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Introduction

A prevalent object in differential geometry is that of a surjective submersion, may it be as a vector bundle, prin-
cipal G-bundle, covering space, associated bundle or symplectic fibration. A point of view on these subjects
is through the foliation of the total space into the fibres of the map. However, the nature of such foliations is
rather tame as the only interesting geometry lies transversal to the leaves. Therefore, we are interested in the
interplay between the geometry of the domain and codomain. In many geometrical theories using surjective
submersion, like the ones mentioned before, there are additional homogeneity conditions imposed on the sur-
jective submersion such that it locally resembles a product space. Such structures are known as fibre bundles,
and they have been studied extensively as they give a strong relation between the domain —or total space —and
the codomain —or base space —of the surjective submersion. For example, unlike general surjective submer-
sions, a fibre bundle is a Serre fibration, cf. [Hus94].

In many of the aforementioned examples —in particular, vector bundles, principal G-bundles, covering
spaces and symplectic fibrations —an important aspect of the theories deals with the lifting of paths from the
base space to the total space or parallel transport of points along them. Integral to these types of problems is
a notion of parallelness or horizontality, which is introduced through the concept of a connection. While this
notion may differ between these fields, from affine connections to connection 1-forms, they are all manifesta-
tions of (Ehresmann) connections on a surjective submersion, satisfying some compatibility conditions. An
Ehresmann connection corresponds to a specific subbundle E C T'M, for m: M — B, which is a comple-
ment to ker 7'm, and they were introduced by Charles Ehresmann [Ehrs9]. From the basic theory of vector
bundles, it follows that such a connection always exists; therefore, they can be used as a standard tool in the
theory of surjective submersions.

Given an Ehresmann connection E on a surjecrtive submersion 7: M — B, some curve v(0,1) — B

and alift z € 771((0)), we can parallel transport z along ~ by solving the following initial value problem:

Generally, a solution is only local; when it always extends to the whole of [0, 1], a connection is called complete.
In some cases —e.g. vector bundles, principal G-bundles and covering spaces —any connection with the correct
compatibility conditions is complete. While the completeness of a connection is an analytical condition, these
previous examples already show that geometric properties of a surjective submersion can ensure its existence.
In this thesis, we are interested in investigating such relations between the geometry imposed by the sur-
jective submersion and the analytical properties of the connection. One of the main results of this thesis is the

following:

Theorem. A surjective submersion admits a complete connection if and only if it is a fibre bundle.

iv



The idea of our proof is based on [deli6]; however, we have reworked and generalised many constructions
in the proof to give a better overview of the objects in the construction. The preceding theory to this result lets

us generalise to a multiplicative version as well.

For the multiplicative version, we are interested in another recurring topic within differential geometry:
that of Lie groupoids. They were first introduced to study generalised symmetries in the 1950s by Charles
Ehresmann [Ehrsg] and were thoroughly investigated by his PhD students. However, they became mainstream
mathematical objects due to two significant applications. Firstly, Alain Connes stressed their importance in his
theory of noncommutative geometry, e.g. [Congo]. Secondly, they are used to “integrate” Poisson structures,
as introduced by Alan Weinstein in [Wei87].

Recent developments surrounding different normal form theorems have sparked particular interest in types
of surjective submersions by Lie groupoids morphisms. For example, in the deformation theory of Lie groupoids
and related structures, like symplectic Lie groupoids, one considers Lie groupoid morphisms mapping onto an
identity Lie groupoid which are surjective submersions, cf. [CMS18, CMSai]. Alternatively, one can consider
the groupoid generalisation of a group extension, which is a short exact sequence of groups, as discussed in
[LGSXo9]. In the current literature on this topic, for example [FM23], a theory of Lie groupoid extensions
using multiplicative Ehresmann connections has been developed in the case where the Lie groupoids are all
over the same base space and the morphism covers the identity.

To provide a unifying framework for both these situations, we consider Lie groupoid morphisms, which
may not cover the identity and which may not map to the identity groupoid, but which are surjective submer-
sions. Such structures, we will call a fibred Lie groupoid.

While fibred Lie groupoids are a generalisation of the notions above, one of them still plays an integral part
in the theory: Families of Lie groupoids. Inspired by the approach in [FM23], part of the geometry of a fibred
Lie groupoid can be reduced to an internal family of Lie groupoids. In a traditional Lie groupoid extension, the
kernel of the morphisms defines a bundle of Lie groups; however, in our generalised setting, we obtain a family
of Lie groupoids instead. This family of Lie groupoids will also play an important role in the main results of the

thesis, as they admit a notion of local triviality where the multiplicative structure of the fibres is incorporated.

Much like for many theories involving surjective submersions, e.g., vector bundles, principal G-bundles, it
is fruitful to consider connections with certain compatibility conditions. For a fibred Lie groupoid, this com-
patibility comes from the multiplicative structure on the tangent bundle of a Lie groupoid. This compatibility
can be presented in terms of the lifting of multiplicable curves, which gives a geometric interpretation akin to
other classical theories of connections. Connections satisfying these conditions are called multiplicative.

We would like to emulate the above theorem on surjective submersion in the case of fibred Lie groupoids,
as this has already been done for Lie groupoid extensions, see [FM23]. However, due to problems with local
triviality, we can only formulate this for families of Lie groupoids. One of the directions of the previous theo-
rem translates directly, namely, complete connections giving local triviality. For the other direction, we have a
problem of glueing multiplicative connections, and in particular, the problem of the existence of connections.
Again, in the special case of Lie groupoid extensions, the existence of multiplicative connections is well-known
and controlled by a class in cohomology [Grazs, LGSXo09]. Under additional compactness and local triviality

assumptions, we can ensure the existence of a multiplicative connection and its completeness as well.

Theorem. Letp: K — B be a locally trivial family of Lie groupoids with typical fibre G. Suppose that

G is a Lie groupoid whose source map is proper, then p admits a complete multiplicative connection.
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Additionally, we can reduce the completeness of multiplicative connections on arbitrary fibred Lie groupoids
to the underlying kernel. A complete connection E on a fibred Lie groupoid ¢: G — H immediately defines
a complete connection on its kernel given by EX = ENT ker ¢. The converse of this can be shown to hold in

the case where our morphism admits lifts to arbitrary sources, something we will call arrow complete.

Theorem. If ¢: G — H is a fibred Lie groupoid that is arrow complete and a connection ¥ such that
EX 4 complete, then E is complete.

Besides this application of arrow completeness, we will show that it automatically induces some equivalence

between fibres of a fibred Lie groupoid, namely, Morita equivalence, even without the presence of a connection.

Lastly, this thesis discusses the notion of a symplectic Lie groupoid fibration, which incorporates the mul-
tiplicative structure of a fibred Lie groupoid such that it naturally combines with the fibred structure of a
symplectic fibration. First, we give a digression on the uses of connections in symplectic fibrations, and in par-
ticular, we discuss why our proofs relating completeness to local triviality fail for a symplectic setting. We then
show that symplectic Lie groupoid fibrations give a natural setting to translate classical results on symplectic
fibrations to a multiplicative setting. Additionally, these types of structures seem to play a role in the theory of

normal forms around Poisson submanifolds [FM24].

Organisation

This thesis is organised as follows:

o Chapter 1 concerns itself with the classical case of surjective submersions and connections. While many
proofsin this chapter are omitted, the last section gives a full and new proof of the main theorem, namely,

the equivalence between surjective submersions with complete connections and fibre bundles.

o Chapter 2 describes the notion of a Lie groupoid, alongside some of the basic theory and constructions
surrounding them. Secondly, we describe the notion of a Morita equivalence between Lie groupoids

using principal bibundles.

o Chapter 3 gives a short overview of the theory of VB-groupoids and multiplicative differential forms.

Additionally, we show some new results relating to short exact sequences of VB-groupoids.

o Chapter 4 defines the notion of fibred Lie groupoids and multiplicative connections on them, and in
particular also families of Lie groupoids. We then prove some results regarding the completeness of

multiplicative connections, relating them to local triviality conditions.

o Chapter s is a digression on the application of connections in the field of symplectic fibrations. Addi-
tionally, we provide a brief introduction to a possible multiplicative point of view on this topic, which

incorporates the theory of multiplicative connections.



Chapter 1

Fibre bundles and connections

Fibre bundles provide a unifying framework that generalises many useful objects in differential geometry, in-
cluding vector bundles and principal G-bundles. At their core, these objects consist of a space which is fibred
over a base space through a surjective submersion in a locally trivial or homogeneous manner. Historically, they
arose in questions posed in topology and geometry of manifolds. In this chapter, we adopt such a perspective,
where we examine how the geometry of the base space imposes structure on the total space through the surjec-
tive submersion. A central concept in this analysis is that of a connection, which directly describes the relation
between dynamics on the base space and the total space in a manner coherent with the surjective submersion.
We begin the chapter with a brief review of the theory of surjective submersions, focusing on their rela-
tionship with foliations, which will be essential for understanding their geometric structure. We then proceed
to fibre bundles and local triviality. As a final piece of preliminary material, we discuss the notion of a connec-
tion and its associated parallel transport, which provides a geometrical way to interpret horizontal lifts. The
final section contains the main result of this chapter, namely the equivalence of fibre bundles and surjective
submersions with complete connections. Our proof is a new contribution based on the ideas of del Hoyo in
[del16], but is based on a refinement of his main analytical lemma, [del16, Lem. 2], where we have changed it to
measure the completeness of connections on trivial bundles and then apply this to fibre bundles locally.
Except for the last section, the contents of this chapter are primarily preliminaries for the rest of this thesis,
and thus, most proofs have been omitted. Details of the constructions and some proofs can be found in many
great books on differential geometry, like [CCoo, Husg4, KMS93, Lee1s, MMo3, War83]. We will utilise many

results from these first couple of sections throughout the rest of the thesis without further mention.

LI Surjective submersions

Recall that for a map m: M — B between manifolds the 7ank at p € M is the rank of its tangent map at p,
which we denote by T),m: T}, M — Ty, B, i.e. itis the dimension of im 7w C 7 (,) B. In general, the rank
is nota continuous map from M — Z, but only lower-semicontinuous. In particular, this means that the rank
of a map is not necessarily constant, not even locally. We will say that a map has constant rank if it has the same
rank at every point. According to the dimension theorem from linear algebra, the rank of 7: M — Batpis
bounded by the dimension of the domain or codomain, depending on which is smaller. This implies that the
rank at p being maximal means that its tangent map is either surjective or injective. From this dichotomy, we
the rank is lower-semicontinuous, the rank being maximal is an open condition: If it holds at p, then it holds
in a neighbourhood of p.

By the rank theorem, a constant rank map admits charts in which it is linear. A particular corollary of the
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rank theorem is that constant rank maps are particularly well-behaved under taking level sets. By which we mean
that the level set of a constant rank map is automatically a properly embedded submanifold. If 7 has constant
rank, we refer to M, = 7 1(b) as the fibre of 7: M — Batb € B, and if all fibres are diffeomorphic to a
fixed F', we will say that 7 has #ypical fibre F'. We will use the shorthand F' — M . Btodenotea surjective
submersion m: M — B with typical fibre F'.

We can describe a submersion in terms of its local sections, where a Jocal section of m: M — B isasmooth
mapo: U C B — M such that 7 o 0 = idy. The existence of enough local sections is then precisely
equivalent to the map being a submersion. From this alternate description of a submersion, we deduce that
surjective submersions act like the quotient maps of the smooth category, with them being quotient maps
in particular, as they are automatically open. Moreover, a surjective submersion lets us derive certain global

properties from local properties (read: properties on fibres).

Proposition r.r.1. Let m: M — B be a proper surjective submersion; then its fibres are compact. Con-

versely, if m: M — B is a surjective submersion with compact and connected fibres, then it is proper.

Proof. The first implication follows from the fact that points are compact, and by the assumption of proper-
ness, their inverse images as well. The second implication will follow as a result of our main theorem, see Propo-

sition 1.5.7. ]

In the above proposition, we cannot drop the connectedness assumption, as any finite smooth covering
with a closed subset removed gives a counterexample. We will refer to the domain of a surjective submersion as
the total space, and its codomain as the base space.

Many examples of surjective submersions come from vector bundles, principal G-bundles, covering spaces
and associated bundles. Outside of this context, the most basic example can be constructed for any base mani-
fold B and typical fibre F' by considering pry : B X ' — B. This we will refer to as the t7ivial bundle or trivial
bundle over B with fibre F'. From a surjective submersion w: M — B, we can construct a more surjective sub-

mersion by restricting the base space to an open U C B, resulting in 7| -1y : M|y = 7 *(U) — U.

1.1.1 Foliations

Let us also consider a more geometric interpretation of surjective submersions in terms of foliations. In this
context, it will also be clearer what a good notion of morphisms between surjective submersions might be.
There are many different definitions, all with their merits; here we choose the one which is closest related to the

notion of a surjective submersion via the rank theorem.
Definition 1.x.2. A codimension q foliated atlas of a n-manifold M is an atlas of the form
. n _ pn—q q
{$a: Uy = R* =R"7 I xR} .
such that the transition functions are given by

Vaa(,Y) = (98a(,9), hga(y)), V(z,y) € Ya(Us NUp) C R" ™7 x RY.

The charts in a foliated atlas are called foliated charts. A foliation of codimension q of M is a maximal
foliated atlas of M, and we will call such a pair (M, {Uq, Yo } o) a foliated manifold.
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A foliated manifold has a particularly nice geometric description: If (U, 9) is a foliated chart of M, we

obtain a partition of U by the connected components of
Uy = ¢~ (R x {y}),

forany y € RY, which we call the plaques of U. The conditions on a foliated atlas imply that transition func-
tions map plaques of (Uq, Vo) to plaques of (Ug, ¥3). Globally, we can glue such plaques into leaves by defin-
ing an equivalence relation on M, such that x ~ y if there exists a sequence of foliated charts {(U;, ¥s) };-,
and points pg = x,p1, ..., Pn = Y, where p;_1 and p; lie in the same plaque of U;. In general, we denote F as
the set of leaves of the foliated atlas on M, and call (M, F) or F a foliation. The quotient M / F, where we view
JF as the equivalence relation, is called the leaf space of the foliation. The leaves of a foliation are automatically

immersed submanifolds. While they are not always embedded, they do satisty slightly stronger conditions.
Proposition 1.1.3 ([War83, Thm. 1.62]). The leaves of a foliated manifold are initial submanifolds.

An alternative description of a foliation comes from distributions. Pointwise a foliation F on M defines
a vector subspace of TM as T, F = T, L, wherex € L € F. As aleaf is locally given by the level sets
of a submersion, say m, the local sections of T'F are m-related to the zero vector field, and it locally coincides
with ker T'm. This implies that the Lie bracket of vector fields tangent to the leaves is also 7-related to the zero
vector field, implying that I'(T'F) C X(M ) is a Lie subalgebra. This idea results in an equivalent description
of foliations, given by considering subbundles of the tangent bundle of a manifold, which we call distributions.
Given a distribution D C T'M, we consider the restriction of the Lie bracket on X(M) to I'(D) as the map

[+, ]: T(D)xT(D)—>X(M): (X,Y)~ [X,Y],

If the image of this map lies in I'(D) again, we call the distribution szvolutive. The following theorem, called

the Frobenius theorem, characterises foliations in terms of distributions.

Theorem 1.1.4 ([War83, Thm. 1.60]). There is a one-to-one correspondence between involutive distribu-

tions and foliations.

Given the geometric nature of foliations, if we understand them as their partition of a manifold into initial
submanifolds, we can build a geometrically intuitive notion of maps. This notion of a map of foliation should

preserve the partitioning and the smooth structure of the total space.

Definition r.1.s. A map of foliations from (M, F) to (M', F') is a smooth map ¢p: M — M’ such
that ¢ maps leaves of F to leaves of F'.

Let us relate this to the notion of a surjective submersion, where we first focus on the case where the fibres
are connected. If m: M — B is a surjective submersion with connected fibres, then the rank theorem gives us
foliated charts on our total space, whose associated distribution is given by the vertical bundle Ver = ker T'm.
The leaves of the foliation are then the fibres of 7, and the leaf space is exactly the base space B. Hence, ™
acts like a particularly nice foliation where the leaves are embedded and it is parametrised by some smooth
space. Therefore, they are called simple foliations. A map of foliations between two surjective submersions
m: M — Bandn': M’ — B’ thenisamap: M — M’ such that 7’ 0 ¢ is constant on the fibres of 7. As
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7 is a surjective submersion, this implies that there exists some smooth ¢y : B — B’such thatn’ot) = ¢gom.

We can generalise these ideas to the nonconnected case, where the foliated chart and distribution are the
same, but the leaves now consist of the connected components of the fibres. The leaf space now is not simply
the base space, as a point may have some multiplicity depending on the number of connected components of
the fibres. As we want maps of our surjective submersions to still preserve some of the geometry of the base

space, we cannot use maps of the associated foliations in general, but we need to specify them.

Definition 1.1.6. A fibred map between surjective submersions 7; : M; — B;, fori = 1,2, is a map
1 My — Mos such that 7o o 1) is constant on the fibres of 7.

As above, a fibred map automatically induces a map on the base spaces, denoted with a subscript 0. Notice

that indeed a fibred map induces a map of the associated foliations, but the converse is not true in general.

Example r.1.7. Take the surjective submersion 7: M = {0,1} x R — R: (i,2) — =z, and consider the
map : M — M: (i,x) — (i,x + 7). As the leaves of the associated foliation to 7 are just points, this
clearly defines a map of foliations. However, this is not a fibred map as (1, ) = 7 (0, z), but m o ¢(1, ) =
m(l,x+1)=z+land7(l,z) = . //

Given a surjective submersion 7: M — B, we will denote the associated foliation by F.

1.2 Fibre bundles

The interesting geometry of a surjective submersion, which differs from a general foliation, is the fact that
the leaf space is smooth. To probe the transversal geometry of the total space, we need a stronger connection
between the base space and the foliation. As the transversal geometry is a local phenomenon, we want to embed

the base space into the total space locally, and not globally like a product manifold.

Definition r.2.x1. Let 7: M — B be a surjective submersion. A pair (U, v) is called a local trivialisa-
tion if U C Bisopenand: M|y — U x Fis a fibred isomorphism. This means they fit into the

following commutative diagram:

My —2 S UxF

N A

A fibre bundle is a surjective submersion w: M — B with a collection of local trivialisations
{(Uas ¥a)}qen such that {Us} ¢, is an open cover of B. Such a collection is called a zrivialising

cover.

Of course, the trivial example of a trivial bundle is always a fibre bundle, but there are many cases of sur-
jective submersions which are not fibre bundles, for example, by taking out singular points of a fibre bundle.

Under certain compactness conditions, fibre bundles and surjective submersions actually coincide.

Theorem 1.2.2 ([KMS93, Lem. 9.2]). Let w: M — B be a proper surjective submersion, then it is a
fibre bundle.
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Additionally, we see that the local triviality of a fibre bundle gives a much stronger connection between the
geometry of the base space and total space, as it lets us drop the assumption of connectedness in Proposition 1.1.1

and makes the proof purely topological instead of the analytic prove given in Proposition 1.5.7.

Proposition 1.2.3. If m: M — B isa fibre bundle, then 7 is proper if and only if its fibres are compact.

Proof. The first implication follows from Proposition r.1.1. The converse goes as follows: Let m: M — B bea
fibre bundle with compact fibres and K C B compact. Pick a locally finite trivialising cover {(Us, %a) } o
such that there exists a precompact open cover {Vo, C Un}yep- In particular, {Va } 5 is an open cover of

K, and therefore, there exists a finite subcover indexed by A’ C A. This implies that

Y K)cn! ( U Va> = U Y (V) C U 7Y (Va).

acN’ acN’ acN’

Astpy: m (V) — Vo x Fisa diffeomorphism, and V,, and F' are compact, it follows that 71 (V) is
compact. This implies that 7! (K) is compact as it is a closed set in a finite union of compact sets. Therefore,

we conclude that 7 is proper. O

These propositions indicate that local triviality adds a significant amount of robustness to a surjective sub-
mersion. To explore this structure more in-depth, let us fix a fibre bundle 7: M — B. In alocal trivialisation

(U, ), withy: M|y — U x F,any b € U defines a diffecomorphism
Yy My — F: x> pryop(z).

Its inverse defines an embedding of F'in M, we will denote this map by ¢4, : F' — Mj C M. This is sometimes
called the (f2bre) inclusion. In particular, we find that the restriction 7 to M |7 has a typical fibre F.

Given a trivialising cover {(Ua, ¥a) } o o of T, we deduce, by considering sequences of local trivialisations,
that the fibre is constant on connected components over the base space. In other words, the restriction to a con-
nected component of the base space has a typical fibre. Next, eachaw € Aand b € U, admitsadiffeomorphisms
Yap: My — F and aninclusion ¢ p: 7 — M as defined above. However, there is not a single canonical
diffeomorphism, as for b € U, N Ug the maps 1), , and 13 ;, may difter, and similarly for the inclusion.

These maps are canonically related through the so-called transition data. For simplicity, we will restrict
ourselves to the case where B is connected, such that 7 has a typical fibre . Atany b € U,g', we can define a

diffeomorphism of F':
Vgap: F — F: fr=1gpo tap(f).

By assembling these diffeomorphisms over Uy, we derive the transition function from (Uq, Yo ) to (Ug, ¢3)
as the function

¢Ba: Uaﬁ — Diff(F): b— @Z)Ba,b-

The full set of these transition functions, {1 : Uas — Diff (F)}, constitutes the transition data. This col-
lection forms a well-structured family of functions that encapsulate the geometry of a fibre bundle. Its signifi-

cance is most effectively conveyed using the language of Cech 1-cocycles.

"From here on, we denote Uag = Ua N Up. For a finite family of sets {Ua;, C B}, wedenote Unay...ar, = [iey Ua;-
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Definition 1.2.4. Given manifolds B and F', and asubgroup G C Diff (F'), asmooth Cech 1-cocycle on
B with values in G consists of an open cover {Uq } aen of B and a collection of maps ggq : Uag — G

satisfying the cocycle conditions:

Jao,b = id, 9va,b = 9v8,b9Ba,bs VOé, ,8, AS A7 be Uaﬂ'y~

Additionally, there is a smooth criterion requiring the following map to be smooth:
9pa: Uap X F — F: (b, ) = gpa(b)(f)-

The naturality of the cocycle conditions comes from a more sheaf-theoretic perspective on bundles. Here,
it makes sense as it is exactly the data needed to glue local geometry to a global structure. Therefore, fibre
bundles ' < M = B arein 1-1 correspondence with smooth Cech 1-cocyles on B with values in Diff (F)
(cf. [Hus94, Thm. 5.3.2] for the topological case).

1.3 Connections

In Section 1.1.1, we saw that a surjective submersion has an intrinsically defined vertical direction, whether it be
geometrically through the foliation or algebraically as its vertical bundle. This notion was intrinsic as they can
be directly deduced from the map 7, one as the connected components of the fibres and the other as ker 1.
However, we want to relate the horizontal geometry of the base to the total geometry. We can see that this is
not a canonical relation as there is no canonical embedding of B into M. Algebraically, we can interpret this

as the existence of the following short exact sequence of vector bundles over M:

0 > Ver TM ™TB —— 0.

The horizontal direction of 7: M — B is then identified with the vector bundle 77" B, which is the pullback
bundle of pr: TB — B along m, given by 7*T'B = {(x,v) € M x TB: w(x) = pr(v)}, such thatitisa
vector bundle over M.

To properly study transversal geometry in this manner, we shortly recall some generalities of short exact
sequences of vector bundles. Here, by a short exact sequence, we mean a pair of constant rank vector bundle
maps ¢: V. — V'and m: V' — V"’ covering the identity, such that ¢ is injective, im ¢ = ker 7 and 7 is
surjective. Short exact sequences are useful in general as they let us describe bigger objects, namely the middle
one, in terms of smaller ones, the outer objects, even though this is not canonical. Such a choice of description

is called a splitting of the short exact sequence. Concretely, for a short exact sequence

0 | Al S 0,

a splitting is given by an isomorphism ¢: V' — V @ V" such that t = ¢ o incl; and ™ = pry o ¢. If ashort
exact sequence admits such a splitting, it is called a split short exact sequence. In the case of a vector bundle,
we remark that any short exact sequence is split, which will become clearer after the following result. Namely,
given a splitting, we obtain a natural way to identify V" inside of V’/, which will complement ¢(V'), and a way
to project V' to V. In the category of vector bundles, we can show that any such choice would constitute a

splitting.
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Lemma 1.3.x ([Tury, Prp 27.20]). Consider a short exact sequence of vector bundles over a manifold B:

0 V—V IS5V 0

There is a 1-1 correspondence between the following:

. Compl
{ Right inverses tow} «— {Leftinversestor} <— { AT } { omplements to }

oV =>Vev’ (V)inV

These correspondences are determined uniquely by h o m + i o 0 = idg and C = kerf = imh.
Moreover, if C' is a complement of 1" in §Q, then mlc: C =T isan isomorphism.

As we saw, a surjective submersion: M — B inducesashortexact sequence of vector bundles containing
the vertical and horizontal directions. Identifying the horizontal direction is then a choice of a splitting, which,
by the above lemma, can be defined in a multitude of ways. We will call any such identification a connection,

but we will refer to them specifically as follows:

Definition 1.3.2. Let7: M — B be a surjective submersion. We define the following objects:
o Horizontal lift: A vector bundle morphism h: 7*T'B — T'M such that w o h = id+7pB.

o Vertical projection: A vector bundle morphism pr: T'M — Ver such that proincl = idver,
where incl: Ver — T'M is the inclusion map.

o Connection idempotent: A vector bundle morphism p: T'M — T'M such thatim p = Ver and
2
p~ =D

o Ebresmann connection: Vector subbundle E C T'M such that Ver @ E = T'M.

o Connection 1-form: Ver-valued 1-form a@ € QY(M; Ver) such that a|ver = idyer. We will

denote Qeonn (M ; Ver) for the set of connection forms.

Example 1.3.3. Let m: M — B be a smooth covering space, then there exists a unique connection as the

vertical bundle is trivial. //

Example 1.3.4. Let GC P 5 Qbea principal G-bundle and w a connection 1-form. This defines an Ehres-
mann connection by setting E = ker w, with the property that T'L, E, = E,. Conversely, any Ehresmann
connection Eonm: P — BsuchthatT'L, E, = E,, defines a connection 1-form, where Ver is canonically
isomorphic to P x g, where g is the Lie algebra of G. Composing the connection 1-form with this isomorphism

defines a 1-form on the principal G-bundle. //

Example 1.3.5. Let 7: V' — B be a vector bundle with an affine connection V. As 7 is a submersion, any
v € Vj, can then be obtained as v = o (b) for alocal section 0: U C B — V. One can check that under the
additional requirement that Vo (b) = 0, we can still always find such a section. We then define the horizontal
bundle as E, = imT,o. As sections are right inverses to 7, the images of the tangent maps intersect Ver
trivially, and by counting dimensions, we see that E,, is a complement to Ver, in T, V.

The induced horizontal bundle will incorporate some of the linear structure of a vector bundle. Namely,

let us denote its fibrewise scalar multiplication by Sx: V' — V: v + Avforany A € R. Let us fix some
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v € Vand A € R, then for alocal section o such that o(b) = v we have that T;,(S) 0 o) = T;,S\To. If we

assume that o is flat, then S, o o is also flat and we find that
Eyy =imTy(Sy 0 0) =im(T,Sy\ 0o Tpo) = T, S)\ Ey -
Conversely, any Ehresmann connection on 7 with this property will define an affine connection. //

In the above examples, we always know that a connection exists. In the general case of a surjective submer-
sion, this follows from the theory of short exact sequences of vector bundles, again, as any short exact sequence

of vector bundles admits a splitting. Let us show this in the particular case of a surjective submersion.

Proposition 1.3.6. Any surjective submersion admits a connection.

Proof. Letw: M — B be a surjective submersion and take an atlas for M, say { (U, Xa = (2},)) }aeA' On
each open, Uy, we define the canonical Riemannian metric g = X459 = ij dxgdxfl. For some partition
of unity, {¢a } ,c > subordinate to {Uq } e x> the gluing g = >~ | paga defines a Riemannian metric on M.

