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Resumo

Valencia, F. Teoria de Morse em grupéides de Lie. Tese (Doutorado) - Instituto de Matematica

e Estatistica, Universidade de Sao Paulo, Sao Paulo, 2024.

Estendemos a teoria de Morse classica ao contexto dos grupdides de Lie e seus stacks
diferencidveis. Isto nos permite obter informagdes geométricas e topolégicas dos obje-
tos singulares representados pelos espagos de drbitas correspondentes, oferecendo uma
abordagem unificada para estudar a teoria de Morse equivariante, bem como a teoria
de Morse para orbifolds. Mostramos uma versdo do lema de Morse em grupéides, de-
screvemos o comportamento topolégico dos grupéides de Lie ao redor das 6rbitas criticas
ndo degeneradas, estudamos a dindmica de Morse-Smale e recuperamos a cohomologia
de Bott-Shulman-Stasheff de um grupéide usando técnicas da teoria de Morse. Defini-
mos fungdes de Morse em stacks, provando assim andlogos dos resultados anteriores no
contexto dos stacks diferencidveis. Isto dltimo nos permite obter desigualdades de tipo
Morse para espacos de 6rbitas compactos associados a grupdides préprios. Para desen-
volver uma teoria de Morse 2-equivariante em grupéides, introduzimos uma nogao natu-
ral de agdo isométrica de um 2-grupo de Lie em grupéides Riemannianos. As contrapartes
globais e infinitesimais de tal nogado sdo exploradas em detalhe. Também estudamos a ex-
isténcia de geodésicas fechadas em stacks Riemannianos e descrevemos construgées que

explicam como obter a cohomologia equivariante dos stacks simpléticos téricos.

Palavras-chave: Teoria de Morse, grupdide Riemanniano, geodésica fechada, agdo isométrica,

cohomologia.
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Abstract

Valencia, F. Morse theory on Lie groupoids. Thesis (PhD) - Instituto de Matemaética e
Estatistica, Universidade de Sao Paulo, Sdao Paulo, 2024.

We extend classical Morse theory to the realm of Lie groupoids and their differen-
tiable stacks. This allows us to obtain both topological and geometrical information of
the singular objects represented by the corresponding orbit spaces, offering a unified
approach to study equivariant Morse theory as well as Morse theory for orbifolds. We
show a groupoid version of the Morse lemma, describe the topological behavior of Lie
groupoids around nondegenerate critical orbits, study Morse-Smale dynamics, and re-
cover the Bott-Shulman-Stasheff cohomology of a Lie groupoid by using Morse theory
techniques. We define Morse stacky functions, thus proving analogues of the previous re-
sults in the context of differentiable stacks. The latter enables us to get Morse-like inequal-
ities for compact orbit spaces of proper Lie groupoids. In order to develop a 2-equivariant
Morse theory over Lie groupoids we introduce a natural notion of isometric Lie 2-group
action on Riemannian groupoids. The global and infinitesimal counterparts of such a no-
tion are explored in detail. We also study the existence of closed stacky geodesics on Rie-
mannian stacks and describe constructions which explain how to obtain the equivariant
cohomology of toric symplectic stacks.

Keywords: Morse theory, Riemannian groupoid, closed geodesic, isometric action, coho-

mology.
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Introduction

The core of this thesis consists of extending classical Morse theory to the realm of
Lie groupoids and their differentiable stacks, thus obtaining topological and geometrical
information of the singular spaces that can be described with their underlying structure.

On the one hand, Morse theory can be thought of as a beautiful and natural extension
of the minimum principle for continuous functions on compact spaces [22], so that it pro-
vides an important tool to study the topology of a manifold. Such a theory was named in
honor to Harold Calvin Marston Morse (1892-1977) who ventured into the study of the crit-
ical points of a smooth function to understand geodesics which are actually critical points
of the energy functional on paths [96]. These sort of techniques were later used in Bott’s
proof of his periodicity theorem [20, 21]. In fact, Bott’s work [20] enables to get similar re-
sults as those from standard Morse theory but without assuming that the critical point sets
are formed by isolated points. That is, the critical point sets of our functions may content
submanifolds of positive dimension, each of which is assumed to be non-degenerate in the
sense that its normal Hessian is a fiberwise non-degenerate bilinear symmetric form. The
latter happens for instance when working with generic functions invariant by the action
of a compact Lie group [116]. These ideas lead to the study of the so-called Morse-Bott
functions. After Bott’s seminal works, Morse theory has been applied to satisfactorily ad-
dress several problems in both mathematics and physics as may be evidenced with the
results of Smale [109] and Witten [119]. The first one studied Morse theory topological
features from a more dynamical viewpoint by working with moduli spaces of gradient
flow lines and the second one showed that the Morse inequalities can be obtained by con-
siderations of a certain supersymmetric quantum mechanics Hamiltonian. Additionally,
this theory has also led to several interesting geometrical results, including the existence
of closed geodesics on compact Riemannian manifolds [66] as well as an infinite dimen-
sional version of the Morse complex which led to Floer homology [8, 50].

On the other hand, groupoids were initially studied by Brandt [25] around the 1920s.
However, in the context of differential geometry, Lie groupoids were introduced by Ehres-
mann [46] around the 1950s and the development of the Lie theory underlying their struc-
ture was initiated by Pradines [106]. The richness behind these geometric objects is given
by the fact that they allow to encode symmetries of certain spaces which can not be cap-
tured by considering only a group. Lie groupoids encompass several classical geometries,
as they generalize Lie group actions, surjective submersions, foliations, pseudogroups,
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vector and principal bundles, among others, giving lead to a new perspective on classi-
cal geometric questions and results [79, 80, 92]. Besides, these objects can be seen as an
intermediate step in defining differentiable stacks, other geometric objects admitting sin-
gularities and generalizing both manifolds and orbifolds [17, 37]. The detailed treatment
of the interaction between these two theories provides a clean way to perform differential
geometry on certain singular spaces. In this regard, Lie groupoids equipped with geomet-
ric structures suitably compatible with Morita equivalence have been object of intense re-
search since such structures descend to the quotient stack of a Lie groupoid. For instance,

just to mention a few:

e the notion of Morita equivalence of VB-groupoids plays a role in defining vector
bundles over differentiable stacks [42],

e Riemannian metrics on Lie groupoids were introduced in [40] showing that they
behave well with respect to Morita equivalence, hence inducing a notion of Rieman-

nian metric on the associated quotient stack [41],

e Lie algebroids over stacks are modeled by LA-groupoids [115] and the space of
multiplicative sections of an LA-groupoid [100] has the structure of a Lie 2-algebra
which is Morita invariant and, in particular, the space of vector fields on a differen-
tiable stack has a natural structure of Lie algebra as conjectured in [58],

e 0-symplectic structures on Lie groupoids which are invariant by the action of folia-
tion Lie 2-groups are also Morita invariant, so that they yield a notion of Hamiltonian
differentiable stack [62], and

e stacky contact structures were introduced in [82] by looking at the notions of 0-
shifted and +1-shifted contact structures over Lie groupoids. Both notions turn out

to be Morita invariant as well.

In many situations a manifold comes with a Morse-Bott function whose critical sub-
manifolds are not necessarily given by the orbits of a Lie group action but they still come
from certain symmetries of the manifold. In this thesis we are interested in the case of
Morse-Bott functions on a manifold whose critical submanifolds are given by the orbits
of a Lie groupoid. Morse theory on singular spaces modeled by the orbit space of a Lie
groupoid has been addressed by several authors. In fact, Lerman and Tolman studied
torus actions on symplectic orbifolds for which they proved some results on Morse-Bott
theory on orbifolds [73]. Similarly, Hepworth developed Morse theory on differentiable
Deligne-Mumford stacks, showing for instance the Morse inequalities for orbifolds [57].
Also, Cho and Hong introduced the Morse-Smale-Witten complex for orbifolds [30]. An-
other approach known in the literature suitable for studying Morse theory on certain sin-
gular spaces is provided by the stratified Morse theory of Goresky and MacPherson [53].
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Passing from a manifold to a differentiable stack means that one needs to replace a
smooth function by a stacky function. It turns out that each of these stacky functions is
completely determined by a real-valued Lie groupoid morphism and, in turn, by a basic
function. The latter fact yields a simple way to establish a notion of Morse stacky function
over differentiable stacks by imposing that the critical orbits of the corresponding basic
function are non-degenerate in the sense of Morse—Bott theory. These natural notions will
allow to extend the most important results of standard Morse theory to the context of
Lie groupoids and their differentiable stacks. In the search for applications will also be
desirable to develop some geometric and algebraic aspects revolving around the notion
of Riemannian groupoid metric which comes to be one of the most important ingredients
that constitutes this work.

This thesis is structured as explained right below.

Chapter 1 briefly introduces the general background about classical Morse theory, iso-
metric Lie group actions, and Lie groupoids, providing many definitions, results and ex-
amples which we shall use throughout the main chapters. First, we exhibit the funda-
mental results and related constructions in Morse theory that we extend along this work,
paying special attention to those involving Morse-Bott functions and closed geodesics.
Some elementary facts about isometric Lie group actions are also addressed. Second, we
introduce Lie groupoids, focusing on showing the main geometrical features derived from
their structure. We define differentiable stacks as Lie groupoids up to Morita equivalence.
After presenting some miscellany results and constructions in the Lie groupoid setting,
we also mention some facts about Riemannian groupoids and their corresponding Rie-
mannian stacks as well as Lie 2-groups and their associated Lie 2-algebras.

The major chapter of this thesis is Chapter 2. Here we study a natural notion of Morse
Lie groupoid morphism which, as alluded to previously, enables us to extend the most
important results in Morse theory to the realm of Lie groupoids and differentiable stacks.
Of course, such a notion is Morita invariant. We show groupoid versions of: the Morse
lemma, the fundamental theorems of Morse theory concerning the topological behavior
of the level sets of a Morse function whether or not we cross through a nondegenerate crit-
ical point, Morse-Smale dynamics, the so-called stable/unstable manifold theorem, and
the Morse cochain complex. Most of these results also have their counterpart when deal-
ing with stacky Morse functions on differentiable stacks. We also prove Morse-like in-
equalities for certain compact orbits spaces associated to proper Lie groupoids, develop a
2-equivariant Morse theory, and provide several examples and constructions illustrating
some of the extensions. For instance, we explain how to get the equivariant cohomology
of toric symplectic stacks by using Morse theory techniques. It is worth saying that several
interesting constructions concerning the notion of Riemannian groupoid metric due to del
Hoyo-Fernandes as well as the stratification of the orbit space of a proper Lie groupoid by
Morita types will be needed. Additionally, most of the results in this chapter have already
been published in [101].
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Chapter 3 aims at showing an existence result for closed stacky geodesic of positive
length on certain separated Riemannian stacks. We start by introducing some general facts
about stacky geodesics. Then, inspired by the Lusternik-Schnierelmann program to prove
the existence of at least one closed geodesic of positive length on a compact Riemannian
manifold, we carry out an study of the properties of the stacky energy functional over
stacky curves, but restricted to the case of regular separated differentiable stacks, thus
adapting techniques and results due to Guruprasad-Haefliger in the case of orbifolds. In
particular, we verify that the stacky energy satisfies the so-called Palais-Smale condition
(C), something that allows us to transfer some techniques from Morse theory for Hilbert
manifolds to our context. After applying the desingularization of separated Riemannian
stacks due to Posthuma—-Tang-Wang we get our existence result. It is important to mention
that the results of this chapter are based on joint work in progress with C. Ortiz and L.
Vitagliano.

Finally, although it seems disconnected from the main purposes of this thesis, Chapter
4 arises due to the need to develop a 2-equivariant Morse theory suitably compatible with
our main constructions. Here we further explore the properties of a natural notion of iso-
metric Lie 2-group action on Riemannian groupoids which is introduced as well as used
in Chapter 2. For instance, we prove 2-equivariant versions of the Slice Theorem and the
Equivariant Tubular Neighborhood Theorem and construct bi-invariant groupoid metrics
on compact Lie 2-groups. We also exhibit an infinitesimal description of an isometric Lie
2-group action which motivates us to define an algebra of transversal infinitesimal isome-
tries associated to any Riemannian n-metric on a Lie groupoid. The latter turns out to be
a Morita invariant algebraic object, so that it gives rise to a notion of geometric Killing
vector field on a quotient Riemannian stack. If our Riemannian stack is separated then we
show that the algebra formed by such geometric Killing vector fields is always finite di-
mensional. We provide natural examples and transfer other classical constructions to this
setting. Most of the results in this chapter have already been published in [59] and they
were obtained in joint work with J. S. Herrera-Carmona.

The short introduction at the beginning of each chapter as well as the small descrip-
tions at the start of each such subsection will also give a brief but still comprehensive
account of the content of each chapter.



Chapter 1

Preliminaries

This chapter is devoted to introduce the main ingredients and topics that this thesis is
concerned about. Firstly, we discuss several concepts, results, and constructions appear-
ing in classical Morse theory, focusing our attention on the notion of Morse-Bott function
as well as the problem of showing the existence of at least one closed geodesic of posi-
tive length on compact Riemannian manifolds. Secondly, we briefly mention some facts
about isometric Lie group actions which shall play an important role at several stages of
our work. Thirdly, we present Lie groupoids and study the main geometric and topologi-
cal properties underlying their structure, paying special attention to Morita equivalences.
We use the latter notion to define differentiable stacks, some sort of objects which can be
thought of as a generalization of the notion of manifold and allow to study higher sym-
metries and singular geometric features. Likely the most important ingredient that con-
stitutes this work is the notion of Riemannian groupoid metric introduced by del Hoyo
and Fernandes. Thus, we also define and study Riemannian groupoids and their associ-
ated Riemannian stacks. Finally, we say a few facts about (strict) Lie 2-groups and their
corresponding Lie 2-algebras.

All the notions and objects mentioned above are illustrated with plenty of examples.

1.1 Classical Morse theory

In this section we briefly introduce the basic notions and results on Morse theory which
will be used and extended throughout this work. Most of the classical results about this
beautiful subject may be found for instance in [8, 20, 49, 88, 97].

Let f : M — R be a smooth function on a manifold M. A point x € M is called a
critical point of f if the differential df (x) : T, M — R is zero. The set of critical points of
f is denoted by Crit(f). Given a critical point + € M one has a bilinear symmetric form
H.(f) : T,M x T,M — R defined by the expression H,(f)(v, w) = 9(wf)(z) where ¢ and
w are vector fields on M with 9(x) = v and w(xz) = w. The bilinear form H,(f) is called
the Hessian of f at x. A critical point + € M is said to be nondegenerate if the Hessian
H.(f) is nondegenerate. That is, H,(f)(v, w) = 0 for every v € T,,M if and only if w = 0.

Definition 1.1.1. A smooth function f : M — Ris called Morse if all its critical points are
nondegenerate.

Remark 1.1.1. It is well known thatif b : V' x V — R is a symmetric and nondegenerate
bilinear form on a real n-dimensional vector space V' then there is at least one ordered
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basis (1, -+ ,e,) of V such that for any v = } . v7¢; it holds that
b(v,v) = =([0'[* + -+ ) + (M + o [0"])

The integer A does not depend on the basis (e, - - - ,e,) and is called the index of b. It
can be equivalently defined as the largest integer [ such that there exists an /-dimensional
subspace V_ of V with the property that the restriction of b to V_ is negative definite.

This fact motivates the following definition.

Definition 1.1.2. Let x € M be a nondegenerate critical point of f : M — R. The index of
f at x is defined as the index of H,(f). This will be denoted by A(f, z).

Some elementary examples of Morse functions are the following.

Example 1.1.1. Let f : S? — R be the function that assigns to each point (z,y, 2) € S? its
third component z. This is a Morse function which has only two critical points: the south
pole (0,0, —1) with index 0 and the north pole (0,0, 1) with index 2.

Example 1.1.2. Let r and R be two positive real numbers such that » < R. We consider the
2-dimensional torus T? given implicitly as

T = {(z,9,2) €R®: 2 + (/i + 2 — R} —r* = 0},

The height function f : T? — R defined by sending (z,y, z) + z is a Morse function
with just 4 critical points (0,0, —(R + 1)), (0,0, —=(R —r)), (0,0, R — 1), (0,0, R + r) having
respective index 0, 1, 1, 2.

Example 1.1.3. Let us consider the complex projective space CP" with the function f :
CP" — R defined as f(zo : -+ : z,) = _, ¢;|2|* where the ¢;’s are distinct real constants.
It follows that f is a Morse function with exactly n + 1 critical points of the form p;, = (0 :
0:---:1:---:0)for 0 < k < n. The index A(f, py) is twice the number of j with ¢; < ¢.
Note that every possible even index between 0 and 2n occurs exactly once since all the ¢;’s
are different.

Next result gives a local form of a function around a nondegenerate critical point. Let
Qo : TuwyM — R denote the quadratic form associated to the Hessian H,,(f) at zp € M.
Recall that this is usually given by the formula Q ., (z) = $Ha., (f)(z, z).

Theorem 1.1.1 (Morse Lemma). Let f : M — R be a smooth function and xy € M be a
nondegenerate critical point of f. Then there are local coordinates (z', - - , 2™) on a neighborhood
zo € U C M with 27 (xy) = 0 for every j = 1, ...,n such that

f(x) = f(x0) + Qrap(x), 2l

The previous result says that Morse functions are locally rigid in the sense that on a
small enough open neighborhood of a critical point they are given by quadratic polyno-
mials.

Corollary 1.1.1. If f : M — R is a Morse function then its critical points are isolated. Moreover,
if M is compact then Crit(f) is a finite set.

One of the key reasons for the topological versatility of Morse functions is their abun-
dance, namely, they are generic. Indeed:

Theorem 1.1.2. Let M be a compact manifold. Then the set of all Morse functions on M determines
an open and dense subset in C> (M) with respect to the strong topology.



1.1 CLASSICAL MORSE THEORY 3

Topological aspects

Roughly speaking, Morse functions allow us to describe the topological behavior of
nicely behaved spaces whether or not we cross through a nondegenerate critical point.
For instance, we can obtain substantial information about their homology as well as co-
homology by studying the dynamics of the gradient flow of a Morse function once we
have the presence of a Riemannian structure satisfying some transversality assumptions.
Below we explicitly exhibit these facts.

Let f : M — R be a Morse function. For each a € R we can consider the level set of f
below a which is given by the manifold with boundary

M*:={reM: f(zx) <a}.
The heart of Morse theory lies in the following fundamental result.

Theorem 1.1.3. Let f : M — R be a Morse function and [a,b] C R be a closed interval such that
[~ [a,b] is compact. The following dichotomy holds true:

o if f~[a,b] does not contain critical points of f then M* is diffeomorphic to M®. Moreover,
the level set M is a deformation retract of M so that the inclusion M® — M?" is a homotopy
equivalence, or

e ifthe only critical point of f inside f~1(a, b) is x then the level set M" is homotopy equivalent
to MUy pacr.a) DM which is the result of gluing the level set M@ and a \(f, z)-cell DA:)
along its boundary O DM/,

As a consequence of the previous result, one can see that a manifold equipped with
a Morse function is homotopy equivalent to a CW-complex with exactly one A-cell for
every critical point of index A. Another important fact which can be derived from Theorem
1.1.3 is given by the so-called Morse inequalities. On the one hand, any Morse function
f: M — R has an associated polynomial

My(7) = Z AT = Zuf()\)r)‘,

zeCrit(f)

where /17()) is the number of critical points of f of index A. Such a polynomial is called the
Morse polynomial of f. On the other hand, any compact manifold A has an associated
polynomial containing topological information. This is the Poincaré polynomial of M

which is defined by

Py(r) = Z b,

J=0

where b; = dimp(H,;(M,F)) are the Betti numbers of M with respect to some coefficient
tield F.

Suppose that M is a compact manifold. We may use Theorem 1.1.3 to compare the
Morse and Poincaré polynomials as follows.

Theorem 1.1.4 (Morse Inequalities). There exists a polynomial R(7) with non-negative integers
coefficients such that
Mf(T) —PM(T) = (1—|—T)R(T)

>

In particular, we have that 1i;(\)
X (M) = Z)\ZO(_l))\:U’f(A)'

by and that the Euler characteristic of M can be written as
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Morse-Smale-Witten complex

Let f : M — R be a Morse function on a compact and oriented Riemannian manifold
M. The negative of the gradient vector field of f is denoted by —V f. This generates a
globally defined descending flow which we denote by ®. : M — M for all 7 € R. Recall
that from the Morse lemma it follows that the critical points of f are isolated and hence for
any critical point z € Crit(f) its unstable and stable manifolds are respectively defined

by
W z)={ye M: lim &, (y) =a} and Wé(x)={ye M: Th_)rglo O, (y) =z}

T——00

It holds that W"(z) and W*(z) are indeed embedded submanifolds of M of dimension
A(f, ) and dim(M ) — A(f, z), respectively. A classical result of Smale says that for a generic
f the unstable manifold and the stable manifold of any pair of critical points intersect
transversally. Namely, we may assume that f : A/ — R is a Morse-Smale function, that
is, f is a Morse function such that W*(z) intersects W*(y) transversally for every z,y €
Crit(f). Note that both W*(x) and W*(y) admit a canonical action of R by flow translation.
The moduli space of gradient flow lines between z, y € Crit(f) is defined as the quotient
space

M(z,y) = (W*(y) N W*(2)) /R.

Let us sketch how to build a differential complex out of the moduli spaces of gradient
lines. Firstly, from the transversality assumption it follows that M(z, y), for z # y, is actu-
ally a smooth manifold since the action by flow translation is free and proper. Secondly,
we orient the unstable manifold of a critical point z and hence, due again to transver-
sality, its stable manifold inherits an orientation as well. This induces an orientation on
all moduli spaces of gradient lines. Let us now suppose that A\(f,y) = A(f,z) — 1, so
that W*(y) N W*(z) is an oriented manifold of dimension 1. Therefore, the moduli space
M(z,y) is just a collection of oriented critical points. For every j > 0 we let C; to be
the free Z-module generated by critical points of index j. There is a boundary operator
0 : C; — Cj_; defined on generators by

d(z) = Z mMETr,

where z is a critical point of index j, the x;’s are critical points of index j — 1 and m;, =
#(M (zy, x)). Counting gradient lines between critical points shows that 9> = 0. The associ-
ated homology is denoted H,(C,, 0) and it is referred to as the Morse homology of (17, f).
In principle, the Morse homology depends on the function f : M — R, but the follow-
ing result says that actually this is not the case and Morse homology recovers a classical
homotopy invariant of the manifold M.

Theorem 1.1.5. The homology of the complex (C., ) is naturally isomorphic to the singular ho-
mology of M. That is,
H.(M,Z) = H,(C,, D).

It is also possible to define a cochain complex of gradient lines. In that case, the corre-
sponding cohomology is isomorphic to the singular cohomology of M. Observe that by
using the previous result we have that the Morse inequalities follow as a simple corollary.
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1.1.1 Morse-Bott functions

Suppose that K is a Lie group acting on a smooth manifold M and that f : M — R
is a K-invariant function. It is simple to check that if x € M is a critical point of f then
the whole K-orbit O, is contained in Crit(f). Therefore, from this we may deduce that
classical Morse theory is no longer the right setting to extract topological information of
a space out of a function which is invariant by a “group of symmetries” of such a space.
This is due to the fact that critical points come in orbits, so that they are no longer non-
degenerate (isolated) in general. The right framework to study an invariant Morse func-
tion on a manifold is given by the so-called Morse-Bott theory. Here, critical points are
arranged in families of submanifolds which are non-degenerate in the sense that the nor-
mal Hessian is non-degenerate. More precisely, let f : M — R be a smooth function such
that Crit(f) := {x € M : df(z) = 0} contains a submanifold C' of positive dimension. The
choice of a Riemannian metric on M yields a decomposition

TM|c =TC & v(C),

where T'C' and v(C') are the tangent bundle and the normal bundle of C, respectively. Let
H.(f) be the Hessian of f at z € C, then T,C' C ker(H,(f)). Indeed, if v,w € T,C and
w € X(M) is any extension of w, then

Ho(f)(v,w) = v(w- f) =0,

since df (w)|c = 0 because C' C Crit(f). Therefore, the Hessian H,(f) induces a well de-
fined symmetric bilinear form on v, (C) referred to as the normal Hessian of f atx € C
and which we shall denote again as H,(f) only if there is no risk of confusion. A critical
submanifold C' C M of f is called non-degenerate if the normal Hessian at every z € C
is non-degenerate. This is equivalent to asking ker(H,(f)) = 1,,C for every x € C.

Definition 1.1.3. A smooth function f : M — R is said to be Morse-Bott if Crit(f) is a
disjoint union of connected submanifolds which are non-degenerate.

Remark 1.1.2. The main advantage of working with Morse-Bott functions is that they
allow us to get similar results to those obtained with usual Morse functions but without
assuming that their critical point set is formed by isolated points.

In what follows we shall elaborate on the previous fact by following [8, 13, 20, 97]
closely. If C'is a connected nondegenerate critical submanifold for f then we may define
a quadratic form @) on v(C') which regards as a function on the total space of the normal
bundle v(C') quadratic along the fibers. Namely,

1

Qf(v) = §Hw(v)(f)<v7 U)? CAS V(C)7 (11)

where 7 : v(C) — C'is the bundle projection.
The local behavior of a Morse—Bott function around a critical submanifold can be de-
scribed as follows.

Proposition 1.1.1 (Morse-Bott lemma). Let C' be a connected nondegenerate critical submani-
fold for a smooth function f : M — R. Then there exists a tubular neighborhood ¢ : V C v(C) —
U C M of C such that

O f =c+Qy,

where c is the common value of f on C.
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Choose a Riemannian metric 7®) on M and consider the induced metric 7(%) on v/(C).
The fact that H( f) is a nondegenerate symmetric bilinear form on v(C) allows us to define
a self-adjoint automorphism A; : v(C) — v(C) by means of the formula 7% (A4, (v), w) =
Hys(v,w) forall v, w € v(C). It follows that A, has nonzero eigenvalues since 7 ( f) is fiber-
wise non-singular and produces a splitting

v(C) = v (C) o v (C),

where v, (C) is spanned by the eigenvectors of /A corresponding to positive/negative
eigenvalues. Because of the connectedness of C the rank of v_(C) is an invariant of C called

the index of the critical submanifold C. This will be denoted by A(f, C').
Let us give some elementary but instructive examples.

Example 1.1.4. Any Morse function f : M — Ris a Morse-Bott function where the critical
submanifolds are just the critical points of f. Also, any constant function f = ¢ € R
determines a Morse—Bott function. In particular, f = 0 is a Morse-Bott function.

Example 1.1.5. Let S? be the 2-sphere and f : S? — R be defined by f(z,y,z) = z%. A
simple computation shows that

Crit(f) = {(z,y,2) € S*: z=0o0rz = +1}.

It follows that f is a Morse-Bott function on S? since the components of Crit(f) are
the poles N = (0,0,1) and S = (0,0, —1) which are nondegenerate critical points of index
2 and the equator E = S! that is a nondegenerate critical submanifold of index 0. More
generally, let us consider the complex projective space CP" together with the map f :
CP" — R defined by f(zg : --- : z,) = |2,/ This also provides us with an example
of Morse-Bott function having a critical point (0 : 0 : --- : 1) of index 2n and a critical
submanifold CP"~! of index 0.

Example 1.1.6. Let M be a smooth manifold and consider a Lie group K acting on M. A
smooth function f : M — R is said to be invariant if f(kz) = f(z) for all (k,z) € K x M.
It is clear that if + € M is a critical point of f then every point in the orbit through « is
also a critical point of f. Therefore, Crit(f) is formed by a disjoint union of K-orbits. For
instance, consider M = C? and K = U(1) x SU(2). It is simple to check that U(1) x SU(2)
acts on C? by matrix multiplication and that such an action is norm-preserving. The orbit
of an element w € C?\{0} has the form {w € C? : ||w|| = r} = S? for some r > 0. Let
[ : C* - Rbedefined as f(w) = —||w||*+ |Jw||*. This is a K-invariant Morse-Bott function
with nondegenerate critical submanifolds w = 0 and {w € C? : [|w[| = $v/2}.

An interesting result of Wasserman in [116] asserts that K-invariant functions on M
with nondegenerate critical orbits are generic provided K is a compact Lie group.

Example 1.1.7 (Key example). If f : N — R is a Morse-Bott functionand 7 : M — N isa
surjective submersion, then the pullback function f o7 : M — R is a Morse—-Bott function
as well. In this case, if C is a nondegenerate critical submanifold for f then 7—!(C) is a
nondegenerate critical submanifold for 7*f and the equality of indexes A(f,C) = A(f o
7,7 1(C)) holds true. This is because the formula

Ha(f om) = dn(a)” - Hagoy () - dic(z), (12)

is satisfied at every critical point x of f o 7.
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Example 1.1.8. Let (M, w) be a symplectic manifold and assume that there exists a Hamil-
tonian action of an n-torus T" on M with moment map p : M — t. It is not a trivial fact to
prove that the component function /i(§) : M — R is a Morse—Bott function for each ¢ € t.
Furthermore, the critical point set of /i(¢) has components of even index, see for instance
[97,s.3.5] or [7, c. IV]. A similar result can be proven for Hamiltonian torus actions on
presymplectic manifolds as studied in [76].

We can also use Morse-Bott functions to study the topology features of a manifold
around a nondegenerate critical submanifold. Let C' be a nondegenerate critical subman-
ifold for f and respectively denote by D_(C') and 0D_(C') the unit closed disk and unit
sphere bundles associated to v_(C) after restricting the Riemannian metric 7(%. One has
that the fibers of D_(C') are A(f, C')-disks and the fibers of 9D_(C) are (A(f, C')—1)-spheres
for which sometimes 0D_(C') is referred to as the boundary of D_(C).

Theorem 1.1.6. Let f : M — R be a Morse—Bott function and [a,b] C R be a closed interval
such that f~'[a, ] is compact. The following dichotomy holds true:

o if f~![a, b] does not contain critical points of f then M® is diffeomorphic to M®. Moreover,
the level set M is a deformation retract of M so that the inclusion M® — M? is a homotopy
equivalence, or

e if the only nondegenerate critical submanifold of f inside f~1(a,b) is C then the level set M
is homotopy equivalent to M Usp_(cy D—(C') which is the result of gluing the level set M*
and D_(C) along 0D_(C).

As expected, Morse type inequalities can also be extended to this new context. In fact,
a way to obtain them is by using Morse-Bott-Smale dynamics, in order to recover the de
Rham cohomology of the manifold. This is done by means of a cochain complex which is
defined in terms of the de Rham complex of the critical point sets and gradient flow line
spaces. We finish this subsection by sketching such a construction.

The Austin-Braam complex

The main ideas and results presented below can be found in [8]. Suppose that (M, ")
is compact Riemannian manifold. For a given Morse-Bott function f : M — R we denote
by S; the disjoint union of the connected components of Crit( f) of index i. Let us consider
the negative gradient vector field —V f and its descending flow @, : M — M forall 7 € R.
The stable and unstable manifolds of S; are respectively defined as

We(S;) ={xe M: lim &,(x) € S;} and W*(S;):={xeM: lim . (z)€ S;}.
T—00 T——00

These are smooth manifolds of respective dimension dim(.S;) + ¢ and dimM — i with
the property that the smooth endpoint maps v’ : W*(S;) — S; and I’ : W*(S;) — S;
defined as ' '

u'(x) = Tl_l}l_noo ¢, (x) and [I'(z):= Th_glo O, (x),
are locally trivial fiber bundles with fibers diffeomorphic to the disks D* and Ddim M—dim(Si)—i,
As in the Morse theory case, there exists a natural action of R on the intersection W*(.S;) N
W*(S;) which is also referred to as action by flow translation. The moduli space of gra-
dient flow lines in A/ associated to the nondegenerate critical submanifolds S; and S; is
defined to be the quotient space obtained from the action by flow translation:

M(S;, 85) = (W*(S;) N W*(S5;))/R.
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In the sequel it will be necessary to make the following assumption.
Assumption 1.1.1.  i. fis weakly self-indexing, meaning that M(S;, S;) = 0if i < j,

ii. foralli,j and for all z € S;, the fiber W/ (z) := (u’)"!(z) intersects W*(S;) transver-
sally,

iii. both the critical submanifolds S; and their negative normal bundle v_(.S;) are ori-
entable for all 7, and

iv. M is orientable.

The requirement from item ii. is known as Morse-Smale transversality. This immedi-
ately implies that M(S;, S;) is a smooth manifold of dimension i—j+dim S; (if M(S;, S;) #
(), since the action by flow translation is free and proper. Furthermore, the induced end-
point maps I : M(S;, S;) — S; and u’ : M(S;, S;) — S; respectively given by

B =F@)  and  ul(le]) = u(e). (13)

are well defined smooth maps such that v/ has the structure of a locally trivial fibration.
The other items in Assumption 1.1.1 are needed to induce an orientation on the moduli
space of gradient flow lines as well as on the fibers of u}.

Let C% := QJ(S;) denote the space of j-forms on S;. We define the operator 9, : C*/ —
Ci-l—r,j—r—i—l as

8(w):{dw o ' if r=20
" (—=1)7 (ui™)(I"")*(w) otherwise,

where (u}'"). is integration along the fiber of the fibration (1.3). It follows that Zﬁlzo Ok—m©

O = 0 for each k, hence the maps 0, fit together into a cochain complex

k
Ct=@C* 0:=01® DO
1=0

More importantly, as shown by Austin-Braam in [8] we obtain that:

Theorem 1.1.7. The cohomology of the complex (C*, 0) is isomorphic to the de Rham cohomology
of M. That is,
H*(C*,0) = Hgr(M).

It is worth mentioning that in the case when f is just a generic Morse function C* =
Q°(S;) is the vector space generated by the critical points of index 7. This is because critical
points are isolated. Moreover, for dimensional reasons, we get that 9, = 0 for all » # 1.
Therefore, in this specific case M(S;41,.5;) is an oriented 0-manifold, that is, a collection
of signed points and integrating over the endpoint maps simply counts these points with
orientations. Thus, we have recovered the ordinary Morse complex.

As a consequence of Theorem 1.1.7 it is possible to get the so-called Morse-Bott in-
equalities.

Corollary 1.1.2. There is a polynomial R(7) with non-negative coefficients such that

Y dimH/ (S R)r =Y dimH*(M;R)7F + (14 7)R(7).
k

1,J
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Let us look at an illustrative example, see [8] for the specific details regarding the
arguments involving spectral sequences.

Example 1.1.9. Consider the Morse-Bott functions on S? and CP" introduced in Example
1.1.5. On the one hand, recall that f : S? — R has 2 critical points N and S of index 2 and
the equator S' is a critical submanifold of index 0. Therefore, the E; term of the spectral
sequence appearing in the Austin—Braam’s constructions is

0O 0 0 O
R 0 0 O
R 0 R* 0.

This implies that the differential 9, : R[S'] — R[N| @ R[S] is given by integrating the
volume form w (line element) on S! along the moduli spaces M(N, S') and M(S, S*)
which are both circles so that 0y(w) = (1, —1) for orientation reasons. In consequence, the
E. term of the sequence which corresponds to the cohomology of S? is

0 0 0 O
0 0 0 O
R 0 R 0.

On the other hand, recall that f : CP" — R has 1 critical points p of index 2n and CP"*
is a critical submanifold of index 0, thus obtaining the E; term of the spectral sequence
looks like

2n—2 R 0

2n—3 0 O

2n—4 R 0

0 R 0 --- R
O 1 --- 2n.

Note that all higher differential vanish for dimensional reasons which implies that £}
agrees with £, which, once again, corresponds to the cohomology of CP".

Another interesting application of the Austin—Braam’s construction has to do with re-
covering the equivariant cohomology associated to an action by a compact Lie group. Let
K be a compact Lie group acting on M. If FK — BK denotes the universal K-fibration
determined by K then the quotient space My := FK x i M by the diagonal action of K
on EK x M is called homotopy quotient. This is a fiber bundle over BK with fiber M.
The K-equivariant cohomology of M is defined to be

Hi (M) := H*(Mg, R),

where the right hand side stands for the standard singular cohomology with real coeffi-
cients of the homotopy quotient M. For instance, if M = x is just a point then Hj(x) =
H*(BK,R). Also, if K acts freely on M then H}, (M) = H*(M/K,R).

There is a convenient model for equivariant cohomology which we can work with.
Let us denote by ¢ the Lie algebra of K. The space of K-equivariant differential forms
of M is defined by Q% (M) = (Q°(M) ® S(€*))%, the space of K-invariant elements in
Q*(M) ® S(¢*), where the action of K on 2*(M) is by pullback and on S(¢*) is by the
co-adjoint representation of /K. The elements in the symmetric algebra S(¢*), that is, the
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linear polynomials on £, have degree two, thus turning Q3. (/) into a bi-graded complex.
If we pick a basis (X,,) of £ with dual basis (¢) then the differential is a graded derivation
defined on generators by

d(w) =dw—Y ¢"gw and dg(¢”) =0,

for w € Q*(M) and X,, the fundamental vector field on M induced by X,. Cartan showed
that (% (M), dk) in fact defines a cochain complex and Hy (M) = H*(Q(M),dk). In
particular, if M = x then we remarkably get that H*(BK,R) = S(¢*)¥.

Let n(® be a Riemannian metric on M for which the action of K on M becomes iso-
metric. It is well known that these kinds of metrics always exist since K is compact, visit
Section 1.2. Suppose that f : M — R is a K-invariant function with nondegenerate crit-
ical orbits, see Example 1.1.6. The critical point set S; of index 7 is K-invariant so that it
is given by a disjoint union of K-orbits. Furthermore, the moduli space of gradient flow
lines M (S;, S;) is also K-invariant.

We assume now that the stable and unstable submanifolds intersect transversally, see
item ii. from Assumption 1.1.1. Let us consider again the induced endpoint maps I} :
M(S;, S;) = Sjand u; : M(S;, Sj) — S;, which in this case have the additional property of
being K-equivariant. Due to the K-invariance of f it follows that the weakly self-indexing
requirement from Assumption 1.1.1 is implied by the transversality assumption. Similarly,
the assumption which asks the endpoint maps to induce fibrations is an immediate con-
sequence of the presence of a transitive K-action on the components of the critical point
set.

We will form a complex which computes the K-equivariant cohomology of M by using
equivariant forms on the critical submanifolds. Indeed, by using the Cartan model for
equivariant cohomology we define the complex (C},, 0k ) with

Ch= > (V(S)eSE)NS  ok=> (0k)m,

i+j+2p=q m

where, as before, for m = 0 we set (Jx)o(w ® ¢) = dx(w ® ¢) and for m > 0 we set
(OK)m(w ® @) = O (w) ® ¢, forallw ® ¢ € (27(S;) ® SP(E*))E.

Theorem 1.1.8. The cohomology of the complex (C},,0k) is isomorphic to the K-equivariant
cohomology of M. That is,
H*(Ck, Ok) = Hy (M).

As always, the existence of this complex leads to equivariant Morse inequalities, namely,
a similar result as that of Corollary 1.1.2 but considering instead K-equivariant cohomol-

ogy.

1.1.2 Closed geodesics

The problem about showing the existence of closed geodesics of positive length on
a Riemannian manifold has been the object of intensive research since the beginning of
global differential geometry during the last century. In particular, to study geodesics and
torelate them to properties of the ambient space has historically been one of the directional
forces in the development of the calculus of variations. It can be said that this kind of
problem was the initial motivation of Marston Morse who ventured into the study of the
critical points of a smooth function to understand geodesics which in fact are critical points
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of the energy functional on paths [96]. In fact, as we shall mention below, every compact
manifold contains a closed geodesic [66] and a beautiful and elegant proof of this fact is
presented in [88] where Morse theory is applied to the energy functional on the space
of closed curves to prove existence of closed geodesics on compact manifolds. The aim of
this subsection is to provide the ingredients used to better stating the previous result. We
shall follow [66, 72, 88] closely.

Let (M,n™) be a Riemannian manifold. It is well known that there exists a unique
torsion free connection D : X(M) x X(M) — X(M) which leaves parallel the Riemannian
metric n, i.e. Dn™ = 0. More precisely,

[X,Y]=DxY = DyX and Z-n"(X,Y)=n"(DzX,Y)—n"(X,DzY) =0,

forall X,Y,Z € X(M). As the value of DxY at a point x € M depends only on the value
X(z) € T, M and on the value of Y along some smooth curve tangent to X (z) then we
can induce a covariant derivative D, : I'(a*T'M) — T'(o*T'M) on vector fields along any
smooth curve o : I C R — M. In these terms, a geodesic on M is a smooth curve «
verifying D,d& = 0. Locally, the previous equation determines a second order non-linear
ordinary differential equation system with smooth coefficients. Therefore, by using gen-
eral existence and uniqueness results from the theory of ordinary differential equations
it follows that the existence of geodesics is guaranteed after fixing smooth initial condi-
tions at any point with a predetermined direction. In particular, it is possible to define the
exponential map exp, : V C T, M — M of any point x € M as exp,(v) := «(l) where
a: (1 —e€14¢€) — M is the unique geodesic passing through = with speed v. Here V'
stands for a small open neighborhood of 0 € T, M. It is well known that the exponential
map is a local diffeomorphism, so that every « € M is connected to any nearby point by a
unique “short” geodesic, consult [72, c. 4-5].

For each pair of distinct points 2,y € M we denote by Q (M) (resp. Q,,(M)) the
space of continuous (resp. smooth) paths starting at x and ending at y. That is to say,
the space of continuous (resp. smooth) curves « : [0,1] — M such that a(0) = x and
a(1l) = y. It follows that Q2 (M) is a Banach (resp. Hilbert) manifold and the tangent
Space at a curve « is

T,00 (M) = {X € T°(a*(TM)) : X(0) =0, X(1) = 0},

The tangent space T,£2, , (M) is similarly obtained by considering instead smooth vec-
tor fields along a vanishing at the endpoints. More precisely, each element X € 7,2, (M)
determines a curve ax : J C R — ,,(M) (with 0 € J small enough) defined by
ax(A)(7) := exp, ) (AX (7)) which satisfies ax (0) = aand 9\ (ax (A)(7))[x=0 = X (7) for all
7 € [0,1], see [66]. The energy functional along smooth paths E : 2, ,(M) — Ris defined
to be

IR
B(@) = [ llatr)dr
0
This may be regarded as a differentiable map whose derivative at « is the linear map
dE () : T8, (M) — R given by the expression
1 1
dE(a)(X) = / ™ (D, X,d&)dr = — / ™ (X, Dé)dr. (1.4)
0 0

From this formula it easily follows that « is a critical point of £ if and only if D, & = 0,
i.e. o is a geodesic starting at v and ending at y.
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The space of closed curves at z € M is defined as Q,(M) := {a € Q,.(M) : &(0) =
&(1)}. This may be identified with the space of all smooth pointed maps (S*,e) — (M, z).
The space of all closed curves is defined by Q(M) = [J, ., . (M). It can be turned into a
Riemannian Hilbert manifold with respect to the following scalar product. As expected,
the tangent space 7,2, (M) at « is given by all the elements in X € I'(a*(T'M)) vanishing
ate, i.e. X(0) = X(1) = 0. The Riemannian metric on (M) is determined by the scalar
product

(¥, X)) = [

o nM(X(T)aX(T))dTJr/ " ((D:X)(7), (D-X)(7))dr.

Sl

Using the Arzela-Ascoli theorem it is possible to prove that the induced Riemannian
metric (-, -)4 on (M) is complete, compare [66, Thm. 1.4.5]. More importantly, the energy
functional E satisfies the so-called Condition (C) of Palais and Smale with respect to the
distance dj on (M) associated to (-, -)a, see [102]. Namely, motivated by Equation (1.4)
and with the help of the Riemannian metric (-, ), we define the gradient vector field of
E on Q(M) by the expression

(gradE(a), X)) = dE,(X) = / nq, D.X)dr, X € T,Q(M).
S

The Palais-Smale Condition (C) reads as follows. Let us consider a sequence of curves
{a, } in Q(M) such that

i. the sequence { E(w,,)} is bounded, and
ii. the sequence {||gradE(a,)||s} tends to zero.

Then the sequence {o,} has limit points and any limit point is a critical point of E, i.e.
a geodesic, consult [66, Thm. 1.4.7]. Some of the properties derived from the previous
condition, involving the negative gradient flow 0,®, = —grad £(®,), come in order below,
see [66,s.1.4]. Let Crit(£) denote the set of critical points of the energy functional £. That
is, the set of closed geodesics on M. For each a > 0 we consider the sublevel set of E' below
aas QM) ={a € QM) : E(a) < a}. Then:

e The flow @, is well defined for all A > 0,
o Crit(£) N Q(M)* is compact, and
o ON(M)° = M C Q(M)is a strong deformation retract via @, for ¢ > 0 small enough.

Another interesting result of topological nature that can be obtained in this context is
the following.

Proposition 1.1.2. The natural inclusions (M) — Q°(M) and Q,,,(M) — Q (M) are ho-
motopy equivalences.

Additional results describing the Morse theory underlying the energy functional £
can be found in [88, c. 3] and [66, s. 2.4].

Let us now quickly introduce the notion of ®-family, which is associated to the negative
gradient flow ®. Suppose that M is compact and denote by P either Q(M) or €2, ,(M). A
$-family is a collection A of nonempty subsets of P such that £|, is bounded on each
A € Aand A is closed under ® in the sense that if A € A then ®,(A) € Aforall A > 0.
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Pick a € R and choose ¢ > 0 such that E has no critical values in (a,a + €¢]. We define
a ®-family of P mod P to be a collection of nonempty subsets A of P such that A is a
P-family and each member of A is not contained in P**. The critical value of a ®-family
A of P mod P®is defined as

g = jllrelgsupE\A.
Hence, in these terms we get that:
Theorem 1.1.9. It holds that a4 > a and there exists a critical point o of E such that E(a) = aa.

Furthermore, it follows that E restricted to a connected component of P assumes its
infimum in some point and such a point is actually a critical point of E.

As explained for instance in [66, c. 2], the previous results are part of what is called
Lusternik—Schnirelmann theory and they can be applied to study the existence of at least
one closed geodesic of positive length on a compact Riemannian manifold.

Theorem 1.1.10. Let (M, n™) be a compact Riemannian manifold. If the fundamental group of
M has an element of infinite order or is finite then there exists at least a closed geodesic of positive
length on M.

It is worth mentioning that Birkhoff, Gromoll-Meyer, Hingston, Lusternik-Fet, Vigué-
Poirrier-Sullivan, Schnirelmann, among others, developed other powerful methods to
prove the existence of one or possibly many (even infinitely many) closed geodesics on
Riemannian manifolds [18, 55, 60, 78, 114]. For instance, the case of simply connected
Riemannian manifolds (particularly on the simply connected compact rank 1 symmetric
spaces) was studied by Hingston in [60] by applying equivariant Morse theory to the
energy functional over the space of closed curves. Our purpose in this thesis is to try to
provide a similar result as that described in Theorem 1.1.10, but in the context of separated
differentiable stacks whose underlying orbit space is compact.

1.2 Isometric Lie group actions

Isometric actions of Lie groups on Riemannian manifolds have been widely studied
in the literature, as they constitute a powerful tool applied to deal with several interest-
ing problems in both mathematics and physics, yielding important geometric-topological
consequences and describing certain physical phenomena in nature. They appear in all
branches of science where symmetries preserving length and angle measures play a role.

This short section aims at providing some classical results around the notion of iso-
metric action of a Lie group on a Riemannian manifold. We mainly follow [2]. Let 6° :
K x M — M be a smooth action of a Lie group K on a Riemannian manifold (M, n*). For
each k € K we denote by 6} : M — M the diffeomorphism defined by sending = +— kz.
Accordingly, for each 2 € M we denote by 62 : G — M the smooth map given by sending
kv k.

Definition 1.2.1. The action #° is said to be isometric if 6} is an isometry of (M, n™) for all
ke K.

A couple of comments come in order.

e If the action ¢ is additionally free and proper then there exists a unique metric 7 on
the quotient manifold M /K such that the orbit projection = : M — M /K becomes a
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Riemannian submersion. Such a metric is defined as

ey (v, w) := 1, (9, 1),
where r is any pointin the fiber 7 ([ ]) and 7, @ are the unique vectors in ker (dr (x)) "
satisfying dn(z)(0) = v and dn(z)(a) =

o Let(° : K x M — M be a smooth action of a Lie group K on a smooth manifold M.
If K is compact then there always exists a Riemannian metric n* on M for which 6°
becomes an isometric action. Indeed, let us consider any Riemannian metric  on M
which can be constructed by using partitions of unity and take the normalized Haar
measure p on K. Then, n* is defined by averaging

= /K (09 ndu(k).

A similar construction can be obtained when weaken the compactness of K just by
requiring that the action ¢° is proper, visit [65].

The equivariant tubular neighborhood theorem is one of the most interesting results
that can be derived from the existence of Riemannian metrics which are invariant by the
action of certain compact Lie group. In order to state this result we need to introduce the
following terminology.

Definition 1.2.2. If §° : K x M — M is a smooth action of a Lie group K on a smooth
manifold M then a standard slice at zy € M is an embedded submanifold S,, containing
x¢ and satisfying the following properties:

i TyoM =T, (K -x) & Ty Ss, and T, M =T, (K - x) +T,S,, forall z € S,
ii. S, is Isox(z¢)-invariant, and
iii. if z € S,, and k € K are such that 0(z) € S,, then k € Isox(zo).

Here K -z and Isox (7o) respectively denote the K-orbit and the K-isotropy group at z
with respect to 6°.

As an important fact we have that:

Proposition 1.2.1. Let 0° : K x M — M be a proper Lie group action and xo € M. Then there
exists a slice S, at x.

This slice can be constructed by considering a Riemannian metric on M for which the
restricted action of the isotropy group Isox (zy) on M becomes isometric, see [2, s. 3.2] for
specific details. The subspace Tub(K -x¢) := 0°(K, S,,) is an open neighborhood in M con-
taining the orbit K - zy. We shall refer to this open subspace as the tubular neighborhood
of K - x.

Let us suppose that #° : K x M — M is a proper Lie group action and consider a
slice S,, at o € M. On the one hand, by condition ii. from Definition 1.2.2 it follows
that 0° restricts to a well defined action of Isox(z) on S,,. On the other hand, we have
that the orbit projection 7 : K — K/Isok () canonically determines a Isox (z,)-principal
bundle. Hence, we can construct an associated fiber bundle K X g (24) Sz, OVer K /Isox (o)
with fiber S,,. The total space K Xiso, (z0) Sz, is defined as the quotient manifold (K x
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Sio) /180K () with respect to the action & - (K, z) = (K'k™!, kz) for all k € Isox(x¢), k' € K
and x € Sg,. The projection T : K Xiso (a0) Sz — K /180K () is given by 7([k, x]) = 7 (k).

