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ABSTRACT

This thesis is divided into four chapters. The first chapter discusses the relationship between stacks on
a site and groupoids internal to the site. It includes a rigorous proof of the folklore result that there is
an equivalence between the bicategory of internal groupoids and the bicategory of geometric stacks. The
second chapter discusses standard concepts in the theory of geometric stacks, including Morita equivalence,
stack symmetries, and some Morita invariants. The third chapter introduces a new site of Dirac structures
and provides a rigorous answer to the question: What is the stack associated to a symplectic groupoid?
The last chapter discusses a remarkable class of Poisson manifolds, called b-symplectic manifolds, giving a

classification of them up to Morita equivalence and computing their Picard group.
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Introduction

Background

One of the main goals of this thesis is to provide a rigorous foundation for the study of stacks in the context
of Poisson geometry. The motivation for this originates with the introduction of symplectic groupoids
independently by Weinstein [51], Karasév [27], and Zakrzewski [53] in the late 1980s.

The original intent of symplectic groupoids was as a method for attacking the quantization problem
in Poisson geometry. The hope was that it would be possible to reformulate the quantization problem
of a Poisson manifold to an (easier) quantization problem on the associated symplectic groupoid. While
this has not been accomplished, many other applications of symplectic groupoids have been found towards
understanding the geometry of Poisson manifolds.

A few years before symplectic groupoids were introduced, Hilsum and Skandalis |25] had noted the
connections between bibundles of ‘foliation groupoids’ and the transverse geometry of the foliation. Such
objects had a straightforward generalization to arbitrary Lie groupoids. In the topological setting, Mo-
erdijk [39] [40] [41] related groupoid bibundles to morphisms of their associated sheaves. This work and the
subsequent work of other authors built upon this and led to the general belief that studying Lie groupoids
and their bibundles is equivalent to studying geometric stacks (groupoid valued sheaves) on the site of man-
ifolds. From this point of view, an equivalence (called a Morita equivalence) of Lie groupoids is a principal
bibundle.

To connect these developments to Poisson geometry, consider the notion of a dual pair [50]. This consists

of a pair of Poisson manifolds M and N, together with a symplectic manifold S equipped with Poisson maps:
M~—S—N

such that the fibers of M are symplectically orthogonal to the fibers of N. Algebraically, a dual pair relates

the Lie algebra of functions on M to the Lie algebra of functions on N,

(M) — C(8) + C*(N).



Marsden and Weinstein observed that the Poisson manifolds M and N seemed to be closely related. In
particular, under some connectedness and completeness conditions, they have isomorphic leaf spaces as well
as isomorphic transverse geometry. Furthermore, examples of dual pairs made frequent natural appearances
in the subject. For instance, an example of a dual pair arises from the moment map S — g* of a free and

proper Hamiltonian actions of a Lie group on a symplectic manifold:
g"+ S—S/G.

The relationship between symplectic groupoids and dual pairs arises from the observation due to Xu [52]

that a sufficiently well behaved dual pair inherits a principal bibundle structure:

eSS H

M+~S—N = g/ \%

In particular, G and H are Morita equivalent as Lie groupoids. This formed the basis for Xu’s definition of
symplectic Morita equivalence of symplectic groupoids (and consequently Poisson manifolds).

Although Morita equivalence of Lie groupoids was motivated by a correspondence of sheaves. It was not
clear at the time how to understand symplectic groupoids sheaf theoretically and it was certainly not under-
stood what sort of equivalence of sheaves one should expect to obtain from a symplectic Morita equivalence.

The study of symplectic Morita equivalences has been well developed since the pioneer work we have
described above. For instance, dual pairs and symplectic groupoids have appeared in classical mechanics [33]
and deformation quantization |26]. New Morita invariants, such as the Picard group, have been defined [7]
and studied [46].

Our goals here are twofold. One is to develop a rigorous treatment of symplectic groupoids as presenta-
tions of stacks. The other goal is to obtain classification results for interesting families symplectic groupoids,
up to Morita equivalence. The first three chapters are concerned with the first goal, while the last chapter

accomplishes the second.

Contents

Although our primary interest is in Poisson geometry, it turns out that Poisson and symplectic geometry
are not sufficiently well behaved categorically to provide a rigorous stacky treatment of symplectic Morita
equivalences. In order to resolve this, we will first make a detour into the general theory of sites, stacks,
and groupoids in the first two chapters. Thereby, we will obtain a nice criteria for exactly what sorts of
categories are amenable to a theory of geometric stacks and groupoids. The result is a general theory for
understanding stacks over sites that are ‘similar to manifolds.’

In the third chapter we introduce and study a site called DMan which makes the stack of a symplectic



groupoid rigorous. Lastly, the fourth chapter is dedicated to solving the classification problem, up to Morita
equivalence, for a special class of Poisson manifolds called b-symplectic. We will now proceed with a more

detailed description of the contents of each chapter.

Chapter 1

Chapter 1 is dedicated to making the correspondence between groupoids and geometric stacks rigorous. The
setting that we will use is that of a good site (see Definition |1.34)), which we have introduced in this thesis.
The main theorem (Theorem [1.59) that we prove in Chapter 1 is:

Theorem (Fundamental theorem of geometric stacks). Suppose C is a good site. There is an equivalence
of bicategories between the bicategory of groupoids internal to C (with bibundles as morphisms) and the

bicategory of geometric stacks on C.

We should make a few comments about the context of this result. The above theorem is false for an
arbitrary (i.e. not necessary good) site. We define a site C to be good enough if the above theorem holds.
The the content of our work is therefore to prove that a good site is good enough, where good is a set of
criteria that is fairly reasonable for geometric categories. For example, the sites of schemes, manifolds, and
topological spaces are all good.

In the case that C is the site of smooth manifolds, the theorem roughly says that studying Lie groupoids
and bibundles is equivalent to studying geometric stacks on the site of manifolds. This is fairly well known
and the earliest sketch of the result is in Blohmann |2|. Later, Carchedi [§] included a complete proof in his
thesis. We will see in Chapter 3 that there is a good reason for us to generalize this result to sites beyond

manifolds.

Chapter 2

Chapter 2 continues the work of Chapter 1 with a more in depth look at equivalences of stacks (Morita
equivalence). In particular, it develops the relationship between morphisms of groupoids internal to C and
groupoid bibundles. The key concept is that of a weak equivalence of groupoids in C. The main theorem of

the chapter is Theorem [2.14] which says:
Theorem. The following are equivalent:
e G and H are Morita equivalent as C-groupoids.
e There exists a C-groupoid IKC and a pair of weak equivalences H < K — G.

When C is the site of smooth manifolds, this fact is well known. Our main contribution is the observation
that the result holds for any (good) site. This theorem is a weaker version of a stronger fact that (in

some sense) bibundles are the universal object which inverts weak equivalences and the construction of a



(bicategory) of fractions. For more details on these ideas see Pronk [44] or Pradines [43]. More recent work
on the subject, and in a fairly general setting was done by Meyer and Zhu [35] as well as Roberts [36]. This
result has significant utility in the study of Morita invariants since it is often-times much easier to prove

invariance of a property under weak equivalence than bibundles.

Chapter 3

Chapter 3 finally relates all of our work to Poisson geometry by introducing the good site of Dirac manifolds
DMan. Dirac manifolds were originally described by Theodore Courant [10]. They unify Poisson structures,
foliations, and symplectic forms as Dirac structures. Intuitively speaking, a Dirac structure should be thought
of as a (possibly singular) foliation of the manifold by pre-symplectic manifolds. Although we will state all
of the most important details about Dirac structures, we refer the interested reader to [4] or [38] for more
detail.

For us, Dirac structures are a convenient relaxation of the notion of a Poisson structure to improve
categorical behavior. The category Poisson manifolds is rather poorly behaved and a symplectic groupoid is
not a groupoid internal to Poisson manifolds. However, in DMan we have D-Lie groupoids and the punchline

of the chapter is the Theorem [3.42] which says:

Theorem. Let G and H be symplectic groupoids. Then G and H are also D-Lie groupoids and the following

are equivalent:

(1) G and H are Morita equivalent as symplectic groupoids.

(2) BG is isomorphic to BH.

(8) There exists a principal (G, H)-bibundle of D-Lie groupoids.

(4) There exists a pre-symplectic groupoid G' and a pair of weak equivalences of D-Lie groupoids G + G — H.

At first sight it may seem that this theorem follows as an immediate corollary of the main theorems of
the first two chapters. However, there is some work to be done in order to show that DMan actually does
what we want. The main reason this all works is the, slightly surprising, Proposition which relates
Morita equivalenc of D-Lie groupoids to the existing notion of symplectic Morita equivalence. Throughout
the chapter, we also take the time to give geometric characterizations of groupoids and bibundles in DMan,

as the categorical definition is not particularly amenable to doing geometry.

Chapter 4

Chapter 4 shifts gears from theory building to computation. The main goal is to classify, up to Morita
equivalence, a special class of Poisson manifolds called b-symplectic (or log-symplectic). A b-symplectic

manifold is a type of Poisson manifold which is a mild degeneration of the notion of a symplectic manifold,



where the symplectic form has a log type singularity along a prescribed hypersurface. The relative tameness of
b-symplectic manifolds means that they form a tractable class for the explicit calculation of many invariants
of Poisson manifolds (see 23], [3], |46] and [45]).

In particular, the Picard group of a b-symplectic compact surface M was computed by Radko and
Shlyakhtenko in [45]. The goal of the chapter is to prove a generalization of their result to arbitrary (even)
dimension: we calculate the Picard group of any stable b-symplectic manifold. Every b-symplectic structure
on an orientable compact manifold can be perturbed to a stable one, so in this sense stable structures are
fairly generic.

For any stable b-symplectic manifold M we will construct a collection of discrete data &t called a discrete
presentation of M. The discrete presentation is a combinatorial object which takes the form of a heavily
decorated graph that encodes the topological configuration of the symplectic leaves of M. This graph
resembles the data that was used previously in the aforementioned calculation of the Picard group of a
compact surface and by Gualtieri and Li to classify integrations of b-symplectic manifolds [22]. The edges
of the graph &t represent the connected components of the singular locus of M while the vertices represent
the orbits. The decorations take the form of the fundamental groups of open orbits m; (U), the fundamental
groups of symplectic leaves 71 (L) of the singular locus and homomorphisms between them.

The main results of the chapter are the following two theorems. The first says:

Theorem. Suppose M is a stable b-symplectic manifold and &t is a discrete presentation of M. Then:
Pic(M) & (outAut(esr) x RN) JH,

where H C OutAut(®t) x RY is a discrete normal subgroup.

We give an explicit description of H and the action of RY on OutAut(&t). Of course, to make sense
of this result we will define isomorphisms and inner automorphisms of discrete presentations. It turns out
that isomorphisms of discrete presentations are a powerful tool for the classification of stable b-symplectic

structures. This is the content of our second main theorem:

Theorem. Suppose My and My are stable b-symplectic manifolds and &ty and Bvs are discrete presentations
of each, respectively. Then M, and My are Morita equivalent if and only if there exists an isomorphism

Gty — Gro.

The relatively simple statements of Theorem and Theorem are somewhat deceptive as the
definition of an isomorphism of discrete presentations &ty — &ty is not so straightforward. On the other

hand, the data can often be simplified when computing specific examples (see Section |4.7)).



Chapter 1: Sites and stacks

In this chapter, we will give a general treatment of stacks on a site. Our aim is to develop a general theory
of geometric stacks which resembles that of stacks over differentiable manifolds. The focus of our treatment
is to relate geometric stacks on a well behaved site C to groupoids internal to C.

A significant background in category theory is not necessary to understand our work here. However,
it is not possible (or advisable) to completely avoid category theory and we will apply simple categorical
reasoning when appropriate. After all, the objects of study (stacks) are inherently categorical. The author
also hopes that the following will provide a reasonable bridge between category theory and geometry and

hence we use a language that is intelligible to a person in either subject. This chapter will proceed as follows:

e In Section [I.1] we will introduce our notation and recall the basic definitions for categories as well as

establish the notion of a category with topology.

e In Section we will proceed to define categories fibered in groupoids and stacks and provide a precise

definition for what we mean by geometric stack.

e In Section [I.3] we will define what we mean by a groupoid internal to a site. We will then proceed to
define the functor B which will relate groupoids to geometric stacks. This section will conclude with

a proof of Theorem which states that B is an equivalence.
e In Section we will take a look at a few simple example of sites to which we can apply our results.

The general strategy we will use is piecemeal borrowed from a variety of expository texts on the subject.
In particular, our work is guided by Xu and Behrend [1] as well as Metlzer [34] which have both written
excellent treatments of the subject. Lerman |29] and del Hoyo |17] also provided the author with significant
inspiration and intuition. Lastly, another short treatment of the main theorem of this chapter, in the setting

of smooth manifolds, can be found in Blohmann [2].



1.1 Categories and topology

1.1.1 Notation

Categories will play a central role in both the study of groupoids and sites. It will be convenient to recall

our basic definitions and notation.

Definition 1.1. A category C is composed of a collection Cy called the objects, and a collection C; called

the morphisms, together with the following;:

e to every morphism f € C; we associate two objects M and N called the source and target of f

respectively. This situation is summarized by the notation: f: M — N;

e to every object M € Cy we associate a morphism Id,; called the unit of M,

e to every pair of morphisms f: M — N and g: N — O we associate a morphism go f: M — O.
This data must satisfy the following axioms:
(C1) the source and target of Idys is M,
(C2) the source of f o g is the source of f,
(C3) the target of f o g is the target of f,
(C4) given any f: M — N and Idy: M — M then foly = f,
(C5) given any f: M — M and Idy : y — y then Idy o f = f,
(C6) given any three morphisms f, g and g then (hog)o f = ho (go f) whenever defined.

Example 1.2 (Sets). The category whose objects are sets and whose morphisms are set theoretic mappings

will be denoted by Set.

Example 1.3 (Topological spaces). The category whose objects are topological spaces and whose morphisms

are continuous mappings will be denoted by Top.

Example 1.4 (Smooth manifolds). The category whose objects are smooth manifolds and whose morphisms

are smooth maps will be denoted by Man.

Example 1.5 (Open sets). Given a topological space X, then we will denote the category whose objects

are open subsets of X and morphisms are given by subset inclusions.

Example 1.6 (Opposite category). Suppose C is any category. Then we can construct a new category C°P
called the opposite category for which the source and target are swapped, and the order of composition is

reversed.



Given any two objects, M and N € Cy, we denote by Hom (M, N) the subcollection of C; which consists
of morphisms whose source is M and target is N. Sometimes we may write End(M) to denote Hom(M, M)
the endomorphisms of M.

Given an arbitrary object M € C, then a generalized element x is a morphism x whose codomain is
M. Generalized elements and morphisms will be distinguished by our notation. For example, generalized
elements of M will usually be denoted by x or y whereas morphisms in C are denoted by f or g. One
can ‘push forward’ generalized elements along a morphisms f: M — N by taking f(x) := f oz which is a

generalized element of N.

Example 1.7 (Slice category). Given any category C and an object M in Cy, one can define a new category
C/M called the slice category of M. An object in C/M is a morphism f: N — M. A morphism in C/M is
a commutative triangle:

LI Y

lg 1Ml (1.1)

Ny — 5

where the source is fi, the target is fo and composition is defined by composing in C vertically.

Definition 1.8. A commutative square consists of four morphisms illustrated below:

M-t nN
h lg
o—*r,p

such that go f = ko h. A commutative square is a pullback square if for any f': M’ — N and h': M’ — O
there is a unique morphism e: M’ — M such that foe= f’ and goe = g'.

The pullback property implies that g and & define M up to a unique isomorphism. For this reason we
may write M = O X4 N or M = O xp N and call M the fiber product of k and g. Following this notational
convention, we may use f' x h’ or (f’,h') to denote the unique morphism defined by the universal property
(called e above). pr, and pr, will denote the projection maps O xp N — O and O xp N — N, respectively.

For most categories, when fiber products exists there is a canonical such object. However, the universal
property only guarantees uniqueness up to a unique isomorphism. To justify our use of the notation O x4, N
we will assume that for any given category, we have made a choice of fiber product for every pair of morphisms

g and k such that the fiber product exists. For example, when C' = Set then the most natural choice is the

set {(z,y) : g(x) = k(y)}-

Definition 1.9. Given a morphism f: M — N in a category C, we say that f is an isomorphism if there
exists a morphism such that f o g = Idy and go f = Idys. In such a case, we may write g = f~1.

A morphism is f: M — N is called cartesian if for all g: M’ — N the fiber product M’ x y; M exists. How



strong the cartesian condition is depends on how many fiber products the category admits. For instance, in
the category of manifolds the cartesian maps are the (local) submersions. On the other hand, in the category

of sets every morphism is cartesian.

Definition 1.10. A functor F': C — D is a pair of mappings of collections F;: C; — D;, i = 0,1 such that

F respects the source, target, and composition relationships. That is:
(ft M - N) — (Fl(f): Fo(M) — FO(N)) and Fi(fog)=Fi(f)o Fi(g).

For general categories, we will typically omit the subscripts in Fy and Fj for brevity.
A functor F': C — D is called

e full if the mapping Hom(M, N) — Hom(F (M), F(N)) is surjective,

e faithful if that same mapping is injective,

fully faithful if both of the above hold,
o surjective on objects if Fy is surjective,

e essentially surjective on objects (or just essentially surjective) if every object in D is isomorphic to one

in the image of Fy,

e an isomorphism if there exists another functor G: D — C such that F' o G and G o F' are identity

functors,
e an equivalence of categories if it is both essentially surjective and fully faithful.

Remark. We do not assume that our categories are concrete (meaning that they have a fully faithful functor
into the category of sets). For this reason, all definitions of morphisms or proofs of equalities of morphisms
should technically be done without reference to ‘points’ or ‘elements’. However, the notation for composition
of morphisms can be cumbersome and most computations done in terms of elements can be turned into
computations involving compositions of morphisms in some category.

Our use of the generalized element notation helps to alleviate this problem. For instance, if we want to

define a morphism f: M; X x My — Ny Xy Ns. Then we may write:

f(ma,mz) == (fi(my), fma)) .

Formally, this means f := (f1 o pr;) X (f2 o pry). The expression can be made precise if we think of m; as

the generalized element pr,: M; x x My — M; and mg as the generalized element pry: My x x My — Mo.



1.1.2 Grothendieck topology

The categories that we are interested in come with topological structures. The concept of a Grothendieck
topology allows us to explore the consequences of such a structure in the abstract. We will begin with the
concept of a sieve, which is just a collection of morphisms closed under right composition. Throughout this

subsection, C is a fixed category.

Definition 1.11. A sieve S on an object M € Cy is a (possibly empty) collection of morphisms whose target
is M, such that S is closed under precomposition. That is, for all f € S and g € C; then fog € S whenever
it is defined.

Let us make a few remarks about sieves:

e An arbitrary subcollection S’ C Hom(—, M) defines always defines a sieve S := {fog: f € 5, g € C1}.

In such a case we say that S is generated by S’.

e Given a sieve S on M and a morphism g: N — M, the collection g*S := {f: go f € S} is called the

pullback sieve along g.
e Given two sieves S and T on M, the intersection S N T is also a sieve.

e Give asieves S = {s;: U; = M}er and T = {t;: V; = M} ey let S xpr T denote the collection of
fiber products {s; xar tj}i j)erxs- S1 X Sz is a sieve. However, if either Sy or Sy is generated by
cartesian morphisms, then S; x s So generates S; N Ss.

When S = T we denote the elements of S x s .S by {s;;: U;; — M}. We extend this notation to higher

products as well, where s;;1.: Uj;x — M denotes the map U; X U; xpr Uy — M.

We can now define a Grothendieck topology. Roughly speaking, a Grothendieck topology is a collection of
distinguished sieves which are designated covering sieves. Covering sieves should roughly behave like a sieve

generated by open embeddings whose images cover the target.

Definition 1.12. A Grothendieck topology on a category C is an assignment to each object M, a collection

of subsets of Hom(—, M) called covering sieves. This assignment must satisfy the following properties:
(T1) The whole of Hom(—, M) is a covering sieve of M.

(T2) If S is a covering sieve of M and g: Y — M is any morphism, then the pullback ¢*S is a covering sieve

of Y.

(T3) Suppose S is a covering sieve on M and T is an arbitrary sieve on M such that ¢*T is a covering sieve

for all g € S. Then T is a covering sieve.

The condition (T2) should be interpreted as being analogous to the fact that the inverse image of an

open cover is an open cover. (T3) is corresponds to the observation that a collection of subsets is an open

10



cover if and only if it covers every element of a covering. In practice, defining a Grothendieck topology is

often easier to do in terms of generators called covering families.

Definition 1.13. Let C be a category. A Grothendieck pre-topology is an assignment to each object M in C
of a collection of subcollections of the set Hom(—, M) called covering families. This assignment must satisfy

some properties.
(PT1) If f: N — M is an isomorphism then {f} is a covering family.

(PT2) If {u;: N; - M} is a covering family then each u; is cartesian and {pry: N; Xy N — N} is a covering
family of N.

(PT3) If {u;: Ny — M}, ; is a covering family of M and {N;; — N;} is covering family of N; for each

JjEJ:
i, then the compositions {N;; — N; — M} constitute a covering family of M.

To a pre-topology, we associated a Grothendiek topology by defining the covering sieves to be those sieves

which are generated by covering families.

Example 1.14. We can equip the category of open subsets of a topological sets X with a pre-topology by
defining {u; : U; — U} be a covering family if | JU; = U. That is, a covering family is a covering in the

conventional sense.

Example 1.15. If C = Man, then we can give Man the following pre-topology: a covering {u;: U; — M} of
manifold M is a collection of étale smooth maps u; whose images cover M. This is the same pre-topology

used in [1].

Example 1.16. If C = Man, then we can give Man the following pre-topology: a covering {u;: U; — M} of

manifold M is a collection of open embeddings u; whose images cover M.

While Example [[.15] and Example [[.16] are different pre-topologies, it is easy to check that they generate
the same Grothendieck topology.

Definition 1.17. A site is a category C together with a Grothendieck topology

1.2 Stacks

1.2.1 Fibered categories

There are a few different ways to present the subject, but for our purposes a fibered category will be a functor
into C satisfying certain properties. We will typically denote the domain of this functor with X', ), or Z.
Objects in these categories will be typically denoted with upper case letters X, Y and Z, while morphisms

will be denoted a, b, and c.

11



Definition 1.18. A category fibered in groupoids (abbreviated CFG) over a category C is a category X
together with a functor m: X — C such that the following properties hold.

(CFG1) Given any morphism f: M — N in C and object Y in X such that 7(Y) = N, then there exists a
morphism a: X — Y in X such that 7(a) = f.

3x -, Y
ML N

(CFG2) Given morphisms f: My — Ms and g: Ms — Ms in C together with a: X — Z and b: Y — Z
such that 7(a) = go f and 7(b) = g, then there exists a unique morphism ¢ such that 7(c¢) = f and

boc=a.

M14>MQL>M3

Example 1.19. Given any object M in C, let M denote the slice category of M. Let 7: M — C be the

functor:
N, P
lg H = g: N1 — N2
f2

N2 — M
It is straightforward to verify that this functor satisfies the axioms of a category fibered in groupoids.

Example 1.20. Let F': C°? — Set be a presheaf. That is, F' is a contravariant functor from C to the
category of sets. Then we can define a CFG over C as follows. The object collection of X is defined to be
the disjoint union of the sets F(M) for each object M in C. There is a morphism a: X — Y in X if and
only if there exists an f such that F(f)(Y) = X.

The name ‘fibered in groupoids’ arises from the following observation. Fix an object M of C and consider

the subcategory Xj; which is defined as below:

(Xm)o ={X € X :n(X) =M} (Xm)1:={ae X :m(a) =1p}.

Lemma 1.21. X, is a groupoid. That is, every morphism in Xy has an inverse.

12



Proof. Let a: X — Y be a morphism in X’»;. Then consider the following diagram:

>;

J

Y
M 1 M 1 M

(CFG2) says that there exists a unique b : Y — X such that a o b = 1y. This shows that a admits a left

inverse. On the other hand, consider the related diagram:

>@

X X —=

Y
M 1 M 1 M

J

We can see immediately that both bo a and 1x satisfy the existence invoked in (CFG2) and, since such a

morphism must be unique, they are equal. O

The objects guaranteed by (CFG1) are called a pullback of Y along f and we will denote them by f*Y
or Y. Due to the fact that the pullback is only unique up to a unique isomorphism, this is a slight abuse
of notation. Generally, in the following text one should interpret statements about f*Y and Y|y, as holding
for an arbitrary choice of pullback representative. Hence, we are claiming implicitly that our arguments and
definitions are invariant under this choice.

Linguistically, we think of a CFG X as sitting ‘above’ C. Hence a morphism in a € X is said to over a

morphism f in C if w(a) = f. Similarly, an object X € X is said to be over n(z) € C.

Lemma 1.22. Given n(Y) = N and f : M — N, then f*Y is unique up to a unique isomorphism. That
is, suppose we are given a1: X1 — Y and a1: X1 — Y such that w(a;) = f for i =1,2. Then there exists a

unique isomorphism b : X1 — X5 such that as ob = ay.

Proof. Suppose there exists a;: X7 — Y and as: Xo — Y such that 7(a;) = 7(az) = f. Then we have a

diagram:
ay

X, Xy —25Y

M-,y LN

Then (CFG2) tells us that there exists a unique morphism b such that azob = ay. Since b € Xy, Lemmam

tells us that b is an isomorphism. O

Definition 1.23. A morphism of CFGs F: X — ) is a functor which commutes with the projections to C. A
morphism of CFGs is called an isomorphism if it is an equivalence of categories. A 2-morphism n: F; — Fo

is a (necessarily invertible) natural transformation of functors.
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Definition 1.24. A CFG is called representable if it is isomorphic to M for some object M € C.

Formally, this notion of morphisms and 2-morphisms makes CFGs over C into a strict bicategory (see
Definition [A.1]). We will keep the more cumbersome technical results regarding bicategories in the appendix
for the sake of brevity. The above bicategory data is clearly coherent since it is strict. Bicategories have

their own version of the fiber product which we call the homotopy fiber product and is denoted with x (see

Definition |[A.10]).

1.2.2 Stacks

A stack is just a CFG over a site which satisfies some ‘gluing’ axioms. These axioms can roughly be translated
as saying that both morphisms and objects are constructed from local data. Before we state the definition,
we should clarify a minor bit of notation:

Let X be a CFG over C. Let u: U — M be a morphism in C and ¢: P — @ be a morphism in X covering
Idys. Given pullbacks P|y and Q|y, then we denote by ¢|y : Ply — Q|u the unique morphism such that:

[

¢l
Ply —= Qv

commutes. The existence and uniqueness of this morphism is an immediate consequence of (CFG2).
Definition 1.25. A CFG X over a site C is called a stack if it satisfies:
(S1) Given the following data:

e a covering sieve {s;: U; — M}, ;,

e objects P and @ in Xy,

e morphisms ¢;: P

U, = Qlu, covering the identity,

such that for all s; and s;:
dilu,;, = b5l -
There exists a unique morphism ¢ : P — @ such that ¢|p|Ui = ¢;.

(S2) Given the following data:

e a covering family {s;: Uy — M} ., of an object M in C,
e a collection of objects {P; € Xy, },c 4,

e morphisms ¢;; : P;

Usj _>PZ

Uij
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such that, for all ¢, 7,k € I, ¢;;

Ui © (bjk Uije — ¢ik¢ Uiji+

There exists an object P over M together with morphisms {¢; : P|y, — P;},c 4 such that

@ij o P

Uiy = i

Uij -

A CFG which satisfies at least (S1) is called a pre-stack.

Example 1.26. Let C be any site. Then Id¢: C — C is a stack. It is representable if and only if C has a

terminal object.

Example 1.27. Let C be any site, then any representable CFG X = C/M is a stack if and only if Id: C — C

is a (pre-)stack.

Example 1.28. Let C be the site of smooth manifolds and let G be a Lie group. Then BG, the category of

principal G-bundles, is a stack.

Example 1.29. Let F': C°? — Set be a presheaf. Then the associated CFG X is a pre-stack if an only if it
satisfies the locality axiom, i.e.:

8|U¢ :t‘Ui vU; = s=t.

Furthermore F' is a sheaf if and only if X is a stack.

1.2.3 Morphisms of stacks

Morphisms of stacks are defined to be morphisms of the underlying CFGs. In this subsection we will review

a few important classes of such morphisms.
Definition 1.30. Let F': X — ) be a morphism of CFGs over a site.

e We say F' is locally essentially surjective or an epimorphism if for any object Y € Y, there is a

covering sieve {U, },c 4 of M such that each Y|y, is isomorphic to an object in the image of F.

e We say F is representable if for any morphism M — ) with M € C, the fiber product XXy M is

representable.
e We say F'is a submersion if it is a representable epimorphism.
e We say F'is a monomorphism if it is fully faithful.

There is a one-to-one correspondence between morphisms of representable stacks F : M — N and
morphisms F’: M — N in C. In other words, the functor M + M is fully faithful (the Yoneda lemma).
We should clarify that that for our examples, the term submersion will actually correspond to surjective

submersions.
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Example 1.31. Let f: M — N be a morphism in C and let f: M — N be the associated morphism of
representable CFGs. Then f is an epimorphism if and only if f admits local sections. That is there exists a

covering S = {s;: U; = M} of N together with morphisms {c;: U; — M} such that foo; = s; for all s € S.

The functor f is always a monomorphism. Lastly, f is representable if and only if it is cartesian. Generally,

we will say that a morphism f in a site C is a submersion if and only if f is a submersion.

Definition 1.32. A stack X is geometric or presentable if there exists a submersion (i.e. a representable

epimorphism) M — X.

The significance of this definition will be made more clear in the next section, where we begin our

discussion of groupoids.

1.3 Groupoids

Throughout this section C will be some choice of site as defined above. Objects of C will be denoted with
letters such as M and N. Our goal is to develop the correspondence between groupoids internal to a site
and geometric stacks. We will develop this correspondence in a relatively high level of generality to unify
the proofs for specific cases. To begin, we will need to make sure our working conditions are reasonable, and

so we will need to make a few additional assumptions about C.

Definition 1.33. To any site C, there is a distinguished class of maps that we call submersions. A morphism
f+ M — N in C is called a submersion if it is cartesian (always admits fiber products) and f admits local
sections. By local sections, we mean that there exists a covering S = {s;: U; — M} of N together with

morphisms {o;: U; — M} such that foo; =s; for all s € S.

The submersions in C are precisely those morphisms which give rise to submersions of the associated repre-
sentable stacks (see Example )

There is a CFG of submersions which we call Sub. The objects Sub are defined to be the submersions
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in C. The morphisms of Sub are defined to be pullback squares:

f*P——> P

b

N s m

Composition is defined by horizontal composition of pullback squares. The CFG projection Sub — C is

defined by:
ff*P—— P
l ip —» N L5 M

N om

It is not difficult to check that Sub is a CFG. Axiom (CFG1) follows from the fact that submersions are
stable under base change, (corollary of Lemma . Axiom (CFG2) follows from the universal property of

pullback squares.
Definition 1.34. A site C is good if the following hold:

(GS1) C has an initial object. That is, there exists an object # € C such that for anther other object M in

C, there is a unique morphism () — M.
(GS2) Every covering sieve is generated by some set of cartesian morphisms.

(GS3) Morphisms in C are local. That is, given a pair of objects M and N together with a covering sieve
S ={s;:U; = M} on M and maps f;: U; — N such that the following diagram commutes:

g —— Ui

fi

«— =

S

there exists a unique morphism f: M — N such that fos; = f; for all s;.
(GS4) The CFG of submersions Sub (Definition [1.33)) is a stack.
(GS5) If f o g is a submersion, then f is a submersion.

