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Version abrégée

Mes recherches se situent a l'interface de la géométrie Riemannienne et des géométries de contact
et symplectique et portent sur la construction des métriques Kahler ou Sasakie-Einstein, sur ’étude
des systemes Hamiltonians conformes, la géométrie des fibrés cosphériques et les groupoides de Lie
propres. Le theme principal de cette theése est ’étude des applications des symétries Lie en géométrie
différentielle et systeme dynamiques.

Le premier chapitre de cette these étudie la réduction singuliére des symétries du fibré cosphérique,
les propriétés conservatives des systemes de contact et leurs réduction. Le fibré cosphérique d’une
variété différentiable M (dénoté par S*(M)) est le quotient de son fibré cotangent sans la section
nulle par rapport a I'action par multiplication de Rt qui couvre l'identité sur M. C’est une variété
de contact qui détient en géométrie de contact la position analogue du fibré cotangent en géométrie
symplectique. En utilisant une métrique Riemannienne sur M, on peut identifier S*(M) avec son
fibré tangent unitaire et son champ de Reeb avec le champ géodésique de M. Si M est munie de
laction propre d’un groupe de Lie G, le relevement de cette action a S*(M) respecte la structure de
contact et admet une application moment équivariante J. Nous étudions les propriétés topologiques
et géométriques de l'espace réduit & moment zéro de S*(M), ie. (S*(M)), := J~1(0)/G. Ainsi,
nous généralisons les résultats de [16] au cas singulier. Appliquant la théorie générale de réduction
de contact, théorie dévéloppée par Lerman et Willett dans [34] et [58], on obtient des espaces qui
perdent toute information sur la structure interne du fibré cosphérique. En plus, la projection du fibré
cosphérique sur sa base descend a une surjection continue de (S*(M)), a M/G, mais qui n’est pas un
morphisme d’espaces stratifiés si on munit ’espace réduit avec sa stratification de contact et ’espace
de base avec la stratification standarde de type orbitale définie par 'action du groupe de Lie. Compte
tenu des théoremes de réduction du fibré cotangent (cas régulier et singulier) et du fibré cosphérique
( cas régulier), on s’attend a ce que les strates de contact aient une structure fibrée additionnelle.
Pour résoudre ces problemes, nous introduisons une nouvelle stratification de (S*(M)),, nommée la
stratification C-L (les deux majuscules symbolisent la nature coisotrope ou Legendréenne de leurs
strates). Elle est compatible avec la stratification de contact de (S*(M)), et la stratification de type
orbital de M/G. Aussi, elle est plus fine que la stratification de contact et rend la projection de
(S*(M))y sur M/G un morphism d’espaces stratifiés. Chaque strate C-L est un fibré sur une strate
de type orbital de M /G et elle peut étre vue comme une union de strates C-L, une d’entre elles étant
ouverte et dense dans la strate de contact correspondante et difféomorphe a un fibré cosphérique. Ainsi,
nous avons identifié les strates maximales munies de structure de fibrés cosférique. Les autres strates
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sont des sous-variétés coisotropes ou Legendre dans les composantes de contact qui les contiennent.
Par conséquant nous faison une analyse géométrique et topologique compléte de I'espace réduit. Nous
analysons aussi le comportement de la projection sur (S*(M)), du flot de Reeb (flot géodésique).

L’ensemble de champs de vecteurs de contact (les analogues des champs de vecteurs Hamiltonians
en géométrie symplectique) forment le ”groupe de Lie” de l'algebre des transformations de contact.
Dans le premier chapitre nous présentons aussi la réduction des systémes de contact (qui, localement,
sont en correspondence bijective avec les équations non-autonomes de Hamilton-Jacobi) et les systémes
Hamiltonians dépendants de temps.

Dans le deuxieéme chapitre nous étudions les propriétés géométriques des quotients de variétés
Sasaki et Kéhler. Nous construisons une procédure de réduction pour les variétés symplectiques
et Kéhler (munies de symétries générées par un groupe de Lie) qui utilise les préimages rayon de
I’application moment. Précisémmant, au lieu de considérer comme dans la réduction de Marsden-
Weinstein (ponctuelle) la préimage d’une valeur moment g, nous utilisons la préimage de Ry, le
rayon positif de p. Nous avons trois motivations pour développer cette construction.

Une est géométrique: la construction des espaces réduits de variétés Kahler correspondant & un
moment non nulle qui soient canoniques dans le sense que la structure Kéhler réduite est la projection
de la structure Kéhler initiale. La réduction ponctuelle (Marsden-Weinstein) donnée par M, :=
J () G, ol p est une valeur de I'application moment J et G, est le sous-groupe d’isotropie de p
par rapport a l’action coadjointe de G n’est pas toujours bien définie dans le cas Kahler (si G # G ).
Le probleme est causé par le fait que la structure complexe de M ne préserve pas la distribution
horizontale de la submersion Riemannienne qui projete J () sur M,,. La solution proposée dans
la litterature utilise ’espace réduit & moment zéro de la difference symplectique de M avec 'orbite
coadjointe de y munie d’une forme Kéhler-Einstein unique (construite par exemple dans [7], Chapitre
8) et différente de la forme de Kostant-Kirillov-Sternberg. L unicité de la forme sur 'orbite coadjointe
garantit un espace réduit bien défini. Par contre, ne plus utiliser la forme de Kostant-Kirillov-Sternberg
entraine le fait que ’espace réduit n’est plus canonique. L’espace réduit rayon que nous construisons
est canonique et peut étre défini pour tout moment. II est le quotient de J~!(R* ) par rapport & un
certain sous-groupe normal de G,.

La deuxiéme raison est une application a ’étude des systemes Hamiltonians conformes (voir [40]).
Ce sont des systemes mécaniques non-autonomes, avec friction dont les courves intégrales préservent,
dans le cas des symétries, les préimages rayons de l’application moment. Nous extendons la notion
de champ Hamiltonian conforme, en montrant qu’on peut ainsi inclure dans cet étude de nouveaux
systemes mécaniques. Egalement, nous présentons la réduction de systemes Hamiltonians conformes.

La troisieme raison consiste a trouver des conditions necéssaires et suffisantes pour que les espaces
réduits (rayons) des variétés Kahler (Sasakian)-Einstein soient aussi Kahler (Sasakian)-Einstein. Nous
nous occupons de cela dans le deuxieéme chapitre de la these, dans [15] et dans [14] ou nous utilisons des
techniques de A. Futaki. Ainsi, nous pouvons construire de nouvelles structures de Sasaki-Einstein.
Comme exemples de réductions rayon symplectic (Kéhler) et contact (Sasaki) nous traitons le cas des
fibrés cotangent et cosphérique. Nous montrons qu’ils sont des espaces universels pour la réduction
rayon. Des exemples d’actions toriques sur des spheres sont aussi décrits.

Le troisieme chapitre de cette these traite 1’étude de 'espace des orbites d’un groupoide propre.
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Dans [63], [64] A. Weinstein a partiellement résolu le probleme de la linéarisation des groupoides pro-
pres. En [60], N. T. Zung I’a achevé en démontrant un théoréme de type Bochner pour les groupoides
propres. Nous prouvons un théoreme de stratification de ’espace d’orbites d’un groupoide propre en
utilisant des idées de la théorie des foliations et le théoreme de "slice” (linéarisation) de Weinstein et
Zung. Nous montrons explicitement que le feuilletage orbital d’un groupoide propre est un feuilletage
Riemannien singulier dans le sense de Molino. Pour cela nous avons deux motivations. D’un coté
nous voulons montrer qu’il y ait une équivalence entre groupoides propres et ”orbispaces” (des espaces
qui sont localement des quotiens par rapport a 'action d’un groupe de Lie compact) et d'un autre
nous voulons étudier la réduction des actions infinitésimales (actions d’algebres de Lie) qui ne sont
pas intégrables a ’action d’un groupe de Lie. Ces actions et leur intégrabilité ont été étudiées, entre
autres, par Palais ([46]), Michor, Alekseevsky.

Mots cléfs: Variétés de contact et Sasakienne, variétés symplectique et Kahler, application moment,
courbure Ricci, fibré cosphérique, réduction rayon, systemes Hamiltoniens conformes, groupoide Lie,
stratification.






Abstract

My research lies at the interface of Riemannian, contact, and symplectic geometry. It deals with the
construction of Kahler and Sasaki-Einstein metrics, with the study of conformal Hamiltonian systems,
the geometry of cosphere bundles, and proper Lie groupoids. The main theme of this thesis is the
study of applications of Lie symmetries in differential geometry and dynamical systems.

The first chapter of the thesis studies the singular reduction of cosphere fiber bundles. The copshere
bundle of a differentiable manifold M (denoted by S*(M)) is the quotient of its cotangent bundle
without the zero section with respect to the action by multiplications of R™ which covers the identity
on M. It is a contact manifold which has the same privileged position in contact geometry that
cotangent bundles have in symplectic geometry. Using a Riemannian metric on M, we can identify
S*(M) with its unitary tangent bundle and its Reeb vector field with the geodesic field on M. If
M is endowed with the proper action of a Lie group G, the lift of this action on S*(M) respects
the contact structure and admits an equivariant momentum map J. We study the topological and
geometrical properties of the reduced space of S*(M) at zero momentum, i.e. (S*(M)),:= J~1(0)/G.
Thus, we generalize the results of [16] to the singular case. Applying the general theory of contact
reduction developed by Lerman and Willett in [34] and [58], one obtains contact stratified spaces that
lose all information of the internal structure of the cosphere bundle. Even more, the cosphere bundle
projection to the base manifold descends to a continuous surjective map from (S*(M)), to M/G,
but it fails to be a morphism of stratified spaces if we endow (S*(M)), with its contact stratification
and M /G with the customary orbit type stratification defined by the Lie group action. Based on
the cotangent bundle reduction theorems, both in the regular and singular case, as well as regular
cosphere bundle reduction, one expects additional bundle-like structure for the contact strata. To
solve these problems, we introduce a new stratification of the contact quotient at zero, called the C-L
stratification (standing for the coisotropic or Legendrian nature of its pieces). It is compatible with
the contact stratification of (S*(A/)), and the orbit type stratification of M/G. It is also finer than
the contact stratification. Also, the natural projection of the C-L stratified quotient space (S*(M)),
to its base space, stratified by orbit types, is a morphism of stratified spaces. Each C-L stratum is
a bundle over an orbit type stratum of the base and it can be seen as a union of C-L pieces, one of
them being open and dense in its corresponding contact stratum and contactomorphic to a cosphere
bundle. Hence we have identified the maximal strata endowed with cosphere bundle structure. The
other strata are coisotropic or Legendrian submanifolds in the contact components that contain them.
Consequently, we can perform a complete geometric and topological analysis of the reduced space.
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We also study the behaviour of the projection on (S*(M)), of the Reeb flow (geodesic flow).

The set of contact Hamiltonian vector fields (the analogous of Hamiltonian vector fields in sym-
plectic geometry) form the ”Lie” group of the algebra of contact transformations. In the first chapter
we also present the reduction of contact systems (which locally are in bijective correspondence with
the non-autonomus Hamilton-Jacobi equations) and time dependent Hamiltonian systems.

In the second chapter of this thesis we study quotients of Kahler and Sasaki-Einstein manifolds.
We construct a reduction procedure for symplectic and Kéhler manifolds (endowed with symmetries
generated by a Lie group) which uses the ray pre-images of the associated momentum map. More
precisely, instead of considering as in the Marsden- Weinstein reduction (point reduction) the pre-
image of a momentum value u, we use the pre-image of Ry, its positive ray. We have three reasons
to develop this construction.

One is geometric: the construction of canonical reduced spaces of Kéhler manifolds corresponding
to a non zero momentum. By canonical we mean that the reduced Kéahler structure is the projection
of the initial Kéahler structure. The point reduction (Marsden-Weinstein) given by M, := %,
where p is a value of the momentum map J and G, the isotropy subgroup of p with respect to the
coadjoint action of G is not always well defined in the Kahler case (if G # G|,). The problem is caused
by the fact that the complex structure of M does not leave invariant the horizontal distribution of the
Riemannian submersion which projects J~!(u) on M,. The solution proposed in the literature uses
the reduced space at zero momentum of the symplectic difference of M with the coadjoint orbit of u
endowed with a unique Kéhler-Einstein form (constructed, for insatnce, in [7], Chapter 8) and different
from the Kostant-Kirillov-Sternberg form. The uniqueness of the form on the coadjoint orbit ensures
that the reduced space is well defined. On the other hand, not using the Kostant-Kirillov-Sternberg
form implies the fact that the reduced space is no longer canonical. The ray reduced space that we
construct is canonical and can be defined for any momentum. It is the quotient of J~!(R*y) with
respect to a certain normal subgroup of G/,.

The second reason is an application to the study of conformal Hamiltonian systems (see [40]). They
are mechanical, non-autonomous systems with friction whose integral curves preserve, in the case of
symmetries, the ray pre-images of the momentum map, but not the point (momentum) preimages
of the Marsden-Weinstein quotient. We extend the notion of conformal Hamiltonian vector field
by showing that one can thus include in this study new mechanical systems. Also, we present the
reduction of conformal Hamiltonian systems.

The third reason consists of finding the necessary and sufficient conditions for the ray reduced
spaces of Kéhler (Sasakian)-Einstein manifolds to be also Kéahler (Sasakian)-Einstein. We deal with
this problem in the second chapter of the thesis, in [15], and in [14] where we use techniques of A.
Futaki. Thus, we can construct new Sasaki-Einstein structures. As examples of symplectic (K&hler)
and contact (Sasakian) ray quotients we treat the case of cotangent and cosphere bundles and show
that they are universal spaces for ray reductions. Examples of toric actions on spheres are also
described.

The third chapter of my thesis studies the space of orbits of a proper Lie groupoid. In [63], [64] A.
Weinstein has partially solved the problem of linearization of proper groupoids. In [60], N. T. Zung has
completed it by showing a theorem of Bochner type for proper groupoids. Using ideas from foliation
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theory and the slice (linearization) theorem of Weinstein and Zung, we prove a stratification theorem
for the orbit space of a proper groupoid. We show explicitely that the orbital foliation of a proper
Lie groupoid is a Riemannian singular foliation in the sense of Molino. For all these we have two
motivations. On one hand we want to prove that there is an equivalence between proper groupoids
and orbispaces (the spaces which are locally quotients with respect to an action of a compact Lie
group). On the other hand we would like to study the reduction of infinitesimal actions (actions of
Lie algebras) which are not integrable to Lie group actions. These actions and their integrability have
been studied, among others, by Palais ([46]), Michor, Alekseevsky.

Key words: contact and Sasakian manifolds, symplectic and Kéhler manifolds, momentum map,
Lie symmetries, Ricci curvature, cosphere bundle, ray reduction, conformal Hamiltonian systems,
stratifications.
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Chapter 1

Singular Cosphere Bundle Reduction

1.1 Introduction

The main goal of this chapter is to carry out the singular reduction of cosphere bundles at the zero value
of the contact momentum map. This presents interest because cosphere bundles carry considerably
more structure than a general contact manifold and have the same privileged position in contact
geometry that cotangent bundles have in symplectic geometry. They have been intensively used in
topological problems dealing with the classification of immersions and embeddings. Associating to
each immersion (embedding) of a smooth manifold a Legendrian submanifold in its cosphere bundle
one can use Legendrian contact homology to construct topological invariants. A beautiful introduction
to the applications of these contact constructions is [18].

Contact reduction appears for the first time in the work of Guillemin and Sternberg [24] in the
context of reducing symplectic cones. Albert [3] and, several years later, Geiges [21] and Loose [35]
independently defined and studied contact reduction at the zero value of the contact momentum map
for free proper contact actions of Lie groups. Reduction at a general value of the momentum map was
studied by both Albert [3] and Willett [58] who proposed two different versions of dealing with it. It
turns out that Willett’s method is the one that naturally parallels the symplectic reduction theory,
even in the singular case as shown by Lerman and Willett [34]. They prove that the resulting contact
quotient depends only on the contact structure, that it is independent of any contact form defining
the contact foliation, and that it is a stratified space, more precisely, a cone space. For an extension
of Willett’s method where the contact space can be defined at any value of the momentum map see
[59].

The case of cosphere bundle reduction for proper free lifted Lie group actions was studied in [16]
with a view of comparing the theory to that for cotangent bundle reduction. It turns out that in
regular contact reduction of cosphere bundles there are no analogues of magnetic terms. In parallel,
in [48] the authors have developed the theory of singular cotangent bundle reduction at the zero value
of the momentum map and have found a finer stratification than that given by the general theory.
This is due to the additional structure of the cotangent bundle and the fact that the Lie group action
is a cotangent lifted action. A similar phenomenon occurs in contact reduction of cosphere bundles.
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Applying the general theory of singular contact reduction due to Lerman and Willett [34] yields
contact stratified spaces that, however, lose all information of the internal structure of the cosphere
bundle. Based on the cotangent bundle reduction theorems, both in the regular and singular case, as
well as regular cosphere bundle reduction, one expects additional bundle-like structure for the contact
strata. The cosphere bundle projection to the base manifold descends to a continuous surjective map
from the reduced space at zero to the orbit quotient of the configuration space, but it fails to be a
morphism of stratified spaces if we endow the reduced space with its contact stratification and the
base space with the customary orbit type stratification defined by the Lie group action. The present
paper introduces a new stratification of the contact quotient at zero, called in what follows the C-L
stratification (standing for the coisotropic or Legendrian nature of its pieces) which solves the above
mentioned two problems. Its main features are the following. First, it is compatible with the contact
stratification of the quotient and the orbit type stratification of the configuration orbit space. It is
also finer than the contact stratification. Unlike the cotangent bundle case, the isotropy lattice of the
group action on the base manifold () no longer suffices for the description of this new stratification.
In fact, this lattice I indexes a new decomposition of each contact stratum of the reduced space,
but the isotropy lattice of the zero level set of the momentum map is given by Igp without those
elements corresponding to orbit type submanifolds of dimension equal to that of their orbits. Second,
the natural projection of the C-L stratified quotient space to its base space, stratified by orbit types,
is a morphism of stratified spaces. Third, each C-L stratum is a bundle over an orbit type stratum
of the base and each contact stratum can be seen as a union of C-L pieces, one of them being open
and dense in its corresponding contact stratum and contactomorphic to a cosphere bundle. The other
strata are coisotropic or Legendrian submanifolds in the contact components that contain them.

This chapter is structured as follows. Section 1.2 presents the definitions, conventions, and re-
sults on stratified spaces and contact reduction (regular and singular) that are used throughout this
chapter. It quickly reviews the relevant results on regular contact cosphere reduction. Section 1.3
describes, for a general contact manifold, the relation between contact vector fields and the non au-
tonomous Hamilton-Jacobi equation. In the case of symmetries we prove a Noether type theorem
which gives invariant submanifolds of contact vector fields. Their reduction is studied and a simple
characterization of relative equilibria is given. Section 1.4 deals with the singular cosphere bundle
reduction at zero momentum. It begins the work on the stratification of the quotient by studying
the case of one single orbit type (Theorem 1.4.1). The contact stratification and contact geometry of
the reduced space are studied in Subsection 1.4.2; having as main results Theorems 1.4.2 and 1.4.3.
The new C-L stratification is also introduced here and its properties are investigated. Theorem 1.4.4
presents a complete description of its frontier conditions. It is also explained what is the tool needed
for an analysis of Withney or local triviality conditions for this new stratification. Section 1.5 studies
the singular cosphere bundle reduction for almost semifree actions, that is, actions that are in bijec-
tive correspondence with free lifted actions on the cosphere bundle. The stratification is computed
explicitly and the particular case of the circle acting on the cosphere bundle of the plane is carried
out in detail. Section 1.6 studies the example of the diagonal action of the two-torus on two copies
of the plane, lifted to the cosphere bundle. This example is rich enough to illustrate the relationships
between the various stratifications and the strata are computed explicitly.
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1.2 Preliminaries

In this section we will survey the main results of several topics that will be needed in the subsequent
development of the thesis. We will assume that all topological spaces are paracompact. In addition,
manifolds will be real, smooth and finite-dimensional. By group we will mean a finite-dimensional Lie
group. Every action of a group G on a manifold M is supposed to be smooth and the usual notation
g-m for g € G and m € M will be employed. The natural pairing between a vector space and its dual
will be denoted by (-,-). By submanifold, we will always mean an embedded submanifold.

1.2.1 Stratified spaces and proper group actions

The natural framework for singular reduction is the category of stratified spaces. We briefly recall
here the basic concepts (see [49]). Let X be a topological space and Zx = {S; : i € I} a locally finite
partition of X into locally closed disjoint subspaces S; C X, where I is some index set. We say that
(X, Zx) is a decomposed space if every S; is a manifold whose topology coincides with the induced
one from X and if the frontier condition holds: S; N'S; # @ implies S; C S;, whence S; C 85;, where
0S; == S?\ST In this case, the elements of Zx are called pieces of the decomposition.

In a topological space X, two subsets A and B are said to be equivalent at x if there exists an open
neighborhood U of x such that ANU = BNU. These equivalence classes are called set germs at x.
Let S be the map that associates to each point z € X the set germ S, = [O],, of a locally closed subset
O of X. We say that (X,S) is a stratified space if, for every point x € X there exists a neighborhood
U of z endowed with a decomposition Zy such that for every y € U, S, = [Z(y)],, where Z(y) € Zy
denotes the piece containing y. In this case we say that the decomposition Zy locally induces S.

Given two stratified spaces (X,S) and (Y,7) and a continuous map f : X — Y, we say that f is
a morphism of stratified spaces (or shorter, a morphism) if for every x € X there exist neighborhoods
V of f(z) and U C f~1(V) of z such that

i ere exist decompositions Zy and Zy locally inducing the stratifications S an respectively,

i) th ist d iti Z d Zy locally inducing the stratificati Sand T tivel
with the property that for every y € U contained in a piece S € Zy there is an open neighborhood
y € W C U such that f‘W(S N W) is contained in the unique piece R € Zy that contains f(y),
and

(il) flgnw = SNW — R is smooth.

In addition, we will say that f is a stratified immersion (resp. submersion, diffeomorphism, etc...) if
so are all the maps f‘ g for every point z € X. Given two different stratifications S and S’ on the
same topological space X, we say that S is finer than S’ if the identity map 1x, viewed as a map
between stratified spaces (X,S) — (X,8’), is a morphism.

Smooth manifolds are trivially stratified spaces and smooth maps between manifolds are their
morphisms. Note that a decomposed space (X, Zx) induces naturally a stratification (X,S) by just
taking S, to be the set germ of the piece containing x, for every x € X. In this case, we call the pieces
S; € Zx the strata of (X, S) and say that they satisfy the frontier conditions defined by the underlying
decomposition. In this paper the stratifications that will appear will be of this form and thus, for
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the sake of simplicity, when this is the case we will work most of the time with the decompositions
inducing these stratifications.

Let ¢ : G x M — M be a smooth action of the Lie group G on the manifold M. Since M is
paracompact it admits a Riemannian metric so if it is connected, M is second countable. The action
is called proper if ¢ x idps is a proper map. In this paper we only work with proper actions. For
instance, every action of a compact group is automatically proper. The main properties of a proper
action of G on M are:

(i) For each m € M, its stabilizer (or isotropy group) Gy, is compact.

(ii) The manifold structure of the orbit G - m is the one that makes the natural bijection G/G,, —
G - m a diffeomorphism. The inclusion G - m — M is an injective immersion. In addition, the
orbit is a closed subset of M. If M is connected, then the orbit is an embedded submanifold of
M.

(iii) The quotient space equipped with the quotient topology is paracompact and the orbit map
m: M — M/G is open and closed.

(iv) M admits a G-invariant Riemannian metric.

(v) If all the stabilizer groups are conjugate to a given subgroup H C G, then M/G is a smooth
manifold, the orbit map = : M — M/G is a smooth locally trivial fiber bundle whose fibers are
diffeomorphic to G/H, and the structure group of this locally trivial fiber bundle is N(H)/H,
where N (H) is the normalizer of H in G.

We now quote Palais’” Tube Theorem [46] in a form adapted to our needs, which is of great
importance in the local study of proper actions. Let m € M. Choose an invariant Riemannian metric
on M and use it to decompose T,, M = g-m @ S,,, where g-m = {{3r(m) : £ € g}. This splitting is
Gn-invariant for the linear action of G,,, on T,, M. The twisted action of G, on G x Sy, is defined by

h-(g,s) = (gh™ ' h-s) (1.2.1)

for h € Gm,g € G and s € Sy,. Since G, acts freely on the right on G, the twisted action is free.
In addition, Gy, is compact by property (i) of proper group actions, so the quotient space, denoted
by G Xg,, Sm, is a manifold. The Tube Theorem implies the existence of a Gy,-invariant open ball U
around the origin in S,, such that the map ¢ : G x¢g,, Sy — M defined by

b(lg, s1) = g - exppu(s) (1.2.2)

maps G X¢, U diffeomorphically and equivariantly onto a G-invariant neighborhood U’ of G - m in
M. Here, exp,, is the exponential map at m associated to the chosen Riemannian metric. The map
¥ is called a tube for the action and S, is called a linear slice, or simply a slice of the action at m.
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Let Ip; be the isotropy lattice of M, i.e. the set of conjugacy classes of subgroups of G which
appear as stabilizers for the action of G on M. Such classes, called orbit types, are denoted by (H) .
For each element (H) € Ips the (H)-orbit type manifold is defined by

Mgy ={m e M [ (Gp) = (H)}. (1.2.3)

In the same way, for any subset A of M one defines the orbit type sets of A by Ay = AN Mg
and the isotropy lattice of A by restriction. For a proper G-action on a manifold M such that M/G
is connected, there is always a subgroup Hy C G such that Mg, is open and dense in M and H is
conjugate to a proper subgroup of any other stabilizer. This orbit type (Hy) is called the principal
orbit type of Iy.

Obviously, the collection of orbit type manifolds forms a partition of M. For simplicity, we will
make from now on the following important assumption: for every (H) € I, all the connected
components of M) have the same dimension and M is second countable. Hence we have:

(i) For every (H) € In, Mgy is a G-invariant submanifold of M, and

(i) M and M/G are stratified spaces with strata Mgy and M (H) .= M)/ G respectively. Their
frontier conditions are:
M c oM —s (L) < (H),

and correspondingly for M, where (L) < (H) means that L is conjugate to a proper subgroup of
H. Since < defines a partial ordering in I; we say that the frontier conditions of the stratification
of M/G are induced by the isotropy lattice Iy;.

Remark 1.2.1. If one allows the connected components of the orbit type manifolds to have different
dimensions, then one needs to work in the larger category of X-manifolds and 3-decompositions. A
Y -manifold is a countable topological sum of connected smooth manifolds having possibly different
dimensions (see [49] for more details). However, our results on the stratified nature of the studied
quotient spaces remain valid.

1.2.2 Contact Manifolds.

Recall that a contact structure on a smooth (2n + 1)-dimensional manifold C' is a codimension one
smooth distribution H C T'C’' maximally non-integrable in the sense that it is locally given by the
kernel of a one-form n with n A (dn)™ # 0. Intuitively, this means that the contact distribution is
as non integrable as possible, since the integrability condition reduces to n A dp = 0. Such an 7 is
called a (local) contact form. Any two proportional contact forms define the same contact structure.
A contact structure which is the kernel of a global contact form is called exact. In the case of exact
contact manifolds, dn has rank n implying the existence of the Reeb vector field R uniquely defined
by
irdn=0 and n(R)=1.

In the following we will consider only exact orientable contact manifolds. The theorem of Darboux
(see [39]) states that, locally, every contact structure is diffeomorphic to (R*"*1, dz — ;y;dz;).
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When studying the geometry of the singular reduced spaces of cosphere bundles one needs the
notions of coisotropic and isotropic submanifolds in the contact context. Any integral submanifold N
of H has the property that its tangent space at every point is an isotropic subspace of the symplectic
vector space (ker 1, dn,) and that’s why, sometimes, they are also called isotropic submanifolds. In
particular, dim N < n; if dim NV = n, then N is called a Legendrian submanifold. A submanifold N of
the contact manifold (C,n, R) is coisotropic if for any x € N the subspace T, N Nkern, is coisotropic
in the symplectic vector space (ker n,,dn,).