The following result shows that manifolds equipped with proper K-actions are locally
K-equivariant to associated bundles.

Theorem 1.2.1 (Equivariant tubular neighborhood theorem). Let §° : K x M — M be
a proper Lie group action. Then, for every xo € M there exists a K-equivariant diffeomorphism

Tub(K - 20) = K Xisox (a0) Sto-

Such a result can be used to study orbit types of proper actions, thus obtaining a way
to induce stratifications for M as well as for the orbit space M /K, see [2, c. 3].

We introduce now the notion of orthogonal (or quadratic) Lie group which will be a
key ingredient in several constructions of this thesis. Let K be a real connected Lie group
and ¢ be its Lie algebra. For every k € K, we denote by L;, : K — K (resp. R, : K — K)
the left (resp. right) multiplication by £ on K. A Riemannian metric (-, -) over K is called
bi-invariant if L, and R}, are isometries of (K, (-,-)) forall k € K.If Ad : K — GL(¢) and
ad : ¢ — gl(¢) denote the adjoint representations of K and ¢, respectively, then to have a
bi-invariant metric (-, -) on K is equivalent to having an inner product (-,-)p : ¢ x ¢t = R
such that any of the following statements are satisfied:

o Ad(k): & — tis a linear isometry of (&, (-,-)o) forall £ € K. That s,

(Ad(k)(z), Ad(k)(y))o = (=, Y)o, ke K, zxet (1.5)
e ad(x) : ¢ — tis an infinitesimal isometry of (£, (-, -)¢) for all z € ¢, meaning that
(ad(x)(y), 2)o + (y,ad(x)(z))o = 0, x,y,z €L (1.6)
An inner product satisfying Identity (1.5) is said to be Ad-invariant.

Definition 1.2.3. The pair:

i. (K, (:,-))iscalled an orthogonal Lie group if (-, -) is a bi-invariant Riemannian metric
on K, and

ii. (¢ (-,-)o) where ¢ is a finite-dimensional Lie algebra and (-, ), is an Ad-invariant
inner on £ is named to be an orthogonal Lie algebra. Clearly, such a property is
equivalent to asking (-, -) to verify Identity (1.6).

It is simple to check that there exists a one-to-one correspondence between simply
connected orthogonal Lie groups and orthogonal Lie algebras, see [85, 89]. In particular,
if (-,-)o : € x ¢ = R is an Ad-invariant inner product, then the formula

(v, u) (k) := (d(Lp=1)k(v), d(Lp-1)r(u))o k€ K,

defines a bi-invariant Riemannian metric on K. Some of the most interesting examples
of orthogonal Lie groups are provided by compact Lie groups, semisimple Lie groups,
cotangent bundles of Lie groups, and the so-called A-oscillator groups [85].

Let us introduce two general constructions which will be generalized later on.
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Example 1.2.1 (Principal connection warping). Suppose that 7 : P — M is a principal
K-bundle over a Riemannian manifold (M, ") such that the structural group K is or-
thogonal with bi-invariant metric (-, -). There exists a Riemannian metric on P for which
the action of K on P is isometric and such that the projection 7 : P — M becomes a Rie-
mannian submersion, compare [98]. Indeed, let (-, -)o be the induced Ad-invariant inner
product on the Lie algebra ¢ of K and let w € Q'(P, £) denote any connection 1-form on P.
Then we set
0 (v, w0) = 7 (dm(v), dr(w)) + (w(),w(w))o.

It is simple to check that this expression yields a well defined Riemannian metric on
P with the desired properties. This is because 7 is constant along the action orbits, w is of
Ad-invariant type, and ker(dr)" " = ker(w).

Example 1.2.2 (Cheeger deformation). Consider a compact Lie group K acting isomet-
rically on a Riemannian manifold (M, 7). Let us fix a bi-invariant metric (-,-) on K and
endow the manifold M x K with the product metric 7 & 1(-,-). There is a natural isomet-
ric Lie group action of K on M x K givenby k' - (z,k) = (k'z,k'k) for all k, k" € K and
x € M. Thus, we know that the quotient manifold (M x K)/K can be equipped with a
unique Riemannian metric 7, such that the orbit projection 7 : M x K — (M x K)/K is
a Riemannian submersion. After some simple identifications it follows that the manifold
(M x K)/K is diffeomorphic to M, so that we have actually obtained another Riemannian
metric 7, on M for which the map 7 : (M x K,n® 1(-,-)) — (M,n,), given by sending
(z,k) — k~'z, is a Riemannian submersion. A couple of interesting properties of the Rie-
mannian manifold (M, n,) are the mentioned below.

e The original K-action on (M, n) is also isometric on (A, n,). This is because there
is another isometric action of the Lie group K on (M x K,n® %(-,-)), given by k' «
(z,k) = (z, kk'~"), which commutes with the previous one, and hence descends to an
isometric K -action on the corresponding orbit space (A, ). Note that &' - m(x, k) =
K'k~'x = w(k' * (z,k)), so that the K-action induced by x is the original K-action on
M.

e The 1-parameter family of metrics 1, on M varies smoothly with 7 and extends
smoothly to 7 = 0 with 7y = 7. Therefore, the collection {7, },>o determines a de-
formation of 7 by other K-invariant metrics on M. This is the so-called Cheeger
deformation of 7.

Example 1.2.3 (Equivariant Morse theory). As evidenced in Subsection 1.1.1, Riemannian
metrics on a manifold which are invariant by the action of a Lie group are a key ingredient
when developing an equivariant Morse theory for invariant functions. This well known
fact was used by Wasserman [116] and by Austin-Braam [8] in order to show some of the
classical Morse theory results in equivariant topology.

1.2.1 Killing vector fields

Let us finish this section by mentioning a few facts about the Lie algebra of infinitesi-
mal isometries on a Riemannian manifold. We shall follow [67, c. VI, s. 3] closely. It is well
known that an isometry of a Riemannian manifold (), ) is a diffeomorphism ¢ : M — M
leaving 1 invariant, i.e. ¢*n = 7. The set of isometries of (), n) will be denoted by Iso(, n).
This is clearly a group under the composition of maps. A vector field v on M is called an
infinitesimal isometry or a Killing vector field if the local 1-parameter subgroup gener-
ated by its flow in a neighborhood of each point of M consists of local isometries. Note
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that the latter is equivalent to asking L,n = 0, where L stands for the Lie derivative of
tensors on M. The set of Killing vector fields on (), n) will be usually denoted by o(M, 7).
This is a Lie subalgebra of the Lie algebra of vector fields on M since

Ly = Ly o Lyn — Ly o Lyn =0, v,u € o(M,n).

Furthermore:

Theorem 1.2.2. The Lie algebra o( M, n) of Killing vector fields on a connected Riemannian man-
ifold (M, n) is of dimension at most n(n + 1)/2 where n = dim M.

In other words, the Lie algebra of Killing vector fields on a connected Riemannian
manifold is always finite dimensional. More importantly, we have the following result.

Theorem 1.2.3. Let (M, n) be a Riemannian manifold with a finite number of connected compo-
nents. Then the group Iso(M, n) of isometries of (M, n) is a Lie group with respect to the compact-
open topology in M. Moreover, the Lie algebra of Iso(M, n) is isomorphic to the Lie algebra of all
complete Killing vector fields in o(M,n).

Observe that if M is compact then the Lie algebra of Iso(M, n) is naturally isomorphic
to o(M,n).

Let us now consider an action #° : K x M — M of a Lie group K on a manifold M. Itis
well known that the set Diff()/) of diffeomorphisms on M has the structure of an infinite
dimensional Lie group and that its Lie algebra may be identified with the Lie algebra X (/)
of vector fields on M. Therefore, most of the features of §° may be interpreted in terms of
the Lie group homomorphism K — Diff(1/) defined by sending k +— 6;. Differentiating at
the identity we get what we call an infinitesimal action of the Lie algebra € of K on ). That
is, a Lie algebra homomorphism ¢ — X (). For the action #°, such an infinitesimal action
is defined by sending £ — ¢, where ¢ denotes the fundamental vector field on M associated
to ¢ € t. From Theorem 1.2.3 it follows that if (M, n) is a Riemannian manifold and K
acts on it isometrically then we obtain now a Lie group homomorphism K — Iso(M,n)
together with a Lie algebra homomorphism & — o(M, 7). It is clear that the vector field ¢
is always complete and it automatically satisfies L;n = 0 since the action ¢° is isometric.

1.3 Lie groupoids

In this section we discuss the basics on Lie groupoid theory, paying special attention
to the relation between Lie groupoids and differentiable stacks. These geometric objects
provide a framework suitable to perform differential geometry on certain singular spaces.
We shall be following [37, 80, 92] closely.

A concise way to define groupoids is as follows.

Definition 1.3.1. A groupoid is a small category in which every morphism is invertible.

A groupoid can be equivalently described by a set A/ of objects, a set G of morphism-
s/arrows between objects, together with structural maps s, : G — M source and target,
a partial composition m : G? — G from the set of composable arrows G® = G x,; G, an
inversion i : G — G and a unit map v : M — G, satisfying the axioms of a category. The
collection of maps mentioned above is called structural maps of the groupoid. We usually
denote a groupoid by G = M or simply by G provided the set of objects M is understood
from the context. An arrow g with source x and target y will be sometimes depicted either

byyﬁxorx&y.
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Definition 1.3.2. A Lie groupoid is a groupoid G = M where both M and G are smooth
manifolds, the structural maps are smooth and s, ¢ : G — M are surjective submersions.

By convention, all our manifolds (including all our groupoids) are second countable
and Hausdorff. Let us describe some features concerning the structure of a Lie groupoid.
Let G = M be a Lie groupoid. For each z € M, its isotropy group is defined as G, :=
s71(z)Nt~!(x). There is an equivalence relation on M defined by = ~ y if there exists g € G
with s(¢g) = x and ¢(g) = y. The corresponding equivalence class of x € M is denoted by
O, € M and called the orbit of z. The previous equivalence relation defines a quotient
space M /G called the orbit space of G = M. This space equipped with the quotient
topology is in general a singular space, that is, it does not carry a differentiable structure
making the quotient projection M — M /G a surjective submersion. The first fundamental
aspects concerning the geometric information underlying a Lie groupoid are:

e the isotropies G, are Lie groups,
e the orbits O, are immersed submanifolds of M, and

e the s-fiber at z is a principal G,-bundle over O, with projection determined by the
restriction of the target map ¢.

The partition of M into connected components of the orbits of G = M forms a foliation
Fu of M, which is possibly singular, in the sense that different leaves might have different
dimension. The pullback foliation F¢ := s*Fy = t*Fy of G may be also singular, as its
leaves in G have the same codimension as the leaves of F,; in M. We shall refer to these
foliations as the characteristic foliations of G = M.

Example 1.3.1. Any Lie group K can be viewed as a Lie groupoid with just one object
K = *.Clearly, the source and target maps are trivial and the multiplication and inversion
are given by the Lie group structure of K.

Example 1.3.2. Any manifold M defines a Lie groupoid M = M where all of the structural
maps are given by the identity map on M. This will be called the unit groupoid associated
to M.

Example 1.3.3. A smooth action of a Lie group K on a manifold M gives rise to a Lie
groupoid K x M = M named as action groupoid. The arrows K x M stands for the
product manifold K x M, the source and target maps are respectively defined by s(k, z) =
z and t(k,z) = kz, and the composition is set by (k,k'z)(k’,x) = (kk', z). Note that the
orbits and the isotropy groups of the action groupoid coincide with the usual notions for
smooth actions.

This is one of the best sources of examples which allow to expose the rich geometric
information that can be encoded in a Lie groupoid. For instance, let the circle S* act on
the plane R? by rotations. It follows that the leaves of the singular foliation on the plane
corresponding to the associated action groupoid are the origin and the concentric circles
centered on it. In this case, the orbit space of the induced action groupoid is Hausdorff,
something which might not occur in general. Indeed, suppose that (R, -) acts on the plane
R? by scalar multiplication. The orbits of the corresponding action groupoid are the origin
and the radial open half-lines. It holds that the point determined by the origin is dense
inside the orbit space of such an action groupoid.
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Example 1.3.4. A subjective submersion 7 : M — N induces the so-called submersion
groupoid M x y M = M. The source and target maps are given by the projections from the
pullback manifold M x y M onto M and the composition is defined as (x, y)(y, 2) = (z, 2).
In this case, the orbits are the fibers of 7, the isotropies are trivial, and the orbit space
can be naturally identified with V. Particular instances of submersion groupoids are the
following. Firstly, associated to the constant map M — x is the unit groupoid M = M.
Secondly, the identity map M — M gives rise to the pair groupoid M x M = M. Thirdly,
if (U;) is an open cover for a manifold M then the groupoid [[;, U; N U; = [, U; arising
from the canonical submersion ][, U; — M is called the C'ech groupoid associated to the
open cover.

Example 1.3.5. Let 7 : P — M be a principal K-bundle. It is well known that we can
recover 7 : P — M as the quotient projection P — P/K of the free and proper action of K
on P. The gauge groupoid of P is obtained as the quotient groupoid of the pair groupoid
P x P = P by the canonical action of K. It is simple to see that gauge groupoids have
only one orbit. Conversely, every Lie groupoid G = M having only one orbit is the gauge
groupoid of some s-fiber. Indeed, just consider the gauge groupoid determined by the
principal G,-bundle ¢ : s7'(z) — O, for any = € M.

A particular example of this kind of Lie groupoid can be built as follows. Let us con-
sider a vector bundle £ — M. We can define a general linear groupoid GL(E) = M for £
which generalizes the Lie group of automorphisms of a finite-dimensional vector space.
Namely, the arrows between two objects x, y € M consist of linear isomorphisms £, < E,
between the fibers of E. The structural maps are the obvious ones. By using parallel trans-
lation with respect to a connection on £ we may check that GL(E) = M has only one
orbit. Of course, such a groupoid can be recovered as the gauge groupoid associated to
the frame bundle F(E) — M of E. Note that if the vector bundle F additionally carries a
Riemannian metric then we may construct an orthonormal linear groupoid O(E) = M
in a similar fashion.

Example 1.3.6. Let M be a smooth manifold. The fundamental groupoid of M is defined
to be II; (M) == M where II; (M) stands for the manifold of homotopy classes of paths
with fixed endpoints. The source and target maps are respectively defined by s([o]) = ¢(0)
and t([o]) = (1) and the composition of homotopy classes is given by the concatenation
of representative paths. The isotropy at € M corresponds to the fundamental group
II,(M, x). If M is connected then we may think of the fundamental groupoid of M as the
gauge groupoid determined by the principal IT, (M, z)-bundle p : M — M, that is, its
universal covering.

Example 1.3.7. For a regular foliation 7 on a manifold M we can define the monodromy
groupoid Mon(F) = M whose manifold of arrows Mon(F) is formed by leafwise homo-
topy classes of paths with fixed endpoints. The structural maps are defined in a similar
fashion as in the previous example. Therefore, the orbits and the isotropy groups cor-
respond to the leaves of 7 and their fundamental groups, respectively. The holonomy
groupoid Hol(F) =2 M may be defined analogously, except that one considers instead
the holonomy classes of paths for arrows of the homotopy classes. Indeed, each arrow
in Mon(F) induces the germ of a transverse diffeomorphism (the holonomy of a path)
and the quotient of the monodromy groupoid by holonomy classes is still a Lie groupoid,
namely, the one that we called holonomy groupoid, see [92, s. 2.1].

Example 1.3.8. A Lie groupoid G = M gives rise to a new Lie groupoid TG = TM
after applying the tangent functor to each of its structural maps. This is known as the the
tangent groupoid of G = M.
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Since Lie groupoids are small categories with some additional smooth structure, it is
natural to define morphism between them simply as functors, but taking into account the
smooth structures involved.

Definition 1.3.3. A Lie groupoid morphism between ¢ = M and G’ = M’ is a pair
¢ = (¢",¢°) where ¢' : G — G’ and ¢° : M — M’ are smooth maps commuting with
both source and target maps and preserving the composition map. Accordingly, G = M
is said to be a Lie subgroupoid of G’ = M’ if ¢ is an injective immersive Lie groupoid
morphism.

There is still an important piece of information underlying a Lie groupoid that we want
to introduce. It concerns the transversal geometry of the orbit space which is encoded in
the normal representation of any orbit. In order to do so we need the following terminol-

ogy.

Definition 1.3.4. A left Lie groupoid action of G = M with moment map . : P — M is
a smooth map 6 : G x,; P — P verifying the following conditions:

L. p1(0y(p)) = t(9),
ii. 0,(0n(p)) = O,n(p) when (g, h) € G®, and

iii. Gu(x) (p) =P.

Right Lie groupoid actions can be defined in a similar manner. If y : £ — M is a vector
bundleand ¢ : G x,; E — F is linear, meaning that for each arrow y <~ « the induced map

E, & E, is a linear isomorphism, then we get what is called a representation of G = M
on E. Equivalently, such a representation may be described by a Lie groupoid morphism
(G = M) — (GL(E) = M) covering the identity map on M.

Let G = M be a Lie groupoid. If S C M is a saturated submanifold, i.e. it is given by
the union of orbits, then we can restrict the groupoid structure to Gg = s71(S) = t71(.9),
thus obtaining a Lie subgroupoid Gs = S of G = M. The Lie groupoid structure of the
tangent groupoid 7’'G = T'M induces a new Lie groupoid v(Gs) = v(S) on the normal
bundles, having the property that all of its structural maps are fiberwise isomorphisms.
In particular, if S = O is any orbit, the source and target maps of the normal Lie groupoid
v(Gop) = v(O) yield vector bundle isomorphisms ds : v(Gp) — s*v(0) and dt : v(Gp) —
t*v(0O). Furthermore,

dtods ' :sv(0) — t'v(0), (1.7)

defines a representation of Go =% O on the normal bundle v»(O) — O. As a consequence,
for every x € M the isotropy group G, has a canonical linear representation on the normal
fiber v, (O,). More concretely, such a representation can be seen as g-[v] := [dt(g)(w)] where
w € T,G is any vector with ds(g)(w) = v. We will refer to the action G, ~ v,(O,) as the
normal representation at z € M and to the collection (M /G, {G, ~ v,(O;)}sen) as the
transversal data of G = M.

It is simple to see that the transversal data associated to any Lie groupoid is functorial.
Thatis, a Lie groupoid morphism ¢ : (G = M) — (G’ = M’) always induces a continuous
map M/G — M'/G' between orbit spaces, a Lie group morphism G, — Gy, between
isotropies, and a morphism of representations (G, ™~ v4(0y)) = (Gl ™ Vgo(2) (O go(x))
between normal representations. Accordingly, Lie groupoid isomorphisms yield isomor-
phisms (M/G,{Gs ~ v:(Op)teemr) = (MG {Ghoy ™ Vs0@)(O'go(2)) baemr). However,
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there is a larger class of groupoid morphisms which gives rise to isomorphisms between
transversal data. These are the so-called Morita maps.

Definition 1.3.5. A Lie groupoid morphism ¢ : (G =% M) — (G’ == M’) is called a Morita
map if it is fully faithful and essentially surjective, in the sense that the source/target
maps (s,t) : G - M x M and (s',t') : G' = M’ x M’ define a fiber product of manifolds
G = (M x M) Xy G and the map G' xpr M — M sending (y <~ ¢°(z),z) — yisa
surjective submersion. Morita maps shall be usually denoted by (G = M) — (G' = M’).

The following deep result proved in [37] provides a complete geometric characteriza-
tion of Morita maps in terms of transversal data.

Theorem 1.3.1. A Lie groupoid morphism ¢ : (G = M) — (G' = M’) is a Morita map if
and only if it induces an isomorphism between the transversal data associated to G = M and
G' = M.

It is worth mentioning that the previous result as well as its consequences play an
important role in our treatment and study of the differential geometry/topology that may
be carried out over the orbit space of a Lie groupoid and its associated differentiable stack.

Differentiable stacks

Roughly, a differentiable stack can be thought of as a generalization of the notion of
manifold which allows us to study higher symmetries and singular geometric features.
Our definition of stack strongly depends on the notion of Morita equivalence. Let G = M
and G' = M’ be two Lie groupoids. A groupoid fraction from G to G’ is by definition a

pair of Lie groupoid morphisms (G = M) & (H=N) N (G' = M') where ¢ is a Morita

map. We shall denote fractions by ¢'/¢ : G — G'. In these terms, we set up the following
definition.

Definition 1.3.6. Two Lie groupoids GG and G’ are Morita equivalent if there exists a frac-
tion /¢ : G — G’ where both ¢ and 1) are Morita maps.

First of all, it is important to comment that Morita equivalence is in fact an equivalence
relation. Second, one can always assume that both ¢ and ¢ are Morita fibrations, in the
sense that the maps on object ¢° : N — M and ¢° : N — M’ are surjective submersions
[37,92]. Third, it follows from Theorem 1.3.1 that two Lie groupoids are Morita equivalent
if and only if they have isomorphic transversal data.

Definition 1.3.7. A differentiable stack is defined to be a Lie groupoid up to Morita equiv-
alence. We write [M /G for the differentiable stack presented by the Lie groupoid G = M.

Before going further let us take a look at some instructive examples. We start by ex-
hibiting some Morita maps.

Example 1.3.9. Two Lie groups K = * and K’ = * are Morita equivalent if and only if
they are isomorphic. Also, two manifolds M = M and M’ = M’ are Morita equivalent if
and only if they are diffeomorphic.

Example 1.3.10. Let G == M be a Lie groupoid having only one orbit. It follows that for
any z € M the inclusion (G, = %) — (G = M) is a Morita map since the respective orbits
spaces contain only one point and the normal representations are trivially isomorphic.
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Example 1.3.11. Let 7 : M — N be a surjective submersion and consider its associated
submersion groupoid M x y M = M.Itis simple to check that the Lie groupoid morphism
¢: (M xy M= M)— (N = N)defined by ¢'(z,y) = n(y) and ¢°(z) = () is a Morita
fibration. In particular, any open cover (U;) for a manifold M determines a Lie groupoid
[1,,U; nU; = [1;U; which is Morita equivalent to M = M. The latter example may
be generalized in the following way. Given a Lie groupoid G = M and an open cover

U = (U;) for M we can define a new Lie groupoid Gy, := (]_[]Z GU;,U;) = 11, UZ-) with

arrows (y, j) LoD (2,i) for z € U;, y € U; and y <~ x an arrow in G. The composition is

setby (g, k, j)(h,j,i) = (gh, k, ). It follows that the canonical projection m, : Gy, — G also
defines a Morita fibration.

Example 1.3.12. Let G = M be a Lie groupoid and O be the orbit through x € M. Consider
the action groupoids G, x v,(0) =2 v,(O) and Gp X ¥(O) =2 v(O) respectively determined
by the normal representation at x and the representation of Go = O on the normal bundle
v(0) — O, see Equation (1.7). It is simple to check that the inclusion

(Gz X 1,(0) = 1,(0)) = (Go x v(O) = v(0)),
is fully faithful and essentially surjective, so that it is a Morita map.

Example 1.3.13. If K is a Lie group acting freely and properly on a smooth manifold M
then the orbit space M /K can be endowed with a unique smooth structure such that the
canonical projection 7 : M — M/K is a surjective submersion. It follows that the map
K x M — M xuyx M sending (k,z) — (z,kz) induces a Lie groupoid isomorphism
between the action groupoid K x M = M and the submersion groupoid M X s/ x M = M.
Therefore, by Example 1.3.11 we get that K x M = M is Morita equivalent to the unit
groupoid M/K = M/K.

Example 1.3.14. Let F be a regular foliation on a smooth manifold M. The monodromy
groupoid Mon(F) = M and the holonomy groupoid Hol(F) = M are not Morita equiv-
alent in general, as there may be nontrivial loops with trivial holonomy. Nevertheless, the
canonical projection Mon(F) — Hol(F) still determines a homeomorphism between the
orbit(leaf) spaces and an isomorphism on the normal directions to the leaves.

Some elementary examples of differentiable stacks are the following.

Example 1.3.15. Smooth manifolds can be identified with “separated” differentiable stacks
that have no isotropy.

Example 1.3.16. The differentiable stack [+/K| associated to the a Lie group K = x is
known as the classifying stack of K. Itis worth mentioning that this is a finite-dimensional
stacky model for the usual infinite-dimensional classifying space LK.

Example 1.3.17. Let K ~ M be a smooth Lie group action. The differentiable stack [M /K]
associated to the action groupoid K x M = M encodes the equivariant geometry of the

action. If the action is free and proper then [M /K| is identified with the quotient manifold
M/K.

Example 1.3.18. Orbifolds are spaces locally modeled by quotients of Euclidean spaces by
finite group actions. An orbifold chart (U, K, ¢) for a space O consists of a connected open
subset U inside some Euclidean space R?, a finite group K of diffeomorphisms of U and
an open embedding ¢ : U/K — O. An orbifold is defined to be a space O equipped with
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an orbifold atlas, which is just a collection U = (U;, K;, ;) of compatible orbifold charts.
Two atlases define the same orbifold if they are compatible, in the sense that their union is
again an atlas. Out of an orbifold O with a numerable atlas ¢/ we can define a Lie groupoid
G = M whose manifold of objects M is given by [, U; and manifold of arrows G con-
sists of germs of compositions of maps in some K;, endowed with the sheaf-like manifold
structure. If we consider two different numerable atlases ¢/ and U’ of O such that i/ refines
U’ then a choice of inclusions leads to a Morita map (G = M) — (G' = M’). In par-
ticular, common refinements of different orbifold atlases determine Morita equivalences
between the induced Lie groupoids. From the stack viewpoint, orbifolds are defined as
“separated” stacks with finite isotropy groups. For specific details visit [92].

Let us now quickly introduce the notion of stacky map. Let G = M and G’ = M’ be
Lie groupoids. Two Lie groupoid morphisms ¢, : (G = M) — (G’ = M’) are said to be
isomorphic if there exists a smooth natural transformation between them. That is, there
isasmoothmap o : M — G’ with ' o = ¢ and t' o o = o), verifying ¥ (g)a(z) = a(y)d(g)
for each arrow y <~ z in G. It is simple to see that isomorphic Lie groupoid morphisms
induce the same map between orbit spaces and determine linear maps between the normal

representatlons which are related by con]ugatlons Two fractions (G = M ) - (H, =

Nl) 5% (G'= M')and (G = M) (HQ = NQ) % (G' = M') are equlvalent if there

are Morita maps oy : (H; = Ng) (Hh = Ny)and s : (H3 = N3) — (Hy = N)
such that ¢ o a; is isomorphic to ¢); o ay and ¢, o a4 is isomorphic to ¢, o . It holds that
the previous relation is also an equivalence relation [37, 92]. A class of fractions [¢//¢] :
[M/G] — [M'/G'] is named to be a stacky map.

Remark 1.3.1. The geometric interpretation of differentiable stacks as well as stacky maps
between them that we shall adopt throughout this thesis is as follows.

e The characterization of Morita equivalences in terms of transversal data gives us
some geometric intuition about the notion of differentiable stack [M/G]. Namely,
this is an enhanced version of the orbit space M /G endowed with certain smooth
information which is encoded by the normal representations G, ~ v,(O,). This
perspective allows us to think of points in [M/G] as elements lying inside M /G (i.e.
orbits), so that their tangent spaces can be modeled as follows. The coarse tangent
space of the differentiable stack [M/G] at [x] = O is by definition the coarse orbit
space v,(0) /G, = v(0)/Go of the action groupoid determined by the normal rep-
resentation on the orbit O through « € M, compare [42]. This will be denoted by
T1)[M/G]. Such a space is well defined in the sense that two points in the same orbit
have isomorphic normal representations and Morita equivalences preserve transver-
sal data.

o Let F' := [¢/¢] : [M/G] — [M'/G'] be a stacky map. On the one side, the coarse
map F of F is defined to be the composition ¢ o & ' M/G — M'/G". On the other
side, the coarse differential dF, of F at [z] € [M/G] is defined by the composition
d@/)[z o dqb[z : Tl [M/G] — Ty [M'/G'] where = is a representative of the uniquely
determined class [z] verifying ¢([z]) = [z]. The well definition of F' and dF |, follows

from the fact that ¢, ¢, dir,;, d¢,) are invariant under isomorphisms of Lie groupoid
morphisms, so that it does not depend on the representative fraction of F.

Remark 1.3.2. We warn the reader that there is another way to introduce and study dif-
ferentiable stacks. Roughly speaking, a stack is a category fibered in groupoids over the
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category of smooth manifolds with conditions of gluing objects and gluing morphisms.
Any smooth manifold A can be interpreted as the stack given by Hom(—, M). In these
terms, a differentiable stack is a pair (91, M) where 9 is a stack and M is a smooth man-
ifold for which there exists a morphism of stacks M — 91 that is representable and has
local sections [17]. Although our focus on this thesis does not follow the previous termi-
nology, it is important to mention that there is a dictionary between such a viewpoint for
differentiable stacks and the one provided by Lie groupoids up to Morita equivalences.
This says that, in a certain sense, Lie groupoids are like “local charts” on a differentiable
stack [17]. Such a dictionary will be used without further comments in Section 2.5 in order
to interpret within our language some of the results proven in [58].

Miscellany on Lie groupoids

The aim of this subsection is to collect some notions, results and constructions from the
theory of Lie groupoids that we will be using throughout. All of the above will depend
on the class of Lie groupoid which we are interested in. Let G = M be a Lie groupoid.

Proper. We say that G = M is proper if the source/target map (s,t) : G - M x M
is proper. In this case, the isotropy groups are compact, the orbits are embedded and
the orbit space is Hausdorff, second-countable, and paracompact [37, 92]. Two important
teatures of proper Lie groupoids are that they admit proper Haar measure systems and are
linearizable around saturated submanifolds. Firstly, a Haar measure system on G == M
is a family {u”}.cnr of measures on the s-fibers s™! () such that they are:

i. right-invariant: for all g € G the right multiplication R, : s~ (t(g)) — s '(s(9))
satisfies R} (1*@) = p'@), and

ii. smooth: forall f € C°(G) the map x — p*(f|s-1(y)) is smooth.

Given a Haar system 4, the support supp_ (1) at z is defined to be the smallest closed set
K in the fiber s~!(z) such that u*(f) = O forall f € C>°(s~!(z)\K). The support of y is thus
defined as supp(;1) = Uzensupp, (11). Accordingly, 41 is said to be proper if the restriction
of s to supp(y1) is a proper map. It is well known that a Lie groupoid admits a proper Haar
measure system if and only if it is proper [110]. The main reason we introduce this notion
is because we want to be able to integrate, so that we can use averaging techniques.

Secondly, let S be a saturated submanifold in M. A groupoid neighborhood of G5 = S
is given by an open Lie subgroupoid (U = U) C (G = M) with G5 C U and S C U.If our
groupoid is proper then we can assume that the groupoid neighborhoods are full in the
sense that U = Gy = s~ (U) Nt~ (U), see [40]. Let v(Gs) = v(S) be the normal groupoid
associated to S. We say that G = M is linearizable around S if there are full groupoid
neighborhoods (Gy = U) C (G = M) of Gg =% S and (v(Gs)y = V) C (v(Gs) = v(9))
of Gg =% S seen as the zero section, and a Lie groupoid isomorphism ¢ : (v(Go)y =
V) — (Gy = U) which is the identity on Gs =% S. We shall sometimes refer to ¢ as
a full Lie groupoid tubular neighborhood of Gg. The linearization theorem asserts that
every proper Lie groupoid is linearizable around any of its orbits. It is worth mentioning
that this result generalizes other classical and important results in differential geometry
such as the Ehresmann’s theorem for submersions, the local Reeb stability for foliations,
and the tube theorem for proper Lie group actions. The linearization problem was first
addressed by Weinstein in [118] for the case of regular proper groupoids by reducing it
to the fixed point case. A first complete proof of this result was provided by Zung in [120]
with the extra assumption of source locally triviality. The latter hypothesis and variants of
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it were treated later by Crainic and Struchiner in [36]. Other novel approaches that lead
to much more geometric proofs of the linearization theorem are given in [40, 39, 87]. In
particular, if S = O, is the orbit through any = € M then there is an open neighborhood U
of x in M diffeomorphic to O x V,, where O is an open ball in the orbit O, centered at z and
V, is a G, -invariant open ball in v,(O, ) centered at the origin. Under this diffeomorphism
Gy = U is isomorphic to the product of the pair groupoid O x O = O and the action
groupoid G, x V,, =% V,, see [103, Cor. 3.11].

Another important fact to take into account is that if one of any two Morita equivalent
Lie groupoids is proper then the other one is proper as well. Differentiable stacks pre-
sented by proper Lie groupoids will be called separated. Some elementary examples of
proper groupoids are provided by compact Lie groups, submersions groupoids, action
groupoids induced by proper Lie group actions, holonomy groupoids of regular Rieman-
nian foliations, and restrictions of already known proper groupoids.

Etale. The Lie groupoid G = M is said to be étale if either s or ¢ is a local diffeomorphism.
This is clearly equivalent to asking that dim A/ = dim G. It is obvious that all the structural
maps of an étale groupoid are local diffeomorphisms. Furthermore, it holds that the s-
fibers, the t-fibers, the isotropy groups, and the orbits are discrete. More importantly, a
Lie groupoid is Morita equivalent to an étale one if and only if it has discrete isotropy
groups [33],[92, p. 136]. If we further assume that G = M is proper then any = € M has
an open neighborhood U in M with an action of the isotropy group G, such that there is
an isomorphism between the étale groupoids Gy =2 U and G, x U =2 U, see [92, p. 142].
This implies that any proper étale groupoid defines an orbifold structure on its space of
orbits. Accordingly, from the Lie groupoid viewpoint, orbifolds are thought of as proper
étale groupoids up to Morita equivalence.

Some examples of étale groupoids are provided by manifolds, discrete groups, and
action groupoids induced by Lie group actions of discrete groups.

Transitive. We say that G = M is transitive if it has only one orbit. It is simple to check
that this is the case if and only if the source/target map (s,t) : G — M x M is a surjective
submersion. We already commented in Example 1.3.5 that every transitive groupoid is
isomorphic to the gauge groupoid of a suitable principal bundle. Transitivity is a Morita
invariant property. These kinds of groupoids are extensively discussed in [79].

Examples of transitive Lie groupoids are provided by action groupoids induced by
transitive Lie group actions, fundamental groupoids associated to connected manifolds,
restrictions of groupoid structures to the orbits, and obviously, gauge groupoids induced
by principal bundles.

Regular. The Lie groupoid G = M is named to be regular if for each x € M the restriction
of target map ¢ to the fiber s~!(z) has locally constant rank. In such a case, all the orbits
have the same dimension so that their connected components determine a regular foli-
ation of M. There exists a classification result which says that any regular Lie groupoid
G fits into a short exact sequence K — G — E with K a bundle of Lie groups and E a
foliation groupoid [91]. Moreover, if G is proper then so are K and E. On the one hand,
a bundle of Lie groups is a Lie groupoid for which the source and target maps agree. In
this case, each arrow lies inside an isotropy group, all isotropy groups are isomorphic and
the groupoid itself is a fiber bundle with a Lie group as fiber. These groupoids are proper
if and only if the fiber Lie group is compact. On the other hand, a foliation groupoid is a
Lie groupoid whose isotropy groups are discrete. This is equivalent to asking that its com-
bined source/target map has discrete fibers. As we already mentioned, a Lie groupoid is
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a foliation groupoid if and only if it is Morita equivalent to an étale Lie groupoid [33].

Lie algebroids. It is well known that any Lie group can be differentiated at the unit in
order to obtain its infinitesimal counterpart which is a Lie algebra. The corresponding
notion for a Lie groupoid is that of a Lie algebroid. A Lie algebroid over a manifold M
consists of a vector bundle A together with a bundle map p4 : A — T'M and a Lie bracket
on the space of sections I'(A) satisfying the Leibniz identity:

[a, fOla = fla,b] + Ly @) (f)b, a,b € T(A), f e CF(M).

After conveniently using the latter identity together with the Jacobi identity of the
Lie bracket on sections one can show that the induced map p4 : I'(A) — X(M) is a Lie
algebra homomorphism. Examples of Lie algebroids are provided by tangent bundles,
Lie algebras, involutive distributions (foliations), bundles of Lie algebras, infinitesimal
actions, Atiyah sequences, Poisson structures, among others [32, 79, 80]. More impor-
tantly, the Lie algebroid associated to the Lie groupoid G = M is defined to be the vector
bundle A := ker(ds)|y; C TG with anchor map p4 : A — TM obtained by restricting
dt : TG — TM to A and Lie bracket on I'(A) induced by the bracket of vector fields on
G, see [32, s. 1.4]. We omit for now bringing additional details about this infinitesimal
counterpart as well as the interesting theory it plays, leaving the study of its underlying
properties for our specific purposes in Chapter 4. Classical references regarding this sub-
ject are for instance [32, 79, 80, 92].

Differentiable groupoid cohomology. There are several cohomology theories associated
to groupoids which allow to extract different topological or geometrical information of
the corresponding stacks depending on the purposes one has. Let us briefly introduce
the differentiable cohomology with coefficients in a representation of a Lie groupoid by
following [31, 111] closely.

Throughout several stages of this thesis a Lie groupoid will be also denoted as G") =
G9). This permits us to work with the simplicial structure underlying a Lie groupoid in a
more concise way. Namely, the nerve G(*) of G = G can be depicted as

G =g -Felo) 3 ) — =3 0.
The manifolds G™ of n-composable arrows are given by
G =G X0 - Xgo GV ={(g1,-+ 1 gn) t s(g;) =t(gj1); G=1,--+ ,n—1},

and the left arrows represent the face maps d : G — GV for k = 0,--- ,n. These are
defined as d} = t, d} = sand

(927"' 7gn) if k=20
di(g1,7 s 9n) = (91, GiGix1,- - ,9n) if 0<k<n
(G915 s Gn-1) if k=n.

The face maps are surjective submersions and they satisfy the so-called semi-simplicial
identities
Ay odl = dy ody, k<k. (1.8)

Also, there are vertex maps X! : G™ — G(©) defined by \? = ¢ o pr;forj=1,---,n

and \",, = sopr . Let us consider a representation of G’ = G® on a vector bundle
7 E — G©. For any integer n > 0 we define a smooth n-chain on G with values in £
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to be a smooth section of the pullback vector bundle of E — G along A7 : G — G©).
The set of those smooth n-chains is denoted by C"(G, E) := ['(G™, (A\?)*E). It turns out
that the collection C*(G, E) forms a cochain complex whose co-differential operator d* :
C*(G,F) — C*T(G, E) is defined by

(@) (g1s-+ s gns1) = g1-c(g2:- s Gns1) + Z(—l)jC(m, 039541 s Gnt)
j=1

+ (_1>n+lc(gla U 7gn>,

and (d°c)(g) = g - c(s(g)) — c(t(g)). One can check easily that d> = 0 so that we have an
associated cohomology Hj3(G, E') which is known as the differentiable groupoid coho-
mology of G with coefficients in E. Note that H).«(G, E) = T'(E)%, that is, G-invariant
sections of F.

Firstly, it simple to see that for the specific case of Lie groups we recover the usual
differential cohomology. Secondly, if GV = G© is proper then H}«(G, E) = 0 for all
n > 1. Thirdly, the differential groupoid cohomology is Morita invariant in the sense that
if  : G — G’ is a Morita map then H3(G, ¢*F) = H34(G', E), see [31].

Principal groupoid bi-bundles. Another approach to equivalences of Lie groupoids is
specified in terms of principal bi-bundles. A left G-bundle over a manifold N is given
by a left Lie groupoid action 6 : (G = M) ~ P — M with a surjective submersion
a : P — N whose fibers are invariant by 0, that is, a(0,(p)) = a(p). A left G-bundle is
said to be principal if ¢ is a free action and its orbits are exactly the fibers of a. Principal
right G-bundles are similarly defined. In these terms, a principal groupoid bi-bundle
(P,a, @) © G -+ G'is given by a left groupoid action § : (G = M) ~ P — M and
a right groupoid action ¢ : M’ < P ~ (G’ == M’) verifying that the moment maps
a: P — Mandd' : P— M are surjective submersions, § yields a principal left G-bundle
over o/ : P — M’ and ¢’ yields principal right G’-bundle over o : P — M, and, when
defined, the actions # and ¢’ commute.

An isomorphism of principal bi-bundles P, P’ : G -~ G’ is a diffeomorphism P — F’
which commutes with both action maps and both submersions. This allows to provide
an alternative definition of Morita equivalence by considering instead an isomorphism
class of principal bi-bundles. Actually, there exists a one-to-one correspondence between
Morita equivalences of Lie groupoids and principal groupoid bi-bundles [17, 37, 92]. The
approach for Morita equivalences in terms of isomorphism classes of principal bi-bundles
will be also useful at some stages of this thesis.

1.3.1 Riemannian groupoids

The notion of Riemannian metric on a Lie groupoid that we will be dealing with along
this thesis was introduced in [40] (see also [51, 103]). Such a notion is compatible with
the groupoid composition so that it plays an important role in several parts of our work.
We start by recalling that a submersion 7 : (M,n") — N with (M, n*) a Riemannian
manifold is said to be Riemannian if the fibers of it are equidistant (transverse condition).
In this case the base N gets an induced metric n" := m.n™ for which the linear map
dr(z) : (ker(dm(z)))* — Tr@N is an isometry for all z € M. If (n™)* denotes the dual
metric associated to ™ then the condition for a Riemannian submersion can be rephrased
as follows. For all z € M the map dr(z)* : T, N — ker(dn(z))® is an isometry, where
ker(dm(x))° denotes the annihilator of the vectors tangent to the fiber. If 7 : M — N isa
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surjective submersion then a Riemannian metric n on M is said to be transverse to 7 if
foralla € N and all 2, z, € 7~ '(a) we have that the map

dr(z1)* o (dm(z2)*) ™" : ker(dm(2))° — TN — ker(dn(z1))°, (1.9)

is a linear isometry. In this case, there exists a unique metric " on N such that = becomes
a Riemannian submersion. Such a metric is defined by the expression n" (dr(v), dr(w)) :=
n™ (v, w) for v, w € ker(dr)* and is called the push-forward metric. The notation we shall
be using for the previous Riemannian metric is nV := m.n™.

It is well known that given a Lie groupoid G = M every pair of composable arrows
in G® may be identified with an element in the space of commutative triangles so that
it admits an action of S3 determined by permuting the vertices of such triangles. In these
terms, we set up the following definition which is due to del Hoyo-Fernandes in [40].

Definition 1.3.8. A Riemannian groupoid is a pair (G =% M,n) where G = M is a Lie
groupoid and n = 7? is a Riemannian metric on G that is invariant by the S3-action
and transverse to the composition map m : G*® — M.

The permutations 07 = (zyz), 02 = (2y)(2), and 03 = (yz)(z) determine diffeomor-
phisms (g,h) — (h"*g71, ), (9,h) — (gh,h™Y), and (g,h) — (g7, gh) on G® respectively
intertwining the pairs of maps (7, 7), (71, m), and (72, m) which go from G® - aG.
Therefore, the metric 7(® induces metrics nV) = (13),7? = m.n® = (7,),7® on G and
N0 = s,nM = t,n™M on M such that my,m, 7 : G® — G and s,t : G — M are Rieman-
nian submersions and i : G — G is an isometry. The metric n¥), for j = 2,1,0, is called a
j-metric. On the one side, 0-metrics are Riemannian metrics transversely invariant under
the action of G on M. In other words, the normal representation (1.7) is by linear isome-
tries. Such metrics and their properties have been studied in [103]. On the other side,
1-metrics were first introduced in [51]. In a few words, these are Riemannian metrics in-
variant under inversion and for which the source and target fibers are equidistant.

Let us see some elementary examples.

Example 1.3.19. Firstly, any transitive groupoid admits O-metrics. This is because they
have only one orbit, so that the condition becomes vacuous. Similarly, Lie group bundles
admit 0-metrics since their orbits are just points and the normal representations are trivial.
Secondly, 0-metrics on submersions groupoids correspond to transverse Riemannian met-
rics with respect to the defining surjective submersion. Thirdly, a 0-metric on an étale Lie
groupoid is the same as a Riemannian metric for which the bisections act by isometries,
see [40].

Example 1.3.20. Consider a regular foliation 7 on a smooth manifold M. To have a 0-
metric on Hol(F) = M is equivalent to having a Riemannian metric on M for which F
becomes a Riemannian foliation. As shown in [40], there always exists a way of extending
O-metrics to 1-metrics in this case.

Example 1.3.21. Let K be a compact Lie group endowed with a bi-invariant metric 7
and suppose that it acts on a Riemannian manifold (M, n™) by isometries. It follows that
n™ & n does not define a 1-metric on the action groupoid K x M = M in general, as
the inversion might not be an isometry. The gauge trick introduced in [40] yields a way
to overcome this difficulty. For instance, by construction, the Riemannian metric n) on
G = K x M is such that the following are Riemannian submersions:
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(K % K % M’UK@UK@UM)&(K > M’nK@nM)
l(khkz,x)n—)(kzzkll,klx) lw

(G,nM) (M, n™).

S

Example 1.3.22. If (M, 7") is a Riemannian manifold then 7° & n° & n° defines a 2-metric
on the pair groupoid M x M = M.

Example 1.3.23. Let 7 : (M, n®) — (N, n") be a Riemannian submersion and M x y M =
M be its associated submersion groupoid. Then, the expression

defines a Riemannian metric on M x y M in such a way both pr, and pr, become Rieman-
nian submersions. It is simple to check that the inversion of M xy M = M is an isometry

on (M xx M,n"), so that we have obtained a 1-metric. A 2-metric on M xy M = M can
be built in a similar fashion by using instead 1.

The most important features about Riemannian groupoids we shall be using through-
out come in order below. Specific details can be found in [40]. Let (G == M,n) be a Rie-
mannian groupoid. Then:

e The units u(M) — G form a totally geodesic submanifold since it agrees with the
set of fixed points of the inversion i which is an isometry.

e The characteristic foliations F); on (M,n?) and F¢ on (G,nWY) are singular Rie-
mannian foliations. This mainly follows from the fact that s and ¢ are Riemannian
submersions, so that their fibers naturally determine regular Riemannian foliations

on (G,nW).

e Ascommented before, the normal representation along orbits (1.7) is by linear isome-
tries with respect to the induced bundle metric 7(©.

e The gauge trick mentioned above can be adapted to construct 2-metrics on more
general Lie groupoids. In particular, every proper Lie groupoid admits 2-metrics.

e We can use the exponential maps determined by groupoid Riemannian 2-metrics to
prove that proper Lie groupoids are linearizable. Namely, let us further assume that
G = M is proper and let S denote a saturated submanifold in M. Then there are
open neighborhoods S C U C M and S C V' C v(S) such that

exp = (exp”exp””) 1 (W(S)y = V) = (Gu = V),

is a Lie groupoid isomorphism. Of course, exp restricts to the identity on Gg = S.
Additionally, if n© is complete then the obtained linearization is invariant, that is,
U and V can be chosen to be saturated, visit [39].

Remark 1.3.3. The notion of n-metric on Lie groupoids for n > 3 was also introduced
in [40]. This is just a Riemannian metric on the set of n-composable arrows G™ that is
invariant by the canonical S, -action on G(™ and transverse to one (hence to all) face
map G — G™~ Y. We can push this n-metric forward with the different face maps
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G — GV to define an (n — 1)-metric on G~V in such a way these face maps be-
come Riemannian submersions. One can use this process to obtain r-metrics " on G
for all 0 < r < n — 1 so that we get Riemannian submersions (G, n™) — (G0=Y nr=b),
As expected, proper Lie groupoids can always be equipped with Riemannian n-metrics.
To work with Riemannian groupoid metrics in this generality will be necessary in Subsec-
tions 2.3.1 and 2.4.2 where the whole nerve of our Lie groupoid is considered.

Riemannian stacks

We finish this subsection by commenting that the notion of Riemannian groupoid met-
ric we have been speaking about is Morita invariant. There is a notion of equivalence of
2-metrics on a given Lie groupoid and Morita equivalence yields a one-to-one correspon-
dence between equivalence classes of 2-metrics [41]. This allows to induce a notion of
metric on differentiable stacks which generalizes the usual concepts of Riemannian met-
ric on manifolds and orbifolds.

Let G = M be a Lie groupoid and [/ /G] denote its associated differentiable stack.

Definition 1.3.9. Two Riemannian 2-metrics 7, and 7, on G =% M are said to be equivalent
if they induce the same inner products on the normal vector spaces over the groupoid
orbits of G.

More generally, we can define a Riemannian Morita map (resp. fibration) ¢ : (H =2
N) — (G = M) as a Morita map between Riemannian groupoids that induces isometries
on the normal vector spaces to the groupoid orbits v, (OF) — v,(,)(O%) (resp. Riemannian
submersion at the level of objects). By using this terminology we have that 7, and 7, are
equivalent if and only if the identity id : (G = M,n;) — (G =% M, 1) is a Riemannian
Morita map.

Let us consider a Morita fraction G <> H % G’ where both ¢ and ) are assumed to be

Morita fibrations. Suppose that G can be endowed with a 2-metric . As proven in [41],
there exists a 2-metric n/ on H that makes the Morita fibration ¢ : H — G Riemannian.
We can slightly modify n” by a cotangent averaging procedure so that we get another 2-
metric /i’ on H which descends to G’ defining a 2-metric 7" making of the Morita fibration
Y : H — G’ Riemannian. It turns out that these pullback and pushforward constructions
are well-defined and mutually inverse modulo equivalence of 2-metrics. This is because
n' and /¥ turn out to be equivalent. In this case, we refer to (G, 7%) and (G’, ") as being
Morita equivalent Riemannian groupoids. As mentioned above, it suggests a definition
for Riemannian metrics over differentiable stacks. Namely:

Definition 1.3.10. A stacky metric on the orbit stack [1//G] is defined to be an equivalence
class [n] of a 2-metricnon G = M.

Let us look at some basic examples.

Example 1.3.24. Let 7 : M — N be a surjective submersion and M xy M = M be
its corresponding submersion groupoid. Recall that a 2-metric 7 on M xy M induces
Riemannian metrics ™ on M and 7" on N so that 7 becomes a Riemannian submersion.
It is simple to check that two Riemannian 2-metrics  and 7’ are equivalent if and only if
n™ = n'N. Therefore, stacky metrics on [M /M x y M] are just standard Riemannian metrics
on N.
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Example 1.3.25. Suppose that G = M is an étale Lie groupoid. In this case, the normal
spaces are the same as the tangent spaces, so that two 2-metrics are equivalent if and only
if they are equal. If GG is additionally proper then the notion of stacky metric on the orbifold
[M /G| recovers the classical notion of orbifold metric, as studied for instance in [56].