The fibrewise orthogonal complement of Ver with respect to g then defines a connection on M. O

1.3.1 Connections in terms of modules

Recall that a vector bundle 7: V' — M defines a C°°(M') module by taking global sections, denoted I'(V').
In the case of a tangent bundle, this gives the vector fields. Additionally, if we pullback 7: V' — M along
fi N = M,thenT'(f*V) = C*(N) @coo(ary ['(V), where C°°(M ) acts on C°°(N) by first precompos-
ing with f.

As a horizontal lift is a vector bundle morphism, it will define a module morphism on the associated mod-
ules of global sections. Hence, if h: 7*T'B — T'M is a horizontal lift on w: M — B, then it defines a mor-
phism of C°°(M )-modules h: C°°(M) @ceo gy X(B) — X(M). By precomposing with the natural inclu-
sion X(B) — C*(M)®cee(pyX(B): X + 1® X, weobtain a horizontal liftingmap h: X(B) — X(M).
If E is the associated horizontal distribution, then h maps X(B) injectively into I'(E), but never surjectively
unless B = M. Concretely, for some X € X(B) this map is defines as h(X ), = h(x, Xr(y)). Moreover, as
any tangent vector extends to a vector field, this contains all the information of the connection.

In the case where M = B x F, we can naturally identify the sections of T'M using the fact that taking

sections and direct sums “commute”. Therefore, the vector fields on M can be written as
X(M) = (C*(M) @coo gy X(B)) © (C™(M) @cee(ry X(F)),

Which has a canonical projection to its first and second components. As h is a horizontal lift, and this is a right
inverse to pry, it is a right inverse to the first projection on the level of modules as well. This implies that all
information on the connection is contained in the second component, such that we associate h with the second

projection composed with /. Hence, we consider the map
h: C*(M) ®coo(B) X(B) —» C®(M) Koo (F) X(F): f®X — pryoh(f @ X).

Furthermore, we can restrict the domain and codomain to the fibre M}, by taking the tensor product with
C>°(My) over C°° (M ). One can verify that the following map defines an isomorphism of C*° (M})-modules:

C™(My) ®cee(py X(B) = C(My) @r Ty B: f @ X = [ © X,
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The surjectivity of this map follows by extending a tangent vector to a local vector field. For the injectivity, we
remark that it shows that the left tensor product is really only dependent on the value of X at b. First, remark
that elements of C'°°(M}) @¢eo(g) X(B) depend on X(B) only locally. If f € C°°(M}) ,X € X(B)and
is a bump function such that |y = 1, for a neighbourhood U of b.

fovX=[f¢vX=[foX,

where we used that 1) € C°°(B) acts on C*°(Mp) as (f - ) (x) = f(x)(b) = f(x). Hence, suppose that
1) is supported in some coordinate chart (U, (z?)), it follows that

fROX=fRyX=fRXO=Ff X'@pd=Ff X (b)®d=f X (b)d;.

We conclude that f ® Xj, being zero implies that f & X vanishes as well. Therefore, the mapping is an iso-

morphism of C*°(M})-modules. We obtain a module morphism
h: C*(M) ®r TyB — X(F),

covering the map C*°(M},) — C°°(F') induced by the diffeomorphism F* — M.

Again, we can precompose this map with the inclusion T, B — C*°(M;) @r TpB: v +— 1 ® v, to obtain
an R-linear map hy,: Ty B — X(F). The collection {hy: Ty B — X(F)},. g contains all the information of
the connection as we can explicitly recover itas A((b, f),v) = (v, hy(v) £).

On a fibre bundle, we obtain similar expressions which are dependent on the choice of local trivialisation.
Let F' < M 5 B be a fibre bundle with trivialising cover {(Un, %a)} e - In each trivialisation (U, ¥4 )

we can consider the following sequence:
* h Tta * T'pry K _ *
T TU, —— TMy, — Y T(Uy X F) —— % prs TF = (pry othy)*TF

By taking sections and pulling back to Mj like before, we obtainamap hq 30 T B — X(F), which is explicitly
given by
hab(v)(f) =T prooTha o h(tap(f), v).

To transition to a different local trivialisation, we obtain the following expression:

(0, hap(V)(f)) = Ta 0 h(tap(f),v) = Ttap 0 Tg o h(1pp(Ypan(f)), v)
= (0, Tapphps(v)(Yaps(f)))-

This implies that f 4 (v) = TWagphg (), such that the transition data exactly dictate the transition between

the local horizontal lifts.

1.3.2 The space of connections

We remark that Qconn(M; Ver) C Ql(M : Ver) is not closed under scalar multiplication, as a connection
form must be the identity on Ver, and it does not contain the zero form. Therefore, it cannot be viewed as
a vector subspace. However, it does have some affinelike structure, in the sense that it is a vector space up
to a choice of basis, such that it can be written as & 4+ V for some vector subspace V' C Q*(M; Ver) and
a € Qeonn(M; Ver). However, in this case we will be interested in a slightly more nuanced structure, namely,
affine C°°(M)-modules. By this, we mean that it is of the form o + M, where M C Q(M; Ver) is a
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C°°(M)-submodule.

Proposition 1.3.7. For any connection form ccon w: M — B, the set of connection forms is given by
Qeconn (M; Ver) = a + o/ (M; Ver),

where o/ (M; Ver) = {1 € Q' (M; Ver): T|ver = 0} is a C°(M )-module. Hence, it is an affine
C°(M)-module.

Proof. Letm: M — B be asurjective submersion, fix an arbitrary o € Qconn (M ; Ver), and define
of (M;Ver) = {1 € Q'(M; Ver): T|yer =0}
Given any & € Qconn(M; Ver) and v € Ver it follows that
(o —a)(v) = (v) —alv) =v—v=0.

Hence, o' — v € o7 (M ; Ver) such that Qeonn (M; Ver) — o C o (M; Ver). Moreover, if T € o7 (M ; Ver)
and v € Ver, then
(a+7)(v) = a(v) + 7(v) = id |ver (v) = v.

This implies that o 4+ &7 (M; Ver) C Qconn(M; Ver) and thus they indeed coincide.
Lastly, if we denote ¢: Ver — T'M for the inclusion, then .7 (M ; Ver) = ker ¢*, where we denote

2 QY(M; Ver) — End(Ver): a — a o

This is a C°°(M)-module morphism and therefore the kernel is a C°° (M )-module. Therefore, we can con-
clude that the connection forms, Qconn (M ; Ver), define an affine C°°(M )-module. O

Corollary 1.3.8. The connection forms Qconn (M ; Ver) of a surjective submersion m: M — B are a
convex subset of Q' (M ; Ver) asa C™ (M )-module.

We observe that this convex structure naturally translates to the notions of horizontal lifts, vertical projec-
tions, and connection idempotents by taking the convex combination of the vector bundle morphisms. For
the Ehresmann connection counterpart, this description is not as neat and is better written as the kernel of the
associated connection forms. However, if E; are Ehresmann connections and ¢; € (0, 1), both fori = 1,2,
such thatt] +to = 1 then the “convex combination”, which we will denote by ) °, t; E;, satisfies the following

inclusions:

EiNEy C ZtiEi CEi+Es.

(2

This notation, of course, extends to arbitrary convex combinations as well.

13.3 Induced splitting of forms

An Ehresmann connection E on a surjective submersion 7: M — B is a splitting of 7'M . This decompo-

sition extends to higher exterior powers of 7'M, and thus a decomposition of differential forms on M. The
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decomposition of /\k T'M is by the following canonical isomorphisms

k k L ly
/\TM% /\(Ver@E) = @ /\Ver@/\E.

l1+1la=k

By viewing a k-form 7 on M as a vector bundle morphism 7 : /\k TM — R covering the map M — {x}, we

obtain a decomposition of w into a collection {W(ll, A component in this decomposition is given

l2) }lﬁ-lzzk‘
by the restriction to A" Ver ® A" E as a subset of \" T'M via the above isomorphism.

Through this identification, the space of k-forms on M decomposes as

dMy= P r </\l1 Ver*) ®T (/\12 E) .

l1+1la=k

Example 1.3.9. Let E be a connection on 7: M — Bandw € Q2?(M). On a pair of tangent vectors
u=ut+u',v=vt+v" withul, vt € Verandu',v" € E, the above splitting yields:

w(u,v) = w0 (ut,vh) + w(l,l)(uj_v v') — w(l,l)(UL7 u') + w(0,2) (u'vh).

For example, if we are given a form 7: A\ Ver — R, we can easily define w € Q?(M) extending it by setting
W(z,o) =T, w(l,l) = 0and W(0,2) =0.

In the case of 2-forms, we will have a particular interest in those that split with respect to our connec-
tion into a vertical part and a horizontal part. Therefore, we will call a 2-form w for which w(y 1) vanishes

E-compatible, or we will say it is compatible with the connection. //

1.4 Parallel transport

To make full analytic use of a connection on a surjective submersion and use it to probe at the transverse ge-
ometry of the total space with respect to the base space, we want to relate the curve spaces of the base and the
total space. In the trivial example of a product manifold, M = B x F,acurvey: I — B and some choice
f € F canonically definesacurveys: I — M: ¢t — ((t), f) such that pry o5 = yand pry 0y = consty.
Additionally, in the canonical splitting T'(B x F') = prj TB & pr T'F), its tangent vector has the form
3 #(t) = (9(1),0). In other words, the curve ¥y lifts 7y to the total space, such that it moves solely in the
horizontal direction.

In the general case, i.e. a surjective submersion w: M — B, we can always lift a curve y: I — B locally
around some t9 € I toany z € M, 4, by picking a local section o: U C B — M, where U is an open
neighbourhood of ¥(ty), with o(y(t9)) = z and settingy = o o-y. However, this is only defined on v~ 1(U),
which might be a proper subset of I and is dependent on the choice of local section, which is not unique. To
obtain a unique lift of 7y, we need to fix a direction at each point which is horizontal to I3, which is exactly the

problem solved in the previous section by picking a connection.

Definition r.4.1. Let m: M — B be a surjective submersion and E an Ehresmann connection. We
callacurvey: I — M horizontal if ¥(t) € E ). Ify: I — Bisacurve,theny: J C I — Misa
horizontal lift of 7y if m 0 7 = 7 and it is horizontal.

This notion of horizontal paths coincides with the usual notion of being parallel along a curve on a vector

bundle or a principal bundle after identifying the Ehresmann connection to the affine connection and connec-
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tion 1-form, respectively, as in Examples 1.3.4 and 1.3.5. Additionally, in the unique connection on a smooth

covering space, the notion of a horizontal lift corresponds to a path lifting.

Finding a horizontal lift of a curve with a fixed starting point now has become an initial value problem for
an ordinary differential equation, namely: Given 7: M — B, with a horizontal lift h and v: I — B with
to € Iandx € M), a horizontal lift y with 5 (¢9) =  is a solution to the following system:

In the cases of vector bundles and principal bundles, we know that the horizontal lift is always defined on
the total domain of definition of the curve. In the general case, we cannot ensure such global existence, but as

liftting horizontally is a solution to a differential equation, we can ensure local existence.

Proposition 1.4.2. Let m: M — B be a surjective submersion with a connection and v: I — B a

curve. For any choice to € 1, there exists
o a neighbourhood U C M.y o) X I of My) X {to},
o amapy: U — M,

such that for any choice f € M. ) we obtain a curveNy: pro(U N ({f} x I)) — M:t = ~(f,1)
which is a borizontal lift of vy such that ¢ (to) = f.

Additionally, U can be chosen maximally such that this lift is unique, i.e. for any horizontal lift of vy, say
¥: J = M with f =7(to), we bavey = 7| .

Proof. Suppose that m: M — B is a surjective submersion with a horizontal lift h: 7*T'B — TM, let
~v: I — B beacurve and fix some g € I. We want to determine a vector field on M which is the lift of ¥
through h. Consider the following vector field:

Xoy'M=1,xM—=T(H"M): (s,z) — <8t

0 S,h<x,w<s>>>

Notice that T'(y* M) = TI 7, X, T'M and that the image of X liesin 7' 7, X E per construction. After

pickingaty € I, we can define ¥ and its domain as follows:
U= {(f,t) € M) x I: (t —to,to, f) € @(X)}, v:U— M: (f,t) — pryopx(t — to, o, f),

where ¢ x denotes the flow of X and Z(X) its domain of definition.

Fixan f € M, ) and consider the curve 7 : U N ({f} x I) — M: t + (f,t). We remark that on
~v*M the maps 7y o pry and 7 o pry coincide, such that

moy(f,t) = mopryogx(t —to, f) = 7o pry o¢x (t —to, f)
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As ¢x is the flow of X and pry (X) = %, it follows that

d d
a (prl O¢X(t - tO,t(]af)) = Pprp <dt qbX(t_thtO’f)) = prl(Xd)x(s—to,to,f))
S S
_9
Ot |or, (6x (s—to.t0.£)

This implies that pry o x (t — to, to, f) = t, and thus 7 05 = . Additionally, we already remarked that the
image of im pry 0 X lies in E, such that ﬁf(t) = Pro(Xgx (t—to,to..f)) € E5,. Hence, we conclude that it is
indeed a horizontal lift of v and 7¢(t9) = pry 0 x (to — to, to, f) = pra(to, f) = f.

The maximality and unicity then follow from the maximality of the flow domain and the unicity of the

flow. O

Definition 1.4.3. Givenacurvey: I — B onasurjective submersion7: M — B with a connection,
we will call 7: U — M the parallel transport map and yy: Uy — M the horizontal lift to f, where
Ur =UN ({f} x I)is the maximal interval on which ¥¢ can be defined.

We can remark that the solution of the differential equation is dependent only on the image of the curve,

and therefore only on the geometry, and not on the specific parametrisation of the curve.

Proposition 1.4.4. Let w: M — B be a surjective submersion with a connection, vy: I — B a curve,

and ¢: J — I is a diffeomorphism. Then ’m =7 o (id x¢).

Proof. Suppose m: M — B is a surjective submersion with an Ehresmann connection Eandy: I — Ba
curve with f € M, 4,). Let ¢: J — I be some diffeomorphism and definep =y o ¢: J — B. Next define

Nf=7ro¢,thenmony =mo7yro¢p=ryo¢p=mnand
X _ [0 - 0 _(0¢ 0 op, (0 0¢ -
T (L) =T )=y (P2 =Dy (2) =25, eE.
=2 <8t> (Ve @) (8t) 7(6% at) at 7(875) ot <
Therefore, 1)y is the horizontal lift of 1) to f as it exists uniquely and we can conclude that ) = yo (id x¢). [

In the case where  extends to a vector field X on B, in the sense that §(t) = X(;), we obtain a more
direct expression of the horizontal lift using i as a map X(B) — X(M). Set X = h(X)and let ¢ < denote
the flow and Z(X) its flow domain. The parallel transport can then be defined as

U={(£:) € My x I+ (t = t0, ) € 2(X) }, F: U = M: (f,0) 1 d5(t — o, f).

Clearly 7 is horizontal for any f as ﬁf (t) = )Z'(d)f( (t —to, f)) € E. Additionally,

dt

wofy =Tx (| o5tt—t0.0)) = 7r (¥3y(6)) = Xx(550)

s

This implies that 7707 is an integral curve of X, which also starts at y (o). We conclude that 7y is the horizontal
lift of v to f.
Locally on a fibre bundle F' < M 5 B, we can also obtain a more concrete description of parallel

transport as a map on the fibre in terms of the local description of a connection. Let {(Uq,¥a)}oep be a
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trivialising cover, take a curve v: I — U, C B starting at by and some x € Mj,,, which corresponds to
Ya(x) = (bo, fo). The horizontal lift of y to = then has a local representation as ¥, (V2 (t)) = (v(t), v (¢)),
where ¥ = pryothy 0 7. The construction implies that ~F is a solution to the following initial value

problem:
v7(0) = fo,
FEE) = hapnyw (1) (47 (1)).

If we consider the time-dependent vector field X; = hq (1) (§(t)), the curve ¥* then becomes an integral
curve of this vector field flowing from f att = 0.
Still, the horizontal lift may not always be defined; consider a smooth finite covering space with a single

point removed. Under some compactness conditions, however, we can resolve this analytically.

Proposition 1.4.s. Let w: M — B be a surjective submersion with a connection and v: [0,1] — B a
curve. If f € Moy and~y : Up — M maps into a compact set, then Uy = [0, 1].

Proof. Suppose that m: M — B is a surjective submersion with a connection and let y: [0,1] — B bea
curve. Fixan f € M, ), and suppose that im 7y lies inside a compact set. Assume for contradiction that
Uy # [0,1], and recall that Uy is maximal. Without loss of generality, suppose that sup Uy < 1 and set
a = sup Uy. Since Uy is an interval and open subset of [0, 1] whose supremum is strictly smaller than 1, we
have Uy = [0, a).

By assumption, the image of the lift 7 is contained in a compact set and therefore the limit lim;_,, 7 (%)
must exist, such that 7y admits a continuous extension to a. Furthermore, as 7y is a solution to an ordinary
differential equation determined by the horizontal lift condition, the Picard-Lindel6f theorem implies that
there exists € > 0 such that the lift extends to an open interval (a — €, @ + €), contradicting the maximality of
Uy. Hence, we conclude that Uy = [0, 1]. O

1.4.1 Holonomy

The parallel transport and horizontal lifts of curves contain a lot of information on the connection. But while
the restriction of the parallel transport to horizontal lifts is the natural lifts of curves, we can also consider the

restriction of parallel transport to a map between fibres.

Definition 1.4.6. Let m: M — B be a surjective submersion with a connection and v: I — B a

curve. For to, t1 € I, the holonomy map from to to t1 along vy is the map
T Uy 1o © Mgy = Moy £ A(t, f),

where Uy, 1, = pry(Usy N (M 10) X {t1}))-

. . . . t,t . .
Hence, given a connection and a curve, we obtain a collection of maps {7’71 0 } which contain all
to,t1€1

the information on the parallel transport of the curve . This set of data again contains all the data of the
connection as given some v € TpB and x € M, if v: (—¢, €) integrates v, then we recover h, by using the

fact that 4, (t) = T;’O(ZE), as
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Moreover, the set of holonomies has a nice structure with respect to some composition laws.

Proposition 1.4.7. The holonomy maps are smooth embeddings, and forty < t1 < to they satisfy

ta,t1 tito] . _ tost2| T t1,to 1
'7'7 o T’Y |U = ’7',7 |U’ where U = Utg,to N 7'7 (Utz,tl)-

Proof. The fact that the holonomy maps are smooth follows from the fact that 7y is smooth, and thus, after
restricting to an embedded submanifold and fixing ¢1, it will still be smooth. The second property follows

from the fact that the flow of a vector field is a one-parameter group action. O

L5 Complete connections

The domains Uy C U capture the extendibility of the horizontal lifts of v: I — B. As mentioned before,
this domain of definition may be strictly smaller than I. However, in the trivial case B x F' with the canonical
connection, this is always maximal. In this section, we will show that it is exactly the existence of such maximal

horizontal lifts which differentiates a fibre bundle from a surjective submersion.

Definition 1.5.x. Let m: M — B be a surjective submersion with a connectionand y: I — B a
curve. The parallel transport of 7, for some ¢ty € I, is called complete it 7: U — M is defined on
M

y(to) X 1. A connectionon m: M — B is complete all parallel transports of all curves are complete.

To check the completeness of a connection, one has to check many paths over varying domains. However,
as we saw in Proposition 1.4.4, horizontal lifts are geometrically independent of the domain. Therefore, we can

greatly reduce the collection of paths on which we need to check the completeness.

Proposition 1.5.2. A connection is complete if and only if all the parallel transport of curves defined on
[0, 1] are complete.

Proof. Let m: M — B be a surjective submersion and h: 7*T'B — TM a horizontal lift. Clearly, if h is
complete, then all parallel transports of curves y: [0, 1] — B are complete.

Conversely, suppose that all horizontal lifts of curves defined on [0, 1] exist and are defined on [0, 1]. Let
v: I — B be an arbitrary curve, with I not necessarily [0, 1], and take some arbitrary ty € [ and f € My,.
Forany t; € I, where we assume that £ > tp, can consider a reparametrization ¢: [0, 1] — [to, 1] : and
remark that ) = y o ¢ lifts to the whole of [0, 1]. By Proposition 1.4.4, the lift of |[;, ;,] can be obtained
from the lift of 7). In particular, it follows that ¥¢(¢1) = 7¢(1) and thus as ¢; was arbitrary 7 is defined on
the whole of 1. O

The above proposition lets us consider only the curve space of the form C°°([0, 1], B). In particular, a

complete connection defines a nice characterisation in terms of these curve spaces.

Corollary 1.5.3. Let m: M — B be a surjective submersion with a connection. Then the connection is
complete if and only if the following map is well-defined:

C*([0,1], B) oy Xz M — C([0,1] , M) : (v, 2) = Ta,

evg
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whereevg: C*([0,1], B) — B: v — (0).

While completeness of connections is somewhat of an analytical condition, as it relates to the existence of
solutions to differential equations, Proposition 1.4.5 already suggests that there are geometrical elements to it
as well. Under some additional compactness conditions on a surjective submersion, or a fibre bundle, we can

show that any connection is complete.

Proposition 1.5.4. Letw: M — B be a surjective submersion, whose fibres are compact and connected;

then all connections are complete.

Proof. Let m: M — B be a surjective submersion whose fibres are compact and connected, and take an
arbitrary connection. Consider an arbitrary curve y: [0,1] — Bandletusdenotey: U — M for its parallel
transport. By the tube lemma, there must exist some € > Osuch thatw=1((0)) %[0, €) C U, and suppose that
this € is maximal. For any ¢ € [0, €), the associated holonomy T’(y)’t 7 H(y(0)) — 7w (y(t)) is injective as it

has a left inverse given by 70

, see Proposition 1.4.7. Additionally, this implies that it is an immersion, and thus
alocal diffeomorphism, as the fibres are of the same dimension. As 71 (y(0)) and 71 (7y(t)) are connected,
it will automatically define a diffeomorphism as it maps connected component to connected component.

Consider the parallel transport of y at ¢ = €, which we will denote withy: U — M. By the tube lemma,
we find that a § > 0 such that 77! ((€)) x (e — &, € + §) C U.. By a similar argument as before, we can
conclude that 7 771 (y(€)) = 71 (y(t)), fort € (e — 8, € + &), defines a diffeomorphism. In particular,
we find that the holonomy 7';’0 =70 Tf/o is a diffeomorphism, by considering some ¢ € (€ — ¢, €). Hence,
we can conclude that 771 (v(0)) x [0, €+ §) C U, which is a contradiction with the maximality of e.

We conclude that the parallel transport along v is complete, and as our connection was arbitrary, it follows

that all connections on 7 are complete. ]

We can drop the connectedness assumptions if we instead assume that our surjective submersion is a fibre
bundle. This result was already known to Ehresmann in his seminal paper, [Ehrs2], where he introduced the

notion of fibre bundles and connections.

Proposition 1.5.5 ([Ehrsa, Prp. 3.1]). Let m: M — B be a fibre bundle with compact fibres; then all

connections are complete.

As we have mentioned before, a fibre bundle has a lot more geometrical relations between the base space
and the total space. Therefore, we will see that the local triviality is exactly the condition one needs to obtain a
complete connection, giving us a geometric condition for their existence instead.

Let us note some historical remarks made in [del16]. The statement, relating completeness and local trivi-
ality, was first made in [Wol64, Cor. 2.5], accompanied by an incomplete proof. Later, it reappeared in books
like [KMS93, Mico8] with a proof relying on the convex glueing of fibred metrics, which was not a sound ar-
gument. This was later resolved in [deli6, Thm. 5] using a glueing of connections which varied over the fibres.

The statement is as follows:

Theorem 1.5.6. A surjective submersion admits a complete connection if and only if it is a fibre bundle.

Before we move to the proof, which involves some preliminary steps, let us give a result which is long

overdue.
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Proposition 1.5.7. Let m: M — B be a surjective submersion whose fibres are compact and connected;

then it is a proper map.

Proof. Let m: M — B be a surjective submersion whose fibres are compact and connected, and pick an
arbitrary connection. It follows from Proposition 1.5.4 that this is a complete connection, and thus by Theo-
rem 1.5.6, it is a fibre bundle. Notice that we can now apply Proposition 1.2.3 to conclude that 7 is a proper

map. O

Let us turn to the proof of Theorem 1.5.6. Our proof will be based on some of the material from [del16],
but changed in a manner such that we can later apply it to the multiplicative cases as well. The first implication
is a standard exercise for fibre bundles and consists of taking a contractible cover of the base space and letting the
contractions define paths along which one can parallel transport. The converse is the more intricate argument
and will be based on the following lemma and corollary, which is based on Proposition 1.4.5, which lets us

measure the completeness of connection in the trivial case and the locally trivial case by extension.

Lemma 1.5.8. Let E be an Ebremann connection on pry: B X F' — B and suppose there exists S C F
such that:

o E|pxs = TB x 0g, where Og is the zero section F' — T'F restricted to S.
o The connected components of F\S are relatively compact.

Then B is a complete connection.

Proof. Suppose that E is an Ehresmann connection on pri: B x F' — Band § C F as above. Let
v: [0,1] — B be a curve starting at b, and take an arbitrary f € F. We are in either of two cases: f € S or

fés.

i) Suppose that f € S, we then define 53, £y (t) = (7(t), f) and note this is indeed a horizontal lift to
(b, f) as

pry oY) = pri(v(t), f) = 7(t). Y. t) = (3(£),0) € Tyy B = E(y0) ) -
Additionally, we find that 5, £)(0) = (7(0), f) = (b, f). Therefore, this lift is defined on [0, 1].

ii) Suppose that f ¢ S, and let ¥ 5) denote for the horizontal lift. We remark that pry 054, r) must stay
within a connected component of F'\ S as horizontal lifts are unique, and if pry 054, ry maps into S,
the horizontal lift is given by the first case. Therefore, 7, r) must stay within a compact set, namely
im~y x Conn(F\S, f), where Conn(F'\ S, f) denotes the connected component of F'\ S containing
. By Proposition 1.4.5 it follows that 73, ) is defines on the whole of [0, 1].

We can conclude that the horizontal lift of y is always defined on the whole of [0, 1] and thus the parallel

transport is always complete. By Proposition 1.5.2, this shows that E is a complete connection. ]

Using an argument similar to the one used in the proof of the path-lifting property on covering spaces, we

can extend this argument to fibre bundles.
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Proposition 1.5.9. Let E be an Ebresmann connection on a fibre bundle F — M =5 B. If there exists
a trivialising cover {(Uw, Va) } e p and for all oo € A there exists So, C F such that:

i) Tyo(E| b7 U x Sa)) =TU, x 0g,, where Og,, denotes the zero section of F — T'F restricted
toS,.

ii) The connected components of F\\Sq, are precompact.

Then B is a complete connection.

Proof. Take a fibre bundle F' < M = B with an Ehresmann connection E and fix some trivialising cover
{(Uas¥a)} qen with Sq as above. Let v: [0,1] — B be a curve, and notice that im 7 is compact, so that
there exists a finite subset { (U;, ;) }_; covering im ~y. Additionally, we can assume, after possibly reordering
the cover, that there exists a partition 0 = ag < a1 < --+ < ap = 1such thatimylj, | 4 C U;. Let
us denote the restriction -y to each subinterval as v; = v[(4,_, 4,]- We can then remark that 9; o v[(q, | 4,]
has complete parallel transport with respect to the connection 79 (E | M|Ui) on U; x F. Therefore ~y; has
complete parallel transport by conjugating with ;.

We can then define 2o = x, and define x; recursively as z; = ¥;,,,_, (a;), the horizontal lift of ; to w; 1,
and set

?x(t) = f%$i71 (t), whent € [ai_l, ai] .

This will clearly define a horizontal lift of 7 to «, which is defined on the whole of [0, 1]. This implies that E is

a complete connection. O

This lemma gives us a more geometric picture to check the completeness of connections on a fibre bundle.
However, this still starts with a connection. In Theorem 1.5.6, we want to construct a connection and then
show that it satisfies the requirements of Proposition 1.5.9. Under specific conditions on S, C F|, we can

indeed define compatible connections.

