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Abstract

This thesis has two objectives. The first objective is to introduce a notion of
equivalence for singular foliations that preserves their transverse geometry and
is compatible with the notions of Morita equivalence of the holonomy groupoids
and the transverse equivalence for regular foliations that appeared in the 1980’s.

The second one is to describe the structures behind quotients of singular
foliations and to connect these results with their associated holonomy groupoids.

We also want to give an introduction to the notion of singular foliations as given
in [AS09], as well as to their relation with Lie groupoids and Lie algebroids.






Beknopte samenvatting

Deze thesis heeft twee doelstellingen. De eerste bestaat erin een notie
van equivalentie voor singuliere foliaties in te voeren, die hun transversale
meetkunde bewaart. Deze equivalentierelatie wordt zodanig gedefinieerd dat de
holonomiegroepoiden geassocieerd met equivalente singuliere foliaties Morita-
equivalent zijn. Tevens veralgemeent ze noties van transversale equivalentie
voor reguliere foliaties die in de jaren ’80 verschenen.

Het twede doel van deze thesis is het beschrijven van de achterliggende structuren
van quotiénten van singuliere foliaties.

We willen ook een inleiding geven op het begrip "singuliere foliaties", dat
verscheen in [AS09], alsook de relatie tussen singuliere foliaties enerzijds, en Lie
groepoiden en Lie algebroiden anderzijds bespreken.
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Introduction

I started my PhD with the project of quotients of singular foliation, a subject
suggested by my adviser Marco Zambon. At that time, he gave me to study
an article by Prof. Androulidakis and Prof. Skandalis [AS09], which I started
reading right away. Trying to understand the proofs of every theorem we
discovered step by step new properties and relations. After many discussions
with him and my colleagues, this thesis was born.

This thesis studies properties of singular foliations, focusing on their associated
holonomy groupoids. It tries to be a self contained work and to give an
introduction to the notions of singular foliations, Lie algebroids and Lie
groupoids, as well as their relations.

The structure

The first three chapters provide an introduction to many important notions
for this thesis, such as singular foliations, bisubmersions, Lie groupoids, Lie
algebroids and Morita equivalence. The results of this thesis lie in the last two
chapters, the fourth and the fifth ones.

The first chapter of this thesis is an introduction to singular foliations in the
sense of the article [AS09]. Here we also explain in detail many of the notions
from different points of view. The sections with new results are §1.2, §1.4 and
§1.5.

In the second chapter we give an introduction to bisubmersions, which first
appeared in [AS09] and inspired our notion of Hausdorff Morita equivalence for
singular foliations, which we also present in the same chapter. The sections
with new results are §2.1 §2.3, §2.4 and §2.5. In §2.1 we give a new proof of an
old result. In §2.3, §2.4 and §2.5 we give an introduction of Hausdorff Morita
equivalence for singular foliations, as in [GZ19] by Marco Zambon and myself.
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The third chapter gives the preliminaries for Lie groupoids, Lie algebroids and
Morita equivalence. We also connect these objects with singular foliations.
There are no new results but §3.4 and §3.5 are particularly important.

The fourth chapter gives an introduction to the holonomy groupoid of a singular
foliation, as in article [AS09]. It also relates our notion of Hausdorff Morita
equivalence for singular foliation with the classical notion of Morita equivalence
for the holonomy groupoids. The sections with new results are §4.3, §4.4 and
§4.5, the last one being one of the most important sections of this thesis.

In the fifth chapter we show the results we obtained for the quotients of singular
foliations. The sections with new results are §5.1 and §5.4.

The motivation

This work is motivated mainly by the theory of foliations and Poisson geometry.

Foliations

The notion of regular foliation is widely studied in differential geometry, to the
extent that it regularly appears in general master courses in mathematics. A
regular foliation can be seen as either one of two equivalent notions: integrable
distributions or regular smooth partitions.

Definition.  An integrable distribution D on a manifold M is a
vector subbundle of the tangent bundle TM, such that it is involutive i.e.
[I'(D),T(D)] c I(D).

Definition. A smooth partition on M is a partition {L;},cr of M, where
every class L; is a connected immersed' submanifold of M called a leaf: and
such that for each p € M and v € T, M tangent to the leaves, there exists a
vector field X € X(M) with X (p) = v and tangent to every leaf. A smooth
partition is regular if every leaf has the same dimension.

The notions of integrable distribution and regular smooth partition are equivalent
because of the Frobenius theorem. Given a regular smooth partition, one can
get an integrable distribution using the tangent spaces of the leaves. Moreover
given an integrable distribution D one can follow the flows of the vector fields
in I'(D) C X(M) and get a regular smooth partition of M.

n this thesis any immersion is considered to be injective.
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An important notion for this thesis is the holonomy groupoid of a foliation.
In the case of regular foliations, this groupoid was introduced by Ehresmann
[Ehr65] and Winkelnkemper [Win83]. Its construction can be seen in section
3.2 of this thesis.

On the one hand, the holonomy groupoid encodes the information of the
leaf space (which is typically not smooth) and the holonomy groups, so this
feature gives a geometric motivation for its study. On the other hand, in
non commutative geometry, it gives a geometric interpretation for certain C*-
algebras. Every Lie groupoid has an associated C*-algebra [Ren80] therefore
every regular foliation has an associated C*-algebra given by its holonomy
groupoid. This construction was given by A. Connes in [Con82].

A well known fact is that any commutative C*-algebra is isomorphic to the
space of functions on a topological space. This gives a geometric interpretation
of an, in principle, algebraic object. The C*-algebra defined by A. Connes to a
regular foliation is usually non commutative, giving a geometric interpretation
for a more general kind of C*-algebras. Moreover, using this construction, in
the articles [ConT79], [CS84] and [Con82] the authors developed a longitudinal
psedo-differential calculus and an index theory for regular foliations.

One can also generalize these constructions for singular foliations. Here the
term “singular” comes in when we allow smooth partitions whose leaves vary in
dimension. Similarly to the Frobenius theorem, the Stefan-Sussmann theorem
states that any smooth partition of M gives a unique “singular integrable
distribution” on M and vice-versa. We will not discuss this characterization.
The reader can check [RS13, §2.3] for more details.

In this thesis we define singular foliations as Androulidakis and Skandalis in
[AS09]. By the Stefan-Sussmann theorem, one can check that this definition
gives indeed a smooth partition of M. However, this process is not reversible.
In chapter 1 we will give a proper introduction to this object.

Definition. A singular foliation on a manifold M is a C>°(M)-submodule F
of the compactly supported vector fields X.(M), closed under the Lie bracket and
locally finitely generated. A foliated manifold is a manifold with a singular
foliation.

Note that, the above definition generalizes canonically the notion of integrable
distribution. Indeed, for any integrable distribution D C TM there exists
a singular foliation F := I'.(D) C X.(M), and for any singular foliation
F C X(M), satisfying some regularity condition, one can get an integrable
distribution D C T'M.

Although foliated manifolds as in the above definition are recent objects, they
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have been studied by many people, as the reader can see by the following
articles: [AS09], [AZ13], [AZ14], [AZ16], [BBLM], [Deb01], [Deb13], [LGLS18],
[Wan18|.

In [AS09] the authors generalized the holonomy groupoid to any foliated
manifold. We will review this construction and guide the reader step by step in
section 4.1. Even though in many cases this groupoid fails to be smooth (i.e, Lie),
it has a partial smooth structure [Deb13]. By using this partial smooth structure,
Androulidakis and Skandalis defined a C*-algebra of a foliated manifold. This
was an important step towards the generalization of the work of A. Connes to
the singular case.

Poisson geometry, C*-algebras and Morita Equivalence

Modern Poisson geometry, which takes its roots in the classical work of Poisson in
the 19th century on classical mechanics, was established following the pioneering
work of Weinstein [Wei85] in 1983, and it has become an active research field
with connections to a variety of fields, such as algebra, differential geometry
and mathematical physics.

Any Poisson manifold (M, ) has an associated Lie algebroid [CASW99], namely
the cotangent bundle of M with anchor 7%: T*M — TM;a + (o, —). This
Lie algebroid induces a foliated manifold (M, 7%(QL(M))) where each leaf has a
symplectic structure. Moreover, this Lie algebroid can sometimes be integrated
into a source simply connected symplectic Lie groupoid ([CF04]) and the orbits
of this Lie groupoid coincide with the symplectic leaves of the singular foliation.

Poisson geometry is also related to the study of quantization in physics
([Dir47], [Kos77], [BFF*78b] and [BFF*78a]). The goal of quantization is
to relate classical mechanics, described in mathematical terms by Poisson
geometry ([CdS01] and [CASW99]), and quantum mechanics, described by
non-commutative C*-algebras.

A notion which lies at the intersection of the theories of C*-algebras, Poisson
manifolds and Lie groupoids is the notion of Morita equivalence. This notion
first appeared in algebra as a weak version of isomorphisms, in the sense that two
C*-algebras are Morita equivalent if their categories of modules are equivalent.
This is an important notion because for some cases one does not care for the
algebraic object, but for the possible actions (or representations) of it.

Morita equivalence was later extended to Lie groupoids and Poisson manifolds.
In [CASW99] it is explained in more detail how the concepts of Morita
equivalence for these three different objects are related: for example, if two Lie
groupoids are Morita equivalent, then their corresponding C*-algebras are also
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Morita equivalent. In this thesis we do not address C*-algebras. We will focus
on groupoids and then many results for their C*-algebras follow immediately.

The notion of Morita equivalence for Lie groupoids has a geometric interpretation.
Namely, if two Lie groupoids G and H are Morita equivalent, their orbitspaces
(i-e. their spaces of orbits) are homeomorphic to the same topological space S
and their isotropy Lie groups are isomorphic. Hence one can regard G and H
as equivalent smooth structures (or atlases) for S. This has consequences for
foliated manifolds, namely if G = M is a source connected Lie groupoid with
associated foliated manifold (M, F), then the orbitspace of G coincides with the
leafspace of (M, F), and therefore G can be seen as a “smooth structure” for
the leafspace of (M, F).

One of the goals of this thesis is to generalize the notion of Morita equivalence
from Poisson manifolds, Lie groupoids and C*-algebras to the setting of foliated
manifolds, and to relate it with the notion of transverse equivalence given by
Molino in [Mol88].

The results

This thesis has two main results. The first one is about Morita equivalence of
singular foliations. The second one is about quotients of foliated manifolds and
of their associated holonomy groupoids.

Hausdorff Morita equivalence of singular foliations

The transverse geometry of a regular foliation was studied in the 1980’s and
1990’s. Haefliger stated that a property of a regular foliation is transverse if
it can be described in terms of the Morita equivalence class of its holonomy
groupoid (see the first paragraph of [Hae84, §1.5]).

Molino introduced various notions of transverse equivalence of regular foliations
(see [Mol88, §2.7] and [Mol94, §2.2 d]). His notion of transverse equivalence
requires that the pullbacks of the foliations to suitable spaces agree, and does
not make any reference to the holonomy groupoid.

In the same spirit as Molino, M. Zambon and I introduced in [GZ19] a definition
of Morita equivalence of singular foliations. In section 2.3 we give an introduction
to this notion.
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One of the results in this thesis is that Morita equivalence of singular foliations
have many invariants, which should be regarded as constituents of the “transverse
geometry” of a singular foliation:

Theorem. If two singular foliations are Hausdorff Morita equivalent, then:

a) the leaf spaces are homeomorphic,

b) the isotropy Lie groups (and isotropy Lie algebras) of corresponding leaves
are isomorphic,

¢) the representations of corresponding isotropy Lie groups on normal spaces
to the leaves are isomorphic.

Notice that this is analogous to the Morita equivalence of Lie groupoids, for which
the space of orbits, the isotropy Lie groups and their normal representations
are a complete set of invariants [dH13, theorem. 4.3.1].

Several geometric objects have singular foliations associated to them. In section
4.5 we will prove the following statements:

Theorem. If two source connected Hausdorff Lie groupoids, two Lie algebroids
[Gin01, §6.2] or two Poisson manifolds [Xu91] are Morita equivalent, then their
underlying singular foliations are Hausdorff Morita equivalent.

Theorem. If two singular foliations are Hausdorff Morita equivalent then their
holonomy groupoids are Morita equivalent (as open topological groupoids).

For regular foliations — and more generally for projective foliations — the
holonomy groupoid is a source connected Lie groupoid. Therefore, in this
case, Hausdorff Morita equivalence of singular foliations coincides with Morita
equivalence of their associated holonomy groupoids (under Hausdorffness
assumptions).

From the above it is clear that the notions of Morita equivalence for singular
foliations and Morita equivalence for the associated holonomy groupoids are
closely connected. We emphasize that our definition of Hausdorff Morita
equivalence is expressed in terms of the singular foliation alone, without making
any reference to the associated holonomy groupoid, and as such, it has the
advantage of being easy to handle.

Quotients of singular foliations

Let (P, F) be a foliated manifold and 7: P — M a surjective submersion with
connected fibers (in particular, M is the quotient of P by the regular foliation
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given by the fibers of 7). Under mild conditions, F can be “pushed forward”
along 7 to a singular foliation Fj; on M.

As recalled earlier, every singular foliation has a canonically associated
topological groupoid, called holonomy groupoid [AS09]. Since the singular
foliation Fjs is obtained from F by a quotient procedure, it is natural to
wonder whether the holonomy groupoid H(Fas) of Fys is also a quotient of the
holonomy groupoid H(F). In Chapter 4, Theorem 5.1.3 we show that this is
always the case: there is a canonical surjective morphism

=1 H(F) — H(Fu).

We then refine the above result in the case of Lie group actions. That is, we
assume that a Lie group G acts freely and properly on P preserving the singular
foliation F, and  is the projection to the orbit space M = P/G. The action
lifts naturally to a G-action on H(F), but a simple dimension count shows that
the quotient can not be isomorphic to H(Fas) in general. In §5.3 we show that
when F contains the infinitesimal generators of the G-action, there is a natural
action of a semidirect product Lie group G x G on H(F) — not by Lie groupoid
automorphisms — with quotient H(Fus). Remarkably, this is a group action in
the category of Lie groupoids (see Theorem 5.3.7).

In the general case when F does not necessarily contain the infinitesimal
generators of the G-action, it is no longer true that the Z-fibers are given by
orbits of a Lie 2-group action. In §5.4 we describe the fibers of = as orbits
of a certain groupoid action on H(F) (see Prop. 5.4.5). Under additional
assumptions, this can be promoted to a Lie group action. In the end of §5.4 we
show that there is a canonical Lie ideal h of g which gives rise to a Lie 2-group
H » G and a Lie 2-group action on H(F) whose orbits are contained in the
E-fibers (see Prop. 5.4.10). The concrete form of this Lie 2-group action is
inspired by a special case, in which F contains the infinitesimal generators of
the G-action (hence H = G). Indeed in that case we recover the Lie 2-group
action given in §5.3, as we explain in Prop. 5.4.12.

Funding

This thesis was partially supported by IAP Dygest and by the FWO under EOS
project GOH4518N.






Chapter 1

Singular foliations

The objective of this chapter is to introduce singular foliation in the sense of
the article [AS09]. In the first section we introduce this definition, its properties
and give some examples.

In the second and third sections we introduce the definitions of transversal maps
to a foliation, the pullback of a foliation under a transversal map and under a
submersion, and the local description of any singular foliation. In the fourth
section we construct the product of foliations and show some of their properties
with the pullbacks.

In the last section of this chapter we give a different but equivalent
characterization for foliations, using sheaves, and motivate its advantages.

1.1 Definition of singular foliations

This subsection is an introduction to the definition of singular foliation given
by I. Androulidakis and G. Skandalis in [AS09] therefore most of the result can
be found there. We will make clear when there are new results.

Definition 1.1.1. A C°(M)-submodule F C X.(M) is finitely generated
if there exists a finite set of vector fields Y, ....Y"™ € X(M), called generators,
such that

]: = <Y1, ceey Y7.>C§°(1\4)7

i.e. F is the C°(M)-linear span of the generators.
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Note that the generators of F are not required to be in F and their support is
not necessarily compact.

Definition 1.1.2. A submodule F C X.(M) is locally finitely generated if
every point x € M has a neighborhood U C M such that

' F={X|y : X € F and supp(X) C U},
is finitely generated as a C°(U)-module.

Remark 1.1.3. The notation “Lal]:” comes from the pullback under the
inclusion map vy : U — M given in definition 1.5.1.

The following lemma will be useful later. In particular it states that finitely
generated modules can be restricted to smaller open sets and glued finitely
many times.

Lemma 1.1.4. Let F C X.(M) be a submodule.

(a) If F is finitely generated, then LElf is finitely generated for all open
subsets U C M.

,V C are open subsets suc at L and ty, are finitely
b) If U,V ¢ M bsets such that u'F and ;' F itel
generated, then LE,bV]: is finitely generated.

(c) F is locally finitely generated if and only if, for all p € C°(M), the
submodule
pF:={pX | X e F} C X.(M)

1s finitely generated.

Proof. (a) Using that tj,' F = (F) o (1), One easily sees that that the restrictions

of generators of F to U are generators of Ll}l}“ .

(b) Let X',...,X" € X(U) be generators of ¢/;'F and Y',..,Y* € X(V) of
L‘;l}— , and choose a partition of unity {py, pv} subordinate to the open cover
{U,V} of UUV. We show that py X!, ..., pu X", pv Y1, ... pyY* € X(UUV)
(or rather their extension by zero to U U V) are generators of i, F, i.e. that
L[_]bV]: is equal to the C'°(U U V)-linear span of the generators.

On the one hand, if f € CX(UUV) then fpy € C(U), since supp(fpu) =
supp(f) Nsupp(py) and a closed subset of a compact set is compact. Similarly,
fpv € C=(V). Thus, using that ;' F C 1, F and ;' F C il F, we see
that any CS°(U U V)-linear combination of the generators is an element of
wovF-



DEFINITION OF SINGULAR FOLIATIONS 11

On the other hand, let Z € Ll_]bv]-" and write Z = pyZ + py Z. For the reason
explained above, pyZ € X.(U) and pyZ € X.(V). Choose functions Ay €
C(U) and Ay € C(V) such that Ay |supp(prz) = 1 and Av|supp(py 2z) = 1
we have that Z = pyAuZ + pvAvZ. Finally, \yZ = Y _, fi X" for some
freCxU)and A\vZ =37, g;Y" for some g* € C>(V), and so

Z = ZfiPUXi +ZQ¢PUYi~

=1 i=1

(c) We begin with the forward implication. Let p € C°(M). There exists an
open subset U C M containing supp(p) such that LEl]: is finitely generated,
namely we may choose a finite covering of supp(p) by open subsets Uy, ..., U,
such that all restrictions Lail]-' are finitely generated and then apply part (b) a
finite number of times to conclude that LE}U_“U(]T}" is finitely generated. It is
now easy to see that pF = pFy and hence pF is finitely generated.

For the reverse implication, given € M, we may construct an open
neighborhood U of = and a p € C°(M) such that p|y = 1, and we immediately
see that ;' F = p(ti;' F) = ;' (pF), which is finitely generated by part (a). O

Definition 1.1.5. A singular foliation on a manifold M (in the sense of
Androulidakis and Skandalis [AS09]) is a locally finitely generated submodule
F C X(M) that is involutive, i.e. [F,F] C F. A manifold with a singular
foliation is called a foliated manifold.

Example 1.1.6. By the Frobenius theorem, any regular foliation has an
associated integrable distribution D C TM. Then F := (D) is a singular
foliation.

Given a set of vector fields X7, ... X, € X(M), its span F = (X1, ... aXn>C°°(M)
is a singular foliation if and only if it is involutive. A particular example where
this happens is the following:

Example 1.1.7. Let g be a Lie algebra acting infinitesimally on M. This
action consists of a vector bundle map p: Ag — TM which preserves the Lie
bracket, where Ag := g x M. Given a basis vi,...,v for g the vectorfields
Xi(p) := p(vi,p) € X(M) span a singular foliation Fy := (X1, ..., Xi)cee (ar)-

Example 1.1.8. In section §3.3, particularly in 3.3.17, we will see that any
Lie algebroid canonically defines a singular foliation. Moreover in example 3.5.8
we will see that any Lie groupoid has an associated Lie algebroid and therefore
a singular foliation.
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One of the motivations for definition 1.1.5 is that it gives an integrable singular
distribution and, by the Stefan-Sussmann theorem [RS13, §2.3], a smooth
partition of M. Another motivation for definition 1.1.5 is that it also allows
us to define the holonomy groupoid for a singular foliation, as we will show
in chapter 4. A drawback is that not any singular integrable distribution is a
singular foliation, nevertheless singular foliations are general enough to contain
many key examples, for instance: 1.1.6 and 1.1.8.

For a singular foliation there are certain interesting spaces given point wise.
These spaces measure the regularity of the foliation around a point.

Definition 1.1.9. Let (M, F) be a foliated manifold and x € M. Denote
I, :={feC>(M) : f(x)=0}. We denote:

The tangent of F at z by: F, :={X(z) : X e F} CT, M.
The fibre of F at x by: F, := F/I.F.

Note that the evaluation map ev,: F, — F, at the point z induces a short
exact sequence of vector spaces:

0 — ker(ev,) = F, — F, — 0.

Moreover, the Lie bracket on M descends canonically to a Lie bracket on
ker(ev,), giving a Lie algebra structure on it.

Definition 1.1.10. The space g7 := ker(ev,) is called the isotropy Lie
algebra of F at x.

The tangent space F, gives a way to determine if F is a regular foliation, as it is
shown in the following corollary, which is a direct consequence of the Frobenius
theorem:

Corollary 1.1.11. F is a regular foliation if and only if the space F, has
constant dimension for all x € M. This also implies F, ~ F, and g = 0.

Definition 1.1.12. For the rest of this thesis a regular foliation on a
manifold M is a singular foliation F on M such that the spaces F, have
constant dimension for all x € M.

The fiber F, is related to a minimal amount of generators for F near z, as the
following lemma (proved in [AS09]) shows:

Lemma 1.1.13. Let {X1,...X,,} € F be a finite subset and fix xg € M. If
the class of elements in {X1,...X,} are a basis for Fy, then there exists a
neighborhood U C M of xo such that {X1,...X,} generates uj;' F.
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Proof. Because F is locally finitely generated, there exists a neighborhood
V of z¢ and vector fields Y7,...,Yy spanning L‘_/I.F . Because the classes of
X1,..., X, in F,, are a basis there exists a unique matrix A € M, xn(R) such

that:
(Yl)wo (Xl)aio
AR EVE
(YN)IO (Xn)xo

where (—)z, denotes the class in F,,. Then using that Y1, ..., Yy are generators
near xo, there exists B € C(Mynxn(R)) such that B(xzg) = 0 and

Y1 X1 Y1
A =B
Yy | X, YN
Therefore, )
Xi Y
A | =ua-B)|
| X0 Yy

Using the smoothness of B and that B(zg) = 0 there must exists a neighborhood
U C V of zy such that Id — B is invertible. Finally on U:

Yl Xl
S| =(Id-B)'A- | :
YN Xn
which proves that X5, ..., X,, are generators of Lal}" . O

This fiber F, also determines whether or not F is a projective module. Recall
that, an C°(M)-module F is projective if there is another C'°(M)-module
@ such that F & Q is a free C°(M)-module. The Serre-Swan theorem says
that any C2°(M )-module is projective if and only if there exists a vector bundle
A — M such that F 2 T'.(A) as C°(M)-modules (the free C2°(M)-modules
are given by trivial vector bundles over M).

This fact says that a projective foliation F behaves quite well (see [Deb01],
where they are called almost regular foliations). If you see the definition of Lie
algebroids 3.3.1, the vector bundle A associated to F acquires canonically a Lie
algebroid structure for which the anchor map is injective on an open dense set.

Lemma 1.1.14. F, has constant dimension for all x € M if and only if F is
a projective module.
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Proof. (Sketch) If F is projective, there exists a vector bundle A — M whose
module of sections are isomorphic to F. Then dim(F,) = dim(A,) which is
constant.

For the converse suppose dim(F,) is constant. Then one can create a vector

bundle A with the condition A, = F,. Finally T'.(A) ~ F. O

An important characteristic of singular foliations is that they give a singular
distribution on and a smooth partition of their underlying manifolds.
Nevertheless, the singular foliation contains more information than the smooth
partition, for example:

In R? we can choose
FO = {w0s 4 40y 902~ 20y) o ary

Fl.= <x81,yay,yamxay>cg°(M) ’

Both foliations give the smooth partition Ly = {(0,0)} and L; = (R? - {(0,0)})
but they do not define the same submodule. In fact, looking at the dimensions

of the fibers at the origin we see that dim(f(oo_o)) = 2 and dim(}"(lo o) =4

which implies that F° is a projective module whereas F' is not.

1.2 Transversal maps

Let P, M be manifold and 7 : P — M a smooth map. Consider the following
maps of sections:

dr: X(P) = T'(P,m*TM),Y — drY,

7 X(M) > T(P,n*TM), X — X o.

A definition of transversality given in [AS09] is the following:

Definition 1.2.1. A map w: P — M is transversal to a foliation F on M if
the canonical map:

Xo(P) @ (1" F) oo (py = Telm" TM);Y @ € o (dnY) + € (1.1)

is onto.
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This condition is a point wise property. This means that it is equivalent to the

following statement, which was suggested by Henrique Bursztyn in his article
[BBLM]:

Proposition 1.2.2. A map 7: P — M is transversal to a foliation F on M
if and only if for all p € P the following condition is satisfied:

Img(dpm) + Fp = Ty M, (1.2)

where F, :={X(p) : X € F}.

Proof. Transversal = condition (1.2): Take arbitrary p € P and z €
TrpyM. There is a section Z € T'.(n*T'M) such that Z(p) = z. Using
tranversality in equation (1.1), there exist a section ¥ € X.(P), elements
X; € F and g; € C2°(P) such that

dr(Y) + Zgiﬂ'*Xi =Z.

Applying this formula to the point p we get:

Y + Zgi(p)Xi(ﬂ(p)) =Z(p) = =

Denote X := 3,g;(p)X; € F, then d,7Y + X (n(p)) = Z(p) = 2. Because p and
z are arbitrary we get condition (1.2).

Condition (1.2) = transversal: Take an arbitrary p € P, there exists a local
frame {Y;} for TP around p and some local generators {X;}’s for F nearby
m(p). Using the condition 1.2 we get that the {d,7Y;} and the {X;(7(p))} span
Tr(pyM. Tt is possible to choose among the d,7Y;’s and the X;(7(p))’s a basis
for T,y M. Because of the regularity of 7*T'M as a vector bundle over P the
chosen dnY;’s and 7*X;’s form a local frame of 7*T'M nearby p. Therefore
for each p there exists a neighborhood U, some vectorfields Y}” € X(P) and
X7 € F such that the drY}” and the 7* X7 form a basis for 7T M|y, .

Take Z € T'o(7*TM). For each p € supp(Z) we find a Uy, dr¥}” and 7* X7 as
in the last paragraph. There exist unique smooth functions ¢, gf on U, such

that:
Zly, = > gldnYP) + > gt (m*XP). (1.3)
@ J

Because supp(Z) is compact, there exist finitely many U, that cover
supp(Z), take Uy’s as this finite cover for supp(Z) and gg‘“,g;‘?,din}“,77*X]’»C
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the correspondent functions and vector fields satisfying equation (1.3) for each
Uy. Take a partition of unity f’s subordinate to the Uy’s. Therefore, Z can be
written as the following finite sum of elements:

7 = kagf(dwyik) + kagf(W*Xf%

i,k i,k
=dr [ > feglYE |+ fregf (7 X)),
ik gk

where (Xf1.g¥YF) € X.(P) and (Efkg;-“(ﬂ'*Xf)) € (1" F)coo(py- Then Z is in
the image of the canonical map (1.1). Finally, because Z is arbitrary, we have

transversality. O

1.3 Pullbacks and push forwards

In this section we review the pullback foliation for transversal maps, as it was
first appeared in [AS09]. We will also give an easier description of this pullback
foliation when the map is a submersion and explain a local picture for singular
foliations.

We start with the definition of pullback foliation.