Example 1.3.26. Any two 2-metrics on a transitive Lie groupoid are equivalent. Therefore,
stacky metrics on Lie groups are trivial, since such a notion does not detect any relevant
information on the isotropies and only sees the transverse directions.

The notion of stacky metric introduced in Definition 1.3.10 opens up the possibility to
extend to singular spaces modeled by stacks classical concepts in Riemannian geometry.
For instance, a theory of stacky geodesics on Riemannian stacks was developed in [38]
allowing to establish a stacky version of the Hopf-Rinow Theorem. We will use stacky
metrics to study some Morse theoretical features over differentiable stacks in Subsection
2.5, to study the problem regarding the existence of closed stacky geodesics on separated
Riemannian stacks in Chapter 3, and to define a notion of geometric Killing vector field
on Riemannian stacks in Section 4.2.

1.3.2 Lie 2-groups

In this subsection we introduce the notion of (strict) Lie 2-group as well as its infinites-
imal counterpart which is known as (strict) Lie 2-algebra. These geometric/algebraic ob-
jects will play an important role when describing the corresponding 2-equivariant analog
of several of the results this thesis is mainly concerned.

As it was explicitly mentioned by Baez and Lauda in [10], the notion of Lie 2-group
goes back to Brown and Spencer in [28] where it became clear that classical group the-
ory is just the beginning of a larger subject that sometimes is called higher-dimensional
group theory. In many contexts where we are tempted in using groups to tackle certain
symmetries-involved problems, it turns out actually to be more natural to use a richer
kind of structure where, in addition to group elements describing symmetries, we also
have isomorphisms between these, thus describing symmetries between symmetries. In
this spirit, we may concisely define:

Definition 1.3.11. A Lie 2-group is a group internal to the category of Lie groupoids.

In other words, a Lie 2-group is a Lie groupoid K) = K© where both K*) and K
are Lie groups and the structural maps of K = K© are Lie group homomorphisms
[10,28]. We will denote by * the composition of arrows in K) = K and by - the product
of arrows in K. For instance, the fact that the multiplication is a morphism of groups
amounts to the exchange law:

(ky s ko) - (K| % K)) = (ky - K)) % (ko - KS),  forall (ky, ko), (K}, k) € K@, (1.10)

where K'? is the space of pairs of composable arrows of K1) = K(©). As expected, mor-
phisms between Lie 2-groups are by definition Lie groupoid morphisms that preserve the
Lie group structures involved.

There are several alternative ways to think of Lie 2-groups and one of them is described
in terms of crossed modules.

Definition 1.3.12. A crossed module of Lie groups is a quadruple (K, H, p, &) consisting
of a Lie group homomorphism p : H — K together with an action o of K on H, (k,h) —
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kh, by Lie group automorphisms such that:
p(kh) = kp(h)k™' and p(h)h' = hW'h7!,

forall k € Kand h,h/ € H.

On the one hand, given a Lie 2-group K = K© one has an associated crossed
module of Lie groups (K, H, p,a), where K = KO, H = ker(sg), p :== tx|lpg : H - K
and K acts on H by conjugation via the identity bisection ugx : K© — KW, that is,
kh := 1) - h - 14-1. On the other hand, if (K, H, p, ) is a crossed module of Lie groups
then one can define a Lie 2-group by setting the objects as the Lie group K(©) := K, the ar-
rows as the semi-direct product K(!) := H x K with respect to the induced representation
a: K — Aut(H) so that:

(h1, k1) - (he, ko) := (hi(k1hg), k1k2),

and the groupoid structure as the one obtained by the action groupoid induced by the
action of H on K through p. That is, the structural maps are

s(h k) =k, tr(h, k) = p(R)k, (b1, p(ha)ks) * (ho, ks) = (hiha, ko).

The correspondence above defines an equivalence of categories between the category
of Lie 2-groups and the category of crossed modules of Lie groups [10].

Some elementary examples of Lie 2-groups can be provided by the following crossed
modules of Lie groups.

Example 1.3.27. Leta : K — GL(V') bealinear representation of a Lie group K on a vector
space V. If V is viewed as an abelian Lie group with the sum of vectorsand p : V' — K
is the trivial Lie group homomorphism then (K, V, p, a) determines a crossed module of
Lie groups. The Lie 2-group V x K = K is isomorphic to the Lie group bundle induced
by the trivial vector bundle 7 : V x K — K. That is, both source and target maps agree
with 7 and the composition is determined by the addition in the fiber V. In particular, the
tangent bundle and cotangent bundles of K can be seen as the Lie 2-groups TK = K and
T*K = K respectively induced by the adjoint and coadjoint representations of K, as they
are trivializable.

Example 1.3.28. Let us consider a split central extension of Lie groups 1 — K - H %
K — 1. That is, there is a Lie group homomorphism ¢ : K — H such that po 0 = idg.
Then, the representation o : K — Aut(H) given by oy (h) = o(k)ho(k)™! is such that
(K, H, p, a) defines a crossed module of Lie groups. This follows by noting that p : H — K
is a principal K-bundle, so that for each h € H there exists a unique & € K such that

a(p(h)) = he(k).

Example 1.3.29. Suppose that H is a normal Lie subgroup of a Lie group K. In this case,
the inclusion ¢ : H — K and the representation by conjugation c : K’ — Aut(H) define a
crossed module of Lie groups (K, H, ¢, c). On the one side, if H is the trivial subgroup then
we get the unit groupoid K = K which is a Lie 2-group in a canonical way. On the other
side, if H is the whole K then we obtain the action groupoid K x K = K defined through
the action of K on itself by left translations. This becomes a Lie 2-group after considering
the Lie group structure on K x K induced by conjugations.

Remark 1.3.4. It is worth mentioning that if (K, H, p, «) is a crossed module of Lie groups
then ker(p) is a K-invariant central Lie subgroup of H and im(p) is a normal Lie subgroup
of K.
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Let us now introduce the infinitesimal counterpart of a Lie 2-group which is known as
Lie 2-algebra.

Definition 1.3.13. A Lie 2-algebrais a Lie algebra internal to the category of Lie groupoids.

More concretely, a Lie 2-algebra is a Lie groupoid £ = £© where both £ and ¢ are
Lie algebras and the structural maps of £!) = ¢ are Lie algebra homomorphisms. Mot-
phisms between Lie 2-algebras are defined to be Lie groupoid morphisms that preserve
the Lie algebra structures involved. As expected, the Lie functor yields a correspondence
between Lie 2-groups and Lie 2-algebras.

Crossed module of Lie groups have associated infinitesimal objects as well.

Definition 1.3.14. A crossed module of Lie algebras is a quadruple (¢, b, 0, £) where ¢
and b are Lie algebras and 0 : h — ¢and £ : ¢ — Der(h) are Lie algebra homomorphisms
verifying

a(['my) = [I7a(y>]3 and 'Ca(af)y = [ﬁ,y]h. (111)

A Lie 2-algebra ¢) = £ has an associated crossed module given by the data h =
ker(s), £ = €0, 9 = t|, and £, = ad,,, for all 2 € & Conversely, a crossed module of
Lie algebras (¢, b, 0, £) has an associated Lie 2-algebra which in turn is given by the data
¢ = p x € with Lie algebra structure provided by the semi-direct product with respect
to £, £ = ¢, and structural maps

s(v,y) =y, tlx,y) =0 +y, uly) =(0y), ilzy) =(-zy+09()),

m((z,y +9(x)), (z,y)) = (x + 2", y).

The infinitesimal counterparts of the examples of crossed modules of Lie groups pre-
sented above serve to give examples of crossed modules of Lie algebras and, in turn, ex-
amples of Lie 2-algebras. One of the most important example of Lie 2-algebra this thesis
will be concerned about is the so-called Lie 2-algebra of multiplicative vector fields [100].
A multiplicative vector field on a Lie group G =2 M is defined to be a pair of vector fields
(&,v) € X(G) x X(M) such that £ : G — T'G determines a Lie groupoid morphism cover-
ingv: M — TM, see [81]. The set of multiplicative vector field on G is denoted by X,,,(G).
This can be endowed with a Lie algebra structure in a natural way.

Example 1.3.30. Let A — M be the Lie algebroid of G =2 M. For each section a € I'(A)
we may define right invariant «” and left invariant o' vector fields on G by using the
composition map of the tangent groupoid TG = T'M. Indeed,

a'(g) = alt(g)) x0, and d'(g) = —0,«i(a(s(g))),  g€G.

There exists a crossed module of Lie algebras (X,,(G),I'(A),d, D) where 6 : I'(A) —
X,,(G)and D : X,,(G) — Der(I'(A)) are respectively defined by the expressions

0(a) = (a" —a',p(a)) and  Diey(a) = [£,a]|u,
forall a € I'(A) and (¢, v) € X,,(G). Here p : A — T'M stands for the anchor map of A.
The notion of morphism between crossed modules is as follows.

Definition 1.3.15. A morphism of:
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i. crossed module of Lie groups F' : (K, H,p,a) = (K',H', p’, &') consists of two Lie
group homomorphisms F, : K — K’ and F; : H — H’ such that Fj o p = p’ o F; and
Fi(ok(h)) = ol 4y (Fi(h)); and

ii. crossed module of Lie algebras f : (g,h,0,£) — (¢',b',0, L) consists of two Lie
algebra homomorphisms fy, : g — ¢’ and f; : h — b’ such that fo 09 = 0 o f; and
filLyy) = ﬁ}o(x)(fl(y))-

Of course, there is a one to one correspondence between morphisms of Lie 2-groups
(resp. 2-algebras) and morphisms of crossed modules of Lie groups (resp. algebras).
Note that a morphism of crossed modules of Lie algebras induces a pair of Lie algebra
homomorphisms ker(0) — ker(9') and coker(d) — coker(d’). We say that a morphism
of crossed modules is a quasi-isomorphism if both of these Lie algebra morphisms are
isomorphisms. Accordingly, the derived category of crossed modules of Lie algebras is
defined to be the localization of the category of crossed modules of Lie algebras obtained
by inverting all quasi-isomorphisms. In these terms, we can state the following nice result
proved in [100].

Theorem 1.3.2. If G = M and G' = M' are Morita equivalent Lie groupoids then the crossed
modules of Lie algebras (X,,(G),I'(A),d, D) and (X,,(G"),I'(A"),d', D’) are isomorphic in the
derived category of crossed modules. In consequence, the following quotient spaces are isomorphic
as Lie algebras:

X (G)/im(6) = X,,(G") /im(d').
This motivates the following definition.
Definition 1.3.16. A geometric vector field is an element of the Lie algebra X,,,(G)/im(6).

Itis important to mention that such a notion of vector field recovers the classical notions
of vector field on both manifolds and orbifolds as well as the notion of transverse vector
field for regular foliations [100]. Besides, due to Theorem 1.3.2 it makes sense to define
the Lie algebra of vector fields on a differentiable stack [M /G| presented by G = M as
X([M/G]) = X(G) [im(5).

Lie 2-group actions

After having defined Lie 2-groups we are lead now to briefly introduce strict 2-actions
over Lie groupoids. Such a notion shall be crucial at several stages of this thesis. Let K1) =
K be a Lie 2-group and G = M be a Lie groupoid.

Definition 1.3.17. A left Lie 2-group action of K!) = K on G = M is defined to be a
Lie groupoid morphism 6 = (6,0°) : (KY) x G = K(© x M) — (G = M) such that both
maps 0" and 0" are usual left Lie group actions. Right Lie 2-group actions can be similarly
defined.

In the previous definition K x G = K©® x M denotes the product Lie groupoid.
We shall say that 6 is a free (resp. proper) Lie 2-group action if both ¢ and 0" are free
(resp. proper) actions. Note that given a left Lie 2-group action of K) = K® on G = M
we immediately get that the structural maps of G = M are equivariant with respect the
structural maps of K = K©. More precisely, if g € G,z € M and k € KW ky € KO
then we obtain for instance that

sa(kg) = sk (k)sa(g), talkg) =tx(k)ta(g), and wug(kor) = uk(ko)uc(z). (1.12)
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Moreover, we have that the action on arrows is multiplicative, meaning that for pairs
of composable arrows (g, ) € G® and (k, k) € K® the following formula holds true

(kxk)(g +9) = (kg) * (kg). (1.13)
Here we are denoting by mg(g,§) = g * § and mg (k, k) = k % k.

Remark 1.3.5. For the sake of completeness we only mention that there is a reformulation
of the notion of Lie 2-group actions on Lie groupoids in terms of actions of crossed mod-
ules of Lie groups on Lie groupoids as introduced in [62]. However, the viewpoint used
in Definition 1.3.17 is more suitable for our purposes in the forthcoming chapters.
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Chapter 2

Morse theory on Lie groupoids

The aim of this chapter is to develop a Morse theory in the realm of Lie groupoids and
their differentiable stacks. Roughly speaking, we are mainly interested in studying Morse
theory for stacky maps [V /G| — R where we think of R as a differentiable stack presented
by the unit groupoid R = R. It turns out that each of these stacky functions is completely
determined by a Lie groupoid morphism G — R and, in turn, by a basic function M — R.
The latter fact yields a simple way to establish a notion of Morse stacky function over
[M/G] by imposing that the critical orbits of the corresponding basic function are non-
degenerate in the sense of Morse—Bott theory.

We start by introducing Morse Lie groupoid morphisms, thus studying their main
properties. As an important feature we show that this notion is Morita invariant, so that it
gives rise to a well defined notion of Morse function over differentiable stacks. Among the
main results that we shall obtain in this chapter we have a groupoid version of the Morse
lemma which is used to describe the topological behavior of the critical subgroupoid levels
of a Morse Lie groupoid morphism around its nondegenerate critical orbits, a groupoid
version of the so-called stable/unstable manifold theorem which suggests that the moduli
space of gradient flow lines has a natural structure of Lie groupoid, Morse type inequal-
ities for certain separated differentiable stacks, and the construction of a Morse double
complex whose total cohomology is isomorphic to the Bott-Shulman-Stasheff cohomol-
ogy of the underlying Lie groupoid. We also establish a 2-equivariant Morse theory over
Lie groupoids and compare our approach to study Morse theory over the orbit space of a
proper Lie groupoid with the approach provided by stratified Morse theory, thus expos-
ing why our focus becomes more suitable, natural and cleaner for our purposes. Through-
out the sections we provide several examples and applications, focusing our attention on
some aspects coming from stacky symplectic geometry.

It is worth mentioning that most of the results mentioned in this chapter have already
been published in [101], so that they are reproduced with permission from Springer Na-
ture.

2.1 Morse Lie groupoid morphisms

In this section we will focus on introducing and studying the notion of Morse type
morphism in the Lie groupoid setting which we are interested to work with throughout
this thesis.

Let G = M be a Lie groupoid. We start by paying attention to Lie groupoid morphisms
of the form F' : (G = M) — (R =2 R). It is simple to check that any F' is completely
determined by a smooth function f : M — R such that F' is given either by F' = s*f

37
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or ' = t* f. That is, real valued Lie groupoids morphisms are completely determined by
basic functions. The space of basic functions on ) is defined to be

C®(M)S = {feC®(M):s"f=tf}

In other words, a basic function f : M — R is just a function which is constant along
the groupoid orbits of G, so that it induces a well defined continuous function on the orbit
space f: M/G — R.

From now on we identify the space of real valued Lie groupoids morphisms with that
of basic functions. It follows that the space of basic functions is Morita invariant since it
satisfies that H),3(G) = C>°(M)%, where H{,;(G) stands for the 0'"-degree differentiable
groupoid cohomology with coefficients in the trivial bundle [31]. Hence, we may think of
H3(G) = C>=(M)¢ as the space of smooth functions on the quotient stack [M/G].

Let us look at some elementary examples of real valued Lie groupoid morphisms.

Example 2.1.1. If M is a smooth manifold and M = M is its underlying unit Lie groupoid
then C>°(M)M = C°°(M). That is, we recover usual smooth functions on M.

Example 2.1.2. If K is a Lie group acting on a smooth manifold M and K x M = M
is the corresponding action groupoid then C>(M)%*M is given by the set of K-invariant
smooth functions on M. That is, smooth functions f : M — R verifying f(k-x) = f(z) for
allk € Kand z € M.

Example 2.1.3. Suppose that 7 : M — N is a surjective submersion with corresponding
submersion groupoid M x xy M = M. In this case, C*°(M)M*~M equals the set of smooth
functions on M that are constant on the fibers of 7, meaning that f(z) = f(y) for all
r,y € '(b)and b € N.

Example 2.1.4. Let G = M be a proper Lie groupoid with proper Haar measure system
{1* }zem. For any smooth function f : M — R it follows that the averaging

pay= [ renwt,  een

defines a basic function on M. Indeed, the properness of the Haar system {;:” } . ensures
that the integral defining f* is finite, the smoothness tells us that f* is also smooth and,
moreovet, the right-invariance and the identity t o m = ¢ o m; imply that forall h € G

" _ o HR) () — o s(h)
pam) = [ Gen@ne= [ (ronn )
= [ (et e = s,
g€s~1(s(h))

The reader should be wondering why not to consider multiplicative functions on G
instead of basic functions on M. A quick answer for this is as follows.

Remark 2.1.1. A smooth function F' : G — R is said to be multiplicative if and only if it
satisfies F'(gh) = F(g) + F(h) for all (g, h) € G®. These kinds of functions are in one-to-
one correspondence with Lie groupoid morphisms F' : (G =% M) — (R =2 %). Observe
that multiplicative functions do not allow us to establish a well behaved notion of smooth
function on the stacky quotient [/ /G] since, for instance, in the most elementary case of
the unit groupoid M = M we get that those functions turn out to be trivial. That is, we can
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not even recover the usual smooth functions on M in a natural way. Same inconvenient
appears when analyzing other basic examples.

Let F' : G — R be a Lie groupoid morphism covering a basic function f : M — R.
Note that if = is a critical point of f then its orbit O, is a critical submanifold of f. Hence
the critical point set Crit(f) C M is saturated. More importantly:

Lemma 2.1.1. There exists a natural topological groupoid structure Crit(F') = Crit(f).

Proof. Let us suppose that g € G is a critical arrow of F'. It is simple to see that both s(g)
and t(g) are critical points of f since both s and ¢ are surjective submersions. This in turn
implies that g~ is a critical arrow of F' as well. Also, if z € Crit(f) one easily sees that
1, € Crit(F). Finally, using the identities s o m = s o m and t o m = t o m;, we conclude
that if (g, h) € G® with either g or h a critical arrow of F' then the composition gh is also
a critical arrow of F. ]

It follows from the previous lemma that s~'Crit(f) = ¢t 'Crit(f) = Crit(F). In partic-
ular, if O C M is a critical orbit of f then G is a critical submanifold for F' so that the
restricted Lie groupoid G = O canbe thought of as a critical Lie subgroupoid of G = M.
Furthermore, we have that O C M is a non-degenerate critical orbit for f if and only if
Go C G is a non-degenerate critical submanifold for F. This follows from the fact that
ds : v(Gp) — v(0O) is a fiberwise isomorphism and Formula (1.2) holds true. Motivated
by the previous facts we set up the following definition.

Definition 2.1.1. Let /' : G — R be a Lie groupoid morphism covering a basic function
[+ M — R. Wesay that F'is a Morse Lie groupoid morphism if every critical orbit O C M
of f is non-degenerate.

In other words, one can say that F' : G — R is a Morse Lie groupoid morphism if
and only if every critical subgroupoid Go = O is non-degenerate in the sense that both
O C M and Gp C G are nondegenerate critical submanifolds.

Given the simplicity of our definition we can show now that the notion of Morse Lie
groupoid morphism is Morita invariant. Recall that a Morita equivalence between G = M
and G’ = M’ yields an isomorphism between 0"-degree differentiable groupoid coho-
mology, that is, an isomorphism between the corresponding spaces of basic functions.
More precisely, if K = N is a Lie groupoid together with Morita fibrations ¢ : K — G
and ¢ : K — G’, then* f' € C°(N)X forevery f' € C®(M")“". Also, there exists a unique
f € C®(M)% with ¢* f = +* f. This clearly defines an isomorphism C>=(M')%" — C><(M)¢
by sending f’ — f.Inparticular, the previous assignment naturally yields another isomor-
phism

Homeyas(G', R) — Homeyas (G, R); F' = s*f +— F = s* f. (2.1)

Our main goal now is to show that these isomorphisms give rise to an isomorphism
between basic Morse—Bott functions, hence between Morse Lie groupoid morphisms.

Proposition 2.1.1. Let G <— K — G’ be a Morita equivalence covering surjective submersions
at the level of objects. The isomorphism (2.1) preserves Morse Lie groupoid morphisms.

Proof. Suppose that f € C>(M)% allows us to define a Morse Lie groupoid morphism.
To prove that the corresponding f' € C>(M')¢ induces another Morse Lie groupoid
morphism it suffices to show that ¢*F' is a Morse Lie groupoid morphism since ¢*f =
¢* f" and both ¢° and ¢ are surjective submersions. Indeed, the Lie groupoid morphism
¢*F : (K = N) — (R = R) is given by the pair (F o ¢', f o ¢°). Note thatif z € M is a
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critical point of f o0 ¢°, then ¢°(x) is a critical point of f since ¢° is a surjective submersion.
Thus, from Identity (1.2) we get at x that

Ha(f 0 ¢") = do"(x)" - Hoow)(f) - dd°(2).

From Theorem 1.3.1 we know that if ¢ is a Morita map then d¢° : v(0,) — v(O/ o)) isa
fiberwise isomorphism. Thus, as Ho(,)(f) is non-degenerate when restricted to v40(,) (O (x))
we conclude that H,.(f o ¢°) is non-degenerate when restricted to v,(O,), as desired. [J

We provide below some elementary and interesting examples of Morse Lie groupoid
morphisms, focusing our attention on their existence as well as their occurrence through
the notion of moment maps for 0-symplectic groupoids.

Example 2.1.5. If M is a smooth manifold then every Morse function f : M — R induces
a Morse Lie groupoid morphism on the unit groupoid M = M.

Example 2.1.6. Suppose that G = M is a Lie group bundle, i.e. s = ¢. Therefore, any Morse
function f : M — R induces a Morse Lie groupoid morphism on G' = M since its orbits
are points. In particular, on a Lie group K = x* every Lie groupoid morphism K — R
is necessarily constant. Hence, there are no interesting examples of Morse Lie groupoid
morphisms on Lie groups. Combining this with Proposition 2.1.1 we conclude the same
for any transitive Lie groupoid G = M since transitive Lie groupoids are always Morita
equivalent to Lie groups.

Example 2.1.7. Let K be a compact Lie group acting on a smooth manifold M and consider
the action groupoid K x M = M. Wasserman showed in [116] that the set of K -invariant
Morse functions on M is dense in the set of K-invariant functions. Hence, there always
exist Morse Lie groupoid morphisms on K x M = M.

Example 2.1.8. Let (M, ) be a complete transverse parallel foliated connected manifold
(see for instance [95, s. 4.5] or [92, s. 4.1. 2]) Letp : M — M denote the universal covering
of M and consider the induced foliation F = p*F on M. This foliation is simple so that we

have that X = M / F is a Hausdorff manifold and the canonical projection Tpys M= X
is a surjective submersion. It turns out that with this data it is possible to obtain a natural

structure of principal groupoid bi-bundle (]\7[/ , D, Tpas) : HOL(M, F) - 7 (M) x X between
the holonomy groupoid Hol(M, F) = M and the action groupoid m; (M) x X = X, thatis,
a Morita equivalence. Therefore, if M has finite fundamental group then as a consequence
of Wasserman’s result and Proposition 2.1.1 we get that there exist Morse Lie groupoid
morphisms on Hol(M, F) = M.

Next particular case shows that there may be no interesting examples of Morse Lie
groupoid morphisms over certain non-proper Lie groupoids.

Example 2.1.9. Consider the action of Z on S! given by n - e = ¢!(*+2™) where « € [0, 1]
is some irrational number. This action is free but not proper. Moreover, every orbit of such
an action is dense in S*. Therefore, if there is a Z-invariant function on S' then it must be
constant. As a consequence of Morita invariance, the foliation groupoid on the 2-torus T?
associated to the Kronecker foliation admits no Morse Lie groupoid morphisms different
from the constant functions.
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2.1.1 The proper groupoid case

The aim of this subsection is to study the existence of Morse Lie groupoid morphisms
on proper groupoids from two different perspectives. The first one follows classical ideas
corresponding to standard Morse theory as well as its equivariant counterpart, whereas
the second one uses a canonical bridge that we may construct between our approach to
study Morse theory over the orbit space of a proper Lie groupoid and the approach pro-
vided by stratified Morse theory. In next chapters we plan to expose why our focus be-
comes more suitable, natural and cleaner for our purposes.

The strong topology on basic functions

It is well known that the set of Morse functions over a compact manifold M form a
open and dense subset of C*°(M) with respect to the strong topology. As we mentioned
before, Wasserman showed in [116] a similar result for the set of K-invariant Morse func-
tions placed inside the set of all K-invariant functions when the Lie group K acting on
M is compact. For the case of orbifolds, Hepworth introduced in [57] a modified strong
topology on the set of functions over an orbifold and proved that the subset of those that
are Morse is also open and dense with respect to such a topology [57, s. 6].

When we have proper actions of non-compact Lie groups some pathologies may occur.

Remark 2.1.2. If K is a non-compact Lie group acting properly on a smooth manifold
M then the strong topology induced on the set of all K-invariant smooth functions on
M becomes discrete, see [64, Prop. 4.7]. As consequence, the set of K-invariant Morse
functions on M can not be dense with respect to the strong topology induced on C>(M)¥.

A simple example in which the previous phenomena comes about is the following.

Example 2.1.10. Consider the usual free and proper action of Z on R given by translations.
In this case the quotient map (exponential) 7 : R — S! is clearly not proper. It follows
that the set of Z-invariant Morse functions on R can not be dense in C*°(R)Z with respect
to the strong topology.

It is well known that if K is a compact Lie group acting on a smooth manifold M then
the canonical orbit projection M — M /K is a proper map. Let us consider a proper Lie
groupoid G = M. Motivated by Remark 2.1.2 and Example 2.1.10 it seems reasonable
to further assume that the canonical projection 7 : M — M /G is a proper map in order
to show that Morse Lie groupoid morphisms are dense in C*(M)® with respect to the
induced strong topology. Our aim now is to prove that this is in fact the case. Moreover, if
M /G is compact then we show that they actually form an open subset. Such a result clearly
recovers both the classical and the equivariant cases and partially recovers the case of
orbifolds. This is because the modified strong topology defined by Hepworth only agrees
with the classical strong topology on C*(M)“ when 7 : M — M /G is proper [57, Prop.
6.5]. Note that if G is a proper Lie groupoid over a compact manifold M then the previous
requirements are clearly fulfilled. In particular, an interesting example to have in mind
is given by the holonomy groupoid Hol(M, F) = M induced by a regular Riemannian
foliation F over a compact manifold M.

Lemma 2.1.2. The set C*> (M) is a Baire space in C* (M) with respect to the strong topology.

Proof. Let us take a proper Haar measure system {;* },c for G = M. By averaging with
respect to {41” },cn we can define a surjective linear continuous operator P* : C*°(M) —
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C>(M)€ by sending f to f* as defined in Example 2.1.4. This is consequence of having
that C>°(M) is a Fréchet space and the average operator P* is a projection, i.e. (P*)? = P*.
In particular, by the Banach-Schauder Theorem it follows that P* is open. Mather proved
in [84, Prop. 3.1] that C*°(M) is a Baire space so that the previous facts imply that the
space of basic functions C*°(M )¢ is also a Baire space in C*°(M), as claimed. O

Although the proof of next result uses some terminology to be introduced later on we
state it here because of our purposes in this subsection.

Lemma 2.1.3. Let Gy = U be an open subgroupoid of G = M and K C U/Gy C M/G be
a compact subset. Then the set of basic functions f : M — R such that f|U has no degenerate
critical orbits inside the compact 7= (K) is an open subset in C*(M)®.

Proof. The proof of this result is a straightforward adaptation of the proof of [14, Lem.
5.32] by considering instead the coarse differential dFy, : Tj,)[M/G] — R and the coarse
Hessian Hp,(F) : 11y [M/G] x Tiy[M/G] — R as defined in Section 2.5. O

Theorem 2.1.1. Suppose that G = M is a proper Lie groupoid such that the canonical projection
7w M — M/G is a proper map. Then Morse Lie groupoid morphisms on G are dense in the
space of all Lie groupoid morphisms G — R. Moreover, if M /G is compact then they form an open
subset.

Proof. We know that there is an open neighborhood U, of any x in M which is diffeomor-
phic to O x V,, where O is an open ball in the orbit O, centered at x and V,, is a GG,-invariant
openballin v,(O,) centered at the origin. Under this diffeomorphism Gy, = U, is isomor-
phic to the product of the pair groupoid O x O = O and the action groupoid G, xV, =V,
see [103, Cor. 3.11]. The pair groupoid admits Morse Lie groupoid morphisms since this
is Morita equivalent to a manifold and the action groupoid admits Morse Lie groupoid
morphisms as consequence of Wasserman'’s density result. Therefore, by Proposition 2.1.1
we have that there exist Morse Lie groupoid morphisms on Gy, = U, and they are actu-
ally dense. Recall that the canonical projection 7 : M — M /G is an open map. Thus, we
may assume that the open cover {U, /G, } of M /G we obtain from above is countable and
it satisfies that for every «a there exists a compact subset K, C U, /G, such that { K, } also
covers M /G since this is Hausdorff and paracompact.

Let M, (G) denote the subset formed by basic functions f € C*(M)¢ for which f|y,
has no degenerate critical orbits inside the compact set 7—!(K,,). Note that the set M(G)
of all basic functions defining Morse Lie groupoid morphisms on G = M agrees with
N, Ma(G) since {m~'(K,)} covers M. If we show that M, (G) is open and dense for all «
then M(G) will be dense since C*°(M)¢ is a Baire space. On the one hand, the fact that
M, (G) is open follows from Lemma 2.1.3. On the other hand, pick f € C*°(M)% and let
N be an open neighborhood of f. If we prove that N' N M, (G) is nonempty then we will
have that M, (G) is dense. Consider the restriction f|y, of f on U,. By taking average with
respect to { 4" } e it follows that given the closed subset 77!(K,) and some open neigh-
borhood W, C U, of 77 !(K,) there exists a basic function ¢,, : U, — R such that ¢, = 1 in
a small neighborhood of 7~!(K,) and such that its support is compact and contained in
W,, use [34, Prop. 9] with [57, Lem. 3.12]. Also, since ¢, has compact support it follows
that by using again an average process we can consider the map C*(U, )%V — C*°(M )¢

given by g — ¢,g, where the symbol ~ denotes smooth G-invariant extension by zero,
compare with [57, Lem 3.11 and Lem. 6.12]. This map is continuous so that there exists a
small enough open neighborhood A’ in C*(U, )% such that f(1 — ¢o) + dag € N for all
g € N'. We already know that Morse Lie groupoid morphisms on Gy, = U, are dense
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so that we may assume that there exists g € N’ defining a Morse Lie groupoid morphism
such that f(1 — qba) + Gag € N. Recall that by construction ¢, = 1 in a neighborhood of
7Y K,) C U, for which f(1 — %) - % g restricts to g over such a neighborhood, meaning
that f(1 — ¢a) + dag € N N M, (G). That is, N' N M (G) is nonempty as claimed.

Finally, if M/G is compact then the intersection M(G) = [, Ma(G) becomes finite.
This completes the proof. O

Stratified Morse theory

Let us now establish a bridge between the approach we propose to study Morse theory
over the orbit space of a proper Lie groupoid and the approach provided by the well
known stratified Morse theory in the sense of Goresky and MacPherson in [53]. Let N be
a smooth manifold and let X C N be a subset with a Whitney stratification S, visit [34,
s. 4.1]. For S;, Sy € S we write §; < S, to denote the usual ordering given by S; C S;.
For each x € X we denote by S, the stratum of S containing x. Fix a smooth function
f: N — Rand set f := f|x. Such an f is simply referred to as a smooth function on
X. The stratified critical point set of f is by definition Crits(f) := J; Crits,(f) where
Crits, (f) stands for the usual critical point set of f on S;. For §; we define the conormal
space to S; in IV as the vector bundle T N over S; whose fiber at 2 € S§; consist of the
covector in 7' N which vanish on the tangent space to S; at z. Note that = € Crits(f) if and
only if df (x) € T4 N. The set of degenerate conormal covectors to a stratum S; is defined
to be

DyN:=TgNn | J TEN=| | TEN| s,
S]'<Sk Sj<$k

That is, the fiber (D% N), consists of limits at = of conormal covectors to larger strata
or, equivalently, conormal covectors to S, at z which vanish on limiting tangent spaces
from larger strata. In these terms we define:

Definition 2.1.2. A point z € X is a said to be a nondegenerate critical point of f if and
only if z is a nondegenerate critical point of f|s, and df(z) ¢ D5 N. Accordingly, the
function f is called a stratified Morse function if and only if all of its critical points are
nondegenerate.

It is worth mentioning the following subtle fact which turns out to be one of the dif-
ferences derived from our approach.

Remark 2.1.3. The classical definition of stratified Morse function also assumes f to be
proper and to have distinct critical values, see [53]. However, because of our purposes in
this subsection such additional conditions will not be required.

Let G = M be a proper Lie groupoid. It is well known that the orbit space M /G of
G has several natural Whitney stratifications, compare [34, 105]. In particular, canonical
stratifications for both M and M /G by Morita types, which generalize the canonical strat-
ifications induced by a proper Lie group action, were given in [34]. Namely, the Morita
type equivalence is the equivalence relation on M given by x ~, y if and only if the
normal representations G, ~ v,(0,) and G, ~ v,(O,) are isomorphic. The partition by
Morita types, denoted by P(M), is defined to be the resulting partition. Each member
of Pyp(M) is called a Morita type. If [G,, ,(O,)] = o denotes the isomorphism class of
the normal representation G, ~ v,(0,) then the element in P,(M) corresponding to
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o will be denoted by M) = {z € M : [G,,v,(0,)] = a}. We also denote by M, the
Morita type of a point x € M. It is simple to see that points in the same orbit belong to
the same Morita type and hence we also obtain a partition by Morita types on the orbit
space, Pr(M/G). The orbit projection map 7 : M — M /G takes Morita types M, in M
into Morita types X () = m(M(o)) in M/G. Observe that by its very definition, the Morita
type of O € M/G only depends on Morita invariant information. The canonical Whit-
ney stratification on )/, denoted by S (M), is the partition on M obtained by passing to
connected components of P (M ). The canonical Whitney stratification on the orbit space
M /G, denoted by S(M/G), is the partition on M /G obtained by passing to connected com-
ponents of Py (M/G), see [34, s. 4.6]. As important features of these canonical Whitney
stratifications we have that if our Lie groupoid has only one Morita type then the orbit
space M /G is a smooth manifold and the canonical projection 7 : M — M /G becomes
a submersion whose fibers are the orbits. More importantly, let G,y = M(,) denote the
groupoid G(,) = s (Ma)) over a fixed Morita type M. It follows that G, :} My isa
Lie groupoid, X(,) is a smooth manifold and the canonical projection 7 : M(a) — X(a) is
a submersion. Furthermore, any Morita equivalence between two proper Lie groupoids
induces an isomorphism of differentiable stratified spaces between their orbit spaces, visit
[34].

Suppose either that the orbit space M /G is compact or has a finite number of Morita
types. In these cases it follows that M/ /G can be embedded into an affine space R?, compare
[48] and [34], respectively. We are now in conditions to establish a simple correspondence
between our approach to study Morse theory over the orbit space M /G and the approach
provided by stratified Morse theory. Indeed:

Proposition 2.1.2. Let G = M be a proper Lie groupoid having either compact orbit space M /G
or else a finite number of Morita types. There is a natural one-to-one correspondence between Morse
Lie groupoid morphisms on G and stratified Morse functions on M /G as those defined in Definition
2.1.2.

Proof. Let ' : G — R be a Morse Lie groupoid morphism induced by a basic function
f: M — Randlet f : M/G — R denote the corresponding function over the orbit space
M/G. By using the embedding M/G — R? we can think of f as a smooth function on
M/G (see [34, p. 827]), so that we may use standard partitions of unity on R? to con-

struct a smooth function f : R? — R such that f|y ¢ = f. Every critical point [z] of f
in M /G belongs to some stratum X, (o) and we have the relation f | X = = f] Ma) © T This

automatically guarantees that [z] is a stratified nondegenerate critical point of f since f is
Morse-Bott with nondegenerate critical orbits, 7| M, is a surjective submersion, and the
normal Hessian of f is invariant under the normal representation, see Lemma 2.2.2. The
condition df(z) ¢ D}(Q)Rd follows from the fact that f : M — R is basic which implies

it preserves the stratification S(M/G). Conversely, if f : M/G — R is a stratified Morse
function induced by f : R? — R then by taking average with respect to some proper Haar
measure system over G as applied in [34, s. 3] we can construct a basic smooth function
f: M — Rsuch that f = f o 7. So, the results follow by arguing similarly as above. [

In [83] it was shown that proper Lie groupoids are real analytic. Hence, after adapting
the results obtained in [34] to the real analytic world we may get as an application of
Proposition 2.1.2 together with the Pignoni’s density result proved in [104] that:

Corollary 2.1.1. Under the same hypothesis of Proposition 2.1.2 it follows that the set of smooth
functions R — R which restrict to stratified Morse functions on M /G and induce Morse Lie
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groupoid morphisms on G form an open and dense subset with respect to the strong topology on
C>=(RY).

2.1.2 Moment maps on 0-symplectic groupoids.

It is known that the component functions of moment maps associated to classical
Hamiltonian torus actions always determine examples of Morse-Bott functions, see Ex-
ample 1.1.8. Our goal now is to show that moment maps for Hamiltonian Lie 2-group
actions on 0-symplectic groupoids in the sense of [62] induce Morse-Bott Lie groupoid
morphisms. This will be consequence of the results proved in [76 ] for Hamiltonian actions
on presymplectic manifolds. We start by briefly introducing some necessary terminology
which can be found in [62]. Recall that a foliation groupoid is a Lie groupoid G = M
whose space of objects M is Hausdorff and whose isotropy groups G, are discrete for all
x € M. For instance, every étale Lie groupoid with Hausdorff objects manifold is a folia-
tion groupoid. The converse is not true, however every foliation groupoid is Morita equiv-
alent to an étale groupoid. As shown in [31, 33], being a foliation groupoid is equivalent to
the associated Lie algebroid anchor map p : A — T'M being injective. As a consequence,
the manifold M comes with a regular foliation F tangent to the leaves of im(p) C TM.
Note that if G = M is source-connected then the leaves of im(p) C T'M coincide with the
groupoid orbits.

A basic 2-form on a foliation groupoid G = M is given by a pair of 2-forms w = (w1, wp)
withw; € Q*(G),wy € Q*(M) satisfying s*wy = w; = t*wy. We say that w is non-degenerate
if ker(wg) = im(p) € T M. A basic 2-form w = (wy,wp) is closed if wy is closed.

Next definition was recently introduced and is due to Hoffman-Sjamaar in [62].

Definition 2.1.3. A 0-symplectic groupoid is a foliation groupoid equipped with a closed
and non-degenerate basic 2-form w.

These are also known in the literature as 0-shifted symplectic structures. It is impor-
tant to point out that this notion of symplectic groupoid differs from that of Weinstein
introduced in [117], since w; € Q*(G) is not necessarily non-degenerate nor multiplica-
tive. It follows immediately from Definition 2.1.3 that (M, wy) is a pre-symplectic manifold
with ker(wy) = T'F in the sense of [76]. Additionally, there is a left action of the product
groupoid G x G = M x M on G along (s, s) given by (g, k) f = gfh~'. The components of
the orbits of this action define a regular foliation F; of G satisfying T'F, = ker(ds)-+ker(dt).
In particular, w in Definition 2.1.3 is non-degenerate if and only if ker(w;) = ker(ds) +
ker(dt). As a consequence, (G,w;) is also a pre-symplectic manifold with ker(w;) = T'F.

Suppose that KV = K is a foliation Lie 2-group with associated crossed module of
Lie groups (K, H, 0, a) and Lie 2-algebra £) = £(©). In this case we have that Lie(d) : h —
t = ¢ is injective. As the Lie algebra Lie(0)(h) = b is an ideal in ¢ then we may consider
the quotient Lie algebra ¢/h. Let us denote by 7 : € — €/h the quotient map. The following
key result was proven in [62].

Lemma 2.1.4. If KU = K©) is g foliation Lie 2-group then the pair (x o Lie(t),n) : (V) =
£0) — (¢/b = £/b) is a Morita map of Lie 2-algebras.

Here by Morita map of Lie 2-algebras we mean a Morita map that is at the same time a
Lie 2-algebra morphism. As a consequence of the previous result, the Lie groupoid mor-
phism Ad : (KM x ¢ = KO x £©) - (g0 = ¢0)), which is formed by the adjoint
actions Ad; of K on ¢ (for j = 0,1), descends to a well defined Lie 2-group action
of K = K© on £/h = t/h. By abuse of language, we will call this induced 2-action as
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the adjoint action and denote it by Ad as well. Accordingly, this notion of adjoint action
allows us to speak about the coadjoint action Ad* : (KM x (¢/h)* = K© x (¢/h)*) —
((¢/h)* = (¢/h)*) which is nothing but the Lie 2-group action whose component maps are
the coadjoint actions Ad} of K on (¢/h)* induced by the identification we mentioned
above.

One of the needed ingredients to define Hamiltonian Lie 2-group actions is given by
the notion of fundamental vector field associated to a 2-action. Namely, consider a Lie 2-
group action of KV = K© on G = M. It is simple to check that for every ¢ € £ = £ the
pair (Lie(u)(§)q, ), formed by the fundamental vector fields of the respective Lie group
actions, determines a multiplicative vector field on G = M. Therefore, if K) = K© is
a foliation Lie 2-group and G = M is a foliation groupoid then the fundamental vector
field associated to the 2-action above is by definition the basic vector field on G = M
determined by the pair (Lie(u)(§)q, {m), see [62, s. 5.4]. By applying this procedure it is
possible to show that there exists a Lie algebra anti-morphism from £/} to the Lie algebra
of basic vector fields on G =2 M; see [62, Pro. 6.9.2] for further details.

The notion of moment map introduced in [62] is as follows.

Definition 2.1.4. Let (G = M, w) be a 0-symplectic groupoid and let K = K© be a
foliation Lie 2-group with associated crossed module (K, H, 9, «). A 2-action of K =
K© on (G = M,w) is said to be Hamiltonian if the following conditions hold:

i. the action of K(© on M is presymplectic, and

ii. there is a morphism of Lie groupoids called moment map

p= (o) - (G = M) — ((&/h)" = (¢/)"),
verifying

i) forall £ € €/ it satisfies du§ = t¢,,wo, and

ii) u is equivariant with respect to the Lie 2-group action of K) = K(© on (G =
M, w) and the coadjoint action of KV = K© on (¢/h)* = (&/h)*.

If all these conditions are satisfied then we say that (G = M,w) is a Hamiltonian
(KW = K©)-groupoid with moment map p.

Some observations about the previous definition come in order. Firstly, as we are work-
ing with a 2-action and w is basic then we immediately get that the action of K) on
G is also presymplectic. Additionally, dii§ = t1ie(u)(¢)owi- This follows from the fact that
(Lie(u)(§)a, Em) is a multiplicative vector field, w is basic, and either jigo s = iy or ppot =
1. Secondly, one also observes that

8" (15) (@) = po(s(2))(€) = pu(2)(€) = po(t(2))(€) = ¢ (1) ()-

Therefore, for each ¢ € £/h we have a well defined Lie groupoid morphism z¢ : (G =
M) — (R = R) given either by s* (1) or t*(p).

The required condition that will allow us to ensure that ;¢ is a Morse-Bott Lie groupoid
morphism is determined in terms of the notion of “cleanness” introduced in [76]. Con-
sider a left action of a connected Lie group K on a presymplectic manifold (M,w) with
foliation F and set n(F) = {{ € ¢: (&) (x) € T, F for all z € M }. This space is an ideal in
t. Let N(F) be the connected immersed Lie subgroup in K with Lie algebra n(F).
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Definition 2.1.5. The action of K on M is clean if

forall z € M.

Remark 2.1.4. Suppose that F' : G — R is a Lie groupoid morphism covering a basic K ©)-
invariant function f : M — R. Note that the action of K® on M imposes additional sym-
metries in M different from the ones we already had associated to the Lie groupoid struc-
ture. This in particular can make the dimension of the connected components of Crit( f) to
increase since they may content more than one groupoid orbit. If this is the case then we
say that /' : G — R is a Morse-Bott Lie groupoid morphism if f is a Morse-Bott function
in the usual sense.

Summing up, we are in conditions to state:

Proposition 2.1.3. Let (G = M,w) be a Hamiltonian (K'Y = K©))-¢roupoid with moment
map p : G — (€/h)*. Suppose that K©) is a torus and the action of K9 on M is clean. Then, for
every £ € &/h the map 1i* : (G = M) — (R = R) is a Morse—Bott Lie groupoid morphism with
even index at every non-degenerate critical submanifold.

Proof. Let & € €/h be fixed. The fact that x¢ is a Lie groupoid morphism implies that the
critical point set of 5 is saturated in M. Thus, when applying [76, Thm. 3.4.5] to our
situation we get that every critical component in Crit(y5) is a non-degenerate saturated
submanifold of even index since the action of K(®) on M is clean. Therefore, /¢ is a Morse—
Bott Lie groupoid morphism with the required property. O

In particular, this result recovers the case of toric actions on symplectic orbifolds stud-
ied for instance in [63]. Additionally, a specially interesting application of Proposition
2.1.3 will be provided in Example 2.4.1.

Example 2.1.11. Let us exhibit an interesting example that can be found throughout [62].
Let K = T" be the n-torus and N C K be an immersed Lie subgroup. It is well known that
X = C"isnaturally a Hamiltonian K-manifold with the symplectic formw = 5= > i1 dzin
dz;j and the moment map s(z) = Y77, |z|¢}. Here {e}} stands for the dual of the stan-
dard basis of R". If © : n — £ denotes the canonical Lie algebra inclusion and +* : £ — n*
its corresponding dual projection then (M, wy, I, o) with

M= (Fop) 0), wo=wly, K=T" o= plu,

is a pre-symplectic Hamiltonian K -manifold. Note that ;i takes values in n°.

Let 7 : N — N be an étale Lie group homomorphism. We may consider N = N,
n (universal covering of the identity component of N), or p~!(N) where p : R" — T"
(universal covering). On the one hand, the action of N on M via 7 determines an action
groupoid N x M = M which is in fact a foliation Lie groupoid. On the other hand,
the action of N on K by left multiplications via 7= determines another action groupoid
N x K = K that turns out to be a Lie 2-torus. Here N x K is equipped with the product
Lie group structure. Finally, it is simple to check that (N x M = M, wy) is a Hamiltonian
(N x K = K)-groupoid with moment map 1 = s*u. The Lie 2-group action we are
considering here is set by (n, k) - (n',x) = (nn/, k - x).

Plenty of examples can be also obtained by considering the classification of toric sym-
plectic stacks that was carried out by Hoffman in [61].
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2.2 Extending classical results

The aim of this section is to extend the fundamental results of Morse theory to the
realm of Lie groupoids. We start by showing our groupoid version of the Morse lemma as
well as exploring its consequences. For instance, we describe critical sub-levels of Morse
Lie groupoid morphisms in terms of attaching groupoids. For the latter we also need
to study gradient vector fields of real valued Lie groupoid morphisms with respect to a
Riemannian 2-metric. As an important feature, these gradient vector fields will enjoy the
nice property of being multiplicative.

2.2.1 The Morse lemma

Recall that given a Morse-Bott function f : M — R and a non-degenerate critical
submanifold C' C M, the Morse-Bott lemma gives a local normal form for f around C.
Namely, on a suitable neighborhood of C' the function f looks like the quadratic fiberwise
form Qy : ¥(C') — R defined in Equation (1.1) up to a constant, see for instance [12] or
[49, App.B]. The main goal of this subsection is to state a version of the Morse lemma in
the Lie groupoid setting as well as to describe other important features of the normal form
of a Morse Lie groupoid morphism around a nondegenerate critical orbit.

Let G = M be a Lie groupoid and let /' : G — R denote a Lie groupoid morphism
covering a basic function f : M — R. Suppose that O C M is a critical orbit for f and
consider the restricted Lie groupoid Go = 0. As Gy C G is also a critical submanifold for
F the construction of Equation (1.1) applies to both f and F'yielding quadratic fiberwise
forms Qr : v(Gp) - Rand Q) : v(O) — R. Furthermore:

Lemma 2.2.1. The pair (Qr, Q) : (v(Go) = v(0)) — (R = R) is a Lie groupoid morphism.

Proof. Let g € Go be a critical arrow. Then, from Identity (1.2) we get that
Hy(f 05) =ds(g)" - Hag(f) - ds(g).

Given that f : M — Ris basic we actually have ds(g)” - Hs) (f) - ds(g) = dt(g)T - Ha(f)-
dt(g). Thus, it follows from the definition of Qr and @ that the previous two identities
immediately imply that Q os = Q5 o ds and Qo; = Q) o dt as required. O

Let us further assume that G = M is a proper Lie groupoid and suppose now that

Go =2 O is a non-degenerate critical subgroupoid for ' : G - R. If ¢ : (v(Go)y = V) =Y
(Gy = U) is a full Lie groupoid tubular neighborhood of Go = O then the local model
of F'around G is defined as the Lie groupoid morphism

F:=¢F:w(Go)y =V)—= (R=R). (2.2)

Note that the zero section is a non-degenerate critical subgroupoid of £. In these terms
we can state:

Theorem 2.2.1 (Morse lemma). Let F' : G — R be a Morse Lie groupoid morphism covering
[+ M — R.If G is proper, then around a non-degenerate critical subgroupoid Go = O there is a

full Lie groupoid tubular neighborhood ¢ : (v(Go)y = V) 5 (Gy = U) such that

F:C+QF.
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Proof. Let x € O. By the Slice Theorem for proper Lie groupoids we know that there is a
transversal T to the orbit O such that the restricted subgroupoid G = T is isomorphic to
the action groupoid G, x B = B for some open set 0 € B C v,(0), see [36, 37,103, 120].
Also, it is known that Gy = T is Morita equivalent to Gy = U where U is the open
saturation of T". Let us consider the restriction F; : Gy — R of the Morse Lie groupoid
morphism F' to Gy = U and transfer it to a Morse Lie groupoid morphism £, on G, x
W = W by using Proposition 2.1.1. Since G is proper, G, is compact so G, x W = W is also
a proper groupoid. Therefore, by the equivariant version of the Morse lemma [73, 87,116],
it follows that there is a full groupoid tubular neighborhood around the corresponding
nondegenerate critical orbit O’ on which F}, agrees up to constant with Q ry,- Hence, as
consequence of Proposition 2.1.1 and the fact that linearization is Morita invariant |36,
Prop. 3.7 and Col. 3.9], we get that there is a full groupoid tubular neighborhood around
O on which Fy; agrees up to constant with Q. This completes the proof. O

We claim that there is another approach which we may follow in order to prove a
groupoid version of the Morse lemma. This relies on the nice geometric proof of existence
of groupoid tubular neighborhoods around an orbit due to Meinrenken in [87] by con-
structing Euler-like multiplicative vector fields. We will exhibit such an approach below
for later use and because we find the ideas around it really interesting.

