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Preface

This book is about Symplectic Reduction by Stages for Hamiltonian systems
with symmetry. Reduction by stages means, roughly speaking, that we have
two symmetry groups and we want to carry out symplectic reduction by
both of these groups, either sequentially or all at once. More precisely, we
shall start with a “large group” M that acts on a phase space P and assume
that M has a normal subgroup N. The goal is to carry out reduction of
the phase space P by the action of M in two stages; first by NV and then by
the quotient group M/N. For example, M might be the Euclidean group
of R3, with IV the translation subgroup so that M /N is the rotation group.
In the Poisson context such a reduction by stages is easily carried out and
we shall show exactly how this goes in the text. However, in the context of
symplectic reduction, things are not nearly as simple because one must also
introduce momentum maps and keep track of the level set of the momentum
map at which one is reducing. But this gives an initial flavor of the type of
problem with which the book is concerned.

As we shall see in this book, carrying out reduction by stages, first by N
and then by M /N, rather than all in “one-shot” by the “large group” M is
often not only a much simpler procedure, but it also can give nontrivial ad-
ditional information about the reduced space. Thus, reduction by stages can
provide an essential and useful tool for computing reduced spaces, includ-
ing coadjoint orbits, which is useful to researchers in symplectic geometry
and geometric mechanics.

Reduction theory is an old and time-honored subject, going back to the
early roots of mechanics through the works of Euler, Lagrange, Poisson,
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Liouville, Jacobi, Hamilton, Riemann, Routh, Noether, Poincaré, and oth-
ers. These founding masters regarded reduction theory as a useful tool for
simplifying and studying concrete mechanical systems, such as the use of
Jacobi’s elimination of the node in the study of the n-body problem to deal
with the overall rotational symmetry of the problem. Likewise, Liouville
and Routh used the elimination of cyclic variables (what we would call
today an Abelian symmetry group) to simplify problems and it was in this
setting that the Routh stability method was developed.

The modern form of symplectic reduction theory begins with the works
of Arnold [1966a], Smale [1970], Meyer [1973], and Marsden and Wein-
stein [1974]. A more detailed survey of the history of reduction theory can
be found in the first Chapter of the present book. As was the case with
Routh, this theory has close connections with the stability theory of relative
equilibria, as in Arnold [1969] and Simo, Lewis and Marsden [1991]. The
symplectic reduction method is, in fact, by now so well known that it is used
as a standard tool, often without much mention. It has also entered many
textbooks on geometric mechanics and symplectic geometry, such as Abra-
ham and Marsden [1978], Arnold [1989], Guillemin and Sternberg [1984],
Libermann and Marle [1987], and McDuff and Salamon [1995]. Despite its
relatively old age, research in reduction theory continues vigorously today
and this book is a contribution to that theory.

Already in the original papers (such as Marsden and Weinstein [1974]),
the issue of performing reduction by stages comes up. That is, one wants a
framework in which repeated reduction by two successive symmetry groups
can be performed and the result is the same as that of a single larger group.
However, even this elementary question has some surprises.

For example, one of the nicest examples of reduction by stages is the the-
ory of semidirect product reduction that is due to Guillemin and Sternberg
[1980] and Marsden, Ratiu and Weinstein [1984a,b] and which is presented
in Chapter 4 of this book. This theory is more than just a verification that
reduction for a semidirect product can be done in two stages or, equiva-
lently, all at once. In fact, information and procedures that are useful and
powerful in a variety of examples, emerged from that effort. Application
areas abound: the heavy top, compressible fluids, magnetohydrodynamics,
the dynamics of underwater vehicles, etc. Mathematical techniques, such as
the determination of coadjoint orbits in semidirect products, in conjunction
with cotangent bundle reduction theory were also developed. Motivated by
this success, it was only natural that generalizations would be sought.

In fact, work on a setting for a generalization of semidirect product theory
was begun by two of us (JEM and TSR) during a visit to the Schrédinger
Institute in Vienna in 1994. After a month or so of thinking about the
question, it was realized that while the corresponding question for Poisson
reduction was quite simple, the symplectic question was not so easy. It
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was decided that the framework of starting with a “big group” M with a
normal subgroup N and trying to first reduce by N and then by a variant
of quotient group M /N was the right framework. Of course the semidirect
product case, which was understood at the time, and which is a nontrivial
special case, was an important and incentive that provided guidance.

With that modest start, the project slowly evolved and grew in various
ways, with a progress report published as Marsden, Misiolek, Perlmutter
and Ratiu [1998], and then ending up as this monograph. One of the ways
in which it evolved was to ask corresponding questions in the context of La-
grangian reduction. That parallel effort resulted in several important works
with Hernan Cendra, the most relevant one for this book being Cendra,
Marsden, and Ratiu [2001a] on Lagrangian Reduction by Stages. Keeping
contact with some of the key applications makes clear the importance of the
magnetic terms that appear in the symplectic Hamiltonian and Lagrangian
reduction of cotangent and tangent bundles, respectively. Joint work with
Darryl Holm on a version of semidirect product reduction theory in the
Lagrangian context was an important ingredient (see Holm, Marsden and
Ratiu [1998]) in the general Lagrangian reduction by stages program. It
was also a key component in the development of the Lagrangian averaged
Euler (or Euler-a or LAE) equations as well as the Lagrangian averaged
Navier-Stokes equations, also called the LANS-a equations.

Another ingredient that was a driver of some of the initial work was the
attempt to understand the relation between cocycles for central extensions
(such as the Bott—Virasoro cocycle) and curvatures of connections (such
as the mechanical connection) that one uses in the theory of cotangent
bundle reduction. These cocycles arise in the study of, for example, the KdV
equation and the Camassa-Holm equation (see Ovsienko and Khesin [1987],
Misiotek [1997, 1998] and Marsden and Ratiu [1999]) as well as in examples
such as spin glasses, as in Holm and Kupershmidt [1988]. We believe that
in this book, we have succeeded to a large extent in the interesting task
of relating cocycles and magnetic terms. See Cendra, Marsden, and Ratiu
[2003] for related ideas.

The work got several important boosts as it proceeded. One was from
the PhD thesis of Matt Perlmutter (Perlmutter [1999]) and the second was
from a productive visit to Caltech of Gerard Misiolek during 1997-1998.
A preliminary version of our results were published in Marsden, Misiolek,
Perlmutter and Ratiu [1998], appropriately enough in a celebratory vol-
ume for Victor Guillemin. Another boost came in discussions with Juan—
Pablo Ortega about how the newly developing theory of optimal reduction
based on a distribution-theoretic approach to Hamiltonian conservation
laws (Ortega and Ratiu [2002], Ortega [2002]) might fit into the picture.
His perspective led to an improvement on and an identification of situa-
tions where the hypotheses necessary for reduction by stages (the so called
“stages hypothesis”) are satisfied. The “optimal” oriented techniques also
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enabled Juan—Pablo, among other things, to extend the reduction by stages
method to the singular case, which appears as Part III of this book.

The singular case is important for many examples; for instance, using
the result of Smale [1970] that the momentum map is not regular at points
with nontrivial infinitesimal symmetry, Arms, Marsden and Moncrief [1981]
showed under rather general circumstances (including in the infinite di-
mensional case) that the level sets of the momentum map have quadratic
singularities. This sort of situation happens in interesting examples, such
as Yang-Mills theory and general relativity. There are many other examples
of singular reduction, such as those occurring in resonant phenomena (see,
for example, Kummer [1981]; Cushman and Rod [1982] and Alber, Luther,
Marsden, and Robbins [1998]. It was Sjamaar [1990] and Sjamaar and Ler-
man [1991] who began the systematic development of the corresponding
singular reduction theory. These initial steps, while important, were also
limited (they assumed the groups were compact, only dealt with reduction
at zero, etc), but the theory rapidly developed in the 1990s and the early
2000s. We summarize some of the key results in this area in §1.4 and will
survey additional literature in the historical survey in §1.3. A brief account
of singular cotangent bundle reduction is given in §2.4.

Hopefully the above explains how, through this long saga, the three parts
of the book came into existence. But it has a happy ending: the theory is
not only very attractive, but is now also fairly comprehensive. Of course
this does not mean that interesting questions are not left—there are many
and we try to point out some of them as we proceed.

Structure of the Book. The book has three parts. The first part gives a
fairly complete treatment of regular symplectic reduction, cotangent bundle
reduction and also gives an outline of the singular case. We do this for the
convenience of the reader as this material is somewhat scattered in the
literature. The second part develops the theory of Hamiltonian reduction
by stages in the regular case, including a complete treatment of semidirect
product reduction theory from the stages point of view. The third part
develops this theory in the singular case, that is, the case when the reduced
manifolds can have singularities, typically because the symmetry group
action is not free, as was mentioned above. While Parts II and III use
rather different techniques, the two together make the subject whole. Both
theoretically and from the point of view of examples, our view is that it is
not helpful to regard the regular case as a special case of the singular case.
Thus, we have kept them separate in the two parts.

Prerequisites. It will be assumed that the reader is familiar with the
basics of geometric mechanics. While some of this will be recalled as we
proceed, this will be mainly for purposes of establishing notation and con-
ventions. In short, we assume everything that is in Marsden and Ratiu
[1999], including the construction of momentum maps and their proper-
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ties; we shall recall, for the reader’s convenience, some of the basic theory
of symplectic reduction that can be found in, for example, Abraham and
Marsden [1978], Marsden [1992] or in one of the many other books on geo-
metric mechanics. As we proceed, we shall review some additional material
needed later as well, such as cotangent bundle reduction theory and the
theory of principal connections. Again, this is primarily for the reader’s
convenience.

Part III on singular reduction by stages (by Juan-Pablo Ortega), will
require material on singular reduction techniques, so at that point, the
reader will need to consult other sources; the main terminology, tools, and
techniques are outlined in §1.4 and details can be found in the book Ortega
and Ratiu [2004a]. While Part III does not deal with cotangent bundles,
an outline of what is known to the authors on singular cotangent bundle
reduction is provided in §2.4 for the readers information.

Much of our work on Hamiltonian reduction by stages appears in this
book for the first time. The work is just too large to publish in the journal
literature without fragmentation and it seemed best to keep it together as
a coherent whole.

What is not Covered in this Book. There is a lot that we do not
cover in this book. As should be clear from the above remarks, we do
focus on symplectic reduction by stages motivated by both applications
and the intrinsic mathematical structure. There are many other aspects
of reduction as well, such as Poisson reduction, Lagrangian reduction and
Routh reduction. We do not cover these topics in this work, but a discus-
sion and references are given in the introductory chapter. For example, La-
grangian reduction itself already deserves a separate monograph, although
fairly comprehensive accounts already exist, such as Marsden, Ratiu and
Scheurle [2000] and Cendra, Marsden, and Ratiu [2001a)].

Another thing we do not cover in this book in a systematic way is the
analytical (function space) theory in the infinite dimensional case, despite
the fact that many of the most interesting examples are, in fact, infinite
dimensional. Again this topic deserves a monograph of its own—the general
theory of infinite dimensional Hamiltonian systems has some way to go,
although there has been some general progress, as, for instance, Chernoff
and Marsden [1974] and Mielke [1991] and references therein. There are
also a number of research papers in this area and we give some specific
references in the main text. We give a number of additional comments in
§3.2 and, based on Gay-Balmaz and Ratiu [2006] and Gay-Balmaz [2007],
outline one example of reduction by stages with all the functional analytic
details taken care of in some detail, namely in §9.5 we discuss the case of
a fluid in a symmetric container.

We also do not cover the interesting links that reduction theory has with
representation theory and quantization and we do not touch all the other
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interesting developments in symplectic topology. Other than a brief men-
tion in connection with Teichmiiller theory in §9.4 and its link to coadjoint
orbits of the Bott-Virasoro group, we do not discuss the interesting ap-
plications to moduli spaces of connections (see Atiyah and Bott [1982],
Goldman and Millson [1990] and Takhtajan and Teo [2004, 2006]).

Apology. As usual in an advanced book with a relatively broad scope,
we must apologize in advance to all the researchers in the area whose
favorite topic or reference is not found here. Of course it is not possible
to be complete with either task as the subject is now too developed and
far reaching. However, we would be very happy to receive constructive
suggestions for future printings.

Abbreviations. We shall be referring to a few references often, so it will
be convenient to have abbreviations for them;

We refer to Abraham and Marsden [1978] as [FofM].

We refer to Abraham, Marsden and Ratiu [1988] as [MTA].

We refer to Marsden and Ratiu [1999] as [MandS].

We refer to Marsden [1992] as [LonM].

We refer to Marsden, Misiolek, Perlmutter and Ratiu [1998] as [MMPR].
We refer to Ortega and Ratiu [2004a] as [HRed].

Notation. To keep things reasonably systematic in the book, we have
adopted the following universal conventions for some common maps:

Cotangent bundle projection: mq : T°Q — @

Tangent bundle projection: 7¢ : TQ — Q

Quotient projection: np : P — P/G

Tangent map: T : TM — TN for the tangent of a map ¢ : M — N

Thus, for example, the symbol 77+ ¢ would denote the quotient projection
from T*Q to (T*Q)/G.
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Part 1. Background and
the Problem Setting

The purpose of this first part is to provide background from those parts of
geometric mechanics that are needed in the remainder of the book. The first
chapter contains background on regular symplectic reduction and includes
all the proofs of the main theorems, such as point reduction, coadjoint
orbits and orbit reduction. It also gives an overview of related research
topics in geometric mechanics.

The second chapter starts with a review, again including proofs, of con-
nections on principal bundles, including curvature. This is needed back-
ground for one of the important constructions for the book, namely cotan-
gent bundle reduction, whose reduced spaces involves non-canonical sym-
plectic structures, namely magnetic, or curvature terms. The chapter also
gives the problem setting and explains why reduction by stages is rela-
tively routine in the Poisson setting, while being quite nontrivial in the
symplectic setting. The chapter ends with a survey and discussion of var-
ious applications, related areas and future directions, such as swimming
fish, loop groups, the Bott-Virasoro group, and multisymplectic geometry.

As explained in the preface, the book assumes that the reader is familiar
with the essentials of geometric mechanics, up to, but not including sym-
plectic reduction theory; this background is given in, for example, [MandS]
(see the abbreviation code for the major references in the preface). Of
course people with a strong background in geometric mechanics can pro-
ceed directly to Part II.
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1
Symplectic Reduction

The purpose of this introductory Chapter is to both establish basic nota-
tion and also to give a reasonably complete account of symplectic reduction
theory. The first section is a basic introduction, the second provides proofs
and the third gives a history of the subject. This chapter focuses on reduc-
tion theory in the general setting of symplectic manifolds. The next chapter
deals with, amongst other things, the important case of cotangent bundle
reduction. Both of these cases are fundamental ingredients in the reduction
by stages program.

1.1 Introduction to Symplectic Reduction

Roughly speaking, here is how symplectic reduction goes: given the sym-
plectic action of a Lie group on a symplectic manifold that has a momentum
map, one divides a level set of the momentum map by the action of a suit-
able subgroup to form a new symplectic manifold. Before the division step,
one has a manifold (that can be singular if the points in the level set have
symmetries) carrying a degenerate closed 2-form. Removing such a degen-
eracy by passing to a quotient space is a differential-geometric operation
that was promoted by Cartan [1922].

The “suitable subgroup” related to a momentum mapping was identified
by Smale [1970] in the special context of cotangent bundles. It was Smale’s
work that inspired the general symplectic construction by Meyer [1973]
and the version we shall use, which makes explicit use of the properties of
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momentum maps, by Marsden and Weinstein [1974].

Momentum Maps. Let G be a Lie group, g its Lie algebra, and g*
be its dual. Suppose that G acts symplectically on a symplectic manifold
P with symplectic form denoted by 2. We shall denote the infinitesimal
generator associated with the Lie algebra element £ by £p and we shall let
the Hamiltonian vector field associated to a function f : P — R be denoted
Xy

Recall that a momentum map is a map J : P — g*, which is defined
by the condition

§p =Xy (1.1.1)

for all £ € g, and where (J, &) : P — R is defined by the natural pointwise
pairing. We call such a momentum map equivariant when it is equivariant
with respect to the given action on P and the coadjoint action of G on g*.
That is,

J(g-2) =Ady-1 I(2) (1.1.2)

for every g € G, z € P, where g - z denotes the action of g on the point z,
Ad denotes the adjoint action, and Ad* the coadjoint action.! A quadruple
(P,Q,G,J), where (P, ) is a given symplectic manifold and J : P — g* is
an equivariant momentum map for the symplectic action of a Lie group G,
is sometimes called a Hamiltonian G-space.

Taking the derivative of the equivariance identity (1.1.2) with respect to
g at the identity yields the condition of infinitesimal equivariance:

T.3(Ep(2) = —ad I(2) (1.1.3)

for any £ € g and z € P. Here, ade : g — g;n — [£,n] is the adjoint
map and adg : g* — g* is its dual. A computation shows that (1.1.3) is
equivalent to

(J,[&m) = {38, T, m} (1.1.4)

for any &,m € g, that is, (J,:) : ¢ — F(P) is a Lie algebra homomor-
phism, where F(P) denotes the Poisson algebra of smooth functions on
P. The converse is also true if the Lie group is connected, that is, if G
is connected then an infinitesimally equivariant action is equivariant (see
[MandS], §12.3).

The idea that an action of a Lie group G with Lie algebra g on a symplec-
tic manifold P should be accompanied by such an equivariant momentum
map J : P — g* and the fact that the orbits of this action are themselves

INote that when we write Ad’g‘,17 we literally mean the adjoint of the linear map
Ad -1 : g — g. The inverse of g is necessary for this to be a left action on g*. Some
authors let that inverse be understood in the notation. However, in this book, such a
convention would be a notational disaster since we need to deal with both left and right
actions, a distinction that is essential in mechanics.
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symplectic manifolds both occur already in Lie [1890]; the links with me-
chanics also rely on the work of Lagrange, Poisson, Jacobi and Noether. In
modern form, the momentum map and its equivariance were rediscovered
by Kostant [1966] and Souriau [1966, 1970] in the general symplectic case
and by Smale [1970] for the case of the lifted action from a manifold @
to its cotangent bundle P = T*(Q). Recall that the equivariant momentum
map in this case is given explicitly by

(J(ag), &) = (aq,¢0(a) (1.1.5)

where ay € T7'Q, § € g, and where the angular brackets denote the natural
pairing on the appropriate spaces.

Smale referred to J as the “angular momentum” by generalization from
the special case G = SO(3), while Souriau used the French word “moment”.
Marsden and Weinstein [1974], followed usage emerging at that time and
used the word “moment” for J, but they were soon corrected by Richard
Cushman and Hans Duistermaat, who suggested that the proper English
translation of Souriau’s French word was “momentum,” which fit better
with Smale’s designation as well as standard usage in mechanics. Since
1976 or so, most people who have contact with mechanics use the term
momentum map (or mapping). On the other hand, Guillemin and Stern-
berg popularized the continuing use of “moment” in English, and both
words coexist today. It is a curious twist, as comes out in work on collec-
tive nuclear motion (Guillemin and Sternberg [1980]) and plasma physics
(Marsden and Weinstein [1982] and Marsden, Weinstein, Ratiu, Schmid,
and Spencer [1982]), that moments of inertia and moments of probability
distributions can actually be the values of momentum maps! Mikami and
Weinstein [1988] attempted a linguistic reconciliation between the usage
of “moment” and “momentum” in the context of groupoids. See [MandS]
for more information on the history of the momentum map and §1.3 for a
more systematic review of general reduction theory.

Cocycles and Nonequivariant Momentum Maps. Consider a mo-
mentum map J : P — g* that need not be equivariant, where P is a
symplectic manifold on which a Lie group G acts symplectically. The map
o : G — g* that is defined by

o(g) == J(g-2) — Ady-. I(2), (1.1.6)

where ¢ € G and z € P is called a mnonequivariance one-cocycle.
Clearly, o is a measure of the lack of equivariance of the momentum map.

We shall now prove a number of facts about ¢. The first claim is that o
does not depend on the point z € P provided that the symplectic manifold
P is connected (otherwise it is constant on connected components). To
prove this, we first recall the following equivariance identity for infinitesimal
generators:

142, (€r(g) = (Adg §p(g-q); e, ‘I’Z§P = (Adgfl f)p- (1.1.7)
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This is an easy Lie group identity that is proved, for example, in [MandS],
Lemma 9.3.7.

We shall now show that o(g) is constant by showing that its Hamiltonian
vector field vanishes. This is done as follows. For each £ € g, we have

Xio(9).) = Xo;3.0 — X(gaa, 1 ¢)
= @;X(J»f) - X<J7Adg_1 ¢)
= B — (Ady1 €)
which vanishes in view of equation (1.1.7). In going from the first line to
the second we used the fact that the action ®, is symplectic and in going
to the last line, we used the definition of the momentum map.
Next, using the fact that o(g) is independent of z along with the basic

identity Ady, = Ady Ady, and its consequence Ad(y,)-1 = Adg-1 Adj-1,
we have the following calculation

o(gh) = I((gh) - z) — Adjgp)-1 I (2)
=[J(g-(h-2) —Ad;-+ I(h-z)]
+ [Ady J(h-2) — Ad; -1 Adjy 1 I(2)]
=o(g9) + Ady-1 o(h),

which shows that o satisfies the cocycle identity
o(gh) = o(g9) + Ady-1 a(h) (1.1.8)

for any g,h € G.
The cocycle identity shows that o produces a new action © : G x g* — g*
defined by
O(g, p) := Ady-r p+o(g) (1.1.9)

with respect to which the momentum map J is obviously equivariant. This
action © is not linear anymore—it is an affine action.
Forn € g,let 0,,(g) = (0(g9), n). Differentiating the definition of o, namely

an(9) = (I(g-2),n) — (I(2), Adg-1 1)

with respect to g at the identity in the direction £ € g gives

Teon(§) = (T.d - Ep(2),m) + (I(2), [§;n))
= X(3(2).6) [(J(2),m] + (I (=), [€;n])
=—{(3,&), (I, )} + (J(2), ).

This shows that
Teon(§) = (&, n), (1.1.10)
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where X(&, n), which is called the infinitesimal nonequivariance two-
cocycle is defined by

2(m) = (3,16 n]) —{(J,€), (J,m)}. (L.1.11)

Note that since o does not depend on the point z € P, neither does 3.
Also, it is clear from this definition that ¥ measures the lack of infinitesimal
equivariance of J. Another way to look at this is to notice that from the
derivation of equation (1.1.10), for z € P and & € g, we have

T.3(¢p(2)) = —adf I(2) + B(E, ). (1.1.12)

Comparison of this relation with equation (1.1.3) also shows the relation
between ¥ and the infinitesimal equivariance of J.

The map ¥ : g x g — R is bilinear, skew-symmetric, and, as can be
readily verified, satisfies the two-cocycle identity

E((&nl,€) +X([n, ¢l §) + (¢, €], m) = 0, (1.1.13)

for all £,n,¢ € g.

The Symplectic Reduction Theorem. There are many precursors of
symplectic reduction theory. When G is Abelian, the components of the
momentum map form a system of functions in involution (i.e. the Poisson
bracket of any two is zero). The use of k such functions to reduce a phase
space to one having 2k fewer dimensions may be found already in the work
of Lagrange, Poisson, Jacobi, and Routh; it is well described in, for example,
Whittaker [1937].

In the nonabelian case, Smale [1970] noted that Jacobi’s elimination of
the node in SO(3) symmetric problems can be understood as division of a
nonzero angular momentum level by the SO(2) subgroup which fixes the
momentum value. In his setting of cotangent bundles, Smale clearly stated
that the coadjoint isotropy group G,, of u € g* (defined to be the group
of those g € G such that g - 4 = p, where the dot indicates the coadjoint
action), leaves the level set J~!(u) invariant (Smale [1970], Corollary 4.5).
However, he only divided by G/, after fixing the total energy as well, in
order to obtain the “minimal” manifold on which to analyze the reduced
dynamics. The goal of his “topology and mechanics” program was to use
topology, and specifically Morse theory, to study relative equilibria, which
he did with great effectiveness.

Marsden and Weinstein [1974] combined Souriau’s momentum map for
general symplectic actions, Smale’s idea of dividing the momentum level by
the coadjoint isotropy group, and Cartan’s idea of removing the degeneracy
of a 2-form by passing to the leaf space of the form’s null foliation. The
key observation was that the leaves of the null foliation are precisely the
(connected components of the) orbits of the coadjoint isotropy group (a fact
we shall prove in the next section as the reduction lemma). An analogous
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observation was made in Meyer [1973], except that Meyer worked in terms
of a basis for the Lie algebra g and identified the subgroup G/, as the
group which left the momentum level set J~!(ux) invariant. In this way,
he did not need to deal with the equivariance properties of the coadjoint
representation.

In the more general setting of symplectic manifolds with an equivariant
momentum map for a symplectic group action, the fact that G, acts on
J=1(u) follows directly from equivariance of J. Thus, it makes sense to form
the symplectic reduced space which is defined to be the quotient space

P, =31 (n)/G,. (1.1.14)

Roughly speaking, the symplectic reduction theorem states that, under
suitable hypotheses, P, is itself a symplectic manifold. To state this pre-
cisely, we need a short excursion on level sets of the momentum map and
some facts about quotients.

Free and Proper Actions The action of a Lie group G on a manifold
M is called a free action if g-m = m for some g € G and m € M implies
that g = e, the identity element.

An action of G on M is called proper when the map G x M — M x
M;(g,m) — (g -m,m) is a proper map—that is, inverse images of com-
pact sets are compact. This is equivalent to the statement that if my is a
convergent sequence in M and if g - my converges in M, then g has a
convergent subsequence in G.

As is shown in, for example, [MTA] and Duistermaat and Kolk [1999],
freeness, together with properness implies that the quotient space M /G is
a smooth manifold and that the projection map 7 : M — M /G is a smooth
surjective submersion.

Locally Free Actions. An action of G on M is called infinitesimally
free at a point m € M if £y;(m) = 0 implies that £ = 0. An action of G
on M is called locally free at a point m € M if there is a neighborhood
U of the identity in G such that g € U and g - m = m implies g = e.

1.1.1 Proposition. An action of a Lie group G on a manifold M is
locally free at m € M if and only if it is infinitesimally free at m.

Proof. If an action is locally free, it is clearly infinitesimally free because
if it were not, there would be a nonzero £ € g such that &y/(m) = 0; but
then exp(t§) would be a family of group elements arbitrarily close to the
identity that leave m fixed.

Conversely?, suppose the action is infinitesimally free. Then it is easy to
see that the map G x M — M x M given by (g,z) — (g - z,x) has an
injective derivative at * = m, g = e. Thus, by the immersion theorem (see,

2We thank Alan Weinstein for pointing out this proof.
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for example, [MTA]), the map itself restricted to a neighborhood of the
identity in G and of m in M is injective. Thus it is locally free. ]

A free action is obviously locally free. The converse is not true because
the action of any discrete group is locally free, but need not be globally free.
When one has an action that is locally free but not globally free, one is lead
to the theory of orbifolds, as in Satake [1956]. In fact, quotients of manifolds
by locally free and proper group actions are orbifolds, which follows by the
use of the Palais slice theorem (see Palais [1957]). Orbifolds come up in
a variety of interesting examples involving, for example, resonances; see,
for instance, Cushman and Bates [1997] and Alber, Luther, Marsden, and
Robbins [1998] for some specific examples.

Symmetry and Singularities. If p is a regular value of J then we
claim that the action is automatically locally free at the elements of the
corresponding level set J7! (). In this context it is convenient to introduce
the notion of the symmetry algebra at z € P defined by

g- = {€gl&p(z) =0}

The symmetry algebra g, is the Lie algebra of the isotropy subgroup G.
of z € P defined by

G,={9€G|g-z==z}

The following result (due to Smale [1970] in the special case of cotangent
bundles and in general to Arms, Marsden and Moncrief [1981]), is important
for the recognition of regular as well as singular points in the reduction
process.

1.1.2 Proposition. An element p € g* is a reqular value of J if and only
if g, =0 for all z € I~ ().

In other words, points are regular points precisely when they have trivial
symmetry algebra. In examples, this gives an easy way to recognize regular
points. For example, for the double spherical pendulum (see, for example,
Marsden and Scheurle [1993a] or [LonM], one can say right away that the
only singular points are those with both pendula pointing vertically (either
straight down or straight up).

Proof. By definition, z is a regular point if and only if 7, J is surjective.
This is equivalent to saying that its annihilator is zero:

{0} ={¢e€g|(T.TJ-v)=0, forallveT, P}
Writing €2, (or sometimes €2(z)) for the value of €2 at z, we have

<£7TZJ : U) = Qz(gP(Z)a U)
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by definition of the momentum map. Therefore, z is a regular point if and
only if
{0} ={¢€g|Q(p(2),v) =0 forall v e T, P}

which, as €2, is nondegenerate, is equivalent to g, = {0}. |

Notice that this result holds whether or not J is equivariant.

This result, connecting the symmetry of z with the regularity of u, sug-
gests that points with symmetry are bifurcation points of J. This obser-
vation turns out to have many important consequences, including some
related key convexity theorems.

Now we are ready to state the symplectic reduction theorem. There is a
variety of hypotheses that are important to understand, especially when we
come later to the singular case. At the moment, we shall make one of the
following two sets of hypotheses; other variants are discussed in the next
section.

SR. (P, ) is a symplectic manifold, G is a Lie group that acts
symplectically on P and has an equivariant momentum map
J: P —g*

SRFree. G acts freely and properly on P.

SRRegular. Assume that ;4 € g* is a regular value of J and
that the action of G, on J™1(u) is free and proper

From the previous discussion, note that condition SRFree implies con-
dition SRRegular. The real difference is that SRRegular assumes local
freeness of the action of G (which is equivalent to u being a regular value,
as we have seen), while SRFree assumes global freeness (on all of P).

1.1.3 Theorem (Symplectic Reduction Theorem). Assume that condition
SR and that either the condition SRFree or the condition SRRegular
holds. Then P, is a symplectic manifold, and is equipped with the reduced
symplectic form (), that is uniquely characterized by the condition

T, = i%Q, (1.1.15)

where m, : I () — w18 the projection to the quotient space and where
i+ J71(p) — P is the inclusion.

The proof of the symplectic reduction theorem is given, for the reader’s
convenience, in the next section along with variants of the hypotheses.

The above procedure is often called point reduction because one is fixing
the value of the momentum map at a point p € g*. An equivalent reduction
method called orbit reduction will be discussed shortly; see also §5.3.
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Coadjoint Orbits. A standard example (due to Marsden and Weinstein
[1974]) that we shall derive in detail in the next section, is the construction
of the coadjoint orbits in g* of a group G by reduction of the cotangent
bundle T*G with its canonical symplectic structure and with G acting on
T*@G by the cotangent lift of left (resp. right) group multiplication. In this
case, one finds that (T*G),, = O,, the coadjoint orbit through p € g*. The
reduced symplectic form is given by the Kostant, Kirillov, Souriau
coadjoint form, also referred to as the KKS form:

wé, (v)(adg v, ady v) = F(v, [§, n]), (1.1.16)

where §,n € g, v € Oy, ade : g — ¢ is the adjoint operator defined by
adgn := [§,m] and ad; : g* — g* is its dual. In this formula, one uses the
minus sign for the left action and the plus sign for the right action. We
recall that coadjoint orbits, like any group orbit is always an immersed
manifold. Thus, one arrives at the following result (the details for which
are given in the next section—see Theorem 1.2.3):

1.1.4 Corollary. Given a Lie group G with Lie algebra g and any point
p € g*, the reduced space (T*G), is the coadjoint orbit O, through the
point w; it is a symplectic manifold with symplectic form given by (1.1.16).

This example, which “explains” Kostant, Kirillov and Souriau’s formula
for this structure, is typical of many of the ensuing applications, in which
the reduction procedure is applied to a “trivial” symplectic manifold to
produce something interesting.

Orbit Reduction. An important variant of the symplectic reduction
theorem is called orbit reduction and, roughly speaking, it constructs
J710)/G, where O is a coadjoint orbit in g*. In the next section—see
Theorem 1.2.4—we show that orbit reduction is equivalent to the point
reduction considered above.

Cotangent Bundle Reduction. The theory of cotangent bundle re-
duction is a very important special case of general reduction theory. Notice
that the reduction of T*G above to give a coadjoint orbit is a special case
of the more general procedure in which G is replaced by a configuration
manifold Q. The theory of cotangent bundle reduction will be outlined in
the historical overview in this chapter, and then treated in some detail in
the following chapter.

Mathematical Physics Links. Another example in Marsden and We-
instein [1974] came from general relativity, namely the reduction of the
cotangent bundle of the space of Riemannian metrics on a manifold M by
the action of the group of diffeomorphisms of M. In this case, restriction to
the zero momentum level is the divergence constraint of general relativity,
and so one is led to a construction of a symplectic structure on a space
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closely related to the space of solutions of the Einstein equations, a ques-
tion revisited in Fischer, Marsden, and Moncrief [1980] and Arms, Marsden
and Moncrief [1982]. Here one sees a precursor of an idea of Atiyah and
Bott [1982], which has led to some of the most spectacular applications of
reduction in mathematical physics and related areas of pure mathematics,
especially low-dimensional topology.

Singular Reduction. In the preceding discussion, we have been mak-
ing hypotheses that ensure the momentum levels and their quotients are
smooth manifolds. Of course, this is not always the case, as was already
noted in Smale [1970] and analyzed (even in the infinite-dimensional case)
in Arms, Marsden and Moncrief [1981]. We give a review of some of the
current literature on this singular case in §1.4 and in §2.4 as well as give
a discussion of some of the history in §1.3; again, a thorough treatment of
the singular case is given in [HRed] and we will rely on this theory in Part
I1I.

Reduction of Dynamics. Along with the geometry of reduction, there
is also a theory of reduction of dynamics. The main idea is that a G-
invariant Hamiltonian A on P induces a Hamiltonian H,, on each of the
reduced spaces, and the corresponding Hamiltonian vector fields Xy and
Xp, are my-related. The reverse of reduction is reconstruction and this
leads one to the theory of classical geometric phases (Hannay-Berry phases);
see Marsden, Montgomery and Ratiu [1990].

Reduction theory has many interesting connections with the theory of
integrable systems; we just mention some selected references Kazhdan,
Kostant and Sternberg [1978]; Ratiu [1980a,b,c]; Bobenko, Reyman and
Semenov-Tian-Shansky [1989]; Pedroni [1995]; Marsden and Ratiu [1986];
Vanhaecke [1996]; Bloch, Crouch, Marsden, and Ratiu [2002], which the
reader can consult for further information.

1.2 Symplectic Reduction—Proofs and
Further Details

To prove the symplectic reduction theorem, we prepare a few lemmas. The
first refers to the reflexivity of the operation of taking the symplectic or-
thogonal complement.

1.2.1 Lemma. Let (V,Q) be a finite dimensional symplectic vector space
and W C 'V be a subspace. Define the symplectic orthogonal to W by

W ={veV|Quv,w)=0 for alwe W}.

Then
(WHE =w. (1.2.1)
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Proof. That there is a natural inclusion W C (W®)% follows directly
from the definitions. To prove the converse inclusion we first show that

dimV = dim W + dim W*, (1.2.2)

even though V # W @ W in general. To prove (1.2.2), let r : V* —
W* denote the restriction map, defined by r(a) = o|W, for o € V* and
note that r is onto (since it is the dual of the inclusion map). Since €
is nondegenerate, Q° : V' — V* defined by Q°(v) = Q(v,), is also onto
and thus r 0 Q” : V — W* is onto. Since ker(r o Q) = W, we conclude
that V/W* is isomorphic to W*, whence we get from linear algebra that
dimV — dim W = dim W, so (1.2.2) holds.
Applying (1.2.2) to W and then to W, we get

dimV = dim W + dim W = dim W + dim(W*?)®,

i.e.
dim W = dim(W*?),

This and the inclusion W C (W) proves that W = (W)%. |

In what follows, we denote by G -z and G, - z the G and G,-orbits
through the point z € P; note that if z € J=!(u) then G, - 2 C I~ (u).
Next we prove a key lemma that is central to the proof and is also useful
in a number of situations.

1.2.2 Lemma (Reduction Lemma). Let P be a Poisson manifold and let
J : P — g* be an equivariant momentum map of a Lie group action by
Poisson maps of G on P. Let G - u denote the coadjoint orbit through a
reqular value p € g* of J. Then

) IHG ) =G-I N (n)={9-2|g € G and IJ(2) = p};
(i) Gy 2 = (G-2) NI (u);
(iii) J=(u) and G - z intersect cleanly, i.ec.,

TAGu-2) =T:(G - 2) NT(I7(w);

(iv) if (P,Q) is symplectic, then To.(IJ7 (p)) = (To(G - 2))% ; i.e., the sets
T.(37Yw) and T.(G-z)
are 2-orthogonal complements of each other.

Refer to Figure 1.2.1 for one way of visualizing the geometry associated
with the reduction lemma. As it suggests, the two manifolds J~!(u) and
G - z intersect in the orbit of the isotropy group G, - z and their tangent
spaces T,J~1(u) and T (G - 2) are symplectically orthogonal and intersect
in the space T, (G, - 2).
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FIGURE 1.2.1. The geometry of the reduction lemma.

Proof of the Reduction Lemma.

(i)

z€J7Y(G - p) if and only if J(z) = Adj-. p for some g € G, which
is equivalent to = Ad} J(z) = J(g~" - 2), i.e., g7' - 2 € I (p) and
thus

smge (g2 €G- TN,

g-z€J Y (p) if and only if u = J(g-2) = Adj-1 J(2) = Adj— p if
and only if g € G,.

First suppose that v, € T,(G - 2) N T.(J71(x)) . Then v, = &p(2)
for some ¢ € g and T.J(v,) = 0 which, by infinitesimal equivariance,
gives ad; p = 0; i.e., § € g, If v, € Ep(2) for € € g, then v, €
T.(G}, - z). The reverse inclusion is immediate since by (i) G, - z is
included in both G - z and J~!(p).

The condition v, € (T.(G - 2))* means that Q.((p(2),v,) = 0 for
all £ € g. This is equivalent to (dJ(z)-v,,£) = 0 for all £ € g by
definition of the momentum map. Thus, v, € (T,(G - 2))% if and only
if v, € ker T,J =T, (I~ (p)). [ ]

Notice from the statement (iv) that T, (J~!(u))® C T.(J =1 (1)) provided
that G, - 2 = G - z. Thus, J=(p) is coisotropic if G, = G; for example,
this happens if u = 0 or if G is Abelian.
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Proof of the Symplectic Reduction Theorem. Since 7, is a surjec-
tive submersion, if €, exists, it is uniquely determined by the condition
7,8, = i;,€2. This relation also defines €2, in the following way.

For v € T,J7'(u), let [v] = T,m,(v) denote its equivalence class in
T.J Y (w)/T-(G,, - z). We can use 7, to identify the tangent space to the
quotient at the point [z] = m,(2), namely, T (I~ ( )/G ) with the quo-
tient of tangent spaces, namely T, (J~"(u))/T>(G), - z). Then 70, = i*Q
is equivalent to saying

Qu(2)([v], [w]) = Q(2) (v, w)
for all v,w € T,J~!(u). To see that this relation defines ,,, let

y=4(2), vV =T.0;-v and w' =T.P, w,

where g € G,,. If, in addition [v"] = [v/] and [w”] = [w'], then
Q(y) (", w") = Qy) (v, w') (by the reduction lemma 1.2.2 (iv))
=Q(®y(2))(T.Pg - v, To Py - w)
= (©,Q)(2)(v,w)

Q(2) (v, w) (since the action is symplectic).

Thus €2, is well-defined. It is smooth since 7,2, is smooth. Since d§2 = 0,
7,dQ, =dm,Q, =di;Q =i,dQ = 0.

Since 7, is a surjective submersion, we conclude that d€2,, = 0.
To prove nondegeneracy of €1, suppose that

Qu([z])([v]), [w]) =0 for all w e T,(I ().
This means that
Q(2)(v,w) =0 forall weT,(I"1(n)),

i.e., that
ve (LI W) =TG- 2)

by Lemma 1.2.1 and the reduction Lemma 1.2.2 (iv). Hence
veT.(I () NT(G - 2) =T.(G, - 2)

by the reduction Lemma 1.2.2 (iii) so that [v] = 0, thus proving nondegen-
eracy of €2,. |
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Remarks on the Reduction Theorem.

1. Even if Q is exact; say 2 = —dO and the action of G leaves ©
invariant, €2, need not be exact. Perhaps the simplest example is a
nontrivial coadjoint orbit of SO(3), which is a sphere with symplectic
form given by the area form (by Stokes’ theorem, it cannot be ex-
act). That this is a symplectic reduced space of T* SO(3) (with the
canonical symplectic structure, so is exact) is shown in Theorem 1.2.3
below.

2. Continuing with the previous remark, assume that 2 = —d© and that
the G, principal bundle J™'(u) — P, := J71(u)/G,, is trivializable;
that is, it admits a global section s : P, — J~'(u). Let ©,, := s*1;,0 €
Q'(P,). Then the reduced symplectic form Q,, = —d©,, is exact.

Indeed, making use of the fact that m, o s is the identity on P, and
the defining relation of the reduced symplectic form €2, it follows
that

Q= (mu08)" Q=570
= 5", Q= —s"i;,dO

= —ds"i}0 = ~dO,.

Note that this statement does not imply that the one-form © descends
to the reduced space, only that the reduced symplectic form is exact
and one if its primitives is ©,. In fact, if one changes the global
section, another primitive of 2, is found which differs from ©, by a
closed one-form on P,,.

3. The assumption that u is a regular value of J is never really used in
the proof. The only hypothesis needed is that p be a clean value of
J, i.e., J71(p) is a manifold and T, (J ' (u)) = ker T, J. This general-
ization applies, for instance, for zero angular momentum in the three
dimensional two body problem, as was noted by Marsden and We-
instein [1974] and Kazhdan, Kostant and Sternberg [1978]; see also
Guillemin and Sternberg [1984].

Here are the general definitions: If f : M — N is a smooth map, a
point y € N is called a clean value if f~1(y) is a submanifold and
for each € f~1(y), Tof '(y) = ker T, f. We say that f intersects
a submanifold L C N cleanly if f~!(L) is a submanifold of M and
T.(f~Y(L)) = (Tof) "(Ty@)L). Note that regular values of f are
clean values and that if f intersects the submanifold L transversally,
then it intersects it cleanly. Also note that the definition of clean
intersection of two manifolds is equivalent to the statement that the
inclusion map of either one of them intersects the other cleanly. The
reduction lemma is an example of this situation.
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4. The freeness and properness of the G, action on J~!(u) are used only
to guarantee that P, is a manifold; these hypotheses can thus be re-
placed by the requirement that P, is a manifold and m, : J=!(p) —
P, a submersion; the proof of the symplectic reduction theorem re-
mains unchanged.

5. Even if p is a regular value (in the sense of a regular value of the map-
ping J), it need not be a regular point (also called a generic point)
in g*; that is, a point whose coadjoint orbit is of maximal dimension.
The reduction theorem does not require that p be a reqular point. For
example, if G acts on itself on the left by group multiplication and if
we lift this to an action on T*G by the cotangent lift, then the action
is free and so all p are regular values, but such values (for instance,
the zero element in s0(3)) need not be regular. On the other hand, in
many important stability considerations, a regularity assumption on
the point p is required; see, for instance, Patrick [1992], Ortega and
Ratiu [1999b] and Patrick, Roberts, and Wulff [2004].

Nonequivariant Reduction. We now describe how one can carry out
reduction for a nonequivariant momentum map. This result is needed in an
essential way in the general reduction by stages construction.

If J: P — g* is a nonequivariant momentum map on the connected
symplectic manifold P with nonequivariance group one-cocycle o consider
the affine action (1.1.9) and let G, be the isotropy subgroup of 1 € g*
relative to this action. Then, under the same regularity assumptions (for
example, assume that G acts freely and properly on P, or that 1 is a regular
value of J and that G, acts freely and properly on J~1(u)), the quotient
manifold P, :=J~*(u)/ G , is a symplectic manifold whose symplectic form
is uniquely determined by the relation ;2 = 7;€,. The proof of this
statement is identical to the one given above with the obvious changes in
the meaning of the symbols.

When using nonequivariant reduction, one has to remember that G acts
on g* in an affine and not a linear manner. For example, while the coadjoint
isotropy subgroup at the origin is equal to G; that is, Go = G, this is no
longer the case for the affine action, where G in general does not equal G.

Coadjoint Orbits as Symplectic Reduced Spaces. We now prove
Corollary 1.1.4; that is, we show that coadjoint orbits may be realized as
reduced spaces. This provides a proof that they are symplectic manifolds®
Historically, a direct argument was found first, by Kirillov, Kostant and
Souriau in the early 1960’s and the (minus) coadjoint symplectic structure
was found to be

w, (adg v,ady v) = — (v, [€, 7)) (1.2.3)

3See [MandS], Chapter 14 for a “direct” or “bare hands” argument.
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Interestingly, this is the symplectic structure on the symplectic leaves of
the Lie-Poisson bracket, as is shown in, for example, [MandS]. (See the
historical overview in §1.3 below and specifically, see equation (1.3.1) for a
quick review of the Lie-Poisson bracket.)

The strategy of the reduction proof, as mentioned in the discussion in the
last section, is to show that the coadjoint symplectic form on a coadjoint
orbit O, of the point 4, at a point ¥ € O, may be obtained by symplectically
reducing T*G at the value p. The following theorem (due to Marsden and
Weinstein [1974]), and which is an elaboration on the result in Corollary
1.1.4, formulates the result for left actions; of course there is a similar one
for right actions, with the minus sign replaced by a plus sign.

1.2.3 Theorem (Reduction to Coadjoint Orbits). Let G be a Lie group
and let G act on G (and hence on T*G by cotangent lift) by left multipli-
cation. Let pu € g* and let Jp, : T*G — g* be the momentum map for the
left action. Then p is a reqular value of Jr, the action of G is free and
proper, the symplectic reduced space le(,u)/G“ is identified via left trans-
lation with O,,, the coadjoint orbit through p, and the reduced symplectic
form coincides with w™ given in equation (1.2.3).

Proof. Recall from, for example, [MandS], that Jy, is given by right trans-
lation to the identity:
Ji(ay) =T Ryay (1.2.4)

Thus, J; ' (1) consists of those a, € P = T*G such that a, = TyRg-1p.
In other words, if we extend p to a right invariant 1-form o, on G, then
its graph is J;'(u). Tt is clear that the G action is free and proper on G
and hence on T*G. From this or directly, we see that each u is a regular
value (to see this directly, note that the derivative of Jy, restricted to g* is
already surjective).

Recall from the Lie-Poisson reduction theorem ([MandS], Chapter 13)
that the reduction of T*G by the left action of GG is implemented by the
right momentum map. Consistent with this, we claim that the map ¢ :
J N (p) — 0O, defined by a, — Adyp = Ty Lgay, ie., ¢ = Jr|I- (W),
induces a diffeomorphism % between J;'(1)/G,, and O,,. There is indeed
a map @ defined because if apy = TyLpay for h € G, then

P(ang) = Adj, = Ady i = p(ay).

Thus, @ is well-defined and it is readily checked to be a bijection. It is
smooth since it is induced on the quotient by a smooth map. The derivative
of ¢ induces an isomorphism at each point, as is readily checked (see the
calculations below). Thus, $ is a diffeomorphism.

The reduced symplectic form on O, ~ J;'(u)/G,, is induced by the
canonical symplectic form Q on T*G pulled-back to J Zl(,u). Let adZ v and
ad;k, v be two tangent vectors to O, at a point v = Ad; w. They are tangent
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to the curves
ce(t) = Adgyp ey Adg = Ady expee) 1
and
Cn (t) = Ad; exp(tn) 2

respectively. Now notice that if we define

de(t) = Qgexp(te) = Tgexp(ee) Rexp(—te)a—1 s
then ¢(de(t)) = ce(t) and similarly for . Now

dg(t) = T*Lg—lT*Rexp(—tg)V = \Iqu)exp(tg)l/

where ¥ denotes the left action and ® denotes the right action. By the
chain rule,

dé(O) =TV, &rea(v).
Thus,
Qv)(de(0),d;(0)) = Q) (ér-c(v), nrc(v)),

since ¥, is a symplectic map. Next, recall that 2 = —d© where © is the
canonical 1-form, so by a standard formula for the exterior derivative of a
1-form  on a manifold R (see [MTA]), namely,

dy(X,Y) = X[y(Y)] = Y [y(X)] =7 ([X, Y]) (1.2.5)
where X and Y are vector fields on R, we get
QX,Y) = =X[6(Y)] + Y[0(X)] + 6([X,Y])
for vector fields X and Y on T*G. Thus,

QW) (r-c(v),nr-c(v))
= ~{rc[O(nr-c)|(v) + nr-c[OEr-a)l(V) + O([r-c, nr=c]) (V).

Since we have a right action, [{r+q,nr+c] = [£,n]T+¢. The definition of
the canonical 1-form shows that on infinitesimal generators, it is given by
O(nr+¢) = (Jr,n), so the preceding displayed expression equals

—{JIrm), TR, IW) +{r, &), Tr, M} () + O([€, n]r-0) (V).

By equivariance of Jg, the first and last (or second and last) cancel, leaving

= Jr@), [§n)) = = (v [&m])

which is the coadjoint orbit symplectic structure w™. |
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Remarks.

1. Notice that, as in the general Symplectic Reduction Theorem 1.1.3,
this result does not require p to be a regular (or generic) point in
g*; that is, arbitrarily nearby coadjoint orbits may have a different
dimension.

2. As remarked earlier, the form w™ on the orbit need not be exact even
though Q is. An example that shows this is SO(3), whose coadjoint
orbits are spheres and whose symplectic structure is, as shown in
[MandS], a multiple of the area element, which is not exact by Stokes’
Theorem.

3. The essence of the preceding proof can be stated as the identity
QW) Er-cW),nr-c(v)) = — (v, [§,1]) - (1.2.6)

Orbit Reduction. So far, we have presented what is usually called point
reduction. There is another point of view that is called orbit reduction,
which we now summarize. We assume the same set up as in the symplectic
reduction theorem, with P connected, G acting symplectically, freely, and
properly on P with an equivariant momentum map J : P — g*.

The connected components of the point reduced spaces P, can be re-

garded as the symplectic leaves of the Poisson manifold (P/ G.{,}p /G)

in the following way. Form a map [i,] : P, — P/G defined by selecting
an equivalence class [z]¢, for z € J7!(u) and sending it to the class [z]q.
This map is checked to be well-defined and smooth. We then have the
commutative diagram

31 () & - P
7TN Vs
i

Py, [ H} _ P/G

One then checks that [i,] is a Poisson injective immersion. Moreover, the
[iu]-images in P/G of the connected components of the symplectic mani-
folds (P,,2,) are its symplectic leaves (see [HRed] and references therein
for details). As sets,

[iu] (Pu) = J! (Ou) /G,

where O, C g* is the coadjoint orbit through p € g*. The set

Po, :=J371(0,) /G
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is called the orbit reduced space associated to the orbit O,. The smooth
manifold structure (and hence the topology) on Pp, is the one that makes

lin) : Py — Po,

into a diffeomorphism.

For the next theorem, which characterizes the symplectic form and the
Hamiltonian dynamics on Pp,,, recall the coadjoint orbit symplectic struc-
ture of Kirillov, Kostant and Souriau that was established in the preceding
Theorem 1.2.3:

wg)“ (l/)(fg*(lj)7 Ng* (V)) = 7<V7 [57 77])3 (127)

for{,negand v c O,.

We also recall that an injectively immersed submanifold of S of @ is
called an nitial submanifold of () when for any smooth manifold P, a
map g : P — S is smooth if and only if tog : P — @Q is smooth, where
t:S — (@ is the inclusion.

1.2.4 Theorem (Symplectic Orbit Reduction Theorem). In the setup
explained above, we have:

(i) The momentum map J is transverse to the coadjoint orbit O, and
hence J71(0,,) is an initial submanifold of P. Moreover, the projec-
tion 7o, : 371 (0,) — Po, is a surjective submersion.

(i) Po, is a symplectic manifold with the symplectic form Qo,, uniquely
characterized by the relation

70, Qou = J?%u.)(;M +ip, (1.2.8)

where Jo, is the restriction of J to 31 (O,) andip, : I~ (0,) — P
is the inclusion.

(iii) The map [i,] : P, — Po,, is a symplectic diffeomorphism.

(iv) (Dynamics.) Let H be a G-invariant function on P and define H :
P/G — R by H = H o . Then the Hamiltonian vector field Xy
is also G-invariant and hence induces a vector field on P/G, which
coincides with the Hamiltonian vector field X 5. Moreover, the flow
of Xz leaves the symplectic leaves Po, of P/G invariant. This flow
restricted to the symplectic leaves is again Hamiltonian relative to the
symplectic form Qo and the Hamiltonian function Ho, given by

Hp, oo, = Hoip,.



22 1. Symplectic Reduction

Note that if O, is an embedded submanifold of g* then J is transverse
to O, and hence J7(0,,) is automatically an embedded submanifold of P.

The proof of this theorem when O, is an embedded submanifold of g*
can be found in Marle [1976], Kazhdan, Kostant and Sternberg [1978], with
useful additions given in Marsden [1981] and Blaom [2001]. For nonfree
actions and when O, is not an embedded submanifold of g* see [HRed].
Further comments on the historical context of this result are given in the
next section.

Sketch of the Proof. We focus on how the formula (1.2.8) is derived
and refer to [HRed] for some of the technical details. The last part of the
theorem is proved as in reduction of dynamics in the symplectic reduction
theorem.

Part (i) of the previous theorem follows from the fact that the orbit
of any smooth group action is an initial submanifold of the manifold on
which the group acts. In particular, O, is an initial submanifold of g*.
Additionally, the freeness of the action implies that the momentum map
J is a submersion and hence transverse to O,. The claim on the initial
character of J71(0,,) follows from the transversality theorem for initial
submanifolds (see [HRed] for a discussion). Since the G-action on J=1(0,,)
is free and proper the quotient space J=1(0,,)/G is naturally endowed with
a regular quotient manifold whose smooth structure coincides with the one
that makes the map [i,] into a diffeomorphism.

Let us just write O for O, for simplicity. For the proof of (ii) we will use
the following.

1.2.5 Lemma. Under the hypotheses of the preceding Theorem, we have
(i) T.(J"H0)) = T.(G - 2) + ker(T.J);

(ii) JHwd restricted to T,(G - z) x To(G - 2) coincides with Q) restricted to
the same space.

Proof. First we prove (i). The tangent space to J71(0) at z equals
T:(J7H0)) = (T.3) " (Ty(z)©0). Thus by infinitesimal equivariance of J,

Ty(»)0 = {=(ade)"I(2) | £ € g} = {T2J(€p(2)) | € € g}
={T.J(v) | v € To(G - 2)} = (T.I)(T:(G - 2)).

Applying (T.J)~! gives the desired result.

To prove (ii), we use (i) and let v = £p(2) +v’ and w = np(z) +w’, where
&, € g,and v/, w’ € ker(T.J), be two arbitrary vectors in T, (J~1(0)). We
have

STEN(TLI(v), T.I (w))
ST(TI(Ep(2)), T-I(np(2))
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Now using infinitesimal equivariance (equation (1.1.3)) and then the defi-
nition of wg, the preceding becomes

(Jows (2)(v,w) = wh(I(2))((adf)I (2), (ady)*I(2))
= (J(2), [£,n]) = J([§;m)(2) = {J(£), J(n)} (2)
= Q2)(Xy(e)(2), Xy (2)) = Q2)(Ep(2),np(2))

which proves (ii). v

Now we are ready to prove equation (1.2.8). Using part (i) of the Lemma,
consider £p(2) +v, np(z) +w € T,(J71(O)), where v, w € ker(T,J), which
are two arbitrary vectors tangent to J=1(0) at z. By part (ii) of the Lemma,
the defining relation for Qe is

Q2)(Ep(2) + v, np(2) + w) = Qo([2])([v]), [w]) + Q2(2)(Ep(2), np(2))

or, by Q-orthogonality of T,(G - z) and ker(7,J) (this is the Reduction
Lemma 1.2.2 (iv)),

Q(2) (v, w) = Qo([2])([v], [w])
for all v,w € ker(T,J), where
[v] = Tamo(v) € T.(I7H(0)/T:(G - 2) = Ti (IH(0)/G),

[2] = mo(z), and similarly for w.

It is shown, just as in the Symplectic Reduction Theorem, that this
relation defines )p. Since 2 and w,, are closed and 7o is a surjective
submersion, it follows that Q¢ is also closed. It can be shown directly that
Qo is nondegenerate as in the Symplectic Reduction Theorem, or one can
use (iii).

To prove (iii), notice that the relation [i,]" Qo = €, is equivalent to
7% lin]” Qo = Q. Since [iy] 0 7, = 7o 0y, this says that i 75Q0 = i7,Q.
By (ii), we have

im0 = % (150 + Topwg) = (i 0i) A+ (Jo 0iy) wg = %0

o
since ip 0, =i, and Jo 0, = pon I (p). |
Remarks.

1. A similar result holds for right actions.

2. In this proof the freeness and properness of the G,-action on J~*(u)
were only used indirectly. In fact these conditions are sufficient but
not necessary for P, to be a manifold. All that is needed is for P, to
be a manifold and 7, to be a submersion and the above proof remains
unchanged.
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3. Note that the description of the symplectic structure on J=1(0)/G
is not as simple as it was for J=1(u)/G, while the Poisson bracket
description is simpler on J~1(0)/G. Of course, the symplectic struc-
ture depends only on the orbit O and not on the choice of a point
on it.

Cotangent Bundle Reduction. As mentioned in the last section, per-
haps the most important and basic reduction theorem in addition to those
already presented is the cotangent bundle reduction theorem. We shall give
an exposition of the key aspects of this theory in §2.2 and §2.3, and give
a historical account of its development, along with references in the next
section. We shall also present, in Chapter 7, some generalizations that are
needed in the reduction by stages context.

At this point, to orient the reader, we note that one of the special cases
is cotangent bundle reduction at zero (see Theorem 2.2.2). This result says
that if one has, again for simplicity, a free and proper action of G on @
(which is then lifted to T*@Q by the cotangent lift), then the reduced space
at zero of T*Q is given by T*(Q/G), with its canonical symplectic structure.
On the other hand, reduction at a nonzero value is a bit more complicated
and gives rise to modifications of the standard symplectic structure; namely,
one adds to the canonical structure, the pull-back of a closed two form on
Q@ to T*Q. Because of their physical interpretation (discussed, for example,
in [MandS]), such extra terms are called magnetic terms. In §2.1 and §2.2
and §2.3, we prove the basic cotangent bundle reduction theorems along
with providing some of the other important notions, such as the mechanical
connection and the locked inertia tensor. Other notions that are important
in mechanics, such as the amended potential, can be found in [LonM].

1.3 Reduction Theory: Historical Overview

We have already given bits an pieces of the history of symplectic reduction
and momentum maps. In this section we take a broader view of the subject
to put things in historical and topical context.

History before 1960. In the preceding sections, reduction theory has
been presented as a mathematical construction. Of course, these ideas are
rooted in classical work on mechanical systems with symmetry by such
masters as Euler, Lagrange, Hamilton, Jacobi, Routh, Riemann, Liouville,
Lie, and Poincaré. The aim of their work was, to a large extent, to eliminate
variables associated with symmetries in order to simplify calculations in
concrete examples. Much of this work was done using coordinates, although
the deep connection between mechanics and geometry was already evident.
Whittaker [1937] gives a good picture of the theory as it existed up to
about 1910.
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A highlight of this early theory was the work of Routh [1860, 1884]
who studied reduction of systems with cyclic variables and introduced the
amended potential for the reduced system for the purpose of studying, for
instance, the stability of a uniformly rotating state—what we would call
today a relative equilibrium, terminology introduced later by Poincaré.*
Routh’s work was closely related to the reduction of systems with inte-
grals in involution studied by Jacobi and Liouville around 1870; the Routh
method corresponds to the modern theory of Lagrangian reduction for the
action of Abelian groups.

The rigid body, whose equations were discovered by Euler around 1740,
was a key example of reduction—what we would call today either reduction
to coadjoint orbits or Lie-Poisson reduction on the Hamiltonian side, or
Euler-Poincaré reduction on the Lagrangian side, depending on one’s point
of view. Lagrange [1788] already understood reduction of the rigid body
equations by a method not so far from what one would do today with the
symmetry group SO(3).

Many later authors, unfortunately, relied so much on coordinates (es-
pecially Euler angles) that there is little mention of SO(3) in classical
mechanics books written before 1990, which by today’s standards, seems
rather surprising! In addition, there seemed to be little appreciation until
recently for the role of topological notions; for example, the fact that one
cannot globally split off cyclic variables for the S* action on the configura-
tion space of the heavy top. The Hopf fibration was patiently waiting to be
discovered in the reduction theory for the classical rigid body, but it was
only explicitly found later on by H. Hopf [1931]. Hopf was, apparently, un-
aware that this example is of great mechanical interest—the gap between
workers in mechanics and geometers seems to have been particularly wide
at that time.

Another noteworthy instance of reduction is Jacobi’s elimination of the
node for reducing the gravitational (or electrostatic) n-body problem by
means of the group SE(3) of Euclidean motions, around 1860 or so. This
example has, of course, been a mainstay of celestial mechanics. It is related
to the work done by Riemann, Jacobi, Poincaré and others on rotating
fluid masses held together by gravitational forces, such as stars. Hidden in
these examples is much of the beauty of modern reduction, stability and
bifurcation theory for mechanical systems with symmetry.

While both symplectic and Poisson geometry have their roots in the
work of Lagrange and Jacobi, it matured considerably with the work of Lie
[1890], who discovered many remarkably modern concepts such as the Lie-
Poisson bracket on the dual of a Lie algebra.” How Lie could have viewed
his wonderful discoveries so divorced from their roots in mechanics remains

4Smale [1970] eventually put the amended potential into a nice geometric setting.
5See Weinstein [1983b] and Marsden and Ratiu [1999] for more details on the history.
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a mystery. We can only guess that he was inspired by Jacobi, Lagrange and
Riemann and then, as mathematicians often do, he quickly abstracted the
ideas, losing valuable scientific and historical connections along the way.

As we have already hinted, it was the famous paper Poincaré [1901a]
where we find what we call today the Euler-Poincaré equations—a gen-
eralization of the Euler equations for both fluids and the rigid body to
general Lie algebras. (The Euler-Poincaré equations are treated in detail in
[MandS)). It is curious that Poincaré did not stress either the symplectic
ideas of Lie, nor the variational principles of mechanics of Lagrange and
Hamilton—in fact, it is not clear to what extent he understood what we
would call today Euler-Poincaré reduction. It was only with the develop-
ment and physical application of the notion of a manifold, pioneered by
Lie, Poincaré, Weyl, Cartan, Reeb, Synge and many others, that a more
general and intrinsic view of mechanics was possible. By the late 1950’s,
the stage was set for an explosion in the field.

1960-1972. Beginning in the 1960’s, the subject of geometric mechanics
indeed did explode with the basic contributions of people such as (alphabet-
ically and nonexhaustively) Abraham, Arnold, Kirillov, Kostant, Mackey,
MacLane, Segal, Sternberg, Smale, and Souriau. Kirillov and Kostant found
deep connections between mechanics and pure mathematics in their work
on the orbit method in group representations, while Arnold, Smale, and
Souriau were in closer touch with mechanics.

The modern vision of geometric mechanics combines strong links to im-
portant questions in mathematics with the traditional classical mechanics
of particles, rigid bodies, fields, fluids, plasmas, and elastic solids, as well as
quantum and relativistic theories. Symmetries in these theories vary from
obvious translational and rotational symmetries to less obvious particle
relabeling symmetries in fluids and plasmas, to the “hidden” symmetries
underlying integrable systems. As we have already mentioned, reduction
theory concerns the removal of variables using symmetries and their asso-
ciated conservation laws. Variational principles, in addition to symplectic
and Poisson geometry, provide fundamental tools for this endeavor. In fact,
conservation of the momentum map associated with a symmetry group ac-
tion is a geometric expression of the classical Noether theorem (discovered
by variational, not symplectic methods).

Arnold and Smale. The modern era of reduction theory began with the
fundamental papers of Arnold [1966a] and Smale [1970]. Arnold focused on
systems whose configuration manifold is a Lie group, while Smale focused
on bifurcations of relative equilibria. Both Arnold and Smale linked their
theory strongly with examples. For Arnold, they were the same examples
as for Poincaré, namely the rigid body and fluids, for which he went on to
develop powerful stability methods, as in Arnold [1969].

With hindsight, we can say that Arnold [1966a] was picking up on the
basic work of Poincaré for both rigid body motion and fluids. In the case of
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fluids, G is the group of (volume preserving) diffeomorphisms of a compact
manifold (possibly with boundary). In this setting, one obtains the Euler
equations for (incompressible) fluids by reduction from the Lagrangian for-
mulation of the equations of motion, an idea exploited by Arnold [1966a]
and Ebin and Marsden [1970]. This sort of description of a fluid goes back
to Poincaré (using the Euler-Poincaré equations) and to the thesis of Ehren-
fest (as geodesics on the diffeomorphism group), written under the direction
of Boltzmann.

For Smale, the motivating example was celestial mechanics, especially
the study of the number and stability of relative equilibria by a topological
study of the energy-momentum mapping. He gave an intrinsic geometric
account of the amended potential and in doing so, discovered what later
became known as the mechanical connection. (Smale appears to not to have
recognized that the interesting object he called « is, in fact, a principal
connection; this was first observed by Kummer [1981]). One of Smale’s key
ideas in studying relative equilibria was to link mechanics with topology via
the fact that relative equilibria are critical points of the amended potential.

Besides giving a beautiful exposition of the momentum map, Smale also
emphasized the connection between singularities and symmetry, observing
that the symmetry group of a phase space point has positive dimension if
and only if that point is not a regular point of the momentum map restricted
to a fiber of the cotangent bundle (Smale [1970], Proposition 6.2)—a re-
sult we have proved in Proposition 1.1.2. He went on from here to develop
his topology and mechanics program and to apply it to the planar n-body
problem. The topology and mechanics program definitely involved reduc-
tion ideas, as in Smale’s construction of the quotients of integral manifolds,
as in I /St (Smale [1970], page 320). He also understood Jacobi’s elimi-
nation of the node in this context, although he did not attempt to give any
general theory of reduction along these lines.

Smale thereby set the stage for symplectic reduction: he realized the
importance of the momentum map and of quotient constructions, and he
worked out explicit examples like the planar n-body problem with its S*
symmetry group. (Interestingly, he pointed out that one should really use
the nonabelian group SE(2); his feeling of unease with fixing the center of
mass of an n-body system is remarkably perceptive.)

Synthesis. The problem of synthesizing the Lie algebra reduction meth-
ods of Arnold [1966a] with the techniques of Smale [1970] on the reduction
of cotangent bundles by Abelian groups, led to the development of reduc-
tion theory in the general context of symplectic manifolds and equivariant
momentum maps in Marsden and Weinstein [1974] and Meyer [1973], as
we described in the last section. Both of these papers were completed by
1972.
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Poisson Manifolds. Meanwhile, things were also gestating from the
viewpoint of Poisson brackets and the idea of a Poisson manifold was be-
ing initiated and developed, with much duplication and rediscovery (see
[MandS] Section 10.1 for additional information).

A basic example of a noncanonical Poisson bracket is the Lie-Poisson
bracket on g*, the dual of a Lie algebra g. This bracket (which comes with
a plus or minus sign) is given on two smooth functions on g* by

of dg
{f,9}+(n) =+ <u7 [(M’ 5/J > ; (1.3.1)
where 0f/0p is the derivative of f, but thought of as an element of g.
These Poisson structures, including the coadjoint orbits as their symplectic
leaves, were known to Lie [1890], although, as we mentioned previously, Lie
does not seem to have recognized their importance in mechanics. It is also
not clear whether or not Lie realized that the Lie Poisson bracket is the
Poisson reduction of the canonical Poisson bracket on TG by the action
of G. (See [MandS], Chapter 13 for an account of this theory). The first
place we know of that has this clearly stated (but with no references, and
no discussion of the context) is Bourbaki [1971], Chapter III, Section 4,
Exercise 6. Remarkably, this exercise also contains an interesting proof of
the Duflo-Vergne theorem (with no reference to the original paper, which
appeared in 1969). Again, any hint of links with mechanics is missing.

This takes us up to about 1972.

Post 1972. An important contribution was made by Marle [1976], who
divides the inverse image of an orbit by its characteristic foliation to obtain
the product of an orbit and a reduced manifold. In particular, as we saw
in Theorem 1.2.4, P, is symplectically diffeomorphic to an “orbit-reduced”
space P, & J~1(0,)/G, where O, is a coadjoint orbit of G. From this it
follows that the P, are symplectic leaves in the Poisson space P/G. The
related paper of Kazhdan, Kostant and Sternberg [1978] was one of the
first to notice deep links between reduction and integrable systems. In par-
ticular, they found that the Calogero-Moser systems could be obtained by
reducing a system that was trivially integrable; in this way, reduction pro-
vided a method of producing an interesting integrable system from a simple
one. This point of view was used again by, for example, Bobenko, Reyman
and Semenov-Tian-Shansky [1989] in their spectacular group theoretic ex-
planation of the integrability of the Kowalewski top.

Noncanonical Poisson Brackets. The Hamiltonian description of many
physical systems, such as rigid bodies and fluids in Eulerian variables, re-
quires noncanonical Poisson brackets and constrained variational principles
of the sort studied by Lie and Poincaré. As discussed above, a basic ex-
ample of a noncanonical Poisson bracket is the Lie-Poisson bracket on
the dual of a Lie algebra. From the mechanics perspective, the remarkably
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modern book (but which was, unfortunately, rather out of touch with the
corresponding mathematical developments) by Sudarshan and Mukunda
[1974] showed via explicit examples how systems such as the rigid body
could be written in terms of noncanonical brackets, an idea going back to
Pauli [1953], Martin [1959] and Nambu [1973]. Others in the physics com-
munity, such as Morrison and Greene [1980] also discovered noncanonical
bracket formalisms for fluid and magnetohydrodynamic systems. In the
1980’s, many fluid and plasma systems were shown to have a noncanonical
Poisson formulation. It was Marsden and Weinstein [1982, 1983] who first
applied reduction techniques to these systems.

The reduction philosophy concerning noncanonical brackets can be sum-
marized by saying

Any mechanical system has its roots somewhere as a cotan-
gent bundle and one can recover noncanonical brackets by the
simple process of Poisson reduction. For example, in fluid me-
chanics, this reduction is implemented by the Lagrange-to-Fuler
map.

This view ran contrary to the point of view, taken by some researchers,
that one should guess at what a Poisson structure might be and then to
try to limit the guesses by the constraint of Jacobi’s identity.

In the simplest version of the Poisson reduction process, one starts with
a Poisson manifold P on which a group G acts by Poisson maps and then
forms the quotient space P/G, which, if not singular, inherits a natural
Poisson structure itself. Of course, the Lie-Poisson structure on g* is inher-
ited in exactly this way from the canonical symplectic structure on T*G.
One of the attractions of this Poisson bracket formalism was its use in sta-
bility theory. This literature is now very large, but Holm, Marsden, Ratiu
and Weinstein [1985] is representative.

The way in which the Poisson structure on P, is related to that on P/G
was clarified in a generalization of Poisson reduction due to Marsden and
Ratiu [1986], a technique that has also proven useful in integrable systems
(see, e.g., Pedroni [1995] and Vanhaecke [1996]).

Reduction theory for mechanical systems with symmetry has proven to
be a powerful tool that has enabled key advances in stability theory (from
the Arnold method to the energy-momentum method for relative equi-
libria) as well as in bifurcation theory of mechanical systems, geometric
phases via reconstruction—the inverse of reduction—as well as uses in con-
trol theory from stabilization results to a deeper understanding of loco-
motion. For a general introduction to some of these ideas and for further
references, see Marsden, Montgomery and Ratiu [1990]; Simo, Lewis and
Marsden [1991]; Marsden and Ostrowski [1996]; Marsden and Ratiu [1999];
Montgomery [1988, 1990, 1991a,b, 1993]; Blaom [2000, 2001], and Kanso,
Marsden, Rowley, and Melli-Huber [2005].
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Tangent and Cotangent Bundle Reduction. The simplest case of
cotangent bundle reduction is the case of reduction of P = T*Q at y = 0;
the answer is simply Py = T*(Q/G) with the canonical symplectic form.
Another basic case is when G is Abelian. Here, (T*Q),, = T*(Q/G), but
the latter has a symplectic structure modified by magnetic terms, that is,
by the curvature of the mechanical connection.

An Abelian version of cotangent bundle reduction was developed by
Smale [1970]. Then Satzer [1977] studied the relatively simple, but impor-
tant case of cotangent bundle reduction at the zero value of the momentum
map. The full generalization of cotangent bundle reduction for nonabelian
groups at arbitrary values of the momentum map appears for the first time
in Abraham and Marsden [1978]. It was Kummer [1981] who first inter-
preted this result in terms of a connection, now called the mechanical
connection. The geometry of this situation was used to great effect in,
for example, Guichardet [1984], Twai [1987, 1990], and Montgomery [1984,
1990, 1991a]. We give a detailed account of cotangent bundle reduction
theory in the following chapter, with some generalizations important for
reduction by stages in Chapter 7.

The Gauge Theory Viewpoint. Tangent and cotangent bundle re-
duction evolved into what we now term as the “bundle picture” or the
“gauge theory of mechanics”. This picture was first developed by Mont-
gomery, Marsden and Ratiu [1984] and Montgomery [1984, 1986]. That
work was motivated and influenced by the work of Sternberg [1977] and
Weinstein [1978a] on a “Yang-Mills construction” which is, in turn, moti-
vated by Wong’s equations, i.e., the equations for a particle moving in a
Yang-Mills field. The main result of the bundle picture gives a structure
to the quotient spaces (T*Q)/G and (T'Q)/G when G acts by the cotan-
gent and tangent lifted actions. The symplectic leaves in this picture were
analyzed by Zaalani [1999], Cushman and Sniatycki [1999], and Marsden
and Perlmutter [2000]. The work of Perlmutter and Ratiu [2005] gives a
unified study of the Poisson bracket on (T*Q)/G in both the Sternberg
and Weinstein realizations of the quotient.

As mentioned earlier, we shall review some of the basics of cotangent
bundle reduction theory in §2.2 and §2.3 along with some of the needed
material from the theory of principal connections in §2.1. Further informa-
tion on this theory may be found in [LonM] and [FofM] as well as a number
of the other references mentioned above.

Lagrangian Reduction. A key ingredient in Lagrangian reduction is
the classical work of Poincaré [1901a] in which the Euler—Poincaré equations
were introduced. Poincaré realized that the equations of fluids, free rigid
bodies, and heavy tops could all be described in Lie algebraic terms in a
beautiful way. The importance of these equations was realized by Hamel
[1904, 1949] and Chetayev [1941], but to a large extent, the work of Poincaré
lay dormant until it was revived in the Russian literature in the 1980’s.
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The more recent developments of Lagrangian reduction were motivated
by attempts to understand the relation between reduction, variational prin-
ciples and Clebsch variables in Cendra and Marsden [1987] and Cendra,
Ibort, and Marsden [1987]. In Marsden and Scheurle [1993b] it was shown
that, for matrix groups, one could view the Euler-Poincaré equations via
the reduction of Hamilton’s variational principle from T'G to g. The work
of Bloch, Krishnaprasad, Marsden and Ratiu [1996] established the Euler—
Poincaré variational structure for general Lie groups.

The paper of Marsden and Scheurle [1993b] also considered the case of
more general configuration spaces ¢ on which a group G acts, which was
motivated by both the Euler-Poincaré case as well as the work of Cendra
and Marsden [1987] and Cendra, Ibort, and Marsden [1987]. The Euler-
Poincaré equations correspond to the case Q = G. Related ideas stressing
the groupoid point of view were given in Weinstein [1996]. The resulting
reduced equations were called the reduced Fuler-Lagrange equations. This
work is the Lagrangian analogue of Poisson reduction, in the sense that no
momentum map constraint is imposed.

Lagrangian reduction proceeds in a way that is very much in the spirit of
the gauge theoretic point of view of mechanical systems with symmetry. It
starts with Hamilton’s variational principle for a Lagrangian system on a
configuration manifold @ and with a symmetry group G acting on @. The
idea is to drop this variational principle to the quotient Q/G to derive a re-
duced variational principle. This theory has its origins in specific examples
such as fluid mechanics (see, for example, Arnold [1966b] and Bretherton
[1970]), while the systematic theory of Lagrangian reduction was begun in
Marsden and Scheurle [1993b] and further developed in Cendra, Marsden,
and Ratiu [2001a]. The latter reference also introduced a connection to real-
ize the space (T'Q)/G as the fiber product T(Q/G) x g of T(Q/G) with the
associated bundle formed using the adjoint action of G on g. The reduced
equations associated to this construction are called the Lagrange—Poincaré
equations and their geometry has been fairly well developed. Note that a
G-invariant Lagrangian L on T'Q induces a Lagrangian [ on (T'Q)/G.

Until recently, the Lagrangian side of the reduction story had lacked
a general category that is the Lagrangian analogue of Poisson manifolds
in which reduction can be repeated. One candidate is the category of Lie
algebroids, as explained in Weinstein [1996]. Another is that of Lagrange-
Poincaré bundles, developed in Cendra, Marsden, and Ratiu [2001a]. Both
have tangent bundles and Lie algebras as basic examples. The latter work
also develops the Lagrangian analogue of reduction for central extensions
and, as in the case of symplectic reduction by stages, cocycles and curva-
tures enter in a natural way.

This bundle picture and Lagrangian reduction has proven very useful in
control and optimal control problems. For example, it was used in Chang,
Bloch, Leonard, Marsden, and Woolsey [2002] to develop a Lagrangian and

Hamiltonian reduction theory for controlled mechanical systems and in
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Koon and Marsden [1997] to extend the falling cat theorem of Montgomery
[1990] to the case of nonholonomic systems as well as to nonzero values of
the momentum map.

Finally we mention that the paper Cendra, Marsden, Pekarsky, and Ratiu
[2003] develops the reduction theory for Hamilton’s phase space principle
and the equations on the reduced space, along with a reduced variational
principle, are developed and called the Hamilton-Poincaré equations. Even
in the case @ = G, this collapses to an interesting variational principle for
the Lie-Poisson equations on g*.

Legendre Transformation. Of course the Lagrangian and Hamiltonian
sides of the reduction story are linked by the Legendre transformation.
This mapping descends at the appropriate points to give relations between
the Lagrangian and the Hamiltonian sides of the theory. However, even
in standard cases such as the heavy top, one must be careful with this
approach, as is already explained in, for example, Holm, Marsden and Ratiu
[1998]. For field theories, such as the Maxwell-Vlasov equations, this issues
is also important, as explained in Cendra, Holm, Hoyle and Marsden [1998]
(see also Tulczyjew and Urbariski [1999)).

Nonabelian Routh Reduction. Routh reduction for Lagrangian sys-
tems, which goes back Routh [1860, 1877, 1884] is classically associated
with systems having cyclic variables (this is almost synonymous with hav-
ing an Abelian symmetry group). Modern expositions of this classical the-
ory can be found in Arnold, Kozlov and Neishtadt [1988] and in [Mand$],
§8.9. Routh Reduction may be thought of as the Lagrangian analog of sym-
plectic reduction in that a momentum map is set equal to a constant. A
key feature of Routh reduction is that when one drops the Euler—Lagrange
equations to the quotient space associated with the symmetry, and when
the momentum map is constrained to a specified value (i.e., when the cyclic
variables and their velocities are eliminated using the given value of the mo-
mentum), then the resulting equations are in Euler—Lagrange form not with
respect to the Lagrangian itself, but with respect to a modified function
called the Routhian.

Routh [1877] applied his method to stability theory; this was a precursor
to the energy-momentum method for stability that synthesizes Arnold’s and
Routh’s methods (see Simo, Lewis and Marsden [1991]). Routh’s stability
method is still widely used in mechanics.

The initial work on generalizing Routh reduction to the nonabelian case
was that of Marsden and Scheurle [1993a]. This subject was further devel-
oped in Jalnapurkar and Marsden [2000] and Marsden, Ratiu and Scheurle
[2000]. The latter reference used this theory to give some nice formulas for
geometric phases from the Lagrangian point of view.

Semidirect Product Reduction. We shall study the case of reduction
by a semidirect product Lie group in some detail in Chapter 4. In the
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simplest case of a semidirect product, one has a Lie group G that acts on a
vector space V' (and hence on its dual V*) and then one forms the semidirect
product S = G®V, generalizing the semidirect product structure of the
Euclidean group SE(3) = SO(3) ® R3.

Consider the isotropy group G, for some ag € V*. The semidirect prod-
uct reduction theorem states that each of the symplectic reduced spaces
for the action of G, on T*G is symplectically diffeomorphic to a coadjoint
orbit in (g@®V)*, the dual of the Lie algebra of the semidirect product.
This semidirect product theory was developed by Guillemin and Sternberg
[1978, 1980], Ratiu [1980a, 1981, 1982], and Marsden, Ratiu and Weinstein
[1984a,Db].

The Lagrangian reduction analog of semidirect product theory was de-
veloped by Holm, Marsden and Ratiu [1998, 2002]. This construction is
used in applications where one has advected quantities (such as the di-
rection of gravity in the heavy top, density in compressible fluids and the
magnetic field in MHD) as well as to geophysical flows. Cendra, Holm,
Hoyle and Marsden [1998] applied this idea to the Maxwell-Vlasov equa-
tions of plasma physics. Cendra, Holm, Marsden and Ratiu [1998] showed
how Lagrangian semidirect product theory fits into the general framework
of Lagrangian reduction.

The semidirect product reduction theorem has been proved in Landsman
[1995], Landsman [1998, Chapter 4] as an application of a stages theorem
for his special symplectic reduction method. Even though special symplectic
reduction generalizes Marsden-Weinstein reduction, the special reduction
by stages theorem in Landsman [1995] studies a setup that, in general, is
different to the ones in the reduction by stages theorems of this book.

Singular reduction. Singular reduction starts with the observation of
Smale [1970] that we have already mentioned: z € P is a regular point of
a momentum map J if and only if z has no continuous isotropy. Motivated
by this, Arms, Marsden and Moncrief [1981, 1982] showed that (under hy-
potheses which include the ellipticity of certain operators and which can
be interpreted more or less, as playing the role of a properness assumption
on the group action in the finite dimensional case) the level sets J~1(0)
of an equivariant momentum map J have quadratic singularities at points
with continuous symmetry. While such a result is easy to prove for compact
group actions on finite dimensional manifolds (using the equivariant Dar-
boux theorem), the main examples of Arms, Marsden and Moncrief [1981]
were, in fact, infinite dimensional—both the phase space and the group.
Singular points in the level sets of the momentum map are related to con-
vexity properties of the momentum map in that the singular points in phase
space map to corresponding singular points in the the image polytope.
The paper of Otto [1987] showed that if G is a Lie group acting properly
on an almost Kihler manifold then the orbit space J~!(1)/G,, decomposes
into symplectic smooth manifolds constructed out of the orbit types of the
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G-action on P. In some related work, Huebschmann [1998] has made a
careful study of the singularities of moduli spaces of flat connections.

The detailed structure of J=1(0)/G for compact Lie groups acting on fi-
nite dimensional manifolds was determined by Sjamaar and Lerman [1991];
their work was extended to proper Lie group actions and to J=*(0,,)/G by
Bates and Lerman [1997], with the assumption that O, be locally closed in
g*. Ortega [1998] and [HRed] redid the entire singular reduction theory for
proper Lie group actions starting with the point reduced spaces J=!(u)/G,,
and also connected it to the more algebraic approach of Arms, Cushman,
and Gotay [1991]. Specific examples of singular reduction, with further ref-
erences, may be found in Lerman, Montgomery, and Sjamaar [1993] and
Cushman and Bates [1997]. One of these, the “canoe” will be given in §2.4.
In fact, this is an example of singular reduction in the case of cotangent
bundles, and much more can be said in this case, as we shall see in §2.4.
Another approach to singular reduction based on the technique of blow-
ing up singularities, and which was also designed for the case of singular
cotangent bundle reduction, was started in Hernandez and Marsden [2005]
and Birtea, Puta, Ratiu, and Tudoran [2005], a technique which requires
further development.

Singular reduction has been extensively used in the study of the persis-
tence, bifurcation, and stability of relative dynamical elements; see Chossat,
Lewis, Ortega, and Ratiu [2003]; Chossat, Ortega, and Ratiu [2002]; Grabsi,
Montaldi, and Ortega [2004]; Lerman and Singer [1998]; Lerman and Tok-
ieda [1999]; Ortega [2003b]; Ortega and Ratiu [1997, 1999a], Ortega and
Ratiu [1999b, 2004b]; Patrick, Roberts, and Wulff [2004]; Roberts and de
Sousa Dias [1997]; Roberts, Wulff, and Lamb [2002]; Wulff and Roberts
[2002], and Wulff [2003].

Symplectic Reduction Without Momentum Maps. The reduction
theory presented so far needs the existence of a momentum map. However,
more primitive versions of this procedure based on foliation theory (see
Cartan [1922] and Meyer [1973]) do not require the existence of this object.
Working in this direction, but with a mathematical program that goes
beyond the reduction problem, Condevaux, Dazord, and P. Molino [1988]
introduced a concept that generalizes the momentum map. This object
is defined via a connection that associates an additive holonomy group
to each canonical action on a symplectic manifold. The existence of the
momentum map is equivalent to the vanishing of this group. Symplectic
reduction has been carried out using this generalized momentum map in
Ortega and Ratiu [2006a] and Ortega and Ratiu [2006Db).

Another approach to symplectic reduction that is able to avoid the pos-
sible non-existence of the momentum map is based on the optimal momen-
tum map introduced and studied in Ortega and Ratiu [2002] and Ortega
[2002]. This distribution theoretical approach can also deal with reduction
of Poisson manifolds, where the standard momentum map does not exist
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generically. This point of view is presented in detail in Part IIT of this book
and fully exploited in handling singular reduction by stages.

Reduction of Other Geometric Structures. Besides symplectic re-
duction, there are many other geometric structures on which one can per-
form similar constructions. For example, one can reduce Ké&hler, hyper-
Kahler, Poisson, contact, Jacobi, etc. manifolds and this can be done ei-
ther in the regular or singular cases. We refer to [HRed] for a survey of the
literature for these topics.

The Method of Invariants. This method seeks to parametrize quo-
tient spaces by group invariant functions. It has a rich history going back
to Hilbert’s invariant theory. It has been of great use in bifurcation with
symmetry (see Golubitsky, Stewart, and Schaeffer [1988] for instance). In
mechanics, the method was developed by Kummer, Cushman, Rod and
coworkers in the 1980’s. We will not attempt to give a literature survey
here, other than to refer to Kummer [1990], Kirk, Marsden and Silber
[1996], Alber, Luther, Marsden, and Robbins [1998] and the book of Cush-
man and Bates [1997] for more details and references.

Nonholonomic Systems. Nonholonomic mechanical systems (such as
systems with rolling constraints) provide a very interesting class of systems
where the reduction procedure has to be modified. In fact this provides a
class of systems that gives rise to an almost Poisson structure, i.e. a bracket
which does not necessarily satisfy the Jacobi identity. Reduction theory for
nonholonomic systems has made a lot of progress, but many interesting
questions still remain. In these types of systems, there is a natural notion
of a momentum map, but in general it is not conserved, but rather obeys a
momentum equation as was discovered by Bloch, Krishnaprasad, Mars-
den, and Murray [1996]. This means, in particular, that point reduction
in such a situation may not be appropriate. Nevertheless, Poisson reduc-
tion in the almost Poisson and almost symplectic setting is interesting and
from the mathematical point of view, point reduction is also interesting,
although, as remarked, one has to be cautious with how it is applied to, for
example, nonholonomic systems. A few references are Koiller [1992], Bates
and Sniatycki [1993], Bloch, Krishnaprasad, Marsden, and Murray [1996],
Koon and Marsden [1998], Blankenstein and van der Schaft [2001], Cush-
man and Sniatycki [2002], Planas-Bielsa [2004], and Ortega and Planas
[2004]. We refer to Cendra, Marsden, and Ratiu [2001b] and Bloch [2003]
for a more detailed historical review.

Multisymplectic Reduction. Reduction theory is by no means com-
pleted. For example, for PDE’s, the multisymplectic (as opposed to sym-
plectic) framework seems appropriate, both for relativistic and nonrelativis-
tic systems. In fact, this approach has experienced somewhat of a revival
since it has been realized that it is rather useful for numerical computa-
tion (see Marsden, Patrick, and Shkoller [1998]). Only a few instances and
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examples of multisymplectic and multi-Poisson reduction are really well un-
derstood (see Marsden, Montgomery, Morrison and Thompson [1986]; Cas-
trillén Lépez, Ratiu, and Shkoller [2000]; Castrillén Lépez, Garcia Pérez,
and Ratiu [2001]; Castrillén Lopez and Ratiu [2003]; Castrillén Lépez and
Marsden [2003]), so one can expect to see more activity in this area as well.

Discrete Mechanical Systems. Another emerging area, also motivated
by numerical analysis, is that of discrete mechanics. Here the idea is to re-
place the velocity phase space TQ) by @ x @, with the role of a velocity
vector played by a pair of nearby points. This has been a powerful tool
for numerical analysis, reproducing standard symplectic integration algo-
rithms and much more. See, for example, Kane, Marsden, Ortiz, and West
[2000]; Marsden and West [2001]; Lew, Marsden, Ortiz, and West [2004] for
recent articles. This subject, too, has its own reduction theory. See Mars-
den, Pekarsky, and Shkoller [1999], Bobenko and Suris [1999] and Jalna-
purkar, Leok, Marsden and West [2006]. Discrete mechanics also has some
intriguing links with quantization, since Feynman himself first defined path
integrals through a limiting process using the sort of discretization used in
the discrete action principle (see Feynman and Hibbs [1965]).

1.4 Overview of Singular Symplectic
Reduction

The preceding section gave a brief history of singular reduction and further
historical information and references can be found in [HRed].
This section gives an overview, without proofs, of some of the theory of
singular symplectic reduction in the context of symplectic manifolds and
from the viewpoint of [HRed]. It reviews only the minimal material needed
for an understanding of the developments in Part III. The detailed theory
of singular reduction can be found in [HRed] or in the original papers cited
therein. The material of this section is not needed for any developments in
Parts I and II. 1t is, however, necessary for understanding the results in
Part III, where singular reduction by stages is carried out. An overview of
singular reduction for the case of cotangent bundles is given in §2.4 and in
that section an exposition of a basic example, namely the “canoe” (singular
reduction for the phase space of the spherical pendulum with its S action)
is given.

The Setting for Singular Symplectic Reduction. Up to this point,
symplectic reduction was carried out for the regular case; that is, for free
and proper actions. Recall that freeness of the action guarantees that
the associated momentum map J is a submersion and hence that the
level sets J~1(u) are smooth manifolds. Freeness and properness also en-
sure that the point symplectic reduced spaces, namely the orbit spaces
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M, := J7Y(u)/G,, are regular quotient manifolds. Singular reduction de-
scribes the quotient topological spaces M), when the Lie group action is not
free. As will be seen below, the main result reviewed in this section states
that these quotients are symplectic Whitney stratified spaces in the sense
that the strata are symplectic manifolds in a natural way. In addition, the
local properties of this Whitney stratification make it into what is called
a cone space. In essence, this is the rough statement of the Symplectic
Stratification Theorem to be explained below. It adapts to the symplectic
symmetric context, the classical stratification theorem of the orbit space of
a proper Lie group action by using its orbit type manifolds.

The section begins with a quick review of the necessary definitions and
results concerning stratified spaces before moving on to singular symplectic
reduction itself.

Stratified Spaces. This paragraph gives a quick overview of stratified
spaces; the basic reference is Pflaum [2001].

A subset S of a topological space P is said to be locally closed, if S is
open in S, where S denotes the usual topological closure of S in P. Recall
that any submanifold is locally closed in the ambient manifold. Conversely,
if @ is a manifold and f : @ — P is an injective immersion such that f(Q)
is locally closed in P, then f(Q) is an embedded submanifold of P.

Let Z be a locally finite partition of a topological space P into smooth
manifolds S; C P, ¢ € I. We assume that the manifolds S; C P, ¢ € I, with
their manifold topology are locally closed topological subspaces of P. The
pair (P, Z) is referred to as a decomposition of P with pieces in Z when
the following condition is satisfied:

(DS) If R,S € Z are such that RN S # &, then R C S. In this case we
write R =< S. If, in addition, R # S we say that R is incident to S
or that it is a boundary piece of S and write R < S.

The boundary of a piece S is defined as 35 := S\ S. Note that this is not
the usual topological closure of S which equals SN (P \ S). Thus, R < S
if and only if R C 9S. Condition (DS) is called the frontier condition
and the pair (P, Z) is called a decomposed space. The dimension of P
is defined as dim P = sup{dim S; | S; € Z}. If k € N, the k-skeleton P*
of P is the union of all the pieces of dimension smaller than or equal to k;
its topology is the relative topology induced by P. The depth dp(z) of any
z € (P, 2) is defined as

dp(z) :=sup{k € N |3 Sy, S1,...,5: € Z withz€ Sy < S1 <...< Sk}

Since for any two elements z,y € S in the same piece § € P we have
dp(z) = dp(y), the depth dp(S) of the piece S is well defined by dp(S) :=
dp(z), z € S. Finally, the depth dp(P) of (P, Z) is defined by dp(P) :=
sup{dp(S) | S € Z}.
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A continuous mapping f : P — @Q between the decomposed spaces (P, Z)
and (Q,Y) is a morphism of decomposed spaces if for every piece
S € Z, there is a piece T € Y such that f(S) C T and the restriction f|g :
S — T is smooth. If (P, Z) and (P, T) are two decompositions of the same
topological space we say that Z is coarser than 7 or that 7 is finer than
Z if the identity mapping (P,7) — (P, Z) is a morphism of decomposed
spaces. A topological subspace @ C P is a decomposed subspace of (P, Z)
if for all pieces S € Z, the intersection SN is a submanifold of S and the
corresponding partition Z N @ forms a decomposition of Q.

Let P be a topological space and z € P. Two subsets A and B of P are
said to be equivalent at z if there is an open neighborhood U of z such
that ANU = BNU. This relation constitutes an equivalence relation on
the power set of P. The class of all sets equivalent to a given subset A at z
will be denoted by [A], and called the set germ of A at z. If AC BC P
we say that [A], is a subgerm of [B],, and denote [A], C [B]..

A stratification of the topological space P is a map S that associates to
any z € P the set germ S(z) of a closed subset of P such that the following
condition is satisfied:

(ST) For every z € P there is a neighborhood U of z and a decomposition
Z of U such that for all y € U the germ S(y) coincides with the set
germ of the piece of Z that contains y.

The pair (P, S) is called a stratified space. Any decomposition of P defines
a stratification of P by associating to each of its points the set germ of the
piece in which it is contained. The converse is, by definition, locally true.

The Strata. Two decompositions Z; and Z5 of P are said to be equiva-
lent if they induce the same stratification of P. If Z; and 2, are equivalent
decompositions of P then, for all z € P, we have that dpz, () = dpz,(2).
Any stratified space (P, S) has a unique decomposition Zg associated with
the following maximality property: for any open subset U C P and any
decomposition Z of P inducing S over U, the restriction of Zs to U is
coarser than the restriction of Z to U. The decomposition Zs is called
the canonical decomposition associated to the stratification (P,S). It
is often denoted by S and its pieces are called the strata of P. The local
finiteness of the decomposition Zg implies that for any stratum S of (P, S)
there are only finitely many strata R with S < R. In the sequel, the sym-
bol § in the stratification (P, S) will denote both the map that associates
to each point a set germ and the set of pieces associated to the canonical
decomposition induced by the stratification of P.

A stratified map f: (P,Sp) — (Q,Sg) is a morphism of decomposed
spaces relative to the canonical decompositions Sp on P and Sg on Q.

Stratified Spaces with Smooth Structure. Let (P, S) be a stratified
space. A singular or stratified chart of P is a homeomorphism ¢ : U —
@(U) C R™ from an open set U C P to a subset of R" such that for
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every stratum S € S the image ¢(U N S) is a submanifold of R™ and the
restriction ¢lyns : UNS — ¢(U N S) is a diffeomorphism. Two singular
charts ¢ : U — ¢(U) CR™ and ¢ : V — (V) C R™ are compatible if for
any z € UNV there exist an open neighborhood W C UNV of z, a natural
number N > max{n, m}, open neighborhoods 0,0’ C RY of ¢(U) x {0}
and (V) x {0}, respectively, and a diffeomorphism ¢ : O — O’ such that
im o @|lw = Y oiyod|lw, where i,, and i,, denote the natural embeddings of
R”™ and R™ into RY by using the first n and m coordinates, respectively.
The notion of singular or stratified atlas is the natural generalization
for stratifications of the concept of atlas existing for smooth manifolds.
Analogously, one introduces compatible and maximal stratified atlases. If
the stratified space (P,S) has a well defined maximal atlas, then we say
that this atlas determines a smooth or differentiable structure on P.
The pair (P,S) is called a smooth stratified space.

The Whitney Condition (B). Let M be a manifold and R, S C¢ M
two submanifolds. Let ¢ : U — R”™ be a smooth chart of M around the
point z. The Whitney condition (B) at the point z € R with respect to
the chart (U, ¢) is given by the following statement:

(B) Let {zn}tnen € RNU and {yn}tnen C SNU be two sequences with

the same limit z = lim z, = lim y, and such that z, # y,, for
n—oo n—oo

all n € N. Suppose that the set of connecting lines ¢(z,,)d(y,) C R™
converges in projective space to a line L and that the sequence of tan-
gent spaces {7}, S}nen converges in the Grassmann bundle of dim S-
dimensional subspaces of TM to 7 C T, M. Then, (T,¢)" (L) C 7.

If the condition (B) is verified for every point z € R, the pair (R, S) is said
to satisfy the Whitney condition (B). It can be verified that Whitney’s
condition (B) does not depend on the chart used to formulate it. A stratified
space with smooth structure such that for every pair of strata Whitney’s
condition (B) is satisfied is called a Whitney space or a (B)- stratified
space.

Cone Spaces and Local Triviality. Let P be a topological space.
Consider the equivalence relation ~ in the product P x [0,00) given by
(z,a) ~ (2/,ad") if and only if @ = @’ = 0. The cone CP on P is defined
as the quotient topological space P x [0,00)/ ~. If P is a smooth man-
ifold then the cone C'P is a decomposed space with two pieces, namely,
P x (0,00) and the wvertex which is the class corresponding to any ele-
ment of the form (z,0), z € P, that is, P x {0}. Analogously, if (P, Z)
is a decomposed (stratified) space then the associated cone C'P is also a
decomposed (stratified) space whose pieces (strata) are the vertex and the
sets of the form S x (0,00), with S € Z. This implies, in particular, that
dim CP = dim P + 1 and dp(CP) = dp(P) + 1.

A stratified space (P,S) is said to be locally trivial if for any z € P
there exist a neighborhood U of z, a stratified space (F, S'), a distinguished



40 1. Symplectic Reduction

point 0 € F', and an isomorphism of stratified spaces
Yv:U— (SNU) x F,

where S is the stratum that contains z and v satisfies ¥ ~!(y,0) = y, for
all y € SNU. Whenever F is given by a cone C'L over a compact stratified
space L then L is called the link of z.

An important corollary of Thom’s First Isotopy Lemma guarantees
that every Whitney stratified space is locally trivial. A converse to this
implication needs the introduction of cone spaces. Their definition is given
by recursion on the depth of the space.

1.4.1 Definition. Let m € NU {oo,w}. A cone space of class C™ and
depth 0 is the union of countably many C™ manifolds together with the
stratification whose strata are the unions of the connected components of
equal dimension. A cone space of class C™ and depth d+1,d € N, is a
stratified space (P,S) with a C™ differentiable structure such that for any
z € P there exists a connected neighborhood U of z, a compact cone space
L of class C™ and depth d called the link and a stratified isomorphism

¥:U— (SNU) x CL,

where S is the stratum that contains the point z, the map ¥ satisfies
Y~ Y(y,0) =y, for ally € SNU, and 0 is the vertex of the cone CL.

If m # 0 then L is required to be embedded into a sphere S' via a
fized smooth global singular chart o : L — S' that determines the smooth
structure of CL. More specifically, the smooth structure of CL is gener-
ated by the global chart T : [2,t] € CL — tp(z) € R The maps
YU — (SNU)x CL and ¢ : L — S’ are called a cone chart and
a link chart, respectively. Moreover, if m # 0 then ¢ and ¥~ are re-
quired to be differentiable of class C™ as maps between stratified spaces with
a smooth structure.

Orbit Type Stratification. The most commonly encountered cone space
appears as the quotient of a proper smooth Lie group action on a manifold.
Since this stratification is also the backbone of the one encountered in sym-
plectic singular reduction we quickly review it here. For more information,
see Duistermaat and Kolk [1999] or [HRed] and references therein.

If H is a closed subgroup of a Lie group G define the conjugacy class

(H):={LCcG|L=gHg* geG}.

The set of conjugacy classes of Lie subgroups of a Lie group G admits a
partial order by defining (K) < (H) if and only if H is conjugate to a
subgroup of K. We write (K) < (H) if (K) < (H) and (K) # (H).

Assume that the Lie group G acts smoothly and properly on a manifold
M. Then the partially ordered subset I(G, M) of conjugacy classes repre-
sented by an isotropy subgroup of the action is called the isotropy lattice
of the G-action.



1.4 Overview of Singular Symplectic Reduction 41
If H is a closed subgroup of G introduce the following subsets of M:

My :={z€ M | G. € (H)},
MP .={eM|HCG.},
My :={z€ M| H=G.}.

The set Mgy is called the (H)-orbit type submanifold, My the H-
isotropy type submanifold, and M is the H-fized point submani-
fold. Collectively, these subsets are called type submanifolds. If the G-
action is proper then the connected components of the type manifolds are
indeed embedded submanifolds of M, but M can have connected compo-
nents of different dimensions. Moreover, under the properness assumption
it follows that the connected components of the orbit type manifolds M)
and their projections Mzy/G onto orbit space constitute a Whitney (B)
stratification of M and M/G, respectively. Both stratifications are cone
spaces. The stratification of M/G is minimal among all Whitney stratifi-
cations of M/G. This statement is the so called Stratification Theorem.

Later we shall need the following result for a proper Lie group ac-
tion. If M/G is connected, there is a unique maximal conjugacy class
(H) € I1(G, M), that is, (G;) < (H) for all x € M. Tts associated orbit
type manifold Mg is open and dense in M and the orbit space My is
connected.

The Symplectic Stratification Theorem. With these preparations in
mind we can state now the precise statement of the Symplectic Strati-
fication Theorem.

1.4.2 Theorem. Let (M,w) be a connected symplectic manifold acted
smoothly, canonically, and properly upon by a Lie group G. Suppose that
this action has an associated momentum map J : M — g* with non-
equivariance one-cocycle o : G — g*. Let u € g* lie in the range of J,
G, the isotropy subgroup of p with respect to the affine action defined by
(9,p) € Gxg" — Ady-ip+o0(g) € g*, and let H C G be an isotropy
subgroup of the G-action on M. Let Mj; be the connected component of the
H-isotropy type manifold that contains a given element z € M such that
J(2) = p and let G, - M} be its G,,-saturation. Then the following hold:

(i) The set I~ (u) N (G, - Mf;) is a submanifold of M.

(ii) The set Ml(LH) = [J7Y ()N (G, - Mf)] /G, has a unique quotient
differentiable structure such that the canonical projection

737 W) N (G - M) — M

18 a surjective submersion.
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iii) There is a unique symplectic structure w(LH) on M) characterized
i H

by the identity

H)* (H)

i/SH)*w = Wf ;

where ifAH) :J7 ) N (G - M§y) — M is the natural inclusion. The

pairs (M,SH),w,SH)) are called singular symplectic point strata.

(iv) Let h € C=(M)% be a G-invariant Hamiltonian. Then the flow Fy of
X}, leaves the connected components of 3= (u) N (G, - MF) invariant
and commutes with the G,,-action, so it induces a flow F}' on M;(LH)
that is characterized by 77,(L o F,0 Z(H) Fl'o W,SH).

(v) The flow F}" is Hamiltonian on M(H), with reduced Hamiltonian
function h(H) M( ) LR defined by h( ) o 7T£LH) =ho z(H). The
vector fields X, and Xh(H) are W,S Lrelated.

(vi) Let k : M — R be another G- invam'ant function. Then {h,k} is
also G-invariant and {h, k:}(H) {h(H) k }M(H), where { , },,cn
denotes the Poisson bracket induced by the symplectic structure on
M.

(vii) The quotient topological space M, := J~*(u)/G,, is a cone space when
considered as a stratified space with strata M;(LH).

As was the case for regular reduction, this theorem can be also formu-
lated from the orbit reduction point of view. Using that approach one can
conclude that the orbit reduced spaces Mop, are cone spaces, symplecti-

cally stratified by the manifolds MO =G - (J7Y(p) N M%)/G, that have
symplectic structure uniquely determlned by the expression

io) w =5 wg! + 3G W |
(H) |~ p-1 2 ; ; ; H) .~ (1-1
where i ' 1 G (I~ () " M}) — M is the inclusion, Jo, G It wn
M3) — O, is obtained by restriction of the momentum map J, and wg“ is
the +— symplectic form on O,,. Analogous statements to (i) - (vii) above
are valid with obvious modifications.

As mentioned earlier, the case of singular reduction for cotangent bundles
is discussed in §2.4.



2
Cotangent Bundle Reduction

This chapter gives some additional background on symplectic reduction
theory, the main topic being one of the most important cases, namely the
symplectic reduction of cotangent bundles. The main results concerning
cotangent bundle reduction make use of the theory of principal connections
and so we provide the necessary background on this theory in the first
section. The chapter closes with a description of the setting for the major
topic of the book: reduction by stages.

2.1 Principal Bundles and Connections

In preparation for the next section which gives a brief exposition of the
cotangent bundle reduction theorem, we now give a review and summary of
facts that we shall need about principal connections. An important thing to
keep in mind is that the magnetic terms in the cotangent bundle reduction
theorem will appear as the curvature of a connection.

Principal Connections Defined. We consider the following basic set
up. Let @ be a manifold and let G be a Lie group acting freely and properly
on the left on Q. Let

Qe Q — Q)G

denote the bundle projection from the configuration manifold @ to shape
space S = Q/G. We refer to mg,¢ : Q@ — Q/G as a principal bundle.
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One can alternatively use right actions, which is common in the principal
bundle literature, but we shall stick with the case of left actions for the main
exposition.

Vectors that are infinitesimal generators, namely those of the form £g(q)
are called vertical since they are sent to zero by the tangent of the pro-
jection map 7 g.

2.1.1 Definition. A connection, also called a principal connection
on the bundle m7g ¢ : Q@ — Q/G is a Lie algebra valued 1-form

A:TQ— g
where g denotes the Lie algebra of G, with the following properties:

(i) the identity A(q(q)) = & holds for all € € g; that is, A takes in-
finitesimal generators of a given Lie algebra element to that same
element, and

(ii) we have equivariance: A(T,P,(v)) = Ady(A(v))

for allv € T,Q, where ®, : Q — Q denotes the given action for g € G and
where Adg, denotes the adjoint action of G on g.

