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REGULAR POISSON MANIFOLDS OF COMPACT TYPES

by Marius CRAINIC, Rui LOJA FERNANDES & David MARTINEZ TORRES

Abstract. — This is the second manuscript of a series dedicated to the study of Poisson
structures of compact types (PMCTs). In this manuscript, we focus on regular PM-
CTs, exhibiting a rich transverse geometry. We show that their leaf spaces are integral
affine orbifolds. We prove that the cohomology class of the leafwise symplectic form
varies linearly and that there is a distinguished polynomial function describing the
leafwise sympletic volume. The leaf space of a PMCT carries a natural Duistermaat-
Heckman measure and a Weyl type integration formula holds. We introduce the notion
of a symplectic gerbe, and we show that they obstruct realizing PMCTs as the base
of a symplectic complete isotropic fibration (a.k.a. a non-commutative integrable sys-
tem).

Résumé. (Variétés de Poisson réguliéres de types compacts) — Nous consacrons une
suite d’articles aux variétés de Poisson de types compacts (nous emploierons simple-
ment acronyme PMCTs). Ce travail, qui est le second de cette suite, se concentre
sur les PMCTs réguliéres, et explore leur riche géométrie transverse. Nous montrons
que l’espace de leurs feuilles sont des orbi-variétés affines entiéres. Nous établissons
une dépendance linéaire de la classe de cohomologie de la structure symplectique
dont héritent les feuilles et exhibons un polynoéme qui décrit le volume symplec-
tique des feuilles. Nous équipons ’espace des feuilles d'un PMCT d’une mesure de
Duistermaat-Heckman naturelle et donnons une formule d’intégration de type Weyl.
Nous introduisons enfin la notion de gerbe symplectique et montrons que celles-
ci sont Iobstruction & la construction de la PMCT comme la base d’une fibration
symplectique compléte & fibres isotropes (autrement dit, un systéme intégrable non-
commutatif).

© Astérisque 413, SMF 2019
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CHAPTER 1

INTRODUCTION

This is the second manuscript of a series of works devoted to the study of Poisson
structures of compact types (PMCTs). These are the analogs in Poisson Geometry of
compact Lie groups in Lie theory. In the first paper of this series [13] we have discussed
general properties, described several examples, and outlined our general plan. In this
paper, which is self-contained, we focus on regular PMCTs and we discover a very
rich transverse geometry, where several structures, both classical and new, interact
with each other in a non-trivial way. These include orbifold structures, integral affine
structures, symplectic gerbes, etc. Moreover, we find that celebrated results, like the
Duistermaat-Heckman Theorem on the linear variation of the symplectic class in the
cohomology of reduced spaces, the polynomial behavior of the Duistermaat-Heckman
measure, the Atiyah-Guillemin-Sternberg Convexity Theorem, or the Weyl Integra-
tion Formula, fit perfectly into the world of PMCTs, arising as particular statements
of general results concerning PMCTs.

Given a Poisson manifold (M, ) we will look at s-connected integrations ({, ),
which are symplectic Lie groupoids of compact type. At the level of Lie groupoids,
there are several compact types C characterized by possible conditions on {:

(1.1) C € {proper, s-proper, compact},

that is, Hausdorff Lie groupoids with proper anchor map, proper source map, and
compact manifold of arrows, respectively. For example, when {, = G x M comes
from a Lie group acting on a manifold M, the three conditions correspond to the
properness of the action, the compactness of G, and the compactness of both G and
M, respectively. Therefore, one says that the Poisson manifold (M, ) is of:

— C-type if it has an s-connected integration (£, ) with property C;
— strong C-type if its canonical integration ¥.(M, ) has property C.

A Poisson manifold (M, ) comes with a partition into symplectic leaves, gener-
alizing the partition by coadjoint orbits from Lie theory. In this paper, we consider
PMCTs where the dimension of the leaves is constant, leaving the non-regular case
to the next paper in the series [12]. This gives rise to a regular foliation ¢/ on M, so,
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2 CHAPTER 1. INTRODUCTION

in some sense, we are looking at symplectic foliations from the perspective of Poisson
Geometry.
For a general regular Poisson manifold, the leaf space

B = M/s

is very pathological. However, for us, the first immediate consequence of any of the
compactness conditions is that B is Hausdorff. Moreover, we will see that it comes
with a very rich geometry, illustrated in the following theorem, which collects several
results spread throughout the paper:

Theorem 1.0.1. — Given a regular Poisson manifold (M, w) of proper type and an
s-connected, proper symplectic integration ((,Q):

(a) The space B of symplectic leaves comes with an orbifold structure 8 = B(().

(b) There is an induced integral affine structure A on 3.

(¢) The classical effective orbifold underlying .3 is good.

(d) There is a symplectic & -gerbe over .3, where & is the symplectic torus bundle
induced by A. This gerbe is classified by the Lagrangian Dixmier-Douady class:

CQ(C}v Q) € H2($7 giagr)~

(e) The class co(G, Q) vanishes if and only if (M, n) admits a proper isotropic re-
alization q : (X,Qx) — (M, ) for which ¢ = Bx(M,r), a natural symplectic
integration constructed from X and the orbifold structure ..

The presence of an orbifold structure on the leaf space which, in general, is non-
effective, gives rise to several technical difficulties throughout the discussion. When
the symplectic leaves are 1-connected, then B is just a smooth manifold, and no
further complications arise from orbifolds. In this case, all the other main features of
PMCTs are already present, and it includes interesting examples, such as the regular
coadjoint orbits or the principal conjugacy classes of a compact Lie group. For that
reason, in the general discussion we will often consider this case first.

The different geometric structures present on the leaf space of a PMCT, mentioned
in the previous theorem, interact nicely with the leafwise symplectic geometry. One
illustration of this interaction is the linear variation of symplectic forms in coho-
mology, generalizing the classical Duistermaat-Heckman Theorem. For simplicity, we
concentrate on the smooth case, where the leaves are 1-connected. Then to each b € B
corresponds a symplectic leaf (Sy,ws), and the cohomologies H?(S,) yield a bundle
&/ — B. The cohomology class of the leafwise symplectic form defines a section of
this bundle:

B>b— [wb] et = Hz(Sb).

In the s-proper case, the leaves are compact and &/ is a smooth flat vector bundle
over B. The flat connection is the so called Gauss-Manin connection and arises from
the underlying integral cohomology. Using parallel transport, one can compare classes
[ws] at distinct points b € B, once a path has been fixed. On the other hand, the
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CHAPTER 1. INTRODUCTION 3

integral affine structure on B of the previous theorem determines a developing map,
defined on the universal cover of B:

dev: B —R? (g =dimB).

Denoting the Chern classes of the principal torus bundle ¢ : s7!(x¢) — Sp,, where s
and ¢ are the source/fiber of the s-proper integration, by

Cly...,Cq € HZ(SbO),

the linear variation theorem can be stated as follows:

Theorem 1.0.2. — If (M, ) is a regular, s-proper Poisson manifold, with 1-connected
symplectic leaves, then for any path v in B starting at by one has

7 ([wy)]) = [wee] +dev? (V)er + -+ + dev? ()cq.

Similar formulas hold for a general Poisson manifold of s-proper type.

One can also look at volume forms instead. Assume as before that we have an
s-proper integration ({, ) of (M, ). Pushing forward the Liouville measure associ-
ated to €2, one obtains the Duistermaat-Heckman measure on the leaf space:

kpH € M(B).

On the other hand, the integral affine structure on B gives rise to another measure,
pag € M(B). The classical result on the polynomial behavior of the Duistermaat-
Heckman measure is a special case of the following general result for PMCTs:

Theorem 1.0.3. — If (M, ) is a regular Poisson manifold, with s-connected, s-proper
integration ((, ), then:

i = (0 vol)2piag,
where vol : B — R is the leafwise symplectic volume function and v : B — N counts
the number of connected components of the isotropy group (. (r € Sy). Moreover,
(v - vol)? is a polynomial relative to the orbifold integral affine structure on B.

The previous theorem has an interesting version already on M, where we obtain
two measures, pd4; and p4f = uys, both induced by densities p; and pas, which
are invariant under all Hamiltonian flows. Our study of such invariant densities yields
the following Fubini type theorem:

Theorem 1.0.4. — If (M, x) is a regular Poisson manifold, with proper integration
(€,Q), then for any f € C°(M):

[ 1@t = [ (w0 Sbf(y)dﬂsb(y)) dpins (),

where pg, is the Liouwville measure of the symplectic leaf Sy, and v : B — N is the func-
tion that for each b € B counts the number of connected components of the isotropy
group Gy, (x € Sp).
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4 CHAPTER 1. INTRODUCTION

We shall see in [12] that a similar theorem is valid for all, including non-regular,
PMCTs. This theorem includes, as a special instance, the classical Weyl Integration
Formula.

The rest of this paper is organized as follows. Chapter 2 is devoted to foliations
and orbifolds, recalling Haefliger’s approach to transversal geometry, fixing the neces-
sary framework, but also illustrating the various compactness properties (1.1) in the
simpler context of foliations. In this chapter, the orbifold structure on the leaf space
of a PMCT, stated in part (a) of Theorem 1.0.1, is shown to exist.

Chapter 3 includes some basics on Integral Affine Geometry and describes its re-
lationship with Poisson Geometry. Besides proving part (b) of Theorem 1.0.1, we
discover new Poisson invariants, the so-called extended monodromy groups which give
rise to obstructions to s-properness, but which are interesting also for general Poisson
manifolds.

Chapters 4 and Chapter 5 concern Theorem 1.0.2, on the linear variation of the
cohomology class of the leafwise symplectic form. We first treat the case of smooth leaf
space and then the orbifold case. Both these chapters start by revisiting the developing
map for integral affine structures from a novel groupoid perspective. That allows for
a global formulation, free of choices, which is more appropriate for our purposes. We
also obtain a decomposition result for Poisson manifolds of s-proper type which, from
the point of view of classification, indicates two types of building blocks: (i) the strong
proper ones with full variation, and (ii) the ones with no variation, corresponding to
symplectic fibrations over integral affine manifolds.

Chapter 6 discusses the Duistermaat-Heckman measures on PMCTs and on their
leaf spaces, its relationship with the measures determined by the integral affine struc-
tures, and the interaction with the Liouville measure on the symplectic leaves, leading
to proofs of Theorem 1.0.3, on the polynomial nature of the Duistermaat-Heckman
measure, and the integration formula of Theorem 1.0.4.

Chapter 7 explains the relationship between PMCTs and proper isotropic realiza-
tions, which appears in part (e) of Theorem 1.0.1. For any proper isotropic realization
q:(X,Qx) — (M, n) we introduce a “holonomy groupoid relative to X,” Holx (M, ),
which is usually smaller than the canonical integration (M, 7), and hence has better
chances to be proper. The groupoids Holx (M, 7) not only arise in many examples,
but are an important concept. Indeed, recall that foliations come with two standard s-
connected integrations: the largest one which is the monodromy groupoid Mon (M, )
and the smallest one which is the holonomy groupoid Hol(M, ). In Poisson geom-
etry, the integration X (M, 7) is the analog of Mon(M,sF) but, in general, there is
no analog of the holonomy groupoid. Our results suggest that, in Poisson Geometry,
instead of looking for the smallest integration, one should look for the smallest one
that acts on a given symplectic realization. This property characterizes Holx (M, )
uniquely.

Chapters 8 and 9 describe our theory of symplectic gerbes, first in the smooth case
and then in the orbifold case, proving parts (d) and (e) of Theorem 1.0.1. Our de-
parture point is the usual theory of S'-gerbes, which we first extend to & -gerbes,
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CHAPTER 1. INTRODUCTION 5

where &/ is an arbitrary torus bundle over a manifold B. For the symplectic theory,
we need to look at a symplectic torus bundles (&, wg) over an orbifold B or, equiv-
alently, integral affine structures on B. In the more standard theory ones looks at
central extensions of &/ by Lie groupoids, while in the symplectic theory we look at
central extensions of (§/, wg) by symplectic groupoids. The main conclusion is that,
while & -gerbes are classified by their Dixmier-Douady classes, living in H 2(B,g ),
for symplectic gerbes one obtains a Lagrangian Dixmier-Douady class which gives rise
to a group isomorphism

Cy Gerbg(g,wg) - HQ(B’gLagr)’

where & Lagr 18 the sheaf of Lagrangian sections of (¥ ,wg).

Appendix A gives some background on actions of symplectic groupoids, Hamilto-
nian {-spaces, and symplectic Morita equivalence, which are relevant for the paper.
Appendix B is of a very different nature: we show there how one can adapt (part of)
Molino’s approach of Riemannian foliations to the context of integral affine geometry,
to prove that integral affine orbifolds are good, i.e., quotients of a discrete integral
affine group action. While this is relevant for PMCTs and we make good use of it, we
believe it may be of independent interest.

As we develop the theory of PMCTs, we will explain how to adapt it to Dirac
manifolds. The first motivation for this arises from the extension of the results of this
paper from regular to arbitrary PMCTs, since we will introduce in [12] a desingular-
ization procedure which will turn a PMCT into a regular, Dirac manifold (without
changing the leaf space or the compactness type!). The second motivation comes from
Lie theory and the striking similarity between the geometry of (co)adjoint orbits and
the one of conjugacy classes (see e.g., [21]). While coadjoint orbits fit into Poisson
Geometry, conjugacy classes belong to the world of (twisted) Dirac Geometry. Hence
the Dirac framework allows us to (re)cover even more fundamental examples.

However, in order to get a faster grasp of the results and new techniques introduced
here, the reader may choose to skip, in a first reading, all chapters concerning Dirac
Geometry. The same applies to the chapters on orbifolds, since the rich geometry that
comes with PMCTs is present already when the leaf space is smooth.

Acknowledgments. — The work of N.-T. Zung [57] on proper symplectic groupoids
should be considered as a precursor of the theory of PMCTs. However, Zung focuses
his attention on the symplectic groupoid, instead of the underlying Poisson manifold.
A. Weinstein’s work on measures on stacks [53] was a source of inspiration for our
study of measures. Our theory of symplectic gerbes can be viewed as a symplectic
version of I. Moerdijk’s work on regular proper groupoids [39], but with a richer
geometric flavor that includes the connection to the Delzant-Dazord theory of isotropic
fibrations [18]. We would also like to acknowledge the gracious support of IMPA, the
University of Utrecht and the University of Illinois at Urbana-Champagne, at various
stages of these project.
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CHAPTER 2

PMCTS, FOLIATIONS OF COMPACT TYPES AND ORBIFOLDS

Recall that given a foliation ¢f on M the associated distribution can be thought
of as a Lie algebroid with anchor the inclusion and bracket the restriction of the Lie
bracket of vector fields. This Lie algebroid is well-known to be integrable — for example
by the holonomy groupoid (see Section 2.1). Therefore, for any of the compactness
types (1.1), the notion of C-type (respectively, strong C-type) makes sense for any foli-
ated manifold (M, s¥): one requires the existence of a source connected (respectively,
source 1-connected) Hausdorff Lie groupoid integrating of having property C.

In this chapter we shall make a detailed study of these compactness types of folia-
tions. On the one hand, foliations of compact types are easier to handle than regular
Poisson manifolds of compact types, but they still exhibit phenomena/properties that
will persist in the Poisson case. Thus the analysis of the former will play a guiding
role in the analysis of the latter. On the other hand, if a regular Poisson manifolds is
of (strong) C-type, then so is the underlying symplectic foliation. Hence, the results
in this chapter have immediate applications to the Poisson case.

As (rough) main goal of this chapter, we mention here:

Theorem 2.0.1. — If (M, ) is a regular Poisson manifold of C-type, then the sym-
plectic foliation of is of C-type. As a consequence, the space of symplectic leaves

B =M/

is an orbifold. More precisely, any integration § of (M, ) of C-type gives rise to an
integration B(C) of & of C-type, which induces an orbifold structure on B.

We shall see in the next chapters that symplectic integrations of (M, n) induce
several geometric structures on the orbifold B. For that reason this chapter pays
special attention to geometric structures on leaf spaces of foliations and on orbifolds.

Remark 2.0.2 (Classical compact foliations). — In classical Foliation Theory the notion
of a compact foliation refers to a foliation all whose leaves are compact (see, e.g., [22,
23]). This property does not refer to any of the integrations of of . We will clarify later
how this classical notion is related to our compactness types. In this regard, since the
pioneering work of A. Haefliger, Lie groupoids (in particular, the holonomy groupoid)
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8 CHAPTER 2. PMCTS, FOLIATIONS OF COMPACT TYPES AND ORBIFOLDS

have been extensively used in the study of the transverse geometry of foliations. Our
approach follows the same spirit, defining compactness type of foliations in terms of
groupoids integrating them.

2.1. The monodromy and holonomy groupoids

The Lie groupoids that integrate foliations are called foliation groupoids. They are
easy to characterize, since, in general, the Lie algebra of the isotropy group of a Lie
groupoid is precisely the kernel of the anchor of its Lie algebroid:

Proposition 2.1.1 ([15]). — A Lie groupoid { is a foliation groupoid iff all the isotropy
groups (. are discrete.

Since any foliation ¢ on M is integrable as a Lie algebroid, it has a unique (smooth)
source 1-connected integration, called the monodromy groupoid of 5f and denoted by

Mon(M, &f) = M.

The arrows in this groupoid are the leafwise homotopy classes (relative to the end-
points) of leafwise curves in M (see [40]).
Every foliation has yet another s-connected canonical integration: the holonomy
groupoid of &¥, denoted by
Hol(M,sf) = M.

The arrows are now equivalence classes of leafwise paths where two paths are identified
if they induce the same germ of holonomy transformation. From their definitions, we
have a morphism of Lie groupoids which is a local diffeomorphism:

(2.1) hol : Mon(M, o) — Hol(M, &F).

The relevance of the holonomy groupoid in studying the transverse geometry of
foliations stems from the fact that any other s-connected Lie groupoid integrating ¥
lies above it. More precisely:

Theorem 2.1.2 ([15, 45]). — For any s-connected integration & of a foliation &f on M,
there is a natural factorization of (2.1) into a composition of surjective submersions
compatible with the groupoid structure:

Mon(M, ) —“— & 2 Hol(M, F) .

Recall that we are only interested in Hausdorff Lie groupoids, although even very el-
ementary foliations can have non-Hausdorff monodromy and/or holonomy groupoids.
Moreover, one can have one of them being Hausdorff while the other one is not, and
even both not being Hausdorff but there exists a Hausdorff one in between them! The
monodromy groupoid is Hausdorff iff the foliation does not have vanishing cycles [2],
but no geometric criteria characterizing the Hausdorffness of other foliation groupoids
(e.g., the holonomy groupoid) is known.

ASTERISQUE 413



2.1. THE MONODROMY AND HOLONOMY GROUPOIDS 9

Example 2.1.3 (Simple foliations). — If p : M — B is a submersion with connected
fibers, then the fibers of p define a foliation ¢¥ on M, called a simple foliation. The
holonomy groupoid of &f is the submersion groupoid of p, consisting of pairs of points
in M that are in the same fiber of p:

Hol(M, ) = M x5 M = M,

where (z,y) € M xp M is thought of as an arrow from y to x. This groupoid is
Hausdorff but the monodromy groupoid of ¥ may fail to be Hausdorff: e.g., the fiber
above 0 of the first projection p : R?\ {0} — R contains a vanishing cycle.

Example 2.1.4 (One sided holonomy). — On the cylinder M = S! x R consider the
foliation ¢ given by the orbits of the vector field X = % + f(t)%, where f(t) is a
smooth function with f(t) = 0 for ¢ < 0 and f(¢) > 0 for ¢ > 0. ¢f has closed leaves
St x {t} for t < 0 and open leaves for ¢t > 0. It follows that there are no vanishing
cycles, so Mon(M, &) is Hausdorff. The leaf S* x {0} has one-sided holonomy, so the
leaves with ¢ < 0 give cycles with trivial holonomy that converge to a cycle at t = 0

with non-trivial holonomy. Hence, Hol(M, &) is non-Hausdorff.

Recall that the linear holonomy of a foliation ¢ on M along a leafwise path v C S
from x to y is, by definition, the linearization of the holonomy parallel transport
along 7. Identifying the tangent spaces of the transversals with the normal spaces
vy (S) =T, M/T,S, the linear holonomy becomes a map:

(2.2) hol2™ := dghol, : v4(S) — v(S).

It can also be described directly as the parallel transport associated to the so-called
Bott connection. The linear holonomy groups are then defined similarly, by identifying
loops that induce the same linear holonomies:

Hol™ (M, &) := Mon, (M, &) /linear holonomy equivalence.

Similarly, one can also define the linear holonomy groupoid Hollin(M ,of ). The
resulting quotient map

hol"™ : Mon(M, ) — Hol™ (M, )

will factor through the holonomy groupoid, giving rise to a morphism of groupoids
lin : Hol(M,¥) — Hol™ (M, ). However, in general, Hol"™ (M, ) will only be a
topological groupoid: it follows from Theorem 2.1.2 that, for Hol““(M ,of ) to admit
a Lie groupoid structure such that lin is smooth, the holonomy must coincide with
the linear holonomy, i.e., lin must be 1-1. When this happens, we say that (M, /)
has linear holonomy. As a consequence of Bochner’s linearization theorem, this is the
case whenever the holonomy groups are finite. On the other hand, the foliation in
Example 2.1.4 does not have linear holonomy.

Example 2.1.5 (Linear foliations). — A class of examples that is relevant for us, since
they provide the (linear) local models that appear in local Reeb stability and are
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intimately related to our compactness types, is obtained as follows. One starts with
a connected manifold S and:

(1) S — S a covering space with group T';

(ii) a representation I' = GL(V') on a vector space V of dimension g.

The associated linear local model (S X1 V, hin) is the foliation of the quotient:
SxpV:=(8xV)T

obtained from the trivial codimension ¢ product foliation {S x {v}},cv. Note that
S sits canonically inside the linear local model as the leaf corresponding to 0 € V.
This construction has a groupoid version which gives us an integrating foliation
groupoid for ¢4;,. More precisely, S is replaced by the pair groupoid Sx8=8. The
product of this group01d with V' (viewed as a groupoid with units only) gives rise
to a groupoid Sx8xV =8 x V', where I' acts freely and properly by groupoid
automorphisms (again by the diagonal action). Hence, we have a quotient groupoid:

(2.3) (8x 8)xrV =8 xpV.
One readily checks that this is a foliation groupoid, and that the induced foliation
on its base is precisely Ai,. However, this groupoid may sit strictly between the

monodromy and holonomy groupoids. In fact, the monodromy groupoid is obtain as
a special case of this construction:

(2.4) Mon(M, Fin) = (S X 8) Xay(s) V = 8 Xy sy Vi

where 1 (S) acts on V via the homomorphism 71 (S) — I' = GL(V).
We summarize the previous discussion in the following result (for item (ii) see
Example 2.2.2):

Proposition 2.1.6. — The linear local model ki, s a foliation with linear holonomy
and s-connected integration the Lie groupoid (2.3). Moreover, this groupoid:

(i) coincides with Mon(M, i) iff S is simply connected.

(ii) coincides with Hol(M, hin) iff the action of T on V is effective.

2.2. Foliation versus étale groupoids

Recall that an étale groupoid is a Lie groupoid whose source map is a local diffeo-
morphism. Typical examples of étale groupoids include:

— the identity groupoid M = M of a manifold,

— the action groupoid associated to a discrete group action on a manifold.
The fundamental example coming from foliation theory is the restriction of the holon-
omy groupoid of (M, ) to a complete transversal T (i.e., a transversal intersecting
all the leaves):

Hol(M, )|, =

Historically, étale groupoids associated with a foliation were introduced via pseu-
dogroups, as the objects that encode the transverse geometry of the foliation (see
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2.3. MORITA EQUIVALENCE 11

Remark 2.3.3 below). The main point about étale groupoids is that they can be han-
dled very much as usual manifolds. The resulting theory should be viewed as a study
of “singular spaces,” namely, the orbit spaces of the étale groupoids. The role of the
étale groupoid is to provide a “desingularization” of the singular space.

A foliation groupoid £ = M and the étale groupoid

(2.5) & = (8|T = T)

obtained by restricting £ to a complete transversal T for of have the same leaf space.
This passage to the étale groupoid depends on the choice of a transversal T" but, mod-
ulo the appropriate notion of equivalence, called Morita equivalence (see Section 2.3),
this choice is irrelevant. An entirely similar story holds for any Lie groupoid {, with
the exception that the restriction to a complete transversal is not étale unless { is a
foliation groupoid.

A fundamental property that will be used repeatedly is the following: in an étale
groupoid & = T, any arrow g : ¢ — y induces a germ of diffeomorphisms:

(2.6) og: (T,z) — (T,y).

To define it choose a neighborhood U of g in & where both s and ¢ restrict to local
diffeomorphisms and then take the germ at z of o, := (t|U) ) (s|U)_1.

Given a foliation groupoid & = M, if the restriction &7 to some complete transver-
sal T is effective then the same holds for any other transversal. In such case we say
that & is an effective foliation groupoid. One can characterize holonomy groupoids as
follows:

Proposition 2.2.1 ([15]). — A foliation groupoid & = M is the holonomy groupoid of
the induced foliation on the base iff € is s-connected and effective.

Example 2.2.2. — Consider the linear foliation ¢#;, in Example 2.1.5 associated with a
I-cover $ — S and a linear action ' ~ V. A complete transversal to Hi, is furnished
by V sitting inside the linear local model S xr V as v — [z, v], where x € S is fixed.
The restriction of the Lie groupoid (2.3) to this transversal is isomorphic to the action
groupoid I" x V' = V. Therefore, Proposition 2.2.1 immediately implies part (ii) in
Proposition 2.1.6.

2.3. Morita equivalence

Morita equivalence is relevant to our story for it is the equivalence that reflects
the “transverse geometry” or the “geometry of the leaf space”. Let us recall its precise
definition using bibundles [29]. For more details we refer to [1, 9, 30, 33, 42].
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12 CHAPTER 2. PMCTS, FOLIATIONS OF COMPACT TYPES AND ORBIFOLDS

A Morita equivalence between two Lie groupoids §; = M;, i € {1,2}, also called a
Morita bibundle, denoted by P : () ~ (5 and illustrated by the diagram

o C _r O 6
M1 M2
is given by a smooth manifold P, endowed with:
— surjective submersions q; : P — Mj and g2 : P — Mo;
— commuting groupoid actions on P of {; from the left, making qs : P — M5 into
a principal §;-bundle, and of {, from the right, making q; : P — M; into a
principal (,-bundle.
Given a Morita equivalence P : §; ~ (, one finds that:

(i) there is a homeomorphism of the orbit spaces M;/¢; and My/(s, where two
orbits 0; C M; correspond to each other iff q7*(C1) = q5 *(Cs);
(ii) if z; € 01 and x5 € Oy are points in orbits in this correspondence, then the
isotropy Lie groups ( ,, and (5 ., are isomorphic;
(iii) the groupoid ¢ is proper/Hausdorff iff the groupoid (, is.

Example 2.3.1 (Gauge groupoids). — Given a Morita equivalence P as above, the
groupoid {; can be recovered from (), together with P and its structure of principal
(>-bundle over M;: ¢ will be isomorphic to the gauge groupoid

PxP := (P xar, P/(z = My),

the quotient of the submersion groupoid associated to g2 : P — My (Example 2.1.3)
modulo the (diagonal) action of {,. The isomorphism is induced by the division map
P X Mo P — g’l

For a foliation groupoid & = M and any complete transversal T, the groupoids
€ and &r (see (2.5)) are Morita equivalent: P := ¢t~1(T') defines a Morita bibundle,
where q; and g2 are the restrictions of s and ¢, respectively, and the actions are given
by the multiplication of €. This leads to the following characterization of foliation
groupoids, which is a refinement of Proposition 2.1.1:

Proposition 2.3.2 ([15]). — A Lie groupoid & is a (proper) foliation groupoid iff it is
Morita equivalent to a (proper) étale groupoid.

Remark 2.3.3 (Haefligers’s approach to transverse geometric structures). — Let us call
a Haefliger sheaf on R? any sheaf on R? that comes together with an action of local
diffeomorphisms ¢ : U — V between opens in R?; that means that any such ¢ induces
a bijection ¢, : §(U) — &(V) and ¢, is compatible with the restriction maps. More
formally, & is a I'?%-sheaf, where I'? = RY is the Haefliger groupoid, whose space of
arrows consists of germs of local diffeomorphisms, with the sheaf topology. A good
example to keep in mind is the sheaf of differential forms.
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Fix such a Haefliger sheaf &. Using local charts, & extends to all g-dimensional
manifolds, giving rise to a functor defined on the category Man? consisting of g-dimen-
sional manifolds and local diffeomorphisms between them. This extension is unique
if we require it to have the same properties as ¢, but now with respect to diffeomor-
phisms between manifolds; it will be denoted by the same letter &

Given an étale groupoid & = T over a ¢-dimensional manifold, the sheaf property
allows us to define §'(&’) as the set of &-invariant structures on the base,

More precisely, for any arrow g of & we have a germ o, of a local diffeomorphism of T"
from s(g) to t(g), see (2.6), and u € §(T)¢ iff o, takes germ, ) (u) to germ, gy (u), for
any g € &. In other words, &'(T") is a &-sheaf and &' (&) is the space of its invariant
sections. Moreover, any Morita equivalence & =~ &; of étale groupoids induces a
bijection &' (&1) = &'(&£2), and this construction is natural with respect to composition
of Morita equivalences.

The last property allows us to further extend & to arbitrary foliation groupoids
€ = M by making use of the restrictions &r (see (2.5)). To make the definition
independent of the choice of T', we define &'(€) as the set of collections

U= {uT}

of elements u? € §'(&7), one for each complete transversal T', with the property that
for any two such transversals T} and T, u™* to u”2 correspond to each other via the
map ¢ (ér,) = &(&r,) induced by the natural Morita equivalence between &, and
&, (i.e., the composition of the Morita equivalences &7, ~ £ ~ &r, or, more directly,
the Morita equivalence defined by the Morita bibundle &(T37,T5) of arrows starting
in T and landing in T5). With this, it is clear that once a complete transversal T is
fixed, the obvious map & (&) — &(&r) is 1-1.

Therefore, given a codimension ¢ foliated manifold (M, sF) one can define the set
S (M/SF) of transverse & -structures on (M, f) as & (Hol(M, 5F)). For instance, if one
considers differential forms on manifolds, the space of transverse forms for (M, &¥) is
the space Q°(T)HIM.) of differential forms on a complete transversal T, invariant
under holonomy. Similarly for transverse Riemannian metrics, transverse measures,
transverse symplectic forms, etc.

One can often remove the ambiguity coming from the choice of a complete transver-
sal by representing a transverse ¢ -structure directly at the level of M. For instance,
in the case of & = Q° one looks at the basic forms

Q* (M) g—pas :={we QM) :iyw=0, £yw=0 forall V eI'(f)}.
Restriction from M to any complete transversal T induces an isomorphism:
0° (M)(a?—bas ~ () (T)HOI(M,QG}/)’ W — w'T'

Hence, Q°*(M) g_pas yields a concrete realization of §'(M/cf) at the level of M.
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2.4. Foliations of C-types

We turn now to the study of foliations of compact types. Any such foliation has
linear holonomy. In fact, we have:

Lemma 2.4.1. — Let (M,sF) be a foliation of proper (respectively, s-proper) type.
Then its leaves are closed embedded (respectively, compact) submanifolds, the holon-
omy groups are finite, and the orbit space is Hausdorff. If (M,sF) is strong proper,
then the leaves have finite fundamental group.

Proof. — A simple topological argument implies that for a proper (respectively,
s-proper) Lie groupoid all the orbits are closed embedded (respectively, compact)
submanifolds, the isotropy groups are compact, and the orbit space, furnished with
the quotient topology, is Hausdorff (see e.g., [17, 52, 57]). For an s-connected integra-
tion & of &7, the isotropy groups of £ surject onto the holonomy groups. O

While strong C-types were defined using the monodromy groupoids, we claim that
the C-types can be checked using the holonomy groupoids:

Theorem 2.4.2. — A foliation is of C-type iff its holonomy groupoid has property C.

The proof of Theorem 2.4.2 is deferred until the next section, where we discuss
normal forms for foliations. For now, we look at some examples. One should keep in
mind that a foliation (M, f) is of compact type iff it is s-proper and M is compact.

Example 2.4.3. — A simple foliation (M, f) as in Example 2.1.3 is always of proper
type, it is of s-proper type iff p is proper and it is of compact type iff M is compact.

Example 2.4.4. — For the linear foliation (S xr V, Hin) the explicit integrations (2.3)
and (2.4) together with Proposition 2.1.6 imply that Ay is:
— proper (respectively, s-proper) iff T" is finite (respectively, I' is finite and S is
compact);
— strong proper (respectively, strong s-proper) iff 71(S) is finite (respectively,
71(S) is finite and S is compact);
— never of compact type.

Note that in the definition of C-type one requires the foliation groupoid to be
s-connected. One should be aware of the following phenomena:
(i) If a foliation groupoid & = M is proper, then passing to its source connected
component £° C € may destroy properness.
(i) If a foliation (M, o) is of proper type and U C M is open, then (U7(§J|U) may
fail to be of proper type.
In fact, notice that for a foliation (M, &) and an open set U C M, the leaves of of |, are
the connected components of the intersections of the leaves of ¥ with U. Although the
restriction Hol(M, of )|U still integrates ¢¥ |y it may fail to be s-connected. Passing
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2.5. NORMAL FORMS 15

to the associated s-connected groupoid, one gets precisely the holonomy groupoid

of (§7|U:
(2.7) Hol(U, &) = (Hol(M, &))"

Examples illustrating (i) and (ii) can then be constructed even starting from a simple
foliation. For instance, consider M = R? with the foliation induced by the second
projection and restrict it to U = R? \ {0}. Then (U,§|U) is not proper because
its leaf space is not Hausdorfl. In particular, Hol(M, of )|U is proper while its source
connected component is not.

Lemma 2.4.1 gives necessary conditions for the properness of a foliation, but they
are not sufficient as illustrated by the next two examples:

Example 2.4.5. — There are foliations where all leaves are embedded, the holonomy
groups are finite, and the leaf space is Hausdorff, but are not of proper type: consider
the linear foliation of the M6bius band M by circles. The middle circle C is the only
leaf with non-trivial holonomy.

Restrict now this foliation to the open U obtained from M by removing one point
in C. In this way, the leaf space remains unchanged, is Hausdorff, and the leaves
clearly have the desired properties. However, the holonomy groupoid is not proper, as
can be seen by considering the holonomy group of the initial foliation, given by (2.3),
and then restricting as in (2.7). From Theorem 2.4.2 we conclude that (U, of |U) is not
of proper type.

Example 2.4.6. — There are foliations where all leaves are embedded, the homotopy
groups are finite, and the leaf space is Hausdorff, but are not of strong proper type:
consider the first projection p : R®> — R and on the fiber p = 0 remove the complement
of a tubular neighborhood of an embedding P? C {0} x R*. The resulting submersion
p: M — R defines a simple foliation whose leaves have the desired properties. Since
a curve in P? which is non-trivial in homotopy is a vanishing cycle, the monodromy
groupoid cannot be Hausdorff. However, being an instance of a simple foliation, it is
of proper type.

These examples indicate that properness is more difficult to check directly. The
situation is quite different for s-properness and compactness when the local Reeb
stability implies a converse to Lemma 2.4.1. This brings us to normal forms.

2.5. Normal forms
We start with the standard local Reeb stability:

Theorem 2.5.1 (Local Reeb stability). — Let (M,sf) be a codimension q foliation. If
S is a compact leaf with finite holonomy group, then there exists a saturated neigh-
borhood U of S and a foliated isomorphism

(U, ,) — (8 xr v2(S), Fim),
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where the right hand side is the linear model associated to the linear holonomy action
of the holonomy group T' = Hol, (M, &F) at some point x € S (Exzample 2.1.5).

As promised, an immediate consequence is:

Theorem 2.5.2. — A foliation is s-proper (respectively, strong s-proper) iff all its leaves
are compact and have finite holonomy (respectively, fundamental group).

Proof. — We are left to prove the converse implication. For that notice that it suffices
to check s-properness on saturated neighborhoods, i.e., by the previous theorem, on
the linear models. But this was already remarked in Example 2.4.4. O

Theorem 2.5.2 shows that foliations of s-proper type are the same thing as classical
compact foliations (Remark 2.0.2) all of whose leaves have finite holonomy. While the
leaves of an arbitrary classical compact foliation need not have finite holonomy, one
of the main results in the subject states that for compact foliations the following two
conditions are equivalent ([22, 23]):

(a) All leaves have finite holonomy.
(b) The leaf space is Hausdorff.

Hence, the part of Theorem 2.5.2 concerning s-properness can be restated as:

Corollary 2.5.3. — A foliation is s-proper iff all its leaves are compact and its leaf
space is Hausdorff.

What about the proper case? For that we need a version of local Reeb stability
which holds on saturated neighborhoods of non-compact leaves. To achieve such a
“normal form” one needs to enlarge the class of “local models” allowed.

Example 2.5.4 (Non-linear local models). — The new local models start with the fol-
lowing data (compare with the linear local models in Example 2.1.5):
(i) A finite group I' acting linearly on a finite dimensional vector space V.
(ii) A connected manifold P endowed with a free and proper action of T.
(iif) A T-equivariant submersion p: P — V with connected fibers.

The foliation ¢¥ (u) by the fibers of u descends to the quotient modulo ' and the new
local model is the resulting foliated manifold

(2.8) (P/T,&f (1) /T).

The foliations arising in this way are still of proper type. To see this, we exhibit a
proper integrating foliation groupoid. We start with the submersion groupoid asso-
ciated to p (Example 2.1.3), denoted P Xy P, and we consider the diagonal action
of I'. The action is free, proper and by groupoid automorphisms. Therefore

(2.9) (P xy P)/T = PJT,

is a Lie groupoid, which is easily seen to be a proper integration of 5¥ (u)/T". Of course,
this is just an instance of the gauge construction from Example 2.3.1.
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Notice that if one starts with a I-cover § — S and a representation I' — GL(V),
letting P = S x V and p : P — V be the second projection, one recovers the local
linear models of Example 2.1.5, together with their integration.

Here is our version of Reeb stability for non-compact leaves of proper foliations:

Theorem 2.5.5. — If (M,sf) is a foliation of proper type and S is a leaf, then there
exists data (i)-(iii) as above, a saturated neighborhood U of S, and a diffeomorphism
of foliated manifolds

U.1,) = (P/T,¢f (w)/T)
sending S to the leaf u=1(0)/T.

This result is in fact the “improved local model” for proper groupoids of [17], applied
to foliation groupoids. For foliation groupoids however, both the local model as well
as the proof, are simpler. We will sketch here an argument which, modulo some small
adaptations, can be applied also in the Poisson context [12].