A vector field on a manifold M is called Euler-like with respect to a submanifold C' if
it vanishes along the submanifold and its linear approximation is the Euler vector field £
on the normal bundle v(C), i.e. £ is the vector field having scalar multiplication by e~ as
its flow at the normal direction. It is important to mention that an Euler-like vector field X
for (M, C) determines a unique maximal tubular neighborhood embedding ¢ : v(C) — M
such that ¢* X = &; compare with [19]. A nice application mentioned in [87] says thatif f :
M — R is a Morse-Bott function with non-degenerate critical submanifold C' C M then
there exists an Euler-like vector field X for (M, C') such that Lx f = 2f near C. Therefore,
in the resulting tubular neighborhood embedding ¢ associated to X we have ¢*X = €,
thus obtaining that L¢¢* f = 2¢* f. This means that ¢* f is homogeneous of degree 2 and
hence coincides with its quadratic approximation c+ Q¢ (here c is the common value of f
on (). As a consequence, we have obtained that ¢* f = ¢+ )y which is just the Morse-Bott
lemma.

Given a Lie groupoid G = M together with an orbit O C M it follows from [87]
thatif X : G — T'G is an Euler-like multiplicative vector field for (G, Go) then the tubular
neighborhood embedding ¢ : v(Gp) — G defined by X determines a Lie groupoid tubular
neighborhood of Go = O. In particular, if G = M is proper then there always exists
such an Euler-like multiplicative vector field for (G, Go) and the corresponding tubular
neighborhood can be taken to be full.

Another proof of Theorem 2.2.1. We shall follow closely Meinrenken’s ideas to construct an
Euler-like multiplicative vector field for (G, Gp) combined with his application regarding
the proof of the Morse-Bott lemma mentioned above. As the groupoid orbit O is non-
degenerate for f there exists an Euler-like vector field Y for (M, O) such that Ly f = 2f
near O. Since s is a surjective submersion there is a vector field X on G such that X is
s-related with Y. The fact that ds : v(Go) — v(O) is a fiberwise isomorphism implies that
X is Euler-like for (G, G). Furthermore, Lx F' = 2F near G because F' = s*f and X is
s-related with Y.

Let us now consider a proper Haar measure system { "}, for G = M. By following
results due to Crainic and Struchiner in [36] we can construct a multiplicative vector field
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X : G — TG by taking the average with respect to {1%} e
Xlg)= [ dmiga(X(ag),difa) (X (@)la).
act=1(s(g))
This vector field is s-related with the vector field Y on M defined as
V)= [ d(X@)n)
act—1(z)

Meinrenken showed that both X and Y are Euler-like vector fields, thus proving that
G =2 M is linearizable around Go = O (see [87, Lem. 4.2 and Thm. 4.5]). Therefore,
our result will follow once we prove that Ly-f = 2f and LxF = 2F near O and Go,
respectively. Indeed, on the one hand it follows that

Lf) = [ denX@mue = [ doy (s@m)
= 2 os)(a)ula) = o t)(a)u(a) = 2f(x),
/aetl(x}f )(a)p(a) / v, o D@n(@) =2/ @)

since X is s-related with Y and f is basic. On the other hand, as X and Y are s-related then
from the previous computation we trivially obtain that L F' = 2F near G, as desired. [

Remark 2.2.1. For the sake of completeness we mention that there is still another possi-
ble approach to prove a groupoid version of the Morse Lemma. This involves the weakly
linearization around an orbit provided by the exponential map of a 2-metric in the sense
of del Hoyo and Fernandes in [40], combined with the classical ideas for the proof of the
Morse-Bott lemma that can be found for instance in [49, App.B]. Although the latter ap-
proach is less simple than the two we exhibited above it has the advantage of not requiring
our Lie groupoid to be proper.

Negative normal groupoid

Let us now describe other important features of the normal form of a Lie groupoid mor-
phism F' : G — R around a nondegenerate critical orbit which are derived from putting
a groupoid metric into play. Suppose that G = M can be equipped with a Riemannian
2-metric 7® on G® and consider the induced 1-metric n*) on G and 0-metric (%) on M,
see Subsection 1.3.1. If O is a groupoid orbit then we can restrict the 1-metric V) to v(Go)
and the 0-metric (¥ to v(O) and use them to identify v(Go) = TG and v(O) = TO*.
In particular, if O is a nondegenerate critical orbit of a Morse Lie groupoid morphism
F : G — R covering a basic function f : M — R then H,(f o s) = ds(g)~" - H.(f) - ds(g)
forall g € Go, since s : G — M is a Riemannian submersion. Thus, the indexes A\(Go, F)
and (O, f) agree.

The following important fact will be crucial at several stages of this thesis.

Lemma 2.2.2. The Hessian H(f) : v(O) & v(O) — R and the fiberwise quadratic form Q) :
v(O) — R are invariant under the normal representation (1.7).

Proof. Similar arguments as those used in Lemma 2.2.1 show that the Hessian H(F) :
v(Go) ® v(Go) — R is a Lie groupoid morphism covering H(f) : v(O) & v(O) — R. In
other words,

H(F) = (@ © ds)" H(f) = (@ & &) H(f). (2.3)
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Pickz € Oandletg,h € G,, w, € T,G and w,y € T;,G be such that ds(g)(w;) = v, and
ds(h)(wz) = ve. Therefore, by using the identities tom; = tom and somy = som we obtain

Ho(f)(g - [v1], k- [va]) H(f)([dt(g)(w1)], [dt(h)(w2)])
= H.(f)([dt(g)(w1)], [d(t o 1) hn-1g) (w2, (ds(h™"g)) ™ (ds(h)(w2))])
= H.(f)([dt(g)(w1)], [dt(g)(dmpn-1g)(ws, (ds(h™ g)) ™  (ds(h)(ws))])
By Identity (2.3) = H.(f)([ds(g)(w1)], [ds(g)(dmpn-1g)(ws, (ds(h™ g)) "  (ds(h)(ws))])
= H.(f)([ds(g)(w1)], [ds(h™ g)((ds(h™"g)) " (ds(h)(w2))])
= Ho(f)([ds(g)(w1)], [ds(h)(w2)]) = Ha(f)([v1], [va]).

]

It follows immediately from the this lemma that the index of a non-degenerate critical
orbit © C M is well-defined even if O is not connected.

Definition 2.2.1. Let F' : G — R be a Morse Lie groupoid morphism covering a basic
function f : M — R.If O C M is a nondegenerate critical orbit then any arrow g € Go
will be called a non-degenerate critical arrow of /' and its index is defined as A(g, F) :=
MO, f).

Let us fix a nondegenerate critical orbit O of a Morse Lie groupoid morphism F': G —
R covering f : M — R. We can use the Riemannian metrics 7™ and n©® respectively to
split v(Go) = v (Go) ® v_(Go) and v(0O) = v (0) & v_(O) into subbundles which are
fiberwise defined by the eigenvectors corresponding to the positive/negative eigenvalues
of H(F') and H(f). Besides, we get that the groupoid structure on v(Gp) is preserved by
such splittings, as the following result shows.

Lemma 2.2.3. The Lie groupoid structure of v(Go) = v(O) can be restricted to define two new
Lie subgroupoids v_(Go) = v_(O) and v (Go) = v4+(O).

Proof. We will prove why it is possible to restrict the groupoid structure in the first case
since the second one is completely analogous. We already know that H,(f o s) = ds(g)~" -
H.(f) - ds(g). If v is an eigenvector of H,(f o s) with negative eigenvalue ¢, then

Ha(f)(ds(9)(v)) = ds(g)(Hy(f 0 5)(v)) = ds(g)(c - v) = ¢~ ds(g)(v).

That is, ds(g)(v) is an eigenvector of H,(f) with eigenvalue c. Same conclusion may
be obtained by arguing with the Riemannian submersion ¢. Let v and u be eigenvectors of
Hy(fos)and Hy(fos) with respective negative eigenvalues ¢; and ¢, such that dmg 4 (v, u)

is well defined. Let us say z < & y. Thus, by using the formula s o m = s o m, we get
that

Hon(f o s)(%(g,h)(v,u)) = ds(gh)"'(H,

If we assume that /' = ¢* f then by using the identity ¢t o m = s o m we conclude that
Hon(f o t)(dmgn)(v,u)) = c1 - dmgp)(v,u). This computation implies that the composi-
tion dm : (v_(Go))? — v_(Go) is well defined when considering ds and dt restricted to
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v_(Go). The restriction of the unit map as du : v_(O) — v_(Go) is also well defined since
sou = id holds true. Indeed, if v is an eigenvector of H,( f) with negative eigenvalue c we
have that

Mo, (f 0 5)(du(2)(v)) = ds(Le)" (Hal(f)(ds(Le)(du(2)(0)))) = ds(Le) ™ (Ha(£)(d(s 0 u)(2)(v)))
= c-ds(1,)7 ' (v) = ¢~ ds(1,) " Hd(s o u)(z)(v) = ¢ - du(x)(v).

So, du(r)(v) is an eigenvector of H,, (f o s) with eigenvalue c. Finally, with similar com-
putations, using the identities t = so i, s =t o i, and H(f o s) = H(f o t), we obtain that
if v is an eigenvector of H,(f o s) with negative eigenvalue ¢ then H,-1(f o s)(di(g)(v)) =
¢ - di(g)(v). Thus, the restriction of the inverse map as di : v_(Go) — v_(Go) is also well
defined. The properties required to be satisfied by the composition, the inverse, and the
unit map follow from those of v(Gp) = v(O). H

Consider the negative unit disk bundle D_(Go) defined by

D_(Go) ={vev (Go) :[lv[r <1},

where || - ||; is the norm on v_(G) induced by V). The positive unit disk bundle D, (Go)
is defined accordingly. Also, one has unit disk bundles at the level of objects D_(O) and
D, (0) defined by the induced metric (%) on M. As both the ranks of v_(G¢) and v_(O)
agree and they are actually the index A of the non-degenerate critical submanifolds, the
fibers of the negative unit disk bundles are A-dimensional disks. Moreover, the unit disk
bundles define groupoids of the normal groupoid.

Lemma 2.2.4. The Lie groupoid structure of v_(Go) = v_(O) restricts to the unit disk bundle
yielding a topological subgroupoid D_(Go) = D_(O).

Proof. Recallthats,t: G — M aswellas m;, m, m : G® — G are Riemannian submersions
and that the inversion map ¢ : G — G'is an 1sometry Therefore, if we consider the norms
| - |l: and || - ||o with respect to the metrics n) and n® restricted to the normal bundles
v(Go) and v(0O), respectively, then we get the identities

iy = llds()llo, Nl = llde@)llo, 11w, w)ll2 = dm(v, w)]ls = [[ds(w)llo = [lw]|x

(v, w)ll2 = l[dm(v, w)[ls = lldt@) o = l[vlls,  Ndi()[lh = vl ldu(v)ll = [lvo.

To deduce these formulas it is important to have in mind the identities s o m = s 0 7,
tom=tom,t=s0i,s=1toi,and s ou = id. Hence, by mimicking the steps followed
in Lemma 2.2.3 it is simple to see that D_(Gp) =% D_(O) is a topological subgroupoid of
v_(Go) = v_(0). O]

The groupoid introduced in Lemma 2.2.4 Wlll be called the unit disk groupoid of
v_(Go) = v_(O) with respect the 2-metric 7(?). Note that this can be thought of as a
topological groupoid with boundary. Indeed, the boundary of D_(Gp) is the unit sphere
bundle

OD_(Go) = {v € v(Go) : [lo] = 1},

with the natural projection onto G. The urut sphere bundle 0D_(0) is similarly defined
by using instead the norm || ||y induced by ). Observe that the fibers of these sphere bun-
dles are indeed (A—1)-dimensional spheres. It is simple to check that there is a well defined
Lie groupoid 0D_(Gp) = dD_(O) whose structural maps are the induced ones. This Lie
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groupoid will be called the unit sphere groupoid of v_(Gp) = v_(O) with respect the
2-metric n® and we shall usually refer to it as the boundary of D_(Go) = D_(O).

Recall that the action groupoid of the normal representation G, ~ v,(O) canonically
sits inside the local model v(Gp) = v(O) and the inclusion (G, X v,(0) = v,(0)) —
(v(Go) = v(0O)) is a Morita map, see Example 1.3.12. Hence, as consequence of Lemma
2.2.2 and the fact that the normal representation acts by isometries when we are equipped
with a 2-metric [40], the following result becomes clear.

Proposition 2.2.1. The normal representation (1.7) induces a Lie groupoid representation of
Go = Oalong v_(0O) — O and a groupoid (resp. Lie groupoid) action of Go = O along
D_(O) — O (resp. 0D_(O) — O). Moreover, the action groupoids of these normal actions

Go X v_(0)y = v_(O)y,  Gox D_(0), = D_(0)y,  GuxID_(O), = ID_(O),,

canonically sit inside their respective local models and the inclusions are Morita. In particular, there
are homeomorphisms between the orbit spaces D_(O), /G, = D_(0)/D_(Go)and 0D_(0), /G, =
0D_(0)/0D_(Go).

It is simple to see that the same conclusions can be obtained about the groupoids de-
fined in terms of positive eigenvalues. It is worth saying from this point on that Lemma
2.2.2 and Proposition 2.2.1 will be crucial when dealing with Morse theory for differen-
tiable stacks.

2.2.2 Level subgroupoids

After having described some of the local features of a Morse Lie groupoid morphism
around a non-degenerate critical orbit, in this subsection we deal with one of the most
important results of Morse theory that, in turn, addresses the topological behavior of a
Lie groupoid around a non-degenerate critical Lie subgroupoid. We start by introducing
a notion of attaching groupoid and then we study multiplicative gradient vector fields
with respect to Riemannian groupoid metrics.

Attaching groupoid

Let us quickly explain how to construct topological groupoids by an attaching proce-
dure between Lie groupoids.

Definition 2.2.2. Let G = M be a Lie groupoid. A groupoid attaching data on G consists
of:

i) a Lie groupoid G' = M’,

ii) closed submanifolds 0G’ C G’ and OM' C M’ such that 0G" = 0M’ is a Lie sub-
groupoid of G' = M’, and

iii) a Lie groupoid morphism (B,b) : (0G' = OM') — (G = M).

A groupoid attaching data defines two topological spaces GG’ and M LI, M’ given by
the usual attaching construction. Namely, the quotient space G Lig G is defined by taking
the disjoint union G U G’ and then identifying ¢’ ~ B(¢’) for all ¢’ € 0G’. The attaching
space M L, M'is defined in the same way.
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One immediately observes that there is a natural topological groupoid GUG" = MUM’
whose structural maps are defined as the disjoint union of the corresponding structural
maps of G and G’. Our main goal in what follows is to show that this groupoid structure
descends to the attaching spaces giving rise to a topological groupoid GLip G = M L, M'.
Since (B,b) : (0G' = OM') — (G = M) is a Lie groupoid morphism, it follows that the
source and target maps s U s, t Ut : GUG — M U M pass to the quotient, yielding
surjective open maps 3, ¢ : G Ug G’ — M L, M'. As usual, we define the set of composable
arrows (G L G')? as the fibered product induced by 5 and 7. Therefore, to define the
composition map m : (GUpG’)? — G'UpG’ we have to consider the following four cases.
Recall that (1,2") ~ (b(2'), 2) are the only kinds of elements related in M U M’ so that we

set
m([(ga 2)]3’ [(h> 2)]3) = [(gha 2)]37 m([(lvg/)]37 [(1’ h,)]B) = [(lag/h/)]Bw

m([(L, 95 [(9.2)]8) == (B(d)9. 2]z, m([(g,2)]5,[(1,9)]5) = [(9B(9), 2)]s-

It is simple to check that the well definition of this composition follows from the fact
that 5 and ¢ are also well defined and (B, b) is a Lie groupoid morphism. The associative
property of m is satisfied because we have that m and m’ are associative in G’ and &,
respectively and B : 0G" — G satisfies B om’ = m o (B x B). Indeed, we only have to be
careful when verifying the following case:

(1,905 - ([(L, )]s - [(9,2)]8) = [(1,9)]5 - [(B(h)g,2)ls = [(B(¢)(B(I)g),2)|s
= [((B(9)B(h))g,2)]s = [(B(g'h)g,2)]
= [(Lg'")]s - [(9,2)]s = (I(1, 9)]s - [(1, W)]5) - [(9,2)] 5.

The case [(9,2)]5 - ([(1, 9)]5 - [(1, 7)]) = ([(9:2)]5 - [(1, ¢')]) - [(1, h')]  may be verified
in a similar fashion and the other ones follow more directly.

As expected, the unitmap @ : M U, M' — GUp G’ and the inversei : GUgG' — GU G’
are defined by passing to the quotientu LUv' : M UM — GUG andiUd : GUG —
G U @, respectively. It follows easily that both w and i satisfy the required conditions of
the groupoid axioms.

Summing up, we have obtained:

Proposition 2.2.2. There exists a natural topological groupoid G Up G' = M L, M' whose
structural maps are given by the ones (3, t,m,u, ) defined as above.

This groupoid will be called the attaching groupoid of G = M with respect to the Lie
groupoid morphism (B, b). A very special case is obtained when taking both G' = M’ =
D* a closed A-disk and 0G' = OM’ = dD* its corresponding (A — 1)-sphere with their
underlying structure of unit groupoids. In this case we attach cells of the same dimension
at both arrows and objects extending the groupoid structure.

The gradient vector field

We define now the gradient vector field of a Lie groupoid morphism F' : G — R with
respect to a 2-metric. Let G = M be a Lie groupoid equipped with a 2-metric n® on G
and consider a Lie groupoid morphism F' : G — R covering a basic function f : M — R.
The gradient of [ is defined as the pair VF' = (V(s*f), Vf), where V(s*f) and V f are
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the gradient vector fields of s*f and f with respect to the induced 1-metric ) on G and
the induced 0-metric (® on M, respectively.
We start by proving the following key result.

Proposition 2.2.3. The gradient V F is a multiplicative vector field on G.

Proof. We know that s,t : G — M as well as 7, m, m : G® — G are Riemannian submer-
sions. Thus, the vector fields V( fos) and V f are s-related, V( fot) and V f are t-related, and

V((fos)om)and V(fos)are m related Here V(( fos)om) denotes the gradient vector field
of (f os) om with respect to n?) on G®) and we have that dmoV((fos)om) = V(fos)om.
The crucial point is to show that for (g, h) € G the identity

V((fes)om)(g,h) = (V(fes)(g),V(fot)(h)),

holds true as long as ds(g)(V(f © 5)(g9)) = V/[f(s(g)) = V[f(t(h)) = di(h)(V(f o t)(h)).
However, the vector fields V((f os)om) and V(f o s) are m-related and V((f ot) omy) and
the vector fields V(f ot) are mo-related. Therefore, as (fos)om = (fos)om = (fot)om,

since f is basic, we obtain that
drioV((fos)om)=V(fos)om and dmoV((fos)om)=V(fot)om.

That is, we get what we required and because of this dm o (V(f os) x V(f os)) =
V(fos)om. [

Itis clear that we also may define the gradient vector field as the pair VF = (V(t* f), V f).

Remark 2.2.2. The fact of VF' being multiplicative gives rise to other important properties
involving the Lie groupoid structure of G. For instance, V F' is a multiplicative vector field
if and only if the pair of flows (®y /) ®¥/) induces (local) automorphisms on the Lie
groupoid [81]. Namely, the following identities always hold true in our case:

sodYVE ) = Vo5, todYW ) = oVl ot, OV o m = mo (YU x Yooy,

Let us now define the subgroupoid levels of the kind of Lie groupoid morphisms we
are working with. Let /' : G — R be a Lie groupoid morphism covering a basic function
f: M — R. Take a € R and consider the level set M* = {x € M : f(x) < a}. It is simple
to check that s™'(M*) = ¢7!(M*) which is equivalent to saying that M* is a saturated
submanifold. This implies that G* = G /., with G* denoting the level set of F' below «, so
that we get a well defined topological subgroupoid G* = M* of G = M that we call the
level subgroupoid of F' below a. It is important to notice that G* = M* can be thought
of as a Lie groupoid with boundary in the sense that if 0M* = {x € M : f(z) = a} and
int(M*) ={z € M : f(z) < a} then both 9G* =% OM* and int(G*) = int(M*) are clearly
Lie subgroupoids of G = M.

It is well known that the gradient vector field X = V f of a smooth function f on a Rie-
mannian manifold (M, n?) is actually a gradient-like vector field. That is, it satisfies both
Zeros(X) = Crit(f) and df(X) > 0 on M\Crit(f). Thus, as consequence of Proposition
2.2.3 we obtain:

Proposition 2.2.4. Suppose that G = M is a proper groupoid, [a,b] is a closed interval which
does not contain critical values of f and f~'[a,b] is compact. Then G* = M® and G* = M? are
isomorphic groupoids. Furthermore, G* = M is a deformation retraction of G* = M".
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Proof. Let us follow some ideas stated in [88, 97] about the proof of this result in the
classical case. It is clear that if f~'[a,b] N Crit(f) = 0, then (s*f)~![a,b] N Crit(F) = 0.
We know that X = V(fos)and X = Vf are gradient-like vector fields on G and M,
respectively. Thus, consider the smooth function i : M — [0,00) which is defined by
| X f||7" in f~'[a, b] and that vanishes outside a compact neighborhood of this set. We can

similarly construct a smooth function i : G — [0, o) by using instead X and (s* f)~![a, b)].
On the one hand, observe that since VF = (X, X) is a multiplicative vector field we get
that

u(s(g)) = X)) = lldf (s(9) (X (s(g))II™*
IIdJ:(S(g))(dS(g)(X( g™t = Nld(f o ) () (X (g))] !
= [(XF) ()l =Hlg),

what means that we have ;i = p o s. On the other hand, let us consider the vectors fields
—pX and —pX. From [88, Lem. 2.4] and [35, Lem. 4.4] we obtain that they are complete

vector fields since the pair (—fiX, —uX) defines again a multiplicative vector field. Indeed,
as consequence of Proposition 2.2.3 we get

(ds o iX)(g) = Rilg)ds(9)(X(9)) = A(9)X (s(9)) = n(5(9))X (s(9)) = (X 0 5)(9).
Given that V(f o s) = V(f o t) we actually have that i = pos = pot and thus
we can analogously obtain that dt o pX = puX o t. To prove the identity regarding the

composition map observe that the formulas s o m = so 1 and ¢t om = t o m; imply that
f(m(g,h)) = ii(g) = fi(h) for all (g, h) € G?. Therefore,

(dmo (BX x iX))(g,h) = dmu(@(9)X(9), A(h) X (1))

For all 7 € R, let &)T :G = Gand ®, : M — M denote the respective flows generated
by the pair (—pX, —uX). From [81] we know that (®,, ®,) is a Lie groupoid isomorphism
for all 7 € R. As in the classical case (see [88, 97]), we get diffeomorphisms

By o(MY) = M, D, (M) =M" and @, ,(G°) =G, &, ,(G") =G

so that (B o, ®y_,) : (G* = M) — (G* = M*) defines a Lie groupoid isomorphism
with obvious inverse (®,_;, ®,_;). Finally, we can define two deformation retractions H :
0,1] x M* — M®and H : [0,1] x G* — G" respectively as

H(1,2) = ®rip@)-ay- ()  and  H(7,9) = Pr (s p)(9)—a)+ (9)-

Here r* := max{r, 0} for every real number r. Hence, we obtain again a Lie groupoid
morphism which allows us to conclude that G* = M“ is a deformation retraction of G =
MP. O

We analyze now the case in which f~![a, ] N Crit(f) # 0. The main reference for the
basic ideas we will be following in this case may be found for instance in [49, App. B].
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Let O be a non-degenerate critical orbit of f. We will denote by &, : ¥(O) — v_(O) and
no : v(O) = v(O) the two mutually complementary projections. They induce bundle
morphisms between the bundle projections 7 : ¥(O) — O and 7y : v4.(O) — O, respec-
tively. Moreover, for every v € v(O) we have that v = §,(v) + n(v) and the expression

[v]le = =Qs(éo(v)) + Qr(no(v)),

defines a positive definite quadratic form (i.e. anorm) on v(O). As expected, we can define
respective mutually complementary projections & : v(Go) = v_(Go) and 1y : v(Go) —
v+ (Go) which enjoy similar properties as above. Namely, every v € v(Go) canbe rewritten
as v = & () + n1(v) and we have the norm ||?]|? = —Qr(&(0)) + Qr(m (D)) on v(Go).
Furthermore:

Lemma 2.2.5. Both (£1,&) : (v(Go) =2 v(0)) = (v_(Go) = v_(O))and (n1,m) : (V(Go) =
v(0)) = (v4(Go) = v4+(0O)) are Lie groupoid morphisms. Moreover, for all x € O it holds that
&o and ng are G .-equivariant with respect to the action induced by the normal representation (1.7).

Proof. If v € v(Gp,) then we get

(00 ds)(¥) = (& 0 ds)(&1(V) +m (D)) = &(ds(&1(D)) + ds(m(2))) = ds(&.(D)).-

__ We can analogously prove that & o dt = dt o &. Now, if 0,4 € v(Go,) are such that
dm(v,u) is defined then

Eodm@) = (Godm)(&@®+n@.4@ +m@)
= G(@(& ), & (@) + Dl @), m (@) = (@), 6 (@)

so that & o dm = dm o (& x &).
The fact that (1, 7) is a Lie groupoid morphism may be shown in a similar way and
the G -equivariance of £, and 7, is consequence of Lemma 2.2.2. O

S

With all of this in mind we have:

Theorem 2.2.2. Suppose that G = M is a proper groupoid and that [a, b] is a closed interval such
that f~'[a,b] is compact and the only non-degenerate critical orbit inside f~'(a,b) is O. Then
G*Up D_(Gp) = M* Uy, D_(O) is a deformation retraction of G* = M®.

Proof. Given that O C f~!(a,b) C M is closed and embedded we get that O is also com-
pact. Furthermore, (s* ) *[a, b] is also compact since G is proper so that G is the only
compact non-degenerate critical submanifold inside (s*f)'(a, b).

Consider the mutually complementary projections &; : v(Go) — v—(Go), m : v(Go) —
vi(Go)and & : v(O) — v_(O), no : v(O) — v (O) as well as the norms

Bl = —Qr(&@®) + Qrm(@))  and  [lvl§ = —Qs(%(v)) + Qs (mo(v)).

for all v € v(Gp) and v € v(O). Because of Theorem 2.2.1 there is a full Lie groupoid
tubular neighborhood ¢ : (v(Go)y =2 V) = (Gy = U) such that (¢1F, ¢3f) = (c +
Qr,c+ Qf), where ¢ = f(O) = F(Gp) is the common value of f and F on Gp and O,
respectively. By identifying v(Gp)y = Gy and V = U we may think of F' on Gy and f on
U as respectively given by

F@) = c+Qr(@) = c— @i+ Im@)I1,  fv) =c+Qs(v) =c—[&()lls+ IIno(v)]l5-
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Let us now follow some ideas stated in [49, 88, 97] about the proof of this result in the
classical case. We choose € > 0 small enough so that the interval (¢ — ¢, ¢ + €) is contained
in [a,b] and all points v € v(Gp) with ||[7]|? < 2e belong to the neighborhood Gy and
v € v(0) with |Jv]]3 < 2e belong to the neighborhood U. Similarly to how it was done
in [88, p. 16-19] we construct two smooth functions which are a modification of the pair
(F, f). Namely, let ;s : R — R be the smooth function verifying the conditions

1(0) > e,
p(ry=0  forall r > 2,
—1<uy(r)<0 forallr,

Consider the functions F; : G — R and f; : M — R which respectively coincide with
F and f outside of Gy and U but within those neighborhoods they are given as

Fi() = F@) = p(|& @)+ 2m@)17) = e = 16 @) + Im @7 = nllle @)1 +2lm@)1).

and

fiw) = f(v) = p(1&@)I5 + 2lm@)I17) = e = 1€ @)l + ()15 = 1(lI€(@)IG + 2lmo(W)I17).

These are well defined smooth functions. Let us prove that (F, f1) : (G =2 M) - (R =
R) is also a Lie groupoid morphism. Since ¢ is a Lie groupoid isomorphism and (1, f1)
agrees with (F) f) outside (G, U) we only have to see what happens inside (G, U). As
consequence of the classical Morse-Bott lemma we may identify the norms || - ||; and
| - o with those norms defined by the restrictions of ) and 7 on v(Ge) and v(0O),
respectively. As s,t : G — M are Riemannian submersions we obtain that ||v]|; = ||ds(v)]|o
and ||v]|; = ||dt(v)]|o. It is worth noticing that if we do not identify the norms as we did
above we can also get the previous statement by using the fact that (Qr, Qy), (&1,40), and
(m1,m0) are Lie groupoid morphisms. Therefore, by using again the latter fact we obtain
that

(ds f)@) = fds®) = c+ Q(ds(®)) — u(ll&o(ds@)II3 + 2lm(ds@)IIF)
= ¢+ (Qrods)(®) — u(llds(& (@) + 2/lds(& (D))
= ¢+ Qr@®) — p(I&@)IE +2Im @) = .

We can analogously show that dt' f; = F; which implies what we desired.
Just as it was proved in [88, p. 16-19] we have the following assertions.

e The regions F; ' (—o0,c + ¢] and f;'(—o0, ¢ + €] coincide with the regions G¢** and
Me*e, respectively.

e The functions F' and F; have the same critical arrows. Similarly, the functions f and
/1 have the same critical points.

e The sets I, '[c — ¢,c + €] and f; [c — ¢, ¢ + €] contain no critical points of F} and f;,
respectively.

Thus, from Proposition 2.2.4 we conclude that the Lie subgroupoid level F; ' (—oo, ¢ —
€] = f;'(—o0,c — €] is a deformation retraction of G**¢ = Me+e,

Let us now consider the negative disk bundle D_(O) = {v € U : ||&(v)||2 < €, no(v) =
0}. As the value of f; on any point of D_(0O) is less than ¢ — e we have that M/~ UD_(O) C
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fi H(—o0, c—€]. Moreover, the intersection D_(O)NM*~¢ coincides with the negative sphere
bundle 0D_(O) = {v € U : ||&(v)]|2 = €, no(v) = 0}. Therefore, we can consider the
attaching space M“ U, D_(O) with respect to the bundle projection b : 0D_(O) — M ¢
which actually we may be seen as the union M*~<UD_(O) inside f; ' (—oc, c —€]. As it was
argued in [88, p. 18-19], we have that the union M “U D_(0O) is a deformation retract of
fi (=00, c—¢]. The deformation retraction r, : f; '(—o0o,c—e] — f;'(—o00, c—¢|isidentical
outside U but within U it acts as follows.

e Inthe domain ||&(v)||2 < e (i.e. in D_(O)) the deformation r; is given by the formula
rr(v) = &(v) + 710 (v).
e In the domain € < ||&(v)||2 < ||no(v)]|2 + € we define r, by

. (v) = &o(v) + s-(v)no(v),

where the number s, (v) € [0, 1] is defined by s,(v) =7+ (1 —7)

60(0)I3 — € 1,
)

70 (0)13
map ry takes values in f~!(c — e).

e Within the domain || (v)||2 + € < ||&(v)]|3 (i-e. in M) we set r. to be the identity
map, 7 € [0, 1].

The expressions above agree on the intersection of the three domains and thus they de-
fine a continuous map r, so that r, is the identity map and r is a retraction of f; ' (—o0, c—¢]
onto M N D_(O). As expected, we can similarly define the attaching space G Up
D_(Gp) by using the bundle projection B : 0D_(Go) — G as well as construct a de-
formation retraction 7, : I, '(—o00,c — €] — F['(—00,c — €] by using the mutually com-
plementary projections &;, 7, and the norm || - ||; to produce same formulas as we did
above.

The key point now is to prove that (-, r;) defines a groupoid morphism. As 7 and 7,
are the identity outside Gy and U, respectively, we only have to check this on the three
special cases mentioned above. We will use again the fact that (£, &) and (7, 7) are Lie
groupoid morphisms. In the first domain we have that

(rr 0 ds) (V) = &(ds (D)) + 00(ds(0)) = ds(€1(D)) + Tds(m (v)) = (ds o 77) (D).

We can analogously prove that r; o dt = dt o 7. Now, if ¥ and % are such that dm (v, u)
is defined then

7 (dm(©, 1) =

(d_( W) + 701 (dm(v, @) = dm(& ( ), 61(W)) + Tdm(n V), m (1))
dm((&(9), &1(@)) + 7(m (), m(@))) = dm (& () + 7 (), &.(@) + 70 (@)
m(r-(v), 7+ (u),

what means that 7, o dm = dm o (7, x ;). To Ver1fy the assertion in the second domain
we only have to check that s, (ds(7)) = 5,(2), s,(dt(?)) = 5,(0) and 5, (V) = 5, (dm (v, 0)) =
s-(u). These formulas follows from the fact that (£, &) and (7, 70) are Lie groupoid mor-
phisms plus the identities

J‘r‘r

g“\s\

ldm(@, @) = [ds@llo = al,  and  [|dm(@, @) = [ldt@)]o = 7]
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which can be obtained by either the fact that s, ¢, m, 7, and 7, are Riemannian submersions
or (Qr, Qy), (&1,0), (m, no) are Lie groupoid morphisms. The remaining computations are
similar to those done when looking at the first domain. Finally, in the third domain the
assertion directly follows since ; and r, are the identity maps over there.

In conclusion, the topological groupoid G~ “Up D_(Gp) == MU, D_(O) is a defor-
mation retraction of the level subgroupoid F; ' (—o0,c—e€] = f;*(—00, c—¢€] which in turn,
as consequence of Proposition 2.2.4, is a deformation retraction of the level subgroupoid
Gt = M. Hence, G “ Up D_(Gp) = MU, D_(O) is a deformation retraction of
Gete = Mete. ]

Remark 2.2.3. It is important to point out that the assumption from Proposition 2.2.4 and
Theorem 2.2.2 asking for f~'[a, ] to be compact in M may be relaxed just by requiring

7_1 [a, b] to be compact in the orbit space M/G. Here f : M/G — R denotes the underlying
continuous function defined through the basic function f : M — R. This fact will be clari-
fied in Section 2.5 where we will study some Morse theoretical features over differentiable
stacks.

It is simple to deduce from the proof of Theorem 2.2.2 that Theorem 2.2.1 and Lemmas
2.2.2 and 2.2.5 imply that:

Corollary 2.2.1. Around the local model to the orbit O the deformation retraction r, is G-
equivariant with respect to the action induced by the normal representation (1.7).

We finish this subsection by providing some observations about the advantages that
our approach to study Morse theory over M/ /G have in contrast with the approach given
by stratified Morse theory, see Subsection 2.1.1.

Remark 2.2.4. Firstly, our focus aims at extending classical Morse theory to the context
of differentiable stacks, so that its study passing through Lie groupoids is more suitable
for our purposes. Also, the latter provides a cleaner way to extract several fundamental
results of Morse theory without assuming properness, compactness or finiteness on the
Morita types equivalences, which are requirements that seem to be necessary in order to
guarantee that the orbit space admits some kind of embedding into an affine space. Evi-
dences of this fact are mentioned in Remark 2.2.1, Subsection 2.1.2, Proposition 2.2.1. Even
though sometimes we further assume properness for the Lie groupoids we are working
with, results as those provided in Proposition 2.2.4 and Theorem 2.2.2 in the groupoid
category are clearly natural and easier to obtain by following the procedure we propose.
Secondly, as we will see in next sections/chapters, our approach also provides a way to
recover some algebraic/topological constructions underlying the Lie groupoid structure
in a natural way. For instance, the total cohomology of the Bott-Shulman-Stasheff double
complex as well as its 2-equivariant version can be obtained by using our techniques. The
latter construction can be applied to compute the equivariant cohomology of certain toric
symplectic stacks, see Example 2.4.1. Thirdly, our approach seems to be applicable to sat-
isfactorily extend other topological and geometrical constructions derived from classical
Morse theory to more general contexts, e.g. Novikov type inequalities for certain sepa-
rated differentiable stacks as done by the thesis” author in [113].

2.3 Morse-Smale dynamics

Let us now adapt some notions of the Morse-Smale dynamics to the Lie groupoid
setting. Our goal here is to define the stable and unstable Lie groupoids of a Morse Lie
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groupoid morphism as well as to study some of their elementary properties. For specific
details regarding the classical notions the reader is recommended to visit 8, 13, 97] and
references therein. Let ' : G — R be a Morse Lie groupoid morphism covering a smooth
basic function f : M — R and let n® denote a 2-metric on G = M. Throughout this
section, apart from assuming that ¢ = M is proper, we will also assume that one of
either G’ or M is compact. This automatically implies that the other one is compact as
well. Under this additional assumption it is clear that the multiplicative gradient vector
tield VF' is given by a pair of complete vector fields.

Remark 2.3.1. As consequence of Theorems 4.15 and 5.12 in [58] together with the Dictio-
nary Lemmas from [17, s. 2.6], it follows that the compactness assumption for either A/ or
G may be relaxed by requiring only that ///G is compact. This is enough to have globally
defined gradient flows since VI is a multiplicative vector field. It is worth mentioning
that this fact will be clarified in Section 2.5. However, along this section we assume the
compactness of our Lie groupoid for simplicity.

Let </}Z :G — Gand ¢, : M — M denote the flows of the vector fields —V (s* f) and
—V f, respectively. These are the so-called descending flows. As usual, if x € Crit(f) then
the stable manifold 1V*(z) and the unstable manifold W*(z) of f at x are respectively
defined as

Wéx)={ye M: Tlgglo ¢, (y) =2} and W z)={yeM: lim & (y) =z} (24)

T——00

The stable and unstable manifolds of a critical arrow g € Crit(F') are similarly defined

by using the descending flow O, Let S, C Crit(f) denote the set formed by the orbits
in M with same index A. We may assume that S consists of orbits with the same dimen-
sion, otherwise we split Sy into components consisting of orbits with the same dimension.
Hence, we may assume that S) is a manifold which, being saturated, yields a well-defined
Lie groupoid G's, = S, defined by the restriction of G = M to S). It is important to ob-
serve that S, is a non-degenerate critical submanifold for f of index A and as consequence
of what we did before we may conclude that G g, is also a non-degenerate critical subman-
ifold for F' with same index \. Thus, as we have that every point in Sy is a critical point for
J we define the stable and unstable submanifolds of S as the respective disjoint unions

WS = W) and WS\ = |J W"(x)

€S €S

The stable and unstable submanifolds W*(Gg, ) are W*(Gsg, ) are defined in the same
way since every arrow in G'g, is a critical arrow for F'. As a consequence of the multiplica-
tivity of —VF = (=V(s*f), —V f) we obtain the following expected result.

Lemma 2.3.1. The Lie groupoid structure of G = M can be naturally restricted to define two Lie
groupoids W*(Gs, ) = W*(Sy) and W*(Gs,) = W"(S)).

Proof. We will only show why the Lie groupoid structure may be well restricted for defin-
ing W*(Gg, ) =2 W#(S,) since the other case follows analogously. This is carried out in the
following steps. First, if h € W*(Gg, ), then h € W*(g) for some critical arrow g € Gg,.

Thus, the identity s o &, = &, o s implies that

lim ®,(s(h)) = lim s(®,(h)) = s <lim 6;(h)> = s(g).

T—00 T—00 T—00
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This means that s(h) € W?(s(g)) € W?*(S,) and therefore s : W?*(Gg,) — W?*(S))
is well restricted. As for each critical arrow g € G, we have that t(g) € S, is a critical
point, then by arguing in the exactly same way with the identity ¢ o O, =P, ot we get
that ¢t : W*(Gs,) — W?(S,) is well restricted. Now, let us consider the fibered product
space (W*(Gs,))? defined through s and t. If (hy, hy) € (W*(Gs,))@ then there exists a
pair of critical arrows (g1, 92) € Gs, x Gg, such that hy € W*(g;) and hy € W?(g2). On
the one hand, observe that (g;, ¢2) € Ggi) Indeed, since s(h;) = t(hy) and (®,, ®.) is a Lie
groupoid morphism we obtain

T—00 T—00 T—00

s(g1) = s (lim @,(n) ) = Tim ®-(s(h1)) = lim @,(t(hz)) =t ( lim ®(hs)) = t(g).
On the other hand, from the identity &Z om=mo (&Z X E};) we get that

lim @, (hyhy) = lim m(®, (hy), Br (hs)) = (lim o, (hy), lim &Z(hQ)) = g100.
T—00 T—00 T—00 T—00
Given that we know that the composition of two composable critical arrows produces
again a critical arrow we have that h1hy € W*(g192) C W*(Gs, ). Hence, the composition
map m : (W*(Gs,))? — W*(Gs,) is also well restricted. Finally, let us now consider the
inversion map i : G — G and the unit map u : M — G of the Lie groupoid G = M. As
(®,, ®,) is a Lie groupoid morphism we have that ®, 0 i = i o ®, and ®, o u = u o .
Recall that if g is a critical arrow, then ¢~! is also a critical arrow and if x is a critical
point, then 1, is a critical arrow. So, by arguing as in the previous items we obtain that
i: W*(Gg,) = W?*(Gs,) and u : W*(S)) — W?*(Gs, ) are well restricted as well.
O

The Lie groupoids introduced in Lemma 2.3.1 will be respectively called stable and
unstable Lie groupoids associated to the critical submanifold S,. Consider now the end-
point maps [, : W*(Sy) — Sy and vy : W*(S,) — S, which are respectively defined
by

lo(z) = lim ®,(x) and up(z) = lim & (z). (2.5)

T—+00 T——00

It was shown for instance in [8, Prop. 3,2] that the endpoint maps (2.5) are smooth
locally trivial fibrations. In order to state the groupoid analogue of this property, we need
the following definition which can be found for instance in [80].

Definition 2.3.1. A Lie groupoid fibration is a Lie groupoid morphism ¢' : G — G’
covering a surjective submersion ¢" : M — M’ with the property that the map ¢ : G —
G’ Xy M, defined by sending g — (¢'(g), s(g)), is a surjective submersion.

At the level of arrows, we can similarly define smooth endpoint maps /; : W*(Gg, ) —

Gg, and v, : W*(Gs,) — G, by using the descending flow ®,. Recall that we have the
equality of indexes \(Gs,, F') = A(S), f) = A. Thus, as consequence of [8, Prop. 3,2] we
obtain that u; and [; are smooth fiber bundles with fibers diffeomorphic to the disks D?
and D*~*, respectively. Here k = codim(Gs,) = codim(S)) seen as submanifolds of G
and M, respectively. So, motivated by these facts and Lemma 2.3.1 one has the following
result.

Proposition 2.3.1. The endpoint maps | = (I1,1y) : (W?*(Ggs,) = W*(Sy)) = (Gs, == S») and
u = (u1,up) : (W*(Gg,) = W*(S,)) — (Gs, = S\) are Lie groupoid fibrations.
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Proof. On the one hand, the fact that both [ and u define Lie groupoid morphisms follows
by arguing exactly as we did in Lemma 2.3.1. Indeed, let us consider for instance the case

of u. As the pair (E}Z, ®,) determines a Lie groupoid morphism we have that

(soul)(h)zs( lim qi(h)) = lim s(®,(h) = lim ®.(s(h)) = (ugos)(h).

T——00 T——00 T——00

We can analogously get that ¢ o u; = ug o t. If (hy, hy) € (W¥(Gs,))® then

(o (s xun))(hiote) = m T B(h), tim 8 (ha) ) = tim (m o (B x B))(hn, )

= llrjloo((I)T<m(h1, hg)) = (Ul @) m)(hl, hg)

T—

On the other hand, let us consider the fiber product given by the diagram below

GSA X8y W"(S)\) LT W“(S)\)

ml l“

Gs, Sy.

S

We already know that u, : W*(S)) — S, is a surjective submersion. It remains to check
that the map @ : W*(Gg,) — Gs, xs, W*(S)), defined by mapping h — (uy(h), s(h)),is a
surjective submersion. Nevertheless, this fact follows directly since 7, and 7, are surjective
submersions, m; o & = u; and 7, o & = s, so that @ is a surjective submersion because u;
and s are so.

As expected, we can prove that [ also defines a Lie groupoid fibration by arguing with
similar computations. [

It is clear that the canonical projections 7 : v_(Gg,) — Gs, and 7, : v_(Sy) — Sy
allow us to define a groupoid fibration from v_(Gg, ) = v_(S,) onto G5, =% S,. Obviously,
for the positive normal groupoid a similar fibration 7+ onto Gg, = S, can be defined.
Therefore, the naturality of the previous result is behind the following interesting fact,
which can be thought of as the groupoid version of the so-called stable/unstable manifold
theorem, compare for instance [8, Thm A.9] or else [14, Thm 4,15].

Theorem 2.3.1 (Stable/unstable groupoid theorem). There exists a Lie groupoid isomorphism
from a full Lie groupoid open neighborhood of the zero section Gg, = Sxinv_(Gs,) = v_(Sy) and
a full Lie groupoid open neighborhood of Gs, = Sy in W"(Gg,) == W*(S\) which intertwines
the groupoid fibrations n~ and u. Such an isomorphism behaves as the identity over Gg, = S).
Analogously, same assertion holds true between the groupoid fibrations ©+ and | onto G, = S.

Proof. First of all, it follows that around a base point y € S) there are coordinates in an
open neighborhood U C M such that U = Sy x v4(S))s x v_(S))s so that each element
z € U may be rewritten as z = (2, 24, 2_), see [8, Appx. A.3]. We focus on proving the
statement for 7~ and u since the other asserted case follows in a similar fashion. Pick y € S,
and v_ € v, (S)),. As consequence of [8, Thm A.9] (see also [14, Thm 4,15]), we know
that there exists a unique integral curve ¢(7) = ®,/(7) := ®,(y') of —V f starting aty’ € M
such that ¢(0)- = v_ and Tgmoo o(r) = Tgmoo ®,.(y') = y. Furthermore, after shrinking U

if necessary, for varying (y,v_) the map ¢ sending y — ¢(0), defines a diffeomorphism
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between an open neighborhood U of the zero section S in v_(S)) and an open neigh-
borhood V' of S, in W*"(S)) which intertwines the projection 7, and endpoint map w.
Again, after shrinking U if necessary and by using instead the descending flow of —VF,
we may similarly define around g € G's, an open neighborhood U of the zero section G,
in v_(Gg,) of the form U = s~ (U) Nt~ 1(U) = G, x vy(Gs,), X v_(Gs,), enjoying of the
following properties. Each element 7 € U may be rewritten as = (%, 7,, 7_) and there is
a uniquely defined map ' sending g — ¢(0)o which defines a diffeomorphism between
U and an open neighborhood V of Gs, in W*(G, ) that intertwines the projection 7, and
endpoint map u;.

Let us check that v = (¢!, ¢") defines a Lie groupoid morphism over the open Lie
groupoid neighborhood U = U of G's, = Sy. This will be consequence of having that VF
is a multiplicative vector field. Take g € U, o € v_(Gs,)y and &(7) = 59/ (1) = ®.(¢) as
described above. We know that so®, = ®_os which in turn yields the identity sod), = D1
for all h € G. The latter formula implies that s(g) = Tl_i)moo Pyg (1) = Tgmw P, (s(g')) and

ds(g')(9-) = c(0)_ where in this case we are denoting c(7) = 4, (1) = ®,(s(¢')). Thus,
by the uniqueness in [8, Thm A.9] it follows that

(501" (g) = 5(6(0)0) = (50 L¢)(0)o = Ps(g)(0)o = c(0)o = (1" 0 5)(g).

The identity ¢ o Pt = Y ot can be verified in a similar manner. Let us now consider
pairsg € U, o- € v_(Gg,)y and h € U, w_ € v_(Gg, ) such that s(g) = t(h), s(¢') =
t(R'), ds(g")(0_) = dt(W)(w_) and a(7) = By (1) = B.(¢') with b() = By () = O, (1) as
described above. It is simple to verify that the equality ®, om = m o (®, x ®,) implies the
formula m o (®),, x ®y,) = p,p, forall (hy, hy) € G@. It follows that gh = Tgmoo Oy (1) =

lim ®,(¢'h')and dm(g', h')(v_,w_) = a(0)_ with &(1) = Oy (1) = ®.(g'h'). Hence, again

T——00

by the uniqueness in [8, Thm A.9] we obtain that

m(¥(9). 9" (h)) = m(@(0)o, b(0)o) = m(®y(0), D (0))o = Pryny (0)0 = E(0)o = ¥ (gh).

Observe that 1 is the identity over Gs, = S) since the descending flows fix critical
points. The proof is completed by observing that in a proper groupoid every groupoid
neighborhood contains a full groupoid neighborhood, see for instance [40, Lem. 5.3].

O

We consider now the notion of moduli space of gradient flow lines in the Lie groupoid
context. Some of the ideas stated below will be used to construct a double complex which
in turn will allow us to recover the total cohomology of the Bott-Shulman-Stasheff double
complex of the Lie groupoid we are working with. Note that there exists a natural action
of Ron W*(S)) (resp.on W*(S,)) defined by r-y = ®,(y) forall € R. This is well defined
since if y € W*(S,) then we have that

lim @, (r-y)= lim &, (P, (y)) = lim &, (y) € W*(Sy). (2.6)

T——00 T——00 T—>—00
In particular, it is simple to see that these actions induce a well defined free action of
R on any intersection W*(Sy,) NW?*(Sy,), for A; # A;. We will refer to this action as action
by flow translation. The moduli space of gradient flow lines in A/ associated to the non-
degenerate critical saturated submanifolds Sy, and S, is defined as the quotient space
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obtained from the action by flow translation:
M(S}w S>\j) = (WU(SAl) N WS(S)\]))/R

The moduli space of gradient flow lines M(Gs, ,Gs, ) is equally defined by using

instead the action induced by the descending flow ®,. Thus, motivated by the Morse-Bott
transversality condition (see [8, 13]), we set up the following definition.