Definition 1.3.1. Let P, M be manifolds, F a foliation on M and m: P — M
a smooth map. Recall the maps of sections:

dr: X(P) - T(P,7*TM),Y + drY,

7 X(M) > T(P,n*TM), X — X om.
The pullback foliation of F under m [AS09, proposition 1.10] is the submodule
of X(P) given by:

7N F) = (dﬂ'_l (<W*‘F>C§°(P)>> .

c

Let us explain the construction of the pullback foliation step by step: take the
image 7*(F), then make it a C2°(P)-module (7*F) e (py, take the preimage
by the module map dm and finally the compactly supported elements of it.

Proposition 1.3.2. Let P, M be manifolds, F a foliation on M and w: P — M
be a smooth map.
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1. 7= 1(F) is closed under the Lie bracket.
2. If 7 is transverse to F then w(F) is locally finitely generated.

3. Let S be a manifold and p: S — P be a smooth map. The map ¢ is
transverse to w1 F if and only if 7 o ¢ is transverse to to F and we have
(mop) ' F=¢ (r1F).

Proof. Prop 1.10 and 1.11 in [AS09] O

The following lemma contains a simplified description for the pullback foliation
when the transversal map is replaced by a submersion:

Lemma 1.3.3. Let (M, F) be a foliated manifold and w: P — M a submersion,
then

N F) = <(d7r)_17r*(.7:)>Cx(P) .

c

Note that the set (dr)~17*(F) consists of the projectable vector fields in X(P)
going to F. Therefore 7=1(F) is generated by projectable vector fields going to
.F

Proof. Call H := n*F. We will prove that:

(d”_l <<H>C?<P>))c = ((@m) " H) oo () -

To prove this fact we will use double inclusion and the following facts:

o 7 is a submersion and therefore H C Img(dm).

o It is clear that 0 € H, which implies that ker(dr) C (dm)"'H and

(ker(dm)),. C <(d7r)_1H>ch(P).

Now we will start the proof:

(2): Note that every element of <((d7r)_1H)>Cgo(P) has compact support,
therefore we only need to prove:

(@m) " (H) o)) 2 () H) e ) -
To do so, note that

dr (<d77_1(H)>CS°(P)) = <d”(d”_1(H))>CS°(P) = (Hloz @)
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using in the last equality that H C Img(dm) implies dr(dn~'(H)) = H.

Finally:
((dm) ™ H) g ) © (dm)™ (<H>Cé’°(P)> '

(©): Take X € ((dw)’1 ((H)CW(P))) , we have that X € X.(P) and:

dn(X) =) fi¥s, for f; € C®(P) and Y; € H.

Using again that H € Im(dr), there are X; € (dw)~'H such that dr(X;) = ;.
These elements are not necessarily compactly supported, but the elements
fiXi € X.(P) have compact support. Then X — X f; X; € X.(P) has compact
support and therefore:

(X - BfiX;) € Ker(dm)e C ((dm) ™ H) oo ) -

Finally, because X f; X; € <(d7r)*1H>
concluding the statement.

c(py WO get X € <(d7r)’1H>Cgo(P),

Remark 1.3.4. Note that in the proof of 1.3.3, the hypothesis on 7 being a
submersion is only used to justify that H C Img(dn) where H = n*F.

Example 1.3.5. Let (M, F) a foliated manifold and U C M an open set.
Consider the inclusion vy: U — M, which is clearly a submersion. The set
(dew) ey (F) is equal to Flu, therefore by Lemma 1.3.8 we have:

1 F = <f|U>Cg°(U) ={X|y : X € F and supp(X) C U}.

A result of I. Androulidakis and M. Zambon in [AZ13, lemma 3.2] shows us
that there is a way to push forward foliations via surjective submersions with
connected fibers, as the following proposition:

Lemma 1.3.6. Let m: P — M be a surjective submersion with connected fibres.
Let F be a singular foliation on P, such that T'.(kerdr) C F. Then there is a
unique singular foliation Far on M with 7= (Fpr) = F.

A version of the “splitting theorem” it is shown in [AS09], and we will recall it
in the following proposition:

Proposition 1.3.7. Let (M, F) be a foliated manifold and x € M. Denote k :=
dim(F,) and q := dim(M) — k. There exists a neighborhood U of x, a foliated
manifold (S, Fs) of dimension q and a surjective submersion with connected
fibers w: U — S such that Fly = 7' Fg, (Fs)r(z) = 0 and F, = ker(dym).
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Proof. This is Proposition 1.12 of [AS09], but we can make a sketch of the
proof following Lemma 1.3.6. First, there is a small enough transversal S of
F, with dimension ¢, an open neighborhood U C M of z and a surjective
submersion with connected fibers w: U — S satisfying I'. ker(dw) C F. Then
using Lemma 1.3.6 we get the desired foliation Fg satisfying the conditions of
this proposition. O

Consider the setting of proposition 1.3.7, i.e. let (M, F) be a foliated manifold,
xeUCM, (S Fs)and n: U — S. Using the constant rank theorem for
one can see U as an open set of R x R"™* S as an open set of R*™* and = as
the projection map. Then F|y is equal to 71 Fg, where Fg is a foliation in
R"™~* that vanishes at the origin.

Therefore using Lemma 1.3.3 the local picture F|y = 7 'Fg is the span
(Opys- -, Ogys }"S>C(?Q(U). In particular, the local picture of a regular foliation of

rank k is given as the span (0., - - ., 0z,) coe (17)-

1.4 Product foliations

Let (M, Far) and (N, Fn) be two foliated manifolds. In this section we use the
definition of pullback foliation to get a foliation on M x N which we call the
product foliation. This section is an original part of this thesis.

Definition 1.4.1. Given two foliated manifolds (M,Fur) and (N,Fn) we
define the following submodule Fpy x Fn of X.(M x N):

.FM X .7'—1\[ = 7'('];[1.7'—1\/[ N ’/TR,l./_'.N.

Here mpp: M x N — M and iy: M x N — N are the projections.

In order to simplify notation, for a foliated manifold (M, Fps) and a manifold
N, we denote:

FMAN = dr i (ma  Fau) = {(X,Y) € X(M x N) = X € Furl, (1.4)

which consists of the projectable vector fields in M x N going to Fyy.

Lemma 1.4.2.

Fu xFnv={Xm, Xn) ¢ Xp €FN andXNefN}>Cg°(M><N)
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Proof. Note that {(Xur, Xn) : Xpr € Fy and Xy € Fy} = FAx*Nq AN,
Therefore this lemma asks us to prove that:

(FE o) 1 (FN M omarem) = FA N N FN) ey

We continue the proof by double inclusion:

It is clear that

(<‘FJ\A/{XN>Cg°(M><N)) N (<‘F1]\\T/IXN>C§°(M><N)) =~ <]:1]\\44><N m‘7:1]\\7/[><N>Cg>°(M><N) :
For the other inclusion take

X e€FuxFnN= ((J'—J\AfXN>Cg°(MxN)) n (<fJ¥XN>cgc(MxN)) '

There are functions f1--- fn,q1, - -gr € C(M x N) and vector fields
X1, Xp € FaN and Yy, -+, Vg, € FAY such that:

X =fiXi+ o+ fuX

1.5
PR My (15

We can write X; = (z;,2}) and Y; = (yi,v}) for z;,y; € T'(my,TM) and
xl,y, € T(ryTN). Because X; € }'MXN then x; € Fy and using a similar
argument y; € Fy.

Now using equation 1.5 we have that ; f;(0, z}) = 3,g,(0, y;) and %; f;(z;,0) =
¥,9i(y;,0). Finally:

X = Zfl xu +Zg] 7y_7 ‘FMXN ‘FJIVVIXN>CZX’(M><N)

Proposition 1.4.3. F; x Fy is a singular foliation.

Proof. The set {(Xp,Xn) @ Xy € Fy and Xy € Fy} is involutive and
locally finitely generated on square open sets. Then Fjs x Fy is involutive and
locally finitely generated. O

Now we prove that the definition of product foliation is well behaved under
pullbacks:
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Proposition 1.4.4. Let (M, Fy) and (N, Fn) be foliated manifolds and P, S
manifolds with surjective submersions 7: P — M, 0c:S — N. Then

TV x o7 Fy = (1 x o) TN (Far x Fu). (1.6)

Proof. Denote W = P x S. Consider the following commutative diagram:

P+ w49

I |rxe |o

M<& MxN -, N

Similar to equation (1.4), for any submodule & C X(M x N) we will denote:
(S)V :=d(r x o) (7 x 0)"(85)),

which are the projectable vector fields on W going to S.

Note that:

_ _ w _ _
(7‘(1\/[1.7:]\/[ N 7TN1}-N) = (7TM1.7:M)W N (WNIJ:N)W
(1) The right hand side of equation (1.6) is
(7 o) (Fur x F) = (7 x o)™ (maf Fas Ny Fiv)

< 7rM Y Far N7y }—N)W>C§;O(W)

< (Wﬁl}—N)W>cgo(W) :
(2) The left hand side of equation (1.6) is
TV x0T Fy = {71'1;17'71./.'.]\4} N {ngofl]:N}

— {(rx o) Fuk (7 x o) )
= {<(7TM Fr) >cgo(w)} 0 {<(7TJT71‘FN)W>CS°(W)} '

Due to (1) and (2) above we only need to prove that

<(7r;11]-'M)W al (W;flfN)W>cg°(w) — {<(“X41fM)W>Cgc<W> }m{<(7r1;1}‘N)W>CSO(W>} .



22 SINGULAR FOLIATIONS

By double inclusion, using a similar argument as in lemma 1.4.2, we get the
desired result.
O

1.5 Singular foliations as sheaves

The definition 1.1.5 of foliations as submodules becomes very restrictive in
the analytic and holomorphic setting or for non Hausdorff manifolds. Some
examples of this fact are:

e For M a non compact analytic or holomorphic manifold there is no
compactly supported analytic or holomorphic vector field on M different
from zero.

o Consider R x N and the equivalent relation given by (x,n) ~ (y, k) iff
x=yand y # 0. Take M = (R x N)/ ~, which is a non-hausdorff
manifold. Note that M can be thought as the real line R with infinitely
many origins. Every compactly supported smooth vector field on M must
vanish in all the origins (0, n).

Therefore, it appeared in the articles [LGLS18] and [GZ19] a different

characterization of singular foliations in terms of sheaves:

A singular foliation is an involutive and locally finitely generated subsheaf of
the vectorfields sheaf X.

Before we start, we give a brief introduction to sheaves. Recall that a presheaf
of groups on a topological space M consists of a choice of a group S(U) for
every open set U C M and of morphisms (—)|y: S(U) = S(V);x — x|y for
every open set V C U.

This choice must satisfy some conditions, namely it must act as a contravariant
functor §: Op(M) — C, where Op(M) is the category of open sets on M and
C is the category of groups (it is possible to have C as the category of algebras
or modules).

A presheaf is a sheaf if for every cover {U; };er of an open set U the following
axioms are satisfied:

o Locality: If z,y € S(U) are such that

U, = y|u, for each i then x = y.
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e Gluing: For every family z; € S(U;) satistying z;|v,nv; = ;j|v,nu, for
all i,j € I, there is a section x € S(U) such that z|y, = z;.

Examples of sheaves on a manifold M are the presheaf of smooth functions C'*°
and of vector fields X. The presheaf of compactly supported functions C2° fails
to satisfy the gluing axiom for infinite covers, therefore is not a sheaf.

In this section we prove that any singular foliation (as submodule of X.(M)) on
a smooth (Hausdorff) manifold can be considered as an involutive and locally
finitely generated smooth subsheaf of the vector fields sheaf X, as the following
theorem shows.

Theorem 1.5.1. For any smooth (Hausdorff) manifold M, we have the
following:

e There is a bijection between submodules of X.(M) and subsheaves of X,
described in proposition 1.5.6.

e The condition of being locally finitely generated is invariant under this
bijection.

e The condition of involutivity is invariant under this bijection.

Proof. This theorem is a direct consequence of propositions 1.5.6, 1.5.7 and
1.5.9, that will appear later in this section. O

Theorem 1.5.1 is a logical continuation to the work in article [AZ16] by I
Androulidakis and M. Zambon. Moreover, its content can be easily generalized.
Given a Lie algebroid A, replacing X.(M) by I'.(A) and X by I'4 :=T'(—, A),
one can follow the proofs given here and get the same results.

It is important to mention that these results are equivalent to some statements
appeared earlier in [Wan17] by Roy Wang. We claim that our work differs from
[Wanl7] in a matter of presentation, being more direct. In what follows we will
explain our work.

We use the notion of global hull to “forget” the compactly supported condition:

Definition 1.5.2. Given F a submodule of X.(M), the global hull of F is
given by: R
F={XeX(M) : fXeF VfeCr(M)}.

Given S a submodule of X(M) one can also define its compact elements:

(8)e:={X €8 : supp(X) is compact} = <S>03°(M)'
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An important property of global hulls is the following:

Lemma 1.5.3. For F C X.(M) a submodule, S a subsheaf of X and U C M
open we get the following equalities:

Proof. The first equality and the inclusion S(U) C m are clear, we only
need to prove ((S(U)).) € S(U).

Take X € m and {¢;}ier a partition of unity for U with functions
with compact support. Then there exists a cover {U,};cs of U such that the
sum ¥;p; X is finite in each U;. Moreover, ;X € S(U) therefore X|y, =
YipiX|u, € S(U;). By the gluing axiom of sheaves, there exists Y € S(U) such
that Y|y, = X|y, and by the locality axiom of sheaves X =Y € S(U). O

Given a subsheaf S of X it is easy to define a submodule of X.(M), just take
F = (S(M)).. A reasonable question is if we can recover S from F, which is
answered in the following proposition:

Lemma 1.5.4. Let S be a subsheaf of X. Denote F = (S(M)). then for any
U C M open we have (S(U)). = 1;;'F and therefore

SU) = i\ F.

Proof. We will prove by double inclusion that for every open set U C M we get
the following equality: (S(U)). = t;;' F, which also implies that S(U) = ¢;,' F.

Take X € (§(U))e, then X € S(U) and the two sets U and M /supp(X) are a
cover of M. Using the gluing property of S as sheaf, there exists Y € S(M) = F
such that Y|y = X and Y supp(x) = 0. Note that Y has compact support,
then Y € F and this support is in U, therefore by definition X = Y|y € Ll}l]:.

For the converse take X € ¢;;' F. By definition there exists Y € F = (S(M)). C
S(M) such that Y|y = X and supp(Y) C U. Therefore X =Y |y € (S(U))..
O

Therefore a natural way to define a presheaf for a singular foliation F is as
follows:

STU) = ;' F.
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An easy consequence of lemma 1.5.4 is that starting from a sheaf S we get the
module F and 87 = S, i.e. the process of getting a module from a sheaf is
invertible.

Now we just need to prove that, starting from a module F C X(M), the presheaf
S7 is indeed a sheaf.

Lemma 1.5.5. Given F C X.(M) a C=(M)-submodule, S” is a sheaf.
Proof. Note that S7 satisfies the locality axiom because it is a sub presheaf of
X, which is a sheaf.

We will prove the gluing condition. Take {U, };cr a family of open sets contained
in and covering U, and X; € S (U;) such that Xilv,nvu, = Xjlvinu,. Then
there exists X € X(U) such that X|y, = X;. We will show that X € S7(U).

Take f € C°(U). Then there exists finitely many U; in the family that
cover supp(f). Without loss of generality call them Us,...,U; and denote
Uy = U — supp(f). There exists a partition of unity g, ¢1,...,0r C C(U)
subordinated to Uy, Uy, ...,Us. For all j > 0 the functions ¢; have compact
support on Uj;, then ¢; fX = p; fX; € LEl]:, therefore:

fX =) oifXeuw'F.
7>0
Using that f is arbitrary, we get X € 1j;' F = S7(U). O

Proposition 1.5.6. Let C denote the collection of submodules of X.(M) and
SH the subsheaves of X.

The map C — SH; F — S” is a bijection. The inverse map is S — F° =
(S(M))c.

Proof. Lemma 1.5.5 gives a map C — SH; F — S7. Lemma 1.5.4 shows that
this map is the inverse of the map SH — C; S + F° := (S(M))... O
Now we want to prove the following:

Proposition 1.5.7. F is locally finitely generated as in the sense of definition
1.1.2 if and only if ST is locally finitely generated as a sheaf.

For a manifold M remember than any open set U C M is a manifold. Therefore
Proposition 1.5.7 is a consequence of the following lemma:
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Lemma 1.5.8. Let U be a manifold, X1, ---,X, € X(U), and F :=
(X1, Xad oy then F= (X1, Xn) oo )

Proof. Let H = (X4, -- ’Xn>C°°(U)7 we want to show that F = H. It is clear

that H C F. Now we prove the other inclusion. Take X € F and {¢;}ics a
partition of unity for U with compact support. Then for every ¢ we have that
;X € F. Therefore there exist o},...,al € C°(U) such that:

oiX =a}X;+--+al'X,

with supp(e?) C supp(i;), therefore 3;a) € C(M) for all j. Finally:

X=) @oX

Z (a}Xl + 4 a?Xn)

iel iel
= (Za}) Xy +-+ (Zaf) X, €eH
i€l il
O
Lemma 1.5.8 shows that if Lal]: is generated by some elements in Lal}" then

these elements also generate the global hull S*(U) = «;' F and viceversa.

Finally we need to prove the involutivity condition:

Proposition 1.5.9. A submodule F of X.(M) is involutive if and only if S
is involutive.

Proof. (<) Suppose S” is involutive, then S7 (M) is involutive and so F =
(ST(M)).

(=) Suppose F is involutive, then for all U C M open we get that Ll;l}" =
(87 (U)). is involutive. We just need to prove that if a submodule H C X(U)
is involutive then H is also. Then take X,Y € H and f € Ce(U) we will
prove that f[X,Y] € H. Take g € C°(M) such that g|s,pp(r) = 1. Then using
Leibniz formula we obtain f[X,Y] = [fX,gY]— (¢Y(f))X € H. O

As a consequence of the equivalent description between subsheaves and
submodules given in theorem 1.5.1, get the following proposition:
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Proposition 1.5.10. Let F; and F2 be two singular foliations on a manifold
M and U := {U C M}ier an open cover. Then Fi = Fo if and only if
Li_l]:l = LEilfg forallieI.

Proof. 1t is clear that F; = F» implies Lgil]-'l = Lgil]-'g forallieI.

For the converse take S** and S72 the corresponding sheaves of F; and Fs.
By hypothesis we have:

S}-l (Uz) = Lail]:l = Lailfg = 8]:1 (Uz)
Using elemental properties of sheaves (the restriction maps and the gluing

axiom) it is possible to prove by double inclusion that S7* (M) = §72(M) and
therefore F; = Fy (also St = §72). O

This proposition says that two foliations are equal if and only if they are locally
equal.






Chapter 2

Hausdorff Morita equivalence
for singular foliations

The first two sections of this chapter are a summary of sections 1.2.2 and 2
of the article [AS09] by I. Androulidakis and G. Skandalis. There are no new
results but we give a new proof for proposition 2.1.3 and we changed the order
and presentation of the theorems. The intention for the rest of this chapter
is to introduce Hausdorff Morita equivalence for singular foliations as in the
article [GZ19] by M. Zambon and myself. We show the definition, display some
easy invariants, and present several classes of examples.

2.1 The automorphism group of a foliated manifold

We start this section with the group of automorphisms for a singular foliation.
This is a quite interesting object by its own and it serves as a motivation for
many other notions that we will introduce later on:

Definition 2.1.1. Let F be a singular foliation on a manifold M. The
automorphism group of F is the group

Aut(F) :={ p € DiIff (M) | ¢ (F) C F }.

Also due to the compact support for any element X € F we may define the
exponential map exp : F — Diff (M) by exp(X) := ¢, where ok is the flow
of X at time 1. The exponential map allows us to define the exponential

29
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group:
exp(F) := The group generated by { exp(X) € Diff (M) | X € F }.

Remark 2.1.2. By definition, for any ¢ € Diff (M) and X € X(M), the
pushforward of X under ¢ is given by:

(3 X)z = (dd) X g1, = ((ddpo (67"))X), = ((¢7") 0 dp)X)_ .

The following proposition was proven first in [AS09] using infinite dimensional
techniques. Ori Yudilevich and I provided a “finite dimensional” proof in [GY18]
which we will show here:

Proposition 2.1.3. Let F be a singular foliation on M. For any X € X.(M)
such that [X,F] C F we have that

This also implies that
exp(F) C Aut(F).

Proof. We need to show that (p4).(Y) € F for all Y € F. Indeed, this implies
that (¢%)71(F) C F, and since X € F = —X € F and (p%).((p! )«(Y)) =
Y, also that (o)1 (F) = F.

Let then X, Y € F and let us shorten the notation for the flow of X to ¢! = ¢ .
Since supp(X) C M is compact, there exists a precompact open neighborhood U
of supp(X) in M. Let {py, pv} be a partition of unity subordinate to the open
cover {U,V := M\supp(X)} of M. Since U is precompact, py has compact
support, and hence py F is finitely generated by part (¢) of Lemma 1.1.4. Fixing
generators Y1, ... YN € X(U) of pyF, we may write

N
Y =puY +pvY = [V 4 pvY,
i=1
for some f; € C(U). Now, since <pt|M\5upp(X) = Id for all ¢+ and hence

(pHu(pvY) = prY, we see that the problem is reduced to showing that
(P (Y = > f;Yj, for some functions f; € C*(U). To this end, we
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compute the following;:

d . d
@((@t)*yz) dt(d@) ot (@)
d o
=l a0
_ d t d do~¢ Yz
= —(de) 5| _ (497 ) Yot

= (d(pt)[yl7 X]Lp*t(r}

We claim that [Y? X] € pyF. Indeed, choosing A € C°(U) that is 1 on
supp(X), we have [V, X] = [YLAX] = YI(V)X + A\[YL X] = YI(V)X +
[\Y? X] € puF, where we used that X(A\) = 0, X € pyF C F and F
is involutive. Hence, we can write [Y? X] = > ;Y7 for some functions
vi € C2°(M). We thus have:

:t( Z% 7t < do )ijt(gc))

Now, for a fixed x € M, this is a system of N equations indexed by i, each
an equality of curves in T, M. Fixing a basis of T, M, every component is a
linear first ordinary partial differential equation of the type 0(t) = A(t)v(t),
with v : I — RN and A : I — End(R"), and its solution is given by v(t) =

t
efo A(E)dev(O). Thus, writing v for the N x N matrix whose entries are fy;, we
have at t = 1 that:

N
()Y ) = (@)Y ayy = S (e ) P @iy

j=1

where the exponential is the exponential of N x N matrices. Clearly, the
coefficients of Y/ in the final expression are smooth functions of x, and hence we
are done. As a bonus, we have also obtained an explicit formula for (¢!),Y* in
terms of the bracket of the Y*’s with X (which is encoded in the v matrices). [

Remark 2.1.4. Proposition 2.1.8 can be improved by saying that exp(F) C
Aut(F) is a normal subgroup. This is a consequence of the fact that for any
¢ € Aut(F) and X € F we have ¢ o exp(X) o ¢! = exp(¢.X) with ¢, X € F.

Lemma 2.1.5. The leaves of F are the orbits of the group exp(F).

Proof. 1t is a direct consequence of the proof of the Stefan-Sussmann theorem
[RS13, §2.3]. O
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2.2 Bisubmersions

Bisubmersions were first introduced in [AS09]. In this section bisubmersions
will be seen as a groupoid-like structure for the group of automorphisms. In
lemma 2.2.5 and in corollary 2.2.16 we explain more explicitly what this means.

Most of the results in this section are taken from [AS09] with a variation in the
order and interpretation. We will make notice of the original results.

Definition 2.2.1. Let (M, Fyr) and (N, Fn) foliated manifolds.

1. A bisubmersion between (M, Fpr) and (N, Fn) is a smooth manifold U
with two (not necesarily surjective) submersionss: U — M andt: U — N
such that s™1Fyr = t 71 Fn = ker.(ds) + ker.(dt).

2. A bisubmersion of (M, Fpr) is a bisubmersion between (M, Fyr) and itself.

Being a bisubmersion is a local statement as the following lemma shows:

Lemma 2.2.2. Let (M, Far) be a foliated manifold U be a manifold, t,s: U —
M submersions and {U;};cr a cover of U. The triple (U, t,s) is a bisubmersion
if and only if (U, t|u,,s|u,) are bisubmersions for all i € I.

Proof. This is a direct consequence of proposition 1.5.10. O

Definition 2.2.3. Consider a foliated manifold (M, F), a bisubmersion (V,t,s)
and z € s(V).

(i) A bisection at x consists of a local s-section o: M’ — V, where M' is a
neighbourhood of x in s(V'), such that the image of o is transverse to the

fibres of t.

(i) Given a diffeomorphism ¢ between open subsets of M, a bisubmersion
(V,t,8) is said to carry ¢ at v € V if there exists a bisection o through v
such that ¢ =too.

Lemma 2.2.4. Let (V,t,s) be a bisubmersion of a foliated manifold (M, F)
and v € V. There exists a bisection o near s(v).

A relation between bisections and the automorphism group is shown in the
following lemma:

Lemma 2.2.5. Let ¢ be a diffeomorphism of M carried by a bisubmersion
(V,t,8) atv € V. Then ¢ preserves the foliation near t(v), i.e. in a neighborhood
of t(v) we get =L F = F.
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Proof. Denote o : Uy — V the bisection and Us := t o o(U;). Note that
soo : U — Uy is equal to the identity, then o ~1(s71F) = F. Finally, using
the property s~!F = t~1F of bisubmersions, we get o ~!(t~'F) = F, which is
¢~ 1F = F in a neighborhood of t(v) (namely Us). O

In corollary 2.2.16, we will prove that the converse is also true, i.e. any element
¢ € Aut(F) can be carried locally by a bisubmersion. Before that, we will
present certain constructions of bisubmersions which endow the collection of
bisubmersions with a group like structure:

Definition 2.2.6. Let (U, ty,sy) and (V,ty,sy) be bisubmersions.
(i) The inverse bisubmersion of U is U~ := (U,sy,ty), the bisubmersion
obtained by interchanging source and target.

(it) Consider the following diagram:

USU Xtv

TR
L \M/ N

where py,pv are the projections onto U and V. Denote W := Usg, x4, V,
then the composition of U with V is defined as:

UoV :=(W,tw =ty opy,sw := sy o py).

Lemma 2.2.7. Let (U, t,s) be a bisubmersion of (M,F) and m: W — U be a
submersion. Then (W tom,som) is a bisubmersion.

Proof. By lemma 2.2.2, this is a local statement. Using the constant rank
theorem, it is enough to prove it for W = U x V and 7 the projection onto U,
in which case the Lemma is clear. O

Proposition 2.2.8. The inverse and compositions of bisubmersions are again

bisubmersions.

Proof. The inverse of a bisubmersion is clearly a bisubmersion. Therefore we will
only prove that the composition of two bisubmersions is again a bisubmersion.
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Use (W, tw,sw), pu, pv as in definition 2.2.6 and denote p := sy opy = ty opy.
Note that, ker(dy) = ker(dpy) @ ker(dpy). From Lemma 2.2.7, it follows
that (W, tw, u) and (W, pu, sy) are bisubmersions, and also that (ty ) 1F =
(sw)~1F. We only need to prove that (tw ) 'F = ker(dtw ) + ker (dsy). We
will do it by double inclusion. 2D is clear. For the other inclusion we have the
following:

(tw) ' F = ker (dtyw ) + ker (du)

)
= ker (dtw) + ker (dpy) + ker(dpy)

= ker (dtw) + ker(dpy)

C ker (dtw ) + ker(dsw ).

since ker (dpy) C ker (dtw ) and ker(dpy) C ker(dsw ). L

Definition 2.2.9. Given a foliated manifold (M, F) and two bisubmersions U
and V', a smooth map f: U — V is called a morphism of bisubmersions if it
commutes with the source and the target maps of U and V.

For any two bisubmersions U and V, If ¢ is a bisection of U and f: U -V a
morphism, then f oo is a bisection of V' carrying the same diffeomorphism as o.

The following proposition can be found in [AS09, §2.3].

Proposition 2.2.10. Given o € M, let Xy,...,X,, € F be vector fields
whose classes in the fibre Fy, form a basis. For v = (v1,...,v,) € R™, put
oy = exp(X;v;X;), where exp denotes the time one flow.