A remark is noteworthy at this point. The equivariance identity for in-
finitesimal generators noted previously (see (1.1.7)), namely,

Ty %4 (§o(q) = (Adg§)q(g - ),

shows that if the first condition for a connection holds, then the second
condition holds automatically on vertical vectors.

If the G-action on @ is a right action, the equivariance condition (ii) in
Definition 2.1.1 needs to be changed to A(T;®4(v)) = Ad,-1(A(v)) for all
g € G and v € T;Q.

Associated One-Forms. Since A is a Lie algebra valued 1-form, for
each ¢ € @, we get a linear map A(g) : T,Q — g and so we can form its
dual A(q)* : g — T; Q. Evaluating this on x produces an ordinary 1-form:

au(q) = Alg)" (n)- (2.1.1)

This 1-form satisfies two important properties given in the next Propo-
sition.

2.1.2 Proposition. For any connection A and u € g*, the correspond-
ing 1-form «, defined by (2.1.1) takes values in IJ='(u) and satisfies the
following G-equivariance property:

* = *
éga# = QAd;p-
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Proof. First of all, notice that from the definition of o, and then using
first property of a connection,

(J(au(@), &) = (aul9),€ (q)>

(
= (4 q)(
<

::
=

Since ¢ € g is arbitrary, we conclude that J(a,(q)) = p and therefore,
indeed, «,, takes values in J~!(u).

To establish invariance of the form «,,, we compute in the following way.
Let v € T,Q and g € G, and first use the definition of o, and the definition
of the adjoint to get

(‘I)ZO‘M)(U) = au(g9- ) (T ®4(v))
= (A(g - )" (1), T, ®4(v))
= (1, A(g - )(Ty®y(v))) .

Next, make use of equivariance of A and convert the preceding expression
back to one involving o, to get:

(o) (v) = (1, Adg(Alg)(v)))
= (Adgpu, A(q)(v))
= (A(g)"Adgp, v)
= OéAd;u(Q)(v)
so that we get the required equivariance property. |

Notice in particular, if the group is Abelian or if p is G-invariant, (for
example, if ¢ = 0), then «, is an invariant 1-form.

Horizontal and Vertical Spaces. Associated with any connection are
vertical and horizontal spaces defined as follows.

2.1.3 Definition. Given the connection A, its horizontal space at q €
Q is defined by
Hy = {vq € T,Q | A(vq) = 0}

and the vertical space at q € Q is, as above,
Vo ={éla) | € € g}
The map

Vg > verg(vg) := [A(q)(v9)] ()
is called the vertical projection, while the map

vg > hory (vy) 1= vy — verg(vg)

1s called the horizontal projection.
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Because connections map infinitesimal generators of a Lie algebra ele-
ments to that same Lie algebra element, the vertical projection is indeed
a projection for each fixed ¢ onto the vertical space and likewise with the
horizontal projection.

By construction, we have

Vg = verg(vg) + horg(vg)

and so
T,Q=HsaV,

and the maps hor, and ver, are projections onto these subspaces.

It is sometimes convenient to define a connection by the specification
of a space H, declared to be the horizontal space that is complementary
to V; at each point, varies smoothly with ¢ and respects the group action
in the sense that Hy., = T,®,(H,). Clearly this alternative definition of a
principal connection is equivalent to the definition given above.

Given a point ¢ € @, the tangent of the projection map 7g ¢ restricted to
the horizontal space H, gives an isomorphism between H, and T}, (Q/G).

Its inverse [Tymo.clm,] " : Tro.oa(@/G) — H,y is called the horizontal

TQ,G
lift to g € Q.

The Mechanical Connection. As an example of defining a connection
by the specification of a horizontal space, suppose that the configuration
manifold @) is a Riemannian manifold. Of course, the Riemannian struc-
ture will often be that defined by the kinetic energy of a given mechanical
system.

Thus, assume that @ is a Riemannian manifold, with metric denoted ((, ))
and that G acts freely and properly on @) by isometries, so mg.¢ : Q — Q/G
is a principal G-bundle.

In this context we may define the horizontal space at a point simply
to be the metric orthogonal to the vertical space. This therefore defines a
connection called the mechanical connection.

Recall from the historical survey in the introduction that this connection
was first introduced by Kummer [1981] following motivation from Smale
[1970] and [FofM]. See also Guichardet [1984], who applied these ideas in
an interesting way to molecular dynamics. The number of references since
then making use of the mechanical connection is too large to survey here.

In Proposition 2.1.5 we develop an explicit formula for the associated
Lie algebra valued 1-form in terms of an inertia tensor and the momentum
map. As a prelude to this formula, we show the following basic link with
mechanics. In this context we write the momentum map on 7T'Q) simply as
J:TQ — g*.

2.1.4 Proposition. The horizontal space of the mechanical connection
at a point ¢ € Q consists of the set of vectors vq € T,Q such that J(v,) = 0.
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Proof. This follows directly from the formula for the momentum map
for a Lagrangian that is given by the kinetic energy of a given Riemannian
metric, namely,

(J(vg), &) = (vg, € (@)

and the fact that the vertical space at ¢ € @ is spanned by the set of
infinitesimal generators {g(q). |

For each g € Q, define the locked inertia tensor I(q) to be the linear
map I(g) : g — g* defined by

(L(g)n, ¢) = (ne(9),Ce(a)) (2.1.2)

for any n,( € g. Since the action is free, I(¢) is nondegenerate, so (2.1.2)
defines an inner product. The terminology “locked inertia tensor” comes
from the fact that for coupled rigid or elastic systems, I(q) is the classical
moment of inertia tensor of the rigid body obtained by locking all the joints
of the system. In coordinates,

Iy = gi; KK}, (2.1.3)

where [£o(q)]" = K (q)¢* define the action functions K.
Define the map A : T'Q) — g which assigns to each vy, € T,Q the corre-
sponding angular velocity of the locked system:

Alg)(vg) = 1(q) " (I (vy)), (2.1.4)

where L is the kinetic energy Lagrangian. In coordinates,
A = I%g, Kiv? (2.1.5)

since J,(q,p) = piK:i(q).

We defined the mechanical connection by declaring its horizontal space
to be the metric orthogonal to the vertical space. The next proposition
shows that A is the associated connection one-form.

2.1.5 Proposition. The g-valued one-form defined by (2.1.4) is the me-
chanical connection on the principal G-bundle 71g ¢ : Q — Q/G.

Proof. First notice that A is G-equivariant and satisfies A({q(q)) =
&, both of which are readily verified. In checking equivariance, one uses
invariance of the metric and hence equivariance of FL : T'QQ — T*(Q, where
L is the kinetic energy of the metric, equivariance of J : T*Q — g*, and
equivariance of I in the sense of a map I: Q x g — g*; that is,

I(g - 9)(Ady &) = Adg-1 I(q)(§).

Thus, A is a connection.



48 2. Cotangent Bundle Reduction

The horizontal space of A is given by
H, ={v, € T,Q | JFL(vq)) =0}. (2.1.6)

Thus, by Proposition 2.1.4 and the fact that any two connections with the
same horizontal spaces are equal, we get the result. |

Given a general connection A and an element p € g*, we can define the
p-component of A to be the ordinary one-form «,, given by

au(q) = A" neTyQ; e, (au(q),vq) = (1, Alq)(vq))

for all v, € T,Q. Note that o, is a G,-invariant one-form. It takes values
in J71(u) since for any £ € g, we have

(J(au(@), &) = (au(a). &q) = (1, A(9) (6@ (9)) = (1, §) -

In the Riemannian context, Smale [1970] constructed ¢, by a minimiza-
tion process. Let ozg € T,Q be the tangent vector that corresponds to
oy € Ty Q via the metric ((,)) on Q.

2.1.6 Proposition. The 1-form a,(q) = A(q)*p € T;Q associated with
the mechanical connection A given by (2.1.4) is characterized by

K(ou(q)) = inf{K(8,) | B, € I () N T;Q}, (2.1.7)

where K(8,) = 3||B4I|? is the kinetic energy function on T*Q. See Figure
2.1.1.

J (W NT;Q

FIGURE 2.1.1. The extremal characterization of the mechanical connection.

The proof is a direct verification. We do not give here it since this propo-
sition will not be used later in this book. The original approach of Smale
[1970] was to take (2.1.7) as the definition of a,. To prove from here that
o, is a smooth one-form is a nontrivial fact; see the proof in Smale [1970]
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or of Proposition 4.4.5 in [FofM]. Thus, one of the merits of the previous
proposition is to show easily that this variational definition of «, does in-
deed yield a smooth one-form on @ with the desired properties. Note also
that o, (q) lies in the orthogonal space to TrQ N J~!(u) in the fiber T Q
relative to the bundle metric on 7% defined by the Riemannian metric
on Q. It also follows that «,(g) is the unique critical point of the kinetic
energy of the bundle metric on 7@ restricted to the fiber T7Q N I (p).

Curvature. The curvature B of a connection A is defined as follows.

2.1.7 Definition. The curvature of a connection A is the Lie algebra
valued two-form on @Q defined by

B(q)(ug;vq) = dA(horg(ug), horg(vg)), (2.1.8)
where d is the exterior derivative.

When one replaces vectors in the exterior derivative with their horizontal
projections, then the result is called the exterior covariant derivative
and one writes the preceding formula for B as

B=d*A
For a general Lie algebra valued k-form « on @, the exterior covariant
derivative is the k+1-form d“« defined on tangent vectors vy, v1,. .., vy €

T,Q by
da(vg, vy, .. vp) = da(horq(vo), horg(v1), ... ,horq(vk)). (2.1.9)

Here, the symbol d# reminds us that it is like the exterior derivative but
that it depends on the connection A.

Curvature measures the lack of integrability of the horizontal distribution
in the following sense.

2.1.8 Proposition. On two vector fields u,v on @ one has
B(u,v) = —A([hor(u), hor(v)]).

Proof. We use the formula (1.2.5) for the exterior derivative of a 1-form
to get

B(u,v) = hor(u)[A(hor(v))] — hor(v)[A(hor(u))] — A([hor(u), hor(v)]).
The first two terms vanish since A vanishes on horizontal vectors. |

Given a general distribution D C T'Q on a manifold @) one can also
define its curvature in an analogous way directly in terms of its lack of
integrability. Define wvertical vectors at ¢ € () to be the quotient space
T,Q/D, and define the curvature acting on two horizontal vector fields
u, v (that is, two vector fields that take their values in the distribution) to
be the projection onto the quotient of their Jacobi-Lie bracket. One can
check that this operation depends only on the point values of the vector
fields, so indeed defines a two-form on horizontal vectors.
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Cartan Structure Equations. We now derive an important formula
for the curvature of a principal connection.

2.1.9 Theorem (Cartan Structure Equations). For any vector fields u,v
on @ we have

B(u,v) = dA(u,v) — [A(u), A(v)], (2.1.10)
where the bracket on the right hand side is the Lie bracket in g. We write
this equation for short as

B=dA—[A A

If the G-action on Q is a right action, then the Cartan Structure Equa-
tions read B = d.A + [A, A].

Proof. To prove this theorem we prepare a lemma.

2.1.10 Lemma. The identity dA(hor(u),ver(v)) = 0 holds for any two
vector fields u,v on Q .

Proof. Since this identity depends only on the point values of u and v,
we can assume that ver(v) = &g identically. Then, as in the preceding
proposition, we have

dA(hor(u), ver(v)) = (hor(u))[A({q)] — &q[A(hor(u))] — A(fhor(u),{ql)
— hor(w[€] — £0l0] + Aléq. hor(w)
= A[¢g, hor(u)]

since ¢ is constant. However, the flow of £ is ®Peyxp(1e) and the map hor is
equivariant and so

d *
G hor(w)] = | P hort)
0

@,

d .
= hor a ‘to ¢exp(t§) (u)

= hor[{q, u]

Thus, [{g,hor(u)] is horizontal and so it is annihilated by A and the lemma
follows. v

With this lemma in hand we can complete the proof of the Cartan Struc-
ture Equations. Making use of the lemma and writing u = hor(u) + ver(u)
and similarly for v, shows that

dA(u, ver(v)) = dA(ver(u), ver(v))
and so we get

B(u,v) = dA(u,v) — dA(ver(u), ver(v)).



2.1 Principal Bundles and Connections 51

Again, the second term on the right hand side of this equation depends
only on the point values of u and v and so we can assume that ver(u) = &g
and that ver(v) = ¢ for £ € g and n € g. Then

Al€q:nq) = §olAnqQ)] — nelA(e)] — All€q: 1)
= A([¢,nlQ) = [&:m]
= [A(u), A(v)],

which, combined with the preceding formula for B, proves the result. N
The following Corollary shows how the Cartan Structure Equations yield

a fundamental equivariance property of the curvature.

2.1.11 Corollary. For all g € G we have ®;B = Ad, o B. If the G-action

on @ is on the right, equivariance means ®;8 = Adg-10B.

Proof. From the definition of A, A], we get for any ug,v, € T,Q and
g€ G

A, Al(g - q) (TqPg(uq), TyPg(vg))

Alg) (T4 ®g(uq)) , Alq) (TgPg(vq))]

)5
(@5A) (0)(uq), (25A4) (@) (vy)]
DA, ©7AJ(g)(ug, vg),

(@51A, AJ) (9)(ug, vg) =

[
=
[
=

that is, ®;[A, A] = [®; A, ®; A]. Thus Definition 2.1.1(ii) gives
DA A = [@)A, @) A] = [Ady oA, AdgoA] = Ad, o[ A, A]
and hence
;B =) (dA—[A A]) =d(D;A) — Adgo[A, A
=d(AdgoA) — Adgo[A, Al = Adyo(dA— [A, A]) = Ad, oB
as required. The case of right actions is proved in a similar way. |

Bianchi Identity. The famous Bianchi Identity, which states that the
exterior covariant derivative of the curvature is zero, is another important
consequence of the Cartan Structure Equations.

2.1.12 Corollary. If B=d*A € Q%(Q;g) is the curvature two-form of
the connection A, then the Bianchi Identity holds:

d*B =0.

Proof. Consider three vector fields u,v,w € ¥(Q). We want to show
that d*B(u,v,w) vanishes. Start by using the definition of the exterior
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covariant derivative (2.1.9), the Cartan Structure Equations (2.1.10) and
the identity d? = 0 for the usual exterior derivative:

d*B(u,v,w) = dB(hor(u), hor(v), hor(w))
=d (dA — [A, A)) (hor(u), hor(v), hor(w))
= —dJ[A, A](hor(u), hor(v), hor(w)).
Next, we make use of the following identity for the exterior derivative of a

two form (see, for example, [MTA]): for w a two-form and X,Y, Z vector
fields, one has,

dw(X,Y,2) = X[w(,Z2)|+ Y[w(Z,X)] + Z|w(X,Y)]
- w([X7Y]7Z) - w([ZvX]’Y) _w([Ya Z]vX)

Using this identity with w = [A, A], we continue with the preceding com-
putation of dAB(u, v, w) to get

d*B(u, v, w) = — hor(u) [[A(hor(v)), A(hor(w))]]
— hor(v) [[A(hor(w)), A(hor(u))]]
— hor(w) [[A(hor(u)), A(hor(v))]]
+ [A, A]([hor(u), hor(v)], hor(w))
+ [A, A]([hor(v), hor(w)], hor(u))
+ [A, A]([hor(w), hor(u)], hor(v)).

Each term in this expression is zero since A vanishes on horizontal vectors.
Therefore, dB(u, v, w) = 0. [ ]

This form of the Bianchi identity is implied by another version, namely
dB = [B, A]",

where the bracket on the right hand side is that of Lie algebra valued differ-
ential forms, a notion that we do not develop here; see the brief discussion
at the end of §9.1 in [MandS]. The proof of the above form of the Bianchi
identity can be found in, for example, Kobayashi and Nomizu [1963] or in
Bleecker [1981], Proposition 2.2.8, page 39.

Aside: Link to Riemannian Curvature. Since connections and cur-
vature are commonly developed in the setting of Riemannian geometry, it
may be useful to point out at least the starting point of the link with the
preceding approach of principal connections.

Given an oriented Riemannian manifold M with metric tensor g and
associated Levi-Civita connection, first construct the oriented orthonormal
frame bundle B over M. This is a principal bundle with the group SO(n)
acting fiberwise in a free and proper way (one can make it either a left or
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right action as one prefers). The quotient is clearly just M. Now define an
so(n)-valued one form A, on B in the following way.

Start with a point in B, namely an orthonormal frame (e, ...e,) based
at a point x in M. Next, take a tangent vector w to this frame in B, which
we can identify with an equivalence class of moving frames. These moving
frames define a tangent vector v to M, namely that of the moving base
point, say x(t) of these frames. Parallel transporting (using the Levi-Civita
connection) these frames back along the curve z(t) to the point z produces a
curve in SO(n) starting at the identity (since any two oriented orthonormal
frames are uniquely related by an element of SO(n)). Thus, a tangent vector
to B produces, in a natural way, an element v of TM together with an
element of the Lie algebra so(n). The principal connection A, associated
to the metric tensor g is just the map taking w to this element of so(n);
one can routinely verify the needed properties of a connection.

Detailed development of this idea is closely related to differential form
methods for computing curvature in concrete examples and to mathemati-
cal ideas related to the Gauss-Bonnet theorem, Chern classes, and the like.
Unfortunately developing the full details of how this goes is a rather long
story, and the literature is not very accessible, but the reader can consult,
for example, Kobayashi and Nomizu [1963], Misner, Thorne, and Wheeler
[1973] and Spivak [1979] for further information.

Curvature as a Two-Form on the Base. We now show how the cur-
vature two-form drops to a two-form on the base with values in the adjoint
bundle.

The associated bundle to the given left principal bundle 7g ¢ : @ — Q/G
via the adjoint action is called the adjoint bundle. It is defined in the
following way. Consider the free proper action (g, (q,€)) € G x (Q x g) —
(9-9,Ady &) € Q x g and form the quotient g := Q X g := (Q x g)/G which
is easily verified to be a vector bundle 7z : g — Q/G, where 73(g,§) =
7Q,c(g). This vector bundle has an additional structure: it is a Lie algebra
bundle; that is, a vector bundle whose fibers are Lie algebras. In this case
the bracket is defined pointwise:

(75(9,€), ma(g,m)] == 75(g, € 1))

for all g € G and £, n € g. It is easy to check that this defines a Lie bracket
on every fiber and that this operation is smooth as a function of 7o ¢(q).

The curvature two-form B € 92%(Q; g) (the vector space of g-valued two-
forms on Q) naturally induces a two-form B on the base Q/G with values
in g by

B(rq.c(a) (Tymq.a(u), Tymq,c(v)) := m5 (¢, B(u, v)) (2.1.11)

for all ¢ € Q and u,v € T,Q.
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Let us prove that B is well defined. If ¢ = g-q and v’,v' € T, Q are such
that

Tymq.c(u') = Tymg.c (Ty®e(w) = Tymo,.c(u)
and
Tymqa(v') = Tymq.a (T4®y(v)) = Tymg,c(v),
then v/ — T, ®4(u),v' — T, ®4(v) € Vg and hence by Corollary 2.1.11 we get

=75 (9 @ B(Tg®g(u) + (v — TPy (u)), Ty Py (v) + (v — TPy (v)))
=5 (9@ B(T®y(u), TgPy(v)))

=5 (9 ¢ (2;B)(u,v)))

=75 (9 ¢, Ady (B(u,v)))

=75 (¢, B(u,v))

which shows that the right hand side of (2.1.11) is independent of the
choices made to define B.

Since (2.1.11) can be equivalently written as 7j, ;B = w5 o (idg xB)
and mg ¢ is a surjective submersion, it follows that B is indeed a smooth
two-form on /G with values in g.

Associated Two-Forms. Since B is a g-valued two-form, in analogy
with (2.1.1), for every u € g* we can define the p-component of B, an
ordinary two-form B, € Q%(Q) on @, by

B,.(q)(ug, vg) = (11, B(q)(ug,vq)) (2.1.12)

for all ¢ € Q and ug, vy € TQ.

The adjoint bundle valued curvature two-form B induces an ordinary two-
form on the base Q/G. To obtain it, we consider the dual g* of the adjoint
bundle. This is a vector bundle over @/G which is the associated bundle
relative to the coadjoint action of the structure group G of the principal
(left) bundle mg.¢ : @ — Q/G on g*. This vector bundle has additional
structure: each of its fibers is a Lie-Poisson space and the associated Poisson
tensors on each fiber depend smoothly on the base, that is, 73+ : g* — Q/G
is a Lie-Poisson bundle over Q/G.

Given p € g*, define the ordinary two-form B, on Q/G by

By (1q,¢(9) (Tymq.(uq), Tymq.c(vq))
= (13- (¢, 1), B(mq,c() (Tymq.6(uq), Tymq,c(vq)))
= (1, B(q)(uq;vq)) = Bu(q)(ug,vq), (2.1.13)
where ¢ € Q, uq,vq € T4Q, and in the second equality (,) : g* x g — R is

the duality pairing between the coadjoint and adjoint bundles. Since B is
well defined and smooth, so is B,.
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2.1.13 Proposition. Let A € QY(Q;g) be a connection one-form on the
(left) principal bundle 7g.¢ : Q@ — Q/G and B € Q*(Q;g) its curvature
two-form on Q. If u € g*, the corresponding two-forms B, € Q*(Q) and
B, € Q*(Q/Q) defined by (2.1.12) and (2.1.13), respectively, are related

by 75 By = By In addition, By, satisfies the following G-equivariance
property:

2B, = Bad: i
Thus, if G = G,, then day, = B, = T(-ZZ,GBl“ where o, (q) = A(q)*(1).

Proof. The identity WZQ’GEN = B, is a restatement of (2.1.13). To prove
the equivariance of By, note that for g € GG, Corollary 2.1.11 yields

(I);BH = <,u, @ZB> = <,LL7 Adg OB> = <Ad; Hy B> = BAd; n

as required.

The last relation is a consequence of Proposition 2.1.2. Indeed, if G = G,
then @7, = «, for any g € G so taking the derivative of this relation
relative to g at the identity yields £¢,a, = 0. However, we also know that
a,, takes values in J~* () and hence

(iggu)(q) = (au(a),€0(a)) = (J(au(q)), &) = (1, &) ,

that is, i¢ ), is a constant function on Q. Therefore,
igoday, = £eyap —digyay, = 0.

Now let ¢ € Q, uq,vq € T,Q. Then uy — [(A(g),uq)]o(q) is the horizontal
component of u, and similarly for v,. Therefore,

By (q)(ug, vg) = (1, dA(q) (uq — [(A(2),uq)lq(9), vg — [(Alg), ug)lq(a)))
= d-A(Q) (Uqa Uq) )

since each of the remaining three terms in the expansion is of the form
i¢,day, = 0, as was shown above. |

Further relations between «, and the p-component of the curvature will
be studied in the next section when discussing the magnetic terms appear-
ing in cotangent bundle reduction.

The Maurer—Cartan Equations. A consequence of the structure equa-
tions relates curvature to the process of left and right trivialization and
hence to momentum maps.

2.1.14 Theorem (Maurer—Cartan Equations). Let G be a Lie group and
let 0% : TG — g be the map (called the right Maurer—Cartan form) that
right translates vectors to the identity:

QR(Ug) =TyRy-1(vg).
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Then
dof — [0R7 HR] =0.

Proof. Note that 6% is literally a connection on G for the left action. In
considering this, keep in mind that for the action by left multiplication we
have £o(q) = TeR4(€). On the other hand, the curvature of this connection
must be zero since the shape space G/G is a point. Thus, the result follows
from the structure equations (2.1.10). |

Another proof of this result is given in [MandS], §9.1. Of course there is
a similar result for the left trivialization 8%, namely the identity

do* + 6%, 0% = 0.

The results in this section are the main ones that we shall need for
subsequent developments, but of course there is much more to this subject,
such as the Bianchi identities, the link with classical connection theory, etc.
We refer to Kobayashi and Nomizu [1963] for further basic information,
to Bloch [2003] for applications to nonholonomic systems and to Cendra,
Marsden, and Ratiu [2001a] for applications to Lagrangian reduction.

Computations for Homogeneous Spaces. We now carry out the cal-
culation of the mechanical connection and its curvature in an important
special case that will be needed at several places later in the book. We
will choose @ to be a Lie group G and will choose the group that acts on
G to be a closed normal subgroup N acting on G by right translations.
Thus, we are considering the principal bundle G — G/N. Right transla-
tion of a given positive definite inner product on g yields a right invariant
Riemannian metric ((,)) on G.

The goal is to now compute the mechanical connection on G — G/N
and its curvature. To do this, we consider the splitting g = n @ nt and
the corresponding orthogonal projection P, : g — n. Since N is a normal
subgroup, the adjoint action of G on g induces a G-representation

AdéV:Adg|n:an

obtained by taking the derivative of the conjugation of G on N. The split-
ting g = n @ nt is in general not equivariant with respect to these G
representations on g and n. Correspondingly, the adjoint action need not
commute with the projection P;,.

Since the metric ((,)) is right G- and hence N-invariant, there is a cor-
responding mechanical connection defined by the horizontal distribution
whose fibers are H, := ng(g)* := {T.Lyn | n € n}*. The horizontal spaces
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are in fact the right translates of n' since
H, ={wy, € T,G | (wy,TeLygn)) =0, for all n € n}
={wy € T,G | {TyRy~1wy,Adyn)) =0 for all n € n}
={wy € T,G | {TyRy-1wy,¢)) =0 for all ¢ € n}
={wy € T,G | TyRy-1wy € nt}
=T.Ry (n"). (2.1.14)

We now determine the formula for the mechanical connection A : TG —
n having this horizontal subbundle.

2.1.15 Theorem. Under the setup above, the following hold.

(i) The connection one-form A € Q'(G;n) associated to the G-right in-
variant Riemannian metric () whose horizontal subbundle is given
by H,G =T.R, (nl) has the expression

A(9)(Xy) = (Ady-1 0Py 0 0%) (X,), (2.1.15)

where X, € T,G and 0% is the right Maurer-Cartan one-form (see
Theorem 2.1.14).

(ii) A has the following equivariance property relative to right translation
by h € G:
Ry A= Ady-10A4 (2.1.16)

Proof. To prove (i), we first compute the locked inertia tensor. Given
&,8 enand g € G, we have

I(9)61,€2) = (TeLgter, T.Ly2) = (AdY &1,Ad) &)
((ayen) 6

where (Adé\’ )T is the adjoint of the linear isomorphism Adév relative to
the inner product ((,)). This gives I(g)(§) = (Ad))" o Ad)’ and hence
I(g)~t = Adé\ll O(Adév—l)T. Therefore,
(IFL(X,)),€) = (X, TeLog) = (T, Ry Xy, AdY €)
= (Pa (T, Ry X,) , Ad) )
= <<((AdéV)T oPno GR) (Xg)vf>> )

where we have used, crucially, the normality of N in G in the second
equality by writing (TgRy-1 o TeLg)(§) = Adévf € n. This shows that
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J(FL(X,)) = ((Adé\’ ) oPyo oR) (X,) and hence

A(Xy) =T(g)" (J(FL(X,)))
- (Adfj_l o(Ad) 1) o (Ad)) o Py o HR) (Xy)
= (Ad‘]qvf1 OPn o QR) (Xg)7

which proves (2.1.15).
To prove (ii), let g € G and X, € T,G. We have

Ry Ag)(X,) = Algh)(T, Ri X,)
= Adp-1g-1 P (TghR(gh)*ngRth>
= Adj,-1 Adg—1 Py (TyRy-1 X)
= Adj,-1 A(g)(X,),

which proves (ii) and thus the Theorem. |

Remark. Notice that if P, were G-equivariant with respect to the Ad™Y
and Ad-actions, (2.1.15) would become A = P, o 0%, where 6% is the left
Maurer-Cartan form. However, this is only valid in the trivial case when
we have a homomorphism from G to N, which is not the case for group
extensions.

The next theorem gives an explicit formula for the curvature of A.
2.1.16 Theorem. The curvature two form B € Q%(G;n) of the connec-
tion A € QY(G;n) given in (2.1.15) is

B(Xg,Yy)

= Adg-1 (—ade Pa(n) + ady Pa(§) + Pal€, 0] + [Pa(€), Pa(n)])  (2.1.17)
where & == 07(X,), n:=08(Y,) € g.

Proof. Note first that the four terms in the parenthesis on the right hand
side in (2.1.17) are all elements of n since n is an ideal in g. Next, recall
that by the structure equation (2.1.10) we have

B=dA+ A A,

where the bracket [, ] is in n. There is a plus sign in front of the bracket since
we are working here with right bundles and connections whereas formula
(2.1.10) is for left bundles and connections.

We first compute d.A as follows

dA(Xy,Yy) = X [A(Y)] (9) = Y [A(X)] (9) — A(IX, Y])(g),  (2.1.18)
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where X and Y are the right invariant vector fields on G such that X (g) =
X, and Y(g) =Y.

Inside this formula, let us first compute the term X [A(Y)] (g). Letting
n:=TyR,~1Y, = 07(Y,), formula (2.1.15) implies that

A(Y)(h) = A(h)(Y (R))
= (Athfl OPn) (ThRp-1Y (h))

= (Ad)s oPn) ()
._ R : _ d
for any h € G. Let € := 6"(X,), that is, X, = E{t:o (expt€)g, so that

d

dt

d

@ Ad‘év—l Adfje\)’(p(fté) Pn (77)
t=0

= —Ad}"1 ade Pa(n).

X[AY)](9) T )

t=0

The second term in (2.1.18) is computed the same way. Now we turn
to the third term. Since X,Y are right invariant vector fields, we have
[X,Y](g9) = —T.R4[¢,n] and hence

A(X,Y])(9) = —A(TeRy [, 1)) = — Adghy Pu([€, ).
Substituting these results into equation (2.1.18), we get
dA(Xy, Yy) = Adgts (ade Pu(n) + ady Pa(€) + Pa((&n])- (21.19)

The last term in the structure equation for the curvature is computed in
the following way:

[A(X,), A(Yy)] = [AdgE Pa(€), AdgEs Pa(n)]
= Adév—l [Pu(§), Pa(m))-

Combining this with equation (2.1.19) gives the result. [ |

2.2 Cotangent Bundle Reduction:
Embedding Version

As mentioned in the introduction, where we reviewed some of the main
ideas and the history, the cotangent bundle reduction theorems are amongst
the most basic and useful of the symplectic reduction theorems. In this
and in the next section, we give the regular versions of the theorems. For
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singular versions of general symplectic reduction theorems, see the outline
in §1.4, as well as Part IIT and [HRed] and for the specific case of singular
versions of cotangent bundle reduction theorems, see the outline in §2.4.

Cotangent bundle reduction theorems come in two forms—the embedding
cotangent bundle reduction theorem and the bundle cotangent bundle reduc-
tion theorem. These are treated respectively in the following two sections.
In either case, we start with a smooth, free, and proper, left action

P:GxQ—Q

of the Lie group G on the configuration manifold @ and lift it to an ac-
tion on T*@Q. This lifted action is symplectic with respect to the canonical
symplectic form on T*@Q, which we denote (.,,, and has an equivariant
momentum map J : T*Q) — g* given by

(J(ag), &) = (ag,80(q)) ,

where £ € g. Letting p € g*, the aim of this section is to determine the
structure of the symplectic reduced space ((7%Q)u,€,), which, by The-
orem 1.1.3, is a symplectic manifold. We are interested in particular in
the question of to what extent ((1T7%Q),,€2,) is a synthesis of a cotangent
bundles and a coadjoint orbit.

Cotangent Bundle Reduction: Embedding Version. In this version
of the theorem, we first form the quotient manifold

QN = Q/GM7

which we call the u-shape space. Since the action of G on @ is smooth,
free, and proper, so is the action of the isotropy subgroup G, and therefore,
@, is a smooth manifold and the canonical projection

Q.G Q@ — Qu

is a surjective submersion.

Consider the G-action on @ and its lift to 7. This lifted action is
of course also symplectic with respect to the canonical symplectic form
Qdcan and has an equivariant momentum map J* : 7*Q) — g;, obtained by
restricting J; that is, for a, € T Q,

JH(ag) = I(ag)lg,-

Let p/ = plg, € g;, be the restriction of u to g,. Notice that there is a
natural inclusion of submanifolds

I W) (@3 (). (2.2.1)

Since the actions are free and proper, u and p’ are regular values, so these
sets are indeed smooth manifolds. Note that, by construction, p' is G-
invariant.
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There will be two key assumptions relevant to the embedding version of
cotangent bundle reduction. Namely,

CBR1. In the above setting, assume there is a G, -invariant
one-form «,, on Q with values in (J*)~1(u).

and the condition (which by (2.2.1), is a stronger condition)
CBR2. Assume that o, in CBR1 takes values in I~ (p).

For £ € g, and g € @, notice that, under the condition CBR1,
(igoan)(@) = (J(au(a), &) = (W, 6),
and so g,y is a constant function on @ . Therefore, for £ € g, ,
igoday, = £eya, — dig,a, =0, (2.2.2)
since the Lie derivative is zero by G ,-invariance of «,. It follows that
There is a unique two-form B, on Q, such that
70,6, B = doy,.
Since 7q,g, is a submersion, 3, is closed (it need not be exact). Let
B, = WZ?H B,

where g, : T*Q, — Q, is (following our general conventions for maps) the
cotangent bundle projection. Also, to avoid confusion with the canonical
symplectic form Qc., on T*(Q, we shall denote the canonical symplectic
form on 7@, the cotangent bundle of p-shape space, by wean.

2.2.1 Theorem (Cotangent Bundle Reduction—Embedding Version).
(i) If condition CBR1 holds, then there is a symplectic embedding

0u (T7Q) s ) = (T"Qpuy Wean — Bu), (2.2.3)
onto a submanifold of T*Q,, covering the base Q/G,,.

(ii) The map @, in (i) gives a symplectic diffeomorphism of (T*Q),, )
onto (T*Q;Lawcan - Bﬂ) Zf and only ng = g#_

(iii) If CBR2 holds, then the image of ¢, equals the vector subbundle
[Trq,c,(V)]° of T*Qu, where V. C TQ is the vector subbundle con-
sisting of vectors tangent to the G-orbits, that is, its fiber at ¢ € Q
equals Vg = {&q(q) | € € g}, and ° denotes the annihilator relative to
the natural duality pairing between T'Q,, and T*Q),,.
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Remarks.
1. As was mentioned, a history of this result can be found in §1.3.

2. As we saw in Proposition 2.1.2 and will elaborate shortly, cr;, may be
constructed satisfying condition CBR1 from a connection on the p—
shape space bundle g ¢, : @ — Q/G,, and an o, satisfying CBR2
can be constructed using a connection on the shape space bundle

0.6 Q — Q/G.

3. Note that in the case of Abelian reduction, or, more generally, the case
in which G = G;, the reduced space is symplectically diffeomorphic
to T*(Q/G) with the symplectic structure given by Qcan — By, In
particular, if u = 0, then the symplectic form on T*(Q/G) is the
canonical one, since in this case one can choose o, = 0 which yields
B, =0.

4. The term B,, on T*(Q is usually called a magnetic term, a gy-
roscopic term, or a Coriolis term. The terminology “magnetic”
comes from the Hamiltonian description of a particle of charge e
moving according to the Lorentz force law in R? under the influence
of a magnetic field B. This motion takes place in T*R3 but with
the nonstandard symplectic structure dg’ A dp; — B, 1 = 1,2,3,
where c is the speed of light and B is regarded as a closed two-form:
B = B,dy ANdz — Bydz A dz + B.dx A dy (see [MandS], §6.7 for
details).

The strategy for proving this theorem is to first deal with the case of
reduction at zero and then to treat the general case using a momentum
shift.

Reduction at Zero. The reduced space at u =0 is, as a set,
(T*Q)o = I~1(0)/G

since, for 4 = 0, G,, = G. Notice that in this case, there is no distinction
between orbit reduction and symplectic reduction.

2.2.2 Theorem (Reduction at Zero). Assume that the action of G on Q
is free and proper, so that the quotient Q/G is a smooth manifold. Then
0 is a regular value of J and there is a symplectic diffeomorphism between
(T*Q)o and T*(Q/G) with its canonical symplectic structure.

Proof. Since the action ® : G x ) — @ of G on ( is free, so is the
(left) lifted action of G on T*@Q. Thus, since all phase space points have no
symmetry, they are all regular. The action of G being proper on ) implies
that it is proper on 7*Q (and hence on J=1(0)) as well. Thus, (T*Q)o and
T*(Q/G) are smooth symplectic manifolds. Following our general notation,
let 7o ¢ : @ — Q/G denote the canonical projection.
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Define the smooth map

Bo: I7H0) = {og € TQ | (0. 60(q)) = 0 for all £ € g} — T7(Q/G)

by
(@olag), Tymq,c(vg)) = (g, ) (2.2.4)

for any v, € T,Q. This map is well-defined for if v,, 11('1 € T,Q are such that
Tymq.c(ve) = Tymq.c(vy), there is some € € g such that v, —v, = {o(g) and
hence (arg, vg) = (g, vg + £ (q)) = (ag, vg), since {(ag,&q(q)) = 0 because
ag € J7H0).

We claim that the map @, is G-invariant. Indeed, for any g € G and
vy € T4Q we have Ty.qmg,c(g - vq) = Tym,c(vq) and hence

(@o(9 - aq), Tymq,c(vg)) = (o9 - ), Tg-qmQ.c (g - Vg)) = (9 g, g - Vg)
= (ag,vq) = (Po(aq), TymQ,c(vg)):

by the definitions of the (left) lifted G-actions to T'Q and T*@Q, respectively.
This shows that Py(g - ag) = Py(cyg) for any a, € J71(0) and g € G.

Next, we claim that @, is surjective. To see this, observe that if 'y, €
17,(Q/G), where [q] := 7, (q), and if we define a4 € J=1(0) by (ag,vq) :=
(Pig), Tqmq.c(vg)), then By(aq) = T'g.

Thus, @, induces a smooth surjective map o : (T*Q)o — T*(Q/G)
uniquely characterized by the relation g o m9 = B, where mo : J~1(0) —
J~1(0)/G is the canonical projection.

We now assert that oo is injective. Let o,y € J7(0) be such that
Bolay) = wo(mo(ay)) = wo(moley)) = Polay). In particular, this implies
that there is some g € G such that ¢’ = g-¢. Since J(g-aq) = Adj -1 J(ay) =
0 by equivariance of J and the fact that a, € J7'(0), we conclude that
g ag,ap € J7H0)N T, Q. Thus, by G-invariance of @, it follows that
the relation @y(ay) = Py(ay) is equivalent to (g - ag) = Py ), which
states that (g- oy, vy) = (g, vy) for all vy € Ty Q. Therefore ay = g- oy
and hence my(ay) = mo(aq) thus proving that ¢ is injective.

Since we have shown that ¢g : (T*Q)o — T*(Q/G) is both injective and
surjective, it is a smooth bijective map.

To show that g is canonical, by the unique characterization of the re-
duced symplectic form, it suffices to show that

ToP00can = 16Ocan, (2.2.5)
where
(a) BOcan is the canonical one-form on T*(Q/G),
(b) ©can is the canonical one-form on T*Q),

(c) ig: J71(0) — T*Q is the inclusion map, and
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(d) mo: J71(0) — J~1(0)/G is the projection.
Indeed, taking the exterior derivative of (2.2.5) gives
7T3903Wcan = Z‘Ek)Qcan, (226)

where weay is the canonical symplectic form on T*(Q/G) and Qca, the one
on T*(@. Equation (2.2.6) implies, by the Symplectic Reduction Theorem
1.1.3, that

<p6wcan = QO; (2'2'7)
where Qg is the reduced symplectic form on (7*Q)g.

It remains to prove (2.2.5). Denote by mg,q : T*(Q/G) — Q/G the
cotangent bundle projection. Let oy € J71(0) and v € T, J~'(0). Then
o © Ty = Py, the definition of the canonical one-form, the relation 7¢,q o
Py = TQ,c © TQ ©dg, and (2.2.4), show that

(15 P50can) (), v) = {(Fbean)(atq), v) = (fean(Po(aq)), Ta, Po(v))
= <¢0(aq)>T¢0(aq)7rQ/G( a,;‘Po( ))> <800(0‘q) Taq(WQ/G OSDO)(’U»
= (Bo(@g), Ta, (TqQ.c 0 T ©0)(v)) = (Fo(q), Tymq.c (Ta,mq(v)))
= (g, Ta, mq(v)) = (i5O (), v) ,

which proves (2.2.5).
At this point we know that

po: (T"Q)o — T7(Q/G)

is a smooth symplectic bijective map. Since every symplectic map is im-
mersive, we conclude that g is an immersion. Finally, note that

dim(T*Q)p = 2dim Q — 2dim G = dim T*(Q/G),

which implies that ¢g has bijective derivative and therefore is a local dif-
feomorphism. Hence g is a bijective local diffeomorphism and thus it is
diffeomorphism. |

Next, we prove an additional important special case of the general cotan-
gent bundle reduction theorem that, for example, includes the case of
Abelian reduction. The key assumption here is that G = G, which in-
deed is always the case if G is Abelian.

2.2.3 Theorem. Assume that the action of G on Q is free and proper,
so that the quotient Q/G is a smooth manifold. Let p € g*, assume that
G = G, and assume that CBR2 holds. Then p is a regular value of J
and there is a symplectic diffeomorphism between (T*Q), and T*(Q/G),
the latter with the symplectic form wean — By, here, wean 5 the canonical
symplectic form on T*(Q/G) and B,, = Wa/Gﬂ#, where the two form B,
on Q/G is defined by
76,68 = day,.
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Proof. Note that in this case, the hypothesis CBR2 on «,, is that it is
G-invariant and that o, (Q) C J~*(p).
First, introduce the shift map

Shift, : T7Q — T*Q,
which is the diffeomorphism defined by
Shift,, (o) := aq — au(q) (2.2.8)
and note that Shift, gives a G-equivariant diffeomorphism
shift,, : J7'(p) — J~1(0);

this is simply the statement that if o, has momentum g, then shift, (o) has
momentum value zero. By construction we have the following commutative
diagram; that is, the identity ¢ o shift, = Shift,, oi,.

)

I~ (w) - - T*Q
shift,, Shift,,
—-1/n\ io *
J-1(0) - T°Q

Second, by the momentum shifting lemma (see [MandS] §6.6), which is,
in fact, a simple calculation, we have

(Shift,) Qean = Qean + 1o day,.
Letting iy, act on each side and using the diagram above, we get
shift ), igQean = 4}, (Qean + mHday,). (2.2.9)
Third, by G-equivariance of shift,,, we get an induced diffeomorphism
shift,, : I~ (1) /G — I1(0)/G.

Notice that it is at this point that we are using the hypothesis that G = G,.
Now define the diffeomorphism

QO,LL ‘= o ©° Sﬁtu : Jil(,uz)/G - T*(Q/G)’

where ¢y : J71(0)/G — T*(Q/G) is the diffeomorphism defined in the
proof of Theorem 2.2.2. To show that @Z(wcan — B,) = Q, we shall
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check that gaZ(wcan — B,,) satisfies the property uniquely characterizing

Q,,, namely

T80 (Wean — By) = 1, Qean- (2.2.10)
We shall use the definition of ¢,, and the identity sﬁt# o, = mo o shift,
to rewrite the left hand side of (2.2.10) as follows:

(u © ) (Wean — By) = (o o shift, o 7,)" (wean — By)
= (g o mg o shift, )" (Wean — By)
= shift), 7505 (Wean — By.)- (2.2.11)

However, B, = 77, 0, and ¢jwean = Qo (see (2.2.7)), so (2.2.11) becomes
shift), 75€0 — shift), T0PoT 0 6P (2.2.12)
But
shiftz 582 = shift ), igQean = 77, (Qean + 1Hday,)

by (2.2.9). Also, from the results on reduction at zero, we have the identity
TQ/G © Yo © To = TQ,c © TQ © o and so the last term in (2.2.12) becomes

LS 3 *

shift), 750070 )¢ = shifty, ismo G o8y, = shift, igrodaey, = iy mhday,
since mg 04, = g o iy o shift,,. Thus (2.2.12) becomes

7% (Qean + Thday,) — i day = 0% Qean,

as required. |

Proof of Theorem 2.2.1. We shall prove (i) and (ii) together. As al-
ready mentioned, the strategy is to reduce the problem to reduction in the
case in which G = G, which was dealt with in the preceding theorem.

From the inclusion of submanifolds (2.2.1), we get a symplectic inclusion
of reduced symplectic manifolds

I (W) /G (I HW') /G (2.2.13)

the manifold (J#)~!(u')/G,, is the reduction at u’ of T*Q for the G ,-action
since p/ is G-invariant; that is,

(GM)M, =Gy (2.2.14)
We assert that the inclusion (2.2.13) is an equality precisely when g = g,,.

Indeed, if g = g, then clearly J=*(u) = (J#)~'(1/) and hence, by G,,-
invariance of both J=!(u) and (J#)~1(y'), we get

T /G = (347 () /G (2.2.15)
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Now assume, conversely, that (2.2.15) holds. It is a general and elementary
fact that if a group K acts on two sets A and B, with A C B and if
A/K = B/K, then A = B. Thus, from the inclusion (2.2.1), their G-
invariance, and the equality (2.2.15), we have J=(u) = (J#)~1(¢’). Now
let g € J7(u) = (J#)~1 (). The Reduction Lemma 1.2.2 (iv) applied to
the G-momentum map J yields ker T, J = (T, (G- og))®?, whereas applied
to the G,-momentum map J* gives ker T, J* = (Ty, (G, - ). Since the
manifolds J=1(x) and (J#)~1(y') are equal, so are their tangent spaces at
o and therefore, taking Q-orthogonal complements yields

{éola) | €€ g} = Taq(G o) = Taq<Gu o) = {nq(a) | n € gu}-

Freeness of the G-action (actually, local freeness suffices here) implies then
that g = g,.

Since the inclusion (2.2.13) is symplectic, it is necessarily an immersion
and since (2.2.1) is an inclusion of submanifolds, so is (2.2.13). Therefore
(2.2.13) is an embedding.

Applying Theorem 2.2.3, with the group being G/, with its momentum
map J#, at the momentum value p/, and with o, chosen to be a,, (sat-
isfying CBR1), we see that ((J*)~!(u')/G,, Q) is symplectically diffeo-
morphic to (T*(Q/G ), wean — By). The hypotheses of this theorem hold
by virtue of (2.2.14).

Composing the above symplectic diffeomorphism with the symplectic
embedding (J7(u)/Gp, ) C ((I*)"HW)/Gu, Q) gives a symplectic
embedding

ou s (T7°Q) s Q) — (T(Q/G L), Wean — By).

The map ¢, is explicitly given as follows. Denote by [a,],, the elements
of the reduced space (T*Q), = J7'(u)/G, and by [ago the elements of
the reduced space (J#)~1(0)/G,. Then ¢, is given by

eullagly) = eollag — au(@)lo) = Bolag — au(q)). (2.2.16)

or, explicitly

<<Pu([aq]u)aTq7TQyGu, (Uq)> = (ag — au(q),vg) (2.2.17)

for any v, € T,Q.

The image of the embedded submanifold ¢, ((T*Q),) in T*(Q/G,) obvi-
ously projects by 7g g, onto the y-shape space Q/G,, = Q,, (see (2.2.16)).
Thus, we have proved (i) and (ii).

Now we turn to part (iii), which assumes CBRZ2; that is, «,(Q) C
J=(u). First we give some needed preliminaries.

Let V. C TQ be the vertical bundle of the G-principal bundle mg ¢ :
Q — Q/G, that is, V is the vector subbundle of TQ whose fiber at each
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q € Q equals V; = {{q(q) | € € g}. Since Tymq.q, : Vy — Tro. o @ (Q/GL)
has kernel {ng(q) | n € g,} whose dimension does not depend ongqge€Q
(because the G-action is free on @), it follows that the rank of Tymg,q, |v is
constant in . Therefore, both the kernel and the range of T'mg ¢, |v are sub-
bundles of V' and T'(Q/G,) respectively. Thus the annihilator [T'7q g, (V)]°
is a vector subbundle of T*(Q/G,).

To prove (iii) we shall show that

eu((T7Q)u) = [T7q.c. (V)] (2.2.18)

Indeed, if oy € J71 (1) we have by (2.2.16) and (2.2.4) for any £ € g

(eullagly), Tymq,c.(§0(a)) = (Polag — au(q)), Tymq.c,. (o (a)))
= (g, §0(9)) — (au(q),€0(a)) = (J(ag), &) — (I(au(q)), {alq))
= </1'7£> - <:u7§> = 0.

Note that the hypothesis CBR2, namely «,(Q) C J~!(u), was essential
in this argument and that the previous reasoning would not have worked
had we assumed only CBR1, namely «,, has values in (J#)~!(u). This
shows that the image of ¢, lies in [T'mq ¢, (V)]°. Conversely, if I'yy €

[TTngH(V)]O define oy € T,;Q by

<aqavq> = <F[q]7Tq7TQ,Gu (%)) + <au<q)avq>

for any v, € T,Q. We claim that a; € J7!(1). Indeed, for any £ € g we
have

(J(g), &) = (aq,€0(9))
= (Tg, Ty, (§@(0)) + (au(a), §o(9))
0+ <J( 1(9)),€)
= (1, €).-

From the definition of oy it immediately follows that ¢, ([eg]u) = T'g,
which shows that [T'mq ¢, (V)]° is contained in the range of ¢,,. This proves
(2.2.18). n

Example. Consider the reduction of a general cotangent bundle T*Q by
G = S0(3). Here G, = S, if 1 # 0, and so the reduced space is embedded
into the cotangent bundle T*(Q/S*). A specific example is the case of Q =
SO(3). Then the reduced space (T*SO(3)), is SH |» the sphere of radius
|| 1]| which is a coadjoint orbit in s0(3)*. In this case, Q/G,, = SO(3)/S! =
SﬁuH and the embedding of Sﬁ#” into T*Sﬁul\ is the zero section. ¢
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Magnetic Terms and Curvature. Using the results of the preceding
section, we will now show how one can interpret the magnetic term B, as
the curvature of a connection on a principal bundle.

We saw in the preamble to the Cotangent Bundle Reduction Theorem
2.2.1 that i¢,day, = 0 for any £ € g, which was used to drop da,, to the
quotient. In the language of principal bundles, this may be rephrased by
saying that doy, is horizontal and thus, once a connection is introduced,
the covariant exterior derivative of o, coincides with da,,.

There are two methods to construct a form «, with the properties in
Theorem 2.2.1. We continue to work under the general assumption that G
acts on @ freely and properly.

First Method. Construction of a,, from a connection A* € QY(Q;g,)
on the principal bundle T q, : Q — Q/G,.

To carry this out, we show that the choice

a, = (i, A*) € 21(Q)
satisfies the condition CBR1 in Theorem 2.2.1, where, as above, p’ = pug,,.
We show first that «, is G ,-invariant. Indeed, for any g € G, and v, € T,Q
we have

(®5eu)(@)(vg) = (g - ) (g - vg) = (W', A*(g- @) (g vg))
= (1, (2A")(q)(vg)) = (', Adg A" (q)(vg))-
However, since g € G, and A*(q)(vq) € g,, it follows that Ad, A*(q)(vq) €
g, and since p' = plg,, we conclude that
(W', Adg A*(q)(vq)) = (1, Adg A*(q)(vg)) = (Ady u, A*(q)(vg))
= (1, A*(q)(vg)) = u(q)(vg)

because g € G,. This shows that ®}a,, = o, for any g € G,. Second, we
show that «,, takes values in (J*)~*(y/). Indeed, for any £ € g,,, we get

(I (u(0)); €) = (au(a),§a(@)) = (', A (@) (€e(a)) = (1, €).
Thus this one-form ¢, satisfies the condition CBR1 in Theorem 2.2.1.
Next, we shall give an interpretation of the two-form day, in terms of
curvature. Recall from (2.1.8) that the curvature two-form of A* is given
by
B*(q)(uq, vq) = dA*(q)(hory(ug), horg(vg))
so that the p/-component of B* equals
(', B")(q)(ug,vq) = d{’, A*)(q) (hory (ug), horg(vg))
= d(u', A") (@) (ug — [A" (@) (uq)lQ(0), v — [A"(a)(vg)]0(q))
= dov(q) (ug — [A" (@) (uq)lQ(9), v — [A*(a)(vg)]l0(q))
= dov,(q) (ug, vq)
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since each of the other three terms is of the form

da(9)(Ce(g), wq) = (iggda)(g)(wg) =0

by (2.2.2), where ¢ € g,,. Thus, doy, is the p'-component of the curvature
two-form. We summarize these results in the following statement.

2.2.4 Proposition. If the principal bundle Tqc, : Q@ — Q/G, with
structure group G,, has a connection A", then a,(q) can be taken to equal
At (q)* 1" and By, is induced on T*Q,, by da,, (a two-form on Q), which
equals the u'-component of the curvature B* of A*.

Second Method. Construction of o, from a connection A € Q'(Q;g)
on the principal bundle m1g o : Q — Q/G.

Next, we show that the choice (2.1.1), that is,

ay = (u, A) € 2(Q)

satisfies the condition CBR2 in Theorem 2.2.1. By Proposition 2.1.2 we
have for any g € G the identity ®jc,, = QAd? - Therefore, if g € G, we
get ®y, = ay. In addition, Proposition 2.1.2 states that this one-form
a,, takes values in J~!(p). Thus this one-form o, satisfies the condition
CBR2 of Theorem 2.2.1.

As with the first method, we shall now give an interpretation of the
two-form day, in terms of curvature.

Unlike the previous case, day, is not the y-component of the curvature
of A because the reasoning above used formula (2.2.2) that is valid only for
elements in g,. On the other hand, da,, does have an expression involving
the curvature that is a direct consequence of the Cartan Structure Equa-
tions (2.1.10). In fact, pairing B = dA — [A, A] with u € g* and recalling
that a, = (u, A) we get

da# = </l, B> + <ﬂ, [A, A]> .

We summarize these results in the following statement.

2.2.5 Proposition. If the principal bundle 7o ¢ : Q — Q/G with struc-
ture group G has a connection A, then a,,(q) can be taken to equal A(q)*u
and B,, is the pull back to T*Q, of day, € Q2(Q), which equals the p-
component of the two form B+[A, Al € Q%(Q; g), where B is the curvature
of A.

Coadjoint Orbits. We now apply the Cotangent Bundle Reduction The-
orem 2.2.1 to the case Q = G and with the G-action given by left transla-
tion. The right Maurer-Cartan form 6 is a flat connection associated to
this action (see Theorem 2.1.14) and hence

dau(g)(ug,vg) = <Na [HR,QR](g)(ug,Ug)> = <Nv [TgRgflug’TgRgflvgw'
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Recall from Theorem 1.2.3 that the reduced space (I*G), is the coad-
joint orbit O, endowed with the negative orbit symplectic form w,, and,
according to the Cotangent Bundle Reduction Theorem, it symplectically
embeds as the zero section into (T%0,,, wean — B,), where B, = Téﬂﬂu,
7o, : 70, — O, is the cotangent bundle projection, WE7GMﬂM = doy,, and
ng.c, : G — O, is given by 76.¢,(9) = Ad; p. The derivative of g g, is
given by

d
Tgﬂ—G,Gu (Teng) = -

Ad
dt

t=0

i) b= adg Adg 1

*
g exp(

for any £ € g.
Therefore, if we let v = Ady u € O,, adg v,ad; v € T,,0,,, we get

Buw) (adg v,adyv) = (7., B ) (9) (TeLgf ToLyn)
=da(g) (TeLy, TeLygn) = <:u7 [TyRy—1TeLgé, TgRgflTeLgn>

= (u, [Adg &, Adgn]) = (u, Adg[€, m]) = (v, [€,n])
= —w, (v) (adf v,ad; v)

which shows that 3, = —w, . Thus, the embedding version of the cotan-
gent bundle reduction theorem produces the following statement which, of
course, can be easily checked directly.

2.2.6 Corollary. The coadjoint orbit (O, w, ) symplectically embeds as

the zero section into the symplectic manifold (T*Oﬂ,wcan + w("guw;).

2.3 Cotangent Bundle Reduction: Bundle
Version

The embedding version of the cotangent bundle reduction theorem pre-
sented in the preceding section states that (I*Q), embeds as a vector
subbundle of T%(Q/G,,). The bundle version of this theorem says, roughly
speaking, that (T*Q), is a coadjoint orbit bundle over T*(Q/G) with fiber
the coadjoint orbit O through p.

Statement. We state this version as follows. Again we will utilize a choice
of connection A on the shape space bundle 7g.¢ : @ — Q/G. A key
step in the argument is to utilize orbit reduction and the identification

(T"Q)u = (T"Q)o-

2.3.1 Theorem (Cotangent Bundle Reduction—Bundle Version). The
reduced space (T*Q), is a locally trivial fiber bundle over T*(Q/G) with
typical fiber O.
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Sketch of Proof. The proof proceeds in a manner similar to the previ-
ous arguments in a number of steps. We sketch these below.

Step 1: Reduction at Zero. In Theorem 2.2.2, we have shown that re-
duction at zero is given by

(T*Q)y = T*(Q/G). (2.3.1)

Here (T*Q)o = J7(0)/G and the symplectic form on T*(Q/G) is
the canonical one.

Step 2: Orbit Reduction. Theorem 1.2.4 shows that the reduced space
(T*Q),, = J7*(n)/G,, can be identified with the quotient J=(0)/G,
where O is the coadjoint orbit through pu.

Step 3: Shifting. Use the shift map shift : T*Q — T*Q defined by
shift(aq) = ag — A(q)* I (aq) (2.3.2)
which restricts to define a map shiftp : J=H(O) — J=1(0).1

We assert that shift : T°Q — T*Q is equivariant with respect to the
G-action. To see this, let h € G, vy € TQ, and let @), : Q — @ denote the
action by h. Now use the definitions to compute the h-action on the second
term in the shift map:

A(h - q)*I(h - aq)), Ty®r(vg))

J(h-aq), A(h - q)(Ty®n(vy)))

Adj-1 J(ag), Adp A(vg))
(@) I(g), vg)-

Thus, Ty @, (A(h-q)*J(h-ay)) = A(q)*I (), which in other notation reads

(TG ®n(A(h-q)"I(h - aq)),vg) =

(
=
= (Ad
= (4

h-(A(g)"I(ag)) = A(h - q)"I(h - ag))

This computation proves our assertion that shift is equivariant.
Thus, shiftp : J71(O) — J~1(0) drops to the quotient, producing the
desired map

shifto : J71(0)/G — I1(0)/G = T*(Q/G). (2.3.3)

As we saw in orbit reduction (see Theorem 1.2.4), (T*Q), is symplectically
diffeomorphic to J~1(0) /G, where O is the coadjoint orbit through s, so
one gets a map of (I*Q), to T*(Q/G).

LIf we have a Riemannian manifold (invariant under the group action), and use it to
identify T'Q and 7@, the shift map is nothing more than the horizontal projection map
for the connection.
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We claim that the map shifty has fiber that is diffeomorphic to O, which
then would prove the theorem.

To prove the claim, start with two points [ag]a, [Brle € J71(0)/G, that
map to the same point in J~1(0)/G by sfhEtO. Thus, there is a g € G such
that ¢ - shiftp(aq) = shifto(8,). That is,

9 - (ag = A(9)"I(ag)) = B — A(g)"I(5r)

which is the same as

g-a,—Alg-q)"I(g-aq) = B — A(r)*I(B,).

Since the base points are equal, we have g-q = r, so the preceding equation
becomes

g-aq—A(r) J(g-aq) = Br — A(r)"J(5,).
Since [agla, [Brle € I71(0)/G, and J is equivariant, there is a group ele-
ment h € G such that

J(ag) = Adj—2 J(Br) =2 h - J(B;).
Letting © = J(5,), we get hence
g (ag—A(@)"(h-p)) = B — Alr)"p.

Thus, we have shown that the classes [oy]q, [8r]¢ have representatives
that have the same base point r and that these representatives differ by
quantities parametrized by elements of O, namely the element h - pu € O.
Regarding (3, as fixed in a local trivialization, we see that the classes [ag4]c
that map to the same point are parametrized by elements of O. |

This point of view is explored further and the exact nature of the coadjoint
orbit bundle is identified and its symplectic structure will be elucidated
shortly.

Poisson Version. This same type of argument as above shows the fol-
lowing, which we state slightly informally.

2.3.2 Theorem. The Poisson reduced space (T*Q)/G is diffeomorphic
to the coadjoint bundle of mg.¢ : Q@ — Q/G. This diffeomorphism is im-
plemented by a connection A € QY(Q;g). Thus the fiber of (T*Q)/G —
T*(Q/G) is isomorphic to the Lie-Poisson space g*.

There is an interesting formula for the Poisson structure on (7%Q)/G
that was originally computed in Montgomery, Marsden and Ratiu [1984],
Montgomery [1986]. Further developments in Cendra, Marsden, Pekarsky,
and Ratiu [2003] and Perlmutter and Ratiu [2005] gives a unified study of
the Poisson bracket on (T*Q)/G in both the Sternberg and Weinstein real-
izations of the quotient. Finally, we refer to, for instance, Lewis, Marsden,
Montgomery, and Ratiu [1986] for an application of this result; in this case,
the dynamics of fluid systems with free boundaries is studied.



74 2. Cotangent Bundle Reduction

Coadjoint Orbit Bundles. The purpose of the remainder of this section
is to give the details of the nature of the bundle and its associated symplec-
tic structure that was sketched in Theorem 2.3.1. We follow the exposition
in Marsden and Perlmutter [2000]; see also Zaalani [1999], Cushman and
Sniatycki [1999], and Perlmutter and Ratiu [2005]. The rest of this section
can be omitted on a first reading and is included mainly for completeness.
As above, we let a Lie group G act freely and properly on a manifold
@ so that the natural quotient map 7 : @ — @Q/G defines a principal
bundle. Let A be a principal connection this bundle and let g denote the
associated bundle to the Lie algebra g, namely g = (Q x g)/G, which we
regard as a vector bundle over Q/G. We recall the following natural bundle
isomorphisms (see Cendra, Holm, Marsden and Ratiu [1998]):

2.3.3 Lemma. There are bundle isomorphisms

ay:TQ/G—-T(Q/G)®g and (a;‘) TQ/GHT*(Q/G)G(B "

Proof. Given v, € T;Q, denote its equivalence class in T(Q/G) by [v,].
We claim that the mapping a4 : [vq] — Tym(vg) @ [q, A(q)(vg)] is well
defined and induces the desired isomorphism of TQ/G with T(Q/G) @ g.
To see this, consider another representative of the orbit [v,], given by g- v,
where we use concatenated notation for the tangent lifted action of G on
TQ. We have Ty.,m(g - vq) = Tym(vq) and

[9-3,A(g-0)(g-v)] =94, (05A)] = [9- ¢, Ady A(q)(v)]
= [, A(q)(vq)]-

The inverse of this map is given by vy @ [g,§] — [hory vy + Eo(q)] as is
readily verified. We therefore have a vector bundle isomorphism.

We next compute (a;')* : T*°Q/G — T*(Q/G) ® g*, the dual of the
inverse map:

(1) ([evg), (ugq) [4,€]))) = (lag], [horg -ugg) + Eo(q)])
= <O‘q>horq 'u[q]> (ag,60(q))
= (hory ag, ufg) + (I(ag), €) ,

where hory : T/Q — T[Z](Q/G) is dual to the horizontal lift map hor, :
T19(Q/G) — T4Q so that we conclude (") (Jog)) = (hory ag, [¢, I (ag)])-
|

_ This bundle isomorphism can be recast as follows (see Cushman and
Sniatycki [1999]). Consider the maps

ATQ—T'Q/G—a" ag— [ag — [g,T(ay)]
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and
L:7T"°Q = T"Q/G — T*(Q/G); g [ag] = hory ay.

Notice that the map o — horZ aq drops to T*Q/G, since we have, for all
Vig € Tiq) (Q/ ),
(horg 4(g - aq), Vig)) = (9 g, horg.q Vig)) = (g, g™" - horg.q Vig))
= (ag, 97" - (g -horg Vig)) = (ag, horg Vi)

where we use the fact that g - horg = horg.,.
We can write (a;l)* =I"® A. A partial inverse to the projection A is
given in the next proposition,

2.3.4 Proposition. Consider the map,
c:Qxg"—->T"'Q/G (2.3.5)

given by (q,v) — A(q)*v. This map is equivariant with respect to the diag-
onal action of G on @ x g* and the cotangent lifted action of G on T*Q,
and so uniquely defines a map on the quotient,

oc:g-—->T"Q/G (2.3.6)

This is a fiber preserving bundle map which is injective on each fiber and
satisfies A oo =id

E*
Proof. Under the map o, g-(q,v) = (9-¢, Ady-1 v) — A(g-q)*(Ady-1 v).
However, for all v € T,.,Q,
(Alg- )" (Adj -1 v,v) = (A1 v, Ag - q)v) = (v, Adg—1 A(g - q)v)
= (v, (g-1)"Alg - 9)v) = (v, A(@)(Ty-1v))
= <g . A(q)*V7’l)> )

from which we conclude equivariance of o. Also, for each [g,v] € §*,
A(o(lg, 1)) = A([A(9)"V]) = [¢,I(A(9)"V)] = [g, V],
since, for all £ € g, (J(A(q)*v), &) = (v, A(q)(€e(0)) = (v, ). u

We next determine the image, under (oz;‘l)* of the symplectic leaves
of the Poisson manifold T*@Q/G, which we know from the symplectic cor-
respondence theorem (see Weinstein [1983a], Blaom [2000]) are given by
J=1(0)/G for each coadjoint orbit O in g*.

2.3.5 Theorem. We have
(a2 (37H0)/G) = T*(Q/G) xq/c O,

where O = (Q x O)/G is the associated bundle using the coadjoint action
of G on O.
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Proof. From the definition of the bundle isomorphism « 4,

(a3)"(I7H0)/G) = {(P(ag), Alay)) | I(ag) € O}
= {(horg ay, g, J(ay)]) | I(ay) € O}

First we characterize the sets T;yQNJ~*(0), using the connection A. Denote
by Jg, the restriction of J to T;Q, and let o4 : g — T, Q, be the injective
infinitesimal generator map. Using the fact that J, = ¢, we have for all

§€g "
(J(ag +Au(9), §) = (g, §0(@)) + (1, &) = (1, ) (2.3.7)

where the second equality holds since oy € VO, the annihilator of the
vertical sub-bundle of T'Q). We conclude that

T,QNITHO) = {Vy + Aulq) | n € O}

Recall that since o} is surjective, 7o J710) = Q, where 7r+q : T*Q — Q
is the cotangent bundle projection. Now apply hor to each fiber over @) in
J=1(0). That is, for each ¢ € @, we consider

* —1 *
hor, (J7(0O)N T, Q) (2.3.8)
First, note that for all X, € Tj4(Q/G),

(hor} (A, (), Xg) = (1 A(g) (hory (X(g)) = 0 (2.3.9)

so that hor (A, (q)) = 0. Furthermore, since hor, is injective, hory : T7Q —
17, (Q/G) is surjective with ker hor; = H°, where H° denotes the annihila-
tor of the horizontal subbundle of T'Q. Thus, as a linear map, hor; i VA
T, (Q/G) is an isomorphism. Consider the set of pairs, {(I'(ag), Alayg)) |
J(ag) € O}. Each oy can be uniquely expressed as 3, + A,(q) for some
By € VP and pu € O. For a fixed p, let 8, range over qu. This generates
the set T, (Q/G) x [q, u] since J vanishes on V0. The result now follows
by varymg weo. |

Orbit Reduction. Recall from Theorem 1.2.4 the reduction construc-
tion in terms of coadjoint orbits. Assume u is a regular value of an equiv-
ariant momentum map J : P — g* of a left symplectic action of G on
the symplectic manifold (P,2) and assume that the symplectic reduced
space P, is a manifold with 7, a submersion. Let O be the coadjoint orbit
through p in g% . Then the inclusion map induces a Symplectic diffeomor-
phism from P, to the orbit reduced symplectic manifold (J=*(0)/G, Qo),
where the bymplectlc form Q¢ is determined by

Lo = 1500 + Jpwd, (2.3.10)
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where 1o : J7H(O) — P is the inclusion, Jo = J|IJ71(O), and w} is the
“+7” orbit symplectic structure on O. Recall that Theorem 1.2.4 explains
the sense in which the orbit reduced space J=1(0)/G is symplectically
diffeomorphic to the point reduced space P,. Note that if one assumes that
J=1(O) is closed, then it is a submanifold in the usual sense; otherwise it
is an initial submanifold.

By considering a momentum shift we can realize a bundle isomorphism
between J~1(O) and the space V? x O. Since it will be shown that this
isomorphism is G equivariant, it determines a unique diffeomorphism be-
tween V0 x O/G and J71(0)/G. We will characterize the symplectic form
on the former by pulling back the “characterizing” symplectic form on
J=1(O). Furthermore, it will be shown that V% x O/G is diffeomorphic to
T*(Q/G) @ 6, so that the reduced symplectic form can be expressed on
this space as well. Since J=1(0) C T*Q, the reduced symplectic form is
determined by the restriction of the canonical symplectic form in T*Q to
J=1(0), which in turn is determined by the restriction of the canonical
one-form to J71(O).

2.3.6 Lemma. There is a G-equivariant bundle isomorphism,
x:VPx0—-JY0) (2.3.11)

that uniquely determines a diffeormorphism, X on the quotient spaces so that
the following diagram commutes

VO x O - 171(0)
Ta TO
0 X -1
V'x0)/G JH0)/G
Proof. The map x is given by
X(ag,v) = ag + Alq)"v (2.3.12)

This map takes values in J=1(0), as is seen from the proof of the previous
theorem. From the characterization of the fibers of the bundle J=(0) — @,
it follows that this map is onto. Since it is a momentum shift, it is clearly
invertible with inverse

ag — ag — Alg)"I(ag) (2.3.13)
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We check G-equivariance as follows:

X(g - (g, V) =x(9-ag,9-v)=g-a;+Alg-9)*(g-v)
=g-a,+g-(AlQ)v) =g (x(agV)

where the third equality uses the invariance properties of the connection.
|

Because x is G-equivariant, the pull back by x of the G-invariant form
on J71(0), 1500, given by x*(75Q0), is a G-invariant form on V° x O.
In fact, the form drops to the quotient by the diagonal G action since

X" (15HQ0) = 7EX Qo, (2.3.14)
where g : VY x O — V9 x O/G denotes the projection. This follows since
the diagram in the preceding theorem is commutative.

The Two-form on VO x ©. We proceed to characterize the structure of
the two-form x*(75Q0) on V? x O. By construction,

X (1HQ0) = X 160 — X Tpw (2.3.15)
We claim that the second term is

Y Towh = mhwd, (2.3.16)

where my : VO x O — O is projection on the second factor. This follows
since for all € € g,

(Jo o x(ag,v), &) = (ag + Ala) v, £q(q)) = (g, £@(a) + (Ala) v, £q(a))
= O + <V7 §> )
so that Jp o x = ma.
The first term in (2.3.15) is a little more complicated and itself splits
into a sum of terms. We begin by considering the pull back by x of the

restriction to J71(O) of the canonical one-form, and then we compute the
exterior derivative of this one-form.

2.3.7 Lemma. We have
X Ltp©O = 1500 + w, (2.3.17)

where tyo : VO — T*Q is inclusion, © is the canonical one-form on T*Q,
71 : VOx O — VO is projection on the first factor, and w € QY(V° x O) is
given by

@(ag, V) (Xa,, X5) = (v, Al0)(Ta, 710 (Xa,))) (2.3.18)

for (Xaq,Xgl) € Ta, ) (VO x O), where X&' € T,0 denotes the infinitesi-
mal generator for the left action of G on O, Xﬁl =— adz, V.
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Proof. Let t — (ag4(t),Ad%,, ;o v) be a curve in VO x O, through the
point (ag,v) such that £|,_ a,(t) = Xa, € To, V. Since

a
dt |,_

/

A :prtsl V= XE

v

we get
X 160(aq, v)(Xa,, XE) = 1500y + Al@) V) (Tia, )X (Xa,, XE) (2:3.19)
Now,

’ d *
T(aq,u)X(Xaquf ) = 7 (X(aq(t)’AdeXp —t&! V))

t=0

@, (g () + Al)" (Adeep —rer )

= X, — Alg)" (ad v)
where we have used the fact that the curve ¢t — A(q)* (Adexp _1er V) lies in
the single fiber, Ty @ for all t. Thus, the right hand side in (2.3.19) becomes
150(aq + A@) V) Ty ) X(Xays X5 )
= O(ag + A(@) V) (T(a, X (Xay, X5))
= O(aq + A(g)"v)(Xa, — Al9)*(adg v))
= (g + A(q)*v, TTT*Q - Xa,)
= <aq,T7'T*Q . Xaq> + <1/, A(Q)(T1r-q - Xaq)>
=700 +w

The third equality holds because, for all ¢,

mr-Q(aq(t) + A(q)" (Adex, —ier ¥) = Tr-@(aq (1))

Computing the exterior derivative,
X tp(—dO) = —d(7]1500 + @) = 7] 1700 — dw,

so that

X (m500) = X 160 — X Towd = T30 — dw — miw].

Notice that the one-form w defined in Lemma 2.3.7 is given by w =
(rr+q % id)*«, the pull back to V0 x O of the one-form « on Q x O defined
by

(g, 1) (Xg X,) = (1, Alg)(X,)) (2.3.20)

We are implicitly restricting the domain of 77+ to the sub-bundle V7.
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Computation of da. The philosophy of the computation will be to
make use of the connection to decompose tangent vectors to ) in terms of
their horizontal and vertical parts. Of course we expect the curvature of
the connection to appear in the resulting formula. However the presence of
the pairing with v, which varies over the coadjoint orbit O must be dealt
with carefully.

We begin with an elementary but useful fact concerning the Jacobi-Lie
bracket of vector fields on the cartesian product of two manifolds.

2.3.8 Lemma. Let M and N be two smooth manifolds of dimension m
and n respectively and consider their Cartesian product M x N. Suppose
we have two vector fields (XM, XN) and (YM,YN) on M x N, each with
the property that the tangent vector to M is independent of N, and that
the tangent vector to N is independent of M. Then, the Jacobi Lie bracket
of these two vector fields is also of this type. In fact, we have,

[(XM, XN)’ (YnyN)] = ([XM, YM]Mv [XvaN]N) (2321)

This is readily proved using the local coordinate expression of the bracket.
To determine da € Q2(Q x O), it suffices, by bilinearity and skew sym-
metry, to compute its value on pairs of tangent vectors to @ of the type

e hor,, hor,
e hor,, very
® very, very

To carry this out, we will extend each tangent vector to be horizontal or
vertical in an entire neighborhood of the point in question and use the fact
that da is a tensor.

Case 1. X,,Y, € Hor, ). We consider
(Xqug ), ((meun ) € T(q,V)(Q X O)'

Extend X, to the horizontal vector field )?Q € Hor @ and similarly extend
Y, to ?Q. We extend the second components of each tangent vector in
the obvious way to be infinitesimal generators of the given Lie algebra
element. That is we extend Xﬁ/ to &, and similarly for YV”/. Denote by X,
the extended vector field on a neighborhood of Q x O given by ()?Q, £0),
and similarly for Y. We then have,

da(q, V) (Xq, X5), (Yg, V1))

= (Xg, X)) - a(Yo,mb) — (Yo, YJI') - (X, €6) — a([X, Y])(q,v)
(2.3.22)
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Notice that the first term vanishes since, if we take a curve t — (q(t),v(t))
through the point (g,v) such that (¢(0),7(0)) = (X,, X§ ), we have

- (), 1) Falatt). o (1) = d

_ (v A@) - Tola®))
=0 (2.3.23)

since for all t, Yo(q(t)) € Horg) Q. Similarly, the second term vanishes.
By Lemma 2.3.8, we have [X, ?]on = ([)A(:Q, }N/Q]Q, (€6, 1)) leaving

da(g, ) (X, X§), (Y, ¥)) = = (v, A0)([Xa: Yal(@))  (2:324)
However, since )}Q and }N/Q are horizontal vector fields, it follows that
A([Xg,Yo)) = — Curva(Xg, Yo) (2.3.25)
so that
da(q,v) (X, X5), (Y, Y1) = (v, Curva(Xy, Yo)) (2.3.26)

Case 2. X, € Hory Q,Y, € Ver, (). Using the same notation for vector

fields as in the previous case, we let )?Q denote the horizontal vector field
extending X,. Let n = A(q)(Y;). Since Y is vertical we have ng(q) = Y.
Then 7ng is a vertical extension of Y. With these extensions, we have

da(q,v) (X, X5), (Yo, V)
= (X0, X)) - alngs i) — (Y, Y1) - (X0, €6)) — alg, v)([X,Y))
(2.3.27)

Consider the first term. Let ¢t — (q(¢),v(t)) be a curve through (g, v) with
(4(0),2(0)) = (X, —adg v). Then

(Xq, X5) - alng, o) = % . alq(t), v(1) (ne(a(t), mo (v(1)))

=L ), Al®) mala®)

t=0

(vt = (~adg )

dt
4
dt

The second term vanishes since a()Z'Q,fb) =0 for )?Q € Hor Q. Recall
that for X¢ a horizontal vector field, we have, for all n € g,

[Xq,nq] € Hor Q (2.3.28)
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This fact, together with Lemma 2.3.8, gives

a(g,)([X, 7)) = (v, A@)([Xq.a))) = 0, (2.3.29)

so that
da(Q7 V)(X(b Xsl)a (YQa Yynl) = <_ a‘dZ’ v, 7l> . (2330)

Case 3. X,,Y, € Ver, Q. Let &= A(q)(X,) and n = A(q)(Y,) We choose

extensions that are globally vertical. Thus, Xgo = {g and }7@ = ng. Then
we compute each term in the expression for da.
The first term will again be

(—adg v,n) (2.3.31)

since a(q,v)(ng,np) = (v,n) ie. Lngmp) @+ @ X O — R is independent of
Q

The second term is computed similarly to be (ad;, v,£). For the last
term, recall that for left actions, G x Q — @, we have

60210l = ~ 6,10 (2.3.32)
so that
alg, V(X V]) = (. Alg) ([, mo))) = — (v, A@) (€, 1) (@) = — (v [&,1]) -
Therefore,

da(g, v)(Xgs X§), (Y, Y') = ([0, € + (v, I, €)) + (v €,m]) - (2:3.33)

We now collect these results to obtain a formula for the two form relative
to a decomposition of the tangent vectors to @ into their horizontal and
vertical projections.

2.3.9 Proposition. Let (Xq,XSI), (Yq,YV"l) € Tig)(Q x O). Let
§=Al)(Xy) and 7= A(g)(Yy)
so that
X, = olq) + Hory X, Y, = nglq) + Ho, ¥, (23.34)

where Hor, denotes the horizontal projection onto the horizontal distribu-
tion. We then have

da(q,v)((Xq, X5), (Yq, V1))
= W, [0, €D + (v [, ) + (v, (€ mD) + (v, Curva() (X, Yy)) - (2.3.35)
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Proof. The proof is a straightforward computation:
da(q, v)((Xq, X5 ), (Yq, Y1)
= da(g,»)((§(a) + Horg Xy, X), (n(g) + Horg ¥y, Y1)
1_ ¢ 1_ o 1.
= da(qv)(€ala). 5 X5) + (Horg X, 5 X5, (nala), 5V

1. ./
+ (Hor, ¥, 5Y))

= da(g, 1) (€ala), 5 X5, (ng(a), 5¥2) + da(a, 1) (6a (), 5 X)),

(Hor Y, 3Y2)) + dala,v)((Hor, X, 5 X5), (ngla). 572)
+ dag, v)(Hor, X, 5 X5, (Hor, Y, 3 Y1)
2 2
— (L&) + Gl + Gl + (I 567)

= (ad},, 1,€) + (—adjg o) + (v Curva (X, ¥;)

=, I, + (. [, €N + (v, [ D)
+ (v, Curva(q)(Xq, Yg))

where we have used the relations determined in the previous discussion. W

Now we are ready to start discussing the reduced form. Recall that
X (1500) = X" 160 = X Iows
=750 — dw — Tw
= 711500 — (T X id)*da — Thw (2.3.36)
We have already established the G-invariance of this form. Notice that the

first term is indepoendently G-invariant since, if we denote the action of G
on VO x O by 9V *© and the action of G on T*Q by 1, we have

0 * *k * kk * kK *
(wg‘;/ X0y ol = Y 1y = T Ly0thy
=T Li0
since mp o w!‘l/oxo(aq,u) = g-ay = Py 0m(ag,v). Thus, the sum of the
last two terms is G invariant. Furthermore, the G invariance of the last two
terms as forms on VO x O, is really G invariance of a form on @ x O since
. 0 .
(rr-q x id) 090} ¥ (aq,v) = (rr-q % id)(g - aq, 8 - V)
=(9-4,9-v) =v7(q,v)
g
= ngo o (Tr+q X id)(aq, V)
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The Part that Drops to 0. We begin with the proof that the two-form
da + 75w vanishes on vertical vectors.

2.3.10 Proposition. The two form, da + miwl on Q x O vanishes on

vertical vectors of the bundle Q@ x O — O. It therefore uniquely determines
a two form on O.

Proof. For the two form da + wg‘wg on @ x O to drop to the quotient,

O, we must have both G invariance of the form and also the property that
it vanish on the vertical fibers. To see this, fix £ € g and let (Y, Yy e
T4, (Q x O). As usual, let n = A(q)(Y,). Since the action of G on Q x O
is the diagonal action, we have

d
gQXO(Q? V) = % (eXp té. *q, Ad:xp —t& V) = (gQ(Q)) XS) (2337)
t=0

We then have,

(da + m3wé) (g, v)(So(a), X5), (Ye, V1))
= da(q, v)((¢o(q), X5), (Yg, Y21))
+ wH(—ad v, —ad;, v)
= (v, [0, €1) + (v, [n,€]) + (v, [, m])
+ wg(adf v, ad;, v)

=W, )+ wlEn) =0

Notice that the curvature term in the formula for da vanishes since it is
evaluated on a vertical vector {g(q). |

The Part that Drops to T*(Q/G). We next characterize the first term
of
0 — (T X id)*da — Thwd (2.3.38)

as the pull back relative to I of the canonical form on T*(Q/G).

2.3.11 Proposition. Denote by
A VY= THQ/G) (2.3.39)

the map given by aq — hory ag € T (Q/G). Note that this is simply the

map T restricted to VO. Let © denote the canonical one-form on T*Q and
O¢/c the canonical one-form on T*(Q/G). We then have

FZ@Q/G = L;o@ (2340)
from which it follows that

Q06 = 100 (2.3.41)
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Proof. Let X,, € Ty, V0. We have

m40q/c(Xa,) = Oq/a(horg ag)
= <hor2 ag, T oTma - Xaq>

We need to compute the derivative of the composition,
Tqgoma: VP = Q/G (2.3.42)

Let t — ag(t) € VO be a smooth curve through a, such that ¢, (0) = X, .
Let ¢(t) = mr+q(aq(t)). Then

d
— t) = — hor? t
G oo mate) = 5| riaory(a()
d
= — [q(t)] =TmoTrreq - Xa
dt |, !

Thus,
<h0r2 ag, Ttg/goTmy- Xaq> = <aq, hory oT'm o T'rp+g - Xaq> (2.3.43)
On the other hand, we have

1300(aq)(Xa,) = <aq,TTT*Q . X%>
= <04q7 Hory Tty - Xao, + VerqTrrq - Xaq>
= (ag,Horg T7r+q - Xa,)
= <04q7 hory oT'm o T'1p=¢ - Xaq>

where the third equality follows from the fact that «, annihilates vertical
vectors. |

A Final Piece of Diagram Chasing. Recall that we have the following
maps:

0 Tr=g X id e _
V%O — Qx0 — 0.

Define the map ¢ as follows:
P(ag,v) = (hory omy, mg o (Tr=q x id)) (2.3.44)

It is easy to see that ¢ is G-invariant, so that we have the following com-
mutative diagram.
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VOx O ¢ - T*(Q/G) xg/6 O

TG 10)

(V0 x 0)/G

It is straightforward to check that the map & is invertible and therefore
determines a bundle isomorphism.

Final Formula for the Symplectic Form. Now we are ready to gather
these pieces to give the main result.

2.3.12 Theorem. For P=T*Q a cotangent bundle, with the Lie group
G acting freely and properly by cotangent lift, the symplectic reduced space
Py, is symplectically diffeomorphic to T*(Q/G) X g/ O with the symplectic
form wyeq that is given by the formula

Wred = QQ/G - ﬁ

where Qg ¢ is the canonical form on T*(Q/G) and where (3 is the unique

two form on O determined by
TeB = da + Thwd
and, as in Theorem 2.3.9,
da(g, v)((Xq, X5, (Yo, V1))
= (v, [0, €]) + (v, [0, €']) + (. [§, 1)) + (v, Curva(g)(Xg, Ye))  (2.3.45)

Proof. The two-form wreq is the unique two-form on 7*(Q/G) xq,a 1)

such that (E*wred = X*Qo, where Y*Qpo (see equation 2.3.14) is the unique
two-form on (V° x O)/G such that

TaX Qo = 1130 Q — (Tr-g x id)*da — mhw.

We then have

T Wred = T 1500 — (Tr+ X id)*da — W
However, since ¢ o Tg = ¢, we have

O Wred = T 1300 — (Tr+g % id)"da — ﬂgwg (2.3.46)
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from which we can read off wreq:

¢ wred (g, V)((Xaq,Xu)a (Yaq’ Y,)) =
wred (hory g, [q,V]) ((T(hor* om1)(Xays Xu),
T(ng o mr-q % id)(Xay, X)), (T(hor” om1)(Ya,, Yo ),
T(ng o Treq x id)(Ya,, Yy)))

Note that T'(hor™ om;)(X4,, X)) = TmaX,, and
T(’]TG o (TT*Q X id))(Xaq,XV) = T(q7u)7TG . (TTT*QXaq,X,,)
The right hand side of equation (2.3.46) becomes

Qag)(Xa,, Ya,) — (trq x id)* 16 8(Xays Yay)
= Qq/c(malag))(TmaXa,, TTaYs,)
— B(([g, V) (Tigy7a - (Tmr-@Xa,, Xu),
Tigyma - (TrqYa,, Yy)),

from which the the claim follows. [ |

The Extreme Cases. The obvious extreme cases are Q = G and G
Abelian. We first consider the case @ = G. Then, Q/G reduces to a point,
and the associated bundle is simply the coadjoint orbit through vy. 0 =
Q x0/G =G x0O/G ~ O. Consider a tangent vector to the coadjoint
orbit through a point v, given by — adz, v. Represent this tangent vector
with the curve through v, t — Adg,, ;e v. We must find a lift to G x O
of such a tangent vector. The projection, 7g : G x O — O is given by
(g9,v) — g~ 'v since [g,v] = [e,g 'v]. More generally, consider a curve
through (e,v) € G x O denoted by t — (g(t),v(t)). Let & = §(0). Since
A(e)(g(0)) = ¢(0), this is consistent notation. The projection of this curve
to O is given by

rag(t), v(t) = g(t) " w(t) = A5 () (2.3.47)

and therefore we require

d X *
7 . Adyy v(t) = —adg v,
which implies
Adyv(o) +adyg v = —adg v, (2.3.48)

from which it follows that

7(0) = —adg v —adg v
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Equations (2.3.36) and (2.3.35) give

wrea (v)(=adgy vyadsy v) = Qgy6 = Ble,v)((& XS, (,Y+)
= —(da + m3wd) (e, ) (& X5 ), (n, Y, H))

v

=—(w, [ +0) + @[, & + &)+ w6 )
+ Curvale)(&,n) + (v, [€ + &7 +n)))
= - <V7 [5’#]’]) s

where the last equality follows from the fact that the curvature term van-
ishes on vertical vectors and an expansion of the Lie algebra brackets. Thus,
we recover the coadjoint orbit symplectic structure, as we should.

For G Abelian, the fibers of the O bundle collapse and we are left with
just T*(Q/G). The reduced symplectic form, from equations 2.3.36 and
2.3.35 is then

Wred = Qg/q — (v, Curvy) (2.3.49)

since all brackets vanish.

2.4 Singular Cotangent Bundle Reduction

This section gives an outline of parts of cotangent bundle reduction in the
singular case. This material is not strictly needed for later sections, and
is included for completeness and the convenience of the reader. No proofs
will be given here and the inclined reader can safely skip this section if
their main goal is the regular case. On the other hand, this material would
be needed background for singular cotangent bundle reduction by stages—
a theory that is not treated in this book—or anywhere else as far as we
know. Only the general theory of singular reduction by stages in the general
context of symplectic reduction is presented in Part III.

History, Setting, Literature. In §1.3 we gave a brief history of singular
reduction in the symplectic case. As we have already seen in the regular
case, it would be naive to think that one can dismiss the case of cotangent
bundles as “merely a special case”. Likewise, the case of singular cotangent
bundle reduction should not be viewed as simply following easily from the
case of singular symplectic reduction. In fact, the additional structure that
one has is quite remarkable.

Historically, Montgomery [1983] made some interesting progress in the
case of non-free actions and Emmrich and Romer [1990] and Schmah [2002]
took some first steps in the case of singular cotangent bundle reduction in
the case of momentum value zero and momentum values with trivial coad-
joint orbits. As was mentioned in §1.3, Hernandez and Marsden [2005] and
Birtea, Puta, Ratiu, and Tudoran [2005] began an approach to singular
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cotangent bundle reduction using the blowing up technique, which regular-
1zes singular points, a method that remains to be solidly linked with that
outlined in this section. One of the interesting things about that approach is
that it also deals with singular relative equilibria; it shows how new nonsin-
gular relative equilibria bifurcate from singular ones, as is known to happen
in the double spherical pendulum, for example (see Marsden and Scheurle
[1993a]). The method also constructs a regularized (or blown up) amended
potential, whose second variation gives an approach to stability of singu-
lar relative equilibria. Another very interesting approach to stability in the
singular case is a singular version of the block diagonalization method of
Simo, Lewis and Marsden [1991]; this is given in Rodriguez-Olmos [2006b].

As we have already seen in the regular case in the preceding sections of
this chapter, the symplectic reduced spaces (T*@),, of a cotangent bundle
T*(@Q carry additional geometric structure. In the singular case, the general
theory of singular reduction reviewed in §1.4 applies and we conclude from
Theorem 1.4.2 that the reduced topological spaces (T*Q), determined by
the cotangent lifted action of a Lie group G, are cone spaces whose strata
(T*Q)&H) are symplectic manifolds indexed by the orbit types (H) of this G-
action on T*Q. The symplectic form and the Poisson bracket on the strata
(T*Q)ELH) are naturally induced from that of T7*Q as given in Theorem
1.4.2. All these strata have a rich additional structure that is presented
below. At this point, the most general case has not been studied yet, so we
shall review below what is known as of this writing. All these results can be
found in Perlmutter, Rodriguez-Olmos, and Sousa Dias [2006], Perlmutter,
Rodriguez-Olmos, and Sousa Dias [2007], Perlmutter and Rodriguez-Olmos
[2006], and Rodriguez-Olmos [2006a].

Examples. At the end of this section, we provide a simple, but key exam-
ple, that illustrates singular cotangent bundle reduction, and hence singular
symplectic reduction as well, namely that of the spherical pendulum (Ler-
man, Montgomery, and Sjamaar [1993], Cushman and Bates [1997], and
Cushman and Sniatycki [2001]). Another, more sophisticated mathemati-
cal example that illustrates more of the features that one sees in the theory,
can be found in Perlmutter, Rodriguez-Olmos, and Sousa Dias [2006].

Reduction at Zero Momentum Value. In all that follows we shall use
the notations and conventions established in §1.4. It is shown in Perlmutter,
Rodriguez-Olmos, and Sousa Dias [2006] that the symplectic stratification
in Sjamaar and Lerman [1991], reviewed in §1.4, refines in two ways:

(i) Each symplectic stratum of the reduced space at zero momentum ad-
mits an additional stratification called the secondary stratification
with two distinct types of pieces, one of which is open and dense and
symplectomorphic to a cotangent bundle.
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(ii) The reduced space at zero momentum admits a finer stratification
than the symplectic one; its pieces are coisotropic in their respective
symplectic strata that include them. This finer stratification is called
the coisotropic stratification.

Let us elaborate in more detail on these statements. We consider the
cotangent lift of a proper G-action on the manifold @. For simplicity of
exposition, let us assume that the orbit types of this G-action on @ are
all connected.? If (T*Q)o := J~1(0)/G, we know from §1.4 that (T*Q)o
is a stratified symplectic space. However much more is true owing to the
cotangent bundle structure. First, we consider the orbit types for the G-
action on J~1(0) which determine the symplectic stratification of (T*Q)o.
Let I(G,J71(0)) be the isotropy lattice for the G-action on J=*(0) and
I(G, Q) the isotropy lattice for the G-action on the base manifold Q. For
(L) € I(G,37(0)), define (T*Q)S¥ := 3-1(0)1,/G.

Since oy € J-10)n T;@Q if and only if a; annihilates the tangent space
to the group orbit through ¢, namely g - ¢ := {{g(q) | £ € g}, it follows
that the restriction of J=1(0) C T*Q to an orbit type manifold Q(m) of the
base @ is a subbundle of 7™ @ restricted to Q). This subbundle carries a
G-action and its careful study reveals that it admits orbit type manifolds
(J*l(())\Qw))(K) # @ if and only if (K) € I(G, Q) and (H) < (K). Notice

that (J_1(0)|Q(H))(K) is a fiber bundle over Q). Its quotient

Sen=) = (I O0)lQun ) ) /G

by the G-action is called a seam from H to K it is a fiber bundle over
Q(#)/G. Decomposing J=1(0) over the orbit types of Q yields the following
result.

2.4.1 Theorem. The isotropy lattice of J~1(0) is identical to the isotropy
lattice for Q, that is, (L) € I(G,J~%(0)) if and only if (L) € I(G,Q).
Therefore, (T*Q)(()L) # & if and only if (L) € 1(G, Q). Furthermore, this

(L)
0

symplectic stratum (T*Q)y "’ admits the following partition:

(H)=(L) (H)=(L)

where S(gry<(r) s the seam from H to L and Iy : T*(Q(r)) — g* is the
momentum map for the lifted action of G on the orbit type manifold Q(y,).

The restriction of the cotangent bundle projection to (J_l(O))(L) is a
continuous G-equivariant surjection 7z, : (Jfl(O))(L) — Q(r) and the quo-

tient (T*Q)BL) fibers over the closure of Q(y/G. This partition of (T*Q)(()L)

20therwise one would need to state the following results in the category of %-
manifolds which we shall not define and not use in this quick review.



2.4 Singular Cotangent Bundle Reduction 91

admits frontier conditions determined by the partial order in the isotropy
lattice I(G, Q). Consider the first piece of this partition. It is not hard
to show that if ¢ has only one orbit type, that is, @ = Q) for some
(L) € I(G,Q), then the reduced space J(Ll) (0)/G at the zero momentum
value consists of just one stratum symplectomorphic to T*(Q(r)/G) en-
dowed with its canonical symplectic form wp; see Emmrich and Rémer
[1990] and Schmah [2002]. We shall use below the notation Q%) := Qu/G
and similarly for other upper indexed sets. An upper indexed map is ob-
tained from quotienting.

2.4.2 Theorem. The partition (2.4.1) is a stratification of (T*Q)éL)
which we call the secondary stratification of (T*Q)(()L). The stratum
CL = J(_Ll)(O)/G is open and dense in (T*Q)éL). The frontier conditions
are:

(i) S(H)j(L) cocCy fOT all (H) < (L)

(ii) S(H’)j(L) C 8S(H)5(L) Zf and 077,121/ Zf (H/) =< (H) < (L)

The map " : (T*Q)(()L) — QW) is a stratified surjective submersion.

The next theorem describes the symplectic properties of the secondary
stratification of (T*Q)(()L). On an open dense set of the symplectic stra-
tum (T*Q)E)L) the symplectic structure is the canonical symplectic struc-
ture of the reduced cotangent bundle T*(Q)/G). Furthermore, the seams

S(m)=(r) are coisotropic submanifolds of (T*Q)(()L).

2.4.3 Theorem. The restriction to the open dense stratum Cp, of the re-
duced symplectic form w(()L) on (T*Q)éL) coincides with the symplectic form
on Cr, := J(Ll) (0)/G obtained by reduction of T* (Q(L)). Moreover, this re-
duced symplectic form on Cp has a unique smooth extension to (T*Q)éL)
which is identical to w(()L).

Let wy, denote the canonical symplectic form on T*QX). The stratifica-

tion (2.4.1) has the following properties:

(i) The open dense stratum Cp, is a mazimal symplectic submanifold of
the symplectic stratum ((T*Q)(()L), wéL)) and is symplectomorphic to

the canonical cotangent bundle (T*Q(L),wL).

(i) The seams S gy<(r) are coisotropic submanifolds of ((T*Q)(()L),w(()L)).

Finally we consider the finer partition of (T*Q)o whose elements are all
the seams and all cotangent bundles found in the secondary stratifications
of all the symplectic strata, that is,

(T*Q)O = |_| C(L |_| |_| S(K’)j(K) (242)

(L) (K)=(K)
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for all (L), (K),(K') € I(G,Q). We can also write this partition as

(T"Q)o = |_| S(H)=(L) (2.4.3)

(H)=(L)

where the disjoint union is over all pairs in I(G,Q) that are compara-
ble in the partial order and we use the identity S(1)<(r) = Cr for each
(L) € I(G,Q). The next theorem describes the topological properties of
this partition as well as the bundle structure of (T*Q)o.

2.4.4 Theorem. The partition (2.4.2) of (T*Q) is a stratification, called
the coisotropic stratification, and has the following properties:

(1) If (Ho) = (L) for all (L) € I(G,Q) then Cy, is open and dense in
(T*Q)o-

(ii) The frontier conditions are: Smy<Ly C 0SHn=(r) if and only if
(H') = (H) and (L) = (L) except for the simultaneous equalities
(H') = (H) and (I') = (L).

(iii) The continuous projection 7° : (T*Q)o — Q/G is a stratified surjec-
tive submersion with respect to the coisotropic stratification (2.4.2) of
(T*Q)o and the usual orbit type stratification of Q/G.

(iv) If I(G, Q) has more than one class then the coisotropic stratification
is strictly finer than the symplectic stratification. If I(G, Q) has only
one class then the symplectic and coisotropic stratifications of (T*Q)o
are identical.

Notice that by (i), (T*Q)o is almost a cotangent bundle, namely the
cotangent bundle of Qo)

Towards Reduction at Nonzero Momentum Values. The previous
considerations completely describe the additional stratified and symplectic
structures that appear in the singular reduced space at the zero value of
the momentum map. The situation for the reduction at nonzero values is
considerably more involved as can be seen even in the simple case when the
base manifold consists of just one single orbit type. As will be explained
below, unlike the case of the reduced space at zero momentum value of a
cotangent bundle whose base has only one orbit type, the reduced spaces
at nonzero momentum values having orbits not equal to one point are
nontrivial stratified spaces whose strata are determined purely by an action
induced by the coadjoint action.

Recall that in the free case, reduction at nonzero momentum values in-
volves a connection in the description of the reduced symplectic form. Even
for the single orbit type case the generalization of a connection leads to an
interesting theory in its own right (see Perlmutter and Rodriguez-Olmos



2.4 Singular Cotangent Bundle Reduction 93

[2006]). Using this concept of singular connection that shall not be re-
viewed here, it is possible to carry out symplectic and Poisson reduction
for the single orbit type base manifolds and the conclusion is that the re-
duced spaces J71(0,,)/G are stratified. To describe the strata, assume that
Q = Qg and consider the action H x h° — b° induced by the coadjoint
action, where h° C g* is the annihilator of h. This action has its own
isotropy lattice I(H,§°). The following statement is proved in Perlmutter
and Rodriguez-Olmos [2006] (see also Hochgerner [2007]).

2.4.5 Theorem. For the case in which Q satisfies Q = Qpr), the sym-
plectic reduced spaces J=1(0,,)/G are stratified by symplectic manifolds with
strata given by {S(x) | (K) € I(H,4°)}. Each S(xy is a fiber bundle over

T*(Q/G) with typical fiber (Ou N f)‘(’K)> J/H. The symplectic structure on
S(k) depends on the choice of singular connection and, like in free cotan-

gent bundle reduction, splits into three terms: the pull back of the canonical
symplectic form on T*(Q/G), the pull back to each fiber of a natural sym-

plectic form on (O, N h?K)) /H, and a term involving the curvature of the

singular connection. These strata satisfy frontier conditions determined by
the lattice I(H,§°).

Remark 1. The last two terms constitute an extension of the Sternberg
minimal coupling procedure to the quotient @ — @Q/G and a symplectic

fibration over () with symplectic fibers that look like (Ou N hE’K)) /H.

Remark 2. If the orbit type (H) = e, i.e. the action of G on the base
manifold @ is free, then we recover the orbit form of the cotangent bundle
reduction theorem (see the preceding section and Marsden and Perlmutter
[2000], Perlmutter and Ratiu [2005]).

Nonzero Momentum. Now consider the general case when the base
manifold admits multiple orbit types. A preliminary problem is to deter-
mine the structure of the full isotropy lattice I(G,T*Q) since its elements
index the smooth strata of the Poisson reduced space (T*Q)/G. There are
two types of isotropy lattices that we have already encountered in the pre-
vious special cases: the base lattice I(G, Q) (which appeared for the points
in T*@Q with zero momentum) and, for each (H) € I(G, Q), the restricted
coadjoint action lattice I(H,§°) (which determined the strata for the single
orbit type case with nonzero momentum). It turns out that the entire orbit
type lattice I(G, T*Q) can be constructed from these two lattices as shown
in Rodriguez-Olmos [2006a].

2.4.6 Theorem. Let G act on Q and by cotangent lift on T*Q. Let L
be a closed subgroup of G. Then (L) € I(G,T*Q) if and only if there exist
(Hy),(Hs2) € I(G,Q) and (K) € I(H2,b3) such that (Hy) = (Hs) and
L=H NK.
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Remark. One can obtain all the classes in I(G,T*Q) by the following
algorithm. First, choose representatives of every class in I(G, @) such that if
(H') = (H) the corresponding representatives satisfy H' C H. It is always
possible to choose a complete set of representatives for all the classes of
I(G, Q) in this way and we will call them normal representatives. Let Hy be
the normal representative of the maximal class in I(G, Q). We will say that
Hj has depth zero. Any other normal representative H will have depth n+1
if there is a normal representative H' with depth n such that H' C H and
there is no other normal representative H” with H' € H” C H. To compute
all the elements of I(G,T*Q) we start by computing those of I(Ho, hS).
Then, for any n and every normal representative H of depth n, intersect
the classes of I(H,h°) with the H-class of every normal representative of
depth O,...,n—1included in H. All the classes obtained in this way for any
n can be made G-classes by conjugating in GG. After removing the repeated
ones, if any, we obtain all the elements of I(G,T*Q).

The Canoe. In this paragraph?® we illustrate some of these ideas through
the study of the phase space reduction of the simple spherical pendulum,
namely 7*S? with the natural cotangent lifted S* action given by rota-
tions around the vertical axis. This example was studied in Lerman, Mont-
gomery, and Sjamaar [1993], Cushman and Bates [1997], and Cushman and
Sniatycki [2001] but in this paragraph we shall investigate it from the point
of view of singular cotangent bundle reduction.

Consider the unit sphere S? in R? and let S! act on S? by rotation around
the z-axis and hence by cotangent lifts on 7%S2. Following Cushman and
Sniatycki [2001], page 749, the algebra of invariant polynomials for this
lifted action is generated by

2,2, .2

op = I3 o4 = Yit+y;+uy3
22 _

o2 = w1 +5 05 = T1Y2 — T2l

o3 = Y3 o = ZT1Y1 + T2Y2

where a point in 7%S? is identified with a pair (x,y) € R x R? satisfying

x| =1 and x - y = 0. The relations among the generators are
1 = of+oy o2 +02 = o9(04—03) o1—02 > 0
0 = o0g+o0103 oy > 0.

Note that J(x,y) = o05.

The reduced space at zero, namely (7*S5%)g, is homeomorphic to the
semi-algebraic set C obtained by projecting onto the hyperplane o5 = 0,
the subset of R® (thought of as having coordinates o;,7 = 1,...,6) given by
these five relations among generators; for details see Cushman and Bates

3The exposition in this paragraph was kindly provided by Miguel Rodriguez-Olmos.
We thank him for this helpful contribution.
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[1997], Cushman and Sniatycki [2001], or Lerman, Montgomery, and Sja-
maar [1993]. Eliminating o2 and og, we get the “canoe”

C={o:=(01,03,04) € R3 | J§ =(1 —a%)a47 lo1| <1, o4 >0},

which is illustrated in Figure 2.4.1.

@)

il
U

Es

g3

FIGURE 2.4.1. The “canoe” C = (T*S5%)y obtained by reducing T*S? by the
cotangent lifted S'-action on S? around the z-axis.

In C we distinguish the subsets

{(=1,0,t) | t > 0}
{(1,0,¢) | t > 0}
{(t,0,0)| -1 <t <1}
{

{

1,0,0)}, N = {(1,0,0)}

Es
En
L
S={(-

O={oceC|o #-1,1}.

Note that L C O.

The isotropy lattice of the St-action on S? has two elements: I(S!, $?) =
{1, 8'}. The corresponding isotropy type manifolds are S(Qsl), which is S2
except the north and south poles, and 5(21) which is the union of the north
and south poles. It is easy to check that also I(S',J71(0)) = {1,5'} in
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agreement with Theorem 2.4.1. Since

J7H0) = {(x,y) € R®* X R? |z1y0 — y120 = 0, 23 + 23 + 23 =1,
T1y1 + T2y2 + x3y3 = 0},

the two orbit type manifolds are

J71 0)(51) = {(X,y) S RS X RB | 1 =T =Y = Y2 = 0} ﬂJfl(O)
J_l(O)(l) =AUB,

where

A={(xy) eER*xR? |21 =25 =0, y] + 93 # 0} NI (0)
B={(x,y) e R®* x R® | 22 + 22 # 0} N I~1(0).

Note that we have J=!(0) = AUBUJ *(0)(s1), and

—1 * Q2
A J (0)(1) nT*S ‘S(zsl)
B = Jil(O)(l) OT*SQ‘S?U
I 0) sy = IH0)en NT*S?[g2, .

We shall describe below the different stratifications of (75%)y = C.

The Symplectic Stratification. This is the stratification given by singu-
lar reduction and does not take advantage of the cotangent bundle struc-
ture. In view of the description of the two orbit type manifolds of J~1(0),
it is easy to see that

L0) g1y /St = (T752)5) {S,N}
L0)y/St = (17525 = C\{S,N}=0OUEsUEy.

J-
J-

Regarding S? as the zero section of T*S?, it is clear that S?/S* corre-
sponds to the subset S U L U N. It is straightforward to obtain the orbit
type stratification of S2/St in the canoe as:

S(281)/51 :{SvN}
$ /S0 = L.

