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Introduction

In this thesis we study Lie group actions on symplectic manifolds. The origin of this area,
equivariant symplectic geometry, lies in classical mechanics where the phase space of a
physical system represents a symplectic manifold and the symmetries of the system are re-
presented by an action of a Lie group on the phase space. The evolution of a physical system
in time is governed by a Hamiltonian function on its phase space. A successful generalization
of such a Hamiltonian function is the so-called momentum map, introduced by Kostant [27]
and Souriau [40].

Equivariant symplectic geometry is related to many other areas in mathematics and theoreti-
cal physics such as completely integrable systems, Hamiltonian dynamics, Poisson geometry,
Morse—Bott theory, representation theory, combinatorics, equivariant cohomology, algebraic
geometry, (almost) complex geometry, gauge theory and quantum field theory. The aim of
this thesis is to explore some of these relations by studying several spectacular theorems con-
cerning Hamiltonian torus actions on symplectic manifolds. Specifically, we will prove the
Marsden—Weinstein—-Meyer symplectic reduction theorem, the Atiyah—Guillemin—Sternberg
convexity theorem and the Duistermaat—Heckman theorems. Another aim is to provide a
text in which these theorems are studied assuming minimal background knowledge.

Structure, Prerequisites and Assumptions

This thesis is structured as follows.

In the first chapter we briefly discuss symplectic geometry to better understand the notion
of a symplectic form and other relevant structures, namely Riemannian metrics, almost
complex structures and the Poisson bracket. If more background information is desired, we
recommend to supplement your knowledge on this subject with, for example, chapters 1, 2,
6-8, 12, 13, 18, 19 from Cannas da Silva’s book Lectures on Symplectic Geometry [9)].

The purpose of the second chapter is two-fold. First, we recall some theory regarding
Lie groups and Lie group actions on manifolds. Then we introduce our main object of
study, namely the momentum map associated to a Hamiltonian action of a Lie group on a
symplectic manifold. We use the momentum map to prove the Marsden—Weinstein—-Meyer
symplectic reduction theorem, which is a method of taking quotients in the setting of sym-
plectic geometry.

From the third chapter onward, we restrict our attention to the Abelian Lie groups called
tori. We first state some facts about tori and discuss how we can use the exponential map of



a torus to ‘generate subtori’. Furthermore, this chapter provides a fast introduction to repre-
sentation theory and Morse-Bott theory. Then we incorporate these topics into our study of
the momentum map and use it to prove the Atiyah—Guillemin—Sternberg convexity theorem.

The fourth chapter is on the Duistermaat—Heckman theorems. After briefly studying princi-
pal bundles and connection one-forms, we prove the Duistermaat—Heckman theorem which
compares certain de Rham cohomology classes of reduced spaces (obtained by symplectic
reduction). Finally, we study the Cartan model of equivariant differential forms. We use
this model to prove the Atiyah-Bott—Berline-Vergne localization theorem in the more gen-
eral setting of equivariant cohomology. In this way, we obtain the Duistermaat—Heckman
localization theorem as a corollary.

We assume that the reader is familiar with differential topology on the level of a first course
on smooth manifolds, for example, chapters 1-5, 7-10, 14-17, (20-21) of Lee’s Introduction
to Smooth Manifolds [28].

All manifolds are assumed to be smooth, second-countable and Hausdorff, possibly with
boundary.



Chapter 1

Symplectic Geometry

1.1 Symplectic Linear Algebra

Definition 1.1.1. Let (V,w) be a finite-dimensional real vector space V together with a
skew-symmetric bilinear map w : V x V' — R. The pair (V,w) is a symplectic vector
space if the map w is nondegenerate, that is: w(v,w) = 0 for all w € V implies v = 0. We
refer to the map w as the symplectic structure of (V,w).

We define the rank of a skew-symmetric bilinear map w : V' x V' — R to be the rank of the
natural linear map

w:V =V v wv,-),
which we also denote by w. Similarly, we define the kernel of w to be the kernel of

w:V — V* We see that w is nondegenerate if and only if w has full rank if and only
if w has trivial kernel.

The following theorem describes a standard form for nondegenerate skew-symmetric bilin-
ear maps, which may be proven using a skew-symmetric analogue of the Gram-Schmidt
procedure.

Theorem 1.1.2. [9, Theorem 1.1] Let (V,w) be a symplectic vector space. Then there
exists an ordered basis e€1,...,em, f1,---, fm of V such that the following holds, for all
B k=1...,m:

wlej,er) =0=w(fj, fr), w(ej, fk) = 6j k- (1.1)

In particular, this theorem implies that any symplectic vector space (V,w) is even-dimensional.
An ordered basis as in Theorem 1.1.2 is called a symplectic basis.

Definition 1.1.3. Let (V,w) and (V’,w’) be two symplectic vector spaces of dimension 2m.
A symplectomorphism between (V,w) and (V';w’) is a linear isomorphism & : V. — V’
which preserves the symplectic structure, meaning that

P*w' = w.
In this case, we say that (V,w) and (V’,w’) are symplectomorphic.

In view of Theorem 1.1.2, we find that two symplectic vector spaces are symplectomorphic
if and only if their dimensions agree.



Definition 1.1.4. Let (V,w) be a symplectic vector space, and let W C V be a linear
subspace. The symplectic complement, denoted W, is the linear subspace of V' defined
by

W« :={veV: :www)=0foralwe W}

Note that the symplectic complement does not share all of the properties of the orthogonal
complement. For example, the intersection of W with its symplectic complement W is not
necessarily trivial.

Definition 1.1.5. Let (V,w) be a symplectic vector space, and W C V a linear subspace.
The subspace W is called

e isotropic if W C W%,

e coisotropic if W« C W,

e symplectic if W N W« = {0},
e Lagrangian if W = W%,

However, the symplectic complement does have some properties in common with the notion
of orthogonal complement, as the following proposition asserts.

Proposition 1.1.6. [34, Lemma 2.1.1] Let (V,w) be a symplectic vector space, and let
W C V be a linear subspace. Then

dmW +dimW® =dimV, (W) =W.

1.2 Symplectic Manifolds

Definition 1.2.1. Let M be a manifold. A two-form w € Q?(M) is a symplectic form
if it is closed (dw = 0) and the skew-symmetric bilinear map w, : T, M x T,M — R is
nondegenerate for every p € M. In this case, the pair (M,w) is called a symplectic
manifold.

Given any two-form n € Q?(M), we define the rank of  at a point p € M to be the rank
of the resulting linear map 7, : T, M — Ty M. Thus, a symplectic form is a closed two-form
on M which has full rank everywhere. Note that if (M,w) is a symplectic manifold, each
pair (T, M, wp) is a symplectic vector space.

As a consequence of Theorem 1.1.2, we find that a symplectic manifold is necessarily even-
dimensional.

Example 1.2.2. We describe the standard symplectic structure on R?™.
Let @1,...,Zm,Y1,---,Ym be standard coordinates on R?™. Define wy € Q?(R?™) by

wp = Zd?[:j A dy;,

Jj=1



which is clearly nondegenerate. As the de Rham differential squares to zero, we find that
wp is closed. Thus, we conclude that (R?™,wy) is a symplectic manifold. Note that for each
p € M the ordered basis

(@), ), (o), ()
Ox1 ), ' \Oxm /), \Oy1)," "\Oym/,

is a symplectic basis of (T, M,w,).

Definition 1.2.3. Let (M,w) and (M’,w’) be 2m-dimensional symplectic manifolds. A
symplectomorphism between (M, w) and (M’,w’) is a diffeomorphism ® : M — M’ which
preserves the symplectic forms in the sense that ®*w’ = w. We denote by Sympl(M, w) the
group of symplectomorphisms from (M, w) to itself.

Definition 1.2.4. Let (M,w) be a symplectic manifold, and let S C M be a submanifold.
The submanifold S is isotropic (coisotropic, symplectic, Lagrangian) if for all p € S
the tangent space T,S is an isotropic (coisotropic, symplectic, Lagrangian) subspace of the
symplectic vector space (T,M,w,).

Example 1.2.5. We show that the unit sphere S> C R? admits a symplectic form. Define
the two-form w € Q2(S?) pointwise by

wp(u,v) = {p,u x v), for u,v € T,S?,

where (-,-) is the Euclidean inner product and x denotes the cross product. Note that w
is trivially closed being a two-form on a two-manifold. Figure 1.1 illustrates that w is a
nondegenerate two-form on S2.

Figure 1.1: By application of the right hand rule we deduce that w is a nondegenerate form
on the sphere S2.

By checking the values of w,, on basis tangent vectors of T,S%, we find that w is the standard
volume form on the two-sphere, namely:

w = x1 dry A drs + 2o das Adxy + 3 dey A dey € Q*(S?).

By similar arguments, we find that any orientable surface admits a symplectic form.



Which manifolds admit a symplectic structure?

We study necessary properties of a manifold to be a symplectic manifold. The main purpose
of this subsection is to show that a symplectic manifold is orientable and to recall some
theory regarding de Rham cohomology.

Proposition 1.2.6. Let V be a 2m-dimensional vector space equipped with a skew-symmetric
bilinear form w. Then w is symplectic if and only if m-fold wedge product w™ = wA -+ Aw
does not vanish.

Proof. In view of Theorem 1.1.2, we may assume without loss of generality that (V,w) =
(R™ wp) (under suitable identifications). We find that the m-fold wedge product of wy =
dojy dxj A dy; is given by

wyt =mldey Adyr A+ Adxg, A dyp,. (1.2)
It follows that w(® does not vanish.

We prove the converse statement by contraposition. Suppose that kerw # {0}. Then there
exists a nonzero vector u € V' such that w(u,-) = 0. We find that

m

Gyw™ = m(l,w) Aw™ T =0

which implies that w™ vanishes. O

Let (M,w) be a 2m-dimensional symplectic manifold. The above proposition implies that
wy' # 0 for all p € M, or equivalently, that w™ € Q2™ (M) is a volume form. Recall that
a volume form induces an orientation [28, Proposition 15.5]. Thus, a symplectic manifold
(M,w) is canonically oriented through the symplectic form. The above discussion and the
constant appearing in Equation (1.2) leads to the following definition.

Definition 1.2.7. Let (M,w) be a 2m-dimensional symplectic manifold. The Liouville
volume form on M is the volume form %’: € Q¥ (M).

Whenever we use the orientability of a symplectic manifold (M,w), we refer to the orienta-
tion on M induced by the Liouville volume form.

Proposition 1.2.8. [4, Proposition I1.1.6] Let (M,w) be a 2m-dimensional compact con-
nected symplectic manifold without boundary. For each k = 1,...,n the de Rham coho-
mology group H gﬁ(M ) is non-trivial.

Proof. By definition, the symplectic form w is closed, so that w represents a cohomology
class [w] € H3z (M) and similarly we have [w*] € H3%& (M) for k= 1,...,m. For the sake of
contradiction, suppose that H3k (M) = {0} for some k. Then w* = dn for some 2k — 1-form
n € Q*~1(M). Since w is closed and the de Rham differential is a derivation, we have
d(n Aw™ k) = w™. By Stoke’s theorem, we have

/wm:/ d(n/\wm_k):/ nAwm k=0,
M M oM

which contradicts the fact that w™ € Q*™(M) is a volume form. O



Example 1.2.9. Recall that H3;(S*™) = {0} for m > 1 [28, Theorem 17.21]. In view of
Proposition 1.2.8, we find that the 2m-sphere S*™ (m > 1) does not admit a symplectic
structure.

Thus, the even-dimensional de Rham cohomology groups form a potential obstruction for
the existence of a symplectic structure.

1.3 Riemannian Manifolds

We now discuss another important structure on manifolds, namely Riemannian metrics.
The main purpose of this subsection is to quickly get to the definition of a geodesic, which is
necessary to define the exponential map of a Riemannian metric. In the subsequent sections,
we will use the exponential map of a Riemannian metric to construct a local model of a
manifold. This subsection is based on Lee’s Introduction to Riemannian Manifolds [29].

Definition 1.3.1. Let M be a manifold. A Riemannian metric on M, denoted by (-, )
or m, is a smooth assignment of an inner product (-,-), on the tangent space T,M to each
point p € M. We require a Riemannian metric to be smooth in the sense that, for vector
fields X,Y € X(M), the real-valued function M 3 p — (X,,,Y}), is smooth.

A Riemannian manifold is a pair (M, (-,-)), where M is a manifold and (-,-) is a Rie-
mannian metric on M.

A Riemannian metric always exists, as the following proposition asserts. It may be proven
using a partition of unity argument.

Proposition 1.3.2. [29, Proposition 2.4] Every manifold admits a Riemannian metric.

Definition 1.3.3. Let (M, m) and (M’,m’) be Riemannian manifolds. A diffeomorphism
F: M — M’ is an isometry from (M,m) to (M’,m’) if the map F preserves the Rie-
mannian metric, meaning that F*m’ = m. Explicitly, a diffeomorphism F is an isometry
if

(F*m/)p(u,v) = mlp ) (dFp(u), dFy(v)) = my(u,v), for p € M, u,v € T,M.
An isometry of (M, m) is an isometry from (M, m) to itself.

Definition 1.3.4. Let 7 : E — M be a vector bundle over a manifold M, and let I'(E) be
the vector space of sections corresponding to 7 : £ — M. A connection on F is a map

V:X(M)xT(E) = T(E), (X,s)— Vxs,
which satisfies the following properties, for all X € X(M), s e T'(E), f € C®(M):
e Vxsis C°°(M)-linear in X;
e Vxs is R-linear in s;
o Vx(fs)=Lx(f)s+ Vxs.

Let M be a manifold, and consider the tangent bundle TM — M. Recall that I'(TM) =
X(M), so that a connection on the tangent bundle is a map

V:X(M)xX(M)— X(M)

satisfying the three properties above. In this setting, we have the following notion.



Definition 1.3.5. Let M be a manifold, and let V be a connection on the tangent bundle
TM — M. We define the torsion Ty of the connection V by

Ty : X(M) x X(M) = X(M), T(X,Y)=VxY - VyX - [X,Y].
A connection on the tangent bundle T'M is called torsion-free if Ty = 0.

Definition 1.3.6. Let (M, (-,-)) be a Riemannian manifold. A connection V on the tangent
bundle TM is compatible with the metric (-,-) if for all vector fields X,Y,Z € X(M),
we have:

Lx(Y,Z)=(VxY,Z)+(Y,VxZ).

Theorem 1.3.7 (Levi-Civita Connection). [29, Theorem 5.10] Let (M, m) be a Rie-
mannian manifold. There exists a unique V on the tangent bundle TM which is compatible
with the metric m and torsion-free. This connection is called the Levi-Civita connection
associated to the metric m.

Definition 1.3.8. Let M be a manifold, and let v : I — M be a smooth curve. A vector
field along the curve v is a smooth map V : I — T'M such that V(t) € T, M for all
t € I. We denote by X() the vector space of vector fields along the curve v. By definition
of the pullback bundle, we have X(y) = I'(v*(TM)).)

Let M be a manifold, and suppose v : I — M is a smooth curve. A natural example of a
vector field along v is the map +" defined by

d
7':I—>TM,s»—)y'(s)::—’y .
dt|,_

S

We will need the following proposition.

Proposition 1.3.9 (Covariant Derivative Along a Curve). [29, Theorem 4.24] Let M
be a manifold and let V be a connection on the tangent bundle TM. Suppose v : 1 — M
is a smooth curve. Then the connection V determines a unique operator

Dy : X(v) = X(v)
satisfying the following properties, for all V- € X(vy) and f € C*°(I):
e D, is linear over R.
o Di(fV) =%V + fD,(V).

e If there exists a local vector field V defined on a neighborhood of ~(I) such that

V(t) = Vyqu for all t € I, then
DtV(t) = V.y/(t)f/.
The map D; : X(y) — X(7) is called the covariant derivative along the curve «. Finally,
we introduce the notion of a geodesic:

Definition 1.3.10. Let M be a manifold, and let V be a connection on the tangent bundle
TM. A smooth curve v : I — M is a geodesic if the covariant derivative of the velocity
vector field v/ € X(v) along ~ is identically zero, that is: Dy(v') = 0.



Note that we only used a connection on the tangent bundle to define geodesics, and that
we did not make use of a Riemannian structure. Whenever we refer to a geodesic on a
Riemannian manifold (M, m), we implicitly assume that the curve is a geodesic with respect
to the Levi-Civita connection associated with the metric m. Fortunately, geodesics always
exist and are unique.

Theorem 1.3.11. [29, Corollary 4.28, 6.22] Let M be a manifold, and let V be a connection
in the tangent bundle TM. For each p € M and each tangent vector v € T, M, there exists
a unique mazximal geodesic v : I — M satisfying v(0) = p and 7' (0) = v, defined on an
open interval I containing 0. If in addition, the Riemannian manifold M is compact, then
maximal geodesics exist for all time.

Geodesics are well-behaved under composition with an isometry:

Proposition 1.3.12. [29, Corollary 5.14] Let (M, m) and (M’,m’) be Riemannian mani-
folds. Suppose that F' : M — M’ is an isometry. Then F takes geodesics to geodesics. More
precisely, if 7 is a geodesic in (M, m), then the composition F o~ is a geodesic in (M’,m’).

Exponential map of a Riemannian metric

We now introduce the exponential map of a Riemannian metric. There exists also an
exponential map of a Lie group, which we will introduce later on. The construction of an
exponential map is roughly as follows. Suppose we have a manifold endowed with some
structure. We consider the curve on the manifold which reflects properties of the structure
and satisfies some specified initial conditions, then the exponential map is defined to be the
value of the curve at time ¢ = 1. In the case of a Riemannian manifold (M, m), the structure
on the manifold is the Riemannian metric, and the relevant curves are the geodesics with
respect to the Levi-Civita connection.

Definition 1.3.13. Let (M, m) be a Riemannian manifold, and let p € M. Let U be am
open neighborhood of 0 € T, M such that for each v € U the maximal geodesic v, (t) satis-
fying v, (0) = p, 7,,(0) = v is defined for all ¢ € [0,1]. (If M is compact, we set U := T, M.)

We define the exponential map of the Riemannian metric (at p), denoted by exp,, to
be the map
exp, : T,M 2 U — M, v y,(1),

where 7, : R — M is the unique maximal geodesic satistying ~,(0) = p and 7/(0) = v. In
view of Theorem 1.3.11 this map is well-defined.

We summarize some of its properties.

Proposition 1.3.14. [29, Proposition 5.19] Let (M, m) be a Riemannian manifold, and let
p € M. The exponential map exp, : T, M 2 U — M of the Riemannian metric satisfies the
following properties.

e The exponential map is smooth.

e For each tangent vector v € T, M, the geodesic v, starting at p with initial velocity v
is given by
Yo(t) = exp,(tv). (1.3)



e The differential d(expp)o :T,M — T, M at 0 is the identity map on the tangent space
T,M.

By virtue of the inverse function theorem, the latter property implies that exp,, is a local
diffeomorphism from an open neighborhood of 0 € T,, M to an open neighborhood of p € M.
In this way, we obtain a local model (a local parametrization compatible with the relevant
structures) of each point in the manifold.

1.4 The Darboux Theorem

We have seen that symplectic vector spaces of the same dimension are symplectomorphic.
A natural question would be to ask if symplectic manifolds of the same dimension are also
symplectomorphic. It turns out that this is true locally, a result due to Darboux. We will
take the following theorem, due to A. Weinstein and J. Moser, for granted.

Theorem 1.4.1 (Moser—Weinstein Theorem). [4, Theorem I11.1.9] Let S C M be a
submanifold of M. Let wy and wy be two symplectic forms on M such that (wo)p = (w1)p
for allp € S. Then there exists a neighborhood U of S in M and a smooth map ® : U — M
such that *® = Idg and ®*w; = wy.

We will use it to prove the Darboux Theorem. Note the role played by the exponential map
of a Riemannian metric to identify a neighborhood of the manifold with a neighborhood of
the tangent space.

Corollary 1.4.2 (Darboux Theorem). [4, Corollary I1.1.11] Let (M, w) be a 2m-dimensional
symplectic manifold. For every p € M there exist local coordinates x1,...,Tm,Y1,s-- -, Ym
centered at p in which the symplectic form w on M is the standard symplectic form Z;nzl dx i\

Proof. Let p € M. Choose a Riemannian metric on M, and consider the exponential map
of the metric. By Proposition 1.3.14, there exists an open neighborhood V' of 0 in T, M
and an open neighborhood U of p in M such that exp, maps V' diffeomorphically onto U,
denote ¢ = exp, : V.= U. Then (¢~ ")*(wp),w € Q*(U) are two symplectic forms on U,
which coincide at the submanifold Y := {p}.

By application of the Moser—Weinstein theorem (and shrinking U if necessary), there exists
an open neighborhood U’ of p in M and a diffeomorphism ® : U — U’ such that

B'w = (071" (). (L4)

By Theorem 1.1.2, there exist coordinates x1,...,Tm,¥1,...,Ym on V C T, M such that
wp = Zj dz; A dyj. Now, Equation (1.4) implies that

(Pop)'w=w,= dej A dy;,
j=1
which proves the claim. O

As a consequence of the Darboux Theorem, we conclude that all symplectic manifolds of
equal dimension are locally symplectomorphic.
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1.5 Almost Complex Structures

We start this subsection with a motivating example.
Example 1.5.1. Consider C™ with the Hermitian inner product
m
H:C"xC"—C, H(u,v) = Zszvj.
j=1

Define a map J : C™ — C™ by Ju := iu. Note that J? = —Idcm. We decompose the
Hermitian form into a real part and an imaginary part:

H(u,v) = (u,v) + iwp(u,v),

so that (-,-) = Re H(-,-) and wp(-,-) =Im H(-,-). Note that (-,-) is the standard Euclidean
inner product on C™ =2 R?™. Since H(u,v) = H(v,u), we have that wy : C™ x C™ — R is
a skew-symmetric bilinear map. Note that H(u, Jv) = iH (u,v), this implies that

(u,v) = wo(u, Jv), for u,v € C™.

From this equality, it follows that wg is nondegenerate. Thus, w = Im H is a symplectic
form on C™. Writing the complex coordinates on C™ as z; = x; + iy;, it is readily verified
that w is the standard symplectic form Z;n:l dx; Ady;. Indeed, let u € C™ be an arbitrary
nonzero vector, then

wo (u, Ju) = (u,u) > 0.

