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Abstract

Holonomy groups are Lie groups associated to Ehresmann connections on surjective
submersions. Elements of the holonomy groups are generated via parallel transport along
loops in the base manifold. The Ambrose-Singer theorem relates the Lie algebras of these
holonomy groups to the curvature of the connection.

The theory of holonomy fits naturally inside the framework of Lie groupoids and
Lie algebroids. A Lie groupoid is a generalisation of a Lie group, and its infinitesimal
counterpart is a Lie algebroid. In contrast with the Lie group-Lie algebra correspondence,
not every Lie algebroid is integrable to a Lie groupoid. Besides an extensive discussion of
basic groupoid and algebroid theory, we discuss this integrability problem. We focus on
the case of transitive algebroids acting freely on surjective submersions.

We also discuss in detail the theory of transitive algebroids and the associated Atiyah
sequences. We assign notions of connections and curvature to transitive algebroids, and
show that for integrable transitive algebroids, these notions correspond to principal bundle
connections and curvature.

Mackenzie ([Mac05]) first described holonomy as a branch of Lie groupoid theory. In
this thesis, we follow a slightly different approach, initialized by Crainic. We show that
the bundle of Lie algebras of the holonomy groups together with the tangent bundle of
the base manifold, form a Lie algebroid. This algebroid acts on the surjective submersion
and is integrable. Using its groupoid integration, we attempt to prove the Ambrose-
Singer theorem again. Although our proof is still missing an important step, the approach
described in this thesis gives more insight into the theory of holonomy and connections. We
show that under certain conditions on the connection, the original surjective submersion
is isomorphic to a fibered product over a principal bundle. This is a strong result which
is not evident from the classical approach.
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1 Introduction

This thesis combines two subjects from differential geometry, namely holonomy and Lie alge-
broids, in an attempt to give more insight into the Ambrose-Singer theorem on holonomy groups.

In 1952, Ambrose and Singer stated and proved a theorem on holonomy for principal bundles
in [AS53]. Holonomy groups are Lie groups arising from parallel transport along connections, for
example on principal bundles. In their paper, Ambrose and Singer proved that these groups are
indeed Lie groups, computed the identity component of these Lie groups, and most importantly
gave a description of their Lie algebras, all in the context of principal bundles. The core idea of
the theorem is that holonomy arising from a connection is generated by the curvature associated
to that connection.

Holonomy groups encode information about the connection that they come from; for ex-
ample, the holonomy groups are trivial if and only if the connection is flat. But holonomy
groups can also encode information about the manifolds involved; for certain Riemannian man-
ifolds with a Levi-Civita connection, Berger’s classification of holonomy classifies all possible
holonomy groups, simultaneously classifying possible structures on the base manifold. This is
one example where holonomy is an interesting object of study in differential geometry. The
study of holonomy groups, including the Ambrose-Singer theorem, is discussed extensively in
the important book ‘Foundations of differential geometry’ by Kobayashi and Nomizu [KN96].

The other subject that this thesis is concerned with is the theory of Lie groupoids and
Lie algebroids. Groupoids were first introduced by Brandt, and their smooth version (which
we now call Lie groupoids) by Ehresmann in the 1950’s. Groupoids can be interpreted as a
generalisation of groups: while a group is endowed with a binary operation defined on all pairs
of group elements, for a groupoid this operation is only partially defined.

A generalisation of Lie groups of course asks for a generalisation of Lie algebras. The cor-
responding notion of Lie algebroids, together with the Lie theory for groupoids and algebroids,
was first developed by Pradines in the 1960’s. At first, Pradines believed that every Lie alge-
broid was integrable to a Lie groupoid, similar to the Lie algebra-Lie group correspondence.
However, this was proved to be false when Almeida and Molino found the first example of a
non-integrable Lie algebroid. After that, more and more work was done in this field, resulting
for example in the extensive description of groupoids by Mackenzie in [Mac87]. This book
focused mainly on locally trivial groupoids and algebroids.

New interest in the subject arose when Weinstein, Karasév and Zakrzewski (independently)
saw the need for a general integrability theory of Lie algebroids arising in Poisson geometry. It
had already been observed that a Poisson structure induces an algebroid, the cotangent alge-
broid. The new observation was that symplectic realisations of Poisson structures correspond
to symplectic integrations of these cotangent algebroids. Since symplectic groupoids are not
necessarily locally trivial, the focus shifted to finding integrability conditions for general Lie
algebroids. This shift is also reflected by the theory discussed in Mackenzie’s second book on



groupoids and algebroids ([Mac05]), which has more focus on the general case than his first
book.

The integrability problem of Lie algebroids was clearly not a simple generalisation of that of
Lie algebras, as examples of non-integrable Lie algebroids had been found. For certain classes
of Lie algebroids (for example, algebroids arising from foliations), the integrability problem was
positively solved. Finally, the most general answer to this problem was introduced in [CF11],
where Crainic and Fernandes give conditions for any Lie algebroid to be integrable.

Moving back to the subject of this thesis, we look for a relationship between holonomy and
algebroids. A relationship between these subjects is also discussed by Mackenzie in his second
book. His observation is that holonomy groups arising from a connection should be viewed
inside groupoid theory. He constructs a groupoid that naturally contains the holonomy groups,
and by computing the corresponding algebroid he proves the original Ambrose-Singer theorem.

This ‘groupoid point of view’ also formed the basis for a talk by Marius Crainic, in memory
of Mackenzie. The notes based on this talk look for a relationship between holonomy and al-
gebroids as well, but from a slightly different perspective than Mackenzie. However, the notes
were never finished, and the goal of this thesis is to give a correct, detailed account of the ideas
presented there.

Part |I] of this thesis will be an overview of Lie groupoid and Lie algebroid theory. We will
focus on the integrability of transitive Lie algebroids by giving an overview of the conditions
introduced in [CE11] and proving an integrability theorem for transitive algebroids that admit
a free algebroid action.

In Part [T, we will discuss the general theory of connections, holonomy, and the Ambrose-
Singer theorem. The Ambrose-Singer theorem was originally stated for principal bundles, and
many texts on the subject of holonomy also focus on this case. We will generalise to proper
fibrations in this thesis.

Finally in Part [[TI} the theory developed on groupoids and algebroids will be applied to
the discussion on holonomy. Associated to a connection, we will find a transitive algebroid,
and show it is integrable. Then using this algebroid and its integration, we will attempt to
prove the Ambrose-Singer theorem again. At the very least, we will gain additional insight into
the structure of the original fibration and the connection. We will prove that the fibration is
isomorphic to a fibered product over a principal bundle, and that the original connection is
equivalent to a connection on this principal bundle.



Part 1
Groupoids and algebroids

We begin by discussing some generalities on (Lie) groupoids and Lie algebroids. We will start in
Section [2| with groupoids and Lie algebroids, and discuss morphisms, homotopies, integrability
and actions.

In Section [3, we discuss one specific example of a groupoid, namely the general linear
groupoid. We compute its algebroid, and see that this example is closely related to groupoid
and algebroid representations, just as in the classical case of Lie group and Lie algebra repre-
sentations.

In Section [4] we discuss connections. Here we focus on a specific kind of algebroid, namely
transitive algebroids, and define connections and curvature. We will see that this is closely
related to connections on princpal bundles.

We will return to these concepts in Part [[TI, where we use the theory of transitive algebroids
and algebroid actions to discuss holonomy. The general linear groupoid/algebroid discussed in
Section |3 can be considered as a detailed example and this section is less important for the rest
of the thesis.

2 (Lie) groupoids and Lie algebroids

As the name groupoid suggests, a groupoid can be interpreted as a generalization of a group. A
group is a set of objects with a binary operation that is defined for any pair of group elements.
In a groupoid, this binary operation is only defined for certain pairs of elements. The definition
of a groupoid that we use in this thesis will be stated in terms of category theory terminology,
but it is equivalent to this intuitive way of generalising groups.

Groups also have a smooth version, namely Lie groups, and Lie groups come with a Lie
algebra. Similarly, we can define Lie groupoids, and define the corresponding Lie algebroid.
The Lie algebroid will be a natural extension of Lie algebras.

This section is based mostly on |[CF11], [CFM21] and [Meil7]. More or less detailed de-
scriptions and examples can be found there. Basically all of the theory discussed in Part [l is
also discussed in [Mac05], which includes many detailed examples. Mackenzie’s work is very
important for this thesis, but the notation is very different. Our notation is much more alike
the first three sources, so we will mainly refer to those.

2.1 Groupoids

The shortest definition of a groupoid is:

Definition 2.1. A groupoid is a small category in which all arrows are invertible.



We expand this definition, and fix notation for the structure maps involved.

Definition 2.2. A groupoid G = M consists of a set of objects M, a set of arrows G, and
the following five structure maps:

1. s:G— M and t : G — M, the source and target map (giving the source and target of
an arrow).

2. m:G xy G — G, denoted m(g,h) = gh, the multiplication map. Here G x,; G denotes
the set of composable arrows:

GxuG:={(g,h)|s(g) =t(h)} G xG.

3. u: M — G, the unit map sending = € M to the unit arrow 1,.

4. i:G — G, the inversion map, sending an arrow g to its inverse denoted i(g) = g~'.

These maps satisfy the following axioms:
1. For g and h composable arrows, t(gh) = t(g) and s(gh) = s(h).
2. For g, h and k pairwise composable arrows, (gh)k = g(hk).

3. For an arrow g with source z and target y, and 1,, 1, the corresponding identity arrows,
lyg =g = gla.

4. For an arrow ¢ from x to y, gg~* =1, and g ~'g = 1,.

An arrow g € G is interpreted as an arrow between two points in M, starting at its source
s(g) and pointing to its target ¢(g). We will use the notation g : s(g) — t(g), or simply
g : x — y, indicating that x is the source of ¢ and y the target.

We can now list the first examples of groupoids. The first two can be considered ‘extreme
cases’; the first groupoid is determined solely by a group, and the second is determined by a
set.

Ezxample 2.3. A group G is the same thing as a groupoid over a single point G = {-}. The
space of arrows of this groupoid is the set of group elements. The source and target maps are
trivial, and the other structure maps encode the group structure.

FExample 2.4. Given a set M, the pair groupoid is denoted M x M = M, and it is the groupoid
containing a unique arrow between any pair of points in M. The set of arrows is thus M x M.
The source map is projection onto the second coordinate and the target map is projection on
the first. The reason for this seemingly backwards notation, is that the multiplication map is
now very straightforward. Consider the composable arrows (z,y) and (y,x) drawn below:

L (z9) (y2)
z 4 Y

<
S




The multiplication map simply ‘contracts’ the point y:

m(('za y), (y, m)) = (27 l’),

resulting in an arrow from x to z as expected. Finally, the unit map sends z to (z,z), and the
inversion map sends (y, ) to (x,y).

FExample 2.5. Given a group G which is acting on a set M, we define the action groupoid
G x M = M. The space of arrows is G x M, with source map s(g,z) = = and target map
t(g,x) = gx. The multiplication map is m((h, gx), (g,x)) = (hg, z), the unit sends z to (e, z)
(e being the identity in () and the inversion sends (g, z) to (g7, gz).

To investigate other properties of these groupoids, we will need the following notions. The
source fiber of G at a point x € M is s~!(z), its preimage under the source map. Similarly,
the target fiber of G at z € M is t~!(z).

A group G comes with a binary operation G x G — G, which can be seen as an action of G
on itself. In the case of a groupoid, such a multiplication map G x G — G is not well-defined,
as not all arrows are composable. We have to define the left and right action of a groupoid
element on the groupoid using the source and target fibers, in order to make it well-defined.
To that end, let g € G be an arrow from x to y. Then for any arrow h € t~*(z), the pair (g, h)
is composable and we define left multiplication by g as

Lyt Y (x) —» t ' (y), h— gh.

For an arrow k € s~!(x), the pair (k, g) is composable and we define right multiplication by g
as
R, s ' (y) = s H(x), k> kg.

Using the source and target fibers, we also define orbits and isotropy groups.
Definition 2.6. Given a groupoid G = M and a point x € M, the isotropy group at x is
G, :=s"H(z)Nt N (z) ={g€CG|s(g) =t(g) =z}
The orbit through x is
O, =t(s}(z)) = st (2)) ={y e M|3FgeGst s(g) ==, tlg) =y}

The orbit set M /G of the groupoid is the collection of orbits. Equivalently, it is a quotient of
M, where two points are identified if they lie in the same orbit:

M/G:={O,|zeM}=M/~g.

The isotropy group at x has a clear group structure, where the unit arrow 1, is the identity,
and composition of arrows gives the group operation. Note the groupoid multiplication is
well-defined on G, x G,.



Example 2.7. For the group over a point G = {-}, the isotropy group and orbit are defined at
only one point, the basepoint. The isotropy group is G, as all arrows have the basepoint as
source and target. The orbit is the basepoint itself, and the orbit space contains one element.

Ezample 2.8. Consider the pair groupoid M x M = M over a set M, and a point x € M. By
definition, there is a unique arrow between any pair of points; this implies there can only be
one arrow in G,, which must be the unit 1,. The orbit at x is M, as there is an arrow between
any two points in M, and again the orbit space contains one element.

We see again that these examples are the two extreme cases of groupoids; the first has the
largest possible isotropy groups, and an orbit with only one element, while the second has the
smallest possible isotropy groups and the largest possible orbits.

In the next example, we see that the isotropy groups and orbits of groupoids are indeed a
natural extension of the isotropy groups and orbits from group theory.

FExample 2.9. For the action groupoid G x M = M, the isotropy group at a point x € M is
G ={(g,2) e GX M|z =gx}

and this agrees with the isotropy group arising from the group action of G on M. Similarly,
the orbit is
O, ={gz|geCG}

which agrees with the group action orbit.

We now introduce morphisms of groupoids. Since we defined groupoids as certain categories,
a morphism is simply a functor of categories. In more detail:

Definition 2.10. A morphism of groupoids from G = M to H == N is a pair of maps
(P, ¢), where & : G — H is a map of arrows, ¢ : M — N is a map of objects, such that they
are compatible with all the structure maps. Explicitly, they satisfy:

e An arrow g :  — y in G is mapped by ® to an arrow ®(g) : ¢(z) — o (y).
e For g, h € G composable arrows, ®(gh) = ®(g)P(h).

o Forx e M, ®(1,) = 1y@)-

e Forge g, ®(g7") = 2(9) "

Definition 2.11. A subgroupoid of a groupoid G = M is a groupoid H == N together with
an injective groupoid morphism ¢ : H — G.

We now introduce two more examples of groupoids. The first one is a subgroupoid of the
pair groupoid. The second example, the gauge groupoid, will play a central role in the theory
of transitive groupoids.



Example 2.12. Consider a submersion g : M — N. This gives rise to the submersion
groupoid, denoted M x, M = M. The set of objects is M, and the set of arrows is

M x, M = {(z,y) | u(x) = p(y) }.

This is a subgroupoid of the pair groupoid, with ¢ : M x,, M — M x M the obvious inclusion.
The structure maps of the submersion groupoid are simply those of the pair groupoid, restricted
to M x, M. The isotropy groups of the submersion groupoid are still trivial. The orbit through
a point @ € M is precisely the fiber M,y = p~* (pu(z)).

FExample 2.13. Let G be a Lie group, and pr: P — M a principal G-bundle. Consider the pair
groupoid P x P = P. By quotienting the pair groupoid by the G-action, we find the gauge
groupoid:

G:=(PxP)/G=P/G=M.

The equivalence relation on P x P is given by (p,q) ~ (pg, qg) for g € G. The source map of
this groupoid is s([p, q]) = pr(q) and the target map is ¢([p, q]) = pr(p). Since the fibers of a
principal bundle are G-torsors, these maps are well-defined. The unit above z is [(p, p)] where
p is any element in P, (again this is well-defined as all such (p,p) lie in the same equivalence
class). The inversion map is [(p, ¢)] — [(¢,p)]-

To compute the isotropy groups of the gauge groupoid, let x € M. Then G, consists of all
arrows with source and target x:

Go = (Pr x P,)/G = {[(p,q)] | pr(p) = pr(q) =z }.

Fix a point py in P,. Then any class in G, can be written as [(po, pog)| for some g € G, since
P, is a G-torsor. We see

Ge = {1(po,pog)] | g€ G} =G,

so for gauge groupoids, all isotropy groups are isomorphic to G.
From the fact that the pair groupoid P x P has one orbit (namely P), we see that the gauge
groupoid also has one orbit, which is M.

Definition 2.14. A groupoid is called transitive if it has one orbit.
So far, M and G have been sets. In this thesis, we will consider mostly smooth groupoids.

Definition 2.15. A Lie groupoid is a groupoid G = M with a smooth structure on M and
G, and where s and ¢ are submersions and all structure maps are smooth.

Remark 2.16. 1. All smooth manifolds in this thesis are assumed to be second countable
and Hausdorff. The only exception is the space of arrows of a groupoid G, which is
not required to be Hausdorff. For example, a regular foliation of a manifold induces a
groupoid that is already non-Hausdorff, and this is not a very extreme case at all (this
example will be discussed in Section . The source and target fibers in G will always be
Hausdorff due to the source and target map being submersions, so we will not encouter

many issues with this. For more detail on this and the precise way to handle this we refer
to Chapter 13 in [CFM21].



2. The condition that s and ¢ are submersions implies that the set of composable arrows
G X G is a submanifold of G x G by the submersion theorem. This shows that it makes
sense to impose that m is a smooth map.

3. The condition that both s and ¢ are submersions is actually redundant. If either s or ¢ is
a submersion, it already follows that the other one is as well, since they are related via
the inversion map.

Finally, for Lie groupoids we will use the following facts. For the proof, we refer to Theorem
5.4 of [MMO03].
Proposition 2.17. For a Lie groupoid G, the following hold.

o The unit map u: M — G is an embedding.

e The orbits O, C G for x € M are immersed submanifolds.

e The isotropy groups G, C G are Lie groups.

Recall that a transitive groupoid is a groupoid with a single orbit. For transitive Lie
groupoids, we have the following useful characterisation.

Proposition 2.18. Any transitive Lie groupoid is a gauge groupoid.

Proof. Let G — M be a transitive groupoid. Fix some point z € M, consider s~!(z) C G. By
transitivity, the restriction of the target map ¢ : s~!(x) — M is surjective, and since G is a Lie
groupoid, ¢ is a submersion. Furthermore, G, acts on s~!(x) by composition of arrows. We find
that s~!(z) — M is a principal G,-bundle.

From the principal bundle s7!(z), we can form a gauge groupoid. We claim that this gauge
groupoid is isomorphic to the original groupoid G:

g = (871(1’) X 871($>>/gz = ggauge-

First define the mapping G — Ggauge- Let g € G be an arrow g : y — 2. Since G is transitive,
there exists some arrow h : v — z. Now define

G = Gyauge, 9 — [(h,hg™")].

Note both h and hg™' lie in s7!(z). It is easily checked that this map commutes with the
groupoid structures.

Next define the inverse mapping Gyauge — G by [(h, g)] = hg™'. Both h and g have source
x, thus h and ¢! are composable. Again, it is easily checked that this map commutes with
the group structure, and is an inverse to the map defined above. O



2.2 The Lie algebroid of a Lie groupoid

A natural question to ask after defining Lie groupoids is whether there is a corresponding in-
finitesimal version, similar to the Lie algebra of a Lie group. This is the notion of Lie algebroids.
We will introduce Lie algebroids from this perspective by ‘differentiating’ Lie groupoids, in a
similar manner as one does for Lie groups. However, there is one big difference: not all Lie
algebroids are integrable to (or come from) a Lie groupoid. Still, to define them, it is natural
to start from this perspective of differentiating Lie groupoids.

We first recall the procedure that describes the Lie algebra of a Lie group, and then imitate
this for the case of Lie groupoids. Let G be a Lie group. Then the underlying vector space of
its Lie algebra is g = T.G, the tangent space at the identity. The Lie bracket on g is deter-
mined by identifying T.G with X;,,(G), the space of right-invariant vector fields on G. This
identification works as follows: a vector field X € X;,,(G) is mapped to X(e) € T.G, and a
vector v € T,G determines a vector field X which is defined by X, = d.R,(v). This mapping
is an isomorphism. The vector fields on G are naturally equipped with a Lie bracket, and the
right-invariant vector fields are closed under the bracket. So by this identification we find a Lie
bracket on T.G, making it into a Lie algebra, specifically the Lie algebra g of G.

We now start with a Lie groupoid ¢ = M, and we want to define its Lie algebroid in a
similar way. The first step in defining g was taking the tangent space at the identity element.
However, in a groupoid, there is not a single identity element; for every x € M, there is a unit
1,. This suggests that we should consider not a vector space, but a vector bundle over M. We
expect that the fiber above x of this vector bundle will be 77 G.

We then look for an identification with right-invariant vector fields, i.e., vector fields invari-
ant under right translation. Here the second issue comes up; right translation for groupoids
is only defined on the source fibers. This suggests that instead of fibers 77, G, we should only
consider vectors that are tangent to the source fibers, so Tj,s '(x). With this motivation,
we define the underlying vector bundle of the Lie algebroid of G. We will use the notation
T°G := Ker(ds) C TG.

Definition 2.19. For a groupoid G = M, the vector bundle associated to its Lie algebroid is
A — M, defined by
A:=T°Gly = u™(T°G).

Here, when we write |57, we identify M with its embedding u(M) C G.

The Lie bracket of an algebroid will be defined on its space of sections I'(4). We will define
this by identifying I'(A) with certain right-invariant vector fields on the groupoid, a notion that
we have to introduce first. To this end, consider first any arrow h : y — z in G. Then 717G
is just the tangent space to s™1(y) at h. Recall that for an arrow ¢g : * — y, we have defined
R, : s Hy) = s *(x), so by taking the differential at h € s7(y) we find a map

dnRy - Ths ' (y) — Thys ().

9



This is equivalently written as

dnRy : 1,6 — T),,G.

Then a vector field X € X(G) is right-invariant tangent to the source fibers, if X, = d, R,(X})
for composable arrows h and g. The space of such vector fields is denoted X, (G). Note that
this space is closed under the Lie bracket, following from the same argument that shows the

right-invariant vector fields on Lie groups are closed under the Lie bracket.

Lemma 2.20. There is a 1-1 correspondence between I'(A), the sections of the associated vector
bundle A of a groupoid G, and the right-invariant vector fields on G tangent to the source fibers

X (9)-

Proof. Let a € T'(A), and define pointwise the vector field off = d,  Rg(ay(g)). This is clearly
smooth. It is right-invariant by the following computation:

ayg = di,,, Rhg(igng)
= thg(dlt(h) Rh(at(h)))
- thg(Off)-

It is also tangent to the source fibers from the following computation, where we set k :=
Ry (Lig)):

dys (dlt@) Rg(at(g))> = di (s 0 Ry) (u(g)) =0,

since s o R, is the constant map s~ (¢(g)) = M, h — s(g).
In the other direction, let X € X7, (G), and let g be an arrow from z to y. Note that Ry(1,)
is well-defined. We have that
Xy = dlng(le)7

so the vector field X is fully determined by its values at the unit arrows. Now defining a section
a € T'(A) by a, = X1, we clearly have a 1-1 correspondence I'(A) ~ X3 (G). O

Definition 2.21. The Lie bracket on A — M is induced by the correspondence I'(A) ~ X, (G):
[, 8] = [0, B7).

With this, all steps in the procedure of finding the Lie algebra of a Lie group are imitated
for Lie groupoids. However, an additional element is needed to define Lie algebroids. This
final element is the anchor map, which is a vector bundle map p: A — T M. The anchor map
should always be related to the Lie bracket via a Leibniz rule, described in Proposition [2.23]
We first give some intuition on how to interpret the anchor. Consider that we now have
two vector bundles over M: the tangent bundle TM, and the algebroid A. The algebroid
can be interpreted as carrying information of a certain structure over M, for example the
infinitesimal data encoding a groupoid. In other words, A can be interpreted as ‘alternative
tangent directions’ on M, that are relevant to the structure of interest. The anchor map
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translates these to actual tangent directions. For example, the anchor map corresponding to
an action groupoid will be precisely the infinitesimal Lie algebra action (see Example [2.28]).
With this interpretation in mind, we now define the anchor of a Lie algebroid of a Lie groupoid,
which will be induced by the target map.

Definition 2.22. The anchor map of A — M is the vector bundle map ps : A — T'M given
by the restriction of dt : TG — TM to A =T°G|y C TG.

Proposition 2.23. The following Leibniz rule holds for the anchor map: for all a,, f € T'(A)
and f € C>*(M),
[Oé, fﬁ] = f[Oé, 5] + Ep(a)(f)ﬁ

Proof. In the computation, we will use the following property for f € C*°(M) and g € I'(A),
with A% the vector field as in Lemma m

(fB)F = di, ) Ry((fB)eg)) = f(t(9))d1,(9)Rg(Bug)): s0 we have (f5)" = (f ot)B".

We now use the identification I'(A4) = X3

(G), and then apply the usual Leibniz rule for the
Lie bracket of vector fields to find:

[, fB]" = [, (£B)"]
= [a", (fot)B"]
fot)[af, B + Lon(f o )B"

= (
= (flon BI)" + Lar(f 0 ) B".

We now compute L,z (f ot) seperately as a function of G. Let g € G, then

Lor(fot)(g) = dy(f o t)a'(g)
= dig) f(dgt (" (9)))
= dye) f(p(@))yg)
= L) (f)(t(g))-

All together, we have
[, fBI7 = (flov, BT + (Lo () 0 t) B”

which indeed implies

[]

Proposition 2.24. The induced map on the space of sections p : I'(A) — X (M) is a Lie algebra
morphism.

11



These two properties will hold for any Lie algebroid. For the algebroid associated to a
groupoid, the Leibniz rule follows from the identification I'(A) = X7 (G), but for general Lie
algebroids this condition has to be imposed in the definition. The fact that the anchor map
is a Lie algebra morphism follows from the Jacobi identity for the Lie bracket, combined with
the Leibniz rule. Since this property will hold in general, we postpone the proof to the general

case in Proposition [2.30]

Gathering all the intermediate steps, we can finally define fully the Lie algebroid of a Lie
groupoid.

Definition 2.25. Given a Lie groupoid G = M, its Lie algebroid is the vector bundle A =
T*G|y — M, together with the Lie bracket on its space of sections induced by I'(A) = X$  (G),
and with the anchor map p = dt|4 : A — TM.

The algebroid of a Lie groupoid G will also be denoted by Lie(G).

Ezxample 2.26. Consider the Lie group over a point G = {pt}. There is one point in the base,
so the vector bundle A becomes simply a vector space. Since s~ (pt) = G, this vector space is
T.G. The Lie bracket is simply the usual bracket of the Lie algebra of GG, and the anchor map
is 0. This example shows that indeed Lie algebroids are a generalisation or extension of the
usual Lie algebras corresponding to Lie groups.