A group G is said to act by contactomorphisms on a contact manifold if it preserves the contact
structure H. For an exact contact manifold (C,n), this means that g*n = fyn for a smooth, real-
valued, nowhere zero function f,. G acts by strong contactomorphisms on C, if g*n = n, ie. G
preserves the contact form, not only the contact structure. A G—action by strong contactomorphisms
on (C,n) admits an equivariant momentum map J : C — g* given by evaluating the contact form on
the infinitesimal generators of the action: (J(x),&) := n(£c)(z). Note the main difference with respect
to the symplectic case: any action by strong contactomorphisms automatically admits an equivariant
momentum map. Note also that orbits which lie in the zero level set of the contact momentum map
are examples of isotropic submanifolds. The momentum map J is constant on the flow of the Reeb
vector field. In addition,

(T2 J (v), &) = dn(x)(v,&c(n))

for any x € C, v € T,,C, and £ € g. This immediately implies

[(m(T:J)]° = {¢ € g | dn(z)(§c(x), ) = 0},

which is the contact analogue of the bifurcation lemma from the usual theory of momentum maps
on Poisson manifolds; the term on the left is the annihilator of the subspace in parentheses. For this
(contact) momentum map, 0 € g* is a regular value if and only if the infinitesimal isometries induced
by the action do not vanish on the zero level set of J. Moreover, if this is the case, the pull back
of the contact form to J~1(0) is basic. For more details on contact manifolds and their associated
momentum maps see [8], [22], and [58].

1.2.3 Regular contact reduction

Suppose G acts freely, properly, and by strong contactomorphisms on the exact contact manifold
(C,m). Denote by ip : J71(0) — C and m : J~1(0) — Cp := Jicl;(o) the canonical inclusion and
projection respectively. Cy is called the zero contact reduced space. The reduction at zero for contact
manifolds was done simultaneously by Albert([3]), Geiges([21]), and Loose([35]).

Theorem 1.2.1. Let G be a Lie group acting properly, freely and by strong contactomorphisms on the
contact manifold (C,n). Then there is a unique exact contact form on Cy, no defined by wino = ign.

Regarding contact reduction at p # 0, up to now there are two versions available: one due Albert
[3] and a more recent one due to Willett [58].

Albert’s method [3]. Let (C,n) be an exact contact manifold with Reeb vector field R and let
® be a “good” action of a Lie group by strong contactomorphisms. For p € g*, denote by G/, the
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isotropy group at p of the coadjoint action and by g, its Lie algebra. If x4 # 0 is a regular value of
J the restriction of the contact form to J~!(u) is not basic. This problem is overcome by Albert by
changing the infinitesimal action of g, on J~1(u) as follows: & — &c — (u,£)R, where R is the Reeb
vector field. In general, this infinitesimal action cannot be integrated to an action of G,,. However,
if R is complete, this g,—action is induced by an action of the universal covering group éu (if G, is
connected) given by

(e,n) > duc oy} (M),

where p; is the flow of the Reeb vector field. Albert defines the reduced space as J~*(u)/ @“ via this
new action and shows that it is naturally a contact manifold. Unfortunately, as it was explained in
[58], this contact quotient depends on the chosen contact form and not only on the contact structure.
This disadvantage was corrected by Willett in [58].

Willett’s method [58]. The idea is to expand p and to shrink G,,. As above, G is a Lie group that
acts smoothly on an exact contact manifold (C,n) preserving the contact form 7. Let u € g*. Willett
calls the kernel group of j1, the connected Lie subgroup K, of G, with Lie algebra €, = ker (ug, ).
It is easy to see that £, is an ideal in g, and therefore K, is a connected normal subgroup of G,.
Contact reduction (or the contact quotient) of C' by G at u is defined by Willett as

Cr+, = J R /K,

Assume that K, acts freely and properly on J~!(R*p). Then J is transversal to RTp and the pull
back of 7 to J~1(R*p) is basic relative to the K,—action on J~'(R"x) and thus induces a one form
r+, on the quotient Cr+ . If, in addition, ker 1+ g, = g then the form 7, is also a contact form. It is
characterized, as usual, by the identity 7+, = i,,7, where 7, : J LR p) — Cpe u 1s the canonical
projection and i, : J 7} (RTp) — C is the canonical inclusion.

It is to be noted that for u = 0, Albert’s and Willett’s quotients coincide.

1.2.4 Singular contact reduction at zero momentum

Reduction theory for co-oriented contact manifolds in the singular context was introduced by Willett
and Lerman in [?] and [58]. We now review briefly this construction at zero momentum, since it
will be used in our refinement to the cosphere bundle case. Let G be a Lie group that acts by
strong contactomorphisms on an exact contact manifold (C,n). Denote by J : C'— g* the associated
momentum map. By the definition of J, its zero level set is a G-space.

Theorem 1.2.2. Let (C,n) be an exact contact manifold and G a Lie group acting smoothly on C by
strong contactomorphisms with momentum map J : C' — g. Then for every stabilizer subgroup H of
G the set
H _ _
6" = (710D /G = (Cny N T 71(0)/G

s a smooth manifold and the partition of the contact quotient
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into these manifolds is a stratification with frontier conditions induced by the partial order of I;-1(q).
Moreover, there is a reduced exact contact structure on C(SH) generated by the one-form n(()H) charac-

terized by

where ﬂéH) (J7H0)) () — C(SH) is the projection on the orbit space and %(H) S (J7H0)) ) — C s
the inclusion.

In what follows this stratification will be referred to as the contact stratification of Cjy.

1.2.5 Regular cosphere bundle reduction

Cosphere bundles are the odd dimensional analogs of cotangent bundles in contact geometry. In the
following, we will briefly recall their construction and their equivariant regular contact reduction,
referring to [16], [18], [5], and [50] for more details.

Let @ be a n-dimensional manifold and 6 the Liouville one-form on 7*Q, defined by 6(X,,) =
(pz, Tp,7Xp, ), where p, € T3Q, X € T, (T*Q), and 7 : T*Q — @ is the canonical projection. Let
d: G x Q — Q be an action of G on ). Denote by

D, :GXT*Q—-T"Q

its natural (left) lift to the cotangent bundle. Consider the action of the multiplicative group Rt by
dilations on the fibers of T7*Q \ {07+ }.

Definition 1.2.1. The cosphere bundle S*Q of Q is the quotient manifold (T*Q \ {O0r-o})/R*.

Let 77 : T*Q \ {O7-q} — S*Q and & : [ag] € S*Q — ¢ € Q be the canonical projections. Denote
by [a,] the elements of the cosphere bundle. Of course, (7, RT, T*Q\ {Or+¢}, S*Q) is a R*-principal
bundle. Also, we will use the 71 notation for any R projection. The exact contact structure of S*Q
is given by the kernel of any one form 6, satisfying 6, = ¢*0 for o : S*Q — T*Q \ {Or+¢} a global
section. Such ¢ always exists and, even more, the set of global sections of this principal bundle is in
bijective correspondence with the set of C*° functions f : T*Q \ {O7-o} — R satisfying

fo(raq) = %fﬂ(aq% reRY, a, € T°Q\ {07}
(See [16] for details).

Remark 1.2.2. 1. Let C(S*Q) = S*Q x RT be the symplectic cone over S*Q, endowed with the
symplectic form d(t0y). Then one can easily see that Ty : C(S*Q) — T*Q\{07+q} given by T, ([ag],t) =
tfo(ag)oy is a well defined symplectic diffeomorphism, that is, a symplectomorphism.

2. If Q is zero-dimensional, we set, by convention, S*Q = .
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The action @ lifts to the cosphere bundle yielding a proper action
D, : G x5*Q = S*Q, Du(g, [og]) = [®u(g, )]

by contactomorphisms with all scale factors positive. In [34] it has been proved that for any proper
action which preserves an exact contact structure, there exists a G-invariant contact form. As every
contact form on the cosphere bundle is obtained via a global section as above, we shall chose once and
for all a section o for which (f/ls*g)*é’(7 = 0,. Relative to this contact form the induced action on the
cosphere bundle is by strong contactomorphisms. The associated momentum map, which depends on
the section o, will be denoted by J for simplicity, since in what follows no other contact form different
from 6, will be used. As above, the exact contact structure of S*(Q/G) can be described as the kernel
of a global contact form of type Oy, where

51 8%(Q/G) — T*(Q/G) \ {0r+(g/c) }

is a global section, and © is the Liouville one-form of 7%*(Q/G).
Regular reduction of cosphere bundles was done in [16]. Its main result at zero momentum is

Theorem 1.2.3. Let Q) be a differentiable manifold of real dimension n, G a finite dimensional Lie
subgroup of Diff(Q) and ® : G x Q — Q a smooth action of G on Q. Assume that K,, acts freely and
properly on J~Y (Rt ) and that ker ju + 9y = 8. Then the contact reduction

(S*Qrrp=J (R p) /Ky

is embedded by a map preserving the contact structures onto a subbundle of S*(Q/K,). For zero
momentum p = 0, the above embedding is actually a contactomorphic diffeomorphism.

For examples, see [16]. In the last 3 sections of this chapter, we will generalize Theorem 1.2.3 for
zero momentum to non-free actions, within the framework of stratified spaces, relating our results to
the contact stratification defined in Theorem 1.2.2.

1.3 Contact geometry and the Hamilton-Jacobi equation

In this section we will present a nice connection between contact geometry and the non-autonomus
Hamilton-Jacobi equation. We will also present the contact version of Noether conservation law.

Lemma 1.3.1. Let (C,H) be a contact manifold with contact 1-form n and Reeb vector field R. Then:

1° for any smooth function H : C — R, there is a unique vector field Xy such that

ixgn=—H, ixydy=dH —R(H)n. (1.3.1)

2° a vector field X verifies (1.3.1) if and only if Lxn = gn for g some smooth function on C.
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Proof. To prove 1°, let H be a smooth function on N and Xy := Xg— R(H), where X is the unique
vector field belonging to the contact distribution and defined by the relation ix,dn|y = dH|y. 2° If

X verifies (1.3.1) it is easy to see that Lxn = gn for g := —R(H). On the other hand, if one has
Lxn = gn, let H := —ixn. Applying Cartan’s magic formula, one obtains ixdn = gn + dH and
evaluating this 1-form on R, we find g = R(H) thus finishing the proof. O

Remark 1.3.1. Vector fields verifying (1.3.1) are called contact vector fields and the above lemma
shows that there is a one-to-one correspondance between the set of contact vector fields and the set of
smooth functions on a contact manifold. More over, the Lie algebra of contactomorphisms is given by
the set of contact vector fields with Lie bracket defined by {f, g} = —n([Xs, X,]) = df (Xy) + dg(R) f.

Remark 1.3.2. Notice that using the Darboux theorem, for each smooth function H, the vector field
Xy is defined in canonical coordinates by the followz’ng contact differential equation

. OH . OH
SR i i T IRV (132

and, locally, the Lie bracket has the following form.:

{fv g} = (8x1faylg + 8y1f8w19) - («Tzaa:zfatg - 'rzaxlazf) - (fazg - gazf)

Proposition 1.3.1. Let H = H(1,...,Tn, Y1, .-, Yn, 2) be a smooth function on the contact manifold
R2" and consider the Hamilton- Jacobi equation:

0,S + H(z,0,5,5) =0 (1.3.3)

for S = S(t,x) a function on R"T'. There is a one to one correspondence between solutions of the
above equation and equation (1.3.2). Namely, if S is a solution of (1.3.3) and x(t) is a solution of
& = 0yH(x,0,5,S5), then

a(t), y(t) =0:5(tx(t), =z(t) =S 2({1))

represents a solution of (1.3.2). Conversely, given an initial function S(0,x2) = So(z) one can con-
struct a solution of the Hamilton-Jacobi equation using solutions of (1.3.2) with initial conditions of

the form (x(0) = o, y(0) = 0:S0(x0), 2(0) = So(xo)).

Proof. First, let’s consider S and z(t) solutions of the Hamilton-Jacobi equation (1.3.3) and & =
OyH (x,0,8, S) respectively. Denote by ~(t) := (z(t),y(t), 2(t)). Deriving (1.3.3) with respect to x;,
we obtain:

0, 0:S(t,2(t)) + O, H(+( —i—Zé?yZH ))0u, 0, S(t, (1))

+0-H(y(t ))%S(t,w( ) =0
= 00,005 + 0p ) H + Y 2i05,0,,5 + y;0-H =0

— yj = —yjazH — aer.
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We have thus proved that 7(t) is a solution of (1.3.2).
To show the converse, fix the initial function Sy and consider

F(tvja8x50(j)a8t50(j)750(j)) = (:C(t)vy(t)vynJrl(t)’Z(t))a

where (z(

t),y ) z(t)) is a solution of (1.3.2) with initial conditions given by (z(0) = Z,y(0) =
0:50(Z), 2(

)
0) = So(z)) and yp+1(¢) is a solution of

{ Uns1 = H(x(t),y(t), 2(£))0-H (x(t),y(1), 2(t))
Yn+1(0) = —H(Z, 0:50(), So(Z))-
If H="H(z,y,ynt1,2) := H(x,y,2) + Yn+t1, then

d

dtH( (t)) = [0n, HOy, H + 0, H(—0,, H — y;0.H) + 0.H (y;0,, H — H)

YHOH|(F(t) =0

and hence, H(F'(t)) = 0 since the initial conditions imply H(F(0)) = 0. As we only work with smooth
functions, there is a Ty > 0 such that the map X which associates z(¢,%) = z(t) to (Z,t) for t < Ty is
a C! diffeomorphism onto its range. Therefore, we can define the smooth map S(t,z) := 2(X ~1(x)) =
z(t,Z) which verifies the required initial condition. The proof will be completed by showing that

OS(t,x) =yt (X H(x)) and 9,5(t,z) = y(X '(z)).

Thus, consider
T(t,Z) = 0z — O Y — Yn+1 R(t,z) := 0zz — yOzx.

T = 0 identically and hence,
WR =R — 0;T = Oyx yz — Oy O3 + Ozyn i1
= 0yH yz + (0:H + y0.H)03x + O3 yny1 = —0,H (032 +y 0.H),
since 0z H. We have thus obtained that R is a solution of the liniar problem 0, H R with initial condition

R(0,z) = 0. This implies that 03z = yOdzz. Using 03z = 0,S0zx and the fact that T is the null
function, it results that

{ (y — 0;5)0zx =0
(y — 0:5)0x + (O4S — yny1) =0.
and as X is a diffeomorphism, our proof is complete. O

Corollary 1.3.1. S(t,x) is a solution of (1.3.3) if and only if the associated Legendrian submanifolds
Ly = {(z,0,5(t,2(1)), S(t, x(t)) |z € R"}

are related by Ly = Wi(Lg), where ¥y : R2"H1 — R2*H1 s the flow of the contact differential equation
(1.3.2).
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Remark 1.3.3. For the Cauchy problem of equation (1.3.3)
S+ H(x,0;S,5) =0 on Q an open domain inR"
S(O, $) = So(l‘)
Sloq =,

where 0 is a domain in R one could construct the same correspondence as in the proof of Proposition
1.5.1.

In the context of contact geometry, the following theorem illustrates once more the principle that
behind any symmetry there should be a conservation law.

Theorem 1.3.1. Let (C,n) be an exact contact manifold, G a Lie Group acting properly on M and
H € C®(C)C. Then the flow of the contact vector field associated to H, ¢, invaries J~ (Rt p) for
any p € g*. In other words, modulo R™ the momentum map is constant on every integral curve of
Xy, or o invaries the level sets of the type J~ (R ). Similarly, H is preserved by ¢; modulo RT.
Proof. Let t — x(t) be an integral curve of Xy, £ € g and p € g* such that 2(0) € J~1(u). Then

%(J(SC(O),@ = ixy d{J; ) (x(t)) = dn(z(t))(Xm (2(1)), £ (x(1)))

= dH (§m)(2(t)) — Ry (H) (M, Ear) (2()) =

d
2o|  H(eap(=s&) - 2(t)) = Roey (H){J(2()), €) = —Rar) (H) (I (2(2)), &).
s=0
Consider the real function G given by G(t) := —R,(;)(H). Then, the previous calculation implies that

t
(J((1)), ) = elo GOy, €).
Since this is true for any £ € g*, the conclusion follows. O

An immediate consequence of Theorem 1.3.1 is that the ray preimages of the momentum map are
invariant submanifolds of the contact vector fields.

Remark 1.3.4. Unlike the symplectic case, the level subsets J~(p) are not conserved quantities. This
would only happen if H were a first integral of the Reeb vector field R which locally means that %—Ij =0
thus reducing everything to the symplectic case. Notice that the contact equations do not coincide with
the time dependent Hamilton equations.

Theorem 1.3.2. Reduction of contact dynamics in the regular case Consider H a smooth
G-invariant function on C. Then, the flow Fy of the contact vector field X induces a flow FgRJr“ on
the reduced space Cr+,, which satisfies

_ Rt
7r,u,OFt—Ft O Ty

Even more, this flow is a contact flow associated to the smooth function Hg+, : Cr+, — R defined by
Hg+, om, = H oy, and the vector fields Xy, XHR+;L are ;- related.
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The proof is similar to the one in the symplectic case, using that F;'n = exp(h:)n and the fact that
the Reeb vector field of Cg+, is given by T'i,(R).

Corollary 1.3.2. If H,K are G-invariant smooth functions on C, then H, K is also G-invariant and
{H, K}g+), = {Hp+y - Kr+poge,

where {, }anu denotes the Poisson bracket on the reduced manifold and {H, K }g+, is the function
induced on Cr+,, by {H, K}.

Remark 1.3.5. Time dependent Hamiltonians, as defined in [1] live on the exact contact manifold
T°Q x R. And even if they are not contact vector fields, it is easy to see that in the presence of
symmetries(not on the time, though), their flow leaves invariant the ray pre-images of the momentum
map. Hence one can speak of reduced time dependent Hamiltonians. Under good conditions the reduced
Hamiltonian lives on a subbundle of T*(Q/K,). This can be easily verified for the damped harmonic
oscillator with rotational symmetries. See, for instance [42].

1.4 Singular cosphere bundle reduction at zero momentum

1.4.1 The decomposition of J~1(0)

The geometric study of the contact reduced space (S*Q)o passes through the analysis of the level set
J~1(0) and, in particular, of its isotropy lattice I J-1(0)- We shall use the fact that both the cosphere
bundle S*@ and the lifted action of G on it are completely determined by the differential structure
of @ and its supported G-action. This will allow us to obtain our first main result, Proposition 1.4.1,
which describes this isotropy lattice, and hence the topology of the contact stratification of (S*Q@)o,
in terms of the isotropy lattice of () without those elements corresponding to zero dimensional orbit
types in Q/G. Also, as a preliminary result, and a “building block” for the general construction, we
state an intermediary cosphere reduction result, Theorem 1.4.1, which applies to base manifolds ()
on which the group action is not free but exhibits a single orbit type, that is, Ig consists of only one
element.

Lemma 1.4.1. The isotropy lattice of the cosphere bundle coincides with the isotropy lattice of the
cotangent bundle without the zero section

IS*Q == IT*Q\{OT*Q}'

Proof. It is enough to show that G, = Go,) for any ay € T*Q \ {Or+q}. Thus let g € G|, ). This
implies that glag] = [gay] = (o] <= gay = ray for r > 0. Since the action of G on @ is proper,
there is a G-invariant Riemannian metric on @ and hence ||gay| = [Joyl| = 7|ag|l. It follows that
r =1 and G|y, C Ga,. The other inclusion being obvious, the proof is now complete. O
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Remark 1.4.1. We will write Jo : T*Q — g* for the canonical momentum map for the cotangent-
lifted action of G on T*Q endowed with the canonical symplectic form. As J~1(0) = 7y (J;*(0) \
{07-¢}) note that

(J7H0) ) = 7+ (Tt 02y \ [(J(0)) () N {07+ }])

since (Jg; ' (0)\ {07+@})(z) = (o (0)) () \ [(J ' (0)) () N {07} .

The following theorem is an immediate consequence of Theorems 1.2.3 and 1.2.2.

Theorem 1.4.1. Let G be a finite dimensional Lie group acting properly on the differentiable manifold
Q such that all the points in Q have stabilizers conjugate to some K (that is, Q = Q(K)). Then
J71(0) is a submanifold of (8*Q)(xy and (S*Q)o, the reduced space at zero, is contact-diffeomorphic

to S*(Q/G) .

In the following proposition we give the decomposition of J~1(0) and show how the topology of
the contact quotient at zero is completely determined by the isotropy lattice of (). For that, we will
use the following partition of 7*Q. We fix once and for all a G-invariant Riemannian metric on Q.
Then, for any (H) € Ig, the restriction of T'Q) to the submanifold Q) can be decomposed as the
Whitney sum TQ(H)Q = TQu)y ® NQm), where, for every ¢ € Q(m), NyQ(m) = TqQ(LH)). Note that
each of the elements of the Whitney sum are G-invariant vector bundles over Qg. Dualizing this
splitting over each orbit type submanifold in @, we obtain the following G-invariant partition of T#Q:

Q= [ TQunoNQu)

(H)elg

Now, the restriction of this partition to 7*Q\{0r+q} and afterwards its quotient by the action of R4,
induces a G-invariant partition of S*Q).

Let 15 denote the isotropy lattice of @ without those elements (H) corresponding to orbit type
submanifolds @) for which the orbits of the restricted G-action have the same dimension as Q).
At this moment, we will need some results on cotangent-lifted actions, which were proved in [48].

Lemma 1.4.2. If G acts on Q and on T*Q by cotangent lifts with momentum map Jo : T*Q — g*.
Let (L), (H) € Ig be arbitrary.

(i) (N*Qm))(m) 18 the zero section of N*Q ).

(ii) Let Jet(rry denote the canonical momentum map on T%Q) ) associated to the lift of the action
on Qg obtained by restriction from Q). Then

Ve Oy = Tty @ TT (Tl () x (V' Q) (1.4.1)
(H)~(L)

(i) If (L) # (H), then (N*Qr))(ry # @ if and only if (H) = (L).
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Proposition 1.4.1. Suppose G acts properly on the manifold Q. Then we have:
(i) For q € Q(gy such that Gy = H and (L) € Is+q,

(Jfl(O))(L) ﬂS;Q #0 <= (L)€ Igand ((H) € Ia or(L) < (H)) :

(ii) (L) € Ij-10) <= (L) € Ify and hence P 4o = (L) €l «— dmQW >1;
(iii) The cosphere bundle projection k restricts to the G-equivariant continuous surjection k() :
(J_I(O))(L) — Q1) which is also an open map;

(iv) For a fized orbit type (L) in the zero momentum level set of the lifted G-action to S*Q the
corresponding orbit type submanifold admits the following G-invariant partition:

U O)w =IO TT 7 (Jalm O x (V'Qun) ) - (1:4.2)

(H)>(L)
where (H) € Ig;
(v) For every (H) - (L) with (L) € 1§y and (H) € Iq the restrictions

t(L) = k(L)|J(_Ll)(0) and t(H)>—(L) = k(L)|7T+ (J;t(lH)(O)X(N*Q(H))(L))

are G-equivariant smooth surjective submersions onto Q(ry and Qg respectively. The mappings
Jer(mry and J(gpy denote the momentum maps of the restricted actions of G to T Q) and S™Q )
respectively (which are the same as the canonical momentum maps for the restricted G-action

on Qm))-
Proof. To prove (i), let (L) € Is«q and q € Qg with G, = H. Then

(Jo 1 (0) () NTyQ = ()" @ (Ng Q) (1) (1.4.3)

where S is the linear slice for the G-action on Q) (see section 3 of [48]). Since (J(0)) 1) NS;Q =
g = (Jc_tl(O))(L) NT;Q = {0}, then (J7(0)) (1) N S;Q = @ only when (SF)* and (N; Q) (1) are
simultaneously zero. This amounts to (L) = (H) € Ig\Ij), (see Lemma 1.4.2) from where the result
follows.

(ii) is a forward consequence of (i). The rest of this statement and the G-equivariant continuous
surjectivity of k(r) are direct consequences of the fact that Iy = I J51(0)" To prove the openness of
k(r) it suffices to observe that for any open subset U of (J~1(0)) (1), k)(U) = 71y (7~ (U)), where
(L) (J;1(0 0)) ) — Qf is the open canonical cotangent projection map.

Applying (1.4.1) and the fact that (N*Qz)) ) does not contain the zero section when (H) # (L)
we have

(T O\ 00Dy = (T3 (@) \ 0y} [T [ 0) % (N*Qun) 1| -

(H)-(L
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Hence, applying 74 to this relation, we get

IOy = Iy [T =* (Jc?(lH)(O) X ((N*Q(H))(m)
(H)~(L)

which proves statement (iv).
As for the proof of (v), it is enough to notice that

T and 7 (I3l 0) X (N*Quany)ry )
are bundles over Q) and Q) respectively. O

Remark 1.4.2. Notice that for the description of orbit types in J~1(0), we need not only IZQ’ but also

the lattice I since each (J~1(0))r) is written as a union with index (H) in Ig, but (L) belongs to
1}.
Q

1.4.2 The topology and contact geometry of C,
The secondary decomposition of C((]L)

Define the fiber bundles:
S(H)~(L) "= Jc_t(lH)(O) X (N*Qm)) ) — Qum

S(L) = Jc_t(lL)(O) — Q(L)

Taking into account that 7 (s(g.(r)) are G-invariant pieces of the partition (2.6.9) of (J_l(O))(L)
and that the actions of G and R™ commute, we can define:

T (s> (1))
CS)-(1) = (G)H )

CCipy = J(zl)(O) = m <S(L) \ {OT*Q(M}) ~ G* 7Q(L) .
(L) G G G

Notice that for the above equivalence we have applied Theorem 1.4.1 and that each contact stratum
admits the following partition, which is the quotient of (2.6.9):

o Oy
0 G

L (Qr
=5 (c(;)> I Su-w

(H)~(L)

ccry I CSun-w) (1.4.4)
(H)~(L)
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Remark 1.4.3. In the notations of the previous section, the maps kr), %V(L), and %V(H)>(L) descend to
KB el - D), T o0y — QW and T L CS 1y — QUD;
kL) is an open continuous surjection and the other two are smooth surjective submersions.

Theorem 1.4.2. With the above notations, we obtain the following:

(i) Q) is a stratified space with strata QW) for all (L) < (H) and with frontier conditions given
by
QUMNQU # o — (H) < (K).

Moreover, Q) is open and dense in Q(L).

(ii) For every (L) € Iy and (H) € Iq, the partition (1.4.4) is a stratification of the corresponding
)

contact stratum C(()L , called the secondary stratification. The frontier conditions are given

by:
CS(H)>_(L) C aCC(L) for all (H) > (L);

CS(H’)>(L) C 8CS(H)>(L) e (H,) - (H) —- (L)

Moreover, the piece CC 1 is diffeomorphic to S*(Q(L)), is open and dense in C[()L), and the map

kL) is a surjective submersion of stratified spaces.

Proof. Since the G-action is proper, the orbit type decomposition of ) induces a stratification of Q/G

and the first part of the theorem follows immediately considering the relative topology of Q%) in Q/G.
Also, (1.4.4) is a locally finite partition and its pieces are obviously submanifolds of C(()L). As k) s
a continuous map and (k(X))~1(QF) = CC(r), it follows that CC(y) is open in CéL). In order to
prove the density, let x € CéL) and U be any open neighborhood of z. Hence, V = kL) (U) is an open
subset of QL) and, since Q) is dense in Q(I), there is at least one element y € VN Q). Notice that
(KN 1(y) = D)~ (y) C CC(ry and that there is at least an element in (t))~1(y) which is in U.
This means that & N CC(ry # & which proves the density of CC(y,.

Using the density of CC(z), the first frontier condition for the secondary stratification becomes
obvious. For the second one, consider in C(()L) an arbitrary open neighborhood U of a point =z €
CS(mn>(r)- By the openness property of k()| we obtain that O = k()(i{) is an open neighborhood
of k() () in Q@). Applying (i), we have that O N QM) # & <= (H') = (H) > (L). Furthermore,
the surjectivity of tU)=(E) implies ({=UEN=1()NU # @ for any z € O N QW) proving that
CS(H’)>(L) C 8CS(H)>(L) — (HI) >~ (H) ~ (L)

As k@) restricted to each piece of the secondary decomposition is surjective, Remark 1.4.3 imme-
diately implies that this map is a stratified surjective submersion. O
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We will refer to the strata of the form C'S(p), () as contact seams due to their stitching role that
will be explained later in Remark 1.4.5.