Since H(Ju, Jv) = iiH (u,v) = H(u,v), we find that J preserves the symplectic structure
wp in the sense that
wo(Ju, Jv) = wo(u,v), for all u,v € C™.

These observations motivate the following definition.

Definition 1.5.2. A linear complex structure on a real finite-dimensional vector space
V is an automorphism J : V — V satisfying J2 = —Idy.

Let (V,w) be a symplectic vector space. A complex structure J on V is called w-compatible
it w(Ju, Jv) = w(u,v) for all u,v € V and w(u, Ju) for all nonzero u € V.

Let (V,w) be a symplectic vector space, and suppose J is a complex structure on V. Note
that the condition that J is w-compatible is equivalent to the condition that the symmetric
bilinear form m(u,v) := w(u,Jv) defines an inner product on V. We generalize this
definition to a symplectic manifold, as follows.

Definition 1.5.3. An almost complex structure on a manifold M is a section J €
I'(End(T'M)) such that at each point p € M the map J, : T,M — T,M satisfies J7 =
—Idz,ps. The pair (M, .J) is called an almost complex manifold.

Let (M,w) be a symplectic manifold. An almost complex structure J on M is called w-
compatible if at each p € M we have:

11



o wy(Jpu, Jpv) = wy(u,v) for all tangent vectors u,v € T, M;
e wp(u, Jpu) > 0 for each nonzero tangent vector u € T, M.

Let (M,w) be a symplectic manifold equipped with an almost complex structure J. The
almost complex structure is w-compatible if and only if the map m, defined pointwise by

(my)p : TpyM x T,M — R, (mj)p(u,v) := wp(u, Jv), (1.5)

is a Riemannian metric on M. The almost complex structure J turns each tangent space
(T, M, J,) into a complex vector space via

(a+1b)-v:=av+bJy(v), for a,b € R, v e T,M.

Proposition 1.5.4 (Polar Decomposition [37, Theorem 6.59]). Let (H, (-, -)) be a Hilbert
space, and let A : H — H be an invertible continuous linear operator. Then there exists
a unique decomposition A = |A|J into a symmetric positive-definite operator |A| and an
isometry J. The operators A and |A| commute.

Proposition 1.5.5. [4, Lemma II.2.1.] Let (V,w) be a symplectic vector space. Then there
exists an w-compatible complex structure J on V.

Proof. We equip the vector space V with an inner product (-,-). As w and (-,-) are nonde-
generate pairings, the equation

(Au,v) = w(u,v), for u,v eV (1.6)

defines a linear isomorphism A : V — V.

Let w,v € V be arbitary vectors. We find
(Au,v) = w(u,v) = —w(v,u) = —(Av,u) = —(u, Av),

it follows that A is skew-symmetric with respect to (-,-), that is, we have AT = —A.
Applying the polar decomposition, we write A = |A|J. Since |A| is symmetric and A is
skew-symmetric, we obtain

JU=(ATA)T = AT|A|7 = —A|A| ™ = —|A| 7P A = — T (1.7)
The map J is an isometry for the inner product (-,-), meaning that Id = J7J. Combining
this with Equation (1.7) we find J? = —Id, so that J is a complex structure on V. We
compute

—|AlJ = —A= AT = (JAl)T = JTA]T = —J|4],

which shows that |A| and J commute. Thus, for all u,v € V, we obtain:
w(Ju, Jv) = (AJu, Jv) = (JAu, Jv) = (JT JAu,v) = (Au,v) = w(u,v). (1.8)
Using positive-definiteness of |A|, we find for all nonzero vectors u € V' that:
w(u, Ju) = (Au, Ju) = (—=JAu,u) = (|Alu,u) > 0. (1.9)

By Equation (1.8) and Equation (1.9), we conclude that J is an w-compatible complex
structure on the symplectic vector space (V,w). O
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Remark 1.5.6. Note that the inner product defined by m;(-,-) := w(-,J-) = {|A]-,-) is
generally different from the inner product (-,-) that we started with.

Let (M, w) be a symplectic manifold. By Proposition 1.3.2 there exists a Riemannian metric
(-,-) on M. For each p € M we obtain an w-compatible complex structure .J, on the tangent
space (T, M,w,). One can verify that the polar decomposition is smooth (cf. [9, 12.2]), so
that we obtain the following corollary:

Corollary 1.5.7. Let (M,w) be a symplectic manifold. Then there exists an w-compatible
almost complez structure J on (M,w).

The following proposition gives a useful criterion to check that a submanifold is a symplectic
submanifold.

Proposition 1.5.8. Let (M, w) be a symplectic manifold equipped with an w-compatible
almost complex structure J. Suppose S C M is a submanifold which is J-invariant, that is:
Jp(TpS) C T,S for all p € S. Then (S,i*w) is a symplectic submanifold of (M,w), where
i :S — M denotes the inclusion map.

Proof. Let p € S, and let v € T),S be any nonzero tangent vector. Since the submanifold S
is J-invariant, we have that J,(v) € T,S. As J is w-compatible, it follows that

wP(”’ Jp(v)) > Oa

which implies that the restricted form i*w is nondegenerate. As the de Rham differential
and pullbacks commute, we also have that i*w is closed. We conclude that (S,i*w) is a
symplectic submanifold. O

1.6 Hamiltonian Vector Fields

Let (M,w) be a symplectic manifold. By nondegeneracy of w, we obtain a bijection between
vector fields on M and one-forms on M through the map

w:X(M) = QYM), V = iyw.
This leads to the following definition.

Definition 1.6.1. Let (M, w) be a symplectic manifold, and let H € C*°(M) be a smooth
real-valued function on M. The unique vector field Xy € X(M) satisfying ix,w = dH is the
Hamiltonian vector field of H. In this case, the function H is called the Hamiltonian
for the vector field Xy € X(M).

Equivalently, a Hamiltonian vector field is a vector field V' such that the one-form iy w is
exact.

Definition 1.6.2. Let (M,w) be a symplectic manifold. A vector field V € X(M) is a
symplectic vector field if the one-form iy w is closed.

Suppose V' € X(M) is a symplectic vector field. Since dw = 0, Cartan’s formula
Ly =diy +iyvd

implies that the vector field V' is symplectic if and only if Ly w = 0. By definition of the
Lie derivative, this is equivalent to the flow p; of V preserving the symplectic structure,
meaning that pfw = w for all ¢.
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Remark 1.6.3. By virtue of the Poincaré lemma any closed form is locally exact. This
explains why symplectic vector fields are also called locally Hamiltonian vector fields.

Definition 1.6.4. Let (M,w) be a symplectic manifold. We define the Poisson bracket,
denoted by {-,}, on the algebra of smooth functions C°°(M) as the following bilinear map:

{-,-}:C®(M) x C®(M) = C*(M), {f,9} :=w(Xyf, X,).
The following proposition summarizes some of the properties of the Poisson bracket, an
important consequence being that (C°°(M),{:,-}) is a Lie algebra.

Proposition 1.6.5. [9, 18.3] Let M be a manifold. The Poisson bracket {-,-} on C>°(M)
satisfies the following properties. For smooth real-valued functions f,g,h € C*°(M), we
have:

o {f.g} =—{g.f} (Skew-symmetry):

o {f{g,n}} +{g.{h, f}} +{h.Af. g}} =0 (Jacobi-identity);

o {figh} ={f. 9} -h+g-{f.h} (Leibniz rule);

o Xifgy=—[X5, Xy (Preservation of brackets).

Theorem 1.6.6. [9, Theorem 18.9] Let (M,w) be a symplectic manifold, and let H, f €
C>(M) be smooth functions on M. Then f and H Poisson commute ({f,H} =0) if and
only if [ is constant along the integral curves of the Hamiltonian vector field Xy € X(M).

Proof. Denote the flow of the Hamiltonian vector field Xy by p;. By definition of a Hamil-
tonian vector field and Cartan’s magic formula, we have

d

Lxyf= o t=0p:f = i t=0f(pt(.))

= ZXde = Z.XHZ.XfW = w(Xf7XH) = {va}v

d

which proves the assertion. [

Let (M,w) be a symplectic manifold, and H € C°°(M) a smooth function. An important
special case of this proposition is that the integral curves of a Hamiltonian vector field X g
are contained in the level set of H, that is,

H(pi(p)) = H(p), for all ¢,

where p; denotes the flow of Xy € X(M). If we think of the Hamiltonian H as the total
energy, this observation amounts to the conservation of total energy. The following example
is in similar spirit.

Example 1.6.7 (Hamilton’s Equations of Motion [9, 18.2]). Consider the phase-space
R?™ with coordinates (qi,...,Gm,P1,---,Pm), equipped with the standard symplectic form
wo =Y. y dg; N dpj. Here we think of the coordinates g; as position vectors and the coor-
dinates p; as momentum vectors of a physical system, which is subject to a Hamiltonian
function H : R?™ — R.
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Let v(t) = (q1(t), ..., qm(t),p1(t),...,pm(t)) denote an integral curve of the Hamiltonian
vector field Xy. Hamilton’s equations of motions dictate that the component functions
satisfy

de o OH dpj OH

b of R il i=1,...,m.
dt  9dp;’ dt dq;’ JT e

It follows that the vector field X € X(R*™) can be written as:

Z O0H 0 O0H 0
BpJ (“)qj (“)qj 8pj

This explains why the defining relation ix,w = dH of a Hamiltonian vector field is com-
monly refered to as Hamilton’s equations. Note that the Poisson bracket is given by

=St

s = w X B )
{f.91= X 3p] dq;  Oq; Op;

so that we can rewrite Hamilton’s equations, as follows:

dp, dg; ,
{H7p]}: d;v { 4 ]}_7] ]:1,...,’/’77,.
Summary

In this chapter we studied several structures regarding symplectic geometry. We looked
at symplectic structures, Riemannian metrics, almost complex structures and the Poisson
bracket. Furthermore, we defined Hamiltonian vector fields using the symplectic structure.
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Chapter 2

Momentum Maps and
Symplectic Reduction

In the previous chapter we saw that any smooth real-valued function on a symplectic ma-
nifold (M,w) gives rise to a Hamiltonian vector field. We now want to explore this notion
in the setting of a Lie group G acting on our manifold (M,w) in a “Hamiltonian fashion”.
The main goal of this section is to introduce Lie groups and the momentum map pu, which
encodes how the Lie group G generates Hamiltonian vector fields on M.

We start with a recollection of the definitions and basic properties concerning Lie groups.
Then we introduce an important tool called the exponential map of a Lie group and apply
it in our study of Lie group actions on manifolds. Next we define Hamiltonian actions
and their associated momentum maps. Finally, we will use the previously mentioned tools
to prove the symplectic reduction theorem, which states that (under some conditions) the
quotient of a symplectic manifold by a Lie group is also a symplectic manifold.

2.1 Lie Groups

The following two sections are based on M. Audin’s Torus Actions on Symplectic Manifolds
[4], E. van den Ban’s Lecture Notes - Lie Groups [5], and J. Lee’s Introduction to Smooth
Manifolds [28].

Definition 2.1.1. A Lie group is a manifold G equipped with a compatible group struc-
ture, meaning that the group operations multiplication m : G x G — G, (g,h) — gh and
inversion j : G — G, g~ ¢! are smooth maps.

Suppose we have a subgroup H of a Lie group G. We say that H is a Lie subgroup of G
if it also an embedded submanifold of G. This definition ensures that H is a Lie group with
group operations inherited from G by restriction. Indeed, since H is a submanifold, the
inclusion map ¢ : H < G is smooth, which implies that m|g g = mo (i,7) and jlg =joi
are smooth.

Definition 2.1.2. Let G and H be Lie groups. A Lie group homomorphism from G to
H is a smooth group homomorphism ® : G — H. If it is invertible and ®~' : H — G is
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also a Lie group homomorphism, we say that ® is a Lie group isomorphism and that G,
H are isomorphic Lie groups.

Note that if H is a Lie subgroup of G, then the inclusion map ¢ : H < G is an injective Lie
group homomorphism.

Example 2.1.3.
e The vector space (R", +) is an Abelian Lie group.

e The circle S' C C* is an Abelian Lie group under multiplication by complex numbers.
The Cartesian product of Lie groups is a Lie group under componentwise multiplica-
tion. For example, the torus T” = S! x --- x S' is a compact connected Abelian Lie
group being the n-fold product of circles, with multiplication given by:

T = (21,0 zm) (21, 2h) = (21020, 2 e 20)

for 7,7/ € T". Note that the inclusion S* < T™ given by z + (2, 2,...,2) is indeed a
Lie group homomorphism.

e The general linear group GL(n, R), consisting of invertible n xn matrices, is a Lie group
under matrix multiplication. By continuity of the determinant GL(n,R) C M(n,R)
is open and thus a submanifold of M(n,R). The multiplication map (X,Y) — XY is
smooth as it is given by polynomials in the entries of X,Y. Similarly, the inversion
map is smooth by Cramer’s rule.

We introduce the notion of a Lie algebra, which can be interpreted as an infinitesimal version
of the object it is associated with.

Definition 2.1.4. A Lie algebra is a real vector space g equipped with a bilinear map
(called a Lie bracket)

[]:axg—=g,
which is antisymmetric and satisfies the Jacobi identity, for all X,Y,Z € g:
o [X,Y]=—[Y,X];
o [X,[V,Z]]+[V,[Z, X]|+[Z,[X, Y]] = 0.
A Lie subalgebra of g is a linear subspace of g, which is closed under the Lie bracket.

Suppose G is a Lie group. For every g € G, define the left translation map L, : G — G by
L,(h) = gh. Let X € X(G) be a smooth vector field on G, we say that X is a left-invariant
vector field if (L,),X = X for all ¢ € G. Denote by Lie(G) the set of all left-invariant
smooth vector fields on G. By naturality of Lie brackets we have for all X,Y € Lie(G):

(L)« [ X, Y] = [(Lg) X, (Lg)- Y] = [X, Y].

Hence the Lie bracket on X(G) induces a Lie bracket on Lie(G). This is the Lie algebra of
the Lie group G. We recall the following result:

Proposition 2.1.5. Let G be a Lie group. Then the evaluation map € : Lie(G) — T.G, X
X, is a vector space isomorphism.
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Henceforth, we won’t distinguish between the two and will denote by g the Lie algebra of
the Lie group G.

Definition 2.1.6. Let g and b be Lie algebras. A Lie algebra homomorphism from g
to b is a linear map L : g — b which is compatible with brackets, meaning that:

LIX,Y] = [LX,LY]

for all X, Y € g. Similarly, we define a Lie algebra antihomomorphism K by the relation
K[X,Y]=—-[KX,KY].

Given a Lie group homomorphism, there exists a natural induced Lie algebra homomor-
phism, as the following proposition shows.

Proposition 2.1.7. Let G and H be Lie groups with Lie algebras g and b, respectively.
Suppose ® : G — H is a Lie group homomorphism. Then ®, : g — b defined by ®.(X) =
d®.(X) is a Lie algebra homomorphism.

Proposition 2.1.8. Let & : G — H be a Lie group homomorphism. Then ® has constant
rank.

Corollary 2.1.9. Let ® : G — H be a Lie group homomorphism. If ® is injective (sur-
jective, bijective), then the induced Lie algebra homomorphism ®, is injective (surjective,
bijective).

Let H be a Lie subgroup of G. We have seen that the inclusion map ¢ : H — G is an
injective Lie group homomorphism. By the above, the induced Lie algebra homomorphism
ix : h < g is injective. Therefore we identify b with the Lie subalgebra i.(h) of g.

The following theorem, due to Cartan, gives a very useful criterion for a subgroup to be a
Lie subgroup.

Theorem 2.1.10 (Cartan’s Closed Subgroup Theorem). A (topologically) closed sub-
group of a Lie group is an embedded Lie subgroup.

Exponential map of a Lie group

We recall the definition of an integral curve. Let V' be a smooth vector field on a manifold
M. A smooth curve v : J — M is an integral curve of V if

Y (to) = Vo) forall tg e J.

We now introduce an important tool, called the exponential map of a Lie group. This map
allows us to study the Lie group, by working instead with the Lie algebra, a vector space. In
the case of a group action on a manifold, we will use the exponential map of the Lie group
to generate vector fields on the manifold.

Definition 2.1.11. Let G be a Lie group with Lie algebra g. Define the exponential map
by
exp:g— G, X — vx(1),

where v : R — G is the (maximal) integral curve of X which starts at the identity.
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Remark 2.1.12. Recall that a left-invariant vector field on a Lie group is complete ([28,
Proposition 9.17]) so that the previous definition makes sense.

Note that, by definition, the image of the exponential map is contained in the path-
component of the identity element of G. We now look at some properties of the exponential
map.

Proposition 2.1.13. Let G be a Lie group with Lie algebra g. The exponential map
exp : g — G satisfies the following properties:

1. For any X € g, the integral curve yx of X is given by vx(t) = exp(tX).
2. The exponential map exp : g — G is a smooth map.

. For any X € g and s,t € R,exp(s+¢)X = expsX exptX.

-~ W

. For any X € g, (exp X)™! = exp(—X).
5. The exponential map is a local diffeomorphism from 0 € g to the identity e € G.

6. Let G, H be Lie groups with Lie algebras g, b respectively and ® : G — H be a Lie
group homomorphism. Then the following diagram commutes:

g — b
expl lexp
G2 H.

7. Suppose H be a Lie subgroup of G, then h C g is given by

h={X eg:exp(tX) € H for all t € R}

8. If G is Abelian, then for any X, Y € g, exp(X +Y) =exp X expY.
9. The exponential map for the matrix Lie groups is the ordinary matrix exponential.
Example 2.1.14.

e Suppose G is an Abelian Lie group, then the Lie bracket is trivial. One way to see this
is by noting that the inversion map i : G — G,g — ¢~ ! is a group homomorphism.
By Proposition 2.1.7 we have that di. : g — g preserves Lie brackets. We have that
di.(X) = —X. Indeed, v(t) = exptX is a smooth curve starting at the identity with
initial velocity X. In view of Proposition 2.1.13.4 we find:

dio(X) = (i 0~)'(0) = % 7Oexp(—tX) = —X.

Thus:
_[X7 Y] = die[Xv Y} = [dze(X)ﬂdle(Y)] = [X7 Y]7

which implies that the Lie bracket is trivial.
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We determine the Lie algebra s of the circle S'. As the circle is one-dimensional its
Lie algebra is one-dimensional also. Define

o _4d
80 " dt

2mit €s,

t=0

which is the tangent vector at the identity determined by rotation with period 1.

Consider the torus T™ = St x --- x S with Lie algebra t. Similarly as before, we can
find tangent vectors to the identity of the torus by rotating the j’th S'-factor:

0 d

30T @ (1,...,1,e*™* 1,.... 1) et
j

t=0

where j runs from 1 to n. The resulting tangent vectors at the identity span the Lie
algebra of the torus. Using this basis we identify the Lie algebra t of the torus with
R™. Then the exponential map of the torus is given by:

exp : R™ — Tn,(l'l,...,l’n) — (627"”1’_”76271'1'90")_

We determine the Lie algebra u(k) of the unitary group U(k). Recall that
U(k) ={U € GL(k,C): U™ ' =U"},

where U* is the adjoint (or Hermitian) of U, which is obtained by conjugating and
transposing the matrix U. Define g : GL(k,C) — GL(k,C) by g(X) = XX* — I, so
that U(k) = g~1(0). Differentiating the expression g(X) = 0 at the identity I yields

0=gX+I)—gX)=X+DHX+D)"-XX"=X+X".
Thus the Lie algebra u(k) is given by
uwk)={X € M(k,C): X" =-X},

that is, the space of skew-adjoint matrices.

2.2 Lie Group Actions on Manifolds

We now consider Lie group actions on manifolds. Let G be a Lie group and M a manifold.

Definition 2.2.1. A smooth action of G on M is a smooth map ¢ : G x M — M
satisfying the following properties,

b 1/)90109 :wgg’§

i d)e = IdMa
for all g, ¢’ € G. The action is either denoted by v, : M — M or by the shorthand notation

Note that 1), is a diffeomorphism, since 1,41 is its smooth inverse. Therefore, we often think
of ¢ as a group homomorphism ¢ : G — Diff(M). We recall some definitions regarding group
actions.
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Definition 2.2.2. Let v : G x M — M be a smooth action, and let p € M.

The point p is a fixed point of the G-action on M if g-p = p for all g € G. The fixed point
set of the action is denoted by M.

Define the orbit of p, denoted G - p, to be the images of p in M under the action . In
other words:

G-p={Yy4(p): g€ G} C M.

Define the stabilizer of p, denoted by G, by the subgroup of G consisting of all the group
elements fixing p, that is:

Gp,={9€G:9¢y(p)=p} CG.

The action 7 is said to be free if all the stabilizers are trivial, or equivalently if the identity
e € GG is the only element that fixes points on the manifold M.

We describe a common procedure to generate vector fields on our manifold M using elements
of the Lie algebra. Let X € g an element of the Lie algebra. Using the exponential map, we
find for any ¢ € R, a group element exp(tX) € G. By letting t vary we obtain for each point
p in M a smooth curve contained in the orbit of p, defined by R — M, t = Yexp(ex) (P)-
Differentiating at ¢ = 0 results in a tangent vector at p: %‘t:owcxp(tX)(p) € T,M. This
leads to the following definition.

Definition 2.2.3. Let X € g be an element of the Lie algebra. We define the fundamental
vector field of X on M, denoted X, pointwise by:
_d
Xp == tzoexth -p € T,M.
The map v : g — X(M) defined by ¥(X) = X is called the infinitesimal generator of
the action.

It turns out that the infinitesimal generator of the action is a Lie algebra antihomomorphism,
(Theorem 20.18, [28]).

Proposition 2.2.4. Let ¢ : G x M — M be a smooth action of a Lie group G on a
manifold M. Then the infinitesimal generator of the action ) : g — X(M) is a Lie algebra
antihomomorphism: [X,Y] = —[X,Y] for all X,Y € g.

Let us now try to relate the stabilizer of p to the orbit of p in M. For this, define the orbit
map VU, : G — M by ¥,(g) = g-p. Note that the image of ¥, is the orbit of p, and the
stabilizer of p is the pre-image of p, that is:

\I/p(M) =G-p, \I’;l(p) = Gp.
This shows that for any p € M the stabilizer G}, is closed, and thus a Lie subgroup of G.

