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Abstract

Symplectic reduction formalises the classical Noether principle concerning
mechanical systems: given a symmetry group of dimension k acting on a
system, there appear k preserved quantities in the time evolution of the
system that enable to reduce the number of degrees of freedom of the
phase space by 2k. The symplectic reduction of a symplectic manifold
under a Hamiltonian group action gives rise to a reduced symplectic
structure after taking the quotient of a fiber of the moment map over the
action. The Duistermaat—Heckman Theorem assesses the relationship
between different reduced spaces for a torus-action: nearby fibers are
identified diffeomorphically and the reduced symplectic form of a reduced
space depends linearly on the value of the moment map. In cohomology,
this linear coefficient is an invariant, characteristic class of the associated
torus-bundle. This leads to the fact that the pushforward of the Liouville
measure by the moment map is a piecewise polynomial multiple of the
Lebesgue measure on the dual of the Lie algebra.
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Chapter 1

Introduction

The Duistermaat-Heckman Theorem (Theorem 5.15) first appeared in the
article ’On the variation in the cohomology of the symplectic form of the reduced
phase space’ [12] by Johannes Duistermaat and his former PhD student Gert
Heckman in 1982. It states that the reduced symplectic structures obtained
by taking the Marsden—Weinstein—-Meyer quotient of a Hamiltonian space at
different values of the moment map is linear in cohomology, and that the
linearity coefficient is a characteristic class of the underlying torus-bundle.
As they say in the original paper, the result was first thought of in the form
of one of its corollaries, the now well-known Duistermaat—Heckman formula
(Theorem 5.20), which was ’conjectured in some very stimulating discussions
with Atiyah and Guillemin, and was the starting point for our paper’. The
formula states that the Duistermaat—Heckman measure (the pushforward of
the Liouville measure by the moment map) is a piecewise polynomial multiple
of the Lebesgue measure on the dual of the Lie algebra. The other main
corollary of the theorem is a so-called localization formula, concretely the exact
stationary phase formula, which computes the inverse Fourier transform of the
Duistermaat—Heckman measure in terms of a formula evaluated exclusively at
the fixed points of the action. These corollaries were an important discovery in
the then still developing theory of symplectic geometry. In fact, the localization
formula would be later put within the more general framework of equivariant
cohomology [16], independently by Berline and Vergne [4] and by Atiyah and
Bott [2]. In combination with results like the Convexity Theorem or Delzant’s
Classification Theorem about symplectic toric manifolds, they are an example
of our better understanding of Hamiltonian torus-actions in comparison to
more general actions. The case of non-abelian group-actions remains more
obscure. For example, a recent article by Crooks and Weitsman [9] presents a
more general formulation of the Duistermaat—Heckman formula for a compact
connected Lie group by making use of what they call a Gelfand—Cetlin datum
on the dual of the Lie algebra of the group.
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1.1 Overview

With the objective of setting the stage for the Duistermaat—Heckman Theorem,
we begin this thesis with the preliminary Chapter 2, where we briefly review
the concepts and results from differential geometry most relevant for this work
and we fix the notation and conventions followed thereafter. First, in Section
2.1 we cover Cartan’s magic formula and related identities; as well as the basic
definitions regarding submanifolds, foliations, and distributions that conclude
with the Frobenius Theorem. Secondly, Section 2.2 deals with basic Lie group
theory, group actions on manifolds, and the Quotient Theorem; and lastly,
Section 2.3 revises the Tubular Neighbourhood Theorem.

On Chapter 3 we introduce the main definitions in symplectic geometry. We
start in Section 3.1 with linear symplectic geometry, where we find some easy
results that prelude and motivate their non-linear, geometrical versions. In
Section 3.2 we cover the key notion of symplectic and Hamiltonian vector
fields, in bijection with closed and exact 1-forms respectively via the symplectic
form, as well as introducing in Section 3.3 the canonical form on the cotangent
bundle of a manifold, both of which are concepts dating back to the origins of
symplectic geometry in classical mechanics. We continue including the short
Section 3.4 covering the essentials of almost complex structures, which will play
a role in the last section of the chapter. The last Section 3.5 is devoted to the
so-called ’local form’ results, from which the first to be discovered is the famous
Darboux Theorem, and we present the now classical approach for its proof due
to Moser, i.e., Moser’s trick. A careful use of this technique in combination
with the Tubular Neighbourhood Theorem allows to obtain stronger results
localized not around a point but around a compact submanifold. These results,
collectively called 'Neighbourhood theorems’ are summarized in the main result,
the Embedding Theorem 3.47. It exposes the flexibility to be found in the
symplectic realm: the symplectic structure around a compact submanifold is
characterised uniquely (up to symplectomorphism) in terms of the restricted
symplectic form and the symplectic normal bundle. In particular, there are
no symplectic local invariants, in stark contrast to Riemannian geometry.
As a corollary, we obtain the Weinstein Lagrangian Tubular Neighbourhood
Theorem, one of the first results in this direction. In our case, the corollary
we are most interested in is the equivariant formulation of the Coisotropic
Embedding Theorem, at the heart of the proof of the Duistermaat—Heckman
Theorem. Thus, during this section an effort is made to obtain G-equivariant
formulations of every result, under a symplectic action of a compact Lie group.

In Chapter 4 we turn our attention to group actions that preserve the symplectic
structure, i.e., symplectic and Hamiltonian actions, dealing first with the
easier case of circle actions in Section 4.1. In Section 4.2 we generalise the
concept of classical mechanics of the time evolution, i.e. a one-parameter
family of symplectomorphisms, being generated by a Hamiltonian function via
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Hamilton’s equations. The ’generalised Hamiltonian’ for a general action is
the moment map of a Hamiltonian action, an equivariant map taking values
on the dual of the Lie algebra of the group under consideration. At this point
we include some results elaborating on the relation between moment maps and
Lie algebra cohomology, as a side-topic of interest in itself but not essential for
the main argument-line of the thesis. After some comments on how to define a
canonical symplectic structure on coadjoint orbits in Section 4.3, the second
major step in the Duistermaat—Heckman Theorem is addressed in Section 4.4,
namely, the technique of symplectic reduction, essential to state the theorem
itself. It formalises the Noether principle of mechanical systems that observes
that whenever a system is acted upon by a symmetry group of dimension
k, then there appear k quantities that are preserved in the time evolution;
one can then reduce the number of degrees of freedom of the system’s phase
space by 2k. The reduction of a symplectic manifold under a Hamiltonian
action is given by the Marsden—Weinstein—-Meyer quotient: the orbit space
of a fiber of the moment map. The mathematical underlying principle is
that these fibers are coisotropic submanifolds, and hence foliated by isotropic
leaves which coincide with the group orbits. Algebraically we are taking the
quotient over the kernel of the symplectic form and hence we obtain a new,
well-defined structure. After obtaining some related results, like reduction in
stages, or in Section 4.5 applying reduction on the cotangent bundle of a Lie
group, we review in Section 4.6 symplectic toric manifolds and the main results
for the particular case of torus-actions, namely, the Convexity Theorem and
Delzant’s Classification Theorem. We close the chapter in Section 4.7 with
some comments about the generalisation of our results to locally-free actions
and the requirement to introduce orbifolds.

Lastly, on Chapter 5 we state and prove the Duistermaat—Heckman Theorem.
Just as we did in the previous chapter, we first exemplify the arguments for a
circle action in Section 5.1. As we say, the Duistermaat—Heckman Theorem
assesses the relationship between doing reduction at different values of the
moment map, for a torus-action. In Section 5.2 we show that close fibers are
diffeomorphic and that the reduced symplectic form depends linearly on the
value of the moment map. In cohomology this linear coeflicient is a well-defined
characteristic class of the underlying torus-bundle, and is hence independent
of any diffeomorphism choice. This allows us to obtain in Section 5.3 the
Duistermaat—Heckman formula about the pushforward by the moment map of
the Liouville measure: it is given, regarding the dual of the Lie algebra as the
corresponding affine space, by a piecewise polynomial multiple of the Lebesgue
measure. In the particular case of a symplectic toric manifold, this piecewise
polynomial is furthermore constant, generalising the fact already known to
Archimedes that the area of the 2-sphere strip bounded by two parallels is
proportional to the height between the parallels.

In Appendix A we first define in Section A.1 the Fubini-Study structure on
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the complex projective space, as the archetypal example of a symplectic toric
manifold that will also serve as running example of the results and constructions
throughout the thesis. We finish the thesis in Section A.2 with a summary
of the excellent chapters of [27] about vector bundles, their connections and
curvature, characteristic classes, and principal bundles, that permit to prove
the invariance of the characteristic classes and are thus the last ingredient of
the Duistermaat—Heckman Theorem and its corollaries.

1.2 Acknowledgements

First and foremost I would like to thank my thesis supervisor Dr. Ana Cannas
da Silva for her dedication, openness, and kindness. She has known how to
transmit her passion for this beautiful topic through countless examples, hints,
and remarks, and has always been available and extremely supportive during
this thesis project, for which I am very grateful. Secondly, I would also like to
thank Sara, and my family, for their unconditional support.



Chapter 2

Differential geometry preliminaries

In this chapter we make a quick summary of the main definitions and results
from elementary differential geometry and topology that we will use, and on the
way fixing the notations and conventions that will be followed through. Namely,
the main tools of this thesis are differential forms, basic Lie Group Theory and
the Quotient Manifold Theorem about homogeneous spaces, and the Tubular
Neighbourhood. Some additional tools are developed in the Appendix A.2,
essentially vector space-valued forms, connections and curvature on vector
bundles, characteristic classes and principal bundles. The main references have
been [7, 18, 19, 24].

2.1 Notations and conventions

We consider second countable smooth manifolds of constant dimension and
without boundary.

Given a smooth manifolds M, N, we denote by X(M) the space of smooth
vector fields, i.e., the sections of the tangent bundle TM. We denote by
C*>®(M, N) the space of smooth functions from M to N, and by Diff(M) the
space of self-diffeomorphisms of M.

We denote by QF(M;R) the smooth k-forms on M, that is, the sections of the
smooth vector bundle /\k T*M (the k-th alternate or exterior product of the
cotangent bundle 7% M). We adopt the standard notation f*w € QF(M;R) for
the pullback of a differential form w € QF(N;R) by f € C*°(M, N). We will
also use a similar notation for the pushforward of a vector field X € X(M) via
a diffeomorphism f: M — N,

(f*X)q = dpf(Xf—l(p))v

for every ¢ € N. That is, f.X € X(N) is the only f-related vector field to
X € X(M). We recall that Y € X(N) is f-related to X € X(M) if, regarding
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them as derivations,
Y(g)of=X(gof)

for any g € C°°(M,R). Furthermore, for f € C>°(M, N) we also denote by f.
the vector bundle homomorphism between tangent bundles

fe : TM — TN : (p,v) = (f(p),dpf(v)),

sometimes also using this notation for the differential at a point,
fe() = fap(v) = dpf(v).

We take the standard sign convention for the Lie derivative with respect to a
vector field X € X(M). That is, if X is the infinitesimal generator of the flow
¢t € Diff(M) such that

d

dt tSOt ° @t, Yo 1d,

and t — ¢y is a group homomorphism, then the Lie derivative of the vector
field Y € X (M) with respect to X is

d
LxY = — _txY.
X dt tZOSO t,

Lemma 2.1 The Lie derivative of a vector field coincides with the bracket,
LxY =[XY].

Proof We fix some p € M and regard £xY as a derivation, that is, we take
any f € C>°(M,R) and compute

X)) = L oY ()

dt|—o
i Yo (f o p—t) = Yo(f)
50 t '

By the parameterised Taylor Theorem, we can write f o p; = f 4 tg; for some
g such that gg = %hzof oy = X(f), so that

- Yo — Y
(SxY)p(f) = lim —2 =22 (1) — ¥ (g0)
= XY (f)p = Y(X(f)p
= [X,Y]p(f)- O
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We will also consider the smooth family of diffeomorphisms t — 1y € Diff(M)
generated by a time-dependent vector field X; € X(M), that is

Py = Xy oy, o = id.

d
dt|,
Notice however that ¢ — 1/, need not be a group homomorphism.

Similarly, the Lie derivative of a k-form w € Q¥(M;R) with respect to X €
X(M) with flow t — ¢, is given by
d

Lxw:= 7

*
Prw.
t=0

Lemma 2.2 Consider a smooth family a smooth family of k-forms t — wy €
QF(M;R), of diffeomorphisms t — 1y € Diff(M), and a time-dependent vector
field X € X(M) such that

Py = Xy oy, P =id.

a
dt|,
Then it holds that

a )
dt dat| “t

* * d
Yrwr = P (Ex,wr + =
t

¢
Proof Arguing at a given point p € M and differentiating at fixed time s we
compute, in virtue of Leibniz’s differentiation rule for a product,

d| . . d
7| e, =5

dp i (W), (p)

4

(@b;ﬁws)p + @Z}: dt

(wt)p

_d
- dt|,

. d
= ¢S (sXst + %

wt)p.
s

For the last identity we make the following digression. A time-dependent
vector field actually induces different diffeomorphism families depending on the
starting time. Given ¢( as initial time and a point (¢, p) € Rx M in the definition
domain starting from to we can define v, ; as the unique diffeomorphism family
such that

d .
% T;Z)to,t = Xio wto,tv ¢t07t0 =id.
t

Then the previous diffeomorphisms are just ¢y := 1o¢. It follows from the
uniqueness of solutions that, when all is well defined,

wtg,tg © wthtg (p) - wthtg (p)
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Thus we can compute

dl . d| .
dtL@Z)tW = dt'o%,sﬂw

d

= % (ws,s—i-t © 1/)0,s)*w

0

d
= wé,% lowimw

The last identity follows from the observation that the definition of the Lie
derivative with respect to the vector field X, € X(M) (s fixed) only depends
on the values of the time derivative of the flow ¢; at ¢ = 0 (since it is the
identity at time 0), and %|t:07ps’s+t = X, so that ¢ := 9, 54+ has the same
derivative at time t = 0 as the flow of X regarded as non time-dependent. [

We will denote by ix : QF(M;R) — Q¥~1(M;R) the map such that

ixw(X1, . o, Xk—1) =w(X, X1 .0, X)),
and ix f =0 for f € C°(M,R) = QY(M;R).
Proposition 2.3 (Cartan’s magic formula) The Lie derivative of a dif-
ferential k-form w € QF(M;R) with respect to X € X(M) is given by

Lxw=dixw+ ixdw.

Proof One option is to use the flow-box lemma for X and obtain local
coordinates x such that X = 0,,. Then working with a local coordinate

expression for w it becomes a trivial computation. Alternatively, we can argue
as follows.

Locally, w will be a sum of terms of the type fdfi A --- A dfy for some f, f; €
C*>®(M,R), so that it is enough to prove it for such a term. Then, we notice
that the formula is trivial for O-forms, i.e., for smooth functions (since ix f =0
for f € C>°(M,R)). Furthermore, both sides of Cartan’s formula commuting
with d, so that the formula also holds for exact 1-forms df;. Finally, we check
that both sides of the formula behave the same way with respect to the exterior
product A: for a € QF(M;R) and B € Q!(M;R) we have

EX(Oé/\ﬁ) = (2«){0&)/\54’0&/\(2){5),
(doiX+iXod)(a/\ﬁ):((doix+iXod)a)/\ﬁ
Yan((doix +ixod)f).

To check the first, we use Leibniz’s rule and the anti-commutativity of the
exterior product on a local coordinate expression. For the second, we use that

d(a A B) = (da) A B+ (—1)Fa A (dB),
ix(aAB)=(ixa) A+ (=1)*a A (ixp).
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These are checked via local expressions and the anti-commutativity of A. 0O

A last useful computation that we will need later is:

Lemma 2.4 Given two vector fields X,Y € X(M) and a k-form w € QF(M;R),
then

ix,yw =[x, iy lw.

Proof We compute, for X,Y € X(M), X with flow ¢; € Diff(M),

. S d
ix,y|w =1 (dt tzo(p_t’*Y) w
d
_ (o *Y
dt tZOZ(SO £ Y )w
d .
=il i)
= QX(iyw) - iy(ﬂxw)
= [Sx, iy]w. O

2.1.1 Submanifolds

Let M™  N™ be smooth manifolds of dimension m, n respectively. We recall
that a smooth map in C*°(M, N) is an immersion, resp. a submersion, if
its differential is at every point injective, resp. surjective. Furthermore,
it is a smooth embedding when it is a topological embedding, that is, a
homeomorphism onto its image (with the subspace topology).

An embedded submanifold of M is a subset S C M such that S is a smooth
manifold (according to our convention, i.e., second countable and without
boundary) with smooth structure compatible with the subspace topology as
a subset of M. We call M the ambient manifold, and we say that S has
codimension equal to dim M — dim .S. Equivalently, an embedded submanifold
is a subset S C M with a (unique) smooth structure such that the inclusion
map i : .S — M is a smooth embedding. It is a properly embedded submanifold
when the inclusion map is proper, i.e., the preimage of a compact set is
also compact. They are sometimes also called closed submanifolds since an
embedded submanifold is properly embedded if and only if it is a topologically
closed subset of the ambient manifold or if and only if the inclusion map is
closed.

On the other hand, an immersed submanifold is a subset S C M endowed with
a certain topology (not necessarily the subspace one) with respect to which
it is a topological manifold (without boundary), and a compatible smooth
structure such that such that the inclusion map i : S < M is an immersion.
It follows that every embedded submanifold is in particular immersed. Since
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proper maps are closed, an immersed submanifold is properly embedded if
and only if the inclusion map i : S — M is proper or closed. Furthermore,
immersed submanifolds are locally embedded as an easy consequence of the
inverse function theorem.

For a thorough and excellent discussion see e.g. [18]. For this thesis we define:

Definition 2.5 (Submanifold) A (smooth) submanifold N of M is an em-
bedded submanifold of M.

It will also be convenient to fix our nomenclature for adapted local slice charts.
Given a subset S C M, a local slice chart around p € S (adapted to S) is a
coordinate chart for M, ¢ : U — R™, from an open neighbourhood U of p, such
that (U N S) is the intersection of p(U) with a linear subspace. Particularly,
if it is a k-dimensional subspace, we can always assume that

e(UNS)={z=(z1,...,2m) € 0U) : 2441 =0,...,2, = 0}.

Then, a subset S C M is an embedded submanifold if and only if every point has
a local slice chart around it (in the sense that an embedded submanifold always
has adapted local slice charts, and reciprocally a subset S C M with local slice
charts around every point is a topological manifold with the subspace topology
and has a unique smooth structure making it into an embedded submanifold).
More detail can be found for example in [18], §5.

We now briefly recall the setting for the Frobenius Theorem. Let M™ be a
smooth manifold. A distribution on M of rank k is a smooth rank-k subbundle
of the tangent bundle T'M. Given a smooth distribution D C T'M, a nonempty
immersed submanifold N C M is an integral manifold of D it T,N = D, at
every point p € N. Then, a distribution D C T'M of rank k is called integrable
if the following conditions are satisfied:

e Through every point p € M passes an integral submanifold.

e Every point p € M has a local flat chart: a coordinate map ¢ : U — R™
around p € U such that D is spanned by the first k coordinate vector
fields 1, ..., 0y and such that the slices {zFT! = *+1 ... 2™ = ¢} for

any ¢ € R are integral manifolds of D.

Lastly, we recall that a distribution is involutive if the Lie bracket of any two
local smooth sections of D is also a local section of D, i.e., if the subspace of
X(M) given by sections of D is a Lie-subalgebra, or simply put, if it is closed
under the Lie bracket. Hence, every integrable distribution is involutive.

Similarly, let F be any collection of k-dimensional immersed submanifolds
of M. A smooth chart ¢ : U — R of M is said to be flat for F if each
submanifold in F intersects U in either the empty set or a countable union of k-
dimensional slices of the form {x**+! = ck+1 . 2™ = ¢™}. Then, a foliation of
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dimension k£ on M is a collection F of disjoint, connected, nonempty, immersed
k-dimensional submanifolds of M, called the leaves of the foliation, whose
union is M; and such that in a neighborhood of each point p € M there exists
a flat chart for F. It is then easy to show that the tangent bundles of the
submanifolds of a foliation form an integrable distribution of M, and hence
involutive. The converse is Frobenius Theorem:

Theorem 2.6 (Global Frobenius Theorem) Let D C TM be a distribu-
tion on a smooth manifold M. Then, it is involutive if and only if the collection
of all mazimal connected integral manifolds of D forms a foliation of M.

An excellent reference for the proof is again [18], §19.

2.2 Lie group theory

We use [18, 24] as our main references.

A Lie group is a group G with a manifold structure such that group multipli-
cation is a smooth map m: G x G — G.

1

Lemma 2.7 Given a Lie group G, the map inv: G — G : g +— g~ is smooth.

Proof Consider a group G with a smooth structure where m is smooth. Then,
left multiplication Ly : G — G : h + gh and right multiplication R, : G — G :
h +— hg by an element g € G are diffeomorphisms (with inverse L,-1, R;-1) and
hence m is a submersion. Then, A :=m~!(e) C G x G for the identity element
e € GG is a closed submanifold of dimension dim G and we consider the smooth
bijection m1| : A — G, for the projection my : GXG — G : (g, h) — g. It follows
that 71| has constant rank: fixing g € G and defining the diffeomorphism
0,: GxG— GxG:(r,y) — (97,yg~ 1), which restricts to a diffeomorphism
b4 : A — A, we have that
d(g7g—1)ﬂ'1| = deLg e} d(e,e)ﬂ-l‘ O d(g,g_l)eg—l |

The fact that 7| has constant rank implies that it is a diffeomorphism and
hence inv = 7y o (m1]) ! is smooth. O

A Lie subgroup H C G is a subgroup which is also a submanifold. By standard
Lie Group theory (e.g. Theorem 20.12 in [18]), every closed subgroup of a Lie
group is a Lie subgroup, i.e., it is embedded. Furthermore, the homogeneous
space G/H of left or right cosets inherits a unique manifold structure such
that the quotient map G — G/H is a smooth submersion (see Theorem 21.17
of [18]).

A vector field X € X(G) is left-invariant if it is Lg-related to itself, for all
g € G. Thus, a left-invariant vector field is determined by its value X, = £ at
the identity element, so that evaluation at e gives a vector space isomorphism

11
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XH(G) = g := T.G between all left-invariant vector fields X%(G) and the
tangent space at the identity g. We denote ¢& € X%(G) the unique left-invariant
vector field such that £& = ¢, given by fé: = Ly & = g€ for every g € G. Given
f € C(M,N) the Lie bracket [ X', Y], for vector fields X', Y’ € X(N) that are
f-related to X, Y € X(M) (respectively) is f-related to [X,Y]. It follows that
X%(@) is closed under the Lie bracket operation of vector fields, since a vector
is left-invariant if and only if it is Lg-related to itself for all g € G. The space
g = T.G with the Lie bracket induced from the bracket of vector fields is called
the Lie algebra of G. That is, we define the Lie bracket on g by

(€, = (€, n"e.

For matrix Lie groups (i.e., closed subgroups of GL(n,R)), the Lie bracket
coincides with the commutator of matrices. With this structure, g becomes
a Lie algebra, which we recall is simply a vector space with a bilinear skew-
symmetric form that satisfies the Jacobi identity. Working with the space of
right-invariant vector fields, X%(G), composed of the right-invariant vectors
ff = Ry £ = £g, would have produced the opposite bracket:

[ng UR]e = _[va UL]e'

One way to see it is to notice that the inverse map inv has differential at the
identity
deinv = —id

so that inv,&% = —¢® and thus [¢7, %] is inv-related to [¢F, nl].

We now let Fg : G — G be the flow of €& and define the exponential map of G
exp:g— G: & exp(§) == Fgl(e).

The flow of ¢& is (g,t) — gexp(t£) and exp is well-defined. Additionally, the
flow of ¢ is then (g,t) — exp(t€)g. The exponential map for matrix groups is
just the matrix exponential.

We denote the adjoint map Ady := decy = ¢4« : g — g, for the conjugation
map ¢; : G — G : h— ghg™!, ie, Ady = L. 0 Ry-1 .. Since ¢g4 is a Lie
group homomorphism (a smooth group homomorphism), Ad, is a Lie algebra
homomorphism:

[Adgfa Adgn] = Adg [ga 77]-

Regarding Ad as a linear action Ad : G — GL(g) : g — Ady, we obtain
another Lie algebra homomorphism ad := d.Ad : g — gl(g). We denote
ade := ad(§) € gl(g), and it turns out that this map is given again by the Lie

bracket:
d

ad&(n) = & OAdexp(tE) (77) = [ga 77]
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This can understood as an alternative definition of the Lie bracket on g. The
fact that ad is a Lie algebra homomorphism is exactly the Jacobi identity for
the Lie bracket.

Definition 2.8 (Lie group action) Let G be a Lie group. A G-action on a
manifold M is a smooth map

:GxM—M:(g,p) = Yg(p) = gp

such that the maps 9, are diffeomorphisms and
G — Diff(M) : g — 1y
is a group homomorphism.

That is, the action map G x M — M : (g,p) — gp := y4(p) is smooth, 1), is a
diffeomorphism for all g € GG, and

¢gh = wg 0 P, e = id,

for all g, h € G, and the unit element e € G. Thus, we only consider smooth
left actions. A manifold M together with a G-action is called a G-manifold.
A map F : My — M between two G-manifolds is called G-equivariant if it
intertwines the G-actions, that is

for every p € M;.
There are three natural G-actions on itself:
e The action given by left multiplication, (g, h) — 94(h) := gh.

e The left action given by right multiplication, (g, h) + thy(h) := hg~'.
We will call this action the right G-action, even though it is a left action.

e The conjugation action (g, h) — c,(h) = ghg™'.
The following property of an action is crucial to take quotients:

Definition 2.9 (Proper action) A continuous G-action on the topological
manifold M is proper, or G acts properly on M, if the map

GxM— MxM:(g,p)— (Yg(p),p),

is proper, where G — Diff(M) : g — 1, denotes the action.

The orbit map at p € M is
Jp: G —= M : g y(p).

13
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We will denote the orbit of a point p € M by O := G-p :=imj, = {gp: g € G},
or simply by O. Orbit maps have constant rank and hence their image are
immersed submanifolds. If the action is proper and free then they are closed
embedded submanifolds of M, j,: G — O, C M.

Similarly, we define:

Definition 2.10 (Lie algebra action) Let g be a Lie algebra. A g-action
M is a smooth vector bundle map

Mxg—TM: (p,&)— &ulp),

such that the map g — X(M) : £ — &y is a Lie algebra anti-homomorphism.

The main example of a g-action is that of the Lie algebra of G on a G-manifold
M, called the infinitesimal G-action:

Vexpte(p), p € M.

d
g XMl i) =
t=0

t

In particular, 51\7%[ has flow ¢ > Yexpe. We will omit the subindex M when the
G-manifold is clear from context. Equivalently we can write:

€61 (p) = dejp(€).
Thus, with this notation, the tangent space of an orbit O, is
1,0y = imdejp = {f# € egl,
Since the stabilizer of p € M is the closed subgroup of G given by
Gp:={9€G:gp=p},

its Lie algebra is given by the kernel of the orbit map,

gp = kerdejp, = {£€g: & =0}

To see that the infinitesimal G-action is in fact a g-action we prove:
Lemma 2.11 The infinitesimal G-action & — €7 satisfies
(Adge)* =€, €. = [ 0"].

In particular, the correspondence & — €% is a Lie algebra anti-homomorphism.

We recall our notation g := Ly .§ and {g := Ry .{. When it makes it clearer
we will write g€g~1 = Ad,(€).
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Proof We first notice that for all g,h € G, p € M,

Vg 0 jp(h) = ghp = ghg™'gp = jgp o cy(h),

so that 14« © jp« = Jgp,« © Ady and hence

(¢g,*§#)(gp) = g © Jipx(§) = Jgpx 0 Adg(§) = (Adgﬁ)#(gp).
Since the orbits gp cover all M, the first identity follows.

The second identity now follows from differentiation of the first: £#(p) = dcj,(€)
is linear in £ and it follows that

d

(& n)* = (ad(€)(m)* = —

d
= dt (Adexp(tﬁ)n)# r wexp(té),*n#‘

T dt|,_,

t=0

Since Yexp(se) 18 by definition the flow of £# . the last term is just minus the
Lie derivative of n#, and we get

d

¥ = Senlr®) = |

¢exp(—t§),*n# = _[5577]#' O

We could also have argued for the second identity that £# is Jp-related to
the right-invariant vector field ¢#. This implies that [¢#,77] is j,-related to
(€7 nF], and since [¢%, 7], = —[€, 1] we obtain the claim. To see that &7 is
Jp-related to £R we just identify in the following equation Lexp(te) as the flow
of ¢f in G:

d d
&% 0 jp(g) = £ (gp) = g tzoll)exp(tg),*(gp) == t:ij(eXp(tﬁ)g) = Jp(E0)

In particular this shows that the infinitesimal G-action is a g-action. If G is
simply connected and M is compact, the converse is true: every g-action on
M integrates to a G-action, but we will not need that here.

A smooth map F': My — Mj between g-manifolds is g-equivariant if &y, is
F-related to &y, for all £ € g, that is:

dpF (a1, () = i, (F(p))-

Clearly, differentiating the G-equivariance condition for a G-equivariant F' we
obtain that F' is also g-equivariant for the infinitesimal G-action.

Lastly, we notice that since the left self G-action commutes with the self right
action, the generating vector field for the left action is right-invariant and its
value at e is £. Alternatively, we see that (g,t) — exp(t§)g as defined for the
infinitesimal action of the left action is the flow of ¢®. In any case, the left

15
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action is generated by &%, Similarly the right action is generated by —&%, and
the adjoint action by —¢& + ¢R.

Any G-action on M gives rise to an action on T'M and T*M via 14, and w/\g,
where given a diffeomorphism f : M; — My we denote its cotangent lift by

Fi=(dfH*, ie.
FoT My — T* Mo : (p,v*) = (f(p), (dpf) ™1 0").

If p € M is fixed under the action of GG, then these actions induce linear
G-actions (i.e., representations of () on T,M and T, M. In particular, the
conjugation action of G on itself induces the left adjoint action Ad on g and
the left coadjoint action on the dual of the Lie algebra, g*, given by

Gxg' =g :(g,pn) > Adjp:=poAdy.

We conclude with the main results about taking the quotient of a G-manifold
over the equivalence relationship given by its orbits, i.e., p,q € M are related
if and only if they are in the same orbit.

Theorem 2.12 (Quotient Manifold Theorem) Suppose G is a Lie group
acting smoothly, freely, and properly on a smooth manifold M. Then, the orbit
space M /G given by the quotient of M over the equivalence relation given by
the G-orbits is a topological manifold of dimension dim M — dim G, and has a
unique smooth structure such that the quotient map w: M — M /G is a smooth
submersion. Furthermore, with this smooth structure, m: M — M /G becomes
a principal G-bundle.

Proof We make reference to Theorem 21.10 of [18], where a proof of all except
that 7 : M — M/G is a principal G-bundle can be found, using as a key
ingredient the Frobenius Theorem 2.6 and the fact that the G-orbits are the
leaves of the foliation associated to the distribution D), := imd,j,. For the
interested reader, we deduce that last claim for a left action (the right case is
similar). To see that 7 : M — M /G becomes a principal G-bundle, using the
notation introduced in the proof of Theorem 21.10 of [18], we define

V:GxV-=a1(V):(g,v)~ go(v),

where V' C M/G is an open subset such that a smooth section o : V — 7= 1(V)
of the projection 7 : M — M /G is defined. It is then easy to check that ¥ is
a G-left-equivariant diffeomorphism that restricts to a diffeomorphism of the
fibers of . An inverse is given by

U (V) 5 Gx Vipes ((oom(p) 'p, (D). O

As a consequence one proves:
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Theorem 2.13 Let G be a Lie group and H C G a closed subgroup. The
left coset space G/H := {gH : g € G} is a topological manifold of dimension
dim G — dim H, and has a unique smooth structure such that the quotient map
7w G — G/H is a smooth submersion. The obvious left action of G on
G/H turns G/H into a homogeneous G-space and wg : G — G/H becomes a
principal H-bundle that is G-left-equivariant.