Proposition r.s5.10. Let F' < M = B be a fibre bundle with trivialising cover { Ve, ¥a) } e p which
is locally finite, and {U } ., c p an open cover of B with Uy C Vi Suppose that for cach o € A we have
a closed subset S, C F, such that they satisfy

Sa Nthapp(Ss) =0, VYa#B€EA be Uy

Then there exists an Ebresmann connection B such that T (E | w2 (Uax Sa)) = TU, x Og, forall
ac A

Proof. Suppose that ' — M > Bisafibre bundle with a trivialising cover { (Vi 1a) }ocp andlet {Ua} pep
and {S4},cp be asin the statement. Remark that for each o« € A we take on M |, the canonical connection

induced by the trivialisation, namely

ho: m™TUy — TM|y, : (x,v) — T%(m)@bgl(v,O).
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Next, for each o € A we can define an open subset W, by

Wo = W_l(Ua)\ U %‘1(75 x Sﬁ)'
BFo

Notice that the collection {1,051 (Ug x Sg)}p+tq is locally finite as the cover {Vo },c 5 is, moreover, they are
all closed as all Sg are. Their union is then also closed, see [Munoo, Lemma 39.1 (c)], and thus W, is open.

Moreover, one can verify that {W,} defines a cover of M:

o Ifz € M\ Uy wﬁ_l (Ug x Sp), then there must exists a o € A such that v € 7~ 1(U,,). This implies

that it is an element of W/,.

o Ifz € Ug wﬂ_l(@ x Sg), we remark that it in particular lies in 15 2 (U, X S, for some a, as it is
an element of some 71 (U, ). Let us show that it cannot be an element ofwlgl (Ug x Sg) for B # a.
Assume the converse, i.e. z € wﬁ_l (Us x Sg). Remark that we can write them in the local trivialisations
astpg(x) = (b, sg) forb € Uyp and sg € Sg. Similarly, we find s € Sq, such that 9o (x) = (b, s54).
By definition, we have

Yapb(sp) = Pryotha 0 Y5 (b, 55) = sa-

This implies that s, € 0s,(Ss), which is a contradiction with our assumption on {Sa},cp- It
follows that ¢ 1 (U, x Sa) N 1/)&%@ x Sg) = () and thus z € W,,.

Let {pa } o denote the partition of unity subordinate to the open cover {W, } and define h = Y daha.
By Corollary 1.3.8, this defines a connection, and let E denote the associated Ehresmann connection. By our
construction of {W,}, we find that z € ¢} (U, x S,) implies that z € W, and z ¢ W for 8 # «.
Therefore, if v = 1, 1(b, s), for some s € S, and v € T (2)Uas then

h(.TU,’U) = Z¢7(.%')h7(.1‘,v) = ha(ZL',’U> = Tiﬁa(ﬂﬁ)w;l(v’O)

From this, we can conclude that T, (E ’w&l(Ua xSa)> =TU, % 0g,. ]

We will now end this section with a proof of Theorem 1.5.6 based on the previous corollaries and proposi-

tion to construct a connection and check its completeness.

Proof of Theorem 1.5.6. Letm: M — B be a surjective submersion.

= : Suppose E is a complete Ehresmann connection and let {Uq } 4 be an open cover of B where
each U, is contractible. Let ¢ : Uy X [0,1] — U, be contractions to some b, € Uy, i.e. co(b,0) =
b, ca(b,1) = by. Define the path y%*: [0,1] — Uy t + ca(b,t). Using these paths, we obtain local

trivialisations via the parallel transport along these paths:

—_——

VYo: T HUs) = Uy x m 1 (bo): @+ (m(2), y2m(@)_(1)).

This parallel transport is then well-defined at 1 as the connection is complete. One can readily verify that these
maps are diffeomorphisms preserving the fibred structure.

<—: Suppose that F' < M 5 B is alocally trivial fibre bundle. To prove that  admits a complete
connection, we will construct an Ehresmann connection using Proposition 1.5.10 such that it satisfies the con-

ditions of Proposition 1.5.9.
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Pick a trivialising cover {(Va, ¥a) } e by relatively compact sets which is locally finite and let {Uq } o 5
be a cover of B such that U, C V. Remark that we can assume that A = Nor A = {0, ..., n} without loss
of generality. Let f: F' — R>q be a proper function, which exists by [Leers, Prp. 2.28]. We can let S, be the
preimage of some infinite discrete subsets, N, of R>q under this map.

To construct the sets N, C N, we will define a map n: N x A — N inductively with respect to the
lexicographical ordering*. We first define (0,0) = 0. Next, suppose that n is defined on all (j, ), with
(4, 8) < (i, @), and consider the set

51',@ = U % ( ag X [~ ( (4,8))) C Wﬁl(Ua)'
(4,8)<(i,0)

Notice that the precompactness of Ug and properness of f implies that w/;)l (Us x f~1(n(4,B))) is com-
pact. Next, we notice that the collection {ngl (Us x f~Hn(5,8))} s, §)<(i,) 18 alocally finite collection of
compact sets. Remark that this implies that 1/)/671 (Us x f~Y(n(i,))) can only have nonempty intersection
with finitely many 1/151 (Us x f~1(n(4, B)))?. We can conclude that @ o is compact as the union consists of
finitely many nonempty compacts. Therefore, the set C; o, = pry oa/;a( o) C F,is compact as well and we
can set (4, ) to be the smallest integer strictly larger than sup { f(z)| z € Cj o }.

Having constructed the fullmapn: Nx A — N, wedefine N, = {n(i,a)|i € N} and S, = f~1(N,).

Next, we show that So N Yapp(Ss) = Dforalla # B € Aandb € U,p. Suppose s € S N
1ap,b(Sp); then there exists 4, j € N with f(s) = n(i, ) and f(8a,6(s)) = n(J, ), such that s €
Yaps(fH(n(4,B))). Without loss of generality, we may assume that (j, 3) < (i, ). By definition, (i, @)
must satisfy n(i, ) > sup { f(z)| € C; o }. Remark that C; o can be rewritten as

Cza_pTQOwoz( 1a)—pr20'¢a U @Z)ﬁ/ ( ’Yxf ( ( )))

(ky)<(i,a)

U prot | U 45 o} x £ (k) | = U wa, (n(k,7))-
7)<(:@) b€Uqn~

(k) <(i,e) b€Uny

Remark that in particular, s € C; o as (j, 8) < (i, ) and s € Yapp(f~H(n(4, B))) by assumption. There-

fore, by our construction, we have the following inequalities:

f(s) = nli,a) > sup f(x) = f(s),

J)ECiﬁa

which leads to a contradiction. We conclude that S, N ¥4 4(S5) = D foralla # B € Aand b € Uyg.

It follows from Proposition 1.5.10, that there exists an Ehresmann connection Eon7: M — B such that

Tebe (E|¢ p— )) — TU, x 0g,..

Combining this with the fact that the connected components of F'\ Sy, are all precompact, as they are subsets
of f~1[n(a,i),n(a, i+ 1)], it follows from Proposition 1.5.9 that E is a complete connection. O

*Given two partial orders (P, <p) and (Q, <g), the lexicographical ordering on P x @ is defines as (p, ¢) < (p’, ") ifand only
if p < p',orp=p andq < ¢. In particular, we first consider the first coordinate in this ordering.

*Suppose &7 is a locally finite collection of compact sets. Fora K € &7, any x € K admits a neighbourhood U, such that it has
finitely many nonempty intersections with elements in 7. As K is compact, pick a finite subcover {Uy, };._,. Foreachi = 1,...,n,
the neighbourhood Uy, has finitely many nonempty intersections with elements of .7 and there are finitely many i, thus K will also
have finitely many nonempty intersection with elements of 7.



Chapter 2
Lie groupoids

While Lie groups give a great description of classical symmetries of manifolds, there are more general symmetries
we might want to capture. One way of doing this is by considering groupoids, which are like symmetry groups
but possibly between manifolds. This flexible structure lets us capture a multitude of different concepts besides
groups. For example, they can also encode the data of a group action, contain manifolds, and also different
generalisations of groups, like pseudo-groups.

Groupoids were first studied, or at least their smooth version, by Charles Ehresmann [Ehrs9], who used
them to describe the general symmetries of systems. Now they are indispensable tools in different aspects of
mathematics, like Poisson geometry, where they are used to integrate the Lie algebroid associated to a Pois-
son manifold, and noncommutative geometry, where groupoid C*-algebras generate a range of objects with
interesting index and K -theory.

In this chapter, we will give a short introduction to groupoids and describe the smooth version of these
objects, which can be viewed as a groupoid object inside Diff, the category of smooth manifolds. The main
tools one can use to work with them are similar to the ones used in Lie group theory, like translations, but also
ones which make use of the categorical nature of groupoids, such as bisections, isotropy groups, and properties
on source fibres. We will then go over some examples and constructions of Lie groupoids, which will prove
useful later. The chapter finishes with a discussion of Morita equivalences based on bibundles. The main

references are [deli3, Macos, Maco7, Meiry|.

2.1 Categories of Lie groupoids

As the name suggests, Lie groupoids are the smooth version of a groupoid, just like a Lie group is the smooth
version of a group. Hence, to introduce Lie groupoids, we first need to define groupoids themselves. The study
of groupoids is not limited to Lie groupoids, and has been studied for far longer, cf. [Bro68]. We will start with

a short, yet effective definition of a groupoid.

Definition 2.1.1. A groupoid is a small category whose morphisms are all invertible. Additionally, a

subgroupoid is a subcategory which contains all inverses.

This definition of a groupoid is efficient, yet not very insightful into the internal structure. As we want to
impose additional geometric requirements on groupoids later, we will unravel the intrinsic structure of such
objects. Hence, we will give a second equivalent definition where we view a groupoid as an algebraic object
similar to a group, where we only have a partial multiplication. Alternatively, one can view them as groups

which have multiple identity elements.

21
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Definition 2.1.2. A groupoid consists of a pair of sets G and Gy, called the set of arrows and set of objects,

respectively. Associated with these sets, we have structure maps:

o The source map s: G — Go and target map mapt: G — Go. If g € G has s(g) = x and
t(g) = y, then we sometimes denote thisas y < zeg. Additionally, we define the following
sets? :

gm = 3_1($)7 gy = t_l(y)7 gv}c/ = gﬂ? N gy’
G™ ={(g1,- -, 9n) € G"| 8(g:) = t(gi+1)} -

The set G, is called the s-fibre at x (read: source-fibre), and GY the t-fibre at y (read: target-fibre).
We call G the n-composable arrows, orif n = 2 just the composable arrows, andif (g, h) € G (2)

we call g and h composable.
o The multiplicationm: G® — G: (g,h) — gh.
o The unit map or object inclusion w: Go — G: x — 1.
o The inversioni: G — G: g — g~ L.
The source and target maps interact with the other structure maps as follows:
o 8(gh) = s(h) and t(gh) = t(g) forall (g, h) € G2,
o 8(1y) =t(1y) = xforallz € Gy.
o 8(g71) =t(g)and t(g7') = s(g) forallg € G.
The other structure maps then abide by grouplike axioms.
o g(hk) = (gh)kforall g, h, k € G such than (g, h), (h, k) € G,
o gly =1,9 =gforally <<z € G.

1

o g lg=1,andgg~! =1, forally + z € G.

A subgroupoid in this sense is a pair H C G and Ho C G such that s(H) = t(H) = Ho, and itis
closed under mulltplication and inversion, i.e. m(H x H N G?) C Handi(H) C H.

“We can define similar notions where z, 1/ are subsets U, V' C M, which are then denoted as Gi, GV, G/ .

Notation. While a groupoid consists of a pair G and Go, we will often view Gy as internal to G, by
considering its inclusion via w. Therefore, we will associate a groupoid with its set of arrows G. In this
case, the object set is always denoted with a subscript 0.

If we want to specify a set of objects, say M, we will write G = M.

Notice that a groupoid still abides by some group-like structure. For example, the units and inverses are
unique, in the sense thatif y +*— € Gand (h, g) € G then hg = gimplies that h = 1,, and if hg = 1y,
thenh = g1

Let us consider some examples, which showcase how groupoids can describe generalisations of symmetries.
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Example 2.1.3. Consider a vector bundle 7: V' — M and define G1(E) as the set

GIE) ={(z,A,y)|x,y € Mand A: E, — E, alinear isomorphism} .

This defines a groupoid over M where y (GAY) 1 and the multiplication is (y, 4, 2)(z, B,y) = (z, AB, 2).

//

Example 2.1.4. Consider the fibre bundle pry: M x M — M and let C§; denote the sheaf of local sections
of this surjective submersion. A section of this sheaf, say f € C37(U), can be viewed asamap f: U — M by
considering its second projection. We can then consider the subpresheaf Diff s defined by

Diffyy = {f € Cy7| f: dom f — im f is a diffeomorphism}

This defines only a presheaf, as glueing diffeomorphisms may make them noninjective. Yet this set admits a
composition

o: Diffyr x Diffpy — Diffar: (f,9) = f o glg=1(dom p)

This composition is associative and has a unit, namely id 57, and it admits inverses.

A pseudogroup (on M) is a subset G C Diff 57 such that
o GoG C GG c Gandidys € G,
o if f € Diffp;(U) and U = J;c; Ui then f € G(U) if and only if f|y, € G(U;) foralli € 1.

This means that G has grouplike properties and it is defined by local data.

A pseudogroup in particular defines a groupoid, by restricting the multiplication to a fibred product over
the domain and image map, i.e. Diff 5/ ; %, Diff 57, wheredom: Diffy; — Oprandim: Diffy — Oy
send a diffeomorphism to its domain and image, respectively, where O s denotes the collection of open subsets
of M. The source and target are then exactly given by dom and im, while the multiplication is the restriction
of o. The unit at an open is simply the identity map of that open, and the inverse is by taking the inverse.

Clearly, this manner of taking a groupoid loses a lot of information. We can retain more information about
a pseudogroup on M by considering germs of the map. The objects of our groupoid are given by M and the
arrows by

G ={germ,, f| f € Gandx € dom f}

The structure maps are defined as follows:
s(germ, f) =z, t(germ, f) = f(z),

germ, f - germ, g = germ,(fog), 1, = germ,idy, (germ, f) = germf(x)(ffl)

One can verify that this indeed defines a groupoid structure on G = M.

Notice that some f € Diffyy is fully determined its collection of germs, {germ,, f} as a subset

r€dom f>
of G. Namely, we recover f via f(z) = t(germ,, f). This implies that it is a so-called separated sheaf. //

To fully describe the structure of groupoids, we want to describe an appropriate category into which they
fit. As we view a groupoid as a category, there is an obvious choice of maps, namely functors. Given the remarks

after Definition 2.1.1, we will describe this in more detail related to the internal structure of a groupoid.
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Definition 2.15. A groupoid morphism from G to H consists of a pair of maps ¢: G — H and
¢o: Go — Hog such that

popos=s0¢, ¢oot=top, ¢(gh)=d(g)¢(h)forall(g,h) e G?.

We call ¢ the map of arrows and ¢q the map of objects or base map.

Notation. Similar to how a groupoid is determined by the set of arrows and the structure maps, where
we can view the objects as a structure internal to it, a groupoid morphism is fully determined by the
map of arrows. The object map of a groupoid morphisms (¢, ¢) can be recovered as g = so o u.
Therefore, we will identify a groupoid map with its map of arrows. We will always implicitly assume

¢ is the object map of a groupoid map ¢ if there is no possible confusion.

By using the above notation, the composition of groupoid morphisms is simply given by the composition

of the maps of arrows, and in particular, this defines a category.

Definition 2.1.6. The category of groupoids with groupoid morphisms is denoted by Grpd.

Let us now extend these ideas to the smooth category. This definition will very much be in the same spirit
as a Lie group; however, we need some more conditions for it to make sense. We will also generalise the concept

of a groupoid morphism and introduce the concept of a Lie subgroupoid.

Definition 2.1.7. A Lie groupoid is a groupoid G, where both the spaces of arrows and the base space
are manifolds, the structure maps are smooth, and s and ¢ are submersions.

A Lie groupoid morphism between Lie groupoids G and H is a groupoid morphism which is also a
smooth map.

We denote the associated category of Lie groupoids with Lie groupoid morphisms by LieGrpd.

Remark. In this thesis, we will assume our Lie groupoids to be Hausdorft. In general, one often assumes only
the source and target fibres to be Hausdorft, but not the whole space in total, as there are natural constructions

of groupoids with a nonHausdorff topology. //

Let us delay giving examples of Lie groupoids until we have defined some more properties for us to discuss
in tandem.

The translation from groupoid to Lie groupoid is akin to that from group to Lie group, except for the
additional requirement that s and ¢ are submersions. This assumption is needed to make sure that G(2) is
an embedded submanifold of G x G, such that the multiplication can be smooth in a canonical manner. Of
course, one could go with a weaker transversality condition like clean intersections. However, the source and
target map being submersions will prove useful in the future, for example, it automatically implies that their

fibres are embedded submanifolds. The structure maps have some additional nice geometric properties.

Proposition 2.1.8. Let G be a Lie groupoid; then the inversion is a diffeomorphism; moreover, it restricts

to a diffeomorphism i: G, — G* for any x € Go. Additionally, the unit map is a closed embedding.

Proof. As the inversion is its own inverse, it is a diffeomorphism. As s and £ are submersions, the s- and ¢-fibres
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are automatically embedded submanifolds and thus 2: G, — G is a smooth map whose image lies in G*, and
similarly for 2: G — G. These restrictions are then each other’s inverses, and therefore 2: G, — G%isa
diffeomorphism.

To see that the inclusion is an embedding, we remark that it has a left inverse given by the source (or target).
Moreover, itis closed as themap §: G = G x G: g — (g, gg ') is continuous and the units can be identified
with 6 "1(A), where A denotes the diagonal. This diagonal is closed as G is assumed to be HausdorfF. Ul

Remark. If we only assume that s is a submersion, then the fact that % is a diffeomorphism and ¢ = s o ¢
implies that ¢ is automatically a submersion. Remark that ¢ being a diffeomorphism only depends on itself

being smooth. We will use this without mentioning it going forward, as it reduces a lot of arguments. //

Proposition 2.1.9. A Lie groupoid morphism which is a diffeomorphism is a Lie groupoid isomorphism.

Proof. Let ¢: G — H be a Lie groupoid morphism with a smooth inverse ¢~ 1. Suppose (h1, ha) € H?),
then there exist g; € G, with i = 1,2, such that ¢(g;) = h;. Remark that ¢ 0 s(g1) = s(h1) = t(ha) =
¢o0t(g2). As ¢o is the restriction of ¢ to the units, itis also a diffeomorphism. Thisimplies that (g1, g2) € G (2)

and we can conclude that:

¢~ (hiha) = 7 (d(91)6(g2)) = & (H(g192)) = 9192 = ¢~ (h1)$ ™" (g2).

This shows that ¢! is indeed a Lie groupoid morphism and ¢ is thus a Lie groupoid isomorphism. O

Lastly, we want to define the notion of a subgroupoid. Where normally, one takes an internal object of the

groupoid, we will give a slightly more general definition, as this is the norm in the theory of Lie groupoids.

Definition 2.1.10. A Lie subgroupoid of a Lie groupoid G is a pair (H, ¢), where H is Lie groupoid and

t: H — G is a Lie groupoid morphism which is additionally an injective immersion.

In the case that a Lie groupoid is also an embedded submanifold, we automatically see that o(Ho) C Go
is also an embedded submanifold. Therefore, the restriction of the structure maps of G to ¢(H) is smooth.
Additionally, using that H is a Lie groupoid and ¢ a Lie groupoid morphism, we deduce that the source map
is a submersion. Therefore ¢(#H) C G is a Lie groupoid in itself, which is then isomorphic as Lie groupoids to

H. Hence, we will identify Lie subgroupoids which are embedded with their images in the total groupoid.

2.1 Translations, bisections, isotropy groups and orbits

For Lie groups, much of the rich geometric structure follows from their homogeneous nature, in the sense that
the left and right translations define diffeomorphisms of the whole group. In the case of Lie groupoids, given
an arrow in a groupoid, say y e G, we do not obtain a diffeomorphism on the Lie groupoid, but only

on the source and target fibres:
lg: G* = GY: hgh, 14:Gy — Gyt h— hg,

which we call the left and right translation maps by g, respectively. Additionally, we define the conjugation by
gascy: G — Gy h— ghg™L.
Similar to Lie groups, cf. [DKoo], the first-order approximation of the multiplication is given by the left

and right translations.
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Proposition 2.r.it. For (g,h) € G with s(g) = t(h) = 2, X € T,Gy and Y € T,G* we have

Tigmym(X,Y) = Tyrp(X) + Thlg(Y).

Proof. Take some (g, h) € G with s(g) = t(h) = 2, X € T,G,andY € T,,G®. The tangent spaces of
the s- and t-fibres are given by 7,G, = ker Tys and T),G* = ker Tjt, such that Tys(X) = 0 = Tpt(Y).
Notice that the tangent space of a fibre product is isomorphic to the fibre product of the tangent space, and

thus we have the following:
(X,Y),(0,Y),(X,0) € TyG 1,5 %73, ThG = T(g1)G"”
We can conclude that € T}, ;,G»). The following then holds by linearity:
Tigym(X,Y) = Tignym(X,0) + T(y ym(0,Y)

We will only prove that T{, ym(X,0) = Tyry(X), as an analogous proof will give T{, ,ym(0,Y) =
Tylg(Y'), such that the result indeed holds.

Let us pick a path ¢: (—¢, €) — G, such that ¢(0) = gand $(0) = X. We can then extend this path to
v: (=€, €) = GOt (¢(t), h). Notice that 4(0) = (X, 0) and:

moy: (=€) = G:t > m((t) = m((t), h) = o(t)h = rr(¢(1)).
This implies that T, ,ym (X, 0) = Tyry(X). As remarked before, this proves our result. O

The above proposition implies that at a unit 1,, the first order differential of the multiplication is simply

the restriction of the addition. Explicitly, for some X € T7, G, and Y € T, G, it satisfies
Th,a,ym(X,Y) =X +Y.

For a Lie group, this equality implies that the first-order derivative of the multiplication cannot capture any
nonabelianess. As for a Lie groupoid, this is slightly more complicated as the converse multiplication of some
composable g and h might not even be defined, as s(h) does not need to equal £(h). However, we can restrict

to subsets where these expressions do make sense.

Definition 2.r.12. Let G be a Lie groupoid and x € Gy. The dsotropy groups at x is given by G

In particular, the isotropy groups define a bundle of groups p: G — M, where G = J ), G5 and
p(g9) = s(g) = t(g). Remark that the fibres of p are indeed groups, where the multiplication is simply the
restrictions of gr. However, we can even show that they are Lie groups by proving that they are embedded
submanifolds of G. To show this, we will need a little more machinery. The motivation of which comes from
the fact that the left and right translations by an arrow are not defined on the whole groupoid. We can try to
extend this definition as follows:

A left-translation is a pair of maps L: G — G and Lg: Gg — Gpsuchthatt o L = Lgot,soL = s
and on each G there exists an y dore G such that L|g= = l4. Hence, this map is not characterised by a

single arrow, but by a family of arrows indexed by object. This leads us to the following definition:
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Definition 2.1.13. A local bisection of aLie groupoid Gisamapo: U C Gy — G suchthatsoo = idy

and too is a diffeomorphism. We will call alocal bisection defined on the whole of G simply a bisection.

Given a bisection 0: Gy — G we can define a left-translation by:
L,:G—G:g—o00t(9)g, Los:Go— Go: x> t(o(x))

This is an injective mapping, and as composition gives a group structure to the set of left translations, this
induces a group structure on the set of bisections.
One may wonder about the existence of such bisections, and much like for submersions, we can always

ensure the existence of a local bisection through any arrow.

Proposition 2.1.14. Let g € G, then there exists a local bisection o such that g € im 0.

Proof. Notice that s and ¢ are submersions and thus dim ker T;;s = dimker T3t = dim G — dim Gy. We

now remark that we can find some linear subspace C' C TG such that
T,G =kerTys ®C =ker T, t & C.

This follows from some simple linear algebra: Pick a basis {u;} for ker Tys N ker T,t and extend these to a

basis {u;,v;} of ker T;;s and {ui, v} of ker T,;t, remark that the dimensions are equal and therefore their
bases have the same size. Moreover, the union { v;, v ¢ is linearly independent. We then remark that we can
VRE] y p

extend the basis {ui, vj, vé} to a basis of V/, say {ui, vj, v}, Wy } Then consider C' = <Uj + U;, wk>R.

We can then consider an embedded submanifold S' > g such that T3S = C'. Remark that if we restrict s
and t to S, they are a submersion at g. Therefore, we can pick an open neighbourhood of g € S such that they
are of full rank everywhere. However, by counting dimensions, we see that they must be local diffeomorphisms.
We can then restrict to a neighbourhood U such that s: U — s(U) is a diffeomorphism. The inverse of s|is

will then be a local section attaining the value g. O

From the existence of local sections, we can find the following interesting results on the restrictions of the

target map to source fibres.

Proposition 2.1.1s. Let x € G, then t|g, : Go — Go bas constant rank.

Proof. To show that t|g, has constant rank, we will relate its differential at some g, h € G, by using a trans-
lation via a bisection. By Proposition 2.1.14, we can find a local bisection o: U — § attaining gh™!, and let
us denote V' = (t 0 0)(U). Notice that V is diffeomorphic to U as t o ¢ is a diffeomorphism. Consider the

left-translation induced by this local bisection, defined as
Ly: GV =G g moot(d)g.

Notice that this left translation satisfies Ly (h) = g. We want to show that this is a diffeomorphism and then
let it translate the tangent map of the target map from g to h. One can verify that the left translation with the
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following local bisection defines an inverse.
oV =Gz (ioo(too) ™) (z)=0c((too) Hz))™?

By a calculation, one can verify that indeed L, is the inverse of L. Moreover, we notice that L, induces the

following commutative diagram:

gv — Lo gV
tlgy tlgy
U—"77V
As GY and GV are open neighbourhoods of g and h in G, respectively, we can conclude that
Thtlg, o TyLolg, = Tyg)(to o) o Tytlg,

As Ly and t o o are diffeomorphisms, we can conclude that ¢ has constant rank. O

Corollary 2.1.16. Foranyx,y € Go, theset Gy C G isembedded, and the isotropy groups are Lie groups.

Corollary 2.1.x7. The subset Oy, = t(G,,) is an immersed submanifold of Go.

For x € Gy, we call the set 0, = t(G,) the orbit of x, and we will denote Go/G for the set of orbits.
Notice that the partition into orbits defines an equivalence relation on G, which is exactly given by the image
of (¢,8): G — Gy x Gp.

This partition of G into the orbits carries some important information on G, which will, in particular, be

invariant under Lie groupoid isomorphisms. Therefore, we let (¢, s) dictate some properties of G.

Definition 2.1.18. A Lie groupoid G is called proper/transitive, if (t, s) is a proper/ surjective map,

respectively.

Proposition 2.1.19. Let G be a Lie groupoid and denote f = (t,8): G — Gy x Go. Forany x € Gy
and g € [~(x) we have T, f~(x) = ker Ty f. In particular, if f is injective, then it is an immersion.

Proof. Let G be a Lie groupoid, and denote f = (£, s). Pick some y <z € Gandv € ker Ty f, which
implies that v € ker Tyt Nker Tys. As t|g, as constant rank, it follows that

T,GY = Tgtfl(y) = ker Tyt|g, = kerT,t NkerTys.

Thus v € T,GY. Hence, if f is injective, it follows that T,G¥ = Ty, {g} = {0}. Therefore T} f is injective,
and thus it is an immersion. O
2.1.2  Properties on fibres

Lastly, before we move to examples and constructions of Lie groupoids, we will go over a localised version of

imposing topological restrictions on our groupoids by only imposing them on the source and, thus, target
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fibres.

Definition 2.1.20. Given a diffeomorphism invariant property P of manifolds, we will say that a Lie

groupoid G is s-P if each s fibre has property P. A similar definition holds for ¢-P.

As inversion is a diffeomorphism between s- and t-fibres, a Lie groupoid is s-P if and only if it is £-P.
Notice that the Lie groupoid itself having property P, does not necessarily imply that it is s-P or vice versa.
These notions do coincide for Lie groups, as there the source fibre is the whole group. The idea is that many
statements holding for Lie groups with property P should hold for s-P groupoids. An important example of

this is the following proposition.