Proof. — Fix an s-connected, proper integrating groupoid £ = M and let z € S.
One divides the proof into the following steps:

1) Choose a small transversal T to the foliation with 77N .S = {z}. The restriction
E=E = is a proper étale groupoid which has z as a fixed point.

2) For any proper étale groupoid & = T with a fixed point x, there exists a
saturated neighborhood V' C T of z together with an action of the (finite) isotropy
group &, on V such that

£|V%éazl><V%@@x[><TxV

The first isomorphism follows from the linearization of proper étale groupoids around
fixed points ([40, Proposition 5.30] or [52, Section 6]), while the second one follows
from Bochner’s Linearization Theorem ([21]).

3) In our case, we have &, = & and T,V = v,(S). Hence, if we consider the
saturation U C M of V, then there is a Morita equivalence:

8|U ~ & X v,(S).
4) For a bibundle P that implements this Morita equivalence,
&\, > P ) &xua(S)
[P |
U vz (S)
the right action amounts to a free and proper action of &, on P for which u is an
equivariant surjective submersion.
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5) Therefore, using the gauge construction (Example 2.3.1), & |, can be recovered
from the groupoid on the right and the bibundle P. In our case this translates simply
into the desired isomorphism:

(2.10) 8|U (P x,, P)/T
=1
U

P/T
which sends the class of a pair (p,q) € P x,,_ P to the unique arrow g € 8|U with the
property that p = gp.

IR

One can recover the s-proper case as follows. Letting I' = &, note that S =
s71(z) is a I'-covering of S and that I' acts on v,(S) via the linear holonomy. One
then checks that P = § x 1,(S) is a bibundle implementing the Morita equivalence
between & lu and &, x v;(S5), giving rise to the isomorphism:

(2.11) €, (8 x 8) xr vg(S)

I I

(U’(y'U) (S' Xr Vx(S)aQ%in)‘

1%

In this way, we recover the linear local model of Example 2.1.5. We conclude that the
Local Reeb Stability Theorem applies to any leaf S of an s-proper foliations and, in
fact, the diffeomorphism (2.11) is nothing but a groupoid version of Theorem 2.5.1
for any s-proper foliation.

Proof of Theorem 2.4.2. — We have to show that if an integration & of (M, ) is
of C-type, then the same holds for the holonomy groupoid Hol(M, &). It is clear that
such properties descend to quotients provided the latter are Hausdorff. To check that
Hol(M, &f) is indeed Hausdorff one proceeds, again, by restricting to small enough
saturated opens and checking it for the local model (2.8).

If the action of I" on V is effective, then so is the action of I' on P xy P. Proposi-
tion 2.2.1 then implies that (2.9) must be the holonomy groupoid of (2.8) and we are
done. The general case can be reduced to the effective one as follows: the represen-
tation p : I' — GL(V) has image and kernel denoted by I'y and K, respectively. By
construction, I'g acts effectively on V. Consider Py = P/K. Then the action of I on P
descends to an action of 'y on Py (still free and proper) and p descends to pg : Py — V.
It is clear that P/T' = Py/T. O

2.6. Orbifolds

Proper foliation groupoids serve as atlases for orbifold structures:
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Definition 2.6.1. — Let B be a topological space. An orbifold atlas on B is a pair
(B, p) consisting of:

— a proper foliation groupoid 3 = M;

— a homeomorphism p : M /58— B between the space of orbits of 3 and B.

An orbifold is a pair (B, 3) consisting of a space B and an orbifold atlas 3 on B.

Two orbifold atlases (¢B;,p:), i € {1,2}, are said to be equivalent if there exists a
Morita equivalence 31 ~ B2 with the property that the induced homeomorphism on
the orbit spaces is compatible with p; and ps.

It follows from the previous discussion that, by passing to a transversal T', one can
always use orbifold atlases which are étale. While nowadays one uses general foliation
groupoids [38], the first approaches to orbifolds via groupoids used only étale atlases
(see e.g., [1]). Although étale atlases are often advantageous, restricting to them is
unnatural, not only conceptually, but also from the point of view of concrete examples.
For example, quotients M /G of proper, locally free, actions of Lie groups come with
an obvious choice of orbifold atlas (the action groupoid), but not with a canonical
étale one. PMCTs will provide similar examples.

Remark 2.6.2. — In the existing literature, orbifolds are often defined as “a space with
an equivalence class of orbifold atlases,” while an atlas is interpreted as a “presenta-
tion” of the orbifold [38, 1]. However, note that:

— two equivalent atlases can be equivalent in many, very distinct, ways, and
— two different equivalences give rise to different ways of passing from one atlas
to the other.

Hence, not fixing an atlas gives rise to subtleties. This shows up already when defining,
in an atlas-independent way, a morphism between orbifolds, or a vector bundle over an
orbifold. This kind of problems can be solved by developing a rather heavy categorical
language [33]. In practice, we do not have to deal with such issues and all orbifolds
arise with a canonical orbifold atlas, in the sense of our definition. Given an orbifold
(B, AB), it is sometimes advantageous to pass to a more convenient atlas £: however,
such a passing will always be done via a specified Morita equivalence Q¢ : & ~ .

Example 2.6.3 (Manifolds and smooth orbifolds). — Any manifold B can be seen as an
orbifold by using the trivial groupoid B = B as an atlas. Such an orbifold is called a
smooth orbifold. Note that an orbifold is smooth precisely when a/any defining atlas
has no isotropy. Other equivalent étale atlases are provided by choosing a manifold
atlas {U;, &;}ier for B and considering the associated covering groupoid, i.e., the
étale groupoid with space of objects the disjoint union ], U; and one arrow from
(z,1) to (x,j) for each z € U; N Uj;.

On the other hand, for any orbifold B one may also talk about the smoothness
of the underlying topological space: one requires the topological space B to admit
a smooth structure such that, for some orbifold atlas 3 = M, the quotient map
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p: M — B is a submersion. This condition does not depend on the choice of the atlas
and determines a unique smooth structure on B, if it exists.

Obviously, for a smooth orbifold the underlying topological space is smooth. How-
ever, it is important to keep in mind that the underlying topological space maybe
smooth while the orbifold itself may still fail to be a smooth orbifold, for the orbifold
atlases may have non-trivial isotropy. A simple example is obtained by taking the
action groupoid I' X B = B associated with a trivial action of a finite group. Our
study of PMCTs will give rise to much more interesting examples- where the isotropy
information is important and cannot be disregarded.

Example 2.6.4 (Classical orbifolds). — Originally, orbifold structures on a space B
were defined in complete analogy with smooth structures, but using charts that iden-
tify the opens in B with quotients R™/T" of finite groups I' acting effectively on R™
[47, 49]. With the appropriate compatibility between such charts, one obtains the
notion of a classical orbifold atlas. Similarly to the covering groupoids above for man-
ifolds, such an atlas can be organized into a proper étale groupoid whose space of
orbits is B [1, 40]. Therefore, the classical notion of orbifold can be seen as particular
classes of orbifolds in the sense of Definition 2.6.1. Here, following [1, 38], we will
adopt the following equivalent working definition: a classical orbifold is an orbifold
for which the defining atlas is effective.

Notice that the subtleties related to orbifolds atlases mentioned in Remark 2.6.2
are not present in the case of classical orbifolds:

Lemma 2.6.5. — For a classical orbifold B, an equivalence Q : B1 ~ Bo between two
orbifold atlases for B is unique up to isomorphism.

Since any (proper) étale groupoid has an associated effective (proper) étale
groupoid, we see that any orbifold has an underlying classical orbifold structure. In
this terminology, the smoothness of the underlying topological space of an orbifold is
equivalent to the condition that its underlying classical orbifold is smooth. A general
orbifold structure can be seen as a classical orbifold together with extra data, which
is codified in the isotropy groups of the orbifold atlases.

Example 2.6.6 (Good orbifolds). — A large class of examples of orbifolds arise as
quotients M/I' for proper effective actions of discrete groups I': the action groupoid
I' x M gives an orbifold atlas. Orbifolds of this type are called good orbifolds [1, 49].

Example 2.6.7 (Foliations of C-type and orbifolds). — For a foliation (M, &¥) of C-type,
any s-connected, proper integration & = M makes the leaf space B = M /¥ into an
orbifold (B, &). Different integrations give different orbifold structures. However, the
holonomy groupoid Hol(M, sf) = M provides a smallest integration (Theorem 2.1.2),
which is proper (Theorem 2.4.2) and effective (Proposition 2.2.1). Hence, the underly-
ing classical orbifold of any orbifold defined by a foliation (M, f) of C-type has atlas
Hol(M,sf) = M.
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Remark 2.6.8 (Geometric structures on orbifolds). — Haefliger’s approach to trans-
verse structures, discussed in Remark 2.3.3, when applied to the orbifold atlases allows
one to consider various geometric structures on orbifolds, such as vector bundles, dif-
ferential forms, Riemannian structures, etc: if & is a Haefliger sheaf on R? then &'(B)
for a g-dimensional orbifold (B,.B) is defined by applying & to the orbifold atlas
B = M. Given some other atlas Q¢ : £ ~ /3 we have an induced isomorphism
3(€) =2 §(B), which in general depends on the Morita equivalence Q¢

We can now return to regular PMCTs, the conclusion being that their leaf spaces
are orbifolds. More precisely, each s-connected, proper integration gives rise to a orbi-
fold structure on the leaf space, so one has the following more precise version of
Theorem 2.0.1:

Theorem 2.6.9. — If (M, ) is a regular Poisson manifold of C-type and { is an s-
connected integration of (M, m) having property C, then ( fits into a short exact se-
quence of Lie groupoids

1—J (%) 2 () 1,

where:

(i) & (C) is a smooth bundle of tori consisting of the identity connected components
of the isotropy Lie groups (.
(ii) B(Q) is an s-connected foliation groupoid integrating of, satisfying property C.
In particular, ¢ induces an orbifold structure on the leaf space B = M/, with JB(0)
as orbifold atlas. The underlying classical orbifold has atlas Hol(M,ofy) = M.

Proof. — This is basically proven in [39] in the context of regular groupoids. The
main remark is that & (0) is a closed subgroupoid of ¢. This implies not only that
B(0) is a Lie groupoid, but also that it is of C-type, and in particular Hausdorff,
whenever ¢ is. In our case, since the isotropy Lie algebras are abelian and (, are
compact, & (¢) will be a bundle of tori. O

The reader will notice that the integration in Theorem 2.6.9 does not need to be
symplectic. We now turn to the implications of considering symplectic integrations.
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CHAPTER 3

INTEGRAL AFFINE STRUCTURE

Integral affine structures form another type of geometric structure that plays a
crucial role in the study of compactness in Poisson Geometry. We initiate their study
in this chapter. First, we start by recalling some basic definitions and properties
of integral affine structures on manifolds. Then we discuss transverse integral affine
structures on foliated manifolds and their relation to integral affine structures on orbi-
folds. This will set the stage to prove the main result of this chapter, which improves
on the orbifold structure on the leaf spaces of PMCTs constructed in Theorem 2.6.9.
A simplified version can be stated as follows:

Theorem 3.0.1. — For any regular Poisson manifold (M, ) of C-type its leaf space
B = M/sF: is an integral affine orbifold: any s-connected symplectic integration (¢, )
of (M, ) having property C gives rise to an integral orbifold structure on B. Moreover,
the underlying classical orbifold is good.

For a foliated manifold (M, &¥), a transverse integral affine structure is described by
a collection of subgroups of its conormal bundle v*(5¥), as will be recalled below. On
the other hand, the monodromy groups of a Poisson manifold [11], an invariant which
characterizes its integrability, is another collection of subgroups of v*(¢/;). Another
goal of this chapter is to describe the role of the monodromy groups in the integral
affine geometry of PMCTs. In this study, a new invariant of Poisson structures, called
the extended monodromy groups, will emerge.

3.1. Integral affine structures on manifolds

We will denote by Aff7(R?) = GLz(R?) x RY, the group of integral affine transfor-
mations, consisting of transformations of the type:

(3.1) R? - RY, z+— A(z)+ v,

with v € R?, A € GLz(RY). Integral affine structures on manifolds can be described
in several equivalent ways; we start with the most natural one, in terms of atlases.

SOCIETE MATHEMATIQUE DE FRANCE 2019



24 CHAPTER 3. INTEGRAL AFFINE STRUCTURE

Definition 3.1.1. — An integral affine structure on a g-dimensional manifold B is a
choice of a maximal atlas {(U;, ¢;) : i € I} with the property that each transition
function

¢j0d; ' 6i(UiNUy) — ¢;(U; NU;)
is (the restriction of) an integral affine transformation. Any chart (U;, ¢;) is called an
integral affine coordinate system.

More efficient descriptions are given in terms of latices. By a lattice A in a vector
space V we mean a discrete subgroup of (V, +) of maximal rank. We can always choose
a basis {v1,...,vq} for V such that:

A=Zvi+ -+ Zv,.
The dual lattice AV C V* of the lattice A is defined by
VV={¢eV*: ¢\ €Z, VAIeA}
By a lattice on a vector bundle E — B we mean a sub-bundle

E,=|]J A CE,
beB
consisting of lattices A, C Ep. We say that it is smooth if, locally around each point
bo € B, one can write

Ay = ZA1(b) + - - + ZgA(b)

for some smooth local sections \; of E. An integral vector bundle is a pair (E, Ez)
where E7 is a smooth lattice in E. An integral vector bundle (E, Ez) comes with a
canonical flat linear connection V: the one defined by the condition that all the local
sections of Fy are flat.

We can now state some alternative descriptions of integral affine structures, which
will be useful later.

Proposition 3.1.2. — If B is a g-dimensional manifold, then there is a 1-1 correspon-
dence between:
(i) An integral affine atlas {(U;, ¢;) : 4 € I} on B.
(ii) A lattice AV C T'B satisfying one of the following equivalent conditions:
(a) AV is smooth and any two local vector fields with values in AV commute.
(b) AV is smooth and the induced flat connection on TB is torsion free.
(iii) A lattice A C T*B satisfying one of the following equivalent conditions:
(d) A is smooth and all its local sections are closed 1-forms.
(e) A is a Lagrangian submanifold of (T*B,wcan)-

In this 1-1 correspondence, A and AV correspond to the lattices:

0 0
V. —
Ay = Z@azl |, T +Zaxq|b’ Ay = Zdw1|b—|— +deq|b,
where (z1,...,%q) is any integral affine coordinate system around b € B.
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Example 3.1.3. — Consider an integral affine group, i.e., a subgroup I' C Aff;(R?) of
the group of transformations of type (3.1). For explicit examples, it is useful to write
an element vy € I' in split form:

v = (uy, A,) € R? x GLz(RY).
The subgroup condition is equivalent to the following two conditions:
(i) v — A, defines a linear representation p : I' — GLz(R?);
(ii) v+ u, defines a 1-cocycle for T, i.e., Uyy = uy + Ay(uy), V7,7 €T
We say that the subgroup I is of orbifold type if the affine action on R? is proper and
of smooth type if the action is proper and free. In the smooth case,
B:=R?/T

comes with an integral affine structure induced from the standard integral affine
structure on RY. Integral affine manifolds which are quotients of R? by smooth integral
affine groups are called complete.

The space B can be obtained in stages. First, the split short exact sequence

0 —— R? —— Affz(RY) —— GLz(RY) —— 0
restricts to I', yielding a short exact sequence:

0 T r rlin 0

where:
e ={A :yeT}, " ={v,:yel,A, =1d}.
The translational part T'** is a discrete subgroup of (R?,+). Its rank r is called the
translational rank of the integral affine group I' and defines a I'""-covering of B:
Bin .= B/T™ = T" x RY".

Here are two distinct examples of integral affine structures on the 2-torus. For
the first one, we consider the subgroup I' C Affz(IR?) generated by the translations
v :(z,y) — (z+ 1,y) and 72 : (z,y) — (z,y + 1) or, in the split notations,

o3 ) (o3 1))

These two transformations commute and generate the abelian subgroup

r= {'y{‘ﬁ”: ((n,m), l (1) (1) ]) :n,meZ}.

Of course, this is just Z x Z with its standard action on R2, inducing the standard
integral affine structure on the 2-torus B = R?/T" = T2. Note that in this case I' has
translational rank 2 since we have:

: 10
th:{[o 1]} ' =7 x7Z cC R
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For the second example, we consider I' C Aff7(R?) generated by

o3 (o3 1))

Again, these commute, so they generate a subgroup isomorphic to Z x Z,

F:{’y{‘*yé”: ((n—}—m(n;—l),m), l(l) T]) :n,mEZ}.

The quotient B = R2/T is still diffeomorphic to the 2-torus T?, but with a new
integral affine structure. In this case I' has translational rank 1 since we have:

. 1
rhn:HO T]:mEZ}7 It = 7(1,0).

Integral affine structures look, at first, deceivingly simple. However, even some of
the simplest questions are surprisingly hard to answer. For instance, we mention here
an integral affine version of an old conjecture in affine geometry:

Conjecture 3.1.4 (Markus conjecture — integral affine version). — Any compact integral
affine manifold must be complete, i.e., of the form RI/T' for some smooth integral
affine subgroup I' C Aff7(RY).

Remark 3.1.5 (Affine structures). — Affine structures on B are defined, via atlases, as
above, except that the changes of coordinates (3.1) are only affine (i.e., v € R? and
A € GL(R?)). The analog of the 1-1 correspondence from the previous proposition
states that they correspond to flat torsion free connections on T'B. In this context
one can talk about invariant (or parallel) densities and volume forms by requiring
invariance with respect to parallel transport of the connection. The standard Markus
conjecture states that a compact affine structure with an invariant density has a
complete connection.

Integral affine structures always admit invariant positive densities (or volume forms,
in the orientable case): one sets p := |dzq1 A - - - Adz,| for any choice of integral affine
local coordinates (z1,...,Z,). An interesting question that seems to be still open is
whether, conversely, any affine structure that admits an invariant density comes from
an integral affine structure.

A integral structure E7 on a vector bundle £ — B gives rise to a bundle of tori
= E/Ey. Conversely, given a bundle of tori & — B, the Lie algebras of the fibers
give rise to a vector bundle £ — B, while the kernels of the exponential maps give
rise to an integral structure Ez on E such that §/ = E/Ey.

The very first indication of the close relationship between PMCTs and integral
affine structures arises from the symplectic version of this correspondence, i.e., by
considering proper integrations of the zero Poisson structure 7 = 0 on B. Such an
integration is the same thing as a symplectic torus bundle over B, i.e., a (smooth)
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bundle of tori p : & — B together with a symplectic form wg which is multiplicative
in the sense that

(3-2) m*(wg) = pri(wg) + pra(wy),

where m, pry,pry : & X & — & are the bundle multiplication and the two projec-
tions, respectively.

Proposition 3.1.6. — If A C T*B defines an integral affine structure on B then
Ir:=T*B/A

is a torus bundle and the standard symplectic form wean on T*B descends to a sym-
plectic form on &y, making it into a symplectic torus bundle. Moreover, this gives rise
to a bijection:

integral affine 1-1 isomorphism classes of
structures on B symplectic torus bundles over B

Proof. — Let us start by remarking that given an integral affine structure A C T*B
we have a smooth, free, and proper action of the bundle A on the bundle of abelian
groups T*B — B by translations:

&= & +ab), ael(A)

Hence, {a := T*B/A is a torus bundle. The canonical symplectic form wc,, on T*B
descends to ¢j iff wean is invariant under this action. For a fixed o € T'(A), one
checks easily that the translation by « is the time-1 flow of the vector field X, given
by ix, wWean = p*a, where p : T*B — B is the projection. Denoting by ¢! the flow
of X, and by m; : T*B — T*B fiberwise multiplication by ¢, one finds that:

m:wcan = tWean, ¢g =m¢ o ¢(11 ©Mmyyt-
S0 Wean is invariant under ¢! iff it is invariant under ¢t , which will follow if:
0= £x, Wean = dix, Wean = p*da, Va € T'(A).

But this follows from the fact that all sections of A are closed (Proposition 3.1.2).
Since wean € Q%(T*B) is multiplicative, the same holds for the induced symplectic
form wg;, € 0%(&4). We conclude that (In,wg, ) is a symplectic torus bundle.

Conversely, let (&, wg) be a symplectic torus bundle over B. It is a s-connected in-
tegration of the zero Poisson structure on B. Since the Weinstein groupoid of (B, 0) is
(T* B, wean), it follows that there is a morphism of symplectic groupoids:

q: (T*Bawcan) - (ngg)a

which is a local diffeomorphism. The restriction of g to a fiber gives a Lie group cover-
ing ¢ : Ty B — &, so its kernel is a lattice Ay, € T)*B. Since g is a local diffeomorphism,
for each ag € Ay, there exists a unique smooth local section a € I'(T*B) such that
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a(bg) = ap and a(b) € Ay. It follows that A C T*B is smooth. We conclude that the
map ¢ factors through an isomorphism:

(T* B, wean) —— (T ,wgr)

|

(%7“)%)'

IR

This shows that wea, descends to T*B/A, i.e., that is invariant under the action of A.
As in the first part of the proof, then every section of A is closed, so A is an integral
affine structure on B, by Proposition 3.1.2.

To complete the proof it remains to show that if A;, Ay C T*B are any integral
affine structures and there is an isomorphism of symplectic torus bundle covering the
identity, ¢ : (Ja,,wg;,) — (JA, Wy, ), then A1 = Ay. For that, observe that any such
(possibly, non-symplectic) isomorphism, being continuous and additive on the fibers,
must be induced by a bundle map é : T*B — T*B of the form:

é:(b,a) — (b, Ap(a)), (be B),

where Ay : TB — T} B are linear isomorphisms with A,(A;) = As. To see that
Ay =Id, so that A; = As, one now uses that ¢ preserves the symplectic forms. O

Integral affine structures are very closely related to Lagrangian fibrations. Indeed,
any symplectic torus bundle fibers in a Lagrangian way over its base. Conversely, if
q: (X,Qx) — Bisa Lagrangian fibration with compact, connected fibers, then B has
an induced integral affine structure Ax given by:

(3.3) Axy={a € T;B: ¢, =id},
where ¢, denotes the flow of the vector field ax on the fiber ¢! (z) defined by:
laxQx = ¢ .

We now give a Poisson geometric interpretation of this construction, which will
serve as inspiration later on. First, the Lagrangian fibration condition is equivalent to
the fact that

q:(X,Qx)— (B,0).
is a Poisson map into B with the zero Poisson structure 7 = 0, i.e., that (X,Qx) is
a symplectic realization of the Poisson manifold (B,0). By the general properties
of symplectic realizations [11] (see also Section 7.1 below), it follows that the Lie
algebroid and the canonical integration act on the realization. In our case the Lie

algebroid is T*B with the zero bracket and anchor (hence just a bundle of abelian
Lie algebras) and the induced action on X is

o:QYB) = X(X), aw ax.
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The canonical integration is the symplectic groupoid (T*B,wcan), where T*B is
viewed now as a bundle of abelian Lie groups, and the integration of the infinitesimal
action o is the groupoid action:

(T*B,wean) O (X,0x), a-ui= ¢l (u).

This action is locally free. Moreover, it is symplectic in the sense that (compare with
(3.2) and with Appendix A.1):

m* (QX) = pri (wcan) + pr; (QX)a

where m : T*B xp X — X is the action and pr; are the projections.

Now the lattice (3.3) is precisely the isotropy of this action. Hence the correspond-
ing symplectic torus bundle & = T*B/Ax, a symplectic groupoid integrating (B,0),
arises as the quotient of 7% B which acts freely on X:

T wg) ( (X, 0x)

|

(B, 0).

The action is still symplectic, hence ¢ : X — B is a symplectic principal &/ -bundle,
or a free Hamiltonian ¢/ -space (see Appendix A). Conversely, any such symplectic
principal bundle is a Lagrangian fibration with compact, connected, fibers:

Proposition 3.1.7. — Any Lagrangian fibration q : (X,Qx) — B with compact and
connected fibers induces an integral affine structure A on B, yielding a proper inte-
gration of (B,0), i.e., a symplectic torus bundle &5 over B, for which it becomes a
symplectic principal Ia-bundle.

Conversely, for any symplectic torus bundle &5 over B, a symplectic principal
In-bundle q : (X,Qx) — B is a Lagrangian fibration with compact, connected fibers,
inducing the integral affine structure A.

A classical result due to Duistermaat [19] shows that Lagrangian fibrations with
compact, connected fibers, are classified by the integral affine structure A and the
Lagrangian Chern class. This will be recalled and generalized in Section 8.1.

3.2. Integral affine structures on orbifolds and foliations

We define integral affine structures on orbifolds following Haefliger’s approach (see
Remark 2.6.8):
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Definition 3.2.1. — An integral affine structure on a orbifold (B, B) is an integral
affine structure on the base of some étale orbifold atlas & = T which is invariant
under the action (2.6) by elements of &.

This definition only uses the linear part of the action (2.6), so an integral affine
structure on an orbifold is the same things as one on its underlying classical orbi-
fold. For this reason, the Morita equivalence Qg : & ~ B plays here no role (see
Lemma 2.6.5): any Morita equivalence between two atlases allows us to move an in-
variant integral affine structure from one base to the other (pull-back to the bibundle,
then push forward by the obvious quotient operation), and the result does not depend
on the choice of equivalence.

Example 3.2.2. — U T C Affz(R?) is an integral affine group of orbifold type (see the
previous example) then B = R?/T" will inherit the structure of integral affine orbifold.
As a baby illustration, consider the subgroup I' C Aff;(R) generated by

yi(z) = -2+ 1, y2(z) = —=z.

As an abstract group, I is the free group in two generators ; and v, subject to the
relations 72 = 72 = 1, so that:

I'= Z2 * ZQ,
Ftr = {(070)}7 Flin = {Ida _Id}

The action of I on R is proper and the only z € R with non-trivial isotropy group
are r = 2 with n € Z, in which case we find:

2
Tz = {1,(m7)" 'n} & Zs.

The quotient B = R/T" = S'/Z, is, topologically, just [0,1]. This gives the interval
[0, 1] the structure of an integral affine orbifold.

To represent the integral affine structure in arbitrary, possibly non-étale, orbifold
atlases, we need the notion of transverse integral affine structure. Recall that for a
foliation (M, f) of codimension g a foliation atlas {(U;, ¢;) : ¢ € I} is an open cover
{U; : i € I'} of M together with submersions ¢ : U; — R? whose fibers are the plaques
of f in U;.

Definition 3.2.3. — A transverse integral affine structure on a foliation (M,s¥) of
codimension ¢ is a choice of a maximal foliation atlas {(U;, ;) : ¢ € I} with the
property that each transition function

¢j0¢; ' (Ui NU;) — ¢;(U; NU)

is (the restriction of) an integral affine transformation in Affz(R?) = GL,(Z) x RY.
A chart (U;, ¢;) is called a transverse integral affine coordinate system.
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More efficient descriptions of transverse integral affine structure can be given in
terms of lattices: there is an analog of Proposition 3.1.2 where the lattices now live
in the normal/conormal bundle to the foliation. The most useful characterization for
us will be the one in terms of the conormal bundle v*(¢f) = (T'¢f)° C T*M, which
we state as follows:

Proposition 3.2.4. — If (M,5f) is a foliation of codimension q, there a 1-1 correspon-
dence between:

(i) A transverse integral affine atlas {(U;, ¢;) : i € I} on (M, ).
(ii) A lattice A C v*(&F) which is a Lagrangian submanifold of (T*M,wcan).
(iii) A lattice A C v*(oF) locally spanned by q closed, &F -basic, 1-forms on M.

In this 1-1 correspondence, A is given by:
Ay = Zd:r1| + -4 deq| ,
xr xr
where (z1,...,24) is any transverse integral affine coordinate system around x € M.

Since basic forms are determined by their restriction to complete transversals,
we deduce that a transverse integral affine structure on (M,sf) is the same thing
as the choice of a holonomy invariant integral affine structure on a (any) complete
transversal. This relates Definition 3.2.3 to Haefliger’s approach (Remark 2.3.3).

Example 3.2.5 (Simple foliations). — If (M,s) is simple, then transverse integral
affine structures on & are in 1-1 correspondence with integral affine structures on
the smooth manifold B = M/sf. In terms of lattices, they are related via pullback
by p: M — B.

Example 3.2.6 (Orbifolds). — For foliations (M, s¥) of proper type we know that the
leaf space B = M/of is an orbifold (see Example 2.6.7). We now have a bijection

transverse integral affine structures | ;_; integral affine structures
on the proper foliation (M, &¥) on the orbifold B = M/sF

Strictly speaking, one has several orbifold structures on B, one for each proper s-
connected integration £ of . However, as we remarked before, the notion of integral
affine structure only depends on the underlying classical orbifold.

Starting with an arbitrary orbifold B, the previous example is relevant to the way
one can represent integral affine structures on B with respect to arbitrary orbifold at-
lases € = M (not necessarily étale ones). While in this case & may have disconnected
s-fibers, we have to consider transverse integral affine structures A for the foliation ¥
induced by £ on M which satisfy the extra-condition that A is invariant with respect
to the induced action of & on v*(g¥) (of course, this condition is superfluous if £ is
s-connected). Such As will be called £-invariant (transverse) integral affine.
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Example 3.2.7 (Linear foliations). — Let S — S be a I-cover of a manifold S and
let (V,Vz) be an integral vector space. If p : I' — GLy, (V) is an linear representation
that preserves the lattice, then the linear foliation (S x1 V,HAin) (see Example 2.1.5)
has a transverse integral affine structure.

The analog of the relationship between integral affine structures and the zero-
Poisson structure (Proposition 3.1.6) holds for transverse integral affine structures,
provided one allows for Dirac structures into the picture. Let (M, ) be a foliation
with a transverse integral affine structure A C v*(&¥). Since A C T*M is Lagrangian,
the pullback to v*(¢f) of the canonical symplectic form wea, gives rise to a presym-
plectic torus bundle

(Tn =v" ()N wg).

In general, by a presymplectic torus bundle over a manifold M we mean a bundle
of tori p : & — M together with a closed 2-form wg € Q2(&') which is multiplicative
and satisfies the non-degeneracy condition

Ker(wg) N Ker(dp) = {0}.
For presymplectic torus bundles one has the following analog of Proposition 3.1.6:

Proposition 3.2.8. — The correspondence (¢, A) — (Jn,wg) defines a bijection:

transverse integral affine 1-1 isomorphism classes of presymplectic
— .
foliations (f,A) on M torus bundles ( ,wg) over M

Proof. — We need to show that a presymplectic torus bundle defines a foliation f
with a transverse integral affine structure A. Let us mention the main changes in the
arguments of the proof of Proposition 3.1.6

For a vector bundle E — M, closed multiplicative 2-forms on E, where multiplica-
tivity is with respect to fiberwise addition, are necessarily of type

We = o* (Wcan)a

for some vector bundle map o : E — T* M. This follows, e.g., from the integrability
result of [8] applied to E, viewed as a presymplectic groupoid. Hence, if (&, wg) is a
presymplectic torus bundle, and we apply this result to the bundle t — M consisting
of the Lie algebras of the fibers of &/, we find that:

exp*(wg) = wo,

for some o : t — T* M, where exp : t — &/ denotes the fiberwise exponential map.

The non degeneracy condition continues to hold for the pull-back w, and when
applied at elements 0, € t, implies that o must be injective. Hence, there is a distri-
bution ¢ C TM such that

Im(0) = (TM/ef)" = v" ().
The lattice A¢ := ker(exp) C t will be moved by ¢ into a lattice A C v*(¢f). We
have the extra-information that w, descends to & = t/Ay; then, as in the proof of
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Proposition 3.1.6, this will imply that all the (local) sections of A must be closed. In
turn, this implies also that 7 is integrable and then that A is indeed a transverse
integral affine structure for the foliation ¢#. The rest of the arguments continue as for
Proposition 3.1.6. O

Example 3.2.9. — Assume that (M,sf) is a simple foliation, as in Example 3.2.5,
and A is a transversely affine structure that comes from an integral affine structure
Ap on the leaf space B = M/sf. Then we have the presymplectic torus bundle
(Ir,wg,) — M and the symplectic torus bundle (%B,w%B) — B. The foliation
defined by Ker(wg, ) on & is simple as well, and its leaf space is precisely Ing- In
other words, we have Iy = p*Jh, and wg, = p*wg, , where p : M — B is the
projection onto the leaf space.

For the analog of Proposition 3.1.7 one replaces the Lagrangian fibrations by the
symplectically complete isotropic fibrations of Dazord-Delzant [18]. This will be dis-
cussed in detail in Chapter 7.

The presymplectic torus bundle (§/3,wg) is also relevant for the integration of the
Dirac structure Lg associated with a foliation ¢# and understanding its C-type. Recall
that this Dirac structure is defined by

Ly = @®v'(f)CTMeT M,

and has presymplectic leaves consisting of the leaves of 5f equipped with the zero-
presymplectic form. We have an exact sequence of Lie algebroids

00— v*(F) Ly 577 0,

which leads to explicit integrations of Lg. One such integration is obtained by ob-
serving that the linear holonomy action of Hol(M, ¢¥) on v*(f) descends to an action
on &, so one obtains a groupoid

Sa ¥ Hol(M, ) = M,
where an arrow (A,~) consists of v € Hol(M,f) and X € Jj (o), and
(34) s()‘zf)/) = 8(’7)a t(>\7 ’V) = t(’Y)a (>‘7’Y) : ()‘/7’7/) = (>‘ ' hOIBH(A/)7’7 ' ’71)

Together with the pull-back of wg, this becomes a presymplectic groupoid integrat-
ing Lg. It is of C-type if ¢ is of C-type.

3.3. From PMCTs to integral affine structures

We are now ready to describe the transverse integral affine structure associated
with a PMCT, a fundamental geometric structure associated with such a of Poisson
manifold.

If (¢,9Q) is a proper integration of (M, ), then for any x € M:
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(i) the isotropy Lie group {, is a compact Lie group with abelian isotropy Lie
algebra g, hence the kernel of the exponential defines a lattice

Ao = Ker(expgz) C gz;

(ii) the symplectic form Q induces an identification between the Lie algebroid
A(Q) := Kerds and T* M, which identifies g, with the conormal direction:

9z 25 (fr)y Vo (10, Q)
Putting (i) and (ii) together, we obtain lattices Ag , C v} (cfr), and we set:

A@ = U Ag@ C V*(%)

zeM

|TIM'

An alternative description can be obtained by considering the torus bundle & ({)
made of the identity components of the isotropy groups (see Theorem 2.6.9), together
with the restriction of Q2. It is a presymplectic torus bundle so one can apply Propo-
sition 3.2.8 to obtain Ag.

The relationship between these two approaches will be clear in the proof of the
following basic result:

Theorem 3.3.1. — For each proper integration ((,Q) of a regular Poisson manifold
(M, 7) of proper type, Ay defines a transverse integral affine structure on the sym-
plectic foliation ¢y .

Proof. — To show that Ag is smooth we describe the lattices Ay, C v} (c#x) as fol-
lows. Each a € v} (%) = (Tuchk)? = Ker(r!) corresponds to a right-invariant vector
field X, tangent to the isotropy group {,. By restricting X, to {2, the connected

T

component of the identity of (.., we obtain an action of the bundle of abelian Lie alge-
bras v*(¢%:) on the bundle of tori & ({) = U, ¢5- The compactness of ¢, implies
that this action can be integrated to an action of the bundle of Lie groups (v*(¢/x), +)

on I (0):

- gi= (b,l)(a(g)v (a € (Tm(’%r)(]? ge(}a(c))y
where ¢%_ denotes the flow of X,. Note that exp, (o) = d)}(a (1z), so we can identify
Ag with the kernel of this action:

Ago ={a € V() : ¢k, = id}.

This action is locally free, since the map a — X, is injective. This action is transitive
on the fibers, since « +— Xa|1 € Ty, is onto. It follows that the kernel of the action

Ag is a smooth sub-bundle whose fibers Ay, are lattices in v (cFr).
In order to show that Ay C T M is a Lagrangian submanifold, note that dim Ay =
dim M = 1/2dim(T*M) so we only need to check that Wean|, = 0. By the funda-
¢

mental property of weay, for any 1-form o : M — T* M we have:

a*wean = da.
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Hence, it is enough to show that any 1-form « € I‘(A@|U), defined on some open set
U C M, is closed. To see this, observe that the associated vector field X, satisfies:

iXQQ = t*a.

In fact, both sides are right invariant 1-forms and they coincide at the identity section.
Hence, when o, € Ay, we find that:

1
d
0= @k -0 [ L) ed

1
0

- [(@r) Ex 0

1
0

= / (¢, ) dix, 2 dr
1
= / (9%, )" t"da dr
0
1
= / t*da d7 = t*da,
0
where we use t o ¢% =1. Since t is a submersion we obtain, as claimed, dao = 0. [

Using Theorem 2.6.9 and Example 3.2.6 we deduce:

Corollary 3.3.2. — Any s-connected, proper integration ((,Q) of a regular Poisson
manifold (M, ) induces an integral affine orbifold structure on the leaf space M /cfy.

Remark 3.3.3 (Twisted Dirac structures). — The previous discussion extends to the
Dirac case word by word. If (M, L, ¢) is a regular ¢-twisted Dirac manifold, then a
proper presymplectic integration (§,,¢) of (M, L, ¢) defines a transverse integral
affine structure Ay C v*(cf). The reason is that the constraints on the kernel of
imply that its restriction to & () still yields a presymplectic torus bundle.

For an s-proper, twisted presymplectic groupoid with smooth leaf space B, Zung
[57] described the integral affine structure on B by very different means. Our approach,
using transverse integral affine structures, allow us to deal with non-smooth leaf spaces
as discussed in Example 3.2.6 and, as we will see in [12], and even with non-regular
Dirac manifolds of compact types.

3.4. The extended monodromy groups

We recall (see [11]) that for any regular Poisson manifold (M, ) there is a mono-
dromy map at x € M:

(3.5) Omon,z * Ta(S, ) — v (S)
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where S = S, is the symplectic leaf through x. The monodromy group at x is defined
as the image of the monodromy map:

Jvm01r1|ac = Im(amon,m) - V;(S)7

and we set C’jvmon = UzGMC’ijon|z'
The origin of these Poisson invariants lies in the variation of symplectic areas, but
they admit several interpretations, all of which will be useful in the sequel:

— At the groupoid level, the Weinstein groupoid X(M, ) yields a homotopy long
exact sequence associated to s : s71(z) — S with first few terms:

Omon,»

(S, 7) =25 2 (S) — 2 S (M, ) — 1.
This gives a description of Ojvmon|z as the kernel of the exponential map exp :
vi(S) - Z. (M, ).
— At the Lie algebroid level, any splitting 7 : T'S — T§M of the short exact
sequence of algebroids

(3.6) 0 v*(8) TiM " TS — 0
< _ r e

yields a curvature 2-form Q, € Q2(S,v*(S)) given by
(3.7) Q(X,Y) = 7([X,Y]) = [F(X),7(Y)] (for X,Y € Z(S)).