The Secondary Stratifications. According to Theorems 2.4.1 and 2.4.2,

1
since (S1) is the minimal element of I(S?, S2), it follows that (T*S2){* "
consists of a single secondary stratum, namely itself, which is symplecto-

morphic to T* (S?Sl)/Sl). Therefore,

T*{S,N} = {S,N} = (1", (2.4.4)
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Note that O is diffeomorphic to T7*L, where the cotangent fibers are
mapped onto parabolas in planes perpendicular to L. Then, since by the

general theory we can identify T (5(21)/51) and S(g1)<(1) with the images

in C of B and A respectively, we have
* 2 1) _ _
T (S(l)/S ) —{oeClo#£-1,1}=0 (2.4.5)
5(51)5(1) = {0’ eC | o1 ==*1, 04 > 0} = FsUEN. (2.4.6)

From (2.4.4), (2.4.5), (2.4.6) and Theorem 2.4.2 it is straightforward to
obtain the secondary stratification of each symplectic stratum

* Sl *
(T*5%)$) =T (5(231)/51), and

(r*52)" =1 (58,/8") U Ssn =z,
with secondary frontier conditions S(g1)<(1) C 9T (5(21)/51).

The Coisotropic Stratification. Applying Theorem 2.4.4 and (2.4.2) we
conclude

(T*8%)o =T" (5(21)/51) USey=0 UT (5(231)/51) ,
with frontier conditions
T (S(Qsl)/51> C 85(51)5(1)
S(Sl)j(l) C oT* (5(21)/51) .

The Symplectic Structure on the Reduced Spaces. To determine
the symplectic structure on the reduced spaces, that is, on the strata of the
symplectic stratification, one proceeds as follows. First, one computes the

Poisson algebra on R® in terms of the invariants o4, ..., 0. This Poisson
algebra has two Casimir functions, namely, C;(01,...,06) := 02 + 02 —
o2(0s—03) and Ca(oy,...,06) := 05. Since C is a Casimir function on R®

and (T*R3)/S! is described as a subset of RS by the conditions C; = 0,
oy > 0,and o04—03 > 0, it follows that the restriction of this Poisson bracket
to this C-level set remains unchanged. Second, note that C C (T*R3)/S* is
obtained by imposing the three additional constraints Co = 0, 07 4+ 09 = 1,
and og+0103 = 0. Using the Dirac formula for the induced Poisson bracket
on a cosymplectic submanifold (see [HRed] Proposition 10.5.8, [MandS]
Proposition 8.5.1, Cushman and Bates [1997], Appendix A4, page 296) for
these constraints, one easily computes the Poisson algebra on C = (T*5%)g
to be given by

{o1,03} =1 -0}, {o1,04} =203, {03,04} = —20104.
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See e.g. Cushman and Bates [1997], page 155 for this explicit computation.

The restrictions of this Poisson algebra on C to (T*SQ)éSI) and (T*SQ)él)
induce the smooth reduced symplectic structures on these symplectic man-
ifolds.

Finally, the bundle structure of the reduced space (T*S5?)q — S?/S! cor-
responds to the projection C — SULUN induced by the map (o1, 03,04) +—
(01, 0, 0) .

The Spherical Pendulum. In the previous picture, we can regard the
coordinate o, as the height value of any S'-orbit in S? projecting onto the
point (01,0, 0).

The Hamiltonian of the spherical pendulum is the function on 7*S? given
by H(x,y) := 2mly|* + mgz;s. The reduced Hamiltonian is therefore the
restriction of the function

1
h(o1,03,04) := 5Mmo + mgo
to C. The level sets of h are planes P, intersecting the (o1, 03)-plane in the
line 01 = ng with the acute angle

1
0 = arcos | ——— | .
<\/1+4g2>

The nonempty intersection of a plane Pj, with C is zero or one dimensional
and closed, hence it corresponds to a periodic orbit of energy h. There are
three different qualitative cases, which are illustrated in Figure 2.4.2:

1. h = —mg: Then P, NC = {S} and the reduced system is at a fixed
equilibrium. This corresponds to the downward equilibrium in the
unreduced pendulum.

2. h € (—mg, mg): In this case the reduced system evolves on a closed
orbit whose projection onto the shape space S2/S! is the closed in-
terval —1 < o7 < h/mg. This interval is the range of heights for the
corresponding S*-orbit of dynamic orbits that lie in a vertical plane of
the unreduced system with total energy h and momentum 0. Notice
that in this case P, NC is completely contained in (T*SQ)(()U and that
every orbit whose energy h is in (—mg, mg) intersects the two sec-
ondary strata T (52/51) = O and S(g1)<(1) = Es U En. Therefore
the projection of the dynamics onto the shape space crosses several
orbit types.

3. h = mg: In this case P, NC consists of two different dynamical orbits,
due to the fact that P, intersects the two symplectic strata, which are

invariant under the Hamiltonian evolution. Indeed, P, N(T™* 52)(()51) =
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“ ¢04

FIGURE 2.4.2. hy = —mg, ha € (—mg, mg), hs = mg.

{N}, which is a fixed equilibrium and Py N (T*Sz)ée) is a homoclinic
orbit that projects onto S2/S'\{N}.

This analysis shows that the equilibrium {S} is Lyapunov stable and that
{N} is unstable, both within (7*S?%)g, that is, relative to perturbations on
C only. To see this, note that every open neighborhood of {S} in C is filled
with periodic orbits for h € [-mg, —mg—+e€]. On the other hand, every orbit
close to {\N'} reaches the connected component Eg of the seam S(s1)<(1),
and therefore { N} is unstable.
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3
The Problem Setting

3.1 The Setting for Reduction by Stages

The general problem and setting for reduction by stages is as follows. Con-
sider a Lie group M that acts smoothly and properly on a manifold P; if we
denote the M—action on P by ® : M x P — P, recall from the discussion of
the symplectic reduction theorem in §1.2 that & is called a proper action
if the following condition is satisfied: given two convergent sequences, {p,}
and {gn - pn} in P, there exists a convergent subsequence {g,, } in M.

Next, assume that P is a symplectic manifold and that the action of
M has an equivariant momentum map Jjs : P — m*, where m is the Lie
algebra of M.

In Part I of the book, we assume that the M-action on P is not only
proper, but also free. The definition of a free action (already discussed
in §1.2) may be rephrased as the condition that the isotropy subgroup
M, of any element p € P is just the identity element of M. The main
consequence of having a free and proper action is that the quotient space
P/M is a smooth manifold with the property that the canonical projection
of P to P/M is a smooth submersion. In Part IT of the book, the freeness
hypothesis will be dropped and in this case, one is in the world of singular
reduction.

Now, let N be a closed normal subgroup of M. The problem is to carry
out the symplectic reduction of P by M in two steps, first a reduction of
P by N followed by a reduction by a group related to the quotient group
M/N.
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Reduction by Stages and Group Extensions. There are many pre-
cursors to the general theory of reduction by stages, the main topic of this
book. A simple version for the product of two groups was given in Mars-
den and Weinstein [1974]. Other versions are due to Sjamaar and Lerman
[1991] and Landsman [1995, 1998].

The semidirect product reduction theorem (proved in Chapter 4) can be
very nicely viewed using reduction by stages: one reduces T*S by the ac-
tion of the semidirect product group S = G®V in two stages, first by the
action of V' at a point ag and then by the action of G,,,. Semidirect product
reduction by stages for actions of semidirect products on general symplec-
tic manifolds was developed and applied to underwater vehicle dynamics
in Leonard and Marsden [1997]. Motivated partly by semidirect product
reduction, [MMPR] gave the first indications of a comprehensive general
theory of reduction by stages for group extensions. An interesting extension
which is not a semidirect product is the Bott—Virasoro group, where the
Gelfand-Fuchs cocycle may be interpreted as the curvature of a mechanical
connection. We shall examine this example in detail later in the book.

Poisson Reduction by Stages. Perhaps the simplest general context
in which one can understand a reduction by stages result is that of “easy
Poisson reduction”. That is, assuming that the group actions are free and
proper, one simply forms the quotient manifold P/M with its natural quo-
tient Poisson structure (see [MandS] for an exposition of this standard
theory). A relatively easy result that we prove in Proposition 5.3.1 is the
following:

P/M is Poisson diffeomorphic to (P/N)/(M/N).

Symplectic reduction by stages is a more ambitious task, which keeps
track of the symplectic leaves in this process.

Because of the close relation between point reduction and orbit reduction
as well as the link between orbit reduction and Poisson reduction (that we
have discussed in Theorem 1.2.4), one might think that orbit reduction
would simplify the question of reduction by stages. In §5.3 we show that
this is not the case; namely it leads to basically the same situation as in
point reduction.

We do not attempt to carry out a reduction by stages in the more so-
phisticated context of Poisson reduction in the sense of Marsden and Ratiu
[1986]. This is an interesting problem, but it is not addressed here.

Commuting Reduction and Semidirect Products. The simplest
case of reduction by stages in the symplectic context is that of commuting
reduction, due to Marsden and Weinstein [1974], which will be treated in
84.1. In this case, the result simply says that if one has the direct product
of two groups, then one can reduce by the subgroups one at a time and in
either order and get the same result as reducing by the product group all
at once.
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The next simplest case, but already a good deal more sophisticated, is
the case of semidirect product reduction. Because of the work on semidirect
products of Ratiu [1981, 1982], Guillemin and Sternberg [1980, 1984], Mars-
den, Ratiu and Weinstein [1984a,b], a nice bit of insight emerged. Namely,
reduction by a semidirect product S = G®V of a Lie group G and a vec-
tor space V is most conveniently viewed as symplectic reduction by stages:
first by the vector space V and second by an appropriate subgroup of G.
This point of view naturally suggests a general setting for the problem: a
big group M with a normal subgroup N. As we have mentioned earlier,
this theory has many interesting applications, such as that of underwater
vehicle dynamics, which was developed in Leonard and Marsden [1997],
just to mention one. These applications were of great benefit in refining
the setting and providing further motivation. For example, if one has the
Euclidean group SE(3), then one must first reduce by translations and then
by rotations to get the same effect as reducing by SE(3) all at once. We
treat this case in detail in §4.2.

Lagrangian and Routh Reduction by Stages. As was mentioned in
the last section on the history of reduction theory, the work of Cendra,
Marsden, and Ratiu [2001a] carries out the analogue of Poisson reduction
by stages for the case of Lagrangian reduction. As in that work, we will need
to keep track of cocycles, curvatures, as well as the closely associated notion
of magnetic terms. As mentioned in the last section, the Lagrangian analog
of symplectic reduction, is Routh reduction. Carrying out Routh reduction
by stages, which has not yet been done, would be the Lagrangian analog
of the main topic of this book.

For Lie groupoid and algebroid approaches to Lagrangian reduction by
stages and related topics, see Mestdag [2005] and Cortés et al. [2006] and
references therein.

Symplectic Induction and Induction by Stages. Analogous to the
reduction procedure is the method of symplectic induction that owes its
name to the induction method in representation theory. Symplectic in-
duction is a construction that does involve reduction methods, but is a
development that is modeled after its representation counterpart.

We shall state a result of Mackey, called induction by stages. We mention
this only for the information of the reader, who may have thought that it
is closely related to reduction by stages. However, as we shall see, it is, in
reality, a different construction.

First of all, we recall the notion of a unitary representation. Consider a
separable locally compact topological group G and a Hilbert space V. A
unitary representation of G on V is an action p : G x V' — V such that
for each g € G, the map p, : V — V is a linear unitary operator for every
g € G, and, as usual for actions, pg,4, = pg, © pg, for all g1,g2 € G, and in
addition, for each fixed v € V' the map g — py(v) € V is continuous.
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Classically, induced representations are obtained in the following manner
(see, for example, Kirillov [1976a] or Mackey [1968]). Assume that H is a
closed subgroup of G and that ¢ : H x W — W is a unitary representa-
tion of H on a Hilbert space W, whose inner product is denoted (,). Let
G/H :={Hg | g € G} be the quotient topological space of right cosets of
H in G and assume that p is an invariant Borel measure on G/H, that
is, u(Sg) = p(S) for any Borel set S C G/H and any g € G. The unitary
H-representation ¢ naturally induces a unitary G-representation in the fol-
lowing manner. Define the induced Hilbert space Ind$ (W) to be the set of
all Borel measurable functions f : G — W such that

(a) f(hg) =0onf(g), forallge G and h € H,
(b) g€ G (f(g9), f(g9)) € C is Borel measurable, and

© [ (o) shtHg) < .
G/H
Note that the expression in the last condition makes sense since

(f(hg), f(hg)) = (onf(9),onf(9)) = (f(9), f(9))

for any h € H, because oy, is a unitary operator for each h € H. The vector
space Indg(W) is a Hilbert space relative to the inner product

(1 fo) = /G 100 fa)ncio)

for fi, fo € Ind%(W). Finally, define the unitary representation Ind% (o)
of G on Ind% (W) by

[1ndf}(0)y ()] (o) := F(5'9),

where g, ¢’ € G. This unitary G-representation is said to be induced by the
given unitary H-representation.

Mackey’s Induction by Stages Theorem (see Mackey [1968], page 34)
states that if H C K C G is a chain of closed subgroups, then

IndIG( oInd® = Indg .

There is an analogous symplectic induction construction that is given as
follows. (See (Duval, Elhadad, and Tuynman [1992]; Guillemin and Stern-
berg [1982b, 1983]; Kazhdan, Kostant and Sternberg [1978]; Weinstein
[1978a]; Zakrzewski [1982] for various versions of this construction). Let
(P, ) be a symplectic manifold acted upon in a Hamiltonian fashion by a
closed subgroup H of a Lie group G with associated equivariant momen-
tum map JZ : P — b*. The goal of the induction construction is to find
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a Hamiltonian G-space (Ind$(P), Q,qc py, G, IC . » ) naturally induced
Z(P) Ind$ (P)

by the Hamiltonian H-space (P,€, H,J&). To achieve this, one begins by
considering the left action of H on G given by h-g := gh™!, for any h € H
and g € G. The standard momentum map J%G :T*G — b* of the cotan-
gent lift of this H-action to (TG, —d#), where 0 is the canonical one-form
of the cotangent bundle T*G, is given by J¥. . (ay) = =T* L,(ay)lp. If one
trivializes T*G via left translations as G X g*, this momentum map becomes
I8 g (9, 1) = —ply- On the symplectic manifold (P x T*G, Q@ (—d#)) the
H-action that is given in left trivialization by

h-(z,g,1) = (h-z,gh ', Ad}_1 p)

is free, proper (since H is closed), symplectic, and admits an equivariant
momentum map ngGXg* = JH + ngg* : P x G xg" — b* in other
words, JP, ¢y g+ (2,9, 1) = I (2) — ply. Since the H-action is free, 0 € b*
is a regular value and one can form the reduced symplectic manifold at
zero, namely,

(Ind5 (P), Quuag () = (FPxuge) " (0)/H., Q).

Now note that the lift to T*G of left translations of G on itself, in left
trivialization, is the G-action on G X g* given by ¢’ - (g,1) := (¢'g, 1)
which has an equivariant momentum map given by J gxg* (g, 1) = Ady-1 p.
Extend this action to P x G x g* by letting G act trivially on P to ob-
tain a Hamiltonian G-action on P X G x g* with equivariant momentum
map JG, oy g (2,9, 1) = Adj-1 p. Since this G-Hamiltonian action com-
mutes with the H-action on P x G x g* and leaves ngaxg* invariant,

it induces the G-Hamiltonian action ¢’ - [z, g, p] := [2,9'g, u] on Indg(P)

whose G-equivariant momentum map JIGndg(P) : nd%(P) — g* is given

by Jgdc (P)([z, g, #]) = Adj-1 p. In this way one obtains the Hamiltonian
H

G-space

G
(IndH(P)a QIndfl(F’)v G, chidg(P)) .

As in the case of representations, there is a symplectic induction by stages
theorem stating that if H C K C G is a chain of closed subgroups then

Ind$ oInd = Ind§ .

The proof of this theorem is the subject of a future paper.

The notion of symplectic induction that we just reviewed should not be
confused with the symplectic induction procedure introduced in Landsman
[1995] based on previous work of Xu [1991]. Due to this terminological con-
flict, Landsman’s construction was renamed “special symplectic induction”
in Landsman [1998].
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3.2 Applications and Infinite Dimensional
Problems

This book deals largely with mathematical applications of the theory, such
as to semidirect product theory with cocycles, cotangent bundle reduction
theory with cocycles, central extensions, frozen Poisson structures in the
KdV equation and the Camassa-Holm equation, and the coadjoint orbit
structure of the Bott—Virasoro group. Some of these applications are quite
interesting; for instance, it is shown that the curvature of an appropriate
mechanical connection gives, in a natural way, the Gelfand-Fuchs cocycle.
In addition, just as the semidirect product reduction theory leads to a nice
computational tool for computing coadjoint orbits for semidirect products,
so reduction by stages gives considerable insight into the classification of
coadjoint orbits for group extensions.

Remarks on Physical Applications. Of course, in general, one of the
great successes of reduction theory has been the advancement of stability
theory, starting with Poincaré [1901a,b, 1910] and Arnold [1966a], and con-
tinuing with the energy-momentum method developed in Simo, Lewis and
Marsden [1991]; see also Bloch, Krishnaprasad, Marsden and Ratiu [1996].
Apart from the many applications of standard semidirect product theory,
we have already mentioned the significant application to underwater vehi-
cle dynamics and stability by Leonard and Marsden [1997]. Applications
to compressible fluids and MHD by Holm and Kupershmidt [1983a] and
Marsden, Ratiu and Weinstein [1984a] are typical of applications in contin-
uum mechanics. Another interesting application is to the Landau-Lifschitz
equations by Patrick [1999].

An especially exciting area where these ideas are useful is that of locomo-
tion and articulated underwater bodies (think of fish with flexible bodies).
These ideas involve the notion of geometric phases; see Marsden and Os-
trowski [1996] and Kanso, Marsden, Rowley, and Melli-Huber [2005]. The
problem of an articulated body in a fluid has a very interesting infinite
dimensional symmetry group containing the diffeomorphism group of the
fluid particle relabeling symmetry as a normal subgroup and the quotient
group is the Euclidean group, corresponding to translations and rotations
of the articulated body as a whole.

Infinite Dimensional Problems. As has been mentioned, in the bulk
of this book, all configuration spaces and groups will be assumed to be
finite dimensional for simplicity. We will make a few formal excursions into
the infinite dimensional case, such as with the example of loop groups, the
Bott—Virasoro group, and fluids in a symmetric container. Certainly most
of the results formally work in the infinite dimensional context, but there
are the usual functional analytic caveats. These caveats concern the choice
of proper function spaces for the problem at hand. For instance, in fluids, to
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deal with the PDE issues, one uses the appropriate Sobolev spaces; on the
other hand, with these spaces, the underlying group, namely the volume
preserving diffeomorphism group, is not literally a Lie group and so one
must modify the theory somewhat. On the other hand, some other groups,
such as the gauge group of electromagnetism, is a literal Lie group when
Sobolev topologies are used. When infinite domains are used, conditions at
infinity must be imposed.

To overcome these difficulties even without the complications of reduc-
tion by stages, various pieces of technology have been developed. For in-
stance, for fluids, Ebin and Marsden [1970] developed an appropriate set-
ting as did Arms, Marsden and Moncrief [1982] and Sniatycki [1999] for
Yang-Mills theories.

Of course the number of infinite dimensional examples that are interest-
ing is large as has been discussed in the preceding paragraphs. In the text
that follows, we discuss a few examples in which the functional analysis can
be carried out in the context of reduction by stages to give a specific indi-
cation of what is involved in the infinite dimensional context. The reader
can consult with these references to get an indication of how the rigorous
infinite dimensional version of the theory goes.

1. Loop Groups. In §9.2 we treat a central extension of a special case
of loop groups, namely the group of maps of S* to S' under point-
wise multiplication. In this case the functional analytic difficulties are
relatively minor and we sketch in that section how they may be dealt
with.

2. The Bott—Virasoro Group. The Bott—Virasoro group is the cen-
tral extension of the orientation preserving diffeomorphism group of
the circle and it appears in many interesting applications, such as
the KdV and the Camassa—Holm equations. In this case, the func-
tional analytic difficulties are overcome in Gay-Balmaz [2007], as is
discussed in §9.4.

3. Fluids with a Spatial Symmetry. In §9.5 we discuss the motion
of an ideal incompressible fluid moving in a container with spatial
symmetry. There are two commuting groups that act on this prob-
lem, namely the particle relabeling symmetry (the volume preserving
diffeomorphism group of the container acting on itself the right) and
the symmetry group of the container itself. This is another case in
which the functional analytical technicalities can be worked out in
detail. We sketch how this goes, referring to Gay-Balmaz and Ratiu
[2006] for details.

Some other examples that might also be of interest to carry out the
functional analytic details for are as follows.
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1. Inhomogeneous Incompressible Fluids. Models of stratified flow
in geophysics often start with incompressible inhomogeneous fluids or
various approximations built out of such fluids. The “big group” M
in this case consists of the semidirect product of the volume preserv-
ing diffeomorphisms of a region, say €2, and the space of real valued
functions F on 2. The normal subgroup is F. This example comes
under the heading of semidirect product theory and is, in the finite di-
mensional case, treated in detail in this book. For some of the needed
function spaces to make the general theory work, we refer to Marsden
[1976] and for applications to the stability theory of stratified flow,
we refer to Abarbanel, Holm, Marsden, and Ratiu [1986]. Of course
some of the techniques used are similar to those employed in the case
of just one group, as occurs in the theory of a homogeneous fluid,
studied by Arnold [1966a]. Many of the function space issues needed
to make the infinite dimensional theory rigorous were already settled
in Ebin and Marsden [1970].

2. Charged Fluids and Plasmas. The Hamiltonian structure of the
Maxwell-Vlasov equation was derived by reduction techniques in Mars-
den and Weinstein [1982]. In this case, the “big group” M is the
semidirect product of the symplectic diffeomorphism group and the
gauge group of electromagnetism, the latter being the normal sub-
group N. Related examples, also relevant to reduction by stages are
the equations for a charged fluid, studied by Marsden, Weinstein,
Ratiu, Schmid, and Spencer [1982] and the Einstein—Yang-Mills equa-
tions studied by Arms [1979]. Some of the rigorous function space
issues needed to do these examples in a precise way were studied by
Arms, Marsden and Moncrief [1982], Eardley and Moncrief [1982] and
by Sniatycki [1999], for example.

The paper Cendra, Holm, Hoyle and Marsden [1998] studies the vari-
ational structure of the Maxwell-Vlasov equations, overcoming an
interesting degeneracy of the problem noted early on by Marsden
and Morrison that is not so different, in principle, from a degener-
acy that one already sees in the heavy top—namely that the kinetic
energy term in the Hamiltonian is linear in one of the basic field vari-
ables, the plasma density. We mention this (amongst the multitude
of papers in this area) mainly because it makes use of a reduction by
stages philosophy.

3. The Automorphism Group of a Principal Bundle. We now de-
scribe another group that is somewhat related to the above example
and that shows up in a number of interesting field theories, including
Yang-Mills theory and liquid crystals (see, for example, Holm [2002])
and Yang-Mills fluids (see, Gay-Balmaz and Ratiu [2007]). Consider
a principal bundle P over a manifold B with a structure group a Lie
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group G. Then the group M of automorphisms of P that cover diffeo-
morphisms of B (possibly with a condition imposed, such as volume
preserving) is the “big group”. The normal subgroup N is the group
of automorphisms that cover the identity. This group is essentially
the gauge group of field theories such as Yang-Mills fields; as above,
this group in the infinite dimensional case has no difficulties (namely
derivative losses) with its Lie group structure; see, for instance, Arms
[1979] and Nill [1983] and references therein. However, when coupled
with the diffeomorphism group, the Lie group structure clearly will
get more complicated. This example is closely related to those con-
sidered later in §10.6.

For Yang-Mills fluids one uses the Kaluza-Klein point of view to for-
mulate the equations of motion in both Lagrangian and Hamiltonian
forms. Correspondingly, the fluid part of these equations has an Euler-
Poincaré and Lie-Poisson formulation. The associated Poisson bracket
couples a Lie-Poisson bracket with cocycle on a semidirect product
with the canonical bracket on the cotangent bundle of the space of
connections. As a consequence of the Lagrangian approach one gets
a Kelvin-Noether theorem (see, Gay-Balmaz and Ratiu [2007]).

The Multisymplectic View. Many infinite dimensional systems may
be regarded from the multisymplectic point of view, as in (to mention just
a few references), Vinogradov and Kupershmidt [1977], Gotay, Isenberg,
and Marsden [1997], Marsden and Shkoller [1999]; Marsden, Patrick, and
Shkoller [1998] and the subject of multisymplectic reduction is still in its in-
fancy (see Castrillén Lépez, Ratiu, and Shkoller [2000] and Castrillén Lépez
and Marsden [2003] and references therein).
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Part II. Regular Symplectic
Reduction by Stages

In this part, we prove a general symplectic reduction by stages theorem
in the case of regular (nonsingular) symplectic reduction and give several
applications. Recall from the Introduction that the general setting is the
following: we consider the action of a Lie group M acting freely and prop-
erly on a symplectic manifold P and form the (Meyer-Marsden-Weinstein)
symplectic reduced manifold P, at a momentum value o € g*. Assume that
M has a closed normal subgroup N. A goal is to realize this reduced space
P, in a two step procedure: first reducing by NV and then by an appropriate
group that is a modification of M/N. This construction generalizes and uni-
fies several well known techniques, such as semidirect product reduction,
as we shall explain in the main text. In fact, we shall give a reasonably
complete discussion of the case of semidirect product reduction from the
point of view of reduction by stages.

The bulk of the present Part II will make use of a special stages hypoth-
esis, which is satisfied by all the examples that we are aware of. Moreover,
in Chapter 11 we show that under appropriate conditions, this hypothesis
is always satisfied in a large set of situations. For instance, it holds when
M and N are compact groups.

Besides giving a general result in the context of symplectic manifolds, we
also study the case of cotangent bundles in some detail and make use of the
curvature of the mechanical connection, which provides both a magnetic
term as well as the cocycle associated with the group extension.

We apply this theory to several examples, including the Heisenberg group,
loop groups, the Bott—Virasoro group, and the classification of coadjoint
orbits for group extensions.
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4

Commuting Reduction and Semidirect
Product Theory

In this chapter we develop two of the basic results on reduction by stages,
namely the case of commuting reduction and semidirect product reduction.
While one could view these as special cases of more general theorems to
follow in the next chapter, it is worthwhile to see them on their own as
more structured preludes to more general cases. In addition, these cases
are important in applications as well as for the historical development of
the subject.

4.1 Commuting Reduction

Theorems on reduction by stages have been given in various special in-
stances by a number of authors, starting with time-honored observations
in mechanics such as the following: When you want to reduce the dynam-
ics of a rigid body moving in space, first you can pass to center of mass
coordinates (that is, reduce by translations) and second you can pass to
body coordinates (that is, reduce by the rotation group). For other prob-
lems, such as a rigid body in a fluid (see Leonard and Marsden [1997])
this process is not so simple; one does not simply pass to center of mass
coordinates to get rid of translations. This shows that the general prob-
lem of reducing by the Euclidean group is a bit more subtle than one may
think at first when one is considering say, particle mechanics. In any case,
such procedures correspond to a reduction by stages result for semidirect
products.
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But we are getting ahead of ourselves; we need to step back and look first
at an even simpler case in some detail, namely the case of a direct product.
For instance, for a symmetric heavy top, the symmetry group is S' x S!,
with the first S being the symmetry of rotations about the vertical axis
of gravity and the second S! being rotations about the symmetry axis of
the body. These two group actions commute.

The version of commuting reduction given in Marsden and Weinstein
[1974], p. 127 states that for two commuting group actions, one could reduce
by them in succession and in either order and the result is the same as
reducing by the direct product group. One version of this result, which we
will go through rather carefully in a way that facilitates its generalization,
is given in the following development.

The set up is as follows: Let P be a symplectic manifold, K be a Lie group
(with Lie algebra £) acting symplectically on P and having an equivariant
momentum map Jg : P — £*. Let G be another group (with Lie algebra
g) acting on P with an equivariant momentum map Jg : P — g*. The first
main assumption is

C1. The actions of G and K on P commute.

It follows that there is a well-defined action of G x K on P given by
(g,k)-z2=g-(k-2z)=k-(g-2). Next, we claim that

JGXK52J0XJKIP—>(QXE)*:Q*XE*

is a momentum map for the action of G x K on P. Indeed, for £ € g and
n € £, we have

(& mp(2) =&p(2) +np(2),
as follows by noting that exp(¢(£,7n)) = (exp(t&), exp(tn)). Note that
JEM =35, 430
Therefore,
(e = ig, Q + iy, Q = ATE + dIY = IS
Lemp Iepdd + 1y, ¢t aJg Gx K>
This proves the claim.
To ensure that Jgxx is an equivariant momentum map, we make an
additional hypothesis.
C2. Js is K-invariant and Jg is G-invariant.
There are some remarks to be made about this condition. First of all, if

P = T*@ and the actions are lifted from commuting actions on ), then
we assert that the condition C2 automatically holds. This is because, in
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the cotangent case, we can use the explicit formula for the equivariant
momentum maps Jg and Ji. Let k € K, oy € T/ Q, and § € g. Then

Jalk-aq),§) = (k- aq, &k )
= <k g, k- EQ((]»
= <aqa gQ (q)>
= <JG(aq)7£> .
There is a similar argument for Jx. This proves our assertion.
The second remark we wish to make is that in a sense, one needs to only
assume that “half” of C2 holds. Namely, we claim that if Jx is G-invariant

and K is connected, then Jg is K-invariant. Indeed, d (Jx,7n) - €p = 0 for
all £ € g and n € £ and hence

d <JG55> np = d <JG7§> . X(Jx,n) = {<JG7£> ) <JK777>}
=-d{Jx,n Xyge =—-dJIk,n) &p =0,
from which we conclude K-invariance of J& by connectedness of K, which
proves the claim.

Now we have the ingredients needed to get an equivariant momentum
map.

4.1.1 Proposition. Under hypotheses C1 and C2, Jaxk is an equiv-
ariant momentum map for the action of G X K on P.

Proof. Forall z € P and (g,k) € G x K we have
e xJx)(9:F)-2) = Jalg-k-2), Ix(g- k- 2))
=(9-Ja(2), k- Ik(2))
= (gak) ’ (JG X ‘IK) (Z)a

where we have used equivariance of each of Jg and Jg, the fact that the
actions commute (condition C1), and condition C2, the invariance of J¢g
and Jg. [ |

We need one more assumption.
C3. The action of G x K on P is free and proper.

Let (u,v) € g* x€* be given. Since we have a simple product, the isotropy
group is (G x K), G, x K. Our goal is to show that the “one-shot”
reduced space

) =

Py = Jo x Ix) M v) /(G x K,)

is symplectically diffeomorphic to the space obtained by first reducing by
K at v to form the first reduced space P, = J;' (v)/K, and then reducing
this space by the G action. Note that the actions of K and G on P are free
and proper as a consequence of C3.
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Warning. If each of the actions of G and K are free, this need not
imply, conversely, that the action of G x K is free. For example, Let G =
K = S' act on R? minus the origin by standard rotations. The actions
obviously commute, each one is free, but the product action is not free
since (e, e7")z = 2 for any § and any nonzero z € R2.

Another example where this occurs is in the Lagrange top, that is, a rigid
body with an axis of symmetry, rotating about a fixed point on that axis,
and moving in a gravitational field. There are two commuting S' symmetry
groups acting on the phase space T*SO(3). These two actions are given by
(the cotangent lift of) left translation corresponding to rotations about
the axis of gravity and the other by right translation about the axis of
symmetry; these two actions clearly commute. The corresponding integrals
of motion lead to the complete integrability of the problem. One can reduce
by the action of these groups either together or one following the other
with the same final reduced space. In this problem, one should omit the
“vertical” state of rotation of the body in order for the action of S* x S! to
be free, even though each action separately is free; see, for instance, Lewis,
Ratiu, Simo, and Marsden [1992].

To carry out the second stage reduction, we need the following.

4.1.2 Lemma. The group G induces a free and proper symplectic action
on P,, and the map J,, : P, — g* naturally induced by Jg is an equivariant
momentum map for this action.

Proof. Let the action of g € G on P be denoted by ¥, : P — P.
Since these maps commute with the action of K and leave the momentum
map J g invariant by hypothesis C2, there are well-defined induced maps
vy I (v) — I (v) and W, : P, — P,, which then define smooth
actions of G on J!(v) and on P,.

Let 7, : J' (v) — P, denote the natural projection and i, : J5' (v) — P
be the inclusion. We have by construction, ¥, , om, = WVO\I/Z and ¥ o4, =
i, 0 \IIZ.

Recall from Theorem 1.1.3 that the symplectic form €2, on the reduced
space P, is characterized by ¢;,Q = 7(2,. Therefore,

mWy Q= (V) Q= (Uy) 0, Q =i, U Q =i;Q =70,
Since , is a surjective submersion, we conclude that
v, =Q,.

Thus, we have a symplectic action of G on P,.

Since J¢ is invariant under K and hence under K, there is an induced
map J, : P, — g* satisfying J, o 7w, = Jg 0i,. We now check that this is
the momentum map for the action of G on P,. To do this, first note that
for all £ € g, the vector fields £p and {p, are 7,-related. We have

m, (iep, Q) = e, iy Q =iy (i, Q) =i, (d (T, ) = 7} (d (1, 6)).
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Again, since m, is a surjective submersion, we conclude that
ing Q,=d <JV7 5)

and hence J, is the momentum map for the G action on P,. Equivariance
of J,, follows from that for Jg, by a diagram chasing argument as above,
using the relation J, o m, = Jg o4, and the relations between the actions
of G on P, J;'(v), and on P,.

We next prove that the action of G on P, is free and proper. First note
that the action of G on Ji!(v) is free and proper. For z € J ' (v), let its
class be denoted [z], := m,(z). The G action in this notation is simply
9lz], = [9z],. To check freeness, assume that [gz], = [z],. Thus, there is
a k € K, such that kgz = z. But kgz = (g,k)z and hence freeness of the
action of G x K (condition C38) implies that g = e, k = e. Thus, the action
of G on P, is free.

To prove properness, let [z,], — [z], and [gnzn], — [#'],. Since the
action of K, on J I_(l(z/) is free and proper, by the definition of the quotient
topology, and the fact that proper actions have slices (see the discussions in,
for example, [MTA] and Duistermaat and Kolk [1999]), there are sequences
kn, kI, € K, such that k,z, — z and kngnzn = gnknzn, — 2’ (since the
actions commute). By properness of the original action, this implies that a
subsequence of g,, converges. |

With the above ingredients, we can now form the second reduced space,
namely (P,), = 3; (1) /G

4.1.3 Theorem (Commuting Reduction Theorem). Under the hypothe-
ses C1, C2, C3, P, and (P,), are symplectically diffeomorphic.

Proof. Composing the inclusion map

ji (e xIrx) Hpv) = I )
with 7, gives the map

m,07: (JaxIg) Hu,v)— P,.

This map takes values in J;, ! (1) because of the relation J, om, = Jgoi,.
Thus, we get a map

ks (Ja x Ig) " (p,v) = I, ().

such that (i,), o kK, = m, o j, where we use the notation (4,), for the
inclusion J;!(u) < P,. The map k, is equivariant with respect to the
action of G, x K,, on the domain and G, on the range. Thus, it induces a
map

[Iﬁ;l,] : P(;L,u) — (PV)M.
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To show that this map is symplectic, it is enough to show that

Ty (5] (00)) = Ty Q) (4.1.1)

where we use self-explanatory notation; €2, , is the symplectic form on
Pouwys Ty @ (Ja x IJg) " (wv) — Py is the projection, (m,), :
J, () — (P,), is the projection, and (£2,), is the reduced symplectic
form on (P,),. It is enough to establish equation (4.1.1) since 7(, ) is a

surjective submersion. The right hand side of (4.1.1) is given by
i(qu)Q

by the unique characterization of the reduced symplectic form €, ,). The
left side is

Ty (B () ) = K5 (70 ) Q) = 5 (00) 20

because of the relation [, ]om(, ) = (7,),0k, and the unique characteriza-
tion of the reduced symplectic form (£2,,),,. However, since (i, ), 0k, = m,0J,
we get
Ky (1) = § m 8 = 70,0,

by the unique characterization of the reduced symplectic form €2,. Since
iy 0 J = i(u) We get the desired equality. Thus, [k,] : P,y — (P,), is a
symplectic map.

We will show that this map is a diffeomorphism by constructing an in-
verse. We begin by defining a map

¢ : J;l(ﬂ) - P(u,u)a

as follows. Choose an equivalence class (2], € J; ' (1) C P, for z € I (v).
The equivalence relation is that associated with the map m,; that is, with
the action of K, . For each such point, we have z € (Jg x Jx) ™1 (i, v) since
by construction z € J ' () and also

J6(2) = Fe 0i,)(2) = 3,([2,) = w

Hence, it makes sense to consider the class [2](,.) € P.). The result
is independent of the representative, since any other representative of the
same class has the form k - z where k € K,,. This produces the same class
in P, ) since for this latter space, the quotient is by G, x K. The map
¢ is therefore well-defined.

This map ¢ is G, —invariant, and so it defines a quotient map

(9] : (Pu)u - P(u,z/)-

Chasing the definitions shows that this map is the inverse of the map
[£,]. Thus, both are bijections. Since [k, ] is smooth and symplectic, it is
an immersion. A dimension count shows that (P,), and P, ,) have the
same dimension. Thus, [k,] is a bijective local diffeomorphism, so it is a
diffeomorphism. [ ]
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The above theorem on commuting reduction may be viewed in the general
context discussed in §3.1 by taking M = G x K with the normal subgroup
N being chosen to be either G or K, so that the quotient group of M is
the other group.

It is instructive to build up to the general reduction by stages theorem by
giving direct proofs of some simpler special cases, such as the one at hand
and the case of semidirect products treated in §4.2; these special cases not
only point the way to the general case, but contain interesting constructions
that are relevant to these more specific cases. The general case has some
subtleties not shared by these simpler cases which will be spelled out as we
proceed.

4.2 Semidirect Products

Background and Literature. In some applications one has two sym-
metry groups that do not commute and thus the commuting reduction by
stages theorem does not apply. In this more general situation, it matters
in what order one performs the reduction.

The main result covering the case of semidirect products is due to Mars-
den, Ratiu and Weinstein [1984a,b], with important previous versions (more
or less in chronological order) due to Sudarshan and Mukunda [1974], Vino-
gradov and Kupershmidt [1977], Ratiu [1980b], Guillemin and Sternberg
[1980], Ratiu [1981, 1982], Marsden [1982], Marsden, Weinstein, Ratiu,
Schmid, and Spencer [1982], Holm and Kupershmidt [1983a] and Guillemin
and Sternberg [1984].

The general theory of semidirect products was motivated by several ex-
amples of physical interest, such as the Poisson structure for compress-
ible fluids and magnetohydrodynamics. These examples are discussed in
the original papers cited and references therein. Another, and very useful,
concrete application of this theory is to underwater vehicle dynamics; see
Leonard and Marsden [1997].

Generalities on Semidirect Products. We begin by recalling some
definitions and properties of semidirect products. Let V' be a vector space
and assume that the Lie group G (with Lie algebra g) acts (on the left) by
linear maps on V', and hence G also acts (also on the left) on its dual space
V*, the action by an element g on V* being the transpose of the action
of g1 on V. As sets, the semidirect product S = G®YV is the Cartesian
product S = G x V and group multiplication is given by

(91,v1)(92,v2) = (9192, v1 + g1v2),

where the action of g € G on v € V is denoted simply as gv. The identity
element is (e, 0) and the inverse of (g, v) is given by (g,v)~! = (¢~ %, —g~1v).
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The Lie algebra of S is the semidirect product Lie algebra s = g@® V. The
bracket is given by

[(§1,v1), (§2,v2)] = ([€1, 2], §1v2 — §2v1),

where we denote the induced action of g on V' by concatenation, as in & vs.
Perhaps the most basic example of a semidirect product is the Euclidean
group SE(3) of R3, which is studied in, for example, [MandS] and which
will be treated in some detail in §4.4.
We will need the formulas for the adjoint action and the coadjoint ac-
tion for semidirect products. Denoting these and other actions by simple
concatenation, they are given by

(9, v)(& u) = (98, gu — pu(98)) (4.2.1)
and

(9, 0) (1, @) = (gp + P, (9a), ga), (4.2.2)
where (g,v) € S=GxV, ({,u) €s=gxV, (u,a) € s* =g* xV* and
where p, : g — V is defined by p,(§) = &v, the infinitesimal action of &
on v. The map p} : V* — g* is the dual of the map p,. The symbol ga
denotes the (left) dual action of G on V*, that is, the inverse of the dual
isomorphism induced by g € G on V. The corresponding (left) action on
the dual space is denoted by £a for a € V*, that is,

(€a,v) = —(a, &) .

Lie-Poisson Brackets and Hamiltonian Vector Fields. Recall from
[MandS] that the Lie-Poisson bracket on the dual of a Lie algebra g* comes
with two signs and is given on two functions F, K of u € g* by

0F K
F K =+ _— 4.2.3
(FRa0 =% (|5 5| ) (123
Recall also that this bracket is obtained naturally from the canonical bracket
on T*G by taking quotients—this is the Lie-Poisson reduction theorem that
is found in [MandS], Chapter 13. The minus sign corresponds to reduction
by the left action and the plus sign to reduction by the right action.

Next, we give the formula for the + Lie-Poisson bracket on a semidirect
product; namely, for F, K : s* — R, their semidirect product bracket is
given by:

0F §K oF 0K 0K OF
F K =4 —, _— - — 4.2.4
U A< e) <u’[5u75u]> <a’ op da  Op 5a>7 (24)

where §F/ép € g, 6F/da € V are the functional derivatives. Also, one
verifies that the Hamiltonian vector field of a smooth function H : s* — R
is given by

Xu(p,a) =F <ad5H/5,LM ~ P5H/5aDs E 'a> : (4.2.5)
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Semidirect Product Reduction Theorem—Statement. We next
state the “classical” semidirect product reduction theorem and following
this, we give a more general theorem concerning actions by semidirect prod-
ucts on symplectic manifolds. The strategy will be to obtain the classical
result as a special case of the more general result, which we shall prove in
detail.

The semidirect product reduction theorem states, roughly speaking, that
for a semidirect product S = G®V, one can first reduce T*S by V and
then by G and one gets the same result as reducing by S. The precise state-
ment of the classical semidirect product reduction theorem is as follows.

4.2.1 Theorem (Semidirect Product Reduction Theorem). As above, let
S =GOV, choose 0 = (u,a) € g x V* and reduce T*S by the action
of S at o, which, by Corollary 1.1.4 gives the coadjoint orbit O, through
o € s*. Then, there is a symplectic diffeomorphism between O, and the
reduced space obtained by reducing T*G by the subgroup G, (the isotropy
of G for its action on V* at the point a € V*) at the point p|g,, where g,
is the Lie algebra of G, .

Remark. Note that in the semidirect product reduction theorem, only
a €V and plg, € g* are used in the equivalent description of the coadjoint
orbit. Thus, one gets, as a corollary, the interesting fact that the semidi-
rect product coadjoint orbits through o1 = (u1,a1) and o9 = (u2, as) are
symplectically diffeomorphic whenever a1 = as = a and p1|ge = p2|ga-
We shall see a similar phenomenon in more general situations of group
extensions later.

The preceding result will next be shown to be a special case of a theorem
we shall prove on reduction by stages for semidirect products acting on a
symplectic manifold

Semidirect Product Actions. We now set the stage for the statement
of the more general reduction by stages result for semidirect product ac-
tions. Start with a free and proper symplectic action of a semidirect product
S = GOV on a symplectic manifold P and assume that this action has
an equivariant momentum map Jg : P — s*. Since V is a (closed, normal)
subgroup of S, it also acts on P and has a momentum map Jy : P — V*
given by
Jy =i 0Jg,

where iy : V — s, given by v — (0, v), is the inclusion where and ¢}, : §* —
V* is its dual.

We carry out the reduction of P by S at a value 0 = (pu,a) of the
momentum map Jg for S (it is a regular value because of the freeness
assumption) in two stages using the following procedure.

e First, reduce P by V at the value a (it follows from the freeness
assumption that this too is a regular value) to get the first reduced
space P, = J,'(a)/V.
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e Form the isotropy subgroup G, consisting of elements of G that leave
the point a fixed, using the action of G on V*.

We shall show shortly that G, acts freely and properly on P, and has an
induced equivariant momentum map J, : P, — g, where g, is the Lie
algebra of G,,.

e Second, reduce P, at the point p, := u|g, to get the second reduced
space (), = J(;l(ﬂa)/(Ga)um

4.2.2 Theorem (Reduction by Stages for Semidirect Product Actions).
The two-stage reduced space (Py),, is symplectically diffeomorphic to the
“all-at-once” reduced space P, obtained by reducing P by the whole group
S at the point o = (u, a).

We have made the free and proper assumption on the action of S in
this case that is the analog of the hypothesis SRFree in the symplectic
reduction Theorem 1.1.3. One can also make hypotheses analogous to SR-
Regular, but these assumptions would need to be imposed at each of the
stages. We have used the free and proper assumption since, as we shall see,
it is automatically inherited in each of the two stages.

Special Cases. We recover the classical semidirect product reduction
Theorem 4.2.1 by choosing P = T*S and using the fact that the first
reduced space, namely reduction by V, is just T*G with its canonical sym-
plectic structure. We shall go through this in detail in §4.3.

The commuting reduction theorem for the case in which K is a vector
space results from semidirect product reduction when we take the action of
G on K to be trivial. The fact that the full commuting reduction theorem
is not literally as special case suggests that there is a generalization of the
semidirect product reduction theorem to the case in which V is replaced by
a general Lie group. We give, in fact, more general results in this direction
later. Note that in the commuting reduction theorem, what we called v is
called a in the semidirect product reduction theorem.

The original papers of Marsden, Ratiu and Weinstein [1984a,b] give a
direct proof of Theorem 4.2.1 along lines somewhat different than we shall
present here. The proofs we give in this book have the advantage that they
work for more general reduction by stages theorems.

Classifying Orbits. Combined with the cotangent bundle reduction the-
orem (as mentioned in the introductory chapter, the reader may consult
either [FofM] or [LonM] for an exposition), the semidirect product reduc-
tion theorem is a very useful tool. For example, using these techniques, one
sees readily that the generic coadjoint orbits for the Euclidean group are
cotangent bundles of spheres with the associated coadjoint orbit symplectic
structure given by the canonical structure plus a magnetic term. We shall
discuss this problem in detail starting with the Euclidean group in §4.4.
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Reducing Dynamics. There is a method for reducing dynamics that is
associated with the geometry of the semidirect product reduction theorem.
One can start with a Hamiltonian on either of the phase spaces (P,),, or
P, and induce one (and hence its associated dynamics) on the other space
in a natural way.

Another view of reducing dynamics that is useful in many applications is
as follows: one starts with a Hamiltonian H, on T*G that depends paramet-
rically on a variable a € V*; this parametric dependence identifies the space
V*, and hence V. The Hamiltonian, regarded as a map H : TG x V* — R
should be invariant on T*G under the action of G on TG x V*. This
condition is equivalent to the invariance of the corresponding function on
TS =T*G x V x V* extended to be constant in the variable V', under the
action of the semidirect product. This observation allows one to identify
the reduced dynamics of H, on T*@ reduced by G, with a Hamiltonian
system on s* or, if one prefers, on the coadjoint orbits of §*. For example,
this observation is extremely useful in underwater vehicle dynamics (again,
see Leonard and Marsden [1997]).

The Momentum Map for the V-action. We now work towards a
proof of reduction by stages for semidirect product actions, Theorem 4.2.2.
We first elaborate on the constructions in the statement of the theorem.

Thus, we start by considering a given symplectic action of S on a symplec-
tic manifold P and assume that this action has an equivariant momentum
map Jg : P — s*. Since V is a (normal) subgroup of S, it also acts on P
and has a momentum map Jy : P — V* given by

JV :ix\}oJSU

where iy : V — s is the inclusion v — (0,v) and ¢}, : §* — V* is its dual.
We think of this merely as saying that Jy is the second component of Jg.
We can also regard G as a subgroup of S by g — (g,0). Thus, G also has
an equivariant momentum map Jg : P — g* that is the first component of
Jg but this will play a secondary role in what follows.
Equivariance of Jg under G implies the following relation for Jy :

Jv(gz) = gIv(2), (4.2.6)

where z € P and we denote the appropriate action of g € G on an element
by concatenation, as before. To prove equation (4.2.6), one uses the fact
that for the coadjoint action of S on s* the second component of that
action is just the dual of the given action of G on V', which is evident from
equation (4.2.2).

The Reduction by Stages Construction. We now elaborate on the
reduction by stages construction given in Theorem 4.2.2. An important
step will be to show that the construction is, in fact, well-defined.
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The “one-shot” reduction step is, in principle, straightforward: one car-
ries out reduction of P by S at a regular value o = (u, a) of the momentum
map Jg for S.

On the other hand, in reduction by stages, one carries out the reduction
in the following two stages (see Figure 4.2.1).

e First, reduce P by V at the value a € V*. Since the action of S was
assumed to be free and proper, so is the action by V and hence a is
a regular value. Thus, we get the reduced manifold P, = J;' (a)/V.
Since the reduction is by an Abelian group, the quotient is taken
using the whole of V. We will denote the projection to the reduced
space by

To : Iy (@) — P

e Second, form the group G, consisting of elements of G that leave the
point a fixed using the induced action of G on V*. We will need to
show that the group G, acts on P, and has an induced equivariant
momentum map J, : P, — g}, where g, is the Lie algebra of G,,.

e Third, using this action of G, reduce P, at the point p, := p|gs to
get the reduced manifold (P,),, = J; ' (1ta)/(Ga) . -
To prove the result, we will systematically check these claims and after

doing this, we will set up the symplectic isomorphism.

Inducing an Action. We first check that we get a free and proper sym-
plectic action of G, on the V-reduced space P,. We do this in the following
lemmas.

4.2.3 Lemma. The group G, leaves the set J;,'(a) invariant.

Proof. Suppose that Jy (z) = a and that g € G leaves a invariant. Then
by the equivariance relation (4.2.6) noted above, we have

Jv(g92) = gJv(z) = ga = a.

Thus, G, acts on the set J;'(a). v

4.2.4 Lemma. The action of G, on J(/l(a) constructed in the preceding

lemma, induces a free and proper action ¥* on the quotient space P, =
Iy (a)/V.

Proof. If we let elements of the quotient space be denoted by [z],, re-
garded as equivalence classes (relative to the action of G, ), then we claim
that g[z]s = [92]s defines the action. We first show that it is well-defined.
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V-orbits

reduction by S reduction by V'

reduction by G, Iy (a))V = P,

Pay = I3 (1a)/(Ga)pa

FIGURE 4.2.1. A schematic of reduction by stages for semidirect products.

Indeed, for any v € V we have [z], = [vz],, so that identifying v = (e, v)
and g = (g,0) in the semidirect product, it follows that
lgvz]a = [(9,0)(e; v)z]a = [(9, 9v)z]a
= [(e,9v)(9,0)z]a = [(9v)(92)]a
= [92]a-
Thus, the action
(g, [2]a) € Ga X Pa— [gz]a € Pa

of G, on the V-reduced space P, is well-defined.

This action is free because if [gz], = [2]q, then there is a v € V such that
vgz = z. Since vg = (g,v), freeness of the S-action implies that g = e and
v =0.

To show properness, assume [z,]q — [2], and that [gnzn]e — [#']a. We
must find a convergent subsequence g,, € G,. There are sequences v,, € V
and v/, € V such that v,z, = (e,v,)z, — 2z and v, gnzn = (gn, V},)zn — 2.
Write

(gna U;)Zn = (gna U,:L)(e, Un)71(€7 Un)zn

= (gna 'U;L - Un)(e7 vn)zn
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Thus, (gn,v), — v,) has a convergent subsequence, by properness of the S
action on P and hence the first components also form a convergent subse-
quence. Since G, is closed and g, € G,, we get a convergent subsequence
in G. v

The Induced Action is Symplectic. Our next task is to show that
the induced action just obtained is symplectic.

4.2.5 Lemma. The action ¥* of G, on the quotient space P, = Jy;' (a)/V
constructed in the preceding lemma, is symplectic.

Proof. Let m, : J;;'(a) — P, denote the natural projection and let the
inclusion be denoted i, : Ji,'(a) — P. Denote by ¥, : P — P the action
of g € G on P. The preceding lemma 4.2.4 shows that

(ia 0 Wg)| Iy (@) = Uy 0y

for any g € G,. By construction, Vg o7, = (1, © ¥,)|J;! (a). The unique
characterization Q2 = 7:Q, of the reduced symplectic form Q, on P,
yields

* a\* o * % . * ok kX ek o *
T (V5) Qo = Uy, Q, = Ui Q =i, Ui =it Q = 7,0,.
Since 7, is a surjective submersion, we conclude that

()" = Q.

g

Thus, the action of G, on P, is symplectic. v

An Induced Momentum Map. We next check that the symplectic
action obtained in the preceding lemma has an equivariant momentum map
that we shall call the induced momentum map. As we shall see later,
in more general cases, this turns out to be a critical step; in particular,
one needs to be cautious because for central extensions, for instance, the
momentum map induced at this step need not be equivariant—the fact that
one gets an equivariant momentum map in this case is a special feature of
semidirect products, about which we shall have more to say later.

4.2.6 Lemma. The symplectic action ¥* on the quotient space P, =
J ' (a)/V has an equivariant momentum map.

Proof. We first show that the composition of the restriction Jg|Jy' (a)
with the projection to g’ induces a well-defined map J, : P, — g%. To
check this, note that for z € J ‘_/1 (a), and £ € g,, equivariance gives

<‘]S(’UZ)35> = <’UJS(Z)36> = <(€70)JS(Z)36> = <JS(Z)7 (670)71(€7O)>'

In this equation, the symbol (e,v)~1(&,0) means the adjoint action of the
group element (e,v)~! = (e, —v) on the Lie algebra element (£,0). Thus,



4.2 Semidirect Products 127

(e,v)71(£,0) = (&,€v), and so, continuing the above calculation, and using
the fact that Jy (z) = a, we get
(Js(vz),6)

/\

5(2), (§,€v)) = (Ja(2),6) + (Jv(2), &v)
=<Jc(2)»§>—<§a v) = Ja(z2),8).

In this calculation, the term (£a,v) is zero since § € g,. Thus, we have
shown that the expression

<Ja([z]a)a£> = <']G(Z)7§>

for ¢ € g, is well-defined. Here, [2], € P, denotes the V—orbit of z € J;;* (a).
This expression may be written as

N

Jaoﬂ'a:L:OJG‘Oiaa

where ¢, : go — @ is the inclusion map and ¢} : g* — g7 is its dual.

Next, we show that the map J, is the momentum map of the G,—action
on P,. Since the vector fields ¢p|(Jy'(a)) and &p, are m,—related for all
& € g4, we have

T (iep, Q) =i, i3Q =i (i, Q) = i} (d (J5,€)) = 7 (d (Ja, ) -

Again, since 7, is a surjective submersion, it follows that

e, Q0 = d (J,,8)

and hence J, is the momentum map for the G, action on P,.
Equivariance of J, follows from that for J&, by a diagram chasing argu-

ment as above, using the identity J, o m, = ¢} o Jg 04, and the relations

between the actions of G on J;,'(a) and of G, on P,. v

Proof of Theorem4.2.2. Having established the preliminary facts in
the preceding lemmas, we are ready to prove the main reduction by stages
theorem for semidirect products.

Let o = (u,a). Start with the inclusion map

j:J5' (o) — Iy ()

which makes sense since the second component of ¢ is a. Composing this
map with 7., we get the smooth map

Ta0j:Jg (o) = P,.

This map takes values in J;l (14q) because of the relation J,om, = tfoJgoi,
and p, = ¢ (p). Thus, we can regard it as a map

ma0j: 5t (0) = I (pa)-
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We assert that projection onto the first factor defines a smooth Lie group
homomorphism ¢ : So — (Gq),, - In fact, the first component g of (g,v) €
Sy lies in (Gg)u, because

(1, a) = (g,v)(p,a) = (gu + py(ga), ga)

implies, from the second component, that ¢ € G, and from the first com-
ponent, the identity ¢}pfa = 0, and the G,—equivariance of the map ¢,,
that g also leaves u, invariant. This proves the assertion.

The map 7, o j is equivariant with respect to the action of S, on the
domain and (G,),, on the range via the homomorphism . Thus, 7, o j
induces a smooth map

(a0 ] Po = (Pa)pa-
Diagram chasing, as above, shows that this map is symplectic.

We will show that this map [, o j] is a diffeomorphism by constructing

an inverse. We will begin by showing how to define a map

¢3J(;1(Na) — Py

Refer to Figure 4.2.2 for the spaces involved.

JS_1<0') J J;l(a) lq P Js 350

JV JG j

To Mg O T

acV”® g pu

LZl

¢ . .
P, Ja (Ma)r P, 9q 2 Ma

lﬂa ']CL
[Tra Oj] Tr.“‘a

(Pa)ua

FIGURE 4.2.2. Maps that are used in the proof of the semidirect product reduction
theorem.

To do this, take an equivalence class [z], € J;!(uq) C P, for z € I3, (a),

that is, the V—orbit of z. For each such point, we will try to choose some
v € V such that vz € J5' (o). For this to hold, we must have

(u,a) = Jg(vz2).
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By equivariance, the right hand side equals

vJs(z) = (e,v)(Ja(z),Iv(2))
= (e,v)(Jg(2),a)
= (Ja(2) + py(a), a).

Thus, we require that
i=Ja(z) + pi(a).
That this is possible follows from the next lemma.

4.2.7 Lemma (Annihilator Lemma). If g% = {v € g* | v|g, = 0} denotes
the annihilator of g, in g*, then

go = {psalveV}.

*

Proof. The identity we showed above, namely ¢%

pya = 0, shows that
go 2> {ppalve Vi

Now we use the following elementary fact from linear algebra. Let E and F
be vector spaces, and Fy C F' a subspace. Let T': E — F* be a linear map
whose range lies in the annihilator Fyj of Fy and such that every element
[ € F that annihilates the range of 7" is in Fy. Then T maps onto Fj. !

In our case, we choose E =V, F =g, Fy = g4, and welet T : V — ¢g*
be defined by T(v) = pi(a). To verify the hypothesis, note that we have
already shown that the range of T lies in the annihilator of g,. Let £ € g
annihilate the range of T'. Thus, for all v € V,

0= <£5 Pza> = <pv§7 a’) = <€U,CL> = - <’U,€CL> ’
and so £ € g, as required. Thus, the lemma is proved. v

We apply the lemma to the element v = u — J¢(2), which is an element
in the annihilator of g, because [z], € J;!(1a) and hence ¢*(Jg(p)) = fa-
Thus, there is a v € V such that p — Jg(z) = pla.

The above argument shows how to construct v so that vz € ng(o). We
then claim that we can define the map

¢ [Z]a € ng(:ua) = [vz]n € b,

where v € V has been chosen as above and [vz], is the S,—equivalence
class in P, of vz.

We are phrasing things this way so that the basic framework will also apply in the
infinite dimensional case, with the understanding that at this point one would invoke
arguments used in the Fredholm alternative theorem. In the finite dimensional case, the
result may be proved by a dimension count.
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To show that the map ¢ so constructed is well-defined, we replace z
by another representative uz of the same class [z]4; here u is an arbitrary
element of V. Following the above procedure, choose v; so that Jg(viuz) =
o. Now we must show that [vz], = [viuz],. In other words, we must show
that there is a group element (g, w) € S, such that

(g, w)(e,v)z = (e,v1)(e, u)z.
This will hold if we can show that (g,w) := (e,v1)(e,u)(e,v)"t € S,.
However, by construction, Jg(vz) = 0 = Jg(viuz); in other words, we
have
o= (u,a) =(e,0)Is(z) = (e,v1)(e,u)Ts(2).

Thus, by isolating Jg(2), we get (e,v) = (e,u)"(e,v1) o and so the
element (g, w) = (e,v1)(e,u)(e,v)~! belongs to S,. Thus, the map ¢ is
well-defined.

The strategy for proving smoothness of ¢ is to choose a local trivialization
of the V bundle Jy;' (a) — J;*(uq) and define a local section which takes
values in the image of J 51(0) under the embedding j. Smoothness of the
local section follows by using a complement to the kernel of the linear
map v +— pi(a) that defines the solution v of the equation pf(a) = p —
Ja(2). Using such a complement depending smoothly on the data creates
a uniquely defined smooth selection of a solution.

Next, we show that the map ¢ is (G,),,—invariant. To see this, let [z], €
J- 1 (ua) and go € (Gy),, - Choose v € V so that vz € Jg' (o) and let u € V
be chosen so that ugpz € Jg*(c). We must show that [v2], = [ugo2],. Thus,
we must find an element (g, w) € S, such that

-1

(g,w)(e,v)z = (e,u)(go,0)z.
This will hold if we can show that (g, w) := (e, u)(go,0)(e,v)~! € S,. Since
o =Js(vz) = Js(ugoz), by equivariance of Jg we get,
o= (e,v)Js(z) = (e,u)(g0,0)Is(2).
Isolating Jg(z), this implies that

(e,v)"ro = (go,0) " (e,u) Lo,
which means that indeed (g,w) = (e,u)(go,0)(e,v)"! € S,. Hence ¢ is
(Ga)p, -invariant, and so induces a well-defined map

[(Zﬂ : (Pa)ua, - PU'

Chasing the definitions shows that [¢] is the inverse of the map [r, o j].
Smoothness of [¢] follows from smoothness of ¢ since the quotient by the

group action, 7, is a smooth surjective submersion. Thus, both [7, o j] and

¢ are symplectic diffeomorphisms. |

In this framework, one can also, of course, reduce the dynamics of a
given invariant Hamiltonian as was done for the case of reduction by T*S
by stages.
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Remarks.

1. Choose P = T™*S in the preceding theorem, with the cotangent action
of S on TS induced by left translations of S on itself. Reducing T*5
by the action of V' gives a space naturally diffeomorphic to T*G—this
may be checked directly, but we will detail the real reason this is so
in the next section. Thus, the reduction by stages theorem gives as a
corollary, the semidirect product reduction Theorem 4.2.1.

2. The original proof of Theorem 4.2.1 in Marsden, Ratiu and Weinstein
[1984a,b] essentially used the map [¢] constructed above to obtain
the required symplectic diffeomorphism. However, the generalization
presented here to obtain reduction by stages for semidirect product
actions, required an essential modification of the original method.

3. In the following section we shall give some details concerning reduc-
tion by stages for SE(3), the special Euclidean group of R3. This
illustrates some important aspects and applications of the classical
semidirect product reduction Theorem 4.2.1.

4. We briefly describe two examples that require the more general result
of Theorem 4.2.2.

(a) First, consider a pseudo-rigid body in a fluid; that is, a body
which can undergo linear deformations and moving in potential
flow, as was the case for rigid bodies in potential flow in Leonard
and Marsden [1997]. Here the phase space is P = T* GE(3)
(where GE(3) is the semidirect product GL(3) ®R?) and the
symmetry group we want to reduce by is SE(3); it acts on GE(3)
on the left by composition and hence on T* GE(3) by cotangent
lift. According to the general theory, we can reduce by the action
of R? first and then by SO(3). This example has the interesting
feature that the center of mass need not move uniformly along a
straight line, so the first reduction by translations is not trivial.
The same thing happens for a rigid body moving in a fluid.

(b) A second, more sophisticated example is a fully elastic body, in
which case, P is the cotangent bundle of the space of all embed-
dings of a reference configuration into R3 (as in Marsden and
Hughes [1983]) and we take the group again to be SE(3) acting
by composition on the left. Again, one can perform reduction in
two stages.

As we have mentioned before, the reduction by stages philosophy is
quite helpful in understanding the dynamics and stability of under-
water vehicle dynamics, as in Leonard and Marsden [1997].
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4.3 Cotangent Bundle Reduction and
Semidirect Products

The purpose of this section is to couple the semidirect product reduction
theorem with cotangent bundle reduction to obtain a more detailed struc-
ture of the reduced spaces for the right cotangent lifted action of G®V on
T* (G®V). Of course, by Theorem 1.2.3 on reduction to coadjoint orbits,
these reduced spaces are the coadjoint orbits of the group GO V.

To carry out this program, we first construct a mechanical connection
on the bundle G®V — G and prove that this connection is flat. This
will allow us to identify (equivariantly) the first (V-reduced) space with
(T*G, Qcan ). We will then be in a position to apply cotangent bundle re-
duction again to complete the orbit classification.

Notation. As in the preceding section, let S = G®V be the semidirect
product of a Lie group G and a vector space V on which G acts, with
multiplication

(g9,v)(h,w) = (gh,v + gw), (4.3.1)

where g,h € G and v,w € V. The identity element is (e,0) and inversion
is given by (g,v) ™! = (g7 %, —g~'v). Recall that the Lie algebra of S is the
semidirect product s = g@® V with the commutator

[(fa U)’ (777 w)] = ([57 77]’ gw - 77”) ) (432)

where ¢,7 € gand v,w e V.

In what follows it is convenient to explicitly introduce the homomorphism
¢ : G — Aut(V) defining the given G-representation on V and to recall
that we identify V with {e} x V, a closed normal Lie subgroup of G®V.

The adjoint representation of S on s given in equation (4.2.1) restricts
to the S-representation on V' given by Ad(, . u = gu for any g € G' and
u,v € V. Its derivative with respect to the group variable (g,v) in the
direction (£, w) € s is ad (¢ ) u = u.

The Mechanical Connection. Let ((-,-)), and (-,-));, be two positive
definite inner products on the Lie algebra g and on the vector space V,
respectively. Then

<<(§7 U)v (777 w)>>5 = <<§7 77>>g + <<7), w>>V ’ (4‘3'3)

for any (£,v),(n,w) € s, defines a positive definite inner product on s.
Since the spaces g x {0} and {0} x V" are orthogonal, the orthogonal (,)),-
projection Py : s = g®V — V is simply the projection on the second
factor.
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Extend the inner product (4.3.3) on s to a right-invariant Riemannian
metric on S by setting

((Xg,u), (Yg, w))) (g,)
= (Tig) Rigi) -1 (Xgsw)s Tig.w) Rg )1 (Yg, w))). (4.34)

where (g,v) € S, (Xg,u), (Yy,w) € Ty.,S, and Ry, is right translation?
on S. The derivative of R, . is readily computed from (4.3.1) to be

Tig ) Binaw) (Xg,u) = (Xg - hy u+Tyo" (X)), (4.3.5)

where (X, w) € T(y,)S, Xy -h :=TyRp(Xy), Ry is the right translation
on G, and ¢¥ : G — V is given by ¢*(g) := gw. In particular

Tig0)Rigy-1 (Xg u) = (X g u—(Xg- 97 ), (4.3.6)

a formula that is useful in the subsequent computations.

The hypotheses of Theorem 2.1.15 hold for the bundle GV — V
and hence the mechanical connection AV € Q(G®V;V) associated to
the Riemannian metric ((,)), is given by formula (2.1.15) which in this
case becomes

Av(g,v) (Xg,u) = Ad(g’v)—l (PVT(g’U)R(gﬂ))—l(Xg,U))
=Adgg1 g1y (Pv (Xg 97" u—(X-g "))
=g " (u—(Xg-9 "), (4.3.7)

where (g,v) € S and (Xg,u) € T(y,)S.

Notice that the connection AY is not S-invariant. In contrast, the same
construction for central extensions yields an invariant but nonflat mechan-
ical connection. As we shall see later, invariance in this case will follow
from the equivariance equation (2.1.16).

The Flatness Calculation. The “reason” why the first reduced space is
so simple is that the mechanical connection A" is flat—that is, its curvature
is zero. This is a direct consequence of Theorem 2.1.16 as will be shown
below. Let (Xg,u), (Yy,w) € T(4,,)S and let

(57 u) = jﬂ(g,v)‘R(g,v)_1 (ng ﬂ)
(777 ’lU) = /I’(g,v)‘R(g,'u)_1 (YQ’ fD),

each of which is an element of s. We compute the curvature of the me-
chanical connection A" with the assistance of the equation ad¢,w) u = &u,

20ur choice of right translations is motivated by infinite dimensional applications to
diffeomorphism groups. Of course, there is a left invariant analogue of the constructions
given here.
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using the formula (2.1.17), which in this case becomes

curv 4v ((Xg,u), (Yy,w))
= Ad(g)-1 (= ad(e.u Py (n,w) + adm w) Py (&) + Py [(§ u), (n,w)] 4 0)
= Ad(g )1 (=6w + nu + §w — nu) = 0.

We summarize this discussion in the following theorem.

4.3.1 Theorem. The mechanical connection AV defined on the right
principal V-bundle S — G by formula (4.3.7) is flat.

Remarks. If one’s goal is simply to pick a connection on the the principal
V-bundle S — G in order to realize the first reduced space as T*G with the
canonical structure, then one may use the trivial connection associated with
the product structure S = G x V, so that the connection 1-form is simply
projection to V. This connection has the needed equivariance properties to
realize the reduced space as T*G and identifies the resulting action of G,
as the right action on T*G. On the other hand, in more general situations
in which the bundles may not be trivial, it is the mechanical connection
which is used in the construction and so it is of interest to use it here as
well. In particular, in the second stage reduction, one needs a connection
on the (generally) nontrivial bundle G — G/G, and such a connection is
naturally induced by the mechanical connection.

Cotangent Bundle Structure of the Orbits. We are now ready to
establish the extent to which coadjoint orbits of G (© V' are cotangent bun-
dles (possibly with magnetic terms). We will illustrate the methods with
SE(3) in §4.4. As we have mentioned, the strategy is to combine the re-
duction by stages theorem with the cotangent bundle reduction theorem.
In the course of doing this, we recover a result of Ratiu [1980a, 1981, 1982]
regarding the embedding of the semidirect product coadjoint orbits into
cotangent bundles with magnetic terms, but will provide a different proof
here based on connections. We consider here the cotangent lift of right
translation of S on T*S (see Theorem 4.2.1) and all connections are the
mechanical connections associated to the right invariant metrics induced
on S and G by the inner products ((,)), and ((,)),, respectively..

4.3.2 Theorem. LetS=GQ®V andJy : T*S — V*, Iy (ag,a) = g 'a,
be the momentum map of the cotangent lift of right translation of V on
S, where <g’1a,u> = {a,gu) for anyu € V, a € V*, and g € G. Let
a € Jy(T*S) C V* and reduce T*S at a. There is a right G,-equivariant
symplectic diffeomorphism

(T*S), == Iy (a)/V =~ (T*G,Q), (4.3.8)

where Qg = Qcan 18 the canonical symplectic form. Furthermore, let 0 =
(1, a) € s* X V* and reduce T*S by the cotangent lift of right translation of
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S on itself at o obtaining the coadjoint orbit O, through o endowed with
the plus orbit symplectic form. Let J, : T*G — g be the momentum map
of the cotangent lift of right translation of the isotropy subgroup G, = {g €
G| ga=g}onG, go =1{ € gl & = 0} the Lie algebra of G, and
Ua = ftlg,. Then there is a symplectic diffeomorphism

O = (T*G)p, = I, (1a)/ (Ga),, (4.3.9)

a

and a symplectic embedding
("G = (77 (G/(Ga),,) )

where Q,, = Qean — 7By, with B, a closed two-form on G/ (G )u calcu-
lated in Theorem 4.3.3. The tmage of this embedding is a vector subbundle

of T* (G/( a)ua)' If G, is Abelian, in which case (Gq)u, = Ga, this
embedding is a diffeomorphism onto T*(G/G,).

Proof. The fact that the spaces in (4.3.8) are symplectomorphic is a con-
sequence of the standard cotangent bundle reduction theorem for Abelian
symmetry groups in §2.2 combined with Theorem 4.3.1. As we have seen
in §2.2, the symplectomorphism is induced by the shift map (which, recall,
is also the projection to the horizontal part):

shift, : Jy,' (a) — J3,'(0), shifte (p(g.0)) = P(g.0) — (@AY (g,0)).
To show the equivariance it only suffices to check that
shifta (peg,0) - (h,0)) = (shifta(p(g,v))) - (h,0), (4.3.10)

for any p(g,.) € T(*g,U)S and h € G,. However, if (X, u) € T(y4p .S, formulas
(4.3.7), (4.3.5), and ha = a imply

(a, AV ((g,0)(h, 0))(X, 1)) = (a, (gh) " (u ( ( ) D))
<havg 1( )v))
<a7g 1(u— X h ) g 1)v)>
= (a, A" (g,v)(X -h7", >
= (a, A (g,0) (X, u) - (h,0) 1)),

which proves (4.3.10).

The fact that the map in (4.3.9) is a symplectomorphism follows from
Theorem 4.2.1 and the G,-equivariance in (4.3.8).

The rest of the statement is a direct consequence of the Cotangent Bun-
dle Reduction Theorem 2.2.1: the magnetic term of the cotangent bundle

T* (G/ (Ga)#a) is the piq-component B,,, := (., B) of the curvature B of

the mechanical connection A% on the right principal bundle G — G/G,
associated to the inner product ((,)), (see Proposition 2.2.5). |
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Calculation of A%+ and d.A%:. As promised in the preceding theorem,
we now derive formulas for the mechanical connection and its curvature on

the right principal G,-bundle G — G/G,.

4.3.3 Theorem. The mechanical connection on the right principal bundle
G — G/G, associated to the inner product ((,)), is given by

A% (g)(X,y) = Pu(TyLy1 X,)

-1
) (PaoAdjoAdg) (P (TyL,1 X)), (4.3.11)
9a

+ ((Pa o Ad] 0 Ad, )

where Py : g — g, and P : g — g are the orthogonal projections relative
to the inner product ((,)),. Let AGe = (pa, A%) € QYG) be the pq-
component of A% . The two-form B, € Q*G) is obtained by dropping
dASe to the quotient G/ (Ga),,-

If AdgoAdg leaves g, invariant, where AdgT 1 g — g is the transpose
(adjoint) of Adg relative to ((,)), (this holds, in particular, when ((,)), is
Ad-invariant, which can always be achieved if G is compact), the formulas
for the connection and its differential simplify to

A =P, o oF (4.3.12)

and
dA% (9)(Xy,Yy) = =Py ([TyLy-1 Xy, TyLy-1Y,]) | (4.3.13)
where 0¥, defined by 6% (X,) = TyL,~1Xg, is the left-invariant Maurer-

Cartan form on G (see Theorem 2.1.14).

Proof. We first compute the locked inertia tensor for the right action
of G, on G. Let ((,)), denote the right invariant extension of the inner
product ((,)), to an inner product on T,G, so that ((,)), = (), and let
&,1m € gq. By definition, the locked inertia tensor is given by

(Lg)(&),m) = (€c(9):nc(9))y = (TeLg&, TeLgn)), = (Adg &, Adgn)),
<<AdgT o Ad, €, n>> - <<(Pa o AdT 0 Ad,)(€), n>> .

e

Thus,
1(9)(§) = ({(Ba o Ad} 0 Ad,)(©), ) €. (4.3.14)

Since the action is free, I(g) is invertible for every g € G and hence we
conclude that (]P’a o Adg o Adg>

: 8o — @ is an isomorphism.
da
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Next, we compute the value J (((Xg, »
map J : T*G — g. For £ € g, we have
= (Xg,8a(9)) = (Xg, TeLe€)),
(TyR,-1X4,Ad, §>>
- <<AdT (T,Ry-1X,), §>>

({(Pa o Ad} 0 Ad)(TyLy1X,), € )

€

g) € g; of the G,-momentum

We conclude that
I ((XgD,) = (((Bao A} 0 Ad))(Ty Ly X,), )
- << (Py 0 AdY 0 Ady) (P T, Ly X,), >>
+ <<(}P’a o AdT 0 Ady)(PLT, L, X,), >> . (4.3.15)

Using (4.3.14) and (4.3.15) in the definition (2.1.4) of he mechanical con-
nection yields (4.3.11).

Now assume that Ad o Ad, leaves g, invariant; since this linear opera-
tor is symmetric, it also leaves its orthogonal complement invariant. This
implies that the second summand in (4.3.15) vanishes and hence

J <<<Xg, .>>g) - << (Pa o AdT oAdg> (Pu(g™" - X,)) >> (4.3.16)
Combining (4.3.14) and (4.3.16), we get
AG(g)(X,) = (1g) ™ 0 3) ((Xes D, ) = (Pu 0 0-)(X,).
~ To compute d A% (9)(X,,Y,), extend X, Yy to left invariant vector fields
X,Y. Then,
dA% (9)(Xg, Yy) = X[A% (Y)](g) — YA (X)](9) — A% (9)([X,Y](9))
= —Po([T,L, " X4, T,L;" - Yy)), (4.3.17)

where we have used the fact that A% (Y), for example, is constant from
the preceding expression for A% and left invariance, and so the first two
terms vanish. ]

4.4 Example: The Euclidean Group

This section uses the results of the preceding section to classify the coad-
joint orbits of the Euclidean group SE(3). We will also make use of mechan-
ical connections and their curvatures to compute the the coadjoint orbit
symplectic forms.
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A Right Invariant Metric on SE(3). Identify
se(3) ~ 50(3) ® R3

and define the natural inner product at the identity (see (4.3.3))

(X, ), (V8 ) = — (X V) + (la,b)

where, on the right hand side, {(-,-)) denotes the Euclidean inner product.
Requiring right invariance of the metric and use of the equation (4.3.6)
gives

((Xa,aa), (Ya;04)) (4,0)

= (Xa- A7 aa = (Xa-A7Na), (Va- A7 ba = (Va- A7) 4

= f%tr(XA CATH YA AT+ (XA AT Y, (Ya - A7)
- <<(XA ~A*1)Oz7 bA>> - <<(YA . Ail)a, aA>> + <<CLA, bA>> . (4.4.1)

The mechanical connection for the principal R*-bundle SE(3) — SO(3),
is given by (4.3.7):

AR3(A,05)(XA,GA) =A"! (aA — (XA . A_l)oz)

and from Theorem 4.3.1, we see that curv AR — AR = 0.

First Reduction. We first reduce by the R3-cotangent lifted action.
Let a € R** = R3. By Theorem 4.3.2, the cotangent bundle reduction
theorem for semidirect products, we know that the first reduced space
(T*SE(3)), = Iz (a)/R3 is symplectically diffeomorphic to the cotangent
bundle (7" SO(3), Qcan)-

Second Reduction. We first take the easy case in which a = 0. Then
Go = SO(3). Reduction by the SO(3)-action therefore gives coadjoint orbits
of SO(3). Thus O(q—o,.) = Sﬁ, the two-sphere passing through p € R3.

Next, assume a # 0. Then the group SE(3),/R2 ~ SO(3), ~ S* acts (on
the right) on the first reduced space, (T* SO(3), Qcan). Note that the map
[A] € SO(3)/SO(3), — Aa € S2, the two-sphere passing through a € R3,
is a diffeomorphism. Depending on whether 1 = 0 or g # 0, we have to
consider two further subcases.

Suppose that p = 0. Reducing by the SO(3), = Sl-action at u, = 0
gives, by another application of the cotangent bundle reduction theorem
for Abelian groups, the symplectic manifold (7%52, Qcan) (see also Theorem
1.3.2).

Finally, consider the subcase u # 0. The group G, = SO(3), = S*
acts by cotangent lift of right translation on 7% SO(3). The S!-principal
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bundle SO(3) — SO(3)/SO(3), ~ S? naturally inherits a metric from the
principal R3-bundle SE(3) — SO(3), which is SO(3)-invariant.

Let us compute the curvature of the mechanical connection on the bundle
SO(3) — S2. 1t is convenient to use the Lie algebra isomorphism z € R3
Z € s0(3) defined by the cross product, namely, Zu = z X u. The inner
product on s0(3)

(@)1 = (. 9) =~ 5(F5),

where x,y € R?, induces the right invariant Riemannian metric (-, -)) on
SO(3) given on the tangent space at A by

1
<<XA;YA>>A = —gtr(XA . A71 . YA . A*l)’

where X 4,Y4 € T4 SO(3). The Lie algebra of SO(3), ~ S! is span{a} = R,
so the infinitesimal generator of u € R is

Aexp(tua) = uAa. (4.4.2)
t=0

ugo(3)(A) = o

By right invariance of the metric and the identity AGA~' = ;121, we get for
any u,v € R,

(I(A)ua, va)) = w (Ad, Aa) , = uwo (AGA™, A&A‘l»l
=uv <<;la, @>>1 = uv ((Aa, Aa)) = (ua,va)) .  (4.4.3)

To identify from this formula the locked inertia tensor I(A) : span{a} —
span{a}* as a linear map from span{a} to R® and to determine its one-
dimensional range, we will make use of the isomorphism i € s0(3)* — p €
R3 given by (ji,Z) = (, z)) for any x € R3.

The projection R? — span{a} is given by z <T|z’|“2»a and composing

it with the isomorphism 7 € s0(3) — z € R3 gives the projection Z €
s0(3) — «H:Z’ﬁ?a € span{a}. The dual span{a}* — s0(3)* of this map
composed with the isomorphism fi € s0(3)* — p € R3 gives the embedding

Kk : ¢ € span{a}* — <”‘fl’”az>a € span{a} C R3. This isomorphism x which

identifies span{a}* with span{a} is thus characterized by
(r(p),a) = (p,a). (4.4.4)
Thus, by (4.4.3), we get
{(x (I(A)ua) , a)) = ([(A)ua, @) = (ua,a) .

Therefore, identifying via k the spaces span{a}* and span{a}, formula
(4.4.3) shows that I(A) : span{a} — span{a} is given by

I(A)d = a. (4.4.5)
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Taking u € R, the SO(3),-momentum map J : T* SO(3) — span{a}* is
given by

™
=
>
=
5
5)
Q
»
>
s
wn
IS
Eﬁ
\/
D>

XA, Aa>>

so that, identifying span{a}* with span{a} via the map &, equation (4.4.4)
gives

J((Xa,)a) =

o ||2 (A" Xy, a)), a € spanfa}. (4.4.6)

Therefore, by (4.4.5) and (4.4.6), the mechanical span{a}-valued connec-
tion one-form has the expression

ASOB)e(A)(X4) i = (I(A) 0 T) ((Xas-Na)
1

= (A7 X4,a)), a. (4.4.7)

If 11 € R3, then Plspan{ay € span{a}* and hence x (ﬂ|span{a}) = <?(;|(‘12» a€

span{a}, which says that if we identify span{a}* with span{a} via x then
fa = (?";l{‘l;,» a € span{a}.

From (4.4.7) we see that if 4 € R3, the j1,-component AH e of ASOB)a
is given by

AW (A)(X ) =

Ha

< span{a}, ASO(B)a (A) (XA)>
1 1 o~
(5o (a7 x08) )

= 2 F (AT Xa,a)), (4.4.8)

To find the magnetic term we need to compute dASO(g)“ (A)(XA, Yy4) for
AESO( )andXA,YA ETASO( ) Let X4 =2-A Y, =7- AETASO( )
Denote by X, Y the right invariant vector fields whose Values at I are T and

y respectively. Then (4.4.7) and the identities A7'Z74 = A~ 13:, (@,9), =
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<<:L‘, y)), imply

v [A500 (X)) = S| A0 (%) (exp 1) )
=0
= D A0 (exp ) A) (3 - (exp 1) A)
t=0
:% <<|Ti;|a2>> {(A™" exp(—ty)Z(exp ty) A, ay),
d —~
== . <<||a| (A" exp(—tg)z,a))
= <<|TZ”“2>> (A (@ x y),a)) . (4.4.9)
Similarly
X [A500(7)] = - «ITZIGQ» (A (@ x y),a)). (4.4.10)
Finally, since [X,Y])(A) = —[Z,7] - A (because X,Y are right invariant
vector fields), formula (4.4.7) yields
A ([X,7]) (4) = AL (4)(—[5.] - 4

ﬁw«AAmm

_{wa) (A Y@ x y),a)) . (4.4.11)

2
el

Formulas (4.4.9), (4.4.10), and (4.4.11) therefore give
dASO® (A)(X 4, Ya)
= X [AR0@ (V)] = v [A50 ()] — AS0 ([X,¥]) (4)
— <<TZ||CLZ>> (A Yz x y),a)), (4.4.12)

where X4 =2-A4, Y4 =7 A € T4SO(3). Note that this equation agrees
with the result of Theorem 4.3.3.

This two-form on SO(3) clearly induces a two-form B,,,, the magnetic
term, on the sphere S? by

B,..(Aa)(z x Aa,y x Aa) = — «”’:”C;» (& x y, Aa) . (4.4.13)

Invoking the cotangent bundle reduction theorem we classify the orbits
of SE(3) as follows.
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4.4.1 Theorem. The coadjoint orbits of SE(3) are of the following types.
* Ota=o,u) = (Sh,wu)
* Oazou=0) = (T 57, Qcan)
® O(arour0) = (T*S7, Qean — 7 By,)

where w, is the orbit symplectic form on the sphere SZ of radius | ||,

o = «‘ﬁl’ﬁ?a € span{a} is the orthogonal projection of u to span{a},

7 T*S? — S2 is the cotangent bundle projection, Qecan is the canoni-
cal symplectic structure on T*S2%, and the two-form B,,, on the sphere S2
of radius ||a|| is given by formula (4.4.13).




D
Regular Reduction by Stages

In this chapter we formulate the first of several reduction by stages theorems
in the regular, that is, free actions, case. We state a sufficient condition,
called the stages hypothesis under which the two step reduced space is sym-
plectically diffeomorphic to the space obtained by reducing all at once by
the original group. In Chapters 11 and 12 we will come up with alternative
conditions for reduction by stages based on the use of distribution theory.

Some results in the general direction of reduction by stages for group
extensions are those of Landsman [1998], Sjamaar and Lerman [1991], and
Ziegler [1996]. The results in Landsman [1998] also make interesting links
with quantization. Duval, Elhadad, Gotay, Sniatycki, and Tuynman [1991]
give a nice interpretation of semidirect products in the context of BRST
theory and quantization and apply it to the pseudo-rigid body. The results
in Sjamaar and Lerman [1991] deal with general extensions, but only at zero
levels of the momentum map and only for compact groups. Unfortunately
this does not even cover the important case of semidirect products and their
proofs do not seem to generalize, so it overlaps very little with the work
here. Ziegler [1996] (see also Baguis [1998]) makes a lot of nice links with the
orbit method and symplectic versions of Mackey’s induced representations,
amongst other things.
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5.1 Motivating Example: The Heisenberg
Group

To motivate some of the issues beyond those encountered in the previous
chapter that will come up in the general theory of reduction by stages in
the following sections (as well as the theory for group extensions in the
following Chapter), we first consider one of the basic examples, namely the
Heisenberg group! denoted H. We will be interested in reducing T*H by
the action of H (thereby producing the coadjoint orbits of H) in two stages,
first by the center of H (which is therefore a normal subgroup) and then
by the quotient of H by its center. While this example is quite simple, it
illustrates nicely what some of the issues are in the general theory that were
not encountered in the theory for semidirect products. Thus, we present
this example in a direct way before presenting the general construction.

Definitions. We start with the commutative group R? with its standard
symplectic form w, the usual area form on the plane, that is,

w(u, V) = Ugly — Uyy,

where u = (ugz,uy),v = (vz,v,) € R% Form the set H = R? @ R with
multiplication

(u,)(v, B) = (u +uv,a+ 08+ %w(u, v)) . (5.1.1)

It is readily verified that this operation defines a Lie group, the Heisenberg
group. Note that the identity element is (0,0) and the inverse of (u,a) is
given by (u, )™l = (—u, —a).

In Chapter 6 we will recall the general theory of group extensions and
in the terminology introduced there, one says that R? has been centrally
extended by R using w/2 as a group two-cocycle. The subgroup R,
consisting of pairs (0, «) is the center of H in the sense that each (0, a)
commutes with every other element of H. Also, every element of H that
commutes with all other elements of H is of the form (0, @), as is seen using
nondegeneracy of w.

The Heisenberg group is isomorphic to the upper triangular 3x 3 matrices
with ones on the diagonal. The isomorphism is given by

1 u, a+ %uxuy
(u,) — [0 1 Uy
0 O 1

Conjugation in H is given by
(u, @) (v, B)(—u, —a) = (v, B + w(u,v)).

L Another exposition of the Heisenberg group may be found in, for example, Guillemin
and Sternberg [1984]
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Differentiating with respect to (v, 3), we see that the Ad operator is
Ad(u,a)(K b) = (K b+ w(ua Y))

and, differentiating once more, we get the ad operator; that is, the Lie
bracket:
[(X7 a)v (K b)] - (Oa W(Xa Y))7
where (X, a),(Y,b) e h=R*2aR.
Consistent with the general terminology to be reviewed in Chapter 6, we
can read off from this bracket relation the Lie algebra cocycle C' as the
bilinear form

C(X,Y) = w(X,Y).

The exponential map exp : h — H is the identity map of R3. Note that
this shows that the exponential map of the Heisenberg group coincides with
that of the vector Lie group (R?,+).

Coadjoint Orbits. Identify h* with R? via the Euclidean inner product.
The previous formulas show that

Ad*(u,a)*l(ua V) = (:U' + V"Huv V)a

where p,u € R?, a,v € R, and J(ugz,uy) = (uy, —u,) is the matrix of the
standard symplectic structure on R?. Therefore, the coadjoint orbits of the
Heisenberg group are:

® Oupo) = {(1,0)}
° O(u,y;ﬁO) = RQ X {V}

The Mechanical Connection. Next, consider H as a right principal
R-bundle H — R2. Following the exposition in the case of semidirect prod-
ucts, we construct a right H-invariant metric on H from which we can
derive a mechanical connection on the R-bundle. Set

(X, a),(Y,b)) = (X,Y) + ab, (5.1.2)

for (X,a),(Y,b) € b and where the Euclidean inner product, (-,-) in R? is
used in the first summand and multiplication of real numbers in the second.
If (X(u,a)s @(u,0)) € T(u,a)H, then the tangent of right multiplication is
given by

1
T(u,a)R(v,ﬁ) (X(u,a)7 a(u,a)) = <X(u,a)7 A (u,q) + Ew(X(u,a)v U))
€ Ttw,a) (0.0

and, in particular,

1
T(u,(x)R(u,a)_l(X(u,a)aa(u,oz)) = (X(u,a)aa(u,a) - iw(X(ua)a u)) €bh.
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Thus, the associated right invariant metric on H is given by

<<(X(u,a)v a(u,a))v (Y—(u,a)a b(u,a))»(u)a) = (X(u,oe)a Yv(u,a)) + a(u,a)b(u,a)

1 1 1
- ia(u,a)w(}/(u,a% U’) - §b(u,a)w<X(u,a)7 U) + ZW(X(u,oz)a u)w(yv(u,oz)a U)

Given a € R, the infinitesimal generator for the right R-action of H on H
is

d
7 . (v,)(0,ta) = (0,a).

ag(v,a) =

Combining these formulas and using the general formula (2.1.2) for the
locked inertia tensor yields the expression of the associated locked inertia
tensor in this case:

Ly,0)(@)(b) = (am (v, @), b (v, @) (,, o) = ab (5.1.3)

For any (X (y,a); @(u,a)) € T(u,a)H and b € R, we have the momentum map
for the R action given as follows:

(32 (((Kwar a@a)s Diwm ) +0) = € Kwars aa)s 0.6 o)

1
= (a(uva) — 2w(X(u7a),u)> b.

(5.1.4)

Thus, according to formula (2.1.4), the mechanical connection has the
expression

1
A(ua a)(X(u,a)a a(u,a)) = O(u,a) — iw(X(u,a% u) (515)
Proceeding as in the previous section, an easy calculation shows that

dA(uv a)((X(u,oz)a a(u,a))a (Y(u,a)a b(u,a))) = W(X(u,a)a Y(u,a))- (5'1'6)

This two-form induces a closed two-form B, the curvature form, on the
quotient H/R ~ R? by

Bu)(X,Y) =w(X,Y),

for u, X,Y € R?.

The First Reduced Space. Reducing T*H by the central R action at
a point v € R* =2 R gives, according to cotangent bundle reduction by an
Abelian group (see Theorem 2.2.1), the space

J2'(v)/R =~ (T*R?,Q — 7*B,),
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where ~ is a symplectic diffeomorphism that is readily seen to be equivari-
ant with respect to the remaining R2-action, 7 : T*R? — R? denotes the
cotangent bundle projection, and B, = v, that is,

B,(X,Y) = vw(X,Y), (5.1.7)

for X,Y € R2.

We now have a first reduced space and an action on it by cotangent lift. It
remains to compute the reduced spaces for this action. To do this we will
need to use nonequivariant reduction, since the momentum map for this
remaining action is no longer equivariant. Equivariance is lost precisely
because of the presence of the magnetic term in the first reduced space.
This lack of equivariance is the first major difference with the semidirect
product case.

Calculation of the Momentum Map. Given a cotangent lifted action
of G on (T*Q, Qean — WéB), where B is a closed two-form on @, suppose
that there is a linear map & +— ¢¢ = (¢, ¢) from g to functions on Q (so that
¢ : Q — g*) such that for all { € g, we have i¢, B = d¢® (where i¢ denotes
the interior product). Later on, in §7.1 these maps will be generalized and
will be called Bg-potentials (see Theorem 7.1.1).

In these circumstances, a direct verification shows that the momentum
map is given by J = Jcan — ¢ 0 g, where mg : T*Q — @ is cotangent
bundle projection.

In the case of the Heisenberg group, where B is B, given by (5.1.7), which
is a symplectic form, the ¢ is in fact a momentum map. Namely, in this
case, it is the momentum map for the translation action of R? on (R?, vw),
which, in view of the v dependence of B, , we shall denote as ¢”; it is given
by

¢y(x7 y) = V(y7 —(E) (518)
where we identified R?" and R? by means of the Euclidean inner prod-
uct. Denote coordinates on T*R? by (2, Y, Pz, Py). Again using the above
identification of R? with its dual, the canonical momentum is given by

Jean (@, Y, Do, Py) = (o, Dy) (5.1.9)
and hence the momentum map of the lifted R? action on the first reduced
space (T*R?, Qcan — vmi,w) is the map J,, : T*R? — R? given by

Ju (2,9, Pz, py) = (P2 — vy, Py + V). (5.1.10)
This formula shows that for p = (p1, p2) € R?,

I, 4p0) = {(2, 9, paspy) | P2 = vy + propy = —va +po}. (5.1.11)

Clearly the map (z,y) € R? — (2,y,ps,py) € J, '(p) defined by these
equations for p,,p, is a diffeomorphism. The level sets of J, are there-
fore two—dimensional planes. We will next compute the subgroup that we
quotient these sets by to complete the second stage reduction.
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It is a well known result of Souriau [1970] that one can modify the action
with a cocycle so that the momentum map becomes equivariant relative to
this new affine action on the dual of the Lic algebra (see, e.g., [MandS]).
This affine G action on g* with respect to which the momentum map
becomes equivariant is given by the general formula

g-p=Ad;p+o(g) (5.1.12)

where o(g) is the group 1-cocycle associated with the nonequivariance of
the momentum map.

5.1.1 Lemma. Let y € R2. The isotropy subgroup for p, using this affine
action, is {(0,0)} if v # 0 and is R? if v = 0.

Proof. Recalling the definition of the group one-cocycle o” : R? —
R?" = R? (see equation (1.1.6) or [MandS], §12.4) and using the fact that
the coadjoint action of R? is trivial (since R? is Abelian), we get

(0¥(a,b), (&1,&2))
Ju((a,0)(@,y, pa, py)), (§1,€2)) — (Ad(q )1 o (2, Y, P2, Dy), (€1, &2))
Ju(a+2,0+y,p2,0y), (§1,62)) — (I (@, Y, ey Py), (€1, €2))
(p= = v(b+y),py +v(a+ ), (€1,6))
—{(pz — vy py +v), (&1,6))
v((=b,a),(&1,£&2)),

that is,

(
(
(

o”(a,b) = v(—b,a). (5.1.13)

Therefore, the affine action is

(a,b) - (p1,p2) = (p1,p2) +v(=b,a) (5.1.14)

and the isotropy of (p1, p2) consists of all (a,b) € R? such that (p1, p2) =
(p1, p2) + v(=b, a), from which the conclusion follows. [ |

The Second Reduced Space. First consider the case v = 0. In this
case, the first reduced space is (T*RZ,QCM). Thus, reduction by the re-
maining R? action gives single points.

For the case v # 0 reduction at any point p is a plane since we quotient
the set

J;l(p) = {($>y7px7py) | Pz = 2Vy+p17py = 2vx +p2}

by the identity. We next calculate the reduced symplectic forms on these
planes. This is done by restricting the symplectic form on T*R? to the level
sets of J,,.
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5.1.2 Proposition. The coadjoint orbit symplectic form for the orbit
through the point ((p1,p2),v) is given by

WO, ., (z,9)(X,)Y) = vw(X,Y). (5.1.15)

Proof. Let (z,y) be coordinates of the coadjoint orbit through ((p1, p2), v).
A convenient embedding of the plane J;!(p) into T*R? is given by

1/”(%@) = (xvyaVy+Pla—V5C+P2)~

We have, according to the definition of the reduced symplectic form,
Wred (l‘, y) (X7 Y)
0]

) B B
= Qcan , Ximg—+Xo—+vXo— —vXi—,
((zb(:cy))( 15 T zayw 25, op

0 0 0 0
Yi— +Y,— Yo— — Y1 — | =7 B,(z,y)(X,Y
10x+ Qay—i-V 23]71; Vlapy> 7By (x, y)( )

= X1vYs — Y1vXo + Xo(—vY7) — Yo(—vXy)
B, y)(X, Y)
= 2vw(z,y)(X,Y) —vw(z,y)(X,Y)
=ww(z,y)(X,Y), (5.1.16)

where we have used the fact that m o ¢ = id. Thus, equation (5.1.15)
holds. |

Although one can check it directly in this case, the fact that the reduction
by stages procedure gives the coadjoint orbits of the Heisenberg group is a
consequence of the general theory of the next two sections.

5.2 Point Reduction by Stages

In this section, we introduce the stages hypothesis as a sufficient condition
for a general reduction by stages theorem using point reduction. We will
relate this result to the Poisson reduction and orbit reduction viewpoints
in §5.3.

Interestingly, the stages hypothesis depends only on properties of the Lie
group itself and not on the data contained in the action. We prove in §6.3
that the most general class of group extensions, roughly given by semidirect
products with a cocycle, satisfies this sufficient condition. In particular,
this will show that both central extensions and semidirect products with a
vector space fit into this class.

There will be two other reduction by stages theorems, given in Chapter
11, where variants of the stages hypothesis are studied in detail. In partic-
ular, it is shown that if one keeps careful track of connected components,
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there is a sense in which the stages hypothesis is not needed at all, so it is,
perhaps, not surprising that it holds in the examples we give. In addition,
the singular case is given in Part III.

The Setup. As explained in the introduction, we start with a symplectic
manifold (P, ) and a Lie group M that acts on P freely and properly and
has an Ad*-equivariant momentum map Jy; : P — m*, where m is the Lie
algebra of M. We shall denote this action by ® : M x P — P and the
mapping associated with a group element m € M by &, : P — P.

The Full Reduced Space. Assume that o € m* is a given value of Jy,
which is a regular value by the freeness assumption on the action. Then we
can form the full reduced space

Py =3,/ (0)/M,,

where M, = {m € M | mo = o} is the isotropy subgroup of o for the action
of M on m*. It is this full reduction that we will break into two stages.

The Normal Subgroup N. Assume that N is a closed normal subgroup
of M and denote its Lie algebra by n. Let ¢ : n — m denote the inclusion
and let * : m* — n* be its dual, which is the natural projection given by
restriction of linear functionals. Since N is a normal subgroup, M acts on N
by conjugation and therefore also on n by the derivative of the conjugation
at the identity element. This representation will be denoted by (m,&) €
M xn+— m-£. Dualizing it, one obtains a representation of M on n* that
satisfies

m-v:=m-i(c) =i (Ad},-1 0), (5.2.1)

where o € m* satisfies i*(0) = v.
The momentum map for the action of the group N on P is given by

In(z) = (Tu(2)). (5.2.2)

It is not only N equivariant, as one would expect, but also M equivariant
with respect to the actions of M on P and on n*. To see this, notice that

In(m-z) =" (Iu(m-2)) = i"(Ady, -1 (Im(2)))
=m-i*"(Ip(2)) =m-In(2).

The First Reduced Space. Let v € n* be a value of Jy (which by the
freeness of the action will be a regular value) and let N, be the isotropy
subgroup of v for the coadjoint action of N on the dual of its Lie algebra.
We form the first symplectic reduced space

P, =Jy'(v)/N,.

In what follows we let 7, : J ;,1(1/) — P, denote the natural projection and
iy val (v) < P be the inclusion. The reduced symplectic structure on P,
denoted by €, is uniquely determined by the condition ;{2 = 7}€,,.
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Induced Coadjoint Actions of Quotient Groups. To prepare for the
second reduced space, we start with some general remarks. Since N is a
normal subgroup, the adjoint action of M on its Lie algebra m leaves the
subalgebra n invariant, and so it induces a dual action of M on n*. By
construction, the inclusion map ¢ : n — m is equivariant with respect to
the action of M on the domain and range. Thus, the dual ¢* : m* — n* is
equivariant with respect to the dual action of M. Because N is a subgroup
of M, the adjoint action of N on n coincides with the restriction of the
action of M on n to the subgroup N. Dualizing this, one sees that the
restriction of the action of M on n* to the subgroup N coincides with the
coadjoint action of N on n*.

It may be useful to express the preceding result in a formula. Let, tem-
porarily, Ad,fn_17 u denote the coadjoint action of M on m* and similarly,
Ad;,-: y denote the coadjoint action of N on n*. Then in this notation, the
action of M on n* given in (5.2.1) reads

mi*(n) = i* AdS, 1 .
The result mentioned in the preceding paragraph then can be written as
i* Ad;kl_l,M ,U/ - Ad;’kl_17N Z*M (5.2.3)

for all n € N and p € m*.

Let M, denote the isotropy subgroup of v € n* for the action of M on
n*. We now show, using the preceding remarks and normality of N in M,
that

N, = M, N N. (5.2.4)

To see that M, "N C N,, let n € M, N N so that, regarded as an element
of M, it fixes v. But since the action of N on n* induced by the action of M
on n* coincides with the coadjoint action by the above remarks, this means
that n fixes v using the coadjoint action. The other inclusion is obvious.?

It is an elementary fact that the intersection of a normal subgroup N
with another subgroup is normal in that subgroup, and in particular, the
subgroup N, C M is normal in M,,. Thus, we can form the quotient group
M, /N,. Since N, is normal, we can think of this quotient space as either
the set of right cosets or left cosets. However, in what follows, it is more

2Caution. In the case of semidirect products, where we can regard n* as a subspace
of m*, the action of a group element n € N regarded as an element of M on the space
m* need not leave the subspace n* invariant. That is, its coadjoint action regarded as
an element of M need not restrict to the coadjoint action regarded as an element of
N. Rather than restricting, one must project the actions using the map i*, as we have
described. Thus, one has to be careful about the space in which one is computing the
isotropy of an element v.
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convenient to think of the class of m € M, as [m] = mN,. This quotient
group will play an important role in what follows.

In the context of semidirect products, where M = G@®V is the semidi-
rect product of a group G with a vector space V on which G is represented,
we write v = a and M, /N, reduces to the isotropy group G, for the con-
tragredient action of G on V*. As we saw in §4.2, this is a key ingredient
in semidirect product theory.

Quotient Group Actions. The following general lemma will be useful
when we consider the action of quotient groups, and in particular, the group
M, /N,.

5.2.1 Lemma. Let a Lie group K act in a free and proper way on a man-
ifold R, and let L C K be a (closed) normal subgroup. Then the quotient
group K/L :={kL | k € K} acts in a free and proper way on the quotient
space R/L.

Proof. First of all, the action of L on R is also free and proper, since L is a
closed subgroup of K which, by assumption, acts freely and properly. Thus,
R/L is a smooth manifold and the natural projection 7g,;, : R — R/L is a
surjective submersion.

Denoting the equivalence class of a point z € R in R/L by [z]r, and
classes in K/L by [k]r := kL, the quotient action is

[kl - [zl = [k 2]L
which is well-defined since for any [,1’ € L, we have

[k’l]L . [l/ . .’E]L = [k‘”l . ,’L‘]L
= [(KI'E™Y) k- 2]
= [k~a:]L

since kll'k~' € L as L is a normal subgroup. Thus, the quotient action is
well-defined. To show it is free, note that if

(Klr - [z]r = [k - 2] = [2]L

then there is an [ € L such that [k -x = x. Freeness of the K action implies
that [k = e and so k € L; thus, [k]r is the identity element in K/L.

To check properness, assume that [z,]; — [z|p and [k, - z,]p — [2']L.
We need to show that there is a convergent subsequence [k, |z. Since
[*n]r — [z]L, by the definition of the quotient topology, and the fact
that proper actions have slices (see the discussions in, for example, [MTA]
and Duistermaat and Kolk [1999]), there is a sequence I, € L such that
lp - ©p — z. Similarly, there is a sequence I, € L such that I k, - z,, — 2.
Now write

Uknxp=knlp - (I -7,) — 2,
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where I,, = k;'In'k, € L. Thus, by properness of the K action on R,
there is a convergent subsequence ky,[,,. Therefore, [k:np] L converges in
K/L. |

This induced action can be rephrased in the following way. If ¥, : R — R
denotes the given action of a group element k € K, and \II[Lk]L :R/L— R/L
denotes the quotient action of an element [k]r € K/L, then

L
Vi, © TR = TR, © Yy,

that is, the projection onto the quotient is equivariant with respect to the
two actions via the group projection.

The Action of M, /N, on P,. We are now ready to study the action of
M, /N, on the first reduced space.

5.2.2 Lemma. There is a well-defined induced free and proper symplectic
action of M, /N, on the reduced space P,. This action will be denoted ¥, .

Proof. First of all, using equivariance of Jj; and ¢*, we note that the
action of M, on P leaves the set J5'(v) invariant. The action of a group
element m € M, on this space will be denoted ®%, : J5' (v) — J' (v).

The general considerations given in Lemma 5.2.1 show that the group
M, /N, has a well-defined free and proper action on the space P,. The
action of a group element [m] € M, /N, will be denoted by ¥, : P, —
P,. We shall now show that this action is symplectic.

Let 7, : J5' (v) — P, denote the natural projection and i, : J' (v) — P
be the inclusion. By the equivariance of the projection, we have,

14
Yiml,p 0T =m0 P,

for all m € M,,. Since the action ®” is the restriction of the action ® of M,
we get

s v
®,,0%, =1%,0d7,

for each m € M,,.
Recall from the regular Symplectic Reduction Theorem that i;Q = 7}€2,,.
Therefore,

TR Q= (BL ), = (BL) Q= it Q = it = 1,

v = [m]v
Since m, is a surjective submersion, we may conclude that

Q, =Q,.

v

Thus, we have a symplectic action of M, /N, on P,. |
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An Induced Momentum Map. The following lemmas show that there
is a momentum map for the action of M, /N, on P,. This momentum mabp,
J,: P, — (m,/n,)*, is induced from the original momentum map on the
total space, Jp; : P — m*. The example of the Heisenberg group, discussed
in §5.1 (as well as in the next Chapter), shows that this momentum map,
J, need not be equivariant.

We prepare the following elementary but useful lemma.