For a proof we refer to Theorem 21.17 of [18].

As we know, all homogeneous spaces are obtained in this manner. We have
the corollary:

Corollary 2.14 Let G be a Lie group and Hy C Hy C G two closed subgroups.
Consider the projection p : G/H, — G/Hy sending the coset gHy to gHo.
Then, p is an Ho/Hy-fiber bundle.

Proof We apply the previous theorem’s proof (see again Theorem 21.17
of [18]) to obtain a local trivialization around g € G of the principal Hs-
bundle m : G — G/H; thanks to a submanifold ¢ € ¥ C G such that
Y x Hy - YHj: (y,h) — yh is a diffecomorphism with an open neighborhood
Y Hy of g, and such that ma|y : Y — m(Y) is a diffeomorphism (m2(Y') is thus
an open neighbourhood of gHy in G/Hs). Since Hy C Ha, mi|y : Y — m(Y)
is also a smooth bijection with smooth inverse given by (ma|y) ™! o Plr(v), and
thus a diffeomorphism. Then, the map

YH,/H, x Hy/H, — YHy/H, : (yHy,hH,) — (m1]y) "  (yH1)hH;

is a diffeomorphism, and the local trivialization around gH; looked for. Its
inverse is given by
YHQ/Hl — YHI/Hl X HQ/Hl
gHy = ((m2ly) ™ (gH2)Hy, ((m2ly) ™ (gH2)) " gHy). O

2.3 The Tubular Neighbourhood Theorem

In this final section we briefly introduce the setting for the Tubular Neigh-
bourhood Theorem following [19]. Let (M, g) be a Riemannian manifold and
S C M an embedded submanifold of codimension k. We define the normal
bundle of S in M with respect to g, T'S*, as the k-dimensional smooth vector
subbundle of the restriction of TM to S given by

TS+ :={(p,v) €ETM :pec S, veT,S*}.

The pointwise restriction of the projection to T'S* (for any metric g) induces an
isomorphism with the quotient vector bundle given by NS :=TM|g/TS, i.e.,

17
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NS :=T,M/T,S = TpSL, which gives an intrinsic definition independent of a
metric. NS is called the normal bundle. Furthermore, let E be the restriction
of the Riemannian exponential map of (M, g) to NS. A tubular neighborhood
of S in M is an open subset U C M that is the diffeomorphic image under
FE of an open neighbourhood Vs C NS of S. Here, Vs C NS, for a smooth
positive function ¢ : S — (0,00), is defined as

Vs ={(p,v) € NS : vl < d(p)}-

If furthermore the function § is constant, say § = e > 0, then it is called an
e-uniform tubular neighborhood.

We note that any tubular neighborhood V' is diffeomorphic to the whole normal
bundle NS simply by re-scaling the d(p)-ball in N,S to be all of N,S, for

example by
v

3(p) = [[vllp

Theorem 2.15 (Tubular Neighbourhood Theorem) Let (M, g) be a Rie-
mannian manifold and an embedded submanifold S C M. Then, S has a tubular
neighborhood in M. If S is compact, then it can be taken to be a uniform
tubular neighborhood.

Vs = NS: (p,v) = (p, ).

A proof can be found in Theorem 5.25 of [19].

Corollary 2.16 Given a smooth manifold M and an embedded submanifold
S C M, there exists a tubular neighborhood V-C NS of S, an open neighborhood
UCM of S, and a diffeomorphism 1 : V. — U, such that ¢ oi = j for the
inclusions i : S =V and j: S — U.

Proof We fix an arbitrary Riemannian metric g on M (this can always be done
using partitions of unity) and apply the Tubular Neighbourhood Theorem. [

In particular, we get that the smooth vector bundle structure p : V. — S
translates via 1 into a smooth vector bundle structure 7 : U — S. Furthermore,
since p : V' — S is a strong deformation retract of S C V' (via the linear collapse
of every fiber), we obtain that 7 : U — S is a strong deformation retract of
ScU:

Corollary 2.17 Given a smooth manifold M and an embedded submanifold
S C M, there exists an open neighbourhood i : S — U and a smooth strong
deformation retract m : U — S, i.e., there is a smooth homotopy H : [0,1]xU —
U such that

H() = idU, H1 =1 o7, Ht‘S = ids Vt.

Lastly, we make the following remarks. Given a G-action on a Riemannian
manifold (M, g) of a Lie group G, we say that the metric g is G-invariant if
Yrg = g for every h € G, i.e., if G acts by isometries: G — Iso(M, g) : h +— 1.
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If the group G is compact, then we can always obtain a G-invariant metric
from any given metric g by averaging over the Haar measure of G, dh (with

total mass dh(G) = 1):
3:= [ vigdh.
G

Consider thus a G-invariant metric ¢ on M. Then, isometries preserve
geodesics and the Riemannian exponential map commutes with the G-action:
expp, oLy« = hexp,. Regarding exp : W — M : (p,v) + exp,(v) as a map
over an open subset W C T'M of the tangent bundle, we see that exp is G-
equivariant with respect to the G-action on T'M given by h(p,v) := (hp, Lj 4v).
Since this map restricted to an adequate set is precisely the diffeomorphism
used to prove the Tubular Neighbourhood Theorem 2.15, we get:

Corollary 2.18 (Equivariant Tubular Neighbourhood Theorem) Let
G be a compact group acting on the Riemannian M with a G-invariant metric
g, and an embedded, G-invariant submanifold S C M. Then, S has a G-
invariant, tubular neighborhood in M. If S is compact, then it can be taken to
be a uniform tubular neighborhood.

Proof Note that since S is G-invariant, so is T'S C TM|gs and thus the G-
action descends to NS. The only thing we need to check after the previous
comments is that, given that G is compact, there always exists a (possibly
smaller) G-invariant open neighbourhood of S in M: since the G-orbits O of
S are compact, each one has an open set V' such that O C GV C U; then we
cover S by finitely many of these and take the union of the GV. O

Repeating the same arguments for the corollaries of the Tubular Neighbourhood
Theorem under a G-action for compact G, in particular choosing a G-invariant
metric on M, we obtain equivariant versions thereof; in particular of Corollary
2.17, obtaining a G-equivariant retraction H.

19






Chapter 3

Symplectic geometry

In this chapter we introduce the main relevant definitions and basic results in
symplectic geometry, starting with the linear case. After covering symplectic
and Hamiltonian vector fields, the standard symplectic structure on cotangent
bundles in introduced. Finally, a brief section about almost complex structures
is followed by the so called ’local-results’, that show how symplectic topology
is locally flexible, since as we will see all symplectic manifolds are locally
equivalent in the symplectic sense. The contents of this chapter have been
predominantly drawn from [6, 7, 22, 23].

3.1 Symplectic linear algebra

We begin by briefly introducing the elemental notions of symplectic structures
on vector spaces.

Definition 3.1 (Symplectic vector space) A symplectic vector space is a
pair (V,w) consisting of a real finite-dimensional vector space V and a non-
degenerate skew-symmetric bilinear form w : V' x V — R. The form w is called
a symplectic form.

That is, w(u,v) = —w(v,u) for any u,v € V, and if w(u,v) =0 for all v € V
then v = 0. In particular, since any skew-symmetric form has a non-trivial

kernel in a odd-dimensional vector space, we see that every symplectic vector
space (V,w) has even dimension dim V' = 2n.

Example 3.2 The archetypal example of a symplectic vector space is the
Euclidean space R?" with the standard symplectic form

n
wo = Zd.%’z A dy;.
=1

(We understand R?" = R™ @ R"™, each copy of R" with coordinates z; and y;,
respectively). Another elementary example is E'@® Ex for any finite-dimensional
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vector space E and its dual Fx with the symplectic form

w((u,u”), (v,0%)) == v"(u) — u*(v). O

Definition 3.3 (Linear symplectomorphism) A linear isomorphism be-
tween symplectic vector spaces, L : (V,w) — (V' ,u'), is a linear symplecto-
morphism if it preserves the symplectic structure: L*w’ = w. We denote the
linear symplectomorphisms of (V,w) with itself by Sp(V,w), with the notation
Sp(R?™, wy) := Sp(2n).

Similarly to the orthogonal complement of a linear subspace with respect to a
given scalar product, we can define:

Definition 3.4 (Symplectic complement) The symplectic complement of
a linear subspace U C V is the subspace

U“ :={weV:ww,u) =0, Yuec U}.

Clearly, since w is non-degenerate, it holds that dim U +dim U“ = dim V = 2n,
but U and U% need not be transversal. In fact, we define

Definition 3.5 (Lagrangian, symplectic, (co)isotropic subspace) A
linear subspace U C V is called

e symplectic, if U NUY = {0},
e isotropic, if U C UY,

e coisotropic, if U D UY,

e Lagrangian, if U = U%.

In particular, U is isotropic if and only if w vanishes when restricted to U,
while it is symplectic if and only if w|y remains non-degenerate. Furthermore,
since U C (U¥)* and since U and U% have complementary dimension, both U
and (U“¥)“ have the same dimension and hence are equal:

U = (U

Thence, U is symplectic if and only if U% is symplectic and U is coisotropic if
and only if U¥ is isotropic (and vice versa). Furthermore, U is Lagrangian if
and only if it has half-dimension n and is either isotropic or coisotropic.

Theorem 3.6 Let (V,w) be a 2n-dimensional symplectic vector space. Then,
there exists a basis {ui,...,up,v1,...,vn} such that

w(ui, uj) = w(vi,v;) =0, w(ug,v;) = b5, Y0 <14,5 <n.

Such a basis is called a symplectic basis of (V,w), or a w-standard basis.
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In particular, this means that there always exists a linear symplectomorphism
U : R?" — V such that U*w = wy (sending the {uy,. .., un,v1,...,v,} to the
standard basis).

Proof One possibility is to diagonalize the matrix associated to w in some
initial basis by conjugation, just as for symmetric bilinear forms (i.e., performing
the elementary operations of row exchange, multiplication of a row by a scalar,
and addition of a scalar multiple of a row to another, simultaneously by rows
and columns). Since w is non-degenerate, we can always obtain the matrix

o 1 ... 0 O
-1 0 ... 0 O
o o0 ... 0 1
o o0 ... =1 0

Alternatively, we can argue by induction on n as follows. Since w is non-
degenerate, there exist uy,v; such that w(ui,v1) = 1, so that the subspace
U spanned by wuq,v; is symplectic. If we then restrict w to the symplectic
complement U“ of dimension 2n—2, which is also symplectic, then the induction

hypothesis implies that there exists a symplectic basis {ug, ..., up, v2,..., 05}
of U¥. Since they are in the symplectic complement of W, together they all
provide a symplectic basis of V. 0

Corollary 3.7 Given a 2n-dimensional vector space V' and a skew-symmetric
bilinear form w on V, w is non-degenerate if and only if its n-th wedge power
1S monzero,

Wwr=wA--Aw#0.

Proof If w is degenerate, then by choosing 0 # vy € V in its kernel and
completing it to a basis {v1, ..., vy}, it then follows that w™(v1,...,v2,) =0
and hence w™ = 0. Reciprocally, if w is symplectic, then the previous result
provides a symplectic basis where the fact that w™ ## 0 is apparent, since
expressed in terms of this basis we have

1
Ew{f:da?l/\dyl/\'--/\dxn/\dyn,

which is the standard volume form of R?". O

This motivates the following definition:

Definition 3.8 (Liouville form) Given a symplectic vector space (V,w), the
Liouwville form is defined as w™/nl.

Thus, the Liouville form associated to the standard symplectic form wg on R?"
coincides with the standard volume form.
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A key technique in symplectic geometry is the so-called symplectic reduction of
a symplectic structure. We now introduce its linear version. Given a coisotropic
subspace U C V, we can quotient it by its symplectic complement. Since we
are eliminating precisely the kernel of the symplectic form restricted to U, we
obtain a new symplectic space.

Lemma 3.9 (Linear symplectic reduction) Let (V,w) be a symplectic vec-
tor space and let U C 'V be a subspace. We then have that
(i) The quotient
U:=U/UNnU"

carries a unique symplectic structure W such that the restriction w|y
agrees with the pullback of W under the projection w: U — U,

W = w|y.

In particular, if U is coisotropic then U/UY carries a unique such sym-
plectic structure.

(i) If L C 'V is a Lagrangian subspace, then the quotient

L:=(LNnU)+UnNnU¥)/UNU”
is a Lagrangian subspace of the reduced symplectic vector space (U,@).

Proof (i) Denote by [u] = u+unU¥ the class of u € U. Clearly, UNU* is an
isotropic subspace of U and w(u,v) = 0 for any u € U, v € UNU% so that
w(u1,u2) does not depend on the representative chosen of [u1], [uz]. Hence
w descends to a skew-symmetric bilinear form @ in U. Furthermore, we
have that 0 = @([u], [v]) = w(u,v) for all [v] € U if and only if u € UNU¥,
that is, if and only if [u] = 0. Hence, @ is a symplectic form.

(7i) We first see that the subspace

L:=(LnNnU)+{UNU")

is a Lagrangian subspace of V', as one checks by using De Morgan’s
elementary identities for the w-complement and that L = L:

L“NU=[(L+U)NU4U)NU=(LNU)+UNU¥) = L.
Considering now [v] € U, then we have that w([u], [v]) = 0 for every

[u] € L= L/(UNU¥) if and only if v € L and hence if and only if [v] € L.
0



3.2. Symplectic structures

3.2 Symplectic structures

Let M be a smooth manifold without boundary.

Definition 3.10 (Symplectic structure) A symplectic form or a symplec-
tic structure on M is a non-degenerate closed 2-form w € Q?(M;R). Non-
degenerate means that (7,M,w,) is a symplectic vector space, that is, wy, is a
non-degenerate bilinear form on T,,M, for every p € M.

A symplectic manifold is a pair (M, w) where M is a manifold and w a symplectic
form.

Hence, a symplectic manifold must be of even dimension 2n, and the n-th
exterior product of w
Wr=wA - Aw

never vanishes. In particular, M has even-dimension and is orientable and in
fact oriented by w™.

Definition 3.11 (Symplectomorphism) A symplectomorphism is a diffeo-
morphism between symplectic manifolds, f : (Mj,w;) — (M, we), that pre-
serves the symplectic form, that is, f*ws = wi. We denote the subgroup of
symplectomorphisms from (M, w) to itself by

Symp(M,w) = {f € Diff(M) : ffw = w}.

Example 3.12 The canonical example of a symplectic manifold is the real
vector space of even dimension, R?", with the standard symplectic form

n
wo = Z dx; \y;. [l
i=1

Example 3.13 Another example is the unit 2-sphere S? = {z € R? : ||z|| = 1}
with the standard area form

(u,v) € TpS? x TpS? = wy(u,v) == (z,u X v)

for each x € S?. The same construction can be extended to any 2-dimensional
surface ¥ C R3. Given a normal vector field v : ¥ — S? such that v(x) L T,%
for every x € 3, the standard area form

(u,v) € TpS? x TpS? = wy(u,v) := (v(z),u x v) = det(v(x),u,v),

for x € ¥, is a symplectic structure on 3.

More generally, every oriented surface is symplectic and a symplectic struc-
ture is just an area form, while a symplectomorphism is an area-preserving
diffeomorphism. O
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There are two conditions in the definition of symplectic structure. The first is
algebraic in nature: non-degeneracy. This establishes a canonical isomorphism
between the tangent and cotangent bundles of M:

TM —T"M : X, = (ixw)p = wp(X,-).
This can also be understood as a bijective correspondence
X(M) = QYM;R) : X = ixw.

Regarding notation, we will use the alternative notation i xyw = (X )w whenever
it makes equations more readable.

The second condition in the definition of a symplectic structure is differential:
that of closedness. If we compare symplectic to Riemannian geometry, this
condition is additional, since in the latter we only ask the algebraic condition of
the metric being positive-definite. As we will see in Section 3.5 about Moser’s
trick, this sharply distinguishes both geometries: symplectic geometry is locally
flexible since all symplectic manifolds are locally symplectomorphic, in contrast
to Riemannian plentiful non-locally isometric manifolds. In other words, there
are no local symplectic invariants.

Another consequence of closedness is that the symplectic form w represents a
cohomology class a = [w] € H?>(M;R). If M is closed and oriented according to
w", then the cohomology class a™ € H?"(M;R) represented by the volume form
w"™ has a non-vanishing integral. Hence, a cannot be zero, that is, w cannot
be exact. Equivalently, a has non-zero n-th cup product ¢ =aU---Ua # 0
and represents a non-zero top-cohomology class. In particular, we always have
H?(M;R) # 0 for a symplectic, closed manifold. From this we see that there are
orientable, even-dimensional closed manifolds that do not admit a symplectic
structure, such as all 2n-spheres with n > 2, since then H?(S?**;R) = 0.

As in the previous subsection, we have the same corresponding symplectic
substructures associated to a given symplectic structure. We let again (M, w)
be a symplectic manifold of dimension 2n.

Definition 3.14 (Lagrangian, symplectic, (co)isotropic submanifold)
A submanifold S C M is Lagrangian, symplectic, or (co)isotropic if for every
point p € S the tangent space 7,5, identified as the corresponding subspace of
the symplectic vector space (T,M,wy), is respectively Lagrangian, symplectic,
or (co)isotropic.

We recall that we defined a submanifold to be an embedded submanifold, that
is, a subset with the subspace topology and a compatible smooth structure such
that the inclusion is an embedding, or equivalently, such that it has adapted
local slice charts.
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Analogously, a distribution (i.e. a subbundle of the tangent bundle) will be
called Lagrangian, symplectic, or (co)isotropic whenever the subspace at every
point is the corresponding subspace of the total tangent space at that point.

Example 3.15 (Lagrangian submanifolds) RP" is a Lagrangian subman-
ifold of CP" with the Fubini-Study structure wrg (see Appendix A.1 for a
detailed construction). This can be seen directly: RP™ has half-dimension and
is isotropic because wq, as defined in Appendix A.1, vanishes when restricted
to R**1\ {0} ¢ C**1\ {0}. This in turn follows from the fact that dzAdz = 0
when restricted to R C C. O

3.2.1 Symplectic and Hamiltonian vector fields

Symplectic vector fields A foundational notion in symplectic geometry,
originated within its roots in classical mechanics, is the interplay between a
symplectic structure and the smooth vector fields on the manifold.

Definition 3.16 (Symplectic vector field) A vector field X € X(M) is
symplectic if the 1-form ixw is closed, that is, dixw = 0. We denote the
symplectic vector fields of a symplectic manifold by X5™P (M, w).

Lemma 3.17 A vector field X € X(M) is symplectic if and only if it preserves
the symplectic form, £xw = 0.

Proof It follows from Cartan’s formula £x = ixd + dix and the fact that
dw = 0, so that £xyw = dixw for any w € Q*(M;R). O

This observation leads to the following Lemma:

Lemma 3.18 Suppose t — 1y € Diff(M) is a smooth family of diffeomor-
phisms generated by the time-dependent vector fields Xy € X(M) so that

d
— = X =id.
7 t% 1oy, o =1

Then, ¢y € Symp(M,w) for every t if and only if X; € X5Y™P(M,w) for every
t.

Proof Lemma 2.2 in the case where w; = w implies that

d

7 Yiw =Py Lx,w.

t

Hence, it follows from the above lemma that ¢;w = 9jw = w for all ¢ if and
only if £x,w = 0 for all ¢. O

The next proposition tells us that if two vector fields are symplectic, then its
commutator is also symplectic.
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Proposition 3.19 Given two symplectic vector fields X,Y € X™P(M, w),
then
ix,y)w = d(w(Y, X)).

In particular, X5Y™P(M,w) C X(M) is a Lie sub-algebra.
Proof Using Lemma 2.4 we compute
i[Xy]w = £X(iyw) - inle = dix(iyw) = d(w(Y,X)),

since Lxw = dixw = 0 and diyw = 0. O

Hamiltonian vector fields Given a symplectic vector field X € X5™P (M, w),
we can ask ourselves whether the closed form ixw is in fact exact. Hence,
we consider a smooth function H € C>°(M,R). Its differential gives a 1-form
dH and via the isomorphism X(M) = Q'(M;R) induced by the symplectic
structure, we get a unique vector field Xy such that

iXHw =dH.

The vector field X is uniquely characterised by this equation. Reciprocally,
given a vector field X € X(M) we can ask whether there exists a function Hx
such that the above equation holds. This leads to the following notion.

Definition 3.20 (Hamiltonian vector field) A vector field X € X(M) is
Hamiltonian if the 1-form ixw is exact, that is, there exists some function
Hx € C*®°(M,R) such that ixw = dHx. We denote the Hamiltonian vector
fields of a symplectic manifold by X% (M, w). The function Hy is called a
Hamiltonian function or just a Hamiltonian associated to X. Reciprocally,
given a function H € C*(M,R), we denote the unique Hamiltonian vector
field associated to H by Xg.

Notice that given a Hamiltonian vector field X, its Hamiltonian function H x
is uniquely defined only up to a locally constant function.

The map X5™P(M,w) — HY(M;R) : X + [ixw] is surjective, in virtue of
the non-degeneracy of w. Hence, Hamiltonian vector fields complete the short
exact sequence of Lie algebras:

0 —— xXHam(pf o) —— X"P(Mw) —— HY(M;R) —— 0,

(regarding H'(M;R) as a commutative Lie algebra). In particular, we get that
xHam(Ar o) € X3MP(M, w). The fact that XSY™P(M,w) — H'(M;R) is a Lie
algebra homomorphism, or equivalently that XHa™(M/, w) is a Lie sub-algebra,
is just Proposition 3.19: the commutator of any two symplectic vector fields
X,Y € X%™P (M, w) is Hamiltonian with Hamiltonian function w(Y, X), i.e.:

Xov,x) =X, Y]
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In particular, XHem (M, w) c X5™P (M, w) is an ideal and since additionally
(X5 (M, w), XY (M,w)] € X (M, w),

and the quotient X3P (M, w) /X" (M, w) = H'(M;R) is abelian.

The obstruction for a symplectic vector field to be Hamiltonian is thus of
topological and furthermore global nature. Global because manifolds are
locally contractible (euclidean) so that every symplectic vector field is locally
Hamiltonian, but not necessarily globally. If however all 1-forms are exact, i.e.,
H'(M;R) = 0, then all symplectic vector fields are Hamiltonian.

Summarizing, all the definitions fit together nicely regarded as restrictions of
the isomorphism X(M) — QY (M;R) : X + iyw:
(M) += Q' (M;R),
VIR (N w) s Z1(M),
(VL w) += BY(M),

for the 1-forms Q!(M;R), closed 1-forms Z'(M), and exact 1-forms B'(M).

Given a Hamiltonian vector field Xy with Hamiltonian H, Proposition 3.18
states that the associated flow ¢!, is a smooth family of symplectomorphisms.
If X is complete, for example if M is closed, we obtain a 1-parameter group
of symplectomorphisms.

Definition 3.21 (Hamiltonian flow) The flow homomorphism ¢ — ¢}, as-
sociated to a complete Hamiltonian vector field X g such that

d .
— cpfq:XHogo’}_I, go%:ld.
dt|,

is called the Hamiltonian flow associated to H.

If we compute
dH(XH) = iXHW(XH) = w(XH,XH) =0

we see that H is preserved by the flow lines of Xz, that is, Xy is tangent to
the level sets of H. Hence, the Hamiltonian flow ¢, is a family of symplecto-
morphisms that preserves H.

Example 3.22 Consider the 2-sphere minus the north and south poles S? \
{(0,0,%1)} and the polar coordinates {6, z3} given by radial projection from
the vertical axis x3. It is easy to see that w = df A dxs is the standard area
form induced from the euclidean metric with the standard orientation of SZ.
In particular, this means that the projection to the cylinder is area preserving.
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Figure 3.1: Hamiltonian flow on (S?\ {(0,0,£1)},w = df A dx3) associated to H = x3.

Thus, w induces a symplectic structure in S?. If we take as Hamiltonian
function H = x3, then it is immediate that the associated Hamiltonian vector
field is the coordinate field of 6, Xy = 9p. Thus the Hamiltonian flow ¢!,
rotates the sphere ¢ radians around the vertical axis (see Figure 3.1).

Definition 3.23 (Poisson bracket) The Poisson bracket of the smooth func-
tions f,g € C>°(M,R) is defined as

{f, 9} = w(Xys, Xy),
for the Hamiltonian vector fields induced respectively by f and g.

Alternatively, we can express the bracket as

{f,9} = inw(Xg> = df(Xg) = Xg(f) = _Xf(g)-

Proposition 3.24 The Poisson bracket induces a Lie algebra structure in
C>®(M,R). In particular, the Jacobi identity holds: for all f,g,h € C>°(M,R),
we have

{f g,y +{g,{n f}} +{h.{f,9}} = 0.

Proof We only need to prove that the Jacobi identity holds. One way to do
it is to argue locally using the standard symplectic coordinates provided by
the Darboux Theorem 3.44, where we can assume to be working in (R?",wy)
and it becomes an easy computation.

Here we will do so by proving a more general formula. Particularly, consider a
not necessarily closed, non-degenerate 2-form 7 € Q?(M;R). Then, the same
definitions work for X (i.e. ix,7 = df) and for {f, g} := 7(Xy, Xy). Then we
have:

{fv {97 h}} + {97 {h7 f}} + {ha {fag}} = dT(Xf’ XS]? Xh)
The claim follows for the closed form 7 := w. To see it, we recall that
dr( X, Y, Z)=X(1(Y,2))+Y(1(Z, X)) + Z(1(X,Y))
—-7([X,Y],2) - 7([Y, Z],X) —7([Z, X],Y).
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From Lemma 2.4 we have i[x y|7 = [£x,iy]T so that

Z[Xf,Xg}T = SXf OngT —ng O,QXfT
:(inOd+dOin)Oing—ing(inOd+dOin)T
=doix, oix,T —ix, 0ix, odr

= —d{f, g} —ix, oix,(dr).

Substituting in the previous expression of d7 and using both the definition of
the bracket and the above formula, we get

dr(Xy, Xg, Xn) = Xy({g, h}) + Xg({h, }) + Xa({[. 9})
+ Xn({f, 9}) + dr(Xy, Xg, Xn)
+ Xr({g,h}) +dr(Xy, Xpn, Xy)
+ X ({h, f}) +dr(Xn, X5, Xg)

= 2({{f>g}> h} + {{ga h}? f} + {{h> f}ag}) + 3dT(Xf?Xg?Xh)'

g

In fact, (C**(M,R),{-,-}) is a Poisson algebra, that is, an algebra with a Lie
algebra structure {-,-} that satisfies the Leibniz rule for the algebra product,
in this case pointwise multiplication. Indeed:

{fg,h} = Xn(fg) = Xn(f)g + fXn(g) = fig,h} + g{f, h}.

Similarly, Proposition 3.19 applied to Hamiltonian vector fields gives

Proposition 3.25 Given smooth functions f,g € C*°(M,R), we have that

Xifgr = —[ Xy, Xl

An immediate corollary is that if f, g € C*°(M,R) Poisson commute, that is,
if {f,g} =0, then their Hamiltonian flows also commute. In particular, the
surjective correspondence

C®(M,R) — XM (M, w) : f — X

is a Lie algebra anti-homomorphism whose kernel is given by the locally
constant functions. We get the short exact sequence

0 —— Z0%(M) —— QOM;R) —— xHam(Af ) —— 0,

where Q°(M;R) = C>®(M,R) and Z°(M) denote the closed 0-forms, i.e. locally
constant functions.
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Proposition 3.26 Given a symplectomorphism ¢ € Symp(M,w) and f,g €
C>®(M,R), we have that

1. Xfo¢ :@ZJ*_le.
2. {fot,gov} ={f gt ot

Proof 1. It follows from the computation
d(f o) =dy*f =¢"df = '@D*inW = iw*—le?/)*w = Z-q/,*—leWa
the last identity since v is a symplectomorphism so that ¥*w = w.

2. Using the previous result and that 1~! is also a symplectomorphism, we
compute

{f © wag o 1/}} = w(XfO¢7Xg0w) = w(d);lea w;ng)
= (™ w(Xf, Xg)) o = {f. g} oy O

3.3 The cotangent bundle

One of the most important examples of symplectic manifolds are cotangent
bundles, also part of the origins of symplectic geometry within classical me-
chanics (in the shape of phase spaces of position and momentum for a given
physical system).

Let M™ be a smooth manifold and T*M its cotangent bundle, i.e. the vector
bundle with fiber equal to the dual of the tangent space,

T°M = | {p} x T,M",
peEM

and coordinate charts defined by, given a chart ¢ : U - W C R" for M,
Gt (U) = W X R™: (p,v") = (p(p), (dpp) " 0"),

where 7 : T*M — M is the bundle projection. If ¢; denote the individual
coordinates and 0, are the coordinate vector fields, {dy;}; is a moving basis
of #71(U) dual to {d,,};. Then, the coordinates given by @ are precisely
¢i := @;om and p;, where p; are the coefficients in o = ), p;dg; for any section
a:U — 7 1(U). We will call these local cotangent coordinates.

There is a canonical 1-form § € QY (T*M;R) given as follows: for m = (p,v*) €
T*M, we define 6, := (dp,7)*v*, that is for X,,, = (u,u*) € T,,,(T*M):

(O, Xim) = (0%, din (X)) = v (u).

One can characterize 0 as follows.
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Proposition 3.27 The canonical 1-form is the unique I1-form 6 € QY (T*M;R)
such that for every 1-form o € Q'(M;R) one has

ol = a,
regarding in the left-hand term o as a map o : M — T*M.

Proof Letting v € T, M, since « is a section then d,a(u) projects to u, i.e.,
do, m(dpa(u)) = u. Thus

((a*ﬁ)p,u> = <9ap»dpa(u)> = <O‘p’“>-

Reciprocally, every non-vertical vector X,,, € T,,,(T*M) (i.e., dpm(X,) # 0)
can be expressed as X, = dpa(u) for p = n7(m), v = dy7(X,,), and some
a € QY(M;R). Since non-vertical vectors span T}, (7 M ), uniqueness follows.[]

In local cotangent coordinates (¢, U), 6 takes the form
Olr-v = pidgi.
i
To see it, we apply the proposition with a section a = ), a;dg; : U — T*U.
Since gi(@) = gi, pi(a) = i, (omitting ), & >, pidg; = >, cudg; = a.
Theorem 3.28 The pair (T*M,w) for w:= —df is a symplectic manifold.

U = »_; dg; A dp;.0

We denote w := —df the standard form on the cotangent bundle T*M of a
manifold M.

Proof In local cotangent coordinates (@, U), we have w

Example 3.29 The graph of a closed form a € QY(M;R) in (T*M,w = —d6)
is a Lagrangian submanifold, since

ofw=—a"dl = —da*0 = —da = 0. O

There is a natural way of obtaining symplectomorphisms and Hamiltonian
vector fields on cotangent bundles. Let f : My — My be a diffeomorphism and
denote its cotangent lift by f := (df ~1)*, i.e.:

T My = T My = (p,0") o (). (dpf)~H707).
By definition, for a € Q'(M7;R) we have the commuting diagram

T M, — s T,

o Ul

M1 E—— MQ.
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Proposition 3.30 (Naturality of the canonical 1-form) Let ]?: T*M; —
1™ My be the cotangent lift of f: My — M. Then f preserves the canonical
1-forms: f*0s = 601, and hence f* is a symplectomorphism, f*ws = wy.