Viewing v*(S) as a flat vector bundle for the Bott connection, the 2-form ., is
closed as a form with coefficients v*(S). Its cohomology class does not depend
on the choice of 7 and defines a class [2,] € H%(S,v*(S)), and:

6mon,:v : 772(‘9’:1:) - V;(S)’ [U] = / QT'

— The most geometric description of the monodromy arises as the variation of
symplectic areas of leafwise spheres: for any sphere o : (S?, N) — (S,, ) based
at = and a transverse direction v € v,(S), one can find a foliated family of
spheres o, : (S?, N) — (S,,, ), such that 0y = o and v = [#;]; one has:

d
(38) <am0n,z[0']a’u> = a|t=0 /0t wSzt‘

Hence, the quantity (Omon,z[0], v) is the variation of the symplectic area of o in
the normal direction v.

For integrable Poisson manifolds, each monodromy group JVm0n|x is a discrete
subgroup of v;(S). As one could expect, they are closely related to the lattice Ay of
an s-proper integration. In the s-proper case the rank of ¢V, does not depend on z,
but it may fail to be a lattice, unless we are in the strong proper case. More precisely,
we have:

Theorem 3.4.1. — Let (M, ) be a regular Poisson manifold. Then:
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(i) cNmon C Ag for any s-connected, proper integration ((,S2) of (M,);

(ii) cNmon = As(ar,x) if and only if (M, ) is strong proper.
Proof. — We use the same notation of the proof of Theorem 3.3.1. Note that if
a € C]Vmon|x then the corresponding right invariant vector field X, in (M, ) satisfies

P =id.
Under the covering projection X(M, ) — { this vector field is projected to X, which

therefore also satisfies ¢% = id. It follows that a € Ag) ,s0 (i) holds. Now (ii) follows
from the definition of Ay and the previous discussion on Nmon- O

In particular, we have the following characterization of regular Poisson manifolds
of strong C-type:

Corollary 3.4.2. — A regular Poisson manifold (M, ) is of strong C-type if and only if
the foliation ¢%; is of strong C-type and cNmon i a transverse integral affine structure
for the symplectic foliation fy.

Proof. — The previous theorem, combined with Theorem 2.0.1, proves the direct
implication. For the reverse implication, note first that the lattice condition, together
with the integrability criteria of [10, 11], implies that X (M, ) is smooth. Moreover,
we have the short exact sequence of Lie groupoids:

1——v*(F)/Nmon —— (M, 1) —— Mon(M, ) —— 1,

where the second map associates to a cotangent path its base path, while the first
map is induced from the exponential map exp : V(%) — X, (M, ) (see [11]). This is
a sequence of Lie groupoids in which the extreme groupoids are of C-type. It follows
immediately that the middle one is also of C-type, so the result follows. O

Conversely, one can look at regular Poisson manifolds (M, ) for which c¥pmon = 0.
We have the following result, which includes as a particular case Proposition 3.1.6:

Corollary 3.4.3. — Let (M, ) be a regular Poisson manifold such that:

(i) the monodromy groups are trivial: cNmon = 0;

(i) the symplectic foliation &F is of strong C-type.
Then each transversal integral affine structure A on (M, ) determines an s-connected,
proper integration (Oa, <)) such that Ay, = A. Moreover, if the symplectic leaves are
1-connected, this establishes a bijection:

{ transversal integral affine } 1-1 { s-connected, proper symplectic }
—> .

structures A on (M, /) integrations of (M, )

Proof. — When cNmon = 0, the exponential map exp : v*(¢f) — X(M, 7) has no ker-
nel. Therefore, a transverse integral affine structure A C v*(¢7;) yields a subgroupoid
exp(A) C ¥(M, ), which is normal, discrete and Lagrangian. Hence,

(@n, ) = (B(M, ), Qs (0,m))/ exp(A)

SOCIETE MATHEMATIQUE DE FRANCE 2019



38 CHAPTER 3. INTEGRAL AFFINE STRUCTURE

is a symplectic groupoid integrating (M, 7). As in the proof of Corollary 3.4.2, this
symplectic groupoid is of C-type iff &7 is of C-type. It is also clear that Ap, = A.

In general, the isotropy groups X, (M, ) will not be connected, so there might be
different symplectic groupoids defining A. If the symplectic leaves are 1-connected,
then (Cp, Q) is the only integration defining A. O

Our next aim is a more refined version of Theorem 3.4.1, and this will require a
more refined version of the monodromy groups. These are new invariants, related to
obstructions to s-properness, and they arise when revisiting the above descriptions
of C’]Vmon|w: the basic idea is to replace the spheres (2-homotopy classes) in the leaf S
by more general surfaces (2-homology classes) in S.

Consider an arbitrary regular Poisson manifold (M, ) and fix x € M. We choose
a splitting 7 : T'S — T§M of the short exact sequence (3.6). In order to integrate
the resulting curvature 2-form Q, € Q2(S,v*(5)) over some surface we need first to
pullback the vector bundle v*(S) — S along p, : Si°! — S, the Hol(V)-covering for
the Bott connection based at z. This is the smallest cover over which the pullback
of v*(S) becomes a trivial vector bundle v/} (S) x St — Shel. We can then set:

Definition 3.4.4. — The hol-monodromy map of the regular Poisson manifold (M, )
at z is the map:

Ohol,z : HQ(S;IOI,Z) —vi(S), [o]— /p;QT.
The hol-monodromy group QthOILE C v} (S) is the image of this map.

A version of the hol-monodromy map appears in the work of I. Marcut [43] on
rigidity in Poisson geometry (see also [16]). For its geometric interpretation, we will
consider smooth marked surfaces in the leaf S through z, i.e., smooth maps

o:(%,p) = (S 2),

with ¥ a connected, oriented, compact surface without boundary, and p € ¥. By a
leafwise deformation of o we mean a family o; : (X,p) — (M, z;) of smooth maps
parametrized by t € (—¢,€), starting at 09 = o and such that for each fixed ¢ the
surface o; is inside the symplectic leaf through z;. The transversal variation of oy
at t = 0 is the class of the tangent vector

[;h_offt(p)] € v,(S).

Note that given a smooth marked surface ¢ : (3,p) — (S,z) and a normal vector
v € vy(S) there may not exist a leafwise deformation o; with transversal variation
var, (o;) = v. We will say that o is holonomy-trivial with respect to the foliation 7,
if the holonomy of &, along loops of type o o, with v a loop in X, is trivial.

var, (o) :=

Lemma 3.4.5. — For any holonomy-trivial marked surface o : (£,p) — (S,z) and
v € vy(f), one can find a leafwise deformation oy with var,(oy) = v. In this case,
o admits a lift 5 : (X,p) — (SP°L,T), where T denotes the class of the trivial loop.
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Remark 3.4.6. — Note that the notion of a holonomy-trivial surface uses the (non-
linear) holonomy of the foliation ¢%;, while the covering S2°! — S is relative to the Bott
connection, i.e., the linear holonomy. Vanishing holonomy implies vanishing linear
holonomy, but not the converse. Hence, a holonomy-trivial surface admits a lift to the
cover SB°l but the converse is not true in general.

Proof. — Fix a complete Riemannian metric on M, split TM = 3% @ E and consider:
¢:Epi=0"E— M, ¢(x,v):=exp,,)(v)

Then Tp, E, = T, X @ Ey () and (d¢)o, : To, E5 — Ty(z)M becomes (i, (do),), where
1: E — TM is the inclusion. Hence ¢ is transversal to f. and we can take the pull-
back foliation ofy := ¢*cfr as a foliation on E,. The codimension remains the same, so
the leaves of ¢f, are two-dimensional. Since ¥ is compact and tangent to ¢, it must be
an entire leaf of ¢%;. On the other hand, as a general property of pull-back foliations,
the holonomy of 7, at p € X factors through the holonomy of 3% at o(p) =z € S.
Therefore, since o is a holonomy-trivial surface, we deduce that the holonomy of 7,
along ¥ is trivial. By Reeb stability, ¢/ is isomorphic, in a neighborhood of ¥, to
the trivial foliation X x R?. Then ¢ yields a smooth map ¥ x R? — M which takes
leaves to leaves and induces isomorphisms at the level of the normal bundle. This
allows one to construct for any normal vector v € v,(S) a leafwise deformation o
with transversal variation var, (o) = v. O

We then have the following geometric interpretation of the hol-monodromy in terms
of variations of symplectic areas whenever a class [5] € H(S"! 7Z) is a lift of a
holonomy-trivial o:

Proposition 3.4.7. — Let (M, ) be a regular Poisson manifold. If o : (2,p) — (S, z) is
a holonomy-trivial marked surface then:

~ d
Ouorolh) = 1, | g

where oy is a leafwise deformation of o with transversal variation var,(o;) = v and
7:(%,p) — (Shel %) is a lift of 0.

Proof. — The proof is the same as for variation of spheres, given in [11] pp 97. O

Recall that Sh°! is the smallest cover where the pullback of the flat bundle v(S) — S
becomes trivial. Of course, we can consider larger covers of S, i.e., covers @ that factor
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through the holonomy cover:

(S, [2])

|

(Q,9)

| ™

(52017E) E— (Sa Z'),

where S, is the universal covering space of S. Observing that H2(§x, Z) = m(S, z),
we obtain a diagram of monodromy maps:

(S, )
Hy(Q,Z) Qo
l aQ,q

Ohol,z

Ho(SBo\ 7)) —————— v*(S).
We set Ng » :=Imdg 4, so we have:
C’jvmon - G]VQ - ijhol'

Consider now a regular Poisson manifold (M, ) whose symplectic foliation o is
proper. In this case the linear and non-linear holonomy of /. coincide, hence:

— the geometric interpretation of the hol-monodromy is valid for every class
in Hg(Sl;Ol, Z),

— given any s-connected foliation groupoid £ integrating the symplectic foliation
ofr, the s-fiber yields a covering space ¢ : £(z,—) — S, which lies in between
S, and Shol Tn particular, we have a corresponding monodromy map:

88,35 : H2(8(x» _)aZ) - V;(S)

Definition 3.4.8. — The €-monodromy group of (M, ) at x relative to the s-connected
integration £ of the symplectic foliation &%, denoted JVg|x, is the image of g .

We can finally discuss the more refined version of Theorem 3.4.1:

Theorem 3.4.9. — Let (M, 7) be a regular Poisson manifold whose symplectic folia-
tion ofx is proper. For any s-connected integration & of the symplectic foliation:

(jvmon C ij(f C (jvhol;
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where the first (respectively, second) inclusion becomes equality for & = Mon(M, %)
(respectively, for € = Hol(M,sf,)). Moreover, if &€ = B(() is induced by an s-
connected, proper integration ( as in Theorem 2.6.9, then

Q]Vg C A@.

Remark 3.4.10. — When & = B(0) is induced by an s-proper integration {, it will
follow from Section 5.2 that ¢le will be not just a bundle of discrete subgroups
of v*(&%), but also a smooth, closed sub-bundle (in particular, of constant rank). In
the maximal rank case, i.e., when ¢}z is a lattice, one can show that £ is induced
by an s-proper integration é with AC:’ = o/Ne. Such integrations § deserve the name
“normalized”.

Proof. — The first part of the theorem follows from the remarks proceeding it. For
the second part we use the Atiyah sequence (3.6). Recall that similar sequences arise
from principal bundles: if ¢ : P — N is a principal G-bundle, then A(P) := TP/G is
not only a vector bundle over N but also a Lie algebroid with anchor induced by dg
and with the bracket coming from the identification T'(A(P)) = X(P)¢~"V. The short
exact sequence associated to it is

3.9 00— Pxgg—or YN ——.
P g A(P

Splittings 7 of this sequence are the same thing as connections on the principal bundle,
while the associated expression (3.7) is precisely the curvature of the connection.
When G = T is a torus, this closed form will represent the Chern class of the bundle,
c1(P) € H?(N,t), which is integral: the pairing of ¢;(P) with elements in Hy(N,Z)
always lands in A, the kernel of the exponential map of t.

Now, if { is an s-connected, proper integration of (M, ), then we obtain a principal
bundle ¢ : {(z,—) — E(x, —) with structure group the torus &, = & ({) (see Theo-
rem 2.6.9). Moreover, the associated Atiyah sequence coincides with the pull-back of
(3.6) via the covering map pg : E(z,—) — S, which is just a translation of the fact
that ¢ integrates the Lie algebroid T* M. We deduce that

pelQ] € H*(E(z,-),v})

»

coincides with the Chern class of the torus bundle ¢q : {(z,—) — E€(z,—). The in-
tegrality of this Chern class shows that evaluation on classes in Ha(E(z, —)) lands
in Ag, so we conclude that eNg C Ag. O

Corollary 3.4.11. — If (M, ) is of s-proper type then cMol is a smooth closed sub-
bundle of discrete subgroups of v*(cfx). Moreover, if € is induced by an s-connected,
s-proper integration, then oNg is of finite index in oMol

Proof. — Let { be an s-connected, s-proper integration. Using the first part of Re-
mark 3.4.10, it suffices to show that ij((/‘”lz is of finite index in Jx/h01|x. This follows
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from a general remark about finite covers applied to &(z, —) — Sl if ¢ : N — N is
a finite cover between compact manifolds then

¢« (H (N, Z) /torsion) C Hy(N,Z)/torsion

is of finite index. This is equivalent to the fact that, when working over Q,

g« : Hy(N) — Hy(N) is surjective. In turn, this follows from the standard spec-
tral sequence EZ = Hy(T', Hy(N)) = Hpyq(N) (T the group of the cover): since
the homology over Q of finite groups is trivial, we deduce that Hy(N) is isomorphic

to the space of I'-coinvariants of Hy(N) and g, becomes the quotient map. O

Remark 3.4.12. — The notions of extended monodromy discussed here extend to
non-regular Poisson manifolds and, in fact, to any Lie algebroid. We postpone this
discussion to [12].

3.5. Examples

Here are some examples to illustrate the behavior of the groups cNmon and cMol,
their computation and their relevance to the compactness-types.

3.5.1. A non-proper example with M, discrete. — The groups cM,, can be seen
as Poisson invariants whose discreteness is a necessary condition for properness- cf.
Corollary 3.4.11. Here is an example which shows that this condition is not sufficient
and that ¢M,) provides interesting invariants also in the non-proper case. Start with
the Reeb foliation ¢¥ of S* and make it into a symplectic foliation by choosing a metric
on S? and considering the induced area forms on the leaves. The resulting Poisson
structure is not of proper type since the Reeb foliation is not proper: for example, the
linear and non-linear holonomy of the compact leaf are distinct.

These Reeb type Poisson structures are always integrable since for any symplectic
leaf S we have m5(S,2) = {0}, so that cNmon = {0}. On the other hand, for points =
in the open leaves we obviously have o]\/ho1|ch = {0}, since the leaves are contractible.
However, we claim that for points in the compact leaf, cM,o1 is not trivial. In order to
see this, we consider as a model for a neighborhood of the compact leaf T2 the space
M = (R x S x R)/Z, and we let RT x S! x R, with coordinates (r, 6, z), be foliated
by the level sets of the submersion:

F(r,0,2) = (r* —1)e?,

and let Z act by translations in the z coordinate. The compact leaf T? corresponds
tor=1. 0n Rt x S! x R we consider the regular Poisson structure:

0 0 0
_ 2 1\ 9 —
= <(7‘ 1)8r 27‘(92) A 50"

The function F' is a Casimir and 7 is invariant under the Z-action, so we obtain a
Poisson structure on M whose symplectic foliation is the Reeb foliation. Choosing the
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splitting 7 : TT? — T, M of ah T, M — TT? defined by:

0 1 0 1
— ——d — ——déf
a0~ 2% 8 T2
we find that its curvature 2-form is constant:
o 0 1
Q-,— <897 82> = Z[dz7d9]ﬂ—|rzl = —1.

The leaf T? has trivial linear holonomy, so we conclude that
07\/}101|T:1 = {/ Q,: o] e HQ(T2,Z)} =7ZCR

is a discrete subgroup. Notice, by the way, that the (non-linear) holonomy of the
compact leaf is non-trivial and that there are no holonomy-trivial o : ¥ — T? with
[0] # 0, so one cannot compute dy,, by transverse variations of symplectic areas.
In any case, the groups My, are discrete, but they do not form a smooth closed
sub-bundle of v*(¢% ) (compare with Corollary 3.4.11).

3.5.2. An s-proper but not strong proper example. — Consider now
_ 2 + _ 40 )
M=TxR N ™ = t@ A 90,

As above, cMmon = {0} and M is clearly a lattice. In particular (M, ) is not of
strong proper type but, since the symplectic foliation is of proper type (even simple),
one may expect that (M,n) is of proper type. Let us prove all these in an explicit
manner. It is useful to remark that the universal cover of (M, ),

M=R*xR, #=tZAZ,
sits as an open Poisson submanifold of the linear §(3)*, where h(3) is the Lie algebra
of the Heisenberg group H(3) of unipotent upper triangular 3 x 3 matrices:

0 = {(357)o-<3)
and where we use &1,&s,t for the coordinates with respect to the canonical basis
of h(3)*, corresponding to z,y and z, respectively. Hence the canonical integration

of (M,7) is the action groupoid arising from the coadjoint action,
(310) H(3) NR2 X R+a (xay7z) : (£1v§2at) = (§1 +ty7£2 —tl‘,t).

The symplectic form on this groupoid comes from the Liouville form on 7*H(3). After
trivializing T*H(3) using left translations, in our coordinates, it becomes

(3.11) Q=dé Ndx +dé Ady + dt Adz — tdx A dy — zdt A dy.

Of course, one can check directly that (H(3) x M ,€) is a symplectic groupoid inte-
grating (M, 7). The action of 71 (M) = Z? is Poisson hence it lifts to an action on
the groupoid by symplectic groupoid automorphisms. Hence the canonical integration
of (M, ) can be described exactly as above using (3.10) and (3.11) but with R? x R+
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replaced by T? x RT and the coordinates (£1, &) replaced by the coordinates (6, 6-)
of T?. It is clear that this groupoid is not proper.

Any other s-connected symplectic integration is obtained as a quotient modulo
a discrete normal subgroupoid &# of the isotropy bundle, which is Lagrangian as a
submanifold of (X(M, ), 2). Now observe that the isotropy bundle is:

{(x,y,2,01,02,t) € H3 x M : yt € Z,xt € Z,z € R} = (Z* x R) x M,

so any local (bi)section of the isotropy bundle is of the form:
m n
(917 027 t) — (?a ?7 7"(01, 927 t)a 017 02>t) )

where m,n € Z and r(6;,02,t) is smooth on M. The section is Lagrangian iff:

1
r(91,92,t) = ? (m91 + neg) + T‘o(t).

In particular, it follows that the co-compact lattices

m n 0n+0m+p
%(91,92,t)={<t7tat2 7namap€Z

fit into a subgroupoid so that  := X(M,w)/S# is s-proper and  descends to {. This

gives an explicit s-connected, s-proper integration of (M, ) with Ap = o1

3.5.3. The free Hamiltonian & -spaces perspective. — A fundamental tool to construct
Poisson structures is by Hamiltonian reduction of symplectic manifolds. This is re-
called in Appendix A, in the general context of symplectic groupoids. Integral affine
manifolds (B, A) provide the simplest examples of symplectic groupoids: the symplec-
tic torus bundle &/4. These give rise to the simpler theory of Hamiltonian &/;-spaces
(see A.4) where one can take Corollary A.4.1 as definition. For a free Hamiltonian
Ia-space q : (X,Qx) — B with connected fibers, the reduced Poisson manifold
Xrea = X/& is of proper type, it will have B as (smooth) leaf space and the in-
duced integral structure is precisely A (cf. Corollary A.4.2). Looking at the explicit
s-connected integrating groupoid X ;}1 X given by (A.4), we see that:

(a) it is s-proper iff ¢ : X — B is proper;

(b) it is compact iff X is compact;

(c) it is the canonical integration iff the g-fibers are 1-connected.
Already when B is 1-dimensional, with the standard integral affine structure, produces
interesting examples. For instance, the strong compact type example from [35] arises
via this procedure with B = S'. For B = R, using maps ¢ with fibers which are not
1-connected may produce examples which are not strong proper but are proper (or
s-proper if ¢ is proper). The previous example fits into this scheme, but here is a
slightly more general class of examples.

Start with a symplectic manifold (Sp,wp) and consider the regular Poisson manifold

M = Sy x RT, whose symplectic leaves are (Sp X {t},twp), Using the geometric
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interpretation of the monodromy, we find that

Honon = Perga (o) = {[a] € ma(Snz0): | wo} CER,

the group of spherical periods of wy. Since the holonomy of the foliation is triv-
ial cMo1 is computed similarly and gives the full group of periods Per(wg). Hence,
while the discreteness of Pergz(wp) is the obstruction to integrability, the discrete-
ness of Per(wp) arises as an obstruction to properness. This time, this is the only
obstruction. This can be seen by producing explicit proper integrations and that is
done by realizing M via reduction. Let us assume Per(wg) = Z, so that one can find
a principal S'-bundle p : P — Sy whose Chern class is [wp]. That means that we find
a connection 1-form # € Q!(P) with df = p*wy. The symplectization of (P,0):

X =PxR", Qx=d(t0),

with S!-acting on the first coordinate and ¢ : (X,Qx) — R the projection, is a
Hamiltonian &7-space. Its Poisson reduced space is X,eq = M so, by the general
discussion, M is of proper type (and of s-proper type iff Sy is compact).

Here are some concrete examples, with various behavior of cNyon and ecMor:

(a) if (So,wo) = (S?%,awsz), then cNmon = cHhol = a - Z;

(b) if (So,wo) = (Eg,bws,), then cVmon = 0 and Npor = b - Z;

(c) if (So,wo) = (S? x Xy, awse ®bws, ), then cMuon = a-Z and Mot = a-Z+b-Z;
where a,b € R\ {0}, and wg, ws,, are normalized area forms on the sphere and on
the closed surface of genus g > 0. Cases (b) and (c) come with infinite fundamental
groups, hence they produce examples which are not strong proper. By the previous
discussion, they are s-proper except when a/b ¢ Q. In all the cases one can proceed
as in the previous example (9 = 1), and construct explicit s-connected, s-proper
integrations, this time using the Lie theory of SO(3) (if g = 0) or of SL(2) (if g > 1).
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CHAPTER 4

THE LINEAR VARIATION THEOREM I: 1-CONNECTED LEAVES

4.1. The classical Duistermaat-Heckman Theorem

The linear variation in the titles of this chapter and the next one refers to a
fundamental result concerning PMCTs, which is a generalization of the classical
Duistermaat-Heckman Theorem [20] on the variation of the cohomology class of the
symplectic form of symplectic reduced spaces. Let us recall this result in its simplest
form.

Let a torus T act freely on a symplectic manifold (S,w) in a Hamiltonian fashion
with moment map p : S — t*. Then the symplectic reduced spaces S¢ = p='(¢)/T
are all smooth symplectic manifolds with reduced symplectic form w¢. They are also
diffeomorphic because one has a local model for S around p~1(&) for any value
&o € t* obtained as follows. Choose a connection 1-form « on the principal T-bundle
q: p (&) — Sg,, then a local model for S around p~'(&) is given by the product
p~ (&) x t* furnished with the symplectic form:

pI‘T q*wio + d<pr27 Oé),
where wg, is the reduced symplectic form in Se,. The group T™ acts on p~*(&) x t*
by acting on the first factor, and the action is Hamiltonian with moment map the
second projection: p = pry : p~1 (&) x t* — t*.

This local normal form leads to an identification of the symplectic reduced spaces
Se ~ Sg,, for £ close to &y. Under this identification, the symplectic forms are linearly
related:

we = we, + (F,§ — &o),
where F € Q%(Sg,, t) is the curvature 2-form of the connection a:

q"F = da.

This identification of the symplectic reduced spaces depends on choices. However,
any two identifications are related by an isotopy of S¢,, so one can compare the
cohomology classes of the symplectic forms, and this leads to:

Theorem 4.1.1 (Duistermaat-Heckman [20]). — If a torus T acts freely on a symplectic
manifold (S,w) in a Hamiltonian fashion with proper moment map p : S — t* then
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the cohomology class of the reduced symplectic form varies linearly:

[wf] = [wﬁo] + <C,§ - £0>a

where ¢ € H2(Sg,) ®t is the Chern class of the principal T-bundle q : p= (&) — Sg, -

From this result it follows also an important property of the measures or volume
forms associated with the symplectic forms. In order to state it, consider the following
volume forms:

w

— = n—?, the Liouville form on S (2n = dim S);
— 8y = p«(fw), the push-forward measure on t*;
— pag, the Lebesgue measure on t*.

Then, we have the following corollary of the theorem above:

Corollary 4.1.2 ([20]). — For a free Hamiltonian T-space (S,w, ) with proper mo-
ment map, the Duistermaat-Heckman measure pfy and the Lebesgue measure piag
are related by:

u%H = vol -uas,

where vol : t* — R is the function which associates to & € t* the symplectic volume
vol(Se) of the reduced symplectic space. Moreover, this function is a polynomial of
degree at most %dim Se = %dimS —dim T.

Notice that these results are really about the symplectic (or Poisson) geometry of
the Poisson manifold M = S/T, which has symplectic leaves the reduced spaces S¢ and
leaf space the open subset p(S) C t*. In the next chapters we will provide remarkable
generalizations of these results, valid for any PMCT. Our formulation of these results
is made in terms of the developing map associated with the integral affine structure
on the leaf space, to be studied in this chapter. Our approach does not rely on a local
normal form and hence gives the classical results above an entirely new perspective.

Throughout this chapter we fix a Poisson manifold (M, ) of s-proper type and an
s-connected, s-proper integration (¢, Q) = (M, 7). Moreover:

— Standing assumption in this chapter: The symplectic leaves of (M, ) are 1-con-
nected.

This assumption will be dropped in the next chapter, where we will consider the
general case. The advantage of dealing first with 1-connected symplectic leaves is
that there are no subtleties arising from the geometry of the leaf space: in this case
B = M/&f, is smooth and there is only one groupoid integrating ¢%;, namely the
equivalence relation M xp M C M x M associated with the submersion p: M — B.
Therefore we do not have to worry about the foliation groupoid 3(¢) (cf. Theo-
rem 2.6.9) or, equivalently, with the orbifold structure on B, which may be present
even when B is smooth but the leaves are not 1-connected.

ASTERISQUE 413



4.2. THE DEVELOPING MAP FOR INTEGRAL AFFINE STRUCTURES 49

4.2. The developing map for integral affine structures

The linear variation theorem, in one form or another, involves a basic concept
of integral affine geometry which we have not discussed so far. This is done in this
chapter, where we fix an integral affine manifold (B, A) and we discuss its developing
map [26, 49]. This is a local diffeomorphism of integral affine manifolds

dev: (B,A) — (RY,7Z9)

defined on the universal cover B endowed with the pull-back A of A. Let us first recall
the standard definition:

Fiz a point by € B and an integral affine chart (Uy, xo) centered at by.
For any path ~ starting at by, cover it by a finite number of integral affine
charts x; : Ui — x:(U;) C R?, 0 < i < r. Arrange the coordinates charts
inductively so that each two consecutive ones match on the intersection
(this can be done since the changes or coordinates, being affine, are defined
on the entire RY). Then dev([y]) is the image of v(1) by the last coordinate
chart.

If one restricts to loops ~ and considers the entire change of coordinates between

the first and the last chart, one obtains the integral affine holonomy representation
AR 11 (B) — Affz(R?), where 71 (B) = m (B, bg). Of course,

pAT = (dev(v), h'™ (7))

where hli® : 7y (B) — GLz(R?) is the linear holonomy representation of (B,A), i.e.,
the linear holonomy of the flat connection on B induced by A. These representations
give rise to the affine holonomy group T'A¥ := hAf(7(B)) C Affz(RY) and simi-
larly the linear holonomy group T'™. Note that T'Af is an integral affine group as
in Example 3.1.3, whose linear part is I'"". The factorization of the linear holonomy
representation:

Aff r X
7TI(B) h FAff Pra l"lln

gives rise to a sequence of covering spaces by integral affine manifolds:

B BAff Blin B,

where the middle and the last spaces are called the affine and linear holonomy covers,
respectively. They are the smallest covers with trivial affine and linear holonomy,
respectively. For instance, in the situation of Example 3.1.3, B = BAT = R? and
Blin — Rq/lﬂtr.

The standard definitions given above for the developing map and the affine holon-
omy have a drawback: they both depend on a choice of a base point by € B and
an integral affine chart around by. However, it is possible to give a more intrinsic
definition, in the spirit of the present work, using the language of groupoids, as we
now explain. This approach will turn out to be very useful in the sequel. We denote
by GLav(T'B) == B (respectively, Affav(T'B) = B) the Lie groupoid whose arrows

SOCIETE MATHEMATIQUE DE FRANCE 2019
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are the integral linear (respectively, integral affine) isomorphisms between the fibers
of TB. Our convention is that an arrow ¢ : T, B — T, B has source y and target x.
Notice that:

(i) Parallel transport for the canonical flat connection V of (B, A) defines the linear
holonomy, which can be seen as morphism of Lie groupoids:

(4.1) R 10 (B) — GLAv(TB),  h"™([4]) : Ty1yB — Ty(0)B-
(ii) The connection V is torsion free and this can be interpreted as saying that the
identity map
Id:TB—TB
is a l-cocycle on the Lie algebroid T'B with coefficients in the representation
TB. Hence, it integrates to a groupoid 1-cocycle in II; (B) with values in T B:
dev : II;(B) = TB, [y] — dev([y]) € Ty)B.

The general formula for integrating algebroid 1-cocycles gives the expression:

1
dev(Bl) = [ B Gie)de
0
and the cocycle condition means that for any two composable arrows in II; (B):

dev([y] o [r]) = dev([r]) + K" ([])(dev([r])).

These two pieces of structure can be organized together into an integral affine
action of II;(B) on (T'B,AV): any [y] € II;(B) induces an affine transformation

T,yB = Ty0)B, v v-[] = dev([y]) + R (7)) (v).

Hence, one obtains a morphism of Lie groupoids
(4.2) RAT I, (B) — Affov (TB).

In order to recover the classical/based affine holonomy representation and devel-
oping map, one restricts to the isotropy group of II; (B) at by, which is 71 (B, by), and
to the s-fiber above bo, which is the model for the universal cover using paths starting
at bg: B = S_l(bg). One obtains the linear and affine representations at by,

lin Aff
h |bo :7T1(B,b0) — GLAbV(TbOB)7 h |b0 :7T1(B,b0) HAHAZO(TIJOB),

and the developing map at by,
dev | : B— T, B.
0

Finally, a choice of a basis by for Ay, (which is equivalent to a choice of an integral
affine chart centered at bo) leads to an identification (Ty, B, Ay) = (R, Z7), and we
recover the original notions. Note also that, since IT; (B) is transitive, no information
is lost by restricting at bg.

The description of dev : B - RIasa 1-cocycle for m1(B,by) with values in R?
appears in the work of Matsusima [36], who attributes the idea to Koszul.

ASTERISQUE 413



4.3. THE LINEAR VARIATION 51

Remark 4.2.1. — The image 2 C R? of dev : B — RY is an open subset which is
invariant under the affine action of I'f. When the action is free and proper, the
induced map B — Q/TAf will be a local diffeomorphism between integral affine
manifolds. The conclusion of the Markus conjecture (Conjecture 3.1.4) is equivalent
to saying that ) = R? and that the last map is a diffeomorphism. In turn, this is also
equivalent to the condition that the linear connection is geodesically complete.

4.3. The linear variation

We now return to Poisson geometry and define the linear variation of the leafwise
symplectic cohomology class.

Under our standing assumption, the transverse integral affine structure A, C
v*(Fx) defined by € (see Theorem 3.3.1) is the pull-back of an integral affine structure
on the manifold B = M/s%. In this chapter we will only use the structure on B, for
which we use the same notation Ag.

On the other hand, we can define a vector bundle ¢#/ — B whose fibers are the
degree 2 cohomology of the symplectic leaves:

Sy == H?(Sp)
There are two things to notice about the vector bundle ¢# — B:

(i) the integral cohomology yields a structure of an integral vector bundle (¢4, $4);
(ii) the leafwise symplectic form yields a canonical section @ € I'(B, $#):

(43) b wyp = [wp—l(b)] € H2(Sb)

There is a rich interplay between the integral affine structure Ay on B and the inte-
gral vector bundle (&#,#z). To make this precise note that, by (i) above, the bundle
¢/ — B has a canonical flat connection V, the so-called Gauss-Manin connection.
Our first formulation of the variation of the symplectic form is:

Definition 4.3.1. — The linear variation of w is the bundle map:
varl® : TB — &, v — vari®(v) := V,w.
Its image is called the linear variation bundle of w, denoted:
ylin.— varl™(TB) ¢ &,
and it has an integral part, denoted:
7/};2 := varin (A),

where A} C T'B is the lattice induced by (¢, ).

lin " does not depend on the

specific integration ({, ), while the integral part 7/1;2 does.

Note that the linear variation w, as well as its image ¥

We will see that we have always ”V};“’Z C &Mz A key ingredient in the proof is the
following: since o/ is regular, we can choose a splitting for all leaves at the same
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time, i.e., a bundle map 7 : % — T*M which is a splitting of 7# : T*M — %,. The
curvature €2, of this splitting gives a 1-form [Q2,] € Q(B;§#) by setting:

[Q.]:TB— &, vy [(Qr,0)] € H*(Sy).

Here we use the identification T, B 2 v, (/% ), S0 vp can be thought of as a constant
section of v(S). Note that [€2;] is independent of the choice of splitting 7 and:

Proposition 4.3.2. — If (M, 7) is regular with compact, 1-connected, leaves, then:
(4.4) Vw = [Q,].
In particular, if v € TyB and o : (S?,pn) — (Sp, x), then:

(@5) [ var2) = @uenlo). )

Proof. — Clearly, the integral Formula (4.5) follows from (4.4) and the definition of
the monodromy in terms of the curvature.

To prove (4.4), let us a chose a distribution D C TM complementary to ¢, so
that D 2 v(sf,). This gives rise to a unique extension & € Q%(M) of the leafwise
symplectic form satisfying iy w = 0, for any V' € D. This extension, in turn, gives rise
to a splitting 7 : ¢% — T*M, X — ixw, with a curvature 2-form .. We claim that if
V € X(D) is any vector field defined in a neighborhood of S, whose restriction to S,
projects to v, € T'B, then:

(a) for any section 77 € I'(§#) represented by n € Q?(M) with iy = 0 one has:

vvﬁ = [(£VU)|Sb]§

(b) £v& = Q. (V).
These will imply (4.4).

Item (a) follows from the fact that the Gauss-Manin connection can be defined by
lifting a vector field X on B to M via a distribution D, since the flow of the horizontal
lift gives a l-parameter group of diffeomorphisms of the fibers, that preserves the
integral cohomology.

In order to prove item (b), we see that, for any X,Y € &%, the definition of the
curvature 2-form gives:

Q- (X, Y)(V) = ([7(X), 7(Y)]r — 7([X,Y]), V)
= ([ix@, iy @], V)
= —(£Lym)(ixw,iyw) = (£yvw)(X,Y),

which shows that (b) holds. Here, we have used first that
ivie, Blr = ins(a)divB — ig g diva — (£vm)(e, ), (a,B € Q*(M))
together with iy@ = 0 and 7(ix@,iy®w) = —@w(X,Y), which yields:
(£ym)(ix@,iy@) = —(£y@0)(X,Y). O
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In what follows we make use of the following terminology related to integral vector
bundles (E, Ez): a weak integral sub-bundle of E is an integral vector bundle (F, Fy)
for which F' is a vector sub-bundle and Fy C Egz; it is called an integral vector sub-
bundle if Fy = F N Ey.

Proposition 4.3.3. — For any Poisson manifold (M, ) with 1-connected leaves and an
s-connected, s-proper integration (, var'® is a I1; ( B)-equivariant morphism of integral
vector bundles,

arlin . (TB,A&/) — (K, Hy)-

Moreover, (¥ "I/lm ) s a weak integral affine vector sub-bundle of (S#,cHz). In the
strong s-proper case it is an integral affine sub-bundle.

Proof. — We first show that vargj‘(Aé/) C My, For this, fix b € B, let v € T, B and
choose = € p~1(b). Using that cVmon C Ay and Proposition 4.3.2, we see that:
veA CTyyB = Mv)eZ YIel
0z(0)(v) €EZ, ¥V ¢ € m3(S, )

—
= /varh“( )EZ, Y o€ m(S,z)
=

vari®(v) € H%(S,Z)
where, for the last implication, we used that S is simply connected. This proves that
1i’“(AV) C &Hy. Since the actions of II;(B) on T'B and ¢/ are by parallel transport
relative to the flat connections determined by Ay and ¢z, we also obtain that vari® ig
I1; (B)-equivariant.
Next we prove that ¥ hnZ is a lattice in ¥, It is discrete since it sits inside $z,

hence it suffices to remark that ¥ /¥ hnz is compact. But this follows from the fact
that A is a lattice in T'B and we have a surjective map:

arg‘ . TB/AQ ylln/,yhn

Finally, in the strong s-proper case, the only implication above becomes an equiv-
alence, and we obtain that ¥ ;nz =y nyhin, O

The previous proposition allows one to identify certain “building blocks” sitting
inside (M, ). The extreme cases follow easily from the previous two propositions:

Corollary 4.3.4. — For any s-proper Poisson manifold (M, ) with simply connected
leaves one has:

(i) Zero-variation: vari® =0 iff p: (M, 7) — B is a symplectic fibration.
(ii) Full-variation: Varlm is injective iff (M, 7) is strong s-proper.

Proof. — By Proposition 4.3.2, varli® = 0 is equivalent to the fact that all the
classes [QT|S | vanish. These classes are the restrictions to the leaves of a global class
b
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[Q,] € H*(:,v*), which can also be described more directly (see [11]) by choosing
an extension @ € Q2(M) of the symplectic forms on the leaves, and then taking:

A spectral sequence argument and the fact that the leaves are 1-connected, implies
that the vanishing of all the classes [QT|Sb] is equivalent to the existence of an ex-
tension w such that d,@ = 0. This last condition is a well-known characterization of
symplectic fibrations (see [27]).

By Proposition 4.3.2, Ker(vari®) is the annihilator of ¢Vmen and, by Proposi-
tion 4.3.3, Im(vari®) is a discrete group. Hence the injectivity of varl® is equivalent

t0 eMmon being a lattice. By Theorem 3.4.1, this is equivalent to (M, ) being of strong
s-proper type. O

When an s-proper Poisson manifold (M, ) has full-variation, Proposition 4.3.3
above shows that varli® realizes (T B, AV) as an integral vector sub-bundle of (%, $/z)
if and only if ¢ is the Weinstein groupoid of (M, ).