Put W =R" x M, s(v,z) =z and t(v,z) = @,(z). There is a neighbourhood
U CW of (0,z0) such that (U,t,s) is a bisubmersion.

Definition 2.2.11. A bisubmersion as in proposition 2.2.10, when it has s-
connected fibres, is called path holonomy bisubmersion.

Remark 2.2.12. Neighbourhoods of points of the form (0,x) in path holonomy
bisubmersions carry the identity.

Lemma 2.2.13. Let (V,ty,sy) a bisubmersion and vy € V. Assume that
s(vo) = xo and that V' carries the identity diffeomorphism at vo. Then for
every path holonomy bisubmersion U containing (0,xg), there exists an open
neighbourhood V' C V of vy, and a submersion f : V' — U which is a morphism
of bisubmersions and f(vo) = (0, x¢).

Proof. The proof of this lemma can be found in [AS09, §2.3] O
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Corollary 2.2.14. Let (V1,t1,s1) and (Va, ta,s2) be bisubmersions and vy € Vi,
vy € Vi be such that s1(v1) = s2(ve) =: xg. Then:

(i) If there is a local diffeomorphism carried both by Vi at vy and by Va at
vg, there exists an open neighbourhood Vi of v1 in Vi and a morphism

V] = Vy such that f(vi) = ve.

(i) If there is a morphism g : Vi — Va such that g(v1) = va then there exists
an open neighbourhood V3 of vy in Vo and a morphism f : Vy — Vi such
that f(vg) = v1.

Proof. (i): Take (V1,t1,s1) and (Va,ts2,s2) two bisubmersions carrying a
diffecomorphism ¢ at v; € Vi and at vs € V5, respectively. Note that
(V1,67 1t1,81) and (Va, ¢~ 't2,s2) are bisubmersions that carry the identity
at v, ve respectively.

By proposition 2.2.13, for any path holonomy bisubmersion U containing (0, =),
there exist submersion maps of bisubmersions f1: V] — U and fo: V§ — U
such that fi(v1) = (0,2) = fa(v2).

Because f, is a submersion, it is possible to find a local section f; ! nearby
(0,x0) such that f5 (0, 29) = vo. Note that f, ' is also a map of bisubmersions.
Finally the map f := f5 Lo f1 is a morphism of bisubmersion defined locally
around vy, going to V5 and such that f(vy) = vs.

(ii): This is a consequence of part (i). O

Remark 2.2.15. Note that, if V is a bisubmersion that carries the identity
diffeomorphism around xo € M, and U is a path holonomy bisubmersion
containing (0, xo), then there is an open neighborhood U’ C U of (0,xq) which
can be embedded into V. This follows from lemma 2.2.13 and corollary 2.2.1/

Note that, if ¢ is carried by a bisubmersion U and o by a bisubmersion V' then
¢ oo is carried by U o V. Also, the inverse ¢! is carried by U1,

Corollary 2.2.16. If ¢ € Aut(F) then for each x € M there exists a
bisubmersion V,, carrying ¢ at an element v, € V.

Proof. Given x € M take (V,,t,s) a path holonomy bisubmersion for z. V,
carries the identity at v, = (0, ). Note that using that ¢ ' F = F we get easily
that (Vg, ¢ ot,s) is a bisubmersion that carries ¢ at v,. O

Remark 2.2.17. Unless there exists a global bisubmersion, not every element
in Aut(F) can be seen as a bisection. The statement of corollary 2.2.16 is local.



36 HAUSDORFF MORITA EQUIVALENCE FOR SINGULAR FOLIATIONS

2.3 Definition of Hausdorff Morita equivalence

In this chapter we will introduce the main definition of article [GZ19] by Marco
Zambon and myself. Before we start, we state a lemma that will be used
repeatedly, and which is an immediate consequence of [Gin01, proposition 7.1]:

Lemma 2.3.1. Let A and B be manifolds, k>0, and f: A — B a surjective
submersion with k-connected fibers. If B is k-connected then A is k-connected.

Now we state an original definition first introduced in [GZ19] which is inspired
by: Morita equivalence for Lie algebroids in [Gin01, §6.2], for Poisson manifolds
as in [CF04, §9.2] and for regular foliations as in [Mol88, §2.7].

Definition 2.3.2. Two singular foliations (M, Fyr) and (N, Fy) are Haus-
dorff Morita equivalent if there exists a manifold P and two surjective
submersions with connected fibers mp; : P — M and n : P — N such that
ﬂ;/fl]-'M = 7r;,1.7-"N. In this case we write (M, Far) ~ymp (N, Fn).

2N

(M, Far) (N, Fn)

Definition 2.3.2 states when two foliated manifolds have the same “transverse
geometry”. Following the proof of Lemma 2.2.5 one can also motivate definition
2.3.2 by means of the automorphism group, using its relation with the local
automorphisms ¢ from M to N such that ¢~ Fy = Fyy.

Lemma 2.3.3. Hausdorff Morita equivalence is an equivalence relation on
foliated manifolds.

Proof. A foliated manifold (M, Fys) is equivalent to itself, by means of
(M, Idpr, Idyy), therefore this relation is reflexive. It is clearly symmetric.
We now prove that it is transitive.

For the transitivity, let (M, Far), (N, Fn) and (S, Fs) be foliated manifold such
that M ~pg N and N ~);p S. There exists manifolds P;, P, and surjective
submersions with connected fibers 7y, 7711\,, 7r12\,, mg as in this diagram, inducing
the above Hausdorff Morita equivalences.
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P1 XN PQ
Pry Pro
P Py
(M7‘FM) (Nv}-N) (S,fs)

Take P := P; Xy P>, and denote the projections onto the factors by Pr; and
Pry. The commutativity of the diagram implies that

(maroPr1) ™ (Far) = Pry () ™1 (F)) = Pry ' ((wd) "1 (Fw)) = (msoPra) ™ (Fs).

The maps mpy o Pry : P — M and wg o Pry : P — S are clearly surjective
submersions. We prove below that they have connected fibres, allowing to
conclude that M ~p;g S via P = P, X P> and thus finishing the proof.

For any m € M we now show that (mys o Pry)~!(m) is connected. Notice that
the map

Pry: (mp 0 Prl)_l(m) — chjl(m),

is a surjective submersion with connected fibres, because the fibre over p; €
7y (m) is

Pril(p1) = {(pr,p2) = p2 € (7}) " (mn(p1))} = (7R) " (mh (01)),

which is connected. Then using the connectedness of 73 (m) and lemma 2.3.1
we get that (mps o Pri)~t(m) is connected. The same argument shows that
mg o Pro : P — S also has connected fibres. O

Note that Definition 2.3.2 does not require the property of bisubmersions that
WX/;]:M = 77;,1]:1\[ equals ker.(dmyr) + ker.(dmy). The main reason for not
including this property is that it is not needed to prove any of the features that
we want Hausdorff Morita equivalence to have.

Another reason is that, given a singular foliation (M, F), there may not exist
any global bisubmersion between (M, F) and itself. Indeed, assume such a
global bisubmersion (U,t,s) exists. For every p € U we have F/Ig,)F =
s~ ' F/I,(s7*F). The dimension of the latter is < 2(dim(U) — dim(M)), since
the map:

(ker.(ds)/I, ker.(ds)) @ (ker.(dt)/I, ker.(dt)) — s~ F/I,(s™'F),

X+ Y] = [X+Y],
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is surjective. Combining these two facts we see that, at every z € M, the
dimension of F/I,F is bounded above by 2(dim(U) — dim(M)). However there
exist singular foliations (on non-compact manifolds) for which this dimension is
unbounded. A concrete example is displayed in [AZ13, lemma 1.3].

2.4 First invariants

The rough idea of definition 2.3.2 is that two singular foliations are Hausdorff
Morita equivalent if they have the same leaf space and if the “transverse
geometry” at corresponding leaves is the same. In this chapter we will show
what this means locally, but there is also a global and more abstract implication
that we will show in theorem 4.5.1.

Proposition 2.4.1. Let (M, Fr) and (N, Fn) be singular foliations which are
Hausdorff Morita equivalent, by means of (U, 7pr, 7). Then:

(i) There is a homeomorphism between the leaf space of (M, Far) and the
leaf space of (N, Fn): it maps the leaf through x € M to the leaf of Fn
containing wn (7w ~1(x)). It preserves the codimension of leaves and the
property of being an embedded leaf.

(ii) Let x € M and y € N be a points lying in corresponding leaves. Choose
slices Sy at x and Sy aty. Then the foliated manifolds (S, nglfM) and

(Sy, Lgyl]:N) are diffeomorphic.

(ii) Let x € M and y € N be points lying in corresponding leaves. Then the
isotropy Lie algebras gi™ and gijN are isomorphic.

Proof. (i) For every leaf Ly on M, the preimage 7, (Lar) is a leaf of 3, Far =
77;,1}"1\/. Hence it equals 7r;,1 (Ly) for a unique leaf Ly on N, which has the
same codimension as Lj;. Since mys and 7y are continuous open maps, this
assignment is a homeomorphism. If L), is an embedded leaf, then a chart on
M adapted to Lj; induces a chart on U adapted to 71';/[1 (L), and vice versa.

(ii) By Definition 2.3.2, it suffices to work with the submersion mp: U — M.
Take u € U and let S, be a transversal for Wj;jlfM at u. Then S, := mp(S,) is
a transversal for Fjs at x := 7y (u). Counting dimensions, and shrinking S,, if
necessary, we see that mys|s, : Sy — Sy is a diffeomorphism. The commutativity
of the diagram
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|95)

u

TSy [

—

LSy U
J/TUVI
LSy

s —— M

n

implies that the singular foliations ng]: M and Lgul]:U correspond under the
above diffeomorphism, where Fy := 7T]T/[1]: M-

(iii) follows from (ii), since the isotropy Lie algebra at a point coincides with the
isotropy Lie algebra of the transverse foliation at that point, see [AZ13, Rem.
2.6]. O

Example 2.4.2. a) Given distinct integers k,l > 0, the singular foliation on
the real line generated by the vector field x’“a% and the one generated by ml%
lie in different Morita equivalence classes. This can be seen noticing that there
is no diffeomorphism between neighbourhoods S* and S of the origin that maps
xk%‘sk to the product of xla—angz with a no-where vanishing function, and then
applying proposition 2.4.1 ii). Notice however that the underlying partitions
into leaves and the isotropy Lie algebras are the same.

b) Consider the singular foliations on R? given by the linear actions of GL(2,R)
and SL(2,R). They have the same leaves, namely the origin and its complement.
The isotropy Lie algebras at the origin are the Lie algebras of GL(2,R) and
SL(2,R) respectively, hence by proposition 2.4.1 iii) these two singular foliations
are not Hausdorff Morita equivalent.

Recall from lemma 1.1.14 that the projective foliations are foliations with fibers
of constant dimension.

Proposition 2.4.3. Hausdorff Morita equivalence of singular foliations
preserves the following families of singular foliations:

(i) regular foliations

(i) projective foliations

Proof. 1t suffices to show that, given a surjective submersion ¥: M — N
and a singular foliation F on N, the pullback foliation ¥~1F is regular (resp.
projective) whenever F is. For the regular case this is clear, implying (i). For
the projective case, by example 3.3.16 there is an almost injective Lie algebroid
A associated to F. The pullback Lie algebroid ¥ ! A is also almost injective,
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as one checks using Def. 3.4.4(definition of the pullback for a Lie Algebroid),
and its underlying foliation is ¥~1F by lemma 3.4.6 (which express how is the
foliation of the pullback algebroid). O

2.5 Examples

The next three subsections are dedicated to examples of Hausdorff Morita
equivalent singular foliations, starting with the elementary ones.

Elementary examples

Example 2.5.1 (Isomorphic foliations). Two foliated manifolds (M, Fpr) and
(N, Fy) are said to be isomorphic if there exists a diffeomorphism ¢ : M — N
such that ¢~*Fn = Far. Two isomorphic foliated manifolds are Hausdorff
Morita equivalent.

Example 2.5.2 (Full foliations). Any two connected manifolds M and N with
the full foliations X.(M) and X.(N) are Hausdorff Morita equivalent, using
P =M x N and its projection maps.

Example 2.5.3 (Zero foliations). Two manifolds M and N with the zero
foliations are Hausdorff Morita equivalent if and only if they are diffeomorphic.

Example 2.5.4 (Simple foliations). A regular foliation F' on a manifold M is
called simple if the leaf space M/ F is a smooth manifold such that the projection
map is a submersion. The foliation F' on M and the zero foliation on M/F are
Hausdorff Morita equivalent.

The following corollary also counts as an example:

Corollary 2.5.5. If (M1, F3;) is Morita equivalent to (Mz, F3;) and (N1, Fa)
to (No, F%) then (My x Ny, Fay x Fx) is Morita equivalent to (M x Na, Fa; X
FZ).

Proof. There are P and S with surjective submersions with connected fibers
making the Morita equivalences:

SN RN

M,y M, Ny Ny
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Then using the proposition 1.4.4 we get that:

PxS
7T1V szoz
M1 X N1 M2 X N2

is a Morita equivalence between (M; x Ny, Fi, X Fx) and (Ma x Na, F2; X
F)- O

Examples obtained by pushing forward foliations

Note that any bisubmersion (V,t,s) between foliated manifolds (M, Fas)
and (N,Fn) (see Def. 2.2.1), when s and t have connected fibres, is a
Morita equivalence between Fis|svy and Filgvy. Here we construct Morita
equivalences of this kind, starting from simple data for which concrete examples
can be found quite easily.

Remark 2.5.6. Given two surjective submersions s: U — M and t: U — N
with connected fibres, let Far be a singular foliation on M such that s~ (Fys) D
[C.(kerdt). Then, by lemma 1.3.6, there is a unique singular foliation Fn on
N such that s~Y(Fpr) = t~Y(Fn). In particular, (M, Fur) ~yme (N, Fn). In
other words, we can “transport” the foliation Fpr on M to a Hausdorff Morita
equivalent foliation on N.

Corollary 2.5.7. Given two submersions s: U — M and t: U — N with
connected fibres, assume that

[[o(kerds), Tc(ker dt)] C T'c(kerds) + I'c(kerdt) =: Fy.

Then there are unique foliations Fas and Fn on M and N respectively such
that s~ (Fur) =t~ H(Fn) = Fu. In particular, (M, Far) ~yme (N, Fy).

Proof. Apply lemma 1.3.6 for the foliation Fy twice: to the map s and to the
map t. O

An interesting special case of Cor. 2.5.7 is when the submersions arise from Lie
group actions.

Corollary 2.5.8. Consider two connected Lie groups G1,Go acting® freely and
properly on a manifold P with commuting actions. Then the following singular
foliations are Hausdorff Morita equivalent:

1The actions can be both right actions, both left actions, or one right and one left action.
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1. the singular foliation on P/G1 given by the induced Gy action,

2. the singular foliation on P/Gq given by the induced Gy action.

Proof. Since the infinitesimal generators of the Gi-action commute with those
of the Ga-action, the hypotheses of Cor. 2.5.7 are satisfied. It is straightforward
that the singular foliation on P/G; induced by the G2 action pulls back to the
singular foliation on P induced by the G; x G action, and similarly for the
singular foliation on P/Ga. O

Notice that the Hausdorff Morita equivalence is realised by P with the projection
map. When the singular foliation on P given by the G; x G5 action is regular,
the induced foliations on P/G; and P/G4 are also regular.

Now we specialize Cor. 2.5.8 even further, taking P to be a Lie group and
G1,G2 to be two connected closed subgroups acting respectively by left and
right multiplication. We present two examples.

Example 2.5.9. Let P =U(2), G; = SU(2), and let Gy consist of the diagonal
matrices in SU(2) (hence Go = U(1)). The quotient of the left action of SU(2)
on U(2) is SU(2)\U(2) = S*, since the homomorphism det: U(2) — S has
kernel SU(2). The action of Gy on U(2) by right multiplication descends to the
trivial action on S*. Hence on S' we obtain the (regular) foliation by points.
By Cor. 2.5.8, it is Hausdorff Morita equivalent to the (regular) foliation on
U(2)/G2 by orbits of the left SU(2)-action.

Example 2.5.10. We apply Cor. 2.5.8 to actions of the Lie groups SO(2n) and
U(n) on P =S0(2n+1). We can include SO(2n) in SO(2n + 1) as matrices
with 1 in the bottom right corner. Left multiplication induces a left action of
SO(2n) on SO(2n + 1) with quotient manifold SO(2n)\SO(2n + 1) = §2".

On the other hand, we can include U(n) in SO(2n + 1) as the unitary matrices
with 1 in the bottom right corner. Right multiplication induces a right action of
U(n) on SO(2n + 1). The quotient manifold is

SO2n+1)/U(n) = J(2n + 2),

where J(2n + 2) denotes the set of complex structures in R*"*2 preserving the
canonical inner product and orientation. In fact, there is a diffeomorphism
SO0(2n 4+ 1)/U(n) = SO(2n + 2)/U(n + 1), induced by the transitive action
of SO(2n +1) on SO(2n+2)/U(n + 1) inherited from the left multiplication,
which has isotropy group U(n). In turn, SO(2n +2)/U(n+ 1) = J(2n + 2)
by considering the action of SO(2n + 2) on J(2n + 2) by pullbacks, which has
isotropy group U(n + 1).
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Hence by Corollary. 2.5.8 the following singular foliations are Hausdorff Morita
equivalent:

e the singular foliation on J(2n + 2) induced by the action of
SO(2n) C SO(2n + 2) via pullbacks,

e the singular foliation on S*" induced by the action by right matriz
multiplication of U(n) C SO(2n +1).

Note that the South pole and North pole of S*™ are the only fized points of the
action of U(n), therefore on S*" we have a genuinely singular foliation. As a
consequence of Morita equivalence, the foliation on J(2n+2) is also non-reqular.

Examples from Morita equivalent Poisson manifolds

A Poisson manifold (M, II,,) gives rise to a singular foliation Fy,, that consists
of C¢°(M)-linear combinations of Hamiltonian vector fields on M. In particular,
the leaves of Fr,, are exactly the symplectic leaves of the Poisson structure.

Example 2.5.11. Let (M,I;) and (N,IIy) be Poisson manifolds. A full
dual pair [Wei83, §8] consists of a symplectic manifold (U,w) with surjective
submersions s: U — M and t: U — N which are Poisson and anti-Poisson
maps respectively, and such that ker(d,s) and ker(d,t) are symplectic orthogonal
subspaces of T,U for all uw € U. Notice that T'(kerds) is generated by {X¢+q :
g € C®(N)} as a C*°(U)-module, while T'(ker dt) is generated by {Xg+g : g €
C°(M)}. Here we denote by X the Hamiltonian vector field of the function
F.

A full dual pair with connected fibres is a global bisubmersion with connected
fibres for the foliations Fm,, and Fr, (see Def. 2.2.1). Indeed, since s is a
Poisson map, for any Hamiltonian vector field X4, an s-lift is given by Xg-g,
hence

s (Fiy) = {Xevg 1 g € C°(M)} + T(ker ds)) e (1) = Le(ker dt)+Tc(ker ds),
and the analogous equation holds for t. As a consequence, (M,Fi,,) ~ME
(N, Frip)-

Corollary 2.5.12. If two Poisson manifolds are Morita equivalent [Xu91] then
their singular foliations are Hausdorff Morita equivalent.

Proof. Two Poisson manifolds are Morita equivalent if they are related by a
complete full dual pair with simply connected fibers. Hence the statement
follows from Ex. 2.5.11. O






Chapter 3

Lie Groupoids and Lie
Algebroids

In this chapter we introduce the notions of Lie groupoids, Lie algebroids and
their relation with singular foliations. Most of the results can be found in
[CF03], [Mac05] and [MMO03], however we have some original results.

3.1 Lie Groupoids

This section is an introduction to Lie groupoids and can be easily skipped by
those familiar with the subject. The material presented here can be also found
in [CFO03], [Mac05], [MMO03] and [Wan18].

As a motivation, we come back to section 2.2 where we introduced a finite
dimensional object, namely the bisubmersions, to study an infinite dimensional
group, the group of automorphisms preserving a foliation. The same motivation
can be used to introduce Lie groupoids. Indeed, the bisections of a Lie groupoid
G = M give rise to a subgroup of Diff(M). Depending on G, this subgroup
preserves certain structures on M. We will give more details on this idea after
definition 3.1.13.

Definition 3.1.1. A topological groupoid consists of:

o Two topological spaces G and M. Here G is called the set of arrows and
M the set of objects.

45
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Two surjective continuous maps: s: G — M called the source map and
t: G — M called the target map.

A continuous map o: Gs Xt G — G, called composition.

A continuous map e: M — G, called identity.

A continuous map (—)"': G — G, called inverse.
such that:

e o is associative: for all (g,h,s) € GsXt Gs Xt G we have (goh)os =
go(hos).

e is indeed an identity: for all x € M we get t(e;) = s(ey) = = and
for all g € G we have ey(yy 0 g = goegy) = g-

(=)' is indeed an inverse: for all g € G we have (g71)7' = g,
t(g) =s(g™"). slg) =t(g™") with g™" 0 g = e5(g) and go g™ = ey(y).

A topological groupoid is denoted as G = M. It is source connected if the
source fibers are path connected (this also implies that the target fibers are path
connected). It is open if the source and target maps are open maps.

Definition 3.1.2. A Lie groupoid s a topological groupoid G = M such
that G and M are smooth manifolds, the source and target maps are surjective
submersions and the composition, identity and inverse maps are smooth.

In particular, any Lie groupoid is an open topological groupoid, and any Lie
groupoid with connected source fibers is a source connected groupoid (for a
smooth manifold being connected and path connected are equivalent).

Remark 3.1.3. One of the reasons to ask s to be a submersion is that Gsx¢ G
must have a canonical structure of smooth manifold to make sense of the
smoothness of the composition map. Also note that the map s is a submersion
if and only if t = s o (=)~ is a submersion.

Convention 3.1.4. It is customary to allow the space of arrows G of a Lie
groupoid to be a non-Hausdorff manifold. Nevertheless it is required that each
source fiber (and therefore each target fiber) must be Hausdorff.

Remark 3.1.5. A groupoid can be seen as a small category, where every arrow
is invertible.
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Examples of Lie groupoids

We start with three easy examples of Lie groupoids:
Example 3.1.6. (Pair groupoid) Take any manifold M as the set of objects
and G := M x M as the space of arrows. Then the following data defines a Lie
groupoid, called the pair groupoid:

e s: G M;(x,y)—yandt: G — M;(z,y) — x.

e 0:Gsx¢ G2 Gi(x,y) o (y,2) = (2,2).

e e: M — Gyxw— (x,2).

e ()G = Gi(ay) e (y,2).

Example 3.1.7. Let M,S be manifolds (in particular take M := RF and
S :=R"*). Take P = M x S as the set of points and G := M x M x S the
space of arrows. Then the following data defines a Lie groupoid:

s: G — P;(z,y,¢) = (y,¢) and t: G — P;(z,y,¢) — (z,c).

o: gsxtg_)g; (l’,y,C)O(y,Z,C)*—) (iC,Z,C)'

e: P—G;(z,c) — (z,z,c).
° (_)71: g — g’ (lE,y,C) = (y,x,c)'
Example 3.1.7 is the local picture of the holonomy groupoid of a regular foliation
which will be given in section 3.2.
A more general example is the following:

Example 3.1.8. Let m: P — S be a surjective submersion. Take P as the set
of points and the fiber product G := P xXg P as the space of arrows. Then the
following data defines a Lie groupoid:

s:G— Pi(z,y) —yandt: G — P;(x,y) — x.

o: gsxtg_)g; (m,y)O(y,z) = (1'72)

e: P— Gz (z,x).

° (7)71: Gg—G; (CL’,y) = (y,x)
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Note that, taking P = M x S and 7: P — S the natural projection, example
3.1.8 reduces to example 3.1.7.

Now we will show an example that illustrates how Lie groupoids are a
generalization of Lie groups. In fact, Lie groupoids can be seen as Lie groups
where the multiplication is defined only for composable elements.

Example 3.1.9. A Lie group G is a Lie groupoid over a point G = {*}. Here
source and target maps are canonical. The composition, identity and inverse
maps correspond to the usual multiplication, identity and inverse maps on G.

Now we continue with a different characterization of Lie groupoids. The following
two examples illustrate Lie groupoids as generalized manifolds:

Example 3.1.10. (Identity groupoid) A manifold M can be seen as a Lie
groupoid M = M with source and target given by the identity map. The
multiplication, identity and inverse maps are given in a canonical way.

Recall that manifolds (of dimension n € N) can be defined as a collection of
open balls on R™ that are “glued” together by a family of maps satisfying a
cocycle condition. With this idea in mind, a manifold M can also be seen as
the following groupoid:

Example 3.1.11. (Cech Groupoid) Let M be a manifold and {U;}icr a
family of charts covering M (each U; can be seen as an open ball in R™). Take

the disjoint union M = U;c1U; as the base of the groupoid. There is a canonical
map 7w M — M.

The Cech Groupoid is the groupoid of example 3.1.8 for the map T: M — M.
Note that the arrows are given by:

g .= J/\IX,T]/\I: I—'i,jeIUi X M Uj.

On J\//f, one can define an equivalence relation: x ~ y if and only if there
exists g € G such that t(g) = x and s(g) = y. Then it is easy to see that

M/G := (M/ ~)~ M.

The Cech Groupoid and the identity groupoid of M present some similarities.
Indeed, they are Morita equivalent as we will see in section 3.5.

Now we will combine examples 3.1.9 (as a Lie group) and 3.1.10 (as a manifold)
into a more general view of what a Lie groupoid is about:

Example 3.1.12. (Action groupoid) Let G be a Lie group acting on a
manifold P. Take as set of arrows G := G x P and the set of points P. The
following data defines a Lie groupoid called the action groupoid:
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s:G— P;(g,z) »x and t: G — P;(g,x) — gz.
e 0:Gsx¢ G = G (h,gz) 0 (g9,7) = (hg, z).
e: P— Gx— (Idg,z).

(=)' G = Gi(g,2) — (g7, go).

If G acts freely and properly on P, then the quotient space M := P/G is a
manifold. Note that in this case the action groupoid G x P is almost the same
as the groupoid in example 3.1.8 for the quotient map 7: P — M. Indeed they
are isomorphic, as we will show after definition 3.1.23.

Bisections and group of diffeomorphisms

As is the case for bisubmersions, see section 2.2, groupoids are sometimes used to
study subgroups of Diff (M). This characterization uses the notion of bisections.

Definition 3.1.13. Given a groupoid G = M, a bisection consists of an s
section o : M — G that is transverse to the fibers of t.

Any bisection o defines a diffeomorphism on M given by 6 :=too: M — M.

Moreover, the multiplication in G defines a multiplication on bisections given
by the formula

(006)(x) = 0 (d(x)) 0 (x).

Note that @ =0o QAﬁ

On the identity groupoid M = M, there is only one bisection, the identity
map, this bisection carries the identity diffeomorphism. In general, for any Lie
groupoid G == M, the identity section e : M — G is a bisection and carries the
identity diffeomorphism.

The bisections of a Lie groupoid G = M have a group structure with
multiplication given by the composition o and the identity given by the identity
section e : M — G. This group can be seen as a subgroup of Diff (M) under the
map o — 0.

Example 3.1.14. In the sense of definition 3.1.13, the group Diff (M) is given
by the bisections of the pair groupoid M x M.

Example 3.1.15. Note that bisections of the groupoid in example 3.1.7 are
constant on S. This means that for all c € S they send the manifold M x {c}
to itself.
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In example 3.1.8, the group of bisections preserves strongly' the fibers of the
map .

Example 3.1.16. In the example 3.1.11 (the Cech Groupoid), the local
bisections give a family of maps satisfying the cocycle condition and they glue
together the components of M, giving the manifold M as result.

Example 3.1.17. In example 3.1.12 about the action groupoid, for each
g € G the map o4: M — G x M;p — (g,p) is a bisection that carries the
diffeomorphism of multiplying by g on M.

Intrinsic structures of Lie groupoids:

To continue our illustration of Lie groupoids we will point out important features
on their structure.