The requirement of the existence of an initial object is for fairly minor technical reasons. For Man the
initial object is the empty manifold. We need such an object so that fiber products will exist in cases where
the images of the smooth maps are disjoint. We do not require the existence of a terminal object as this fails
for some of the examples of sites which we are interested (i.e DMan). The requirement of cartesian generators
is necessarily standard either, but it prevents some aberrant behavior and the author is not aware of an
example of an interesting site which does not satisfy this property.

Condition (GS3) is necessary since we need a way of constructing new morphisms in C. It is also reasonable

to expect that morphisms in C are local with respect to the ambient topology. Note that (GS3) implies that

17



Sub is a pre-stack and so (GS4) is about gluing of objects. (GS4) also implies that being a submersion is
local in the codomain. The last condition, (GS5) is needed to prove Lemma There are weaker versions
that suffice to prove this lemma, but we have chosen an easy to state version that resembles the smooth case.

From here on out, and throughout the appendix, we assume that C is a good site.

Remark. For some settings, it may be prudent to be more restrictive with the definition of a submersion. For
instance, it may be the case that the set of cartesian epimorphisms do not satisfy (GS5). In this situation, the

arguments in this text will still work so long as our designated class of maps satisfy the following properties:
e they must be submersions in our weaker sense (cartesian epimorphisms);
e they must include isomorphisms;
e they must make C into a good site (i.e. they satisfy (GS4) and (GS5)).

In such a setting, one should adjust the definition of a presentation accordingly.

1.3.1 Internal groupoids

Roughly speaking, an internal groupoid is a groupoid whose arrows and units are objects of a category (or
a site). To do this, we will transfer the groupoid data into a collection of morphisms such that a collection

of diagrams commutes. Throughout this subsection, C denotes an
Definition 1.35. A groupoid internal to a site C, also called a C-groupoid, consists of the following data:
e objects G and M in C called the arrows and units,

e submersions s,t: G — M, called the source and target (see Definition for the definition of a

submersion in a general site),
e morphisms u: M — G and i: G — G called the unit and inverse
e a morphism m: G Xs+ G — G.

such that (A)-(F) of Definition hold (when interpreted as commutative diagrams in C). We also require

that the following diagrams commute:

(G1) (i is an involution)

(G2) (compatibility of i with s and t)



(G3) (compatibility of i with m)

Idxi
—— G x5t G

gm

g
e
M

Example 1.36. A Man-groupoid is called a Lie groupoid.

_u

Example 1.37. Given any C-groupoid G = M, we can construct the opposite groupoid G°P for which the

source and target maps are reversed, and the multiplication morphism comes from the composition:
Gx¢sG 20 X509 G

Example 1.38. Any object M € C has an associated trivial groupoid 1j; for which the arrows and objects

are both M and the source and target maps are identities.

We will use the notation G = M to denote a C-groupoid whose arrows are G and units are M. The
notation G will denote the n-fold fiber product G Xs,t -+ Xst §. By convention we define GO .= M.

Since G comes with two morphisms to M, there is some ambiguity when writing things such as G x ; N.
To alleviate this, given f: N — M, when we take a fiber product on the right side, as in G x ; N we always
mean G Xg ¢ IN. Similarly, N x3; G = N Xz¢ G. From this convention, it should be clear that we think of

arrows in the groupoid as going from right to left.

Definition 1.39. Let G = M and H = N be C-groupoids. A morphism of C-groupoids, denoted F': G — H

consists of two morphisms F}: G — H and Fy: M — N such that the following diagrams commute:

(GM1) (Compatibility of F' with s and t)

G- G-
e T
Fo FO
M —— N M —— N
(GM2)
g(g) (Fopry) X (Fopry) H®)

; ;

Remark. We may sometimes denote the multiplication morphism with -. For instance, f - g is a synonym for

mo (f x g). Of course, the associativity of m implies that (f-g)-h = f - (g-h) whenever such morphisms

are well defined.

19



1.3.2 Internal actions

Definition 1.40. Let G = M be a C-groupoid. Then a left G action on an object P in C consists of the

following data:
e a morphism t¥: P — M,
e a morphism my: G Xy P — P
such that the following diagrams commute:

G11 (Compatibility of my, with units)

gXMP

(qu)V YLA
Id

P P

G22 (Associativity)
(pry,(mg (pry,prs)))

GxmGxuP Gxu P
<m<pr1,pr2>,pr3>l lmL
Gxu P mr P

A right action is defined in a symmetrical fashion. That is, we swap all instances of s and t and write mp

instead of my,.

Like with groupoids, we will sometimes write f - g to mean my,(f x g).
In the case where C is manifolds or topological spaces. This corresponds to the standard definition of a

groupoid action.

Definition 1.41. Let G = M be a C-groupoid and P, m¥, t¥ be a left action of G on P as above. Suppose

Q, m% and t% is another left G action. Then we say a morphism ¢ : P — @ is G-equivariant if:

(GE1) (Preserves the anchor)

o N

P2 19

(GE2) (Preserves the product)
(pry,¢opry
—_—5

) Gxum@
|mé
Q

GxuP

|m?
P

Definition 1.42. Let G = M be a C-groupoid. A left G-bundle over an object N in C, consists of a left G

action on P, together with a submersion s”: P — M such that:
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GB1 (compatibility of my, with s?)

Furthermore, we say that the G is
GB2) almost principal if s*: P — N is a submersion and my, X pr,: G X3 P — P Xy P is a submersion
p P pT,

(GB2) principal if it is almost principal and my, X pr,: G Xy P — P Xy P is an isomorphism (i.e. diagram

(GB1) is a pullback square).

Right G-bundles are defined in the obvious symmetric manner.

A left action on P is called (almost) principal if it can be made into a (almost) principal G-bundle over
some manifold N. Since such a submersion P — N is unique up to a unique isomorphism (see Lemma
it makes sense to write P/G to indicate some canonical choice of N.

If P— N and Q — N’ are equipped with the structure of a G-bundle, then a morphism of G-bundles is

a pair of maps ¢: P — @ and f: N — N’ such that ¢ is G-equivariant and the following commutes:

(GBM) (Compatible with projection)
L Q
P <@

f N

P
s
N
A left G-bundle is illustrated with a diagram:
g CP
M
The reader should check that in the case of C = Man a principal G-bundle is the standard object. The
morphism A: G X P — P Xy P defined by

N

A(g,p) = (9-p,p)

is called the total action. Note that the total action is an isomorphism implies the existence of a division

map. That is, a morphism my,: P Xy P — G such that:

mr(p,q)-q=p

The condition that the action is principal implies that the division map is uniquely defined by this property.

Given a G-action on P. We say that the action is principal if there exists an object IV and a submersion
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P — N which makes P a principal G-bundle over N. In such a case, we denote N by P/G. This notation is
sensible since, by Lemma N is unique up to a unique isomorphism.

To keep notation from getting out of hand, we will distinguish between s” and s when it is not necessary.
We think of “arrows” in a G-bundle as going from right to left. For this reason, if P is a right G-bundle, the

morphism t¥ is the projection to the base instead of s*.

Example 1.43. Any C-groupoid G = M can be made into a G-bundle over M by left multiplication. The

inverse of the total action can be constructed directly using the division map on the groupoid mo (pr; x (io

pr2)).

Example 1.44. Suppose P is a left G-bundle. Then we can form a right G-bundle called P°? whose total

space is the same as P and whose source is the target of P. The right action is define in the obvious way:

p-g:=1i(g)-p

Example 1.45. Let G = M be a C-groupoid and suppose f: N — M is a morphism in C. Then G x; N
naturally inherits the structure of a left principal G-bundle. Such a bundle is called the trivial bundle

associated to f.

Example 1.46. Suppose P — N is a principal (left) G-bundle and f: N’ — N is a morphism in C. Then
there exists a unique G-bundle structure on f*P := P x 5y N’ such that f*P — P is a morphism of G-bundles.

Such a bundle is called the pullback bundle. The multiplication map on f*P is defined below:

m] (g, (4.p) = (9-9,p)

From this point of view, the trivial bundle associated to a morphism f: N — M is the pullback of G as
a G-bundle. For this reason we will use f*G to denote the trivial G bundle associated to f.

A trivialization of a G-bundle P is a G-bundle isomorphism f*G — P. Our next lemma gives us some

insight into the local geometry of principal G-bundles.

Lemma 1.47. Suppose P — N is a principal left G-bundle. There is a one-to-one correspondence between

trivializations ¢ : f*G — P and sections o: N — P such that t* oo = f.

Proof. Suppose we have an f: N — M and recall f*G := G x;y N. Let 0 := (uo f,Id) be the canonical
section of f*G. Then o := ¢ o7 is a section of P. Furthermore, it clearly satisfies t oo = f.

For the other direction of the correspondence, suppose o: N — P is a section. Then we can define

¢(g,x) =g-o(x).
That ¢ is equivariant is fairly routine. To see that ¢ is an isomorphism we will the division map to construct
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its inverse:

¢~ (p) = (M (p, o 0s(p)),s(p))
O

Definition 1.48. Let G = M and H = N be C-groupoids. A (G, #H)-bibundle consists of an object P in C
as well as a left G bundle structure on P and right A bundle structure on P such that the source and target

maps are shared between them. Lastly, we require that:
(BB) (the actions commute)
(mg (Pthrz)vPra)
Gxy PxyH PxyH

(Pr1 ’(mR(Prz vpra))l lmR
Q XM P P

A bibundle is left(right) principal if the left(right) action forms a principal left(right) G bundle over N(M).
We say that the bibundle is principal or biprincipal if it is both left and right principal.
If P and P’ are both equipped with (G,H)-bibundle structures, then a morphism ¢: P — P’ is a

morphism of (G, H)-bibundles if it is equivariant with respect to both actions.

A (G, #H)-bibundle can be illustrated with a diagram of the form:

C PSS H

173

Example 1.49. Any C-groupoid G = M is naturally a biprincipal (G, G)-bibundle. It is called the trivial
(G, G)-bibundle.

Example 1.50. Suppose F': G — H is a C-groupoid homomorphism covering f: M — N. Then we can
construct a bibundle P := f*H. The left action on P is the trivial A action while the left action of G is
defined by the rule:

(hvx) ‘g = (hF(g),x)

We will take a closer look at this last example in Chapter 2.

1.3.3 Generalized morphisms

Bibundles allow us to generalize weaken the notion of a groupoid morphism. We will see later that this

weaker notion of morphism is precisely what is needed to study the stack associated to a C-groupoid.

Definition 1.51. Let G = M and H = N be C-groupoids. A Hilsum-Skandalis map or a generalized
morphism is a left principal (G, H)-bibundle.

23



An equivalence of generalized morphisms is a morphism of (G, H)-bibundles.

We use the term equivalence due to the fact that all bibundle morphisms are automatically isomorphisms
(see Lemma [B.7). Generalized morphisms can be composed via the following construction. Let P be a
(G, M)-bibundle and @ be a (#, K)-bibundle illustrated below:

NP

Consider the object P x x Q and the canonical morphism t: P xy Q — N. Note that this is the target map

P Q

P E——
Qr—=x

of a (left) action of H whose product is given by:

By Lemma this action is principal. We denote (P x y Q)/H with P ® Q.
Notably, P ® @ inherits a (G, K)-bibundle structure. The anchor maps are the unique maps which make

the below diagram commute:
PxnQ

PN

M 0]

~ 1 7

P®yQ

These maps exist due to Lemma [B.I] Similarly, the left action map is the unique morphism such that the

diagram below commutes.

(mp (pry Xpry)) Xpry

g XM P XN Q P XN Q
J{Idx (mo(pry Xpry)) J{Tk’
gxmuPeyQ P&y Q

The right action is defined similarly.
Lemma 1.52. These actions make P ®; Q a left principal (G, KC)-bibundle.

Proof. We must show the total action is an isomorphism. Note that that the total action makes the following

diagram commute:
Gxu (PxyQ) — (P xny Q)Xo (PxnQ)

| l

Gxu (Poy Q) — (P Q) xo (Poy Q)

Where the vertical arrows are the projections under the action of H. By Corollary the fact that the top

arrow is an isomorphism implies that the bottom arrow is as well.
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Similarly, Corollary implies that the left and right actions must commute, since they are obtained

by reducing commuting left and right actions modulo H. O

Remark. We will use tensor product notation for constructing maps involving P ® ). For instance, we may
sometimes write f ® g to denote the post composition of f x g with the projection P xny Q — P ® Q.
Similarly, if we write:

P®q— f(p,q)

We mean to denote the unique morphism obtained from the H invariant map f.

With this product in hand, we can define the bicategory of generalized morphisms.
Definition 1.53. Let GMor (generalized morphisms) denote the following bicategory:

e The objects of GMor are C-groupoids.

e The 1-morphisms are generalized morphisms of C-groupoids.

e The 2-morphisms isomorphisms of generalized morphisms.

If P is a (G,H)-bibundle, then we say the source of P is H and the target of P is G. Composition of
generalized morphisms is by the tensor product defined above. Vertical composition of 2-morphisms is by
composition in C. Suppose P; and @ and (G, H)-bibundles and P, and Q2 are H, K bibundles. Given
2-morphisms a: P — P and 8: Q1 — @2 then vertical composition is the unique 2-morphism a ®4 8 such

that the below diagram commutes.

Py xy Q1 —— PLy
(aopr,) x (Bopy) | Jowns
Py xny Q2 —— Po®y Q2

Again, existence and uniqueness of this morphism is given by Corollary [B-3]

Given a C-groupoid G, the unit 1-morphism is G (viewed as a G-bibundle with the obvious actions). The
left unit Uy, is the unique 2-morphism G ®g P — P obtained by reducing the left multiplication modulo G.
The right unit is defined similarly.

Suppose Py, P, and Ps are (G1,G2), (G2,G3), and (Gs, G4)-bimodules, respectively. Where G; = M, are

C-groupoids. Associativity is the unique 2-morphism obtained by reducing the canonical isomorphism:
(Pl X My P2) X Ms Pg — P1 X My (PQ X M Pg)

modulo the actions of G, and Gs.

We have omitted the proof that this data satisfies the coherence conditions for a bicategory since we will

show later that GMor is equivalent to a (strict) bicategory and must therefore be coherent.
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Lemma 1.54. A generalized morphism is (weakly) invertible if and only if it is biprincipal.

Proof. Suppose P is a biprincipal (G, H)-bundle for C-groupoids G = M and H = N. Let P°? be the
(H, G)-bibundle obtained by taking the opposite actions on P.
Then we claim that P ®y P°P = G as G-bundles. By the definition of P ®4 P°P we have that:

P®y PP =PxyP/H

We have division map my,: P Xy P — G and it is clear that my, is H-invariant. By Lemma we obtain
a morphism ®: P ®y4 P°°? — G. Since my, is G-equivariant we have that ® is equivariant and so ® is a
G-bundle morphism. Since ® covers the identity it is an isomorphism (see Lemma . The argument is
symmetric for PP x¢g P.

On the other hand, suppose P has a weak inverse (). Then since P ® Q = H we can conclude that
topr,: P Xy @ — M is a submersion. By (GS5) from the definition of a good site, we conclude that t is a
submersion.

To conclude the proof, we need to show that the right action on P is principal. First note that s: Q — M
is a submersion (by a similar argument as before). Therefore, we can choose a covering {U; — M} of M
with sections o;: U; — @ of s: Q — M. Such sections let us construct a family of maps U; xpy P > Q ® P
by using the rule:

(CL’,p) = Uz(x) & p

Similarly, we have a family of morphisms:
Uixy PXge P = (Q@P) xes (QP)  (2,p,9) = ((0i(z) @ p), (0i(2) ® q))

By using the division map for the right action on @ ® P we get local division maps §;: U; Xpy XP ¢t P — H
for the right action on P. Since C is a good site, we can glue the §; together into a global division morphism
0: P x4t P — H. That this division map gives inverts the total action follows from the definition of the

action on QQ ® P. O

1.3.4 The classifying stack

Suppose G is a C-groupoid. Then consider the category BG such that
e an object in BG is a principal G bundle P — N
e a morphism in BG is an equivariant map ¢: P — Q.

Observe that there is a natural forgetful functor BG — Sub. This follows from:
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Lemma 1.55. Suppose G is a C-groupoid. Let P — Ni and Q — Ny be principal left G-bundles and
¢: P — Q be a G-bundle morphism covering f: Ny — No. Then

is a pullback square in C.

Proof. We must show that (;~S : P — f*Q = @ Xn, Ny is an isomorphism. In other words, it suffices to prove
the lemma in the case where f = Id. Therefore, without loss of generality assume N; = No = N and f = Id.

Let S = {s;: U; — N1} be a covering sieve such that the the pullback bundles {s;P — U,;} and
{s7Q — U;} admit sections. Let ¢;: sfP — s7Q} be defined as below:

bi(p, ) := ((ﬁ(p), .%‘)

By Lemma each ¢; is invertible. Hence the collection ¢; ! defines the inverse of ¢ locally. Since C is a
good site, the qﬁi_l can be glued to obtain a global inverse of ¢. O

The functor BG — Sub is a faithful inclusion. In general, it is not full or essentially surjective. Now

consider the forgetful functor = := BG — C which passes to the base of the G-bundle.
Theorem 1.56. The functor m: BG — C makes BG a category fibered in groupoids.

Proof. We must show (CFG1) and (CFG1) from Definition First of all, (CFG1) follows from the
construction of the pullback bundle (Example [1.46)).

To show (CFG2), suppose we are given morphisms f: M; — My and g: Ms — Mj in C together with
a: P — R and b: @ — R such that n(a) = go f and 7(b) = g. We must show that there exists a unique

morphism ¢ such that 7(c¢) = f and boc = a.

Since BG — Sub is a faithful inclusion, we know that there exists a morphism ¢ which makes the diagram
commute. We only need to show that ¢ is G-equivariant. By Lemma [1.55| we know that we can replace Q

with ¢*R and P with f*¢*R. Since f*¢*R — ¢g*R is clearly G-equivariant, the theorem follows. O
Theorem 1.57. BG is a stack.

Proof. We need to show that BG satisfies (S1) and (S2) from Definition [1.25]
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(S1)

(52)

Suppose we are given the following data:

e a covering sieve {s;: U; = N},

e objects P and Q in BGy,

e morphisms ¢;: P

U, = Qlu, covering the identity,

such that
bi

v, = Pilu; -

We must show there exists a unique morphism ¢ : P — @ such that ¢|p|, = ¢;. Since BG — Sub is
an inclusion and Sub is a stack, we already know that there is a morphism ¢: P — Q. We must show

that ¢ is G equivariant. In other words, we need the following diagram to commute:

Gy P TR 60
lmL lmL
P ol
Q

The maps P|y, — P and Q

U, — @ generate covering sieves of P and @), respectively. Since we know
each ¢;: Ply, — Q|y, is G-equivariant. We can conclude that the above diagram commutes locally.

Since C is a good site, it must commute globally.
Now suppose we are given the following data:
e a covering sieve {s;: U, — N}, ; of an object N in C,

e a collection of objects {P; € Ay, },c;,

e morphisms ¢;; : Pjlu,;, — Pilu,;

such that, for all i, j, k € I such that s exists, ¢ij|v,;, © Pjklv,,. = Pirlv,,.-
We must show there exists a principal G-bundle P over N together with morphisms {¢; : Ply, — Pi},c;
such that

@ij o P

U; = ¢

Uij .

Again, we know that there exists P — N in Suby which satisfies this data. We claim that there is
an action of G on P which makes each ¢; equivariant. In other words, we must construct a morphism
my: G Xy P — P. To do this, observe that {G xy P, = G x P} generates a covering sieve of
G Xp P. Hence we can treat each left action of G on P; as a locally defined left action on P. Since
these actions are assumed to agree on intersections and C is a good site, we conclude that they can be
glued together into a unique map G x ; P — P. The resulting morphism will constitute an action since

diagrams which commute locally in a good site must commute globally.
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1.3.5 Geometric stacks

So far we have observed that a C-groupoid gives rise to a stack. Let Stacks be the bicategory of stacks
over C. In this section we will extend the relationship G — BG to a pseudofunctor (see Definition
of bicategories B: GMor — Stacks and prove the main properties of B. A pseudofunctor of bicategories
is just a map of objects, 1-morphisms, and 2-morphisms, together with a compatibility map relating the
compositions.

We have already defined the action of B on objects. To define B on 1-morphisms we must construct a
morphism of CFGs BP: BH — BG for a left principal (G, H)-bibundle P.

Suppose @ is a principal left # bundle (i.e. an object of BH). Then we define BP(Q) := P ®« Q. Given
¢ Q1 — Q2 a H-bundle morphism. Then BP(¢): P @y Q1 — P ® Q2 is the unique morphism making

the following diagram commute:

pry X (¢opry,)

P xn Q1 P xn Q2
| ) |
P @y Qu @ P oy Qs

It is clear that BP(¢ o) = BP(¢) o BP(¢) and so BP is a functor. This defines B on 1-morphisms.
Now suppose @ : P — P, is a (G, H)-bibundle isomorphism. We must define a natural transformation

B®: BP; — BP,. In other words, we need a function n: (BH)g — (BG);. Given an object @ in BG, let

NQ): Py Q= PeQ

be the unique morphism obtained by reducing (® opr,) X pry: Pi Xn Q — Py Xy Q modulo H. Clearly this

makes the below diagram commutes for any morphism ¢ in BG and so 7 defines a natural transformation.

P1®HQ1MP2®HQ1 PO —— P(p1) @@
JBP1(¢>) JBP2<¢) I I
(Q2)
Pi @y Qo 5 P Qo 1@ ¢(q1) —— (p1) ® ¢(q1)

Suppose Pi: H — G and Py: K — H are 1-morphisms in GMor. For B to be a pseudofunctor, we should
exhibit a natural transformation B(P; ® P;) = B(P;) o B(P,). In other words, for each object @ in BG
we need an isomorphism B (P, Py, P3): (P1 ® P3) ® Q — P ® (P> ® Q). This isomorphism is constructed
canonically by the associator of the fiber product in C. Lastly, for each C-groupoid G, we should exhibit a

natural isomorphism By (G) between the functor:

BG — BG P— G®g P

and the identity functor on BG. This natural transformation comes from the canonical isomorphism between
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G ®¢g P and P.
Technically, to show that B is a well defined pseudofunctor, we need to check coherence of this data.

Since this calculation is straightforward and not particularly enlightening, so we will omit the proof.
Proposition 1.58. Let G = M be a C-groupoid for C a good site. Then BG is a geometric stack.

Proof. Let p: M — BG be the functor f — f*G. That is, it sends a morphism f: N — M to the associated
trivial bundle f*G. We claim that p is a presentation of M.

Since every G-bundle is locally trivial, it follows that p is an epimorphism. Hence, we only need to show
that p is a representable morphism of CFGs. Suppose ¢: N — BG is a morphism of CFGs. Without loss of
generality, we can assume that ¢(g) = ¢*¢(Idy). Then Lemma says that there is a pullback square:

0 N
S
M —— Bg
Which immediately implies that p is representable. [

Let GStacks C Stacks be the full sub-bicategory of geometric stacks. Then the previous result says that
we can restrict the codomain of B to the full sub-2-category of geometric stacks. We now state the main

theorem of the chapter.

Theorem 1.59 (Fundamental theorem of geometric stacks). Suppose C is a good site. The pseudofunctor
B is an equivalence between GMor, the bicategory of C-groupoids and bibundles, and GStacks, the bicategory

of geometric stacks.

Before we proceed to prove this theorem, we should mention some of the context for this result. In the
case of C = Man, it is folklore. For instance, one can find a statement and (partial) proof of the result in
Blohmann [2]. In the case where C is the site of topological spaces, we are not aware of a reference which
states the above theorem in this form. However, since the study of higher structures in Top is very well
developed, the author considers it likely that it is at least an easy corollary of an existing theorem. The main
utility of the Theorem is not in applying it to a well known site. Rather, it is mainly useful for understanding
geometric stacks for newly defined or uncommon sites. In fact, this is precisely what we will do in Chapter
3.

There are two (equivalent) definitions of equivalence of bicategories (see Leinster [28] for a discussion of
this). The one that we will use, (and the one that appears in Definition is as follows: a pseudofunctor
F is an equivalence if and only if F' is an equivalence of categories at the level of Hom-categories and F'
is surjective up to weak equivalences. Hence, we can split the proof of Theorem [I.59] into the next two

propositions.
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Proposition 1.60. The pseudofunctor B is biessentially surjective onto geometric stacks. That is, every

geometric stack X is equivalent to BG for some C-groupoid G.

Proof. Suppose p: M — X is a presentation. Lemma says that M X x M is a strict groupoid internal to
CFGs. Furthermore, since the CFG of arrows is representable, there exists a C-groupoid G and a 2-pullback

square:

.
l (1.2)

1

M — X

We claim that BG is equivalent to X. By Lemma it suffices to show that there exists a pre-stack
Y together with a pair of local equivalences (see Definition BG + Y — X. Let Y be defined to be
the pre-stack of trivial G bundles. That is: the objects of )} are defined to be morphisms f: N — M. The
morphisms of Y are isomorphisms ¢: f{G — f5G.

The forgetful functor ) — BG is clearly a local equivalence. We need to construct a local equivalence
E: Y — X. Recall that a local equivalence is a fully faithful and locally essentially surjective functor. Since
Y has the same objects as M, we can define E: Y — X to be equal to p at the level of objects. Since we are
working with CFGs, it suffices to define E for morphisms covering the identity. Suppose ¢: f7G — f5G is a
morphism in Y covering the identity for f;: N — M.

By Lemma [B.F| there is a unique v: N — G such that

P(g,7) = (g-7v(z), ).

Let n: My — X; be the natural transformation which witnesse the 2-commutativity of Diagram Then
we define E(¢) := n(v) where v: N — M is the morphism just described.

To see that F is a functor, observe that

E(¢1 0 ¢2) = n(m(y2,71)) = n(11) on(y2) = E(¢p1) o E(2)

The second equality comes from two facts:
e if F: G — MX M is the canonical map, then n = prysoFp: Go — M X xM;
e the groupoid operation on G is, by definition, the one obtained via F': G — M x M.

Now that we have defined F, it is clear that E is locally essentially surjective so we only need to show
that it is fully faithful. It suffices to show this for morphisms covering the identity. Fix a pair of objects
f and g in Y. Suppose a: f*Xy — ¢g*Xo is a morphism in X covering the identity. Consider the object
(f,a,9) in MxpgM. Since F is an equivalence, (f,a,g) is in the orbit of F(v) for a unique v € G. Since

this process inverts E/ we conclude that E|gom(s,q) is a bijection. O
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Proposition 1.61. Let G = M and H = N be C-groupoids and let Bun(G, H) be the category whose objects
are generalized morphisms P: G — H and morphisms are isomorphisms of generalized morphisms. On the
other hand, let Hom(BG, BH) be the category whose objects are CFG morphisms BG — BG and morphisms
are natural transformations. Then B: Bun(G, H) — Hom(BG, BH) is an equivalence of categories.

In other words, the psuedofunctor B is bi-fully faithful.

Proof. We will first show essential surjectivity. Suppose F': BG — BH is a CFG morphism. Then consider

N XM which fits into the 2-commutative diagram:

NxgyM ——— M

|

Bg

|

N—— BH

By Lemma |[A.14) N xgy M has a left H action and a right G action. Its clear from the definitions of these
actions that they commute. Since N — B7 is a presentation, there exists a (%, G)-bundle P which fits into

a 2-commutative square:
P—2 M
B

|

N — BH

o+

Q

!

The right action of G is principal since s is a submersion (see Lemma for why the action is principal).
Note that P — BG is a presentation. Therefore, by replacing M with P, we can assume without loss of

generality that there exists a 2-commutative square:

M-I N

|

BG - BH

In such a case, we get a morphism ¢: M — P which splits s: P — M. Since P admits a section, we can
assume without loss of generality that P = G xg s N = f*G.

Now we claim that there is a natural transformation n: BP — F. Such a natural transformation must
associate to each object @ in BG an isomorphism P ®g Q@ — F(Q). We will first define n for trivial G
bundles. Suppose ¢g*G — N’ is such a G-bundle. Then P ®g ¢g*G can be identified with g* f*H (due to the

fact that P admits a section).
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The equivalence P — NxgyN sends p: N — P to the triple (t o p,a(p),s o p) where
alp): (to p)H = F((50p)°G),.
Then we can define n on trivial G-bundles to be 7(g*G) := a(o o g). Therefore:
n(g*G): g"f*H = F(g°9).

To define 7 for non-trivial P, we extending it (non canonically) by making a choice (for each P) of a local
trivialization and define n(P) to be the unique H-bundle isomorphism obtained from gluing the identifications
coming from 7 applied to each trivialized piece. Since 7 satisfies the condition for being a natural transfor-
mation locally, it also satisfies the condition globally after glueing. This shows B: Bun(G, H) — Hom(G, H)
is essentially surjective.

We will now show that it is fully faithful. Fix a left principal (G, H)-bibundle P for C-groupoids G = M
and H = N. Now consider the function B: Isom(P, P) — Isom(BP,BP). Suppose that B¢ = Idp for
¢: P — P. Then for all Q € BG, ¢ ® Id: P® @ — P ® @ is the identity, hence ¢: P — P must be the
identity. This shows that the function is injective.

Now let n: BP — BP be a natural transformation, we want to show 7 is in the image. We know that
n(Q): P®Q — P®Q and

PaQ M Peq,
lBP (¥) lBP (¥)
P M PeQ

commutes for any morphism 1: Q1 — Q2 in BG. In particular, by taking Q = H and observing that there
is a canonical isomorphism P ® H = P then we get a G-bundle isomorphism ¢: P — P. We claim that ¢
is a bibundle morphism. To show this we need to explain why ¢ is H-equivariant. To see this, consider an

arbitrary morphism v: N — H, by the natural isomorphism condition the following diagram commutes:

P® (tovy)*H & PR (tovy)*H
p®(hvw)ﬁp®(h‘7(w)7w)l lp®(h»w)'—>p®(h~“f(w)7w)
n(Q1)

PR(soy)H —————— PR (sovy)*H
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Using the definition of ¢, we can extend this diagram as below:

(toy)*pw (toy) P

(pape(r()0) | | oo
Po(tor)H —"9 |\ pg(toy)H
P (0h) (e (0).0) | |potorpa it @),
P®(soy)*H S ICLVIIN P®(sovy)*H
P®(h,w)»—)(p»h,w)l J{p@(h,m)n—)(p-h@)

(07) P (p,x)—(o(p),x) (to07)*P

Which implies that (¢(p) - v(x),z) = (¢(p) - v(x),x) and so ¢ must be H-equivariant.
To finish, we need to show that B(¢) = n: BP — BP. Which is equivalent to showing that

nQ)=¢®Idg: P Q - P®Q

for all objects Q € BG. It suffices to show this for trivial -bundles since we only need to check equality of
maps locally. Suppose @ = f*H then by the definition of ¢ we have that

| |

P (p,2)—(¢(p),x) P

commutes, where the vertical arrows are the canonical identifications. Since ¢ is equivariant, we also know

that:

PopH M pyru

| |

P (p,x)—(6(p),x) P

Since ¢ is ‘H-equivariant, we have that:

PofH — 221 L pe

| |

P (p,x)—(6(p),x) P

commutes as well. Since the vertical arrows are the same isomorphisms in both of these diagrams, we can

put them together to obtain the desired equality. O

These two propositions complete the proof of the main theorem. In the next section we will look at a

few examples of sites and study the geometric meaning of these concepts in each setting.
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1.4 Examples

Here we will briefly explore a few examples of good sites and the geometric interpretation of our theorems.

