and Tarlini [2] used a singular polarization
to construct the Podles standard sphere by the symplectic groupoid approach to
quantization.

3.3. Half-forms. Unless P is a real polarization, Q' will not be locally trivial at
h =0, so the definition of Q¢ by eq. (1.8) doesn’t make sense there.
Overh #0,P =P x 0, so

TeI/Q = Eq*[TLE(Z, M) /P = Eq* Pri(TLZ/PY = Prg q* (TLZ/PY .

This means that over h # 0, Q¢ = Prg q*Qy, so it is tempting to define Q¢ to be
Prs q*Qy over all of T

Definition 3.2. Let '), be the h = 0 subgroupoid and v : I'jp_y < T the inclusion.

The polarization Q restricts to a polarization *Q of I'ly—o, which in turn defines
an Q.«g. Unfortunately, this is not canonically the same as 1* Prg q*Qy, although
they are actually isomorphic. We need a way of gluing together Q.- ath = 0 and
Prs q* Qg over hh # 0.
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This is provided by ¢q (Def. 1.8) the correction factor that is needed to define the
convolution product. This is a section of Prg g* A" (&'/DY)*, and
U Prg q* [Qp @ AT(EY/DY] = Qg .
Again, let m = rk Py — rk Dy. Over h # 0,
wr=h"Prfq*'w -+ dh APr;0.
Because ¢ is constructed from the restriction of wy",
eg =N "Prsq’es,
SO €g appears to diverge at h = 0.

Definition 3.3. A smooth section a of Q1Q/ ? is a smooth section of Pr; q*QgP/ ? over
h # 0 such that a 85]/ ? extends to a smooth section.

This effectively means that as a bundle, Qg is actually Prg q*[Qp @ A" (EY/DY)],
but the Bott connection and identifications such as inv* Qg = Qg come from the
original definition over h # 0.

Definition 3.4.
evo : T(,QY%) — T(Mheo, Q/2)
is given by

evpo(a) = "(a 551/2) ,

where the extension to a smooth section should be understood.

With some abuse of notation, this means that
evo(a) = limh™2ae,"?.
h—0
These definitions extend trivially to the tensor product with the prequantization
line bundle (which is trivial, but has a nontrivial connection).

Remark. If mis odd, then the power h™? looks like a problem for h < 0. In practice,
it is not. For m # 0, the polarization is complex and the condition of positivity
(Def. 1.10) is nontrivial. If P is positive everywhere, then Q is positive only for
h > 0. This means that we should discard the h < 0 part of I" and never have to
worry about taking a square root of a negative h.

3.4. Quantization. Again, let P be a polarization of the symplectic groupoid (X, w)
such that rk D, is locally constant. Let P and Q again be constructed from P as in
the previous section.

Definition 3.5. The Reeb vector field R € X'(8) on (8, 8) is determined by the condi-
tionsR+0 =1and R-2d0 =0.

The first condition implies that R # 0 everywhere. The second condition implies
that Tq(R) = 0, so the fibers of q are the orbits of R. The quantization of H(M,IT)
that is constructed with I is quite different depending upon whether these fibers
are lines or circles.
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3.4.1. Simply connected fibers. There exists a choice of q : § — L with simply con-
nected fibers if and only if the Poisson manifold (M, IT) is integrable to a symplectic
groupoid and its periods [6] are all 0.

Definition 3.6. Let q, : S, — X, denote the restriction of q x .

Theorem 3.3. If the fibers of q : & — L are lines and L is paracompact, then there exist
0o € Q'(X) and a cocycle ¢ € C®(L;) such that w = —d6,,

0360 = pry; 60 — M6y + pr5, 60 = q>dc,

both c and dc vanish along the image of M, and § is isomorphic to the central extension
2 xR of £ determined by the cocycle c. If § is identified with £ x R, then q is the canonical
projection, and © = dz + q*0,, where z is the coordinate on R.

Proof. The groupoid structure of § makes q : 8 — X an affine bundle, but by para-
compactness, we can use a locally finite cover of Z, local sections, and a partition
of unity to construct a global section (: £ — 8 of q.

Let 0y := (*0. By eq. (3.1),

w=C0q'w=—-(do=—-do,.
Define z : § — R to be the (unique) function such that (*z = 0and R~ dz = 1. The
map
(q,z):8 - X xR
is a diffeomorphism.
Consider the difference, 8 — dz — q*6,. By construction, (*(6 — dz — q*6,) =0,
R1(0—dz—q"0y)=1—-1+0=0,
and the Lie derivative is
Lr(0—dz—qg*0y) =0.
As the fibers of q are the orbits of R, this implies that this difference is 0 and there-
fore
0=dz+q"0,.
Now define ¢ := —05z € €*(8§;). The multiplicativity of 6 means that
0 =030 = —d¢ + 0590y = —d¢ + ;0360 ,

so € is constant along the fibers of q,, therefore there exists ¢ € €>°(X;) such that
¢ = q;c. This c is a cocycle because € is a coboundary.

If (q,z) is used to identify § with £ x R, then from this definition of c it is easy
to read off the explicit formula for the product on £ x R.

None of this implies anything about vanishing of c along M. For that, we need
to choose the section ¢ more carefully. Firstly, for every v € L, we can replace ()
with the midpoint between ((y) and [((y~")]7". In this way, we can always choose
the section so that ((y~') = [((y)]~". This implies that inv* 0, = —0, and therefore
1*0y = 0. This means that 0, is at least normal to M. Moreover, (o 1s = 1,s0 z
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vanishes along the unit submanifold, M, and c vanishes along the image of M in
2.

Any change in (¢ can be described as adding a function f € €*(X) to ¢. This
changes 0, to 0y + df. The function f can be easily chosen to vanish along M and
have a normal derivative that cancels 0, along M. With this choice, 0, will vanish
along the unit submanifold, and so dc vanishes along the image of M. O

So, let 8§ = £ x R be given explicitly in this way. As a manifold,
I'=E(X,M) xn E(R,{0},0) =E(X,M) x R.

In this double explosion, the R factor is rescaled by h?, so as a groupoid, I is the
central extension of E(X, M) determined by h? Prk , ¢, which is actually a smooth
cocycle of E(X, M) because of the vanishing of ¢ and dc along M.

Because the symplectic form wr is exact, (I wr) can be prequantized with the
trivial line bundle, C x T'. The connection is given by a symplectic potential, and
the construction of I' gives a canonical symplectic potential,

eXxg 0 :hdZ+ZZdh+eXzeo .

This is multiplicative, but as we shall see, it is better not to have a dz term, so let’s
instead use the symplectic potential,

Or:=exs0 — d(hz) = zdh + exs 0, . (3.2)

This gives the connection V = d 4+ 16ron C x T..

The third ingredient of the prequantization is a cocycle, o. This is a parallel
section of the trivial line bundle over I, with connection d — i0;0r. It can also be
normalized so that (1,1)*c = 1. With this choice of 0, we have

010r = dfexs 0 — dfd(hz) = —d(hdjz) = d(W' Pr, ¢)

therefore
o — eﬁﬁ Pry(c) .

Notably, the restriction of this prequantization to the subgroupoid at some fixed
h # 0 gives precisely the prequantization of £ with symplectic potential 0, (and
lifted trivially to £ x R).

The polarization is simply Q = P x TR, i.e., it is P along E(£, M) and everything
along R (the z-direction). The convolution algebra consists of Q-polarized sections
of Q1Q/ ? with the connection modified by Or. In particular, a polarized section must
be parallel in the z-direction, but because there is no dz term in 0O, it is simply
constant. This means that a polarized section is just the pullback (by Eq) of a P-
polarized section over E(Z, M).

The convolution product is supposed to be defined by integrating over a transver-
sal to the real part of Q in each Et fiber. These transversals can be chosen at constant
z. The result is that z plays no role in the convolution product. We can simply work
with P-polarized sections and convolution over E(Z, M). Heuristically,



28 ELI HAWKINS

The subgroupoid of E(Z, M) over some fixed, nonzero value of h is a copy of
Y. The restriction of P to this is simply P. The restriction of the prequantization is
the line bundle with connection d + ih8, and cocycle o(h) = e '¢. The restriction
of a ﬂipolarized section, a, is a P-polarized section evya € I'(%, Q;/ 2). For two
polarized sections, a and b, evy(axb) = (evy a)*(evy b). In other words, restriction
is a homomorphism

evy : Cy(l[ o) — Ch(Z, o(h)) .

The subgroupoid of E(Z, M) over h = 0 is T*"M (a bundle of abelian groups).
The restriction 1*P of P is a combination of D§ in the horizontal directions and
its annihilator in the vertical directions (thus giving a Lagrangian distribution).
The restriction of the prequantization is the trivial line bundle with connection
determined by the Liouville form, 01y, and the trivial cocycle. It appears from
examples [8, §8.1] that this twisted polarized convolution algebra, C. j,(T* M, O1:m),
is isomorphic to C,(M).