For the general case, we look at

& = Ker(var™) c TB

and this leads to a decomposition of (M, ) into a foliation by Poisson submanifolds
of zero-variation:

Theorem 4.3.5. — For any s-proper Poisson manifold (M, ) with simply connected
leaves, & defines an involutive distribution of constant rank. If (,Q) is an s-con-
nected, s-proper integration, then one has:

(i) The subgroup
{6 €T*B: &) € Z for all v € (var'™)~Y()} c T*B

sits inside v* () and defines a transverse integral affine structure for %.
(ii) Fach leaf K of & is an integral affine submanifold of B and the resulting Poisson
submanifold

My =p Y (K)c M
has zero-variation. In particular, p : Mg — K is a symplectic fibration over the
integral affine manifold K.

(iii) For any transversal T to X of complementary dimension, the resulting Poisson
submanifold

My :=p Y (T)c M

is a Poisson manifold of strong s-proper type.

Proof. — First of all, the fact that varl® is II;(B)-equivariant implies that & has
constant rank. The Gauss-Manin connection being flat, its curvature tensor vanishes,
which obviously implies involutivity of .
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Next, we turn to the proof of (i). We work at the level of B: under the isomorphism
vi(ef) = Ty B, the monodromy group of (M,n) at any * € p~'(b) becomes a
subgroup o]\/mon|b C T} B. Moreover, by Theorem 3.4.1 (i), we have

Nmon C Ag CcT*B.

Since Ag is a lattice, the fibers o]\/mon|b will be discrete, hence also closed in T} B.
For a closed subgroup C C V in a vector space, we set

CV:={¢eV*: &) ).

Notice that (CV)Y = C. Also, to any such closed subgroup C we associate two subspaces:
Span(C) C V the span over R, and Cospan(C) C V the cospan over R, defined as the
largest vector subspace of V contained in C. Note that the span/cospan of CV coincides
with the annihilator of the cospan/span of C. Moreover:

(a) if C is discrete, then C is a lattice in Span(C);
(b) if C spans V, then C/ Cospan(C) is a lattice in V/ Cospan(C).
Back to our situation, Proposition 4.3.2 shows that & is the annihilator of ¢/Vmon.

Equivalently, Span(c¥mon) = F° 80 cNmon is a lattice in v*(F) = (F)°. Since
MNmon C Ag, sections of oNyon are necessarily closed forms, hence ¢Npon defines a
transverse integral affine structure for .. In order to obtain the description of cNmon
lin " one notes that the sequence of implications in the proof of
Proposition 4.3.3 all become equivalences if we replace Ag/f by Ny, so that:

(4.6) mon = (vary') ™ ().

Since eMmon = (eNmon)" this proves the description in (i).

While (i) is a statement about ¢/Mmon, part (ii) of the proposition is about Ay and
its subtle interaction ¢Nmon. We need to prove that €N AE}/ is a lattice in €. Since it
is clearly discrete, it suffices to prove that the resulting quotient

KRN = (F+ NN
is compact. Under the previous identification, this quotient is the kernel of the map
mon/ Ay = Mnon/ (K + Af).-

Notice that the image of the last map is discrete, since it is a quotient of Ny, /F,
which is itself discrete by part (i). This implies that the kernel is closed in oy, /AY,
hence it suffices to remark that this last space is compact. Indeed, (4.6) implies that

Vou/ A{‘Vi is the kernel of the map induced by varlin:

directly in terms of var

mon w °

varl' . TB/N) —— V2 [V,
and since TB/A} is compact, the result follows. To conclude the proof of (ii), no-
tice that Mk with the induced Poisson structure will have zero variation, since the
associated normal bundles are precisely the kernel of varlin

w -
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Finally, to prove (iii), the linear variation map for Mz will be just the injective
descent of varli®, defined on T B/ ¥, modulo the obvious identifications:

T,B/Fy = Ty(T) = T My /S, with b= p(x). O

Example 4.3.6. — For a Lie algebra g of compact type, the dual M = g* is a Poisson
manifold of proper type. In this case, we have the decomposition g = 3@ gss into center
and semisimple part, and 3 = {0} if and only if g* is of strong-proper type. The passing
from M to My in Proposition 4.3.5 should be seen as a Poisson generalization of the
passing from a compact Lie algebra to its semi-simple part. This example will be
further discussed in Section 4.6.1.

4.4. The linear variation theorem
We now move to the study of the actual variation of w:
Definition 4.4.1. — The variation of w is the bundle map:
varg : I1(B) — &4, [v] = 7w, ),

where v* stands for the parallel transport associated to the Gauss-Manin connection.
The variation bundle of w is the image of varg,:

¥ » := Im(vary) C &4.

Our aim now is to show that the variation is linear. For this, as it will become
apparent in the sequel, it is more natural to consider an affine point of view. We
define the affine variation of w to be:

varaft .= @ 4 varl® : TB — §,
and the affine variation bundle to be its image:
Aff Aff li
Vo =vary (TB)=w+ Y.
From this point of view, the relevant action of II;(B) on T'B is the one by affine
transformations, as given by (4.2). We will refer to it as the integral affine action
of ITy(B) on T'B. On ¢/, we will continue to use the linear action of II; (B).

Our first version of the statement that the variation is linear or, more precisely,
affine, is the following:

Theorem 4.4.2. — For any s-proper Poisson manifold (M, ) with 1-connected leaves
and an s-connected, s-proper integration ((,Q), the developing map dev of the integral
affine structure on B = M /s identifies the variation of w with its affine variation,
i.e., one has a commutative diagram:

varg

I1,(B) H
TB.
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In particular, ¥ s open in 7/23 and they are both Iy (B)-invariant. Moreover,
the variation ¥, C H?(Sy) at each b € B sits inside the symplectic cone of the
symplectic leaf Sp.

Remark 4.4.3. — The commutativity of the diagram in Theorem 4.4.2 is equivalent
to saying that varf is equivariant. In this way,

vara®™ : (TB, AY) — (S, )
becomes a morphism of integral affine representations of II; (B).

Proof. — The commutativity of the diagram in the statement is equivalent to the
commutativity of

6(w)

11, (B) H

dev vari®

TB,
where §(w) : II1(B) — &4 is defined by:

§(@)([M) = 7" @y () = @)
Note that in this diagram:

(a) 6(w) : I;(B) — &K is the l-cocycle on II;(B) coboundary of the 0-cycle
w € ['(K); it differentiates to the algebroid 1-cocycle v — V,w, i.e., varin;

(b) dev :II;(B) — T'B is the 1-cocycle on II; (B) with values in T'B which integrates
the algebroid 1-cocycle Id : TB — T'B.

(c) varii" : TB — §/ is a morphism of representations.
It follows that the corresponding infinitesimal diagram is:

Varlm

TB = cH

R vari;"

TB

which is trivially commutative (in this diagram vari® appears in two distinct roles: as
a Lie algebroid cocycle on the horizontal arrow and as a morphism of representations

on the diagonal arrow). O

In order to obtain a more concrete picture, let us fix

— a base point by € B, and
— a Z-basis by = {\1,..., Ay} for Ay,

The affine holonomy representation becomes (for notations, see Example 3.1.3):

hoT 11 (B,bo) — AffZ(RY), v (vy,A,).
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Hence the main data consists of the v, = (v} ,vl) and A, = (A(5)), where our

‘ o
convention is such that A(y)e; = >_; Al(y)e;

If (S,wp) is the symplectic leaf corresponding to bg, then the maps/actions in the
previous discussion become:

(i) a variation map with respect to paths that start at bg:
varg : B — H2(S), varo(7) = 7" [wym)l;

(ii) a linear action of m;(B,by) on H?(S), that makes varg equivariant;
(iii) a (B, bp)-invariant weak integral affine subspace VA% = [wo] + Vii® ¢ H2(S).
For any x € S, let P := s~!(z) be the s-fiber above z of the s-proper integration
(€,Q) = (M, 7). The submersion ¢ : P — S is a principal {,-bundle and the choice
of basis by gives an identification of the isotropy group with the standard g-torus T9.
Hence P — S becomes a principal T4-bundle and we consider its Chern classes:
C1y...,cq € H?(S) (integral classes).

Since S is simply connected these classes do not depend on the base point z € S.

Corollary 4.4.4. — The Chern classes ci,...,cq € H%(S) generate the space of linear
variations of w at by:

Vo™ = Spang(c1, - - -, ), Vol,i% = Spangy(c1,...,¢q).
The action of m1(B,b) on Vi C H2(S) is given by
(4.7) 7 ([wol) = [wol + ) vher,  7*(ei) = D AF()en,
k k

and for any path v in B starting at by one has
7 ([wy)]) = [wo] + devg(v)er + -+ + devg(v)e,

where dev(, are the components of devg = dev o b B — RY. Hence, we have a
0,9A
commutative diagmm:

varg

LY par c g2(g)
d‘k %—)[wo +>0, 0" ‘es

where the image of varq is an open, 71 (B)-invariant subset of ViR, sitting inside the
symplectic cone of H?(S).

Note that in the strong s-proper case the Chern classes c1, ..., c, are linearly inde-
pendent, so varg is a local diffeomorphism, and if { is the canonical integration then
they form a primitive family, in the sense that:

Spany(cy, .. .,cq) = Spang(ci, - . .,c,) N H?(S,Z).

Hence, VA is an integral affine subspace of H?(S), not only a weak one.
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Proof. — The corollary follows from Proposition 4.3.3 and Theorem 4.4.2 once we
realize that vari®()\;) = ¢;. This follows immediately from (4.4). O

Remark 4.4.5. — The corollary shows that, for any v € Im(devy) C RY, one can find
a symplectic form w, on S such that, in cohomology, we have:

[wy] = [wo] +vler + -+ -+ vic,.

This gives an explicit description for the image of the variation map inside the sym-
plectic cone as:

Im(varg) = {[w,] : v € Im(devo)} C H?(S).
Note however that the symplectic forms w, are not unique. Also, while they can locally
be chosen to depend smoothly on v, it is not clear whether v — w, can be chosen
smooth on the entire open Im(devy).

Theorem 4.4.2 and Corollary 4.4.4 should already remind the reader of the classic
Duistermaat-Heckman Theorem (see Theorem 4.1.1). We defer to the next section
the detailed explanation of this connection.

For now we observe that the previous results suggests the following strategy to
construct examples of PMCTs. For simplicity we restrict to integral affine manifolds
which are complete (see Conjecture 3.1.4).

Proposition 4.4.6. — Consider an integral affine manifold of type B = RY/T', with
I c Affz(R9), and S a compact I-connected manifold. Assume that the following
conditions hold:

(i) T acts on S and there is a smooth I'-equivariant map

RY 3 v w, € Q2 1(S).

sympl
(ii) There ezist linearly independent integral cohomology classes ci, . .., c, in H%(S)
such that:
(4.8) [wy] = [wo] +v'er + -+ 09y, VoveRL

Then M := S x1 R? is a regqular Poisson manifold of strong s-proper type (hence, if
B is compact, then M is of strong compact type).

More generally, condition (i) can be replaced by a smooth family of symplectic
forms w, on S and a lifting of the integral affine action of I' on R? to an action
on (S x R, w,) by Poisson diffeomorphisms (not necessarily a product action).

Note that the equivariance condition and (4.8) imply that the action of T" on [wy]
and the ¢;s is given by (4.7). Therefore, in practice, one starts from some smooth
integral affine group I' C Aff7(R?) writing its elements in the split form v = (v, A(7))
(cf. Example 3.1.3) and as a first step one tries to realize the identities (4.7) inside
the cohomology of a compact manifold S. Observe that this already produces the
cohomology bundle §# = H?(S) xr R?, together with the section w. The second and
much harder step is to represent the right hand side of (4.8) by symplectic forms and
to lift the action of I' on cohomology to an action by Poisson diffeomorphisms.
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Example 4.4.7. — The simplest case to consider is B = S* with its usual integral affine
structure. The resulting problem turns out to be very closely related to McDuff and
Salamon’s question on the existence of symplectic free circle actions with contractible
orbits. Actually, the example given by Kotschick in that context [31] turns out to be
precisely the answer to our problem for B = S! (see also [35]). That produces a very
interesting example of Poisson manifold of strong compact type with leaf space S*
and K3 surfaces as symplectic leaves. As we shall explain in future work, one can use
the structure of the moduli space of marked K3 surfaces to apply Proposition 4.4.6
(the key feature is the strong Torelli theorem, which requires the most general version
of condition (i)) and obtain similar PMCTs of strong compact type with base the
standard T? and symplectic leaf the K3 surface (more generally, the Hilbert scheme
of n points on the K3 surface).

4.5. The twisted Dirac case

We now briefly discuss the changes one needs to make so that the previous chapter
applies also to twisted Dirac structures (for the motivation, please see the Introduc-
tion). Therefore we fix a closed 3-form ¢ € Q3(M) and a ¢-twisted Dirac structure L
on M which, as before, we assume to be regular, of s-proper type, with 1-connected
leaves, and with leaf space B = M /1.

To make sense of the linear variation, we interpret the class of fiberwise presym-
plectic forms as a section of a bundle over B, generalizing the section w € I'(#) used
above. This forces us to consider the ¢-twisted version of S/

Definition 4.5.1. — The ¢-twisted (second) cohomology at b € B is

{8 € Q*(Sy)|dB + ¢ = 0}
{dQ(Sp) } .

Sy = H*(Sp, pp) =

Notice that this definition applies to any proper fibration p : M — B together
with a closed 3-form ¢ € Q3(M) whose restriction ¢, to each fiber is exact (so that
each o%f is non-empty).

The cohomology o%f is not a vector space, but it is an integral affine space with
underlying integral affine vector space (&, /). As ¢ is exact, Hodge theory implies
that these affine spaces fit into an integral affine bundle ($#?,#z) with underlying
integral vector bundle (#,#yz).

Remark 4.5.2 (Integral affine bundles). — Given an affine bundle £ — B we denote
by E'™ its underlying vector bundle. An integral affine bundle (E,E4") is an affine
bundle E together with a lattice Ei® C E'n. As before, one can talk about (weak)
integral affine sub-bundle and of morphisms between integral affine bundles.

The notion of affine connection makes sense on any affine bundle E — B: the space
of sections I'(E) is an affine space with underlying vector space I'(E'"") and an affine
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connection is an affine map
V:T(E) — QY(B, E'"),

whose linear part is a linear connection on E'%". A (local) flat section s is a section
satisfying Vs = 0 and a flat affine connection is one for which there exist local
flat sections through every point in E. If the affine connection is flat, then so is it
underlying linear connection on E'™. A flat integral affine bundle is an integral affine
bundle (E, Eli") endowed with a flat affine connection V whose underlying linear
connection V" coincides with the one induced by the lattice EIZin.

The notion of parallel transport and its basic properties extend to the setting of
affine connections. In particular, a flat integral affine bundle is the same thing as an
integral affine bundle (E, Ei") together with an action of II;(B) on E by integral
affine transformations of the fibers. Also, a morphism of flat integral affine bundles is
an integral affine morphism f : E — F which is II; (B)-equivariant.

While any vector space/bundle is canonically affine, any integral vector bundle
is canonically a flat integral affine bundle, with the connection associated with the
integral structure. An affine space/bundle is non-canonically isomorphic as affine
spaces/bundles to its underlying vector space/bundle, and similarly if we add the
adjective “integral,” because an affine bundle always has a global section. However, a
flat integral affine bundle F is not isomorphic as flat integral affine vector bundles to
its underlying integral affine vector bundle, unless E has a global flat section. This
is equivalent to the vanishing of the so-called radiance obstruction of the flat affine
bundle [25].

Example 4.5.3. — Consider the tangent bundle T'B of an integral affine manifold
(B, A). Obviously, (T'B,AY) is an integral vector bundle, hence also a flat integral
affine one: the corresponding action of IT; (B) on T B is precisely the one induced by
the linear holonomy representation (4.1). However, T'B admits yet another flat integral
affine structure, namely the one defined by the affine holonomy action of IT; (B) on T'B
given by (4.2). For T'B together with this flat integral affine structure we will reserve
the notation 7% B, and this is our realization of the affine tangent bundle from [25].
Of course, the only difference between TA% B and TB lies on the II; (B)-action that
one considers.

In this framework, the identification of the variation with the affine variation from
Theorem 4.4.2 is equivalent to saying that

varg : (TATB, AY) — (S, )

is a morphism of flat integral affine bundles (see Remark 4.4.3). Moreover, the affine
variation bundle 7/‘;‘* is a flat integral affine bundle, with underlying integral affine

lin Aff

vector space (¥, 7 wz) and the previous statement about varz" can be split into

two: (i) varAf . TATR . ¥ A% is 5 morphism of flat integral affine bundles and
(ii) 2T is a weak sub-bundle of (S, ).
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Definition 4.5.4. — For any a proper fibration p : M — B with a closed 3-form
¢ € Q3(M) whose restriction to each fiber is exact, the twisted Gauss-Manin connec-
tion V¢ : T(S#?) — QY(B, &) is given by:

d * *
(4.9) (Vi(s), [ool) = dtl=o (/B([O,t]XE) 7T /[o,t]xza ¢> ’

where v € TyB, s € I'(B,#?), [00] € H2(Sy) is a homology class represented by a
map og : & — S, and o : [0,1] x ¥ — M is a map of fibrations extending oy with
base map a curve in B representing v.

The independence of this definition on choices is a consequence of Stokes’ theorem
and the exactness of ¢ on fibers. One checks directly that V¢ is a morphism of affine
spaces, and that its linear part is the Gauss-Manin connection on &/.

A local flat section through any c¢ € Q%f can be constructed as follows: over a
contractible neighborhood of b the twisting form is exact: ¢ = dy. Therefore [—x]4
defines a local flat section. It can be translated to attain the value ¢ at b by adding
the appropriate local flat section of §#. Therefore $#? is a flat integral affine bundle
with underlying integral vector bundle (¢4, $/#z).

Now, given a ¢-twisted Dirac manifold (M, L) we have the section w € I'(§#%) and
the twisted Gauss-Manin connection, and this allows one to proceed as before. We
can define the linear and affine variations by the same formulas:

varl? .= V¢w : TB — §#, vari® .= @ 4 varl" : TB — g/?
and similarly for the linear/affine variation bundles ¥!" and ¥2F. Also, using the
induced action of II; (B) by parallel transport on SH® one obtains the variation map
vary : II;(B) — é’]ﬁb, [v] — Y w.

and its image the variation bundle ¥ .
The main results from the previous section carry over to this context, with more
or less obvious modifications. For example:

Theorem 4.5.5. — For any s-proper ¢-twisted Dirac manifold (M, L) with 1-connected
leaves and an s-connected, s-proper integration ((,, ), the developing map dev of
the integral affine structure on B = M /sty identifies the variation of w with its affine
variation, i.e., one has a commutative diagram:

var e

I, (B) SH®
TB. “

In particular, ¥ & is open in "ngf and they are both I11(B)-invariant.

Proof. — The proof of Theorem 4.4.2 applies word by word, with one exception: one
needs to be careful with the inclusion varg“(Ag}/ ) C ¢y of Proposition 4.3.3. For that,
we need to make sure that Proposition 4.3.2 still holds, and that sends us back to a
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description of the monodromy map in terms of variations of presymplectic areas. That
was based on the choice of a splitting 7 of (3.6) and the use of its curvature (3.7).
Such a splitting is provided by any extension of the foliated form w to a 2-form on M
and the curvature 2. is computed using the ¢-twisted Dirac bracket. The resulting
formula is precisely (4.9), where ¥ is a sphere and the variation is determined by the
corresponding vector at the image of its north pole. O

4.6. Two examples from Lie theory

4.6.1. Regular coadjoint orbits. — Let G be a compact, connected Lie group with
g its Lie algebra. The symplectic groupoid (TG, wcan) is an s-proper integration of
the linear Poisson structure on g*. The regular set M := g;,,, consisting of those
coadjoint orbits with stabilizer a maximal torus, is a regular Poisson manifold of
s-proper type and { := (T*QG) =3 @y IS @ proper symplectic integration, inducing

a transversal integral affine strlrl(;gture Ag. Compact coadjoint orbits are 1-connected,
so our standing assumption holds and the leaf space of g, is a smooth integral affine
manifold (B, Ap). In this example, we can relate our previous discussion with some
standard facts and constructions from Lie theory (see, e.g., [7, 21]). We will describe
here this relationship, leaving the verifications to the reader.

Fix a maximal torus T C G and let ¢ C t* be the interior of a Weyl Chamber. We
recall that t is a full slice to the adjoint action of G on g: any regular orbit intersects t
transversely with tangent space [t, g]. Dually, the splitting

g=taltg

embeds t* into g* as a full slice to the coadjoint action. Each regular orbit intersects ¢
exactly once, so we get a canonical diffeomorphism:
(4.10) G/Txc— gre (9T,8) — Ady ¢
Under this diffeomorphism, the symplectic form of the orbit through £ € ¢ is the
unique left G-invariant form we € Q?(G/T) satisfying at £ = eT:
(4.11) we(u,v) =&([w,v]), w,v € g/t ="Te(G/T).

Let us fix a coadjoint orbit Sy C g}, through some point &, € ¢, so that Sp = G/T.
If A¢ = Ker(exp : t — T) and A,, is the weight lattice, we have isomorphisms:

— The leaf space: (B,Ag) = (¢, AY).

— The normal space: (1/50(50),Ag|5 ) & (£, AY).

0
— The cohomology: (H?(So), H?(S0,Z)) = (t,Ay), where g = 3 @ gg is the
decomposition into center and semisimple part, and t = 3 @ ts.

Explicitly, the last isomorphism associates to an element £ € t¥, the cohomology class
of the form we given by (4.11), hence we find that:

(i) The developing map devg : B — vg,(Sp) is the inclusion:
devo : (¢, AL) — (t*,Af).
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(ii) The linear variation varli® : v (Sp) — H?%(Sp) is the projection:
varlh : (£, A%) — (£, Aw).
(iii) The linear and affine variations match, so that vary, : B — H?(S)) is:

varg : (¢, Al) — (t5, Aw)-

ss?

Notice that the linear variation is injective iff (greg,w) is of strong s-proper type
(cf. Corollary 4.3.4), and this happens iff g is semisimple. Moreover, in this case,
the linear variation is an isomorphism of integral vector spaces iff G is the simply
connected integration (cf. Proposition 4.3.3).

In general, the linear variation is not injective and its kernel is precisely 3*. If we
consider the leaves through K = & + 3" we obtain a Poisson submanifold Mk C g7,
of zero-variation (cf. Theorem 4.3.5 (ii)). On the other hand, the leaves through
T = ¢+t yield a Poisson submanifold M7 C g, of full-variation (cf. Theo-
rem 4.3.5 (iii)), Poisson diffeomorphic to (gZ,)

reg’

4.6.2. Principal conjugacy classes. — Let G be a compact, connected Lie group with
Lie algebra g, let (-, -) be an Ad-invariant inner product, and let Lg the corresponding
Cartan-Dirac structure on G with twisting ¢ the Cartan 3-form [4, 8, 51]. Recall that
its leaves are the conjugacy classes and an s-proper integration is provided by the
conjugacy action groupoid G X G endowed with the multiplicative 2-form:

1 * * * *
(412) QG(ga h) = 5 ((Adh prl 0L7 prl 9L> + <pI‘1 eL’ pI‘Q(aL + 9R)>) )

where 6% and 0 are the left and right-invariant Maurer-Cartan forms. We have the
following basic result, relating (G, L) and (g*, min) (see [3, Theorem 3.13]):

Proposition 4.6.1. — Let exp : g* — G be the composition of exp : g — G with
the isomorphism g* = g given be the inner product. The pullback Dirac structure
exp*(Lg) is smooth and there is a 2-form x € Q%(g*) giving a gauge transformation:

exp"(Lg) = €XLy,, .

The 2-form x in the proposition is an Ad*-invariant, canonical primitive of the
pullback of the Cartan 3-form: exp*¢ = dy.

Let us now restrict to the regular set G*® C G, formed by the conjugacy classes
of maximal dimension. We obtain an s-proper presymplectic ¢-twisted integration
(@,9) = (G x G™8,Q¢) = G*¢, inducing a transverse integral affine structure Ay to
the foliation consisting of conjugacy classes in G™&.

We recall that a regular orbit is called principal if its isotropy is connected. A
good example to keep in mind is G = SO(3), whose non-trivial conjugacy classes
are all regular and among these there is only one which is non-principal, namely the
conjugacy class of a non-trivial diagonal matrix. Principal orbits are 1-connected, and
therefore (GP'"°, L) is a connected regular twisted Dirac manifold of s-proper type,
satisfying our standing assumption. Hence, the leaf space B = GP'"°/G is a smooth
manifold carrying an integral affine structure Ap such that Ay = p*Ap. Again, we
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can relate our previous discussion with some standard facts from the Lie theory of
conjugacy classes of compact Lie groups (see.e.g., [21,7]).

A maximal torus T C G is a full slice for the conjugation action, so T**¢ = TN G*#
and TP™"¢ = T N GP™"° are also slices for the restricted action on G™& and GP'irc, If
K is a connected component of T™® and B is a connected component of TP'n¢ N K,
then we obtain a diffeomorphism:

G/T x B — G*™°,  (gT,k) — gkg™ ',

so B is identified with the leaf space GP''"¢/G.

In general, B is not l-connected and one can identify its universal cover using
exp : t — T. A choice of positive roots determines a Weyl alcove of g, which is
a connected component a C t of exp~!(T*8). A Weyl alcove of G is a connected
component ag C a of exp~}(TP*"¢) and the exponential exp : ag — B gives a covering
map, so that B= ag. It follows that we have a surjective local diffeomorphism:

G/T x ag — G, (gT,&) — gexp(£)g~" = exp(Ad, €),
identifying the 2-form on the conjugacy class determined by £ € ag with:
(4.13) 555 + we € QQ(G/T)

Here, we is the symplectic form (4.11) and X is the restriction to G/T x {£} of the
form ¥ € Q%(G/T x ag) obtained by pulling back the form x in Proposition 4.6.1
along the map (4.10).

Now fix a conjugacy class Sg C GP*"¢ through some point gy € exp(ag), so that
So 2 G/T. If A¢ = Ker(exp : t — T), A, is the weight lattice, and

c={vet:(v,\) €Z: Ve Ag},
we find isomorphisms:
— (0 (8):Ag], ) = (6 A7)
— (H3(S0), H¥(S0,2)) = (£, Aw).
We conclude that:
(i) The developing map devg : B — Vg, (So) is the inclusion:
devp : (ag, AG) — (L, AL).

ii) The linear variation map varl® : v, (Sy) — H?(Sp) is the composition of the
w g0

isomorphism t = t* given by the inner product, with the projection onto tZ,:

varl® : (¢, A%) — (£, Ay).

w SS)

(iii) The pullback to B = ag of the bundle $#¢ of twisted 2-cohomology groups
trivializes and has the flat section £ — [x¢], which allows to identify the linear
and affine variation.

(iv) The variation map var,, : B — H2(S;) becomes the inclusion:

vary : (ag,AL) — (£, A)).
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Again, we note that the linear variation is injective iff (GP*"¢ L) is of strong
s-proper type and this happens iff g is semisimple. In this case the linear variation is
an isomorphism of integral vector spaces iff G is the simply connected integration.

ASTERISQUE 413



CHAPTER 5

THE LINEAR VARIATION THEOREM II: THE GENERAL CASE

We now extend the results from the previous section to general PMCTs of s-proper
type, removing the assumption that symplectic leaves are 1-connected. The main
difference is that now the leaf space is an orbifold. We will see how to state an
appropriate version of the linear variation theorem, which will be a statement that
holds on an orbifold bundle made of cohomologies of the symplectic leaves.

5.1. The developing map for transverse integral affine foliations

Since we do not have a smooth leaf space anymore, we are now forced to work with
transverse integral affine structures. Let us point out how the discussion in Section 4.2,
on the developing map of integral affine manifolds, can be extended to the setting of
transversally integral affine foliations [26, 41, 49].

Given a foliation (M,sf) with a transverse integral affine structure A, in the in-
trinsic approach to the developing map one now has:

(i) An induced flat connection V on v(sf) for which the local sections of A are flat.
The connection gives rise to a linear holonomy action (by parallel transport)

of II1 (M) on v(&¥):
R0 L T1 (M) — GLA (v(F))-

Its image will be denoted by IIi"(M) C GLA(v(&F)).
(ii) The projection map TM — v(cf) is an algebroid 1-cocycle and it integrates to
the developing map:
dev : II1 (M) — v(cf).

This, together with the linear holonomy action, gives rise to the affine holonomy
action

PAT T (M) — AffA (v(SF)).
Its image will be denoted by TI{ (M) C AffA (v(SF)).
As in Section 4.2, to be more concrete one fixes

— a base point x € M, and
— a Z-basis by = {A1,..., g} for A,.
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Upon restriction, we obtain the based/classical linear and affine holonomy represen-
tations (see [26]):

(5.1) RER (M, z) — GLz(RY), h4T:m (M, z) — Affz(RY),
and the based developing map:
devo : (M,A) — (RY,Z9),

which is a 71 (M, x)-equivariant integral affine submersion. The images of these rep-
resentations are the linear holonomy group I''® € GLz(R?) and the affine holonomy
group I'Af C Aff;(R9).

5.2. The linear variation theorem

We assume now that (M, ) is a regular Poisson structure and (§, Q) = M is an s-
connected, s-proper integration. We denote by A = A, the induced integral transverse
integral affine structure and by 3 = B({) the induced integration of %, so we have
a short exact sequence of Lie groupoids:

1——v*(Fr)/A ¢ B 1.

We endow B = M/sf, with the orbifold structure with atlas 3 (Theorem 2.0.1).

In order to study the variation of the leafwise symplectic forms, we need a better
understanding of the “vector bundle” ¥/ — B with fiber $#% = H?(S,), where the
leafwise symplectic forms live. The problem is that ¢/ is now only a set-theoretical
vector bundle and even the ranks of the fibers may vary from point to point! To solve
this problem we should proceed as follows:

— replace §# — B by the representation S48 — M of B = M defined by:
JP = H*(B(x, -)),

where the action is the one induced from the right action of .3 on itself;

— replace I'($#) by the space I'(§#8)™ consisting of B-invariant sections of the
representation. Note that, while a priori I'(¢#) does not make sense, I‘(Q%'-‘%))in"
sits inside the space of set-theoretical sections of &#:

(5.2) L(HP)™ C Taer(SH).
The image of this inclusion could be taken as definition of I'(¢#).

The inclusion (5.2) comes from the canonical isomorphisms
(5-3) (LY P 22 Gy,

valid for all x € M, where b = p(z) and p : M — B is the projection. This holds
because t : JB(z,—) — Sp is a Bz-covering projection and the isotropy 3, is finite.
In this way, for any invariant section o of /8, o(x) makes sense as an element of /.
Moreover, for any other y with p(y) = b, there exists an arrow g : x — y in 3 and
right action by g becomes, after the identifications (5.3), the identity map on ¢/.
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The invariance of o implies that o(z) € B, only depends on b, therefore making
sense of o as a section of S/.

Therefore, while (4.3) defines w only as a set-theoretical section of &#, the previous
discussion shows that the same information is obtained by considering the smooth
section

we F(&ﬁ%’)inv

which, as a section of $#3, is defined by pulling back along the target map of B the
cohomology classes of the leafwise symplectic forms.

Remark 5.2.1 (Orbivector bundles). — The previous discussion belongs to the world
of orbivector bundles (see [1, 38] and Remark 2.6.8): an orbivector bundle over the
orbifold (B,.B) is given by a linear representation E#B — B of the groupoid 3. The
bundle §#?8 is, of course, an example. Another example is provided by the tangent
bundle to the orbifold: it is represented by the normal bundle v(s¥) — M of the
foliation on the base, endowed with the linear holonomy action of 3.

For any orbivector bundle E8 — M over (B, B) its space of (smooth) sections is
defined as T'(E®8)™. A morphism of orbivector bundles Ecl%) — Eg/g (over the identity)
is just a morphism of the representations and it induces a map between the space of
sections ['(EL)™ — T(EL)nv,

The previous remark suggests that the linear variation map TB — ¢&# of Sec-
tion 4.4, should now be replaced by a morphism of orbivector bundles TB — &/,
i.e., a morphism of representations v*(%;) — #?B. Indeed, using the Gauss-Manin
connection on $#8 induced by %%) , we define:

Definition 5.2.2. — The linear variation is the morphism of orbivector bundles:

varit () — HE, v V,w.

w

This map should now be seen as a morphism of integral representations of 3 or,
equivalently, of integral orbivector bundles over B. We also consider the resulting
linear variation space:

(Vo V mz) = vari (v(Fa ), AY).-

We will see that this is an integral vector bundle sitting weakly inside (%, %73 )-
The integral structures make $#? and v(ofr) also into representations of the fun-
damental groupoid II; (M) using the holonomy

hy : Iy (M) — GLg(S5)

SOCIETE MATHEMATIQUE DE FRANCE 2019



70 CHAPTER 5. THE LINEAR VARIATION THEOREM II: THE GENERAL CASE

induced by V (and similarly for v(¢%;)). It is not difficult to see that the actions of .3
and II; (M) on (S#5B, é’ﬂgg) are compatible, since we have the commutative diagram:

Ty (M) —5— GLy(4%)

MOH(M’C’?IT) h:ﬁ—> C%)’

where hg is the submersion associated to the foliation groupoid B and p 3 is the
action of B on & (and similarly for v(;)).

We can now extend Proposition 4.3.3, Corollary 4.3.4 and then Theorem 4.3.5 to
general s-proper Poisson manifolds. We first formulate the analogs of Proposition 4.3.3
and Theorem 4.3.5 together. Similar to the null-variation foliation € introduced there,
we now define &y C TM by

Ker(vari®) = #ns/Fr C v(Fn)-
One should also recall the 3-monodromy groups ¢/Vg associated with any foliation
groupoid 3 integrating (M, 5% ), introduced in Section 3.4.
Theorem 5.2.3. — If C is an s-connected, s-proper integration of (M, ) then:
(i) varl® s a IT; (M)-equivariant morphism of integral vector bundles,
vargy : (v(Fa), ) — (2, I)
with kernel NG and image (Vv
(ii) Kar is an integrable distribution and Ng C v*(Kar) defines a transverse inte-
gral affine structure for Far;
(iii) every leaf K of s is a Poisson submanifold of (M, ) saturated by symplectic
leaves and (K,7r|f() is of s-proper type with zero-variation;
(iv) for any transversal T to Fnr of complementary dimension its saturation My

with respect to the symplectic foliation is a Poisson submanifold of s-proper type
with full-variation. It is of strong s-proper type if JVmon|T is a lattice.

Proof. — The II; (M)-invariance is a consequence of the integrality varli® (A&’ ) C Q%Z$
which we now prove. We use the J3-variation map 0g whose image is precisely oy
(see Section 3.4). By exactly the same arguments as in Proposition 4.3.2, one has

(5.4) (varli®(v), o) = dg(a)(v), Y v € vy(ch), ac Ha(B(x,—),Z).
Starting now with v € v, (%), we have:

vari®(v) € H*(B(z, —),Z) (vari™(v),a) € Z, ¥V a € Ho(B(z, —), Z)
03 .(a)(v) € Z, ¥V a € Hy(B(x,—),Z)
Av) €Z, YV X€Ng,

UEJVC%.

rree
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In other words one has the analog of (4.6):

varh“ 0677%%)

The inclusion var““(AV C (%Zyg follows now from the the last inclusion of Theo-

rem 3.4.9. The fact that ¥'", is actually a lattice in ¥ follows by the same argu-
ment as in the proof of Pr0p051t10n 4.3.3: we now know that ¥ lin 7 is discrete in ¥ 2_,“

n

and var® induces a map from the compact space v(% )/ Ag onto 4// tin / ”//lm
Note that (5.4) also implies that the annihilator of ¢/ g is

JV% = Ker(varl®).

The remaining statements are proven by exactly the same arguments as for Theo-
rem 4.3.5, but with T'B replaced by v(¢#r) and ¢Nmon replaced by cNg. O

The analog of Corollary 4.3.4 (i), concerning zero-variation, holds without any fur-
ther complications, once one makes precise sense of the notion of symplectic fibration
over an orbifold- which we leave as an exercise for the reader.

The analog of Corollary 4.3.4 (ii) states that the full-variation condition (i.e., the
injectivity of vari) is equivalent to the fact that o/ is a lattice in v* (). This holds,
by Theorem 5.2.3 (i). One finds this situation, for example, in the strong s-proper case
when ¢/ = ¢Mmon (but not only then!). Whenever the full-variation condition holds
one obtains that

}lenZ _ /Vlln n gégj
This shows that the full-variation condition does not depend on the integrating
groupoid. It can also be seen as an immediate consequence of the fact that for any
finite covering the pull-back map in (real) cohomology is injective.

Finally, we can look at the variation of w and again prove its linear nature.

First of all, in a similar fashion as in the previous section, we now have a variation
map:

varg : Iy (M) — B, [y] — Y @y 1)

On the other hand, we also have the affine version of varh“

var®f . v(ch:) — (57#73, v varAﬂ( )i=w+ Varlm( ),

w
and its image:
Aff li
YA = 4yl c g8,

Second. the statement of the linear variation will use v(cf;) and its structure of
integral affine representation of IT; (M) (see Section 5.1), or in the terminology of
Remark 4.5.2, the structure of flat integral affine bundle. In order to emphasize this
structure, we will use the notation vAf (% ). Moreover, we also use the developing
dev : II;(M) — v(fx) associated to the transverse integral affine structure (see

Section 5.1):
The statement of the linear variation theorem is now as follows:
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Theorem 5.2.4. — The image of the variation map var, is contained in 7/;“;,3 and
varAf . AT (7 ) AT s o T1 (M) -equivariant morphism. Equivalently, there is a
commutative diagram:

vare

Aff
dev 4

VAT (Fr).

In particular, 7/;“;,“ is a Iy (M)-invariant weak integral affine sub-bundle of SH5.

IT, (M) HB

The proof follows exactly the same arguments as in Theorem 4.4.2, and so it will
be omitted.

More explicit descriptions, as in Corollary 4.4.4, can be obtained by fixing a base
point z € M and a Z-basis by = {A1,...,Ag} for A,. Then b, induces an identification
of 0 with the standard torus TY, so the projection {(z,—) — B(x, —) becomes a
principal T9-bundle. We can then consider its Chern classes

C1y...,Cq € HQ(S’,Z) = (»%gf;,
where we set S := JB(x, —). As in Corollary 4.4.4, we denote by
VAT = wo + Vi € H(S) = 1

the fiber of ”I/i,n at z and by devy : M — RY the resulting developing map. One then
obtains the following extension of Corollary 4.4.4:

Corollary 5.2.5. — The Chern classes c1,...,cq € H?2(S) generate the space of linear
variations of w:

Volin = SpanR(Ch B Cq), ‘/2)1,12 = SpanZ(q, T Cq).