Example 2.27. Consider the pair groupoid M x M = M. In this case, A will be a vector
bundle over M. To compute the fiber A, for z € M, we consider the source fiber s7(x). This
is precisely M x {x}, as all possible pairs in M x M are connected by a unique arrow in the
pair groupoid. Taking the tangent space to s~!(z) at the unit above z, we find

Ax = T(m’z)(M X {QJ}) = Tx]\/[,

and we see that the associated vector bundle of the pair groupoid is the tangent bundle. To
find the Lie bracket on its space of sections I'(A), we have to compute the right-invariant vector
fields on M x M that are tangent to the source fibers. We claim that X5(M x M)™ = X(M).

Consider a vector field X € X*(M x M)™. Let h : y — z be an arrow, also denoted
h = (z,y). Denote X, = X(,,) = (X(lw),X(?Z’y)). Since X is tangent to the source fibers, we
must have X éy) € T,{y}. We see that the second component of source-tangent vector fields

is always trivial, and we can write X, ) = (X(lz " 0(z)). Next, to describe right-invariance,
consider an arrow ¢ : x — y. This induces right translation

Ry, M x {y} - M x {z}
and, since hg is composable,

dynRy: T.M x T,{y} —» T.M x T,{x}.

12



Applying this to X, yields

dnRy(Xp) = dpRy(X(, 1), 0a) = (X(lzvy), 0(2,2))-

(2,9)°

Being right-invariant then translates to the following condition:
(X(lzyy), O(Z’x)) = (X(1Z7$), O(Zyx)), ie., X(lzyy) = X(lzx) V$, Y,z € M.

In other words, the first component of X, ,y only depends on z, and the second component is
always zero. We find an isomorphism X*(M x M)™ = X (M), which also endows T'(A) = T'M
with the usual Lie bracket of vector fields on M.

Finally, the anchor map is given by the differential of the target map. The target map is
projection onto the first coordinate: ¢t : M x M — M, t(y,x) = y. Its differential restricted to
Ais

Az oyt - ToM x Tp{x} — T, M, (v,0) — v
and we see that the anchor p : A = T'M — T'M is the identity map. So the algebroid of the
pair groupoid is precisely the tangent bundle.

Example 2.28. Consider now the action groupoid G x M = M. To compute the fibers of the
associated vector bundle, we compute the source fiber above x € M.

s z)={(g.9) |s(g,y) =2} ={(g9,2) | g€ G} =G.

We see that each fiber of A is isomorphic to the Lie algebra g of G.
To compute the bracket, we consider the space of sections I'(A) = I'(g x M). We see
f € T'(A) is equivalent to a smooth map f : M — g x M such that f(z) = (v,z) for some
v e g wesee ['(A) = C®(M;g). Each f € C>(M;g) is identified with a right-invariant vector
field f® on G' x M by
f(g,x) = di,, Ry(f(g2)),

and at g = 1, we see
fR<1ac7 l’) - d(e,x)Re(f(x»‘
Now the bracket on I'(A) is defined by
[f,9la(@) = [7, ¢"]5(La).
For constant functions (denoted ¢; and ¢3), we can take 1, into the bracket to find

[e1, co]a (@) = [die.a) Re(c1(2)), diey Re(ca(2))]g = [e1(2), ca()]g.

In general, by writing any section as the sum of constant sections and applying the Leibniz
rule, we find the following Lie bracket on I'(A):

[f:9]a(@) = [f(2), 9(2)]g + (Lot 9)(x) = (Lp(g(a) f)(2)- (1)

13



Finally the anchor map simply encodes the infinitesimal action, as the target map ¢ : G x M —
M encodes the group action and p = dt| 4.

In this example, we could have also started with a Lie algebra action, which is a Lie algebra
morphism « : g — X(M). This gives rise to an algebroid by defining the vector bundle g x M —
M, with anchor p = @ and with the bracket on its space of sections I'(g x M) = C*(M;g)
defined by Equation . This algebroid is called the action algebroid associated to the Lie
algebra action «. It follows that the action algebroid associated to a Lie algebra action is
precisely the algebroid associated to the action groupoid of the integrating Lie group action.

In Section [3 we will discuss another example of a groupoid and a large part of the chaper
is devoted to computing its algebroid. Then in Section ] we will compute the algebroid of the
gauge groupoid.

2.3 Lie algebroids

In the previous section we have introduced the Lie algebroid of a Lie groupoid, but Lie algebroids
can (and do) also exist without a groupoid. From the discussion in the previous section, we
already have a natural notion of Lie algebroids.

Definition 2.29. A Lie algebroid over a manifold M is a vector bundle A — M, together
with a Lie bracket [-,-]4 on the space of sections I'(A) and a vector bundle map p: A — TM
called the anchor map, such that the following Leibniz rule holds:

[Oé, fﬁ] - f[Oé,ﬂ] + £p(oc)fﬁ VOé,ﬁ € F(A>7 f S COO<M)
From this definition, it follows that the anchor map is a Lie algebra morphism.

Proposition 2.30. For any Lie algebroid A — M, the anchor map on the space of sections
p:T(A) = X(M) is a Lie algebra homomorphism:

p(la, Bla) = [p(a), p(B)].

Proof of Proposition [2.24 and Proposition [2.30. To prove this identity, we apply the Leibniz
rule and the Jacobi identity to the term [[a, 5]a, f7]a (for a, B, v € T'(A)):

[lev, Ba, fA)a =Fllav, Blasv]a + Loga,s14) f7 (by Leibniz)
[la, Bla, fA1a =[la, f7]a, Bla + [[f, Bla, a]a (by Jacobi)
=[fla,v]a, Bla + [Lowy [, Bla — [fB,7], ala — [Lps) f7,a]a (by Leibniz)
= — fIB, [, V]ala = Lo fleu vYa = Lo F18:71a = Loy (Lo f) 7+
Fles 18:Ma + Loy F18:7) + L) fles v a + Loy (Lo ) v
=f([a, [B,7]ala = [B, [, 7] a)a) + Lipy,p(an fY
=/f([[a, B]a,7]a) + Lipay,p(8)/7
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Comparing the first and the last lines of this computation, we see

Loa81) Y = Lipe)oen [

which implies indeed
p([Oé, B]A) = [p(Oé), p(ﬁ)]
O

We also have a natural notion of integrable algebroids. Morphisms of Lie algebroid will be
discussed later, but the idea of this definition should be clear.

Definition 2.31. A Lie algebroid A — M is called integrable if there exists some groupoid
G = M such that the Lie algebroid of G is isomorphic to A.

In Section we will give an overview of the theory on integrability of Lie algebroids,
developed in detail in [CF11].

We have already seen a few examples of integrable algebroids in the previous section, as
those examples all came from groupoids. We will now shortly describe an example coming from
Poisson geometry. The details of this example are not important for this thesis. The example is
included to show a situation where the algebroid first shows up, and the corresponding groupoid
is then sougth after. This example was already mentioned in the introduction: the search for
symplectic realizations lead to the search for symplectic groupoids integrating the algebroid
defined below. A thourough introduction into Poisson geometry can be found in [CEM21],
where this relation to algebroids and groupoids is also extensively discussed.

Example 2.32. Let (M, 7) be a Poisson manifold. That is, M is a manifold with a Poisson
bracket {-,-} : C®°(M) x C*(M) — C*°(M). In order to study this additional structure, the

bracket is often encoded in a bivector denoted 7:
7 QY M) x QY (M) — QM) such that {f, g} = 7(df, dg).
Associated to 7, there is an induced map 77:
7 T*M — TM, o ().
And using these two maps, we find a Lie bracket on T*M as follows:

[O‘v 5]71' = ‘Cﬂ#(a)(ﬁ) - ‘Cﬂ#(ﬁ)(a) - d(ﬂ(aa 5))

These objects all come from the original Poisson bracket on C'*°(M), but in this formulation,
it can be shown that 7*M is a Lie algebroid with Lie bracket [-,-], and 7% as anchor. This is
called the Poisson algebroid or cotangent algebroid.

As mentioned before, finding symplectic realisations of the Poisson structure now cor-
responds to finding a symplectic groupoid (for the definition of a symplectic groupoid, see
[CEM21]) integrating the Poisson algebroid.
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Moving back to general algebroids, we study the anchor map p: A — T'M in more detail.
Specifically, consider for x € M the kernel Ker(p,) C A,.

Lemma 2.33. The kernel Ker(p,) C A, has a well-defined Lie bracket induced from [-,-] 4.

Proof. Let «, o/, B, f" in I'(A) such that a(z) = o/(x) € Ker(p,) and B(x) = f'(z) € Ker(p.).
We want to prove that for the bracket [-,-]4 on I'(A4),

[, Bla(z) = [0, B a(x).
It suffices to compute the brackets in a neighbourhood U around z. Choose a local frame

{e',... e"} of Aly. Write the sections in terms of this frame, for y € U:

r

aly) =D aiy)e'(y),

i=1

and similarly o/, 8 and " are determined by coordinate functions a;, b; and b/.

Then we compute the term [, 5] 4(x) in these coordinates. We will apply the Leibniz rule
many times, resulting in terms of the form £, (f); however, since all sections «, o/, 3, 3’ are
in Ker(p,), after evaluating at z all these extra terms will vanish. So, we can ignore these terms
in the computation and we find

kﬁﬂd@z(i}%ﬂﬂ)@)

(g

=1 j5=1

=>- > B@a)le )

i=1 j=1

=>° > bl@ay @)l ¢(a)

_ oy Ala(a).

Here we used that o/(z) = «a(z) and p'(x) = B(z), which implies their coordinate functions
also agree at the point z.
We see that the bracket [-,-]4 induces a well-defined bracket on the kernel Ker(p,). O

Definition 2.34. The isotropy Lie algebra at x € M is g,(A) := Ker(p,) with the Lie
bracket from the previous lemma.

The name suggests that this Lie algebra should be related to the isotropy groups in the
integrable case, which we see in the following lemma.
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Lemma 2.35. Let G be a groupoid with connected source fibers and algebroid A. Then for each
x € M, the isotropy Lie algebra g,.(A) is the Lie algebra of the isotropy Lie group G,.

Proof. The isotropy group is G, = s~ (x)Nt~(x). The identity element is 1,, so its Lie algebra
is given by T1, (s~ '(z) Nt~!(x)). The isotropy Lie algebra is the kernel of the map

Pz i Ay — T M, where A, = Ty s~ ().
Since the anchor is p, = d;,t, this is precisely the Lie algebra of G,. O

Besides the kernel of the anchor, we are also interested in the image of the anchor. The
results mentioned here will not be proven in detail; we refer to [CE1I] for a more extensive
discussion. At each point x € M, we have Im(p,) C T, M, and together these form a distribution
on M. If the dimension of these subspaces is constant, the algebroid is called regular.

This distribution induced by the anchor map also defines a foliation of M, where the leaves
are called the orbits of the algebroid. A leaf O of this foliation is a maximal immersed
submanifold of M, such that 7,0 = Im(p,) for all points z € O. The intepretation of these
leaves, is that a leaf contains points that you can reach if you were to move by directions provided
by the anchor map. A Lie algebroid is called transitive if the anchor map is surjective. In
that case, the algebroid has one orbit.

If the algebroid is integrable, its orbits are related to those of the groupoid:

Proposition 2.36. Let G be a groupoid with connected source fibers, and let A be its algebroid.
Then the orbits of G coincide with the orbits of A.

For a proof, see for example [CE11].

Corollary 2.37. Let G be a groupoid with connected source fibers. If G is transitive, then its
algebroid is transitive as well.

Proof. If G is transitive, it has precisely one orbit. With source-connected fibers, this orbit
will be the entire base M. By the previous proposition, its algebroid A — M will have one
orbit, M, as well. Then it follows that for any = € M, we have T, M = Im(p,), so indeed p is
surjective and A is transitive. ]

2.4 Morphisms of Lie algebroids

Morphisms of Lie algebroids are suprisingly difficult to formulate. Intuitively, they should be
vector bundle maps that preserve the anchor map and the Lie bracket. However, vector bundle
maps do not necessarily induce a map of sections, while the Lie brackets are defined on these
sections. This makes it difficult to formulate the last condition. Of course, there is an ‘easy’
case where we do find an induced map of sections, if we consider two Lie algebroids over the
same base manifold.
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Definition 2.38. A Lie algebroid morphism between two Lie algebroids A — M and
B — M over the same base manifold, is a vector bundle map

®:A— B
such that pp o ® = py and ®([a, f]a) = [P(«), ()] for all «, B € T'(A).

In this case, ® induces a map of sections simply by composition. Compatibility with the
anchor is expressed nicely in the following diagram, which should be commuatitive:

A—2 B

N

When we consider two general algebroids A — M and B — N, there are several approaches
to define morphisms. We discuss here two of them. The first one gives a seemingly unnatural
condition, but does not require additional definitions. The second one requires additional
theory, namely defining Lie algebroid cohomology, but the definition of Lie algebroid morphisms
becomes quite natural.

For yet another description of Lie algebroid morphisms, we refer to [Meil7], where a vector
bundle map ® : A — B is a Lie algebroid morphism if its graph is a sub Lie algebroid of the
product A x B (which of course first requires one to prove that A x B — M x N is an algebroid
itself).

Approach one: pullback vector bundle.

This approach is taken for example in [CF11]. First we define morphisms in general, then
we specify what compatibility means in this sense.

Definition 2.39. A Lie algebroid morphism between Lie algebroids A — M and B — N
is a vector bundle map ® : A — B covering a map ¢ : M — N that is compatible with the
anchor, so

dpopas=ppo?®,

and compatible with the Lie brackets in the sense explained below.

Again, compatibility with the anchor is expressed as the following diagram being commu-
tative.
A—2 B

lPA lﬂB
™ —*, TN

To define compatibility with the brackets, consider the pullback vector bundle ¢*B — M. Then
for any section a € I'(A), the map ®(«) := P o« is a section of this pullback bundle ®*B. And
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for any section o/ € T'(B), the map ¢*(’) := &/ o ¢ is again a section of the pullback bundle
d*B.
We can now express for any «; € I'(A), the induced section ®(a;) as a finite linear combi-

nation
n .
=> fiBlo¢
=1

for fi € C°°(M) and B! € T(B). Then the compatibility of ® with the Lie brackets is expressed
as the condition

CI)O Ckl,Oég Z,CPAQI f2 52 Qb ZEpA(az flﬁ ¢+Zf1f2 Bz’ﬁ] ¢

7,7=1

Approach two: cohomology.

This second approach is discussed in [CEM21]. Here it is developed specifically for the
algebroid of a Poisson structure, but in general this approach takes the following form. We first
define Lie algebroid cohomology. Let A — M a Lie algebroid, and define the space of k-forms
on A by

QF(A) =T(A*A") = {w :T(A) x --- x T(A) = C=(M) | w alternating and C>(M)-linear }.

This comes with a differential d : Q¥(A) — QFFL(A), defined by the usual Koszul-type formula:

k

(daw)(ag, ..,ax) = Z(—l)"ﬁp(ai)(w(ao, ey Gy oy Q) F Z D) w([ai, ajla, ag, .., di, .., dj, .., ax,)

=0 1<J

for w € QF(A) and a; € T(A). The square of this map is 0, which can be proven by a
straightforward computation. With these definitions, one can define Lie algebroid cohomology
classes in the usual way.

The complex and differential defined above can also be used to define algebroid morphisms.
Note that a vector bundle map ® : A — B induces a map of forms ®* : Q*(B) — Q°*(A) by

(P*w) (a1, ..., ar) = Wy (Plar), ..., Pax)).

Using this, we can formulate an alternative (but equivalent) definition of morphisms of Lie
algebroids:

Definition 2.40. A Lie algebroid morphism between Lie algebroids A — M and B — N
is a vector bundle map ® : A — B covering a map ¢ : M — N such that the induced map on
forms ®* : Q*(B) — Q°(A) is a cochain map, i.e., it satisfies d4®* = ®*dp.

Note that this definition also implies compatibility with the anchor as before.
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Remark 2.41. If the two algebroids in question are the tangent bundle, and we want to define
a Lie algebroid morphism between TM — M and TN — N, compatibility with the anchor
implies

dpopa=ppo® = dp =2

as the anchor of the tangent bundle is the identity. We see that in this specific case, a Lie
algebroid morphism is forced to be the differential of some map ¢ : M — N.

Finally, groupoid morphisms induce morphisms of their Lie algebroids (Theorem 13.38 in
[CEM21]):

Lemma 2.42. Let W : G — F be a morphism of groupoids. Then this induces a morphism
O : Lie(G) — Lie(F) of their algebroids, where ® is the differential of U restricted to Lie(G).

2.5 Path homotopy in Lie algebroids

In this section we discuss homotopies of paths in Lie algebroids. This will be an important
ingredient when looking for the integration of an algebroid in the next section. The discussion
here closely follows [CF11].

Recall that a path homotopy in a manifold M between two paths vy and v, is a map
Ye(t) : [0,1] x [0,1] = M from 7y to 3 such that 4.(0) and ~.(1) are constant. We now try to
mimic this definition for an algebroid A to define A-path homotopies. We first define general
paths in an algebroid A — M.

Definition 2.43. An A-path above a path v in M is a map a : [0, 1] — A such that

dy
poa(t) = 7 (1).

A homotopy between two A-paths should be some variation a.(t) of A-paths; with a condi-
tion at time ¢ = 0 and ¢ = 1. However, since a(t) represents (via the anchor map) the time-t
derivative of the base-path 7,(t), we should not require that a.(0) or a(1) is constant; we would
like to impose that the e-derivative of ~.(t) is constant. We thus introduce an additional map,
the variation in the e-direction:

de(t) .

Var(e,t) : [0,1] x [0,1] — A, such that po Var(e, t) = y
€

The requirement on path-homotopies in M that it is constant at time 0 and 1, translates for
A-path homotopies to the condition that Var(e,0) = Var(e, 1) = 0. There are several ways to
define/compute this variation, all of which are equivalent.

For the first approach, we choose a connection on A. Ignoring the algebroid structure of A
for a second, and simply viewing it as a vector bundle over M, we choose a connection

V : X(M) x T(A) — T(A),
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which is C°°(M)-linear in the first component and satisfies the Leibniz rule in the second.
Associated to this connection, we define the torsion.

Tv : F(A) X F(A) — F(A), (a, b) — Vp(a)(b) — Vp(b)(a) — [a, b]A.

Fixing a connection, the following differential equation admits a solution. We call this the
homotopy equation:

V%(ae(t)) — V%(be(t)) = TV(ae(t>u bE(t>> (2)
b.(0) = 0.

Then we define the variation V (e, t) to be the solution b(e, t) of the homotopy equation. It is
independent of the chosen connection. The differential equation requires already Var(e,0) = 0,
so the only remaining condition for a.(t) to be an A-path homotopy is that b.(t) is 0 at time
t=1.
For shorter notation, we will sometimes denote terms like V4, (a) by %a
dt

Definition 2.44. An A-path homotopy (or A-homotopy) between two A-paths ay(t) and
aq(t) is a variation of A-paths a.(t) : [0, 1] x[0,1] — A above a homotopy of the base paths ~.(t),
such that b(e, 1) = 0, where b(e, t) is the solution of the homotopy equation (Equation (2)).

The second approach to defining the variation Var(e, t) is by time-dependent sections.
Choose a section of A, depending on € and ¢, denoted &.(t) : M — A, with the property

E(H)(e(t)) = ac(?).

Then, the following differential equation has a solution

{ <t> Be(t) = [&(t), Be(D)]a
5.(0) =

and this solution corresponds to b(e, t) found above (Proposition 3.15 in [CE11]). Thus, a.(t) is
an A-path homotopy if and only if S.(1) = 0 for all e. This approach will not be used explictily
in the rest of this thesis.

Remark 2.45. An A-path can equivalently be defined as a Lie algebroid morphism & : T1 — A
(where I is the interval on which the A-path is defined). Such a morphism can always be
written as ® = a(t)dt for a(t) : [0,1] — A an A-path as defined above. With this expression we
see that this is equivalent to the first definition of A-paths. From this perspective, an A-path
homotopy is equivalent to a (regular) homotopy of Lie algebroid morphisms

ac(t)dt + be(t)de : T(I x I) — A,

where a and b correspond to the variations defined above. For this perspective, we refer to
[CEM21], where this is discussed in Chapter 10 for the algebroid of a Poisson structure. This
construction however generalizes to all algebroids.
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Lemma 2.46. Let a.(t) a variation of A-paths. Then b.(t) is a solution of the homotopy
equation (Equation ) if and only if the following holds for all £ € T'(A*):

d d

T (et@) 2 (e) = daclat) )

Proof. We prove this lemma by showing that the equations are locally equivalent, so in a

neighbourhood of any point (¢,¢). To write these equations in local coordinates, consider
x € M and a neighbourhood U C M around z with local coordinates z1,...,x,,. Choose a
local frame of A|y, denoted by

{et, ... M)

Then in some neighbourhood V' around (€, t) (specifically, a neighbourhood such that ~.(t) € U)
we write

ac(t) = Z (e, t)el
be(t) = Z Bi(e,t)e’

for coordinate functions «; (€, t), 5;(e,t) € C(V).
To make the equations more readable, we will introduce the following notation. Denote by
E € X(M) the vector field on M which has as integral curves (%). Denote by T € X(M) the

vector field with integral curves (Cgll—;*).

Consider now a connection V on A. Locally, a connection can be described by a connection
matrix (w])] of 1-forms on M, such that for a =Y, aye’ € I'(Aly):

Vx(a)= Zai ng(X)ei + Zﬁxaiei.
i j i

Now consider the homotopy equation. Recall that the torsion is defined as
Ty (a,b) = V)b — Vma — [a,b]a.

The first two terms in this expression correspond to the terms on the left hand side, as p(b) =
dy/de = E, 4 and p(a) = dy/dt = T, . It will not be necessary to compute the local
coordinate functions of [a, b] 4, so we will write this bracket locally as

[a,b]a = Z Cye.
i
We can now rewrite the homotopy equation in its local version:

Z (e, 1) ng(E)ei+ Z Lp(ai(e,t))e’ — Z B(e,t) ng‘(T)ei — Z Lr(Bi(e,t))e!
1 i
= —5 ; Cie .
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Since the collection {e’}; form a local frame, this equation holds if and only if it holds for every
component ¢, i.e., if and only if for every ¢ € {1,...,k} we have

(e,1) Zw )+ Lg(a;(e, b)) (€,1) Zw — L (Bi(e, 1)) = ;Ci. (4)

Furthermore, as the solution b () was independent of the chosen connection, this holds for all
connections, i.e., for all 1-forms w! € Q'(M).

Now consider the equation introduced in the lemma. To give a local form, we consider
sections £ € I'(A*). The local frame on A induces a dual local frame on A*, denoted

{e,...,ex}

and in this frame we can write
= Zgiei, ¢ ec=().
Then for a section a € I'(A), which is locally written as a =) . oe;, we find
= Z ¢ Z ;0 = Zfiai.
i j i
Now consider the term d4&(a,b). Using the definition of d4 (a Koszul-type formula), we see

da&(a,b) = Lp@)(§(1)) = Lo (£(a)) — &([a, b]a).

Since &(a) and £(b) are just smooth functions on V| their derivatives are given by the Lie
derivative:

d
(E(@) = Li(Ela).

Again, since p(a) = T and p(b) = F, the first two terms of d4&(a,b) correspond to the terms
on the left hand side of Equation , and we can rewrite that equation to

() 2 (0] -Lmepen

On the left hand side, we can apply the Leibniz rule. On the right hand side, we use the fact
that e’ and e; are dual bases to find that this is equivalent to:

> (ELplai) + La(€)aw) = > (ELr(B) + Lr(§)B) = —5 Zf’

7 )
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Again, this should hold for any section &, so for any set of coordinate functions { &' };, from

which we find Equation holds if and only if for all i € {1,...,k}, & € C(U):

€ Lp(0) + La(E)as — ELr(B) + Lr(€)B, = —3€C

What we should prove now is the following. Assuming that the usual homotopy equation holds
for all connections, consider some section £ € I'(A*). We have to show that Equation holds
for &, by choosing a connection matrix that reduces Equation to the equation we want to
prove.

In the other direction, assuming that Equation ({3]) holds for all sections & € T'(A*), consider
a connection V on A. Then we have to prove that by the right choice of £, Equation induces
the homotopy equation w.r.t. V.

Comparing the local expressions of either equation, we see that they already look quite alike.
The only terms that are left to show correspond, are Lg(£)a; on one hand, and a; ), w!(E)
on the other hand. By writing both the Lie derivative and the 1-forms in local coordinates
on M, it follows that the free choice of & and wg allows one to always find a correspondence
described above, proving the lemma. O]

Lemma [2.46] will be useful in Section 2.7

We now discuss a few examples of A-homotopies, by considering cases where a.(t) and b(?)
described above are co-linear in some sense. In that case, the torsion 7Ty will be zero, and the
homotopy equation (Equation ) is simpler.

Ezample 2.47. Let a(t) be an A-path above 7 : [0,1] — M. Consider now any reparametrization
function of the form:

X : [0,1] x [0,1] — [0, 1] such that x(e,0) =0, x(¢,1) = 1.

Then v(x(e,t)) gives a homotopy from the path (x(0,t)) to the path v(x(1,t)). We can now
define a variation of A-paths above this homotopy, denoted a(t). This should satisfy

dy(x(e,1)) _ Ox(et) dy(t)
dt ot dt

poac(t) =

We see that the choice 3 ;
T e )
satisfies this relation. Furthermore, we can now quickly find a solution of Equation by
choosing
_ Ox(et)

b(t) = = alx (e ).

We see that, since partial derivatives of x(e,t) commute, both sides of Equation (2 are zero.
We conclude that a.(t) is an A-path homotopy if and only if b.(1) = 0.

a(t) =
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An important consequence of this example is the reparametrization of A-paths. Consider
a reparametrization function 7 : [0,1] — [0, 1], by which we mean an isomorphism such that
7(0) = 0 and 7(1) = 1. Assume that 7 has derivatives vanishing at the endpoints. Then the
reparametrization of an A-path a : [0,1] — A is a"(t) := 7/(t)a(7(t)). This reparametrization
procedure will be important to concatenate A-paths in a smooth manner later on, for which it
is important that the original path is homotopic to the reparametrized path.

Corollary 2.48. With the above notation, a(t) and a™(t) are A-path homotopic.

Proof. This is a specific instance of the example above, where x(¢,t) = (1—¢€)t+e7(t). Choosing
a.(t) and b(e, t) as in the example above, we find the variation of A-paths given by

a(t) =1 —e+e7(t)a((l —e)t +e7(t)),

be(t) = (=t +7(t))a((1 — €)t + eT(t)).