Again, for a P-polarized section, evy(a) € T(T*M, Q:*/;) is an *P-polarized sec-
tion, and ev, : Ci([[ o) — CT*(P(T*M> O1-m) is @ homomorphism, which should be
thought of as restriction to h = 0.

The idea is that the algebra Cf (I} o) should be the algebra of Cy-sections of a
continuous field of C*-algebras over R, and ev;, should be the evaluation map from
sections to the fiber at h.

3.4.2. Multiply connected fibers. Now suppose that the fibers of q : § — X are circles.
In this case, Bohr-Sommerfeld conditions necessarily come into play, because the
polarization Q includes the directions tangent to the fibers of Eq.

Recall (Sec. 3.1) that (T} wr) can be prequantized by the trivial bundle C x T, the
connection V = d + iexs 0, and the trivial cocycle 1. The algebra is supposed to
be constructed from Q-polarized sections of Q]Q/ ?, with the connection modified by
exs 0. In particular, a Q-polarized section must be parallel along the fibers of Eq.

Consider what happens over some point (y,h) € £ x R, C E(X, M). If the fiber
(Eq)'(y,h) = q'(y) x {h} is a circle, then parallel transport around this gives a
phase factor (holonomy) of

. PR |
eilfF(JEq)*1 (vh) X80 _ eiﬂtL Ssq”(v)e,

If this phase is not 1, then a polarized section must necessarily vanish at any point
of (Eq)~'(y,R). This is an example of a Bohr-Sommerfeld condition.

Theorem 3.4. If the fibers of q : § —» L are circles, then the quantity

is a locally constant function of y € L.
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Proof. Consider a curve C C L. The difference of (3.3) between the endpoints of C
is equal to

J de = —J qw.
q-1(C) q-1(C)

However, q*w is degenerate in the direction of the fibers of q, which is tangent to
q~'(C), therefore this integral is 0. O

For example, let (L, V, o) be a prequantization of a symplectic groupoid (X, w)
over M. Let £° C L* be the unit circle bundle — or equivalently, the principal
T-bundle associated to L. Let q : Z° — X be the bundle projection. The complex
conjugate cocycle & defines a multiplication that makes L* a category and ¢ a
subgroupoid. Let & € Q'(Z°) be the connection 1-form; this is normalized so that
foranyvy € %,

FJ; 0 =2m. (3.4)
qa='(v)

Conversely, if the fibers of q : § — X are circles and the contact form is normal-
ized to satisfy (3.4), then § is isomorphic to Z° for some prequantization of (Z, w).
More generally, if M is connected, then by Theorem 3.4 the symplectic structure
can always be rescaled to satisfy (3.4). This is equivalent to just rescaling h in
E(8, M, T*M), so we can consider the case that § = £ without loss of generality.

So, let ' = E(ZX% M, T*M). In this case, the fibers of Eq are circles where i # 0
and lines where h = 0. For h # 0, the holonomy around the fiber (Eq)~'(y,h)
is e”?™M" which is only trivial if A" is an integer. If there are no other Bohr-
Sommerfeld conditions, then this means the Bohr-Sommerfeld subvariety is the
subset 3.5 C I of points where h = 0 or h! e Z.

Let’s consider the component I, C Tgsath = k™'. Asa groupoid, this is iso-
morphic to Z°. The prequantization connection restricts to the connection d + ik0.
The polarization, Q, restricts to (Tq)~'P. The Reeb vector field (Def. 3.5) R € X'(Z°)
associated to the contact structure 0 also generates the action of T on £°. Because
Tq(R) = 0, R is a section of the polarization, so a polarized function f € C*>(I%)
must in particular satisfy

0 =R 2 df 4+ ikR 2 06f = R 2 df 4 ikf .

Therefore, f is equivalent to a section of the line bundle L®k over L.
In this way, a polarized section a € I'(Tg.g, Q]Q/ 2), restrictsath =k 'toa polarized

section of L¥* @ Q},/ ?. Restriction is a homomorphism
eve1:Ch(T,exs0) — C*(Z,0%) .

The subgroupoid I is T*"M X R, the central extension determined by I1. The
restriction * exs 0 is just the Liouville form 0.y, lifted to T*M x R. Again, a polar-
ized section is constant along the z-direction here
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Let a € I'(Iss, Q1Q/ *Ybe a polarized section. The behavior of a is very simple
along each Eq fiber. At h = k™', the phase of a goes around k times as we go
around a fiber of Eq. As k — oo and h — 0, these fibers expand out to lines
faster than the phase changes. The result is that evy(a) is independent of z and is a
polarized section. Again,

evy : Ch (T exs 0) — Cp(T*M, O7.p)

is a homomorphism.

This shows that in constructing a strict deformation quantization by geometric
quantization, it is not necessary to put the set, I, of h-values in by hand. Geometric
quantization of a Heisenberg-Poisson manifold will take integrality conditions into
account precisely where they are needed.

4. EXAMPLES

4.1. Constant Poisson structure. Let V be a finite dimensional, real vector space
and TT € /\ZV. If we identify TT with a constant bivector on V, then (V,T1) is a
Poisson manifold. The s-simply-connected symplectic groupoid (X, w) integrating
(V;TT) can be constructed as the semidirect product V* x V, where V* acts on V by
translations, via the linear map #y: V* — V.

Let x' be coordinates on V and y; coordinates on V*, although I will mainly use
index-free notation. In particular, #yy means I'y; and T(y,y’) = TTyy;.

Identifying X with V' x V*, the unit and inverse are

1x(x) = (x,0), inVZ(va) = (x, _U) .

The source and target maps are

S;(x,y):x—%#ny, tz(x,y):x—i-%#ny.
Identifying the set of composable pairs, X, with V x V* x V*, the other structure
maps are
pry (%Y, 4") = (x + 3#ny’,y)
przz(XﬂJ)y/) = (x — %#ﬂyvyl)
mz(x,y,y") = (x,y +y').
The symplectic form is w = dx' A dy;.
The s-simply-connected contact groupoid (8, 0) integrating (V; IT) is an extension

of X by R. I shall identify § with V x V* x R, and so we need one more coordinate,
z. The unit, inverse, source, and target maps for § are

1(X) = (X> O>O)) inV(X)va) = (X’ —y,—Z),
S(X>U)Z) :X_%#ﬂy y t(X,U,Z) :X—l-%#ny .
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Identifying &, with V x V* x V* x R?, the remaining structure maps are
pr, (x,y,y’,z,z/) = (x+ %#HU/>U,Z)
Prz(X>U>U/>Z>Z,) = (x— %#nwyl)ll)
m(x,y,Y',2,2') = (x,y +y',z+ 2" — 31Ty, y"1) .
The contact form is
0 = dz +y;dx'.

In this form, (8§, V,T*V) = (V x V* xR, V,V*) and (8,, V, T*V& T*V) = (V x V* x
V* x R%V, V* @ V*) are explosive charts, so the structure maps for I' can be written
down immediately:

E1(x,h) = (x,0,0,h), Einv(x,y,z,h) = (x,—y, —z,h),
Es(x,y,z,h) = (x — %h#ny,’h) , Et(x,y,z,h) = (x + %h#ny,’h) ,
Epr,(x,y,y’, 2,2/, 1) = (x + %‘h#ny’,y,z,‘h)

Epr,(x,y,y',2,2',h) = (x — %h#ny,y’,z’,h)

Em(x,y,y’,z,z",h) = (x,2y +y'sz+2z' — %ﬂ[y,y’],h).

Remark. This is compatible with a grading where h, x, y and z have degrees —1,
0, 1, and 2, respectively. The factors of h come in where the degree needs to be
corrected.

The exploded contact form is
exs 0 = y; dx' + hdz + 2z dh,
which gives the symplectic formon T,
wr =—d(exs0) = dx' Ady; + dh Adz.

Remark. This fits into the general description in Section 3.4.1. The symplectic po-
tential on L is 6, = y;dx’; 8 is the central extension of X determined by the cocycle

c(xy,y") =—3M(y,y").

The natural projection is Prs, (x,y,y’,h) = (x,hy, hy'), so
(P13, ) (%, y,y',A) = =3 TT(y, y")

and I is the central extension of E(X, V) determined by the cocycle
R (Prz, ) (%, v,y 1) = —3T1(y,y") .

Remark. 1If we view V* as an Abelian Lie algebra, then ITis a cocycle and the central
extension is a Heisenberg Lie algebra. The dual of this Heisenberg Lie algebra is
the Heisenberg-Poisson manifold, H(V,TT). The symplectic groupoid (I; wr) is the
cotangent bundle of the corresponding Heisenberg group.
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4.1.1. Polarizations and quantization. Now, let P C V¢ ® V¢ be Lagrangian, multi-
plicative, Hermitian, and positive (in the sense of Definition 1.10). This defines a
constant polarization P = P x X of . There are 3 simple special cases, and the
general case is a product of these 3 types.