Denote by g, C g its Lie algebra. The following result describes this Lie algebra in more
detail.

Lemma 2.2.5. For any p € M, the Lie algebra g, of the stabilizer of p is given by

gp={X€g:X,=0}
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Proof. Let p € M. By a previous proposition, we have the following characterization of g,:
gp ={X €g:exptX € G, for all t € R}.

Let X € g,. This characterization implies

d
X, =
TN

which proves the first inclusion.

Now suppose X € g such that X, = 0. Let top € R arbitrarily. Then by virtue of the chain
rule,

d d d
% wexth (p) = % Owexp(toJrs)X(p) = % Owexp toX © 'L/)exp sX(p)
t=to s= s=
d
- (dwexptoX)p % '(/Jexp sX(p) = (dwexptoX)p(Xp) =0.
s=0

Hence t — exptX - p is constant and thus exptX -p = p for all ¢ € R. In view of the
mentioned characterization, this proves the opposite inclusion. O

We use this lemma in the following important result. We will implicitly use that the left
coset space G/G, is a quotient manifold (with dimension dimG — dim G, and that its
tangent space at the identity may be identified with g/g, ([28, Theorem 21.17]).

Proposition 2.2.6. The orbit map ¥, : G — M descends to an injective immersion
U, :G/G, — M. In particular, it follows that dim(G - p) = dim(G) — dim(G,).

Proof. We argue that it suffices to show that \i/p is immersive at the identity. Define the
right translation R, : G — G by Ry(h) = hg, which is readily seen to be a diffeomorphism.
Since ¥, o Ry = U,.,, it follows by the chain rule that d(¥,), o d(Ry)e = (d¥4.p)e. Then
d(¥,), is injective if and only if d(¥,.p). is injective, because d(Rg). is an isomorphism.

Consider d(¥,). : g — T,M. Let X € g such that d(¥,).(X) = 0. Consider the smooth
curve v(t) = exp(tX), which satisfies: v(0) = p and 7/(0) = X. We find that:

d
0=d(¥p)e(X) = (¥,07)(0) = i exptX -p=X,,
t=0

which implies that ker(d¥,). = {X € g : X, = 0} = g,. Hence ¥, : G/G, — M is an
injective immersion. The last assertion follows by noting that the image of \i/p is the orbit
of p. O

Note that the previous proposition implies that any orbit of the action is an immersed
submanifold. A crucial fact is that the fundamental vector fields generate the tangent
spaces to the orbits, meaning that:

T,(G-p) = {X,: X € g}.

Inspecting the proof again, we see that d(¥,).(X) = X, for any X € g. This shows
that {X, : X € g} is a linear subspace of T,(G - p). The result of the proposition
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gives that their dimensions are equal: rank [d(¥,).] = dimT,(G - p), which implies that
T,(Gp) = (X, : X € g}.

Note that the orbit map W, is compatible with the group actions of G on G and M in the
sense that U,(g-¢') = g- ¥p(¢9'). We will see many examples of such equivariant maps in
the subsequent sections. This observation leads us to the following definition:

Definition 2.2.7. Let M and N be manifolds equipped with a smooth action of a Lie group
G and let ¢ : M — N be a smooth map. It is said that ¢ is an equivariant map if

(g -p) =9 o)
forallg e G and pe M.

Finally, we state the quotient manifold theorem, which we will use in the proof of the
symplectic reduction theorem. This remarkable theorem is also an inspiration for equivariant
cohomology, which we will explore in section 4.3.

Theorem 2.2.8 (Quotient Manifold Theorem [28, Theorem 21.10]). Suppose G is a
compact Lie group acting freely on a manifold M. Then the orbit space M /G is a topological
manifold of dimension dim M —dim G, and has a unique smooth structure with the property
that m: M — M/G is a smooth submersion.

Adjoint and coadjoint actions

Suppose we have a smooth G-action ¥ : G x M — M on a manifold M. We describe
a natural G-action on the Lie algebra g and its dual g*. Recall that G acts on itself by
conjugation, let g € G:

Cy:G—=G, h — ghg L.

We see that Cj is a diffeomorphism with smooth inverse Cy-1, thus differentiating Cy at
the identity e € G yields an isomorphism d(Cy)e : g — g. Allowing g € G to vary, we obtain
the adjoint action of G on the Lie algebra g:

Ad: G — GL(g), g — Ad,.

Let (,-) : g* xg = R, (§,X)— (£,X) = £(X) be the pairing between the Lie algebra
and its dual. Since g is finite-dimensional, any linear map A : g — g gives rise to a unique
dual map A* : g* — g* defined by A*¢ = £ o A for £ € g*. As the adjoint action gives an
endomorphism of the Lie algebra for each element in the group, we may apply the above
procedure to obtain endomorphisms of the dual of the Lie algebra.

Given § € g*, define Adj by the equation (Adz¢, X) = (§,Ady1X), where X € g. This
construction yields the coadjoint action of G on the dual of the Lie algebra g*:

Ad*: G = GL(g"), g+ Ad.

The terms adjoint and coadjoint action are not fully substantiated yet: it remains to check
that they are indeed group homomorphisms.

Proposition 2.2.9. Let G be a Lie group with Lie algebra g. The adjoint action Ad of G
on g and the coadjoint action Ad* of G on g* are group homomorphisms.
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Proof. Let g,h € G. Note that Cy o Cj, = Cgp, we have that:
Adg o Ady, = d(Cy)e 0d(Ch)e = d(Cy o Ch)e = d(Cyh)e = Adgh.
Hence, the adjoint action is a group homomorphism.
Let £ € g*, X € g, we find:
(A0 A}, X) = (AdjE, Ady 1 X) = (€, Ady1 0Ady 1 X) = (€, Ad(g) 1 X) = (AdZ,€, X),
which shows that the coadjoint action is a group homomorphism. O

Now it is natural to ask how the fundamental vector fields of the adjoint- and coadjoint
action look like. The following proposition gives a result in this direction.

Proposition 2.2.10 ([4], [9]). Let G be a Lie group. Let X,Y € g and £ € g*. Denote by
Xy the fundamental vector field at Y on the Lie algebra g associated to the adjoint action,
and by X, the fundamental vector field at § on g* associated to the coadjoint action. Then:

e X, =[X,Y];
o (X, V) =([Y, X]).

Note that the first part of this proposition gives another way of seeing that the Lie bracket
of Abelian Lie groups is trivial.

2.3 Momentum Maps

Throughout the following, let G be a Lie group and (M,w) be a symplectic manifold.

Definition 2.3.1. Let ¢ be a smooth action of G on M. We say that ¥ : G x M — M is
a symplectic action if it preserves the symplectic structure for all g € G, that is:

PYyw = w.
Thus vy : M — M is a symplectomorphism for all g € G, consequently we think of a

symplectic action as a group homomorphism ¢ : G — Sympl(M,w).

Let ¢ : Gx M — M be a symplectic action of G on M. The above definition is natural in the
sense that elements of the Lie algebra give rise to symplectic fundamental vector fields on M.

To see this, let X € g and consider its fundamental vector field X on M. The flow p; of X
is given by p; = texp ¢x, which implies that

d .
L’Xw = % t:to(d)exptx) w=0.

Since w is closed, it follows by Cartan’s formula Ly = doix + ix od that ixw is closed:
the fundamental vector field X is a symplectic vector field on M.
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One particular class of symplectic actions are those where the one-forms ixw are exact for
all elements X € g. We now want to introduce the notion of a Hamiltonian action of G' on
(M,w). Let us first think of which properties it should have. Similarly as in the case of a
symplectic action, we want each element of the Lie algebra to give rise to a Hamiltonian
fundamental vector field on M. As any Hamiltonian vector field is in particular a symplectic
vector field, we must require that the action 1 is symplectic.

Now suppose we have a symplectic action ¢ : Gx M — M such that each fundamental vector
field is Hamiltonian. Let Xi,..., X} be a basis for the Lie algebra g, and let p1,...,u; €
C*>°(M) be the Hamiltonians corresponding to the fundamental vector fields Xi,..., Xj.

Let X = SOF

=1 a; X € g be an arbitrary element of the Lie algebra expressed in this

basis. As the assignment g — X(M), X — X is linear, the function px = Y%

o1 ALy IS @
Hamiltonian for the fundamental vector field X:

k k
dux = Zajd,uj = Zaji&w =ixw.
j=1

j=1
In this way we obtain a linear map p: g — C*° (M) satisfying
dpux =ixw, forall X €g.

Let (-,-) : g* x g — R be the (nondegenerate) pairing between the Lie algebra and its dual.
By the expression

(u(p), X) = px(p)

we may equivalently view the linear map p : g — C°°(M) as a smooth map pu : M — g*
(and the other way around). We will only use such maps u : M — g* which are equivariant
with respect to the coadjoint action. The above discussion leads to the following definition:

Definition 2.3.2. A symplectic action ¢ : G — Sympl(M,w) is a Hamiltonian action if
there exists a smooth map u : M — g*, satisfying the following properties:

e For each X € g, the smooth function pux = (u, X) € C°°(M) is a Hamiltonian
function for the fundamental vector field X on M:

d,U,X = iiw. (21)
Here (-,-) : g* X g — R is the natural pairing, so that we read px : p — (u(p), X).

e The map p : M — g* is equivariant with respect to the action of G on M and the
coadjoint action of G on g*:

1(g-p) = Ady - pu(p) (2.2)

forallg € G and p € M.

In this case, it is said that p : M — g* is a momentum map for the Hamiltonian action
of G on M. The tuple (M,w, G, u) is called a Hamiltonian G-space.

Remark 2.3.3. A more physics-oriented motivation of the momentum map can be found in
Souriau’s Structure des systémes dynamiques [40], where it is introduced as a generalization
of Noether’s theorem.
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Before moving on to examples of Hamiltonian actions, let us study some important proper-
ties of the momentum map.

Proposition 2.3.4. Let p: M — g* be a momentum map for the Hamiltonian action of a
Lie group G on a symplectic manifold (M,w), and let p € M. Then the following holds.

e Forall X € g,v € T,M, we have:

{dpp(v), X) = wp(X,, v). (2.3)
e For all X € g, we have:
dpp(X,) = X, ) (2.4)
e The linear map
pig— Co(M), X = px (2.5)

is a Lie algebra homomorphism: px y) = {px, py} for all X, Y € g.

Proof. Let X € g. By definition of a momentum map, px is the Hamiltonian function for the
fundamental vector field X, that is, ixw = dux. Define the contraction map cx : g* — R
by ¢x (&) = (£, X), so that we can write ux = ¢x o u. Since g* is a vector space and cx
is linear, it follows that (dcx ), () = cx, where we identify the tangent space of g* with g*.
By application of the chain rule, we find:

Wp(&pav) = (dNJX)p(U) = (dCX)u(p) o d,up(v) =Cxo d/u'p(v) = <d:up(v)7X>

This proves the first assertion.

By equivariance of p, we find:

d . d
X = 77| Adopex - #p) = 2| pleptX - p) = dpy(X,),
t=0 t=0

since ¢ — exptX - p is a smooth curve starting at p with initial velocity X,.

Let X,Y € g. Note that px,puy are Hamiltonian functions for the fundamental vector
fields X,Y on M, so that their Poisson bracket is given by {ux,uy }(p) = wp(X,,Y,).
By the first and second paragraph we obtain w,(X,,,Y ) = (du,(Y,,), X) = (¥ ), X).
Recall from Proposition 2.2.10 that (Y, X) = (u(p), [X,Y]) = pix v)(p). Combining the
above equalities yields px,y] = {#x, pty }, which proves that p : X — px is a Lie algebra

homomorphism. O
Example 2.3.5.

1. We show that the symplectic action of S' on (C",wg) given by s - (21,...,2,) =
(s-21,...,8 2zp) is a Hamiltonian action with momentum map

n
w:C" =R, w(z1,...,2n) = 77r2|zj\2.
j=1

Here we identify the dual of the Lie algebra s* with R* using the previously mentioned
basis and identify R* with R through the inner product. Write the complex coordinates
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as zp = Ty + 1yx so that the symplectic form on C™ is given by wy = Z?Zl dz; N dy;.

The fundamental vector field of X := % € s is given by:

= 0 0
X =27 E —u. .
EL N ™ (j:1 Yj 81']‘ + Lj ayj)a
which is the vector field on C™ generated by rotations.

As p = px we find:

) n 8 8 n
ixwo = QW;(_‘%WO(T%’ -) = xjwol - ,8—%)) = —2W;(yjdyj + z;dx;) = dux
Thus dux = ixw holds and p is S-invariant, so that u(z1,...,2,) = —7 2?21 |z;]? is

a momentum map for the action.

. The symplectic action of the torus T™ on (C™,wp) given by
(t1, -y tn) - (21, oy 2n) = (t1 - Zny oo oy bn - 2Zn)
is Hamiltonian with momentum map
piC* = R (21, .., 20) = —(|z1)?s - o [z ]2).

This can be seen by identifying the Lie algebra t with R™, where the basis vectors of
t are the tangent vectors to the identity obtained by rotating a single S'-factor, and
then following the above procedure for each basis vector of t.

. Consider the symplectic action of S* on the sphere (S?,w) by rotation about the z-axis:
St xS? = §% 0-(p,h) =0+, h).

Here (¢, h) = (p(h)e!?, h) are cylindrical coordinates on the sphere, so that the stan-
dard volume form on the sphere is given by w = dpAdh. (Here p(h) is the distance of a
point p to the z-axis as a function of height.) We show that the action is Hamiltonian
with momentum map

pw:S? =R, p(p,h) =2rh.

The fundamental vector field of X := % € s on the sphere at a point p = (¢, h) =
(p(h) - €, h) is given by
d 2mit d

. ) o
X, = — = — Tp(h)e'? h) = 2m —| € T,S”.
=p dt t:Oe p dt t:o(e p( )6 ) ﬂ—a(P . p

As pp = px, we find ixw = 2rdh = dux, so that px is a Hamiltonian function for

the fundamental vector field X on the sphere. The momentum map u(p, h) = 27h is
St-invariant, so that u is a momentum map for the action.
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4. Consider the action of U(k) on C* via matrix multiplication:
U(k) x C* - C*, (U, 2) — U=.

We show that
peu(k) = C®(CF), X — px.

where px(z) := %Z*XZ, is a momentum map for the action. Here we view the sym-
plectic form wy as the imaginary part of the Hermitian inner product H (u,v) = v*u,
that is,

wo : CF x CF = R, wo(u,v) = Im(H (u,v)).

As unitary matrices act by isometries (w.r.t the Hermitian inner product H and thus
wp), the action is symplectic.

Let X € u(k), so that X is a skew-adjoint matrix (X* = —X). Using the matrix
exponential we find that the fundamental vector field of X at a point z € CF is given

by
X, = i X=Xz,
dt|,_,
We find:
(@ux)e) = L) pxGe+t) = 2| L[+ 0) X (e + )] = L' Xz + 2 X0l
/.I/sz—dtt:OILLXZ U—dtt:OQZ’ v z ’U—2U z z v
= %[H(Xz, )+ H(Xv,2)] = %[H(Xz, V) + H(v, X*2)]
= %[H(Xz, v) — H(v, X2)] = Im[H(Xz,v)] = wo(X.,v),

which shows that px is a Hamiltonian function for the fundamental vector field
X e X(Cn).

Let U € U(k), we show that u is equivariant with respect to the coadjoint action:
px (U - 2) = %(Uz)*X(Uz) = %Z*U*XUZ = Ad, - px(2)

for all X € u(k),z € C". We conclude that p is a momentum map for the action.

By identifying the dual u(k)* with the Lie algebra u(k) through the inner product on

M (k,C), we can write the momentum map as p : C¥ — u(k), u(z) = 22"
Proposition 2.3.6. Let u: M — g* be the momentum map for a Hamiltonian action of
a Lie group G on M. Suppose H C G is a Lie subgroup of G. Denote by i : h — g the
inclusion map with dual map pr: g* — h*. Then /' = propu: M — h* is a momentum map
for the restricted action of H on M.

Proof. Let (-,-) : g* x g — R be the natural pairing. Recall that pr : g* — h* being a dual
map for i : h < g precisely means that (pr(£), X) = (£,i(X)) for all £ € g*, X € §.
Let X € b. Then py = (', X) = (prop, X) = (1,4(X)) = p;(x) implies:

so that py is a Hamiltonian function for the fundamental vector field of X € b. O

29



Note that this proposition gives another way of finding the momentum map for the circle-
action in Example 2.3.5. Let S' — T",i(z) = (2,...,2) denote the inclusion map of S*
into the torus, with induced Lie algebra homomorphism the inclusion of its Lie algebra
i : R < R” i(v) = (v,...,v). Then the projection pr : R® — R dual to the inclu-
sion is given by pr(ws,...,w,) = w1 + -+ + w,. Then composing the momentum map of
the torus-action with the projection pr indeed gives the momentum map of the circle-action.

As previously mentioned, a crucial property of the momentum map is that it satisfies
Noether’s theorem, which relates the invariance of a Hamiltonian under transformations
(symmetries of the system) to corresponding conservation laws. Classical examples of
Noether’s theorem include: translational invariance implies conservation of linear momen-
tum and rotational invariance implies conservation of angular momentum.

Theorem 2.3.7 (Noether’s theorem). Let ¢ : G — Sympl(M,w) be a Hamiltonian
action of G on M with corresponding momentum map p. A smooth function H : M — R
is G-invariant if and only if p is constant on the integral curves of the Hamiltonian vector

field Xy of H. (Here G-invariant means that ¢y H = H for all g € G.)

Proof. Let X € g with fundamental vector field X on M. The flow of X is given by texpix-
By definition of momentum map and Hamiltonian vector field we have:

. o . d X
EXH/J,X:ZXHd,U,X:ZXHZKOJ:—ZKZXHWZ—AC&H:—@ (wexth) H
t=0
Thus, p is constant on the integral curves of Xy if and only if the smooth function H is
G-invariant. O

2.4 Symplectic Reduction

The goal of this section is to prove the symplectic reduction theorem, which states that
under some conditions the quotient of a symplectic manifold by a Lie group is again a
symplectic manifold. In this thesis we will use symplectic reduction to obtain interesting
examples of symplectic manifolds. In mechanics, it serves as a method to reduce the number
of (redundant) variables in the presence of a symmetry (see, for example, Introduction to
Mechanics and Symmetry [32]). We follow the proof of symplectic reduction as done in Torus
Actions on Symplectic Manifolds [4] and Symplectic geometry and analytical mechanics [30].

We briefly sketch the procedure of symplectic reduction. Consider a momentum map pu :
M — g* and suppose £ is a regular value of p. Let i : u=*(£) < M be the inclusion map and
7 (&) = Myeq be the (submersive) projection onto what we call the reduced symplectic
manifold (Med,wred). The defining equation for the reduced symplectic form wyeq on the
reduced symplectic manifold M,eq is given by:

T Wred = ¥ w.

We recall a notion from linear algebra concerning the natural pairing of a vector space with
its dual. Note the similarity with the definition of an orthogonal complement.

Definition 2.4.1. Let V be a vector space with a linear subspace F' C V, and consider the
natural pairing (-,-) : V* x V — R. Define the annihilator of F, denoted by F°, as the
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linear subspace of V* whose elements are identically zero on F', that is:
FO'={aecV*:{a,v)=0foralveF}
The following lemma studies the differential of the momentum map du, : T, M — g*.

Lemma 2.4.2. Suppose u: M — g* be the momentum map of a Hamiltonian action of G on
the symplectic manifold (M,w), and let p € M. Then the following hold for du, : T,M — g*:

1. kerdy, = (T,(G - p))¥;
2. Imdp, = g.

Proof. Let v € T,M. By Proposition 2.3.4, we have (du,(v), X,,) = w,(X,,,v). This implies
that v € ker du,, if and only if v € {Xp : X € g}¥. As the fundamental vector fields generate
the tangent spaces to the orbits, we conclude ker du, = (T,(G - p))¥.

We determine the dual map dy, : g — T,y M: the unique map which satisfies (dp,(v), X) =
(v, (dpp)*X) for all v € T,M, X € g. In view of (dpu,(v), X) = wy(X,,v), we find that
(dup)* is given by (dpp)*(X) = (ixw)p. for X € g. By linear algebraic considerations
we see that Imdu, = (ker du;)o. If X is in the kernel of the dual map dyy, it follows by
nondegeneracy of w that X, = 0. By Lemma 2.2.5 we have that X, = 0 if and only if
X € gp, where g, C g is the Lie algebra of the stabilizer of p, so that Im dy, = gg. O

Suppose ¢ is a regular value of a momentum map g : M — g*. Then p=1(¢) C M is a
submanifold of M and thus the inclusion map ¢ : p= (&) < M is smooth. Note that the
above lemma yields that the stabilizer of a point p is discrete, that is, zero-dimensional. We
will now study in more detail the geometry of p~1(¢) with the restricted form i;w (note
that this form is generally not a symplectic form). The goal is to smoothly quotient out the
kernel of this restricted form to obtain a nondegenerate form. Assuming that the reduced
form wyeq exists and is nondegenerate, the relation 7*w.eq = ¢*w shows that the restricted
form 77w must have constant rank. This is the content of the following lemma.

Lemma 2.4.3. Let p: M — g* be the momentum map of a Hamiltonian action, and let &
be a regular value of . The restricted form igw has constant rank, and its kernel at a point

p € p=L(€) is given by ker(izwp) = Tp(Ge - p)-

Proof. To determine the kernel of the form (ifw),, we view it as a linear map

(iw)p : Ty () = Ty (™1 (€)-
Thus, we have that
ker(igw)p = Tp(n™"(€)) N (T(n~"(€))”.
Since £ is a regular value of u, we find by application of the regular value theorem that
ker dp, = T,(p=(€)). Using Lemma 2.4.2 we can then rewrite the kernel as follows:

ker(igw), = ker du, N T,(G - p).

As the fundamental vector fields generate the tangent spaces to the orbits, we have that
v € kerdpu, NT,(G - p) if and only if v = X ) for some X € g and X, € kerdp,,. In view of
Proposition 2.3.4 and Lemma 2.2.5, the following implications hold:

X, €kerdpy, & X, =X,y =0 X € ge.
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As fundamental vector field generate the tangent spaces to the orbits, we have X € g¢ if
and only if X, € T)(G¢ - p), so we conclude that ker(ifw), = T(G¢ - p).