Indeed we have ag(t) = a(t) and a;(t) = a”(t), and this is a solution of Equation ({2 satisfying
b.(1) = 0. This shows that a.(t) is an A-path homotopy from a(t) to a”(t). O

2.6 Lie algebroid integrability

As we have already mentioned, not all algebroids are integrable. We refer to [CF11] for some
examples of non-integrable Lie algebroids. Furthermore, [CE11] gives the first extensive dis-
cussion on the integrability of general Lie algebroids, introducing the monodromy groups that
control integrability. We give here an overview of the steps in this construction, leaving out
the proofs. Specifically, we construct the Weinstein groupoid, which is the candidate for the
groupoid integrating a given algebroid. This candidate groupoid can always be constructed,
but the integrability problem considers whether this groupoid has a smooth structure. We state
the theorem that determines when this smooth structure exists, which is proven in Chapter 4

of [CF11].

In order to integrate Lie algebroids, it is natural to first consider the case of integration of
Lie algebras, and then to try and extend this procedure. In the case of Lie algebras, we have
the famous third Lie theorem:

Theorem 2.49. FEvery finite-dimensional Lie algebra is isomorphic to the Lie algebra of a Lie
group.

There are several proofs, and in our case it is interesting to consider the proof by Duistermaat
and Kolk [DKO00], also discussed in |[CF11]. This proof explicitly constructs the integrating
group G. First we observe the following about the Lie algebra g of a Lie group G. Consider
the space of paths in G starting at the identity:

P(G):={g:[0,1] — G | g is smooth, ¢g(0) = e }.
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Define an equivalence relation on this set by g ~ ¢’ if they are homotopic paths (where the
homotopy preserves the endpoints). Furthermore P(G) admits a group structure; multiplication
is given by path concatenation, where we first apply some smoothening procedure on the
endpoints of paths (which ensure the result is again smooth). Now it is true that

G = P(G)/ ~

is the simply-connected Lie group integrating g.
However, one can recover this group solely from information in g. Consider the space of
paths in g:
P(g) ={g:[0,1] — g | g is smooth }.

Any path in P(G) induces also an element in P(g), and this allows us to give P(g) an equivalence
relation as well, even independently from P(G) (again see [CEF11] for the details). Then it
follows that G(g) := P(g)/ ~ is a topological group which, if g is integrable, is precisely the
simply-connected Lie group integrating g. The point is that, as groups,

G {G-paths} ~ {g-paths}

o = G(g),
G-path homotopy  g-path homotopy (8)
and it can be shown that the latter group always has a smooth structure. This is the outline of
the proof that every Lie algebra is integrable to a Lie group G(g). In the case of Lie algebroids,
we can follow an analogous procedure to construct a groupoid associated to an algebroid. How-
ever, it is not true that this groupoid will always have a smooth structure.

To extend the procedure to algebroids, again we first consider the case where G is a groupoid
with associated algebroid A. A G-path is a map ¢ : [0,1] — G such that for a certain point
r € M, g(0) = 1, and for all ¢ € [0,1], s(g(t)) = x. In words, it is a path that starts at a
unit and stays inside one source fiber. Denote by P(G) the space of G-paths. Denote by ~ the
equivalence relation on P(G) that is induced by smooth homotopies with fixed endpoints. It
holds that

G = P(G)/ ~
is a Lie groupoid with 1-connected source fibers integrating A. The structure maps of this
groupoid follow from those of G: the source of a class of G-paths [g(¢)] is the source of the

arrow ¢(0), and the target is the target of the arrow g(1). The multiplication in this groupoid
is induced by path concatenation: if g;(t) and go(t) are composable, their concatenation is

g2 a(t) = {gl(t) X

ga(t)

t
t

IA A
IA A
— N

This concatenation is not necessarily smooth, but it holds that any G-path is homotopic to one
with vanishing derivatives with the endpoints, and choosing such representatives does give a
smooth concatenation. Furthermore, this groupoid always has a smooth structure.
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Similarly to the case of Lie algebras, we now consider how this descends to paths in the
algebroid. It follows (with some computations, see [CE11]) that G-paths ‘descend’ to A-paths,
and G-path homotopies ‘descend’ to A-path homotopies.

Furthermore, for A-paths, we find a concatenation procedure as well. Let ai(t), aa(t) A-
paths such that 7(a;(1)) = m(az(0)) (with 7 : A — M). We call these paths composable,
however it is not true that a;(1) = ay(0). In order to make their composition smooth, we
consider a reparametrization 7 : [0,1] — [0,1] with derivatives vanishing at the endpoints.
Define then af (t) = 7/(t)a;(7(t)). By Corollary 2.48| the paths a] and a; are A-homotopic, and
we can choose these reparametrized representatives to define:

ot - 420020 t<3
as - ay(t) = al 1<t)—{2a§(2t—1) fo1 (5)

o= O
IAIA

<
<
We form the following quotient:

A-paths
G(4) 1= P}
A-path homotopy

and with this concatenation this has the structure of a groupoid. The other structure maps are
clear. Now it follows that, as topological groupoids, we have again
{G-paths} {A-paths}

5 ~ _aA
g G-path homotopy  A-path homotopy G(A),

and G(A) is the candidate for the source-connected groupoid integrating A. This groupoid is
called the Weinstein groupoid. We see that the problem of integrating A reduces to finding a
smooth structure on the Weinstein groupoid. If it admits a smooth structure, then it is unique
in the following sense (Theorem 2.16 from [CF11]):

Theorem 2.50. If an algebroid A is integrable, there exists a unique groupoid integrating A
with 1-connected source fibers.

It follows that this groupoid has to be the Weinstein groupoid.

We will now discuss the condition for integrability of A. This condition is expressed using
monodromy groups. To define monodromy groups, we consider first the case of a Lie groupoid
G and its Lie algebroid A. Assume G has 1-connected source fibers, so by the previous theorem
we may assume G = G(A). Consider now at = € M the identity componenent of the isotropy
group, G%(A). This is a connected Lie group integrating the isotropy Lie algebra g,(A). On
the other hand, we can construct G, := G(g.(A)), the simply-connected integration of this Lie
algebra (by the usual Lie group-Lie algebra correspondence). There are now two Lie groups
integrating the same Lie algebra. Then there exists a discrete subgroup fo C G, such that

GY(A) = Gy /N,
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This group, N, is called the monodromy group at x.

Now we wish to define the monodromy groups in the case where G(A) is not known to have
a smooth structure. In that case, G(A)? is not necessarily a Lie group, so the above procedure
does not work. We still consider the isotropy groups of G(A). We can describe the isotropy
group at x by

G(A), = { A-paths covering a loop in O, based at x }
v A-path homotopies '

The identity component G(A)Y of this group is found by considering only A-loops above con-

T

tractible loops in the orbit O, based at x.

We can now construct two short exact sequences. The first one uses a map G,(A) — m(O;)
sending a class of A-homotopies to the class of its base-path homotopy in the fundamental
group m1(0,), giving the sequence

0 — Go(A)° = G.(A) = 7 (O,) — 0.
Second, using the anchor map p restricted to A|n, we construct
0—=go, > Alo, > TO, — 0.

From these sequences, it is possible to find a map 9, : m2(O,) — G(g.) such that the following
sequence is exact:

o m(0,) B Glga) = GulA) = m(0,).

This map 0, : m2(O,) — G(g.) is called the monodromy morphism at z, and its image
Im(9,) = {[a] € G(g.) | a is A-homotopic to 0, }

is the monodromy group at z, denoted /\N/'I(A) The fact that the image is defined by this
set of elements in G(g,) follows from the definition of 0,, see [CE11]. It then follows that
G.(A) = G(g,)/N,(A). From intersecting N, (A) with the identity component of the center
of G(g,), we find a smaller group N, (A), and with this group we have the following result on
integrability of Lie algebroids (Theorem 4.1 in |[CF11]).

Theorem 2.51. A Lie algebroid A is integrable <= the Weinstein groupoid G(A) has a
smooth structure <= all N;(A) are locally uniformly discrete.

We see that the image of this monodromy map is the crucial ingredient in determining
whether an algebroid is integrable. In the case that A is a transitive algebroid, the condition
for integrability reduces to:

Theorem 2.52. A transitive Lie algebroid A is integrable if and only if all Im(0,) is discrete.

Furthermore, if A is transitive and integrable, the Weinstein groupoid G(A) is also transitive
(as the orbits of A and G(A) coincide).
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2.7 Actions of groupoids and algebroids

In this section we discuss groupoid and algebroid actions, and the relationship between the two.
In Part we will consider a free action of a transitive algebroid. For this reason, this section
focuses on the transitive case as well.

Let G be a groupoid over a manifold M.

Definition 2.53. A (left) G-space is a surjective submersion pr : N' — M together with a
map

Gxu N ={(g9.p) €G XN |s(g) =pr(p) } > N
denoted (g, p) — gp such that
L. pr(gp) = t(g)
2. g(hp) = (gh)p
3. Loe()p = -

An action of G on a surjective submersion pr : N' — M is a map satisfying these properties
and such that, additionally, each g € G induces a diffeomorphism N — Nyg).

Definition 2.54. An action of a Lie algebroid A — M on a surjective submersion pr : N' — M
is a Lie algebra morphism « : I'(A) — X(N) such that

1. e(fa) =pr*(f)e(a), Vf e C®(M), a € I'(A)
2. dypr(e(a)y) = p(a)prp), Vp e N.

Note that the first condition is equivalent to « being a vector bundle map « : pr*A — TN
The second condition can be summarized as « being compatible with the anchor map. An
algebroid action is called free if the map « is fiberwise injective. This means that for each
p € N, the following map is injective:

Qp Apr(p) — TpN.

Lemma 2.55. An action of a groupoid G = M on pr: N — M induces an algebroid action
of A:= Lie(G) on N.

Proof. Let p € N, x = pr(p). Consider right translation by p on the groupoid, arising from the
groupoid action:
R, :s7Hx) = N, g~ gp.

Consider the differential of this map, at the unit arrow 1,:
di,Ry:Ty,s ' (z) = A, — T,N.
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This defines an algebroid action « : I'(A) — X(N) where a € T'(A) is mapped to the vector
field X € X(N), such that for p € N, X, = dy, Ry(a(x)).

Since this is defined by the differential of a smooth map, it is automatically a vector bundle
morphism (satisfying condition (1)). To see that « is compatible with the anchor map, note
that by the first condition on groupoid actions, we have pr o R, = ¢. Then we find the second
condition for algebroid actions:

dppr((a)p) = dppr(di, By(a(x))) = du, (pro By)(a(r)) = di t(a(z)) = pla(z)).
]

Conversely, starting with an algebroid action, we can construct an action of its Weinstein
groupoid. This groupoid action can only be smooth when the algebroid is integrable. But even
without integrability, the induced action of the Weinstein groupoid will always be a well-defined
set-theoretical action. We will use this set-theoretical action later on. In the integrable case, we
have the following lemma, which holds only for complete actions. In the proof we will explain
what this completeness condition entails.

Lemma 2.56. For an integrable algebroid A, with G the integration with 1-connected source
fibers, and a complete (in the sense defined below) algebroid action @ : T'(A) — X(N), there
exists a unique groupoid action of G on N that induces < .

Proof. First note that we may assume G = G(A), the Weinstein groupoid, by Theorem [2.50]
To define the action of G, we consider g € G, with representative A-path g = [a]. Denote the
base-path of a : [0,1] — A by 7 :[0,1] — M. Note v(0) = s(g) and (1) = t(g) (which follows
from the construction of the Weinstein groupoid). We now look for an appropriate isomorphism
N0y = N,q) induced by [a]. This map is defined with the following procedure, that we also
call “A-parallel transport”:

Acty : Nyo) = Ny,
Acty(ug) = u(1), where u(t) is the solution of

{%u(t) = auplalt)),
u(0) = up.

We will also denote this action by [a] - ug = u(1). We call an algebroid action complete if
this transporting procedure is defined, i.e., if the solution u(t) exists for ¢ € [0,1]. Under this
assumption, this defines an action of G on N. It satisfies the first condition of groupoid actions
as

pr(la] - up) = pr(u1) = (1) = t(g).
The second condition holds because transporting along a concatenation of paths is the same

as first transporting along the first path, and then along the second path. For the third con-
dition, note that a unit 1, acts by transporting along a constant path, which induces the
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identity map. Finally, each map Act, is an isomorphism with the action of [a™!] as its inverse.
Smoothness of these actions follows by a general theorem on the solutions of such ODE’s, see
Appendix 1 in [KN96].

It remains to show that this action is well-defined, i.e., A-homotopic paths induce the
same A-parallel transport. So, assume ay and a; are A-homotopic paths, connected by the
A-homotopy ac(t). We use the characterisation of A-homotopies of Lemma [2.46 Then for the
solution b(t) of the homotopy equation and for any £ € I'(A*), the following holds:

d d
- (€(@) = Z(E0) = dag(a,).

Now consider any one-form 6 € Q'(N\), and consider the pullback form «*0 := § o . This is
a section in T'(A*), so we know that the following holds:

d N d « . *
E(@ 0(a)) — a(@ 0(b)) = daa"0(a,b).

We can rewrite this identity to

d d
- (0(a(a)) - %(H(a(b))) = df(a(a), «(b)).

Now note that we have by construction of u(t): < «(a(t)). Finally, the following identity

holds in general for one-forms 6 and paths u(t) on

() -5 0( >—de<du 140)

From this we conclude that we must have «(b) = ¢(1) = 0, we find that %<(1) = 0,
so uc(1) is constant. Since [a.] acts by mapping to ug(l) we see all a.(t) induce the same action

on N. O

As an extension of this lemma, we find another characterisation of A-homotopies if addi-
tionally the algebroid action is free.

Lemma 2.57. Let A — M an algebroid with a free, complete algebroid action @ : T'(A) —
X(N). Then a variation a(t) between two A-paths is an A-homotopy if and only if their induced
A-parallel transport maps on N agree.

Proof. Consider the proof of the previous lemma again. We have already proven that A-
homotopic paths induce the same A-parallel transport. Assume now that we have a variation
of A-paths a.(t) such that for all €, a.(t) induce the same parallel transport. Denote by b () the
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solution to the homotopy equation (Equation (2))). By Lemma combined with the proof
above, we see that the following holds:

e(u) = it

Since all parallel transports agree, all u.(1) are equal. Since « is injective, we see that b.(1) = 0.
Indeed, the variation a(t) is an A-homotopy. O

The groupoid action defined in Lemma [2.56|is not necessarily free. The following corollary
gives an instance where this does hold. We assume here already the result of Proposition [2.61]
where we will show that the image of an algebroid action Im(e) C TN gives a regular foliation
of N. This implies that points in the same leaf of this foliation can be connected via the action
of some A-path.

Corollary 2.58. Let A — M an algebroid and N — M a surjective submersion. Consider
a free, complete algebroid action @ : T'(A) — X(N) and the induced foliation of N. If the
leaves of this foliation are simply connected, then the groupoid action of the Weinstein groupoid

defined in Lemma [2.50 is also free.

Proof. Consider two arrows g, h € G(A) that act identically. Take two representative A-paths
ao(t) and ay(t) of g and h respectively. Let vo(¢) be the basepath of ag(t). For any point v in the
fiber NV, ), the A-paths ao(t) and a;(t) induce by parallel transport the paths uo(t) and u;(t)
in NV, with initial point v and final point [ag] - v = [a1] - v. These paths lie inside a single leaf
of the foliation on A induced by «. Since this leaf is simply-connected, we can find a leafwise
homotopy between ug(t) and u;(¢) in N. From this leafwise homotopy we can find a variation
of A-paths between ag(t) and a;(t). By the previous lemma, this variation is an A-homotopy,
as ag(t) and a4 (t) act identically on N. O

Restricting our attention to actions of transitive groupoids, we find that these are equivalent
to certain Lie group actions on manifolds. Recall that by Proposition [2.18] any transitive Lie
groupoid G is isomorphic to a gauge groupoid induced by a principal bundle. The structure
group of this principal bundle is the isotropy group of G, denoted G, which is independent
of basepoint. Groupoid actions of G are characterised by group actions of G by the following
lemma.

Lemma 2.59. If G is transitive, with isotropy groups G, then there is a 1-1 correspondence
between manifolds pr: N — M with a G-action, and manifolds F with a G-action.

Proof. Since G is transitive, it is a gauge groupoid induced by the principal G-bundle s~1(z) —
M, where G = G, independent of x € M.

First, consider any surjective submersion pr : NV — M with a G-action. Let x € M, and
define F' = N,. Since G is the isotropy group G,, it consists of arrows g : x — x. Since we have
a groupoid action, each g € G, induces an isomorphism N, — N,. This is the G-action on F.
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Consider now a manifold F' with a G-action. The desired manifold N is defined by
N = P x¢ F, where (p, f) ~ (pg, fg) forpe P, f € F, g€ G.

Recall that the projection of P onto M is the target map; the projection pr : N' — M is defined
as pr([(p, /)]) = t(p).

Note that each fiber of A is isomorphic to F. To see this, fix for any y € M a point in its
fiber p, € P, (this will be some arrow from x to y). Any other point in the fiber P, can now
be written as p’ = p,g for some g € G. Then the fiber of N above y can be rewritten as

Ny={lpyg. fl1g€G, feF}

Note that [p,g, f] ~ [py, fg~'], and by the G-action on F, fg~! is equal to some f’ € F. We
find
Ny={lpy, fl| feF}=F,

indeed all fibers of A/ are isomorphic to F.

We now define the G-action on N. Let g € G, denoted by g = [(p, ¢)] where p € P, and
q € P, (so g is an arrow from y to z). Using the fixed point p, € P,, there exists some h € G
such that g = [(py,qh™")]. Using the fixed point p, € P,, there exists also some k € G such
that ¢gh~' = p,k. Now we define the action of g, which should be a mapping N, — N; since
all fibers are isomorphic to F', we should define an isomorphism g : F' — F. Let f € F =2 N,
and define g - f = fk.

Remark that this definition could also be written more explicitly in the following way. Let
g € G as above, let [(py, f)] be an element of N,, as above. The action can be written explicitly
as g [(py, [)] = [(ps, fk)] where k € G such that p,k = gh~*. From this description it is clear
that we have defined a map from N, to N..

We now show that this satisfies the groupoid action axioms. The first and third requirements
are immediate by the construction. Associativity can be proven by using the fixed element p;
in each fiber to explicitly write down the resulting action; but from our initial description it
should be clear that the groupoid action is induced entirely from the group action of G on F,
from which it also inherits these required properties. Finally, this also shows that each g € G
induces an isomorphism of fibers (as the group action on F' is already an isomorphism).

It remains to show that this correspondence is 1-1. It is clear that starting with a manifold
F, then defining A/ as above, and taking the fiber NV, with induced action returns the original
manifold I’ with its G-action. We focus on the other direction; starting with pr : N' — M with
a G-action, we find F' = N, with a G-action, and construct N/ = P x5 N,. Then the following
mappings give an isomorphism between A and N

N = N [(g.p)] = gp,
N = N’ p [(h, h " 'p)] where h € G is an arrow from z to pr(p).
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After fixing a point in every fiber of P, it is a tedious but straightforward check that these
maps are well-defined, commute with the G-action and are inverses. This proves that the
correspondence given above is indeed 1-1. O

These last three lemmas can be summarized in the diagram below. A groupoid action of G
always induces an action of its algebroid A. The reverse direction, pictured as a dotted arrow,
holds if A is integrable with G the integration with 1-connected source fibers. Finally if G is
transitive, groupoid actions are equivalent to group actions of its isotropy groups.

/_\

manifolds F' with G transitive manifolds N with infinitesimal action
an action of G an action of G of Aon N

Finally from this diagram and the proof of Lemma [2.59 we find the following strong result.

Corollary 2.60. Let A be an integrable transitive Lie algebroid and pr: N — M a surjective
submersion. Let 4 : T'(A) — X(N) be a free and complete algebroid action. Then there exists
an isomorphism

NgPXGNx

where G is the isotropy group G,(A) of the Weinstein groupoid of A and P = s~'(x) a principal
G-bundle.

Proof. By the dotted arrow in the diagram, or equivalently by Lemma there exists a
groupoid action of the Weinstein groupoid G(A) on pr : N' — M that induces «. Since A is
transitive, the Weinstein groupoid is transitive as well. Then the groupoid action is equivalent
to a group action of its isotropy group G := G.(A) on the fiber N, by Lemma This

correspondence is 1-1, and the proof of this lemma gives the desired isomorphism

where P = s7!(z) is a principal G-bundle. O

2.8 Free actions and integrability

In this section we show that the existence of a free action of a transitive algebroid forces it to
be integrable. To prove this result, we first introduce the foliation algebroid induced by a free
algebroid action. Then we consider the monodromy groupoid, which integrates this foliation
algebroid. Using this monodromy groupoid we show that the original algebroid is integrable as
well.

Consider a free algebroid action « : I'(A) — X(N). The image of this action lies in TN,
and gives a foliation on N, called the orbit foliation of the action.
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Proposition 2.61. If the action « : T'(A) — X(N) is free, the orbit foliation F, = Im(e) C
TN is a reqular foliation.

Proof. Clearly Im(w) C TN defines a distribution, which is smooth as « is smooth. We prove
that this distribution is involutive, i.e., closed under the Lie bracket. In order to show this,
consider @ : pr*A — TN as a vector bundle map (of vector bundles over N'), which is by
assumption injective. So, restricting the codomain to F, we find an isomorphism

a prrA S F,.
This also induces an isomorphism on the space of sections
a :T(prrA) = T'(F,).

Any section o € I'(A) induces a section pr*a := aopr € I'(pr*A). For just these sections it
is easy to prove they are closed under the Lie bracket, but these do not give all sections in
['(pr*A). An arbitrary section o € I'(pr*A) can be written as

k

a = Zfipr*(a,»), fi € C®(N), a; € T(A).

=1

A section g of F, is then by the isomorphism above generally written as

B = Zf,;@(oz,»), fi € C®(N), a; € T(A).

where « is interpreted again as a map « : I'(4) = X(N).

Now using this general description of sections, we can check that F, is involutive. Using
the Leibniz rule for Lie brackets of vector fields, we compute the Lie bracket of two general
sections of F,:

Zfz az Zgj BJ — Z[fzﬁ/(a) @(/8_])]
= Z gj fz az (ﬁ])] + 'Cfm(oéi)(gj)@(Bj))

= Z flgj (ﬁ])] + ‘Cfi@(ai)(gj){a(ﬁj) - gjﬁ@(ﬁj)(fi)@(ai))
=Zfi9j (00 B + Y Lratan(9) Zgj ) (fi) (o).

(2]

In the last line, we used the fact that « is a Lie algebra morphism. We find that this is again
a section of F,, as it is a linear combination of terms f;«(«;), so indeed the image of « is an
involutive distribution.
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Then by Frobenius’ theorem, this corresponds to a foliation of N'. The leaves of this foliation
are determined by their tangent spaces, which in turn are determined by F,: for L a leaf in
the foliation, and p € L, we have

T,L = { a(a)(p) € TN |a € T(4) }.
]

In general, a regular foliation of A/ can be seen as a sub-algebroid of the tangent bundle TN
By Frobenius’ theorem, a regular foliation is equivalent to an involutive distribution F C TN.
Involutivity implies F is closed under the Lie bracket of vector fields on T'A/, which allows us
to endow F with a Lie bracket. The anchor map p : F — TN is simply the inclusion map. The
previous lemma shows that a free algebroid action « : I'(4) — X(N) gives rise to a regular
foliation of N, which can be seen as an algebroid F, — N.

Consider now any foliation F of N, viewed as an algebroid, and consider the Weinstein
groupoid integrating it. This groupoid is defined by equivalence classes of F-paths. In this
case, the Weinstein groupoid can be described by considering leafwise paths on N, up to
leafwise homotopies, as the leaves of N are precisely the orbits of the algebroid F. From this
viewpoint, the resulting groupoid is also called the monodromy groupoid over N, defined
by
leafwise paths

Mon(N,F) =

leafwise homotopy

For a class [u(t)] € Mon(N,F) the source and target maps are given by s([u]) = u(0),
t([u]) = u(1). The unit map sends p to the class of the constant path at p; the inversion sends
[u(t)] to [u(t)™!] and the multiplication is determined by concatenation of paths.

Theorem 2.62. Let F — N be an algebroid arising from a foliation of N'. Then the groupoid
Mon (N, F) is smooth, hence all algebroids of this type are integrable.

For the proof of this theorem, and a more detailed discussion of integrations of foliation
algebroids, we refer to [Phi87]. Combining the last theorem with Proposition [2.61], we find an
additional integrability theorem for transitive algebroids with free actions.

Theorem 2.63. If A is a transitive algebroid with a free and complete algebroid action on a
surjective submersion N — M, then A is integrable.

Proof. Following Section we construct the Weinstein groupoid G(A) as the candidate for
the integration, and we look for a smooth structure on this groupoid.

By Proposition 2.61] we know that the free action induces a foliation on A/, which can be
integrated to the monodromy groupoid

Mon(N, F,) = N,

and it is known that this is a smooth groupoid.
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On the other hand, the algebroid action induces a groupoid action of G(A) on N' — M. We
do not know whether G(A) is smooth, but the construction in Lemma does always provide
a set-theoretical action. With this we can construct the set-theoretical action groupoid

GA) x N = N

which is smooth if and only if G(A) is smooth.

We now prove that this action groupoid is isomorphic to the monodromy groupoid Mon(N, F.,,).
This provides a smooth structure on the action groupoid, which in turn implies that the Wein-
stein groupoid G(A) is smooth.

To define the isomorphism, recall that an arrow in the action groupoid is a pair (g, p) where
g € G(A) and p € N such that s(g) = pr(p). The groupoid action of G(A) on N' — M was
defined in Lemma by so-called A-parallel transport, and evaluating this at time ¢t = 1.
Here, we consider the A-parallel transport itself. Let a(t) be a representative of g, so an A-path
above 7 : [0,1] — M. Then we denote by 7,(t) : Ny o) — Ny the path on A found by solving
the differential equation

To(t) (ug) = u(t), where u(t) is the solution of

{%u(w = a2y (alt))
u(0) = up.

Now define the map

®:G(A) x N = Mon(N, F,)
®([d], p) = [ra(t)(P)]-

By construction this map commutes with all structure maps. Note that it covers the map

Id: N = N.
In the other direction, consider a class [u(t)] € Mon(N,F,). Thus u(t) is a path in N,
such that for all time ¢, we have

Lt € 7o) = (e

Now just as in the proof of Proposition [2.61 we can identify Im(«) with the pullback bundle
pr*A over N. Then at any time ¢, we have

770 € (P Aue) = Apruio-

Now define the map
U: Mon(N,F,) = G(A) x N



By the identification that we made above, this maps indeed into G(A) x N, and again it is an
easy check to see it commutes with the structure maps.

We still have to show these maps are well-defined. First note that ® and ¥ are inverses to
eachother, which is easily checked. These maps represent the motto

“G(A) gives speeds of paths in A/, and A has the initial points.
Then Mon (N, F,) contains the entire paths in N.”