In the strong s-proper case, the classes ci,...,cq are linearly independent and they
form a primitive family, i.e., we have

Spany(cy, . . .,¢,) = Spang(ci, . .., cq) N H*(S,Z).
Moreover, for any path v in M starting at x one has
7 ([wy@)]) = Wl + devg()er + - - + devg (7)cq,

where devy, are the components of devg, so we have a commutative diagram:

— varg

M VA c H2(S)

d& %Muwzi vie;

RY.
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Remark 5.2.6. — One also has analogous results for twisted DMCTs with the ap-
propriate modifications. The interested reader should be able to find the appropriate
statements and its proofs.

5.3. Examples

5.3.1. The classical Duistermaat-Heckman theorem revisited. — The linear variation
of cohomology, given by Theorems 4.4.2 and 5.2.4, or their more explicit versions
Corollaries 4.4.4 and 5.2.5, are the global versions of the classical Duistermaat-
Heckman Theorem (cf. Theorem 4.1.1). More precisely, we can recover the classical
theorem as follows. Given a free Hamiltonian T-action on a connected symplectic
manifold (S,w) with moment map u : S — t* we consider the Poisson manifold
M = S/T, whose symplectic leaves are the symplectic reduced spaces S¢ = pu~*(¢)/T.
This kind of Poisson manifolds furnish examples of PMCTs, and were discussed
in detail in [13, Section 5.4]: there it is shown that if u is proper an s-connected,
s-proper, symplectic integration is given by:

¢ = (S x, §)/T = ST,

with symplectic form €2 induced from prjw — pri w.
Now observe that for this symplectic integration (¢,Q) = S/T:

— the induced orbifold structure on the leaf space B = u(S) C t* is the submersion
groupoid (B(¢) = S/T x,, S/T, so it is smooth;
— the induced integral affine structure on t* is the canonical integral affine struc-
ture A for which T = t*/A;
— the s-fiber of { through a point in S¢ is (isomorphic to) the principal T-bundle
pt(€) — Se.
Since the orbifold JB3({) is actually smooth, Theorem 5.2.4 (respectively, Corol-
lary 5.2.5), reduces to its smooth version, Theorem 4.4.2 (respectively, Corol-
lary 4.4.4). The conclusion is that the cohomology class [wg] of the symplectic form
of the symplectic reduced space Sg = p=*(£)/T satisfies:

[wﬁ] = [wfo] + <07§ - §0>a

where ¢ € H?(S¢,,A) is the Chern class of the principal T-bundle p=1(&) — Sg,.
This is precisely the classical result as stated in Theorem 4.1.1.

Actually, in their paper [20], Duistermaat and Heckman allow for non-free actions,
which leads to symplectic reduced spaces u~1(¢)/T which are orbifolds. It is not hard
to see that our work on PMCTs can be extended to Poisson orbifolds, which allow to
treat the non-free case. Moreover, our approach extends to the non-regular case [12],
showing that s-proper Poisson manifolds provide the right setting for the globalization
of the Duistermaat-Heckman theorem.
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5.3.2. Regular conjugacy classes. — Let us return to the Cartan-Dirac structure on a
compact, connected Lie group G discussed in Section 4.6.2, and look now at all the
regular conjugacy classes. While the principal orbits are 1-connected, the regular non-
principal orbits are not. As before, (G™8, L) is a regular ¢-twisted Dirac structure,
with an s-connected, s-proper integration provided by the ¢-twisted presymplectic
groupoid G x G™8. It induces a transverse affine structure A; to the foliation ¢z,
made of the regular conjugacy classes and its leaf space B = G**8 /G is now an integral
affine orbifold.

The orbifold structure on B is determined by the foliation groupoid 3 in the
sequence (see Theorem 2.0.1):

1—— v*(Fre)/A — G x G*8 —— B —— 1.

We claim that 3 is the holonomy groupoid of ¢/ or, equivalently, that the action
of B on G**8 is effective. In fact, if (g,z) € G X G**& maps to h € .3, then the (local)
action of h is the one of the bisection {g} x G**8 of G x G™8. This (local) action is
trivial iff g € Z(@G). Since the center is the intersection of all maximal tori, the arrow
h € 5B must be a unit.

The universal cover of G™# is given by

(5.5) G/T xa— G*8, (gT,&) — gexp(£)g" = exp(Ad,€),
where a is a Weyl alcove for g, with covering group the quotient of the affine Weyl
groups (see [7]):
L = m (G™8) = Wit /WA,
One has 7, (G™#) = 7, (G), so there is a covering group G — G whose regular part
is the holonomy cover of (G**8, 371 ). Hence, the linear holonomy group is:
Flin =m (Greg)/ﬂ,l (Glin) — WGAH/Wégx

The covering map (5.5) allows us to identify the twisted symplectic 2-forms on the
leaves (conjugacy classes) by the same Formula (4.13). In fact, the analysis of the
regular part of G is essentially the analysis of the principal part of G'* discussed in
Section 4.6.2. If we fix a non-principal conjugacy class Sy C G™*8\GP'"¢ through some
point gg € exp(a), we have Sy = B(go, —) = G/T and, again, we find:

— (go(S0)s Mgl ) = (4 AG);

7 (HZ(SO)a H2(507 Z)) = (t:s’ Aw)'

We conclude:
(i) B is an orbifold quotient of the integral affine manifold Bi® = a/T'® (endowed
with integral affine structure Af).
(ii) The developing map devy : G — Vg, (So) is now given by:

devp : (G/T x a,AL) — (£, AL),

where one first projects onto a and then takes the inclusion.
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(iii) The linear variation varli® : v, (Sp) — H?(Sp) is the identification t = t* given
by the inner product followed by the projection onto the semisimple factor

varl® : (4, AL) — (&, Ayw)-

i

(iv) The pullback to G™& = G/T x a of the bundle §#? of twisted 2-cohomology
groups trivializes and has the flat section £ — [x], which allows to identify the
linear and affine variation.

(v) After the previous identification, the variation map varg : G™8 — HZ2(S))
becomes the projection to a, followed by the inclusion in t, the identification
t = t*, and then the projection onto the semisimple factor:

varg 1 (G/T x a,AL) — (t5,A)).
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CHAPTER 6

MEASURES AND THE DUISTERMAAT-HECKMAN FORMULA

Another fundamental property of PMCTs is the existence of natural invariant vol-
ume forms/measures. Given a regular Poisson manifold of proper type (M, 7) and an
s-connected, proper integration (¢, Q) = M we will see that the leaf space B = M /s/x
carries a natural measure. The basic idea is simple: an integral affine structure gives
rise to a density, hence to a measure. However, since B is an orbifold we need a bit
of care with the role of the groupoid in this construction. The outcome will be that
any s-connected, proper integration (£, 2) induces a measure on B, called the integral
affine measure induced by (¢, Q) and denoted uiﬁ (we omit the dependence in 2 in
the notation, but the reader should keep in mind that this construction depends on
having a proper symplectic integration).

In the s-proper case there is yet another natural measure on B: the one obtained by
pushing down the Liouville measure associated to the symplectic form €2. One obtains
a measure on B, called the Duistermaat-Heckman measure induced by (¢, ) and de-
noted by MQDH' As we shall see, the relationship between ,ugAﬁ and ,u%H can be described
via a Duistermaat-Heckman formula, involving the volumes of the symplectic leaves.

6.1. Measures on leaf spaces

We start by fixing some notations and terminology. First of all, by a measure on a
locally compact Hausdorff space X we mean here a Radon measure in the sense of a
positive linear functional

p:Ce(X)—R

defined on the space C.(X) of compactly supported continuous function on X. Al-
though we will not use set-measures, it is still handy to use the notation

Mﬂ=Aﬂ@ww-

When M is a smooth manifold one can use C°(M) instead of C.(M). Moreover,
in this case one can talk about geometric measures: if J.(M) denotes the space of
compactly supported sections of the density bundle )y = | A*P T*M|, then each
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density p € D(M) = T'(M, Dar) induces a linear functional

tp: C2(M) = R, pp(f) = /M 1o,

which is a measure whenever p is positive. When M is an oriented manifold, we can use
the orientation to identify )a; with AYPT* M, hence to integrate top forms instead
of densities.

An integral affine structure A on a manifold M induces a density py: locally, if
Al,..., A\, is a coframe that spans A C T*M, then

pA = AL A A X

Of course, if M is oriented, then one case use oriented coframes to obtain a volume
form 7 and pa = [nal.
Notice that forms, densities or measures on manifolds give sheaves

X = Q°(X), D(X),o0r HM(X),

to which one can apply Haefliger’s transverse geometry approach (see Remarks 2.3.3
and 2.6.8). This leads to well-defined notions of differential forms Q°(B, J3), densities
(B, B) and measures cMopi(B,B) on any orbifold (B,.R): if & = T is an étale
orbifold atlas then one considers invariant forms Q°(7)¢, invariant densities Z)(T)%
and invariant measures oM (T)¢. It is easy to see that, in these cases, the resulting
objects depend only on the underlying classical orbifold.

The following shows that cMmi(B,3) can be identified with ¢ (B)-the space
ordinary of measures on the locally compact Hausdorff space B.

Lemma 6.1.1. — Given a étale orbifold atlas & = T with quotient map p : T — B,
there is a 1-1 correspondence:

1-1 ) . ~
{measures p on B} «— {& — invariant measures fi on T'}.

Explicitly, it is uniquely determined by i = p o py, where
p:C2(T) = C2(B), pHp@) = Y [(t9):

g€s~1(x)
Remark 6.1.2. — 1t is instructive to realize that, in the resulting bijection
M(B) = Morni (B, B),

the left hand side depends only on the topological space B, the right hand side depends
only on the classical orbifold underlying (B, 3), but the isomorphism depends on the
full orbifold structure (p; above depends on &!). A simple but already illustrative
example is obtained when B is a smooth manifold but we endow it with a non-
smooth orbifold structure with orbifold atlas 3 := I' x B == B, where T is a finite
group acting trivially on B; while oMo (B, B) = M (B), the previous isomorphism
introduces a factor |T'|, the cardinality of T.
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More generally, this discussion extends to any foliation groupoid & = M, so one can
talk about C-transverse forms, £-transverse densities and £-transverse measures: one
considers invariant forms Q°®(7)%7, invariant densities &)(T)T and invariant measures
M(T)?T  where T C M is any complete transversal to the E-orbit foliation. Of course,
for a proper foliation (M, sf) the structures on the orbifold B = M/sF coincide with
the transverse structures on (M, &¥).

For any foliation groupoid & = M there is a 1:1 correspondence:

E-transverse forms 1-1 invariant sections
—> s
pr € Q*(T)°" p” € T(AV*(F)

where by “invariant” we mean invariant under linear holonomy, i.e., satisfying:
Vxp” =0, VX € X(f),

where V is the Bott connection. Similarly, for densities we have:

E-transverse densities 1-1 invariant sections
)
pr € D(T)*r p” €T(Dy)

where /), = | A*P v*(5f)|. These correspondences are obtained by considering the

Morita equivalence:
¢ (> s~H(T) ) o

T.

(6.1)

For each g € s~1(T'), we obtain an isomorphism:

Vi(g)(F) 0 (s (s(g)) Tyg)T.

The isomorphisms determined by two arrows with the same source and target differ by
the action of an element of £ on the normal space to the orbit, i.e., the linear holonomy
action. This gives the desired 1-1 correspondence between elements pr € Q°*(T)%* and
invariant sections p” € T'(APv*(5F)).

Using this correspondence, we conclude:

Proposition 6.1.3. — Let & = M be a proper foliation groupoid integrating 5. Each
transverse integral affine structure A C v*(F) determines a measure pag on the
orbifold M/sf which is represented by the invariant density pXg € I'(D,) given by:

Phal, = M A Adl,

where A1, ..., An 18 any basis of A,.
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Lemma 6.1.1 tells us how to compute the resulting integrals by working on a
transversal, but it is desirable to work directly at the level of M. For that, observe
that the short exact sequence:

0 TS T™ () 0

induces an isomorphism between the associated density bundles:
Dy = Dr=g @ D -
So we can decompose any invariant density p¥ € I'(s0),) as:
P’ = py ® pum,
where pg is a density along the leaves of ¢ and pys is a density on M.

Proposition 6.1.4. — Let £ = M be a proper foliation groupoid integrating oF . If up is
a geometric measure on the orbifold B = M/ represented by an invariant density
p’ € (D), then for any f € C°(M) one has:

[ 1@t = [ (w0 [ fwans W) dun(o),

where pg, is the measure on the leaf Sy and pps the measure on M associated with
any decomposition p* = p}f ® pp, while v : B — N is the function that for each b € B
counts the number of elements of the isotropy group &, (x € Sp).

Proof. — First we claim that it is enough to prove the theorem in the case where
(M,f) admits a complete transversal T' which intersects each orbit a finite number
of times. In fact, recall that proper groupoids admit invariant partitions of unit, so it
is enough to proof the theorem in the case where M is the saturation of a small enough
transversal T to some orbit. Since the leaves of a proper groupoid are embedded and
the leaf space is Hausdorff, we can choose the small transverse 7" so that it intersects
each orbit on a finite set. This proves the claim.

Now assume that we have fixed a pup is a geometric measure on the orbifold B =
M /5F represented by an invariant density p¥ € T'(2),), and that we have chosen
some decomposition p¥ = p;q ® prr- We consider the Morita equivalence (6.1). Since
t: s 1(T) — M is a local diffeomorphism, on the space s~(T') we have the pullback
density t*ppr. We pick some f € C°(M) and we compute the integral:

1

——_f(t(g)) dt* ,
Lo, ity ) )
in two different ways:

(i) If we apply fiber integration along the proper submersion ¢ : s=3(T) — M, we
obtain:

1 i} B ) )
/s1<T>|8<t<g>,T>|f ()4t nas(9) = [ $(a)de (@)
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(ii) If we apply fiber integration along the proper submersion s : s~ 1(T) — T, we
obtain:
1

1 . - I * N
/S_I(T) Wf(t(g))dt i (g) = /S_l(T) |8(t(g)7T)|f(t(g)) (t*pg @ t*p”)(g)
/ <|8 (z,T)| /—1@) 9)) dps—1(2)(9 )) dur(z)
_/ <|8|f|T |/ F(y) dps, ( >) dpr(z),

where we first used that pps = p” ® py and then that ¢ restricts to a cover on
each fiber s~!(z) with covering group &,. Using Lemma 6.1.1, we conclude that:

1 . B L
/SI(T) mf(t(g))dt pa(g) —/B < (b) S, f(y) d/,l,sm(y)> dun(b),

where +(b) = || for any z with p(z) = b.
Putting (i) and (ii) together the proposition follows. O

6.2. A Weyl type integration formula

Let (M, ) be a regular Poisson manifold. The leafwise symplectic form gives the

leafwise Liouville volume form:
top

c][-rr top
top. ((%T)

This induces a 1:1 correspondence between top degree forms n € Qt°P(M) and sections
n” € T(A*Pr*(5/)) by setting:
top

we
e v
top! o

n=

It turns out that under this correspondence the transverse invariant densities/volume
forms correspond to the Hamiltonian invariant densities/volume forms in (M, ), in
the sense of the following definition:

Definition 6.2.1. — A Hamiltonian invariant volume form/density/measure p on a
Poisson manifold (M, ) is any volume form/density /measure n on M which is invari-
ant under the flow of any Hamiltonian vector field X}, i.e.,:

£x,m=0, VYheC>®(M).
In fact, we have:

Proposition 6.2.2. — For a regular Poisson manifold (M, ) the assignment n — n”
gives a 1-1 correspondence between:

(i) Hamiltonian invariant volume forms n € QP (M),
(i) transverse volume forms n” € T(A*Pr*(57y)).
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top

Proof. — Tt is immediate to check that if n = J’ r ®nY, then:

top

=
£xm = top!

so the result follows. O

A similar discussion holds for densities where one replaces the foliated volume
form wg’p by the foliated density |w?® |-

Let now (§, Q) be an s-connected, proper integration of a Poisson manifold (M, ).
It gives rise to a transverse integral affine structure A C v*(¢/;) and an orbifold
structure JB3(¢) on B = M/sf,.. Hence, we obtain (see Propositions 6.1.3 and 6.2.2):

— a integral affine measure pag on the orbifold (B, B(());
— a integral affine transverse density pig on (M, cfr) representing fia;
— a Hamiltonian invariant density pa on (M, ) corresponding to p%g-.

The integral affine transverse density and the Hamiltonian invariant density are re-
lated by:

w571

6.2 =
(6.2) pv=

The resulting measure gy on M is an incarnation of the integral affine measure pag
on B at the level of M.
As a consequence of Proposition 6.1.4, we obtain:

Theorem 6.2.3. — Given an s-connected, proper integration (¢, Q) of a regular Poisson
manifold (M, ), one has for any f € C*(M),

[ 1@t = [ (w0 Sbf(y)dﬂsbw)) dpins (),

where pg, is the Liouwville measure of the symplectic leaf Sy, and v : B — N is the func-
tion that for each b € B counts the number of connected components of the isotropy

group G, (x € Sp).

Proof. — The result follows immediately by applying Proposition 6.1.4 to the folia-
tion groupoid B({) associated with ¢ in the short exact sequence (see Theorem 2.6.9):

1—— (%) ¢ B(§) 1,

where & (€) is the bundle of Lie groups consisting of the identity connected com-
ponents of the isotropy Lie groups (.. Notice that |B(();| is exactly the number of
connected components of . O

In the s-proper case the leaves are compact, hence they have finite symplectic
volume, and we obtain:
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Corollary 6.2.4. — If ((,Q) is an s-connected, s-proper integration of a reqular Poisson
manifold (M, ), then for any h € C°(B):

[ o)) duar(z) = [ o) vol(0) ) dsan(d),
M B

where vol(Sy) is the symplectic volume of Sy, and ¢ : B — N is the function that
for each b € B counts the number of connected components of the isotropy group

(iE S Sb).

If G is a compact, connected Lie group with Lie algebra g and T is a maximal
torus, Weyl’s integration formula asserts that there is an isomorphism:

C®(g) =2 CX(G/T x )V f(x) = F(gT,u) == f(Ad(g)(u))|det(Ad u)g ],

and for fixed Ad-invariant measures pg and p:

[ t@u@) = 7 | ( Gmf(Ad(g)(u))ug/f(gT)) det(Ad u)gyifu(v)

Here W = N(T)/T denotes the Weyl group. In [12] we shall prove that Wey!’s formula
is the result of specializing to (g%, min) (with integration (T*G,wean)) an integration
formula generalizing Corollary 6.2.4 for arbitrary Poisson manifolds of s-proper type.

6.3. The Duistermaat-Heckman measure

The discussion above was valid for general PMCTs. When the Poisson manifold is
s-proper there is another natural measure associated with the PMCT: if (¢, ) is an
s-proper integration of (M, ), then it is natural to consider the measure on B = M /(
obtained as the push-forward of the Liouville measure uq:

poH = (PB)«(1a)
along the proper map pg :=pos=pot:{ — B. We will show that:
Theorem 6.3.1. — If ((,Q) is an s-connected, s-proper integration of (M, ) then
(6.3) phn = (v vol)*pas,
where vol : B — R is the leafwise symplectic volume function and ¢ : B — N counts the

number of connected components of the isotropy group of a symplectic leaf. Moreover,
(¢ - vol)? is a polynomial for the orbifold integral affine structure.

The rest of this section is devoted to the proof of the theorem. First, assuming
(6.3) to hold, we show that (¢ - vol)? is a polynomial in (B, A). Note that its pullback
to M is a Casimir. Another Casimir, which we know to be a polynomial on (B, A)
by Theorem 5.2.4, is the function p* Volf%, associating to a leaf S, the square of the
symplectic volume of .3(z, —). We now have two non-zero Casimirs which on each
leaf differ by an integer multiple; therefore their ratio is a constant.
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Now we turn to the proof of (6.3). First of all, recall that the push-forward of
measures is defined whenever we have a proper map p : P — B between locally
compact Hausdorff spaces: it is the map given by

Pe 1 M(P) = D(B), (p«p)(f) = pp(fop).

or in the integral formula notation:

/ F(0) d(po) (8) = / (@) du(a).
B P

When p : P — B is a proper submersion this operation transforms geometric measures
into geometric measures, and amounts to fiber integration of densities:

= /p—ﬁbers : &CDC(P) - CEDC(B)

More precisely, the short exact sequence induced by the dp : TP — TB yields, for
each x € P, a canonical decomposition:

@P,z = @5 ® @B,p(m%

where )P is the bundle of densities along the fibers of p. Hence, given p € )(P), for
any b € B we can view the restriction p|p_1(b) as an element of )(p~*(b)) ® Dp,» and
one can integrate along the fiber to obtain:

PO = [ ol < Dos

By Fubini’s theorem we conclude that p.(u,) = fip,(p)-

We apply this to an s-connected, s-proper integration ((,) of (M,w). The
Duistermaat-Heckman density ugH = p«S«(pn) can be understood in two steps. The
first one is integration along the s-fibers giving rise to a density on M:

Qn
o :=/ | '| € D(M).
s—fibers TV

Lemma 6.3.2. — pML; is an invariant measure.

Proof. — The source map s : ((,Q) — (M, ) is Poisson. Hence, if f € C°(M) the
Hamiltonian vector fields Xy and X,-f are s-related and we have:

M 12" |
£XfP'DH = /‘EX.s*f n!
s !

=0. O

The second step is to push-forward the measure uf‘)/IH along the map p : M — B,
resulting in p;; = p.udl;. Since Theorem 6.2.3 shows that p.(uar) = - vol -uag, the
proof of Theorem 6.3.1 is completed by proving the following:

Lemma 6.3.3. — One has p¥l; = v vol-par. In other words, at each x € M, one has
Moy _ ws,
pou(x) = o(z) - vol(Sy) - -~ ANXL A A Ag,
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where {A1,..., A} C vg(cFr) is any basis of the transverse integral affine structure
determined by (.

Proof. — We fix a point z € M, we denote by S the leaf through = and let
p=dim(S), ¢ =dim(vz(c/x)), n=p+q.

For any g €  the short exact sequence:

dys
0 —— T,(s~!(z)) T,0 T, M 0

gives a canonical isomorphism

F@TQQ = @Tg(s—l(m)) ® D1, M-
This leads to a decomposition of the Liouville density

131 .
(64) T‘t'] = fg Q PM,z» with fg S [@Tgsfl(z).

We conclude that:
Q'IL
o) = [ 'ﬂ=</ £»WW-
s—fibers TV s~ 1(zx)

Next, there is a similar short exact sequence

dgt
0 —— T,0(x,y) —— Tys*(z) —— T, ——0
which induces a decomposition
$T9571(w) = @Tg(}(z,y) ® ‘@Tys'
Hence, we can write
jws™ |

_ Wg
(6.5) b= ® o

Using this decomposition, we see that:

[t (0 ], )

Therefore, to prove the lemma, it suffices to show that

/ n(g) = o(z),
O(z,y)

the number of connected components of {, = ((z,z). The compact Lie group (.
comes with its bi-invariant Haar density

Haar((,) € (Cs).

Left translation L, : ¢, — ((z,y) by any a : * — y gives a similar density
Haar(Q(z,y)) on {(z,y). Because the total volume with respect to the Haar density
is 1, it suffices to show that n = +(z) Haar(Q(z,y)).

with Ng € @Tgs—l(z).
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Notice that Haar((,) = ﬁHaar(%)), where the Haar density on the identity
component (a torus) is induced by lattice given by the kernel of its exponential
map. Denote by {A',...,\9} a basis of the integral lattice Ay, C vi(cf) and
let {Xl, . ,Xq} C g, the corresponding basis of the kernel of the exponential map.
Using left translations, the last vectors define vector fields on s~!(x) which we denote

— —
by {A!,...,\?}. Then:

1 = —
H =_—— INTA--.. q],
sar(((a,4)) = 5N A A5
Therefore we are left with proving that:
— —
(6.6) ngA' A+ AXD) =1,Vg € Oz, y).

For that we have to unravel the construction of 14, which goes via the decomposi-
tions (6.4) and (6.5). First note that we can choose a basis {X!,..., X Y1 ..., Y"}
for T,() with the following properties:

(a) X',...,X"™ is a basis of Ker(d,s);

) XPl = )?|g, X = ﬁ|g is a basis of Ker(dys) N Ker(d,t);
(c) Y ..., YP XPTL X" is a basis of Ker(d,t);

(d) {dgs(YP*!),...,dgs(YP*1)} is the basis of the dual lattice A/, C v,(cfr), dual

to the basis {\!,..., \9}.

Then we see that:

(i) Decomposition (6.4) gives:

(XL, XYL LY

n!

=X XM pa(ds(YY), ... ds(Y™)).
(if) Decomposition (6.5) gives:

lwgP(dt(X),...,dt(XP))]

X ... X" =
gg( I I ) t0p|

g (XPHL X,

(iii) Relation (6.2) and Proposition 6.1.3 together with (d) gives:

_ lwgP(ds(Y?),...,ds(Y?))]

par(ds(Yh), ... ds(Y™)) CpaE(ds(YPHY), ... ds(Y™))

top!
kP s(¥Y), ..., ds(Y?))]
top! ’

Putting (i), (ii) and (iii) together, we find that

Qn (XY, X YY)

n!

(6.7) =g (XPHL XM

g™ (dE(X?), .., dHXP))|  wgP(ds(Y"),...,ds(YP))]

top! top!
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We now compute the left hand side of (6.7). For that we use that the s and ¢-fibers
are -orthogonal, so by (b) it follows that:

. : a0l .
Txp+1 - 'ZX?L(Q ) = MZXP_H . -ZXn(Qq) . Qp.
By (a) and (c) we have that for 1 < j < p, the covector (X7, —) vanishes on all the
X?and on all Y!,... YP, so this last relation gives:
Qn(XL,. L XYY
n! -
L Qa(XPEL L X YRR Y| (XYL XYY YR
= p . o ,
o Qa(xErtt o X yrt Yy QR(XY, L XP)] QR (YY)
= q! k! k! )

where we have written 2k = p. Moreover, since the restriction of €2 to the s-fibers
coincides with the pull-back of wg via ¢, and similarly for the t-fibers, we find that

oF(Xt, . XP YL YY) wh(dt(X1),...,dt(XP)) wk(ds(Y?),...,ds(YP))
P! - k! ' k!
It follows that (6.7) can be reduced to:
Qy(xPHL Xn yPtl oY)
= q! .
Now we observe that by the multiplicativity of {2 we have:

ng(XPH, . X™)

, . — , . ,
QXTI YPH) = Qg(Xg, YT) = Qa (N, ds(Y) ) = 61,
where we used (d). Since Q(XP+! XP+J) =0 for all 4,5 = 1,...,q, we find that
Qy(xpHL . Xn yPtl o yn
ﬁg(XpHauan): ( : : '7 : - ) :]-7
q!
which shows that (6.6) holds and completes the proof. O

As we shall show in [12] Theorem 6.3.1 holds for arbitrary Poisson manifolds of
s-proper type. In fact, the polynomial (: - vol)? will play a fundamental role in the
study of global properties of non-regular Poisson manifolds of s-proper type [12].

Example 6.3.4 (The classical case). — Consider a free Hamiltonian T-action on a con-
nected symplectic manifold (S,w) with a proper moment map p : S — t*, so that
M = S/T is a Poisson manifold with leaf space u(S) C t*. As we observed in Sec-
tion 5.3.1, the s-connected, s-proper symplectic integration § = (S x, S)/T induces
on t* the integral affine structure A for which T = t*/A. Hence, the integral affine
measure puag on the leaf space is the usual Lebesgue measure on t*.

On the other hand, p; does not quite coincide with the classical Duistermaat-
Heckman measure p$y: the latter is defined as the push-forward under the moment
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map p : S — t* of the Liouville measure u, (see the discussion preceding Corol-
lary 4.1.2). However, as in that discussion, one can show using the local model that
the two measures are related by:

pbr = vol -piy.
Of course this also follows from the classical result of Duistermaat-Heckman and our
Theorem 6.3.1.
The isotropy groups of { all coincide with T, hence, are connected. Therefore, the
function ¢ : B — N assumes the constant value 1, and Theorem 6.3.1 gives:

pbn = (vol)? - pag.

We conclude that Theorem 6.3.1 recovers Corollary 4.1.2 and the polynomial nature
of the classical Duistermaat-Heckman measure on t*. Note that, for a general PMCT,
while the function ¢ - (vol)? : B — R is polynomial, the functions vol : B — R and
t-vol: B — R are not even smooth. This justifies our definition of the Duistermaat-
Heckman measure.

Remark 6.3.5. — This section is related to Weinstein’s work on measures on stacks
[53]. According to his philosophy, the measures to consider in Poisson Geometry should
arise by interpreting the symplectic groupoid as a stack. Our approach here is more
direct approach, using the foliation groupoid instead of the full symplectic one. The
precise relationship between the two is explained in [14].
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CHAPTER 7

PROPER ISOTROPIC REALIZATIONS

Many algebraic or geometric objects can be studied via their representations. This
philosophy also applies to Poisson Geometry, where the representations of a Poisson
manifold take the concrete form of symplectic realizations (see below). For instance,
the integrability of a Poisson manifold is equivalent to the existence of a complete
symplectic realization [11]. In this chapter we show that the properness of a Poisson
manifold is closely related to the existence of proper isotropic realizations.

More precisely, to any proper isotropic realization ¢ : (X,Qx) — (M, ) we will
associate a symplectic integration of (M, 7)-the holonomy symplectic groupoid relative
to X, denoted by Holx (M, 7). It is the smallest integration that acts on X symplec-
tically and it will play an import role in the last two chapters of the paper. There we
will introduce the Lagrangian Dixmier-Douady class of a proper integration and the
ones with vanishing class are precisely the holonomy symplectic groupoids relative to
some proper isotropic realization.

Proper isotropic realizations appeared first in the work of Dazord and Delzant [18§],
under the name of symplectically complete isotropic fibrations, as special fibrations of
symplectic manifolds that generalize Lagrangian fibrations. From that point of view,
this chapter generalizes the fact that the base of a proper Lagrangian fibration inherits
an integral affine structure: we will show that the base of a proper symplectically
complete isotropic fibration with connected fibers is a Poisson manifold of proper

type.

7.1. Symplectic realizations and Hamiltonian {-spaces

Recall that a symplectic realization of a Poisson manifold (M, ) is a symplectic
manifold (X,Qx) together with a Poisson submersion
q: (ngX) - (Maﬂ-)'

The symplectic realization is called complete if for any complete Hamiltonian vector
field X5, € X(M) the pullback Xpoq € X(X) is complete. Of course, if g is proper
then it is complete. While every Poisson manifold admits a symplectic realization, for
complete symplectic realizations one has:
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Theorem 7.1.1 ([11]). — A Poisson manifold is integrable if and only if it admits a
complete symplectic realization.

Note however that, as the canonical integration (M, ) may already fail to be
Hausdorff, in the previous theorem one has to allow for non-Hausdorff symplectic
realizations (cf. [11, Remark 1]). However, we will soon impose conditions that ensure
that all the manifolds involved are Hausdorff.

We recall in Appendix A that for a symplectic integration (¢, ) = (M, ) the mo-
ment map of an infinitesimally free Hamiltonian {-space (X, Qx) yields a symplectic
realization of (M, 7). This motivates:

Definition 7.1.2. — Given a symplectic realization ¢ : (X,Qx) — (M, 7), a symplectic
integration ({,Q) = (M, ) is called X -compatible if there is a symplectic {-action
with moment map q: X — M:

co (>
(M, ).
Every complete symplectic realization admits compatible integrations: the proof of

Theorem 7.1.1 given in [11] shows that the Weinstein groupoid acts on every complete
symplectic realization. In fact, we have (see also Appendix A):

XaQX)

Proposition 7.1.3. — For a Poisson manifold (M, ), the complete symplectic real-
izations of (M, w) are the same thing as the moment maps of infinitesimally free
3(M, )-Hamiltonian spaces.

It will be useful to recall the construction from [11], that shows how the infinitesimal
action determined by the realization ¢ : (X,Qx) — (M, n):
0:¢"T"M — X(X), iy)(w)=q"a,

integrates to a symplectic action:

(B(M,m), Q) (> (X, 0x)

=

(M, ).

For that, let a : I — T*M be a cotangent path with base path v, : I — M and choose
u € X in the fiber over the initial point v(0). Since ¢ is complete, it follows that there
is a unique path 3% : I — X with q(3%(t)) = 7.(t) and satisfying:

G (t) = o(a(t)),

Ve (0) = u.

We call 4% the horizontal lift of the cotangent path a with initial point w. It is

easy to check that the horizontal lifts are leafwise paths in the symplectic orthogonal
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foliation (ker dg)*. It is proved in [11] that two cotangent paths with the same initial
point are cotangent homotopic if and only if their horizontal lifts are leafwise homo-
topic relative to the endpoints (and if this holds for some initial point v it holds for
any other point in the fiber).

In summary, one can characterize the canonical integration (M, 7) = M from
the realization ¢ : (X,Qx) — (M, ) as:

{cotangent paths a: I — T*M}

(7.1) N(M, ) = . . — T
cotangent paths w/ lifts leafwise homotopic in (ker dq)

If we denote by [a] the class of a cotangent path, the symplectic action of (M, )
on q: X — M is then given by:

(7.2) E(M,m)s xq X = X, ([a],u) — 7(1).
The action gives an isomorphism of Lie groupoids:
(7.3) B(M,m) x X = Mon((kerdg)*), ([a,u) — [74].
Since X(M,7) = M acts on any symplectic realization and it is the largest, s-
connected, symplectic integration of (M, ), it is natural to wonder:
— Given a symplectic realization ¢ : (X,Qx) — (M, ), is there is a “smallest”
X-compatible, s-connected, symplectic integration?

The minimality property of the holonomy groupoid of a foliation suggests that, to
construct such a groupoid, one should replace in the description (7.1) of (M, )
“homotopy” by “holonomy”.

In other words, we define a new equivalence relation between cotangent paths
a1,as9 : I — T*M, which we call cotangent holonomy rel X, by:

. their horizontal lifts at any point u, ¥¥ , 7% : I — X,
a1 ~p, ag iff 1r ez

have the same holonomy in (ker dq)*.
Notice that the base paths of cotangent holonomic paths have the same end points.
Also, it is clear that:

(a) If ap and a; are cotangent homotopic then they are also cotangent holonomic
rel X;

(b) If ap and by are cotangent holonomic rel X to a; and by, respectively, then the
concatenations ag - by and a; - by, if defined, are cotangent holonomic rel X.

Therefore, we are led to the following;:

Definition 7.1.4. — The holonomy symplectic groupoid relative to ¢ : (X,Qx) — M is
the groupoid Holx (M, 7) == M defined by:

{cotangent paths}

Holx (M =
olx (M, ) cotangent holonomy rel X’

with the obvious structure maps. Denote by [a];, the class of a cotangent path a.
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There is an obvious groupoid action:

Holx (M, 7) (_* X

=

M,
which gives a morphism of groupoids:
(7.4) Holx (M, 7) x X — Hol((kerdg)Y), ([aln,u) — [F*]n-

In good cases Holx (M, ) will indeed be the “smallest” X-compatible integration
of (M, 7) and the last morphism will be an isomorphism of Lie groupoids.

Example 7.1.5. — For any symplectic groupoid ({,Q) = (M, x), the target map
t: 0 — M yields a complete symplectic realization of (M, ). We claim that in this
case we have a natural isomorphism:

Holy (M, ) 2 (.

Indeed, the symplectic orthogonal foliation to the t-fibers is the foliation given by
the s-fibers, which obviously has trivial holonomy. Hence, given a cotangent path
a: I — T*M starting at © € M, if one denotes by ¥, : I — ¢ the unique horizontal
lift through 1,, then one has a well defined map [a], — F4(1) and this defines the
desired isomorphism from Holy (M, ) onto §.

Example 7.1.6. — A Lagrangian fibration ¢ : (X,Qx) — B with compact connected
fibers is a complete symplectic realization of the zero Poisson structure m = 0. We
claim that in this case we have a natural isomorphism:

Holx (B, 0) = Yj,

the symplectic torus bundle associated with the integral affine structure A C T*B
(see Proposition 3.1.6). Indeed, in this case the symplectic orthogonal foliation to
the fibers coincides with the fibers, and so has trivial holonomy. A cotangent path
a : I — T*B starting at x € M is just an ordinary path a : I — T,;B and it is
cotangent homotopic to the constant path a = fol a(t)dt (see [11]). For a constant
path « € T B, the horizontal lift through u € X is the path ¢ — ¢, (u) (same notation
as in the proof of Proposition 3.1.6) and we conclude that:

1 1
ay ~p, ag iff / ai (t)dt — / (Iz(t)dt € A.
0 0

Hence, the map [a], — fol a(t)dt (mod A) gives the desired isomorphism from
Holx (B, 0) onto 3.
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7.2. The holonomy groupoid relative to an isotropic realization

In general, for a proper Poisson manifold (M,n) the canonical integration
Y(M,7) = M will fail to be proper. For a symplectic realization, the holonomy
groupoid Holx (M, ) constructed in the previous section is a smaller integration with
better chances of being proper. When Holx (M, ) is a proper symplectic groupoid
then, according to Theorem 3.3.1, it will determine a transverse integral affine
structure on (M, 7). We focus now on a class of proper symplectic realizations to
which one can always attach a transverse integral affine structure:

Definition 7.2.1. — An isotropic realization of a Poisson manifold (M, ) is a symplec-
tic realization ¢ : (X, Qx) — (M, ) whose fibers are connected isotropic submanifolds
of (X, Qx)

Remark 7.2.2. — Dazord and Delzant have studied in [18] the notion of a symplecti-
cally complete isotropic fibration of a symplectic manifold (X, Qx). It is defined as a
fibration ¢ : X — M satisfying two properties:

(i) the fibers of g are isotropic;
(ii) the symplectic orthogonal (kerdq)= is an integrable distribution.

If one assumes additionally that the fibers of ¢ are connected it follows that M carries
a unique Poisson structure such that q : (X,Qx) — (M, 7) is a Poisson map, therefore
making ¢ into an isotropic realization of (M, ). Conversely, any isotropic realization
of a Poisson manifold satisfies Dazord-Delzant’s conditions.

However, while the two notions are equivalent, they do reflect two different points
of view, depending on whether one emphasizes the Poisson manifold (M, ) or the
symplectic manifold (X, x), respectively. The second point of view makes it clear
that we are dealing with a generalization of the notion of a Lagrangian fibration of a
symplectic manifold (see Section 3.1).