Proof For a € Q'(M;j;R), we compute

a*(f*02) = (foa)* s = ((f " a)of) 0 = FX((f 1 a)*0a) = f*(f 1) = a.
]

Since f/o\g = fo g, we have found a natural group homomorphism
Diff(M) — Symp(T*M,w) : f + f.

We will not deal with infinite dimensional Lie groups, but we will just say that
this is a symplectic action on (T*M,w) of the infinite dimensional Lie group
Diff(M).

Similarly, given a vector field X € X(M), we can lift it to X e X(T*M) by first
lifting its flow ¢t — ¢ € Diff(M) to t — ¢’ € Diff(T*M) and then defining
X to be the generator of the lifted flow,

. d —~
X .

= — 14 .
Tt 7X

We call X the cotangent lift of X € X(M). It can also be described as follows.

Proposition 3.31 X s the unique vector field in X(T*M) that is w-related
to X € X(M) and that preserves the canonical 1-form, £460 = 0.

Proof By definition we have @% = g;t)\(, so that 7 o <pt)? = ¢l om, ie, X is
m-related to X. Additionally, since f*0 = 0 for any f € Diff(M), the flow of
X preserves ¢ and thus £46 = 0.

Reciprocally, if Y € X(T*M) is m-related to X € X(M) then mo ¢l = ol o7
so that Y is completely determined by the condition £y 6 = 0:

0=2Lyl0 = (dOiY + 1y Od)9 = d(ly@) —lyw

is equivalent to iyw = d(iy#). The function iy6 is given by (p,v*) —
0 (p,oe) Y(pwr)) = " 0 d ()T (Ypo+)) = v*(Xp) and hence is completely deter-
mined by X. Since w is symplectic, this in turn uniquely fixes Y. O

Again we will not handle this here but X X would correspond to the (minus)
infinitesimal Diff(M)-action on (T*M,w). However, we can check:

Proposition 3.32 For all X € X(M), X is a Hamiltonian vector field with
Hamiltonian function i 0 and the map

~

X(M) = (T M w) : X = X

is a Lie algebra homomorphism.
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Proof Firstly, by the same computation above, we see that igw = d(i0),

ie., X is the Hamiltonian vector field associated to the smooth function

igt :T"M — R: (p,v*) = v™(Xp).

Secondly, we have that @ = [)A( , }A/] To see it we use the previous propo-
sition. It is clear that [X, Y] is m-related to [X,Y] because both X,Y are to
X,Y respectively. Hence we only need to check that [X, Y] preserves ¢ given

that X,Y do so, and indeed using Cartan’s formula 2.3 and Lemma 2.4:

2[)?’?]9 =(do i[)?y] + i[)?,?] od)f
=(do [2)?,2‘17] + [2)?,2‘17] od)f
:dOEXOi?H—FE)?Oi?Od@
=Lgo0(doigh+ipod)d
=Lgo0Ly0
=0.

g

In local coordinates, if X[y = »_; Xi0,,, then i$0(q,p) = >, piXi(q). Thus,

from the local expression of w we get that
~ 0X;
7 i

Corollary 3.33 The map

X(M) = C*(T"M,R) : X —ig0

is a Lie algebra anti-homomorphism (for the Poisson structure on C*°(T*M,R)).

Proof Since X — X preserves the Lie bracket, we only have to check that

X i is a Lie algebra anti-homomorphism. We compute:

{ig0,ip0} = —dO(X,Y)
= —Lo(0(Y)) + £5(0(X)) +0([X,Y))
= —0(X.Y)) +6(Y, X)) +6([X, Y]
=0([Y, X))
= i[)?y]e.
We have used the definition of the Poisson bracket for w = —d#f, the expression

for the differential of a form, and that £460 = £560 =0

We finish with one more useful property.

g
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Proposition 3.34 For any diffeomorphism f € Diff(M) and a vector field
X € X(M), we have

X = fi X.
Proof We just check that the flows of both vector fields coincide:

~ ~

dhg=Tovhkof  =Fogkof = (fogkof =gy O

3.4 Almost complex structures

For this section we follow the brief introduction found in [24]. We recall that a
complex structure on a real vector space V is an automorphism J :V — V
such that J? = —idy.

Definition 3.35 (Compatible complex structure) A complex structure
J : V. — V on the symplectic vector field (V,w) is w-compatible if

gs(u,v) :=w(u, Jv)

defines a positive definite inner product on V. We will denote all w-compatible
complex structures on V' by

J(V,w).

This means we are asking two conditions on J. Firstly, we ask that w(-, J-) is
symmetric, which is equivalent to J being a symplectomorphism, since

J*w(u,v) = gs(Ju,v), g7(v, Ju) = w(v, J*u) = wlu,v).

It is clearly also equivalent to J*g; = gy, and thus is equivalent to J being
skew-adjoint with respect to the bilinear form g;, J© = —J. In particular, .J is
a unitary symplectomorphism whenever g; defines an inner product. Secondly,
we ask that gj(u,u) > 0 for every u € V and that gs(u,u) = 0 only if u = 0.

We equip J(V,w) with the subspace topology of End(V') (with the compact
open topology).

Example 3.36 A compatible complex structure for (R?",wy) is given by
Joei = fi, Jofi = —ei.

This identifies (R*", Jy) with C?" and its natural complex structure given
multiplication by the complex unit v/—1. O

An w-compatible complex structure J : V. — V makes V into a Hermitian
complex vector space with the Hermitian product

hy(u,v) == gs(u,v) +vV—1w(u,v).
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Clearly, h; is complex-linear in the first variable and complex-antilinear in the
second, for

hy(u, Jv) = vV—1hj(u,v), hy(Ju,v) = —v/—=1hy(u,v),

and it is definite positive since hj(u,u) = gj(u,u). Reciprocally, J will be
compatible if this formula defines a Hermitian product.

The generalisation to smooth manifolds is that of almost complex structures:

Definition 3.37 (Almost complex structure) An almost complex struc-
ture on a smooth manifold M is an automorphism J : TM — TM of the
tangent bundle such that J? = —id, i.e., if Jp : TyM — T, M is a complex struc-
ture at every point p € M. Consider further a smooth 2-form w € Q?(M;R)
on M. An almost complex structure J is w-compatible if J, is wy-compatible
for every p € M. We will denote all w-compatible almost complex structures
on M by
J(M,w).

In particular, the smooth bilinear form g; defined on the tangent bundle by
gs(u,v) :=w(u, Jv)

defines a Riemannian metric on M.

The next Theorem gives a convenient and canonical method for constructing
compatible almost complex structures. We denote by Riem(V') the set of all
inner products of V, i.e. of all symmetric, definite positive bilinear forms.

Theorem 3.38 Let (V,w) be a symplectic vector space. There is a canonical
continuous and surjective map

F : Riem(V) - J(V,w).

Furthermore, the map G : J(V,w) — Riem(V) : J — g; is a section of F, i.e.
FoG(J)=J.

Proof Consider a scalar product k € Riem (V') and let A € GL(V') be uniquely
defined by the equation
k(u,v) = w(u, Av).

Since w is skew symmetric, A is skew-adjoint with respect to k:
k(Au,v) = w(Au, Av) = —w(Av, Au) = —k(Av,u) = k(u, —Av).

It then follows that in the polar decomposition A = J|A| for |A| := (AT A)'/2 =
(—A2)Y/2 (note that AT A is symmetric, positive semi-definite and hence diago-
nalizable with non-negative eigenvalues, and that J is unitary), J commutes
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with |A|. Thus, J is a complex structure: J2 = A(—A2)"1/2A(-A?)"1/2 =
—A?A~2 = —idy. Furthermore, the equation

o, T0) = wl, || Av) = k(1A 20, | 4] 20)

shows that ¢ defines a positive definite inner product, so that J is w-compatible.
Since J := A(—A%)"1/2 is continuous in A and A depends continuously on
k (as can be checked arguing with concrete coordinates), we conclude that
such a map F exists. Lastly, if £ = g is induced by some J € J(V,w), then
we see that by construction A = J, so that A(—A%)~1/2 = A = J and thus
FoG(J)=F(gs)=J. O

In particular, this theorem allows to canonically choose compatible complex
structures that will maintain any continuous dependence. In fact, 7 (V,w) has
the structure of a smooth manifold and F' is smooth. Before proving this, we
state another important consequence:

Corollary 3.39 The space of w-compatible complex structures J(V,w) is
contractible.

Proof Let X = Riem(V) and ¥ = J(V,w). Then X can be regarded as
a convex subset of GL(V), so that it is contractible. If we choose such a
contraction ¢ : I x X — X with 9 = idx and ¢ being constant, equal to some
point of X, then we can define the contraction of Y given by 1) := Fopo(id; xG),
ie.

Y IxXY =Y :(t,y)— Foyp oG(y).

Since F o G = id 7(v,,), Yo = idz(v,,) while ¢; is constant. 0

We will prove that J(V,w) has a smooth structure by identifying it as a
homogeneous space. To do so, let us fix some compatible complex structure
J € J(V,w), and fix the Hermitian product h;. Then, the unitary maps
are symplectomorphisms, U(V, hy) C Sp(V,w), since in particular they will
preserve the complex part of hy. This can also be seen by taking any h -
orthonormal complex basis {e'} and noting that together with {f; := Je;}7
they are a symplectic basis of (V,w) since

w(es, f;) = wlei, Jej) = gilei,ej) = dij,

and similarly w(e;,e;) = w(fi, f;) = 0. Since a map in U(V,hy) takes an
orthonormal basis to another orthonormal basis, it is also taking this symplectic
basis to a symplectic basis and is thus symplectic.

Consider now another compatible complex structure J' € J(V,w) and let
A :V — V be the map sending an orthonormal basis with respect to h; into
one for hy. This again sends a symplectic basis to a symplectic basis and thus
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A € Sp(V,w) and satisfies A*J' := A71J’A = J. This shows that the action
of Sp(V,w) on J(V,w) given by

Sp(Vow) x T(Viw) = T (Vow) : (,J) = * T == ¢~ g

is transitive. Furthermore, the stabilizer of J is given by all ¥ such that ¥*J =
J, or equivalently such that gy«; = gs. Since gy+s(-,+) = w(-, Y 1JY-) =
w(t-, Ji-) = ¥*gy we conclude that *J = J if and only if ©» € U(V, hy). We
thus have obtained:

Corollary 3.40 The action of the symplectic group Sp(V,w) on the space
J(V,w) of w-compatible complex structures is transitive, with stabilizer at
J € J(V,w) equal to the unitary group U(V,hy). In particular, J(V,w) may
be viewed as a homogeneous space

J(V,w) = Sp(V,w)/U(V, hz).

This shows in particular that Sp(V,w) is connected and that J(V,w) is a non-
compact smooth manifold of dimension (2n% +n) —n? =n? —n if dimV = 2n
(note that U(V, hy) is a compact subgroup and hence the quotient has a smooth
structure). Notice that the quotient topology coincides with the subspace
topology induced from J(V,w) C End(V). In particular, Theorem 3.38 can
now be strengthened to state that the map F' is smooth: F(k) := J with
J = A(-=A?)"Y2 for k(-,-) = w(-, A-) is smooth since all eigenvalues of — A2
are strictly positive (A is invertible).

Additionally, we will make use of this theorem with the additional requirement:

Corollary 3.41 Let (V,w) be a symplectic vector space and consider a finite
number k of symplectic subspaces {U;}¥ in direct sum, i.e. @f U;=V. Then
there is a canonical smooth map

Furthermore, the map G : J(V,w) — Riem(V) : J + g is a section of F, i.e.
FoG(J)=J.

Proof We simply apply Theorem 3.38 to each subspace U; and consider the
direct sum of F;(g;) for the inner product g; on every subspace Uj. O

We will make use of this result in the next section in the following way. We
consider a smooth vector bundle over a manifold such that each fiber has
a symplectic structure depending smoothly on the base point (this will be
defined later as a symplectic vector bundle). Then, given smooth symplectic
subbundles that intersect pairwise in the zero section (if necessary we add the
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subbundle given by the symplectic complementary to the sum of the rest so
that their sum is direct), we can choose smooth metrics on each subspace
(using partitions of unity) and apply the corollary to obtain an w-compatible
almost complex structure that preserves these subbundles.

3.5 Local forms and Moser’s trick

A fundamental technique in symplectic geometry is the so-called Moser’s
trick. It allows the construction of isotopies of a symplectic manifold that
provide strong results about the local flexibility of symplectic structures.
Particularly, Darboux Theorem states that all symplectic manifolds are locally
symplectomorphic. This is in stark contrast to Riemannian geometry, where
curvature is an intrinsic invariant that distinguishes locally isometric manifolds.
Thence, as we said, in symplectic geometry there are no non-trivial local
invariants; the emphasis lies instead in finding global invariants.

Here, local is interpreted in slightly different ways. Localization around a
point yields Darboux Theorem 3.44, but it is also possible to localize around a
submanifold and obtain similar symplectomorphic equivalence results as we
will see in Lemma 3.42. All of these revolve around the following technique
due to Moser in [25].

Moser’s trick In a nutshell, Moser’s argument considers a smooth family of
symplectic forms w; € Q2(M;R) such that its time derivative is exact, that is,
the differential of a smooth family oy € Q(M;R):

d

% Wt = dO‘t.

t

It then obtains a family of diffecomorphisms v, € Diff(M) such that
Yiw = wy, V.

To do so, we consider the flow v, of a time-dependent vector field Xy, i.e.,

P = Xy oy, tpo = id.

d
dt|,
Then, we choose X; so that ¥jw; is constant. Since wy is closed for all ¢,

using Lemma 2.2 and the hypothesis about the time-derivative of w;, the time
derivative of ¥;w; is given by

dl ., N d vl . —
it Yrwp = Py (SXtWt+7 wi) = Y5 (ix,0dwi+doix,wi+doy) = Py d(ix,wi+0t).
t

dt|,

It is then enough to ask
ix,wt + o = 0. (3.1)
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The non-degeneracy of wy for all ¢ determines a unique smooth vector field
X for each family oy. The only remaining argument is to ensure that we
can integrate X; to obtain the flow ¢,. If M is closed, then this is always
possible. This will be the setup in everything that follows. If M is not closed,
then we need to verify that the solutions of the differential equation exist for
the required time interval. The difficulty in applying Moser’s trick generally
appears while verifying that one can in fact find the smooth family oy.

Lemma 3.42 (Moser isotopy) Let M be a 2n-dimensional manifold and
S C M a compact submanifold. Suppose we have two closed 2-forms wg, w1 €
O%(M;R) such that at every point p € S the forms wy and wy are equal and
non-degenerate on Ty M .Then, there exist open neighbourhoods Uy, Uy of S and
a diffeomorphism v : Uy — Uy such that

Prwi = wo, P|g =idg.

Proof After the previous comments on Moser’s argument, it will be enough
to find a 1-form o € Q!(Up; R) in an open neighbourhood S C Uy such that

(w1 - w0)|U0 = dO’, U‘TSM = 0, (3.2)

where TsM is the pullback of the tangent bundle T'M via the inclusion S C M.
If we assume this, we may consider in Uy

Wt = wo + t(wl - WO) =wo +tdo, t € [07 1]

Since (do), = 0 at any p € S and wy is non-degenerate in TgM, we may reduce
Up so that w; is non-degenerate for all ¢ € [0, 1]. By construction %wt = do,
and Moser’s trick provides us with the vector field X; such that (3.1) holds.
Finally, integrating this vector field provides the desired flow v, such that
Y*wy = wp and we take ¢ := 1 after reducing again Uy so that all solutions
are defined in ¢ € [0, 1], given the compactness of S and the fact that solutions
on S are defined for all ¢ € R. This is a consequence of X;|g = 0, that in turn
follows from |74 = 0. Finally this also ensures that ¢¢|g = idg for all .

Hence, we only have to find o € Q!(Up; R) satisfying (3.2). For this, we will use
the homotopy operator used to prove Poincaré’s Lemma in combination with
a tubular neighborhood U of S in M and the strong deformation retract H :
[0,1] x U — U given by Corollary 2.17. For this, since H; is a diffeomorphism
for t > 0 we let vi(p) := (%]th)(Ht_l(p)) for t > 0 (note that for each ¢ > 0,
vy is only defined in Hy(U)), vg=0,4: S — U and 7 := Hy : U — S. We
define the Poincaré operator

1
Q: U;R) = Q" YU;R) :w — /0 H (iy,w)dt.
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It is well defined since for all ¢ > 0 we are only computing ¢,, on H¢(U), within
the domain of definition of v;. Direct computation shows that it is a homotopy
operator between Hy = idy and Hy =iom:

1 1
(Qod+doQ)w= / H (g, de)dt + d / H iy 0) dt
0 0
1
:/ H (iy,d + d oy, )wdt
0
1
:/ H} L, wdt
0

_/ld
o dtl,

= (idy —iom)*w.

H}wdt

In the second to last identity we have used Lemma 2.2 noting that H; is the
flow of v, for t > 0 in Hy(U), and hence H;L,,w = %\twa for ¢ > 0. The
same identity at ¢ = 0 follows then from continuity.

Restricting further so that Uy C U we get, since dw; = 0 and i*(w; — wp) = 0,
wi—wp=((iom)*+Qod+doQ)(w; —wp) = do,
for o := Q(w1—wp). Lastly, it is clear that o|r4ar = 0 since (w1 —wp)|7gar = 0.0

As we did for the equivariant version of the Tubular Neighbourhood Theorem,
Theorem 2.18, we observe that a G-equivariant version of Moser isotopy
Theorem 3.42 follows given a compact group G acting on M. Firstly, Moser’s
trick will yield a G-equivariant family of symplectomorphisms ¢ +— 1y whenever
the generating vector fields ¢ — X; are G-invariant. In turn this follows
if both w; and o; are G-invariant. Hence, in Moser isotopy’s proof we just
need to check that the o € Q'(Up;R) we obtain such that w = do is G-
invariant (Up can be chosen G invariant arguing as in 2.18). To do this, we
just note that the Poincaré operator is G-equivariant (i.e. P Q = Qw;) in
virtue of the equivariance of the homotopy H; provided by the Equivariant
Tubular Neighbourhood Theorem 2.18. Thus, if w; are G-invariant, so will
0 = Qw1 — wp) be. We have just proved that:

Lemma 3.43 (Equivariant Moser isotopy) Let G be a compact Lie group
acting over a 2n-dimensional manifold M and S C M a compact, G-invariant
submanifold. Suppose we have two closed, G-invariant 2-forms wg,wi1 €
O2(M;R) such that at every point p € S the forms wo and wy are equal
and non-degenerate on T,M. Then, there exist open G-invariant neighbour-
hoods Uy, Uy of S and a G-equivariant diffeomorphism v : Uy — Uy such
that

Prwi = wo, P|g =idg.
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Our first application of Moser’s isotopy Theorem is the Darboux Theorem, the
geometric version of Proposition 3.6 about symplectic vector spaces all being
symplectomorphic.

Theorem 3.44 (Darboux, [10]) Any symplectic structure (M?",w) is lo-
cally symplectomorphic to (R?™,wy), where wq is the standard symplectic struc-
ture.

Proof Consider any p € M and local coordinates ¢ : U — R?" around
p € U. Then, we have two symplectic structures in U, w and the pullback
of the standard symplectic structure ¢*wp. Furthermore, composing with a
linear isomorphism we can suppose that w|, = ¢*wg|,. We now apply the
Moser isotopy Lemma to the case where S = {p} is a single point to obtain a
diffeomorphism 1) of U (after possibly reducing it) such that

P*w = p*wy.
Taking ¢ o ¢~! we get a symplectomorphism between (U,w) and an open
neighbourhood of 0 with the canonical symplectic structure wy. O

In particular, if we choose the coordinates given by the previous diffeomorphism,
we can write

w= id% A dy;.

3.5.1 Neighbourhood theorems

Darboux’s Theorem can be strengthened to provide local statements not
just around points but around compact submanifolds. The first versions of
these theorems were proven by Weinstein, such as the Weinstein Lagrangian
Embedding Theorem [28]. We will prove a more general statement due to
Marle [21], following [24].

We start with the next theorem, making the required setup for the Moser
isotopy Lemma 3.42 more flexible. Before it we briefly introduce the concept
of:

Definition 3.45 (Symplectic vector bundle) A symplectic vector bundle
over a manifold M is a pair (E,w) consisting of a smooth real vector bundle
m: E — M and a family of symplectic forms w), : £, x E, — R over the fibers
E, := n~1(p) for each p € M that varies smoothly over p € M.

Two symplectic vector bundles (Ej,w;), j = 0,1 are isomorphic if there exists
a vector bundle isomorphism V¥ : Ey — E; such that ¥*w; = wy.

Here smooth over p € M means that p — wy(Xp,Y),) is smooth when evaluated
over smooth sections X,Y of E. Hence, (wp), fit together to give a smooth
section of the exterior power E* A E* for the dual bundle E* = Hom(E,R).
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Theorem 3.46 Let (Mj,w;), j = 0,1 be two symplectic manifolds and i; :
S; = M; two compact submanifolds. Suppose there exists a diffeomorphism
¥ 1 Sy — S1 covered by a symplectic vector bundle isomorphism

¥« TMo|s, — TM|s,

such that 121\ restricts to the tangent map . : T'Sg — T'S1. Then, 12 extends to
a symplectomorphism ¥ : Uy — Uy from an open neighborhood Uy of Sg in My
to an open neighborhood Uy of S1 in M;.

Proof In virtue of the Tubular Neighbourhood Theorem 2.15, for each j =
0,1 there are tubular neighbourhoods V; := Vs, C TS]J-' of the zero section
S; x {0} C TS]-L (for some smooth functions §; : S; — (0,00)), and open
neighbourhoods U; of S; on M; such that

fj:‘/}—>Uj

is a diffeomorphism such that f;jok; = i;, for the inclusions k; : S;x{0} — TSjL.
For each j = 0,1, lifting these maps to the tangent bundles we obtain the
commutative diagram

T(TS+) S TV, —LlsTU; < TN

TS;.

Since we are arguing locally, we can assume that M; = U;, and further
that M; = V; via the f;, after the key observation that the new induced
bundle isomorphism 12’ : TVols, — TVi|s, still restricts to the tangent map
e : TSy — T'S1. To see it, we just note that we get another commutative
diagram
TVi|s, —2
s, —=— TVils,

oY

EE AL

~ P -
ko TM0|SO —= TM1|51 k1

o)

%) %]

TS() L) TSl

o

Thus, from 120 io =41 0 1, we get that 12’ o k;AO = 15\1 o ,. All in all, we may
assume that each S; is the zero section of the vector bundle V; — S}, and that
we have an isomorphism

Vo= W
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such that its restriction to the zero sections is a diffeomorphism preserving
the symplectic forms. We can finally pullback w; via zZ and work only with
the sulg\manifold S =5y C M =V and two symplectic structures wy and
w1 = *w; that coincide at S, wg|s = wi|s. The Moser isotopy Lemma 3.42
now furnishes the result. O

Just as before, the corresponding G-equivariant version for a compact group
action follows through with no change in the proof other than noting that
G-equivariance or invariance is maintained throughout (here we would ask for a
G-equivariant symplectic bundle isomorphism 15, and that the G-action acts by
symplectic bundle isomorphisms, to obtain a G-equivariant symplectomorphism

For the next result, we introduce here the symplectic normal bundle T'S* /(T'SN
T5%) of a submanifold ¢ : S — M, given by

p = T,S8“% [(T,S NT,5P).
Similarly, 7'S“ denotes the symplectic complement subbundle p — (7},5)%r.

Theorem 3.47 (Embedding Theorem in symplectic geometry) Let
(Mj,wj), 7 =0,1 be two symplectic manifolds and i; : S; — M; two compact
submanifolds. Let

Fj:=TS;"/(TS;NTS;”)

be their symplectic normal bundles. Suppose further that there exists a sym-
plectic bundle isomorphism

~

w2F0—>F1

covering a diffeomorphism 1 : Sg — S1 such that
@/J*iiwl = ist.

Then, ¢ extends to a symplectomorphism W : Uy — Uy from an open neigh-
borhood QO of So in My to an open neighborhood Uy of S1 in My, such that ¥
mduces 1.

Proof Consider first some compact submanifold ¢ : S — M of a symplectic
manifold (M,w). We have three natural symplectic vector bundles over S:

E:.=TS/(TSNTSY)

F:.=TS8*/(TSNTS)

G:=(TSNTSY)® (TSNTS?)*,
where in ¥ and F' we have the symplectic forms induced on each quotient by w
and in G we have the standard symplectic form on V' x V* defined in Example

3.2, that is:
((u,u*), (v,0")) = v*(u) — u*(v).
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We can identify E' and F' with subbundles intersecting in the zero section and
in turn jointly complementary to ('SNT'S¥) in T'S +T'S¥; i.e., we fix a choice
for a splitting of the short exact sequence

0 — > TSNTSY — > TS+TS* ™ poFp — .

Here, the projections ng, mp are
g : TS+ TSY — (TS+TS®)/TSY=TS/(TSNTS”)=F,

for the natural isomorphism 7'S/(T'S NTS¥) — (T'S +TS*)/TS% : [u] — [u];
and similarly for F'. To choose the splitting, we proceed as follows: we fix a
Riemannian metric on T'S+71'S“, we identify F with the orthogonal complement
of T'S, and then we identify F with the orthogonal complement of T'S NT'S¥
within T'S. By doing so, we fix a right-inverse f : T'S +T'S“Y — TSNTS* to
the inclusion TSNTSY — TS+TS% and a left-inverse h : E@F — TS+T5% :
(a,b) — hg(a) + hp(b) to the projection mp @ wp. This allows us to write

TS+TSY=E@Fa&(TSNTSY) :u— (rg(u), nr(u), f(u)),
with inverse
E®aFa®(TSNTSY)2TS+TS8Y: (a,b,v) — hg(a)+ hp(b) + v,

as an isomorphism of bundles preserving the 2-forms defined on each of them
(notice that wy, vanishes in 7,5 N T,5“7).

By Corollary 3.41 and its following comment, there exists some w-compatible
almost complex structure J on T'M|g preserving the two symplectic vector
bundles F and F'. Then, the isotropic subbundle J(T'SNTS“) C TM|g is a
complement to T'S + T'S¥ (it is the orthogonal complement with respect to
gJ), which is in turn identified via gy with (7°S N T'S¥)*:

Jp(TpS N TpS*r) —— T,S N TS“» ————— (T,S N T,S%r)*

IS

Jpu gjyp(u, )=(v gJ,p(U,U))y

i.e. given that gjp,(u,v) = wp(—Jpu,v)), it is the natural isomorphism £ : u —
—iywp. This finally shows that TM|s = E® F & G via

a: (TS+TS) & J(TS+TS*) > Ee FaG

u+ v (mpu), mr(u), (f(u), —iw)),
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naturally and as symplectic vector bundles. In particular, it gives a sym-
plectic isomorphism between (TS N TS¥) @& J(T'SNTS¥) and G since for
(u1,u2), (v1,v2) € (IS NTRS“?) & Jp(TpS N T,S5“r) we have:

wp(u1 +uz,v1 +v2) = wy(u1, v2) + wp(uz, v1) = —iy,wp(ur) + iy,wp(v1)

= B(v2)(u1) = Bluz)(v1),

(i.e., the symplectic structure defined on V @ V* for any vector space V
in Example 3.2). In order to conclude, we choose such isomorphisms «; :
TMj|s, — E; @ F; © Gy for each j = 0,1. By hypothesis we also have
a symplectic bundle isomorphism 12 : Fy — Fi covering a diffeomorphism
¥+ So — Si such that *ijwi = ijwe. This last identity implies that 1, :
TSy — TS; induces bundle isomorphisms Ey = E; : [u] — [« (u)] and
Go = Gy : (u,u*) = (Ye(u),u* o9 1), both clearly symplectic. We denote
the direct sum of both by v, : Eg @ Gy = E; ® G1. We define the symplectic
bundle isomorphism

(/ﬁ By Fy®d Gy — 1o oGy (Uﬂ},w) = (E(u)a{b\(v)va(w))a

and note that it induces a symplectic bundle isomorphism @’ : T'Myls, —
T M,|s, after completing the upper rectangle of the diagram

EyeFy®Go — Eio P e G

aoTE aq\%
7

TMyls, ——=—— T Mg,

oY

J J

TSy ———— T'Sy.

<

R|E

We define the inclusion maps T'S; — E; ® F; & Gj to commute with o and the
natural inclusions T'S; C T'M j|s,. Furthermore, the outer rectangle of maps
is also commutative, and thus the whole diagram is as well. To see it, we just
notice that fj\TSjng;y = idTSjmTS;V since it is a left-inverse to the inclusion,
and hence f; o ¢*|TSOOT55’ =1, 0 f0|TSOQT56u. Similarly, the projections mp;
commute with v, because 1, preserves the symplectic form and thus commutes
with taking the quotient over T'S¥, i.e., g, |rs, © ¥sx = ¥« © TR,y |TS,. Since
aj|rs; only acts via f; and 7g; (recall our specific choice of splitting), we
conclude that a1|rs, 0 Y. = 1. 0 ap|rs,-

Finally, the diagram is commutative and the map @' : TMy|s, — TMi|s,
restricts to the tangent map 1, : TSy — T'S1. Theorem 3.46 now completes
the proof. d

This result states that a neighborhood of a compact submanifold ¢ : § < M is
characterized up to symplectomorphism by ¢*w together with the symplectic
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normal bundle 7'S“. In particular, if N is coisotropic, a neighborhood is com-
pletely determined by i*w. Again, the same comments about a G-equivariant
formulation apply.

We finally obtain the following result. In Chapter 5 we will state and prove
its corresponding equivariant version that we will then use to prove the
Duistermaat—Heckman Theorem. We postpone that version, Theorem 5.3,
until after we have introduced the concept of a moment map and Hamiltonian
actions.

Theorem 3.48 (Coisotropic embedding, [13]) Let (M;,w;), j = 0,1 be
two symplectic manifolds of the same dimension and consider a common
compact submanifold S with coisotropic embeddings i; : S — M; such that
igwo = ijwi. Then, there exist open neighborhoods U; of i;(S) in M;, and a
symplectomorphism 1) : Uy — Uy such that i1 = 1 o ig.

Proof Taking Sy := 57 := S with ¢ := idg, and noting that for a coisotropic
submanifold the symplectic normal bundle is trivial, Theorem 3.47 furnishes
the result. 0

Similar versions can be obtained analogously for Lagrangian or isotropic
embeddings, the Lagrangian case as an immediate application of Theorem 3.48.
In particular, the Lagrangian case admits a stronger formulation called the
Weinstein Lagrangian Tubular Neighbourhood Theorem:

Theorem 3.49 (Weinstein Lagrangian Tubular Neighbourhood) Let
(M,w) be a symplectic manifold and i : L < M a compact Lagrangian sub-
manifold. There exists a neighborhood Uy of L in M, a neighborhood Uy of L
in T*L (with the standard symplectic structure of a cotangent bundle), and a
symplectomorphism ¢ : Uy — Uy fizing L.

Proof In virtue of Theorem 3.46, it is enough to find a symplectic bundle
isomorphism T'M|r, = T(T*L)|;, covering the identity map idrr = (idr)«.
To do so, we choose a compatible almost complex structure J on M thanks
to Corollary 3.41, so that J(T'M|;) C TM]|y is a Lagrangian subbundle
complementary to T'L in TM|y, and is thus isomorphic (by means of the
symplectic form, as we did in the previous proof with (T'SNT'S*)®J(T'SNTS¥))
to the dual bundle T*L. It follows that

TM|, = TL& T L

as a symplectic vector bundle. The same argument applies to M replaced with
T*L, so that TM|;, 2 TL & T*L = T(T*L)|r, and this covers the identity
map (idz )« since both isomorphisms do. O



Chapter 4

Symplectic actions

In this chapter we study in more detail symplectic actions and the condi-
tions under which the associated symplectomorphisms are Hamiltonian flows.
This will lead to the notion of a moment map, a generalisation of the Hamil-
tonian function that formalizes the Noether principle: associated to every
k-dimensional group symmetry of a mechanical system, there are k quantities
that are preserved in the dynamical evolution of the system that can be used
to reduce the number of degrees of freedom of the system by 2k. The tech-
nique of symplectic reduction, cornerstone result in this thesis, formalises this
phenomenon.