1.4.1 Manifolds

Let C be the site of manifolds. Then a C-groupoid is a Lie groupoid. A principal C-groupoid bundle is the
same as a principal bundle of the associated Lie groupoid. Principal bibundles of Lie groupoids are called
Morita equivalences. The theorem says the study of geometric stacks over the site of smooth manifolds is
equivalent to the study of principal groupoid bundles.

It is clear that a submersion in the sense we have discussed thus far is the same as a surjective submersion
of manifolds. However, if we wish, we can be more strict with the definition of submersion, and we will obtain

a corresponding class of geometric stack represented by a Lie groupoid.

Example 1.62. Suppose we redefine submersion to mean locally trivial fibration. Then a C-groupoid becomes
a Lie groupoid G = M for which the source map makes G into a locally trivial fibration. By our theorem,
the stacks represented by such groupoids are precisely those which admit a presentation p: M — X which
is a locally trivial fibration. In this case, we mean that p is a representable epimorphism such that for any
N — X, the associated map M xy N — N is a locally trivial fibration of manifolds.

A sub-example of this case are the stacks represented by source proper Lie groupoids. That is, groupoids

whose source maps are proper submersions.

Apart from alternative notions of submersion, we can also enrich the category of manifolds with additional

data.

Example 1.63. Let C be the category whose objects are pairs (M, X) where X is a vector field on the
smooth manifold M. A morphism in this category is a smooth map f: (M, X) — (N,Y) such that X and
Y are f-related.

We can give C a Grothendiek topology by setting a covering family to be a collection of open embeddings
(U, X|u,) = (M, X) whose images cover M. This site comes with a forgetful functor to Man. A submersion
in this category is just a surjective submersion. A C-groupoid is a Lie groupoid G equipped with a vector
field X which is multiplicative.

m, (X, X)=X

Recent work by Berwick-Evans and Lerman [30] has shown that such a vector field is a reasonable
candidate for the definition of a vector field on a geometric stack. Hence, we obtain our first example of an
interesting strategy. One can try to understand structures on a geometric stack by equipping the site itself

with additional structure.
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1.4.2 Schemes

The site of schemes over a base satisfies our axioms for a good site when equipped with the etale topology.
Gluing along submersions is easy since schemes are already defined locally. If one is more strict and requires
more topological properties such as seperatedness, then one might need to be careful, but most of the time
these properties are preserved as long as you gluing inside of Sub. In this context, it is also reasonable to
replace site theoretic submersions with ‘smooth’ morphisms of stacks.

Our definition of a geometric stack is very close to the definition of an Artin stack. For an Artin stack,

one commonly requires that the diagonal embedding:
X=X xX

be a representable morphism of stacks. We have a good reason for not requiring this in the manifold setting
since it would imply that:

(t,s): G > Mx M

is a local submersion, due to the following pullback square:

_ t, _ _
g % M x M
BG —— BG x BG
Since every map of schemes is cartesian, the condition of representability is much weaker in the algebraic
geometry setting. A nice property of this Artin condition is that it is equivalent to requiring that for each
X and Y in Xy, there is a scheme S such that maps into S classify isomorphisms X — Y which cover the

identity. For Lie groupoids, we can only expect this to be the case when X and Y are trivial G-bundles.

1.4.3 Algebroids

A Lie algebroid is a vector bundle A — T M, equipped with a Lie bracket [-,-]4 on its space of sections and

a anchor map p: A — T'M such that:

[a, fBla = flo, Bla + p(a)(f)B Vo, B €T(A) VfeCF(M) (1.3)

If A and B are Lie algebroids, a morphism of Lie algebroids is a vector bundle morphism F': A — B which
commutes with the anchors and is compatible with the brackets. We will not state the bracket compatibility

condition here, but we will comment that it implies that
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whenever the pushforward of o and 8 by F' are well defined.

Let C be the category whose objects are algebroids and whose morphisms are algebroid morphisms. The
cartesian morphisms in this category are precisely the ones whose underlying vector bundle map is a vector
bundle epimorphism covering a (local) submersion. Equip C with the Grothendieck (pre)topology whose
covering families are the inclusion A|y < A for open embeddings U — M.

Under this definition of Grothendieck topology, the “submersions” are algebroid maps F': A — B which
cover submersions and admit local algebroid splittings B|y — A. Unlike with ordinary vector bundles,
finding splittings of algebroid morphisms is non-trivial and we cannot expect them to exist in general.
Hence, a submersion in this category is a fairly strong condition.

A C-groupoid is a groupoid internal to algebroids A = B such that the source (and target) morphisms
are submersions in the above sense. This is the same as a LA-groupoid [31] except for the local splitting

condition.
_

wE=

:

The forgetful functor from C to manifolds can be extended to a functor BA — BG where G is the underlying

—

Lie groupoid associated to A = B. This is a candidate for a definition of a Lie algebroid on a geometric
stack. One caveat to this is that BA is not a stack over Man. This is in contrast to the non-singular setting,
where the total space of a Lie algebroid is also a manifold. One can get around this issue by first applying
the “total space” functor to BA and then stackifying.

One should take care that a principal A = B bundle internal to algebroids is not the same as a principal
bundle as a C-groupoid. The important distinction is the local splitting conditions. The main distinction
comes from the fact that we require submersions to admit local sections and, in general, one cannot expect
a surjective morphism of algebroids F': A — B to admit local sections, even if the base of the morphism is

the identity.
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Chapter 2: Morita equivalence

In this chapter, we will will introduce and study various notions of Morita equivalence and the Picard
group. We will also review some strategies for computing Morita equivalences as well as take a look at a few
examples. Throughout this chapter, C is a good site (Definition .

Recall that principal bibundles of C-groupoids are precisely the isomorphisms in GMor. Isomorphism in

GMor has a special name:

Definition 2.1. Let G and H be C-groupoids. A Morita equivalence between G and H is a principal
(G, H)-bibundle.

This chapter will be organized as follows:

e In Section we explore the relationship between bibundles of C-groupoids and C-groupoid homomor-

phisms. In particular, we define a special class of C-groupoid homomorphisms called weak equivalences.

e In Section [2.2] we prove the main results of this chapter. The main theorem essentially states that the

equivalence relation generated by weak equivalences is the same as Morita equivalence.

e In Section we define the Picard group of a C-groupoid G, which turns out to be the group of

automorphisms of BG.

e In Section[2.4] we look at a few examples of Morita equivalences and the Picard group for specific sites.

2.1 Generalized morphisms and homomorphisms

In Chapter 1 we saw that there is a functor B: GMor — GStacks from Groupoids with generalized morphisms

to geometric stacks. In this section we will note that there is a pseudofunctor (Definition
P: CGrpd — GMor

from the category of C-groupoids (with homomorphisms as morphisms) to C-groupoids with generalized

morphisms.
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2.1.1 Homomorphisms of groupoids

Recall that a C-groupoid homomorphism from G = M to H =% N covering f: M — N, is a morphism

F: G — H which is compatible with the groupoid structure maps.
Definition 2.2. Let F': G — H be a C-groupoid morphism covering f: M — N. Then:
o Fis called essentially surjective if t opr,: H Xy M — N is a submersion.

o Fis called fully faithful if M Xyt H X s M exists and:

(t, F,s): G—=MxpeHxs g M

is an isomorphism.
e Fis called an weak equivalence if it is both essentially surjective and fully faithful.

Observe that the essentially surjective condition depends only of the base map f. For this reason we say an

arbitrary morphism f: M — N is essentially surjective if 15y — H is essentially surjective.

Unsurprisingly, one can make groupoids and groupoid homomorphisms into a bicategory. To do this, we

must give the analogue of a natural transformation internal to C.

Definition 2.3. Let F': G — H and G: G — H be groupoid homomorphisms covering f: M — N and

g: M — N, respectively. A natural transformation from F to G is a morphism 7: M — H such that:
e son=fandton=yg;
e m(not,F)=m(G,nos): G —H

Given F;: G — H covering f;: M — N for i = 1,2,3 and a pair of natural transformations 7, : F; — Fj

and 79: Fy — F3 then the vertical composition 7y * 71 is defined to be:

Mxn=1n-m: M—H.

Now suppose we are given n: Fy — F5 and (: Gy — Go for F;: G — H and G;: H — K. Then the

horizontal product ¢ o n is defined as below:

Con(x) = (Gzon(x)) - (Co fi(x))

These constructions give a natural bicategory structure on C-groupoids which is analogous to the bicat-

egory of standard groupoids. The important caveat is that everything is performed internally to C.
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Definition 2.4. Let CGrpd be the bicategory defined as follows:
e The objects of CGrpd are C-groupoids.
e The 1-morphisms of CGrpd are C-groupoid homomorphisms.
e The 2-morphisms of CGrpd are natural transformations.

Composition of 1-morphisms is defined in the obvious manner. Horizontal and vertical composition of 2-

morphisms is defined as above.

It is not difficult to check that this satisfies the axioms of a bicategory. In fact, it is a strict bicategory
since the horizontal product is strictly associative. We should offer a word of caution, however. Unlike the
case of set-theoretic groupoids, a fully faithful and essentially surjective morphism of C-groupoids does not

necessarily admit a weak inverse.

2.1.2 Pullback groupoids

We would like to point out one construction which is particularly useful for computing Morita equivalences.

Lemma 2.5. Let G = M be a C-groupoid and suppose f: N — M is essentially surjective. Then N X s
G Xp N exists and inherits a canonical groupoid structure such that projection to the middle component

N Xy G Xy N — G is a groupoid homomorphism.

Proof. Let f'G be shorthand for N x; G x s N. To give a groupoid structure on f'G we should first define
the source and target maps.

Let the source f'G — N be projection to the last component and the target be projection to the first
component. The source and target maps are submersions since they are the base changes of a submersion.

Let F: f'G — G be projection to the middle component. Then we define the product on f'G as follows:

(Za927y) ! (yagla‘r) = (2792 : glax)'

This clearly makes F' a C-groupoid homomorphism. O

Definition 2.6. Let G = M be a C-groupoid and f: N — M be essentially surjective. Then

f'6=NxyGxyN

is called the pullback groupoid along f.

The reason we do note use the notation f*G to denote the pullback groupoid is due to possible confusion

with the pullback of the trivial G-bundle. Recall that f*G is defined to be G x s N while f'G is N x ;G x 3 N.
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Since the pullback of G as a bundle and as a groupoid do not coincide, it will spare us some possible confusion
if we use distinct notation.

It is not necessary that f: N — M be essentially surjective for this construction to result in a C-groupoid.
It is clear however that it will not always work. Even if f'G exists as an object in C, it may not necessarily

be the case that the source and target maps are submersions.

Lemma 2.7. Let G = M be a C-groupoid and suppose f: N — M 1is essentially surjective. The canonical

homomorphism F': f!g — G is a weak equivalence.

Proof. The result is clear from the definition of fully faithful. O

2.1.3 Map-like bibundles

Given a C-groupoid homomorphism F': G — H covering f: M — N, there is a canonical construction of a
generalized morphism. Let

P(F):=f*H=Hxy M.

Since this is just the trivial bundle associated to f, there is a canonical left principal H-bundle structure
over M. To make P(F) into a bibundle (and hence a generalized morphism) we must equip it with a right

G-action. Let:
(h,t(9)) - g := (h- F(g),s(9))

Definition 2.8. A l-morphism G — H in GMor is called map-like if it is isomorphic to P(F') for some

homomorphism F: G — H.
The next lemma gives a geometric characterization of the map-like bibundles.
Lemma 2.9. A generalized morphism is map-like if and only if it admits a section (as a left G-bundle).

Proof. Let F: G — H be a C-groupoid homomorphism and suppose @ = P(F) is map-like. Since P(F)
clearly admits a section (it is trivial as a left H-bundle) then ) must admit a section.

On the other hand, suppose N < @ — M is a left principal (#,G)-bibundle and admits a section. We
must show it is isomorphic to P(F) for some F: G — H. Let 0: M — @ be a section of ). Now let F' be

the unique morphism such that:
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To see that this is a homomorphism, observe that:

F(g1-g2) - 0(s(g1-92)) = o(t(g1-92)) - 91 - 92
=o(t(9) g1 92
= F(g1)o(s(g2)) - 92
= F(g1) F(g2) - o(s(g2))

=F(g1) - F(g2) - o(s(g1 - g2))
Now we construct an isomorphism P(F) =H xy M — Q. Let
¢(h,x) = h-o(x)

By Lemma [T.47] we know that ¢ is an isomorphism of principal H-bundles. That ¢ is G equivariant follows

from a simple computation:

¢(h,x)-g=h-o(z)-g="h-F(g)- o(s(g)) = ¢(hF(g),s(g))

The assignment F' — P(F') is bifunctorial in the following sense.

Lemma 2.10. Suppose F': G — H and G: H — K are C-groupoid homomorphisms covering f: M — N

and g: N — O, respectively. Then there is a canonical isomorphism:

P(G, F): P(G) @y P(F) = P(G o F)

Proof. It suffices to construct an H-invariant map ®: P(G) xy P(F) — P(F o G) which respects the left

and right actions. Recall that
PGQ)=¢gK=KxoN PF)=f"H=HxoN P(GoF):=(gof)'K=KxoM.
Hence we define

It is a routine check that ® is H-invariant and respects the actions of K and G. Therefore, it must descend

to a bibundle isomorphism P(G, F)). O

Isomorphisms of C-groupoid homomorphisms can be related to bibundle isomorphisms by the following
process. Suppose n7: F' — G is a natural transformation of C-groupoid homomorphisms from G to H covering

f: M — N and g: M — N, respectively.
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Then let
P(n)(h,z) := (h- (ion)(z),z)

Note that this uses the (opposite) correspondence from Lemma By that same lemma, this is H equiv-

ariant. That is is G-equivariant follows from the natural transformation condition.

Proposition 2.11. The mapping n — P(n) gives a one-to-one correspondence between natural transforma-
tions n: F' — G of C-groupoid homomorphisms G — H and bibundle isomorphisms P(F) — P(G).

Furthermore, this correspondence respects the vertical and horizontal products in the following senses:

e For all {: Gy — G2 and n: Fy — F5 which are horizontally composable, the below diagram commutes:

P(G1) @ P(F) 2O%P0, b)) 0 P(R)

JP(Gl,Fl) J{P(GQ,FQ) (2.1)
P(GioF) — 20 L p(@yoRy)

e For all ¢ and n which are vertically composable P(¢ xn) = P(¢) o P(n).
Proof. The correspondence is one-to-one thanks to Lemma

e Suppose ¢ and i are horizontally composable such that F;: G — H and G;: H — K. Then the bottom
left path of Diagram [2.1] is:

(k;t(h) @ (h, z)

l

(k- Gi(h),x) — (k- G1(h) - (io Q)(f1(x)) - (io Gaon)(x),x)
Going the other direction, we get:

(k, t(h) @ (h, ) —— (k- (io ¢)(t(h)),t(h)) ® (h- (ion)(z),2)

|
(h

(k- (1o Q)(t(h)) - Ga(h) - (io Gz on)(z),x)

But since ( is a natural transformation, we have:
(io Q)(t(h)) - Ga(h) = G1(h) - (1o )(s(h)) = G1(h)

So the diagram commutes.

e Suppose (: Fy, — F3 and n: F; — F5 are horizontally composable for F;: G — H covering f;: M — N.
Recall that (¢ *n)(x) := {(x) - n(x). Therefore:

P(Cxn)(h,z) = (h-io(((z) n(x)),z) = (h-({on)(z)- (ic()(z),x)
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Which is the same as P(¢) o P(n).

The following theorem summarizes our results so far:
Theorem 2.12. P: CGrpd — GMor is a psuedofunctor from the bicategory of C-groupoids to the bicategory of
generalized morphisms. Furthermore, P is a bijection on objects. The restriction of P to the Hom categories

Hom (G, H)cgrpa — Hom (G, H) guor

is a fully faithful embedding whose essential image consists of the the map-like generalized morphisms.

Proof. We take P to be the identity on objects. Except for coherence, the theorem follows from the propo-
sitions and lemmas we proved in this subsection. We will leave the proof of coherence for this functor to the

bored reader. O

2.2 Morita equivalence

2.2.1 Weak equivalences

It is natural to ask whether the bifunctor defined in the previous section allows us to to study Morita
equivalences purely in terms of C-groupoid homomorphismse To answer this question, we will begin with

characterizing those morphisms which give rise to Morita equivalences.

Lemma 2.13. Suppose F: G — H is a homomorphism of C-groupoids. Then P(F) is a Morita equivalence

if and only if F' is a weak equivalence.

Proof. Suppose F' is a weak equivalence. We only need to show that the right action of G on P(F) is
principal. Since F' is a weak equivalence, we can assume without loss of generality that G = f'H. Recall
that P(F) := H xy M and f'H == M xx H xn M. If C is made of sets and functions, the right action of
P(F) is of the form:

(h,x) - (2,1, y) = (-1, y).

The total action is therefore:

((h, ), (2, b)) = ((hyz), (R 1, y))

This leads us to notice that

((h1,), (h2,y)) = (2, hy " ha,y)

is a division map for the right action. Since this division map is unique, the action must be principal. O
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Now that we have identified the C-groupoid morphisms which give rise to Morita equivalences. It is
reasonable to wonder if there are enough of these maps to generate the Morita equivalence relation. That
is, given two Morita equivalent C-groupoids, does there exist a chain of weak equivalences connecting them?

The answer is yes and actually two weak equivalences suffice.
Theorem 2.14. The following are equivalent:
e G and H are Morita equivalent.
e There exists a C-groupoid IC and a pair of weak equivalences H + K — G.

Proof. Going from the second to the first is clear.
Let P be a biprincipal (#, G)-bibundle for X = N and G = M. By Lemma the mapping (s”)'G — G
is a weak equivalence. Let K := (s” )!Q. To conclude the proof, we must construct a weak equivalence

F: K — H. Let F be the unique morphism satisfying:

p1-9=F(p1,9,p2) - p2

The existence and uniqueness of F' follows from the existence and uniqueness of the division map for the
left H-action on P. A quick check verifies that this is indeed a homomorphism of C-groupoids covering

t¥: P — N. To prove that this is a weak equivalence it suffices to show that the induced map
K=6"'¢g— ")

is an isomorphism. Since the right action is principal as well, by the same trick we can construct a homo-

morphism F’: (t7)'H — K using the rule:

(p1,hop2) = (p1,9:02) & PL-g=g D2

Since F' is clearly the inverse of K — (t7)"# the result follows. O

The above proposition tells us that if we wish to show that something is Morita invariant, it suffices to

show that it is invariant under weak equivalences.

2.2.2 Examples of Morita equivalences

Example 2.15 (Manifolds). When C is the site of smooth manifolds. Then the C-groupoids are precisely
the Lie groupoids. Given a Lie groupoid G = M, the following are Morita invariants:

e The orbit space of G, that is the topological space obtained by taking the quotient of M by the
equivalence relation on M induced by the map (s,t): G — M x M. This is sometimes called the coarse

moduli space of G.
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e Suppose one is given an orbit O C M of G in M. In other words, a point in the coarse moduli space of
G. Then for any pair of points, z,y € O the isotropy groups G, := (s,t)~!(x,z) and G, are isomorphic.
Hence, to each orbit we can associate an isomorphism class of an isotropy group, and these classes are

preserved by Morita equivalences.

This is (not even close) to being an exhaustive list of the extensive number of Morita invariants which are
known. However, these two Morita invariants fundamental in that they provide one with some justification
for the intuition that the stack associated to a Lie groupoid should be thought of as a singular manifold

equipped with additional symmetry groups.

Example 2.16 (Dirac Structures). Suppose C = DMan (see Chapter 2). Then a C-groupoid is a D-Lie
groupoid. In the previous chapter, we say that a Morita equivalence of D-Lie groupoids always has an
underlying Morita equivalence of Lie groupoids. Hence any Morita invariant of Lie groupoids is also a
Morita invariant of D-Lie groupoids.

A D-Lie groupoids often come with additional interesting invariants.

e Suppose G = M is a symplectic groupoid. Then M inherits a Poisson bivector. By choosing a density
pon M one can construct what is called the modular vector field X,,. It turns out that different choices
of densities on M give rise to modifications of X, by Hamiltonian vector fields. Hence, we obtain what

is called the modular class

[Xu] € X(M)/Xnam(M) := Hy(M).

Ginzburg and Lu showed [20] that symplectic Morita equivalences induced isomorphisms in H!(M).

Later, it was shown by Crainic [11] that the modular class is preserved by such isomorphisms.

2.3 The Picard group

Roughly, the Picard group is the group of Morita self equivalences.

Definition 2.17. Suppose G = M is a C-groupoid. The Picard group of G, denoted Pic(G) is the set of
principal (G, G)-bibundles, up to isomorphism.

Under the correspondence developed in Chapter 1, we know that the Picard group is the automorphisms
of the associated stack BG modulo natural transformations. Of course, that point of view does not lend
itself to calculations. In general, we should expect that the Picard group of a given groupoid is difficult, if

not impossible, to compute.

2.3.1 Owuter automorphisms

Let P represent an element of the Picard group Pic(G). Then we say that [P] € Pic(G) is map-like if P is

map-like. Map-like elements of the Picard group do not form a subgroup in general since [P]~! need not be
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map-like.

Definition 2.18. Consider the group homomorphism P: Aut(G) — Pic(G) which sends a C-groupoid au-
tomorphism to the associated map-like element of Pic(G). The kernel of this map is called the inner au-
tomorphisms of G, denoted InnAut(G). The image of this map is canonically isomorphic to OutAut(G) :=
Aut(G)/ InnAut(G).

We might wonder if one can characterize the image of P geometrically. In order to do this, we need to

introduce the notion of a bisection.

Definition 2.19. Suppose P is a principal (G, H)-bibundle for C-groupoids G = M and H = N. A bisection

of P is a morphism o: N — P such that too: N — M is an isomorphism.

Lemma 2.20. An element [Q] € Pic(G) comes from an automorphism F: G — G if and only if Q admits a

bisection.

Proof. Suppose @ admits a bisection. Then by Lemmawe can construct an F': G — G so that Q = P(F).
Since P is principal we know that F' is a weak equivalence. Since F' is an isomorphism on objects it must
be an isomorphism of C-groupoids.

The other direction is clear by taking the canonical section of P(F') when F' is an isomorphism. O
We also have a characterization of inner automorphisms.

Lemma 2.21. A morphism F: G — G is an inner automorphism if and only if there exists a bisection

o: M — G of G such that:
F(g)=(oot)(g)-g-(icoos(g))

Proof. By assumption there is an isomorphism ®P(F) — G as (G, G)-bibundles. Let:

o(z) :=®(uo f(z),z): M - P(F)—> G

Then we have that:

On the other hand:

Hence:
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On the other hand, suppose F' is given by such a formula. Then it is straightforward to check that:
O:P(F)—=G O(g,x) — g-o(x)

yields the desired isomorphism. O

2.4 Examples

2.4.1 Manifolds

Suppose C is the site of smooth manifolds.

Definition 2.22. Let G = M be a Lie groupoid and let M/G denote the orbit space of G (as a purely
topological object). The static Picard group is the kernel of the homomorphism Pic(G) — Aut(M/G)
denoted by Picz(G). In other words, it is the elements of the Picard group which act trivially on the orbit

space.

The static Picard group fits into an exact sequence:
1 — Picz(G) — Pic(G) — Aut(M/G) .

Note that the last arrow is not surjective. There is no guarantee that all topological symmetries of M/G can
be witnessed by elements of the Picard group. We will treat a few instances for which the Picard group has

been calculated.

Example 2.23 (Trivial groupoids). Suppose 13y = M and 1y = N are trivial Lie groupoid. That is, every
morphism is a unit. Then 1,; is Morita equivalent to 1, if and only if they are diffeomorphic. A principal

(1as, 1p7)-bibundle is the same as a diffeomorphism f: M — M. Hence
Pic(1,/) = Diff(M) .

Every element of the Picard group is map-like and the group of inner automorphisms of 1;; = M is trivial.

Lastly, the static Picard group is trivial as well since Pic(157) — Aut(M) is injective.

Example 2.24 (Trivial line bundle). Let G = Ry = M be the trivial line bundle. That is, the groupoid
operation is just fiber-wise addition in R. Suppose P is a principal (Rps, Rps)-bibundle. The left action of
G makes P into an (affine) line bundle. Since every affine line bundle admits a global section, we know that
P comes from an automorphism of G. Since G is abelian, the inner automorphisms of G are trivial and we

conclude that

Pic(G) = OutAut(G) = Diff (M).
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The static Picard group is trivial.

Example 2.25 (Bundles of abelian groups). To the best of our knowledge, this case first appeared in a
paper by Moerdijk [37]. It is a, more interesting, generalization of the previous example.

Consider the case where G = M is a Lie groupoid such that s = t and is such that G, := t~(z) = s~ ()
is an abelian group for all z € M. We can think of G as defining a sheaf whose local sections are bisections of
G. Any principal (G, G)-bundle P defines a diffeomorphism fp: M — M of the orbit space of G. Furthermore,
any (G,G) bibundle is, in particular, a principal G-bundle. Hence, there is an associated Cech cohomology

class cp € HY(M,G). This gives rise to a group isomorphism:
Pic(G) — H*(M,G) x Diff (M)

where the action of Diff(M) on H'(M,G) is by pullbacks.

Example 2.26 (Lie groups). Suppose G = {x} is a Lie group. In other words, it is a Lie groupoid
over a point. Then every (G, G)-bibundle admits a bisection and so Pic(G) = OutAut(G). Note that, by
Lemma the outer automorphisms of G as a groupoid are the same as the outer automorphisms of G as

a Lie group.

Example 2.27 (Transitive groupoids). Suppose G = M is a Lie groupoid such that the orbit space M/ G
is a point. For any x € M, the inclusion of the isotropy group G, — M is a weak equivalence. Hence
Pic(G) = Pic(G,) = OutAut(G,).

For example, if G = TI; (M) = M is the fundamental groupoid of M and M is connected, then we obtain
Pic(G) = OutAut(m (M)).

2.4.2 DMorita equivalence of Lie algebroids

Recall that a Lie algebroid is a vector bundle A — M together with a Lie bracket
[]: T(A) x T(A) = I'(A)

satisfying a Leibnitz type identity. When Pradines [42]| introduced the notion of Lie algebroid, he showed
that any Lie groupoid can be differentiated to a Lie algebroid. If a Lie algebroid is isomorphic to one of this
type, then we say it is integrable. It is well known that not every Lie algebroid is integrable.

When a Lie algebroid is integrable, there is a unique (up to isomorphism) integration with simply con-
nected source fibers called the canonical integration. For a reader interested in more details, we refer them

to [14] and [12].

Definition 2.28. Suppose A — M and B — N are integrable Lie algebroids, with canonical integrations
G = M and H = N, respectively. Then a Morita equivalence between A and B is a Morita equivalence of
G and H. Similarly, the Picard group of A denoted Pic(A) is defined to be Pic(G).
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Example 2.29 (Tangent). The canonical integration of the tangent algebroid is the fundamental groupoid.
Therefore, if M and N are connected, then TM and TN are Morita equivalent if and only if 71 (M) & 71 (N).
Furthermore, Pic(T'M) = OutAut(m (M)).

Example 2.30. If A — {x} is a Lie algebroid over a point, then A is the same as a Lie algebra. The

canonical integration of A is just the simply connected integration G of the Lie algebra. Hence
Pic(A) = OutAut(G) = OutAut(g).
Two Lie algebras are Morita equivalent if and only if they are isomorphic.

2.4.3 Symplectic Morita equivalence

For C = DMan (see Chapter 3), there is a special class of C-groupoids called symplectic groupoids. Morita
equivalence of symplectic groupoids was originally developed by Xu [52] (without the use of Dirac structures).
Picard groups of symplectic groupoids were first introduced and studied by Bursztyn and Weinstein|7]. We

will recall the definition of these objects to make the following discussion more clear.

Definition 2.31. A symplectic groupoid is a Lie groupoid G together with a symplectic form Q € Q%(G)
which is multiplicative:

m*Q = priQ + pr;Q.

A Morita equivalence of symplectic groupoids G and H is a principal (G, H)-bibundle P together with a left

and right mulitplicative 2-form w on P.
m}w = priQY + priw myw = priw + pryQ*.

The Picard group of a symplectic groupoid G is the set of isomorphism classes of Morita self equivalences.

One important reason to be interested in symplectic groupoids is that they are the objects which integrate
Poisson manifolds. Given (M, w) a Poisson manifold, then 7% M inherits a Lie algebroid structure. When
T*M is integrable, we say that (M, ) is an integrable Poisson manifolds. The canonical integration of a

Poisson manifold inherits a multiplicative symplectic form from the canonical symplectic form on 7M.

Definition 2.32. Suppose (M, 7)) and (N, 7y) are integrable Poisson manifolds. Then we say that M
and N are Morita equivalent as Poisson manifolds if their canonical integrations are symplectically Morita
equivalent. Similarly, the Picard group of a Poisson manifold is defined to by the Picard group of its

symplectic integration (as a DMan-groupoid).

Example 2.33. Suppose M and N are any manifolds. Then T*M = M and T*N == N are symplectic

groupoids via fiberwise addition. The Poisson structure that they integrate is given by the zero bivector.
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A principal (T*M,T*N)-bibundle (P,w) always admits a bisection, o: N — P. The bisection gives rise to
a diffeomorphism fp: N — M and a 2-form [ := o*w. Bursztyn and Weinstein showed that the resulting
map:

Pic(T*M) — H?*(M) x Diff (M)
is a group isomorphism.

Example 2.34. Suppose (M,w™!) is a connected Poisson manifold such that w=!: T*M — TM is the
inverse of a symplectic form. It follows that M is integrable and the canonical integration is the fundamental
groupoid IIy(M). The symplectic structure on the fundamental groupoid is obtained by the pullbacks
t'w — s*w.

As we saw earlier, IT; (M) is Morita equivalent to the group m (M, z) for any given base-point x. It turns
out that this is Morita equivalence of symplectic groupoids. Hence, symplectic manifolds (interpreted as
Poisson manifolds) are Morita equivalent if and only if their fundamental groups are isomorphic.

This example tells us that we should not expect Morita equivalence to tell us very much about the leaf-
wise geometry of a Poisson manifold. Morita equivalences are fundamentally about the transverse geometry

of the groupoid.

Example 2.35. Suppose g is a Lie algebra. Then the dual g* inherits a canonical Poisson structure. The
canonical integration is T*G = G x g* equipped with the (coadjoint) action groupoid structure, where G is
the simply connected integration of g.

For the compact and semi-simple case, Bursztyn and Fernandes [6] proved the following theorem:

Theorem 2.36. Suppose g is a compact semi-simple Lie algebra. Then:

Pic(g*) = OutAut(g)
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Chapter 3: The site of Dirac structures

In this chapter we will construct a site whose stacks include those associated to symplectic groupoids. E] The
main concept used here is that of a Dirac structure which is simultaneously a generalization of a foliation
and a symplectic manifold. Intuitively, one should think of a Dirac structure as a smooth manifold equipped
with a (poissibly singular) foliation by pre-symplectic manifolds. More exposition on Dirac structures can
be found in [4]]38].