For any Lie groupoid G = M, the inverse map is a diffeomorphism on G.
Therefore, for all x € M, we get the following diffeomorphism between the
fibers:

() s—1(y: 7M@) = t7 1 (2)

Moreover, for every g € G there are two diffeomorphisms:

e The left multiplication:

Ly: t7'(s(9)) =t~ (t(g));h = g o h. (3.1)
e The right multiplication:
R,: s (t(g)) = s (s(g));h = hog. (3.2)
For every point z € M the Lie groupoid structure gives us:

e A Lie group, called the isotropy Lie group, given by the set
Gy i=s H(z)Nt ().

e An immersed submanifold of M, called the orbit through x, given by
O, = t(s71(z)) (an equivalent description is s(t~!(z))).

IThe diffeomorphism sends each fiber to itself



LIE GROUPOIDS 51

A Tie groupoid also has an associated topological space called the orbit space,
which is given by the set M/G := {O, : x € M} equipped with the quotient
topology via the map Q: M — M/G;z — O,.

Example 3.1.18. Let G be a Lie group acting on a manifold M. For the action
groupoid G x M, the notions of left/right multiplication given in equations 3.1
and 3.2 coincide with the respective notions on G. Moreover, the isotropy
groups, the orbits and the orbit space coincide with the respective notions for
the G-action on M.

Definition 3.1.19. Let G = M be a Lie groupoid. A submanifold S C M is
saturated if s71(S9) =t71(9).

Lemma 3.1.20. Let G = M be a Lie groupoid, and x € M. Then O, is a
saturated submanifold of M. Moreover S is saturated if and only if for all s € S
we have Og4 C S.

Let G = M be a Lie groupoid, and S a saturated submanifold or an open
subset of M. Then Gg := s~ 1(S)Nt~1(S) is a submanifold of G with a canonical
Lie groupoid structure with base S.

Definition 3.1.21. The Lie groupoid Gs = S is called the restriction groupoid
of G to S.

The following well known theorem helps us understand the structure of a Lie
groupoid, its orbits and isotropy Lie groups.

Proposition 3.1.22. Let G = M be a Lie groupoid, and x € M. Then G, is
a Lie group and a submanifold of G.

The Lie group G, acts canonically on s~(z) by right multiplication and

t:s71(x) = O, is a right-principal G,-bundle.

For all y € O,, there exists g € G such that s(g) = = and t(g) = y. Then,
using the right multiplication by g in G, we have that s~!(y) is diffeomorphic
to s~!(z). By same reasoning, the Lie group G, is isomorphic to G,.

Moreover, if there exists a global section o: O, — s™1(x) then there is a
canonical G,-action on Go_ and (t,s): Go, — O, X O, is a principal G,-bundle.

Morphisms of Groupoids

As mentioned in remark 3.1.5, any Lie groupoid can be thought of as a smooth
category where every arrow is invertible, the space of arrows and points are
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smooth manifolds, and the composition, identity and inverse maps are smooth
maps. As such, the definition of morphism for Lie groupoids is a functor:

Definition 3.1.23. Given two Lie groupoids G = M and H = N, a
morphism of Lie groupoids is given by two smooth maps #: G — H and
w: M — N such that:

o 7 and ™ commute with source and target of G and H.
o for all (g,h) € Gsx¢ G we have 7t(go h) = 7(g) o & (h).
e for allz € M we have 7t(ez) = €x(z)-

Remark 3.1.24. A consequence of definition 3.1.28 is that for all g € G,
w(g™h) = (7(g)) "

Example 3.1.25. Let G = M be a Lie groupoid and S a saturated or open
submanifold of M. Then the inclusion map given by 1: G — G and t: S — M
is a Lie groupoid morphism.

Example 3.1.26. Let M be a manifold, Iy the identity groupoid M — M,
G = M any Lie groupoid and Py the pair groupoid M x M = M. There exist
canonical morphisms of Lie groupoids Lyr — G — Par given by:

e Ty > Gix— ey

e G— P g (t(g),s(9))

For any Lie groupoid G = M, the image of the canonical map (t,s): G — M xM
is an equivalence relation on M. The quotient of M by this equivalence relation
is exactly the orbit space of G i.e. M/G.

Definition 3.1.27. Two groupoids G = M and H = N are isomorphic if
there exists a groupoid morphism w: G — H, m: M — N such that ™ and 7w are
diffeomorphisms of manifolds.

Example 3.1.28. M is diffeomorphic to N if and only if their identity groupoids
Iy and Iy are isomorphic (equivalently if their pair groupoids Pas and Py are
isomorphic).

Example 3.1.29. Let G be a Lie group acting freely and properly on P, and
denote M := P/G. Let P Xy P be the groupoid given in example 3.1.8 and G x P
the action groupoid of example 3.1.12. The map 7: G X P — P X P;(g,p) —
(gp,p) defines an isomorphism of groupoids covering the identity (the base map
m is the identity on P).
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Groupoid actions

Let G = M be a Lie groupoid (respectively, a topological open groupoid), let P
be a not necessarily Hausdorff manifold and m: P — M a surjective submersion
(resp. a surjective continuous and open map).

Definition 3.1.30. A left G-action on P is a smooth (resp. continuous) map
*x: Gs X P — P such that for all (g,h) € Gsx¢ G and p € P:

g* (hxp) = (goh)xp, En(p) X P =D, m(g*p) = t(g).

Such a manifold P with a left G-action is called a left G-module and 7 is
called its moment map.

A right G-action over P is given by a smooth (resp. continuous) map *: Prxy
G — P and satisfying:

(pxg)xh=px(goh), P* en(p) =P m(p*g) =s(g).

To illustrate this definition, we will focus on left actions, in which case we have

the following diagram:
\4 /

M

The first and second equations of definition 3.1.30 say that the action is
associative and unital. The third equation says that every g with source
x and target y defines a smooth map g (—): 7~ 1(z) — 7~ 1(y).

Similarly for right actions, every g € G with source x and target y defines a
map (=) *g: 7 (y) = 7 1(x).

The following example illustrates the reason why we allow P to be a non-
Hausdorff manifold.

Example 3.1.31. Let G = M be a Lie groupoid. Thent : G — M is a left
G-module by left multiplication on G.
Moreover s : G — M is a right module and a (G, G)-bimodule 3.1.33.

The following lemma illustrates the relation between Lie group actions and Lie
groupoid actions:

Lemma 3.1.32. Let G be a Lie group acting on a manifold M. Let P be a
manifold and w: P — M a submersion. The action groupoid G x M acts on 7
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(from the left) if and only if the group G acts on P (from the left) and the map
m is equivariant (i.e. w(gp) = gn(p) for allg € G and p € P).

Similarly for right actions.

Proof. (<) The map x: (G x M) xpr P — P;(g,z,p) — gp defines a left Lie
groupoid action.

(=) The map -: G x P — P;(g,p) — (g, 7(p))*p defines a left Lie group action
commuting with the map . O

Definition 3.1.33. A (G, H)-bimodule for Lie groupoids G = M and H = N
is a (not necessarily Hausdorff) manifold P with two commuting actions.

3.2 The holonomy groupoid of a regular foliation

An important example of a groupoid for this thesis is the holonomy groupoid
of a singular foliation, which in the regular case has a nice construction and a
canonical smooth structure. Indeed, it is a Lie groupoid.

In this section we introduce such a groupoid for the regular case and describe
its structure. Some references about this are [MMO03] and [Wanl18]. Here we
present the holonomy groupoid taking into account the definition of singular
foliations and bisubmersions.

Something that we will use to define the holonomy groupoid is the local picture
of a regular foliation.

Lemma 3.2.1. Let F be a regular foliation on M of dimension k. Then for all
x € M there exists a chart (U C R™, ¢) such that $~1F is equal to the C°(U)

span of {0y, , 0z, }-

Define the foliation Fj,. as the CS°(R™)-span of 0., - , 05, in R™. The foliated
manifold (R™, Fj,.) has some special properties. One of them is that its leaves
are given by R¥ x {c} for each ¢ € R"~*. Also, for each z,y € R" lying in the
same leaf (i.e. = (z9,¢) and y = (y0,¢)), and ¥,, ¥, submanifolds of R"
transverse to Fjo. at « and y respectively, there is a unique map from 3, to ¥,
preserving the leaves. Indeed, each leaf crosses Y, once, and similarly for X
as shown in figure 3.1,

Y

In general, for any regular foliatiated manifold (M, F) and two points x,y € M
in the same leaf, there is no canonical map between transversals preserving
the leaf. However, choosing a path v: [0,1] — M from z to y, for each point
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PO 2y

Figure 3.1: Fj,. and transversals

7v(t) there will be a chart U, ) where F is isomorphic to Fi.. Then using
compactness of [0, 1] there must exist finitely many ¢; € [0, 1] such that the
family of charts {U,«,)}r cover 7. Now choose a transversal ¥;, to F at
each ~(tr). Because of the local picture, there will be canonical maps from
Ye = Mg, — - — Xy, as shown in figure 3.2.

Ex Etl 2 & Zy

Figure 3.2: The map between transversals using a path ~

Lemma 3.2.2. For any regular foliatiated manifold (M,F), z,y € M in
the same leaf and a path 7 inside the leaf from x to y, the composition map
Yo — 2y, — - — Xy doesn’t depend on the choice of t, nor of the transversals
3, . It only depends on the homotopy class of v inside the leaf. Moreover, if
two curves give the same map between ¥, and X, then they will give the same
map between any other pair of transversals ¥}, and E’y.

Proof. (Sketch) That the composition map ¥, — ¥;, — --- — X, only depends
on the homotopy class of 7 is a direct consequence of the fact that locally there
is no choice for the maps.
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Take two homotopic paths 71 and 72 and a homotopy 7: [0,1]2 — M. For each
(t,s) € [0,1]? there is a neighborhood U 4 of (¢, s) where F is isomorphic to
Fioe. Using the compactness of [0, 1] there will be finitely many neighborhoods
Ulty,s;) covering the homotopy, denote Uy ; := Uy, s;)-

One can choose a finite family of curves «; and a finite cover Uy ; such that,
Ymin(j) = Y0, Ymax(j) = Y1 and such that for each j, the family {U ;) }x covers
v; and 7;j4+1. By this cover v; and ;41 give the same map from X, to X,.
Comparing 2 by 2 we get that v and 7, give the same map from >, to X,.

For the second statement, note that Uy contains X/, and X,. The statement
is a direct consequence of the fact that inside U(g,g) there are no choices for the
map from ¥} to ;. Using Uy 1) we get a similar result for 3, and 3. O

Definition 3.2.3. We define an spacial groupoid. Let the space of arrows be
the following set:

II(F) :={vy:[0,1] = M : ~ is in a single leaf}/{homotopy in the leaf}.

This space, together with the product by concatenation, the canonical source,
target, identity and inverse map, is a set theoretic groupoid over M. Call TI(F)
the monodromy groupoid of F.

We will prove that the monodromy groupoid is indeed a Lie groupoid.

Example 3.2.4. (Fundamental groupoid of M) When F = X.(M) is the
full foliation then II(F) is the collection of curves on M up to homotopy. This
set is also called the fundamental groupoid of M and it is denoted by TI(M).
Note that the isotropy groups of II(M) are the fundamental groups of M. We
will show later that TI(M) is a Lie groupoid using the more general construction

for II(F).

Definition 3.2.5. Let [v] € II(F) and o, X1 be two transversals at v(0) and
(1) respectively. Denote 7: Xg — 31 the map given in lemma 3.2.2. The map
7 is called the holonomy transformation of [y] between ¥y and 3.

Smooth structure on TI(F)

For the regular foliated manifold (R™, Fj,.) the monodromy groupoid IT(F..)
has a global smooth chart given by ¢: II(Fje) — RF x R¥ x R*=*: [y ] s
(7e(1),7£(0), ¢) where v, is a curve in R*¥ x {c} for some ¢ € R"7*. Indeed
II(Fioc) is isomorphic to the Lie groupoid given in example 3.1.7.

We will use the local picture of any regular foliated manifold (M, F) to give a
chart for any [v] € II(F). To do so, take into account the following facts:
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 Choose a chart centered at v(0); ¢ : U) — R* x R"~* such that gi)gl]-" =
Fioe- This chart gives immediately a transversal X := ¢~ *({(0,y) : y €

R7H}) at 4(0).
Similarly for (1), choose the chart ¢, : U} — R* x R"~*. Which gives
the transversal ¥ := ¢~ 1({(0,y) : y € R"7F}).

o The holonomy transformation 5 defines a local map 7: ¥y — 3;. We
will abuse notation and use ¥y = ¢¢(3g) C {0} x R*™% ~ R"~* and
Y1 = ¢1(Z1) C {0} x R*™F ~ R"~*_ Therefore we will also call 5 the
local diffeomorphism near 0 € R™~* given by 7 and the compositions with
the charts ¢g and ¢;.

o There exists a unique (up to homotopy) smooth map
E0 X [07 1] - Ma (yat) = Vy(t)a

such that for all y € ¥ the curves v, sit inside a leaf of F, o = v,
7y(0) =y € Xo and 7, (1) =7(y) € 1.

o There exists Uy C U} and Uy C Uj such that, ¢o(Up) and ¢1(Uy) are

convex sets of R¥ x R"™* we abuse notation and call Uy = ¢(Up) and
Ur = ¢1(Uh).
Because Uy C RF x R"~* is a convex set, the leaves of LE(]l (Fioc) are simply
connected. Then, there is a unique (up to homotopy) curve inside the
leaves connecting (xg,y) with (0,y), denote this curve by O'?ZO’y). More
precisely

O—E)Jco,y)(t) = ¢51((t5€07y))

Similarly, on U; € R¥ x R*™F there is a unique up to homotopy curve
a(lxl ,) that connects (x1,%(y)) with (0,7(y)). More precisely

U(lxl,y)(t) = (bl_l((t'rlvjy\(y)))
There is an open set W C R* x R¥ x R"™* such that the following map is
injective:
¢ W — H(f)a (Z‘l, xo’y) - [(U(la;l,y)) 07y © (O-?zo,y))il] (33)

where o denotes the concatenation of paths and [—] the homotopy class inside
the leaves. Note that ¢(0,0,0) = [1], and the curve (o(,, ) oy o (0, )"
starts in ¢o(zo,y) and ends in ¢4 (zg,7(y)). See figure 3.3.

We call the pair (W, ¢) of equation (3.3) a canonical chart for II(F), since
only depends on [v] and the charts (Up, ¢o) and (Uy, ¢1). These injective charts
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> L

Figure 3.3: The image of (z1,x0,y) under the chart ¢.

give a locally euclidean topology on II(F). Also, they are smoothly compatible,
giving a smooth structure on II(F).

Moreover, II(F) is second countable because for any point (p,q) € M X7 M
there are countably many [y]’s going from p to ¢ and M x ;7 M is second
countable. Therefore II(F) is indeed a (not necessarily Hausdorft) manifold.

Proposition 3.2.6. II(F) is indeed a Lie groupoid.

Proof. The maps t,s: II(F) — M defined by the equations t([y]) = v(1) and
s([7]) = ~(0), can be expressed locally using the canonical charts of equation
(3.3).

In this local picture we get s(z1,zo,y) = (zo,y) and t(z1,z0,y) = (x1,7(y))-
Therefore t,s are submersions onto M. By analogous deduction, one can show
that the product given by concatenation, the obvious identity and inverse
maps are all smooth. As a result, II(F) together with these maps forms a Lie
groupoid. O

The monodromy groupoid also has a relation with bisubmersions in section 2.2
definition 2.2.1, as the following proposition states.

Proposition 3.2.7. Any Hausdor[f open set U C II(F), together with the maps
tly and s|y, forms a bisubmersion of F.

Proof. In the local case, for (R™, Fi,.), the monodromy groupoid is basically
II(Fioe) = R¥ x RF x R"~* with source and target defined as t(z1, zg,y) = (71, y)
and s(x1,zg,y) = (z9,y). The manifold II(Fj,.) is clearly a bisubmersion for
Fioc and so is any open subset.
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For a more general regular foliated manifold (M, F) take [y] € II(F), ¢o
and ¢; charts compatible with F at v(0) and «(1). The canonical chart
¢: W C RExRF x R"=* — TI(F) with the maps s(é(z1, 70, y)) = ¢o(z0,y) and
t(d(2z1,20,y)) = ¢1(x1,7(y)) is a bisubmersion for F. Being a bisubmersion
is a local property, therefore for any Hausdorff open set U € II(F) the triple
(U, t,s) is a bisubmersion for F. O

In fact in proposition 3.3.18 we will show that any Hausdorff open set U of a
Lie groupoid G = M is a bisubmersion for a foliation on M that depends on G.

The holonomy groupoid

On TI(F) one can define an equivalence relation compatible with the Lie
groupoid structure. We say that two homotopy classes [y] and [o] are holonomy
equivalent [y] ~p1 [o] if and only if, after choosing transversals, their holonomy
transformations are equal ¥ = 7.

Definition 3.2.8. The holonomy groupoid of a regular foliated manifold
(M, F) is the Lie groupoid given by H(F) := (II(F)/ ~hol)-

We endow H(F) with the quotient topology, which makes the quotient map
Q: II(F) — H(F) a continuous map. Note that, for any canonical chart ¢ of
II(F) we get that the map Q o ¢: W — II(F) — H(F) is injective. Therefore
the canonical charts of II(F) can be used as charts for H(F) and endow it with
a smooth structure that makes the quotient map II(F) — H(F) into an étale
map.

Example 3.2.9. Let M be a connected manifold, M its universal covering
space, to € M and F := X.(M). Then II(F) is isomorphic to the fundamental
groupoid of M which is given by (]\//.7 X J\/J\)/(m (z0)). Moreover the holonomy
groupoid is H(M) = M x M, the pair groupoid.

Example 3.2.10. For the cilinder M = S' x R take F with leaves S* x {y}
fory € R. Then:

o II(F) =R x M with s(t,(0,y)) := (0,y) and t(t,(0,y)) = (e0,y).

o H(F) =St x M with s(o,(0,y)) := (0,y) and t(o, (0,y)) := (c0,y).

Example 3.2.11. Take M to be the Moebius band M =R x (—1,1)/ ~ where
(z,y) ~ (x + k,(=1)*y) for k € Z. Let F be the foliation with leaves [R x {y}]
for fized y € (—1,1) (see figure 4.5). Then:
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o II(F) =R x M with s(t, [(z,y)]) := [(z,y)] and t(t,[(z,y)]) = [(t + z,9)].

o H(F) = 8"x M withs(o,[(z,y)]) = [(z,y)] and t(o, [(z,y)]) == [((to/7) +
x,y)] where t, € R is any real such that e's = o.

Figure 3.4: The foliated manifold in example 3.2.11

We describe in the following proposition a different characterization of the
holonomy equivalence which will be used to generalize this notion to the non-
regular case.

Proposition 3.2.12. [y] ~po [o] if and only if there exists open neighborhoods
U,V € II(F) and morphisms of bisubmersions ¢: U — V such that o([7]) = [o].

Proof. Take [11], [12] € II(F), such that p := 1(0) = 72(0) and ¢ := v (1) =
~2(1). Take charts for p,q adapted to F and construct the canonical charts as
given in equation (3.3), say ¢1: Wy — II(F) for [y1] and ¢o: Wo — II(F) for
[2]. Note that Wi, Wy C R¥ x R* x R"~F are open neighborhoods of (0,0, 0);
©1(0,0,0) = [y1] and ¢2(0,0,0) = [y2]. We will prove that 47 = 43 if and only
if there is a local bisubmersion map W; — W3 sending (0,0, 0) to (0,0,0):

(=) If 91 = 72, the identity map, defined locally in (0,0, 0) on the neighborhood
Wi N Wy C RF x RF x R*F | is clearly a bisubmersion map.

(<) Suppose that there is a local bisubmersion map ¢: W7 — W5 sending
(0,0,0) to (0,0,0). Write ¢ = (1,92, 3) and recall that s;(x1,zg,y) =
s2(21, 20, y) = (0, ¥), t1(21, 20, y) = (21,71 (y)) and t2(z1, 0, y) = (z1,72(y))-
By easy computations, using that ¢ must commute with the sources and targets
one shows that ¢ = Id and 2(y) = %1 (y)- O

3.3 Lie algebroids

In this section we introduce the notion of Lie algebroids and its relation to
singular foliations and Lie groupoids. Most of the material presented here is
not original and can be found also in [CF03], [Mac05] and [Wan18].
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Lie algebroids can be thought of as a generalization of the tangent bundle. We
will motivate this idea in the examples 3.3.3 and 3.3.4.

Definition 3.3.1. A Lie algebroid on a manifold M is a triple (A, p,[—, —]),
with A — M a vector bundle, p: A — TM a vector bundle morphism called
anchor and [—, —| a Lie bracket on the sections T'(A), such that:

(X, fY] = fIX.Y]+ (p(X)f)Y, ¥V X,Y €D(A) and f € C>(M).

Remark 3.3.2. The map p: T'(A) — X(M) is a Lie algebra map and that p is
completely characterized by the Lie bracket [—, —].

Example 3.3.3. TM with the identity map and the Lie bracket on vector fields
is a Lie algebroid over M.

Note that the set of sections of TM (the vector fields on M) corresponds to
the set of derivations of the algebra C'°° (M), which can be seen as sections of a
line bundle. Following this idea we give the next example:

Example 3.3.4. Let E — M be a vector bundle and T': T'(E) — I'(E) be an R-
linear transformation. T is a differential operator of order 1 iff for any function
f e C>®(M) the commutator [T, fl(c) := T(fo) — fT(o) is a C>°(M)-linear
map, i.e. a vector bundle map. T is a covariant differential operator iff for all
f € C®(M) the commutator [T, f] is the multiplication by a function.

Denote CDO(FE) the set of covariant differential operators on the sections of
E. For any T € CDO(E), the map [T,—]: C*(M) — C*(M) is always a
derivation. This derivation is called the symbol of T'.

It is known that there exists a vector bundle D — M such that T'(D) ~ CDO(E).
On T'(D) there is a canonical Lie bracket [—,—] given by the commutator in
CDO(E).

The equation p(T)(f) = [T, f] defines an anchor p: D — TM. In conclusion
(D, p,[—,—]) is a Lie algebroid.

One of the motivations for this work is the singular foliation associated to a
Poisson manifold, therefore an important example is the following:

Example 3.3.5. Let (M, 7) be a Poisson manifold. This is a manifold M
together with a bi-vectorfield m# € T'(A*TM), such that  satisfies a Jacobi
equation.

There is a map ©*: T*M — TM;a — 7w(a,—) and a Lie bracket on Q(M)
given by the formula:

[Oé,ﬁ] = ‘Cﬂ'ﬁaﬂ - Eﬂ-ﬁﬁa - W(a,ﬁ).
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(T*M, 7, [—, —]) is a Lie algebroid and encodes the same information as the
Poisson manifold.

Before we continue let us give the notion of morphisms for Lie algebroids over
the same manifold:

Definition 3.3.6. Let (A, p,[—,—]a), (A", p',[—,—]a’) be Lie algebroids over
M. A map of Lie algebroids from A to A’ is a vector bundle map ¢: A — A’
covering Idyr, such that the induced map on sections is a Lie algebra map.

Note that, the equality p'¢(x) = p(x) will be automatically satisfied.

Example 3.3.7. Given a Lie algebroid (A, p,[—,—]a), the anchorp: A — TM
is a Lie algebroid map to (TM, Idry, [—, —])-

The Lie algebroid of a Lie groupoid

A very well known result in Lie group theory is that for any Lie group G there
is an associated Lie algebra g. In a direct analogy to this case, for any Lie
groupoid G there is an associated Lie algebroid. This subsection is dedicated to
recall this construction.

Let G = M be a Lie groupoid. To get a Lie algebroid from G, take into account
section 3.1 which gives us some intrinsic structures on G. We will construct a
vector bundle A on M, an anchor map p and a Lie bracket on I'(4).

As the vector bundle we take A := ker(ds)|y (Identifying M as the identity
section on G). The vector bundle map p := dt: A — T'M is the anchor map.
For the Lie bracket one must notice the following:

e Any g € G gives a smooth map R,: s™*(t(g)) — s~ !(s(g));h — goh.
o The space T),(s7!(z)) = ker(dys). Therefore dR,: ker(dys) — ker(dgons).

This gives us a way to extend a section X of A to a vector field Xz on G by
X, = dR,(Xy()).

Then the Lie bracket [X,Y] for X,Y € I'(A4) is defined by the formula
—
X vi=[X,7]

Definition 3.3.8. Let G = M be a Lie groupoid. The Lie algebroid of G is
given by (A, p,[—, —]) constructed above.
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Remark 3.3.9. [t is possible to make the same construction using Ay :=
ker(dt)|as and the left invariant vectorfields &57 = dLy(Xeg(g))-

Example 3.3.10. We saw in Example 3.1.9 that any Lie group is a Lie groupoid.
Following the same construction we get the Lie algebroid (g, p,[—.—]) where
g — {*} is the Lie algebra associated to G, thought of as a vector bundle over a
point; the anchor p is zero and the Lie bracket [—, —] is the canonical one.

Example 3.3.11. Let g be a Lie algebra. An infinitesimal action p: g x M —
TM is canonically a Lie algebroid. Where A =g x M is a vector bundle p is
the anchor map and the Lie bracket on I'(A) is given by the Lie bracket on g.
Moreover if this action can be integrated to a Lie group action G x M — M,
then g x M — T'M is the Lie algebroid of the action Lie groupoid G x M = M.

Example 3.3.12. The Lie algebroid of the pair groupoid is T M with the identity

as anchor.

Although Example 3.3.4 is not needed in the rest of this thesis, it shows a quite
interesting object, which is widely studied and has applications in many branches
of mathematics. It is interesting to notice that there is a Lie groupoid which
integrates this Lie algebroid of covariant differential operators. We describe its
structure as follows:

Example 3.3.13. (Connection groupoid) Let M be a manifold and w: E —
M a vector bundle. Take:

G := Upy,z)emxm{ Isomorphisms £, — E,}.
The set G is indeed a manifold, it can be seen as the vector bundle PriE @ Pry E*
over M x M where Pri,Pro: M x M — M are the first and second projections.
We denote an element of G as ¢(y,) to indicate that it is a map from E, to E,.
o The source is defined as s: G — M; ¢, o) — x and the target t: G —
M; (b(y,z:) =Y.
e The composition is given by o: Gsx¢ G — G5 d(2 ) © O(y.0) = (00 0)(2.2)-

o The identity section is e: M — G;x — Idg, where Idg, : E, — E, is the
identity map.

o And the inverse map is given by (=) 1: G — G; Dlyx) ¢(;1y).

One can see that the Lie algebroid of G is the one of example 3.3.4 given by
covariant differential operators.
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Remark 3.3.14. (Flat connections and integrability) A flat connection V
on a vector bundle E — M is a Lie algebra map V: X(M) — CDO(E); X — Vx
such that Vix = fVx forall f € C*(M) and such that the symbol of Vx is X.
This condition implies that V can be seen as a Lie algebroid map V: TM — D
where D is the vectorbundle of covariant differential operators on E. If we
suppose that M is simply connected, it is possible to integrate the connection into
a Lie groupoid map from the pair groupoid M x M to the connection groupoid
E® FE*.

If M is not simply connected, it is still possible to integrate the connection to a
Lie groupoid map G — E ® E*, where G is the fundamental groupoid of M.

Remark 3.3.15. (Flat connections and Holonomy) From a different
perspective, a connection V: X(M) — CDO(E); X — Vx gives us an
Ehresmann connection py: n*TM — TE. If the connection is flat then the
Ehresmann connection gives us an integrable distribution i.e. a Lie algebroid
and a regular foliation Fy on E. Note that H(Fy), which is a groupoid over
E, coincides with the general notion of holonomy for connections.

Foliations, Lie algebroids and Lie groupoids

An important fact in this thesis is the close relation between Lie groupoids,
Lie algebroids and singular foliations. We already saw in definition 3.3.8 the
relation between Lie groupoids and Lie algebroids and in section §3.2 a groupoid
associated to a regular foliation. Here we will relate Lie algebroids with foliations
using the example 3.3.16 and proposition 3.3.17.