5.2.3 Lemma. Let M be a Lie group and let N be a normal subgroup
with corresponding Lie algebras m and n. For n € N and for £ € m, we
have

Ad,E—€€n

Proof. Let I, : M — M denote the inner automorphism for n € N,
defined by

L,(m) = nmn'.
Since the map Ad,, is the derivative of the inner automorphism with respect
to m at the identity, we get

Adnf - 5 = [In(exp(tg))] eXp(ftf)

t=0

(nfexp(t€)]n~") exp(—t&)

nlexp(t€))n ! exp(—t€)). (5.2.5)

d
dt
d
d

Since N is a normal subgroup, exp(t£))n~—! exp(—t¢) is a curve in N (that
passes through the point n=! at ¢ = 0), so the resulting tangent vector to
this curve is an element of n. v

5.2.4 Lemma. Suppose N, is connected. Then a map J,, : P, — (m,/n,)"
1s well-defined by the relation
(r/)*onowV:k;oJMoil,—D (5.2.6)

v

where the notation used is as follows (see Figure 5.2.1; other notation in
this diagram will be explained below). First of all,

ry: M, — M, /N,
18 the canonical projection,

roim, —m,/n,
is the induced Lie algebra homomorphism,

k,:m, - m



5.2 Point Reduction by Stages 155

is the inclusion,
m I (v) = P,

1s the projection,
i, : Iy (v) = P

is the inclusion, and U is some chosen extension of v|,, to m,. Formula
(5.2.6) is equivalently written as

(Ju([2]), [€]) = T (2),8) — (7€) (5:2.7)
where z € I (v), € € my,, v € n*, [2] = m,(2) denotes the equivalence
class of z in P, = I (v) /N, and [£] = 1, (&) denotes the equivalence class

of £ inm,/n,.

Remark. If N is a compact connected Lie group, all coadjoint isotropy
subgroups N, are connected (see Theorem 3.3.1 in Duistermaat and Kolk
[1999]).

Jo iy Jm .
Iy (o) IN' () p m' 3o
jJN k,, l
To Ty 0 Jo Ty vent mZBD
, )]
P J;l(p) < P, (m,,/nl,)* S>p
o lp J,
Tp
F= [WV Oja]
(PV)p

FIGURE 5.2.1. Some of the maps involved in symplectic reduction by stages.

The main point of this lemma is to show that the equation (5.2.6), or
equivalently (5.2.7), gives a well-defined map J,, which takes some check-
ing. We turn to this task in the following proof.

Proof. First of all, we show that the definition of the map J, in equation
(5.2.7) is independent of the representative of [¢]. To do this, it suffices to
show that the right hand side of (5.2.7) vanishes when £ € n,. However,
for £ € n, we have

(I (2),6) = In(2),6) = 1. §),

since Jn(z) = v. Therefore, in this case,

<JM(Z)?£> _<ﬂ7§> = <JN(z)’§>_ <Va€> = <Va€>_ <V7§> =0.
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Next, we must show that the right hand side is independent of the repre-
sentative of [z]. Let n € N,,. We must show that

<JM(TLZ),6> - <E7§>

is independent of n. This is clearly equivalent to showing that

(I (nz), &) = (Inm(2),8)

for all n € N,. By equivariance of J;;, this in turn is equivalent to

for all n € N,; i.e., the vanishing of f(n), where

fn) = (Im(2),Ad, € =€) = (v,Ad,; € =€)

by Lemma 5.2.3, for z € Jx(v) and £ € m,, fixed and for n € N,,.
To show that f vanishes, first of all, note that f(e) = 0. Second, we note
that the differential of f at the identity in the direction n € n, is given by

df(e)-n=(v,—ad,&) = —(ad;v,£) = 0

since J(2) = v and since ad, v = 0 because 7 € n,.
Next, we show that f(ning) = f(n1) + f(n2). To do this, we write

flnang) = (v, Ad, ], € =€) = (v, Ad, Ad, € — Ad,) €+ Ad,) € €).
However,
(r, Ad) A €~ Ad €)= (Ad)u v Ad €~ €) = (Ad €~ €).

This calculation shows that f(nin2) = f(n1) + f(n2) as we desired.
Differentiating this relation with respect to n; at the identity gives

df(ng) oT.R,, =df(e) =0

and hence df = 0 on N,. Since N,, is connected we conclude that f = 0,
which is what we desired to show. v

5.2.5 Lemma. The map J, is a momentum map for the action of M, /N,
on P,.

Proof. We first observe that J,, does depend on the extension v of v[n,,.
If 7y and 9 are two such extensions then (71 — )|n, = 0 and so it equals
(r))*(p) for p € (m,/n,)". Formula (5.2.6) shows that the difference of
the two corresponding momentum maps equals p (which is precisely the

ambiguity in the definition of the momentum map; recall that momentum
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maps are defined only up to the addition of constant elements in the dual
of the Lie algebra).

Secondly, we compute the infinitesimal generator associated with the Lie
algebra element [¢] = r],(£) € m, /n,. Since

€exp, t?“,// (5) =Ty (eXp t§)7

where exp, : m,/n, — M, /N, is the exponential map of the Lie group
M, /N, and exp is that of M, we get for z € Jy'(v) using the definition
of the M, /N,—action on P,,

[l ([2]) = — | exp, tr, (&) m(2)

t=0

— ry(exptf) - m,(2)
t=0

= - 7T'1/(’3Xp tf : Z)
t=0

=T.m(&p(2)), (5.2.8)

that is,

Thirdly, denote by wa : P — R, the map vaf(z) = (Jum(2),&) and similarly
for Ji' : P — R and note that equation (5.2.6) can be written as

IF (my(2)) = T3 (2) = (,6).

Taking the z—derivative of this relation in the direction v € T, Iy (v), we
get

dJ (7, (2)) - Tom, (v) = dJS,(2) - v (5.2.10)

Letting €2, denote the symplectic form on P,, for z € JR,I(Z/)7 & emy,
v € T.I (v), we get from (5.2.9) and (5.2.10)

Q,,([z]) ([g]PV([Z]L TZWV(U)) = Q,,(ﬂ‘,,(z)) (TZWV(SP(Z)L TZT"V(U))
(M) (2) (€p(2),v)

(i5) (2)(€p(2),0) = d 5 (2) - v

=dJE (n,(2)) - Tom, (v), (5.2.11)

which proves that J,, given by (5.2.6) is a momentum map for the M, /N, —
action on P,. v

The Cocycle for the Induced Momentum Map J,. Recall (see
[MandS], Section 12.4) that for a cocycle associated to a nonequivariant
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momentum map. to be well-defined, the underlying space should be con-
nected. Thus, we shall assume tacitly that the first reduced space is con-
nected (or that one restricts one’s attention to one component of it). We
now state the extent to which we have a lack of equivariance of J, by
exhibiting a defining equation for the associated cocycle.

5.2.6 Proposition. The (m,/n,)" ~valued one—cocycle w of the momen-
tum map J, is determined by

(r)"(w([m])) = Ad},, v — 7,
where (r))* : (m,/n,)" — m% is the dual of r},. That is, we have the identity
Iy (Im][2]) — Adpy-2 Ju([2]) = @ ([m).
Proof. Since
Adru(m) T;(g) = T:/(Adm 6) (5212)

for any m € M,, £ em,, and z € J]_Vl(u), we have

(v ([mllz]) = Adpy-2 Ju([2]), [€])
= (Ju(mz]), [€]) = (Ju([2]), Adpm) -1 [€])
= (I (m2),§) — (7,€) — (Ju([2]), [Adpm— £])
<A m-1 I (2),€) = (7,6) = (Jm(2), Adp 1 §) + (7, Adyyy 1 §)
= (7 Adp-1 €= ¢)
(A U — 17, &). (5.2.13)

Note that if £ € n,,, then Ad,,-1 £ € n,, since N, is a normal subgroup of
M,,. Therefore, denoting by mv the action of m € M, C M on v € n*, we
have
<Ad;7ﬁ1 Da €> = <177 ‘Adm*1 £>

= (v,Ad,,-1 &)

= (mv,§) = (v,€), (5.2.14)
since m € M,,. This shows that

Ad;‘jn—l Vv—rveE IllO,

where n2 = {\ € m}, | A|n, = 0} is the annihilator of n, in mj,.
However, since r/, : m,, — m,,/n,, is surjective, its dual (r],)* : (m,/n,)* —
m} is injective and it is easy to verify that

(r))* ((my/n,)*) C ny.
Since

dim ((r})* ((m,/n,)*)) = dim (m,/n,) = dimm, — dimn, = dimn?,
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it follows that?
()" ((my,/n,)*) = np. (5.2.15)

Because of (5.2.15) it follows that there is a unique w(m) € (m, /n,)* such
that

Ad}, v — v = (1)) (w(m)).

v

Let my, mg € M,,. Dualizing relation (5.2.12) we get

() (2(m1m3)) = Adfyy, )2 7 = 7
= Adjnl,1 Adjn;1 v— Ad;;I v+ Adfn;l v—U
= Aoljnl,1 (Adj‘n;1 v— ﬁ) + Ad;‘n;1 v—D
= Ad, 1 (1) ((ma)) + (7)) (w (1))
= (1) (@(m)) + (11)" (Adj,,, -1 (m2))
= ()" (m(m) + Adjy o w(ma)) . (5.2.16)

*

Injectivity of (r],)* implies that
w(mimsa) = @w(mi) + Adj,,, -1 @(ma). (5.2.17)
In particular, if m € M, and n € N,,, this relation yields
@(nm) = w(n) + Adj,1 @(m) = w(n) + w(m),

since [n] = e. Now we show that w(n) = 0. Indeed, if £ € m,,

((r)"(w@(n)), &) = (Adj,-1 7 — 7,€)
= (7. Ad, -1 £ €)
= (v,Ad,1 £ - ), (5.2.18)

since by Lemma 5.2.3, Ad,,-1 £ — £ € n,. However, we already showed in
the previous lemma that for NV, connected

(v, Ad, -1 £ — €) = 0.

Thus, for any n € N,, m € M,, we have w(nm) = w(m), which proves
that w(n) does depend on [m] and not on m. Denoting this map by the
same letter @ : M, /N, — (m,/n,)" the formula (5.2.17) shows that it is a
one-cocycle on M, /N,,. [ ]

3We take the expedient view that in infinite dimensions, this needs to be proven on
a case by case basis.
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Although the momentum map J, depends on the extension of v to m},
different choices of extension lead to momentum maps that are equivalent
with respect to the cohomology class of their cocycles. That is, if 7 and 7’
are two choices extending v/, , then it follows from the defining property
of the cocycle that for all [m] € M, /N,,

@”([m]) — @ ([m]) = A = Adf,,)-, A,
for the unique A € (m, /n,)* that satisfies

(r)A=0"—n.

This demonstrates that the two group one-cocycles on M, /N, differ by a
coboundary.

The Affine Action. In the case of nonequivariant momentum maps,
reduction may be carried out by modifying the coadjoint action with a
cocycle, as we did above for the Heisenberg group (see, for instance Souriau
[1970], [FofM], [MandS], and [HRed]).
Namely, for
A€ (m,/n,)",

we consider the modified action
[m]A = Adrm]fl A+ w([m]).

In terms of a given o (the value at which we will do the full reduction,
as above), we can define v = g, € n* and p € (m,/n,)" by

()" (p) = Olm, — 7, (5.2.19)

where 7 is an arbitrary extension of v|,, to m,. Observe that p depends
on the choice of the extension v of v. Equation (5.2.19) makes sense since,
for n € n,, the right hand side satisfies

<J|mu - 5777> = <U777> - <D777> = <V777> - <V7"7> =0,
that is, 0|y, — 7 € nY.

The Second Reduced Space. In the first stage of reduction, we have
reduced P by the action of NV at the point v to obtain the first reduced
space P,. The space P, can be further reduced by the action of the Lie
group M, /N, at a value p € (m, /n,)*. Recall that we have proved that the
action of M, /N, is free and proper, so that this reduced space is regular.
Let this second reduced space be denoted by

(Pl/)p = szl(p)/(MV/Nl/)P

where, as usual, (M, /N,), is the isotropy subgroup for the action of the
group M, /N, on the dual of its Lie algebra.
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Compatibility. We also require that the various values at which we are
reducing satisfy the compatibility relation

(') (p) = kio — 1. (5.2.20)

As above, one may view this relation as defining v = 0|, and p in terms of
o and the extension 7.

In the next Proposition, the following general notation is used. Given a
group G and two subgroups H and K of GG. Define the product H - K of
these two subgroups to be the set

H-K:={hk|heHkeK}.
It is an easy general fact that if H - K = K - H (as sets), then H - K is a
subgroup of G.
5.2.7 Proposition. We have M, C (M,),),, - Also,

Nz/ : (MV) = (Ml/) NV

om, olm,

18 a closed Lie subgroup of M, containing the subgroup N, . In addition,
=Ty ((MV)UIm,,)

= ((MV)o\mV ’ NV) /NV

(Nv ' (MV)O"m,,) /NV-

As a consequence, 1,(My) C (Ml,/Nl,)p.

(M, /N.),

As the general notation indicates, N,-(M, )|, means the set of products
of the two groups N, and (M,)

U‘luy :

Proof. First of all, M, C M, by the definition (5.2.1) of the action of M

on n*. But m € M, leaves ¢ invariant under the coadjoint action of M on

m* and therefore it also leaves 0|y, invariant. Thus, M, C (M,)
We assert that the equality

lm, *

NI/ . (MV) = (Mu) NV

olm, olm,

follows because N, is normal in M,. To show this, let n € N, and m €
(M,)s|,,, C M,, so that nm € N, - (M,),, - It follows that nm =
m(m~'nm), which lies in (M, ),/ - N,. This proves our assertion.

Thus, by our preparatory remarks, N, - (M,) is a group. We shall
prove that it is a closed Lie group shortly.

Next we prove that (M, /N,), =7, ((M,)s|,,, ). To see this, notice that
[m] € (M, /N,), if and only if

o|m,

[m]p = p. (5.2.21)
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Since 7/, : m, — m, /n, is a projection, its dual (r/)* : (m,/n,)" — m} is
injective and hence (5.2.21) is equivalent to (r],)*([m]p) = (r,)*(p). How-
ever, by (5.2.20), (r),)"(p) = ko0 — U = 0|m, — V. On the other hand, by
the definition of the coadjoint action of M, /N,, (5.2.20), and the formula

for (r],)*(w([m])) in Proposition 5.2.6, we get

()" (Imlp) = ()" (Adfyyr p+ (i) )
= Ad;,1 ()" p + ()" (=([m]))

= Ad:nf1(0|my) —U

— (A1 0) m, — 7
since m € M,,. Therefore (5.2.21) is equivalent to

(Ady-10) [m, = 0lm,

that is, m € (M,),],,, - It follows that r, (m) = [m] lies in the set (M, /N,),
if and only if m € (M,),, for all representatives m of [m]. This proves
that (M, /N,), =7, (My)s),,,)-

Next, observe that because r, : M,, — M, /N, is the quotient map,

Ty ((Mu)almy) = 7";1 (TV ((Mu)almu)) /Ny
= ((My)o,, - No) /Ny

This equals (N,, . (M,,)ULM) /N, by the equality of the numerators that we
have already proved.

The claim that we have a closed Lie subgroup is a consequence of the
equality

(M,) N, = r;l ((My/Ny)p) -

Indeed, since r, : M, — M,/N, is a Lie group homomorphism and
(M, /N,), is a closed Lie subgroup of M, /N, its inverse image is a closed
Lie subgroup of M,,. |

U‘mu ’

Stages Hypothesis I. Now we shall require a special hypothesis to state
the main reduction by stages theorem. This hypothesis will be satisfied in
all of our examples and also will be shown to be, to some extent, un-
necessary if appropriate alternative topological conditions hold. See the
comments following the proof of Theorems 5.2.9 and 5.2.10; this issue is
further discussed in Chapter 11.

5.2.8 Definition (Stages Hypothesis I). The element o € m* will be said
to satisfy the stages hypothesis if for any other element o’ € m* such
that

oln=0la=v and 0o|lm, =0 |n,,
there exists n € N, - (M,) such that o' = Ad},—1 o, where Ad™ is the
M -coadjoint action on m*.

Ilm,
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Notice that the stages hypothesis involves only the structure of the group
M and the choice of o and does not involve the action of M on P.

There are a few useful remarks to be made at this point.

1. The stages hypothesis always holds for ¢ = 0 (since this forces the
condition ¢/ = 0) and hence one can choose n = e.

2. The stages hypothesis holds if N is in the center of M. Indeed, in
this case, one readily sees that M, = M and so m, = m and so this
forces 0 = ¢’ and hence one can choose n = e. We shall use this fact
when we consider reduction by stages for the oscillator group in §9.3.

3. If one can find n € N, such that ¢/ = Ad}_: o, then the stages
hypothesis holds. This is clear because N, C N, - (M,,)(,|my. In fact,
this is the condition that we shall establish in the various examples
considered later.

4. There is a sense in which this stages hypothesis is redundant, which
we shall explore in greater depth as we proceed to develop the theory
in later sections.

Point Reduction by Stages I. We are now ready to state the first
reduction by stages theorem, which will assume the preceding stages hy-
pothesis.

5.2.9 Theorem (Point Reduction by Stages I). Making use of the nota-
tions and hypotheses introduced above, there is a symplectic diffeomorphism
between the symplectic manifolds P, and (P,),.

This theorem states, in particular, that the spaces (P,), are mutually
symplectically diffeomorphic for different choices of extensions v and so,
correspondingly different choices of p.

Proof. Since o and v are related by v = o], € n* and Jy = i* o Iy,
there is a natural inclusion map

Jo : I3t (0) = I (W),
Composing this map with 7, we get the smooth map
T, 0 g ! JK;(O’) — P,.
This map takes values in J!(p) because of the relations
(r) oJ,om, =k oJyoi, -V

and (r],)*(p) = o|m, — 7. Thus, we can regard 7, o j, as a map

T 0js 2 I3f (@) — T, 1 (p). (5.2.22)
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We claim that this map drops on the quotient to a map [r, o j,| : P, —
(P,),. We would like to define this map as follows: choose an element
z € Jy} (o) and set

[ 0 Jollz] = [(m © jo)(2)]

where [z] € I, (0)/M, = P, and

(7 0 40)(2)] € 351 (0)/ (Mo /NL)p = (o),

We need to show that [m, o j,][z] is well-defined; that is, if 2/ = h - 2z for
h € M,, then
(7, 0 jo)(2")] = [(m 0 jo)(2)]-

Next, we show that the map 7, o j, : I3/ (0) — J; 1(p) is 7,-equivariant
with respect to the action of M, on its domain and (A, /N, ), on the range,
where here, r,, is regarded as a homomorphism of M, to (M, /N, ),. By the
definition of the action of (M, /N,), on J;1(p) we have, for h € M,,

(my0Jo)(h-2) =my(h-2)=[h-z] =[h]-[z] = ry(h) - (7 0 jo)(2)-
Therefore,

[(my 0 jo ) ()] = [(my 0 jo ) (- 2)]
= [ru(h) - (my 0 jo)(2)]
(7 0 jir) (2)]

since r,(h) € (M,/N,), by Proposition 5.2.7. This shows that we have
constructed a smooth map

F:=[m,0j): Po — (P,)p.

We now show that F' is actually the symplectomorphism that we need. We
start by showing that:

F is Injective. Let 2,2’ € J;/(0) be such that F(m,(2)) = F(r,(z')).
The construction of F' implies that (7,07, 0j,)(2) = (m,0m,0j,)(2") and,
consequently, there exists an element [m| € (M, /N, ), such that

(T 0 jo)(2") = [m] - (m, 0 jo)(2) = (my 0 jo ) (m - 2).

At the same time, this equality implies the existence of an element n € N,
such that z’ = nm - z. Given that both z and 2’ lie in J,; (¢) equivariance
of Jy; gives

o=JIu(2) =Ipnm-z) = Adf,, -1 In(2) = Ad,,, -1 0,

that is, nm € M, and therefore 7, (z) = 7,(%'), as required.
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F is Surjective. Let m,([z]) € (P,), be arbitrary, where [2] = m,(2) €
J;Y(p) and z € Iy' (v). Let o’ := Jp1(2). Notice that

ol =Ty (z) =In(z) =v =0
Also, for any £ € m, we have

(0".6) = (T (2),€) = (o ([2]), m,(€)) + (7.6) = (p,7,(§)) + (7,€) = (0, ).

Consequently, 0’|, = 0|m, and therefore, by the stages hypothesis, there
exists an element n € N, (M,) such that o’ = Ad},—1 0. By equivariance

lm,,

of Jar, we have 2’ :=n~1 . 2 € J;/ (o). By construction, we have

F(ms(2") = (7m0 (jo (2)) = mp(m (o (n ™ - 2)))
= mp( )

=7, (ru(n™") - 1 (2)) ™ (2))

since r,(n!) € (M, /N,),, by Proposition 5.2.7. This proves the surjectiv-
ity of F.

F is Symplectic. The strategy for this is as follows: Let the symplectic
form on the doubly reduced space (P,), be denoted (£2,),. One is required
to show that F*(Q,), = Qo, the reduced symplectic form on P,. Recall
that €2, is uniquely characterized by the identity i:Q) = 72Q,, where i, =
iy 0 jo : J3; (o) — P is the inclusion map (see Figure 5.2.1). Thus, one
must show that F*(Q,), satisfies the condition

TEFN (), = Q.

However, using the maps in Figure 5.2.1, and the general relation (1.1.15)
for reduced symplectic forms, we get

T B (), = (Foms)* (), = (mp om0 jo) " (S0),
= Jomm(Q)p = Jom 1
= (lp om0 Jo)* Ry = (M, 0 Jo)* Qs
= Jom S = Joi, Q2
=(iy07,)" Q=10 Q.
This shows that F' is symplectic.

Remark. Asa consequence of this, it follows that F' is an immersion. It is
a general theorem that if f : P — @ is a smooth bijective immersion with P
Lindel6f or paracompact then f is a diffeomorphism. A proof of this is given
later in Lemma 11.1.1. Thus, if our symplectic manifold P, were Lindel6f or
paracompact, the proof would now be finished. However, we shall continue
and construct an inverse without any additional assumptions.

Our next task is to construct an inverse to the map F' and prove that
this inverse is smooth.
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Definition of the Map ¢. The strategy is to first find a map ¢ :
J, 1 (p) — P, that is invariant under (M, /N,), and which will therefore
induce a map [¢] : (P,), — P, which we will then prove is the inverse of
F.

To do this, let [2] € J;1(p) C P, be a given N,-class and let

zem, NI p)) C J&l(u)

be a chosen representative in the fiber over [z]. Let ¢’ := Jps(2). Since
z € Jy'(v), we have ¢’'|, = v = o|,. As in the proof that F is surjective,
for any £ € m,, by (5.2.7) and (5.2.19), we have

(0',6) = (Ju([z]), [€]) + (7,€)
={(r)"p. &) + (7,§) = (0,6) -

Therefore, by the stages hypothesis, there is an n € (M,) N, such

that Ad;—1 0’ = o, and so by equivariance of Jys, n -2z € ij(cr). We
then define ¢([z]) := my(n - z). We next need to show that this map is
well-defined.

To do this, choose another representative z’ of [z] and an element n' €
N, such that 2z’ = n/ - 2. As above, by the stages hypothesis, there is
an ng € (M,)s),, N, such that ng - 2" € J,/ (o). We need to show that
Te(n - 2) = my(no - 2’). That is, that n - z and ng - 2’ are in the same M-
orbit. However, since each of them is in J ]741(0), it is enough to show that
they are in the same M-orbit by part (ii) of the reduction lemma 1.2.2.
However, ng - 2’ = ngn - z, so that ng- 2’ and n - 2z are in the same M-orbit.

This completes the construction of ¢.

J|mu

Invariance of ¢ and the Inverse of F. Let [2] € J, ' (p), [m] €
(My,/Ny),, and m € (M,) such that r,(m) = [m]. We have

Ilm,

¢([m] - [z]) = ¢(m,(m - 2)) = 7o (n - m - 2),

where n € N, is such that n-m-z € J;} (o). Let n’ € (M.,)q],,, No be such

that n’ - 2 € J; (o). To show that ¢([z]) = ¢([m] - [2]), we must show that
n' -z and nm - z are on the same M, orbit. Again by the reduction lemma,
it is enough to show that they are on the same M-orbit. But this follows
since n’ -z = (W'm~In"Y)nm - z.

Since ¢ is invariant, it induces a map on the quotient

(] : 3, (p)/(M,/N,), — P>

To see that [¢] is the inverse of F', note that (see Figure 5.2.1), F o7, =
T, 0T, 0 j, and hence

(Fo[g)([2]) = F(mo(n - 2)) = (mp 0 my 0 jo) (- 2) = [2]

since n € N,,.
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Smoothness of the Inverse. To show smoothness of the inverse, it is
enough to show smoothness of ¢ since the inverse [¢] is the induced quotient
map.

Let T be a smooth local section of the N,, bundle 7,1 (J;1(p)) — I 1(p)
defined on a neighborhood U of a given point [29] € J; 1 (p). We claim that
the smooth map Jps oI takes values in (M,),|, N, -0, the (M,)s|,, Ny-
orbit of o in m* under the coadjoint action of M restricted to (M, ),, No,
S0 gives a smooth map

Ini ol : U — (My)gpo Ny -0 = (M) Nuf(My)o), Noor

O-‘my olm,

Indeed, the stages hypothesis produces, for each I'([z]), as in the con-
struction of ¢, an element n € (M,)y),, N, such that Ad; -, InT([2]) = 0.
Thus, JyT'([2]) = Ady, 0 € (M,)4),,, Ny - 0, as required.

Next, choose a local smooth lift of the map J; o' from a neighborhood
of o (represented by the class of the identity element in (M, )|, N,) in
(M) g, No-o = (Mg, No/(My)ol,, (My)g),., Nv)o to aneighborhood
of ng € N, (chosen so that Adzgl JumT([20]) = o) to give a smooth map

Jyol:U— (M), N,

olm,

We now claim that the local representative of ¢ is given by
¢=1,0(Jyol)t-T): U — P,

where the inverse is a pointwise inverse in the Lie group (M, )y, N, (see
the last statement in Proposition 5.2.7), which is clearly a smooth map.
Explicitly, this equation means that for each [z] € U C J,1(p), then

6(12)) = mo(Tar o T)([2)) ™ T([2])). (5.2.23)

To show this, we will prove that the group element n € (Mu)o.|my N, chosen
such that n - (Jps o T')([2]) = Ad),—1 Iy I'([2]) = o, has the property that

= n((Ja o T)([2]) € (M)
But having a section of the bundle

(M,) N, — (Mu)olmu NV/((MV)UIWNV)U) = (Mu)almuNu 4

Ny)o. (5.2.24)

o“mz/

U‘mu

means that we have
((FaroT)([2]) -0 = (s o T)([2).

Therefore, n=! - o = ((J/A;:D/F)([z]) -0 and so (5.2.24) is valid.
Next we compute the right hand side of (5.2.23) to be

7o (T o D)) T((])) = 7o (7' T(]) = 7 (n- T(])

since i € ((M,)g],,, Nv)o C M. By definition of ¢, the right hand side
equals ¢([z]). [ |
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Remarks on the Stages Hypothesis. An inspection of the preceding
argument shows that a sufficient condition for the proof to go through
(without the stages hypothesis) is the set theoretical equality

(J,om 0js) I3/ (o) = p. (5.2.25)

Indeed, the stages hypothesis was only used to show that the map F' was
surjective and to construct the inverse map. This condition for reduction
in stages will appear in Part IIT in the context of a much more general
formulation of this problem (see Definition 15.3.1). Let us now show four
things:

1. The inclusion
(my 0 o) (Jar () € 357 (p)
holds without making the stages hypothesis.

2. If (5.2.25) holds, then we can construct an inverse to F'.

3. The stages hypothesis implies the equality (7, o j,) (J]T/[1 (0)) =3, (p)
and hence (5.2.25).

4. If the element 0 € m* satisfies the stages hypothesis so does any
element Ad;, —1 0 in its orbit, m € M. This remark will be used in
the statement of Theorem 5.3.4 when we say that an orbit O, satisfies
the stages hypothesis.

Proof. 1. This is just a restatement of equation (5.2.22). Notice that
this inclusion was used to construct F' itself. We are asserting that
the opposite inclusion is needed to show that F' is surjective and to
construct its inverse.

2. The inverse to F was constructed as follows: choose [2] € J;1(p). By
(5.2.25), we can write J,([2]) = p = J,(7,(2)), where z € J;/(0).
Now, similar to the preceding proof, define ¢([z]) = 7 (z) and proceed
as before.

3. Assume that the stages hypothesis holds. As remarked above, the
inclusion (7, © j,) (J3/(0)) C I, (p) always holds, so we only need
to prove the opposite inclusion. Thus, let [2] € J;1(p) and let z €
7,1 (J;'(p)) be a representative of the class [2]. Let o/ := Jp/(2).
Since z € Jy' (), we have o’|, = v = o|,. Also, for any & € m,,, by
(5.2.7) and (5.2.19), we have

(0,6 = (Tu(l2]), [E]) + (7, 6)
= ()", &) +(7,§) = (0,€).

Therefore, by the stages hypothesis, there is an n € (M,) N, such

almu

that n - ¢/ = o, and so, by equivariance, n - z € JX/[I(U).
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4. Tt is a straightforward verification.
[ |

Now we will give a further discussion of why in an appropriate sense,
the stages hypothesis can be expected to hold in examples. In fact, we
claim that the equality (5.2.25) is, in some sense, almost automatic. The
insight formulated in the following theorem sets the stage for version III of
reduction by stages, given later on, in which there are technical hypotheses
of a topological nature, but no “algebraic” hypotheses (such as the stages
assumption) whatsoever. Here is the key result that makes these remarks
precise.

5.2.10 Theorem. Under the hypotheses made for the regular reduction
by stages theorem, but without the stages hypothesis, (m, © j,) (J;V[1 (O’)) 18
an open subset of the manifold I *(p).

Proof. First of all, we show that (7, o j,) (J3/ (o)) is a smooth manifold.
To do so, note that it is the image of the smooth map f := m, o j, :
Jo/ (@) — I (p). The kernel of Tf is just the collection of tangent spaces
to the (NV,), orbits for the action of (N,), on J;/ (o). Since (N,), acts
freely, this collection of tangent spaces forms a smooth bundle. Thus, by the
Fibration Theorem (see Theorem 3.5.18 of Abraham, Marsden and Ratiu
[1988]), and the fact that 7, is an open map, the image of f is a smooth
manifold.

The strategy now is to show that at any point [z] € (7, o j,) (J3/(0)) C
J-1(p), the tangent spaces to the two manifolds are the same. If this holds,
then the result is proved. The two tangent spaces are given by

Tty (1 0 Jo) (T3 (0)) = Ty (ker Tod )
and
T3, (p) = ker Ty J,
Because of the inclusion (7, o j,) (J3; (0)) C J, ' (p), we know that
T.m, (ker T.Jar) C ker Ti,1J,

and so we must prove the opposite inclusion. To do so, we can represent
an element of ker 77,)J, as T.m,(v.) where v, € TZ(J]_Vl(V)) = kerT,Jyn.
Thus, we have

0= (T} o Tomy) (v2) =T (Jy o) (v2).
Therefore, by equation (5.2.6) (see also Figure 5.2.1), we get
0= ()" (T> (Jyomy) (vz)) = kT T (v2)

Since k, : m, — m is the inclusion, we see that T.Jy(v,) is zero when
applied to elements of m,,. Since T, Iy (v.) = 0 and Jy = i* o Jyy, it follows
that T, Jpr(v,) is also zero when applied to elements of n.

We now gather a few facts together so we can proceed:
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1. The equality
T.(M-2)NT, (I (v) = T(M, - 2) (5.2.26)

holds because for {p(z) € To(M - 2) N T.(J5' (v)), we obtain 0 =
T.Jn - €p(2) = —adg v by equivariance, so § € m,. This shows the
inclusion C; the opposite inclusion follows since M, leaves J ;,1(1/)
invariant.

2. If (V,Q) is a symplectic vector space and E C V and F C V are
subspaces, then
(ENF)? =E? 4 F2 (5.2.27)

See, for example [MandS], §2.3.

3. For a momentum map J : P — g* for the symplectic action of a
group G on a symplectic manifold P, we have

ker T.J = (T,(G - 2))". (5.2.28)
This was proved in the Reduction Lemma, 1.2.2.

4. We have
ker T, Jnr, = ker T, Jps + T, (N - 2). (5.2.29)

This follows from items 1., 2. and 3.

Now we return to the proof. We decompose our tangent vector v, ac-
cording to equation (5.2.29) as

v, = w, +np(2) (5.2.30)

where w, € kerT,J; and n € n. However, applying T.J to both sides of
(5.2.30), and using the facts that v, € ker T,J 5 and also w, is in the same
kernel since it is even in the kernel of T,J s, it follows that T, I ynp(2) = 0.
By the reduction lemma again, it follows that 1 € n,. Finally, this shows
that

T.m,(v,) = Tomy(w,) + Tomy(np(2)) = Tomy(w,) € Tomy, (ker T, T ay)
|

The Stages Hypothesis for Right Actions. We will need the follow-
ing observation when we consider right actions of the group M in Chapter
8. Suppose the group M with normal subgroup N satisfies the stages hy-
pothesis. We then know by Theorem 5.2.9 that for any left Hamiltonian
action on a symplectic manifold P, that we can reduce by stages. Sup-
pose we now consider a right Hamiltonian action of M on some symplectic
manifold. There is a corresponding right stages hypothesis:
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For all 01,00 € m* such that
O1ln =02ln:=v and 0o1|m, = 02|m, =T,

there exists n € Ny, - (M), such that o3 = Ad}, 01.

Like the left hypothesis, this has nothing to do with the action on the
manifold. It only depends on the properties of the group M and its action
on the normal subgroup V. It is easy to verify that the left stages hypothesis
holds if and only if the right stages hypothesis holds since the condition
is a statement about two elements of m* lying on the same (M, ), orbit.
It is therefore sufficient to check that the group satisfies the left stages
hypothesis to conclude that even for a right action, we can reduce by stages.

5.3 Poisson and Orbit Reduction by Stages

In this section we first recall from the introduction, the simple process
of Poisson reduction by stages. The symplectic leaves in Poisson reduction
are naturally described by orbit reduction, which we recall here. One might
think that, therefore, orbit reduction by stages is substantially simpler than
point reduction by stages. The main result of this section is to show that
this is not the case, but rather, that the orbit reduction point of view gives
essentially the same result.

Poisson Reduction by Stages. Recall that if (P,{,}) is a Poisson
manifold and if a Lie group G acts in a free and proper way on P by
Poisson maps, then the quotient space P/G, which is a smooth manifold,
is a Poisson manifold in a natural way obtained by simply declaring that
the projection 7p g : P — P/G is a Poisson map.

Assume the same general set up as in the preceding section, namely that
we have a Lie group M with a normal Lie subgroup N and that M acts
freely and properly on P (and so N also acts freely and properly on P).
Then the Lie group M /N acts on the first reduced space P/N. One readily
checks that this action is free and proper. Moreover, as in the proof of
Lemma 5.2.2, we have

(I)P/N’M/N

[m] n OTp N :WP’NO@Z’M, (531)

where for the action of a group G on a space S, the action of an element
g € G is denoted <I>gS’G and 7g ¢ : S — S/G is the projection map. Also,
[m]n denotes the class of m € M in the quotient group M/N. It follows
from (5.3.1) that the action of M/N on the first Poisson reduced space
P/N is Poisson.

Thus, one can form the second Poisson reduced space, (P/N)/(M/N).
Then we have
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5.3.1 Proposition. The Poisson manifolds P/M and (P/N)/(M/N) are
Poisson diffeomorphic.

Proof. The natural diffeomorphism between these spaces is given by

[21ar = [[2]v]aa/ -

It is easy to check that this is a well-defined map. It is smooth because it
is the quotient of a smooth map. It is a diffeomorphism because it has the
inverse

[[Z]n]aeyw = (2],

which is likewise checked to be well-defined and smooth. The second of these
maps is Poisson by the following reasoning. The quotient map P/N — P/M
induced by the identity map on P, is Poisson and is M /N invariant, so we
can quotient again, showing that the second map is Poisson. The first map,
being its inverse, is therefore Poisson as well. |

Orbit Reduction by Stages. Given how easy Poisson reduction by
stages is, and the close relation of orbit reduction to its symplectic leaves,
one might think that orbit reduction is correspondingly simple. We shall
show in this paragraph that this is not so; rather it gives the same results
as those of point reduction.

Assume that the Lie group M acts on (P, ) in a free, proper, and sym-
plectic fashion. In the setting of orbit reduction that we presented in The-
orem 1.2.3, the final reduced space is given by Po, = Jy(Oy)/M, where
pw € m* and O, C m* is the M-coadjoint orbit through o. Its connected
components are indeed symplectic leaves of the final Poisson reduced space
P/M.

The first orbit reduced space in this setting is obtained by letting
v =1{"0 € n* and forming

J5'(0,)/N C P/N.

Here, O, denotes the N-coadjoint orbit of v. Notice that in the definition of
the first orbit reduced space we have made a choice of an element o in the
orbit O, . Different choices for this element in O, will produce different first
and second orbit reduced spaces. The orbit reduction by stages theorem
in this section will state that all these doubly orbit reduced spaces are
symplectomorphic to Py, in the presence of an orbit reduction by stages
hypothesis. This choice introduces an additional complication that was not
present in the point reduction approach. Recall that in that situation once
the element o € m* had been fixed so was v = i*(¢) and the first reduced
space.

The quotient group M /N, while acting in a Poisson manner on P/N need
not leave J ' (0,))/N invariant; an example where it does not can be found
using semidirect products. As was done in the case of point reduction,
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in order to preserve the manifold J ]7\,1((91,) /N, we need to consider the
stabilizer of the set O, relative to the M-action (5.2.1) on n*; namely, we
consider the subset of M defined by

Mo, :={meM|m- -0, CO,}.

5.3.2 Lemma. Mo, is a closed Lie subgroup of M containing N as a
normal subgroup. The map B : M,/N, — Mo, /N given by mN, — mN,
m € M, is a Lie group isomorphism.

Proof. Let ]\//[?9: be the maximal closed Lie subgroup contained in Mp, .
Note that o
N C Mo, C Mo,

By the normality of N in M we have that N, is a normal subgroup of ]\/4\(9/1, .
We shall prove that the map B : mN, € M,/N, — mN € ZTJTQ/”/N is
Lie group isomorphism. The map 5 is well-defined and smooth because it
is the quotient of the (N,, N)-equivariant smooth inclusion M, — 1\7(_9/” )
(1) 3 is injective: let m,m’ € M, be such that mN = m/N. Thus, there is
n € N such that m’ = mn and hence n = m~'m’ € M, N N = N,,, which
implies that mN,, = m'N,,.
(ii) B is surjective: if mN € ]Tf@/v/N then there exists n € N such that
m-v = Ad)_ v and hence n~'m € M,,. Therefore for some n’ € N we can
write 3(n"'mN,) = n~'mN = mn/N = mN.

Since E is a bijective Lie group homomorphism it is a Lie group isomor-
phism (see page 42 in [HRed]).

The argument before also shows that the map § in the statement is a
bijection. Hence it induces a unique Lie group structure on Mg, /N relative
to which 3 is a Lie group isomorphism with M, /N, . Therefore Mo, /N is
isomorphic as a Lie group to A/J\(;:/N via the map (o B’l : ]\/4\(;:/]\7 —
Me, /N , which is the inclusion. In particular

dim (KZ{{ /N) = dim (Mo, /N)

SO MZ:/N is open in My, /N and hence the connected components of the

identity of both Lie groups are the same. Furthermore, since ]/\/fo/ /N and
Mo, /N are isomorphic they are necessarily equal.
In order to conclude the proof let 7 : M — M /N be the projection. Since

both sets ]\7;9/” and My, are N-saturated we conclude that

v

Mo, =77t (M;:/N> =n"' (Mo, /N) = Mo,,

which proves the claim since ]Tl\o/u is a closed Lie subgroup of M. |
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5.3.3 Lemma. The Lie subgroup Mp, leaves JR,I(O,,) invariant and
hence the Lie group Mep, /N acts on J;,l((’)l,)/N in a free, proper, and
symplectic fashion.

Proof. Let m € Mp, and z € Jj\,l((’)l,). Then, since Jy = i* o Jyy, the
definition (5.2.1) of the M-action on n* and M-equivariance of Jj; yields

In(m-2) =" JTpy(m-2)) =" (Ad,—1 Ip(2)) =m - " T (2)
=m-In(z)em-0,CO,,

which shows that Mo, leaves J5'(O,) invariant. Since the action of M/N
on P/N is free and proper, its restriction to the subgroup Mp, /N and the
immersed submanifold J ;,1 (O,)/N is also free and proper. The Lie group
Mo, acts symplectically on (P, ) so its quotient Mo, /N acts symplecti-
cally on the orbit reduced space Jy'(O,)/N. |

Now we show that the isomorphism 3 : M, /N, — Mo, /N is compatible
with the diffeomorphism between P, and Pp,. To understand this, we need
to use some notations for group actions. Recall that for the action of a group
G on a space S, the action of an element g € G is denoted <I>§ G One readily
checks that we have the following commutative diagram for each m € M,,:

Py [ZV] . PO,,
(I)P,,,ZVI,,/N,, @PowMou/N
(m]~, [m]n
Py [ZV] o PO,,

Indeed, start by selecting an element [z]y, € P, where z € J;}(v) and
select m € M, ; then

([2]n) = [m - 2]N.

Po,,Mo, /N _ . poteu /N
(o™ o] () = 95

Similarly,

(1) 0 B2/ (lelw,) = i) (- 2],) = [~ 2]

This establishes the commutative diagram.

Since the M, /N,-action on P, has an associated momentum map J,, :
P, — (m,/n,)" and 8 : M, /N, — Mp,/N is a Lie group isomorphism
compatible with the symplectomorphism [i,] : P, — Po,, the map

Jo, = (T.p ) 0T, 0[i,] ' : Po, — (mp, /n)"

v
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is a momentum map of the symplectic My, /N-action on Py, . Using (5.2.7)
we can write Jo, explicitly as

Jo, (m0,(2)), Tero,(§)) = Jum(2),Adn ) = (7,€), (5.3.2)

where 1o, : J71(0,) — Po, and 1o, : Mp, — Mo, /N are projections, &
is an arbitrary element of m,, 7 is an arbitrary linear extension of v € n*
tom, and n € N is some element such that Jy(z) = Ad},_: v. Even though
the element £ was taken in m,, expression (5.3.2) completely determines
Jo, (7o, (2)) because by Lemma 5.3.2 G or, =re, |y, and hence

Tero,(my) =Te(Bor,)(m,)Tero, (mo,)

since 7, is onto and ( is an isomorphism.
A strategy identical to that followed in Theorem 5.2.9 proves the follow-
ing statement.

5.3.4 Theorem (Orbit Reduction by Stages Theorem). If the orbit O, C
m* satisfies the stages hypothesis then there is a symplectic diffeomorphism
between I3/ (Oy)/M and J(_gi (0,)/Hop, , where v = ol,, for some o € O,
and p € (mp, /n)" is defined by the relation

<p7TeTO,,(§)> = <U7 £> - <§7 £>a
for every £ € m,,.

Orbit Reduction by Stages and the Shifting Trick. The shifting
trick that we review below replaces symplectic orbit reduction at O, by
reduction at zero for the symplectic manifold (P x O,,Q — wga). The
canonical diagonal action of P x O, has a momentum map Jy; : P x O, —
g* given by Ty (z,v) = Ip(z) —v. Let (M x Oy)o be the symplectic point
reduced space at zero. For the proof of the following classical theorem see
e.g. [HRed].

5.3.5 Theorem (Shifting Theorem). Under the hypotheses of the Sym-
plectic Orbit Reduction Theorem 1.2.4, the symplectic orbit reduced space
Po,, the point reduced space Py, and (P x O, )¢ are symplectically diffeo-
morphic.

If the group M contains a closed normal subgroup NV, the Stages The-
orem 5.2.9 guarantees that the reduced space (P x O,)¢ ~ Po, can be
always obtained by a two step reduction process since the stages hypoth-
esis is always verified for the momentum value o = 0. However, it should
be noticed that the reduced spaces involved in the two steps reduction of
(P x Oy)p and Py, are not the same. Indeed, the first reduced space in
the reduction of (P x O,) is J5"'(0)/N, where Jy := i* Jar which is, in
general, not symplectomorphic to J X,l(O) /N.
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6

Group Extensions and the Stages
Hypothesis

As was discussed in the general setting of reduction by stages, we consider
a Lie group M with a normal subgroup V; recall that the goal is to reduce
the action of M in two stages, the first stage being reduction by N. The goal
of this chapter is to introduce hypotheses under which reduction by stages
works—that is, the stages hypothesis (see Definition 5.2.8) is automatically
satisfied. The actual reduction by stages procedure for these examples will
be carried out in Chapters 8, 9, and 10.

The first class of examples considered in this chapter are Lie group ex-
tensions whose underlying manifold is the product of the given Lie group
with an Abelian Lie group that extends it. §6.1 reviews the theory for such
group extensions, which may be viewed as semidirect products with co-
cycles. Many formulas are derived that will be useful later when studying
the coadjoint orbits of central (Chapter 9) and Abelian extensions with
cocycles (Chapter 10) of a given Lie group by appealing to the reduction
by stages procedure. Due to its importance, §6.2 presents the special but
very important case of central extensions by particularizing the statements
and formulas derived in §6.1. This section also studies for the first time,
the Lie-Poisson structure determined by a centrally extended Lie group by
an Abelian Lie group with a cocycle. This is done here directly and will be
revisited again in Chapters 8, 9, and 10 from the point of view of reduction
by stages. With the theory of extensions in hand, the main result of §6.3
is the statement that Lie groups that are extensions by an Abelian Lie
group with a cocycle automatically satisfy the stages hypothesis I given in
Definition 5.2.8 so that the main reduction by stages theorem (Theorem
5.2.9) will apply to these cases.
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A second class of examples is treated in §6.4, which proves that stages
hypothesis I holds for general semidirect products of two Lie groups, neither
of which need be Abelian. We emphasize that this is not a special case
of the previous section, since the Lie group that extends the given one
is not necessarily Abelian. Although our main examples are covered by
these results, for completeness, we treat more general group extensions in
Chapter 10.

6.1 Lie Group and Lie Algebra Extensions

The reduction by stages theorem provides, for example, a method to classify
coadjoint orbits of Lie group extensions (see e.g., Cartan and Eilenberg
[1956]) as we shall see later in concrete examples. We shall not present
here the theory in its most general form and will review only semidirect
products with cocycles. This is a large class of extensions that includes
both semidirect products and central extensions. We shall also derive many
explicit formulas useful in various computations throughout this book. For
more general situations and many examples see Neeb [2002], Guieu and
Roger [2003], Maier and Neeb [2003], and Neeb [2004a]. We shall also derive
many explicit formulas useful in the reduction by stages computations in
Chapters 8, 9, and 10.

Generalities on Group Extensions. Let G be a (possibly infinite di-
mensional) Lie group and let A be an Abelian Lie group. It will be con-
venient to use multiplicative notation in G and additive notation in A.
Let Aut(A) denote the group of automorphisms of A under composition
of automorphisms. Consider an extension G of G by A, that is, an exact
sequence

0-A—-G—-G—1 (6.1.1)

In this section we shall assume that the manifold underlying G equals Gx A.
Thus, the elements of G are pairs (g, ) with g € G and o € A. We assume
that the group multiplication is given by

(g @)(h, B) = (gh, o + ¢(9)(B) + B(g, h)), (6.1.2)

where ¢ : G x A — A is a smooth action such that ¢(g) : A — Ais a
smooth Abelian group homomorphism for every g € Gand B: GxG — A
is an A-valued group 2-cocycle; that is, the cocycle condition

o(f)(B(g, h)) + B(f,gh) = B(f,9) + B(fg,h) (6.1.3)

holds for any f, g, h € G. This relation is equivalent to the associativity of
the multiplication (6.1.2).
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The following relations are a direct consequence of (6.1.3):

B(e,g) = B(e; e), (6.1.4)
B(g,e) = ¢(g)(B(e,e)), (6.1.5)
g ") (B(g.g7 ")+ Blg~',e)=B(g",9) + Ble,g "), (6.1.6)

for all g € G. A direct verification, using (6.1.4) and (6.1.5), shows that
(e,—B(e,e)) is the neutral element for the multiplication (6.1.2). From
(6.1.4) and (6.1.6) it follows that every (g,«) € G x A has a unique inverse
given by

(g.0) = (97", —d(g7 ") (Ble.e) + Blg.g™") + @)
= (97", —Ble,e) = B(g™",9) — o(g7 (@) . (6.1.7)

Thus G x A is a group relative to the multiplication (6.1.2). Assuming that
the maps B: G x G — A and (g9,a) € G x A — ¢(g)(a) € A are smooth,
the multiplication (6.1.2) and inversion (6.1.7) are also smooth and G x A
is therefore a Lie group which shall be denoted by G' x4 g A.

Two special cases, namely semidirect products and central extensions,
are noteworthy. In §4.2 we dealt with the case in which A is a vector space
V and B = 0, which corresponds to the semidirect product G' x4 V. If B
is arbitrary and ¢(g) = id for all g € G, that is, there is no action of G on
A, then the extension G Xiq,p A is central.

The formulas for the neutral element and the inverse in the group ex-
tension G x4 p A can be simplified by constructing an isomorphic group
from a normalized cocycle with coeflicients in A (see Cartan and Eilenberg
[1956]), that is, a map B : G x G — A that, in addition to (6.1.3), satisfies
also the identities

B(g,e) = B(e,g) =0, forall geG. (6.1.8)
To do this, given the cocycle B satistying only (6.1.3), define

B(g,h) :== B(g,h) — B(g.e)
and verify, using (6.1.3) for B, that B also satisfies the cocycle identity
(6.1.3) relative to ¢. Note that B(e,e) = 0 which, in view of (6.1.4) and
(6.1.5), implies that B(g,e) = B(e, g) = 0. Moreover, the map

(9,a) € G xyp A (g,a+ Blee)) € Gxyp A

is easily seen to be a Lie group isomorphism.

This argument shows that we can assume without loss of generality that
the cocycle B is normalized, that is, it satisfies the identities (6.1.3) and
(6.1.8). Thus, the neutral element of G x4 g A is (e, 0), the inverse of (g, a)

1S

(g.0) " = (97" =g N(Blg.g7") +a))
= (97", =B(g™",9) — (g )(a)), (6.1.9)
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and the inner automorphisms on G x4 g V' are given by

Lig0)(h: B) = (9hg™", =p(9)p(h)p(g~ ) (a + Blg, g™ 1)) + ¢(9) B(h, g™ ")
+¢(9)8+ B(g,hg™!) + o). (6.1.10)

If B is a normalized two-cocycle, we shall also use the identity

o9 ")(Blg,g~ ") =B(g~".9) (6.1.11)

which is a consequence of (6.1.6) and (6.1.8).
From now on we shall always assume that B is normalized and therefore
use (6.1.9), (6.1.10), and (6.1.11) in subsequent computations.

The Associated Group One-Cocycle on Gx4 pA. Let g and a be the
Lie algebras of G and A, respectively. Denote by L(g, a) the vector space of
linear maps from g to a. The A-valued group two-cocycle B: G x G — A
induces two L(g, a)-valued group one-cocycles 0,01, : G X4 g A — L(g,a)
which we now describe.

We shall use the following notation

d d
DiB(g,h)(ug) := | Blg(t),h) and D2B(g, h)(vn) := | Blg, h(t)),
t=0 t=0

where g(t) and h(t) are smooth curves in G satisfying g(0) = g, h(0) = h,
9(0) € uy € T,G, and h(0) = vy, € TpG. Thus D1B(g,h) : T,G — TpgnA
and Dy B(g,h) : TG — Tp(g,n)A depend smoothly on h and g respectively.
In particular, since B is a normalized two-cocycle, we obtain the linear maps
Dy1B(e,h):g — a and DyB(g,€) : g — a.

Let A, : A — A denote the translation by « € A in the Abelian Lie group
A. There are two natural commuting right G-representations on L(g, a):

o (S-19)(&) :=5(Ady€) and
o (829)(&):=Top(g") (S(E))
where S € L(g,a) and g € G. Therefore,
(S-9)(€) = Top(g™") (S(Ady€)) (6.1.12)

also defines a right G-representation on L(g, a) which will be used in the
next proposition. We shall denote by g - S := S - ¢! the associated left
action of G on L(g, a).

Let T € Q!(A;a) be the Maurer-Cartan one-form on A, that is,

T()(ve) =TaA_o(ve) € a for any v, € T, A. (6.1.13)

In what follows we shall need three formulas that involve the Maurer-
Cartan form and the infinitesimal generator of the action ¢ : G x A — A.
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Recall the general formula

(6(9)+€a) (@) : = Tyg-1)(@)@(9) (€a(d(g™ ) (@)
= (Adg§) 4 (@) (6.1.14)

valid for any left action (see e.g. [MandS], [LonM], or [HRed]).
The first formula is

(T,8a) (a+ ) = (T,8a()) (a) + (T, a) (B) (6.1.15)

for any o, 3 € A and £ € g. To prove it note that we have

Eala+ B) =Tolg (§a(@)) + TpAa (€a(B))
so that

(Y,8a) (a+B) = TagpA—a—p (§ala+ B))
=ToaA—o (§a(a)) + TpA_p5 (§a(B))
= <T,§A> (a) + <T7§A> (6)

as required.
The second formula is a consequence of the identity (6.1.15):

(T, €a) (—a) = = (T,€a) () (6.1.16)

for any « € A and £ € g. This follows from £4(0) = 0 for any £ € g
which in turn is a consequence of the fact that the action ¢ is by group
homomorphisms and thus ¢(g)(0) = 0 for any g € G.

The third formula is

Tod(9) (X, €a) (6(g~ ") () = (X, d(g)Ea) ()
=(T,(Ady¢) ) (@) (6.1.17)

forany g € G, ¢ € g, and o € A. The second equality is a direct consequence
of (6.1.14). To prove the first, use the relation ¢(g) o A_g(4-1ya) = A_a ©
@(g) in the third equality below to get
Tod(g) (T, €4) (697 ")(a)

= To0(9)To(g-1) (@) A-s(g-1)(e)€a (¢(9*1)(Of))

= Ty(g-")() (¢( ) oA s(g 1)) €a (D97 1)(@))

= Ty(g-1)(a) (A= 0 0(9)) € (¢(g7")(a)

= Tah- T¢(g—1 ) ®(9)8a (6(971)(a))

= ToA—o (#(9)+€a) ()

= (T, ¢(9)+&a) (@)

as required.
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6.1.1 Proposition. (i) The smooth map o : G — L(g,a) defined by any
of the three formulas below

d
or(9)(©) == & [0(g") (B(g,exp(t&)g™")) — Blexp(t)g ', g)]
t=0
=Tp(g-1.9A Bg-1.9) [TBlg.g-1)9(9™") 0 D2B(g,97") — DiB(g™", 9)]
(TeRgflg)
= (Top(g™") 0 Tr(g.g-1)A_B(g.g-1) © D2B(g,9™ ") 0 TeRy-1) (€)
— (Tg-1.9)AB(g-1.9)© D1B(g™",9) 0 T Ry-1) (€) (6.1.18)

satisfies the following identity
or(gh)(©) = (oa(9) - h + on (1) €)
+ G| et (Blo. ) ~ o) (Blo, )]
= (on(9) - h+ar() (€) + (Y. €4) (o(h~ g ) (Blg, 1) (6.1.19)

for all g,h € G and € € g. An alternative definition of or is given by

d

= 2| [Folexp(t)g™)(Blg.g7") + ¢lg™ ) (Blg, exp(t6))

t=0
+o(g ") (B(gexp(t€), g~ "))] - (6.1.20)
The smooth map 6 : G Xy, A — L(g,a) defined for any & € g by

7r(9,0)(€) = or(9)(§) — (T,€a) ($(g7")(e)) (6.1.21)

defines a L(g, a)-valued right one-cocycle on G x4 g A, that is, the following
identity holds

a—R((gva)(ha /6)) = 8R(hvﬂ) + 8R(g7a) : (hvﬁ)

for any (g,c), (h,8) € G x4 p A, where the right action of G x4 5 A on
L(g,a) is given by

ar(9)(§)

S (h,B):=8-h="Top(h™')oSoAd, (6.1.22)

for any (h,B) € G Xy 5 A and any S € L(g,a). In particular, or(e) = 0.
¢,
(ii) The smooth map or,(g) == or(g™') satisfies

or(gh)(§) = (o1(g9) +g-or(h)) (§)
+ % L [p(exp(t&)gh)(B(h™, g7 ")) — ¢(gh)(B(h™', g7 "))]
= (or(9) +g-or(h) (&) +(T,&a) (¢(gh)(B(h ™, g7 1)) (6.1.23)
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for all g,h € G and £ € g. The smooth map 61, : G X4 5 A — L(g,a)
defined for any £ € g by

(g, @) == 0or(g) + (Y,€4) (a+ B(g,g7Y)) (6.1.24)

defines a L(g, a)-valued left one-cocycle on G x4 g A, that is, the following
identity holds

a1((g,@)(h, B)) = L(g,@) + (9,@) - oL (h, B)

for any (g,a),(h,B) € G x4, A, where the left action of G x4 5 A on
L(g,a) is given by

(g,a)-S:=g-5=Top(g) oS oAdy— (6.1.25)

for any (9,a) € G Xy, 5 A and any S € L(g,a). In particular, or(e) = 0.
Moreover, 51,(g, ) = 5r((g,)™') for any (g,a) € G x4 5 A.

(iii) The relations between o and o, and the one-cocycles or and 7y, are
given, respectively, by

—(02(9) - 9)(§) = (T, €a) (B(g™",9)) = or(9)(€) (6.1.26)
and
or(g,a)-g=—0ogr(g,a) (6.1.27)

forany g€ G, a€ A, and € € g.

Proof. (i) The first equality in (6.1.18) is obtained in the following way.
First note that ¢ € R — ¢(g7") (B(g, exp(t&)g~")) — Blexp(t)g~',g9) € A
is a curve in A which at t = 0 passes through 0 € A due to the identity
(6.1.11). Second, we have

L Bexp(t)g . g)]
t=0

= — (TOA_B(g—l)g) o TB(gfl’g)A_B(gflhq) o DlB(g_l,g) o TeRg—l) (&).
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Third, using this formula, the Leibniz identity, (6.1.11), and the chain rule
we get

% L [6(97") (B(g,exp(t)g™1)) — Blexp(t&)g ™, g)]
= (Tot1)(Bla.g- ) A-Bs1.9) © Thig.0-1 09 ") © D2B(g,97")
TRy) ()
— (T-p(g-1.9860-)(Bla.9-1) © TOA_B(g-1,9) © Tn(g-1,0)A—B(g~1,9)
oD1B(g~",9) o TeRy—1) (€)
= (Tp(g-1,9A—B(g-1,9) © Ti(g,g-1)8(g") 0 D2B(g, g~ ") o TeRy1) (€)
- (TB(gfl,g) (AB(g*Hg) °oA_p(g-1,9)© A—B(gflvg))
oD1B(g~", g) o TRy—1) (€)
=Tp(g-1,9AB(g-1.9) [TBg.g- P97 ") 0 D2B(g.97") — D1B(g ™", 9)]
(TeRy-1(9))

which proves the first equality in (6.1.18).
To prove the second equality in (6.1.18) use the identity A_, 0 ¢(g71) =
#(97") © A_4(g)(a) Whose derivative at B(g, g~ ') for « = B(g~!,g) is

TB(gfl,g)A*B(gfl»g) © TB(979*1)¢(971) = TO¢(971) © TB(g,gfl)AfB(g,gfl)

by using the relation ¢(g~1)(B(g,97 %)) = B(g~ 1, g).

To prove the identity (6.1.19) we work on the terms in og(gh)(§) before
taking the t-derivative and apply (6.1.3) to the first summand for f —
9,9+ h,h— exp(t&)h~tg~1. We get

o(h™ g™ ") (B(gh,exp(t)h~ g™ ")) — Blexp(t&)h'g~", gh)
=o(h g ") [p(9)(B(h,exp(t&)h~g™1))
+B(g, hexp(t&)h~'g~") — B(g, h)] — Blexp(t&)h~'g~ ", gh)
= ¢(h™")(B(h,exp(t§)h~ g™ 1)) + ¢(h~ g~ ") (B(g, exp(t Adp €)g ™))
—o(hrg7")(B(g, h)) — Blexp(t&)h~ g™, gh)).

Next, add and subtract the term ¢(h~!)B (exp(tAdh f)g_l,g) and use
(6.1.3) on the third and fourth summands below with the choice f —



6.1 Lie Group and Lie Algebra Extensions 185

h, g exp(t&)h ™' g™' h— g to get

¢(h~ 1)¢(g D) (B (g:exp(tAdp€)g™")) — (h™") ( (exp(t Adp€)g™ ", 9))
+o(h™") (B (hexp(t&)h~ g™, g)) + ¢(h ") (B(h, exp(t&)h~ 19‘1))

¢(h~g)(B(g,h)) — Blexp(t&)h™" ,gh)

De(g™) ( (g,exp tAdp &)g )) qb ( (exp(tAdhf)g_l,g))

o(h™1) [o(h)(B(exp(t&)h~1 g™, g)) + B(h, exp(t&)h )]

—¢(h™g ) (B(g, h)) — Blexp(t&)h g~ ,gh)

1)qb(g 1)( (g,exptAdh§ )) o(h™ ( (exp(tAdhé“)g_17g))

Blexp(t&)h g™, g) + ¢(h~ 1) (B(h, exp(t&)h~1))

—o(h™ 1)(B( h)) = B(exp(t&)h~ g™, gh).

o(h™

_|_

= ¢(h~

+

Now subtract and add the term B(exp(t£)h~!, h) and use again (6.1.3) on
the fifth, sixth, and seventh summands below for f — exp(t&)h =g~ g —
g, h — h. Then the expression above becomes

d(h™Np(g™") (B (g, exp(t Adp §)g™")) — ¢(h™") (B (exp(t Adn &)g ", 9))
+¢(h™1) (B(h,exp(t§)h™")) — Blexp(t&)h™, h)
+ B(exp(t§)h™", h) + Blexp(t&)h ' g™, g) — Blexp(t&)h~'g™", gh)
—¢(h~'g~")(B(g, h))
(h Neolg™!) (B (g,exp(tAdn&)g™")) — ¢(h™!) (B (exp(t Adn&)g ™', 9))
+¢(h™1) (B(h,exp(t§)h™1)) — Blexp(t&)h™", h)
+ ¢(exp(t&)h~ g1 (B(g, b)) — ¢(h~ g~ ) (B(g, h)).

Taking the t-derivative of this expression at ¢ = 0 and taking into account
the definitions (6.1.18) of or and of the G-action (6.1.12) on L(g,a) we
get the first equality in (6.1.19). The second equality is a direct conse-
quence of the definition of the Maurer-Cartan one-form YT on A and of the
infinitesimal generator £ 4.

To prove (6.1.20) we use (6.1.3) in the first summand below for f —
exp(t&)g~!, g — g, h — g1 and take into account that B(k,e) = B(e, k') =
0 for any k, k" € G to get

— ¢(exp(t&)g~")(B(g, 97 ") + o9~ ) (B(g, exp(t€))
+ (g7 ") (B(gexp(te), g "))
—B(exp(t€)g™", g) — B(exp(t€),97")
+¢(g7") [Blg, exp(t€)) + Bgexp(t€),g7")] -
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Now apply again (6.1.3) to the two terms in the corner bracket for f —
9,9 — exp(t€),h — g1 to get

— B(exp(t&)g~",g9) — B(exp(t&),g~")
+ (g7 [6(9)(Blexp(t€),97")) + By, exp(t&)g )]
= ¢(g7")B(g,exp(t&)g~") — Blexp(t&)g ™", g)

which is (6.1.18).
Now we prove that g : G — L(g, a) given by (6.1.21) is a smooth group
one-cocycle. Let € € g, (g,a), (h,3) € G x4 5 A. We have by (6.1.18)

/—\

r((g,a)(h, 3))(€) = Tr(gh, a + ¢(g)(B) + B(g, h))(€)
gh)(&) — (Y, €a) (6(h g ") (a + ¢(9)(B) + B(g, h)))

a)
aR(
or(h)(§) + (o () )(5) (T.€4) (6(h™ g™ ") (B(g, h)))
ar(

)
(T,€a) (6(h™ g™ )(a + ¢(9)(B) + B(g, h)))
h) + (or(g )-h) () = (Y, €a) (6(h™"g™") (e + ¢(9)(8)))

where we have used (6.1.15) in the last equality. Now use (6.1.15) and
(6.1.17) in the last summand to get

ar(h)(&) + (or(g) - 1) (§) — (X, €a) (6(h g™ ) (@) — (Y, €a) (6(h1)(B))
= ar(h)(&) + (or(g) - 1) () — Tod(h™") (T, d(h)«Ea) (S(R)(h ™ g™ ")(e))
— (X, €4) (o(h1)(8 >)
= ar(h)(€) — (T, €a) (6(h™)(B)) + Tod(h ™) (or(g) (Ady €))
— Tog(h™) (Y, (Ady, >>(¢(g—1>(a>)
=Gr(h, B)(€) + Tod(h~)5r(g, o) (Ady §)
=Gr(h, B)(€) + (Gr(g,a) - h) (&),

where we have used the definitions (6.1.21) for or and (6.1.12) for the G-
action on L(g, a). This shows that or((g,@)(h,3)) = or(h,B) +or(g,a) -
(h, B) by using the definition (6.1.22) for the (G x4 5 A)-action on L(g, a).
Therefore, 0r : G X4.5 A — L(g,a) is a right smooth group one-cocycle,
as claimed.

Finally, since £4(0) = 0, formula (6.1.21) implies that or(e) = or(e,0) =
0, because o is a one-cocycle and hence necessarily vanishes on the neutral
element of the group. Or, directly, this follows from (6.1.18) since B(e, g) =
B(g,e) =0for all g € G.
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(ii) We have by (6.1.19)
or(gh) = or(h™lg™") = (or(h™") - g7 +or(g™)) (&)

£ 21 [sexp()ah) (B g7) — oloh) (B, g7)]

t=0
=(g-ow(h) +oL(g)) (§)
[¢(exp(t&)gh)(B(h™",g71)) — d(gh)(B(h™", g71))]

t=0

L d
dt

which proves (6.1.23).
Since 7 is a right one-cocycle, it follows that 1, (g, ) := 7r((g, ™) is

a left one-cocycle. Indeed,

which is the left one-cocycle identity.
Moreover, by (6.1.21) and (6.1.16) we get

o(g.a) =0r((g,) ") =0r(g™", —¢(g~ " )a+ B(g,g7")))

=or(g™") — (T,€a) (—6(9)p(9~")(a+ Blyg
=or(g9) +(Y.€a) (@ + Blg,97)),

—~
|
=
~—
~—
~—

which proves (6.1.24).
(iii) By (6.1.18) we have for any g € G and an £ € g

(oL(9) - 9) (&) = Todlg ")or(g™") (Adg &)

= S (B )e) (Bl explt Ad, €)9)
t=0
—6(g7 ) (Blexp(t Ady €)g, g7 )]
_ % “ [Bg™", gexp(t€)) — b9~ )(B(gexp(t€), 97 1)] -

Now use (6.1.3) on the term B(gexp(t£), g~ ') with f +— g, g + exp(tf), h —

g_1 to get

B(gexp(t&), ") = ¢(g)(B(exp(t),g~")) + B(g, exp(t)g™")
— B(g, exp(t£))
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and hence the previous expression equals

_ 4
dt

[¢(g~")B(g,exp(t&)g™") + Blexp(tf),g7")
t=0

—d(g~")(B(g, exp(t€))) — B(g~", g exp(t£))]

(69~ ")B(g,exp(t&)g™") + Blexp(t&),g~ ") — B(g~ ', 9)]
t=0

4
dt

upon using (6.1.3) on the last two summands with f — ¢!, g — g,h —
exp(t£). Now use again (6.1.3) on the second summand for f +— exp(t§), g —
g ', h— g to get

d

— 5| [T Blg,exp(t&)g™") — Blexp(t)g ™", 9)

t=0
+(exp(t&))B(g~ " g9) — Blg~ ', 9)]

= ~ox(0)(©) ~ G| [olest)Blo™9) ~ Blg™ )]

dt
= —or(9)(€) = (Y.84) (Bls™".9))
which proves (6.1.26).

Finally, to prove (6.1.27), use (6.1.12), (6.1.26), and (6.1.24) to get for
any{€g,ge G, anda€ A

(GL(g,a) - g) (§) = Tod(g ")oL(g, @) (Adg &)
= Tod(g~ Nor(g) (Adg &) + Tog(g~ ) (Y, (Adg &) 4) (a+ Blg, g7 "))
= —or(9)(§) — (T,€a) (B(g™',9))
+ Top(g™ ") (T, 6(g)+& >( (9) (6lg ") (@) + o9~ ) (Blg,971))))
= —or(9)(€) — (T.€a) (Bg™",9)))
+ (7T, €A>( (g7 ") (@) + (9 Y(Blg,97"))-

By (6.1.15) the last term is a sum of two terms. Taking into account (6.1.21)
and (6.1.11) this equals

- ( ,a)(€) = (T,€a) (Blg™", 9)) + (T, €a) (6(g7)(Blg,971)))
—or(g, @)(§)

which proves (6.1.27). |

The Adjoint Action of G x4 g A. The underlying vector space of the
Lie algebra of G x4 p A is g x a since the underlying manifold of G x4 p A
is G x A and the neutral element is (e, 0). Differentiating (6.1.10) at the
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neutral element (e,0) € G x4 p A, we obtain

Adiy(60) = 5| (gep(t€)g™", ~6(a)olexp(t€))(g ™)) +

t=0

+ ¢(9) exp (tv) — p(g)d(exp(t€)) (g~ )(Blg,971))
+B(g,exp(t€)g™") + ¢(9) B(exp(t€), g7 1)) ,

where (g, ) € G x A, (§,v) € gx a, exp: g — G is the exponential map of

the Lie group G, and exp4 : a — A is the exponential map of the Abelian
Lie group A. This becomes

A (€0) = (M &= | (0@)0lexn(t9)6ta)0) o)
+Too(g)(v) + % 6(g9) [~o(exp(t€)g™")(B(g,97")) + Blexp(ts), g7 ")
t=0

+¢(91)(B(g,exp(t£)gl))]) :

The first two terms in the corner bracket are equal to —B(exp(t&)g~!,g)
by applying (6.1.3) with f — exp(t£)g~t,g — g,h — g~ ! and taking into
account that B(k,e) = 0 for any k € G. Thus, using the definition (6.1.18)
of op we get

d

Ad(g,a)(gv U) = (Adg fa - dt

(¢(9)p(exp(t))d(g~ ") (@) — a)

t=0

T Tud(g)(v) + Tod(g) <aR<g><s>>)

= (Ady & ~Tuh o (Ty(y1y(@)6(9) (€a(0(g™)(@))))
+ Tod(9) (v) + Tod(9) (7r(9)(€)) )
= ((Ady &~ (X, 6(9).€4) (o)
+ Tod(9)(0) + Todl9) (0m(9)(€) ). (6.128)

The argument above shows that (6.1.18) and the definition of the ad-
joint action imply (6.1.28). Conversely, reading the previous computations
backwards it follows that (6.1.28) and the definition of the adjoint action
imply (6.1.18).

Now we show that (6.1.28) and the identity stating that the adjoint action
is a left action is equivalent to (6.1.19). First, we have for any g,h € G,
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a,B€A €g,and v € aq,

Ad(g,a)(h,8)(&,v) = Ad(gh,a+6(g)(8)+B(g.n) (€5 )
= (Adgn & — (T, $(gh)«Ea) (o + (9)(8) + Blg, h)
+ Tog(gh)(v) + Tod(gh) (or(gh)(€)) ). (6.1.29)
On the other hand, by (6.1.28), (6.1.14), (6.1.17), (6.1.12), and (6.1.15) we

have

Ad(g,q) Ad(n,5) (&)
= Ad(ga) (AR &, — (1, 0(h).€a) (B) + Top(h)(v) + Tod(h) (0r(h)(©)))
= (Adgn &, — (1, 0(9)« (Adi€) 1) (@) — Tod(g) (Y, p(h).La) (B)
+ Tod(9)Toe(h) (v) + Tod(9) Tod(h) (or(R)(€))
+Too(g9) (or(g) (Ad )))
= (Adgn & — (X, ¢(9)b(h)La) () —
+ Tod(gh) (v) + Tod(gh ><aR<h)<§>>
+ Tod(gh)Top(h™") (or(9) (Adn €))
= (Adgn & — (X, ¢(gh).Ea) (@) — (T, 6(g)«b(h).Ea) (8(9)(5))
+ Tod(gh) (v) + Tod(gh) (or(R)(€))
+ Tod(gh) ((0r(9) - h) (£)))
= (Adgn & — (Y, ¢(gh).Ea) (a + ¢(9)(B)) + Tod(gh)(v)
+ Too(gh) (or(h)(€) + (or(9) - h) (£))). (6.1.30)

Thus (6.1.29) and (6.1.30) are equal if and only if
Tod(gh) (or(h)(E) + (or(9) - h) (£))
= — (T, 6(gh).&a) (B(g,h)) + Tod(gh) (or(gh)(E))
—~Tod(gh) (X, &a) (6(h~ g~ )(B(g,h)) + Tod(gh) (or(gh)(£))
= Top(gh)( — (T, &a) (¢(h" 71)( (9,1) + (ar(gh)(€))),

that is,

or(h)(§) + (ar(g) - h) (§)
= —(T.€4) (6(h "9 )(B(g, h)) + or(gh)(€)

which is precisely (6.1.19).

Assume now that A =V, a vector space, and ¢(g) is a linear isomorphism
of V for every g € G, that is, ¢ : G — GL(V) is a representation of G on V.
Then &y = ¢'(€) € gl(V), the derivative of ¢ at the identity element e in the
direction & € g, is the induced Lie algebra representation. By (6.1.18) we
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get in this case or(g) = (¢(g")(D2B(9.97")) — D1B(g7",9)) o TeRy-1.
Using this expression and (6.1.20), formula (6.1.28) becomes

Ad(g,a(&v) = (Ady € ~(9(9) 0 9/(€) 0 69"+ Blg,g™"))
+6(g)v + DaBlg,)(€) + D1Blg, g~ )(TeLy(€)))

— (Ady &, —~(@(9) 0 @'(€) 0 697 )) (@) + b(g)v
+ (D2Blg.g™") = 6(9) 0 DiB(g™",9)) (T.R, ) )

= (Ady &~/ (Ady €)(0) + élg)v

+(D2Blg.g7") ~ 6l9) o DiBlg ™", 9)) (T.Ry18)).  (6.1.31)

Note that if B = 0, then (6.1.31) is the adjoint action of the semidirect
product GOV and it coincides with (4.2.1).

The Left G- and g-Representations on a. Since the G-action on A
is by group homomorphisms, G also acts on on the left on a by

g-v:=Tho(g)(v). (6.1.32)

Note that this formula defines a left G-representation on a.
The induced left Lie algebra representation of g on a is therefore given
by

Ev= o (i) = - _ Toolep9)(0) = &), (6159

where &, : a — a denotes the infinitesimal generator of the action (6.1.32)
defined by £ € g. Denote in what follows by ¢ : g — gl(a) this representation
of g on a, that is, ¢(&)(v) ;==& v for any £ € g and v € a.

The Associated Lie Algebra Two-Cocycle on g. Given the smooth

group two-cocycle B : G X G — A, define the Lie algebra two-cocycle
C : g x g — a associated with B by the formula

2
Clem) = gip  (Blot,h(s) - Blbs), (), (6130

where t — ¢(t) and s — h(s) are smooth curves through e € G with

tangent vectors di’i—(:) = ¢ and d’;(ss) =1 € g. The Lie algebra
= s=0

two-cocycle identity states that

£a(C (0, ) +1a(C((,€)) + Ca(C (€, m))
—C([§,m], Q) = C([n: ¢}, §) = C([¢. &l,m) =0 (6.1.35)

for all £,7,( € g. The easiest proof of this identity, which will be done later,
is as a consequence of the Jacobi identity for the bracket on the Lie algebra
extension to which we turn next.
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The Lie Bracket on g x 3.0 We now calculate the Lie algebra bracket
on g Xz a:= T (G x¢,B A), the Lie algebra of the group extension
G x 4,5 A. The underlying vector space of g X 5  a is g x a. Let (g(s), a(s))
be a curve through the identity with tangent vector (n,w) € g x a. Taking
the derivative of Ad(g(s),a(s))(§;v) at s =0 we get from (6.1.28)

(O, (€0)] = &
o d

S

. Ad(g(s),a(s)) (& V)

s=

[6(g(s))¢(exp(t))d(g(s) ™) (als)) — a(s)]

t=0

d

A s y T 1,

» < do(s) &=
+ Top(g(s))(v) + Top(g(s)) (GR(g(S))(O)) ~ (6.1.36)

The second component of [(n,w), (§,v)] has three terms. By (6.1.33), the
second one equals 7,(v) =7 - v.

Next, we compute the first term of the second component of (6.1.36).
We have

d% » % L [¢(9(S))¢(exp(t§))¢(g(s)_1)(a(5)) _ a(s)]
d
- dt’t_o ToA $(4(0))d(exp(t) b (9(0)- 1) ((0)) (—ToA—a(0)ToA—a(0)(w))
d d
@ Ao | — Nolex O a(s
T o ToA—a(0) {ds » o(g(s))(exp(t€))d(g(s) ™) (als))
T % T % i % _O¢(g(s))¢(eXp(tg))¢(g(s)*1)(a(s))
:% . % . d(g(s))d(exp(t€))d(g(s) 1) (a(s))

since g(0) = e,a(0) = 0 and the action ¢ is by group homomorphisms
of A. Now use the Leibniz identity for the s-derivative on the operator
¢(g(s) exp(t&)g(s)~") and on a(s) to get

% » #g(s))d(exp(t))d(g(s) ™) (als))
B d% :0¢(9(8))¢(exp(t€))¢(g(8)‘1)(a(o))
+ Top(g(0) exp(t€)g(0) ™) (w)
= Tod(exp(t€))(w) = &u(w) = & - w,

again since g(0) = e, a(0) = 0, and the action ¢ is by group homomorphisms
of A.
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Summarizing, the first two terms in the second component of (6.1.36)
equals
Na(V) —&a(w) =n-v—&- w. (6.1.37)
The third term of the second component of (6.1.36) is, by the Leibniz
rule, equal to

% _ Todlg(s)) (or(g(s))(©)
-2 _ Tos(g(s)) (on(9(0)(€)) + Tod(9(0)) (f _ ffR(g(s))(f))
_ dii or(9(5))(€) = (Teor(n))(€),
s=0

since g(0) = e,or(e) = 0, and ¢(0) = idg. Thus this third term is by
(6.1.18) equal to

(Teo() (€)= | onlexp(on)e)
= || letexplomm) (Blexp(sn) exp(te) exp(—sn)

—B(exp(t&) exp(—sn), exp(sn))] . (6.1.38)

The s-derivative of the first term has two summands obtained from the
Leibniz identity. The first one vanishes since B(e,g) = 0 for any g € G.
Since p(e) = idg we are left with just

% o % o B(exp(sn), exp(t€) exp(—sn))
2
= % o [B(exp(sn)»exp(tf)) + B(e, exp(t€) EXP(—Sn))]
2
B % sy D PN, R (), (6.1.39)

again using the Leibniz identity. A similar computation shows that

d2
dsdt|,__, B(exp(t§) exp(—sn), exp(sn))
d2
= Gsdt|,__, Blexp(te) explsn)). (6.1.40)

Formulas (6.1.38), (6.1.39), and (6.1.40) prove that the third term of the
second component of (6.1.36) is equal to

(Tear(n) (§) = C(n, ). (6.1.41)
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Since, by definition, o7.(g) = or(g~"'), we also conclude from here that

(Teor () (§) = =C(n, ). (6.1.42)

Finally, formulas (6.1.36), (6.1.37), and (6.1.41) yield the following expres-
sion for the Lie bracket on the Lie algebra g X5c0 of G xppA

[(n,w), (&, v)] = ([n, &}, ma(v) = La(w) + C(n,€)) - (6.1.43)

If A=V, avector space, and ¢ : G x V — V is a representation of G on
V, then &y = ¢/(€) € gl(V). Thus the formula above becomes

[(m,w), (§,v)] = ([n,€], ¢'(n) (v) — ¢'(&)(w) + C(n,€)).- (6.1.44)

This bracket reduces to the semidirect product bracket when B = 0
and hence C' = 0. It reduces to the bracket for a central extension when
¢(g) =idg for all g € G, a case that will be studied in great detail in §6.2.

Lie Algebra Extensions. Given a Lie algebra £, a vector space U, a
representation ¢ : € — gl(U), and a Lie algebra two-cocycle C' : ¢ x ¢ — V|
one can form the extension € X, ¢ V as the Lie algebra with underlying
vector space € X V and bracket

[(E’u)v (’r]’v)] = ([&77]}75 v—n-u+ C(fﬂ?)) (6145)

for any £, € g and u,v € V. The Lie algebra two-cocycle identity (6.1.35)
is equivalent to the Jacobi identity for the bracket (6.1.45).
Indeed, for &,m,¢ € € and u,v,w € U we have

[[(& u), (m, )], (G w)] = [([&n],§ - v —n-u+ C(En)), (¢, w)]

= ([&nl. ¢ (& - w—C-(§-v—n-u+CEn))+ C(£ ], Q)

= ([[&;nl. ¢l & - w—=C-(§-v)+ - (n-u) = C-C(&n) + C([§;n].¢)) -
The sum of this term with the other two obtained by circular permutations
yields zero in the first component by the Jacobi identity on g. The second
component of this sum contains two types of terms: those that do not

contain C and those that do. The terms that do not contain C in the
second component of this sum are

Em-w—C-(§-v)+C-(n-u)+ ¢ u—E& (n-w)+&-(C-v)
+GE v —n-(C-u)+n-(§-w)
=[En-w—& (n-w)+n-(Ew+ndu—n(Cu+ (n-u)
+[GE v =C (€ v)+&-(Cv)
=[] -w—[&n-w+ [, u—[nd ut+[CE v-1[CE - v=0

since the g-action on U is a representation. The terms involving C are hence
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Thus the Jacobi identity for the bracket (6.1.45) is equivalent to the van-
ishing of this expression, that is, to the Lie algebra two-cocycle identity
(6.1.35).

In view of this discussion and (6.1.43) we can conclude the following.

6.1.2 Theorem. The Lie algebra of the Lie group extension G x4 p A
is the extended Lie algebra g X3c 0 where ¢ : g — gl(a) is the naturally

induced Lie algebra representation (6.1.33) from ¢ and C : g X g — a is the
Lie algebra two-cocycle (6.1.34) defined by B.

In particular, note that this proves that C' defined by (6.1.34) satisfies
the Lie algebra two-cocycle identity (6.1.35).

The Coadjoint Action of G x4 p A. For the coadjoint action, let
(1,a) € g* x a* and (&,v) € g x a. By (6.1.28) we get

(Adfy oy (1), (€0)) = ((11,0). Ad g0 (&)

= (@), (Ady &, —ToA_aTpg-1)(a)0(9) (€a(d(g™")(a)))
+Tog(9)(v) + Tod(g) (0r(9)(£))))

= (, Ady &) — (a, ToA—aTy(g-1)(a)?(9) (§a(d(g™")(@))))
+ (@, Tog(g)(v)) + (a, Tod(g) (r(9)(£))) -

Define I'? | € g* by

(g,)
(P €) = (0, TahoTyty1)()d(0) (€4(6(57) ()
=(a,ToA_¢ (Adg€) , (a)) (6.1.46)
for any ¢ € g, where we have used (6.1.14) in the last equality. Therefore
<Ad>(kg,a) (/’6’ a)v (ga U)> = <Ad; s £> - <F?g,a)7€> + <Tg¢(g>a7 ’U>
+ (or(9)"T5 6(9)a; €)
which yields the right coadjoint action
Adjy o) (10) = (Ady o= T4, o) + 0r(9) Ty dlg)a, Tyolg)a).  (6.147)
Therefore, from (6.1.9) we get the left coadjoint action
Ad(ga)-1 (. a) = (Ad}l # =Tl —Bg—19)—d(s~1) (@)
+onlg ) Tiol N, Trolg a).  (6.1.48)
In particular, if A =V, a vector space, and ¢ : G — GL(V), a represen-
tation, then (6.1.46) becomes

(Tt €) = (@008 (€6~ @)) = { (Shy-11a))

*

6(9)"(a), € )
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where ¢ : g — V' is defined by ¢j3(§) := ¢/(£)(B3) for any { € gand S € V.
Therefore

a _ * —1\*
1 -Bg1.9-6(s- () =~ (%(g)(%(g*l><a>fB<g*ag>>) ¢g7")"(a)
= (60)" 0lg™) (@) + (Ghormiran) Sl ().

We simplify notation as in §4.2 and denote by concatenation all natural
left actions of G on g,g*,V, and V*. Thus, g§ := Ad,¢&, gu := Ady-1 p,
ga = ¢(g)(a), and ga := ¢(g71)*(a), for g € G, € g,u € g*,a € V, and
a € V*. Formula (6.1.48) becomes

Ad(g,az)*1 (,u7 Cl)*
= (gu + ()" ga+ (sb;(g)(B(g—l,g))) ga+ aR(g’l)*ga,ga) . (6.1.49)

Recall also that in this case the generalized one-cocycle or has the simpler
expression oz(g) = (¢(g7)(D2B(g,97")) — D1B(g™ ', 9)) 0 TeRy-1. Note
also that if B = 0 and hence also or = 0, then (6.1.49) gives the formula
for the coadjoint action of the semidirect product G ® V and coincides with
(4.2.2).

Triviality of the Next Extension. In analogy with (6.1.41), the deriva-
tiveof 0 : G Xy, A — L(g,a) at the identity should give a two-cocycle on
g% oa. However, this cannot be the case literally, because T{c 0)0r(§,u) €
L(g, a) does not naturally induce a skew-symmetric bilinear map on g x5
a. To see what the obvious correction to this derivative should be in order
to get a two-cocycle, we compute first T( 0y0r(§, u). For any ,n € g and

u € a we have by (6.1.21) and (6.1.41)

T(e,O)aR(ga U) (77)

_4d
Tdt

o r(exp(t€), exp 4 (tu)) ()
t=0

Tt

or(ept)(n) ~

(Y. na) (dexp(—t8))(exp, (tu)))

t=0 t=0

:ﬂwmwm—nwmm(d

dt
=C(&n) — To (Y,na) (u)

since, by the Leibniz rule, we get

¢mexp<—¢f»<epr<mo>)

t=0

p(exp(—t8))(exp (tu))

t=0

dt

T dt

olexp(~t9)(0) + Toole) ( 5

expa(tu) ) =

t=0 t=0

where we have used the fact that the action ¢ is by group homomorphisms
and ¢(e) = id4.
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So we need to compute T (Y, 74) (u). We have

Ty (T, 04) (u) = 2

p (Y,na) (exp,(tu))

t=0
- % o Toxp , (tu) M= exp , (tu) A (XD 4 (T1))
= ],y Torat - (d ¢(8XP(877))(6XPA(tu))>
dt|,_, P4 A as| .
-5 . " _ [otesp(sn)(expa(t) — expa(tu)]
= d% _ [dlexp(sm)(w) — )
=na(u) =1 - u.

We conclude that T 0)or(&,u)(n) = C(§,n) —n - u. Since we need a Lie
algebra two-cocycle on g x 3.0% we need to add to this expression something
that makes it skew-symmetric. So, define

C((&u), (0,0)) = Tie0)F (& ) () +Ea(v) = C(&,m) —n-u+E-v. (6.1.50)

The map C is not only bilinear and skew-symmetric, but also an a-valued
coboundary on g X308 relative to the trivial action of g Xz coona. Indeed,
by (6.1.43) we have

C((€, ), (n,v)) = M(E, u), (n,v)),

where A : g X a — a is the projection. R
Therefore, the extension of g X308 by a defined by C' is central and iso-

morphic to the product Lie algebra (g Xzco a) x a. Indeed, the Lie algebra

bracket on the extension (g X3 a) X a is given by

(€ ), (9,01, 02)) = (1€ w), (0, 00)], C((& w), (,01))])
= ([67”]75'”1 —77'U1+O(§777)a§'711 —n-ul +C(£vn))

for any &,n € g and uy,us,v1,v2 € a. The map

(& ur,uz) € (g X5.c a) xXga— (§ur,up —up) € (g Xz.c a) X a

establishes a Lie algebra isomorphism between the Lie algebra extension
(g X3 0 a) Xz a and the product Lie algebra (g X30 a) X a.

This shows that the Lie algebra extension of g Xzc0 determined by the
L(g, a)-valued one cocycle 6r on G Xy g A is trivial, that is, it is the direct
product (g X3 0 a) % a. Thus, nothing new in terms of extensions is given

by 83.
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6.2 Central Extensions

The considerations of the previous section simplify considerably if ¢(g) =
idg for every g € G, that is, if we consider a central extension of the Lie
group G by the Abelian Lie group (A4, +) defined by the smooth normalized
group two-cocycle B : G x G — A. The cocycle identity (6.1.3) becomes in
this case

B(f,9) + B(fg,h) = B(f,gh) + B(g,h) forall f,g,heG. (6.2.1)

In addition, by (6.1.11) we also have B(g,g~*) = B(g~',g) for any g € G.
Proposition 6.1.1 takes on the following form.

6.2.1 Proposition. (i) The formula
or(9) = Trg-1,9)N_B(g-1,49) © [D2B(g,97") = D1B(g~", 9)] o T.Ry-1
= (Tp(gg-1)A-B(gg-1) © D2B(g,97") 0 TeRy-1) (€)
— (Tp(g-1.9)A—B(g-1,9)© D1B(g~",9) 0o TeRy1) ()
= D2B(g,€) + Tp(g,g-1)A—p(g.g-1) © D1B(g, g ") 0 Te L
=D1B(e,g7") + Tp(g,g-1)A-B(g,g-1) © D2B(g, 9 ") 0 T.Ry-1  (6.2.2)

defines a right L(g, a)-valued one-cocycle o : G — L(g,a) on G, that is, the
following identity holds

or(gh) = or(g) o Ady +ogr(h) forall g¢,h€Qq. (6.2.3)
(ii) The formula or(g) := or(g™"), that is
JL(g) = DlB(evg) + TB(g_l,g)A—B(g_17g) © D2B(gilag) © TeRg
=D2B(g7",e) + Tp(g-1,9A_p(g-1,9) o D1B(g™ ", g) o TeLy-1  (6.2.4)

defines a left L(g, a)-valued one-cocycle o : G — L(g,a) on G, that is, the
following identity holds

or(gh) =or(g9) +or(h)oAdy,—1  forall g,heG. (6.2.5)
(iii) The relation between or and oy, is given by
or(g)oAdy = —or(9) (6.2.6)

for any g € G.
The Lie bracket (6.1.44) of g x a becomes in this case

[(&;v), (n,w)] = ([€,1), C(&,m), (6.2.7)

where the Lie algebra two-cocycle C' : g X g — a is given, as before, by
(6.1.34). The two-cocycle identity (6.1.35) becomes in this case

C([&n),¢) + C([n, €1, €) + C([¢, &l:m) = 0 (6.2.8)
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for all £,n,¢ € g. Similarly, formula (6.1.41) simplifies to

Teor(&) =C(E,-), forany (eg. (6.2.9)
Since 07.(g) = or(g~") this immediately yields

Teor(§) = —C(§,+), forany &e€g. (6.2.10)

It should be noted that up to this point no assumption on the topo-
logical character of the central extension was made. In particular, it was
not assumed that the underlying manifold of the central extension was the
product G x A.

Now, if we assume that the central extension G xp A of G by A has
underlying manifold G x A, we can further simplify several formulas of the
previous section. The group multiplication (6.1.2) in G x g A becomes

(9,a)(h, B) = (gh,a + B3+ B(g, h)), (6.2.11)
the identity element is (e, 0) and the inverse (6.1.9) is given by
(gv a)il = (gila —Q = B(gilvg)) = (971a —Q = B(gvgil)) (6212)
The inner automorphisms (6.1.10) on G x g V are given by
Iig,ay(h, ) = (ghg™". B — B(g,g™") + B(h,g™") + B(g.hg™")) (6.2.13)
= (ghg™', B~ B(g,97") + B(g.h) + B(gh,g™")) . (6.2.14)

The adjoint (6.1.28) and coadjoint (6.1.48) actions of G xp A on g x a
and g* x a* are given for central extensions respectively by

Adg,a)(&v) = (Adg §,v + ar(9)(€)) (6.2.15)

and
Ad{y a1 (m,0) = (Ady—s p+aoor(g™),a) (6.2.16)

for g € Gia € A € g, € g*,v € a and a € a*. As a consequence we
see that the coadjoint orbits of the central extension lie in the affine spaces
g* x {a} for all a € a*. We also get

ad( 4 (1, a) = (adg o+ a0 C(€,),0). (6.2.17)

The Lie-Poisson bracket and the associated Hamiltonian vector field are
now easy to compute. They are

(F,H}(u,a) = + <M, [‘;1; ‘?ZD + <a,C (‘;Z ‘?Z)> (6.2.18)

OF
Xp(p,a)=7F <ad>fgp p+aoC <5u’> ,0) , (6.2.19)

and
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which shows that the affine spaces g* x {a} endowed with the Poisson
bracket depending on a € a* given by the right hand side of (6.2.18) are
Poisson submanifolds of g* x a*. On each affine space g* x {a} we have an
affine G-action given by

g+ (p,a):= (Ad}- p+aoor(g™"),a) (6.2.20)

and the orbits of this affine action obviously coincide with the coadjoint
orbits of the central extension G' X A. Denote by O, ) the coadjoint orbit

of G x A containing (u,a) € g* x a* and by (53 the orbit of the affine
G-action through p € g* corresponding to a € a*. We have hence

Oua) = Oy

which proves that (5ﬁ is a symplectic manifold relative to the symplectic
form

wgﬁ (V) (adg p+ao C(f, ')’ad; m+ao C(nv ))
:i(l/’ [5777]> iaOC([f,’lﬂ,~), (6'2'21)

where v = Ad; 1 p+aoor(g™!) € 6l‘j
Let us summarize this discussion in the following theorem.

6.2.2 Theorem. For any a € a* there is an affine Poisson structure on
g* defined by

(st = (0 [ ]V (a0 ()Y g

The associated Hamiltonian vector field is given by

a X oF
XH’C’i(,u) = :Fad%p wFaol ((SM, > . (6.2.23)
In

Denote this Poisson manifold by g, o . For each a € a* there is a left
affine G-action on g* given by g-pu:= Ady— p+aoor(gt). The map u €
g, c+ — (1,a) € (g° xa%)y is a Poisson embedding. The symplectic leaves
of 8, ¢+ are the connected components of the affine orbits 5,‘1 endowed
with the symplectic form (6.2.21). Each affine orbit 6Z is symplectically
diffeomorphic by the embedding given above to the G x A-coadjoint orbit
O(u,a) containing (i, a) endowed with the f-orbit symplectic structure.

Remark. That (’3ﬁ is a symplectic manifold with the given symplectic
form is proved directly, as opposed to the present approach that uses the
coadjoint orbits of the central extension, in [HRed], Theorem 4.5.31.
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Part of the previous theorem can be considerably strengthened if we
consider only one-dimensional extensions of Lie algebras. Thus, if C' : g x
g — R is a Lie algebra two cocycle, Theorem 6.2.2 guarantees that

is an affine Poisson bracket on g*. Conversely, if C': g x g — R is a bilinear
skew-symmetric form such that (6.2.24) is a Poisson bracket, then writing
the Jacobi identity for linear functionals on g* it follows that C' satisfies
the Lie algebra two-cocycle identity. The affine Poisson bracket associated
to C' is then obviously given by (6.2.24). This proves the following result
of Bhaskara [1990] (see also Vaisman [1994], Proposition 3.4, page 35).

6.2.3 Corollary. The affine Poisson structures on g* are in one-to-one
correspondence with the central extensions of g by R.

6.3 Group Extensions Satisfy the Stages
Hypotheses

The main goal of this section is to prove that any element of the dual of
the Lie algebra of the extension of a Lie group by an Abelian Lie group
with a cocycle studied in §6.1 satisfies the stages hypothesis (see Definition
5.2.8).

Let M = G x4 g A be an extension of the Lie group G by the Abelian
Lie group A associated to the left smooth action ¢ : G x A — A by
Abelian Lie homomorphisms and the smooth normalized Lie group two-
cocycle B : G x G — A. It is assumed that the underlying manifold of M is
the product G x A. Formula (6.1.10) shows that N := {e} x A is a normal
subgroup of M. Therefore, (5.2.1) defines an action of M on n* = {0} x a*
given therefore by the second component of (6.1.48), that is,

(9.0)-a=Tgé(g " )a (6.3.1)

for (g,a) € M and a € a*.

6.3.1 Lemma. Let a € a*. The isotropy subgroup (G x4 p A), for the
action (6.3.1) of G x4, A on a* equals G, x A, where G, = {g € G |
Tié(g~1)a = a}.

Proof. The element (g,a) € (G x45 A), if and only if Tf¢(g ! )a =
(g, @) - a = a which is obviously equivalent to (g, @) € G, X A. \/

6.3.2 Theorem. Any element of the dual m* of the Lie algebra m of
the Lie group extension M = G x4 p A satisfies the stages hypothesis (see
Definition 5.2.8).
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Proof. We use the notations in the stages hypotheses of Definition 5.2.8.
Let 0 := (u,a) € m* and ¢’ = (', a’) be another element of m* satisfying
the assumptions of the stages hypothesis. In particular, this means that
ol10yxa = 0'|{0}xa Which is equivalent to a = a’. Thus o’ = (1//, a).

By the previous lemma, we have m, = g, x a, where g, = {£ € g |
&a+(a) = 0} is the Lie algebra of G, and &,- is the infinitesimal generator
of the action (6.3.1) given by £ € g. The second assumption of the stages
hypothesis is that o|m, = 0’|m, which is equivalent to p|g, = 1//|g,, that is,
p—p € gg.

The coadjoint isotropy subgroup A, = A since A is Abelian. The stages
hypothesis requires to find an element (g,a) € ({e} x A) - (G X A)g|,,.
such that o' = Ad(, ) o, which, by (6.1.48) and g € G, is equivalent to

p'=Adyp—T¢, ) +or(9)a

We will search for an element of the form (e, ) that satisfies this relation.
Since or(e) = 0, we need to find an element o € A such that

w —p=-T¢ .. (6.3.2)

(e,a)

We begin by finding a more convenient expression for F‘(le ) Let £ € g.
By (6.1.46) and the obvious identity A_, o ¢(g) = #(g) © A_yg-1)(a) We
get for any g € G,

<F?g,a>75> 1= (a, Tod(9) Tp(g-1) (@) A-a(g-1)(@) (Ea(B(g71)(a)))
= (T58(9)a, Ts(g-1) (@) A s(g-1)(a) (Eald(g™1)(@)))
= (0, Tyg1) (@) Msion)@) (€a(d(g7 (@) (6:33)

To continue this computation we need to link £4 and &,. For an arbitrary
v € aand g € G we have ¢(g)(expy v) = expy (Tog(g)(v)). Setting here
g = exp(t€) and taking the t-derivative of the resulting relation at t = 0
we get

pr P(exp(t€))(exp 4 v)

t=0

= exp 4 (Top(exp(t€))(v))

=Tyexpy (§a(v)) = ToAexp , v (§a(V))

since for Abelian Lie groups the derivative of the exponential map equals
the derivative of the translation map at the exponential of the point where
the derivative is taken. Since for Abelian Lie groups the exponential map
is surjective onto the connected component of the identity, the previous
identity shows that

&4 (expyv)

ala) =ToA, (§4(v)), for any v € a satisfying o =expyv. (6.3.4)
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Therefore, if « is in the connected component of the identity, there is some
u € a that satisfies exp,u = #(g71)(a) because ¢(g~1) is a Lie group
automorphisms of A. Thus, for such «, (6.3.3) becomes

<F‘(lg,a)’5> t=(a, Ty(g-1)(@)A-o(g=1) (@) ToAo(g—1) (@) (§a (1))
= (a,&(u)) - (6.3.5)
Next, note that

(o tal) = 5|
= —(€a-(a),u)

which together with (6.3.5) shows that

(a, Togp(exp(t))(u)) = 4

S| (T lexp(t))a,u)

t=0

(T4 €) = = (a (@), u).

Thus, for g = e we get

(T np €)= = (€ (@), ). (6:3.6)

Returning to (6.3.2), this shows that it suffices to find u € a such that
(i — 1, &) = (€ax (), u) for all £ € g; the desired group element in A is then
a :=expy u. Since ' — p € g2, this relation is proved if we show that the
map u € a— F(-,u) € g° is onto, where the bilinear map F : g x a — R is
given by

F(&u) := (& (a),u), for £€g and u€a.

First, note that the range of F(-,u) is indeed in g3. Second, if £ is in the
range of the map v — F(-,v) then for any v € a we have

0= (5 F(,v) = F(&v) = (£a-(a), v)

which is equivalent to ¢ € g,. Now argue as in Lemma 4.2.7, where we
used the following fact from linear algebra. Let E and F' be vector spaces,
and Fy C F a subspace. Let T : E — F* be a linear map whose range
lies in the annihilator Fjj of Fy and such that every element f € F' that
annihilates the range of T" is in Fy. Then T maps onto Fy. In our case we
take E=a, F =g, Fo = g4, and T : a — g* given by T'(v) := F(-,v). The
previous two remarks are precisely the verification of these conditions and
so we conclude that v — F(-,v) is onto g, as required. |

Remarks. (i) Note that the proof shows that the map o« € A —I'C, ) € g7
is onto for any a € a*. If A is a torus, the image of this map is a compact
subgroup of (g2, +) and hence must equal the trivial group {0}, which is
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equivalent to the statement that g, = g for any a € a*. This is indeed the
case for any action of a Lie group G on a torus T™ by homomorphisms.

To see this, recall that the group of automorphisms of T" equals GL(n, Z).
This fact is proved in the following way. It is well known that any endo-
morphism of the circle T! := R/Z has the form z + nx (mod 1) (see e.g.
Adams [1969], Proposition 3.74) and hence End(T') 22 Z. Also, a standard
theorem in group theory states that if A is any Abelian group, then the en-
domorphism ring End(A™) is isomorphic to the matrix ring M, (End(A)).
If A = T this shows that the endomorphism ring of T” is isomorphic to
gl(n,Z). Thus the automorphism group of T™ is isomorphic to GL(n, Z).

Next, if G acts smoothly on T™ by group homomorphisms, since the
group of automorphisms of T™ equals GL(n,Z), the connected component
of G acts trivially on T™. Thus the induced G-actions on the Lie algebra of
T™ and its dual are also trivial which shows that g, = g for any a in the
dual.

(ii) Note that if we take ¢(g) = idg for every g € G, then M is the
central extension of G, and we conclude that central extensions satisfy the
stages hypothesis of reduction by stages. Similarly, this hypothesis holds for
semidirect products with Abelian Lie groups. We shall show in the following
section that it holds for general semidirect products.

6.4 The Semidirect Product of Two Groups

In the previous section we have seen, as a particular case of general group
extensions, that semidirect products of a Lie group with an Abelian Lie
group satisfy the stages hypothesis. In this section we shall prove that this
is the case for general semidirect products of two not necessarily Abelian
Lie groups. We also show that the curvature for the first stage reduction
is zero. Thus, there are no magnetic terms in the first stage reduction, so
that the second stage reduction can be carried out using standard cotangent
bundle reduction.

Generalities on Semidirect Products. Let G and H be Lie groups
and ¢ : G x H — H a smooth left action of G on H by Lie group homo-
morphisms. Denote, as usual, ¢(g)(h) = g- h, for g € G and h € H. The
semidirect product group G@©) H is the manifold G x H endowed with
the multiplication

(91, h1)(g2, h2) == (9192, h1(g1 - h2)), (6.4.1)

where ¢1,92 € G, hi,hs € H. The neutral element is (eq,eq), where eq
and ep are the neutral elements of G and H respectively, and (g,h)~! =
(g7, g7 - h~1). The subgroup {eg} x H, which is isomorphic to H, is a
normal subgroup of G H.
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If g and bh are the Lie algebras of G and H respectively, then the Lie
algebra of G @ H is the semidirect product g(®h whose underlying vector
space is g x b and its bracket is given by

[(€1,m1), (€2,m2)] = ([€1562]s &1 -m2 — &2 -1 + [, m2)), (6.4.2)

where £1,8§2 € g, m,m2 € b, and & - n2,§2 - 1 € b denotes the Lie algebra
action of £1,& € g on 12,11 € b, respectively.

This Lie algebra action is naturally induced by ¢ in the following manner.
For every g € G, ¢(g) : H — H is a Lie group automorphism of H whose
derivative ¢(g) := Te,, #(g) : b — b is a Lie algebra automorphism. In this
way one obtains a Lie group homomorphism ¢ : g € G — q?)(g) € Aut(h)
from G to the Lie group Aut(h) of Lie algebra automorphisms of b, which
induces a Lie algebra homomorphism QNS’ = EGJS : g — aut(h) from g to
the Lie algebra aut(h) of derivations of h. Now set & -1 := ¢/(€)(n) if € € g
and n € b.

The smooth left G-action ¢ : G x H — H on H induces a smooth left
g-action g x H — TH on H given by taking the infinitesimal generator
of the action, that is, (§,h) € g x H — &y (h) € Ty, H. Note that the map
Ecgr (€)= &g € X(H) is a Lie algebra anti-homomorphism. Since the
action ¢ is by Lie group homomorphisms of H, the vector fields £y satisfy
additional conditions. We have

€ (hl') = Ty Ly, (€ (W) + Th R (g (R)) , for all h,h' € H and € € g.

Putting here b/ = ep yields {g(eg) = 0 for all £ € g. Using this and
putting b/ = A1 gives

€H(h71) =—(TeyLp-1 0ThRy-1) (Eg(h)) forall he H and £€g.

With these notations, the adjoint action of GQ H on g(®¥b is given by

Adig (€)= (Ady €, (Adwod(9)) () + T Ln ((Ady ) (7)) ).

where £ € g, € b, g € G, h € H. To compute the coadjoint action one has
to introduce one more notation. Given a Lie algebra anti-homomorphism
F:g— X(H) and h € H, denote F#(h) : g — Ty H the linear map
given by F#(h)(¢) := F(¢)(h), for any & € g. Let F#(h)* : T/H — g*
denote its dual map. With this notation the coadjoint action of G® H on
(8®b)* = g* x b* is given by

Ad?g,h)_l(/-%l/)
= (Ad;—l un+ ((5 o Adg—l)# (971 . h)*(T!;fl_thth—ll/) ,

B9 Ad 1 s u) . (6.4.3)



206 6. Group Extensions and the Stages Hypothesis

where 4 € g*, v € b*, g € G, and h € H. The coadjoint action of g®h on
(g®h)* is given by

ad(e (1, v) = (adg w— ((;3;7)* v, ¢/ (&)*v + ad;, 1/) , (6.4.4)

where £ € g, n € b, p € g*, v € b*, ¢(€)* : h* — b* is the dual of the Lie
algebra derivation cz;’(f) :h— b, and ((5;7) : b* — g* is the dual of the Lie

algebra homomorphism (;347 : g — b given by q~5;7 (€)== ¢'(&)(n) = € -n. Note
that the action of g@£b on {0} x h* is given by the second component of
(6.4.4). Similarly, the action of G® H on {eg} x H is given by the second
component of (6.4.3).

From the formula (6.4.2) of the bracket on g@®¥, it follows that the
(£)-Lie-Poisson bracket on (g®h)” is given by

oF OK oF K
Ex == [55]) =[5 5])
0K OF oF 0K

where F; K € C* ((g®b)*) and (u,v) € g* X h*.