Proposition 2.x.21. Let G be a s-connected Lie groupoid, then any open neighbourhood U of Go C G
generates the whole groupoid in the following sense: Forany g € G, there exist a finite collection {u;}" | C
U such that g = uiusg - - - Up.

Proof. Let G be a s-connected Lie groupoid and U C G and open neighbourhood of Gy. Remark that we can
assume that ¢(U) = U, as we can always consider ¢(U) N U, which will contain Gy = 4(Gp). Let us denote
(U) for the following set

<U>:{u1...un€g\n€N, u; € U, (Ula---,un)eg(n)}_

We will show that (U), = (U) NG, is clopen for any € Gy, which, combined with the fact that the s-fibres
are connected, implies that (U), = G, and thus (U) = G.

To see that it is open, define U]} = {u1 | ug € U, (ugy ... up) € G, s(uy) = x} and notice
that (U), = Uy~ U. We can rewrite the set U} inductively using the right translation of the Lie groupoid
as

vz = U (Ui)) € G
9€U;
Asfor thecasen = 1, we recover U a} = UNG,, which is open in the subspace topology of G, we can conclude
that U} is open for any n and thus (U}, is open.

Next, remark thatif g € G\ (U), then74(UNGy(g)) is open in G, and itis disjoint of (U) .. This shows
that (U),, is a closed subset of G,

We conclude that (U),, is clopen in G, and using the s-connectedness it follows that (U), = G,. This
implies that (U) = G and thus any g can be written as the product of elements in U. O

Remark. Notice that this proof only relies on the topological properties of the Lie groupoid. //

Proposition 2.1.22. Let G be a Lie groupoid, and H a subgroupoid (notice this is a priori not a Lie

groupoid). If H is an embedded submanifold of G, and it is s-connected, then H is a Lie subgroupoid.

The proof of this proposition uses the following somewhat unusual lemma.

Lemma 2.1.23 ([KMS93, Thm. 1.13]). If f: M — M is a smooth map such that f o f = f, then
im f C M is embedded. Moreover, there exists an open neighbourbood U C M of f(M) such that
f: U — f(M) isa submersion.
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Proof of Proposition 2.1.22. Remark thatuos: G — G restricts to asmooth map H — H such thatuosouo
8 = uos. By Lemma 2.1.23, it follows that im © o s is an embedded submanifold of H, however, this is exactly
the set of units Ho C H. The structure maps of H, except for the multiplication, will then be automatically
smooth as they are the restriction of smooth maps. Let us denote the structure maps of H with a tilde.
Lemma 2.1.23 additionally provides an open neighbourhood U C H of H such that w o s is a submer-
sion. As u is an embedding, it follows that s is a submersion as well. Remark that by possibly shrinking U,
we find that £|7 is a submersion and 4(U) = U. It follows that the restriction of the multiplication map of H

to U in the right components i.e. the following map:
H’gX’{U — H: (g, k) — gk,

is still smooth. Therefore, the restriction of the right translation for some £ € U is also smooth and by the

choice of U itis a diffeomorphism. This results in an isomorphism of tangent spaces forany (g, k) € H 5 x;U:
Tyrrip—1: ker Typs — ker Tys,

where we identify TypHg(r) = ker Typs and TyHy () = ker Ty s. Using Proposition 2.1.21, we find that H
is generated by U. From this, we can conclude that s is a submersion at all points of . As mentioned before,
this automatically implies that ¢ is a submersion as well. This then implies that m: H 3 X{H — H is smooth

as well, such that we can conclude that H is a Lie subgroupoid. O

Without the assumption that H is t-connected, this result may fail to hold as seen from the following

example.

Example 2.1.24. Consider R x R = R, where the source and target maps are s(z,y) = t(x,y) = x and

the multiplication map is the addition on the second component, such that

(@,9)(z,2) = (r,y+2), 1o=(2,0), (2,9)7" = (z,~y).

In other words, it is a bundle of groups over R, where the group is (R, +). Consideramap f: R — R:
Y(x)z 3 + 1, whereip: R — R is some bump function with support in [—1, 1] such that V|(—e,e) = 1for
some € > 0. Remark that the graph of this map is a submanifold of R? and that the tangent space at (0, f(0))
is given by <8% > We can define a set-theoretical subgroupoid of G by

H={(z,kf(z)): zeR, keZ}.
However, this does not define a Lie groupoid as the source and target maps are not submersions at (0, 0). //

In particular, this lets us show that any Lie groupoid contains some s-connected subgroupoid.

Corollary 2.1.25. Theset G° = Useg, €9z, 12), where C (G, 15) denotes the connected component
of 14 in Gy, is an S-connected Lie subgroupoid of G.

Proof. Let G be a Lie groupoid, we remark that GO can be determined using the source-foliation of G, denoted
Fs,as
G° =Urer, gL
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Notice that Gy is a transversal to s and thus its saturation, given by GY, is open. Therefore, it is an embedded
submanifold of G and by construction it is s-connected.

Lastly, we need to check thatitis indeed a subgroupoid, such thatit is closed under multiplication and inver-
sion. For the multiplication, we remark that for y dore GO, the right translation defines a diffeomorphism
rg: Gy — Gy and it in particular maps connected components to connected components. As Tg(ly) =g,
it will indeed map C/(G,, 1,) to C(Gx, 1) and thus the multiplication restricts to a map on G. As for the
inversion, we notice that 74(g™!) = 1, such that g1 is in C(Gy, 1,/) by a similar argument. Clearly, it also
contains all the units.

It now follows from Proposition 2.1.22 that G 0isindeed a Lie subgroupoid of G. O

2.2 Examples of (Lie) groupoids

Let us now discuss a series of examples of (Lie) groupoids. Notice that many of the following constructions
could be performed in the nonsmooth or topological case, leading to weaker versions of groupoids like topo-

logical groupoids.

Example 2.2.1. Given a Lie group G, we can interpret it as a Lie groupoid

G
tus (arrows: % <2— %)

Conversely, any Lie groupoid where the base manifold is a point is a Lie group. In this setting, where the object

space is a point, Lie group homomorphisms are exactly the same as morphisms of Lie groupoids. //

Example 2.2.2. Given a manifold M, we can consider the pair groupoid

M x M
prl\LLpr2 (arrOWS: y §x7_y) fE)
M

where the source map is s = pry and the target map £ = pr;. As this is the Lie groupoid with a single arrow
between any two objects, the multiplication, units and inverses are uniquely determined by the source and
target relations they satisfy. A map of manifolds induces a Lie groupoid morphism on the pair groupoids, and
Pair is therefore a functor. Remark that any Lie groupoid G = M admits a Lie groupoids morphism to the
pair groupoid of its object set, given by (¢, s): G — Pair(M).

If we additionally have a submersion p1: M — N, we can define the submersion groupoid as fibre product
M @ X #M :

M, x,M o)
prluprQ (arrows: y 2 zif p(y) = p(z))
M

It is not hard to see that this is a Lie subgroupoid of the pair groupoid. In particular, if = idaz, then
M %, M = M and we will call it the identity groupoid. //

Example 2.2.3. If GG is a Lie group with aleft action on M, denoted by ov: G'x M — M, then define G x M,
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called the action groupoid:

G x M
allprl (arrows: g G x)
M

where the structure maps are as follows:

s(g,m) =m, t(g,m)=gm, gr((g,m),(h,n)) = (gh,n).

This groupoid encapsulates various properties of the action. Specifically, the action is free, transitive, or proper
if and only if (¢, s) is injective, surjective, or proper, respectively. Furthermore, the isotropy groups of the
action groupoid correspond precisely to the stabilisers of the action, while its orbits are exactly the orbits of the
action.

Remark that for right actions a similar construction exists, which we denote by M x G. //

Example 2.2.4. Let m: P — M be a principal G-bundle, then consider the diagonal action G on P x P,
explicitly given by (p, ¢)g = (pg, qg). As the action on P is free and proper, so is this action. The quotient
of the product by the diagonal action is then a well-defined manifold, and 7: P x P — (P x P)/Gisa
G-invariant surjective submersion. Remark that 7 o pry and 7 o pry, are constant on the fibres of 7 and thus
they descend to the quotient, denoted by tands respectively. Moreover, as they are surjective submersions, so

is the map on the quotient. We then obtain the Gange groupoid, denoted by P:
(P x P)/G |
i|Js (arrows: 7(p) 2L 7(q)),
M

The source and target are explicitly given by S [p, ¢] = 7(¢) and £ [p, g] = 7(p). For the multiplication, we

remark that a principal G-bundle comes with a diffeomorphism:
P xG— PxP:(pg) (p,pg),
whose inverse is written as
P_x.P— PxG:(p,q) — (p,[p:4q)).

Where [p : g] € G is the unique element such that [p: q] ¢ = p. Hence, if ([p, q],[p,¢]) € P@) then

p' = [p': q] g and therefore we can define the multiplication as:

m: P® = P: ([p,q, [V,d]) = [[¢p: d]p.d].

It is an easy check that this is indeed independent of the choice of representative.
Animportant property of gauge groupoids is that they are transitive, and they classify all transitive groupoids

up to isomorphism. //

Example 2.2.5. Let G be a Lie groupoid, we define GP for the groupoid whose objects are given by Gp and

arrows by G. The structure maps are given by:

Sop(9) =t(9), toplg) = s(9),

Mep - g Xtopg = gtxsg - g: (h,g) = m(g’ h)’ Uop = U, iOp = 1.

Sop
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Heuristically, this corresponds to reversing all the arrows in de groupoid; therefore, it is called the opposite
groupoid of G. Notice that2: G — G°P defines a Lie groupoid isomorphism. //

Example 2.2.6. Take a Lie groupoid G and a manifold M, then C*°(M, G) is a groupoid over C*>° (M, Gy),
where the structure maps are pointwise, i.e. for F, G € C*(M, G):

(s(F)(x) = s(F(x)), (¢(F))(z)=t(F(z)), m(FG)(z)=F(r)G(z).

Similarly, the unit and the inversion are pointwise. Notice that we can identify the composable arrows of
(C>°(M, G)) with C>° (M, G?)). This identification is given by sending a pair (F, G) € (C*=(M,G))®? to
themap (F,G): M — G x G: x — (F(z),G(x)). Notice that

such that im(F, G) ¢ G2,
Given ¢: G — "H a Lie groupoid morphism, we obtain an induced groupoid morphism, called the push-
forward, given by:

¢y: C°(M,G) - C*°(M,H): F— ¢oF.

Dually, if we start with amap f: M — N, then we obtain the pullback:
[ C®(M,G) - C*°(N,G): F+s Fof.
This also defines a groupoid morphism. //

Example 2.2.7. Let G and H be Lie groupoids, then G x H has the structure of a Lie groupoid over Gy x Hg
with the component-wise structure maps. This groupoid is called the product groupoid.

The product of two groupoids comes with the usual universal property of products and thus also with
canonical projection maps mg: G X H — G: (g, h) — gand gy : G X H — H: (g, h) — h, which are Lie
groupoid morphism. Moreover, for any choice z € Hg we get a Lie groupoid morphism which is the inclusion
atz, defined by t,: G — G x H: g — (g, 1;). A similar inclusion exists for z € Gy. //

One useful application of the product groupoid is that it measures whether a smooth map is a Lie groupoid

morphism in the following sense.

Lemma 2.2.8. For Lie groupoids G and H and a smooth map ¢: G — H, the following are equivalent:
i) @ is a Lie groupoid morphism,
ii) gr(¢) = gr(¢o) isa Lie subgroupoid of G x H.

Proof. Let G and H be Lie groupoids, and suppose that ¢: G — H is a map between them.
i) = ii): Suppose ¢ is a Lie groupoid morphism. As it is a smooth map, its graph is a closed embedded

submanifold of G x H. Moreover, if (g, ¢(g)), (h, #(h))) € (G x H)?), then

(9, 0(9))(h, ¢(h)) = (gh, ¢(g)#(h)) = (gh, d(gh)) € gr b,

and

(9:09) " =g " ole) ™) =97, o(g™")) € gro.
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This implies that it is closed under multiplication and inversion. Additionally, if (z, ¢o(x)) € gr(¢o), then
the unit satisfies (1, 1y, (z)) = (1o, #(12)) € gr(¢). Moreover, we can check that s and £ map into gr(¢y).
We conclude that gr(¢) = gr(¢o) is a subgroupoid of G x H.

Next, we remark that if (u, v) € T(,,) gr ¢o, then v = T'g(u) and we can find a path y: (—¢,€) — Go
such that 4(0) = w. Additionally, suppose that (g, h) € gr ¢ such that s(g, h) = (z,y), we can then pick a
sectiono: U C Gy — G of s such that o(z) = g. Set 3(t) = o(7(t)), then it follows that T's(5(0)) =
and T's(T(7(0))) = Tabo(Ts(3(0))) = Two(u) = v. Therefore, s is a submersion and gr ¢ is a Lie
subgroupoid of G x H.

ii) = i) Suppose that gr ¢ is a Lie subgroupoid, then for any g, h € G we remark that

(gh, #(9)p(h)) = (9, (9))(h, $(h)) € gr

This implies that ¢(gh) = ¢(g)¢(h) and thus ¢ is a Lie groupoid morphism. O

Example 2.2.9. Let G and H be two Lie groupoids such that dimG = dim H and dim Gy = dim H.
Define G [ [ H as the Lie groupoid over G [ [ Ho where the structure maps are induced by the disjoint union.

//

Example 2.2.10. Let G be a Lie groupoid, then 7'G defines a Lie groupoid over T'Gy where the structure maps
are the tangent maps of the original structure maps. This groupoid is called the tangent groupoid //

2.2.1 Constructions via clean intersections

Besides some general examples and basic constructions of Lie groupoids and groupoids, we now want to work
on some of the more involved constructions using more of the geometrical data. In particular, the main goal
of this section is to describe the fibre product and pullback construction of Lie groupoids. However, as we
are working in the smooth setting, these will not always exist. To fix this, we will introduce the concept of a
clean intersection and show that this is enough to ensure the smoothness of the structure maps and the sub-
mersiveness of the source and target. A great summary of the application of these results for Lie groupoids can
be found in [Meiry, Section 4.9], but the core results, that on fibred products, stem from [BCdH16].

Before discussing the geometrical situation, we go over the constructions for set-theoretical groupoids. As
groupoids are algebraic objects, the category Grpd is rather well-behaved, in the sense that it is closed under

many constructions.

Example 2.2.11. Let ¢: G — H be a groupoid morphism which covers an injective map; then im ¢ defines a
groupoid. Remark that if ¢ does not cover an injective map, then this may not be the case, as im ¢ might not
be closed under multiplication. For example, we can consider the groupoid I = {11«, 1y, 9, gfl} over I,y
where y 2 z. Then, consider the map ¢: I — Z which maps ¢(g) = 1and ¢(g~!) = —1. This defines a
Lie groupoid morphism whose image is {0, =1}/, which is not a subgroup of Z. //

Example 2.2.12. Let #,H' C G be subgroupoids, then H N H' = Hy N Hy, is a subgroupoid of G.  //

Example 2.2.13. Let G and H be groupoids, ¢: G — H a groupoid morphism, and take some subgroupoid
H' C H. The inverse image ¢ 1 (H’) defines a subgroupoid of G. In particular, the kernel of a groupoid
morphism is defined as ker ¢ = ¢~ (u(H,)). //
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Example 2.2.14. For a groupoid G and a function f: X — Gy we define the pullback groupoid, denoted f 'g
as the groupoid:

X pxG ox X
o[ (arrows: y L2 2 where t(g) = f(y), s(g) = ()
X

Hence, the source and target maps are the projections. Meanwhile, the multiplication is simply the multiplica-

tion of the arrows, while adjoining the correct source and target:

(2,9,9)(y, h,x) = (2, gh, )

The unitsare given by 1, = (2, 1(,, 2) and the inversion becomes (y, g, #) ™! = (x, g™, ). The pullback
groupoid lets us make a base change to a different object set. //

Example 2.2.15. If ¢: G — Kand: H — K are groupoid morphisms, then we can define the fibred product
groupoid, denoted by G , %, H as

G sxyH
(g:h) g h
txtusxs (arrows: (y,n) &<— (x,m) wherey <— x, n <— m)
Yo @0 X¢0HO

Here, the structure maps are induced by the inclusion G PRe wa C G xH, such thatit becomes a subgroupoid.

We can remark that the fibred product is a generalisation of all three previous constructions:

o Let H,H' C G be subgroupoids and denote t: H — G and V' H' — G be their inclusions, then
HNH = HLXL,H’.

¢ Let G and H be groupoids, ¢: G — H a groupoid morphism, and take some subgroupoid H C H.
The inverse of ' under ¢ is isomorphic to G, x,H' as groupoids, where t: H' — H is the inclusion.

o Let G be agroupoid and f: X — Go a function, then the pullback groupoid along f is isomorphic to
(X x X) Fxf X (1,59 as groupoids.

Categorically, fibred products are therefore the only important construction. //

If we directly translate these constructions to Lie groupoids, we run into the problem that the obtained
spaces may not carry a smooth structure any longer. Many examples of this can be found by considering the
identity manifolds and remark that the category of manifolds is not closed under taking inverse images, inter-
sections and fibred products. We argue that solving these difterential obstructions allows us to perform these
constructions in the category of Lie groupoids, without having to solve the submersiveness of the source and
target. The “correct” notion to fix these obstructions is that of clean intersections, which are a generalisation

of transversality of maps and are often neater to work with.

Definition 2.2.16. Let M be a manifold.

¢ Two embedded submanifolds Sy, So C M are said to intersect cleanly if S1 M S3 is an embedded
submanifold and 7'(S1 N S2) = T'S1 N T'Ss.
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o Amap f: N — M and an embedded submanifold S C M intersect cleanly if f~1(S) C N is
embedded and (T f) ™ (T4 (4)S) = T f ~(S) forallz € f71(S).

o Two smooth maps f;: N; — M intersect cleanly it f1 x fo: N1 x No — M x M intersects
cleanly with A C M x M.

Proposition 2.2.x7. If fi: N; — M fori = 1,2 have clean intersection, then their fibre product,
Ny PR No, is a an embedded manifold of N1 x Ny such that

T(Nl fl Xf2N2) == TNl Tfl XTfQTNZ'

Proof. Suppose that f;: N; — M fori = 1, 2 have clean intersection,then remark that
Ni g%, Ny = (f1 % f2)H(A).

It then follows from the definition that it is embedded with the appropriate tangent bundle. O

While categorically, the fibred product is the most important construction, in the geometrical case, we will
translate all the constructions to intersections instead. Hence, we first show that the intersections of cleanly

intersecting Lie subgroupoids are Lie subgroupoids.

Theorem 2.2.18. Let G be a Lie groupoid and H, H' C G embedded Lie subgroupoids which intersect
cleanly, then H N H' is a Lie subgroupoid.

Proof. Let G be a Lie groupoid, and let H, H' C G be embedded Lie subgroupoids that intersect cleanly. In
particular, their intersection as manifolds = H N H’ is an embedded submanifold of G. This implies that the
mapugosg: G — G, whenrestricted to K, remains smooth. The image of this restriction is exactly the image
of the intersection of the object sets Ko = H N H{, under ug, and hence by Lemma 2.1.23, the unit inclusion
is an embedding. It follows that all structure maps of the groupoid, except for the multiplication, restrict to
smooth maps on K. The remaining task is to verify that the source and target maps restrict to submersions,
which would then imply the smoothness of the multiplication.

We restrict our focus to the source map, as this will automatically imply that the target map is a submersion.
From Lemma 2.1.23, there exists a neighbourhood U of ux (Kp) in K such that ux o si|y is a submersion.
Since ux is an embedding, it follows that sic|¢s is a submersion as well. To extend this to all of /C, we use the

right translation in G, which induces an isomorphism of tangent spaces:
Tyrg-1: kerTysg — ker T, sg,

where we identify the source fiber tangent space 7G4y with ker Ty sg.

Since grH C G is an embedded subgroupoid, it intersects cleanly with the source fibres of G. Indeed,
forx € Go, we have H N G, = H, which is an embedded submanifold. Moreover, as 83y = sg|#, we have
Tysy = Tysg o Ty, where t: H — G is the inclusion. Since ¢ is an immersion, it follows thatat g € H

ker Tysy = TyH Nker Tysg.



2.2. Examples of (Lie) groupoids 37

A similar expression holds for ‘H'. Hence, for any g € K, we obtain the following isomorphisms:

Tyrg—1: TyH Nker Tysg — T1t(g>7‘[ N ker Tlt(g)sg
Tyrg—1: Tng NkerTysg — T1t(g)7'l/ N ker 11,86

Since 7 and H' intersect cleanly, we can take the intersection of the respective tangent spaces, yielding:
Tyrg—1: TyK Nker Tysg — Tlt(g>lC N ker Tlt(g>s.

Now observe that ker Tysx = T,k M kerTys, since S = s o t. Therefore, this defines an isomorphism
between ker Ty sic and ker T () SK> which we know is minimal. Hence, we conclude that s and ¢ are sub-

mersions, such that K is a Lie groupoid. ]

Corollary 2.2.19. Let ¢p: G — H be a Lie groupoid morphism and H' is a Lie subgroupoid of H such
that ¢ intersects cleanly with H', then the inverse image groupoid ¢~ (H') is a Lie subgroupoid of G.

Proof. Let ¢: G — H and H' C H be as in the lemma. Remark that the inverse image of " under ¢ can
be rewritten as pry (gr(¢) N G x H'). Remark that the restriction of pr; to the graph of ¢ is a Lie groupoid
isomorphism. Therefore, if gr(¢) and G x H’ have a clean intersection, then ¢! (#’) has an induced Lie
groupoid structure through this isomorphism.

Clearly, ¢~ (H’) is an embedded submanifold and as pr is a diffeomorphism it follows that gr(¢) NG x H'

is an embedded submanifold. For the tangent condition, we remark the following:

Tig.o(9) (8 6 NG X H') = Ty(pry Ty (H') = Ty(pry ) (Tyd) ™ Ty 1)

Using the fact that prl_1 = (id, ¢), we can remark that the following are equivalent:

( qu) (T¢(g H/) s Tg(b(v) c T¢(9)Hl,
= (0, Tyé(v)) € TyG x TyyH' = Tig,p(9)) (G x H'),
= (v,0) € Tig.p(9)8" & N T(g.p(9))(G x H').

Combining these two lines, we conclude that T( 4 () (&r @ NG X H') = T(g 4(4))8 & N T g.6(4))(G X H')
such that the intersection of gr ¢ and G x H' is clean. From Theorem 2.2.18 we can conclude that gr NG x H'
is a Lie subgroupoid of G x H and thus (;5_1 (H') C Gisas well. O

Corollary 2.2.20. If ¢: G — Kand: G — K are Lie groupoid morphisms such that ¢ and 1)
intersect cleanly, then G X, H is a Lie subgroupoid of the product groupoid.

Proof. We remark that the fibred product of ¢ and ¥} is the subgroupoid of G x H given by (¢, )1 (A). By
the previous corollary, we find that this is a Lie subgroupoid as ¢ and 1) intersect cleanly. O

Corollary 2.2.21. Fora Lie groupoid G and f: M — Gy smooth such that f x f and (t, s) have clean
intersection, then f'G: = (M %49 X pM = M) is a Lie groupoid.
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Proof. Asremarked in Example 2.2.15, the pullback groupoid is a special case of a fibred product groupoid. The

assumptions made above are exactly such that we can apply the previous corollary. O

2.3 Morita equivalences

In the simplest sense, we think of two Lie groupoids being the same if there exists a Lie groupoid isomorphism
between them. However, we can also construct a more general notion of equivalence between Lie groupoids,
where we do not focus on the internal structure but on the way they act on sets, called Morita equivalence.

To introduce this notion, we first have to discuss groupoid actions and bundles, before we can define so-called

bibundles.

2.3.0  Groupoid actions

A groupoid can be seen as a generalised symmetry of a system: whereas a group describes symmetries of a single
object, a groupoid captures symmetries between multiple objects. For example, GI(£) for a vector bundle £
or the groupoid of germs associated to a pseudogroup, see Examples 2.1.3 and 2.1.4. internally, a groupoid G
acts on its object set Go, by moving along the arrows. A core ingredient in these symmetries, is the fact that
some g € G does not act on all elements of the associated set, but this is mediated by some map: For example,
A € GI(E) “acts” on E, = 7 !(x), where z = s(A), but not on the whole of . Let us generalise this type
of symmetry to arbitrary manifolds M.

Definition 2.3.1. For a Lie groupoid G and map p: M — Go, a (left) action of G on p is a smooth
map:

a: Gyx,M: (g,2) = gx

which satisfies the following:

w(gz) = t(g), h(gz) = (hg)z, 1,z ="

We denote a left action by G C, M, and call (M, 1) or M a (left) G-space and ju the moment map.
Denote 0, = {gx EM:ge Qu(x)} for the orbit of 2%, and GY = {g € G: gv = y}. If x = y, we
call GF the stabilizer of .

“Similar definition exist for subset U C M, which we denote by Oy

Remark. A right action and other associated notions are defined similarly by interchanging the roles of s and
t and are denoted by M ,© G. Yet, when it is clear on which side the groupoid acts, we will simply refer to it
by an action. //

Remark. Notice that there isa 1-1 correspondence between right G-spaces and left GP-spaces ;where G is as

in Example 2.2.5. //

We already saw that a Lie group action can be encapsulated in an action groupoid. A similar construction

can be done for groupoid action as follows: Let G Cu M be a G-space, and define the following groupoid:
G X #M
auid (arrows: g ©?) 4 where s(g) = p(z))
M
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where the structure maps are defined similarly to Example 2.2.3. This is called the action groupoid and is denoted
by G %, M. Remark that a similar construction exists for right actions, which we will denote by M, x G.
The properties of groupoid actions are then defined through this action groupoid, inspired by the way action

groupoids encapsulate a Lie group action.

Definition 2.3.2. Let (M, 1) be a G-space, and (¢,8): G x,, M — M the source and target map
of the associated action groupoid. The action is called free, transitive, or proper if (t, s) is injective,

surjective or proper, respectively.
Example 2.3.3. Let G be a Lie groupoid, then G acts on G over id as
G s%a% — Go: (g,7) = t(g).

In particular, a Lie group acts on its object space, which is a singleton.

Notice that the orbits of this action are exactly the orbits of the groupoid, as described after Corollary 2.1.17.
The stabilisers of this action coincide with the isotropy groups of the Lie groupoid.

There is also a right action of G on G over id where we map to the source of g, but remark that these give

the exact same orbits and stabilisers. //

Example 2.3.4. A Lie groupoid G acts on itself from both the left (over ¢) and right (over s) by left or right
multiplication, respectively. The associated action groupoids are isomorphic to submersion groupoids via the

following isomorphisms:

g th %gsxsg: (guh) = (ghvh)u
Gs X G — G x,G: (g, h) — (g, gh).

From these isomorphisms, we can deduce that these actions are free and proper. Additionally, the action is

transitive if and only if the object set is a singleton, i.e. G is a Lie group. //

To extend our theory of G-spaces, we also need a notion of a map with respect to the G-space structure,
which we can do either invariantly or equivariantly, depending on the context. These definitions are again

similar to that of G-spaces, for a group G.

Definition 2.3.s. Let (M, 1) be a G-space and N a manifold, a smooth map f: M — N is G-
invariant if for all (g, x) € G 4x, M itsatisfies f(gx) = f(z).

Besides a good notion of an invariant map, we can also consider an invariant notion of a subset of a G-space.

Definition 2.3.6. Let (M, 1) be a G-space, an embedded submanifold X C M is called G-invariant
ifforall (g,7) € G 4x, X itsatisfies gv € X.

Proposition 2.3.7. Ler (M, v) be a G-space and X C M is a G-invariant subspace if and only if
Oy C X forall x € X. In particular, the G action over i restricts to X, and X coincides with its orbit
inthe G actionon M, i.e X = Ox.

Lastly, let us give a notion of a map which intertwines two actions, i.e. which is equivariant for two actions.
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Definition 2.3.8. Let (M, ;1) be a G-space and (IV, /) be a H-space, and ¢: G — H a Lie groupoid
morphism. Amap f: M — N isa G-H-equivariant map over ¢ if f(gx) = ¢(g) f(x) for any choice
(9,7) € G ¢x,, M. In particular, the following diagram must commute:

A particular example of an equivariant map is the moment map of a G-space with respect to the canonical

action of G on Gy.