Definition 2.3.2. A Morse Lie groupoid morphism F' : G — R which covers a basic func-
tion f : M — Ris said to satisfy the Morse-Smale transversality condition with respect
to a 2-metric on G = M if for any two critical non-degenerate saturated submanifolds S,
and Sy, with respect to f we have that W*"(y) m W?*(S,,) forally € Sy,.

Itis important to notice that, unlike the classical Morse case, in the Morse—Bott case it is
not always possible to perturb a Riemannian metric to make a given Morse-Bott function
satisfy the Morse-Bott-Smale transversality condition. See [71, Rmk. 2.4] for an interesting
counterexample. More importantly, such a condition is not always satisfied for G-invariant
Morse functions; compare [71, s. 5]. As a consequence, not every Morse Lie groupoid
morphism satisfies the Morse-Smale transversality condition in general. As it is argued
in [8], when assuming the Morse-Smale transversality condition from Definition 2.3.2,
we get that the spaces W"(Sy,) N W*(S,,) and M(Sy,, S,) are smooth manifolds since
the action by flow translation is free and proper. The endpoint maps (2.5) descend to
the moduli spaces yielding new endpoint maps (lo)% : M(Sy,,Sy;) — Sy, and (ug)} :
M(S),, Sy;) — Si, given respectively by

(lo)j([]) =lo(x) ~ and  (uo)j([a]) = uo(w), (2.7)
One can see that these maps are well defined in a similar manner as in (2.6). Also, the
endpoint maps (ug)} on the moduli spaces are locally trivial fibrations, see [8].

Lemma 2.3.2. Let F' : G — R be a Morse Lie groupoid morphism covering a basic function
[+ M — Rand having the Morse-Smale transversality property. Then the non-degenerate critical
submanifolds G, and G, satisfy the Morse-Smale transversality condition with respect to F.

Proof. Let y < x be an arrow in W(Gs,,) such that g € W*(h) N WS(GSXJ_). Given that
s : G — M is a submersion we have that it is transverse to any submanifold in M so that,
in particular, we obtain that s th W*(s(h)) and s th W*(S), ). Since x € W*(s(h)) N W?(Sy,)
the Morse-Smale transversality condition with respect to f gives us

TW"(h) + TW*(Gs, ) = Ty(s™ (W (s(h)) + Ty(s™ (W7(S))))
= ds, (T,W"(s(h))) + ds, (T,W*(S,))
= ds, (T.W"(s(h)) + T.W*(S),))
= ds; (T,M) =T,G.

So, the result follows. O

The previous fact implies that we can analogously define smooth manifolds W* (G, )N
W?(Gs,,) and M(Gs, G, ) and smooth endpoint maps (l)s - M(Gs,,,Gs,,) = Gs,,
and (ul); : M(Gs, , GSA].) — G, ,, so that each (u;)} has the structure of a locally trivial
fibration.
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It is simple to check that by the nature of the structure of our stable and unstable Lie
groupoids we may naturally define a Lie groupoid W* (G, ) N W*(Gs, ) = W™(S5,) N
W#(S,,). More importantly:

Proposition 2.3.2 (Groupoid of gradient flow lines). There exists a unique structure of Lie
groupoid M(Gs, , GSAJ_) = M(S),, Sy;) on the moduli spaces of gradient lines, making the
canonical projection W*(G's, ) " W*(Gs, ) = M(Gs, , G, ) a Lie groupoid fibration.

Proof. The action of R on W*(Gs, ) N WS<GSAj> = W*(Sy,) N W?(S,,) is given by Lie
groupoid automorphisms. Since this action is free and proper, then the quotient inherits
a Lie groupoid structure with the desired properties. In Proposition 4.1.1 we will sketch

the proof of a more general version of the latter assertion.
O

As an immediate application of Proposition 2.3.1 we easily get:

Corollary 2.3.1. The pair of endpoint maps u; = ((u1)5, (w0);) : (M(Gs, , Gs, ) = M(Sx,, Sy)) =
(Gs,, = S),) defines a Lie groupoid fibration.

Note that because of the well definition of index we have that W*(S,,) N W*(S),) does
not contain critical points of f since Sy, NSy, = 0 for A; # A;. This in particular implies
that the action by flow translation on this space is free. Namely, the latter statement follows
from the fact that a point is a singularity of a vector field if and only if its flow fixes such
a point. In particular, the gradient vector field of f is nonzero at the regular points of
f which implies that its flow does not fix such points. Same conclusion can be obtained
at the level of arrows. This key observation allows us to define the composition map of
the Lie groupoid from Proposition 2.3.2 explicitly. Indeed, the source and target maps
are respectively defined by setting s : M(Gs, , Gs, ) = M(Sy;,5y,) as slg] = [s(g)] and
t: M(Gs,,, GSAJ) — M(S),, Sy,) as t[g] = [t(g)]. They are well-defined since our gradient
vector field is multiplicative. Furthermore, if we take [g] and [A] in M(Gs)\i7Gs)\j) such
that s[g] = ¢[h] then there exists r € R such that ®,(s(g)) = t(h) which is equivalent
to have s(®,(g)) = t(h), so that we can multiply m(®,(g),h) = ®,(g)h. Thus, we define
m: M(GSM,GSA],)@) — M(GSWGSA) as m([g], [h]) := [(f}i(g)h] This description may be
used in order to “compactify” the Lie groupoid structure over each M(Gs, , Gis,, ). Let
us briefly sketch the proof of this assertion without going into too much details. As it
can be viewed for instance in [8], the Morse-Smale transversality assumption allows to
show that there exists a way for constructing a compactification of these moduli spaces of
gradient flow lines. It can be done by applying a series of fiber products with respect to
the endpoint maps « and . Therefore, as consequence of Proposition 2.3.2, [8, Lem. 3.3]
and [37, Prop. 4.4.1] we may extend the Lie groupoid structure previously described to
the respective compactifications. Here it is important to have in mind that v and [ define
Lie groupoid morphisms where v is composed by locally trivial fibrations.

2.3.1 The double complex of a Morse Lie groupoid morphism

Recall that given a Morse function f : M — R, the Morse-Smale-Witten complex of the
pair (M, f) is a complex whose homology computes the singular homology of the mani-
fold M, see Subsection 1.1. In the setting of Morse-Bott theory, there are several versions
of the Morse-Smale-Witten complex which compute either the homology or the de Rham
cohomology of the manifold [8, 13, 50]. The main aim of this subsection is to introduce the
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groupoid version of the Morse complex. Namely, given a Morse Lie groupoid morphism
F : G — R we construct a double cochain complex whose total cohomology recovers
the total cohomology of the Bott-Shulman-Stasheff double complex associated to G. Our
construction relies on the Austin—Braam’s version of the Morse-Bott complex [8], the one
that was sketched in Subsection 1.1.1.

Throughout this subsection a Lie groupoid G is denoted as GV = GO. Let F; :
(GY = G©) — (R = R) be a Morse Lie groupoid morphism which is induced by a
smooth basic function F, : G — R. We assume that GV = G is proper and either
G or G is compact, compare Remark 2.3.1. Let us consider the simplicial terminology
introduced in Subsection 1.3. The nerve G of G = G is depicted as

G . .=

2 (0 : SRR 2 2 = ) G0

By our initial assumptions it follows that each manifold of composable arrows G is
compact since it is closed and is contained inside G™) x - - - x G™). From [40] we know that
the Lie groupoid GV = G(® admits an n-metric ™ on G(™. It is important to remember
that we can push 1™ forward with the different face maps d} : G — G~V to define an
(n — 1)-metric n"~Y on G~V where n"~V = (d2).n™ = (d7,).n™ for all k, k¥’ and every
dp . (G™ p) — (G~ n(=1) becomes a Riemannian submersion. One can use this
process to obtain r-metrics (") on G in such a way that dj, : (G, (") — (G=1 nr=1)
is a Riemannian submersion for every 0 <r <n — 1.

Applying the nerve functor to F; : GV — R yields a simplicial function F, = (F},),en
between the nerves G* — R:

F,: - —g el) 3 2 2 == () G0
Fn F2 Fl FO
R R R R,

which, for n > 2, is inductively defined as F,, = (d})*F,,—1 = (d},)*F,,—1 for all k, k’. These
smooth functions are well defined since F; is a Lie groupoid morphism and the simplicial
identities (1.8) hold true. Recall that, in our case, the set of critical points of Fj is given by
a disjoint union of finite compact and connected Lie groupoid orbits Crit(F}) = UO since
G is compact and GV = G is proper. Therefore:

Lemma 2.3.3. There exists a sub-nerve GE') of G'® formed by non-degenerate critical submanifolds
of index i for F, of the form:

G . ...

(2

le

a0 == o) —= 5O

7

(2

AAA

where GE") = U{Gg”) C Crit(F,) : index(F,, ng>) = i} and Gg) denotes the manifold of
n-composable arrows of Go = O.
Proof. This follows by applying simple arguments from the previous sections since F; is
a Morse Lie groupoid morphism. Namely, G§°> is a saturated submanifold with Ggl) =
s1(G?) = +71(G\") and all the face maps of G(*) are Riemannian submersions verifying
the simplicial identities (1.8). O
Let us now consider the collection of vector fields —VF, = (—VF,),ey where —VF,,
denotes the negative gradient vector field of F,, on G™ with respect to n™. As the face
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maps di : G™ — G~V are Riemannian submersions we actually have that —V F, defines
a simplicial vector field on the nerve G(*) since n" ™Y = (d}).n™ so that d(d}) o VF,, =
VFE,_; odp. It turns out that the collection of descending flows ®" : G — G™), which
are defined for all 7 € R since G™ is compact, verifies the relations

od" =" od’, k=0,---,n and VreR, (2.8)

thus obtaining a simplicial automorphism ®* : G*) — G®) for every 7 € R. The collection
of smooth endpoint maps associated to the collection of stable and unstable submanifolds

Wu(G™) and W*#(G™) will be denoted by u;(n) : W*(G™) — G and I;(n) : W*(G\) —
GE"). Recall that these maps are locally trivial fiber bundles respectively defined by send-
ing A — lim,, o ®?(A) and A — lim,_,,, ®?(A). It follows directly from Identities (2.8)
that

dpoui(n) =u;(n—1)od; and dioli(n)=1(n—1)ody, (2.9)

forallk =0, --- ,n.Forindexes i and j we can consider again the moduli spaces of gradient
flow lines
MG, G = WG n WG /R,

which are the quotient spaces defined through the action by flow translation.

Lemma 2.3.4. The simplicial structure of the nerve G*) may be restricted to define the stable and
unstable sub-nerves W*(G'*) and W*(G\”)) of the sub-nerve G'* and a topological sub-nerve
structure M’(GZ('), G§-°)) between the moduli spaces of gradient flow lines.

Proof. Note that the first statement follows by flowing to co and —oo at both sides of Equa-
tions (2.8) so that d? : W*(G\") — W*(G" VY and d7 : W*(G) — W(G"V) are well
restricted. Furthermore, the maps d7 : M™(G"™, Gg")) — MG, Gg-"_l)) defined by
sending [A], — [d}(A)],—1 are well defined, open and surjective since dj; are so. O

We are interested in inducing well behaved structures of smooth manifold and ori-
entability over our moduli spaces of gradient flow lines. To obtain this we require the
following analogue of the Austin-Braam assumption, see Subsection 1.1.1.

Assumption 2.3.1. i MO(GZ(O), G§o)) = (if i < j (F} is weakly self-indexing).

ii. Foralli,jandz € GEO) we have that W*(z) := ;(0)~!(z) intersects W* (G§0)) transver-
sally:
Wi () WS (G).

iii. Both the critical submanifolds G§°> and the negative normal bundles y,(G§°)) are
orientable for all <.

iv. G™ is orientable for all n € N.

Although condition iv. from the previous assumption may seem to be somewhat re-
strictive there are many cases where such a requirement can be achieved. For instance, if
G is orientable then every manifold conforming the nerve of the unit groupoid, the pair
groupoid, the action groupoid defined through a smooth action of a Lie group on G©,
and étale Lie groupoids over G'%, is orientable.

Lemma 2.3.5. Conditions i.-ii.-iii. from Assumption 2.3.1 are satisfied at every level of the nerve
configuration.
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Proof. First, by Lemma 2.3.4 and proceeding by induction over n it is simple to check that
MY G, Gg-"*l)) = (if i < j implies that M™(G\", ng)) =0ifi < j. Thestepn =1
is consequence of i. and the well definition of d.

Proceeding again by induction over n, we may prove that if the Morse-Smale transver-
sality condition ii. holds true at the level n — 1 then it also holds true at the level n. The case
n = 1 was argued in Lemma 2.3.2. The inductive cases follow by arguing in the exactly
same way but with the submersions d.

Finally, let us now look at the orientability requirements iii.. On the one hand, by the
Transverse Submanifold Theorem, it is well known that because of conditions iii. and iv.

together the fact that d}} are submersions with Gg") = (dZ)_l(G(”_l)), it follows that if

7

G is orientable then so is G™. The induced orientation on G\" is the one obtained

)

from the orientability of G™, G~V and ng_l). On the other hand, recall that in Lemma
2.2.3 we proved that the Lie groupoid structure of U(Ggl) )= I/(GEO)) can be well restricted

to define a Lie groupoid between v_ (Ggl)) = (GEO)). To do so it was mainly used the fact
that the structural maps of our Lie groupoid are Riemannian submersions, the simplicial
identities (1.8), and the relation between the Hessian forms of F; and F;. In consequence,
by using Lemma 2.3.3 we may easily extend some of these arguments to construct a sub-

nerve v_ (GE.)) of v_(G®)) where the face maps at every level are the collection of fiberwise
isomorphisms d(d}). Therefore, proceeding again by induction over n we will have that
if v_(G\""") is orientable, then so is v_(G™). Indeed, by following [54, c. VII] and [75,
c. 8], if ¢y : y,(G(O))x — V,(GEO)) denotes the canonical inclusion of each fiber and w

(2
is an i-form on y_(GEO)) inducing orientations ¢ w, at every fiber V_(GEO))QE, then when

pulling ¢*w, back by the isomorphism ds, : u,(G(l))g — v_(G), we get orientations

Ly 0 dsg)*w, = (ds o 1,)*w, for each fiber ¢, : v (G, — v_(G") so that ds w is an i-
g g 9 7 g )

form inducing an orientation on v_(GM). Hence, the other orientations are inductively

obtained by using any of the fiberwise isomorphisms d(d}). O

The first important consequence of the previous result is that, because of ii., for every

n € N the moduli space of gradient flow lines M™(G\"”, Gg-")) is a smooth manifold where
the new endpoint maps

wi(n) : MG, GM) = G and (n) : MG, G — G (2.10)

given by u}(n)([Al,) = ui(n)(A) and }(n)([Al) := l;(n)(A), are well defined smooth
maps such that u}(n) has the structure of locally trivial bundle; see [8]. Therefore, as the

action by flow translations is free and proper we get that the maps d} are smooth and from
Identities (2.9) we obtain that the following diagrams are commutative

nm) A~y B 1 A=) A(n—1) nm) AN By 1 A1) A(n—1)
M (Gz ) Gj ) — M (Gz ) Gj ) M (Gz ) Gj ) — M (Gz ) Gj )
ul(n) lu; (n—1) Ui (n)L ll; (n—1)
(n) (n—1) (n) (n—1)
G i G G| 7 G

so that we have the commutative identities

dp o u;(n) = u;(n —1)od} and djo l;(n) = l;(n —1)ody. (2.11)
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In other words, we have obtained simplicial smooth maps
ui(e) : MG, G) - GI and Ii(e) : M* (G, G) — G (2.12)
with v (e) a locally trivial simplicial fibration.
Let us define our double cochain complex. For that, we will define maps which are
the composition of the pullback operation followed by the integration along the fibers

via (2.12). For each n € N we set C'/(G™) := Qi(G!™) and define the operator 9" :
Cz,j(G(n)) N Ci+r,j—r+1(G(n)) as

. dw if r=20
O (w) = { (=17 (u(n)). (It (n))*(w)  otherwise,

(2

where (u/""(n)), is integration along the fiber of the bundle (2.10). We also set
= P ™) = P Y(G) with o= o (2.13)
i+j=p i+j=p

As it was shown for the classical case in [8], the operator 0" is a boundary operator,
i.e., (0™)? = 0, visit Theorem 1.1.7. Let us now consider the simplicial differentials of the

sub-nerve GE') from Lemma 2.3.3:

o =Y (=DF(dp)r: ¢ (GT) — CH(GM).

Lemma 2.3.6. The following diagram commutes for all i and r

O (G(n 1)) Q] r+1(G(n 1)

i+
6;” l/ L§?+T

V(GM) — = VG,

T

Proof. Observe that if » = 0 then
800yt =006 < 6'od=dod},

since the simplicial differential already commute with the de Rham differentials. Other-
wise,

(@0 0 67)(w) = 0 (D(=1 (@) (@)) = Do (=10 () (w)),

where, as consequence of the base-change formula of the integration along the fiber op-
eration together with Identities (2.11), we obtain

O () (W) = (=1) (u; ™" (n))o (1" (n))" ((d})" (w))
= (=1 (u;™" (n)s(dg o 17 (n))" ()
= (D" (n)(L"" (n — 1) 0 i) (w)
= (=17 (u ™" ()« () (17" (n = 1))"(w))
= (=1(dp) (i (n = 1))((I7" (n = 1))"(w))
= (@) (=17 (" (n = D) (n = 1))"(w)))
= (d)" (07 ()
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Thus, we have that

(07 0 07)(w) = Y (=D ((dp) (W) = (=DM (d)* (07 (w)) = (87, 0 977 (w).

Having the previous fact in mind we define " : C?(G"~1) — C?(G™) as

- M (w if we PG
O W)= { 0 “ otherwise. | )

This operator may be thought of as § = Z 47 verifying 07" o 6], = 0}y o 6] = 0 since if
i # ' then 67 o §% = 0 by definition and if i = ¢’ then (4")* = 0 also holds because 47 is the
simplicial differential of the sub-nerve GZ('). In particular, we have that (6")2 = 0.

Note that we have defined two boundary operators 0 and § verifying 9% = 0, 5 =0
and, moreover, from the commutativity property stated in Lemma 2.3.6 we get that they
also satisfy 0 o § = 0 0 0.

Summing up, we have obtained that:

Proposition 2.3.3. The triple (C*(G®)), 0, §) determines a double cochain complex which may be
depicted as

0 0 0
CQ(G(O)) _3) CQ(G(l)) —5> CQ(G(Q)) b
0 0 0
0 ) 0

CO(G(O)) _5, CO(G(l)) _5, CO(G(Q))

We can make a total complex out of this double cochain complex by setting C7.(G) =
@ C?(G'?) and defining the total differential 0 : C2:(G) — Ci*(G) as
ptg=n

Or(w) = (04 (-1)99)(w), w e CP(GY). (2.14)

The sing change is introduced in order to have that 9% = 0. So, we establish the follow-
ing definition.

Definition 2.3.3. The groupoid Morse cohomology associated to the Morse Lie groupoid
F: (GY = GO) - (R = R) and the n-metric n™ on G™ is defined to be the cohomol-
ogy of (C7.(G), ).

Let us now exhibit a morphism of double complexes between the Bott-Shulman-Stasheff
double cochain complex of G = G and the double cochain complex constructed
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above. The Bott-Shulman-Stasheff double complex (Q*(G*)), d, §) may be depicted as

d d d

2/ v(0)y 0 2 (1)) 0 2/ (2)
QX(GY) Q*(GW) Q(G™)

d d d

1 0 5 1 1 5 1 2
0 (G( )) 0 (G( )) 9] (G( ))

d d d

0 0 5 0 1 5 0 2
0 (G( ))—>Q (G( ))—>Q (G( ))

where the vertical differential is the de Rham differential and the horizontal differential
is the simplicial differential associated to the nerve G* of G) = G(©. By using Formula
2.14 we can similarly define a total cohomology for this double cochain complex which is
usually denoted by HJ,(G). It is worth mentioning that such a cohomology is Morita in-
variant in the sense that Morita equivalent Lie groupoids have corresponding isomorphic
total cohomologies, compare for instance [16].

Let us consider the collection of maps ¥* := {U"},cy constructed as follows. Recall
that, for each n € N, the map u;(n) : W“(GZ(")) — GE") has the structure of locally triv-
ial bundle. Thus, by using again integration along the fiber, we define ¥ : Q?(G™) —
CPH(GM) as

V@) = (). (W) w € DG,

and U™ = P U7 : QP(G™) — CP(G™). As consequence of the results due to Austin and
Braam in [8] we have that U* o d = 0 o U* and, more importantly, this collection of maps
induces isomorphisms between the cohomology groups

H*(C*(G™),0) = Hip(Q°(G™), d).

To see that the collection V* defines a morphism of double complexes it remains to
check that ¥*® o § = 0 o ¥*. This will be consequence of showing the following identity.

Lemma 2.3.7. For all i and n, the following commutativity property holds true
Ulof=35o Wit

Proof. Because of Identities (2.9), which in turn allow us to conclude that every face map
d}} is well restricted to the stable/unstable manifolds, and by using the base-change prop-
erty of the integration along the fiber operation, we obtain that

(W o)(w) = W (D=1 (@) (@) = Do (=1Pw((dg) ()
= DD st () @)y )
() (wiln = D) (@l ) = @0 W) (w),
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for all w € QP(G™V) as desired. O

So, W* defines a morphism of double cochain complexes between (Q2°*(G®)), d, §) and
(C*(G™®),0,6) inducing isomorphisms between the vertical cohomologies of the com-
plexes. Therefore, as consequence of all the facts stated above, by using a usual argument
of spectral sequences (see for instance [24, p. 108]), we conclude that:

Theorem 2.3.2. The total cohomology of the double cochain complex (C*(G®), 9, §) is isomorphic
to the total cohomology of the Bott—Shulman-Stasheff double cochain complex of GV = G

Hy (G, 0r) = Hig(G).

Some important observations derived from the previous result come in order. Firstly,
the total cohomology on the left hand side turns out to be somehow independent of the
choice of both the Morse Lie groupoid morphism F' and the Riemannian groupoid n-
metric 7). Secondly, such a total cohomology is Morita invariant, something that should be
expected since the notion of Morse Lie groupoid morphism we are working with is also
Morita invariant. Thirdly, by arguing as before, it is simple to check that if G < H — ¢’
is a Morita equivalence between compact proper Lie groupoids such that G, H®™, and
G'™ are orientable for all n € N then Assumption 2.3.1 is preserved by Proposition 2.1.1.
This key fact can be used to compute the Bott-Shulman-Stasheff cohomology of certain
Lie groupoids by using elementary examples of Morse Lie groupoid morphisms.

Example 2.3.1. Let M be a smooth manifold and f : M — R be a smooth function satis-
fying Assumption 1.1.1. From [8] it follows that the groupoid Morse complex associated
to the induced Morse Lie groupoid morphism F' : (M = M) — (R =% R) is the stan-
dard Morse complex of (M, f). Also, the Bott-Shulman-Stasheff complex of M = M is
the ordinary de Rham complex of M. Therefore, as explained above, the computation of
the Morse complex can be used to obtain the Bott-Shulman-Stasheff cohomology of those
compact and orientable Lie groupoids which are Morita equivalent to M. See [8, s. 3.6]
for explicit computations in the standard case.

Example 2.3.2. Suppose that K is a compact Lie group acting on a compact oriented man-
ifold M. Let f : M — R be a K-invariant Morse function satisfying the Morse-Smale
transversality condition. The Bott-Shulman-Stasheff cohomology of the action groupoid
K x M = M is isomorphic to K-equivariant cohomology associated to the Cartan com-
plex, i.e. the equivariant cohomology of the action [16]. Once again, from [8] we get that
the groupoid Morse complex of the induced Morse Lie groupoid morphism F': (K x M =
M) — (R = R) recovers the standard K-equivariant cohomology of the action. This fact
can be viewed as a particular instance of the construction in Subsection 2.4.2. Consult [8,
s.5.4] and [71, s. 5] for explicit computations.

Example 2.3.3. If G = M is a proper and étale Lie groupoid then its Bott-Shulman-
Stasheff cohomology agrees with the basic cohomology of G, which turns out to be iso-
morphic to the singular cohomology H*(M/G,R), compare [103, 112]. Thus, Morse Lie
groupoid morphisms on G' = M verifying Assumption 2.3.1 allow us to recover the sin-
gular cohomology of the orbit space M/G. A particularly interesting instance of this fact
was recently checked in [30, 74] for the case of effective orientable orbifolds by providing
an explicit isomorphism. Let K be a compact connected Lie group acting on a compact
oriented manifold M by orientation preserving diffeomorphisms. If the action is effective
and locally free then the quotient space M /K has the structure of an effective orbifold, so
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that the differentiable stack [M//K x M| represented by the action groupoid K x M = M
can be thought of as an orientable orbifold. Hence, the groupoid Morse cohomology as-
sociated to a Morse Lie groupoid morphism (K x M = M) — (R =2 R) verifying the
Morse-Smale transversality condition equals the singular cohomology H*(M /K, R) since
the action is locally free, see [74].

We finish this subsection by commenting a possible future application.

Remark 2.3.2. Fukaya in [50] gave a construction which is similar to Austin-Braam’s
model, but using singular chains instead of differential forms. One of the main features
of his construction is that it can be directly generalized to the infinite-dimensional case so
that it allowed him to address problems in Floer homology. We plan to apply Fukaya’s ap-
proach to our setting with the hope of starting the study of Floer homology in the context
of Lie groupoids and their differentiable stacks.

2.4 2-Equivariant Morse theory

In this section we develop a 2-equivariant Morse theory over Lie groupoids. Namely,
we study real-valued Lie groupoid morphisms which are invariant by the action of a com-
pact Lie 2-group and satisfy a Morse—Bott nondegeneracy condition along its critical in-
variant saturated submanifolds.

2.4.1 Isometric Lie 2-group actions

In order to describe a 2-equivariant version of the results proved in the previous sec-
tions we need to introduce a notion of isometric action of a Lie 2-group on a Riemannian
groupoid. The results we will introduce in this subsection were obtained in joint work
with J. S. Herrera-Carmona in [59]. Due to our purposes we only plan to mention a few
facts about these results which will be further developed as well as explored in Chapter
4.

In the sequel we shall denote by KY) = K a Lie 2-group and by (G = G© ) a
Riemannian groupoid.

Definition 2.4.1. A Lie 2-group action of K¥) = K© on (G = G© n) is said to be
isometric if K acts by isometries on (G?,n®).

As an immediate consequence of the previous definition we can prove the following.

Lemma 2.4.1. The action of KV on (GW,nV) is by isometries. Consequently, the action of K©)
on (G n) is also by isometries.

Proof. For simplicity we shall verify that if K(!) acts on (G(l) n) by isometries then K(©
acts on (G© 7)) by isometries as well. Let v,w € T,G” and ky € K©. It is clear that

there are 0, w € ker( (sG)g) "W with s¢(g) = 2 such that d(s¢)(0) = vand d(sq)y(0) = w
and there is k € K" such that sx (k) = ko. Therefore,

02O (v, 0) = P (d(02)(v), d(02,)o(w)) =m0 (d(02, 0 56)4(D), d(03, © s6:)y (D))
x = i (d(sG 0 01),(0), d(sc 0 0})y(@)) = ) (d(01), (D), (1) 4 ()
) @

= 1V (0,@) = " (v, w).
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In the equality x above we used the fact that s is a Riemannian submersion and that

the action ' preserves the horizontal distribution ker(dsg) " . Note that this compu-
tation does not depend on the choice of 7,0, g and k. Furthermore, we may obtain the
same conclusion by choosing n*) = (t¢).n" instead of ¥ = (sg).nV). The fact that K1)
acts on (G n)) by isometries provided that K acts on (GV,(?)) by isometries can
be similarly shown by using that nY = (m26).n® = (mg)n® = (m1.6).n? and that
Toc,ma, Tie : G? — GW are Riemannian submersions verifying analogous equivari-
ant relations as those in Equation (1.12) with respect to the maps 7, x, mg, 1 i : K @ -
KM, O

More generally:

Remark 2.4.1. By using exactly the same arguments as in Lemma 2.4.1 it is simple to check
that if ™ is an n-metric on G(™ and the induced left action ™ of K™ on (G™ n™) is by
isometries then the action 6" of K™ on (G, ") will be by isometries forall 0 < r < n—1.

As an interesting consequence derived from this notion of isometric Lie 2-group action
we can obtain 2-equivariant weak linearizations around K (¥-invariant saturated subman-
ifolds in G Namely, let 6 be a 2-action of K) = K on G = G and let S ¢ G be
a K(©-invariant saturated submanifold. We say that G) = G© is 2-equivariant weakly
linearizable at S if there are K-invariant Lie groupoid neighborhoods V = V of G = S
in v(Gs) = v(S) (seen as the zero section) and U = U of Gg = Sin GV = G©, and a
2-equivariant Lie groupoid isomorphism ¢ : (V = V) = (U = U) which is the identity
onGg = S.

The K-invariant property of the Lie groupoid neighborhood in v(Ggs) = v(S) used
above makes sense because of the following facts. Let us assume that we are given with
a 2-metric n® on G® and that K® acts on (G®,7?) by isometries. It is simple to check
that every 2-action § = (0*,0°) of K = K©® on GV = G© induces a 2-action 70 =
(T6',T6°) of KV = K© on TGW = TGO by differentiating the actions #' and 6°. Let us
pick a K (¥-invariant saturated submanifold S in G(?). This clearly implies that G'g is K(1)-
invariant and that G is K @-invariant. If we respectively use ), 5", and n© to identify
v(Gs)@ = w(GY) with (T(Gs)?)*, v(Gs) with TGE, and v(S) with TS+ then it follows
that the 2-action T restrict to a well defined 2-action 70 of K") = K© on v(Gg) = v(S)
since ¢ is isometric. Furthermore, the latter fact also implies that the exponential maps
exp?, exp!, and exp®) are equivariant local diffeomorphisms. Therefore, as isometries
preserve (horizontal) geodesics then by following the classical proofs of the equivariant
tubular neighborhood theorem in [26, VI. Thm. 2.2] and [64, 65, Thm. 4.4] with the proof
of the weak linearization theorem given in [40, Thm. 5.11] we easily obtain:

Proposition 2.4.1 (2-equivariant weak groupoid linearization). Let K = K© be a Lie
2-group acting by isometries on a Riemannian groupoid (G = G, n). Then there exists a 2-
equivariant weak linearization of GV = G© around any K©-invariant saturated submanifold
S in GO.

We follow now the classical approach used to guarantee the existence of invariant Rie-
mannian metrics on K-manifolds to provide a similar construction in our context. In order
to do so we need to have in mind the following key observation about the averaging of a
collection of transverse Riemannian metrics with respect to a fixed surjective submersion,
see Equation (1.9).



76 MORSE THEORY ON LIE GROUPOIDS 24

Remark 2.4.2. Denote by n* the dual metric associated to a Riemannian metric 7. From
[40, Prop. 2.2] we know that if 7 : £ — B is a surjective submersion and {#;,--- ,7;} isa
collection of -transverse metrics then its tangent average % 7_, m; fails to be w-transverse

. *
again in general. Nevertheless, its cotangent average 1 (Y7 7 ) is always w-transverse
j =11

which sometimes makes more advantageous to take a cotangent space point of view in
the study of Riemannian submersions.

Let us assume for a moment that KV is compact so that K© is also compact. If 1,
is the normalized Haar measure on KV then, by uniqueness, the pushforward measure
Sk «/11 agrees with the normalized Haar measure yy on K(¥) since sx a surjective Lie group
homomorphism and the identity

fd(SK*/Jq) = : f @) SKd/,Ll, (215)

K(0) K@

holds true for each continuous function f : K© — R. Analogously, tx.u1 = po and
ix«pt1 = 1. Note also that the fact that ik, ;11 = p11 and sk o ix = tx immediately implies
that t .11 = sk«p1. Thus, we are in conditions to state:

Theorem 2.4.1. Suppose that KW = KW is a Lie 2-group acting on a Riemannian groupoid
(G = GO ). If K compact then there exists another groupoid metric j on GV = GO for
which the 2-action 6 becomes isometric.

Proof. To simplify the computations we shall suppose that n = 7! is a 1-metric on GV).
By dual averaging we define the metrics:

()" = /K O ) (k) and (7% = /K o O (1) dpioko).

The result will follow from the fact that 0 is a 2-action, 7 is already a 1-metric, and
Identity (2.15) holds true. Indeed, on the one hand, a straightforward computation using
the fact that i¢ is an isometry of (GM), nM) verifying both Identity (1.12) and i1 = i1
implies that i¢ is an isometry of (GV),7V)) as well. The fact that s¢ : G — G is a
Riemannian submersion tells us that dsq(9)* : T} g)G(O) — ker(dsg(g))° is an isometry

for all g € G where ker(dsg(g))° denotes the annihilator of the vectors tangent to the
fiber. Given g € G, covectors «, 3 € TS*G(g)G(O), and k € KW such that sk (k) = ko we get
the following chain of equalities:

) @ 8) = [ (1) ()" (@) R (B
@15) = [ 0 i) () @ ) (D) ()
= [0 k) (00 (@)), dslg) (B )" (91 8)

= [ GO soley ), (1) selo) ()
= ()" (dsalg) (), dsa(9)"(8)),

from which we conclude that s is also Riemannian for the averaged metrics. With anal-
ogous computations we get a similar conclusion for t¢ : G — G© so that the result



2.4 2-EQUIVARIANT MORSE THEORY 77

follows as claimed. O

Remark 2.4.3. Itis worth noticing that if we consider an n-metricon GG (") for n > 2 and take
into account the simplicial approach described in Remark 2.4.1 then by applying similar
averaging arguments as in the proof of Theorem 2.4.1 it is possible to show the existence
of another n-metric on G(™ that is invariant by the action of K™ on G™. For instance, let
n® be a 2-metric on G® and let 11, denote the normalized Haar measure on K. On the
one hand, by dual averaging we define

(72" 3_/ (92)&1,1@)(U(z))*dm(kl?k2)'
K@)

On the other hand, it is simple to see that we can obtain analogous formulas as that
in Identity (2.15) by using instead 7 i, my, T x : K — KO as well as the Lie group
isomorphisms K? — K determined by the canonical action of S; on K». Hence, by
similar computations as those in the main part of Theorem 2.4.1 it follows that 7(? is a
2-metric on G® for which the action of K? on (G®,7?) becomes isometric.

Recall that in Subsection 1.3.1 we commented that every proper Lie groupoid can be
equipped with a groupoid metric, see [40, Thm. 4.13]. Hence, we get that:

Corollary 2.4.1. Let 0 be a 2-action of a Lie 2-group KW = K© on a proper groupoid GV =
GO If KW is compact then there always exists a Riemannian groupoid metric on GV = G for
which 0 becomes an isometric 2-action.

As we mentioned at the beginning of this subsection, the notion of isometric Lie 2-
group action on a Riemannian groupoid introduced in Definition 2.4.1 will be further
explored in Chapter 4.

2.4.2 2-Invariant Morse Lie groupoid morphisms

In [59, Ex. 3.30] we briefly commented how to use the notion of isometric Lie 2-group
action defined in the previous subsection in order to develop a 2-equivariant analogue of
the Morse theoretical results on Lie groupoids we have obtained so far. Our aim in this
subsection is to elaborate on those ideas with enough details.

Let GM = GO be a Lie groupoid and F; : G — R be a Lie groupoid morphism
covering a basic function Fy : G — R. Suppose that K = K© is a Lie 2-group, with
K@ compact, determining a 2-action on GV = G© such that Fy is K ©-invariant. Thus,
it is simple to check that Fy is K(W-invariant and F, = m&Fy = 7} o Fy = w3 o F is K®-
invariant. Note that Crit(Fy) is K (©-invariant, so that we may assume that its components
S are given by K (O)-invariant saturated submanifold since F} is also basic. Besides, there
is a canonical Lie 2-group action of KV = K on the topological groupoid Crit(F}) =
Crit(F)p).

Suppose that F; : GV — R is a Morse-Bott Lie groupoid morphism (see Remark
2.1.4), meaning that every K (“-invariant saturated component S of Crit(Fp) is a nonde-
generate critical submanifold for Fy, : G® — R. Observe that the Lie groupoid morphism
(Qr,Qr) : (v(Gs) = v(S)) — (R = R) is 2-invariant with respect to the canonical Lie
2-group action of KV = K© on v(Gs) = v(S) since F, is both basic and K?-invariant.

Proposition 2.4.2 (2-equivariant Morse lemma). If G\ is proper then around a 2-invariant
non-degenerate critical subgroupoid G = S there is a full 2-equivariant groupoid tubular neigh-
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borhood ¢X : (v(Gs)y = V) = (Gy = U) such that

(@™ ) FL = c+Qp,.

Proof. Let us consider the Euler-like multiplicative vector field (X,Y) for (G, Gs) which
was constructed in the second proof of Theorem 2.2.1. Recall that it was obtained by con-
sidering only one groupoid orbit but the arguments go through for the pair (G, Gs) after
obvious modifications. By averaging (X, Y’) with respect to the normalized Haar measures
on KM and K© with similar formulas as those used in Theorem 2.4.1, we can define an-
other pair (X,Y) which is formed by vector fields that are still Euler-like for (G, G's) and
invariant by the 2-action of K*) = K, compare [87, p. 230] for the classical equivariant
argument. It is simple to check that (X, Y") remains being multiplicative since (X,Y) is so.
Therefore, the result follows after considering the full groupoid tubular neighborhood of
Gs = S induced by (X,Y), see [87, Thm. 4.5]. O

Remark 2.4.4. Just as it was commented in Remark 2.2.1 it follows that a different proof of
the 2-equivariant Morse lemma may be provided by considering the 2-equivariant weak
groupoid linearization of Proposition 2.4.1. Recall that such a linearization is induced by
the existence of a 2-metric on GV = G® which is invariant by the 2-action of K = K©.

Let n® be a 2-metric on G® such that the Lie 2-group action of K = K© on
GY = GO is isometric. On the one hand, let S be a nondegenerate K ?-invariant sat-
urated component of Crit(Fy). Recall that we can use the Riemannian metrics ) and n(®
respectively to split v(Gs) = v+ (Gs) @ v_(Gs) and v(S) = v4(S) @ v_(S) into subbundles
which are fiberwise defined by the eigenvectors corresponding to the positive/negative
eigenvalues of H(F,) and H(Fp). As the 2-action of K = K© on GV = GO is iso-
metric it follows from the 2-invariance of F; that the Hessian Lie groupoid morphism
H(F):v(Gs) ®v(Gs) = Rcovering H(f) : v(S) @ v(S) — R is 2-invariant with respect
to the standard diagonal action of KV = K© on v(Gg) @ v(Gs) = v(S) @ v(S). In par-
ticular, the Lie 2-group action preserves the splittings above. More importantly, we can
summarize the isometric features of these splittings in the next straightforward result.

Proposition 2.4.3. There are natural 2-actions of the Lie 2-group KV = K© on the negative
normal Lie groupoid v_(Gg) = v_(S), the negative unit disk topological groupoid D_(Gs) =
D_(S), and the negative unit sphere Lie groupoid 0D_(Gg) = 0D_(S). Similar statements hold
true for the positive counterpart. Besides, the two mutually complementary Lie groupoid projections
(61,€0) : (V(Gis) = v(S)) > (v-(Gs) = v-(S)) and (1, m0) : ((Gs) = v(S)) = (v, (Gs) =
v4(S)) become 2-equivariant.

On the other hand, by Proposition 2.2.3 we know that the gradient vector field V F; is
multiplicative. But F; (resp. Fy) is KM-invariant (resp. K (“-invariant) so that we actually
get that VF is a 2-equivariant multiplicative vector field. Note that this is equivalent to
saying that the pair of flows (®Y/*, ®V0) induces (local) 2-equivariant automorphisms
on GY = G); see [81].

Let us now consider the level subgroupoids of Fy. Pick ¢ € R. Again, from the 2-
invariance of Fj it follows that the Lie 2-group K = K® naturally acts on the level
subgroupoid (GM)* = (G))2. So, at this point we are in conditions to describe, in a 2-
equivariant way, how are the topology changes of G(Y) = G(%) whether or not we cross by
a K ©-invariant saturated nondegenerate critical component of F}. Indeed:

Proposition 2.4.4. Suppose that GV = G is a proper groupoid and [a, b] is a closed interval
such that the K©-invariant space Fy, *[a, b] is compact. The following dichotony holds true:
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o if F, '[a,b] does not contain critical points of Fyy then (GV)* = (GO)* and (GW)® =
(GO are 2-equivariant isomorphic groupoids. Furthermore, (GV)* = (G2 is a 2-
equivariant deformation retraction of (GM)> = (G©)?, or

o if the only non-degenerate K ©)-invariant component of Crit(Fy) inside F, ' (a,b) is S then
(G Upp_(gs) D-(Gs) = (GO Usp_(s) D_(S) is a 2-equivariant deformation retrac-
tion of (GW)> = (GO)°.

Proof. Firstly, if F,; '[a,b] does not contain critical points of F;, then we may assume that
the function i : G — R (resp. ji : GV — R) used in Proposition 2.2.4 is K (9-invariant
(resp. K(M-invariant). Otherwise, we can use an average argument with the normalized
Haar measure on K (resp. on K(V)) in order to construct another smooth function with
the same properties which is additionally K (*-invariant. Therefore, the multiplicative vec-
tor field (—X, uX) that we constructed in Proposition 2.2.4 becomes 2-equivariant, so
that the first assertion follows. Secondly, if the only non-degenerate K (¥-invariant com-
ponent of Crit(Fy) inside Fj, ' (a, b) is S then the second assertion directly follows from the
arguments in Theorem 2.2.2 since by Proposition 2.4.3 the auxiliary Morse Lie groupoid
morphism F, as well as the groupoid deformation retraction (7., r,) constructed therein
are 2-equivariant. O

2-Equivariant Morse-Bott double complex

Motivated by the Austin—Braam’s equivariant Morse complex (see the end of Subsec-
tion 1.1.1 and [8, s. 5.1]), in this subsection we apply the constructions from Subsection
2.3.1 to recover the equivariant cohomology associated to a Lie 2-group action on a Lie
groupoid as defined in [77]. Let us consider a Lie 2-group KV = K©, with KV com-
pact, acting on a proper Lie groupoid GV = G, Suppose that F; : GV — R is a Morse-
Bott Lie groupoid morphism covering a K (-invariant basic function Fy : G(® — R which
satisfies the assumptions we considered in Subsection 2.3.1. The set of n-composable ar-
rows K inherits a canonical Lie group structure from the direct product (K™®)" and
the Lie 2-group action above allows us to define a smooth left action of K™ on G(™ in a
canonical way. In other words, we have a well defined simplicial left action of the nerve
K®) on the nerve G(*). Tt is simple to check that the face maps (d})x : K™ — K=Y and
(dV)e : G™ — GV satisfy the equivariant relations

(di)a(k - g) = (di)k (k) - (dy)a(9), (2.16)

forall k € K™ and g € G™. This is consequence of the simplicial identities on G(*) and
the fact that we are working with a 2-action. Therefore, Formula (2.16) implies that the
simplicial function F, on G® is K(®-invariant in the sense that F, is K ™-invariant for
all n since Fy is K (9-invariant. Let us now consider an n-metric ™ on G such that the
2-action of K = K© on GV = G© is isometric, see Definition 2.4.1. Recall that by
Lemma 2.4.1 and Remark 2.4.1 we know that the fact that K™ acts on (G, 5™) isomet-
rically is enough to guarantee that the action of K" on (G, 1) is isometric as well, for
all 0 < r < n — 1. Moreover, by Corollary 2.4.1 it follows that when K is compact and
GM = GO is proper then invariant n-metrics in the sense of Definition 2.4.1 always exist.

Given that the functions F,, are K W-invariant it follows that their negative vector fields
—VF, are K™-invariant so that their descending flows ®" are K ("-equivariant. Note that
the saturated submanifold G*’ which is formed by the non-degenerate groupoid orbits of
G = GO having index i is K (©-invariant since the fact that Fj is K(©-invariant implies
that Crit(Fy) is formed by Lie group K (©-orbits. In consequence, it is simple to check that
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for each n € N it holds that ng) is K(™-invariant, thus obtaining that the endpoint maps
u;(n) and [;(n) are K ™-equivariant since our descending flows are K (" -equivariant. More
importantly, if we consider the left action of K™ on M"(G\™, Gg-") ) defined by & - [A4],, =
[k - A],, then we get two new K (-equivariant endpoint maps u(n) and I} (n).

Remark 2.4.5. On the one hand, as it was commented in [8], it follows that due to the K (-
invariance of Fj our weakly self-indexing requirement from Assumption 2.3.1 is implied
by the transversality assumption. Similarly, the assumption which asks that the endpoint
maps induce fibrations is an immediate consequence of the presence of a transitive K (©)-
action on the components of the critical point set Crit(Fp). On the other hand, as perhaps
it was already expected by the reader, it is possible to prove 2-equivariant versions of the
results exhibited in Section 2.3, without so many changes along their proofs.

Let us briefly introduce the notion of 2-equivariant cohomology associated to a Lie
2-group action on a Lie groupoid as defined in [77].

Definition 2.4.2. A double Lie groupoid consists of a square of Lie groupoids

D—=H

o

G—/=M,

in which the structural maps of D = H are groupoid morphisms over the structural
maps of G = M and also the structural maps of D = G are groupoid morphisms over
the structural maps of H = M.

Firstly, it is simple to see that a Lie 2-group is exactly a double groupoid where the
base groupoids are singletons:

KO —= KO
-l

Secondly, the Lie 2-group action naturally allows us to define another double Lie groupoid

KO« ) —= ()

o

KO x GO —=qO),

where the horizontals are given by action groupoids and the verticals are Lie groupoid
products. If we consider the nerve configuration associated to the latter double Lie groupoid
then we obtain a bisimplicial smooth manifold so that we may work with the triple
cochain complex C'*** where

CmPd — Qp((_;((ﬂ))t] > G(”)),

with differentials given by the de Rham differential, the simplicial differential associated to
the actions groupoids, and the simplicial differential associated to the product groupoids.
The following notion has been introduced in [77].
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Definition 2.4.3. The 2-equivariant cohomology of the Lie 2-group action of K) = K©)
on GV = GO is defined to be the total cohomology determined by the triple cochain
complex mentioned above. This will be denoted by H}.(G).

Two important features of this cohomology is that it is Morita invariant and can be
recovered by the Cartan model as follows. Let us consider the nerve configuration &(*
associated to the Lie 2-algebra £ = ¢© of K1) = K. Motivated by the notion of
simplicial equivariant forms introduced by Meinrenken in [86, Appx. C] we consider the
double cochain complex (Cg},, dk, 0x) given by

Coy = Qb (G = @ (S7((6™)) ® QUG )™, (2.17)

k=2p+q

where (£()* denotes the dual vector space of the Lie algebra £, dy is the Cartan differen-
tial, and d : Q’;((n) (GM) — QF . (G"™) is defined by 6k = 6 ® ¢ with J; the simplicial
differential of £*) and d the simplicial differential of G(*). As it was proven in [77] the total
cohomology of this double complex is isomorphic to the equivariant cohomology H}.(G)
since KV is assumed to be compact.

We claim that it is possible to recover the equivariant cohomology defined above by
following the ideas from [8] together with what we did in Subsection 2.3.1. For that, we
consider a Morse-Bott Lie groupoid morphism F; : G!) — R covering a basic function
Fy : G — R which is K(V-invariant. Using the Cartan model we define the 2-equivariant
version of the double cochain complex (2.13):

@)= P V(G = P (V(G) @ (e )™, (2.18)

i+r=p i+j+2v=p

with differential operators 97 and ¢, defined as follows. On the one hand, as before we
split 97 : CP(G™M) — CPT1(G™) as the sum 7. = 3 (A1), where, forw® ¢ € (V(GV)
S9((E™)*)E™ we have that (97 )o(w @ ¢) = dg(w ® ¢) is the Cartan differential and for
v > 0 we set (8K) (w® ¢) = Jjw ® ¢. On the other hand, we define S o CP(GM)) —
CP(G™ ) as 0 g (w ® gb) — § w ® 0¢¢. Tt is simple to check that these two operators O and

0x commute and that 5 x = 0. Moreover, from [8] we also get that 9% = 0. Therefore, we
have actually obtained a double cochain complex (C*(G®), Ok, k), as claimed above.

Finally, let us now exhibit a morphism of double complexes between the double cochain
complex (Cgiy;, dx, k) which is obtained by using the Cartan model (2.17) and (C*(G®)), k., 6 )
defined in (2.18). Let ©°* : C*(G®) — C¢}; be defined as a collection of maps {0"},.cn
defined by O™ (w ® ¢) = V" (w) ® ¢. From a straightforward computation it follows that
©* o 6 = 0k o ©°. Also, as a consequence of what it was proven in [8] we have that
©° o dg = Ok o ©°, and, more importantly, this collection of maps induces isomorphisms
between the cohomology groups

H*(C*(G™),0k) = H* () (G™), di) = Hpyin) (G™), n € N.

Here H.,, (G™) denotes the equivariant cohomology obtained through the Cartan
model associated to the action of K™ on G(™. So, ©* defines a morphism of double
cochain complexes between (Cfiy,, d, 6 ) and (C*(G®)), 9k, §ic) inducing isomorphisms
between the vertical cohomologies of the complexes. Just as in the non equivariant case,

by means of a spectral sequence argument, we conclude that:
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Proposition 2.4.5. The total cohomology H3.(G, Orx) of the double cochain complex (C*(G®)), Ok, dx¢)
is isomorphic to the total cohomology of the double cochain complex determined by the Cartan model
associated to the Lie 2-group action of KV = K© on GV = G©). That is,

Hi(G,0rk) = Hy (G).

In particular, we can recover the equivariant cohomology of a Lie group acting on a
differentiable stack which was introduced in [15]. Additionally, toric symplectic stacks
[61] are presented by 0-symplectic groupoids with a Hamiltonian action of a 2-torus [62].
Hence, as an application of Proposition 2.4.5 one can compute the equivariant cohomology
of a toric symplectic stack by means of groupoid Morse theory.