We first restrict ourselves to the example case of circle actions in order to
develop an intuition and motivate the definitions. After introducing the
general definition of a Hamiltonian action and obtaining the main results and
properties of a moment map, we introduce coadjoint orbits as an important
tool in obtaining the Normal Form Theorem in the next chapter. Symplectic
reduction is then proven and another important tool introduced, namely
symplectic reduction on cotangent bundles of Lie groups. Finally, we have
included a section about torus-actions as one of the best understood examples
of Hamiltonian actions. There, the key results of the Convexity Theorem and
the Delzant Classification Theorem are presented. We conclude with some
comments on orbifold singularities. We follow mainly [7, 3, 23, 24].

4.1 Circle actions

Definition 4.1 (Hamiltonian S'-action) A Hamiltonian action of S' on
(M,w) is a one-parameter subgroup

R — Symp(M,w) : t — 1y

of symplectomorphisms of M that is 2w-periodic, i.e., 19, = id, and which
is the integral of a Hamiltonian vector field Xz. The Hamiltonian function
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H : M — R is called the moment map of the action.

We note again that H is only defined up to adding a constant. In particular,
if M is compact it may be normalized so that [ y Ho™" =0.

Lemma 4.2 Suppose that we have a Hamiltonian S* action on (M,w) such
that S' acts freely on a regular level set H-*(\) C M of the moment map H.
Then, the quotient orbit space manifold

By := H*(\)/s!

carries a canonical symplectic structure Ty which is characterized by the property
that its pullback to H=1(\) is the restriction w|g-1(n)- The symplectic manifold
(B, T) is called the symplectic quotient of (M,w) at A € R.

Proof Consider the hypersurface S = H~1()). Since it has codimension 1, it
is a coisotropic submanifold, and its tangent space at p € S has symplectic
complement

(T,S) ={v e TyM : w(v,u) =0, Vu € T),S = kerd,H}.

This subspace has dimension 1 and contains Xy (non zero since dH # 0 for
A is a regular value) because dp,H (Xpg) = wp(Xu, Xg) =0, so that (7),5)% is
the line bundle generated by Xp. Therefore, Lemma 3.9 says that at each
point p € S, w, descends to the quotient 7,5/(7,5)* and gives rise to a
non-degenerate 2-form wy. Since the S'-action is Hamiltonian, we have that
Y} (wyy(p)) = wp for all p € S and t € S, so that w also descends to the quotient
manifold By = S/S! (well-defined in virtue of Theorem 2.12). Now, w = 7@,
with the pullback of the projection 7 : S — S/S!, is closed, and hence so is Wp
(notice 7 is a submersion so 7* is injective). O

The manifold thus obtained (B, w)) is called the symplectic quotient or reduced
space of (M,w) at the value of the moment map A € R.

Example 4.3 Coming back to the Example 3.22 about S?, we see that the
Hamiltonian flow associated to H = z3 provides an S'-action on the fibers of
H. However, in this case this action is not only free but transitive and hence
the symplectic quotient is just a single point for all A € (—1,1). O

Example 4.4 (Circle action on C™*1) Consider C"*! with the standard
symplectic form of R27+2

wo :deElAdyz :Zridri/\d@- = %Zdzﬂ\?h

(2

depending on whether we use standard, polar (of course only valid away from
0), or complex coordinates for each factor C. We have the smooth S'-action
given by the diagonal multiplication by the elements of S' C C, i.e.:

Stx C™H = €M (€, 2) = €2 = (€20, ..., E2n).



4.2. Hamiltonian actions and moment maps

In particular consider
R — Diff(C"™) 1 t = (¢4 1 2 = €l'2).

Then, 9/ is the flow associated to the vector field >°, dp, (notice that in R? = C
the vector Jy at z coincides, as an element of C, with iz). This vector field is
the Hamiltonian vector field associated to the Hamiltonian function

1
H=—|z||?
511l + e,

for any constant ¢ € R. Hence, this S!-action is Hamiltonian on (C"*1 wy).
The codomain of such an H is (—oo, ¢], with A < ¢ a regular value and level set
given by the (2n + 1)-sphere of radius /2(c — \). Fixing ¢ := 0, the reduced
space at A = —% is given by

1
Hfl(_i)/gl — SZnJrl/Sl >~ CP".
The reduced symplectic structure at A = —% is the unique form @ such that

Prow = wolg2n+1,

where the map
pro : S2* 5 CP”

is the Hopf fibration describing CP" as a quotient of the sphere (see also
Appendix A.1). In virtue of Proposition A.1 we get the Fubini-Study symplectic
structure on CP", so that:

(Cn—i-l)_ ~ (CIP’”,wFS)

NI

Furthermore, if we instead reduce at some other regular value A < 0 we have
the S'-equivariant diffeomorphism

Y H YA = /2(= NS o §2nFL - 2 s 2/4/2(=)),

so that (H ™' (X),wolg-1(x)) = (S, ¢~ wol (r-1(x))s With 1 wol (100 =
—2Awplg2n+1. Taking again the quotient, we see that the reduction at A is
symplectomorphic to

(C"th), = (CP", —2)\wrs). O

4.2 Hamiltonian actions and moment maps

In this section we generalise the definitions and results of the Hamiltonian
circle actions to actions of general Lie groups. Where before we only had a
family indexed by a one dimensional set, t — ¢, now for every & € g the
family ¢ = texp ¢ is a one-parameter group of symplectomorphisms and it is
unclear how to find the Hamiltonian function for all. The moment map will
provide the adequate generalization of the Hamiltonian function H.
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4.2.1 Symplectic and Hamiltonian actions

Let G be a Lie group with Lie algebra g and let (M,w) be a symplectic
G-manifold.

Definition 4.5 (Symplectic action) A G-action on (M,w) is symplectic if
it acts by symplectomorphisms, i.e., if there is a group homomorphism

G — Symp(M,w) : g — 1.

In virtue of Proposition 3.18, this is equivalent to the infinitesimal G-action
being such that
g — XV (M, w) : € = €7,

Le., the 1-form ig4w is closed for all { € g. Lemma 2.11 states that the
correspondence g — X5Y™P(M, w) is a Lie algebra anti-homomorphism.

As a first application, using the equivariant version of the Moser isotopy Lemma
3.43, we get an equivariant Darboux Theorem:

Theorem 4.6 (Equivariant Darboux) Consider a symplectic G-action on
(M?",w). Then, given a point p € M fized by G, the local symplectomorphism
with (R®*™,wq) around p can be chosen G-equivariant.

Proof Retracing the arguments used to prove the standard version of the
Darboux Theorem 3.44, one sees that equivariance is preserved throughout.[

In the same way symplectic vector fields can be Hamiltonian, we define:

Definition 4.7 (Weakly Hamiltonian action) A G-action on (M,w) is
weakly Hamiltonian if €7 is Hamiltonian for each £ € g.

That is, the action is weakly Hamiltonian if we have a Lie algebra anti-
homomorphism
g — XM w) : € &7,

Equivalently, if i¢#w is exact for every § € g so that there exists a Hamiltonian
function H¢ such that
Recall that the Hamiltonian functions H¢ are only fixed up to a locally constant

function.

Lemma 4.8 We can choose H¢ for each & € g such that & — HE is a linear
map.

Proof Let’s denote a new choice of Hamiltonian functions HS = H$ + ag
for locally constant functions ag for each § € g. We fix a basis {{;}; of g
and put ag := —H", so that H? = 0, and arbitrarily fix ag, for each i. Then
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for £ =), A& we have that HS — > N HS is locally constant, and we can
fix ag := —H® + Y, NH% + 37, Miag, so that H* — Y7, \;H% = 0 and hence
£ — HE is linear. O

We will say that the correspondence ¢ — H¢ is weakly Hamiltonian if it is
linear and satisfies lepw = dHS.

Definition 4.9 (Hamiltonian action) A G-action on (M,w) is Hamilto-
nian if the map

g — C®°(M,R): € H*

can be chosen to be linear and G-equivariant with respect to the adjoint action
on g,

G X g — g : (975) = Adg(g)’
and to the G-action on C*°(M,R) induced by the pullback of the action,

G % C(M,R) = C(M,R) : (g, f) = s f = f ot 1.
This translates into ¢ — H¢ being linear and such that
HA9©) = g 041

Example 4.10 If G is abelian, we only need to check the weakly Hamiltonian
condition, igxw = dH ¢ and that H is constant under the G-action. O

The next lemma characterizes Hamiltonian actions.

Lemma 4.11 Let G — Symp(M,w) : g — 14 be a weakly Hamiltonian action,
g — XM (M w) 1 € &7 the infinitesimal action and g — C®°(M,R) : £ —
H¢ a linear map such that epw = dHE for every € € g. Consider the following
assertions:

(i) The map & — H¢ is G-equivariant, i.e., the action is Hamiltonian:
HA9S = HE 0y,

forallé €g,9€G.

(i) The map & — HE is a Lie algebra homomorphism between g and the
Poisson structure on C>°(M,R):

HEN = (HE H)

forall&,n € g.
Then (i) implies (ii). If G is connected, then (ii) also implies (i).
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Proof The fact that (i) implies (4i) follows from differentiation of the identity
HAdeXp(—tE) (77) — HW o wexp(té)

at t = 0 together with the linearity of & — H¢:

HE = Frileordoeom = ~ L) padencom = L1 gy

dt t=0 ¢ t=0
= —dH"(§7) = —w(i®, &) = {HS, H"}.

d

To see that (73) implies (i) assume that G is connected and take any &,n €
g,9 € G. Then from Lemma 2.11 we get that (g€g~1)# = 1h,.& so that

H99™" and HS o g1 = w;,le generate the same vector (recall from the

first part of Lemma 3.26 that X oy = 1, ' X) and hence their difference is
locally constant. This in turn implies, using (ii) twice, that

9 'Emlg — prlo €9.97 ngl
= {H9 %9 [9 9}
= {YyHS Wy H") (4.1)
= Yy {HS, H"}
= @Z)ZH[&”’].
For the second to last identity we have used that {fov,gov} = {f, g} ot (2.
in Lemma 3.26). We now take g1 € G and a smooth path ¢ : [0,1] — G from e

to g1 and denote n(t) := §(t)g(t)~!, where §(t) is the time derivative at time .
We have that:

Yoy = N(t)* 0 y), (4.2)

q
dt |,

g(t)'€g(t) = Ady(-1 ([ n(t)])- (4.3)

dt

t

On the one hand, to obtain (4.2) we use that differentiation of j, o Ry = jgp
gives dyjp = dejgp 0 dgRy—1, and hence

- % tjp(g(t)) = dgyJp(9(t)) = dejg(t)p(g(t)g(t)*l)

= ()" (9(t)p) = ()" o Yy (p)-
On the other hand, we get similarly (4.3) by first computing

G 90007 = | Adyip(©) = dyp A1)

dt|,
= ([9(0g() ™", Ady(€]) = Adyer (l9() g (t), €])-

wg(t) (p)

4
dt |,
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Here we have used that Ad is a Lie algebra homomorphism and that the
differential of Ad at g € G of ¢ € T,G, with n := gg~ !, is given by

d d

dgAd(g)(f) - 5 _OAdexp(tn)g(g) - % o

dt Adexp(en) © Adg(§) = [, Ady(€)]-
t

To obtain (4.3), we now compose the above time-derivative with the differential
of the inverse map inv: G — G : h — h~!, given by:

dginv = deRg-1 odeinvodyly—1 = —deRg—1 0dgly-1,
(recall that deinv = —id), to get

d

dt

g(t) " €g(t) = Adyy-1([g(t)dy(rinv(g(t)), €])

= _Adg(t)*1 ([g(t)g(t)_l, 5]) = Adg(t)*l ([fa W(t)])

t

Putting together equations (4.2) and (4.3) we get:
d -1 Ad . _
dt‘t(Hi 0 Yy(r) — HI® ég(t)) — dwgmH{(??# o) — H dy -1 ([En(D)])
= dy(a) (H® 0 g) (Yg(y-1,en(8)#) = 00y HEOL,

In the last identity we have used equation (4.1). Now from the first part of
Proposition 3.26 we get that wg(t)_17*n(t)# = XHT,@)O%(” so that

d 1 )
& ’t(Hg o ¢g(t) - Hg(t) 5g(t)) = W(XHfod)g(t) ) XH”I(t)mpg(t)) - wg(t)H[g’n(tH
— w;(t)({Hﬁ,H"(t)} _ H[E,n(t)})
= O’

using again that {f o1, go v} = {f, g} o9 for the third identity and finishing

with (%i). Since this expression is zero at time t = 0, it is identically zero.

Evaluating at t = 1 gives that H¢ o g, = H97 €91 for arbitrary g; € G. g

Thus, one can interpret the equivariance condition as follows. For a weakly
Hamiltonian action, the infinitesimal action vector fields define a Lie algebra
anti-homomorphism, g — X" (A7, w) : € — €7, which can always be lifted to
a linear map g — C>(M,R) : ¢ — HE. Then, the action is Hamiltonian if and
only if this lift can be chosen G-equivariant. For a connected group, this in
turn means that it can be lifted to a Lie algebra homomorphism, completing
the following commutative Lie (anti-)homomorphism diagram:
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o6

C°(M,R) — 7% xHam(pp )

g HE o 4#

Remark 4.12 In the previous section about Hamiltonian S'-actions, there
was no need to introduce weakly Hamiltonian actions since they are equivalent
to Hamiltonian ones: S! is connected so that we can check condition (i) of
the previous Lemma. Since S! is 1-dimensional, we trivially have H&€ =0 =
{HE, HEY. O

4.2.2 Moment maps

Consider a weakly Hamiltonian G-action on (M,w) and choose a linear map
¢ — HE. Linearity means that at every point p € M we obtain a linear map
H(p):g— R: & HS(p), that is, an element of g*. Thus, an alternative way
to understand the map ¢ — H¢ is as a map M — g* : p — H(p). Then, the
G-equivariance condition is translated into equivariance with respect to the
G-action on M and the coadjoint action on g*. This leads to the following
definition:

Definition 4.13 (Moment map) A moment map for a G-action on (M,w)
is a G-equivariant smooth map

O: M —g*
such that the smooth map
O M = R:p (B(p),€),

is a Hamiltonian function for £#, for every ¢ € g. We then say that the triple
(M,w, ®) is a Hamiltonian G-space.

Here, we denote by (-, -) the pairing between g* and g, and the action of G on

*

g* is the left dual of adjoint action:
Gxg'—g":(g,pu) = Adpi(p) = poAdgi.

We are thus asking two conditions. The Hamiltonian function condition can
be expressed as

(dp®(v), &) = dp¢5(v) = wp(gf,v), (4.4)
for every £ € g, p € M, v € T,M. The equivariance condition is expressed as

(@ o1y, &) = ((Adg-1)"®, &) = (@, Ady-18),

for every & € g. As we said, this is equivalent to the linear map & +— ®¢ = (®, £)
being G-equivariant with respect to the adjoint action on g and the G-action
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on C*(M,R) given by 1/);,1, as in Definition 4.9. In view of Lemma 4.11, this
implies that it is a Lie algebra homomorphism,

(@,[&n]) = {(®,6), ()} (4.5)

for all n,£ € g. When G is connected, this in turns suffices for ® to be G-
equivariant. A last useful relation comes from differentiating the equivariance
relation of ®:

d®(E}) = ~®(p) o ade. (4.6)

Example 4.14 If a group G acts in a Hamiltonian way via g — 1), on (M, w),
and if f : H — G is a Lie group homomorphism (e.g. inclusion of a subgroup),
then the action of H via h +— 1) is Hamiltonian and the moment map is the
composition f* o @ of the G-moment map ® with the dual map f*: g* — b*
induced by the Lie algebra homomorphism f, : h — g. To see it we just notice
that for & € b, 70 = (f.£)%¢ so that g = d®f¢ and that f* o ® is
equivariant since f, is. In the case of an inclusion ¢ : H — G, the moment
map for the H-action is just the restriction ¢*®. O

From the point of view of dynamical systems, the significance of the moment
map comes from the following. Given a Hamiltonian function H € C*(M,R)
that is invariant under the action of G, i.e., if H o9y = H for every g € G,
then SE#H = 0 and hence

0=dH(E") = w(Xp, &%) = {H, H*}.

This implies that not only is H preserved by G, but reciprocally so is the
moment map of the G-action preserved by the Hamiltonian flow generated
by H. If H describes the time evolution of a system and G describes some
symmetry of the system (through the fact that H o1, = H), then the moment
map is conserved in the evolution of the system.

As another important example, we recall that on a cotangent bundle (7% M, w)
with w = —df for 6 the canonical form, the cotangent lift X € X(T*M)
of a vector field X € X(M) is Hamiltonian associated to i¢6. Thus, if we
consider a G-action on M, it lifts to a weakly Hamiltonian action on T*M
via G — Ham(T*M,w) : g — 1,/[);. Furthermore, if we denote the infinitesimal
generator of this action by E = f# y for any & € g, then by construction §A is
the cotangent lift of ff/l. It turns out that this action is Hamiltonian:

Proposition 4.15 (Cotangent lift of an action) The cotangent lift of a
G-action is Hamiltonian with moment map

@:T*M—>g*:pr—>(§»—>ig¢9(p)).

o7
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Proof The infinitesimal G-action on T%M is given by composing that of M,
& EM, with the cotangent lift X — X ie., by £ — § In turn, Corollary
3.33 states that the map X(M) — C"O(T*M R) X —ig0, is a Lie algebra
anti-homomorphism. The map

g — C(T"M,R) : § = i),

is the composition of g — X(M) : £ — §M with the previous map X + i50,

both Lie algebra anti-homomorphisms, and thus is a Lie algebra homomorphism.
In particular, ® is also a Lie algebra homomorphism.

To see that it is also G-equivariant, we can either use the explicit expression
ig@ T*M = R: (p,v*) — (v*,ﬁ#),

—~

or note that by Proposition 2.11 in combination with Proposition 3.34, (ng)*é =
Adg€, and since (14)*0 = 6,

(V) igh =iy 0 = i yg = 0 O

In the following, we will see that weakly Hamiltonian actions are generally not
Hamiltonian. However, one has:

Lemma 4.16 A weakly Hamiltonian G-action on (M,w) is Hamiltonian if
1. G is compact, or

2. M s compact.

Proof Consider a linear map ¢ — H¢ such that tepw = H ¢, not necessarily
equivariant. We have to choose an equivariant ®. Define

g-H:= Ad;_lH 0 Pg1.

Then, clearly ® is equivariant if and only if g - ® = ® for all g € G. First, we
claim that ¢ - H is also weakly Hamiltonian for the G-action:

d{g- H,&) = ¢,-1d(H, Ady-1§)
= Yg-1(i(aq, 1)
= W—l(iw 1 e#Ww)
= ig# W —1w)
= Zg#u),

where in the second to last identity we have used Lemma 2.11 and in the last
identity that @Z);,lw = w. If G is compact, we obtain a G-equivariant moment
map by averaging over the group Haar measure.

o8
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If M is compact, we can normalize H by the condition |’ a Hw™ = 0 (assuming
M connected arguing on each component). Then, H chosen in such a way
is G-invariant because ¢ - H is also weakly Hamiltonian and has the same
normalization [,, g - Hw"™ = 0 (since 1), preserves the Liouville form w"/n!),
so that it must hold that g - H = H for all g € G. g

The next results show that there is an obstruction for a symplectic action to
be weakly Hamiltonian or Hamiltonian in terms of the Lie algebra cohomology
of G. We first briefly introduce this notion. It will also be related to the
uniqueness of moment maps.

Let g be a Lie-algebra. Define for every integer k£ > 0
OF(g:R) = A*(g")

as the k-th alternate sum of the dual of g, i.e., the alternating k-cochains
g x --- x g — R. Define the coboundary map 9" : Q%(g; R) — QF*!(g;R) by
the formula

akw(XOa s 7Xk‘) = Z(_l)l+jw([Xlan]>X0a s 75(\’57 s 7Xja s 7Xn)7
1<j

where the hat denotes that a given argument is not present. We also put
Q%g;R) := R and 9° := 0. It is then easy to check that 9¥*1 0 9¥ =0, so that
we get a cochain complex (Q%(g; R), 9%).

Definition 4.17 (Lie algebra cohomology) The k-th Lie algebra cohomol-
ogy group or Chevalley cohomology group is defined as the k-th cohomology
group of (QF(g;R), 9%),

H*(g;R) := ker 9% /im 9F 1,

Proposition 4.18 Given a connected Lie group G, the moment map of a
Hamiltonian G-action is determined up to a cocycle ¢ € Q' (g;R). In particular,
it is unique if and only if H'(g;R) = 0.

Proof Consider two different moment maps ®1,® : M — g*. Since both
provide Hamiltonian functions for the same vector field £#, their difference is
locally constant, hence constant:

(@1 — @2,8) = c(§)

for some fixed ¢ € Q'(g;R). Since both ®; satisfy equation (4.5), c is a cocycle:

c([&n]) = (@1 — P2, [€,n]) = w(&”, ™) —w(E,0F) = 0. O
In short, moment maps are unique up to elements of H'(g;R) = ker o'
Since 9le(&,n) = c(&,n]), if we denote [g.g] == {[&.1] : &1 € g}, then
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H'(g;R) = [g,g]°. Thus, two extreme cases are, on the one hand, a semisimple
group (i.e., [g,g] = g) with unique maps, and on the other hand, an abelian
group where moment maps are only defined up to an element of the dual Lie
algebra g*.

Lemma 4.19 Consider a weakly Hamiltonian action of a connected Lie group
and choose a linear map g — C®(M,R) : £ — HE such that Xe = Xye for all
¢ € g. Then, there exists a unique 2-form 7 € Q%(g;R), 7: g x g — R, such
that for allé,m € g

{HE, H"} — Hlen — T(€,7m).

The form 7 is a cocycle and hence determines a class [t] € H?*(g;R), i.e., for
all £,m,¢ € g we have

T([&a n]a C) + 7'([77, d’f) + T([C,f], 77) = 0.

Proof We just note, using the fact that & — ¢# and f — Xy are both Lie
algebra anti-homomorphisms (the latter by Proposition 3.25), that

Xpytem = (&% = —[6F 07 = —[Xpe, Xem] = X(ge pny.-

Thus, HI&" — {HE, H"} is a locally constant and hence constant function for
every £,7 € g. Since this correspondence is also bilinear, we get the existence
of such a 7 € Q%(g; R). Furthermore, this implies that

(S Yy = ({1, 17}, Y,

so that the cocycle identity for 7 follows from the Jacobi identities for the
Poisson bracket and for the Lie bracket. O

The class [7] € H?(g;R) is determined only up to a coboundary d'c, that is,
up to a form of the type (£,7n) — o([€,n]) for some linear map o : g — R. This
class [7] is the zero class if and only if it itself is of this type. For a connected
Lie group action, this is precisely the case of a Hamiltonian action:

Corollary 4.20 Consider a weakly Hamiltonian action of a connected Lie
group with linear map g — C®(M,R) : £ — HS and 7 € Q%(g;R) defined as
above. Then, the action is Hamiltonian if and only if [7] = 0, i.e., if there
exists linear map o : g — R such that

{H®, H"} = HE = o([¢, 7).

Proof If the action is Hamiltonian it holds for o = 0. Reciprocally, given such
a o, we choose Hg := H® + o(£) and hence

{He, Hy} = Heyy = {H*, H"} — HE — o([¢, 7)) = 0. O
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Corollary 4.21 Consider a smooth G-action on a symplectic manifold (M,w)
for a connected Lie group.

e If H'(g;R) = 0, then every symplectic action is weakly Hamiltonian.

e If H?(g;R) = 0, then every weakly Hamiltonian action is Hamiltonian.

Proof For the first claim, we observe that H'(g;R) = [g,g]° means that
H'(g;R) = 0 if and only if [g,g] = g. Since the commutator of any two
symplectic vector fields is Hamiltonian, we obtain that for every £ € g, 7 is
Hamiltonian with Hamiltonian function —w(n#,¢#) for any 7, ¢ € g such that
€ = [n,¢]. The second part follows from the previous corollary. O

The next Theorem puts this corollary into a clearer light.

Theorem 4.22 Given a compact, connected Lie group G with Lie algebra g,
then the de Rham cohomology of G coincides with the Lie algebra cohomology
of g:

Hir(G;R) = H"(g; R).

Proof We introduce the subspace of left-invariant k-forms, Qf‘“(G; R), of those
forms w such that Ljw = w for any h € G. Since being left-invariant is
preserved by the differential boundary map, we get a sub-cochain complex
(QF(G;R), d). Since G is compact, we can choose a finite, bi-invariant measure
dg with mass 1 (i.e., the Haar measure) and we define the averaging map

I:Q8G;R) — QF(G5R) : w /C;L;wdg,

producing a left-invariant form I(w). Clearly, the map I is a cochain map,

since the differential boundary map d commutes with both L7 and the integral.

We get a map
HM(I) : H¥(GR) = H['(G5R) = [w] = [I(w)],

where H; denotes the cohomology of left-invariant forms. Further, denoting
i QF(G;R) < QF(G;R) the inclusion, then clearly I o i = ide(G;R)v and

hence H*(I) is injective.

We now show that H¥(I) is also surjective. To see it, we use the corollary
of de Rham’s Theorem (see e.g. Theorem 18.14 in [18]) stating that a closed
k-form is exact if and only if its integral over any smooth singular k-cycle is
zero, i.e., if fz w = 0 for every smooth singular k-chain such that 9z = 0, for
the singular boundary map 0. Given such a cycle z we compute

/I(w)://L;wdg://L;wdg:// wdg://wdg:/w,
z zJG GJz G JLy(2) GJz z
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where we have used that L,(z) is homotopy equivalent to z via Ly (2) for
any smooth path between e and g, in virtue of G being connected, and thus w
integrates zero over the boundary cycle Ly(z) — 2. Since [ (I(w)—w) =0 for
every cycle z, I(w) —w is exact and hence I(w) represents the same cohomology
class as w. In this way, H¥(I) is also surjective.

Thus, H*(I) is an isomorphism with inverse the inclusion H*(i;). We can
then compute de Rham’s cohomology only using left-invariant forms. Since
left-invariant forms are determined by their value at the identity element e, we
obtain an isomorphism for every k

QF(G;R) = QF(g;R) @ w — we.

To finish, we only need to check that the boundary map is the same for both
cochain complexes, and this follows from the formula for the differential of a
form w € QF(M;R),
dw(Xo, ..., Xp) = Y _(-1)'Lx, (w(Xo,..., Xi,..., X))
i
+ 3 (D)X, X)X Xy, X X).
1<J

Since left-invariant vector fields are a moving basis for T'G, it is enough to check
what we want for them. But left-invariant forms evaluated on left-invariant
vector fields are constant, and hence the Lie derivatives in the formula above
are zero and we are done. O

Remark 4.23 Coming back to Hamiltonian S'-actions, an alternative way to
see that there is no distinction between weakly Hamiltonian and Hamiltonian
actions is due to the fact that H%(S';R) = 0. O

We include the following result.

Theorem 4.24 (Whitehead Lemmas) A compact Lie group G is semisim-
ple if and only if H'(g;R) = H?(g;R) = 0.

For the interested reader, a proof can be found in pages 93-95 of [17].

Hence, if G is compact, connected and semisimple, any symplectic action is
Hamiltonian and the corresponding moment map unique.

Example 4.25 (Torus action on C™) We consider again C" with the stan-
dard symplectic form of R??,

wo :dei/\dyi ZZTz‘dT’Z‘/\dHZ‘ = %Zdz,/\?z

We have the smooth T-action of the torus T = T" := S' x --- x S! given by
the S! complex multiplication action in each coordinate:

T" x C" = C": (A 2) = (M121,- -, Anzn)-
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Since this action is by elements of U(n), it preserves wp and is thus symplectic.

It is in fact Hamiltonian. To see it, let t = R™ be its Lie algebra, where the
identification with R is given by sending to the standard basis of R, in the
obvious way, the vectors &; such that the i-th coordinate of the Lie exponential
exp(t€;) € T is exp(it) € S* (and the other coordinates fixed at 1). Then, the
infinitesimal generators are

d

N
(fl)z - dt -0

(z1,...,exp(it)zi, ..., 2n) = (0,...,42i,...,0) = Op,,

for the partial derivative with respect to the angular polar coordinate of the
i-th complex plane factor in C", dp,. Thus:

. 1
igpw = —ridr; = d(—§|zi|2),

and the map
1
O:C" >tz —5(‘2’@’2)1

is T-invariant. Here we identify t* = (R™)* thanks to the identification t = R"
above. For a general £ = >, \;&; € t we have &% = ", \;0p,, so that

igpw =d3 —%)\¢|z@-]2 — d(®(2), &),

Thus, the T-action is Hamiltonian with moment map .

If instead we consider the torus-action given by
TP x C* — C": (A, 2) = (A¥zy, .. Mz,

where {k;}' C Z are some integer exponents, then we have EZ# = k;0Op, and we
obtain a Hamiltonian action with moment map

1
@:C"—)t:zH—i(ki|zi]2)i. O

4.3 Coadjoint orbits

We remind that we distinguish the G-manifold M via the subindex & — 5#/[
in the infinitesimal action. In the following we have G-actions on M and on
g*, and we write fﬁ versus fz, or more simply f# versus ka for p € M and
pE g*.

We begin by noting that for any Hamiltonian G-space (M, w, ®), the moment
map determines the pullback of w to any G-orbit. Indeed, since 51\#2 is the
Hamiltonian vector field for ®¢, we have

w(gh ) = {95, 87} = 9l
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In particular, if the action is transistive, i.e., M is a homogeneous Hamiltonian
G-manifold, w is completely determined by ®, as we will see shortly. First we
show how the above equation can be used as motivation to define a canonical
symplectic structure on coadjoint orbits:

Theorem 4.26 (Kirillov-Kostant—Souriau) Let O C g* be an orbit for
the coadjoint G-action on g*. Then, there exists a unique symplectic form on
O for which the coadjoint action is Hamiltonian and the moment map is the
inclusion ® : O — g*.

Proof At a point u € O, the coadjoint infinitesimal action is given by 5# =
—adz,u = —p o adg, so that the tangent space to the orbit is

17,0 = {—adiu: £ € g} Cg"
For such p € O consider the skew-symmetric bilinear form on g,
Bﬂ(é‘a 77) = <H) [57 77]>
Writing B, (§,-) = ad¢u we see that ker B, consists of all { € g such that
adzu =0, ie., ﬁf = 0. It follows that the skew-symmetric form, for vectors
fff = —adgp, nf = —ad;p € T,,0, given by
wy(—adgp, —adpp) := (1, [§,n]),
is a well-defined symplectic 2-form on 7},0. Together y — w,, define a smooth

G-invariant 2-form on O. Smoothness follows from G-invariance, since then
its pullback with the action map gives wy, = dguq/);,lwu for any fixed p € O.

To see that it is G-invariant, we take vectors u = adZu, v = ad;';u € 71,0 and
notice that gu = Ad) _,adgp = adjq (Adj-1p0 = adjq ¢(gp), so that

wgu(gu, gv) = (g, [Ady€, Adgn])
= (Adg_1p, Adg([€, 7))
= (1 [§,m])

= wy(u,v).