Proof of the Stages Hypothesis. Now we shall prove that every ele-
ment o := (u,v) € (g®h)* = g* x h* satisfies the stages hypothesis in The-
orem 5.2.9. In the notation used there we have m = g@®bh and n = {0} x .
So let o’ := (1, V') be any other element of (g@®h)* such that o|, = o'|p.
This means, in the present situation, that v = v/. Therefore o = (i, v) and
o' =, v).

Next we compute m,|, = (g®h)(0,,)- By (6.4.4) we have

(8®h) 0. ={(&n) €gx b | (€ v +ad;v =0}

The second assumption in the stages hypothesis is that 0’ —o = (u'—pu,0) €
((g@h)(07y))o which is equivalent to u' — p € €, where ¢ := {¢ € g |

#'(¢Q)'veb-vhand h-v:={ad,v | n € b} is the tangent space to the
coadjoint H-orbit through v € h* at v. We also have

(G®H)0,) = {(9:h) € G x H | $g)" Adjv = v}.
To prove the stages hypothesis, we need to make a detour and establish a

few formulas. First we relate £ -1 to g (expy n) for € € g and n € b. To do
this, we begin with the obvious relation ¢(g)(expy 1) = expy (Te, ¢(9)(0))
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in which we set g = exp(t£) and then take the ¢-derivative at ¢t = 0 to get
¢(expg (t8))(expy 1)
t=0

i, e (e, dexpg (t€)) (1))

=Tyexpg(§-n)
_ - (_1)71 n
= TeHLepo n nz::() m adn (g : n)a

by using the standard formula for the derivative of the exponential map at
any point n € b (see, e.g. [HRed]). However, since g acts on h by derivations,
we have

0=¢&-[nnl=1[&-nn+ & n=—2[n¢ n=-2ad, (& n)

which shows that all terms except the first one in the series above vanish.
Therefore we get

TEXPH nLexPH(fn) (fH(eXpH n)=&-n= (5/(5)(77) (6~4~6>

Second, we shall compute the coadjoint action for group elements of the
form (eq,h) € G® H. For n € h, we have by (6.4.3)

Ad{eg my-1 (s v) = (e + &7 (W) (T Lp-1v) ,v) -

To compute this explicitly, let £ € g be arbitrary. We have by (6.4.6)
(&% (W) (T Ly-1v) , &) = (Tj; Ln-1v, 6% (R)(€))

= (T Ln-1v,6(€)(h)) = (T Lp-1v,£u (b))

= W ThLys () = (nF ()
~ (@) we)

Ad{eg, expyy m)-1 (1, V) = (u + ((;3;])* v, y) : (6.4.7)

Using this formula we shall prove the stages hypothesis by showing that
there is an element

(ec,h) € {ec} x H, C ({ec} x H,) - (GO H)(o,))

Ealexpyn) = pn

and hence

l(s®0)(0,.)

such that o’ = Ad{, p)-: 0. We shall search for h € H, of the form h =
expy n for some 7 € b,. By (6.4.3) and (6.4.7) this relation is equivalent to

W= = ((%,)* .
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However, by the second assumption in the stages hypothesis, u’ — p € €°.
Just as a check, let’s show that the right hand side is also an element of £°.
Indeed, if ¢ € &, that is, ¢'(¢)*v € b - v, there exists some 7’ € b such that
&) v = ad,, v and hence

((3) v.¢) = (84(0) = (nd©m) = () vin)
= (ady, v,n) = — (ady v,7') =0
since n € b,.

Thus the stages hypothesis is verified if we can show that the map n €
h, — (qg’n) v € £° is surjective. To do this, we proceed as in the proofs of
Lemma 4.2.7 and Theorem 6.3.2. We use, as before, the following statement.
Let E and F' be vector spaces, and Fy C F' a subspace. Let T : E — F*
be a linear map whose range lies in the annihilator F{ of Fj and such that
every element f € F that annihilates the range of T" is in Fy. Then T maps
onto Fy.

In our case, we choose £ =0, F =g, Fp =% and we let T : h, — g*
be defined by T'(n) = (é;) v. We have shown above that the range of T

lies in F7 = €°. Next, assume that £ € g annihilates the range of T', that
is, for any n € b, we have

0={(8) &) = (¥© vy

which is equivalent to ¢’ (€)*r € (h,)° = b - v. However, this is equivalent
to £ € Fy = &, as required. ]

We summarize this discussion in the following theorem.

6.4.1 Theorem. Let G and H be two arbitrary Lie groups with Lie al-
gebras g and by, respectively. Let G H be their semidirect product defined
by a left G-action on H by Lie group homomorphisms. Any element of the
dual (g®h)* of the semidirect product Lie algebra g@® b of G® H satisfies
the stages hypothesis of Definition 5.2.8.

The Mechanical Connection. Let ((-,-)), and (-, ")), be two positive
definite inner products on the Lie algebras g and b, respectively. Then

((€r,m), (€2,m2))s = (€15 €2D g + (15 m2))y (6.4.8)

for any (&1,m), (&2,m2) € s, defines a positive definite inner product on
s. Since the spaces g x {0} and {0} x h are orthogonal, the orthogonal
((, ) s-projection Py : 5 = g®bh — b is the projection on the second factor.

Extend the inner product (6.4.8) on s to a right-invariant Riemannian
metric on S by setting

((Xg, Un), (Yy, Vh)»(g,v)
= (Tigm Rigny-1 (Xg: Un), Tgmy Rigmy-1 (Yo, Vi) )y » - (6.4.9)
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where (g,h) € S, (Xg,Un), (Yg, Vi) € T(4,1)S, and R(g ) is right translation
on S.

We are now in the framework of Theorems 2.1.15 and 2.1.16.: {eg} x H
is a closed normal subgroup of G® H,

Adf} i = (Adg—1~h—1 Oiﬁ(g‘l)) n, adeyn =0+ ],
forany g € G, he H, £ € g, and n,n' € h. Since
T Rigm-1(Xg Un) = (TyRy-1(Xg), TnRp—1 (Un) + Ty—1 Ly, (€(R71))),
where g € G, h € H, X, € TG, Uy, € H, and § := TyR,-1 X, € g, the
connection one-form (2.1.15) becomes in this case
A" (g, h) (Xg, Un)
= (Ady-1-100(9™Y)) (TR (Un) + Tir L (€ (A7)
= 6(g™") (TaLn-1Un + Tp1 Ry (€ (k7)) (6.4.10)

since ADj-1.,-100(97 ') = ¢(g7') o ADj,-1, where ADy k' := kk'k™" for
any k, k' € H.
Remark. If H = V is a vector space and ¢ : G — Aut(V) is a (left)
representation, then this formula becomes

Av(ga 'U) (Xga U) = ¢(gil) ('LL - f : ’U) ’

where (v,u) € T,V, X, € TyG, and £ := TyR,-1(X,), which coincides with
(4.3.7) derived earlier.

Returning to the general case of a semidirect product of two non-Abelian
Lie groups G and H, recall from Theorem 2.1.15 that the connection A is
S-equivariant, that is, (2.1.16) holds, which in this case reads RZ‘g h)AH =

Ad(Hgvh)—l oAH . This identity can also be checked directly by hand using

the expressions for A and of the adjoint action given above, but this
verification is somewhat lengthy.

The Curvature. To compute the curvature, we use the general equation
(2.1.17). Recall that this formula is

curv 4(X,,Y,)
= Adg—l (* adg Pn(n) + adn ,Pn(g) + Pn[§7 77} + [Pn(f)a Pn(n)])

where & := 0%(X,), n := 0%(Y,) € g. This becomes in our case,

CuI‘VA((’LLg, Uh)7 (u;7 U;L))
= Adgn)-1 (—ade,n) Py(€', 1) +ader ) Py (&)
+ Ph [(57 77)7 (flv 77/)} + [Ph (67 77)7 Ph (5/7 77/)]) )
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where (§,7) = Tign) Rign)-1(ug,vn) and (&,1') = Tign) Rgm-1 (ug: v)-
We will show that the terms in the parenthesis on the right hand side of
this formula add up to zero. These terms are

—adenyn +adegpyn+ E-n' =& -n+ 0+ 0]
==& =)+ E n+W )+ =& -n+2nn]=0

which shows that the curvature of A vanishes. We obtain, therefore, as in
84.3, the following result.

6.4.2 Theorem. The mechanical connection A" defined on the right
principal H-bundle S — G by formula (6.4.10) is flat.

In Patrick [1999], reduction by stages is carried out directly for an in-
teresting example of the semidirect product of two nonabelian groups that
arises in an analysis of the Landau-Lifshitz equation. The symmetry group
is the semidirect product of the special Euclidean group on R? and the infi-
nite dimensional group consisting of the space of maps from R? into SO(3)
that tend to the identity at infinity. That reduction by stages is possible
for this example is in fact covered by the preceding theorem.
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7
Magnetic Cotangent Bundle Reduction

The introductory chapters have discussed the history and the theory of
cotangent bundle reduction in some detail. In particular, §2.2 and §2.3
reviewed the basic standard theory of the embedding version of cotangent
bundle reduction.

However, the story does not end there. If one begins a reduction by
stages program with a cotangent bundle, which is of course an important
case (perhaps the most important case) for reduction theory, then already
after the first stage of reduction, one will arrive (in, for instance, the em-
bedding version of cotangent bundle reduction, as in Theorem 2.2.1) at a
new cotangent bundle, but with a magnetic term. Thus, if one is going to
proceed with a second stage of reduction, one must learn how to reduce
cotangent bundles that already have magnetic terms. The main goal of this
Chapter is to develop such a theory.

Here is a more detailed outline of how we will proceed. Namely, we start
with a cotangent bundle with magnetic terms of the type (T*Q,Q — 77223),
and having a symmetry group G that acts by cotangent lift and admits a
momentum map. As usual, mg : T*Q — @ is the cotangent bundle projec-
tion. The (possibly nonequivariant) momentum map for the action of G has
the form J = Jean — 7(, ¢, where ¢ : Q — g*, which we call a Bg-potential,
satisfies i¢, B = d (¢,£). We can then adapt the momentum translation
used in the embedding version of the cotangent bundle reduction theorem
(see Theorem 2.2.1) by means of a double translation.

We first translate elements of 7*(Q) by a 1-form determined by pairing the
Bg-potential with an arbitrary connection on the bundle @ — Q/G. Com-
posing this with the momentum translation used in Theorem 2.2.1 gives a
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vector bundle isomorphism J~1(u) ~ J_.1 (0). We will see that this map is
equivariant with respect to the group G u, the isotropy group of the point u
for the affine action of G on g* determined by the nonequivariance cocycle
o of the momentum map J. This allows us to quotient the vector bundle
map to get a diffeomorphism J~(u) /G, ~ J.L(0)/G,. By Theorem 2.2.1,
the latter embeds into the cotangent bundle T*(Q/ éu)

In §7.2, we explore the idea of Lie-Poisson reduction in the presence of
cocycles. One again obtains the standard Lie-Poisson bracket but modified
with a Lie algebra two-cocycle. We also show that the symplectic leaves
in this structure, which are the affine orbits studied in Theorem 6.2.2, are
obtained by symplectic reduction of 7*G with a magnetic term.

7.1 Embedding Magnetic Cotangent Bundle
Reduction

This section develops the embedding version of cotangent bundle reduc-
tion where we start with a cotangent bundle with magnetic terms. We
will develop hypotheses in this situation that will be appropriate for later
applications to cotangent bundle reduction by stages.

Cotangent Bundles with Magnetic Terms. We need to quickly re-
view the theory of cotangent bundles with magnetic terms. Given is a
manifold @ and a closed two-form B on it. Endow the cotangent bundle
with the symplectic form € —7) B, where (1 is, as usual, the canonical sym-
plectic form on T*@Q. The Poisson bracket { F, H } 5 of two smooth functions
F,H : T"Q — R defined by this symplectic form has the expression

{(F,H}p = {F, H}*™ + (n,B) (X§™, X5 (7.1.1)

where {F, H}°*" denotes the Poisson bracket associated with the canonical
symplectic form on T*(Q and X§*" is the Hamiltonian vector field defined
by the function H and the canonical symplectic form €2. The easiest way
to see this is to work in local coordinates. In standard cotangent bundle
coordinates we have Q — 758 = dg’ Adp; — Bi;dg* Ad¢’. The Hamiltonian
vector field relative to this symplectic form has, as is readily verified, the
expression

Xy

_OH 0 (0H ., OH\ 0
~ Opi0og' \9gt TV 0p;) Opi’
Computing now (€2 — waB) (Xp, Xpr) yields

OFoH _OFOH  , OFOH _, OF OH
dq' Op;  Op; 0¢' Y Op;Op; " Op; Op;

which is the local expression of (7.1.1).
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Momentum Maps for Cotangent Bundles with Magnetic Terms.
A first step in our study of magnetic cotangent bundle reduction will be to
develop expressions for momentum maps in this context.

7.1.1 Theorem. Let B be a closed two-form on a connected configuration
manifold Q. Let G act freely and properly on Q (on the right) leaving the
form B invariant. Consider the cotangent lift of the G-action to the sym-
plectic manifold (1T*Q,Q — w5 B), where mg : T*Q — Q is the cotangent
bundle projection. Suppose that there is a smooth map ¢ : Q — g* that
satisfies

i, B=d(¢,8)
for all € € g. We shall call ¢ a Bg-potential. Then the following hold:

(i) The map J = Jcan — @ 0 g, where Jeoan is the standard momentum
map for the G-action relative to the canonical symplectic form, is a
momentum map for the cotangent lifted action of G on T*Q with
symplectic form € — 75 B.

(ii) The momentum map J is, in general, not equivariant. Its nonequiv-
ariance g*-valued group one-cocycle o7 @ : G — g* is given by

" g) = —¢(q- g) + Ad}(6(q)), (7.1.2)

with the right hand side independent of ¢ € Q. The cocycle identity
is in this case

o7 Q(gh) = AdL 0T 9(g) + 0T 9(h) (7.1.3)
which is the analog of (1.1.8) for right actions.

(iii) The level sets of J are affine subbundles of T*Q).

Remarks. (i) If B = da, where « is G-invariant, then one can take ¢ to
be

<¢7 £> = _iéQa

which is readily verified using the invariance identity £¢,a = 0 along with
the Cartan formula for the Lie derivative.

(ii) If @ = G and the magnetic symplectic structure comes from a first
step reduction of a central extension given by a smooth group two-cocycle,
then ¢ always exists, as will be proved later on (see equation (8.2.6)).
However, one can consider the general problem of reduction of a magnetic
cotangent bundle of a Lie group G, where the magnetic form on the group
evaluated at the identity is a Lie algebra two-cocycle that does not integrate
to a smooth group two-cocycle. In this case, one has a central extension
G of G which is the connected simply connected Lie group with Lie alge-
bra g, but the multiplication law is not explicitly known and the manifold
underlying this group is, in general, not the product of G with R. In this
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case, the theorem above does not apply and one is forced to work with
cylinder valued momentum maps and the corresponding regular and
singular reduction theory developed in Ortega and Ratiu [2006a,b]. This
raises the problem of reduction by stages for cylinder valued momentum
maps that can be developed along the lines developed earlier. In the ex-
amples presented later on we shall not encounter such situations and the
statement above suffices for our present purposes.

Proof. To prove (i), let £ € g and let &7+ be the corresponding infinites-
imal generator on T(Q). By construction, the vector fields {&7-g and &g are
mg-related; that is, Tmg o r+g = &g o . By definition of the canonical
momentum map,

i, =d (Jean, &) - (7.1.4)

By the assumed property of ¢, for w € T,,, (1% Q), we have

(iepe om0 B) (0rg) (w) q) (Tmq o &r+q)(ay), Ta,mq(w))

q) (§(a), T, mq(w))

(0.€) (0) (Ta, mq(w))

((,€) o mq) (arg) (w),

that is, i¢,.,mHB = d(¢ o mq,§). Subtracting this result from equation
(7.1.4) proves (i).

To prove (ii), we compute o7 @ from the definition (the version for right
actions of (1.1.6)) as follows:

B

(
(

B
d (¢
d

JT*Q(g,aq) =J(ag-9) — Ad;J(ozq)
= (Jean(g - 9) — Adj(Jean(ay))
— (mgolaq - 9) — Ady((mH9)(ayg))
=—¢(q-g) + Ady(6(q));

in the last equality we have used the equivariance of J.,, for right actions.
By the general theory, o7 (g, a,) does not depend on «, because Q and
hence T*Q is connected. Therefore, the expression just given for o7 @ is
independent of oy € Q. The cocycle identity (7.1.3) holds since oT"Q s a
nonequivariance cocycle of a momentum map.

To prove (iii), we first show that mgo(J7(n)) = Q for any u € J(Q).
Fix ¢ € Q and p € J(T*Q). We must show that there exists an element
aq € T;Q such that

Jean(ag) = p +71G(0)(q) = p+ ¢(q)-

Because the action of G on @ is free, for all ¢ € @, the infinitesimal gener-
ator map Z, : g — T,Q defined by £ — £g(q) is injective so that its dual,
E; : T;Q — g* is surjective. However, observe that the restriction of Jeap
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to any fiber in 7@ is just the map Z7. Since this map is surjective, there
must exist some «, (not necessarily unique) with the desired property.

Let Jg := J|1:q : T;Q — g*. This is an affine map since it is just
2 — ¢(q). Therefore J; ' (1) = a4 + V) where V0 is the annihilator of
the space V, := {€q(q) | £ € g} of vertical vectors in T,Q and ¢, is some
covector that satisfies J(ay) = p. [ |

The Affine Action on g*. As the general theory states, for nonequiv-
ariant momentum maps one needs to work with the affine action on g*
induced by the nonequivariance g*-valued group one-cocycle o7 @, that is,
with the right G-action on g* given by

hegi= AdZquGT*Q(g) (7.1.5)
for 4 € g* and g € G. Denote by
Gu={9€G|p-gi=Adpu+0""%g) = u} (7.1.6)

the isotropy subgroup for this affine action.

The Lie algebra 2-cocycle. We now compute the real valued Lie alge-
bra 2-cocycle ©7"Q associated to the g*-valued Lie group 1-cocycle o7 €.
We will do this using the general formula

ET*Q(& 77) = <']7 [fﬂ?D + {<J7§>7 <J777>}7
where £, 7 € g. This is the right action version of (1.1.11).

7.1.2 Lemma. We have

STQE ) = — (8, 1€, 1)) — B(q.nq)- (7.1.7)

Proof. In our situation, we compute as follows

STRE ) =& ) + {30, (I m)}s
= (Jean, [§,n]) — (P o mq, [€:n])
+ {<Jcan7£> - <¢O 7TQ’€>7 <Jcan777> - <¢O 7TQ’77>}B
= (Jean, [§, 1)) — (P o mq, [€n])
+{(Jean: &) — (P 0 7mQ, &), (Jean, n) — (¢ 0 @, m) } ™"

+ (m5B) (X350 61— tpomarer X3 (o))

where (7.1.1) has been used in the third equality.
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Expanding the parentheses in the preceding expression, we get

sT@(E,n)
= (Jean, ;1)) — (P o mq, [§,n])
+ {(Jean: &), (Jean, M} — {{¢ 0 7, &), (Jean, m) } "
—{{Jcan; &), (@ o mqQ, M} + {{p o 7q, &), (b o mgQ,m) "

(B (X3, 00 XE0 ) = (ToB) (X2 00 X))

~ (3B) (X{ftng .0 Xi3m)) + (70B) (Xi3ing 60 X (g
= —(pomq, (&) — {{domq, &), (Jean, m) "

- {<Jcan;€>a <¢ © 7TQ77]>}Can + (WE)B) < (C.?zlan@)aX???an,n)) .

In going from the first equality to the second, we have used right infinites-
imal equivariance of Je,, (which guarantees that the sum of the first and
the third term is zero), as well as the relation {(pong,§), (pomg,n) }*** =0
(since (pomg, &) and (pomg,n) are functions of only ¢; this shows that the
sixth summand vanishes). For the same reason, we have T'mgoX fg?ﬁ@va =0
and T'rg o X720 v = 0, which shows that the last three terms vanish.

Since the cocycle does not depend on the point of evaluation, and again
using the fact that (¢ o mg,§) and (¢ o mg,n) are functions of only ¢, we
can rewrite the above as

ET*Q(€7 77) = <¢5 [57 T’]> - d<¢7 £> (]F<‘ICan7 7]>)
+ d<¢), 77> (F<Jcan7 £>) + B (F<Jcan7 £>7 IF<Jcam "7)) ) (7'1'8)

where Ff : T*Q — TQ denotes the fiber derivative of a function f : T*Q —
R.

The formula for the canonical momentum map, namely (Jean,§) (aq) =
(g, €0(q)), implies that F (Jcan, §) = £o. Using this, together with the for-
mula d (¢, &) = i¢, B, we see that the above expression for ¥T°Q simplifies
to the desired formula (7.1.7). |

The relationship between o7 @ and 7 € is given by
TEO'T*Q(f) = _ET*Q(§7 ) (719)

for any £ € g. Note the sign change on the right hand side as compared to
(1.1.10) which is due to the fact that here we work with right actions.
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Formula (7.1.9) is easily proved by taking the g-derivative of the defining
relation ™" (g) = J(ag - g) — Adg I(ag) at g =e:

<TeUT*Q(€)777> = <Tan (Er-qlag)), 77> - <adz J(ag), 77>

= <d<Jan>(aq)’X(J,§>(O‘q)> - <J(aq), (€, n))
= {(J,m), (3, &) }ag) — (I, [€n]) (aq)
= _ET*Q(§7n)7

for any £,n € g, where we took into account the fact that the expression
on the right hand side is independent of «,. (It is clear that the argument
given above is general and works on any symplectic manifold.)

Affine Isotropy. From (7.1.6) (the formula for the affine isotropy group
G,) and (7.1.9), it follows that the Lie algebra g, of G, is given by

gu=1{¢egladip—x"9%, ) =0}
={¢ecql|(ut+o, &)+ B, ng) =0forallnegl,  (7.1.10)

where we have used formula (7.1.7) in the second equality.

Shift Maps. Next, we proceed, by analogy to the embedding version
of cotangent bundle reduction, the objective being to identify the reduced
spaces as images of an embedding into a cotangent bundle. From this view-
point we can read off the reduced symplectic form by pulling back, by
the embedding, an appropriate form on the cotangent bundle. However,
we need to develop a theory that will handle the nonequivariance of the
momentum map on 7*@Q. As we saw in §2.2 and §2.3, in cotangent bundle
reduction theory, a key role is played by momentum shift maps. Naturally,
this is also the case in the current setting.

We shall work below with a right connection A € Q'(Q;g) on the princi-
pal bundle 7¢, ¢ : @ — Q/G, so the appropriate condition (ii) in Definition
2.1.1 reads

Alq-9) (vg - 9) = Ady-1 (A(g)(v,)).

for all ¢ € Q, vq € T4Q, and g € G. The main result on shift maps is given
in the next lemma.

7.1.3 Lemma. Let A € QY (Q;g) be a connection on the right principal
bundle 7g,¢ : Q@ — Q/G and define the one-form associated to A and

¢ onQ by
Ap(q)(vg) = (#(q), A(q)(vq)) - (7.1.11)

Then the induced fiber translation
Shift 44 : T°Q — T*Q given by oy — oy — As(q)

restricted to J~1 (1), is an affine bundle isomorphism from I~ (p) to I (1).

can



218 7. Magnetic Cotangent Bundle Reduction

Proof. Let a, € J7!(u). For all £ € g we have

(Jean(Shift 4,¢(g)), §) = (Jean(ag — Ap()), §)
= (g — As(9),€q(a))
= (Jean(aq), &) — (As(a),0(a))
= (u+¢(q),§) — (¢(a), A(g)(€q(a))
= (u+¢(q),§) — (¢(a), &)
= (u, ), (7.1.12)

as required. In the same way one sees that the inverse of the shift map,
namely, o — ag+.Ag(q) maps .1 (1) into I~ (). Since both J=!(u) and
J.k (u) are affine subbundles of T*@Q, this proves that shift 4.4 : J7!(u) —
J2.L(w) is an affine bundle isomorphism. [ |

We next compose this shift map with another one, namely the standard
shift map J_! (1) — J1(0) in cotangent bundle reduction theory, which

is given by subtraction with A(q)*(u) (see Proposition 2.2.5 and (2.2.8)).

We will get a momentum fiber translation from J=*(u) to J_,1 (0).

7.1.4 Theorem. Define the total shift map Shift : T*Q — T*Q by
Shift(ag) = ag — Ag(q) — Alq)* . (7.1.13)

This induces a map shift : I~ (u) — I (0), which is a éu-equivariant

can
affine isomorphism and so it induces a smooth diffeomorphism

shift : I (1) /Gy — I50(0)/ G

can

uniquely characterized by the commutativity of the following diagram:

L shift .
J7H (W) > Jean(0)
T Po
J_l(ﬂ)/éu — > Jc_ai(o)/éu'
shift

The vertical arrows in this diagram are quotient maps by the action of éw’
note that m, is the projection onto the reduced space, whereas the target of
po is not a reduced space. So the reduced space J’l(u)/é“ is embedded into
the smooth manifold J_,} (O)/éu

can



7.1 Embedding Magnetic Cotangent Bundle Reduction 219

Proof. We begin by proving that the one-form Ag + A € QYQ) is
G -invariant. For ¢ € Q, h € Gu, and any vg.p, € Tg.nQ, we have

((Ag(q) + (Q)*M) h ”q h) = <A¢(q),vq.h A+ (A(g) py vgen - BT
¢(q), A ”qh YY) + (i Alg) (vgen - 1))

¢(Q)+u, ((g-h)-h M) (vgn-h™H))

o(q) + p, Adp A(g - h)(vg.n))

Adj, ¢(q) + Adj, g, Ag - h) (vg.n)) - (7.1.14)

(
=
=
=

On the other hand, by (7.1.2) and taking an arbitrary o, € J=!(u), we
have

(Ag(q-h)+ Alg-h) i, vgn) = (¢(q - h) + p, Alg - h)(vg.n))
= (A} (6(a) = 07 R) + 1, Alg - ) (vyn)

)= Jag - h) + A5, 3(arg) + 1, Alg - 1) (vg.))
)+ Adj 1, A(g - h)(v30)) (7.1.15)

since J(ag) = ppand I~ () is G -invariant and hence o -h € J~1(11). The
two identities (7.1.14) and (7.1.15), arbitrariness of vq.,, and surjectivity
of A(q-h): Tq.nQ — g prove the required invariance equality

(As(q) + A(Q)*p) - h = Ay(q-h) +Alg- h)*p

The proof is finished by noting that G u-equivariance of the map shift is
equivalent to G ,-invariance of A, + A(-)*pn € QH(Q). [ ]

It is worth noting that the CN}’ -equivariance holds for the total shift map,

not for the partial one in Lemma 7.1.3; in fact, G need not leave J_.} (1)
invariant.

Dropping the two-form B+d(Ags+.A(-)*u) to Q/G As we shall see
shortly, the two form B+ d(Ay + A(-)*p) will generate the magnetic term
in magnetic cotangent bundle reduction. The next lemma shows that this
two-form on @ in fact always drops to a two-form on Q/G,,.

7.1.5 Lemma. With the notations and hypotheses of Theorem 7.1.1, the
closed two-form B + d(Agy + A(-)*p) on Q drops to a closed two-form B,

on Q/CN}’M; that 1s,
éuB“ =B+d(Ay + A() ). (7.1.16)

Proof. In general, a two-form drops to a quotient space by a group action
if it is group invariant and its interior product with any infinitesimal gen-
erator vanishes. In our case, observe that d(Ag + A(-)*u) is G -invariant
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because Ay + A()*p is éﬂ—invariant by Theorem 7.1.4. We are assuming
that B is G-invariant, and so B + d(Ag + A(-)*p) is clearly G ,-invariant.

Thus, the condition for B 4 d(Ag + A(-)*u) to drop to the quotient is
that for all n € g,

in, (B4+d(Ay + A(-)" ) = 0.

From £x =dix +ixd and éu-invariance of Ay + A(-)*1 we get for any
ne au

0= £,,(Ag+A() 1) = ipod(Ap+A(-)" 1) +diy, (Ag+A()" ). (7.1.17)
However, for any ¢ € (Q we have

ing (Ap +AC) 1) (q) = (As(2),m0(a)) + (Ala)"1,m0(2))
7), A(nq)(a)) + (u, Ang)(q))
q)sm) + (),

where we have used the fact that (1, A(ng)(q)) = (1, n), which we notice
is a constant. Therefore, its differentlal is

diy, (A +A()"p) = d(¢,n) = iy, B. (7.1.18)
Substituting (7.1.18) into (7.1.17) gives the desired result. |

The Magnetic Symplectic Embedding Theorem. We are now in a
position to prove a symplectic embedding theorem for reduction of cotan-
gent bundles with magnetic terms and associated nonequivariant momen-
tum maps for cotangent lifted actions which satisfy the hypotheses of The-
orem 7.1.1.

We shall follow the general procedures in Theorem 2.2.1, but since we
have connections in our context, we will not make the distinction between
the conditions CBR1 and CBR2.

We begin by reviewing the maps that will enter in the proof; this infor-
mation is recorded in the commutative diagram in Figure 7.1.1.

o Let Jgan( ) — Jcan(aq)lﬁu;

b 7;# : J_l( ) — T*Q7 . caln( ) (Jgan)_ (0)7 iu : (Jgan)_l(o) —

T*Q, ig =i"or: JCdln(O) — T*Q are inclusions;

o M I () = 37 (W)/Gy and 7 2 (3E)TH0) — (JE,) TH0)/G
are projections onto symplectic reduced spaces;
* Toa, Q- Q/G and po : JL(0) — JL(0 )/é# are quotient

projections; note that J_,1 (0)/ G « need not be a symplectic manifold
since it is not a reduced space;
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shift 10
I () Jon(0) - T*Q
iH
Po L i TQ
T Q v
4 JL(0)/G,, (J£,)7H(0) Q
shift L @o o T TQ.Gy
A —~— _ v
PN L o shift XL TG, ~
I w)/G, - T*(Q/Gy) Q/G,

FIGURE 7.1.1. The maps in the proof of Theorem 7.1.6: T, PO, ™, TQ, T & TG

G I
are projections, ,, ¢, ", ig are inclusions, and a tilde over a map means that it is induced
on the quotient.

e mg : T"Q — Q and TQ/G, - T*(Q/CNJ#) — Q/CNJM are cotangent
bundle projections;

® ) : (J{:‘an)*l(())/é# — T*(Q/éﬂ) is a symplectic diffeomorphism,
)~1(0)/G,, is endowed with its re-
duced symplectic form and T*(Q/G,) with its canonical symplec-

tic form (see §2.2); o is the G,-quotient of the smooth map @, :
(Je)H0) = T*(Q/G,) given by (2.2.4), that is, B, = ¢o o 7 and

where the reduced space (JX

<¢0(0¢q)7TqT"QﬁH (vq)) = {ag, vg),
for any o, € (J£,,)71(0) and v, € T,Q;

e shift : J71(u) — J_L(0) is the restriction to J~1(u) of the total shift

can

map given by (7.1.13), that is,
shift(ag) := g — Ag(q) — Alg)"
for ay € I7H(p);

o shift : I () /Gy = IG(0)/G, 72 IGh(0)/Gu — T*(Q/G), and
¢ o shift : Jfl(,u)/é“ — T*(Q/CNJM) are maps induced on the quo-
tients.

7.1.6 Theorem. Consider the symplectic reduced space J_l(u)/éu for
the symplectic manifold (T*Q, ! — 77228), where B is a closed G-invariant



222 7. Magnetic Cotangent Bundle Reduction

two-form on the configuration manifold Q satisfying the hypotheses in The-
orem 7.1.1. Let A € QY(Q; @) be a connection on the right principal bundle

1Q.¢ 1 Q — Q/G and B, € QQ/G,) the associated closed two-form de-
fined in Lemma 7.1.5.

(i) Then Lo shift is a symplectic embedding of Jfl(u)/éu, with its re-
duced symplectic form W', , into the symplectic manifold

(T*(Q/éu)v Qcan — W;/GMBM). (7.1.19)

(ii) The image of the map Lo shift is the vector subbundle [TWQEH (M)°

of T*(Q/éu), where V. C TQ is the vector subbundle consisting of
vectors tangent to the G-orbits, that is, its fiber at ¢ € @Q equals
Vo = {&o(q) | € € g}, and ° denotes the annihilator relative to the

natural duality pairing between T(Q/é#) and T*(Q/éﬂ)

Proof. To prove (i), we start with the fact that the reduced symplectic
form w’ ; on J7!(u)/G,, is characterized by the identity

i (Q—71HB) = Thwieg (7.1.20)

where () is the canonical symplectic form on 7*Q. The characterization of
the reduced symplectic form at zero for the G,-action and the symplectic

diffeomorphism g : (J%,)71(0)/G, — T*(Q/G,) yield the identity
()05 Qcan = ()" Q. (7.1.21)
The theorem asserts that

Wieq = (o shift)* (Qcan — 7722/5“3;») : (7.1.22)

To prove this, use the commutativity of the diagram in Figure 7.1.1 and
(7.1.21) to compute

7 (¢ o shift)* (Qm -G, BH)

= shift” . () * 0} (Qcan — BH>

= shift" (" ()" — shift” 1" (7)" 035, = (B,)
= shift” i;Q — shift” L*(i")*ﬂé%,é“ (B.)

= shift™ igQ — shift” igry) (B 4+ d(Ap + A(-)" 1))
= —shift* i3d© — %75 (B + d(Ag + A()*p))
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since mg o 4o o shift = mg o4, and where O is the canonical one form on
T*@Q. Thus we get

7T:1(L o shift)* (Qcan — W;/é“ Bﬂ)
= —dshift" ig® — ;7B — diy 7 (Ap + A() ). (7.1.23)

We shall compute now the first term of the right hand side explicitly, using
the formula for the canonical one-form on 7*Q. For any o, € J~!(p) and
Va, € Ta,J (1) = ker Ty, J, using mq o ig o shift = 7g o, we have

(shift™ ig©)(arg) (Va, ) = O(aq — Ay (q) — A(q)* 1) (Tw, (io o shift) (V)
= (ag — Ap(q) — A(q)* 1, T, (g © g 0 shift) (Va,))
= (ag — Ag(a) — A(@) 11, Ta,, (g © i) (Va,))
<04q»Taq7TQ (To,in(Va,)) = (As(@) + A@) 11, Ta,7q(Ta,in(Va,))
= (i,0)(ag)(Va,) — (75 (A + A() 1)) (eg) (Va, ),

(03

that is,

shift® i5© = 70 — %7 (As + A()" 1), (7.1.24)

Combining (7.1.23) and (7.1.24) we get

ﬂ;(b:s\}'li/ft)* (Qcan—ﬂ';/é B ) ) Q—’L*ﬂ'QB

=1,(Q - W*QB) = W#wred
by (7.1.20). Since 7, is a surjective submersion, 7},
the statement of the theorem.

Finally we prove the last statement of the theorem. By construction,
V C TQ is the vertical bundle of the G-principal bundle 7¢g.¢ : @ — Q/G,
that is, V' is the vector subbundle of T'QQ whose fiber at each ¢ € @ equals
Vo ={8e(q) | € € g} Since Tymg & = Vg — TﬂQyé“(q)(Q/Gu) has kernel

{ng(q) | n € g, } whose dimension does not depend on ¢ € @ (because the
G-action is free on Q), it follows that the rank of Tym, 5 [v is constant in
G

is injective which proves

q. Therefore, both the kernel and the range of T’ To éu‘v are subbundles
of V and T(Q/G,) respectively. Thus the annihilator [Tmg é/L(V)]o is a

vector subbundle of T* (Q/é#)
We shall show that

(o shift)(T*Q),) = [T 5 (V) (7.1.25)
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Indeed, if oy, € J71 (1), we have, for any £ € g,

(o shift)(mu(ay)), Tymg 5, (€a(a)) )
= <(ng o o o shift)(ay), Ty7q.G, (EQ(q))>
= ((po 0 ) (g — Ap(q) — A(9)* 1), Tymq.c, (£ (a)))
= (ag — As(q) — Al9)" 11, §q(a))
( &) — (8(q), ) — (1, 6)
( — (1, &) =0 (7.1.26)

This shows that the image of Lo shift lies in [Tmg &, (V)]°. Conversely, if
Ty € [TWQ,C;“(V)} define a, € T;Q by

(g, vg) = (Tig) Ty &, (vq)) + (As(q) + Ala) 1, vg)

for any v, € T,Q. We claim that a, € J~!(u). Indeed, for any £ € g we
have

(J(ag), &) = (aq,€0(a)) — (0(a), €)
= (T Ty 6, (@) + (As(q) + Ala)"1,€0(9)) — (£(9),€)

=0+ (o(q ),€> + (1, ) — (0(a), &)
= </-L7§>'

From the definition of «, and a computation similar to that given in
(7.1.26), it follows that (v o shift)(m,(ag)) = I'lg), which in turn shows that
[Tmq,q,(V)]° is contained in the range of ¢ o shift. |

Remarks.

1. Note that if B = 0 one recovers the embedding cotangent bundle
reduction theorem 2.2.1 with o, equal to the pu-component of a con-
nection on the principal bundle 7g ¢ : Q@ — Q/G. Indeed, in this case
all hypotheses of Theorem 7.1.6 are trivially satisfied.

2. If, in addition to B = 0, the group G is Abelian, then in this case,
G, = G, = G and the embedding is onto; that is, the reduced space is
the whole cotangent bundle T*(Q/G) with the symplectic form Qca,—
7'('22 /Gﬁw where ,, is the two-form on /G obtained by dropping
dA()*1 to the quotient. This agrees with the result of the standard
cotangent bundle reduction theorem for Abelian groups.

3. If B# 0 but G is Abelian, the embedding need not be onto because,
while G, = G, G, need not equal G.
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4. If Q@ = G (and we are not assuming anything about B), then the
bundle V is all of TG and so the image in (iii) is the zero section.
Thus, the embedding is onto the zero section of T*(G/C:'H), so that
the reduced space in this case is the homogeneous space G/ C:*# with
the symplectic form —B,,. This homogeneous space is naturally dif-
feomorphic to the orbit through u of the affine action of G on g*
given in equation (7.1.5). We will study this orbit in greater detail in
the next two sections.

7.2 Magnetic Lie-Poisson and Orbit
Reduction

As we have recalled already in the introductory chapters, the Lie-Poisson
bracket on g*, the dual of a Lie algebra g is the bracket that is naturally in-
duced on the quotient (T*G)/G by Poisson reduction. This bracket (which
comes with a plus or minus sign depending on whether one is doing right
or left reduction) is given on two smooth functions on g* by

{f.9}e(p) ==+ <u, [5f 69} >

o’ op

where 6f/0p is the derivative of f, but thought of as an element of g.
Recall that Lie-Poisson structures go back to Lie [1890] and are exposed
in standard textbooks, such as [MandS].

Another key related reduction theorem is the theorem on reduction to
coadjoint orbits given in Theorem 1.2.3. The purpose of this section is
to generalize both of these results to the case where we start with the
cotangent bundle of a group, but with a magnetic symplectic structure
rather than the canonical one. We shall apply these results to the case of
central extensions in the following section.

Magnetic Lie-Poisson Reduction. Our first goal in this section is to
derive a magnetic Lie-Poisson reduction theorem. Namely, we shall com-
pute the Poisson structure on g* arising from the Poisson reduction of the
symplectic manifold

(T*G,Q — 7&B)

relative to the cotangent lifted right action of G on itself, and where B is a
closed G-invariant 2-form on G. There is of course a similar statement for
the left lifted action. The affine Poisson structure on g* has been already
studied in detail in Theorem 6.2.2; our goal here is to recover those results
by reduction.
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7.2.1 Theorem. The Poisson reduced space for the right cotangent lifted
action of G on (T*G,Q — w5 B) is g* with Poisson bracket given by

Uadsto= (| 82] )b (58)

for f,g € C*=(g").
Proof. We proceed by computing the Poisson bracket on T*G for mo-
mentum functions generated from right invariant vector fields. Given a

vector field X on G, define, as is standard, the momentum function
Px € C°(T*@), linear on the fibers, by

Px(ag) = (ag, X(9)) - (7.2.2)

Notice that if X is right invariant on G, then Px is right invariant on 7*G.
The canonical bracket of two momentum functions Px and Py is given
by —Prx y) as an easy calculation (done in [MandS], §12.1) shows. Using
equation (7.1.1), we see that

{Px,Py}B = 7P[X7y] + B(X, Y) oTqG. (723)

To prove (7.2.1), it suffices to compute the bracket of two linear functions
on g* since the Poisson bracket at any point only depends on the first
derivatives. Thus, let f : g — R be linear, so that §f/du is constant and
f(p) = {u,0f/0u) and similarly for g. For what follows, let

_(of _ (%
X(M)R and Y<5M)R

denote the right invariant vector fields on G whose values at the identity
are 0f/du, dg/dp respectively. Recall that the left momentum map for
the lifted action using the canonical symplectic form on T*G is the map
Jr:T*G — g* given by Jr(ay) = TS Ry(crg) =: oy - g~ 1. Then, since

(oaneg) = (g0 30 ) = (a5l )
— (g, X(9)) = Px(a),

the right invariant extension of f is given by P(X). Thus, by definition of
the reduced Poisson bracket along with equation (7.2.3), we get

{f,9} () = {Px, Pr}s(n)
= —Pixy)(n) + B(X,Y)(e)
= — (1, [X,Y](e)) + B(e)(X(e), Y (e))

_ of og of og
= (e si]) -2 G i)
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as required. In the last equality we have used the identity [{gr,nRr](e) =
—[&, 1], valid for the right invariant extensions g, nr € X(G) of € € g and
1 € g respectively. |

Poisson brackets of this sort arise in a number of contexts, such as those
studied in Cendra, Marsden, and Ratiu [2003], Theorem 3.3.1. The present
result shows that in fact, the result just quoted may be obtained by mag-
netic Lie-Poisson reduction.

Affine Orbits as Magnetic Reduced Spaces. In Theorem 1.2.3 it was
shown that the reduction of TG at pu € g* is symplectically diffeomorphic
to the coadjoint orbit O,, C g* passing through p. In this paragraph we shall
prove an analogous result for magnetic cotangent bundles of Lie groups,
namely, the reduction of a magnetic cotangent bundle at a given point
i € g* is symplectically diffeomorphic with the affine orbit O, passing
through pu.

We make the following assumptions. Let B be a closed two-form on a
connected Lie group G. Let G act on itself by right translations. Assume
that B is G-invariant. Consider the cotangent lifted action of G to T*G.
This gives a symplectic action of G on the symplectic manifold (T*G, ) —
m&B), where m¢ : T*G — G is the cotangent bundle projection. Suppose
that there is a smooth map ¢ : G — g* that satisfies

i&LB =d <¢a €>

for all £ € g. Recall that the infinitesimal generator of £ for the right action
is the left invariant extension of &; that is, £ = &. Recall from Theorem
7.1.1 that

(i) The map J = Jcan — ¢ 0 7, where Jean = Jg is the standard right
momentum map for the G-action relative to the canonical symplectic
form, is a momentum map for the cotangent lifted action of G on
T*G with symplectic form Q — 7/, B.

(ii) The momentum map J is, in general, not equivariant. Its nonequiv-
ariance g*-valued group one-cocycle o7 ¢ : G — g* is given by

o7 % (g) = —¢(hg) + Ad;(H(h)), (7.2.4)

with the right hand side independent of h € G. The cocycle identity
is in this case

o7 G (gh) = Ad} 0" % (g) + 0T (h). (7.2.5)

In this equation, taking g = h = e we conclude that UT*G(e) = 0.
Therefore, in the same equation, letting h = g1, we get

R Ady- o7 %(g) (7.2.6)

for any g € G.
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(iii) The momentum map J : T*G — g* is equivariant relative to the right
affine action of G on g* given by

A-gi=Ady A+ a"%(g) (7.2.7)
for g € G and A € g*. The induced right Lie algebra action is given
by

Agi= Ll X explie)
. = — - ex
dt|,_, " T
=adi A+ T.o” C(€) =adf A — BT C(E, ) (7.2.8)

for A € g* and € € g.

7.2.2 Theorem (Reduction to Affine Orbits). Let u € g*. Then p is a
reqular value of J, the (right) action of G on T*G is free and proper, and
the symplectic reduced space I~ (u)/G,, is symplectically diffeomorphic to

Ou = {u-g=Ad§u+0T*G(g) ’ gGG},

the right affine orbit through . The tangent space at A\ = p-g € 6# to 6#
18 given by

1.0, = {adi A =579, ) | ¢ e a},

where 2T G (€,-) = —T,oT G (€). The symplectic structure on (5# has the
exrpression

Wi ) (adg A= 577G (€, ), ady A - 5T C ()
= <>‘v [5} T]]> - ZT*G(&? 77)7 (729)

which we call the magnetic orbit symplectic form.

Equation (7.1.16) together with Remark 4 of Theorem 7.1.6 shows that
the affine orbit is symplectomorphic to G/G, with symplectic form —B,,
defined by

7 & By = B+ d(As + AC) )
Remark. The symplectic form (7.2.9), obtained here by reduction, is a
special case of (6.2.21) since equations (1.1.10) and (6.2.10) show that in
this case of one dimensional extensions, we have C' = —X77C,

Proof. From the fact that Jg is given by left translation to the identity,
we have

J(ag) =TT Lyog — 9(9). (7.2.10)
Thus, J_l(M) consists of those o, € T*G such that oy = T;Lg,1 (4 o(g)).
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It is clear that the G action is free and proper on G and hence on T*G.
Thus, from Proposition 1.1.2, each p is a regular value.

We claim that the smooth map ¢ : J=*(n) — O,, defined for oy € I~ ()
by

plag)=p g~ =Ad; p+o" %gh)

is é -invariant. We begin with the following assertion: if a; € J=1(p) and
h =Ty, R-1a4 for h € G#, then ay-h € J7!(u). To see this, note that

J(ag - h) =T Lgn (ag-h) — ¢(gh)
= T* ah (T Rp—1ag) — ¢(gh)
=T} Lgn (T, Rp—1Ty Ly (14 ¢(9))) — ¢(gh)
=T} Lgn (TypRp-1Ty Lg—1 (1 + ¢(9))) — ¢(gh)
= Adj,(p + ¢(9)) — d(gh)
= Adj u+0T"%(h)

where, in the last equality, we used (7.2.4). But, since h € CNJH, by (7.2.7),
the right hand side equals p, and so J(ag - h) = p as we asserted.

To prove that ¢ is is G,-invariant, note that

plag - h) = Adjg ot o™ C(gh) ™)
= Ad} o Adjos i+ A 0T G () 407G (g7
— Ad’, (Ad;;,l et aT*G(h—l)) +oT"G (g™
* TG/ —1
=Adg-ipt+o’ T(g7)
= @(ag)v

where we used the cocycle identity (7.2.5).

Note also that ¢ : I~ (u) — O# is surjective for if A=p-g € O#, then
g :=TyLg1(n+¢(g9) €I~ L) and ¢(ay) = A

Thus, ¢ induces a smooth surjective map @ : 3= (u)/G,, — O, charac-
terized by the relation ¢ = % o7, where m, : J71(u) — J_l(,u)/CNT'H is the
projection. Let us show that @ is also injective. Indeed, if

pogmt = plag) = B(mu(ay)) = p(mu(an) = wlan) = p-h™!
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for some oy = Ty Ly (p + #(g)) and some ap = Ty Ly-1(n + ¢(h)) €
J~(p), then h='g € G, we get

T3 By s = Ty Ry T s (14 9(h)) = Ty Ry s A s+ (1)
= T Ryon Ad -y Ad? Ad}_1 (11 + 6(h)
Ty Ay (1 O(R))
=Ty Ly (Adz_lg w+ UT*G(h_lg))

F T3 Ly (Adj, 6(h) — o™ (b1 g))

Because h™lg € é/u the first term in the last equality is T Ly-1p. Using
(7.2.4) (with g replaced by h~'g), the second term in the last equality
equals Ty L,-1¢(g). Hence,

T;Rgflhah = T;Lgf1p, =+ Tg*Lg—l ¢(g)
=Ty Ly (n+9(9))

:Oég.

Therefore, m,(ay) = 7,(Ty Ryg-1pan) = m,(an), which proves that @ :
JY(w)/G, — O, is injective. Thus P is a smooth bijective map. To prove
that © is a diffeomorphism, we need only show that it is a local diffeomor-
phism; that is, its derivative is bijective.

To accomplish this, we first compute the derivative of ¢. Let

aﬁ(t) = Te*xp(tg)gL971 exp(—t{) (,LL + ¢(€Xp(t€)g)) e J_l(lu’) (7211)

be an arbitrary smooth curve in J~!(u) passing through the generic point
ag = ag(0) = Ty Ly (1 + ¢(g)) € I~ (1), where & € g. Then o(ae(0)) =
p-g~ ! and we get

Tocore (E(0) = % R (97" exp(—t8))
B % ((r-g7") -exp(=t&)) = = (u-g7") - &
t=0
(7.2.12)

It follows that the derivative of ¢, namely Ty, is surjective at every point

oy since every tangent vector to O, at the image point p(ay) = p- g lis

of the form (p-g~—1) - £ for some € € g.

It follows that the derivative of the induced quotient map @ at every
point is also surjective. B B

Next, note that the two manifolds J=!(u)/G, and O, have the same

dimension, namely dim G — dim G,. Indeed, observe that the dimension
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of J71(u) is the same as dim G because the map G — J~1(u) given by
g+ T;Lg (p+ ¢(g)) is obviously a diffeomorphism. The dimension of
the quotient spaces are obtained by subtraction since the actions are free
and proper.

Since the derivative Ty (a,)® is a surjective linear map between spaces
of the same dimension, it is an isomorphism. Thus, the map @ is a diffeo-
morphism. It remains to show that it is symplectic.

The reduced symplectic form w,, on J~*(u)/G,, is induced by the sym-
plectic form Q — 75,8 on T*G pulled-back to J~!(u); that is,

Thwu =1, (Q —75B).

We wish to prove that @*wg = w,. To show this, it is sufficient to show
that 7, applied to each side is equal; that is,

rwh =iy (2 —75B) (7.2.13)

Using the notation in (7.2.11) and fixing g € G, let a;(0), a;,(0) be two
tangent vectors to J~*(u) at the point cpg = Ty Lg—1 (4 ¢(g)). In (7.2.12),
we computed that

To,p(ag(0)) = —(u-g~1) - €

and similarly for n. Thus, what we are trying to show, namely (7.2.13) is
equivalent to

wi (g™ ) ((nog™) & (g7 1)
— (@~ 75B) () (0 (0). 0 (0)) (7.214)
We first work on the left hand side of this equation. Recalling from (7.2.8)
that tangent vectors to O,, at the point p - g~ have the form
(n-g ') &=adfi(n-g7") =S 9,0,
and using (7.2.9), the left hand side of (7.2.14) becomes

(gt 6m) + =79 m). (7.2.15)

Next, we work on the right hand side of (7.2.14). We will proceed in a
number of steps. The first step will be to find a more convenient expression
for ae(t) given in (7.2.11). We do this in order to exploit the right invariance
properties of 2 and B.

7.2.3 Lemma. The curve ag(t) may be rewritten as

ag(t) = Thpiierg Ro—1 Toxp(ie) Lexp(—te) (-9~ + ¢lexp(t€))) . (7.2.16)
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Proof. We manipulate the right hand side of (7.2.16) by making use of
(7.2.7) and (7.2.6) as follows
eep(t6)9 T~ Topre) Lexp(—16) (197" + $exp(t€)))
= Te*xp(tg)gRgfl T:xp(tg)Lexp(ftf) (Ad}l H+ UT*G(Q_l) + ¢(exp(t§)))
= Topters o Tosptre) Losot-16) (Adjos 11— Ady1 07 6 g) + plexp(tS))

However, by (7.2.4) with h = exp(t§), we have

dlexp(t€)) = Ady-r (o7 (g) + Blexp(t€)g))
and so the right hand side of (7.2.16) becomes

T:Xp(t&)gRg‘1 e*XP(tE)LeXP(—tﬁ) Ad;*l (1 + ¢(exp(t&)g))
C*XP(tE)gRg_lTC*XP(té)LeXP(—tE)T:Lg‘lT;*Rg (1 + ¢(exp(t€)g))
= ,Ivc*xp(ifﬁ)g'[’g_1 exp(—t&) (M + ¢(exp(t£)g))

since left and right translations commute. This agrees with (7.2.11) and so
the lemma is proved. v

Letting <I>§ denote the cotangent lifted action of right translation by g
and similarly <I>gL that for left translation by g, we can rewrite ag(t) as

Oég(t) = ¢§(b£xp(t£) (:u ’ g_l + (b(exp(tf))) .

Differentiating this expression with respect to t at t = 0, we get
ap(0) = TR (feq(p- g7 + ¢(e) + Ver,.g-1y 50y Tep(€)) . (7.2.17)

where L. ., denotes the infinitesimal generator of the action ®* and where

d
Ver,, By = —

T (ag +€By) € Ty, T7Q (7.2.18)

e=0
denotes the vertical lift of a covector 3, € T;@Q) on a manifold () along the
covector o, € Ty Q.

Using equation (7.2.17), we can now evaluate the right hand side of
(7.2.14). We also make use of the fact that the right action leaves both  and
B invariant, and the fact that the right action converts oy = Ty Ly—1 (1 +

¢(g)) into Adg—(u+ ¢(g)), to get

(Q = 7EB)(Adg-1 (1 + ¢(9)))
(f%*(;(,u : g_l + (;5(6)) + Veru~g‘1+¢(e) Te¢(§)7
Ni-c(t- 97" + 6(e) + Verg1 g Ted(m) . (7:2.19)
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We check now that the base points in this expression, namely the two points
Ady-1(p+ #(g)) and p - g~ + ¢(e) are in fact equal, as they must be. To
see this, we use (7.2.7), (7.2.6), and (7.2.4) with h = e as follows:

gt ole) = Adj i — Adga 0™ (g) + d(e)
= Adg p+ Adga 6(g) — dle) + ole)
= Ad)- (1 + 9(g)).

We now look at the various terms in (7.2.19). First of all, we consider
the terms involving €2 and there are four of these. The first one is

Q(Ad} - (n+ 6(9))) (Efeap-g" + d(e) niwg (- g~ " + d(e)))
= (g +o(e), [&,m)) (7.2.20)

where we have used the reduction to coadjoint orbits theorem, namely the
right invariant version of equation (1.2.6) given in Theorem 1.2.3.

For the cross terms in (7.2.19) corresponding to 2, we make use of the
following.

7.2.4 Lemma. For a free and proper action of a Lie group G on a man-
ifold Q, cotangent lifted to T*Q and with ) the canonical symplectic form,
we have

Qo) (Er-@ (), Vera, (By)) = (Jean(By), €) - (7.2.21)

Proof. First of all, using the free and proper assumption, extend the one
form 3, at ¢ to a G-invariant one-form § in a neighborhood of ¢. Define
vector fields X and Y on T*( in a neighborhood of oy as follows. First of
all, let X = &p-q and second, let Y (v4) = Ver,, 3(q).

We now evaluate each of the terms in the identity

QUX,Y)=-X[O()]+Y[O(X)]+6([X,Y]).
We claim that X[O(Y)] = 0. Indeed,
O) () = (s Trg(¥ ()
= <'yq, Trq Ver,, 6((7)> .

However, vertical vectors satisfy T'mq Ver,, 3(q) = 0. Thus, X[O(Y)] = 0.
Second, we claim that Y[O(X)](vz) = (Jean(5(7)), €) - Indeed, first notice
that

O(X) (1) = (vg, Tmq (§7+0(72)))
= <7§7§Q(Cj)> = <Jcan<7t7)7§>'
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Therefore, using the preceding equation and the chain rule, we get
Y[O(X)](vg) = (d (Jean: §) (72): Y (79))

d

= <d <Jcana§> (’Y@)v &

4
de

(0-+e8(@) )

e=0

<Jcan (’71? + 6ﬁ<(j))? £>

e=0

(va + €8(2): £ (a))

% e=0
= <Jcan(5@))7f> :

Thus, we have shown our claim, namely Y[O(X)](v7) = (Jean(8(7)), &) -
To prove the lemma, it now suffices to show that ©([X,Y]) = 0. In fact,
we assert that the bracket [X,Y] = 0. To see this, recall that X = &p«¢
and, since we choose 3 to be G-invariant, it follows that Y, which is given
in terms of fiber translation by £, is also G-invariant. Thus, [X,Y] = 0.
v

We use the lemma to evaluate the cross terms in equation (7.2.19) cor-
responding to §2 as follows:

Q(Ad;*l (:u + ¢(g))) (giL“*G(:u . g_l + (b(e))’ Veru~g*1+¢(e) Te¢(77))
= (JL(Teo(n)), &) = (Ted(n), &) (7.2.22)

There is a similar cross term with ¢ and 7 interchanged with a minus sign.
Thus, for the cross terms, we get

(Tep(n), &) — (Teg(&),m) - (7.2.23)

However, from the relation i¢ B = d (¢, &) we get (T.0(n),&) = B(e)(&,n).
Thus, the cross terms are

(Tep(n), &) — (Tep(&),n) = 2B(e)(&,n)- (7.2.24)
The last of the 2 terms is

Q(Ad;* (/u' + ¢(g))) (Veru~g—1+¢>(e) T6¢(§)’ Veru~g_1+¢>(e) T€¢(77)) .
(7.2.25)

This is zero, as is seen by a similar argument that was used in Lemma
7.2.4; namely we write the preceding expression as a sum of three terms
and since © vanishes on vertical vectors, each of the three terms is zero.
Notice that the bracket of two vertical vector fields is vertical as each is
ma-related to zero.

In summary, the sum of all the  terms in equation (7.2.19) are:

(n-g~ + 6(e), [€,m]) +2B(e) (€,m) (7.2.26)
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Now we turn to the B terms in equation (7.2.19). Because of the presence
of 7f,, all the vertical terms will yield zero and so the only nonzero B term
is

= Ble) (¢6(e),ni(e) = —B(e)(&.m) (7.2.27)
where we have used the fact that f%*G is wg-related to 5@ and so we have

the identity Tre(E5. (- g7 + ¢(e)) = &L (e).
Adding equations (7.2.26) and (7.2.27), we see that the expression given
in equation (7.2.19) is equal to

{p-g7 "+ o(e), [€,n]) + Ble)(&,m)
= (g7 &) + (Be), [€,m]) + Ble)(&,m). (7.2.28)

To prove the first part of the theorem (equation (7.2.9)), it suffices to
show that

((e). [€.m)) + Ble)(€,m) = =57 F(&,m). (7.2.29)

Recall that —X7 ¢ (¢,n) = <T60'T*G(f)777>. Also, recall equation (7.2.4),

namely o7 “(g) = —¢(hg) + Ady(p(h)). Setting h = e and taking the
derivative with respect to g at g = e in the direction &, we get

T.o" (€)= —T.¢(€) + adg é(e) (7.2.30)

Pairing both sides with 7, we get

—STC () = (T.o™ ¢(&).m)
= (~T.6(8) + ad; é(e), )
= B(e)(&.m) + (6(c). [ ) (7.231)

This establishes equation (7.2.29).

To prove the last statement of the theorem, we first observe that the
map ¢ : J7'(u) — O, in fact projects to a map ¢ : G — O, given by
Y(g) == Adg-1 pu + oT"G(g="). The map 1 is invariant with respect to the
right action of éu on G and therefore defines a smooth, surjective map
P G/é# — 6#' One proves that 1) is a diffeomorphism in exactly the
same manner that ¢ was shown to be a diffeomorphism. We will show that
&*wzfg = —B,, for which it suffices to prove that

Yrwg = —B—d(Ag + A()*p). (7.2.32)

We begin by computing the right hand side. Since the action of G on
G is by right translation, the infinitesimal generators are given by left
translation and therefore the connection form on the bundle G — {e}
is given by the left Maurer-Cartan one-form on G, which we denote by
A € QYG;g) and is defined by A(g)(vy) := TyL,-1v, where v, € T,G.
We then have Ay (g)(vg) = (#(g), TyLy-1v4), where ¢ is the Bg-potential.
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For vy,wy, € T,G, define ¢ := A(vy) and 1’ = A(wy). We compute
dAy(vg, wy) by extending vy and wy to left invariant vector fields denoted
& and 7' respectively. We then have

d Ay (vg, wy) = dAg(&, 1) (9) (7.2.33)

=& (As())(9) = 7' (As(E))(9) — As([€',1])(9).

For the first term we have,

SN = T Abi)gepie) = T (o(gespie) )

dt|—o t=0
= <d¢(9)(vg),77/> = Ln’GB(Ug) = B(g)(TeLgnlvvg)
= B(g)(wg,vg) = B(e)(n,€)
where £ := Ady¢ and n := Ady7n’ and satisfy { = TgR,-1vy and n =
TgRg—lwg. o
Observing that [&/,7](g) = TeLy[€',7'] we have

Ag([€,7]) = (8(9), €', 1]) = (#(9), Adg—[&,n])

and therefore, putting these together we obtain

dAg(vg, wy) = —2B(e)(€,n) — (¢(9), Adg-1[&,7]) - (7.2.34)

Next we compute

dAC) l9) (v, wg) = AAC) (€ 17) (9) ]
= E(AC) 17))9) = 7 (AC) 1(E))9) — ACY (€, 7D)9).

The first two terms are zero since A, being the left Maurer-Cartan form
satisfies ¢, A(g) =7/, i.e. is a constant function on G since the vector field
7’ is left invariant. For the last term we have

A u((€m]) = (1, A(TeLg[€ 1))
= (u, [¢",7']) = (n, Ady—[€,])
and so, combining these formulas, the right hand side of equation (7.2.32)
[=B —d(Ap + A()" )] (9)(vg, wy) = (7.2.35)
= B(e)(&,n) + 2B(e)(&,n) + (¢(9), Adg—1[€, n]) + (p, Ady-1 (€, 1))

We now work out the left hand side of equation (7.2.32). Given vy, € T,G
and again let § := TyR,-1vy and & := TyL,-1v,. Let s(t) be a curve
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through e such that |t s(t) = & so that & |t 08
Ai=1(g) = Ady- p + O'T G(g 1), we then have,

4
dt
_ 4

dt],—o
= —ad{ A + T.o™ 9(-¢),

s(t)g = vg. Denoting

(Ad;_ls(t)_l [+ aT*G(g—ls(t)—l))
t=0

Tgw(vg) =

(Ad;(t),l A+ AdS gy 0™ G (g + aT*G(s(t)—l))

and therefore,

Wb (9) (g w,) = () (ade A= X776 (=€, ), ad2, A= 2776 ()

= (e - =7 G(f,n)
= (Adjr i+ 0 (g™, [ m]) + Ble) (&)
+ (0(e). &)

B(e)(&,m) + (u, Adg-1[&,m]) + ((e), [€,m])
<0 *G ), Adg-1[&, )]

( )( 7 ) <N7Adg*1[€777]> < ( ), g71[§>77]>
= (=B —d(Ay + A()"w)) (9)(vg, wg),

where we have used equation (7.2.29) and the following facts about the
cocycle:

(i) 0™ %g™") = — Adg 0" %(g)
(i) o™ %(g) = —o(hg) + Adj((h)).
Finally, since ¢ = 1) o Tg.a, and T, (=By) = —B—d(Ay + A(-)* 1) we

O
have

f ot = ek =

ﬂc,é,fﬁ wg =Pwp = Wé,@“(—BH), (7.2.36)

from which it follows that ¢ *wj; = —B, since 7 a, is & surjective submer-
sion. -

Remarks. Of course there is a left invariant version of the theorem as
well. B

That O, is a symplectic manifold with the given symplectic form is
proved directly, as opposed to the present reduction proof, in [HRed], The-
orem 4.5.31.

We also note that, since the point reduced spaces for (T*G,Q — w5, B)
are the symplectic leaves of the Poisson reduced space, namely g* with
the magnetic Lie-Poisson bracket given by equation (7.2.1), one can alter-
natively compute the symplectic structure from this point of view. This
approach was taken in Theorem 6.2.2.
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8

Stages and Coadjoint Orbits of
Central Extensions

This chapter addresses the basic theory of symplectic reduction by stages
for central extensions. Examples are given in the following Chapter.

The main feature of this theory is that already after the first reduction,
one encounters curvature, or magnetic terms and this complicates the sub-
sequent reductions. To deal with this situation, we use the theory developed
in the preceding chapter. The same sort of phenomenon also occurs in La-
grangian reduction by stages, as presented in Cendra, Marsden, and Ratiu
[2001a)].

An important motivating question is to determine the structure of the
coadjoint orbits of a central extension. This question can be viewed as an
application of the theory of reduction by stages for the action of a central
extension G of a group G on its cotangent bundle T*G by cotangent lift.
In the reduction by stages context, we first reduce by the central subgroup
and, by an application of cotangent bundle reduction theory, arrive at T*G
but not with the canonical symplectic structure. Instead we will find the
presence of a magnetic term which is related to the Lie algebra two-cocycle
on g. This is the subject of §8.1.

The tools used to carry this out are as follows. We consider the R-
principal bundle G — G and derive a formula for the mechanical connection
associated to a given right invariant metric on the group G. Computing the
curvature of this connection, we obtain a two-form B on G, which we show
is simply the right invariant extension of the Lie algebra two-cocycle C
from the identity element e € G to G.

To carry out the second stage reduction, we shall make use of the results
of the preceding Chapter (see especially §7.1), namely, the general question
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of cotangent bundle reduction theory for the case in which the symplectic
form is modified by a magnetic term. With the magnetic cotangent bundle
theory at hand, we proceed with the problem of reducing T*G by stages in
§8.2. Having determined the first stage reduced space in §8.1, recall that
the general reduction by stages theory in Chapter 5 guarantees that we
can induce a (possibly nonequivariant) momentum map for the symplectic
action of G on (T*G,Q — 7w B). However, in the preceding Chapter, we
obtained a more specific formula for this momentum map that is special
to this case. In the course of doing this, we also obtain the following inter-
pretation of the triple! of cocycles, (B,C, o) (the group, Lie algebra, and
momentum map cocycles respectively). As we have mentioned, C' arises as
the curvature form B of a mechanical connection on G — G, evaluated at
the identity. As in the general theory, the momentum map at this second
stage level can be nonequivariant and we derive in equation (8.2.12), a for-
mula for its cocycle, which is expressed in terms of appropriate duals of first
derivatives of the group two-cocycle B. Differentiation of this one-cocycle
returns the Lie algebra cocycle C. R

The final reduced spaces are of course coadjoint orbits for G; the main
result in this respect is Theorem 8.2.1, which shows that these coadjoint
orbits are symplectomorphic with the affine orbits in g* that were studied
in Theorem 6.2.2. As in that result, the symplectic structure on these orbits
has the interesting form of the usual coadjoint orbit symplectic structure
(see equation (1.1.16)) modified by a Lie algebra two-cocycle. Theorem
8.2.1 also shows that the magnetic two-form on the coadjoint orbits for
central extensions is obtainable from a two form on G that drops to a
symplectic form on the homogeneous space G/ G|, which is a generalization
of the well known corresponding result for coadjoint orbits obtained by
equivariant cotangent bundle reduction (see, for instance, Marsden and
Ratiu [1999], Corollary 14.3.7).

8.1 Stage One Reduction for Central
Extensions

Let G be a group and let
0—-R—G—G— {e} (8.1.1)

be a nontrivial central extension of G by R. We assume that topologically
G is a product G x R with group structure given by

(9,a)(h, B) = (gh,a + B+ B(g,h)), (8.1.2)

where B : G x G — R is a group two-cocycle.

I'We note that Iglesias [1995] considers the same triple in a different context.
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Remark. There is a similar theory to that developed below for extensions
by S! rather than by R. There is little change in the theory, but various
formulas have to be interpreted correctly. For example the addition a4+ 3+
B(g, h) needs to be interpreted as addition modulo Z if one is thinking of
S1 as R/Z and as multiplication of complex numbers e'® if one is thinking
of S as the unit circle in the plane. In the first case, the exponential
is the map exp : @« € R +— [a] € R/Z and in the second it is the map
exp:a € R — ei* ¢ ST,

Recall from §6.2 that B is a group two-cocycle if and only if it satisfies
the two-cocycle condition

Blg, h) + B(gh, k) = B(g, hk) + B(h, k) (8.1.3)

for any g,h,k € G which is equivalent to the associativity of the group
multiplication in G. As discussed at the beginning of §6.1, we can assume
that B is normalized, that is, it satisfies also B(g,e) = B(e,g) = 0 for all
g € G. Recall also that (8.1.3) implies that B(g,g~') = B(g~!,g) for any
g €aqG. R

We shall also view G as a smooth principal R-bundle over G. We do this
by identifying G/R with G as follows: we identify the class [g,a]g € G/R
with g € G. This identification is a group isomorphism. Note, however,
that we do not attempt to realize G' as a subgroup of G.

Recall also from §6.2 that the Lie algebra of G has as underlying vector
space the product g := g x R with commutator given by

[(§,v), (n, w)] = ([§,m], C(&;m) (8.1.4)

where C : g x g — R is the Lie algebra two-cocycle associated with B by
the formula
d2

CEn =l B (B(g(t), h(s)) = B(h(s),9(t))), (8.1.5)

where t — ¢(t) and s — h(s) are curves through e € G with tangent vectors

§(0) = & and h(0) =17

Relation to the General Theory. The notation here corresponds to
that of the general reduction by stages theory in §5.2 as follows. The “big
group” M is G and the normal subgroup N is R. Thus, in the first reduction,
v € R and, since R is Abelian, N,, = R. Since R is in the center, conjuga-
tion leaves R pointwise invariant and hence the dual of the derivative at
the identity leaves each point v invariant. Thus, M,, = G and therefore,
M,/N, =G.

Mechanical Connections on Central Extensions. Recall that to
carry out cotangent bundle reduction, as described in §2.2 and §2.3, one
needs to have a connection on the relevant principal bundle, which in our
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case is G — G. We shall in fact use the mechanical connection associated to
a particular group invariant metric that we will choose, with the associated
mechanical connection given by the general equation (2.1.4).

In fact, we will choose a (not necessarily Ad-invariant) inner product
(-,)e on the Lie algebra g and define one on g = g ® R by

<(£,U), (va»(e,o) = <§777>e + vw. (816)
for (£,v) and (n,w) € .

8.1.1 Theorem. Let Al (the “one” standing for “first stage”) be the
mechanical connection on the right R-principal bundle G — G associated
to the right invariant metric on G, which equals (8.1.6) at the identity.

(i) Then
Al(g,0)(Xg, a0) = aa + D1B(g,97")(X,), (8.1.7)

where (g,a) € G and (Xg,0q) € T(g@)@. This formula may be inter-
preted as saying that A' equals the projection onto the R-component
of the right Maurer—Cartan form on G (see Theorem 2.1.14).

(ii) The one-form Al on G is right G-invariant.

(iii) The curvature of this connection at the identity equals the Lie algebra
two-cocycle C.

Remark. Notice that although the connection A" is defined in terms of
a metric on g, remarkably, the formula (8.1.7) does not involve that metric.

Proof. To prove (i) apply Theorem 2.1.15 to the Lie group G and the
normal subgroup R. We have the right principal bundle G — G and we
compute the mechanical connection from (2.1.15). Since R lies in the center
of @, the action of G on R is trivial, that is, Ad;E =1id for any g € G. The
spaces g x {0} and {0} xR are mutually orthogonal and hence Pg : gxR —
R is the projection onto the second factor. By (8.1.2), the derivative of the
right translation map is given by

T(h,ﬁ)R(g,a)(Yha bﬁ) = (Yh - g, bﬂ + DlB(h, g)(Yh)) (818)

1 _

and hence, since (g, o)™t = (g7*

,—a— B(g,g71)), we get
T(gya)R(g,a)—l(ngaa) = (TgRg—l(Xg),aa + DlB(gagil)(Xg)) ,
Formula (2.1.15) then yields
A(g,0)(Xg, a0) = aa + D1B(g,97")(X,)

which proves (8.1.7).



8.1 Stage One Reduction for Central Extensions 243

Next we prove (ii). From Theorem 2.1.15(ii), we have Rj A = Ad;,-1 0 A.
But in our case, A = A' takes values in the center R of g and so Adj-1 04! =
Al for any h € G. This proves that A! is indeed right G-invariant.

Finally we turn to the proof of (iii). Since R is in the center of G, we
have ad ¢ ,,)(0,v) = 0 for all £ € g and u,v € R. Thus the first, second, and
fourth term in (2.1.17) vanish. By (8.1.4), Pr[(§,u), (n,v)] = C(&,n) and
thus (2.1.17) becomes

curv 41 (g, @) (Xg, aa), (Yy,ba)) = C (TyRy-1(Xy), TyRy-1(Yy))
as required. |

First Stage Reduction. Next, starting with the central extension G—
G consider the right cotangent lifted action

TG x G — T*G.

By the standard cotangent bundle reduction theorem (see Corollary 1.1.4),
the symplectic reduced spaces for this action are symplectomorphic to coad-
joint orbits, that is, R

I () /Gy = O,
where O,, denotes the coadjoint orbit through p € g*.

The general strategy is to apply the reduction by stages theorem for
centrally extended groups (Theorem 6.3.2) to factor the reduction by G
through the reduction by the action of R (done in this section) and then
by the action of G (done in §8.2).

8.1.2 Theorem. Consider the right cotangent lift of the R-action on T*G
with its canonical symplectic structure. Let v € Jr(T*G) C R. Then there
s a right G-equivariant symplectic diffeomorphism

I W)/R = (T*G,Q — vrgBY), (8.1.9)

where B is the closed two-form (magnetic term) obtained by dropping d.A*
to G=G/R and g : T*G — G is the cotangent bundle projection.

Proof. That the spaces in (8.1.9) are symplectomorphic and that d.A!
drops to the quotient, follows from the general theory of cotangent bundle
reduction for Abelian symmetry groups (see Remark 3 following Theorem
2.2.1 and Theorem 2.2.3).

To show the equivariance it suffices to show that for §,h € G and Dy €
T; *G we have

shift, (g - 1) (P; - h) = (shift, (9)(Dg)) - h,
where, following the notation of the general theory from Chapter 2,

shift, (g) : Jz'(v) — Jz*(0) is defined by shift, (3)(p;) = p; — VA ().
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However, from the G-invariance of A® (i.e., AL (G-h)(X;-h) = A (3)(X,)),

that was proved in Theorem 8.1.1(iii), we have for any X; € T};G and
any §,ﬁ € CAY',
ANG-1)(Xg5) = AN @ D) (X5 -1 ") - )
= A @)X k) = (A'@) B X5),
where, on_the right hand side of the last equality, we use - to denote the
action of G on T*G by cotangent lift. This shows that shift is G- equivariant.

We need to check that the quotient map defined by shift,, which we
denote by

shift,, : J5 ' (v)/R — Jz1(0)/R,

is equivariant with respect to the action of G = M,,/N,,. From the diagram

Izl (v - Jz1(0)
R T
_ —1
I w)/R — Jr (0)/R

that defines sﬁty, the @—equivariance of the shift map, and writing [g] = ¢
and [z], = mk(z), we get
shift, ([z], - g) = shift, ([z - §],) = 7 (shift, (z - §))
= 72 (shift, (z) - §) = 2 (shift, (2)) - g
= shift, ([2],) - g,
where we have used the fact that [z], - g = [z-¢], (and similarly for v = 0),

Jv
which defines the action of G on Jz'(v)/R (and J5'(0)/R respectively).
This proves the statement. |

A result we shall need later is the following.

8.1.3 Proposition. The two-form B' on G is right G-invariant and its
value at the identity is given by Bl(e) = C.
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Remark. Notice that we are dealing here with the right invariance of B*
on G, while C is the Lie algebra two-cocycle associated with the left (or
standard) Lie algebra of G. Of course these theorems have counterparts
where one uses right Lie algebras, left actions, etc.

Proof. The fact that the value of B(e) is C follows from part (ii) of
Theorem 8.1.1.
Obtain the right invariance statement, we use the following general fact.

8.1.4 Lemma. Let a Lie group K act freely and properly on a manifold
R. Let a be a one form on R such that da is K-invariant. Let L C K be
a closed normal subgroup of K and suppose that iggda = 0 for any £ € |
so that da drops to R/L giving a closed two-form (3; that is, 75 1 8 = da,
where mg 1, : R — R/L is the projection to the quotient. Recall from Lemma
5.2.1 that K/L acts in a free and proper manner on R/L.

Then ( is K/L-invariant.

Proof. Recall from that the induced action on R/L is characterized as

follows. If ¥y, : R — R denotes the given action of a group element k € K,

and \II[L,C]L : R/L — R/L denotes the quotient action of an element [k]; €
K/L, then

L

Yik

L OWR’L:T('RyLO\Ifk.

To show that (\II[Lk]L) [ = B, it suffices to show that

oo (9, ) B=mhid

because g 1, is a surjective submersion. But the left hand side equals

(0hy, omne) 8= (rrsoWr) B = Win 6= ¥ida = da

since « is K-invariant. By construction of 3, the right hand side is also da.
v

Returning to the proof of the Proposition, the right invariance is an
instance of the above lemma together with the G-invariance of A! (and
hence invariance of d.A') that was proved in Theorem 8.1.1(iii). |

8.2 Reduction by Stages for Central
Extensions

We now return to the setting of §8.1 and we will now carry out the second
stage reduction by making use of the results of the preceding two sections.
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Recall that in the first stage reduction, Theorem 8.1.2 dealt with the
reduction by the right cotangent lifted action of the center R on T*G with
its canonical symplectic structure. We made use of a first stage mechanical
connection A! € Q'(G) on the principal R-bundle G — G. Recall from
equation (8.1.7) that this is given by

Al(g, @)(Xy,a0) = aa + D1B(g,97)(X,), (8.2.1)

where B is the group two-cocycle defining the group extension.

The reduction was carried out at a point v € Jr(T*G) C R. It was shown
that there is a right G-equivariant symplectic diffeomorphism

J2'(v)/R~ (T*G,Q — vrEBY), (8.2.2)

where B! is the closed two-form (magnetic term) obtained by dropping d.A!

to G = G/R and where 7 : T*G — G is the cotangent bundle projection.
We also showed that B! is a G-invariant two form on G.

The goal of this section is to carry out point reduction of the symplectic
manifold (T *G, 0 — 1/7%81) under the cotangent bundle lifted right action
of the connected Lie group G. As we saw in Chapter 2 and the preceding
two sections, there are two versions of cotangent bundle reduction, an em-
bedding version and a bundle version. We shall explore the application of
both of these versions.

As we shall see, both versions lead to a reduced space which is identified
with the affine orbit with its magnetic orbit symplectic form, given by
equation (7.2.9). Combining this with the reduction by stages theorem will
then give the main result of this section, namely the following.

8.2.1 Theorem. The coadjoint orbit O,,, C g* through the point (u,v) €

g* = g* x R for the action of the central extension G with its + coadjoint
orbit symplectic structure is symplectically diffeomorphic to the right affine

orbit symplectic manifold (Oy;,w;,). Here,

O ={pn-g=Ad,u+0"(9)| g€ G},

where 0”(g9) = v (D2B(g,€) + T LyD1B(g,97")). The magnetic affine or-
bit symplectic structure Wy, is given by

@y (N) (adz A+vC(g, ), adj; A+ vC(n, )) =(\En]) +vC(En), (8.2.3)

where a tangent vector to 6}: at a point A\ = p-g € 6;: has the form
adg A +vC(&,-) for§ € g.

Furthermore, the right affine orbit symplectic manifold (OZ, (DZ) 8 sym-
plectomorphic to the homogeneous space G/CNY'Z with the symplectic form
—Bj, defined by

By, =vB' +d(Ag + A(-)* 1) (8.2.4)

*
7T ~l/
GGy,
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where A is the left Maurer-Cartan form on G, Agw := (¢, A) and ¢" is
the Bg potential defined below in equation (8.2.5).

Remarks.

1. Notice that the right affine orbit symplectic manifold ((5;,&7;:), which
is obtained here via the reduction by stages methodology, coincides with
what we obtained “by hand” in Theorem 6.2.2 and by magnetic cotangent

bundle reduction in Theorem 7.2.2.

2. As we discuss in the proof, the results on the homogeneous space G/ é,’j
are the same as the ones we found in last paragraph of Theorem 7.2.2.

3. A direct calculation of the symplectic structure on the coadjoint orbit
O, through (u,v) € g* = g* x R at a point of the form (\,v) using the
general coadjoint orbit symplectic form gives:

w(j;(u,u) o V) (adz&a) (A, V)’ ad?n,b) (A, V)) = <<M7 V)? [(f, a), (7], b)])
(s v), ([€;m], C(€,m)))
(1, [€,m]) +vC(&,n),

which is in agreement with (8.2.3).

Proof. We being with some preliminaries. Recall that we are asserting
that one can obtain the preceding theorem in two ways. The first is to apply
Theorem 7.1.6 to the right G action on (T*G, Q- VﬂéBl). The theorem
is applied to the following objects:

1. We take @) to be G.
2. The symbol €2 again is the canonical symplectic form; now on T*G.

3. We take B to be vB!, which is a closed right G-invariant two-form
by Proposition 8.1.3.

4. We take the connection A on the bundle @ — @Q/G, which in our case
is the bundle G — {e}, to be the left Maurer—Cartan form; in the
notation of Theorem 2.1.14, we take A = 6%. Explicitly, A(g)(v,) =
Tng—l’Ug.

The second method will be to apply Theorem 7.2.2. In either case, we
must establish the existence of a Bg-potential, which we do now.

A Formula for the Bg-Potential. We must find a smooth map ¢" :
G — g* that satisfies
vigs B = d(¢”,€) (8.2.5)

for all £ € g. Note that we write ¢” instead of ¢ because the determining
equation depends on v.
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8.2.2 Lemma. A Bg-potential ¢* : G — g* is given by

¢"(9) = —v (D2B(g,e) + T: LygD1B(g,97 ")) . (8.2.6)
That is,
(¢"(9),€) = —v (D2B(g,€) - £+ D1B(g,g~") - TeLy(8)) (8.2.7)
forall € € g.

~

Proof. Let m : G = G x R — @G, be defined by m1(g,a) = g, the
projection onto the first factor. Since this is a surjective submersion, it
suffices to show that

vriig, Bt = mid (¢¥,€) . (8.2.8)
Let us next compute the infinitesimal generator for (£,0)g for the right
action of G on itself. By definition, it is given by

d

2| (g a)(exn(t€),0)

t=0

% (9 exp(t€), o + B(g, exp(t€))
t=0

= (TeLg€7 D2B(g7 6) : 6)

(ga 0)@(9, Oé) =

where we used the formula (8.1.2) for multiplication in G. Recalling that
§a(g) = TeLy€ (since we are using right actions), note that (£,0)5 and &g
are mi-related. With this, we can compute the left hand side of (8.2.8) as
follows:

V?Tikichl = Vi(570)§WT81 = Vi(‘,;:yo)@dAl

= —l/di({:’o)éAl

where we have used the fact that A! is G-invariant (see Theorem 8.1.1(iii)).
Thus, equation (8.2.8) reduces to

— vdig,0), A" = dny (9", €) (8.2.9)
This will hold provided that
T (@Y, €) = —vie0) A (8.2.10)

From equation (8.1.7) for A, we can compute the right hand side as follows:
—VigogA'(9,0) = —vANg, ) (T L€, D2B(g, ) - )
= v (D2B(g,¢) - &+ D1B(g,97") - TeLy€)

Since the right hand side is independent of «, we can take it to be (¢”(g), ),
which proves the lemma. v

Notice that, since B(e,g) = B(g,e) = 0 for all g € G, we have ¢”(e) =0
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The Induced Momentum Map. According to Theorem 7.1.1(i), the
G-action on (T*G, Q- V7T*G[31> admits a nonequivariant momentum map
JV :T*G — g* given by J”¥ = Jcan — ¢¥ 0o mg, where Jcan = Jg is the stan-
dard momentum map for the G-action relative to the canonical symplectic
form. Again, we append the v to keep in mind that this momentum map
depends on v.

In view of (8.2.6) and the standard canonical momentum map formula
for right actions, namely, Jcan(ay) = T Ly(cy,), we obtain

J(ag) =TrLy(ay +vD1B(g,97 ")) + vD2B(g,€). (8.2.11)

The Cocycle of J¥. According to equations (7.1.2), (8.2.6), and the

third equality in (6.2.2), the nonequivariance one-cocycle of J¥ is given by

a”(g) = —¢"(g9) + Ady(¢”(e))

=v (D2B(g,e) + T:LyD1B(g,97")) = vogr(g). (8.2.12)

Here we have used the fact that the cocycle formula (7.1.2) does not depend

on the point g since G is connected, and the fact that ¢”(e) = 0. Note that
this argument shows that

o”(g) = —¢"(9). (8.2.13)

Remark. The corresponding formula for S' extensions, using exponen-
tial notation is 0¥ (g) = exp (—i¢”(g)) .

The Affine Action. The next thing we do is to write down the associ-
ated affine action of G on g* according to the procedures for reducing by
a nonequivariant momentum map. Recall from (7.1.5) that this action is
given by
p-g=Adgp+a"(g)
= Ad) n+v (D2B(g,e) + T LyD1B(g,g7 ")) (8.2.14)

for p € g* and g € G. The associated isotropy subgroup (to which we also
append a superscript v) is then

Gl ={geG AL u+0"(9)=n}. (8.2.15)
Remark. In the case of S extensions, one should use the action - g =
Ad? 11— 6"(g).
The Nonequivariance Lie Algebra Two-Cocycle. We compute this

from equation (7.1.7) (and again using a subscript v to indicate the depen-
dence on v) and recall that it is independent of the point g € G:

Y€ ) = — (¢ (9), 1€ ]) — vB'(9)(¢a(9):na(9))
=—(¢"(e), [&.n]) — vB'(e)(éale),na(e))
— B (e)(Em) = —vC(E) (82.16)
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where again we used the fact that ¢”(e) = 0 and Theorem 8.1.1(ii) which
showed that the curvature B! of the connection A! at the identity is the
Lie algebra 2-cocycle C.

These calculations together with equation (7.1.10) show that the isotropy
algebra for the affine action of G on g* is given, for a fixed u € g*, by

g, ={{€cgladip+vC(E, ) =0} (8.2.17)

We are now ready to complete the proof of Theorem 8.2.1. According to
the right invariant version of reduction to coadjoint orbits given in Theorem
1.2.3, the reduction of T*G at the point (u,v) is the coadjoint orbit O, ,
with its + coadjoint orbit symplectic form. This is the “one-shot” reduction
and the strategy now is to realize the same reduced space in a two-step
reduction by stages procedure. Then by the main reduction by stages result,
namely Theorem 5.2.9, the two resulting manifolds will be symplectically
diffeomorphic. The stages hypothesis, which was assumed in that theorem,
hold by virtue of Theorem 6.3.2.

The first stage reduction was carried out in the first section of this chapter
and was recalled above; it resulted in the symplectic manifold T*G, Q2 —
VTF*GBl. As we remarked earlier, at the second stage, we are to reduce this
by the action of M, /N,; here, M = G and N = R, and since N is Abelian,
N, = N and since it _is central, M, = M. Thus, in the second stage, we
reduce by M, /N, = G/R =G.

To obtain the conclusions of the theorem, we can apply either Theorem
7.1.6 or Theorem 7.2.2. In the preliminaries above, we have computed all
of the necessary ingredients to apply these results. In either case, it is clear
that one ends up with the affine orbit OZ (in the embedding approach, see
Remark 4 following Theorem 7.1.6). The symplectic form was computed
explicitly in Theorem 7.2.2 and gives the stated result.

For the last statement of the theorem, the proof proceeds exactly as in
the analogous statement of Theorem 7.2.2. One simply replaces B with
vB, ¢ with ¢ and o7 ¢ with 0. |

Remark. This theorem is also proven in [HRed], Corollary 4.5.32, by
using a Poisson point of view together with direct verifications.
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Examples

We begin this chapter by revisiting the example of the Heisenberg group
from §5.1 to illustrate the general theory developed in Chapter 8. As will
become evident, now that the general theory is at hand, when it is applied
to this example, the results done by hand in §5.1 can be obtained very
quickly. This example is interesting because it is a simple, yet nontrivial,
example of a group extension that is not a semidirect product.

The second example in this chapter, also a central extension of an Abelian
group, is an extension of the loop group of the circle, namely the group of
maps of S* to S! with pointwise multiplication. This group appears in the
theory of integrable systems. We also compute the frozen Poisson structures
for the extended loop group and show their relevance for the KdV equation
and the Camassa-Holm equation.

The third example is the oscillator group, which is a central extension of
the nonabelian group SE(2). Both the extension of the loop group and the
oscillator group naturally lead into the fourth example, namely the Bott—
Virasoro group, which is a central extension of the group of diffeomorphisms
of the circle. We briefly indicate how the method of reduction by stages
leads to the classification of the coadjoint orbits of the Bott—Virasoro group.

There are many other examples of central extensions that are relevant to
physical applications. For example, Holm and Kupershmidt [1982, 1983Db,
1988] (see also Cendra, Marsden, and Ratiu [2003]) contain affine Poisson
brackets of the type (6.2.22) that are Lie-Poisson brackets of central ex-
tensions restricted to the Poisson submanifold which is the dual of the Lie
algebra that one is centrally extending by R (see Theorems 7.2.2 and 8.2.1).
We shall not present these examples since they are easy direct applications
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of the theory developed Chapters 7 and 8.

9.1 The Heisenberg Group Revisited

In this section, we repeat the direct calculations that were done for the
Heisenberg group in §5.1 by making use of the general theory of the pre-
ceding chapter. Recall that the Heisenberg group is the central extension
of R? by its standard symplectic form w. That is, B = w/2, where, as
usual, B is the Lie group two-cocycle.! Therefore, the group extension is
H =R? = R? @ R with group multiplication

(u, ) (v, B) = (u +v,a+ 0+ ;w(u,v)> .

The Lie algebra bracket is then computed to be
(X, a), (¥,B)] = (0,w(X,Y)),
which tells us that C(X,Y) = w(X,Y).
First Reduced Space. The first reduced space is, by Theorem 8.1.2,
J2'(v)/R = (T*R* Q — vmpaB')

where 7Rz : T*R? — R? is the cotangent bundle projection. By Proposition
8.1.3, B! is the right invariant two-form that equals C' = w at the identity.
Being right invariant on a vector group, B! is therefore constant and so
B! = w.

Another way to compute B! is to use the fact that B! is the closed two
form obtained by dropping d.A! to R? = H/R. By equation (8.1.7) and the
fact that B = w/2, we have

Al(u, @) (u1,a1) = a1 + D1 B(u, —u)(u1)
_ 1
=a1— 5w (uy,u).

Using the general formula for the exterior derivative of a one-form A on a
vector space V', where A is thought of as a map of V' to V*, namely

dA(v) (v1,v2) = DA(v) - v1 (v2) — DA(v) - v2 (v1),

we get,
d A (u, @) ((u1,a1), (ug, a2)) = w(ur, ug).

Thus, again we get B! = w. Therefore, the first reduced space is

J2'(v)/R = (T"R*,Q — vraw) .

LA more general cocycle associated with groups of symplectic transformations is given
in Ismagilov, Losik, and Michor [2006].
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The Second Reduced Space. We next compute the Bg-potential for
the induced R2-action on the base of the first reduced space by appealing
to equation (8.2.6). Namely,

<¢V(u)7§> = —I/(DQB(U,O) £+ DlB(ua _u) - ToLy - f) = —VW(U,g).

Thus, ¢"(u) = v(uy, —uy), where u = (ugz,uy). By equation (8.2.13), the
cocycle is
o’ (u) = —v(uy, —uz). (9.1.1)

According to Theorem 8.2.1, the coadjoint orbits through the point
(u,v) € R? x R for the Heisenberg group H = R? are symplectomorphic to
the following submanifolds of R2:

O ={u+o"(u)|ue R*} = {p —v(uy, —us) | u € R*}.
Thus, there are two cases:
e A point: 5,’1:0 = {u};
e A two dimensional orbit: (5;750 =R2

The symplectic structure on the two-dimensional orbit (’91”7&0 = R? is
given by (8.2.3), namely

(T)Z (1 — V(Ulﬁ —vz)) (vw(&, ), vw(n,-)) = vw(,n). (9.1.2)

In Proposition 5.1.2 the tangent space to the orbit was parametrized by
vectors X and Y, which were identified with Lie algebra elements, called
here ¢ and 7. Thus, we see that the symplectic structure here agrees with
that given in Proposition 5.1.2.

9.2 A Central Extension of L(S")

In this section we shall carry out reduction by stages for a central extension
of the loop group of S'. We begin by recalling the main features of this
group.

A Central Extension of the Loop Group of the Circle. Consider
the infinite dimensional Abelian group L(S') of smooth maps of S! to S!
with pointwise multiplication. It is convenient to view its elements as e'f,
where f : [0,27] — R is a smooth function satisfying f(27) = f(0) + 2n7
and where n € Z is the winding number of €*/. In fact, there is an exact
sequence

0—-Z—LR)—-LSY)—Z—0

where the middle map, given by exponentiation f — exp f = e'f, is pre-
ceded by multiplication by 27 and followed by the map which computes
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the winding number of a loop. It follows that ker exp = coker exp = Z with
connected components of L(S!) indexed by the winding number.

It is also well known that all central extensions of L(S!) by S! can
be classified (see Pressley and Segal [1986], where a general form of the
cocycle depending on the winding number is given). We shall however work
only with the connected component of the identity, also denoted L(S?'),
consisting of loops with winding number zero. This has an advantage of
making the calculations that follow somewhat simpler.

Formally, the Lie algebra £(S') of L(S') consists of periodic smooth
maps u : [0,27r] — R and the exponential map exp : £(S*) — L(S!) is
given by expu = e™. R

We will now construct a central extension L(S') of L(S!). Define the
map B : L(S1) x L(S!) — St by

B ) = exp { 7 Pt dz] ,

0
where f’ denotes the derivative of f. This map B is easily seen to verify the
group two-cocycle condition (8.1.3). On the Cartesian product L(S') x S!
whose elements are written as (e'/,e'), where o € R and f : [0,27] — R
is a smooth 27-periodic function, define group multiplication by

(e, ) (79, ¢'P) = (ei(f-‘rg)’B(eif7eig)eiaei6) _

The Lie algebra of i(S 1) has underlying vector space the Cartesian prod-
uct £(S1) x R with commutator

[(u’ a)7 (Uv b)} = (07 C(uv ’U)),
where

2m
C(u,v) = 2/0 o' (z)v(z) da

is the Lie algebra two-cocycle and where w(27) = u(0) and v(27) = v(0).
One derives the formula for C' from that for B using the general equation
(6.1.34) by a straightforward calculation.

Remark. This example is one that can be turned into a rigorous one on
the infinite dimensional level in a relatively straightforward way, similar to
examples, such as Yang-Mills fields, with gauge group symmetry. One way
to do this is to use the context of Fréchet manifolds of smooth maps and
invoke the convenient calculus of Kriegl and Michor [1997].

An alternative approach is to use the setting of Hilbert (or Banach) Lie
groups, namely to consider the set of periodic maps f : [0,27] — R of
Sobolev class H®, where s > 1. Of course other function spaces, such as
W#P gpaces or Holder spaces are also possible. Using standard properties of
such function spaces (see, for example, Palais [1968]), one checks that this
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makes the group E(S 1) into a Hilbert Lie group (see, for example, Bourbaki
[1971] or Neeb [2004D]). Notice, for example, that by the so called omega
lemma, if u € H*, then so is ¢™ and that C(u,v) is well defined and a
continuous bilinear (hence smooth) function of (u,v) since u’ and v are
both in L2.

The reduction by stages methodology given below can be rigorously car-
ried out in a routine way for either the smooth or the Hilbert-Lie contexts.

The First Reduced Space. Although we do not really require it ex-
plicitly, a choice of (weak) metric on the Lie algebra £(S!) is

27
((u,a), (v,b)) = /0 u(x)v(x) dx + ab.

To carry out stage one reduction according to Theorem 8.1.2, we need
to compute B!'. By Proposition 8.1.3, B! is the right invariant two-form
on L(S!) that equals C' at the identity. To write a formula for B!, we first
compute the derivative of right translation. Let ¢ — ¢(t) be a curve in
L(S') passing through ¢(0) = €¥/ in the direction ¢(0) = uy € T,irL(S1).
The derivative of the right translation R.i, in the direction uy is

d

Teis Reiguy = pr c(t)e’ = use',
t=0

where, by 27-periodicity, uf(27) = uz(0). Thus, by right invariance of B,
we have

B () (ug,vp) = Clupe vpe™)
= 2/27r (ufe_if)/vfe_if dzx. (9.2.1)
0
Thus, by Theorem 8.1.2, reducing T*E(Sl) by the central S' action at
a point v € R gives
I3 (w)/S" ~ (T*L(sl), Q- m;(sl)zgl) ,
where B! is given by equation (9.2.1).

The Second Reduction. We now compute the Bg-potential ¢* : L(S') —
£(S81)*. We take as dual to £(S!) the same space by using the weakly non-
degenerate pairing (,) given by the L? inner product. Formula (8.2.6) gives
then

<¢V(6if)7 u> ="V (DQB(eif7 Id) -u+ ,TIt:lLeifDlB(eifv eiif) ’ u)

2m
=—v ( f’udm—i—DlB(eif,e_if)~ueif)
0

27
= —2V/ fludx
0
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and so, as the pairing on the left hand side is the L2-pairing, we get
@ (ef) = —2vf’. Since f is of class C! and periodic, its derivative f’
is also periodic, which shows that ¢* : L(S!) — £(S1).

One can also compute ¢” directly from the definition, namely

yiuL(Sl)Bl =d(¢",u).
The infinitesimal generator is
ursny(€) = TiaLeisu = TiaReisu = uel.

Therefore, from (9.2.1), we see that ¢ must satisfy, for all vy € T,:sL(S"),

d(¢”, u)(e)(vy) = Qw/o Wu’(x)vf(x)efifm da.

Therefore,
27
(@, u)(e) = 2z‘y/ o/ (z) log e/ @ dz
0

2T
= —21// u(z) f'(z) dz,
0
and thus we get again 4
¢¥(e) = —2vf".
The group 1-cocycle given by (8.2.12) is now just
Uu(eif) — 2w’
The affine action (8.2.14) is therefore
poet =pt2wf,
and hence its isotropy groups are
. C:'g = L(SY), if v = 0;
o é;l: = {etf | f = const} = S, if v # 0.
The affine orbits
O ={u-ef =p+2ovf |l eL(S")}
are hence
e A point: (5;::0 = {u};
e An infinite dimensional orbit: (5Z¢O ~ L(S1)/St.
The (weak) magnetic affine symplectic form on this orbit is given by formula
(8.2.3), which in this case becomes

@y (p+2vf") (vC(u,-),vC(v,-)) = vC(u,v) = 21//0 i o (z)v(z) dz,

for any u,v € £(S1).
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Frozen Poisson Structures for the KdV and CH Equations. In
this paragraph, we show how Hamiltonian structures for the KdV equation
and the Camassa-Holm equation, which are used as models for shallow
water waves, can be obtained in a natural way from the centrally extended
loop group L(S1). More precisely, we consider the dual of the Lie algebra of
E(S 1) with a Poisson structure given by the “frozen” Lie-Poisson structure.
That is, we fix some point 1o € g* and define a Poisson structure given by

{f. 9} (1) = (po, [df(r), dg()]);
see e.g. [MandS], §10.1, for the proof that this is indeed a Poisson bracket.

Remark. One normally thinks of the dual of the Bott—Virasoro algebra
or just the dual of the Lie algebra of the diffeomorphism group itself as
providing the Poisson structure for these equations (see [MandS], Camassa
and Holm [1993], Misiotek [1998], and Khesin and Misiotek [2003] for dis-
cussions).?

Consider the following (weak) metrics on £(S!) x R

((f,a),(g,0)) > = / f(@)g(x) dx + ab,

and
((f,a),(9,0)) g = / (@) (z)de+ [ f(x)g(z)dx + ab.
S’l

Sometimes in what follows, we will use the notation d,f = f’ for the
derivative, for notational clarity.

Using the two preceding metrics, we identify elements in the dual with
elements in the algebra in each case relative to the given metric. We proceed
to compute the coadjoint actions relative to the two preceding metrics.

((@d™)ip0y (ki) (9,8)) | = ((hue),[(f.0): (9. D))
= [ e @ta) dz = ((ef' 00 (9.0

so that )
(ad™ )5, o (fra) = (cf',0). (9.2.2)

Similarly, we compute

(@d™)g0 (k). (9.5)) = ((h0) [(£.). (9. )}

- /S ef (@)gla) da

2There is a large PDE literature about these equations that we do not discuss here.
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Now insert the identity written as (1 —92)(1 —8%)~! so that the preceding
expression becomes

(@Yo 0.0)) = [ a@) =221 = 8 ef (@) da
= (et =) 1.0) L (9.5)) .

Therefore,
(@d™)(f 0y (fra) = c((1=02)7"f,0). (9.2.3)

We now proceed to compute “frozen” brackets in each case. Recall that in
general, given (wp, ag) € £(S*) x R, the “frozen” bracket is given by

{Rfﬂcw”):<“m”m”{aflraaH }>

(w,a)
) 5F
- <_ ad% (w07 aO)v 6(11}, Cl) > )

where (-,-) denotes the L? or the H' metric. Furthermore, recall that the
corresponding equations of motion are given by
d .

%(w,a) = _ad(ngéiH)(wOaaO)a

where ad™ denotes the L? or the H' coadjoint operator. Thus, using (9.2.2)
and (9.2.3), we get the following equations for the L? and the H'! metric

respectively
d 0H
w0 = (~ws (5) ),

2 (w,a) = (—aoﬂ —O)7 (% ’0> |

Consider the following Hamiltonians

Hi(w,a) = /S1 (w3 + (81.10)2) dz. (9.2.4)

and

and

Hy(w,a) = /Sl (w3 +w (ch)z) dz. (9.2.5)

The L? variational derivative of Hj is

(5H1) = 3w? — 20%w.
L2

ow

Similarly, the H! variational derivative of H; is

SHI\ ) 92y (302 — 20
<5w>H1_(1 92)~ (3w® — 203w) ,
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and of Hs is

<5H2)H1 =(1-8)" <3w2 — (0yw)? — Qwa§w> '

Sw

We can now write down the corresponding equations. For the L? (weak)
metric and Hamiltonian H; we get the KdV equation:

Oyw + 6agwi,w — 2a08§’w =0.
For the H' metric and the Hamiltonian H; we get
Oyw — 8,58210 + 6agwdw — 2a08£w =0.

Finally, for the H' metric and Hamiltonian Hs we get the Camassa-Holm
equation (see Camassa and Holm [1993]),

Oyw — 8,58210 + 6aqwd,w — 4a08ww6§w — 2a0w8§w =0.

9.3 The Oscillator Group

The goal of this section is to describe the coadjoint orbits of the oscillator
group, which is a one-dimensional central extension of the Euclidean group
SE(2), using the reduction by stages technique described in Theorem 8.2.1.

The Oscillator Group. We shall denote by

sin 6 cos

R = [cos f —sin 0}

the counter clockwise rotation in the plane by the angle 6. Thus, the group
SO(2) := {Ry | 6 € R} is the circle S* oriented in the positive trigonometric
direction.

A general vector at the identity to SO(2) equals

d

dt Rt§ = —&J,

t=0

0 1
=[5 4
Note that JI' = J=! = —J. The Lie algebra of SO(2) is isomorphic to R

via £ «— —¢&J and the exponential map exp : R — SO(2) is given by
exp{ = Re.

where £ € R and
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With these notational conventions we recall that the Euclidean group
SE(2) is the semidirect product of SO(2) with R? and hence the group
operation is given by

(Rg, a) (RdH b) = (Rg_;,_w, a—+ Rgb),

where 0,7 € R and a, b € R2. The neutral element is (R, 0) and (Rg,a) !
('R,,g7 —'R,Qa).
Let w be the standard symplectic form on R?, that is,

wu,v)=u-Jv (9.3.1)
for u, v € R%. A real-valued group two-cocycle on SE(2) is given by
B ((Rg,a),(Ry,b)) := w(a,Rgb) = a-JRgb. (9.3.2)

An easy calculation, using the fact that the rotations act symplectically on
R2, shows that B verifies the cocycle identity (6.2.1). It is also clear that this
cocycle is normalized, that is, B((Ro,0), (Re,a)) = B((Re,a),(Ro,0)) =
0, for all (Rg,a) € SE(2). In addition, note that B((Ryg,a), (Rg,a)"!) =
B((Rg,a)"1, (Rg,a)) = 0. Thus, we can form the central extension S/E(?)
of SE(2) by R, called the oscillator group, which is the Lie group whose
underlying manifold is SE(2) x R, the group operation is given by

(Ro,a,s)(Ry,b,t) = (Ro4y,a+ Reb, s+t + w(a, Rgb)),
the neutral element is (Ro, 0, 0), and (Rg,a,s) " = (R_g, —R_pa, —s) (see
(6.2.12)).
The Oscillator Lie Algebra. The Lie algebra se(2) of SE(2) has un-

derlying vector space R and Lie bracket

(&), (0, V)] = (0,nug — &vz,§v1 — nua) = (0, =&Jv +nJu)  (9.3.3)

for all £,7 € R and u = (uy,us2),v = (vy,ve) € R%
From the definition (6.1.34) differentiating twice the group two-cocycle
B, we get the associated Lie algebra two-cocycle

C((&u),(n,v)) =2w(u,v) =2u-Jv (9.34)

for all (§,u), (n,v) € se(2). Therefore, the oscillator Lie algebra 56/(?),
which is the Lie algebra of SE(2) and is a one-dimensional central extension
of the Euclidean Lie algebra se(2), has underlying vector space R* and Lie
bracket

[(€,u,a), (0, v,0)] = ([(§, w), (n,v)], C (&, 0), (0, v))
= (0, =&Jv + nJu, 2u - Jv) (9.3.5)

—

for any (¢,u,a), (1, v,b) € 5¢(2).
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Adjoint and Coadjoint action of SE(2). For several computations
below we shall need the formulas for the adjoint and coadjoint actions
of the Euclidean group SE(2) on its Lie algebra and its dual. These are
particular cases of the formulas (4.2.1) and (4.2.2) which in this simple
case become

Ad(r,,a)(§ 1) = (€, Rou + £Ja) (9.3.6)

and
Ad(r, -1 (T, @) = (z+IRga - a, Rypax) (9.3.7)

for any (Rg,a) € SE(2), (£,u) € se(2) ~ R x R?, and (7, ) € se(2)* ~
R x R2.

First Reduced Space. The first reduced space at v € R is, by Theorem
8.1.2,

I (v)/R ~ (T* SE(2),Q — z/ng(2)Bl) :

where mg(9) : T SE(2) — SE(2) is the cotangent bundle projection and €2
is the canonical symplectic form on T* SE(2). By Proposition 8.1.3, B! is
the right invariant two-form on SE(2) that equals the Lie algebra cocycle
C at the identity.