The structure of this chapter is as follows:

e Section [3.1] gives a brief review of important concepts from the theory of Dirac structures. Topics
covered include the definition of a Dirac structure, pullbacks and gauge transformations of Dirac

structures.

e Section [3.2] will define the site of Dirac manifolds DMan and establish our notation. It concludes with

a proof that the site of Dirac structures is good.

e Section develops the theory of DMan-groupoids called D-Lie groupoids. While a D-Lie groupoid is

more general than a symplectic groupoid, it turns out that this generalization is faithful.

e Section studies principal bundles and Morita equivalences of D-Lie groupoids. It proves that
symplectic Morita equivalences and Morita equivalences of symplectic groupoids (as D-Lie groupoids)

are the same.

e Section turns to the study of stacks in the world of Dirac manifolds. It collects the work we have
done so far and includes the proof of Theorem which is the main result of the chapter.

3.1 Dirac structures

3.1.1 Generalized tangent bundle

The Courant bracket was developed by Theodore Courant [10] with the introduction of Dirac structures.
We begin with defining the generalized tangent bundle, which is the vector bundle for which the Courant

bracket is defined.

IMost of the following chapter has already appeared in an article by the author in Letters in Mathematical Physics [49].
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Definition 3.1. Let M be a smooth manifold. The generalized tangent bundle is the direct sum of the
tangent and cotangent bundles.

™ :=TMe&T*M
Elements of TM are denoted v & 7 for some vector v € T'M and covector n € T*M.

The generalized tangent bundle comes with a bracket called the Courant bracket.

Ve&nWedpy =[V.WleLy() - Lwn) +dn(W)). (3.1)

For a 2-form w, the notation w” denotes the associated linear map TM — T*M given by vector contraction.
Notably, the above bracket does not form a Lie bracket. While it satisfies the Jacobi and Leibnitz identities,
it is not anti-symmetric.

If we are supplied with a 3-form ¢ on M we can “twist” the bracket.
V&0, W a5y = [V,W & Ly (Q) — Lw(n) +dn(W)) + ¢(X, Y, -) . (3.2)

If we are considering the twisted case, then we call ¢ the background 3-form. Twisted brackets are interesting
because they make a natural appearance in Lie theory. See Example [3.6]

The generalized tangent bundle comes with two pairings, one symmetric and one anti-symmetric.
(v@nwd )y =C(v) +n(w) (3.3)
1
w0 ¢)- = 3(C() —n(w) (34)

3.1.2 Dirac geometry

Definition 3.2. Let M be a smooth manifold. A Dirac structure on M is a subbundle L < TM which
is maximally isotropic with respect to (-,-); and whose sections are involutive (closed) under the Courant
bracket.

A ¢-twisted Dirac structure is defined similarly, except we require that L is involutive under the ¢-twisted

Courant bracket.

Example 3.3. Suppose w is a 2-form on M such that dw = ¢. Let L := {v ® w”(v)} be the graph of w.

Then L is a ¢-twisted Dirac structure.

Example 3.4. Let F be an integrable distribution on M (i.e. a foliation on M). Now let F'° < T*M denote
the annihilator of F. That is, it is the vector bundle of 1-forms n such that n(v) = 0 for all v € F. Then

L, := F & F° is a Dirac structure.
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Example 3.5. Let 7 € X2(M) on M and denote by 7 the contraction map T*M — TM. Let L, be the
graph of 7#. Then L, is a Dirac structure if and only if 7 is a Poisson bivector. For our purposes, this will
serve as our definition of a Poisson bivector.

If L is a ¢-twisted Dirac structure, then we say 7 is a ¢-twisted Poisson bivector.

Example 3.6. Let G be a compact Lie group. Let 6 be the (right invariant) Mauer-Cartan 1-form on G.
That is, for each v € T,G,
O(v) = dRy-1(v)

Since G is compact, we can assume there is an bi-invariant metric p(-,-) on G. Then

B(v1,02,5) 1= 5 (0(00), [0(02), 0(u5))

defines a 3-form on G called the Cartan 3-form.
Using the metric, we can identify TG with TG @ T'G and at each g € G consider the elements of TG
which have the form

1
(dLy(v) = dRy(v)) & 5 (dLy(v)) — dRy(v)))
It was observed by Severa and Weinstein [47] that this defines a ¢-twisted Dirac structure on G.

A Dirac structure is an example of a Lie algebroid. Any Dirac structure L < TM comes with a projection
to T'M which we will call the anchor map and denote with p. Since sections of L are involutive, it comes
with a Lie bracket [, ]r. Anti-symmetry follows from the condition that L is isotropic. The bracket and

anchor are compatible in the following sense:
[, fBlL = fla, Bl + L) ()8 Vo, B €T(L) (3.5)
At each x € M, there is a pairing on the image of p given by
w,w):=@wWednwedl)- Yvdnwd(E L,

Well definedness of this pairing follows from the maximally isotropic condition on L. Since L is an algebroid,
it follows that we can integrate the image of p to a singular foliation of M by regularly immersed submanifolds.
The pairing w can be restricted to each orbit O to get a 2-form w® € Q?(0). If L is Dirac structure, then
it follows that dw® is closed. When L is a ¢-twisted Dirac structure we instead get that dw® + ¢ = 0.

3.1.3 Morphisms

Dirac structures come with two natural notions of morphism. To begin, we will explain the basic pushforward

and pullback operations on Dirac structures.
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Definition 3.7. Suppose f: M — N is a smooth map and L is a ¢-twisted Dirac structure on M. The
pushforward of L along f is defined to be

fel={df(v)®n:ve ffne L}
Now suppose L' is a Dirac structure on N. The pullback of L along f is defined to be:
L ={ve f'n:df(v)ene L’}

For each point x € M, the pushforward and pullback operations always give maximally isotropic subspaces.
However, the pullback operation will not always give a continuous subbundle of TM. The pushforward
operation has the same potential problems as the pushforward of vector fields in that it may give different
answers over the same fiber. In the twisted case, the pullback of a ¢-twisted Dirac structure along f is a
f*¢ twisted Dirac structure (if it exists).

If we are given Dirac structures Ly, on M and Ly on N, then we say that f is forward Diracif f. Ly = N.

We say that f is backwards Dirac if f*Ly = Ly;.

Example 3.8. Let f: M — N be any smooth map and L = TM < TM be the tangent Dirac structure.
Now consider the function f(z) = x?. Then f*T'M is not a valid Dirac structure since it is not a continuous

subbundle of TN.
Example 3.9. Suppose f: M — N is a smooth map and w is a 2-form on M. Then f*L, = L+,

Example 3.10. Let s and 7 be Poisson bivectors on M and N respectively. Then f.L,,, = L., if and

only if wp; and my are f-related.

Before we can define our site of Dirac manifolds, we will introduce one more operation on subbundles of

TM.

Definition 3.11. Suppose Ly is a (¢-twisted) Dirac structure on M. Given a 2-form 8 € Q?(M) then we

define the gauge transformation of Lys by S to be:
Ly+B8:={ven+u" @) :vdneLy.}

If Ly is a ¢-twisted Dirac structure then Ly + 3 is a (¢ — d5)-twisted Dirac structure.

Lemma 3.12. Suppose f: M — N is a smooth map and Ly is a Dirac structure on N. Then for any
2-form B € Q?(N) we have that:

ST Ly +B) = f"Lu+ [

Proof. Due to the maximality condition on Dirac structures, it suffices to show that one is contained in the

55



other. An arbitrary element of f*(Ls 4+ 8) can be written in the form

v @ f*(n+ B (df(v)))

For some v & n € Lj;. This expression equals

V@ 4 (f8)((v).

But this is clearly an element of f*Lys + f*f5. O

At each orbit O of the Dirac structure, the effect of the gauge transformation is that it adds 8|p to the

to 2-form w®. Therefore, we should not be surprised by its compatibility with the pullback operation.

3.2 DMan

3.2.1 The category of Dirac manifolds
We can now define the site of Dirac manifolds. Let DMan be the category defined as follows:
Definition 3.13. Let DMan be the category defined as follows:

e The objects of DMan are triples (M, ¢, Lys) where M is a smooth manifold and Ly, is a ¢-twisted Dirac

structure.

e The morphisms of DMan are pairs (f,8): (M, érp, Ly) — (N, dn, L) where f: M — N is a smooth

map and [ is a 2-form on M such that:
ffon =¢m +dB  and f*Ly=Lu+5.

Composition of pairs is given by the rule (f, 81) o (g, 82) = (f o g,9" 51 + B2).

Example 3.14 (Gauge Transformations). Suppose (M, Lys) is a Dirac manifold and S is a closed 2-form
on M, then (I4,8) : (M,Ly) — (M, Ly + ) is a morphism in DMan. We call such morphisms gauge

transformations.

Example 3.15 (Smooth Maps). Let M and N be any smooth manifolds. Then (M, TM) and (N,TN) are
Dirac manifolds. For any smooth map f : M — N we have that (f,0) : (M,TM) — (N,TN) is a morphism

in DMan.

Example 3.16 (Symplectic Leaves). Suppose (M, Lys) is a manifold and Lj; is the graph of a Poisson
bivector. Any orbit O of M has an associated symplectic form w® and the immersion i : O — M satisfies

"Ly = Lyo.
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To simplify our notation we will sometimes denote a morphism (f, 5) in DMan by f alone and the 2-form g
will be called the gauge part of f. Similarly we may sometimes denote a Dirac manifold (M, ¢, Las) by M
alone. The notation Ljy; and ¢, will always denote the ¢,,-twisted Dirac structure on M. Lastly, if we say
a morphism in DMan is a submersion we mean that the underlying smooth map is a surjective submersion.
When we give DMan a topology, we will see that this agrees with our site theoretic notion of a submersion.

The category DMan comes with a natural functor Pr; : DMan — Man by projection to the first factor of
each triple. This functor is split by a fully faithful functor i : Man — DMan which takes any manifold M to
the Dirac manifold (M, ¢y = 0,TM) and any smooth map f to (f,0).

We can characterize commutative diagrams in DMan by considering the associated diagram in Man together

with a gauge equation. For example, suppose we are given a triangle T' of morphisms in DMan as per ({3.6)).

Mo
T = y . \f’: (3.6)

M —— 2 My

The gauge part of T is the equation 51 + f7 B2 = B3 (here f; is the gauge part of f;). More generally, any
diagram D in DMan comes with a set of gauge equations coming from each triangle in D. It is not difficult to
note that D is a commuting diagram if and only if Prq(D) commutes in Man and each gauge equation holds.

Suppose we are given two morphisms (f, 8) : M — X and (g,a) : N — X in DMan such that the manifold
M x x N exists. Then the fiber product is defined to be M x x N where

Lysyn == (fopry) Lx —pri3 — prja. (3.7)

Such a fiber product fits into a corresponding pullback square in DMan:

Mxx N 22, N

J{Plﬁ J{g
M—1 5 x

We take the gauge parts of pr; and pr, to be prja and prj/ respectively. Observe that such a fiber product
always exists if either f or g is cartesian in Man.
Fiber products in DMan are true fiber products in that they still satisfy the same universal property.

Suppose we have the following diagram in DMan:

}Lz

Mxy N 22, N
Pry lg
M—r i x



Let 77 and 72 be the gauge parts of h; and ho, respectively. Then the gauge equation arising from the
outermost square is

hiB+m = hya +1ns. (3.8)
We already know that there is a unique smooth map k : ¥ — M x x N which makes this diagram commute.
We can define the gauge part of k, call it , one of two ways:

K+ k*priB =mne orequivalently r+ k*pry8=r1;.

In the presence of (3.8)), these definitions are equivalent. They must hold in order for the diagram to commute
since they represent the gauge equations of the top and left triangles created by inserting k : Y — M xx N

into the diagram above. Hence, (k, k) is the unique morphism which completes the diagram in DMan.

3.2.2 Topology

The category DMan inherits a natural topology from the forgetful functor Pr;: DMan — Man.

Definition 3.17. A collection of morphisms C' = {u;: U; — M} in DMan is a covering family if Pri(C) is a

covering family in Man.

A routine check shows that this satisfies the axioms of a pre-topology and so we obtain a Grothendieck
topology on DMan. A site theoretic submersion then is just a morphism in DMan which projects to a submersion

in Man.
Proposition 3.18. DMan is a good site.

Proof. DMan has an initial object. It is the empty manifold equipped with the unique Dirac structure on the
empty manifold. Morphisms in DMan are clearly defined locally since any (f, ) is uniquely determined by
its restrictions to an open cover. We only need to show that Sub is a stack. In particular, we need to prove

that given the following data:
e an open cover {U; < M} on some object M in DMan;
e submersions p;: P; — Uj;

e and morphisms ¢;;: P;

u,; — b

Uij»

such that ¢|v,;,. © ¢jklv,;. = Piklu,,,. then there exists a submersion P — M in DMan and identifications

@i+ Ply, = P; such that:
bij © dilu.j = dilus,

Since Man is a good site we already know that a manifold and smooth maps ¢; exist. We only need to come

up with a Dirac structure and a 3-form on P and the gauge parts for each ¢;.
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Without loss of generality, we can assume the gauge parts of the embeddings {U; — M} are zero and
the gauge parts of the submersions P; — U; are zero. Let ¢p and Lp be defined to be the pullback of ¢,
and Ly respectively. Then this structure is compatible with the identifications ¢;: P|y, — P; if we take the
gauge parts to be zero.

To finish, we need to show that ¢;; o ¢;

U; = bi

took the gauge parts of each ¢; to be zero, the gauge equation associated to this expression is:

v,;- Let Bi; be the gauge part of each ¢;;. Since we

?5(Bij) = 0.
This is true since every f;; is zero. To see why note that p;|u,; o ¢i; = p;|v,; and the gauge part of each p;
is zero. Then the gauge equation for this expression says 8;; = 0. O

With this result, all of our work from Chapter 1 and Chapter 2 can be applied to DMan.

3.3 DMan-groupoids

3.3.1 D-Lie groupoids
Definition 3.19. A D-Lie groupoid is a DMan-groupoid. In other words, it is a groupoid internal to DMan.
This definition is elegant, but we should provide a geometric interpretation for such an object.
Theorem 3.20. D-Lie groupoids are in one-to-one correspondence with the following data:
e A Lie groupoid G = M,
o (a possibly twisted) Dirac structure on M,
e and a pair of two forms o and T on G.
such that for Q:=71—o:
(DL1) t*¢p — s* o = dQ,
(DL2) and t*Ly; = s*Ly + Q2
(DL3) m*Q = priQ +priQ form: G xp G — G

Proof. If we are given a D-Lie groupoid G = M. Then let ¢ and 7 be the gauge parts of the source and
target map. We only need to show that  := 7 — o satisfies the desired properties. (DL1) follows from
combining s*¢y = ¢g + o and t*¢ = ¢g + 7. (DL2) follows from the observation that t*Ly; = Lg + 7
and s*Ly; = Lg + 0.
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To recover (DL3) we consider the gauge part of the compatibility of m with s. That is:
som=sopry,: GxG—G.
Let u be the gauge part of m. Then the gauge part of this equation is:
m*c + . = pryo + prio. (3.9)

If the reader is not sure how this equation is obtained, they should look at the construction of the fiber

product in DMan from the previous section. The target map yields a similar equation:
m*o + p = pry7 + pri7. (3.10)

Then (DL3) is obtained by subtracting these equations.

To obtain the opposite correspondence, we must define a Dirac structure on G and the gauge parts of
the structure maps. Let ¢g be defined to be s*¢p; — o or equivalently t*¢p; — 7. Let Lg be defined to be
s* Ly — o or equivalently t*Ly; — 7.

We already have gauge parts for s and t. To define the gauge part of m, call it y, we can use either
Equation or Equation Property (DL3) guarantees that these are equivalent.

For the unit map u we take consider the axiom s o u = Idy;. The gauge part of this axiom is
u'c+uv=0m (3.11)

if v is the gauge part of u. Hence we can take Equation to be a definition for v.
To define the gauge part of the inverse map i we take inspiration from the fact that soi =t. Let the

gauge part of i, called ¢ be defined to be the unique 2-form such that:
i"'o+i1=r1. (3.12)

If this choice of ¢, 4 and v define a D-Lie groupoid, then surely this inverts the correspondence we defined
at the start. The only possible problem is that our choices may not result in a well defined D-Lie groupoid.
That is, our assumptions (DL1), (DL2) and (DL3) may not be enough to imply the gauge parts of every

groupoid axiom holds. It turns out this does not happen and we leave the proof of this fact to the appendix

(see Lemma [C.1]). O

The 2-form € := 7 — w clearly plays an important role in the study of D-Lie groupoids. We will call
this the characteristic form of G. When o = 0 we say that G is target aligned. We will see later that (up to

isomorphism) every D-Lie groupoid is target aligned. The pair (7,0) is called the gauge pair of G.
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Now let’s look at a few examples of such data.

Example 3.21 (Symplectic Groupoids). Given (G, ), a symplectic groupoid integrating a Poisson manifold
(M, L), then t*L, = s*L, + Q. Therefore, a symplectic groupoid is the same as a target aligned D-Lie

groupoid with non-degenerate characteristic form.

Example 3.22 (Symplectic orbifolds). Let G = M be an étale Lie groupoid and suppose w is a symplectic
form on M. Suppose further that t*w —s*w = 0. When § is proper, it can be thought of as the presentation
of a (possibly non-effective) symplectic orbifold. By thinking of M as a Dirac manifold, then G can also be

thought of as a D-Lie groupoid with characteristic form 0.

3.3.2 D-Lie groupoid morphisms

We will now take a closer look at homomorphisms of D-Lie groupoids. A morphism of D-Lie groupoids is
just a morphism of DMan-groupoids as discussed in Chapter 1. Throughout, G and H are D-Lie groupoids
over M and N respectively. Also, Q9 and Q" will denote their respective characteristic forms.

There is a characterization of morphisms in terms of the characteristic forms.

Lemma 3.23. There is a one-to-one correspondence between morphisms of D-Lie groupoids, and the fol-

lowing data:
e ¢ Lie groupoid homomorphism F: G — H covering f: M — N;
e a 2-form B which makes (f, ) into a morphism of Dirac manifolds.

such that:
Q" =" —s*B+ QY. (3.13)

Proof. One direction of the correspondence is clear. We simply let 5 be the gauge part of the base map of the
given D-Lie groupoid morphism. One only has to show that Equation [3.13] holds. This follows immediately
by looking at the gauge parts of compatibility of F' with the source and target maps:

Fro +a=s"B+0Y. (3.14)

i a=t"B+79. (3.15)

In the above, « is the gauge part of F': G — H.

To reverse this correspondence, we need to supply «. This is easy since we can use either of the two equa-
tions above as definitions for a. Our assumption means that these choices are equivalent. By construction,
it is clear that this choice of a makes (F, «) compatible with the source and target maps. We only need to

check that (F,«a) is compatible with multiplication.

61



To see why, first note that the gauge part of (F, F): G X3 G — H Xy H is pria + pria — prit*8. That
is:

(F,F)* i + pria + pria = mta + 18
If we take Equation [3.14) as the definition of o and apply Equation [3.9] we get:

m*a+ 9 = m*s*f — m*F*o™ 4 pricY + prioY

On the other hand:

(F,F)*u+pria+ pria — prit*a = (F, F)*(prio’ + prijoc™ — m*o™) + pria + prija — prit*a
= prTF*UH + pr;‘F*oH —m*F*o + prio + pria — prot*a

= pris*f +prioY + pris*f +prio’ — m*F o™ —prit*a

=m*s*f —m*F*o™ + priocY + prio?

Which shows that (F,«) is a D-Lie groupoid homomorphism. O

Now we observe a useful corollary which clarifies why we mainly need to consider the characteristic form

of a D-Lie groupoid.
Lemma 3.24. FEvery D-Lie groupoid is canonically isomorphic to a target aligned D-Lie groupoid.

Proof. Let G = M be a D-Lie groupoid over M with gauge pair (7,0). Then the pair gauge pair (€2,0) also
determines a target aligned D-Lie groupoid. Furthermore, the identity map Idg of Lie groupoids together

with 5 = 0 satisfies Lemma [3.23] and so the gauge transformation:
(Idg,0) : (G, Lg) = (G,Lg +0),

is an isomorphism of D-Lie groupoids. O

Example 3.25 (Symplectic Groupoids). Suppose G = M and H = N are symplectic groupoids. If we
think of G and H as target aligned D-Lie groupoids then a morphism consists of a homomorphism of Lie

groupoids F : G — H together with a closed 2-form 8 € Q2(M) such that (3.13) holds.

3.3.3 D-Lie algebroids

There is an infinitesimal version of D-Lie groupoids. Burzstyn and Cabrera [5| showed that given a ¢-closed
multiplicative form on a Lie groupoid, there is a corresponding infinitesimal multiplicative form on the

corresponding algebroid A. An infinitesimal multiplicative form relative to a 3-form ¢ on M is a bundle map
prrA—=-T*M
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which satisfies for all a1, a2 € T'(A):

(MF1) (Anti-symmetry)
p*(a1)(plaz)) = —p"(az)(p(a1))

(MF2) (Compatibility with the bracket twisted by ¢)
p*(la1; az]) = Lyayyilaz) = Logayynlar) + ¢(p(ar), plaz), —)

Where p: A — T'M is the anchor map of A. We should clarify that the * notation is intended to indicate
that p% takes values in the cotangent bundle, not that it is the dual of the anchor map p: A — TM. a
compatibility condition with the bracket on A and is anti-symmetric Note that we have used the * notation
to emphasize that the map takes values in the cotangent bundle. We do not mean that p7% is the linear dual

of the anchor.

Example 3.26. Let L be a ¢-twisted Dirac structure on M and let p*: L — T*M be the projection to
the cotangent bundle. Then p* is an infinitesimal multiplicative form relative to ¢. To see this one should
observe that the anti-symmetry condition follows from the fact that L is isotropic and the bracket condition

follows from the closure of L under the Courant bracket.

Now suppose (2 is a multiplicative form on a Lie groupoid. From [5], we can recover an IMF by defining

p% in the following way:

phv)=n < t'p=0(). (3.16)
We now proceed to a simple lemma, which will motivate our definition of D-Lie algebroid.

Lemma 3.27. Suppose G = M is a D-Lie groupoid with characteristic form Q. Let A be the corresponding
algebroid and p* be the associated infinitesimal multiplicative form and pa be the anchor map. Then pa(v)®

p(v) € Ly for allv e A and (p ® p%y) : A — Ly is a Lie algebroid homomorphism.

Proof. We have two things to show. First, the claim that, for any v € A, pa(v) ® p%(v) € Ly. Let
v € A := kerds|y; and suppose n = p%(v). By the definition of the pullback, we know that v & 0 € s*Ljy.
Consequently, v@®Q°(v) € t* Ly, by Theorem Hence, by the definition of p, we have that v@n € t* L.
Therefore, we can conclude that p4(v) & p% (v) € L (again by the definition of the pullback).

Now for the second part. Recall the definition of the Courant bracket.

VanWad,, =[V,WeLlvC)—(dn) (W) +e(V,W,-). (3.17)

Lm

We need to show that

[pa(V) @ pa(V), paW) @ pa(W)],, = pa([V,W],) & pa([V, W],) .

Ly
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This is clearly true for the TM component, since p : A — T'M is compatible with the standard Lie bracket.
For the T*M component, the result follows immediately from (MF2). O

Definition 3.28. A D-Lie algebroid is a Lie algebroid (A, [-,-] 4, p) over a Dirac manifold (M, L) together

with a Lie algebroid homomorphism p: A — Ly,

We can recover an infinitesimal multiplicative form from this definition by taking p* to be the T*M
component of p. We say that a D-Lie algebroid is integrable if there exists a D-Lie groupoid G whose
corresponding infinitesimal multiplicative form is p%. When G is source simply connected and target aligned

we say that G is the canonical integration.

Example 3.29 (Poisson Manifolds). Let (G,Q) be a symplectic groupoid over a Poisson manifold (M, ).
Then let p: A — T* M be the standard identification of the algebroid of G with the cotangent bundle of M.

In this way, we can think of A as a D-Lie algebroid.

Example 3.30 (Dirac Structures). Let Lj; be any Dirac structure. Then if we take p: Lyy — Ly to be
the identity morphism, we can think of L), as a D-Lie algebroid.

Example 3.31 (Trivial algebroids). Let A be a rank zero vector bundle, thought of as a trivial algebroid.

Then for any Dirac structure Lj; on the base of A, we can take p: A — Ljs to be the zero map.

The last example illustrates the interesting fact that integrability of Lj,; is neither a necessary nor a

sufficient condition for integrablity of the D-Lie algebroid.
Definition 3.32. Suppose (4, p%) and (B, pj) are D-Lie algebroids. A morphism of D-Lie algebroids is a
Lie algebroid morphism F' : A — B which cover a morphism of Dirac manifolds (f,8) : M — N such that

froppoF =py+p

The left side of the equation above is the pullback of the IM 2-form p} along F. The right side is the
infinitesimal form of the gauge transformation 2 + t*5 — s*3. Hence, this is just the infinitesimal version of

B13).

3.4 Principal bundles and Morita equivalence

In this section, we will define G-bundles and (G, #H)-bibundles in the setting of D-Lie groupoids. By our
work in Chapter 1, these objects determine the behavior of geometric stacks over DMan. Furthermore, we
will see that Morita equivalence of D-Lie groupoids faithfully generalizes Morita equivalence for symplectic

groupoids.
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3.4.1 Principal G bundles

Definition 3.33. Let G = M be a D-Lie groupoid. A left G-bundle over N is a G-bundle internal to DMan,
i.e., an ordinary G-bundle s” : P — N, where P and N are Dirac manifolds and all the structure maps
sP:P -+ N,t": P — M and my, : G xj; P — P are DMan-morphisms. We say that P is principal if the

induced morphism G x; P — P Xy P is an isomorphism.

The reader should note that, by our construction of fiber products in DMan, a G-bundle for a D-Lie
groupoid is principal if and only if the underlying action of a Lie groupoid is principal.
P ¢ and mf come with gauge parts of, 7

The morphisms s and puf. The equation associated to

s omy(g,p) =s"(p) is

pr +m*e? = priocY +priot.

Similarly, the gauge equation of t¥ o mp(g,p) = t(g) is

pr +m*tr =prir9 4 prirt .
Therefore, when defining a principal G-bundle it suffices to specify the 2-forms o and 7. As with D-Lie
groupoids, we say the characteristic 2-form of P is QF := 7 — oF. Let Q9 be the characteristic 2-form of
G. Then

m; QF = prTQg + prsQP .

That is, the 2-form QF is left multiplicative. When ¥ = 0 we call P target aligned. By a similar argument

as in Lemma|[3.24] every principal G-bundle is canonically isomorphic to a target aligned principal G-bundle.

3.4.2 Bibundles

We can now proceed to tackle bibundles and Morita equivalence in DMan. Throughout this section G and H

are D-Lie groupoids over the Dirac manifolds M and N respectively.

Definition 3.34. Suppose G and H are D-Lie groupoids. A (G, H)-bibundle is defined to be a bibundle object
internal to the category DMan. Hence, it is an object P in DMan together with morphisms t”, s” my, mp
(again in DMan) which satisfy the axioms of commuting left and right actions over N and M, respectively.
A bibundle P is said to be left principal bibundle if the left action makes P into a left principal G-bundle
over N. We define right principal similarly. We call P a principal bibundle if P is both left and right

principal. A principal (G, H)-bibundle is also called a Morita equivalence of G and H.

Just like G-bundles, a (G, H)-bibundle P of D-Lie groupoids is determined by the data of the underlying
bundle and the gauge part of the source and target maps o and 7. The characteristic form QF of P is

defined to be o — 7 as before. Using the same techniques as before we can show that ¢ and 77 define a
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bibundle if and only if QF is left and right multiplicative. That is
m; QP = priQ 4+ pri;0Q”  and mE0Y = priQf + pri0’.

We say that P is target aligned if ¥ = 0.

An equivariant map of (G, H)-bibundles is a morphism ® : P — @ which commutes with the source
and target maps and respects the multiplication. In terms of the characteristic 2-form the condition on
F:Q — P is just

FrQP =09,

This makes sense when compared to the case of left G-bundles since we can think of any (G, H)-bibundle
morphism as a left G-bundle morphism covering the identity on N. As with D-Lie groupoids, for any bibundle
P the gauge transformation (Id,o”) : (P, Lp) — (P, Lp +o") is an isomorphism of P with a target aligned
bibundle.

The next few examples demonstrate how this notion of Morita equivalence of D-Lie groupoid relates to

existing definitions of Morita equivalence.

Example 3.35 (Morita equivalence of Lie groupoids). Given a Morita equivalence P of Lie groupoids G and
‘H, then thinking of G and H as D-Lie groupoids with the tangent Dirac structure allows us to view (P, TP)
as a Morita equivalence of D-Lie groupoids (G,TG) and (H,TH). Furthermore, it is a simple exercise to
check that any Morita equivalence of the D-Lie groupoids (G,TG) and (H,TH) is isomorphic to such a
(P, TP).

Example 3.36 (Symplectic Morita equivalence). Given a symplectic Morita equivalence (P,QF) of sym-
plectic groupoids (G,Q9) and (H, ™), we can think of (P,QF) as a target aligned Morita equivalence of G

and ‘H viewed as D-Lie groupoids.
We can improve on the observation from the preceding example.

Proposition 3.37. Suppose G and H are symplectic groupoids, i.e. target aligned D-Lie groupoids with
symplectic characteristic forms. There is a one-to-one correspondence between symplectic Morita equivalences

and target aligned principal (G, H)-bibundles.

Proof. One direction is just Example [3.36] For the other direction, suppose P is a target aligned principal
(G, H)-bibundle. We must show that QF is symplectic at each p € P. So fix p and let z = s”(p) € N and

y = t(p) € M. Suppose e : U — P is a local section of s around = such that e(z) = p and let 3 := *QF.
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Next define f :=t¥ o e and notice that

f*LM = 6*(tp)*LM
— " (Lp + Q)
=e"Lp + ﬂ

= 6*(SP)*LN +B8=Ln+p8.

In other words, (f,3): U — M is a morphism in DMan. Since P is principal, f is transverse to the orbits of
M.
We will need these facts in a moment, but first we should use the section e to ‘trivialize’ our bibundle.

When P is restricted to U, we can identify it with the trivial G-bundle associated to this map. That is,
Ply 2 G Xg,5 U, with p corresponding to (u(f(z)), x).
When P|y is written in this way, then we can use the left multiplicativity of QF to see that
OF = pr’{Qg + pr;p.
Hence, for any two vectors
(vi,wi) € Tp(G xnm N) = {(v,w) € Ty(sx)9 x TN 1 ds(v) = df(w)},

we have that

QF ((v1,w1), (v2,w2)) = Q9 (v1,v2) + Blwy, ws) .

Now suppose that (vy,w;) is in the kernel of QF. We will show that it must be zero by pairing it with a few
careful choices of (v, ws). First let us see what happens when (v, ws) = (v2,0) for arbitrary vy € kerds.
Then

0 = QP ((vy,w1), (v2,0)) = QY (v, v) .