Furthermore, for any v = ad¢p € 7,0 and 7 € g, the inclusion map ¢ : O < g*
satisfies
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that is, d(®,n) = in#w. This allows to conclude two things. First, that w is
(@]

closed and thus a symplectic structure: since i,.4w is closed and w is G-invariant,
O

3
then, for any ¢ € g,

go0do=L.sw—doizw=0-—0=0.
(@] 6(9

le 13

The fact that the fﬁ span 1,0 implies dw = 0. Second, the action is weakly

Hamiltonian with Hamiltonian function (®,¢) associated to §g. Since @ is
obviously G-equivariant, it is the moment map for the coadjoint action of G
on O, and (O,w, ®) is a Hamiltonian G-space. Uniqueness of w follows from
the previous remark about w being determined by the moment map. O

We will call this symplectic form the KKS form and denote it by wep. The
following theorem will be important to prove the non-abelian version of the
normal form Theorem 5.12.

Theorem 4.27 (Kostant—Souriau) Let (M,w, ®) be a Hamiltonian G-space
on which G acts transitively. Then ® : M — ®(M) is a covering space of a
coadjoint orbit, with 2-form obtained by pullback of the KKS form on O.

Proof Let O = ®(M) be the corresponding orbit (since the action is transitive
and ® equivariant). It is clear that the map ® : M — O is a submersion (it is
surjective and of constant rank, again due to equivariance and transitiveness).
We have seen that the 2-form on M is determined by the moment map, and
the formula

O.)p( #,77#) = <(P(p)’ [5777]> = WO,@(p)(fg(p),Ug(p))

shows precisely that ®*wp = w (notice that dpq)(ﬁf ) = £§(p) by equivariance).
Hence, ® actually has bijective differential at every point and is thus a local
diffeomorphism.

To see that ® is furthermore a covering map, we have to use some theory
of homogeneous spaces. If we identify M = G/G, and O = G/Gg( for
some p € M (each identification induced from the corresponding orbit maps),
we get a map 7 : G/Gp — G /Gy induced by ®. Again because ® is G-
equivariant, G, C Gg(p, and 7 is the projection gG), — gGg(p) (notice that 7
is a G-equivariant map sending the coset G to Gg(y)). Then, Corollary 2.14
states that ® : M — O is a Gg(,)/Gp-fiber bundle. Since ® is also a local
diffeomorphism, the fiber must be discrete and it is a covering space. O

In particular, we prove that Gg,) /Gp must be discrete. Hence, non-trivial
coverings can be obtained only if the stabilizer G, is disconnected. If we
know that this cannot occur, then the result can be strengthened to say that the
moment map is a symplectomorphism. This is the case if the stabilizer groups
of the coadjoint action G, are all connected, and this occurs for compact,
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connected Lie groups (see e.g. Theorem 4.5 of [24]). We will make use of this
result in Theorem 4.43 for the cotangent lift of the self G-action, where in fact
we will have that G = Gg(y).

4.4 Symplectic reduction

The technique of symplectic reduction is an important technique in symplectic
geometry and it will be the basis for stating and proving the Duistermaat—
Heckman Theorem. As we said, it is a formalization of a classical phenomenon
of mechanical systems: whenever there is a symmetry group of dimension k
acting on a system, the number of degrees of freedom of the phase space may
be reduced by 2k.

The mathematical underlying principle is that every coisotropic submanifold
is foliated by isotropic leaves, and whenever the quotient space of leaves is
a manifold (of codimension twice the original codimension), it then inherits
the symplectic structure. The main example is the case where the coisotropic
submanifold is the zero level set of the moment map of a Hamiltonian group
action, leading to the Marsden—Weinstein—-Meyer quotient where the isotropic
leaves coincide with the orbits and hence the symplectic quotient endows the
orbit space with a symplectic structure.

We follow §5.4 in [23] and §5 in [24], carrying out the simplest construction of
symplectic reduction for the trivial coadjoint orbit and then developing a more
general treatment for reduction at other elements of g*, i.e., at other level sets
of the moment map. We begin studying the null distribution of an integrable
distribution of a symplectic manifold (M, w).

Proposition 4.28 Let D C T,M be an integrable distribution of (M,w) and
let D¥ N D be the null distribution given by p — Dy N Dy. Then DY N D is
also integrable.

Proof By Frobenius Theorem 2.6, we only need to check that D¥ N D is also
involutive. Thus, we take two local sections X,Y € X(M) of D¥ N D, and
we also take a local section Z € X(M) of D. Then, using the formula for the
differential of a 2-form and the closedness of w, we get:

0= dw(X,Y,Z) = Lx(w(Y. 2)) - Ly (@(Z. X)) + L2(w(X,Y))
- w([Xv Y]7Z) +w([ZvX]vY) —w([Y, Z]aX)
=w([X,Y], 2).

We have used that all first three terms vanish, since w(X1, X2) = 0 whenever
X1 is a section of D and X5 of D“. Similarly, the last two terms vanish since
the Lie bracket is closed in D in virtue of its integrability. Since Z was an
arbitrary section of D, we conclude that [X, Y] is also a section of D“ and
hence of the null distribution D* N D. 0
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The foliation associated to the null distribution is called the null foliation.
Actually, the same proof allows to prove that the kernel kerw := {(p,v) €
TM : iyw, = 0} of a smooth form w € QF(M;R) is an integrable distribution.
Note that this is a smooth distribution, in particular it is of constant rank
thanks to w’s non-degeneracy.

If D is a coisotropic distribution, then DY N D = D* and we get:

Corollary 4.29 Let D C T,M be a coisotropic integrable distribution and let
D* be the isotropic distribution given by the symplectic complement p — Dy C
D,,. Then D% is also integrable.

Proposition 4.28 will be applied to the tangent subbundle of an embedded
submanifold S C M. As promised, we see that the null distribution p
ker wy|7,5 = TpS N'T,S is integrable and comes from the null foliation. To
this end, we define the equivalence relation ~ on S by pg ~ p; if they both
lie in the same leaf, i.e., if there exists a smooth path « : [0, 1] — S such that
7(0) = po, ¥(1) = p1 and ¥'(t) € Ty S NIy ;) S® for every t € [0,1]. Let [p] be
the equivalence class of p € S. Following §5.4 of [23], we will call an embedded
submanifold S regular if the following condition is satisfied:

Definition 4.30 (Regular submanifold) A submanifold S C M is regular
if for every p € S there exists a submanifold ¥ C S containing p (called a local
slice through p) that intersects every leaf of the null foliation of S at most
once and such that T,,S = T,X © T,,S N T,,S“ for every p € ¥. Moreover, the
quotient space S := S/ ~ is Hausdorff.

The main point of the proof of the Quotient Manifold Theorem 2.12 is proving
precisely that the manifold M satisfies itself the same regularity conditions
with respect to the foliation given by the orbits of a proper, free action. With
this condition, we can define a smooth structure on the Hausdorff, second
countable space S in terms of the local homeomorphisms 7|y : ¥ — 7(X), that
we define to be diffeomorphisms. The fact that each ¥ only intersects leaves
once implies that 7|y is a bijection, and it is easy to check that the unique
leaf-preserving map between two such submanifolds is a diffeomorphism (as it
is shown in the next proof).

Proposition 4.31 Given a regular submanifold S C M, the quotient space
S =S/ ~ has a unique smooth structure such that m: S — S is a submersion,
and a unique symplectic form w whose pullback under m is the restriction of w:

' = wlg.

Proof Consider 0 < k < n such that dim7SNTS“ = k and a point pg € S.
Frobenius Theorem 2.6 provides a local flat chart ¢ : U — R?"7* for S on
an open neighbourhood U C S of pg such that o(pg) = 0, ©(U) N {c} x R*
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is a connected integral submanifold for every ¢ € R?"2¢ and such that
v € TpS NT,SY if and only if dpp(v) € {0} x R* for v € T,,S and p € U.

Consider the submanifold ¥y C S through py of the definition of regular
submanifold. Shrinking U, we may assume that there are €,4 > 0 such that

W =(U) = Bgn_% x BF

(for the ball B. C R! of radius 7 > 0) and such that o(U N %) is the
graph of a function fy : Bg"_% — B with f(pg) = 0, as a consequence of
1,5 = T,%0 ®T,S NT,S“ and that Xy intersects each leaf at most once. This
translated via ¢ means that (U N Xg) is a submanifold of ¢(U) such that the
coordinate projection 7 : R2"=F — R27=2k . (¢ 2) s ¢ restricted to p(U N %)
is a diffeomorphism.

We consider now the closed 2-form on W = ¢(U)
7= (¢ H*w € Q*(W;R)

so that for any ¢ € W and w € R?>"* we have 7,(w,-) = 0 if and only if
w € {0} x R¥. In particular, the restriction of 7 to any W N {c} x R¥ is zero,
while its restriction to (U N %) is a symplectic form.

If we consider now another local slice ¥; C S through p; € U N [po], and
let ¢(U N %1) be the graph of fi : Bg”_% — BF, we then have a unique

£

diffeomorphism ) : U N X9 — U N X1 preserving the leaves, namely, such that

powpo gp_l(x, fo(x)) = (z, fi(x)), = € B(?"*Qk.

The fact that 7,(w,-) = 0 if w € {0} x R* for (p7!)*w = 7 implies that
(poth o™V Tlywnsy) = Tlpwnsy): the map @ oo™ is of the shape
(z,y) — (x,0(x)) for some smooth 6. Additionally, 7 is closed and thus for any
X € X(W) of type X, = (0,Y,) € R2"2F x R 7 =0 so that £x7 = 0 and
T(ay) = T(ay) for every v,y € BE. 1f we take now w; = (uj;,v;) € R2=2F x RF
for i = 0,1, we get

(90 oo 90_1)*7_(38,3/) (wla w2) = T(z,0(z)) ((ula 0)7 (u27 0)) = T(z,y) (wb w2)7

using also that 7, ) (w1, w2) = 7(44)((u1,0), (uz,0)). We obtain that

Y'wlrny, = wluns,-

That is, the transition map ¥ induced when changing from nearby local slices
Yo to ¥ is a symplectomorphism. Thence, given any two points whose local
charts thus defined intersect, we have a chain of symplectomorphic transition
maps connecting them, so that the transition map is symplectomorphic. A
change of local slice chart ¢ to ¢ also leads to symplectomorphic transition
maps, since by construction each of them is symplectomorphic. Crucially,



4.4. Symplectic reduction

this shows that there is a unique well-defined symplectic structure @w on the
quotient S such that

(7|2) ©lr(z) = wls
for every submanifold ¥. The uniqueness of the smooth structure follows from

the standard fact that surjective submersions uniquely determine the smooth
structure of the quotient, see for example Theorem 4.31 in [18]. O

Alternatively, once we have established the smooth structure of S such that 7
is a smooth submersion, we can define w as the unique 2-form such that

W = w,
i.e, as the unique 2-form on the spaces
T[p]g = TpS/TpS N TpS‘“

for p € S such that
dpﬂ'*w[p] = Wp.

In virtue of Lemma 3.9, part (i), w is a symplectic form.

Remark 4.32 In Proposition 5.4.7 of [23] it can be seen how to generalise
the second part of Lemma 3.9 to the case of Lagrangian submanifolds. It turns
out that as in the linear case, we obtain that the projection of a Lagrangian
submanifold is again a Lagrangian immersed submanifold in the quotient, if
however only under enough regularity hypothesis. U

Consider now a Hamiltonian G-space (M, w, ®). Clearly, 0 is a fixed point of
the G-action on its dual Lie algebra and hence is itself an orbit. In particular, it
is G-invariant and the level set S := ®~1(0) is also G-invariant, i.e., it contains
all its orbits. If furthermore 0 is a regular value of the moment map ®, then S
is an (embedded) submanifold of M and a G-manifold itself. We will argue for
a general p € g*, but the case u = 0 can be taken as reference.

In fact, the properties of ® turn S, := ®~1(p) into a G-submanifold whose
null foliation is given by the G -orbits. For the zero level set S = ®71(0)
this means that S is a coisotropic submanifold whose isotropic leaves are the
G-orbits.

Recall that the map assigning the infinitesimal G-action at p for every £ € g
is given by the differential at e € G of the orbit map j, : G — O,, where
Op ={gp: g € G}, that is,

dejp i 9 — TyM : £ EF.

Recall also that orbits are immersed submanifolds with tangent space 7,0, =
imd.j,, and that we denote the stabilizer of p € M by G, = {g € G : gp = p},
with Lie algebra g, = ker dcjp.
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Lemma 4.33 Consider a Hamiltonian G-space (M,w,®) and p € M. Then:

(1) The symplectic complement of the kernel of d,® is the tangent space of
the orbit at p, i.e.,
(ker d,®)“ = im djp.

(i) The image of dp,® is the annihilator of the Lie algebra of the stabilizer at
P, i.e.,
im d,® = (ker d.j,)°.

Proof To obtain part (i), we notice that equation (4.4), d,®¢(v) = wp(ff, v)

for v € T, M, implies that v € kerd,® if and only if (d,®(v),&) = 0 for all

¢ € g, if and only if w,(&f,v) = 0 for all € € g, i.e., v € (im dejp)”.

Similarly, for part (ii) we note that dp®5 = ig#wp implies that imd,® C
P

(ker d.jp)?, and that from part (i) both subspaces have the same dimension:

dimim dp® = codim ker d,® = dim(ker d,®)“
= dimim d.j, = codim ker d.j, = dim(ker dj,)°. O

This allows us to prove:

Proposition 4.34 A point p € g* is a reqular value of ® if and only if for all
p € ®71(p) the stabilizer G, is discrete. In that case, ®1(u) is an embedded
submanifold, the leaf of the null foliation through p € ®~'(u) is the orbit G, p,
and dim G, - p = dim G,,.

Proof A point p € g is a regular value if and only if im d,® = g* for every
p € ®1(u). The identity im d,® = (ker d.j,)? implies that im d,® = g* if and
only if g, = kerd,j, = 0, which in turn is equivalent to G, being discrete (i.e.,
that the action is locally free at p).

Consider now the inclusion i, : ®71(u) = M and p € &~ (). On the one
hand, we have that (T, 1(u))* = (ker d,®)* = imd,j, = T,G - p. On the
other hand, we have that T,G, - p = deij(gu) = dejp(kerdejﬂ*) (59,49 are
the corresponding orbit maps). The G-equivariance of ® can be written as
) oij = j%(p) = ji , and thus kerd.j; = (dejg)_l(ker d,®), i.e.

T,Gp - p = dejS (kerdejs ) = ker dp® Nim dejS' = T,@ ' () N T,G - p.
With this, we have found that
ker i, wlp = qu)_l(ﬂ) N (qu)_l(ﬂ))w = TPCD_I(N) NT,G-p=T,Gp-p.

This means that the null foliation is given by the G/,-orbits. The last claim
about dimensions follows from the fact that d.j, is injective if G, is discrete.[]
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As we said, we will address first the case p = 0. It is a regular value if the
stabilizers of every point in ®~1(0) are discrete, and since Gy = G, the null
foliation is then given by the G-orbits. In particular, ®~1(0) is coisotropic
because it is G-invariant and thus (ker d,®)* = imd,j, C T,® 1(0) = ker d,®.
Thus, in order to apply Proposition 4.31 we only need to check regularity.
This we will do by asking for a stronger condition: that G acts properly (in
particular if G is compact) and freely on the level set ®~1(0). As we know,
this implies that the orbits are embedded submanifolds. However, it is not
enough that 0 is a regular value ® for the quotient to be a manifold.

Theorem 4.35 (The Marsden—Weinstein—-Meyer Theorem) Consider
a Hamiltonian G-space (M,w,®). Suppose further that G acts properly and
freely on the level set S := ®~1(0). Then, 0 is a regular value of ® and S is a
reqular coisotropic submanifold of M whose isotropic leaves are the G-orbits.
The projection to the orbit quotient space

7 ®7H0) = &7H0)/G

is a principal G-bundle and the quotient S := ®~1(0)/G is a symplectic
manifold of dimension

dim S = dim M — 2dim G.
The symplectic structure w is uniquely characterised by
W = igw

for the inclusion is : S — M. The symplectic quotient manifold (S,w) is called
the reduction, the symplectic quotient, or the Marsden—Weistein quotient of
(M, w) with respect to G, ®, denoted by

M) G := (8, ).

Proof We have already done most of the work. Since the action is free in S, 0 is
a regular value of ® and S is a coisotropic manifold whose isotropic leaves are the
G-orbits, and we conclude by proving that S is a regular coisotropic manifold.
First, it is a standard result that the orbit space of a proper action is Hausdorff:
the equivalence relation, regarded as the subset of S x S of related points, is
precisely the image of the map G x X — X x X : (g,z) — (x, gz). Since this
map is proper and X is locally compact Hausdorff, it is a closed map so that so
is its image, and hence the quotient S/ ~ is Hausdorff (alternatively, since S is
first-countable, we can argue with sequences). Second, the local slice theorem
for proper free actions (used in the proof of Theorem 2.12, see again Theorem
21.10 in [18]) provides the regularity condition. Thus, the theorem follows from
Proposition 4.31 except for the claim about 7 : ®~1(0) — ®~1(0)/G being a
principal G-bundle, which follows from Theorem 2.12. There in particular we
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proved precisely this last claim; in fact, the smooth section o : V' — 7= 1(V)
inverse to 7 on V C S/G can here be taken to be 7| for ¥ as in the definition
of regular submanifold and V' given by 7 !(7(X)). O

Remark 4.36 Since ®~1(0) is always G-invariant, we always have the follow-
ing chain complex for each p € ®~1(0),

dp®

dej .
. T,M g

0

~
e

Then, 0 is a regular value of ® if and only if d.j, is injective, if and only if
d,® is surjective, i.e., if the chain complex is exact at g and g*. Its homology
at T,M is then precisely the tangent space at [p] of S = ®~1(0)/G:

Ty S = ker dp® /im dejp,.

Lemma 3.9 says that the symplectic form w, on T}, M descends to a symplectic
form on the quotient @y, and Theorem 4.35 says that whenever the action is
proper and free on ®~1(0), then these forms all fit together on the quotient
manifold S endowing it with a symplectic structure. O

We now do symplectic reduction at a level set ®~!(u) different than p = 0,
with analogous arguments.

Theorem 4.37 Consider a Hamiltonian G-space (M,w,®). Suppose that G,
acts properly and freely on the level set S, := O~Y(u). Then, p is a regular
value of ® and S, is a regular submanifold of M whose null foliation leaves
are the G-orbits. The projection to the orbit quotient space

mu: O () = 07 (1)/G

is a principal G,-bundle and the quotient S, = ® 1(u)/G is a symplectic
manifold of dimension

dim?u =dimM — dim G — dim G,.
The symplectic structure w,, is uniquely characterised by

Wy = 1,w
for the inclusion i, : S, — M. The quotient manifold (?u,@), abbreviated
M,,, is called the symplectic reduction of (M,w) with respect to G, ® at pu.

Proof The only difference with the previous proof is that now S need not
be coisotropic and instead Proposition 4.34 provides the corresponding null
foliation in terms of G,-orbits. However this does not affect any of the
arguments. O
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In fact, the symplectic quotients (S,,w,) depend only on the coadjoint or-
bit O = G - u, i.e., reduced spaces at values of ® in the same G-orbit are
symplectomorphic. To see it, we consider the model space

M x O™, Wi=wh —wo

with the diagonal G-action, where O~ denotes the orbit O with minus the KKS
form, —wep. Clearly, (M x O~ ,w, ®) is a Hamiltonian G-space with moment
map

O(p, p1) == @(p) — i

for p € M, p € O. Furthermore, the following allows to generalise the
symplectic reduction construction to the preimage of any coadjoint orbit. It
turns out that one recovers in this way the reduced spaces at non-zero levels.

Theorem 4.38 Consider a Hamiltonian G-space (M,w,®) and u € g*. Then,

w € g* is a reqular value of ® if and only if 0 is a regular value of ®, and
the G -action on ®~1(p) is free if and only if the G-action on ®~1(0) is free.
If G acts properly and freely on Sp := ®~1(0O), then Sp := ®~1(0)/G is a
manifold of dimension

dim Sp = dim M — dim G — dim G,

and
TO SO — §(9

is a principal G-bundle. It has a unique symplectic structure W such that
THWO = ipw,
forio : So — M, that is given by

w[p]([vl]’ [v2]) : = wp(v1,v2) — (@(p), [1,82])

= wp(vy — &7, v2 — €7),
forp € So, vi,v2 € T,S0 and &1,& € g chosen such that
dp®(v;) + adf, ®(p) = dp®(v; — &) =0, i =1,2.
Furthermore, there are canonical symplectomorphisms
(Su, @) = (So,wo) = (M x O7) / G.
Proof We have the G-equivariant diffeomorphism
U1 (0) = d70) : p s (p, 0(p)),
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so that the G-action on ®~1(0) is (locally) free if and only if the G-action on
®~1(0) is. Since ®71(0) = G- &~ (p), the G -action on ®~1(u) is (locally)
free if and only if the G-action on ®~1(0O) is, and the first two claims follow.

The map M — M x O~ : p— (p, u) pulls back @ to w, and hence so does for
the corresponding restricted forms its restriction ®~1(u) — -1 0) : p— (p, 1),
coinciding with the restriction ¥| of ¥ to ®~!(u). If G acts properly and freely
on = ®~1(0), from ¥’s G-equivariance we get that G acts properly and freely
on ®1(0), and similarly G, acts properly and freely on ®~1(u) and thus also
on ®71(0) N M x {u}. Theorem 4.37 states that we can take quotients to
obtain:

Sy = 071 (1) /G —2 $1(0) N M x {u}/G,s

J |

So=3"10)/G —Y5 M x 0~ [ G =3"10)/G.

These maps are furthermore all symplectomorphisms. The vertical maps,
induced by the corresponding inclusions (before taking quotients), are dif-
feomorphisms because the set ® (1) intersects all G-orbits in ®~1(0), and
analogously for ®~1(0)N M x {u} in M x O~. They are symplectomorphic by
construction. Since ¥| is preserves the 2-forms, it induces a symplectomorphism
@, and finally by commutativity so is the map ¥ induced by U.

Theorem 4.35 furnishes the rest of the Theorem: 5_1(0) is a regular coisotropic
manifold whose isotropic leaves are the G-orbits, and the quotient ®~1(0)/G
is a manifold inheriting the symplectic structure w of M restricted to the
submanifold

S:=0710) ={(p, ) € MxO™ : p=@(p)} = {(p, ®(p)) : p € M, ®(p) € O}.
Then, for p = (p, ®(p)) € ®1(0) the tangent space is given by
T5S = ker dy® = {(v, —ad{®(p)) € T,M x Ty, O : —adi®(p) = dy®(v)}.

We notice that since dﬁ?({#) = —ad;®(p), —adg®(p) = dp®(v) if and only if
dp®(v — 5#) = 0 so that

T35 = {(v,dpy®(v)) : v € T,M, 3¢ € g s.t. dp®(v—&F) = 0}.

This translates via ¥ into ®~1(0) being a G-invariant embedded submanifold
of M with tangent space at p € Sp given by

T,S0 = ker d,® + im d,.jp,
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all whose points are regular points of ®, and whose quotient ®~(0)/G is a
symplectic manifold. Its symplectic structure is given by

Wip) ([v1], [v2]) : = @D @) ((v1, dp® (1)), (v, dp®P(v2)))
= wp(vl, ’U2) — WOo,d(p) (adEQq)(p)? ad;q)(p))
= wp(v1,v2) — (®(p), [€1,&2)),

for vi,v2 € TpSp and &;,&2 € g chosen such that d,®(v; — §fp) =0,i=1,2.
The alternative expression

W) ([v1]; [v2]) = wp(v1 — ﬂ%p, Vg — 53})
comes from choosing as representatives of [v;] the vectors v; — §# It can also

4,p
be checked directly using the properties of ®. O

4.4.1 Reduction in stages and partial reduction

Reduction can be done in stages, i.e., doing reduction first with respect to a
subgroup. We will treat the most basic case, where we have G- and H-actions
on (M,w), both groups compact, such that the action map % of G commutes
with the action map ¢ of H, [wg;ﬂbf] =0 for any g € G, h € H. This is
equivalent to the fact that the G- and H-actions combine into a (G x H )-action.
For connected groups one has furthermore

[Vepte) Yoxpen) =0 = 7,071 =0

for any £ € g and n € h. We thus consider a (G x H)-action on (M,w). Then,
the G' x H is Hamiltonian if and only if each individual action is Hamiltonian,
and the moment map ® of the (G x H)-action is the direct sum ® = &% @ &H
of the individual moment maps.

Clearly, given a (G x H)-Hamiltonian space (M, w, ®) we then have commuting
Hamiltonian G- and H-actions with moment maps ®¢ = 71'5&5, oH = W;I(i)
(for 7 : G x H— G, 7y : G x H— H), i.e., the components = ¢ @ o
in (g,b)" =g &b

To see the reciprocal, we notice that in the (G x H)-Hamiltonian space case,
®¢ is H-invariant and vice versa (since the adjoint action of G is trivial in
h*). Thus, given compact groups G and H, and Hamiltonian, commuting, G-
and H-actions, we first make the moment maps ®“, ® invariant under the
other group action by averaging each over the other’s Haar measure. Since the
actions are symplectic and commute, averaging over H preserves the identity
lepw = d®C for any £ € g as well as the G-equivariance ®C o hg = Ad;_l il
for g € G. Once this is done and ®%, & are invariant, it then immediately
follows that ® := ®F & ®H defines a moment map for the induced Hamiltonian
(G x H)-action.
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In this setting, we consider a regular value p € g* of ®“. Since ® is G-
invariant, it descends to the symplectic quotient of (M, w, <I>G) at u as a map
@f : ?u — b*. Analogously, the H-action descends to an H-action on ?u,
after noting that a level set of ®¢ is H-invariant and the H-action restricts to
(®9)~1 (). As one expects, this defines a new Hamiltonian H-space:

Proposition 4.39 (Reduction in stages) Consider compact Lie groups G,
H, and a (G x H)-Hamiltonian space (M, w, ®E © ®H). Suppose that pu € g* is
a regular value of ®F and (p,v) € g* ®b* a regular value of ¢ © ®. Then,
v is a reqular value of @{L{. If G,, acts freely on (@)~ (1) and G x H, acts
freely on (@91 () N (®H)~L(v), then H, acts freely on (@ﬁ)_l(y), and there
18 natural symplectomorphism
(MM)V = M(u,u)'

Proof We note that if G, x H, acts with finite (respectively trivial) stabilizers
on (%)~ (u) N (®7)~(v), then the same holds true for the H,-action on
(<I>ff )~(v). Since a level set having discrete stabilizers is equivalent to the
value being regular for the moment map, by Proposition 4.34, we obtain the
first part. Now if additionally G, acts freely on (®%)~1(u), we can take its
reduction M,,. The second part then follows because the natural identification

(My)y = (@) (v)/Hy 2 (€)1 (w) N (@)1 (1) /(G x Hy) = M

1 ,u'»l/)

preserves 2-forms. This in turn follows from the fact that both quotient
manifolds are described by the same quotient, namely the submersion

(@) () N (@) (w) = (@) () n (7)) /(G x Hy),
which of course factors first through

(@) 7 ) N (@) M) = (@9) 7 w) N (@) W) /Gy = (2,) (V)

followed by

(@)~ () N (@)1 (1) /Gy — (@) 7 (1) N (@) (W) /(G x ). O

We now obtain a similar result for a partial reduction when taking first reduction
over a normal subgroup. For simplicity we argue for a torus. We recall from
Example 4.14 that given Hamiltonian G-space (M,w,®), and i : H — G a
subgroup, then H acts by restriction in a Hamiltonian way with moment map
z; o ®, composing with the projection z;‘; :g" — b, dual to iy : h —g.

Proposition 4.40 (Partial reduction) Consider a torus T = T* and a T-
Hamiltonian space (M,w,®). Suppose that H C T is a closed subgroup acting
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freely on the level set @El (0) for &y = zg o ®. Then, the reduced space of
(M,w,®y) at 0 is a (T/H)-Hamiltonian space with moment map ®q such that

Bgomy = Plgt )

where il : ®1(0) — &1 (0)/H is the projection.

Proof The first observation is that Lie(T/H) = t/h, so that the dual of the
Lie algebra of T/H is Ty - (t/h)* = h¥ = ker iy, the annihilator of b in t*, given
the exact short sequence

0 yh—2 st 7rh>t/[) > 0,

and its dual

" 1 pr 0.

0 —— (t/b)"

Thus, the restriction @](@_1(0) : 1 (0) — t* takes values in ker iy = Y = (t/h)*.
H

It is T-invariant for the restriction of the T-action on ®'(0) (this set is 7-
invariant since ker g is), since ® itself is invariant (for the coadjoint action is
trivial). For that reason, (I>|<I>El 0) factors uniquely through an induced map

Dy : @5(0)/H — b such that
Pg o ﬂgl = (I)‘@;(O)'

To conclude, we just note that the T-action on @;11(0) induces a symplectic T-
action on the reduced space (®5'(0)/H, @), and this in turns factors through
an induced T/ H-action. This action is Hamiltonian with moment map ®q. ®q
is T'/ H-invariant because ® was T-invariant, and for the weakly Hamiltonian
condition we use the fact that 7 is a submersion and thus wé{ ™ injective.
Then we conclude from the identity

H,x = . . Hx_H

7 0 d®g = d®|g-1.0 = (lepw)|g-1m =t (7 W4 )
0 o5 (0) 3 o5 (0) %;{1(0) 0 0

Hx /. —H
=Ty (15# . wy ),
oy (0)/H
H # _ ¢
where WO’*%;(O) = 5<I>;(0)/H' O

Example 4.41 (Torus action on CP™) Consider the T"!-action on C"*!
described in Example 4.25. In Example 4.4 we took the quotient over the
diagonal S' subgroup and obtained CP". That is, given the torus 7' = T"*+!
acting on (C"! wp), we are doing partial reduction with respect to the closed
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subgroup H C T given by the diagonal S' ¢ T"*!. In this case, we choose as
moment map

1
:C"M S5tz —5(]21\2), +c,

for any ¢ € R"! such that Y, ¢; = 1/2, so that the induced moment map
by = i;fb is now

1

57

and as we checked in Example 4.25, the reduced space at 0 is (CP",wpg). To
see it, one just checks that iy : h € R — t @ R"" : ¢ 5 (t,...,t), so that
the dual map is if : t* = R — b* 2 R (g, ..., pn) = D, pi- By the
previous proposition, (CP", wrg) is a Hamiltonian 7'/ H-space with moment
map ® : CP" — h* such that

1
Byy(2) = —5l2I +

D o pry = Plgent1,

for pry : S?+1 — CP" the projection, keeping with the notation of Appendix

A.1. Under the identification t =2 R**! h* = ker iy C = R™*! corresponds

with {u € R+ . > i = 0}. If we pre-compose ® o pr, with the projection
z

pry =@ : C"\ {0} = S 2 [k
z

we obtain the pullback of the moment map ® to C**1\ {0} via pr = pry opr, :
C"*t1\ {0} — CP". We obtain:

D .o+l 0. 7(|Zi|2)i7
SQopr:C"\{0}—=bH": 2z~ IEE ¢,

where of course we can freely choose the constant ¢ (as long as z;‘;(c) =1/2,
this is only due to the fact we are viewing the dual of the Lie algebra of T'/H
as a subset of R"*1). O

4.5 The cotangent bundle of a Lie group

We now introduce the last ingredient needed to obtain the normal form Theorem
5.12 in the next chapter. We let G be a compact Lie group and consider its
tangent and cotangent bundles. We recall that we work with left actions, so
that we have the natural G-self-action on the left, and the left action given
by right multiplication, Rg-1 : G — G : h — hg~', that we call the right
action. Clearly, the right and left actions commute, and thus, as in the previous
subsection, we can think of them as a (G x G)-action.