Example 3.3.16. (Projective foliations as Lie algebroids) Let F be a
projective foliation foliation on M (In particular regular foliations are projective),
then by Lemma 1.1.14 there exists a vector bundle A — M such that T.(A) = F
as a C*°(M)-module. Then there exists a canonical almost injective Lie algebroid
structure on A.

In particular, when F is regular, the fibers are given by A, = F, = {X(z)
X € F} for all x € M, the anchor map p : F — TM s the inclusion map; and
the Lie bracket on A is the usual Lie bracket on M.

Proposition 3.3.17. (Lie algebroids inducing singular foliations) Let
(A, p,[—,—]) be a Lie algebroid on M, then F := p(T'.(A)) C X.(M) is a
singular foliation.

Proof. The set A being a vector bundle implies that F is locally finitely generated
and p being a map of Lie algebras implies that F is closed under the Lie
bracket. 0
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The following proposition shows the relation between Lie groupoids and
bisubmersions.

Proposition 3.3.18. Let G = M be a Lie groupoid, A its Lie algebroid, and
F = p(T.(A)) its singular foliation, where p is the anchor of A. Any Hausdor(f
open set U C G together with t|y,s|u s a bisubmersion for F. When G is a
Hausdorff Lie groupoid, then it is also a bisubmersion.

Proof. (Sketch) Consider the set of right invarianﬂectorﬁelds A= {7 : X €
I'(A)}, and the set of left invariant vectorfields A := {y : X eT'(A)}. Note
that:

$—

ker.(ds|y) = <X\U> - and ker.(dt|y) = <A|U>C<,>°(U)'

Using this one can show that:

S T _
sTF=tF= <(Z|U + A|U)>C°°(U) = ker(ds|y) + ker(dt|v).

c

O

Example 3.3.19. Let F be a reqular foliation on a manifold M. Then the Lie
algebroid of TI(F) and H(F) is F as in example 3.3.16.

3.4 Pullbacks of Lie groupoids and Lie algebroids

We will start by following the book [Mac05] by Mackenzie to present the pullback
for Lie algebroids and Lie groupoids. Later in this section, we state an original
result from [GZ19] by Marco Zambon and I, namely Lemma 3.4.6, which relates
these two notions with the pullbacks of singular foliations.

Before we start, we recall two lemmas that will be used repeatedly. The first
one is Lemma 2.3.1, which we already introduced in §2.3:

Lemma 2.3.1. Let A and B be manifolds, k>0, and f: A — B a surjective
submersion with k-connected fibers. If B is k-connected then A is k-connected.

The second one is a well known fact on topology and differential geometry:

Lemma 3.4.1. Let A, B,C be topological spaces (or manifolds) and f: A — C
a continuous map (or smooth map). If g: B — C' is a continuous and open map
(or a submersion), then Pry: A;x, B — A is also a continuous and open map
(or a submersion), where the domain is endowed with the subspace topology.
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Moreover, if g is surjective then Pry also is.

AfXgB &

B
o
C

A—1

Proof. We will only prove that the map Pry is open. We leave as exercise the
smooth and surjective cases.

Take U an open set in Ay x4, B and a € Pri(U), it suffices to show that a is an
interior point of Pry(U).

There exists b € B such that (a,b) € U, moreover because U is open there exists
open sets Uy C A and Up C B such that (a,b) € (Us x Ug)N(Afx,B) CU.

Take U’y :== U N f~1(g(Ugp)) note that U’y is an open neighborhood of a and
moreover that Uy C Pry(U), which proves that a is in the interior of Pry(U). O

Now we are ready to define the pullback of a Lie groupoid. Please note that
this definition is analogous for topological groupoids.

Definition 3.4.2. Given a Lie groupoid G = M (or a topological groupoid)
and a surjective submersion m: P — M (or a continuous map), the manifold

7T_1g = Prx¢GsXr P

is the space of arrows of a Lie groupoid over P. (The source and target maps
are the first and third projections and the multiplication is induced by the
multiplication on G). This Lie groupoid is called the pullback groupoid of G
by 7.

Proposition 3.4.3. If G = M is a Lie groupoid (or an open topological
groupoid) and w: P — M is a surjective submersion (or a continuous open and
surjective map), then 7=1G is a Lie groupoid (or an open topological groupoid).

Proof. We show that the target map of 71§ is a submersion (or open map). The
first projection Pry of Ggx . P is a submersion by lemma 3.4.1, since 7: P — M
is a submersion. Hence the composition t oPr; is a submersion. Again by lemma
3.4.1, this implies that the first projection of Py Xtopr, (Gs X P) =7 1G is a
submersion, and this is precisely the target map of 7='G. For the source map,
proceed similarly. For open topological groupoids proceed similarly. O
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Moreover in the setting of Lemma 3.4.5, if G is source k-connected and 7 has
k-connected fibers, by lemma 2.3.1 we get that that 7' is source k-connected.

Now we introduce the pullback of a Lie algebroid:

Definition 3.4.4. Given a Lie algebroid A over a manifold M with anchor
#:A—TM, and a surjective submersion w: P — M, one checks that

7T_1A = 7'('*(14)# Xdr TP

is the total space of a vector bundle over P. It has a natural Lie algebroid
structure, with anchor # = pry: =LA — TP being the second projection. The
Lie bracket is determined by its restriction to “pullback sections”, which is given
by the Lie brackets on X(P) and T'(A). We call this Lie algebroid the pullback
algebroid of A over 7.

These two definitions are nicely related by the following lemma:

Lemma 3.4.5. Consider a surjective submersion m: P — M.

(i) Let G be a Lie groupoid over M, denote by A its Lie algebroid. The Lie
algebroid of the Lie groupoid m—'G is w1 A.

(ii) Let A be an integrable Lie algebroid over M, denote by G the source simply
connected Lie groupoid integrating it. If the map 7 has simply connected
fibers, then the source simply connected Lie groupoid integrating 7~ A is

~1G.

Proof. The proof of part (i) can be found in [Mac05, §4.3], so we address only
the proof of part (ii). The Lie groupoid m~1G integrates m=1A by part (i).
Therefore we only need to show that 7=1G is source simply connected. Take
p € P. Its source fiber is

s~'(p) = {(q,9,p) : 7(p) =s(g) and 7(q) = t(9)} =~ Prx¢ s~ (m(p)).

The canonical submersion s~*(p) — s~!(7(p)) has simply connected fibers, since
the m-fibers are simply connected. Using that s~*(7(p)) is simply connected
and lemma 2.3.1 we conclude that s~!(p) is simply connected. O

The following original result relates the two definitions above with the pullback
of foliations:

Lemma 3.4.6. Consider a surjective submersion w: P — M. Let A be a Lie
algebroid over M with anchor # : A — TM. Then the foliation of the pullback
Lie algebroid Fp := #(T.(m71A)) equals 7=1(Far), where Far := #L.(A).
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Proof. For the inclusion “2” we argue as follows. For all X € 7=1(Fy) we
have:
dn(X) = in*(V2) + .. fur (Ya) (3.4)

for some Yy ...Y, € Fyr and f1,..., fn € CX(P). There exists ay,...,a, €
I'.(A) such that #(a;) =Y;. Denote E = fim*ay + - - + fum*a,, a section in
I'r*A. Using eq. (3.4) we get that (B\,X) € I'.(m~1A) and moreover #(B) =X,
so X € #(Lo(mtA)).

For the other inclusion take (B\, X) € T.(m~tA). The module of sections of A
is finitely generated due to the Serre-Swan theorem, hence 3 € Ie(m*(A)) can
be written as B = fit*ay + - + fumray, for some fi,..., f, € CX(P) and
at,...,a, € T.(A). Since 7 is a submersion, each #«; € Fps can be lifted
via 7 to a vector field X; on P. By construction Y, f;X; lies in 7 *(Fa).
The conclusion follows since the difference X — 3. f; X; lies in I'c(ker 7, ), and
therefore in 7= 1(Fay). O

3.5 Morita Equivalence for Lie groupoids and Lie
algebroids

In examples 3.1.10 (the identity groupoid) and 3.1.11 (the Cech groupoid), we
saw two Lie groupoids that are similar, in the sense that both represent the
manifold M in two different ways. By definition the Cech groupoid G = M is
the pullback of the identity groupoid M = M under the canonical surjective
submersion M — M, where M is the disjoint union of an open cover of M.
Having this in mind helps to illustrate the following definition by Mackenzie in
[Mac05]:

Definition 3.5.1. Two Lie groupoids G == M and H = N are Morita
equivalent if there exists a (Hausdorff) manifold P, and two surjective
submersions wpr : P — M and 7y : P — N such that w&l = 7T;[1’H as
Lie groupoids.

In this case, we call (P,mpr, ) a Morita equivalence between G and H.

If G and H are open topological groupoids, it is asked for P to be a topological

space, Ty, TN to be open surjective maps and 7r;41 = 7TR71'H as topological
groupoids.

Remark 3.5.2. Recall that provided an open topological groupoid G = M, and
w: P — M a surjective open map then 7~'G is an open topological groupoid
over P.
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One of the most important implications of this section is proposition 3.5.16.
There we will show a relation between Morita equivalence of Lie groupoids, Lie
algebroids and Hausdorff Morita equivalence of singular foliations.

Equivalent characterizations of Morita equivalence for Lie
groupoids

Definition 3.5.1 is equivalent to several other characterizations of Morita
equivalence for Lie groupoids, as was proved in [MMO05], (see also [LGSX09]). An
analogous statement holds also for open topological groupoids, upon replacing
submersions by continuous open maps. In this subsection we recall these results
and prove implications that are used later, the main one being corollary 3.5.11.

We start recalling the notion of weak equivalence, as given in [Pro96, §1.3], and
of bitorsor.

Definition 3.5.3. Let H = M and G = P be two Lie groupoids (respectively,
topological groupoids). A morphism 7: G — H is a weak equivalence if:

(i) G = 7 YH; v~ (t(7),7(7),s(7)) is an isomorphism,

(i) t o Pri: Hs Xz P — M is a surjective submersion (resp. a surjective
continuous and open map).

Here w: P — M denotes the base map covered by 7.

Remark 3.5.4. i) Looking at a groupoid as a small category, a weak
equivalence is the same thing as a fully faithful and essentially surjective
functor.

it) When a map w: P — M is completely transverse (transverse to the orbits
and meeting every orbit) to a Lie groupoid H = M, then the projection
7 YH — H is a weak equivalence.

iti) If H is an open topological groupoid and w is a continuous, open and
surjective map, then condition (it) in definition 3.5.8 is automatically
satisfied, as can be showed using lemma 3.4.1.

Recall definition 3.1.30 (of Lie groupoid actions), in which a Lie groupoid
G = M acts on a not necessarily Hausdorff manifold P via a moment map
. P— M.

Definition 3.5.5. If the left G-action is free and proper (the map x: GsX P —
P is proper) then P/G is a manifold and we say that P is a G-principal left
bundle. Similarly with a right G-action.
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Definition 3.5.6. A (G, H)-bimodule P that is principal with respect to both
actions and such that P/G = N and H\P = M is called a (G, H)-bitorsor.

Example 3.5.7. Any Lie groupoid G = M is a (G,G)-bitorsor, with the
canonical actions given by left and right multiplication on G.

The following statement can be found in [MMO05, §2.5]

Lemma 3.5.8. Consider a Lie groupoid I' = K, a I'-principal bundle S, a
I'-module Q and a map f: Q — S preserving the I' actions. Then Q/T is a
manifold.

The following proposition gives a equivalent characterizations of ME for Lie
groupoids.

Proposition 3.5.9. Let G = M and H = N be Lie groupoids. The following
statements are equivalent:

(i) There exists a Lie groupoid I' and two weak equivalences I' — G and
I'—=*H.

(i) There exists a (G, H)-bitorsor P.
(iii) G and H are Morita equivalent (Def. 3.5.1).

The proof of this statement can be found in [MMO05] and [LGSXO09, prop. 2.4].
We review its proof here.

Proof. (i) = (ii): Consider a Lie groupoid I' = K with weak equivalences
7ym: I — G and ©ny: I' = H. Therefore I' & w;}g &~ 7TR71H. We get that
Qg := GsXr,, K is a (G,T')-bitorsor. Using a similar argument we get that Q
is a (I', H)-bitorsor. The (not necessarily Hausdorff) manifold @ := (Qg X x Q%)
has a diagonal I'-action with the canonical map to K as moment map. Applying
Lemma 3.5.8 to the map Q — Qg we see that

P:=(Qg¢ xx Qun)/T

is a (not necessarily Hausdorff) manifold. One can check that it is a (G, H)-
bitorsor.

(#4) = (i4i): Consider a (G,H)-bitorsor P, with moment maps 7y : P — M
and mn: P — N. Then
I'= gsxﬂ'M P‘n'NxtH
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has a natural structure of Lie groupoid over P with t(g, p, h) = gph, s(g,p, h) =
p and multiplication given canonically by G and H. Then the maps I' —
T G; (9,0,h) = (97", gph) and T' — 7y H; (g,p,h) = (p,h, gph) are
isomorphisms of Lie groupoids.

This shows that 7,/G = 7'M as Lie groupoids over the not necessarily
Hausdorff manifold P. Now take a Hausdorff cover {U;};c; of P and let
P .= L;U;. There is a canonical submersion 7: PP Itis easy to see that
(P,mpr o, my o) is a Morita equivalence.

(#4i) = (i): Given a Morita equivalence (P, 7y, mn) between G and H, call
T :=7,/G = 7y'H. The natural projections I' — G and T' — H are weak
equivalences. O

Remark 3.5.10. Proposition 3.5.9 also holds for open topological groupoids,
as can be proven using Lemma 3.4.1. For arbitrary topological groupoids, this is
not the case.

Corollary 3.5.11. Let k> 0. If G = M and H = N are source k-connected
Morita equivalent Hausdorff Lie groupoids, then there exists a Hausdorff (G, H)-

bitorsor P. Moreover this bitorsor is a Morita equivalence with k-connected
fibres (in the sense of Def. 3.5.1).

Proof. Following the implications (#ii) = (i) = (4¢) in the proof of proposition
3.5.9, one sees that the bitorsor P constructed there is Hausdorff. Then use the
implication (i) = (i4¢) to prove that P is a Morita equivalence.

Note that P being a bitorsor, the fibres of mp;: P — P/H= M are diffeomorphic
to the source fibers of H, which are k-connected by assumption. A similar
argument holds for the fibres of 7y : P — P/G = N. O

Remark 3.5.12. The Morita equivalence P in corollary 3.5.11 is a (global)
bisubmersion for the underlying foliations, as we now show. Using the implication
“(i1) = (i4i)” in proposition 3.5.9 we get an isomorphism of Lie groupoids

W;j %WR,LHQQKPXIH.

Denote by Fpr and Fy the foliations underlying G and H. Using lemma 3.4.5
i) and lemma 3.4.6 we get that the foliations underlying 71';/[19 and 71';,17-[ are
myp Far and myt Fn respectively. Since P is a (G,H)-bitorsor, the foliation
underlying the Lie groupoid G x P xH is T'c(ker(dmar)) +Tc(ker(dmn)). Hence

ﬂ];;]:M = 7r;,1]:N =T (ker(dmn)) + Te(ker(dnn)).
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Morita equivalence for Lie algebroids

The definition of Morita equivalence was extended to Lie algebroid by Viktor
Ginzburg [Gin01]:

Definition 3.5.13. Consider Lie algebroids Ap; and An over manifolds M and
N respectively. We say they are Morita equivalent if there exists a manifold
P and two surjective submersions wpr: P — M and 7y : P — N with simply
connected fibres such that wy; (Ayr) = 7' (An) as Lie algebroids over P.

This definition can be motivated by the following proposition:

Proposition 3.5.14. (i) If Gyr and Gy are Morita equivalent Hausdorff Lie
groupoids with source simply connected fibres, then their Lie algebroids are
Morita equivalent.

(i) If Apr and Ay are Morita equivalent integrable Lie algebroids, then the
source simply connected Lie groupoids integrating them are Morita equivalent.

Proof. (i): By corollary 3.5.11 we obtain the existence of a Morita equivalence
with source simply connected fibres, then using part (1) of lemma 3.4.5 we get
the desired result.

(ii): is clear by part (2) of lemma 3.4.5. O

Remark 3.5.15. The essential difference between Morita equivalence for Lie
algebroids and Hausdorff Morita equivalence for singular foliations (Def. 3.5.18
and Def. 2.3.2) is that the former requires simply connected fibres whereas the
latter only connected fibres. This difference is reflected at the groupoid level too,
as we now explain.

On the one hand, given two Morita equivalent integrable Lie algebroids, their
source simply connected Lie groupoids are Morita equivalent, see proposition
3.5.14(it). On the other hand, singular foliations also have an associated
groupoid, namely the holonomy groupoid defined by Androulidakis and Skandalis
[AS09]. In theorem 4.5.1 we will show that if two singular foliations are
Hausdorff Morita equivalent, then their holonomy groupoids are also Morita
equivalent. But the holonomy groupoid of a foliation does not have simply
connected fibres in general: on the contrary, it is an adjoint groupoid.

Recall that Lie groupoids give rise to Lie algebroids, which in turn give rise to
singular foliations (see example 3.3.8 and proposition 3.3.17). The following
proposition gives a link between Morita equivalence in these three different
settings:



MORITA EQUIVALENCE FOR LIE GROUPOIDS AND LIE ALGEBROIDS 73

Proposition 3.5.16. Let G = M and H = N k-connected Hausdorff Lie
groupoids for k > 1, denote their Lie algebroids by Ay and An, and denote by
Fu =#T(Anm)) and Fy = #(T(An)) the corresponding singular foliations.
Each of the following statements implies the following one (i.e. (i) = (ii) =

(i) G and H are Morita equivalent,

(ii) there exists a manifold P and surjective submersions with k — connected
fibres mpr: P — M and wy : P — N satisfying 7TJT41AM = 71';,1AN,

(i) the foliated manifolds (M,Fur) and (N,Fn) are Hausdorff Morita
equivalent.

Proof. For the first implication, use corollary 3.5.11 to get P, then we use twice
part (i) of lemma 3.4.5. The second implication follows using twice lemma
3.4.6. O

Remark 3.5.17. If Ay; and Ax are Morita equivalent Lie algebroids then
their singular foliations are Morita equivalent. Indeed, the fibres of the maps
appearing in Def. 3.5.13 are in particular connected, so the above proposition
applies.

Example 3.5.18. Consider two connected Lie groups G1,G4 acting freely and
properly on a manifold P with commuting actions. The transformation groupoids
G2 X (P/G1) and Gy x (P/G2) are Morita equivalent, since under the quotient
maps P — P/G; they pull back to the transformation groupoid (G x G2) x P.
Hence applying proposition 3.5.16 we obtain an alternative proof of the statement
of corollary 2.5.8, i.e. the respective foliations are Hausdorff Morita equivalent.

Moreover, if G1,Go are simply connected, then their corresponding Lie algebroids
are Morita equivalent.






Chapter 4

Holonomy groupoids and
Morita equivalence for
foliations

In this chapter we summarize the results of article [GZ19] by Marco Zambon
and I. It is the most important chapter of this thesis.

We start this chapter describing the notion of holonomy groupoid of a singular
foliation given in [AS09]. Later we discuss smoothness issues of this groupoid.
In the third section we will prove that the pullback groupoid of the holonomy
groupoid, under certain maps, is the holonomy groupoid of the pullback foliation.
Then we will give the notion of holonomy transformation for elements in the
holonomy groupoid.

To finish this chapter we show how Hausdorff Morita equivalence of singular
foliations is related to Morita equivalence of their associated holonomy groupoids.

4.1 The holonomy groupoid of a singular foliation

We review the construction of the holonomy groupoid of a foliated manifold,
which was first introduced by Androulidakis and Skandalis in [AS09]. For this
section we follow [AS09, §2, §3.1]. We also present some original results on the
underlying topology of this groupoid.

75
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In this whole section we fix a foliated manifold (M, F). The "building blocks" for
the holonomy groupoid of F are the path-holonomy bisubmersions (definition
2.2.1).

Let (M, F) be a foliated manifold, o € M a point and Xi,...,X; € F a
collection of vector fields such that their modular classes under I,,F, which we
denote by [X1],--- ,[Xk], are a basis for Fy, := F/I,,F. Recall that the path
holonomy bisubmersions are given by an open neighborhood W € R* x M of
(0,zq), with s = Prp; and t given the flows of Xy, -+, Xj.

Note that neighbourhoods of points of the form (0,z) in a path holonomy
bisubmersion carry the identity diffeomorphism on M and can be embedded in
any bisubmersion that also carries the identity diffeomorphism. This follows
from proposition 2.2.10 (ii) and corollary 2.2.14 (ii).

The holonomy groupoid will be given by a family of path holonomy
bisubmersions, glued together by an equivalence relation, which we describe as
follows:

Definition 4.1.1. Let (M, F) be a foliated manifold, (Uy,t1,s1) and (Us, ta,S2)
bisubmersions for F, uy € Uy and ug € Us. We say that uy is equivalent to us
if there is a local morphism of bisubmersions p: Uy D Uj — Us with p(u1) = us.

An equivalent description of this equivalence is given by the following lemma:s:

Lemma 4.1.2. Let (M,F) be a foliated manifold and (Uy,t1,81), (Us,t2,s2)
bisubmersions for F. The elements u; € Uy and us € Uy are equivalent if and
only if Uy and Uy carry the same local difeomorphism at uy and us respectively.

Proof. Tt is a direct consequence of corollary 2.2.14 (i). O

It is easy to see that definition 4.1.1 gives an equivalence relation on any family
of bisubmersions.

Definition 4.1.3. Let U = {U, }icr a family of bisubmersions of F.
o A bisubmersion U’ is adapted to U if for any u' € U’ there isuec U e U

which is equivalent to u'. A family of bisubmersions U’ is adapted to U if
any element U' € U is adapted to U.

o We say that U is an atlas if:

1. For all x € M there exists U € U that carries the identity
diffeomorphism locally at x.
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2. The inverses and finite compositions of elements in U are adapted to

Uu.
e Two atlases are equivalent if they are adapted to each other.

Example 4.1.4. Let G = M be a Lie groupoid and Fg its associated foliation.
If G is Hausdorff then (G,t,s) is a bisubmersion and an atlas for Fg. Indeed
through the identity bisection e: M — G we have that G satisfies condition 1. of
definition 4.1.3; and thanks to the inverse and composition of G, it also satisfies
condition 2.

If G is not Hausdorff, take Ug := {U;}icr a Hausdorff cover for G. Then Ug is
an atlas of bisubmersions for Fg.

Proposition 4.1.5 (Groupoid of an atlas). Let (M, F) be a foliated manifold
and U = {(U;, t;,8:) bier an atlas of bisubmersions for F.

(i) Denote the set:
GU) == {(UierlUs) / ~},

where ~ is the equivalence relation given in definition 4.1.1.

Let Q = (gi)icr: Wi Uy — G(U) be the quotient map.
(i) There are maps t,s: G{U) — M such that soq; =s; and t o q; = t;.

(iii) There is a groupoid structure on G(U) with set of objects M, source and
target maps s and t defined above and such that q;(u)q;(v) = qu,ou, (u, ).

Given a foliated manifold (M, F) and an atlas of bisubmersions U = {U, }ier
for F, we endow G(U) with the quotient topology, i.e. the finest topology that
makes the quotient map: Q: U; U; — G(U) continuous.

Lemma 4.1.6. Given a foliated manifold (M, F) and an atlas of bisubmersions
U = {U,}ier for F, the quotient map Q: U; U; — G(U) is open.

Proof. We will prove that given an open subset A of L;U;, the preimage
Q(Q(A)) is open.

Take € Q7 1(Q(A)). Denote by U € U the bisubmersion such that = € U.
There exists y € A such that Q(z) = Q(y). Notice that A itself is a bisubmersion.
By the definition of the equivalence relation in proposition 4.1.5, there is a
neighbourhood U’ C U of z and a morphism of bisubmersions f: U" — A
sending z to y. Hence Q(U’) C Q(A), or in other words U’ C Q~*(Q(A)),
therefore z is an interior point of Q71 (Q(A)). O
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Lemma 4.1.7. If the atlas Uy is adapted to Us then

(i) there is a canonical injective open morphism of topological groupoids

p: G(U) = G(Ua),

(ii) ¢ is surjective if and only if Uy equivalent to Uy. In that case ¢ is an
isomorphism of topological groupoids.

Proof. The map ¢ is induced by morphisms of bisubmersions. More precisely:
there is a well defined map @: Upey, U — G(Uz), given by u — [f(u)] where f
is any morphism of bisubmersions from a neighbourhood of u to a bisubmersion
in Uy. Following the same argument as in the proof of Lemma 4.1.6 we get that
@ is an open map. Also ¢ factors through the quotient map @1, yielding an
open, continuous and injective map .

I—'UGZ/ﬁU

lQI \5 (4.1)

G(Uh) —— G(U).

This map is surjective if and only if for any us € Us € Us thereisan uy; € Uy € Uy
equivalent to it, i.e. if Us is adapted to U;. U

Definition 4.1.8. Let (M, F) be a foliated manifold. A path holonomy atlas
is an atlas generated by a family of path holonomy bisubmersions {(U;, t;, ;) }ier
such that Us;(U;) = M.

The following lemma implies easily corollary 4.1.10 and corollary 4.1.12, which
together are the content of [AS09, Examples 3.4(3)].

Lemma 4.1.9. Let (M, F) be a foliated manifold. Let U C R™ x M be a path
holonomy bisubmersion, and V any atlas of bisubmersions for F. Then U is
adapted to V.

Proof. We have to show that around any point of U there is a locally defined
morphism of bisubmersions to an element of V), see definition 4.1.3.

Let u = (v,z) € U. If v = 0 we can simply apply Remark 2.2.15, so in
the following we assume v # 0. Denote by Xi,..., X, the vector fields in F
used to construct the path holonomy bisubmersion U. Extend v to a basis
vl :=w,v%,...,v" of R", and consider the path holonomy bisubmersion U given
by the local generators >, v} X;,..., Y., v"X; of F. The points u € U and

((1,0,...,0),z) € U are equivalent by corollary 2.2.14(i), since the constant
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bisections through them carry the same diffeomorphism. Hence in the rest of
the proof we can assume that v = (1,0,...,0).

Since X is compactly supported and hence complete, we can consider the path
~v:[0,1] = M,~(h) = exp,(hX1), where exp denotes the time one flow. For
every h € [0,1], apply the diffeomorphism exp(hX;) to X1,...,X,. This yields
elements of F, the first one being X3, which form a generating set for F near
~v(h). Denote by Uj, the path holonomy bisubmersion they give rise to.

By remark 2.2.15 there exists an open neighborhood Uj, of (0,v(h)) and a
morphism of bisubmersions from Uj, to a bisubmersion in V. Shrinking Uj if
necessary, we can assume that it is of the form B,, x M| where B,, C R" is
the open ball with radius rj, and M, C M.

By the compactness of [0,1], there are finitely many hq,...,h; € [0,1] such
that M,{Ll yeee ,M}'Lk cover the image of v. Hence there is a positive integer N
such that, for all & € [0,1], the point (%v,7v(h)) is contained in one of the U, -
The composition

(;,V(NN*)) oo (;,7(];)) o (2.2) (4.2)

is well-defined®. Further, it is equivalent to u = (v,z) € U since the constant
bisections through wu and through the composition (4.2) both carry the
diffeomorphism exp(X;). Since each of the elements we are composing in
(4.2) lies in the domain of a morphism of bisubmersions to a bisubmersion in V,
the composition also does. O

Corollary 4.1.10. (i) A path holonomy atlas is adapted to any atlas.

(ii) Any two path holonomy atlases are equivalent. Therefore any of them
defines the same (up to isomorphism) topological groupoid.

Proof. (i) A path holonomy atlas consists of finite compositions of path holonomy
bisubmersions. Hence the statement follows from lemma 4.1.9.

(ii) An immediate consequence of part (i) is that any pair of path holonomy
atlases are adapted to each other, therefore they define the same topological
groupoid. O

Definition 4.1.11. Let (M, F) be a foliated manifold. The groupoid over M
associated to a path holonomy atlas, as in Proposition 4.1.5, is called holonomy
groupoid and is denoted H(F).

1For instance, t((§,2) = expz(%Xl) =~(

).