Therefore, we can conclude that v; is Q9 orthogonal to kerds. Since G is a symplectic groupoid, this implies
that v; € kerdt.
Now suppose (ve,wz) = (dudf(ws),ws) for arbitrary we € TO, tangent to orbit of x. We can conclude
that
0= Q% (vy,dudf(ws)) + Blwy,ws) . (3.18)

Let Go, = s71(0,) = t71(O,) be the restriction of G to the orbit O, and let w be the leafwise symplectic
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form on the orbit. For any symplectic groupoid, it turns out that
g _ 4%, Oy %, O
Q%[go, = t"'w"v —s"wv.
Since both v; and dudf(ws) are tangent to Go,, we can conclude that

QF (vr, dudf (ws)) = w (dt(vr), df (w2)) = (ds(vr), df (w2)
= —wO(ds(v1), df (w2))
= —wO(df(wn), df (w2))
_ *woy(wl,u&)

= % (wl,wz) - ﬂ(wla'LUQ)'

In the second line we have use the fact that v; € ker dt. In the third line we used the fact that (vy,w;) must
be tangent to G x s U. The last line follows from the fact that (f, ) is a morphism of Dirac manifolds.
Combining this with (3.18]) we get that

w9 (wy,ws) = 0. (3.19)

Recall that ws was an arbitrary vector tangent to @,. Since w®

= is symplectic, we can conclude that w; = 0.
So far we have shown that (vi,w;) = (v1,0) and that v, € kerdt. It follows that v; € kerds. We still
need to show that v; = 0. To do this we will show that Q9(vy,v) = 0 for arbitrary v € Tyy(,)G. Since Q9 is
symplectic, this will show that v; = 0.
First write v in the form v4 + vy, for v4 € kerds and v, € Im(du). Let us see what happens when we

pair it with vq:

Qg(vl,v) = Qg(vl,vA) + Qg(vl,vu) =0+ Qg(vl,vu) .

Since f is transverse to the foliation on M, we can write vy, = dudf(w) 4+ du(ve), where w € T, N and
vo € TyOy. Hence,
Qg(vla Uu) = Qg (vla du df('LU)) + Qg(vh du(UO)) : (320)

Recall that we have assumed that (vq,0) is in the kernel of Q. Therefore,

0= QF((v1,0), (dudf(w), w))
= Qg(vl, dudf(w)) + 8(0,w)
= Q9 (vy, dudf(w)).

Therefore, we can conclude that the first summand on the right side of (3.20) vanishes. For the second

68



summand, observe that both v; and du(vep) are tangent to Q@y and so
Qg(vl, du(ve)) = WO (dt(v1),v0) — W% (ds(v1),v0) =0.

Hence, we conclude that Q9 (v, v) = 0. Since v was arbitrary and Q9 is symplectic, we conclude that v; = 0.

So QF is non-degenerate at p and therefore symplectic. O

3.4.3 Weak equivalences

Let G and H be D-Lie groupoids over M and N. Suppose F' : H — G is a morphism of D-Lie groupoids
covering f : N — M. Then we can construct the left principal (G, H)-bibundle:

PF ::ngny,

with the obvious commuting actions of G (on the left) and of H (on the right). We equip Pp with the
characteristic form:

Ofr = prTQg +prsf,

where [ is the gauge part of f : N — M. This is the same as the standard construction for Lie groupoids
with the addition of the characteristic form. The reader can easily check that these actions satisfy the axioms

of a (G, H)-bibundle.

Definition 3.38. We say that a morphism of D-Lie groupoids F' : H — G is a weak equivalence if Pr is a
principal (G, H)-bibundle.

In other words, a weak equivalence of D-Lie groupoids is a D-Lie groupoid morphism which gives rise to a
Morita equivalence. Later, it will be shown that these equivalences further correspond to an isomorphism of
the underlying stacks. The name weak equivalence is chosen because while they are not necessarily invertible
as D-Lie groupoid morphisms, they become (weakly) invertible when passing to the 2-category of stacks.

Recall that Pg is principal if and only if it is a principal bibundle of Lie groupoids. Therefore, F' is a
weak equivalence if and only if the underlying generalized map of Lie groupoids is a weak equivalence. This

immediately gives rise to a notion of symplectic weak equivalences.

Example 3.39 (Symplectic Weak Equivalences). Suppose G and H are symplectic groupoids (i.e., G and
H are target aligned D-Lie groupoids and their characteristic 2-forms Q9 and Q7 are symplectic). Then a
weak equivalence F' : H — G consists of a homomorphism of Lie groupoids, together with a closed 2-form

on N such that the following hold.
(a) F:H — G is fully faithful and essentially surjective.

(b) f: N — M is transverse to 7y (the Poisson structure on M).
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(c) F*Q9 = QM+t — s*B.

Condition (a) and (b) ensure that F' is a weak equivalence of the underlying Lie groupoids as per the usual
definition. That is, P is principal as a Lie groupoid bibundle. The last condition is the geometric condition

for F' to consitute a morphism of D-Lie groupoid as per our discussion of D-Lie groupoid morphisms.

Composition of homomorphisms corresponds to the tensor product operation at the level of bimodules.
Our work in Chapter 1 already constructed the tensor product site theoretically, but for completeness we
will repeat the construction in our D-Lie setting.

Given a left principal (G1, Ga)-bibundle P and a left principal (Go, G1)-bibundle Q. Assume that G, Ga,
Gs, P and @ are all target aligned. Thinking of the G; as Lie groupoids then

P®Q::PXM2Q/g2>

where the action of Gy on (p,q) is defined to be g2 - (p,q) = (p - g;l,g -q). In order to equip P ® @ into a
target aligned left principal (G;, Gs)-bibundle, we only need to equip it with a multiplicative 2-form QF®@,
Multiplicativity of QF and Q@ with respect to the action of G, ensures that

Q= pri0f 4+ pri0@

is basic with respect to the action of Gy on P Xz, (). Hence, Q descends to a 2-form on P ® Q. Left and
right multiplicativity of QF®® can easily be checked.

3.5 Stacks in DMan

Stacks over DMan are mainly interesting because they provide a rigorous foundation for taking about the
stack associated to a (pre)-symplectic groupoid. We will make this claim precise in this section. First we

begin with a somewhat obvious result.

Proposition 3.40. Suppose G is a D-Lie groupoid. Let BG denote the category whose objects are left
principal G-bundles and morphisms are equivariant maps F': P — Q. Let the functor m : BG — DMan send

F:P—>Qtof:M— N. Then BG is a stack.
Proof. This is just a corollary of Theorem [I.57] since Proposition [3.18 showed that DMan is a good site. [
Our next theorem provides the basic correspondence for studying Morita equivalence of D-Lie groupoids.
Theorem 3.41. Suppose G = M and H = N are D-Lie groupoids. Then the following are equivalent:
(i) BG and BH are isomorphic.

(i) There exists a principal (G, H)-bibundle.
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(iii) There exists a D-Lie groupoid KC and weak equivalences Fy : KK — G and Fy : K — H.

Proof. This result can be thought of as an analogue of Theorem 2.26 in [1]. The above theorem is a corollary

of Theorem and Theorem applied to the case where C = DMan. O
Theorem 3.42. Let G and H be symplectic groupoids. The following are equivalent:

(1) G and H are symplectically Morita equivalent.

(2) BG is isomorphic to BH.

(8) There exists a principal (G, H)-bibundle of D-Lie groupoids.

(4) There exists a pre-symplectic groupoid G' and a pair of weak equivalences of D-Lie groupoids G <+ G — H.
Proof. This is an immediate corollary of Proposition [3.37| and Theorem [3.41] O

Example 3.43 (The Stack of a Poisson Manifold). We saw earlier that there is a one-to-one correspondence
between symplectic groupoids (G, 2) integrating a Poisson manifold (M, ) and target aligned D-Lie groupoid
G with a symplectic characteristic form.

From this point of view, if G is a proper symplectic groupoid then BG is the analogous in DMan of
the notion of a separated stack. The space of objects of such proper symplectic groupoids are the Poisson

manifolds of compact type, studied by Crainic, Fernandes and Martinez-Torrez in [15}/16].

Example 3.44 (A non-presentable stack). One weakness of the category DMan is that it lacks a terminal
object. This is remedied by passing to stacks over DMan. In fact, the category DMan equipped with the
identity projection is a terminal object in the 2-category of stacks. This is, perhaps, the simplest example

of a stack over DMan which does not admit a presentation.
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Chapter 4: b-Symplectic structures

In this chapter, we solve the classification problem, up to Morita equivalence, for a remarkable class of
Poisson manifolds. E| Along the way, we compute the Picard group of Poisson manifolds of this class. The

chapter is organized as follows:

e In Section [I.1] and Section [£.2] we will establish our notation and give a brief overview of b-symplectic

structures and their symplectic groupoids.
e In Section [£.3] we will outline the general strategy of our proof and reduce the problem to 2-dimensions.

e Section and Section are concerned with classifying groupoids over the ‘affine plane’ and the

‘affine cylinder’ respectively via discrete data.

e Finally, in Section [£.6]we will complete our proofs of the two main theorem, concerning the classification

and the Picard groups of our b-symplectic manifolds.

e Section [4.7] goes over a few explicit applications. In particular, we will compare these results with the
classification of b-symplectic compact surfaces due to Bursztyn and Radko [3| and the computation of

the Picard group for b-symplectic surfaces obtained by Radko and Shlyakhtenko [45].

4.1 Stable b-symplectic structures

In this section we recall some basic facts on b-symplectic manifolds that we will need later and, at the same
time, we establish our notation conventions and terminology for b-symplectic manifolds. Since b-symplectic
manifolds are examples of Poisson manifolds they are also examples of Dirac manifolds. Hence, they can be
considered to be objects in DMan.

A b-symplectic structure (also known as a log symplectic structure) on an 2n dimensional smooth manifold
M is a Poisson structure  on M such that the section A"m of A2*T M intersects the zero section transversely.
The singular locus Z of 7 is the zero set of A"m and is a codimension one embedded submanifold (an

hypersurface) in M.

2Most of the content of this chapter has appeared previously in a pre-print by the author [48]

72



There are two alternative languages used in the study of b-symplectic structures. The b-geometry point
of view treats b-symplectic structures as non-degenerate closed 2-forms on the b-tangent bundle, while the
Poisson point of view treats b-symplectic structures as a special class of Poisson bivectors on M. We will
mostly use the language of Poisson geometry.

We will always assume that M is orientable. A choice of volume form p determines a modular vector

field X,,: it is the unique Poisson vector field such that:

Lx,p= Xu(h)ﬂa

for any hamiltonian vector field Xj. If i/ = e/ i is another choice of volume form, then the corresponding
modular vector fields are related by X,» = X,, + X;.
In dimension 2, the following two examples of b-symplectic manifolds will play an important role. Un-

derstanding these examples and their integrations will be critical to our main result.

Example 4.1 (Affine plane). The plane R? equipped with the Poisson structure 29y A dz, is a b-symplectic
manifold which we call the affine plane and denote it by aff. If u = dz A dy is the standard volume form in
R?, the associated modular vector field is X,, = 0. As a Poisson manifold, aff is the linear Poisson structure
associated to the dual of the 2-dimensional affine Lie algebra.

For any real number, p # 0, we can modify the Poisson structure on aff by setting:

= —m.
P

The modular vector field of 7* relative to the standard volume is pd,.

Example 4.2 (Affine cylinder). Consider the action of Z on aff” given by n - (x,y) = (z,y +n). This is an

action by Poisson diffeomorphisms and the Poisson structure of the quotient R?/Z = R x S! takes the form:

N9 0
p) 00 Ox’

Here 0y denotes the projection of 9, to R?/Z. We call this manifold the affine cylinder of modular period p
and denote it by caff’. When p = 1 we may denote caff” by just caff.

The modular vector field of 7* relative to the standard volume p = dz A df is X,, = pdy. The modular
period p turns out to be a complete Morita invariant of caff’: the manifolds caff”* and caff”> are Morita

equivalent if and only if p; = pa.

For a b-symplectic manifold (M, 7) we will denote the corresponding singular 2-form as 7~!.

In a
neighborhood of a point on the singular locus, the Darboux-Weinstein splitting theorem gives the local

normal form:

9 0 =09 0
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Alternatively, the corresponding singular 2-form is given by:

n—1

1
-1
=—dzAd gdi/\di.
m T €z y"‘i q p

In Darboux-Weinstein coordinates, the modular vector field associated to the canonical volume form g in

such coordinates is X,, = a@.

Example 4.3 (Semi-local model). Given a symplectic manifold (L,w’) and a symplectomorphism f : L — L

recall that the symplectic mapping torus:

T R x L
T 1)~ (y. f(p)

yields a symplectic fibration Ty — S'. The corresponding regular Poisson structure 7/ on T can naturally

be extended to a b-symplectic structure m on R x Ty with singular locus Z = T by setting:

where p € R is any non-zero real number. We call it the canonical b-symplectic extension of Ty with period
p.

The previous example furnishes the semi-local model around the connected components of Z of the class

of b-symplectic structures of interest to us:

Definition 4.4. A stable b-symplectic structure is an oriented b-symplectic structure on M for which each
component Z; of the singular locus Z admits a tubular neighborhood U isomorphic to R x T, for some

mapping torus f : L — L and some real number p # 0. The number p is called the modular period of Z;.

Notice that the leaf space of a stable b-symplectic manifold has a simple structure: it is a collection of
circles connected by open points, one for each connected component of M — Z.

The results of Guillemin, Miranda, and Pires |23[24] lead to the following useful criteria for stability
(combine Theorem 50 from |24] and Theorem 59 from [23]):

Theorem 4.5 (Guillemin, Miranda, Pires). Let (M, ) be a orientable b-symplectic manifold. Then (M, )

is stable if and only if Z is compact and each of its connected components admits a closed leaf.

In particular, when M is compact we need only verify the existence of closed leaves in each connected

component of the singular locus.

Example 4.6 (Closed b-symplectic surfaces). In dimension 2, every b-symplectic structure on a compact
oriented surface M is stable. Such stable b-symplectic (or just b-symplectic) structures on were studied
by Olga Radko in [45] who called them topologically stable surfaces. Radko showed that, up to Poisson

diffeomorphism, stable b-symplectic structures on a surface M were classified by the following data:
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(a) The topological arrangement of the singular curves.
(b) The period of the modular vector field around each singular curve.
(c) The ‘regularized’ volume of 7=! on M.

Later, Bursztyn and Radko [3] proved that (a) and (b) alone classify a topologically stable surface, up to

Morita equivalence.

We quote here one more fact from the work of Guillemen, Miranda, and Pires, that will be useful for us

in the sequel (see [24]):

Theorem 4.7 (Guillemin, Miranda, Pires). The Poisson cohomology of an arbitrary b-symplectic structure
is given by:

H3(M) 2 Hig (M) ® Hig ' (Z).

4.2 Picard groups

We defined the Picard group of C-groupoid in Chapter 2. In this section C = DMan (see Chapter 3). Every
(integrable) Dirac structure comes with an integrating groupoid. In the case of b-symplectic manifolds,
the integrating groupoid is a symplectic groupoid. In this section, we will review these definitions, with
particular focus on the b-symplectic case. One slight change from the previous discussion is that technically
we permitting Dirac structures on non-Hausdorff manifolds. However, we will always assume the space
of objects is Hausdorff. Formally, we are considering stacks over non-hausorff Dirac manifolds which are

presented by Hausdorff manifolds.

4.2.1 Symplectic groupoids over b-symplectic structures

Recall that a symplectic groupoid is a pair (G = M, 2), where the symplectic form on G is required to be
multiplicative:

m*Q = priQ + pr;Q.

A symplectic groupoid induces a unique Poisson structure 7 on its manifold of units M for which the target
map t : G — M is Poisson. In such a case we say that G integrates (M, ). If G has 1-connected s-fibers, then
we say that G is the unique (up to isomorphism) canonical integration of (M, ) and we write G = X(M).
The general integrability criteria of Crainic and Fernandes imply that a Lie algebroid with injective
anchor map on an open dense set is integrable (see [12]). It follows that every b-symplectic manifold (M, )
admits an integration. Recalling our two examples of b-symplectic manifolds defined earlier, we give their

canonical integrations.
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Example 4.8 (Integration of the affine plane). The two dimensional affine group, which we denote by Aff,
is R? equipped with the product
(¢,d) - (a,b) = (a + ¢,b+ e*d).

The Lie algebra of Aff is aff, the two dimensional affine Lie algebra. Identifying aff and aff* using the
standard metric on R?, leads to the linear Poisson structure on aff from Example We can now use the
fact that the integrations of linear Poisson structures on the dual of a Lie algebra g are the action groupoids
T*G ~ G x g* = g* associated with the coadjoint action of a Lie group G integrating g, equipped with the
canonical symplectic form on the cotangent bundle.

We can write the co-adjoint action of Aff on aff ~ aff* explicitly as:
(a,b) - (z,y) = (xze®,y + xb).
The resulting action groupoid GAff = Aff x aff ~ R* has source and target maps defined by:
s(a;b,z,y) = (x,y),  tla,bx,y) = (a,b) - (z,y).
and multiplication given by:
(¢,d,ze*,y + xb) - (a,b,x,y) = (a + ¢,b+ ed, x,y).
The multiplicative symplectic form on the groupoid GAff is:

Q =t*(dlogz A dy) — s*(dlog x A dy)

=de Adb+daAdy+bdaAdz+ xda Adb.

Since Aff is simply connected, GAff has simply connected source fibers, and we conclude that GAff = ¥(aff),
the canonical integration.

The Poisson manifolds aff’ and aff have isomorphic algebroids. Hence, ¥(aff’) has the same underlying
Lie groupoid as X(aff) = GAff but with the new symplectic form p§2. We will denote this modified symplectic
groupoid by GAff”.

Example 4.9 (Integration of the affine cylinder). The affine cylinder caff was constructed in Example
as a quotient of the affine plane aff by a free and proper action of Z by Poisson diffeomorphisms. The
Z-action and the Aff-action on aff commute. We obtain a lifted Z-action on GAff by symplectic groupoid

isomorphisms and its quotient is the action groupoid:

Caff := Aff x caff = {(a,b,z,0) € R* x (R x S')}.
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The quotient symplectic structure is:
Q=dzAdb+daAdf+bdaAdx+ xdaAdb.

Again, the source fibers of Caff are simply connected so Caff = ¥(caff).

Remark. Gualtieri and Li in [22] have found the source connected integrations of b-symplectic manifolds.
Although we do not explicitly use their classification here, our definition of the discrete presentation bears

resemblance to their work.

For a Lie groupoid G = M we will be using the following notations. The isotropy group over x € M is

the Lie group of arrows with source and target x:
G, =t"(z)Ns (z).
The restriction of G to a subset U C M is the subset of arrows in G whose source and target lie in U:
Gly =s"HU) Nt~ HU).

The quotient space M /G is the topological quotient of M by the orbits of G and we call it the orbit space
of G. A bisection of G is a smooth section o : M — G of the source map such that tooc : M — M is a
diffeomorphism. A local bisection around g € G is a map o : U — G where U C M is an open neighborhood

of s(g) such that o(s(g)) =gand too : U = too(U) is a diffeomorphism. A basic fact is:

Lemma 4.10. For a Lie groupoid G = M and an arrow g € G there always exists a local bisection o : U — G

around g.

We leave the (easy) proof to the reader. Notice that such a bisection, in general, is not unique.

4.2.2 The Picard group

We defined the Picard and Bibundles in Chapter 2. Lets take a look at a few examples which arise in the
b-symplectic setting. Recall that we use the following diagram to illustrate the notion of (G, G1)-bibundle:

Go PSS G
LA N
M, M,
From here on out, all bibundles are assumed to be principal bibundles. Recall that any (G2, G1)-bibundle P

induces a map of orbit spaces which we denote by the same letter P:

P:M /G — My/Ga, [z]— [t(p)] for any p € P with s(p) = «.
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Example 4.11. Given a symplectic groupoid (G, () over a Poisson manifold M and a complete Poisson
transversal T (i.e., a submanifold intersecting each symplectic leaf of M transversely in a symplectic sub-
manifold), then (G|7, Qg|, ) is a symplectic groupoid Morita equivalent to (G,): a (G, G|r)-bibundle is given
by:

(T Glr

G Cs'm D

W U

M T,
with the obvious left /right actions. By Proposition 8 in [13], both s~!(T") and G|t are symplectic submani-
folds. Using the multplicativity of €2, it follows easily that this is indeed a symplectic bibundle.

A bibundle P is a generalized isomorphism G; — Go, where an element p € P is thought of as an “arrow"
from a point in M; to a point in My. For any (Ga, G1)-bibundle P the restriction of P to U C M; is the

collection of all elements of p whose source lies in U.
Ply :=s"1(U).

When Gy, G> =% M have the same unit manifold, the isotropy of P at x € M are the points in P which have
source and target equal to x.

P, :=s"Hz) Nt (z).

A bisection of (G2,G1)-bibundle P is a section o : M7 — P of s : P — M such that too : M; — Ms is a
diffeomorphism.

We will now review the construction of map-like bibundles. Suppose F : G — G5 is an isomorphism
of symplectic groupoids. The induced map f : M; — M5 on the space of units is necessarily a Poisson

diffeomorphism and we say that F' covers f. The map F gives rise to a symplectic bibundle:
PF) =Gy x4y My,

with anchor maps:

t(g,z) =t(g9), s(g,7) =,

and left/right multiplication defined by:

g2 - (g733) = (929, %), (9,%) g1 = (gF(gl)w%')'

The symplectic structure on Pp is the pullback prj{2;. The symplectic (G2, G;)-bibundle Pris called the
symplectic bibundle associated to F.
In general, not every bibundle will arise from a symplectomorphism of symplectic groupoids. In fact, it

is shown in [6] that:
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Proposition 4.12. A symplectic (G, G1)-bibundle P is isomorphic to Pp for some isomorphism of sym-

plectic groupoids F : G — G5 if and only if the bibundle admits a lagrangian bisection.

For a symplectic manifold M the obstructions to finding a symplectomorphism F : (M) — X(M) such
that Pp = P become a symplectic version of the Nielson realization problem (see [6]). For b-symplectic
manifolds the obstructions are even more complicated, but when M is a closed b-symplectic surface these

obstructions vanish [46] and one can always find a bisection.

Example 4.13 (Picard group of a closed b-symplectic surface). Radko and Shylakthenko in [46] computed
the Picard group of any toplogical stable surface. They showed that for a toplogical stable surface M, every
symplectic (X(M),3(M))-bibundle admits a lagrangian bisection, from which it follows that the Picard

group of such a surface is isomorphic to the group of outer Poisson automorphisms.
Pic(M) = OutPoiss(M)

Their result depends critically on the Dehn-Nielsen-Baer theorem which is false for dimensions greater than
2. They went on to describe this group with the help of labeled graphs. This is the primary inspiration for
our definition of a discrete presentation which we will use to both classify and compute invariants for stable

b-symplectic manifolds in higher dimensions.

4.2.3 The Picard Lie algebra

The Lie algebra of the Picard group was defined and studied by Burzstyn and Fernandes in [6]. In general,
the Picard group of a Poisson manifold can be infinite dimensional, however Corollary 1.3 from [6] says
that the Picard Lie algebra, pic(M), fits into a long exact sequence together with the Poisson and de Rham

cohomologies of M:
. — Hiz (M) — HY(M) — pic(M) — H3z(M) — H2(M) — ...

Applying Theorem [4.7, the map Hjp (M) — HX(M) = Hjin(M) @ HYz ' (Z) is just injection to the first

coordinate. Hence the exact sequence becomes:
Hlz (M) — HM}g(M) @& RN — pic(M) — H2z(M) — H3z (M) & Hiz(2)

where N is the number of connected components of Z. We conclude that:

Proposition 4.14. If M is a stable b-symplectic manifold whose singular locus Z has N connected compo-

nents, then its Picard Lie algebra is the N-dimensional abelian Lie algebra:
pic(M) = RV,
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In particular, the Picard group of M 1is finite dimensional.

Proof. The long exact sequence argument above gives the dimension of pic(M). Moreover, by choosing
appropriate volume forms in the local model, one can find compactly supported modular flows around each
connected component of Z, which lead to N commuting Poisson vector fields. The time-1 flows of these vector
fields yield a IV dimensional family of bibundles. Hence, the Picard Lie algebra is abelian and the connected

component of the identity of Pic(M) is a quotient of RY by some (possibly trivial) discrete subgroup. [

4.3 Strategy of the proof

The main aim of this chapter is to prove Theorem describing the Picard group Pic(M) of a stable

b-symplectic manifold M. The main steps in the proof are:

Step 1. Reduce the computation of Pic(M) = Pic(X(M)) to the computation of Pic(G), where G = C is a

symplectic groupoid integrating a disjoint union C of affine cylinders (see Example [4.2)).

Step 2. Describe Pic(G) in terms of discrete data associated with a graph whose vertices are the connected

components of M — Z and whose edges are the connected components of Z.

Section [4.3.] takes care of Step 1, while Step 2 we will be taken care of in the remaining sections. Section
proves a simple lemma about gluing bibundles. Finally Section will define pointed bibundles which

will be a bridge between discrete data and geometric data.

4.3.1 Reduction to 2 dimensions

Step 1 will follow from restricting (M) to a complete 2-dimensional Poisson transversal C: ¥(M) and
G = X(M)|c are Morita equivalent (see Example so that Pic(3(M)) = Pic(G). We will use the semi-
local models around the singular hypersurface of a stable b-symplectic manifold to construct the Poisson
transversal.

Let the singular hypersurface Z be decomposed into a disjoint union of connected components Z = Ll;c; Z;.
By the definition of stable b-symplectic structure, each Z; has trivial normal bundle and is a symplectic

mapping torus TY,, for some symplectomorphism f; : L; — L;. We have a Poisson diffeormorphism
¢; U; > R x Z;,

defined on an open neighborhood U; of Z;, where R x Z; is furnished with the Poisson structure:

where p; be the modular period of Z;. We think of L; as a leaf of Z;, i.e, a fiber of the mapping torus
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p: Z; — S'. Also, we can assume that f; is the holonomy of the flat connection on p : Z; — S! induced by

the modular vector field on Z;.

Lemma 4.15. For each component Z; there exists an embedded Poisson transversal:
i (—€€) x St — M,

with induced Poisson structure the b-symplectic affine cylinder caff’: :

“(r) x 0 A 0
(m)y= —— A —.
Proof. Since L; is connected there exists a section ~; : S — Z; of p: Z; — S!. Since the normal bundle to

Z; is trivial we can extend ~; to a 2 dimensional embedded submanifold
tii(—6, ) x S* 5 R x Z;.

The first coordinate corresponds to the normal directions to Z; so that ¢;|{oyxst = ;. Thus the image of ¢;
is transversal to each leaf. It is clear from Example that the pullback by ¢fm~! of the b-form will satisfy

the (inverse) of the formula above. O

Fix an orientation for M. We say that an open symplectic leaf of M is positive (respectively, negative)
if the orientation provided by the symplectic form coincides (respectively, is the opposite) of the orientation
of M. Notice that we can orient the transversal of the previous lemma such that ¢;(x, 8) lies in a positive
(respectively, negative) leaf if and only if z is positive (respectively, negative). We will assume that we have

done this from now on.

Corollary 4.16. Suppose (M, 7) is a stable b-symplectic manifold. There exists a complete Poisson transver-
sal v : C — M, where C = U;c1C; is a disjoint union of affine cylinders C; ~ caff’* with modular period p;.

In particular, (M) is Morita equivalent to the restriction:
g = E(M)lL(C)

Proof. We take for C the disjoint union of the transversals constructed in Lemma [£.15] Since the embedding

C — M intersects every orbit of M, it is a complete Poisson transversal. Hence, G and (M) are Morita

equivalent (see Example [4.11)). O

The groupoids G integrating disjoint unions of affine cylinders arising from a complete Poisson transversal
are not totally arbitrary. For example, they share with (M) one useful feature: the modular vector field

can be lifted to a family of symplectic groupoid automorphisms of G as shown by the next lemma.
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Lemma 4.17. Let M be a stable b-symplectic manifold with a complete Poisson transversalt: C — M. There
exists a choice of volume form p on M such that the modular vector field X, is tangent to +(C). In particular,
if G = X(M)|,c), then the 1-parameter family of symplectic groupoid automorphisms ®* : N(M) — X(M)
induced by X,, preserves G.

Proof. Let w be any choice of volume form on M. We claim that we there exists a smooth function g : M — R
such that the modular vector field associated to the volume form p := e9w is tangent to the embedding
t:C— M.

We will perform this adjustment locally around each Z;. Let +; be the section of My, — S' as in Lemma
We can lift ~; to a curve 7; : [0, 1] — [0, 1] x L; which respects the equivalence relation (0, f;(p)) ~ (1,p).
Without loss of generality assume that 7; is constant near the endpoints.

Let g¢ : L; — R be a time dependent family of smooth functions such that pr, o7, is an integral curve of
the (time dependent) Hamiltonian vector field X,,. Again, we can assume without loss of generality that the
g+ are zero near the endpoints of [0, 1]. We can think of the family g; as a function g : [0, 1] x L; — R. Since g;
is trivial near the endpoints, it respects the equivalence relation ~ and descends to a function g : My, — R.

Let X, be the Hamiltonian vector field associated to g. If X, is the modular vector field relative to w

then X, + X, is tangent to + and hence
Xw + Xg = Xegw = XH’
is tangent to the embedding ¢;. By choosing a local bump function around Z; we can arrange that the

support of g to be contained in a small neighborhood of Z;. O

Remark. Although the transversals we have defined are only ‘finite’ cylinders of the form (—e,€) x S, any

integration of a finite cylinder is Morita equivalent to an integration of R x St.

We summarize this discussion for future reference in the following proposition.

Proposition 4.18. Suppose M is a stable b-symplectic manifold. Then (M) is Morita equivalent to an

integration G of a disjoint union C of affine cylinders. Furthermore G satisfies the following properties:
(a) the restriction of G to any single cylinder has connected orbits;

(b) the open orbits of G can be split into two categories, positive and negative. Positive (respectively, negative)

orbits are disjoint unions of positive (respectively, negative) half cylinders;

(c) there exists a smooth family of symplectic groupoid automorphisms ®t : G — G covering the flow of the

modular vector field X, where i is the standard volume form on C.

Definition 4.19. Suppose C is a disjoint union of affine cylinders. An integration G of C satisfying (a)-(c)

above is said to be natural.

82



It will be our goal to find all natural integrations G of C. In order to do this, we will first classify
natural integrations of the affine plane in Section [£:4] which will enable us to classify integrations of the
affine cylinder in Section [4.5] Next, we will need to extend the classification of natural integrations of the
affine cylinder to a disjoint union of affine cylinders. The needed data will be a labeled graph called the
discrete presentation consisting of a labeled graph which encodes the topology of the orbit space together

with isotropy and holonomy data.

4.3.2 Gluing bibundles

Once one describes the integrations G of C in terms of a discrete presentation, we will see that it is possible
to describe the bibundles of G. In order to do this, ones needs a gluing lemma for bibundles.

Let G = M be any symplectic groupoid. Suppose {U; };cs is a saturated open cover of M, so each U, is
a collection of orbits of G. We set U;; := U; N U; and, in particular, U;; = Us.

Lemma 4.20. Let f: I x I — I x I be a bijection and assume we have a family of (G|u,,,G|u,)-bibundles:

Glo,y CPSD Gl

N

Ur U .

Suppose further that for each pair (i, j) € IxI we have an isomorphism of bibundles ¢;; : Pj|u,nv, = Pilu,nu;

satisfying the cocycle condition:

@ij 0 Pjx = Dk

Then there exists a (G,G)-bibundle P together with an isomorphism of bibundles ¢; : P

u; — P; such that:

Gij o b = ¢

Proof. Using the well-known description of principal G-bundles in terms of Haeflieger cocycles, it is clear that
one can glue them along a saturated cover, provided they are related on the intersections by isomorphisms
satisfying the cocycle condition. Hence, starting with the right principal G|y,-bundles P; we construct a
right principal G-bundle P and isomorphism of principal G|U;-bundles ¢; : P|y, — P;. These isomorphisms
allow to define left G|U;-principal actions on P

v, from the ones on the P;, commuting with the right action,
and which agree on intersections. Hence, we obtain a G-left principal action that commutes with the right
G-action, making P is a principal (G, G)-bibundle, and for which the ¢; : P|y, — P; become isomorphism of

bibundles. O
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4.3.3 Pointed bibundles

Definition 4.21. Suppose G = (M, mp) and H = (IN,ng) are groupoids over pointed manifolds. We say
(P,po) is a pointed bibundle if P is a (G, H)-bibundle and the anchor maps are base-point preserving.