2.3.2 Quotients by proper free actions

Given a G-space (M, 1) we obtain an equivalence relation induced by the image of (£, s) associated to the

action groupoid, i.e. the image of the map
Gox,M — M x M(g,z) — (9, x).

Similar to group actions, we can consider the orbit space of the action, denoted by M /G, or for left actions
sometimes as G\ M. This space is exactly the quotient by the induced equivalent relation. However, again,
similar to the case of Lie groups, this does not have an induced manifold structure. The geometric structure of

the quotient is controlled by the geometry of the induced equivalence relation through Godement’s criterion.

Proposition 2.3.9 ([Sero6, Thm. 12.2]). Let M be a manifold and R C M x M an equivalence

relation on M, then the following are equivalent:
i) R C M x M is a properly embedded submanifold and pry : R — M is a submersion.

ii) M/R isa manifold and q : M — M /R is a surjective submersion.

Proof. Let R be an equivalence relation on a manifold M and let g: M — M /R denote its quotient map.

i) = ii): Suppose that R is properly embedded in M x M and pry : R — M is a submersion. To show
that M/ R admits a smooth structure such that ¢: M — M/ R is a submersion, we will first show that it can
be reduced to alocal statement by showing it need only hold on an open cover, and then we will construct such

an open cover.

1) Suppose that {Uq} ¢ is an open cover of M by saturated sets, i.e. they satisty Un = ¢~ *(q(Us)) for
each @ € A, such that the quotient Uy /Ry, where Ry, = R N (U, X U,) is the restricted equiv-
alence relation, has a manifold structure. Additionally, assume that ¢: Uy — U,/ R, is a surjective

submersion.

As the quotient map is open and q(Uy) = Ua/ Ry it follows that {Us / Ra } o o defines an open cover
of M/R. Due to U, and Upg being saturated, their intersection, Uyg = Uy N Us, is as well. Let us
denote the induces equivalence relation as Rog = R N (Uag % Uyp). It follows that Uyg/Rag C
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Ua/Ra N Ug/Rg, as Uyp being saturated implies that any orbit of an element in the relation R is

completely contained in Uqg.

By assumption U, / Ry and Ug/ R carry a manifold structure, and as Uy g/ R is open it inherits one
from both, in both of which the quotient map ¢: Uys — Uap/Rag is a surjective submersion as it
is simply the restriction to open subsets. However, this implies that the induced smooth structures are
diffeomorphic and thus the transition maps between the smooth structures of U, / Ry and Ug/ R are
smooth. This implies that they glue together to a smooth structure on M/ R as well.

Next, we will show that we can drop the assumption of the cover being by saturated sets. Suppose that
U C M isopen, such that U/ Ry, where Ry = RN(U xU),isamanifoldandg: U — U/Ry isasur-
jective submersion. We will show that this translates to its saturations, given by Sat(U) = ¢! (q(U))
or Sat(U) = pry(R N (U x M)). Firstly, we remark that it will still be open as ¢ is a continuous open

map.

Secondly, we need to show that Sat(U) / Rgag () admits a manifold structure for which the quotient
map, i.e. ¢: Sat(U) — Sat(U)/Rga(v), is a surjective submersion. Remark that we have the follow-

ing canonically induced map:

a: U/Ry — Sat(U)/Rsayw): [7lg, — [x]Rsat(U) .

For the well-definedness, see that Ry C Rg,g(17)- Additionally, it is surjective as for any [y] : there

Rsat(u
existsan x € U such that q(y) = q(z),ie a([z]g,) = [x]RSat(U) = [y}RSat(U). Lastly, injectivity

follows as for any [x]RSat(U) = [y]RSat(U) withz,y € U, then
(z,9) € Rgary N (U x U) = RN (Sat(U) x Sat(U))N (U xU) = RN (U xU) = Ry.
We can conclude that [z] Ry = [y] Ry,» such that o is injective as well.

We now consider the following commutative diagram

RN (U x Sat(D))

prq 2]
U Sat(U)
| I
U/RU & > Sat(U)/RU

As gopry is asurjective submersion and pry, is surjective, it follows that o™ logisa surjective submersion.
The restriction o~ o g|s is still a submersion as U is open. We can then define a manifold structure
on Sat(U)/ Rgat(ry such that o is a diffeomorphism and by composing, we see that the quotient map
q : Sat(U) — Sat(U)/ Rgay(r) is also a submersion and thus Sat (U) / Rgay (1) is a quotient manifold.

We can conclude that, given a cover {Uq } o of M where Uy /Ry isa manifoldand ¢: Uy — Us/ R

is a submersion for each & € A, their saturations {Sat(U)q } ¢ 5 satisfies these properties as well.

The last step then needs to construct a cover of such opens. For some x¢ € M, define the following set

N = {v € TpxyM| (v,0) € T(yy w) R}, With Tz wo\R C gy 20) (M X M) = Ty M & Ty M.
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Pick some embedded submanifold W’ C M which complements N, i.e. T, W' & N = T, M, and
weset X = RN (W' x M), and we claim the following:
a) X C Risan embedded submanifold;

b) pry: ¥ — M is alocal diffeomorphism at (xg, o).
Let us prove these statements.
a) We remark that X is recovered from W’ as 3 = pI“l_l (W'), where pr; : R — M is a submersion

as pry is, this implies that X is an embedded submanifold.

b) To show thatpry: ¥ — M isalocal diffeomorphism at (2, (), we need to show that its differ-

ential at this point is an isomorphism.

For injectivity, we remark that a tangent vector in factors as
(v1,02) € Ti2.20) 2 C Tlagw0) RN (LegW' & Ty M).

Thus, if (v1, v2) € ker T\2,z0) Pr2 it follows that vy € Ty, W’ but0 = T20,20) pry(vi,v2) =
vg, such thatvy € N aswell. AsT,,,W/' N N = {0}, it follows that ker T

thus it is injective.

wo,z0) PT2 18 trivial and
For surjectivity, if u € T,y M we can find some v € Ty, M such that (v,u) € Ty, 4o R. As
Tp,,W' @& N, wecan find v; € T,,W’ and vy € N such that v = vy + vo. However, as
(v2,0) € T(zg,m0) R it follows that (v1,u) € T{4 4y R as well. This elements maps to u under
T

We can conclude that pry: ¥ — M is a local diffeomorphism at (z¢, 0).

wo0,z0) P2 and thus pry has surjective differential at (o, o).

From these two properties of X, we can conclude that there exist open neighbourhoods Uy € W/ x M
of (xp,z0) and Up C M of xq such that pry: ¥ N U; — Uy is a diffeomorphism. We can then find
some smooth map 7: Uy — pr;(Uy) such that (r(z), z) € ¥ N Uj. We remark that on W/ N Uy this

map takes the form r(x) = z as pry(x, x) = & = pry(r(x), ). We now define the following sets
U={zels|r(z) e W} =r"'WNU;) and W=UnW

These then define open subsets of W’ which therefore automatically carry a manifold structure. Ad-
ditionally, we remark that r(U) C W asr(r(z)) = r(z) due to r|y/ny, = id, and forallz € U
the element (2) € W is the only one equivalent to x as pr, is injective on this set. In particular, this

implies that there exists a bijection ¢: U/Ry — W which makes the following diagram commute:

U/Ry ¢ W

Through this bijection, we can induce a manifold structure on U/Ry; which is compatible with the

assumptions made in part 2) of this proof.

The construction in step 3) can be done around any point M, and thus this defines a cover of opens which

satisfy the conditions of step 2). Therefore, M/ R obtains a manifold structure.
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ii) = i): Suppose that M /R is a manifold and ¢ : M — M/ R is a surjective submersion. Notice that
we can obtain R as the following pullback:

rR— P2

2 M
pry J{q

M —*— M/R
It follows that R is a closed embedded manifold as g is a sutjective submersion. Moreover, we can remark that

forany (x,y) € Rsuch that z = g(z) = ¢(y) and we have that
Tl R = TuM 1,y %1, TyM

Next, pick some v € Ty, M, and consider T;yq(v) € Tj,M/R. AsTrq: T:M — T, yM/R = Tj,)M/R
is surjective, we can find some v € T, M such that T,q(u) = Tyq(v). In particular, it follows that (u, v) €
Ty Rand T(, ) pro(u, v) = v, such thatit is indeed a surjective submersion. O

In particular, this has the following corollary.
Corollary 2.3.x0. Ler G act freely and properly on M over p, then the guotient M |G is a manifold.

Proof. Suppose that G acts propertly and freely over pi: M — Gy, in other words
a: Ggx, M — M x M: (g,7) — (97, ),

is a proper injective map and an immersion by Proposition 2.1.19. This implies that the induced equivalence
relation is an embedded submanifold.

Remark that the second projection pry: ima — M is a submersion, as for any (y, ) € im a we can
finda g € G such that xg = y. Suppose that U C M is an open neighbourhood of z, such thatoy: U — G

local bisection such that o1 (z) = g~1. Themapo: U = M x M: z + (zoy(z)~!

, ) is a section of pry
whose image lies in im a.

We can now apply Proposition 2.3.9, and we find that the quotient is a manifold. O

Remark. Given that Corollary 2.3.10 holds, we also obtain Proposition 2.3.9. Namely, given an equivalence
relation R which is closed embedded in M x M such that pry is a submersion, then it is a Lie subgroupoid of
the pair groupoid of M. The quotient of M by this groupoid is then the quotient by the equivalence relation.

//

We finish this section with a last definition, defining principal G-bundles, which are the groupoid equiva-

lent of the classical principal bundles.

Definition 2.3.11. Let G be a Lie groupoid. A principal G-bundle is given by a G-space (P, ) with a

G-invariant surjective submersion 7: P — M such that the map
Gx P — P, x.P:(g,p) — (9p,p)

is a diffeomorphism.
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Notice that, just like in the classical case, there is a correspondence between principal G-bundles and free

and proper actions of G.

Proposition 2.3.12. A G-space (P, ) with a G-invariant surjective submersion w: P — M is a prin-
cipal G-bundle if and only if the action is free and proper, and T : G \P — Misa diffeomorphism.

2.3.3 Products with G-spaces

Given a G-space M and some manifold IV, we obtain a canonical action on M x NN over j o pry, where ft is

the moment map of the G action on M. This action is then defined by

(M x N) xtG — M x N: (2,y,9) — (2g,y).

popry

This induced action acts nicely within the collection of G-spaces.

Proposition 2.3.13. Let (M, 1) be a G-space and N some manifold, and let M X N carry the action as
above. Then:

i) The first projection pry: M x N — M is G-equivariant.
ii) The second projection pro: M x N — N is G-invariant.

iii) If the action on M is free (vesp. proper), then the action on M x N is free (vesp. proper).

Proof. The fact that the induced map defines an action, such that the projections are equivariant and invariant,
should be clear. Additionally, if the action on M is free, then g(z,y) = (z,y) if and only if gz = x if and
only if ¢ is a unit.

Lastly, suppose that G acts properly on M, we need to show that the following map is proper:

ax: (M X N) ope, X¢G = M X N X M x N: (2,y,9) = (29,9, 2,9),

Let us denote apg: M, x,G — M x M: (z,g) ~ (xg,g), which is proper by assumption, and pr; for
the projection of (M x N) x (M x N) onto the i-component. Suppose that K C M x N x M x N is
compact, and remark that K1 = pry x pr3(K) C M x M and Ky = pr,(K) C N are compact as well.
One can readily verify that a;l (K) C Oz];[l (K1) x Kg,and therefore it is a closed subset of a compact subset,
which implies it is compact itself. O

We can also take the product of two G-spaces, (M, p) and (IV, v), by taking a sort of diagonal action.
However, the naive approach of trying to define an action on M x N fails, as there is no canonical moment
map on this set such thatan g € G can act on both components of M x N. To solve this, we instead consider

their fibred M, x,, IV, which has a canonically induced map o X v = ppopry =vopry: M, x,N —= Go.

Proposition 2.3.14. Let (M, j1) and (N, v) be a G-space, such that | and v have a clean intersection,
then M X N is a G-space with the action:

G Xy (M X, N) = M ,x,N: (g,2,y) = (g2, 9y).
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Moreover, with respect to this action:
i) The projectionspry: M X N — M andpry: M x N — N are G-equivariant.

ii) Ifthe action on M or N is free (resp. proper), then the action on M |, X, N is free (resp. proper).

Proof. Here, we need the condition of a clean intersection to make sure that M, X, N is an embedded mani-
fold, such that the action is automatically smooth. The rest of this proof is analogous to the proof of Proposi-

tion 2.3.13. O

2.3.4 Bibundles

To relate the spaces of actions by different Lie groupoids, we work with bibundles. These are manifold which
have an action of two Lie groupoids, which commute. We will see that in certain cases, these let us translate

between the spaces of Lie groupoid actions of different Lie groupoids.

Definition 2.3.15. For two Lie groupoids G and H, a G-H bibundle is a triple (P, pt, ) such that
o Gy Pisaleftaction,
o P O ™H is aright action,
o pis H-invariant, and v is G-invariant,

o forsome (g,z,h) € G ;% , P, x,H wehave (gz)h = g(zh).

Example 2.3.16. Let M be a left G-space, with moment map p. Consider the right action of the identity
groupoid M = M on M, overid: M — M. This defines a G-M bibundle. //

Remark. Notice that the collection of G — H bibundles corresponds with G x HP-spaces. From this corre-

spondence, the notions of orbits and stabilisers immediately translate to bibundles. //

A bibundle comes with two intrinsic invariant maps, namely 1 and v. By imposing additional conditions

on these maps, we obtain a stronger type of bibundle.

Definition 2.3.r7. If (P, j1,v) is a G-H bibundle we call G C), P 2 Hoand Gy «— P ,OH the left
and right underlying bundle, respectively.

A bibundle is then called lefz or right principal if the left or right underlying bundle is principal, respec-
tively. In the case where it is both left and right principal, it is simply called principal.

Example 2.3.18. A Lie groupoid G is a principal G-G bibundle with left and right multiplication as action.
Clearly, this defines a bibundle, and it is free and principal as the left and right multiplication are automatically

free and proper, see Example 2.3.4. //

Notation. Much like actions, we may omit writing the moment maps. Moreover, we will denote the
collection of G-H bibundles that are right principal by Pbb,g (G, H), and Pbb(G, H) denotes the
G-H bibundles that are principal.
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Much like a normal groupoid action, we can capture the geometric behaviour of a bibundle in a groupoid

structure as follows: Given a bibundle G Cy P yO™H, we can define the action groupoid G X P x H as

G X, P xH
(g:p;h)
tus (arrows: gph <—" p)
P

One can verify that (¢/, gph, h')(g,p, h) = (¢'g, p, hh') defines a groupoid multiplication. Alternatively, we
can view this as the action groupoid of the induced action of G X H°P on P. This automatically implies that

it defines a Lie groupoid. Moreover, we obtain canonical projection maps
prg: G X, P, x;H —G:(g,p,h) =g and pry: G x, P, xH—H: (9,p,h) h

which are Lie groupoid morphisms.
The notion of a map of G-spaces now extends to these double action structures, and so does the notion of

an invariant subspace.

Definition 2.3.19. An equivalence of G-H bibundles, say P and @), is a diffeomorphism f: P — @

which is both G- and H-equivariant. Additionally, a subset @ C P is called biinvariant if it is invariant
for the G and H action.

Next, we want to use bibundles to describe a category of Lie groupoids up to their representation theory,
or spaces of actions. In other words, we want to realise these bibundles as the morphisms in some category. For

this, we in particular need a notion of a composition of bibundles.

Proposition 2.3.20. Given P € Pbbygt (G, H) and Q) € Pbbye(H, K), then the space
PRQ= (P,uxaQ)/H
has the structure of a G-K bibundle that it right principle. Moreover, this assignment satisfies the following:

o It is associative up to isomorphism, i.e. (P Q) @ R= P ® (Q ® R).

o It is well-defined on isomorphism dasses, i.e. if P = P’ € Pbbyt(G,H) and Q = Q' €
Pbbygt(H,K), then P2 Q = P' ® Q'

Proof. Take some (P, i1, ) € Pbbygt(G,H) and (Q, o, ) € Pbbygi(H, K), which reads as the following

diagram:

Go Ho Ko

As o is a submersion, it has a clean intersection with  and thus we obtain an induced action on P, x @,

cf. Proposition 2.3.14. Due to the action of H being free and proper on P, the diagonal action on P, x @
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is also free and proper, see Proposition 2.3.14 as well. This implies that we can take its quotient to obtain a set
PeQ=(P,x,Q)/H.

On this set, we have an induced principal G — K bibundle structure by remarking the following: Consider
the induced action of G on P x @ and remark that P, X, @ is an invariant subset of this action as y1 is G
invariant. This implies that this has an induced G action and as the actions of G and H commute on P, the also
commute on P, X, @, such that it restricts to the quotient. Similarly, K induces an action on P ® @) as well.

To verify that the action is free, suppose that [z, y| = [/, ¥/] and (z, yk) = [2/, y/l]. The first equality im-
plies that there exists some & € H with 2’ = zhand y’ = hy such that (z, yk) = [#/,y/l] = [zh, hyl] =
[z, yl], where we used that the action commute. Therefore, we find some i’ € H such that zh/ = x and
h'~lyk = yl. As the action of H on P is free, we find that A/ is an identity and thus yk = yl. Now, because
the C action on @ is free, we find that k = [ and our K action on P ® Q) is also free.

For properness, we remark that K acts properly on P X (), see Proposition 2.3.13, and thus this descends

to a proper action on P, X, Q. Moreover, we have the following commuting diagram:

a: (z,y,k)—(zk,yk,k)

(PVXQQ)BXtIC (PVXaQ) X (PVXQQ)
gxid axq
P ® QBXt’C B: ([_’E,y},k)H([Ik,yk],[CE,yD P ® Q < P ® Q

Consider some compact K C P ® @ x P ® @ and let {U;} be a cover of K such that for each i the
closure U; is compact and we can find sections o;: U; — (P, x,Q) X (P, %,Q) of ¢ X q. Remark that we
can find such a section as ¢ X ¢ is a submersion and a manifold is locally compact. As K is compact, we can
assume this is a finite cover.

We can conclude that U; = a1 (0;(T;)) is compact as well and thus U=U ; U, is compact asitisa finite
union. Per construction, we know that 3~ (K) C ¢ x id(U), which is a closed subset of a compact and thus
it is itself compact. Therefore, K acts properly on P ® Q.

We conclude that P ® @) € Pbb,g (G, K) and the associativity up to isomorphism follows from the map:

(PoQ)®R— P®(Q®R): [[p,q],r] — [plg,7]]

Moreover, this construction is well-defined on isomorphism classes of bibundles. Namely, given equivalences

t: P — P'and ¢: Q — @', we obtain an equivalence

PRQ—P Q" [pq — [¥p) o).
0

The above proposition implies that bibundles that are right principal define a type of morphism on Lie

groupoids, when considered up to equivalence. We will denote the category by LieGrpd and remark

weak>
that this is a much bigger category compared to taking only Lie groupoid morphisms. In particular, given a
Lie groupoid morphism ¢: H — G, we obtain the bibundle. G Cy ot H sO H, where the right action is the
normal multiplication, thus itis free and proper, and the left action is the action by applying ¢. This bibundle is
right principal, and thus defines a morphism in LieGrpd
LieGrpd

two Lie groupoids are Morita equivalent if they are isomorphic in LieGrpd

weak- As we allow for more morphisms in the category

weak> We obtain a weaker notion of equivalence, which we will call Morita equivalence. In other words,

weak*
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Moreover, under the identification of a G-space with the right principal G — M bibundle, we can see that
P € Pbbygt (G, H) defines a map

P: G-spaces — H-spaces: M +— P ®@ M.

Therefore, they define maps on the collections of G-spaces.

We will finish this chapter with a slight reformulation of the notion of a Morita equivalence.

Proposition 2.3.21 ([del13, Thm. 4.6.3]). Let G and H be Lie groupoids, then the following are equiva-
lent:

o G and H are Morita equivalent.

o There exist a principal G — H bibundle.

Remark that there is an equivalent description in terms of generalised maps, which are constructed using

localisation with respect to so-called weak equivalences. For details on this construction, refer to [MMos3,delrs].



Chapter 3
VB-groupoids

As we saw in the first chapter, vector bundles play a critical role in the theory of surjective submersions and fibre
bundles, through the use of connections. With an eye on the goal of describing such objects in the multiplicative
setting of Lie groupoids, we need to translate these ideas to involve the multiplicative setting as well. The primal
example of the structure we want to emulate, it that of the tangent groupoid of a Lie groupoid, which is a pair of
vector bundlesT'G — G and T'M — M, which also fit into a pair of Lie groupoids T'G = T'M and G = M.
Moreover, these have some compatible structures. We will capture this in the notion of a VB-groupoid. The
definitions and different notions of VB-groupoids are taken from [GSMr7] and [Macos], while the algebraic
constructions like the direct sum and kernel are based on [LBM14]. Then we discuss a new result on the splitting
of short exact sequences in this category. We will finish the chapter with a description of multiplicative forms

on Lie groupoids and describe them with values in VB-groupoids as in [DE19].

3.1 Different notions of VB-groupoids

There are many equivalent ways of defining VB-groupoids, each with its own merits. We will start with a
more classical notion and then turn to some more categorical definitions, each highlighting a different part of
the structures. They all start out with a quadruple (I', V, G, M) which forms a diagram of Lie groupoids and

vector bundles, i.e. it fits into the following diagram:

—

|4
M

t
5

t

—

S

Q——/———H

whereI' = V and G = M are Lie groupoids,and ¢: I' — G and g: V' — M are vector bundles. We will
denote the structure maps of I' = V' with a tilde, and let 0: G — TI'and 0: M — V denote the zero-sections
of the vector bundles. We call all these maps of the internal structures, the structure maps ot the VB-groupoid.

Terminology. Let (I, V, G, M) be a diagram of Lie groupoids and vector bundles. We call G = M
and V' — M the base groupoid and vector bundle, respectively, and I' = V and I' — § the top

groupoid and vector bundle, respectively.

Our guiding example, the tangent groupoid T'G = T'M of a groupoid G = M fits into such a dia-

49



50 Chapter 3. V B-groupoids

gram. The structure maps of the tangent groupoid admit a lot more compatibility conditions for the internal
structures. For example, they are all vector bundle morphisms, while the projection ¢: T'G — G defines a Lie

groupoid morphism. A VB-groupoid incorporates all of this structure as well.

Definition 3.1.1. A VB-groupoid is a diagram of Lie groupoids and vector bundles such that the fol-
lowing holds:

i) (s,s)and (t,t) are vector bundle morphisms,
ii) (g, q) is a Lie groupoid morphism,

iii) The interchange law holds:
/mv(71 + Y3572 oy ’74) — m(’Yl, 72) + fm/(’)/Sa 74)5
where (1,72), (13,74) € T® with g(71) = g(3) and G(72) = q(74).

This definition slightly deviates from the definition in [Macos], where there is the technical condition that
the map
p: D=V x,G:y = (3(7),4(7))

is a surjective submersion, which is also called the “double source condition”. However, it was shown that this is
actually redundant in [LBSi, Lem. A.3]. Here, they showed that the assumption that (s, s) is a vector bundle

morphism implies that p is a surjective submersion.

Example 3.1.2. Of course the tangent groupoid of a Lie groupoid is a VB-groupoid, but even if we start with
some VB-groupoid (I', V, G, M) we can consider the tangent VB-groupoid (ITT, T'V, T'G, T'M ) with all the

associated tangent maps of the structure maps. //

While this definition of a VB-groupoid is all good and well, we could have also imagined them as being

some objects inside categories, in a similar fashion to how we first described Lie groupoids.

Definition 3.1.3. A Lie groupoid object in the category of vector bundles is a diagram of Lie groupoids
and vector bundles such that it satisfies the following conditions:
i) ¢ x q: T® — G® s a vector bundle with the obvious structure maps.

ii) (s,s),(t,t)and (M, m) are vector bundle morphisms.

A vector bundle object in the category of Lie groupoids is a diagram of Lie groupoids and vector bundles
such that it satisfies the following:

i) (q, q) is a Lie groupoid morphism
ii) I'zxzI' =V %,V isa Lie groupoid with the obvious structure maps.
iii) The addition +: I q~><aF — I'is a Lie groupoid morphism over +: V' X .V — V.

The different descriptions of VB-groupoids luckily coincide, and therefore any of these views is equally

valid. We will not give a proof of this and only give the statement.
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Proposition 3.1.4 ((GSM17, Prp. 3.5]). Let (I, V, G, M) be a diagram of Lie groupoids and vector bun-
dles. The following are equivalent:

i) Itisa VB-groupoid.
it) 1t is a Lie groupoid object in the category of vector bundles.

iii) 1t is a vector bundle object in the category of Lie groupoids.

Using all these different interpretations of V3-groupoids, we can more easily deduce some of the algebraic
properties of a VB-groupoid when compared to just diagrams of Lie groupoids and vector bundles. In partic-

ular, we obtain the following:

Corollary 3.1.5. Let (I', V, G, M) be a VIB-groupoid, then unit and inverse pairs are also vector bundle
morphisms, such that for x € M we have

1o, = 01,.

Notation. Given a VB-groupoid (I, V, G, M), we will often refer to it simply by I'. The other struc-
tures can then all be found internally via the natural embeddings along the unit map or zero section.
Additionally, we will refer to both Lie groupoid objects in the category of vector bundles and vector
bundle objects in the category of Lie groupoids as a VB-groupoid, due to their equivalence.
Additionally, we will say that I is a VB-groupoid over G, when G is its base groupoid, and sometimes
we will denote (I, V, G, M) as the VB-groupoid (I', V') over G = M.

Again, we need to complete the category of VB-groupoids by defining their morphisms. These morphisms
should preserve all the internal structure, both of the vector bundles and the Lie groupoids.

Definition 3.1.6. AV B-groupoids morphism from (I', V, G, M) to (2, W, H,N)isamap®: I' = €2

such that there exist maps
S0: VW, ¢:G—H, ¢o: M — N

such that they fit into the following diagrams of VB-groupoids:
P ®o

0 T
— Q
M H

¢ o)

Q4

—

By which we mean the following:

o (@, ¢) and (Do, ¢o) are vector bundle morphisms.
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o (®,Pg) and (¢, ¢o) are Lie groupoid morphisms.

If both of the VB-groupoids are over the same groupoid, we will assume that (¢, ¢g) is the identity
morphism unless explicitly stated.
The composition of VB-groupoid morphisms is simply given by the composition of all the associated

maps.

Clearly, if ® is a VB-groupoid morphism, we can recover ® as it fits into a Lie groupoid map and ¢ can
be recovered by restricting to the zero section of I' — G, the map ¢y is then recovered as the restriction of ®
to the zero section or ¢ to the units. Hence, like in the definition and the notation remark after Corollary 3.1.s,
we often only denote the map on the top left space of the VB-groupoid.

Using the definition of a VB-groupoid morphism, we can also easily define a VB-subgroupoid based on

the notion of Lie subgroupoids defined in Definition 2.1.10.

Definition 3.1.7. A VB-subgroupoid of I' is a VB-groupoid {2 with an embedding ®: I" — €2 which
fits into a VB-groupoid morphism.

In particular, when we restrict a VB-subgroupoid to any of its internal Lie groupoids or vector bundles, it
will define a subobject of the associated internal structure of the original groupoid.

Lastly, we recall that a vector bundle morphism which is an isomorphism on each fibre, covering a difteo-
morphism, will automatically be a vector bundle isomorphism, as its fibrewise inverse is then automatically
smooth. For Lie groupoids, we saw that being a diffeomorphism automatically makes it a Lie groupoid iso-

morphism. With this in mind, we obtain the following statement.

Proposition 3.1.8. Let ®: I' =  be a VB-groupoid morphism covering a Lie groupoid isomorphism.
If on each fibre of I' as a vector bundle it is an isomorphism of vector spaces, then it is a VB-groupoid

isomorphism.

Proof. Let ®: I' — () be a VB-groupoid morphism as above. We remark that ®: I' — €2 automatically
defines an isomorphism of vector bundles, as it covers a diffeomorphism. Additionally, this implies that it is a
diffeomorphism Lie groupoid morphism, and thus it is also an isomorphism of the top Lie groupoid structures.