2=
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Corollary 4.1.12. There ezists a canonical injective open morphism of
topological groupoids

w: H(F) =G,

where G is any groupoid given by an atlas of bisubmersions for F as in
Proposition 4.1.5.

Proof. This follows from corollary 4.1.10 (i) applied to the atlas defining G, and
from lemma 4.1.7 (i). O

Because of corollary 4.1.12, we can see the holonomy groupoid as an open
neighborhood of the identity for any groupoid G given by an atlas of
bisubmersions. We will later prove that it is the source connected component
of G.

Definition 4.1.13. Let S be a family of source connected bisubmersions such
that Nyess(U) = M and for every w € U € S there is an element e, € U
carrying the identity diffeomorphism nearby s(u). The atlas U generated by S
is called a source connected atlas.

In particular any path holonomy atlas is a source connected atlas.

Lemma 4.1.14. Toke U a source connected atlas, then the groupoid G(U) is
source connected.

Proof. Take S the family of bisubmersion of definition 4.1.13 with atlas U.
Denote by Q: Uyey U — G(U) the (surjective) quotient open map.

Note that, by hypothesis for all U € S, the points of Q(U) can be connected to
the identity through a continuous path in an s-fiber of G(U). Now we prove the
same statement for any point of Q(Ugo---oUy), where k > 2 and Uy, ..., U; € U.

By induction, suppose that the statement holds for all points of Q(Ug_10---oUy).
Take u :=up X -+ xuy € Ugo---oUy, and denote p := s(uy) € M. By hypothesis
there exists a curve () in a source fibre of Uy, joining uy with u, € Uy that
carries the identity at p. Then Q(v(¢) X --- X u1) is a curve in an s-fibre of
H(F) that connects Q(u) with an element of Q(Ui_1 0 ---0U;). Hence the
statement holds for Q(Uy o Ug_1 0--- 0 Uy). O

Corollary 4.1.15. The holonomy groupoid of a foliated manifold (M, F) is a
source connected, open topological groupoid.
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Proof. By Lemma 4.1.14 any path holonomy atlas &, which is a source connected
atlas, gives rise to a source connected groupoid, therefore H(F) := G(U) is
source connected.

To prove that H(F) is an open groupoid, denote by Q: Uyey U — H(F) the
quotient map. The following diagram commutes, where we denote by sy the
source map of the holonomy groupoid:

UyeuU

o ™S
H(F) ——> M

Recall that H(F) is endowed with the quotient topology. Using that @ is
continuous and surjective, and that s is a submersion and therefore an open
map, it follows that sy is open map. A similar argument can be used for
ty. O

A new result is the following:

Proposition 4.1.16. IfU is a source connected atlas then GU) ~ H(F).

Proof. By Cor. 4.1.12 we get the existence of a natural injective open morphism
of topological groupoids ¢: H(F) — G(U).

Tt is sufficient to show that ¢ is surjective. Note that by lemma 4.1.14, H(F)
and G(U) are s-connected. It is a general fact that any s-connected topological
groupoid is generated by any symmetric neighbourhood of the identities [Mac05].
Using that ¢ is an open morphism covering the identity we get that G(U) is
generated by the image of ¢, which implies that ¢ is surjective. O

Moreover, there is a minimality property for the holonomy groupoid, given by
the following corollary:

Corollary 4.1.17. Let G = P be a source connected Lie groupoid and Fg its
associated foliation. Then H(Fg) = G/ ~ where the latter equivalence relation
identifies two points when they carry the same local diffeomorphism. This implies
that there is a surjective morphism G — H(Fg).

Proof. Let Sg be a Hausdorff cover of a neighborhood of the identity bisection
in G such that e(s(U)) C U for all U € Sg. Denote Us the atlas generated
by Sg. Then Us is a source connected atlas, so that G(Ug) = H(Fg) by Prop.
4.1.16. One can show that Us is adapted to the atlas Ug given in example 4.1.4,
and therefore that G(Ug) = G/ ~. Consequently, H(Fg) 2 G/ ~. O
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Remark 4.1.18. A Lie groupoid is called effective if the only bisection carrying
the identity is the identity bisection. Any Lie groupoid G = M can be turned
into a effective open topological groupoid, by G/ ~ where the latter equivalence
relation identifies two points when they carry the same local diffeomorphism.
Then any effective source connected Lie groupoid is isomorphic to the holonomy
groupoid of its associated singular foliation.

Corollary 4.1.19. If F is a regular foliation, then H(F) coincides with the
usual notion of holonomy groupoid given in Section 4.1.

Proof. Note that II(F) is a source connected atlas for F. By Cor.4.1.19, it is
sufficient to show that two homotopy classes of curves [y1], [y2] € II(F) have
the same holonomy transformation if and only if there exists a local map of

bisubmersions sending [y1] + [v2]. This is a clear consequence of Proposition
3.2.12. O

4.2 Smooth structure on the holonomy groupoid

The smooth structure on the holonomy groupoid, when it exists, is as follows:

Definition 4.2.1. Given a foliated manifold (M,F) and an atlas of bisub-
mersions U = {U; : i € I} for F, we say that G(U) is smooth if there exists
a (necessarily unique) smooth structure on it that makes the quotient map
Q: U; Ui = GU) a submersion.

Tt is easy to see that if G(U) is smooth, then it is a Lie groupoid. One of the
most important results of this section is theorem 4.2.3, in which it is shown
that the smooth structure of the holonomy groupoid does not depend on the
chosen atlas.

With this aim, we check the compatibility of smooth structures on equivalent
atlases, using the canonical maps of Lemma 4.1.7.

Lemma 4.2.2. Consider two atlases of bisubmersions Uy and Us, with Uy
adapted to Us:

(i) If there is a smooth structure on G(Ur) and G(Usz), then the morphism
of groupoids p: G(Uy) — G(Us) of Lemma 4.1.7 is an injective (smooth)
submersion and a morphism of Lie groupoids.

(i) Assume that G(Uy) is smooth and Us is adapted to Uy (or equivalently that
the map ¢: G(U1) — G(Uz) is surjective). Then G(Uz) is smooth and ¢ is
an isomorphism of Lie groupoids.
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Proof. (i) Consider z € G(U) and y € img(p) C G(Us). Because U; is adapted
to Us, there is a bisubmersion U, € U; and a smooth map ¢, : U, — Ly, U.
Because y € img(yp), there is a bisubmersion U, € Uy and a smooth map
¢y: Uy — Ly, U. Because of the smooth structures on G(U;) and G(Us), the
maps Q1 : Uy, U — G(U) and Q3 : Ly,U — G(Us) are smooth submersions.
Therefore we have the following commutative diagram:

U, U,

w Dy
=
U, U U, U

lQl l@z

G(Uh) —— G(Uo)

Because of the commutativity of the diagram, ¢ must be a smooth map and a
submersion.

(ii) Since @ is a homeomorphism by lemma 4.1.7 (ii), we can use it to transport
the smooth structure on G(U;) to G(Us). With this structure the map ¢ is
a submersion (it is a diffeomorphism). By the proof of statement (i), for all
y € Uy, U, the following diagram commutes:

o, Uy
— b
Ly, U L, U
Je Jo-

G(Uh) —— G(Uo)

Here Q1 o ¢, and ¢ are submersions, so 7 is a submersion. O

Theorem 4.2.3. If for a source connected atlas U we have that G(U) is
smooth, then the groupoids of any two source connected atlases are smooth
and diffeomorphic. In other words, the smooth structure on the holonomy
groupoid is well defined.

Proof. This is a direct consequence of Lemma 4.2.2. O
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Corollary 4.2.4. The smooth structure on the holonomy groupoid of a reqular
foliation is well defined and it is diffeormorphic to the classical notion given in
Section 4.1.

Proof. This is a direct consequence of Corollary 4.1.19, Theorem 4.2.3 and the
fact that the quotient map Q: II(F) — H(F) is a smooth submersion (indeed,
it is a local diffeomorphism). O

Moreover, we have the following proposition, which is a direct consequence
of [AZ17, §1.2]. It states explicitly when there is a smooth structure on the
holonomy groupoid.

Proposition 4.2.5. Given a foliated manifold (M, F), we have that H(F) is
smooth if and only if F is projective.

Longitudinal smooth structure on the Holonomy groupoid

The holonomy groupoid of a foliated manifold (M, F) is not always smooth,
but by results of Claire Debord [Deb13], for any point € M there is a smooth
structure on the restriction of the holonomy groupoid to the leaf L through
z, making it a Lie groupoid (and consequently on the isotropy group at z,
making it a Lie group). More precisely, following [AZ13, Def. 2.8], there exists
a smooth structure on H(F)y — the restriction of the holonomy groupoid to
the leaf—, such that for any path holonomy atlas {U;} of F, the quotient map
Qr: U; (U;) — H(F)y is a submersion.

4.3 Pullback holonomy groupoid

In this section we show that the holonomy groupoid of the pullback foliation
is the pullback of the holonomy groupoid of the foliation. This fact will be
used later in §4.5, where we will derive relations between Hausdorff Morita
equivalence of singular foliations and Morita equivalence of their respective
holonomy groupoids.

An isomorphism of topological groupoids

We prove the following isomorphism of topological groupoids, which is one of
the main results of this thesis.
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Theorem 4.3.1. Let (M, F) be a foliated manifold and w: P — M a surjective
submersion with connected fibres. Then there is a canonical isomorphism of
topological groupoids

H(n™H(F)) = 7~ (H(F)).

The pullback of a topological groupoid is defined as in Def. 3.4.2. For the sake
of exposition, we first sketch a proof of Theorem 4.3.1 in the case of regular
foliations.

Proof of theorem. 4.5.1 for reqular foliations. Assume that F is a regular
foliation, then 7—'F is also a regular foliation. In this case the holonomy
groupoid is given by holonomy classes of paths, as in Section 4.1. Define the
groupoid morphism

We show that this map is injective. Take two paths 7,7 in leaves of P with
the same initial point pg and final point p;. For i = 0,1, if 3; is a transversal
to 71 (F) at p; then 7(X;) is a transversal of F at m(p;). Let ®, &: By — ¥
be the holonomy maps given by 7 and 7 respectively, and ¢, ¢: m(2g) — m(21)
the holonomy maps given by 7(7) and 7(7). The following diagram commutes:

Zoéxl

[ [

m(S0) —2 7(2)

)

and the analog diagram for ®, ¢ too. The vertical maps 7: ¥; — w(3%;) are
diffeomorphisms (notice that the codimensions of F and 71 F are equal). Hence
if (1) and 7(7) have the same holonomy, i.e. ¢ = ¢, then = P.

To prove the surjectivity of ¢, take (p,[v],q) € 7~ 1(H(F)) where p,q € P
and v is a curve in a leaf of F that connects 7(q) with 7(p). The hypotheses
on m imply that Pri: v*P :=[0,1], x, P — [0,1] is a surjective submersion
with connected fibres, hence v* P is a connected manifold and therefore a path
connected space. Take a curve o: [0,1] — ~*P that connects (0, ¢q) with (1, p).
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We have the following commutative diagram:

0,1] = v*P =[0,1],x, P —24 P

Jre [

[0,1] ——— M.

The curve 7 := Pry o ¢ lies in a leaf of #71(F) and joins ¢ with p. Since
Prioo: [0,1] — [0,1] is a continuous and surjective function homotopic to the
identity, from the commutativity of the diagram it follows that w o7 and v are
homotopy equivalent and so holonomy equivalent. Hence ¢([7]) = (p, [7],9),
proving that ¢ is surjective and therefore bijective.

We now turn to the proof of Theorem 4.3.1. The first step is to state and prove
proposition 4.3.5, which requires some preparation. We first focus on pullbacks
of atlases of bisubmersions, which are relevant for the 1.h.s. of the isomorphism
claimed there. We state first [AS09, Lemma 2.3], which allows us to pull back
bisubmersions.

Lemma 4.3.2. Let (M, F) be a foliated manifold, (U,t,s) a bisubmersion for
F and m: P — M a surjective submersion. Consider the preimages PS :=
7 Y(s(U)) and Pt := 7= 1(t(U)). Define

7N U) == Pt x¢ Ug Xy P5.

Let 7,0: 7=Y(U) — P be the projections onto the first and third component.
Then (7= 1(U),7,0) is bisubmersion for 7=(F).

Proof. The following diagram commutes:

Il

7~ Y(U) P

g
PI’U 0

t
U M

i

Moreover, since 7 is a submersion one can prove that 7 and ¢ are submersions.
For the same reason Pry is a submersion, and applying lemma 2.2.7 to it
we obtain that (7=1(U),t o Pry,s o Pry) is a bisubmersion for F. Using the
commutativity of the diagram we get that (7=1(U), 7,) is a bisubmersion for
n L F. O

Definition 4.3.3. We call the bisubmersion 7= (U) given in lemma 4.3.2 the
pullback bisubmersion of U.
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Lemma 4.3.4. Let U be an atlas of bisubmersions for F. Then 7 U =
{m=Y(U) : U eUy} is an atlas of bisubmersion for 7= 1(F).

Proof. Tt is clear that the union of the elements of 7~ covers P. We now
check that the compositions of elements in 7' are adapted to 7~ '¢/. To do
so, take Uy, Uy € U. Note that we have a canonical morphism of bisubmersions

7 (Up)or 1 (Uy) — 771 (Upoly); (p,uz,a)x(a,u1,q) — (p,ugxui,q). (4.3)

Moreover, since U is an atlas, at each point us X u; the bisubmersion U, o U7 is
adapted to some Uy, xv, € U. This means that there is a small neighbourhood
V' C Uy o Uy containing us X u1, and a morphism of bisubmersions f: V' —
Uu,y xuy- Composing a suitable restriction of the morphism (4.3) with the natural
“lift” of f we obtain a morphism of bisubmersions

(pa U;Q,G;) X (aaulaq) — (paf(uQ X u1)7Q) € ﬂ-_l(Uulxuz)

into an element of 7~'. For inverses of elements in m~ ' one proceeds
similarly. O

Proposition 4.3.5. Let U be an atlas of bisubmersions on a foliated manifold
(M, F), and denote by G(U) the groupoid given by U. Let m: P — M be a
surjective submersion, 7~ U the pullback atlas, and denote by G(m—'U) the
groupoid of this atlas. Then there is a canonical isomorphism of topological
groupotds

G(r~U) = n=H(GWU)).

Proof. The quotient map @Q: Uyey U — G(U) lifts to a canonical map
Idx Q x Id: (Uyeyr™'U) =7~ (GW)),  (pu,q) = (p.[ulq),  (44)

where we denote [u] := Q(u). We will show that this map factors through the
projection map associated to the atlas 7~ !U, determining a map ®: G(7~U) —
7~Y(G(U)), which moreover is an isomorphism of topological groupoids.

(UUGZ/{’]TilU)

o o (4.5)

The fact that ® is well-defined and injective follows from the claim below
(respectively, from the implications “=-" and “<"). The surjectivity of & is
clear because the map I'd x @ x Id given in (4.4) is surjective. The fact that ®
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is a homeomorphism holds because both @, and Id x ) x Id are open maps,
by lemma 4.1.6. The map ® is a groupoid morphism as a consequence of
proposition 4.1.5 (iii) and of the morphism of bisubmersions (4.3). Hence we are
left with proving the following claim for all (pg, uo, q0), (Po, Vo, qo) € Uyeyn *U.

_Claim: Qx(po,u0,q0) = Q=(po,v0,q0) in G(x~'U) if and only if [ue] = [vo] in
Gg).

“=": By assumption there exist bisections o, and o, through (pg,ug, qo) and
(po, vo, qo) respectively, carrying the same diffeomorphism of P. Since 7 is a
submersion, there exists a neighbourhood W of 7(qy) € M and a w-section
q: W — P, such that ¢(7(qo)) = qo. Finally Pry 0 0, o ¢ is a bisection through
ug carrying the same diffeomorphism of M as the bisection Prs o 0, 0 ¢ through
vo. Therefore [ug] = [vo] in G(U).

“<": Let ug € U and vy € V' be equivalent points of Liyy¢ U, and let pg, qo € P
lie in the fibre of t(ug) = t(vp) and s(ug) = s(vg) respectively. Then there
exists a neighbourhood U’ of ug inside U and a morphism of bisubmersions
f:U"— V such that f(ug) = vo. Lifting it we get a morphism of bisubmersions

Frr WU =77V 5 (puq) = (p, f(u),q)

such that f(po,uo,q) = (Po,v0,qo). This shows that Qr(po,uo,q0) =
Qﬂ'(pO,UquO) in g(ﬂ-ilu)‘ O
We now take the second step for the proof of Theorem 4.3.1.

Proposition 4.3.6. Let m: P — M be a surjective submersion with connected
fibres and F a foliation on M. Let U be a path holonomy atlas for F. There is
a canonical isomorphism of topological groupoids

H(n ™ (F)) = G(r ™ U)).

Proof. Proposition 4.3.4 shows that 7=!({) is an atlas of bisubmersions for
71 F. Because 7 is source connected, we get that 7=1({f) is a source connected
atlas and by proposition 4.1.16 we get the desired result. O

Proof of theorem. 4.3.1. Let U be a path holonomy atlas for 7. We have a
composition of isomorphisms

H(n™(F)) = G(r ™ (U)) = 7~ (H(F)),

where the first isomorphism is the one obtained in proposition 4.3.6 and the
second isomorphism is given by proposition 4.3.5 using H(F) = G(U). O
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Preservation of smoothness

The isomorphism of Theorem 4.3.1 preserves smooth structures, whenever they
are present. We now elaborate on this. Recall that the smoothness was defined
in Definition 4.2.1. That definition fits well with the isomorphism given in
Proposition 4.3.6, as follows:

Lemma 4.3.7. Let U be an atlas on a foliated manifold (M, F), and let
m: P — M be a surjective submersion. Assume that G(U) is smooth. Then
G(m=U) is also smooth, and the map G(v~'U) = 7= 1(G(U)) in proposition
4.8.5 is an isomorphism of Lie groupoids.

Proof. Being the pullback of a Lie groupoid by a submersion, 7=1(G(U)) is a
Lie groupoid. Since the map in proposition 4.3.5 is a homeomorphism, we can
use it to transport the smooth structure on 7#=*(G(U)) to G(m~U). Since the
quotient map @ onto G(U) is a submersion, it follows that the map Id x Q x Id
given in eq. (4.4) is a submersion too. The commutativity of diagram (4.5)
implies that @, is a submersion onto G(7~!U) endowed with the above smooth
structure. The uniqueness in definition 4.2.1 finishes the argument. O

The smooth version of Theorem 4.3.1 is the following:

Proposition 4.3.8. Let m: P — M be a surjective submersion with connected
fibres and F a foliation on M. If H(F) is smooth (i.e. if F is a projective
foliation by proposition 4.2.5) then the map ¢: H(w=1(F)) = 7= 1(H(F)) given
in theorem. 4.3.1 is an isomorphism of Lie groupoids.

Proof. Let U be a path holonomy atlas of . We check that the composition
H(r™H(F)) = G(n 1 U)) = ™ (H(F))

appearing in the proof of Theorem 4.3.1 is a composition of Lie groupoid
isomorphisms. The second map is a Lie groupoid isomorphism, by Lemma 4.3.7.

The first map is a Lie groupoid isomorphism: apply Lemma 4.2.2 (ii) to
Us := 71U (which is an atlas of bisubmersion for 7=1F by lemma 4.3.4), to a
path holonomy atlas U; of #~1F, and use that ¢ is surjective (see proposition
4.3.6). O

>~

Even when the holonomy groupoid is not smooth, the map ¢: H(m~1(F))
7Y (H(F)) given in Theorem 4.3.1 preserves the longitudinal smooth structure,
as the following theorem says:
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Proposition 4.3.9. Let m: P — M be a surjective submersion with connected
fibres, F a foliation on M and U a path holonomy atlas for F. The
map @: H(r " H(F)) = 7Y (H(F)) of theorem 4.3.1 restricts to the following
isomorphisms of Lie groupoids:

(i) (H(?T*I(]-')))E & (W’l(H(}")))f, for the restrictions to any leaf L C P,
(i) (H(m=1(F)))p = (7~ L(H(F)))p, for the isotropy Lie groups at any p € P.

Remark 4.3.10. There is canonical isomorphism of Lie groups (11 (H(F))), =
H(F)r(p)-

Proof. We prove only (i), since (ii) is a direct consequence. Any leaf in P is of
the form L = 7~1(L) for some leaf L in M. We have

~

(7Y H(F)))2 = Laxe (H(F)1)s X Ln = 7 (H(F)1).

3

Take a path holonomy atlas U = {U,};c; for F and note that (ﬂ'*lUi)E
Lt ((Ui)n)s Xn L.. The map Qr: U; (U;)r — H(F)L is a submersion, by
the above definition of smooth structure on H(F)r, therefore the map

Idx Qp x Id: U (n7'Ui)7 — (7' H(F))

is a submersion.

This allows us to apply the arguments of the proof of lemma 4.3.7 to groupoids
over L (rather than over P). The proof of proposition 4.3.8 delivers the desired
conclusion. O

4.4 Holonomy transformations

Given a regular foliation, a classical construction, recalled in Section 4.1,
associates to every path in a leaf its holonomy (a germ of diffeomorphisms
between slices transverse to the foliation). We review the extension of this
construction to singular foliations [AZ14, §2] and show that it is invariant under
pullbacks.

Definition 4.4.1. Let (M, F) be a singular foliation, and x,y € M lying in
the same leaf. Fix a transversal Sy at x, as well as a transversal Sy aty. A
holonomy transformation from x to y is an element of

GermAutz(Sy, Sy)
exp(IxF)|s,
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Here GermAutr(S;,S,) is the space of germs at x of locally defined
diffeomorphisms preserving F mapping S, to Sy, restricted to S,. Further
exp(I.F)|s, is the space of germs at x of time-one flows of time-dependent
vector fields in I, F mapping S, to itself, restricted to S,.

Holonomy transformations are relevant because the holonomy groupoid maps
canonically into them [AZ14, theorem. 2.7].

Theorem 4.4.2. Let xz,y € (M,F) be points in the same leaf L, and fix
transversals Sy at x and Sy at y. Then there is a well defined map

GermAutr(Ss, Sy)

(I)]:I H .F g — 9
(F) exp(I.F)|s,

hes (7). (4.6)

Here 7 is defined as follows, given h € H(F)%:=t"1(y) Ns~!(z):

o take any bisubmersion (U,t,s) in the path-holonomy atlas with a point
u € U satisfying [u] = h,

e take any section b: S, — U of s through u transverse to the t-fibers such
that (t o b)(Sz) C Sy,

and define T :=tob: S, — Sy.

For all z,y the map ®” is injective [AZ14, theorem. 2.20] and assembles to a
groupoid morphism [AZ14, theorem. 2.7]. In the case of regular foliations, the
map ®7 describes the usual geometric notion of holonomy.

Remark 4.4.3. Linearizing any representative of ® (h) one associates to h
a well-defined linear map T,S, — T,S,. Notice that T,;S, can be identified
with the normal space N,L to the leaf at x. Hence, when x = y, we obtain a
representation of the isotropy Lie group H(Far)Z on N L [AZ14, §3.1].

x

Let (M, F) be a foliated manifold and 7: P — M a surjective submersion with
connected fibers. Recall that there is a canonical surjective morphism

7 H(r Y F)) 2 a H(H(F)) — H(F),

where the isomorphism is given in Theorem 4.3.1. We now show that the
holonomy transformations associated to a point in H(7~1(F)) and to its image
coincide.
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Proposition 4.4.4. For every h € H(n~1(F)), the holonomy transformations
associated to h and to w(h) coincide, under the obvious identifications. More
precisely: fix slices Sy at x := s(h) € P and S, at y := t(h), transverse to
7 YF). Then

GermAut,—1(7)(Sz, Sy)

exp(Lm=1 (F))ls,

o™ F)(n) e

wnd GermAut 5 (Sy (s, S
@F(%\(h)) c ermaAau ]:( m(z)> 77(1/))
exp(‘[ﬂ(f)‘/__.)‘sw(m)
coincide under the diffeomorphisms Sy = Sp(z) = m(Sz) and Sy = Sy =

w(Sy) obtained restricting .

Proof. Let h € H(m~1(F)). By theorem. 4.4.2, ®  (F)(h) is obtained using a
bisubmersion V' in the path-holonomy atlas of (P,7~*(F)), a point v € V with
[v] = h, and a certain section through v. By proposition 4.3.6 the groupoid
H(7~1(F)) is isomorphic to G(7~1(U)), which is constructed out of the atlas
7~ 1(U) where U is a path-holonomy atlas for (M, F). This means that there is
a bisubmersion U in U and a morphism of bisubmersions

¥V — 1 Y (U)

defined near v. We have ¥ (v) = (y,u,z) € 7~ }(U) for some u € U. Further,
applying v to any bisection of V' we obtain a bisection of 7=1(U) carrying the
same diffeomorphism. Hence we can work on the latter bisubmersion instead of
on V.

Take any section b: S, — 7~ 1(U) of s through (y, u, z) transverse to the t-fibres
such that (t o b)(S;) C Sy. Due to the diffeomorphism S, = S;(,), there is a
unique section b: Sy(,) — U through u such that

b(p) = (*,b(m(p)), p)

for any p € S;. (Here * denotes the unique point of S, that corresponds to
(t ob)(m(p)) under the identification S, = S;(,y.) The diffeomorphisms

tob: S, — Sy and tob: Sry — Sky

coincide under the Illatural identification between slices. The former is a
representative of @™ (F)(h), while the latter is a representative of &% ([u]). We
conclude noticing that [u] = 7(h), as can be seen using the proof of proposition
4.3.5. O
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4.5 Morita equivalent holonomy groupoids

The holonomy groupoid of a singular foliation (see definition 4.1.11) is not a
Lie groupoid in general, but just an open topological groupoid. Recall that we
defined Morita equivalence for open topological groupoids in Section 3.5, more
precisely in Definition 3.5.1.

We now can finally state the main results of this thesis:

Theorem 4.5.1. Given two foliated manifolds (M, Far) and (N, Fn). If they
are Hausdorff Morita equivalent then:

o Their holonomy groupoids H(Frr) and H(Fn) are Morita equivalent as
open topological groupoids.

o For Ly a leaf of Fpr and Ly the corresponding leaf of Fn, we have
that H(Far)|rn,, and H(Fn)|Ly are Morita equivalent as Lie groupoids.
(Therefore the isotropy Lie groups are isomorphic).

o If Far is projective (for example a regqular foliation), then Fy is projective
and the Lie groupoids H(Frr) and H(Fn) are Morita equivalent as Lie
groupoids.

Proof. For the first part apply twice theorem 4.3.1, noticing that submersions
are open maps.

For the second part use twice Proposition 4.3.9.

For the projective case, Proposition 4.2.5 and Proposition 4.3.8 give us the
desired result. O
Furthermore, combining with Corollary 3.5.11 we obtain:

Proposition 4.5.2. Provided their holonomy groupoids are Hausdorff, two
projective foliations are Hausdorff Morita equivalent iff their holonomy groupoids
are Morita equivalent as Lie groupoids.

Revisiting Hausdorff Morita equivalence of singular foliations

In the definition of Hausdorff Morita equivalence between two singular foliations
(M, Fpr) and (N, Fy), Def. 2.3.2, it is required that the maps mpr: P — M
and 7w : P — N be surjective submersions with connected fibers. It is tempting
to think that Hausdorff Morita equivalence of singular foliations can be phrased
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weakening these three conditions, i.e. that adopting weaker conditions one
obtains the same equivalence classes of singular foliations. This is not the case:

Proposition 4.5.3. We do not obtain the same equivalence classes of singular
foliations if we replace any of the three conditions in Def. 2.53.2 as follows:

o “Surjective” by “meets every leaf of the singular foliation”,
o “Submersion” by “is transverse to the singular foliation” [AS09, Def. 19],

o “With connected fibres“ by “such that the preimages of leaves are
connected”,

Remark 4.5.4. The first two items above are motivated by what occurs for Lie
groupoids. The Morita equivalence of two Lie groupoids G = M and H = N can
be equivalently phrased by replacing the condition that the maps war: P — M
and mn: P — N in Def. 3.5.1 are surjective submersions with the following
condition: these maps are transversal to the orbits of the Lie groupoids (G and
H respectively) and meet every orbit. This fact can be found in [Mac05] and
[CM17], and follows also from Proposition 3.5.9.