To any such (P, po) there is a canonical isomorphism ), : G, — Hn, such that:

Pog = Vpo (9)Po-

An isomorphism ¢ : (P,po) — (Q,qo) of pointed bibundles is an isomorphism of bibundles such that the
source (target) of pg and qq are equal. We say ¢ is a strong isomorphism if ¢(po) = ¢(qo). To any isomorphism

of pointed bibundles, we can associate a unique element hg € H,, characterized by the property:

he®(po) = qo-

We can check easily that hy satisfies:
Chy © Ypy = Pyo-

This leads us to the following lemma:

Lemma 4.22. Suppose G = (M, mg) and H = (N, ng) are transitive groupoids over pointed manifolds. Let
(P,po) and (Q, qo) be pointed bibundles. The relation ¢ — hg gives 1-1 correspondence between isomorphisms

¢ (P,po) = (Q,q0) and elements h € H such that:

Cpo wpo = wqo' (41)

Proof. We begin by commenting that two isomorphisms ¢1, ¢2 : P — @ are equal if and only if there exists
p € P such that ¢1(p) = ¢2(p). This immediately implies that ¢ — hy is injective.

It only remains to show that given h € H,, we can construct ¢ such that hy = h. Any p € @Q can be
written in the form p = hipog: for g1 € G and hy € H, we define ¢(p) = hi(h~'qo)g1. Property implies
that this definition is invariant with respect to the decomposition of p. Clearly ho(pg) = go and therefore
he = h. O

By interpreting isomorphisms of bibundles in this way, we get the following useful properties. For
¢2: P — @Q and ¢ : Q — R then:
h¢10¢2 = h¢1 h¢>2' (4'2)

On the other hand, given ¢y : P — Q1 and ¢ : P> — @2 such that P; ® Ps is defined, then:

h¢1 Rp2 — h¢>1 wm (h¢2)' (4'3)
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4.4 Picard groups of the affine plane

In this section, G will denote a natural integration of aff (see Definition [4.19)). We will also denote by G
and G~ the restrictions of G to the positive plane aff™ and to the negative plane aff . The symbol + will
be used to indicate that cases for both + and — are being treated simultaneously.

Our aim is to compute Pic(G) and we will proceed as follows:

e in Section we show that any integration G of aff arises as a semi direct product GAfF X 455 K where

K is a discrete bundle of Lie groups;

e in Section [1.4:2] we will show how to construct K from discrete data which we will refer to as the

isotropy data of G;
e in Section [£.4.3] we obtain a correspondence between maps of isotropy data and bibundles;

e finally, in Section we compute the Picard group of G = aff.

4.4.1 The short exact sequence of ¢

Our goal is to find a ‘split fibration’ of G. Note that GAff is the only source connected integration of aff, up
to isomorphism. Hence, G° ~ GAff and we denote by i : GAff — G the inclusion. The proof of the following

lemma is inspired in Proposition 3 from [46].

Lemma 4.23. There is a Lie groupoid morphism p : G — GAff which is split by the canonical map 1 :
GAff — G.

Proof. Recall that GAff = Aff x aff. Let g € G be an arrow with t(g) = (z2,y2) and s(g) = (x1,y1), where

. T2 Y2 — U1
p(g) = <log <> ’ 7$173/1>
I X1

This map is a local symplectomorphism. Morover, its restriction to G° ~ GAff is easily seen to be the identity,

x1 # 0. Then we can set:

for an arrow (a,b,z,y) € GAfl has source (z,y) and target (e®x,y + xb), so that: p(a,b,z,y) = (a,b,x,y)
(see Example . Hence, p o i is the identity and it remains to show that p extends to all of G.

Suppose go € G(o,y,)- We choose a local bisection o around go and let g(t) = o(t,0), so:

t(g(t) = (z(t),y(t))  s(g(t)) = (¢ vo)-

Observe that for ¢ # 0, one has p(g(t)) = (log(x(¢)/t), (y — yo)/t, t, yo). Also:

lim (96(”) =2/(0)>0, lim (y(t)_y") =4/(0).

t—0 t
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Since dt - ¢’(0) = (2’(0),3'(0)), these limits exist. We define p on all of G by letting:

p(g0) = (log(2'(0)),%'(0), 0, yo).

We must check that this definition is independent of the choice of local bisection o. If o7 and o5 are two

local sections through go we claim that

dt - ¢1(0) = dt - g5(0),

so it follows that p is well-defined. For this observe that ¢ +— g1(t)g2(t) ™! is a smooth curve in G ~ GAff that

passes through the point (0,0,0,0) at t = 0. Hence, if we write g1 (t)g2(t) ™! = (a(t),b(t), z(t),y(t)) € GAfF,

we have:

t(g1(1)) = t(g1(1)ga2(t) ™) = t(a(t), b(t), x(t), y(1)) = (*Va(t), y(t) + z(t)b(t)),
t(g2(t)) = s(g1(t)g2(t) 1) = s(a(t), b(t), x(1), y(t)) = (x(t), y(1)).

Since we have z(0) = y(0) = a(0) = b(0) = 0, it follows that:
dt - 91(0) = (2'(0),'(0)) = dt - g5(0),

so the claim follows.

We leave the details of proving that p is differentiable morphism of groupoids to the reader.

The map p fits into the following short exact sequence of Lie groupoids:

i -
o

1 K Gy GARF — 5 1

I

aff —— aff —— aff.

(4.4)

Here IC, the kernel of p, is a bundle of discrete groups over aff. The map i yields a natural action of GAff on

K, and we have that G is the semi-direct product of GAff and K:

Lemma 4.24. The map F : GAff x5+ K — G such that F(g,k) = i(g)k is an isomorphism.

Proof. The map p is a fibration since it covers a submersion (the identity) and G — GAff x 457 aff = GAff is a

submersion. The canonical map i : GAff — G is a section of p so this exhibits a flat cleavage of p. Therefore,

by [32] (Thm 2.5.3) the map is an isomorphism.

More explicitly, the multiplication in GAff x4 K is given by the formula:

(g/v k/) : (gv k) = (g,ga 9971(]{/)]{3),
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where 0,(k) denotes the action of an element g € GAff on k € K.

Remark. We note that we have not used all of our naturality assumptions about G. In fact, the above lemmas

are true for any integration of G with connected orbits.

4.4.2 The isotropy data of ¢

Since G = GAff X457 K, the wide subgroupoid K determines G up to isomorphism. Our next task is to show
that we can reduce K to a few pieces of discrete data. Since we can lift the modular vector field 9/9y to a

flow of G, we see that K|,—¢ is a locally trivial bundle of discrete groups. Let,
GT=Kuo, G =K1, H:=Kqo-

For each h € H there is a unique global section oy, : aff — K such that 03 (0,0) = h. Similarly, for g € G*

there is a unique section oy : affi — K such that o4(£1,0) = g. So we can define maps

lefXH—>K:7 ((E,y,h)’—)(fh(l',y),

aff* x G* = K, (2,y,9) = o4(z,y),
which cover K. Moreover, these give rise to group homomorphisms:
¢ H — G*=, ¢ (h) i= op(£1,0).

Definition 4.25. We call isotropy data I a pair of homomorphisms ¢+ : H — G*, where H,G* are

arbitrary discrete groups:

. _ 67 ot 4
I=| G «<——H —G .
When ¢T arise from an integration G of aff as above, we call I the isotropy data associated to G.

Notice that isotropy data is only defined for G such that the discrete bundle K|,—q is locally trivial. This
condition is equivalent to requiring that the modular vector field lifts to a complete vector field on G.

Given arbitrary isotropy data I, we denote by K(I) the following bundle of groups over aff:

KI@)y:= || || aff* x{g} |0 || aifx{n}] ]|/~

geEGT heH

where ~ is the equivalence relation generated by:

(x’y7h1) ~ (l‘,y,hg) if ¢i(h1) = ¢i(h2)7 (x,y) € aﬁi'
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We equip K(I) with the quotient topology, so that it becomes a bundle of discrete groups over aff. There is
an obvious action of GAff on IC(I) and we call the Lie groupoid:

Q(I) = QAff X aff IC(I) = lef

the symplectic groupoid associated to I. The symplectic structure is the pullback under the projection of the
symplectic structure in GAff. One checks easily that K(I) (and hence G(I)) will be Hausdorff if and only if
¢+ are injective.

The equivalence relation ~ is precisely the equivalence relation given by the intersection of the images of

o, and o, for h € H and g € G*. Therefore,

Theorem 4.26. Let p: G — GAfF be the fibration from Lemma m with kernel IC. If G is natural and I
is the isotropy data associated with G then K(I) = K and G(I) = G.

Any point in G = G(I) can be uniquely represented by a pair (g, «) where g € GAff and

G* if g e GARTE
o€
H if g € GAff|,—

In these “coordinates” the product is given by (g, «) - (h, 8) = (gh, af).

4.4.3 Maps of isotropy data

~

In this section, G; = G(I;) and Go = G(I3) will be symplectic groupoids integrating aff with isotropy data

I; and I5 respectively where:

. +

Recall the discussion of pointed bibundles in Section [£:3:3] We think of G; and G» as groupoids over
the pointed manifold (aff, (0,0)). Therefore, if we say (P,po) is a pointed (Gz2,Gz)-bibundle we mean that
Po € P0,0)-

A bibundle P is orientation preserving if it relates the positive half-plane to the positive-half plane and

orientation reversing otherwise. A bisection o of a Z-static bibundle is called Z-static if so o(x,y) = (x,y)

orso O'(.’E, y) = (—.’ﬂ, y)
Proposition 4.27. Suppose P is a Z-static (Ga,G1)-bibundle. Then P admits a Z-static bisection.

Proof. Suppose P orientation preserving. We first make the following claim: There is a local symplectomor-
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phism @ : P — GAff which makes the following diagram commute:

P ¢ GAff

aff x aff.

We can think of the claim as an analogue of lemma [£:23] for bibundles and the proof of this claim is similar.
If P is orientation preserving then for p € P let s(p) = (z2,y2) and t(p) = (z1,y1). If P is orientation
reversing then let s(p) = (—z2,y2) and t(p) = (z1,y1). Then we define ® for z1 # 0 by:

O(p) = <log (”w) 2 yl,xl,m) :
X1 X1
so the claim follows.

Let po € Po,0) be such that ®(pg) = (0,0,0,0) € GAff|z. Notice that Q := & '(u(Z2)) is a principal

H; bundle over Z. Therefore, py extends to a unique section of @. On the other hand, since ® is a local
diffeomorphism, the identity section of GAff gives a unique local extension of any ¢ € @) to a static bisection.
Therefore py extends to a unique static bisection in some neighborhood of Z which we can extend uniquely
to all of aff.

When P is orientation reversing, we replace s by composing it with (z,y) — (—z,y), and then the same

argument applies. O

A pointed bibundle (P, py) is called Z-static if P is a Z-static bibundle and py extends to a Z-static bisec-
tion. Let (P, pg) be such a orientation preserving pointed (Ga,Gi)-bibundle and o the associated bisection.
Then the points (%1, 0) and ¢(0,0) € P determine group homomorphism ¥ : Gli — GQi and ¢ : Hy — Hy
such that:

l‘/ﬁ (4.5)

Gy
w*l J{#}
Gy
commutes. If P is orientation reversing then we get a similar diagram:

o7 o
| —— H — GY

G-
w*l lw l«/ﬁ (4.6)
Gy

¢3 br
—— Hy —— G5 .

This motivates the following definition:

Definition 4.28. An orientation preserving isomorphism ¥ : I; — Iy is a triple of group isomorphisms
U = (¢,7*) such that (4.5) commutes. An orientation reversing isomorphism W : I} — I is a triple of
group isomorphisms such that (4.6) commutes.
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This gives a category where composition corresponds to composing the vertical arrows. For a map of
isotropy data W : I; — Iy and o € H,G~, G we may sometimes write ¥(a) to mean (), v~ (a), (),

respectively.

Example 4.29 (Inner automorphisms). Given « € H the inner automorphism associated to « is the
orientation preserving isomorphism C, : I — I where ¢ := C,, : H — H is conjugation by a and ¢* =
Cot(a) G* — G* is conjugation by ¢*(a).

Example 4.30 (Pointed bibundles). In the above discussion, we constructed the isomorphism of isotropy

data associated to (P,pg), a Z-static pointed (Ga, G1)-bibundle.
The next lemma says that the second example is generic:
Lemma 4.31. There are 1-1 correspondences between:

(i) orientation preserving isomorphisms of isotropy data U : Iy — Iy and orientation preserving Z-static

pointed (Ga, Ga)-bibundles.

(i) orientation reversing isomorphisms of isotropy data ¥ : Iy — Iy and orientation reversing Z-static

pointed (Ga, Go)-bibundles.
For this lemma, we are considering pointed bibundles up to strong isomorphism.

Proof. We prove the orientation preserving case. The orientation reversing case is similar, so can be left
to the reader. Given a orientation preserving Z-static pointed (Go, G1)-bibundle we have already provided
the construction of an isomorphism of isotropy data above. Suppose ¥ is an isomorphism of isotropy data.
Then we can define a symplectic groupoid isomorphism F' : G; — G5. In our ‘coordinates’ from before, F'

takes the form:

F(g,0) = (9, ¥(a)).

The bibundle associated to this map Py is symplectomorphic to Go and comes with a canonical point
py = u(0,0). Clearly (Py,py) is an orientation preserving Z-static pointed bibundle. The definition of the

actions on Py make it clear that the isomorphism of isotropy data associated to (Py,py) is V. O

From now on, we will use the notation Pg to denote the bibundle associated to a map of isotropy data.
The map ¥ — Py is functorial, i.e.

Py, 0w, = Py, ® Py,.

When we pass to ordinary isomorphism classes of bibundles, we can think of the map ¥ — Py as corre-

sponding to the forgetful map (P,pg) — P.

4.4.4 The Picard group of G(I)

We need one more lemma before calculating the Picard group.
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Lemma 4.32. For any isomorphism V : I — I, the bibundle Py is trivial if and only if ¥ is an inner

automorphism.

Proof. 1t is proved in [7] that for any automorphism F : G — G then Pp is a trivial bibundle if and only if
F is an inner automorphism associated to a static bisection. Now suppose Py is trivial. Recall the F' from
the construction of Py in Lemma Since Py is trivial, we must have that F' is given by conjugation by
a static bisection 0. Let a@ = ¢(0,0) € H. Then « : H — H must be C, and )+ = Cg+ (o) and so ¥ is an
inner automorphism. On the other hand, if ¥ = C,, let o be the unique static bisection extending «. Then

clearly F' is the inner automorphism induced by o. O

In particular, the inner automorphisms are in the kernel of the map ¥ +— Py and form a normal subgroup.
Therefore, it makes sense to define OutAut(/) to be the automorphisms of I modulo inner automorphisms.

We now prove the main theorem of this section:

Theorem 4.33. Let G = G(I) be a natural symplectic groupoid integrating aff. Then:
Pic(G) = OutAut(l) x R.

Proof. We start by observing that from Lemma it follows that the subgroup ZPic(G) C Pic(G) of
Z-static bibundles is isomorphic to OutAut([). By naturality, we have a 1-parameter group of symplectic

automorphisms of G integrating the modular vector field:
Mod':G =G, (a,b,x,y,a) — (a,b,z,y+1, ).

We let M! € Pic(M) be the element represented by the bibundle associated with Mod", and this defines
1-parameter subgroup Mod C Pic isomorphic to R.

Every symplectic bibundle P preserves the class of the modular vector field. It follows that an arbitrary
P € Pic(G) acts on {x = 0} by translations. Therefore the subgroups Mod and Z Pic(G) generate Pic(G).

Since Z-static bibundles commute with Mod’, elements in Z Pic(G) commute with elements in Mod. Hence:
Z Pic(G) x Mod — Pic(G), (P,Q)+— PQ,

is a well defined surjective group homomorphism. We claim that the kernel is trivial: if P € ZPic(G) and

Q € Mod, then PQ =1 if and only if P = Q. But Q! is Z-static if and only if Q = 1. O

4.5 The Picard group of the affine cylinder
Let caff be the affine cylinder. Points in caff are equivalence classes [(x,y)] of pairs (x,y) € R?, where:
(z,y) ~ (z,y +n), Yn € Z.
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The projection C' : aff — caff, (z,y) — [(x,y)], is a local Poisson diffeomorphism. Throughout this section
G = caff is a natural integration of the affine cylinder. Our goal is to show that we can realize G as a quotient

of some G(I). The projection G(I) — G will depend on the holonomy data of G. We will proceed as follows:

e in Section 5.1 we extract discrete data from any natural integration of caff and give a definition of

holonomy data, denoted (I, Hol);
e in Section we classify bibundles over caff via maps of holonomy data;

e in Section we compute the Picard group a natural integration of caff.

4.5.1 Holonomy data

Similarly to the affine plane, natural integrations of G of the affine cylinder can be characterized with discrete

data. We will begin by defining the isotropy data of G.

Lemma 4.34. Suppose G is a natural integration of caff. Then there exists isotropy data I and a surjective

groupoid homomorphism Pr: G(I) — G:

GI) — g

(I

aff ——— cajf,

such that Pr is an isomorphism at the level of isotropy groups and aff — caff is the universal cover.

Proof. First consider the pullback groupoid:

C*G == {((72,92), 9, (w1,91)) € aff x G x aff : t(g) = C(w2,y1), s(g) = C(x1,y1)}.

Let G be the maximal open subgroupoid of C*G with connected orbits. Let Pr : G — G be projection to
the middle component. The homomorphism Pr is surjective and is an isomorphism when restricted to any
isotropy group of G. Furthermore, since G is natural, it is clear that G is natural and by Theorem we
can identify G with G(I) for some isotropy data I. O

If Pr: G(I) — G is as in the above lemma, we say [ is the isotropy data of G which we denote as before
(G~ + H — GM).

Our goal is to compute the fibers of Pr. To do this, we will define some convenient notation.

e The image Pr(K(/)) = K C G is a discrete bundle of Lie groups. Clearly H = K o) so let hol : H — H
be the holonomy of K[{p}xst. In other words:

Pr(g — n,hol"(a)) = Pr(g, ) .
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Where if g = (a,b, z,y) then g+ n := (a,b, 2,y + n) for any integer n.

e Let 1 be the unique bisection 7 : (aff — Z) — GAff such that:

ton(x,y) = (z,y+1).

Observe that 1 cannot be defined on the critical locus Z.

e Since Pr(n(+1,0)) € K(11,0) = GF, let & € G* be such that:
Pr(y(z,y)) = (u(z,y),7*) = #0.
e Let ¢ : (aff — Z) — G(I) be the bisection ¢ such that

(@) = (n(z,y), (v5) ™) for x € aff™.

Proposition 4.35. Suppose Pr: G(I) — G is as in the above lemma. Let (¥ and hol : H — H be as we
Just defined them. Then for any (g,),(¢',a’) € G(I) we have that Pr(g,«) = Pr(g, ) if and only if one of
the following holds:

(i) 9,9" € GAfE| 55+ and there exists integers n and m such that:
¢"(g,0)¢™ = (g, e);
(ii) 91,92 € GAff|z and there exists an integer n such that:
(91 = n,hol™ (1)) = (g2, 2) -

Proof. Suppose g1,g2 € GAff|;;;+ and there exists n and m as above. Observe that Pr(() is the identity
section whenever ( is defined and so Pr(g, @) Pr(¢"™(g,a)¢™) = Pr(¢’, &).
Now suppose g1, g2 € GAff[5+ such that Pr(g,a) = Pr(g’,a’). Then the y coordinates of the source

™ = ¢'. Hence

and target of g and ¢’ differ by integers. Therefore there exist n and m such that n~""gn~
Pr(¢™(g,a)¢™) = Pr(¢’,a’). Since "™ - (g, ) - (™ has the same source and target as (¢, @’) and are mapped
by Pr to the same point, they must be equal (recall Pr is a bijection at the level of isotropy groups).

Now suppose g1, g2 € GAff|z and there exists an n satisfying (ii). By the definition of the holonomy map
Pr(g1 — n,hol"(a)) = Pr(g1, 1) and so Pr(gy, 1) = Pr(ga, as). On the other hand, suppose Pr(g;, 1) =
Pr(ge, a2). Then there exists a unique n such that go = g3 — n. By the definition of holonomy, we conclude

that Pr(ge, hol"(ay)) = (g2, @2). Since Pr is an isomorphism at the level of isotropy groups, we conclude

that hol” (o) = aa. O
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Hence, the topology of G is uniquely determined by I, hol and v*. We call the tuple Hol = (I, hol, y*)
the holonomy data of G. The holonomy map hol and v* also satisfy a compatibility condition. Let hol™ :

G* — G* be conjugation by y=.
Lemma 4.36. The triple H = (hol,holi) : I — 1 is an automorphism of isotropy data.

Proof. We must show that:
— H —— GT

G-
horl hol lhol* (4.7)

G +——H — G,

commutes. We first claim that hol® are the holonomy of K around the circles {£1} xS, Let * : aff — Z —

GAff be the unique 1-parameter family of bisections such that:
t(7' (z,y)) = (z,y +1).
Let g(t) : [0,1] be the path in G defined as follows:
g(t) = Pr(n'(£1,0) - Pr(u(£1,0),a) - (n~(£1,1)).
Then g(t) is a path in K covering the circle {£1} x S' C caff. Furthermore:
g(0) = Pr(u(%1,0),a), and g(1) = Pr(u(£1, (75)a(y*) L.

Hence the holonomy of K41} st is conjugation by ~* and the claim follows.
The holonomy of K can also be understood in terms of the projection K(I) — K. In particular, (4.7))

commutes as a consequence of the continuity of (1) — I. O
This motivates our definition of holonomy data:

Definition 4.37. Let I be isotropy data G~ <~ H — G*, hol : H — H be an isomorphism, and v+ € G*.
Then Hol = (I, hol,v*%)) is called holonomy data if hol* = ,+ and H := (hol, hol®) : I — Iis an
automorphism of isotropy data.

A strong isomorphism (I, holy,v) — (Iy,holy,~5) is an isomorphism (t,9*) : I — I such that ¥

commutes H and * (7F) = 4.

We say strong isomorphism above since we will need a weaker notion of isomorphism in our treatment
of bibundles over caff. By Proposition the fibers of G(I) — G can be computed entirely in terms of the

holonomy data, hence:

Theorem 4.38. Suppose G1 and Gy are natural integrations of caff. Then G and Go are isomorphic if and

only if their holonomy data is strongly isomorphic.
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4.5.2 Bibundles over caff

Suppose G; and G are natural integrations with holonomy data (I;,Holy) and (I3, Hols) respectively. We
will denote this data as follows:

_ % oF 4
I:= G «—— H, —— G .

Hol, := (hol;, 7).

Throughout, Pr; : G(I;) — G, denotes the projection from Section As in the affine plane case, we
say that a (Ga, G1)-bibundle is Z-static if the induced map of orbit spaces fixes the critical line. By fixing a
covering aff — caff we can think of caff together with the image of the origin in aff as a pointed manifold.

Our aim is characterize pointed (Gi, G2)-bibundles in terms of holonomy data.

Lemma 4.39. Suppose P is a Z-static pointed (G2,G1)-bibundle. Then there exists a unique pointed
(G(I2),G(11))-bibundle (Py,po) and a surjective submersion ® : Py — P satisfying:

®(g-p) =Pr(g)-®(p),  ®(p-g9)=2(p) Pr(g). (4.8)

Proof. Consider the pullback groupoids C*G; and C*Gs. Let C*P be the corresponding (C*Gs, C*Gy)-
bibundle:

C*P = {((z2,92), P, (¥1,91)) € aff x P x aff : C(x2,y2) = t(p),C(x1,y1) = s(p)} .

Let P be the complement of {(0,%2),p, (0,y1)) : y2 # y1} in C*P. Then P is an open submanifold of C*P.
Let p := ((0,0), po, (0,0)) so that (P,p) is a pointed manifold. The left and right actions of C*Gy and C*Gy
make (P,p)) into a Z-static pointed (Go,G;)-bibundle. Hence we can identify (P,p) with an isomorphism
U : I} — I and the associated pointed bibundle (Py,py). The construction of P makes it clear that
holds. O

Let o be the canonical static bisection of (Py,py). Since the left action is principal, we know that there
exists an h € Hy such that h-®(c(0,0)) = ®(c(0,1)). Let 6 be the unique static bisecion of G(I3) extending
h. The bisection § satisfies:

(5(x,y) - o(z,y)) = P(o(z,y +1)). (4.9)
We can think of § as measuring the failure o to descend to a bisection of P. The topology of P is determined
by the pair (¥, §(0,0) = h) since:
O((g,0) -o(z,y)) = 2((¢',0') - o(z,y + 1)) &
n—1
_ / / . .
Pr(g,a) = Pr(g’, o) - | [] Br(d(e.y +14)) | - (4.10)

=0

95



The pairs (¥, h) arising in this manner are not arbitrary. The next proposition lays out the appropriate

compatibility condition.

Proposition 4.40. Let (P,py) be a Z-static pointed (G2, G1)-bibundle and suppose ¥ : I} — Iy and h € H
are as defined above. Then the following holds:

(i) Holy o ¥ = Cj, 0 U o Holy;
(i) ¢*(h) = (73 )¥(yi) ™"
Proof. We will prove the case where P is orientation preserving and leave the orientation reversing case to
the reader. We first show that (i) holds. Notice that:
e((u(z,y+1),¥(a)) -o(z,y +1)) = ®(o(z,y +1)) - Pr(u(z,y + 1), a);
= @(5(2.y) - o(2.1)) - Pr(u(0,0), Hol, (a);

= ®(4(z,y) - (u(z,y), ¥ o Hol(a)) - o(z,y) ).
On the other hand:

o((u(z,y +1),%(a))-o(z,y + 1)) = Pr(u(z,y +1),¥(a)) - D(o(z,y +1));
= P;r(u((), 0),Holo ¥(a)) - d(x,y)P(o(x,y));

= (I)( (U.(S(,‘, y>7 Hol o \IJ(CY)) : 6(1'7 y) : U($7 y) )
Combining these two equalities at the values (z,y) = (£1,0), (0,0) yields:
Hol o ¥(a) = Cp o ¥ o Hol(«).

We now show (ii) holds. Recall the bisection n : aff — Z — GAff from Section Let ¢i(xz,y) =
(n(£1,0),7%) € G(I;) for i = 1,2. Then Pr;(¢;) is the identity at every point and therefore:
®(o(1,1)) = Pr(¢2) " ®(o (1, 1)) - Pr(Gy);

= 0y(¢ - W(Q1)) - (0 (£1,0)).
Therefore ¢=(h) = (75) ¥ () 1. O

This motivates our definition of maps of holonomy:

Definition 4.41. Suppose h € H and ¥ : I} — I is an isomorphism of isotropy data. We say that
(U, h) : (I;,Holy) — (I3,Holy) is an isomorphism of holonomy data if (i) and (i¢) from Proposition
hold.
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This produces a category in which the objects are holonomy data and isomorphisms are composed via
the following rule:

(\Ifl, hl) o (\I/Q, hg) = (\I/l o \I’Q, hl\Pl(hg))

Example 4.42 (Inner automorphisms). Suppose ¥ =C,, : I — I is an inner automorphism and h satisfies:
hol(a) = ha. (4.11)

Then the isomorphism (U, h) : (I, Hol) — (I,Hol) is called an inner autornorphism.

Example 4.43 (Pointed bibundles). Given any Z-static pointed (G, G1)-bibundle (P, pg) then Proposition
says that the ¥ and h we constructed is an isomorphism of isotropy data. In such a case we call (¥, h)
the holonomy isomorphism of (P, pp).

The reader is encouraged to check that composition of bibundles corresponds to composition of isomor-
phisms of holonomy. Our main end with this definition is to show that Example [1.43] is the generic case.
The next proposition says that the holonomy isomorphism of a Z-static pointed bibundle classifies (P, po)
strongly.

If we combine (4.10) with Proposition and Proposition then:

Proposition 4.44. Suppose ® : Py — P is as in Lemma [4.39 Let hol, : H — H be the bijection
hol,,(a) = hol(a)h. Then ®((g,a) - o(x,y)) = ®((¢', &) - o(z,y")) if and only if one of the following holds:

(i) (z,y),(2',y") € Z and there exists an integer n such that:
(g —n, holy(@)) = (¢', &)
(i) (x,y), (x',y) € afft and there exists integers n and m such that:
G Mg a) (G = (g 0).

Since we can characterize P in terms of ¥ and h, two Z-static pointed bibundles are strongly isomorphic
if and only if their associated holonomy isomorphisms are equal. We conclude this section with our main

result regarding bibundles over caff.
Theorem 4.45. There is a 1-1 correspondence between the following:

(i) orientation preserving isomorphisms of holonomy data and orientation preserving Z-static pointed

(G2, G2)-bibundles;

(i) orientation reversing isomorphisms of holonomy data and orientation reversing Z-static pointed (G, Go)-

bibundles.
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Again, we consider pointed bibundles up to strong isomorphism.

Proof. We have already shown how to obtain holonomy data from a bibundle. Hence, we need to show that
given a holonomy isomorphism (¥, k), we can construct a Z-static pointed bibundle. Let ~ be the following

equivalence relation on Py:

(9,0) - o(x,y) ~ (¢, ') - o(z,y +n) < [L10) holds.

Let ® : G — Pgy/ ~ be the natural projection. We need to check that the equivalence relation respects the
left and right actions. That is:
D((g2, 2) - p) = 2((93,03) ') , (4.12)

whenever Pra(ge, as) = Pra(gh, ob) and ®(p) = ®(p'); and

(p- (g91,01)) = (p' - (g71,})) (4.13)

whenever ®(p) = ®(p') and Pri(g1, 1) = Pri(gi, o)), for appropriately composable pairs.
We first check, (4.12) holds. Suppose p = (g, ) - o(z,y) and p’ = (¢, ') - o(x,y + n). Since p ~ p’ we

have:

Pzr(g, o) = Prg a’) H5$y+z

Since Pra(gs, ) = Pr(gh, ab):
P2r(92gva2a) = Pr (929', apa’) H oz, y+1)

So (4.12)) holds.

To check the right action, we use the interpretation of ~ from Proposition and separate into cases
where g, g1 € QAH\affi and g € GAff|z. Suppose n,m,k and [ are integers such that:

G (g,0) - () = (g, d);

GF (g, 01) - G = (gl 0h)

Composability tells us that m and & must be equal. Hence:

G " (991, 0%()) - W(Gr) = (9'dh, aW(a))).
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So the right action is well defined. Now suppose g, g1 € GAff|;. So there exists n and m:

(g -n, hOIZ(a)) = (g/a O/) 5

(91 —m, hol™(a)) = (g1, ).

Again, we observe that n = m by composability. Since, it suffices to prove the result for n = 1 we will just

show this case. Hence:

(¢',0") - (91¥(a")) = (9 — 1, hol(a)h) - (¢ — 1, U (hol(c)))

g91) — 1, hol(a)h(To)hol(a;)h ™' h)

(
(991) — 1, hol(aaq)h)
(

(
(
(
(

g91) — 1, holy(aay)).

We leave it to the reader to check that Py/ ~ inherits a (non-hausdorff) smooth structure from Py. O

4.5.3 The Picard group G(I,Hol)

Before computing the Picard group of G = G(I, Hol) we need this next lemma:

Lemma 4.46. Suppose (U, h): (I,Hol) — (I,Hol) is an isomorphism. Then P(V,h) is isomorphic to the

trivial bibundle if and only if (¥, h) is an inner automorphism.