We conclude that its inverse will define a VB-groupoid morphism, where the associated maps are exactly

the inverses of the associated maps. O

3.2 Constructions on VB-groupoids

As a VB-groupoid contains the algebraic structures of both Lie groupoids and vector bundles, we can trans-
late some of the “algebraic” constructions to this setting as well. In this case, we are mostly interested in the
constructions coming from vector bundle theory, which are associated to connections, see Section 1.3, namely,
direct sums, pullbacks, kernels and images. While the objects are often the canonically induced ones by consid-
ering the underlying vector bundle structures and remarking that they are functorial, there is often still some

checking to do to make sure that the multiplicative structure translates as well.

Example 3.2.1. Let us fix a Lie groupoid G = M, and suppose that (I', V') and (2, W) are VB-groupoids
over G. The direct sum of V B-groupoids over G of " and ) is defined by the following diagram of Lie groupoids
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and vector bundles:

g M
S

Here, we remark that I'&Q = I' ;X Qisa fibred product and thus we have a canonicalmap g: I'&Q — G.
Similarly, V' & W obtains a canonical map to M, which we denoted by g. Moreover, as the source and target
maps on I" and 2 are vector bundle morphisms over the source and target of G, by functoriality we obtain maps
defined on the direct sums of the vector bundles as well, which we denote by s¢ and tg,. In particular, the pairs
(s@, s) and (tg, t) define vector bundle morphism. Moreover, we automatically know that ' Q2 = Ve W
defines a Lie groupoid as it is the fibred product over surjective submersions. We can conclude that this indeed
defines a VB-groupoid.

Additionally, one readily verifies that this construction is functorial and thus pairs of VB-groupoid mor-
phisms define a 1V B-groupoid morphism on their respective direct sums.

Remark that this categorically defines a direct sum as the inclusion into each component, and the projec-

tions define VB-groupoid morphisms. //

Example 3.2.2. Let (I, V') bea VB-groupoid over G = M, and ¢: H — G aLie groupoid morphism, where
*H is a Lie groupoid over V. As vector bundles, we can then define ¢*I" — H and ¢5V' — N. Due to the
functoriality of this assignment, we obtain induced structure maps on the top Lie groupoid. Moreover, this is

indeed a Lie groupoid by Corollary 2.2.20, as we can rewrite it as
(9T = V) Z (T axyH 2V x4 N) = (D V) x4 (H = N).

We remark that ¢ is a surjective submersion, such that its intersection with ¢ is clean. We call the resulting

VB-groupoid the pullback V B-groupoid. //

Example 3.2.3. To determine the kernel of a VB-groupoid morphism, we remark that the inverse images of
Lie groupoids were only defined under the assumption of clean intersection. However, for vector bundles, we
need the additional assumption of constant rank, which automatically implies clean intersection.

Let ®: I' = Qbe a VB-groupoid morphism, where (I', V') is a VB-groupoid over G = M and (2, W)
over H = N, such that both ® and ®( have constant rank as a vector bundle morphism, then it will in
particular have a clean intersection with the zero section of {2. As the vector bundle kernel of ® is given by the
following fibred product:

ker® = {y € I ®(y) = 0} 2o xzH.

We can remark that it fits into a Lie groupoid over ker &g = V' @0 XN by Corollary 2.2.20, where one has
to imagine these as a fibred product of Lie groupoids. Again, one can readily verify that that (ker ®, ker @)
defines a VB-groupoid over G = M. In particular, this is a VB-subgroupoid of T".

Remark that this construction will, in particular, hold if @ is fibrewise surjective, as this will imply that ¢g
is surjective as well, and they are both of constant rank.

A similar restriction needs to be placed on the map when we want to determine the image. However, in
this case, we run into additional problems as the images of Lie groupoid morphisms may not be a Lie groupoid,
see Example 2.2.11. In the case where ® is of constant rank, ® is injective and ¢ is an embedding, we can quite

easily check that (im @, im ®g) defines a VB-groupoid over im ¢. //
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Terminology. In the above example, the VB-groupoid morphism ® admits two kernels, namely as a Lie
groupoid morphism and as a VB-groupoid morphism. To differentiate between these two kernels, we

will write kery, ® for the Lie groupoid kernel and reserve ker ® for the full VB-groupoid as defined

in the above example.

3.3 Short exact sequences

Another indispensable element in describing connections was that of short exact sequences. As mentioned,
in any general category with kernels and images, one can define a short exact sequence. However, as we saw
in Example 3.2.3, not every VB-groupoid morphism defines an image or a kernel. However, as we will restrict

ourselves to sequences of VB-groupoids covering a single groupoid, G = M, we can drop some assumptions.

Definition 3.3.1. A short exact sequence of VB-groupoids I',T” and I consists of a pair of V-
groupoid morphisms ¢: I' — IV and w: I” — TI"” covering the identity map on the base groupoid,

denoted as
0 r -1 =517 0

such that they fit into the following short exact sequence of vector spaces atany g € G:

0 Iy —% I’ —*

I ——

In the definition of a short exact sequence, we only assume that the sequence is short exact on the top vector

bundle, as this will automatically imply that the sequence on the base vector bundles is also short exact.

Lemma 3.3.2. Let (I, E), (I, V') and (I, V") be VB-groupoids over G which fit into the following
short exact sequence of V B-groupoids:

0 r —1-—">1” 0

Then we also have a short exact sequence of vector bundles over M of the form:

0 | N . BN v 0

Proof. Suppose that (I, V), (I, V') and (I'", V"), and ¢ and 7 are as in the Lemma. Remark that we have

the following commutative diagram:

0 I L I us ry 0
ul |s u| |s ul |s
0 Vi e 4 u v 0

We can then, by chasing this diagram and in particular, using the fact that s o u = id, show that the exactness

of the top row implies the exactness of the bottom.
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For the exactness at V/, take an arbitrary v € ker ¢g|m. As (¢, to) is a Lie groupoid map we find that

W(ar(v)) = A (o(v)) = Ap(0m) = Ougrm)

where the last step follows that (@[, w) is a vector bundle morphism. This implies that @ (v) € kervect ¢ and
thus it vanishes, i.e. ur(v) = 6u(m). However, notice that ur(0,,) = 6u(m) as well, and as ur is injective,
0y = v.
Next, we remark that the following holds as the base maps of Lie groupoids are determined by their total
maps:
To oLy = 8rn OMOUROSpoLoUr = 8pnomorour = spv o Our = 0,
where the last step follows as (s, s) is a vector bundle morphism. This immediately implies that im ¢y C

ker 7. Now, if f € ker 7|y, then remark that, using again the fact that our structure maps are vector bundle

morphisms,

Oum) = Ur(0m) = ar(m(f)) = m(u(f)) = 7(ap(f))-
This implies that @ (f) € keryee; ™ = im ¢. Takey € T be such that ¢(y) = up(f). Taking the source of

~y then gives us our desired element.

t0(3r(7)) = 3r(u(v) = sp(ur(f)) = f.

Therefore, we also find that ker my C im ¢o and hence the sequence is exact at V.
For the last exactness, we remark that if v € V", then wp» (v) € im 7, and thus there exists some w € T”

with m(w) = wp~ (v). It then follows that
0 (81 (w)) = 3w (1(w)) = Spv (Urn (v) = v.
Therefore 7o is surjective at each fibre and the base sequence is therefore short exact. O

Recall that for short exact sequences of vector bundles, a splitting always exists due to the existence of
fibrewise inner products, and we obtain multiple equivalent definitions of splittings, see Lemma 1.3.1. For a
short exact sequence of VB-groupoids, a splitting might not exist; however, we can show that the different

ways of describing them still coincide for VB-groupoids.

Lemma3.3.3. Let I, T and T, fit into a short exact sequence of VIB-groupoids over G = M.

0 A i 0

Then, there is a 1-1 correspondence between then following objects:
o VB-groupoid morphisms h: T — T such that o h = id.
o VB-groupoid morphisms p: T — T such thatp o v = id.
o Isomorphisms of VB-groupoids ¢: T" — T @ I which is a splitting.
o Complements to (1) in I as which are V B-subgroupoids.

These correspondences are determined uniquely by h o m + i o 0 = idg and C = kerf = imh.
Moreover, if C is a complement of T in S, then w|c: C — I is an isomorphism of V B-groupoids.
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Proof of Lemma 3.3.3. Let I',T” and I'”, be VB-groupoids over G =2 M with two VB-groupoid morphisms
t: T — IMand w: IV — T, covering the identity, such that they fit into a short exact sequence of V-
groupoids over Gi. We will prove that right splittings are 1-1 with complements, and that left splittings are 1-1
with complements. The properties are then a direct consequence of Lemma 1.3.1. In this proof, we will often
implicitly use Proposition 3.1.8

Complements <> splittings: Clearly, a complement defines a splitting and vice versa by chasing some
diagrams.

Right splitting < splitting: Suppose h: I/ — T" is a right splitting of the short exact sequence,
such that 7 o h = idpr. We will show that I & T defines a VB-groupoid which is isomorphic to I via the
isomorphism ¢: I & T' — I": (u,v) — h(u) + i(v). As h and i are VB-groupoid maps, and + is a Lie
groupoid map, this will define a VB-groupoid map as well. Lastly, we need to show that this is injective, as

surjectivity will then follow by counting dimensions. If we suppose ¢(u, v) = 0, then it follows that

0 =m(0) = 7(¢(u,v)) = ¢(h(u)) + 7 (i(v)) = u.

We can conclude that 0 = 7(u) + i(v) = i(v). Asi is injective, v = 0 as well and thus ¢ is injective and an
isomorphism.

Conversely, suppose that ¢: IV — T" & I'” is a splitting of the short exact sequence. We can then define a
right inverse towas h: T": I": u — ¢~ !(incly(u)). By the assumption that ¢ is a splitting it follows that

7(h(u)) = pryog o ¢t oincly(u) = pryoincly(u) = u.

Therefore, it indeed defines a right splitting.

Left splitting <= complement: Suppose that §: I" — I" is a left splitting, such that 6 o i = idr.
We can then define C' = keryp 6, which is well-defined as 6 is fibrewise surjective. Then consider the VB-
groupoid morphism ¢): C & T' — I': (u,v) — u + i(v), as before this is a VB-groupoid morphism as  is
and + is a Lie groupoid morphism. So see that this is an isomorphism, we again only need to check that it is

injective. Suppose ¢ (u, v) = 0, then
0 = 6(6(u,)) = O(u + i(0)) = B o i(v) = v.

It follows that 0 = ¢(u, v) = wand thus ¢ is indeed injective.
Conversely, given a complement C' of I" in I, then the projection onto the first component defines a left
splitting.
O

3.4 Multiplicative differential forms

As a last application of VB-groupoid, we will define multiplicative differential forms, and in particular with
values in VB-groupoids. To obtain a multiplicative structure on forms, we first discuss the simplest case: 0-
forms.

Givenamap f: G — R, there is a canonical way of requiring multiplicativity:

flgh) = f(g) + f(h), forall(g,h) e G?.

Hence, a O-form is simply multiplicative if it defines a Lie groupoid map to R. We can then rewrite the set of
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multiplicative functions as the kernel of the following map:
0: C(G) = C™(GP): [~ (m* —pr —pr3)f.

With some effort, we can recognise it is obtained as the pullback along the differential of the cochain complex
associated to the nerve of G, see [CMS21]. In particular, this then has an easy generalisation to higher-degree

differential forms

Definition 3.4.1. For a Lie groupoid G we call a differential form 7 € Q(G) multiplicative if
m*T =pri 7+ pryT

where m, pry, pry: G (2) 5 G. We denote the multiplicative forms on G by Qe (G).

Here, we remark that this is, in particular, a single level in the Bott-Shulmann-Stasheft double complex, as
laid out in [BSS76]. However, there is an alternative description of multiplicative forms by realising them as

maps of vector bundles. For working with multiplicative forms, it is useful to realise them as morphisms.

Proposition 3.4.2. A k-form T € Q¥(G) on a Lie groupoid G is multiplicative if and only if the map
BTG ——— R +)
T%Hﬂ@ T:v=(v1,...,0%) = T(v1,...,0k)
@ TGy ——— {*}

is a Lie groupoid morphism.

Proof. LetGbeaLiegroupoidand € QF(G). By Example 3.2.1, the k-fold direct sum of T'G is a VB-groupoid

(2)
and thus in particular a Lie groupoid. Remark that for any (u, v) € (@k TG ) , we have

ot (u,v) = (m* — prj — pry)7(u,v),
=m’7(u,v) — prj 7(u,v) — pry 7(u,v),

=T7(T'm(u,v)) — 7(T pry(u,v)) — 7(T pray(u, v)),
=7(Tm(u,v)) — 7(u) — 7(v)

This implies that 97 = 0if and only if 7(T'm(u, v)) = 7(u) + T(v), i.e. T is a Lie groupoid morphism. [

As this relates the multiplicativity of a k-form to its induced map on the underlying VB-groupoids, we can
more easily translate this notion to general settings as well.

The first of these is an extension of multiplicative forms to VB-groupoids. Recall that one can define a
k-form on a vector bundle V as a section of \* V*, but that these are in 1-1 correspondence with alternating
fibrewise multilinear maps @k V' — R. This is exactly the setting in which Proposition 3.4.2 defines multi-
plicativity.
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Definition 3.4.3. Let ' = V be a VB-groupoid, a k-form 7 € QF(T") is maultiplicative if the map
A'r ——— R, +)
Tsg || Tte T:v=(v1,...,0) — T(V1,...,0)
DV —— {x}
is a Lie groupoid morphism. We denote the multiplicative forms on I" by Q16 (I).
Alternatively, they can we defined as the k-forms on I' which lie in the kernel of the map
9: QT) = QTP): 17— 70 (m — pr; — pry).

This definition is again more similar to our original definition of multiplicative forms, but it makes it harder to
work with.

The second generalisation we can make is not on the left-hand side of the diagram, but on the right-hand
side. Recall that a manifold can admit forms with values in a vector bundle V' — M by considering sections
of A*T*M @V, or equivalently, we are interested in alternating fibrewise multilinear maps QFTM = V.

Again, using Proposition 3.4.2, this easily translates to the multiplicative setting.

Definition 3.4.4. Let G be a Lie groupoid and I' = V' a VB-groupoid over G. A k-form 7 on G with
values in I is called multiplicative if the map 7 : @k TG — T defined as

efrg ——— 7T

TS@HTtEB ?:U:(vl,...,vk)l—>7(vl,...,vk)

is a Lie groupoid morphism. We denote the multiplicative forms with values in I" by Q3¢ (G; T').



Chapter 4

Fibred Lie Groupoids and Multiplicative

connections

The theory of what we will call fibred Lie groupoids is a generalisation of the theory of Lie groupoid exten-
sions as proposed in [LGSXo9] and [FM23], which are a generalisation of short exact sequences of groups and
surjective submersions. While they focused on Lie groupoid morphisms, which are surjective submersions and
cover the identity map, we will relax the second condition so that they may cover an arbitrary map. These types
of objects can then be viewed as surjective submersions in the category of Lie groupoids, and we therefore will
try to replicate the theory of Chapter 1. Additionally, they will be a generalisation of the notion of a family of
Lie groupoids, as in [CMS21], which we will discuss in more detail in this chapter as well.

The central focus of this chapter is the development of the basic notions of fibred Lie groupoids and the
associated families of Lie groupoids, for which we introduce a concept of local triviality. We then define mul-
tiplicative Ehresmann connections using the language of VB-groupoids, and in particular, demonstrate that
these connections are also the algebraically correct formulation. Using this framework of multiplicative con-
nections, we prove an analogue of Theorem 1.5.6 for families of Lie groupoids. We further examine multiplica-
tive connections on arbitrary fibred Lie groupoids by relating their completeness to an internal family of Lie
groupoids and the base surjective submersion. Finally, we show that a family of Lie groupoids admitting suffi-
ciently many lifts of arrows, meaning it admits a cleavage, gives rise to internal equivalences between unit fibres,

in the sense of Morita equivalence.

4.1 Basic Definitions

Let us start with the definition of the objects of interest.

Definition 4.1.1. A fibred Lie groupoid is a Lie groupoid morphism ¢: G — H such that ¢ is a surjec-

tive submersion.

Recall that the base map of a Lie groupoid morphism can be obtained as the unique map ¢, such that
¢o © 8 = s 0 ¢. In particular, we see that the fibre of a fibred Lie groupoid ¢: G — H atsome y dIpen

is automatically an embedded submanifold of G, and that the source and target maps restrict to
s: 07 (h) = 0y (@)t 0T (h) = 0y (v):
If s(h) # t(h), then the restriction of m to ¢~ (h) is defined on an empty set. Even if s(h) = ¢(h), then
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the fibre 1 (h) can only contain a unit if / is a unit. This implies that a lot of fibres, namely any fibre above
H\Ho, cannot contain any algebraic data on its own. In particular, this means that a local trivialisation of ¢,
which would look like U x F’, cannot contain any interesting data as ¢~ (U) is not necessarily a groupoid.

Luckily, a fibred Lie groupoid does contain an internal fibred structure whose fibres are automatically Lie
groupoids, namely: ker ¢ C G, which is smooth by Corollary 2.2.19. We can see that these are exactly the
fibres of ¢ which have a natural groupoid structure as they contain units and are closed under multiplication.
As ker ¢ and H are embedded submanifold, we obtain a fibred Lie groupoid ¢: ker ¢ — Hq covering
¢0: Go — Ho, where we interpret H as the identity groupoid. Given a fibred Lie groupoid ¢, we will refer
to ¢: ker ¢ — Hg as the kernel bundle.

Remark. 1f ¢g is a diffeomorphism, then the kernel bundle is a bundle of Lie groups. //
Clearly, using Corollary 2.2.19 the fibres of ¢: ker ¢ — Hg are Lie groupoids. The kernel, therefore,

carries the natural structure of a collection of Lie groupoids, which is parametrised by some manifold.

4.1 Families of Lie groupoids

To highlight the structure of a kernel of a Lie groupoid morphism as a collection of Lie groupoids, we will
discuss this structure separately. We will first come up with a slightly different definition of such families, but

quickly see that they are equivalent.

Definition 4.x.2. A family of Lie groupoids over B consists of a Lie groupoid K and a surjective sub-
mersion p: Ko — Bsuchthatpos=pot.

An equivalence of families of Lie groupoids K, with map p, and H, with map p’, over B is a Lie groupoid
isomorphism ¢: L — H such thatp’ o ¢ = p.

Remark. In the case that p is a diffeomorphism, this becomes a family of Lie groups. These are much more

friendly, and this is where the theory of general fibred Lie groupoid diverges from Lie groupoid extensions. //
Notice that a family of Lie groupoids K with map p: Ko — Binducesamapp: K — B: k — pos(k)

which fits into the following commutative diagram:

Ko—p?B

Such that p: K — B defines a Lie groupoid morphism to the identity groupoid, and as p is a surjective sub-
mersion, so is p. In this way, we obtain a 1-1 correspondence between families of Lie groupoids over B and
fibred Lie groupoid over B = B. Hence, we will simply denote p: K — B for a family of Lie groupoids
where we view p as a Lie groupoid map, and let pg: Ko — B be its map on the base, which is recovered as
po=pou.

Another characterisation of families of Lie groupoids is in terms of the orbit space of the Lie groupoid K.
Letusdenote thisby X = KCp/Kandq: Ky — X for the quotient map. We cancallamap f: X — B, where
B isamanifold, smoothif foq: Ko — B issmoothand asubmersion if f om is. Then there exists an equivalence
between maps p: K — B defining a family of Lie groupoids and smooth submersions p’: X — B. Firstly,
the base map of a family p: K — B is constant on the fibres of ¢, and thus descends to the quotient. Going
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the other way, from a smooth submersion f: X — B, we can definep = f o g o s to obtain a family of Lie
groupoids.
In this general setting, we obtain a similar result to the remark on kernels, which justifies the name of a

family of Lie groupoids.

Proposition 4.1.3. Letp: K — Bandp': H — B be families of Lie groupoids. The fibres of p are Lie
subgroupoids over the fibres of po, .. p~1 (b) = py ' (b), and an equivalence of families of Lie groupoids
¢: K — H induces a Lie groupoid isomorphism between the fibres.

Proof. Remarkthatb C B isasubgroupoid, and as pis a surjective submersion, it will have a clean intersection.
Therefore p~* (b) defines a Lie groupoid over py * (b) by Corollary 2.2.19.

To see that an equivalence of families of Lie groupoids ¢ induces Lie groupoid morphisms, we notice that
the restrictions are well-defined. As ¢ is an isomorphism, there exists a Lie groupoid morphism ¢! which is
its inverse. If we restrict this inverse to the fibres, we obtain exactly the inverse of ¢ after restricting to the fibres.

Therefore, it induces an isomorphism of the fibres as Lie groupoids. O

Our main example of families of Lie groupoids, at least the one we are most interested in, is the kernel of
a fibred Lie groupoid. However, many examples come from deformation theory, see [CMSai], but also from

working with bundles of Lie groups. Of course, there is also a trivial example.

Example 4.1.4. Given a Lie groupoid F and manifold B, consider the product groupoid ' x B = Fy x B
where we view B = B as the identity groupoids. With the map pry: B x F — B, this is a family of Lie
groupoids over B, called the trivial family with fibre F. Moreover, we will call a family of Lie groupoids rivial
if it is isomorphic to the trivial family. //

Proposition 4.1.s5. Let p: K — B be a family of Lie groupoids and U C B an open subset. The
restriction p: p~Y(U) — U is a family of Lie groupoids.

Proof. Remark that U C B is an open subgroupoid and therefore by Corollary 2.2.19, p~1(U) is a Lie
groupoid. As Typ~H(U) = T,K, it follows that p: p~1(U) — U is still a surjective submersion and thus
it is a family of Lie groupoids. U

Using the fact that we have a trivial model and that a family of Lie groupoids descends to local data via

restrictions, we can define local triviality in the sense of families of Lie groupoids.

Definition 4.1.6. A family of Lie groupoids p: K — B is called locally trivial if there exists a trivi-
alising cover {(Un, ¥a) } ocp of P as a sutjective submersion such that o : p~1(Us) — Uy X Fisa
Lie groupoid isomorphism, where U, x F is the trivial family of Lie groupoids with as fibre some Lie

groupoid F.

Terminology. In the context of families of Lie groupoids, we will refer to a trivialising cover by equiva-

lences of families of Lie groupoids, i.e. one in the above sense, simply by a trivialising cover.

Proposition 4.1.7. Ifp: K — B isa locally trivial family of Lie groupoids, then p: Ko — B isa fibre
bundle.
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Proof. Suppose thatp: K — B isalocally trivial family of Lie groupoids and let {(Uq, %)}, be a trivial-
ising cover. As 1, : pt (Uy) = Uq x H is a Lie groupoid morphism, it will cover a map on the base, denoted
by ¢a,0: Po 1 (Us) — Uqy x Hg. This then fits into the following diagram

p N U) — Y UaxH
t||s t||s
Py (U) —22 s Uy x H

Po pry
U, U,

As 1), is an isomorphism, it has an inverse, and the base map of the inverse will be an inverse to 1), 0. Moreover,
as 1,0 is a map which preserve the fibres of py and pry, we obtain a local trivialisation.

Collecting all these trivialisations, we conclude that {(Us, ¥a) } ¢ is @ trivialising cover for py. O

Notice that the map p: K — B must be a fibre bundle if we want it to be a locally trivial family of
Lie groupoids; however, it is not sufficient. Even under mild compactness conditions, like properness of the
fibres, the converse implication still does not hold, cf. Remark 7.2 in [CMS18]. We can show that under certain

compactness conditions, a family of Lie groupoids is automatically locally trivial.

Proposition 4.1.8 ([CMS18, Thm. 7.8]). Let : K — B be a family of Lie groupoids with K compact,
then it is a locally trivial family of Lie groupoids.

4.2 Multiplicative connections

To describe multiplicative connections on fibred Lie groupoids, we take inspiration from the classical notion,
where we defined it as a splitting of the short exact sequence induced by the tangent map. As a fibred Lie
groupoid ¢: G — H consists of a pair of surjective submersions, we also obtain a pair of vertical bundles,
namely Ver = kerT'¢ and Verg = ker T'¢g, where the kernel is a vector bundle morphism. Because ¢
is a Lie groupoid morphism, we can see that these combine to form the VB-groupoid morphism kernel of

T¢: TG — TH, as was shown in Example 3.2.3. Notice that these then fit into a short exact sequence of

VB-groupoids covering G:
T¢
0 Ver TG *TH ——— 0
0 —— Verg TGy ——2° s $3THy —— 0

Recall that ¢*T'H = ¢y T Hg is the pullback of a VB-groupoid along a Lie groupoid morphism as defined in
Example 3.2.2. As we have an analogue to Lemma 1.3.1 in the multiplicative setting, namely Lemma 3.3.3, we
can easily translate the definition of a connection as a splitting of this short exact sequence to the multiplicative
setting.
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Definition 4.2.1. Let ¢: G — H be a fibred Lie groupoid, then define the following:
o Multiplicative horizontal lift: A rightinverse h: ¢*T"H — T'G as a VB-groupoid map.

o Multiplicative connection idempotent: An idempotent VB-groupoid map p: T'G — T'G such
that im p = Ver.

o Multiplicative Ebresmann connection: A'VB-subgroupoid E C T'M complementary to Ver.

o Multiplicative connection form: A Ver-valued multiplicative 1-form o € QL . (G; Ver) such

that a|ver = id |ver- Let us denote Qeonn (G; Ver) for the set of connection forms.

By the nature of VB-groupoid morphisms and VB-subgroupoids, a multiplicative connection canonically
defines a connection on the base space as well. In particular, if E is a multiplicative Ehresmann connection on
¢: G — H,thenEy = ENTu(TGy) and thus T's, T't: E — Ej as surjective.

Let us come with a last, but useful interpretation of multiplicative connections in terms of parallel trans-
port, which also shows that these connections correctly intertwine the algebraic and geometric structure of a

fibred Lie groupoid.

Proposition 4.2.2. Let ¢: G — H be a fibred Lie groupoid and ¥ an Ebresmann connection on

¢: G — H as a surjective submersion. The following are equivalent:

i) E is a multiplicative Ebresmann connection,

ii) For(vy1,72) € C=([0,1],H®)) and g; € ¢~ (7i(0)), such that (g1, g2) € G, the following
hold:

—_—

~ ~ ~ \—1 =il
71’729192 = 719172g27 (’ylgl) = (’71 )gl_l’

wherever the horizontal lifts are defined.

Proof. Fixa¢: G — H be a fibred Lie groupoid and E an Ehresmann connectionon ¢: G — H.

i) = ii): Suppose that E isa multiplicative connection and recall from Example 2.2.6 that C*°([0, 1] , )
carries a groupoid structure. Let us also fix some (y1,72) € C°°([0,1],H)? and g; € ¢~ 1(7:(0)), such
that (gl, gg) S 9(2)

This proof will rely on the fact that the horizontal lifts are defined locally as a solution to an ordinary
differential equation with some initial values: The horizontal lift of a curve y to 2 by a connection E is a solution

to:
Vo(t) = B(3(1)) € Bxyyy Auls) =

Therefore, proving that these identities hold comes down to checking the initial values and showing that the
derivatives are horizontal.

Let us now show that y1792,, 4, = 714,724, In particular, we need to show that s(71,,) = t(72,,)- Let
us show that s(71, ) is the horizontal lift of s(71) to s(g1) with respect to the induced connection Eg, and
by symmetry of the problem and the proof this will also implies that £(}2)g, is the horizontal lift of ¢(2) to

t(g2). Firstly, notice that 8(71,,)(0) = s(g1) and ¢o(s(714,)) = 8(¢(714,)) = 8(71). Lastly, we need to
check that (71, ) is horizontal. This also follows from a simple calculation and the fact that Eg = T's E

d . 3
as(’yg) =Ts(y,) € TsE = Ey.
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Hence, we can conclude that s(74) = s(’y) () 2nd t(7g) = t( )t(g)- From our choice of 7; and g; we find
that s(71) = t(72) and s(g1) = t(g2). Applying the argument of the previous paragraph to 71,, and y2,,,
we obtain 8(71,,) = t(724,) and thus the lifts can indeed be multiplied.