We will call left-trivialization of TG to the vector bundle isomorphism

Le:Gxg—TG:(g9,8) = (g,98)
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Similarly, the left-trivialization of T*G is the vector bundle isomorphism

I":Gxg"—=TG: (g,1) — (9.9 p).

From now onwards, we will identify TG and T*G with G x g and G X g* in
this way and treat them indistinctly. In particular, we can apply the cotangent
bundle constructions of Section 3.3 to T*G and obtain an induced symplectic
structure in G x g* from left-trivialization.

The left-invariant vector field €& becomes the constant section & in G x g under
left-trivialization, while the right-invariant vector field ¢ becomes Ad, €.
Similarly, we can consider the maps induced in G x g and G x g* by the left
and right actions, that is:

Lemma 4.42 Under left-trivialization of T'G, the tangent maps to inversion
inv:G — G:gw— g ', left action L, : G — G : g — hg, and right action
Ry-1:G — G :h gh™! are given by

inv,(g,€) = (g, —Adgf),
(Ln)«(g,€) = (hg, &),
(Rp-1)+(9,€) = (gh™", Ady€).

Similarly, the respective cotangent lifts are given by

inv(g, 1) = (g1, —Ad}_1p),

Lh(Q? ,U,) = (hg7 ,u/)a
Rp—1(g, 1) = (gh™", Adj 1 p).

Proof We compute

I oinv, o l(g,6) = 17 (g7, dginv(g€)) = Lo (deinvd)g™)
= (97 9(=€971) = (971, —Adyf).

For the left action we have
I 0 (Lp)x 0 1i(g,€) = I (hg, (hg)€) = (hg, &),
while for the right action
Lo (Ry-1)s 0 bu(g,€) =1 (gh ™, g&h™") = (gh™! heh™") = (gh™", Adyg).

The computations for the cotangent bundle are entirely similar. O

Since the generating vector fields for the left and right action in G are &7
and —¢L respectively, according to Proposition 4.15 we find that the moment
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maps for these two actions on T*G are @i(g,ug) = (g, £%) and @%(g,ug) =
(11g, —€L). Translated to G x g* they become:

Pr(g,p) = Adg-1p,  Pr(g,v) = —v.

Note that the cotangent lifts of both the left action and the right action are
free, since both actions are free on G. In particular, every p € g* is a regular
value for both moment maps.

Theorem 4.43 Let G be a compact group. Then, the symplectic reduction
(T*@G), by the right action, with the Hamiltonian action inherited from the left
action, is identified via the induced moment map ®r,, with the coadjoint orbit

G- (—v).

Analogously, the symplectic reduction (T*G), by the left action, with the
Hamiltonian action inherited from the right action, is identified via the induced
moment map ®g,, with the coadjoint orbit G - (—p).

Proof We note that all groups and spaces are compact, and that both actions
commute and are free. Thus, Proposition 4.39 allows us to take symplectic
reduction in stages and any order. Secondly, since both actions are transitive in
G, in particular the induced left action on (7*G), = (G x¢g*), = Gx{—-v}/G,
is transitive, with G, = {h : Adjv = v}. Thus, we can apply Theorem 4.27,
and we obtain that the induced moment map ¢, : (I"*G), — G - (—v) is not
just a covering space but a diffeomorphism, since now the stabilizer at a point
[(g,—v)] € (G x g*), coincides with the stabilizer for the coadjoint action, G,,.

For the second part, we either use the same arguments interchanging the roles of
the left and right actions after noting that the right action is transitive on (G x
) =1{(g,v) : Adj-1v = pu} /G, or the fact that inv is a symplectomorphism
that exchanges the left and right actions. O

Notice that in particular, if 4 = 0 or v = 0, we obtain trivial spaces after
reduction, i.e., T*G J/ G = {0} under either the left or right actions.

Theorem 4.44 Let (M,w, ®) be a Hamiltonian G-space. Let G act diagonally
on TG x M as a Hamiltonian G-space, where the G-action in the T*G factor
is the right action. Consider the reduced space at 0 as a Hamiltonian G-space
(T*G x M) J| G, where the G-action is induced from the left action on T*G.
Then, there is a canonical isomorphism of Hamiltonian G-spaces

(T"Gx M) ) G= M.
Proof We work with G x g* under left-trivialization. The map

0:(Gxg)xM—(Gxg*)xM:(g,up)+— (g1 9p)
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is symplectic, and takes the diagonal action to the right action on the first
factor:

0o ((Rp-1)x xPp) 007 (g, 1, p) = O(gh™, Ad} 1, hg™'p) = (gh™, AdS_1, p),

while it takes the left action on T*G to the diagonal action induced by the left
action on T*G and the G-action on M:

00 ((Ln)s x idar) © 07" (g, 11, p) = O(hg, 1, g~'p) = (hg, 1, hp).
Thus, we have a G-equivariant symplectomorphism of Hamiltonian G-spaces
Gxg)XxM)GEZ(Gxg'JG)xMEZ{0}xM=M

that intertwines the action Lj x idps on (G x g*) x M with the G-action on
M. g

4.6 Torus-actions

As we have already seen, an important case of Hamiltonian actions is that
of compact and abelian group actions, i.e., torus-actions. In this section we
present an overview of the main definitions and results regarding Hamiltonian
torus-actions, as one of the best understood cases. The key results are the
Convexity Theorem and the Delzant Classification Theorem.

4.6.1 The Convexity Theorem

A central result discovered independently and simultaneously by Atiyah [1]
and by Guillemin—Sternberg [15] is the fact that the image of a moment map
of a Hamiltonian torus-action over a (connected) closed manifold is convex:

Theorem 4.45 (Convexity Theorem, [1], [15]) Let (M,w) be a compact,
connected symplectic manifold and let T = T* be a torus. Suppose that we have a
Hamiltonian action v : TF — Symp(M,w) with moment map ® : M — t = RE.
Then:

1. The level sets ®~1(u) are connected, for any u € t.
2. The image ®(M) is the convex hull of the fixed points of the action.

The image ®(M) of the moment map is called the moment polytope.

Proof Other than the original papers, a good reference is [23], §5.5, where
everything is self-contained except for the results concerning dynamical systems.

The proof is by induction on the dimension k of the torus acting on M, and at
each inductive step, convexity follows from first obtaining that the level sets
are connected. To do so, one needs to introduce the notion of a Morse—Bott
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function, a generalisation of Morse functions where the critical set may be a
submanifold of any dimension (i.e., not just of dimension 0) with the caveat
that kerd?f = T,Crit(f) for any = € Crit(f) := {# € M : d,.f = 0} (d*f is
the symmetric bilinear form induced in T, M at a critical point z). One then
proves that the functions ®¢ for the moment map of a Hamiltonian torus-action
are Morse—Bott. It follows from dynamical systems theory that the level sets
of these are connected (and hence convex, as they are 1-dimensional), and thus
the case k = 1 of an S'-action is settled.

It is interesting to note that for any & € t, the critical set is given by

Crit(®%) = (1] Fix(¢),

teT:

where T¢ := expy(RE) C T (with Lie algebra t¢ C t), since p € Crit(®%) if
and only if dp<I>5 = 0 and by Lemma 4.33 applied to the restriction of the
T-action to a Tg-action, this is equivalent to ker dejp|r, = t¢, i.e., dejplr, = 0.
By connection of T¢, this condition is equivalent to p being fixed by all elements
of T¢. Furthermore, this subset Crit(®¢) C M turns out to be a symplectic,
embedded submanifold. To see it, we note that there exists an almost complex
structure J on M that is compatible with w and T-invariant, i.e., 1; soJ = Joy
(fixing a Riemannian metric gy on M and averaging it over T, we obtain an
invariant metric g. The image of g under the map F' : Riem(V) — J(V,w) of
Theorem 3.38 is a T-invariant almost complex structure compatible with w.)

Then, one shows that for any subgroup H C T, the fixed point set
Fix(H) = ()] Fix(¢),

teH

is a symplectic submanifold of M. If we let z € Fix(G) and t € H, then
the differential d,¢; : T,M — T, M provides a unitary map of T, M, i.e.,
t — dgy¢ is a unitary G-action on the complex symplectic vector space
(TyM,w,, J;). Now consider the Riemannian exponential map exp,, : T, M —
M; by construction it is equivariant, i.e.

expy (detie(u)) = i(exp,(u)).

Hence, the fixed points of H near x correspond to the fixed points of H on the
tangent space T, M. In other words,

T,Fix(H) = () ker(id — dat)y).
teH

Since the linear maps d, ¢, are unitary transformations of T, M, it follows that
the eigenspace associated to 1 is invariant under J, and therefore a symplectic
subspace.

To see the full argument we again refer to [23], §5.5. O



4.6. Torus-actions

Example 4.46 In Example 4.41 we obtained that (CP",wrg, ®) is a Hamil-
tonian 7'/ H-space with the moment map

12y,
(=P)
2[|2]

d:CP" — b [2] — —

for ¢ € R™! such that Y, ¢; = 1/2. Here, T = T and H = S! is the
diagonal group. Thus, T/H = T", i.e., it is an n-torus action. Clearly, its
image is the convex hull of the image of the points ¢; = [e;] € CP", where
{e;}; C R™*1 is the standard basis. These points are of course the fixed points
of the action. O

4.6.2 Symplectic toric manifolds

The Hamiltonian T"-action on CP" is the paradigmatic example of a symplectic
toric manifold. Before introducing them, we recall that:

Definition 4.47 (Faithful action) A G-action on a manifold M is faithful
if the map ¥ : G — Diff(M) is injective, i.e., if each group element g € G
moves at least one point of M.

Alternatively, this means that NycrsG, = {e} for the stabilizers G, of p € M.
Clearly, given a torus-action on a manifold M of T, we can always assume
that it is faithful simply by taking the quotient of T" over the closed group
H := NpemT), (we need T' to be abelian to ensure that H is a normal subgroup).
Since the action of H is trivial, this induces a 7'/ H-action on M with the same
properties as the original action (i.e., symplectic or Hamiltonian), where of
course 1T’/ H is another torus of possibly smaller dimension than 7.

Definition 4.48 (Symplectic toric manifold) A symplectic toric manifold
is a connected, closed, symplectic manifold (M,w) of dimension 2n together
with a Hamiltonian and faithful T-action of a torus 7' = T" of dimension n.
We will sometimes denote a symplectic toric manifold as (M,w,®,T).

Two symplectic toric manifolds, (M;,w;, ®;,T;), i = 1,2, are equivalent if there
exists an isomorphism A : 77 — T5 and a A-equivariant symplectomorphism
w : M1 —>M2 such that (I)Qow:q)l

Example 4.49 Our other recurring example, the S'-action on S? by rotation
as in Example 4.3, is also a symplectic toric manifold. O

Remark 4.50 Given a symplectic toric manifold (M,w) with moment map
® : M — t, a generic fibre ®~!(11) of the moment is a T-orbit and hence is a
Lagrangian embedded torus. |

The following results use the fact that a faithful torus-action of T' = T* always
has orbits of dimension k. This result can be found for example in [5].
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Corollary 4.51 Let (M,w) be a compact, connected symplectic manifold and
let T = T* be a k-torus acting faithfully and in o Hamiltonian way on M.
Then there must be at least k + 1 fixed points of the T-action.

Proof Consider a point p € M of a k-dimensional orbit; then the moment map
® is a submersion at p, that is, the components dpd)j are linearly independent
and ®(p) is an interior point of the moment polytope ®(M). Thus, ®(M) is
a non-degenerate convex polytope in R¥ which must then have at least k + 1
vertices. U

Corollary 4.52 Let (M?",w,®) be a Hamiltonian T*-space. If the T*-action
is faithful, then k < n.

Proof Consider again some k-dimensional orbit O. Since the moment map
® is constant on O, given p € O the differential d,® : T,M — t* maps T,,0
to 0 and as in Section 4.4, 7,0 C kerd,® = (Tp)%, that is, O is an isotropic
submanifold of M. In particular, by symplectic linear algebra, we must have
k=dim0O <n. O

Thus, symplectic toric manifolds represent the case of a Hamiltonian, faithful,
torus-action of maximal dimension, i.e., half of the dimension of M. Since a
torus-action can be assumed to be faithful, the key of the definition lies within
this dimensionality.

4.6.3 Delzant’s Classification Theorem

It turns out that if on top of a Hamiltonian, faithful, torus-action we have a
symplectic toric manifold, i.e., M is closed and connected and the dimension
of the torus is maximal and equal to the half-dimension of M, then the Con-
vexity Theorem can be significantly strengthened in the following sense. The
moment polytope of a symplectic toric manifold must satisfy strict conditions
and furthermore symplectic toric manifolds are classified up to equivariant
symplectomorphism by their moment polytopes. This is the content of the
Delzant Classification Theorem. We begin by specifying what these conditions
for such a polytope are:

Definition 4.53 (Delzant polytope) A Delzant polytope A C R™ (or also
an n-Delzant polytope) is a polytope! that satisfies:

(1) simplicity: there are n edges meeting at each vertex;

(2) rationality: the edges meeting at the vertex p are rational in the sense
that each edge is of the form p + tu;, t > 0 and u; € Z";

We recall that a polytope is simply the convex hull of a finite number of points in the
affine space R™. We call these generating points vertices if removing one of them changes the
polytope. We call edge any 1-dimensional segment between vertices that lies in the boundary
of the polytope, and face the intersection of the polytope with the affine hyperspace defined
by any n — 1-edges if such intersection is contained in the boundary.
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(3) smoothness: for each vertex p, the corresponding vectors wu; can be chosen
to be a Z-basis of Z".

For example, an isosceles triangle whose equal sides have length 1 and are
parallel to the standard basis of R? is a 2-Delzant polytope, however changing
the length of one of the equal sides (of course such that the slope is still
rational) will only be again Delzant if the change is an increase of length.

Delzant’s Theorem classifies the equivariant-symplectomorphism classes of
symplectic toric manifolds in terms of the combinatorial data encoded in their
Delzant polytopes:

Theorem 4.54 (Delzant, [11]) Symplectic toric manifolds are classified up
to equivariant symplectomorphism by their Delzant polytopes. In particular,
there is a bijective correspondence given by the image of the moment map
between the sets:

symplectic toric mfids. 1-1 Delzant polytopes
up to equiv.-symp. up to translation

(M,w, ®,T) —s ®(M).

Proof For the well-definedness and uniqueness statement, we refer to the
original paper [11]. The surjectivity statement is however easy and constructive
and we present it here, where we are closely following [6].

Given a Delzant polytope A C R™, one can construct a symplectic toric
manifold (Ma,wa,®a,Ta) such that Pa(Ma) = A as follows. We let v; € Z"
be the primitive? outward-pointing normal vectors to the d > n + 1 faces of
A. Then, for some \; € R, i =1,...,d, we can write A = {p € R" : (i, v;) <
A, Vi}. Then, if {e;}¢ is the standard basis of R%, we define the map

7:RY 5 R",
€e; — ;.
By the simplicity, rationality and smoothness of A, 7 restricts to a surjective

map 7|zq : Z% — Z". Thus, we can take the quotient of each affine space over
the integer lattice and 7 induces a well-defined surjective map

r:RYz4=T¢ - R /2" = T"

(we abuse the notation and also call 7 to the induced map between tori). The
kernel of this map is a closed torus i : N < T% of dimension n — d with Lie
algebra i, : n < R%. Our candidate for (Ma,wa,®a,Ta) is going to be the
partial symplectic reduction (Proposition 4.40) of the standard T%-action on

2An integer vector v € Z™ is primitive if it cannot be expressed as v = ku for u € Z" and
k € Z with |k| > 1.
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(C?, wp) with respect to N C T, thus taking Ta := T¢/N. For the construction
to work, we need to fix the constant of the moment map so that it is given by

24|

o:CT Rz (- :

+ Ai)i

We start by noticing that for the dual map i* : R — n*, the moment map of
the restricted N-action is ¢ :=i* o ® : M — n*. Then, the Convexity Theorem
4.45 states that Z := ¢~ 1(0) C C? is connected, but it is actually compact
and thus ¢ proper. One just notices that ®(Z) = 7n*(A) since for a given
y = 7*(x), for some = € (R™)*, we have (using that 7(e;) = v;):

yeimP® < (y,e;) <\, i =1,...,d
<~ <337Ui>§)\i7 i1=1,...,d
— r €A

From this together with the fact that im 7* = ker ¢*, as one sees from the short
exact sequence

0 —— (R")* " (RY)* — n* —— 0.

we see that ®(Z) = im ® Nker* = im ® Nim7* and hence ®(Z) = 7*(A). In
particular, p(Z) = i* o ®(Z) is compact, and since  is continuous, it is proper.

The next thing to check is that N acts freely on Z and this is also easily
seen. The stabilizer of a point z € C? under the T%action will be the sub-
torus generated by the standard basis vectors e; € R? associated to the zero
coordinates z; of z. The worst possible case is the following: we pick a vertex
p € A and let I = {j; i1 be the set of indices i; for the n facets meeting
at p. Given z € Z such that ®(z) = 7*(p), since p is given by the equations
(p,v;) = Ni, © € I, we see that:

(p,vi) = N\i = (17(p),es) = Ni
< <(I)(Z),€i> = )\z
Es

<~ z; =0.

Le., those points z in the preimage of a vertex p are points whose coordinates
in the set I are zero, and whose other coordinates are nonzero. Without loss of
generality, we can assume that I = {1,...,n} so that the stabilizer of z is

T,=T"x {1} x --- x {1} c T

Then the restriction 7| : T, — R™ is bijective, since it maps the independent
set {v;}I"; to the standard basis of R". In particular, N N T, = {1}, and all
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N-stabilizers at points mapping to vertices are trivial. Since this is the worst
case, the N-action restricts to a free action on Z.

The claim now follows from Proposition 4.40 after choosing the following
canonical representation of T/N as a standard torus T™: the short exact
sequence

0 N—‘sT T, 0,
induces a Lie group isomorphism

T:T/N ST [t] = 7(t),

The desired isomorphism is 7! : T" = T/N, since now the image of the
induced moment map (7~1)* o ® : Ma — (T™)* is (with the notation ® of the
moment map induced by ® introduced in Proposition 4.40):

im ()"0 ®) = (7 1)"(im @) = (7 )" (®(2)) = (7 ') o n"(A) = A,

where at the end we use that 7 o7 ! = ids and hence (7~ 1)* o m* = idgn.[]

4.7 Orbifold singularities

In this section, we briefly comment on how to generalise symplectic reduction
to the case when the G-action is not free on a level set but only locally free, that
is, when the stabilizers are discrete. It turns out that the same construction
can be carried out with no modifications, except for the fact that the quotient
space need not be a manifold. The issue at hand are the discrete stabilizers
that will further quotient an otherwise locally euclidean space. This can be
seen when we apply the Quotient Theorem 2.12, where the action must be
free so that a slice chart of the type described can be found, i.e., one where
different slices belong to different orbits. This is no longer the case for a
discrete stabilizer, but instead finitely many slices may belong to the same
orbit for arbitrarily small slice neighbourhoods.

The solution to this problem is the generalisation of the notion of a smooth
manifold due to Satake in [26]: orbifolds. These are singular manifolds where
the singularities are modelled on the quotient of the euclidean space R™ by
some finite group I' acting smoothly.

Definition 4.55 (Orbifold chart) Let M be a Hausdorff, second countable
topological space. An orbifold chart on M is a triple (V,I',¢) where I is a
finite group acting faithfully and smoothly on R™, V' C R™ is a ['-invariant
domain (connected open subset) such that the set of points where the I'-action
is not free has codimension at least two, and ¢ : V' — M is a ['-invariant map
that induces a homeomorphism over its image, V/I' — ¢(V) := U C M. Two
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orbifold charts on M (V;,T;,¢;), i = 1,2, are compatible if whenever Uy C Us
then there exists an injective homomorphism A : I'y — T'y called the gluing
map, and a A-equivariant open embedding v : Vi — Va, such that @1 = @9 0 9.

An orbifold atlas is a family of pairwise-compatible orbifold charts on M whose
images {U} provide a basis of open sets and such that the gluing maps are
unique up to composition with group elements, i.e., given ', : V; — V5 then
' = g1 for a unique g € I's. Two orbifold atlases are equivalent if their union
is also an orbifold atlas.

Thus, our definition of orbifold is:

Definition 4.56 (Orbifold) An m-dimensional orbifold is a Hausdorff, sec-
ond countable topological space M together with an equivalence class of orbifold
atlases on M.

Of course, ordinary manifolds are the particular case of orbifolds where the
groups I' are all trivial. It turns out that for a fixed p € M, one can always
choose an orbifold chart (V,T', ¢) around it such that o ~!(p) is a single point,
or alternatively such that I'y = I" for any ¢ € ©~1(p). Such a chart is called a
structure chart for p. In that case, one can define the tangent space at p € M
as

TpM = T(pfl(p)V/Fg,

where T} := {d,-1)%y : v € T} C GL(T,-1(,)V). In general, most of
the differential calculus and geometry carries over to orbifolds (for example,
Riemannian orbifolds arise from orbifold charts together with a I'-invariant
metric on V). One can even define symplectic toric orbifolds via the same
definition for orbifolds. In fact, they have also been classified in a generalisation
of Delzant’s Theorem due to Lerman and Tolman [20]: a symplectic toric
orbifold is characterised up to equivariant symplectomorphism by its moment
polytope in combination with a positive integer label attached to each face of
the polytope. These polytopes are more general than the Delzant polytopes,
in that only simplicity and rationality are required; the edge vectors need only
form a rational basis of Z".

Orbifolds are relevant in our case due to the following result:

Theorem 4.57 Consider a proper, faithful and locally free G-action on a
smooth manifold M. Then, the quotient space M /G has a natural orbifold
structure.

A proof can be found in e.g. Proposition 1.5.1. in page 17 of [8].

Thus, all our previous results of symplectic reduction can be generalised to the
case of locally free actions and we will obtain symplectic orbifolds as reduced
spaces.
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We will not delve more in this direction but only comment how this observation
leads to a slightly stronger version of the Duistermaat—Heckman Theorem and
its corollaries.
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Chapter 5

The Duistermaat—Heckman Theorem

In this final chapter of the thesis, we prove the Duistermaat—-Heckman Theorem
for torus-actions and on of its main corollaries, the Duistermaat—Heckman

formula about the pushforward of the Liouville measure via the moment map.

We follow the same scheme as in the previous chapter and obtain first the results
for the simpler case of circle actions. Before proving the general statement of
Duistermaat—Heckman, a so-called normal form result for non-abelian groups
is obtained. The main references for this chapter are [7, 12, 14].

Let (M,w,®) be a Hamiltonian G-space. We will assume throughout this
section that M is connected, G is a connected compact Lie group, and that the
moment map P is proper. We know that ® : M — g* is a smooth G-equivariant

map such that p — (®(p),£) is a Hamiltonian function for ¢# € XHam (A7 w).

Furthermore, Proposition 4.18 tells us that ® is uniquely defined up to a
constant cocycle: up to some p € g* such that u € [g, g]°, i.e., u([¢,n]) = 0 for
any &,n € g. If G is abelian, then [g, g]° = g* and hence ® is uniquely defined
up to any constant ¢ € g*. Thus, in the abelian case, any fiber ®~'(x) can be
treated as the zero fiber ®~1(0) just by choosing ® := ® — u. Alternatively,
one can use Theorem 4.37 and notice that for an abelian group G,, = G (since
the coadjoint action is trivial), the construction is equivalent.

The question addressed in this chapter is to find the relation between the
symplectic quotients obtained after applying the symplectic reduction to
different fibers. We will start by studying fibers close to the zero level set, i.e.,
at values p € g* close to 0.

Since the G-action is proper, in order to apply Theorem 4.35 on the fibers, we
only need to check that GG acts freely on each fiber. As we are interested on
fibers close to 0, it is in fact enough to ask that G acts freely only on ®~1(0):

Lemma 5.1 Consider a Hamiltonian, proper G-action on (M,w) with proper
moment map ®. Suppose that G acts freely on ®~1(0). Then, there exists an
open neighbourhood U of 0 in g* such that G acts freely on ®~1(U).
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Proof Suppose that it is not true. Then, there exists a decreasing sequence of
relatively compact open neighbourhoods {U;}; of 0 converging to 0 such that
G does not act freely on ®(U;) for each 7. Thus, there is a sequence {z;}; C M
with ®(x;) € U; and a sequence {g;}; C G \ {e} such that g;x; = x;. Since
is proper and the U; relatively compact, we can assume that x; — x for some
x € M such that ®(x) = 0 by continuity. Thanks to the G-action being proper
we can also assume that g; — ¢ for some g € G. Hence, gr = = in the limit,
and since by hypothesis G acts freely on ®~1(0), we conclude that g = e. For
the same reason, as we argued in the symplectic reduction Theorem 4.35, the
orbit map dej, : g — T M : § — éf is injective. Thus, the differential of the
map
V:GxM—MxM:(g,x)— (z,g9z)

at the point (e, x), given by
dieyV 0 g x ToM — ToM x Ty M : (€,0) = (v,0+ &),

is injective, and hence W is a local diffeomorphism over its image (note that it
is closed since it is proper). This means that ¥(g;, z;) = (24, gizi) = (z;,x;) =
U (e, x;) for points (g;, x;), (e, x;) accumulating at (e, x), and thus it must be
g; = e, contradicting our initial assumption. (|

From now onwards, we consider a convex neighbourhood U of 0 in g* such
that G acts freely on ®~!(U). Theorem 4.37 states that U is composed of
regular values of ®, and, applied to each u € U, it says that the level set

Sy = ot (1)

is an embedded submanifold whose null foliation is given by the G,-orbits,
that the orbit projection

7t Sy — S, = 9,/G,

is a principal G,-bundle, and that S, is a symplectic manifold of dimension
dim M — dim G — dim G, with symplectic structure w, such that

for the inclusion 4, : S;, < M. In the abelian case, the same is true for G, = G,
so that now S), are coisotropic submanifolds foliated by the isotropic G-orbits.

In order to compare the spaces (F,“wu) for different pu € U, we will obtain a
normal form expression from which the Duistermaat—-Heckman Theorem will
follow as an application to the abelian case. On the torus case, after adequately
identifying (via G-equivariant diffeomorphisms) the different (S,,w),) with a

fixed (S,,Wy,), Duistermaat-Heckamn states that the relation between the
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symplectic forms w,, is linear in p, in the sense that in de Rham cohomology
H?%(S,,; R) we have
[©u] = [@po] + {1 = po, )

for a fixed coefficient ¢ € H?(S,,;t). In fact, Duistermaat-Heckman states that
the coefficient is the first characteristic class of the torus-bundle 7y : Sog — So,
which in particular does not depend on the level set i since as we said, the
fibers are G-equivariantly diffeomorphic. In the Appendix section A.2 we
review the main notions about Lie algebra-valued forms and characteristic
classes; particularly, the first characteristic class of a torus-bundle is defined at
the end of the Appendix as an ad hoc, non-standard convention used in this
thesis.

We note that S, is compact since the level set ®~!(x) also is, as a consequence
of ® being proper. We begin by studying the simpler case G = T! = S!, where
the main argument is seen with more clarity.

5.1 Duistermaat—Heckman for the circle

Since G = S' is abelian, we don’t need to work around 0. Nonetheless, since the
moment map is only defined up a constant element of g*, we can always assume
to do so and take as reference the compact, S'-invariant fiber Sy = ®~1(0)
and the principal S'-bundle 7y : So — Sp. By Lemma A.18 we can fix some
Ehresmann connection a on Sy, i.e., a € Q'(Sp; g) such that Lexa =0 and
a(&7) = ¢ for the infinitesimal action vector field £# generated by the basis
element £ =i € g = iR = R (that is, we are identifying the circle Lie algebra
via the differential of the Lie group exponential map t — exp(it)). From here
onwards, for the circle G = S!, we identify g = R in this way and similarly
g* = R via the standard product of R. From « we construct the following
closed 2-form defined on the product manifold X := Sy x R,

0 = pr,iow — d(zprg,a) = igw — d(za),

where prg, : Sop x R — S is the projection (whose pullback we drop henceforth
from the notation unless unclear) and x denotes the coordinate for the R
factor, z : Sy x R — R. We consider the S'-action on X given by the restricted
S'-action on the factor Sp.

Lemma 5.2 The 2-form o is symplectic on a neighbourhood U of Sy in X
and satisfies the equation
Z.g#O' = dx.

Thus, (U, oy, z) is a Hamiltonian S-space with the restricted S*-action on S.

Proof Clearly, o is closed since ijw is. Moreover, there exists a neighborhood
of Sy where o is non-degenerate and hence symplectic. To see it, we note that

O|p=0 = ipw + a AN dz
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satisfies
U]z:()(f#, 896) =1

and since kerigw, is generated by the vector f# at every point p € M, o is
non-degenerate for every point with z = 0. By continuity, there exists an open
neighbourhood U C R of 0 such that (U, o|y) is a symplectic manifold.

A similar computation shows that
ien0 = dgx(igw) —igx o d(za) = 0+ (doigy — Lex ) (va) = doigy (va) = du,

so that x is a Hamiltonian function of X in U. Since z|y is S'-invariant, it
follows that x|y is a moment map for the Hamiltonian S!-action on U, after
identifying g* = g = R via the standard scalar product of R. U

Furthermore, we can choose U = Sy x (—¢,¢) for some £ > 0 using the
fact that Sy is compact since ® is proper. Thus, we have a model (Sy x
(—€,€),0lsyx(=2,6)» Tlsyx (—e,c) and we now want to translate the problem from
the proper, S'-equivariant submersion ® : ®~!(—¢,e) — (—¢,¢) to the one
we have just defined given by x : Sy x (—¢,¢) — (—¢,¢). There are several
ways to do this, and therein lies the heart of the different approaches to the
Duistermaat—Heckman proof. We will present how to do this by using the
equivariant version of Theorem 3.48:

Theorem 5.3 (Equivariant coisotropic embedding) Let (M;,w;), j =
0,1 be two symplectic manifolds of the same dimension and consider Hamilto-
nian proper G-actions on both with moment maps ®; : M; — g*, j = 0,1. Con-
sider further a common compact submanifold S with coisotropic, G-equivariant
embeddings i; : S — M;. Suppose that ijwy = ijwi and $g o iy = Py o iy.
Then, there exist G-invariant open neighborhoods U; of i;(S) in M;, and a
G-equivariant symplectomorphism 1 : Uy — Uy such that i1 = ¥ o iy and
Doy = Dg.

Proof The coisotropic embedding Theorem 3.48 in combination with the
comments of that section on how to obtain a G-equivariant formulation gives
us the result except for the claim about the moment maps ®;. To see that
®;1 01y = D, we just notice that since ¢ is a G-equivariant symplectomorphism,
&)0 := @ 01 is another moment map for the Hamiltonian G-action on Uj.
Furthermore, by hypothesis ®¢ o 19 = ®; 041, so that

(1)0010:(1)10¢Oi0:q)10i1:(I)00i0.

Since by Proposition 4.18 the moment map of a Hamiltonian action is unique
up to a locally constant cocycle, and since we can assume that all connected
components of Uy intersect ig(Sp), it follows that ®; o ) = &g = Py, O

With this result it is now easy to translate the problem from ® : ®~!(—¢,¢) —
(—€,e) tow: 8y x (—¢,¢) = (—¢,¢) (we abbreviate 0| := 0[g,x(—z,e)):
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Proposition 5.4 There exists a G-equivariant symplectomorphism 1 between
an open neighborhood of Sy in (M,w) and an open neighborhood (Sox (—¢,¢), o)
of So x {0} restricting to the zero section inclusion map ¥|s, = jo : So —
So X (—¢&,e) : p— (p,0) and such that x o = P.