As € is a regular value of g and p € p=1(€), it follows that the rank of du, is maximal,
and by Lemma 2.4.2 that the stabilizer G, of p is zero-dimensional. In particular, (Ge¢), is
zero-dimensional. Recall that dim G¢ — dim(G¢), = dim G¢ - p, it follows that:

rank(i¢w), = dim pH(€) —dimGe - p
= dim 1 (¢) — dim G¢.

We see that 7fw has constant rank on p~'(€). O

The following theorem, called the Symplectic Reduction Theorem, is due to Marsden, Weinstein
[33] and Meyer [35] independently.

Theorem 2.4.4 (Marsden-Weinstein-Meyer Symplectic Reduction). Let (M,w) be
a symplectic manifold equipped with a Hamiltonian action ¢ of a compact Lie group G. Let
w: M — g* be the momentum map associated to the Hamiltonian action. Suppose £ € g* is
a regular value of p and that the stabilizer G¢ of § (w.r.t. the coadjoint action) acts freely
on (). Then Myeq = p='(€)/Ge is a manifold and there exists a symplectic form wyeq
on Meq satisfying

7r§ Wred = iZw,

where i¢ : p= (&) < M is the inclusion map and 7¢ : p=1(€) — Myeq is the projection map.

Proof. As € is a regular value of p, the regular value theorem yields that p=1(¢) is a sub-
manifold of M. Let us now establish that M,eq = p~'(£)/Ge is a manifold. For this, let
p € u1(€) and g € Ge. Since p is equivariant, we find

u(g-p) = Ady - pu(p) = Ady - £ =&,

which implies that g-p € p=1(£). As G¢ is a Lie subgroup of the compact Lie group G, the
action 1 thus restricts to a (smooth) free action of Ge¢, denoted by

b1 Gex €)= pH(9).

By virtue of the quotient manifold theorem (Theorem 2.2.8), it follows that Myeq = =1 (£)/Ge
is a manifold with the property that the projection m : pu=1(§) — Myq is a submer-
sion. Furthermore, the tangent space of M,eq at m(p) = G¢ - p can be canonically iden-
tified with the quotient vector space T,(u~'(€))/T,(Ge - p) through the surjective map
dmy : Tp(p " (€)) = Tr(p)Mrea, which has kernel ker dm, = T, (G¢ - p).

We make the identification T),(u=*(€))/Tp(Ge - p) = Tr(p)Mrea as above. Define wyeq €
02(M,eq) pointwise by:

(wred)w(p)([u]v [U]) = wp(u> U)
for [u], [v] € Tp(u=1(€))/T,(Ge - p). Note that [u] = dm,(u) and [v] = dm,(v), so that
ﬂgwred = izw holds by construction. We show that wy.q is well-defined:

e Since the kernel of the restricted form (ifw), is T,(G¢ - p) and w is bilinear, the
value of w,q is independent of the representatives picked for the equivalence classes

[u], [v] € To(1™"(§))/Tp(Gs - p).
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e It remains to show that (wrea)r(p) is independent of the point in G¢ - p used for
the identification of Ty (,)Mieq. To this end, note that for g € G¢ the differential

d(thg)p : Tp(u(€)) = T,p(u=1(€)) is an isomorphism which sends T, (Ge - p) into
T4.p(Ge - p). Thus d(vpg), descends to an isomorphism

d(Wg)p = Ty ())/Tp(Ge - p) = Ty (™ () /Typ(Ge - p)-

We have 7o ﬁg = 7 by definition of the projection 7, so the following diagram com-
mutes:

Ty (1=(€))/Ty(Ge - p) W) Ty (1 1(€))/ Typ(Ge - )

dmp 4%94)

TTr(p) Mred

As ﬁ;w = w for all g € G¢, we conclude that wycq is well-defined.

In view of the lemma above, the restriction izw has constant rank with kernel at points
p € u (&) given by T,(Ge - p) so that wyeq is nondegenerate.

Using that w is closed and the fact that pullbacks and the de Rham differential commute,
we find:
T dwred = AT *Wred = digw = igdw = 0.

Since 7 is a submersion, it follows that 7* : Q* (Meq) — Q*(p=1(€)) is an injective linear
map. Then the result dwyeq € ker(m*) implies that dw..q = 0. We conclude that wyeq is a
symplectic form on M.eq. O

Corollary 2.4.5. Let p : M — g* be the momentum map associated to a Hamiltonian
action. Suppose G acts freely on p=1(0). Then M,eq = p~1(0)/G is a manifold and there
exists a symplectic form wyeq on Myeq satisfying

T Wred = 17 w.

Proof. As G acts freely on p~1(0), it follows that 0 is a regular value of u. Note that the
stabilizer of 0 with respect to the coadjoint action is the group G. The assertion now follows
by application of the symplectic reduction theorem. O

We end this section with two examples of symplectic quotient manifolds, which can be found
as exercises in [4], [9], [34].

Example 2.4.6 (Complex Projective Space). Recall that the complex projective
space of complex dimension n, denoted by CP", is defined as the space of all complex lines
in C"*!. Thus we can write

CP™ ={[zo:21::2a]: (20,21, - ., 2n) € C"T1\{0}},
where [zg : 21 : -+ - : z,] denotes the equivalence class of (2o, z1, . . ., 2, ) under the equivalence
relation
(20,215« oy 2n) ~ (20, 215 -+ oy 20) € (20,215 -+ -y 2n) = (A20, A21, .., A2zp)
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for some non-zero complex scalar A € C*. We can also view CP™ as the quotient S?*/S!.
Consider again the Hamiltonian action of the circle S' on C**!:

St xC" 5 C" s (21, 20) = (521,00, 5 2Zn),

with momentum map
n
p:C* =R, u(z,...,2,) = —WZ|zj\2.
j=1

We now show that CP™ is a symplectic manifold. As ,ufl(_?l) = $?" and S! acts freely on
the sphere S?7, we conclude by application of the symplectic reduction theorem that CP™ =
/Fl(_?l) /St is a symplectic quotient manifold. The corresponding reduced symplectic form
wred 0n CP™ obtained in this way is called the Fubini-Study form.

Example 2.4.7 (Complex Grassmanian). We introduce the Stiefel manifold
Vi(C") = {AcCH": AA* = I,,},

which is the space of all ordered orthonormal k-frames in C", and the Complex Grass-
mannian by
G (C") = {k-dimensional subspaces of C"}.

Here a k-frame is an ordered set which consists of k linearly independent vectors.

The map
Vi(C)/U (k) = Gi(C"), [A] = U(k) - A s AT(CF)

defines a bijection between the quotient of the Stiefel manifold by the unitary group U (k)
and the complex Grassmannian. We think of A7(C) as the span of the k linearly inde-
pendent vectors. We now show that the complex Grassmannian is a symplectic quotient
manifold.

Let & < n be two positive integers. Consider the symplectic action of the unitary group
U(k) on (CF*™ wg) by matrix multiplication:

U(k) x Ckxn — ck>n (U, A) — UA.
This action is Hamiltonian with a momentum map given by
(s TR s u(k), p(A) = %AA*.

To see this, note that if we have n Hamiltonian actions of a Lie group G on symplectic
manifolds (M;,w;) (j € {1,...,n}) with momentum maps p : M; — g*, then

pr My X My = g%, p(prs-- s pn) = pa(p1) + -+ + pin(pn)
is a momentum map for the action

GxX(Myx--+xMp,)—M XXM, g-(p1,--s0n) = (g-D1y.--,9 " DPn)-
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(The symplectic form w on My x --- x M, is given by w = priw; + --- + priw,, where
pr; : My x --- x M, — Mj the projection maps onto the j’th factor.)

Take M; = CF for j = 1,...,n and consider the Hamiltonian U (k)-action from Exam-

ple 2.3.5.4 with momentum maps fi; : C¥ — u(k), p;(z;) = 4z;25. Write a complex matrix

i
A € CF*™ as an n-tuple of its column vectors: A = (21, -+, z,) with z; € C*. By the above
remark we find that p : C**™ — u(k) defined by
i i
BA) = (a1, 7n) = (212 4 2ah) = SAA”
is a momentum map for the action on CF*™.

Note that p='(%1;) = Vi(C"), and I, € u(k) is a fixed point of the adjoint action of
U(k) on its Lie algebra u(k) and U(k) acts freely on V;(C™). By application of the Sym-
plectic Reduction theorem, we conclude that the complex Grassmannian p~!($1;)/U (k) =
Vi(C)/U(k) = G(C™) is a symplectic manifold.

Summary

We first introduced Lie groups and Lie group actions on manifolds. In the case of such a
Lie group action on a manifold, we used the exponential map to generate a vector field on
the manifold for each element in the Lie algebra, called the fundamental vector fields. We
then introduced Hamiltonian actions that are characterized by the existence of a momentum
map, that is, an equivariant map p : M — g* which gives a Hamiltonian function for each
fundamental vector field. Finally, we used the momentum map to prove the symplectic re-
duction theorem, which allows us to obtain new symplectic manifolds by taking the quotient
of symplectic manifolds with a Hamiltonian action by a Lie group.
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Chapter 3

Atiyah—Guillemin—Sternberg
Convexity Theorem

In the last chapter we have seen several examples of Hamiltonian torus actions, and that
the image p(M) of the momentum map is convex in these cases. Atiyah and Guillemin and
Sternberg have shown that the convexity of the image holds for any Hamiltonian torus action
on a compact symplectic manifold. The main goal of this section is to prove the Atiyah—
Guillemin—-Sternberg Convexity Theorem. For this, we will first learn some representation
theory about compact Abelian Lie groups and apply Morse-Bott theory to the functions
pux obtained from the momentum map.

3.1 Tori

In this chapter and the subsequent sections we will mainly use torus actions, so we spend
some time on several characterizations of tori. Let T™ be a torus. Throughout, we identify
the Lie algebra t = R™ using the basis obtained by the tangent vectors obtained by rotating
a single S'-factor with period 1.

In the last section, we have seen the torus T® = S' x --- x S! as a compact connected
Abelian Lie group being the Cartesian product of circles, with componentwise multiplication.
Consider the Lie group homomorphism

SR =T, (1,...,2,) — (eQWixl,...,62”i$7‘)

between Abelian Lie groups. This map has kernel Z", so by the first isomorphism theorem
for groups, ® descends to a Lie group isomorphism ([28, Example 21.14]):

d:R"/Z" — T".

Let 7 : R™® — R™/Z"™ denote the quotient map of the quotient manifold R™/Z™. Under the
identification T™ = R™/Z", the exponential map exp : t 2 R™ — T™ and the quotient map
m: R"™ — R™/Z™ are identical.

In practice, the latter viewpoint might be more useful when studying the image of a linear
subspace under the exponential map.
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Example 3.1.1. [28, Example 4.20] Let T be a torus, and let X € R™ be an element in
the Lie algebra with rationally independent coefficients. Then the curve t — exp(tX) in the
torus is dense:

{exp(tX):t € R} =T.
The following theorem can be viewed as a generalization of the preceding example.

Theorem 3.1.2. [13, Corollary 1.12.4] Let G be a connected Abelian Lie group. Then G
is isomorphic to (R®/Z) x R for some integers a,b. In particular, if in addition G is
compact, it is isomorphic (as a Lie group) to R"/Z", where n = dim(G).

Let T™ be a torus, with Lie algebra t =2 R™. The above theorem allows us to generate
subtori. More explicitly, let V' C R"™ be a linear subspace. Consider the set

H:=exp(V)CT"

obtained by taking the closure of the image of V' under the exponential map. Using that
T™ is Abelian, one readily verifies that H is an Abelian subgroup of the torus. It is a
closed subgroup, so H is a Lie subgroup by Cartan’s Closed Subgroup Theorem. Then H
is compact as well, being a closed subset of a compact space. This implies that H C T™ is
a subtorus by application of the theorem.

For example, if X € R™ has rationally dependent coefficients, one finds that exp(R - X) =
m(R-X) CT" is closed, and thus a one-dimensional subtorus of T”, which we identify with
a circle S'. We generalize these observations by the following definition.

Definition 3.1.3. Let T" be a torus, and suppose X € R™ is an element of the Lie algebra.
Define the torus generated by X, denoted Ty, to be:

Tx := {exp(tX):t € R} CT".
The previous discussion shows that Tx is indeed a subtorus of T".

Proposition 3.1.4. Let T be a torus, with exponential map exp : t — T. Then the
following holds.

e The exponential map is surjective.

e The exponential map is a Lie group homomorphism, where we view the Lie algebra t
as an Abelian Lie group.

Remark 3.1.5. In the coming chapters we will mainly prove theorems for Hamiltonian
actions of a torus. However, these theorems are also of use in the study of Hamiltonian
actions of non-Abelian compact Lie groups. The reason being that a compact connected
Lie group G contains a maximal torus T C G ([13, Theorem 3.7.1]). We say that a torus
T C G is maximal if T C T’ for some other subtorus T’ of G implies that T = T".

Haar measure

The goal of this section is to show that a symplectic action of a compact Lie group G
gives rise to an invariant Riemannian metric and subsequently an invariant almost complex
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structure J. The main tool to derive such invariant structures is the so-called Haar measure.

The Lebesgue measure A defined on the Borel measurable subsets of Euclidean space is
invariant under translations, that is, for all @ € R™ and Borel measurable sets B C R" we
have:

Aa+ B) = \(B)

One can generalize such Borel measures to locally compact Lie groups:

Definition 3.1.6. Let G be a locally compact Lie group, and let v be a nonzero regular
Borel measure on G. We say that v is a left Haar measure if it is invariant under left
translations, meaning that v(Ly(B)) = v(B) for all ¢ € G and all Borel measurable sets
B CG.

Proposition 3.1.7 (Haar measure [10, Theorem 9.2.2.]). Let G be a compact Lie group.
There exists a unique normalized left Haar measure on G, denoted by dh, satisfying | o dh =
1. This normalized Haar measure is also a right Haar measure.

Let f € C*°(G) be a smooth function on a compact Lie group, then the left invariance of
the Haar measure dh implies that

/ f(gh) dh :/ f(h) dh, for all g € G.
G G

Suppose we have a symplectic action ¢ : GXx M — M of a compact Lie group on a symplectic
manifold (M,w). We construct a G-invariant Riemannian metric mg on M as follows. Let
m be an arbitrary Riemannian metric on M, and define mg, with respect to the normalized
left Haar measure, pointwise by:

(mo)y(u,v) = /G (Wim)y(u,v) dh,

for u,v € T, M. This is well-defined, as the function h — (¥}m),(u, v) is smooth. It can be
checked that mg defines a Riemannian metric on M. This Riemannian metric is G-invariant,
since the pullback is a contravariant functor and the left Haar measure is G-invariant:

vimo = [ o im) i = [ ) m dh = [ vim dn = m.

We say that the G-invariant Riemannian metric myq is obtained by averaging a Riemannian
metric on M over the group G, and that ¢, acts by isometries with respect to mg. (This
construction only works for compact Lie groups, as a Haar measure for non-compact groups
is not finite, that is, [, dh = oo ([10, Proposition 9.3.3.]).

We use this metric to obtain a G-invariant w-compatible almost complex structure J on
M, meaning that ¢j.J = J for all g € G. Unpacking this property, we require the almost
complex structure J € I'(End(TM)) to satisfy:

d(Yg)p o Jp = Jg.p 0 d(1hg)yp

for all p € M and g € G. In view of the construction of an w-compatible almost complex
structure in section 1.5, we note that it suffices to show that A € I'(End(TM)) defined by

(mo)p(Ap(u),v) = wp(u,v) (u,v € T,M)
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is G-invariant. Recall that we used the polar decomposition to write A = |A|J. Let
u,v € T, M. Using the G-invariance of the symplectic structure and the Riemannian metric,
we find:

(m0) g-p(d(thg)p © Ap(w), v) = (mo)p(Ap(w), d(thg-1)g.p(v))
= wp(u, d(Pg-1)g.p(v))
= wg.p(d(thg)p(u),v)
= (m0)g.p(Ag.p © d(thg)p(u), v).
We conclude that A is G-invariant, so that J is G-invariant. It is readily checked that
my(-,-) = w(-,J-) is also a G-invariant Riemannian metric. Let us summarize this subsec-
tion:

Proposition 3.1.8. Suppose we have a symplectic action ¥ : G x M — M of a compact
Lie group G on a symplectic manifold (M,w). Then there exists an w-compatible almost
complex structure J on M, which is G-invariant:

Yy =J, forall g € G.

Furthermore, the Riemannian metric m; defined by m;(-,-) := w(-, J-) is G-invariant. The
form H defined by H(-,-) :==my(-,-) + iw(:,) is a G-invariant Hermitian form.

In particular, the result holds for a symplectic action of a torus T.

Representation theory and Equivariant Darboux Theorem

Let v : G x M — M be a symplectic action of a compact Lie group G on a symplectic
manifold (M,w), and suppose p € M is a fixed point of the action. Then we find a smooth
action of the group G on the tangent space T, M, as follows:

m: G — GL(T,M), n(g) = d(vg)p : TyM — T, M.

In this subsection we study the above action of G on the tangent space T, M of a fixed
point p. For this, we will first delve into representation theory, based on Duistermaat and
Kolk’s book Lie Groups [13]. Then, using representation theory and an equivariant version
of the Darboux Theorem, we describe the action 1 on M near a fixed point, in the case that
G =T is a torus.

Definition 3.1.9. Let V be a finite-dimensional vector space over C, and let G be a Lie
group. A representation of GG in V is a Lie group homomorphism

m: G — GL(V).

We say that 7 is a finite-dimensional, complex representation of G to reflect that V is a
finite-dimensional complex vector space. Furthermore, the dimension of 7 is defined to be
the dimension of V.

Definition 3.1.10. Let 7 be a finite-dim. representation of GG in a complex vector space
V.

e A linear subspace U C V of a representation is said to be 7(G)-invariant if U is
7(g)-invariant for all g € G:
m(g)(U) C U.
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e We say that the representation 7 of G in V is an irreducible representation if V'
does not have proper and nontrivial 7(G)-invariant linear subspaces. Equivalently, if
U CV is a 7(G)-invariant subspace, then U =0 or U = V.

e The representation 7 of G in V' is completely reducible if for every 7(G)-invariant
linear subspace U C V there exists another 7(G)-invariant linear subspace U’ C V
such that V splits as their direct sum:

V=UaU.

e Suppose that o : G — GL(W) is another finite-dimensional representation of G in a
complex vector space W. We say that m and o are equivalent representations if there
exists a linear isomorphism L : V — W such that:

Low(g)=0(g)oL, forall g €G.

e Suppose that H : V x V — C is a Hermitian inner product on V. The representation
7 is unitary (with respect to H) if

H(m(g)(v),m(g9)(w)) = H(v,w), forall g € G, v,we V.

Definition 3.1.11. Let 7 be a finite-dimensional representation of G in V. A character
of the representation, denoted by x, is a map

Xr: G —=C, g— Tr(n(g)).
A multiplicative character of the group G is a Lie group homomorphism
x:G— C*.

Theorem 3.1.12 (Schur’s lemma for Abelian groups [13, Cor. 4.1.2.]). Let G be a
compact Abelian Lie group, and suppose that 7 : G — GL(V) is an irreducible, finite-
dimensional, complex representation of G. Then the representation m is one-dimensional.
Moreover, the character x, of the representation w is a multiplicative character of G:

Xr: G — C*,
and 7(g) acts on V wvia multiplication by the nonzero complex scalar x(g):

m(g) v+ Xx(g) - v

Theorem 3.1.13. [18, Cor. 4.2.2.] Let ™ be a unitary representation of a compact Lie
group G in a finite-dimensional complex vector space V' with a Hermitian inner product.
Then m is completely reducible, and V splits as a direct sum of 7(G)-invariant mutually
orthogonal linear subspaces Vj, such that w|yv, : g — m(g)|v, is irreducible for each index j.

We will need the following proposition:

Proposition 3.1.14. [5, Ex. 27.5] Let T = R"/Z"™ be the n-dimensional torus. The multi-
plicative characters of the torus are given by:

Xr: T — C*, exp(X) — e2mHAX)

where A = (\q,...,\,) € Z™ is an n-tuple in the lattice of the torus. (Here we view X € R",
and exp(X) € T.)
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Definition 3.1.15. Denote by xy, : T" — S! the character of an irreducible T™ represen-
tation on a complex line V;. By differentiating the character x», at the identity, we obtain

a linear map
n

At R X = (0, X) =Y (A)k - Xi,
k=1
which we view as an element in the dual t* of the Lie algebra of the torus. We define the
weight of the representation of T" on Vj to be this dual element.

We now apply representation theory to construct a local model of a Hamiltonian torus action
around a fixed point. Let ¢ : T" x M — M be a Hamiltonian torus action on a compact
symplectic manifold (M,w) with momentum map p : M — t*, and suppose p € M" is a
fixed point. Then we have a representation 7 of the torus on the tangent space 7, M which
preserves the symplectic structure wy:

m: T = GL(T,M), g — d(1b), : Ty,M — T, M.

Since T is compact, we obtain by Proposition 3.1.8 a T-invariant w-compatible almost
complex structure J on M, which makes (T,M,J,) into a complex vector space. Since
J is T"-invariant, we find that 7 is a finite-dimensional complex representation. The
resulting Riemannian metric m;(-,-) := w(-,J-) is also T-invariant, so that 1 acts by
isometries on M with respect to the metric m;. Similarly, the Hermitian inner product
H(,-) = my(-,") +iw(:,-) is T-invariant, so that T acts by wunitary transformations on
(TpM, Jp).

By the above theorems, we can split 7, M as follows:

T,M=V1® - D Vpy, (3.1)
where the summands Vi, ..., V,, are T-invariant mutually orthogonal complex lines. Thus,
we have a vector e; in each complex line V; such that ey, ..., e, is an orthonormal C-basis

for the tangent space T, M. The action of T on each line V; is given by:

m(exp(X))(ey) = PNy, (32)
for some \; € Z", j = 1,...,m. Since ey,..., ey, is an orthonormal C-basis and J, is an
w-compatible complex structure, it follows that ey, ..., e, Jer, ..., Jey, is a symplectic ba-

sis for (T, M,w,). This symplectic basis provides a symplectomorphism between (7, M, w,)
and (C™,wyp), where wq is the standard symplectic structure.