Generalizing from proper Lagrangian fibrations, any proper isotropic realization
also has an associated lattice. The infinitesimal action o : ¢*T*M — X(X) associated
with the Poisson map ¢ : X — M (see Appendix A) restricts to an action o :
v*(¢fx) — X(X), which integrates to a global (bundle of groups) action:

(7.5) v () O X aru=h(w).

| =

M

Of course, this is just a particular case of the previous discussion: the exponential
map exp : V3 (Fr) — B(M,z)° identifies this action with the restriction of the action
of (M) on X to the connected component of its isotropy.
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Definition 7.2.3. — The lattice associated to the proper isotropic realization
q: (X,Qx) — (M, ) is the lattice Ax C v*(¢/) given by:

Axe:={a € v;(F) : by = id}.
The associated torus bundle is Tx = v*(¢/r)/Ax.
Lemma 7.24. — If q : (X,Qx) — (M, ) is a proper isotropic realization, then Ax
defines a transverse integral affine structure for the symplectic foliation &ty , containing

the monodromy group cNmon of (M, ) (see Section 3.4).
Moreover, the action (7.5) induces an action of x on X,

m:Jx Xy X — X, (\u)— X\ u,
which is free and proper, makes q : X — M into a principal x -bundle and the action
is presymplectic in the sense that
(7.6) m*(Qx) = pri(wg) + pra(lx),
where wg the presymplectic form on Ix (cf. Proposition 3.2.8).

Proof. — The fact that Ax is a transverse integral affine structure is proved exactly
as in the case of Lagrangian fibrations (see, e.g., [18], or our proof of Theorem 3.3.1).
The fact that Ay contains ¢Nyen is clear because we already know that the action
of v*(ofx) on X factors through the action of the identity component of (M), which
is 1 () /Numon-

The action of {x on X is free since Ax is precisely the kernel of the v(;)-ac-
tion and the properness follows from the properness of &x. To check that the action
is presymplectic, it suffices to observe that the action of ¥(M) on X is symplectic,
together with the fact that the presymplectic forms on the conormal bundle coin-
cides with the pull-back of the symplectic form of X(M) via the exponential map
exp : v*(fn) — T(M). O

We can now state the main result of this chapter:

Theorem 7.2.5. — For any proper isotropic realization q : (X,Qx) — (M, n):
(i) Holx (M, ) is an X -compatible, s-connected symplectic integration of (M, 7).
(ii) For any X -compatible, s-connected symplectic integration (¢, Q) = (M, ) there
are étale morphisms of symplectic groupoids:

(M, r) —— § —— Holx (M, ).
(iii) Holx (M, ) is a proper Lie groupoid if and only if o/ s of proper type.
Moreover, one has a short exact sequence of Lie groupoids:

0 —— &x —— Holx (M, n) —— Hol(M, /) —— 0.

For the proof of this theorem we start with an elementary but important property of
isotropic realizations, which serves as starting point for reconstructing the holonomy
groupoid of (kerdg)* (hence, using (7.4, also the groupoid Holy (M, )).
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Lemma 7.2.6. — For an isotropic fibration q : (X,Qx) — (M,nw), the foliation
(kerdq)t coincides with the pull-back via q of the symplectic foliation .

Proof. — The definition of the infinitesimal action o shows that Im(o) = (kerdgq)*.
Now, the fact that ¢ is a symplectic realization is equivalent to
(€) = dq(o(8)), VEET™M.
We deduce that, for a vector v tangent to X, one has:
dq(v) € ¢fr <= dq(v) = dgq(a(&)), for some £ € T*M
<= v € Im(0) + (kerdq) = (kerdg)* + (kerdq) = (kerdg)?,

where for the last equality we used that the fibers are isotropic. O

Next, we look at the interaction between &x and the holonomy of the foliation.

Using the general properties of transverse integral affine structures (see Section 5.1)
and the discussion on presymplectic actions from Appendix A.5, one finds:

Lemma 7.2.7. — The linear holonomy action (2.2) preserves Ax so descends to an
action on Jx : for any leafwise path v : [0,1] — M from z to y one obtains

hol, : Ix.o — Ixy-
If Hol(M, o/) is endowed with the zero presymplectic form then the resulting action
m : Hol(M, ) xum Tx — Fx is presymplectic:
(7.7) m* (wgr) = pri(wgr).

We can now turn to the study of Holx (M, ), with the aim of proving Theo-
rem 7.2.5. Following the general discussion in Section 7.1, our strategy will be to
understand the holonomy groupoid Hol((ker dg)+) and then show that the morphism
Holx (M, ) x X — Hol((kerdgq)") is actually in isomorphism.

Lemma 7.2.6 and the fact that ¢ has connected fibers, shows that

(7.8) Hol((ker dg)*)=2¢* Hol(x),
where ¢* Hol(¢7,) is the pullback groupoid:
(7.9) q" Hol(¢¥r) = (X xpr Hol(M, &%) xu X = X).

This groupoid consists of triples (v,v,u) with g(v) = ¢(v), s(y) = ¢(u). The source
and target of the arrow (v,v,u) are u and v, respectively, and the multiplication is
given by:
(w"}/l’ ’l)) ’ (U7 V25 u) = (’U), Y172 u)

Here we will momentarily not distinguish between the leafwise path v and the element
it represents in the holonomy groupoid.

Next, we consider the projection ¢* Hol(¢%) — M, (v,7v,u) — q(u), and we define
an action of the torus bundle {x on ¢* Hol(¢%) — M appealing to Lemma 7.2.7, by
setting for each \ € (%qq(x):

(7.10) A (v,7,u) = (holy (X) - v, v, A - u).
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Since the action of &x on X is free and proper, it follows easily that the resulting
quotient ¢* Hol(s%)/Ix is a Lie groupoid:

Lemma7.2.8. — Ifq: (X,Qx) — (M, ) is a proper isotropic realization, the quotient
q" Hol(¢Fr) /&x = (X xa Hol(M, ) xm X) [Tx = M

is a smooth groupoid, which is Hausdorff whenever Hol(M, %) is Hausdorff. More-
over, q* Hol(s%)/&x is proper if & is of proper type.

Proof. — It is immediate to check from the definitions that the quotient is a groupoid.
When Hol(M, &) is Hausdorff, then we have a free and proper action of {x on a
Hausdorff manifold, hence the quotient is smooth and Hausdorff. The last part on
properness also follows immediately.

The only remaining question is to show that the quotient is smooth, when
Hol(M, ofy) is non-Hausdorff. Since the quotient map can be made into a submersion
in at most one way, we only have to prove the local statement, around a neighborhood
of an arrow [vg, Yo, ug] going from zq to yo. Choosing two local sections of Ix, 7+ and
7s, defined on opens U(yp) containing yo and U(z() containing z, respectively, then

Tx |y gy XM HOUM, ) X s Tx |, o = X X HOl(M, ) x s X
(A2, 7 A1) = (A - 7 (8(7)), 7, A - 7o (s(7)))

defines an embedding into an open invariant subspace of X x ;s Hol x 3, X. Finally,
the quotient of the left hand side modulo the action of & is clearly smooth. O

Next, we exhibit the symplectic structure of ¢* Hol(¢%)/Ix:

Lemma 7.2.9. — The 2-form Q= priQx — priQx on X xp Hol(M, o) Xm X,
where pr; is the projection on the i-th factor, descends to a 2-form € on the quotient
groupoid q* Hol(¢ )/ x , making it into a symplectic groupoid integrating (M, ).

Proof. — A more or less tedious computation shows that the kernel of the closed
form Q = pri Qx — prj Qx is the image of the infinitesimal action induced by (7.10).
Also, note that prj : (¢* Hol(&% ), Q) — (M, ) is £-Dirac. It follows that Q descends
to a symplectic form Q on the quotient ¢* Hol(s%)/Ix and that the target map

t: (¢" Hol(¢Fr) /Tx, Q) — (M, )
is Poisson. Since € is obviously multiplicative, so is €2, hence one obtains a symplectic

groupoid (¢* Hol(¢%)/Sx, Q) integrating (M, ). O

Proof of Theorem 7.2.5. — We claim that Holx(M,w) is a smooth quotient
of X (M, ), i.e., that it admits a smooth structure (necessarily unique) such that the
canonical projection is a submersion. As first step we construct an isomorphism of
groupoids

(7.11) @ : Holx (M, ) = ¢* Hol(¢ )/ Ix
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as follows: for an element [a];, € Holx (M, ) represented by a cotangent path whose
base path v, starts at x € M, we choose any u € ¢~!(x) and we set

®([a]p) := [[a] - v, Va,u] € Holx (M, ),

where we use the action of [a] € (M, 7) on X (see (7.2)) and we omit writing [v,]n
for the middle element. This is independent of the choice of w.

The injectivity of @ is clear: if v,, and +,, have the same holonomy with respect
to %, Lemma 7.2.6 shows that any lifts tangent to (ker dg)* and starting at the same
point, such as 73, and 7} , have the same holonomy with respect to (ker dg)*.

For the surjectivity of ®, given any [v,~,u], one chooses a cotangent path a with
[Ya]n = 7. Since [a] - v and v are in the same fiber of ¢, we can write

[v] = [a] - ([a] - w)
for some « € v* (g% ), so that:

[v, 7, u] = @([a] - [a]).

To check that Holx (M, 7) is a smooth quotient of (M, ), we still have to check
that the composition of the map ® with the projection (M, n) — Holx (M,n) is
a submersion. For that it suffices to prove the same property for its pull-back to X
via g. On the pull-back, one has the identification (7.3) with the monodromy groupoid
of (ker dg)*, the interpretation of (7.9) as the holonomy groupoid of the same foliation,
and the map is just the canonical projection between the two.

For the proof of Theorem 7.2.5 (ii), let { be any other X-compatible, s-connected,
symplectic integration of (M, ). The groupoid ¢*( is an s-connected integration of
the foliation (kerdq). Since ¢* Hol(M, %) ~= ((kerdq)*), and Mon((kerdq)’) =
¢*3(M, ), there are morphisms ¢*X(M,n) — ¢*0 — ¢*Hol(M,s%) so that the
following is a commutative diagram of surjective groupoid maps:

T

(M, 7) —— ¢*¢ —— q* Hol(M, Fr)

L

Y(M,7) —— (- — — > Holx (M, ).

\_/

The existence of the dotted arrow follows by surjectivity, so this proves (ii).
Finally, part (iii) of the theorem follows from the description of Holx (M, ) as a
quotient of ¢* Hol(M, &%). O

We now look at some consequences of Theorem 7.2.5. We concentrate on Poisson
manifolds (M, ) for which the symplectic foliation o is of proper type, a condition
that is necessary for (M, ) to be of proper type. First of all we have:
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Corollary 7.2.10. — Let (M,w) be a Poisson manifold with o/ of proper type.
If q: (X,Qx)— (M, x) is a proper isotropic realization then Holx(M,w) is an
s-connected proper symplectic groupoid. Moreover:
(i) the orbifold structure induced on B = M /st is a classical orbifold structure;
(ii) the transverse integral affine structure associated to the proper isotropic realiza-
tion q coincides with the one induced by the proper integration Holx (M, ).

In particular:

Corollary 7.2.11. — Let (M, ) be a Poisson manifold with ¢f; of proper type. If
(M, m) admits a proper symplectic realization, then (M, ) is of proper type.

One should be aware however that the properness of (M, 7) does not imply the
existence of proper symplectic realizations. As we shall explain in the final sections
of the paper, there is one more obstruction to the existence of proper symplectic
realizations: the Lagrangian Dixmier-Douady class.

The previous corollary brings us to yet another aspect of the theory of isotropic
realizations. After eventually passing to a cover, proper symplectic realizations can
be made simple in the sense of the following:

Definition 7.2.12. — A simple isotropic realization is an isotropic realization
q:(X,Qx)— (M, ) for which there exists an X-compatible symplectic integration
(€,9Q) = (M, ) whose action on X is free.

Using Theorem 7.2.5 and the discussion from Appendix A, we deduce the following
equivalent characterizations of simple isotropic realizations of PMCTs:

Proposition 7.2.13. — Let q : (X,Qx) — (M,n) be a proper isotropic realization
and assume that the symplectic foliation 5 is of proper type. Then the following
statements are equivalent:
(a) the symplectic foliation of, is simple;
(b) q:(X,Qx) — (M, ) is a simple isotropic realization;
(c) there exists an X-compatible, s-connected, proper integration (§,Q) = (M, )
that acts freely on X ;
(d) (X,Qx) is a free Hamiltonian S -space for an integral affine manifold (B, A)
with reduced space (M, ) = (Xred, Tred) (see Corollary A.4.2).

Of course, under any of the equivalent conditions of the proposition, one has that
B = M/g#, A the integral affine structure on B induced by Ax and { is the gauge
groupoid { 2 X x X associated to the principal J/x-space X (Appendix A.4).
Ix

Proof. — The fact that the holonomy of the symplectic foliation &%, is an obstruc-
tion to the existence of simple isotropic realizations of (M, ) follows from (7.8), the
minimality property of holonomy groupoids (Theorem 2.1.2) and the fact that for an
X-compatible integration { x X is a foliation groupoid integrating (ker dg)*. The rest
of the statement should be clear. O
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In order to show that eventually passing to a cover, proper symplectic realizations
can be made simple, we need to appeal to the main result of Appendix B. This result
applied to the proper foliation (M, /), together with the transversal integral affine
structure Ax, yields the linear holonomy cover (M'", §£l") with a smooth leaf space
Blin = plin/ lin_an integral affine manifold carrying an action of the linear holonomy
group '™ by integral affine transformations, with BY»/T!" = B. The conclusion is
that when o7 is of proper type, any proper isotropic realization is obtained as quotient
of a simple one:

Corollary 7.2.14. — Let (M,n) be a Poisson manifold with. Iy of proper type. If
q:(X,Qx) — (M,) is a proper isotropic realization then X' := X x p;y MY yields
a T _equivariant proper isotropic realization

(7.12) ¢ (XM Q) — (M7,
which is simple.

This is summarized in the following diagram:

lin

(le QX) (Mlm ~) Blin

L

(X,QX) q—> (M,ﬂ') —>B,

where (X ““,ﬁ x) — BY" is the moment map of a free Hamiltonian &pin-space and
(7.12) is the resulting Hamiltonian quotient.

7.3. Isotropic realizations and Morita equivalence

The symplectic groupoids arising from proper isotropic realizations form a rather
special class among all proper symplectic groupoids. A first illustration is the following
result, where we use the presymplectic version of Morita equivalence (see Appendix A):

Proposition 7.3.1. — If q : (X,Qx) — (M, ) is a proper isotropic realization then
X X Hol(M, &), endowed with the pull-back of Qx by the first projection, defines
a presymplectic Morita equivalence between the symplectic groupoid Holx (M, n) and
the presymplectic groupoid integrating the Dirac structure ch(w :

Holx (M, ) X x Hol(M, %) Ix » Hol(M, r)
H % k) ll
(M,Lg.).
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Proof. — For the groupoid on the right hand side we use the description given by
(3.4), while for the groupoid Holx (M, 7) we use (7.11). The two left and right actions
are defined by

[07707u] : (uf.yl) = (0770 "71)7 (u771) ' (>‘772) = (hOI’Yl ()‘)u771 : 72)7

respectively. The actions obviously commute and it is straightforward to check that
they are principal, so they define a Morita equivalence.

We are left with proving that the actions are presymplectic. We will use the abbre-
viated notation Hol = Hol(M, %, ). For the right action, we have to check an equality
of forms on the fiber product

X xpr Hol X &x xar Hol = {((u, 11), (A, 72)) = q(u) = t(11), s(m1) = t(y2) = p(N)}.

We denote by Hol® the space of pairs of composable arrows in Hol and by letting
n = hol,, (\) we reparametrize this fiber product space as

X xar Fx < Hol® = {(u,m,71,72) = q(u) = p(n) = t(m)}-

The two projections and the multiplication corresponding to the right action on the
bibundle, on this new space become:

— pry : X Xpr Ix Xm Hol® — X x Hol, (u,m,71,72) — (u,71). We need to
consider the pull-back by this map of the form pr} Qx.

— m: X X x Xum Hol® — X x pr Hol, (u,n,7v1,72) — (- u,71 - ¥2). We need
to consider the pull-back by this map of the form pr Qx.

— pro: X Xp Ix Xm Hol® — Y% x Hol, (u,m,71,72) — (hol;ll(n),'yg). We need
to consider the pull-back by this map of the form prc*%( wg . However, due to

(7.7), the same result is obtained if one pulls-back wg via (u,n,7v1,72) — 7.

Combining these three terms, we find that the equation
m” prx Qx = pri prx Qx + pry pro, wg

reduces to (7.6), so the right action is presymplectic.
For the left action one needs to check that:

m* prk Qx = pri Q + prj pr Qx.
If one pulls back both sides of this equation along the submersion:

X XMHOIXMX XMX—>H01X XM(X XMHOI)
(v5707u771) = ([U)707u]7 (uafyl))a

one obtains an obvious identity, so the left action is presymplectic. O

One can pass from presymplectic to symplectic Morita equivalences by restricting
to complete transversals to the symplectic foliation. We obtain:
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Corollary 7.3.2. — If q: (X,Qx) — (M, ) is a proper isotropic realization, for each
choice of a complete transversal T C M to & there is a symplectic Morita equivalence:

Holx (M) (> X x Hol(M, ) (= T) ) Fx|p w HOl(M, )]

(M, ) (T, 7 =0).

The previous two results show that the groupoids associated with proper isotropic
realizations are very special: they are Morita equivalent to torus bundles over the leaf
space. Moreover, their symplectic Morita equivalence class does not depend on X but
only on the transverse integral affine structure it defines on (M, ¢%).

When the foliation 7, is proper we can do better and pass to torus bundle over
classical orbifolds (see Corollary 7.2.10). Here, as for Corollary 7.2.14, we appeal again
to Appendix B; the Morita point of view leads to an improvement of the corollary.
More precisely, if we consider the linear holonomy cover B, together with the action
of the linear holonomy group I''™, we see that one has not only the symplectic torus
bundle g corresponding to the integral affine structure, but also the semi-direct
groupoid (itself a symplectic groupoid!)

%lin X Flin = Blin.
Corollary 7.3.3. — If 5% is of proper type then, for any proper isotropic realization
q:(X,Qx) — (M, ), the symplectic holonomy groupoid Holx (M, ) is Morita equiv-
alent to the symplectic groupoid Jpin x T = B gssociated with the linear holon-

omy cover of the classical orbifold B = M/sfr. In particular, there is a 1-1 correspon-
dence:

Hamiltonian 1-1 I'in_equivariant
Hol x (M, )-spaces Hamiltonian Jpin-spaces

The advantage of passing to B'" instead of restricting to transversals is that the
construction is choice-free and the base B remains connected if M is connected.

7.4. Isotropic realizations and £-integrations

If we start from a proper isotropic realization ¢ : (X,Qx) — (M,n), the corre-
sponding holonomy groupoid fits into a short exact sequence (see Theorem 7.2.5):

0 —— Yx — Holx (M, n) —— Hol(M, /) —— 0.

One the other hand, if we consider an s-connected, proper symplectic integration
(€, Q) = (M, ) then we have the short exact sequence:

0—J (@) ¢ BY) 0,
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where & () = v*(¢/x)/A and B(¢) = M is a proper foliation groupoid integrat-
ing . In general, the groupoid 3(¢) will be a larger integration than Hol(M, &% ).
This shows that it is not possible to obtain every s-connected, proper symplec-
tic integration (§,Q) = (M,7) as the holonomy groupoid relative to an isotropic
realization of (M, 7). However, one can extend the construction of Holx (M, ), re-
placing Hol(M,r) by any foliation groupoid integrating ¢%:, even non s-connected
integrations, if we adopt the identification (7.9) as definition of Holx (M, m):

Definition 7.4.1. — For any proper isotropic realization ¢ : (X,Qx) — (M,n) and
any integration & = M of (M, ¢/;) the E-integration of (M, ) relative to X is

ExM,m) =X xuExuX)/Ix =M
with the symplectic structure induced from the 2-form Q= pri Qx — pri Qx.

This definition recovers Holx (M, ) when & = Hol(M, ¢/, ). However, one should be
aware that when & = Mon (M, &7, ) the groupoid Ex (M, 7) and the Weinstein groupoid
(M, ), in general, do not coincide, since ¢* Mon(M, 57, ) may be very different from
Mon(q*%) = Mon((ker dg)*).

Remark 7.4.2. — When the foliation groupoid £ is s-connected we can still define
the C-integration of (M, ) relative to X geometrically, as in Definition 7.1.4: the
pullback groupoid ¢*€ is also an s-connected integration of (ker dg)*, and one can
define cotangent £-equivalent paths, in a manner analogous to the way we defined
cotangent holonomic paths, by requiring their horizontal lifts to induce the same
element in the pull-back ¢*€. However, this geometric definition fails in general, and
later we do have to deal with non s-connected foliation groupoids.

Exactly the same arguments as before imply the following more general version of
Theorem 7.2.5:

Theorem 7.4.3. — For any proper isotropic realization q : (X,Qx) — (M, ) and any
foliation groupoid £ integrating (M, &)+

(i) Ex (M, m) is an X -compatible symplectic integration of (M, ).

(ii) Ex (M, ) is an s-connected, proper Lie groupoid iff € is s-connected and proper.

Moreover, one has a short exact sequence of Lie groupoids:

0 ——Fx ——Ex(M, 1) —— & ——0.

When &, is proper we still find:

— the transverse integral affine structure defined by Ex (M, ) coincides with the
lattice Ax defined by the proper isotropic realization;
— the associated orbifold structure on B = M/s#; is the one induced by €.

Also, similar to Proposition 7.3.1, ¥x x & = M is a presympectic groupoid
integrating the Dirac structure Lg, associated with the foliation ¢#:, and one obtains:

ASTERISQUE 413



7.5. THE DAZORD-DELZANT CLASS 103

Proposition 7.4.4. — Ifq: (X,Qx) — (M, ) is a proper isotropic realization and € is
a foliation groupoid integrating (M, &%), there is a presymplectic Morita equivalence:

&M (> Xx& ) Fxm&
J= T

(M,Lg.).
By restricting to complete transversals T C M to ¢/, one can obtain symplectic
Morita equivalences, leading to the analog of Corollary 7.3.2.

7.5. The Dazord-Delzant class

Given a regular Poisson manifold (M, 7), we have seen that any proper isotropic
realization ¢ : (X,Qx) — (M, 7) defines a transverse integral affine structure Ax
on (M, &% ). We now address the converse problem. Namely, given:

— (M, ) a Poisson manifold,

— A C v*(¢%) a transverse integral affine structure,
is there a proper isotropic realization ¢ : (X,Qx) — (M, r) defining A? This leads to
a cohomology class, which is essentially due to Dazord and Delzant [18], and which
we will call the Dazord-Delzant class associated to the data (M, m, A).

In order to describe this class, we will have to deal with sheaf cohomology. For a
bundle £ — M we will denote by E the associated sheaf of sections. For example,
Q denotes the sheaf of section of the torus bundle & — M and we will also denote
by g . the sheaf of closed sections, so for an open set V' C M we have:

gcl(U) = {a € g(U) : a*wcan =da = 0}

Let us denote by (Q°(M, %), d) the complex of forms whose pullback to the leaves
of &% vanish. We have the short exact of sequence of sheaves (Poincaré Lemma):

(T13) 00— O4(M, ) —— O (M, ) — = Q5 (M, Fr) —— 0,
where Q2 (M, ¢/x) denotes the sheaf of closed forms. Notice that:
QN M, Fr) = v (Fx)

and we can view A C QL (M, /) as a locally constant subsheaf. If & := v*(fx)/A,
this leads to an identification of quotient sheaves:

gzgl(M7Q%r)/A’ glzgclzl(Macgzﬂ')/A)

¢

and to the short exact sequence of sheaves:

08

T —4 02(M, ) —— 0.

cl
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We are interested in the following piece of the corresponding long exact sequence in
sheaf cohomology:

(T14) —— H(M,J) —— H (M, Q4(M, ) —— H*(M,J ) ——

Now observe that associated to the leafwise symplectic form wg_ there is a class
which is the obstruction to extend wg, to a closed two 2-form on M: if {Ustaca is a
good cover of M then we can find closed 2-forms w, € Q?(U,) which locally extend wg,
and on Uy, = U, N U, their difference is closed and vanishes on the symplectic leaves,
so defines a 2-cycle wyp == wy — wp € Q2 (Uap, /). Hence, we can set

§(M,7) = [wi;] € H' (M, Q4(M, ).
Remark 7.5.1. — Since Q°*(M, of) is a fine sheaf, the sequence (7.13) gives:

. HO(M, Q4 (M, Fr))
 dHO(M, Q%4 (M, Fr))

Under this isomorphism, the class £(M,w) corresponds to the class [d©D] where
@ € Q2(M) is any 2-form extending the leafwise symplectic form wg .

Hl(Manl(MaC’%r)) :Hg(M’%)'

Definition 7.5.2. — If (M, ) is a regular Poisson structure and A C v*(cfx) is a
transverse integral affine structure, the Dazord-Delzant class co(M,m, A) is the image
of (M, 7) under the connecting homomorphism (7.14):

co(M, 7, A) :=6(6(M, 7)) € H*(M, T ),

Notice that an explicit 2-cocycle representing the obstruction class can be obtained
by considering a good cover {U,} of M and local extensions w, € Q?(U,) of the
leafwise symplectic form wg , so that the difference wqp, = w, — wy is exact:

Wap = dagp, (Ozab € Ql(UabaC%r))'

Then agp + ape + aeq is a closed 1-form in Uy := U, N U, N U, vanishing on the
leaves, and its projection gives a 2-cocycle representing co(M, w, A):

Cabc = [aab + ape + CVca] € Q(l;l(Uabca(%r)/A'

The following result is essentially due to Dazord and Delzant:

Theorem 7.5.3 ([18]). — The class co(M, 7, A) vanishes if and only if A is defined by
a proper isotropic realization q : (X,Qx) — (M, ).

The proof of this result can be split into two steps:

(i) co(M,m,A) = 0 if and only if there is a class ¢; € H'(M, ) which is mapped
to £&(M, ) in the long exact sequence (7.14).

(ii) Given any class ¢; € H'(M,J) there is a principal & -bundle ¢ : X — M
whose Chern class is ¢;. This bundle has a symplectic structure 2x making ¢
into a symplectic complete isotropic fibration inducing # on M if and only if
¢1 is mapped to (M, ) in the long exact sequence (7.14).
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We refer to [18] for the details.

To our knowledge, it is an open problem to give an example of a Poisson manifold
(M, ) with Dazord-Delzant class co(M,7,A) # 0, where A is a lattice defined by
some proper integration (¢, Q) = (M, 7).

Remark 7.5.4 (The Dirac setting). — The results on proper isotropic realizations ex-
tend to twisted Dirac structures with the appropriate modifications. Now, the central
notion is that of a presymplectic realization (see [8]):

q: (Xng) - (MaL7¢)a

where w is a 2-form such that dQQx + ¢*¢ = 0, ¢q is a f-Dirac map, and one requires
the non-degeneracy condition:

Ker(Q2x) NKer(dg) = {0}.

One defines Holx (M, L), the holonomy groupoid relative to the presymplectic real-
ization ¢q : (X,Qx) — (M, L, ¢), as the quotient of cotangent paths modulo cotangent
holonomy rel X as in Definition 7.1.4. Then all fundamental properties of Holx (M, )
still hold in the presymplectic setting, namely Theorem 7.2.5, Proposition 7.2.13 and
Corollary 7.3.3. In the proofs one must use the (twisted) presymplectic version of
Hamiltonian (-spaces (see Appendix A).

The Dazord-Delzant theory also extends in a more or less straightforward way to
twisted Dirac structures (see [46] for the case of twisted Poisson structures).
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CHAPTER 8

SYMPLECTIC GERBES OVER MANIFOLDS

In the previous chapters we have seen that Poisson manifolds of proper type come
with a rich transverse geometry. In particular, the leaf space is an integral affine
orbifold. We now fix an integral affine orbifold (B, A) and we investigate the freedom
one has in building Poisson manifolds of proper type with leaf space (B, A). This
problem is really about constructing (symplectic) groupoid extensions with kernel the
torus bundle & associated to A, and hence resembles the standard theory of S'-gerbes
([5, 34, 39, 44, 50]).

Recall that an S'-gerbe is a higher version of the notion of principal S'-bundle
over B. While principal S'-bundles are classified by their Chern class ¢; € H?(B,Z),
Sl-gerbes are classified by a similar class co € H3(B,Z), called the Dizmier-Douady
class. We will introduce a symplectic variant of the theory, consisting of symplec-
tic Sx-gerbes over B and we will show that they are classified by their Lagrangian
Dizmier-Douady class living in Hz(B,gLagr).

To achieve this, we will need the following variations of the standard theory
of S'-gerbes:

vl: Replace S' by general torus bundles &/ : this is straightforward, but note that,
while S'-gerbes arise as higher versions of principal S'-bundles, in the process of
passing from S* to torus bundles, principal S'-bundles will be replaced by & -tor-
sors, a special class of principal & -bundles. Therefore, &/ -gerbes arise as higher
versions of &/ -torsors;

v2: A symplectic version ofthe theory: thisis the main novelty of our story. Remarkably,
the lower version of the theory, the symplectic story, i.e., symplectic & -torsors, as
well as its relevance to Lagrangian fibrations, has already appeared in [48];

v8: Gerbes over orbifolds: although a large part of our discussion will be carried
out in the case where B is a smooth manifold, in general our leaf spaces B
are orbifolds. The passage from manifolds to orbifolds will be based again on
Haefliger’s philosophy (Remark 2.3.3). Note that S'-gerbes over orbifolds have
already been considered- see e.g., [34].

Some of the generalizations of S'-gerbes that we will consider could, in principle,
be obtained by making use of the general theory of gerbes with a given “band” over
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general “sites” [6, 24, 32]. However, since all our bands will be abelian, and the most
general sites we need are the ones associated to orbifolds, we do not have to appeal
to the general theory. And, more importantly, our symplectic gerbes can always be
represented by extensions of Lie groupoids (as in, e.g., [44, 34, 5, 50]).

In this chapter we take care of symplectic gerbes over smooth manifolds, leaving
the orbifold case for the next chapter. Regarding PMCTs, the outcome can be stated
in a simplified form as follows:

Theorem 8.0.1. — Assume that (M, ) is a Poisson manifold of proper type whose
foliation &f. has 1-connected leaves. Then each proper integration ((,Q) = (M, )
gives Tise to a symplectic gerbe over B = (M /¢fr, Ag), which is classified by a class

CQ(g” Q) € H2(B’$Lagr)'

Moreover, its pull-back via the projection p : M — B is precisely the Dazord-Delzant
class co(M, m,Ag) (Definition 7.5.2). Furthermore, co(, Q) vanishes iff  is the gauge
groupoid of a free Hamiltonian &/ -space q : (X,Qx) — B (Appendiz A.4).

8.1. Symplectic torsors

Since S'-gerbes are higher versions of principal S'-bundles, in order to get ready
to deal with symplectic gerbes, we first discuss how to implement the variations that
we mentioned in the case of principal S!-bundles. Here we concentrate on variations
v] and v2. The formalism necessary for passing to orbifolds will be discussed in the
next section.

8.1.1. From S! to general torus bundles. — We would like to replace S' by a general
torus bundle & — B and principal S!-bundles by “principal & -bundles”. Some care
is needed, since we will not be dealing with general principal & -bundles.

Recall that a (right) principal $#-bundle over M, for any Lie groupoid $# = N over
some other manifold N, consists of a bundle P with two maps: the bundle projection
p: P — M, as well as a map q: P — N along which ¢# acts on P:

P

/ \ ll

M N.
When M = N = B and {{ = / is a torus bundle over B, principal & -bundles over B
still come with two maps, p and g, which need not coincide. We will be interested
in principal & -bundles over B, which in addition satisfy p = q. These will be called

& -torsors. To distinguish them from other types of (groupoid) principal bundles, we
will denote them by the letter X.
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8.1. SYMPLECTIC TORSORS 109

Hence a ¢/ -torsor over B is a manifold X endowed with a (right) action of &/ along
a submersion px : X — B, along which &/ acts fiberwise, freely, and transitively:

ng

g

B.
The fusion product of two & -torsors X; and X» is the new &/ -torsor
(81) X1 *X2 = (Xl XB XQ)/g,

where & acts on the fibered product by (u1,us2) - A = (u1 - A\, uz - A), and where the
action of & on X x X, is induced by the action on the second factor. Modulo the
obvious notion of isomorphism, one obtains an abelian group Torg(&/).

Remark 8.1.1 (B-fibered objects). — A very useful interpretation to keep in mind
of the condition p = q, distinguishing &/ -torsors as a particular class of principal
& -bundle, is the following. The base B is fixed from the start and all the objects
that one considers are “fibered” over B or “parametrized” by B, i.e., come with a
submersion onto B. One should refer to them as pairs (N, py) with py : N — B, but
we will simply say that N is B-fibered without further mentioning py. They form a
category Manpg.

The objects that we consider are B-fibered versions of standard objects, which
maybe recovered by letting B be a point. For instance, a torus bundle & — B is just
a compact, connected, abelian group object in Mang. More generally, a Lie groupoid
fibered over B, i.e., a Lie groupoid in Manpg, is just a Lie groupoid $# = N together
with a submersion py : N — B such that py os = py ot. These should be thought of
as families of groupoids parametrized by b € B, namely the restrictions of # to the
fibers pX,l (b). One also has a B-fibered version of principal ¢//-bundles over a manifold
M: it is a principal ¢#-bundles P as above for which pps o p = py o q(= pp):

AN

oo~ " -

B.

When M = N = B, this precisely means that p = q. Hence, & -torsors are the same
thing as B-fibered principal & -bundles over B.

If &/ = N is a Lie groupoid we denote by Bung, (M) the set of equivalence classes of
principal $#/-bundles over M. The description of principal bundles based on transition
functions, yields an isomorphism:

(8.2) Bung, (M) = H' (M, &),
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where H'(M,&H) denotes Haefliger’s first Cech cohomology with values in the
groupoid &% [29, 28]: the Cech cocycles are families g = {V;, g;;}, where {V;};c; is an
open cover of M and

(8.3) 9ij 2 Vij = G, gij(x) - gjx(z) = gir(x), Vo € Viji.

Two such cocycles g and h are cohomologous if (after eventually passing to a refine-
ment) there exist \; : V; — &# such that:

hij(@) = Xi(x) - gij (@) - Aj(2) 7, Vo € Vij.

One has a completely similar B-fibered version of the previous discussion, ob-
tained by requiring that all the maps involved, including isomorphisms of principal
bundles, Cech cocycles {g;;}, etc., commute with the projections into B. One obtains
a B-fibered version of (8.2):

(8.4) Bung, p(M) = HE (M, SH).
In the case we are interested in, when M = N = B and { = ¢/, notice that
HIIB’(BNWJ) = HI(B7@J)’

the cohomology with coefficients in the sheaf g of sections of &/ .
One can use the exponential sequence of & to pass to the associated lattice A:

(8.5) 1 A 2o 1.

Then (8.4) becomes the Chern-class isomorphism

(8.6) c1: Torg(J) —— HY(B,J) = H*(B,A)

associating to a &/ -torsor its Chern class. Concretely, given a &/ -torsor p : X — B,
any open cover {V;} of B with local sections s; : V; — X, yields on overlaps

(8.7) si(z) = sj(x)Aij(2), (z € Vi),

where the {)\;;} is a Cech 1-cocycle representing the Chern class of X. Similarly, the
construction of the real representatives of the Chern class of principal S'-bundles via
connections extends without any problem to the setting of & -torsors.

8.1.2. A symplectic version of the theory:— There is very little left to be to be done
to obtain the symplectic torsors:

— restrict to symplectic torus bundles (¥ ,wg) — B (see Section 3.1), which are
determined by integral affine structures A on B (cf. Proposition 3.1.6);
— consider &/ -torsors X endowed with a symplectic form Qx and require that the
action of & to be symplectic in the sense of Appendix A.
The resulting objects (X,Qx) are called symplectic (§,wg)-torsors. Note that for
two such (X7, ;) and (X2, Q2), their composition (8.1) is again symplectic: the form
pri €y — pry Qs on X; xp X5 descends to a symplectic form on X; x X5. We denote
by Torg(S/, wg) the resulting group of symplectic torsors.
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Proposition 3.1.7, in this language, says that Lagrangian fibrations are the same
thing as symplectic torsors:

Proposition 8.1.2. — For any symplectic & -torsor the projection into B is a La-
grangian fibration. Conversely, any Lagrangian fibration over B is a symplectic
I -torsor, where A is the integral affine structure induced by the fibration.

The construction of the Chern class has a natural symplectic version, that dates
back to Duistermaat’s work on global action-angle coordinates [19]. This was further
clarified and generalized by Delzant and Dazord [18] and Zung [56], and rephrased in
the language of symplectic torsors by Sjamaar [48]. The relevant sheaf is no longer &,
but rather the subsheaf & Lagr of local Lagrangian sections:

I (U)={aecg(U): a*wean = da = 0}.

The Lagrangian Chern class c¢i(X,Qx) € H* (B,gLagr) of a symplectic & -torsor

X is represented by a Cech-cocycle {\;;}, constructed as before (see (8.7)), but using
now local Lagrangian sections s; : V; — X.

To realize the Lagrangian Chern class as a degree two cohomology class, one needs
the symplectic analog of the exact sequence (8.5). For that one considers

Lagr

OA C OAH C 0,
where ( is the sheaf of smooth functions on B, (ag is the subsheaf of affine functions
(ie., of type z — 7+ Y, c'z; in integral affine charts), and O is the subsheaf of
integral affine functions (obtained by requiring ¢’ € Z in the previous expressions).
The de Rham differential gives the short exact sequence of sheaves:

1 Oa 0—=T 1 — 1

and this leads to the Chern class map for symplectic torsors (cf. (8.6)):
cr: TOrB(g,Wg) —— HI(B’gLagr) = HQ(B,OA).

Finally, the forgetful map from Torg(J/ ,wg) to Torg(Y) corresponds to the map
H?*(B,0p) — H?*(B,A)
induced by the de Rham differential d : 0o — A, which interpreted as a sheaf mor-
phism gives rise to the short exact sequence:

4 A 1.

(8.8) 1 R On

For the later use we point out the following:
Corollary 8.1.3. — Let & be a torus bundle over a manifold B. If B is contractible,
then any & -torsor is trivial (or, equivalently, admits a global section). The same holds

for symplectic & -torsors (i.e, they admit Lagrangian sections over contractible open
sets).
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Remark 8.1.4. — In the construction of the Chern class of a principal S'-bundle via
connections, one passes from integral to real coefficients. Similarly, in our case, we
have to pass from Op to Oag or, equivalently, from &fagr = 0/0Op to O/Oag. In other
words, to find a representative of the Chern classes in terms of differential forms, we
are interested in the image of ¢; (X, Qx) under the map:

(8.9) Hl(B,gLagr) — HY(B,0/0n) = H*(B,Cag).
To work with these groups, it is useful to use the following fine resolution:

0/Ong —— Q5(B, T*B) —2 Q3(B,T*B) — 2 ...
where QF(B,T*B) is the kernel of the antisymmetrization map 0 : QF(B,T*B) —
QF+1(B), and where d, is the covariant derivative induced by the flat connection
associated to A. Hence, H%(B,Oag) = HQ(Q(?)(B, T*B),da). Now, given a symplectic
& -torsor (X, Qx), one chooses a Lagrangian connection

0 cQ(X, 1)

(i-e., the horizontal spaces that it defines are Lagrangian) and one observes that its
curvature
ko € Qz(Xy t)A—baLs = 92(B’T*B)

actually lives in Q%(B,T*B). The resulting class [kg] € H?(B,Oag) is precisely the
class induced by ¢; (X, Qx) under (8.9).