This theorem completes the topological description of each contact stratum C(()L) in terms of its
secondary stratification. We shall now begin the investigation of geometrical aspects, namely to what
extent the strata of this secondary stratification admit canonical contact structures in the sense that
the 1-forms generating them are induced by some cosphere bundle structures compatible with the
reduced contact form on the contact stratum. Thus, denote by

B0 oCy - ($7(@Q), e )

the bundle isomorphism given by Theorem 1.4.1, where @(EH) is a contact form on the cosphere bundle

of QU Observe that the restricted projection onto the first factor

P1(H)> (L) : (Jc_t(IH) (0)\ {OT*Q(H)}> X (N*Qum) ) = Ty (O \ {07+ }
is RT™ and G-equivariant so it descends to the surjective submersion
~(H)>-(L o
pymh) CS(mye(r) = CCmy,

where

7 el 00w < (VQun)w)
CS(my-(r) = G

is an open and dense submanifold of the contact seam CS(f),(r). Then, for any pair (H) = (L), we
have the following bundle map covering the identity on Q)

T = G o 50 oge ) 55(QUD)

which is also a surjective submersion. We are now able to endow each cosphere-like stratum CCpp

and each CSFH)> (L) with 1-forms given by:

(CC(HW(H) = (‘T’(H))*@(EH)> and (1.4.5)
(OS¢ (uys a0y (1) 1= (BP0 (1.4.6)

It is impossible to induce in this way a 1-form on the whole piece C'S ). (1) and hence we are forced
to restrict ourselves, for the time being, to C’SE’H)> (L) However, we will show later how to extend this
form to the whole C'S(g.(r)-

Theorem 1.2.2 gives the exi(s;c)ence of an abstractly defined contact structure on each contact piece
0

CO(L) generated by a 1-form 6,5 ’. One of the aims of this section is to investigate the compatibility

of the previously defined forms 7y and 1), (z) with the reduced contact form HUSL) and to describe

as much as possible this abstract contact structure.
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Theorem 1.4.3. The strata CC(r) and CS?H)HL) within the contact stratum C(()L) satisfy the following
properties:

(i) (CC(ry;n(r)) is an open dense contact submanifold of the contact stratum CéL) contactomorphic

to (5*(QW)), 0.

(ii) Using the above notations, the conformal classes of nry and ), (ry admit smooth extensions

(L)
0

to CéL) equivalent to 0,5 ', namely

(L) ~ (L)
Oo0 locy, = ey and Oa ‘CS(OH)HL)

= NH)-(L)-
The extension of 1z is unique.

(iii) The conformal class of ngys(ry can be smoothly and uniquely extended to the whole stratum
CSimy-(r)- If (H) € IZ) then CS(mys (1) 15 a coisotropic submanifold of the contact stratum C(()L).

When (H) € Ig \ Ié then C'S(p)» (L) s a Legendrian submanifold of the contact stratum C((]L).

Proof. (i) is a simple consequence of Theorem 1.4.1.

For (ii), let (L) and (H) be two fixed elements of If) and I respectively and i((]H)HL) : CSFH)HL) —
CéL) the inclusion map. By definition,
(L) ~ : )
0o ‘CSE’H) ()= NH)-(L) df >0 in C (CS(H)>-(L)) such that
L (H)=(L) \xp (L = v (H
(90(() )‘Cso = f77(H)>(L) < (Zg )-(L) ) (90(() ) ~ (\I/(H)>(L)) @g ).
(H)~(L)
To simplify the reading of the proof, consider the two figures 2.7 and 1.4.2 where W(GH)HL) and ﬁéH)

denote the canonical G-projections and all the horizontal arrows in the first and second diagram are
injections and projections respectively.

As Tr(GH)HL) o 74 is a submersion, it suffices to prove that
(@) o g ED=(L) o o yxg, B~ (GU=() o g H)=(L) o 7 e (D), (1.4.7)
Observe that i(()H)HL) o W(GH)HL) oMy = ﬁéL) o T4 0i(gys(r) and the first term of (1.4.7) becomes
(75 0 T i1y 0o = ity 0 Tr (7)) 00 )

= i(f)m(1) © T} @L)% )= (T4 ojmy o ® )0y,

where in the last line we have used Theorem 1.2.2 together with the equality 74 o jigy o ® =iy o
T4 0 U(f)»(1)» With jz) and @ inclusions defined by:

@ (Tt 0\ {070} X (N*Qun)ry) = T Qlauny \ 107+ }
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oty O\ 07+ } % (N*Quany) )25 (0) \ {070 }) (1) T Q\ {07}

7T+ 7T+ 7T+
_ . i) o i(r) |
e (T (0 {010} X (N* Q) ) (730 1 s'Q
()= (D) D)
G G
. ) s
CSlys (1) et
FUD-(L)
S*(QU)

Figure 1.4.1: Diagram defining 7z

and

iy s T°QlQer \ {01y } = T7Q\ {01}
Using this time ﬁéH) oML OPI(H)~(L) = ]5{1H)>( ) ng)HL) o7, we can write the second term of (1.4.7)
as:

(H)

() o piHI-(L) o ZUH)=(L) yeul) = (B o780 o 1y 0 pyays () ) OY

7TG o T4 »

* (T —(H) \x(H * 7%
= (4 opime(ry ) (B 07D YOl ~ (m o pyry ) U

where 0 7)x, is a contact form on S*Q 7). Let p(py : T*Q]Q(H) \{OT*Q(H)} — T"Q(g) be the projection
map. Since l(z) © T4 © i) (1) = T+ © p() © P, the second term is in the same conformal class as
@*pE‘H)WiH( m)x and, hence, equation (1.4.7) is equivalent to

(I)*p?H)ﬂ'j_e(H)E :J(I)*jE"H)ﬂ_G — P* E* )(Eow+) Oy ~ @ j(H)(O'OTF+) 0
= (i) fxbr) = @i fob,

where ¢ and 6 are the canonical one-forms on T%Q) and T™Q) ) respectively, and o, 3 are sections
in the associated cosphere bundles. But pZ‘H)H( H) = jZ‘H)G, as it can be easily seen in local coordinates,
which proves (1.4.7).

As for the extension of the conformal class of 7z, an analogous proof can be developed just by
considering the limit case (H) = (L), when C’S?H)>( 1) degenerates in CCy). In order to prove the
uniqueness of this extension, let us consider a point x € C(()L) and one tangent vector v, € T, xC(()L).

As CC(r) is open and dense in C(()L)

Vg, € T3, CC(py =~ kaCéL) such that

, there is a sequence of points z € C'C(z) and one of vectors

lim zp =2, lim v, = vs.
k—o00 k—o00
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(J£<H>( INA07-g )} ¥ (N* Q) )pw Toateny O\ {07+ }

7\'+ ﬂ'+
. D1(H)> (L) Lemy «
+ (Tt 0 \ {01 } X (N Q) e T (0) 5" (Qum)
U (L) R0D
G G
pr (H)=(L) T(H)
CS ey (r) 2 CCary) ———— §7(QU)

Figure 1.4.2: Diagram defining N(H)>(L)

From the above arguments and using the continuity of HUE)L), we have that

oy (ee)(vay) (L) W
klirgo g(mk) - kli)r{.lo 000 (mk)(vzk) =0, ( )(UI>7

with g € C°°(CC(1) a positive function such that 7y = g9 We have thus proved that the

class of 6’08 ) is the unique smooth extension of the class of 7z to C(() ),

(iii) To extend the class of 7 g, (z) from CSFH)HL) to the whole piece C'Sf), (1), we will apply
the same type of arguments as before, using this time that CS(O H)-(L) is open and dense in CS(f)(1)-
Namely, for any point € CS(g).(r) and any vy, € TCS()s (1), there is a sequence of points
TR € CS(H)>( L) and one of vectors v, € TIkCSFH) (L) = TkaS( H)=(L) such that

70 ‘CC

lim zp =2, lim v, = v,.
k—o00 k—o00

Observe that
i 0D =(0) (zk) (V)
im

and notice that this extension is also unique and given by the conformal class of 000 |Cs( ()’

To check the coisotropy and Legendrian submanifold conditions, let x € CS? (H)> (1) A direct count
of dimensions gives:

= 0,57 (2) (v,)

dimker 0,5") (z) = dimC{" — 1 = 2(dim Q1) — dim G + dim L — 1)

since S*QL) is open in the corresponding contact stratum. At this point we need the following
intermediate result.

Lemma 1.4.3. The dimension of the tangent space to a contact seam is

dim TICS(H)>(L) = dim Q(H) =+ dim Q(L) — 2dimG + dimH + dimL — 1. (1.4.8)
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Proof. We want to compute dim T,C'S(gy,- (1) = dim C'S ), (1). For this, let 7(z) = k%(z) be the base
point of x, where z € Q) with G, = H and note that dim C'S(gy, (1) = dim(Jc_tl(O) NT;Q) ) +
dim Q) — dim G + dim L — 1, where the class (L) refers to the linear H-action on the vector space
J;1(0) N TFQ. On the other hand, the inverse of the Riemannian bundle isomorphism 7Q — T*Q
maps (J;(0) N T7Q)ry H-equivariantly isomorphically to (S.)). Now, if ¢, U, and U’ are like
in the Tube Theorem (1.2.2), then 1 restricts to a diffeomorphism between G x g ((S:)(z) NU) and
UN Q- Since dim G x g (S;)(r) = dim G + dim(S.)z) — dim H, we can compute

dim(S.)(r) = dim Q) — dim G + dim H.
Finally we obtain dim 7, C'Sf). (1) = dim Q) + dim Q(z) — 2dim G + dim H + dim L — 1. O
Consequently, a simple dimension count gives
1
dim T, C'S(pr)s- (1) — 3 dim ker 90(()L) (z) = dim Q) — dim G + dim H
= dim(Sz)(H) >0,

where z € Q) is the base point of z and S is the associated linear slice. Suppose first that (H ) eI )
and so dim T C'S ()5 (1) — 1 dim ker 00(() )( ) = 0. This implies that CSCirys (1) and CS(pp), (1) can be
neither isotropic nor Legendrian submanifolds of C(() ) and that TmCS(OH)H L) ¢ ker QgéL)(m) for any

v €Oy 1)
Now let
Wo == ToCSeypy 1) Nker o () = ToCSary () N ker 05 ()
and
Vp = {U € ToCS(gy, (1) \ ker oy (L )( J:v=vo®kR(z),k € R,vg € ker@c,[()L)(x)} .

One can easily check that V;D is a one dimensional vector space and that for any x € CSE)H)H L)’

we have T,CS?

~

70 ‘CS<H>><L> -

N(i)-(L), it follows that T, LU =(L) (W) = ker@ (y) and T, U~ (V)= span {Rs(y)}, where
y = UH=L)(2) and Rg(y) is the Reeb vector field of (S*(Q(H)), G)(ZH)>. Therefore, we obtain

(H)=(L) = Wy @ Vi As PH)-(L) iy 5 surjective submersion and 0,

rank dn gy, () () lw, = dim W, — dim ker dng),- (1) () lw,
= dim W, — dim{v € W, : dOY (y)(T, ¥ =Dy 7, 5D~ D)y = 0,V € W, }
=dim W, — dimkerTx\T/(HV(L)‘Wx = dimS*(Q(H)) —1.

This shows that rank dn g, (1, (.CE)‘W = 2dim W —(dim C(()L) —1) proving that S0y, (1) 18 a coisotropic
submanifold. Since CSOH)H 1y 1s dense in C'S(fys (1), by an extension argument similar to the one
used before, we have that C'S(),. (1) is also a coisotropic submanifold of the corresponding contact
stratum.
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If (H) € Io\I}), then dim T, CS gy (1) = 1 dim ker QgéL)(:U) and by the definition (1.4.6) (). (1) =
0 since S*(Q()) is the trivial bundle, proving thus that the CS(m)=(1) is a Legendrian submanifold
of c§P. 0

Remark 1.4.4. Note that the contact seams C'S s (1) can never be contact submanifolds of C((]L).

The C-L stratification of Cj

In this subsection we prove the existence of a new stratification of the contact reduced space Cy,
different from the contact stratification in Theorem 1.2.2. The existence of this new stratification,
that we call the C-L stratification since its strata are coisotropic or Legendrian submanifolds of the
corresponding contact stratum, is due to the bundle structure of the contact manifold that we start
with. We will see that the C-L stratification is strictly finer than the contact one, if the base manifold
@ has more than one orbit type. In principle, this is not an advantage since the contact stratification
partitions the singular contact quotient in less and larger smooth components. However, if we take into
account the bundle structure of the problem we can see why this new stratification is more appropriate.

The most important feature of regular cosphere bundle reduction, Theorem 1.2.3, is that if we
start with the cosphere bundle of a manifold @), we end up again with a cosphere bundle, this time
over /G. Furthermore, the reduced contact structure on S*(Q/G) equals the canonical cosphere
contact structure. In the singular setting however, the lack of smoothness of the quotient spaces
involved forces us to choose another definition of fibration. The most natural one when working with
decomposed or stratified spaces is the following: if A and B are decomposed spaces together with a
continuous surjection f : A — B, we say that f : A — B defines a stratified bundle over B if f is a
morphism of decomposed spaces. In our case, there is a natural projection k? : Co — Q/G induced
from the cosphere bundle projection k : S*Q — Q. If we consider the natural orbit type stratification
of @/G and the contact one of Cp, then the projection does not define a stratified bundle over Q/G
since the image of a contact stratum C(()L) under the projection is Q&) which includes several orbit
type strata of @/G. We will prove that the choice of the coisotropic stratification for the contact
quotient Cy solves this problem.

Consider the partition of Cy obtained by putting together all the secondary strata found in every
contact stratum:

G=[[ccey I CSwnmwo (1.4.9)
(L) (K')-(K)

for every pair of classes (L), (K) € I) and every (K') € Ig.

Theorem 1.4.4. The partition (1.4.9) is a decomposition of Cy inducing a stratification, called the
C-L stratification, that satisfies the following properties:

(1) If Q/G is connected and (Lo) is the principal orbit type in Q, then CCy,) is open and dense in
Co.

(2) kK : Co — Q/G is a stratified bundle with respect to the C-L stratification of Cy and the orbit
type stratification of Q/G.
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(3) If I consists of more than one class, the C-L stratification is strictly finer than the contact one,
and they are identical otherwise.

(4) The frontier conditions for the C-L stratification of Cy are:

(i) CCxy COCC gy == (H) < (K)
(ii) CSurs i) © OCCppy = (H) < ()
(i) Cixy C OCS gy () == (H) < (K)
() CS(gry(ry C OCS () (ar) <= (H)

)

= (K) < (&)
(1)) CS(K)>(H/) C 8CS(K)>(H) — (H <

< (H') < (K).

Proof. For (1), recall by Proposition 1.4.1 that I;-1) = I7). The principal orbit type of the isotropy
lattice corresponds to an open and dense piece, so (J71(0))(z,) is open and dense in J~(0), since
(Lp) is by hypothesis the principal orbit type in I (assuming that dim @) # 0) and hence in ;-1 ().
Consequently, as the orbit map J~!(0) — Cp is continuous and open, CéLO) is open and dense in Cy.
Now, since CéLO) is equipped with the relative topology with respect to Cp and CC(z, is open and

dense in it (Theorem 1.4.2), it follows that C'C(y, is also open and dense in Cy. For (2), note that
the restrictions of k% to CC(ry and CS(p)s (1) coincide with the corresponding restrictions of kL),

which, by Remark 1.4.3, are smooth surjective submersions over Q%) and Q1) respectively for every
(L) € Iy and (H) € Ig. This shows that these restrictions map each C-L stratum of Cy to an orbit type
stratum of Q/G. Therefore, k¥ is a morphism of stratified spaces. To prove (3), recall from Theorem
1.4.1, that if I consists of a single orbit type (H), then Cy = C(()H) = CCy) (assuming dim Q # 0)
and its contact and C-L stratifications are both trivial and identical. If there is more than one orbit
type in the base, the number of C-L strata is strictly higher than the number of contact strata (which
is equal to the number of orbit types of I, 5) The identity map in Cy injects each C-L stratum in the
unique contact stratum to which it belongs and is hence a morphism of stratified spaces. Therefore,
the C-L stratification is finer than the contact one. For (4), relations (i) and (iv) follow from the

frontier conditions of the secondary stratum C(()H). To prove (i), it suffices to recall from the general

theory of singular contact reduction that C(()K) C QCSH) if and only if (H) < (K). Using the density of

any maximal secondary stratum C'C(r) in the corresponding contact piece C(()L), (¢) follows. (ii7) is a
consequence of (v) if one considers the limit case CC(g) = CS(x)s(k)-

Finally, to prove (v), choose a point [z] € C'S(), g7y C Co and an open neighborhood [z] € O C Cy.
We shall show that O N CSyye () # @ if (H) < (H') < (K). Let # € J~(0) be a preimage of [z].
We can assume without loss of generality that G, = H' and that the projection of z, i.e. the point
z = k(z) € Q, satisfies G, = K. Let U be the only open G-saturated set in J~1(0) such that U/G = O.
Then, identifying S*@Q with the unit bundle in 7% via a G-invariant metric on ), we have that x
is a unit covector lying in the subset of the cotangent fiber at z given by (SK)* @ (N} Qr))(m)- By
the general properties of linear representations of compact groups on vector spaces and the property
(iii) of cotangent-lifted actions in Lemma 1.4.2, it follows that po(U N T7Q) N (NI Q(x)) () # 9
for every compact subgroup H of K such that H < H' and (N;Qk))m) # @, ie., (H) € Iq.
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Here, po is the linear projection (SK)* @ N;Qky — N;Qk). From this, it follows that if 2’ €
p2(UNTEQ)) N (NIQxy)(m). then [z] € O N CS (k) (m)- O

Remark 1.4.5. The previous result shows that, identifying a stratum CC gy with S*(Qmy) as shown
in Theorem 1.4.3, the reduced space Cy is almost everywhere a collection of cosphere bundles, one
for each orbit type stratum of positive dimension in Q/G. These cosphere bundles satisfy the same
frontier conditions as their bases, i.e., S*(QU)) c 98*(QU) if and only if Q) c dQW) (condition
(i)), but in this case there is always a contact seam CS k), (mr) between them, which “glues together”
these two cosphere bundles, as reflected in conditions (ii) and (iii).

A remark on the local properties of the C-L stratification of Cg.

Throughout this paper we have used a purely topological concept of stratification (see subsection
1.2.1). However, in the literature most of the time the notion of stratification is a finer one, in a sense
incorporating some sort of smooth structure not confined to each stratum. Namely, the additional
condition usually imposed to a stratified space X is that of being a locally trivial cone space (which
together with a smooth structure of degree > 2 implies that X is a Whitney space, see [49] for details).

According to [34], the contact quotient Cy together with the stratification given by Theorem 1.2.2
is a locally trivial cone space. In that paper, the authors prove this fact using a contact analogue of
the equivariant symplectic tubular neighborhood of Marle, Guillemin and Sternberg. They study the
conical properties of the stratification in the local model provided by the corresponding equivariant
tube ¢ : C — U. This is possible since the basic ingredients to construct the strata, the orbit
types C(p), are mapped in the local model to U ). However, this is not the case for the cosphere
bundle. The building blocks of the secondary and C-L stratifications of a cosphere bundle quotient are
T (s(L) \ {OT*Q(L>}) and " (s(gr)»(r))- In order to express them in the tubular neighborhood, one
would need the tube ¢ to be explicitly defined or at least adapted to the cosphere bundle category in a
way that reflects the fibrated nature of C. Consequently, the problem of studying the local triviality of
the secondary or C-L stratifications implies finding such an adapted normal form for cosphere bundles,
which is yet unknown.

1.5 Singular base actions with cosphere regular lifts

In the following definition we introduce a class of actions which may have singularities on () but that
will be proven to yield regular lifted actions on S*Q.

Definition 1.5.1. An almost semifree action of G on Q is a smooth action such that a) it is free almost
everywhere, b) the connected components of every orbit of non-mazimal dimension are isolated, and c)
for every non-trivial isotropy subgroup H € Ig with Lie algebra b, its induced adjoint representation

on (g/5) \ {0} given by h - [¢] = [Adyg] is free.

Note that for any almost semifree action, the quotient space Q)/G consists on an open and dense
stratum Q(®), except possibly for a set of isolated singular points. The next proposition shows that
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the class of almost semifree actions is in one-to-one correspondence with the class of free actions on
S*Q.

Proposition 1.5.1. Let S*Q) be the cosphere bundle of QQ endowed with the lift of a proper action of
a Lie group G on Q. This lifted action is free if and only if the action on @ is almost semifree.

Proof. Recall that, identifying with the help of a G-invariant Riemannian metric S*Q with the unit
bundle SQ C T'Q and T'Q) with T*Q, G acts freely on S*Q if and only if its tangent-lifted action on T'Q)
is free on the unit bundle, and hence if it is free away from the zero section (since by linearity the lifted
action intertwines the fiber rescaling by non-zero factors). Let ¢ € Q with stabilizer G, = H # {e},
S C T,Q a linear slice for the G-action at ¢ and v = {g(q) + s € T;Q \ {0}. Note that all the
admissible ¢’s differ by an element of the Lie algebra of H. Then U = G - exp,(S) is a G-invariant
neighborhood of the orbit G- ¢ = G - exp,(0) and there is an H-isomorphism f : T,Q — g/h x S given
by f(ég(q) +s) = ([¢],s), where the H-invariance is with respect to the linear action on T,Q and the
diagonal action on g/h x S given by h- ([{],s) = ([Adn&],h - s). Consequently, G, = H, = Hs N Hpg.

Suppose first that the lifted action of G on S*@ is free. Then any point ¢’ € U\ G- ¢ can be written
as ¢ = g - exp,(s) for some 0 # s € S with g € G and Gy = gH,g~" = {e}, since G5 = Hy = {e} as
assumed above. Hence the G-action on () is almost semifree.

For v = £q(qo) € Ty @ \ {0} with £ € g, £ € b we obtain that G, = {e} = H, = Hg, thus proving
that the induced adjoint representation on (g/h) \ {0} is free.

To prove the converse implication, let v € T,Q \ {0} as before, with v = s + £{g(qo), where s € S
and & € g. If s is different from zero, multiplying it if necessary by a positive scalar smaller than one,
we can guarantee that G - exp,(s) C U \ G - ¢. Shrinking U if necessary, we can guarantee that all of
the points in U \ G - qo have trivial isotropy, since the orbits of non maximal dimension are isolated
by hypothesis. Using again the Tube Theorem, the isotropy groups of these points are gHsg~! = {e},
for every g € G, which forces Hy = {e} and hence H, = {e}. In the case when s = 0, we have that
G, = Hyg = {e}, thus completing the proof. O

Remark 1.5.1. To geometrically express the third condition in Definition 1.5.1, notice that every non
trivial isotropy subgroup H = G4 € I acts freely on (g/h) \ {0} if and only if for any element h € H
the associated diffeomorphism of Q maps bijectively {exp(tf) -q : t € R} to {exp(t Adp§)-q : t € R}
for every £ € g with [§] # 0 in g/b.

Notice that this is a major difference with the cotangent bundle case, where the cotangent-lifted
action is free if and only if the base action is free as well. In the context of cosphere bundle reduction
the reason for the special interest in semifree actions and in finding necessary and sufficient conditions
for the freeness of the lifted cosphere action is the following. Given a cosphere bundle C = 5*Q with
the lift of a proper almost semifree action on @, if we ignore the bundle structure of the contact
manifold C we are in the hypothesis of regular contact reduction, since G acts freely, properly, and
by strong contactomorphisms on C. Therefore, the contact reduced space Cqy is a well defined smooth
contact manifold.

On the other hand, since the action on @ is not free in general, we cannot apply the main result
on regular cosphere bundle reduction of [16] (see Theorem 1.2.3) because in that case the quotient
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@ /G will not be a smooth manifold. In fact, one expects Cy to be a smooth reduced manifold fibrating
continuously over the topological stratified space Q/G, but this bundle description cannot be achieved
by only applying the scheme of regular cosphere bundle reduction. However, the results of the previous
section will allow us to provide such a “stratified bundle” picture of the contact quotient Cy. Indeed,
we have the following result.

Theorem 1.5.1. Let G be a Lie group acting properly and almost semifreely on @@ and by lifts on the
cosphere bundle S*Q) with contact momentum map J : S*Q — g*. Write the orbit type decomposition

of Q/G as
QG=q0 ] .

(H)EIQ\I

where Q(¢) = Q(e)/G is open and dense in Q/G and each «(H) with (H) € Ig \ 1%, is an isolated point
of some lower dimensional stratum QU with (H) = (e), lying in the boundary of Q\®). Then the
quotient Co = J~1(0)/G is a smooth manifold which can be decomposed as

Co~5Q9) [ cs* (1.5.1)
(H)EIQ\I,

where each CS™) is a trivial bundle over «H) and a connected submanifold of Cy lying in the bound-

ary of S*(Q(e)). Moreover, the manifolds CS™) are Legendrian submanifolds of Co in one-to-one

correspondence with the singular orbits of the G-action on Q and have dimension dim Q) — dim G — 1.

Proof. Since J~!(0) consists of a single orbit type (e), due to the fact that the lifted action to S*Q is
free, the secondary and C-L stratifications coincide with the partition (1.5.1). As for every (H) € I
different from (e) we have (H) € Iq \ Ij), the contact seams CcSsH) .= CS(#)s(e) are Legendrian
submanifolds of Cy. The dimension of each connected component is then given by formula (1.4.8)
noting that dim Q) = dim @ and dim Q) = dim Q) — dim G +dim H = 0 for every (H) € I\ I,
since the action on @ is almost semifree. O

Recall that a group action is called semifree if it is free everywhere except for a set of isolated
fixed points. Semifree actions are important particular cases of almost semifree actions and they are
commonly found in examples. The following example explicitly illustrates the geometric constructions
of this paper in that situation.

Example: S' acting on S*R?. Consider Q = R? with Euclidean coordinates (x1,z2) and its
cotangent bundle T*R? = R? x R? with coordinates (1, x2,%1,%2). The action of S by rotations on
R? (a semifree action with ]RQ( s1y = {(0,0)}) lifts to T*R? by the induced diagonal action. A Hilbert
basis for the ring of S'-invariant polynomials for this cotangent lifted action is given by (see [13], §1.4)

ol = x%—i—m%—l—y%—&-yg,
oy = 2(z1y1 + T2y2),
o3 = yi+ys—al—a3,

04 = T1Y2 — L2Y1.
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These polynomials satisfy the semialgebraic relations
01 >0, 0% =05+03+ 407
We can identify the cosphere bundle S*R? with the subset of T*R? given by the constraint
o1+ 03 =2.

The cotangent lifted action restricts to S*R? giving the free lifted action by contactomorphisms. Its
associated momentum map is given by

J(xlax%ylayQ) =04

for (z1,22,v1,92) € S*R2. Consequently, using invariant theory, the contact reduced space J~1(0)/S!
is identified with the semialgebraic variety of R® = {03, 03,01} defined by

Co =~ {(02,03,01) ER® : 01 >0, 0] = 03 + 03, 01 + 03 =2}.

This contact reduced space is in fact a smooth manifold since it is the parabola obtained intersecting
the plane P = {01 + 03 = 2} with the upper half of the cone 0% = 03 + ¢3. Its smooth structure is
induced from the ambient space R3. This was to be expected since the action on the contact manifold
S*R? is free.

However, this reduced space is no longer a cosphere bundle since the action on the base is semifree.
We investigate now how the stratified bundle structure of Cy obtained in the previous sections arises

here. Note that Q/G = R?/S! can be identified with the subset of R? given by
Q/G = {(0,—t,t) : t >0},

which is a half-open line parallel to the plane P containing Cy. According to the notation employed
in this section, Q/G is a stratified space with strata Q(¢) and * = (0,0,0). The continuous fibration
k0 : Cy — Q/G is given by k%(09,03,01) = (0,1 — 01,01 — 1). Note that (k°)~1(Q(®) = L]] R and
(°)~(x) = (0,1,1) (see figure 1.5), where Co = L]] R][{(0,1,1)}. In addition, recall that Q(¢) ~ R
and that S*"R =R UR.

So (K9)~1(Q®) = L[ R is diffeomorphic to the cosphere bundle S*Q(¢). The fiber over a point
(0, —t,t) € Q) is the pair of points (2v/%,1 —t,1 +t) and (—2v/%,1 —t,1 + t) which lie in L and
R respectively. Finally, the point (0,1,1), the minimum of the parabola Cy, is the seam CS(g1), ()
lying in the boundary of S*(Q(®)). Finally, since both Cy and S*(Q(®)) are one-dimensional, their
contact structures are trivial, due to the fact that the corresponding contact distributions must be
zero-dimensional.

1.6 Example: diagonal toral action on R? x R?

We illustrate the main results obtained in this paper with one more example rich enough to show all the
extra structure appearing in the cosphere bundle singular reduction. This time, the reduced contact
space Cg will have dimension bigger than one and will have hence a non-trivial contact structure.
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Figure 1.5.1: The contact reduced space as a parabola fibrating over a half-closed line.

Consider the proper action of G = T? on @ = R? x R?, where each S! factor acts by rotations on
the corresponding R? factor. The isotropy lattice for this action is shown in Figure 1.6.1, where the
subconjugation partial order is represented by arrows. Also, the corresponding stratification lattice is
shown. A stratification lattice is a graphical arrangement of all the strata of a stratified space where
for any two strata A, B with A C B and such that there is no other stratum C with the properties
A CC and C C B we write A — B. For the action under study, we have I \ I = {(T?)}.