As we have seen before, the exponential map of a Riemannian metric allows us to identify
a neighborhood of the tangent space with a neighborhood of the manifold. We show that
the exponential map

exp, : T, M — M

associated to the T-invariant Riemannian metric m; is T-equivariant, so that we can make
an equivariant identification. Let v, be the geodesic starting at p such that exp,(v) = v,(1).
For g € T, the initial velocity of the curve 14 o 7y is given by:

d

It tzo(i/)g 0 1) (t) = d(¥g)(v).
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As 1) acts by isometries, it takes geodesics to geodesics, so that we conclude:

exp,,(m(g)(v)) = expy, (d(1y)p(v)) = g (exp,(v)),

for v € T,M and g € T. This proves that the exponential map is T-equivariant. In order to
construct a local model, we will make use of the following equivariant Darboux theorem:

Theorem 3.1.16 (Equivariant Darboux Theorem [19, Theorem 22.1]). Let X be a
manifold equipped with an action of a compact Lie group G, and let x € X be a fized point.
Suppose wiy,ws are G-invariant symplectic forms on X such that (w1)y = (w2),. Then

there exist G-invariant open neighborhoods V' and W of x together with a G-equivariant
diffeomorphism ® : V. — W such that ®(z) = z and ®*wy = wy.

We take a G-invariant open neighborhood Vj of 0 in 7, M and an open neighborhood U, of
p in M such that

exp, : Vo = Up
is a T-equivariant diffeomorphism. Then exp;, w and w, are T-invariant symplectic forms on
Vo € T, M which agree at 0 € VL. By the equivariant Darboux theorem (and restricting Vg
if necessary), we obtain an open neighborhood V' of 0 € T, M together with a T-equivariant

symplectomorphism
V=V (3.3)

satisfying ®(0) = 0 and ®* expy w = w,.
Consider the symplectic T"-action on (C™,wq) given by
T" x C™ — C™, exp(X) - (21,...,2m) = (278X 5 2miGm XDy .

This linear action is Hamiltonian with momentum map
m
po s C™ =t po(z1, . 2m) = () — 7 > |27, (3.4)
j=1

In view of the decomposition in Equation (3.1) and the remarks thereafter, we obtain a
T-equivariant symplectomorphism

¢ (C™ wo) = (T M, wp)
satisfying ¢(0) = 0 and ¢*w, = wy. It follows that
U :=exp,o Poyp: (0 V), wo) — (Up,w) (3.5)
is a T-equivariant symplectomorphism satisfying ¥(0) = p and ¥*w = wy. Then
pol: o (V) =t (3.6)

is another momentum map for the T-action on (¢~*(V),wp) € (C™,wp). As momentum
maps are unique up to a constant, we find that in local coordinates around the fixed point
p € M the momentum map p : M — t* is given by:

Az zm) = plp) = 7w Y [zl Ay (3.7)

The process of finding such a local model of a Hamiltonian torus action on M around a
fixed point is called linearization of the action near a fixed point.
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Example 3.1.17. The exponential map of a T-invariant Riemannian metric provides a
T-equivariant identification between a neighborhood of 0 in the tangent space and a neigh-
borhood of the the manifold containing a fixed point of the action. As this idea played a
key role in constructing the local model above, we illustrate it for the usual circle action on
the sphere S? in Figure 3.1.

Figure 3.1: The circle acts on S? by rotations. The North pole is a fixed point of the action,
so that the circle acts on the tangent space. The exponential map intertwines the circle
action on the tangent space with the circle action on the sphere.

3.2 Morse—Bott Theory

A successful theory in differential topology is Morse theory, where functions on a manifold
with isolated critical points are used to study the topology of the manifold. Suppose we
have a Hamiltonian action of a Lie group G on a symplectic manifold M with momentum
map ¢ : M — g* this map gives us a smooth function px for each element X in the
Lie algebra of G. Thus, we can study the Hamiltonian action by applying Morse theory.
However, as the momentum map is equivariant, the critical points of the smooth functions
ux € C®(M) are generally not isolated, but contain orbits of the action. Therefore we will
use an extension of Morse theory which allows the critical points of a smooth function to
be smooth submanifolds, namely Morse—Bott theory.

Definition 3.2.1. Let N C M be a submanifold of M. Consider the tangent bundle
m:TM — M. We define the restriction of the tangent bundle of M to N to be

TM|y = | | T,M,
pEN

which is a vector bundle over N. The normal bundle of a submanifold N in the ambient
manifold M is the following quotient bundle over N:

v (N) := (TM)|x/TN = | | T,M/T,N.
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Another way of thinking about the normal bundle is as follows: the normal bundle of N in
M is the vector bundle over N which makes the following sequence of vector bundles over
N exact:

0— TN —TM|ny — vy (N) — 0.

If (M, (-,-)) is a Riemannian manifold with submanifold N C M, then we can alternatively
define the normal bundle by:

vp(N) = | | T,N ",
peEN

which is isomorphic (as a vector bundle) to the previously defined notionof the normal bun-
dle of N in M.

Let f € C*°(M). Recall that a critical point of f is a point p € M such that df, = 0.

Definition 3.2.2. Let p be a critical point of a smooth real-valued function f : M — R.
Define the Hessian of f at p, denoted H,(f), by the following bilinear form:

Hy(f) : T,M x T,M = R, Hy(f)(v,w) := (VW[)(p) (= (LvLw f)(p)),
where V, W are vector fields on M such that V, = v, W, = w.
The Hessian is well-defined, since a tangent vector can always be extended to a vector field
([28, Proposition 8.7]) and the Hessian is independent of the extension used.

Note that the Hessian is a symmetric bilinear form. Indeed, we find:

Hy(f)(v,w) = Hy(f)(w,v) = (LvLw [ = Lw Ly [)(p) = Liv,w)f(p) = dfp([V,W]) =0,

because p is a critical point.

Definition 3.2.3. Let f : M — R be a smooth function, and let Crit(f) denote the set
of critical points of f. A compact connected submanifold C' C M is a nondegenerate
critical submanifold of f if C' C Crit(f) and for all p € C we have ker H,(f) = T,,C. The
function f is a Morse—Bott function if Crit(f) is a disjoint union of nondegenerate critical
submanifolds.

Let {-,-) be a Riemannian metric on M, and suppose p is a critical point for a Morse-Bott
function f € C*°(M). As the Riemannian metric is a nondegenerate pairing, we can define
an endomorphism h,(f) : T,M — T,M by:

H,(f)(v,w) = (hp(f)(v), w)p, for all v, w € T, M.

Note that hy, is self-adjoint with respect to the metric as the Hessian is a symmetric bilinear
form. Using the Riemannian metric we decompose 1, M as follows:

T,M = T,C & v,(C).

Since the Hessian h,(f) : T,M — T,M is self-adjoint, we can further decompose T, M into
the eigenspaces of hy,(f):
T,M =T,C & v} (C)av, (O). (3.8)

We elaborate on this decomposition:
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e As the function f is Morse—Bott, the 0-eigenspace of h,(f) is given by:
ker hy,(f) = ker Hy(f) = T,,C.

e The subspaces Vpi(C) of the normal space 1v,(C) are spanned by eigenvectors of hy(f)

corresponding to positive and negative eigenvalues, respectively.

We can find an explicit expression for the Hessian h,(f) : T,M — T,M. Let V be the
Levi-Civita connection associated to the metric (-, -), and let gradf € X(M) be the unique
vector field satisfying (gradf,V) = df (V) for all V' € X(M). Define h,(f) € End(T,M)
by hp(f)(v) := Vygrad(f), where V is an extension of v to a vector field on M. We show
that Hy,(f)(v,w) = (hy(f)(v),w) holds. The Levi-Civita connection is compatible with the
metric, so we find:

(hp(f)(v), w) = (Vygrad(f),w)
= Vigrad(f), W) — (grad(f), Vv W)
= LyvLw f(p) — dfpy(VvW) = Hy(f)(v, w).

We will need the following lemma. Its purpose is to extend the decomposition in eq. (3.8)
to a decomposition of the tangent bundle of M to an open subset of M.

Lemma 3.2.4 (Morse—Bott lemma [6]). Let f : M — R be a Morse—Bott function and
C C Crit(f) a d-dimensional nondegenerate critical submanifold. Let dim M = m. For each
p € C there exists a chart (U, ) of p in the ambient manifold M adapted to C such that:

e ©(p) =0;
b (fo(pil)(xla'"wxdvyla"'aymfd) :f(C)_y%_yl?;+y]%+1++y72n_d

In this way we obtain a local splitting of the normal bundle and subsequently the tangent
bundle:
TM|y =TCly ® vi;(O)|v ® vy (O)lu,

where uqi(C) (q € U) are spanned by the eigenvectors of the Hessian hy(f) corresponding
to positive and negative eigenvalues, respectively.

As a consequence of this lemma we find that C' 3> p +— dimv, (C) is locally constant on
C. Since a nondegenerate critical submanifold is connected, it follows that p — dimv, (C)
is constant on C'. Similarly, p — dim z/z‘f (C) is constant on C. This leads to the following

definition:

Definition 3.2.5. Let f € C°°(M) be a Morse-Bott function, and C' a nondegenerate
critical submanifold of f. We define the index of C, denoted by n™(C), to be the common
value of dimv, (C) (p € C). Similarly, the coindex of C, denoted n*(C), is the common
value of dimv,f(C) (p € C).

Intuitively, the index of a criticial submanifold is the number of negative directions normal
to the submanifold. We now look at some examples of Morse-Bott functions.

Example 3.2.6. The height function on T? (see Figure 3.2) is a Morse-Bott function with
two circles as critical submanifolds. The green arc indicates that the critical submanifold
has index 1, that is, one negative direction normal to the critical submanifold. The red arc
indicates that the critical submanifold has coindex 1.
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Figure 3.2: The torus T2.

We will need the following connectivity lemma, due to Atiyah [1], for the proof of the AGS
convexity theorem:

Lemma 3.2.7 (Connectivity Theorem). Let f : M — R be a Morse-Bott function on
a compact connected manifold M. Suppose that all the nondegenerate critical submanifolds
have index and coindex n*(C) # 1. Then f~1(c) is connected for every ¢ € R. Furthermore,
the function f has a unique local maximum and a unique local minimum.

The following example demonstrates that level sets of a Morse-Bott function with index or
coindex equal to 1 need not be connected.

Example 3.2.8. Consider the height function f on the torus standing vertically (see Figure
3.3). If the height function crosses a critical value of (co)index 1 (f(Q) and f(R) here), the
number of connected components of the fibers changes.

Figure 3.3: The vertical torus T2 with height function f.
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Transversality and normal bundles

Definition 3.2.9. Let S and N be embedded submanifolds of M, and let p € SN N. One
says that S and N intersect transversally at p if

T,M = T,S +T,N. (3.9)

If eq. (3.9) holds for all p € SN N, then we say that S and N intersect transversally, and
denote S M N.

Proposition 3.2.10. [28, Theorem 6.30] Let S, N C M be submanifolds of M. Suppose S
and N intersect transversally. Then the following holds:

e The intersection S N N is an embedded submanifold of M with codimension
codim(S N N) = codim(S) + codim(N).
e For all p € SN N, we have:
T,(SNN)=T,5NT,N.

Proposition 3.2.11. Let S, N C M be submanifolds of M. Suppose S and N intersect
transversally. Then the normal bundle of SN NV in N is isomorphic to the restriction of the
normal bundle of S in M to SN N. More explicitly, we have:

vN(SNN) Z vy (5)]snn-
Proof. Let p € SN N. Since S and @ are transversal at p, we find:
vn(SNN),=T,N/T,(SNN)=T,N/(T,SNT,N)=(T,S +T,N)/T,S =T,M/T,S,

where the indicated isomorphism is a consequence of the second isomorphism theorem for
linear subspaces. As var(S), = T, M/T,S, we find that:

UN(SNN)p = v (S)y
for all p € SN N. The assertion now follows by doing the above approach fiberwise. O

We discuss an application in the setting of Morse-Bott functions. Let f : M — R be
a Morse-Bott function with C' as a nondegenerate critical submanifold, which intersects
transversally with a submanifold N. Then Proposition 3.2.10 shows that C'N IV is a nonde-
generate critical submanifold of f|y : N — R, and Proposition 3.2.11 implies that the pair
(fIn,C N N) has the same index and coindex as the pair (f,C).

Momentum map

We will now prove that a momentum map p : M — t* = R" of a Hamiltonian torus
action gives rise to Morse-Bott functions px € C°° (M) which satisfy the conditions of the
Connectivity Theorem. The following lemma, due to Frankel ([15]), demonstrates another
reason why the functions obtained from the momentum map are good choices in order to
study the action. The critical points of ux correspond to the fixed points of the action (of
a subtorus). We follow the approach as done in Torus Actions on Symplectic Manifolds [4]
and Introduction to Symplectic Topology [34].
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Lemma 3.2.12. Suppose we have a Hamiltonian action v of a torus T™ on a compact
connected symplectic manifold (M, w) with momentum map p: M — R™. For each X € R",
the smooth function px = (u, X) € C°°(M) is a Morse—Bott function with even-dimensional
nondegenerate critical submanifolds of even index (and even coindex). Moreover, the critical
submanifolds

Crit(ux) = M™

are T-invariant symplectic submanifolds.

Proof. Let J be the T-invariant w-compatible almost complex structure with T"-invariant
Riemannian metric m (-, -) := w(-, J-). Let G C T be a subgroup, and p € M a fixed point
of the G-action.

We use the exponential map of the invariant Riemannian metric m; to obtain a local
model of M, proving that M% is a submanifold of M. Recall that the exponential map
exp,, : T, M — Mis T-equivariant:

exp,(d(¥g)p(v)) = Yg(exp,(v)),

for all v € T,M and all g € G. As the exponential map is a local diffeomorphism, we
find for sufficiently small v that v is a fixed point of G on the tangent space if and only if
expp(v) is a fixed point of G on the manifold M. Thus, the exponential map defines a local
parametrization of the fixed points M on M by the vector space (T,M )¢. We conclude
that M is a submanifold of M with tangent space at p is given by:

T, (M) = (T,M)C.
By G-invariance of .J, it follows that (7,,M)% is J-invariant:

d(Pg)p o Jp(v) = Jp 0 d(thg)p(v) = Jp(v),

for v e (T,M )¢ and g € G. Thus, we conclude that M ¢ is a symplectic submanifold of M.
Note that d(ux), = 0 if and only if X,=0ifand only if p € MTx it follows that:

Crit(ux) = M™x,

As M is compact, we obtain that Crit(uy) is a finite disjoint union of compact connected
submanifolds.

It remains to show that the critical submanifolds of px are nondegenerate (in the normal
direction). We will do this by linearizing the action around the fixed point p € MT. Let
C be the critical component of px containing p. Let A1,..., A\, € t* denote the weights
corresponding to the representation of Tx on T, M. By Equation (3.7) and Proposition 2.3.6,
we find that px in local coordinates around p is given by:

Ax (21, 2m) = px(p) = Y (@5 +5) (4, X), (3.10)

j=1

where we write z; = x; +iy;. Since a weight A; is zero if and only if the basis vector of the
complex line Vj is a fixed point of the torus action on the tangent space, we find that px is
normal to the critical submanifold C'. Thus, we have that ux is Morse-Bott. Furthermore,
from Equation (3.10) we read off that the critical submanifold C' of ux has even index and
even coindex. O
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3.3 The Atiyah—Guillemin—Sternberg Convexity Theo-
rem

Following Atiyah’s proof [1] as explained in Introduction to Symplectic Topology[34], we
now prove the convexity theorem for Hamiltonian torus actions. The convexity theorem
was proved by Atiyah [1], and by Guillemin and Sternberg [20] independently.

In order to state the theorem, we need the definition of a convex hull:

Definition 3.3.1. Let 71,...,nny € R™ be a finite number of points in R"”. The convex
hull of the points 71,...,nn, denoted by [n1,...,nx], is defined by:

N N
[771,---7771\/] = {thnj :t; >0 and th = 1}.

j=1 j=1

Equivalently, the convex hull of 7y,...,ny is the smallest convex subset of R" containing
the points n1,...,1nn-

Theorem 3.3.2 (Atiyah—Guillemin—Sternberg Convexity Theorem). Let (M,w) be
a compact connected symplectic manifold. Let v : T" x M — M be a Hamiltonian torus
action on M with momentum map p: M — R™. Then the following holds.

e The regular level sets u=—'(n) are connected.
e The image u(M) of the momentum map is convex.

o The fized point set M is a finite disjoint union of compact connected submanifolds
Cy,...,Cn, on which the momentum map p is constant. Moreover, the image (M)
is the convex hull of the images u(C;) =: n; of the fized points.

We briefly outline the proof. Consider the following statements:

e (A,): The regular level sets u~1(n) are connected, for every Hamiltonian T"-action
on M.

e (B;): The image (M) is convex, for every Hamiltonian T"-action on M.

e (Cp): The image pu(M) is the convex hull of the images of the fixed points under p,
for every Hamiltonian T™ action on M.

The proof is done by induction on the dimension n of the torus T". We divide the proof
into three steps. First, we will prove by induction that (A,) holds for all n. Here we
will mainly use the Morse-Bott theory introduced in the previous section. Secondly, we
prove that (A4,,) implies (Bp+1). The idea behind this statement is roughly as follows. Let
= (i1,..., pfins1) be a momentum map for a torus action, and pr : R**! — R™ be any
linear projection. Writing ' = pr o u, we find for any n € R™ that:

p(M) Npr=t(n) = p(' " (n)).

If /=1 (n) is connected, then the image of (M) intersected (or “cut out”) by the line pr—1(n)
is connected. If the image u(M) “cut out” by any line is connected, we may conclude that
it is convex. The difficulty here lies in the fact that u’ = pro u is not necessarily a momen-
tum map coming from a Hamiltonian torus action. Finally, we prove that (B,,) implies (C,).
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The first thing is to rule out trivial cases where the induction step follows immediately from
the induction hypothesis. This leads to the following definition and lemma.

Definition 3.3.3. Let p : M — R™ be a momentum map of a Hamiltonian torus ac-
tion. We say that the momentum map g is irreducible (or effective) if the differentials
dpy, . ..,duy, are linearly independent, and reducible if the differentials are linearly depen-
dent. If duy, ..., du, are linearly dependent, then there exists an element X = (X1,...,X,,)
in the Lie algebra such that px = ; Xjp; is constant, because the manifold is connected.

Lemma 3.3.4. Let p: M — R™ be the momentum map for a Hamiltonian action ¢ of
an n-torus T on a symplectic manifold (M,w). If p is reducible, then the action can be
reduced to the action of an (n — 1)-torus.

Proof. Suppose that p: M — R"™ is reducible. Then there exists an element X € R" in the
Lie algebra such that ¥expex = Id for all t € R. By a continuity argument, we find a vector
Xgq, with rationally dependent components, satisfying Yexpix, = Id for all £ € R.

We split the Lie algebra of the torus into a direct sum of the line spanned by Xg and its
orthogonal hyperplane:
R"=R-Xq & Xg.

Since Xg has rationally dependent components, it follows that exp(Xé;) =T CT"isan
(n — 1)-dimensional subtorus. Consider the following diagram:

R-Xo&X§ —— X3
epr{ lexp

T Tn—l
X

g =tpoi
Sympl(M, w)

Here the projection pr is the transpose of the inclusion of Lie algebras i : X(Jj — R"™ induced
by the inclusion i : T*~! < T. Therefore the inclusion i : X@ — R” can be represented by
an integer matrix, so that we can also use the projection pr as a Lie group homomorphism
between these tori. The above diagram is commutative. For this, let v € R™ and write
v =x+y withao € R-Xg and y € Xé;. Since the exponential map is a Lie group
homomorphism, we find:

Yexp(v) = Yexp(aty) = Vexp(z)-exp(y)
= Yexp(a) © Vexp(y) = Id © Yexp(y) = Yexp(y)-
Then v’ : T"~! — Sympl(M,w) given by 1/’ = 1poi is a Hamiltonian action, with momentum
map p', satisfying:
Y= opr, p=iopu

Or equivalently, the action reduces to a Hamiltonian action of an (n — 1)-dimensional
subtorus. O
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Proof of the AGS Convexity Theorem.
Part 1: Connectedness of the reqular levels.

We prove by induction on n = dim T™ that the regular level sets of a momentum map p of a
Hamiltonian torus action are connected. For the base case n = 1, we have that u: M — R
is a Morse—Bott function with even indices and coindices by Lemma 3.2.12. By application
of the Connectivity Theorem, it follows that the (regular) level sets of u are connected.

For the induction step, suppose that for any Hamiltonian T"-action the regular level sets
of the corresponding momentum map are connected. We now prove that the regular levels
of the momentum map for any Hamiltonian T"*!-action are connected. Let p: M — R™*!
be a momentum map for a T"t!-action. If u is reducible, then by Lemma 3.3.4 it does
not have regular values. Thus, we assume that p is irreducible. In this case, the function
pux € C°°(M) is nonconstant for every nonzero element X € R™*! in the Lie algebra.