First case: It P = V¢ C Ve @ V¢, then (to be Lagrangian) we must have IT = 0,
and so I is a trivial bundle of abelian groups over HV. This polarization is just
(the complexification of) the kernel foliation of the fibrations =t: " — HV. The
half-form bundle is the trivial line bundle.

The symplectic potential

Or = exs 0 — d(hz) = y;dx' +zdh

is adapted to this polarization. Because IT = 0, 6r is multiplicative, therefore there
is a prequantization of I" by the trivial line bundle with connection given by 0r and
the trivial cocycle.

Because this is a simple real polarization and the cocycle is trivial, the twisted
polarized convolution C*-algebra is just the C*-algebra of the quotient groupoid,
which is the manifold HV =V x R:

Co(Ror) = Co(V xR).
The part at h = 0 is similarly trivial,
Clo(Thzo, yidx') = Co(V) .
Because m = rk Py — rk Dy = 0, the restriction map
evy: GV X R) — Cy(V)

is just evaluation at 0 € R.
Second case: If P = Vg C Ve @ V¢, then the half-form bundle has fiber A™V.
This choice of polarization is consistent with any constant Poisson structure, TT.
In this case, the symplectic potential
Or = exs 0 — d(yix' + hz) = —x'dy; + zdh
is adapted to this polarization, because it contains no dy; or dz. The term exs 0 is
automatically multiplicative and
OF (yix' +hz) = —3AM(y,y")

so 076y = d [JATT1(y,y’)]. The prequantization of T is the trivial line bundle with
connection d + i0r and a cocycle, o, which is a covariantly constant section of the
trivial line bundle over I'; with connection d — 19;:6r, therefore

G(X)y)y/, Z) Z/’h) = e%h”(y»y') .

This is another simple real polarization. The quotient groupoid is V* xR, a trivial
bundle of Abelian groups over R. The cocycle o is just the pullback of a cocycle oy
on the quotient groupoid,

O-(X)l%y,)Z»Z/»h) = GO(U,U/)h) .
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The twisted, polarized convolution C*-algebra is
Cy(lo) =C* (V" x R, 0p) .
Ath =0, oy is trivial, so
Co(Thheoy 00) = C* (V7).

The Fourier transform gives an isomorphism C*(V*) = Co(V). Because m = 0
again, the evaluation map

evy: C'(V* x R, 0p) = C* (V") = (V)

is simply the restriction to h = 0.

The result is that C*(V* x R, 0p) is the algebra of sections of a continuous field
of C*-algebras over R. The fiber over 0 is Cy(V), and the fiber over any other h is a
twisted convolution algebra of V*, which is isomorphic to

:K[LZ(R%rkﬂ)] ® eo(Rdimkerﬂ) .

Third case: If PN P = 0, then the Poisson structure is symplectic and the polariza-
tion is determined by a constant Kéhler structure on V. In this case m = dimP =

! dim V. The half-form bundle has fiber a square root of A"V = \"™V.
The most convenient symplectic potential in this case is

Or = exs® —d(hz) .
The coboundary of hz is
Of(hz) = Al (y,y")
so the cocycle in this prequantization is
o(%,u,y', 2,2/ ) = e M)
Because the polarization P is nontrivially positive, the polarization Q of I' is pos-

itive for h > 0, but not for h < 0, so let >y be the h > 0 part. The convolution

algebra consists of Q-polarized /A" V-valued functions over sy with the con-
nection d + i0r.

As in the general case of Section 3.4.1, these polarized functions are constant in
the z-direction. They are thus equivalent to polarized functions over the h > 0 part
of E(X, V) and we can ignore the z coordinate.

The correction factor eq € C>(I; A"V) is defined from the restriction of w to
T'T, which is —hIT thought of as a 2-form on V*, so eq = h™¢, where

1 m\™ 2m

Remark. Rather confusingly, it now appears that &g vanishes at i = 0, whereas in
Section 3.3, it appeared that eo diverges as h — 0. The difference comes from the
way that I' is presented.
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Here, I' = V x V* x R, where the groupoid structure comes from V* acting on
V in a way that depends upon h € R. Elements of A™V are regarded as volume
forms on V*.

On the other hand, the h # 0 part of I' can be identified with V x V* x R,,
where the action of V* on V is independent of h € R,. To transform between these
pictures, there is a rescaling of V* by h, which transforms A™**V by a factor of h ™.
This is the difference between ¢ vanishing and diverging.

Now, let a,b € (T, /A" V) be two polarized functions. Because, P has no
real directions, the z-direction is the only real direction of Q (at h # 0). This means
that the convolution product a * b is defined by integrating

Epria-Epr;b-o-Eprj(yeo)
over the fibers of Em in E(X, V). This leads to the formula,

(Cl * b)(X,y,h) =

hm/zsmj alx + Shny”,y', R)b(x — Jhitny’,y " R)e MW (40
y'+y’'=y

At . = 0, the polarization 1*Q points in the y and z-directions. The quotient
groupoid (leaf space of 1*Q) is just V, as a trivial groupoid, and the restriction of

the cocycle o is trivial, therefore
Clio(TMhmo, 0) = Co(V) .

Again, let a € C>®(Tso, / A"V) be a Q-polarized function. The restriction to
h = 0 is defined (Def. 3.4) as

evo(a)(x,y) = lim 2 2a(x, Y, 1)

The existence of this limit is a condition on a, but the Q-polarization of a implies
that this is independent of y, so it is 1*Q-polarized. Indeed,

evp : CS(]—; O') — eo(V)

is a *-homomorphism.

The simplest example of this is not actually an element of the algebra. There is
no unit in this convolution algebra, but there is a unit multiplier given by a smooth
kernel that merely fails to fall off in the x-directions. This is

K(X)y,h) = e_%h”szhm/Zel/z ’

where ||y|| is the norm in the K&hler metric on V*. Note that this is translation
invariant in the sense that it does not depend on x. The shape of K is easily deter-
mined from translation invariance and polarization. The normalization is deter-
mined by the condition that K + K = K.

The restriction toh =0 is
— iyl —
evy(K) —F}Lrge a =1,

as it should be. The actual elements of the algebra behave similarly as i — 0.
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Remark. In particular, this justifies the power of 27t included in Definition 1.8 — it
normalizes a Gaussian integral in K+ K. There have to be powers of 27t somewhere,
and this is the most uniform way of distributing them.

4.2. The symplectic sphere. Consider the symplectic manifold (S?, €), where € €
0?(S?) is half the volume form of the unit sphere. With this normalization, the
symplectic volume is 27t.

Everything that I will do here is equivariant with respect to the SU(2) action
on $%. Any (complex) equivariant vector bundle is isomorphic to a direct sum
of equivariant line bundles. Equivariant line bundles are classified by irreducible
representations of T = U(1) — and thus by integers.

Definition 4.1. For any k € Z, let L* denote the equivariant line bundle over S?
associated to the T-representation, z — z* and equipped with an equivariant
connection and fiberwise, Hermitian inner product.

Let (j) denote the 2j + 1-dimensional Hilbert space carrying the spin j represen-
tation of SU(2).

A space of sections of L* is a direct sum,
(she (¥l +De (s +2)®....

For the space of polynomial sections, this is the algebraic direct sum, for the space
of square-integrable sections it is the Hilbert space direct sum, and for the space of
smooth sections it is the space of sequences whose norms fall off faster than any
power.

4.2.1. Standard geometric quantization. First, for any integer k, I will consider the
construction of a Hilbert space by geometric quantization of (S%, ke) with the Kih-
ler polarization. The line bundle L* has curvature ke, so L* will be the prequanti-
zation line bundle.

The complex structure on $? decomposes the complexified tangent bundle into a
direct sum TcS? = F&F of the holomorphic and antiholomorphic tangent bundles;
these are just the line bundles ¥ = L% and F = L[%. The Kéhler polarization of S is
defined by the antiholomorphic tangent bundle, 5.

To apply geometric quantization, we need a half-form bundle [18, 22]. In gen-
eral, that is a square root of the maximum exterior power of the annihilator ¥+ C
T(ESZ. In this case, ¥+ = L2 is a line bundle, so it is its own maximum exterior
power, and its unique equivariant square root is vVFL+ = L~'. The tensor product
of the prequantization bundle with the half-form bundle is L* ® vFL = ¥,

These are isomorphisms in the category of equivariant vector bundles, but this
does not take into account the inner products. For x € S?, if o, B € FL then the
natural Hermitian inner product is —i& A € A’T*S2. On the other hand, the inner
product in L2 is C-valued.

Let v, ¢ € I'(S%,L* ® VFL). To construct a Hilbert space, we need a 2-form-
valued inner product, but the intrinsic inner product Y is 4/ /\ZT(ESZ-valued. The
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natural correction factor, determined by the symplectic form ke, is \/ke/2m. The
Hilbert space inner product is therefore

(bie) i= | Bo/ke/2m.