Let (z,y) = (z1,22,y1,y2) be the Euclidean coordinates of a point in @ and z = (z,y,u,v) =
(w1, 22, Y1, Y2, u1, U2, V1, v2) the ones of a covector in T*Q ~ R* x R, The ring of G-invariant polyno-
mials on T%Q is generated by

pro= |+ [lul® o = |yl*+[v]?
p2 = 2(z-u) oo = 2(y-v)

ps = ull® — =] o3 = |lvll* = lyl?
P4 = TiUz — T2U 04 = Y1U2 — Y2v1.

These polynomials, which form a Hilbert basis, are subject to the following semi-algebraic relations

pr>0, 0120, pi=ps+p5+4pi, of =03 +05+40].

Identifying the cosphere bundle S*R* with R* x $3 C R* x R%, where S® = {(u,v) € R? x R? :
|u|? + [[v||* = 1}, it is easy to see that its contact structure is given by the kernel of the restriction
of the Liouville one-form 6 = udx + vdy and that the associated momentum map J : S*R* — R? is
given by J(z,y,u,v) = (ps,04) € R?. Consequently, we still have two more constraints to describe the
zero-momentum level set:

pes=0 and o4 =0.

Notice that we can also see S*R?* as the subset of R® defined by the additional constraint

p1+p3+o1+o3=2.



30 Singular Cosphere Bundle Reduction

The associated G-invariant Hilbert map is defined by

7 JTH0) = R X RPy(2) = (p1(2), p2(2), p3(2); 01(2), 02(2), 03(2)),

and we can identify the reduced contact space with the image of -, i.e. with the semialgebraic variety
of RS defined by

Co~{(p;o) €RC : p1,01 >0, p; = p3 + p3, 01 = 05 + 03, p1 + p3 + 01 + 03 = 2}

which is the intersection between the product of two cones, C7 x (o and the hypersurface H :=
{(p1, p3,01,03) € R* : p1 + p3 + 01 + 03 = 2}. (see Figure 1.6.2).

The Reeb vector field on S*R* is given by R(x,y,u,v) = (u,v,0,0) for any (z,y,u,v) € R* x §3
and the flow of the corresponding reduced Reeb vector field on Cy at a point (pg; 0g) is easily computed
as

p1(t) = po1 + poat + 1 (po1 + pos)t>

(
p2(t) = po2 + (po1 + po3)t
3(t) = po3 — poat — *(001 + pos)t?
(
(

B

o1(t) = 001 + oot + 5 (001 + 003)t2
02(t) = 002 + (001 + 003)1
) =

o3(t) = 003 — o2t — *(001 + 003)t2.

Applying Proposition 1.4.1, we know that the orbit types of J~1(0) are exactly those given by Ié

and hence the contact strata of Cy are in bijective correspondence with the strata of @ given by If).
We then have

T*Qe = {(z,y,u,0) € R® : (z,y) # 0}
T*Q(Slxe) = {( 'Y, 0, 1)) eRS : y#O}
T*Qengt = {(xOuO)ERS cx #0}
N*Qe = {(z,9,0,0) : x #0,y # 0}
N*Qslxe = {( » Y, u, 0) : y?éO}
N*Q.xs1 = {(z,0,0,v) : x # 0}.

Consequently, a direct computation gives the following orbit types for the zero momentum map

—H(0) = {zeR*x 5% : py(2) = 04(2) = 0}
~H0))e) = {2€J7N0):x#0,y#0}
[[{z€J0) : =0,y #0, u#0}
[I{z€JH0) : z#0,y =0, v#0}
[1{z € {Opa} x S® : u#0,v#0}
(J7H0))(exsty = {z2€J7H0) : y=v=0,z#0}
[M{z€J70) : 2 =y=0v=0, |Jul| =1}
(J7H0))(s1xe) = {2€J7H0) : x=u=0, y#0}
[I[{z€J7H0) : x=y=u=0, ||v|| =1}.
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Using the image of the Hilbert map v we can realize the contact strata given by Theorems 1.2.2, 1.4.2,

and 1.4.4 as:

¢t =
CCe =

CS(sixe)s(e) =
CSexst)ym(e) =

CS(12)(e) =

C(()exsl) _
CClexst) =

CS12)s(exs1) =
C(()S'lxe) _

CC(Slxe) =
OS2y (s1xe) =

CCe) [1CS(s1xe)>(e) [1 CS(exs1)(e) LI CS(12)5(e)
{(pio) : pr,00 >0, p1 # p3, 01 # 03, p; = p3 + p3,
0} =03+ 03, p1+p3s+o1+o3=2}

{(p;0) : p1,01 >0, 01 # 03, p1 = p3, p2 =0,

2p1 +01+03 =2, a%zag—kag}

(R+ X 02) ﬁ{2p1 +o01+03=201# 03}

{(p;0) : p1,01 >0, p1 # p3, 01 = 03, 02 = 0,

201 + p1 + p3 = 2, p? = p3 + p}}

(C1 xRy) N {201 + p1 + p3 =2, p1 # p3}

{(p;0) : p1,01 >0, p1 = p3, 01 = 03, p2 = 02 = 0,
p1+o1=1}

CClexs1) [1CS(12)s (exs1)

{(p;0): p1>0, p1+p3=2,p7 = p5+p3} \{(1,0,1;0)}
{(1,0,1;0,0,0)}

CCs1xe) [T CS(12) (57 xe)
{(0;0) :01>0,01+03=2,0f =03 +03}\{(0;1,0,1)}
{(0,0,0;1,0,1)}.

The corresponding contact, secondary and C-L stratification lattices in Cy are shown in Figure
1.6.3. Notice that (e) is the principal orbit type in @ and, therefore, CC(g) is open and dense in the

reduced space Cp. The contact seams CS(y2), (51xe)s CS(12)(exs1), and CS(r2y, (e) are Legendrian

submanifolds of their contact strata, while the rest are coisotropic. Every contact seam is mapped by
the flow of the reduced Reeb vector field into the CC-secondary stratum of its corresponding contact
stratum as it can be easily checked.

In order to understand the bundle structure of these stratifications, we embed @ in T*(@) as the
zero section and we identify /G with the subset of the image of v given by

Q/G =

{(thoa _tl;t2707 _tQ) : tlatQ > 0} =~ R+ X R-‘ra

a half-plane parallel to H. The strata of its orbit stratification are

QExSY) = {(t,0,—t1;0) : t; > 0}
QW ™) = {(0:ty,0,—t3) : ty > 0}

Q(e)

= {(tlaoa _tl;t27;05 _t2) :tl)tQ >0}
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TZ
ex St Slxe Q(exst) Q(s1xe)
e Q(e)

Figure 1.6.1: Isotropy and stratification lattices for the T? action on R*.

p3 03
P2 / 02 /

Figure 1.6.2: The ambient space of Cy

and we obtain that the corresponding cosphere-like strata of Cy are diffeomorphic to the cosphere
bundles ) )
SH(QE5)) ~ §¥ QXN ~RUR and S*(Q©®) ~R? x S,

The continuous fibration k° : Cg — @Q/G is given by k°(p1, pa, p3;01,02,03) = (p1 — 1,0,1 — p1;01 —
1,0,1— o).



1.6 Example: diagonal toral action on R? x R? 33
C(()eXSI) C(()Slxe) CS(T2)>-(3><51)
N |
cle) CClexsn)
a) b)
CS(12)=(e)
/ \
OSr2)-(s1xe) CS(exst)s(e CS(e)s(exs1)
l \ s
CC(exsm) CCly
c) d)
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Figure 1.6.3: a) Contact stratification of Cy. Secondary stratifications of: b) C(()exsl), c) Céslxe) and

d) Cée). e) Coisotropic-Legendrian stratification of Cp.
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Chapter 2

Kahler and Sasakian ray reductions

2.1 Introduction

In this chapter we study geometric properties of Sasakian and Kahler quotients. We construct a
reduction procedure for symplectic and Kéhler manifolds using the ray preimages of the momentum
map. More precisely, instead of taking as in point reduction the preimage of a momentum value u, we
take the preimage of Ry, the positive ray of u. We have two reasons to develop this construction.
One is geometric: non zero Kahler point reduction is not always well defined. The problem is that the
complex structure may not leave invariant the horizontal distribution of the Riemannian submersion
m,  J7H(u) — M,. The solution proposed in the literature, is based on the Shifting Theorem (see
Theorem 6.5.2 in [57]). More precisely, one endowes the coadjoint orbit of p, O, with a unique up
to homotheties Kahler-Einstein metric of positive Ricci curvature. This unigness modulo homotheties
is guaranteed by the choice of a Ad*-invariant scalar product on g*. Then, one performs the zero
reduction of the Kahler difference of the base manifold M and O,. Unfortunately, the use of the
Shifting Theorem is correct only in the case of totally isotropic momentum (i.e. G, = G) since the
Kostant-Kirillov-Sternberg form is replaced by another Kahler metric.

Namely, one performs zero reduction to the Kéhler difference of the base manifold with O,. The
uniqueness of the metric on the coadjoint orbit makes the reduced Kahler structure canonical. On
the other hand, the ray Kahler reduction always exists and is canonical in the sense that its pull-back

through the quotient projection is the initial Kéhler form(this is not true for point reduction).
1

The other reason is that it provides invariant submanifolds for conformal Hamiltonian systems.
They are usually non-autonomous mechanical systems with friction whose integral curves preserve, in
the case of symmetries, the ray pre-images of the momentum map. We extend the class of conformal

"We believe that the literature on non zero Kahler point reduction is not very accurate. Namely, using the unique
Kahler-Einstein form on the coadjoint orbit, instead of the KKS-form makes impossible the use of the Shifting Theorem
since the momentum map of the orbit will no longer be the inclusion. Therefore, one cannot connect the symplectic
quotient M, in a canonical way to the zero quotient of the Kahler diffrence.
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Hamiltonian systems already studied in the literature and complete the existing Lie Poisson reduction
with the general ray one.

As examples of symplectic (Kéhler) and contact (Sasakian) ray reductions we treat the case of
cotangent and cosphere bundles. We show, proving a shifting type theorem that, theoretically,
(T"Q)r+, and (S*Q)g+, are universal ray reduced spaces. Concrete examples of toric actions on
spheres are also computed.

Using techniques of A. Futaki, we prove that, under appropiate hypothesis, ray quotients of Kéhler-
Einstein or Sasaki-Einstein manifolds remain Kéhler or Sasaki-Einstein. Note that it suffices to prove
the Kahler case and the compatibility of ray reduction with the Boothby-Wang fibration.

2.2 Sasaki-Einstein geometry

Traditionally, Ssakian manifolds were defined via contact structures by adding a Riemannian metric
with certain compatibility conditions.

Definition 2.2.1. A Sasakian structure on an exact contact manifold (S,n, R) is a Riemannian metric
g on S such that there is a (1,1)-tensor field ¢ with

p'=-Id+neR  n(X)=gX,R) dn(X.Y)=g(X,0Y), (2.2.1)
for any vector fields X, Y.

A good reference for this point of view is the book of D. E. Blair, [8].

There are other equivalent definitions of a Sasakian manifold and in the following proposition
we present four of them. The first one is most in the spirit of the original definition of Sasaki(see
[51]). The most geometric approach is highlighted in the second definition. It only uses the holonomy
reduction of the associated cone metric and it was introduced by C. P. Boyer and K. Galicki in [10].

Proposition 2.2.1. Let (S,g) be a Riemannian manifold of dimension m, V the associated Levi-
Civita connection, and R the Riemannian curvature tensor of V. Then, the followings are equivalent:

e there exists a unitary Killing vector field R on S so that the tensor field ¢ of type (1,1), defined
by o(X) = VxR, satisfies the condition

(Vxe)(Y) =g(R,Y)X —g(X,Y)R,
for any pair of vector fields X and'Y on S;

e the holonomy group of the cone metric on S, (C(S),C(g)) := (S x RT,r2g+dr?) reduces to a
subgroup of U(™52L). In particular, m = 2n+ 1, for an > 1 and (C(S),C(g)) is Kdihler;

o there exists a unitary Killing vector field R on S so that the Riemannian curvature satisfies the
condition
R(X,R)Y =g(R,Y)X — g(X,Y)R,

for any pair of vector fields X and'Y on S;
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e there exists a unitary Killing vector field R on S so that the sectional curvature of every section
containing R equals one;

e (S,g) is a Sasakian manifold.

For the proof, see [10].

Example: Sasakian spheres. One of the simplest compact examples of Sasakian manifolds is the
standard sphere S?"*! C C" with the metric induced by the flat one on C". The characteristic Killing
vector field(i.e. the associated Reeb vector field) is given by R(p’) = —i P, i being the imaginary unit,
and the contact form by the dual 1-form to R. More general Sasakian structures on the sphere can be
obtained by deforming this standard structure as follows. Let ngq = Wﬁ, for0<a; <as--- < ay.
Its Reeb field is Rq = > a;(x;0y; — y;0x;). Clearly, n and n4 underly the same contact structure.
Define the metric g4 by the conditions:

e g (X)Y)= %dn A(IX,Y) on the contact distribution (here I is the standard complex structure
of C");

e R, is normal to the contact distribution and has unit length.

It can be seen that S5~ := (S?"~1 g,) is a Sasakian manifold (cf. [27]). These Sasakian spheres are
important since it was shown in [43] that each compact Sasakian manifold admits a CR-immersion in
a SiN“.

Contact reduction at zero momentum was extended to the metric context (Sasakian manifolds)
in [23]. Namely, they have constructed reduction at zero momentum of Sasakian manifolds. For
Sasaki-Einstein base manifolds there were also given sufficient conditions for the reduced space to be
Sasaki-Einstein.

Theorem 2.2.1. Let (S,g,R) be a Sasakian manifold and G a compact Lie group acting on S by
contact isometries. If the zero contact reduced space is well defined, then it is a Sasakian manifold.

Theorem 2.2.2. In the hypothesis of the above theorem, if S is Sasaki-FEinstein and the length of the
multi vector field §15 A ... A Lqim(q)s @S constant on the preimage of zero of the momentum map, then
So is also Sasaki-Einstein. Here, {£;};—1 dim(c) denote a basis of g.

2.3 Non zero momentum Sasakian reduction

2.3.1 The reduction theorem

Theorem 2.3.1. Let (S,g,R,n) be a (2n — 1) dimensional Sasakian manifold, let G be a Lie group
of dimension d acting on S by strong contactomorphisms. Let J : S — g* be the momentum map
associated to the action of G and let i be an element of the dual g*. We assume that:

1. Ker p+g,=9.

2. The action of K, on J7Y(R* ) is proper and by isometries.

3. J is transverse to R pu.
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Then the contact quotient
Siry = T (R ) /K,

is a Sasakian orbifold with respect to the projected metric and the Reeb vector field.

Proof. We already know that the reduced space Sg+, is a contact manifold (see [58]). What is left to
be proved is that the metric g and the Reeb field R project on Sg+,, the latter onto a Killing field
such that the curvature tensor of the projected metric satisfies formula (2.2.1).

From the transversality condition satisfied by the momentum map one knows that J~!(RT ) is
an isometric Riemannian submanifold of S (which induced metric we also denote by g). As the flow
of the Reeb field leaves invariant the level sets of the momentum J, one derives that the restriction of
R is still a unit Killing field on J~1(R* ).

In order to establish the metric properties of the canonical projection m,, : J “1(RYp) — Spr us We
have to understand the extrinsic geometry of the submanifold J~'(R*p) C S. The first step is to find
a basis of the normal bundle of J~!(R*y). To this end we look at the direct sum g = gy ®m where
1 |m= 0 (such a decomposition exists, because Ker pu + g, = g). Let mys = {{p] € m} and recall
that (see [58, Theorem 1]):

(TpJ Y (RTp) NKer n,) @ RR, ® my(z) = (T,@71(0) N Ker 1,) & RR,, (2.3.1)

for any x € J~1(RT ), where ® is the momentum map associated to the action of K, on S.

Let now {&i,...,&} and {n,...,mn} be two bases in ¢, and, respectively, m. Without loss of
generality, one may suppose that the fundamental fields {7;s};=1,m form an orthogonal basis of mg,
g-orthogonal on 7J ' (R*p) N Ker n and that {;s}i—1 x are mutually orthogonal.

With these hypotheses, one derives that {¢&;s, ¢n;s} are linearly independent in each = € S and

g(enjs, W) = g(@&is, W) = dn(W,&5) = —(dJ(W), &) = (rp, &) =0

for any vector field W tangent to J~!(R*u). Therefore, for any i, j, the fields {p€;g, ¢n,s} belong to
the normal bundle of J~!(R*u). A simple counting of the dimensions in the relation (2.3.1), together
with the fact that {¢€,;¢} is a basis in the normal bundle of T®~1(0) (see the proof of [23, Theorem
3.1]), imply that {5, ¢n;s} is indeed a basis of the normal bundle of J~ (R u)?.

Let V, V¥ be the Levi-Civita covariant derivatives of J~!(R*p) and S respectively and let A;,
A; be the Weingarten operators associated to the unitary normal sections ¢&;q/||&isll, 1 < i < k,
enis/lnisll, 1 < 7 < m. By applying the Weingarten formula and the relation (2.6.9), one obtains,
for any X,Y, Z tangent to J 1 (R*p):

gAY, Z) = |&sll (s, YIN(Z) — g(¢V5€is, Z)},
9(A4;Y, Z) = |njsl| ™ {a(nss, Y)N(Z) — g(¢Vinys, Z)}.

As K, acts by strong contact isometries, the metric g projects on a metric gSR+u on Sg+, with
respect to which the canonical projection 7, becomes a Riemannian submersion. We now show that

2,6, M s} is also a basis for T-J 71 (RT ) Our choice is only technically motivated.



2.3 Non zero momentum Sasakian reduction 39

the vertical distribution V is locally generated by the vector fields {£;s}. We have indeed:

Tomu(&is () = Tomy (¢(0)) = (my 0 ¢)(0)

where ¢(t) = ®(expt&s, x).
But (7, 0¢)(t) = mu(x) for any ¢ and then

Ty, (&is(x)) =0 for any = € Jﬁl(]RJr,u).

This proves that {{;s}1<i<k C Vs and, as dimV, = k, it implies that {{;s} generate V.

The formulae L¢, ;R = 0fori = 1,...,k prove that R is a projectable vector field and its projection
RE'1 g a unit Killing field on the reduced space Sg+ .

Let X,Y,Z be vector fields orthogonal to RE"#. Using O'Neill’s formulae (see [7, (9.28f)]) we
derive:

gt (R (X, RETM)Y, Z) = g(R(X", &)Y, Z) + 2g(A(X", €), A(Y", Z1)
- g(A(R7 Yh)a A(Xha Zh)) + g(A(th Yh)a A(R7 Zh))a

where X" denotes the horizontal lift of the vector field X, A is O’Neill’s (1,2) tensor field given by
the relation: A(Z", X") = vertical part of VghXh and R the curvature tensor of the connection V on
J71(R* ). On the other hand:

g(V R, &is) = glpZ", &is) = dn(&s, Z") = (dT(Z"), &s)
= T</"6i5> =0,

and hence:
R%+u (X, REMY = R(X" R)Y".

This completes the proof.
O

Remark 2.3.1. Under the hypothesis of the above theorem, the dimension of the reduced space is
2n — (d+ p) +3 =2n+1— 2k —m, where p = dim(G,).

2.3.2 Examples: actions of tori on spheres.

In Willett’s reduction scheme, the smallest dimension of G which produces non-trivial examples is
2. We here present some complete computations for various actions of G = T2 on M = S” with the
standard Sasakian structure given by the contact form n = ) (x;dy; — y;jdx;). When possible, we
briefly discuss also the reduction at zero with the same group (the notations for the momentum maps
will be the ones used in the previous section). Generalizations to $?"~! are also indicated.

Note that our examples show the dependence of the dimension of the quotient on the choice of u.
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Example 2.3.1. Let first T? act on S7 by
((eito,eitl), (204 ey 23)) (eitozo,eitﬂzl,eitle,eitlzg).
Since G is commutative, g, = g = R2.
For any (r1,r2) € g the associated infinitesimal generator is given by

(11,72)57(2) = 71(=Y00z, + T0y,) + r1(—Y10x, + T10y,)
+ ’I"Q(—yzam + x28y2) + 1”2(—3/38333 + Zﬁgayg)

and the momentum map J : ST — (R?)" reads J(2) = ((|z0]® + |21)?, |22|* + |23]%), ).
Let p :R? - R, p= (v,-), v € R?\ {0} fized. Then:

Sg( Ul )XS3( L2 ), z'fvl,v2>0

v1+v2 v1+v2

TR p) = ¢ S3(, /5595 ) ifvr > 0,0 =0

v1+v2

53( v if vi =0,v3 >0

v1+v2

2

Forv = (1,0) J YRt p) = 83, Ker p = ¢, = {0} x R, K, = {e} x S'. The action of K,, on
J7Y(R* ) is trivial and hence Sg+, = S3. In this case 0 is not a reqular value of ®-the momentum
map associated to the K, action but, nevertheless, ®=1(0) is a submanifold of ST and hence the reduced
space at zero, ®71(0)/K,, is a Sasaki manifold. As ®~1(0) = S3 and C(S™) = R"1\ {0}, we obtain
that (C(S7))o = R*\ {0}. Note that for this choice of u reducing and taking the cone are commuting
operations exactly as in the zero case.

For v = (1,1) we obtain: J Y(R*p) = 53(%) X 53(%), t, = {(—z,2)]lz € R}, K, =

{(efit,eit)’eit e Sl} The action of KH on Jﬁl(RJr,u,) s given by
((e7™,e™),2) = (e 20,6 21, " 20, €™ 23),

thus Sg+, = S? x S3.
We can generalize this example for S = S?" 1 by considering the action

(e, 6),2) = ("020, 6™ 21, €M 2, ..., €1 2).

Now the momentum map is J(2) = ((|z0]® + |21]%, > |2k]?), ). For u as above, we have:

SS(’/UIQ_};UQ) X SQn—3(’/v1’UT2v2)’ ifUl,’UQ >0

TR ) = ¢ S3(,/555); ifv; > 0,03 =0

5271*3(\/ vquvg)’ lf U1 = 07”2 >0

For the same particular choices of j as above, we obtain as reduced spaces respectively S, S27~3
or §3 x CP" 2.
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Example 2.3.2. Let now the action be given by

((ezto’ 6”1), Z) s (6_”02’0, GZtozl, 6Zt12’2, eztl 23)'
The infinitesimal generator of the action will be

(r1,72)57(2) = 11(Y00y — 00y,) + 11(—Y102; + 210y,)
+ TQ(—ygam + x28y2) + TQ(—ygam + x38y3).
The momentum map is J(z) = ((|z1|*> — |20|?, |22|> + |23/%), ") and

|21]? — |20]* = sv1 = 0, }

(2.3.2)
|2’2‘2 + ‘23’2 — svg = 0.

J YR ) = {z € ST | Is > 0 such that{

For v =(1,0) we obtain

TR ) = {2 € §Tz2 = 23 = 0, |21] > |20]} = 5%\ {[21] < |20}
The action of K, = {e} x S' on J"HRTp) is trivial, thus Mg+, = 5>\ {|z1] < |20|}, an open
submanifold of S3. For v = (1,1), solving for s the equations in (2.3.2) gives s € (0,3]. Hence:

_ 1 1 1
@ = (815 xG9) )\ { e 8| = 5
1
L))

1 1
ﬁ) x (55(5) \ Sl(ﬂ

an open submanifold of the product of spheres.
The action of K,, on J~™Y(R*u) is given by

~ Sl(

((e7,e™), 2) > (e"2g, e 2y, €29, € 23).

Let A denote the set {z € ST(v/2) | 0 < |z2|® + |23 |°< 1}. Obviously, the above action of K, can be
understood on the whole C* and, as such, restricts to an action on A. Then Sr+,, 15 diffeomorphic
with (S* x S°) N A/K,,. To identify the quotient, let g : (S x S°) N A — (S x 5°) N A be given by

(Z07 21522, 23) = (ZO7 21_17 22, 23)'

g induces a map from ((S’leS)ﬂA) St (with respect to the diagonal action of S') to
((S'x S%) N A) /K,,. The map

(20, -.s 23) > (Z120, 21, Z122, Z123)

is a diffeomorphism of (Sl X 5’5) N A equivariant with respect to the diagonal action of S' and the
action of S' on the first factor. Hence Sg+, is diffeomorphic to 55(%) \pr{zeS"||z)?=1} ~

55(%) \ Sl(%% where pr : Ct — C3; pI'(Z(), . '>Z3) = (207227'23)'

If we change the action on zy with e~*tzy, the reduced space will be the above one quotiented by

7ZF (see also [23, Example 4.2)).
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Example 2.3.3. Let us take this time:

((eito7 e’it1)7 Z) — (eitozo7 eitlzl7 eitIZQ, eitlz?))’

whose infinitesimal generator is

3

(r1,m2)57(2) = ri(—yo0zo + xo0yYo) + 12 Z(—yjaa:j + z;0y;).
j=1

The momentum map is:
J(2) = (|20l |21 * + |22 + [23]%), ).

For J=Y(R* ) we obtain the following possibilities:

Sl( U11—}i}v2) X 55(@)7 if v1,v2 >0

:

TR p) = 95(, /525, if v = 0,09 >0 (2.3.3)
Sl( v1l—}i}v2)’ if vo =0,v1 >0

In particular, for v = (1,0), Sg+, = St, for v =(0,1), Spty = S® and for v = (1,1) one obtains the
same quotient as in the preceding example.

Example 2.3.4. Considering the weighted action of T? on ST given this time by
(€0, i), 2) 1 (€020 50 etz o 20,
one obtains the momentum map
J(2) = ((olz0l*, Ml 21]%), ).

For v =(0,1) and \; strictly positive, the reduced space is S°\ S® if \g # 0 and S7\ S if \g = 0.
The cone construction is verified in this case. Indeed, J=1(0) = S% and

(C(8T))o ~C(S8°) =C(S?)uC(S°\ S3).

If v=(1,1) and Ao, \1 > 0,

X\
TR p) = {z €S| || = 1/Aii|,zo\,zo v 0} = 57N (C* x A) (2.3.4)

where A is the ellipsoid of equation

A
21 [2(1 + 7(1)) + |29 + |23? = 1.
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The action of K, on J=Y(R*pu) is given by
((e—it7 eit)7 Z) N (e_it)‘ozo,eit)‘lzl, 29, 2’3)
and the reduced space

SRJF,u = U Sl(ﬁ_)\oa)\l) x {(22723)}

(22,23)€pr(J—1(R¥p))

.4 2 Ao (1—|z2|2—|23|2 A (1—|22|2—|23|2
where pr : C* — C2, pr(z, ..., 23) = (22, 23), § = y/ 2202l 1=l iOﬂA1|3‘) and o = /20122l F) /\|OﬂM|3|).

If [2] = [¢] in the reduced space then zo = 2 and z3 = 24. So let (22,23) be fized in pr(J~H(R* p)).
z € J YR ) and pr(z) = (22,23) imply |20| = @ and |21| = B. The action of K,, on J 1 (RT ) is in
fact the diagonal action of S* on the first two coordinates. Let f : (S*(a) x SY(B) x {(z2,23)})/S* —

St (oM B=0) be the map given by

[ = 2" 27"

One can easily check that f is a diffeomorphism.

In the previous examples, the Reeb flow on the reduced space is the restriction of the canonical one
of the standard sphere. In this latter case, we obtain a non-standard Reeb flow.
We now write the flow of the Reeb field of the reduced contact form on Mg+, (forv=(1,1)). Let

r(t) = (gf’;f _C(S)lsr;t), 7 = (28, Zg)t. Then the flow is written as where

A= 281M 1z0,
a = Mo + \vi, withvy = arg(2)), v, = arg(z3),
b= A1+ Ao,

REH(t) = diag(r(t), (1)),

2.3.3 The sectional curvature of the quotient
Contact CR submanifolds

In this section we want to evaluate the sectional curvature of the Sasakian reduced space, both at zero
and non zero momentum. For technical reasons, it will be convenient to place ourselves in a slightly
more general situation. We first recall the following definition (see e.g. [6]):

Definition 2.3.1. Let (S,gs,R) be a Sasakian manifold. An isometric submanifold N is called
contact CR or semi-invariant if it admits two mutually orthogonal distributions D and D, such that:

1. TN decomposes orthogonally as: TN = D & D+ @ (R) and

2. oD=D, @Dt CT*N.
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We see that, in general, the normal bundle of the submanifold also splits into two orthogonal
distributions: ¢ D+ and its orthogonal complement that we denote by v and which is invariant to the
action of ¢. We then have:

TMy=D®D"®(R)®pD" @v.

For a vector field V normal to N we shall denote V', respectively V its component in @D+, respectively
in v. Such submanifolds have been extensively studied in the last thirty years.