Consider the set
Z = U Crit(px) = U Crit(px)
X#0 [1X]]=1

By Lemma 3.2.12 we have that Crit(uy) = MTX is an even-dimensional submanifold of
M, for all X. Since p is irreducible, these submanifolds must necessarily be proper sub-
manifolds. Note that Tx C Ty implies that MTY C MTx(M). In any subtorus generated
by an element X we can find a circle, which in turn is generated by an element in the Lie
algebra with rationally dependent components. There are countably many elements X € R”
with rationally dependent components and satisfying || X|| = 1. Hence, Z is a countable
union of proper even-dimensional submanifolds. We now show that M — Z is open and
dense. For density, note that M — Z is a countable intersection of open dense subsets.
By virtue of Baire’s Category Theorem, which states that a countable intersection of open
dense subsets is still dense, we conclude that M — Z is dense. Note that p € M — Z if and
only if the differentials (du1)p,. .., (ditnt1)p are linearly independent. By continuity of the
determinant, it follows that linear independence is an open condition, so that M — Z is open.
Denote the set of regular values of the momentum map p by i, (with some abuse of
notation). We show that u(M) N ¢, is dense in p(M) by showing for each point in the
image there is a sequence contained in the intersection which converges to this point. Let
n = p(x) € p(M). Since M — Z is dense, there is a sequence (z;);en € M — Z such that
x; — x as j — 0o. For each j € N, there is an open neighborhood U; € M — Z contain-
ing z;. As p is a submersion on these neighborhoods, the image p (M) contains an open
neighborhood V; of u(z;), for each j € N. (Note that V; is open in R"*! and thus has
nonzero measure.) By application of Sard’s Theorem, which states that the critical values
have negligible measure, we find a regular value n; € V; C p(M) arbitrarily close to p(x;).
Thus, we have found a sequence (1;)jen € p(M) N}, which converges to 1. Denote by

reg
tiee the set of values n € R™*! such that (n1,...,7m,) is a regular value for the reduced
momentum map fi = (p1, ..., ty). Similarly, we find that that u(M) N = is dense in the

reg
image pu(M).

Suppose that n € R**! is a regular value for the momentum map s and that 7 := (91, ...,7,)
is a regular value for the reduced momentum map f, that is: n € £, Nt},. By the induction

52



hypothesis (and the regular value theorem), we have that

N =7 #7) = py () N 0 g ()

is a connected submanifold. We show that the function p,41|n : N — R is a Morse-Bott
function with even index and coindex, so that we may apply the Connectivity Theorem to
deduce that the submanifold

(| N) " (1) = N OV i gy (ngr) = ()

is connected. Subject to the constraints given by N, we use Lagrange multipliers to find that
a point p € N is a critical point for u,41|n if and only if there exists a vector (A1,...,\,) €
R"™ such that

Z Aj(dpg)p + (dpng1)p = 0.

Thus, p is a critical point for the function px, where X := (\1,...,\,,1) € R*"TL. By
lemma 3.2.12, it follows that ux is Morse-Bott with nondegenerate critical submanifolds of
even index and coindex. Let C' be the critical submanifold containing p. We show that C'
and N intersect transversally at p. By linear algebraic considerations, we find:

(T,C +T,N)° = T,C° N T,N° = T,C° Nspan{(dp1)p, - -, (dptn)p}-

The last equality can be seen by noting that span{(du1)p,- -, (dpn)p} € T,N° and that
their dimensions agree. Therefore, to show that C and N intersect transversally at p,
it suffices to show that (du1)|r,c, ..., (dpn)plT,c are linearly independent. Consider the
fundamental vector field X on M with flow given by ¥expx). As each p; is T-invariant,
the coadjoint action being trivial, we find (for all j):

{uj, pxy = dp;(X) = % 14§ (Yexp(ix)) = 0.

t=0
We find that the Poisson brackets of p; and px commute for all j = 1,...,n. By Theo-
rem 1.6.6, we find that px is constant along the integral curves of X, . It follows that the
integral curves of each vector field X,; are contained in the critical submamfold C of px, so
that necessarily X, € T,,C for all j = 1,...,n. By Lemma 3.2.12 the critical submanifold
C is a symplectic submanifold: the symplectic form w,, is nondegenerate on 7,,C. Thus, for
any tangent vector Y, = >, a;X,,; € T,C there exists some tangent vector v € T,C such
that:

0 # wp(Yy,u) = Zaj (dus)p

Or equivalently, the 1-forms (du1)plr,c)-- -, (dun)p\Tpc are linearly independent, which
proves that C' and N intersect transversally in any point p € C' N N. As the critical sub-
manifold C' of pux has even index and coindex, an application of Proposition 3.2.11 yields
that (ux|n,CNN) is a Morse-Bott function with critical submanifold C' NN of even index
and coindex. Note that x|y — pnt1|ny = Z;‘L=1 Ajpj|w is constant on N. It follows that
tnt1|n is Morse—Bott with critical submanifold C' N N of even index and coindex.
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Applying the Connectivity Theorem to the function p,11|x, we find that

(1l N) " (1) = N O™ ) = ()

is connected.

Thus, we have proved that if n € R"*! is a regular value for p such that (ny,...,n,) is a
regular value for the reduced momentum map fi = (pi1, - .., fin ), then the level set u=1(n) is
connected. We extend this result to all regular values of the momentum map p : M — R*+1,
Note that (M) Nty is open in p(M), since M is compact. Let § € u(M)Nt,, be a regular

value of y, and let U C pu(M) Nty be a connected open neighborhood of £ contained in the

image of u. Then we have that
pip N U) = U

is a proper surjective submersion. By Ehresmann’s fibration theorem [14], which states that
a proper surjective submersion is a (locally trivial) fiber bundle, we obtain that the regu-
lar level sets over points in U are diffeomorphic to each other. Since pu(M) Nt N tﬁ;‘e; -
u(M) Nt is dense (by Sard’s theorem) and =" (1) connected for 1) € ., N tf;f;7 it follows
that each regular level set of u is connected.

Part 2: Convexity of the image.

We prove by induction on n = dimT" that the image p(M) is convex. For n = 1, note
that (M) C R is connected as M is connected. Thus, for the base case, (M) is convex.
For the induction step, suppose that the image of the momentum map of any Hamiltonian
T"-action on M is convex. Let pu : M — R™! be a momentum map of a Hamiltonian
T+ 1 action on M, we show that its image u(M) is convex. Suppose that y is reducible. By
Lemma 3.3.4 we may write u = i o u’, where p’ is a momentum map of a T"-action on M
and 4 an inclusion of Lie algebras. By the induction hypothesis, we immediately find that
w(M) is convex.

Hence, we assume that p : M — R"*! is irreducible. Let i : R® — R"*! be an injective
linear map, represented by an integer matrix. Set pr := 47 : R**! — R”, which we think of
as a projection map. Since i : R® — R"*! is represented by an integer matrix, we may use
it as a Lie group homomorphism between tori: i : T — T"*! is well-defined.

Using the given action v, we define a torus action of T" on M by:
T" x M — M, 7-p:= ) (p)
This action is Hamiltonian with momentum map given by:
W =prou: M — R".

Recall that (M) Nt:,, is dense in the image pu(M) C R™" as u is irreducible. Then the

reg

momentum map g’ = pr o is also irreducible, so that u/(M) N, is dense in p/(M) C R™.
(Here t;3, denotes the set of regular values of 1/ in R™.)

Let ' € /(M) be a regular value of 4/, so that p/~1(n’) is a non-empty connected subman-
ifold of M. Let po € p/~1(n’) arbitrarily. By definition of ' we may then write the regular
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level set u/~*(n’) in the following way:

p ') = {p e M: p(p) € u(po) + ker(pr)}.

Suppose p; € p'~1(n') is another point in this regular level set. Since this level set is a
connected submanifold, there exists a path v : I — pu/~1(n) connecting py and p;. It follows
that

w(y(t)) € ulpo) + ker(pr), for all ¢ € I.

Since the kernel of pr : R"*! — R is one-dimensional and u(y(I)) C u(M) is connected, we
obtain that
(1 =t)upo) +tu(p1) € p(M), for all t € I.

Thus, for a regular value i’ of u/ and any two points pg,p1 € u'~1(n'), we have established
that the image u(M) contains all convex combinations of p(pg) and u(p1).

Let x,y € M be arbitrary points in the manifold. We can approximate x and y by sequences
(1) ken, (Yk)ken € M such that for each k there exists a surjective projection pry : R**1 —
R™, represented by an integer matrix, satisfying:

pw(wr) € p(yr) + ker(pry).

Since p'(M) N t,, € p/(M) is dense, we may assume that p'(yx) is a regular value of
' = propu. By the previous paragraph, we know that p(M) contains all convex combinations
of (1 —t)u(xr) + tu(yx). Note that u(M) is closed by compactness of M. Now, taking the

limit & — oo, we find that
(1 —t)u(x) +tu(y) € p(M), for all t € I.

As the points x,y € M were picked arbitrarily, we conclude that p(M) is convex.
Part 3: The image is a convex polytope.

Finally, we show that p(M) is the convex hull of the images of the fixed points. By
Lemma 3.2.12 and compactness of M, the components of the fixed point set Fixp(M) are
a finite number of symplectic submanifolds Ci,...,Cxy of M. Since the critical points of
the momentum map correspond to fixed points of the action (of a subtorus), we find that
f is constant on each component C;. Thus, for each C;, we have that p(C;) = n; for some

n; € R™. The image p(M) is convex so it contains the convex hull [y, ...,nx] of the points
5
Let n be a vector which is not contained in the convex hull [n,...,nx]. In view of the

Cauchy-Schwarz (in)equality, there exists some X € R™ in the Lie algebra satisfying:
(n;, X) <(n,X)forj=1,...,N.

By perturbing this element X slightly, we may assume that it has rationally independent
coefficients. It follows that Tx = T. Thus, we have

Crit(ux) = MT = |_| C;.
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In view of the Connectivity Theorem, the above implies that ux attains a global maximum
on one of the components C;. Taking the supremum of ;1x over M, we find:

sup (u(p), X) < (n, X),
peM

which implies that » is not contained in the image p(M). We conclude that the image p(M)
is the convex hull of the images of the fixed points: (M) = [n1,...,nn]- O

Now that we have established that the image of the momentum map of a Hamiltonian torus
action on a compact connected symplectic manifold is a convex polytope, we call u(M) the
momentum polytope and denote u(M) = A.

The following example can be found in [34, Example 5.5.2], [4, IV.4.6].

Example 3.3.5. Consider the following symplectic torus action of T2 on (CP3,wrsg):
(t1,ta,t3) - [20: 21 : 20 1 23] = [20 : —t121 : —taze : —t323).

This action is Hamiltonian with momentum map p given by:

|21 ? |23/
3 ey =3
Zj:() 2512 Zj:l 2512

One verifies that the action has 4 fixed points, namely:

e cpP?— R3, (20t 21t 22 1 23]) = m(

).

pr=[1:0:0:0], po=[0:1:0:0], ps=[0:0:1:0], and py =[0:0:0:1].

By virtue of the Atiyah—Guillemin—Sternberg convexity theorem, we find that the image
w(M) is given by the simplex displayed in Figure 3.4.

Figure 3.4: The image u(M) = A of the momentum map.
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The amount of vertices of the resulting polytope A is related to the following proposition.

Proposition 3.3.6. Let u: M — R™ be the momentum map of a Hamiltonian torus action
on a compact connected symplectic manifold (M,w). If the action is effective, that is, each
1 # 7 € T moves at least one point on the manifold, then the resulting polytope u(M) = A
has at least n 4 1 vertices.

Proof. Since the action is effective, there exists some point p € M, such that du, : T,M —
R™ is a surjection. Thus, p is a submersion on a sufficiently small neighborhood U around
p. Therefore, u|y is an open map, and the polytope u(M) = A contains an open (in R™).
This implies that p(M) must have at least n + 1 vertices. O

In particular, an effective Hamiltonian T™ action has atleast n + 1 fixed points. In Hamil-
toniens périodiques et images convexes de l'application moment [11], Delzant has shown
that, for effective Hamiltonian torus actions with dimT = %dim M, the momentum poly-
tope completely determines the torus action.

Summary

In this chapter, we first used the Haar measure of a torus to obtain an invariant almost
complex structure and an invariant Riemannian metric on the manifold M. Using these
invariant structures, we applied representation theory and the equivariant Darboux Theorem
to derive a local model (with a linear torus action) for a Hamiltonian torus action near a
fixed point p € M. This local model allowed us to show that the momentum map functions
nx are Morse-Bott functions with even index and coindex. Finally, we proved by induction
on the dimension of the torus that the image u(M) for a momentum map of a Hamiltonian
torus action is a convex polytope. This polytope A is the convex hull of the images of the
fixed points.
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Chapter 4

Duistermaat—Heckman
Theorems

In the previous chapter we have studied the image of the momentum map. In this section
we explore two additional ways of studying the momentum map. Firstly, we prove the
Duistermaat—-Heckman theorem and we use it to relate the image to the reduced symplec-
tic manifolds. Secondly, we prove the Duistermaat—Heckman localization theorem which
computes an important integral for Hamiltonian actions in terms of fixed point data.

4.1 Principal Bundles

We follow L. Tu’s book Differential Geometry [42] for this subsection.

Definition 4.1.1. Let E and M be manifolds. A smooth surjection 7w : £ — M is a fiber
bundle with fiber F' over M if there exists an open covering U = (U;);er of M together
with diffeomorphisms ¢, : 771(U;) — U; x F such that the following diagram commutes:

—>U><F

\/

Here pry : U x F' — U is the projection onto the first factor. We say that ¢y, are local
trivializations of the fiber bundle 7 : E — M. The manifold E is called the total space,
and M is called the base space.

Given a fiber bundle 7 : E — M, the existence of local trivializations imply that 7 is a
submersion. Indeed, for any open neighborhood U; € U, we have 7|1y = pry o py, which
is a composition of submersions. Another consequence of the definition is that the local
trivializations restrict to diffeomorphisms of the fibers. More precisely, for all z € U;, we
have that

o) = {2} x F

is a diffeomorphism. We now restrict our attention to a special type of fiber bundle, namely
a fiber bundle where a Lie group acts freely on the total space.
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Definition 4.1.2. Let P and M be manifolds, and let G be a Lie group. A principal
G-bundle is a fiber bundle with fiber G together with a free left-action of G on P such that
the local trivializations

v, N U;) = U; x G

are G-equivariant. Explicitly, for p € P and g € G, we have:

eu.(9-p) =g - ¢u.(p)-
(The left-action of G on U; x G is given by g - (u, h) := (u, gh).)

Note that the fibers of m are necessarily G-invariant by equivariance of the local trivializa-
tions. Furthermore, we may identify the base space M of a principal G-bundle 7 : P — M
with the quotient manifold P/G. To see this, consider the quotient map 7 : P — P/G,
which is a submersion. Since the principal G-bundle 7w : P — M and the quotient map
7 : P — P/G are both surjective submersions which respect each other’s fibers, it follows
that M and P/G are diffeomorphic ([28, Theorem 4.31]).

We will need the following proposition.

Proposition 4.1.3. [9, Theorem 23.4] Let G be a compact Lie group, and let P be a
manifold. Suppose G acts freely on P. Then the quotient map 7 : P — P/G is a principal
G-bundle.

Definition 4.1.4. Let # : P — M be a principal G-bundle. We define the vertical
subbundle of the tangent bundle T'P, denoted V', pointwise by:

Vp = kerdm, C T,M, for p € P.
We call the tangent vectors in V,, C T, M vertical vectors (at p).

Proposition 4.1.5. Let 7 : P — M be a principal G-bundle. The vertical vectors are given
by the fundamental vectors: V, = {X i X E g}. Moreover, the vertical subbundle is trivial,
that is, the vector bundle V' — P is isomorphic to the product vector bundle P x g — P.

Proof. Let p € P arbitrarily, and consider the orbit map ¥, : G — P. Differentiating at
the identity yields a map d(¥U,). : g — T, P, given by d(¥,).(X) = X. Since the fibers of
the principal bundle 7w are G-invariant, we find that m o ¥}, = 7. Thus, we obtain that =
is constant on the orbits of G. Recall that the fundamental vectors generate the tangent
spaces to the orbits, it follows that the fundamental vectors are vertical: dm,(X) = 0 for all
X eg.

As G acts freely on P, the orbit map is an immersion. This implies that the dimension
of the linear subspace {X,, : X € g} is equal to the dimension of G' and thus equal to the
dimension of V,,. We conclude, for all p € P, that

{X,: Xeg}=V,.
The required vector bundle isomorphism is given by
Pxg—=V, (p,X) = d(¥,).(X) =X,

which proves the last assertion. O
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The above proposition shows tht the vertical vectors are tangent to the fibers of 7, which is
the reason we call these vectors vertical. In due course, we describe the notion of a connec-
tion on a principal G-bundle, which can be viewed as a choice of subbundle of the tangent
bundle TP complementary to the vertical subbundle. Equivalently, a connection can be
described by a Lie algebra-valued one-form on P, so we briefly study Lie algebra-valued
differential forms.

Definition 4.1.6. Let G be a Lie group with Lie algebra g, and let P be a manifold. We
define the space of differential k-forms with values in the Lie algebra by

k
Q"Pg) =T(\T"P)®q).

A form a € QF(P,g) assigns smoothly to each point p in the manifold P an alternating
k-linear map
op TP x---xT,P—g.

Let X1,...,X, be a basis for the Lie algebra g of G. Suppose a € QF(P,g) is a Lie
algebra-valued k-form on P. For a point p € P and k tangent vectors vy,...,v; € T, P, we
find:

n
ap(v1, ..., v5) = Zaz(vl,...,vk) -X; e,
j=1

where o, (v1,...,v;) denotes the coefficient of X for each j. In this way we obtain n
real-valued differential k-forms a!,..., a" € QF(P), so we may identify a as follows:

o= Zaj ® X; € QF(P,g).

Jj=1

The de Rham differential d : Q(P, g) — Q¥*1(P, g) extends to Lie algebra-valued forms in

the following way:
n

do = Zdaj ® X; € QTP g).

j=1

Definition 4.1.7. Let 7 : P — M be a principal G-bundle, and let a € Q¥(P,g) be a Lie
algebra-valued k-form on P. Denote the left-action of G on P by .

e The form « is horizontal if ixa = 0 for all X € g. Equivalently, the form g pairs to
zero on vertical vectors.

e The form « is equivariant if, for all g € G, we have:
Yoo = Ady(a).

e The form « is basic if it is an element of the image of the injective linear map
7% QF(M, g) — QF(P,g). That is, there is a unique § € Q¥(M, g) such that 7*6 = a.

The following proposition gives a useful criterion to check whether a form is basic.
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Proposition 4.1.8. [42, Theorem 31.12] Let m : P — M be a principal G-bundle, and
let a € QF(P,g). The k-form o with values in the Lie algebra is basic if and only if it is
horizontal and G-invariant.

Definition 4.1.9. Let 7 : P — M be a principal G-bundle. A one-form o € Q!(P, g) with
values in the Lie algebra g is a connection one-form (for ) if it is a G-equivariant form
such that o(X) = X for all X € g.

An Ehresmann connection for the principal bundle 7 : P — M is a subbundle H of the
tangent bundle TP complementary to the vertical subbundle:

T,P =V, ® Hy, forallpc P,
with the property that H is G-invariant:
(dpg)p(Hp) = Hgyp, forallpe P, g € G.

The subbundle H is called the horizontal subbundle of «.

The following proposition asserts that the above definitions of a connection on a principal
bundle are equivalent.

Proposition 4.1.10. [42, Theorem 28.1] Let 7 : P — M be a principal G-bundle.

e Suppose a € Q(P,g) is a connection one-form for w. Then the subbundle H defined
pointwise by Hj, := ker oy, € T}, P is an Ehresmann connection.

e Suppose H is an Ehresmann connection, then a,, := (d¥,)- ! o pry, : T, P — g defines
a connection one-form on P. Here ¥, : G — P is the orbit map, and pry TP =V,
the projection onto the vertical subspace at p.

Proposition 4.1.11. Let 7 : P — M be a principal G-bundle. Then 7 admits a connection
one-form.

Proof. Consider first the trivial principal G-bundle M x G — M, where the free left-action of
G on M x G is given by g-(z, h) := (z, gh) for g,h € G,z € M. In view of Proposition 4.1.10,
it suffices to exhibit an Ehresmann connection H of the tangent bundle of the total space.
For a point p = (x,g) € M x G, define

H,:=T,M x {0} CT,(M x G),

which defines a G-invariant horizontal subbundle by varying p. Let (0;);e; be a smooth
partition of unity subordinate to the open cover U of M associated to the principal bundle
m: P — M. By the above, there exists a connection one-form «; on U; x G for each i € I.
Define a € Q!(P, g) pointwise by

@ =y oi(n(p)) - (¢l,@)p,

iel

which is readily seen to be a connection one-form on P. O
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We now restrict to the case where G = T" is an n-torus, with Lie algebra t. Suppose

m: P — M is a principal T"-bundle. As before, we use X; := é)iey ey X = % ctasa

basis for the Lie algebra t of the torus. We fix a connection one-form o € Q!(P,t), and we
now look at some of its properties.

Write a = Z?:I o ® X, where the a;’s are ordinary one-forms on P. By differentiating,
we find
n
da = dod @ X; € Q*(Pt).
j=1

We claim that do is basic. In view of Proposition 4.1.8, we need to check that da is
horizontal and T"-invariant. The connection one-form « is T™-invariant, as the adjoint
action is trivial. Using that the de Rham differential and pullbacks commute, it follows that
da is also T™-invariant. By application of Cartan’s magic formula and T™-invariance of «,
we obtain:

sza = Eéa - dz‘éa = 7di£a.

Since a(X) = X for elements of the Lie algebra, it follows that
—dixa=—-d()_ o) (X;)®X;) = —d(>_ 1®X;)=0.
j=1 j=1

Combining the two equations, we conclude that da is horizontal, so that we have proved
that da is basic. Thus, there exists a unique two-form 3 € Q2?(M,t) such that
B = da.

Note that 0 = dn* 8 = 7*df, which implies that d8 = 0 by the injectivity of 7*. Writing
8= Z?ZI B7 ® X, we see that each ordinary 2-form ; € Q?(M) represents a cohomology
class [8;] € H3g(M). We can also view [3] € H3;(M) ® t. This discussion leads to the
following definition.

Definition 4.1.12. Let 7 : P — M be a principal T"-bundle with connection one-form
a € QY(P,t). The curvature of the connection « is the unique closed two-form 3 € Q2(M, t)
on the base satisfying 7*3 = da.

We show that the cohomology class of the curvature form does not depend on the connection.
For this, suppose we have two connection one-forms o,/ € Q(P,t) with curvature forms
B,B" € Q2(M,t), respectively. Then o — ' is horizontal and T"-invariant, so that there
exists a one-form 7 € Q(M, t) such that « — o’ = 7*7. Then

7 (dr) = dn*t = da — do’ = 7" (8 — '),
which implies 8 — 8’ = d7 by injectivity of 7*. We conclude
[6] = [8'] € Hip (M) @ t.

Thus, we have established an algebraic invariant of the principal T"-bundle 7 : P — M:
the de Rham cohomology class of the curvature form.