To prove Proposition 4.5.3 it suffices to display examples of maps 7: P — (M, F)
in which each of the conditions on the left hand side is weakened and so that
the holonomy groupoid H(7~1F) is not Morita equivalent to H(F). Indeed, in
this case, (P,7~1F) and (M, F) can not be Hausdorff Morita equivalent, due
to Theorem 4.5.1.

We now display the examples mentioned above, involving only regular foliations.

Example 4.5.5. (“Surjective” is needed) Take M to be the Moebius band
M:=Rx(-1,1)/ ~
where (x,y) ~ (z + 3k, (=1)ky) for k € Z. Take

Pi=M\{(2,0)},

the Moebius band without a point in the “middle circle” (the equivalence class
of (2,0)).

Let
T:P—M

be the inclusion. On M take the regular (rank one) foliation F given by
horizontal vector fields, then ©7=1(F) is also given by horizontal vector fields.
Note that 7 is a submersion with connected fibres that meets every orbit, but it
s not surjective.
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The isotropy group at (0,0) € M of the holonomy groupoid H(F) is isomorphic
to Zs. But the isotropy group at (0,0) € P of the holonomy groupoid H(mw~1F)
is trivial (the leaf through that point is contractible). Therefore the two holonomy
groupoids can not be Morita equivalent.

Figure 4.1: The manifold P

x=2

x=1

Example 4.5.6. (“Submersion” is needed) Take P := RU (R\{0}), M :=
R, and define m: P — M so that it sends the copy of R to the point 0 € M
and R\{0} to M by the inclusion. On M take the full foliation. The map w is
surjective, has connected fibres and it is transverse to the foliation in M, but it
is not a submersion.

The pullback foliation on P is also the full foliation, but P has three connected
components. Hence the spaces of leaves are not homeomorphic and the holonomy
groupoids are not Morita equivalent.

Example 4.5.7. (“With connected fibres” is needed) This example is a
variation of Fx. 4.5.5. Take the Moebius band M as in that ezample. Let

M =R x (~1,1)/ ~'

where (z,y) ~' (v +k, (=1)*y) for k € Z. Notice that M' is a smaller Moebius
band, and since the equivalence classes of ~ are contained in those of ~', there
is a natural quotient map q: M — M’ which is a 3 to 1 covering map.

Let P be M with a point removed, as in Ex. 4.5.5. Let
7 P— M

be the restriction of ¢ to P. On M’ take the regular (rank one) foliation given
by horizontal vector fields. Then 7' is a surjective submersion with connected
preimages of leaves, but whose fibres are not connected (all fibres consist of
three points, except for one that consists of two points). As in the first ezample,
the isotropy groups of the corresponding holonomy groupoids are Zo at the point
(0,0) € M’ and the trivial group at (0,0) € P. Hence the holonomy groupoids
can not be Morita equivalent.
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An extended equivalence for singular foliations

Our notion of Hausdorff Morita equivalence (Def. 2.3.2) has certain drawbacks,
which originate from the fact that the space of arrows of a Lie groupoid is not
necessarily Hausdorft:

o If two non-Hausdorff source connected Lie groupoids are Morita equivalent,
then their singular foliations might not be Hausdorff Morita equivalent.
(Compare with Proposition 3.5.16).

o As a consequence, we have to add a Hausdorffness assumption? in
Proposition 4.5.2 on projective foliations.

In an attempt to extend the notion of Hausdorff Morita equivalence so that
the above drawbacks do not occur, we propose to allow the manifold P in Def.
2.3.2 to be non-Hausdorff.

A first issue to address is the notion of singular foliation on a non-Hausdorff
manifold. In section §1.5 we saw that on a (Hausdorff) manifold, Def. 1.1.5 (in
terms of compactly supported vector fields) is equivalent to the characterisation
given in that section (in terms of subsheaves). On a non-Hausdorff manifold
V', this is no longer the case. Indeed the notion obtained extending trivially
Def. 1.1.5 is quite restrictive, the main reason being that there might be points
p € V where all compactly supported vector fields vanish. However the sheaf of
smooth vector fields on V' (a sheaf of C*°-modules) is well-behaved. Hence we
propose to define a singular foliation on a possibly non-Hausdorff manifold V'
as an involutive, locally finitely generated subsheaf of the sheaf of smooth vector
fields.

A second issue to address is how to extend the notion of pullback foliation to
a non-Hausdorff manifold. In section §1.5, for a Hausdorff manifold the sheaf

associated to a pullback foliation is given by Lal(wfl]-') = 7r|{]1]-' for every open
subset U. For a non-Hausdorff manifold V' and a submersion 7 : V — M to a
manifold, we define the pullback foliation as the following subsheaf S™'F of
the sheaf of vector fields: for any open (possibly non-Hausdorff) subset U C V,

S”ilF(U) :={X € X(U) : X|g € n|'F for all open Hausdorff subsets H C U}

With the above ingredients at hand we can propose the following definition.

2Notice that a Hausdorffness assumption is needed also to match the Morita equivalence
of Lie groupoids and Lie algebroids, see Proposition 3.5.14.
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Definition 4.5.8. Two singular foliations (M, Far) and (N, Fn) are Morita
equivalent if there exists a possibly non-Hausdorff manifold P and two
surjective submersions with connected Hausdorff fibres wp;: P — M and
wn: P — N such that S™ M = STN'FN g5 subsheaves of Xp.

We then expect

o the following extension of Proposition 3.5.16: if two (possibly non-
Hausdorff) Lie groupoids are Morita equivalent, then their singular
foliations are Morita equivalent.

e to carry out the construction of the holonomy groupoid (Def. 4.1.11)
starting from the sheaf-theoretic characterization of singular foliation, even
for a non-Hausdorff foliated manifold. Further we expect the following
improvement of Theorem 4.5.1 to hold:

Morita equivalent singular foliations have holonomy groupoids which are
Morita equivalent as open topological groupoids.

« the following improvement of Proposition 4.5.2:  Two projective singular
foliations are Morita equivalent iff their holonomy groupoids are Morita
equivalent as Lie groupoids.






Chapter 5

Quotients of foliated
manifolds

In this section we assume the following setting: a foliated manifold (P, F) with
a surjective submersion 7 : P — M with connected fibers. Here M is seen as a
quotient of P. We first show that, under some compatibility conditions between
F and 7, there exists a singular foliation Fj; on M given by a push-forward of
F. Then we study the foliated manifold (M, Fps) as a quotient of (P, F).

In the first section we will show that there exists a surjective morphism of
topological groupoids Z: H(F) — H(Fa), which implies that H(Far) is a
quotient of H(F). In the second section we give some preliminaries on quotients
of Lie groupoids.

In the third section we will recall Lie 2-groups and their relation with quotients
of groupoids. Finally in the fourth section we give a characterization of the
E-fibers, and describe a Lie 2-group action on H(F) with orbits lying inside
these fibers.

5.1 Quotients of holonomy groupoids

In this section we show that given a surjective submersion with connected fibers
m: P — M and an “invariant” singular foliation F on P there is an induced
singular foliation Fj; on M, which can be regarded as a quotient of the former.
The main statement of this section is that the holonomy groupoid of Fj; is

99
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a quotient of the holonomy groupoid of F, see Thm. 5.1.3. We also give an
explicit characterization of the quotient map when F is a pullback-foliation.

The main Theorem

We recall [AZ13, Lemma 3.2], about quotients of foliated manifolds.

Proposition 5.1.1. Let 7 : P — M be a surjective submersion with connected
fibers. Let F be a singular foliation on P, such that T.(kerdr) C F. Then
there is a unique singular foliation Fpy on M with =1 (Fy) = F.

In this section we consider the following set-up:

m: P — M, such that
[Cc(kerdm), F] C T'c(kerdm) + F.
Denote by Fjs the singular foliation on M satisfying
FP8 = n Fy

where F"& := I'.(ker dmr) + F, as in proposition 5.1.1

A foliated manifold (P, F) and a surjective submersion with connected fibers

The foliation Fj; is obtained from F by a quotient procedure, more precisely
Fu = moF, see Lemma 5.1.9 ii) at the end of this section. By this fact it is
natural to ask whether the same is true for the respective holonomy groupoids.
The answer is true and we will discuss it in Theorem 5.1.3. To continue we use
the following lemma which is proven at the end of this section.

Lemma 5.1.2. Any source connected atlas U for F satisfies that the family
U ={({Umot,mos) : Uel},

generates a source connected atlas for Fyy.

Recall that a source connected atlas is an atlas generated by a family of
bisubmersion which carry the identity diffeomorphism and are source connected,
as definition 4.1.13. The groupoid of a source connected atlas for F is the
holonomy groupoid of F (See Prop. 4.1.16).
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Theorem 5.1.3. LetU be a source connected atlas for F, by Lemma 5.1.2, the
family 7ld .= {7wU := (U,mot,mos) : U €U} generates a source connected
atlas for Fpr. The map E given as follows is a surjective open morphism of
topological groupoids covering T:

E: H(F) = H(Fum); [u] = [u]ar, (5.3)

where [u]pr is the class of uw € TU € U as a bisubmersion for Far. Note that
the construction of = is canonical.

Moreover, if H(F) and H(Fn) are smooth then = is a surjective submersion.

Proof. The map = is well defined. If uy € Uy € U and uy € Us € U are
equivalent, then exists a morphism of bisubmersions sending u; to us, using this
same morphism it is clear that u; € nU; € wld is equivalent to uy € wUy € U
as bisubmersions for F;.

The image of = lies indeed inside H(Fps). By construction E(H(F)) =
Qu(UyeymU). Then by Lemma 5.1.2 the family 7#ld generates a source
connected atlas Ups for Fay, then Qpr(UpeunU) C Qum (Uuew,, 7U) = H(Funr)
is an open subset. It is also clear that = covers 7 and sends the identity bisection
of H(F) to the identity bisection of H(Fas), then Z(#H(F)) is an neighborhood
of the identities of H(Far).

To prove that it is a morphism of set theoretic groupoids we only need to prove
that it preserves the composition. This is equivalent to the following statement:
for any Uy, U € U we have that the map 7(Uy o Us) — wUy o wUs; (ug, ug) —
(u1,u2) is a morphism of bisubmersions for Fjs, which is clearly true.

To see that = is an open morphism of topological groupoids we only need to
check that it is a continuous open map. This is clear because for any U € U
the identity map U — nU;u — u is a continuous open map. Recall that the
topology on H(F) and H(F)s) is the quotient topology, which makes the maps
Q:U — H(F) and Qpr: 71U — H(Fpr) continuous. One sees also that these
maps are open under this topology (see Lemma 4.1.6).

Note that, if H(F) and F(Fy) are Lie groupoids, using the same argument
as before, one check that = is a submersion (the maps Q: U — H(F) and
Qur: U — H(Far) are submersions).

The map E is surjective. Recall that Z(H(F)) is a neighborhood of the identities
of H(Far). Because E is a morphism of topological groupoids E(H(F)) is
a symmetric set closed under compositions. It is well known that any s-
connected topological groupoid is generated by any symmetric neighborhood of
the identities [Mac05]. Because H(Fys) is s-connected then Z(H(F)) = H(Fur)

O

and Z is surjective.
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Remark 5.1.4. Note that by the proof of Theorem 5.1.3, the family nU =
{nU := (U,mot,mos) : U €U} is indeed a source connected atlas for Fyy.

For regular foliations, the morphism = admits a familiar description.

Proposition 5.1.5. When both F and Fy; are regular foliations, the morphism
E: H(F) = H(Fum) can be easily described by

E([V]hot) = [7© Y] hot

for each curve v: [0,1] — P inside a leaf of F. Here [—|no denotes holonomy
classes.

Proof. The Lie groupoids H(F) and H(Far) are source connected atlases for
F and Fp respectively. The map 7: H(F) = H(Fu); [Vhot — [T © V]hot 18
a submersion, since its a Lie groupoid morphism integrating the fiber-wise
surjective Lie algebroid morphism 7. This implies that (H(F),ta o T,sp 0 7)
is a bisubmersion for Fjs, by [AS09, Lemma 2.3]. Notice that the latter triple
equals (II(F),mot, 7 os), which hence is a bisubmersion.

We can thus compute
E([Vrot) = [m © Ylnot,

where the first equality holds by the above description of = and the fact that
7 (H(F),mot,mos) — (H(Far), tar,snr) is a morphism of bisubmersions. [

We present an example where F is a regular foliation and F); is a genuinely
singular foliation. Notice that the holonomy groupoid of the former foliation
has discrete isotropy groups, whereas for the latter the isotropy groups are not
discrete in general.

Example 5.1.6. Consider the cylinder P := S* x R with coordinates (0,y) and
the regular foliation' F given by the integral curves of the nowhere vanishing
vector field X := 0p + y0y. The circle U(1) acts on the cylinder P by rotations
of the first factor, preserving the foliation F. The singular foliation F®9 on P
has three leaves (two open leaves, separated by the middle circle). The quotient
map

T P=S'xR— M:=P/U(1) =R

is the second projection. On the quotient, the induced foliation is Far = (y0Oy),
a genuinely singular foliation.

1The foliation F is the quotient by the natural Z-action of the foliation on the z-y-plane
whose leaves are given by graph(e®*¢) on the open upper plane, graph(—e®*t¢) on the open
lower plane (with ¢ varying through all real numbers), and the line {y = 0}.
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For the holonomy groupoids, we have H(F) = R x P, the transformation
groupoid of the action of the Lie group R on P by the flow of X, which
reads ¢¢(0 mod 2m,y) = (0 +t mod 2w, e'y). Further H(Far) = R x M, the
transformation groupoid of the action of the Lie group R on M by the flow of
Y0y, which reads ¢(y) = e'y. This follows from [AZ13, Ex. 3.7 (ii)]. The
canonical surjective morphism of Thm. 5.1.3 is

E:RxP—oRxM, (t,p)+— (t,w(p)).

This can be seen from eq. (5.3), since the vector field X m-projects to y0,.
Notice that, at points S1 x {0}, the isotropy groups of H(F) are discrete, as for
all regular foliations, while the isotropy group of H(Far) at the point 0 € M is
isomorphic to R.

Figure 5.1: The foliated manifold in Example 5.1.6

A characterization of the quotient map for pullback-foliations

We make the map = in Theorem 5.1.3 more explicit in the special case that
F = F"9 (i.e. when I'.(kerdr) C F). In this case F is the pullback of Fy; by

.

We will need theorem 4.3.1 from Section 4.3 which gives an isomorphism
0: H(F) = 7 Y(H(Fu)). Our alternative description of the map = is as
follows:

Proposition 5.1.7. Let m: P — M be a surjective submersion with connected
fibers. Let F be a singular foliation on P, such that T'.(kerdn) C F. Denote
Fur the unique singular foliation on M such that 7=*(Far) = F.

Under the canonical isomorphism ¢: H(F) = 7 L (H(Far)) given in theorem
4.83.1, the following two morphisms coincide:

o the map E: H(F) — H(Frr) given by Theorem 5.1.3,
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e the second projection pro: = (H(Far)) = P Xy H(Far) X P — H(Fr).

Remark 5.1.8. The isomorphism ¢ from Theorem 4.3.1 is described as follows.
Let U be a path holonomy atlas for Fyr. In theorem 4.5.1 it is proven that
Y = {P.x¢Usxr P :U € U} is a source connected atlas for 7Y Far. Then

el(p,u,q)] = (p, [ul, ).

Proof. Fix a path holonomy atlas U for Fj;. By Remark 5.1.8 the family
77U = {P, xy Usx, P} is a source connected atlas for F = 7~ Fy;. By the
characterization of Z given in the proof of Thm. 5.1.3 we get =([(po, uo, q0)]) =
[(po, w0, qo)]ar- Tt is sufficient to show that [(po, uo, go)]a = [uo)-

Note that #: (7~'U,m o t,m 0os) — U;(p,u,q) — wu is a morphism of
bisubmersions for Fy;, therefore (po,ug,qo) € (71U, mot, 7 0s) is equivalent
to ug € (U, t,s). Then Z([(po, vo, 90)]) = [uo]- O

Proof of Lemma 5.1.2

To prove Lemma 5.1.2 we give first the following statement.

Lemma 5.1.9. Let (P, F) be a foliated manifold, 7 : P — M be a surjective
submersion with connected fibers satisfying eq. (5.1).

i) The set
FProd .= {X € F : X is m-projectable to a vector field on M}

generates F as a C°(M)-module.

it) The singular foliation Fpr on M satisfying eq. (5.2) admits the following
description:

Fu = 71'*(.7:) = Spancgo(M){w*X X € ﬁpmj}

Proof. We first make a claim.
Claim: Lemma 5.1.9 holds in the special case that T.(kerdr) C F.

Indeed, in this special case, by Prop. 5.1.1 there is a unique singular foliation Fj,
on M with 771 (Fys) = F. Given this, i) is a consequence of Definition 1.3.1. For
ii), note that 7= !(m.(F)) = F, as can be checked using i). Since F = 7~ 1Fy,
we obtain Fp; = m,(F) by the uniqueness statement in Proposition 5.1.1. This
proves the claim.
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Take FP# := I'.(kerdr) + F, a singular foliation satisfying condition of the
above claim.

e

i) By the claim, Foig” generates FPi# as a C°(M)-module. Take X € F C

FPi&. There exist finitely many Y; € Fhie”™ and f; € C°(P) such that
X = Zj f;Y;. By definition of FPe we can write Y, =Y;+Z; with Y; € Fproj
and Z; € T'(Ker(dr)). Then:

X=3 fvi=3 v+ 1z
J J J

The last term ) 7, 12, =x-% ; 7 ffj lies in F as the difference of two elements
of F, and is m-projectable (to the zero vector field on M). Hence this last term
lies in FP"°J and we have proven i).

ii) We have 771 (7m.(F)) = 7 }(m.(F"#)) = FP8 by the claim, and F"& =
71 Far by definition. Using the uniqueness in Proposition 5.1.1 we get Fa; =
i (F). O

Lemma 5.1.10. Let w : P — M, F and Fp; be as in Lemma 5.1.2. Then
there exists a family of path holonomy bisubmersions S for F such that

i) for every x € P there is u, € U, € S carrying the identity diffeomorphism
nearby x,

it) for any U € S we have that (U,m o t,m os) is a source connected
bisubmersion for Fpy.  Further it is adapted to a path holonomy
bisubmersions for Fyy.

Proof. We first show that F is locally finitely generated by m-projectable vector-
fields in F. For any p € P there are a neighborhood U C P and finitely
many generators Y7,..., Yy € X(U) of 1;;*(F), for 1y the inclusion. Take any
precompact open set V C U containing p and py € C°(U) such that py =1
on V. For each Y, since pyY; € F, condition (i) of Lemma 5.1.9 assures that
there is a finite number of projectable elements Xij € Fproi and fij € C°(P)
such that:

PVEZfoXg'
j

Therefore every element of ¢j,' (F) is a C2°(V)-linear combination of the X7,
which are m-projectable and lie in F.

Now, for every point of P, take be a minimal set of 7-projectable elements
{X1,...,X,} in F that are local generators of F nearby that point. Let
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(U, t,s) be the corresponding path-holonomy bisubmersion, where U C R™ x P.
Then (U, 7 o t, 7 os) is a bisubmersion for Fjs, with source map (\,p) — 7w (p)
and target map (\,p) — expr,) o\ X;). A way to see this is to apply
[AS09, Lemma 2.3] to the path-holonomy bisubmersion W C R™ x M for Fys
corresponding to the generators {m.Xi,...,m.X,} and to the submersion?
(Idgn,7): R" x P — R™ x M. We observe that (Idgn,7) is a morphism of
bisubmersions from (U, wot, wos) to W. This shows that the former bisubmersion
is adapted (see Def. 4.1.3) to the latter. O

Let S the family given in Lemma 5.1.10. Note that the atlas generated by the
family 7§ := {(U,mot,mos) : U € S} is a source connected atlas for Fy.
We finally prove Lemma 5.1.2.

Proof of Lemma 5.1.2: Let S the family of path holonomy bisubmersions for F
given by Lemma 5.1.10, and U the source connected atlas for F generated by
S. We will start showing that U satisfies the condition in Lemma 5.1.2, then
we generalize to any source conneted atlas.

Take U € U, without loss of generality consider U = Uy o --- o Uy, for U; € S.
Denote wU; := (U;, o t, 7 os), which are bisubmersions for Fj;. Note that the
inclusion map w: Uy o--- 0o U, — wlU; o - -+ o wUy makes the following diagram
commute:

U5 U0 onU

tus tus

Pp—" M
Because of the commutative diagram and since 7U; o - - - o Uy, is a bisubmersion
for Fjs one gets that

A= (mot) ' Fy = (mos) ' Fu. (5.4)

Note also that 771 F); = F + ker.(dr)3, therefore by equation (5.4) we get the
following:

A =t7HF + ker.(dn)) = s~ H(F + ker.(dn)),

now using that s and t are submersions we get the following:

A=t"YF) +t Hker.(dr)) = s7HF) + s *(kere(dr)),

2More precisely, to its restriction to (Idgn, 7))~ (W)NU.
3We do not distinguish between the map of sections dr: X(P) — I'(7*T'M) and the fiber
wise map dw. Moreover ker.(dm) = I'c(ker drr)
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using that U is a bisubmersion for F one gets
A = ker.(ds) + ker.(dt) +t* (ker.(d7)) = ker.(ds) + ker.(dt) +s~* (ker.(dr)).
Then we get:

A =t (ker.(dr)) + s~ (ker.(dr)) = ker.(d(m o's)) + ker.(d(7 o t)).

Hence (U, 7o t, 7 os) is a bisubmersion for Fyy.

The family nld generates a source connected atlas because U is a source connected
atlas. Using the map w one sees clearly that nif is adapted to the source
connected atlas for Fj; generated by 7S.

Now let U’ be any source connected atlas for F. Then U’ is adapted to U (See
Prop. 4.1.16 and Lemma 4.1.7). This means that for any element x € U" € U’
there exists a neighborhood U, C U’ and a bisubmersion U € U with a morphism
of bisubmersions w, making the following diagram commute:

w.

U, —— U

t\us wotuﬂ-os

P——- M

The triple (U.,t o m,s o) is a bisubmersion for Fj;, since the argument for
U can be applied identically to the diagram above. Moreover, since being a
bisubmersion is a local property (see Prop. 1.5.10) we have that (U',tom,som)
is a bisubmersion for Fj;.

The family 7d’ generates a source connected atlas because of the same reason
U does. O

A consequence of Lemma 5.1.2 is as follows:

Corollary 5.1.11. If (U,t,s) is any path holonomy bisubmersion of F, then
wU := (U,rot,mos) is a bisubmersion for Fys.

If G = P is a source connected groupoid whose foliation is F, then for any
Hausdorff open set U C G we get that wU is a bisubmersion for Fay.

Remark 5.1.12. Not every bisubmersion (U,t,s) for F satisfies that (U, o
t,mos) is a bisubmersion for Fur. For instance take P := R?, F = 0 and
M =R with map 7: P — M given by the first projection. Then Fp; = 0. Now
take any diffeomorphism ¢: P — P that does not preserve the foliation m—'Fy
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by the fibers of m. Then (P,1d,¢) is a bisubmersion for F but (P,m, 7o ¢) is
not a bisubmersion for Fyr.

This is not a counterexample to Lemma 5.1.2. One can show that (P,Id, )
is not adapted to a source connected atlas. Indeed, if U is a bisubmersion for
F =0 adapted to a source connected atlas, the only diffeomorphism carried by
U is the identity diffeomorphism. The bisubmersion (P, 1d, ) carries ¢ and ¢
is any diffeomorphism of P.

5.2 Quotients of Lie groupoids

In this subsection we will introduce to the reader the structure behind quotients
of Lie groupoids. As a reference we use the book [Mac05] by Mackenzie.

Remember that Lie groupoids can be seen as group-like and manifold-like
structures. Let us recall quotients for groups and quotients for manifolds.

In the category of groups, a quotient map is defined to be a surjective
homomorphism. Let G, H two groups and =Z: G — H a surjective
homomorphism. Then the subgroup K := ker(Z) C G is normal, it acts
canonically on G and its orbits are the fibers of =.

In the category of manifolds, a quotient map is defined as a surjective submersion.
Let P, M be manifolds and 7: P — M a surjective submersion. Then the
equivalence relation R := P xj; P on P is an embedded, wide Lie subgroupoid
of the pair groupoid P x P.

Definition 5.2.1. An equivalence relation R on a manifold P is called smooth
if it is an embedded, wide Lie subgroupoid of the pair groupoid P x P.

It is well known, by the Godement criterion, that there is a bijection between
quotients maps for manifolds and smooth equivalence relations.

In the category of Lie groupoids, the quotient maps are defined as fibrations.

Definition 5.2.2. Let G = P and H = M be Lie groupoids. A groupoid
morphism of Lie groupoids Z: G — H covering the smooth map w: P — M is
called a fibration if and only if = and m are surjective submersions and the
map G — Hs X P; ¢ — (E(9),s(d)) is also a surjective submersion.

For open topological groupoids in [BM16] fibrations are defined replacing in the
above definition surjective submersions by surjective open maps.

The condition for the map G — Hs X P; ¢ — (E(¢),s(¢)) to be a surjective
submersion assures that the composition on H is entirely given by the
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composition in G, more clearly that for two composable elements in H there
exists composable preimages in G.

In [Mac05] there are other two notions to describe a quotient map of Lie
groupoids: smooth congruences and normal subgroupoid systems. They
correspond to smooth equivalences on manifolds and to normal subgroups
respectively.

Definition 5.2.3. Let G = P be a Lie groupoid. A smooth congruence on
G consists of two smooth equivalences R on G and R on P, such that:

e R = R is a Lie subgroupoid of the Cartesian product G x G = P x P.

o The map R — Gs Xpr, R;(92,91) — (92,8(92),s(g1)) is a surjective

submersion.*

On the other hand, normal subgroupoid systems can be thought of as the group
counterpart to represent fibrations. Note that, if IC is a closed embeded wide
Lie subgroupoid of G then, by the Godement criterion, the set

KNG ={Kog : g€g}

has an unique manifold structure making the quotient map ¢: G — K\G; g — Kg
a surjective submersion. Note also that, the source s: G — P quotients to a
well-defined surjective submersion that we also denote as s: (K\G) — P.

Definition 5.2.4. A normal subgroupoid system in G = P is a triple (K, R, 0)
where K is a closed, embeded, wide Lie subgroupoid of G; R is a smooth
equivalence on P; and 0 is an action of R on the map s: (KC\G) — P such that
For all (p,q) € R the following conditions hold:

1. Let g € G with s(g) = q and g1 € G such that 0(p,q)(Kg) = Kg1 then
(t(g1),t(9)) € R.

2. 0(p,q)(Ke(q)) = Ke(p).

3. Let h and g composable elements in G such that s(g) = q. Consider ¢
and hy such that 6(p, q)(Kg) = Kg1 and 0(t(g1),t(9))(Kh) = Khq, then:

0(p,q)(Khg) = Kh1g1.

The proof of the following theorem can be found in [Mac05].

4In [Mac05] the author described this condition as certain square diagram being "versal".
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Theorem 5.2.5. 1. If 2 is a fibration covering 7 then the pais (R, R) is a
congruence, where R := G Xx= G and R := P x, P. Conversely given a
congruence the quotient map is a fibration.

2. If (K,R,0) is a normal sub-groupoid system then R together with the
following relation in G given by:

R={(h,g) €G* : (s(h),s(9)) € R and 8(s(h),s(g))Kg = Kh},
generate a smooth congruence on G.

3. Let (R, R) be a smooth congruence on G. Then the class of the identity
K is a closed embedded wide Lie subgroupoid of G.

Moreover, for every (p,q) € R and g € G with source q we define

0(p,q)(Kg) = Kh

where h is any element related to g and with source p. Then 0 is a well

defined action on K\G.
Finally (K, R, 0) is a normal subgroupoid system.

The theorem above says that smooth congruences, fibrations and normal
subgroupoids systems are equivalent descriptions for the quotients of Lie
groupoids.

On an equivalent way, replacing submersions with open surjective maps, we get
the same descriptions for open topological groupoids.