This implies that the multiplication of 71 5, and 72,5, is actually well-defined. To show that this multiplica-
tion is indeed the horizontal lift of the multiplication, we need to check the initial conditions and the fact that

it is horizontal. This is followed by some easy calculations:

(%gl%gg)(o) = ;)71g1 (0)’7292 (O) = 9192, gb(r)/lglf}/?gg) qs(’)/lgl)d)(%gg) = 7172,

and the fact that E is closed under multiplication, given by T'm:

d, . _ S
a(%gl’mgg) = Tm(14,,924,) € TM(E®) CE.

Hence, we can conclude that 17 grge = Vg1 V24,

P

Next, we want to check that (71, )= (9t )g1—1. Notice that the following hold:

(T1g) 7 (0) = (14, (0) " =97 3((T14) ") = (@(T1g)) " =21
and as E is closed under the inversion, 1%, we also get:

d _ _ s .
E(’ylgl) b= Ti(7,,) € Ti(E) CE.

—_~—

We can conclude that (’ﬁgl)_l = (Vfl)gl‘l'

ii) == i): Suppose that condition ii) holds. We want to show that E is multiplicative; thus, we need to
show that it is closed under multiplication and inversion, as the source and target maps will automatically be

surjective, as they are fibrewise surjective and they cover a submersion.

For the multiplication, pick some (u1,u2) € E xp E, and set g; € G such thatu; € Eg. As
T's(u1) = Tt(ug) itfollowsin particu arthats( ) = t(g2). From this we can conclude that (¢(g1), ¢(g2)) €
H and (To(ur), Tp(uz)) € (TH)P = T(H®).

Let 77: (—€,€): H® be such that 7(0) = (¢(g1), d(g2)) and 7(0) = (Th(u1), Tp(us)). If we let
pr; : H?) — H Suppose that the second condition holds, we need to show that E is closed under multiplica-
tion and inversion.

For multiplication, take some (u1, u2) € E ;% 4, E, which we assume is nonempty. We can then find g1, g» €
G such that uy € Ey and uz € Egy,. Notice that ds(u1) = dt(uz), while ds(u1) € Egg4(4,) and
dt(uz) € Egq(g,), such that s(g1) = t(g2), ie. (g1,92) € G®). Moreover, (¢(g1), d(g2)) € HP and
(To(ur), Tp(uz)) € TH 4 x 4 TH = TH?.

Letn: (—¢,€) — H® be such that 7(0) = (¢(g1), ¢(g2)) and 7(0) = (T'¢(uy), Tp(uz)). Then define
vi = pr; on: (—e€,€) = H,such that (v1,72) € C®((—¢,€), H)?.

From the second conditions, it follows that 714, 72,, = 71724, 4, and % } " i(gi) = uj. Hence, it follows
that:

dm(uy,us) = dm d L _ 4 (~~)—i 172
1, U2 dt 71917 ai . V29, | = dt . Vg1 72g2) = dt o V17291 g,

We remark that 4172, ¢, is horizontal and thus dm(u1, uz2) € E.
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For invertibility, if u € E,4 consider v: (—¢, €) — H such that y(0) = ¢(g) and §(0) = T'¢(u). Then the

1

assumptions of the second condition imply (7)™ = v71,-1 and % ‘ t 7g- We find that

d d d| —
d ) = d 3 _ ~ = — ~-1 —_ -1 _
i(u) z(dtto%’> dtto(g ) dtf, "
As '/y:/l -1 is horizontal, we have that di(u) € E.
We conclude that F is a multiplicative connection. O

In particular, it follows from the proof that the following must hold as well.

Corollary 4.2.3. Let ¢: G — H be a fibred Lie groupoid with some multiplicative connection E. For a

curvery: [0,1] — Hand g € ¢~ (y(0)) we have that s(7,) = 8(7)s(g) 27d t(Vg) = (7))

4.2.1  Existence problem of multiplicative connections

While the existence of a connection on a surjective submersion is automatic, because any vector subbundle
admits a complement, this construction is nontrivial in the case of VB-groupoids.

Firstly, notice that even in the case of fibred Lie groupoids covering the identity, there does not always exist a
multiplicative connection. The obstructions to the existence have been well researched and were already known
in [LGSXo9, Prp. 6.13]. Here, they construct a cohomology class controlling the existence of multiplicative
connections. In [Grazs], in particular Proposition s.2, they prove that this obstruction class is dependent on
the data for the obstruction class which lies in G and a particular subbundle of its Lie algebroid, coming from
the Lie groupoid morphism. In particular, if ¢: G — H is a fibred Lie groupoid covering the identity and G is
proper, then it always admits a multiplicative connection [FM23, Thm. 4.2].

In our more general case, the properness of G is not enough to ensure the existence of multiplicative con-
nections. Without going into too much detail, this is related to the fact that a general fibred Lie groupoid does
not induce a bundle of ideals, as defined in [FM23] and used in [Grazs, Prp. 5.2]. In particular, we can remark

the following class of examples.

Example 4.2.4. Consideran action G C M of a connected Lie group on a compact manifold M andlet G x M
denote the action groupoid, as in Example 2.2.3. Remark that the projection on G defines a Lie groupoid
morphism, i.e. the map

pri: GXx M — G: (g,x) — g.

Moreover, as the space of arrows of G' X M is the product G x M, the projection defines a fibre bundle with
compact fibres. It therefore defines a fibred Lie groupoid covering the trivial map M — {x}.

Suppose that a multiplicative connection on pr exists, and let E be a multiplicative connection. Remark
that the induced connection on the base map is the zero bundle as Ver = T'M. Thelift of acurve [0, 1] — {x}
through this connection to some € M is the constant curve [0,1] — M : t — 2. Notice that both E and
Eg are complete connections by Proposition r.s.s.

Takesomecurvey: [0,1] — G with~y(0) = gandnotice that so7y(t) = % = to~y(t). By Corollary 4.2.3,
we find that

Pr2 9Y(g,2) (1) = 8(V(g.2)) () = (7). (1) = .

As (g, 1s a lift of v through pry it follows that (4 ,)(t) = (7(¢),z). However, by Corollary 4.2.3 and
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completeness of the lift, it follows that

1)z = t(V(g) (1) = (1) g, = g2-

We can conclude that the action of G C M is constant on the connected components of G. Specifically, the
action of G° C G, the connected component of the identity, is trivial. //

The above shows that there are fibred Lie groupoids ¢: G — H where G is proper, such that there does
not exist a multiplicative connection —take the action groupoid of a nontrivial proper action of a connected
Lie group on a compact manifold. The results from [FM23, Graas, LGSXo9], therefore, do not directly trans-
late to our generalised case as the obtained obstruction classes are more intricate and need to incorporate the
geometry of the base map. In Section 4.3.2, we will come back to this issue and give some geometric conditions

for existence.

4.3 Completeness

The main result of Chapter 1 was the equivalence between the existence of a complete connection and local
triviality. We would like to generalise this to the groupoid case as well, where a multiplicative connection is called
complete if it is complete as a connection on the top surjective submersion. We have already run into an obstacle
here, in the fact that a fibred Lie groupoid ¢: G — H does not admit any useful local trivialisations, and we
will therefore have to focus on families of Lie groupoids for such a result. Let us first show that the canonical
internal family of Lie groupoids, the kernel bundle, almost completely characterises completeness. Then, we
will show how local triviality and completeness almost coincide in the case of families of Lie groupoids.
Remark that in the case of complete connections, there is a variant of Proposition 4.2.2 which incorporates

the map
C([0,1],H) ovy X9 — C™°([0,1],G): (7, 9) = Ty

We remark that C°°([0, 1], H) ¢y, X 4G defines a subgroupoid of C*°([0, 1], H) x G. Moreover, this is a sub-
groupoid over the fibred product C°°([0, 1], Ho) ey, X 4, G0- We remark that the proof of Proposition 4.2.2

evop

implies the following proposition.

Proposition 4.3.0. Let ¢: G — H be a fibred Lie groupoid and ¥ a complete connection, then the

following are equivalent:
i) E is multiplicative

ii) The horizontal lift map, given by
Om([ov 1] ’ H) evo X¢g — COO([Ov 1] ) g) : (77 g) = ;?g’
is a groupoid morphism covering the map

C*°([0, 1], Ho) eyy X gyG0 — C([0,1],G0): (7, 2) = Yz

In particular, the connection on the base of a complete multiplicative connection is automatically complete.

Proof. This follows directly from Proposition 4.2.2 and its proof. O
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4.3.1 Reduction to the kernel

Let us fix some fibred Lie groupoid ¢: G — H, a multiplicative connection E, and denote K = ker ¢ = Go.
Let us denote p: I — H for the induced map, i.e. p = ¢|xc. We notice that there is an induced connection
on K, given by EX = ENTK. Notice that this defines a vector bundle as it is the complement to ker T'p =
ker T'¢ N TK in TK. Therefore, the intersection is clean and from Theorem 2.2.18 it follows that EX defines
a VB-subgroupoid of T'K and thus a multiplicative connection on p.

Proposition 4.3.2. Let ¢: G — H be a fibred Lie groupoids with a multiplicative connection ¥ and
suppose thaty: [0,1] — Ho. Then the horizontal lift to some g € ¢~ (1 (0)) by E and EX coincide.

Proof. Let ¢p: G — H be a fibred Lie groupoids with a multiplicative connection E, v: [0,1] — Ho C H
a curve and set z = (0). Forany g € ¢~ *(1,) remark that ¢ o ﬁg(t) = 7(t) € Ho. This implies that
. 9 0Kk

%E: 0,1] - K C gandﬁa(t) e ENTK = EFX, suchthat%E =7 - O

As mentioned before, the kernel of a fibred Lie groupoid defines a family of Lie groupoids, which are
arguably much nicer structures to work with. Therefore, we want to reduce our completeness of E to a com-

pleteness of EX. One of these implications follows directly from the above proposition.
Corollary 4.3.3. IfE is a complete, then EX 54 complete.

Ideally, this implication would have a direct converse; however, this is not true in general, as can be seen

from the following example.

Example 4.3.4. Consider the groupoid H defined as the following bundle of groups:

R x (Z/27Z)
prluprl (arrows: i) x)
R

We define the multiplication to be (x,n)(x,m) = (x,n + m). Then consider the complement of (0, 1),
H\ { (0,1) }, and remark that it is closed under multiplication, inversion and contains all the units, while also
being an open submanifold, such that the restriction of the source map is still a submersion. This implies that
H\ { (0,1) } is still a Lie groupoid over R, and in particular it is a Lie subgroupoid of H.

Next, we consider the disjoint union groupoids G = H J[(H\ {(0,1)}) as in Example 2.2.9, which is
a Lie groupoid over R [ [IR. Moreover, it obtains an induced map ¢ : G — H as the disjoint union of the
identity and inclusion map, which is a fibred Lie groupoid.

Notice that ¢ is a local diffeomorphism, but not a covering space, as any neighbourhood of (0, 1) is not
evenly covered. In particular, this implies that the kernel of T'¢ is the trivial bundle and thus there is just a
unique multiplicative connection on ¢. However, this connection is not complete: Consider the curve 7y :
[0,1] — H : t — (1 — t,1) and notice that this cannot be lifted on the whole of [0, 1] to the second
component of G, i.e. to ((0,1),1) € H\ {(0,1)} C G, dueto ((0,1),1) & G by construction.

The kernel bundle of ¢ is given by R x {0} [[R x {0}, on which the induced connection is trivial and
a lift of a curve is simply given by the inclusion into a component. Remark that s : 71 (h) — ¢, (s(h)) is
not surjective for h = (0, 1) as ¢~ 1(0,1) = {((0, 1), 0)} and ¢y (0,1) = {(0,0), (0, i)} //
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Under some additional conditions, we do obtain a converse of Corollary 4.3.3. In particular, the failure
of the map s: ¢~ (h) — ¢y (s(h)) to be surjective in Example 4.3.4 was problematic remark however, the
following does hold

Proposition 4.3.5. Given a fibred Lie groupoid ¢ : G — H, for any h € H, the restrictions of the source
and target map, s: ¢~ (h) — ¢ (s(h)) and t: ¢ (h) — ¢y (t(h)), are submersions.

Proof. Let ¢: G — H beafibred Lie groupoid and take some h € H. Remark that it is enough to show it for
s, as it follows for ¢ by applying the diffeomorphism ¢, thus let us denote s(h) = . We rewrite the tangent

spaces as follows:
Ty ' (h) =ker Ty = Very, Typy'(z) = kerT,¢o = Verg,, .

It follows from Example 3.2.3 that T, s(Ver,) = Verg , when s(g) = y. Therefore s: ¢~ (h) — ¢y () is

a submersion. n

A solution to this is to consider only specific fibred Lie groupoids, the class of which is inspired by the
definition of fibred categories, cf. [Sta18, Tag 02X]J].

Definition 4.3.6. A fibred Lie groupoid ¢: G — H is said to be arrow complete if the following map
is surjective:

sX ¢ G = GogoxsH: g (5(9),6(9)).
In particular, this definition is equivalent to the particular restrictions of the sources being surjective.

Proposition 4.3.7. A fibred Lie groupoid ¢: G — H is arrow complete if and only if for all h € H the
restriction s: ¢~ (h) — ¢y (8(h)) is surjective.

This class of Lie groupoid morphisms is related to a so-called cleavage of a Lie groupoid morphism, which
is understood as a subset C' C G such that s x ¢: C +— Gy o X s 11 is a bijection, cf. [dHTz2s]. These objects
then coincide with right inverses of s x ¢: G — Gp 0% o H and thus their existence is equivalent to the
surjectivity of this map, i.e the fibred Lie groupoid being arrow complete.

Under this additional assumption, we obtain a converse to Corollary 4.3.3.

Theorem 4.3.8. If ¢: G — H is a fibred Lie groupoid that is arrow complete and a connection ¥ such
that EX is complete, then ¥ is complete.

The idea of the proof is as follows: Pick a curve and lift it maximally, and suppose that this is not defined
on the whole domain. To extend it further, we remark that the source of our lift can be lifted to the kernel
bundle instead, on which we know our connection is complete. Therefore, we can find a suitable extension
of the source of the lift. Due to the surjectivity of the source map, we can then find a lift of this source to a
suitable fibre, to which we can again find a horizontal lift. As this is redefined on some open neighbourhood,
the original lift and this new lift must be defined on some common open interval. Here, they are related by a
curve lying in the kernel, and therefore, this relation can be extended to the full interval. We can then extend

the original lift using this new lift and this extended relation. A schematic drawing can be found in Figure 4.1.
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Figure 4.1: The map ¢: G — H is a fibred Lie groupoid and the red curves are all horizontal lifts of y, which is a curve in
H. We can then notice that by suitable choice of §', the curves 3y and 7y bave the same source and therefore they are related
by some curve 1) in the kernel. This curve is a lift of s() and therefore it extends. An extension of Vg is then obtain by the
multiplication of ) and ~gr.

Proof. Suppose that ¢ is a fibred Lie groupoid which is arrow complete with a multiplicative connection E such
that EX is complete. Lety: [0, 1] — H be some curve starting at hg and take g € ¢! (ho) with s(g) = z.

Then there exists some € > 0 such that 753 is defined on [0, €). We remark that s(74) = s(7),.: [0,€) = Go,

see Corollary 4.2.3. As s(y) maps into the units, we find that s(7), = (), such that this lift is actually
defined on [0, 1].

Set 1, = s(7),(€), and take some ¢’ € ¢~ (v(€)) N Gy, which exists as we assume arrow completeness.
The the lift 74 is defined on some (¢ — 0, € + ). We remark that S(S/G) ,,) defines a horizontal lift of 5(7y)
by the connection Eq as Eg = T's(E) and the fact that ¢ o s|x = ¢|x. By the uniqueness of lifts, it follows
that on (€ — 6, €) the lifts s(7,) and s(74) coincide. Consider the following:

0 (e=8,€) = Kt t = 3y () (G (1)

This is a curve in the kernel and ¢ o 7 = w(¢(7)), such that this curve lifts completely to [0, 1], let us also
denote this extension by 7). Notice that s(1) = t(7,) on (e — 4, €), which are both horizontal lifts of £(~y) by
Eo as the connection is multiplicative. Therefore, it extends to (€ — J, € + 0) by Corollary 4.2.3. An extension

of 74 can then be defined as

Yq(t) ift <e

C:[0,e4+0) = G:tr—
Dy () else

This implies that the lift of v can always be extended maximally to [0, 1]. O

Besides this condition being sufficient, we can also show that, in some cases, it is necessary.
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Proposition 4.3.9. Let ¢: G — gr H be a fibred Lie groupoid with a complete multiplicative connection

and suppose that H is s-connected, then it is arrow complete.

Proof. Suppose that E is complete and H is s-connected and fix some y v ez e ¢y (). By
the s-connectedness, take a curve v: [0,1] — H,, where 7(0) = 1, and 71(1) = h. The lift 71, then
satisfies s(71,) = z by Corollary 4.2.3 and the fact that s(y)(t) = v is a constant curve. This implies that
g =1, € G such that ¢(g) = h. Therefore, ¢ is arrow complete. O

4.3.2 Completeness for families of Lie groupoids

The next step in understanding completeness is getting a grasp of complete connections on families of Lie

groupoids and their relation to local triviality. Similar to the classical case, one of these directions follows easily.

Proposition 4.3.x0. Letp: K — B be a family of Lie groupoids. If it admits a complete multiplicative

connection, then it is locally trivial as a family of Lie groupoids.

Proof. This proofis completely analogous to the proof in Theorem 1.5.6, but we will comment on some details.

Given a contraction ¢: U X [0, 1] — U, forU C B open, we can construct some trivialisation, where we
defineyp: [0,1] = K: t — ¢(b,t) and set ¢(g) = (p(9), ;@g(l)). Fix some (g, h) € K, such that in
particular p(g) = b = p(h). By Proposition 4.2.2, it follows that

b(gh) = (b; () gn (1) = (0, (%) (D Va(1)) = (b; (1) 4 (1)) (b, (%), (1)) = ¥ (g)1(h)

Therefore, the trivialisation is an equivalence of families of Lie groupoids. By covering B in contractible opens,

we obtain a cover of trivialisations by equivalences of families of Lie groupoids. O

We do not have a general converse to this statement, as multiplicative connections are, in a sense, ‘rarer’
compared to general connections. However, we can find sufficient conditions similar to Proposition 1.5.10,
combined with some algebraic conditions, such that a multiplicative connection exists on a locally trivial family
of Lie groupoids. Yet, we can find additional conditions similar to that of Proposition 1.5.10, such that we can

still find a connection with similar conditions.

Proposition 4.3.01. Let G — K f) B be a locally trivial family of Lie groupoids with trivialising cover
{(Va, ¥a) Y oep which is locally finite, and {Uy} ,c p an open cover of B with U C Vi, and suppose
that KC is proper. Suppose that for each o € A we have a closed subset So, C G which are G-bitnvariant,
such that

Sa Nhapp(Ss) =0, VYa#BeAN be Ui

Then there exists a multiplicative Ebresmann connection E such that Tpa (E |1 (Uax Sa)) =TU, x
0s,.

The proof of this proposition is almost analogous to the proof of Proposition 1.5.10, where we only need
to check for multiplicativity at each point. One can verify the details skipped in this proof by comparing with

Proposition 1.5.10.
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Sketch of proof. SupposethatG — K % Bisa family of Lie groupoids with a trivialising cover {(Viy, ¥'a) } e n

and let {Uq} e and {Sa},cp be as in the statement. The canonically induced connection on K|, , given
by
ha: ¢ TUs = TKu, : (z,0) = Ty, (oyta " (v,0),

defines a multiplicative connection. Additionally, the sets W, defined by
Wa =0 U\ | 5" (Ts x Sp),
B#a

give an open cover of K. Moreover, we can show that these are K-biinvariant sets. Remark that the action of
K on itself can be restricted to actions on the fibred of ¢. Therefore, it is enough to show that ¢~ H(b) N Wy is

K -biinvariant. Notice that this set can be rewritten as
¢ BN Wa =0 'O\ | 5" (Ts x S5) = 0\ | v ({6} x Sp) = (] 5" ({0} x G\Sp)
B#a B#a B#a

As Sp is G-biinvariant, so is G\ S3, and as 13 is a Lie groupoid isomorphism, the sets @Z)/gl ({b} x G\Sg) are
K-biinvariant. We can conclude that their intersection, and thus ¢~ (b) N W, is K-biinvariant as well.

Due to W, being K-biinvariant, we can define V,, = q o s(W,) = qo t(W,) C Ko/K. AsKisa
proper groupoid, then its orbit space Ky/ K admits a smooth partition of unity { X }aca, where smoothness
is in the sense as described after Definition 4.1.2, subordinate to {Va} ¢y, see [CMr7, Prp. 3.9]. We then
obtain a KC-biinvariant partition of unity subordinate to { Wy } o x> defined as {Xa } qep = {Xa © ¢ © 8}oen-
The glueing of the canonical multiplicative connections with respect to this partition of unity, denoted h =

Y a cA Xaha, then defines a multiplicative connection, whose Ehresmann connection satisfies

T?/JQ(E ‘¢;1(Ua><5a)) = TUa X OSa-
O
Much like in the proof of Theorem 1.5.6, we want to define the sets S, as the level sets of some proper

function. To have such biinvariant sets, we must require our proper functions to be biinvariant as well. We

remark the following proposition relating the properness of s to the existence of biinvariant proper maps.

Proposition 4.3.12. Let G be a Lie groupoid, then the following are equivalent:
i) sisa proper map.
ii) There exists a smooth function f: Gy — R>q such that
o it is G-invariant;
o 8* f is proper.

To prove this, we will use the following lemmas.

Lemma 4.3.03. Let G be a Lie groupoid such that s is proper, then all orbits O, of G are compact and they
admit a precompact neighbourhood which is invariant for action of G on Go.
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Proof. Suppose that G is a Lie groupoid such that s is proper. Remark that the orbit of = in G is defined as
O, = t(s7!(x)). Therefore, they are all compact. Next, we let Ubea precompact neighbourhood of ;..
The saturation U = (s~ 1(U)) is then precompact neighbourhood as well. Moreover, it is invariant for the
left G action on Gy as for some © € U, there existsa g € G such thatt(g) = x and s(g) € U.Ifh € G, it

follows that h - & = t(h) = t(hg) and s(hg) = s(g) € U. Therefore, h - € t(s~1(U)) = U. O
Lemma 4.3.14. Let G be a Lie groupoid such that s is proper, then q: Go — Go/G is a proper map.

Proof. Let G be a Lie groupoid such that s is proper, and let ¢ : Go — Go /G denote the quotient map with re-
spect to the left action of G. Consider a compact subset K C Go/G. By Lemma 4.3.13, using the s-properness,
any O € K, which is an orbit, admits a precompact neighbourhood Up of O C Gy which is invariant for the
left G-action. Therefore, {Up /G| O € K} defines an open cover of K. By the compactness of K, there must
exist an open subcover {Uy, /G}}__,. It follows that ¢ 71 (K) C I, Ug,. As 0; is precompact, it follows
that ¢~ (K) is compact, such that g is a proper map. O

Proof of Prp. 4.3.12. Suppose that G is a Lie groupoid.

i) = 1ii): Let s be a proper map and notice that this in particular implies that G is a proper groupoid as
for a compact K C Gy x Go we find that (¢, 8) "}(K) C s~ (pry(K)). Additionally, let ¢: Go — Go/G
denote the quotient map with respect to the left action of G on Gy. The orbit space of G admits a proper map
fo: Go/G — Rxg such that fp o g: Go — R>( is smooth, see [CM17, Prp. 3.9]. From Lemma 4.3.14, it
follows that f = fo o g is a proper smooth biinvariant map, and thus s* f = f o s is proper a well.

ii) = i): Let f: Go — R>0beamapsuch thats* f = t* f and s* f is proper. Let K’ C G be a compact

set, and notice that

sH(K)={gegls(g)e K} C {geg|fos(g) € f(K)} C (s"f)" (f(K)).

As s* f is proper and f(K) is compact, this last set is compact. Moreover, s 1 (K) is closed, and as it is con-

tained in a compact set, it is compact itself. Therefore, s is a proper map. O

Combining the above results then lets us prove a multiplicative version of Theorem 1.5.6 under some addi-

tional compactness conditions.

Theorem 4.3.x5. Letp: K — B be a locally trivial family of Lie groupoids with typical fibre G. Suppose

that G is a Lie groupoid whose source map is proper, then p admits a complete multiplicative connection.

Sketch of the proof. The proof of this theorem is completely analogous to that of Theorem 1.5.6. However, we
will point out some of the modifications here:

Assume thatp: K — Bisalocally trivial family of Lie groupoids, with local trivialisations { (Us, ¥'a) } qe a5
where we have the same restrictions on this set as in the proof of Theorem 1.5.6, such that G has a proper source
map.

By Proposition 4.3.12, it follows that there exists a map f: Gg — R>q such that f =s"f:G = Rxpis
a G-biinvariant proper map. Following the constructions of the proof of Theorem 1.5.6, we can define suitable
Nyand S, = f~1(N,) C G. Because f is G-invariant, these sets are also G-biinvariant and thus they satisfy

all the conditions of Proposition 4.3.11, such that we obtain a multiplicative Ehresmann connection E satistying

Ttha (E |¢;1<Uaxsa)> — TU, x 0g,.
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Moreover, the connected components of F'\ S, will be precompact again. By Proposition 1.5.9, this defines a

complete multiplicative Ehresmann connection. O

This describes the analogue of Theorem 1.5.6 for the multiplicative setting. It is even a generalisation if we
view a surjective submersion as a fibred Lie groupoid of the identity groupoids by remarking that the source map
of the identity groupoid is proper. However, while a fibred Lie groupoid’s completeness can be deduced from
the kernel bundle, there is an additional, smaller surjective submersion internal to a family of Lie groupoids,
namely, its base map. For a fibred Lie groupoid, we know that the completeness of a multiplicative connection
implies that the connection on the base is complete, see Proposition 4.3.1. In a particular case, the completeness
of a connection on a family of Lie groupoids can be fully recovered from the completeness on the base; in other

words, we then have a converse of Proposition 4.3.1.

Proposition 4.3.16. Let p: K — B be a family of Lie groupoids which is t-connected and suppose that

E is a multiplicative Ebresmann connection. If Eq is a complete connection on po, then E is complete.

Proof. Let E be a multiplicative Ehresmann connection on a t-connected family of Lie groupoids p: K — B,
for which the induced connection Eq on the base is complete. Take an arbitrary curve y: [0,1] — B and set
x = (0). We will denote the lift through E by 3 and by Eq by 7.

In this proof, we want to argue through Proposition 2.1.21. Hence, we want to find a neighbourhood U of
Py (x) € p~Y(z) such that the horizontal lift 3, is defined on the whole of [0, 1] forall y € U. If we then
take some g € p~!(x), then there exist {u; }/—; C U such that g = uy - - - uy,. To lift to g, we can simply lift
to each u; and remark that as v maps to only units, it is idempotent with respect to the multiplication, such
that

Ty =T Nuun = Vi
Therefore, the lift to g will be complete if it is complete to all u;.

For some unit 1, € p~!(z) we can obtain a lift by taking ﬂay = u 07,°. As Eg is complete, this lift will
also be complete. Moreover, it is horizontal as Tu(E() C E. From the tube lemma, it follows that there exists
some open neighbourhood Uy, of 1, in p~! () such that the horizontal lift exists on the whole of [0, 1] to any

of the points in Uy. If we set U = J ) Uy, this will be an open neighbourhood of pyt(z) C p~l(z)

yep~i(z
on which the horizontal lifts are complete. O

Again, we can show that we cannot fully drop this assumption by a variation on Example 4.3.4.