Let (£r,, 1) € TR, .a) SE(2) = T, SO(2) x R?. Then

Royte = —ERod
t=0

d
é‘T\’,g - %
for some ¢ € R. Therefore, the derivative of right translation is given by

(Rotte,tu)(R—g, —R_pa)

t=0

= (_€J7 u+ §Ja),

d
TRe,0) Ry a)-1(ERg 1) = s

and hence

BI(R97a) ((6726711)7 (77R9=V))
=C (T(ry.a)R(Ro.a)-1 (ERe- 1), TRy )RRy 2) 1 (1R V)
=C((=&J,u+&Ja), (—nJ, v + nJa))
=2(u+¢Ja) - J(v+nla)
=2(u+¢&Ja)- (Jv—na)
=2u-Jv+2a-({&v—nu), (9.3.8)

where &g, = —{Rpd and nr, = —NReJ, for £,;n € R.
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The Bg-Potential. We identify the dual se(2)* with R? using the Eu-
clidean inner product. The Bg-potential ¢” : SE(2) — se(2)* ~ R? is given
by formula (8.2.6). Thus we get for any (Rg,a) € SE(2) and (£,u) € se(2),
¢"(Ro,a) - (& u)
= _VDQB((R07 a)v (R(Ja 0)) : (67 ll)
—vD1B((Ro,a), (R—9,~R-9a)) (T(ry,0)L(ry.) (&, 1))

d

=—v B((Rg,a), (R, tu))

t=0

d

—v | B((Rg a) (R, tu)),(R-g, ~R—pa))
t=0

=—v 4 (a,Rg(tu)) — v 4 w(Ry(tu) +a, —Ryca)
= dt t:ow ) Y0 dt|,_, 0 ) t¢

= —vw(R_gpa,,u) — vw(Rpu, —a) — vw(a,&Ja)
= —2vw(R_pa,u) + v|al?

= 2vJR_ga-u+ vé|al?

— v(all?, 2R js_pa) - (€, ),

since J = R_ /2. Thus we have
¢"(Ro,a) = v (||la]|®,2R_~2—0a) . (9.3.9)

By (8.2.13), the corresponding nonequivariance group one-cocycle o” :
SE(2) — s¢(2)* =~ R3 of JV : T* SE(2) — s¢(2)* ~ R3 equals

1
0”(Rg,a) = —2v <2||a||2,7€_.,,/2_9a) . (9.3.10)

Recall that o¥ is a right group one-cocycle, that is, it satisfies the right
cocycle identity (6.2.3).

A Second Interpretation of the One-Cocycle ¢”. We shall prove
below that the cocycle ¥ also arises naturally as the group one-cocycle
obtained from the nonequivariant momentum map of the right action of
SE(2) on R? with symplectic form —2vw where w is the standard symplectic
structure on R? given by (9.3.1).

The right action of SE(2) on R? is given by

x-(Rg,a) :==R_g(x —a) (9.3.11)

for any x € R? and (Rg,a) € SE(2). Thus, the infinitesimal generator of
(€, u) € se(2) has the expression

d d
(& u)p2(x) = 7 X (Ryg, tu) = T R_te(x —tu) =&Jx —u.
t=0 t=0
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Let K : R? — s¢(2)* ~ R? be the momentum map of this action relative
to the symplectic form —2vw. In order to compute it, we use the definition
of the momentum map, that is, we require that

dK(&U) (X) "y = —2vw ((fa u)R2 (X)a Y)
for any x,y € R? and any (£,u) € se(2), where K(&W(x) := K(x) - (£, u).
Since
w((§wr2 (%), y) =w (Ex —w,y) = (Ix —u) - Jy = ({x+ Ju) -y,
we get dK(&W (x) = —2u(éx + Ju) and hence

1 1
K ) = 2 (el + Ju - x ) = -2 (IR -2x) - o)
which yields
K(x) = —2v (;||x||2, —Jx) (9.3.12)

for any x € R?.

Using (9.3.11), (9.3.12), and the fact that the right hand side of the
definition of the nonequivariance group one-cocycle o¥ : SE(2) — se(2)* ~
R3 of K does not depend on the point of evaluation in R?, we get

o (Ro,a) = K(0- (Rg,a)) — Ad(z, . K(0) = K(—~R_ga)

1 1
= —2v (2|a2,JR_9a> = —2v (QaQ,RW/29a>

which is identical to ¢¥ in (9.3.10).

The Second Reduced Space. We shall apply now Theorem 8.2.1 to-
gether with the formulas (9.3.7) and (9.3.10) to characterize the coadjoint

—

orbits of the oscillator group SE(2). Thus, given (z, o, v) € :;(?) ~ R x

R2xR = R*, Theorem 8.2.1 states that the coadjoint orbit O(z,av) C 5¢(2)
of the oscillator group with its usual (plus) orbit symplectic form is sym-
plectically diffeomorphic to the affine orbit

o) = {Adir, 2@, @) + 0 (Ro,2) | (Ro,a) € SE()}
={(z—R_;pa-a—v|a]>, Roga — 20R_,/2_pa) | (Rg,a) € SE(2)}

e

xi

in 5¢(2)* ~ R x R? endowed with the symplectic form given by (8.2.3).
Thus we get the following result.

—k

9.3.1 Theorem. The Lie-Poisson bracket of F,H € C* (52(2) ) is
given by
oF OH
{F,H}(z,a,v) = — Y IVaH + 2 IV F
4 WV F - IVaH, (9.3.13)
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*

where (x, o, v) € E;(?) and Vo F,VoH denote the partial gradients of F

and H relative to o € R?. The Casimir functions ofs/e@ are all of the
form

1
(z,a,v) — @ <V71' + 4oz||2> , (9.3.14)
v

where @ is any smooth real valued function of two variables.
*

For v € R, (z,a) € se¢(2)*, the coadjoint orbit O o,y C :;(?) of
the oscillator group with its (plus) orbit symplectic form is symplectically
diffeomorphic to the following affine orbit in se(2)*:

(i) If v # 0 then the affine isotropy subgroup equals
—~——V 1
SE(Q)(w7a) = {(Rg, 27‘,]] (RQOL - a)) ‘ Ro € SO(?)} o~ SO(Z),
and hence _
Ow.aw) = Op.a) = SE(2)/50(2).
In addition,

O(%OMV) = Oélac,a)

1 1
— / / R4 / - / 2: - 2 9.3.15
{wamert o s Ll =+ LlalP} 0319

is a circular paraboloid in (x, a)-space whose azis of symmetry is Ozx.

The symplectic form on the affine orbit (5(”1 ) given in formula (8.2.3)
becomes in this case

B2 0) (2 g (0 ) = (0, 20Tw), ad, 1 (', @) = (0,20))
=a' - (=&Iv+nlu) +2vu - Jv (9.3.16)

where (¢, a’) = (x — R_ppa-a—vlal|?, Rogo —2UR_,/5_pa) €
Ov . C R3. The area form on the paraboloid (9.3.15) evaluated at

(z,e)

(@, &) equals \/4v* + [|a/||? &f, (2", ).

(ii) If v = 0 then the affine isotropy subgroup is

0 _ SE(2), if a=0
SE(2) (4,0) = { {1} xRa, if a#0"

The coadjoint orbits are O 5,y = {(0,2',a’) | ||&'[| = |||} which
are the concentric cylinders about the second axis of radius ||| and,
if a = 0, points on this axis. The symplectic form on the cylinder
passing through the point (0,x, ) is the standard area form on the
cylinder divided by the constant |||
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Proof. The explicit expression (9.3.13) of the Lie-Poisson bracket is a
direct consequence of formula (6.2.22). By Theorem 6.2.2 we know that the

hyperplanes of constant v are Poisson submanifolds of ;(3) . In addition,
it is straightforward to verify that the function (z,a) — z + |a|?/4v is
a Casimir function of the bracket (9.3.13). Thus, any function of the form
(9.3.14) is a Casimir function. We will show later that these are the only
Casimir functions, when studying the coadjoint orbits.

By (7.1.5), (9.3.7), and (9.3.10) it follows that the right action of SE(2)
on se(2)* is given by

(z,0) - (Rg,a) = (z — Ja-a—v|al>, R_g(a — 2v]a)) . (9.3.17)

v

Thus (Re,a) € SE(2)(, ) if and only if
Ja-a+v|a)*>=0 and a-—2v]a=Rya.

(i) Let v # 0. Solving the second equation for a we obtain the 6-
dependent solution a = —5-J (o — Rgcx). This value of a automatically
verifies the first equation, which proves the formula for the affine isotropy
group in the statement of the theorem.

Using (9.3.17) and J© = J~! = —J we see that, denoting the function
(z,a) =z + £ laf® by ¢ : se(2)* - R,

U ((z,0) (Rg,a)) =2 — Ja-a—vlal* + ﬁ IR-g(ex — 2vTa)|?

1
= —Ja-a—vlal’ + .|la|? - a-Ja+v|Ja|?

1 2
=+l

which shows that the generic orbit (5(”1"1) = O(z,a,) 1s the level set of the
Casimir functions (9.3.14). This proves that the functions given by (9.3.14)
are all the Casimir functions and that this orbit is given by (9.3.15).

The formula for the symplectic form (9.3.16) follows by applying (9.3.3)
and (9.3.4) to the general formula (8.2.3).

Finally, we express the symplectic form on the coadjoint orbit O(%aw) =
(53’%04) in terms of the standard area form on the circular paraboloid (9.3.15).
In the computation that follows we shall need the following formulas ob-

tained by identifying se(2)* with R? via the Euclidean inner product:
ad?{,u)(xlv Oé/) = (70]]’0/ -u, 6,]]0/)
for any (§,u) € se(2) and (2/,a’) € se(2)*, and

(a,u) x (b,0) = (u-Jo, —aJv + bJu)
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where x denotes the cross product in R?, a,b € R and u,v € R2.

Since
V(2 + i||cv’||2 =1 ioa'
4v "2

is normal to the paraboloid, the area element is given by

dA(z', &) (adz&u) (', a’) = (0,2v]u),adf,, (', ') — (0, 2VJV)>
_ (21/7 a/) . _ ! . I _ ! . r_
= T T ((=Ja’ - u,&Ja’ — 2vJu) x (=Ja’ - v,nla’ — 2v]v))
_ (21/7 Ot/) . o A
R/ G ((€Ja = 2v]u) - (—na’ + 2vv),
(Jo' - u)(—na’ +2vv) — (Jo' - v)(—&a’ + 2vu))
(2v,a) ,
- AT (QV(a (nIu — EIv) + 2vu - Iv),
(& - (nJu—¢&Iv))a’ +2v((Ja’ - u)v — (Jo' - V)u))
S S [41/2 (& - (nJu—&Jv) + 2vu - Jv)

VP

+e [P (e - (nJu — €Iv)) + 2v((Ja' - u)(v- ') — (Ja' - v)(u- 0/))} :
However, a direct computation shows that
(Ja/ - w)(v-a') - (T - v)(u- o) = (u-Iv) o’

so that the above expression becomes

1
VA2 + P
e 2(ef - (n3u — €3v)) + 2v(u - Iv) |
12 + o

BV A

{4u2 (& - (nJu—&Iv) + 2vu - Jv)

By (9.3.16), this shows that

dA(QL'/,a/) =V 4v? + Ha/||2 a(yx.,oz) (xlva/)

as stated in the theorem.

(i) Setting v = 0 we see that the nonequivariance cocycle ° = 0 so the
orbit Oz .a,0) = 6&’&) is the coadjoint orbit of SE(2) containing (z, a).
All the other results are obtained trivially by setting v = 0 in the formulas
and computations in (i). [ |
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9.4 Bott—Virasoro Group

The purpose of this section is to apply reduction by stages to the cotangent
bundle of an interesting group called the Bott—Virasoro group. This group is
the unique R-central extension of the orientation preserving diffeomorphism
group of the circle.

As with earlier examples, such as the Euclidean group and the oscillator
group, one of the byproducts of reduction by stages is the classification of
coadjoint orbits. In the case of the Bott—Virasoro group, reduction by stages
gets one most of the way towards this goal; at a certain point, one must do
a significant calculation to finish the job. These calculations were done from
a variety of points of view in Balog, Fehér and Palla [1998], Dai [2000], Dai
and Pickrell [2003], Kirillov [1962, 1976a, 1982], Lazutkin and Pankratova
[1975], Segal [1981], Witten [1988]. We give the final classification following
the approach of Balog, Fehér and Palla [1998].

As soon as we introduce the Bott—Virasoro group and its Lie algebra, we
recall how the solutions of the KdV equation may be regarded as geodesics
on the Bott—Virasoro group.

The Definition of the Bott—Virasoro Group. This group, denoted
by BVir(S1) := Diff; (S1) x5 R, is, as a set, the Cartesian product

BVir(S') = Diff, (S*) x R

where Diff ; (S1) is the group of orientation preserving diffeomorphisms
of the circle S* := {e* | x € R} = R/2rZ. Thus, ¢ € Diff { (S!) can be
thought of as a strictly increasing diffeomorphism of R satisfying £(z+27) =
&(x) + 2w for all z € R and the symbol 0,.£ means the derivative of £ on R.
Group multiplication on BVir(S?!) is defined by

(& a)(n, ) = (§on,a+ B+ B(En))- (9-4.1)

Here, B : Diff { (S!) x Diff { (S!) — R is the group two-cocycle called the
Bott two-cocycle, which was introduced in Bott [1977] (and apparently
known earlier to Thurston, according to Guieu and Roger [2003]), and is
defined by

B(&,n) = /51 log 8 (€ o) dlog 9,1 (9.4.2)

Of course, according to the general theory in §6.2, to build a group exten-
sion, one needs to verify the group cocycle identity for B. In this case, this
is a direct verification using integration by parts.

Formula (9.4.2) for B was derived by studying the problem of finding
group extensions of Diff, (S1). This problem was first solved on the Lie
algebra level by Gelfand and Fuchs and then elevated to the group level by
Bott. We shall next discuss the issue of the extension of the Lie algebra of
vector fields on the circle.
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According to equation (6.2.7), the (left) Lie algebra v(S!) := X(S1) x¢R
of BVir(S1), called the Virasoro algebra, has underlying vector space
p(St) = X(S!) x R and is endowed with the bracket

[(Vsa), (W, 0)] = ([V, W], C(V, W)). (9.4.3)

Here [V, W] is the negative Jacobi-Lie bracket of the vector fields V,W €
X(S1) on S, which are identified with 27-periodic real valued functions on
R. Therefore [V, W] := (9, V)W —(0,W)V. Also, C : X(S') xX(S') — Ris
the Lie algebra two-cocycle called the Gelfand-Fuchs two-cocycle (see
Gelfand and Fuchs [1968]) and is defined by

C(V,W) = 2/ (0, V) (*W) da. (9.4.4)
S1

One derives this formula for C' from that for B using the general equation

(6.1.34) by a straightforward calculation.

KdV and Bott—Virasoro. We now recall, for the convenience of the
reader, how the KdV equation is related to the Bott—Virasoro group; namely
we show that the KdV equation is the Euler-Poincaré equation for a cer-
tain right invariant quadratic Lagrangian. Thus, the KdV equation can be
viewed as the reduction of geodesic flow on the Bott—Virasoro group. The
geodesic nature of the solutions of the KAV equation was apparently known
for some time, but this fact was written explicitly in Ovsienko and Khesin
[1987]. An exposition of the Euler-Poincaré and Lie-Poisson forms of the
KdV equation are given in [MandS], §13.5.

Using equation (9.4.3) and the general formula for the Lie-Poisson bracket
(see equation (1.3.1)), we see that the bracket for the dual of the Virasoro
algebra is given by

e = (oo, |2l s ])

S () - () e () ()]

Using the KdV Hamiltonian

h(u,a) = %aQ + % [Sl(u(ﬂc))2 dx

along with this bracket, the equations f = {f,h} give the KdV equation
U + 3uly + 2aUgpy = 0

together with the fact that a is a constant (which can be chosen to be 1 by
using a change of scale). This is one way of viewing the KdV equation as an
infinite dimensional Hamiltonian system. It is interesting as it shows how
the KdV equation is the reduction of geodesic flow on the tangent bundle
of the Bott—Virasoro group.
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The First Reduced Space. To carry out stage one reduction for the
right action of BVir(S!) on T* BVir(S?!), according to Theorem 8.1.2, we
need to compute B'. By Proposition 8.1.3, B! is the right invariant two-
form on Diff ; (S1) that equals C' at the identity. To write a formula for
B, we first compute the derivative of right translation. Recall that the
tangent space to Diff, (S') at a point ¢ is the set of vector fields over &;
that is, maps that have the form V o¢, where V € X(S1). A straightforward
computation shows that the derivative of right translation on Diff | (S) by
n, namely R,, at the point £ in the direction V o £ equals

TeR,(Vo&)=Volon. (9.4.5)
Right invariance of B! gives
BHE(VogWog) =C(Volo ,Wokot™)
— 9 / (0,V)(92W) da. (9.4.6)
S1

Thus, by Theorem 8.1.2, reducing T* BVir(S!) by the central R-action
at a point v € R, usually called the central charge, gives

I (W)/R ~ (T* Diff (S1), 2 — yw]’giﬂ+(sl)81> ,

where B! is given by equation (9.4.6). Here T* BVir(S!), the cotangent
bundle of BVir(S1), is identified with 7' BVir(S!) using the L2-right invari-
ant metric whose value at the identity is

((V,a),(W,b)) := / V(z)W(z)dx + ab
Sl

for V,W € X(S') and a,b € R. Note that elements of T¢ Diff { (S!) are

functions on R of the form V o, where V' is 2m-periodic.

Remark. The weakly nondegenerate pairing introduced above formally
identifies the dual of the Virasoro algebra with itself. There is another way
to think of the dual which is sometimes more natural. In general, on an
arbitrary manifold, the dual of the Lie algebra of vector fields is formed by
(say, compactly supported) one-form densities, the weak pairing being given
by the contraction of the one-form with the vector field and then integrated
over the manifold relative to the density. In our case, since the manifold is
S1, one-form densities are quadratic differentials. Thus, another realization
of the dual of the Virasoro algebra is the product of quadratic differentials
with R. For our purposes (with the exception of some comments at the
end of this section), it is more convenient to use the L?-weak pairing that
formally identifies the dual of the Virasoro algebra with itself.

The realization of the duals in different manners has important conse-
quences also in other problems. For example, in ideal homogeneous incom-
pressible fluid dynamics, the L? pairing realizes the Lie-Poisson equations
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for the geodesic spray as the classical Euler equations, whereas the “natu-
ral” pairing using one-form densities (and a very specific way to work with
this space) realizes the same abstract equations as the vorticity transport
equations, as in Marsden and Weinstein [1983].

The preceding discussion together with Theorem 8.1.1 gives the following
mechanical and geometric interpretation of the Gelfand-Fuchs cocycle.

9.4.1 Corollary. The Gelfand-Fuchs cocycle C' given by (9.4.4) is the
value at the identity of the curvature Bl in (9.4.6) of the mechanical con-
nection A' whose expression is given in (8.1.7).

For completeness, we give the explicit expression for the mechanical con-

nection. This is obtained in the following way. Since
1
—1 o
33:§ 89;6 o 5_1 ’ (947)

we have for any V € X(S!

)
-1
DBV og) = [ @V)diogans ! = [ (0.v) d(aaf)

- [ ov)ecoca (8515_1
= —/Sl(an)(azfos‘l) m
_ f/y A% m dr = | @V 000 (aafgg)z da
)
=— [ aved (555)2 dz.
Thus, by (8.1.7), the mechanical connection is given by
Al a) (Vo a)=a— . 835(‘/05)((%2”52dz. (9.4.8)

The Second Reduction. We begin by calculating the Bg-potential given
in (8.2.7). In our case, this formula reads

(6"(€),V) = —v (D2B(&,1d) - V + D1B(£,67") - (TaLe(V))) - (9.4.9)
The first term of (9.4.9) is determined by

DQB(g,Id)~V:/ log 0, - 0%V dx
Sl
= / 02 (log 0,€)V dx
Sl

3¢ 924\2
<azg %ig)g(am@ ,v>. (9.4.10)
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To compute the second term in (9.4.9), we must compute the quantity
D1 B(&,¢7Y) - (TraLe (V). Making use of (9.4.7) and integrating by parts,
we get

DyB(£,67") - (TaLe (V)
= /S 0u (0260 & (Vo e™)) dlog 967!

) O .
_ /Slaz (CEIIDIVEY: >)5m1°g<ax5ogl)dm

- [ cee oo, |0ukoe )0 (e )| o

— [ (@goe Vo e, lW] dr

. B.eocT) (9.4.11)

Carrying out the differentiation in the last factor of (9.4.11) and changing
variables gives

(0:£)(038) — 2(92¢)°

DiB(e6™) - (TuLe(v) = [ VISR O
(0G0 208 N g
Adding the results of (9.4.10) and (9.4.12) gives
¢"(§) = 208 8&5—)23(655)2 (9.4.13)
Therefore, by (8.2.13), we get
0"(6) = ~6"(€) = 2w (€), (9.4.14)

where S is the Schwarzian derivative, defined by?

o3¢ 3[02%?
5033 5]

0,6 2
A Schwarzian Excursion. We can now use this new interpretation of
the Schwarzian derivative as a group one-cocycle for a Hamiltonian action
to produce a new, easy proof of the following well known properties of the
Schwarzian derivative.

3The Schwarzian derivative is used in a variety of contexts. For example, it comes
up in complex variables as a quantity that is invariant under the action of the group of
fractional linear transformations.
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9.4.2 Theorem. The Schwarzian derivative satisfies the following prop-
erties:

(i) S(€on) =5S(n)+ (S(€) on)(d:n)?,
(i) S(id) =0,
(ifl) T}aS -V =03V

Proof. In fact, we claim that the first part is a consequence of the cocycle
identity (7.1.3), which in our case reads

o”(§on) = Ady a”(§) + " (n). (9.4.15)

However, an easy calculation using our expressions for the derivatives of left
and right translation shows that Ad; V' = (9,1)*(V on). Thus, (i) follows.
Part (ii) is obvious from the definition of S and is also consistent with
the general fact that ¥ (id) = 0 for cocycles.
Finally, for the last item, recall from the general equation (6.2.9) that
(Tiaor(V), W) = C(V,W). By (8.2.12), we have ¢¥ = vop and hence
or = 2S. Therefore

<2zzds~v,w>:2/

(0,V)(@2W) dz = 2 / (OSVYW da
St S

for any W € X(S1) which proves the formula. |
Remark. For future use it is worth recording the following formulas
Mg (Vi) = (@16 V)0 € a2
Sl

Ad{g o) (1) = ((02€)* (0 &) + 205(6),v)
adfy ) (1, v) = (2u0:V + VOt + 2002V,0)

SV dx)

where V, u € X(S') and a,v € R, which follow from (6.2.15), (6.2.16), and
(6.2.17). Consistent with our conventions, here we think of p as a vector
field on S!. Had we used the “natural” dual, g would be thought of as a
quadratic differential.

To be crystal clear about how to read these formulas, here is a more
detailed explanation of the formula for the Ad action. With all the variables
in, the first component of this formula reads

[(02€ - V) 0 £71(2) = 0u€(6 (2) - V(€7 (),

where the dot means pointwise multiplication. Since

1 . 1
%870 = 5 e )

the coefficient in front of V may be written (9,€)~!; note that this coeffi-
cient is computed at & whereas V is computed at £~1(z).
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Coadjoint Orbits for the Bott—Virasoro Group. At this point one
can compute the isotropy algebras for the affine action ﬁz and thereby clas-
sify the coadjoint orbits of the Bott—Virasoro group through various points
(i, v) € X(S1) xR. These orbits are well known and their classification from
various points of view can be found in the papers cited in the introduction.

Note that for all real numbers A # 0, we have Gﬁl’j = Gy, so it suffices to
consider the case v = 0 and the case v = 1 for a fixed vy # 0. We will see
that a natural choice is vy = 1/4.

The case v = 0. This case corresponds to the coadjoint orbits of Diff | (S1)
(without the central extension). A clear presentation of this situation can
be found, for example, in Guieu [2000] or Guieu and Roger [2003].

For pu € X(S), consider the compact subset Z,, := {e™® € S| u(e™*) = 0}
of St.

o If 7, = &, then p belongs to the coadjoint orbit O. generated by the
non-zero constant vector field ¢ = sgn(u)c,, where

Q= /Sl v |u| dx

and sgn(p) denotes the sign of p. Note that for different values of ¢, the cor-
responding coadjoint orbits are disjoint. The isotropy group of the constant
representative vector field is S'.

o If Z, # @ and Int(Z,) = @ (for example, if Z, is finite or consists
of a finite number of convergent sequences) then the isotropy group of u
is isomorphic to Z,, for some integer n. When the number of zeros of u is
finite then n divides this number. If, in addition, the zeros of u are also
simple, then O,, is completely determined (Kirillov [1982], Guieu and Roger
[2003]). The other cases are not yet classified.

o If Int(Z,,) # @, then the isotropy group of p is infinite dimensional and
contains the infinite dimensional subgroup

Diff ; (§')z, = {¢ € Diff { (S") |£(x) =  for all z ¢ Int(Z,)}.

In particular if g = 0, then the isotropy group is Diff; (S!) and the coad-
joint orbit is {0}. The classification in this case is also not completely
known.

The case v # 0. We follow the complete classification as presented in
Balog, Fehér and Palla [1998]; for another approach see Dai [2000], Dai
and Pickrell [2003]. This classification has been extended to the corre-
sponding group of diffeomorphisms of a suitable Sobolev class; in this case,
Diff73(S1) acting on X°(S'), s > 1/2, in Gay-Balmaz [2007].

Here is the idea of how the case v # 0 is dealt with. For u € X(S%),
consider the Hill equation with potential u, given by

O24h 4 ) = 0. (9.4.16)
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By a normalized base of solutions associated to p, we mean a pair
of solutions ¥ := (t¢1,12) of (9.4.16) satisfying e0,11 — 110102 = 1.
If @ = (p1,2) is another normalized base of solutions, then there exists
A € SL(2,R) such that ¥ = ®A. For example, for ¥(x) := U(x + 27), Flo-
quet theory gives the existence of My € SL(2,R), called the monodromy
matrixz of ¥, such that 3
¥ = UMy,
Since My = A~ Mg A, there exists a well defined map
M:p € X5(SY) — M(u) := [My] € SL(2,R)/conj

where SL(2,R)/conj denotes the set of conjugacy classes of SL(2,R), ¥ is
any normalized base of solutions associated to u, and [Mg] denotes the
conjugacy class of My.

A computation shows that M has a remarkable property; it is invariant
under the coadjoint action of Diff, (S*) for the central charge v = 1/4, that
is,

M(Adf i+ o'/ (€)) = M(u), for all ¢ € Diff, (). (9.4.17)

A key step in this computation is this: if ¢ is a solution of (9.4.16) with
potential y, then

is a solution of (9.4.16) with potential
* N 1
Adf p+ ot/ (&) = Adf p+ 55,
Since Mye = My, where W& := (¢%,45), we obtain (9.4.17). If ¥ is nor-
malized, then ¥¢ is also normalized. Thus M induces a well-defined map
M: 0O e (X(S") x {1/4}) / Diff (S*) — M(O) := M(u) € SL(2,R)/conj,

where (X(S') x {1/4}) / Diff (S') denotes the set of coadjoint orbits with
central charge v = 1/4 and p is any element in the coadjoint orbit O.
Now we list the elements of SL(2,R)/conj:

(i) an elliptic conjugacy class is represented by a matrix EllL («) of the

form
ElL () = + cos 2w —sin2mx € (0,1/2)
Y=+ sinora cos2ma |7 @ ’ ’
(ii) a hyperbolic conjugacy class is represented by a matrix Hyp (83) of
the form
62775 0
Hypi(ﬂ) ==+ 0 e—QTrB ) /6 > 07



9.4 Bott—Virasoro Group 275

(iii) a parabolic conjugacy class is represented by a matrix Pary(e) of

the form
Pary(e) =+ [i ﬂ , €€ {-1,0,1}.

The classification is the following.

(i) If M(O) = [EllL ()], then O is one of the distinct orbits denoted
by Ell(a,n), n =0,1,2,..., and is generated by the constant vector

field (a + %)2 0Oz. The monodromy is M(Ell(a,n)) = Ell(_1y» ().
(i) If M(O) = [Hyp, (8)], then O is one of the distinct orbits denoted
by Hyp(8,n), n=0,1,2,..., and is generated by the vector field
e —320,,if n =0, and
2 2 2
. (—ﬁQ _nT+4p 3 n

2F3 4 Fg,n

) 0Oz, if n # 0, where the function Fg,,

2

The monodromy is M(Hyp(8,n)) = Hyp_1)= (3).

(iiil) If M(O) = [Par.(0)], then O is one of the distinct orbits denoted by
Par(0,n), n € N, n # 0, and is generated by the constant vector field
%2896. The monodromy is M(Par(0,n)) = Par_;y»(0).

(iii2) If M(O) = [Pary(e)], e = %1, then O is one of the distinct orbits
denoted by Par(e,n), n = 0,1,2,..., with the condition (e,n) #
(=1,0), and is generated by the vector field

3n* (1+ 5= 2
( " ( 2”) i )31 where Hgyn(x)zl—l—isinZE.

9 2
is given by Fj3, = cos? % + <sin % 4 ﬁ CoS nx) )
n

AHZ2,  2H., o 2
The monodromy is M(Par(e,n)) = Par_1y» ().

The coadjoint orbits of the Virasoro algebra can be represented by the
“comb” with additional points shown in Figure 9.4.1.

For the orbits Ell(a, n), Hyp(5,0), and Par(1,0), the isotropy group of
the given representative vector field is S', acting on S' by rotations.

Recall (see, for instance, Knapp [2002]) that PSU(1,1) is the group
SU(1,1)/ {1}, where I is the 2 x 2 identity and SU(1,1) is the group
of complex 2 x 2 matrices of determinant 1 that preserve the Hermitian
form on C? given by |z1|> — |22|%.

For the orbits Par(0,m), n # 0, the isotropy group is the n-fold cover

—_~—

PSU(1,1) of PSU(1,1), acting on S* as

eimH(M) where {A 2l esu, ),
Beinr 1 A B

SN iss)
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153
Hyp(3,0) Hyp(B,1) Hyp(8,2) Hyp(8,3)
Sl R+ R+ X Zo R+ X 73
Par(1,0) Par(—1,1) | Par(1,1) Par(—1,2) | Par(1,2) Par(—1,3) | Par(1,3)
st + Ry Ry X Zo | Ry X Zs Ry xZs | Ry xZs
!o/ el Nele” Sele”
o 4 L 4
0 Ell(a, 0) 1 Ell(a, 1) 2 Ell(a, 2) 3
51 Par(0,1) 51 Par(0,2) st Par(0,3)
inclusion — .
PSU(1,1) PSU(1,1) PsSU(, 1)
Teichmiiller

FIGURE 9.4.1. The space of coadjoint orbits of the Bott—Virasoro group for nonzero
charge. Points on the “comb” together with the “floating points” represent the space
of coadjoint orbits. The vertical lines, each of which is parametrized by (3, and labeled
by an integer n = 0, 1,2, ..., represent the hyperbolic orbits. The non-integer points on
the horizontal axis represent the elliptic orbits, while the integer points represent those
parabolic orbits Par(e,n) with € = 0. The parabolic orbits Par(e,n) with ¢ = +1 and
n =20,1,2,... are represented by the “floating points”. The open circle at n = 0,3 =0
is an empty point with no corresponding orbit. Figure adapted from Balog, Fehér and
Palla [1998].

with [A]? — |B|? = 1.

For the orbits Hyp(3,n), n # 0, and Par(e,n),e = £1, n # 0, the
isotropy group is isomorphic to Ry x Z,,, where R is the multiplicative
group of the positive real numbers. See Appendix C of Balog, Fehér and
Palla [1998] to understand how it acts on S?.

In Gay-Balmaz [2007] it is shown that, in the setting of smooth Hilbert
manifolds (modeled on Sobolev spaces), the isotropy groups are submani-
folds and finite dimensional Lie groups. The coadjoint orbits are injectively
immersed closed Hilbert submanifolds.

The symplectic structures. By formula (8.2.3), the symplectic form on
a coadjoint orbit O} is given by

&'}IJ

() (ady A+ 2085V, adyy A+ 2005 W)

:[31

M(OVYW — (VO )W) da + 21// (O2V)W dz,

S1
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where the symplectic form is evaluated at the point A € (;)vl’j and on the

pair of tangent vectors adj, A +2v02V, adjy, A +20v92W € ThOY, for V,W €
X(SY).

Notice that in the case v = 0 the symplectic forms are simply

@0 (A) (ady, A, adjy A) = /S 1 AW,V —Vo,W)dx.
Links with Teichmiiller Space. An object that is closely related to
item (iiil) in the above discussion of coadjoint orbits for the Bott—Virasoro
group is the universal Teichmiiller space 7 introduced in Bers [1965, 1970].
For a general introduction to this subject and references, see, for instance,
Lehto [1987].

To explain what is going on, we will need to review a few facts from this
theory. First of all, recall from complex variables theory that a conformal
mapping in the complex plane on the linearized level is a rotation together
with a stretch; thus, a conformal mapping sends, to first order, small discs to
other discs. A quasiconformal mapping, roughly speaking, sends small
discs to small ellipses, in which the ratio of major axis to minor axis is
bounded. An orientation preserving homeomorphism of the unit circle S! is
called quasisymmetric if it extends to a quasiconformal map of the closed
unit disc in C. The set of all quasisymmetric homeomorphisms QS(S?') is a
Banach manifold whose tangent space at the identity is, by definition, the
classical Zygmund space C}(S') of maps of S to R, with the norm

V(z+h)+V(x—h)—2V(z)
h

V]

cr = [IVlleo + sup
x,h#0

(see Zygmund [2002]). It is also a group under composition of homeomor-
phisms. However, unlike Diff | (S!), it is not a topological group (see Gar-
diner and Sullivan [1992]). The universal Teichmiiller space can now
be characterized as the homogeneous space

T = QS(S1)/PSU(1,1) (9.4.18)

consisting of those quasisymmetric homeomorphisms which fix the points
+1 and —i on the circle. As a manifold, 7 is a complex Banach manifold.
It carries a Kéahler metric which is, however, not defined on all tangent
vectors (see, for details, Nag and Verjovsky [1990]).

Classical Teichmiiller and Moduli Spaces. There is another ap-
proach to Teichmiiller space based on moduli spaces of Riemann surfaces.
This viewpoint has its origins in the work of Teichmiiller [1939] with key
contributions from Ahlfors [1961] amongst many others, and its symplec-
tic and Kéahler geometry was developed by Atiyah and Bott [1982, 1984]
and Goldman [1984], references cited therein along with the work of many
others.
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The adjective “universal” for the space 7 is due to the fact that it con-
tains, as complex submanifolds, all Teichmiiller spaces of Riemann surfaces.
We recall that the Teichmiiller space of a Riemann surface M is the com-
plex manifold whose points represent all complex structures of Riemann
surfaces whose underlying topological structure is the same as that of M.
In this context, the geometry of the Weil-Petersson metric as well as cur-
vature computations have been much studied; see Ahlfors [1962], Tromba
[1986, 1992] and Wolpert [1986, 2003] for further information and addi-
tional references.

Teichmiiller Space as a Coadjoint Orbit. Let 7; denote the coad-
joint Teichmiiller space, defined to be the specific coadjoint orbit Par(0, 1)
of BVir(S1), which can be identified with Diff ; (S*)/PSU(1,1); that is,

To := Par(0,1) = Diff, (S*)/ PSU(1, 1). (9.4.19)

It is known that 7j is a Fréchet Kédhler manifold. In addition, as hinted
at in Figure 9.4.1, there is an inclusion map

Ty — T,

which is complex analytic. The coadjoint orbit symplectic structure on 7
is the imaginary part of this Kéhler structure; in other words, the struc-
ture coming from coadjoint orbit reduction agrees with that coming from
the Kéahler structure. On 7 as well as on 7, the real part of this Kéahler
structure is the famous Weil-Petersson metric (see Nag and Verjovsky
[1990] for details).

Takhtajan and Teo [2004, 2006] take a completely different point of view
motivated by the fact that in the complex Banach manifold topology, the
Weil-Petersson metric on 7 is not everywhere defined. They define a new
complex Hilbert manifold structure on 7 for which the Weil-Petersson met-
ric is strong, is the metric part of a Kéahler—Einstein structure and has
negative Ricci curvature and negative sectional curvature.

Hamiltonian Flows on Teichmiiller Space. Ignoring functional an-
alytic issues of precise function spaces for the present discussion, we have
seen that since the Bott—Virasoro group is a central extension, one can per-
form reduction (Poisson or symplectic) in either one step or in two stages.
From the point of view of Poisson reduction one of course ends up with
the dual of the Lie algebra of the Bott—Virasoro group with its Lie-Poisson
structure. From the point of view of symplectic reduction by stages, things
are more intricate and one ends up reducing to a particular coadjoint orbit
of the Bott—Virasoro group. The stages methodology is helpful when one
is carrying this out in detail. The usefulness of the stages technique will be
seen in another concrete and nontrivial example in §10.7.

First, a simple but basic remark: The KdV flow regarded as geodesic flow
on the Bott—Virasoro group, as described at the beginning of this section,
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induces by reduction, a flow on each coadjoint orbit and in particular, on
the special coadjoint orbit 7y. This corresponds to imposing special initial
conditions for the KdV equation, which are then maintained automatically
by the flow. In summary, it follows from basic reduction principles that the
KdV equation induces a flow on coadjoint Teichmiiller space Ty.

But there is something else very special about the coadjoint Teichmiiller
space 7Ty, namely, it is a group! This is because one can identify 7y with
the subgroup of Diff, (S!) consisting of diffeomorphisms that fix the three
points +£1 and —i. Correspondingly, its Lie algebra, namely, T, 7, is identi-
fied with the Lie subalgebra

h={uec X(S") |u(£l) = u(—i) = 0}.

The group 7, completes in the topology of Takhtajan and Teo [2004, 2006]
to the connected component of the class of the identity of 7. This connected
component turns out to be a topological group with biholomorphic right
translations. Thus, it is a strong Ké&hler manifold. Moreover, the Kahler
structure is right invariant (so the symplectic form and the Weil-Petersson
metric are as well).

An interesting issue that was raised in Schonbek, Todorov, and Zubelli
[1999] is to compute the Euler-Poincaré equations on 7y for the Weil-
Petersson metric. The resulting Euler- Weil- Petersson equations are com-
puted, along with many related facts in Gay-Balmaz, Ratiu, and Marsden
[2007].

9.5 Fluids with a Spatial Symmetry

Commuting reduction by stages is already quite interesting in fluid dynam-
ics where it raises several difficult technical issues. We shall present here the
general example of a fluid motion invariant under the maximal spatial rigid
symmetry, the isometry group of the domain. We shall take the domain to
be a compact oriented Riemannian manifold with smooth boundary so the
maximal group of spatial symmetries is the group of isometries preserving
the orientation. Its natural action on spatial velocities is non-free. Even
though non-free reduction by stages is treated in Part III of this book,
we include this example here because, from the point of view of Poisson
geometry, it is relatively easy; the main technical difficulties lie elsewhere,
namely, in the choice of function spaces and in coming to grips with the
fact that the group of Sobolev class diffeomorphisms is not a Banach Lie
group as well as the non-smoothness of the spatial action.

An example of this situation is the motion of a two-dimensional ideal
incompressible fluid in a disc, where the spatial invariance group is the
circle. Even in this apparently simple example there are already serious
technical difficulties. In this section we shall explain the problem and quote
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the main results. For details we refer to Vasylkevych and Marsden [2005]
for the first stage reduction and to Gay-Balmaz and Ratiu [2006] for the
second stage reduction where all technical details can be found.

The Problem Setting. Consider the motion of an incompressible ideal
fluid in a compact oriented Riemannian manifold M with smooth boundary
OM. Tt is well known that a possible choice for the configuration space
of this problem is Dj, (M), the Hilbert manifold of volume preserving H*-
diffeomorphisms of M, where s > (dim(M)/2)+1 and that the appropriate
Lagrangian is the kinetic energy of the weak L? Riemannian metric

(wns vnhn = /M 9(n()) (uy (), vy (2)) (@), un, vy € TyDy (M),

where g is the Riemannian metric on M and p is the volume form induced
by g. This Lagrangian is invariant under the following two commuting (right
and left) actions

R:D; (M) x TD;(M) — TD, (M), R(n,ve) = Ry(vg) :=veon
L :Iso* xTD;,(M) — TD;,(M), L(i,ve) = Li(ve) := Ti o vg,

where Isot := Iso™ (M, g) denotes the group of Riemannian isometries of
(M, g) which preserve the orientation, that is, Iso™ is the connected com-
ponent of the identity of the isometry group Iso := Iso(M, g) of (M, g). As
usual, R is the particle relabeling action whereas the left action L repre-
sents spatial motions. Formally, Poisson reduction by stages can be applied
to this situation. Here we address the question of how to make this precise
and how one deals with the non-free action of Iso*. Of course it would be
nice if one could also deal with point reduction by stages in a similarly
rigorous manner, but this would be more difficult.

First Stage Reduction. We begin with the reduction by the particle
relabeling group Dy, (M) which is well known (see Ebin and Marsden [1970])
and leads to the Euler equations for an ideal incompressible fluid on the
first reduced space X§;,(M) = TD;,(M)/D,,(M) consisting of H* diver-
gence free vector fields on M that are tangent to the boundary. The most
fundamental fact is the existence of the C'> geodesic spray S € X(1D;,(M))
of the weak Riemannian manifold (Dj,(M), (,))) which implies that there
is no derivative loss in the Lagrangian formulation. Recall that the Euler
equations for the spatial velocity u are given by

Oyu(t) + Vyyu(t) = — gradp(t)

for some scalar function p(t) : M — R called the pressure. An equivalent
formulation of these equations is given by

Oru(t) = —Po(Vymu(t)),
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where P. denotes the projection on the divergence free factor of the Hodge
decomposition. A consequence of the smoothness of the geodesic spray is
the local existence and uniqueness of the solution u of the Euler equa-
tions and their continuous dependence on initial conditions. Moreover,
u e COI, X3, (M) NCHI, X5 (M)). The dependence on the initial con-
ditions of the integral curves of the geodesic spray S, that is, of the vector
field describing the fluid in material representation, is C'*°.

Denoting by 7 : TD;,(M) — D5(M), mg(uy) = u, on~", the pro-
jection associated to the reduction by Dj (M), we obtain the following
commutative diagram

F, s
TD: (M) —5 TDs (M)

x5, (M) —> 25, (M),

where F} is the flow of S and ﬁt is the flow of the Euler equations. In this
diagram, for each fixed ¢, the map F} is C'™° whereas F; and 7 are only
C°. Formally, all these maps are Poisson, as it is the case in the standard
Lie-Poisson reduction procedure. However, since D}, (M) is not really a Lie
group and the manifolds are infinite dimensional some technical problems
arise. First, the symplectic form on TD},(M) is only weak since the La-
grangian is given by a L? metric. Second, D5 (M) is not a Lie group since
left multiplication and inversion are not smooth; this explains why the
projection mg is only continuous. Vasylkevych and Marsden [2005] have re-
solved these difficulties by carefully analyzing the function spaces on which
Poisson brackets are defined and carrying out a non-smooth Lie-Poisson re-
duction that takes into account all analytical technical issues. Thus if one
evaluates the maps in the diagram above on very precise function spaces,
then the statement that all arrows in this diagram are Poisson maps is
literally true.

Second Stage Reduction. To carry out the second stage reduction,
that is, reduction by Iso™, one has to overcome additional difficulties. The
action of Isot on X3, (M) induced by L, given by

l:Isot x X, (M) — X5, (M), 1;(uw) :=1"(i) == i.u,

has two major problems. First, it is not free as there typically will be
vector fields that are symmetric (that is, invariant under the action of
Iso™). Second, it is not smooth as a map defined on Isot x X3, (M), so the
usual slice theorem for smooth proper finite dimensional Lie group actions
is not valid. Recall that the slice theorem is a fundamental tool in the study
of the geometric properties of the isotropy type submanifolds and of the
orbit set. However, [ retains some smoothness properties:
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(1) 1 is a continuous map,
(2) for alli € Iso™, I; : X8, (M) — X3, (M) is a smooth map,
(3) for all u € X5, (M), I* : Tso™ — X5 1(M) is of class C.

Note that [ takes value in X3, (M) but is differentiable only as a map
with values in .’{3;,1 (M). Indeed, computing the infinitesimal generator as-
sociated to & € iso, we find

d d
() (u) = 7 loxp ey (u) = pn exp(tl).u = —£x.u = [u, X¢],
t=0 t=0

Exs

div

where X¢ is the Killing vector field generated by the flow exp(t§) and [,]
is the Jacobi-Lie bracket of vector fields. Thus, for u € X5, (M), we have
Exs, () (u) = [u, Xe] € X5 1(M), and there is a one derivative loss due to
the Jacobi-Lie bracket.

Gay-Balmaz and Ratiu [2006] resolve these difficulties by presenting a
slice theorem for any action ® of a finite dimensional Lie group G on a chain
of Banach manifolds (Q*)s>s,, verifying properties (1) — (3), with X3, (M)
replaced by @°. Using this slice theorem, it is then possible to study the
geometric properties of the sets (Q*)¥, (Q*) g, (Q*)(m), and Q% /N(H) for
H C G a closed subgroup.

Note that even if the action ® is free, the orbit set Q°/G need not be
a smooth manifold. To see why this is so, we argue by contradiction. If
this were the case, then 7 : Q* — @Q°/G would be a principal bundle and
we could then take the tangent map T,m : T,Q° — Ty (Q°/G) whose
kernel is the vertical subspace V;Q*® = ker(T,7). We know that the vertical
subspace is generated by the infinitesimal generators at ¢, that is, V,Q° =
{€q=(q) | £ € g}. This is a contradiction because, in general, £o-(q) ¢ T,Q°
(recall that by property (3) we only know that £g:(q) € T,Q°™1).

Since Q°/G is not a differentiable manifold, the tangent bundle and
differentiable curves cannot be defined in the usual way. To overcome
this difficulty, one uses the fact that Q°/G is a topological manifold and
that changes of charts (which are not differentiable in the usual sense)
are not only homeomorphisms but are also differentiable relative to a
weaker topology (the topology of @Q°~!). This agrees with the fact that
the vertical subbundle is a subset of TQ* !|Q*, and allows the defini-
tion of the notion of weak-tangent bundle, weakly-differentiable curves and
weakly-differentiable functions on the orbit space Q®/G. Roughly speak-
ing, the weakly-differentiable curves in Q*/G are of the form 7 o ¢, where
c e CUI, Q)N CHI,QR*™ 1), and the weak-tangent bundle of Q°/G is de-
fined by taking equivalence classes of such curves tangent at one point (see
Gay-Balmaz and Ratiu [2006] for details).

Applying these results to the action ! one concludes that X35, (M)x
is an open set in the H-fixed point subspace X3 (M)H of X3, (M) and
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therefore, one can introduce the reduced Poisson bracket for a class of
weakly-differentiable functions defined on X3, (M)gy/N(H). This allows
one to carry out in a precise sense the second stage Poisson reduction pro-
cedure. As expected, the Euler equations preserve the H-isotropy subman-

ifold X3;,(M)m and induce a flow FH on the nonsingular quotient space
X5 (M)g/N(H). Finally, the following diagram commutes

D (M) — - TDs (M)
TR TR
s ﬁ‘ s
X (M) X3 (M)
iH iH
P
Xy (M)g ————— X5, (M)n
TH TH
=i

X3y (M) gt /N (H) —> %5, (M)t /N (H)

Here, ig @ X5, (M)g — X5, (M)g is the smooth inclusion and 7y :
X5, (M)g — X5,,(M)u/N(H) is the orbit projection. In this diagram
all maps are Poisson with respect to a certain class of functions.

The remarkable fact is that the loss of derivative in the solutions of the
Euler equations (recall that u € C°(I, X3, (M)) N CY(1, X5 (M))) and
the loss of derivative in property (3) of the action are compatible since
the curves in C°(I, %5, (M)) N CY(I, %5, (M)) are exactly those needed
to define the weakly differentiable structure on the orbit space.
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10

Stages and Semidirect Products with
Cocycles

This chapter is concerned with two major themes. The first theme, which
is presented in §10.1 and §10.2, deals with the semidirect product M of a
group G with an Abelian group A, where the construction of the semidirect
product itself involves an A-valued cocycle of G. In this context, A (which
is N in the general theory) is still a normal subgroup and the reduction
by stages program is fully carried out. In particular, the stages hypothesis
holds and so the reduction by stages program for the action of M on a
symplectic manifold can be implemented. We focus on the case of the action
of M on T*M (by the lift of right translation) so that the final reduced
spaces will be the coadjoint orbits of M.

This generalizes two things that were done previously. The first gener-
alization is of standard semidirect product theory, namely the results in
§4.3. In particular, that theory deals with the reduction of a semidirect
product G®V acting on its own cotangent bundle, which then gives the
structure of the coadjoint orbits of the semidirect product. In the context
of this chapter, one arrives at this case by taking A to be a vector space V'
and the cocycle to be trivial. The second generalization is that of central
extensions, which was treated in §8.2. Recall that for central extensions
we also considered the structure of coadjoint orbits, such as those of the
Bott—Virasoro group. In this case of central extensions, A is the real line
and there is a cocycle.

The second theme, which is presented in §10.5 and §10.6, is the case in
which M is the semidirect product G @ H of two Lie groups, both of which
can be nonabelian. Here, G acts on H by group automorphisms and the
semidirect product is formed in a way that is analogous to the case GV
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with no cocycles. Again, H is a normal subgroup and we carry out the
reduction by stages program. In particular, we give a characterization of
the coadjoint orbits of G(© H. In the course of doing this, some needed
results that are also of independent interest are obtained. First of all, in
§10.3, we develop a useful characterization of the reduction of a Poisson
manifold of the form T*G x P, by a diagonal G-action. Secondly, in §10.4
we verify that Poisson reduction by stages gives the semidirect Poisson
structure on g@®Bh, as it should.

The last section §10.7 uses this theory to find and classify all the coadjoint
orbits of the group 7 ®U, where 7 is the group of upper triangular 3 x 3
matrices and where I/ is its normal subgroup having ones on the diagonal.
The action of 7 on U is by conjugation. This example is interesting because
it uses the full power of the theory and has several peculiarities, such as
the lack of a sufficient number of Casimirs to distinguish the generic orbits.

10.1 Abelian Semidirect Product
Extensions: First Reduction

This section carries out the first stage reduction of an Abelian semidirect
product extension of a Lie group acting by cotangent lift by right trans-
lation on its cotangent bundle. The Abelian group used to construct the
extension is the normal subgroup, so the first stage reduction is by this
subgroup. To carry this out, we compute the mechanical connection and
its curvature and we analyze their invariance properties. Since a cocycle is
involved, the general reduction strategy is modeled after that used in the
case of the first stage reduction of central extensions in §8.1.

Preliminaries. We begin by recalling from §6.1 several relevant defini-
tions and formulas used in this section. Given are a Lie group G (whose
composition law is denoted multiplicatively), an Abelian Lie group A (whose
composition law is denoted additively), a smooth left action ¢ : GXx A — A
by Lie group automorphisms of A, and a smooth normalized group two-
cocycle B : G x G — A. Recall that having a normalized group two-cocycle
means that the following identities hold for any f,g,h € G:

o(f)(B(g, h)) + B(f,gh) = B(f,9) + B(fg,h) (10.1.1)

and
B(g,e) = B(e,g) = 0.

Then the Lie group extension G x4 g A of G by A is defined to be the
Lie group whose underlying manifold is the product G x A and whose
multiplication law is given by

(9, a)(h, B) = (gh,a + ¢(9)(B) + B(g, h)), (10.1.2)
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for any (g, @), (h, 8) € G x A. The neutral element is (e, 0), and the inverse
of (g, ) has the expression

(g:0)7 = (97" —0lg ) (Blg,g7") + )
= (9_17 _B(g_17g) - d)(g_l)(a)) .

The subgroup {e} x A is Abelian, normal, and closed in G x4 p A and the
sequence
{0} = A—-GxypA—G—{e} (10.1.3)

is exact.

The key right principal A-bundle that will be used in the first stage
reduction is G x4 g A — G given by (g,a) — g¢. Equivalently, we can
identify the quotient (G'x4 pA)/A with G by identifying the class [g, o] =
(g,a)({e} x A) € (G x4, A)/A with g € G. This identification is a Lie
group isomorphism whose inverse is given by g — [g,0]4. Note, however,
that we do not attempt to realize G as a subgroup of G x4 p A.

Since the G-action on A is by group homomorphisms, G also acts on the
left on the Abelian Lie algebra a of A by g - v := Tod(g)(v), where g € G
and v € a, and defines therefore a left G-representation on a. The induced
left Lie algebra representation ¢ : g — gl(a) of the Lie algebra g of G on a
is hence given by

HOW) == g explte) v
= G Tole)) = G, (10.04)
t=0

where &, : a — a denotes the infinitesimal generator of the G-action on a
defined by & € g.

As in §6.1 (see equation (6.1.34)), the Lie algebra two-cocycle C :
g X g — a associated with B is given by the formula

Clen = gig| (Bl hs) ~ B, 00)

= D1D3B(e,e)(&)(n) — D1D2B(e, e)(n)(€),

for any smooth curves ¢ — g¢(t) and s +— h(s) through e € G with tangent

dg(t) _ dh(s)
vectors =5~ =§and =~ -

t=
identity states that

£a(C(1,€)) +1a(C(C,€)) + Ca(C(E,m))

for all £,n,¢ € g.

=1 € g. The Lie algebra two-cocycle
0
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The extension g Xzco @ of g by a is defined as the Lie algebra with
underlying vector space g x a whose bracket is given by

[(&u), (0, 0)] = ([ 1), &a(v) — nalu) + C(€:n)) (10.1.6)
for any (&, u), (n,v) € g X a. Then the sequence of Lie algebras

O—>a—>g><$7ca—>g—>0,

corresponding to (10.1.3) is exact, {0} x a is an Abelian ideal in g x; . a,
and g Xzc0 is the Lie algebra of G x4 g A.

Relation to the General Theory. Throughout this chapter the Lie
groups G and A are assumed to be connected. We shall apply the general
reduction by stages theory in §5.2 as follows. The symplectic manifold
(P,9) is T*(G x A) endowed with the canonical symplectic structure. The
“big group” M is G X4 p A and the normal subgroup N is {e} x A. Thus,
in the first reduction, a := v € a* and, since A is Abelian, the coadjoint
isotropy subgroup is A, = A. Using (6.1.48), the action of G x4 g A on a*
given by (5.2.1) is
(9,0) -a=Tye(g™ )a.
Thus the isotropy subgroup (G x4 p A), of this action at a € a* equals
G, x A, where
Go:={9€G|Tio(g a=a}

is the isotropy subgroup of the G-representation on a*. Therefore, the group
M, /N, in the general theory is in this case (G x4, A), /Aa = Ga. Note
that the Lie algebra g, of G, is given by

go={E€g|p()a=0}

The Mechanical Connection on Group Extensions. Recall that to
carry out cotangent bundle reduction, as described in §2.2 and §2.3, one
needs to have a connection on G x4 p A — G. As in §8.1, we shall use the
mechanical connection associated via (2.1.4) to a particular group invariant
metric.

Pick a (not necessarily invariant) inner product ((-,-)), on the Lie algebra
g and another one (-, -)), on a and define the positive definite inner product
ongxg,a by

(& w), (1, 0))) g

for any (§,u) and (n,v) € g X a. Define a right invariant metric on
G X¢,B A by

((Xgsta), (Yg,00)) (9.9
— <<T(9,Q)R(g,a)_1 (ng ua)v T(g,a)R(g,a)_l (Y‘m Ua)>> X3

g é,C

= (&g + (u, 0]y, (10.1.7)

$.c?

. (10.18)
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where (Xg,uqa), (Yg,va) € Tg,0)(G Xg,5 A). Note that the derivative of
right translation has the expression

Tig.o) Rinp)(Xgsta) = (ToRn(Xg), Talg(g)p+B(g.n) (Ua)
+ T¢(g)5Aa+B(g7h)Tg¢B(Xg)
+T5(g,m) Nato(g)sP1B(g, h) (X)), (10.1.9)
where X, € T,G, uo € ToA, Ay : A — A is the translation on A by the
element v € A, and ¢° : G — A is the smooth map given by ¢°(g) := ¢(g)3
for any g € G and (8 € A.

By construction, the metric (10.1.8) is right A-invariant and therefore
the mechanical connection defined in (2.1.4) is given by

Al (9, ) (Xg7 ua) = Ig, O‘)_l (JA (<<(Xg’ ua) ) >>) )7 (10'1'10)

where J4 : T*(G x A) — a* is the momentum map of the cotangent lift of
right A-translation on G x4 g A and I(g, o) : a — a* is the value at (g, ) of
the locked moment of inertia tensor I defined by the right invariant metric
(10.1.8).

10.1.1 Theorem. Let A' be the mechanical connection (10.1.10) on the
right trivial A-principal bundle G x4 g A — G.

(i) Then

Al (g,0)(Xg,ua) = (Tod(g ") 0 Pa 0 Tig.a)Rig.a)-1) (Xgs ta)
(10.1.11)
foranyge G, a€ A, X, € T,G, and uq € Ty A, where Py : gxa —a
denotes the projection onto a. Explicitly, this formula reads

AL (g, 0) (X, ug) = To<z>(g—1)(TaA,a(ua)
+ T*B(g,g_l)faAaJrB(g,g—l)Tg¢7¢(g_l)(B(g’g_1)+a)(Xg)
+Tp(g.9-1)A B9 D1B(g, g‘l)(Xg)). (10.1.12)

(ii) The behavior of A' under right translations of G x4 p A is given by
the following relation

(R A) (9:0) (Xgs 1) = Too(h™") [A (g, 0) (X, )]
(10.1.13)
for any (g,0a),(h,B) € G x4, A, Xy € T4G, and u, € T A.

(iii) The value of the curvature curv 41 of A at (g,a) € G x4 5 A is

curv a1 (g, @) ((Xg, ua), (Yg,va)) = TO¢(9_1)(C(§>77))a (10.1.14)
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where { == TyRy-1(Xy),n:=TyR,-1(Yy) € g, and (Xg,uq), (Yy,va) €
T4G x Ty A. The induced curvature form on the base (see (2.1.13)) is
an a-valued two-form B' on G since the adjoint bundle of the trivial
right bundle G x4 g A — G is the trivial vector bundle G x a — G}
B! is given for any g € G and £,n € g by

B'(9) (T.Ry&, T.Rgn) = Top(g~ ) (C(&,m)).

(iv) Let G, = {9 € G | T (g)a = a} be the isotropy subgroup of a € a*.
The one-form (a, A*) € QY(G x4 p A) is invariant under the right
translation of the subgroup G, x A of G x4 B A and the real-valued
two-form {a,B') € Q*(G) is right Gq-invariant.

Proof. (i) Let us apply Theorem 2.1.15 to the Lie group G x4 5 A and
the normal subgroup N = {e} x A. We have the right principal bundle
G x4, A — G and we compute the mechanical connection from equation
(2.1.15). By (6.1.9), we have (g,a)™' = (g7, —o(¢g7H)(B(g,971) + )
so that, using the multiplication law (6.1.2), the action by conjugation of
G x4, A on the normal subgroup {e} x A is given by

(g, @) (e, B)(g, )
= (g, a+0(9)B) (g~ ", —dlg™)(B(g,g7") + )
= (e;a+d(9)B+ ¢(9)(—olg~ ) (Blg.g~") + @)+ Blg.g "))
= (e,9(9)3).

Therefore, the derivative of this action relative to 3 at zero in the direction

v Eais

Adé;,a) v =Top(g)v.

Formula (2.1.15) for the connection A! yields
Al(g,a)(Xg,ua) = (TO¢(971) oPg o0 GR) (Xga ua)
- TO¢(g_1) (TocA—a(uoc)

+T_B(g,g-1)-ala+B(g,g-1)Tg¢~
+ TaggHA-nia.0 D1Bl9.97)(X,) ).

-1 -1
(g™ )(Blg,97 ) +e) (X,)

The first equality proves (10.1.11) and the second (10.1.12).

(ii) We use Theorem 2.1.15(ii) which in our case becomes
* 1 _ A 1
R(h,ﬁ)A = Ad(hyﬁ)fl oA".

Above we showed that Ad&ﬁ) v = Top(h)v and so the result follows.
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(iii) The curvature of the connection A’ is computed using equation
(2.1.17). First, note that relative to the inner product (10.1.7), the sub-
spaces g x {0} and {0} x a are orthogonal complements to each other.
Second, by (10.1.9) and (6.1.9) we have

(& u) : = Tig,a)Rig,a)-1 (X, ta)
= (TQRg‘l(Xg)vTaAa(Ua)
+ T*B(g,gfl)faAa+B(g’g*1)Tg¢7¢(g_l)(3(g’g_l)+a)(Xg)
+TB(97g*1)A—B(g,g*I)DlB(gv9_1)(Xg))
and a similar formula for (9,v) := T4 a)R(g,a)-1(Yy, Vo). Third, for any
¢ €gandwu,v € a, by (6.1.43) we have
ad(g,u) (0,) = (0,8a(v)).-

Therefore, since Adéw)fl v = Top(g~ v for any v € a and a is Abelian,
formula (2.1.17) gives

curv a1 (X, ta); (Yg;va))
= To¢(g™") (—&a(v) + 10 () + &a(v) = nalu) + C(€,1))
=Tog(g~")(C(&m)),
which proves (10.1.14).
(iv) By (10.1.13) we have Ry, 5 {a, A') = (Tgp(h~1)a, A') for any
(h,B) € G x4.p A. Taking h € G,, this proves (G, x A)-invariance of
<a, .A1>. The G,-right invariance of the ordinary two-form <a, Bl> on G is

a direct consequence of Lemma 8.1.4 or can be easily verified directly from
the expression of B!. [ |

Remark. Note that if the extension in (10.1.3) is central then ¢(g) = id
for every g € G and Ady.yx 4 pointwise fixes the set g x {0}. In this case,
Theorem 10.1.1 states the following: first of all, A! is the a-component of
the right invariant Maurer—Cartan form on G x4 p A, second, it is right
G X 4 p A-invariant, and third, its curvature at the identity is the is the Lie
algebra two-cocycle. This statement generalizes Theorem 8.1.1 to arbitrary
dimensional central extensions of G.

10.1.2 Corollary. The momentum map J 4 : T*(G x4 g A) — a* for the
cotangent lift of the right translation action of A on G x4 p A is given by

Ja(vg,a0) = (ToAa 0 Too(g)) " aa, (10.1.15)
where (vg,aa) € T(, ,)(G X4, A). For any (h, B) € G x5 A we have
JAOT*R(h”g)fl :ngf)(h)OJA (10116)

In particular, G x4 g A acts on JZI(O) and the subgroup Gox A C G x4 A
on J;ll(a), where the action is cotangent lift of right translation.
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Proof. We begin by computing the infinitesimal generator of the right
translation by A on G x4 g A. According to (10.1.2), this right A-action is
given by (g, )-8 := (g, a+&(g)(B)) for any g € G and «, 8 € A. Therefore,
if u € awe get

= T a (g, ) - exp(tu) = % o (9, + ¢(g)(exp(tu)))

= (0, (ToAa 0 Tog(g)) u) , (10.1.17)

UGX¢,BA(97 Oé)

where A, : A — A denotes the translation map by « in A.
For (g, o) € T(*g@)(Gx@BA) and u € a, using (10.1.17), the momentum
map J4 : T*(G x A) — a* is computed to be
<JA('797a'a)au> = <('Yg7 aa)a UG><¢,BA(9704)>

= <(7ga aa); (07 (TOAa © T0¢(g))u)>
= (aa, (ToAa 0 Too(g)) u)
= ((ToAa 0 Tod(9))" aq,u)

which proves (10.1.15).

If (9.0), (h, B) € G x4, A, (1g,0a) € T(;, ,)(G x4, A), and u € a, we
have

(3 (T Rory+ (9:0) ) - )
= (T3 a5 By (g ) 4 5 491, 0+ 6(9)5 + Blg, 1))
= (V9> @a), Tigh,at(9)5+B(g,0) B(h=1,-6(h=1)8—6(h—1) B(h,h—1))
(0, (ToAa+s(g)5+B(g.n) © Top(gh)) u))
= ((1g:@a); (0, (Tato(9)5+ B (g, No(gh) (— $(h=1)5—9(h=1) B(h,h=1)) + B(gh,h1)
oToAa+o(9)5+B(g.m) © Tod(gh)) u)))
= (s (ToAa—g(9)B(hh1)+Blgh h1) 1+ B(g.m) © Tod(gh)) w)  (10.1.18)

by (10.1.17) and (10.1.9). The element by which one translates in A is given
by o — ¢(g)B(h,h™') + B(gh,h~') + B(g,h) = « since, by the cocycle
identity (10.1.1), we have

—¢(g)B(h,h ") + B(gh,h™") + B(g,h) = B(g,e) =0

(using the replacements f — g, g — h,h — h~1in (10.1.1)). Therefore, the
expression (10.1.18) becomes

(aa, (ToAq 0 Tod(g) o Tod(h)) u) = ((ToAa © Tod(9))" aa, Top(h)u)
= (Ja(g: aa), Top(h)u)
= (T3 (M) I a(7gs aa), )
which proves (10.1.16). |
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The First Reduction. We will apply the reduction by stages theorem
to group extensions, since, by §6.3, the stages hypothesis is always verified.
The goal is to compute the reduced spaces for the action of G x4 g A on
its cotangent bundle, reducing first by the action of A and then by the
appropriate subgroup of G. The resulting spaces are the coadjoint orbits of
G x4 B A. We carry out below the first reduction.

10.1.3 Theorem. Consider the cotangent lift of right translation by el-
ements of A on T*(G x5 A). Let a € a*. Then there is a right G-
equivariant symplectic diffeomorphism

I (a)/A= (T*G,Q — n§y {a, BY)), (10.1.19)

where (a,B') € O*(G) is the closed right G4-invariant two-form (the mag-

netic term) given by (a, B') (9)(TeRy€, TRgn) = (a,To¢(g~") (C(&m))).
where &,m € g, and 7g : T*G — G is the cotangent bundle projection.

Proof. The general theory of cotangent bundle reduction for Abelian
symmetry groups (see Remark 3 following Theorem 2.2.1, Theorem 2.2.3,
and Proposition 2.2.5) guarantees that the spaces in (10.1.19) are symplec-
tomorphic and that d <a, A1> € Q%(G x A) drops to the quotient (G X4
A)/A = G. In addition, Proposition 2.1.13 states, in this case, that this two-
form on G induced by d (a, A') € Q?(G x A) coincides with (a,B') which
is given, according to Theorem 10.1.1(iii), by (a,B') (9)(TeR4&, TeRgn) =
(a,Top(g™") (C(&,m))); this two-form is right Go-invariant by Theorem
10.1.1(iv).

To prove right G,-equivariance of the symplectomorphism (10.1.19) we
proceed in several steps. First, recall from Theorem 10.1.1(iv) that <a, A1>
is a (G4 x V)-invariant one-form on G x4 g A; that is, the following relation
holds

(@, AY) (Bn,5)(9: ) T(g.0) Rin ) (X g ta) = (a, A') (9, @) (X, ta)
(10.1.20)
for any h € G, (which means that T§¢(h)a = a), B € A, (g9,0) € Gx 4B A,
and (Xg, aa) € T(g7a)(G X ¢,B A)
Second, by Corollary 10.1.2, we know that the subgroup G, x A acts on
both level submanifolds J3*(0) and J,*(a). We shall show now that the
map shift, : I, (a) — J;*(0) defined in (2.2.8) by

shiftq (vg, aa) == (Vg, Ga) — <a7A1(g,Oz)>

is (G4 x A)-equivariant, which means that for any (g,a) € G x4, A,

(h, ) € Gg x A, and (v, aq) € T(’;’a)(G X4 B A), we have

Shifta(T(ﬂjg)a)(h’ﬂ)R(h7ﬁ)*l (’yg, aa)) = T(ﬂjq,a)(h,ﬁ)R(hyﬂ)71 (Shifta(’yg, aa)> .
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This is equivalent to

(a, A" (gh,a+ ¢(9)B + B(g, 1)) (Xgh, Uato(g)s+B(g.h)) )
= (a, A"(g,)T(g.0)(h.3)Rin,3)-1 (Xgh Uat o)+ B(g.h)) )

for any (Xgn, tate(9)8+B(9.n) € T(ga)np) (G X5 A) which is in turn
equivalent to the true identity (10.1.20) by setting (Xgn, Ua+¢(g)5+B(g,h)) =
Tig,0)R(n,p)(Xg, ta) for some (Xy, uq) € T(y,0)(G xg 5 A). This shows that
shift, : J;"(a) — J,'(0) is (G, x A)-equivariant.

Third, we check that the quotient map defined by shift,, denoted by

shift, : J5'(a)/A — J;1(0)/A,

is equivariant with respect to the action of G, = (G, x A)/A. From the
diagram

. shift, .
I3 (a) - 331(0)
4 5
-1
I3 (a)/A — T 04

that defines sﬁta, the (G4 x A)-equivariance of the shift map, identifying
[h, 8] with h for (h, () € G, x A, and writing [g, o], = 7% (g, @), we get

shift, ([g, ala - 1) = shifta([(g, @) (h, 0)]a) = 7% (shifta((g, @) (h, 0)))
= 7 (shift, (g, @) - (h,0)) = 74 (shift,(g,)) - h
= shift,([g, ala) - b,

where we have used the fact that [g, o], - b = [(g, @)(h,0)], (and similarly
for a = 0), which defines the action of G, on J,;"(a)/A (and on J,'(0)/A
respectively). This proves the statement. |

Group Extensions with Vector Spaces. In the case when the Abelian
group A is a vector space V, several of the formulas derived above simplify.
Since this is an important case in applications, we summarize here the
relevant changes.

Formula (10.1.12) for the connection becomes

1

A (g,0)(Xgu) = g7+ (w=Tyor " EOTII(X) 4 DiB(g,97)(X,) )
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and its equivariance property is RZ‘h w)Al = h~!. A'. The curvature for-
mulas are

CUrv g1 (97 U) ((TERggv ’U,), (TeRgnv w))
=B(g) (T.R,&, T.Ryn) = g~ ' - C(&,n).

The momentum map Jy : T*(G x4 g V) — V* is given by

JV('nga) = g_l - a,

where <g_1 -a,u> = (a,g-u), forany g € G, u € V, and a € V*, is the left
contragredient representation of G on V*. The invariance property of Jy
relative to right translation reads in this case Jy o T* R}, y)-1 = ht-Jy.
If, in addition, B = 0, then the connection A' is flat and all these
formulas recover those in §4.3 for the stage one reduction. For example, the
formula for the connection given above is identical to that in (4.3.7). The
reduced space J;' (a)/V is symplectomorphic in this case to T*G endowed
with the canonical symplectic structure, recovering the result in (4.3.8).

10.2 Abelian Semidirect Product
Extensions: Coadjoint Orbits

In this section we carry out the second stage reduction of T*(G x4 g A) by
the cotangent lift of right translation of G x4 p A. This gives a description
of the coadjoint orbits of G x4 g A. As in the case of central extensions, we
obtain curvature interpretations for the symplectic forms on the coadjoint
orbits. The symplectic reduction by stages for semidirect product exten-
sions is a synthesis of the pure semidirect product case and the pure central
extension case.

We already know from §10.1 that the first reduced space J;"(a)/A, for
a € a*, is right G4-equivariantly symplectomorphic to the cotangent bundle
(T*G, Q — 7, <a781>). We also have seen that the closed subgroup G, =
{9 € G| T§¢p(g9)a = a} C G acts by cotangent lift of right translation on
TG and leaves the magnetic term ¢, <a, Bl> invariant. The magnetic term
is the remnant of the group two-cocycle and the residual group which acts
in the second stage (namely M, /N, in the notation of the general theory)
is G, the remnant of the semidirect product.

The goal of this section then is to implement the point reduction of
the symplectic manifold (T*G, Q2 — 7§, (a, B')) under the cotangent bundle
lifted right action of the Lie subgroup G,. As we saw in §2.2, §2.3, 7.1,
7.2, there are two versions of cotangent bundle reduction, an embedding
version and a bundle version. We shall explore the application of both of
these versions.
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The Problem Setting. We shall apply Theorem 7.1.6 to the right G,-
action on (T*G7 Q—7f <a, Bl>). The theorem is applied to the following
objects:

1. We take @ to be G.
2. The symbol 2 is the canonical symplectic form on T*Q = T*G.

3. We take the magnetic term B to be <a, Bl>, which is a closed right
Gg-invariant two-form by Theorem 10.1.1(iv).

4. We take the connection A on the right principal bundle 7g ¢ : Q —
Q/@G, which in our case is the right principal G,-bundle n¢ ¢, : G —
G /G, to be the mechanical connection associated to an inner product
{(-,-) on g. To construct it explicitly, denote by the same symbol the
right invariant metric induced by ((-,-)) on G, that is,

(ug, Ug>>g = <<T9Rg*1“gv TyRy-1vg >>

for any ug,vy € TyG. The vertical bundle V' C T'G has the fiber at
g € G equal to V; = {T.Ly§ | £ € go} and the horizontal bundle
H C TG is defined as the orthogonal complement of the vertical one,
that is, H := V*. Therefore,

Hy = {vy | {TyRy1v4,Ady€) = 0for all € € g} = [T.Ly (ga)] -

By construction, TG =V @& H and H is right G,-invariant, that is,
TyRy(Hy) = Hgy, for all g € G and h € G,. Therefore, the choice of
this horizontal bundle defines a mechanical connection on the right
principal G4-bundle 7g,¢, : G — G/G,.

The Mechanical Connection One-Form A% € Q'(G;g,). To com-
pute A% we use (2.1.4). Using the right invariance of the metric ((,-)) on
G, the locked inertia tensor I(g) : g, — ¢ defined by (2.1.2) becomes in
this case for n,( € g4

(L9 €) = (TeLgn. TeLyC), = (Adyn, Ady €) = (Ady Adyn,C))
= (Po. Ad] Ady 5, = ((1(e) 0 Py, 0 AdT 0 Ad, ) (n), C), (10.2.1)

where I(e) : g, — g is defined by (I(e)n, () := (1,¢)), Pq, : § — 9o is the
projection onto g, defined by the orthogonal splitting g = g, @ g, and
Adg : g — g is the ((-,-)-adjoint of Ad, for any g € G. Now note that
the linear map I(g) : g, — g is invertible since (-, -)) is nondegenerate. In
addition, it is easy to see that Py, o Ad?; oAdy : go — 94 is invertible and
hence we get '

—1 T -1 —1 *
I(g) " = (Pg, 0 Adf 0Ady)  ol(e) ™" : g; = ga- (10.2.2)
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Note also that
I(gh) = Ad;, ol(g) o Ady,

for all g € G and h € G,,.

If L is the Lagrangian on TG associated to the right-invariant metric
{(-,-) on G, its fiber derivative FL : TG — T*G is given by FL(v,) =
(vg, ). It J : T*G — g} is the momentum map of the right G,-action,
then J(ag) = T Ly(g)lg,. Therefore, for any & € g,, right invariance of
the metric gives,

(T (FL(vy)), &) = (vg, TeLy&)), = (TyRy-1vg. Ady €)
= (Pe. AQ] Ty Ry 10,6 ) = ((1(e) 0 Py, 0 Ad] 0Ty Ry ) (1), € ),
that is,
J(FL(vy)) = (H(e) o Py, o AdT ngRgfl) (v,). (10.2.3)
The G-equivariance of J : T*G — g7 means that
J (FL(T, Ry, (vy)) = Ad}, I (FL(v,))

for any vy € T,G and h € G,.
Therefore, by (10.2.2) and (10.2.3), the mechanical connection one-form
ACa defined by (2.1.4) becomes

-1
ACa (9)(vg) = ((Pga o Adg OAdg) 0Py, 0 Adg OTgRgl> (vg).

(10.2.4)
Using the equivariance properties of I and J mentioned above it is easy
to verify that A% satisfies the axioms of a right connection one-form, as
expected. This means that A% (g) (T, L,&) = ¢ for any g € G, £ € g,, and

A% (gh) (TyRpv,)) = Adj-1 (A% (g) (vy)))
for any g € G, vy € T4G, and h € G,.

A Formula for the Bg-Potential. We must find a smooth map ¥ :
G — g that satisfies

ic., (a,B") =d (&) (10.2.5)
for all £ € g,. Note that we write ¢ instead of ¢ (as was the case in
Theorem 7.1.1 where the notion of Bg-potential was introduced) because
the determining equation depends on a € a*.

10.2.1 Lemma. A Bg-potential y* : G — g} is given by
(¥%(9), &) = = (@, Too(g™) (D2Blg, €)(€)

+Th(g.g-)AB(g.g1) (D1B(g,9 " )(TeLy€)) ) > (10.2.6)

forallge G and € € g,.
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Proof. Letm : G xg4p A — G, mi(g, ) := g, be the projection onto the
first factor. Since this is a surjective submersion, it suffices to show that

Tiie, (a,B') = wid (¥, €) . (10.2.7)

Let us first compute the infinitesimal generator for (§,0)gx, ;4 for the
right action of G x4 g A on itself. By definition, it is given by

4
dt
d
| (gexp(t§), a+ B(g, exp(tE))
t=0
= (Tenga TOAa (DZB(ga 6)(5))) .
Recalling that ¢ (g) = TeLg& (since we are using right actions), note that

(£,0)ax, 54 and g are my-related. In addition, 7} <a,81> =d <a, A1> by
Theorem 10.1.3. Hence, the left hand side of (10.2.7) becomes

. (9, a)(exp(t§),0)

(6, O)GX¢,BA(97 a) =

Wfiéc <a’61> = i(fvo)Gxd)’BAﬂ-T <a781>
E’O)GX¢YBAd<a’A1>
= —di(¢ 0)g,, ;4 (@A)

where we have used the identity £ o)., . (a, A*) = 0, which is valid

since the one-form (a, A') is (G, x A)-invariant by Theorem 10.1.1(iv).
Thus, equation (10.2.7) reduces to

—di(0)0,, ;4 (asA') = drf (¥°,6). (10.2.8)
This will hold provided that
w7 (P, €) = _i(g,O)GXd)’BA <a, A1> . (10.2.9)

From equation (10.1.12) for A!, we can compute the right hand side of
(10.2.9) as follows:

—1g0)0n, ya (0 A) (9.0) = = (a, A'(g, a) (T Lg€, ToAa (D2B(g,¢)(€))))
= —(a.Tvé(g7") (D2B(g.€)(&)
T g0 -0t g g (Tys 20 VE@T (T, L g))
+TB(g.g- )M _B(g.g-1) (D1B(g, 9~ ) (TeLy€)) )> :
However, since

¢~ ¢a7N(Blag™H+a) 4 Ly = o~ (Bla.g™)+a) o AD,,
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where ADy(h) = ghg™" for any g, h € G denotes conjugation, the preceding
expression becomes

g 0en, ya (0 A7) (9,0) = = (0, Toslg ™) (D2B(g, )(€)
+T-B(g.9)-aDatB(g.g ) (Ted)_(B(g’gilHa) (Ad, f))
+Tp(g.0- A -B(gg1) (D1B(g, 97 )(T.LyE)) )> . (10.2.10)

The second term vanishes because of what we claim to be a general formula:
(a, (Tog(g7") o T_gAg 0 T.¢? 0 Ady) (£)) =0 (10.2.11)

which holds for any g € G,8 € a, and £ € g,. Accepting this for the
moment, we conclude from (10.2.11) and (10.2.10) that

—1(60)ax, pa (@A) (g.0) = = <a, Top(g ") (DzB(g, e)(€)
+TB(9,9‘1)A*B(979‘1) (DlB(g,gfl)(Teng)) )>

which does not depend on « € a. This, together with (10.2.9), shows that
we can choose ¥ : G — g to be given by

(0°(9).&) = — (@, Todlg™") (D2B(g,e)(€)
+ (g9 A= B(g.g-1) (D1B(g,97 ) (TeLy8)) >>

for any g € G and £ € g, which proves (10.2.6).
It remains to prove formula (10.2.11). We begin by noting that

(TO¢(g_1) oT_gAgo T€¢_’8 o Adg) (&)

=2 s o (gexplie)g™) (9) + 4]
t=0
= % i [—(exp(t))d(g~1)(B) + ¢(g")(B)]

-1
= (Toste @ Aot 0 Ted ™ D) (&),
Thus (10.2.11) is equivalent to
(0. (T-sta-1mhoteno o T~ D) () =0 (10.212)

for any g € G, € a, and £ € g,, which, setting v := —¢(g~1)(8), is in
turn implied by the general formula

(@, (T Ay 0 Tug") (€)) = 0 (10.2.13)
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for any v € A and £ € g,. To prove (10.2.13), we begin by noting that since
A is a connected Abelian Lie group, the exponential map exp, : a — Ais a
surjective group homomorphism and hence any + is of the form v = exp 4 u
for some u € a. Therefore, by (10.1.4) we get

d
Tep™Pat(§) = —

pn P(exp(tf))(exp 4 u)

t=0

exp 4 (Tod(exp(t))u)
=0

d
=T, expy (dt
t=0

= ToAexp,u (6(E) (1))

4
dt

15¢@XP@€DU)

since for an Abelian Lie group A we have T, exp, = ToAexp, . Conse-
quently,

(TyA—y 0 Ted™) (€) = $(€) (u),
for any u € a satisfying exp 4, u = «. Therefore,

(a, (TyA—y 0 T.67) (€)) = (0, 0(€)(w)) = (3(¢)"a,u) = 0
since £ € g, which proves (10.2.13) and hence the lemma. [ |
Since B(e,g) = B(g,e) =0 for all g € G we have ¢*(e) = 0.

The Induced Momentum Map. According to Theorem 7.1.1(i), the
right G,-action on (T*G,Q — 7 (a,B')) admits a nonequivariant mo-
mentum map J, : T*G — g; given by J, = Jcan — ¥* o mg, where
Jean(ag) = Jr(ag)lg, = TFLg(ay)lg, is the standard momentum map
for the right G,-action relative to the canonical symplectic form on T*G.
Thus, by (10.2.6), we get

(Talag),€) = g (T.L (&) + (0, Too(g ™) (D2B(g, ) (©)
+Tp(g.g- 1A Bg.g-1) (D1B(g, 97" )(TeLyf)) )> (10.2.14)

for any ay € TG and € € g,.

The Cocycle of J,. According to (7.1.2), the nonequivariance group
one-cocycle o¢ : G, — g of J, is given for any h € G, by

o (h) = =y (h) + Ady, (4% (e)) = = (h) (10.2.15)

since ¥*(e) = 0. We have used here the fact that the group one-cocycle
does not depend on the point on the connected manifold, in our case G,
where it is evaluated, so the point e was chosen in order to get the simplest
expression.
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The Affine Action. Next we compute the associated right affine action
of G, on g} according to the procedures for reducing by a nonequivariant
momentum map. Recall from (7.1.5) that this right action is given by

A-ho=AdE A+ 0%(h) = Adj A — ¢ (h) (10.2.16)

for A € g and h € G,. The associated isotropy subgroup (to which we also
append a superscript a) is then

G% = {h € Gy | Adj A —°(h) = A} (10.2.17)

The Nonequivariance Lie Algebra Two-Cocycle. We compute ¢ :
9o X go — R from equation (7.1.7) and use a superscript to indicate its
dependence on a € a*. Since the two-cocycle is independent of the point
g € G (by connectedness of G), we can evaluate it at e and use ¥%(e) =0
to get for any &, 1 € g,

24E ) = = (¥ (e), [6,n]) — (a, B (e)(&c(e),na(e)))

= - <(Z, Bl(e)(fﬂ?»
=—{a,C(&,n), (10.2.18)

where we used Theorem 10.1.1(iii) in the last equality.
Therefore, by (7.1.10), the isotropy algebra at A € g for the affine action
of G, on g} is given by

gy = {¢€galadg A+ (0, C(E,)]g,) = O} (10.2.19)

Coadjoint Orbits of Group Extensions. By the Reduction by Stages
Theorem 5.2.9, the coadjoint orbit O, q) of G x4 p A through (u,a) €

g* x a* is symplectically diffeomorphic to the reduced space J; 1 (¢} 1)/ C:"LK w
where ¢4 : go — @ 1is the inclusion and its dual ¢}, : g* — g7 is the projection.

We summarize this observation in the following statement.

10.2.2 Proposition. Any two coadjoint orbits O, 4y, Ou.a) C §° X a*
such that plg, = 1/|g, are symplectically diffeomorphic to the Gq-reduced

space 3,1 (1) /G .
By the Magnetic Symplectic Embedding Theorem 7.1.6, the reduced

space J;l(LZu)/éf*w and hence the coadjoint orbit Oy, ), symplectically
embeds into '

(7" (6/Gt0) =7, B

as the vector subbundle [Tﬂ'G G )(V)} . Here, 7, & . G — G/éLz(u)

is the projection, V; = {TeLys¢ | ¢ € gqo} is the fiber of the vertical
subbundle V' C TG relative to the right G,-translation action on G,
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TaiGe, 17 (G/CNJ‘}#) — G/é‘j*# is the cotangent bundle projection,
L a a

Qcan is the canonical symplectic form on this cotangent bundle. Also, B,:
is a closed two-form on G /G, naturally induced by the three quantities

<a, Bl>, 1%, and the connection A% € Q?(G;g,) as described in Lemma
7.1.5.

The magnetic term B,-, € Q2 (G/ éfu) is computed in this concrete
case in the following way. By the general formula (7.1.16), we have

75 e, Biaw = (a,B') +d (Afjg + AGG(.)*L;M) € 0X@),  (10.2.20)

where (a, B') (9)(T.Ry&, TeRgn) = (a, Tod(g~") (C(&,n))) for any &, € g
(see Theorem 10.1.1(iii)) and, according to (7.1.11), the one-form Agj' €
Q@) is given by

AGz (9)(vg) = (¥*(9), A% (9)(vy)) (10.2.21)
and A% (-)*1xp € QYG) by
(A% () an) (9)(vg) = (tams A% (9)(vg)) (10.2.22)

for any g € G and vy € Ty;G. Thus, by (10.2.21), (10.2.22), and (10.2.6),

we have
(AGs + A% () ein) (9)(vg) = (6 (9) + o, A% (9) (vy)
= — {0, Too(g™") [ D2B(g.€) (A% (9)(v,))

+To(g9- A 5o (D1Blg. g7 ) (TeLy (A% (9)(xy)) ) ) |)
+ (1, A% () (vg)) (10.2.23)

where A% (g)(vy) is given by (10.2.4). We summarize these computations
in the following statement.

10.2.3 Proposition. The reduced space J;l(LZ,u)/éf*u is symplectically

diffeomorphic to the coadjoint orbit O, .) C (g X3.c a) and symplecti-
cally embeds into

(T* (G/éfz(u)) » Qean — Fg/égZHBL?Lu)

as the vector subbundle [TTFG e (V)] O, where

& (k)

® MGG G — G/ébz(u) is the orbit space projection,



10.2 Abelian Semidirect Product Extensions: Coadjoint Orbits 303

o V C TG is the vertical subbundle associated to the right principal
Go-bundle G — G/G, whose fiber at g € G is therefore given by

Vo =A{TeLyC | € € ga},

® T Ga, T~ (G/éf;#) — G/CNJ‘};# 1s cotangent bundle projection,

G
® Qcan 18 the canonical symplectic form on T* <G/éfm), and

e the magnetic term B, is a closed two-form on G/éf;# uniquely
determined by (10.2.20) and (10.2.23).

While (10.2.20) and (10.2.23) give, in principle, the explicit formula of the

magnetic term B, € 0?2 (G/éf*ﬂ), the actual computation is very long
and the resulting formula is complicated. On the other hand, in specific ex-
amples, this computation can be carried out and gives concrete expressions

for the magnetic term as we shall see below.

Group Extensions with Vector Spaces. If the Lie group A in the
semidirect product is a vector space V' and ¢ is a representation, some of
these formulas simplify. The mechanical connection A% € Q!(G; g, ) is still
given by (10.2.4) but the Bg-potential ¥® : G — g in (10.2.6) simplifies to

V(9) = — [(D2B(g,€))" (g a) + T Ly(D1B(g,97 ") (g - @)] |,

for all g € G. Recall that the contragredient representation of G on V* is
given by (g-a,v) := (a,g7 " -v), for any g € G, v € V, and a € V*. The
nonequivariant momentum map J, : T*G — g given in (10.2.14) becomes

Jalag) = [T7 Lyog + (D2B(g,€))*(g - a) + T¢ Ly(D1B(g,97 1)) (9 - a)] |,

for any ay € T;G and the nonequivariance group one-cocycle is % q, -
The right affine action (10.2.16) of G, on g relative to which J, is equiv-
ariant is in this case given by

A-h=Adj A+ [(D2B(h,e))*(h-a) +T;Ly(D1B(h,h™"))*(h-a)] |,

for A € g} and h € G,. The infinitesimal nonequivariance Lie algebra two-
cocycle is still given by (10.2.18), that is, ¥%(¢1, () = — (a,C(¢1,(2)) for
any (1,C2 € gq- Finally, the pull back to G of the magnetic term B, is
the sum of the closed two-form <a, Bl> whose value at g € G is

<a781> (g>(TeRg€aTeRgn) = <CL, g_l : C(f,ﬁ)>

for any &£,n € g and the differential of the one-form whose value at g € G
is

(A% (9))" ([ — (D2B(g,€))* (g a) = T; Ly(D1B(g, g~ ")) (9 a)] la.) -
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where A% is given by (10.2.4).

If, in addition, the cocycle B = 0, that is, we are dealing with an ordinary
semidirect product G ® V, then also C' = 0 and these formulas recover those
in the second half of §4.3 dedicated to stage two reduction. For example,
the Bg-potential is zero, formula (10.2.4) of the mechanical connection A%«
can easily be rewritten as (4.3.11), the momentum map J, : T*G — g is
equivariant, and the pull back to G of the magnetic term is the closed
two-form whose value at g € G is given by (A%« (g))* (1lg,) € T, G.

10.3 Coupling to a Lie Group

In this section we prove some preliminary results on reduction of a manifold
of the form T*G x P, where P is a Poisson or symplectic manifold, under
the action of G. Here, G acts on T*G by cotangent lift of right (or left)
translations and G also acts on P on the right (or left) by Poisson (or sym-
plectic) transformations. The goal is to show that in these circumstances,
the problem is equivalent to reducing TG x P by G, where the action of
G on P is now trivial.

In the subsequent two sections we will be dealing with reduction by stages
for the semidirect product of two groups. The results of this section will be
helpful in these subsequent developments.

The Poisson Case. We begin with a discussion of the Poisson case; in
subsequent paragraphs we deal with the symplectic case. The Poisson case
has proven to be useful in some applications, such as the stability theory
for systems coupling flexible structures to rigid bodies; see Krishnaprasad
and Marsden [1987] and Simo, Posbergh, and Marsden [1990].

The setup is as follows. Let G be a Lie group acting by canonical (Pois-
son) transformations on a Poisson manifold P. We shall carry along both
the case of right and of left group actions; the primary results will be given
for right actions to be compatible with this and the preceding chapters.

Define ¢ : T*G x P — g* x P by

Y(ag,z) = (TFRgag,z- g~ ). (10.3.1)
In the case of left actions, we would use the map

Y(ag,z) = (T Lyag, g~ " - z) . (10.3.2)

1 1

Here, z - g=! (resp. g~! - x) denotes the right (resp. left) action of g~! on
x € P.

For FK : g* x P — R, let {F,K}1 stand for the plus (resp. minus)
Lie-Poisson bracket holding the P variable fixed and let {F, K} p stand for

the Poisson bracket on P with the variable p € g* held fixed.
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Endow g* x P with the following bracket (evaluated at the point (u,z),
which we suppress in the notation):

{F,K}={F,K}++{F,K}p — <de’ (if:)])

+(a.x, (g)}) (103.3)

where d, F' means the differential of F' with respect to x € P.

10.3.1 Proposition. The bracket (10.3.3) makes g* x P into a Poisson
manifold and 1 : T*G x P — g* x P is a Poisson map, where the Poisson
structure on T*G x P is given by the sum of the canonical bracket on T*G

and the bracket on P. Moreover, 1 is G-invariant and induces a Poisson
diffeomorphism [] of (I'*G x P)/G with g* x P.

Proof. For ;K :g* x P - R, let F = Fo1 and K = K o). We claim
that {F, K}r«g+{F,K}p = {F, K} o%. This will show that v is Poisson.
Since it is easy to check that ¢ is G-invariant and gives a diffeomorphism
of (T*G x P)/G with g* x P, it follows that (10.3.3) represents the reduced
bracket and so defines a Poisson structure.

To prove our claim, write ¢ = ¥¢ x9¢p and let p = T Ryoy = Yo (ay, ).
Since 1¥¢g does not depend on x and the group action is assumed canonical,
{F,K}p = {F,K}p o). For the T*G bracket, note that since 9g is a
Poisson map of T*G to g%, the terms involving ¢ will be {F, K}y o 1.
The terms involving ¥ p(ay,z) =z - g~ ! (resp. ¥p(ay,x) = g~' - ) can be
computed as follows. Note that the 7*G-bracket of a function S of g with
a function L of oy is

oL
{S, L}T*G = <ng, 50[9>

where 0L/6a, means the fiber derivative of L regarded as a vector at g.
This is paired with the covector dgS.

Letting W,(g9) = x - g~ (resp. ¥,(g9) = g~ ! - x), we find by use of the
chain rule and the definition of the functional derivative, that the ¥ p terms
in the bracket are

0K oF
(armu, (5 0)) - (arne. (30 6)).  (osa)

However, it is easily checked that

TyUa(§-g) = —Ep(a-g7t),

so the expression (10.3.4) becomes

— <sz, (‘?:)P (- g—1)> + <de, (?:)P (- g—1)> . (10.3.5)

1
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where d, F and d, K are evaluated at (u,z-g~1).
Thus, the expression (10.3.5) equals the two remaining terms in (10.3.3)
composed with . [ |

Notice that Proposition 10.3.1 can be reformulated in the following man-
ner: the Poisson manifold (g* x P,{,}) endowed with the bracket (10.3.3)
is Poisson isomorphic via the G-quotient of the map 1 to the reduction of
the product Poisson manifold 7*G x P by the diagonal G-action.

Now suppose that the action of G (which we assume is connected) on P
has a momentum map J : P — g*. Suppose that this momentum map has
a nonequivariance one-cocycle o : G — L(g,C(P)) (a linear map from g to
the space of Casimir functions) defined by

o(g) =J(z-g) = J(z) o Ady;
for left actions, we use
o(g) =J(g-2) —J(z)oAdy-1.

The expressions on the right hand sides are independent of z € P, which

follows from connectedness of G (see [MandS], §12.3). The corresponding

infinitesimal two-cocycle ¥ : gxg — C(P) is defined by £(§,n) = —Te0,(§),

where 0, : G — C(P) is defined by o,(g) = o(g) - n. For left actions the

corresponding infinitesimal two-cocycle is defined by X(&, 1) = Teoy,(§).
The infinitesimal two-cocycle satisfies

S(&,n) = I 4 {36 7} (10.3.6)
and in the case of left actions, it reads
S(g,n) = Jen L3¢ gl (10.3.7)
Consider the map « : g* x P — g* x P given by
alp,z) = (p+ J(x), ). (10.3.8)

Let the bracket {, }5 on g* x P be defined by

{F, K}y = {F,K}] +{F, K}p, (10.3.9)
where -
FKY; ={FK},¥%(—,—
(K= ELTs (55
is the Lie-Poisson bracket with the two-cocycle C = —% (see Theorem

6.2.2). Thus {, }§ is (10.3.3) with the coupling or interaction terms replaced
by a cocycle term. We claim that the map « transforms one bracket to the
other.
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10.3.2 Proposition. Assume that the G-action on P admits a momen-
tum map J : P — g* with infinitesimal two-cocycle & : g x g — C(P). Then
the mapping o : (g*x P, {,}) — (g*x P, {,}5) is a Poisson diffeomorphism.

Proof. For F; K : g* x P — R, let F=Foaand K = Koa. Letting
v = pu+ J(z), and dropping the evaluation points, we conclude that

oF
ov

§F—5—F and dxf?:<

== d d,F. 10.3.1
S J>+ (10.3.10)

Let B, : TfP — T, P be the Poisson tensor on P so that {F, K} (z) =
(d.F, B,(d;K)). Substituting this and (10.3.10) into the bracket (10.3.3),
we get

em=a(u[£.2])
+<<5 dJ>+dxF,B$ (<‘;§,de>+de)>
{(Eas)ean(2))
(e (E))

However, by definition of the momentum map, we have

By ((€,dad)) = &p.

With € = 0K /év, substituting this into (10.3.11), gives

-2 (u[ 5]
+

+

H_

(o) annia)
(o) +aek (),
<“’[5y 5y}>+{FK)

(e () 0K
<

§F 6K
+ < > +d,K, <§§)P> (10.3.12)
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Again using B, ({¢,d,J)) = £p, this time with £ = §F/v, we get

(F R =% (|50 5 | )+ E

+ <<(¥5,de>,(‘§>1)>. (10.3.13)

Using the definition of the momentum map and the infinitesimal nonequiv-
ariance cocycle, one has, for any &, 7 € g,

<<777 d:vJ> 7£P> = <denaXJ§> = {J’?7Jf} == <Ja [57 77]) + 2(65 77)
(10.3.14)
Taking £ = §F/dv and n = 6 K/dv and substituting (10.3.14) into (10.3.13)
gives

(F Y ) =+ (e 360, [ S | )72 (G 5 ) + (R K (00

= (n S 5o (B3 + 1k )
_ ({F, K)o a) (1, ). (10.3.15)

Thus, {F o, K oa} ={F, K}? o o, which proves the claim. |
Remarks.

1. Recall (see [MandS] §12.3 that an equivariant momentum map J :
P — g% is a Poisson map. While not a direct corollary, an argument
similar to the one above, shows that in the nonequivariant case, J is
a Poisson map of P into g* with the bracket {-, )i Compare with
Theorems 6.2.2 and 7.2.1 and note the change in sign.

2. Suppose C(v) is a Casimir function on g* with the bracket {F, K}¥.
Then
Clp,x) = Clp+I(2))

is a Casimir function on g* x P for the bracket (10.3.3).

3. An argument similar to the one given above provides the Poisson
bracket on T*G written in body coordinates (compare Abraham and
Marsden [1978], p. 315). Namely, the map of T*G to g* x G given by
ay = (TeRyay, g) (resp. ag — (TeLjay, g)) is a Poisson diffeomor-
phism that takes the canonical bracket to the following bracket on
g x G:

0K oF

vy QTR

(F.K}={F,K}, +d,F-T.R 5
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and in the left case,

§K §F
(R} = (R} 4 dyF - TLy s = dgK - ToLy

where ¢4 € g* and g € G. The point is that the canonical bracket in
the trivialization of T*G has terms added to the standard Lie-Poisson
terms that have the same form as the interaction terms in equation
(10.3.3).

The Symplectic Case. Now assume that P is a (connected) symplectic
manifold. Recall that the symplectic leaves of the Poisson reduced space
(T*G x P) /G are symplectically diffeomorphic to the the symplectic re-
duced spaces. We have determined the Poisson reduced space above and
have shown that its Poisson bracket is the Lie-Poisson bracket (with cocy-
cle) plus the given P bracket. Thus, since the bracket is now “uncoupled”,
the symplectic leaves are simply the product of the symplectic leaves in
each space; but P is symplectic and connected, so it is its own leaf. Thus,
we arrive at the following.

10.3.3 Proposition. In the preceding set up, the symplectic reduced space
at the value p € g* for the action of G on T*G x P is symplectically
diffeomorphic to OE x P, where (’)E is an (plus for right, minus for left)
affine action orbit of G in g*.

For a detailed discussion of these affine orbits, see Theorem 6.2.2. Of
course one can keep track of exactly what the symplectic diffeomorphism
is by using the theory of orbit reduction and its relation to the symplectic
leaves.

10.4 Poisson Reduction by Stages: General
Semidirect Products

In the next three sections we study the problem of reduction by stages for
the semidirect product of two nonabelian Lie groups acting, again, by the
cotangent lift by right translation on itself. The semidirect product will be
of the form G® H, where G acts on H by Lie group automorphisms. In
the language of the general theory, the “big group” is M = G(© H and the
normal subgroup is N = H.

This section is devoted to the Poisson case and the following two sections
to the symplectic case.

Review of Semidirect Products of Groups. As in §6.4, let S =
G ® H be the semidirect product of two (in general, nonabelian) Lie groups
associated to the smooth left action ¢ : G x H — H by H-Lie group
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homomorphisms. Denote, as usual, ¢(g)(h) = g - h, for g € G and h € H.
The group multiplication is given by (6.4.1), that is,

(91, h1)(g2, h2) = (9192, h1(g1 - h2)),

where g1,92 € G, hi,he € H. The neutral element is (eq, ep), where eg
and ey are the neutral elements of G and H respectively, and (g,h)~! =
(971,971 - h~1). The subgroup {eg} x H, which is isomorphic to H, is a
closed normal subgroup of G® H.

Recall that in this context, we write g?)(g) = Te,0(g) : b — b for each
g € G; this defines a Lie group homomorphism ¢ : g € G — qg(g) € Aut(h)
(the Lie group of Lie algebra automorphisms of ). The derivative of this
map gives the Lie algebra homomorphism ¢’ := T, ¢ : g — aut(h) (the Lie
algebra of derivations of ).

Using this notation, we found that the Lie algebra of S is the semidirect
product s = g@® b with the commutator given by (6.4.2), that is,

[(§1,m), (§2,m2)] = ([§1, &2, €1 -m2 — &2 - o + [1,m2]),

where £1,& € g, 71,72 € b, and &m0 1= ¢ (&) (m2), &am1 == ¢ (&2)(m) € b
denotes the Lie algebra action of £1,&; € g on 12,11 € b, respectively.

Untangling the H-action. We now consider the basic map given by
Y:GxH—-GxH; (g,h)— (9,97 -h) (10.4.1)

This map has the following key property that is easily verified.
10.4.1 Proposition. Let k € H and let Rf :GxH — GxH be
right translation by (eg,k) on G® H; that is, Ry (g,h) = (g,h(g - k)). Let
Ry : G x H — G x H be right translation on the direct product; that is,
Ri(g,h) = (g,hk). Then Y is an equivariant diffeomorphism for the H
actions; that is

YoR;=RyoT. (10.4.2)

First Stage Reduction: The Poisson Case. Using the map T, we
obtain the following.

10.4.2 Proposition. The Poisson reduced space T*(GQ H)/H, where
H acts by the cotangent lift of right translations, regarding H as the sub-
group {eg} x H C GQ®H, is Poisson diffeomorphic to T*G x h* with
Poisson structure the sum of the canonical structure on T*G and the (4)-
Lie-Poisson structure on b*. In fact, the Poisson diffeomorphism

Y1) (T* (GO H)) JH — T*G x "
induced by Y is given by
T Y] (g B)) = (0 +T; 09" B 6(9) T2, Riin)

= (g + (Ty Ry 0 T2 6") B 6(9) T2, B ) (10.4.3)
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Proof. The first statement is a direct consequence of the fact, given in
(10.4.2), that YT is an equivariant diffeomorphism. To see that this dif-
feomorphism is explicitly given by (10.4.3), let Uy, = T, R4¢ € T4G and
Vi = T, Rpn, where £ € g and n € b, be tangent vectors to G and H
respectively at the points g € G and h € H. Then we have

_ d
Tigmy Y Uy, Vi) = —

i ((eXp t&)g, (exp tn)h>

t=0

((exp t€)g, ((expt€)g) - ((exp tn)h))

t=0

d
(o
(00 i w0 t@ 4 5| 60 R ewm)

= (Ug, (TyRy-1Uy) (9 - B) + Tho(9) Vi) - (10.4.4)

d

((exptf) ) h+ —

7|9 (e tn)h)>

t=0 t=0

The dual of this map is computed as follows. First note that

<T(Z,g—l‘h)T71(agaﬂh),(Ug,Vg,l,h)>
= (g, Bn), Tig.g-1.1m Y " (Ug, Vyg=1.1))
= (g, B0, (U, (TyRyrUy) 1 (B) + Tyr.10(9) V1.0
— (g, Ug) + (B, (Tog " 0 TyRy—1) Uy + (B, Ty1.06(9)Vy=1.0)
= (g, Uy) + (T Ry T8 1, Uy) + (T 16905, Vo)

Thus,

Tl T (s B0) = (g + Ty Ry T2, 8" 90, Ty-1.,0(9) 51 )
* -1, *
_ (ag + T hﬂh,Tg_l,hgb(g)ﬂh) (10.4.5)
since ¢ o Ry-1 = @9 h
Therefore, since classes in the image are obtained by simply right trans-
lating the second component to the identity, we get

Ty Y (s B))) = (g + T30 B3, Ty Rymrn Ty 8095
= (ag + Tg*¢g71'hﬁh, CZ)(Q)*T:HRhﬂh) :

since ¢(g) o Ry-1., = Ry 0 ¢(g). This proves the first equality in (10.4.3).
The second one is a consequence of the identity 7., ¢" oTyRy— = Tg¢-‘771‘h
which follows from the obvious relation ¢9 " = ¢h o Ry-1. [ ]
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Note that it is not obvious (but it is true) that the right hand side
of equation (10.4.3) does not depend on the representative of the class
[(ag, Br)]- This may be verified using the explicit formula for the cotangent
lift of right translations, regarding H as the subgroup {eq} x H C GO H.
This map is a special case of the general formula for the cotangent lift of
right translations on the group G (@ H. This general formula may be found
by a straightforward, but somewhat tedious calculation. The result is

Tlg1 1) (g2,h) Bga i) =1 (g By )
(T;1g2R 10, + ( glg2¢)g2 hy! OT;1~h;1Lh1(91'h2)) Bhy,

T’rl(gl'hz)Rgrh;lﬁhl) . (10.4.6)
Likewise, the cotangent lift of left translation is given by

T(Zl h1)(g2, h2)L(91’h1)71 (Oé.% ’ ﬂhz)
* —1 *
(Tglgng—lag27Th1(gl h2)¢(g1 )T(gl_l-hl)thgl_1~h1_1ﬂh2) (10.4.7)

Specializing to the cotangent lift of right translation by the normal sub-
group {eq} x H, we get

(g Bu) -k = (o + (0" 0 Tyis Lo ) Bns Tigay B ) -
(10.4.8)
Thus, the equivalence relation used in the definition of the class [(ag, 54)]
in the left hand side of (10.4.3) is

(g Bu) ~ (a9 + (T30 0 Tyms Lty ) Bus Titguy Rya18n) (10.4.9)

for any k € H.

The push forward of the right G-action to T"G x g*. Let us spe-
cialize (10.4.6) to the subgroup G x {ey} of G® H. We have for any | € G
and (ag, Bp) € T(, , (GO H)

(Otg,ﬂh) 1= (T;lRlaag,ﬂh) . (10410)
Now notice that, by the definitions of the G- and H-actions on T*(G® H),
we have for any k € H and l € G
((ag: Bn) - k) - 1= ((ag, Br) - (eqs k) - (Len) = (ag, Bi) - ((ea: k) (1, en))
ag,Br) - (L k) = (ag, Bn) - ((Ler)(eq,U™" - k))
(agvﬁh) (l eH)) ' (6G7l71 : k)
(g, Bn) - 1) - (17" - k).

= (
= (
(
(
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This identity shows that the right G-action on T*(G'® H) induces a right
G-action on (T*(G® H)) /H by

[(rg, Br)] 1= [(exg, Bn) - U] = [(TgiRa-10rg, Bn)] - (10.4.11)

The push forward of this action by [T *T’l] is given by the following
formula.