Now, define the Hilbert space J{ to be the space of holomorphic sections of
[* ® VFL. That is the kernel of the antiholomorphic derivative map, 9, which
maps sections of L* ® vVF+ = L* to sections of F* @ L* ® VF+ = L, so

0 T(S%, L") — I(S%, 1)
I helF+ne- = (She(+De....
Since 9 is equivariant, this shows that if k > 0, then H; 2 (%). In fact Hy = (%)
for k > 0 and Hy = 0 otherwise. Note that dim Hy = k.
This standard geometric quantization construction gives the quantization of S

with symplectic form ke as the algebra, £(J{y), of operators on J, i.e., k x k ma-
trices.

Definition 4.2. Let Y, € Hy = (kz;]) be a normalized highest weight vector. Let
o = (0,0,1) € S? be the north pole. The coherent states map (called the covariant
symbol by Berezin [1]) is the linear map

L : L(Hy) — C(S?).
such that
li(a)(go) = (gwo|algibo),
for any a € £(J{) and g € SU(2).
Remark. This is well defined, because SU(2) acts transitively on S?, and 1, is invari-
ant up to a phase under the subgroup T C SU(2) that leaves o fixed. The map Iy

is not a homomorphism but provides a way of comparing elements of this matrix
algebra with functions on S?.

4.2.2. The groupoid approach. The algebra £(JHy) can also be constructed directly,
using the symplectic groupoid (X, w), where £ = Pair(S$?) = $? x S and w =
k(t*e —s*e). I use H and X to denote the outer direct sum and tensor product, each
of which takes two vector bundles over S? and gives a vector bundle over S x S2.
The prequantization line bundle of £ is L* X L. The cocycle is trivial.
The polarization P C TcZ is

P:=FHT,
and T'Z = 0H TS?, so

TLZ/P =08 (TcS?/T)
and

TSL/P® = (TeS?/F) BoO.
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The half-form bundle Q;,/ Zisa square root of Oy, which is the dual of the maximum
exterior power of

TLE/P' @ TSE/PS = (ToS2/F) B (TeS?/F). 4.2)
The dual of (4.2) is F* BIF*+ and rk T+ =1, so

Qp =F-RF*+
and finally

QY =VFIRVFL =21 'RKL, (4.3)

Note that because the polarization is totally complex, the real partis D = 0, and
E=TcL

So, the algebra, Ay = C;(Pair $2, 1*XL¥) should consist of polarized sections
of ((*X L™ ® Qgp/ 2 >~ k1 ) L%, Polarized, in this case, means holomorphic,
where the complex structure is reversed on the second factor of S?. For k > 0, this

1S
Ak = fHk (029 f}tfk

and 0 for k < 0.

In this case, T'Z = 0 H TS?, so the restriction of the symplectic form on X to this
bundle is —ke. This gives the correction factor e5(x,x’) = ke(x')/2m.

Explicitly, for any a,b € Ay and x,x’ € §?,

(s ®)(xx) = | aloxJolx )y el

This is holomorphic in x because a(x, x") is, and it is antiholomorphic in x’ because
b(x”,x’) is, therefore a x b € Ay.

The involution on Ay is defined simply by a*(x,x’) = a(x’,x).

It is simple to verify that this product and involution are the same as those in
L(Hy) by looking at the multiplication of simple tensor products.

Theorem 4.1. Forany a € Ay,

1*(a)
Vke/2m
Proof. First, consider the map H — C given by ¢ — ({,|@) and the map Hy —
Lk ® vFL = ¥ given by evaluation ¢ — ¢(0). Equivariance under the T-action
implies that these must be proportional to each other, and so

®(0)p(0) = C(elho)(Wole)/€(0) (4.4)

for some constant C € R.
Now consider the expression

|gWo) (gl - (4.5)

I(a) =
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Because U(1) leaves 1, invariant up to phase, and phases cancel in this expression,
this is really a function of go € S%. This means that we can meaningfully write

[ gl gl e(go @6)

The expression (4.6) is, by construction, an SU(2)-invariant operator on J(, which
carries an irreducible representation, therefore (4.6) is a multiple of the identity.
The expression (4.5) has rank 1 and [, e = 2, therefore (4.6) has trace 27t. Since
dim Jy = k, this implies that

27

J |gbo) (gl e(go) = — - (4.7)
52

To determine the coefficient, C, consider an arbitrary ¢ € I and insert the
identity (4.7) into the computation of the norm:

(lo) = % LZ<@!91I)0><911)01<9> e(go)

K K/2
— e |, Plgore(go)v/elgo] = YL gl
therefore C = /k/2m.

Equation (4.4) (with this normalization) can be rewritten as a statement about
a=[e)(e| €A

1"(a)(0) = a(o,0) = ¢(0)P(0)
= (Pol@) (@hbo) 1/ x€(0) = Ix(a)(0)y/ =€(o0) .

Any a € Ay can be written as a linear combination of elements of this form, there-
fore this is true for any a € Ay. By equivariance, this is true at any point of S?, not
just o. O

4.2.3. Quantization of H(S?%, €). Now, I shall examine the geometric quantization of
H(S?, €) using a symplectic groupoid. Although it is not really necessary for the
quantization, it is illustrative to look at the structure of the groupoid I', which can
be described quite explicitly here.

For convenience, let G = SU(2) and let T C G be the subgroup of diagonal
matrices. The sphere S? is identified with the coset space G/T, where T acts from
the right. Let X, Y, Z € su(2) be the standard generators with [X, Y] = Z, et cetera.

The principal T-bundle corresponding to the prequantization of S? is G itself.
The connection is defined by the left-invariant contact form, 8, € Q'(G) such that,
at the identity e € G, (X, 00) = (Y,60) = 0 and (Z, 6,) = —1.

The contact groupoid § that integrates (S?, €) is the circle bundle associated to
the prequantization of £ = Pair S%. This is the quotient § = Pair(G)/T, where T
acts by the right diagonal action on Pair G = G x G. The contact form 0 € Q'(8) is
such that its pullback to Pair G is t*0y — s*0,.



QUANTIZATION OF PLANCK’S CONSTANT 39

However, in order to exploit the symmetry here, it is useful to treat Pair(G) as
the action groupoid G x G, where G acts on G by right translations; that is, g € G

transforms g’ € G to g’g”', so the isomorphism G x G — Pair(G) is given by

(9,9") = (g'g7", g').

This is just another way of identifying this groupoid with the manifold G x G, but
the advantage is that the contact form, 0, is constant along the unit submanifold,
{e} x G. Along the unit submanifold, 6 is normal to the unit submanifold and to
the vectors X and Y on the first copy of G.

Define E C T.G = su(2) to be the subspace spanned by X and Y. This makes
(G,{e}, E) an explosive triple.

To construct I by a double explosion, we need the subbundle of the normal
bundle that is normal to 6 (along the unit submanifold). That is the image of E x G
under the quotient by T.

With this identification, § = (G x G)/T, where u € T transforms (g,g’) € G x G
to (u'gu, g'u) = (Ad,—1 g, g'u).

For any u € T, the subspace E C su(2) is invariant under the adjoint action
of u™!, therefore Ad,. 1 : (G,{e},E) — (G,{e},E) is a compatible map, and u € T
acts on the double explosion of G by EAd,-1 : E(G,{e},E) — E(G,{e},E). The
symplectic groupoid integrating H(S? €) is the double explosion,

r=Egs,s*17°$*) =E(Gx G,G,E x G)/T
= (E(G,{e}, E) x G)/T .

The groupoid E(G,{e}, E) is a family of simply connected Lie groups over R. It
is easiest to understand its structure by considering its Lie algebroid, which is a
family of Lie algebras. The generators X,Y,Z € su(2) are rescaled to X’ = hX,
Y’ =hY, and Z’ = h?Z. The Lie brackets of these are

X\ Y)=nZ=27",

Y, 721 =rX=nX",
and

(2, X'T=r}Y =r?Y’.

From this, we can see that the group over any h # 0 is isomorphic to G = SU(2),
but the group over h = 0 is the Heisenberg group.

The action of E(G,{e}, E) on G is by right translations via the natural map Prg :
E(G,{e}, E) — G. In particular, at h = 0, this action is trivial.

So, as always, the subgroupoid of I' over any h # 0 is isomorphic to §. The
subgroupoid I'[n—o is a quotient of the product of the Heisenberg group (as a group)
with G (as a space). The result is a nontrivial bundle of groups over S?, with fibers
isomorphic to the Heisenberg group. The Heisenberg group is in particular a 3-
dimensional vector space with a preferred direction. If we identify S* with the unit
sphere in R?, then the copy of the Heisenberg group at a point of S is the ambient
space and the preferred direction is the normal to S? there.
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Because the polarization, P = J H F, of £ = Pair S? is totally complex, the polar-
ization Q of I' becomes completely vertical at h = 0. The restriction 1*Q is real, and
its leaves are the fibers of I'|y—y over S%. This means that the leaf space of 1*Q is $?
and Cr. (T, L* €Xs 0) = C(S?).