The algebroid action ensures that on both sides, we find paths that stay inside the leaves of

F,. Showing that ¥ and ® are well-defined now boils down to showing that leafwise homotopic

paths on AN correspond to A-homotopic paths via «. We see that this is basically the content

of Lemma [2.57, which requires the assumption that the algebroid action is free and complete.
Now that we have shown the isomorphism

Mon(N, F,) = G(A) x N,

we see that the smooth structure on the monodromy groupoid induces a smooth structure on
the Weinstein groupoid G(A), and indeed A — M is an integrable algebroid. O

3 The general linear groupoid and representations

In this section we discuss one example of a groupoid, namely the general linear groupoid of
a vector bundle. This example is closely related to the theory of groupoid and algebroid
representations. We will first define the general linear groupoid. Then we discuss groupoid
representations, and show that a representation is the same thing as a groupoid morphism to
the general linear groupoid.

We will then define algebroid representations. We want to discuss how algebroid represen-
tations are then the same thing as an algebroid morphism to the algebroid of the general linear
groupoid. In order to prove this, we first have to compute the algebroid of the general linear
groupoid. This section is devoted completely to this example. It is not explicitly used in the
rest of the thesis, but it is a nice introduction to the theory in Section [4]

Definition 3.1. Let M be a manifold, and ¥ — M a vector bundle over M. The general
linear groupoid of F is the groupoid GL(F) = M, with base space M and arrow space

GL(E)={(y,A,x)| A: E, — E, linear isomorphism, z,y € M }
with the following structure maps:
e source map s(y, A, ) = x,
e target map t(y, A, x) =y,

e unit map u(x) = (z,1d,z) with Id the identity map on E,,

38



e inverse map i(y, A, x) = (x, A™1,y),
e composition m((z, B,y), (y, A,z)) = (2, BA, ) with BA composition of maps.

It is straightforward to check that this definition satisfies the groupoid axioms. This
groupoid is transitive, as any two fibers admit an isomorphism between them. Furthermore,
the isotropy group at x € M is given by

GL(E), ={(z,A,x) | A: E, — E, is a linear isomorphism } = Aut(E,).

3.1 Groupoid and algebroid representations

The general linear groupoid can be seen as the standard example of a representation of a
groupoid.

Definition 3.2. A representation of a groupoid G = M is a vector bundle 7 : F — M

together with an action map
JIa Q XM F—F

where G Xy F = {(g,e) € G x F'|s(g) = w(e)}, such that the following hold:
(i) m(u(g,e)) = tg),
(i) pu(g; u(hse)) = plgh,e),

(iii) p(g,—) : Fyg) — Fi(g) is a linear isomorphism.

The collection of representations is denoted Rep(G).

Ezample 3.3. On the general linear groupoid GL(FE), one finds a very straightforward example
of a representation by taking the vector bundle £ — M and defining the action map by
pw((y, A,z),v) = A(v) where v € E,. The axioms of the representation encode precisely the
fact that A is a linear isomorphism between fibers.

Since the structure of a groupoid representation and the general linear groupoid are so sim-
ilar, we can view this as the ‘standard example’ of a groupoid representation, which motivates
the following lemma.

Lemma 3.4. For a groupoid G = M, a representation E € Rep(G) is the same thing as a
groupoid morphism G — GL(E).

Proof. Given a representation £ € Rep(G) with action map pu, we define a groupoid morphism
¢:G — GL(E) by ¢(g) = (t(g9), u(g, —), s(g)). From the axioms in Definition [3.2)it follows that
this is a morphism to GL(E), commuting with the structure maps. Given a groupoid morphism
¢ : G — GL(E) we make E into a representation by defining the map u : G Xy E — FE,
w(g,v) = A(v) where ¢(g) = (t(g), A, s(g)). Again the properties of groupoid morphisms make
this into an action map. Clearly this is a 1-1 correspondence. O
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Example 3.5. For the general linear groupoid GL(FE), the identity map GL(E) — GL(E)
induces the standard representation introduced in Example [3.3]

Remark 3.6. A groupoid representation can be seen simply as a groupoid action on a vector
bundle. From Lemma [2.55] we know that this induces an algebroid action on the vector
bundle as well. On the other hand, we will now introduce algebroid representations. It is not
immediately clear how these are related to the infinitesimal versions of groupoid actions that

we find from Lemma [2.55] This relationship will be discussed in Section |3.3|

Definition 3.7. Let A — M be a Lie algebroid. A representation of a Lie algebroid A is
a vector bundle £ — M with a bilinear map V : T'(A) x ['(E) — I'(E), («a, s) — V4(s), such
that for all f € C*(M), a,5 € I'(A) and s € I'(E),

() Via(s) = fVals),
(ii) Val(fs) = fVal(s) + L@ (f)(s),
(iil) Viapg(s) = VaVp(s) = V5Va(s).
A map V satisfying item (i) and (ii) is called an A-connection on £ — M. An A-connection
satisfying item (iii) is called flat. With this terminology, an algebroid representation is a vector

bundle with a flat A-connection. For A = TM we find the usual notion of connections on
vector bundles.

The obvious question is now how a groupoid representation might induce a representation
of its algebroid. Consider E' € Rep(G) and A = Lie(G). Consider a section o € I'(A), which we
can identify with the right-invariant vector field a® on G. Corresponding to this vector field,
there is a flow on G. We define the map ®$(¢) : M x R — G by, for x € M, flowing along this
vector field starting at the unit 1,:

(I)g(t) = 2;R(lac)
Lemma 3.8. For any t at which the flow of o is defined, ®2(t) € G is an arrow from x to
qﬁz(a)(x) (i.e., the flow of aft covers the flow of p(a)).

Proof. 1t is clear that ®%(¢) is an arrow in G. We want to compute its source and target. From
the definition of o, we have an explicit expression for the speed of ®2(t):

d o R
T 20(8) = age() = diag Ros o (epw)

This is a map into T'G, giving the speed of ¢ (¢). We want to consider the target map ¢ : G — M.
The differential is a map dt : TG — T'M. Applying this differential to the speed of ®%(t) gives,
using the chain rule:

dpga(n)t (dlt@%(t))R{)%(t) (Oét(<1>g(t)))> = d1,490), (t© Ragm) (er(@zy))
- dlt(d)%(t)) (t) (O‘t(ég(t))) since ¢ o Rg =1,
= P22 (1)) (at(‘b%(t)))
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where the last step follows as the differential dt restricted to A is precisely the anchor map p.
Now we have found that the composition ¢ o ®¢(t), giving the target of ®%(¢), is a map into
M with differential p(«). This implies indeed that

to®3(t) = ¢tp(a) ().

Now for the source of ®%(t), we can do a similar computation, applying ds to the speed of ®%(t).
We use the identification s = ¢ o 4. After applying the chain rule, we use that toio R, = s(g),
which is a constant map for fixed ¢:

doat) (toi) <d1t(q>%(t))Rq>g(t) (Oét(<1>g‘(t)))) = dlt((l)%(t)) (t 010 R@g(t)) (%(@g(t)))
- dlt(@%(t))s(q)g(t)) (Oét(@g(t))) since t o Ry = t,

=0.
This implies that s o ®¢(¢) is constant, and since at t = 0, %(0) = 1,, we have for all ¢ that
s o ®%(t) = z indeed. O
Now consider the inverse arrow (®%(¢))~!. This is an arrow from y := ;(a) (x) to z, meaning

it can act on vectors in E that are in the fiber £,. Finally note that for any section s € I'(E),
s(y) lies in this fiber, and applying the arrow (®%(¢))~! gives a vector in E,. Thus, it makes
sense to define the following map (J[CE11], Corollary 2.34):

Lemma 3.9. Let E € Rep(G) with action map p and A = Lie(G). Then E is also a represen-
tation of A, with the A-connection V : I'(A) x T'(E) — I'(E) defined by

Va(s)(@) = = p(®L() 7, 5(d)a) (2))-

t=0

We have already argued that this is a well-defined map of sections. It remains to show
that this satisfies the three properties in Definition [3.7 However, from this expression it is
quite difficult to prove property (iii). What we will do instead is apply this construction to the
groupoid GL(FE). We then compute the algebroid of GL(F) using this map. After that, it will
follow naturally that this construction works for any groupoid.

3.2 The algebroid of the general linear groupoid

Consider the general linear groupoid GL(E). Its algebroid will be denoted gl(E). It is quite
difficult to compute this algebroid directly. Using the map V defined above, we will prove that
its space of sections I'(gl(£)) is isomorphic to the space of derivations on E. First we will
define derivations, and see that they actually admit the structure of a space of sections of a Lie
algebroid.
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Definition 3.10. For a vector bundle £ — M a derivation is a pair (D, V') where D : I'(E) —
['(E) is a linear map of sections and V' € X (M) is a vector field, satisfying the following Leibniz
rule:

D(fs)=fD(s)+ Ly(f)(s) for all f e C*(M), se'(E).
V' is called the symbol of D. The space of derivations is denoted Der(E).

Lemma 3.11. Assume E is not the zero vector bundle. Then any derivation (D, V') is uniquely
determined by the linear map D : I'(E) — I'(E).

Proof. Suppose vector fields V' and V' are both symbols satisfying the Leibniz rule for D. Then
we find
Ly (f)(s) = Ly (f)(s), Vf € C*(M), s e T(E).

Consider this expression for a neighbourhood around some point x € M. We can always find
a section s of E such that s(z) is nonzero. Then the above equation shows that V' and V’
agree at the point z. Since this can be done around any point, we find that V and V' are the
same vector field. Each linear map D : I'(E) — I'(E) admits a unique symbol making it into
a derivation. O

As a result of this lemma, we will often refer to derivations simply by the linear map D. We
describe the associated symbol of D by the symbol map o : Der(E) — X(M), (D) =V.

Lemma 3.12. The space Der(E) has a Lie bracket given by the commutator of maps, with the
symbol induced by the usual Lie bracket of vector fields, i.e.:

[(Dlﬁ‘/l)v (DQ"/?)] = (Dl 0 Dy — Dy o Dy, “/1,‘/2])

Proof. Clearly the commutator is again a linear map of sections. We check that this commutator
satisfies the Leibniz rule. Let f € C*°(M), s € ['(E).

(D10 Dy = Dy o Di)(fs) =Di(fDa(s) + Ly, (f)(s)) = Da(fD1(s) + Ly (f)(s))
=fD10 Dy(s) + Ly, (f)Da(s) + Ly, Di(s) + Ly o Ly, (f)(s)
— [D20 Dy(s) — Ly, (f)D1(s) — Ly, (f)Da(s) — Ly, 0 Ly (f)(s)
=f(Dy 0o Dy — Dyo Ds)(s) 4+ (Ly, o Ly, — Ly, 0 Ly;)(f)(s)
=f(D10 Dy — D30 Ds)(s) + Ly v (f)(8)

This shows that indeed the commutator is again in Der(E), and that the Lie bracket of vector
fields [V1, V3] is the symbol of this commutator. O

This lemma also shows that the symbol map o : Der(E) — X(M) is a Lie algebra morphism.
We see that Der(FE), equipped with this Lie bracket and the anchor map o, has the structure
of the space of sections of a Lie algebroid. We will prove that this is isomorphic to the sections
of gl(E).

42



Theorem 3.13. Let E — M a vector bundle. Consider the groupoid GL(E) and its algebroid
gl(E). Then I'(gl(F)) = Der(E) as Lie algebras, and the anchor p of gl(E) corresponds to the
symbol map o.

The proof follows from a sequence of lemmas. First we prove that the map defined in
Lemma is a Lie algebra morphism for A = gl(F), and that this map commutes with the
symbol and anchor maps. Then, we will construct a commutative diagram of short exact
sequences involving gl(E) and Der(FE). Finally, we use this diagram to prove the theorem.

Lemma 3.14. Consider the groupoid GL(E) and its algebroid gl(E). Then the construction
of Lemma 3.9 defines a Lie algebra morphism

V :T'(gl(E)) — Der(E)
that commutes with the anchor map p and the symbol map o.
Proof. Applied to the groupoid GL(E), Lemma 3.9 defines a map V : I'(gl(E)) x ['(E) — ['(E)
by

-4 | @50) 7 56l ()

Here p is the action map as in Example , the standard action of GL(FE) on E. We can
interpret V as a map V : I'(gl(E)) — Der(E). We have to prove a few things. First of all, to
be a Lie algebra morphism, this has to be a linear map. This property corresponds to item (i)
in Definition [3.7 We consider the following expression:

Va(s)(x)

Vo)) = | p((BL1)) " 5(0h( gy (2))

t=0

First note that we have p(fa) = fp(a) for f € C°°(M). Then it is a general property of the
flow that ¢, (7) = (bi((z;t.

For the term ®/%(t), recall that (fa)f® = (f ot)a® (with ¢ the target map). From the same
general flow property we find ¢{; ) r(1;) = gzﬁif,st)(l“)t(lx) = ¢£§§)t(1m).

Now we apply a change of coordinates t — t/f(x), so d/dt — f(x)d/dt, to find indeed
V5a(s) = /Va(s).

Second, for o € TI'(gl(F)), V, should satisfy the Leibniz rule. Note this is equivalent
to property (ii) of algebroid representations (Definition [3.7). We prove this by the following
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computation, where we use the product rule in line 3, and then the fact that (1., s(x)) = s(x).

d

Va(fs) = at
t=0

4 _0f(¢f)(a)($))u((‘1>§(t))_l,S(be,(a)(ff)))
- (jt ) sl + ) | n((@20) " s(ohio )
@)@+ [Va(s)(a),

From this computation, we also see that indeed 0 o V = p.

p((2(6) ", (f9)(Fpia (%))

Finally, to be a Lie algebra morphism, this map has to commute with the brackets. Since
this is a local propety, this follows with a proof in local coordinates. O

Lemma 3.15. We have the following commutative diagram of short exact sequences, where o
1s the symbol map, and p is the anchor of A.

I'(End(E)) —— Der(E M)

\T/

Proof. We have to prove that both rows are exact, and that all maps commute. We have al-
ready proven commutativity on the right side, 0 o V = p.

We start with exactness in the top row. Consider the space Der(FE). Choose any vector bun-
dle connection V¥ on E. Then any derivation can be written as (V£ + A, X), where X € X(M)
and A is a C°°(M)-linear map of sections. The Leibniz rule for vector bundle connections and
the fact that A is linear implies that the symbol of this derivation is X. We can find such an
derivation for any vector field X, showing that ¢ is surjective. On the other hand, the kernel
of o contains precisely those derivation that are C°°(M)-linear, i.e. have symbol 0. By viewing
these derivation as maps sending x € M to a linear map E, — E,, we see that these form
the sections of the endomorphism bundle End(E). By this construction the top row is a short
exact sequence.

For the bottom row we follow a similar procedure. Since GL(FE) is transitive, gl(F) is as
well, so p is surjective. Now consider for any x € M the kernel Ker(p,). This is the isotropy
Lie algebra at z, which we know is the Lie algebra of the isotropy group at x. Recall that the
isotropy group is GL(E), = Aut(E,). Then its Lie algebra is Ker(p,) = End(E,), and indeed
we find on the level of sections I'(Ker(p)) = I'(End(E)). The map j is simply the composition
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of this isomorphism with the inclusion Ker(p) < A. By construction, this sequence is then
exact.

It remains to show that the left triangle is commutative. Let T € I'(End(E)). So, T is
amap T : M — End(E) such that at any point x € M, T, : E, — E,. Now consider the
inclusion j(T') € T'(A). We aim to show V o j(T') = i(T"). We prove this pointwise, using the
definition of V. Let s € I'(E) and = € M.

Vr)(5)(r) = o (BE0) ™ 5(6%50my ()
= o@D (1), ().

Here we used that j(7') lies in the kernel of p. Since S (T') covers the flow of ¢, (), and

the latter is the constant path at x, we see that A (t) will at any time ¢ be an arrow from
x to x. So, it is a path in the isotropy group GL(F),, which is isomorphic to Aut(E,). Note
that &1 (¢) is determined by the flow of the vector field j(T)%. We see that we only consider
the values of j(T) at arrows g € GL(E), = Aut(E,). For such g, we find then

J(T)g = di,, Ry(§(T)(x)) = dv, Ry(j(T)(x))

and since 1, in Aut(FE,) is simply the identity morphism, we find the usual Lie group-Lie
algebra correspondence here. Combined with the fact that for GL(E), the action p is simply
application of the linear morphism, we find

and the left triangle commutes as well. O]
Using this diagram, we can now prove that V : I'(gl(E)) — Der(E) is an isomorphism.

Proof of Theorem [3.13. To show that V is an isomorphism, it remains to prove it is bijective.
We use commutativity of the diagram above to show this.

First it is injective; suppose s is a section of A that is in the kernel of V. Then o o V(s) =
c(0) = 0, and by commutativity we must have p(s) = 0. That means s has some preimage
a € ['(End(FE)) such that j(a) = s. By commutativity of the left triangle then i(a) = V(s) =0,
and since 7 is injective, we find a = 0. Since s = j(a), we also have s = 0. So, the map V has
kernel zero and it must be injective.

For surjectivity, consider some derivation D. Since the anchor map is surjective, there is
some section s of A such that p(s) = o(D). Now consider V(s) = D', which is not necessarily
equal to D, but by commutativity it does have the same symbol as D. So D — D’ € Ker(o) and
by exactness there is some a € I'(End(FE)) such that i(a) = D — D’. Now by commutativity of
the left triangle, V(j(a)) = D — D’, and we conclude V(j(a) + s) = D, i.e. we have found a
preimage of D and thus V is surjective. O]
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We now move to the proof of Lemma [3.9] which stated that any groupoid representation
E on G induces a representation on its algebroid A. We have seen that it holds specifically
for GL(FE) with the standard action map and its algebroid gl(E). In general, we first have the
following lemma.

Lemma 3.16. A representation on a Lie algebroid A — M is equivalent to a Lie algebra
morphism

V :T(A) — Der(E)
which commutes with the anchor and symbol map (so 0oV = p).

Proof. Recall Definition |3.7} a Lie algebroid representation is a vector bundle £ — M with a
map
V:I'(A) x['(E) = ['(E).
We can also interpret V as a map
V :T(A) — Der(E).

Property (i) in Definition [3.7|is equivalent to this being a linear map. Property (ii) is equivalent
to the Leibniz rule for derivations, where p(«) is the symbol of V,,. Property (iii) is equivalent
to V preserving the brackets, which combined with being a linear map, is equivalent to being
a Lie algebra morphism. O

Proof of Lemma(3.9. Consider E € Rep(G) with action map u and Lie algebroid A = Lie(G).
By Lemmal3.4] this representation on g is equivalent to a groupoid morphism F : G — GL(E).
By Lemma , this induces an algebroid morphism F' : A — gl(E). Then via the induced
map on sections, F': I'(A) — I'(gl(E)) = Der(FE), we find by the previous lemma that this is
equivalent to a representation of £ on the algebroid A.

Denote by V* : gl(E) — Der(E) the isomorphism defined in Lemma [3.14] and denote by
pt the standard action map of GL(E) on E. Then the representation induced on A by the
procedure described above, is a map V : I'(A) x I'(E) — I'(E) defined by

Va(s)(x) = (V" o F)()(s)(x)
= Vioa(5)(7)

s (dnt)

T odt
¢(Foa)R = ‘F((baR)'
Now F corresponds to the original action u of G on E. Furthermore, since the map I'(A) —
Der(E) commutes with the anchor map, we find

(@) ).

For the flow, note the following:

d -1
Val)@) = 2| ((0ha(1) " 5(0ha (@)
t=0
which is precisely the connection constructed in Lemma [3.9] O]
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3.3 Relating algebroid representations to infinitesimal actions

Let G a groupoid with algebroid A. A groupoid representation of G is basically a groupoid
action p on a vector space E/. This induces on one hand an algebroid representation in the
form of a flat A-connection V on E as seen in Lemma[3.9] On the other hand, by Lemma [2.55
this induces an algebroid action « : I'(A) — X(E). Here we shows the relationship between
the induced connection V and the induced action .

First of all, let’s recall how the induced action « is defined. We basically revisit the proof
of Lemma [2.56] writing it in the notation we use for representations. Let E' € Rep(G) with
moment map p. Then for any p € E, u, acts on the source fiber s~ (7 (p)) by

pp s (w(p) = B, pp(g) = (g, p)-

We denote 7(p) = x. Taking the differential of this map at the unit 1, € s7'(x), we find a map
on the fiber of A above x:
dlz,up : leS_l(Qf) = Ax — TpE

Then on the level of sections, we find the induced infinitesimal action
@ :D(A) = X(E), «(a)(p) = (di,, 1) (xp)-

We find an equivalent description by revisiting the map ®¢(¢) defined before for a € I'(A):

O3 (t) = dn(ls).

From Lemma we know that at any time ¢, this gives an arrow in G from z to gbe(Q) ().
This means that ®¢(¢) is an arrow acting by u on the fiber E,. Furthermore this flow encodes
precisely the infinitesimal action on E induced by «, so equivalently the action is described by

@1 T(A) > X(E), ala)) = G| ¥p®)-p )

From this formula we find a third description of the infinitesimal action: «(«) is a vector field
on E with flow ¢\ (p) = @5, (t) - p = ¢ r(Lr(p)) - P-

In order to relate this infinitesimal action to the induced A-connection (the induced algebroid
representation) V, we have to consider the dual vector bundle E*. We first show that this dual
is again a groupoid representation.

Lemma 3.17. For any representation E of G, the dual vector bundle E* is also a representation
of G in a natural way.
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Proof. Let p denote the moment map of the representation E. Let (g,£) € G X3y E* and let
v € Eyg). Then we define y/ : G x s E* — E* by

1 (9,)(v) = &(ulg™" v)). (7)

We just have to check that this satisfies the three properties in Definition |3.2
First of all, u(g™!,-) is a map that takes elements in Fj,) since p is a moment map. Then
we know p(g7', ) € Ey,) which is a valid argument for £. This proves that the map ' is
well-defined, and also shows that p'(g,§) € B}, which is the first property of moment maps.
Using the fact that p is a moment map, we can compute the second property:

1 (g, 1/ (h, €))(v) = 1 (h, &) (u(g ™", )
= &(u(h™ wlg™v)))
=&(uh g™ v))
= 1 (gh, &)(v).

Finally to show that p/(g,-) is an isomorphism we construct an explicit inverse. Define
w(g,-): Ef,, — EY,) using the fact that w(g~t,+) has an inverse, by

1 (g,m)(w) =n(p (g~ v)).
Then we see indeed

1 (g, 1 (9,€))(v) = 1 (9,6) (1 (g™, v))
= &g, 1 (g ) = £(v)

and
"

(g, 1" (9,m)(w) = 1" (g,m) (g " v))
=n(p (g7 ulg™",v)) = n(v).
0

Because of this lemma, for any representation £ € Rep(G), we can consider E* € Rep(G)
and the induced infinitesimal action « : I'(A) — X(E*). This is of course directly related to
the infinitesimal action of E. In order to relate this to V, we introduce some notation.

Let s € I'(E). We want to express that this induces a function on E* by evaluating at s.
To express this, we define the function f; € C*°(E*) by

fs(§) = &(som(§)). (8)

Using these functions, we get to the main statement of this section.

Lemma 3.18. Let E € Rep(G), A = Lie(G). The infinitesimal action ¢ : I'(A) — X(E*) is
related to the A-connection (as from Lemma by

Loo)(fs) = Vi)
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Proof. We just do the computation, using the infinitesimal action as in Equation @ (which
describes the flow of the vector field «(«)).

Lo (O = Tlecaf o (6 (©))

d ¢
= Jli=ofso (Far(Lece) - €)

then using the definition of f;, and since ¢ r(1y(¢)) - € € E*Z(M(ﬂ(@),

= %ho (05r(La) - §) ((d)a)(7(€))))

then using the moment map on E* as in Equation (7)),

= ot ((¢hnl1000) ™ - 5065 ()

= &{(Va(s)(7(§)))
= [vas)(§)-
OJ

Remark 3.19 (Outlook for the coming chapter). In this chapter, we have discussed in detail the
general linear groupoid GL(E), alongside the theory of groupoid and algebroid representations.
This is similarly to the theory of Lie groups and Lie algebroids, where the general linear group
and group representations are related in a similar manner.

However for the next chapter, we will focus on a different aspect of the theory that we have
already developed here. In order to characterise the algebroid of GL(FE), we have constructed
an isomorphism I'(gl(E)) = Der(E). To construct this, we made use of the following sequence
(the bottom part of the diagram in Lemma [3.15)):

T(End(E)) —2— T(gi(E)) —2— X(M).

We saw that I'(End(FE)) = T'(Ker(p)), and this is a short exact sequence because p is surjective.
In this case, I'(End(F)) and X(M) also fitted into a short exact sequence around Der(E), which
gave a nice characterisation of gl(F). But even in general, any transitive algebroid A can fit
into such a sequence:

Ker(p) —— A —2— TM.

This is called an Atiyah sequence, and the next chapter will be devoted entirely to such se-
quences associated with transitive algebroids.

4 Transitive and Atiyah algebroids

In this section we will study transitive algebroids. The study of general linear groupoids and
algebroids in the previous section gave rise to a notion of representations of groupoids and
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algebroids. Similarly, the study of transitive algebroids will give rise to a natural notion of
connections on algebroids.

We will see that integrable transitive algebroids always come from principal bundles. Con-
nections on principal bundles will induce a natural notion of connections on these integrable
algebroids. This will be discussed in Section 4.2l For non-integrable transitive algebroids, there
is no associated principal bundle, but the notion of connections and curvature can be extended
in a natural way. This general notion of connections will be introduced in Section 4.1} In
Section we will revisit how this forms a natural extension of the principal bundle case.

Transitive algebroids naturally come with a short exact sequence, discussed already in Re-
mark [3.19] These sequences are called Atiyah sequences. As a preparation for Part [[I] and
Part [[TI} we will also discuss Atiyah sequences arising from fibrations in Section [£.4]

4.1 Abstract Atiyah algebroids

Consider a transitive Lie algebroid A — M with anchor p. Since p is surjective, A is regular,
and the isotropy Lie algebras Ker(p, ) form a Lie algebra bundle over M, see for example Section
10.2 in [Meil7]. This Lie algebra bundle will be denoted g(A). Then since p is surjective, we
can form the following short exact sequence.

Definition 4.1. Given a transitive Lie algebroid A — M with anchor p, its abstract Atiyah
sequence is the following short exact sequence:

0 —— g(Ad) — AL TM —— 0.
Using this sequence, we can introduce a notion of connections on transitive Lie algebroids.

Definition 4.2. Given a transitive Lie algebroid A — M, a connection is a right splitting of
the Atiyah sequence, i.e., a map o : TM — A such that po o = idpy,.
The curvature of a connection o is the 2-form €2, € Q(M;g(A)) defined by

Q6 (X,Y) = [0(X),0(Y)]a = o([X, Y]).
Lemma 4.3. ), is indeed a g(A)-valued form.