Obviously, very natural examples are the level sets of Sasakian momentum maps. To better mimic
our situation, we moreover make the following:

Assumption. There exists a Riemannian submersion 7 : N — P over a Sasakian manifold
(P, gp, Rp) such that:

1. D@ (R) represents the horizontal distribution of the submersion; (and hence D+ represents the
vertical distribution of the submersion);

2. The two Reeb fields are w-related: R is basic and projects over R p.

This situation was already considered by Papaghiuc in [47], on the model of Kobayashi’s paper
[30] where the similar setting was discussed in Ké&hlerian context.

Let ¢ :== VPR p and observe that in our assumption we have (¢X)" = p X"

We want to relate the sectional curvature of planes generated by orthonormal pairs {X,¢X},
respectively {X" ©X"}. This is usually known as @-sectional curvature, the analogue in Sasakian
geometry of holomorphic sectional curvature; it completely determines the curvature tensor, cf. [8],
so it is worth having information about it.

We first apply (as in the proof of Theorem 2.3.1) O’Neill’s formula to relate the curvatures of N
and P. For X tangent to P and orthogonal to ¢, (this is not restrictive, as the planes passing through
the Reeb field have sectional curvature 1 on a Sasakian manifold), using the anti-symmetry of the
tensor A, we obtain:

RN(XM X", X" oX") — RP(X,0X, X, 6X) = =3[l A(X", o X")|1%, (2.3.5)

where the sub-index refers to the norm with respect to g%.

The next step is to apply the Gauss equation to the Riemannian submanifold N of S:
R¥(X", X" X", pX") — RN(X", X", X", o X") (2.5.6)
= [In(X", X")1§ - gs(M(X", X"), (9 X", 0X")).

We now need to relate the tensors A and h. To this end, we write hFE, respectively vE for the
horizontal, respectively vertical part of a tangent (to V) vector field F and we first decompose

V(@Y ") = VS (Y ") + A(X" oY) + (X", Y™,

Then we use the formulae (V@) F = n(F)E — gg(E, F)¢ (see [8]) and (Vi) F = V3 (pF) — oV F
to express V}q(h(goYh). Finally, equaling the tangent and normal parts in the equation we obtain this
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way, we arrive at the following relations:

AX" oY ") = voh(XM YT, o)
WX, oYh) = GA(X", Y™ + ph(XP, Yh). -

Note that if D+ = T+N (i.e. v = {0}), and this is the case when N is the zero level set of a Sasakian
momentum map, the above relations simplify to:

AX" Y™y = ph(X" YT,

h(XM oY") = pA(X", YT, (2.38)
In the general case, from (2.3.7) we easily derive:
B X" ") = RXRYT) — (X9 Y1),
and hence o
gs(h(eX", oY), h(X", Y")) = |h(XP, Y ?)|[§ — [Ih(XP, Y1) (2.3.9)

From equation (2.6.10) it follows that on the orthogonal complement of £, the tensor ¢ acts like an
isometry. Therefore, using again (2.3.7), we derive:

Ih(X", oY M)[E = AKX, YM)[E + [[R(XP, YRS,

o : (2.3.10)
[AX™, eY") |l = [|R(X", Y )5

Let us denote K f (X), respectively K, 5 (X" the sectional curvature of the plane {X, ¢X}, respectively

{X" ©X"}. Adding equations (2.3.5), (2.3.6) and using (2.3.9), (2.3.10), we finally obtain (taking
again into account the anti-symmetry of A):

KP(X) = KE(X") + [[A(XF, X% — 20| h(XF, X2 (23.11)

The curvature of the quotient

In general, from equation (2.3.11) one hopes to deduce the positivity of the p-sectional curvature of
the quotient. This depends on the extrinsic geometry of the level set, which is a data additional to
the reduction scheme: the second fundamental form of the level set cannot be entirely expressed in
terms of the action. But in some particular cases, one is able to derive a conclusion.

Obviously the simplest situation occurs when J~'(R*pu) is totally geodesic in S: then the ¢-
sectional curvatures of S and g+, are equal. In fact, one is only interested in the vanishing of h(X h yh,
which, by the first equation in (2.3.7), is implied by the vanishing of O’Neill’s integrability tensor A.
This is a rather strong condition, implying that J~!(R* ) is a locally a (not necessarily Riemannian)
product and cannot be predicted by the action. Other conditions on the second fundamental form
which are common in Riemannian and Cauchy-Riemann submanifold theory, see e.g. [7], (mixed
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totally geodesic, (contact)-totally umbilical, extrinsic sphere etc.) and permit some speculations in
(2.3.11) or even the computation of the Ricci curvature of the quotient, seem to be artificial in this
context, as not directly expressible in terms of the action.

We apply the above computation for N being J~1(0) and for P being the respective reduced space.
Then equation (2.3.11) implies:

Proposition 2.3.1. The reduced space at 0 of a Sasakian manifold with positive p-sectional curvature
(in particular of an odd sphere with the standard Sasakian structure) has strictly positive @-sectional
curvature.

2.4 Symplectic and Kahler ray-reductions

Let G be a Lie group acting smoothly, properly, by symplectomorphisms and in a Hamiltonian way
on a symplectic manifold (M,w). Denote by J : M — g* the associated momentum map and recall
that it is G-equivariant. For any element p € g*, let K, be the its kernel group.

Definition 2.4.1. We define the quotient of M by G at (R)p to be Mg+, := J (R p)/K,. Mg+,
will be called the ray reduced space at p.

In this section we will show that, under certain hypothesis, the ray quotient admits a natural
symplectic or Kéhler structure, once the initial manifold is symplectic or Kahler. The proof of the
next theorem is an analogous of the proof given in [58] for the contact case (see Theorem 1).

For the two results of this section we will need three lemmas. The first is a characterization of a
locally free action and the last two are classical results of symplectic linear algebra.

Lemma 2.4.1. J is transverse to Ry if and only if K, acts locally freely on J~1(RT ).

Lemma 2.4.2. Consider a symplectic vector space (V,2) and W C V an isotropic subspace. Then,
ker Q |yye= W, where W is the symplectic perpendicular of W.

Lemma 2.4.3. Let V be a vector space and  : V x V. — R an antisymmetric and bilinear two-
form. If V' admits the direct decomposition V.= X @V with respect to Q and ker Q C kerQ |x, then
ker 2 = ker Q | x.

We are now ready to prove the first theorem of this section.

Theorem 2.4.1. Suppose (M,w) is a symplectic manifold endowed with a Hamiltonian action of the
Lie group G. Let p € g* and K, its kernel group. Denote by J : M — g* the associated momentum
map and assume that the following hypothesis are verified:

1° K,, acts properly on J~ (Rt p);

1° J is transverse to R p;

3° g=kerp+g,.

Then the ray quotient at u

Mg+, = J (R p) /K,
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is a naturally symplectic orbifold, i.e. its symplectic structure wg+,, is given by
T WRty = 1w,

where

Tt J (R p) = Mg+,  and iy JTHRYE) > M
are the canonical projection and immersion respectively.

Proof. The transversality of the momentum map with respect to R*p, ensures that J~1(RTp) is a
submanifold of M. Lemma 2.4.1 implies that the quotient Mg+, is an orbifold and that m, is a
surjective submersion in the category of orbifolds.

The first step is to see that the restriction of the symplectic form on J~'(R* ) is projectable on
the quotient Mp+, to a canonical 2-form denoted wg+,. For any £ € ¢, and any z in M, we have that

d

Tpry(Em(x)) = — |  mulexpté - x)

=0.

]

Hence, ({£7-1r+p) € € Eu}) C ker(T'm,). A count of dimensions shows that, in fact, the vertical
distribution of 7, is generated by all the infinitezimal isometries associated to the elements of £,.
Since w |j-1(g+ = i;w is Kj-invariant, it follows that its Lie derivative with respect to all vector
fields {€-1(r+p) | € € €4} is zero. Let z € J™H(R¥p) with J(x) = rp and v € T (J~*(RTp)). Then,
identifying Ty, R*p with Ry, we obtain

w(in(2)) (€ (), Twiyv) = Ty, 2y |i-1(rtp) (0)(E) =
(T |g=1@e+ ) (0)(€) = p(€) = 0.

It follows that 7w is a basic one-form which projects on Mg+, to the closed form wg+, € A%(T* M+ 1)
with the property that mjwg+, = iw.

Since wg+,, is a closed form, it remains to prove that it is also non-degenerate. For this, we will
show that T, (K, - x) = ker(i*w)(z), for any z € J~'(R*p). Fix z € J~'(R*p) with J(z) = tu and
denote by ¥ : M — ¢}, the momentum map associated to the action of the kernel group of p on M.
Let 47 : g* < £ be the canonical inclusion. Then, ¥ = i o J and J~Y(R*p) C JHE) = ¥H(0).
Notice that J="(R*u) NG -z = Gg+, - @, where Gry, = {g € G | Adjpu = rp,7 > 0} is the ray
isotropy group of . This Lie group has many interesting properties for which we refer the reader
to Section 2.7. For any v € (T(K, - x))**, wz(v,&m(x)) = 0, V€ € ¢, if and only if T, J(v)(§) = 0,
V¢ € ¢, Therefore, (To(K) - x))** = T,U, where U := J~!(¢) = ¥~1(0). We can assume U to be a
submanifold of M because the transversality condition satisfied by the momentum map implies that
K, acts locally freely at least on a neighborhood of J~1(RTy) in U, if not on the whole U.

Applying Lemma 2.4.2 for (V,Q) := (T, M,w,) and W := T, (K, - ), we obtain that ker w, |7,u=
Ty (K, - *). We have already seen that T3 (K, - z) C ker ijw,. It follows that

ker wy |7, C kerwy |7, g-1(m+p) - (2.4.1)
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Since g = ker p + g,, we can chose a decomposition g = g, @ m, where p [n= 0. Let my; :=
{&m(z) | € € M}. For any £ € m and 7 € ¢, the equivariance of the momentum map implies that

T J (Enm () () = &g (tp) () = —t {1, [§, m]) = tng- (1) (§) = 0.

Therefore, my;(z) C T,U and TpJ(mps(x)) C T3, (G - tp). It is easy to see that
Tod Jnpg () mar (2) = Tyu(G - tp)
is a linear isomorphism and, hence,
T (mar(2)) = TG - ). (2.42)

Notice that equation 2.4.2, the third hypothesis which can equivalently be expressed as {0} = (ker p)°N
(9,)° = RuN Ty, (G - tp), and the fact that T, J(T,J 1 (R*p)) C Ry imply that

mys(x) N T L (RTp) = {0}. (2.4.3)

A simple dimension calculus shows that my;(z) and T,J !(R*u) are complementary subspaces of
T, U. We have also seen that they are perpendicular with respect to w, |1,7. Using relation 2.4.1, we
can now apply Lemma 2.4.3 for V := T, M, W := my(z), and X := T,J (Rt ). Thus, we obtain
that kerw, |7,u= Tu(K, - ) = kerwy |1, j-1(r+p), for any z € J7H(R*p). This shows that wg+,, is a
non-degenerate form, completing thus our proof. O

Notice that in the case p = 0 we recover the reduced symplectic space at zero. Without the
hypothesis that K, acts properly on J “Y(R*p), the quotient Mp+ , may not be Hausdorff. As the
Lemma 2.4.1 proves, the second hypothesis of this theorem ensures that Mg+, is an orbifold. If y is
non-zero and the kernel and isotropy groups of u coincide, then the quotient may fail to be symplectic.
For an example, take the symplectization of the contact manifold used for instance in 3.7 from [58].
One will obtain a quotient of odd dimension and, hence, the necessity of the last condition in Theorem
2.4.1.

Corollary 2.4.1. In the hypothesis of Theorem 2.4.1, if the dimension of M is 2n and the Lie group
G is d-dimensional, then the dimension of the symplectic quotient is 2n — 2k —m =2n—p —d + 2,
where p = dim(G,) =k + 1.

A large class of examples can be obtained in the case when (M,w) is the cotangent bundle of a
manifold @) endowed with the canonical syplectic form wg = —d#f.

Theorem 2.4.2. Let QQ be a differentiable manifold of real dimesnion n, G a finite dimensional Lie
group acting smoothly on Q. Denote by u an element of the dual Lie algebra g* and by K, its kernel
group. Assume that k, acts freely and properly on J YR p), with J : T*Q — g* the canonical
momentum map associated to the G-action. Then the ray reduced space (T*(Q))r+,, is embedded by a
map preserving the symplectic structures onto a subbundle of T*(Q/K,).
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We do not give the proof here since it is similar to the analogous result for ray reduction of cosphere
bundles (see Theorem 4.2 in [16]).
We will now extend this reduction procedure to the metric context, i.e. for Kéhler manifolds.

Theorem 2.4.3. Let (M, g,w) be a Kdhler manifold and G a Lie group acting on M by Hamiltonian
symplectomorphisms. If J : M — g* is the momentum map associated to the action of G and p an
element of g*, assume that:

1° Ker p+ g, = g5

2° the action of K, on JYRT ) is proper and by isometries;

3° J is transverse to R pu.

Then the ray quotient at u

Mg+, = J (R p) /K,

is a Kdhler orbifold with respect to the projection of the metric g.

Proof. From Theorem 2.4.1, we already know that (Mp+,,wr+,) is a symplectic orbifold. It remains
to show that the symplectic structure is also a Kahler one with corresponding metric given by the
projection of g. The second hypothesis ensures that (J~'(R*pu), i;,g) is an isometric Riemannian
submanifold of M.

Again, we will use a decomposition g = g, &m, where p |;n=0. Let ¥ : M — ¢, be the momentum
map associated to the action of K, on M and my; := {{m(x) | € € M}. In the proof above we have
already seen that

T, J (R p) @ mps(x) = T, ¥1(0), (2.4.4)

for any z € JY(RTu). Let {&,---&} and {n1,---nm} be basis in €, and m respectively, where
m = dimm and k = dim £,. Without loss of generality, we can assume that the infinitesimal isometries
{&mti=1,m and {njr}j=1,m are g-orthogonal basis of m and ¢,. Thus, {J&n, Jnjn}i,; are linearly
independent in each point of J~*(RT ). Even more, {J& s, Jn;n }i.; belong to the normal fiber bundle
to J~H(RT ) since

g(JInjm, V) = g(Jsim, V) = w(&ing, V) = =TI(V)(§) = —rp(&) = —rp(n;) =0

for any V vector field on J~!(R* ). The next step is to show that {J&m}i=1,m is a basis in the
normal bundle of ¥ ~1(0). Notice that {£ns |j-1(r, ) }i=1,m are tangent to J~!(R*zu) and

g(J&in, V) = w(&inr, V) = TU(V)(&) = Ti" (TJ(V)) (&) =0,

for any V differentiable section of TW~1(0). Here, we have used that ¥ = i} o J, where i} : g* — e
is the canonical projection. Therefore, {J&ns}i—1,m are vector fields normal to TU, where U =
J_l(k:z) = U710). As dim7U = dim M — dim¢€,, these vector fields form a basis of the normal
fiber bundle to TU. Equation 2.4.4 implies that {J&s, Jnjarti; form a basis of the normal bundle
to J71(RTp). Since the action of K, on J~}(RT ) is isometric, iy, g projects on Mg+, in gg+, and
the projection 7, becomes thus a Riemannian submersion. Obviously, the vertical distribution of this
Riemannian submersion is given by {&s}iz1,m. Then, T, J "L (RT 1) = {&0} (2) ® Ha, where H, is the
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horizontal distribution at z associated to the Riemannian submersion m,. To see that (wg+,, gr+,) is
an almost Kahler structure, we need to check that

wi, ([2])(Tempv, Tempw) = grep, ([2]) (Tgt , Lo, Temuw),

for any [z] = mu(x) € J H(RTp) and v,w € H,. Here, Ig+, denotes the projection of the complex
structure [ of w. Since 1,7, is an isomorphism from the horizontal space at x onto 7{,) Mg+, which
identifies (wg+,, gr+,)([x]) with (ijw,7},g) [#, suffices to show that the horizontal distribution is I-
invariant. Let v € H,. Then w(lv,&nm) = g(v,&m) = 0, for any & € ¢,. Also g({v,C&in) =
g(v,&nr) = 0 and g(Iv, Injar) = g(v,mjn) =0, for all i = 1,k and j = 1, m. It follows that Iv is also
a horizontal vector. To show that I+, is integrable we will evaluate the Nijenhuis tensor. Thus,

Npt (T (v), Temp(w)) = [Tomu(v), Temu(w)] — [Trt , Tom(v), Ip+ T (w))]
+IR+H([IR+MT377TH(U)7Twﬂ-ﬂ(w)]) +IR+H([T377T#( v), Ig+, Tpmu(w)))

= Tpmu([v,w]) — Tomu([Tv, Tw]) + I+, (Tomu([Tv, w])) + Ig+ , (Temu([v, Tw]))
= Tomu([v;, w] = [Tv, Tw]) + Tem, (I([Lv, w])) + Temmu(I([v, Tw]))

= Tpmu(N(v,w)) =0,

where N is the Nijenhuis tensor of (w, g). Thus, I+, is integrable and
(Mpg+y, W+ s 8r+,,) @ Kéhler manifold. O

Remark 2.4.1. Unfortunately, non zero Kdhler point reduction is not canonical. As it is very well
explained in [11](see Exercise 3), the complex structure does not leave invariant the horizontal dis-
tribution of the Riemannian submersion given by the quotient projection(mg+,). Therefore, it is not
projectable on Mg+ ,. In the literature, non zero Kdhler quotients are defined using a unique up to
homotheties Kdhler-Einstein metric of positive Ricci curvature on the coadjoint orbit of u, O,. For
the construction of this metric and apllications, see [32], Chapter 8 in [7], and [29]. This uniqueness
modulo homotheties is guaranteed by the choice of a Ad*-invariant scalar product on g*. Namely, one
performs zero reduction to the Kdhler difference of the base manifold with O,. The uniqueness of the
metric on the coadjoint orbit makes the reduced Kdahler structure canonical. If G is a compact group
and an Ad*-invariant scalar product on g* is fixed, then there is a unique up to homotheties Kdhler-
FEinstein structure on Oy,. Even if this way one can endow Mg+, with a unique (up to homotheties)
Kihler-FEinstein structure, the relation (2.4.1) is no longer verified. Note, that the canonical(i.e. rela-
tion (2.4.1)is satisfied) ray reduced Kdhler space is always well defined. As always, this is guaranteed
by the kernel group which is taken using the kernel of the momentum value.

2.5 Cone and Boothby-Wang compatibilities

In this section (M,n) is a 2n + 1-dimensional exact contact manifold and G a Lie group acting on
it by strong contactomorphisms. Denote by C(M) := (M x Rt dr? A n+ r2dn) the symplectic cone
associated to M. We imbed M in the cone as M x {1}. Recall that if (M,n,g) is a Sasaki manifold,



2.5 Cone and Boothby-Wang compatibilities 51

then the associated symplectic cone admits a canonical Kéhler structure given by C(g) := r2 g +dr?.
Consider the lift of the G-action on the cone C(M) given by: g - (x,r) := (¢ - z,r), for any g € G and
(xz,7) € C(M). This action commutes with the translations on the R* component and, in the Sasaki
case, it is by holomorphic isometries. In the Sasakian case, we can also define a complex structure
given as follows:

JY =Y —n(Y)R,,JR =R,

where R = r0, is the vector field generated by the 1-group of transformations p; : (z,r) — (z,tr)
and ¢ := VR, with V the Levi-Civita connection associated to g. It is easy to see that (M,n,g) is
Einstein if and only if the cone metric C(g) is Ricci flat, i. e., (C(M),C(g)) is Calabi-Yau (i. e. Kéhler
Ricci-flat).

Let ® : M — g* be the contact momentum map associated to the G-action on M. The lifted action
on the cone is Hamiltonian and a corresponding equivariant symplectic momentum map is given by

O, :C(M) — g",Ps(x,r) :=€J(x), for any (z,r) € C(M).

Having established the above notations, we are ready to prove that reduction and the cone con-
struction are commuting operations.

Lemma 2.5.1. Let (M,n,g,R) be a Sasakian manifold and (C(M),C(g), 1) its Kdihler cone. Suppose
a Lie group G acts on M by strong contactomorphisms and commuting with the action of the 1-
parameter group generated be the field R. Let u be an element of the dual of the Lie algebra of G.

Then the Kdhler cone of the reduced contact space at i is the reduced space at p for the lifted action
on C(M).

Proof. Let K, be the kernel group of i, Mg+, the corresponding contact reduced space, and C(Mp+,)
the rduced space for the lift of the action on the cone. Since the K -action commutes with homotheties
on the R component, there is a natural diffeomorphism between C(Mg+,) and C(M)g+,,:

U C(M)p+, — C(Mg+,,) , ¥([z,7]) := ([z],7), V[z,r] € C(M)R+,-

Using the commutativity of the diagram in figure 2.7, it is easy to see that ¥ is also a symplectom-
porphic isometry. Namely,

(Womu) (. A dr? + 7‘2an) =7, (nA dr® + r2dn),
and
q]*(c(gR+,u,)) = C(Q)R"",u,a
where 41y, : 7 (Ryp) — C(M), w1y : @5 H(Ryp) — C(M)g+,, and, m, : @1 (Ryp) — (M)g+, are the
canonical inclusion and K ,-projections, respectivelly. O

Recall that a celebrated theorem of Boothby and Wang (see Section 3.3 in [8]) states that if M
is also compact and regular, then it admits a contact form whose Reeb vector field generates a free,
effective S'-action on it. Even more, M is the bundle space of a principal circle bundle 7 : M — N
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LR p) x RY —4>C(M),, —2> M, x R*

w“xidnﬁl ~ =
1

M, xRt

My, xRt

Figure 2.5.1: Commutative diagram used in the proof of Lemma 2.5.1

over a symplectic manifold of dimension 2n with symplectic form w determining an integer cocycle.
In this case, this contact form, 7 is a connection form on the bundle 7 : M — N with curvature form
dn = m*w. N is actually the space of leaves of the characteristic foliation on M (i.e. the 1-dimesional
foliation defined by the Reeb vector field of ). If M is a Sasaki manifold, then N becomes a Hodge
manifold and the fibers of 7 are totally geodesic. This case was treated by Y. Hatakeyama in [25].
Even more, in [9], Theorem 2.4 it was proven that M is Sasaki-Einstein if and only if N is Kéahler-
Einstein with scalar curvature 4n(n + 1) and that all the above still holds in the category of orbifolds
if M is quasi-regular, i.e. all the leaves of the characteristic foliation are compact.

Proposition 2.5.1. Let m : (M,g) — (N,h) be a the Boothby-Wang fibration associated to the
quasi-reqular, compact, Sasaki manifold M. Suppose a connected Lie group G acts by strong contacto-
morphisms on (M, g) with momentum map Jpr : M — g*. Let p be an element of g*, with kernel group
K,. Assume that the action of K,, on J~YR* ) is proper and by isometries and that ker p + gy =9
Then, the reduced space of N at p is well defined and there is a canonical Boothby-Wang fibration of
the reduced spaces:

T MR+H — NR+H‘

Proof. Denote by 7 the contact form of the Boothby-Wang fibration and by R its Reeb vector field.
Since [R,&y] = 0 for any £ € g and G is connected, the action generated by the Reeb vector field
commutes with the action of G. Hence there is a well defined action of G on N. Even more, this
action is by symplectomorphisms. If Jy; : M — g* is the equivariant momentum map associated to
the G-action on M, the induced application

Jn N —g" Iv(m(x)) = Jy(x),
for any x € M. Indeed, if ®% is the flow of the Reeb vector field, we have
Ju (PR (2))(€) = n(PR (2)) (Em (PR (2)) = (PR)*n)(x) (Ear () = n(x)(Ear(x))
= Ju(2)(8),

for any £ € g and any x € M. This proves that Jy is well defined. Using the fact that 7*w = dn, it
is easy to see that Jy is an equivariant momentum map associated to the G-action on N. We also
have that 7(Jy; (R*u)) = Jy'(R*u) and obviously the action of K, on Jy'(R*pu) is proper and by
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isometries. Therefore, the quotient space Ng+, is a well defined symplectic orbifold and the induced
projection 7 : Mg+, — N+, becomes a Boothby-Wang fibration. O

2.6 Conformal Hamiltonian vector fields

In this section we will study the dynamical behavior of a class of conformal Hamiltonian systems
which include simple mechanical systems with friction or systems with Rayleigh dissipation. We will
see how and why in the presence of symmetries the right tool for the study of these systems is the
ray reduction and not the point one. In this case, the invariant submanifolds of the dynamical system
are no longer the point pre-images of the associated momentum map, but the ray pre-images. In fact,
we will extend the work of McLachlan and Perlmutter in [40]. Namely, we will enlarge the class of
conformal Hamiltonian systems defined by them and we will complete the Lie-Poisson reduction of
these systems with the general ray reduction.

Recall that an autonomus Hamiltonian system with an appropriate symmetry group obeys certain
conservation laws. Namely, if J is an associated equivariant momentum map, J : M — g* the
preimages {J!(u)|u € g*} are invariant submanifolds of the Hamiltonian vector field. In symplectic
geometry this conservation property is known as the Noether theorem and it states that if ¢ — ¢(t) is
a solution of the Hamiltonian system starting at the point z¢ with momentum J(z¢) = p, then the
image of c is entirely included in J~!(x). Hence, the Hamiltonian system can be reduced to an other
Hamiltonian on the point reduced space M, = %}E#) The second conservation property concerns
the energy of the system. More precisely, the Hamiltonian is preserved by any integral curve of the
system. To summarize, we have:

Theorem 2.6.1. (Symplectic point reduction) Let G be a Lie group acting on the connected sym-
plectic manifold (M,w) by a free, proper and canonical action. Suppose this action has an associated
G-equivariant momentum map J : M — g*. Denote by v an arbitrary element of g* and by G, the
isotropy group of u under the coadjoint action of G on g*. Then:

e The point reduced space M, := J_C;(L“) is a well defined symplectic manifold with symplectic

* *

structure wy, uniquely characterized by the relation miw, = i,w. The maps i, : J ) — M
and m, : J71(n) — M, denote the inclusion and projection, respectively. The pair (M, w,) is
called the symplectic point reduced space.

o If H € C®(M)% is a G-invariant Hamiltonian, then the flow ®; of the hamiltonian vector field
Xy leaves the connected componenets of J~1(u) invariant and commutes with the G-action.
Thus, it induces a flow ®}' on M, defined by

M
Ty o Ppoiy, =Py omy,.

e The vector field on M, generated by ®) is Hamiltonian with asscoiated reduced Hamiltonian
function H,, € C*°(M,,) defined by
H,om,=Hoiy,.
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The vector fields Xy and Xy, are m,-related and the triple (M, w,, X, ) is called the reduced
Hamiltonian system.

This theorem is a calssical result of J. Marsden and A. Weinstein. For the proof and physical
examples, see [37] and [38].
However, in physics there are a lot of systems whose energy is not conserved, but dissipated.

Example 2.6.1. Simple mechanical systems with friction-unforced Duffing oscillators. The
equation of motion of an unforced Duffing oscillator is described by:

i+ kit (2 -1z =0, (2.6.1)

with k a real constant. FEquation 2.6.1 is equivalent to the system

i =%
. Y (2.6.2)
{ j =% —ky,
where H 1is the Hamiltonian given by
2 4 2
Y x x

Lemma 2.6.1. Note that the vector field X’Ifl on the symplectic manifold (T*R,wp) ~ (R?,wy =
dzx A dy) described by the system 2.6.2 can be written as Xg + Z, where Z is the unique vector field
defined by izwy = —kBy with 8y = —ydzx the canonical 1-form of T*R. Even more, Z'leflwo = dH — k6.

Example 2.6.2. Simple mechanical systems with friction which dissipate energy and sym-
plectic area-conformal Hamiltonians on R?". More general, on the canonical symplectic manifold
(R?", wy = dg A dp) with coordinates (q,p) consider the set of vector fields X% defined by

- _ OH
“ T, (2.6.4)

and with H=T+V(q),T = %pTM(q)p, T positive definite and k < 0 describe systems with friction
which dissipate energy and symplectic area, and verify the condition 1 XEWo = dH — k.

Example 2.6.3. A special case of mechanical systems with Rayleigh dissipation. All
dynamical systems

g =92
D
. _ _0H OH (2.6.5)
{p ——qu—R( )(Tp,

for which H = fR(q)<%—;I, %—I;> < 0 and which are subject to the condition

R(q) = kM(q) (2.6.6)
are precisely of the form (2.6.4). Here R(q) defines a positive metric.
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All the above examples, were treated in [40]. In this article the authors study conformal Hamil-
tonian systems on symplectic exact manifolds. In the following paragraph we will briefly recall their
definition and properties as studied in [40]. From now on (M,w = —df) is an exact symplectic
manifold.

Definition 2.6.1. The vector field X’I‘ff on M 1is conformal with real parameter k if Z'X;;I =dH — k0
for a H € C(M). This condition is equivalent to Lxr = —kw.