Everything described in Section 3.4.2 applies here. The Bohr-Sommerfeld sub-
variety is the subgroupoid of I' where h = 0 or A”! € Z. In addition to the Bohr-
Sommerfeld quantization conditions, the polarization Q is not positive where h < 0
and there do not exist any holomorphic sections over those components of Isg, so
these should be discarded as well. With this in mind, define 5>, as the sub-
groupoid of points whereh =0 orh™' € N.

Consider a polarized section a € TI'(Tgs >0, Q]Q/ 2). The restriction of a toh = k™!
is naturally identified with a polarized section evi1(a) of (L* X L) ® Q;/ ? over
2, ie., evi-1(a) € Ay. The definitions of the convolution products over £ and I" fit
together, such that ev, -1 is a homomorphism.

In this case, m = rk Py — rk Dy, = 1. The restriction of wr to Tl is —h "¢, so
¢ = ¢/2mh, and

evp(a) = lim —1*[evh(a)] = lim —1*[evk4(a)] = lim Iyfev,1(a)].

h—0t | /e/2mh k—oo  /ke/2T k—o00
The quantization using I gives a way of fitting the algebras Ay and €(S?) together;
this shows that this agrees perfectly with the correspondence given by the coherent
states maps Ii.

4.3. Connes’ tangent groupoid and Landsman’s generalization. The relationship
between pseudodifferential operators on a manifold, N, and their symbols is an ex-
ample of quantization. Connes [3] has studied the analytic index (of a symbol) by
essentially constructing a strict deformation quantization from Co(T*N) (the alge-
bra of symbols) to K[L*(N)] (the algebra of operators). To be precise, he constructs
a continuous field of C*-algebras over the interval [0, 1] such that the algebra over
0is Co(T*N) and over any other point is K[L*(N)].

He constructs this geometrically from what he calls the “tangent groupoid” of N
(not to be confused with the tangent bundle to a groupoid, which is also a group-
oid). Algebraically, this is a union of TN x {0} and Pair(N) x (0, 1]. As a manifold,
it is the part of the simple explosion E(Pair N, N) where h € [0, 1]. (The restriction
to [0, 1] is not important.)

In that case, the manifold being quantized is T*N, which is of course the dual
vector bundle to TN, which is the Lie algebroid integrated by Pair(N). This gener-
alizes to any integrable Lie algebroid A. The (total space of the) dual vector bundle
A* is a Poisson manifold. If G is a Lie groupoid integrating A, then C*(9) is a
quantization of A*.

Landsman [13] has constructed a strict deformation quantization of A* by gen-
eralizing Connes construction to a continuous field of C*-algebras over R. The
algebra over 0 is Cy(A*) and over any other point is C*(3G). He generalizes Connes’
tangent groupoid to what he calls the “normal groupoid”. Algebraically, this is a
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union of A x {0} (treated as a vector bundle and hence a groupoid) with § x R,. As
a manifold, it is the simple explosion, E(G, M), of G along the unit submanifold.

(Van Erp’s parabolic tangent groupoid is different generalization of Connes’ tan-
gent groupoid and is discussed in Appendix B.)

4.3.1. Quantization of A*. Landsman’s construction can be recovered from what I
have presented here. Let A be a Lie algebroid over N and § a groupoid integrating
A. The cotangent bundle T*§, with the standard symplectic form, is a symplectic
groupoid integrating the Poisson manifold A*.

Let 8, € Q'(T*G) be the Liouville form. This is a multiplicative symplectic po-
tential, so the symplectic groupoid (T*G,—d6,) is prequantized by the trivial line
bundle, C x T*G, with connection d + 10, and the trivial cocycle.

Let p : T*"G — § be the bundle projection. This is a fibration of groupoids,
so P := ker Tp is a groupoid polarization; it is the foliation of T*G whose leaves
are the fibers of the cotangent bundle. Since the leaves are Lagrangian, P is a
symplectic groupoid polarization. The Liouville form is adapted (normal) to the
polarization, P, so the twisted, polarized convolution algebra of T*3 is just the
convolution algebra of G:

C5(T7G,60) =C*(9) .

4.3.2. Quantization of HA*. Letn € X'(A*) be the Euler vector field. The Poisson
structure TT € X?(A*) is homogeneous in the sense that, £,IT = —TI. This means
that IT is itself the Poisson coboundary, IT = —[n, TT], of .

In general, the Jacobi algebroid of a Poisson manifold is an extension of the
cotangent Lie algebroid determined by TT as a Poisson cocycle, but because IT is
exact in this case, the Jacobi algebroid is isomorphic to the trivial extension; an iso-
morphism r: THA* — T*A*@Ris defined by r(&, f) = (&, f4+n &) for & € T*A* and
f € R. This implies that the Jacobi algebroid is integrated by the Cartesian product
§ := T*G x R with the group R. If z denotes the coordinate on the group R, then
the contact form on 8 is 0 = 0y + dz. (This is a trivial special case of the structure
given by Theorem 3.3.)

The projection q : 8 — T*G is just the Cartesian projection. The composition
poq:8 — Gisalso a fibration of groupoids. It maps the unit submanifold, A*, to
the unit submanifold, N, therefore it is a compatible map from the explosive triple
(8§, A*, T*A*) to (G, N, A). Exploding this gives another fibration of groupoids,

E(poq):T"— E(5N).

Over h # 0, the kernel foliation is ker T(po q) x 0 = (Tq)~'®P x 0. This shows that
Q = ker TE(p o q) is the polarization of G constructed from P.

The symplectic potential exs 0 is multiplicative but is not adapted to the polar-
ization Q. However, as in eq. (3.2) above we can add an exact form to get the
symplectic potential exs 0 — d(hz) = z dh + exs 6y, which is adapted. The function
hz is multiplicative, therefore this adapted symplectic potential is multiplicative.
This implies that the twisted, polarized convolution algebra of I' = E(§, A*, T*A*)
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is just the convolution algebra of Landsman’s normal groupoid, E(G, N):
Cy(lizdh +exs6y) = C[E(G,N)].

In this way, my construction with the polarization P = ker Tp reproduces Lands-
man’s construction, which for § = Pair(N) reproduces Connes’ construction.

5. OTHER DEFORMATIONS

The Heisenberg-Poisson manifold H(M,TT) is M x R with the Poisson structure
AIT. We might more generally consider some h-dependent Poisson structure, 7t(f),
that does not necessarily vary linearly. This is equivalent to considering a Poisson
structure on M x R for which h is a Casimir function.

This may plausibly be quantized to construct a continuous field of C*-algebras.
The algebra at h would be the quantization of M with the Poisson structure 7t(h)
and the algebra of continuous sections would be the quantization of (M x R, 7).

To construct a strict deformation quantization of M, we want the algebraath = 0
to be Cy(M), therefore we should demand that 7t1(0) = 0. What is the role of the
original Poisson structure, IT, on M?

Suppose that quantizing (M, t(h)) gives a C*-algebra A;, and a linear map Qx :
C¥ (M) — Ay that satisfies the Dirac quantization rule,

[Qn(f), Qrn(g)] = 1Qn{f, glxm))

forall f,g € CF(M). (I am being deliberately vague about the approximation, but
it should converge rapidly in the limit of vanishing Poisson structure.)

If we want to construct a strict deformation quantization of (M, IT), then we need
the Dirac condition,

[Qn(f), Qnlg)] =~ iR({f, gln) .

Comparing these shows that we need 7t(h) ~ hlT for h ~ 0. In other words 7(0) = 0
and 7'(0) = TT; the given Poisson structure should be the derivative of the Poisson
structure used in constructing a quantization.

5.1. Integrability. Integrability is a very restrictive condition on Poisson mani-
folds of this type. Consider the case that both IT and nt(h) for h # 0 are invertible
(hence symplectic).

Theorem 5.1. Let (M, T1) be a simply connected Poisson manifold, and consider a Poisson
structure on M x R given by a variable Poisson structure rt(h) € X*(M) such that 7t(0) =
0 and ©'(0) = TI. Moreover, suppose T1 and mt(h) are the inverses of symplectic forms Q
and w(R) for i # 0. If this Poisson structure on M x R is integrable, then the cohomology
class of w(h) takes the form
)

[w(h)] =p+ TR
where p € H*(M;R) and F(R) is a smooth function with F(0) = 0, F/(0) = 1, and
F'(h) > 0forallh € R.
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Proof. Crainic and Fernandes [5] showed that a Poisson manifold is integrable if
and only if its monodromy groups are locally uniformly discrete.

The monodromy groups of a Poisson manifold are subgroups of the conormal
spaces to the symplectic foliation. More specifically, the conormal space at any
point is a Lie algebra and the monodromy group lies in its center.

In this case, the conormal space is the whole cotangent fiber at points where
h = 0 and is spanned by dh at points where h = 0. However, at points where
h = 0, the conormal fiber is isomorphic to a Heisenberg Lie algebra, with center
spanned by dh, therefore at any point of M x R, the monodromy group lies in the
1-dimensional space spanned by dh there.