Proof We consider the two inclusions ig : So < M and jo : So < Sp X (—¢,¢)
and note that ijw = jjo (since prg, o jo = ids,), and furthermore that
®|s, =0 = x|gyx0}- Since Sp is a compact, coisotropic submanifold of both
symplectic spaces, the Proposition follows from Theorem 5.3. O

The symplectomorphism 9 is thus a G-equivariant local trivialization for the
fiber-bundle ® : ®~1(—¢,&) — (—¢,¢). We note that it is at this is point where
we must ask for a proper moment map, in order to ensure the compactness
of Sp. This reminisces for example of the Ehresmann Theorem, i.e., that a
proper submersion between connected manifolds is a fiber-bundle, where again
properness plays a key role.

This proposition allows to study, instead of (S; = ®~1(¢)/S',&;), the reduced
spaces of (Sp x (—¢,¢),0|) with 0 = ifw — d(za), given by z71(t)/S! =
So/St x {t}, diffeomorphic to Sy for every ¢. In fact, all reduced spaces Sy,, St,
at values tg,t; that can be connected through values t of ® such that S' acts
freely on the level set ®~!(¢) are diffeomorphic by a concatenation of such
locally trivializing symplectomorphisms . This works also for a T*-action
and we will now make concrete this general case.

First however we define, for convenience:

Definition 5.5 (Free value of the moment map) Given a Hamiltonian
G-space (M,w,®), we say that u € g* is a free value of ® if G acts freely on
the level set ®~1().

Suppose ® : M — t* is a fiber-bundle (i.e., we restrict M to the corresponding
component of free values). We fix a trivialization around S, ¢ : @~1(V) —
Sue XV, choosing V' C t* convex, and such that 111|5M0 = idg,,, , for the fiber
Spy =@ (po). For each p € V, we obtain a diffeomorphism

—1
O 2 Spe = Sura = (g ).
Given a chain of connected open sets V; and trivializations ; around V;,
i = 1,...,n, connecting pug € V; with u, € V, via points y; € V; N Vi,
i1=1,...,n— 1, we have the concatenation of diffeomorphisms

Hne1 o ... o HHo -
purtoop Sy — Sy,

The key observation is that, even though the choice of symplectomorphisms ;
at each step of the concatenation of compositions is not uniquely defined, all

choices lead to the same map in cohomology for a given chain of trivializations.
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This is due to the fact that each local trivialization 1 : ®~1(V) — S, x V is
chosen over a convex set V' C t*, in particular contractible. Thus, given some
other ¢/ : @~ 1(V) 2 S,  x V, then ¢/ op™ : Sy X V= Sy X V1 (p, 1) —
(fu(p), i) is homotopic to the identity via Hy(p, 1) := (f(1—¢)ug4u(P), ). Fixing
a prescribed chain of local trivializations to follow for each point in this
connected component, we can compare all fibers of the component.

Proposition 5.6 Lett € R be in the same component of free values of ® as
the free value 0. Then, the reduced space My = (S¢,wy) is symplectomorphic to

(So,wp — tC),

where C is the curvature form of an Ehresmann connection on the S'-bundle
mo : So — So and thus a representative of its first characteristic class.

Proof Working directly on (Sp x (—¢,¢),0]), we see that o restricts via the
inclusion j; : Sp < Sp X (—¢,¢) at t to the form

Jio = ji (ljpw — d(za)) = igw — tda.

In virtue of Theorem A.32, we have ) = 7;C for the curvature 2 of o and,
by Definition A.33, C' is a representative of the first characteristic class of
the S'-bundle (note that the G-action on Sy x {t} is just the G-action on Sy,
and we are abusing the notation by not distinguishing these two spaces, for
example denoting also my the orbit quotient of Sy x {t}). Since the group
is abelian, Q = da + 3[o,a] = da (alternatively, using Theorem A.20 we
see that Q = (da)" = da, since da is already horizontal, for 0 = Lepa =
igpda + digga = iggda). Thus, jfo = nf(wo — tC), and in virtue of Theorem
4.35, we see that wy—tC is the reduced form on the reduction of (Syx (—¢,¢), o)
at t. We conclude using the equivariant symplectomorphism 1 of the previous
proposition to obtain an induced symplectomorphism between this space and
the reduced space M;. O

Theorem 5.7 (Duistermaat—Heckman for S') Consider a Hamiltonian
St-action over a symplectic manifold (M,w) such that the moment map ® :
M — g* 2 R is proper. Then, given t,t' € R in the same component of free
values of ®, we have

[wy] = [@e] = (' —t)e,

where ¢ € H?(My;R) is the first characteristic class of the S'-bundle 7 : Sy —
Sy, and we are using the canonical identification described above between the
different level sets Sy .

Proof The statement follows from the previous proposition in combination
with the invariance of the cohomology class of the first characteristic class,
noting that a G-equivariant diffeomorphism between principal G-bundles pre-
serves characteristic classes, since its pullback sends Ehresmann connections
to Ehresmann connections. O
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Remark 5.8 If we use the more general version of symplectic reduction
that we briefly discussed in Section 4.7 and accept locally free actions, and
thus orbifolds as reduced spaces, then the same proof provides a version of
Duistermaat—Heckman where we obtain the same conclusion for values t,t € R
in the same component of reqular values of ®, and not just of free values of
. O

Example 5.9 In Example 4.4 we showed that C"*! with the standard sym-
plectic form wy becomes a Hamiltonian S'-space under the diagonal S'-action
with Hamiltonian proper moment map

1
H =~ |lsI%,
and that for any regular value A < 0 the reduction at A is symplectomorphic to
(C™H), = (CP", —2)\wrs).

Clearly, any two A, \’ < 0 are in the same free value region. Furthermore, the
diffeomorphic identifications between fiber can be all taken to be the adequate
scaling to the fiber at A = —%, that is, the S'-equivariant diffeomorphisms

W H ) = (s H*l(—%) — S s /2.

Under this identifications, the Duistermaat—Heckman Theorem states that
—2XN[wrs] = —2A\wrs] — (N = Ne,

for the first characteristic class ¢ € H?(S?*"*1; R) of the S!-bundle pr, : $**1 —
CP". We conclude that

1
[wrs] = 50.

This can be checked directly as follows. We consider the Ehresmann connection
a € QY(S?"FLR) such that a, for 2 € S?*! is given by the (-, -)-orthogonal
component parallel to iz (here (-, -) is the standard hermitian inner product in
crtl):
a,(v) = (iz,v),
that is,
a = (iz,dz) = Z —iz;dz;j.
J

Since (-, -) is U(n+1)-invariant, this form is S'-invariant and satisfies /(%) = 1
for the infinitesimal generator é# of the S'-action, normalised to have period
27, i.e., £#(z) = iz. Thus, the curvature of the connection is

do = (idz,dz) = ZZ dzj N dz; = 2wp|sen+1.
J

This identity of basic forms translates into 2wprg being a representative of the
first characteristic class of pry : S?"+! — CP". 0
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5.2 General case

Let (M,w, ®) be a Hamiltonian G-space for a compact Lie group G and proper
map ®. The approach will be the same as in the previous section: we will find
a simpler model and use Theorem 5.3 to translate the problem from M to this
model. This produces a normal form that allows one to localize around the zero
level set of the moment map and obtain a standard expression for the reduced
spaces at values close to zero in terms of coadjoint orbits and the zero level
set. From the normal form result, Theorem 5.12, the Duistermaat—Heckman
Theorem 5.15 then follows as a particularization to the abelian case, i.e., where
G = T* is a torus.

5.2.1 Normal form

As we saw in Lemma 5.1, if G acts freely on the zero level set, then so it does
on level sets of nearby values u € U C g* for an open neighbourhood V of 0.
For each p € V we have a reduced space M, = (?M,wu) given by the orbit
quotient

Tu: S, =® (u) = S, :=5,/G,

with the unique symplectic structure w, such that

for the inclusion ¢, : S, — M.

Consider Sy = ®~1(0) and the principal G-bundle 7 : Sy — Sp; by Lemma
A.18 there exists an Ehresmann connection o € Q!(Sp; g). That is, a satisfies
g*a=Adyoa (i.e., it is G-equivariant) and (&%) = ¢ for every vector £ € g.
Our model space is the product X := Sy x g* with the diagonal action given
by the G-action on M and the coadjoint action on g*. Let prg ,prg- be the
projections from X = Sy x g* to the first and second factors. The symplectic
structure will be given by the adequate restriction of the 2-form o € Q%(X;R),

o = prg, (igw) — d(prg«, pry,a).
We will omit in the notation the pullback prg and write o = jjw — d(prg* , Q).

Lemma 5.10 The 2-form o is symplectic on a neighbourhood U of Sy x {0}
in X and satisfies the equation

ig#0 = d(prgs, §),
forall & € g. Thus, (U,o|y,pry) is a Hamiltonian G-space.
g

Proof Clearly, o is closed since w is and thus also igw. To find a neighborhood
where o is also non-degenerate, we note that on points of Sy x {0} we have

Isyx g0y = fow — (dprgs, ).
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On the one hand, ker prg igw = TG+ px g* with T),G-p the tangent space to the
orbit at p € Sp. On the other hand, ker(dprg., @) = ker @ x {0} is a horizontal
distribution complementary to 7,G'-p x g*. Thus, o is non-degenerate on these
points and we can choose a neighborhood U of Sy x {0} where o is symplectic.

We then compute
Ggn0 = gpigw — ig# 0 d(Prye, a) = 0+ d 0dgs (prys, ) = d(prg«, &),

where we have used that kerigw = TG - p and the fact that £e4 (prg., ) =0
since g*(prg«,a) = (Adg-1prg«,g*a) = (prg«,a). Since pry. is obviously G-
equivariant, (U, 0|y, pry-) is a Hamiltonian G-space. a

As before, we can choose U = Sy x V for some open set 0 € V C g* because
So is compact using that ® is proper.

Proposition 5.11 There exists a G-equivariant symplectomorphism 1) be-
tween an open neighborhood of Sy in (M,w) and an open neighborhood (Sp x
V,ol) of Sy x{0} for some open V' C g*, restricting to the zero section inclusion
map P|s, = jo : So < So x {0} and such that prg. op = ®.

Proof We consider the two inclusions ¢y : Sy < M and jy : Sy < Sg x V
and note that igw = jjo (since prg, o jo = ids,), and furthermore that
®|s, =0 = pry«|g,x{0}- The result follows from Theorem 5.3. O

Theorem 5.12 (Normal form) Consider a compact Lie group G and a
Hamiltonian G-space (M,w,®) with proper moment map ®. Suppose that
G acts freely on the zero level set ®~1(0). Then, there exists an open neigh-
borhood V' C g* of 0 such that G acts freely on ®~(p) for each p € V and the
reduced space ?M 1s diffeomorphic to

S, = (S0 x G- (—)) /G,

the orbit space associated to the G-space Sy X G - (—p) with the diagonal G-
action. In particular, the reduced spaces fiber over So with fiber coadjoint orbits
G- (—p). Ifwelet V:G-(—p) = g* be the inclusion, then the pullback of the
2-form w, € Q?(S,;R) to Sy x G - (—p) is given by

igw + d(V, ).

Remark 5.13 The minus sign G - (—u) will appear naturally as the moment
map of the right G-action on T*G is ®p = —prg.. Of course, the theorem is
equivalent to having
Su=(SoxG-u)/aG,
together with
ipw — (¥, o). O
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Proof In virtue of the previous proposition, we work directly with the Hamil-
tonian G-space (Sp x V, 0|, pry.), for o = ijw — d(pry-, a).

In order to simplify the quotient over G, needed to obtain each reduced space,
we identify Sy x g* with the quotient space (Sp x T*G)/G of Sy x T*G under
the diagonal G-action with the right action on the T*G factor. Again, left-
trivialization permits to identify T*G = G x g*, and we will work directly with
(So x G x g%)/G = Sy x g*. To see that this is a diffeomorphism, we denote

P:Soxg" =S xGxg':(pv) e (per).
so that composing with the projection
Ta:So X Gxgt— (SoxGxg")/G

(where /G will always represent henceforth the quotient over this diagonal
action) we have a diffeomorphism

p:=mgo@:Syxg"— (SoxGxg")/G:(p,v)—[(pev).

It is injective since given (p,v), (p', V') € Sy X g* such that there exists g € G
with (gp,g_l,Ad;_ly) = g(p,e,v) = (p/,e, V) then clearly g = e and (p,v) =
(p',V'). To prove surjectiveness we observe that ¢ satisfies

6(9(297 V)) = &(gpa Ad;,ﬂ/) = (gp767Ad;*1V) = g(p,g,l/)'

In particular, ¢ then satisfies

e(g(p,v)) = »(gp, Ad;-1v) = [(p, g, V)],

and thus is surjective. The inverse map

0 1 (Sox G xg*)/G = Soxg*:(p,g,v)]— g(p,v) = (gp, Adz,u/)

is also smooth (as it is checked pre-composing with 7g) and thus ¢ is a
diffeomorphism. The above identity also says that ¢ is G-equivariant for the
G-action on (Sy X G x g*)/G induced by the left action on the G x g* factor
of S x G x g*. Thus, we can work on Sy x G x g* and consider these two
commuting G-actions:

e on the one hand, the left action on the G x g* factor of Sy x G x g*;

e on the other hand, the diagonal action on Sy x G x g* induced from the
G-action on Sy and the right action on G x g*.

If we take the quotient over the second action, we obtain the identification
So x g* = (So x G x g*)/G via p, and this sends the original diagonal action on
So x g* to the first action, i.e., the left action on the G x g* factor. It should
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be noted that there is no symplectic structure on Sy x G x g*. However, we
do have the closed 2-form (p~! o 7g)*o.

The strategy now is to use the fact that the two G-actions on Sy x G x g*
commute and to take the quotients in the opposite order. That is, the symplectic
quotient of (Sp x V, o, pry.) at p is prgil(,u)/Gu = So/Gp x{u}, with Sy x V' C
So x g" = (Sp x G x g*)/G. The moment map pry. translates via ¢ into the
map ® := prg- © 0 1:(Syx G xg*)/G — g*, and we have

P omg(p,g,v) = 2([(p,g.v)]) = Adj-1v = @p 0 Pryg- (P, 9, V)

for the moment map ®,(p,v) = Ad,-.v of the left action on G x g* with its
cotangent symplectic structure, so that (® o 7)1 (u) = Wal(go(pr;*l (n)) =
Sp X @Zl(u). The final step comes from the fact that since ¢ translates the
action on Sy X g* to the left action on the factor G x g* within (Sp x G x g*)/G,
taking in Sy x G x g* first the quotient of Sy x <I>Zl(,u) over G, induces, by
Theorem 4.43, a diffeomorphism idg, x ® g, : So x (@7 (1)/Gp) = Sox G- (—p),
where @, : ®;(1)/Gy — G - (—p) is the map induced by the moment map
of the right action on G x g*, ®r(p,v) = —v. In particular, idg, x ®g| :
So x @71 () — So x G - (—p) describes the symplectic reduction quotient
So x (®,'(1)/G,). We obtain a commuting diagram:

idSOXq)R‘

So x G x g* . So x ®7 (1) So X G(—p)

J/TFG |mel Fc

(Sox G x §)/G — (S0 x 7} (1)/G — (S0 x G(—))/G.

Thus, the reduced spaces satisfy S, = (S x G(—pu))/G and tracing back the
maps, the diffeomorphism is given by [(p, V)] — [(p, —v)] where of course v can
be taken to be p. The only thing left to check is that the induced form &, on
(So x G(—p))/G such that 7,5, = ¢717*0|(ng¢21(ﬂ))/G pulls back via 7 to
the form in Sy x G(—u) with the claimed formula. To do so, we define the
map A := ¢! o g that, using the previous formulas, is given by

A:SoxGxgt—Syxg':(pg,v)— glpv).

The reduced symplectic form induced in (So x G(—p))/G pulls back via 7, to
the restriction of ¢ ~1*o, which in turn pulls back via 7| to the restriction
of A*o. Thus, to conclude we only need to check that A*o restricted to
Sp X @Zl(,u,) coincides with the pullback via idg, x ®r| of the proposed form
(by the commutativity of the diagram and the fact that (idg, x ®r|)* is injective,
then both forms would be equal). We first note that

(idsy x ®r[)"(igw + d(¥, @) = igw — d{prys, ).
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Then, we compute the restriction A*o noting that A(p, g,v) = (gp, u) for any
(p,g,v) € So x ®;*(1). On the one hand, we have A*(ifw) = g*(ifw) = ifw
since the action is symplectic. On the other hand, for (p,g,v) € Sy x @Zl(u),
we see that

(g% )p)

Nty @) gy = (1
= (1, Adg 0 o)
=
=

Adyp, 0ay)

v, ap).
Thus we finally get

Aolg ot = tow — d{prg- @) = (ids, x Pg|)*(ipw + d(¥, ). [

5.2.2 The Duistermaat—Heckman Theorem

Consider now the case of a torus-action, i.e., where G := T = T* := R*/ZF,
Let us denote its Lie algebra t = R*, identified naturally via its exponential
map, and its dual t* = t again naturally via the standard scalar product on R¥.
Since the group is abelian, the coadjoint action is trivial and the discussion
of the previous subsection can be applied around any ug € t* as discussed in
the introduction of the chapter. With this in mind and for a proper moment
map ® : M — t*, the normal form Theorem 5.12 states that, if T" acts freely
on the level set ®~! (1), then there exists an open neighborhood V' C t* of yq
such that T acts freely on ®~!(u) for each p € V and the reduced space ?H is
diffeomorphic to

Sy = (Spo X {p})/T = Syy x {n}-
As in the previous section, by chaining the above diffeomorphisms we obtain
diffeomorphisms between any fixed fiber, say S,,, and all fibers within the
same component of free values. The computation of the reduced form shows,
since now W : T'- p — t* is constant, that the restriction of o to Sy, x {u} is
given by
Ju0 = Jue® = {1 = po, dev).

Remark 5.14 In reality, to obtain this conclusion under a torus action, Propo-
sition 5.11 is enough, since the normal form follows immediately after noting
that the coadjoint action is trivial, since then T}, = T for any u € t*. O

To finish, we argue as in Proposition 5.6: Theorem A.32 states that the
curvature of av is {2 = 7, C' and, by Definition A.33, C'is a representative of
the first characteristic class of the torus-bundle 7, : S,y — Sy,. Since the
group is abelian, ) = da and the above equation becomes

Jp0 = Jpe0 — (= po, dor) = 7 (e — (10— po, C)).
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Since the first characteristic class of a torus bundle is preserved by an equiv-
ariant diffeomorphism, we have proven:

Theorem 5.15 (Duistermaat—Heckman Theorem, [12]) Consider a Ha-
miltonian T-space (M,w, ®) for T = T* such that the moment map ® : M — t*
is proper. Then, given p, ' € g* within the same connected component of free
values of ®, we have

(&) = [©po] + (1 = p0, ),
where ¢ € H?(uo; R) is the first characteristic class of the torus-bundle S, —
Suo. and we are using the prescribed identification between fibers of ®.

Remark 5.16 We make the same remark as in the previous section about
locally free actions and orbifolds as reduced spaces. We can strengthen the
Duistermaat—Heckman Theorem and obtain the same conclusion for values
i, 1/ € R in the same component of reqular values of ®, and not just of
free values of ®, relating the induced symplectic structures on the quotient
orbifolds. O

5.3 The pushforward of the Liouville Measure

Definition 3.8 of the Liouville form of a symplectic vector space naturally
carries over to manifolds:

Definition 5.17 (Liouville form) Given a symplectic manifold (M, w), the
Liouville form is defined as

n!

Clearly, it is a volume form, sometimes called the symplectic volume form. In
this way, if M is compact we can define the symplectic volume of (M,w) as

1
vol,(M) = —w".
M e

Analogously, one defines the Liouville measure m,, as the measure induced by
the Liouville form on the Borel sets of M, that is:

1
my,(U) ::/ ﬁw”,
U .

for any Borel set U C M, so that for an integrable function f € L£'(M) we

define )
/ fdmy, = / f—lwn.
M M n.

Here of course we choose the orientation of M induced by w™ and the integral
of M compatible with this orientation, so that | v fdmy > 0 for any positive
function.

103



5.

THE DUISTERMAAT-HECKMAN THEOREM

104

Definition 5.18 (Duistermaat—Heckman measure) Given a Hamiltonian
T-space (M,w,®) for a torus T' = T*, the Duistermaat-Heckman measure, p,
is the pushforward of m,, by ® : M — g*. That is, given a Borel set V C t*,

we have
1

o(V) = B (V) = moy(@-1(V)) = A oy

For an integrable function f € £!(t*), we then have

Regarding t* = R* as an affine space, we also have the Lebesgue measure
on t*, which we denote du. It turns out that under the conditions for the
Duistermaat—Heckman Theorem, i.e., the moment map ® is proper and the
T-action is free, the relation between du and p is very simple. Before stating
what it is, we recall that a measurable function A : t* — R is called (when it
exists) the Radon—Nikodym derivative of p with respect to du, denoted as

dp
A=FL
du’

if for any integrable f € L£(t*) we have
[ o= [ tain.
¢ ¢

Proposition 5.19 Consider a Hamiltonian T-space (M,w,®) with T = TF
a torus and a proper moment map ®, and suppose given u € g* within the
same connected component of free values of ® as 0. Then, the Radon—Nikodym
deriwative of the Duistermaat—Heckman measure with respect to the Lebesque
measure, X : t* — R, is given by (2m)* times the symplectic volume of the
reduced space at ju:

Ap) = (27T)kvol@ (S,).

Proof By the discussion of the previous section, it is enough to argue locally
around the 0 level set Sy = ®~1(0). In virtue of Proposition 5.11, we have a
symplectomorphism 1 : U — Sy x V from an open neighbourhood U C M
of Sy to the model space Sy x V for an open set V' C t*, the latter with the
symplectic form

o = isw — (dpre, a) — (pry, da).

Here we are using the notation

k
(dpre,a) = dpg Ao,
/=1
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where {y,}% are coordinates in terms of the standard dual basis {¢}}¥ of t*,
dual to the standard basis {&}F of t 2 R*. We normalise these vectors so
that each infinitesimal T-action vector field (&) has period 27. In particular,
{o/}]g are the components of « in the basis {&}F, i.e., a =3, alé,. Thus, we
can also write

k
(pre«, da) = Zugdo/.
(=1

We consider some function f € C*°(t*,R) with compact support in V' and
compute

[ tio=[ roaZi—[roaZi— [ yiresd
e M mn. U n. SoXV n.
:/ foprt*i')
SoxV n:

using that ® op~! = prg- and that Y~ 1*w = 0. Now we expand the power of
o as follows, noting that 2-forms commute:

1, .
H — H('Low — <dp1"t*,04> — <prf*7da>)
1 n e n! . dah )= p ’
B n!;;(_ ) m(@ow— (pres, da))" " A ({dpre, a))’.

However, we notice that at any point (p, 1) € Sy x V' we can always take a basis
of T,y S0 X V =1T,Sp x t* given by the vectors {(0,6)5_, U {((@)ﬁ, 0)}x_,
completed with some other 2(n — k) vectors of the type (v,0) € 7,59 x t*. But
the factors (dpr, ) are the only ones that can be non zero when evaluated on
the vectors {(0,&;)}_,. Furthermore, each factor (dpr.,a) can take at most
one such vector and be non zero, so that in the above sum all terms with ¢ < k
vanish. Reciprocally, all terms with £ > k also vanish because then we are
bound to repeat some term du, when taking the ¢-th exterior power. Thus we
have, at a point (p,u) € Sp x V:

o OO e dag)) ™ A (dpree, o))"
n,,y Kkln—Fk)! P P
(=DF ik s ¢ '
= m(]pﬁ)p A Z dpe Nag, |y
=1

where we have noticed that igw — (u,dap) = jo. The last factor can be
written as

b k
<Z dpg N o/) = KI(=1)P*D2q0 A Adp At A AR,
(=1
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since again only the summand with exactly k distinct factors du, does not
identically vanish. The sign comes from reordering the factors. We can notice
that dp1 A- - -Adpy, is the standard volume form of t* 22 R¥ and thus corresponds
to the Lebesgue measure dy on g*. Since we defined (£,)7 to have period 2,
this corresponds with the measure provided by the standard Riemannian metric
on T*, in which vol(T¥) = (27)*. Similarly we abbreviate @:= a! A --- A oF.
This k-form at p on Sy will compute the determinant with respect to the
vectors { (&) }¥_, C TpSo, and is in particular a volume form of the orbits of
Sp satisfying:
B((&)F - (@)f) =1

Combining everything, we get

sk _\n—k

_ (Jpo)
fdp = (-1 k(k 1)/2/ fopre—t——— Aandu
L J =0 A ]

n—=k

= e [ [ Y,

in virtue of Fubini’s Theorem. We conclude that the Radon—Nikodym derivative
of p with respect to du is given by, up to sign,

i* o n—k
= [

To finish, we will express this integral in terms of the symplectic volume of the
reduced space at p. To do so, we choose local trivializations o; : W; — T x W;
of the principal bundle 7y : Sy — So, where W; := W;/T provide an open
covering of Sy, and we choose a partition of unity {6;}; of Sy subordinate to
{W;};. We have

n—k

) _
Ap) —Z/ Hiom)gn—k)!/\a

W.

1 (G H
= O;0m o, [ A Aa .
Zi: /T><W¢ Wi ( (n o k)!

On one hand we have jj0 = 70, and o gpi_l = Ty, so that

k —n—k

—1% . —k -1, — \n—
“(po)F = o M (mgm)E = w a,

®i
where 7, is the reduced form at p. On the other hand we have that the
trivializations ¢; send the infinitesimal vectors £# to the right invariant vectors
R e x(T) (ie., ff = 14+&), as can be checked using the fact that ¢; is T-
equivariant and that Lpi_l](;x{[p]} is the orbit map at the point p = cpl-_l(e, [p])-
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Thus, go;l’*a is a k-form on T x W;, invariant under the T-action, and such
that

oy alek, . et =1

Since we are in a torus, this means that go{l’*a = mpdvolr, i.e., is the pullback
via mp : T'x W; — T of the standard volume form dvolr of T. Again by virtue
of Fubini’s Theorem we finally obtain:

En—k
)\(:LL) = Z/W Hl (e] Wwbm /TdVOIT

Enfk
= (27T)k / 291 o Fwim

The last identity follows from the fact that (S,,w),) is symplectomorphic to
(SO’E#)‘ ]

As an immediate application we get:

Theorem 5.20 (Duistermaat—Heckman, [12]) Consider a Hamiltonian
T-space (M,w,®) with T = T* a torus and a proper moment map ®. Then,
the Duistermaat—Heckman measure is a piecewise polynomial of at most degree
n — k multiple of the Lebesque measure on t* = R*. Specifically, its Radon—
Nikodym derivative with respect to the Lebesque measure is given by a fized

polynomial of at most degree n — k in every connected region of reqular values
of ®.

The Radon—Nikodym derivative A : t* — R is called the Duistermaat—Heckman
polynomial, and the theorem is generally referred to as the Duistermaat—
Heckman formula.

Proof Following the previous computation, we note that

VOle (gli) = VOIE# (gllo )

-/ K/
Shy (n—k)!

= o [ @ = . C

Sug

where pp is a fixed regular value that is chosen for each component. Since
the integral only depends on the de Rham cohomology class of a form, the
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integration of products of the representative C' of the first characteristic class
do not depend on p nor on the diffeomorphisms chosen in the previous section,
and we thus obtain a polynomial on p of degree at most n — k. O

If M has dimension 2n and the torus has half-dimension k& = n, in particular
in the case of a symplectic toric manifold, we obtain that the polynomials of
each region have degree 0, that is, the Radon—Nikodym derivative X is constant
on such regions. We get:

Corollary 5.21 The Duistermaat—Heckman polynomial of a symplectic toric
manifold is constant and equal to (2m)", that is, its Duistermaat—Heckman
measure is (2m)" times the Lebesgue measure. In particular, its symplectic
volume 1is

voly, (M) = (2m)"vol(Axy)
where Ay is its Delzant polytope.

Proof The reduced space at a free value consists of 1 point, and thus it
has symplectic volume 1, so that A(x) = (27)*. We note that by Delzant’s
Theorem, the interior of the moment polytope of a symplectic toric manifold
is dense in its image and thus the region of free values of ® is dense. O

Example 5.22 (Volume of S2) A result known already to Archimedes is
the fact that the area bounded by two parallels of a 2-sphere depends only on
the height Ah between the two parallels, measured orthogonally. In fact, this
area is simply 2wAh. This is precisely the above corollary applied to the case
of the Hamiltonian S'-action on S? (i.e., Example 4.3). Since the moment map
H = x3 is the height function, denoting dh the Lebesgue measure on R, we
see that
p = 2ndh.

For any —1 < hg < hy < 1, with Ah = hy — hg, we have

Area({z € S hy < 23 < hy}) = / w = p(fho, ha]) = 27Ah. O
Hfl(ho,hl)

Example 5.23 (Volume of CP™) In Example 4.46 we saw that (CP",wrg, ®)
is a Hamiltonian 7'/ H-space with moment map

(2%
O:CP" = h: 2 — —c,
2[||?

for c € R™! such that Y, ¢; = 1/2 and h° =kerk, k: R"™ 5 R:a— Y, 2;.
We recall that 7' = T"*! and H = S' is the diagonal subgroup. In order to
apply the previous corollary, we first obtain the Delzant polytope of CP" in
t* =2 R"™, identified in the way described in this section. To do so, we compose
® with the linear projection p : R"*!1 — R" : (xg,...,2,) = (21,...,2,). If
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we consider the basis {e;}", dual to the standard basis {e;}7, of t = R"L,
the last n elements {e}}"_; are a basis of h dual to the basis {e;}™_; of the Lie
subalgebra g = {0} x R™ C R"*! of the subgroup G = {1} x T" C T"*!. This
subgroup G = T™ is such that 7|¢ : G — T'/H is a Lie group isomorphism and
we choose this description of 7'/H as T"™. Since the dual of the inclusion g < t
is precisely p, we see that p o ® is the desired moment map and its image is

1
Acer =impo® =~ A, — p(c)

where A,, denotes the standard n-simplex in R™ generated by 0 and the
standard basis, i.e.

n
A, = {:EER":Z:Q <1,z; > 0}.
i=1

Since volgn (A,,) = 1/n!, we get

1
VO]WFS (CP”) e (QW)nVOan (lmp O @) e (2W)n27VOlR7L (An) — F |:|
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Appendix

A.1 Fubini-Study structure on the complex projective
space

The complex projective space CP" for a positive integer n > 0 is defined as
the quotient of C"*1\ {0} via the equivalence relation given by

(205 -y 2n) ~ (20 -y 20) <= INEC" : (20,...,2n) = AN20, -+, 20).

r n
We define its topology as the quotient topology given by the projection
pr:C"M\ {0} = CP": 2 = (20,...,20) > [2] := [20 : - : 2]

It has the structure of a complex manifold of complex dimension n with the
complex charts given by the domains

U; 2:{[2’]6((:]?”22’1'750}, 1=0,1,...,n,

and the coordinates

20 21 Z z
wi:Ui—>(cn:[Z]H(*,*,...,i,...,—n),

zi % 2 Z
Y Ct = Ui s (wiy e ywp) b [wy s s Leees sy,

where the hat means that the i-th term is not present. The change of coordinate
maps v o 1; ' defined on W; = ¢;(U; N U;) = {(w1,...,wy) € C" : w; # 0}
are homolomorphic (for e.g. i < j),

wy 1 w;j W,

w]ozbz_le—)WZ(wl,,wn)i—)(—,,—,, ’77)

The canonical complex structure J on CP" coincides with multiplication by
the complex unit ¢ = 4/—1 in any of the coordinates ;. Furthermore, if we
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consider in C"*1\ {0} its standard complex structure, then the projection pr
is holomorphic.