Example 2.4.1 (Equivariant cohomology of toric symplectic stacks). Let G = G be
a 0-symplectic groupoid equipped with a Hamiltonian (K = K(©)-groupoid 2-action
with moment map p verifying Proposition 2.1.3. For every ¢ € £/h we have a Morse Lie
groupoid morphism p¢ : (G = G©) — (R = R) for which i is K©-invariant since
K© is abelian. Therefore, if there exists £ € £/h such that u¢ verifies Assumption 2.3.1,
then Proposition 2.4.5 allows to compute the equivariant cohomology associated to the 2-
action of the foliation Lie 2-group (K = K©)) on the 0-symplectic groupoid G = G©)
by using the equivariant version of the groupoid Morse cohomology. However, this is in
general a difficult task since powerful tools as a 2-equivariant version of the Atiyah—Bott
localization theorem are necessary to compute 2-equivariant cohomology groups [77]. Let
us visualize this situation in the simplest case. Let (G(”), w) be a compact S'-Hamiltonian
pre-symplectic manifold with moment map u : G® — R satisfying the Morse-Smale
transversality condition, see [76, 107]. Assume that the S* action is clean and denote by
F the foliation of G associated to ker(w). From [76] we know that the critical point set
of ;1 equals the set of fixed leaves £ of F by the S* action

Crit(p) .= GO(F)S ={L:k-L=Lforallk € '} = {z € GO : §y(z) € T, F}.

Here 0, stands for the fundamental vector field of the S' action. We denote the set of
leaves of index i by GO (F)?$". Recall that i is always even. Let us check that (0%)y =0
for all v > 0, provided that the S L action fixes the points of the critical leaves. Firstly, the
moduli space M°(GO(F)?,,, G©(F)?") inherits an S* action which commutes with the
endpoint maps. But such an action fixes the endpoints, so that

Lo, (10)TH)*(B) = (1(0)]™) 15,(B) =0, B € Q(GCOF)T).

Secondly, the vector field dy is tangent to the fiber of u(0)7 ™" : M*(GO(F)3,,,GO(F)3") —
GO(F)3,, and therefore

A(B) = (u(0)})(1(0)})"(8) = 0.

Hence, 8% = (8%))o and H3, (G°,09)) = @, H3'(GO(F)$"). This is exactly the equiv-
ariant Morse complex associated the unit Lie 2-group S* = S! acting over the unit 0-
symplectic groupoid G = G,

We can use the previous data to obtain a more interesting Hamiltonian Lie groupoid.
Indeed, Theorem 7.2.1 in [62] shows how to build a Hamiltonian Lie groupoid from a
Hamiltonian pre-symplectic manifold. In the specific case described above we recover the

unit Lie 2-eroup S' = S! and any source-connected foliation Lie eroupoid G = G©
group y group
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integrating F. That is to say, a Lie groupoid whose orbits in G(*) agree with the leaves of F
and the Lie 2-group action of S = S* on GV = G¥ is obtained by extending that of S*
on G, In particular, one may choose GV to be the Holonomy groupoid associated to the
foliation F. Additionally, we get an S'-invariant Morse-Bott Lie groupoid morphism i :
G — R by setting 1; = s*u. We endow G = G with a groupoid Riemannian metric,
so that F becomes a Riemannian foliation. This implies that GV is proper since each leaf
has a finite holonomy group (see Theorem 2.6 and page 141 in [92]). Hence, under these
assumptions our constructions apply and we can similarly check that (0%,), = 0 for all
n>1land v > 0.

2.5 The stacky perspective

Recall that a stack can be thought of as a generalization of the notion of manifold which
allows us to study higher symmetries and singular geometric features. The aim of this
section is to adapt some of the Morse theory results obtained in the previous sections for
Lie groupoids to the setting of differentiable stacks. It is worth mentioning that the fact
that our notion of Morse Lie groupoid morphism is Morita invariant makes the passage
clearer. As an interesting consequence of the notions studied below we will get Morse-like
inequalities for certain separated differentiable stacks. The reader is recommended to visit
Subsection 1.3 in order to refresh the notions that we need to use; in particular see Remark
1.3.1.

2.5.1 Stacky Morse functions

Let [M/G] be a differentiable stack presented by a Lie groupoid G == M. We are inter-
ested in studying Morse theory for stacky functions. More precisely, stacky maps from
[M/G] to R where we think of R as a differentiable stack presented by the unit groupoid

R = R. Since R has trivial isotropies every fraction (G =2 M) & (H=N) N (R = R)

~

sends arrows over identities so that it descends to a usual Lie groupoid morphism. In other
words, every stacky function [M/G] — R is completely determined by a Lie groupoid mor-
phism F' : G — R and, in turn, by a basic function f : M — R. This provides us with a
simple way to establish a notion of Morse stacky map over [/ /G] as we do below.

Recall also that the coarse tangent space 7j,[M/G] of [M/G] at [z] = O is by definition
the coarse orbit space v,(0)/G, = v(O)/Gp of the action groupoid determined by the
normal representation on the orbit O through © € M. Therefore, if F' : [M/G| — Ris a
stacky function presented by a basic function f : M — R then the coarse differential at
[z] € [M/G] is the map dFy, : Ti;[M/G] — R defined by dFj,)([v]) := df () (v). This is well
defined in the sense that for g € G, and w € T, M such that ds(g)(w) = v we have

dFy(g - [v]) = df (x)(di(g)(w)) = df (x)(ds(g)(w)) = dFp([v]),

since f is basic. In consequence, we say that [x] € [M/G] is a critical point of F' : [M/G] —
R if dj5) F([v]) = 0 for all [v] € Tj,;[M/G]. This is clearly equivalent to requiring that O is a
critical submanifold of f : M — R. We also define the stacky Hessian of F' : [M/G] — R
at a critical point [z] € [M/G] as the pairing H,)(F) : Tj)[M/G] x Ty [M/G] — R given by

Hpa) (F)([01], [v2]) = Ha(F) ([1], [02]),

where H,.(f) denotes the restriction of the Hessian #,.( f) to the normal direction of v, (O).
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From Lemma 2.2.2 it follows that the stacky Hessian H,)(F') is a well defined “form” over
11y [M/G]. Furthermore, it is simple to check that if y € O then for g € G such thatt(g) =y
it holds the identity

H,(f) = (ds(g) o di(g) )" H(f) - (ds(g) o di(g) ), (2.19)

so that H,(f) is nondegenerate if and only if #,(f) is nondegenerate. This justifies the
following definition.

Definition 2.5.1. A critical point [z] € [M/G] of a stacky function F' : [M /G| — R is said
to be nondegenerate if H,;(F) nondegenerate. Accordingly, a Morse stacky function is a
stacky function for which all of its critical points are nondegenerate.

In other words, a stacky function F' : [M /G| — R is Morse if and only if it is presented
by a Morse Lie groupoid morphism G — R.

Let us assume from now on that [A//G] is separated, i.e. it is presented by a proper
groupoid. Consider the quadratic form @, : Tj;[M/G] — R which is defined by the
expression

Q) (F)([v]) = %H[z](F)([U], [v]).

Using the stacky terminology introduced in [41, s. 6] we can state a stacky version of
the Morse lemma as follows.

Proposition 2.5.1 (Stacky Morse lemma). Let [z] € [M/G] be a nondegenerate critical point of
a stacky function F : [M/G] — R. Then there are stacky neighborhoods [V /v(Go)v| and [U/Gy]
of [x] in [v(O)/v(Go)] and [M/G], respectively, and a stacky isomorphism ¢ : [V/v(Go)v] —
\U/Gvy] fixing [x] such that

P F = c+ Qu(F).

Proof. The Lie groupoid tubular neighborhood from Theorem 2.2.1 which is constructed
around the nondegenerate critical orbit O = [z] in such a way f equals ¢ + Q) near O
induces the desired data, see Proposition 6.4.2 in [41]. O

Observe that after shrinking if necessary the stacky neighborhoods mentioned in the
previous proposition we have that [0] € 7},)[M/G] is the only critical point of ¢*F inside
[V/v(Go)v]. So, we get that:

Corollary 2.5.1. The nondegenerate critical points of a Morse stacky function are isolated in M /G.

Furthermore, just as in both the classical and the equivariant cases (compare [116,
Prop. 4,2]), from the previous fact it follows that:

Corollary 2.5.2. If M /G is compact then any stacky Morse function F : [M /G| — R has a finite
amount of nondegenerate critical points.

We define the index data of a nondegenerate critical point [z] of a Morse stacky func-
tion F' : [M/G] — R as the pair \(F,[z]) := (A(f,0),G,) where \(f,O) is the integer
number rk(v_(O)) for any basic function f : M — R presenting F' and G, is the isotropy
group at . This is well defined in the sense that if y € O then the normal representations
Gy ~ 1,(0) and Gy ~ 1,(O) are isomorphic and the Identity (2.19) holds. Accordingly,
based on Proposition 2.2.1, the index of [x] will be defined as

dimv_(0,),/G, =2dimv_(O,), —dimv_(O0,), x G, = A\(f,O0,) — dim G,.
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Let F' : [M/G] — R be a stacky function and fix a € R. We define the stacky level of
F below a as the set [M/G]* = {[z] € [M/G] : F([z]) < a}. One can describe [M/G]* as a
substack with boundary in the following sense. Suppose that I = N is a Lie groupoid
together with Morita fibrations ¢ : H — G and ¢ : H — G'. Recall that for every
f1 € C=(M")% we have that 1* ' € C®(N)H. Also, there exists a unique f € C®(M)“
with ¢* f = v* f'. This defines an isomorphism C=(M')%" — C>=(M)% by sending ' + f,
which actually preserves our Morse—Bott type condition along critical orbits, see Propo-
sition 2.1.1. Consider the level set M* = {x € M : f(x) < a} with its boundary OM* =
{r € M : f(z) = a}. It follows that M* is saturated so that we get a level subgroupoid
G = s (M) = t~1(M*) of G. We can analogously define level subgroupoids H* and G"
of H and G’, respectively, where H* is defined by either ¢* f or ¢* f’. Note that we have
well defined Morita fractions

int(G*) < int(H*) % int(G") and 0G* << 9H* % 0G™,

so that we may think of G* & He % G as a Morita fraction preserving boundaries.

Hence, if F' : [M/G] — Ris aNstacky function presented by a basic function f : M — R
then the stacky level of F' below a € R equals

[M®/G?] = [int(M®)/int(G)] U [9M*®/0G].

Let [n] be a stacky metric on [V /G|, e.i. an equivalence class of a Riemannian 2-metric
non G = M, see Subsection 1.3.1. Consider the tangent stack of [///G| which is by
definition the differentiable stack T'[M/G] := [T'M/TG] that is presented by the tangent
groupoid TG = T'M, compare [58]. The multiplicative vector field defined by the gra-
dient of F' : G — R with respect to the groupoid metric n defines, by means of the
Dictionary Lemmas from [17, s. 2.6], a stacky vector field on [M/G] in the sense of [58,
Def. 4.14]. By using the identification of the coarse tangent space 7},;[M /G| with the or-
bit space v,(0)/G, = v(0)/Go we may think of this stacky vector field as a stacky map
VF : [M/G] — T[M/G] given by [z| — [V f(x)], which is clearly well defined. We shall
refer to it as the stacky gradient vector field of /' : [M/G] — R with respect to [r)]. Observe
that V F' satisfies

[V E[z], [v]) = ][V f ()], [v]) = n(V (), v) = df (x)(v) = dFg([v]).

Remark 2.5.1. From the point of view of Lie groupoids, Theorem 4.15 in [58] says that
the category of multiplicative vector fields on G' depends, up to equivalence, only on the
Morita equivalence class of G. If we think of the differentiable stack [///G] as the equiv-
alence class of G in the enlarged 2-category of Lie groupoids, principal bi-bundle and
isomorphisms then the category of stacky vector field on [M/G] is equivalent to category
of multiplicative vector fields on G.

Let us consider the underlying continuous map f : M/G — R.

Proposition 2.5.2. Let [M/G] be a separated stack and [a,b] C R be a real interval such that
fﬁl[a, b] is compact in M /G. Ifff1 a, b] has no critical points of F then [M /G| and [M /G|’ are
stacky isomorphic. Furthermore, [M /G]® is a stacky deformation retraction of [M/G)°.

Proof. We shall follow the proof of [57, Thm. 7.5] closely and apply some of the results
proved in [58] for stacky vector fields and flows. On the one hand, a simple computation
shows that the smooth function ||V f||? : M — R is basic since f is so and the gradient
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vector field VF on G is horizontal with respect to both Riemannian submersions s and ¢.
On the other hand, since [} /G] is a separated stack we may construct “stacky” partitions
of unity for [M/G], see [58, Def. 2.13 & Prop. 2.14]. In consequence, from [57, Lem. 3.11
& Lem. 3.12] we may find a stacky function p : [M/G] — R with compact support in

M/G and with p = 1/[|Vf|]? in f_l[a, b]. Therefore, we can form the stacky vector field
X = pVF on [M/G], which has compact support in M/G, and then take its stacky flow
®: [M/G] x R — [M/G] by using [58, Thm. 5.12].

The vector field X can, by [58, Thm. 4.15] and the proof of [58, Prop. 4.17], be presented
by a multiplicative vector field X = (X;, X;) on G = M thatis not equal to the zero section
only on a subgroupoid of G whose image in A//G has compact closure. That is to say, the
vector fields X; and X, are compactly-supported in F'~'[a,b] C G and f~'[a,b] C M,
respectively. Thus, motivated by the proof of Proposition 2.2.4, we may clearly identify
X1 = pVF and X, = pV f where p : M — R is the compactly-supported smooth function
on M with p = 1/||Vf]||? inside f~![a,b]. This is clearly basic and p : G — R is given by
either s*p or t*p. Observe that p is also compactly-supported in F~'[a, ].

Hence, the arguments above allow us to think of the stacky vector field X : [M/G] —
T[M/G] as being determined by the assignment [z] — [X,(x)]. Also, by using the Dic-
tionary Lemmas from [17, s. 2.6] as in the proof of [58, Prop. 6.2], the stacky flow & :
[M/G] x R — [M/G] of X is determined by ®([z],7) = [¢?(z)] where (¢!, ©?), for all
7 € R, is the 1-parameter family of Lie groupoid automorphisms on ' determined by
the flow of the multiplicative vector field X. In particular, by using these identifications it

holds thatif ®([z],7) € 7_1 [a,b] then X - F(®([x], 7)) = 1 so that the result follows either by
proceeding without any chance as in the proof of [88, Thm. 3.1] or by using Proposition
2.2.4 directly. O

Let us pick an orbit O of G and denote by O = ¢~1(0) and O’ = (O¥) the cor-
responding orbits of H and G’. From [41, Prop. 6.4.1] it follows that there is an induced
Morita fraction

dé dy /
v(Go) «— v(Hon) — v(Goy).

Observe that if in addition O is a nondegenerate critical orbit then the previous fraction
induces a Morita fraction between the negative normal groupoids v_(Go) &y (Hom) 2,

v_(Gy), compare Lemma 2.2.3. More importantly, if G and G’ are the Morita equivalent
Riemannian groupoids as we described above then there are Morita fractions between the
unit and sphere groupoids:

D_(Go) & D_(Hou) ™ D_(G%) and 9D_(Go) < D_(Hou) = 0D_(Gl).

The stack e[% = [D_(0)/D_(Go)] will be called stacky A-cell at [z] and its boundary
86[% :=[0D_(0)/0D_(Go)] will be called stacky (A — 1)-sphere at [z].

Remark 2.5.2. We may think of the attaching space [M/G]*U o, e@v] as being a topological

stack presented by the attaching groupoid G*Ug D_(G). This is because we can consider
the topological Morita fraction between the attaching groupoids

G Up D_(Go) 2% HYUp D_(Hen) 2% G Up D_(Gly)).

~

Whit this notation we have:
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Proposition 2.5.3. Let [M/G] be a separated stack and [a,b] C R be a real interval such that
7 '[a,b] is compact in M/G. If '[a,b] contains no critical points besides [z] of index data
A(F, [x]) then [M/G]? is stacky homotopy equivalent to [M/G]* Uoer, ety

Proof. We startby noting thatby Lemma 2.2.2 and Proposition 2.2.1 we may split the coarse
tangent space as Tj;)[M/G] = T j[M/G] & TJr [M/G] where T, [M/G] = v_(0), /G, and
T;T M/G] = v:(0),/G,. In part1cular by Lemma 225 it follows that the two mutually
complernentary projections & : ¥(O) — v_(O) and g : ¥(O) — v (O) descend to define
coordinates over T}, [M/G] and T[;r] [M /G, respectively, and a norm on T, [M/G] as:

)1 = = Q) (F) (&o([v])) + Qpar () (mo([v])),

which agrees with the norm induced by [1]. Now, by Proposition 2.5.1 we have that there
are stacky neighborhoods [V/v(Gp)y| and [U/Gy] of [z] in [v(O)/v(Go)] and [M/G], re-
spectively, and a stacky isomorphism ¢ : [V/v(Go)y] — [U/Gy] fixing [z] such that
¢*F = ¢+ Qpz(F). Under the identification [V/v(Go)v| = [U/Gy| we may think of F
on [U/Gy] as given respectively by

F([o]) = ¢+ Qu(F)([v]) = ¢ = € ([wDII* + [Ino([w]) >

Let us consider the stacky function F} : [M/G] — R determined by the basic function
fi © M — R constructed in Theorem 2.2.2. Such a stacky function can be described in
the way we just did above with F'. Therefore, the result follows by following the same
steps in [57, Thm. 7.6 ] after using Proposition 2.5.2, Theorem 2.2.2 together the Dictionary
Lemmas from [17, s. 2.6], and Corollary 2.2.1. O

Recall that as consequence of Proposition 2.2.1 we know that the orbit spaces associ-
ated to e jand 86 | are respectively given by D_(0),/G, and 0D_(0),/G,. Thus:

Corollary 2.5.3. The orbit space (M /G)® has the homotopy type of (M /G)* with a copy of D_(O)./G.
attached along 0D_(O),/G,.

2.5.2 Morse inequalities for the orbit space

By following similar arguments as those used by Hepworth in [57] it is possible to
prove Morse-like inequalities for certain separated stacks. We shall follow [57, Sec. 7.3 ]
closely. Suppose that [M/G] is a separated differentiable stack with M /G compact and
let F' : [M/G] — R be a stacky Morse function presented by a basic function f : M — R.
From Corollary 2.5.1 it follows that the critical points of F are isolated so that we may take
a finite sequence ¢y < ¢1 < ¢2 < --- < ¢, € R such that each interval (g;, ¢;+1) contains
only one critical value of F' and such that all critical values lie inside such intervals. Let us
denote by []],- - , [+, ] the critical points inside fﬁl(qj, ¢;j+1)- Therefore, by an inductive
process it follows from Corollary 2.5.3 that:

Corollary 2.5.4. There is a decomposition M /G = |J;_,(M/G)% where each (M /G)%+* has the
homotopy type of (M /G)% with copies of D,((’)x{)w{/Gw{ attached along aD,(Ow{)w{/Gx{ for
=1,k

e

Recall that the Betti numbers of M /G are by definition b; = dim H;(AM /G, R) and the
Poincaré polynomial is given by

P-(M/G) = ZbT]
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Definition 2.5.2. A critical point [z] of a stacky Morse function F' : [M /G| — Ris said to be
orientable if the action of GG, on v_(O), from Proposition 2.2.1 is orientation-preserving.
The Morse polynomial of F'is defined as

M(MJG) = 3 plmr (/G

[z]€Crit(f)o—p
where Crit(f),_, stands for the set of orientable critical points of F.
We are now in conditions to state that:
Theorem 2.5.1. There is a polynomial R.(M /G) with non-negative integer coefficients such that
M. (M/G)=P,(M/G)+ (1 +7)R(M/G).
In particular, if M. (M /G) has no consecutive powers of T then M,(M/G) = P,(M/G).

Proof. The proof of this result is similar to [57, Thm. 7.11]. We shall sketch its main ideas
here for the sake of completeness. It is well known that the function

S;(X,Y) = dim H;(X,Y;R) — dim H;_;(X,Y;R) + - -- £ dim Ho(X,Y;R),  (2.20)

is subadditive in the sense thatif Z C Y C X then we get 5;(X, Z) < S;(X,Y) + 5;(Y, Z).
Thus, from Corollary 2.5.4 it follows that

S (MG, D) = S;(M/G), (M/G)™) <> S;((M/G)*, (M/G)™).
Using again Corollary 2.5.4 and the excision theorem for relative homology we obtain

Hy(M/G)*, (M/G)*R) = H, ((M/G)%-l UUD—(Ox;J)xlv/Gx;J,(M/G)qv—l;]R>

= D H, (D-(Oup)s; /Gy, OD-(Osp)s /Gy R)
l

where the homology H; (D—(Oyp)ar /Gy, OD_(Oa )ay /Gar; R) equals Rif [z}] is orientable
and j = dimv_ (O ).e /Gop. Otherwise, it equals 0. Hence, the sum (2.20) becomes

Si(M/G,0) < Aj— Aj1+ -+ £ Ay, (2.21)

where A; denotes the number of orientable critical points [z] of F with! = dimv_(O,),/G,.
However, as consequence of [14, Lem. 3.43] it holds that Inequality (2.21) is actually
equivalent to the claim of the proposition so that the result follows. O

It is clear that the polynomial equality in the previous proposition only depends on the
Morita equivalence class of G. Therefore, we have actually obtained Morse-like inequali-
ties for the differentiable stack [M/G].



Chapter 3

Closed geodesics on Riemannian stacks

The main purpose of this chapter is to show an existence result for stacky closed geodesic
of positive length over certain separated Riemannian stacks. In order to do so, we need to
apply as well as adapt some techniques from the classical Morse theory for Hilbert man-
ifolds to the realm of differentiable stacks presented by proper Lie groupoids. Roughly
speaking, our strategy to address such an existence result relies on first studying the case
of regular proper Riemannian groupoids and then using the Riemannian desingulariza-
tion of proper Riemannian groupoids due to Posthuma-Tang-Wang.

We study the set of closed stacky curves over a regular separated Riemannian stack,
proving that it admits a natural structure of Hilbert manifold. In consequence, we verify
that the corresponding stacky energy functional has as critical points the set of closed
geodesics on the regular stack. After developing some topological constructions in which
the stacky energy functional is involved, we show that it satisfies the so-called Palais—
Smale condition (C). The consequences derived from this property allow us to obtain
our existence result by imposing some reasonable assumptions over the Posthuma-Tang-
Wang desingularization which come motivated by the case of orbifolds, first studied by
Guruprasad-Haefliger.

Itis worth mentioning that the results of this chapter are based on joint work in progress
with C. Ortiz and L. Vitagliano.

3.1 Stacky geodesics

In this short section we introduce the terminology and some of the results regarding
the notion of stacky geodesic which was recently introduced in [38]. We shall be following
[38, 40, 41, 56] closely. Let G = M be a proper Lie groupoid and denote by [A/G] its
associated separated differentiable stack. As usual, the structural maps of G = M will
be denoted by (s,t,m,u, ). It follows that G = M can be equipped with a Riemannian
2-metric n = n® on G® which induces a Riemannian 1-metric n™") on G as well as a
Riemannian 0-metric n(® on M such that 7, m,m : G® — G and s,t : G — M are
Riemannian submersions and i : G — G in an isometry. From Subsection 1.3.1 we know
that the characteristic foliations F,; of M and F¢ = s*Fy = t*Fu of G are singular
Riemannian foliations, the units u(A/) C G form a totally geodesic submanifold and the
normal representation on orbits is by linear isometries, consult [40].

We shall be working with stacky maps using a cocycle description, see Example 1.3.11.
In these terms, a stacky curve o : I — [M/G] is a stacky map from a real interval I viewed
as a stack via the unit groupoid I = I. If i = (U;) is an open cover of [ then it is simple to
check that « is given by the class of a cocycle (a,U) determined by paths a;; : U;NU; — G

89
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verifying
ak;(7)a;i(T) = ar(7), TeU,NU;NU;.

This implies in particular that a;;(7) is a unit of G so that a;; can be considered as a path

a; : Uy = M, thus obtaining arrows a;(7) &0 a;(7). The situation above may be depicted

with the fraction diagram

(I=1)& (HUﬂU:;HU) (G = M),

where the Lie groupoid in the middle is the C'ech groupoid I, associated to the open cover
U of I and my : Iy — I is the canonical projection which turns out to be a Morita fibration.
It is important to mention that the class of the cocycle (a, ) is defined with respect to the
following equivalence relation. Let I/’ be another open cover of I and let (¢’,U’) denote
another cocycle. We say that (a,U/) and (¢’,U’) are equivalent if there exists a common
refinement " of U and U’ together with an isomorphism between the groupoid maps
aly,, =dly,, : Iy — G. We call a = (a;;) a good cocycle if it is supported on a dimension
1 cover, namely ¢ € Z with U; N U; = () except for consecutive i, j and there are no triple
intersections U, N U; N U, for different ¢, j, k. Of course, any stacky curve can be presented
by a good cocycle, and two good cocycles define the same stacky curve if they restrict to
isomorphic good cocycles on a common refinement, see [38].
Let us exhibit some examples which were already described in [38].

Example 3.1.1. Suppose that 7 : M — N is a surjective submersion and denote by G = M
its corresponding submersion Lie groupoid. A good cocycle (a;;) : f;; — G is a collection
of local lifts a; to M of a given curve on N. The transitions a;; ; are completely determined
by the curves a;, as there is no isotropy. Furthermore, two cocycles are equivalent if they
are determined by the same curve on N.

Example 3.1.2. Let G == M be a proper étale groupoid, so that [M//G] is an orbifold. A
curve [ — [M/G] is classically defined as a continuous curve o : I — M/G that can
be locally lifted to smooth curves a; : I; — U; on orbifold charts over U;. It follows that
a stacky curve a : I — [M/G] induces a curve in this classic sense. Indeed, if (a;;) is a
cocycle representing o then the curves a; serve as local lifts into orbifold charts.

Example 3.1.3. Let K be a Lie group acting on a smooth manifold M and consider the
corresponding action groupoid K x M = M. A good cocycle (aj;) presenting a stacky
curve o : I — [M/G], with G = K x M, can be expressed as a family of curves a; : U; — M
and ki1, : Uip1 NU; — K verifying the condition k;41;(7) - a;,(7) = a;41(7) forall 7 €
Ui41NU;. Itis simple to check that the collection of curves (k;;) defines a /{-cocycle over the
covering (U;) of I. But every principal K-bundle over I is trivial since it is contractible, so
that we can integrate the cocycle in such a way we gain a global representative a : I — M
for any stacky curve a.

Example 3.1.4. Consider a regular foliation F of a smooth manifold M. By following [23]
we get that the foliation F can be described in terms of a family of submersion ; : V; — W;
where V; C M and W; C R? are such that if V; N V; # 0 then there is a diffeomorphism
Vi« Wi — W verifying ~;;m; = 7;. Let us consider the differentiable stack [A//Hol(M, F)]
presented by the holonomy groupoid Hol(M, F) = M and fix a defining submersion
m; : Vi = W,. In these terms, a stacky curve o : I — [M/Hol(M, F)] can be presented as
the class of a good cocycle (a;;) where (U;) is a good open cover of [ such thata, : U; — V;
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and a;;(7) equals the diffeomorphism v;; at a;(7). It follows that the relevant information
of each curve q; is in the composition b; = 7; o a; : U; = W, and a stacky curve on the leaf
space is the same as a family of curves b; : U; — W, that are connected by the defining

cocycle (yj;).

Let us now define both the velocity and the speed of a stacky curve a : I — [M/G]
at every time 7y € /. We denote by [r)] the stacky metric on [V /G] presented by 7. Recall
that the coarse tangent space of the differentiable stack [M/G] at [z] is by definition the
coarse orbit space v,(0) /G, = v(0) /G of the action groupoid determined by the normal
representation on the orbit O through = € M, compare [42]. Suppose that « is presented
by the class of a good cocycle (a;;) which is supported over the good open cover (U;) of 1.
The velocity of a stacky curve a: I — [M /G| atm € [ is

&(10) = diro) [0 | ] = [ak(70)] € Tay (o [M/G], 70 € Uy

Given that any groupoid metric n on G = M yields a G -invariant inner product on
v, (0), we can define the normal norm ||v|| y of any vector v € T, M, so that we set the speed
of a at 7y as ||&(79)|| = ||ax(70)||n. The first key result in [38] says that this speed varies
continuously so that it makes sense to define the length of a stacky curve o : I — [M/G]
as L(«) = [, ||&(7)||dr. By using the class of good cocycle (a,U) presenting a we obtain

/ Jatrlir =3 / i)l var = 3 / ltgrs (7).

H»lm i

This expression makes sense since there are no triple intersections and the first sum
is counting twice each overlap U1 N U;. Also, it is important to remember that for each
7 € Uiy1 NU;, the source and target maps yield linear isometries vy, () (Go) = Va,(+)(O)
and v, ,(r(Go) = Va,,,(r)(O) which send [a;41,(7)] to [a;(7)] and [a2+1( )], respectively.
It follows that the stacky length allows us to recover a normal pseudo-distance on the
coarse orbit space M /G of a proper groupoid G = M equipped with a metric on the
units that is transversally invariant, i.e. a 0-metric, as studied in [103]. Namely, given a
Riemannian groupoid (G = M,n) this normal pseudo-distance dy can be defined by
considering chains (zo, - - - , Z2,+1) such that xs;, x9;41 are in the same orbit and x9;_1, 2
are in the same component:

dy([z], [y]) = inf {i d(x9i_1,x9) : (z;) chain from z to y} : (3.1)

for [z], [y] € M/G. Here d denotes the distance on A/ induced by the Riemannian metric
n®.1f G = M is proper and M /G is connected then d defines a honest distance on M /G
[103]. More importantly, if M /G is connected then dy ([z], [y]) is the infimum of the lengths
L(o) of stacky curves o : I — [M/G] joining [z] and [y]. As consequence, equivalent
metrics on the same Lie groupoid G' = M yield the same normal pseudo-distance on the
coarse orbit space M /G, consult [38].

We are ready to establish the main definition this chapter is concerned with. By nor-
mal geodesic to a singular Riemannian foliation 7 we will mean a geodesic verifying the
property that if it is normal to F at a given time then it remains normal to F at every time.

Definition 3.1.1. A stacky curve a : I — [M/G] is said to be stacky geodesic if it can be
presented by the class of a cocycle o = (a,U) on which each aj; : U; N U; — G is a normal
geodesic of G with respect to F¢.
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This requirement automatically implies that the curves a; : U; — M are also normal
geodesics of M with respect to Fy,. It is simple to check that every stacky geodesic can be
represented by a good cocycle of normal geodesics, and two stacky geodesics are equiva-
lent if they yield the same good cocycle on a common refinement.

Let us illustrate this notion with some basic examples.

Example 3.1.5. Let 7 : M — N be a Riemannian submersion and consider the corre-
sponding submersion Riemannian groupoid M xy M = M.If o : I — [M/G], with
G = M xy M, is a stacky geodesic presented by the class of a good cocycle (a;;) then
each geodesic a; : U; — M is a horizontal geodesic and it projects to a geodesic on N.
Conversely, for any geodesic on N it holds that the horizontal local lifts are geodesics and
these can be used to construct a good cocycle (a;;) for a stacky geodesic o : I — [M/G].
This can be done by following the procedure explained in Example 3.1.1. In consequence,
the notion of stacky geodesic recovers the usual notion for manifolds.

Example 3.1.6. Suppose that G = M is a proper étale Riemannian groupoid, so that
its associated stack [///G] becomes a Riemannian orbifold. By the classical definition, an
orbifold geodesic « : I — [M/G] is a continuous curve o : I — M/G that locally lifts
to a smooth geodesic a; : J — U; into some Riemannian orbifold chart (U;, G;, ¢). This
definition corresponds to the notion of stacky geodesic, as the local lifts (a;) determines a
cocycle for a stacky geodesic I — [M /G| at the level of objects and and it can always be
extended at the level of arrows, see Lemma 7 and Corollary 8 in [38].

Example 3.1.7. Let K be a compact Lie group endowed with a bi-invariant metric n** and
suppose that it acts on a Riemannian manifold (M, ") by isometries. By using the gauge
trick introduced in [40] and the Riemannian metrics n* and 7", it is possible to build
a structure of Riemannian groupoid over the action groupoid K x M = M. It follows
that for a stacky geodesic o : I — [M /G|, with G = K x M, each curve q; yields a normal
geodesicin M and each aj; gives rise to an element k;; in K such that k- a;|v,~v, = a;lv;v,-
But the action of K on M is by isometries for which any stacky geodesic o can be presented
by a single normal geodesic o : I — M. In other words, we are just translating the local
pieces a; by using the action of K in order to get a single a.

Example 3.1.8. Let us now consider a regular Riemannian foliation F on a Riemannian
manifold M. In the terminology of Example 3.1.4, the submersions 7; have to be Rieman-
nian submersions and the diffeomorphisms +;; have to be isometries. After fixing the
defining Riemannian submersions 7; : (V;,n"') — (W;,n"?), a stacky geodesic « : I —
[M/Hol(M, F)| can be given by normal geodesics a; : U; — V; which satisfy m;a; = v;im;a;.
The transversal information of each geodesic a; is captured by the geodesics b, : U; — W,.
Furthermore, under this description, we can think of a geodesic on the leaf space M/F
as a family of geodesics b; : U; — (W;, ") that are glued by the defining cocycle ;1
consult [3].

Existence and uniqueness results regarding stacky geodesics were proven in [38]. More
importantly, the authors characterized stacky geodesics as locally minimizing curves and
established a stacky version of the so-called Hopf-Rinow Theorem. Such a minimizing
property is as follows. We say that a stacky curve a : I — [M/G] is minimizing at 7, € [
if the length of o from 7 to 7 equals the normal pseudo-distance between «a(7) and a(7)
for every 7 near enough 7. It follows that if G = M is a proper Riemannian groupoid
then a is a stacky geodesic if and only if it is minimizing at every 7, € I, i.e. it is locally
minimizing; compare [38].
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This chapter aims at showing an existence result for stacky closed geodesic of positive
length over certain separated Riemannian stacks. In order to do so we need to apply as
well as adapt some techniques from the classical Morse theory for Hilbert manifolds to
our setting.

Definition 3.1.2. A stacky curve « : [0,1] — [M/G] is named to be closed if «(0) = «(1)
and &(0) = &(1).

Note that the conditions a(0) = a(1) and &(0) = &(1) allow us to think of closed stacky
curves as “pointed” stacky maps « : (S', e) — ([M/G], [z]) which are presented by classes
of good cocycles supported by open covers of S, where the circle S* is viewed as a stack
via the unit groupoid S* = S*. Here by pointed we mean that a(e) = [z].

3.2 The case of regular proper Lie groupoids

The main idea we have to attack the problem regarding the existence of stacky closed
geodesics of positive length on separated Riemannian stacks is based on first studying the
case of regular proper Riemannian groupoids and then using the Riemannian desingular-
ization of proper Riemannian groupoids recently introduced in [105]. In order to be pre-
cise we need to introduce some necessary terminology. Let (G' = M, 1®) be a proper Rie-
mannian groupoid presenting a separated Riemannian stack ([ /G], []). Roughly speak-
ing, the Riemannian desingularization result from [105] states that there exists a regular
proper Riemannian groupoid (G = M,7®)and a proper surjective groupoid morphism
7 : G — G which is an isometry almost everywhere, i.e. an isometry over a dense and
open saturated submanifold in M. The triple (G, 7, 7®) is called a Riemannian desingu-
larization of (G, n?). Such a desingularization can be obtained by a successive blow-up
construction with respect to the stratification by dimensions induced by the leaves of the
singular Riemannian foliation ;. As an important feature, we have that Morita equiva-
lent Riemannian groupoids admit Morita equivalent Riemannian desingularizations, so
that we may think of the Riemannian stack desingularization of (|G /M], [n]) as

[7] - (IG/M], [7]) = (IG/M], [n)),

which, in the terminology introduced in [41], is a stacky isometry almost everywhere.

Because of our purposes, it will be necessary at least to sketch the fist step, i.e. what
happens after the first blow-up in the construction of the Riemannian 2-metric 7). Firstly,
we need to say how to build the blow-up along a submanifold.

Remark 3.2.1 (Blow-up along a submanifold). Let S be a closed submanifold of a smooth
manifold M and  : V C v(S) — U C M be a tubular neighborhood of S. If P(v(5))
denotes the real projectivization of the normal bundle (S) then we consider the set V =
{(v,1) € V x P(v(S)) : v € I} and the map 7 : V — V sending (v,!) — v. They satisfy
the following properties: V is a smooth manifold such that 7 is a smooth proper map,
E = 77!(S) is a smooth manifold of dimension dim M — 1 which is diffeomorphic to
P(v(S)), 7|y _p: V — E — V — S is a diffeomorphism, and 7|z : E — S is a submersion.
The manifold F is called exceptional divisor. The blow-up of M along S is defined to be
(M, 7) where M := V Ugor (M — S) and 7 := (£ 0 7) Ugor id : M — M. Tt follows that M is
a smooth manifold and 7 is a smooth proper map verifying that 71|y ,: M —F — M — S
is a diffeomorphism and that 7|g : £ — S is a submersion. The isomorphism class of the
blow-up does not depend on the choice of the tubular neighborhood for S C M. For more
details the reader is recommended to consult [45, s. 2.9].
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We consider now the proper Lie groupoid G = M and pick a closed saturated sub-
manifold S C M.LetS CU C Mand S C V C v(S) be a tubular neighborhood of S such
that Gy = v(Gs)y, which exists by the linearization theorem for proper Lie groupoids, see
Subsection 1.3. Let M denote the blow up of M along S that can be constructed by using
the tubular neighborhood above. From [105] we know that G acts smoothly on M along
7 and that the corresponding action groupoid G x 5 M is isomorphic to the blow-up of G
along G.

As done in [105] we set:

Definition 3.2.1. The action groupoid G := G x,; M = M is defined to be the blow-up
of G along S.

Secondly, we need to explain how is defined the stratification by dimensions used in
[105].

Remark 3.2.2 (Stratification by dimensions). Let G = M be a proper Lie groupoid. For
0 <k < dim M we set S* = {z € M : codim(O,) = k}. The connected components of S*
form a stratification of M. If j = max{0 < k < dim M : Sk £ 0} and m = min{0 < k <
dim M : S* # (0} then S/ and S™ are referred to as the most singular stratum and the most
regular stratum of A/, respectively. In this case S™ is open, dense and connected in M, see
Proposition 3.6 in [105]. Let S C S7 be a most singular stratum. Then the blow-up G of G
along S is a proper Lie groupoid. Moreover, the blow-down map 7 : G — G is a smooth
surjective proper groupoid morphism, which is an isomorphism almost everywhere and
the leaves L C 7 1(S) of the characteristic foliation F; satisfy that w(L) is a leaf of the
characteristic foliation F); in S with dim L > dim w(L). After blowing up a finite amount
of times, through the same procedure, we get a regular proper groupoid, also denoted by
G = M, and a proper surjective groupoid morphism 7 : G’ — G which turns out to be an
isomorphism almost everywhere. See [105] for specific details.

Recall that a groupoid n-metric, for n > 0, can be thought of as a sort of simplicial met-
ric. That s, as a collection of Riemannian metrics n = {1}, where (™ is a Riemannian
metric on the component G(™ of the nerve G*) of G such that each face map G™ — G~V
is a Riemannian submersion and the group S,.; acts on G™ by isometries. We already
know that any proper Lie groupoid admits a simplicial metric [40]. For instance, in Ex-
ample 1.3.23 we mentioned that the following construction allows us to obtain simplicial
metrics on submersion groupoids.

Remark 3.2.3. Consider the pullback diagram of manifolds

M xx M2 (M)

l |

(Man)—f>(N777N)

where f is a Riemannian submersion. It follows that the expression

/% |

nxn =p'n+p"n —(fop)nn,

defines a Riemannian metric on M X M’ in such a way p’ becomes a Riemannian sub-
mersion.
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Let us fix a simplicial metric  on G = M. We are now in conditions to sketch the first
step in the construction of 7 on the desingularization G' = M.

e Let S C S’ denote a most singular stratum of G = M with respect to dimension
stratification of G and E be its corresponding exceptional divisor. There exists a Rie-
mannian metric 7®) on M such that 7|z : E — S is a Riemannian submersion and
7 : M — M is an isometry outside an open neighborhood of E. This metric was
obtained in Proposition 6.5 from [105] by mimicking Alexandrino’s construction in
[1] with respect to the singular Riemannian foliation F),.

o Let G xyy G = G be the submersion groupoid determined by the source map s :
G — M. The (n — 1)-th manifold of its nerve is denoted by G!"l. There are diffeomor-
phisms ¢, : GI"l — G™ for all n defined by ¥, (gn, -+ , 1) = (993 1, 5 G291 "5 91)-
By Lemma 6.6 from [105] it follows that the Riemannian metrics ¢ (n™) form a
simplicial metricon G x,; G = G.

e Let G x;; G = G denote the submersmn group01d determined by source map s :
G — M. It is simple to check that Gl = GI"l x,,; M. The pullback metrics 7" =
(UM (n™) % ¥ define a simplicial metric on G x i G = G and the projections 7"
GI"l — GI"l are Riemannian submersions when restricted to the exceptional divisor
E. This is the content of Lemma 6.7 from [105].

e It follows that G acts along the source map G"! — M via the formula (g, - -+ , 1) -
Go = (gngo, - - ,glgo) with quotient map ¢, : Gl — Gn—1) given by Gu(Gny -+ 1 G1) =
(Gnd0t1, -+, G201 1)- By the averaging process introduced in Definition 4.10 from [40]
we can get Riemannian metrics Av(77"*1) on GI"*! and then push them forward
with ¢,41 to define the Riemannian metrics 7 = (¢,41).(Av(7*™)) on G™). This
produces a simplicial metric 7 on G = M, the blow-up of G along S, such that
7 : G|g — (g is a Riemannian submersion when restricted to £ and 7 .G — Gis
an isometry outside an open neighborhood of F, see Proposition 6.8 from [105].

This motivates the observation below.

Remark 3.2.4. Firstly, note that in the construction described in the previous items it has
been used the n-metric on G™ to get the (n — 1)-metric on GV, This explains why the
authors in [105] used simplicial metrics instead of 2-metrics. Secondly, the actual simpli-
cial metric on the regularization G = M is obtained by the procedure described above
after a finite amount of times, where in each step the blow-ups of all strata with the mini-
mal dimension are applied. Thirdly, it is worth mentioning that the transversal geometry
described by 77 is similar to (linear isometric to) the transversal geometry described by
7 and, in turn, it is similar to the transversal geometry described by n(?). This is conse-
quence of Theorem 1.2 in [1], Proposition 4.11 in [40] and the proof of Proposition 6.8 in
[105]. The reader is recommended to visit [105] for further enlighten details.

The following result justifies our interest in first desingularizing proper Riemannian
groupoids.

Proposition 3.2.1. Let o : I — [M /G| be a stacky geodesic of positive length presented by the
class of a good cocycle (a,U). Then, ). : I — [M/G] is a stacky geodesic of positive length
presented by the class of the push-forward cocycle (m.a,U).
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Proof. It is clear that the class of the cocycle (7.a,U) determined by the paths (7o a;;) sup-
ported over the open cover U is well defined since 7 is a Lie groupoid morphism. Let us
consider the first step of the blow-up construction described above. As 7 is an isometry
outside a neighborhood of £ we only have to see what happens around E. By Theorem
1.21in [1] it follows that if a, is a (unit speed) geodesic which is orthogonal to £ then 7o a;
is a (unit speed) geodesic which is orthogonal to S. Additionally, the lifts of horizontal
geodesics of the singular Riemannian foliation (.S, (Fi/)|s, 7?)) are horizontal geodesics of
the singular Riemannian foliation (F, (Fy;)|z,7?)). Therefore, if the geodesics a;; are or-
thogonal to (G|, (Fg)|,, 1) then we get that woay; are orthogonal to (G/s, (Fa)|as: n™)
and the normal length is preserved. This is because, up to linear isometries, all the met-
rics 7V, 71, 79, n©, and 1) determine the same inner products along the normal direc-
tions to the leaves of the corresponding singular Riemannian foliations. This finishes the
proof. O]

Remark 3.2.5. As mentioned before, the previous result suggests us to study first the prob-
lem of showing the existence of closed stacky geodesics of positive length for Riemannian
stacks presented by regular proper Riemannian groupoids, which behave somehow sim-
ilar to Riemannian orbifolds, see [105, p. 1283].

3.2.1 The energy functional on stacky curves

We are now interested in studying some properties of what we shall call the stacky
energy functional. This will be a function defined over the “spaces” of stacky curves on
[M/G]. Therefore, motivated by the classical theory, we need first to describe the differen-
tiable structure we can put over the set of stacky curves. Let us pick [z], [y] € M/G and
denote by Qf, . ([M/G]) the set of stacky curves a : [0, 1] — [M/G] presented by classes
of continuous cocycles such that a(0) = [z] and a(1) = [y]. Recall that if we require that
a(0) = (1) then the set of closed stacky curves Qf, ([M/G]) can be thought of as the set
of pointed stacky maps (S*,e) — ([M/G], [z]) presented by classes of continuous cocy-
cles where the circle S! is viewed as a stack via the unit groupoid S' = S*. Let us set
Q(M/G)) = Upgerpesey ¥y (M/G).

Just as happens in the cases of Riemannian manifolds and orbifolds [66, 56] we can
show that:

Proposition 3.2.2. Suppose that (G = M,n?) is a reqular proper Riemannian groupoid. Then,
the sets Q°([M/G]) and Qf , . ([M/G]) have structure of Banach manifolds.

[z],[y]

Proof. We prove these facts by transferring some of the ideas in the proof of [56, Prop.
3.1.1] to our setting. Take a closed stacky curve « : S* — [M/G] at [z] presented by the
class of a continuous cocycle (a,U) and consider the bundle ¢*T'G onto S given by the
space [ [, a};;TG quoted by the equivalence relation (7,;i(7)) ~ (7', §u(7')) if and only if
7 = 7',1 = [, and the composition &;;(7)§(7) € T, (-G is defined in the tangent groupoid
TG = TM. The projection onto S* is canonically defined as [(7,£;;(7))] = 7 mod 1. On the
one hand, observe that two equivalent cocycles (a,U) and (a’,U’) respectively determine
isomorphic vector bundles ¢*T'G and o"*T'G. Indeed, if 4" is a common refinement of U/
and ' and ¢ : [[, U/ — G induces an isomorphism between a|;,,d'|1,, : Iy» — G then
the assignment [(7,&;:(7))] — [(7, &(7, 7)&:(7)d(7,1)~")] is the desired isomorphism. On
the other hand, the metric 7" induces inner products on the fiber of a*TG"

([ &) 17 oD =7 (€ (] [€:(D)), (32)
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(1)
aji(7)
through a;;(7). This is well defined because 7y, m,m : G — G are Riemannian sub-
mersions, so that they yield linear isometries on the normal directions. In consequence,
the Banach space of continuous sections C°(S', a*T'G) with the sup norm will play the
role of the tangent space of Q°([M/G]) at .. Note that the elements of C°(S*, *T'G) can be
thought of as stacky vector fields along « in the sense that they are presented by classes of
continuous cocycles (X, /) with values in TG = T'M which are determined by continuous
vector fields X;; : U; NU; — TG along a;; : U; N U; — G verifying

where 7 is the induced inner product on the normal direction to the leave in Fg

X (1) X;u(1) = Xpilr), 7€ UpnU;NU; (3.3)

Let us now choose ¢ > 0 small enough such that, for all 7 € S', the exponential
map exp' is a Lie groupoid isomorphism from an open ball B, (a;;(7)) centered at 0 into
v(Go, ,,), see [37]. Let U¢ be the open ball of radius ¢ centered at the origin in C°(S", a*T'G).
By mimicking the classical case (see Theorem 1.2.9 in [66]), we define the chart exp¢ :
U¢ — U¢ by sending a section (X, ) as above to the class of the continuous cocycle (a*, 1)

defined by o (1) = expglj)i (n[Xji(7)] for all 7 € S'. This establishes a bijection, so that the
images U¢ for distinct « inside Q°([M/G]) form a basis for its topology. Furthermore, the
change of charts are differentiable. Hence, (2°([M//G]) becomes a Banach manifold and the
tangent space 7,2°([M/G]) turns out to be the space of continuous sections of the vector
bundle a*T'G over S.

The Banach structure on Q(,, ., ([M/G]) may be defined in a similar fashion. In this case,
if o : [0,1] — [M/G]is a stacky curve from [z] to [y] then the tangent space of 2f, | ([M/G])
at o can be identified with the space of continuous “stacky vector fields” along o which
vanish at 0 and 1.

]

Let us formalize some of the terminology introduced in the previous result. We denote
by T'[M/G] := [T M/TG] the differentiable stack presented by the tangent groupoid TG =
TM.

Definition 3.2.2. Let a : I — [M/G] be a stacky curve presented by the class of a cocycle
(a,U). A stacky vector field along « is a stacky map X : I — T[M/G] presented by the
class of cocycle (X,U) with values in TG = T'M. This amounts to asking for vector fields
X :U;NU; = TG along aj; : U; N U; — G verifying Equation (3.3).

Of course, if v is presented by a good cocycle then so is X. Note that we may think of
the velocity of « as a stacky vector field along itself when describing it with the class of
the tangent cocycle (a,U), meaning that & = (a;;).

We are now ready to introduce the energy functional for stacky curves. Let o : I —
[M/G] denote a stacky curve presented by the class of a good cocycle (a,U). As the speed of
a stacky curve varies continuously, we can define the energy of was E(a) = 5 [, [|a(7)||*dr.
By using the good cocycle representing o we obtain

Ble) = 5 [ latr)lFar = 5 (Z [ laenge - [ ||ai+1,i<f>||?vdf) .

Once again, this expression makes sense since there are no triple intersections, so that
the first sum is counting twice each overlap U, 1 NU; and for each 7 € U, NU;, the source
and target maps yield linear isometries v,,,, ,(-(Go) — V4,)(O0) and v, () (Go) —
Va1 () (O) which send [@;11,:(7)] to [a;(7)] and [@41(7)], respectively.
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Lemma 3.2.1. The length and the energy of a stacky curve o : I — [M /G] are related each other
through the inequality
L(a)? < 2B(a)((1),

with the equality holding if and only if o has constant speed. Here ((I) denotes the length of I.

Proof. As in the classical case, the result follows from the continuity of the speed together
with the so-called Cauchy-Schwarz inequality. O

Suppose that for any other stacky curve v : I — [M/G] of constant speed we have that
E(a) < E(7). That is, the stacky curve oo somehow “minimizes” the energy E. Therefore,
Lemma 3.2.1 implies that L(a)? < L(v)? Thus, as consequence of Lemma 7 and Theo-
rem 7 from [38] we may interpret this as « being locally minimizing so that « should be
a stacky geodesic. Observe that o must have constant speed for otherwise it would not
minimize the energy functional by the same Lemma 3.2.1 and the condition of equality
thereto pertaining.

The following key result will play an important role along this chapter.