At the regular points (those where h # 0) the monodromies are easy to compute
[5] as variations of symplectic area. If j : S — M, then the symplectic area

Lz (M)

only depends upon the homotopy class of j, and the monodromy of j is

d
— | jlw(h
G | )
times dh. If (M x R, 7t) is integrable, then the monodromy groups must be discrete,
therefore the ratios between these monodromies must be rational. The ratios are
also continuous functions of h, therefore they are constant.

Because M is simply connected, the Hurewicz homomorphism,

m(M) = H (M Z)

is surjective, so the monodromies completely determine the cohomology class [w’ ()],
therefore this is the product of some function of h with a constant cohomology
class.

Forh ~ 0, w(h) ~ Qh™', thus w/(h) ~ —Qh 2 The cohomology class [w’(h)] is
thus proportional to [Q)]. Integrating shows that

e
[w (h)] =p+ m y

where p € H?(M), and F is a real function of h with F/(0) = 1.

Moreover, if F/ vanished at some value of h, then the monodromies would col-
lapse to 0 and not be locally uniformly discrete, therefore F/ > 0 and F is a monotone
increasing function. 0

More generally, integrability becomes less restrictive the more degenerate the
Poisson structure 7t(h) is. That gives more room for the monodromy groups to be
discrete.

5.2. Irrational symplectic manifolds. Suppose that (M, Q) is a simply connected
symplectic manifold with nonintegral symplectic form in the sense that [$2] €
H?(M;R) is not integral. This manifold is not prequantizable, so geometric quan-
tization does not provide a corresponding noncommutative algebra. Indeed, there
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does not seem to be any algebra that plays the role of the natural quantization of
(M, Q).

This does not necessarily mean that there does not exist a strict deformation
quantization. For instance, if some nonzero real multiple of Q is integral, then
there is really no problem. We can still quantize H(M, IT), because there are infin-
itely many values of h where the symplectic submanifold of H(M, IT) is prequanti-
zable.

On the other hand, if Q) is not a multiple of an integral 2-form, then we need to
take a more general approach, because there is no good quantization of H(M, IT).
In this case, we should try varying the Poisson structure nonlinearly, as in the
previous section.

Remark. 1 will now be using Cartesian product notation to present a Poisson or
symplectic structure on $* x S?.

The simplest example in which this works is symplectic. As in Section 4.2, let
e € O%(S?) be half the volume form of the unit sphere. Let €' denote the corre-

sponding Poisson bivector.

—1+5
2
equivalently, the Poisson structure TT = €~ x . The Heisenberg-Poisson
manifold is unquantizable, because as the symplectic structure is rescaled the two
components are never simultaneously integral. Instead, we can consider $* x $? xR

with the varying Poisson structure

] 2 -1
n(h) =he ' X —1+\/5+Tn2€ (5.1)

Consider (S* x $?,Q) with the irrational symplectic form Q = € x
Ty 14V5 -1
2

€, or

whose inverse is

w(h) =hTe x SRR VLRI

o
With this choice, 7t(0) and 7/(0) have the desired values. This is a strange looking
choice, but unlike the Heisenberg-Poisson manifold, it is quantizable. The motiva-
tion for this choice is discussed in [10].

Let F, denote the n’th Fibonacci number: Fy =0, F; =1, F, = 1, ef cetera. Setting
h=+F, fork=1,23..., gives,

w(£Fy) = (£Fxe) x (£Fu_1€)

which is integral! These are the only values of h for which this symplectic form is
integral.

It is fairly clear how to quantize (S? x $? x R, 7). The C*-algebra is the algebra of
sections of a continuous field of C*-algebras over

I1={0,F |[keN}CR.

The algebra over h = 0 is €(S? x S?). The algebra over h = F,, is a matrix algebra,
equal to the tensor product of the quantizations of (S, Face) and (S?, For_1€); this is
the algebra of square matrices of size FyFa_1.
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FIGURE 2. The image of G in the h-A-plane. The marked points are
where the Bohr-Sommerfeld conditions are satisfied.

Although this Poisson manifold has an obvious quantization, by Theorem 5.1 it
is not integrable. The quantization cannot be constructed from a symplectic group-
oid, because there is no symplectic groupoid. To construct this quantization geo-
metrically, we need to generalize the construction somehow.

There are many nonintegrable Poisson manifolds that should be quantizable.
Stacky symplectic groupoids [23] are a general structure for dealing with nonin-
tegrable Poisson manifolds, but for this example a more elementary approach is
sufficient.

Let (T, wr) be the symplectic groupoid integrating H(S? €) = (S* x R,he') that
was constructed in Section 4.2.3, and consider the product

(T'x I, wr x wr) .

This is a symplectic groupoid over HS? x HS? = S? x R x $? x R. There are now
two “h”s, so I will denote that coordinate on the second factor as A. Instead, let
G C T x T be the submanifold where

2h
S RV T

see Figure 2. This is a coisotropic subgroupoid over $* x S* x R. The pullback
of the symplectic form to G is automatically closed and multiplicative, but it is
degenerate, so it makes G a presymplectic groupoid.

In principle, a symplectic groupoid over $* x S* x R should be obtained by
symplectic reduction of G, but no such symplectic groupoid exists, so what goes
wrong?

As we have seen, except at h = 0, the orbits of #dh in I" are circles. In " x T, these
become tori. The degenerate direction of the presymplectic form on § is tangent to
these tori. At most points, this gives a Kronecker foliation. The symplectic reduc-
tion of § would be the leaf space of the (1-dimensional) foliation by the degenerate
direction of the presymplectic form, but that is not a smooth manifold in this case.

A




46 ELI HAWKINS

As in Section 4.2.3, let Q be the polarization of I' derived from the complex struc-
ture on S2. This gives an obvious polarization Q x Q on the larger symplectic group-
oid. This is tangent to the submanifolds of constant h and A, therefore it is tangent
to G. Define R as the restriction of Q x Qto §.

This inherits most of the properties of Q x Q. It is involutive, multiplicative, and
Hermitian, therefore it is a groupoid polarization of §. Moreover, R includes the
degenerate direction of the presymplectic form.

This R is the restriction of a Lagrangian distribution, so it is coisotropic. The
rank of R is 6 and the dimension of G is 11, so R is maximally coisotropic. Maxi-
mal coisotropic seems like the most natural generalization of Lagrangian to presym-
plectic manifolds, so it is reasonable to consider R to be a polarization of G as a
presymplectic groupoid.

The prequantization of G is just the restriction of the prequantization of I' x T.
Except at h = 0, the real part of the polarization R is a foliation of § by 2-tori.
This means that there are 2 independent Bohr-Sommerfeld conditions coming from
holonomies around these tori.

These are just the Bohr-Sommerfeld conditions for each copy of T', i.e., A", A" €
Z. Along G, this means that either h = A = 0 or h = £F,! and A = £+F,] , for some
k € N; see Figure 2.

The polarization, R, fails to be positive when h,A < 0. Applying the Bohr-
Sommerfeld conditions and requiring positivity leaves Gg.s>o, which is the sub-
groupoid of ' x T where either h = A = O or h = F and A = F, ; for some
ke N

Let Gy be the k’th component of G5 >o. This is a T?>-bundle over Pair(S?)?. Po-
larized functions over Gy are equivalent to polarized sections of a nontrivial line
bundle over Pair(S?)?. In this way, geometric quantization produces the correct
matrix algebra from Gy.

The result is that geometric quantization with this presymplectic groupoid pro-
duces the expected quantization of (S* x $? x R,7), even though no symplectic
groupoid exists in this situation.

This approach may allow the geometric quantization of many other noninte-
grable Poisson manifolds. The Lie algebroid of this contact groupoid is a central
extension of the cotangent Lie algebroid. Centrally extending enlarges the vector
spaces in which the monodromy groups live. This makes it easier for the mon-
odromy groups to be discrete, and thus for the Lie algebroid to be integrable.

APPENDIX A. EXPLODING CONTACT GROUPOIDS

For the constructions in this paper, I have only used strict contact groupoids, for
which the contact form is multiplicative. On a general contact groupoid (Def. A.3)
the contact form is only multiplicative in a twisted sense, and the base manifold is
not a Poisson manifold but a Jacobi manifold. I shall briefly show how to general-
ize Theorem 2.10, because it provides a class of examples of symplectic groupoids.
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In order to do this, I will need one more general result about explosions, showing
how the h coordinate on an explosion of M can be rescaled by a function on M.

Lemma A.1. Given an explosive triple (M, N, E), for any smooth real function v &
C* (M), there exists a unique smooth map R, : E(M, N, E) — E(M, N, E) such that

(1) Prppo R, = Pr.

(2) R;(h) =Pry(e ™) -h € C®[E(M,N,E)].