This coordinates can also be used to see that pr : C**1\ {0} — CP" is a
C*-bundle, via the holomorphic local trivializations

pr Y (U;) = C* x Ui : (20, .., 20) — (2, [2]).

We now define the Fubini-Study form wpg on CP™. Define in C"*1\ {0} the
form

w1 = 5001(2), () =log(|:P).

We compute

9
(—-18(z-z)/\(z-dz)+—1(dz/\dz)>

|2[* |22

(|2(dz A dZ) — (2 dz) A (2 - dZ))

o
20

i _ _
= W Z (|z¢|2dzj NdzZj — zjzZidz; N dEj) .
,J

Either looking at this coordinate expression or since f(z) is a C*-homogeneous
function (i.e., f(Az) = Af(z) for A € C*¥), it is clear that w; is constant on the
fibers of pr : C"*1\ {0} — CP". Furthermore, at a fixed z € C"*1\ {0} we
have
0*f 1 2
- - Sii — 2.7 .
Qij 822‘823' (Z) |Z|4 (‘Z| 7] Z]’Zl)

Hence, A = (a;j)i; is Hermitian and gives a sesquilinear 2-form
1
@MHA@M:%%WM:MA@M—m@@M,

for the unit vector Z = z/|z| and the standard hermitian inner product (-,-) in
C"*!. Denoting the projection (-, -)-orthogonal to 2 of u € C**! by u , we get

1

A(u,v) = W(ub V).
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Thus, ker A is given by the C-span of z, precisely the kernel of the differential
at z of the projection pr : C*™1\ {0} — CP". All in all, w; descends to a
non-degenerate 2-form in CP". We define this form to be the Fubini-Study
form, i.e., the unique form such that

priw; = wrgs.

The Fubini-Study form is a Kéhler form on CP", since it is a symplectic, real
form and the complex structure is compatible. It is also U(n + 1)-invariant,
since f is.

Alternatively, it can also be defined using the local Kéhler potentials given by
w;l’*hi(w) = log(Jw|?+1) in each U;. Clearly, £00h; all provide the same form,
as can also be checked using that 00(log(z;) + log(z;)) = 0 for a local complex
logarithm. In ¢; coordinates we get an expression for wpg at w = ¥;(p):

(1 + \w[Q) Z dw; N\ dw; — Z wjﬁidwi A d@j

]
2(1 + [w]?)? -

We note that pr: C"™1\ {0} — CP" can be factored through S?**1:
cntl \ {0} ﬂ) §2n+1 DPra, CP",

by first taking the partial quotient

z

ma

pry : C"T\ {0} — §*FL 2
followed by

pry : ST 5 CP™ 1 2 = [2].

Proposition A.1 The pullback of the Fubini Study form via pry coincides

with the restriction of the standard symplectic form wo of R?*"*2 to the sphere
SQn—i—l‘

Proof Since pr = pryopry, both pr; and pry submersions, and we have defined
prfwps = wi, it is enough to check that priwp|szn+1 = wi. Hence we compute,
denoting ¢ := pr; for convenience:

priwg = ¢ <2 Z dz; N\ dzz>
i _
=5 Z dpi A dp;
i = =
=5 2_(00i +0pi) N (0P, + Tp;)
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(z-dz+dz-z)>

) 1 Z
= —dz; —
2¥<|z| STEE
AoLdz— 2z dz 4 dz )
2] Zi SEE z-dz Z-Z

)
= W Z (|zi\2dzj A d?j — szidzi VAN dfj)
,J

= Wpgg. U

A.2 Principal bundles, connections and characteristic
classes

In this section we survey the main definitions and results concerning connec-
tions, curvature forms, characteristic classes, and their application to principal
bundles, following [27].

A.2.1 Vector valued forms, connections and curvature
Consider a finite-dimensional real vector space V.

Definition A.2 (V-valued k-form) A V-valued k-form on a smooth man-
ifold M is a smooth function assigning to each point p € M a V-valued
k-covector on the tangent space T, M, i.e., an element of ( A" Ty;M)®V, where

/\k denotes the k-th alternate product. Alternatively, a V-valued k-form is a
smooth section of the vector bundle (A* T*M) ® V over M. We denote them

by
k
QF(M;V) =T ((/\T*M) ® v) .
Given a basis {v;}? of V and a € QF(M; V), then one can write

n
i
a:E vy,
7

for the components o’ € QF(M;R) of « in the basis {v;}7.

Let V, W, Z be finite-dimensional vector spaces and p: V x W — Z a bilinear
map. We define the exterior product with respect to i of o € QF(M; V) and
B e Q(M;W) by

1
m Z (_1)Uﬂ(a(ta(1)v R 7ta(k))7 B(tg(k+1), R 7t0'(k+l)))7

UESk+1
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where Si4; is the permutation group of k 4 [ elements. If we fix basis of V,
W, and Z, {v;};, {w;}; and {2 }i respectively, we have

a-fB= Zai /\ﬁjcszk € Qk+l(M;Z),
i7j7k

where cfj is the k-th coordinate of p(v;,w;) and o' and 7 are the coordinates

of o and B. The eaterior differential of a € QF(M; V) is

do = z”: dalv;.

Similarly the Lie derivative is
n .
Lxa = Zﬁxo/vi.
i

If X € X(M) has flow ¢, it coincides with the definition by the standard
formula:

d X
Lxa:=— ,
X« dt t:(](p—t,*a

where one defines the notion of the pullback of V-valued forms in the exact
same manner as for usual forms. Clearly, one still has

d(a- B) = (dav) - B+ (—1)%8%a - (dB).

Consider now a Lie group with Lie algebra g. Then, the g-valued k-forms are
given by QF(M;g), i.e., we take V := g. Furthermore we have a canonical
bilinear form, the Lie bracket [-,-] : g X g — g, and we define the Lie bracket
of g-valued forms o € QF(M; g) and € Q'(M;g) by

[, B](t1s - -y tit) ==

1 o
T > (D% [ltoq)s - b)) Blo(ert)s - - tagern))s

0ESk41

ie.,
o, B] = ol A B[E, &) € QR (M g),
1]
for a basis {;}; of g. The skew-symmetry of the Lie bracket allows to show
that, for o € QF(M;g) and 8 € QL(M;g),

[, 8] = (=D)M*[B,a].

Similarly, one has

dle, 8] = [dev, B] + (—1)*[r, dB].
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Finally, all definitions and properties of V-valued k-forms generalise to the
case of forms with values in a smooth vector bundle 7 : £ — M, defined as
the sections of the vector bundle (A\* T*M) @ E, that is:

QF(M;E) =T ((;\TM> ®E> .

That is, at each point p € M we have a skew-symmetric multilinear map
k
ap: NT;M — E,.

Let m: E — M be a smooth vector bundle over M.
Definition A.3 (Connection) A connection on E is a map
V:X(M)xT(E) —>T(E): (X,s) — Vxs,
such that for any X € X(M) and s € I'(E),
1. Vxsis C*°(M, R)-linear in X and R-linear in s;
2. (Leibniz rule) given f € C*°(M,R), then

Vx(fs) = (Xf)s + fVxs.

It can be checked that connections are local in s in the sense that the value of
Vxs at a point p € M depends only on the values of s in any neighborhood of
p. Moreover, the dependence of V xs on X is not only local but pointwise, i.e.,
it only depends on X,,.

Example A.4 In a trivial bundle mp; : E = M x V — M for some finite-
dimensional vector space V', one always has the trivial connection such that,
given X € X(M) and s = Y, hle; € T'(M x V), for a basis {e;}; of V and
smooth h' € C*°(M,R),

Vs =Y (Xh)e. O

(2

Clearly, the space of connections on a vector bundle 7 : £ — M is affine, since
given V, V" and ¢t € R then V! :=tV + (1 — t)V’ is also a connection:

Vi (fs) = t((Xf)s + fVxs) + (1 =) (X f)s + fVxs)
=(Xf)s+ fEV+(1—-t)V)xs
= (Xf)s+ fVis.
For this reason, one can always obtain a connection on E by covering U with
local trivializations, choosing the trivial connection of the previous example

on the domain of each such local trivialization, and finally combining these
connections by use of a partition of unity subordinate to the covering.
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Definition A.5 (Curvature of a connection) The curvature of a connec-
tion V is the map

R: X(M) x X(M) x T'(E) — I'(E),
(X,Y,s) = R(X,Y)s :=VxVys = VyVxs — V[xy]s.

Clearly, R(X,Y)s is skew-symmetric in X, Y, and a computation shows that
it is C*°(M,R)-linear in each of its three arguments, and thus it defines a
pointwise linear map R, : T, M x T,M x E, — E,.

Let V be a connection on a vector bundle 7 : E — M of rank r, and suppose
we have a local frame {e;}] of E over a trivializing open set U (i.e., ¢; € I'(E|y)
form a basis of E, at every p € U). Then, we can express the connection V
over the elements of the local frame as

Vxej = Zaé(X)ei
for some aj- € QY(U;R), and similarly

R(X,Y)e; = > QX Y)e;,

for Q; € Q2(U;R).

Proposition A.6 Let V be a connection on a vector bundle m : E — M of
rank r, and suppose we have a local frame {e;}] of E over a trivializing open
set U. Then, the coefficients Q% of the curvature of V are given by

i i i k
Qj—dozj+2ak/\aj.
k

The proof is a computation; see also Theorem 11.1 in [27].

This can be abbreviated by writing
Q=da+aAaq,

where the differential of a matrix of forms is defined component-wise, and
where the exterior product of two matrices of forms is defined by taking as the
bilinear form p (as in the beginning of this subsection) the standard matrix
multiplication.
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A.2.2 Characteristic classes and the Chern—Weil homomorphism

As we have seen, a connection V on a vector bundle E of rank r over a manifold
M can be represented locally by a matrix a = (aé)ij of 1-forms relative to a
frame for E¥ over an open set U, and similarly for its curvature R by a matrix
Q= (Qé)” of 2-forms. If we change the local frame on U, i.e., a change of
basis, from e = (¢;)! (as a row matrix) to € = (¢;); = ea, for some smooth
matrix section a : U — GL(r,R), then one has for the matrices @ and Q2
expressing V and R in terms of e:

laa +alda

a=a
and
Q =a 'Qa,

as one checks using the properties of the connection V (for Ve = ea and
Re = €} versus Ve = ea and Re = ef).

Thus, given a polynomial P(X) in r2 variables invariant under conjugation of

the argument, regarded as a square matrix, by elements of GL(r,R), we can
define the form P(2) independently of the frame as a global form of M (one
defines it using the matrix expressions 2 given by local frames of a covering of
M by local trivializations; since P(2) does not depend on the frame, this is
well defined globally). It turns out that this form is closed and furthermore
independent of the original connection:

Theorem A.7 Let E be a smooth vector bundle of rank r over M, V a
connection on E, and P(X) an invariant homogeneous polynomial of degree k
on gl(r,R); then:

(i) the global 2k-form P(2) is closed;

(ii) the cohomology class [P(Q)] € H**(M;R) is independent of the connec-
tion V.

For a proof, we refer to e.g. Theorem 23.3 of [27].

This gives rise to an algebra homomorphism
cg : Inv(gl(r,R)) - H*(M;R) : P(X) — [P(Q)],

called the Chern-Weil homomorphism, where the algebra structure (over R)
on H*(M;R) is the de Rham structure. Here, Inv(gl(r,R)) is the algebra of
polynomials on gl(r, R) that are invariant under the GL(r, R)-action on gl(r, R)
by conjugation. For each polynomial P(X) € Inv(gl(r,R)) homogeneous of
degree k, [P(Q)] € H?*(M;R) is an isomorphism-invariant of the vector bundle
E. In this sense, [P(Q2)] is characteristic of the vector bundle E and is called a
characteristic class of E; concretely, we define:
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Definition A.8 (Characteristic class) A characteristic class on real smooth
vector bundles associates to each smooth manifold M a map

| isomorphism classes of real “ i
oM { vector bundles over M — H'(M;R),
such that if f : N — M is a smooth map and FE is a vector bundle over M,
then

en(fPE) = frem(E),
(for the pullback vector bundle f*FE).

In category theory language, we have three categories: the category of smooth
manifolds with smooth maps, the category of (sets of isomorphism classes
of) real vector bundles of rank k over smooth manifolds with vector bundle
homomorphisms, and the category of (graded) rings with (graded) ring homo-
morphisms. We then have two functors: Vecty assigns to each smooth manifold
M the set of isomorphism classes of real vector bundles of rank k& over M,
and H* assigns H*(M;R) to M. A characteristic class is a natural transfor-
mation between the functors Vecty and H*. Thus, each invariant polynomial
P(X) € Inv(gl(r,R)) gives rise to a natural transformation Vect, — H* via
the characteristic class ¢ such that cps : E +— [P(2)] for the curvature matrix
Q of any connection on F.

Example A.9 (Invariant polynomials) There are two fundamental groups
of invariant polynomials in Inv(gl(r, R)):

e The coefficients of the characteristic polynomial: let X = (CL‘;)Z] be an
r X r matrix of indeterminates :U;, and )\ another indeterminate. The
coefficients fi(X) of the monomial of order r — k of the polynomial in A
given by the determinant

det(Md + X) = N+ fi(X)ON1 + -+ froa (XA + fr(X),

are polynomials on gl(r,R). They are GL(r, R)-invariant since det is and
hence det(Aid + aXa™!) = det(\id + X).

e The trace polynomials, defined as
r(X) == tr(XF)
are GL(r,R)-invariant since the trace is and (aXa )" = aX*a~!. O

They are related by Newton’s identity:
Sk = [iZk1 4 foSk2 — o+ (DM S+ (“DFRf = 0.

A crucial fact regarding this relation is the following:
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Theorem A.10 The ring Inv(gl(r,R)) of invariant polynomials on gl(r,R)
is generated as a ring either by the coefficients fi,(X) of the characteristic
polynomial or by the trace polynomials ¥y (X):

Inv(g[(r, R)) = R[fl, ey fr] = R[El, ey ZT].

A proof can be seen in Appendix B of [27].

Using the invariance of a class [P(£2)] from the connection, one can always
choose a Riemannian metric on F and then choose a connection compatible
with the metric. This will imply that €2 is skew-symmetric, and hence also all
its odd powers Q2¢*1. Since the trace of a skew-symmetric matrix is 0 and
since the trace polynomials generate Inv(gl(r,R)), we obtain:

Theorem A.11 If a homogeneous invariant polynomial P(X) € Inv(gl(r,R))
has odd degree k, then for any connection V on any vector bundle E over M
with curvature matriz 0, the cohomology class [P(Y)] is zero in H?*(M;R).

For a proof we refer to Theorem 24.3 of [27].

The theorem states that the polynomials tr(2%) and fi(2%) are all zero for
odd k. Thus, the ring of characteristic classes of E has two sets of generators,

(i) the trace polynomials of even degrees:

[er(€22)], [t ()], [tr(Q°), -5

(ii) the coefficients of even degrees of the characteristic polynomial det(\id 4+
X):
(D), [F4()], [f6 (D)) -

Definition A.12 (Pontrjagin class) The k-th Pontrjagin class pi(FE) of a
real vector bundle E over M is

pr(E) = [ka(zzﬂ_Q)} e H*(M;R).

The factor i = v/—1 ensures that other formulas are sign-free (since fo, is
homogeneous of degree 2k, the purely imaginary number ¢ disappears); on the
other hand, the factor 1/27 ensures that py(FE) integrates an integer over any
compact oriented submanifold of M of dimension 4k.

Chern class of a complex vector bundle A smooth complex vector bundle of
complex rank 7 is a defined as a smooth map 7 : £ — M of smooth manifolds
that is locally of the form to U x C" — U. All the theory of real vector
bundles generalises easily to that of complex vector bundles. For example,
one can define Hermitian metrics on complex bundles in the same way as
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standard metrics are defined on real bundles. Connections and connections
compatible with a Hermitian metric generalise similarly. In the complex case,
a change of basis at a local trivializing set U will be given by a matrix section
a:U — GL(r,C) such that € = ea for some moving basis e, € of E|y. The
same transformation equations hold for the matrix of the curvature €2, and
one considers the GL(r, C)-invariant polynomials over gl(R, C), Inv(gl(r, C)).
Characteristic classes of complex vectors bundles are thus obtained similarly.

Chern classes are the complex analogue of the Pontrjagin classes:

Definition A.13 (Chern class) The k-th Chern class cix(FE) of a complex
vector bundle F over M is

cr(E) = [fk<2l7rﬂ>] e H?*(M;R).

One should notice however that Chern classes associated to odd degree poly-
nomials need not be zero as was the case for Pontrjagin classes, since the trace
of the curvature of a connection compatible with a Hermitian metric need
not be zero (it will be however purely imaginary, thus Chern classes have real
coefficients).

A.2.3 Principal bundles

A principal G-bundle is a locally trivial family of Lie groups, factoring over
some smooth base manifold. One of their points of interest is that the theory of
connections on a vector bundle can be generalised to the theory of connections
on a principal bundle, with the advantage of having basis-free connection
forms.

Definition A.14 (Principal G-bundle) A smooth fiber-bundle 7 : P — M
is a smooth principal G-bundle if the fiber is a Lie group G, and G acts smoothly
and freely on M such that the local trivializations

Yy Y (U) = UxG
are GG-equivariant for the G-self-action on the G-factor.

We recall that we are considering exclusively left actions. In particular, it
follows that 7 is G-invariant and that G acts transitively on each fiber.

Example A.15 e Product G-bundles: The product of a smooth manifold
M and a Lie group G, endowed with the G-self-action on the G factor, is
the simplest example of principal G-bundle (with a global trivialization
given by the identity).

e According to Theorem 2.12, an homogeneous space G/H yields a natural
principal bundle 7¢ — G/H. O
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Given principal G-bundles 7p : P — M and mq : Q@ — N, a morphism of
principal G-bundles is a pair of maps (f : @ — P, f : N — M) such that f is
G-equivariant and we have a commuting diagram

b
N

In particular, as in any fiber-bundle, 7 is a submersion and one defines the
vertical tangent space (consisting of vertical vectors) as V), := kerdpm C T),P,
completing the short exact sequence

0 Vy —— T,P — TpyM — 0.

For a principal G-bundle, vertical vectors coincide with the space generated
by the infinitesimal generators of the action, i.e., with the tangent space at
the orbit. Since the action is free, we obtain an isomorphism

dejp 1 8 = V, = imdcjp.

A horizontal distribution is a smooth distribution p € P — H, C T,,P that is
complementary to V), at each p, that is, such that V, ® H, = T,,P. In other
words, a horizontal distribution H is a choice of a splitting of the short exact
sequence of vector bundles

0 \% TP >y TM > 0,

such that we have a right-inverse of m, given by the inverse of the restriction

| “HSTM.

Since 7 is G-invariant, so is V C TP, and we ask H C T'P to be as well. Given
such a G-invariant horizontal distribution, this allows to define a G-invariant
projection v : TP — V, given by the vertical component:

vp TP =V, ® Hy, — V).
Similarly, we denote the horizontal component h : TP — H as
hy : T, P =V,® H, — Hp.

Both projections are G-invariant, in the sense that 14« o v, = g, 0 94« and
similarly for h.

Thus, one can consider the g-valued 1-form « on P that chooses the generator
in g associated to the vertical component of a given tangent vector:
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Vp (dejp)~*
g.

ap = (dejp) "t o, : T,P Vp

This construction is equivalent to the choice of the horizontal distribution H,
that is, the choice of an Ehresmann connection:

Definition A.16 (Ehresmann connection) An Fhresmann connection or
simply a connection on a principal G-bundle P — M is a g-valued 1-form
a € QY(P;g) satisfying:

(i) for any £ € g, p € P, we have ap(ff) =&
(ii) (G-equivariance) for any g € G' we have ;o = Ady o a.

Reciprocally, one obtains a horizontal distribution from a connection « by
defining H), := ker oy, for p € P.

Example A.17 In a product G-bundle U x GG, one can choose the distribution
H :=TU x {0} c T(U x G). This is equivalent to choosing as connection

a(p’g)(v,g) = ¢g 1, (p,9) €U x G, (v,§) € T,U x T,G. O

Lemma A.18 Given a principal G-bundle, there exists a connection.

Proof There are several ways to prove it, the simplest using partitions of
unity and local trivializations together with the fact that connections form an
affine space, as for connections on vector bundles.

Alternatively, for a compact group G, one considers the embedding ¢ : P X
g— TP : (p,&) — (10,52)éﬁ ) as a vector subbundle and chooses a G-invariant
Riemannian metric on P by averaging over G. Then, we let TP — im ¢ :
(p,v) — (p, pr}f(v)) be the orthogonal projection to that subbundle with
respect to the metric. The 1-form « is defined by o, (v) := (dejp)*l(pré(v)) for
v € T,P. The fact that ap(gf ) = ¢ follows immediately. The G-equivariance
follows from the fact that the metric is G-invariant, so that prj = dejp 0 0y
also is and hence g(dejp © ap)(v) = dejigp © agp(gv). Since gdejp = dejgp © Ady,
then ag,(gv) = (dejgp) " tg(dejp © ) (v) = Ady 0 ayp(v) and we are done. [

In Proposition A.6 we saw that given a aconnection V on a vector bundle F
over M, then its connection and curvature matrices a, and €. for a frame e
on an open set U are related by

Q. = doe + e N Qe.

In a principal bundle we do not have a matrix representation since the group
G need not be linear; however we notice that the commutation of matrices is
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the Lie bracket in the Lie algebra of any matrix group. In fact, one can write
the previous expression for vector bundles as

1
Qe = doze + 5[066, Oée],
for [-,] given by matrix commutation in gl(r,R). Thus, the natural generaliza-
tion to principal bundles is to define:

Definition A.19 (Curvature of an Ehresmann connection) Let G be a
Lie group with Lie algebra g and let o € Q' (P; g) be a connection on a principal
G-bundle 7 : P — M. The curvature of « is the g-valued 2-form given by

Q:=da+ %[a,a}.
Theorem A.20 Consider a principal G-bundle w : P — M, o a connection
on P, and Q) the curvature form of a; then:
(1) (Horizontality) Given p € P, X,,,Y, € T,P,
Qp(Xp, Yp) = (da)p(hp(Xp), hp(Yp))-

(i) (G-equivariance) For g € G, we have 1;Q = Adg o Q.
(i1i) (Second Bianchi identity) dQ = [, a].
For a proof, see Theorem 30.4 of [27].

Consider now a principal G-bundle © : P — M and a finite-dimensional
representation of G (i.e., a linear left G-action on V') p: G — GL(V'), for some
finite-dimensional vector space V.

An important construction related to principal bundles is the associated bundle
P x,V, defined as the quotient of the product space P x V over the relation

(p,v) ~ (gp, gv), g€ G, (pv)e PxV,

where gv := p(g)v. In other words, it is the orbit space of the product P x V
under the diagonal G-action, with the quotient topology. In the following we
will show that it is in fact a smooth V-vector bundle over M. We denote the
equivalence class of (p,v) by [p,v]. The associated bundle comes with a natural
projection

p:Px,V = M:[pv]—n(p).

Clearly p is well-defined, since p([pg, gv]) = 7(gp) = 7(p) = p([p, v]).

Example A.21 Consider a trivial product bundle U x G for some smooth
manifold U and a Lie group G, and consider a finite-dimensional representation
p:G— GL(V). Then, the map

o (U xG) xpViUxV,
[(@,9), 0] = (2,97 "0),
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is a fiber-preserving homeomorphism. It is clearly surjective, and it is well-
defined and injective since

((z,9),v) ~ ((@',g"),v') <= 3Fh e G:((x,hg),hv) = ((2',9), V)
= ' =ux, v = g’g_lv
= ou(l(z,9),v]) = eu(((@',¢),v]).
It is continuous and so is its inverse

e UXV = (UxG)x,V,
(z,v) — [(z,€),v]. O

In fact, for a general principal G-bundle 7 : P — M, using local trivializations
(v, U) we can work locally on trivial product bundles. This allows us to
define a unique smooth structure on £ := P x, V' such that the induced maps
¢ (under localization) are diffeomorphisms. Furthermore, it turns p: £ — M
into a V-vector bundle. We have a diagram, making explicit the induced
trivialization for E, o o ¢y

p N U) = (U) x,V —L— U
o T e

(UxG)x,V—F—UxYV,

where 97 is induced by ¢y xidy : 7= HU) xV — (U x G) x V after quotienting
both sides over the G-action (note that ¥y x idy is G-equivariant for the
diagonal actions).

This local trivialization provides a canonical way of identifying the fiber E,
with the vector space V for each x € M. We define the map, for p € P such
that 7(p) = a:

fp: V= Ey:ve [p,ol.

This map is a linear isomorphism and satisfies f;, = f, 0 p(g71).

Example A.22 1. If the representation p : G — GL(V) is trivial, then
E = P x,V is just the trivial bundle M x V, since (P x V)/G =
(P/IG)xV=MxV.

2. If V = g and the representation is the adjoint representation of the
Lie group G on its Lie algebra g, p = Ad, the associated vector bundle
AdP := P xpaq g is called the adjoint bundle of P. O

Definition A.23 (Left-equivariant and tensorial form) A V-valued k-
form « on P is left-equivariant of type p if for every g € G,

Py = pgoa.
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It is tensorial of type p if it is left-equivariant of type p and horizontal. We
denote the set of all smooth tensorial V-valued k-forms of type p by Q’;(P; V).

Example A.24 We have already seen the case of such a form: the connection
of a principal G-bundle is horizontal and left-equivariant of type Ad, for V := g
and the G-representation given by the adjoint action. O

Fixed a connection « and its associated horizontal distribution H, we say
that a form w € QF(P; V) is horizontal if iyw = 0 for any vertical vector field
Y, € V,. Furthermore, we define the horizontal component w" € Q¥(P; V) of
weQFP;V) as

wﬁ(vl, oo vg) = wp(hp(v), ... hp(og)).

Theorem A.25 There exists a linear isomorphism between the set Q’;(P; V)
of tensorial k-forms of type p and the set QF(M; E) of k-forms of M with
values on E given by

k(p. k . . b
Qp(P,V)—>Q (M;E): o= ¢,

defined as follows: for x € M and uy,...,ux € TpM, choose p € P such that
m(p) = x and lifts vy, ..., vy € TpP such that 7, p(v;) = u;, we put

wg(ul, cooug) = fpogp(vr, .., k).

The inverse map

QN (M E) = Q5 (P; V)t p =y,

is defined, for p € P and v1,...,vp € T,P, as

Q;Z);J%(Ul, <o 7Uk:) = (fp)_l o ¢W(p) (W*,p(vl)v s ,7T*7p(Uk)).

This result is an easy verification; see also Theorem 31.9 in [27].

Example A.26 The curvature €2 of a connection on a principal G-bundle P

is tensorial of type Ad and thus can always be viewed as an element QP of
O?(M; AdP). O

Definition A.27 (Basic form) A differential form w € Q¥(P; V) is basic if
it is the pullback 7@ of a form @ € QF(M; V).

Theorem A.28 Let 1 : P — M be a principal G-bundle. A form w €
QF(P; V) is basic if and only if it is horizontal and G-invariant.

Proof It follows directly from the previous result choosing a trivial represen-
tation; one can also argue directly as follows.
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First, a basic form w = 7*w is obviously horizontal, and G-invariant, since
Y™ = (mo)y)* = 7. Reciprocally, given a horizontal and G-equivariant
form we can define, for p € P and w; € Ty(,) M,

Uy (U1, - ug) i= wp(v1, .o, vg),

for any vectors v; € T, P such that 7, ,(v;) = u;. Since w is horizontal this
definition does not depend on the choice of v;, and since it is G-equivariant it
does not depend on the choice of p (note that since 7 o 1)y = m, we can choose
v} := 1pgi(v;) if we had chosen p' := gp). O

Example A.29 Consider the curvature 2 of a connection on a principal G-
bundle P for an abelian group G. Then, Ad is trivial so that ) is horizontal
and G-invariant, and thus basic. There exists a unique C € Q?(M;g) such
that

Q=7"C. O

Definition A.30 (Covariant derivative) Let 7 : P — M be a principal
G-bundle with a connection «, and let V' be a real vector space. The covariant
derivative of a V-valued k-form o € QF(P; V) is

Do := (do)™.

Example A.31 The curvature of a connection « on a principal G-bundle is,
by Theorem A.20, precisely the covariant derivative of « (for V' = g). It should
be noted that « is not horizontal and hence not in Q} 4(P; g). O

We conclude this Appendix section by explaining how to obtain characteristic
classes of principal G-bundles, similarly to how we associate the Pontrjagin
classes to a real bundle, and the Chern classes to a complex bundle.

For that, we have to generalize the notion of invariant polynomials on matrices.
We let V' be again a finite-dimensional vector space with dual V*. We can
understand polynomials of degree k on V as elements of Symk(V*), that is,
the symmetrized direct sum of k copies of V*. Relative to a basis {e;}; of V
with corresponding dual basis {e}};, a polynomial @ of degree k is expressible
as a sum of monomials of degree k in {e};,

* *
Q= E ar€;, ~ - €4,
1

(using multi-index notation I = (i1, ...,ix), I ranging over all subgroups with
repetition of {1,...,k}). For the case of V := g, a polynomial @ : g — R is
Ad(G)-invariant if for all g € G and £ € g one has

Q(Ady(£)) = Q(&)-
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We denote them by Inv(g); for G = GL(r,R) this reduces to Inv(gl(r,R)).

Consider the curvature Q2 of a connection « on the principal G-bundle 7 : P —
M and a basis {;}; of g with corresponding dual basis {u;}; of g*. We have

that
0=> "0

for the components Q¢ € Q?(P;g). For an invariant polynomial in Inv(g),
Q=) ;ar - i, we define Q(€2) to be the 2k-form

Q) == aQt A AQ,
I

Clearly, this definition in basis-independent, since the transformation of the
coefficients a; compensates that of the coordinates °.

Theorem A.32 Let Q) be the curvature of a connection o on a principal G-
bundle m: P — M, and let Q be an Ad(G)-invariant polynomial of degree k
on g; then:

(i) Q() is a basic form on P, i.e., there is A € Q?*(M;R) such that
Q) = 7*A.

(ii) A is closed.

(iii) The cohomology class [A] € H**(M;R) is independent of the connection
Q.

A proof can be found in Theorem 32.2 in [27].

Thus, just as in the vector bundle case, one can associate to every Ad(G)-
invariant polynomial @ on g a characteristic cohomology class [A] € H*(M;R)
such that Q(£2) = A. This homomorphism, i.e.,

cp:Inv(g) > H*(M;R) : Q — [A],

for the unique A € Q2#(M;R) such that Q(Q) = m*A, is called the Chern—Weil
homomorphism.

As we already mentioned, in the case of an abelian Lie group G, particularly
that of a torus T*, the adjoint action is trivial and every polynomial on g
induces a characteristic class. In particular, Q is Ad(T*)-invariant and thus
basic and equal to 7*C for C' € Q?(M;g). Most importantly, the theorem
states that the class ¢ = [C] € H?(M; g) is independent of the connection. This
is the crucial ingredient used in the corollaries of the Duistermaat—Heckman
Theorem, like in Theorem 5.20, and in general justifies the interest of the
Duistermaat—Heckman statement, since it makes the ’linear’ coefficient relating
the forms of reduced spaces at different free values be constant in cohomology
and independent of any choices, namely, the choices made to identify different
fibers.



A.2. Principal bundles, connections and characteristic classes

Definition A.33 (First characteristic class of a torus-bundle) The first
characteristic class of a T*-bundle m : E — M is the unique class ¢ = [C] €
H?(M; g) such that

Q=7"C,

where €2 is the curvature of any connection on E.

In particular, the components of [C] in terms of any basis of g are characteristic
classes of FE, in the sense introduced above.
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