Lemma 3.2.2. Let (G = M,n?) be a reqular proper Riemannian groupoid. Then, the following
assertions hold true:

1. every stacky curve o : I — [M/G] can be presented by the class of a good cocycle (a*,U)
such that each curve aj; : U; NU; — G is orthogonal to the leaves of the regular Riemannian
foliation F¢, and

2. The normal speed ||&.(T)|| varies smoothly.

Proof. By Lemma 4.5 in [39] we may assume that the 2-metric 7® is such that we may
split TG  as

TG = R® (ker(ds) N RT) @ (ker(dt) N R*) @ (ker(ds) + ker(dt))™*,

where R = ker(ds) N ker(dt). More precisely, we can construct an equivalent 2-metric ver-
ifying the previous condition. Let a : I — M be a smooth curve and leta : J C I — G
denote its horizontal lift with respect to the source map s : G — M starting at the unit
u(a(y)) for some 7y € I. Note that the expression a(7) = t(a(r)) for 7 € J determines
a smooth curve in M which is canonically isomorphic to a and orthogonal to the regular
foliation Fj; of M. Therefore, by Lemma 7 and Corollary 8 in [38],if a : [ — [M/G]isa
stacky curve presented by the class a good cocycle (a, /) then by arguing in a similar fash-
ion as above also by using the Riemannian submersions 71, 7 : G — G we can construct
another good cocycle (a™,), equivalent to (a,U), such that each curve aj; : UnU; — G

is orthogonal to the leaves of the regular Riemannian foliation F¢.
Finally, as it was commented in [38, p. 414], it follows from the previous facts that the
normal speed ||&(7)|| varies smoothly since we have a well defined orthogonal projection.
O

As a first consequence we have that:

Remark 3.2.6. Lemma 3.2.2 allows us to rewrite the inner products (3.2) from Proposition

3.2.2 in terms of the Riemannian metric ), and in turn in terms of 1%, just as in the case
of orbifolds.
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We denote by Q([M/G]) (resp. Q) ([M/G])) the set of closed stacky curves (resp.
stacky curves from [z] to [y]) presented by classes of smooth cocycles. It is clear that these
spaces are also Banach manifolds (actually Hilbert manifolds as we will comment later
on). The second interesting consequence of Lemma 3.2.2 is that the energy E can be natu-
rally regarded as a differentiable function E : Q([M/G]) — R (or E : Q1,1 ([M/G]) — R).
In order to characterize stacky geodesics in the concrete case of regular separated Rieman-
nian stacks as critical points of the energy functional £ we need to introduce the following
terminology. A stacky variation of a stacky curve « : [0,1] — [M/G] joining «(0) = [z]
and a(1) = [y] is a collection of stacky curves «, : [0,1] — [M/G] with A € (—¢, ¢) such
that ap = o and a,(0) = [z], an(1) = [y] for all A € (—¢,€). Note that we may think
of a stacky variation as a stacky map H : [0,1] x (—e¢,e) — [M/G] determining a fam-
ily aix(7) = H(r, ) of stacky curves with their endpoints fixed. By using the open cover
(U; x (—e¢,€)) of [0, 1] x (—¢, €) we can look at the stacky variation H as the class of a cocycle
(Hj;) where H;; : U;NU; x (—€,€) — G is such that (H};|,) determines both a class of a co-
cycle for the stacky curve a,, and variations for the curves forming the class of the cocycle
(a;;) representing . If H : [0, 1] x (—e¢, €) — [M/G]is a stacky variationof o : [0, 1] — [M/G]
then we define its stacky variational field 0\ H |\~ : [0,1] — T'[G/M] as the stacky vector
field along o determined by the class of the tangent cocycle (0\H;;| o). Here 0\H;;|r=o
denotes the variational field associated to H;; which is actually a vector field along the
curve a;;.

Suppose that (G = M, n) is a regular proper Riemannian groupoid. Let X : [0,1] —
T[M/G] be a stacky vector field along « : [0, 1] — [M/G] which is presented by the class
of a good cocycle (X,U). By using a similar horizontal lifting argument as in the proof
of Lemma 3.2.2 we may assume that the vector fields X;; : U; N U; — TG along a;; :
U; NU; — G are such that X;;(7) is orthogonal to F for all 7 € [0, 1]. Therefore, if X €
T, ([M/G]) then we have a stacky variation H* : [0, 1] x (—¢, €) — [M/G] presented by
the class of the cocycle H; (1,\) = expgz (n(AXji(7)) which satisfies that H}; (7,0) = a;(7)
and O\H{ (7, A)[x=0 = Xji(7). By Lemma 3.2.2 we may further assume that H; (7, \) is
orthogonal to F¢. Thus, by computing the differential of £/ we obtain that:

Theorem 3.2.1. Let (G = M,n\?) be a reqular proper Riemannian groupoid. A stacky curve
a : [0,1] — [M/G] is a critical point of the energy functional E if and only if it is a stacky
geodesic.

Proof. Working locally, we can assume that o and X are in fact respectively presented by
acurve a : [0,1] — M and a vector field X : [0,1] — T'M along a such that ||&(7)| =
la(7)||n = ||a(7)|| and X (7) is orthogonal to F), for all 7 € [0, 1]. In consequence,

1t 1t
B(H*(\N) = 5 / |EX(r, M dr = 5 / | X (r, VI dr,
0 0

so that )
dE(a)(X) = OE(HX(1,\))|xe0 = — / (X, D.a) dr.
0
Here D, stands for the covariant derivative along curves induced by the Levi-Civita
connection of n¥). Therefore, « is a critical point of E if and only if D, ¢ = 0. That is, a is a
geodesic in M which is also orthogonal to F); as desired. O
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3.2.2 The Palais—Smale condition (C)

The next step in our study is to look at the so-called Palais—-Smale condition (C) for
the stacky energy functional, also for the proper regular case. Thus, in what follows, we
will suppose that (G = M, 1?) is a regular proper Riemannian groupoid without further
comments. Let X : [0, 1] — T[M/G] be a stacky vector field along a stacky curve a : [0, 1] —
[M/G]. Suppose that o (resp. X) is presented by the class of a good cocycle (a,U) (resp.
(X,U)). By Lemma 3.2.2 we may assume that both a;;(7) and X;(7) are orthogonal to F¢
for all j,7 and 7 € [0, 1]. This automatically implies that a;(¢) and X;(¢) are orthogonal to
Fu foralliand 7 € [0, 1] since s and ¢ are Riemannian submersions.

Definition 3.2.3. The normal covariant derivative D, X of X is defined to be the stacky

vector field along o presented by the good cocycle (D x ;i) supported over U. Here pY
denotes the covariant derivative of vector fields along paths determined by the Levi-Civita
connection of V).

The well definition of (D, X, U) follows from Theorem 1 in [99] since & and X do not
have vertical components. That is, the following identities hold

B0, (DX ) (7)) = (DOX)(7) and i, (DX (7)) = (DOX)(7). (3.4)

T T

This is because the orthogonal component of P X ;i turns our to be the horizontal
lifting of both DY X; and DV X ;- The latter fact implies that DY X; and DYV X ;j are or-
thogonal to F) since both s and ¢ are Riemannian submersions.

We want now to define a Riemannian Hilbert structure over the space Q([A/G]) (or
Q) ([M/G])) and we will use the previous facts in order to do so. As the classical case
suggests [65, p. 8] (see also [56]), for each element X € T, (€2;)([M/G])) we define the
scalar product

(X, X)(a) = / VX)X ()i + / 7O ([(D, X)), [(D,X) ()] dr

S1
= Z/ ni?zT)(Xi<7—)>Xi(7—))d7—_Z/ 77[(121@@)<Xi+1,z’(7')aXz'+1,¢(7'))d7'
U; i Ui1NU;

%

S / 10 (DO X, (7), DO X, (r))dr
= S (DO Xiar), DY X ()i
i Ui+1NU; '

= [ @ X@r+ [ AU, (D X))

Once again, the chain of equalities above follows because s and ¢ are Riemannian sub-
mersions. This scalar product is well defined and does not depend on the cocycles (a;;)
and (X};) representing a and X, for the groupoid version of the normal representations
are by isometries. Just as happens in the classical case of manifold [65, Thms. 1.2.9] and
orbifolds [56, s. 3.3.2], by arguing as in Proposition 3.2.2 it follows that Q([A//G]) admits a
structure of Hilbert manifold for which the scalar product (-, -) determines a Riemannian
metric (-, -)5. Similarly, Q1 ([M/G]) is a Riemannian Hilbert manifold.

Motivated by the proof of Theorem 3.2.1, with the help of the Riemannian metric (-, )
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on Q([M/G]) we define the gradient vector field grad E of the stacky energy by the expres-
sion

(grad E(a), X)a = dE(X) = /S 1 n&, D X)dr, X € T.(Qu([M/G])).

From now on we suppose that the orbit space M /G is compact and connected. The
following properties are straightforward adaptations of the classical case, see for instance
[65, p. 22-24]. Let o, ' : S* — [M/G] be two stacky curves. The d..-metric between « and
o in Q°([M/G]) is defined to be

doo(v, @) = max dy(a(7), ' (1)).

Here dy denotes the normal pseudo-distance on M/ /G which can be recovered by using
the stacky length, see Equation (3.1). Observe that this metric is complete since dy is so.
In fact, this is consequence of M /G being compact, see [38, Cor. 20].

Lemma 3.2.3. Let o, € QQ([M/G]). Then
1. d%\/(Oé(To),Oé(Tl)) S ’7'1 — 7'0|2E(Oé).

2. d2 (o, ) < 2d3 (o, o) where dy is the distance on Qp,)([M/G)) derived from the Rieman-
nian metric (-, -).

3. |W2E(a) — 2E(c)] < dp(a, o).

4. The inclusion Q([M/G]) — Q°([M/G]) is continuous and compact, i.e. the image of every
bounded subset of QX([M /G]) has compact closure in Q°([M/G]).

5. Q([M/G)) is a complete metric space with respect to the metric dy.

Proof. Assertion 1. directly follows from Theorem 3 in [38] together with Lemma 3.2.1.
Assertions 2. and 3. follows by mimicking Propositions 1.4.2 and 1.4.3 in [65], respectively.
Note that the continuity in assertion 4. is consequence of item 2. The compactness can be
derived from the properties 1. and 3. by similar arguments as those in Lemma 1.4.4in [65].
Finally, as every Cauchy sequence is bounded, by item 4. together with the completeness
of d, we deduce that d, is also complete, compare Theorem 1.4.5 in [65]. O

More importantly, we have:

Proposition 3.2.3. The natural inclusions Q([M/G]) — Q°([M/G]) and Q3 1, ([M/G]) —
Qf 1, ([M/G]) are homotopy equivalences.

Proof. We shall closely follow the classical arguments from [88, s. 17] and Proposition 3.3.5
in [56], together with the necessary stacky facts from [38]. Let us denote either Q([M/G])
or Q1 1y ([M/G]) by P. For a positive integer k we let P, (resp. Fy) to be the subspace of P
(resp. P°) formed by stacky curves a presented by classes of cocycles (a,U*), where each
sub-intervals U} in U* satisfies the following requirements:

e for each j thereis 7; € U1 ; such that the interval [7;, 7;;1] has length 1/2¥, compare
with Remark 2 in [38] and Proposition 3.3.5 in [56], and

e a(7;) € M/G is the center of a “geodesically convex ball” containing the image of
moa;. Herew : M — M /G stands for the orbit projection. This ball can be constructed
as consequence of Proposition 18 and Theorem 19 in [38].
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The subspaces P, and Py are open and give rise to sequences of open subsets
PCPCPC--- and PFCP/CPjC---

whose union equal to P and P¢, respectively. Denoteby ¢ : P — P¢the canonical inclusion,
so that P, = .~ !(P¥). By using the properties described in Lemma 3.2.3 one can mimic the
construction from [88, p. 91] to continuously deform such « to another stacky curve @
presented by the class of cocycle (a,U*) where each @; ;_; is an orthogonal geodesic from
ajj-1(7j-1) to a;;_1(7;). Hence, passing to equivalence classes, we obtain a continuous
deformation of ¢|p, : P, — Pf which actually determines a homotopy equivalence. As P
and P¢ are given by the increasing union of the open subset P* and P¢ for k = 1,2, - -, it
follows that ¢ is itself a homotopy equivalence, see Appendix in [88]. O

As we already mentioned in Subsection 1.1.2, the Palais-Smale Condition (C) is the
crucial property which allows an extension of the classical Morse theory to the context
of Hilbert manifolds [102]. Therefore, our goal now is to show that the stacky energy
functional £ satisfies such a condition. That is, we need to check the following. Let {c,}
be a sequence of stacky curves in Q([M/G]) (or Q) ([M/G])) such that

e the sequence {£(a,,)} is bounded, and
e the sequence {||gradE(a,,)||a} tends to zero.

Then the sequence {w,} has limit points and any limit point is a critical point of F, i.e. a
stacky geodesic.

Proposition 3.2.4. The triple (X([M/G)), (-, -)a, E) satisfies the Palais—Smale condition (C).

Proof. The result follows mainly by using the properties exhibited in Lemma 3.2.3. On the
one hand, as {a,,} is a sequence on which E is bounded then from Lemma 3.2.1 it follows
that sup,, L(a,) < 00. Also, d (v, (7), 0, (0)) < L(v,) for all n > 0. This implies that the se-
quence {a,,(7)} is dw-bounded for all 7 € S*. But M/G is d..-complete, actually, compact,
so that {«,(7)} is relatively compact. On the other hand, by item 1. from Lemma 3.2.3 we
get that the sequence {«,} is equi-continuous. Therefore, from the Arzela—Ascoli’s theo-
rem it holds that (up to sub-sequence) {«,} has a d.-limit element (converges uniformly
to) ain Q([M/G]). Working locally, we may assume that all the elements of {«, } belong to
a domain (exp, U,), as those described in Proposition 3.2.2, and that they form a Cauchy
sequence with respect to the metric d... By arguing similarly as in the proof of Theorem
1.4.7 in [65], it follows that the sequence {X,, = exp~* «,} also form a Cauchy sequence
with respect to the metric d,. But d, is complete by item 5. from Lemma 3.2.3. Thus, we
obtain that {X,,} converges to exp~*(«), meaning that {«,,} dx-converges to a. Finally, by
Theorem 3.2.1 we get that « is a stacky geodesic since the sequence {||grad E(c,)|[s } tends
to zero. O]

The first interesting consequence we can get from the previous result is as follows.

Corollary 3.2.1. The set of critical points of E in the subspaces E(0, a] of either Q([M/G]) or
Qa1 ([M/G]) are compact for every a > 0.

Proof. Similar to Proposition 1.4.9 in [65]. ]
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Recall that M/G is compact. Hence, the negative gradient vector field —grad & gener-
ates alocal flow ®, on Q([M/G]) (or Q1 ([M/G])) whichiis defined for all A > 0, compare
Theorem 1.4.11 in [65]. More generally, it becomes simple now to transfer several results
and properties of —grad ' and its flow ® to our context without so many changes along
the proofs of the corresponding ones in the classical case. One of those results, which is
really important to our next purposes, has to do with the notion of ®-family, see Subsec-
tion 1.1.2 or [65, p. 32]. For convenience, we define again what this notion means. Let P
denote either Q([A//G]) or Qpp([M/G]) and let P* = {a € P : E(a) < a} be the set
level of £ below a € R. A ®-family is a collection A of nonempty subsets of P such that
E|4 is bounded on each A € A and A is closed under @ in the sense that if A € A then
®,(A) € Aforall A > 0. Pick a € R and choose ¢ > 0 such that F has no critical values in
(a,a + €]. We define a ®-family of P mod P“ to be a collection of nonempty subsets A of
P such that A is a ¢-family and each member of A is not contained in P**¢. Observe that
a ¢-family is always a ®-family of P mod P* for a < 0.

The critical value of ®-family .4 of P mod P* is defined as

a4 = inf sup El4.
A AeA P ‘A

The following result can be proven by mimicking the proof of Theorem 2.1.1 in [65].

Proposition 3.2.5. It holds that cy > a and there exists a critical point of o of E such that
E(Oz) = (X A.

As an important consequence we get that:

Corollary 3.2.2. The stacky energy E restricted to a connected component of P assumes its infi-
mum in some point and such a point is actually a critical point of E.

Proof. This follows by applying the previous result to the ®-family formed by the points
of a connected component of P and for a < 0. O

3.3 Existence of closed geodesics

Our aim now is to apply the results described in the previous sections to show the
existence of at least one stacky closed geodesic of positive length on certain separated
Riemannian stacks. The approach we shall follow comes motivated by some ideas due to
Guruprasad-Haefliger in [56] to attack this problem in the orbifold case.

Let us start by transferring the idea of fundamental group of G-paths to the context
of stacky curves. A (piecewise) smooth G-path is defined as a sequence of alternating
(piecewise) smooth paths v, : z; ~ y; in M and arrows g, : yr — %41 in G. We recom-
mend the reader to consult [93, s. 3.3] and [27, c. G; s. 3] to get familiar with this notion as
well as some of the results known around it. From Remark 2 in [38] we know that there
is a one-to-one correspondence between good cocycles for stacky curves in [M//G] and
smooth G-paths in M. On the one hand, given a good cocycle (a;;) for a stacky curve we
can build a smooth G-path by splitting the interval I after choosing 7, € Uy41 N Uy, and
then setting v, = ag|(r, ., and gx = aj41,6(7%). On the other hand, a smooth G-path gives
rise to a good cocycle by first extending g; to a smooth curve gy : (7, — €, 7 + €) — G such
that g, (7x) = g and then modifying 7, and 741 near 7 so as to agree with so g, and t o gy.
Even though these operations depend on choices they are well defined up to equivalence
classes of cocycles and small deformations of G-paths.

Let o, oy : [0, 1] — [M/G] be two stacky curves joining the points [z] and [y] in M /G.
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Definition 3.3.1. We say that o, and «; are stacky homotopic if the exists a stacky map
H :[0,1] x [0,1] = [M/G] determining a family H(-,\) : [0, 1] — [M/G] of stacky curves
with their endpoints fixed and equaling [z] and [y] for each A € [0, 1] and such that oy =
H(-,0)and oy = H(-,1).

Let Y = (U;) be a good open cover of [0,1]. As expected, by using the open cover
(U; x [0,1]) of [0,1] x [0, 1] we may think of a stacky homotopy H as the class of a good
cocycle ( Hj;) where Hj; : U; N U; x [0,1] — G is such that (Hj;(-,\)) determines both a
class of a good cocycle for the stacky curve ay = H(-,\) and a homotopy for the curves
forming the classes of good cocycles (a;; o) and (aj;1) presenting o and a4, respectively.
Therefore, after using standard formulas from homotopy theory it becomes clear that such
a notion of stacky homotopy allows to define an equivalence relation in Q; ,([M/G]).
More importantly, it is simple to check that the correspondence between classes of good
cocycles and small deformations of G-paths yields in turn a correspondence between this
notion of homotopy for stacky curves and the notion of G-homotopy for G-paths, see [93,
s. 3.3].

If o, 5 : [0,1] — [M/G] are two continuous stacky curves such that o(1) = 5(0) then
their concatenation is the continuous stacky curve o * 8 : [0,1] — [M/G] defined as
follows. Suppose that « and /3 are respectively presented by the classes of good cocycles
(aj;) and (bj;), supported over the open cover U, such that a;, (1) = b;,(0). This implies that
the usual concatenation a;, * b;, is well defined on U;, UUj,. Thus, o 3 is presented by the
class of the cocycle (c¢;;,U) where U is obtained from U by deletmg , and U;, and then by
adding Uiluio = U;, UU,,. Also, ¢j; = a;;LIbj; on U NU, = U;NU; for all i,] W1th at least one
of them different from the index that we denoted by i1 Uig and ¢;,ui, = @i, * bjy on Uy, Ui
Firstly, this operation does not depend on the choice of representants in the classes of the
good cocycles. Indeed, let {(a,U), (a’,U")} and {(b,U), (b',U’)} be two pairs of equivalent
cocycles presenting a and 3, respectively. For simplicity, we have assumed that o’ and ¥’
are also supported over the same open cover. Similarly, we suppose that /" is a common
refinement of ¢/ and U’ and that ¢,¢ : [[, U — G respectively induce isomorphisms
betweena|r,,,d|1,, : Iy» — Gand bl V|1, : Iy» — G. Therefore, by using the previous
construction with each of the pairs of cocycles (a,b) and (a’, V'), it follows that (c;;, U) and
(cijs U') are equivalent cocycles since " is a common refinement for I/ and ¢’ and the map

ox - [, UZ” — G, defined by ¢LI7) on U]”ﬂUl” = U/NU/ for all i, j with at least one of them
different from the index that we denoted by i, Uiy and by the concatenation ¢|, *w |\
iU

over U[{Um = U;; UU;, induces an isomorphism between c|;_,, |1, : Izn — G. For this last
statement to make sense, it is important to keep in mind that a;, (1) = b;,(0) and a; (1) =
b;,(0). Secondly, once again, by using standard results from homotopy theory it is simple
to check that if o, o’ and f3, 5’ are pairs of homotopic stacky curves such that «(1) = 5(0)
and o/(1) = 4'(0) then a * f and o * [’ are stacky homotopic as well.

From the above we deduce that it is possible to induce a group structure * on the set
I1; ([M/G], [z]) of all stacky homotopy classes of elements belonging to Qf \([M/G]). We
shall refer to this group as the stacky fundamental group of [M/G] at [z] € M/G. As
expected, the correspondence between classes of good cocycles and small deformations
of G-paths gives rise in to an isomorphism between II; ([M//G], [z]) and the fundamental
group of G-homotopy classes of G-loops at x € M, which is usually denoted by II; (G, z),
see [93, p. 188-189]. We shall assume the [M/G] is connected in the sense that any two
distinct points [z], [y] € M /G can be joined by a stacky curve. In this case it is simple to
check that I, ([M/G], [z]) and I1; ([M /G], [y]) are isomorphic, so that we can refer to any of
these groups as the stacky fundamental group of [M/G].
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Remark 3.3.1. It is important to point out that, in general, the stacky fundamental group
11, ([M/G], [z]) is not the same as the standard fundamental group of the underlying orbit
space II;(M/G, [z]). For instance, let I" be a discrete group acting properly on a simply
connected manifold M and let I'’ be the normal subgroup of I' generated by the elements
which have fixed points in M. If G = M stands for the action groupoid I' x M = M then
I ([M/G],[z]) =T and II; (M /G, [z]) = T/T?, see [6].

Before stating our main result in this chapter we need to introduce some additional
terminology. A Riemannian orbifold O is said to be developable it there exists a con-
nected Riemannian manifold A/ having a discrete subgroup of isometries I' such that O
is presented by the action groupoid I' x M = M. Recall that Riemannian structures over
such action groupoids can be obtained by using the gauge trick introduced in [40] and
orbifold geodesics are described as in Example 3.1.7. Guruprasad-Haefliger provided in
[56] existence results for closed geodesics of positive length, focusing on the case of non-
developable orbifolds. The case of developable orbifolds is known to be quite difficult and
existence results have been obtained only in particular cases, for instance:

e Dragomir showed in [43] the existence of closed geodesics of positive length on
compact developable orbifolds of nonpositive or nonnegative curvature, consult also
[44].

e Riemannian manifolds (orbifolds) all of whose geodesics are closed are known in
the literature as Besse manifolds (orbifolds) [18]. Amman-Lange-Radeschi proved
in [4] that any odd-dimensional Besse orbifold is a developable orbifold of the form
(M, n)/T for some Riemannian manifold M homeomorphic to a sphere, a Besse met-
ric 1, and some finite group of isometries of I" of (M, 7).

e The existence of closed geodesics of positive length on 2-orbifolds was shown by
Lange in [68, 69]. In particular, developable 2-orbifolds admits closed geodesics.

e Recently, Lange-Zwickler have proved in [70] that every odd-dimensional compact
Riemannian orbifold has a nontrivial closed geodesic. Remarkably, this result covers
the case of odd-dimensional developable orbifolds as well.

Remark 3.3.2. By the criterion for developability stated in [27, p. 613] we have that G =
M is developable, i.e. it is equivalent to the regular Lie groupoid associated to an action
of II;(G, xp) on a simply connected space F if and only if each point of £ has a simply
connected open neighborhood U such that: if g € G isnotaunitand s(g),#(g) € Uandifa :
[0,1) — U is a continuous path with a(1) = ¢(¢g) and «(0) = s(g), then the homotopy class
of the G-loop («, g) is non-trivial. Thus, if G = M is additionally proper then this turns
our to be a criterion for developability of orbifolds since II,(G, o) is discrete, meaning
that the corresponding isotropies are finite.

We are now ready to state our existence result.

Theorem 3.3.1. Let [M/G] be a separated Riemannian stack with M /G compact and [M /G be its
stacky desingularization. Then, there exists at least one closed stacky geodesic on [M /G| of positive
length if [M /G| satisfies one of the following conditions:

i. [M /G is not a developable orbifold,

ii. [M/G) is a developable orbifold for which the existence of closed geodesics is already known
in the literature. In particular, if its stacky fundamental group has an element of infinite order
or is finite.
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Proof. We shall only show the first assertion since the second one follows from the well
known results in the literature for the case of orbifolds after applying Proposition 3.2.1.
For this case we need to use all the machinery developed in the previous sections for reg-
ular proper Riemannian groupoids while mimicking step by step the proof of Theorem
5.1.1 in [56], thus applying once again Proposition 3.2.1. We shall sketch the main argu-
ments here for the sake of completeness. By Remark 3.3.2 it holds that there exists « € M
and a non-trivial element g inside the isotropy G, such that the stacky loop « associated
to the closed G-loop at « presented by (1, a, g), where a : [0,1] — M is the constant path
at z, is homotopically trivial. Therefore, there is a continuous path in Q([M/G]) joining
a to a point o’ presenting a constant stacky loop. Note that these two points are in dif-
ferent components of Q([M/G]) and, moreover, the components are all compact, compare
Corollary 3.2.1. The results proved in Subsection 3.2.2 can be used in a similar fashion to
prove an analog of Corollary 1.4.16 from [66] in our context, thus obtaining that the set of
points in Q([A /G]) for which the stacky energy is smaller than e, for various ¢ > 0, form a
fundamental system of neighborhoods of Q([M /G]). This implies that the family of paths
in Q([M/G]) joining « to o/ determines a ®-family mod Q([M/G]). Hence, the existence
of at least one closed stacky geodesic of positive length on [M /G] follows by applying
Proposition 3.2.5 and Corollary 3.2.2.

O

With the hope of describing other interesting results regarding the existence of closed
stacky geodesics of positive length it is expected to use Theorem 3.3.1 together with Mo-
erdijk’s classification result for regular Lie groupoids [90, 91], which says that any regular
Lie groupoid G fits into a short exact sequence K — G — E with K abundle of Lie groups
and F a foliation groupoid.



Chapter 4

Isometric Lie 2-group actions on
Riemannian groupoids

In this chapter we exhibit a deeper study of the notion of isometric action of a Lie 2-
group on a Riemannian groupoid which was introduced in Subsection 2.4.1 in order to
develop a 2-equivariant Morse theory over Lie groupoids.

We already know that Riemannian groupoid metrics invariant by the action of com-
pact Lie 2-groups on proper groupoids always exist. In particular, this implies that proper
Lie groupoids are 2-equivariantly linearizable around any invariant saturated submani-
fold. In this chapter we show 2-equivariant versions of the Slice Theorem and the Equiv-
ariant Tubular Neighborhood Theorem and construct bi-invariant groupoid metrics on
compact Lie 2-groups. Additionally, with the idea in mind of describing isometric Lie 2-
group actions infinitesimally, we introduce an algebra of transversal infinitesimal isome-
tries associated to any Riemannian groupoid metric which turns out to be Morita invari-
ant. Therefore, such an algebra gives rise to a notion of geometric Killing vector field on a
quotient Riemannian stack. As an important feature we prove that if the Riemannian stack
we are working with is separated then the algebra formed by such geometric Killing vector
tields is always finite dimensional. Throughout the sections we provide several examples
and transfer to this new setting some classical constructions such as principal connection
warpings and Cheeger deformations.

It is worth mentioning that most of the results mentioned in this chapter have already
been published in [59], so that they are reproduced with permission from Springer Na-
ture. Besides, such results were obtained in joint work with J. S. Herrera-Carmona.

4.1 Isometric Lie 2-group actions revisited

In what follows we will denote by K) = K@ a Lie 2-group, by (G = G 1) a
Riemannian groupoid, and by 6 = (61,0°) : (K x GV = KO x GO) —» (GH = GO) a
Lie 2-group action of KV = K on GV = GO,

Let us recall the main definition concerning this chapter.

Definition 4.1.1. A 2-action of K = K© on (G = G ) is said to be isometric if
the induced action of K® on (G®,7®?) is by isometries.

Some of the immediate consequences and results derived from the previous definition
come in order, see Subsection 2.4.1.

107



108 ISOMETRIC LIE 2-GROUP ACTIONS ON RIEMANNIAN GROUPOIDS 4.1

e The action of KM on (GW,n(V) is by isometries. Consequently, the action of K
(GO, n©®) is also by isometries.

e There exists a 2-equivariant weak linearization of G = G© around any K©-
invariant saturated submanifold in G

e Let KV = K be a Lie 2-group acting on a Riemannian groupoid (G = GO, 7).
If KU is compact then there exists another groupoid metric 7 on GV = G© for
which the Lie 2-group action # becomes isometric.

We warn the reader that for the sake of simplicity at several stages of this chapter will
be enough to consider only 1-metrics nV) on G so that in those cases we proceed by
supposing that K = K© acts isometrically on (G = G ) if K acts by isometries
on (GM, ). This is because the computations as well as the arguments will be both
canonical and analogous if we consider 2-metrics or even n-metrics in general. Indeed,
most of the notions and results we will introduce below shall have an analogous statement
if the simplicial approach from Remark 2.4.1 is considered.

Another interesting consequence that comes up from our definition of isometric Lie
2-group action is that we can pass to the quotient groupoid metrics provided that the 2-
action is additionally free and proper. This allows us to obtain examples of Riemannian
groupoid submersions as defined in [41, Def. 3.2.1]. Namely:

Proposition 4.1.1. If 0 is a free and proper isometric 2-action of KV on (GW ©) )
then there is a unique structure of Riemannian groupoid (G / KU :; G(O) JK© ﬁ) S0 that the
canonical projection m = (my,m) : (GY = GO) —» (GV/K® = GO/KO) becomes a
Riemannian groupoid submersion.

Proof. We carry out the proof for 1-metrics on G since the computations are analogous if
we consider instead 2-metrics on G®. We start by exhibiting the Lie groupoid structure on

W/KW® = GO /KO This fact was stated for instance in [52, Prop. 3.6] but without proof
so that we exhibit a proof of it by sake of completeness. It is well known that G /K
admits a unique manifold structure so that 7; (for j = 0, 1) is a surjective submersion.
We define source and target maps respectively as 3([g]) = [sc(g)] and ([g]) = [tc(9)]
for all g € G, As consequence of Identities (1.12) these maps are well defined and,
moreover, both of them are surjective submersions since ;, s, and t are so. We have
that ([g], [h]) € (G/K)® if and only if 3([g]) = #([h]) which in turn holds true if and only
if sq(g) = kotg(h) for some ky € K. Thus, we define m([g], [h]) = [mq(g, kh)] for some
k € KW such that tx (k) = k. It is simple to check that 72 does not depend on the choice
of k and it is well defined because of Property (1.13). This is also clearly smooth and
associative since mg is associative and Identity (1.13) is satisfied. The unit map and the
inversion are respectively defined by u([z]) = [ug(z)] and i([g]) = [ic(g)] for all 2 € G©
and g € GW. It is also easy to verify that these maps are well defined, smooth, and they
satisty the required groupoid conditions.

Consider, for j = 0,1, the induced Riemannian metric 70 = (7;).n"%) on G /K

making of 7; a Riemannian submersion. Moreover, note that

Lt = (fom)aW = (m oig)a® = (m)a® =7,
since ¢ is an isometry, and
5710 = (5om)n™ = (mo 0 56)n™ = (m0).n® = (mo o te)n™ = (fom)n™ =170,
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so that 3,7 = 1,75V = 7). Therefore, (G /KM = GO /KO 7)) with 7 = (), 75?) is
a Riemannian groupoid and 7 = (7, m) is a Riemannian submersion of groupoids, as
desired. O

As an application of Theorem 2.4.1 and Proposition 4.1.1 we can prove analogous state-
ments to those of the Slice Theorem and the Equivariant Tubular Neighborhood Theorem
in our setting. For that it is necessary to remember the classical notion of “slice” associated
to any Lie group action, see Definition 1.2.2.

Definition 4.1.2. Let § be a Lie 2-group action of K) = K on G = G, A groupoid
slice at 7y € G is defined to be a Lie subgroupoid S1ay = Say Of GV = GO guch that
Sz, and Si,, are standard slices at =, and 1,,, respectively.

The following result is clear.
Lemma 4.1.1. Take any xo € G). There are natural structures of:
o Lie 2-subgroup between the K -isotropy groups Isoa)(1,,) =3 Isokw) (x0), and
e Lie subgroupoid between the K-orbits KM -1, = K© . z,.
Therefore, our version of the Slice Theorem is as follows.

Proposition 4.1.2 (Groupoid slice). Let 6 be a proper 2-action of a Lie 2-group K'Y = K© on
a Riemannian groupoid (G = GO, n). Then there exists a groupoid slice Sy, = Sy, at each
To € G(O)

Proof. Let us consider the induced Lie 2-group action of Isoxa)(1,,) = Isoxw (z9) on
GY = GO, By applying Theorem 2.4.1 together with Remark 2.4.3 we may take the 2-
metric 7 on G and use it to construct another 2-metric 7 on G in such a way the Lie
2-group Iso ) (1,,) = 180k (70) acts isometrically on (GV) = G© 7). As in the classical
case [8, Thm. 3.49], we define S,, by setting S,, = exp\”) (B.(0)) where B,(0) is an open
ball of radius ¢ > 0 around the origin in the normal space v,,(K© - z,) to the K(©-orbit
through z( (normal domain).

As KW .1, = K© .z is a Lie subgroupoid of G = G(© we have a well defined Lie
subgroupoid v(K®W - 1,) = v(K© . zy) of TG = TG©® so that we may also consider
the Lie groupoid Vg, (o) = B.(0) where Vg, o) = %1;10 (B(0)) N %1;10 (B:(0)). Let us use the
groupoid metric 7 to identify (K™ - 1,) = T(K® -1,)* and v(K© . 24) =2 T(K© . 24)*.
By shrinking B (0) if necessary we may assume that V(o) is an open ball around the ori-
gin in the normal space T, (K - 1,,)* to the K-orbit through 1, on which ef(pg?o is

well defined. Therefore, we now set S;, = eﬁpgi)o (VB.(0))- Hence, by arguing with simi-
lar arguments as those used to prove the multiplicative property of the exponential maps
associated to a Riemannian 2-metric in [40, Thm. 5.11] together with the equivariant prop-
erty these exponential maps have, we conclude that 51, = S, is the Lie subgroupoid of
G = GO we are looking for. O

The previous proposition will be used in order to obtain a 2-equivariant Tubular Neigh-
borhood Theorem for the K-orbit groupoid KU - 1, = K© . z,. For that we need to
introduce some additional terminology regarding a notion of associated bundle in the
groupoid framework.

The following definition can be found for instance in [29].
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Definition 4.1.3. A principal 2-bund1e PW = PO over a Lie groupoid G = G with
structural Lie 2-group K = K© is given by the data:

e a Lie groupoid fibration 7 : (PN = PO) - (GM = G©) and
e aright Lie 2-group action of KV = K(© on P = PO,

such that m, : PY — GW is a principal K(V-bundle and 7 : P© — G© is a principal
K©-bundle.

By using this categorified notion of principal bundle we can introduce a natural con-
struction which gives rise to what we call associated groupoid bundle.

Remark 4.1.1. Let 7 : (PY) = PO) — (G = G) be a groupoid principal 2-bundle
with structural Lie 2-group K = K© and assume that there exists a left Lie 2-group
action of KV = K over another Lie groupoid F) = F© leen this data we can
construct two associated fiber bundles EV) := PU) x .., FY) over GU) for j = 0, 1. These
are deﬁned as the quotient spaces (P(j I xFU))/KY) With respect to the actions k; - (p;, f;) =
(pik; ' ki f5), forallk € KU),p; € PYand f; € FY), together with projections WJ([pJ,fJ])
7;(p;) onto G . It is simple to check that there exists a natural Lie groupoid structure
EW = EO for which the projection 7 : (B = E©) — (GY = G©) becomes a Lie
groupoid fibration. The source and target maps are the obvious ones, namely:

se([p, 1) = [sp(p),sp(f)]  and  tu([p, f]) = [tr(p), tr(f)];

and the groupoid composition is defined as follows. If sg([p, f]) = tr([g,{]) then there is
ko € K© such that (Sp(p)]{?al, /{ZQSF(f)) = (tp(q), tF(l)) So, we set

me([p, f1,l¢.1]) = [(pk™") * ¢, (kf) = 1],

for some k inside the sk-fiber at k. From Formula (1.13) it follows that the latter equality
is well defined and that it does not depend on the choice of k € sj' (ko). Furthermore,
the same formula and the associativity of mp, mr together imply the associativity of the
composition mg. As expected, the inversion iy and the unit map up are defined in the
obvious way.

It is worth mentioning that a particular case of this construction can be found in [62,
Lem. 9.1.2].

Let § be a proper Lie 2-group action of KY) = K on GV = G(©. From Lemma 4.1.1,
Proposition 4.1.2, the quotient construction described in Proposition 4.1.1, and Remark
4.1.1 we easily deduce that:

Lemma 4.1.2. There is a principal groupoid 2-bundlet : (KW = K©) — (KW /Iso ) (1,,) =
K© /1500 (20)) with structural Lie 2-group 130 (14,) = 180 k) (z0), yielding an associated
groupoid fibration

(KW X150, (1) (Lag) Sy = KO X150, (o) (z0) o) — (KW /1500y (14,) = K9 /Iso g (0)),
with groupoid fiber Sy, = S,

Let us now consider the classical K-invariant tubular neighborhoods Tub!(KM-1,,) =
0' (KW, Sy, ) and Tub?(K©.z4) = 0°(K©), S,) of K- 1, and K9 - 2, respectively. Note
that we have emphasized the inclusion of 7} and ¢, from the proof of Proposition 4.1.2, at
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the definition of the above tubular neighborhoods since the existence of our groupoid slice
relies on them. It is clear that Tub?(K™ - 1,,) = Tub?(K© - z,) is a Lie subgroupoid of
G = G and that the 2-action 0 restricts well over it. Furthermore, Tub?(K™ - 1,) =
Tub? (K - 2,) determines an open Lie groupoid neighborhood of the K-orbit groupoid
KW .1,, = KO . .

We can state our version of the Equivariant Tubular Neighborhood Theorem in the
following way:

Theorem 4.1.1 (Equivariant groupoid tubular neighborhood). Suppose that 6 is a proper
2-action of a Lie 2-group KW = K© on a Riemannian groupoid (G = G ). Then, for
every vy € G0 there exists a 2-equivariant Lie groupoid isomorphism

U (K o (100) Sty = K Xio_ gy (20) o) = (Tub?(K - 1,) = Tub? (K - ).

Proof. First of all, the left Lie 2-group action of KV = K© on KW X150, (1) (Leg) Stag =
K®© Xlso, (o) (w0) Oz, We Will consider in this case is the one given by kj - [ky, fi] = [kikj, £5]

forall k;, k; € KU and f; € S; for j = 0, 1. Here we are denoting Sy = Sy, and Sy = S,
The Lie groupoid isomorphism V is defined as

W ([ks, f3]) = 07 (K, £;).

From the proof of Theorem 3.57 in [8] we already know that ¥/ is a K/)-equivariant
diffeomorphism. Thus, we only have to check that ¥ defines indeed a Lie groupoid mor-
phism. By using the structural maps defined in Remark 4.1.1 we have that

(P 0 sp)([k, ) = W ([sx (k). sa(f)]) = sx(k)sc(f) = sa(kf) = (s o W')([k, f]).

We can similarly obtain that U° o ¢ = t; o ¥'. Moreover, by applying Formula (1.13) we
get
1 —1

Uik, fl= K1) = WH[(kE )« K (Kf) = 1]) = (k) &) - ((Kf) = 1)
= (kf) = (K1) = W[k, f]) = U ([K,1]).

Hence, the result follows as desired. O

It is well known that the classical equivariant tubular neighborhood theorem can be
used to study orbit types of proper actions, thus determining a way to induce stratifica-
tions for the manifold as well as for the corresponding orbit space [2, c. 3]. In our case we
can stratify the Lie groupoid we are working with by topological subgroupoids as follows.

Remark 4.1.2. We say that 7y and y, in G(°) have the same K-orbit type if there exists a Lie
groupoid isomorphism ® between KV . 1,, = K. z5and KM -1, = K© .y, such that
®! is KW-equivariant. This automatically implies that ®° is K(V-equivariant, so that we
are actually speaking about a 2-equivariant isomorphism. It is clear that this K-orbit type
requirement defines an equivalent relation ~ on G for which we denote by G, the
equivalent class at 75 € G(*) associated to such a relation. We claim that G, is saturated
in G, that is, s;' (G,,)) = tg' (G,)- If g € s5'(GF,)) then sa(g) ~ o so that there is a
2-equivariant isomorphism between KV - 1, ,,) = K9 - s¢(g) and KM - 1,, = K© . z,.
It is simple to check that ®, defined by ®; (k1)) = klss(g) and ®9(kota(g)) = kosa(g)
defines another 2-equivariant isomorphism between KW - 1, ;) = K - t4(g) and KO -
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L, = K9 - s5(g) so that by taking ® o ®, we conclude that tc(g) ~ xo The other
inclusion may be similarly checked. Thus, by setting G )= _1(G” ) = (G;O))
obtain a collection of topological groupoids {G(; ) =66 0) J20eG© whlch stratlﬁes the L1e

groupoid GV = G This is because at the level of ob]ects and arrows we are recovering
the usual “local K-orbit type stratification” of the corresponding proper actions, see [2, s.
35].

The previous observation suggests that by combining classical ideas from [8, s. 3.5]
with some of the results obtained in this section it could be possible to show that each of
the G7, ) = G, is a honest Lie subgroupoid. Nevertheless, the local K-orbit type notion
from the classmal case does not extended directly in our case. We conjecture that our guess
is true. That is, G{; ) = G, is Lie subgroupoid of GtV = G for all 2y € G

4.1.1 Orthogonal Lie 2-groups

In this short subsection we derive another application of Theorem 2.4.1 which has to
do with the construction of groupoid bi-invariant Riemannian metrics on compact Lie 2-
groups. To simplify computations, here it will be enough to consider only 1-metrics. Let
K® = K© be a Lie 2-group and consider the pairs L = (L, L°) and R = (R, R°) where
L’ and R’ for j = 0, 1 are respectively the actions of K'Y on itself determined by left and
right multiplications. It is simple to check that as consequence of Identity (1.10) and the
fact that the structural maps of K’ = K are Lie group homomorphisms it follows that
L and R determine left Lie 2-group actions of K(!) = K© on itself.

Definition 4.1.4. A Lie 2-group KY) = K(© is said to be orthogonal if it may be equipped
with a 1-metric for which both L and R are isometric Lie 2-group actions. Such a 1-metric
will be called bi-invariant.

Throughout this subsection we think of 1-metrics on a Lie 2-algebra £) = £(©) as pairs
of inner products () = ((, YD (-, )O) verifying the required conditions of 1-metric.
Let KO = KO be a Lie 2-group with respectlve Lie 2-algebra E = £, We denote
by Ad = (Ad', Ad’) the Lie 2-group action of K) = K(© on ) = £© determined by
the adjoint actions Ad” of K?) on €V for j = 0, 1. This 2-action will be called adjoint Lie
2-group action of K() = K(©,

The following result is expected.

Proposition 4.1.3. A Lie 2-group KV = K© is orthogonal if and only if there exists a 1-metric
(-, -) on its Lie 2-algebra V) = €O for which the adjoint Lie 2-group action is by linear isometries.

Proof. Tt is clear that if 7 is a bi- invariant I-metric on K" = K© then 77@ = (n.,n%),
where ¢; is the identity element in K9, defines a 1-metric on ¢ = £© for which the
adjoint Lie 2- group action is by linear 1sometr1es. Conversely, given such a (-, -), we define
non KM = K© by setting
i (v, w) = (L )e(v), d( L) (w)) .
The metric n'* has a similar defining formula but using L° and (-, )¥) instead of L'
and (-, -)M. It is clear that ") is bi-invariant. Therefore, it remains to prove that  defines
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indeed a 1-metric. Firstly, for k € K1) and v, w € T, K) we have

(v, w) (k) = (d(Ligy-1)iw (din(v)), d(L< i) (dzk( DI
= (d(L; 1)02) (v),d( -1y )k(w)>
= (d(i o Ly-1)k(v), d(zoLk Di(w))
= (dic, (d ( (V) diey (A(Li-1)(0))D = 0 (v, 0) (k).

Secondly, let ki, € K© and v, w € T}, K (0. Itis clear that there are @, W € ker(ds(k)) ™
with s(k) = ko such that ds(0) = v and dsy(w) = w. Thus

(se1) (0, w)(ko) = n'"(0,@)(k) = (d(Li-1)w(0), d(Lj- )i (@ )>()
dsey (A( L1 )1 (D)), dse, (d( Ly )i ()
,d(soL Dr(@))®

0), d(Lyr o s)e(@))"”

(Lo ko () = 1 (v, w0) (ko)

Analogously, t,nV) = (). So, the result follows. O

Let us now describe orthogonal Lie 2-groups infinitesimally. To simplify things from
now on we assume that the Lie groups we are working with are connected. Recall that
bi-invariant metrics on a Lie group are in one-to-one correspondence with inner products
on its Lie algebra for which the adjoint representation determines infinitesimal isometries,
consult Section 1.2 and [86, 88].

Definition 4.1.5. A Lie 2-algebra £) = £(©) is said to be orthogonal if it admits a 1-metric
() = ((-,YD (-, YO for which the adjoint representation ad" : £!) — Der(¢")) acts by
infinitesimal isometries on (£, (-, -)().

As a consequence of Proposition 4.1.3 and [88, Lem. 7.2] we get:
Corollary 4.1.1. A Lie 2-group is orthogonal if and only if its Lie algebra €V = €©) is orthogonal.
More importantly, from Theorem 2.4.1 and Corollary 2.4.1 we obtain that:

Corollary 4.1.2. Every Lie 2-group KV = K© with K compact can be endowed with a
bi-invariant 1-metric.

We may also compare the infinitesimal object introduced in Definition 4.1.5 with an
existing notion of L-orthogonal crossed module of Lie algebras already known in the lit-
erature. Namely, given an orthogonal Lie 2-algebra £) = £(© we may split (1) as a direct
sum of ideals ¢V = h @ h'* where h = ker(s). As the unit map u is a canonical bisection
we would expect that u(z) € ht1 for all z € £ but, however, this is not true in general un-
less we assume “non-canonical” identifications. We say that an orthogonal Lie 2-algebra
is trivial if b1 = u(£(?). This notion comes up by the following simple result.

Proposition 4.1.4. If ¢ = ¢ is a trivial orthogonal Lie 2-algebra then ad,, |, = 0 for all
z € €O In consequence, b is abelian and im(t|y,) is a subspace of the center of £©)

Proof. On the one hand, note that for any y € h and 2 € £ one gets

(ad ) (1), ) = (u(x),ad, (2)) = 0,
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since b is an ideal. Thus, as (-, -)(!) is nondegenerate we get that ad,, |, = 0 forall = € £©.

On the other hand, for all y, ' € h and x € £ it follows that [y, 3] = adi(t(y))(g/ ) =0and
0 = t([u(x),y]) = [z, t(y)] since ¢ is a Lie algebra homomorphism. O

This fact in particular implies that the crossed module of Lie algebras associated to a
trivial orthogonal Lie 2-algebra is of the form (¢, b, 0,0) with h an abelian Lie algebra. In
addition to that, it motivates the observation below.

Remark 4.1.3. Suppose that we have a crossed module of Lie algebras (¢, 5,0, £) which
is L-orthogonal in the sense of [9, 47]. That is to say, there are inner products (-, -)¢ and
(-, -)p such that the Lie algebra representation £ : ¢ — Der(h) acts by infinitesimal isome-
tries on (b, (-,-)y) and the adjoint representation of £ acts by infinitesimal isometries on
(€, (-, )¢). Note that because of Formulas (1.11) this directly implies that the adjoint rep-
resentation of b acts by infinitesimal isometries on (b, (-, -)5). On the one hand, recall that
the associated Lie 2-algebra constructed with the crossed module data has ¢V = h x ¢
with Lie algebra structure provided by the semi-direct product with respect to £. There-
fore, a straightforward computation allows us to conclude that the adjoint representation
of ¢! acts by infinitesimal isometries with respect to (-, -), + (-, -)¢ if and only if £ = 0. On
the other hand, since the inversion i : ¢ — £ is given by i(z,y) = (—z,y + d(z)) for all
z,2’ € hand y,y € tthen it follows that i is an isometry with respect to (-, -)y + (-, -)¢ if and
only if 9 = 0. As consequence, we have noticed that there is no canonical correspondence
between our notion of orthogonal Lie 2-algebras and the notion of £-orthogonal crossed
module of Lie algebras which is known in the literature.

4.1.2 Examples and related constructions

In this short subsection we exhibit some examples and interesting constructions in
which isometric Lie 2-group actions naturally appear.

Example 4.1.1. As expected, classical isometric actions of Lie groups K on Riemannian
manifolds (M, n) are recovered from isometric Lie 2-group actions of unit Lie 2-groups
K = K acting upon unit Riemannian groupoids (M = M, 7).

Example 4.1.2. Let (G = G 1) be a Riemannian groupoid for which there exists a
complete multiplicative Killing vector field (¢,v) on GV = G©. Here we consider ¢ a
Killing vector field on (G, nV) and v a Killing vector field on (G, n(®). From [81, Prop.
3.5] we know that the pair of flows defined by (¢, v) determine global automorphisms
on G = GO so that we get a well defined isometric Lie 2-group action of R = R on
(GY = GO p). In particular, the flow of the multiplicative vector field ((1¢)cw), Eqo)
formed by the fundamental vector fields of an isometric Lie 2-group action determines
another isometric Lie 2-group action.