Proof. Suppose (P,py) is a Z-static pointed bibundle such that P is isomorphic to the identity bibundle.
Suppose (¥, h) is the holonomy isomorphism of (P, py). Then P = Py is the identity bibundle and therefore
U = (C, : I — Iis an inner automorphism. Let F : Py — G(I) be the trivialization of Py such that
F(o(z,y)) = (u(z,y),a). Then:

commutes and therefore ®(7(z,y) - o(x,y)) = Pr(u(x, y), ha). On the other hand:

O(r(z,y) -o(z,y)) = ®(o(z,y + 1)) = Pr(u(z,y + 1),a) = Pr(u(z, y), Hol(e)).

Therefore: hol(a) = ha.

Now suppose (¥, h) is an inner automorphism and ¥ = C,. Consider (G(I),«) as a Z-static pointed
bibundle. Then (G,Pr(«)) is a Z-static pointed (G, G)-bibundle with holonomy isomorphism (¥, h) and
therefore by Theorem P(U,h)=g. O

Since the inner automorphisms occur as the kernel of a homomorphism, they are a normal subgroup and
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it makes sense to define OutAut(/, Hol) to be the automorphisms modulo inner automorphisms.

The results of the preceding subsections work just as well for caff’ (see Example , the only distinction
is the scaling of the appropriate symplectic forms the constant term p. In this section we will fix some p
and natural integration G = caff’. We can now compute the Picard group of G = G(I,Hol). As we did for
G(I) denote the subgroup of Pic(G) generated by the modular flow by Mod. In this section, p will be the
modular period of caff” (see Example [4.2).

Lemma 4.47. The element Mod" € Mod for t = p is isomorphic to P(Hol,e).

Proof. Tt suffices to show that there exists pg € Mod” such that (Mod”, py) is a Z-static pointed bibundle
and (Hol, e) is its associated holonomy isomorphism. The (G(I),G(I))-bibundle (Pmo1, Prol) comes with a
projection ® : Pgo — Mod”. If we take py = ®(pmo1) then the holonomy data of (Mod”, pg) is (Hol,e) so

we are done. U

There is an action of R on Z Pic(G) = OutAut(I, Hol) by conjugation
t-P=(Mod")® P ® (Mod ™).

Using this action, we can compute the Picard group.

Theorem 4.48. For any G = G(I,Hol) an integration of caff with connected orbits there is a surjective

homomorphism:

OutAut(I,Hol) x R — Pic(G).
The kernel of this map is subgroup generated by (P(Hol,e), —p).

Proof. Let ® be the map given by (P(V,h),t) — P(¥,h) ® Mod’. Any bibundle in Pic(G) can be written
in the form P(¥,h) ® [Mod'] since for any P we can find a ¢ such that P ® M! € Z Pic(G) so the map is

surjective.. Furthermore, the map is a homomorphism since for any P, P» € Z Pic & OutAut(/, Hol) and

ti1,t9 € R:
O(Py,t1) @ B(Py,ty) = Py @ Mod" ® Py ® Mod"
= P, ® Mod" ® P, ® Mod™" @ Mod"* @ Mod"?
=P ® (Mod" ® P, ® Mod™ ") @ Mod"* "2
=Q((P1,t1) - (P2, 12))
Finally, if ®(P,t) = e then P = [Mod '] meaning that ¢t = np for some n € Z and P = P(Hol,e) ™. O
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4.6 Picard groups of stable b-symplectic manifolds

Throughout this section it will be useful to index sets and group elements with superscripts. To avoid
confusion, when the symbols 7, j, k,l,n and m occur in superscripts, we intend to treat them as indices. I.e
an object X" denotes the element with index n and not ‘X to the power n’. Let C = U;c;C? (I finite or
countable) be a disjoint union of affine cylinders such that each C* =2 caff” ", In this section G will denote a
natural integration of C. Our main end is to classify (Ga, G1)-bibundles and compute Pic(G).

Recall that the numbers p; are called the modular periods of C. Let {V™},en (N finite or countable)
be an enumeration of the open orbits of C. To each C? let E’ denote the saturation of C? in the foliation
induced by G. We also define adjacency maps + : I — N and — : I — N such that VT is the positive
orbit adjacent to C* (similarly for —). Throughout, G¢ denotes the restriction of G to C* and G™ denotes the

restriction of G to V™.

4.6.1 Discrete data of G

ci be the restrictions of G to a given cylinder. Since each G’ is an integration of an affine cylinder

Let G':=G
we can assume it has the form G* = G(I?, Hol’) where Hol" = (hol’, (v/)*) and:

a—() (6")~ Hi (")" G0
(hot')" | lholi |hory
G- 20 i O o)

commutes. If G is constructed by restricting to transverse cylinders of a stable b-symplectic manifold (as in

Section then we have following geometric interpretation:
G"=m(U,), H'=m(L), hol®=Cz,

hOli = (fz)* : 7T1(Li) — 7T1(LZ‘).

Where each U, is an open orbit, f; : L* — L’ is the holonomy of the mapping torus Z; and (7)) are the

homotopy classes of the section of Z; — S! in adjacent orbits.
Definition 4.49. The orbit graph, Gr(G), of G is defined as follows:
e there is one vertex v™ for each open orbit V" C C;
e there is one edge ¢’ for each cylinder C* C C;
e cach edge ¢’ is adjacent to a positive and negative vertex v+ and v~ respectively.

For a stable b-symplectic manifold, the orbit graph, Gr(M), of M is defined to be the orbit graph of

any Morita equivalent G = C. We will need to attach more data to the orbit graph in order to construct a
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complete set of Morita invariants and enable computation of the Picard group of 3(M).
Definition 4.50. To each vertex, v,, assign the following data:

e the sign of a vertex v” is the sign of V";

e the isotropy of v™ is the isotropy group G™.
To each edge, e’ we assign the following data;

e the modular period of an edge €' is p; (the modular period of C%);
e the isotropy data and holonomy data of €' is the pair (I’, Hol’) such that G’ = G(I?, Hol").

We call the orbit graph together with the above data &t the discrete data of G and a discrete presentation
of M (If G was obtained by a restriction of X(M)).

Remark. The discrete data actually characterizes G = C up to isomorphism. We omit a proof of this for
brevity, as it is not needed for our calculation. Also note that a discrete presentation of M is not constructed

in a canonical manner as it depends on a choice of transversal C — M.

4.6.2 Isomorphisms of discrete data

Suppose C; = Ujer, C’{ and Cy := Ujer, C’% and G; and Gs are natural integrations of each. Enumerate the
open orbits of G; and Gs as V] for n € Ny and V3" for m € No. We now need to characterize (Ga, G1)-
bibundles in terms of discrete data. In order to do this, it will be convenient to fix a choice of base points
v € V™ and vi* € V™ as well as a choice of groupoid elements g, and g/, for each &(i) = n or £(j) = m
such that the source of g is v™ and the target of g is [£1,0] € C?. The purpose of this is to fix an
identification of the isotropy groups of each half cylinder in the same orbit and so we can treat each open
orbit as a pointed manifold.

Suppose P is a (Gs, G1)-bibundle. Clearly P induces an isomorphism of the orbit graphs F': Gr; — Grs.
We can think of F' as a map F': I} — Iy (also Ny — N3). We say P is orientation preserving if P preserves
the signs of the vertices and orientation reversing otherwise. Since P preserves the modular vector field F’
must preserve the modular periods.

Now restrict P to the affine cylinders CL ) and €t to obtain a (G4 "), Gi)-bibundle P. Suppose {p'}ics, C
P is a set of points such that (P!, p?) is a Z-static pointed bibundle for all i € I;. Then we call (P, {p;}) a
Z-static marked bibundle. Any such marked bibundle has an associated collection of holonomy isomorphisms
(U, hi) : (I, Hol}) — (I}, Holj). Notice that (¥;, h;) is orientation preserving/reversing if and only if F is
orientation preserving/reversing.

For each pointed bibundle (P?,p?) let ®° : Py: — P? be the projection from Lemma Let ¢ be the
static bisection of Py: extending p’ and let:

Pl = (gpm) o (£1,0) - gl € P.
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If PE(® is the restriction of P to the open orbits VE=(® and VF(E@)  Then (Pi(i)7pit) are pointed
(GFE®) g*(@))_ bibundles of transitive groupoids. If +(i) = #(j), the bibundles P*() and P*U) are
equal. There is a unique gzj; e GFE®) such that g;'; . pl, = pi.. Furthermore by Lemma g;'; must
satisfy:

YE = Gy 0 o, (4.14)

?

and for £(i) = £(j) = £(k):
959 = 9in (4.15)

This motivates our definition of an isomorphism of discrete data. Let &ty and &ty be the discrete data of

G1 and G, respectively.

Definition 4.51. An isomorphism F : &t — Bty consists of the following:
e an underlying graph isomorphism F : Gr; — Gro;
e holonomy isomorphisms (¥;, h;) : (It, Hol}) — (If(i), Holg(i));
e cocycles g$ € Gg(i(m for all 4,5 € I such that +(i) = +(j).

The underlying graph isomorphism, holonomy isomorphisms, and cocycles must satisfy the following com-

patibility conditions:

(i) the holonomy isomorphisms are orientation preserving/reversing if and only if F' is orientation preserv-
ing/reversing;
(i) if i € I then pi = pb' @,
(iii) for any 4,j € I; such that +(i) = £(j) then (4.14]) holds;
(iv) for any 4,7,k € I; such that +(i) = £(j) = £(k) then (4.15] holds.

Example 4.52 (Inner automorphisms). Suppose &t is discrete data. Define F : &t — &t to be an

automorphism of &t such that:

e [ is the identity;

o (U;, h;) = (Cq,, hi) are inner automorphisms;

o and gE = ()% (ai) (#h)* () for all £(5) = ().
Such an F is called an inner automorphism of &r.

Example 4.53 (Bibundles). Modulo the choices of base-points made at the beginning of this section, we
can canonically construct an isomorphism of discrete data F from any Z-static marked bibundle (P, {p’}).

In this case we say that F is the discrete isomorphism associated to (P, {p‘}).
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A strong isomorphism ¢ : (P, {p'}) — (Q,{q'}) is an isomorphism of bibundles which preserves the

markings.

Proposition 4.54. There is a 1-1 correspondence between orientation preserving (reversing) isomorphisms
of discrete data Bty — Gty and orientation preserving (reversing) Z-static marked bibundles modulo strong

isomorphisms.

Proof. Suppose (P, {p‘}) and (Q, {¢'}) are Z-static marked (Gz, G1)-bibundles with identical discrete isomor-
phisms F. By Theorem there is a strong identification ¢ : (P% p') — (Q,¢") of the restrictions of P

and Q to the cylinders Ci and Cj @) The isomorphisms ' induce strong isomorphisms:
e (PEO pl) = (QFY, qh),

of pointed bibundles. Since P and @ have the same cocycle, these isomorphisms satisfy =) = *0)
whenever +(i) = #(j). Therefore the ¢’ extend to a unique strong isomorphism ¢ : (P, {p'}) — (Q,{¢*}).
On the other hand, suppose F is an isomorphism of discrete data. Let (P? p') be P(¥;, h;) with the
standard point. As we saw in the beginning of this section, each (P?,p*) induces a pointed bibundle over
the adjacent orbits. We denote these pointed (GF (")) G*(@))-bibundles (Py,p’.). To glue these bibundles
together, Lemma says that it suffices to construct bibundle isomorphisms gol?tj : Pi — Pt for each
+(4) = £(4) such that:
E ot =gk V(i) = () = (k). (4.16)

We apply Lemma and define @i to be the pointed bibundle isomorphisms associated to gf] Then
equation (4.2]) implies that (4.16]) holds if and only if (4.15) holds and so the proposition follows. O

Under this 1-1 correspondence, given isomorphisms of discrete data F : G; — G and F' : Gy — G5 the

composition corresponds to the following isomorphism:
e the underlying graph map is the composition F’ o F;
e the holonomy isomorphisms are the compositions (\I/’F(i), h},(i)) o (W, h;);
e and the cocycles are {(g')f(ij)(w’)f(i)(gi)} for +(i) = £(j).

The last one is a consequence of (4.3). Given any (Gi,Gs)-bibundle P one can make a suitable choice of
base-points on Cy, C2 and P which make P a marked bibundle. Therefore, Theorem [£.55] follows:

Theorem 4.55. Suppose My and My are stable b-symplectic manifolds and Gy and Gty are discrete pre-
sentations of each, respectively. Then My and My are Morita equivalent if and only if there exists an

isomorphism Bty — Gro.
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4.6.3 The Picard Group of a stable b-symplectic manifold

In this section G is a natural integration of C. We continue to use the notation we have established thus far
and fix a choice of base points v € V" and arrows g/, as before. We need one last lemma about Z-static

bibundles.

Lemma 4.56. An automorphism F : &t — &t of the discrete presentation of G = C gives rise to the trivial

bibundle if and only if F is an inner automorphism.

Proof. Suppose (P, {p'}) is a marked (G, G)-bibundle and let ¢ : P — G be an isomorphism as bibundles. Let
F be the isomorphism of discrete data associated to (P, {p'}). By Lemma the holonomy isomorphisms
are all inner automorphisms (C,,, h;). As a bibundle, G has a canonical marking induced by the identity

section. Hence if we restrict ¢ to open orbits, denoted ¢™ we get an isomorphisms of marked bibundles:
" (PEO pl) = (60, u(v* ).
By Lemma for each 4 in I the isomorphism ¢ corresponds to (¢*)* («;). Furthermore, since:
(0", u(v=0))

(PE@) pE(©) 1d (PEG) pEG)Y

commutes, we conclude that g:5 - (¢7)*(a;) = (¢)* (). Therefore F is an inner automorphism.

Now assume F is an inner automorphism. Since the holonomy isomorphisms (C,,, h;) are all inner, there
are unique identifications of ' : G¢ — P such that «; - p(u(0,0)) = p’ for all i € I. Let {p'} be a new
marking of P obtained from this identification. With this new marking the cocycles of (P,{p'}) take the
form:

(&) (i) g5 (¢)) (@) = (6" ()71 - (&) () - (¢) () ™H - (¢7)F (o) = e
Since (P, {p'}) and G have the same discrete data, P = G. O

The inner automorphisms of &t form a normal subgroup of Aut(®t). Therefore it makes sense to define
the outer automorphisms OutAut(®t) to be the inner automorphisms modulo outer automorphisms. We

can summarize the preceding work thus far with the equation:
OutAut(®r) = Z Pic(G),

where Z Pic(G) are the (G, G)-bibundles such that the restriction to each cylinder is a Z-static bibundle.
To compute the full Picard group, we also need to identify the subgroup of bibundles which correspond to

modular flows.
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Let X; € X(C) be the vector fields on C such that X;

¢, 1s the modular vector field of C; and X; = 0
outside of C;. Since G is natural, the flow of each such vector field produces a family of groupoid isomorphisms
Pl :G — G. Let

Qi(t) == Pair)

be the symplectic bibundles induced by these flows. Since the isomorphisms ®! commute, the bibundles
Q;(t) must commute with each other. In other words, we have a homomorphism:

(RN, +) = Pic(M)

where RY denotes the vector space of functions N — R (recall that N may be an infinite index). We call
the image of this map Mod(M) C Pic(M). Topologically it is a connected Lie group integrating the abelian
Lie algebra RY.

Lemma 4.57. Let F; : &t — &t be the automorphism of &t given by the following data:
o The underlying graph automorphism is trivial;
e The holonomy isomorphisms (Ui, hy) are trivial for k # i and (¥;, h;) = (Hol;, e);
e The cocycles g,fj =e fork,j #1i and gij; = 'yii for j #i.

We will call F; the twisting automorphism about C;. Then the bibundle associated to the automorphism JF;
is Qi(pi)-

Proof. Observe that the twisting automorphism behaves in the following manner. Suppose g € G is in an
open orbit. Then for g € G|c—_¢, we have that 7 (g) = g. If g € G such that the target of g lies in C; and
the source of g lies in C — C;, then @7 (g) = 'yiig. For g € G' we have that ®/ is conjugation by "yii.

The bibundle Q;(p;) is diffeomorphic to G where the right action of Gy satisfies g2 - g1 = g2®%*. Since
Q;(p;) has this form, it inherits a natural marking from the identity section u: C — G. From this it is easy
to deduce that there is natural strong isomorphism of P|¢c_¢, and Ge_¢, (the identity bibundle). We denote
this marking by the tuple {¢‘}. Furthermore, given any g € G whose target is the base point of ¢* and whose
source is the base point of ¢/ for j # i. We notice that:

%

9@ g =997 () =) ¢

Therefore the cocycle part of this marked bibundle must as above. O

We see that the additive group (R™,+) acts on Z Pic(M) = OutAut(®r) by conjugation:

(t1, e tn) = QY - - QW PQY™N .- Q7.
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This action measures the failure of elements of ZPic(G) and Mod(G) to commute. Since any element

P € Pic(G) can be written as a product of elements in these groups, we have proved Theorem m

Theorem 4.58. Suppose M is a stable b-symplectic manifold and &t is a discrete presentation of M. There

is a surjective group homomorphism:
OutAut(®t) x RN — Pic(M).

The kernel of this group homomorphism is generated by elements of the form ([F;]~*, Q).

This concludes the main portion of the chapter. The next section will examine a few examples.

4.7 Applications and examples

4.7.1 Compact surfaces

We mentioned earlier Radko and other authors in studying b-symplectic structures on surfaces. In particular
the Picard group was computed by Radko and Shylakhtenko, [46]. Their work contained two important
results. The first was that any (X(M),3(M))-bibundle admitted a lagrangian bisection (for M a 2-dim
compact, oriented, b-symplectic manifold). The consequence of this is that the Picard group of M can
be interpreted as the group of outer Poisson automorphisms of M Secondly, they were able to provide
combinatorial data which would assist in the explicit calculation of M.

In this section, we will see what Theorem and Theorem mean in dimension 2, and compare our
results to existing work.

Suppose M is a compact surface with a b-symplectic structure. Then M is automatically stable. Our
procedure of finding transverse cylinders to M corresponds to restricting ¥ (M) to collars around the singular
locus Z, which is just a finite union of disjoint circles.

When M is a compact surface, we automatically get many simplifications of the data encoded by &t(M).

1. Since the groups H; are all trivial, the isotropy data just consists of assigning to each v; the fundamental
group of its associated open leaf. Given the orbit graph, we can instead simply state the genus of each

open leaf.

2. The elements %_i are the homotopy classes of loops around the collars of each open leaf. Therefore,
they are completely determined by the orbit graph, together with the fundamental group (or genus)

of each open leaf.
3. The modular periods are specified as before.

Therefore Theorem reduces to the classification of compact b-symplectic surfaces from [3].
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Let us see what automorphisms of &t(M) correspond to. First let us restrict to static automorphisms of
&r(M) (i.e. those which fix the underlying graph). Such automorphisms produce static bibundles which we
denote S Pic(M).

Recall that to specify a morphism we must give automorphisms:
(\I/i, h) = (IZ, HOll) — (I“HOIZ) s

and cocycles {gi} The groups H; are all trivial and the various diagrams commute trivially, so an auto-
morphism (¥;, k) is the same as a pair of maps 3 such that ¢ (y) = ~E.

The cocycles must satisfy C ok © 1/)ji = wii. The morphism &r(M) — Gr(M) will be trivial.

Let V,, be any open orbit. Then the cocycles gi for 7 and j adjacent to V,, together with the maps
qbfc Gy — G, and (b;t : G, = G, are equivalent (modulo inner automorphisms) to specifying an element of
the mapping class group of the associated surface. This recovers the combinatorial description of the Picard

group from [46].

4.7.2 Examples due to Cavalcanti

In 9], Cavalcanti demonstrated several ways of constructing b-symplectic manifolds. In particular, he showed
that given a symplectic manifold M with a compact symplectic submanifold L of codimension 2 with trivial
normal bundle admits a log symplectic structure such that Z = UN |S* x L (see thm 5.1 in [9]).

We can immediately see that any such example is a stable b-symplectic manifold. We will restate the
construction here and then compute the discrete presentation and Picard group of a simple example.

Since L has a trivial normal bundle, the symplectic neighborhood theorem says that there is a tubular
neighborhood, U of L such that U = D? x L as a symplectic manifold. Then for any embedding of closed
curves I' : UY St < D? we can rescale the Poisson bivector by a function which vanishes on T linearly and
which is constant near the boundary of D?. We can easily extend this function to all of M and rescale the
bivector on M. The result will be a b-symplectic structure which agrees with the symplectic structure on
M outside of U, but which Z has N connected components, all of them contained in U.

The orbit graph of M will be determined by the topological arrangement of the closed curves in D?2.
There will be one orbit for each connected component of D?\ Z. We will now consider the concrete example

mentioned in [9].

Example 4.59. Consider M = CP?>#CP? (i.e. the blowup of CP? at a point). M has the structure of a

locally trivial S bundle over S2. Let p be a point in S2. Then
M‘Sz\p ~§? x D%

We can now choose curves in D? to define the singular locus. Suppose there is only one. Then the induced

108



b-symplectic structure on M has two open leaves and every symplectic leaf of M is simply connected.

The orbit graph of M consists of two vertices connected by a single edge. The isotropy data and holonomy
are all trivial. When constructing the b-symplectic structure above, we can arrange for whichever modular
period p we want. We see immediately from Theorem [£.55] that A is Morita equivalent to the Radko sphere,
S? with modular period p.

In fact, for any topological arrangement of curves in D2, we can see that the induced b-symplectic
structure on M will be Morita equivalent to the sphere S? with the same arrangement of singular curves
(thinking of D? as a punctured sphere).

The Picard group can therefore be computed by existing methods for surfaces. The case of a single
singular curve provides an easy calculation. The holonomy, and isotropy data is all trivial and therefore the
Picard group of M is Zs x S'. The factor of Z, corresponds to the orientation reversing graph swap while

the S! factor corresponds to the modular flows.

4.7.3 Cosymplectic boundaries

The following class of examples is mentioned in the work of Frejlich et al (see [19]). Suppose N is a connected
symplectic manifold with a cosymplectic boundary 9N. We say that the boundary of N is (stable) if Z := M
is a disjoint union of mapping tori. We can construct a b-symplectic manifold M by gluing two copies of
N along their boundary. The orbit graph of M will have two vertices and one edge for each connected
component of Z.

The isotropy and holonomy data will be determined by the topology of the embeddings Z = ON —
N. Note that &t(M) comes with a cannonical orientation reversing automorphism and Z Pic(M) & Zy x
Z Pict (M) where Z Pict (M) are the orientation preserving automorphisms of &t(M).

Lefschetz fibrations over the two dimensional disk provide a well studied class of examples. Let M be a
4 dimensional manifold and p : M — D? be a Lefschetz fibration such that p~!(z) & S, is a compact surface
of genus g for any regular value p. By a theorem of Gompf [21] we can equip M with a symplectic structure
such that the boundary of M is a cosymplectic mapping torus M.

In a paper by Eliashberg [18], it was proved that any symplectic mapping torus could be realized as
the boundary of a Lefschetz fibration over D2. The applications of these results to b-symplectic geometry
were pointed out in [19]. The topology of Lefschetz fibrations has been a subject of keen interest, and is
determined by the monodromy around singular fibers. By computing the monodromy of these fibrations,
one can apply Theorem [£.58] to compute the Picard group of the assocaited b-manifolds. We will conclude

our comments with simple example.

Example 4.60. Let T2 be two dimensional torus and f : 7% — T2 be a single (right handed) Dehn twist
(i.e f(61,02) = (61 + 02,02). There is a unique Lefschetz fibration p : M’ — D? with monodromy f around
the the singular point 0 € D?.
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As per our previous comments we can glue two copies of M’ along the boundaries M to form a b-
symplectic manifold M with a connected singular locus of the form Z = Mjy.

By studying the topology of M we can conclude that the isotropy data takes the form:

72 707 2257
ﬁd b lld

72 707 2257

Where the map hol is given by the matrix (§ }). Notice that the + and — maps are not injective and so
¥(M) is not Hausdorff.

An orientation preserving automorphism (¥, h) of this data turns out to be a choice of matrix (} ¢) and
an element h = 0@ z € Z & Z. Since every group here is abelian, the inner automorphisms are trivial. The
orientation reversing automorphisms can always be written as the obvious swapping map and an orientation
preserving automorphism. Therefore, Z Pic(M) & Z X Z X Zs.

The twisting automorphism from the modular flow corresponds to ((§1),0@® 0). Since this element has
infinite order in Z Pic we can conclude that Mod(M) 2= R. The action of R on Z Pic is trivial so we have a
surjective group homomorphism,

R X (Z X Z x Z3) — Pic(M).

The kernel of this map are elements of the form (n, (—n,m, k)) and so

Pic(M) =R x Z x Zs.
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Appendix A: 2-Category theory

There are many possible choices to make and competing definitions when it comes to higher categorical
structures. We have included this appendix in the hope that it will clarify the precise definitions we are
using. Loosely speaking, the philosophy is that when one invokes the existence of higher morphisms it is
necessary to make specific and coherent choices. For instance, the data of a 2-commutative square must
include the 2-morphism witnessing commutativity. More generally, a 2-commutative diagram must include

the relevant 2-morphisms and the supplied 2-morphisms must satisfy the ‘obvious’ identities.

A.1 Bicategories

We refer the interested reader to Leinster [28] for a good discussion of the topic of bicategories. Our definition
is equivalent to his. However, since there are differences in notation, it is worthwhile to state a definition

here.
Definition A.1. A bicategory C is the following data:
e a collection of objects Cy;
e for each pair of objects, x,y € Cy, a (possibly empty) category C(x,y) = Ca2(x,y) = C1(z,y);

e for any three objects z,y, z € Cy, a functor (called horizontal composition):
01 Cy,2) x Cla,y) = C(w,2) goh:=o(g,h)

(f,g)— fog

e For any x € Cy a functor:

{z} = C(z,x)
T — Id,

Here {z} is thought of as a trivial category with one morphism.
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The elements of Ca := U yec,Ca(2, y) are called the 2-morphisms of C. The elements of C1 := Uy yec, C1 (2, y)
are called the 1-morphisms of C. The composition operation on C(x,y) is called vertical composition and will
be denoted by *x. We do not assume that either of C5 or C; together with o constitutes a category over Cy.
We will use the notation C(™) = an) = an) to denote the category of n horizontally composable morphisms.
Since we do not require that o satisfies the axioms of a category, we instead require that C comes with the

following data:

e A natural isomorphism of functors

A AL — AR
where Ay, and Ap are the parallel functors C(3) — Cy defined below:

AL(aaﬁf}/) = (0406)0"}/ AR(OHBJY) Z:OZO(BO’)/)

Such a natural transformation is determined by a function A which associates to each (g, h, k) € C%g),
a 2-morphism:

Ag,h,k): (goh)ok — go(hok)
e A pair of natural isomorphisms of functors
IULZUL*>IC102 URZUR*)IdC2

where Uy, and Ug are parallel functors (with respect to vertical composition) C — C such that for any
a € Co(z,y):
Up(a) =1y0a Ugr(a) =aol,

Such natural transformations are determined by functions U;, and Ugr which associate to We also For

every l-morphism f: x — y in Cq, two choices of 2-morphisms:
Ur(f): Idyo f — f Ugr(f): fold, — f.

This data must satisfy the following coherence axioms which are encoded as (vertically) commutative dia-

grams.
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(BC1) for all 1-morphisms f, g, h, k which are horizontally composable, the following diagram commmutes:

((fog)oh)ok

(folgoh))ok (feg)o(hok)

\A(ﬁgoh,k) A(fvgyh()k)/
14 0A(g,h.k)

fo(lgoh)ok) folgo(hok))

(BC2) for all 1-morphisms f and g which are horizontally composable:

(foldy)og — T fo(14,09)
UR(fm AL(Q)
fog

A bicategory is called strict if A, U, and Ug take values in vertical identities.

Example A.2 (Category of Categories). Suppose C is a category of categories. That is, the objects of C
are categories and the morphisms of C are functors. Then we can make C into a bicategory by taking our
2-morphisms to be natural transformations between functors.

Recall that given functors F;: A — B, a natural transformation «: Fy — F5 is a map «a: Ag — By such

that (A.1) commutes.

Fy
Fi(z) 29 By (y)

i“(”‘) l‘”(y) (A1)

Fy
Fa(z) 29 By(y)

Given F;: X — ) and 2-morphisms «;: Fy — F5 and as: Fy — F3 we can take (ag * 1) () := ag(x)aq (z)
for any z € Ag.
For horizontal composition, suppose we are given functors F;: : X — )V, G;: Y — Z and 2-morphisms

B: Gy — Gs, a: F} — F5. Then
(Boa)(z) == (B(Fa(x)) o (Gr(a(x)) € 21 Va e X;.

A sub-example to this case is the category of stacks over a given site. In this case the natural transfor-

mations can be shown to be natural isomorphisms. Hence, all 2-morphisms are invertible.

Example A.3 (Bibundles). Take the objects of C to be Lie groupoids, the 1-morphisms of C to be Lie
groupoid bibundles and the 2-morphisms to be bibundle isomorphisms. Then the resulting object satisfies

the axioms of a bicategory. The associativity map is obtained from the cannonical isomorphism:

P® P, @P;) = (PL®P)Q P; (1 ® (p2 @ p3) = (p1 ® p2) @ p3.
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Definition A.4. Let C be a bicategory. Let f: x — y and g: y — x be 1-morphisms. We say that ¢ is a
weak inverse of f if there exist 2-isomorphisms a:: fog — 1, and 8: go f — 1,. If a 1-morphism admits a
weak inverse then we call it a weak isomorphism. Two objects in C are weakly isomorphic if there exists a

weak isomorphism between them.

Example A.5. Suppose C is the bicategory of categories. Then a functor is a weak isomorphism if and

only if it is an equivalence of categories.

Definition A.6. A (2,1)-category is a bicategory such that all 2-morphisms are vertical isomorphisms.
Every (2,1)-category C has a I-category C associated to it which we call the truncation of C. The objects of

C are the same as C while the morphisms of C are the 2-isomorphism classes of the 1-morphisms of C.

A.2 Pseudofunctors

Definition A.7. Given bicategories C and D, a pseudofunctor consists of a function Fy: Cy — Dy, and for
each pair of objects = and y in Cy a functor F': Hom(z,y) — Hom(Fy(z), Fy(y)). Furthermore, a pseudo
functor F' must be equipped with the following data:

e a natural isomorphism F: F(— o —) — F(—) o F(—). Such a natural transformation is witnessed by a

function F which assigns to each composable pair (f, g) € sz) a 2-isomorphism:
Fi(f,9): F(fog) = F(f) o F(g)

e for every object = € Co, a 2-isomorphism Fy(z): F(Id,) — Idp(y)-

This data must be coherent, which is encoded via vertical diagrams of 2-morphisms. We will not write the
coherence conditions here but we instead refer the reader to Leinster [28].

A pseudofunctor F': C — D is called an equivalence of 2-categories if it is an equivalence of categories for
each Hom(z,y) and is biessentially surjective. That is, every object in D is weakly equivalent to an object

in the image of F.

Remark. Equivalences of categories can also be defined in terms of pseudonatural transformations of pseudo
functors. The precise statement is that a pseudofunctor F' is an equivalence if and only if there exists a
pseudofunctor G such that F oG and Go F are pseudonaturally equivalent to the identities. See Leinster [28|

for more detail.