8.2. Gerbes and their Dixmier-Douady class

We are now ready to move to gerbes. Our exposition will be self-contained,
overviewing the standard theory of S'-gerbes and explaining at the same time how
to take care of v1, replacing S' by a general torus bundle. Throughout this section
we fix the base manifold B and all the objects that we will consider will be fibered
over B (see Remark 8.1.1).

8.2.1. Definition of a &/ -gerbe. — Among the various approaches to gerbes, the most
relevant one for us is via extensions of groupoids [3, 34, 44, 50]: an S!'-gerbe over B is,
up to Morita equivalence, an S'-extension of B, where B is interpreted as a the
identitiy groupoid. The groupoids that are Morita equivalent to B are the groupoids
M xp M associated to submersions py; : M — B, and this leads one to consider
central S'-extension of groupoids over M:

1 Sty ¢ MxpM——1,

where S}, = M x S! is the trivial S'-bundle over M. There is an appropriate notion
of Morita equivalence between two such extensions (see below) and the resulting
equivalence classes are called S'-gerbes over B.
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Next we replace the trivial circle bundle S} = B x S! by a general bundle of tori
& — B. Therefore, we consider central groupoid extensions of type

(8.10) 1 I ¢ M xg M ——1,
where Iy = p3,& . Here, by central we mean that:
Ag=g-\

for any arrow g : z — y of { and X € &, with b = pys(z) = pa(y), and where we use

Example 8.2.1. — Recall that any (right) principal & bundle over M:

A

gives rise to the gauge groupoid P;;P (see Appendix A). When P is B-fibered, i.e
when pys op = pp = q, it follows that the gauge groupoid defines a central extension
as above. Such gauge extensions will soon be considered “trivial”.

All the groupoids appearing in the extension (8.10) are fibered over B, and this
is relevant for the right notion of equivalence. Two such extensions, associated with
projections p; : M; — B and groupoids §; = M;, i = 1,2, are said to be Morita
equivalent extensions if there exists a Morita ({;,(2)-bibundle P, in the sense of
Section 2.3, such that:

(i) P is a B-fibered Morita equivalence;
(i) P is central, i.e., the actions of &y, on P inherited from the (;-actions coincide:
Au=u-\foralue P, \e,, with b=pi(q1(u)) = p2(q2(u)).
The first condition says that the map induced by P between the {;-orbit spaces, i.e.,
B, is the identity. Or, with the notations from Section 2.3, that p; o g3 = p2 o qa.
Moreover, this condition is used to make sense of the second condition. With these:

Definition 8.2.2. — Given a torus bundle & over a manifold B, a & -gerbe over B is
a Morita equivalence class of extensions of type (8.10).

8.2.2. The group of gerbes: fusion product. — The set of &/ -gerbes over B has an
abelian group structure. It is based on the notion of fusion product of two extensions
¢1 and @ of type (8.10), which is the extension associated with the submersion p;2 :
Mys = My xp My — B:

1 ngz 4/71 *gQ M12 XB M12 ? ]-7

where the groupoid §; x (o = M, has space of arrows:

GxGri= (G x80)/T-
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Here, the action of A\ € & on a pair (g1,g2) of arrows in the orbits of §; and §,
corresponding to b € B, is given by (g1,92) - A = (g1 - A, A - g2).

The trivial & -gerbe is the one represented by the trivial extension of the identity
groupoid B = B (hence M = B):

(8.11) 1 g g B 1.

One checks easily that there are canonical isomorphisms of extensions:
OxT 2T G020, O*=0x0,
(G1 % G2) * G5 = 1 x (G2 % G3).

The inverse & -gerbe of the gerbe defined by an extension (8.10) is represented by
the opposite extension:

1 gM Q"pp ]\/[><B.Z\/[*>17

where (°PP is { with the opposite multiplication and the source/target interchanged.
This is still a &/ -gerbe because on &/ the multiplication is unchanged. Note that the
inversion gives an isomorphism = (J°PP of groupoids but not one of extensions since
it does not induce the identity on &! The fact that { x (°PP represents the trivial
gerbe follows from the straightforward Morita equivalence:

Q/OPP

MXBM

where the left action is given by: (g1, 92)-h = g1-h- gy '. We conclude that the fusion
product induces an abelian group structure on the set of & -gerbes over B.

It is useful to be able to recognize more directly when an extension (8.10) represents
the trivial gerbe. That means that there exists a Morita bibundle P implementing a
Morita equivalence with (8.11):

¢ 0 P 7T
J / \‘ J
M B
Since P is central, the structure of (right) principal &/ -bundle on P is determined by

the action of {: u- A = X - u. Hence, the only thing that matters is the existence of a
principal ¢-bundle over B:

Lemma 8.2.3. — An extension (8.10) represents the trivial & -gerbe iff Hy(B,() # 0,
i.e., iff there exists a B-fibered principal (-bundle P over B.
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Changing the point of view we also see that { is itself determined, via the gauge
construction, by P and its structure of principal & -bundle. Hence:

Corollary 8.2.4. — An extension (8.10) represents the trivial & -gerbe iff it is the
gauge extension associated to a B-fibered principal & -bundle (Ezample 8.2.1).

8.2.3. The Dixmier-Douady class:— We now recall the construction of the Dixmier-
Douady class of the gerbe represented by the extension (8.10). It is the obstruction
to triviality that arises from the characterization given in Lemma 8.2.3: any principal
bundle P as in the lemma is pushed forward via the map {, — M X g M to the principal
M x g M-bundle over B which is M itself, hence the triviality question amounts to
deciding whether [M] € Hj(B, M x g M) comes from Hx(B,(). This lifting problem
can be translated to the language of cocycles. One chooses a good cover {V;};cs of B
with local sections s; : V; — M of the projection into B (maps in Manpg!). Then the
Cech cocycle describing M as an element in ﬁé (B, M xp M) is given by

9ij = (84,85) : Vij = M xp M,

and the issue is wether one can lift this cocycle along the projection § — M x g M of
the extension, to a cocycle with values in {.

Viewing  as a &/ -torsor over M X g M, we denote by {; ; its pull-back via (s;, s;):

Gij =19 €0 t(g) = si(z),s(g) = s;(x) for some z € Vj;}.
Since the V;; are contractible, this & -torsor is trivializable and we can find a section:
Gij : Vij = Gy Gij = 9i5 = (i, 85)-

The only issue is that {g;;} may fail to be a cocycle. The obstruction arises by looking
at triple intersections, on which we define

(8.12) Cijk = Gij * Gjk - ki € T(Viji, T ).
This is indeed a section of & since everything fibers over B!

Definition 8.2.5. — The Dizmier-Douady class of the extension is the cohomology
class represented by the Cech 2-cocycle:

c2(0) == {eijr}l € HR(B,J) = H*(B, Ag).

When & = S! x B — B with associated lattice Ag =7 C R, we recover the usual
Dixmier-Douady class of an S'-gerbe living in H3(B,Z).

It is clear that co() = 0 if and only if { represents the trivial gerbe. Indeed, the
assumption that the 2-cocycle c;;; is exact gives us, eventually after passing to a
refinement, smooth functions A;; : V;; — &, fibered over B, such that:

Cijk(:l?) = )\ij . )\jk . )\kj-

Then we can use the action of &3 on { to correct the Gij

_ ~ 1
9ij = Gij * /\ij .
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We still have that g;; — gi; and that g,; - §,;, - Gp; = 0, so that g;; : Vi — ( is a
1-cocycle representing an element [P] € Hy(B,() with i([P]) = [M].

The previous constructions can be interpreted as a connecting “homomorphism”
construction, ca(¢) = §([M]), where § arises from the short exact sequence (8.10):

(8.13) HY(B,0) —— HL(B,M x5 M) —— H}(B,J) = H*(B,J).

A formal argument shows that this is exact, i.e., Im(i) = §71(0). Here and in what
follows we will use the additive notation for the group structure of H*(B, ), hence
0 for its identity. Lemma 8.2.3 combined with the remark that Hj(B,M xp M)
contains only one element, namely [M], shows that the statement that “{ represents
the trivial gerbe iff c5(()) = 0” is equivalent to the exactness of (8.13).

The last interpretation of the Dixmier-Douady class, via (8.13), makes it rather
clear that it only depends on the Morita equivalence class of the extension. Indeed,
a Morita (§4,(2)-bibundle @ allows one to transport a principal {;-bundle P — B
along the Morita equivalence yielding a principal {>-bundle P ®;, @ — B. This leads
to a bijection in Haefliger cohomology:

Q. : Hy(B, (1) = Hy(B, ().

Because of the naturally of the construction, one obtains a commutative diagram

HY(B,0) — HL(B, M x5 My) — H%(B,J) —— H2(B,J)

| | N

HY(B, () — HY(B, My x5 My) — H%(B,J) —— H(B,J),

which implies that c2((4) = c2((2). Of course, this can also be proved using Cech
cocycles. The details for the cocycle argument will be given in the next subsection in
the context of symplectic gerbes.

8.2.4. The Dixmier-Douady class as a group isomorphism.— The additivity of the
Dixmier-Douady class:

ca(G1 x §2) = c2(G1) + c2(§2),
can be checked using a formal argument based on the interpretation of co via the
exact sequence (8.13), starting from the remark that ) x g (» defines a &/ x & -gerbe
over My X g M5. Alternatively, one can also give a “down to earth” argument in terms
of cocycles. Again, the details of the direct approach will be given in the next section
in the context of symplectic gerbes.

Since ¢2(¢) = 0 if and only if { represents the trivial gerbe, we conclude that cs is an
injective group homomorphism. Since the base manifold M of our extensions is allowed
to be disconnected, cs is also surjective: any class u € H? (B,¥) is represented by a
Cech cocycle {c;;,} with respect to a good cover V = {V; }icr of B, so taking M to be
the disjoint union of the V;, we see that {c,-jk} becomes a 2-cocycle on the resulting
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groupoid M xp M with coefficients in &/3s, and we let { to be the corresponding
extension.
Putting everything together, one obtains the central result of the theory:

Theorem 8.2.6. — The Dizmier-Douady class induces an isomorphism between the
group of & -gerbes over B and H*(B, ).

8.3. Symplectic gerbes and their Lagrangian class

We are interested in the extension of gerbes to the symplectic world. Similar to the
passage from torsors to symplectic torsors (Section 8.1), we replace torus bundles by
symplectic torus bundles over B. Hence, our starting point is an integral affine mani-
fold (B, A) with its the associated symplectic torus bundle (& ,wg) = (T* B, wean)/A.

Definition 8.3.1. — Let (B, A) be a smooth integral affine manifold with associated
torus bundle (& ,wg). A symplectic (& ,wg)-gerbe over B is a symplectic Morita
equivalence class of central extensions of the form:

(8.14) 1— Ty — (0, Q) —— M xg M —— 1,

where pys : M — B is a surjective submersion, &y = p},& and (¢, Q) is a symplectic
groupoid with *Q) = p},we.

Remark 8.3.2. — Symplectic Morita equivalence of extensions is the symplectic ver-
sion of the notion from the previous section (see Appendix A). We continue to al-
low symplectic groupoids over a disconnected base (and possibly with disconnected
s-fibers). This does not affect the basic property that M carries a Poisson structure .
When dealing with extensions (8.14) with connected s-fibers, then ¢ will make (M, )
into a Poisson manifold of proper type for which the associated leaf space is the
integral affine manifold (B, A).

Example 8.3.3. — The symplectic analog of Example 8.2.1 is the (symplectic) gauge
groupoid X ;X associated to a free Hamiltonian & -spaces q : (X,Qx) — B, described

in Appendix A.4).

The fusion product of extensions has a straightforward symplectic version: in the
product {; x g (> one considers the closed 2-form pr} Q; — prj Qs and a simple com-
putation shows that the kernel of this form is precisely the orbits of the diagonal
& -action on §; x g (s, so this form induces a multiplicative symplectic form Q; x Q5
on the quotient ¢y x . We define the fusion of symplectic (& ,wg)-gerbes by:

(g/th) * (4)2792) = (g’l *QZ:Ql *92).

As in the case of &/ -gerbes, the trivial symplectic (&, wg)-gerbe is represented
by (&, wg) and the inverse of the symplectic (&, wg)-gerbe defined by (8.14) is the
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one represented by the (°PP with the same symplectic form 2. Moreover, we have
obvious symplectic isomorphisms:

(QaQ)*(ngg“) = (ngg)*(g7g) = (Q/,Q),
(g’le) * (g’Z’QQ) = (4}2792) * (6}1’91)7
((Gr, ) * (G2, 92)) * (03, Q3) = (G1, 1) * (G2, Q2) * (03, 93))

and there is a symplectic Morita equivalence:

gzovp QxQ) (T, we)

(s5t) \

We conclude that the set of symplectic (&, wg)-gerbes over B is an abelian group
with the operation induced by the fusion product.

For the symplectic version of the Dixmier-Douady class and of Theorem 8.2.6 it is
not surprising, given the discussion from Section 8.1, that we now have to replace &
by the subsheaf & Lagr of local Lagrangian sections:

MXBM

Theorem 8.3.4. — Given a symplectic groupoid ((,Q) = M fitting into an extension
(8.14) there is an associated cohomology class:

(8.15) c2(0,Q) € H*(B, T Lage)-

Moreover:

(i) this construction induces an isomorphism between the group of symplectic
(&, we)- gerbes over B and H?(B, gLagr)

(i) c2(C,Q2) = 0 4ff ¢ is the gauge extension associated to a free Hamiltonian
I -space (E:wmple 8.3.3).

The class co (¢, Q) is called the Lagrangian Dizmier-Douady class of the symplectic
gerbe. The rest of this section is devoted to the proof of this theorem.

8.3.1. Construction of the Lagrangian Dixmier-Douady class.— We proceed like in
the previous section, and using the same notations. We choose the local sections
s; : Vi — M giving rise to the 1-cocycle g; ; = (s;,s;) and we form the & -torsor Qij
over V;;. This is now a symplectic torsor, with the symplectic form inherited from
(€,9), so the bundle projection {;; — V;; is a Lagrangian fibration with connected
fibers. Since the V;; are contractible, we can choose the lifts g;; to be Lagrangian.
Using the multiplicativity of the symplectic form on {, it is straightforward to check
that the resulting 2-cocycle (8.12) is made of Lagrangian sections:

(8.16) Cijk = Gij - Gjk - Gki € T(Vijis Tragr)-
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A tedious but straightforward argument shows that the resulting cohomology class
does not depend on the choices involved; this defines our Lagrangian Dixmier-Douady
class:

c2(C,Q) € H*(B, 9Lagr)
Note that the characterization of the extensions which represent the trivial gerbes
given by Lemma 8.2.3, has a straightforward version in the symplectic case. This
implies part (ii) of Theorem 8.3.4.

Remark 8.3.5. — A symplectic version of the exact sequence (8.13) leads to an in-
terpretation of the Lagrangian Dixmier-Douady class as the image of a connecting
morphism of the class of (M, ), as in the standard case:

c2(6,9) = 6([(M,m)]) € H*(B, I .-

8.3.2. Independence of the Morita class. — In order to show invariance under sym-
plectic Morita equivalence, assume we are given two extensions:

1 P Co M, xg M, ——1 (a=1,2)

associated with submersions p, : M, — B, and a symplectic Morita equivalence:

Q’/lQl (P,Qp) (}292

/\

Start with the construction of ¢2(Cs,2,): a good cover {V}ZGI of B, s : V; - M,
of po : My — B, gj; = (s¢,s J) Vij = M, xp M, and Lagrangian lifts:
Gij + Vig = (G1)ij-

Now, (ql,qg) P — M, xg M, is a symplectic & -torsor which, when pulled-
back via (s1 8% ) Vi — M, xp My, gives a symplectic & -torsor over V;. Since Vj is
contractlble 1t has a Lagranglan section, i.e., we find u; : V; — P such that u;Qp =0,
giou; = s; and goou; = s?. For each z € Vj; the elements u; (z) and gj; (z)-u; (x)?]’fz(m)
lie in the same fiber of q; and of q;. By principality, it follows that there exist unique
Xij : Vij = & such that:

ui(z) = Aij (@) - §35(2) - uj(2) - Gis(2) (2 € Viy).
Because u;, u; and ﬁ;i are Lagrangian sections, the actions of {, on P are symplectic,
and wg is multiplicative, it follows that A;; is also Lagrangian.

Looking at triple intersections, and using that the actions of &y, commute, we
obtain for x € Ujj:

Xij (@) - Gij (@) - A (@) - G () - Mei(@) - Gs () = G55(2) - G (@) - G (),
which can be written as:

() = ¢ = Xij (@) 4+ Nj (@) + A ().

SOCIETE MATHEMATIQUE DE FRANCE 2019



120 CHAPTER 8. SYMPLECTIC GERBES OVER MANIFOLDS

Hence, passing to cohomology we have c2(C1, Q1) = c2((a, Q2).

8.3.3. The Lagrangian Dixmier-Douady class as a group isomorphism. — We now turn
to the additivity of the Dixmier-Douady class:

c2((Gr, ) * (G2, Q2)) = c2(G1, Q1) + c2(G2, Q2).

To represent the Dixmier-Douady class of ({1 (s, Q1 %xQs) we start with the data used
to construct ¢z(Ca, Q) for a € {1,2}: a covering {V;};er and sections s¢ : V; — M,
of p, : M, — B, yielding the 1-cocycle gf; = (s¢,s%). The lifts g¢; : Vij — (Ca)i;
lead to the 2-cocycles cf;; given by (8.16). But now observe that these give similar
data for {; x(5: the sections s; = (s}, 322) : V; —» My xp M, with associated 1-cocycle

9ij = (9i;,97;) and then the Lagrangian lift
9ij + Vi = ((r % G2)ig
obtained by composing (g;;,95;) : Vij — (1 X B > with the projection into §; (. We
then find that the associated 2-cocycle is given by:
Cijk = Gij * Gjk * Gki = ngk + C?jk.
This proves that ca(Q1 * 02, Q1+ Q2) = c2(Cr, 1) + c2(G2, Q2).

Finally, note that the argument on the injectivity and the surjectivity of co from
the previous subsection straightforwardly adapts to the present context.

8.4. Lagrangian Dixmier-Douday class vs Dazord-Delzant class

Given an extension (8.14) let us observe now that there is an obvious isomorphism
of sheaves:
_1 ~
p (gLagr) = @cl’

so there is an induced map at the level of cohomology:
* . 772 72
(8.17) p*  H (B,gLagr) — H*(M, &y D

This map allows to express the precise relationship between the Lagrangian Dixmier-
Douady class of the extension and the Delzant-Dazord class of the underlying Poisson
manifold (see Chapter 7.5):

Proposition 8.4.1. — Under (8.17) the class c2((,Q) € H*(B,g

~ _Lagr
(&, wg)-gerbe with representative (¢, Q) = (M, ) is mapped to the obstruction class

CQ(M,’/T,A(}) S Hz(M,gM l)'

Proof. — Start with the data (8.16) to construct the cocyle ¢; ;i representing co((, Q):
a cover {V;};er of B, sections s; : V; = M of p: M — B and the Lagrangian lifts
Gij : Vij — @ of the 1-cocycle g;; = (si, ;). Since p : M — B is open, to prove the
proposition it is enough to show that

) of a symplectic

cijkop:p  (Vijk) = p* T,

is a 2-cocycle representing cy (M, m, Ag).
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For each i € I, we cover the open sets p~1(V;) by contractible open sets. The
collection of all such open sets, denoted {U, },c 4, is an open cover of M which comes
with a map of the indices A — I, a — 1,4, such that:

p (Vi) = U..
Ga=1
The sections s; give transversals T; = Im(s;) C M to the symplectic leaves and we
have Morita equivalences:

s v O (T -) @ J
|~ =]

p (Vi) V.

Vi

Since the U, are contractible, we can pick local sections o, : U, — §(T;,,—) of the
principal & |, -bundle ¢ : O(T;,,—) — p~1(Vi,). Now observe that on the intersec-

tion Ugp, We have two sections of this principal bundle: the restriction Tal, and the
ab

section:
0'{,(.’17) . g’ib’ia (p(x)), (.’IJ € Uab)'
It follows that there exist Agp : Ugp — %a such that:

Ua(x) = O'b(x) . gibia (p(.’b)) : )‘ab(x)'

Using this relation successively for o,, 0, and 0., we conclude that for x € Ugp,:

1= 9i,i.(p(x)) - Aeal®) - Ginip, (0(2)) - Aoe() - Giyi, (P(2)) - Aap(2).
Using the fact that &, is abelian, we conclude that:
Giwiv * Givie * Jinia = Aab + Abe + Acas
where we are now viewing Agp : Ugp — &ar. This says that under the map (8.17) the

class c2((, ), represented by the 2-cocycle ¢;;i, is mapped to a class represented by
the 2-cocycle Agp 4+ Ave + Aea : Uspe — Far. But now observe that:
(a) The map t : (((T;,,—),) — p~*(V;,) is an isotropic realization, so it follows
that 032 is a closed 2-form on U, extending the leafwise symplectic form wg .
(b) Since the principle bundle action is symplectic, we find that:
7282 = 05+ (Gini, 0 P)" 2+ Ay
= 010+ PG, 2+ dAap

= oi Q0+ A,

where we used the fundamental property of wg and that the g;,;, are La-
grangian.

It follows that the 2-cocycle Aqp + Ape + Acq takes values in (QM)CI and represents the
obstruction class c(M, 7, Ag), so the proof is completed. O
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Remark 8.4.2. — In general, the map (8.17) fails to be injective. Hence, it is possible
to have a proper symplectic integration (§,Q) = (M, ) such that c2(¢,Q) # 0, but
c2(M,m,Apg) = 0. In this case, the Poisson manifold (M, ) admits rather different
proper integrations defining the same lattice: one of them arising from free Hamilto-
nian reduction (Theorem 7.5.3) and the other one not. When the fibers of p : M — B
(the symplectic leaves) are 1l-connected, a spectral sequence argument shows that
(8.17) is injective, and we conclude that either all proper integrations of (M,r, A)
arise from free Hamiltonian &x-reduction, or none of them does.
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CHAPTER 9

SYMPLECTIC GERBES OVER ORBIFOLDS

We now extend the theory of symplectic gerbes over manifolds to the case of orbi-
folds. Of course, our motivation comes from the fact that the leaf spaces of PMCTs
are, in general, orbifolds. As in Chapter 8, we start with a simplified statement of our
results, generalizing Theorem 8.0.1:

Theorem 9.0.1. — Let (¢
orbifold atlas B = B(0)
B

symplectic gerbe over (B,

,Q) = M be a proper integration of (M, ), inducing the
on the leaf space B = M/f.. Then ((,Q) gives rise to a
oB), which is classified by a cohomology class

c2(6,Q) € H*(B. T 1)

Moreover, co((, Q) vanishes iff ¢ = Bx(M,n), the JB-integration of (M, ) relative
to a proper isotropic realization q : (X,Qx) — (M, n) (cf. Definition 7.4.1).

The passage from symplectic gerbes over manifolds to symplectic gerbes over orbi-
folds is based on Haefliger’s philosophy explained in Remark 2.6.8. So throughout
this chapter we fix an orbifold (B, 3), with atlas 3 = N. The reader should keep in
mind, as main examples: the smooth case of the previous chapter where 3 is B = B
(hence N = B), and the leaf space of a proper Poisson manifold (M, r) with proper
integration (/, where 3(()) = M will be the foliation groupoid from Theorem 2.6.9
(hence N = M).

To handle various geometric structures on the orbifold (B, 3) one may, in principle,
represent them with respect to the atlas 3. However, for some purposes this may not
be the most convenient atlas, so we will be looking at other orbifold atlases & = M
related to 3 through a specified Morita equivalence

(9.1) Qe : €~ B

The organization of this chapter is similar to that of Chapter 8, so we will describe
first torsors over orbifolds and then gerbes over orbifolds.

SOCIETE MATHEMATIQUE DE FRANCE 2019



124 CHAPTER 9. SYMPLECTIC GERBES OVER ORBIFOLDS

9.1. Symplectic torsors over integral affine orbifolds

9.1.1. Torus orbibundles. — The notion of a torus orbibundle & over (B, RB) is very
similar to the notion of vector orbibundle (see Remark 5.2.1): they are represented
by a B-torus bundle &, i.e., a torus bundle over M endowed with an action of %3:

B (> g

N

N.

We can represent the torus orbibundle & with respect to any other atlas & ~ 3 by
a E-torus bundle ¢z over the base of £. Indeed, any Morita equivalence

| >

gives rise to a 1-1 correspondence between (isomorphism classes of) & -torus bun-
dles &; and &-torus bundles &;. The correspondence is defined by the condition that
there is a left & -equivariant and right &-equivariant isomorphism of torus bundles:

01h = 435

Here, the left action of & on q;&; it is the lift of the original action of & on &4,
while the left action on g5 is the tautological one: the action of an arrow g : z — '
of & takes an element (u, \) in the fiber of q354 above z, q1(u) = z, A € &2, where
y = q2(z) = q2(z'), to the element (g - u, ) in the fiber of q5S% above z’. Similarly
for the right actions. Explicitly, starting from /i we obtain &k as qi&A /&

As in 8.1.1, it is useful to look at the more general notion of $#-principal bundle
over (B,B), for an arbitrary Lie groupoid §# = M. By that we mean a (right)
SH-principal bundle P over M, together with a left action of .3,

3 r_ D oa
H/ / \ li
N M,
such that all the axioms from the notion of Morita equivalence are satisfied, except
for the condition that the action of J3 is principal. We denote by Bung,(cB) the set
of isomorphism classes of such bundles.
A description in terms of transition functions/Cech cocycles similar to (8.3) works
well when .3 is étale. For that we need the embedding category Embe,(<3) associated

to a basis U for the topology of N [39]. This is the discrete category whose objects
are all open sets U € %/, and whose arrows o : U — V are bisections ¢ : U — B
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such that soc =idy and too : U — V is an embedding. The composition of ¢ with
another arrow 7 from V to W is given by

(too)(z) :=7(t(o(x)) - o(x).
Given a principal $#-bundle P over (B,.3), one choses % such that p : P — N has
local sections sy over each U € 9. Fixing the {sy }yeqs, one obtains:

— for each U € 9, a smooth map fy : U — M, namely fy := qo sy;
— for each arrow ¢ : U — V in Embq,(.B), a smooth map g, : U — ¢# so that

90(2) : fu(z) = fv(to(z)), o(z)-su(z) = sv(t(o(2))) - go(2)-

The collection {fy, g, } will satisfy the cocycle condition

groo () = gr(t(a())) - go (2)-

Conversely, P can be recovered from the family {fy, g, } and it is clear that the usual
discussion on transition functions/Cech cocycles extends to this setting.

9.1.2. Symplectic torus orbibundles. — For the notion of symplectic torus orbibundles
the discussion is simpler when one works with an étale atlases £: we just require that
Fe comes with a symplectic structure which is multiplicative and which is invariant
under the action of £. Passing to a non-étale 3 = N, the non-degeneracy of the
2-form is lost and the symplectic torus orbibundle is represented by a presymplectic
torus bundle (& ,wg) = N satisfying (see Proposition 3.2.8):

i) the kernel of we coincides with the image of the infinitesimal action of .3;
T
(ii) the action of (B on (& ,wg) is presymplectic (exactly as in Lemma 7.2.7).

The first condition holds if and only if holds at units, i.e., if
(1)’ the foliation induced by (& ,wg) on M coincides with the orbits of B = M.

Moreover, when (/3 is s-connected then (ii) follows from (i) (see Appendix A).
As in the smooth case, one obtains a 1-1 correspondence:

integral affine 1-1 isomorphism classes of
structures on (B, B) symplectic torus bundles over (B, 3)

Example 9.1.1. — The first part of Lemma 7.2.4, together with Lemma 7.2.7 can be
reformulated as saying that an isotropic realization gives rise to a symplectic torus
orbibundle (§/°,wg) over the classical orbifold M/ .

9.1.3. & -torsors over an orbifold. — Given a torus orbibundle & over an orbifold
(B, B), a d -torsor over (B, B) is a & -torsor X over the base N of 3, together with
a (left) action of 8 on X which is compatible with the action of & in the sense that
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foru € X and A € & above x € N and b: x — y in .3, one has:

3B CXD T, b-(u-N)=(b-u) b,

N

N

where b(\) refers to the action of J3 on & .

This notion can be transported along Morita equivalences, hence X can be repre-
sented similarly with respect to any other atlases (9.1). To see this directly is rather
tedious, but the “fibered point of view” allows for a simple formal argument.

Remark 9.1.2 (Fibered point of view). — As in the previous section when (B, 3) was
a manifold, it is useful to realize that all our objects are “.B3-fibered,” i.e., they come
with a “map” into 3. For example, while torus bundles over a manifold B can be
looked at as group-like objects in the category Manpg of manifolds fibered over B
(see Remark 8.1.1), one should think of a torus bundle &/ over (B,5) as encoding a
group-like object in the category of groupoids fibered over 3, namely & ™ B8 = N
with the obvious projection into 3.

Furthermore, it is useful to relax the notion of “map” between groupoids from
smooth functors to Morita maps [29] (also called Hilsum-Skandalis maps [30, 42|).
For these generalized maps, the resulting “generalized isomorphisms” will be precisely
the Morita equivalences. One thinks of a principal (»-bundle over §; (in the sense
described above) as a graph of a map from §; to (5. Hence such a principal bundle
will also be called a Morita map from {; to ( and we set:

M(G1,02) = Bung, (G1).

Given a third groupoid 3 one has a composition operation:

W(g/lvgﬁ)x(’]%(gﬁvgﬁ)_’ejj%(g’bgﬁ)? (P,Q)— Qo P =P xy, Q/QZ

Moreover, any smooth morphism F : {; — (, can be thought of as a Morita map
Pp = M1 xu, G2 € M1, 02),

where the actions of §; on Pr are the obvious ones. More details on Morita maps can
be found in [1, 30, 33, 40, 42].

Now, while a torus bundle {/ over (B, 3) may be thought of as encoding the
groupoid & B endowed with the obvious projection into 3, a & -torsor X
over (B, B) should be thought of as encoding a left principal bibundle X X x 3:

X XNB Q 9»40%

/\
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where q1(u,b) = px(u), q2(u,b) = s(b) and the left/right actions on an element
(u,b) € X xn B are:

bo - (uvb) = (bU 'uabOb)a (uvb) ’ (/\,bl) = (u : b(A)abbl)

This bibundle describes a Morita map from 3 to & X 3, which is a right inverse to
the projection & x B — B. Conversely, from a Morita map P € oM (B,T X oB)
right inverse to the projection prg : & x B8 — 3, one recovers X as X := P/, with
px induced by qi, and the obvious left action of 3. For the right action of & on X
one remarks that the condition that P be a right inverse makes P into a principal
& -bundle over 3, with some projection map pr : P — 3. Using this, for u € X and
A € I in the fiber above px(u), one defines

u-A:i=p- b_l(/\),
where p € P is any representative of u and b = pr(p). All together, one obtains:

Lemma 9.1.3. — The construction X — X X 5 B describes, up to isomorphism, a 1-1
correspondence between:

(i) & -torsors X over (B,B).
(ii) Morita maps P € M(B,T ™ B) which are sections of prg: & X B — 8.

9.1.4. Symplectic & -torsors over an orbifold. — In the case of presymplectic torus
bundles (&, wg) one can talk about symplectic (& ,wg)-torsors over (B, B3): then X
comes with a closed 2-form Qx and one requires that both actions X xy & — X
and B Xy X — X are compatible with the 2-forms that are present:

(8,0) (> (nyx) ) (T wg)

Again, the situation is simpler when /3 is étale, when the condition on the left ac-
tion simply says that the form on X is 3-invariant. Lemma 9.1.3 has an obvious
“symplectic version,” which uses (pre)symplectic bibundles (Appendix A).

9.2. Symplectic gerbes over integral affine orbifolds

9.2.1. Gerbes over orbifolds. — We now fix a torus bundle & over the orbifold (B, 3).
Given an arbitrary atlas Qg : & =~ B, defined over some other manifold M (so
€ = M), we are interested in extensions of type

(9.2) 1 F——0-2e 1.

Here & — M is the E-torus bundle which represents & in the new atlas. Such
an extension induces an action of & on & obtained by lifting the elements of & to
elements of { and conjugating by the lifts. A central extension is one for which the
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induced action coincides with the original action of £ on &z. From now on we consider
only central extensions, with no further notice.

For the notion of Morita equivalence, suppose we are given two such extensions (;,
relative to two foliated orbifold atlases & — M;. Notice that the two atlases come
with a specific Morita equivalence ) between them

where Q = Qg ¢, is obtained by composing Q¢ : & =~ B with the inverse of Qg, : & ~
JB. Via this Morita equivalence, &, corresponds to I, i.e., one has an isomorphism
between the pull-back bundles

(9.3) Qs 418 = 05 Te,-
Hence, for every u € ), denoting q, (u) = zq, q, (u) = z2, one has an isomorphism

(9.4) Terws = Tty 2y, denoted X — A

Definition 9.2.1. — A Morita equivalence of extensions (9.2) is a Morita equiva-
lence P between the two groupoids,

o P Dk
JJ / X JJ
M1 M27
together with a submersion pr: P — @ satisfying the following properties:

(i) it is left {j-equivariant and right (»-equivariant, where the actions of §; on Q
are induced from the actions of & via the submersions §; — &;
(ii) it is a (left) principal Jg -bundle and a (right) principal Jg,-bundle;
(iii) the two torus actions on P are compatible: if & € P and u = pr(2) € @, then

u-A=A"-u, VAE%MZW).

Example 9.2.2 (Pullback of extensions). — Central extensions cannot be transported
along general Morita maps or equivalences, so they behave quite differently than the
other types of objects over orbifolds that we looked at so far. However, extensions
can be pulled-back. First of all, an atlas Qg : & ~ B for the orbifold (B,B), with
& = M, can be pulled-back along any smooth map

q:P—- M

that is transverse to the leaves of the orbit foliation on M induced by €. It gives rise
to the new atlas q*€ = P, where q*€ = P x 3, € x py P is the pull-back groupoid and
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Qq+¢ = P X Q¢. Now, given an extension (9.2) over &, one has a pull-back extension
over the orbifold atlas q*&:

1 Tare q°¢ q*& 1,

where q*(¢ is the pull-back groupoid, while 5:,*5 is the pull-back bundle. Notice that
{ x P gives a Morita bibundle between ¢ and q*(.

In particular, extensions can be pulled-back via submersions, without affecting the
Morita class. One can also take for q the inclusion of a complete transversal, and
conclude that any extension is Morita equivalent to one over an étale atlas.

The pull-back operation can be used to reinterpret and even redefine the notion of
Morita equivalence of extensions. First, a Morita equivalence Q : & ~ & induces an
isomorphism of Lie groupoids

(9.5) Qs 1976 = ;6.

Explicitly, a point (u,y1,u') € Q Xar, & X, @ = 5*1‘81 corresponds to the point
(u,7y2,u’) where 7, is uniquely determined by the condition 7; -4’ = u - vs. In a
general Morita equivalence between extensions, the conditions on P ensure that the
similar isomorphism P, : q{{; = q5(, is an isomorphism of extensions (i.e., not only
of groupoids) that is compatible with @). More precisely, one has an isomorphism of
commutative diagrams:

1 e, a1 q;& 1
pr* Q*l P*J pr* Q*J
1 e a30a 436 1,

where the left and right vertical maps are the pull-backs of (9.5) and (9.3) via pr :
P — X and we use q] = pr* oﬂ;‘. From the previous example, we conclude:

Corollary 9.2.3. — Tuwo central extensions (; over M; (i = 1,2), are Morita equivalent
if and only if there is a manifold P together with submersions q; : P — M, such that
the pull-backs q;(; are isomorphic extensions.

Definition 9.2.4. — Given a torus orbibundle J over the orbifold (B,3), a & -gerbe
over (B, ) is a Morita equivalence class of central extensions (9.2). We say that the
extension represents the gerbe over the atlas Q¢ : & ~ 3.

As we explained above, a general gerbe can be represented only over some orbifold
atlas. Still, Example 9.2.2 shows that if a gerbe is represented by an extension over
the atlas Q¢ : & ~ B, with £ = M, then we can pullback along any map q : M’ — M
transverse to the orbits of £. Letting q be the inclusion of a complete transversal, we
see that any gerbe can be represented over an étale atlas.
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9.2.2. Group structure. — We start by observing that any atlas Q¢ : & ~ B for the
orbifold (B, 3) comes with a trivial central extension

(9.6) 11— J—— T w2 — 1,

whose Morita class does not depend on the choice of atlas €. These define the trivial
& -gerbe over the orbifold (B, AB).

Example 9.2.5. — As in the smooth case, there are non-trivial extensions that may
still represent the trivial gerbe. Actually, one can give a full characterization of such
extensions, generalizing Corollary 8.2.4 to the orbifold context. The starting point is
an orbifold atlas Q¢ : & ~ B, with &€ = M, and a Fg-torsor X over M. This gives rise
to the groupoid Ex (M) = (X xp € xpr X) /& exactly as in Definition 7.4.1 (hence
the quotient is modulo the action (7.10)), which fits into a central extension

11— e ——E (M) —— E —— 1.

Moreover, exactly as in Proposition 7.4.4, using X x 5, £ as Morita bibundle, it follows
that this extension represents the trivial gerbe. For the converse, one uses an argument
similar to that of Lemma 9.1.3.

The inverse & -gerbe of the gerbe defined by an extension (9.2) is represented by
the opposite extension:

1 [ i (orp P, gopp 1.

Note that inversion gives a groupoid isomorphism & = E°PP, so this extension
represents a well defined gerbe over the same orbifold.