10.4.3 Proposition. Using the notations and hypotheses of Proposition
10.4.2, it follows that [T*Y~Y] : (T* (G®H))/H — T*G x b* is G-

equivariant, where the G-action on (T* (G® H)) /H is given by (10.4.11)
and the G-action on T*G x h* is the diagonal action

(g, v) -1 := (T;llelag,é(z)*y) (10.4.12)
for any g,l € G, ag € T*G, and v € h*.

Proof. The proofis a direct verification. For any (cg, 1) € T¢on (GO H)
and any [ € G we have by (10.4.11) and (10.4.3)

[T ([(ag, 8] - 1) = [T Y] ([(exg, Bn) - 1))

= [0 ([(T5 Rirag, 5n)])

= (TyRisag + (T Rigy 1 0 Ty 6") B, H(gl) T, R )

= (ToRus (o + (T; Ry 0 Tiu6") Br)  0(1) Dl9) Te, Fon)
(g + (T; Bys 0 T2, 0") s bl0) T, Fin) -1
= [T"T7"] ([(ag, ) -1

as required. |

Second Stage Reduction: The Poisson Case. We next apply the
results of the preceding section to perform the second stage reduction of
the cotangent lift of the right action of G(© H on itself. After the first
stage reduction, we have arrived at the Poisson manifold T*G x h* with
the sum Poisson structure and the diagonal G-action. Now we can perform
the second stage reduction by making use of Proposition 10.3.1 and formula
(10.3.1).

10.4.4 Proposition. Give T*G x h* the sum of the canonical and the
plus Lie—Poisson structure on h*. The map ¢ : T*G X h* — g* x h* given

by Y(ag,v) = (Te*GRgag,gZ;(g_l)*V), induces a Poisson diffeomorphism
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[¥]: (T*G x §*) /G — g* x b*, where g* x b* has the bracket

{F,K} ={F,K}g +{F,K}y- —d,F- <(5K>hf vl (M)h

O op
(10.4.13)
[ [E KN/ eF oK
A\ S’ S Yo s
0K OF 0F 0K
_ <V7 s 61/> n <V7 o (sy> (10.4.14)

where (u,v) € g* x b*, which is the (+)-Lie-Poisson bracket on (g®h)" by
(6.4.5).

Proof. Equation (10.4.13) is a special instance of equation (10.3.3). Thus,
to complete the proof, we only need to show how equation (10.4.14) follows
from (10.4.13). To see this, note that for £ € g and v € b*,

d - -
() = | dlexpte)y = F(e)v
t=0
and so
OF oF 0K -, (OF\" K

(5, - <(5u),,f”>’ au> () =5)

However,
(8 vm) = w&-m),

and thus

oF oF 0K
K- (=) =(v— -—).
(fm).,* < o 6u>

Substituting this and a similar expression with F' and K interchanged into
(10.4.13) gives (10.4.14) as required. |

Remarks.

1. That this two stage procedure produces the Lie-Poisson bracket on
the dual of the Lie algebra of the semidirect product is of course
consistent with the general Poisson reduction by stages result. On
the other hand, how this comes about through the two-stage process
is by an interesting and non-obvious route.

2. Consistent with the stages construction, the composition of the three
maps
Yo(Ixpy)oT Y H:T"(GOH)— g* x b*
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is simply right translation to the identity on T* (G ® H); that is,

(¢ o (I X pH) ° T*Til) (ag7ﬁh) = T(*eG@H)R(g,h) (O‘gaﬁh)'

Here, I is the identity map on T*G and py : T*H — b* given by
pH(Br) = T, RnBh, is right translation to the identity on 7 H.

10.5 First Stage Reduction: General
Semidirect Products

In the case of the action of G®V on its cotangent bundle, where V is a
vector space, the first stage reduction gives T*G endowed with the canon-
ical symplectic form (see Theorem 4.3.8). In the general case of G® H
considered in this section, the first stage reduction will yield T*G x O,,
where O, is a coadjoint orbit of H, endowed with the product symplectic
structure.

The General Strategy. Recall from Proposition 10.4.2 that we have a
Poisson diffeomorphism

[T~ (T (GOH)) /H — T*G x b".

Being a Poisson diffeomorphism, it must map symplectic leaves to symplec-
tic leaves. Up to connected components, symplectic leaves are the symplec-
tic reduced spaces, and so it is reasonable to expect that this map gives
a symplectic diffeomorphism from the first reduced space for T*(G® H),
that is, reduction by the normal subgroup H to the symplectic manifold
T*G x O, where O is a coadjoint orbit in h*. This is in fact literally true
and the diffeomorphism can be given explicitly, as we show next.

Notation. We next introduce the objects needed to carry out the first
stage reduction explicitly. First of all, for the reduction of T*(G® H), the
cotangent lifted action of H is given explicitly by equation (10.4.8). The
infinitesimal generator of the H-action on G @) H is given for n € h by

neeH(g,h) = % (g,h) - exptn = % (9,h(g-exptn))
t=0 t=0
= (0.7 Ln(Blo)m)) (10.5.1)

The corresponding momentum map Jg : T*(G® H) — h* for the cotan-
gent lift of right H-translation on G@© H given in (10.4.8) is computed,
according to general theory and (10.5.1), to be

(Ju(ag, Br),n) = ((ag, Bn),nce u(g,h)) = <ﬂh7TeHLh(¢~5(g)77)>-
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Thus, we get )
I (ag, Bn) = ¢(9) T, LS (10.5.2)

Since the H-action (10.4.8) that defines this momentum map is free, it
follows that all elements in the range of Jy are regular values. Therefore,
if v € h* the level set

I5 () = {(ag,T;Lhw(g—l)*y) 'ag €TIG,he H} . (105.3)

is a smooth submanifold in 7*(G® H).
The behavior of Jy under right translation is given by

Ji o T*Rpy-1 = ¢(I)* 0 Ad} oJ (10.5.4)

for all (I,n) € G® H. To prove this formula we use (10.4.6) and (10.5.2)
to get for any (ay, 8y) € 17, ;) (GO H)

(JH © T*R(l,n)*l) (ag7ﬁh> = é(gl)*Te*HLh(g~n)T}t(g-n)Rg~n*1ﬁh

= é(”* (Th(g-n)Rg~n—1 © TeH Lh(g-n) o &(g)) /Bh
= g)(l)*T:H (Rg~n*1 © Lh(g~n) o ¢(g)) /8h~

However, Rg.,~1 0 Lp(g.n) © ¢(9) = L o ¢(g) o AD,, as an easy verification
shows. Therefore we can continue the computation to get

30T, (Ln o 6(g) 0 AD,) B = $(1)* Ady, &(9)" T2, LS
= ()" A% T (arg, Br)

which proves (10.5.4).

Formulas (10.5.4) and (10.6.3) show that, as expected, (G® H), acts
on J I:,l(u), where the action is cotangent lift of right translation given in
(10.4.6). Let H, be the isotropy group for the H-coadjoint action on h*
and form the corresponding symplectic reduced space J5;' (v)/H, . Let

w3 (v) = 35 (v)/H,

be the projection to the reduced space.

Let JE : T*H — b*, given by JE(8),) = T}, LufBr, be the momentum
map for the cotangent lifted action of H on T* H given by right translations.
Consider the projection associated with the reduction of the H-factor in
T*G x T* H, namely the map

7d TG x (I%) " (v) - T*G x O,

defined by
7 (g, Ty Ly-1v) = (ag, Adj-1 v). (10.5.5)
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The First Stage Symplectic Reduced Space. We can now state the
main structure theorem for the first stage reduction for the action of G © H
on its cotangent bundle, namely the reduction by the H-action.

10.5.1 Theorem. Using the preceding notation, the diffeomorphism
"Y' T*(GOH)—TGxT*H
given by (10.4.5), restricts to a diffeomorphism
(T*Y 1), : I (v) = T°G x (JE) ' (v).

This diffeomorphism is H, -equivariant and descends to a symplectic diffeo-
morphism
[T*Y~ Y, : I (v)/H, — T*G x O,

given by

17, [ (a0 TrLid(s7) ) |
= (ag TR, AT, T Ly 1 (g™ ) v, AdS -1y u) . (10.5.6)

where oy € TyG and h € H. Thus, the first symplectic reduced space
ngl(l/)/Hy is symplectically diffeomorphic to the space T*G x O, with the
product symplectic structure wg EBwal, where wg s the canonical symplectic
form on T*G and wgu is the plus coadjoint orbit symplectic form on O,,.

Proof. We first claim that 7*Y~! maps J;'(v) to T*G x (J5&)~'(v).
A typical element of J5;' () has, according to equation (10.5.3), the form

(Ozg,T}’:th(g(g_l)*l/). Evaluating 7*Y !, which is given by (10.4.5) on

this element gives
Ty g (00 Ti L blg™) )
= (g + Ty Ry T2, 0" T Ly g™ 0, Ty, 69) T L g ™))

_ (ag T Ry T 6T Ly (g~ ), T;_l,thfl.hfly) . (10.5.7)
since, as is easily checked from the definitions, ¢(g7') o Ly-1 o ¢(g) =
L,-1.,-1. This proves our claim.

Next from the form of this expression and the arbitrariness of ay, it is
clear that this map is onto. The map is injective because it is the restriction
of a diffeomorphism. It has a smooth inverse, namely the restriction of 77T,
and so it is a diffeomorphism.

From equation (10.4.2), the map Y is H-equivariant, and therefore, so is
T*Y~L. Thus, its restriction (T*Y 1), is H,-equivariant. Thus, the induced
map on the quotient [T*Y 1], is a diffeomorphism. Since the corresponding
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map on the Poisson level is a Poisson diffeomorphism by Proposition 10.4.2,
this map on the reduced spaces is symplectic (they are the symplectic leaves
up to connected components).

Equation (10.5.6) is proved as follows. By construction, we have [T*Y~1],0
7l = 7l o (T*Y1),, which in conjunction with (10.5.5) gives the re-

v

sult. |

Example: 7 ®U. Let 7 denote the group of n x n upper triangular
matrices and U the subgroup of upper triangular matrices that have all
entries on the diagonal equal to 1. It is readily checked that U is a normal
subgroup of 7 and hence 7 acts on U by conjugation. Form the semidirect
product 7 ®U; as in the general theory, multiplication and inversion are
given by (t1,u1)(te,us) = (tltg,ultlthfl) and (t,u)~t = (71t tu"tt)
respectively. The Lie algebras t of 7 and u of U consist of upper and
strictly upper triangular matrices respectively; u is an ideal in t. The Lie
algebra of 7 ®U is the semidirect product Lie algebra t(®u whose bracket
is given by

[(€1,m), (§2,m2)] = ([€1,&2], [€1,m2] — [E2, m] + (1, m2)),

for any &1,&; € tand 1y, 1m2 € u.

The nondegenerate pairing (A, B) := trace(ABT) on gl(n) identifies gl(n)
with its dual gl(n)*. The same pairing restricts to a nondegenerate pairing
on t and on u. Thus, we identify t* with t and u* with u.

Making use of Theorem 10.5.1, we see that the first stage reduced Poisson
manifold is T*T xu* endowed with the product Poisson structure and, if v €
u* = u, the first stage symplectic reduced space at v is (T*T xO,, wT@wa),
where O, is the coadjoint U-orbit through v.

The coadjoint action of U on u* is computed explicitly as follows. Let
I1, : gl(n) — u be the projection that maps a matrix to its strictly upper
triangular part. If u € U, v € u* = u, and 1 € u, we have

(Ad} v,m) = (v,Ad, n) = trace (v(unu™")") = trace (v(u™ ") n"u")
= trace (u"v(u™")"n") = trace (I (u"v(u™")")n")
= <Hu (uTl/(u_l)T) ,77>
which gives the formula
Adj v =10, (u"v(u™)7). (10.5.8)

To get a feeling of the coadjoint action, let us classify all coadjoint
isotropy subgroups of &/ and hence all coadjoint orbits in u* for the case
n=3.1If

1w ugs 1 —uio wuppugsz —ugs
u= |0 1 o3 then uw =10 1 —U23
0 O 1 0 0 1
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Thus, if
0 vi2 w3
v= 10 0 Vo3| Eur=u
0 0 0
then
1 0 0 0 Vig 13 1 0 0
Ad; vV = Hu U12 1 0 0 0 V23 —UuUi2 1 0
u1g Uz 1 0 0 0 Ui2U23 — U1z —U23 1
0 vi2 —u23ri3 V13
=10 0 Vo3 + uial13| - (1059)
0 0 0
This shows that
o if V13 7£ 0 then
1 0 Uu1s
U,=<{ 101 0 ‘ulg eR
0 0 1
and the corresponding coadjoint orbit is two dimensional and equal
to
0 =z V13
0, = 0 0 wy ‘ z,y €R
0 0 O

e if 113 =0, then U, = U and the corresponding coadjoint orbit is zero
dimensional and equal to O, = {v}.

Similarly, in the 4 x 4 case, we write

1 w2 wiz wig
u— 0 1 ‘upz wugy

0 0 1 U34

0 O 0 1

and compute that

1 —wi2 ui2U23 — U1z —U12U23U34 + U12U24 + UI3UI4 — U4

u—l _ 0 1 —Uu23 U23U34 — U24
0 0 1 —U34
0 0 0 1
Thus, if
0 viz vz via
10 0 ve3 woq . _
=10 0 0 gl St EW
0 O 0 0
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then, computing as in the 3 x 3 case, one finds that

0 (Adii V)i2 V13 — Vi4U34 V14

0 0 (Ad}, V)23 viguto + Vou
Adj v =

0 0 0 (Ad} V)34

0 0 0 0

where

*
(Adu V)12 = V12 — Vi3U23 + V14(U23U34 - U24)
*
(Adu 1/)23 = V93 + V13U12 — V14U12U34 — V24U34

(Ady, V)34 = v34 + v14u13 + Vaguas.
This shows that the conditions for isotropy, that is Ad} v = v are

0 = —v13u23 + V14 (U23Uzs — U24)
0 = vi3u12 — V14U12U34 — V24U34
0 = viqu13 + voguss

0 = viquszq

0 = viguqo.
We can now classify the coadjoint orbits of U as follows:

e If vy # 0then uys = ugy = 0 and we get the two dimensional isotropy

group
1 O —ﬁl@g U4
0 1 ugs — T ugs
U, = ug3, u14 € R
0 0 1 0
0 0 0 1

and the corresponding coadjoint orbit is four dimensional and equal

to
0 =z U Vig
0 0 V—L(uv — V13V24 —|— V231/14) v
o, = z,y,u,v € R
0 0 0 Y
0 0 0 0
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e If 14 = 0, then the isotropy conditions become
0= —113u23
0 = r13u12 — voqusg
0= V24U23.

— If v13104 # 0, then ug3 = 0. In this case, the isotropy group is
the four dimensional group

1w wiz g
0 1 0 u24
0 0 1 uU34
0 O 0 1

U, = ‘ Vi3U12 — Voguzs =0

The corresponding two dimensional coadjoint orbits are

0 w g O

00 =z v
0, = 00 0 12)4 ‘ Vg + V13V = V1aVoy4 + V13V34
0 0 O 0

— If vi3194 = 0, then U, = U and the coadjoint orbit is a point:
0, ={v}.

We shall continue this example in the last section of this chapter, where
the second stage reduction is carried out therefore giving the coadjoint
orbits of the semidirect product 7 ®©U.

Remark. We notice that the example G® G, with G acting on itself by
conjugation, that is, ¢(g) = AD, for any g € G, does not give an interesting
example. The reason is that the map @ : (9,h) € GOG +— (g,hg) € G X G
is easily checked to be a Lie group isomorphism from the semidirect product
to the direct product.

10.6 Second Stage Reduction: General
Semidirect Products

In this section we shall carry out the second stage reduction for general
semidirect products. As we saw in the preceding section, the first stage
reduction of T*(G® H) at v € h* by the lift of right translation of H gives
the symplectic manifold (T*G x O, wg @wa). Using the general theory, we
will determine the group, denoted G”, that acts on this first reduced space.
The second stage reduction is possible, in principle, since in §6.4 it was
shown that general semidirect products satisfy the stages hypothesis. By
the general reduction by stages theorem, when the second stage reduction
is carried out, one obtains the result of reduction by the big group G® H,
namely the coadjoint orbits in (g@®h)*.
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Adjoint and Coadjoint Actions. The adjoint action of S = G(@© H on
g@®b given in §6.4 is

Adigny (&m) = (Ady €, (Adnodlg)) () + TyrLn (Ady )u(h71)) ),

where £ € g,m € b, g€ G, h € H. Its restriction to § is therefore given by

AdfL, ¢ = (Adiod(9)) (€) (10.6.1)

for (g,h) € GO®H and ¢ € h. The derivative of Ad? at the identity is
ade,y ¢ = [1n,¢] +&- ¢, forall (§,1) € sand ¢ € b.

The coadjoint action is given by (6.4.3) and, according to (5.2.1), its
second component is the (left) dual of the S-action (10.6.1). Thus, the
action of S on h* is given by

(g.h) v =0(g" ") Ad} 1 v = Adj 1 (g™ "), (10.6.2)

where (g,h) € S and v € h*. Therefore, the isotropy subgroup of S at
v € h* equals

Sy={(g.h) €S| dlg7") Ad} 11 v =v}
{(g.h) € S| Ad} -1 ¢(g~ 1) 'v = v} (10.6.3)

Its Lie algebra is
s, ={(&n) €s|ad) v+ (&)v =0} (10.6.4)

Indeed, taking the derivative of (10.6.2) relative to (g,h) at the identity,
we get the (left) induced Lie algebra action of s on h*

(&m)-v=—¢'(€)v—adyv, (10.6.5)

where £ € g, n € h, and v € h*. As expected, this is the second component
of the coadjoint action of s on its dual s* given in (6.4.4) (the minus sign is
necessary since the Lie algebra action is given by the negative of the dual
of the adjoint representation). Therefore, the Lie algebra s, of S, is given
by (10.6.4).

Structure of M,. Recall that key ingredients in the general theory of
reduction by stages are the groups M, and N,,. In our case, these are the
groups S, and H,. Things would be simplified if S;,, had a simple structure,
as it has in the case of a semidirect product with a vector space. We show
now that a naive guess for this structure is not true.

Let H, := {h € H | Ad; v = v} be the coadjoint isotropy subgroup of
H and G, :={g € G | ¢(¢7)*v = v} the isotropy subgroup of G relative
to the action é(g‘l) 1 h* — b* at v € h*. We claim that if h € H, and
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g € G, then g-h € H,. Indeed, since AD,.;, = ¢(g) o ADy op(g~1), where
ADy,(h') := hh/h~! for any h,h' € H, we get

Ad, = d(g™")* o Adj 0d(g) (10.6.6)

and hence Ady ., v = (g~ 1)* Ad; ¢(g)*v = v, since g € G, and h € H,,.
Therefore the action ¢ : Gx H — H by H-group homomorphisms naturally
restricts to an action, still denoted ¢, of G, on H, and so the semidirect
product G, ® H, is a closed subgroup of S = G® H. From (10.6.3) it
immediately follows that G, ©® H,, is a closed subgroup of S,,. One might
hope that one has equality.

However, in general, G, ® H, € S, as the following counterexample

shows. Consider the semidirect product 7 ®U introduced in the previous
section. It is easily verified that

ot v =10, (1) wtT) (10.6.7)
where v € u* and t € 7. Since
1 tio tiotos _ _tis
ti1 tia tis -1 t11 t111t22 t11t22t33t t11t33
0 t2o to3 = 0 tao _t222;33
0 0 ¢
33 0 0 %
33
we get for any
0 v vi3
v= 10 0 Vo3| € u*
0 0 0
the formula
0 #2vig + Py Py
I, (¢ Twt?) = |0 0 — sy Bsg| o (10.6.8)
0 0 0
Therefore, by (10.5.9), we get
~ 0 D12 + ugsins ZE
Ad; ot ) v = |0 0 Va3 — U12113 | ,
0 0 0
where
too to
Vig = —Vi2 + —V13
t11 t11
t33
Vi = —V13
t11
t1ot33 t33
Vg3 = — 3+ —Vo3



324 10. Stages and Semidirect Products with Cocycles

By (10.6.3), (t,u) € (T ®U), if and only if

ta2 to3 t33
Vig = 7—Vi2 + —V13 + U3 — V13
t11 t11 t11
133
Vi3 = —13
t11
t12t33 t33 t33
Vo3 = — V13 + Vo3 — U12 V13-
t11too too t11

If V13 7’5 O, then t11 = t33 and

_ (tin —tao)via o3
Uy = —————————— — ——

t11v13 t11

(t11 — to2)rs 12
Upg = ——"""" — —.
toor13 t11

Therefore dim((7 ®U),) = 6. 5
On the other hand, since 7, = {t € 7 | ¢(t~!)*v = v}, we conclude from
(10.6.8) that t € 7, if and only if

too to3
Vig = ——Vi2 + — V13
t11 t11
t33
Vi = V13
t11
t1ot33 t33
Vo3 = ———— V13 + —V23.
t11t22 too

If 113 # 0, then t1; = t33 and

v
ti2 = (t11 — 1522)E
Vi3
V12
tag = (t11 — tag) —.
V13

Therefore dim 7,, = 3. We have seen in the previous section that if 1413 # 0,
then dim#, = 1 and thus we have dim(7, ®U,) = 4 which shows that
7,0U, S (TOU)y.

Determination of M, /N,. Recall that a key step in reduction by stages
was to reduce (in the second stage) by M, /N,. In the present case, this
means S, /({eg} x H,). We determine this group in the following proposi-
tion.

10.6.1 Proposition. Ifpg: GO H — G is the projection onto the first
factor define G¥ := pg(S,). Let O, C b* be the H-coadjoint orbit through
v e b*. Then

(i) G ={g€ G| d(g~")*v € O,} is an immersed Lie subgroup of G;
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(ii) if O, is closed in h*, then G¥ is a closed Lie subgroup of G;
(iii) S,/({eq} x H,) and G are isomorphic Lie groups;
(iv) the Lie algebra g” of G¥ equals {€ € g | ¢'(€)*v € T,0,}.

Proof. (i) Since pg is a Lie group homomorphism, its range G¥ is an
immersed Lie subgroup of G. Now note that ¢(g~1)*v € O, if and only if
there is some h € H such that ¢(g~')*v = Ad} v which is equivalent to
Ad; -1 ¢(g~1)*v = v. By (10.6.3) this happens if and only if (g,h) € S,
which proves the equality in the statement.

(ii) From (i) it immediately follows that if g, — ¢ and g, € G then
(g7 1) v — (g~ 1) v € c(0,) = O,. Thus g € G* which proves that G¥
is closed.

(iii) From (10.6.3) and the normality of H in G it follows that {eg} x H,
is a closed normal subgroup of S, and hence S,/({eg¢} x H,) is a Lie
group. Since ker (pgls,) = ({eq} x H) NS, = {eq} x H,, it follows that
Sy/({ec} x H,) and G are isomorphic Lie groups.

(iv) Recall from the general theory of Lie subgroups that the Lie algebra
of G¥ equals g” = {€ € g | exptl € G” for all t € R}. Thus if £ € g satisfies
the condition ¢(exp(—t&))*v € O, for all t € R, then

—¢'(&)*v = @l Plexp(—t&)) v € T, 0,

which shows that g* C {¢ € g | ¢'(€)*v € T,,0,}. Note that the right hand
side of this inclusion is a vector subspace of g. We need to prove that this
inclusion is an equality. To do this we shall show that the dimensions of
both sides are the same. Since dim g” = dim S, — dim H,, by (iii), we need
to prove that dim{¢ € g | ¢/(&)*v € 7,0, } = dim S, — dim H,,.

To do this, recall from (10.6.4) that s, = {(§,n) € 5 | g?)’(f)*wrad;“, v =0}

and hence py(s,) = {€ € g | ¢(€)*v € T,0,}, where py : 5 — g is the
projection onto the first factor. Since

ker (pgls,) = 8, N ({0} x b) ={n e b [(0,n) €5} = by,
we get dim{¢ € g | ¢/ (€)*v € T,0,} = dims, — dimb,,, as required. |
10.6.2 Corollary. With the notations of Proposition 10.6.1 we have
(i) g € G¥ if and only if d(g= )*p € O, for all p € O,;
(i) € € g” if and only if §'(€)*p € T,0, forallpe O, .

Proof. (i) Since ADj-10¢(97") = ¢(g7") 0 ADy -1, we get for p :=
Ad; 1 v, the relation (g7 )*p = d(g~)* Adj—1 v = Ady.p— d(g~ 1) v. If
g € G¥ then ¢(g~1)*v € O, and hence ¢(g~1)*p € Ady -1 (0,) CO,.
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(ii) Note that for any £ € g and 1 € h we have

d

y7 Ad(expte)yn-1 0 = Adp—1 [T Lp&p (R™1), 1]

t=0

(see, e.g., formula (9.3.4) in [MandS]), that is,

dt Ad(exptf)Jfl = Adj,-1 OadTh—thﬁH(hfl) :

t=0

Next, use this relation in the computation of the t-derivative at ¢ = 0 of
the identity Adj-1 op(exp(—t£)) = ¢(exp(—t€)) o Ad(expte).n—1 proved in
(i) to get

— Adj-10¢/(&) = =¢/(§) 0 Ady—1 + Adj—1 oady, 1,6 (n-1) -
Therefore, since p = Adj_1 v we get
F()p =) Adjr v = Adjr (€)' —ad} 1 e onry P

If £ € g¥ then there is some ¢ € b such that ¢'(£)*v = — ad¢ v and hence

¢(€)p=—Adjradiv—adp e )P
= ad*Adh C+Ty -1 Lnéu(h=1) P € 1,0,
since adg OAdh—l = Adh71 oadAdh ¢- |

In what follows we shall identify {eg} x H, with H, and write S, /H,
instead of S, /({eg} x H,).

Note that in the example 7 ®U, the computation done previously shows
that if 115 # 0 then dim 7% = 5 since 7% = (T ®QU), /U, dim((T OQU), =
6, and dimi/, = 1.

Where We Stand. The framework just described fits into the general
theory as follows: M = S, N = {eg} x H, P = T*S, stage one re-
duction is relative to the cotangent lift of right H-translation on T%S,
and stage two reduction is relative to the naturally induced action of
M,/N, = S,/({ec} x H,) =2 G” on the first reduced space. As in the
case of semidirect products with vector spaces given by a representation
(studied in §4.2), the quotient group S, /({ec} x H,) has the explicit real-
ization as the immersed Lie subgroup G” of G and hence of S (this quotient
group was identified explicitly in §4.2 to be G,). So, even though the coad-
joint isotropy subgroup S, does not have a very satisfactory description,
the quotient Lie group S, /({ec} x H,) does, namely by Proposition 10.6.1
it is isomorphic to the immersed Lie subgroup G* of G, and this allows one
to carry out the second stage reduction.
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Two extreme cases when S, is determined are worth mentioning. First,
if H = V is a vector space and the (G-action is a representation, then
S, = G, xV and G¥ = G, for any v € V*, since the coadjoint orbits
in V* are just points. In §4.2, v was denoted by a € V*. Second, if all
automorphisms ¢(g) of H are inner, then G¥ = G for any v € h* and so
S, =Gx H,.

The Action of G¥ on the First Reduced Space. To set the scene
for the second stage reduction, and being guided by the general theory, we
now determine the G¥ action on the first reduced space.

10.6.3 Theorem. The lift of right translation of S on itself induces a
symplectic right action of G¥ on the first reduced space (T*S),. The sym-
plectic diffeomorphism

[T*Y~Y, : (T*8), — T*G x O,

from Theorem 10.5.1 induces a symplectic action of G¥ on (T*GxO,,wc®
wgy) that is given by

(ag,p) -1 = (Tg*lRl—1a9, q@(l)*p) , (10.6.9)

where ay € T*G, p€ O, and l € G*.

Proof. That S,/H, acts freely, properly and symplectically on the first
reduced space (T*S5), was proven in general in Lemma 5.2.2. Since G is
isomorphic to S, /H,, it also acts freely, properly and symplectically on the
first reduced space (7S),. This proves the first statement.

From Proposition 10.6.2 (i), it follows that ¢(1)*p € O,, and so it is clear
that equation (10.6.9) defines a right action. The G”-action on T*G x O,
is given by the lift of right translation by [ € G¥ on the first factor and the
the dual of the Lie algebra isomorphism ¢(I) € Aut(h) on the second factor.
Both are symplectic maps. Since the symplectic form on T*G x O, is the
sum of the symplectic forms on 7*G and on O,, it immediately follows that
this G¥-action is symplectic. This G¥-action is obviously free and proper.

The proof will be complete if we can show that the map [T*Y 1], is
equivariant, with S, /H, acting on the domain and with G* acting on the
range and with the isomorphism between S, /H, and G being [(I, k)] — 1.
That is, what we must check is that

1, ([(ag Tiar bl yv)] - 10.8))

- ([T*T_l],, [(ag,T,f:thlqg(g_l)*y)}) 1, (10.6.10)
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forallge G,he H,l € G¥, (I,k) € S,, and ay € T*G. The left hand side
of (10.6.10) equals

1, ([ (a0 TiLar b~y w) | - [0, 1))
— [T 71, ({(ag,T;thd;(g*l)*V) : (l,k)D . (10.6.11)
However, by (10.4.6) and (10.5.3), we have
(s T L dlg ™) v) - (1)
= T{y.mamBar-1 (agaTﬁthlfi;(g_l)*V)

_ T*R P * L T*L T —1\*
gli—iag + (159 O Ly p-1Ln(gk)Cdp n-rod(g )" ) v,

(T;(g,k)Rg.kfl oTjLy-10 qB(gfl)*) u) . (10.6.12)
By (10.6.3), (I,k) € S, is equivalent to
Adi oY v =w. (10.6.13)

Thus, the second component of (10.6.12) can be simplified to

(T]:(g.k)ng*l OT;:thl ¢} q;(g_l)*) v
= (T;:(g-k)Rg-k—l o Ty Ly-10¢(g™")" o Ady 05(171)*) v
= T;f(g,k)L(g.k—l)hflgf;(lilgil)*l/
since ¢<l_1) o ADkfl O(b(g_l) o Lh—l o Rg,k—l = (b(l_lg_l) o L(g,k—l)h—l.
Thus, (10.6.12) is given by
(g, T Ln2d(g ™) w) - (1K)
= (T3 (o + (Ty Lo 0 T8 0 Ty L) w)

Ti(g-mL[h(g-k)rlcg(l’lg*)*v) eIy (v) (10.6.14)

since ¢(g') o Ly—1 0 Ly(gp) © o = Lyogh oLy 1o R
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By equations (10.5.6) and (10.6.14), the expression (10.6.12) becomes
-1, <{(ag,T,th71<5(g_l)*V) -, k)])

— 7Y, ([Tg*lRl_l (ag n T;Lg_lT;Gqsk’lT,;:lka) ,
T;(g.k)L[h(g-k)]—l5(171971)*4)

= (TR (o + Ty Ly T2, 00 T s L)
+ Ty Rigy -1 To 0" T oy Lingoorn 1 0((9) ™),

Al (higp 1 V)
= (TR (o + Ty Ly Tey o T Ly

G
+ T;RgflT:G¢h(g.k)T;(g.k)L(h(g<k))*1(5((91)_1)*”) )
S(1)* A 1.1 1/) . (10.6.15)

The last equality was obtained as follows. In the first component, we wrote
T;lRl—lg—l = T;lRl—l o T;Rgf1 .
The second component was obtained by first noting that
(g)~ - (hlg-k) =171 (kg - RTh).
Second, note that
Alel_(k—l(g—l,h—l)) = ¢(l71) o ADk—l OADg—l,h—l O¢(l)
Therefore, since (I, k) € S,, we have
Ad?—l,(k—l(g—l,h—l)) v = é(l)* Ad;—l_h—l Adj (&(l_l)*y
=o(1)* Ad} 1y v

where we have used (10.6.13). Thus, (10.6.15) holds.
By (10.6.9), the expression (10.6.15) equals

G

(ag T Ly T Ty Ly
+ T;RgflT:ngh(g-k)T;f(g.k)L(h(g.k))ﬂq;((gl)*l)*y, Ady-1 1 y) .1
G
T2, "Ry L (g ) AL N
+ Teg¢ r g Lintgrn-10((g) ™) ) LA

_ (ag + TRy (Ad;,l T ¢* Tr, Ly

_ (ag + TRy (Ad;,l T F T, Ly

G

+ T2, 8" IPT o iy 10(91)" Ad u) A1 y) .
(10.6.16)
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where in the last equality, we again used (10.6.13). We claim that the
following identity holds

* * =1 * . * T o—1\* *
Adg*1 TeG d)k Tk—lLkV + TeG d)h(g k)Th(g-k)L(h(g-k))_1¢(g 1) Adk v
=T ¢ " Tii Ly 9(g~ ") v (10.6.17)

This is proved as follows. First of all, it is readily checked that
(ADk op(g") o L(gp-1yp-1© ¢h(g'k)) (") (Lk 0¢t o ADg—1> (")

= (¢g™") o Lp-106") (¢)

for all g,¢’ € G and h, k € H. Replacing ¢’ by exp(t§) for £ € g, differenti-
ating in ¢ at ¢ = 0, and taking duals, one arrives at (10.6.17).
Substituting (10.6.17) in (10.6.16) gives the expression

G

B ([T*Til}” [(ag»Tﬁthlﬁg(gil)*VH) !

by (10.5.6). Thus, we have established (10.6.10) and so the proof of the
Theorem is complete. |

(ag + TRy Tr T L1 (g™ ) v, A 1y 1/) y

The GY-momentum map on 7*G x O,. We shall compute the G"-
momentum map from the general formula (5.2.6) in §5.2. It is tempt-
ing to proceed directly since, in this case, both the symplectic manifold
(T*G x Oy, wag @wgy) and the G¥-action (10.6.9) are relatively simple:
the action is diagonal with the lift of right translation on the first fac-
tor and QNS* on the second. Thus, by general theory, the momentum map
J, : T*G x O, — (g¥)* is the sum of the momentum maps on each factor.
The momentum map on the first factor 7*G is given by oy € TG —
(Tr.Lgag) |- € (g%)*. To compute the momentum map of the right G-
action on O, given by

(p,1) € O, xG" — p(1)*p € O, (10.6.18)

is quite a challenge and it is not a priori clear that this action even admits
a momentum map. However, once we have the explicit formula for the mo-
mentum map J, : T*G x O, — (g¥)" obtained by applying (5.2.6), we shall
find a candidate for the momentum map of the G¥-action (10.6.18) on O,
and then we shall check directly that this formula is indeed a G¥-momentum
map on O,. Using this result we shall then compute the nonequivariance
cocycle of J,,.

In order to calculate the momentum map J, : T*G x O, — (g¥)" from
formula (5.2.6) we need to identify the various spaces, maps, and equiva-
lence classes in our concrete situation. Let us recall that the general formula
for J,: P, — (m,/n,)" is

Ju(2D), [€]) = T (2), ) = (7, 6), (10.6.19)
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where v € n*, £ € m,,, 2 € Iy (v), and 7 € (m,)” is an arbitrary linear ex-
tension of v|,, to m,. In our case the Lie groups, Lie algebras, and symplec-
tic manifolds are M = S:=G®H, N = H, M,, = S, (given by (10.6.3)),
N,=H,, M,/N, =5,/H, = G" (see Proposition 10.6.1), m = s := g@®¥,
n= h, my, =S5y (given by (1064))a n, = hv, mu/nu = 51//[71/ = gy (given in
Proposition 10.6.1(iv)), P = (T*S,ws), P, = (T*G x O,,wg EBw(Jgu) (by
Theorem 10.6.3), where wg and wg are the canonical symplectic forms on
T*S and T*G, respectively.

To determine the maps and the various representatives of the equivalence
classes we need a few preparatory remarks. We begin by noting that there
are many (non-canonical) isomorphisms between s, and g” x b, as vector
spaces. To explain this, recall from (10.6.4) that (§,7n) € s, if and only if
ady v+ ¢'(§)*v = 0. Equivalently, (£,71) € s, if and only if £ € g” and there
is some element A(¢) € b such that ¢/(€)*rv = —ad) (g v. This element
A(€) is, of course, not uniquely determined but its class in b/b, is, so this
identity defines a linear map g” — h/b,. Let A : g — h be any linear lift of
this map. For any such linear map A we have a vector space isomorphism

(&n) €sy = (Em—A()) €9” X by (10.6.20)

Note that this map is indeed well defined because the relations (Z)’ &*v =
—ad, v (which holds because (£,7) € s,) and &) =— ad} ¢y v (which
holds by definition of ) imply that ad:‘,_)\(g) v =0, that is, n — A(§) € b,.
The map (10.6.20) is clearly linear and injective and it is an isomorphism
because dims, = dimg” + dim b, by Proposition 10.6.1(iii). Thus, given
¢ € g¥, a Lie algebra element in s, that represents the class in s,/b,
identified with £ € g¥ is (§,7—A(§)) € s,.. Of course, all these considerations
are dependent on the choice of the linear map A : g¥ — b.

Next, note that in the general formula (10.6.19) the projection map onto
the first reduced space (T*S), is replaced by the map ¥,, : J ;' (v) — T*G x
O, defined by ¥,, = 7Ho (T*T*I)V. Thus, if (B4, p) € T*GxO,, an element

(Ozg,T;:th(g(g_l)*l/ € J;'(v) satisfying ¥, (ag,T;Lhﬂ(&(g_l)*u) =
(By, p) is given by
ag =By — Ty Ry T 0" T Lyy-1d(g™ )",

G

where p = Adj-1 -1 V.
We also need the formula for the momentum map of the lift of the right
action of S = G@® H on T*S, namely,

38 0, n) = (T2y Lycrg, 9) T2, L)

Finally, if v € h*, all possible linear extensions 7 of v|y, to s, = g” x b,
are of the form v := (k,vp,) € (g*)" x (h,)", where r € (g”)" is arbitrary.
We shall compute J,, with this arbitrary choice of k and then choose it in
such a way that the resulting formula has the most convenient expression.
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With these ingredients in mind we can explicitly compute the momentum
map J, : T*G x O, — (g¥)" of the G”-action (10.6.9) given by (10.6.19).
If (By,p) € T*G x O, and & € g” we have

(Ju(Bg, p), €)
= (38 (8~ Ty Ry T2, 0" T L1 b9 ™),
TiLn1dlg™)v) (61— X))
= {5 vl ) (67 = A©)))
= (T2, Loy — Ay T 0" T Lys (g™ v, ) L (60— M) )
— {5 ln,), (€1 = M)
= (T2, LBy — Ady T2, 0 T Lisdlg ™" 'w,€) + (v, — ME)
— (5, €) = (v = A(©)).
However,

Ad TS T L1 (g™ ) v =Tr, 69 "Tr .y Lyip1v

g eag G

since ¢(g7 ') o Ly-10¢"0ADy = Ly-1.4-10 ¢9 ", Thus the expression for
J, becomes

(v (Bg:0), &)
= (oo Loy = T2gd® M TyipLyrnar€) = (1,6).
Since p = Ad;l,hfl v and ¢g~!-his an arbitrary element of H, this formula
yields
Iy (Bgs Adjy 1 v) = G50 LBy — T, 0" Ty Li-av — K,

*

where j, : g¥ < g is the inclusion and & € (g¥)* is arbitrary. Thus we can
choose the momentum map J, : T*G x O, — (g¥)* to be

3y (Bg, Adjy -1 v) = G5 LoBy — jiTr ¢ T Ly-1v
= JiTE LBy + jiT0 " Tis Ryw (10.6.21)

for any B, € TG and any h € H. The second equality above is obtained
in the following way. The derivative of the identity

—1
(Ln-10¢")(9)(Rno¢" " )(9) = en
relative to g € G at the value g = eg yields
TyLp-1 0 Togd" + Tp-1Ry 0 Tgd" =0,

which implies, by taking the duals, the second equality in (10.6.21).
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The G¥-momentum map on O,. Formula (10.6.21) for J,, and the fact
that the first term is the momentum map of the lift of right translation of
GY on T*@G suggests that the G”-action (10.6.18) on O, admits a momen-
tum map given by the second summand in (10.6.21). The next proposition
verifies this statement.

10.6.4 Proposition. The right G”-action (10.6.18) on O, admits the
momentum map K" : O, — (g")* given by

K" (Adj-1 v) = —jiT " Ty Ly v = 5310 8" Ty Ryv. (10.6.22)

The momentum map K" is, in general, non-equivariant and defines the
right (g")*-valued group one-cocycle o” : G* — (g¥)" given by

o¥ (1) = =4 Tr, 6" Ty Ly v, (10.6.23)

where k(1) € H is any element satisfying ¢(1)*v = Ady - v

Proof. The second equality in (10.6.22) was just proved above. In this
proof we shall use exclusively the second expression in (10.6.22). We begin
by computing the differential of K” at p := Ad;_: v. For any n € h and
& € g¥ we get

(K (p) (—ad} ) . &) = =

i),y (K (Mincan0) €)

t=0
B % o <KV (Ad?exp(tn)hrl V) ,§>
- % =0 <j;T;G¢(exp(tn)h)ilT(ZXP(tn)h)*lRexp(tn)hy’£>
N % 40 (. (Tloxpmmr 1 Bespiamn © Te 62 ) (£) )
= % . (¥, Tiexp(emn)— Rexpenyn (€1 (B~ exp(—tn)))) .

Since g (hh') = ThRp & (h) + Th Lp&u (R') for any h,h' € H, the above
expression equals

d

dt <Va T(cxp(tn)h)*lRexp(tn)hTh*1 Rexp(ftn)gH(h_l)

t=0

+ X exp(tn)) 1 Rexp(tnyh Texp(—tn) Ln-1€ 1 (exp(—tn))

<V7 ThfthfH(h_1> + Adh*1 Tcxp(ftn)chp(tn)gH(eXp(_tn))>
t=0

dt

=V, Adh—1 %

Texp(—tn)Rexp(tn)ﬁH(exp(—tn))> .
t=0
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However,

d

a Tcxp(—tn) chp(tn)gH(eXp(_tn))

t=0

d
@
d
&), d@
d

AN

ds

d

| Ropien) (G(exp(s) exp(~tn))

s=

t=0

(#(exp(s€))(exp(~tn)) ) exp(tn)

t=0

dlexp(s)) (exp(~n)))

=0

— —| T, é(exp(sE))(n)

dt |,

d(exp(s€)) (1)

s=0

==&
by the definition of the induced g-action on §. Thus, using p = Adj -1 v,
we get

(dK”(p) (—ady p) ,&) = = (1, Adp-1 (- 1)) = = (p,€-m) . (10.6.24)
If £ € g¥, the infinitesimal generator of the G”-action (10.6.18) is

dlexptl)*p = ¢'(€)*p € T,0,
t=0

o, (p) = at

by Corollary 10.6.2(ii). Thus there is some A(£, p) € b such that ¢/(£)*p =
—ad)¢,,) p and hence from (10.6.24) we get

ad’ p) &) =—(p&m = (pdEOm)

) (=
= = (3@ ) = = (~adiey p.1) = (0. NE o))
=wo, (p) (— ady (g, p, —ad, P) = wd, (p) (&’(6)% —ad} p)

=wb, (p) (o, (p), —ady p)

which shows that K” given by (10.6.22) is a momentum map of the G-
action (10.6.18) on the H-coadjoint orbit O,.

(dK*(p

Next, we compute the non-equivariance one-cocycle of K”. Using the
definition, we get for any [ € G¥ and h € H

o) : = K” (Ad; 1 v-1) — AdS K” (Ad} . v)
— K" (&(1)* Ad; 1/) — Ad} K” (Ad} . )

— K (Ad;‘_l_h_l 05(1)*1/) — Ad; KY (Ad 1 v).
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Since | € G¥ there is some k(I) € H such that ¢(I)*v = Adj()-1 v and
hence, using (10.6.22), the expression above becomes
K" (Adr(l*Lh)k(l)]*l I/) — Adzk K" (Ad;—l l/)
<k K -6 1
= JyTeG¢[(l mkD] T[(lfl-h)k(l)]*lR(l’l'h)k(l)y
— Ad} G0, 0" i Ry
-k * -1 Reaes
=Ju {Tecff)[(l PEOI T k)1 Ra=rmr v
—Ad; T T Rhu}
since j* o Ad} = Ad; oj* for any | € G¥. But ¢(I)*v = Ad} -1 v, so from
Jv l 1%y Yy k(1)
the expression above we get for any & € g”
—1, -1
(0" (1),&) = <V7 Teq (R(lfl-h)k(z) o gl -MkD] ) (f)>
~ ~ —1
~ (S W T (Rno ") (A1)

= <1/, T.q (R(zfl-h)k(z) ° ¢[(l_1'h)k(l)]_l> (§)>
- <Ad,’§(l)_1 v, (1", (Rh ° ¢>h71) Ad, §)>

- <”’ Tec (R(l’lh)k(l) ° ¢[(Fl'h>k(l)1*1) ©
N <v, Adyy-1 (17T (Rh o ¢>h-1) (Ad; g)> . (10.6.25)

Now note that for any g € G we have
(R(l—l'h)k(l) ° ¢[(rl'h)k(l)]71> (9)=(g-kDO~") ((gl™)-p71) (71 ) k(D)

and

(ADk(l)*l op(I" Y o Rpo o o ADl) (9)
=k (g™ - (T R) k(D)
= k() (g k) (Ra-rmray 0 10O (g).

Replacing in this last identity g = exp(tf), for £ € g¥, and taking the

t-derivative of the resulting relation at ¢ = 0, we get

Adk(l)—l é(l’l)TeG (Rh o (;Sh_l) (Adl f)

d -1
RO~ (exp(t€) - k(1) + Tug (Ru-rmpnay 0 61RO (¢)

dt|,_q
-1, -1
Toy Ley-1 Teq " Ve + Teyy (R(I*Lh)k(l) o gl k)] ) €
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and hence, from (10.6.25) we get
(0a¥(1),&) = — <V7 Tk(l)Lk(l)*lTec¢k(l)§>
= = (T 0 T Ly 1€
which proves (10.6.23). |

Remarks. (i) If H = V and the action ¢ is a representation, then v =
a € V*, G¥ = G, the coadjoint action of V on V* is trivial, and hence
if | € G, we have [ - a = 0 which implies that we can choose k() = 0.
Therefore, 0 = 0 and we recovered the result from Lemma 4.2.6 which
states that the momentum map J, : T*G — g}, is equivariant.

(ii) Let us study the case G(© G formally, even though we already know
that the Lie groups G (© G and G x G are isomorphic. So take in the previous
considerations G = H and ¢ the conjugation. Then G¥ = G and qg(l)*u =
Adj v which implies that we can choose k(I) = [=!. Thus, for any | € G
and any £ € G we have

d

(TLieTos'™ ) (© = 2

(Liod™) (exp(te))

t=0

(Lexp(t€)l ™" exp(—t€)) = Ad; € — &.

il

Therefore, the non-equivariance cocycle in this case equals o¥(l) = v —
Adj v, which is a coboundary. Thus the momentum map K", and hence
J,, can be modified in this case to be equivariant. Concretely, the new
momentum maps K” — v and J,, — v are equivariant. Of course, this result
was expected since the semidirect product is isomorphic in this case to the
direct product.

10.6.5 Corollary. The non-equivariance (g*)"-valued right one-cocycle
of the momentum map J, : T*G x O, — (g")* is 0¥ : G¥ — (g¥)" given
by (10.6.23).

Proof. Since the momentum map J, : T*G x O, — (g¥)* is the sum of
the equivariant momentum map of the lift of right translation of G¥ on T*G
and the momentum map K", its non-equivariance one-cocycle coincides
with that of K¥, that is, with o”. |

Verification of the Cocycle Identity for ¢”. According to general
theory, the cocycle o¥ defined in (10.6.23) verifies the right cocycle identity

Uy(lllg) = Ad;; O'V(ll) + O’V(lg). (10626)

Since the definition of 0¥ involves a choice of an element k(I) € H, it is not
obvious from the formula of ¢” why such a relation should hold. We shall
verify it now, as a check of our previous computations.
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The key observation is that the group elements k(l) € H satisfying
d;(l)*y = Adz(l)_l v must satisfy a certain relation even though they are
determined only up to multiplication by elements of the coadjoint isotropy
subgroup H,. Indeed, if I;,lo € G¥ we have ADyq, -1 0¢(l2) = ¢(l2) o
ADl;l_k(ll),1 and hence

Adj (1)1 v = o(lila) v = ¢(12)"d(l) v = (l2)* Adjyy,) -1 v
= Adl*;yk(ll),l (ZE(ZQ)*]/ = Ad’} Ad]:(lg)*l v

I3 k()
= Adjgr ka1 ¥

which is equivalent to the existence of some h € H, such that
k(i)™ = k(o) (13 - k(1) A

Using this relation we shall verify now the cocycle identity (10.6.26). For
& € g¥ we have by (10.6.23)

<O—V(l1l2)7§> = - <j:Te*c(bk(lll2)Tl:(l1lz)Lk(l1l2)7lV’§>

- <y’ Tk(lllz)Lk(lllz)flTec¢k(l1l2)€>

- <”’ Tz bttt D) 245 vy - (00 k(l1))k(lz))> :
Now use the identity &g (hh') = T Rp & (h) + Th Lp&p (B') for any h,h' €
H with h replaced by h='(I5* - k(1;)) and ' by k(l2) to get
Th*1(l;l-k(ll))k(lz)Lk(lg)*l(l;l«k(ll)*l)th(hil(ZQ_I “k(lh))k(12))

- (Th—l(l;1~k(l1>)k(lz>Lk(lz)—1(zgl-k(ll)—l)h © Th—l(lgl-k(ll))Rk(b))
(Er(h= (12" k(1))
+ (Th*1(l;l-k(ll))k(ZQ)Lk(lg)*l(lz’l-k(ll)*l)h °© Tk(lz)thl(l;Pk(zl))) (€n(k(12)))
= Adg(t) -t Tymr s tnqy Lag vy -1yn Er (B0 k(L))
+ Tha) L) -1 (€ (R(2))) -

In the first summand use again the identity &g (hh') = TpRp & (h) +
Ty L& (h') but this time with h replaced by h~' and b/ by 17" - k(ly).
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Thus the expression above becomes

Adiia) = Tyor gz oruay Ltz vy -on Dot Bz, (€ ()

+ Akt Tor 5 k) Lzt vy -n Ty v Lot (€l - E(0)))
+ Th(t2) L (1)1 (€ (K(12)))

= Adygy)-1 Adir )1 Tror Ly (Eu(R7Y)
+ Adp(r) ﬂ;1~k(ll)Ll;1'k(ll)*1 (fH(lz_l ) k(ll)))
+ Do) L)1 (Ea (K(12)))

- Adk (l2)~! Tl ! k(ll)Ll Lkl (fH(l ' k(ll)))
+ Thia) L) -+ (€1 (K (12)))

since the first term vanishes. This is seen in the following way:

Ty-1 Ly, (§(h™1) = (L&) (err) = (Adp &)y (err) =0

because for any ¢ € g we have (g (ey) = 0. Summarizing, we have shown
that

—1/-1
T3 (i ) k(i) L)1 a5 iy -1yn€r (B - k(L) k(l2))

= Adk(y)—1 Tio gy Lig oy (s k()
+ Ti(13) i) -1 (Em(k(l2)))

and hence, using ¢(ly)*v = Adj(gy)-1 v, We get

(0" (112), €) = = (v Adyqayy s T gty o (605" - k(1)) )
= (U Tiiy) L)1 (€r(k(12))))

<Adk(lz Ty Lk S (&g k(ll)))>

— {0y Lty Teg 01206 )

< 2)"v Ty vy Lyt i) (5H(l2_1'k(l1)))>

< Lo 8™ T, Lo - 1V>

== (o

V,J’b 1,- lkll)L 5 k)~ (€H(l ' k(ll)))>
+(0"(l2),€) -
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Since ¢(l2) o Lyt ey = Li)-1 © ¢(l2) this becomes

(0¥ (l1l2), <V7T (1) L)1 T 1oy 0 (2) (€rr (15 (11)))>
(0" (12).€)

= = (T Dnany s (0057 €n) (B(0)) + (07 (12),€)
= — (T Lty (Ady, € (1)) ) + (07 (12), €)

= = (T2, O T ) Ly, Ady, €) + (0 (1), €)

= < (ll)?Adlz €> + <U (l2)75>
= (Ad}, 0”(l1) + 0" (l2), &)

for any £ € g¥, which proves the identity (10.6.26).

+

The coadjoint orbits of G© H. Theorem 6.4.1 guarantees that any
element (u,v) € (g@®h)* satisfies the Stages Hypothesis of Definition 5.2.8.
Therefore we can apply the Point Reduction by Stages Theorem 5.2.9 to
obtain the following generalization of Theorem 4.3.2.

10.6.6 Theorem. Let (u,v) € g* x b*, define p, == plgr € (g%)", and
let (G"),, be the isotropy subgroup of G¥ at w, for the affine action

7-l:=Ad; 7+ 0"(), where T€(g")", le€G. (10.6.27)

Then the (G® H)-coadjoint orbit through (u,v) € (g®bh)*, endowed with
the plus orbit symplectic form, is symplectically diffeomorphic to the reduced

space I () /(GY) -

In particular, note that all coadjoint orbits O, ,) with the same pu, €
(g¥)" are symplectically diffeomorphic.

Reduction in Right Trivialization. Theorem 10.6.6 is useful in clas-
sifying orbits of semidirect products. General statements are not possible
since the detailed topological and symplectic nature of these orbits depends
n (u,v). In fact, general statements on the classification of the coadjoint
orbits were not possible even in the case when H is a vector space and
the G-action is a representation. However, we shall make some remarks
regarding the reduced spaces J; ' (u,)/(G"),., that should help in concrete
examples.
We begin by recalling that J, : T*G x O, — (g”)* has the expres-

sion J, (ﬁq,Adh vv) = 5T, Lyfy —|—jjTe*G¢h71T;,thu (see (10.6.21)),
where j, : g¥ — g is the inclusion. To explicitly carry out computations
in concrete examples, it is useful to trivialize T*G. Since we have worked
here exclusively with right actions, formula (10.6.9) simplifies considerably
if we trivialize T*G using right translations. Thus we use the diffeomor-

phism oy € TG — (9,17, Ry0oy) € G x g* whose inverse is given by
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(9,r) € G x g" = T;R;-1k € T*G. The G¥-action (10.6.9) becomes

(9,5, p) - 1= (gL, 5, (1) p) (10.6.28)

forany g € G, np € g*, p € O,, and I € G”. The canonical cotangent bundle
(T*G,wg) is replaced by the symplectic manifold (G x g*,w&), where

wg(ga H) ((TecRgglv Ml)a (TecRg€27 ,LLQ))
= (u2,&1) — (1, &2) — (K, [€1, &) (10.6.29)

for any g € G, &1,& € g, and pu, 1, o € g* (see, for example, Proposition
4.4.1 in [FofM] or Theorem 6.2.4 in [HRed]). The momentum map J, :
T*G x O, — (g¥)* is replaced by the momentum map JZ : G x g* x O, —
(g¥)" given by

I g,k Adj - v) = jE Ak + 2T, 6" Tioi Ryv. (10.6.30)
Therefore, if u € g* and p, := jip € (g¥)*, we get

I () =
{(9:5,Adj1v) € G x g" x O, |5 (Adj 5+ Ti 6" T Ruv — i) = 0}

G
and the reduced space (J&)~'(u,)/(G¥),, is computed using the action
(10.6.28). Here (G"),,, is the isotropy subgroup of G¥ at u, relative to the
affine action (10.6.27).

We compute now explicitly the symplectic diffeomorphism between the
second stage reduced space (J&)71(u,)/(G¥),, and the coadjoint orbit
O(uw) C (g®h)* given in Theorem 10.6.6. In the abstract context of The-
orem 5.2.9 (Point Reduction by Stages I) this is the map [¢]. Recall from
§5.2 that this symplectic diffeomorphism [¢] : I, (p)/(M,/N,), — Py is
the (M, /N,),-quotient of the map ¢ : J;'(p) C P, = J5'(v)/N, — P,
defined by ¢([2]) := 7o (n - z), where [z] € ;' (p) C P,, n € N, - (M,),),..
is chosen from the Stages Hypothesis to satisfy Ad),—1 ¢’ = o, o’ := Jp(2),
T : Jyf (o) — I3 (0)/M, = P, is the projection, (r,)*(p) = 0|m, — 7,
r], :m, — m,/n, is the projection, and ¥ is an arbitrary chosen extension
of v|y, to m,. In our case, M = G®H, N = H, P = T*(GQ® H), the
group actions are on the right, o = (u,v), M, /N, = G¥, and [T*Y~1], :
Jl}l(y)/Hl, — T*G x O, given by (10.5.6) is a G"”-equivariant symplec-
tic diffeomorphism relative to the lift of right translation and the action
(10.6.9). In addition, in §6.4 it was shown that the Stages Hypothesis holds
in this case with the choice of a group element of the form (eq,expn),
where n € b,.

So let (g, k, Adj—1v) € (JB)~(,), that is,

v

i (Ad; K+ T " T Ry — u) —0. (10.6.31)

G
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A direct computation, using (10.5.6), shows that
T, ([T;RQM — T Ly TEL T} Ly, T;th.hflqg(gfl)*I/])
X -1
= (9,5, Adj 1 v) € (JF) () CGxg* x0,.

By (10.5.3) we have

(T Ryss = Ty Lys T 6 T Lo, Ty Lynsdlg ™) w) € 35 )

G

and hence, since the expression of the momentum map for the cotangent
lift of right translation on S = G(@© H is given by the cotangent lift of left
translation, that is,

I (g ) = (T2 Lyttg: 0(9) T2, L)
it follows that

Js (T;Rg_m T Ly T ¢ Ty Ly, T;,th_h_lng(g—l)*y)
= (A} k=T, ¢ Ty L-1v, v)

G

_ (Ad; K+ T " Tr Ry, y) . (10.6.32)

G

The last equality in (10.6.32) is a consequence of the fact that for any £ € g
we have

(Th*l Ry, 0 Tec¢h_l +TpLp-10 Tec¢h) ()

-G i ((Buod" ") (exp(t€)) (L ¢") (exp(tS)) )
= 2| ((exp(te) - A7 H)hR ((exp(t) - b)) = 0. (10.6.33)
t=0

As expected from the general theory in §6.4, the second component in
(10.6.32) is v.
By (10.6.31), the difference Adj s + T:G¢h71T;,1RhV — i between the

first components of (10.6.32) and (u,v) annihilates g” and thus by the
considerations in §6.4 there is some 7 € §,, such that

Ak + T 0" Ty Ry — = (gs;) . (10.6.34)

G
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(In §6.4 the notation g” was not yet introduced and it was called there £.)
Therefore, denoting | := expn € H,,, general theory and (10.4.8) give

It (p,v) 3 (T;Rg_m — Ty Ly Ty, ¢ Ty Ly-v, Tg_th‘h_lgs(g—l)*V) 1
= (T;Ry-1k — Ty Ly T2, ¢" Ty Lyy-1v
+ ¢ T Ligmygn TinLon-19(9~1) v,
T(Zh)(g‘l)Rg'l’lT;‘th-hflQz(gil)*y)
= (T3 Ryosi = Ty Ly Ty 0 Ty Lyvv + Ty Ly T 6! T Ly,
T;(hl)Rg_l_lT;_th.h_l&(g*l)*y) . (10.6.35)

The last equality involves only the third summand of the first component.
This is a consequence of the easily verified identity

697" ) o Lgnr o Lignygnod  =Liog oL

The expression (10.6.35) can be further simplified. We begin with its
second component. The identity

ADp10¢(g ") 0 Lyt 0 Ryt = ¢(g™") © Ly (ys

together with the fact that [ € H,, implies

Ty iy Ry Ty Lgn—10(g™") v
=Ty iy Ry Ty Lgn—16(g~ ") Adj-r v
=T, nyLg-ry-10(g~") V. (10.6.36)
The first component of (10.6.35) will be simplified by showing that
T QT Lyv — T, ¢ T Ly = TE M Ty Ly v (10.6.37)
Using Ad] v = v in the right hand side, this is equivalent to
T T Ly Adf v+ To ¢ T Ly = T Ty Ly v

which is a consequence of the identity
Ady T Lipy-1 0 Tegd + Ti-1Ly 0 Todt = ThLp-1 0 Teg o,

This is in turn proved as follows. Since for any ¢’ € G,

(AD1oLgay-1 06" )(g") (Liod ") (9) = (L1 06") (g,
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it follows that for any £ € g we have

(Adl OThlL(hl)*l o Tec¢hl) (5) + (TFILI ° TeG ¢l71) (5)

- . [(AD oLy 0 6™ ) (exp(t€)) (Lio ¢ ) (exp(t0))]
- & _[(Ener 0 6") (exp(i0))]

= (Tth—l o Tec¢h) (f)

as required. Putting now (10.6.35), (10.6.37), and (10.6.36) together, we
conclude that

I (mv) 3 (T;Rgfm T Ly T T Ly,
TJ-(thg‘(hl)—li(g‘l)*V). (10.6.38)

Finally we recall that the projection map 7, . : ng(,u,v) — O
relative to the right S, ,y-action is given by right translation to the identity
(that is, by the momentum map of the cotangent lift of left translation on

S). Since
Teqem Bigm) (ag: Br) = (Te, Ryarg + Te*G¢hﬁha T, Rnfn)
we conclude that
T (T;Rg—lﬁ — Ty Ly T, " Ty Ly -1v, T;(hl)Lg(hl)*lQg(gil)*y)
= (5 = Adgs T2, 6" T Ly v + T VT Ly 09~
T:HRg-(hl)Tg*.(hl)Ly(hl)_lé(g_l)*y) :
However,
T2 Ry iy Ty iy Lg-ny—1 691 ) v = Adyy y-1 b9 ™) v
= (g7 )" Ad{yy 1 v = (g7 ) Ad; -  Adj v = (g7 1) Adj v
since | € H,,. Therefore we get
T (T Ry = Ty Ly s T 6™ T Ly, Ty Ly 109 )
= (K — Ady o Tr, M Ty Ly -1v + Te*c;¢g‘(hl)T;-(hl)Lg‘(hl)—1Qg(g_l)%
Olg™") Adjav).

Now we simplify the first component. The following identity for any
k € H is readily verified

dlg™) o Lyj—o ¢9F = Lp-10¢Fo ADg-1.
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The dual of the derivative of this identity for k = hl gives the cancellation
of the last two summands in the formula above. Thus we finally get,

) (T;Rg_m—Tg*L T ST Ly Ty Ly 10 )
_ (H,qz(gfl)*Ad;,l y).

We have proved the following.

10.6.7 Proposition. The map

9,k Adj 1 v) € (I8 (1)) (GY),,
= (K,é(g—l)*Adz_l 1/) € O (10.6.39)

1s the symplectic diffeomorphism in Theorem 10.6.6.

As a non-trivial cross-check, let us show that the right hand side in
(10.6.39) is indeed an element of the coadjoint orbit O, ,). This is far from
obvious in view of formula (6.4.3) for the coadjoint action of S := G® H
on (g®h)" = g* xh*. Thus to prove that the right hand side of (10.6.39) is
an element of O, ,) we need to show that there exists some (g, h) € G® H
such that

(k091" Adj-1 v) = Ad, - (,v)
= (Ads i+ (G0 Adyg) " (571 R (T Ly |

S ) A y) .

Looking at the second component, this suggests taking g = g and (hl)~! =

g~ '-h~! that is, h = g- (hl) for some | € H, to be determined. With these
choices the second components are identical, so it remains to show that

* 0 # * *
k=Ady 1 p+ (¢oAdg-1)" (h)* (ThLipy-1v)
which is equivalent to

Ad: k= AdZ (6o Ady+)™ (hl)* (Tf Lwy—1v) —p=0.  (10.6.40)
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However, using the definitions of # and ¢, for any & € g we get
(Ad; (30 Ady-)* (W) (T Lyv), €)
_ <T;flL(hl)711/, (60 Ady—1)* (hl) (Ad, §)>
v, (6o Ady—t) (Ady €) (hi))
Thl ~1v, $(€)(hl))

-1V, §H(hl)>
v, ThlL -1 Tegd™€)

-1
== <V7 Tinty-1 RiTee ¢ §>

by (10.6.33). Therefore

=(Th
=
={Th
=

* (7 * 1
Ad} (poAdy— ) (h)* (T3 Lpay-—1v) = =17 " T2 Ruav
and thus the identity (10.6.40) that needs to be verified is equivalent to
A ki + T, "D T s Ryyw — 1= 0. (10.6.41)

Recall, however, that (10.6.31) holds and hence, as we have seen before,
there is some n € b, such that (10.6.34) is verified. Let us choose now
l:=expn € H,. Then (10.6.41) holds, and hence

(x.(57)" Adj1 v) € Opu,

provided that we can show

T " Ty Ry — (55;]) v =T " T} s R, (10.6.42)

To prove this identity, we compute for any £ € g

<Te*c; ¢(hl)7lT(*hl)’thlV7 §>
= <l/7 T(hl)—thlgH(l_lh_1)>
= (v, Tiy-1 R Ty Li=1 € (W) + Ty -1 RuTy-1 Ry (171))

The second equality above follows from the identity

€r (kK') = T Li (Su (K') + TuRar (Sa (R))

for all k, k' € H and £ € g, as was discussed in §6.4. Since left and right
translations commute, this becomes

(v, Adj-1 Ty-1 Rpéu (™)) + (v, T Riéa (I71))
= (Adj v, Ty 1 Rp&u (7)) + (v, T Ri€ (I71))
= (v, T Ruéu (1)) + (v, T  Ri€u (I71))
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because | = expn € H,. Therefore we get
(T2, "™ Ty Ruaw, €)
= (v, T RTeg 6" €) + (v, Tir Rig (171))

and hence (10.6.42) holds if and only if

<v, é(f)(n)> + (v, -1 Riép(I71)) = 0. (10.6.43)
In §6.4 we have seen that

€ (k™Y) = = (Tey L1 0 Ty Ry-1) (En (K))
for all k € H and & € g. Therefore (10.6.43) is equivalent to

(v, OM)) — (v, L1 (1) = 0

which is true by (6.4.6). This shows that the right hand side of (10.6.39) is
indeed an element of the orbit O, ,), as required.

The formulas given above serve as a guideline in concrete examples when
one classifies coadjoint orbits of general semidirect products.

The Case G = (. It is interesting to investigate the situation when
G” = G which occurs, for example, if H admits only inner automorphisms.
In this case, GG acts on T*G x O, and Proposition 10.3.3 can be applied to
give the following result.

10.6.8 Proposition. Let (u,v) € g* x h*, assume that G¥ = G, let
o’ : G — g* be the non-equivariance cocycle of the momentum map J, :
T*G x O, — g%, and let

SV(&,m) = TEm 4+ {38, T}

be the associated infinitesimal two-cocycle. Denote by (’)E the affine orbit
of G through u (relative to the action (10.6.27)) endowed with the plus
orbit symplectic form. Then the (G® H)-coadjoint orbit through (u,v) €
(g®h)*, endowed with the plus orbit symplectic form, is symplectically dif-
feomorphic to the product symplectic manifold OE x O, where both orbits
carry their respective plus orbit symplectic forms.

An important special instance of this situation occurs when v = 0. In
this case G¥ = G, O, = O, and hence G acts on T*G x {0}. Therefore, the
second stage reduced spaces or, equivalently, the (G © H)-coadjoint orbits
through points in g* x h* whose second component is zero, are symplecti-
cally diffeomorphic to the coadjoint orbits of G.

The next section is devoted to an example. Using the full power of the
theory developed in the last two sections we compute the coadjoint orbits
of a semidirect product of two concrete nonabelian groups.
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10.7 Example: The Group 7 U

This section classifies the coadjoint orbits of the semidirect product of the
upper triangular group with its normal unipotent subgroup, the group of
upper triangular matrices with ones on the diagonal. This will be carried
out in detail for 3 x 3 matrices. To classify the orbits, the full reduction
by stages theory developed in the previous two sections will be used. It is
interesting to work out this example in detail because it uses the full power
of the reduction by stages theory and also has certain unusual properties:
even though the generic coadjoint orbit has codimension three, there is only
one global Casimir function. Worse, on an open dense Poisson submanifold
containing the generic coadjoint orbits, there is a second Casimir globally
defined on this open set but, as will be shown, there cannot be a third one,
even on this open submanifold. This example also illustrates the complex-
ity of the coadjoint orbits of a general semidirect product. In fact, recall
from Proposition 10.6.8 that if G¥ = G, then the coadjoint orbits of the
semidirect product G® H are products of affine orbits of G (associated to
a non-equivariance group one-cocycle) and coadjoint orbits of H. However,
in the present example, G # G, and so this complexity also must be dealt
with.

The Group 7 ®U. In §10.5 we carried out the first stage reduction for
the semidirect product Lie group 7 ®U. We now recall a few of the basic
formulas for this example. First of all, recall that 7 denotes the group of
n X n upper triangular matrices and that ¢/ denotes its normal subgroup
consisting of all elements in 7 that have ones on the diagonal. The group
T acts on U by conjugation: ¢ : 7 — Aut({) is defined by ¢(t)(u) := tut—?
for any t € 7 and u € U. Thus one can form the semidirect product 7 ®U
whose multiplication and inverse have the expressions

(t1,u1)(t2, ug) = (tito, urtyugt; ') and  (tu) ™' = (¢t Tutt)

for all t1,ts,t € T, and uy, ug,u € U. Note that dim(7 @U) = n?.

The Lie algebra t of 7 consists of all upper triangular matrices and the
Lie algebra u of U of all strictly upper triangular matrices; u is an ideal in
t. The Lie bracket in t®u is given by

[(§15m1) (§2,m2)] = ([€1,&2l; [§1,m2] — [€2,m1] + [M1,m2])

for any &1,& € tand ni,m2 € u.

The nondegenerate pairing (A, B) := trace(ABT) for A,B € gl(n,R)
identifies gl(n,R) with its dual gl(n,R)* and restricts to nondegenerate
pairings on t and on u. Thus, we identify t* with t and u* with u. The
coadjoint action of U on u* is given by (10.5.8), that is,

Ad, v =10, (v )Twul), for weld, veu =u,
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where I, : gl(n) — u is the projection that maps a matrix to its strictly
upper triangular part.
Notice that for n = 3, if

1 w2 uis
u= 1|0 1 U923
0 O 1
then
1 —uip uiougsz — ugs
uw =0 1 —U23
0 0 1
Thus, for
0 vz w3
v= |0 0 Va3 €U
0 O 0
we get by (10.5.9)
0 vi2 + u23vi3 V13
Ad,z_l v=10 0 V23 — U12V13| - (1071)
0 0 0

We have also seen in §10.5 that for v13 # 0 the isotropy subgroup U, is
one-dimensional and the coadjoint orbit O, is two-dimensional, whereas
for v13 = 0, we have U, =U and O, = {v}.

The action of 7 on u* is given by (10.6.7), that is,

ot v =10, (1) wtT)

for v € u* and t € 7. Similarly, the coadjoint action of 7 on t* has the
expression
Ad:_1 Hn = Ht ((til)T,utT) 5

where t € 7, p € t*, and II; : gl(n,R) — t is the projection that maps a
matrix to its upper triangular part.
If n = 3 we have

1 _tis tioto3 _ _ti3
t ¢ ¢ -1 ti1 ti1t22 ti11t22t33 ti11t33
11 12 13
_ 1 __tog
O t22 t23 — O t22 t22t33 . (10.7.2)
0 0 33
0 0 =
33

Thus, if
Hi1 V12 V13
p=10 o | et =t
0 0 s
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the non-zero entries of II; ((t‘l)TutT) are

_ t12 t12t23 ta3
[IT¢ ((t 1)TMtT)]22 = Moo — 712 — ——— 13 + 23
t11 t11to2 too
_ t12t23 t13 ta3
M (YT ut"))ss = pas + ——pas — — 13 — —pio3
t11to2 t11 too (10.7.3)
_ too to3 o
e ()"t ) e = —p2 + s
t11 t11
_ t12t33 t33
(I, ((¢ 1)TMtT)]23 =- H13 + —— 23
t11too too
_ t33
e (Y ") s = —pas
t11
In particular, if
0 vi2 v
v=10 0 V23| € uw=u
0 0 0
we get formula (10.6.8), that is,
0 %1/12 + %Z’Vw ?’T‘I'Vm
I, (1) ut") = |0 0 2l g+ Baypg] L (10.7.4)
0 0 0

In this section we shall also need the following formulas. Namely, the
non-zero entries of Iy (t7u(t=1)7) are

¢ tiot t

I (47 (=17 _ _hi2 f2t2s 13

[ t( p(t™) )]11 pi t22M12+t22t33M13 t33M13
t tiot t

0 (T (=17 +£ _ liala3 _ 23

[T (¢ (1) )]22 22 t22M12 tootss t33'u23
t t

[Ht (tTﬂ(til)T)]?,g = p33 + %#23 + 16173#13
3 (10.7.5)

o ot ~ liutag
[Ht (t ‘[,L(t ) )]12 - t22 t22t
t t
[Ht (tTM(til)T)]% - 15272“23 + t12 M3
-~ t11
M (" pt 7], = P

In §10.5 we have shown that the first stage reduced Poisson manifold
of T*(T ®U) is T*T x u* endowed with the product Poisson structure. If
v € u, the first stage symplectic reduced space at v is

(T*T x O,,wr @ wa),
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where O, is the coadjoint U-orbit through v. Thus, by Theorem 10.6.6, the
second stage reduction gives the coadjoint orbits of 7T ®U in (tQu)*.

The Coadjoint Action. One could attempt to compute the coadjoint
orbits directly. We shall do this calculation now and will see that it does not
help much with the classification problem. We shall also point out that the
Lie-Poisson space (t®u)* has a very complicated structure due to the lack
of Casimir functions. This then leads one to classify the coadjoint orbits
using the reduction by stages program.

To compute the coadjoint orbits of 7 @ U directly we use formula (6.4.3)
which in this case becomes

‘ACl?t,u)_1 (/’L7 V)
- (Ad;;_l pt (poAd) (7 w) (T Lyorrv)

() Adir i v), (10.7.6)

where p € t*, v € u*, t € 7, and u € U. Recall that given a Lie algebra
anti-homomorphism F : t — X(U) and v € U, we let

F#(u): t— T U
be the linear map given by
F#(u)(€) := F(&)(u),

for any ¢ € t. Then F#(u)* : T:U — t* denotes its dual map. We shall now
explicitly compute this coadjoint action.
We determine first the term

(foAdyr)™ (7" w)* (T sy Lyr ).
To do this, recall that
tou:=o(t)(u) = tut™!

for any t € 7, u € U and hence if { € t and v € U, we get

_ d d
T 3OW = 2| Lo (exp(t) - v) = 4] uetuete
t=0 t=0
=v ¢v—C. (10.7.7)

We have for any £ € t
<((;_So Ady )" () (T L), §>

= <V7 Ti-1y L1y (d_) © Adtfl)# (til : U)(£)>
= <V7 Tt—l,uLt—l‘u—lé (Adt—l f) (t_l . u)> .
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Applying equation (10.7.7) for v :=t1-u = t " lut and ¢ := Ad, 1 £ =t~ 1t
we get
<1/, (6 ut) ™" (e (¢ ut) — t’1§t>
= (v, t7'u eut — t7 L)
— trace (v (t—lu—lgut —v (7))
= trace (((u™" Tottu® — (9Tt )
(I (( ( Tttt — () utt) 7))

= trace

where II; denotes the projection of a matrix onto its upper triangular part.
Therefore we get

<((;30Adt71)# (t71 . u)*( =1 uLt 1.— ll/) €>
= (I ()T @Yot — (") €,
for any ¢ € t and hence
((72_50 Adt—l)# (til . u)*( t—1 uLt 1 u—l]/)
=T ((w HTE ) vt — ¢ wt") . (10.7.8)
Since
Adf =TI (1) t)
for any ¢ € 7 and pu € t* = t, the first component of (10.7.6) is
O (Y pt+ ()T H ot — (1Tt (10.7.9)
The second component of (10.7.6) is ¢(t~1)* Ad}-1.,—1 v. Since
S A =TI, ((7H)A7)
and
Ad v =1, (v H)Twe"),
for any t € T, u,v € U, and A\, v € u*, where II, is the projection sending
any matrix to its strictly upper triangular part, we get
(725( ) Adt 1-1V
=T, (1) T, [((¢tut) ™) vt ut) ] )
— Hu ((tfl)THu [tT(ufl)T(tfl)TVtTuT(tfl)T] tT) .

Since
L (¢ H7T 1,4 t7) =1L, (¢ )T A7)
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for any matrix A and any t € 7, the above expression becomes

Pt Adj—r v =, (W )T wt"u™) (10.7.10)

Therefore, by (10.7.9) and (10.7.10), the coadjoint action of 7 @®U on
(t®u)” has the expression

Ad;(kt,u)—1 (:uv V)
= (M (EH pt+ (@ HTEH vt — HTut")
IL, ((w™ YT H vt ul)). (10.7.11)

Note from this formula that if v = 0 then the 7 @ U-coadjoint orbit
O(u,0) equals O, x {0}, in agreement with the comment following Propo-
sition 10.6.8.

The Coadjoint Orbits. A direct attack on the classification of the coad-
joint orbits is relatively involved. If n = 3, due to the small size of the
matrices, it is still possible to do this by hand. As will be seen below, the
classification of the isotropy subgroups by a direct approach quickly degen-
erates into very long and complicated computations. Later on, we apply
the reduction by stages procedure to retrieve the same results with con-
siderably less computations and in the process learn much more about the
structure of the orbits. Thus, the reduction by stages method yields auto-
matically more information about the internal structure of the coadjoint
orbits and, at the same time, is also computational useful.
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If n =3 and (@, 7) := Ad(; )1 (1, v), formula (10.7.11) becomes

_ t12 t13 22
11 = p11 + 12 + — 13 + U2 12
t11 tll tll
to3 t33
+ urg—r13 + U3 —r13
t11 t11
B t1o to3 t1oto3
Hog = pi22 — 7—p12 + 23 — H13
t11 too t11to2
t22 t33 liolss
— U127 V12 + U2z V23 — U23 V13
t11 a2 t11l22
ta3 t33
— U127—V13 — U12U23 7—V13
t11 t11
By = 1o t23/i t13u t12t23ﬂ y
= 33 — 23 — T [413 13 — U23—— Va3
33 tao t11 ti1t22 t
t12t33 t33 t33
+ uo3 V13 — U137 V13 + U12U23— V13 (10'7~12)
t11t22 t11 tll
_ a2 ta3
Hig = 7—H12 + —H13 + U23— V13
ty t11
_ t33 t12t33 l33
Ho3 = T—H23 — H13 — U12—V13
to2 t11to2 t11
_ t33
Hig = fﬂlS
11
_ ta2 ta3 t33
Uig = — V12 + —— V13 + U3 — V13
t11 tll tll
S t33 t12t33y u t33y
23 = 23 — 13 — U12— V13
too t11to2 t11
_ t33
Vi3 = 13-
t11

These formulas are the result of a lengthy but straightforward computation
using (10.7.11), (10.7.3), (10.7.4), and the expression of the product

t11  ti2 + uiloe €13 + uistos + u1stss
ut= 10 22 tog + u23tss
0 0 t33

Even though the description of the coadjoint orbit through (u,v) by
these formulas is complete, we learn very little about its structure. There
are only two almost obvious observations:

— — — K H13
Hiy + flog + H3z = pa1 + p33 + K33 and L8 =12
Vi3 V13
The second relation holds, of course, only on the open subset where v13 # 0;
this subset is invariant under the coadjoint action as the last equation in
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(10.7.12) shows. We shall return to these formulas later when discussing
the Casimir functions of (t@u)*.

We begin with the calculation of the coadjoint isotropy subgroups. By
711, (t,u) € ) 1 and only 1
10.7.11 TOU (,v) if and only if

o= (Tt + ()T Tt — (1) T0aT)
v=T1L (" HT e HTvt"u’).

If n = 3, by (10.7.12) this is equivalent to

t12 t13 o2 U12t23 + u13tas
pi11 = p11 + —p12 + — 13 Fue— Vg + ————— V13
t11 t11 t11 t11
_ 12 t1ata3 tas3 (2}
M22 = H22 — —MH12 — 13 T T—M23 — U127 V12
t11 t11to2 too t11
Uy2taotos + U23ti2t33 + Ur2U23tontss t33
- V13 + U23— a3
t11too too
. t12t23 t13 t23
W33 = W33 + 13 — 7 M13 — 7 M23
t11to2 t11 too
Uy2tostos + Uogtiotss + uioUoztontss
+ V13
t11too
uy2to3 + u13t33 t33
— —————————V13 — U237 V23
t11 ta2
22 to3 t33
Mi12 = — 12 + 13 + U23 T— V13
t11 t11 t11
_ tliatss t33 33
o3 = — H13 + — o3 — U127—V13
t11t22 ta2 t11
_ ls3
H13 = T—H13
t11
_ tag 23 + u2slss
Vipg = —Vijg + ————— 113
t11 t11
t12 + u12to2)tss t33
Vo3 = _QVB + —vas
t11tao too
t33
Vi3 = —U13.
t11

Case 1: If 113 # 0, then t1; = t33 so that the sixth and ninth equations
are satisfied. The seventh and eighth equations give

iy = tia(tss —too) a3 tie g = tin —taa 1z o
tootss 113 22 ts3 113 t33
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and the first five equations are

tiap1z + tizp13 + urataoria + (uiatas + uistss)riz = 0
tiatoofinn + tiatasiing — tiitaspos + Uiataavio

+ (u12tostas + ugstiotsz + uiausstaotss)riz

— ug3ty1t3zes =0
totagpiz — tistoopins — foglisflog

+ t33(uastia + uroUastos — uizton)viz — Ustiitzzvag =0
(taz — t11)p12 + tazpz + uzstazriz = 0

t11(t33 — too)pas — tiatsspiis — uiatastssias = 0.

(10.7.13)
Replacing in the last two equations the values of ¢33, u12, us3 found above
gives

tes — 1 - t —vi3) =0
(ta2 — t11) (12 — v12) + tas(p1z — v13) } (10.7.14)

(taa — t11)(p23 — v23) + tiz(p1z — v13) = 0.
Case 1A: Thus, if in addition to v13 # 0 we assume that ui3 # v13, we get

H23 — V23 H12 — V12
_— and t23 = (tll — tgg)i

ti2 = (t11 — t22) .
H13 — V13 H13 — V13

and hence

t11 — o2 (1/23 _ H23 — V23>

U2 =
too Vi3 M13 — V13
t11 —tog (V12 p12 — V12
Upg = — | — — ——
t11 Vi3 M13 — V13

Plugging in these values in the first equation of (10.7.13) and solving for
uy3 yields

tin —lo2 plo3 — Va3 pi2 13 pa3
t11 g1z — i3 i3 ti1 g
i — 12 <V23 23 — 1/23> V12

Uiz = —

t11 Vi3 13 — 13/ Vi3

(tn —t20)? (1/23 _ H23 — V23> Hi2 — V12
t11too 3 W13 — Y13/ 13 — V13

A long but straightforward computation shows that with these values
for uya, uag, u1s, t12, tos, tas the first two equations in (10.7.13) are iden-
tically satisfied. Therefore, the coadjoint isotropy subgroup at (u,v) with
vz # 0,13 # 113, consists of pairs (t,u) € 7 ®U such that t1; = 33
and w9, Uog, U13, t12, tog are given above. Thus dim ((T@U)(lw)) =3 and
hence the dimension of the generic coadjoint orbit is 9 — 3 = 6, where
generic means that v13 # 0 and p13 # 13-
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Case 1B: We continue with the classification. So let 113 # 0 and 13 = v13.
Then (10.7.14) becomes (tgg—tu)(,ulg—l/lg) =0and (tzg—tll)(ugg—ygg) =
0. Thus if at least one of p119—115 Or a3 —vs3 does not vanish, then t1; = tog
and hence t1; = tgo = t33. The system (10.7.13) simplifies to

tiopio + t13v13 + uiati1vi2 + (u12tos + uistin)viz = 0
tiotiipine + tiotasias — tirtospios + wiati via

+ (urati1tes + usstiotin + urouasts )13

— ustiyvas =0 (10.7.15)
t12tos1g — tist1113 — tagliipias

+ t11(ugstiz + urptnstiy — urstin)vaz — ugstives =0

to3v13 + ugstiiviz =0

t12v13 + u12ti1v13 = 0.

From the last two equations we obtain

and so the first one gives

_ tis tizg e | tigtes | liz a2
Ug=——-—-—— 3 —_——
t11 t11 13 t11 t11 113

With these values for w12, uss, 413 the second and third equations in (10.7.15)
are identical and give

tio(pi2 — vi2) = taz(to3 — va3)

which can be solved for either ¢15 or to3 since at least one of p1o—v15 or pioz—
193 does not vanish. Thus, in this case, the values of to9, t33, u12, U3, U13
and t12 (or ta3) are determined and hence dim (T@L{)( ) = 3. Hence,
in this second case, dim O, ,) =9 — 3 = 6, as before.

H,v)

Case 1C: So let V13 75 O, 13 = V13, H12 = V12, and H23 = V23. Then
t11 = tsz and (10.7.14) is identically satisfied. We get

_ tin —taa ez ti2 _
U= ——"— — — and Ug3 =

too 113 to2 ti1 13t

tin =t vz ta3
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and the system (10.7.13) simplifies to

tiav12 + t1313 + uiatoaria + (uiates + uistin)viz = 0
tiatasvia + tiatasins — tiitoglas + Uratiyris

+ (urataotas + uastiotin + uiuaztastin )13

~ uzstiyvas =0 (10.7.16)
ti2t23v13 — tigtoats — tastinves

+ t11 (uzst1z + urausstor — uistas)vis — Unstiives =0

(tag — ti1)v12 + tagriz + ugstiiviz =0

(t11 — ta2)vas — tiav13 — urateariz = 0.

With these values for w12 and wugz the last two equations in (10.7.16) are
identically satisfied and the first one gives

o — D2f2s Tz Ta1 = tog Vag @_’_ti?’
13 vis  laa)

With the values just found for uis,us3, and u;3, the first two equations in
(10.7.16) are identically satisfied.

Therefore, in this case, t33,u12,us3, and w3 are determined so that
dim ((’T@L{)(H?y)) =5 and thus dim O, ,) =9 —-5=4.

Case 2: We return to the original conditions describing the isotropy sub-
group and assume that v;3 = 0. Then the conditions on (¢,u) to be in the
isotropy subgroup become

t1opt12 + t13p013 + u12t22v12 = 0

tiataoia + tiatagpng — tastinpog + Uratielio — Usstsstiives = 0
t12t23p413 — t13tos i1z — tastiiples — uz3tsstiives =0

(tag — t11)p12 + tozp1z = 0

t11(tss — toz)po3 — tiotagpiz = 0

(t3z —t11)p13 =0

(tog —t11)v12 =0

(t33 — taz)1o3 = 0.

(10.7.17)
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Case 2A: If 113 = 0, 13 # 0, then the sixth equation in (10.7.17) implies
that ¢33 = t;; and so the system (10.7.17) becomes

ti2pt12 + t13p13 + uiataarvie =0

tiataafiia + tiatagfiis — tastiifios + Uiatssia — Usati Ve = 0
tiatagpns — tistaopns — tastinpog — Unstiyveg = 0

(taz — t11)pa2 + tazpz = 0 (10.7.18)
(t11 — ta2)po3 — ti2pt13 = 0
(tag —t11)r12 =0

(t11 — ta2)ve3 = 0.

From the fourth, fifth, and first equations in (10.7.18) we get

H23
tig = (t11 — to2)—
H13
H12
tog = (t11 — to2) —
H13

12 Vi2 12123 V12

t13 = _tIZL — uygtog—— = —(t11 — 1522)L 2,u — uiator — .
H13 H13 H13 H13

With these values of t19, ta3, t13, the second and third equations of (10.7.18)
are identical so we are left with

U12t3oV19 — Ungtiy vz = 0
(toe —t11)v12 =10 (10.7.19)

(t11 — taa)va3 = 0.

Case 2Aq: If in addition to 113 = 0, 13 # 0, at least one of v15 or vo3 does

not vanish, then t1; = toy = t33, t1o = 0, ta3 = 0, t13 = —uiat1112/ 13,
and the first equation determines either uio or ugg. If 119 # 0, then uio =
Ug3ve3/vi2 and t13 = —ugstiivaz/pas. If vo3 # 0, then ugz = uizv12/v23.

Thus, in this case the values of tog, t33,t12,t23,t13, and w12 (or usgs) are
determined and hence dim ((’T@Z/{)(M,V)) = 3. Therefore, dim O, ,) =
9—-3=6.

Case 2A(3: Assume now that v13 = 0,13 # 0 and that v1o = a3 = 0.
Then the system (10.7.19) consists of three equations that are identi-
cally satisfied. So t33,t12,t23, and t13 are determined which means that
dim ((7 ®U),.,)) = 5. Therefore, in this case dim O,y =9 — 5 = 4.
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Case 2B: If 113 = p33 = 0 then the system (10.7.17) becomes

ti2pt12 + U2toorio = 0

tiotosfina — tastiiflos + uiatiaria — Usstsstiives =0
to3ftog + Uostaztog = 0

(ta2 — t11)pa2 =0 (10.7.20)
(t33 — taz)po3 =0
(teg —t11)r12 =10
(tas — taz)vaz = 0.

Case 2Ba: Assume that v13 = p113 = 0 and v12 # 0. Then ¢ = ¢1; and
the system (10.7.20) becomes

t12p12 + u12t11v12 = 0

t12ft12 — tazpiz3 + ui2t11V12 — U23tazvaz =0

ta3fioz + ugstasreg = 0 (10.7.21)
(t33 —taz)pa3 =0

(t33 — taz)1o3 = 0.

From the first equation we get

and the system (10.7.21) simplifies further to

to3 a3 + U2st3ztez = 0
(tss — taz)pi2z = 0 (10.7.22)
(tzg — taa)raz = 0.

Case 2Baa: Assume that v13 = p13 = 0, v12 # 0, and 93 # 0. Then
tsg = taa = t11 and ugs = —tozfiaz/t11v23. Thus too, t3s, u12, and ugz are
determined which shows that dim ((7 ®U)(,,,,)) = 5 and thus dim O, ,,) =
9—-5=4.

Case 2Bab: Assume that v15 = 13 = 0, v12 # 0, and vo3 = 0. Then the
system (10.7.22) simplifies to

t =0
23Hi2s (10.7.23)
(33 — ta2)po3 = 0.

e If in addition pa3 # 0, then to3 = 0 and t33 = tos = £11. Thus in this
case, t9o,t33,u12, and to3 are determined, so dim ((T@L{)(#ﬁy)) =5
and hence dim O, ,) =9 —5=4.



360 10. Stages and Semidirect Products with Cocycles

e If in addition pos = 0, then only t9s and wis are determined, so
dim ((T@Z/{)(W,)) = 7 and hence dim O,y =9 -7 = 2.

Case 2Bg: Assume that v13 = 13 = 0 and v4o = 0. Then the system
(10.7.20) becomes

tiop12 =0

t1ataapiia — tasti1 a3 — u2stsstiives =0
togpia3 + uastszlez = 0

(taz —t11)p12 =0

(t33 — taz)poz =0

(t33 — tag)ro3 = 0.

(10.7.24)

Case 2Bfa: Assume that 113 = pi3 = 0, v12 = 0, and 93 # 0. Then
t33 = too and the system (10.7.24) becomes

ti2p12 =0

t1atoopt12 — tagtiipias — uastaatiives =0
t23fi23 + u23lostaz =0

(taz — t11)p12 = 0.

(10.7.25)

From the third equation we deduce

which, when plugged into the second equation, gives ti2toap12 = 0. Since
too # 0, the system (10.7.25) collapses to

ti2pt12 =0
(tag —t11)p12 = 0.
e If in addition H12 7§ O, then t12 = 0 and t33 = t22 = t11. Thus,

in this case, t33,t22,%12, and us3 are determined which implies that
dim ((T@L{)(W,)) =5 and hence dim O, ,) =9 -5 =4.

e If in addition, p12 = 0, then only ¢33 and uss are determined which
implies that dim ((7—@[/{)(#7”)) = Tand hence dim O, ,y = 9—-7 = 2.

Case 2Bfb: Assume that 113 = p13 = v19 = vo3 = 0. Then the system
(10.7.24) becomes

t1op12 =0
t1otoopi12 — tasti1pez =0
togpzs =0 (10.7.26)

(teg —t11)pt12 =0
(t33 — ta2)po3 = 0.
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o If 115 # 0, then t15 = 0 and ¢95 = t17. The system (10.7.26) collapses

to
tospto3 =0
(tag — ta2)pe3 = 0.
- So, if pog # 0, then tog = 0 and t17 = t9o = t3z3 which says that

too, t33, 112, and to3 are determined and hence dim ((’T @Z/{)(W,)) =b.
Thus dim O,y =9 —5=4.

- If p123 = 0 then only t22 and 15 are determined so dim ((7 ®U)(,,,.)) =
7 and hence dim O, ,) =9 -7 = 2.

o If pyo = 0, system (10.7.26) becomes

togpas =0
(t3z — ta2)p23 = 0.
- If pos # 0, then to3 = 0 and toy = t33. Therefore dim ((T@U)(M,)) =
7 and hence dim O, ) =9 — 7 = 2.
- If pog = 0, then there are no determined group elements and hence
dim (7 ®U) (1)) = 9. Thus dim Oy, ) = 0.
This finishes the classification of the coadjoint orbits done by hand.

Summary of the direct classification. The coadjoint orbits of 7 ®U
are

e 6 dimensional if:

(i) v13 # 0 and py3 # 113, or

(i) »13 # 0, g3 = v13, and at least one of 1o — 13 or gz — Vo3
does not vanish, or

(iii) v13 =0, p13 # 0, and at least one of 115 or a3 is not zero.

e 4 dimensional if:

(i) v13 # 0, p13 = V13, pa2 = Via, Ha3 = Va3, OT
(ii) 113 =0, p13 # 0, 12 =0, o3 =0, or

(iil) v13 =0, p13 =0, v12 # 0, a3 # 0, or

(iv) 13 =0, pu13 =0, v12 #Z 0, vo3 = 0, pgz £ 0, or
(v) vi3 =0, p13 = 0, v12 = 0, va3 # 0, 12 # 0, or
(vi) viz = p13 = vi2 = va3 = 0, 12 # 0, i3 # 0
e 2 dimensional if:

(i) vi3 =0, p13 =0, v12 # 0, v23 = 0, pup3 = 0, or
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(i) 13 =0, p13 =0, 12 =0, vo3 # 0, 12 =0, or
(iil) vz = p13 =12 =123 =0, 12 # 0, po3 = 0, or

(iv) vig=pis =vi2 =123 =0, 12 =0, pag # 0

e 0 dimensional, if v =0 and g1 = po3 = p13 = 0.

From this point on we shall never use the cases that have previously ap-
peared and refer to the direct classification of the orbits only by the scheme
introduced above.

Casimir Functions. The (+4)-Lie-Poisson bracket on (t@u)* is given
for any F, H € C*°((t®u)*) by (6.4.5), which in this case becomes

{F H}(p,v) = <N’ Esi Z&ID

5F oH) _[oF oH) _[4F on
. p’ v v’ v’ v |/’

(10.7.27)

+

Therefore, Hamilton’s equations associated to H have the expression

(10.7.28)
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In coordinates and for the case n = 3, these become

— OH + OH e oOH iy OH
pan = Op12 Hs Ouas vy o
. OH OH + oOH oOH
e —_ vV —_
H22 K23 5#23 H12 5#12 23 s 12 e
. OH oOH OH oOH
= - — —— — Vi3 — Va3 ——
K33 H13 E H23 E 13 EOp 23 e
OH OH n OH n OH
= T 4 e
fl12 = ph12 3#22 3/111 M13a 1123 13 I
oH
= V ) —
fro3 = 23 8u33 3#22 13 s (10.7.29)

113 = p413

<3M33 - )
( > e OH
aﬂzz a,ul s Ova3

oOH
3#33 a,u22 v Ovia

V23 = l23

0
Vs = Vs <3N33 3#11)

In particular, the smooth function C' : (t@®u)* — R is a Casimir function
if and only if the right hand side of (10.7.28) vanishes. There is an obvious
guess for such a function by searching for C satisfying 6C/ép = I and
0C'/év = 0, which gives

C(p,v) = p11 + paz + p33.

This is precisely one of the functions suggested by the coadjoint orbit de-
scription (10.7.12), as we have seen before. Another function suggested by
this concrete orbit description is

D(p,v) =

V13

which is, however, only defined on the open Poisson submanifold given by
the condition 143 # 0. That the open set {(u,v) € t* x u* | 113 # 0} is a
Poisson submanifold of (t@u)* follows immediately from the last equation
in the system (10.7.29). On this open subset, D is also a Casimir function.
Indeed a direct computation using

1 _ K13
sp |90 o5 sp [0 0 T
1o o o0 Y 1o o o0
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and (10.7.29), shows that the Hamiltonian vector field generated by D van-
ishes. Tt is clear that on the open Poisson submanifold {(u,v) € t* x u* |
v13 # 0} the two Casimir functions C' and D are functionally indepen-
dent, that is, their differentials at any point of this open set are linearly
independent.

Since the dimension of the generic coadjoint orbit is 6, one would expect
three globally defined Casimir functions. This is not possible for (t@u)*
because the generic coadjoint orbit given by the conditions v13 # 0 and
V13 # pys has all elements of the form (u,v) = (diagonal matrix, 0) in its
closure; each such element is a 0-dimensional orbit. So the generic orbit
is not closed. If there would be three functionally independent Casimir
functions, the generic coadjoint orbit was necessarily closed. Even on the
open Poisson submanifold v13 # 0, there cannot exist three functionally
independent Casimir functions, because the 4-dimensional orbit given by
the conditions v13 # 0, p13 = 13, ft12 = V19, flog = Veg is in the closure
of the generic 6-dimensional orbit given by the conditions v;3 # 0 and
V13 # p13. So on the open Poisson submanifold defined by 13 # 0, there
are at most two globally defined Casimir functions, namely C and D.

Of course, locally there are always three Casimir functions. They are
given in a Weinstein-Darboux chart by the coordinates transverse to the
generic symplectic leaf, that is, to the generic coadjoint orbit. For example,
they can be found in the following way. Let (u, ) be such that 145 # 0 and
p13 # viz and choose a vector space complement V' to (t®u)(,,,), that is,

tOu= (t@u)(u’y) o V.
Since [(t@u)(lw)]o = T(4,,)O(p,v) it follows that

(t®W" = [(t®OW ] ©V° = Tp)Opum) ®V°.

Therefore, a transverse slice to the generic orbit O,y is (g, v) + V*° and
hence the coordinate functions on V° provide the three local independent
Casimir functions in an open neighborhood of the generic point (u, v).

The Reduction by Stages Setup. Now we shall recover the classifica-
tion result by using the Reduction by Stages procedure. In this case, the
“big group” is 7 ®U, the normal subgroup is U, and the phase space is
the cotangent bundle T* (7 ®U). Given is (u,v) € t* x u*. The first stage
reduced space is the product symplectic manifold (7 x t* x O,, w? &) wa).
By (10.6.28) and (10.6.7), the Lie subgroup 7% C 7 acts symplectically by

(t.k,p) - L= (tl, k10, (I"p(™")7")), (10.7.30)

wheret € 7, ket pe O,,and l € T".
The 7V-momentum map JZ : 7 x t* x O, — (t)* is, according to
(10.6.30), equal to

IRtk AdE . v) = 5 AL K+ ET oY TP\ Ry,
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where j, : t¥ < t is the inclusion and j% : t* — (t)* is the projection
relative to the pairing (A4, B) = Trace(ABT). In the first summand we
have Ad; k = IT; (t7k(¢t71)T), where II; : gl(n) — t is the projection that
sends a matrix to its upper triangular part. The second summand is the
TY-momentum map K" : O, — (#)* which will be explicitly computed
below. Since (R, 0 ¢" ' )(t) = tu='t"Lu, we have for any & € t”

(et Tio ) © =T (Reoo ) © = G (Reoo) ()
- % =0 efute u = ¢ —uTu

and hence
(i e T Run€) = (v, (Tums Ry o Tr6" ) (§)) = (.6 —u™"6u)
= (1,€) — (v,u"€u) = trace(v¢") — trace(vu’ " (u™")T)
= trace((v — (u™H)Tvu")E") = (v — (u 1) v’ &)
= (v—TII ((u ") Twvu"),¢).
Thus the momentum map JZ : 7 x t* x O, — (t/)* is given by
IRt s, Ad v) =G5 [T (T s(™)T) +v =T ((wH)Tva™)]
(10.7.31)
Of course, the projection j;; : t* — (t)* has to be computed on a case by
case basis.

The momentum map JZ is not equivariant and has a right (t)*-valued
group one-cocycle o¥ : 7% — (V)" given by (10.6.23), that is,

o"(1) = =517 " DT Lugy-1v,

where u(l) € U is any element satisfying g?)(l)*u = AdZ(l)—l v. To explicitly
compute o” we note first that for any £ € t¥ we have

(Tu(l)Lu(l)—1 o T1¢>u(l)) (&) =1 (Lu(z)—l o ¢u(l)) €3]

d d
-4 u®) (€)= L
T odt|,_, <L“(”_1 °¢ ) (%) = &

— u(l)eu(d) — €.
Therefore, for any £ € t¥ we get
(7T OT s Lugy-11:€) = (v (Tuy Luw- 0 Tr6"0) ()
= (ru(l)” 1§U > (vu(l) " eu(l)) — (v,€)
= trace (vu u(l)™HT) — trace (v€")
= trace (( vu()T =) €)= ((u@) ") vu)” —1,€)
= (T (Cu( )T) v.£)

u(l)~Letu(l)e
t=0
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and hence the non-equivariance group one cocycle o¥ : T — (t)* of JI
is given by
(1) = ji [v =T ((w(@) ™ HTvu()T)], (10.7.32)

where u(l) € U is any element satisfying ¢(I)*v = Ady, -1 v, that is,
IL, (Fv(=1)T) = Iy ((w(®) 1) vu()T).

If o € t*, v € u*, Theorem 10.6.6 states that the coadjoint orbit of
T ®U through (u,v) is symplectically diffeomorphic to the reduced space
(I )/ (TY) 1, - This procedure gives, in principle, all coadjoint orbits
in (t@u)*. There are various objects that need to be determined explicitly
in order for the method to be implemented in a concrete case. We shall do
this below for n = 3, the first fully nonabelian situation for 7 ®U.

The Second Stage Symmetry Group for n = 3. We begin with the
computation of 7%. Since

1 __tio tiotas 13
t11 titta2  tiitaotss t11t33
-1 _ 1 _ _tag
t - 0 too taotss
0o 0 _—
33

formulas (10.6.7), (10.6.8), and (10.5.9) imply that ¢ € 7" if and only if
the matrix

l22 tos i3z
0 t11 viz + ti1 Vi3 ti1 Vi3
Ta—1\x., —IN\NT, T\ __ i33 _ tiotas
ot ) v =M, (") vt") =0 0 12vg — g
0 0 0

is in the U-coadjoint orbit O,, which means that it is of the form

0 vig + ugsvis V13
0 0 Vo3 — U12V13
0 0 0

for some uis,us3 € R. Thus, to determine 7" we need to find all t € T
such that

ta2 to3

—Vi2 + V13 = V12 + U23V13

t11 t11

t33 t12t33

T V23 — V13 = Vo3 — U12V13 (10.7.33)
too t11to2

t33

V13 =113

t11

for some numbers u12,u23 € R. As expected, there are several cases to
consider.
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Case I: If v13 # 0, the third equation in (10.7.33) implies that ¢1; = ¢33
and so the system becomes

too t

23

—V12 + —V13 = V12 + U23l13
t33 t33

t33 tiz

—— V23 — V13 = V23 — U12V13
too too

for some w12, us3 € R. This is possible if we choose

fss —toavi2 | tas

Ugz = —
tss  v13 s
t33 — tog U t
gy = 33 T la2 Vs lia
too 113 too
Therefore
t33 ti2 13
77 = 0 tog  to3 tij eR,t; 75 0,,
0 0 33

which is a closed 5-dimensional Lie subgroup of 7. This is in agreement
with the computations done in the first part of §10.6 and at the end of
§10.5: dim 7% = dim(7 ®U), — dimU, =6 — 1 =5.

Next we need to determine the dual of t” in terms of the pairing (A, B) =
Trace(ABT). To do this write t = t & ¢;, where

&3z &2 i3
tV=40&6=10 &an &3 ’512,513752275237533€R
0 0 &3
and
¢ 00
a=<410 0 o0 ‘CGR
0 0 O

Therefore, t* = ()° @ ¢§ = ¢} @ (t)*. We shall identify in what follows
(#)° =¢; and ¢ = (t)*. It is easily verified that

A0 O
c=w)r={l0 0 o ’/\ER
0 0 =X
and
0 pi2 pi3
()" =¢ = 0 p22  pos ‘M12,M13aN227M23,M33€R

0 0 s
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so that p € t* is written in the direct sum t* = (t)° @ ¢§ as

M1l M12 13 pir O 0 0 p1o 113
=10 pa2 po3| =110 0 0 [+ |0 po 123
0 0 s 0 0 —pn 0 0 pszz+pn

Therefore, if j, : t/ < t is the inclusion, the projection j} : t* — (#)* is
given by

M1l H12 M3 0 pi2 H13
P = Jop =gy, | 0 poa poz| = [0 2 W23 - (10.7.34)
0 0 a3 0 0  jpuss+pn

Case II: If 113 = 0, the third equation in (10.7.33) disappears and the

system becomes
22 t33
— V12 = N2, V23 = V23.
t11 ta2

Note also that by (10.5.9), we have O, = {v}.

Case IIA: If 115 = o3 = 0, that is, v = 0, then these equations are
identically satisfied and hence 7% = T, t* =, and j;; is the identity map.