Proof. We have to check that p composed with this two-form is zero. We use the fact that p
preserves Lie brackets, and that p o o = idrys to find for any X, Y € X(M):

p(Qs(X,Y)) = p(lo(X), 0(Y)]a) = poo([X,Y])
=[poa(X),poo(Y)] - [X,Y]
=[X,)Y]-[X,Y]=0.
m
In words, the curvature measures the failure of o to preserve Lie brackets. This corresponds
to the interpretation of curvature in the case of principal connections. We will now discuss

transitive algebroids that are integrable, and we will see that connections in this case really
come from principal bundle connections.
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4.2 Principal bundles and classical Atiyah sequences

Let pr: P — M be a principal G-bundle. For principal bundles we know that quotienting by
G gives the base manifold: P/G = M. We expect that the quotient TP/G is then a vector
bundle over M. This is actually a specific instance of a more general result:

Lemma 4.4. Given a principal G-bundle pr : P — M and a G-equivariant vector bundle
g B — P, the quotient E /G is a vector bundle over M.

Proof. Let [p,v] € E/G, sop € P and v € E,. We define the projection map ng : E/G — M
as mg([p,v]) = pr(p). This is well-defined as [p, v] ~ [¢g, w] implies ¢ = pg for some g € G, and
pr(pg) = pr(p). Since pr is a projection map, it follows that 7 is smooth and surjective.

The fact that F/G is smooth follows from the G-action. The action of G on P is free and
proper. The same holds for the action on E, making F/G into a smooth manifold.

Local triviality follows from combining local sections of P — M with local frames of F — P;
the composition gives a local frame of the vector bundle E/G — M.

Finally consider the fibers; for € M, choosing a point py € P, allows us to write

(E/G)o =7 () = {[po, v]jv € T, B} ~ T, E

which shows that the fibers are linear vector spaces, and we conclude that E/G is a vector
bundle over M. O]

Corollary 4.5. A=TP/G — M is a vector bundle over M with projection 7([p,v]) = pr(p).

As the notation suggests, we want to make this vector bundle into an algebroid over M.
This requires us to define a bracket on its space of sections and endow it with an anchor map.
To define the bracket, we consider the G-invariant vector fields on P, denoted X(P)¢:

X(P)¢ ={X e€X(P)| X(pg) =d,R,(X(p))VpE P, g€ G}.

Note that these vector fields are automatically projectable vector fields, because pushforwards
are only defined for projectable vector fields. Since the Lie bracket commutes with pushforwards
of projectable vector fields, this space is closed under the Lie bracket. Now this induces a Lie
bracket on the space of sections of the algebroid A = T'P/G by the following lemma:

Lemma 4.6. I'(A) = X(P)%.

Proof. We prove this lemma by explicitly constructing the map between these two spaces. First
let s: M — TP/G be a section of A. Consider the pullback bundle pr*(7'P/G) over P, with
fibers pr*(T'P/G), = (I'P/G)xp for p € P. As we saw before, this implies that the fiber
pr*(T'P/G), is isomorphic to T,,P. In words, this pullback bundle first quotients T'P by G, but
then by taking the pullback we remove this quotient again; we see that the pullback bundle is
isomorphic to TP — P.
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Now a smooth section s : M — TP/G induces a section s’ : P — pr*(T'P/G) ~ TP, i.e. a
vector field on P. Explicitly, this is defined as s'(p) = (p, s(pr(p))). The corresponding vector
field is defined as p +— v,, where v, is a representative such that (p,v,) € s(pr(p)) as a class in
TP/G. Since pr(p) = pr(pg), we have that (p,v,) ~ (pg, vp,), i-€.,

X(pg) = vpg = dpRy(vp) = dpRy(X (p))-

We see indeed that this vector field on P is G-invariant.

For the inverse map, let X € X(P)¢. Let x € M and fix py € P,. Define s : M — TP/G by
s(x) = [(po, X (po))]. Since X (po) € T}, P, this represents a class in TP/G, and since pr(pg) = «
it lies in the fiber above x. To show this is well-defined, consider a different point in the fiber
qo € P,. Then for some g € G, qo = po - g. Now since X is a G-invariant vector field on P, we
have that X (qo) = dp,Ry(X (po)), so (po, X (po)) ~ (g0, X (qo)), and this section is well-defined.

Finally it is obvious that these operations are inverse to each other and we have an isomor-
phism ¢ : T(TP/G) = X(P)°. O

Next we want to endow A — M with an anchor map p : A — T M. The projection
pr : P — M induces the differential dpr : TP — T M. This induces a well-defined vector
bundle map dpr : TP/G — TM. To see that this is well-defined, let v € T,P and w € T, P
such that v ~ w. That is, there exists an element g € G such that ¢ = pg. Then using the fact
that pro R, = pr we have that

dgpr(w) = dypr(d,Ry(v)) = dp(pr o Ry)(v) = dppr(v).
Hence dpr is well-defined on the quotient 7'P/G. This will be the anchor map of A:
p:=dpr: A— TM.

Definition 4.7. The Atiyah algebroid associated to a principal G-bundle P 2% M is the
vector bundle A = TP/G — M with bracket induced by T'(A) = X(P)% and anchor map dpr.

Since pr is a submersion, dpr is surjective, hence this algebroid is transitive. This allows us
to construct the following short exact sequence.

Definition 4.8. The classical Atiyah sequence corresponding to the Atiyah algebroid of a
principal G-bundle P 25 M is the short exact sequence

0 — Ker(dpr) — TP/G —25 TM —— 0 . (9)

Similar to Section we have the following notion of connections on Atiyah algebroids.

Definition 4.9. A connection on an Atiyah algebroid is a splitting of the classical Atiyah
sequence, i.e., a map o : TM — A such that dm o o = idpy.
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In the case of Atiyah algebroids, connections on the algebroid are completely determined
by principal bundle connections. This correspondence is described in the following lemma due
to Atiyah.

Lemma 4.10. Principal bundle connections on a principal G-bundle P — M are in 1-1 cor-
respondence with connections on the Atiyah algebroid TP/G — M.

This result becomes immediate after a basic discussion of principal bundle connections.

Connections on principal bundles

Principal bundle connections are often described in several equivalent ways. We will show
here that these descriptions all arise from a short exact sequence associated to the principal
bundle. First we construct this sequence.

Consider the G-action on P, A : P x G — P. Pointwise (for p € P)this action can be
written as a map A, : G — P. Since the fibers of P are G-torsors, A, maps back into Py, and
is a diffeomorphism of this fiber. Associated to the action A, there is an induced infinitesimal
action « : g — X(P). Pointwise, the infinitesimal action is simply the differential of A, and is
also an isomorphism:

@p = deAp g = TpPpr(p) C TpP.

Consider now dpr : TP — T'M. The kernel of this map is formed by the collection of vectors
that are tangent to the fibers of pr. This space is denoted

T, P := T, Py = Ker(d,pr).

Combining this with the isomorphism @, : g — T}, Py (), We can construct a pointwise short
exact sequence:

0= g TP 225 T M — 0. (10)

By attaching g to every point in P, we construct P x g, fitting into a short exact sequence of

bundles over P: .
0= PxgSTP 2 pr*TM — 0.

Short exact sequences can admit splittings. We describe splittings of sequences in three equiv-
alent ways, given in the lemma below. See [Hat02] (p. 147) for a more detailed discussion on
splittings of short exact sequences.

Lemma 4.11 (Splitting lemma.). For a short exact sequence

0 v Aty p-T.C s 0

the following are equivalent:

1. A right splitting, i.e., a map q : C' — B such that p o q = idg;
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2. A left splitting, i.e., a map j : B — A such that j oi = idy;

3. An isomorphism ¢ : B — A @ C such that ¢ o i is the natural inclusion of A into A® C
and ¢t o p is the natural projection of A® C onto C.

We now describe the usual notions of principal bundle connections, and show that they are
simply splittings of Equation ([10) with a G-invariance condition.

First, a principal connection is often described as a vector subbundle H C TP that is
horizontal, so such that Vp € P, T,)P = H, ® TP, and that is G-invariant, so such that
Hpy = d,Ry(H,) for p € P and g € G. So a connection is a choice that allows us to talk about
horizontal vectors.

Second, a principal connection can be described as a g-valued 1-form on P, denoted w €
Q' (P;g). This should satisfy w(e(v)) = v, and be G-invariant. Pointwise, this acts is a map
wp : T,P — g.

Third, a principal connection is given by a horizontal lifting map, denoted % : X(M) —
X(P). This should satisfy dr o % = id (so pointwise, d,7(%(X),) = X)), and should be
G-invariant in the sense that Im(#%) C X(P)°.

These three descriptions are related by H = Im(#%) = Ker(w). We see that they correspond
to the three descriptions of a splitting of a short exact sequence, where we additionally have a G-
invariance condition. The splitting lemma stated above already claims that these descriptions

are equivalent, but for our purposes it is nice to see explicitly how a horizontal subbundle
H C TP induces a horizontal lifting map % : X(M) — X(P)°.

Lemma 4.12. A horizontal subbundle H C TP induces a map 7% : X(M) — X(P)¢ such that
dro % = id and Im(A) = H.

Proof. Let X € X(M). We aim to define £(X) € X(P)%, hence we want to assign for any p € P
a vector 7%(X), € T,P. Denote x = pr(p). Note that d,pr|y, : H, — T, M is an isomorphism
by the splitting lemma above. We define

(X)), = (dppr|7.[p)71 (X,) € H, C T,P.

From the G-invariance of H, it follows that the resulting vector field % (X) is also G-invariant.
The constructed mapping % maps into X(P)%, and has as image H.
m

With this lemma, we have a 1-1 corresondence between subbundles H and lifting maps 7,
the two descriptions of connections that we use most in this thesis. We now move to the proof

of Lemma [4.10

Proof of Lemma[4.10, Recall that a connection on the Atiyah algebroid is a splitting of the
Atiyah sequence, which is a map % : X(M) — I'(T'P/G) such that dr o Z = id. Recall that we
identified T(TP/G) ~ X(P)¢. Then by the discussion above, we see that this is equivalent to
a principal bundle connection on P. O
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4.3 Integrable and non-integrable transitive algebroids

In Section [4.2] we have seen that principal bundles induce transitive algebroids, and princi-
pal bundle connections induce a natural notion of connections on these transitive algebroids.
These connections took the form of a splitting of the classical Atiyah sequence. This notion of
connection can be naturally extended to general transitive algebroids that do not come from
principal bundles, which was introduced in Section In this section, we discuss the integra-
bility of transitive algebroids. We show that integrable transitive algebroids always come from
principal bundles. Then using this fact, we can argue that principal connections are the only
sort of connection that can induce some notion of connection on algebroids, further endorsing
the definitions in Section [L.Il These statements break down into a few lemma’s.

Lemma 4.13. The Atiyah algebroid associated to a principal G-bundle pr: P — M 1is precisely
the algebroid of the gauge groupoid (P x P)/G = M.

Proof. To prove this, we compute the algebroid associated to the gauge groupoid and see that
we find the Atiyah algebroid TP/G — M. To find the vector bundle A — M associated to
G = (P x P)/G, we determine its fibers

Ay =dy, s (2).

Fix for any x € M one point in its fiber p, € P,. We will use these basepoints to work with
homotopy classes. We can now compute the fiber of A above x:

Ae = Tip, p.) { (@, 02)] [ g € P})
= (szP X sz{px}) / ~

where ~ is the equivalence relation induced by the G-action. We see indeed A = T'P/G. With
a similar computation using fixed basepoints in each fiber, it follows that

x5

wmu

(P x P)/G) = x(P),

so the Lie bracket on the Atiyah algebroid agrees with the bracket on the algebroid of the gauge
groupoid. Finally, for both algebroids the anchor is defined as the differential of the projection
map. We see that the Atiyah algebroid induced by a principal bundle P — M is the algebroid
of the gauge groupoid of P — M. m

We now also have an alternative proof for Corollary [2.37}

Corollary. Let G be a groupoid with connected source fibers. If G is transitive, then its algebroid
18 transitive as well.

Proof. We know by Proposition that a transitive groupoid G is isomorphic to a gauge
groupoid for some principal bundle P — M. Then the algebroid of G is isomorphic to the
Atiyah algebroid TP/G — M, which transitive as its anchor p = dpr is surjective. O]
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Corollary 4.14. Any integrable transitive algebroid is the Atiyah algebroid induced by a prin-
cipal bundle.

Proof. Let A be an integrable transitive algebroid. Then its Weinstein groupoid G(A) is tran-
sitive as well, and integrates A. Since G(A) is transitive, it is isomorphic to the gauge groupoid
of some principal bundle P — M. Then A must be isomorphic to the induced Atiyah algebroid
TP/G — M by Lemma[4.13 O

The point of this section is to show the following. Any transitive algebroid that is also
integrable, is actually an Atiyah algebroid by this corollary, and connections on the algebroid are
naturally induced by principal bundle connections by Lemma [£.10] These integrable transitive
algebroids sit inside a larger class of transitive algebroids. For general transitive algebroids,
the notions of connection can be extended naturally as we have discussed. Moreover, since the
only groupoids integrating transitive algebroids are gauge groupoids, there is no other natural
notion of connection around on our groupoids than principal bundle connections.

FExample 4.15. As an application of this theory, we consider again the case introduced in Sec-
tion[3] Consider a vector bundle E — M, and the induced general linear groupoid GL(E) = M
consisting of tuples (y, A, z) where z,y € M and A : E, — E, a linear isomorphism. We have
considered its Lie algebroid gl(E), and proven that its space of sections is isomorphic to the
space of derivations on E: I'(gl(F)) = DO(E).

In order to prove this, we used our first example of a classical Atiyah sequence:

[(End(E)) — T(g(E)) — X(M).

Since any two points in M admit an isomorphism between their fibers in E, the groupoid GL(E)
is transitive. This also implies its algebroid gl( ) is transitive, and this sequence is indeed exact.
Now there is some principal bundle over M, for which the induced gauge groupoid is GL(F),
and for which the space of sections of the induced Atiyah algebroid is Der(E). Of course this
principal bundle is the frame bundle of £. We now make this more explicit.

The principal bundle associated to a transitive groupoid is found by considering the source
fiber at some fixed base point x € M. We have

s x)={(y,A,x)|y€ M, A: E, — E, a linear isomorphism },
and its fiber at y is precisely
s (z),={(y,A,x) | A: E, — E, alinear isomorphism }.
Its structure group is the isotropy group at x:
G.={(z,A,2)| A: E, — E, a linear isomorphism },

which acts by arrow composition. This boils down to composition of the linear isomorphisms.
Then we have an isomorphism of groupoids:

GL(E) = s '(z) x s7'(2)/Ga.
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On the other hand, associated to the vector bundle E — M| there is a principal bundle F'r(E),
the frame bundle. Its fiber at y is

Fr(E), ={A| A:R* - E, a linear isomorphism },

and its structure group is
GLL(R)={M | M :R* - R"}

where k is the rank of the vector bundle E. This acts on the frame bundle by matrix multipli-
cation.

Now since E is a vector bundle of rank %k, we can choose an isomorphism ¢ : E, — RF.
With this identification, we find that the principal G,-bundle s~!(z) is isomorphic to the frame
bundle Fr(E).

This also gives another description of the algebroid gl(F); we see that this is the Atiyah
algebroid

§l(E) = (T Fr(E))/GLy(R).

We see that Section [3| was an example of the theory developed in this chapter, but the ad-
ditional vector bundle structure allowed us to develop the theory of groupoid and algebroid
representations as well.

Considering connections, recall that vector bundle connections on F are in 1-1 correson-
dence with principal connections on Fr(FE). This implies that a connection on the Atiyah
algebroid gl(F) is the same thing as a vector bundle connection on E. Note that these connec-
tions are really different objects than the A-connections V that we associate to an algebroid
representation of A, even though we use the same symbol.

4.4 Atiyah sequence of a proper fibration

In Part [[I| and Part we will consider proper fibrations, and principal bundles will form
the ‘base example’ of the developed theory. We first define what we understand by proper
fibrations, and then we define a sequence for these spaces that behaves like the Atiyah sequence
associated to principal bundles.

Definition 4.16. A proper fibration is a surjective submersion pr : N' — M that is addi-
tionally a proper map.

Remark 4.17. e These conditions imply that a proper fibration is always a locally trivial
fibration by Ehresmann’s lemma.

e We assume properness to force completeness of certain vector fields, which we will make
more precise below.

Definition 4.18. Given a proper fibration pr : N' — M, an Ehresmann connection is one
of two equivalent descriptions:
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e a horizontal subbundle H C TN;
e a horizontal lifting map 7% : X(M) — X(N).
These descriptions are related by Im(%) = H.

By properness of pr, vector fields in the image %Z(X(M)) are complete, which will be a
crucial property in Section [5]

Recall the classical Atiyah sequence (Equation @D) associated to a principal bundle. We
now construct a similar sequence associated to a proper fibration. At any point p € N/, we can
construct a short exact sequence of vector spaces:

0= TN = TN = TupyM — 0,

where T;j./\/' denotes the vectors at p tangent to the fibers of pr. On the level of sections, we
find a sequence of vector bundles over N:

0 — X'(N) = XP9(N) — X(M) =0,

where XP"J(N') denotes the projectable vector fields. These are vector fields X € X(N) for

which there exists X’ € X(M) such that d,pr(X,) = X] ., forall p e N.

We now want to interpret this last sequence as a sequence of vector bundles over M, in
order to have any similarity to the classical Atiyah sequences. This forces us to deal with the
following infinite-dimensional vector bundles:

e XV — M with fibers X7 := X(N,), vector fields on the fiber N, tangent to the fiber.

Sections of this vector bundle are precisely vertical vector fields on N:
['(x") = Xx"(WN).

e XP°l — M with fibers X2 := XP"(N,), vector fields on the fiber N, which are pro-
jectable. Sections of this vector bundle are projectable vector fields on N

[(XProd) = XProi(N).
These give rise to a short exact sequence of vector bundles over M:

0= XV = XP9 5 TM — 0.

On the level of sections, we find a sequence of infinite-dimensional vector bundles over M, which
we call the Atiyah sequence associated to the fibration:

0— XY(N) — X9 (N) — X(M) — 0.
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In this description, an element V' € X¥(N) is a section of the bundle X* — M, and for any
r e M,V, e X(N,) is a vector field such that

Va(p) =V, € TNz, Vp € N

Comparing this sequence to the Atiyah sequence of a principal bundle, we observe that in
the Atiyah sequence, the middle term is actually an algebroid over M. In the case of a fibration,
it is not clear whether the same is true. In Proposition [7.1] we will see that (under additional
assumptions) there is a finite-dimensional subsequence which does have an algebroid over M
as the middle term.
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Part 11
Holonomy and the Ambrose-Singer
theorem

In this part, we introduce holonomy groups and state the Ambrose-Singer theorem. We will
first introduce holonomy for principal bundles, and discuss several properties of these groups.
Then we generalize to proper fibrations. In both cases, we fix a connection, which allows us to
lift paths from the base manifold to paths in fibers. Elements of the holonomy group are then
found by lifting along loops in the base. These groups will also have a smooth structure. The
Lie algebra of the holonomy groups will be determined entirely by the curvature of the chosen
connection. This is the statement of the Ambrose-Singer theorem. This theorem was originally
stated for principal bundles, but can be generalized to surjective submersions. For the classical
proof of this theorem, we refer to [AS53] or [KN96]. In this thesis we will not focus on this
classical proof; instead, we will take a different viewpoint using algebroids in Part [[TI] from
which we try to prove the theorem and gain other insights.

5 Holonomy groups

In this chapter, we follow mostly the description in the book of Kobayashi and Nomizu ([KN96] ).

5.1 Holonomy group of a principal bundle

Consider a principal G-bundle pr : P — M (with a right G-action on P) with a connection
% X(M) — X(P)%, corresponding to a horizontal subbundle H C TP. A horizontal curve
is a curve u(t) in P, such that for all times ¢ its speed is a horizontal vector, i.e., 0(t) € Hy).
The path ~(t) := prowu(t) on M is called the base path of w.

Starting from a path v in M, we can lift v to a horizontal path u in P using the connection
#%. For any initial point ug in the fiber at v(0), the horizontal path is determined by the ODE:

It is well-known that this admits a unique solution, see for example Proposition 3.1 in Chapter
2 in [KN96]. We say that v admits a unique lift to a horizontal curve u in P. Now we can
define parallel transport on principal bundles.

Definition 5.1. Parallel transport on P along ~ with respect to the connection % is the
mapping 7, : Pyo) — Py that sends uy € Py to u(1), where u(t) is the unique horizontal
lift of v (i.e., the solution to Equation (11])).
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When discussing holonomy groups, we will use the following properties of parallel transport
maps.

Lemma 5.2. The parallel transport map commutes with the G-action: forp € P,, g € G and
v a path from x to y, we have that 7,(pg) = 7,(p)g.

Proof. Denote by u,(t) the solution of Equation for w(0) = p, and by u,,(t) the solution
for u(0) = pg. Then we see that at time ¢t = 0, u,,(0) = u,(0)g. Consider now at any time ¢
the differential of w,(t)g = R,(u,(t)), which is by the chain rule:

du,y(t) dry dry
du, (1) Ry (%) = dy, ) Ry (ﬁup@) (g)) = Teu,(t)g (E :

Here we used the fact that Z maps to right-invariant vector fields. We see that this is equal to
the speed of the path w,,(t), thus by uniqueness of ODE’s those paths agree at any time t. [

Lemma 5.3. The parallel transport map 7, : Pyoy — Pyq) ts a diffeomorphism of G-torsors.

Proof. 1t clearly has an inverse given by 7.,-1. By the last lemma, it commutes with the G-action
on both fibers. Smoothness follows from a general theorem on ODE’s, stating that equations
of the form of Equation have a smooth solution, see Appendix 1 in [KN96]. O

Note that when ~ is a loop based at x € M, the parallel transport map is a diffeomorphism
of P,. Now we come to the definition of holonomy groups. To compose elements in these groups,
we have to work with piecewise differentiable loops v in the base. Note that for piecewise smooth
loops, Equation admits a piecewise smooth solution, and Lemma and Lemma still
apply (see also Chapter 2, Section 3 in [KN96]).

Definition 5.4. The holonomy group based at x is the collection of parallel transport maps
7, where 7 is a piecewise differentiable loop based at x:

Hol” = {7, : P, = P, | v a loop based at x }.
The restricted holonomy group is defined by restricition our attention to contractible loops:
Hol”® = {7, : P, — P, | v a contractible loop based at x }.

Lemma 5.5. Holf s a group, and Hol;f’0 is a subgroup of Holf.

Proof. The constant loop at z induces a constant parallel transport map, which is the identity
element and is in both groups. The group operation is concatenation of paths downstairs, which
is again piecewise smooth. Inverse elements are found by transporting along the inverse of the
base path. Since concatenation and inverses of contractible loops remain contractible, Holf 0
is a subgroup. O]

61



We now study the dependence of Holf on the basepoint z. First of all, we remark that for
principal bundles, holonomy groups are often introduced with basepoints in P, for example in
[KN96]. We will now introduce this viewpoint as well. Choosing a basepoint p € P, in P, we
use the fact that P, is a G-torsor. For any element 7, € Hol”, we have 7,(p) € P,. Then there
exists an element g € G such that 7,(p) = pg. This allows us to define holonomy groups with
basepoints in P as follows:

Definition 5.6. The holonomy group based at p € P is defined as
Holl’f ={g € G| 7,(p) = pg for some piecewise smooth loop v based at pr(p) }.
The restricted holonomy group based at p € P is defined as

Holf V' ={g€G|7/(p) = pg for some contractible piecewise smooth loop 7 based at pr(p) }.

Lemma 5.7. These are subgroups of G: Hol;f’o < Holﬁ <G@.

Proof. Both groups contain the identity element e, obtained from taking the parallel transport
along the constant path at pr(p). If g,h € Holf , then they are ‘induced’ by loops ~, and 74,

and it is easy to check that the concatenation ~y, o 73, induces hg € Holf , and the inverse path

Yy Vinduces ¢g71 € Holﬁ . The same holds for Holﬁ 0 and by the same argument as above this

is closed under these operations (and thus a subgroup itself). O

Now the following two statements hold for these groups. We assume here that M is path-
connected, and otherwise this holds for any path component of M.

e For all p € P,, there is an isomorphism Holf (0) o Holf (0

e For any p,q € P, there is an element g € G such that Holf(’o) = g‘lHolqﬁ(’O)g.

Together, these statements imply that holonomy groups are independent of basepoints (in M
or P), up to isomorphisms and conjugation. We now prove these two statements.

Lemma 5.8. For any p € P,, the (restricted) holonomy groups based at x and p are isomorphic.

Proof. To prove this lemma, we first rewrite the holonomy group Holf based at x in the following
way. We know that the maps 7, : P, — P, are diffeomorphisms of G-torsors, and 7,(p) = pg
for some g € G. We can rewrite the parallel transport map as a map 7/ : P, — G mapping p
to g € G such that 7,(p) = pg, and the holonomy group based at x is equivalent to

Holf%{Tész%GH@-Té(p) =7,(p) Vp € P, }.

Now it is clear by construction that the group Holf is determined by evaluating all maps
7, at the point p, giving an explicit mapping from Holf to Holf :
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In the other direction, suppose the group HOIZ‘ is known. This means that for any piecewise
differentiable loop 7, we know one value of the map 7/, namely the value at p. Then by
Lemma the value at any other point ¢ = pg € P, is determined as well by 7/(¢q) = 7.(p)g.
So we can recover Holf entirely from Holf as well, and we have found a bijection between these
two groups.

For the restricted holonomy groups we find a bijection in precisely the same way. Finally it
should be clear from the discussion above (for example the proof Lemma that the group

structures agree, and we conclude that these bijections are group isomorphisms. O]

In order to prove the second statement, we look at yet another description of holonomy
groups. This description is used in, for example, [AS53]. We define an equivalence relation on
P by saying p ~ ¢ if p and ¢ can be joined by a horizontal curve (a piecewise differentiable
curve in P with speeds in #H). Then the holonomy group based at p € P is defined as:

Hol? ={g€ G |p~pg}.

It is straightforward to check that this is precisely the holonomy group at p defined above.
The advantage of this description is that we can now easily compare holonomy groups with
basepoints in different fibers. We assume here that M is path-connected, and otherwise, the
following holds for each path component.

Let p,q € P and consider the points pr(p) and pr(q) in M. Since M is path-connected there
is a path « from pr(p) to pr(q). Parallel transport along this path maps p to some point in the
fiber of pr(q), so for some g € G, p ~ qg.

Lemma 5.9. With this element g, Holf = g_lHolfg.