Example A.8. Suppose C is a weak (2,1) category with invertible 2-morphisms and let C be its truncation.
We can think of C as a strict bicategory where all 2-morphisms are the identity. Then there is a natural

pseudofunctor II : C — C which is obtained by passing to equivalence classes in the truncation.
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A.3 Fiber products in bicategories

Definition A.9. Let C be a bicategory. A 2-commutative square consists of a square of 1-morphisms:

I

w

-

together with a 2-isomorphism a: hog — ko f.

Definition A.10. Suppose C is a bicategory. A 2-commutative square is a diagram:

w
[
yL

with associated 2-isomorphism o/: fog — go f’, there exists a morphism h: w’ — w, and 2-isomorphisms

B : f’ — fo h and fB2: ¢ — g o h such that the following square of 2-morphisms commutes:

fog —X—gof
110 150 (A2)

fogohﬂ)gofoh

Lastly, we require such an h, 1, (2 satisfying this property to be unique in the following sense: Given A/,
B, and B} with the same property, then there exists a unique 2-isomorphism 7 : h — A’ such that the below

diagrams commute:

/ "'/

4>foh *>90h

N N

foh! goh'

The element w in a 2-categorical pullback square is called the homotopy fiber product of x and y and may

sometimes be written x X, y.

Example A.11. For the bicategory of categories (and the bicategory of CFGs), there is a canonical con-
struction of the homotopy fiber product of F: X — Z and G: Y — Z. Let us first define the category

XX zY as follows:
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e The objects X x z Y are triples (X, a,Y’) such that X and Y are objects of X and ) respectively, and
a: F(X)— G(Y) is an isomorphism in Z.

e The morphisms are diagrams:

X, F(X,) 2= G(M) Y
lbl |Fea) & lbl
X G(Ys) —— G(Ya) Vi

such that the inner square commutes. The source and target of such diagrams are given by passing
to the top and bottom row, respectively. Composition of two such diagrams is obtained by composing

the vertical morphisms.

This construction comes with natural projections to X and Y which fit into a pullback square:

Xxzy 22,y

I, b

X F

|

The cannonical 2-morphism associated to this pullback square is obtained from the map
pPrys: (XxzY)o — 21 where pr;5(X,a,Y) =a.

We can see that this satisfies the definition of a pullback since given any other 2-commutative square:

WL,y
el
x .,z

with 2-morphism «: FoG — ﬁOG, then we can define a functor H : W — X x z) by letting H(a: w1 — ws)

be equal to:
G(w) FoGw) 2% G o Flw,) F(w)
lé(a) lFoé(a) lGoﬁ(a) lﬁ(a)
G(ws) F o G(ws)) BION G o F(wy) F(ws)

All that remains to show that X x z ) is a 2-pullback is to define 5; and (3> from the definition. By taking
p1 =15 and B2 = 15 we see that X' xz ) does, in fact, fit into a 2-pullback square.

Definition A.12. A (strict) groupoid G internal to a bicategory C consists of two objects G; and Gy together
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with 1-morphisms

s:G1 —>Go, t:G1—Gy, u:Gy— G,
m: GixstG1 — G, i:G—G

which satisfy the axioms of a groupoid. Note that in this setting QYL) =0 Qs}t .. Qs,t(jl.

When C is the bicategory of CFGs then we call such an object a CFG groupoid. A (strict) morphism of
CFG groupoids is a pair of functors, one for the CFG of arrows and one for the CFG of objects which commute
with the groupoid structure. Such a pair of functors is called an isomorphism if they are equivalences of

categories.

Proposition A.13. Let F: X — Y be a functor. Then XxyX is canonically a strict groupoid internal to

the bicategory of categories.

Proof. We will construct this groupoid structure directly. The category of objects will be X'. The source and
target will be defined to be pr, and pr; respectively. The unit morphism X — & Xy X is the 2-categorical
diagonal embedding:

1 F(zq) TN F(xq) 1
a:.xr — T2 — la lF(G) L lF(a) \La
T F(yg) E— F(J?Q) T

The multiplication functor will be defined by horizontal concatenation:

xq F(Il) L} F(Ig) T3 L} T3 F(Z‘g) L) F(I’5) Ty
Jf |Fo |r@ Jg b J" |r@ |Fw Jk .
T2 F(JJQ) L F({L‘4) Ty *4> Ty F((E4) L) F(.TG) Te

- F(xl) azoF(bg)oay F(x5) s

lx F(f) |r@ lk

o F(:L‘g) as0F (by)oas (SCG) 5
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Lastly, the inverse functor is obtained by flipping horizontally:

T F(.’lﬁl) L F(.’Eg) T3 T3 F(l‘g) L> F(Q?l) T
lf |Fo |r@ J“] . Jg |r@ B lrw lf
) F(l‘g) L} F(I4) Ty Ty F(SE4) L> F(Z‘Q) T

Recall that the composition operation on the arrows of X'xyX is by vertical composition. Since these
operations clearly commute with vertical composition we conclude that they are all indeed functors. Checking

that these maps satisfy the axioms of a groupoid is straightforward. O

Lemma A.14. Let F: X — Y and G : Z — Y be full functors. Then there is a left G :== XX zX action on
P = XXy Z defined by a functor:

my,: gxs,prlp — P

Furthermore, this action is principal in the sense that the total action
my, X pry: g?s,prlp — P§pr27>

is an equivalence of categories.

Proof. my, is defined by the rule:

T F(Z‘l) L) F(J?g) T3 L T3 F(l‘g) L G(yl) Y1
lf J{F(f) J{F(g) Jg i Jg J{F(f) J{G(k) Jk L
Z2 F(z3) —2— F(x4) Ty —— T4 F(z4) —== G(y2) Y2
c10F'(bsg)oay
o Flar) 227000 Gy, "
lf % |ew Jk
cooF'(by)oa
e F(as) 2700 Gy, 2

That this satisfies the axioms of a left action is straightforward. The only thing remaining to check is that
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the mapping:

T F(Il) L) F(Ig) T3 L) T F(l‘5) L} G(yl) Y1
J{f lF(f) lF(gl) ng b J{m lF(gz) | lc(k) J{k .
Zo F(z3) —2 F(x4) Ty —— Tg F(zg) —= G(y2) Y2
c10F(b1)oa c1
x1 F(x) %16'(:91) i —2— G(y1) «—— F(x3) x3
lf |Fo Jew lk lk Jew |Fea) }u
cooF(bg)oa c
Z2 F(z2) %ZG(QQ) Y2 —=— 42 G(y2) «———— F(z4) T4

is an equivalence of categories. We begin by showing that it is essentially surjective. Consider the following

diagram, which is a morphism in Px zP:

¢ F@) o Gy) v Iy’ G < F@) o
I fer 1 s |
/ ny G(r)og 7 " 1 7 7 s " "
x F') — G(y") Yy ——y Gy") «—— F(a") x

Note that the top row of the diagram can be an arbitrary object in PxyP. On the other hand, the bottom

row is the image of the following object in GX xP under the total action:

s~ 1oG(r)oq
—

:L,/ F(SUI) F(x//) .'LJI 1 xl/ F(x//) S G(y//) y//

Hence the total action is essentially surjective. That the total action is faithful is relatively clear from the

definition. To show that it is full, suppose we have a pair of objects in GX xP:

1 F(zy) =" F(x3) zs —2s 2y F(as) =2 G(y) i
2 F(x3) —2 F(z4) 2y 2 2 F(xg) —2— G(y2) Yo

as well as an arbitrary morphism in Px zP between their images:

c10F(by)oa c
) Fay) 2020 Gy, yn—4 sy Gy) 2 Flas) z3
lf lF(f) JG(k) lk lk lG(k) }wm F
cooF'(by)oa c:
T2 F($2) %2(;(92) Y2 — Y2 G(ZJQ) — F(u) T4
(A.3)
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Then let ¢ := bgl 0 go 0 b;. Then we claim that:

1 F(x1) — F(x3) T3 LA 5 F(xs) — G(y1) Y1
lf |ro | lgl ng |Fi) |ew lk (A4
T F(IQ) L} F(I4) T4 L} Te F(l‘ﬁ) L) G(yg) Y2

is a morphism in GX xP. To prove this we need to show that the three squares commute. The central square
commutes by the definition of g;. We have already assumed the right square commutes since it occurs in

(A.3)). Lastly, the left square commutes by combining the commutativity of the following diagrams:

F(by c1 ci10F'(by)oa;
F(x3) % F(xs) F(z5) ———— G(y1) F(xy) (4)> G(y)
lF(.ql) J{F(gz) J{F(gz) lG(k) lF(f) JG(k)
F(by co cooF(ba)oas
Flay) —20 F(a) Flg) —2— Gl(ys) Fary) 222282 G )
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Appendix B: Groupoids and stacks

B.1 Groupoids and actions

In this section we include several lemmas about groupoids, groupoid actions and principal bundles. Through-
out C is a category with an initial object and is endowed with Grothendieck topology making it into a good
site. That is, a site where Sub is a stack and morphisms in C are locally defined.

Importantly, we do not assume that C has a terminal object and, relatedly, we cannot assume that
morphisms in C are characterized by their behavior on points. All proofs must hold in terms of morphisms
and commuting diagrams. However, since the notation for constructing morphisms can become cumbersome,

we may sometimes include the “pointwise" versions of our definitions to help the reader in parsing them.

Lemma B.1. Let G have a left action on P and suppose that P/G = B exists (i.e. the action is almost
principal. That is, there exists a submersion s : P — B such that the total action G Xy P — P Xg P is a
submersion. Then for any f : P — X such that f omy = f o pro, there exists a unique f': B — X such

that the below diagram commutes:
G xs g P L P

e gf

P———

Sf
Nt
! X

Proof. We we will define f’ locally. Suppose S = {s;} is a sieve on B such that there exist sections ¢;: U; — P

along s;. Then we define f/: U; — X to be f o o;. To see that this defines a morphism B — X, we need to
check that the f! agree on intersections. This follows from the following claim: Given gq1,¢2: N — P such
that so gy =sogs, then fog; = fogs.

Since we only need to check this property locally, we can assume without loss of generality that there
exists a right inverse of the total action, and hence a division map d: P xg P — G. That is, a mapping 9
such that:

my,(6(pry,pry),pry) =pry: P xy P — P.
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Then g1 = my,(6(g1,92), g2) and

fogi=(fog)mg(0(g1,92),92))
= (f opry)(mz(6(91,92), g2))

—fog2.
Hence, there exists f’ such that f os; = f;. Uniqueness of f’ follows from the fact that any other such

morphism must agree with f’ locally. O

Corollary B.2. Suppose G has an almost principal action on P. Then P/G is unique up to a unique

isomorphism.

Proof. Lemma shows that P/G must satisfy a universal property. In more technical terms, it is the
coequalizer of my: G xpy P — P and pry: G Xy P — P. It is a standard result of category theory that

coequalizers are unique up to a unique isomorphism. O
Corollary B.3. Suppose G acts on P, @ and R in such a way that P/G, Q/G and R/G exist.

e Given an equivariant morphism f : P — Q there exists a unique morphism f/G: P/G — Q/G compat-

ible with the projections.
e In such a case, /G is an isomorphism if f is an isomorphism.
o Lastly, given another equivariant morphism g: Q@ — R for a G-action on R, then (gof)/G = (g/Gof/G)

Proof. e Since f is equivariant, we can apply Lemmato s@o f: PtoQ/G to obtain a unique morphism
f/G: P/G — Q/G. Since any morphism compatible with the projections must satisfy Lemma this

morphism is unique.

e This follows by checking that f~1/G: Q/G — P/G is the inverse of f/G. This is clear by looking at
the local construction of f/G from Lemma

e This holds by observing that the equation is true locally. Since morphisms in C are locally defined,
such an equation must hold globally.

O

Lemma B.4. Let G = M be a C-groupoid. Suppose P — N is a principal left G-bundle and there is a left
action of G on Q such that the target map t9: Q — M is a submersion. Then the diagonal action of G on
Q X P is principal.

Proof. The diagonal action of G on @ x s P is defined to be
m% = (mLQ(PerlH OPIQ)amE(PerrQ opry)): G Xm (P xm Q) = P xyQ
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We must construct an object N and a submersion s®: P x M P — N which makes P x »m P a principal
bundle over N.

We will construct N by realizing it as an object in Suby. Let S: {s;: U; — N be a covering sieve of
N and o;: U; — P be sections along S. Now suppose that Nl ‘= @Q Xt too; Us. Each Nl comes with a
submersion N; — Ui, so this is a family of objects of in Sub. Let v;;: U;; — G be the cycle associated to

the sections o; of P. Then ®;;: ]\~fi|U,ij — ZV]»|UZ,]- is defined to be:
D5 = (mL(%‘j’Ph)vPrz): N XN tooy; Uyjg— N XN tooy; Uij

Defines a coherent gluing map for the N;. Therefore, there exists an object N and identifications ®;: N lu, =
N;.

We still need to define a projection @ x; P — N. To find this, we will repeat our argument, except
instead gluing an object over N, we glue an object over N. Notice that the set {1\71 - N } generates a

covering sieve of N. Furthermore, for each i the morphism pr; x s¥: Q Xy P; — Q x s U; is a submersion.
9 p P 1 7 7

Again, we have a canonical way of gluing the P; := P

v, together, which we can extend to a gluing of the
Q@ X P;. Since Sub is a stack we obtain an submersion Q X P — N.

This submersion makes @ X s P into a G-bundle over N since each restriction Q X P; = (Q X s P)|n,
makes the necessary diagram commute. Since it suffices to show diagrams commute locally, we conclude
that Q x P — N is a G-bundle. To finish, we need to explain why the diagonal action is principal. We
will be somewhat brief on this point and just provide the reader with the inverse of the total action. Recall

m? is the division map for the left action on P. Then

(ﬁlP(Pr1 0PIy, PTy O Pry), (PTy 0 pry, pry o pry)): (@ Xar P) X (Q X P) = G X (Q Xar P)

is the inverse of the total action. The trick here is that the G component is uniquely determined by the terms

two terms coming from P. That this is the inverse of the total action is a straightforward computation. [

B.1.1 Principal Bundle Lemmas

The next lemma is the first step to understanding principal G-bundles in terms of cocycles.

Lemma B.5. Suppose G = M is a C-groupoid. Let f: N — M and g: N — M be morphisms in C and
G X, ¢ N and G X5 4 N be the trivial bundles associated to them.
There is a one-to-one correspondence between principal bundle morphisms ¢: G Xs 5 N — G Xg 4 N

covering the identity and morphisms v: N — G such that toy = f andsoy=g.

Proof. Suppose ¢: P — @ is an isomorphism covering the identity. Let o := (uo f) x Id: N = G xg 5 N be
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the canonical section. Then we define
v:=pryogpoo: N =G.

Observe that soy=gand toy = f.

On the other hand, suppose we are given such a . Then let
¢:=(mo (pr; X (yoprs))) X pry: G xg s N =G X g N

If C has points this formula is equivalent to ¢(g,x) = (g - v(x), ). This morphism is G-equivariant thanks

to the associativity of G. The correspondence is one-to-one since

v=pr,o¢oo.

O

Lemma B.6. Let G = M be a C-groupoid and suppose P and @Q are principal left G-bundles. If ¢: P — Q

is a principal G-bundle morphism covering the identity, then ¢ is an isomorphism.

Proof. Let S = {s;: U; — N} be a covering sieve such that there exist {cf} and {aiQ} be sections of s} P
and s(). Such a covering exists since P — N and () — N are submersions. Let ¢; be the unique morphism

which makes

siP —2y s1Q

|

commute. Then by Lemma [B.5 each ¢; is related to some ;: N — G. By the construction in the lemma, it

—1
i

is clear that io~y; gives rise to ¢, ~. Hence each ¢; is an isomorphism. O

Lemma B.7. Let P and Q be left principal (G, H)-bibundles. Then any bibundle morphism ¢: P — Q

covering the identity is an isomorphism.

Proof. Tt suffices to show that ¢ is locally an isomorphism. Hence we can assume without loss of generality
that P = f*P and @Q = f*Q are trivial bundles. Then the result follows immediately from our work in
Lemma [B.5l O

B.2 Stack lemmas

Our stack lemmas will be made more concise by adopting the following terminology.

Definition B.8. Let 7: X — C be a CFG over a site. Given an object M in C, descent data over M consists
of:
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e a covering family {i,: Uy — M}, ., of M,
e a collection of objects {P, € Xy, },c a5

° morphisms ¢ab : Pb|Uab — Pa|Uab

such that, for all a,b,c € A, ab|v,y. © Poclva,e = Paclv,,.. Given a morphism f: M — N in C, descent data

over f consists of:
e a covering family {i,: U, — M}, ., of M in C,
e objects P € X))y and @ € X,
e morphisms ¢,: Ply, — f*Q|y, covering the identity,

such that
Falpp,, =

f*Qlug, -

The above definition is designed to correspond with the stack axioms (S1) and (52). Given descent data
over f as above, we say that ¢ : P — @ is a realization of this data if ¢|y, = ¢, for every a. Similarly, given
descent data over an object M, we say that P, together with maps ¢, : Ply, — P, is a realization of this

data if ¢qp 0 dv|v,, = Palv.b-

Using this terminology the stack axioms can be restated as follows.
(S1) descent data over a morphism f always admits a unique realization.
(S2) descent data over an object M always admits a realization.

Lemma B.9. Suppose

t

£

LU— &
™
.<7
o]

£

is a 2-pullback square of CFGs. Then:
e I is an epimorphism implies that F is an epimorphism
o [ is representable implies that Fis representable
o I is a submersion implies that F is a submersion
Proof. 1t suffices to show the first two.

e Suppose F' is an epimorphism. Let the map Y — Y be denoted by G. Given an object Y € )~/|M7 we

know that there exists a covering {U;} of M and isomorphisms a;: G(Y)

v, — F(X;) for some objects
X; € X. Hence the triples:
Xi = (Y|, a:, X;)
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are objects in the fiber product X = Y xy X. Since ﬁ(XZ) = ?\U the claim follows.

e Suppose N — Y is a CFG morphism for N, representable. Then we have a rectangle:

Nijf%f%/'\’
F

o

F

N y Y

Since both of the inner squares are pullback squares, it follows that the outer square is also a pullback
square. Hence

NX5X 2 NXyX.

Since F is representable, it follows that N x yz\w’ is a representable CFG.

O
Corollary B.10. Suppose
M—— M
Jf lf
N——N
is a pullback square in a site C. Then f is a submersion implies that f is a submersion.
Proof. Note that the functor which sends an object of C to its associated stack is representable. O

Lemma B.11. Let F: X — Z and G: Y — Z be CFG morphisms such that X and Y are stacks and Z be

is a pre-stack. Then X% zY is a stack.

Proof. Recall that an object of X'xz) consists of a triple (X,a,Y) for objects X € X and Y € Y and
a morphism a: F(X) — G(Y) in Z which covers the identity. Recall that a morphism in X'xz) from
(X1,a1,Y7) — (Xa,a9,Ys) consists of two morphisms (b, ") such that as o F(b) = G(V') o a;.

(S1) Let f: M — N be a morphism in C and let {(b;,;)} be descent data over f for Xxz) (we will
denote the associated covering family by {U;}). Then {b;} and {b;} constitute descent data in X and Y
over f respectively. Let b and &’ be morphisms given by the first stack axiom. Then we need to show that
(b,b') is a morphism in X x z) which realizes the given data. We conclude that ay o F'(b) = G(b') o a; since
this holds when restricted to each U; in the covering. Furthermore (b, ') is clearly a realization of this data,
since the restriction of (b,’) to U, is just (bly,,? |u,)-

(S2) Suppose (X;,a;,Y;) is descent X'x z) data over an object M € C. Let (¢qb,#,b) be the cocycle
associated to this data. The definition of composition in X' zcal) implies that the collections {¢,b} and
{¢!,} satisfy the cocycle condition for descent X and ) data respectively. Therefore, there must exist objects
X and Y realizing this data. Furthermore, the collection {a;} constitutes descent Z data over the identity

morphism. Since Z is a prestack we conclude that there exists a morphism a which realizes this data. Then
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the triple (X, a,Y) together with the associated morphisms (¢, ¢,) constitutes a realization of the original

data. O

Lemma B.12. Let X be a CFG and M be an object in C. Suppose Fi: M — X and Fy: M — X are
CFG morphisms such that Fy(Idy) = Fo(Idpr). Then is a one-to-one correspondence between natural

transformation from Fy to Fy and Isom(Fy(Idys), Fo(Idar)).

Proof. Suppose Fi(Idy) = X and Fy(Idy) = Y. Let a: X — Y be an isomorphism. To a natural
transformation, we need a function n: My — X;. Let n(f) is defined to be the unique isomorphism Fy(f) —

F5(f) which makes the below diagram commute:

ln(f) l‘l

To get the reverse correspondence, given such a natural transformation 7, we can let a := n(Idys). O

B.2.1 Groupoids vs Stacks

Lemma B.13. Suppose G is a C-groupoid. Let p: M — BG be the morphism which send f: N — M to the
trivial G-bundle f*G. Then there is a 2-pullback square:

G —=> M
"
M —25 Bg

Proof. To make the above into a 2-commutative diagram, we must provide the natural transformation. Given
an object v: N — G we need to exhibit an isomorphism ¢, : (toy)*G — (sov)*G. Let ¢, be the isomorphism
associated to « via the correspondence provided by Lemma It is routine to check that the resulting
function is a natural transformation.

Since we have a 2-commutative diagram, we obtain a morphism G — M xpgM. On morphisms, this

functor acts as below:

N
Y tom (bom) G~ (som) G so
h G = lh l l lh
b tone  (60m)G 2y som)'d  sons
Na

The 1-1 correspondence from Lemma tells us that this functor is actually a bijection. Therefore, the

diagram is a pullback square. O
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Lemma B.14. The identification of G with MxggM from Lemma 1s a CFG groupoid isomorphism.

Proof. Suppose we are given v1,7v2: N — G such that soy; =tovs. Asin Lemma let ¢y : (toy)*G —
(s 0¥)*G denote the G-bundle isomorphism provided in Lemma Then Gmo(y, xv2) = Pra © Py -

Using this relationship and the definition of the groupoid structure on M xpgM (see Proposition ,
it is routine to check that G — M XpgM is an isomorphism of CFG groupoids. O

Lemma B.15. Let G = be a C-groupoid and Q be a G bundle over N. Let ¢: N — BG be the CFG morphism
which sends g: N' — N to g*Q. Then there is a 2-pullback square:

Q —- N
e lq
M — BG

Furthermore, the identification Q — M xggN is a G-bundle isomorphism.

Proof. We should clarify that the left action of G on MxpgN comes from combining Lemma with
Lemma [A 714

First off, we observe that a morphism p: N — @ gives rise to a canonical section ¢,: N = (s 0 p)*Q.
Furthermore, by Lemma a section provides us with a canonical trivialization ¢,: (top)*G — (sop)*Q.

Hence, we can define a functor Q — M xggN:

Ny
X: top (top1)*G Lo, (s0p1)"@ sop
h Q Jh l l lh
V t o po (t o p2)*G EZEIN (sop2)*@ S0 po

Ny

The functor is a bijection since trivializations ¢: f*G — ¢*@Q over the identity N’ — N’ are in 1-1 corre-
spondence with morphisms p: N’ — Q such that s o p = g. Therefore Q — M xpgN is an isomorphism.

Now suppose 7: N’ — G and p: N’ — Q. Then one can easily check that

quLo(“/Xp) = ¢p © ¢’Y .

From this formula, it follows from a routine calculation using the definition of the M xggN action that the

identification Q — M xpgN is (strictly) G-equivariant. O

Proposition B.16. Let G be a C-groupoid and M — BG be the canonical presentation of its stack. Then
G = MxggM as CFG groupoids.
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Proof. By Lemma we already know that G fits into a 2-pullback square:

|

_s
——— BG

S @

We only need to show that the isomorphism G — M xpg M is a CFG groupoid homomorphism. The
mapping G — M xg M sends v: N — G to the triple (t o7y, ¢~,s07y) where ¢, is the isomorphism covering
the identity associated to 7y (see Lemma .

The groupoid operation on G is defined as follows: suppose y1: N — G and v5: N — G are morphisms
such that soy; = t ov,. Then v, - 72 = m(y1,72). We also know that ¢, 0 ¢, = dm(y,,4,)- Then
it is clear from the definition of the CFG groupoid structure on M xpgM that the functor is a groupoid
homomorphism at the level of objects. Since both categories have trivial isotropy, we conclude that the

functor G — M xpg M is a CFG groupoid isomorphism. 0O

B.2.2 Stackification

Definition B.17. Let 7: X — C be a CFG over a site C. Then the canonical stackification of X, denoted

SX is constructed as follows:
e An object of SX over M consist of descent data over M.

e Suppose {P;} and {Q;} are descent data over M and N respectively. Let the coverings associated
to this data be S := {U; — M} and T := {V; — N}. A morphism f: {P;} — {Q;} covering
f: M — N is represented by a collection of morphisms {¢;: P; — Q;} defined relative to a refinement
{W; = M} CcV CSn f*T, which satisfy the descent data over f condition relative to the cocycles
identifying the P; and @); on each double intersection. Two representations of a morphism are declared

equivalent if they are equal on some refinement of their respective coverings.

Composition of morphisms is performed by finding representatives which are defined relative to the same

covering and then composing in the natural way.

The CFG structure comes from projecting descent data over f to f. The axiom (CFG1) is satisfied by just
pulling back the descent data along f. On the other hand, (CFG2) follows by observing that it holds locally,
and since morphisms (by construction) are characterized by their local behavior, the necessary morphism
must exist. That the canonical stackification results in a stack is true tautologically since it replaces objects

and morphisms with descent data.

Definition B.18. Suppose F': X — ) is a morphism of CFGs. Then F' is called a local equivalence if both

a monomorphism (fully faithful) and an epimorphism (locally essentialy surjective).

The following is the main property of local equivalences that we are interested in.
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Lemma B.19. Suppose F': X — Y is a local equivalence for X a stack and Y a CFG. Then F is an
equivalence of CFGs and therefore Y is a stack.

Proof. We only need to show that F' is essentially surjective. Suppose Y is an object in Yp;. Since F is
locally essentially surjective, we know that there exists a covering {U; — M} of M and objects X; € Ay,
such that F(X;) =Y; := Y|y,. The Y; come with natural identifications ¢;;: ¥; — Y;. We have assumed
that F' is fully faithful so there exist corresponding identifications 1);;: X; — X;. These identifications must
satisfy the cocycle condition and (since we have assumed that X is a stack), we can conclude that there
exists X € Xy and ¢;: X|y, — X; realizing this data.

Since ¢; := F(1;): F(X)
toY. O

v, — Y; realizes the {Y;} descent data, we can conclude that F/(X) is isomorphic

Lemma B.20. If X is a pre-stack. Then the canonical map X — SX is a local equivalence.

Proof. Since X is a pre-stack and so morphisms in X are assumed to be determined by descent data, it
follows that X — SX is a monomorphism. That X is an epimorphism is clear since any descent data {P;}
over M in X relative to a covering {U; — M} can be restricted to any single component P;, which is certainly

in the image of X. O

Our last lemma on the topic of stackification is the observation that it is functorial, and it is well behaved

for local equivalences.

Lemma B.21. Suppose F': X — Y be a morphism of pre-stacks. There is a canonical morphism of CFGs
SF:S8X - SY

which makes

XL)y

Sx S, sy

commute. Lastly, SF is an equivalence of stacks if F is a local equivalence.

Proof. Since a morphism of CFGs sends descent data to descent data, the functor SF' is defined in the
obvious manner such that it pushes forward descent data along F. This clearly makes the necessary diagram
commute.

Suppose F'is a local equivalence. For the second part, we only need to show that SF' is a local equivalence
by Lemma [B:I9] Since Y — SY is a local equivalence and the image of SF includes the image of Y, we
can conclude that SF is locally essentially surjective. To show that SF is fully faithful, it suffices to show
that Hom({X;}, {X/}) —» Hom({F (X))}, {F(X])}) is a bijection for small objects of SX. But this certainly
holds for objects in the image of & — S&. O
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Appendix C: Dirac structures

C.1 D-Lie groupoids
Lemma C.1. Suppose G = M is a Lie groupoid together with the following data:
e a pair of 2-forms o and T on G;
e and a ¢-twisted Dirac structure Ly on M.
Such that, for Q=71 — o0,
e m*Q) = priQ + priQ)
o t"Ly =s"Ly +Q)

Then we can equip G with a s*¢—do-twisted Dirac structure Lg := s*Ly;—o = t* Ly —7. Furthermore, if we
take the 2-forms u, v, and v defined by the equations below to be the gauge parts of m, i, and u respectively.

Then these maps constitute a well defined D-Lie groupoid.

m*c + y = pryo + prio (C.1)
i"o+i1=1 (C.2)
wo+v=0 (C.3)

Proof. We need to check that the groupoid axioms are satisfied, this amounts to checking that some diagrams
in DMan commute. Since G = M is already a Lie groupoid, we only need to check that the gauge equation
associated to each axiom holds. In the table below, we have enumerated the axioms of a groupoid and

computed the corresponding equations of 2-forms.
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Axiom Domain Gauge Part
(G1) sou=Idy M wo+v=0
(G2) Som = sopr, G® m*c + p = prjo + prio
(G3) soi=t G “ot+i=171
(G4) iou=u M ut+v=v
(G5) | mo((uot) x Idg) = Idg g (uot) x Id)*'u = (uot)'o
(G6) | mo (Idg X (uos)) = Idg g (Id x (uos))'u=(uos)"r
(G7) mo (i x Idg) =uos g (ixId)'u—ito=s*v+o
(G8) mo (Idg x i) =uot g (Id x i)'y —i*r=t*v+7
(9) m o (m(pr; X pry) X pry) = G® see (C.5) below.

m o (pr; X m(pry X pry))

The equations from (G1-G3) follow immediately by definition. The equation for (G4) holds since

u*(t) =u*(r — o).

And the pullback of a multiplicative form along u is always zero. The first equality follows from (G3) while
the second follows from the fact that 7 — ¢ is multiplicative.

Next we show (G5) by computing directly.

((wot) x Id)"n = ((uot) x Id)"(prijo + prjc — m*o)

(uot)'c+o— (m((uot) x Id)) o

=(uot)'c+o0—0=(uot)o.
It follows from the multiplicativity of 7 — o that
m*7 + p = priT +pry7. (C.4)

By using this expression for u we can show (G6) by a calculation essentially identical to (G5). Next up, we

show (G7):

(ix Id)"n—i*c = (i x Id)"(prio + prjoc — m*o) — i*o
=i'c+o0—(uos)'oc—i'c

=-—s'u*ct+o=s""1+0
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Since (G8) is similar we can proceed to (G9). The gauge equation for (G9) is

(pry X pry) s+ (mo (pry X pry) x pry) p =
(pry X pry) "y + (pry x mo (pry X pry)) s
If we apply the substitution y = prjo + prjoc — m*o throughout, we get:

prio + pryo — (pr; X pry) 'm*o + (pr; X pry) ' moc +pric — Ajo =

pryo + prijo — (pry X pr3) m*o + (pry X pry) 'm*o + pric — Ao .

Here A, AR : G®) — G are the left and right hand associativity maps. Since G is a Lie groupoid and
assumed to be associative, it follows immediately that (9) holds.

O

136



	Introduction
	Chapter 1: Sites and stacks
	Chapter 2: Morita equivalence
	Chapter 3: The site of Dirac structures
	Chapter 4: b-Symplectic structures
	Bibliography
	Appendix A: 2-Category theory
	Appendix B: Groupoids and stacks
	Appendix C: Dirac structures