Remark 4.1.13. The cohomology class [8] € Hiz(M) ® t of the curvature form has a
special name, it is called the Chern class of the principal bundle, we denote ¢ = [3].
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We work out the connection one-form and the curvature form in a familiar example. The fol-
lowing example can be found in Torus Actions on Symplectic Manifolds [4, Example V.4.4.]

Example 4.1.14 (A Connection and Curvature Form on the Hopf Fibration).
Consider the principal S'-bundle 7y : S?*+! — CP", where S! acts on S?2"*+! C C*+! by

s (215 y2ny1) == (821, -+, SZnt1)-

We compute a connection one-form for my. If we identify the Lie algebra s of the circle
with R, the condition that a € Q'(S*"*1) is a connection-one form reads as follows. Take
X = 2 €5, then a € QY(S*"*1) must satisfy:

o ixa=1;
e Lxa=0.
The fundamental vector field generated by X = % € s is given by
&9 ]
X=2m) (-yj5 - +3j5 ) € XE™H,

j=1 J Yj

where we write z; = z; + iy, for all j. Define o € Q*(S*"*1) by

1 n+1
o = % j;(—yjd(ﬁj + (Ejdyj).
We compute
1 n+1 n+1
ixe = —yjda;(X) + xidy; (X;) =Dy +af =1,
j=1 j=1

so that, by application of Cartan’s formula, we have

n+1 n+1
. 1. .
Lxa=ixdo= - cix (fTwo) = — Z(?yjdyj +2z,dx;) = —d(Z(yf + x?)) =—d(1) =0,
i=1 i=1

where wg = Z:L;l dz; A dy; is the symplectic form on C"*1 and j : S™"! — C"*! the
inclusion map. We conclude that o € Q!(S?"*1) is a connection one-form for the principal
St-bundle 7 : St — CP".

By the symplectic reduction theorem, we have:

1.
da = —j*wy = —THwrs.
T T

Therefore the curvature form on the base is 8 := Lwpg € Q?(CP™).

T
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4.2 Cohomology Classes of Reduced Symplectic Forms

The goal of this section is to prove the Duistermaat—Heckman Theorem. We follow the
proof of the theorem as explained by V. Guillemin in Moment Maps and Combinatorial
Invariants of Hamiltonian Tn Spaces [17, ]. The following theorem, due to A. Weinstein
[44], plays an important role in the proof.

Theorem 4.2.1 (The Equivariant Coisotropic Embedding Theorem [44]). Let (My,wp)
and (M, w) be two symplectic manifolds of dimension 2m. Let G be a compact Lie group act-
ing in a Hamiltonian fashion on (My,wo) and (M,w) with momentum maps po : My — g*
and p : M — g%, respectively. Let Z be a manifold of dimension k < m. Suppose
o : 4 = My and ¢ : Z — M are G-equivariant coisotropic embeddings. In addition,
suppose that tjwo = t*w and (Juo = t* . Then there exist G-invariant neighborhoods Uy
of 10(Z) € My and U of L(Z) C M, and a G-equivariant symplectomorphism ¢ : Uy — U
satisfying ¢ o tg = ¢ and pg = o ¢.

Assumptions. Suppose that (M,w) is a compact symplectic manifold equipped with a
Hamiltonian action of a torus T", and denote its momentum map by g : M — t*. In
addition, suppose that T™ acts freely on the level set Z := p~!(0). By the symplectic
reduction theorem, we have that

(Mreda Wred) = (Z/Tna wred)

is a reduced symplectic manifold. Since T" acts freely on ~!(0) and M is compact, there
exists a convex open neighborhood V of 0 in t* such that T™ acts freely on the level set
pu= (&) for all £ € V. We denote by

(M, we) = (™ (&)/T", we)

the reduced symplectic manifolds for 0 # & € V. Since T™ acts freely on pu=1(£) (€ € V),
the level sets u~1(£) are submanifolds of M of codimension n. Thus, by Proposition 4.1.3,
we have that

T4 — Myed

is a principal T"-bundle. We fix a connection one-form o € Q!(Z, t) for this principal bundle,
and denote by 3 € Q2?(M,eq,t) its curvature form on the base Meq.

Theorem 4.2.2 (The Duistermaat—Heckman Theorem [12]). Under the assumptions
above, there exists a diffeomorphism Mg — Myeq for each § € V', which allows us to identify
the de Rham cohomology groups Hjp(Me) =2 Hp(Mreq). Moreover, using this identification,
the cohomology class of the symplectic form we varies linearly in { € V:

[we] = [wrea] = (€, ¢) € Hap(Mg),
where ¢ =[] € H2x(Myeq) @ t is the Chern class of the principal T"-bundle 7 : Z — Meq.

Proof. The reduced symplectic wyeq on M,eq satisfies t*w = m*wyeq, where ¢ : Z < M is the
inclusion map and 7 : Z — M,eq is the principal T™-bundle. By the symplectic reduction
theorem, we find that +: Z < M is a T™-equivariant coisotropic embedding.
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Let X7 := 8%1’ ey Xy = % € t be the usual basis for the Lie algebra t of the torus. In
this basis, we write the connection one-form a € Q(Z, t as follows:

a= iaj ® Xj;.
j=1

By definition of a connection one-form, the ordinary one-forms o/ € Q(Z) are T"-invariant
and satisfy o/ (Xi) = 0;,x-

We identify t* = R"™, and consider the product manifold My := Z x (—¢, €)™ with projections
pry : My — Z and pr; : Mo — (—¢, €) the projection onto the j’th (—e, ¢)-factor. For each j,
let z; denote linear coordinates on the j'th (—e, €)-factor. We define a two-form wg € Q2(Mp)
on My by:

n

wo = Pry(w*wrea) = Y dlpr} (;) - prig(al)] € O*(Mo).

j=1

The action of T™ on the manifold My = Z X (—¢, €)™ is inherited from the action on Z, it is
given by:

te(z,x1,...,@y) = (t2, 21, ..., Tp).
Note that wq is T"-invariant, because the a?’s are T™-invariant and T wyeq = t*w is T™-
invariant by symplecticity of the action on Z. Since wreq is closed and d? = 0, we see that wq

is a closed form. We now check that wg is nondegenerate on the submanifold Z x {0} C M,.
We have

n

wol zx {0y = Py (T*wrea) — Y_[pr] (dz;) Apry(a?)],
j=1

so that we have 9
WO‘ZX{O}(%»&) = -1
J

This implies that wy is nondegenerate along Z x {0}. Since nondegeneracy is an open con-
dition, there exists an € > 0 sufficiently small such that wy is nondegenerate on M,. We
conclude that wy € Q?(My) is a symplectic form on M.

We determine a momentum map for the T™-action on My. For k= 1,...,n, we compute:

n
ix,Wo = 1, Pry (T Wred) — Z ix, d[prj(w;) - priy(af)]
j=1

= —ix, d[pry(zy) - pry ()]
= dix, [prj.(zx) - pri(a)]
= d[pry(z1)].

Here we have used the symplectic reduction theorem and the property o/ (X,;) = 4, for
the second equality, and Cartan’s magic formula together with T™-invariance of o for the
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third equality. We conclude that the action of T™ on M; is Hamiltonian with momentum
map po given by:

o : Mo — R™, uo(z,z1,...,2n) = (T1,...,Zp).
Note that ¢g : Z — My, z — (2,0) is a T"-equivariant coisotropic embedding.

We check that (jwy = t*w. Note that pr; oy = 0 for all j and pry oo = Idz. Since
the pullback is a contravariant functor and commutes with the de Rham differential, we
compute:

towo = 1gpry (M wiea) — D gdlpr; (z;) - pry(ad)]
j=1

n
= (pry oto)" (T Wrea) Zd pr; o 19)*(x;) - (prz o 19)*(a?)]
Jj=1

= T Wred = LT W.

By definition of Z, we find that (*pu = 0 = (jpo. By virtue of the equivariant coisotropic
embedding theorem, we obtain a T™-equivariant symplectomorphism ¢ : Uy — U between
neighborhoods of 1o(Z) and ¢(Z) intertwining the inclusions and momentum maps. This
implies that (Mg, we) is symplectomorphic to the symplectic reduction of the level set
o H(€) € (My,wo). Note that py'(€) = Z x {¢€} and Z are equivariantly diffeomorphic,
which implies that uy*(€)/T" and M,eq = Z/T™ are diffeomorphic. In particular, we have
established a diffeomorphism between M;.q and M¢, so that we may identify their respective
de Rham cohomology groups:

HgR(Mred) = HgR(M§)~

By equivariantly identifying pg L(€) = Z x {¢} with Z, we see that the quotient map
pot(€) — pgt(€)/T™ is identical to the principal T"-bundle 7 : Z — M,eq. There-
fore, we may use m to compute the unique symplectic form on g *(€)/T" = Meq. Let
Je uo_l(f) — My denote the denote the inclusion map, and write & = (&1,...,&,). Recall
that the curvature form [ of the connection one-form « satisfies 7% = da. We find:

n
JEwo = jipry (T wrea) — > dliEpr (z;) - jipry(e)]
j=1

n
= (pry 0 je)* (m*wrea) — Y _ d[&; - (pry © je)* (o]
Jj=1

T Wred — Z §; - da?

j=1

=T Wred — »_ & T B
=1

= W*(wred - <§76>)

Thus, we find that (M, we) and (Myed, wred — (€, 8)) are symplectomorphic.
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Recall that the Chern class ¢ = [8] € H3g (Meq) ®t is the cohomology class of the curvature
form. We conclude:

[we] = [wrea] — (€, ¢) € Hip(Me).

Polynomial behavior of the Duistermaat—Heckman measure

In this subsection we study a global invariant of Hamiltonian T"-spaces, namely the Duistermaat—
Heckman measure on the dual g* of the Lie algebra and we show that its density function
with respect to the Lebesgue measure on g* is piecewise polynomial. Throughout, let B(X)
denote the Borel measurable subsets on any topological measurable space X.

Definition 4.2.3. Let (M,w) be a 2m-dimensional symplectic manifold. We define the
Liouville measure, denoted by L, to be the measure on (M,B(M)) that assigns the
symplectic volume to each Borel measurable subset A C M. Explicitly, we have

m

Lo(A) ::/A%, A e B(M).

Note that the Liouville volumes are invariant under symplectomorphisms.

If the manifold M admits a Hamiltonian action, then we can use the momentum map to
define a measure on the dual g* of the Lie algebra g. This leads to the following definition.

Definition 4.2.4. Let (M, w) be a symplectic manifold equipped with a Hamiltonian action
of a compact Lie group G, and suppose the associated momentum map p : M — g* is
proper. The Duistermaat—Heckman measure mpy on (g*, B(g*)) is the pushforward of
the Liouville measure under the momentum map:

wm

mpi(B) = (L) (B) = Lol (B)) = / B € B(g").

—1(B) W’

One can integrate compactly-supported smooth functions h € CS°(g*) with respect to the
Duistermaat—Heckman measure as follows:

/g*hdeH:/M(hou)::. (4.1)

To see this, consider first a simple function h = Zjvzl yj-1p;, where y; € R and B; € B(g*)
are disjoint Borel measurable sets. Noting that 1,-1(p,) = (1B, o ), we obtain:

N m m m
w w w
h dmpy = y/ 1—13-7=/ y-~(13j0u)f=/(h0/~b)7.
/g* ;jM”(Jm! M;J m! M m!
Then apply the sombrero lemma [38, Theorem 8.8] to find the expression for all h € C2°(g*).

Now suppose (M,w, 1) is a compact connected Hamiltonian T"-space, and in addition sup-
pose that the action is effective. We can now compare two measures on the dual (t*, B(t*))
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of the Lie algebra, namely the Duistermaat—Heckman measure mpy and the Lebesgue mea-
sure my.

Since the action is effective, the Duistermaat—Heckman measure is absolutely continuous
with respect to the (o-finite) Lebesgue measure my [12, Theorem 3.1]. Then, by the Radon—
Nikodym theorem [38, Theorem 20.2], there exists an almost everywhere unique density
function f : t* — [0, c0) satisfying

mpi(B) = /B £(6) dma(€), B € B(t).

We denote f = 4m2u and one says that f is the Radon-Nikodym derivative for the

dm;
deH

dnt is a polynomial function on

Duistermaat—Heckman measure. We show that f =
each connected component of t7,.

Theorem 4.2.5. Let (M,w, ) be a Hamiltonian T™-space with momentum map p : M —
t*. Suppose that T™ acts freely on M outside of fized points. On each connected component
of t* the Radon—Nikodym derivative f = %—Df :t* — [0,00) of the Duistermaat—Heckman
measure is polynomial in .

Proof. We follow the proof as explained by Cannas da Silva [9, 30.3], and adapt the
same notations as in the proof of the Duistermaat-Heckman theorem. Since (Mg, we) and
(Myed, wred) are symplectomorphic (for £ € (—¢,€)™), we obtain:

£o(Me) = / explwe) = /N explana = (6.6). (4.2)

M,

where 3 € Q2?(M,eq, t) is the curvature form on the base of the principal bundle 7 : Z — M,eq
corresponding to the connection one-form o € Q'(Z, t).

Let U € B((—¢,€)™) be a Borel-measurable subset of (—¢, €)™. Since (Z x (—¢, €)™, wp) and
(1= ((—€,€)™),w) are isomorphic Hamiltonian T™-spaces, it follows that

mpu(U) = /ZXUeXp(wO).

By definition wy = pr (7" wrea) — >_7—; d[prj(z;) - pry (a9)], so we compute

Wy 1 * * = * * j — * * * *
72, RCED n),(prz(ﬂ wrea)— Y DT} (w;)-priy(dal))™ " Apry (a)A- - -Apry (@) Apri (dey)A- - -Apr, (day).
. : =

We suppress the pullbacks by projections from the notation. By application of Fubini’s
theorem ([38, Ch.13]) and using do? = 7*37, we find

* Wred — 7_17 T - jym—n
mDH(U):/[/ (rea (Z"l i #) A A A Adzy A Aday,
UJz m

—n)!
B T (Wred — 205 75 B)"T" A Q”
7/U[/Z (m —n)! e el dm(o)
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Since the Radon—Nikodym derivative is a.e. unique, we find that

Aat A Aam,

f(a:):[/zﬂ (Wred =225 25 - )™~

(m —mn)!

so it remains to evaluate this integral. One can show ([17, p.27]) that L, (M) is the latter
integral, so that we have

f(g) = Ewg (Mf)v for g € (763 e)n.

In view of Equation (4.2) we see that f is polynomial on (—e, €)™. Since we may add any
constant to the momentum map, we find that f is polynomial on any connected component
of the regular values. O

Example 4.2.6 (Archimedes’ observation). Suppose (M,w,p) is a 2n-dimensional
Hamiltonian T™-space such that the torus acts freely outside fixed points. By the con-
vexity theorem, the regular fibers are connected, so that all the reduced spaces are single
points (in view of the dimensions). Hence, the reduced spaces all have Liouville volume equal
to one. Therefore, the Radon—Nikodym derivative of the Duistermaat—Heckman measure is
equal to the characteristic function of the momentum polytope outside a m-negligible set.
By the above theorem, we conclude that the Liouville volume of M is equal to the Lebesgue
measure of the momentum polytope:

mon(8) = [ £ [ 14(0) dma(©) = ma(a)

In the case of the S'-action on the sphere S? by rotations, we recover Archimedes’ observation
(~230 B.C.), namely the surface area between two horizontal circles is only dependent on
the height.

The purpose of the following example is to show that extending the action to the Delzant
case (if possible) is a useful tool in computing the Duistermaat—Heckman measure for non-
Delzant actions.

Example 4.2.7. Consider the symplectic T?-action on the complex projective space (CP?, wrs)
given by
(t1,t2) - [20, 21, 22] 1= [20 : —t121 1 —t2zo].

This action is Hamiltonian with momentum map p given by:
|21/ |22/
3 1 =3
Zj:o |22 Zj:l 252

Let us now restrict the action to {1} x S1. This circle action is Hamiltonian with momentum
map given by

p:CP? = R?, u([z0: 210 2]) = 7( ).

p':CP* =R, y' =proy,

where pr : R?> — R, (z,y) — y is the projection onto the last coordinate. Denote the
n-dimensional Lebesgue measure on R™ by m,,_ . By the previous example, we know that
the Duistermaat—Heckman measure of p is given by mpg = my,|a, where A = u(M) is the
momentum polytope. Note that the regular values of 1/ are given by the open interval (0, 7).
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(0,m) T

A fmg (Mg)

(0,0 (T.0) T &

Figure 4.1: Left: The image u(M) = A of the momentum map u. Right: The Radon—
Nikodym derivative for the Duistermaat-Heckman measure associated to p'.

We compute the Radon—Nikodym derivative f : R — [0,00) of the Duistermaat—Heckman
measure mpy associated to the momentum map p'. For a Borel set B € B(R), we find

mpu(B) = (1) (Lups)(B) = Loups (W~ (B))
= Loups (0 (pr~1(B))) = mou(pr~'(B))
= pr*(mDH)(B) = pr*<m>\2|A)(B)'

Thus, the Duistermaat—Heckman measure mpyy is given by the pushforward of the Lebesgue
measure on the momentum polytope A = u(M) under the projection pr. Let U C R be an
open subset. Using this characterization of mpy, we find

mpu(U) = mx,[a(R x U)

:/ IRXU(xay) dmx\z(xay)
A

™ T—y
= / / ly(y') d='dy’
0 0

f/,1U<y>-<wfy> dy
_ / Lar(y) - (x — y) dma, (y),
U

where we have used Riemann integration for the iterated integral. We conclude that the
Radon—Nikodym derivative f = ‘ZZ% is given by:
1

fiR=10,00), f(§) =1a(§) - (m =)

In agreement with Theorem 4.2.5, we find that the Liouville volumes of the symplectic
reduced surfaces (Mg, we), & € (0,7) vary linearly in § with slope —1, which encodes infor-
mation about the Chern class of each of the principal S*-bundles p=1(¢) — Mg, £ € (0, ).

The Duistermaat—Heckman measure has been used as an invariant to obtain classification
results for complexity one Hamiltonian T-spaces (3dim M — dimT = 1). J. Moser [36]
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has shown that symplectic surfaces are classified by their genus and Liouville area (up to
symplectomorphism). If the action of the torus is free on a level set of the momentum map,
the Radon—Nikodym derivative of the Duistermaat—Heckman measure returns the Liouville
area of the corresponding reduced symplectic surface, so that Moser’s classification may be
used. For more information, see Y. Karshon and S. Tolman’s paper Centered complexity
one Hamiltonian torus actions [23].

4.3 The Cartan Model: Equivariant Differential Forms

Suppose we have a smooth left action i of a compact connected Lie group G on a manifold
M:
Y:Gx M — M.

This action induces a left action of G on the algebra of complex-valued differential forms
0*(M,C) on M by the formula

G x (M, C) = (M, C), g-n = (1,-1)"n. (4.3)
We now introduce the Cartan model of equivariant differential forms, due to H. Cartan.

Definition 4.3.1. Let 1 denote a left action of a compact connected Lie group G on a
manifold M. An equivariant differential form on M is a polynomial map « : g —
Q*(M,C) which is G-equivariant, meaning that

a(Ady(X)) = (Yg-1)"(a(X)), forall g e G, X € g. (4.4)
We denote the space of equivariant differential forms on M by Qf(M).

Let o, 5 € Q% (M) be two equivariant differential forms, and let X € g be any element of
the Lie algebra. We denote by a(X)(; the (homogeneous) component of a(X) which is of
degree 7, so that we have

dim M

a(X)= > a(X)y € Q(M).

j=1
The wedge product of two equivariant differential forms is given by
(@A B)(X) == a(X) A B(X),

and one readily checks that a A 8 : g — Q*(M,C) is again an equivariant differential form
on M, which makes (QF (M), A -) into an algebra.

Definition 4.3.2. We define the equivariant differential, denoted d¢, on QF (M) by the
formula
(dga)(X) = d(a(X)) —ix(a(X)), a€Qg(M), X €g.

An equivariant differential form « is called equivariantly closed if dga = 0, and it is
called equivariantly exact if there exists an equivariant differential form 8 € Q% (M) such
that dgf = a.
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A first observation is that the equivariant differential defines a map dg : QF (M) — QF(M).
We check that d% = 0 on Q% (M), so that we have justified naming dg a differential. Let
a € Q% (M) arbitarily, and let X € g be any element of the Lie algebra. By equivariance of
the form « : g — Q*(M, C) and consideration of the adjoint action, we find

a(X) = a(Adexp —¢x (X)) = (Yexpx)™ ((X)),
which in turn implies that
Lx((X)) =0.

Now, by application of Cartan’s formula, we obtain

d%(a(X)) = d*a(X) +ixixa(X) — dixa(X) —ixda(X) = —Lx(a(X)) = 0.

This leads to the following definition.

Definition 4.3.3. We define the equivariant cohomology of M (in the Cartan model),
denoted H{ (M), to be the cohomology of the complex (QF (M), d¢). That is,

ker dg

HE(M) = g

Remark 4.3.4. There is a grading on the algebra Q% (M) such that the equivariant differen-
tial dg maps Q% (M) into QT (M), but we have omitted this viewpoint here for simplicity.
See, for example, Heat Kernels and Dirac Operators [8, Chapter 7.1] for more information.

The following example demonstrates the effectiveness of equivariant cohomology in the set-
ting of Hamiltonian actions. Furthermore, this example will play an important role in the
proof of the Duistermaat—Heckman Localization Theorem.

Example 4.3.5. Let (M,w) be a symplectic manifold equipped with a Hamiltonian action
of a compact connected Lie group G and denote by p : M — g* its corresponding momentum
map. Define a polynomial map @ : g — Q*(M) by @(X) = px +w. Note that @ is of mixed
degree:

(ZJ(X)[O] = Ux, and L:}(X)[g] = w.

We show that @ is an equivariantly closed differential form on M. Let X € gand g € G
arbitrarily. Using that the momentum map is equivariant and that the symplectic structure
is G-invariant, we compute:
W(Adg(X)) = piaq, (x) w

= (u(-), Ady(X)) +
= (Adg-ap(-), X >
(u(% 1(4)),
(wq ) pux tw
= (Yg-1)" (@(X)),
which implies that @ € QF(M). It remains to show that & is equivariantly closed:

(dew)(X) = (d —ix)@(X)

=dux —ixpx +dw—ixw
= d,uX 7i£w =0.
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Here we have used that w is closed, the interior product vanishes on smooth functions, and
the definition of a momentum map for the last equality.