Next, for the fusion product of extensions, we start with two extensions {; as above,
relative to two orbifold atlases & = M;. We still denote by @ the induced Morita
equivalence between & and &, with projections denoted q; : @ — M; (i = 1,2).
While the pull-backs of & to @ are isomorphic by (9.5), there is a more symmetric
way to represent the resulting groupoid over (), namely as the fibered product over M;
(for x) and M (for x):

ba=0xQx&.
Indeed, (v1,u,72) — (71 - u,71) identifies & o with g’l"& (and similarly for ﬂ;é}) The

groupoid & 2 = @ is another atlas for (B, 8) and the advantage of this point of view
is that one can define similarly the groupoid

Oo=0xQxCh =X

and the torus bundle:

Tip=Ta xQxg =90 ® 95,
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We now act with the smaller torus bundle (9.3) using, e.g., its left hand side q}J, .
The action is along the map ¢ o — Mo, (91,u,g2) — g2(u) and it is given by

(917%92) S = (gl : )\uau7>‘ . 92),

where we use again the notation (9.4). Finally, we define the fusion product of exten-
stons by considering the groupoid

Gixo = (1 x Qx(2)/Th
and the associated central extension over the orbifold atlas & .
It is tedious but straightforward to extend the discussion from the smooth case to
conclude that the fusion product gives rise to a group structure on the set of & -gerbes
over the orbifold (B, 3) with the above identity gerbe and inverse operation on gerbes.

9.2.3. The Dixmier-Douady class. — We proceed as in the smooth case, starting with
a characterization of triviality. This is the following generalization of Lemma 8.2.3 to
the orbifold case, which should now be obvious:

Lemma 9.2.6. — Given a central extension (9.2), the following are equivalent:

(a) it represents the trivial gerbe over (B,B);

(b) there exists a principal (-bundle P over J8 which lifts the principal E-bundle
over B given by the atlas Qg : € ~ B. Equivalently: P € M (B,0) fits into a
commutative diagram of Morita maps

qg/

e
P -
- pr
-
e

B e

Next, eventually after pulling back to a complete transversal T — N, we may
assume that the atlas 3 = N is already étale. This allows us to use a éech—type
description of orbifold cohomology, due to Moerdijk [39], which we now recall.

We consider abelian sheaves over (B,3), i.e., sheaves § of abelian groups on N
together with an action of 3 from the right: hence any arrow x — y of B gives a
group homomorphism between germs &, — ¢,. These form an abelian category with
enough injectives and the sheaf cohomology groups H®(:8,5) are defined as the right
derived functors associated to the functor I'(-)3 of taking invariant sections. Hence:

H"(B,8) == H"(D(I*)?),

for some injective resolution 0 S I° It .-+ . This sheaf co-

homology is invariant under Morita equivalences.

For the Cech cohomology description we use the embedding category Embe,(5)
[39, Section 7] (see Section 9.1.1) . Similar to the transition functions for principal
bundles over (B, any abelian B-sheaf § gives rise to a preseheaf § on Embaq,(B),

i.e., to a contravariant functor ¢#Z : Embe,(:3) — AbGrp. Explicitly, § associates
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to U € U the space & (U) of sections of & over U and to an arrow ¢ : U — V
of Embe,(B) the map o* : §(V) — §'(U) described as follows: for A € §'(V) the
section 0*(A) € §(U) has germ at z € U:

U*()\)w = )\t(g(z)) . cr(a:)

The Cech complex of B relative to 9 with coefficients in ¢, denoted (C3,(B,S), d),
is defined as the standard complex computing the cohomology of the discrete category

Embeq,(.B) with coefficients in . That means:

— acocyclec € C‘%(JB’, o) is a map which associates to each string of n-composable

arrows Uy <= Uy <2 ... < U, an element Cor,.on €O (Un);
— the differential d : C7,(:8,8) — Ca;"' (B, S) is given by

n
(dc)017---7‘7n+1 = CUZ>---1O'n+1 + Z(—]‘)ncgl1-~»70'i0'i+15---70'n+1 + (_1)n+10_:<7’+1 (calv--wo-n) .
=1

We denote the resulting cohomology by FI@(JB, o). The Cech complex and the Cech
cohomology are functorial with respect to refinements of covers, so one can pass to
colimits and define the Cech cohomology of the orbifold (B, B) with coeflicients in &
as:

H*(B,8) = colim H3,(:B,3S).
We now have the following result:
Proposition 9.2.7 (15]). — If H(U,&) =0 for i > 0 and all U € U, then
H*(B,8) = H3(B,5),
and these isomorphisms are compatible with taking refinements. In particular,

H*(B,8) = H*(B,S).

And here is a result that is relevant for our discussion on orbifolds and which makes
essential use of properness.

Lemma 9.2.8. — For any proper étale groupoid B and a torus bundle & over B, with
corresponding lattice A, one has

H*(B,J) = H*T (B, A).
Similarly, if (& ,wg) is a symplectic torus bundle over a proper étale groupoid J3:
Ho(cyg’gmgr) ~ H*t1(B,00).

Proof. — The key remark is that, due to the properness of 3 = N, for any 3-sheaf &
of R-vector spaces which is fine as a sheaf over the base manifold N, one has

H*(B,8) =0, Vk>1
Use now the exact sequences induced by (8.5) and (8.8) in cohomology. O
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With all the cohomology apparatus in place, we can now proceed to define the
Dixmier-Douady class of a gerbe over (B,3). The construction is entirely similar to
the smooth case, the main difference being that we have to start with an extension
(9.2) over an atlas £ = M which may be different from 3. We denote by Q = Q¢
the given Morita equivalence between £ and 3 and we would like to measure the
failure of extending @, viewed as a principal £-bundle over (3, to a principal {-bundle
over 3. This can be rephrased in terms of transition functions: we choose the basis U
of N together with local sections sy : U — @ of q2 : Q@ — N, so that we can consider
the transition system {fu, go}. We may assume that each U € %/ is contractible. For
each arrow o : U — V of Embg(:5), the pull-back of pr: { — € via g, : U — &£ gives
a & -torsor {,, — U. Since U is contractible it will admit a section, i.e., we obtain
alift g, : U —  of g,. Of course, the cocycle condition may fail: for composable

arrows Uy <— Uy <> U, in Embe,(B), one has a section of & over U given by

Co1,00 ‘= Yo1002901902

and (01,02) > Coy,0, defines a cocyle in C2/(3,& ). This gives rise to a class in
cohomology which, by the usual arguments, is independent of the various choices:

Definition 9.2.9. — The Dizmier-Douady class of the gerbe represented by the exten-
sion (9.2) is
c2(0) = [cor,00] € H*(B, &) = H(B, A).

To see that c3(¢) only depends on the Morita equivalence class, one first proves
the additivity with respect to the fusion product:

ca(G1 * G2) = c2(G1) + c2(G2)-

This is done exactly like in the smooth case, but using the embedding category. Also,
it is clear that co(£°PP) = —co(0). Hence, if {; and (> are Morita equivalent then,
since {4 x (5P is Morita equivalent to the trivial extension, we find:

c2(61) — c2(f2) = c2(Gr % G5™") = 0.
Notice that, by construction, the vanishing of this class is equivalent to the fact that

( represents the trivial gerbe. In this way we have extended the discussion of gerbes
from the smooth to the orbifold case.

Theorem 9.2.10. — Given a torus bundle & over the orbifold (B, B) with lattice A,
the Dixmier-Douady class induces an isomorphism:

Co : Gerb(Bm%)(g’) — Hz(ﬁ’g) a1 H3($7A)

9.2.4. Symplectic gerbes. — The symplectic version of gerbes over an orbifold should
now be obvious. One starts with a symplectic torus bundle (§,wg) over the orbifold
(B, B) or, equivalently, with an integral affine structure. Then one looks at symplectic
central extensions of the form

(9.7) 11— — 0,0 258 ——1,
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where (¢, Q) is now a symplectic groupoid and i*Q = wg. Similarly for the notion of
symplectic Morita equivalence, using symplectic Morita bibundles (Appendix A.3).
Therefore a symplectic (,wg)-gerbe over (B, B) is a symplectic Morita equivalence
class of such symplectic central extensions.

The group structure on gerbes is, this time, a bit more subtle; e.g., even the trivial
extension (9.6) may fail to be symplectic. The most satisfactory solution is to consider
presymplectic extensions (see Section 9.3). The shortest solution is to pass to an étale
atlas. Indeed, if .3 is étale, then:

— The trivial central extension (9.6) is now symplectic, yielding the trivial sym-
plectic gerbe. Similarly, the inverse of a symplectic gerbe is symplectic.
— The fusion product of symplectic extensions is a symplectic extension, and is
independent of the symplectic Morita class.
For the construction of the Lagrangian Dixmier-Douady class of a symplectic gerbe,
we assume again that 3 is étale, and we proceed exactly as in the non-symplectic case,
except that in the construction above one now choses Lagrangian sections sy : U — @,
making use of Corollary 8.1.3. This leads to:

Theorem 9.2.11. — Given a symplectic groupoid ((,Q) = M fitting into an extension
(9.7) there is an associated cohomology class:

c2(6,Q) € H(B. T 1 ,,.)-

Moreover:

(i) this construction induces an isomorphism between the group of symplectic

& -gerbes over (B, B) and H%ﬁ},gmgr).
(i) c2(, Q) = 0 if and only if ((,Q) is isomorphic to Ex (M, ), the E-integration

of (M, ) relative to a proper isotropic realization (X,Qx) — (M, ).

Finally, let us look at the relationship between gerbes and symplectic gerbes. At the
level of the Dixmier-Douady classes, the relationship is provided by the cohomology
sequence induced by (8.8), which gives:

(9.8) H3(B,R) —"— H3(B,0n) ——s H3(B,A) —— H*(B,R).

Since d, maps co((,Q) to cz(@), the preimage d* '(co(()) is the affine space
c2(0, Q) + i H3(B,R). A geometric interpretation will be given in the next section,
using twisted Dirac structures, where the role of H3(B) will be to provide the
background 3-forms. For now, let us recall a more explicit model for H*(:3,R): in
the de Rham complex (2°(N),d) on the base 3 = N we consider the subcomplex
(Q*(N)#3,d) of B-invariant forms. Of course, this makes sense for any étale groupoid
B and defines a cohomology Hp, (B)-

Corollary 9.2.12. — For any proper étale groupoid 3 one has natural isomorphisms

H{,o(B) = H* (B, R).
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The concrete description of H® (.3, R) can be extended to non-étale orbifold atlases
Qe : & ~ B. If £ = M is any proper foliation groupoid one can talk about forms
on M which are E-basic: they are the forms on M whose pull-back via the source
and the target map of & coincide. This defines a sub-complex (f,.(€),d) of the
de Rham complex of M and gives rise to a (Morita invariant!) cohomology of &,

denoted Hp, (€). When & is étale, this agrees with the previous definition.

Corollary 9.2.13. — For any proper étale groupoid 3 and any orbifold atlas & ~ B
one has natural isomorphisms

H{,o(€) = Hi,o(oB) = H* (B, R).
In particular, when H3 () = H}

B.s(B) = 0, if the ordinary gerbe defined by a
symplectic extension is trivial, then so is the induced symplectic gerbe.

9.3. The twisted Dirac setting

We close our discussion on gerbes by explaining briefly how to pass from the Poisson
to the (twisted) Dirac setting. The main outcome will not be a new theory of “twisted
presymplectic gerbes,” but a new way to represent symplectic gerbes by more general
extensions.

Let (0,Q,¢) = M be ¢-twisted presymplectic groupoid integrating a Dirac man-
ifold (M, L) with background 3-form ¢. As discussed in Remark 3.3.3, in the proper
regular case this still gives rise to a central extension

1 ) Q) —E@) —1

inducing an integral affine orbifold structure on the space B of orbits, with associated
presymplectic torus bundle & () equipped with the restriction of Q.

Start now with a sympletic torus bundle (& ,wg) over the orbifold (B,B) and
look at central extensions defined over some orbifold atlas Q¢ : & ~ B, of type

11— ——(0,Q,¢0) —— & —— 1,

with i*Q = wg;, but where (€,Q, ¢) is now a twisted presymplectic groupoid. Such an
extension will be called a central twisted presymplectic extension on the integral affine
orbifold (B, 8). The notion of presymplectic Morita equivalence between such exten-
sion is defined exactly as in the symplectic case, with the only difference that one now
allows twisted presymplectic bibundles and the twisting will vary (see Appendix A).
The construction of the Lagrangian Dixmier-Douady class of such an extension carries
over modulo some obvious modifications, giving

C2(C‘/7’Q7¢) € HQ(C%agLagr) = H3(£a01\)-

However, one does not obtain a new notion of “twisted presymplectic gerbes”:

Proposition 9.3.1. — For an integral affine orbifold (B,B), one has that:
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(1) any twisted presymplectic extension is presymplectic Morita equivalent to a sym-
plectic extension;

(ii) two symplectic extensions are presymplectic Morita equivalent if and only if they
are symplectic Morita equivalent.

Proof. — Part (i) follows by observing that:

(a) given a (regular) twisted presymplectic groupoid (§, ), ¢), after restricting to a
complete transversal to the foliation induced on the base, one obtains a twisted
presymplectic groupoid whose 2-form becomes non-degenerate. Moreover, as
in Example 9.2.2, this operation does not change the (presymplectic) Morita
equivalence class;

(b) given an extension ({,{,¢) over M and any 2-form 7 € Q2?(M), the orig-
inal extension is presymplectic Morita equivalent to its 7-gauge transform
(C,Q —t*t + s*1,¢ — dr). In particular, if ¢ is exact, then by such a gauge
transform one can pass to an untwisted presymplectic extension.

To prove (ii) we invoke again the fact that a presymplectic Morita equivalence between
symplectic groupoids is automatically symplectic. O

However, it is still interesting to think about twisted presymplectic representations
of symplectic gerbes. To illustrate that let us assume first that B is smooth, so that
(9.8) gives us the exact sequence:

(9.9) H3(B,R) —"— H3(B,0n) —=— H3(B, A).
From the construction of the Dixmier-Douady classes we immediately deduce:

Proposition 9.3.2. — Given an integral affine manifold (B,A), any closed 3-form
n € Q% (B) and a twisted presymplectic extension over the submersion pyr : M — B

1—— (I —— C,9,¢) —— M xg M —— 1,

then (C,, ¢ + pim) defines another twisted presymplectic extension with class:
c2(§, Q¢+ pym) = c2(§,Q, 8) + i [n).

In particular, even if we are only interested in symplectic extensions, twisted (sym-
plectic!) ones arise if one wants to understand the difference between symplectic gerbes
and non-symplectic ones:

Corollary 9.3.3. — Given an integral affine manifold (B, A), if two &x-central sym-
plectic extensions ((;, ;) induce the same (non-symplectic) gerbe, i.e., if there is a
Morita equivalence of extensions:

0~ 0,
then there exists a closed 3-form n on B and a twisted symplectic Morita equivalence
of extensions:

(g’h Ql) = (g’Za QZ7 77)'
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This discussion can be generalized from a smooth B to orbifolds (B, 3) by using
(9.9) instead of (9.8) and the description of H3(.3,R) via basic forms, provided by
Corollary 9.2.13. In other words, one works with presymplectic extensions

1—— e ——((,0,¢) —— & ——1

defined over orbifold atlases Q¢ : £ ~ 3 and one replaces the closed 3-forms n on B
by E-basic closed 3-forms on the base M of £. One concludes that for any C-basic
3-form n on M, the twisted presymplectic groupoid ({,Q, ¢ + n) has class satisfying
the same formula as in the previous proposition.

Remark 9.3.4. — 1t is not hard to see that all our definitions of (symplectic) gerbes
over orbifolds extend to gerbes over any Lie groupoid (gerbes over stacks) and the
definition of the (Lagrangian) Dixmier-Douady class makes sense at least for gerbes
over any foliation groupoid.
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APPENDIX A

SYMPLECTIC GROUPOIDS AND MOMENT MAPS

In this appendix we recall some basic notions and results associated with symplectic
groupoids and their actions on symplectic manifolds, which are needed throughout
the paper. Much of this material goes back to the work of Mikami and Weinstein [37]
and Xu [54], complemented by the results in [11].

A.1. Hamiltonian (-spaces

Given a Poisson manifold (M, 7) and an integrating symplectic groupoid (¢, ), a
Hamiltonian (-space is a symplectic manifold (X, Qx) endowed with a smooth map

q:(X,Qx) _>M7

as well as an action m of { on X along g which symplectic. The condition that the
action is symplectic can be expressed by saying that its graph:

Graph(m) = {(g,z,9-2): g€,z € X,s(g) =q(x)} CCx X x X
is a Lagrangian submanifold of ({ x X x X,Q ® Qx & —Qx). Alternatively, this
condition can be rewritten in the multplicative form:
m*(Q2x) = pry(Q) + pr3(Qx),

where pr; are the two projections.

Recall that a Poisson map ¢ : X — M is called complete if for any complete
Hamiltonian vector field X; € X(M) the pullback Xpoq € X¥(X) is complete. The
very first basic fact about Hamiltonian {-spaces is:

Lemma A.1.1. — Given a symplectic groupoid ((, Q) integrating the Poisson manifold
(M, 7) and a symplectic action of ((,Q) on (X,Qx), one has:

(i) ¢: (X,Qx) — (M, 7) is a complete Poisson map;

(ii) the induced infinitesimal action T*M on X,

d
o:¢T"M - TX, o(u,a,)=

Feli=o exp(tag) - u
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satisfies the moment map condition
(A].) ia(a)(Qx) = q*a Vae QI(M)

Conversely, if one starts with a Poisson map ¢ : (X, Qx) — (M, 7), it is immediate
to check that the moment map condition (A.1) defines an infinitesimal Lie algebroid
action o : ¢*T*M — TX. Moreover, one has:

Lemma A.1.2. — Letq: (X,Qx) — (M, n) be a Poisson map with associate infinites-
imal action o : ¢*T*M — TX. Then:
(i) if for some symplectic groupoid (¢, Q) integrating (M, ) the infinitesimal action
o integrates to an action of { on X, then the action is symplectic;
(ii) ifq: (X,Qx) — (M, ) is complete, the infinitesimal action always integrate to
a symplectic action of the Weinstein groupoid (3(M,x),Q) on (X,Qx).

The standard theory of Hamiltonian G-spaces for a Lie group G is recovered by
letting = T*G = G x g* be the cotangent symplectic groupoid integrating the linear
Poisson structure on g*, and ¢ : (X,Qx) — g* be the usual moment map.

A.2. Symplectic quotients of Hamiltonian (-spaces

Given a Hamiltonian (-space (X, {x), we will say that:

(a) the action is free at u € X if the isotropy group {, of the action is trivial;
(b) the action is infinitesimally free at u € X if the isotropy group §, of the action
is discrete. Equivalentely, if the isotropy Lie algebra of the infinitesimal action o
is trivial, or still if o, is injective. By (A.1) this is also equivalent to ¢ being a
submersion at w.
Symplectic reduction makes sense in the general context of a Hamiltonian (-space
q:(X,Qx) — (M, r): the symplectic quotient of (X, lx) at a point x € M is:

X/]e§i= q_l(m)/g/m'

This carries a canonical symplectic form uniquely determined by the condition that
its pull-back to ¢~ *(z) is QX|q*1(x)'

As in the classical case, to ensure smoothness one assumes that { is proper and one
restricts to points where the action is free, which form an open dense subspace of M.
The following proposition shows that, in that case, if the fibers of ¢ are connected,
then the symplectic reductions ¢~*(x)/C, can be interpreted as the symplectic leaves
of a second Poisson manifold:

Xred = X/Q?

which will still be of proper type, with the same space of symplectic leaves as (M, 7).

Proposition A.2.1. — Let ((,) be a proper symplectic integration of (M, ) and let
q:(X,Qx) — M be a free Hamiltonian (-space. Then:
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(1) Xreq is smooth and carries a unique Poisson structure m.q making the canonical
projection
pb: (X7 QX) i (Xredyﬂ-red)
into a Poisson submersion;
(ii) the gauge groupoid of the principal (-space X :

(A2) X4X = (X %ar X/§ =% Xiea)

with the 2-form induced from pri Qx — priQx € Q*(X xu X), is a proper
symplectic groupoid integrating (Myed, Tred);

(iii) the conmnected components of the symplectic quotients ¢~ 1(x)/(y are the sym-
plectic leaves of (Xred, Tred)-

A.3. Symplectic Morita equivalence

Free Hamiltonian (-spaces are also the main ingredient in symplectic Morita equiv-
alences. Moreover, the previous proposition becomes an immediate consequence of
one of the main properties of such equivalences. We start by recalling the definition
(see [54]):

Definition A.3.1. — A symplectic Morita equivalence between two symplectic
groupoids (G, ;) = M; is a Morita equivalence (see Section 2.3):

together with a symplectic form Qx on X such that the actions of ¢; and {5 on (X, Qx)
are symplectic.

Hence, the two legs in a symplectic Morita equivalence are left /right free Hamilto-
nian {;-spaces. The two actions are proper, but the groupoids need not be proper.

Similar to the non-symplectic case, one can recover one groupoid in a symplectic
Morita equivalence from the other groupoid and the bibundle (X, Qx) by the gauge
construction:

Co ng;X, o ng:X.

This is precisely the construction of (A.2) in Proposition A.2.1.

A Morita equivalence allows to identify various “transversal objects” associated
to (1, such as leaf spaces, isotropy groups, isotropy Lie algebras, monodromy groups,
etc., with the similar ones of (. Moreover, in the symplectic case, one obtains an
equivalence between Hamiltonian {;-spaces and Hamiltonian (»-spaces (see [54]). It
is not difficult to see that all these fit nicely together in the proper case, when the
homeomorphism between the two resulting leaf spaces will be a diffeomorphism of
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integral affine orbifolds and the variation of symplectic areas of symplectic reductions
for Hamiltonian ¢;-spaces will correspond to the ones for (.

A.4. Hamiltonian &/, -spaces

The discussion above is interesting even in the case of proper integrations of the zero
Poisson structure. By Proposition 3.1.6, these correspond to integral affine structures
A C T*B: the associated torus bundle 4 = T*B/A can be viewed as a symplectic
groupoid integrating (B, m = 0). Therefore, for any integral affine manifold (B, A) one
can talk about Hamiltonian &,-spaces in the sense discussed above, and we have:

Corollary A.4.1. — Let (B,A) be an integral affine manifold and let (X,Qx) be a
symplectic manifold endowed with an action of n along a smooth map q : X — B.
Then the following are equivalent:

(a) (X,Qx) is a Hamiltonian &y -space;
b) the moment map condition i, (Qx) = g o holds for all o € QY (B), where
(@)
o:¢*T*B — TX is the infinitesimal action induced by the action of Jn on X.

From Proposition A.2.1 and the discussion on Morita equivalences we deduce:

Corollary A.4.2. — Given an integral affine manifold (B,A) and a free Jx-Hamil-
tonian space q : (X,Qx) — B, with quotient X,eq := X/Ia, one has:

(i) There a unique Poisson structure Treq on Xieq carries such that the projection
is a Poisson submersion with connected fibers:

(A.3) P (X, Qx) — (Xred; Tred)-
Moreover, p makes (X,Qx) into a proper isotropic realization of (Xyed, Tred)-
(ii) (Xred,Treqa) admits the following proper integrating symplectic groupoid:
(A.4) X5 X i= (X x5 X) [Tk = Xoea,

with the 2-form induced from the 2-form pri Qx — pry Qx € Q%(X xp X).
(iil) (X,Qx) defines a symplectic Morita equivalence:

Xg;XO X @%

=" I

Xred B.

In particular, there is a 1-1 correspondence between Hamiltonian &y -spaces and
Hamiltonian X{}k X -spaces.
JA

Note that the s-fibers of the gauge groupoid (A.4) are copies of the g-fibers, so we
we conclude that X,.q is of proper type when the fibers of q are connected. There are
examples where the fibers are not connected, the gauge groupoid is proper, but its
source connected component fails to be proper.

ASTERISQUE 413



A.5. THE TWISTED DIRAC CASE 143

We show in Section 3.1 that Hamiltonian $/3-spaces are nothing more than La-
grangian fibrations (X, Qx) — B inducing the integral affine structure A on B. When
B = T™ with its standard integral affine structure, &/ is the trivial T"-bundle over T"
and Hamiltonian /5-spaces are the same thing as quasi-Hamiltonian T"-spaces in the
sense of (Reference [4]).

A.5. The twisted Dirac case

Let us mention briefly how to modify the previous discussion in the case of twisted
Dirac manifolds. For details see [55].

Given a presymplectic groupoid (¢,€,¢) integrating a twisted Dirac manifold
(M, L) with background 3-form ¢ € Q%(M), a Hamiltonian (-space consists of a
manifold X, endowed with a 2-form Qx, together with a smooth map

q: (Xa QX) — M,
as well as an action m of { on X along ¢, satisfying:
(a) multiplicativity: m*(Qx) = pri(Q) + pri(Qx);
(b) twisting: dQx — ¢*¢ is horizontal relative to the action.

For such a Hamiltonian (-space, the map q : (X,Qx) — (M, L) is a forward Dirac
map. One also has analogs of Lemmas A.1.1 and A.1.2.
For a free Hamiltonian (-space, the reduced space:

Xred = X/Q)

now carries a unique ¢eq-twisted Dirac structure L,.q for which the projection
p: (X,w) = (Xred, Lrea) is a forward Dirac map and the twisting satisfies:

dQx = ¢"¢ — p*Prea-

The gauge groupoid:
Xach =X xy X/0= M),

with the 2-form induced from priQx — prjQx, is a ¢rq-twisted presymplectic
groupoid integrating (M, Lyeq), with leaves the presymplectic quotients ¢~ *(z)/Cs.

A presymplectic Morita equivalence between two ¢;-twisted presymplectic
groupoids (G, ;) = M; is a Morita equivalence:

o X D &
JJ / x ll
Ml MQ,
together with a 2-form Qx on X such that the actions are presymplectic:
m; (Qx) = pri() + pry(2x) (i =1,2),

and the following twisting condition holds:

dQx = q1¢1 — q502.
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Hence, the two legs in a presymplectic Morita equivalence are left /right free Hamil-
tonian (;-spaces and one can recover one groupoid from the other groupoid and the
bibundle (X, Qx) by the gauge construction:

0o 2 XxX, 0 =2XxX.
5] G2

Note that a twisted presymplectic groupoid maybe presymplectic Morita equivalent

to a non-twisted symplectic groupoid. Moreover, it is easy to check that:

(i) Any ¢-twisted presymplectic groupoid (¢,Q,¢) = (M, L) is presymplectic
Morita equivalent to its restriction to a complete transversal (}|T = T, which
is a twisted symplectic groupoid with twisting the restriction of ¢ to the
transversal T'.

(ii) A presymplectic Morita equivalence between two symplectic groupoids is actu-
ally a symplectic Morita equivalence.

Finally, given a 2-form B € Q2(M), there is a presymplectic Morita equivalence
between a ¢-twisted presymplectic groupoid (§,Q) = (M, L) and its B-transform,
namely the (¢ + dB)-twisted presymplectic groupoid (£,Q') = (M,ePL), where
Q' =Q+t*B - s*B.
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APPENDIX B

PROPER TRANSVERSE INTEGRAL AFFINE FOLIATIONS

In this chapter we show that some of the ideas from Molino’s structure theory of
riemannian foliations ([40, 41]) can be adapted to the case of transverse integral affine
foliations proving in particular that the leaf spaces of proper transverse integral affine
foliations are good orbifolds, i.e., global quotients modulo proper actions of discrete
groups. In the terminology of [49, 26|, we show that proper integral affine foliations
are complete.

Throughout this chapter we fix a foliated manifold (M, sf) together with a trans-
verse integral affine structure A C v*(cf).

B.1. Transverse integral affine structures and the foliation holonomy

We start by investigating the influence of the transverse integral affine structure A
on the holonomy of ¢ Note first that the various groupoids associated to the foliation
discussed in Section 2.1 fit into a sequence of groupoid morphisms

Mon (M, F) —2 Hol(M, ) —= Hol"™ (M, &) € GLA(v(¢F)),

where the A in the last factor is justified by the fact that the holonomy of the foli-
ation preserves A. As pointed out in Section 2.1, unlike the other groupoids in this
sequence, Hol"™ (M, f) does not have a smooth structure making lin smooth unless
the holonomy is linear.

Proposition B.1.1. — If (M,sF) admits a transverse integral affine structure then its
holonomy is linear, i.e., lin is bijective. Moreover, with the induced smooth structure,
Hol™ (M, &) is an immersed Lie subgroupoid of GL(v(SF)).

Proof. — For a leafwise path v from x to y, choosing small transversals S through z
and T through y, the induced holonomy germ hol(v) : (S,z) — (T, y) preserves the
integral affine structures on the transversals. Using transverse integral affine charts,
we obtain a a germ of a diffecomorphism R? — R? around the origin which preserves
the standard integral affine structure. Such germs are clearly linear. O
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Note that Hol"™ (M, ) € GL(v(¢F)) may fail to be an embedding: one example is
given by the Kronecker foliation on the torus, with an irrational slope. This problem
will soon disappear, once we assume properness of the foliation.

Next we compare the holonomy of the foliation, which we will refer to as 5#-holon-
omy, with the ones associated to the transverse integral affine. Recall from Section 5.1
that, associated to A, we consider:

— the linear holonomy A" : II; (M) — GL4 (v(¢f)) with image denoted by
™ (M, A) € GLA(v(F));

— the affine holonomy AA% : T1; (M) — Aff5 (v(5F)) with image denoted by
M (M, A) € Affp(v(SF)).

While the holonomies associated to A are defined on II; (M), the #-holonomy is
defined on Mon(M, o7 ). Hence, to compare the two, we will use the tautological map
sending the leafwise homotopy class of a leafwise path to its homotopy class as a path
in M:

ix : Mon(M, &F) — II; (M).
Proposition B.1.2. — For a transverse integral affine structure A on a foliation

(M, f), its holonomies are related to the of -holonomy through the following commu-
tative diagrams:

0, (M) — 4 GLA(W(F)) 0y (M) — s AfEA (n(F))
Mon (M, &f), Mon (M, &F).

In particular, the &f -holonomy sits inside both the linear and the affine holonomy, and
Hol(M, f) sits as an immersed subgroupoid:

j : Hol(M,F) — I (M, A), (0,7) : Hol(M, &F) — I (M, A).

Proof. — For the commutativity of the first diagram it suffices to check that the flat
connection V on v(¢f), whose parallel transport gives rise to A", when computed on
vectors tangent to 5, becomes the Bott ¢#-connection, whose parallel transport gives
rise to hol"™. In other words, that we have:

Vv(X)=[V,X], VVEeTI() X eTw().

This is a local statement that follows right away using local vector fields X1,..., X¢
spanning the integral lattice and such that [V, X¢] € ['(f) whenever V € T'(¢f).

The commutativity of the second diagram follows from the first one and the remark
that the developing map dev : II; (M) — v(s¥) vanishes on the image of i.. To prove
the remark observe that the projection TM — v(gF), an algebroid 1-cocyle whose
integration is dev, is zero on the sub-algebroid & C T'M; hence h2f o4, as a groupoid
cocycle integrating the zero algebroid cocycle, must be trivial. O
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B.2. Lifting to the linear holonomy cover

As in Section 5.1, one can be more concrete by fixing

— a base point x € M, and
— a Z-basis by = {\1,..., A} for A,.

Then one can represent the o#-holonomy at z as a map
holhn|$ :m1(S, ) — GLz(R?),

and similarly for the holonomies of A, h“n| and hAﬁ| , defined on (M, z) (see
(5.1)). The diagrams in Proposition B.1.2 become the following diagrams:

plin RAEE
71'1(M, $) 4% GLz(Rq) s T('l(M, ZL’) HL Aﬁz(Rq)
}* 4 }* A )
7'[-1(La‘1")7 7T1(L,$).

The images of h“n|z and hAff|w will be denoted by
rlin ¢ GLz(RY), TAT ¢ Aff;(RY),

respectively. These groups, being quotients of 71 (M, x), give rise to a sequence of
covering spaces endowed with pull-back foliations:

(M, ) —— (MAT, FAT) s (MI®, Fm) —— (M, ).

Each of these foliations has a (pull-back) transverse integral affine structure. Using
the base point x, we can identify each of these spaces with the source fiber at = of
the corresponding groupoids:

M =T, (M)(z,—), M =T, A)(z,—), M™=T"(M,A)(z,-).

Remark B.2.1. — One can also use the basis by to obtain a more concrete model
for M'", as the connected component through (z,b,) of the A-frame bundle:

Fr(v(ef),A) :== {(z,v1,...,94) : & € M,v1,...,v, — basis of A} C Fr(v(sF)).

We will not use this description in what follows, but it provides some geometric insight
into the linear holonomy cover and actions on them. Incidentally, it also shows that
1" (M) is the unit connected component of GLa (v(¢F)).

Next, we state the main properties of the foliation (M!", #!"). An entirely similar
result holds for (M2, FA%) but we leave the details to the reader.

Lemma B.2.2. — If p : M"™ — M is the covering projection, then the foliation
(M FYn) has the following properties:

(i) 4t has trivial &f -holonomy;

(i) the action of TH™ on MU™ takes leaves to leaves;
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(iii) each leaf L' of F'™ is isomorphic to the &F-holonomy cover of a leaf L of &,
with covering projection the restriction of p : M"™ — M;

(iv) there is a free, possibly non-proper, action of Hol(M,s5f) = M on M'"™ — M
and Hol(M'», Flin) = MU s isomorphic to the resulting action groupoid
Hol(M, &) x M = Mtin;

Proof. — Property (i) should be clear since the transverse integral affine structure
p*A on (M"'", #1n) has linear holonomy map the composition of the linear holonomy
map of A on (M,gf) with p, : m (M) — 7 (M). Using Proposition B.1.2, we
conclude that (M, 1) must have trivial holonomy.

Property (ii) follows from general properties of covers and pullback foliations.

For the proof of property (iii), we consider the s-fiber IT{*(z, —) above z, together
with the target map

p: 1" (z,—) — M,
as a model for the covering p : M'"™ — M. From the homotopy exact sequence of the

Tlin_cover p : M™ — M, we obtain the following short exact sequence:

lin

0 —— m(Min) —— (M) 2 Tlin 0.

For any embedded sub-manifold L C M and for any connected component L’
of p~1(L), the restriction p|,, : L' — L is a covering projection with group the image
of i, (w1 (L)) by hln. In particular, 7 (L) is isomorphic to the kernel of the composi-
tion A" o i, which equals the linear holonomy group of (M, ¥) by Proposition B.1.2.
This proves (iii) in the case where the leaves are embedded. With some care, the
argument can be adapted to immersed leaves L C M. An alternative proof of (iii)
follows also from the proof of (iv), to which we now turn.

In the model above, the action of Hol(M, ) on MU is induced from the inclusion
j : Hol(M, &F) — TI™ (see Proposition B.1.2): this clearly gives a free, left, action

Hol(M, &) x TIi*(z, —) — TN (2, =), (a,7) — j(a)y.
The orbit of the action through any v € II¥®(z, —) is the image of the immersion:
R’Y : HOI(Ma (’57)(1.,7 _) - Hllin(xa _)a R"/(a‘) = J(a)fy

We claim that the tangent space at -y to such an orbit coincides with T',¢F lin Since
these orbits are smooth, connected, immersed submanifolds of M'* = II4*(z, —), it
will follow that they are precisely the leaves of &#!i". To prove the claim we compute

(dp)(dRy (Ta Hol(M, &f ) (2", —))) = (dt)y (T Hol(M, & )(x, —)) = Ty(a)of -

This shows that dR, (T, Hol(M,F)(x',—)) C Tjy)ac/™; by a dimension counting,
this inclusion must be an equality, proving the claim. Therefore Hol(M, &) x M is
a groupoid over MU" integrating 7', so it comes with a groupoid submersion

Hol(M, &) x M'™ — Hol(M"!», 1in),
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Composing this map with the anchor (s, t) : Hol(M!® glin) — pflin x Ml gives the
anchor (s,t) : Hol(M, ) x MY — M x M'n | which is injective by freeness of the
action. Therefore the submersion is actually a diffeomorphism and (iv) follows. O

B.3. Proper Foliations: a Molino type Theorem

In the proper case we have:

Lemma B.3.1. — If (M,sf) is a proper foliation with a transverse integral affine
structure then the immersions Hol(M, ) — GL(v(sF)), Hol(M,F) — TIi*(M) and
Hol(M, ) — I (M) are embeddings of Lie groupoids.

Proof. — By Proposition 2.4.2, the properness of (M,sF) implies that Hol(M,f) is
a proper groupoid. It then suffices to remark that if $# is a proper groupoid and
F : $#% — (¢ is a morphism of Lie groupoids over M covering the identity on the
base, then F is automatically a proper map: for K C { compact, F~1(K) is closed
inside the compact ¢#(s(K),t(K))), hence it must be compact. In particular, if F' is
an injective immersion, than it is automatically a closed embedding. O

As explained in Example 3.2.6, under the present assumptions, B = M/sf is an
integral affine orbifold. Our final result shows that B is actually a good orbifold:

Theorem B.3.2. — If (M,sF) is a foliation of proper type with a transverse integral
affine structure, then the linear holonomy cover (M 1) is simple and carries a
transverse integral affine structure. Hence, its space of leaves

Blin = Mlin/c«?lin

is a smooth integral affine manifold. Moreover, the action of T'"™ on M'™ descends to
a proper action on B by integral affine transformations and M"™ yields a Morita
equivalence:

HOl M C? Mhn Bhn >4 rhn

/\

In particular, we have an isomorphism of integral affine orbifolds:

M/&r o~ Blin/l—wlin'

Bhn

Proof. — By Lemma B.2.2 (iv), the holonomy groupoid of (M'* ") is proper
and this foliation has trivial holonomy. Hence, it must be a simple foliation with
smooth orbit space B'". Equivalently, now the free action of Hol(M,sf) on M is
also proper, hence B = M!"/Hol(M,sF) is smooth and ¢ : M'" — BUn js a
principal Hol(M, ¥ )-bundle. By Lemma B.2.2 (ii) we have an action of I'" on B'»
and p : M'"™ — M is a principal B x I'"-bundle.
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The two actions on MU " clearly commute, hence we obtain a Morita equivalence.
Since properness is a Morita invariant, it follows that the action of ' on B"® must be
proper. The properties concerning the integral affine structure are straightforward. [J

Remark B.3.3. — There is a version of the previous theorem where the linear holon-
omy cover M is replaced by the affine holonomy cover M2 giving rise to a similar
Morita equivalence of Hol(M,f) = M with BAf x T'Af = BAf Here BAf is the
affine holonomy cover of the integral affine manifold B'". This version allows us to
view the developing map dev : MAf — R as the composition of the projection
MARE — BAR with the developing map dev : BAT — R of the integral affine mani-
fold B. The argument uses the affine version of Lemma B.2.2.

Since a classical integral affine orbifold can always be obtained as the leaf space of
a foliation of proper type with a transverse integral affine structure, we conclude:

Corollary B.3.4. — Any classical integral affine orbifold is a good orbifold.
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