Example 4.3.17. Consider H as in Example 4.3.4, and take the family of groupoids:

We remark that T, 4:)G = T{z.52)(H\ { (0, i)}) @® TyRand ker T'pry = T(, 4)(H\ {(o, i)}) Consider

the multiplicative connection E, .,) = 1§ (« 0:,3‘ , o 0 ’ ) : @ € R}, where we identify T, s, H = TR
(z,73y) p Ylp (z,7)

and T 74\ G = T(2,n)H © Ty R. Then consider the lift of the curve y : [0, 1] — R : ¢+ 1 — ¢ to the point

(1,1;1). Then this lift clearly exists for ¢ < 1asitisgivenbyy(¢) = (1 —¢,1;1 — t). Remark that indeed K

is not t-connected. //
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4.4 Induced maps and Morita Equivalences

The last section of this chapter will involve the construction of a particular functor on fibred Lie groupoids,
which will also relate to the existence of a complete connection. Let us denote LieGrpd,, ., ( for the collection
of Lie groupoids. Additionally, fix some fibred Lie groupoid ¢p: G — H for this section. Recall that the kernel
of a fibred Lie groupoid defines a family of Lie groupoids. In particular, this gives us the map

Fo: Ho — LieGrpd: z — (¢ (1) = ¢p ' (2)).

By Proposition 4.1.3, this indeed maps into LieGrpd. Additionally, we can define a map from the arrows of
Ho to bibundles as

F: H — Bibundles: [y L x] — [gb_l(ly) Cy oL (h) O qﬁ_l(lx)] :

If we view H as a category, we see that this almost defines a functor if we view ¢! (1,)) Gy 1 (h) sD ¢~ (1)
as a morphism from ¢~ 1(1,) to $~1(1,). However, the collection of bibundles does not admit a well-defined
composition because the construction of Proposition 2.3.20 works in the case where the bibundles are right
principal. This was needed to solve one problem: the quotient by the middle groupoid. We can argue why this
is needed by the following example:

Let G be a Lie groupoid, then G is a principal G-G-bibundle as with left and right multiplication. We

can view this as the identity morphism on a Lie groupoid in LieGrpd If we consider “composing” these

weak*
principal bibundles, we could take the product with the naturally induced left and right action:

g G’topr1 g X g sopr2o g

However, this will in general no longer be isomorphic to G as this will have twice the dimension of G. Therefore,
we want to reduce the dimension by taking a quotient by the middle action. However, this implies that the
diagonal action on the middle space must exist and that the action needs to be free and proper. This is exactly
what is ensured by restricting the bibundles to right principal bibundles.

Let us investigate in which manner we fail to obtain the principal bibundle in this case.

Proposition 4.4.1. Given a fibred Lie groupoid ¢: G — H. Ify & x e Hthen the trivially induced
actions ¢~ (1) Cp ¢~ (h) and ¢~1(h) sO ¢~ (14) are free and proper.

Proof. Takey " 2 € H and consider the induced actions by multiplication. By symmetry we only have to
show that $~1(1,) Cy ¢~ (h) free and proper action. Note that the action map is given by

a: ¢ (1) x4 (h) = ¢~ (h) x 67 (h): (91,92) = (9192, 92)

We can restrict the image to ¢~ (h) 4 x 3¢~ 1(h), which is an embedded submanifold of the product. Here,

we find an inverse given by the map

O (h) X o0 () = &7 (L) o x40 (B): (g1,92) = (9195, 92)

Remark that this defines a map of Lie groupoids between the submersion groupoid and the action groupoid,

cf. Example 2.3.4. This implies that the action is free and proper. O



4.4. Induced maps and Morita Equivalences 75

Therefore, combined with Proposition 4.3.5, the only obstruction to the bundles being principal is the
bijectivity on the quotient of the moment maps. Under similar assumptions as before, when proving the com-

pleteness of connections, we can show that J is indeed a better-behaved map.

Theorem 4.4.2. If ¢: G — H isa fibred Lie groupoid that is arrow complete, then
F: H — PrincipalBibundles C Bibundles.

Moreover, this assignment preserves composition up to equivalence of bibundles.

Proof. From Proposition 4.3.5 and 4.4.1 and the assumption that s: ¢~ (h) — ¢y ' (s(h)) is always surjec-
tive, which implies that £: ¢~ (h) — @5 (t(h)) is surjective, we find that F maps into principal bibundles.

To see that it is functorial, we need to check that it preserves composition. In other words, we need to find

an equivalence any (hy, he) € H?):
¢ () © ¢ (ha) =2 ¢ (hiha).

For now, fix some 2 <= Y &2 4 € 1@ and recall that this composition of bibundles was defined as:

¢ (h1) %490~ " (ho)
¢~ (1s(ny))

¢ (h1) ® ¢ (ko) =

We will define an equivariant map on the fibred product of the two spaces and show that it descends to a

diffeomorphism on the quotient. Define the map as follows:

a: ¢ (h) g x40 (h2) = ¢ (haha): (g1, 92) — G192-

This is simply the restriction of the multiplication map to an embedded submanifold, and therefore it is smooth.
Remark that this is also clearly equivariant for the left and right actions. To see that it descends to the quotient,

we remark that

a(g-(91,92)) = alg197",992) = 9197 992 = 9192 = (g1, g2).-

This implies that o is constant on the fibres of the quotient map, and thus it automatically descends to the

quotient. Let us denote this map by @.

To show that it is a diffeomorphism, we will show that it is surjective, injective and an immersion, which is

enough by the global rank theorem.

Surjective: Suppose that g € ¢~ (h1hs), by arrows completeness we can find some g1 € ¢~ (hy) such
that s(g1) = s(g). If weset go = gl_lg, it follows that

¢(g2) = d(91 '9) = (g7 Np(g) = by ' hiha = hy and  gigo = g1g; 'g = g.

Therefore, (g1, g2) = gand (g1,92) € ¢~ 1(h1) s%¢¢~*(h2). The map on the quotient is therefore also

surjective.

Injective: Suppose that a(g1, g2) = (g3, ga), such that g1g2 = ¢394. We can then define g as the
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element g5 Lo = 9495 ! It then satisfies

g-(91,92) = (9197 %, 992) = (9197 293, 9497 L 92) = (93,94) and  ¢(g) = (g5 91) = hy'hy = 1,.

We conclude that @ is indeed injective.
Immersion: To show that @ is an immersion, remark that for some (g1, g2) € ¢~ (h1) ¢ X ¢(h) we

have the following short exact sequence

0= Tgr.00 (@ (1y) - (91,92)) = Tgy.90) (0 (1) ox0 " (h2)) = T(gy.9)¢ " (h1) @ ¢~ (h2) — 0

Therefore the tangent bundle 1 (hy) ® ¢~ (he) at (g1, g2) is canonically isomorphic to

Tg1g0)® " (h1) @ ¢ (ha) = Ty, 010~ (A1) o %40 (h2)/T(gy,00) (0 (1y) - (91, 92))

Therefore it is enough to show that ker(y, o,y Tor C T(g, g (@7 (1y) - (91, 92))-
g1.92) Take s (—€,€) = ¢~ (h1) 4% 07 (h2)
to be a curve integrating this tangent vector. We can then project this curve onto the components, denote by
7; = pr; oI, such that v : (—¢,€) — ¢~ 1(h1) and y2: (—€,€) — ¢~ (h2).

Notice that (71 (t), 72(t)) = gas Ty, g,ya(u1,uz) = 0. This implies that g1g2 = v1(¢)72(t) for all
t € (—¢,¢),and thus we can define h: (—¢,€) — G: ¢+ 71 (t)"1g1 = 72(t)gy *. The curve T can then be
rewritten as I'(t) = (g1h(t) ™1, h(t)g2) = h(t) - (g1, 92). Applying ¢ to h, we see that

Setg = (g1, g2) and suppose that (u1, ug) € ker T}

d(h(1)) = p(12(t)g5 1) = P(12(1))d(g5 1) = hahz! = 1,.

Therefore, ' maps into (g1, g2) - ¢~ (1)) and thus ker T(y, oy C T, 0,1 (91, 92)0 7 (1y)).
We conclude that @ is a bijective immersion and thus it is a diffeomorphism. In particular, we conclude

that the assignment preserves the principal bibundles up to equivalence. O

Corollary 4.4.3. Let ¢: G — H be a fibred Lie groupoid with a complete multiplicative connection such
that H is s-connected, then F defines a functor from G to LieGrpdw

eak’

Proof. This follows from Proposition 4.3.9 and Theorem 4.4.2. O

Lastly, we remark that any element in H is invertible and therefore if F is a functor to LieGrpd, ., ,
then it maps into Morita equivalences. For such fibred Lie groupoids, we therefore find that the family of
Lie groupoids ker ¢ = G canonically becomes a family of Morita equivalent Lie groupoids.

The most natural condition is the existence of a complete connection, but by Proposition 4.3.10 we already
know that the fibres are isomorphic as Lie groupoids. However, these isomorphisms are not canonically defined

and depend on the choice.



Chapter s

Symplectic applications

In this last chapter, we will discuss some of the applications of (multiplicative) connections to (multiplicative)
symplectic fibrations. While the study of symplectic geometry is relatively old, more recent research in Pois-
son geometry has led to a specific interest in symplectic Lie groupoids, which integrate Poisson structures, see
[MXoo]. In a recent paper, [FM24], there was a construction of a normal form around Poisson submanifolds,
which led to a fibred Lie groupoid construction where the Lie groupoids were symplectic as well. This has
sparked a new interest in these specific objects.

We will start with a retelling of the classical theory of symplectic fibrations as can be found in [GLS96]
or [MSr7], where the relation between the existence of symplectic connections and the existence of globally
integrating forms is essential. We will then define a context of multiplicative symplectic fibrations and showcase

how multiplicative connections may play a similar role as they do in the classical theory.

s Symplectic fibrations

To introduce symplectic fibrations, we will work similarly to our treatment of fibre bundles in Chapter 1. To
add structure to our surjective submersions, but not on the total or base space, we turn to its fibres. Naively,
we can define a family of symplectic forms on w: M — B asa collection {0}, 5 such that o, € Q2(M,) is
a symplectic form. However, as our indexing set is a manifold, we would like to incorporate some smoothness

conditions here.

Definition s.r.1. A family of symplectic forms {0}, g on7: M — B is called smooth if the glueing

to a single vector bundle morphism is smooth, i.e. the following map is smooth:

2 2
o: /\Ver —R:uAve /\Verm > O () (U, V).

Notation. We will always denote the “glucing” of a family of forms by dropping the subscript of the

basepoint.

We remark that the construction of smooth families of forms is natural in the theory of foliations, in the
sense that a family of symplectic forms defines a foliated form on the associated simple foliation. In this setting,
we also have an idea of closed forms, which then coincides with forms which are closed when restricted to
each fibre. This, in particular, implies that this is a good notion of a smooth family of forms on a surjective

submersion. More details on these objects can be found in [CFMa1, App. C].

77
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Definition s.r.2. A symplectically fibred manifold is a surjective submersion 7: M — B with a

smooth family of symplectic forms {03}, -

Additionally, we have a notion of isomorphism for such structures. This not only preserves the fibred

structure of the surjective submersion, but also the symplectic structure on each fibre.

Definition s.x.3. Let m;: M; — B be symplectically fibred manifolds, with ¢ = 1,2, where
the families are denoted by {04}, 5. An isomorphism between them is a fibred diffeomorphism
¢: My — My such that for each b € B it pulls back the forms on the fibres, i.e. p* o2 = 71 3.

Just like the case of families of Lie groupoids and surjective submersions, we have a trivial notion of sym-

plectically fibred manifolds.

Example s.1.4. Given a manifold B and symplectic manifold (¥, 0), thenpr; : B X F' — Fis symplectically
fibred by {03 (u,v) + o(u,v)},cp. Clearly thisis a smooth as & = prj 0.

We call a symplectically fibred manifold #r7vial if it is isomorphic to such a trivial example. //

Using the above notion of triviality, we can then again consider a local version of it as well.

Definition s.x.5. A symplectic fibre bundle is a symplectically fibred manifold w: M — B with typical
fibre (F, o), a symplectic manifold, such that it admits a trivialising cover {(Ua, %a) } o consisting
of isomorphisms of symplectically fibred manifolds.

If all the fibres are symplectomorphic to (F, o), we will also denote this by (F, o) < M = B.

We remark that, as the name suggests, a symplectic fibre bundle is indeed a fibre bundle. Recall that a
fibre bundle is fully characterised, up to isomorphism, by its transition data. Therefore, we would also like to

incorporate the geometrical data of a symplectic fibre bundle into this data.

Definition 5..6. A fibre bundle ' < M = B has structure group G C Diff(F) if there exists a

trivialising cover {(Uy, ¥a) }4cp Whose transition data has values in G.

To translate this back to Definition s.1.2, given a fibre bundle with structure group Symp(F, o), we con-
struct forms on the fibres. Let F' < M > B be a fibre bundle, with (F, o) a symplectic manifold, and
{(Uas¥a)} e a trivialising cover with transition data in Symp(F, o). Due to the transition data mapping

into Symp(F, o) we remark that the following holds:

Uiy = (V) (Vp0)*) T k0 = (Yp)* (Vpap) o = (Ya)*0.

Therefore, we can define a symplectic form on M, as o = ¢; »0 for b € U,, and note that it is independent
of the choice of c.

Remark that these forms may not be dependent on the choice of local trivialisation within a symplectic
trivialising cover, but they do depend on the symplectic trivialising cover itself. In practice, we almost always
implicitly choose a symplectic trivialising cover and directly work with the family of forms {03},  without

mention of the cover.
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Proposition s.1.7. Let F' — M =5 B be a fibre bundle, then it is a symplectic fibre bundle if and only
if it has structure group Symp(F, o).

Proof. Let (F,a) < M 5 B bea symplectic fibre bundle, then its transition functions have transition data
in Symp(F, o) as they are by isomorphism of trivial symplectically fibred manifolds.

Conversely, suppose that the transition data is in Symp(F, o) and let {03}, 5 be the induced family of
forms on the fibres, obtained from a symplectic trivialising cover {(Uq, ¥a ) } 4 - These are symplectic forms
as 1 p is a diffeomorphism. To show that o is smooth, we will show that it is locally isomorphic to the trivial

model of Example 5.1.4. Consider the restriction of o to 7 (U, ). Here we find that
o(uAv) = Or(z)(uAv) = (Y540)(uAv) = pryo(uAv).

This latter expression is smoothly defined and therefore @ is a smooth vector bundle map. This, in particular,

implies that it is a symplectic fibre bundle. O

s...1  Fibre-compatible forms

We remark that the vertical bundle of a surjective submersion is included in 7'M, the tangent space of the total
space, and thus, we obtain a pullback map ¢*: Q¥(T'M) — QF(Ver) by precomposition in each component.
To define an inverse to this map, one can choose a connection and use the splitting of forms as described in
Section 1.3.3. In particular, this means that global form w € Q*(M) might define a symplectically fibred
manifold structure on m: M — B if and only if the fibres are symplectic submanifolds. If we start with a

symplectically fibred manifold, we may wonder whether we can find such a global extension.

Definition s5.1.8. On a symplectically fibred manifold 7: M — B with family of symplectic forms
{0} pe > 2 fibre-compatible form is a form w € Q*(M) such that *w = o.

There is a direct relation between the existence of connections and the existence of fibre-compatible forms,

which is why connections are particularly important for the theory of symplectically fibred manifolds.

Proposition s.1.9. Let m: M — B be a symplectically fibred manifold, then a fibre-compatible form
w uniguely defines a connection B, such that they are compatible.
Conversely, a connection ¥ defines a fibre- and E-compatible form wr,

Proof. Suppose that 7: M — B is a symplectically fibres manifold with family of forms {o4 },c -

Given a fibre-compatible form w, we can define an Ehresmann connection
E, = VerY = {u € TM: w(u,v) = O0forallv € Ver}.

Itisastandard resultin linear algebra and differential geometry to check that this is a complementary subbundle
to Ver. Clearly, then w(; 1) = 0 under the induced splitting of forms. Moreover, we can see that this is the
only connection for which this holds.

Conversely, if we are given a connection, we obtain a canonical splitting of (M), with an inclusion of

['(/\? Ver*). Under this inclusion, we obtain a connection- and fibre-compatible form. O



80 Chapter 5. Symplectic applications

We remark that there may be multiple fibre-compatible forms corresponding to a single connection, and
that this freedom is described exactly by a choice in 2%(E). Therefore, the map E — wg; is only a right inverse
tow — Ver®.

5.2 Comments on the existence of complete symplectic connections

In this next section, we want to make a digression on a version of Theorem 1.5.6 in the symplectic case, and most
importantly, why the proof of this fails. Recall that there is a geometric notion of a symplectic connection in

terms of the holonomy maps.

Definition s.2.1. A connection on a symplectically fibred manifold is called symplectic if the holonomy

maps are by symplectic maps.

Clearly, given a symplectic connection which is complete on a symplectically fibred manifold, we immedi-
ately obtain local trivialisations with transition data in Symp(F, o). We also remark that on a symplectic fibre
bundle, there always exists a symplectic connection by simply glueing together closed fibre-compatible forms
on each locally trivial part by some partition of unity on the base space, see [GLS96]. However, we remark that
this is fundamentally different from our proof of Theorem 1.5.6, where we let the form vary over the fibres. Let
us therefore discuss why the converse is not necessarily true, and our methods do not apply. First, we will go
into some of the properties of symplectic connections, to get a better grip on how to possibly apply the proof
of Theorem 1.5.6.

While being symplectic is a statement on the induced parallel transport of the connection, we can translate
this to the associated fibre-compatible forms instead. To do this, we need the following standard lemma on the

flows of time-dependent vector fields.

Lemma s.2.2 ([Leers, Prp 22.14]). Let M be a manifold, X : I x M — T'M a time-dependent vector
field and w € QF (M), then

(@] = [@trex,w]

Theorem s.2.3. Letw: M — B be a symplectically fibred manifold and w a fibre-compatible form, the

following are equivalent:
i) The induced connection, E = Ver® is symplectic.
ii) Forall X € X(B)and vy, va € Very, ranging over all x € M, we bhave L'h(X)w(Ul, vg) = 0.

iii) Forallvi,vo € Very we have Ly, nvydw = 0, ranging over all x € M.

Proof. Suppose that m: M — B is a symplectically fibred manifold and w a compatible form. We will denote
E = Ver” and h: X(B) — X(M) as the induced horizontal lift.

i) = ii) Suppose that the connection is symplectic, i.e. (Ti’t)*av(t) = 0(s) forall curvesy: I — B.
Fixa X € X(B)andlety: I — B beitsintegral curve starting at b. By setting s = 0 = t; in Lemma 5.2.2,
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we can deduce that on some v1, v9 € Ver,, wihx € M, o), the Lie derivative satisfies

d * d
Lpxyw(vi, v2) = <dt‘ (@f)Z(X)) w) (v1,v2) = (dt
=0

d

0.t 0.t : .
Here, we used that 7" maps between fibres and thus 77" maps a vertical vector to a vertical vector. Therefore,

(") %(t)) (01, 02),

t=0

we can restrict w to the vertical bundle, where it is given by o3,

ii) = 1) Suppose that for all X € X(B) and v1,v2 € Very, ranging over all x € M, we have
Ly xyw(v1, v2) = 0. Lety: I — B be some regular curve and fix some a € I. Notice that we can assume
regularity as the holonomy, which we consider for symplectic connections, is invariant under reparametrisa-
tion. Forany b € I, we can find an € > 0 such that y|[,_c j is an embedding. In particular, the tangent of
Y| [b—e,b+¢] extends to a vector field X € X(B), such that X4y = §(t) fort € [b — €, b + €]. It follows that
for some vertical vectors v1, vo € Verv(a) we have:

d
dt

a,t)* d
(73") %(ﬂ) (v1,02) = <
d t=b

(0 G| @) Grm)

= (T3 (D x)) Lx)w(vi, va),
= Lpxyw(Try Ul,TT“ bug) = 0.

o~

t=b

. b . . .. . t
Here, we again used the fact that 7’7" sends vertical vectors to vertical vectors. This implies that (75")*a. 4
is constant and thus the holonomy is by symplectic maps.

ii) <= iii) Using Cartan’s magic formula we have for any X € X(B), we have
L;:ﬁh(x)w = de(Lh(X)w) + L?;Lh(X) (dw)

Remark that ¢, F' — M denotes the fibre inclusion and ¢,(x) the interior multiplication. Due to w being
compatible with the connection, it follows that the restriction of ¢, xw to Ver vanishes. Therefore, the pull-
back along ¢y, which corresponds to the restriction to Ver |y, , vanishes as well. Using the fact that d commutes

with pullbacks, we find that for each vy, vy € Ver, we have

d(enx)w)(v1,v2) = 17 d(tnx)w) (U1, v2) = d(i7(yth(xyw)(v1,v2) = 0.

We conclude that ¢ L, xyw = tjtp(x)(dw). Ttis clear that if 1y, pvydw = 0, then Ly, xyw(v1,v2) = 0.
Conversely if Eh(X)W(Uh v2) = 0, we notice that in general

dw(w,vy,vg) = dw(wT, v1,v2) + dw(wL,vl,vg),

where w' € Eand w € Ver. It follows that dw(w™®, vy, v) = do(z) (wh,v1,v2) = 0as Or(x) 1S

T

symplectic. The other term vanishesasw ' extends to a horizontal vector field of the form h(X), such that per

our assumption, it holds. O

Hence, we can capture whether a connection is symplectic completely in terms of the fibre-compatible form

it generates. Additionally, the previous description of symplectic connections in terms of the Lie derivatives
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lets us deduce that on a trivial symplectically fibred manifold, we obtain a description in terms of the fibrewise
horizontal lifts. Where these normally map into symplectic vector fields, we can require them to instead preserve

the symplectic structure as well, by mapping into the Lie algebra associated to Symp(F, o).

Corollary s.2.4. Let h be a connection on (F,0) — B X F X B Iis symplectic if and only if
hy: Ty B — X(F) maps into symp(F, o).

Lastly, we remark that being a symplectic connection is a local condition on a symplectic fibre bundle.

Proposition s.2.5. Let M > B be a symplectic fibre bundle and E is a connection, then the following

are equivalent:
i) The connection ¥ is symplectic.

ii) There exists a symplectic trivialising cover {(Ua, o)} pep such that E|np,,  is symplectic on
My, = Us.

Proof. Suppose M 5 B be a symplectic fibre bundle and E is a connection.
i) = ii) If E is symplectic, and {(Uq, ¥a) } e is @ symplectic trivialising cover, the lift of y: I — Uq
through E [y, is the same as the lift through E. In particular, this implies that their holonomies coincide
and therefore they are always symplectic.
ii) = i) Suppose now we have a symplectic trivialising cover {(Un, ¥a) } 4 such that E [z, is sym-
plectic. Let v: I — B be a curve and fix some s,¢ € I. Pick a finite partition s =ty < t; < --- <t, =1
and a sequence { (Ui, ¥i) }i) C {(Ua,¥a)}aep such that y [t ti11] C Ui. As the holonomy of |y, ;

is always symplectic, it follows that:

i1

(73)" ony = ()" (1) (131) 03 = 0y06)-
Here, we again used that the holonomy of paths mapping within U, is given by the holonomy along the re-

stricted connection. This implies that E is also symplectic. O

Let us now discuss why the proof of Theorem 1.5.6 does not extend to the symplectic case. Here, we will as-
sume that we have constructed the sets S, and the associated cover W, with a partition of unity ¢, subordinate
to it. We can then consider the glueing of the canonically induced connections h, let us denote this glueing by
h, and remark that it is complete by construction. To check whether this is a symplectic connection, we need
only focus on the local properties of the connection, by Proposition s.2.5. As this is a trivial symplectically fi-
bred manifold, we can thus check only the maps hy, as seen from Corollary s.2.4. However, the image of hy (v),
for some v € T}, B, will be a C°°(F')-linear combination of symplectic vector fields. However, as symplectic

vector fields are defined to be such that £ xw = 0, they are not closed under C*°(F")-linear combinations.

5.3 Symplectic Lie groupoid fibrations

In this last section, we will give a new notion of a symplectic Lie groupoid fibration which incorporates both
the symplectic structure of a symplectically fibred manifold and the multiplicative structure of a fibred Lie
groupoid, such that it generalises objects like symplectic Lie groupoids. Then, we finish oft with a result which
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is the multiplicative analogue to Proposition s.1.9. In particular, we remark that for (hq, he) € H2) we obtain

some maps which encode the multiplicative data of the total groupoid G:

m: ¢ (h) gx4¢ H(ha) = ¢ H(hiha), pri: ¢ H(ha) gx4d H(ha) = ¢ (Ry)

These are simply the restrictions of ™, pry, pry on G (2), This then lets us intertwine the multiplicative data
between the fibres of the fibred Lie groupoid.

Definition s.3.x. A symplectic Lie groupoid fibration is a Lie groupoid fibration ¢: G — H such that
it is a symplectic fibration and the induced symplectic forms on the fibres, {0, }}, ¢4, satisfy

m* oy = priy oy, + pry oy

Examples.3.2. Let (G, ) beasymplectic Lie groupoid, i.e. {2 is a symplectic form on G which is multiplicative,

then it is a symplectic Lie groupoid fibration over a point. //

Example 5.3.3. Let m: M — B be a symplectically fibred manifold, then it defines a symplectic Lie groupoid
fibration when considered as the identity groupoids. //

Proposition §.3.4. Let ¢: G — H be a symplectic Lie groupoid fibrations, with family of forms
{on} sy For any unit 1, € H, the fibre (9~ (15), 01, ) is a symplectic groupoid.

We then show the equivalent of Proposition 5.1.9 in the two directions separately.

Proposition s.3.5. Let w be a multiplicative fibre-compatible form on a symplectic Lie groupoid fibration,

then Nex® is a multiplicative Ebresmann connection.

2
mult

Proof. Let ¢: G — H beasymplectic Lie groupoid fibration. Suppose w € 2 (G)is fibre-compatible, we
know that E = Ver® is the unique Ehresmann connection such that w is compatible by Proposition 5.1.9. To
check that E is a multiplicative Ehresmann connection, we need to check that it is closed under the multiplica-
tion and inversion maps, induced on T'G =2 T'M as the maps T'm: T(g(2)) —TGandTi: TG — TG.

Consider some (u,v) € T(g7h)g(2) N E%gﬁ) and w € Very,, we then find that

w(Tm(u,v),w) =w(Tm(u,v), Tm(Tu o Tt(w),w)) = m*w((u,v), (Tuo Tt(w),w))
=w(u,TuoTt(w)) + w(v,w) = w(u, Tuo Tt(w))

We remark that the following holds by the groupoid properties of ®:
TPoTuoTt=T(®Pouot)=T(uoggot)=T(uoto®)=TuoTtoTd

This shows that w € ker T'® implies that T'u o Tt(w) € ker T'®, and thus w(u, T'w o Tt(w)) = 0. This
implies that T'm(u, v) € E for (u,v) € TG®).

To show that the inversion, 7'%, maps horizontal vectors to horizontal vectors, we remark that % is a diffeomor-
phism (as it is its own inverse) and thus T%: TG = E@ Ver — T'G = E ® Ver is an isomorphism. As ® is a

groupoid map, we see that

TopoTi=T(poi)=T(iod)=TioTe
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This implies that T'4(Ver) = T'é(ker T'¢) C ker T'¢p = Ver. This implies that E is closed under inversions
and therefore E C TG = T'M is a subgroupoid. Therefore, E = Ver® is a multiplicative Ehresmann
connectionon ¢: G — H. O

Proposition 5.3.6. Ler¢: G — H bea symplectic Lie groupoid fibration with family of forms {on }j,cqy
and B C TG be a multiplicative Ebresmann connection, then there exists some fibre-compatible form
w € Q2 1.(G) such that E = Ver®.
Proof. Let ¢: G — H be a symplectic Lie groupoid fibration with family of forms {on} hen and E C TG be
amultiplicative Ehresmann connection. Then there exists a fibre-compatible form, as seen in Proposition 5.1.9.

To see that it is multiplicative, we remark that the induced map w: @2 TG — R factors as follows:

GBQTng

As E is a multiplicative connection, the map pr: TG — Ver is a VB-groupoid morphism, and thus its direct
sum pr @ pr: @?TG — @ Ver is a VB-groupoid morphism as well. The conditions on {07, } hey result
in the fact that 0 : @* Ver — Risa VB-groupoid morphism and therefore so is w. ]

These propositions indicate that the defined notion of a symplectic Lie groupoid fibrations is indeed the
multiplicative equivalent of a symplectically fibred manifold, as we obtain an equivalent of Proposition s.1.9.
Other interesting results would be the extensions of theorems like minimal coupling and Thurston’s trick to

the multiplicative setting.
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