Note that the hypothesis of exact symplectic manifold does not restrain the generality since a
symplectic manifold admits a vector field X 113 with LXZ = —kw if and only if it is exact. If, in

addition, H'(M) = 0, then all the conformal vector fields on M are given by
{Xuy+kZ|H € C>*(M)},

where Z is defined by izw = —6. For the proof, see Proposition 1 in [40]. It was noticed by the
authors that, in the case of Lie symmetries, the conformal Hamiltonian vector fields have a special
behaviour with respect to the associated momentum map. Namely,

Proposition 2.6.1. Let G be a Lie group which acts on (M,w = —df) leaving the 1-form 0 invariant
and H a smooth, G-invariant function on M. Denote by J : M — g* the associated G-equivariant
momentum map. Then, XI";, 1s a G-invariant vector field for any real k and its flows preserves the ray
pre-images of the associated momentum map as follows:

J(x(t)) = e 1 (2(0)),
for any x integral curve of X}“I and any time t.

Remark 2.6.1. In other words, the motion is constrained to a ray of momentum values entirely
determined by the initial momentum. Hence, the ray pre-images of the momentum map are invariant
submanifolds for the conformal Hamiltonian vector fields.

In the hypothesis of Proposition 2.6.1, using the G-invariance of the conformal Hamiltonian vector
field, the authors have performed the conformal Lie Poisson reduction and reconstruction of solutions
for conformal Hamiltonian vector fields on T*G. However, they could not exploit the ray momentum
conservation, nor perform a reduction which uses not only the group invariance, but also the ray-
momentum one. Proposition 2.6.1 and Theorem 2.4.1, immediately suggest that the appropriate
method of reduction for conformal Hamiltonian vector fields is the ray reduction constructed in Section
2.4.

But before passing to details, let us come back to the examples given at the beginning of this
section. Recall that a Rayleigh system(Example 2.6.3) is a conformal Hamiltonian if and only if the
condition 2.6.6 is satisfied. However, any Rayleigh system on R?" with vector field X has the following
property

ixwo =dH — f90,
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R(q)2H
where f(q,p) := (q; 9. Of course, f may not be well defined at points on the g¢-axis, and , if

necessary, we restrict X to R?"\ U, with U a small closed cylinder with axis (R", q).
The forced Duffing oscillator is the dynamical system with equation of motion

&+ ki 4+ (22 — 1)z = ycoswt. (2.6.7)

It is equivalent to the following system

i =9
Y 2.6.8
{ U :—%—[Z—ky%—vcoswt, ( )
where the Hamiltonian is again H(z,y) := % + % — % Denote by Xp the vector field defined by
2.6.8 and note that ix, wo = dH — fpby, with fp(t,z,y) := —(k+ %Sm), for any real pair (z,y) with

y # 0 and any time ¢.
These examples suggest the following enlarged definition of a conformal Hamiltonian vector field
on an exact symplectic manifold.

Definition 2.6.2. The vector field X}; on the exact symplectic manifold (M,w = —d#) is conformal
Hamiltonian with conformal parameter the smooth function f and smooth Hamiltonian H if

dH — f6.

Ff =
XH

Remark 2.6.2. Observe that if H'(M) = 0, X{I is conformal Hamiltonian if and only if Ly sw =
H

—d(f0).

Remark 2.6.3. The conformal Hamiltonian X! = Xy + Zy is the summ of the Hamiltonian vector

field determined by H and Z which is uniquely determined by the relation izw = —f0. In local
coordinates (q,p), Z is given by fpa%.

The next proposition shows that this enlarged class of conformal Hamiltonians behaves well in the
presence of symmetries.

Proposition 2.6.2. Let G be a Lie group which acts on (M,w = —df) leaving the 1-form 0 invariant,
H and f smooth, G-invariant functions on M. Denote by J : M — g* the associated G-equivariant
momentum map. Then, XI]_} is a G-invariant vector field and its flow preserves the ray pre-images of
the associated momentum map as follows:

J(t) = e T g ((0)),

for any x integral curve of X}; and any time t.

Proof. Denote by ¢ the action of G on M. Then, for any g € G we have

byl ) = O3 (AH — [0) = dH — [0 =iy s w, (2.6.9)
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since f and H are G-invariant. On the other hand,
qb;;(’LXIf{W) :i¢s§X5¢;w:i¢;XI];w- (2.6.10)

Since w is non-degenerate, (2.6.9) and (2.6.10) imply that XIJ; is G-invariant.

First recall that any exact synplectic manifold admits an equivariant momentum map given by
J:(M,w=4df) — g*, (J(x),&) := 0(&)(x), for any z € M and £ € g. Now, let z(¢) be an integral
curve of X {I Then,

d

o\ (@(®),6(= TTe(X{(w(1))) = w(@(t)) (X (2(1)), Enr(a(t))) =
dH (En(2(t) — f(2()0(Eum(2(1) = —f(2(t)) Je (x(t))-

_ eef(% —f(@(s))ds

8

Henece, J(z(t)) J(2(0)) for any £ € g and any time ¢. O

Remark 2.6.4. Note that if f and H are K, -invriant, with K,, the kernel group associated to j1 € g*,
then the corresponding conformal Hamiltonian is also K, -invariant.

Proposition 2.6.2 suggests that the ray reduction is natural for conformal Hamitlonian systems.

Proposition 2.6.3. Consider (M,w = —df) an exact symplectic manifoldendowed with the smooth
action of a lie group G. Choose an element p in g* with kernel group K,,. Denote by J : M — g*
the associated equivariant momentum map defined by J(x)(§) = ig,,0, for any x € M and £ € g

with infinitezimal isometry Eas. Suppose all the hypothesis of Theorem 2.4.1 are fulfilled and X}; s a
conformal Hamiltonian vector field with H and f K, -invariant functions. Then,

e the flow of X}; induces a flow on the ray reduced space Mﬂ'{u defined by

. R+
TRty © Pt 0ig+, = P, Ho TR+

e the vector field generated by the flow <I>£R+”’ is conformal Hamiltonian XIJ}I;“ with
u

fRJF,u O TR+, = f © iR+/,L ’ HRJF,LL O TR+, = Ho iR+u-
the vector fields X7 and Xfw“ are T+ ,-related
H HR“';;, R*p .

e a point x € M 1is a relative equilibrium of X{I with respect to the G-symmetries if and only if

there is an element £ € k,, such that X}_}(x) = & () or, equivalently, ®4(x) = expté - x, for any
flR+u

t. The relative equilibria of X]J; coincide via the mr+,-projection with the equilibria of XH]R+ ,
n

or, equivalently, with the points x € M for which there is a & € k,, such that

d(J¢ — H)(z) = f(2)8(z). (2.6.11)
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Remark 2.6.5. Note that, in local copordinates (q,p), condition (2.6.11) is equivalent to

{ pfla,p) = %;H)(q,p) =pfla,p)

__0(Ji-H)
0 -_— _T.

(2.6.12)

Proof. The first two points of the theorem are a direct consequence of Proposition 2.6.2. For the rest,
suffice it to use the definition of a conformal Hamiltonian vector field and the relation w(&yy,-) =

dJS(-). 0

Example 2.6.4. The reduction of a Rayleigh system on T*(R* x R?>*). On (T*(R* x
R*),(g,p)) ~ ((R** x R**) x R%,(q,p)) consider the Rayleigh system given by H(q,p) = (|lq|*> +
Ipl?) and R(q) = ||q||*>. Note that f = R and it is well defined at any point in R*. Consider the cotan-
gent lift of the rotation action of S* x S* on R?* x R?*. The reason for restricting R* to (R** x R?*)
is to have free symmetries. It is a free and proper action and H and f are S' x S'-invariant. Let
1= 1{(0,1),-) be an element of (R x R)*, the dual of the Lie algebra of S* x S*. Then K, = {e} x S*
and &, = {0} x R. The momentum map asscoiated to the S* x S'-action is given by

J: RQ* X RQ* X R4 - (R X R)* ’ J(qvp) = (ql 'ﬁ,{aQQ pg)?

for any (q,p) = (q1,q2,p1,p2) € R*\ {0} x R* with p] = (pi2, —pin), i = 1,2 and J ' (RFp) =
{(g,p) € (R*\ {0}) x R¥qy - pI = 0,q2 - p5 € R*}. By Theorem 2.4.2, the ray reduced space

(T*(R* x RZ*))R+u is embedded in T*(%ZXXH?;*) ~ T*(R?\ {0} x (0,00)). The reduced Rayleigh

system is given by Hyv,(¢.5) = 3(llal2 + 52) and Re+,(q) = o>

Remark 2.6.6. Note that all the conformal Hamiltonian vector fields on cotangent bundles are pull-
backs of time-dependent Hamiltonians on the same cotangent bundle. Namely, for a conformal Hamil-
tonian with functional parameter f the pullback is defined by ¥y : T*Q — T*Q , V¢(ay) == e*ftaq, for
all ag € T/ Q.

2.7 Ray Reductions of Cotangent and Cosphere bundles of a Lie
Group

In this section we will construct examples of ray reduced spaces for lifted actions on cotangent and
cosphere bundles. We will also show that these ray reduced spaces are universal in the sense that any
symplectic or contact ray reduced space can be recovered from the ray reduced space of a cotangent
or cosphere bundle.

Let G denote a d-dimensional Lie group with Lie algebra g. G acts on itself by left translations.
This action lifts canonically to an action on T*G which admits an equivariant and right invariant
momentum map

Jp:T°G — G, Jp(ag) =T Ry(cy).
Similarly, for right translations we can construct the equivariant and left invariant momentum map

Jr:T"G =G , Jg(ag) :=T,Ly(ag).
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Denote by O, the coadjoint orbit of an element u of g* and by Or_,, its coadjoint ray orbit
Op={Ad,..p=gp|lg € G} and Og,,:={Adrplge G ,r e Ry}
Recall that g* is a Poisson manifold with respect to the Lie-Poisson brackets {-,-}+ defined by

of dg

st == (n|SL3]) L foecx@)meq

where the element % of g is defined by the equality (v, %> :=D f(u) - v, for any v € g*. For a direct
proof of this see, for example, [36], Theorem 14.3.

Each coadjoint orbit admits a G-invariant symplectic structure described in the following theorem.
This symplectic structure is associated to various names: Lie, Borel, Weil and, more recently, Arnold

([4]), Kirillov (]28]), Kostant ([31]), and Souriau ([54]).

Theorem 2.7.1. Let G be a Lie group and u an element of the dual of its Lie algebra g*. Then the
coadjoint orbit of u, O, is a symplectic manifold with G-invariant symplectic structure wgu given by

wg, (W) (g (), Mg+ (V) == £ (v, [€,m]),

for arbitrary v € O, and §, n € g. The symplectic structures wgu are usually called the Kostant-

Kirillov-Souriau (KKS) symplectic forms. The connected components of {(O#,wgu)}”gg* are the
symplectic leaves of the Poisson manifold (g*,{-,-}+).

An interesting feature of coadjoint orbits is that they can be regarded as point reduced spaces.

Theorem 2.7.2. For the lifted left action of G on T*G the reduced space at p € g*, (T*G)y,wu)
is well defined and the momentum map for the lifted right action of G on T*G induces a symplectic
diffeomorphism Jg : (T*G),,wy) — (O/“w(;#) given by JR([T;RTW]) = Adjp.

For a proof see, for instance, Theorem 6.2.2 in [57].

Since for the ray-reduction the role of the coadjoint orbit will be played by a diagonal product of
the coadjoint ray orbit and the quotient of G by the kernel group, we will now describe their manifold
structures. We will see that, in general, Og, , is an initial smooth submanifold of g*. However, if the
coadjoint action is proper, its ray orbits will be closed embedded submanifolds.

Definition 2.7.1. Let Gg+, be the ray isotropy group of p defined by Gg+, = {g € G|Ad;yu =
rop, for arg € RT}.

Lemma 2.7.1. The ray isotropy group G+, is a closed Lie subgroup of G. Its Lie algebra is given
by
IR+p = {€eg] adz,u =rep fora re € R}
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Proof. We have the following sequence of subgroups G, < Gg+, < G. To prove that the ray isotropy
group is closed in G, suppose (gn)nen is a convergent sequence in G+ p With lim g, =g € G. Then
n—oo

T}Ln;o Adg = (nan;o Tgo )i = Adgp, for (rg, )nen a convergent sequence of positive numbers. Since the

coadjoint map is linear and p # 0, lim 7y, is a strictly positive number and hence g € Gg+,. Thus,
n—oo

the ray isotropy group is closed. To determine its Lie algebra, let first £ be an element of gr+,. We
want to show that exp(t£) belongs to Gg+,, for arbitrary ¢t € R. Then

d * % * % *k
@Adexp e = Adexp t{(adfu) = Adexp t€ (Tfu) = rfAdexp teM-
We have used the following formula
d o * * dp
%Adg(t)u(ﬂ = Adgy <ad5(t)#(t) + dt> ; (2.7.1)

where §(t) = Ty R;é)( %) and ¢(t), u(t) are smooth curves in G and g*, respectively. It follows that

Adzxp el = e"¢'y and exp té € Gy u» for every real t. For the reverse inclusion, suppose £ is an element

of the Lie algebra of the ray isotropy group. Then we know that expt{ € Gg+, and Adzxp el = Ttp
with 7, a positive real number for every t € R. Deriving at zero the above equality, we obtain that
adzu = (% ‘ 0 rt) 1, completing thus the proof of this lemma. O

Remark 2.7.1. As we saw in the proof of Theorem 2.4.1, if the Lie group G acts in a Hamiltonian
way on the manifold M and this action admits an equivariant momentum map J : M — g*, then for
every x € J Y (RT ) we have that

JIRY )N (G 2) =Ggrep-x , To(Grey-x) = To(G-2) UT(J T (RTp)).

Lemma 2.7.2. The ray isotropy group Gr+, acts on G x RY by ¢ - (g,7) — (9¢',7rry), where
Ad;,,u = rgp. This action is free and proper and, therefore, the twisted product G XGyt, R is well
defined. Even more, the surjective map

f:GxR" = Op+, , flgr):= Ady -1 (rp)

descends to a bijection on the twisted product G XGyi, R* defining thus a smooth structure on the
coadjoint ray orbit.

Proof. Since it consists of direct calculations, we skip the proof of this Lemma. O

Remark 2.7.2. Note that the above Lemma implies that the dimension of the ray orbit at p is given
by dim(Og+,,) = dim G + 1 — dim(Gg+,,).

For technical reasons we need a precise description of the tangent space of the ray orbit.

Lemma 2.7.3. Let O+, be the coadjoint ray orbit of i € g*. Then its tangent space at p is given by

1,0+, = {adip+ru|r € R, € € g}
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Proof. Consider the smooth curve in Og+,, given by u(t) := Ad:xp(té)(e“"u), where 7 is an arbitrary

real number. Note that (0) = p and %‘t:o u(t) = &g+ (u) + rin = adip + rp. Therefore, A :=
{adg,u—i-ru]r cR, &g} CT,0R+,.

Let g = ggr+, © mg+, be a splitting of g, and {&1,- - &}, {€ks1, -+ Ea} basis of gg+,, and mp+,,
respectively. It is easy to see that the set {{p414-(1), -+ ,&aq- (1), u} forms a basis of A. And since
dim({&rq1g- (1), -+ 5 €agr (1), p}) s d + 1 — dim(Gg+ ), it follows that A = T,,Or+,. O

Proposition 2.7.1. The coadjoint ray orbit O+, is an initial Poisson submanifold of g* and if the
coadjoint action is proper, it is even a closed embedded submanifold.

Proof. Denote by f : G X Gy, Rt — Og+,, — g%, fg,7)) = Ad;_l(ru) the bijection of Lemma 2.7.2.

Let g+, : G ¥ RT — G X Gy, R* be the canonical projection. f is a smooth, one-to -one map since
fomgs, = f: G xR — g*. To prove that it is also an immersion, we will show that Tignf is
injective for every [g,7] € G X Gy, R*. Note that ker Tjy,f = Tig 7R+, (ker T(y, f), for each [g, ]
element of the twisted product G xg,, R+.

We will first show that kerT(. ., f = {(§;rre) € g x R|§ € gp+y,adip = rept. For the direct
inclusion, just use formula 2.7.1 to obtain

d
T(e,’r‘)f(ga TTE) = %
t

Adzxp(_tg)(erftr)u = —adg(rp) +rrep =0,
=0
for every £ € gg+,. The other inclusion can be proved in a similar way. In general, for any element
(g,7) € G x RT, observe that

ker T(g,r)f = T(e,r)Lg ker ﬂe,r]f = T(e,T)Lg({(ga 7"7'5) €gxR ‘ §€ OR+p adZ:u’ = TEM})

*
€

Applying to the above relation T{y .\ Tg+, ?nd recalling that Ad wpteht = e"¢ty, for ea(ih § € gr+, and
¢ a real number, we obtain that kerTj, . f = {O[gﬂ}. It follows immediately that f is an injective
immersion. The fact that it is also a Poisson map is a simple consequence of Lemma 2.7.3 and of

the formula for the Hamiltonian vector field associated to H € C*(g*) : Xy (u') = adj, /', for any

e gr. "

To see that the ray orbit is also an initial submanifold of g*, we will prove that its connected
components are accessible sets of an integrable singular distribution. For this, let D be the singular
distribution on g* defined by

D) = {adz// +rp' |r € R, E € g}, for every i’ € g*.

It is a smooth distribution since it is generated by the family of vector fields (X&) {¢egrer+) With
flows given by

(1) 1= Adly €' 1, for every i’ € g*.
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To show that D is an involutive distribution, let (£,7’) and (n,r) be two arbitrary elements of g x R.
We will prove that Ty, ®]" (X7 (1)) = X Adesw-m&r" (AdE e pi') for any real t. Indeed,

€

€

/ d
XAdexp(—tn)fJ’ (Ad*xptnetrlul) _ %

_0 (Ad:xp(sAd_tng) (esr Ad:xp tr]etr:u’/)> =

’ o st A g tr
ds =0 <AdeXp —tnexpsgexpin(€” Adepme M/)>
d « « s tr e
= 5| (AdpuAdig (e ) ) = T} (X7 (1))
s=0

Lemma 2.7.3 implies that O+, is an integral submanifold of D of maximal dimension. Recall that

according to the Stefan-Sussmann theorem (see [55] and [56]) the maximal integral manifolds of D
€7r

{¢careRr}”
they are initial submanifolds of g*. Hence the maximal integral manifold of D through ' is G° - 1/,

where G© is the connected component of e in G and the dot stands for the coadjoint action. Now,
it follows easily that the connected components of O+, are (GO - i) WOy, Therefore, Og+,, is an
initial submanifold of g*.

Suppose now that the coadjoint action is proper. We want to prove that f is a closed map, hence
a homeomorphism onto its image. This will immediately imply that the coadjoint ray orbit is an
embedded submanifold of g*. For this, let F' be a closed subset of G XGye, R* and (f([gn,7n]))nen

a convergent sequence in f(F). Then we have that (f((g,7n)))nen is a convergent sequence in f(F),
where F' is the closed set = ﬂﬂgiu(F). A result of Palais, see Theorem 4.3.1 in [46], guarantees the

are the accessible sets in g* obtained by finite compositions of the flows ® In particular,

existence of a G-invariant metric on g*. Using this metric, we obtain that || Ady np [[nen= (rn || p ||

Jnen is also a convergent subsequence. Hence lim r, = r a strictly positive number since p # 0. It
n—oo

follows that (Ady (rnpt))nen and (rpp)nen are two convergent sequences. Using the properness of the

coadjoint action we obtain that (gn)nen admits a convergent subsequence. The fact that F is closed

immediately implies that linI%I (f((g,rn))) € f(F), completing thus the proof of this Proposition. [
ne

Remark 2.7.3. Notice that arguments similar to the ones used in the second part of the proof of
Proposition 2.7.1, show that if the coadjoint action is proper any coadjoint ray orbit is a closed sub-
mamnifold of g*.

Remark 2.7.4. In general, for each p € g*, the coadjoint orbit is an immersed submanifold of the
corresponding ray coadjoint orbit. If the coadjoint action is proper, then it is a closed embedded
sumbanifold.

Fix p an element of g*. Notice that the Lie algebra of the kernel group of u, €, is closed in
gu- Let U be an open neighborhood of 0 in g such that the exponential map exp : U — exp(U)
is a diffeomorphism. Choose V' C U a closed neighborhood of 0. Then exp(V) C exp(U) is a
closed neighborhood of e. We want to show that exp(V)N K, is closed in G. Thus, suppose (k,)neny =
(exp &n)nen is a convergent sequence of exp(V)NK,, with (&,)nen a sequence in V. Since exp™t &y, = &,
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for every n € N, it follows that in fact &, € £,. Using the continuity of the exponential map and the

fact that the kernel algebra is closed in g, we have that lim exp~ 'k, = lim &, =€ € £,. Therefore
n—oo n—oo

lim exp&, = exp lim &, = exp{ € K, and exp(V) N K, is closed in G. A standard result of Lie

n—oo

theory (see, for instance, [17]), Corollary 1.10.7) implies that the kernel group of 4 is a closed regular
Lie subgroup of G and the quotient KQH is a smooth manifold.

Now we are ready to define the manifold which will play the role of the cotangent orbit for the ray
reduction, namely the diagonal product of the ray orbit and the quotient of G by the corresponding
kernel group

Diag (ORﬂL X X,

Recall that given two surjective submersions m : M7 — E and 7y : My — FE, the diagonal of My x My
over (my, o), Diag (My x M) := {(x1,x2) € My x My |71 (x1) = ma(x2)} is a submanifold of M; x My
and its tangent space is given by
T(xhxz)(Diag(Ml X Mg)) ’1{(@1,1}2) S TmlMl X TmMQ |Tx17r1(v1) = Tx27T2(’U2)} =
Diag(Tlel X T332M2)'

G) = {(Ad}rp, §)| g € Gandr € R}

In particular, for m; : Op+, — K—? defined by 71 (Adjru) == g and mp := Id ¢ we obtain that
. o

. G . G
T(Ad;ru,g) Dlag <OR+“ X K,ﬂ) ~ Dlag (TAd;ruORﬂu T

More precisely, we have that

G A~
> - {(ad2<Ad2m) + r’AdZTM,5G(§)> |Eeg,r €R},

T(adyrpg) Diag <ORW X K,

for any (Adyrp,g) € Og+,. Here ég(g) denotes the projection on [% of the infinitesimal isometry

associated to § with respect to the action by right translations of G on itself. Let wg i be the two

form on Diag (OR+ u X I%) defined by

wy+,, (Adgrp, §)((adg, Adgrp +r1 Adgrp, &16(9)), (adg, Adyr + ro Adyrp, £26(3)))
= —(Adgru, [§1, &) + ro(Adgrp, &) — ri(Adgru, &), (2.7.2)

for any (Adjru,g) € Diag (ORJW X KQH) and any tangent vectors (adg, Adgrp + TiAd;ru,ggg)isz €

T(Adgjw,é) Diag <0R+u X T?L) . In fact, as we will see from Theorem 2.7.3, (Diag (ORJW X —[g) ’wam )
"
is a well defined symplectic manifold. One could also prove this directly.

Theorem 2.7.3. Consider the cotangent lift of the action by left translations of a Lie group G on
itself. For every p € g* with ker u+g, = g, the ray reduced space (T*(G)g+,, wr+,) is well defined and

symplectomorphic to the diagonal manifold (Diag (OR+M X I%) ’WHQJW) with symplectic form Wit

defined by 2.7.2.
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Proof. Let Jp : T*G — g¢g* and Jp : T*G — g¢*, Jr(ag) = T Ly(0y), Jr(og) = TFRy(ay) be
the equivariant momentum maps associated to the cotangent lifts of right and left translations of
G on itself. These lifted actions are proper and free. Therefore, if p is an element of g* such that

-1
ker y1+g, = g the ray reduced space at p, (T*G)g+,, = %ﬂiﬂo is well defined. Note that JL_l(Rﬂ;) =
{T;R,~1(ru)|g € G, r € RT}. The right momentum map induces the application Jg : (T*G)g+, —
Diag (OR+N X KQH) defined by Jr([ay]) := (Jr(ay),d) = (Adirp, §), for any ag = Ty Ry-1(rp). To see
that Jg is well defined, fix an arbitrary k € K u- Then,
Talk - ag]) = Ta([k - T Ryrru]) = Ja([Ty L T Ry
= (T8 LigTig(Rg—1 © Ly—1)(rps), kg) = (Ady(rp), 9),

proving thus that Jg is indeed well-defined. Since the kernel group of y is a subgroup of its isotropy
group, Jp is also one to one. Surjectiveness is obvious and hence Jg is a bijection. Its inverse is given

by Jp_1 : Diag (ORW x KQ) — (T* @)t i Tpr (Adirpa, §) = [T Ryr7p].

Let A € AY(G x RT) be the right invariant 1-form given by A(g,7)(vg,v,) = Ty Ry-1rp(vg).
Observe that the map F : G x RY — J Y(R¥p) defined by F(g,r) := TyRy1rp is the graph
of A and hence a diffeomorphism. It follows that its K,-projection, F I% x RT — (T*G)g+, is a

diffeomorphism too. Lemma 2.7.2 implies that f : Diag ((G X Gy, R+) x I%) — Diag (OR+N X I%)’
fg,r),9) = (Ad;,lru, g~ 1) is also a diffeomorphism. The map F’ in the above diagramm is a also
a diffoemorphism defined by F'(g,7) := (lg,7],g). The commutativity of this diagramm implies that

Jpr is a diffeomorphism too.

(T*G)r+p I Diag (OR+# X 1%)

F’ .
(% x RY) L Diag (G xa,,, BY) x Z)

Using the fact that Jg is a diffeomorphism with inverse given by
T . G * T * ~ *
Jr-1 : Diag <0R+# X Ku> — (T"G)r+y » Jrp1(Adyrp, §) = [T, Ry-rpl,

. G . 3 . — L Tx .
we can endow Diag (OR+ u X K—M> with the symplectic form WO, = Jr1Wrip In order to give
the explicit description of w5R+H fix (Ad;ru, g) € Diag (OR+ u X I%) and two tangent vectors {v; =
(adZiAd;TM + riAd;r,u, fig(g)}i:LQ in
T(ad ) Ding <0Rw X K%)) It follows that

o, (Adgru, §)(vi,v2) = wriy([Tg Ry-aru])(Tadgru,g Tr-1(v1), TadgragJr-1(v2))-
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Note that

T adsrp,g) r-1(vi) =
T d * T * N
T(Ad;rp,,g) Jp-1 ( % (Adexp t&; el lAdngu7 (g - €Xp tgl)))

t=0
d T * T * -
= (Jp—1 (Adexpt&et FAdgrp, (g -expt&;)))
t=0

_4d
Cdt

—o (WKu (Tg*exp t&; Rg expte; ! re'm N))
d

- T'Tg*Rgfl7";177_1(H ( %

) Ty Ry-17p - expté;) = TrsR, 1 ruT K, (X(Ty Rg-1rp)),
t=

where X is the vector field on T*G with flow given by

(¢, a’g) = Tg*exptﬁiReXP _t&et”a’g, for any o/g € Tg*,G. In this proof all the dots denote the action

Then, using the fact that W}#WR+ p= iﬁkwﬂ(—d@) and the above calculus, we obtain

uj(T)R_,_# (Adzrlua g) (7)17 7)2) = W?(NWRJFM(T;Rg—lTM)(X& (Tg*Rg—lru)a X (Tg*Rg—lrlu))
= —dO(T) Ry-1rp) (X (T Ry-1rpn), X(T Ry-11pn)) =
— X8 (O(XE) (T Ryrrp) + X2 (O(X )Ty Ry-1rp) + O([X S, X&) (T Ry-1rpa).

Next, we want to show that
O(X®) = J§ and X (T3 )(Ty Ry-rrp) = (Adyrps, [6,€51) + i Adjris, &), (2.7.3)
for : = 1,2. Indeed, for any o, € TG we have

4
dt|—g

= (ag, &ic(9)) = J5 (ag).