(3) For a compatible map ¢ : (M,N,E) — (M',N',E’) and a smooth real function

r e C®(M/),
E(M,N,E) —4 E(M/,N’,E/)
lazq,*r lmr (A.1)
E¢

E(M,N,E) —*~ E(M’,N’,E)

is a commutative diagram.
(4) For any two smooth real functions r and s, R, o Ry = Ry ys.

Proof. Once again, I first consider the case that (M, N, E) is an explosive chart. In
terms of the coordinates on E(M, N, E),

PrM (X) Y, z, h) = (X> hy, hzz)

and h is just the coordinate of that name. Conditions 1 and 2 are satisfied if and
only if

R:(%,Y,2,1) = (x, €r(x’hy’hzz)y) ezr(x»hy»hZZ)Z, efr(x,hy,ﬁzz)h) )

This is explicitly a smooth map.

Condition 3 follows by a direct computation from this explicit formula. This
works because conditions 1 and 2 determine R, uniquely.

The unique extension of this construction to any explosive triple can be con-
structed by patching together explosive charts. Condition 3 implies that this is
consistent.

Finally, to check condition 4, it is sufficient to compute the compositions of
R, o R, and R, with Pry and h. O

Lemma A.2. Forany 6 € Q! (M,N,E),

normal
Ry (exm 0) = exm(e’0) .
Proof. The defining property of exy, 0 is that Pry, 8 =hexy 6, so
hR;(exm 0) = Pry(e") Ry (hexy 0) = Pry,(e") R Pry, 6
= Pry(e'0) =hexy(e0). O
Definition A.1. A Jacobi manifold (M, A,R) is a manifold M with a bivector field
A € X%(M) and vector field R € X'(M) such that [A,A] = 2R A A and [A,R] = 0.

A Jacobi map is a smooth map ¢ : M — M’ that pushes forward the bivector and
vector on M to the bivector and vector on M.
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In particular, a contact form, 0 € Q'(M), determines a Jacobi structure by the
conditions that R 40 =1,R21d6 =0 and for any £ € T*M,

£ =—(#,8)2d0+ (R2E)D.

I already remarked in the proof of Theorem 2.10 on the relationship between We-
instein’s Heisenberg-Poisson construction [21], H, and Lichnerowicz’s Poissoniza-
tion construction for Jacobi manifolds [14, 6]. For a Poisson manifold, (M, TT), the
Poissonization is isomorphic to the h > 0 part H., (M, TT) C H(M,TT), by the coor-
dinate transformation, h = e~*. This suggests extending the definition of H to the
category of Jacobi manifolds in a way that maintains this relationship.

Definition A.2. For any Jacobi manifold, (M, A, R), let H(M, A, R) be the manifold
M x R with the Poisson bivector
0

A—R— AR
h ha,h ,

and for any Jacobi map, ¢, let H := ¢ x idg.

This H is a functor from the category of Jacobi manifolds to the category of Pois-
son manifolds

Definition A.3. A contact groupoid (8, 0) is a Lie groupoid, 8, with a contact form
0 € Q'(8) such that there exists a real function (the Reeb function) r € C>(8) for
which

0 =pr; 0 —m"0+prj(e’) pr; 0. (A.2)

A contact groupoid, (8, 0), integrates a Jacobi manifold, (M, A, R) if § is a groupoid
over Mand t: 8 — M is a Jacobi map.

Remark. This definition differs slightly from that in [12] and [6], because those au-
thors chose to make the source map Jacobi. My definition is consistent with my
convention for symplectic groupoids. This choice is more significant here, because
for a symplectic groupoid the source map is anti-Poisson, but for a contact group-
oid it has no nice property.

Because 0 is nonvanishing, it uniquely determines the function r (when it exists).
This definition implies that the Reeb function is a groupoid 1-cocycle — or equiv-
alently, a homomorphism r : § — R. If r = 1, then this is a strict contact groupoid
as in Definition 2.3.

For any contact groupoid, (8,0), the cocycle property of the Reeb function, r,
implies that 1*r = 0. Pulling eq. (A.2) back by (1,1) : M — §, shows that 10 =0,
so 0 is normal to the unit submanifold. Because 0 is nonvanishing, it determines a
corank 1 subbundle, 8+ C vyS of the normal bundle. This means that we have an
explosive triple (8, M, 61), such that by definition 6 € Q! (8, M, 0+).

normal



QUANTIZATION OF PLANCK’S CONSTANT 49

Definition A.4. Given a contact groupoid (8, 0) over M with Reeb function, v, de-
fine I :=E(8, M, 6+) and I, := E(8,, M, 8+ & 61) with the structure maps

1 :=E1, tr :=Et, Sr:=EsoR,, invp:=EinvoR,,
pr,r = Epr,, mr:=Em), pr,r == Epr,o Ry
and 2-form wr := —d(exg 0).

Remark. This definition is chosen precisely so that the restriction of I' to h > 0 is
isomorphic to 8§ x; R, as defined in [6, Def. 2.3].

Theorem A.3. If (8,0) is a contact groupoid integrating (M, A,R), then (I wr) is a
symplectic groupoid integrating H(M, A, R).

Proof. The proof that this is a groupoid is a generalization of the proof of Lemma 2.8.
It was already proven there that tr = [Et is a surjective submersion and its fibers are
Hausdorff. The fibers of tr are connected, because those of t are.

The other axioms of a Lie groupoid in Definition 1.1 are expressed through com-
mutative diagrams. For each of the diagrams below, the individual commutative
squares and triangles are given by:

applying the functor E to a commutative diagram for 8,

an instance of Lemma A.1(3),

an instance of Lemma A.1(4), or

the definition of one of the structure maps in Definition A.4.

First, consider the diagram,

Pror
y/_\
prir Epr
rz ! > rz 2 >
pr, r=E pr]l lﬂipr] lIEt—tr
Ry Es
I > I > HM

The left square is commutative by A.1(3). The right square is commutative because
itis given by applying E to topr, = sopr,. The triangles are definitions of structure
maps. This shows that tr o pr, . = sr o pr,,, and so (pr;, pr,p) : I2 = T's % I'. The
proof that this is a diffeomorphism is essentially the same as in Lemma 2.8. This
shows that I'; and the projection maps pr, . and pr, . are correctly defined.

Similarly, ;s = E(83, M, 8+ & 6+ @ 61). The various face maps can be constructed
by exploding those for 83, and modifying some with R. Associativity (1.1) can be
proven in this way, but the explicit proof requires too much notation to present it
here.
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Next, to prove (1.2a), consider the diagram,

Py

The upper right triangle is commutative by the cocycle property, pryr + pr;r =
m*r, and Lemma A.1(4). The lower right square is E applied to (1.2a) for 8. The
other two corners are commutative by Lemma A.1(3). This shows that the diagram
is commutative, which proves (1.2a) for I More simply, (1.2b) for I is given by

applying E to (1.2b) for S.

Next consider the diagrams (1.3), which express the right unit axiom. For §, the
map that completes these diagrams is F := (ids, 1 o s). The map EF plays this role
for I'. The first two diagrams for I' are given by applying E to the diagrams for 8.

The third diagram for I' comes from

r—5 .n,

ler J/Rpr’]“ T

EF
sri T ——— 1 PIyr

l]Es lE pr,

HME—11>F.
=1Ir

The bottom square is given by applying E, the top square is commutative because
F*(prjr) = (pr, oF)*(r) = r. The left unit axiom (1.4) can be proven similarly using

the map (1 ot,idg) : 8§ — 8.



QUANTIZATION OF PLANCK’S CONSTANT 51

The cocycle property of the Reeb function implies that inv*r = —r. With (1.5a)
for 8, this implies that

s T Einv . T
\ lm Rfl
r Einv sr

is commutative, which gives (1.5a) for I'. More trivially, applying E to (1.5b) for §
gives that diagram for I".

The diagram in the left inverse axiom (1.6) for 8§ are completed with the map
G = (inv,idg). The diagrams (1.6) for I' come from

s T
N o 1 \ lﬂz, lmpf’{r

\\; l]Epr]:er I —> I3 PTor

mvr r m lEprz

r

I

and

The right inverse axiom (1.7) follows similarly, using the map (ids,inv) : § — 8.
This shows that I' with these structure maps is a Lie groupoid.
By naturally of ex and Lemma A.2,

pry(exs0) = fR;rTr[E prs(exs0)] = fR;rTr[exgz(pr; 0)] = exs, (prje"-pr;0).
This shows that,

Or(exs 0) = pry.(exs 0) — mp(exs 0) + pr; .(exs 0)
= eXs, (pr; 0 —m*0 +prie’ pr;0) =0,

so exs 0 — and thus wr = —d(exs 0) — is multiplicative. By the same proof as in
Theorem 2.10, wr is nondegenerate, therefore (I wr) is a symplectic groupoid.
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Contact structures relate to Jacobi structures just as symplectic structures relate
to Poisson structures, and the Poissonization of a contact structure, 0, is the sym-
plectic structure, —d(e*0) = —d(h7'0) (see [6] with some adjustment of sign con-
ventions). This means that the symplectic structure on the Poissonization H, (8, 0)
is the same as that on the h > 0 part of (I} wr). Because Poissonization is a functor,
this shows that the restriction of tr to h > 0 is a Poisson map. Flipping signs shows
that this is also true for h < 0, and therefore t is a Poisson map ]

Remark. The functors E and H are closely related. Applying H to (8, 0) gives a
Poisson groupoid that is symplectic except at h = 0, and (Prs,h) : ' — HS is a
Poisson map. There might be an alternative approach to constructing (I, wr) by
using the Poisson blow-up construction in [7].