Example 4.1.3. Let K be an orthogonal Lie group and H < K be anormal Lie subgroup. It
is clear that H acts on K by left multiplication, leading to the action Lie groupoid H x K =
K. Note that its space of arrows has a group structure, namely the semi-direct product by
the conjugation action ¢, (h) = khk™! of K on H so that we get a well defined Lie 2-group,
see Example 1.3.29. More importantly, by applying the gauge trick construction behind
Proposition 4.7 and Example 4.9 in [40] we conclude that it is possible to cook up explicitly
a 1-metric on H x K = K made out from the initial bi-invariant metric on K, in such a
way it becomes an orthogonal Lie 2-group.



4.1 ISOMETRIC LIE 2-GROUP ACTIONS REVISITED 115

Example 4.1.4. Let (M, F) be a regular Riemannian foliation and consider a free and
proper isometric foliated action K x (M, F) — (M, F) of a Lie group K. From [52, Thm.
3.7] itis known that the Lie 2-group K x K = K, as defined in Example 4.1.3, determines a
canonical Lie 2-group action on the holonomy groupoid Hol(M, F) = M of (M, F) which
extends the given action of K on M. The Riemannian metric on M completely determines
a 0-metric on Hol(M, F) = M which can be extended to a 1-metric [40, Ex. 3.12]. Hence,
the fact that K acts on M isometrically implies that the extended Lie 2-group action of
K x K = K on Hol(M, F) = M is by isometries.

Example 4.1.5. If (M,7(?) is a Riemannian manifold then ") = 7(® @ n© defines a 1-
metric on the pair groupoid M x M = M. Thus, if K is a Lie group acting freely, properly
and isometrically on (M, 7”)) then the unit Lie 2-group K = K acts isometrically on
M x M = M and, in light of Proposition 4.1.1, it follows that the quotient groupoid
(M xM)/K = M/K canonically inherits a 1-metric. If X admits a bi-invariant metric then
the previous procedure yields an easy way to construct 1-metrics on the gauge groupoid
associated to a principal K-bundle over a Riemannian manifold, see Example 4.1.6 below.

For the next construction we need to introduce the notion of multiplicative 2-connection
on a groupoid principal 2-bundle as defined for instance in [29, s. 5].

Definition 4.1.6. Let 7 : (P = P©) — (G = G)) be a groupoid principal 2-bundle
with structural Lie 2-group K) = K. A multiplicative 2-connection on P = P© is
defined to be a pair w = (w', w’) where:

o W € QY(PU) £0)is a connection 1-form on PY) for j = 0, 1, and
o w: (TP = TPO) = (¢1) x PO = £ x P©) defines a Lie groupoid morphism.

Here TP = TP has the tangent groupoid structure and £ x P = £©) x P has
the product groupoid structure, where £!) = £ stands for the Lie 2-algebra associated
to KW = KO,

Example 4.1.6 (Principal groupoid warping). Suppose that we have a principal groupoid
2-bundle endowed with a multiplicative 2-connection as in the previous definition. Let us
further assume that G = G is equipped with a 1-metric and that KV) = K© is an
orthogonal Lie 2-group. Motivated by Example 1.2.1 we claim that there exists a 1-metric
non PO = PO for which the Lie 2-group action of K = K© is isometric and such
that 7 =: (P = PO) — (G = GO) is a Riemannian groupoid submersion. Indeed,
consider the associated Ad-invariant 1-metric (-,-) on the Lie 2-algebra £) = £© and
define
7 (v, w) = 7O (dm (v), dmy(w)) + (W (v),w! (w)) V.

The metric 7 is similarly defined by using instead 7, m, (-, )%, and &°. It is sim-
ple to check that this expression yields a well defined right K /)-invariant metric on P\/)
for which 7; : PY — GU) becomes a Riemannian submersion, for j = 0, 1. Recall that
this is because 7; is constant along the action orbits, w’ is of Ad’-invariant type, and
ker(dm;)" 79 = ker(w), compare [98, p. 467]. Let us verify that 77 = (7!, 7)) determines
a 1-metric on P = PO Note that, by abusing a little on the notation, we may rewrite
7Y in a simpler way as ') = (7;)*n) + (w’)*(-,-}\9). So, on the one hand we get

)T = (moip)n® + @' oip)' (90 = (i o m) ) + (dix)e, 0w') ()
= (m) )+ @) =7,
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since both 7 and w are Lie groupoid morphisms. On the other hand, if v € ker(d(sp),) "
then it is simple to verify that the identities myosp = sgom and w®osp = d(sk)e, ow' imply
that d(m),(v) € ker(d(sa)m @) " and w'(v) € ker(d(sk)e,) ¢". Let us pick vy, vy €
ker(d(Sp)p)LW“). Thus,

70 (dsp(p) (V1) dsp(P)(12)) = 18, (A(T0)sp ) (dsp (D) (v1)), d(0) sy (s p (p) (12))
{w <d3p<p><v1>>,w°<d3p<p>< 2)))®
0 s (o) (A5G )y (A1 (P) (1)), <5c>m<p><dm< )(v1))
+ <d<sK>el<w1 (5K )er (W' (v2)))©
= 0, (dmi(p)(vr), dmi(p)(v1) + (W' (v1), 0" (v2))©
_ ﬁ(l)(vl,w

+

Analogously, it follows that (tp).7!) = 7%). Hence, we have shown that (P(Y) = P©) 7)
is a Lie groupoid equipped with a 1-metric 7} for which K" acts isometrically on (P, %)
and such that 7 is a Riemannian groupoid submersion, as claimed.

After performing similar computations it is simple to verify an analogous result for 2-
metrics instead Namely, let us now suppose that G can be endowed with a 2-metric n®
and that K® admits a bi- 1nvar1ant 2-metric with associated Ad-invariant 2-metric (-, -)(?
on £2). If w? : TP® — ¢@ 2) denotes the induced connection 1-form by w on the
principal bundle 7, : P?) — G(Q) With structural group K® then the formula

ﬁ@)((vv w)? (Ulv w/>> = n(2)(d7r2(v, w)v d7T2<U/7 ’LU/>> + <w2<vv w)? w2<vlv wl>>(2)>

defines a 2-metric on P® for which the action of K® on (P®,7?) is by isometries and
o becomes a Riemannian submersion.

A particular example in which the previous construction applies is the following.

Example 4.1.7. Let (G = G(© ) be a Riemannian étale groupoid with n = dim G(©) =
dim GM. We denote by m : O(GW) — GO and 7r0 0 O(G®) — GO the principal
O(n, R)-bundles of orthonormal frames over (G( ), n)) and (G(O n®), respectively. There
exists a canonical Lie groupmd structure O(G! ) :§ O(G©) with the property that 7 :
(O(GY) = O(G®)) - (GV = G©) becomes a principal 2-bundle with structural Lie
2-group O(n,R) = O(n, R). Moreover, it admits a canonical multiplicative 2-connection
w = (w',w’), where w and w" are respectively determined by the Levi-Civita connections
on (GW W) and (G, 1®). The source and target maps of O(GY) = O(G?) are given
by

§(vi, -+ ,vn) = (ds(vy),--+ ,ds(vy)) and  t(vy,---,v,) = (dt(v1), -, dt(v,)),

and the composition is

m((v1, -+, vn), (Ui, T 702)) = (dm(vl’ﬂll)v cee dm(vy, U’l,?))
The other structural maps can be easily defined in a similar fashion. Note that the
principal groupoid warping construction from Example 4.1.6 can be applied in this case.

Next construction comes motivated by a beautiful notion known in the literature as
Cheeger deformation, visit Example 1.2.2. The details for the classical construction can be
found for instance in [8, s. 6.1].
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Example 4.1.8 (Cheeger groupoid deformation). Suppose that (K = K(© (., .})isan or-
thogonal Lie 2-group, with K compact, acting isometrically on a Riemannian groupoid
(GY = GO ). On the Lie groupoid product GV x KU = G x K we can consider
the 1-metric n & (-, -). There is a natural free Lie 2-group action of K = K© on the
product groupo1d GO x KO = GO x K© where the K)-action on GO x K for j=10
is given by

K- (95, k;) = (Kigj, Kik;), 9; €GY and K k€ KY. (4.1)

We claim that the quotient groupoid ol ;(fff Q= G<OKX(§)( @ determined by the previ-

ous actions is isomorphic to G = G©. Indeed, let us consider the groupoid principal

2-bundle K M) = K© over the point groupoid {e,} = {ey} with structural Lie 2-group
KW = KO As an apphcatlon of Remark 4.1.1 we know that by using the Lie 2-group
action of KV = K @ on G = G we can construct the associated Lie groupoid bun-
dle (G ><K<1) KO = GO xp0 KO) — ({1} = {eo}). It is important to notice that
GO x oy KO = GO x ) KO is precisely the quotient groupoid & Kx(ffm = G(O;(X((ff =
Therefore, as the new Lie groupoid bundle has groupoid fiber G = G© and base
groupoid {e;} =3 {eo} then we have the desired isomorphism. Under this identification
the canonical groupoid projection 7 = (G x KO = GO x K©) — (G = GO) is
formed by the maps 7;(g;, k;) = k; ' g;.

Some interesting properties derived from the facts above come in order below.

e The Lie 2-group action (4.1) is also isometric. Thus, as consequence of Proposition
4.1.1, there is a unique 1 metric n, on GY = G making of the projection 7 =
GV x KO = GO x KO pg L)) = (GY = GY n,)aRiemannian groupoid
submers1on

e The original Lie 2-group action of K) = K@ on (G = G p) is also isometric
on (G = G 7n,). Indeed, there is another isometric Lie 2-group action of K) =
K©® on (GY = GO n,) given by the formula

Ky (g5, k5) = (g5, kiky™h), 5 =0,1.

This 2-action commutes with the 2-action (4.1). Hence, it descends to an isometric
Lie 2-group action on the corresponding quotient groupoid (G = G, 5,) since
m is a Riemannian groupoid submersion. Note that &/ - 7;(g;, k;) = kjk; 'g; = m; (k) =
(g, kj)) for j = 0,1, so that the Lie 2 group action induced by « is the original Lie

2-group action of K W) = KO on GO 2 GO

e By construction 7, goes to 7 as T goes to co. More importantly, the 1-parameter fam-
ily of 1-metrics , on G = G(© varies smoothly with 7 and extends smoothly to
T = 0 with ny = . Hence, n, with 7 > 0 is a deformation of 1 by other (K" = K©))-
invariant 1-metric on G = G(® which we certainly call Cheeger groupoid defor-
mation of 7.

Example 4.1.9 (2-Equivariant Morse theory on groupoids). As we showed in Section 2.4,
this notion of isometric Lie 2-group action can be used to develop a 2-equivariant Morse
theory over Lie groupoids in a natural fashion. Actually, this was the initial motivation we
had for establishing such a notion.
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4.2 Geometric Killing vector fields

Recall that for any Lie group K acting isometrically on a Riemannian manifold (M, n©)
it holds that the fundamental vector field of each element in the Lie algebra £ of K deter-
mines a Killing vector field on M. In consequence, we get a Lie algebra homomorphism
from ¢ to the finite dimensional Lie subalgebra o(M,7(")) < X(M) of Killing vector fields
on M, i.e. an infinitesimal action by isometries, see Subsection 1.2.1. The aim of this section
is to bring an infinitesimal description of an isometric Lie 2-group action. Our approach
will lead us to study an algebra of transversal infinitesimal isometries associated to any
Riemannian n-metric on a Lie groupoid. It turns out that these transversal isometries will
give rise to a notion of geometric Killing vector field on a quotient Riemannian stack. Some
of the references we shall be following throughout are [80, 100] and [5, App. D].

Let us start by describing any Lie 2-group action in terms of a morphism of Lie 2-
groups. To do so, we have to explain first what would be our attempt to set the diffeo-
morphisms group of a Lie groupoid. One of the key ingredients we need is the notion of
bisection of a Lie groupoid, consult for instance [108] and [80, s. 1.4].

Definition 4.2.1. A bisection of a Lie groupoid G = G is a smooth map o : G —
GW such that s¢ o 0 = idg ) and the map ¢, : G — G© defined by (,(z) := tg(o(z)) is
a diffeomorphism. The set of all bisections of G} = G©) will be denoted by Bis(G).

It is well known that Bis(G) has the structure of an infinite-dimensional Lie group
where the multiplication of two bisections ¢ and ¢’ is given by

oced'(z):=0c(tgod)(x)) xo'(x), ze€GO,

Let us denote by Aut(G) the group of Lie groupoid automorphisms of GV = G,
That is, the set of all Lie groupoid isomorphisms from G*) = G© to itself with the group
structure induced by the composition of maps. We may also think of Aut(G) as an infinite-
dimensional Lie group whose structure is induced by that of Diff(G”)) and Diff(GW).
On the one hand, given any bisection o : G(® — G one has an inner automorphism
I, : GY — GW defined by

I5(9) = o(ta(g)) * g * ic(o(sc(9)), g€ G (4.2)

It is simple to check that I, covers the diffeomorphism ¢, : G — G© from Definition
4.2.1 and that we get a well defined Lie group homomorphism I : Bis(G) — Aut(G)
by sending o — (/,,t,). On the other hand, there is a Lie group homomorphism « :
Aut(G) — Aut(Bis(G)) given by oe4)(0) == P oo o ¢! forall (P,¢) € Aut(G) and
o € Bis(G). More importantly, as proved in [5, App. D], we obtain that:

Lemma 4.2.1. The quadruple (Aut(G), Bis(G), I, o) defines a crossed module of Lie groups.

Such an object shall be called the crossed module of automorphisms of GV = G,
Accordingly:

Definition 4.2.2. The Lie 2-group of groupoid automorphisms of G = G© is defined
to be the Lie 2-group Bis(G) x Aut(G) = Aut(G) associated to the crossed module of Lie
groups from Lemma 4.2.1.

One interesting property we can obtain of such a Lie 2-group is provided right below.
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Proposition 4.2.1. The orbit space of the Lie 2-group of groupoid automorphisms equals the set
of Lie groupoid automorphisms up to smooth natural equivalences:

Aut(G) /Bis(G) = {[cp] 1® e Aut(G), T~d o3, (\1/ < @)} .

Proof. Let us first describe the orbit of an element in ® € Aut(G) covering ¢. If we pick
o € Bis(G) and another ¥ € Aut(G) covering ¢ such that /,(®) = U then it follows that

V(g) = I:(®(g)) = a(¢(talg)) * B(g) * ic(o(d(sc(9)))),

for some g € GW so that ¥(g) * o(é(sa(g))) = o(d(ta(g))) * ®(g). Therefore, by setting
o = 0 o ¢ we get a smooth natural transformation ® = . Conversely, note that if & = ¥
is a smooth natural transformation then for some g € G it holds a(tg(g)) * ®(g) =
U(g) *a(sa(g)), thus obtaining that t¢(®(g)) = sa(a(te(g))) and s¢(V(g)) = ta(a(sa(g)))-
On the one hand, by setting o := a0 ¢! it follows that sg o 0 = id ;). On the other hand,
observe that

U(sa(9)) = talalsa(9))) = ta(o(d(se)))(9) = to(d(sa(9)))-

This identity implies that ., = 1) o ¢! so that ¢, is a diffeomorphism. O

A couple of examples which reflect the naturality of the previous result are the follow-
ing.

Example 4.2.1. If K = x is a Lie group then Bis(K) ~ K. We may think of Bis(K) as
the subset in Aut(X’) determined by conjugations with respect to the elements in K. This
implies that the crossed module of automorphisms of K is (Aut(K), K, j, ¢) where j is the
inclusion and cis the identity representation. Thus, the orbit space Aut(/K)/K corresponds
to the set of automorphisms of K up to conjugations. That is, the outer automorphisms of
K.

Example 4.2.2. Let 7 : M — N be a surjective submersion and let M xy M = M de-
note its corresponding submersion groupoid. A straightforward computation shows that
Aut(M xy M) is in one-to-one correspondence with Aut(7) which stands for the set of
pairs (f,f) € Diff(M) x Diff(N) commuting with 7 and that Bis(M x y M) corresponds
to Gau(r) that is the set of pairs (f,id) € Aut(r). In this case the crossed module of au-
tomorphisms of M xy M is (Aut(w), Gau(r), j,c) where j is the inclusion and c is the
representation by conjugations. Therefore, the orbit space

Aut(M x M)/Bis(M xy M) ~ Aut(w)/Gau(r) ~ Diff(N),,.

Here Diff(N),, stands for the set of diffeomorphisms ¢ : N — N such that the pullback
fibration ¢*M — N is isomorphic to the fibration 7 : M — N.

Let us now consider a Lie 2-group K = K© acting on G = G© from the left. In
order to describe this Lie 2-group action infinitesimally we need to reinterpret it in terms
of a morphism of Lie 2-groups, or equivalently, a morphism of crossed modules of Lie
groups. With this idea in mind we show the following results.

Lemma 4.2.2. The normal subgroup H = ker(sy) acts on GV = G© by bisections and K©)
acts by Lie groupoid automorphisms. Moreover, the right multiplication map defined on sg-fibers
for each arrow is H-equivariant.
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Proof. Pick any h € H and define the map o, : G — GW as oy, (z) := hl,. It is clear that
sg(on(x)) = xand tg(on(z)) = tx(h)x = ng(h) (z) so that oy, is a well defined bisection. Let
us now take ky € K and define the map ¥, : GV — GM as ¥y, (g) := 14,9. Equation
(1.13) implies that

L (9% 9") = (T % 1io ) (9 % §') = (1ro9) * (1ke9"),

for all ky € K9 and (g,¢') € G?, thus obtaining that 3, : G — G is a Lie groupoid
morphism, covering 6}, : G© — G, which clearly satisfies (3;,) ™" = ¥ -1. Note that
sa(hg) = sg(g) forall g € GM) and h € H so that the left action of H on G preserves the
s-fibers. Therefore, for each i <~ x the right action R, : s;'(y) — s'(x) satisfies that

Ry(hg') = (hg') * (Legg) = (h* 1e,)(g % ¢') = hy(d).
In consequence, R, is H-equivariant as claimed. [

It is clear that the same result can be obtained if we consider right 2-actions instead of
left ones. Let (K, H, p, ) denote the crossed module of Lie groups associated to K 1) =
K©, Then:

Lemma 4.2.3. There is a natural morphism of crossed modules of Lie groups (o, X) : (K, H, p, o) —
(Aut(G), Bis(G), I, o) where o}, and Xy, are defined as in Lemma 4.2.2.

Proof. Let us check that ¥ o p =1 oo and o4, 1) = sy, 00 y(on) forall kg € K'and h € H.
0
Firstly, for g € G and h € H we obtain

I, (9) = on(ta(9)) * g *ic(on(sa(g))) = (hlig)) * 9) * ic(hls )
= ((h*e1)(ligg) * 9)) * ic(Plsa(g) = hg * ix(P)lsag) = Ly g = Zpmy(9),

since p = t|g. Secondly, for = € G9, ky € K and h € H we get
(zy.00)(00) (@) = o (L g10)) = Tl 1e = any (h) 1o = Oy ) (2)-
OJ

Recall the set of all diffeomorphisms Diff(}/) of a smooth manifold M has the struc-
ture of Lie group whose Lie algebra can be identified with the Lie algebra of vector fields
X(M) on M. We already exhibited a natural structure of Lie 2-group over the set of all
Lie groupoid automorphisms Aut(G) of a Lie groupoid GV = G?. On the one hand, by
results due to Mackenzie—Xu in [81], we get that the Lie algebra of Aut(G) can be identi-
fied with the Lie algebra of multiplicative vector fields X,,(G) on G. On the other hand,
the Lie algebra of the Lie group of bisections Bis(G) of G can be identified with the Lie
algebra I'(A¢) underlying the Lie algebroid Ag — G of GV = G, see [108]. There-
fore, we conclude that the Lie 2-algebra of the Lie 2-group of groupoid automorphisms
of GV = G© can be identified with the Lie 2-algebra of multiplicative vector fields on
G = GO described in Example 1.3.30, compare [100]. Recall that the associated crossed
module of Lie algebras of X,,,(G) is (X,,(G),I'(Ag),d, D), where §(a) = (a" — o', p(a)) and
Dy =[§,a"]|x, forall a € I'(Ag) and (£, v) € X,,(G).

We are now in conditions to define an infinitesimal Lie 2-algebra action associated to
any right Lie 2-group action. From now on the symbol ¢ stands for the fundamental vector
tield associated to an element ¢ in a Lie algebra with respect to a given Lie group action.
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Theorem 4.2.1. Let KW = K© be a Lie 2-group acting on a Lie groupoid GV = G by
the right. Let (€. b, 0, L) denote the crossed module of Lie algebras associated to the Lie 2-algebra
of K = K©. Then, there is a canonical homomorphism of Lie 2-algebras j = (j_1,7j0) :

(£,h,0,L) — (Xn(G),I'(Ag), 6, D) defined by j_,(§) = é‘c( and jo(¢) = (1¢,¢) forall € € b
and ¢ € L.

Proof. Let us first verify that j is a well defined morphism. To do so we need to check that
for any ¢ € b the fundamental vector field ¢ belongs to the set of right invariant vector
fields tangent to the so-fibers X%, (G) and that for any ¢ € £ it holds that (1, () belongs

to X,,(G). The latter assertion is clear since if exp7( € K (©) then Lemma 4.2.2 implies that

0)

the pair of flows (07°, ©%) determines a Lie groupoid morphism. Now, if § € h then again
from Lemma 4.2.2 it follows that the flow of its fundamental vector field lies inside the
s-fibers since sq(05(g)) = sa(gexp(T€)) = sa(g) with exp(7€) € H = ker(sg). That is, £ is
tangent to the sg-fibers. Furthermore, for y & randg € sg' (y) one has that

Ry(¢E(9)) = (' exp(1€)) % g = (¢ * 9)(exp7E * 1) = (g * g) = W5 (R, (),

thus obtaining that d(R,), (£,) = £, so that £ € X5, (G) and E‘Gm) e I'(Ag).

We have to check now that for £ € h and ( € ¢ it satisfies that 6(j_1(£)) = jo(0¢) and
J-1(L£c&) = Djoo)(7=1(£)). On the one hand, by using the flow of the vector field 6(jo(€)) =
r 1

_ 5‘

Go

§

oo : and Equation (1.13) we get

U0 (g) = @8 (Ligt) * 9 * a9 (Lsat)) = Lig(g) exXP(TE) * g x i (Lsg(g) exp(TE))

(Lig(g) * 9) exp(TE) * Lyg(gyix (exp(7E)) = g(exp(TE) * ix (exp(7)))

ol

= 9Ly (exp(re)) = Glexp(roe)) = 9 exp(Tlae) = @) (g).
Hence, §(j_1(§)) = jo(9€). On the other hand, observe that
Djy¢)(71(8)) = [1}’5] ‘a(m = 1, ﬂ‘a(m = (L)) oy = J1(£c)-
This finishes the proof. O

As we mentioned before, the previous result gives rise to an infinitesimal description
of a Lie 2-group action. It turns out that such a description can be adapted to the Rieman-
nian case in a natural fashion. Let us suppose that G®) = G(® can be equipped with a
Riemannian 2-metric 7. Consider the groups

Bis,(G) = {o € Bis(G) [ ;;n =n} and  Iso(G,n) = {(P,¢) € Aut(G)[¢™n =n}.

Firstly, note that for defining these sets we are only using the induced 0-metric on G'?.
This fact is necessary to establish the key results below. Secondly, Bis, (G) and Iso(G,n)
have natural Lie group structures induced from those of Bis(G) and Aut(G), respectively.

Proposition 4.2.2. The quadruple (Iso(G,n),Bis,(G), I, «) determines a sub-crossed module
structure of (Aut(G), Bis(G), I, «v).

Proof. It is simple to see from the very definition that /(Bis,(G)) C Iso(G, 7). As o) =
®1,9! forall o € Bis, (@) and @ € Iso(G,n) then when restricting to unities we have that
Lag(e) = ¢ © Ly 0 ¢!, thus obtaining an isometry. O
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This motivates the following definition.

Definition 4.2.3. The Lie 2-group associated to the crossed module (Iso(G, 1), Bis, (G), I, «)
will be called Lie 2-group of strong isometries of (G = GO 7).

Let us illustrate such a notion with an example.

Example 4.2.3. Let (M, n) be an n-dimensional Riemannian manifold and let 7 : O(M) —
M denote the corresponding O(n, R)-principal bundle of orthonormal frames. After fix-
ing an Ad-invariant inner product (-,-) on the Lie algebra o(n,R) of O(n,R) and taking
the connection 1-form w € Q'(O(M), o(n, R)) associated to the Levi-Civita connection on
(M, n) we can define a Riemannian metric on O(M) as

(X, Y) = n(dn(X), dr(Y)) + {w(X),w(Y)).

We already commented in Example 1.2.1 that 7 : (O(M),7) — (M, n) becomes a Rie-
mannian submersion. Thus, its corresponding submersion groupoid O(M) x,; O(M) =
O(M) inherits an induced 0-metric which we also denote by 7 [40, 98]. Therefore,

Bis, (O(M) xp O(M)) ~ Gau(O(M),0) and Iso(O(M) xp O(M),n) ~ Aut(O(M),0),

where 6 € Q'(O(M),R") is the canonical 1-form, Aut(O(M), ) is the group of bundle
isomorphisms preserving § and Gau(O(M), ) is its normal subgroup of bundle isomor-
phisms covering the identity, compare Example 4.2.2. Hence, from [67, p. 236] we get that
the orbit space

Iso(O(M) xar O(M),n)/Bis,(O(M) x pr O(M)) ~ Iso(M,n)om)-

There is a natural way to associate to the Lie 2-group of strong isometries of (G\V) =
G p) an infinitesimal object in terms of Killing vector fields, i.e. infinitesimal isometries.
Indeed, let us now consider the sets

[y(Ag) = {a € T(4g) | p(a) € o(G,n)}  and 0, (G) = {(£,v) € Xu(G) |v € o(G”, 1)},

where o(G?), 1)) denotes the Lie algebra of Killing vector fields of (G(”), ). In these terms
we obtain that:

Proposition 4.2.3. The quadruple (0,,(G),I',(Ac), 0, D) defines a sub-crossed module structure
Of (%m(G)7 F<AG)7 57 D)

Proof. Observe thato,,(G) is a Lie subalgebra of X,,,(G) since o(G'?, 1) is a Lie algebra. Ad-
ditionally, if «, 5 € I';,(Ag) then p([a, B]) = [p(@), p(B)] € 0(Xo,n) so that [, f] € [',,(Ag).
If (£,v) € 0,,(G) and « € T',,(A) then we have by definition that D¢(o) = [£,0"]|50) €
I'(A¢). However, the equivariance identity implies that §(D¢(a)) = [£,d(«)]. Therefore,
it holds that §(D¢a)| 0 = [£, ()| Which is the same thing that saying p(D:a) =
[v, p(a)] € 0(G®,n) since v is also a Killing vector field. O

In light of the previous result we define:

Definition 4.2.4. The Lie 2-algebra associated to the crossed module (0,,(G),I',(Ag), d, D)
will be called Lie 2-algebra of strong multiplicative Killing vector fields of (G =
G(O)a 77) :
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Summing up, as consequence of Lemma 2.4.1, we can provide an infinitesimal descrip-
tion of an isometric Lie 2-group action as follows.

Corollary 4.2.1. Let 0 be an isometric right 2-action of a Lie 2-group KV = K© on a Rieman-
nian groupoid (G = GO ). Denote by (K, H, p, o) the crossed module of Lie groups associated
to KO = K© and by (¢,h,0, L) its corresponding crossed module of Lie algebras. Then:

o there is a morphism of crossed modules of Lie groups
(0,%Y): (K, H,p,a) = (Iso(G,n),Bis,(G), I, a),
that is defined as in Lemma 4.2.3, and

e there is a morphism of crossed modules of Lie algebras
(F-1,J0) : (85,9, £) = (0m(G), Ty(Ag), 0, D),
which is defined in Theorem 4.2.1.

Note that to establish this result we only used the Riemannian metric on objects in-
duced by 7. This is because a condition asking for global isometries of a 2-metric on G?,
or even a 1-metric on GV, seems to be too restrictive in our context. For instance, the sub-
crossed module structures we defined above do not seem to have natural analogous for
2-metrics or 1-metric, unless we weaken the global condition of a diffeomorphism being
a Riemannian isometry. In the search to solve this issue we came across a weak notion
of “groupoid isometry” which allows us to say much more, namely, it allows us to speak
about the infinitesimal isometries of a Riemannian stack.

4.2.1 Weak multiplicative Killing vector fields

Recall that we can think of a 0-metric on a Lie groupoid G = G as a Riemannian
metric 77 on G(©) which is transversely invariant by the canonical left action of GV = G(©
on G©, compare [40, 103]. Note that this is the same that requiring that 1 is transversely
invariant by the action of the group of bisections Bis(G) x G(® — G which is defined by
o-x = t,(z). Itis clear that this action preserves the orbits so that it induces a well defined
action on the normal space of an orbit. In consequence, 7 is a 0-metric if and only if for
all 0 € Bis(G) the map di, : (1,(0),7) — (v,,(»)(O),7) is a linear isometry since we may
identify v(O) = TO*. Therefore, motivated by this fact and what we did in the previous
section we now plan to weaken the condition for a diffeomorphism to be an isometry
by imposing instead a transversal isometric condition along groupoid orbits. This will
lead us to define a Lie 2-algebra of transverse infinitesimal isometries with respect to any
Riemannian groupoid n-metric, which at the end turns out to be Morita invariant.

Let (G = G n) be a Riemannian groupoid with = 7(?) a 2-metric on G(*). From
now on we assume the identification v(0) = TO* for each groupoid orbit O in (G 7))
without stating it explicitly unless it is necessary.

Definition 4.2.5. Let ® : G — G be a Lie groupoid automorphism covering ¢ : G(© —
G©). The diffeomorphism ¢ : G(© — G(© is said to be a transversal isometry of (G(©), 5(®)
if dp : v(0,) — v(Ogy()) is a fiberwise isometry for every groupoid orbit O, in G© with
respect to n(?) restricted to the normal directions.
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Consider the subgroup of Aut(G):
Isow (G, n) = {(®,¢) € Aut(G) | ¢ transversal isometry of (G”, ™)} .

Note that for every o € Bis(Q) it follows that ¢, is a transversal isometry of (G, (")),
so that (I, ¢,) always belongs to Isow (G, n). Thus, by arguing as in Proposition 4.2.2 we
easily get that:

Lemma 4.2.4. The quadruple (Isow (G, n), Bis(G), I, o) determines a sub-crossed module struc-
ture of (Aut(G), Bis(G), I, ).

This motivates the following definition.

Definition 4.2.6. The Lie 2-group determined by the crossed module (Isoy (G, n), Bis(G), I, o)
is called Lie 2-group of weak isometries of (G = G n).

Observe that we are abusing on the convention by assuming that Iso, (G, 7) has the
structure of a Lie group. This fact is not obvious at first glance for which we skip it since our
interest lies for the moment in defining the infinitesimal isometries of a Riemannian stack.
The most expected infinitesimal object associated to the Lie 2-group of weak isometries
of (GM = G n) may be defined as follows. Let us denote by 0% (G 7)) the set of
vector fields on G(O) which are covered by multiplicative vector fields on G*) whose flow
determines a (local) transversal isometry of (G(© 7). Define the set

0 (G) = {(&,v) € Xu(G) | v € 0" (GO )}

On the one hand, if v;,v, € 0% (G, ) then for 7 small enough we have that the
commutator flow " ﬁdf ﬁgoi’%goi% is a transversal isometry so that 0% (G, (")) is a Lie

subalgebra of X(G®). On the other hand, from [108, Thm. D] we know that the Lie algebra
of the Lie group of bisections Bis(() is identified with I'(A¢). Therefore, by using similar
arguments as those in Proposition 4.2.3 we obtain an infinitesimal description of the Lie
2-group of weak isometries of (G = G 7). Namely:

Proposition 4.2.4. The quadruple (o)} (G),I'(Ag), 0, D) defines a sub-crossed module structure
of (Xm(G), T'(Ag), 0, D).

Thus, we define:

Definition 4.2.7. The Lie 2-algebra associated to the crossed module (0}, (G),I'(Ag),d, D)
will be called Lie 2-algebra of weak multiplicative Killing vector fields of (G") = G ).

It is worth mentioning that the previous definition makes sense for any Riemannian
n-metric on G, Indeed:

Remark 4.2.1. Let us suppose that we are equlpped with an n-metric 7™ on G(™ and that
(¢, v) is a multiplicative vector field on G = G with v € 0¥ (G©,5®). Tt is simple to
see that the fact that s¢ : G — GO (ortg : GM — G©) is a Riemannian submersion
clearly implies that ¢ € o¥(GW, n(V). More importantly, if &, denotes the vector field on
G™ induced by (&,v) for all n > 2 then if follows that &, € o™(G™,7™) since the face
maps G™ — G"~! are Riemannian submersions. As a consequence of this we have that
the notion of weak multiplicative Killing vector field can be extended to a notion associ-
ated to any Riemannian n-metric. This immediately implies that the Lie 2-algebra of weak
multiplicative Killing vector fields (0)¥ (G),I'(A¢), 6, D) can be thought of as an algebraic/-
geometric object associated to any Riemannian n-metric on G, as claimed.
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Morita invariance

We want to apply now some of the results from [100] to our context in order to define a
notion of geometric Killing vector field on a quotient Riemannian stack. Then, we also use
some of the results from [35] to describe several interesting features that these kinds of
vector fields have. In order to refresh the notions that we need to use below we recommend
the reader to consult Section 1.3, focusing her/his attention on the notion of Riemannian
stack.

Let ¢ : (ZW = ZO©) — (GY = G©) be a Morita fibration. Following [100, s. 6], we
denote the set of projectable sections by

['(Az)? = {a € T(Ay) : there exists o/ € I'(Ag) such that ¢.a = o/¢}.

If « € T'(Az) then the surjectivity of ¢ at the level of objects implies that there exists
at most one section o/ € I'(Ag) such that ¢.a = &'¢, so that it follows that there is a
natural linear map ¢, : ['(Az)? — ['(Ag). We denote by T'(A7)? — T'(Az) the inclusion
map. It is clear that we can similarly define the set of projectable multiplicative vector
fields X,,(2)?, a natural map ¢. : X,,(2)? — X,,(G) and an inclusion X,,,(Z)? < X,,(2).
Besides, as shown in Proposition 7.4 from [100] it follows that (X,,(2)?,T'(42)?,4, D) is a
sub-crossed module of (X,,(Z),['(Az),d, D) and both maps ¢, : (X,,(2)?,T(A2)?,4, D) —
(Xm(G),T(Ag), 6, D) and (X,,(Z)?,T'(Az)?,8,D) — (X,,(Z),T(Az),d, D) are morphisms
of crossed-modules. More importantly,

(X(2),T(A2),8,D) « (X,.(2)?,T(Az)?,6,D) AN (X,(G),T(Ag), 6, D),

are quasi-isomorphisms of crossed modules. For specific details the reader is recommended
to visit [100].

In these terms, we can state the following key result which is just the Riemannian
analogous of the previous constructions.

Lemma4.2.5. Let ¢ : (ZV) = ZO n?) — (GY = GO %) be a Morita Riemannian fibration.
Then:

o (0,(2)°,T,(A2)?, 6, D) is a sub-crossed module of (0,,(Z),T',(Az),d, D),

e the inclusion (0,,(Z)?,T,(Az)?,8,D) < (0,,(Z),T,(Az),d, D) is a morphism of crossed
modules, and

o the projection ¢, : (0,,(Z)?,1(A2)?,0,D) — (0,(G),T,(Ag),d, D) is a morphism of
crossed modules.

Moreover,

<0m(Z>7 F77<AZ>7 57 D) At (OM(Z)¢7 P'I](AZ)d)u 67 D) ¢—*> (om(G)7 FW(AG)u 57 D)a
are quasi-isomorphisms of crossed modules. Same conclusion holds true for the weak counterpart.

Proof. First of all, the spaces 0,,(Z)? and T',,(Az)? can be defined in an obvious way since ¢
is a Riemannian submersion at the levels of objects. Second, by using similar arguments as
those in Lemma 2.4.1 if follows that if v is a (weak) Killing vector field on (Z, n#?) then
¢.(v) is also a (weak) Killing vector field on (G, n%?). Therefore, the result follows by

applying Proposition 7.4 and Theorem 7.3 from [100] after restricting the structure. [
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Recall that two possibly different Riemannian 2-metrics on a Lie groupoid are said to
be equivalent if they induce the same inner products on the normal vector spaces over
groupoid orbits. Thus, the following result is clear.

Lemma 4.2.6. If 1, and ny are equivalent Riemannian metrics on GV = GO then the crossed
modules (0% (G,m),['(Ag), 9, D) and (o} (G, n2),['(Ag), 0, D) agree.

In order to make the statement of the following result clearer we think it is necessary to
recall some terminology introduced in [41]. Suppose that G and G’ are Morita equivalent
Lie groupoids so that there is a third Lie groupoid Z with Morita fibrations Z — G and
Z — G'. We know that if n“ is a Riemannian metric on G then there exists a Riemannian
metric ? on Z that makes the fibration Z — G Riemannian. We can slightly modify nZ by
a cotangent averaging procedure so that we get another Riemannian metric 77 on Z which
descends to G defining a Riemannian metric ¥ making of the fibration Z — G’ Rieman-
nian. It turns out that these pullback and pushforward constructions are well-defined
and mutually inverse modulo equivalence of metrics. This is because 7? and 7 turn out
to be equivalent. In this case we refer to (G,7%) and (G’, %) as being Morita equivalent
Riemannian groupoids. Note that it suggests a definition for Riemannian metrics over dif-
ferentiable stacks. Namely, a stacky metric on the orbit stack [G(*) /G(V)] presented by a Lie
groupoid G = G is defined to be an equivalence class [1] of a Riemannian metric 7
on G.

Summing up, we get that:

Theorem 4.2.2. If (G = G 1) and (G’ = G'© n¥) are Morita equivalent Riemannian
groupoids then the crossed modules (o)) (G),'(Ag), 0, D) and (o} (G"),I'(Ae), 0, D) are isomor-
phic in the derived category of crossed modules. In consequence, the following quotient spaces are

isomorphic as Lie algebras:
0, (G) /im(6) = o7, (G") /im(d).

Proof. This result is consequence of Lemmas 4.2.5 and 4.2.6 together with Theorem 7.4
and Corollaries 7.1 and 7.2 from [100]. O

Hence, motivated by the previous result and Definition 8.1 in [100] we set up the fol-
lowing interesting notion.

Definition 4.2.8. Let (G) = G© ) be a Riemannian groupoid. A geometric Killing
vector field on the quotient Riemannian stack ([G®/GW], [n]) is defined to be an element
of the quotient

o([G© /G, [n]) = o} (G) /im(d).

Let us illustrate this notion with some examples.

Example 4.2.4. The Riemannian stack ([M], [n]) associated to a Riemannian manifold (M, n)
is presented by the unit Riemannian groupoid (M,n) = (M,n). In this case, the tan-
gent groupoid is also a unit groupoid 7'M = TM and the Lie algebroid is A = 0. A
straightforward computation shows that a weak multiplicative Killing vector field is just
a Killing vector field on M, so that the complex of weak multiplicative Killing vector fields
is 0 — o(M,n) and hence o([M], [n]) = o(M,n).

Example 4.2.5. Recall that Riemannian orbifolds can be seen as a certain class of Rie-
mannian stacks. More precisely, Riemannian orbifolds are presented by proper étale Rie-
mannian Lie groupoids. Assume that (G) = G© ) is a proper étale Riemannian Lie
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groupoid. The Lie algebroid of G is A = G(© x 0 and the space of weak multiplicative
Killing vector fields o} (&) is isomorphic to the space o(G, )¢ of G-invariant Killing vec-
tor fields on G©. Therefore, the complex of weak multiplicative Killing vector fields on
GWis 0 — o(G?, 7)Y meaning that the space of geometric Killing vector fields on the
quotient stack/orbifold [G® /GW] is given by o([GY /GW], []) = o(G©), n)“.

In other words, the previous examples show that if we consider proper étale Rieman-
nian groupoids then geometric Killing vector fields recover the classical notions of Killing
vector fields on both Riemannian manifolds and Riemannian orbifolds as defined for in-
stance in [11].

Example 4.2.6. Let G = G© be a regular Lie groupoid. It follows that the tangent
groupoid TG = TGO is also regular and the anchor map p : Ag — TG© of the
associated Lie algebroid has constant rank. In this case, the choice of a splitting of TGV =
TG induces an isomorphism of complexes

(T(Ag) > X,(G) =2 (T(K)eT'(F) > T,(t"K ® s*9) @ I'(F)),

where K = ker(p), F' = im(p) and ¥ = TM/F, see [100, Ex. 3.10]. By Corollary 5.2 in
[100] it holds that the complex of multiplicative vector fields on GU) is quasi-isomorphic
to the 2-term complex I'(K) — T,,,(t*K @ s*0). Furthermore, if G = G is a foliation
groupoid then the complex of multiplicative vector fields on GV is quasi-isomorphic to
0 — T, (s9) or 0 — T'(9) since p : Ag — TG is injective.

Suppose now that Hol(M, ) = M is the holonomy groupoid associated to a regular
foliation 7 on M. Let: : T'— M be a complete transversal submanifold to F and consider
its restricted groupoid Hol(M, F)r = T. As Hol(M, F)r = T is étale and Morita equiva-
lent to Hol(M, F) == M (see [92, p. 136]), we get that the Lie algebra of geometric vector
fields of the stack [M/Hol(M, F)| is isomorphic to the Lie algebra X¥(7')” of transversal
vector field that are invariant by the normal action, compare [100, Ex. 8.16]. Hence, as
consequence of Theorem 4.2.2, if M is a Riemannian manifold and F is a regular Rieman-
nian foliation then the geometric Killing vector fields on the Riemannian stack presented
by Hol(M, F) = M are precisely the so-called transverse Killing vector fields to F with
respect to 7', as defined in [95, p. 84].

Each of the particular cases presented in the previous examples has the property that
the obtained algebra of geometric Killing vector fields is finite dimensional. We carry on
our exposition by proving that this is always the case if our quotient Riemannian stack
is separated, i.e. it is presented by a proper Riemannian groupoid. Due to our purposes,
let us start by analyzing the Riemannian foliation groupoid case which was more or less
described in Example 4.2.6. Recall that if GV = G is a foliation groupoid then the
algebroid anchor map p : Ag — TG is injective, so that the manifold G(©) comes with
a regular foliation F tangent to the leaves of im(p) C TG®. Moreover, if GV = G© is
source-connected then the leaves of im(p) C TG coincide with the groupoid orbits.

Lemma 4.2.7. If (GY = G, n) is a Riemannian foliation groupoid with compact orbit space
GO /GO then the algebra of geometric Killing vector fields on ([G©/GW), []) has finite dimen-
sion.

Proof. Lett : T — G© be a complete transversal submanifold to the orbit foliation F of
GY = G and consider its restricted groupoid Gr = T. Again, as G = T is étale and
Morita equivalent to G = G, from Theorem 4.2.2 it follows that

o([G /G, [n) = oy (G, ') /im(8) = o(T).
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Here o(7T')” denotes the transversal Killing vector fields that are invariant by the normal
action. Since G? /G is compact we have that T has a finite number of connected com-
ponents (see [92, p. 135]), so that the dimension of o(7')” is finite by Theorem 3.3 from
[67, p. 238] (consult also [95, p. 85]). That is, o([G(”) /GM], [n]) is finite dimensional. [

By following the ideas in Example 4.2.6, it is simple to see that similar arguments to
those used in the proof of the previous lemma work if we consider regular Riemannian
groupoids instead of the Riemannian foliation ones. Therefore, as every proper groupoid
is regular over a dense and open subset then one would expect that a similar result can
be proven if we consider proper Riemannian groupoids. We show below that such a finite
dimensional result is true by using the desingularization theorem for proper Riemannian
groupoids proved in [105, s. 6], see also Section 3.2 for details. Namely:

Theorem 4.2.3. Let (G = GO ) be a proper Riemannian groupoid with compact orbit space
GO /GW. Then the algebra of geometric Killing vector fields on ([G© /G, [n]) has finite dimen-
sion.

Proof. Let us denote by (G() = G 7j, ) the Riemannian desingularization of (G(V) =
G 1), see Theorem 6.10 in [105]. Recall that (G = G 7)) is a proper regular Rieman-
nian groupoid and 7 : G — GW is a proper Riemannian fibration which is an isometry
almost-everywhere. As consequence of the functoriality properties described in [105, s.
5.2] it follows that any Lie groupoid automorphism of GV preserves its co-dimensional
stratum data (compare [105, s. 3]), so that they can be lifted to Lie groupoid automor-
phism of G). That is, we can lift multiplicative vector fields on G'!) to multiplicative vector
fields on G by lifting their 1-parametric (local) families of Lie groupoid automorphisms
determined by their flows. In particular, by using both Proposition 6.13 and Theorem 6.14
from [105] we get that weak multiplicative Killing vector fields on (G = G 5) can be
lifted to weak multiplicative Killing vector fields on its desingularization (G = G(©), 7)),
thus obtaining an surjective algebra homomorphism

(7] : o([GO /GO, [7]) — o([G©/GD], [n]).

By arguing as in Proposition 6.3.2 from [41] and by using the classification of regular
Lie groupoids given in [91], since the groupoid G(V) is regular we may assume that it
fits into an extension of Riemannian groupoids (K, ") = (GO, 7)) % (F, ¢.7) over G©
where K is a bundle of connected Lie groups (i.e. a Lie groupoid whose source and target
maps agree), I is a foliation groupoid, ¢ is a groupoid Riemannian embedding and 7 is a
groupoid Riemannian submersion with connected fibers (7 possibly needs to be averaged
in order to define an equivalent groupoid metric which descends to the quotient). This in
turn induces an extension of algebras

0= 0(GO, ") — o([G© /GW], [7]) — o([G®/E], [q.77]) — 0.

As G /GW is compact and T is proper and surjective it follows G /G is also com-
pact and from Lemma 4.2.7 together with Theorem 3.3 from [67, p. 238] (see also [95,

p. 85]) it follows that both o([G(/E], [¢.7]) and 0(G©),,*}) have finite dimension so that
o([G©/GW)], [7]]) has also finite dimension. That is, o([G® /G™)], [1]) is finite dimensional
since [r] is surjective. O
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We end this chapter by describing some features about our notion of geometric Killing
vector field which are motivated by some results proved in [35]. To do so, we need to
introduce a notion of projectable vector field of Killing type by mimicking Definition 4.6
in [35]. Let (G = G 1) be a Riemannian groupoid.

Definition 4.2.9. A vector field ¢, on G is said to be projectable of Killing type if there
exists a vector field v; on (G, 1(¥)) such that the following conditions are satisfied:

i. & and vy are both sg-related and t4-related, and

ii. if &, and ¢, respectively denote the (local) flows of &; and v; then the induced map
do; 1 v(0,) = v(O,, (2)) is a linear isometry for each groupoid orbit O, for which
©-(z) is defined.

Sometimes, we shall also refer to v; as a weak Killing vector field on (G, 5®). The
space of vector fields of Killing type on G will be denoted by I'*™ (G™). Firstly, note that
Condition ii. makes sense because the local flows @, and ¢, commute with both s; and
t as consequence of Condition i. Secondly, it follows that &; is also a weak Killing vector
field on (G, 7)) in the sense that d®. : v(Go,) = v(Go, ) is a linear isometry since
s and t are Riemannian submersions. Actually, it is simple to see that a similar property
holds true for the vector field & (g, ¢') = (&1(9),&1(¢")) on (GP 7)) induced by &;.

We explain below how proper Haar measure systems on proper Riemannian groupoids
determine projections from the space of projectable vector fields of Killing type on (G, 1))
to the space of weak multiplicative Killing vector fields on (G = G© ). This can be
done by following [36, s. 2.5] closely.

Theorem 4.2.4. Let (G = GO ) be a proper Riemannian groupoid. Then any proper Haar
measure system {11} ,c o for GV = GO induces a linear map from T (GW) to o (G, 7).

Proof. Let us pick a projectable vector field of Killing type &, on (GM, 7). From [36, s.
2.5] we know that we can construct a multiplicative vector field ¢ : GV — TGW by taking
the average with respect to {¢/"},cqo:

o) = [ i (&lag).diaf6 (@)ila).
actg'(s(g))
This vector field is sg-related with the vector field v on G defined as
o) = [ due)n).
aetgl (z)

Therefore, our result will follow once we prove that the flow of v is a local transversal
isometry of (G(*),n) since ¢ and v are sg-related. However, as ¢; is a weak Killing vector
field on (G, nM), this follows from a straightforward computation after noting that the
flow of v is given by ¢!(z) = faetal(w) (t o p51)(a)u(a) and dtg : v(Go) — v(O) is a fiber-
wise isometry since ¢¢ is a Riemannian submersion. Hence, the assignment & — (&, v)
establishes the desired projection. O

Remark 4.2.2. It is worth commenting that as consequence of Remark 4.2.1 we may con-
clude that the previous result is actually a fact that can be proven for any n-metric ™ on
G,
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In [35, s. 4.4] it was studied the “normal” bundle ¥ := TG /p(Ag) where p : Ag —
TG is the anchor map of the Lie algebroid Ag of GM = G©. This is a smooth vector
bundle only in the regular case, compare Example 4.2.6. Its space of sections is defined
to be the quotient I'(¥)) := X(G¥)/im(p). A section [v] € T'(¥)) is called invariant if there
exists a vector field ¢ on G(V) which is both sg-related and t;-related to v. The resulting
space of invariant elements is denoted by I'(¢})"™. Recall that for each section o € I'(Ag)
we have an associated multiplicative vector field §(a) = (a" — o, p(a)) on GV = GO,
From Lemma 4.7 in [35] it follows that there is a natural linear map from X,,(G)/im(J) to
['(9)™ which associates to a multiplicative vector field ¢ on G the class modulo im(p)
of the vector field v on G'¥ associated with ¢. Furthermore, if G1) = G© is proper then
the latter map induces an isomorphism X,,,(G)/im(0) = I'(¢¥)™, see Theorem 6.1 in [35].

Let (G = G, n) be a proper Riemannian groupoid. Motivated by the previous facts
we define the space of Killing invariant sections I', ()™ as the set of sections [v] € I'(¢)
for which there exists a projectable vector field of Killing type ¢ on GV over v. That is,
Conditions i. and ii. from Definition 4.2.9 for projectable vector field of Killing type are
satisfied with ¢ and v. Therefore, as consequence of Lemma 4.7 and Theorem 6.1 in [35]
we immediately get that:

Proposition 4.2.5. There exists a natural isomorphism between oY, (G, n)/im(d) and T, ()™ .

In particular, Theorem 4.2.4 provides us with a method to construct geometric Killing
vector fields over the quotient Riemannian stack ([G© /GW], [n)).
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