This also implies that X¢ and & are m-related vector fields. And

O(X)(atg) = (g, Ty T(XE:(ay))) = latg, | T(c™ay - exp&y))

. d )
Xfi(J%>(T;Rg—ITM) = — Jg(et”T;quru -expt&;) =

dt|—g
d * * Tk
% o e Lg exp t&; (Tg exp t&; Rexp —t&; (et LTg Rg*1 TM)) (5]) =
d * i * *
% 0 Adg expt&; (et ‘ T‘/,L) (gj) = Adg (adAdg& T+ m-r,u) (gj) =
t=

Adg(adyg g i+ rirp)(§5) = (adg, (Adgrp) + riAdgrp)(&5)-
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Note that in the above calculation we have again used formula 2.7.1. Applying 2.7.3, it follows that
w(BRW(Aer,u, g)(v1,v2) = — X4 (@(XfQ)(Tg*Rg—IT,U/) + X&(G)(X&)(T;Rgflru)
FO(XIEN (T Ry rp) = —(Adsrp, 61, &) — 11 (Ad5rp, €)

+(Adgru, [§2,61]) + ra(Adyrp, §1) + J%l’&](Tg*Rg_lru)
= —(Adgrp, [§1, &) + ro(Adgrp, &) — m) Adgrp, &),

In particular, for ¢ = e and r = 1 we have that

w(;]R"'M (:Ufa é)((adzlﬂ + i, él)a (adzllu’ + T, 52)) = _<N) [517 62]> +r <,U,, §1>
—r1{p, &2), for any ii—12 € -
The first term in the above expression is precisely wy, (1) (adg, p1, adg, i) and hence the minus sign in

the notation of the symplectic form on Diag (ORJr u X KQH) O

Corollary 2.7.1. In the hypothesis of Theorem 2.7.3, the symplectic form w6R+ defined by 2.7.2 is
I
G-invariant with respect to the following action

g1 - (Ad;;’l”,u,f]) = <Ad;;1Ad;;r,uaggl_1> )
1
for each g1 in G and (Ad;ru,g) in Diag (OR+M X %)

Proof. Fix g1 in G and z = (Adyru, g) in Diag (OR+M X KQH) Let v¢ be the tangent vector

(adg(Ad;'r’u) + TgAd;ru,ég(g)) € Tiadsru,g) Diag (ORJW X I%) Here £ is an arbitrary element of
g. Then, we have

wo,. (91 2) (g1 - ve, 01 vy) =

- d * T * o A
WOR+‘L (gl : l‘) (dt . (Adexptfgfl et 5Adgrﬂ), TgRgl—lgG(g),
t=
d * 8 * 5 A
T i (Adexptngl_l el WAdgru),TgRgl_mg(g)) =

o, o) ((Ady e, (R O6ta ) ) (Al o (Adigla ) ) =

wo,,, (91 @) ( (UAdgléy (Adg, €) (991 1)) , (UAdglm (Adg,m) (997 1)) ) =
_ <Ad;g1_1r,u, [Adg, €, Adg, ) + 7’77<Ad;g1_1r,u, Adg &) — Tg(Ad;gl_lru, Adg,m) =
- <Ad;TM7 [57 77]> + r77<Aer:U’a £> —Te <Ad;7"l% 77) = W(T)RJFH (ZL‘)(UE, 1}77)-

Therefore, w, N is G-invariant. O
RTp
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Proposition 2.7.2. The symplectomorphic G-action on (Diag (OR+,U' X I%) ,w5R+ ) admits an
n
equivariant momentum map

. G
_I(’)RJFH : Dlag <OR+H X Ki

> - g* ’ IO]RJru (Ad;;r,ua g) = _Ad:;r:uv
o

for each (Adyrp, g) in Diag (OR+N X I%)

Proof. Let £ be an element of g and denote by Iém : Diag ((’)R+ u X %) — R the map given by
I

(Adyrp, g) — (Adyru, €). The infinitesimal generator associated to § on Diag (ORHL X I%) is

* AN d * * - _
fDiag(OR+“xI%) (AdgTN,g) o o <Adexp _tEAdgru,gexp —tf) =

* AN * ~ . G
(ad”¢(Adgru), —§c(9)), for any (Adyru, g) € Diag <OR+M X K) )
n

Then, for all (ad;Ad;r,u, + ry Adgrp, Ha(9)) € T( adsrp,g) Diag (OR+u X %), we obtain that
)

Diag(OR‘Fy‘XKQH

wo,, (Adyru.g) ((ade(Adgru), ~€a(9)) . (ady Adgry + ry Adjrn,i6(3)) ) =

<Ad27“[£, [57 7]]> - 7°77<Ad27“,u, £>

)wE’Rm(Ad;T’u’ Q)(ad;Ad;Tu + rnAd;ru, Ha(9)) = (2.7.4)

On the other hand,

% * * ~ ~ d %
Tty o, (adyAdyrin+ roAdirynic(@) = G|~ (Adipuy

= —(Adgru, [§,n]) + ry(Adgru, §).

Equalities (2.7.4) and (2.7.5) imply that X ¢ =¢ (O Q) for all £ € g. Hence the proof of this

O]R“Fy, Dlag R+I»">< Kl—l«
proposition is complete. ]

e”"Aer,u, &) (2.7.5)

Recall that the symplectic difference of two symplectic manifolds (M;,w;)i=1,2 is My © My =
(M x My, mjwy — mywa), where (m; @ My x My — M;)i=12 are the canonical projections. If the
Lie group G acts on both M; and Ms such that these actions admit equivariant momentum maps
(Ji : M; — g*)i=1,2, then the diagonal action of G on the symplectic difference M; © M> admits an
equivariant momentum map given by Jy:=Jyom; — Joomy : M; © My — g*.

The following theorem illustrates the theoretical importance of the diagonal product
Diag ((’)R+ u X I%) in the reduction procedure. Namely, any ray reduced space can be seen as the

symplectic difference of the initial manifold and the diagonal product of the associated ray coadjoint
orbit with the quotient of G' by the kernel group.
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Theorem 2.7.4. Shifting Theorem Let the Lie group G act smoothly on the symplectic manifold
(M,w) such that it admits an equivariant momentum map J : M — g*. Fiz p an element of the dual
Lie algebra of G and suppose that the hypothesis of Theorem 2.4.1 are fulfilled. Then G acts diagonaly

on M © Diag ( Og+,, X %) and its symplectic reduced space at zero is well defined. Fven more,

(M © Diag (OR+P" X I%))O is symplectomorphic to Mg+, the ray reduced space at p of M.

Proof. The symplectic difference M © Diag (OR+ u X 1%) has symplectic form mjw — ijéw and
I

momentum map Jy := Jom + IORW o my. Of course, m; : M O Diag (OR+u X KQH) — M and

mo : M © Diag (OR+M X 1%) — Diag (OR+M X I%) are the canonical projections. It is easy to check
that in the hypothesis of Theorem 2.4.1, the O-symplectic reduced space is well defined.

Let ¢ : JY(RTu) — M O Diag <OR+;L X %) be the map defined by z € J Y(RTu)
(x,(=J(x),é€)). Denote by [¢] its (K, G)-projection

61 Mas — (31 0 Ding (O G))O 18l(3) = [, (—T (@), ),

where [,] and " denote the G and K ,-classes, respectively. This map is well defined. Indeed, let k
be an element of the kernel group of p. Then, [gf)](];‘;’) = [kx, (=J(kz),¢é)] = [kx, (—k - J(x), ﬁ)] =
k- (z,(=J(x),¢))] = [¢](2), for any & € Mg+,. To see that [¢] is injective, let #1,Z2 be elements
of Mg+, such that [z1,(—J(z1),€)] = [z2,(—J(z2),€)]. Then, there is g an element of G such that
(gz1,(—gJ (2),§71) = (z2, (= J(x2),€)). It follows that g € K, and gz1 = 2. Hence &1 = 29 and [¢)]
is one-to-one. If [z, (Adjrpu, §)] is an element of (M © Diag (OR+M X %))0, then Jy(x, (Adyri, g)) =
J(x) + Ad}rp = 0. Therefore, gz € J~H (R p),

—

[¢](gz) = gz, (= (92),€)] = [9, (—gAdyru, gg~1)] = [z, (= J (z), é)],

and [¢] is onto. As it is obviously a smooth map, we obtain that [¢] is in fact a diffeomorphism with
inverse given by [z, (Adjru, §)] — [g9x].

To show that [¢] is also a symplectic map, fix # in Mg+, and (v;)i=12 in T,J (R ). Note
that T (m2 o ¢)(v;) belongs to Ry =~ Ty, (RT ) for each i = 1,2. Suppose J(z) = ru and (Ty(m o
®)(vi) = ript)i=12 With (r;);=1,2 reals. Then, using the function equalities [¢] o 7k, = 7 o ¢ and
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m 0 ¢ = Idj-1(g+y), we obtain

[¢]" (miw — ”Swému)O(@)(TmﬂK v1, Temk, v2)

(miw —mwo,, Jollz, (=J(2), )(Ta((g] o 7, )or, Tu([0] 0 i, Jv2)
(mw —mwe,, N (@))(Tagvr, Trpva)

)

) =

w(x)(Ty(m1 0 p)vr, Ty (w1 0 P)va) — W5R+#(J($), é)(Ty(ma 0 @)v, Ty(m2 0 D)2
iZw(:L“)(Tx(iM oy 0 ¢)vi, Ty(iy om0 P)vg) — waw (ru, €)(rip, rap

iZw(:c)(Tx(i“ om0 @)y, Ty(iy om0 Plug) = WR+M(3:“)(Tx7TKMU17 Ty, v2),
completing thus the proof of this theorem. O

In the remaining of this section we will study the ray reduced spaces of the cosphere bundle of
the Lie group G. Consider the action of the multiplicative group RT by dilatations on the fibers of
T*G \ {Or+g}. The cosphere bundle of G, S*G is the quotient manifold (7*G \ {Or+¢})/R*. Denote
by g+ : T*G \ {Or«g} — S*(G) the canonical projection. Then, (mgp+, RT, T*G \ {07+g}, S*G) is a
R*-principal bundle. S*G admits a canonical contact structure given by the kernel of any one form
constructed as the pull-back of the Liouville form on T*G through a global section of the RT-principal
bundle (mp+, RT, T*G \ {07+g}, S*G). Namely, for every global section o : S*G — T*G \ {Or+¢}
the one-form ©, = ¢*© determines the same contact structure. Note that 73,0, = f,©, where
fo : T*G\ {07} — RT is a smooth function with the property that f,(ragy) = 2 fo(ay) for any
r € RT and oy € T*G. The action by left translations of G on its cotangent bundle induces a free
and proper action on the copshere bundle given by

g {ag} ={T}, golg —1ag},

for all {ay} € S*G and ¢’ € G. Since it is a proper action which preserves the contact structure, there
is always a global section o such that the action will preserve the associated contact form ©,. Then,
this action admits an equivariant momentum map defined by

(Lsr({ag}), &) = Os({ag}(&s-c)({ag}) = folag)ay(§alg)),

where {ay} € S*G and € € g. That is, Js.(ay) = fo(ag)ay, for any {ay} € S*G. Here we have briefly
recalled the construction and some of the properties of the cosphere bundle of a Lie group. For more
details the interesting reader is referred to [16], [18], and [50].

Denote by Diag <S (Or+p) X 75 ) the diagonal product of the mp+-quotient of the ray orbit of u

and [% The quoteint space S*(Og+,,) is a smooth manifold since the R*-action on O+ u 1s free and
proper. The map

lg] € — Adjrp

GRry,
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is a diffeomorphism. Define the following one form on Diag (S *(Orty) X I%)

N0, , {Adyri}, §)(Taggrumas u(adE Adyr + v/ Adyrp, €(9)) =
Fo (T2 Ry Aderp, €), (2.7.6)

for any ({Ad;ru},g) € Diag (S*(OR+/,L) X I%) and any tangent vector

* * * SN . * G
TAd;wWR+u(ad£Adgr,u + r’Adgr,u,fg(g) € T({Ad;m},g) Diag (5’ (Opr+y) K“> .

As we will see in the proof of the following Theorem, the diagonal manifold
(Diag (S*((’)R+ u) X I%) Mo, m) is a well defined exact contact manifold.

Theorem 2.7.5. Let the Lie group G act on its cosphere bundle S*G by the lift of left translations
on itself. Suppose p is an element of the dual of its Lie algebra with kernel group K,, and the property
that ker p+g,, = g, where g,, is the isotropy algebra of p for the coadjoint action. Then the ray reduced
space at p, (S*G)g+,, is well defined and contactomorphic to (Diag (S*(OR+M) X %) ,77(9R+M) , where
N0g+, is the one form define by 2.7.6.

Proof. First note that since the K, and R'-actions commute we have the equality JS_LI(R*M) =
T+ (J; '(RTp)). Even more the maps,

(T* G)]R""u

¢2 (S*G)]R—O-M - R+

- ™G
and Jg+: ﬂ

— Diag (S*(OR+M) X [?)
I

defined by ¢([{ag}]) = {[ag]} and Jp+({[T; Ry-rrp := ({Adiru},g), for any oy in J (R p) are
diffeomorphisms. Let ¥ : (S*G)g+, — Diag (S*(O]Rm) X KQH) be the map ¥ := Jpt o ¢. It is
obviously a diffeomorphism with inverse given by

- : * G * - * - *
vt : Diag (S (OR+/.L> X K) - (S G)R*,uv\p 1({Adgr,u,},g) = [{Tg Rg*””/i}],

m
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for any g € G and r € RT. Denote by Nr+,, the reduced contact form of (S*G)g+,. Then,

(U™ e+ ) {Adgrnd, ) (Tadgrumas y(adf Adyrp + 1 Adgrp, €6.(9)) =
* * d * A g% —
(T‘-HS&-FH) ({Tg Rg—”n:u’}) (dt o TR+ (Adgexptget Adg’r:uag - €Xp tg)) =
(w5 (Ty Rymrr}) (T, vy (XE(Ty Ryarps) ) =
@0’<{TQ*R971TILL}) <TTg*Rg_11”/17"-IRJr (Xg(Tg*Rg*”aM))> =
(54 ©) (Try R, 1) (XS (Ty Ryoarpp)) = fo(Ty Ry-rrp)O(Ty Ryarpa) (XS (Ty Ry-17p))
= fU(T;Rg—lrﬂ)Jg(T;Rg—l'rM) = fa(T;Rg—lTHMAdZW,‘f) =
10y, {Adgru}, ) (Tadzrpmrer  (adg Adgry + 1" Adgry, €(9)),  (2.7.7)

for all £ € g and g € G. Hence, 1o, e is a contact form and ¥ the required contactomorphism. O

Corollary 2.7.2. In the hypothesis of Theorem 2.7.5, the contact form N0y, defined by 2.7.6 is
G-invariant with respect to the following action

- (Adyrn). ) = ((Ady Adyru) 0, )
for each g1 in G and (Adyrp, g) € Diag (S*(OR+H) X %)

2.8 Ray quotients of Kahler-Einstein Fano manifolds

In this section we will study metric properties of ray reduced spaces of compact Kéahler-Einstein
manifolds of positive first Chern class and Ricci curvature.

Let M be a compact complex manifold of positive first Chern class. Choose a metric Kéhler g
such that its Kéhler form w, represents the first Chern class of M. Denote by p, the associated Ricci
form. Then, since both wy and pg represent the fisrt Chern class, there is a smooth function f such
that py — wg = %85 f. By Theorem 2.4.3 in [19] there is an isomorphism between the complex Lie
algebra of holomorphic vector fields on M and the set of all complex-valued functions u satisfying
Ayu—wu = 0. This isomorphism is given by u + grad u. Here, Ay is the differential operator given by
A —V'V;—Id, with A the complex Laplacian and V the covariant derivative associated to g. Suppose
the compact connected Lie group G acts on (M, g) by holomorphic isometries. Then, the infinitezimal
isometries associated to the elements of the Lie algebra g embed in the space of holomorphic vector
fields on M as follows: assign to each & € g the holomorphic vector field &}, := %(fM —ilgénr). Iy
denotes the complex structure of (M, g). Therefore, applying Theorem 2.4.3 in [19], there is a smooth
complex function ug with gradug, = &

Lemma 2.8.1. For every & element of the Li algebra g, the above defined function Ugr 1S pure
1maginary.
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Proof. Since G acts by holomorphic isometries, £37(f) = 0 and we have

i - - i
Using the fact that A fug — g = 0 it follows that
Alug, + gy ) = ug + Ugy - (2.8.1)

On the other hand, it is well known that on a complex connected Riemannian manifold, if X, the
gradient of a function w is a holomorphic vector field, then it is a Killing vector field if and only if u+u
is constant. In particular, if u is pure imaginar, then the real part of X is a Killing vector field. For a
Proof of this, see f(?r instance [12]. A‘ppl}flng this to X = gmd(uau + ﬂfﬁw) we obtain that ug 4+ ug
is a constant function. Hence, 2.8.1 implies that ug + g = 0

Proposition 2.8.1. Let M be a compact complex manifold of positive first Chern class and dimension
n. Choose any Kdahler metric g which represents the first Chern class and suppose the Lie group G
acts on (M, g) by holomorphic isometries. Then the map J : M — g*, (J(x),&) := %u%f defines an
equivariant momentum map for the action of G on M.

Proof. In a local holomorphic coordinate system (z1, ..., z,), the Kéhler form associated to g is given
by wg = 5= 8,5 dz* A dz®. Then, for any ¢ in g,

l

el W = g Wg = 58" Ve, £a3 427 = O

™

and
Z.wag = i(f?u"‘éfw)wg = ig;\/lu.)g + Z.gM(A)g = dJé‘,
proving thus that J is a momentum map. To show the equivariance of J, fix g € G and £ € g. Observe

that the g-action commutes with the operator Ay and that for any vector field Y of type (0,1) we
have

wg(grad g ug, ,Y) =Yg ug Je = (9:Y)je = we(grad g ug; , g.Y) =
Wg(g*_law’ Y) = wg((adg_lf)GW’ Y) = wg(grad u(adg_lf)Ewa Y)

Hence, J is also G-equivariant. ]

Recall that the notion of Fano manifold. In algebraic geometric a Fano manifold is a compact
complex manifold of dimension n which can be embedded into a complex projective space by the
sections of (A"T*1ONM)™ for m sufficiently large. The geometric formulation states that M is a Fano
manifold if and only if it is of positive first Chern class. The simplest example is P!(C). It is the only
Fano manifold which is a Kéhler-Einstein manifold with respect to to the Fubini-Study metric. The
two-dimensional Fano manifolds are called del Pezzo surfaces and they have been completely classified.
For more details and references, see [19] and [26].
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Theorem 2.8.1. Let (M, g,ws) be a Fano manifold with wg € c1(M), the first Chern class of M and
G a Lie group acting on M by holomorphic isometries. Suppose that u is an element of the dual of the
Lie algebra of G such that the ray reduced space is a well defined Kdhler orbifold (Mg+,,, wr+,) and
denote by K, its kernel group. Assume that K, is compact. Consider f the G-invariant function with
the property that the difference between the Ricci form of g and its Kdhler form is ﬁaéf Choose any
basis of g, {&iti=1k and let {&,,}iz1,k e the set of holomorphic vector fields {%(fM + ilgénr) bim1 k-
Then, the Ricci form of the ray reduced space is given by

i
PRy = 5-00(frey +10g 1€+ ), (2.8.2)

where frt, and ||{|r+, are the K,-projections of f and the point-wise norm of the exterior product
Evr =& N Ny Consequently, Mgy, is also Fano.

Proof. First note that any infinitesimal isometry &ys is K,-invariant. More precisely, &a(gr) =
g«(ady-1&) () for any point z. Since the kernel group K, is compact, det(ad,-1|z,) = 1 and

(10 A o A Epar)ge = (det(ady-1, ) g4 (E1ar A o A Gpar)e) = Gu(€ar A oo A &pr)a)-

The action of K, being by isometries it is clear that the point wise norm of (£],, A ... A&,,,) is also
K -invariant. Recall from Theorem 2.4.3 that we have the following orthogonal decompostion:

ToM =V, & Hy @ mpr(z) & I(Vs). (2.8.3)

V is the vertical space at x of the Riemannian submersion mg+, : J 1(Rtp) — Mg+, and it is
generated by {&nr()}i=1,. The horizontal space at x is H, and mys(z) is invariant with respect
to the complex structure C,. Let Ve and 9 be the distributions defined by {V, @ Cs(Vz)}zem and
{mps(z)}zepr- Consider the following decompositions

VeC =Vog il
MeC = mh0 @ !
7;]){%+”T1’0M — HI,O ey VI,O @ i)ﬁl’o.

Denote by V", V¥, V™, and VE'A the connections induced by the Levi-Civita connection of M
on HMO, VIO g0 and z';mTlvOM(or their determinant bundles). 6", ¥, 6™, and 08 # are the
connections forms of the above defined connections with respect to the local, orthogonal and K-
invariant frames Y1 A AY, A A Miar Ao Aanss YA AYs NE Ao NGy > TeSDectively.
Then, §%"# = 9" + 6* + ¢™. Extend the connection forms by

Op(Y)=0"Y)  0pém)=0  Optnu) =0  OMY)=0  O)(&m)=0"(Cn)
0;(Y) =0 Op(En) =0 Oina) =0 O5(Y)=0  65(¢n) =0"(6nr)
07 (Y) =0 O () =0 Oi(ng) =0 OFY)=0  67(Em) =0"(Em)
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0% () = 0 o8 (év) =0 0%, (nar) = 0" (nar)
0y () =0 Op,(Er1) =0 O (n01) =0"(nm)
0y (nar) =0 O (Ear) =0 Oh () =0"(num) 7

for any y € H, £y € V, and s € M. Then 6 = 07+ B, where B = 01401 +-07 +-02+0Y, + 01 +07 + 0.
Finally, let 0g+, be the connection form of det T’ LO M . with respect to the local orthogonal frame
7TR+M*Y1 AN WRﬂt*}/S'

Note that the Levi-Civita connection of Mg+, is given by

VR‘*‘;LXY = WR+M*((V§(Y))7

for any X, Y vector fields on the quotient. Here h denotes the horizontal projection and X, Y are the
unique sections of the horizontal distribution which project onto X and Y. Then, we obtain

A~

9R+N(X)(7TR+M*}/1 AN WRJ"M*YS) =

S
Do T (Y1) A e ATt (VEYG) A A T (V)
= TRt (Vx (YT AL AY) = WRW*(Oh(X)Yl A NY).

Therefore, T+, Or+ . = 92 and

WR+,UpwJR+;L = %dﬂ'R+‘u0R+“ = %(d&h — B) = ,LR+,u,pw — %B (284)
Observe that B
by = dm+,(D1og ||€']1?) = mz+, (90 1og [I€']]%). (2.8.5)
Indeed, sine V% &y =0and V&), = %%th, for any Y section of ‘H. Applying Lemma 7.3.8
in [19], we know that for any -, section of det TH°M and any & in ky, Le,, v = Ve, 7 — (2miAJT¢)y.
In particular, for v := Y1 A e AYs A& A e Aas Aias A oo A loags along JTHR ) we get
VeuY = Leyy + CriATS)y = —(ATS)y — (&4, f)y and V,,,,v = —(n4,f)7. Recall that from the
definition of J we have that ug =0 and w,, =0, for all { € £, and n € m. Hence, B(éw) = =&y f
and B(nar) = —ny, f. Then,

B = —iRJ,-#*af + 7TR+M*8fR+M and dB = iR+u*aéf — 7TR+M*65fR+M. (286)
From (2.8.4), (2.8.5), and (2.8.6), the conclusion of the theorem follows. O

Corollary 2.8.1. In the hypothesis of Theorem 2.4.3, suppose M is also Kdihler-Einstein of positive

Ricci curvature. Then ray reduced space Mgy, is Kdhler-Einstein if and only if |||+, is constant
on JTHRT ).
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Proof. It is just a matter of definitions. O
Theorem 2.4.3, Proposition 2.5.1, and Theorem 2.8.1 entail the following corollary.

Corollary 2.8.2. In the hypothesis of Theorem 2.4.3, assume that K, is compact and G connected.
If |l€llg+,. is constant on J~H(R¥ ), then the ray reduced contact space is Sasaki-Einstein.

Theorems 2.5 in [9] and 2.8.1 imply

Corollary 2.8.3. In the hypothesis of Theorem 2.8.1, if M has Ricci curvature strictly bigger then
—2, then so does Mg+,,.

Example 2.8.1. All the reduced spaces of Examples 3.1 and 3.2 of [15] are Sasaki-FEinstein.
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Chapter 3

The stratification of proper groupoids

3.1 Proper Lie groupoids

In this section we will briefly review the definition and properties of proper Lie groupoids. By con-
vention, the base space of any Lie groupoid is assumed to be Hausdorff, but the space of arrows is not
necessarily Hausdorff.

One of the fundamental examples of Lie groupoids is the one associated to a Lie group action and
usually called the action groupoid. Let G x M — M be a smooth action of the Lie group G on the
manifold M. The associated action groupoid, denoted by G x M is given by

s,t
GKMI:GXMjM s S(g,m)::m , t(g’m):gm

s,t
Definition 3.1.1. A Lie groupoid G = M is called proper if G is a Hausdorff manifold and the
source-target map (or the anchor map as it is sometimes called) (s,t) : G — M x M 1is a proper
topological map.

Example 3.1.1. An action groupoid is proper if and only if the group action is proper.

Example 3.1.2. ([64]) Let G be a semisimple non-compact Lie group. Let E C g* be the elliptic
subject of G defined as the set of all the elements of g* who have compact coadjoint isotropy groups.
Under the orbit method, E corresponds to the discrete series of representations of G. FE is an open
subset of g* and the restriction of the coadjoint action to E is proper. Therefore, the restriction of
the symplectic groupoid T*G = g* to E is a proper groupoid.

Definition 3.1.2. Two Lie groupoids Gy = My and Gy = My are said to be Morita equivalent (see
[61]) if there exists a manifold X endowed with a left and right action of Gy = My and Go = M
respectively and with momentum maps p : X — My and 0 : X — My such that

e the two actions commute with each other;

e X is a Gi-principal bundle over X % Moy;
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e X is a Go-principal bundle over X L M.
(X, p,0) is called an equivalence bimodule between the Lie groupoids Gy, Ga.

For the equivalence of this definition with others existing in the literature, see [?], Part 3. The
following proposition shows how many of the topological properties of proper group actions still hold
in the case of proper groupoids.

Proposition 3.1.1. (/41], [65], [60]) Let G = M be a proper Lie groupoid. Then,
e the isotropy group G, := {g € G|s(g) = t(g) = =} of any base point x is a compact Lie group;
e cach orbit of G is a closed embedded submanifold of M ;
e the orbit space M/G with the induced quotient topology is a Hausdorff space;
e any Lie groupuoid Morita equivalent to G is also proper;

e if N is a submanifold of M which intersects a groupoid orbit O transversally at a point © € M
and S is a sufficiently small open neighbourdhood of x in N, then the restriction groupoid Gg :=
s~HS)Nt=Y(S) = S is a proper Lie groupoid which has = as a fived point.

The groupoid Gg in the last item of the above proposition is called a slice of G at x € M and this
notion makes sense even for non-proper groupoids. Note that two arbitrary slices of a groupoid at two
points lying on the same orbit are locally isomorphic.

However, the properness of a Lie groupoid is not sufficient to imply all the nice properties of
proper Lie group actions, such as the stability of fixed points or the existence of tubes (see [63]).
That is why one has to impose the additional condition of source local triviality. Note that in the
case of proper actions, the source and target maps are globally trivial fibrations. Recall that a base
point of a groupoid is fized if its orbit contains only one point. A fixed point is stable if each one
of its neighborhoods contains a G-invariant one. Every fixed point of a source locally trivial proper
topological groupoid is stable. Note that the source local triviality hypothesis is necessary and it is
not preserved under Morita equivalence.

The analogue of the Bochner’s linearization theorem for groupoids was conjectured by A. Weinstein
and proved by N. T. Zung in [60].

Theorem 3.1.1. Any proper Lie groupoid G = M with a fixed point x € M 1is locally isomorphic to
a linear action groupoid, namely the action groupoid of the action of the compact isotropy group G,
on the tangent space T, M.

An immediate consequence of Theorem 3.1.1 is the following Tube Theorem for Lie groupoids.
This theorem was obtained by Weinstein in [63] under the hypothesis that Theorem 3.1.1 holds. If O
is an orbit of the groupoid G = M, then G» denotes the restriction of G to O and 7 : Np — O the
normal bundle of O in M. The structure of G induces a linear action of Go on Np. This action may
be defined as follows. Let g € Go and v € Ny be such that s(g) = 7(v). Choose v a parametrized
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4 7(e)] = v € No. Let 7 be a parametrized curve

de le=0
in G with 7(0) = g and s o4 = 7. Then we define g-z := [ 4 .o (to Y)(e)] € No. 1t is easy to verify

that this is a well defined action. We denote by Gp X No the corresponding action groupoid.

curve on the base such that v(0) = s(g) and [

Recall that O is of finite type if there is a proper map F : O — R with a finite number of critical
points. Now we are ready to state the Tube Theorem for proper Lie groupoids.

Theorem 3.1.2. (Tube Theorem [63], [60]) Let G = M be a source locally trivial proper Lie
groupoid and let O be an orbit of finite type. Then there is an invariant neighborhood U of O in
M such that the restriction Gy of G to U is isomorphic to the restriction of Go X No to a tubular
neighborhood of the zero section in No (and also isomorphic to Go X No itself).

In fact, this Tube Theorem for groupoids represents the linearization of source locally trivial
proper groupoids near orbits of finite type. Note that in the case of an action groupoid the groupoid
linearization is slightly weaker then the linearizaton of the action since it only implies the orbital
linearization of the action. More precisely, locally, the group orbits are those of a linear action, but
the action on these orbits may still be non linear.