APPENDIX B. RELATION TO VAN ERP’S PARABOLIC TANGENT GROUPOID

In [19], Erik van Erp studied a generalization of the Atiyah-Singer index theorem
for contact manifolds using what he calls the parabolic tangent groupoid. This is
inspired by Connes’ tangent groupoid, but whereas Connes’ tangent groupoid can
be constructed by a simple explosion, the parabolic tangent groupoid requires a
double explosion.

A contact manifold (M, E) consists of a smooth manifold M and a maximally
nonintegrable tangent distribution E C TM of codimension 1. Because the Lie
algebroid of Pair M is TM, this is naturally identified with the normal bundle to
1 : M — PairM, so (Pair M, M, E) is an explosive triple. The parabolic tangent
groupoid TeM is the h € [0, 1] part of E(Pair M, M, E).

Over h = 0, this is a bundle of Heisenberg groups. Specifically, it is a central
extension

O—)TM/E%TEM‘FL:()%E%O

determined by the curvature of E, where the vector bundle E and its normal line
bundle TM/E are bundles of abelian groups.

This is similar to the groupoid I" that I constructed in Section 2.4. The h = 0 part
of I' is also a bundle of Heisenberg groups. Specifically, it is the central extension

0—)RXM%F|h20%T*M—>O
determined by TT.

Remark. I am calling these “Heisenberg” groups even where IT is degenerate.

The similarity is simply due to the fact that both of these groupoids can be con-
structed by double explosions. More generally, consider a Lie groupoid G over
M with Lie algebroid A. Any subbundle E C A determines an explosive triple,
(9, M, E). By the same proof as Lemma 2.8, E(§, M, E) is a Lie groupoid over
M x R. By Corollary 2.4, E(G, M, E)|no is naturally identified with the graded
vector bundle E @& A/E, and the source and target maps are both equal to the bun-
dle projection, so this is a bundle of groups. The inhomogeneous rescaling ensures
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that the subbundle A /E and the quotient A are abelian, so this is a central extension
02 A/E—=E(GME)|heo 2 A—0. (B.1)

In particular, if E has corank 1, then this is necessarily a bundle of Heisenberg
groups, as in the cases of TeM and I" described above.

The central extension (B.1) is determined by a cocycle. This is most easily com-
puted by considering the Lie algebroid. The Lie algebra of E(G, M, E)|n— is the
graded vector bundle associated to the filtration 0 C E C A. For two sections X, Y &
I'(M, E), the bracket of (X,0) and (Y,0) is (0,c(X,Y)), where ¢(X,Y) € '(M,A/E) is
the class of [X, Y] modulo E. It is simple to check that this defines a bundle map
c: A’E — A/E.

This ¢ is an A/E-valued 2-cocycle on the bundle of abelian Lie algebras E. Be-
cause these are Abelian, c is also the equivalent cocycle for the bundle of abelian
groups A/E. In this way, it determines the extension (B.1).

This reproduces the definition of the curvature of a contact distribution and sug-
gests possible generalizations.

Acknowledgements. I am very grateful to Chenchang Zhu for pointing out the
nonintegrability of the example in Section 5.2; this was immediately obvious to her,
but not to me. I would also like to than Ian McIntosh for several useful discussions.

REFERENCES

[1] F. A. BEREZIN: Quantization. (Russian) Izv. Akad. Nauk SSSR Ser. Mat. 38 (1974), 1116-1175.
(English translation) Math. USSR-1zv. 8 (1974), no. 5, 1109-1165 (1975). MR0395610.

[2] E. BONECHI, N. CICCOLI, N. STAFFOLANI, M. TARLINI. The quantization of the symplectic group-
oid of the standard Podles sphere. J. Geom. Phys. 62 (2012), no. 8, 1851-1865. arXiv: 1004.3163.
MR2925830.

[3] ALAIN CONNES: Noncommutative geometry. Academic Press 1994. MR1303779.

[4] MARIUS CRAINIC, RUI LOJA FERNANDES: Integrability of Lie brackets. Ann. of Math. (2) 157
(2003), no. 2, 575-620. arXiv:math /0105033 [math.DG]. MR1973056.

[5] MARIUS CRAINIC, RUI LOJA FERNANDES: Integrability of Poisson brackets. ]. Differential Geom.
66 (2004), no. 1, 71-137. arXiv: math/0210152 [math.DG]. MR2128714.

[6] MARIUS CRAINIC, CHENCHANG ZHU: Integrability of Jacobi Structures. Ann. Inst. Fourier
(Grenoble) 57 (2007), no. 4, 1181-1216. math.DG/0403268. MR2339329.

[7] MARCO GUALTIERI, SONGHAO L1: Symplectic groupoids of log symplectic manifolds. Int. Math.
Res. Not. IMRN (2014), no. 11, 3022-3074. arXiv:1206.3674 [math.SG]. MR3214314.

[8] ELI HAWKINS: A Groupoid Approach to Quantization. ]. Symplectic Geometry 6, 61-125 (2008).
arXiv: math.SG/0612363. MR2417440.

[9] EL1 HAWKINS: An Obstruction to Quantization of the Sphere. Commun. Math. Phys. 283, 675-699
(2008). arXiv: 0706.2946 [math-ph]. MR2434743.

[10] ELI HAWKINS, ALAN HAINES: Deformation Quantization and Irrational Numbers. J. Symplectic
Geometry. 12 (2014) 1-22. arXiv:1105.5541 [math.NT]. MR3194074.

[11] MICHEL HILSUM, GEORGES SKANDALIS: Morphismes K-orientés d’espaces de feuilles et fonctori-
alité en théorie de Kasparov (d’apres une conjecture d’A. Connes). (French) [K-oriented morphisms of
spaces of leaves and functoriality in Kasparov theory (after a conjecture of A. Connes)] Ann. Sci. Ecole
Norm. Sup. (4) 20 (1987), no. 3, 325-390. MR0925720.



54 ELI HAWKINS

[12] YVAN KERBRAT, ZOUBIDA SOUICI-BENHAMMADI: Variétés de Jacobi et groupoides de contact.
C. R. Acad. Sci. Paris Sér. I Math. 317 (1993), no. 1, 81-86. MR1228970.

[13] N. P. LANDSMAN: Mathematical Topics Between Classical and Quantum Mechanics. New
York: Springer, 1998. MR1662141.

[14] ANDRE LICHNEROWICZ: Les variétés de Jacobi et leurs algebres de Lie associées J. Math. Pures
Appl. (9) 57 (1978) no. 4, pp. 453-488. MR524629.

[15] K. C.H. MACKENZIE: General theory of Lie groupoids and Lie algebroids. Cambridge Univ.
Press, Cambridge, 2005. MR2157566.

[16] I. MOERDIJK, J. MRCUN: Introduction to foliations and Lie groupoids. Cambridge Studies
in Advanced Mathematics, 91. Cambridge University Press, Cambridge, 2003. MR2012261.

[17] Rieffel, Marc A.: Deformation quantization of Heisenberg manifolds. Comm. Math. Phys. 122
(1989), no. 4, 531-562. MR1002830.

[18] JEDRZE] SNIATYCKI: Geometric quantization and quantum mechanics. Applied Mathemati-
cal Sciences, 30. Springer-Verlag, New York-Berlin, 1980. MR0554085.

[19] ERIK VAN ERP: The Atiyah-Singer index formula for subelliptic operators on contact manifolds. Part I.
Ann. of Math. (2) 171 (2010), 1647-1681. arXiv:0804.2490 [math.DG] MR2680395.

[20] ALAN WEINSTEIN: Blowing up Realizations of Heisenberg-Poisson Manifolds. Bull. Sci. Math., 2¢
série, 113, 1989, pp. 381-406. MR1029617.

[21] ALAN WEINSTEIN: Noncommutative geometry and geometric quantization. Symplectic geome-
try and mathematical physics (Aix-en-Provence, 1990), 446-461, Progr. Math., 99, Birkhduser
Boston, Boston, MA, 1991. MR1156554.

[22] N. M. J. WOODHOUSE: Geometric quantization. Oxford University Press, New York, 1992.
MR1183739.

[23] CHENCHANG ZHU: Integrating Lie algebroids via stacks and applications to Jacobi manifolds. PhD
thesis, 2004, U.C. Berkeley. arXiv: math/0505158.