Proof. Suppose h € Hoqui, so ¢ ~ qgh. We need to prove g thg € Holf. Using Lemma n we

find the following sequence of equivalences:
pg~‘hg ~ ghg ~ qg ~ p

where we used the equivalences ¢ ~ pg~!, gh ~ ¢ and qg ~ p in that order. This shows that
g thg € Holf . The other direction follows with a similar computation. O]

The same lemma holds for the reduced holonomy groups. Combining this lemma with
Lemma [5.8] we find the promised result:

Corollary 5.10. When M is path-connected, the (reduced) holonomy group is independent of
basepoint in M or P, up to isomorphisms and/or conjugation.

Remark 5.11. In the literature, holonomy groups are most often defined with basepoints in P.
This approach has the big advantage that one can use the inherited group structure of G. In
our case, we want to generalise to proper fibrations. For proper fibrations, there is no natural
group structure and the description of holonomy groups with basepoints in the fibers is not
insightful at all. For this reason, we also focus on basepoints in M when describing holonomy
groups of principal bundles.
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5.2 Holonomy groups of proper fibrations

Consider now a proper fibration pr : N — M (see Definition [£.16)), and fix an Ehresmann
connection given by a horizontal subbundle H C TN. Recall that this can also be seen as a
horizontal lifting map % : X(M) — X(N), such that dpr o /4 is the identity map. Clearly %
maps into projectable vector fields on N. Pointwise, %, : Ty M — T,N maps v to the unique
vector in H, such that d,pr(%,(v)) = v. Using this lifting map we can define parallel transport
for proper fibrations similarly to the principal bundle case. Throughout we will assume curves
to be piecewise differentiable.

Definition 5.12. Let v be a piecewise differentiable curve in M. Parallel transport along ~
with respect to the connection 4 is the map 7, : Nyg) — N1y, mapping uy € Ny to u(1)
where u(t) is the unique solution of the differential equation

{%:(t) =4 (%(1),
u(0) = up.

Remark 5.13. For this definition, it is important that pr is a proper map. We can view 7(t)
as an integral curve of some vector field X on the base. Then the horizontal lift u(f) can
be interpreted as an integral curve of the lifted vector field Z(X). We say the connection is
complete if this solution exists on the entire interval [0, 1], i.e., if the lifted vector field % (X)
is complete. Choosing X compactly supported, we see that properness of the map pr ensures
completeness of the connection, and the horizontal lift is well-defined on the interval [0, 1].

Lemma 5.14. For any curve v on M, the parallel transport map 7, : Nyoy — Nyqy is a
diffeomorphism.

Proof. The proof is similar to that of Lemma [5.3] By smoothness of solutions of such ODE’s,
proven in Appendix 1 of [KN96], it follows that all such maps are smooth, and the inverse of
7, is given by parallel transport along the inverse path 7.,-1. O

Definition 5.15. The holonomy group based at z is the collection of parallel transport maps
7, where 7 is a piecewise differentiable loop based at x:

Hol” = {7, : P, — P, | v a loop based at x }.
The restricted holonomy group is defined by restricition our attention to contractible loops:
Hol”® = {7, : P, = P, | v a contractible loop based at x }.

The holonomy group has a natural group structure, and the restricted holonomy group is a
subgroup of it, with the same proof as for Lemma [5.5]

Lemma 5.16. For any two points x and y in a path component of M, the holonomy groups
Hol” and Holf are isomorphic.
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Proof. Consider a path v in M such that v(0) = x and (1) = y. Note that the parallel
transport 7., : N — A, induces a map by conjugation

7'$ : Diff(V,) — Diff(N,), ¢ — 7',;1 0pOT,.

This is clearly smooth, and conjugation with the inverse y~! gives the inverse map, so this is
an isomorphism. This maps the holonomy group based at x to the holonomy group based at
y, from which we conclude these are isomorphic. O

A big difference with the previous section is that it is not very interesting to talk about
holonomy groups based at points in N; these do not inherit a natural group structure from
N, so this does not add new insights. We do have in both cases the important property
that the holonomy groups are independent of basepoints (in M). This suggests that, once we
assume they are Lie groups, their Lie algebras should also be in some sense independent of base
points. This motivates some choices that we make in the next chapter, where we introduce the
candidate for this Lie algebra.

6 The classical Ambrose-Singer theorem

Finally in this chapter we discuss the classical Ambrose-Singer theorem. We have already
mentioned that this theorem is about the Lie algebras of the holonomy groups. We first
introduce the candidate for this Lie algebra, which is the holonomy Lie algebra. We do this
immediately for the general case of surjective submersions, but of couse this covers principal
bundles as well.

6.1 The holonomy Lie algebra

Recall that the holonomy group is defined for a given connection %4 : X(M) — X(N). We can
associate to this connection the notion of curvature, which measures the failure of % to preserve
Lie brackets and is defined as follows:

Definition 6.1. The curvature associated to a connection %4 : X(M) — X(N) is the map
Q:X(M)x X(M) = X'(N), (X,Y) = £([X,Y]) — [£(X), £(Y)].
Lemma 6.2. The curvature Q maps to projectable vector fields on N .
Proof. Let X,Y € X(M). Applying dpr to Q(X,Y) gives
dpr (X, ) = dpr o A([X, Y]) — dpr[A(X), A(Y)].

Since dpro % = id and the pushforward of pr commutes with Lie brackets of projectable vector
fields, we find

65



Pointwise, the curvature gives a map
QO : T, M x T,M — X(N,).

We are now interested in the image of this map Im(Q,) C X(N;). The moral of the Ambrose-
Singer theorem is that this image tells us what happens infinitesimally when doing parallel
transport along loops based at z, i.e., this image is the Lie algebra of Holf .

However, simply defining these Lie algebras as Im(2,) gives rise to a problem. Recall
Lemma[5.16] (or, in the case of principal bundles, Corollary [5.10]), where we saw that holonomy
groups at different basepoints are isomorphic under the conjugation map T$ . This suggests
that the corresponding Lie algebras at different basepoints should also be isomorphic under
parallel transport maps. Taking this into account, we can define the holonomy Lie algebras.

Let v be any path in M starting at . Then 7, induces a map of vector fields, by ‘pulling
back’ vector fields on the fiber at (1) to the fiber at z:

7 XNyy) = X(Ny)),

Y

(X)) = dry 7, (X (7 ())).

Using this map, we can ‘pull back’ the image of the curvature at any point y back to z (as
Im(2,) C X(N,)). This defines the holonomy Lie algebra at x:

Definition 6.3. The holonomy Lie algebra at a point x, denoted ho[f , is defined by the
span of all transported images 77 (Im(€2,(1))) where  is a path in M starting at z.

We see that in any path-connected neighbourhood U C M, for any points x, y € U and 7y
a path from x to y it follows that
7% holZ — ol
is an isomorphism. This has resolved the issue we had before, where holonomy Lie algebras at

different basepoints could be different from eachother. Additionally, these isomorphisms give
in some sense a local trivialization

hol”|y = U x hol?

where we consider hol”? as a bundle over M, with fiber ho[f at x.

Recall the description of X¥(N') as the space of sections of the infinite-dimensional vector
bundle X¥ — M introduced in Section Assuming that each ho[f is finite-dimensional, we
can define a space of sections

['(hol?) := {s € X*(N) | s(z) € hol? Vo € M }.

This is clearly a C*°(M)-module. Furthermore, by covering M by a finite number of connected
charts it can be shown this is a finitely generated projective module, which by Swan’s theorem
implies we get a vector bundle hol* — M. Together with the local trivializations and the
following lemma, it is a locally trivial bundle of Lie algebras.
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Lemma 6.4. For any point x, the holonomy Lie algebra ho[f is a Lie subalgebra of X(N,).

It is possible to prove this lemma directly, but since the proof will arise naturally inside the
proof of [7.1], we postpone it until then.

6.2 The Ambrose-Singer theorem

Finally we can discuss the statement of the Ambrose-Singer theorem. In [AS53], this theorem
is proven for principal bundles, and we start by stating the version for principal bundles.
Theorem 6.5. Let P — M a principal G-bundle endowed with a connection %. Then

1. FEach group Holf 15 a Lie group with identity component Holf’o;

2. The Lie algebra of Hol” is hol”.

In this thesis, we focus on proper fibrations, for which we can state a more general version
of this theorem. In our discussion, we will discuss holonomy from the viewpoint of algebroids.
In order to this, we need an additional assumption on the connection.

Definition 6.6. A holonomic connection on a proper fibration pr : N' — M is a connection
% such that each holonomy Lie algebra hol? C X(N,) is finite-dimensional, and consists of
vector fields that are either nowhere vanishing or trivial.

Remark 6.7. Let P — M be a principal G-bundle with a connection #Z. Then 7% is G-invariant,
from which it immediately follows that elements of bo[f are either nowhere vanishing or trivial.
We see that principal bundle connections automatically satisfy this condition.

In Proposition it will become apparant why we need this condition. We can now state
the generalised version of the Ambrose-Singer theorem.
Theorem 6.8. Let % be a holonomic connection on a fibration pr: N — M. Then

1. Each group Holf 15 a Lie group, with identity component Holf’o,
2. The Lie algebra of Holf 8 ho[f,

3. There exists a principal Holf-bundle P — M such that there is an isomorphism between

4. There exists a principal connection on P that induces the original connection /7.

Recall that in Section [4, we constructed the Atiyah sequences of princpal bundles and
of fibrations. We already hinted at the fact that the sequence of a fibration will contain a
subsequence that is due to some algebroid (which we will prove in Proposition [7.1]). With this
subsequence, the situation looks a lot like the principal bundle case, which is further endorsed
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by items 3 and 4 in this theorem. These items suggest as well that the situation for proper
fibrations with holonomic connections is very closely related to the principal bundle case.

We now explain why we will not discuss the classical proof here, but take a different ap-
proach. We have shown that (if M is path-connected) all holonomy groups are isomorphic,
independent of basepoint. In the classical discussion of the Ambrose-Singer theorem this is
neglected. Mackenzie in [Mac05] has initiated the idea that holonomy should be discussed in
the context of transitive groupoids; the holonomy groups are simply the isotropy groups of a
transitive groupoid (recall that in a transitive groupoid, indeed all isotropy groups are isomor-
phic). Proving the Ambrose-Singer theorem then comes down to computing the algebroid of
this groupoid.

In Mackenzie’s approach, it is proven that the holonomy groups are Lie groups, and then a
holonomy groupoid is constructed with these groups as isotropy groups. Then he proves that
the algebroid of this groupoid has as isotropy algebra the holonomy Lie algebra. We will revisit
this approach in Section [8.2] In the coming chapter, we take a different approach. Starting
with the holonomy Lie algebras, we will see that an algebroid arises in a very natural way. We
will call this the Ambrose-Singer algebroid. Then we consider the Weinstein groupoid of this
algebroid, and attempt to compute its isotropy groups. The goal is to prove that the isotropy
groups are isomorphic to the holonomy groups.
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Part 111
Relating the Ambrose-Singer theorem
to algebroids

In this final part, we combine the theory of holonomy with the theory of groupoids and alge-
broids. This ‘new perspective’ is due to Mackenzie in [Mac05], and describes holonomy groups
as the isotropy groups of a transitive groupoid. As we have mentioned, we will take a different
approach than that of Mackenzie.

First, we will show that a holonomic connection 4 on a proper fibration N' — M induces an
algebroid, which we will call the Ambrose-Singer algebroid. This algebroid will have the bundle
hol” as its isotropy Lie algebra. Furthermore, this will be a transitive algebroid with a free
action, forcing it to be integrable. We consider its integration, and attempt to prove that its
isotropy groups are isomorphic to the holonomy groups, which will prove the Ambrose-Singer
theorem.

Besides discussing this classical result, we will be able to prove item 3 and 4 of the generalised
Ambrose-Singer theorem (Theorem , showing that N is isomorphic to the fibered product
of a principal bundle.

7 Re-interpreting the holonomy Lie algebra in the the-
ory of algebroids

We consider, as before, a proper fibration pr : ' — M endowed with a connection 4. Recall
that the curvature of this connection gives rise to a Lie algebra ho[f at every point in M. We
first show that if the connection is holonomic, we can construct a transitive Lie algebroid which
is integrable and acts on pr : N' — M. Then we consider path homotopies for this algebroid,
which we use to analyse its Weinstein groupoid with induced groupoid action.

7.1 The Ambrose-Singer algebroid A”

Proposition 7.1. Let # be a connection on a proper fibration N — M. The following are
equivalent:

e /2 is a holonomic connection;

e there exists a transitive Lie algebroid A — M with a free action @ : T'(A) — X(N), such
that the image % (X(M)) lies inside Im(«).
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Moreover, in this case there exists a smallest such algebroid denoted A%, and the isotropy bundle
of this algebroid is precisely hol”. This is the Ambrose-Singer algebroid.

Proof. First, suppose such an algebroid A with free action « exists. The freeness of this action
has a few consequences. First of all, since « is fiberwise injective, it is injective, hence we can
view it as an inclusion « : ['(A) — XPI(N).

Next, for any z € M we consider the isotropy Lie algebra g, = Ker(p,) C A,. The action
of A restricts to

a0 — X(N),
v X
where X, = «,(v) (for p € N).

From dpr o « = p it follows that this does map g, to vector fields tangent to the fiber at x.
We now claim that this map is an inclusion as well. The kernel of this map consists of v € g,
such that for all p € N, @,(v) = 0. Since the action is assumed to be fiberwise injective,
this implies v = 0. Hence the restriction @, : g, — X(N,) is injective and can be seen as an
inclusion.

Lastly, from the discussion above we see that if @, (v) is zero at any point p € N, it already
follows from injectivity of «, that v is 0. In other words, the action « sends g, to vector fields
that are either nowhere vanishing, or the 0-vector field.

We can now use these inclusions to construct the following commutative diagram.

0 » T(g) « ., T(A) ifx(M) 0
FooE ok g
0 —— X(N) — XPI(N) -2 x(M) —— 0

Note that since Z(X(M)) C Im(«), we can draw the map /4 in the upper sequence as
well. Furthermore, the diagram commutes; in the left square, we just have commutativity of
inclusions, and in the right square we find that the Lie algebroid action property dpro e = p
induces commutativity.

Now we consider the inclusion g, < X(N,) and recall that the holonomy group f)olf also
lives in X(N). We will show that hol” C g,, and since the latter is finite-dimensional, we then
conclude bo[f is also finite-dimensional. To prove this inclusion, recall that bo[f is spanned by
all Z-parallel transported images of the curvature (see Definition , so we aim to show that
these lie in g,.

First of all, consider the curvature itself:

Q(X,Y) = A([X,Y]) - [A(X), A(Y)], where X,Y € X(M).
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Since % maps into I'(A) and I'(A) is closed under the bracket, Q(X,Y) lives in I'(A); further-
more, since p is a Lie algebra morphism and p o Z = id, we find ,(X,,Y,) € g.. To generate
other elements in ho[f , we need to transport these terms with %Z-parallel transport. We claim
that /Z-parallel transport restricted to terms in g corresponds with the parallel transport of a
certain connection on the vector bundle g — M. First, we define this connection as follows,
using the notation [-,-]4 for the Lie bracket on sections of A:

V" X(M) x T(g) = T(g), V&(€) = [£(X),&la for X € X(M), € € g.

It is straightforward to check that this defines a connection using the fact that p([£(X),£]) =
[po7(X), p(&)] = [X,0] =0 (so it indeed maps back into g). Now we have the following lemma,
the proof of which we postpone.

Lemma 7.2. The %-parallel transport on the fibration pr: N' — M restricted to vectors coming
from the inclusions g, C X(N,), is equivalent to the V”-parallel transport on the vector bundle
g— M.

By this lemma, it is immediately clear that the Z-transported images of any Q. (X,,Y,) stay
inside g. This generates all elements of the holonomy Lie algebra, so we conclude ho[f C 9z,
and thus the holonomy Lie algebra is finite dimensional. Since we saw above that g, is included
in X(N,) by nowhere vanishing vector fields only, the same holds for ho[f , and it follows that
% is a holonomic connection.

In the other direction, suppose that /% is a holonomic connection, i.e., each ho[f is finite-
dimensional and consists of nowhere vanishing vector fields. We construct an algebroid A with
a free action on A. There are two requirements already; the image of the action should contain
the image of /4, and its isotropy Lie algebra must contain hol”. We construct immediately the
smallest possible algebroid satisfying all conditions, which will be the Ambrose-Singer algebroid
A”. From the two requirements just mentioned, the smallest possible algebroid is defined by

the condition
['(A%) = [(hol?) @ A (X(M)).

This is a direct sum, as the holonomy Lie algebras are generated by the curvature and sit in
the space of vertical vector fields on A/. This also defines A# as a vector bundle, by

At = pol” & TM.

Note that Z(X(M)) is identified with X(M), as % is injective. The anchor map is projection
onto the second coordinate:
p: A" - TM, p(£,X) = X.

We see that the isotropy Lie algebra of A is indeed g = hol?, showing that A% is the smallest
possible algebroid satisfying all conditions.
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It remains to define a Lie bracket on the space of sections and a free algebroid action.
We first define the action, as it gives an additional condition on the Lie bracket. There is a
straightforward choice for this action:

(A" =T (hol®) @ A(X(M)) — XTI (N)
(& 2(X)) — £+ 2(X)

where the vector field on the right is determined pointwise by
(€ + ﬁ(X))p = (o pr(p))p +%(X), € Tprr(p) D Hp.

This action satisfies dpr o & = p and its image contains %(X(M)). To show that it is fiberwise
injective, take p € N, and consider «,. If @,(&, £(X)) = 0, then both %(X), and ({(pr(p))),
must be 0. By injectivity of Z, we see X = 0. By assumption, ¢ is either nowhere vanishing
or the zero-vector field, so it must be the latter: & = 0. It follows that this action is fiberwise
injective.

Finally this action is required to be a Lie algebra morphism, which induces a condition
on the Lie bracket on I'(A%). This condition is written in the equation below. Note that the
brackets on the right hand side are the usual brackets of vector fields on N or M, and on the
left hand side we have the bracket on A% that is to be defined.

a ([(§2(X)), (n,2(Y))]) = [« (& £(X)) , @ (n,(Y))]

= £+ 2(X),n+A(Y)]

=&l + 6, 2(Y)] + [2(X), 0] + [#(X), h(Y)]
= [&. 0]+ Vi(n) = VE(€) - QX,Y) + (X, Y])

Here we use again the notation from the discussion above: V% (§) = [£(X), €] (and later we
will see that this still defines a connection, endorsing this notation). The last term of this
expression clearly lives in % (X(M)). We define the bracket on T'(A%) then as follows:

[,] s T(A") x T(A") — T'(A%),
(&, (X)), (n, 2(Y))] = ([&: 1] + V(1) = VI (§) — AX,Y), A([X,Y])).

With this definition the action « is immediately a Lie algebroid morphism. It remains to show
that this is a well-defined Lie bracket, first of all by showing that the first component indeed
lies in T'(hol”) and then proving that it is a Lie bracket. We show now that the first four terms
of the expression above all lie in T'(hol”?).

(13)

e First of all, the terms Q(X,Y) lie in I'(hol*) by construction.

e Next, consider the terms V% (n) and V% (€). Recall that the Lie bracket can be described
by

Vi) = [A(X),f] = -] (ddyx) (),



where qﬁtﬁ(x) is the flow on N along the vector field 4(X). This flow is precisely the
map giving /-parallel transport along integral curves of X. Recall that the holonomy

Lie algebra is invariant under parallel transport: this implies that for £ € F(ho[ﬁ ), we
have (d¢j, X))_l(ﬁ) € T'(hol”), which then must hold for its differential as well. So, for

¢ € T(hol?), all expressions of the form [%(X), ] = V4 (€) are again in T'(hol?).

e Finally, consider the term [, n]. By applying the Jacobi identity to the previous result, it
follows that hol” is invariant under the operations [[%(X), %(Y)], €], and then also under
the operations [Q2(X,Y),¢]. Since these terms generate the holonomy Lie algebra, we
have now shown that the holonomy Lie algebra is indeed closed under the Lie bracket, so
a Lie subalgebra of X(N,).

This proves that the map [-, -] given above is well-defined (maps back into I'(A%) = I'(hol*) @
%(X(M))). Additionally, the last point in this list also proves Lemma [6.4}

Lemma. For any x € M, the holonomy Lie algebra ho[f is a Lie subalgebra of X(N,).

Next, we prove the usual properties of the Lie bracket. Bilinearity, antisymmetry and the
Jacobi identity are all inherited from the Lie brackets that we use to define it, which can be
proven with some straightforward computations.

The final property it needs to satisfy, and which is a bit more difficult to check, is the
Leibniz rule with respect to the anchor map. Let f € C*(M). Under the identification
I'(A) = «(I'(A)), we consider the induced map f := f o pr € C®(N). Then we consider the
expression

(&, (X)), f(n, 2(Y))]

using Equation . This gives five terms, which we discuss seperately. Note that all these
terms are defined using regular Lie brackets of vector fields, allowing us to apply the regular
Leibniz rule.

e The first term is [¢, fﬁ] We note that f is constant on the fibers of A”. This implies
Le(f) = 0, because ¢ is a vector field tangent to the fibers (as for each x € M, {(v) €
X(MN.)). By the usual Leibniz rule, we find [£, fn] = f[&,n].

e For the second term, we see V% (fn) = [4(X), fn] = fA(X),n] + Lﬁ(X)(f)n.

e For the third term, we see =V (§) = —[fA(Y),€] = —fIA(Y), €] + Le(f). We have seen

Le(F) = 0, s0 we find —V%,(€) = —f[A(Y), €.
e For the fourth term, using the definition of the curvature form we find
—QX, fY) = —fAXY) = A(Lx())Y) + Lo (f)AY).

Of these three terms, the last two are clearly horizontal, so they should end up in the
second component. All other terms that we have found so far are by our discussion above
still in T'(hol™).
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e For the final term we find %([X, fY]) = fA([X,Y])+A(Lx(f)Y). Combining everything
we find

[(f,fi(X)),f(nvﬁ(Y))]—([ 0+ f
#(Lx(F)Y

(X)) + Lago (Fin = [IAY), € = FQAX,Y),
)

+ Lo (NAY) + [A(X,Y]) + #(Lx())Y))
=& £(X)), (0, A D] + (Laco () Laco () A(Y)
=&, £(X)), (0, £(Y )] + Loe.acxp(f) (1, £(Y))

Recall that the anchor map p was projection onto the second coordinate.

Taken together, these computations prove that the Leibniz rule holds for our bracket, finishing
the proof. Items 2 and 3 of the above list also prove that V7 is in fact a vector bundle
connection:

Lemma 7.3. On the vector bundle ol — M, there is a connection denoted V* defined by
V” 1 X(M) x T(hol”) — T(hol”), V5 (€) = [£(X),€]. (14)
O

This finishes the proof of Proposition [7.1] We now prove Lemma [7.2]

Proof of Lemma[7.3. Consider the #-parallel transport on N along a curve 7. We choose a
compactly supported vector field X on M that has v as an integral curve. Note that X being
compactly supported implies it is complete. The parallel transport along ~ is precisely the flow
¢§_2( x) on N. The induced parallel transport of tangent vectors to N is the differential of this
flow, so for £ € I'(g), %-parallel transport is given by dgbﬁ%(x) (£).

Now consider the introduced connection V% (€) = [4(X),£]4 on the vector bundle g — M.
Since « is a Lie algebra morphism, this is equivalent to the usual Lie bracket [£(X),£] on
X(N). Recall that this bracket measures the change of £ along the flow of % (X'), which can be
described as

[%(X), €] = %‘t:0<d¢§i(X))l(f)-

Now we claim that the map dqﬁ;( x) 18 precisely the map giving V”#-parallel transport on g — M.
We need to prove that this map gives a path in I'(g), that it covers v and that it is V#-parallel.

First of all we show that for § € I'(g) C X"(N), d¢j x,(§) remains in I'(g). We know that
the bracket [%(X), ] does map back into I'(g), and from the expression above, we see that this
bracket gives the infinitesimal version of the path d(bfi( X)(g). From this, we can conclude that
this path itself also maps back into I'(g).

Consider now its base path; on N/, d(ﬁ%(x)(f) covers the path qbf%(X), and from pr o ¢2(X) =
¢x o pr we see that it covers v on M (since 7 is an integral curve of X).
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Finally the path needs to be V”#-parallel. To see that this is true, consider v € g, which
corresponds to «(v) on . We compute the V”*-differential of the flow ddy (@ (v)):

Vi ey x) (@ (0))) (1(8) = [4(X), ddly x) (@ (v))]7(2)

= (6 )™ () (2 (0)) (1 (1)
=0.

Indeed this path d¢’;ﬁ( x) 18 V7% -parallel, showing it is precisely the V”-parallel transport on g,
which is thus the same as Z-parallel transport on N. O]

Corollary 7.4. The Ambrose-Singer algebroid A” is integrable.

Proof. This follows immediately from Theorem [2.63] as we have an algebroid with a free alge-
broid action. O

From now on, we will assume that the connection # is a holonomic connection, allowing us
to talk about the Ambrose-Singer algebroid. Since this algebroid is integrable and is endowed
with a free algebroid action, the Weinstein groupoid G(A”) admits an action on pr : N” — M
as well by Lemma [2.56}

We now shortly recall the construction of this induced groupoid action. The action of an
arrow g € G(A”) is determined by first taking a representative A%-path a (so g = [a]). Then
a(a(t)) lies in TN and gives the speed of a certain curve u(t) in N. The groupoid action
induced by g now maps uy € N to u(1), where u(t) is the curve in N/ with speed «(a(t)) and
initial point u(0) = ug. The following proposition shows that, in the case of the action of A%,
the groupoid action is related to parallel transport w.r.t. the connection 7.

Proposition 7.5. Given any curve v : [0,1] — M, its parallel transport 7, : Nyoy — Ny is
equivalent to the groupoid action induced by the class/arrow [ﬁ (‘fi—Z)} € G(A%).

Proof. The proof follows by comparing the differential equations that are involved in either
parallel transport or the groupoid action. Consider a curve v : [0,1] — M. Let uy € Ny).
Then 7%-parallel transport along v, applied to ug, is determined by solving

and parallel transport maps ug to u(1). Here, the algebroid has not come into play, and % is
simply a map % : X(M) — X(N).

On the other hand, since A% = hol” @ A(TM), #% (‘2—1) defines an A%-path above v. Here
we interpret %Z as a map into I'(A), by Diagram This A”%-path in turn represents a class
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in the Weinstein groupoid G(A”?). The action of this groupoid is determined by solving, for

Uy € ./\/’7(0),
{%u(w = (A (%),

U

and g is mapped to u(1).
Now by commutativity of Diagram [12]it follows that the two differential equations defined
above on N are precisely the same, and indeed parallel transport along 7 agrees with the

groupoid action of [ﬁi (Z—Z)} O

In order to relate this groupoid action to the holonomy group, we restrict our attention to
the isotropy group G,(A%). This restriction induces a group homomorphism denoted

® : G, (A") — Diff(N,).
Claim 7.6. The image ®(G,(A”%)) C Diff(N,) is precisely the holonomy group Hol?.