As a consequence of the Tube Theorem we have the following result which will be needed in Section

Lemma 3.1.1. Let G = M be a proper groupoid with paracompact base. Then, to any open and
G-invariant cover of M one can associate a G-invariant partition of unity.

Proof. Let (U;);cr be an open, G-invariant cover of M. The properness of the groupoid implies the
closeness of the orbit projection map 7 : M — M/G. Since closed maps preserve paracompactness,
it follows that the orbit space is also paracompact. Therefore, there is an open and locally finite
subcover, (‘N/i)ig, of ((71 = 7(U;))ier such that (V; := 71'_1(‘71‘))1'6[ is an open, G-invariant, and locally
finite subcover of M. For any i € I, let [z;] := m(z;) be a point of XZ such that W; := G- 5; C V,
where S; is a slice of the groupoid at z;. Obviously, W; := m(W;) is contained in V; for any indice
1 € I. The slice theorem for proper groupoids implies that the orbit space of the restricted groupoid
to W; is equivalent to the orbit space of the linear action of G,, on an open subset of zero in T}, S;, B;.
Even more, this action is orthogonal with respect to a G,,-invariant inner product on B;. Using the
fact that any ray function on B; is G,,-invariant, we can construct positive functions f; € C(B;)%=
with f;(0) = 0 and supp(f;) included in any given neighborhood of zero in B;. Extend by zero each of
these functions on the whole base and denote by ( fl)le 7 the induced functions on the orbit space M/G.
Since (V;)ics is a locally finite family, so are the families (supp(f;))ier and (supp(f;))ier. Consider
gi = Zif[ 7 and g; 1= Zifz 7 It is easy to see that (g;)ics is the required G-invariant partition of
unity and (§;);er is a partition of unity of the orbit space associated to the open cover (V;);er.

O
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3.2 The Stratification of the Orbit Space of Proper Lie Group Ac-
tions

Recall that the local model of a proper Lie groupoid is an action groupoid. That is why, the purpose
of this section is to review the stratification of the orbit space of a proper Lie group action and to
reformulate it in a way which can be naturally generalized to proper Lie groupoids.

Let G x M — M be a smooth proper action of the Lie group G on the manifold M. It is well
known that the connected components of the orbit types

Mgy = {r € M |G is conjugate to H}, (3.2.1)

are smooth embedded submanifolds of M. Here, G, denotes the stabilizer of x. The subgroups H
labelling the orbit types of M are compact. The orbit space M /G is a Hausdorff paracompact space
locally modeled as the linear quotient by G of a vector subspace of T, M complementar to the tangent
space to the orbit of x.

Denote by m: M — M /G the orbit projection of the G-action. It is a consequence of Palais’ slice
theorem for proper actions that the connected components of the sets 7r(M( ) are smooth manifolds,
and that the partition of M/G into these connected manifolds is a smooth stratified cone space
satisfying the Whitney conditions. This stratification is called the orbit type stratification of M/G.
Since the connected component of = in the orbit type M) is given by G, - My, this stratification is
also called the isotropy type stratification. Here, My = {z € M |G, = H} is the isotropy type of H,

# its connected component containing x, and G is the connected component of the identity in G.
For further details, we refer the interested reader to [17], [57], or [49].

The main problem in trying to generalize this picture to the orbit space of a proper groupoid
G =% M is that the characterization (3.2.1) of the pieces inducing the stratification makes no sense
for a groupoid. Namely, the isotropy groups of a groupoid at points in different orbits cannot be
compared by conjugation. In this section we adopt an equivalent approach to the construction of the
orbit types and hence of the orbit type stratification of M/G. This approach is based on ideas coming
from singular foliation theory, namely projectable vector fields. It has the advantage of admitting a
natural generalization to proper Lie groupoids which will be presented in Section ?7.

The first step is to realize the connected components of the orbit types as the leaves of a singular
integrable distribution.

Proposition 3.2.1. If G is a Lie group acting properly on the manifold M, the family of (local) vector
fields G-invariant or tangent to the orbits generates a singular integrable distribution whose leaves are
the connected components of the orbit types. Therefore, the partition of the orbit space M /G into the
G- projections of the leaves coincides with the stratification by orbit types.

This was proved in [44] and [57]; see for instance Theorem 3.4.10 and Theorem 3.5.1 in [57]. The
definition of a G-invariant vector field uses the fact that the action of G associates to any group
element a diffeomorphism of M. In the case of a groupoid, this diffeomorphism is defined only on the
orbit through the source of this element. Thus, this definition can not be generalized to groupoids.
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However, the notion of G-invariant vector fields makes sense only for smooth sections of the normal
bundle to the orbits. For this, one should use the G-action defined for the linear model of a proper
groupoid. Note that since the normal bundle is singular, technically it is very difficult to determine
the normal, G-invariant vector fields. Therefore this formulation would be of no practical use for the
groupoid case.

To overcome this difficulty we introduce another family of local vector fields which we call G-
deriwations and whose definition depends only on the properties of the orbit foliation on M, and no
longer implicitly on the G-action itself. This new family of vector fields will generate exactly the same
distribution, but the condition defining them is easy to check in concrete exemples even for grupoids.

Definition 3.2.1. Let the Lie group G act properly on the smooth manifold M .

1. The local G-projectable vector fields are the local vector fields whose flow sends orbits to orbits.
We will denote the family of local G-projectable vector fields by P(M,G).

2. The (local) G-derivations of M are those (local) vector fields which act as derivations on the
ring of smooth G-invariant functions on M, C®(M)®. We will use the following notation for
the family of G-derivations on M

D(G, M) = {X € X(M)ioc| X(f) € C®(M), Vf € C=(M)“}.

3. Let IT(G,M) denote the sum of the family of local G-invariant vector fields and the family of
local vector fields tangents to the orbits.

Recall that in the theory of foliations, an important class of vector fields is the one of projectable
(or foliate) vector fields (see, for instance, [?]). They are defined as those vector fields whose Lie
bracket with any vector field tangent to the foliation is again tangent to the foliation and are used in
the study of transverse parallelizability of foliations. In the case of regular foliations, the projectable
vector fields are precisely those whose flow leaves the connected components of the orbits invariant.
Hence, the name in Definition 3.2.1, (1). The same result also holds in the case of an orbit foliation
given by the proper action of a Lie group.

Proposition 3.2.2. Let the Lie group G act smoothly and properly on the manifold M. Then, the
projectable vector fileds of the induced orbit foliation of M are those vector fields whose flow takes
connected components of the orbits to connected components of the orbits.

Proof. The proof is based on arguments similar to the ones used in the proof of Proposition 3.2.3 and,
therefore, we will skip it. O

Remark 3.2.1. Note that the above characterization is also true for singular Riemannian foliations
admitting slices.

The G-projectable vector fields form a subclass of the class of projectable ones and if G is connected
they coincide. Even if they provide a nice interpretation in the language of foliation theory of the orbit
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types, in practice, the condition defining them is very difficult to check since one should first integrate
them. That is why, in the next two propositions we will show that in the case of proper group actions
the G-projectable vector fields, G-derivations, and IT(G, M) coincide. Note that we could not find
a direct way of proving that the G-derivations and IT(G, M) coincide. We use G-projectable vector
fields as an intermediate.

Proposition 3.2.3. Consider a proper smooth action of a Lie group G on a manifold M. Then the
set of local G-projectable vector fields equals the set of G-derivations.

Proof. To prove the first inclusion, consider a local vector field whose flow ®% takes orbits to orbits
and a G-invariant smooth function f defined on the domain of X. Then X f is also G-invariant since

Xl = G| Fotitem = G| (ki)
d t —
=G werm = xne.

For the reverse inclusion, consider X a G-derivation and let ®% be its flow. Since <I>g§+t2 = @'} o @g?
for any tq, to, and t1 4 to such that the previous expression is well defined, it suffices to prove that
the flow of X takes orbits to orbits in a small neighborhood of ¢ = 0. For any f € C%(M) denote by
f the induced Withney smooth function on the orbit space. Let € M a point in the domain of X.
We will first study the case when x belongs to the principal orbit type of the connected component
of M containing x. Therefore, there is an open G-invariant neighborhood of x in M such that the
corresponding restricted action has a single orbit type. Consequently, we can suppose that, locally,
the orbit space of the G-action is a smooth manifold and the orbit projection a surjective submersion.
The vector field X defines a derivation X on the algebra of smooth functions C*°(M/G) as follows:

X(h) :=X(hom),

for any h € C*°(M/G). The smooth vector field associated to this derivation will also be denoted by
X. Then, for any point y in the domain of X and any smooth function h defined on a neighborhood
of 7(y), we have

P

X(m(y))[h] = (Xh)(7(y)) = X (hom)(n(y)) = (X(hom)(y) =Tym(X(y))[h].

This proves that X is a projectable vector field on the space of orbits and that its projection is precisely
the associated derivation X, namely T'r o X = X o 7. Since their flows are also m-related, we obtain
that ®% sends orbits to orbits.

If there is a * € M in the domain of X, but not belonging to the principal orbit type of the
connected component of M containing z, let (z,),en be a convergent sequence in the principal orbit
type with limit z. We know that such a sequence exists because the principal orbit type is dense in M.
Then the limit of the sequence (g, )nen is gx. Since the points gz, belong to the principal orbit type,
we have that ®% (gz,) = g, ®% (z,) for (g],)nen a sequence in G and nan;O L (gzy) = Dl (gz). We
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also have that nlLH;o P (z,,) = D (x). Then, the properness of the G-action guarantees the existence

of a convergent subsequence of (g;,)nen, (9, )ken With limit ¢’. It follows that (g7, ®% (@n,))ken
converges to ¢'®% (z). The uniqueness of the limit insures that ®% (gz) = ¢'®% () and the proof is
thus complete. O

Proposition 3.2.4. If the Lie group G acts properly on the smooth manifold M, then the generalized
distribution generated by IT(G, M) is exactly the distribution generated by the family of G-projectable
vector fields.

Proof. Let Z =X +Y € IT(G, M) with X tangent to the orbits and Y a G-equivariant local vector
field. The Trotter formula for the flow of the sum of two vector fields gives

Dly(gw) = Tim (B 0 /") (gw) = lim (g, P} (),

for some g,, € G. Since the G-orbits are closed submanifolds of M, the above limit belongs to G- ®, ()
and the first inclusion follows.

To show that G-projectable vector fields actually belong to IT(G, M) we will first show how to
associate a G-equivariant vector field V to any arbitrary local vector field V on M. Since the G-
action is proper there is a sequence {x,}nen of points in M with associated slices {S,}nen such
that {7(Sy) Inen is a locally finite open covering of the orbit space M /G (see Theorem 4.2.4 in [49]).
Consequently, there is also a G-invariant partition of unity { f, }nen subordinated to the open covering
{G - Sy }nen. For each n € N, define V,, to be the following section of the restricted tangent bundle
TM|s, — Sn

(Vaf)(s) = / (df ()9 V(98))tim,

Gaep

where pp, is the Haar measure of the isotropy subgroup Gy, , s is a point of the slice S, and f a
smooth function defined on a neighborhood of s. Even more, we can extend V,, on the restricted
bundle TM|g.s, — G - Sy, as follows

(?nf)(g ©8) = (ﬁn(f o (I)g))(s)a

for any g € G, s € Sp,, and f smooth function defined on a neighborhood of gs. The above expression
is well defined. To see this, note that given g1, g2 € G satisfying g15 = gas, then g7 Lgo € Gy, by the
slice axioms for S,,. Now, using the G,, -equivariance of V,,, we obtain

(Vaf)(g15) = (Va(f 0 @,))(5) = (Va(f 0 By 0 y1,))(5) = (Valf © Dgo))(5) = (Vaf)(g29)-

Now we can define a G-invariant section of the whole tangent bundle by

V= Z fnf/n.
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Let X be a G-projectable field. Denote by X the associated G-invariant vector field constructed
before. It remains to show that the vector field X — X is tangent to the orbits at every point. To see
this, consider f a smooth G-invariant function. Then,

(X = X))() = (XF)(@) =Y (faXnf)()

neN
— (XHE@) = ful) / (@df(2),g~" - X (g2))dpn
neN Ga,
=Y ) / ((df (@), X(2)) — (d(f o D,-1)(gz). X(g))) dpn
neN Gon,
=3 o) / (XF)(2)) — (X)(g))) dpn.
neN Gon,

But Proposition 3.2.3 implies that X f is again a G-invariant function and, thus, (X — X )f =0 for
any f € C%(M). Therefore, we obtain that X = X + (X — X) € IT(G, M).
O

As a consequence of Propositions 3.2.3 and 3.2.4, one can use the distribution generated by the
family of G-derivations to describe the connected components of the orbit types, as well as the strata
of the orbit space M/G.

Corollary 3.2.1. For the proper action of a Lie group G on a smooth manifold M, the family of
G-derivations is an integrable singular distribution whose leaves are the connected components of the
orbit types M gry. Their projections under the orbit map ©: M — M /G are the strata of the orbit type
stratification of M/G.

3.3 Free and proper groupoids

Definition 3.3.1. A groupoid G = M is a free groupoid if and only if all isotropy groups are trivial.

Notice that in the case of an action groupoid, the above definition coincides with the one of a free
action of a Lie group on a smooth manifold.

st
Theorem 3.3.1. If G = M is a free and proper groupoid, then the orbit space M /G is a smooth
manifold and the orbit projection m: G — M/G is a submersion. Fven more, if the groupoid is source
locally trivial, then the orbit projection becomes a differentiable locallly trivial fibration.

Proof. Since the groupoid G = M is proper and free, the map (s,t) : G — M x M is a proper
and injective submersion. Denote by R its image which is the graph of the equivalence relation on M
induced by the groupoid orbits. Hence, by the local fibration theorem(see, for instance [1], [2]), R is an
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injectively immersed submanifold of M x M. The properness hypothesis implies that R is also closed
in M x M and (s,t) is a homeomorphism onto its image. Therefore R is an embedded submanifold
of M x M. Applying a theorem of Godement, see [2] or [53], [2, Part II, Chap. 3, 12, Theorem 2],
we obtain that M/G is a smooth manifold such that 7 : G — M/G becomes a submersion. To see
that it is a diffrential fibration, suffice to notice that the orbit si diffeomorphic to the corresponding
s-fiber. O

3.4 The orbit space as a metric space

Theorem 3.4.1. Let G = M a source-locally trivial and proper Lie groupoid with paracompact base.
Then, there is a Riemannian metric g invariant with respect to the G-action on the vectors normal to
the orbits, i.e.,

g(g-x)(g-v1,9 - va) = g(x)(v1,v2),

for any vi, vy normal vectors at x and any g € s~ (z).

Proof. The slice theorem for proper groupoids implies that M /G is locally the quotient of a vector
space by the action of a proper group. Hence M/G is locally compact. Applying Alexandroff’s
Theorem(see [1], page 29), we obtain that M /G is also a o-compact space since it is second countable.
Therefore, there is a sequence (z,,), C M such that (7(Ss,)),, is a locally finite covering of the orbit
space M /G, with S, a slice through x, and 7 the orbit projection. Consequently, (G -S;,),, is a
locally finite covering of M. As the orbit space is also normal, every x,, has a neighborhood K, with
compact closure in S, and such that (7(K,)), is a covering of M/G. Then, there exists a function
fn + Sz, — [0,00) differentiable, with compact support and strictly positive on K. By Theorem 2.3
in [60], the slice groupoid Gg, —of x;, is isomorphic to the action groupoid G, x V;, = V,,, where
V., is a small neighborhood of zero in the normal space to the orbit G - z,, at z,. By averaging if
necessary, we can assume that f,, is Gg, -invariant. Consequently, f,, can be extended to G - S, by
defining f,,(g - 2) := fu(2) for any z € S, and g € s~!(z). Note that f,, is G-invariant on G - S, .
Let gy be a Riemannian metric on M. For any z € S, , consider the orthogonal decomposition
T.M = T,(G - z) ® T+(G - z) with respect to gg. Since x, is a fixed point for the slice groupoid

Snyln

Gs,, = S, Spt(zn) = Ga, = s, (2) and therefore a compact Lie group for any z € S,,. Define for
each n € N the following bundle metric on TM|s, — S,:

gOn(z)(ulﬁ u2> = gO(Z)(ula u2)7 if (uhu?) € Tz<g ’ Z)
Zon(2)(u,v) := 0, ifuecT,(G-2),veTHG-2)
gon(2)(v1,v2) 1= f g0(g-2)(g-v1,9-v2)dpu,, ifvy,vee€ TZL(g - 2),

sn'(2)

where y, is the Haar measure induced by G,, on the compact Lie group s, (2). It follows that g,, is
Gs,, -invariant. Therefore, we can extend g, to the vector bundle TM|g.s, — G- S, such that it
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becomes a G-invariant metric. Indeed, for z € S,, and g € s~!(z) define

gon(9 - 2)(u1,uz) :== go(g - 2)(u1, uz), if (u1,u2) € Ty2(G - 2)
gon(g - 2)(u,v) := 0, ifueTy (G 2),v ETgL,Z(Q-z)
gOn(g ' Z)(vl?UQ) = gOn(z)(g_l ' vlvg_l ’ 02)7 if V1,02 € T;_z(g : Z).

To check that this metric is well defined, let g - 2 = g2 - 2z and vy,vs € T+ (G - 2). Using the Gs,, -

g1z
invariance of the metric, we have that gg,,(g2-2)(v1,v2) = g0, (2) (g5~ V1,95~ v2) = €on (97 "92-2) (g5 * -
V1,05 - v2) = gon(g1 - 2)(v1,v2). Taking g = X g, fu, the conclusion follows immediately. O

Recall that a Riemannian submersion is a submersion between smooth Riemannian manifolds such
that its tangent map restricted to the horizontal distribution on the total space becomes an isometry.
Combining the above theorem and Theorem 3.3.1, we obtain that the orbit projection of a free and
proper groupoid becomes a Riemannian submersion:

Corollary 3.4.1. Let m: G — M/G be the orbit projection of a free and proper gropoid with paracom-
pact base M endowed with a G-invariant metric (in the sense of Theorem 3.4.1). Then, the projection
of this metric on the orbit space is a well defined metric for which ™ becomes a Riemannian submersion.

3.5 Local Properties of the Orbit Space of a Proper Lie Groupoid

In this section we prove that the orbit space of a proper Lie groupoid with all of its orbits of finite
type is a smooth stratifed cone space satisfying the Whitney conditions. This fact seems to be well
known, although we could not find a complete proof in the literature. The main tool used to this end
is a slice theorem for proper Lie groupoids 3.1.2 which can be used to show that a proper Lie groupoid
with all of its orbits of finite type is locally Morita equivalent to the action groupoid corresponding to
a linear representation of a compact Lie group on a vector space. At this point, since a stratification
and its properties are local in nature, the statement will follow by the situation already existing for
orbit spaces of proper Lie group actions.

Let s,t : G = M be a proper Lie groupoid and assume that all its orbits are of finite type. There is
a local model for the groupoid, due to Weinstein and Zung, that plays the role of Palais’ tube theorem
for proper Lie group actions. We briefly explain the construction of this local model, since it will be
needed all throughout this chapter. See [60] for details.

Let O C M be an orbit and consider its normal bundle NO = T'M ‘O /TO. The restricted groupoid
Go = s~ H(O)Nt™1(O) = O acts in a natural way on NO with momentum map the canonical projection
NO — O. The tube theorem states that there exist invariant neighborhoods U of O in M and V
of the zero section in NO such that Gy = U and Gp X V = V are isomorphic as Lie groupoids. In
particular, there is an orbit preserving diffeomorphism between U and V. In the case G is the action
groupoid for a proper action of a Lie group G on M we recover Palais’ tube theorem.

We now use this model to proof that the orbit space for a proper groupoid with orbits of finite
type is an orbispace, i.e. a topological space that locally looks like the quotient of a vector space by a
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linear representation of a compact Lie group. Let 2 € O and let G, = s~(x) Nt~ (x) be its isotropy
group. By the properness hypothesis, G, is a compact Lie group which acts linearly on N,O. We then
have the following

Proposition 3.5.1. Go x NO = NO and G, x N;O = N,O are Morita equivalent Lie groupoids.

Proof. For the groupoids under consideration we choose
NO «™ s71(z) x N,O =™ N,O

with projections (g, v) = g - v according to the induced action of Go on NO, and ma(g,v) = v. It is
straightforward to check that the actions

(Go X NO) x (s H(z) x N,O) — (s }(z) x N,O)
(gl7vl)'(g7v) = (gg/,v)’

and
(Ge X NLO) x (s Hz) x N,O) — (s }z) x N,O)
(g',0) - (g9,0) = (99 .9 v)
are well defined and satisfy the required axioms. O

Since Morita equivalent Lie groupoids have homeomorphic orbit spaces, choosing invariant neigh-
borhoods V' and U as before and applying Proposition 3.5.1 we have

Corollary 3.5.1. The orbit space of a source-locally trivial proper Lie groupoid with all of its orbits of
finite type is a Whitney stratified space for which every point has a neighborhood homeomorphic to the
quotient of an open invariant neighborhood of zero in a vector space acted upon linearly by a compact
Lie group.

Proof. We can choose V in the tube theorem as the Gp-saturation of some G, -invariant open neigh-
borhood V' of zero in N,O. Therefore, a neighborhood O of [z] in M/G is given by O = U/Gy ~
V/(Go x V) ~ V'/G, where the first homeomorphism is due to the tube theorem and the second to
the Morita equivalence of Go X V and G, x V', and the fact that V' /(G, x V') = V'/G,, which express
the equality between the orbit space for the groupoid G, x V' and the orbit space for the Lie group
action G, x N,O — N,O restricted to V'. The stated properties of M/G now follow just by noting
that locally this orbit space has the same properties as an orbit space for a proper group action (see
[17]), among which we find the Whitney condition. O

In the next section we study the global properties of this orbit space and identify the strata that
induce this Whitney stratification.

Remark For the same reasons, the orbit space for a proper groupoid with orbits of finite type has
additional properties. Namely, it is a cone space with a C'* smooth structure in the sense of [49].
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3.6 The Strata of the Orbit Space

In this section we realize the strata of the orbit space of a proper Lie groupoid with the accessible sets
of a family of vector fields defined on its base.

Definition 3.6.1. Let G = M be a Lie groupoid. The set of (local) G-derivations vector fields is
defined by
D(G, M) ={X € X(M)oc : X(f) € CI(M), Vf € CI(M)},

where CY9(M) is the set of smooth functions constants on the orbits of G.

Recall from Section 2.4 that in the case of a proper Lie group action the set of G-derivations
corresponds to the set of G-projectable vector fields (those whose flow sends orbits to orbits). This
is an integrable generalized distribution with leaves the connected components of the orbit type sub-
manifolds M(gy. Then, the projection of these leaves to the orbit space M/G are its smooth strata.
The main result of this section is the following theorem, which provides an analogous description for
the strata of the orbit space of a proper Lie groupoid.

Theorem 3.6.1. For a source-locally trivial proper Lie groupoid G = M with all of its orbit of finite
type, the set of the local G-derivations generates a generalized integrable distribution. Furthermore, the
projection of its leaves onto the orbit space M /G are the smooth strata of the Whitney stratification
referred to in Corollary 3.5.1.

In the proof of this theorem we will need a technical result about the existence of a partition of
unit on M compatible with G.

Lemma 3.6.1. Let G = M be a proper groupoid with paracompact base. Then, to any open and
G-invariant cover of M one can associate a G-invariant partition of unity.

Proof. Let (U;)icr be an open, G-invariant cover of M. The properness of the groupoid implies the
closeness of the orbit projection map 7 : M — M/G. Since closed maps preserve paracompactness,
it follows that the orbit space is also paracompact. Therefore, there is an open and locally finite
subcover, (\N/i)ig, of (ﬁl = 7(U;))ier such that (V; := W_l(TN/i))iej is an open, G-invariant, and locally
finite subcover of M. For any i € I, let T; := m(x;) be a point of V; such that W, := G- S; C V;, where
S; is a slice of the groupoid at x;. Obviously, W; := 7(W;) is contained in V; for any indice i € I.
The slice theorem for proper groupoids implies that the orbit space of the restriction groupoid to W;
is equivalent to the orbit space of the linear action of G,, on an open subset of zero in T},5;, B;. Even
more, this action is orthogonal with respect to a G, -invariant inner product on B;. Using the fact
that any ray function on B; is G, -invariant, we can construct positive functions f; € C%:i(B;) with
fi(0) = 0 and supp(f;) included in any given neighborhood of zero in B;. Extend by zero each of these
functions on the whole base and denote by (f;)ic; the induced functions on the orbit space M/G.
Since (V;)ier is a locally finite family, so are the families (supp(f;))ier and (supp(f;))ics. Consider

gi = Ziiil 7 and g; := Z']; ZI —. It is easy to see that (g;)ics is the required G-invariant partition of

unity and (g;)ies is a partition of unity of the orbit space associated to the open cover (V;)cr.
O
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Proof. (Of Theorem 3.6.1)
O

The family of local G-derivations generate a smooth distribution on M that we will show to be
Sussmann integrable. Let x € M, O the orbit through x and U > z an invariant open neighborhood.
Using the tube theorem we can substitute Gy = U by Gp X V== V, where V is a neighborhood of the
zero section in NO. By Proposition 3.5.1 this action groupoid is Morita equivalent to G, x O = O,
with O a G -invariant neighborhood of 0 in N,O. In particular, we can consider the bi-bundle V' «+™2
S =™ O and the family of vector fields

D(S) ={X € X(S) : X(f) € C"(S),Vf € C™(S)},

where C'™(S) is the set of smooth functions on S invariant under the commuting actions of Go x V
and G, x O.

By construction, functions in C90%V (V) lift by 75 to functions in C™™¥(S). Analogously, functions
in C9*9(0) lift by m to functions in C'™(S). Therefore, vector fields in D(S) are 7; and o
projectable, and since these two projections are surjective submersions, ©(S) generates the families
of basic vector fields on V' and O. This induces a bijection between ®(Go x V, V) and ©(G, x O, O).

The previous argument shows that ©(G, M) is everywhere defined, since any x € M has a neigh-
borhood V' as before on which (G, M )‘U is in one to one correspondence to D(G,; x O, 0), which
according to Propositions 3.2.3 and 3.2.4 equals L9 (G,, 0) # @.

In addition,®(G, M) is invariant under the flows of its vector fields. To see this, recall that using
Proposition 3.2.3 together with the previous discussion, ®(G, M )‘ y 1s in one to one correspondence
with the family of projectable vector fields on O. Let Y and Z be projectable vector fields on O and
let Y, FZ be their flows. Then the vector field F} _Z has as flow FY o FZ o FY,. By definition FY
and FtZ send G,-orbits to G,-orbits and hence so does the above composition. This proves that the
family of projectable vector fields on O is invariant under its flows. Using backwards the one to one
correspondence we have the same behavior for X (M )g’bas‘U.

Now, since X(M)g bas is an everywhere defined family of vector fields invariant by its flows gen-
erating a smooth distribution, the Stefan-Sussmann theorem implies that it is integrable, and that
its leaves are the accessible sets of vector fields in X(M)g pas. Again by using Morita equivalence, for
any point in the orbit space one can find an open neighborhood U/Gy for which the decomposition of
U/Gy in the sets LNU for L a leaf of the generalized foliation of X(M)g pas equals the decomposition of
U/Guy = O/G, into orbit types. Since the latter is the decomposition locally inducing the stratification
of M/G referred to in Corollary 3.5.1, it follows that the leaves of X(M)g pas are the global strata of
this stratification.

Corollary 3.6.1. In the hypothesis of Theorem 3.6.1, the stratification of the space of orbits M/G
induces in a natural way a stratification of the space of objects G. This stratification has the same
properties as the base stratification.

Proof. If M = UaEI M, is the foliation described in Theorem 3.6.1, then G = Uael G, With G, :=
s7H(Mgy) Nt=1(M,) is the required stratification of the space of object. O
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Ways of continuing

e Prove that orbispaces and proper groupoids are Morita equivalent.

e Dynamical behaviour, equilibria for time dependent Hamiltonians, conformal Hamiltonians. Try
the study of eyefish lens using contact equations and prefered optical axis.

e The reduction of cosphere bundle can be easily extended to jet bundles. Reduce Monges-Ampere
equations (contact and symplectic reduction simultaneously) for classifications.

e Cosphere bundles have been intensively used in topological problems dealing with the classifi-
cation of immersions and embeddings. The first one to use these ideas was V. I. Arnold (see
[4]) who studied the structure of the space of immersed plane curves using contact invariants of
associated Legendrian knots in the cosphere bundle of R?. Study the reduction of all topological
invariants associated to cosphere (contact homology). Then, maybe one should be able to use
the symmeties when classifying immersions or embeddings.
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