Conversely, suppose that g — Q*(M), X — Jx + w is an equivariantly closed differential
form on (M,w), where J : M — g* is a smooth map. Then one verifies that J : M — g*
defines a momentum map for the Hamiltonian G-action on (M, w).

Note that we can integrate equivariant differential forms on M by pairing it with an element
of the Lie algebra and integrating it over the top degree component. This gives rise to a
map

/ QM) x g = C, (a,X) o / () i a1
M M

For instance, instead of integrating the Liouville volume form %, we can just integrate the

wm
m!”

mixed degree form exp(w) =1+ w + %2 +oeeF

4.4 Equivariant Localization

Throughout this section, let M be a manifold with an action of a compact Lie group G.
Consider a fundamental vector field X on M. We denote by

My(X):={peM:X, 6 =0}

the zeros of the fundamental vector field X on M. Let (-, ) denote a G-invariant Riemannian

metric on M, which is obtained by averaging an arbitrary Riemannian metric over G using
the Haar measure. We write || X||? = (X, X).

Proposition 4.4.1. Let M be a 2m-dimensional manifold equipped with an action of a
compact Lie group G. Suppose that a € Q% (M) is an equivariantly closed differential form
on M. Then, for all X € g, we have that the top degree component a/(X){gim as] is exact on
the open submanifold M — My(X) C M.

Proof. Let X € g be an element of the Lie algebra, and write dx = d — ix for the resulting
operator. We define a one-form 6 € Q!(M), with respect to the G-invariant metric (-, ),
pointwise by the formula

0p(v) = (X, v), for v e T,M.

This one-form @ satisfies £x6 = 0 by invariance. Note that dx6 = df —||X||?, which implies
that dx(dx0) = —Lx0 = 0. We now show that dx#@ is invertible on M — My(X) in the
space of complex-valued differential forms with respect to the wedge product, that is, we
determine (dx)~! such that

(dxo) A (dxa)71 =1= (dXQ)’l A (dxo)

By application of the von Neumann series (the operator-analogue of the geometric series),
we obtain on M — My(X) that:

(dx0)~" = (d6 — || X|[*)~" = —||X[|*(1 — ||X]|*do) "

= X2 Q NI deh) = (1 X[ Ddg".
k=0 k=0
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Indeed, with the dimension of M in consideration we compute:

m

(dx0) A (dx8) ™" = (A0 — || XI[?) A D~ X724+ g

k=0
= d0 A ||XI| 2 dgt 4 S| X[ e
k=0 7=0
m—1
= XA 3 X = 1,
k=0 7=0

and similarly (dx6)~! A (dx6) = 1. Using this fact, we immediately have that
dx ((dx0) A (dx6)~1) =0. (4.5)
Since dx (dx6) = 0, it follows that

dx((dxg) A (dxe)il) = dx(an) AN (dxe)71 + (dxg) A dx(an)71 = (an) AN dx(dxg)71
(4.6)
Combining Equation (4.5) and Equation (4.6), we find

(dx0) Adx (dx8)~' =0,

and wedging both sides with (dx6)~! yields dx (dx0)~* = 0. Using dx (dx6) = 0, dx(dx0)~! =

0 and that o € QF (M) is an equivariantly closed differential form on M, one verifies that
dx (0 A (dx0)™' A a(X)) = a(X).

This implies that

d(0 A (dx8) ™" A (X)) dim m—1) = @(X)[dim M)
since the interior product operator ¢x lowers the degree of ordinary differential forms. We
conclude, for all X € g, that a(X) is exact on the open submanifold M — My(X). O

Weights convention. Given a T-action on a manifold M and a fixed point p € MT,
we obtain a representation T — GL(T,M) (cf. section 3.1). This representation is called
the isotropy representation at a fixed point. We require the induced orientation of this
representation to coincide with the orientation on T}, M induced by the symplectic structure.

Localization Theorem 4.4.2. was proven independently by Atiyah-Bott [2] and Berline-
Vergne [8].

Theorem 4.4.2 (Atiyah—Bott—Berline—Vergne Localization Theorem [2],[8]). Let
M be a compact orientable 2m-dimensional manifold equipped with an action v of a torus
T™. Suppose that the action only has isolated fixed points. In addition, suppose that for
each p € MT there is a T™-invariant complex structure Jp on the tangent space T,M. Let

a € QL(M) be an equivariantly closed differential form on M. Suppose X € t satisfies
My(X) = MT, then we have:

/M [dlmM Z H ]p7X> (47)

peMT

where 0 # \;, € t*, j =1,...,m are the weights associated to the isotropy representation
at fized points p € MT.
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Proof. We follow the proof by N. Berline and M. Vergne [8, Theorem 7.11]. Let p € MT
be a fixed point of the action. We obtain a complex representation of the torus T" on the
tangent space (T, M, J,,). Subsequently, there is a splitting of T, M into complex lines

T,M=Vi& @ Vi,

such that the torus T™ acts on each complex line Vj; by

27 (Nj,p,Y)

(expY)-v; =e - vj,

where the A;, € t*, j =1,...,m are the associated isotropy weights.

By linearizing the action around p using a T"-invariant Riemannian metric, we obtain a
T"-invariant open neighborhood U, of p in M and corresponding local complex coordinates
(1 = 1+ W1y, Um = T + Ym) such that the fundamental vector field X takes the
following form on U,:

U 0 0
X=2ry Ny X)- (~vi - +%‘8fy,)~
J J

j=1
Since My(X) = M7, the linearization of the action around fixed points implies that () ,, X) #
Oforallj=1,...,mand pc M.

We define a one-form 6 on the neighborhood U, by

1 & 1
oP) .= o > o) (—yjdx; + z;dy;) € QY (Uy).
j=1 0P

Note that 0() satisfies £Lx0®) = 0 and 6P (X) = Z;n:l |v;|?. Using a T"-invariant partition

of unity subordinate to the open cover U := (Up) e pr U (M\Mo(X)) we piece the one-forms
0(P) together to obtain a one-form 0 € Q'(M) satisfying the following properties [26, 5.2.11]:

o E&e = 0;
e 0 =0 on a neighborhood of p contained in Up;
e dx0 invertible on M — My(X).

For a fixed point p € M™ denote by BS := {v € U, : >t lv;|? < €} C U, an e-ball in U,
with respect to the local coordinates vy,...,v, on U,. By application of Proposition 4.4.1
and Stoke’s theorem, we find

/ a(X)[aim M) = lim (X)) [dim M]
M i M—U, eyt (B;]
= lim d(g/\ (an)71 /\a(X))[dimM_l]
e—0 M—U 'ﬂ'[Be]
pEM P (4'8)
= hn}) - (0 A (dx0) ™" A (X)) dim m—1]
7 U, enT0(BS)]
=— > lim (O A (dx0)"" A (X)) dim ar—1-
e—0 6(B()
peMT P
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The minus sign is a result of switching the orientations of the spheres 8(B;) about the fixed
points, see Figure 4.2.

Figure 4.2: The orientation on the manifold M minus the balls around the fixed points is
indicated in black, and the usual orientation on the sphere is indicated in red.

It remains to compute the limit of the integral over each sphere. Consider now a neigh-
borhood of a fixed point p € MT such that # = %) on this neighborhood. We rescale the
local coordinates vy, ..., v, on this neighborhood by ¢, and denote the resulting map by
me. Then we have m?*0 = €20 and m*(dx0)~! = e 2(dx0) !, which together imply

m (0 A (dx0)~) = (0 A (dx0) 7).

Note that
lim ma(X) = a(X)(p)-

e—0

Viewing the coordinate change m. as an orientation-preserving diffeomorphism from the
unit sphere ;™" to the e-sphere 9(Bf) and using m? (6 A (dx0) ' Aa(X)) = A (dx8) "' A
mia(X), we compute:

liII(l) —(9 A (dxe)_l N Oé(X))[zm—l]
e— a(Bg)
—a(0u) [, O A dx0)
i (4.9)
= (X)) [, 070 =) ey
— o(X) () /S oA,
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We find, see for example Introductory Lectures on Equivariant Cohomology [43, Chapter 31],
that on S2™! we have:

1 & 1 1 «— 1
A = — Y ———(—dy; Ndx; + da; Ady;) = ;Z oy (s Ady;),

27 = </\j7p7X> i=1 <)‘j7pa )
m—1 1 (m B 1)' - = 7
@)t =—=>" — day Adyy A< Aday Ady; A+ A dg A dy,
g <>‘1 va> : </\j,p>X> <>\m D)

1 (m-=1)
- 27Tm H]<>\]p, X> 77vol»

where 1,0 € Q2™ 1(82’” 1) denotes the standard volume form on the sphere S?~1. Recall
that vol(S?™~1) = (2“ . Therefore, we have

_ a(X)q)
(X OA(do)y = 700
(X)) (p) /S%,,Ll (df) I (A p, X)

In view of Equation (4.8) and Equation (4.9), we conclude that

/M [dlmM Z H ]p7X> (410)

pEMT
O

Note that the left-hand side of Equation (4.10) is a global quantity (an integral over the
entire manifold), whereas the right-hand side is a localized quantity (a sum over the fixed
point set). In this case, we say that the integral over M localizes onto the fixed point set.

Prior to the Atiyah-Bott—Berline—Vergne Localization Theorem, Duistermaat and Heckman
proved in the paper On the Variation in the Cohomology of the Symplectic Form of the
Reduced Phase Space [12] a localization theorem in the setting of Hamiltonian torus actions.

Theorem 4.4.3 (The Duistermaat—Heckman Localization Theorem [12]). Let (M, w)
be a compact symplectic manifold equipped with a Hamiltonian action of a torus T", and
denote the associated momentum map by pu : M — t*. Suppose that the action only has
isolated fized points. If X € t is an element of the Lie algebra such that Mo(X) = MY, then

we have
i(qu)ﬁz _pm
[ et i y

peMT

et{n(p),X)

I (A py X))

where \j, € t*, j =1,...,m are the isotropy weights of the fized points.

(4.11)

Proof. Let X € t be an element in the Lie algebra of the torus T" such that Mo (X) consists
of finitely many points. Define an equivariant differential form e’ € QF, (M) by

Ui j
S 0 (L,C), Y o explilay +w)) = Y e B9
Jj=1 7!
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Since the equivariant differential form &(Y) = uy + w is equivariantly closed, it follows
that €' is equivariantly closed as well. Applying the Atiyah-Bott-Berline-Vergne Local-
ization Theorem to ¢“(X) and noting that (ei‘:’(x))[dim M = (i)me XD @ we obtain the
Duistermaat—Heckman Localization Theorem:

m i{u(p),X)
7 W -\ €
/ eW’X)ml = (=" > (N p, X))
M . peMT J< 0,P >

m
m!

O

In this way we have expressed the integral over exp(i(ux +w)) solely in terms of information
at the fixed points. Note that we did not make use of the nondegeneracy of the symplectic
form w.

Remark 4.4.4. There exists a similar result for the localization theorems where the fixed
point set does not necessarily consist of isolated points [2].

Applications of the Localization Theorems

Isotropy Weights and Hamiltonian Circle Actions

The Duistermaat—Heckman localization theorem implies relationships between the isotropy
weights. Let (M, w, 1) be a compact connected 2m-dimensional Hamiltonian S'-space with
finitely many fixed points, and let X € s be the element of the Lie algebra such that u = pux.
Inspecting the proof again, we see that the following holds, for all nonzero ¢t € R :

m t
/ e Lo et
M m! tm Hj)\j,p

peMT"

If we view the above expression as an equality of power series in ¢, we find (in particular)
the following two equations:

> LI (4.12)
et it
and .
ml - Lo,(M) #p) (4.13)
iNip

peMT

The following familiar example serves as a check for the various conventions we have em-
ployed regarding weights and orientations.

Example 4.4.5. Consider the Hamiltonian S'-space (S?,w), where the circle acts by ro-
tations. Recall that the momentum map is given by u : S? — R, u(p,h) = 27h. As the
orientations induced by the isotropy representations must coincide with the orientation of
the sphere, we find that the isotropy weights on the North- and South-pole are given by
An = +1 and A\g = —1, respectively. By application of eq. (4.13), we recover the Liouville

area of the sphere:
27 —2m
2y &M | AT
L,(S*) = +1+( 3 ) =47
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V. Ginzburg has used Equation (4.12) in the paper Some remarks on symplectic actions of
compact groups [16] to simplify a proof by D. McDuff [31], which states that a symplectic
circle action on a compact four-dimensional symplectic manifold is Hamiltonian if and only
if it has fixed points.

Relation with the Duistermaat—Heckman measure

We show that the localization theorem is related to the Duistermaat—Heckman measure via
a Fourier transform.

Let T™ x M — M be a Hamiltonian action of a torus T on a 2m-dim. compact connected
symplectic manifold (M, w) with momentum map p : M — t*. By definition of the Fourier
transform of a Borel measure (cf. [38, Def. 19.1]), we find that the Fourier transform mpg
of the Duistermaat—Heckman measure is given by

mpa(—X) :/ ei“’X)deH(g), for X e t.
¢
We substitute h € C*(t*) defined by h(¢) := €'&*X) in Equation (4.1) to obtain

_— i w™
mpnu(—X) = /Me . X) e

which is the same integral that appeared in the localization theorem. This viewpoint has
been used by Guillemin, Lerman and Sternberg to express the Radon—Nikodym derivative
of the Duistermaat—Heckman measure in terms of fixed point data [18, p.736-741], assuming
that the fixed point set is finite.

Localization of the Partition Function of 2d Yang—Mills Theory

The localization principle has been applied to localize quantum partition functions of certain
quantum mechanical systems. In order to make sense of localization in this setting, we need
a global formulation of quantum mechanics, opposed to the local formulation given by the
Schrodinger partial differential equation. We first discuss the path integral formalism for
quantum mechanics, and then we briefly discuss how two dimensional Yang—Mills theory, a
non-Abelian gauge theory on a surface, fits in with equivariant symplectic geometry.

A global formulation of quantum mechanics is provided by the Feynman path integral for-
malism, which expresses the probability amplitude of a system prepared in a state |g) at
time ¢ = 0 to be found in another state |¢’) at a later time ¢ = T as an integral over all

continuous paths from |g1) to |g2). Explicitly, the path integral formalism dictates that the
quantum propagator is given by (see [45] for a derivation):

Wig2,q1;T) == (g2, T | q1,0) = / Dy(t) eFSla®], (4.14)
q(0)=q1;9(T)=q2

Here S[q(t)] is the classical action functional, that is, the time integral over the Lagrangian:

T T
Sla(t)] = / dt L(q(t). d(t)) = / dt d(t)p(t) — H(g(t),p(t)), (4.15)
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and Dq(t) is the Feynman measure.

The classical partition function of a physical system with a 2m-dim. phase space (M,w)
and a Hamiltonian function H € C*° (M) is given by

ml’

Zem (B) = /M e (4.16)

where ( is a real number proportional to the inverse temperature. Recall that the partition
function determines the thermodynamical properties of the system. In the quantum case,
the partition function takes the following form [41]:

Zum = [ Dat®) #5110 6(q(0) ~ (7). (4.17)

where 0 represents the Dirac delta distribution so that we only integrate over the paths
which are loops (with period T').

Let 3 be a compact orientable surface without boundary, and let G = SU(2) be the gauge
group. Since SU(2) is a simply-connected compact Lie group, any principal SU(2)-bundle
over a surface admits a global trivialization. Thus, we consider the trivial principal G-bundle

T:G XY =Y, (4.18)

where G acts on G x X by g (h,0) := (gh,0).

For such a trivial principal bundle, we can identify the connection one-forms with the space
A= QY(X, g) of Lie-algebra valued one-forms on the base ¥.. We define the curvature of a
connection A € A to be the two-form Fy € Q%(%, g) given by:

Fa=dA— Z[A Al € Q*(2, 9).

1
2
The group of gauge transformations G := C*°(X,G) acts on the space A of connection
one-forms, as follows:

GxA— A u-A:=Ad,(A)+duut

Analogous to the quantum partition function in Equation (4.17), we define the partition
function of two-dimensional quantum Yang—Mills theory on the surface ¥ by the following
Feynman path integral [46, Equation 1.10]:

o p (~Su14]
ZYM(E) = Vol(g) ea DA P < B ) . (419)

Here € is the Yang—Mills coupling constant, vol(G) is the volume of the gauge group G, DA
is a path integral measure, and Sy is the 2d Yang—Mills action defined by:

1
Sva(A) i= 5 (Fa, Fa), A€ A (4.20)

with respect to a suitable L?-inner product, which is invariant under the action of the group
G of gauge transformations.

81



We describe the relation between 2d Yang—Mills theory and equivariant symplectic geometry.
Let (-,-) be a Ad-invariant inner product on the Lie algebra g of G = SU(2). It turns out
that the space A of connection one-forms is affine (linear modulo a translation), so that we
may identify T4 A = A. In the paper The Yang-Mills equations over Riemann surfaces [3]
Atiyah and Bott show that .4 admits a symplectic structure given by:

Q:Ax AR, Q(a,ﬁ)z/(a/\ﬁ>.
b
The Lie algebra of G can be identified with the space of smooth maps ¥ — g and we can
interpret Q*(X, g) as the dual of the Lie algebra Lie(G) via the pairing (¢, F) := [ (¢, F)
for € € Q°(2,g) = C®(Z,9),F € Q*,g) [34, p.214]. Furthermore, Atiyah and Bott
showed that the action of the group G of gauge transformations on A is Hamiltonian with
momentum map given by the curvature:

p: A= Lie(G) = Q%(%,g), u(A) = Fa. (4.21)

Thus, we see that the Yang—Mills action in Equation (4.20) is proportional to the norm
squared of the momentum map ||u||?>. The critical point set of the norm squared of the
momentum map has been extensively studied in the setting of Morse-Bott theory by, for
example, F. Kirwan [24].

Since the Yang—Mills action is invariant under the group G, it is natural to quotient the
physically equivalent solutions, which are related by a gauge transformation. By a formal
application of the symplectic reduction procedure we can interpret the moduli space of flat
connections M = 171(0)/G as a symplectic reduced space (with singularities), it turns out
that this space is finite-dimensional [3].

By considerations of the Hodge star operator (the complex structure on A4), it turns out
that the path integral measure DA and the Liouville/symplectic measure exp(w) coincide
[7, p.190]. This allows us to rewrite the partition function of 2d Yang—Mills theory in terms
of equivariant symplectic data, as follows:

Zyai(e) Voll( G /,4 exp <Q - |’2‘€|2> . (4.22)

In Two dimensional gauge theories revisited [46] E. Witten derived a non-Abelian local-
ization formula for symplectic integrals of precisely this form. In particular, the partition
function Zy p(e) localizes onto the critical set of the Yang—Mills action Sy = %(u, 1), and
the connections in the critical set represent either a stable minimum (a flat connection) or
connections with nonzero curvature which obey the classical Yang—Mills equations [7, p.217-
p.218]. Furthermore, using this approach he recovers as a particular case the result that
the partition function Zy 57(0) (zero coupling) agrees with the Liouville/symplectic volume
fM exp(Qreq) of the moduli space (M, Qyeq) [7, p-226].

Witten’s non-Abelian localization principle has been used by L. Jeffrey and F. Kirwan
in the paper Localization and the Quantization Conjecture [22] to prove the quantization
conjecture (quantization commutes with reduction) for certain symplectic manifolds with a
Hamiltonian action. For a discussion on the relation between Chern-Simons gauge theory
and equivariant symplectic geometry, see the paper Non-Abelian Localization for Chern-
Simons Theory [7, p.193-213] by C. Beasley and E. Witten.
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Summary

In this chapter we studied connection one-forms associated to principal T-bundles. Then
we used the equivariant coisotropic embedding theorem to prove the Duistermaat—Heckman
theorem, which states that the de Rham cohomology class of the reduced symplectic forms
varies linearly. This in turn implied that the Radon—Nikodym derivative of the Duistermaat—
Heckman measure (with respect to the Lebesgue measure) is locally polynomial. In order
to prove the Duistermaat—Heckman localization theorem, we studied the Cartan model of
equivariant cohomology and obtained this theorem as a consequence of the Atiyah—-Bott—
Berline—Vergne localization theorem. Finally, we discussed some applications and general-
izations regarding the localization principle.
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Outlook

We have studied Hamiltonian actions on symplectic manifolds, a special class of symplectic
actions for which we have a momentum map. We proved the Marsden—Weinstein—Meyer
symplectic reduction theorem for free actions, this ensures that the symplectic reduced space
is a manifold. The symplectic reduction theorem holds for regular values of the momentum
map as well, but then the reduced spaces are generally orbifolds [4, p.85].

We have seen that the momentum map gives us smooth functions which reflect the action,
so that we could apply Morse-Bott theory to study Hamiltonian actions. This helped us
prove the Atiyah—Guillemin—Sternberg convexity theorem for compact Hamiltonian torus
spaces: the image of the momentum map is the convex hull of the images of the fixed
points. Kirwan [25] generalized this convexity theorem to Hamiltonian actions of arbitrary
compact Lie groups on compact symplectic manifolds, see also Sjamaar’s paper [39].

Finally, we studied the Cartan model of equivariant cohomology to prove the Atiyah—-Bott—
Berline-Vergne localization theorem. In the setting of Hamiltonian torus actions, this
theorem implied the Duistermaat-Heckman localization theorem. We also compared the
Duistermaat—Heckman measure, the pushforward of the Liouville measure under the mo-
mentum map, with the Lebesgue measure and we saw that this measure is related to the
Duistermaat—Heckman localization theorem by a Fourier transform. It would be interesting
to study other models of equivariant cohomology, for example, the Borel model [4, Ch. VI],
[21, Ch. 1,2], [43, Ch. 23-26] and the Weil model [21, Ch. 3,4], [43, Ch. 19,20].

The reader should now be sufficiently prepared to take on Delzant’s classification theorem

[11], [4, IV.4.e], [9, Ch. 28,29]. This theorem asserts, for the case dim M = 2dim T, that the
momentum polytope completely determines the Hamiltonian T-space.
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