The fact that the image contains the holonomy group is immediately clear by the previous
proposition. To prove the other inclusion, we have to show that any element of the isotropy
group G,(A”) is mapped to an element of Hol”. Tt suffices to show that any A%-path above a
loop in the base is A%#-homotopic to some A%-path that is mapped to an element of Holf (i.e.,
that is acting by #Z-parallel transport along some loop). In order to do this, we need to discuss
A”-homotopies in more detail.

Remark 7.7. Claim is not proven yet in this thesis. In the next section, we work towards a
possible geometric construction to prove this, but it is incomplete. The difficulty can be seen as
the essence of the Ambrose-Singer theorem; showing that elements of the holonomy Lie algebra
hol” generate elements of the holonomy groups Hol”.

In Section [§, we give a few ideas on how to further solve this problem. But even without
proving the Ambrose-Singer theorem from this approach, we will see in Section how our
approach gives more insight than the classical discussions of holonomy concerning the structure
of the fibration N' — M. These results endorse Mackenzie’s ideas that holonomy should be
viewed in the context of groupoids, as groupoid theory can encompass their (global) properties
in a natural way that the classical discussion does not.

7.2 A”-homotopies

In order to understand the Weinstein groupoid of A%, defined as

A”-paths
A”-path homotopies’

G(A") =

we aim to understand A”-homotopies in more detail. We have already discussed general alge-
broid homotopies in Section 2.5 and we now develop this theory further for the Ambrose-Singer
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algebroid:
A" = phol” & TM.

We can decompose elements (and paths) in A% into a ‘vertical’ part lying in hol” and a ‘hori-
zontal’ part lying in T M. For an A%-path a(t) above a basepath v in M we will write

a(t) = (a"(t),a"(t)).

Recall that the anchor of A% is simply projection onto the second coordinate. Combined with
the condition that p o a(t) should give the speed of the base path v, we find the following
condition:

a(t) = C;—Z(t).

Hence, in general an A%-path can always be written as
dy
ty=(V(t), —(t
o0 = (v G0
where 7(t) is the base path and V(¢) is a path in hol” such that V(t) € ho[f(t).
Next we consider a variation of A% paths,
dye
(1) = | Ve(t , —(t )
o) = (Va0 o))
above a path-homotopy 7.(t) in M. In order for this to be an A%-path homotopy, we have to

compute the variation Var(t) defined in Section We consider the solution to Equation (2)),
which will be of the form

i) = (w0, 50

where W,(t) is again a path in hol”, such that W,(t) € ho[i(t). Here b.(t) is found by solving
the following differential equation, with V any 7'M-connection on A”:

{vzae(w = Vibe(t) = To(ac(t), be(t)

b (0) = 0. (15)

By definition, a(t) is an A%*-homotopy if and only if b.(1) = 0. However, this condition may
be reduced to one depending only on V', W and ~.

Proposition 7.8. The variation a.(t) is an A%-homotopy if and only if for the solution W,(t)
of

W.(0) =0 (16)

it holds that W.(1) = 0.

{V%Ve(ﬂ = Vi We(t) = = V(). W) = 2 (3. F)
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Proof. We consider Equation ((15)), and reduce it to Equation . First consider the boundary
conditions b.(0) = 0 and b.(1) = 0. The horizontal part of b.(t) (i.e., the T M-part) is known
to be Z—Z. Since 7.(t) is a path homotopy in M, ~.(0) and 7.(1) are constant, and the horizon-
tal parts of b.(0) and b.(1) are thus forced to be 0. The two boundary conditions reduce to
W.(0) =0 and W (1) = 0.

Next, recall that the solution b.(t) to Equation ([15]) is independent of the connection V on
A” . We can choose explicitly a connection on A% to simplify the equation. By Lemma we
have a connection V# on hol?, given by

V4 (M) x D(hol”) — T(hol”), Vx(€) = [£(X),¢].

On TM, we choose any Levi-Civita connection, denoted VI¢ : X(M) x X(M) — X(M).
Combined, this gives a connection V on A%, defined by:

V:X(M) xT'(A%) — T(A%)
Vy (&, X) = (V3(8), Vi©(X).

Consider now two general sections a = (£, X), b= (n,Y) € T'(A%). Using the definition of the
bracket on I'(A%) in Equation , we compute the torsion:

Tv(a, b) = vﬂ(a)(b) - vﬂ(b)(a) - [CL, b]

= VX(”» Y) - VY(&? X) - [(67 X)> (na Y)]

= (Vi(n) = V3(&) = [&,n] = V& () + V3(6) — QX,Y), VX (Y) = V¥9(X) — [X,Y])
Note that the horizontal part vanishes, because any Levi-Civita connection is torsion-free.

Moving back to A%#-homotopies, we can now simplify Equation . We compute the left hand
side for the chosen connection:

d d
Varac(t) — Vab(t) = [ VAV.() — VAW.(t), VEC (L) —vie (£1) ).
de @t s @ T \ dt @\ de
The horizontal part is the Lie bracket [%, Z—Z] (again because the Levi-Civita connection is

torsion free), and since these vector fields commute, the horizontal part is 0. Combining the
above expression with the expression we found for the torsion, we see that a(t) is an A%-
homotopy if and only if for the solution W,(t) of

V}%Ve(t) - V%WE@) - - [V€<t)a We(t)] -Q (Ccll_’Z’ le_Z) (17)
We(o) =
it holds that W,(1) = 0. O
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We now consider how, starting from a homotopy 7.(t) in M, we may construct an A”-
homotopy covering it. The naive guess turns out to be too restrictive, as shown in the example
below.

Ezample 7.9. Consider any path homotopy ~.(t) in M. Then we can find a variation of A%-paths

covering this homotopy by
dv(t
a.(t) = (O, dt( )) .

To check whether this is an A”-homotopy, we have to solve Equation for W,(t) with
Ve(t) = 0. We find:

dy dry
VA — Q or=r
Va Welt) (dt’ de)

(G ) o] = o (i) (3)) - (&)
- (@) ()]

This suggests the solution W(t) = % (‘;—Z), but W,(t) should be a ‘vertical’ path in hol”*, which
this is certainly not. We see that in general, this variation need not be an A%-homotopy.

In order to find an A”-homotopy, we have to add a vertical component to the variation.

Lemma 7.10. Given a homotopy .(t) in M, the following variation of A*-paths is an A”-
homotopy covering the base homotopy:
dye(t)
Ve(t), ——
( (0,2

o [ @ dy dy
Vi) = 0 [ (Q (E d—N)) 7

Proof. Consider a general variation of A”-paths given by (K(t), d%(t)> We assume that V.(0) =

where

a )
0. We aim to choose this vertical component V.(¢) in such a way that W.(t) = 0 solves
Equation (16]). Then the boundary conditions are automatically satisfied.
In order to find the component V,(t) satisfying this, we solve Equation for W.(t) = 0.

This comes down to solving
d dy dy
—V(t)=—Q|—,—|. 1
dev() (dt de) (18)

Recall that V() will be a path in hol”, which is invariant under parallel transport. This implies
that there exists for all (e,t) a term

V’Yo(t)<€>t) € bOIfO(t)
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such that
Ve(t) = 1% (Vo) -

Note that we use here parallel transort along the coordinate €, so along the path from ~,(t) to
Ye(t) in M for constant t. We use the notation 7., both for the parallel transport on N, and for
the induced transport on TN it should be clear from context which one is meant.

With this description, consider the left hand side of the equation to solve:

d

Lyt = v
SVA(t) = VL Vi)

)
o (i) () G(e0)

dt
] dy
g 7"507 ) |:ﬁ/ <a> JV’YO(t) (€,t>]
o[ d
= 0 <£V%(t)(€7 t)> :

Here we used the fact that parallel transport along ~.(t) with respect to € is equivalent to the
flow of /4 (Z—Z). Since this vector field commutes with itself, the flows commute and we can take

the term 7" out in front.

Now solving Equation for V.(t) we find:

d B dy dvy
v =-a(2.5)

d dy dvy
0,¢ V.
77( ) (de 70(t)<67t)) -9 (dt7 de)

d dy dvy
— — _ (&0 e
devm’(”(e’t) 7y (dt’ de)

€ = dy dy
=V, t) = — CO(Q( =, =) )de
’Yo(t)(€7 ) /0 Ty ( (dt7 C[EV)> €

¢ = dy dvy
V) = — (o,e>/ @ (oD Yz
— V(1) e i T = 3

The following result is now immediate, by evaluating at e = 0 and € = 1:

Corollary 7.11. Given a path-homotopy ~.(t) in M, the following A% -paths are A% -homotopic:

0557) ~ (0. 55)
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where

! dy dy
Vt:_(o,n/ € (o9 D\,
i) =727 | 7 dat’de ) )

! dy dy
= [ e (o Z2) ) de.
/oT7 ( (dt’d€)> ‘

If the base homotopy is the contraction of a loop, we have an even stronger result.

Corollary 7.12. Let 7.(t) be a contraction of a contractible loop ~o(t) based at xy, where
y1(t) = const,,. Then the following paths are A”-homotopic, with Vy(t) € ho[fo as before:

(0, d”;ﬁ”) ~ (Vi(1), 0,,).

In this discussion we have now encountered two specific types of A%-paths; paths that are
purely horizontal or purely vertical. Note that any path that is purely vertical, will have as
basepath a single point in M, and will thus be a path within one fiber of hol”. We will denote
these paths as follows:

: —{n )
1. For v :[0,1] = M, we set g, := (0, ;’l—t>

2. For v: [0,1] — holZ , we set h, := (v, 0).

With this notation, the statement of Corollary can be rephrased as g,, = hy,, with V; as
above.

Lemma 7.13. With the same notation, the following holds for concatenation of A%-paths,
where v s a path in bo[fo and v a path in M starting at xy:

oo = | (3o 2.

Proof. Denote by ag(t) the left hand side of this equation, and by a;(t) the right hand side.
Then using Equation to make the concatenation of A%-paths explicit, it is straightforward
to check that the following is a variation of A”%-paths:

((2 — €)v™(2t),0) if t < 1€

a(e, t) = t T( 2 2 dy (2t : l—¢
<(2 B E)T'y(i—tﬁrefl)(v (Ft-1D+1), 5% (Zr+e-1) ift >3

The solution to the differential equation in Equation ((16)) is

— SxBer(2 — )T (2t) if ¢
“" {c;l =) B (TERE - D)l
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which is also straightforward to check. Furthermore, W (e, 1) = 0, which proves that a.(t) is an
A”-homotopy. In Appendix Al we give a more detailed proof, where we show in detail how this
homotopy is constructed and how Equation can be solved. O

Corollary 7.14. Any A%-path a(t) can be decomposed as a(t) ~ g, - hy, for v the base-path of
a(t) and v(t) some path in f)olf(o).

Proof. Consider an A”-path above a path v, denoted

alt) = <a”(t),fl—Z) |

Define the path v(t) € bo[f(o) such that

a’(t) = 7V (u(t)),

which is possible as the holonomy Lie algebras are invariant under parallel transport. Now by
Lemma [Z.13] we have indeed

alt) ~ (0. G ) ~ 00

]

Now we turn to Claim . Recall that we found a group homomorphism ® : G,(A%) —
Diff(N,) induced by the groupoid action of G(A%). The claim is that the image of this group
homomorphism is precisely Holf . In order to prove this, it suffices to show that any A”-path
above a loop is A%-path homotopic to an A”-path that acts like parallel transport along a loop
in the base.

Consider an A%-path a(t) : [0,1] — A% above a loop v based at x. By Corollary [7.14} this
can be decomposed as a(t) ~ g, - h,. The first part, g,, acts on N, as %-parallel transport
along v by Proposition . It remains to show that h, for some v(t) : [0,1] — hol” also acts
by parallel transport along some loop A in M. We see that the proof of Claim has been
reduced to proving the following claim:

Claim 7.15. For any path v(t) : [0,1] — bol?, there is a loop X in M such that any of the
following equivalent statements hold:

o o([v(t)]) = 7a;
o A%-parallel transport along v(t) is equivalent to %-parallel transport along \;

L thg)\-
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From Corollary we find one possible way to prove this last claim. It suffices to find a
contractible loop A based at x, with contraction A.(¢), such that

o(t) ~ Vi(t) = /Olfyﬁn (Q (%, %)) de. (19)

By Corollary [7.12] this implies h, ~ gy as desired.

The challenge is to find this loop A for a given path v(t) : [0, 1] — hol”. Tt is unclear whether
this loop even admits an explicit expression, or can only be found as the limit of a sequence of
approaching loops. We will discuss this problem further in Section 8.1}

7.3 Proper fibrations as fibered products of principal bundles

From the groupoid action of G(A”%) on pr: N'— M, we can deduce that this proper fibration
actually comes from a principal bundle. In general, principal bundles give rise to fibrations in
the following way.

Lemma 7.16. Let P — M be a principal G-bundle, and let F' be a smooth manifold with a
G-action. Then
PxgF —M

15 a locally trivial fibration with fibers F.
Furthermore, if % is a principal bundle connection on P, then this induces also an FEhres-
mann connection on the fibration P X F.

In this section, we prove a result in the other direction, related to items 3 and 4 of the
Ambrose-Singer theorem as stated in Theorem [6.8] The precise statement of that theorem is
discussed in Section [7.4] and the proof of that statement depends on Claim [7.6] But even
without assuming Claim [7.6) we can prove the following:

Proposition 7.17. Let pr: N' — M be a proper fibration endowed with a holonomic connection
%. Then for any x € M, there exists a Lie group G and a principal G-bundle P — M such
that

N > M=2PxgN, = M,

and P admits a principal bundle connection inducing 7 .

Proof. The result follows by collecting a few lemmas from the discussion of groupoid actions
and the discussion of connections on Atiyah algebroids.

First of all, from Proposition [7.1| we find the integrable, transitive Ambrose-Singer algebroid
A% with an algebroid action on N'. This induces a groupoid action of G(A%) on pr: N — M.
By Lemma , this is equivalent to a G,(A%)-action on N, independent of the point z € M.
Recall that the Weinstein groupoid of a transitive algebroid is also transitive, hence G(A%) is
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isomorphic to a gauge groupoid. Denote now by G the isotropy group G,(A4%), and denote by
P — M the principal G-bundle s7!(x) — M. In Lemma we have proven the isomorphism

N = (PxN,)/G,

which proves the first part of our proposition.

Furthermore, we know that A” is transitive and integrable, so it must be the Atiyah alge-
broid associated to P — M. We have seen in Diagram [12] that the connection Z on N' — M
can also be seen as a connection on the algebroid A%#. By Lemma [4.10] this is equivalent to a
principal bundle connection on P — M. O

We remark that this proof does not depend on the structure of A% at all. We can write a
more general version, for which the same proof applies:

Lemma 7.18. Let P — M be a principal G-bundle and N — M a surjective submersion with
a connection %. Assume the gauge groupoid associated to P is endowed with a groupoid action
on pr: N — M, inducing an infinitesimal action @ : TP/G — X(N). If Im(e) C #(X(M)),
then there is an isomorphism

N = (PxN,)/G,

and the connection 7% 1s induced by a principal bundle connection.

7.4 The holonomy groupoid

In this section we discuss a second groupoid integrating A” besides the Weinstein groupoid.
The reason is that even if Claim is proven, it is not clear yet how this proves the Ambrose-
Singer theorem. The action of G(A%) on N is not necessarily free, so the isotropy group G,(A%)
will not be isomorphic to Holf . We now consider a different groupoid that also integrates A%,
but has precisely the holonomy groups Holf as its isotropy groups.

To find this other groupoid, we consider again the algebroid action « : I'(A%) — X(N) and
the induced foliation of N, determined by the distribution F, = Im(«) C T/N'. We have seen
that the Weinstein groupoid G(A”) is smooth because of the isomorphism

G(A") x N = Mon(N, F,).

We can look for other groupoids for which a similar isomorphism exists. We can search in two
directions;

e On the left hand side, we look for quotients H = M of G(A%#) = M that still act on N,
allowing us to construct the action groupoid H x N = N.

e On the right hand side, we look for groupoids integrating the foliation algebroid F,.
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The latter, groupoids integrating a regular foliation, are discussed in detail in [Phi87] and
[IMMO3]. The paper by Phillips describes the ‘holonomic imperative’; the monodromy groupoid
is the largest smooth groupoid integrating a foliation, and the holonomy groupoid is the small-
est. The importance of the holonomy groupoid explains the name ‘holonomic imperative’, but
a second reason for the naming convention is that the smooth structure on the monodromy
groupoid can be constructed with germs of holonomy diffeomorphisms. These same germs
are needed to construct the holonomy groupoid, and we will now make more precise how this
groupoid is constructed.

We follow the description in [MMO3]. First recall the notion of germs of locally defined
diffeomorphisms. Let K and R be manifolds, and x € K and y € R any points. A germ of
maps from z to y is an equivalence class of maps from opens around x to opens around y, such
that x is mapped to y. Two such maps f: U — V and f': U' — V' are equivalent if there is
an open W C U NU’ around x such that f|lw = f'|w.

Let U be an open around x and V' an open around y, then it follows that any map f: U — V
such that f(z) = y determines a germ, which we will denote by germ,(f). We will focus here
on germs of diffeomorphisms, i.e., germs of maps f : U — V such that f is a diffeomorphism.
These germs form a group under composition of maps. Using the notion of germs, we consider
paths in our foliated manifold, and assign to them a notion of ‘holonomy’:

Definition 7.19. For any leafwise path u(t) : p — ¢ in a foliation manifold (N, F), let T and
S be transversals to the foliation at p and q respectively. The holonomy of u is a germ of a

diffeomorphism denoted
hol(u) = hol™¥(u) : (T, p) — (S, q),

defined by the construction below.

Consider a leafwise path u : p — ¢ and transversals 7" at p and S at ¢, i.e., submanifolds of
N that are transversal to the leaves of N'. We can interpret the holonomy of u as a map from
T to S which draws leafwise paths in N, ‘horizontal’ to u. To define this, we distinguish two
cases.

1. If there is a foliation chart U of F such that the path wu(t) lies entirely in U, we define
the holonomy as follows. Find a neighbourhood V' of p such that V' C U where we can
define a function f: V — S, such that

e f(p)=4q
e for any p' € V, f(p') and p’ lie in the same plaque of U.

Choose V' small enough to ensure that f is a diffeomorphism onto its image, and define
hol®" (u) = germ,, (f).

This definition is independent of choice of U and f. Note that if v(¢) is another leafwise
path between p and ¢ lying entirely in U, then hol®” (u) = hol®” (v).
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2. If there is no chart U of F containing the entire path wu(t), we proceed as follows. Choose
a sequence of foliation charts Uy, ..., U, which together cover u(t), by which we mean

1
ui:—u({l ? ,ﬂ) Cc U, forallie{l,... k}.

Choose a sequence of transversals T' = Ty, T, ..., Tx_1, T), = S at points in the intersection
of these charts (i.e., T; is a transversal at some point p; € U; N U;41). Then within each
chart U;, we can do the procedure described above with respect to T;_; and T;. Composing
the holonomies from all charts, we define

hol®7 (1) = hol™Te=1 () o - - - 0 hol ™70 (uy).
Again, this definition is independent of the sequence U;.

The above procedure assigns a notion of holonomy to any leafwise path in A/. This has the
following properties (see [MMO3] for more details):

e [t is associative; for v : p — q and v : ¢ — r with T, S, R transversals at p, ¢ and r, we

have
hol”" (v o u) = hol®*(v) o hol™ (u).

e Leafwise homotopic paths have the same holonomy.

e Holonomy defines an equivalence relation on the space of leafwise paths in A/, where paths
u:p— qand v:p— q have the same holonomy if for a transversal T" at p,

hol” (v™1wu) = 1d.

e The above equivalence relation is also well-defined on the space of homotopy classes of
leafwise paths in NV, denoted ~y,.

The last item is an important conclusion, as it allows us to finally define the holonomy groupoid:

Definition 7.20. The holonomy groupoid of a foliated manifold (N, F) is the quotient
Hol(N, F) = Mon(N, F)/ ~pal -

This groupoid is always smooth. In both [MMO03] and [Phi87| the reader can find a con-
struction of the smooth structure on the holonomy groupoid and the monodromy groupoid.
Both smooth structures are constructed using the holonomies of paths defined above, which is
one part of the ‘holonomic imperative’.

The other part of this concept is that the holonomy groupoid is the smallest possible smooth
groupoid integrating a foliation, while the monodromy groupoid is the largest one. Furthermore,
any other smooth integration will ‘sit between’ the monodromy and holonomy groupoids. This
is made more precise in the following statement, which is the main theorem of [Phi87]:
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Theorem 7.21. Let (N, F) be a foliated manifold, and denote by R the equivalence relation
on N where (p,q) € R if and only if p and q lie in the same leaf. Let G = N be a Lie groupoid
such that the map (s,t) : G — R is surjective.

If there is a surjective groupoid morphism Mon(N, F) — G such that the following diagram
commutes

Mon(N, F) > G
\ ] /

then there is a unique surjective groupoid morphism G — Hol(N, F) such that the following
diagram commutes:

Mon(N, F) » Hol(N, F)
\ g /
.

Moreover, if (s,t) : G — R is an immersion, the map G — Hol(N', F) is an isomorphism.

We now move back to our goal in this chapter. We are looking for a groupoid integrating
A’ whose isotropy groups are precisely Hol”, and which still acts on /. We have seen that
these groupoids are closely related to groupoids integrating the foliation F,, for which the
theory above applies. To find our desired groupoid, it makes sense to simply take a quotient of
the Weinstein groupoid G(A”?) where we quotient out classes that have the same action on N.

Clearly, the resulting groupoid will still act on .

Definition 7.22. Let A% be the Ambrose-Singer algebroid, and denote by 7, the A%-parallel
transport on A induced by an A%#-path a(t). The holonomy groupoid of A” relative to A/
is defined by
A’-paths a : [0,1] — A”

g ~ a1 iffTaO = Tay '

Holy (A" =

With this definition we get to the main statement of this section, proving finally the
Ambrose-Singer theorem under the assumption that Claim holds;

Theorem 7.23. Let pr: N — M be a proper fibration with a holonomic connection %. Then
the holonomy groupoid of A% relative to N, Holn(A%), has the following properties:

e It is a smooth groupoid over M, integrating A”.

e [ts isotropy groups are the holonomy groups Holf.
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o The s-fiber at x is a principal Holf—bundle, denoted P,.
From these properties, we conclude that:
e The Lie algebra of Holf I8 ho[f, the isotropy Lie algebra of A” at x.

e There 1s an isomorphism
N = M=P, xyp Noe = M,
and the connection % 1is equivalent to a principal bundle connection on P — M.

Proof sketch. For the first part, we look at the correspondence of groupoids above. Since
Holp(A”?) still acts by A%-parallel transport (the action is even free), we can construct the
action groupoid Holy(A%) x N' = N. The first part of the theorem then follows from the
lemma:

Lemma 7.24. The groupoid Holy(A?) x N = N is smooth.

The fact that this groupoid is smooth should follow with the same proofs for the holonomy
and monodromy groupois over N, using the holonomy of leafwise paths. However, the details
of this proof are beyond the scope of this thesis.

The second part follows if Claim is assumed. By that claim, the image of the action of
G.(A”?) is the holonomy group. Since Holy(A%), is constructed by quotienting out elements
with the same action, it follows that it is precisely the holonomy group.

The third item follows from the second, as Holx(A”) is transitive.

The fourth part of this theorem is the statement of the Ambrose-Singer theorem. The
isotropy groups of Holx(A%) are the holonomy groups Holf , and they integrate the isotropy
Lie algebras which are precisely f)o[f .

Finally, the last part follows from simply applying Lemma Since Holp(A”%) still acts
on N and its isotropy groups are the holonomy groups, we find the desired isomorphism.  []

8 Outlook

In this chapter we discuss possible future directions of this project. Of course, the main open
question at this point is how to prove Claim or Claim [7.I5] Since the Ambrose-Singer is
true by the ‘classical’ proof, we know they hold, but proving this from the groupoid perspective
has been difficult. One possibility is applying the ‘classical’ proof techniques to these claims,
which we discuss in Section [B.I] Another approach could be to follow the construction of
Mackenzie, who also proved the Ambrose-Singer theorem using groupoid theory. We discuss
this in Section [8.21

Next, in Section [8.3| we look back to the proof that the Ambrose-Singer algebroid is in-
tegrable. This required a strong result on the integrability of foliation algebroids (in other
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words, the fact that monodromy groupoids are smooth). We show how one could prove the
integrability of A% without using this result, additionally giving more insight into the groupoid
action of G(A”?). Finally, in Section we discuss how the current framework can be applied
more generally in the discussion of algebroid connections.

8.1 Applying classical methods

We return here to Claim , the claim that the image of the action ® : G,(A%) — Diff(N,)
is precisely the holonomy group Hol”. First we explain why we believe this claim to be true,
then we give a possible method of proving this claim via a proof of Claim [7.15]

We are using this claim to prove the Ambrose-Singer theorem from a new perspective, but
of course this theorem is already proven in [AS53]. Acknowledging that this theorem holds, we
find that the claim follows for the identity components of the groups involved. We will now
make this more precise.

We focus on the identity component G,(A%)° of the isotropy group. The action ® reduces
to an action on this subgroup. On the other hand, recall the identification

G.(A")? = G(boly) /Im(0,).

Hence there is a surjective map from G(hol?) to G,(A%)°. At the same time, G(hol”) is the
simply connected Lie group integrating bo[f , while Holf is another Lie group integration. Then
there is also a surjection from G(hol?) to Hol”*. All together, we find a commutative diagram:

Go (A7)0 —2 DIff(N,)

l J

G(hol?) ——— Hol”"

from which we conclude that ®(G,(A%)°) = Hol”".

Now that the idea of why this claim should hold is clear, we move on to possible proofs.
Recall that the claim is proven if we find a proof for Claim Given any path v(t) : [0,1] —
ho[f , we want to find a loop A in M inducing the same parallel transport as v(t). As mentioned
before, it is possible that this loop exists, but admits no explicit expression. To prove that at
least this loop exists, we can look for a contractible loop satisfying Equation . We search
for a way to write v(t) as a path through Im(Q2) with varying basepoints. Then at each point,
we describe A\ as a sequence of lasso’s. These lasso’s are small rectangular loops that lie in
one coordinate chart. In that chart, we can do computations and prove that Equation ({19
holds locally. By taking the limit of this lasso-approximation, we find the desired loop A. This
technique is similar to the techniques used in the classical proof of the Ambrose-Singer theorem,
which makes it likely that this would work.
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8.2 Mackenzie’s approach

In [Mac05], Mackenzie gives a detailed discussion of transitive groupoids and path liftings, re-
sulting in an alternative proof to the Ambrose-Singer theorem in his Theorem 6.4.20 (which
is even stronger than Ambrose-Singer). In this section, we give an outline of this discussion,
mostly of Chapters 6.3 and 6.4 in [Mac05]. We will translate the notation that Mackenzie uses
to the notation used in this thesis. We first give a short summary of the entire procedure.