Now we want to relate this notion of fibrations with the map = of theorem 5.1.3.
We get that in a special case the map = is indeed a fibration.

Proposition 5.2.6. As in Prop. 5.1.1, let m1: P — M be a surjective

submersion with connected fibers. Let F be a singular foliation on P, such

that To(ker dw) C F. Denote Fpr the unique singular foliation in M such that
-1

™ ]:]\/[ =F.

The map =: H(F) = H(Fum) of Thm. 5.1.8 is a fibration.
Proof. This is a direct consequence of Prop. 5.1.1. The map ¢: H(F) —

7~ Y(H(Far)) is an homeomorphism of topological groupoids and the projection
pry: T (H(Fnr)) — H(Fur) is clearly a fibration. O

It is important no notice that the map = of theorem 5.1.3 is not allways a
fibration.
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Example 5.2.7. Let P =R? — ({0} x RT), M =R and 7: P — M the first
projection. Take F the foliation given by the horizontal lines, then Fyy is the
full foliation on M.

In this case, the map H — H'sx P; ¢ — (E(¢),s(¢)) is not surjective. Take 0 €
H(Fur) such that s(6) =1 and t(0) = —1. The element (0, (—1,1)) € Hs X P,
nevertheless there is no v in H(F) satisfying s(v) = (—=1,1) and Z(v) = 6.

We will show a different case when = is a fibration. To do so we will assume
that 7 is given as a quotient by a group action.

Induced groupoid actions

Motivated by the case of holonomy groupoids we will address in §5.4, in this
section we consider the following abstract setting:

1. a free and proper action of a Lie group G on a manifold P, with quotient
map 7: P — M := P/G,

2. a surjective open morphism of topological groupoids (or a surjective
submersion morphism of Lie groupoids when H and #H’' are smooth)
E: H — H covering 7

3. a group action x of G on H by groupoid automorphisms covering the
G-action on P and preserving each fiber of =.

= H/

H
I
P—"> M

Proposition 5.2.8. Assuming 1. 2. 3. above, the map the map N: H —
H'sxr P;d— (E(d),s(9)) is surjective.

Proof. Let (0,p) € H(Fur)s Xx P, there exists a ¢ € H(F) such that Z(¢) = 6.
Then 7(s(¢)) = m(p) what means that there exists a unique g € G such that
gs(@) = p. Then R(gx¢) = (0,p) i.e. N is surjective. O

Remark 5.2.9. If X is open, then = is a (topological) fibration. We believe it
s open, but we still need to get a full proof.
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Denote K := ker(Z), which is a topological subgroupoid of H with space of
objects P. Note that since the action of G on H preserves each fiber of =, we
obtain by restriction a group action of G on K, also by groupoid automorphisms.

For the groupoid R := P x, P, there is an action 6 on s: K\'H — P given by
the following equation:

0(p, K¢ = K([p/q)%¢),
where [p/q] € G is the unique element such that p = [p/q]q.

Theorem 5.2.10. Assuming 1. 2. 3. above, if H and H' are Lie groupoids
then (K, R, 0) is a normal subgroupoid system.

We have also that the map 2 is a (smooth) fibration.
Proof. By theorems 5.2.5 and 5.2.5 it is enough to show that (IC, R,0) is a
normal subgroupoid system.

Because = and 7 are surjective submersion we have that K is an embeded wide
Lie subgroupoid of H and R is a smooth equivalence.

Because x is a smooth action by groupoid automorphisms covering the G-action
on P and preserving each =-fiber, we have that 6 is indeed a smooth and well
defined action of R on s: K\H — P. O

Lemma 5.2.11. The fibers of = are given by the orbits of the action of G on
H composed® with elements in K. More precisely, the fiber through & € H is

Ko (Gx€) :=={xo(9x€) : x € K and g € G}.

Proof. Fix & € H. The above subset K o (G¥£;) is certainly contained in the
=Z-fiber through &;.

To show the converse, let & lie in the same E-fiber as &;, then s(&) and s(&;)
lie in the same 7-fiber. Let g € G such that gs(§1) = s(€2). As this equals
s(g*€1), the groupoid composition &; o (gx€1)~! is well-defined, and

E(&o (g%6) ") = E(&) 0 2(g761) T = 2(&) 0 E(&1) ! = Lege(ea))

where we used that = is a groupoid morphism and the action of G preserves
the = fibers, respectively in the first and second equality. As a consequence,
&0 (gR€1) " € ker = = K. O

5Recall that the composition (multiplication) of the groupoid H is denoted by o.
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Remark 5.2.12. While the fibers of a group morphisms are just translates of
the kernel, for morphisms of groupoids over different bases this is no longer
true. This explains why the description of the fibers in Lemma 5.2.11 is slightly
involved.

We will now describe the the fibers of Z: H — H’, as follows:

Proposition 5.2.13. There is a Lie groupoid structure on KX G and a groupoid
action of K x G on t: H — P, whose orbits coincide with the fibers of Z.

To prove Prop. 5.2.13 we first need the following construction.

Since the Lie group G acts by groupoid automorphisms on the groupoid I, we
can form the semidirect product groupoid (see [Bro72, §2] and [Bro06, §11.4]).
We obtain a groupoid structure on K x G with space of objects P, as follows:

a) the source and target maps are respectively
K xG— P;(&9)— g7 's(§) and K x G = P;(&,9) = t(6),

b) the composition is
0: (KxG)xp(KxG) = (KxG); (&2,92)0(81,91) = (§20(92%€1), 9291),

c¢) the unit map is 1: P — K x G; p — (1,,eq), where e denotes the unit
element of the group G,

d) the inverse map is (=) ': K x G — K x G; (§,9) — (g7 1%L g7 h).
One checks that the groupoid I x G acts on the map t: H — P via
* (KX G) xpH=H; ((x.9),8) = (x,9) x§:=xo(9%).  (5.5)

Proof of Prop. 5.2.13. The orbits of the groupoid action x of CxGont: H — P
are precisely the fibers of =, by Lemma 5.2.11. O

5.3 Lie 2-group actions on holonomy groupoids

We start reviewing Lie 2-groups and Lie 2-group actions. In §5.3 we present
an important special case of Thm. 5.1.3 in which the map = is the quotient
map of a Lie 2-group action on H(F) (see Thm. 5.3.7 and Prop. 5.3.8). We
will revisit this special case later on, in Prop. 5.4.12.
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Background on Lie 2-groups

In the sequel will need the notion of Lie 2-group, which we recall here.

Definition 5.3.1. A Lie 2-group is a group in the category of Lie groupoids.

In other words, a Lie 2-group is a Lie groupoid ¢ = G such that G and G
are Lie groups, so that the group multiplication and group inverse are Lie
groupoid morphisms, and the inclusion of the neutral elements is a Lie groupoid
morphism.

Remark 5.3.2. Equivalently, a Lie 2-group is a groupoid in the category of Lie
groups, i.e. a Lie groupoid G = G such that G and G are Lie groups; and the
source, the target, the composition and the inverse maps are homomorphisms.

Example 5.3.3. Let G be a Lie group and H C G a normal Lie subgroup.
Then H acts on G by left multiplication, leading to the action Lie groupoid
H x G = G. In particular, the groupoid composition is

(h2, h1g) o (h1,g) = (haha,g).

Note that its space of arrows has a group structure, namely the semidirect
product by the conjugation action Cy(h) = ghg™' of G on H. Euxplicitly, the
group multiplication is given by

(h1,91) - (h2, 92) = (h1Cy, (h2), 9192).
We write H x G for H x G endowed with this group structure.
One can check that H x G = G is a Lie 2-group.

Remark 5.3.4. For the sake of completeness, we provide the description of a
Lie 2-group in full generality. A crossed module of Lie groups consists of Lie
groups H and G, Lie group morphisms C: G — Aut(H);9 — Cg andt: H — G
such that t(Cy(h)) = gt(h)g~" and Cypny(j) = hjh™! forallg € G and h,j € H.
There is a bijection between Lie 2-groups and crossed module of Lie groups [BS76].
Given a Lie 2-group G = G, the associated crossed module is given by G, by
H := ker(s) (a normal subgroup of G), by the restriction t: H — G of the target
map, and the Lie group morphisms C: G — Aut(H);g — Cy(h) = ghg™'.
Then G as a Lie group is isomorphic to the semidirect product of G and H
by the action C, and as a Lie groupoid it is isomorphic to the transformation
groupoid of the H-action on G by left multiplication with t(-).

Definition 5.3.5. A Lie 2-group action is a group action in the category of
Lie groupoids.
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Hence an action of a Lie 2-group G = G on a Lie groupoid H = P consists of
group actions of G on H and of G on P such that the action map

GxH —H

tx tus Xs tus

GxP ——P

is a Lie groupoid map. Notice that such an action is not by Lie groupoid
automorphisms of H. Nevertheless the following result holds:

Proposition 5.3.6. Consider a free and proper action of the Lie 2-group
H x G = G on a Lie groupoid H = P.

Define
R:={(z,gv) e Px P : z€pand g€ G},
R :={(6,(h,9)0) € H : 6 € H and (h,g) € H x G}.
Then (R, R) is a smooth congruence for H.
This implies that H' := H/(H x G) and M := P/G are manifolds, and that

H' = M acquires a canonical Lie groupoid structure. Further the projection
H — H' is a fibration.

Proof. © By Thm. 5.2.5, we only need to prove that (R,R) is a smooth
congruence. Following the definition of smooth congruences 5.2.3 we need to
prove three statements:

1. The sets R and R are smooth equivalence relations:

Because H x G and G act freely and properly we get that R and R
are smooth equivalence relations. So H' := H/R = H/(H x G) and
M := P/R = P/G are manifolds.

2. R = R is a Lie subgroupoid of the Cartesian product H x H = P x P:
Because R C H x H and R C P x P are embedded submanifolds one only

needs to prove the following.

¢ The manifold R is the base for R: For (p,gp) € R there is
(ep, (e,9)ep) € R as its identity. Also, for any (0, (h, ¢)0) € R we
get:
(s xs)((0, (h,9)0)) = (s(0),gs(0)) € R

(t x £)((0, (h, 9)0)) = (£(0), (t(R)9)t(0)) € R

6Tor a proof in a special case, see also [CZ13, Prop. 2.10].
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e Closeness under composition: Take composable elements
(01, (h1,91)0h), (62, (h2, g2)02) € R, then:

s(01) = t(02)

918(01) = s((h1,g1)01) = t((h2, g2)02) = (t(h2)g2)t(02)

By the second equality above and because the G-action is free on P
then g; = t(hz)g2, which implies that (h1,¢91), (he,g2) € H x G are
also composable. By axioms of 2-Lie group actions we get:

(01002, (h1, g1)010(ha, g2)02) = (01002, ((h1, g1)o(h2, g2))(61002)) € R.
¢ Closeness under inverse:
(0, (h,9)0) " = (0", (h"",hg)0™") € R.

3. The map 7: R — Hs Xpy, R;(02,01) — (02,8(02),s(01)) is a surjective
submersion:

Note that R is diffeomorphic to H x H x G. Also R is diffeomorphic to
P x G, therefore H x s R is diffeomorphic to H x G.

The map 7 under the diffeomorphisms given above, is the following map

T:HXxHXG—HXxG;(0,h,g)— (0,9),

which is clearly a surjective submersion.

O

Although we do not need the above result, we mention it here because it puts
in perspective Theorem 5.3.7 below.

A Lie 2-group action on the holonomy groupoid of a pullback
foliation

Fix a foliated manifold (P, F) and a free and proper action of a connected Lie
group G on P preserving F. We assume that the infinitesimal generators of the
G-action lie in the global hull F, i.e. ker.(dw) C F. This occurs exactly when
F is the pullback of Fy; by m, as in Prop. 5.1.7.

Theorem 5.3.7. Let G be a connected Lie group acting freely and properly on
a foliated manifold (P, F). Assume that T'c(kerdm) C F.

Then there is a canonical Lie 2-group action of G X G = G on the holonomy
groupoid H(F).
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Here G x G = G is endowed with the Lie 2-group structure of Ex. 5.3.3.
Proof. We make use the canonical isomorphism H(F) = 7~} (H(Fys)) given in
Theorem 4.3.1.

There is a canonical Lie 2-group action of G'x G on 7~ (H(Fyr)), extending
the given action of G on the base P, given by

(h,g) * (p, [v], q) = (hgp,[v], 9q)- (5.6)

It can be checked by computations that this defines a group action and
groupoid morphism. Alternatively, as mentioned in [CZ13, §3]|, we can use
the isomorphism of Lie 2-groups to G x G =% G (the pair groupoid, with
product group structure) given by G x G = G x G, (h, g) — (hg, g). Under this
isomorphism, (5.6) becomes

(G x Q) x 77 (H(Fu)) = 7 HH(Far)), (B, 9), (0, [v] ) = (hp, [v], g),
which is easily checked to be a Lie 2-group action. O

Proposition 5.3.8. Assume the set-up of Theorem 5.3.7.

The orbits of the Lie 2-group action of G x G = G on H(F) are exactly the
fibers of the canonical map Z: H(F) = H(Far). In particular, the quotient of
H(F) by the action is canonically isomorphic to H(Far).

Proof. The formula (5.6) makes clear what the orbits are, and Prop. 5.1.7
shows that they agree with the =-fibers. O

5.4 Quotients of foliations by group actions: the
general case

In this section we consider the following set-up:

a foliated manifold (P, F),
a free and proper action of a connected Lie group G on P preserving F.
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Note that this implies the set-up of §5.1, then the condition of equation (5.1)
in Thm. 5.1.3 is satisfied. Hence we obtain a surjective groupoid morphism

S H(F) = H(Fu) (5.7)

covering the projection w: P — M := P/G, where the latter is endowed with
the foliation Fjs specified there.

Unlike the special case considered in §5.3, the =-fibers are not the orbits of a
Lie 2-group action in general. In this section we make two general statements
about the Z-fibers. First, after lifting the G-action on P to an action on H(F)
by groupoid automorphisms, we characterize the fibers of = as the orbits of a
groupoid action (see Proposition 5.4.5). Second we establish the existence of a
canonical Lie 2-group action on H(JF) whose orbits lie inside the E-fibers, but
which might fail to be the whole fiber (see Prop. 5.4.10 and Cor. 5.4.11).

Groupoid actions on the holonomy groupoid

Here we characterize the fibers of = as the orbits of a groupoid action. We start
by showing that the G action on P admits a canonical lift to H(F).

Lemma 5.4.1. Let g: P — P be the diffeomorphism given by the action of
g € G. Tuake a path holonomy atlas U and a bisubmersion W € U. The triple

gW = (W,s,:=gos,ty:=got)

is a bisubmersion. Moreover gW is adapted to U.

Proof. Because the G-action preserves F, the pullback foliation g~ F equals
F, implying that gW is a bisubmersion.

We prove that gWW is adapted to U. Notice that g(W; o Wa) = gW; o gW for
any W1, Wy € U. Hence it is sufficient to assume that W is a path holonomy
bisubmersion, as any element in the path-holonomy atlas is a composition of
such elements.

Denote by vy, --- ,v, € F the vector fields that give rise to the path holonomy
bisubmersion W (hence W C R™ x P). Consider the push-forward vector fields
GsV1, -+, sy € F. The associated path-holonomy bisubmersion is defined on

W' :={(v,gp) : (v,p) € W} CR" x P.

Since gW — W', (v,p) — (v, gp) is an isomorphism of bisubmersions and since
W’ is adapted to U (being a path holonomy bisubmersion), we conclude that
gW is adapted to U. O
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Now we introduce the lifted action

%1 G x H(F) = H(F), gx[v] = [v]w (5.8)

where, for any v in a path holonomy bisubmersion W, we denote by [v],w the
class of v regarded as an element of gW. This is clearly well-defined and indeed
a Lie group action. Further, this action is by groupoid automorphisms:

Lemma 5.4.2. For all g € G the map g¥(—): H(F) — H(F) is a groupoid
morphism covering the diffeomorphism g: P — P.

Proof. Using the construction of gx(—) it is clear that the source and target map
commute with the map g. Further g*(—) preserves the groupoid composition
since g(W10Ws) = gWi0gWs for any path-holonomy bisubmersions Wy, Wy, O

Lemma 5.4.3. The orbits of the lifted action % lie in the fibers of 2 : H(F) —
H(Fum)-

Proof. The morphism = is induced by the identity map from any source
connected atlas U for F to the atlas nf := {(U,mrot,mos) : U € U} for
Fu, see the characterization of Z given in the proof of Thm 5.1.3.

Fix g € G, and u € U € U. By the above and since 7w o g = 7, the images under
E of both [u] and g¥[u] = [u]4u are the class of the element u € (U,mrot,mos).
In particular, E([u]) = Z(g*[u]), showing the desired statement. O

Example 5.4.4. (Regular foliations) As discussed in Rem. 4.1.19, if F is
a regular foliation there is a groupoid morphism Q: II(F) — H(F) where II(F)
is the monodromy groupoid, consisting of homotopy classes of paths lying in the
leaves of F. The Lie group G acts canonically on II(F) by translating paths:
G xII(F) = II(F); (g, 7)) — [g7]- It is easy to see that Q is G-equivariant, i.e.
Q(gl]) = gx(QN))-

Notice that the Lie group action of G on P, the groupoid morphism Z: H(F) —
H(Fur) (see eq. (5.7)) and the lifted Lie group action ¥ of G on H(F) (see
eq. (5.8)) fit in the abstract setting described at in Prop. 5.2.13, thanks to
Lemma 5.4.2 and Lemma 5.4.3. Therefore we can apply Prop. 5.2.13 to obtain
a complete description of the =-fibers:

Proposition 5.4.5. Denote K := ker Z. The topological groupoid ICx G defined
in Prop. 5.2.13 acts on H(F) by

((x,9),6) = x o (g%€).

The orbits of this action are precisely the fibers of =.
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An instance of Prop. 5.4.5 is Example 5.1.6, where we have G = S!' and
ker=Z = 1p.

A canonical Lie 2-group action on the holonomy groupoid

Here we prove that there always is a Lie 2-group action on H(F) whose orbits
lie inside the fibers of the morphism =. In general however the orbits do not
coincide with the (connected components of) the Z-fibers. The formulae for this
Lie 2-group action are suggested by the special case we will spell out in §5.4.

Denote the Lie algebra of G by g, and by v, € X(P) the generator of the action
corresponding to x € g.

Lemma 5.4.6. The subspace h:={x €g:v, € ﬁ} is a Lie ideal of g.

Proof. Since F is G-invariant, for all y € g we have [v,, F] C F, or equivalently
[vy, F] C F. Let € h. Then for all y € g we have v, ;) = [v,,v,] € F, that is,
[y,z] € b. O

Denote by H the unique connected Lie subgroup of G with Lie algebra §.
Lemma 5.4.6 implies that H is a normal subgroup, hence as in Example 5.3.3
we obtain a Lie 2-group H x G = G.

We define a Lie group action of H of H(F). It is not by groupoid automorphisms,
unlike the lifted G-action % introduced in §5.4, but rather it preserves every
source fiber. In order to do so, we need a lemma.

Lemma 5.4.7. There is a canonical groupoid morphism
¢: Hx P — H(F),

where H x P denotes the transformation groupoid of the H-action on P obtained
restring the action of G.

The morphism ¢ can be described as follows: take (h,p) € H x P and denote
by h: P — P the diffeomorphism corresponding to h under the G-action. Then
@(h,p) is the unique element of H(F) carrying the diffeomorphism h near p.

Proof of Lemma 5.4.7. Denote by Fg the regular foliation on P by orbits of
the H-action. Its holonomy groupoid is exactly H x P, as follows from [AS09,
Ex. 3.4(4)] (use that the Lie groupoid H x P gives rise to the foliation Fp and
is effective, i.e. the identity diffeomorphism on M is carried only by identity
elements of the Lie groupoid, due to the freeness of the action).
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Since Fy C F, we are done applying [Zam18, Lemma 4.4] in the special case of
the pair groupoid over P.

The description of ¢ given in the statement holds since ¢ is a groupoid morphism
covering Idp. O

Lemma 5.4.8. We have ¢(H x P) C K :=ker(E).

Proof. We use Lemma 5.4.7. A point ¢(h,p) of the Lh.s. carries near p the
diffeomorphism h (the diffeomorphism corresponding to h under the G-action).
The element ¢(h, p) admits a representative u in a source connected atlas (U, t,s)
for 7. By Lemma 5.1.2 the trio (U, ot,m os) is a bisubmersion for Fj;. The
point u, viewed as a point in (U, mot,mos), carries Idyy, since h preserves each
n-fiber. This implies that Z([u]) = 1,(4), by the characterization of Z given in
the proof of Thm. 5.1.3. O

Example 5.4.9. (Regular foliations) As discussed in Rem. 4.1.19, if F is
a regular foliation there is a groupoid morphism Q: II(F) — H(F). The orbits
of the H-action lie inside the leaves of F, hence for every path h(t) in H and
p € P the homotopy class [h(t)p] is an element of II(F). Moreover, the freeness

of the G-action implies that the elements [h(t)p], [h(t)p] € II(F) have the same
holonomy if and only if h(1) = h(1) and h(0) = h(0). Therefore there is a
well-defined injective groupoid morphism

H x P —H(F); (h,p) — Q[h(t)p],

where h(t) is any path in H with h(0) = e and h(1) = h. This morphism is
precisely ¢. It is clear using Prop. 5.1.5 that its image lies inside K = ker(Z).

Consider now the following map, obtained applying the morphism ¢ of Lemma
5.4.7 and left-multiplying:

*: H X H(F) = H(F), h*€ := ¢(h,t(£)) o &. (5.9)

Notice that ¢ being a groupoid morphism implies that % is group action. We
now assemble the group action * and the lifted action *:

Proposition 5.4.10. The map
*: (H X G) x H(F) = H(F), (h,g)*&:= hx(g%¢)

is a Lie 2-group action.
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Proof. We first observe that if £ € H(F) carries a diffeomorphism ), then g* &

carries the diffeomorphism gyg—?!.

We also observe the following two facts, which hold because both the left and
the right side carry the same diffeomorphism (as can be seen using the above
observation), the definition of the holonomy groupoid and because of Lemma
4.1.2:

i) the map ¢: H x P — H(F) satisfies the following equivariance property:
g*d(h,p) = ¢(cgh., gp),

where ¢, denotes conjugation by g.
ii) For all h € H and ¢ € H(F) we have
h*€ = ¢(h,t(€)) o £ o (™, hs(€)).

To show that x is a group action, the main requirement is to show that
((h1,91)(h2, 92)) * & equals (h1,g1) * ((ha,g2) * §) for all (hi,g;) € H x G
and £ € H(F). This holds by a straightforward computation, in which the
second term is re-written using the fact that ¢ is a groupoid morphism and is
G-equivariant (fact i) above).

To show that x is a groupoid morphism, the main requirement is to show that

(h1ha, g2) * (€10 &) and ((h1,g1) *&1) o ((he, g2) * &2) agree, where g1 = hags
and s(&;) = t(&2). Upon using that ¢ is a groupoid morphism and the action ¥
is by groupoid automorphisms, this boils down to applying” fact ii) above. [

Lemma 5.4.3 and Lemma 5.4.8 imply:

Corollary 5.4.11. The orbits of the Lie 2-group action * of Prop. 5.4.10 lie
inside the Z-fibers.

An alternative description for the Lie 2-group action of Thm
5.3.7

We obtained the formula for the Lie 2-group action of H x G in §5.4 by
considering a special case, as we now explain. Assume the set-up of Thm. 5.3.7,
in particular that I'.(ker dm) C F (i.e., F contains the infinitesimal generators
of the G-action). There we defined an action of G x G on H(F) by means of
the canonical isomorphism ¢: H(F) = 7 YH(Far).

The goal of this subsection is to prove the following proposition:

"with h := ho and £ := go¥&;
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Proposition 5.4.12. Consider these Lie 2-group actions of G x G on H(F):

e the action® % described in Prop. 5.4.10,
e the action described in Thm. 5.5.7.

These two actions coincide. In other words, under the canonical isomorphism

0: H(F) = 7= H(Frr) given in Thm. 4.3.1 we have

p((h, g) x &) = (h, g) * (&)
for all (g,h) € G X G and & € H(F), where % is the action given in eq. (5.6).

We will prove this statement by analyzing the restrictions of the actions to
{e} x G and G x {e}. (Notice that these two subgroups generate G x G as a
group, since every element (h, g) can be written as (h, e)(e, g)). We denote by
¢©: H(F) = 7~ 'H(Fn) the canonical isomorphism given in Thm. 4.3.1.

Lemma 5.4.13. Under the isomorphism ¢, the lifted action * of G introduced
in §5.4 and the restriction of the Lie 2-group action x of eq. (5.6) agree:

e(gx§) = (e, 9) * »(§)
forallg € G and & € H(F).

Proof. Let U be a path holonomy atlas for Fj;. Recall that by Rem. 5.1.8, the
pullback-atlas 7~ is an atlas for 7=(Fys) equivalent to a path-holonomy
atlas. Fix £ € H(F). Take a representative w in a bisubmersions W in the
path holonomy atlas of 771(Fy). By the above, there is a path holonomy
bisubmersion U in U and a locally defined morphism of bisubmersions

7 (W,t,s) — (77U, t,s)
mapping w to some point (p, v, q). By definition, ¢([w]) = (p, [v], q).

Now fix g € G. Recall that the bisubmersion gWW := (W, gos, got) was defined
in Lemma 5.4.1. The same map 7 is also a morphism of bisubmersions

gW — (71U, got,gos).

The latter bisubmersion is isomorphic to (771U,t,s) via (p/,v',q) —
(gp',v', gq"). By composition we obtain a morphism of bisubmersions g\W —
(m~1U,t,s) mapping w to (gp,v,gq). Hence gx[w] := [w],w agrees with
[(gp,v,9q)] € H(F), and therefore under ¢ it is mapped to (gp, [v],g9q) =
(e,

g) * p([w]). 0

8Note that, under our assumptions on F, in the setting of Prop. 5.4.10 we have H = G,
because the Lie subalgebra h introduced in Lemma 5.4.6 equals the whole of g.
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Lemma 5.4.14. Under the isomorphism ¢, the action x of H introduced in eq.
(5.9) and the restriction of the Lie 2-group action x of eq. (5.6) agree:

@(hx§) = (h, €) * ()
for all h € G and & € H(F).

Proof. Take an arbitraty element & € H(F) and a path holonomy atlas U for
Fur. Let (p,u,q) € 71U € 7=U be a representative of £, and let f be a local
diffeomorphism carried at (p, u, q).

Fix h € G, and denote by h: P — P the diffeomorphism corresponding to h
under the G-action. Note that the transformation groupoid G x P carries the
diffeomorphism A at (h,p). Hence any representative of ¢(h,p) € H(F) in 7~ U
carries this diffeomorphism, where ¢ is the groupoid morphism of Lemma 5.4.7.
In turn, this implies that any representative of ¢(h, p) o [(p,u,q)] € H(F) will
carry ho f. Note that (hp, u,q) € 72U also carries h o f. By the definition of
holonomy groupoid (using the definition of the holonomy groupoid and Lemma
4.1.2) it follows that hx[(p,w, q)] = [(hp,u, q)].

We conclude that

(h*[(p,u, 9)]) = ¢([(hp,u, @)]) = (hp, [u],q) = (h,e) * p([(p,u, q)]),

using in the second equality the description of the isomorphism ¢ given in Rem.
5.1.8. O

Proof of Prop. 5.4.12. The proposition follows from
@((h, g) x &) = @(hx (g%€)) = (h,e) = ((e,9) * ©(§)) = (h, g) * v (§),

where we used Lemmas 5.4.13 and 5.4.14 in the second equality. O

Remark 5.4.15. The image of ¢: G X P — H(F) is the kernel of Z: H(F) —
H(Fn). Indeed, for every (h,q) € G x P, we have ¢(h,q) = hxl, € H(F).
Under the identification p: H(F) = 7= H(Fur), this element corresponds to
(hye) x (1q) = (hq,1r(g),q) € 7 "H(Far) by Lemma 5.4.14. Under the same
identification, ker(Z) corresponds to ker(pra) = P X M x, P, by Prop. 5.1.7.
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