Starting with a Lie groupoid G = M and a connection on its algebroid, one can define a
holonomy subgroupoid of G using ‘parallel transport’ in G along the algebroid connection. The
algebroid of this holonomy groupoid is generated by the curvature of the connection.

Starting with a principal G-bundle P — M with a connection, we can apply this procedure
to the gauge groupoid G associated to P. It follows that in this case, the isotropy groups of the
holonomy groupoid are precisely the holonomy groups. By computing the algebroid of G, the
classical Ambrose-Singer theorem is recovered.

In order to apply this approach in the general case of proper fibrations, one has to find a rela-
tionship between the isotropy groups of the holonomy groupoid and the holonomy groups. This
relationship is more difficult to find, and requires a correct choice of ‘ambient groupoid’. By
ambient groupoid, we mean the groupoid of which the holonomy groupoid forms a subgroupoid.

We will now make this a bit more precise. Consider a Lie groupoid G = M. Denote by
P(M) the space of paths on M, and by P(G) the space of G-paths. Recall that a G-path is a
path g(t) : [0,1] — G such that for some z € M, g(0) = 1, and for all t € [0,1], g(t) € s7(z).
The following is Definition 6.3.1 in [Mac05].

Definition 8.1. A path connection on G = M is a lift X : P(M) — P(G) such that:
e 2(7)(0) = Lyo);

() € 7 (1));

Lifting commutes with reparametrizations;

If ~ is smooth at time ¢, then 3(7) is smooth at time ¢;

If v, v € P(M) such that
dy, Y,
Lty ===t
o (1) =—- (1)
for some time t’, then also

Path connections correspond to algebroid connections defined in Definition by the fol-
lowing lemma (Theorem 6.3.5 in [Mac05]):
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Lemma 8.2. Path connections ¥ : P(M) — P(G) on a groupoid G = M are in 1-1 correspon-
dence with connections o : TM — A on A = Lie(G).

This correspondence is determined by

%2(7)(%) = AR5y w) (0 (%V(to)» 7 € P(M).

The curvature of an algebroid connection ¢ is a 2-form measuring the failure of o to preserve
Lie brackets. The corresponding notion for path connections is called holonomy.

Definition 8.3. The holonomy of a path v € P(M) is the arrow § := X(y)(1) € G.
Using these holonomies, we construct a subgroupoid of G.

Definition 8.4. The holonomy subgroupoid associated to ¥ is defined by
0 =6(%):={7]7eP(M)} .

For any # € M, the holonomy group at x is defined as the isotropy group of the holonomy
groupoid:
©,={% |~ aloop at z }.

Note that any lift ¥(«)(¢) lies entirely in © by choosing reparametrizations. By Theorem
6.3.19 in [Mac05], © is actually a Lie subgroupoid of G. The main step in the proof of this
theorem is showing that the isotropy groups of © are Lie groups.

The next step is to compute the Lie algebroid of ©. Let A be the Lie algebroid of the
ambient groupoid G. Denote by g(A) the isotropy Lie algebra bundle of A. Define g(A)? to be
the least sub-Lie algebra bundle of g(A) such that

o R,(X,Y)eg(A) forall X,Y € TM, and
e (adoo)(I'(g(A)7)) C T(g(A)).
Here, R, : TM x TM — g(A) is the curvature
Ro(X,Y) = o([X,Y]) = [o(X),0(Y)],

and ad : A — Der(g(A)) is the adjoint representation (see Definition 5.2.16 in [Mac05]) deter-
mined by
ad(X)(V) = [X,V], X € ['(4), V € T(g(A)).

After defining g(A)?, we can find a subalgebroid of A denoted A which has g(A)? as its isotropy
Lie algebra, and which contains the image o(T'M). This algebroid A? is defined by its space
of sections:

D(A7) = { X € T(A) | X — 070 p(X) € [(g(A)) }.
Theorem 6.4.20 in [Mac05] states:
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Theorem 8.5. The algebroid of the holonomy Lie groupoid © is precisely the algebroid A°.

This concludes our summary of the Mackenzie’s theory. We will now discuss how this relates
to the classical Ambrose-Singer theorem, and to our Ambrose-Singer algebroid. Mackenzie also
discusses how the Ambrose-Singer theorem for principal bundles can be recovered in 6.4.21.
In our discussion we start with the algebroid A of ©, which we claim corresponds to the
Ambrose-Singer algebroid A”%. We give here an idea of the relationship between our work and
Mackenzie’s, but the proof details have to be worked out.

Lemma 8.6. Let % be a holonomic connection on a proper fibration. Denote by o the induced
connection on the Ambrose-Singer algebroid A* by Equation . The 1isotropy Lie algebra
bundle g(A)? defined above is precisely the holonomy Lie algebra bundle ho[f.

Proof sketch. The first condition, that R,(X,Y) lies in g(A)?, corresponds to the construction
of hol” as the collection of images of the curvature. The second condition is precisely what is
stated in Lemma [7.3] O

Lemma 8.7. The algebroid A° is precisely the Ambrose-Singer algebroid A”.

Proof sketch. Since A? is defined as having isotropy Lie algebra hol” and containing o(T'M) =
TM, we see that this corresponds to the Ambrose-Singer algebroid A% = hol” @ T M. O]

In order to prove the Ambrose-Singer theorem, it remains to show that the isotropy groups
of the holonomy groupoid © are precisely the holonomy groups Hol”. In the case of principal
bundles, this can be done using the gauge groupoid.

Let P — M a principal G-bundle with a connection %. Consider the gauge groupoid
(P x P)/G and the Atiyah algebroid TP/G. The connection /% induces a connection on the
Atiyah algebroid, which we denote by o. We remark that for principal bundles, the Ambrose-
Singer algebroid A# = hol” @& TM will lie inside the Atiyah algebroid. This is due to G-
invariance of the principal bundle connection %, by which we find that X(M) is identified with
%#(X(M)) C X(P)9.

The connection o on TP/G is equivalent to a path connection ¥ on the gauge groupoid.
Consider any loop v in M based at a point . We want to relate the following notions:

e /i-parallel transport along v: 7, : P, — P,
e The holonomy element 4 := ¥(y)(1) € (P x P)/G.

Lemma 8.8. Denote ¥ = [(p, q)] for some p,q € P,. Then the two notions given above are
related by

Tv(p> =4q.
Proof sketch. Recall that the holonomy element 4 is determined via the path lifting >, which
is determined by the differential equation

%2(7)(@ = dBs (@) (Uv@ (%V(t))) '
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On the other hand, /Z-parallel transport along v is determined by solving the differential equa-

tion p y
10 =0 (0)).

The connections % and o are the same maps (see their relationship in Lemma [4.10)). Fur-
thermore, both of these notions are G-invariant, from which we see they are equivalent and

7(p) = ¢ if ¥ = [(p, 9)]. O
Corollary 8.9. The isotropy groups of © are ©, = Holf.

Proof. The isotropy groups ©, are determined by holonomy (in the sense of Definition of
loops in the base, which by the previous lemma corresponds to the /Z-parallel transport along
that loop. We see that the holonomy groups Holf are recovered. O]

By this corollary and Lemma [8.6 we find that Mackenzie’s approach provides a proof for the
Ambrose-Singer theorem for principal bundles as we now find

Lie(Hol?) = Lie(0,) = g.(A%) = g.(A%) = hol”.

Of course, our discussion here hides a lot of details around the theorems of Mackenzie, including
the proof that the isotropy groups ©, are Lie groups.

Unfortunately it is not as straightforward to generalise this discussion to proper fibrations.
The algebroid A% will still be the Ambrose-Singer algebroid, but it becomes difficult to prove
a result similar to Corollary for proper fibrations. For principal bundles, we chose the
gauge groupoid as ambient groupoid, which made it easy to relate elements of that groupoid
to holonomy. For proper fibrations, we would like to take the Weinstein groupoid G(A%) as
ambient groupoid, and find holonomy subgroupoid © = Holy(A%). However, in this discussion
the same issue comes up that we couldn’t solve in Claim proving that the isotropy groups
of Holpr(A”?) are the holonomy groups Hol”.

In conclusion, this alternative approach does not immediately resolve the problems raised in
Section [7], but further examination of these techniques might give more insight into a geometric
proof of the Ambrose-Singer theorem. Besides that, other authors have build upon the frame-

work of Mackenzie, and their techniques might prove useful as well. We will see an example of
this in Section [R.4]

8.3 A different approach to integrability of the Ambrose-Singer al-
gebroid

In this section, we consider again the result of Corollary ; the algebroid A” is integrable. We

have proven this using the free action of A% on A’ — M. This action induced on one hand an

action groupoid G(A%) x N, and on the other hand a monodromy groupoid Mon(N,Im(<)).
An isomorphism between these groupoids forced G(A%) to be smooth. This proof relies on the
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fact that monodromy groupoids over foliated manifolds are smooth. In this section, we discuss
the integrability of A% without using this strong result.

Consider the algebroid action « : I'(A) — X(N) and the induced action of the Weinstein
groupoid G(A%). Restricting this action to the identity component of any isotropy group, we
find an action of G,(A%)" on the fiber A,. Now recall that

G.(AM)° = G(hol?)/Im(0,).

It holds that the groupoid action of G,(A%)° is equivalent to a group action of G(hol?) which
is trivial on Im(0,). The following lemma defines this group action.

Lemma 8.10. Interpret a path a(t) : [0,1] — bol? C X(N,) as a time-dependent vector
field on N,. Consider the induced isotopy ¢'.. Then the following defines a well-defined group
homomorphism, which is trivial on Im(0,):

p: G(holy) = DiffN;), ¢([a]) = ¢,

Proof sketch. First, we recall what we mean by isotopy of a time-dependent section, described
in Chapter 6 in [CdSO01]. An isotopy of A, is a map ¢'(p) : N, x R — N such that ¢° = Idy;,
and each ¢' : N, — N, is a diffeomorphism. A time-dependent vector field v; on N, induces
an isotopy by
% = V¢ © th.

We discuss first how to show this group homomorphism is well-defined. Consider two ho[f -
paths a(t) and b(t) which are hol”-homotopic. This means that there exist variations a.(t) and
be(t) of paths in hol” such that ag(t) = a(t), ai(t) = b(t), and

da  db

_— = b db60 :bglzo.

2= [a.8] and b(0) = b (1)
Interpreting these variations as time-dependent vector fields again, and computing their iso-
topies, it follows that ¢! = ¢;. Furthermore, concatenation of bo[f—paths commutes with
composition of flows (isotopies), from which we conclude ¢ is a well-defined group homomor-
phism.

To prove that this is trivial on Im(0,), recall that this image is precisely the collection

of classes [a] € G(hol?) such that a is A%-homotopic to 0,. The proof that the action is
well-defined also holds for A”#-homotopies, and we see that ¢! = gb(l)w = Id. O

Lemma 8.11. The kernel of the action ¢ is a discrete subgroup of G(f)olf).
This lemma has to be proven, hiding the difficult details of the desired result:

Corollary 8.12. The Ambrose-Singer algebroid A” is integrable.
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Proof. By Theorem [2.52| the (transitive) algebroid A” is integrable if and only if each Im(8,)
is discrete. By Lemma [8.10, Im(0,) lies in Ker(y), which is assumed to be discrete. O

Furthermore, we have (even without assuming Lemma [8.11)) a relationship between this
action and the holonomy group:

Lemma 8.13. The image of ¢ : G(hol?) — Dif(N,) contains the reduced holonomy group
Hol"*.

Proof sketch. Consider any element 7 € Holf 0 We may assume 7 arises from parallel transport
along a contractible loop 7. Then the following defines a path in G(hol?):

(0 ) = (5o ) @)

which satisfies ¢! = 7. To show that this is indeed a path in ho[f , one can prove the following

ol %r%(p) = (79 )+ (/01(7520)* (Q (Cclll’ Z%)) (p)dt> '

The image of the curvature form lies in the holonomy Lie algebra, which is invariant under
parallel transport. Thus this expression stays inside the holonomy Lie algebra. O

Finally, we show that this group action is indeed related to the groupoid action of the
Weinstein groupoid.

Lemma 8.14. The following two actions of G.(A%)°? on N, are equivalent:
e The action induced by ¢ : G(hol?) — Diff(N,)
o The restriction of ® : G,(A%) — Diff(N;)

Proof. Let g € G.(A%)" with a representative A-path a(t) : [0,1] — hol”. a(t) induces two
actions on . Both actions are defined by construction of a path in A" and evaluating at t = 1.
The first path is denoted ¢' and satisfies

d(bt_ '
E—a(t)ogb

The second path is denoted wu(t) and satisfies

du(t) -
o = “®(alt)) = a(t) o u(t).

Here we used the definition of the action of the Ambrose-Singer algebroid in Proposition [7.1]
Since these differential equations are the same, the two actions of a(t) agree. O
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With this lemma, the proof of Lemma follows immediately from Claim But on the
other hand, we can now view the theory developed in Section [7] from a different perspective.
Starting with this group action of G (ho[;;Z ) on N, we have shown that this action is well-defined
on G, (A%)°. If one can prove that the image of this induced action is precisely Hol”, this forms
(part of) the proof of Claim . Then, this group action can be generalised to the groupoid
action introduced in Section [7l

8.4 Application to algebroid connections

In this section, we consider a generalisation of the notion of connections, and see whether
this generalisation can fit inside our framework as well. We focus on a specific generalisation,
namely algebroid connections, introduced in this form by Fernandes in [Fer(2]. So far, we have
considered horizontal connections on proper fibrations pr : N' — M. We defined a connection
as a lifting map, lifting tangent vectors on M to tangent vectors on NV, or on the level of vector
fields:
% X(M) — XPOI(N).

We will call this situation the ‘covariant case’. Now let A — M be an algebroid, and recall the
definition of an algebroid action (Definition . This is a vector bundle map @ : A — TN,
which is a Lie algebra morphism on the level of sections:

a : T(A) — X9 (N).

Interpreting A as an alternative tangent bundle, we can interpret an algebroid action as a
generalisation of a connection. We remove the assumption that « : T'(A) — XP"(N) is a
Lie algebra morphism; after all, connections % : X(M) — XP"(N) in general do not commute
with the Lie brackets. This leads to the following definition, which is Definition 2.1 from [Fer02]
generalised to proper fibrations.

Definition 8.15. Let A — M be a Lie algebroid and pr : N' — M a proper fibration. Consider
the pullback vector bundle pr*A — N. An A-connection is a vector bundle map

A prrA — TN
which commutes with the anchor, i.e.,
dpr o A4 = p.
In the case of principal G-bundles, we additionally require A4 to be G-invariant.
Remark 8.16. This definition can be related to different concepts defined in this thesis:

e The covariant case can be recovered by considering the algebroid TM — M. That
is, throughout this thesis we have discussed holonomy induced by 7T'M-connections on
pr: N — M.
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e If an A-connection is additionally a Lie algebra morphism, we call it flat. Flat A-
connections are precisely the algebroid actions defined in Definition [2.54]

e If N — M is a vector bundle with a flat A-connection, we recover the notion of repre-
sentations introduced in Definition B.7

To any A-connection we can associate a curvature form. Similar to the covariant case, this
measures the failure of the connection to preserve Lie brackets.

Definition 8.17. Let 4“ an algebroid connection. The associated curvature is
Q:T(A) xT(A) = X"(N),
Ao, B) = £, Bla) = [£7 (), 22(B)].
For any x € M, this induces a pointwise map
Q1 Ay x Ay — XY (NL).

In order to generalise holonomy and the Ambrose-Singer theorem, we define parallel trans-
port with respect to an A-connection.

Definition 8.18. Given an A-path a(t), parallel transport along a(t) with respect to the A-
connection A4 is the map
7o : Nyo) = M)

transporting uy to u(1), where u(t) is the curve in A and the solution of the ODE

Remark 8.19. If the connection is flat, this parallel transport is precisely the transport that we
used to define an action of the Weinstein groupoid G(A) on N.

Using parallel transport, we can define holonomy induced by an A-connection:
Definition 8.20. The A-holonomy group at x € M is defined as
HolfA = {7, | a(t) an A-path covering a loop }.

The reduced A-holonomy group is defined by considering only contractible loops in the
base.

Note that loops in the base must be contained in a leaf of the algebroid foliation.
Finally we can generalise the Ambrose-Singer theorem. This is Theorem 2.1 from [Fer02].
Here we state a version for proper fibrations:
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Theorem 8.21 (Ambrose-Singer-Fernandes theorem.). Let A4 an A-connection on a proper
fibration N’ — M. The Lie algebra of the holonomy group HolﬁA 15 the linear span of

o 7(Im(Qy1))) for any A-path a(t) covering y(t) on M such that v(0) = x, and
o 7 (A4 a)) for a € Ker(pyy).

Compared to the classical case, the holonomy Lie algebras pick up an extra term. In words,
we find a sum of the ‘classical’ holonomy Lie algebras and the isotropy Lie algebra of A. In
the case of the tangent Lie algebroid T'M — M, we see that the isotropy Lie algebra is trivial,
hence the classical Ambrose-Singer theorem is recovered for T'M-holonomy.

Fitting this theory into our framework, we turn to Proposition [7.1] and construct the
Ambrose-Singer algebroid for A-connections. The Ambrose-Singer algebroid in the covariant
case was defined as the direct sum of hol” and TM, where TM was identified with the im-
age %4(TM) of the connection. In the case of A-connections, the image of the connection A4
is identified with the algebroid A, and the Ambrose-Singer algebroid for the connection %4,
denoted AS, is:

AS = ho"™" @ A

with anchor map pas(v,a) = pa(a). The isotropy Lie algebra of this algebroid is clearly
8(AS) = hol"" & g(A)
which agrees with the Ambrose-Singer-Fernandes theorem stated above.

Finally, one can wonder if this can be generalised to other connections. An example of
a result in this direction is a paper by Crampin and Saunders ([CS12]). This paper discusses
holonomy of nonlinear connections, specifically for Landsberg spaces in Finsler geometry. Using
the groupoid approach of Mackenzie, they prove a version of the Ambrose-Singer theorem for
those spaces.
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A  Homotopy for concatenation of A”-paths

In this appendix, we give the full proof of Lemma [7.13}
Lemma. Let v : [0,1] — M with (0) = xo, and let v : [0,1] — hol . Denote induced A”-paths
by
dry
Gy 1= (O, E) y hy = (,04,).

Then for their concatenation, the following holds:

oo = | (0 2.

Proof. This lemma is of course easily proven by checking that the provided variation of A”-
paths satisfies all conditions. In this appendix however we choose to show how to construct
such a homotopy.

We construct the homotopy a.(t) such that ag(t) is the left hand side of the equation and
ay(t) is the right hand side. First we have to compute in detail what concatenation of A%-paths
is, using Equation , and compute the base-paths of either side.

ao(t) (207 (2t), 0y,) if t <
olt) = .
(0,2%r(2t — 1)) ift >
with basepath

T ift <

V2t —1) ift>

D= D=

D= D=

and

a(t) = (5w @), 57 )
with basepath
w1 = (0

Now to find an A”-homotopy, we take three steps; we first define a homotopy of their base-
paths, then we define a variation above this homotopy, and then we prove that the variation
is actually a homotopy. For the homotopy of base-paths, there is a clear candidate, which we
denote by (e, t) to easily distinguish it from the original base path ~.

if 0 <t <=
&(e,t)z{xo e,

Y(E +e—1) if5E<i<

It is easy to check that this is indeed a homotopy between ~y(t) and 4 (%).
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We now move on to define the variation of A%-paths a(e,t). Its horizontal part has to be
the speed of 7. This splits into two cases, just like 4. The vertical part can be chosen any way
we want, as long as it maps to the correct fibers. We define a(e,t) here as general as possible,
and will explore then the conditions that suggest what the vertical terms should be.

ifo<t< 1=¢
oy {00 s
(U(e,t),ma(m+e—1)) if e <t <1

This comes with the following conditions on V' and U:

V(e,t) € holl, Ue,t) € ho{j(itﬁe—l)'

Furthermore, from the condition a(0,t) = ay(t) we find that we should have
U(0,t) =0, V(0,t) =207 (2t)
and from the condition a(1,t) = a;(t) we find

U(l,t) = T,?’t(vT(t)).
The other suggested condition for V(1,0) is actually a specific case of the following; at the
‘middle point’ t = (1 — €)/2, the terms U and V should agree, and we find the more general

condition . .
—€ —€
\%4 (e, 5 ) =U (e, 5 ) .

This condition ensures that the resulting path is continuous. Since any continuous A-path is
homotopic to a reparametrized smooth version, it is enough to impose continuity.

Any functions U(e,t) and V (e, t) satisfying these conditions would make a(e, t) into a varia-
tion. We now consider when it is an A”-homotopy, which will add further conditions on V (e, t)
and U(e, ).

In order to make this variation into a homotopy, we have to solve the following equations
for W (e, t), where W (e, t) is a path above 7:

VAV (et) — VAW (e, t) = — [V(e,t), W(e, t)] — Q(D,4) if0<¢t<
de dt - -

VA U(e,t) — VAW (e,t) = — [U(e, 1), W(e, t)] — Q(&, %) if e <t<1 (20)
de dt

W (e, 0) =0

After solving this, the variation is a homotopy if and only if W (e, 1) = 0. In this computation,
we can take this as an additional condition on the system that we are solving.
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These equations can already be simplified quite much when we consider what the base
homotopy 7 actually is. It is a reparametrization of the path v, where we stay at the intial
point xzq for a certain amount of time and then speed through the rest of the path. This means
that the derivatives w.r.t. ¢ and e actually point in the same direction. More explicitly, we can
just compute them. For 0 <t < (1 — €)/2, both derivatives are 0. For 3¢ <t < 1, we find:

2
dy 2 dy ([ 2t
e t) = hall 1
AL ey w7 (1+e+€ )

&7 ot dv [ 2t
“Lle,t) = 1) 2 1),
2 ((1+e>2+ )dt (e+1+6 )

This means that the curvature forms in Equation (20]) will be 0. Furthermore, as both deriva-
tives are zero for 0 < ¢ < (1 — €)/2, the connection terms in the first equation vanish as well,
leaving for the first equation only:

1—c¢

Ve t),W(e,t)] =0for 0 <t < (21)

For the second equation, we can plug in the computed derivatives and the definition of the
connection V” to find for % <t <1

o= 2 e (5 (2o o]

(B () ]

We are now in the following situation: we want to find paths V'(e,t), U(e, t) and W (e, t) that
satisfy all the above conditions. Then the variation a(e,t) is indeed a homotopy. Now that we
have gathered all conditions, we start solving the system.

(22)

We start by choosing a solution for W (e, t). Recall that this should be above 4 as well, so
a decomposition into the cases around ¢ = (1 — €)/2 makes sense. Note that Equation
suggests that for low ¢, W should be colinear with V. For high ¢, Equation is simplified if
W is colinear with U. This motivates the following choice for W (e, t), where f,g € C*(I x I)
are to be determined:

fle,t)V(e,t) if0<

t
gle,t)U(e, t) if % <

Wi(e,t) = {

From the condition W(e,0) = 0 we find that either f(e,0) = 0 or V(e,0) = 0. From the
condition W (e, 1) = 0 we find that either g(¢,1) = 0 or U(e, 1) = 0. Besides, we require that
the two cases agree at t = (1 — €)/2. Since we imposed that U and V agree at this point, we

find that we should have
7 1—e¢ B 1—¢
67 2 - g 67 2 .
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Now clearly Equation (21]) is satisfied with this definition. For Equation (22]), we see that
the bracket on the left hand side is 0, and the remaining condition is

(- 2)s20e) o (3 (o) ] -0

This gives the following solution for the function g(e, t):

6+1_ t
2 1+¢€

g(ea t) =

Note that it is not possible to satisfy the condition g(e,1) = 0. It follows that we must have
U(e, 1) = 0 in order to satisfy W (e, 1) = 0.

To solve for f(e,t), note that we have two known points: we would like to satisfy the
condition f(e,0) = 0, and we have that f and g should agree on the midpoint t = (1 — €)/2.
From this it is easy to find f as a linear function of ¢, and we have for W:

(%t) V(e,t) if + < 1€
(= L) Ule,t)  ift > 1<

2 1+e

W(e,t) = {

Since we have satisfied W(e,0) = 0 with this choice of f(e,¢) we do not need to require
V(e,0) = 0.
It remains to solve for U(e,t) and V (e, t) with the following conditions:

%

2.U

6. V
7. V(e, 1_6) = U(e,ﬁ).

We remark that condition 4 is only needed to make the solution an A”-homotopy, and the other
conditions are imposed to construct a well-defined variation of A%-paths.

These requirements suggest the following solutions, where f,.h € C°(I x I) and g,k re-
paremetrizations of (e, t) are to be determined:

V(E, t) = f(67 t>v‘r(9(€7 t))
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Ule, t) = h(e,t)Ti(%jLe_l)(vT(k(e,t))).
In this way, conditions 1 and 5 are automatically satisfied. Note that between ¢ = 0 and
t = (1 —¢€)/2, the path (e, t) is constantly xy, and the parallel transport map is simply the
identity map in this time interval. The remaining conditions now all induce conditions on these
functions f, g, h, k:
e Condition 2 implies that either h(0,¢) = 0, or k(0,t) is 0 or 1. Note that v is the
reparametrized path, which is 0 at its endpoints.

Condition 3 implies that h(1,t) =1 and k(1,t) =t.

Condition 4 implies that h(e,1) = 0 or k(e, 1) is 0 or 1, similar to condition 2.

Condition 6 implies that f(0,t) =2 and ¢(0,t) = 2¢.

Condition 7 implies that at ¢t = (1 — €)/2, the functions f and h should agree, and the
functions g and k should agree.

First of all, we let f(e,t) = h(e,t) = 2 — e. This satisfies f(0,t) = 2, h(1,t) = 1, and makes
f and h agree at t = (1 —€)/2. Then we define g(e,t) = 2¢, which satisfies the only explicit
condition on g: ¢(0,¢) = 2t. What remains is to find k(e, t) with the conditions

o k(0,%),k(e, 1) € {0,1},
o k(1,t) =t,
o kle,(1—¢)/2)=1—c¢

The last condition comes from the requirement g(e, (1 —€)/2) = 1 — €. The solution is given by

k(e t) = Qje(t— 1)+ 1.
This finishes the proof. To summarize, the final A%-homotopy is given by
(2 —e)v™(2t),0) if0<t< i
alet) = ((2 — O (0T (R =) 1) 2 (B e 1)) if e <t <1
The solution to the differential equation in Equation is
CEBH(2 — )7 (2t) if 0 <t <1
Wiet) = {(% ) @7 (TR D+ ) <<

and since this satisfies W (e, 1) = 0, we have a homotopy between ag(t) and a;(t), which shows

oo = | (0 2.
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