Case IIB: If 115 # 0 and ve3 = 0, then t1; = t25 and hence

t11 t12 13
T = 0 ti1 tos| |ti; €Rt;; #0 ),
0 0 133

which is a closed 5-dimensional Lie subgroup of 7.
To determine the dual t” using the pairing (A, B) = Trace(ABT), we
proceed as in the previous case writing t = t” @ c¢ap, where

11§12 &3
tV=40&=10 & &3 ’511’51275137523,533 €eR
0 0 &3
and
0 0 O
=410 ¢ 0 ‘g eR
0 0 O
Therefore, t* = (t)° @S5 = 55 @ (tV)* and we identify, as before, (t)° =

;5 and g5 = (tV)*. It is easily verified that

-2 0 0
Gr=)r =410 X ofl|reRr
0 00
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and
M1l H12  H13
(t)" =35 = 0 0 pos| |11, 12, H13, H23, 433 € R
0 0 a3

so that u € t* is written in the direct sum t* = (t)° @ ¢ as

M1l 12 13 —p22 0 0 11+ p22 p12 M3
pi=10  poe pes|=1| 0 p O+ 0 0 pio3
0 0 jpuss 0 0 0 0 0  juss

Therefore, if j, : ¥ < t is the inclusion, the projection j} : t* — (tV)* is

given by

MH11 H12 H13 i1+ pe2  pi2 M3
Wy 1= ]:u = ]; 0 Moo  H23| = 0 0 H23 ] . (10735)
0 0 s 0 0 sz

Case IIC: If v15 = 0 and o3 # 0, then too = t33 and hence

t11 t12 13
T = 0 tos tos| |ti; €Rt;; #0 ),
0 0 too

which is a closed 5-dimensional Lie subgroup of 7. This case is similar to
the previous one. The relevant spaces are

Ein &2 &3
tV=986=10 &2 &3 ‘5117512,513,522,523€R ;
0 0 &0
0 0 O
we=410 0 0 ’CGR :
00 ¢
0O 0 O
Goe=)r°={]0 X 0 ‘)\ER ,
0O 0 X
H11  MHi12  H13
()" =50 = 0 o2 pa3 ’u11,M127u13,M22,M23€R
0 0 0

so that u € t* is written in the direct sum t* = (£)° @ ¢35 as

M1l p12 H13 0 0 0 11 H12 113
=10 po2 po3| =10 —p3z O [+ | 0 poo+p33z p23f,
0 0 33 0 0 1433 0 0 0
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and hence if j, : t/ < t is the inclusion, the projection j* : t* — ()" is
given by

H11 Hi2  H13 M1 H12 H13
fo =gop =7, | 0 po2 pes| = | 0  po2+pss pes|. (10.7.36)
0 0 33 0 0 0

Case IID: If v15 # 0 and vo3 # 0, then t17 = t99 = t33 and hence

t11 ti2 13
T = 0 tin to3
0 0 tin1

tzj ER,tll#O )

which is a closed 4-dimensional Lie subgroup of 7. In this case we have

11 &2 &3
tV=0&6=10 & o3 ‘51175127513,523€R ,
0 0 &u
0 0 O
2 =110 0| [n.CeRY,
00 ¢

—K 0 0
Gr=)r =40 k-x 0 ’n,)\eR ,

0 0 A
M1l Mi12  H13
(t) =cp = 0 p1r peos ‘u11,u12,u137u23 eR
0 0 pn

so that p € t* is written in the direct sum t* = (t)° & ¢5 as

—M11 M1z H13
=10 22 po3
10 0 uss
9 _ B
H11 L;22 H33 0 0
_ —p11 + 2p22 — 33
= 0 3 0
—p11 — fo2 + 2/133
0 0 3
pi1 + pog + 33
- 3 H12 Hi3
p11 + o2 + 33
+ 0 - 3 123 )
0 0 pa1 + pog + p3s3

3
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and hence if j, : ¥ < t is the inclusion, , the projection j* : t* — ()" is
given by

M11 M12 H13
P i =Jop =7, | 0 22 23
0 0 s
p11 + pog + p3s
T S H12 Ha3
o H11 + pog + 133
= 0 —3 H23
0 0 p11 + pog + p3s
3

(10.7.37)

The Second Stage Momentum Level Set for n = 3. By (10.7.31),
(JB)=(p,) consists of triples (t,x, Ad’_1 v) € T x t* x O, such that

go [ (@) +v = (@ HTvu) — p] = 0. (10.7.38)

By (10.7.5) and (10.7.3), the non-zero entries of IT¢ (7 x(t~*)7) and I ((u™)Tvu™)
are

t t1ot t
M (k)T = w11 — L+ 22k — By

( ) tos 0 tootss t33
T 4—INT . t12 t12t23 to3
[IT¢ (t k() )]22 = K22 + —Ki12 — K13 — — K23
a2 taol33 t33
_ t1: tor
[ (87 k(t1)7)]33 = Kas + 2 1s + 2kag
t33 t33
T, (4—INT _tn t11t23
[ (w1 ) he = —k12 — —— ki3
a2 toolss
_ t t
[TT¢ (tTﬁ(t 1)T)]23 = E"f13 + 2:‘623
t33 t33
_ t
[T (tTﬁ(t 1)T)]13 = s
t33
[TT ((U_I)TVHT)]M = V12u12 + V13U13
[IT¢ ((U_l)TVUT)bQ = —V12U13 — V13U12U23 + V23U23
[Ht ((Uil)TVuT)]gs = V13U12U23 — V13U13 — V23U23
[IT ((U_l)TVUT)]m = V12 + V13U23
[IT¢ ((Ufl)TVUT)]zs = Vo3 — V13U12
[Ht ((’U,_I)TZ/UT)]l?, = 13.
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Therefore the entries of Z :=II; (t7x(¢t™1)T) + v —1II; (v ') Tvul) — p are

=k t12l€ t12t23/<; t13l€
211 = K11 — 7—Ki2 + ——— K13 — K13
22 tootss t33
— Vi2U12 — V13U13 — H11
- t12 t1otos tog
S92 = K2 + — K12 — K13 — —HKa23
ta2 taotss3 t33
+ VigU12 + V13U12U23 — Va3Uaz — [o2
= K —|—t131-£ —|—t23/<a V13U 12U
233 = K33 + ——K13 + —— K23 — V13U12U23
tas tas (10.7.39)
+ V13u1s + Vesuos — (433
= _ln tiitas
212 = T Ri12 — R13 — V13U23 — H12
22 taot33
- t12 ta2
293 = — K13 + ——HKa3 + V13U12 — U23
t33 t33
- t11
=13 = K13 — H13-
t33

Now we compute the momentum level set (JZ)~1(u,) in all cases for 7
identified in the previous paragraph.

Case I: v13 # 0. In view of (10.7.34) and (10.7.39), condition (10.7.38)
becomes

t12 tiatas log
P11+ p33 = K11 — 7——Ki2 + ——— kK13 + K33 + —Ra3
oo taota3 la3

— V12U12 — V13U12U23 + V23U23

t12 t1otog tog
Moo = Kog + — K12 — K13 — 7R3 + V12U12 + V13U12U23 — V23U23
ta2 toot3s t33
i t11t23
Hi2 = T—Ki12 — K13 — V13U23
ta2 taots3
t12 too
H23 = ——R13 + T—Ka3 + V13u12
t33 t33
i
H13 = T—Hka13

t33
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which gives

- t12 t19t23 ta3
K11 = M11 + H33 + —K12 — H13 — T—HK23 — K33
too toot1y t33
Vi2 ( t12 t22 )
+ — | 23 — —p13 — —Kas
V13 t11 t33
1 t t to
+ — </L23 - £M13 - 22/<é23> ( K12 + /<612 - 3,“13)
13 t11 t33 t 99
Vo3 < t11 to3 >
- — | —p12 + K12 — 713
V13 too oo
t12 t1oto3 tog
K22 = 22 — T—K12 + p13 + —HKea3
too tool11 t33
V1o ( t12 22 )
— — | K23 — H13 — K23
V13 t11 t33
1 tlg t2 t23
— —— | H23 — —H13 — K23 —H12 + H12 — 7 HM13
Vi3 t t too
Vo3 1 ta3
+ — | —p12 + K12 — 13
141 t t
1 11 t23
Uz = — | —f12 + —K12 — 7—H13
14 t22 t2
1 t12 too
U1p = —— | —p23 + *M13 + — K23
V13 t33
t33
R13 = 7—H13-
t11
(10.7.40)
By (10.5.9) we have
0 vi9 4 vi3uss V13
pi=Ad, v=TL ((u")Tvu") = |0 0 —V13U12 + V23
0 0 0
Thus all entries of p are determined, namely
t11 tog
P12 = V12 — [412 + —Ri12 — —M13
too t22
t1o
P23 = V23 — 23 + u13 + ts K23 (10.7.41)

P13 = V13-
This shows that (Jf)fl (1) consists of triples
(t,k,p:=Ad;1v)eT xt*x 0O,

such that (10.7.40) holds. But this shows that in this level set, ¢ is arbitrary
and all the other elements depend additionally only on ki3, ko3, and ks3.
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Therefore, the dimension of (Jf)fl (ty) is 643 = 9. Of course, this agrees

with the expected dimension:

dim(I?) " () = dim(7 x t* x O0,) —dim 7" =6 +6+2—5=19.

Case ITA: v13 = v12 = 193 = 0, that is, v = 0. Then O, = {0}, 7" =T,
wy = p, t =t, and j is the identity map. Thus, using (10.7.39), condition

(10.7.38) becomes

t12 t13
K11 = @11 + T— 12 + —H13
t11 t11
s = 1 tuﬂ t12t23
22 = [22 — T f12 —
t11 t11t22
. 13 t12t23
K33 = [433 — 7—M13 + -
t11 t11t22
22 ta3
K12 = — 12 + —H13
t t11
K23 = 15373#23 ~ hatas
too tq11t
t33

K13 = 7—H13-
t11

(10.7.42)

which shows that (Jf)_1 (p,) consists of triples (¢,x,0) € 7 x t* x {0}
such that & is determined by (10.7.42) and t € 7 is arbitrary. Thus the
dimension of (J f)_l (p,,) is 6, which agrees with the usual computation

dim (JB) ™" (1) = dim(7T x € x {0}) —dimT* = 6+6— 6 = 6.

Case I1IB: v13 = 0, 115 # 0, vo3 = 0. In view of (10.7.35) and (10.7.39),

condition (10.7.38) becomes

t13 ta3
H11 + fo2 = K11 + Koo — T—K13 — T—Ka3
t33 t33
t13 ta3
33 = K33 + —K13 + T—HKa3
t33 t33
1y = 111 . t11t23
12 = —Ki2 —
ta2 taotss3
t12 tao
23 = —R13 + T—Ka3
t33 t33
t11
H13 = T—Ki13
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which gives
t13 t12t23 t23
K11 = —RKeg + p11 + po2 + —pH13 — 13 + 23
t11 t11too too
t13 t1atog ta3
K33 = {33 — 7—M13 + T—— 13 — T— 23
t11 t11too too
too ta3
K12 = 7—p12 + 7— 13 (10.7.43)
t11 t11
- t33/J t12t33u
23 = 23 — 13
tao t11t22
t33
R13 = H13-
t11
By (10.5.9), since v13 = 0, we have
0 V12 0
pr=Ad, v=T (u ) vu") =0 0 vwv|=v,
0 O 0

that is, O, = {v}.
This shows that (Jf)_1 (11,,) consists of triples (¢, k, v) € T xt*x{v} such
that & is given by (10.7.43) and t € T and kay € R are arbitrary. Therefore,

the dimension of (Jf)_l (1) is 6 +1 = 7. Of course, this agrees with the
expected dimension: dim(J#)~!(y,) = dim(7 x t* x {v}) — dimT" =

6+6—-5=71.

Case IIC: 113 = 0, 12 = 0, vo3 # 0. This case is dealt with like the
previous one. As before, O, = {v}. In view of (10.7.36) and (10.7.39),
condition (10.7.38) becomes

= t12H t12t2sn tlBH
11 = K11 — 7 K12 13 — K13
too taots3 t33
t12 t1oto3 t13
H22 + 33 = K22 + K33 + —K12 — + k13
too toot3s t33
1y = 111 t11t23
12 = —K12 —
t22 ta2ts3
t12 ta2
23 = —R13 + —Ka3
t33 t33
t11
H13 = T—Ki13
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which gives

t12 t13
K11 = a1+ iz + i3
t11 t11
t12 t13
K2 = —K33 + H22 + {33 — — 12 — 7 H13
t11 t11
too to3
Ki2 = — W12 + — 13 (10.7.44)
t11 t11
- 1533'u t12t33/¢
23 = 23 — 13
tao t11to2
133
K13 = 77— H13.
t11

This shows that (Jf)_1 (11,) consists of triples (¢, k,v) € T xt*x{r} such
that & is given by (10.7.44) and t € 7 and k33 € R are arbitrary. Therefore,
the dimension of (Jf)fl () is 6 +1 = 7. Of course, this agrees with the
expected dimension: dim(J%)71(u,) = dim(7 x t* x {v}) — dim7T" =
6+6—-5=".

Case IID: v13 =0, v12 # 0, 123 # 0. Again, O, = {v} since v13 = 0 (see
(10.5.8)). In view of (10.7.37) and (10.7.39), condition (10.7.38) becomes

P11 + po2 + f33 = K11 + K22 + K33

1y = t11 . t11t235
12 = —Ki2 — 13
too tootss
t12 too
H23 = — K13 + ka3
t33 t33
t11
H13 = T—R13
t33

which gives

K11 = —RK22 — K33 + {11 + 22 + {433
too ta3
Ki2 = —p12 + —H13
t11 t11
l33 t12t33 (10.7.45)
K23 = ——H23 —
too t11t
t33
R13 = 7—M13-
t11

This shows that (Jf,%)_1 (14,) consists of triples (t,k,v) € T x t* x {v}
such that k is given by (10.7.45) and ¢ € 7, kos € R, and k33 € R are

arbitrary. Therefore, the dimension of (J 5)_1 (uy) is 6 + 2 = 8. Of course,
this agrees with the expected dimension:

dim(JE) " () = dim(7 x t* x {v}) —dimT" =6+ 6 — 4 = 8.
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Orbit Classification Via Reduction by Stages for n = 3. Now we
compute the second reduced space and thus determine the coadjoint orbit
of T®U through (u,v) € t* x u*. This will be done by analyzing each case
separately.

Case I: 13 # 0. Then t1; = t33, as was shown before. By Theorem 10.6.6

(see (10.6.27)) and (10.7.32), the elements t € (7"),, are characterized by
the condition

G [ (¢, (0 T) 4+ v = M (u(®) ™) Tvu(®)"] = w
= ju, (10.7.46)

where u(t) € U is any element satisfying
It 7wt ™HT = Oy (u() ™ H T vu(t)T

and
A0
is given by (10.7.34).

The element u(t) € U is chosen as follows. Since the non-zero entries of
IL, (t"v(t™1)T) are (remember that ¢, = ¢33 since t € T")

- t t
[HutTV(t I)T]w = LlV12 - EV13
2

t t
(Mt ()], = s + v
1

[HutTV(til)T] 13 = V13

and those of IL, (u(t) 1) Tvu(t)T are

=
e
—~
<
=
L
~—
~
<
<
=
!

|1, = vi2 +u(t)asrs

3

]23 = vo3 — u(t)12v13

o
s
=
=~
S~—
L
S~—
S
<
g
=
5

J13 =3
it follows that we can choose u(t) by the requirement that

u(t)r = tin —taaves i
12 ti1 i3t
u(®) _ b —typvip  tag

2 too V13 to2

and u(t)13 arbitrary.
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Now we return to the relation (10.7.46). The non-zero entries of IT (t7 p, (¢ 7))
and T ((u™!)Tvu®) are

_ t t1ot t
[T (7 o (t 1)T)}11 = B 22 By,
to2 t11to2 t11

_ t12 t1oto3 tog
[TL (tTuy(t I)T)}22 = Ho2 + —Hi2 — H13 — T H23
too t11to2 t11

_ t t
[T (" o (t 1)T)}33 = p11 + p33 + ﬁﬂl(ﬁ + fﬂ%

t t
[ (¢ (tH7)] 9= s —

too too

e (¢, (671)7) ]y = ?*2#13 + ?72#23
1 1

[T (¢ (7)) 1y = p113
[T ((u™H)Tvu")],, = uiavia + wisvas
[T ((u™H)Tvu’)],, = —u12v12 — u12u2sv1s + Unsvas
[T ((u™ )T,y = —u13v1s + uroussins — tasvas
[T ((u™H)Tvu™)],, = vio + ugsvis
[ ((u™ )T vu)] g = vos — wizvis

[TT¢ ((ufl)TVuT)} 13 = V13-
Using (10.7.34), we see that (10.7.46) is equivalent to

tio t12t23 ta3
— 12 — pig — — 23 + vigu(t)12 + visu(t)12u(t) 23 — vasu(t)23 = 0
too t11t22 t11

t11 — to2 ta3
— 12 — — —u(t)23r13 =0
too too

12 t11 — t22
— g + u(t) 12013 — ————pag = 0.
tll tll

Plugging in here the values of u(t)12 and u(t)a3 found before we get

t11t12(12 — v12) — tiotes(p1s — v13) — taotas(pes — va3) =0
(t11 — ta2)(p12 — v12) — tag(p13 —v13) = 0 (10.7.47)

t12(p1s — v13) — (t11 — to2)(ptes — veg) = 0.
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Case IA: If 113 # 0 and, in addition, g3 — v13 # 0, the system above
gives
H23 — V23 H12 — V12
)7 and t23 = (tu — tzg)i .
H13 — V13 H13 — V13
With these values of t19, tog the first equation of (10.7.47) is identically

satisfied. Therefore, if p13 # 113, the isotropy group (77),, is the set of
matrices given by

tiz = (t11 — ta2

H23 — V23
tin (t11 — tog) ——— t13
H13 — 13
—v
0 too (tr1 — tm)u ‘tn, tag # 0
M1z — V13
0 0 t11

which is three dimensional. Thus the reduced space

I 1) (T

which is diffeomorphic with the generic coadjoint orbit of 7 QU through
a point (u,v) satisfying v13 # 0 and v13 # 13, has dimension equal to

dim(IH) " (w,) — dim(7"),, =9 -3 =6.
The (7"),, -action is the restriction to the level set (J 5)71 (py) of the
action (10.7.30), that is,
(t, k, 11, ((u_l)TVuT)) = (t, K, 10 (((l_lu)_l)TV(l_lu)T)) .

Our next task is to realize this reduced space as a concrete submanifold
of t* x u*, which is the generic coadjoint orbit of 7 ®U through (u,v)
under the hypothesis that 13 # 0 and @13 # v13.

To do this, we make use of the symplectic diffeomorphism

(357 1)/ (TY),, = O

that is given by formula (10.6.39) in Proposition 10.6.7; that is, it is has
the expression

[tk p] — (5, (DT pt")) =t (k,v),

where (¢, x, p :=II, ((u™')TvuT)) satisfy the systems (10.7.40) and (10.7.41).
Let us compute explicitly v := 1I, ((t_l)TptT) € u*. In the expressions

t t
vig = [y ()T pt")],, = PAE + %Pm
t tiot

t
v13 = [HU ((t_l)TptT>]13 = i?m?’
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replace p by the values given in (10.7.41) to get

22 t11 to3 to3
Vig = 7— (V12 — M2 + —Ki2 — — 13| + — Vi3
t11 ta2 ta2 t11
too to3
= K12 — (LL12 - V12) - T (,u13 - V13)
t11 t11
t33 t12 ta2 t1ot33
V23 = — {V23 — Moz + —H13 + /‘523} - V13 (10.7.48)
ta2 t11 t33 t11t22
t33 t12t33
= Kog — — (a3 — 1o3) + (13 — 113)
too t11to2
a3
v13 = 713
t11

We have obtained a very explicit description of the generic coadjoint
orbit through (u,v) € t* x u*, generic meaning that v13 # 0 and pi3 #
vi3: the orbit O,y is siz dimensional and consists of pairs (k,v) with
K11, Koo, K13 given by the first two and last equations in (10.7.40) and the
non-zero entries of v given by (10.7.48), where t € T is arbitrary. This
means that the coadjoint orbit O, , is explicitly described by all the
pairs (k,v) € t* X u* subject to the following conditions, for any ¢ € 7 and
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any Kz, K12, K23 € R:

t1o t12t23 ta3
K11 = —K33 + p11 + p33 + —K12 — 13 — — K23
t22 tootq1 t33
V1o ( t12 22 )
+ — | pos — —H13 — T—kKa3
V13 t11 t33
1 t12 too t11 ta3
— — \ M23 — T—M13 — K23 H12 — K12 + — 13
V13 11 133 t22 l22
Va3 t11 ta3
+ — (,u12 - K12 + ,U13)
V13 too too
t12 t1oto3 to3
K22 = 22 — —— K12 H13 + —Kag
tao taot11 t
V12 t12 ta2
— | M23 — —M13 — —Ka3
V13 t t33
]. t12 tQ t2
+ — | to3 — W13 — T—HK23 Hiz2 — K12 + H13
V13 t 1 t t t
V93 t11 to
- — ( 12 — Ki2 + H13)
V13 too t
t33
K13 = T—H13
t11
B tao to3
Vi2 = R12 — 7— (ﬂ12 - 1/12) - (M13 - V13)
t11 tll
t33 t12t33
Va3 = Koz — —— (a3 — V23) + (13 — 113)
to2 t11too
t33
U1z = —— 13
t11

(10.7.49)
for any t € 7. Note that this characterization of the coadjoint orbit involves
less parameters and equations than (10.7.12), which was the description of
the general coadjoint orbit in the direct approach.

The system (10.7.49) recovers the Casimir functions of (t®@u)* found
earlier. Adding the first two equations in (10.7.49) we get

K11+ K22 + K33 = p11 + H22 + H33.
Dividing the third by the sixth equation in (10.7.49) we get
f1s _ 13
vz Vi3

Thus, we have found again the global Casimir function C(k,v) = k11 +
Koo + k33 and the Casimir function D(k,v) = k13/v13 on the open Poisson
submanifold characterized by v13 # 0. On this open set these two Casimir
functions are functionally independent.
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Case IB: 113 # 0, p13 = v13. Then the system (10.7.47) becomes

t11t12(12 — v12) — tootas(teg — vo3) =0
(t11 — ta2) (12 —v12) =0
(t11 — t22)(p23 — v23) = 0.
If, in addition, at least one of p15 — 112 or sz — o3 does not vanish, then

t17 = too and since t € 7Y we also have t1;7 = t33. Thus, in this case,
t11 = tog = t33 and the first equation implies that

o if 12 75 V12 then

H23 — V23
t1g = tog3———
Hi2 — V12
o if H23 7& V23 then
H12 — V12
tog = t1g——.
M23 — V23

Assuming, for example, that p1o # vi2, the 77-affine action isotropy
subgroup at u, equals

) tin togBEET gy
(T, = 0 11 tog| [ti1 #0
0 0 t11

which is three dimensional. Thus the reduced space (J%)~1(u,)/(T") 4,
which is diffeomorphic to the non-generic six dimensional coadjoint orbit
of T®U through a point (u,v) satisfying v13 # 0 and 14135 # pi13, has
dimension equal to dim(JZ)~!(u,) — dim(7"),, =9 — 3 = 6.

The coadjoint orbit is realized as in the previous case by (10.7.49) with
(13 = v13 which implies that k13 = v13.

Case IC: 113 # 0, uiz = 113, 12 = V12, M2z = Vo3. In this case
we still have t;; = t33, but the system (10.7.47) is identically satisfied.
Thus, (7%),, = T" which is five dimensional. Thus the reduced space

(I (1) /(T") ., , which is diffeomorphic to the coadjoint orbit of 7 @U
through a point (y,v) satisfying v13 # 0, vi3 = p13, 12 = V12, fl23 = Va3,
has dimension equal to dim(Jf)~!(u, ) —dim(7"),, = 9—5 = 4. The coad-
joint orbit is again explicitly described by (10.7.49) in which the conditions
Vi3 = 13, M12 = V12, Moz = Loz have been inserted. This implies that
K13 = V13, K12 = V12, and ko3 = va3. Note that in the last two equalities
there are no parameters involved when looking at system (10.7.49); this is
where the drop in dimension comes from.

So far we have recovered cases (i) and (ii) for the 6-dimensional orbits
and case (i) for the 4- dimensional orbits, when looking at the classification
done directly.
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Case ITA: v = 0 and hence O, = {0}. Therefore the cocycle is zero,
7Y = T, and p, = p. Moreover, by Theorem 10.6.6 and (10.7.32), the
elements t € (7"),, are now characterized by the condition

I (T ™H7T) = p.

Using (10.7.3), this is equivalent to

t1o t
Lo+ s =0
t11 t11
t12/i t1at23 t23# —0
— 12 13 — 7 Moz =
t11 t11t22 ta2
t12tos 13 ta3 _
T 13—rﬂ13—r#23—0
11t22 11 22 (10.7.50)
_ tag ta3
B2 = 712 + — 13
t11 t11
H23 = -t fas H23
t11too tao
t33
H13 = T—H13-
t11

Case ITAa: v = 0, p13 # 0. Then ¢33 = ¢11 and the system (10.7.50)
becomes

ti2p12 + tizp1z = 0

t12toopi12 + t1otasp1z — t11ta3pes = 0
t12t23f13 — tootizp1z — t11tazpez = 0
(t11 — tao)pio — tagpaz =0

(t11 — ta2)po3 — tiapaz = 0.

From the last two and the first equations we get

H23 K12 Hi2/423
tig = (t11 —tao)——, toz = (t1n —to2)——, tiz=—(t11 —ta2)—%5—.
i3 H13 His

With these values the second and third equation are identically satisfied.
Thus, 7, consists of all ¢ € 7 such that ¢11 = ¢33 and t12,%23,t13 are
given above. Thus dim 7,, = 2 and hence the coadjoint orbit has dimension
6—2=4.

The explicit description of the orbit is given by the range of the map
(10.6.39). Since in this case v = 0, follows that p := II, ((u=")Tvu®) =0
and thus v := I, ((t~1)Tpt") = 0. Therefore, the coadjoint orbit consists
in this case of points (k,0) such that  satisfies the system (10.7.42) for
any t € 7.

This recovers case (ii) for the 4-dimensional orbits in the classification
done directly.
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Case ITA(B: v =0, p13 = 0. The system (10.7.50) simplifies to

tiop12 =0
t12'u t23u 0
— 12 — 23 =
t11 too
taspizs =0 (10.7.51)
22
H12 = —H12
t11
t33
H23 = T— H23.
to2
e If both H12 75 0 and H23 75 0 then t12 = tgg =0 and t11 = t22 = t33.
Thus
11 0 t13
/Tp, = 0 t11 0 tll 7£ 0
0 0 t11

which is two dimensional. Thus the reduced space (J%)~!(u)/7,, has
dimension equal to dim(JZ)~!(u) — dim7, = 6 — 2 = 4. This re-
duced space is symplectically diffeomorphic to the four dimensional
coadjoint orbit through (u,0), where p13 = 0, 12 # 0, and pa3 # 0.
This is realized as a subset of t* x u* by using the symplectic diffeo-
morphism (.15)71 (1)/(T7),,, — Ouw) given by (10.6.39), which
in this case is
[t,k,0] — (k,0),

where k satisfies the system (10.7.42) with 13 = 0, that is,

t12
K11 = p11 + — 12
t11
_ 12 ta3
Kog = fig2 — 7— 12 + —H23
t11 too
ta3
R33 = 33 — 7—H23
too
tao
R12 = T—M12
t11
t33
K23 = —— 23
too
K13 = 0

From this description we see again that the orbit is four dimensional;
it is parametrized by tlg/tll, tgg/t227 t22/t11, t33/t22 € R.

This recovers case (vi) of the 4-dimensional orbits in the direct clas-
sification.
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o If pyo # 0 and po3 = 0 system (10.7.51) implies that t;5 = 0 and
t11 = t22. Thus

t11 0 ti13
1, = 0 ti1 tos| |ti1,t33#0
0 0 t33

which is four dimensional. Thus the reduced space (Jf)~1(u)/7,, has
dimension equal to dim(Jf) = (u) —dim 7, = 6 —4 = 2. This reduced
space is symplectically diffeomorphic to the two dimensional coadjoint
orbit through (u,0), where p13 = 0, p12 # 0, and po3 = 0. This is
realized as a subset of t* x u* by using the symplectic diffeomorphism
(Jf)_l (1) (T7),,, — O(u.w) given by (10.6.39), which in this case
is
[t,k,0] — (k,0),

where k satisfies the system (10.7.42) with py3 = 0 and po3 = 0, that
is,

t12
K11 = p11 + — p12
t11
t12
R22 = H22 — T—H12
t11
K33 = 33
tao
Ri2 = T—HM12
t11
Ko3 = 0
K13 = 0.

From this description we see again that the orbit is two dimensional;
it is parametrized by tlg/tll, t22/t11 c R.

This recovers case (iii) of the 2-dimensional orbits in the direct clas-
sification.

e The situation p12 = 0 and pog # 0 is analogous to the previous case.
Now system (10.7.51) implies that ¢35 = 0 and t9o = t33 so that

t11 t12 13
7, = 0 t2 O ‘tuﬂfzz?éo
0 0  too

which is four dimensional. The reduced space (Jf)f1 (1) (T7),,,»
and hence the coadjoint orbit Oy, ,), is now two dimensional and
described explicitly as a subset of t* x u* by the system (10.7.42)
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with p13 = 0 and w12 = 0, that is,

K11 = H11
ta3
Kog = 22 + — 23
ta2
ta3
K33 = M33 — 723
too
K12 = 0
t33
R23 = —— 23
tao
K13 = 0.

From this description we see again that the orbit is two dimensional;
it is parametrized by tgg/tQQ, t33/t22 c R.

This recovers case (iv) of the 2-dimensional orbits in the direct clas-
sification.

o If 115 = po3 = 0 then the system (10.7.51) is identically satisfied and
hence 7, = 7. The coadjoint orbit O, ¢y is described as a subset of
t* x u* by imposing in any of the systems of the previous three cases
the conditions 12 = po3 = 0, which implies that O, = {(1,0)}
thereby recovering the O-dimensional case in the direct classification.

In all the situations covered by the Case IIA, we have v = 0, 7% =T
and vanishing cocycle. Applying Proposition 10.6.8, we conclude that all
these T ©U-coadjoint orbits O, oy are symplectically diffeomorphic to the
T -coadjoint orbit O,,.

Case IIB: V13 = O7 V12 # 07 Vg3 = 0 Then t22 = tlla O,/ = {I/}, and
the seven dimensional level set (J,If)_1 (uy) is given by triples (¢, k,v) €
T x t* x {v} satistying (10.7.43) for arbitrary ¢t € 7 and k22 € R.

By Theorem 10.6.6 and (10.7.32), the elements ¢ € (7"),, are charac-
terized by the condition (10.7.46), that is,

Jo (e (8 0 (D7) + v = Me(w(®) ™) vu®)] = o = Gip,

where u(t) € U is any element satisfying I, t7v(t=1)T = I, (u(t) ") Tvu(t) T
and 7% : t* — (tV)* is given by (10.7.35).



10.7 Example: The Group 7 QU 387

The element u(t) € U is chosen as follows. The non-zero entries of
IL, (tTv(t=1)T) are

t11 t11t23

MtTv(t '], = —v12 — =
[ ut v(t7) ]12 tos V12 t22t33V13 V12
T ., —INT tag t12
[Mut" v ]23 = gyggg + glfls =0
T —I\T tin
[Mut"v(™) ]13 = s = 0
33

since v13 = Vo3 = 0 and t1; = too because t € TV. Similarly, the non-zero
entries of I, (u(t) 1) Tvu(t)” are

[T (u(t) ™) vu(t)"] |, = vi2 + tasrrs = vz

[T (u(t) ™) vu(t)"],, = vas — uratnz =0

[T (u(t) ™) Tvu®)”] 13 =r13=0.

It follows that we can choose u(t) to be the identity matrix.
Therefore, condition (10.7.46) on ¢ € T” becomes in this case

2 I (Y] = o
where j, : t* — ()" is given by (10.7.35) and p, := ju. Using (10.7.5)
this is equivalent to

t13p13 + tagpez = 0

tozp13 =0
(10.7.52)
(t11 — t33) 23 + t12pt13 =0

(t11 — ts3)pz = 0.

Case IIBa: v13 = 0, v15 # 0, o3 = 0, and p13 # 0. Then from system
(10.7.52) we get t11 = tgg = t33 and t12 = t23 = t13 =0. Therefore,

t11 O 0
(T, = 0 tun O ’tn #0
0 0 t11

which is one dimensional. The reduced space (J%) - ()/(T7),, and
hence the coadjoint orbit O, , is six dimensional. As a subset of t* xu* this
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orbit is the range of the symplectic diffeomorphism (J%) - () (1), —
O(u,vy given by (10.6.39). In this case it is has the expression

[t, K, V] — (K,,Hu ((til)TvtT)) =: (k,v),

where « satisfies the system (10.7.43). Thus, using (10.7.3) to compute v,
the orbit is described by

13 t12t23 ta3
K11 = —Kg2 + 11 + foo + — 13 — (13 + == f123
11 t11t22 tao
_ li3 t12t23 to3
K33 = W33 — — 13 + 13 — — M23
11 t11too too
_ a2 ta3
Ki2 = —p12 + — 13
t11 ti
Kog = tiﬁﬂQS _ t12t33 (13
t22 t11t22 (10753)
t33
K13 = 7—H13
t11
ta2
Vi2 = 712
t11
Vo3 = 0
V13 = 0

These formulas show that indeed the coadjoint orbit O, ,) is six dimen-
sional since it is completely described by the parameters koo, tos /t11, t33/t11,
t13/t11, tas/t11, t12/t11. The other two coefficients can be expressed in terms

of these six:
—1 —1
tio  t12 <t22> tog  tog <f22>
— === and — == -= .
tao  t11 \t11 tao  t11 \ {11
This recovers the first third of the case (iii) of the 6-dimensional orbits
in the direct classification.

Case IIBB: v13 = 0, v12 # 0, v93 = 0, and p13 = 0. Then system (10.7.52)

becomes
tozpzz =0
(t11 —to2)po3 =0

and we distinguish two cases:

o If H23 7£ O, then tll = t22 = t33 and t23 = 0 so that

t11 t12 13
(T”)#V = 0 tixn O t11 #0
0 0 t11
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which is three dimensional. The reduced space (Jf)f1 (1) (T7),,,»
and hence the coadjoint orbit Oy, ,), is four dimensional. Reasoning
as in the previous case, as a subset of t* x u*, this orbit is described
by the system (10.7.53) with @13 = 0, that is,

tog
K11 = —RK22 + (11 + o2 + — 23
tao
to3
K33 = 33 — 7— H23
tao
too
R12 = 7—H12
t11
a3
K23 = ——[23
tao
K13 = 0
too
Vi2 = V12
t11
Vg3 = 0
V13 = 0.

This description of the orbit confirms that it is 4-dimensional since
the parameters that completely describe it are kaa, tas/tas, toa/ti1,
and t33/t22.

This recovers the case (iv) of the 4-dimensional orbits in the direct
classification.

o If po3 = 0 then the system (10.7.52) is identically satisfied and hence

t11 ti2 t13
(T, = 0 t11 o3 ’tn #0
0 0 t33

which is five dimensional. The reduced space (Jf)f1 (1) (T7),.,»
and hence the coadjoint orbit O, ., is two dimensional. As a subset
of t* x u*, this orbit is described by the system in the previous case
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with pos = 0, that is,

K11 = —Kog + [11 + H22

K33 = W33
too

R12 = T—MH12
t11

K93 = 0

K13 = 0

o

V12 = 7—V12
t11

V23 = 0

V13 = 0.

The parameters characterizing this orbit are ko and tao/t11.

This recovers the case (i) of the 2-dimensional orbits in the direct
classification.

Case IIC: 113 = 0, 12 = 0, ve3 # 0. Then t33 = t22, O, = {v}, and
the seven dimensional level set (Jf)fl () is given by triples (t,k,v) €
T x t* x {v} satisfying (10.7.44) for arbitrary ¢t € T and k33 € R.

By Theorem 10.6.6 and (10.7.32), the elements ¢ € (7"),, are charac-
terized by the condition (10.7.46), that is,

g [ (7 (79T + v = (u() ™) vu()] = = Gon,

where u(t) € U is any element satisfying IT,t7v(t=1)T = I, (u(t) ") Tvu(t)”
and j} : t* — (t)* is given by (10.7.36). As in Case 2B we can take u(t) = I
so that t € (7"),, if and only if

Ju [Ht (tTUu(til)T)] = Hu,
where p, = j}u. Using (10.7.5) this is equivalent to

t1atoop12 — t1ataspis + t13taopiz =0
toa(t11 — taz)p12 — tiitaspiz =0
t12p13 =0

(t11 — ta2)p13 = 0.

(10.7.54)

Case IICa: v13 = 0, v12 = 0, 193 # 0, and 13 # 0. Then system (10.7.54)
implies that 11 = too = t33 and t19 = t93 = t13 = 0. Therefore,

tin O 0
(T, = 0 ¢t O t11 #0
0 0 t11
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which is one dimensional. The reduced space (Jf)fl ()/(T"),,,, and
hence the coadjoint orbit O, .y, is six dimensional. As a subset of the
dual t* x u* this orbit equals the range of the symplectic diffeomorphism
(Jf,%)_1 (1)/ (T7),, = O given by (10.6.39). In this case it is has the
expression

[t, k0] — (K, 1Ly ((til)TvtT)) =: (k,v),

where k satisfies the system (10.7.44). Thus, using (10.7.3) to compute v,
the orbit is described by

t12 t13
K11 = p11 + 7— 12 + —pas
t11 t11
t12 t13
K2 = —K33 + H22 + {33 — T— 12 — 7— H13
t11 t11
too to3
Ki2 = T—M12 + T 1413
t11 t11
- t33,u t12t33,u
23 = — 423 — 13
= F1itog (10.7.55)
t33
R13 = 7—H13
t11
V12 = 0
t33
Vg3 = —— o3
too
V13 = 0.

The six parameters characterizing this orbit are k33, t33/t11, taa/t11, t12/t11,
t13/t11, and te3/t11. The other two coefficients can be expressed in terms

of these six:
-1 -1
tig  tio (t22) lss  t33 (t22>
— === and — =-—|[-—= .
t22 tin \tnn to2 tnn \tnn
This recovers the second third of the case (iii) of the 6-dimensional orbits
in the direct classification.

Case IICS3: v13 = 0, v12 = 0, a3 # 0, and 13 = 0. Then system (10.7.54)

becomes
tiop12 =0
(t11 — ta2)pt12 =10

and we distinguish two cases:
o If H12 75 0, then t11 = t22 = t33 and t12 = 0 so that

tn 0 i3
(T =4 | 0t tog ’tlﬁéo
0 0 t11
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which is three dimensional. The reduced space (Jf)f1 (1) (T7),,,»
and hence the coadjoint orbit O(,, ., is four dimensional. As a subset
of t* x u*, this orbit is described by the system (10.7.55) with the
additional condition py3 = 0, that is,

t12
K11 = p11 + 12
t11
t12
Koo = —K33 + M22 + 433 — T,UIQ
11
too
R12 = 7—H12
t11
t33
R23 = ——H23
too
K13 — 0
V12 = 0
t33
V23 = 7123
too
V13 = 0.

The parameters characterizing this orbit are k33, t12/t11, t22/t11, and
t33/ta2.

This recovers the case (v) of the 4-dimensional orbits in the direct
classification.

If p12 = 0, then there are no additional conditions on ¢ and hence

t11 ti2 ti3
(T")p, = 0 tos tos ‘f117t22 #0
0 0  tao

which is five dimensional. The reduced space (Jf")f1 (1) /().
and hence the coadjoint orbit O, ., is two dimensional. As a subset
of t* x u*, this orbit is described by the system in the previous case
with the additional condition 1o = 0, that is,

K11 = H11
Koo = —K33 + 22 + U33
K12 = 0
_ t33
K23 = —— 23
too
K13 = 0
V1g = O
a3
V23 = —V23
tao
V13 = O
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The two parameters on this orbit are k33 and t33/tas.

This recovers the case (ii) of the 2-dimensional orbits in the direct
classification.

Case IID: v13 = 0, v13 # 0, vo3 # 0. Then ¢17 = too = t33 (and hence T"
is four dimensional), O, = {v}, ji : t* — ()* is given by (10.7.37) and
hence

+ +p3:
K11 ,u§2 K33 1112 1113
. sk + +
My = J = 0 K11 Mgz H33 a3 ,
pi1+p22+pss
0 0 Lerhiahit

and the 8-dimensional level set (Jff)_1 (py) consists of triples (¢, k,v) €
T x t* x {v} such that x satisfies the system (10.7.45) for ¢ € 7 and
Kog, k33 € R arbitrary.

Asin Case IIB or Case IIC,t € (T"),, if and only if 53 [Ty (t7p, (t71)7)] =
i, which is equivalent by (10.7.5) to

laspiz =0 (10.7.56)
t12pt13 = 0.

Case IIDc: If, in addition, p13 # 0 then to3 = t1o = 0 and hence

11 0 13
(T, = 0 tun O ’tn #0
0 0 tin1

which is two dimensional. The reduced space (Jf)_l (1)/(77),,, and
hence the coadjoint orbit O(, .y, is six dimensional. As a subset of t* x
u*, this orbit is identical to the range of the symplectic diffeomorphism

(J,}f)f1 (1)/ (T"),,, = Oy given by (10.6.39). In this case it is has the

expression

[tk 0] = (k0L (EHT0AT)) =t (k,v),
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where « satisfies the system (10.7.45). Thus, using (10.7.3) to compute v,
the orbit is described by

K11 = —Ko2 — K33 + f11 + f22 + U33
too tog

K12 = 7—p12 + — 13
t11 t11

- t33M 7512t33u

23 = — 23 — 13

tao t11to2
t33

K13 = T—[413 (10.7.57)
t11
ta2

V12 = V12
t11
t33

V23 = T— 23
ta2

V13 = 0

The six parameters of this orbit description are ka2, K33, taa/t11, t33/t11,
t12/t11, taz/t11. There is one more coefficient that appears in this system,
namely t33/t2o which is, however, expressible in terms of the other param-
eters:

-1
tss _lss _ lss <t22>
too  t11 t11 \ {11

This recovers the last third of case (iii) of the 6-dimensional orbits in the
direct classification.

Case IIDG: If, in addition, g3 = 0 then there are no supplementary
conditions on ¢t € 7" and hence

t11 ti12 13
(T =< | 0t tog ’tlﬁéo
0 0 ti1

which is four dimensional. The reduced space (Jf)fl (1)/(T"),,,, and
hence the coadjoint orbit O, ., is four dimensional. As a subset of t* x u*,
this orbit is described by the system (10.7.57) with the condition p;3 =0
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imposed, that is, we have

K11 = —Ko2 — K33 + f11 + f22 + U33
too
R12 = —H12
t11
t33
K23 = —— 23
tao
K13 = 0 (10758)
a2
V12 = 7—V12
t11
t33
Vg3 = — 123
to2
V13 = 0.

The four parameters of this orbit description are ka2, K33, toa/t11, t33/t11.
As before, t33/tas is the product of t33/t11 and the inverse of t9s/t171.

This recovers the last remaining case (v) of the 4-dimensional orbits in
the direct classification.

Summary of The Classification and Comparison. We close this
section with a table that summarizes the relationship between the direct
method of classification and the one done by the method of reduction by
stages. In the left column is the classification obtained by analyzing directly
the 7T ®U-coadjoint orbits and on the right are the labels associated to the
classification by the method of reduction by stages.
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6-dimensional orbits:
(i) «— Case IA
(ii) «— Case IB
(iii) «— Case IIBa, Case IICa, and Case IIDo
4-dimensional orbits:
(i) «— Case IC
(ii) «— Case ITAx
(iii) «— Case IIDp
(iv) «— first situation in Case IIBf
(v) «— first situation in Case IIC3
(vi) «— first situation in Case ITAS
2-dimensional orbits:
(i) «— second situation in Case IIB3
(ii) «— second situation in Case IICS
(iii) «— second situation in Case ITAS
(iv) «— third situation in Case ITAS
0-dimensional orbits «—— fourth situation in Case ITAS.

In all five situations associated to the Case ITA, we have v = 0 and
the 7 ©U-coadjoint orbit O, o) is symplectically diffeomorphic to the 7-
coadjoint orbit O,,. This result is obtained by applying the general theory
of reduction by stages and Proposition 10.6.8; it is not obvious in the direct
classification.

The same is true about the explicit description of the coadjoint orbits
O(u,v) as subsets of t* x u*. The reduction by stages program automatically
provides an explicit description in each case (and these were written down
in each situation). The direct classification does not provide such a descrip-
tion and it is very difficult to differentiate between the various cases from
the general one obtained from the formula of the coadjoint action.
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Reduction by Stages via Symplectic
Distributions

In the remaining two chapters of this part we are going to take a different
technical approach to the reduction by stages problem. It will be mainly
based on thinking of the (connected components of the) level sets of the
various momentum maps in the setup as the accessible sets of a distribution
that we will introduce in the following paragraphs. This point of view has
been exploited in Ortega [2002] and Ortega and Ratiu [2002, 2004a] in the
context of the so-called optimal momentum map.

In this chapter we prove a stages theorem using this approach that forces
us to introduce all the technical background on distributions that will be
needed in the sequel. The result that we prove is a version of Theorem 5.2.9
that only sees the connected components of the momentum level sets in-
volved. This leads to a modified stages hypothesis. It should be noticed
that from the dynamical point of view it is more appropriate to work with
these connected spaces since they are preserved by invariant dynamics and
are setwise smaller than those in Theorem 5.2.9.

Unlike the Stages Hypothesis I (see Definition 5.2.8) that is purely alge-
braic in nature, the hypothesis that we will invoke in this chapter involves
also topological conditions. As we shall see in Chapter 12 this represents a
bridge to a third version of the Reduction by Stages Theorem that requires
only topological conditions.
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11.1 Reduction by Stages of Connected
Components

In our first reduction by stages theorem, we proved that the reduced space
P, :=J,}(c)/M, could be obtained as the end result of two consecutive
symplectic reductions performed with the help of a closed normal subgroup
N of M. We will show that the same process can be carried out for the
smaller symplectic reduced spaces

S := I;Mo)e/ME, (1L.1.1)

where J3} (0)c is a connected component of J3; (), and MS is the sub-
group of M, that leaves it invariant, more specifically:

ME :={ge M, | ®,(z) € I} (0)c forall z€J;}(0)c}

In carrying this out we will have to adapt the Stages Hypothesis I to our
new goal. Even though the Stages Theorem I and the one that we are
going to prove are closely related, they are not comparable as far as their
generality is concerned. The same is true for the two corresponding stages
hypotheses.

The General Setup. Our setup will be identical to the one in §5.2
except for the fact that in all that follows we will assume that the topology
of the symplectic manifold P induced by its smooth structure is Lindelof
(every open covering of P has a countable subcovering).

We recall that any closed subspace of a Lindel6f space is Lindel6f and
that if f: X — Y is a continuous map with X Lindel6f then the subspace
f(X) of Y is also Lindel6f. These properties are particularly important in
dealing with the spaces that we will encounter in the sequel since all of
them will be either closed submanifolds of P or regular quotients of these
closed subspaces by a free proper group action. Consequently, the Lindel6f
hypothesis on P will ensure the same topological character for all the spaces
that we will construct out of it.

The Lindelof hypothesis is imposed from now on because of the follow-
ing Lemma. We provide its proof since it is not readily available in the
literature.!

11.1.1 Lemma. Let f : P — Q be a smooth bijective immersion be-
tween the manifolds P and Q. If P is Lindeldf or paracompact then f is a
diffeomorphism.

Proof. It suffices to prove that f is a local diffeomorphism, which in turn
is implied by the fact that dim P = dim @. The immersivity hypotheses im-
plies that dim P < dim Q. Assume, by contradiction, that dim P < dim Q.

IThe proof of the following Lemma was kindly supplied by T. Schmah.
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By Sard’s theorem, the set of critical values has dense complement in Q.
But if dim P < dim @, every point is critical, that is, f(P) has measure
zero in Q. In particular, there are points in @ that are not in f(P), which
contradicts the bijectivity of f. If P is paracompact, the same proof works
by replacing the density argument by the fact that the set of critical values
has measure zero in Q. |

Note that, as a set, M is closed in M, and contains the connected
component of the identity of M. It is a subgroup of M, since it is clearly
closed under the group operation and also, if g € MY, then it follows that
g~t € MS; indeed, g € MS implies that ®,(J;; (0)c) C Iy} (0)c. Since
the mapping &, is a diffeomorphism, the set @Q(J&l(cr)c) is open and
closed in J3; (o) and therefore ®4(J3; (0)c) = I3/ (0)c. Applying @,
to both sides of the previous equality implies that g~ € MS which proves
that M¢ is a subgroup of M,. The subgroup M¢ is clearly closed and is
therefore a Lie subgroup of M,.

The Two-Stage Reduction Procedure. We will spell out in more
detail how the two-stage reduction procedure is carried out in the connected
components framework. Recall that the M—-equivariant momentum map
for the action of the group N on P is given by Jn(z) = i*(Jar(2)), where
7 :m* — n* is the dual of the inclusion ¢ : n — m. Let ¢ € m* and
v :=i*(0o) € n*. In this case the first symplectic reduced space is

P =35 (v)e /Ny,

where J fvl (v)c is a connected component of J ]7\,1 (v) and N¢ is the subgroup
of N, that leaves it invariant. We will see later on that Jy'(v)¢ fully con-
tains a certain number of connected components Jy;' (0)c;, i € {1,...,n},
of J,; (o). We will denote their union by J;;'(0)c, , that is,

If@e, = |J Iy ©0)e, where Iyl (o)e €I (¥)e-
ie€{l,...,n}

(11.1.2)
The symbol ME» will denote the subgroup of M, that leaves J;;'(0)c
invariant and 7$ : J3} (0)c, — I3/ (0)c, /MS” the canonical projection.
Let now M be the subgroup of M, the isotropy subgroup of v € n* for
the action of M on n*, that leaves J ' ()¢ invariant. Since N, is a normal
subgroup of M, so is NS with respect to M and hence the quotient
ME /NS is a well-defined Lie group. It is easy to check that M /NS acts
symplectically on P¢ with a (non equivariant) momentum map J¢ : PS¢ —
(my//n)* given by

v

(59 03 onl = (KS) 0Jp0il — 1 (11.1.3)

v

where
rd  MS — MY /NS
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is the canonical projection,

c. C lelie]
sy tmy —my/n

is the induced Lie algebra homomorphism,
k;c m —m

is the inclusion,

<. J&l(y)c — PVC

174
is the projection,
i Iy () — P
is the inclusion, and # is some chosen extension of v|,c to m¢. Equivalently,
we have

(IR [€) = Tae(2),€) — (7,€) (11.1.4)
where z € J z_v (), € € m$| [2] = 7¥(2) denotes the equivalence class of
zin PS¢ = I (v)o /NS and [¢] = sf( €) denotes the equivalence class of &

in m¢ / ng.
Consider now the element p € (m$/n$)* constructed out of o € m* and
v € n* by means of the relation

<p, [§]> = <07 £> - <ﬂa€> ) (11.1.5)

for any ¢ € m$. The element 7 is the same extension of V[no to m¢ that we
used in the construction of the momentum map JS'. Denote by (MS /NS),
the isotropy subgroup of p with respect to the affine action of MS /NS on
the dual of its Lie algebra, defined with the help of the non equivariance
cocycle of J§ (see Proposition 5.2.7). The element p € (m$ /n$)* has been
constructed in such a way that there is a connected component (J¢)~*(p)c
of the level set (J$)~!(p) C PS such that

m (Jaf (0)e,) € (3) " p)e- (11.1.6)

Let (MVC/NVO)E be the subgroup of (MS/NS), that leaves (J$)~1(p)c
invariant and MVC , the subgroup of ME such that

MS NS = (MS /NS)S. (11.1.7)

At this point we can introduce what will be the main hypothesis in the
reduction by stages theorem to be proved in this chapter:

11.1.2 Definition (Stages Hypothesis II). We say that o € m* satisfies
the stages hypothesis II if for any other element ¢’ € m* such that

od'lh=0la=1v and 0o'|nc = 0olne,

there exists n € MS, such that o' = Ad},—1 o, where p is defined in (11.1.5)
and M, in (11.1.7).
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Even though this stages hypothesis resembles very closely the one in
Definition 5.2.8 a direct comparison is not possible, that is, neither implies,
in general, the other. This is consistent with the fact that the theorems
that we prove using these two hypotheses are not directly comparable.

Reduction by Stages II. The main goal of this chapter will consist in
proving the following theorem whose statement uses the setup and notation
introduced above.

11.1.3 Theorem (Reduction by Stages II). Suppose that the symplectic
manifold (P,Q) is Lindeldf and that o € m* satisfies the stages hypothesis
1I. Then the symplectic reduced spaces

PSv =33 0)e, /MEY and (PS5 = (IT) (p)o/ (M /NO)S

are symplectomorphic.

Before proving this result we will need some technical prerequisites that
we introduce in the following paragraphs.

11.2 Momentum Level Sets and
Distributions

This section starts with a quick review some well known facts about gen-
eralized distributions defined by families of vector fields. The standard ref-
erences for this topic are Stefan [1974a,b], and Sussman [1973]. We will
follow the notation of Libermann and Marle [1987]. We then develop the
distributions associated with level sets of the momentum map. This will be
used in the following section to give a proof of Theorem 11.1.3.

Some Facts about Generalized Distributions. Let P be a smooth
manifold and D by an everywhere defined family of vector fields, that is,
there is a family of smooth vector fields D whose elements are vector fields
X defined on a open subset Dom(X) C P such that, for any z € P the
generalized distribution D is given by

D(z) =span{X(z) € T,P | X € D and z € Dom(X)}.

We will say that D is the generalized distribution spanned by D. Note
the dimension of D may not be constant; the dimension of D, is called the
rank of the distribution D at z. An immersed connected submanifold N of
P is said to be an integral submanifold of the distribution D if, for every
z € N, T.i(T,N) C D,, where i : N — P is the canonical injection. The
integral submanifold N is said to be of maximal dimension at a point
z € Nif T,i(T,N) = D,. A mazimal integral submanifold N of D is
an integral manifold everywhere of maximal dimension such that any other
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integral submanifold of D, which is everywhere of maximal dimension and
contains N, is equal to N. The generalized distribution D is said to be
completely integrable if, for every point z € P, there exists a maximal
integral submanifold of D which contains z. This submanifold is usually
referred to as the leaf through z of the distribution D.

The leaves of an integrable distribution defined by a family of vector
fields admit a very convenient description that we briefly review. One of
the reasons for our interest in this special case resides in the fact that when
these distributions are completely integrable, a very useful characterization
of their integral manifolds can be given. In order to describe it we introduce
some terminology following Libermann and Marle [1987]. Let X be a vector
field defined on an open subset Dom(X) of M and F; be its flow. For any
fixed t € R the domain Dom(F}) of F; is an open subset of Dom(X) such
that F; : Dom(F;) — Dom(F_;) is a diffeomorphism. If Y is a second
vector field defined on the open set Dom(Y") with flow G} we can consider,
for two fixed values t1,ts € R, the composition of the two diffeomorphisms
F}, 0G4, as defined on the open set Dom(Gy,) N (Gy,) ™! (Dom(F;,)) (which
may be empty).

The previous prescription allows us to inductively define the composi-
tion of an arbitrary number of locally defined flows. We will obviously be
interested in the flows associated to the vector fields in D that define the
distribution D. The following sentences describe some important conven-
tions that we will be used throughout the remainder of the book. Let & € N*
be a positive natural number, X be an ordered family X = (X1,..., Xj)
of k elements of D, and T be a k-tuple T' = (t1,..., t;) € R¥ such that
F} denotes the (locally defined) flow of X;, i € {1,..., k}. We will de-
note by Fr the locally defined diffeomorphism Fr = F}! o F2 o---o0 Ft]z_
constructed using the above given prescription. Any diffeomorphism from
an open subset of P onto another open subset of P that is constructed in
the same fashion as Fr is said to be generated by the family D. It can
be proven that the composition of diffeomorphisms generated by D and
the inverses of diffeomorphisms generated by D are themselves diffeomor-
phisms generated by D (see Libermann and Marle [1987, Proposition 3.3,
Appendix 3]). In other words, the family of diffeomorphisms generated by
D forms a pseudogroup of transformations (see page 74 of Paterson
[1999]) that will be denoted by Gp. Two points z and y in P are said to
be Gp-equivalent, if there exists a diffeomorphism Fr € Gp such that
Fr(xz) = y. The relation being G p-equivalent is an equivalence relation
whose equivalence classes are called the G p-orbits.

11.2.1 Theorem. Let D be a differentiable generalized distribution on
the smooth manifold P spanned by an everywhere defined family of vector
fields D. The following properties are equivalent:

(i) The distribution D is invariant under the pseudogroup of transfor-
mations generated by D, that is, for each Fr € Gp generated by D
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and for each z € P in the domain of Fr,

T.Fr(D.) = Dz, ().

(ii) The distribution D is completely integrable and its mazimal integral
manifolds are the Gp-orbits.

The Momentum Distribution. In this paragraph we introduce an in-
tegrable generalized distribution whose leaves will be the connected compo-
nents of the level sets of the momentum map. We start with the following
proposition whose proof can be found in Ortega [1998] or in Ortega and
Ratiu [2002].

11.2.2 Proposition. Let M be a Lie group acting properly on the smooth
manifold P. Let z € P be a point with isotropy subgroup H := M,. Then,

span{df(z) | f € C=(P)M} = (T(M - 2))°)",

where (T,(M-z))° is the annihilator of T,(M-z) in T P and ((T,(M-z))°)"
are the elements in (T,(M - 2))° fized by the natural H-action on TS P. In
particular, if the M -action on P is free, we have

span{df(z) | f € C®(P)M} = (T.(M - 2))°
= ([.(M° - 2))°
=span{df(z) | f € C’OO(P)MO}, (11.2.1)
where M° denotes the connected component of the identity in M.

The properness hypothesis in the statement of this proposition is essential;
the result is actually false, in general, when this condition is absent.

11.2.3 Definition. Let (P,Q) be a symplectic manifold and M be a Lie
group acting freely, properly, and canonically on P. Let wpr : P — P/M be
the surjective submersion associated to the projection onto the orbit space
of the M-action. Let £ C X(P) be the family of vector fields on P defined
by
&= {XfOﬂ'M | VS CSO(P/M)}a

where C°(P/M) denotes the set of compactly supported smooth functions
on P/M. The smooth generalized distribution E spanned by £ is called the
M -characteristic distribution. If the M-action on P has an associated
momentum map, then E s also called the M-momentum distribution.

The terminology that we just introduced is justified by the following theo-
rem.

11.2.4 Theorem. Let (P,Q) be a symplectic manifold and M be a Lie
group acting freely, properly, and canonically on P, with associated momen-
tum map I : P — m*. Let E be the M -momentum distribution. Then the
following statements hold:
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(i) The pseudogroup Gg of transformations generated by the family &
is actually a group or, equivalently, the elements of £ are complete
vector fields.

(ii) The M-momentum distribution E is completely integrable.
(iii) For any z € P, E(z) =ker T, J .
(iv) E = E¢, where Ec is the distribution spanned by the vector fields
S = (Xpomy | 1 € O (PM))
with M the connected component of the identity of M.

(v) The integral leaf L, of E going through an arbitrary point z € P is
given by
L.=Gp-z= I3/ (0)c,

where o = Jp(2) € m*, (J3/(0))c is the connected component of
JX;(O’) containing z, and Gg - z is the Gg-orbit of z, with Gg the
group generated by .

Proof. To prove (i), we have to show that for any function f € C°(P/M),
the Hamiltonian vector field Xor,, is complete. We proceed by contradic-
tion: let z € P be an arbitrary point and ~(t), t € (T~ (z),T%(2)), be the
maximal integral curve of Xyor,, going through z, that is, v(0) = z. We
assume that the upper bound 7% () is finite (the proof dealing with T~ (z)
finite is identical). Consider now the maximal integral curve p(t) of Xy go-
ing through [z] := m/(2). Since the function f € C°(M/G) is compactly
supported, so is the vector field X and, consequently, the curve p(t) is
defined for all time t. Let pg := p(T*(z)) and pick an element y € P in
the fiber 7, (po). We now call o(t) the maximal integral curve of X for,,
that satisfies (T (z)) = y and which is defined on an open neighborhood
(T*(2)+ T (), T* (2) + T+ (y)) of T+(2) (o(t) is just o(t) = Fy_ (o)),
with F} the flow of Xyor,,)-
With all these ingredients we now take 0 < € < |7 (y)| and note that

p(TT(2) — €) = mu (0 (T (2) — €)) = T (VT (2) — €)),
which implies the existence of an element g € G such that
NTT(z) =€) =g o(T"(2) —e).
It is easy to verify that the curve ¥(¢t), t € (T (2), T (z) + T" (y)) defined

- o (t) when te€ (T (2),T(z) — €
() —{ g o(t) when e [T*() e, T+ () + TH(w)
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is an integral curve of Xor,, through the point z whose time of existence
goes beyond T (z), which is a contradiction with the maximality of . The
time of existence T (z) must therefore be infinite.

To prove (ii), we will use Theorem 11.2.1 to prove the complete integra-
bility of E. For simplicity in the exposition, take Fpr = Fy, with F; the flow
of Xtony, [ € C(P/M) (the general case in which Fr is the composition
of a finite number of flows follows easily by attaching to what we are going
to do a straightforward induction argument). The claim holds if we are able
to show that

T.F(E(2)) = E(Fi(2))-

Let Xgor,, (2) € E(2), g € C(P/M). Since any Hamiltonian flow consists
of Poisson maps, it follows that

TZFt(XQOﬂ'M (Z)) = TZFt(XQOWAIOF—tOFt (Z)) = XQOWMOFLt(Ft(Z)) € E(Ft(z))v

since gomp o F_y € C°(P)M by the M-equivariance of F}, and at the same
time, it can be written as go F_; oy, where F_; is the diffeomorphism of
P/M uniquely determined by the relation F_;omy = a0 F_;. Therefore,
goF_, € C®(P/M). This implies that T, F;(E(z)) C E(F;(z)). Conversely,
let Xgory (Fi(2)) € E(Fy(2)). Then

X907TM (Ft(z)) = TZFt(XQOTFMOFt (Z)) = TZFt(XgoF‘towM (Z)),

which concludes the proof of the integrability of E.

Turning to (iii), for any z € P, let B¥(z) : T*P — T.P be the linear
isomorphism associated to the symplectic form €Q(z), evaluated at z. The
claim is a consequence of the following chain of equalities:

E(z) = span{Xyor,, (2) | g € C(P/M)}
= span { X¢(z)|f € C®(P)M} = B*(2) (span {df ()| f € C=(P)M})
= B¥(2) (T.(M - 2))°) (by Proposition 11.2.2)
= (T.(M - 2))" = ker T.J .

Next we prove (iv) As we just saw, for any z € P, we have
B(2) = B(2) ((TL(M - 2))°) = BH(2) (T2 (M° - 2))°) = Ee(2).

To prove (v), note that the integrability of FE guarantees, by Theo-
rem 11.2.1, that £, = Gg - z. Noether’s Theorem guarantees that £, =
Gg -2 C (J3/(0))c. At the same time, part (i), implies that (J/(0))c is
an integral leaf of F, everywhere of maximal dimension. The maximality
of £ ensures that £, = Gg -z = (I3} (0))c. [ |
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11.3 Proof: Reduction by Stages II

By now we have all the intermediate results that we need to put to-
gether a proof of Theorem 11.1.3. We start by justifying the claim made
in (11.1.2) when we said that Jy'(v)c fully contains a certain number
of connected components J;/ ()¢, i € {1,...,n}, of J;;'(0). Indeed, let
2 €33} (0) € I (v). Let Iy ()¢ be the connected component of J ' (v)
that contains the point z. We have to show that the connected component
J/ (0)c of I} () that contains z is such that J;/'(0)c € Iy (v)c. This
is actually a corollary of Theorem 11.2.4. Indeed, if we denote by Ej; and
FEn the momentum distributions associated to the M and N-actions on P,
respectively, and by Gg,, and G, the associated group of transformations
we have by construction that Gg,, C Gg,. Consequently,

Jrm(o)e =Gg, -2 CGry - 2=JIn{V)c.
We now start the construction of a symplectomorphism between
Per =35 (0)o, /Mg and  (P))5 = ()" (p)e/ (M NF)T
As we saw already in (11.1.6), we have
m, (357 (0)e,) € (37) " (p)e, (11.3.1)

which allows us to define the function 6 : J,} (0)c, — (J) " (p)c as z +—
7C(2). It is easy to check that the smooth mapping 6 is equivariant with
respect to the MS»—action on its domain and the (ME/NVC)gfaction on

its range, which guarantees the existence of a well-defined smooth function
0 : 33 (0)c, /M7 — (37) Hp)e/ (M /NS

that makes the diagram

Iie, —2— JS)"Y(p)e
lﬂg (11.3.2)
I3t 0)e, /ME —2— (39) " (p)e/(MEINS)S.

commutative. We will show that the map © is the desired symplectic dif-
feomorphism. We will proceed in several steps.

The Map O is Injective. Let [z],, 2], be two elements in J ' (o) ¢, /MS¥
for which ©([z],) = ©([2']s). By the definition of ©, this implies that
Wf(wf(z)) = ﬂg(ﬂyc(z’)) hence there exists an element gN¢ € (MVC/NVC)[?
such that 7¥(2") = gN¢ - 7¢(2) or, equivalently 7¢(2) = 75(g - 2).
Therefore, there exists a n € N¢ such that 2/ = ng - z. Given that
2,2 € J3}(0)c,, it follows that ng € MS» and therefore [2], = [¢'],,
as required.
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The Map © is Surjective. Let 75([z]) € (P,)S be arbitrary, with
[2] = 7 (2) € (JT)" (p) and z € T (v)c. Let o’ := Jps(2). Notice that
o'|ln = *Ip(2) = In(2) = v = 0|, Also, for any ¢ € mC,

(0,€) = (In(2),6) = (I ([2]), [€]) + (7, €) = {p, [¢]) + (7, €) = (0, €).

Consequently, ¢’ |m§ = 0’|m§ and therefore, by the stages hypothesis II,
there exists an element n € MS, such that o/ = Ad},-10. As n € MS,
it follows that [n] := nNS € (MS/NS)S. Consider now the element 2’ :=
n~l.zeJy} (o) Asn € MEP C M, then 2’ € Jy'(0)c and therefore

2" € 33} (0)c,. By construction,

which proves the surjectivity of ©.

The Map O is Symplectic and therefore an Immersion. This as-
sertion is a simple diagram chasing exercise.

Finally, we can affirm that © is a symplectic diffeomorphism since by
Lemma 11.1.1 every bijective immersion is a diffeomorphism once we have
assumed that P (and consequently J,; (0)c, /ME) is Lindeldf.
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Reduction by Stages with Topological
Conditions

In this chapter we will use the distribution theoretical approach to formu-
late a reduction by stages theorem that only requires an easily verifiable
point set topological condition. This condition is satisfied by a large class
of Lie groups, for example, compact ones. Notice that this statement could
not have been made had we followed exclusively the purely algebraic ap-
proach in § 5.2. Having said that, we will analyze the relation between the
stages theorem in this chapter and that in the previous one.

12.1 Reduction by Stages III

In this section we will study a very general condition that also implies the
possibility of reducing by stages. We state it in the following result:

12.1.1 Proposition. Let M° be the connected component of the identity
of M. Suppose that the symplectic manifold (P,Q)) is Lindeldf and para-
compact. Let o € Iy (P) C m*, v:=1i*c, J;}(0)c be one of the connected
components of Iy} (o) included in J'(v)c, and 6 be the map introduced
in (11.3.2). If the orbit M° - v C n* is closed as a subset of n*, then

0I5/ (0)c) = (37) " p)e- (12.1.1)

Before we proceed with the proof of this proposition we state and prove
an important corollary.

12.1.2 Theorem (Reduction by Stages IIT). Let M° be the connected
component of the identity of M. Suppose that the symplectic manifold (P, <)
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is Lindelof and paracompact. Let o € Jpr(P) C m* and v := i*o. Suppose
that the orbit M° - v C n* is closed as a subset of n*. Let J]T/[l(a)c be
one of the connected components of I3 (o) included in I3 (v)c. Then the
symplectic reduced spaces

P =3} o)/ ME  and (P,)S = (Jf)_l(P)C/(ME/NVC)g

o P
are symplectomorphic.

An important particular case in which the closedness hypothesis on the
orbit MY-v in the previous corollary is always satisfied is when the group M
is compact. Consequently, whenever the manifold P is Lindelof and para-
compact and the group M is compact, the reduction by stages procedure
is always viable.

The closedness hypothesis of the coadjoint orbits in the statement of
Proposition 12.1.1 is needed in the proof in relation to the existence of the
extensions of certain functions.

Proof of the Theorem. Consider the following variation of the dia-
gram (11.3.2):

I o) —2— (IS)Hp)e

(e}
lﬂ—p

It 0)e/ME —2— (39) " (p)e /(M NSNS,

where M¢ is the subgroup of M, that leaves the connected component
J,/ (0)c invariant, and 7, : J3/ (o) — I3/ (0)c/ME is the canonical pro-
jection. The equality 0(J ;' (0)c) = (J)~!(p)c guaranteed by the previous
proposition implies that 6, and consequently O, are surjective. Mimicking
the proof of Theorem 11.1.3 it can be shown that © is also an injective
symplectic immersion, and therefore a symplectomorphism. |

Proof of Proposition 12.1.1.. We start the proof by stating several
lemmas and propositions. For future reference a standard result in manifold
theory is stated below. For a proof see Theorem 5.5.9 in [MTA].

12.1.3 Proposition. Let P be a paracompact smooth manifold and A C
P be a closed submanifold of P. Any smooth function f € C*°(A) admits
an extension to a smooth function F € C*°(P).

We now study a distribution that will be of much use.

12.1.4 Lemma. Let D be the generalized distribution on P given by
D = A+ Ey, where, for any z € P

A(z) = T(M - z) = {£p(2) | € € m},
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and
En(z) = span{Xgory (2) | g € CZ(P/N)},

where wn : P — P/N is the projection onto the orbit space. Then:

(i) If F; is the flow of the infinitesimal generator vector field £p, € €
m, and Gy is the flow of the Hamiltonian vector field Xgyory, g €
C°(P/N), then, for any t1,t2 € R, we obtain,

th Oth = th OHtla

where H; is the flow of the Hamiltonian vector field associated to
the function h :== gony o Fy, € C®(P)N that can also be written
as go Fy, omn. The map Fy, is the diffeomorphism of P/N uniquely
determined by the relation TyoFy, = Fy,omy and goFy, € C°(P/N).

(ii) D is integrable.

(iii) The maximal integral leaves of the distribution D are given by the
orbits

Gp-z2=Ga Gpy-2=M"- (I3 (v)c),

where In(2) = v, Iy (V)¢ is the connected component of J* (v) that
contains z, and MP is the connected component of the identity of M.

Proof. To prove (i), first note that for any time ¢ € R and any z € P,
Fi(z) = exptf - z. Also, since N is a normal subgroup of M, for any n € N
and z € P there exists an element n’ € N such that Fy(n-z) = exptén-z =
n'expté-z = n'- Fy(z). Consequently, the map F} induces a diffeomorphism
F, of P/N uniquely determined by the relation F,omny = wy o Fy. Also,
the function g o 7y o F; € C*°(M) can be written as g o F; o my which
guarantees that it is an element of C°°(M)" and that, by Theorem 11.2.4
(i), the Hamiltonian vector field Xgoryor, = Xgop,0ny 15 complete. Now,
since the M-action on P is canonical the map F; is Poisson and therefore

TF;o XgOTrNoF,, = XgOTI'N o Fy.

Moreover, if Gy is the flow of X or, and H; that of XgOﬁNopw, then it
follows that Gy, o Fy, = F}, o Hy, . Since all the vector fields involved in this
expression are complete, this equality is valid for any ¢1,t5 € R.

Now we turn to the proof of (ii). According to Theorem 11.2.1 it is
enough to show that the distribution D is invariant under the action of the
diffeomorphisms group Gp generated by the family of vector fields that
spans the distribution D, namely,

{Ep 1€ em} U{Xgony [ g € CF(P/N)}.
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More specifically, we have to show that T, Fr(D(z)) = D(Fr(z)), for each
Fr € Gp and any z € P. Actually, it suffices to show the inclusion

T.Fr(D(z)) C D(Fr(z)) (12.1.2)

given that since (12.1.2) is valid for any element in Gp and any point in
P, we get Tr,. (o) (Fr) (D(Fr(z))) C D(z). Applying T.Fr to both sides
of this inclusion we obtain that D(Fr(z)) C T.Fr(D(z)), as required.

Hence, we now verify that (12.1.2) holds when Fr = F}} o--- o F* with
F} the flow of a vector field either of the form {p, with { € m, or of the
form Xgory, with g € C2°(P/N). We consider both cases separately.

Firstly, let F; be the flow of Xyor,, with g € C2°(P/N), and X¢or, be
another Hamiltonian vector field with f € CR°(P/N). Then, since F} is a
Poisson map, we see that for any z € P

TZFt(XfOﬂ'N (Z)) = TZFt(XfOWNOF—tOFt (Z))
= Xfonyor_,(Fi(2))
= XfoF‘,towN (Ft(z))a

where F_; is the diffeomorphism of P/N uniquely determined by the equal-
ity F.yomy = mny o F_y. Given that fo F ;omy € C®(P)N and
foF_; € CX(P/N), weobtain Xsoryor ,(Fi(2)) € En(Fi(2)) C D(Fi(2)).

Secondly, let £p, be the vector field on P constructed using the infinites-
imal generators associated to the element £ € m. The flow of this vector
field is given by the map G; := ®Pexp1¢. Consequently,

exp s€ - thOﬂNO{)e"" *“(2)
s=0

RN P ac (1) (12.1.3)
,5:0

d d
T.F(¢p(2)) = I Filexps€-z) = T
s=0

=& () + o

where FZO™ % ¢ i5 the flow of Xgornoder, . Which, by part (i), is a N-
equivariant vector field. Note that the smooth curve ¢(s) := Ff°™~ oPexp st (2)
is such that ¢(0) = F;(z) and, since g o 7 0 ®exps¢ € C°(P)Y for all the
values of the parameter s then, by Noether’s Theorem, ¢(s) € Jy'(v) with
v = Jn(2). Therefore,

d B
- Peree(2) € ker T, () In = En(Fi(2))
s=0

which, substituted in (12.1.3) allows us to conclude that T.F;({p(2)) €
D(Fy(z)).

Thirdly, consider the case in which Gy := ®exp ¢ is the flow of {p, £ € m,
and let n € m be another arbitrary element in the Lie algebra of M. It is
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easy to check that

L.G(np(2) = np(expie - 2) + | exp(t Adug ) 2
s=0
Let g(s) = exp(t Adexp —sn §). This curve in M is such that g(0) = expt¢,
hence, there exists some element p € m such that T,G(np(z)) = np(exp t§-
z) + pplexpté - z) € A(G(z)) C E(Gy(z)), as required.
Finally, let gory € C®(P)V, g € C°(P/N), with N-equivariant Hamil-
tonian flow Fy. Part (i) allows us to write

d d
T.Gi(Xjon = — GioFy(z) = — H, 0 Gi(z2),
Kpom () = 1| GroRE)= 1] HioGle)
with Hg the flow of the Hamiltonian vector field associated to the IN-
invariant smooth function g o mx 0 ®exp —t¢, hence

TZGt(XgOTrN (Z)) = XgowNont (Gt(z))
= Xgoa_,ony (Gi(2)) € En(Gi(2)) C D(Gi(2)).

The four cases studied allow us to conclude that the distribution D is
integrable.

Turning to (iii), the integrability of D proved in the previous point and
the general theory summarized in Theorem 11.2.1 establish that the max-
imal integral leaves of D are given by the Gp-orbits. Clearly, G4 - Gg, C
Gp. Part (i) implies the reverse inclusion and therefore G4 - Gg, = Gp.
Now, by Theorem 11.2.4, Gg, -z = J5' (V) o, where Iy (2) = v and Iy (v)c
is the connected component of J5'(v) that contains z. Consequently,

Gp-2=Ga-Gpgy-2=M" (I3 (v)e),
as required. v

12.1.5 Lemma. Let v € n* be an element in n* and M° be the connected
component of the identity of M. Suppose that v is such that the orbit M° -
v C n* is closed as a subset of n*. Then the set J&l(MO - v) is a closed
embedded submanifold of P. Moreover, if J;,l(MO - V)¢ is the connected
component of J' (M - v) that contains Iy (v)c, then

MY I ()e = I (MY - v)e. (12.1.4)

Proof. As we already know, since NNV is a normal subgroup of M, n* is a
M-space, therefore a M°-space, and hence the orbit M? - v is an immersed
submanifold of n*. Moreover, we can think of M? - v as one of the maximal
integral manifolds of the singular integrable distribution D0 on n* defined
by

Dypo(¢) :={adg (| £ €m}, forall (en”
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A standard theorem (see Proposition 2.2 in Dazord [1985]) guarantees that
the closed integral leaves of a generalized distribution are always imbedded.
Therefore, as M? - v is closed, it is consequently an embedded submanifold
of n*. Recall now that since Jy is the momentum map associated to a free
canonical action, it is necessarily a submersion and therefore each point of
the orbit MY - v is one of its regular values. The Transversal Mapping The-
orem guarantees in these circumstances that J Nl(M 0. v) is an embedded
submanifold of P. This result also ensures that, for any z € J Ql(M 0.v),

T(IN (M- v)) = (T.In) " Ty o) (M° - v)).
The MP%-infinitesimal equivariance of Jy implies that

Tyy((M°-v) ={—ad; In(z) | £ € m}
={T.In(€p(2)) | £ € m}
= TZJN(TZ(MO . Z))a

and consequently,
T.(I (MO v)) = T.(M° - 2) + ker T.Ix = T.(M - 2) + En(2).

This equality implies that the manifold J'(M° - v)¢ is an integral sub-
manifold of the distribution D introduced in Lemma 12.1.4, everywhere of
maximal dimension. In that result we saw that the maximal integral sub-
manifolds are given by the subsets of the form M° - (J'(v)c). It is clear
that M° - (I (v)e) € I (MO - v)c. The maximality of MO - (I (v)c)
implies equality (12.1.4). v

We are now in the position to state the result on extensions that we will
need in the proof of the proposition.

12.1.6 Proposition. Let v € n* and M° be the connected component of
the identity of M. Suppose that v is such that the orbit M®-v C n* is closed
as a subset of n*. Then, every function f € C’OO(J#(V)C)MDC admits an
extension to a function F € C’OO(P)MO.

Proof. The natural injection ¢ : Jy' (V) — M?- Iy (v)e = Iy (MO -
v)c induces a smooth map ¢ : Iy (v)o/MS — I (MO - v)c/M° that
makes the following diagram commutative

IVYwe —F— IFMO-v)e
e Jo
I3 w)e/ME —2— IH (MO - v) e /MO,

Since in this case the identity (12.1.4) holds, it is easy to verify that ¢ is
a bijection. Moreover, it is an immersion, and therefore a diffeomorphism.
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Indeed, let [2]p0 € Iy (v)e/ME be arbitrary and v, € T,Jy' ()¢ be such
that

T[Z]M§ ¢(TZ7TMVC . ’UZ) =0.

This can be rewritten as
Tz(¢ © ﬂ—MVC) ‘Uz = TZ(T‘—MO o 80) * Uy = zﬂ—MO(Tz@ : Uz) =0.

The last equality implies the existence of an element £ € m such that
T.p(v.) = €p(2), hence v, € T.(M - 2) N T, (I (v)) = T(M, - 2), and
consequently T, myso - v, = 0, as required. The equality

T.(M - 2)NT. (I (v) = T(M, - 2)

follows easily after recalling that if £p(2) € To(M - 2) N T.(Jy' (v)), then
TZJN fp(z) = 7&(12 v=20.

Now take an arbitrary function f € C*>(J ;Vl(l/)c)MvC , which induces
a function f € C* (I3 (v)c/ME) uniquely determined by the relation
foleg = f. Let now g € C*° (Jﬁl(MO . I/)c/MO) be the smooth function
defined by § = f o ¢—'. This function induces a M° invariant function
geC®Iy (M- V)C)MO on J'(M° - v)¢ via the equality g = g o mpy0.
Since J5' (M? - )¢ is a closed embedded submanifold of P, the function g
can be extended by Proposition 12.1.3 to a smooth function F € C*°(P).
The properness of the M-action and the MP-invariance of the function
g and of the submanifold Jy'(M° - v)c guarantee that F can be chosen
M? invariant, as required (check for instance with Proposition 2 of Arms,
Cushman, and Gotay [1991]). v

12.1.7 Corollary. Suppose that the coadjoint orbit M°-o C m* is closed
in m*. Then every function f € C°(J;} (0))Mvc admits an extension to a
function F € COO(P)MO. Also, if the coadjoint orbit M - o C m* is closed
and embedded in m*, then every function f € C*=(Jy} (o)™ admits an
extension to a function F € C>(P)M,

Proof. For the proof of the first statement just take N = M in the
proof of the previous proposition. As to the second one, erase the symbols
C' that refer to connected components and substitute M° by M. As to
the hypothesis regarding M - ¢ C m* being embedded in m* we need it to
reproduce the argument at the very beginning of the proof of Lemma 12.1.5
where we would show, in our case, that J ]le (M - o) is a closed embedded
submanifold of P. v

We are now ready to prove the relation (12.1.1), that is,

0357 (0)c) = (I7) " p)c-
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The inclusion 8(J},/ (0)c) C (J$)~(p)c is already known and is a conse-
quence of (11.3.1). Let myo/no = PS — PS /(MY /NS) be the canonical
projection onto the orbit space. In order to show the equality take an arbi-
trary point 7¢'(2) € (I3, (0)c) C PS and consider the maximal integral
leaf of the generalized distribution on PS¢ defined by

C C
Eneng = {Xf ‘ fec= (PN with
f = Fomye e, F €O (Pf/(ME/NE))}

that goes through 7¢(z) which, by Theorem 11.2.4, is the entire (J$) 71 (p)c.

If we are able to show that for any Fr € GEI\/IC/NC’ we have

Fr(rmg () € 0351 (0)c) =) (337 (0)c),

we will have proved the equality. For the sake of simplicity suppose that
Fr = F;, with F; the Hamiltonian flow associated to the function f €

o (pC MZ /NS = oo/ T—1 MC .

(PY) .Let f € C°(J 5 (v)c)™ be the smooth function defined
by f:= for, and let g € C’OO(P)M0 be one of its smooth M? invariant
extensions to P, whose existence is guaranteed by Proposition 12.1.6. Let
Gy be the Hamiltonian flow associated to the function g. Note that

Fy(m] (2)) = 7y (Gi(2)).-
By Theorem 11.2.4, G4(z) € J;; (o) and therefore
Fr(n; (2)) = 7] (Gi(2)) € 03/ (0)0),

as required. [ ]

12.2 Relation Between Stages II and III

The reader may be wondering if there is a relation between the versions
IT and IIT of the reduction by stages theorem. Even though it is true that
both results identify sufficient conditions that allow symplectic reduction
in two stages, these conditions seem to be nonequivalent. The following
proposition shows that the closedness hypothesis in the version III needs
to be complemented with an additional condition in order to imply the
stages hypothesis II, and therefore the version II of the reduction by stages
theorem.

12.2.1 Proposition. Suppose that the hypotheses of Proposition 12.1.1
hold and that, additionally, the following condition is satisfied: for any o’ €
m* such that v := i*o’, there is at least one connected component JX/} (')
of 33} (¢') included in the given connected component Iy (v)c. Then, o
satisfies stages hypothesis II.
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Proof. Let ¢’ € m* be such that o', = 0|y = v and 0'|nc = 0[me. By
hypothesis, there is a connected component J3; (¢/)¢ of J3; (0/) included
in Jy'(v)c. Let 2z € I3} (/). Then, for any [¢] € m$ /nC we have

(IS (xS (2)), [€]) = (07, &) — (7,€) = (0,€) — (7,€) = (p, [€]).

Consequently, 7 (z) belongs to the set (J$)~!(p)c which by (12.1.1) equals
0(35/ (0)c). Hence, there exists 2/ € J;/(0)c such that 75 (z) = 75 (%)
and therefore 2/ = n - z for some n € N C lep. Applying the map Jj; to
both sides of this equality we obtain that ¢/ = Ad), _: 0. Hence, o satisfies
the stages hypothesis II. |

The following example shows that the situation is similar regarding the
reverse implication. More specifically, our example will describe a situation
where the stages hypothesis II holds but not the closedness hypothesis
needed in the version III of the reduction by stages theorem.

Example. Let M be the subgroup of SL(2,R) given by

v 2]

Consider now the closed normal subgroup N of M given by

v {[! |eex).

The Lie algebra m of M is given by the matrices of the form

{6 %

If we choose the matrices

|10 d 101
e =1, 4 an €= 1y 0

as a basis for m, we can write its elements as two—tuples of the form
(&1,&2) € R2. In these coordinates, the adjoint action of M on m can be
expressed as

a>0,b€R}.

51,52 S R}.

Adg(é-h £2> = (617 _2ab€1 + (7,252),

where

g= |:8 ab1:| € M and (gl,fg) cm.

If we identify m* with m ~ R? via the Euclidean inner product on R2, the
coadjoint action of M on m* takes the following expression

* 2b 1
Adgf1(a1, Ckz) = (041 + ;Oxg, a2a2> s (1221)
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where

g= [8 a?1:| € M and (0117012) em’.

Analogously, the inclusion i : n < m is given by n —— (0,7), and the dual
projection i* : m* — n* by (a1, as) — ag. Moreover, the coadjoint action
of M on n* is given by

0 aél} e M. (12.2.2)

1
Adj-1a= —a, for any g = {a
a

If we visualize m* as the (aq,as)-plane, expression (12.2.1) implies that
the M—coadjoint orbits in m* are the open upper and lower half planes
together with the points in the a;—axis. Analogously, by (12.2.2) we can
conclude that the coadjoint action of M on n* exhibits three coadjoint
orbits, namely, two open half lines, and the point where they meet. In
conclusion, if a € n* is different from zero, its M—orbit is not closed in n*
and, consequently, the hypothesis of version III of the Stages Theorem is
not satisfied. Nevertheless, we will now consider a free canonical action of
M on a symplectic manifold for which both the Stages Hypotheses I and
IT hold.

Consider the lifted action of M on its cotangent bundle T*M. If we
trivialize T*M using right translations (space coordinates) we have the
following expressions for this canonical action and for its associated M and
N—momentum maps:

g-(h,a)=(gh,Adj-1 ), JIm(g,0) =, JIn(g,a)=as,

for any g,h € M and o = (a1, ) € m*. As the level sets of Jp; and Jy are
connected, there is no difference between the versions I and II of the stages
hypothesis. We now verify that this hypothesis holds: first of all notice that

for any a € n*
| M, if a=0
M@‘{ N, if a0

Therefore, if o = 0 the stages hypothesis holds trivially. If o # 0 and we
have two elements 0,0’ € m* such that o], = 0'|n = O|lm, = ' |m, = @
then there exist necessarily 3,v € R such that o = (8,a) and ¢’ = (v, a),
and consequently:

=05
o' =Ad; 1o, with g= 2a | € N, =N,
0 1

as required. ¢
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12.3 Connected Components of Reduced
Spaces

A natural question that arises when making the comparison between the
distribution approach to the reduction by stages problem and the one taken
in § 5.2 is how the reduced spaces obtained in both cases are related. In the
following paragraphs we will show that if the coadjoint orbit M -c C m* is a
closed and embedded submanifold of m*, then P¢ is a connected component
of J3/ (0)/M,. An analogous claim can be made regarding pr. We state
all of this in the following proposition.

12.3.1 Proposition. Let M° be the connected component of the identity
of M. Suppose that the symplectic manifold (P,Q)) is Lindeldf and para-
compact and that the coadjoint orbit M - o C m* is a closed and embedded
submanifold of m*. Then PS is a connected component of Jy; (o) /M,. The
same conclusion holds for PC  whenever the orbit (MS /NS - p under the

v,p
affine action of (MS /NS on (m$ /nS)* is closed in (mS /nG)*.

Proof. First of all, notice that since J3,(c)¢ is connected, so is
Iu (@)c/My = Py

and hence the projection of the inclusion J,} (¢)c < J;/ (o) provides us
with an injection

ic : I3t (0)e/ME — (I3} (0)/My)

of J,/ (0)c/ME into some connected component (JA_/[l(a)/MU)C of P,.
We will prove that i is onto. To do this, we will follow a strategy similar
in spirit to the one we used to establish the surjectivity of the map ©. As
(J X; (o) /Mo.) o 1s a connected symplectic manifold, any two of its points can
be joined by piecewise Hamiltonian paths or, more explicitly, the maximal
integral leaf of the distribution on (33 (o) /M),

D ={X, | he € C ((I3}(0)/Ms) )}

going through any point in (J;wl (0)/M”)C is (J]T/[l(a)/MU)C itself. We will
show the surjectivity of i¢ by proving that for any h, € C'*° ((JX; (O’)/MU)C)

with associated Hamiltonian flow F?, and for any 7¢(z) € PS, we get
FY (ic(ng (2))) € ic(Py).
Let hy € C* (33 (0)/M,) be an extension of h, € C™ ((JK;(J)/M(,)C)

and let h € C* (JX}(U))M” be the function defined by h = hy o 7,. By
Corollary 12.1.7 the function i admits an extension to a function H €
C>®(P)M; let F} be its associated Hamiltonian flow. Then,

FY (ic (75 (2))) = 7o (Fe(2)).
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By Noether’s Theorem Fy(z) € J,}(0)c and consequently m,(Fi(2)) €
ic(PY), as required. [ |

Conclusions for Part II

In this part we have given a thorough treatment of the problem of regular
symplectic reduction by stages. There are, however, many things left to do
in this area. Amongst these, there is a need for additional concrete physical
applications. Another is to make use of the stages structures in numerical
applications using, for instance, variational integrators, as in Marsden and
West [2001]. Finally, there is a need for additional functional analytic treat-
ments of infinite dimensional cases, some of which were mentioned in the
introduction and in the text.

Recall from the introduction that there is a parallel theory of Lagrangian
reduction by stages developed in Cendra, Marsden, and Ratiu [2001a]. A
critical difference is that the theory of Lagrangian reduction by stages is
the Lagrangian analog of Poisson reduction in that no imposition of a level
set of the momentum map is made. Nevertheless, there are many strong
connections and parallels between the results in the present work and those
in the theory of Lagrangian reduction by stages. The Lagrangian analog of
point reduction in the symplectic context is that of Routh reduction studied
in Marsden, Ratiu and Scheurle [2000]. Of course developing a reduction
by stages theory in that context would be of interest.

One may also speculate on further relations with group theory along
the lines of the orbit method. After all, the orbit method for semidirect
products is closely related to the method of induced representations of
Mackey. One would imagine that keeping track of representation theory
parallel to reduction by stages would also be interesting.

Another important issue is how to properly generalize things to the multi-
symplectic context (see, for instance Marsden, Patrick, and Shkoller [1998]).
As we have mentioned, in a number of examples in field theory, including
complex fluids, one has a cocycle in the associated Poisson structure (Holm
and Kupershmidt [1982, 1983b]). The structure of those theories strongly
suggests that a reduction by stages approach would be profitable, although
the analog of symplectic reduction in field theories is known to be tricky
as one normally does not impose momentum map constraints until after a
3+1 (space + time) split has been made. This will complicate any eventual
theory. On the other hand, from a Lagrangian reduction by stages stand-
point, some interesting progress has been made in this direction (see Holm
[2002]).



Part III. Optimal Reduction
and Singular Reduction
by Stages
by Juan-Pablo Ortega

In this part we will apply the techniques recently introduced by see Or-
tega and Ratiu [2002] and Ortega [2003a], which are based on the theory of
distributions to generalize the results presented in Part II as well as other
various symplectic reduction methods due to Marsden, Weinstein, Sjamaar,
Bates, Lerman, Marle, Kazhdan, Kostant, and Sternberg. This approach
is based on the definition of an object, that will be called the optimal mo-
mentum map, that to some extent generalizes the standard momentum map
that we used previously in this book. One of the advantages of this point of
view is its degree of generality which will allow us to construct symplectic
point and orbit reduced spaces purely within the Poisson category under
hypotheses that do not necessarily imply the existence of a standard or
group valued (Alekseev, Malkin, and Meinrenken [1998]) momentum map.
All along this part we will refer to the construction of symplectic reduced
spaces with the help of the optimal momentum map as optimal reduc-
tion.

This part is divided into three chapters. The first chapter contains a brief
description of the optimal momentum map and explains how to construct
symplectic or Marsden—Weinstein reduced spaces in the context in which
this object is defined. Most of the definitions and results in this preliminary
chapter are contained in Ortega and Ratiu [2002]; Ortega [2002].

The second chapter of this part explores in the context of the optimal
momentum map the orbit reduction procedure. Orbit reduction is an ap-
proach to symplectic reduction equivalent to the Marsden—Weinstein reduc-
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tion that we used in Part II. It consists of considering in the reduction pro-
cess the inverse images by the momentum map of coadjoint orbits instead
of just momentum values; this set is, under certain hypotheses, a smooth
G-invariant space whose corresponding orbit space is symplectomorphic to
the Marsden—Weinstein reduced space. In order to make a distinction be-
tween these two reduction procedures we will talk about point and orbit
reduction. The expression for the symplectic structure of the orbit re-
duced space puts into relation the symplectic form of the original manifold
with the so called natural Kostant—Kirillov—Souriau symplectic form of the
coadjoint orbit that we used to construct it. Our goal in this chapter will be
the reproduction of this scheme in the context of the optimal momentum
map. This will need the introduction of smooth (pre)-symplectic manifolds
that will generalize to this context the coadjoint orbits and their natural
symplectic structures. We will refer to these as polar reduced spaces due
to their close ties with the notion of polarity introduced by the author in
his study of singular dual pairs (Ortega [2003a]). In particular, we will see
that there is an interesting interplay between the so called von Neumann
condition for a canonical group action and the polar reduction scheme.

The last chapter of this Part III will extend to the optimal context the
reduction by stages procedure that we studied in Part II for the standard
momentum map. The advantages in terms of generality presented by the
optimal momentum map will allow us to formulate a reduction by stages
theorem for any normal subgroup of a Lie group acting canonically on a
Poisson manifold for which, in principle, there is no associated standard mo-
mentum map. At the end of this chapter, an motivated by its importance
in terms of applications we will study the particular case of a Hamiltonian
proper action on a symplectic manifold for which we do not impose free-
ness. These results provide the generalization to the singular context of the
reduction by stages theorems in Part II.



13

The Optimal Momentum Map and
Point Reduction

Unless the contrary is explicitly stated, all along this part we will work on
a Poisson manifold (M, {-,-}) acted canonically and properly upon by the
Lie group G via the left action ® : G x M — M. The group of Poisson
transformations associated to this action will be denoted by

Ag::{<1>g|g€G}

and the projection of M onto the orbit space by w4, : M — M/Ag =
M/G. Given a point m € M with isotropy subgroup G,,, we will denote by
g-m = T,,(G-m) the tangent space at m to the G—orbit that goes through
m. We recall that when the G—action is proper, the connected components
of the subset

Mg, ={zeM |G, =G}

made out of the points that have the same isotropy as m, are smooth
submanifolds that we will call isotropy type submanifolds.

13.1 Optimal Momentum Map and Space

The optimal momentum map was introduced in Ortega and Ratiu [2002]
as a general method to find the conservation laws associated to the sym-
metries of a Poisson system. We briefly recall its definition and elementary
properties. Let Ay, be the distribution on M defined by the relation:

AL(m) == {X;(m) | f € C°(M)C}, for all m € M.
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Depending on the context, the generalized distribution (in the sequel we
will omit the adjective “generalized”) Ay, is called the G—characteristic
distribution or the polar distribution defined by Ag Ortega [2003a].
The distribution Af, is smooth and integrable in the sense of Stefan and
Sussman Stefan [1974a,b]; Sussman [1973], that is, given any point in M
there is an accessible set or maximal integral leaf of Ay, going through
it. We recall (see Ortega [2003a] for the details) that if M is actually a
symplectic manifold with form w then

Ag(m) =(g-m)* NT, Mg for all m e M. (13.1.1)

m?

Moreover, if the G—action has an associated standard momentum map J :
M — g* then

Ag(m) =kerT,,J NT,, Mg for all m e M. (13.1.2)

m?

The optimal momentum map J is defined as the canonical projection
onto the leaf space of Ay, that is,

J: M — M/Ag.

By its very definition, the fibers or levels sets of J are preserved by the
Hamiltonian flows associated to G—invariant Hamiltonian functions and J
is universal with respect to this property, that is, any other map whose
level sets are preserved by G—equivariant Hamiltonian dynamics factors
necessarily through 7.

The leaf space M /Ay, is called the momentum space of J. When con-
sidered as a topological space endowed with the quotient topology, it is easy
to see (Ortega [2003a]) that the optimal momentum map is continuous
and open.

The pair (C*°(M/Ag), {*, }amya;,) is a Poisson algebra (the term Poisson
variety is also frequently used) when we define

C(M/AL) = {f € COMJAL) | foT € C=(M)},  (13.13)
and the bracket {-, '}M/A’c defined by

{f, 9tmya,(T(m)) ={f o T, go T}(m), (13.1.4)

for every m € M and f,g € C*°(M/A{). Note that as J is open and
surjective then, for any real valued function f on M/Af, such that foJ €
C>(M) we see that f € CY(M/AL) . Hence, in this case, the standard
definition (13.1.3) can be rephrased by saying that f € C°°(M/Ay) if and
only if foJ € C™(M).

The G-action on M naturally induces a smooth action ¥ : G x M /Ay, —
M/Ay, of G on M/Ay, defined by the expression ¥(g, J(m)) := J(g-m)
with respect to which J is G—equivariant. We recall that the term smooth



13.1 Optimal Momentum Map and Space 425

in this context means that W*C>°(M/Ay) C C*(G x M/A¢,). Notice that
since M/Ay, is not Hausdorff in general, there is no guarantee that the
isotropy subgroups G, of elements p € M/A¢, are closed, and therefore
embedded, subgroups of G. However, there is still something that we can
say:

13.1.1 Proposition. Let G, be the isotropy subgroup of the element p €
M /Ay, associated to the G-action on M /Ay, that we just defined. Then:

(i) There is a unique smooth structure on G, with respect to which this
subgroup is an initial (see below) Lie subgroup of G with Lie algebra
gp given by

g, ={¢€g|&ulm) € TnT (p), for allme J ' (p)} (13.1.5)

or, equivalently

g, ={(cgl|expt{ € G, forallt € R}. (13.1.6)

(ii) With this smooth structure for G ,, the left action ®° : G,x J ~*(p) —
T Hp) defined by ®°(g, z) := ®(g, 2) is smooth.

(iii) This action has fized isotropies, that is, if z € J~'(p) then (G,). =
G., and G, = G, for allm € T~ 1(p).

(iv) Let z € T~ (p) arbitrary. Then,

g, 2=Ag(z)Ng-2=T.T *(p)Ng- 2 (13.1.7)

Proof. For (i) through (iii), see Ortega [2002]. We prove (iv): the in-
clusion g, - 2 C A5(2) Ng- z is a consequence of (13.1.5). Conversely, let
Xi(2) = &m(z) € AL(z)Ng -z, with f € C®°(M) and ¢ € g. The G-
invariance of the function f implies that [Xf, {u] = 0, and hence, if F; is
the flow of X; and G, is the flow of 5 (more explicitly Gi(m) = exp t-m
for any m € M), then F; o Gy = G4 o F;. By one of the Trotter product
formulas (see [MTA, Corollary 4.1.27]), the flow H; of Xy — &y is given by

Hy(m) = lim_ (Fy/n 0 G_ya)" (m)

= 1im (F}), 0 Gy, ) (m) = (Fro G-i)(m) = Fi(exp ~t& - m),
for any m € M. Consequently, as X,(z) = &p(2), the point z € M is
an equilibrium of X; — &y, hence Fi(exp —t€ - z) = z or, analogously
exp t€ - z = Fy(z). Applying J on both sides of this equality, and taking
into account that F; is the flow of a G—invariant Hamiltonian vector field, it
follows that exp t§-p = p, and hence § € g, by (13.1.6) . Thus {ar(2) € 9,2,
as required. |
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Recall that we say that N is an initial submanifold of the smooth
manifold M when the inclusion i : N — M is a smooth immersion that
satisfies that for any manifold Z, a mapping f : Z — N is smooth if
and only if i o f : Z — M is smooth. The initial submanifold structure
is unique in the sense that if N admits another smooth structure, call it
N’, that makes it into an initial submanifold of M, then the identity map
idy : N — N’ is a diffeomorphism. Indeed, as the injection N — M is
smooth and N’ is by hypothesis initial then, the identity map idy : N — N’
is smooth. As the same argument can be made for idy: : N’ — N, the result
follows.

We finish this section by emphasizing that the structure of the momen-
tum space M /Ay, may become very intricate. The following example shows
that even when the G—action is very simple and the corresponding orbit
space M/G = M/Aq is a quotient regular manifold, the associated mo-
mentum space M /Ay, does not need to share those properties.

Example. Let M := T2 x T? be the product of two tori whose elements
we will denote by the four—tuples (€1, ei2, ™1 ei¥2). We endow M with
the symplectic structure w defined by

w = db; Adby + V2dy; Adiy.

We now consider the canonical circle action given by

e’i¢ . (ei917ei92,e’i’¢)17ei’l[}2) — (61;(91—"-¢)7 ei@z,ei(w1+d)),ei¢2).

First of all, notice that since the circle is compact and acts freely on M,
the corresponding orbit space M/Ag: is a smooth manifold such that the
projection wa_, : M — M/Ag: is a surjective submersion. The polar dis-

tribution A%, does not have that property. Indeed, C*°(M )S1 comprises
all the functions f of the form f = f(e'?2, e™2, ¢(®1=%1)), An inspection of
the Hamiltonian flows associated to such functions readily shows that the
leaves of A, fill densely the manifold M and that the leaf space M/A%,
can be identified with the leaf space T?/R of a Kronecker (irrational) folia-
tion of a two-torus T2. Under these circumstances M /A’ cannot possibly
be a regular quotient manifold. ¢

13.2 Momentum Level Sets and Associated
Isotropies

By construction, the fibers of 7 are the leaves of an integrable generalized
distribution and thereby initial immersed submanifolds of M Dazord
[1985]. We summarize this and other elementary properties of the fibers of
J in the following proposition.
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13.2.1 Proposition. Let (M,{-,-}) be a Poisson manifold and G be a
Lie group that acts properly and canonically on M. Let J : M — M/A},
be the associated optimal momentum map. Then for any p € M/Ay we
obtain:

(i) The level set J~1(p) is an immersed initial submanifold of M.

(ii) There is a unique symplectic leaf L of (M,{-,-}) such that T~ (p) C
L.

(iii) Let m € M be an arbitrary element of J~1(p). Then, T~ 1(p) C
Mg, , with Mg, = {z eM | G, = Gm}

m

In the sequel we will denote by £, the unique symplectic leaf of M that
contains 7 ~!(p). Notice that as £, is also an immersed initial submanifold
of M, the injection iz, : J~!(p) < L, is smooth.

(From the point of view of the optimal momentum map the existence
of a standard (g* or G-valued) momentum map can be seen as an inte-
grability feature of the G—characteristic distribution that makes the fibers
of J particularly well-behaved. Indeed, it can be proved that when M is
a symplectic manifold and the G—action has an associated standard mo-
mentum map, then the fibers 7 ~!(p) of the optimal momentum map are
closed imbedded submanifolds of M. More generally, if 7~1(p) is closed as
a subset of the isotropy type submanifold Mg in which it is sitting, then
(see Ortega and Ratiu [2002])

e J1(p) is a closed embedded submanifold of My and therefore an
embedded submanifold of M, and

e the isotropy subgroup G, of p € Ay, is a closed embedded Lie sub-
group of G.

13.3 Optimal Momentum Map Dual Pair

It is well known that the standard momentum map can be used to construct
a dual pair in the sense of Lie [1890] and Weinstein [1983a]: consider
a canonical, proper, and free action of a connected Lie group G on a
symplectic manifold (M,w). If this action has an associated equivariant
momentum map J : M — g*, the diagram

M
TAg N\
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is such that the maps m4, and J have symplectically orthogonal fibers.
This is the defining condition of a dual pair. As as corollary of a result
by Weinstein [1983a]; Blaom [2001] in the context of the theory of dual pairs
(the so called Symplectic Leaves Correspondence Theorem) we see that if
J has connected fibers then there is a bijective correspondence between the
symplectic leaves of M /G, namely the symplectic orbit reduced spaces, and
those of gj, that is, the coadjoint orbits inside J(M).

The notions of duality and dual pair have been generalized in Ortega
[2003a] in such way that in many situations the optimal momentum map
provides an example of these newly introduced dual pairs. We now briefly
recall some of the notions introduced in that paper. For the details and
proofs of the following facts the reader is encouraged to check with Ortega
[2003a).

13.3.1 Definition. Let M be a smooth manifold. A pseudogroup of
transformations or pseudogroup of local diffeomorphisms A of M
18 a set of local diffeomorphisms of M that satisfy:

(i) Each ¢ € A is a diffeomorphism of an open set (called the domain of
@) of M onto an open set (called the range of ¢) of M.

(ii) Let U = U;erU;, where each U; is an open set of M. A diffeomor-
phism ¢ of U onto an open set of M belongs to A if and only if the
restrictions of ¢ to each U; is in A.

(iii) For every open set U of M, the identity transformation of U is in A.
(iv) If p € A, then ¢! € A.

(v) If ¢ € A is a diffeomorphism of U onto V and ¢' € A is a diffeomor-
phism of U' onto V' and VNU' is nonempty, then the diffeomorphism
¢ o¢ of 6L (V NU') onto ¢'(VNU') is in A.

Let A be a pseudogroup of transformations on a manifold M and ~ be
the relation on M defined by: for any x,y € M, x ~ y if and only if there
exists ¢ € A such that y = ¢(x). The relation ~ is an equivalence relation
whose space of equivalence classes is denoted by M/A.

If M is a Poisson manifold with Poisson bracket {-,-}, we say that a
pseudogroup of transformations A of M is a pseudogroup of local Pois-
son diffeomorphisms when any diffeomorphism ¢ € A of an open set U
of M onto an open set V of M is also a Poisson map between (U,{-, }v)
and (V,{-,-}v). The symbols {-,-}u and {-,-}v denote the restrictions of
the bracket {-,-} to U and V', respectively.

13.3.2 Definition. Let (M,{:,-}) be a Poisson manifold and A be a
pseudogroup of local Poisson diffeomorphisms of M. Let A’ be the set of
Hamiltonian vector fields associated to all the elements of C>(U)A, for all
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the open A—invariant subsets U of M, that is,

A ={Xs|fe C(U)A, with U € M open and A-invariant} .

(13.3.1)
The distribution A’ associated to the family A" will be called the polar dis-
tribution defined by A (or equivalently the polar of A). Any generating
family of vector fields for A" will be called a polar family of A. The family
A’ will be called the standard polar family of A. The pseudogroup of lo-
cal Poisson diffeomorphisms constructed using finite compositions of flows
of the wvector fields in any polar family of A will be referred to as a polar
pseudogroup induced by A. The polar pseudogroup G 4 induced by the
standard polar family A" will be called the standard polar pseudogroup.

Remark. We say that the pseudogroup A has the extension property
when any A-invariant function f € C>(U)4 defined on any A-invariant
open subset U satisfies that: for any z € U, there is a A-invariant open
neighborhood V' C U of z and a A-invariant smooth function F € C>(M)4
such that f|y = F|y. If the pseudosubgroup A has the extension property,
there is a simpler polar family, we will call it A, ,, that can be used to
generate A’, namely
Ao = { Xy | f € CX(M)"}.

In particular, if A = Ag, that is, the Poisson diffeomorphism group as-
sociated to a proper canonical G—action, the extension property is always
satisfied and hence A.,, = Af,, the G—characteristic distribution.

13.3.3 Definition. Let (M,{-,-}) be a Poisson manifold and A, B be two
pseudogroups of local Poisson diffeomorphisms. We say that the diagram

(Ma{"'})

TA B

(M/Aﬂ{'v'}M/A) (M/Bv{'7'}M/B)

is a dual pair on (M,{-,-}) when the polar distributions A" and B’ are
integrable and they satisfy that

M/A" = M/B and M/B' = M/A. (13.3.2)

We now focus on the dual pairs induced by the optimal momentum
map. Hence, let (M,{-,-}) be a Poisson manifold acted canonically and
properly upon by a Lie group G, Ag be the associated group of canonical
transformations and J : M — M/A¢, be the optimal momentum map. A
natural question to ask is when the diagram
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(Ma{"'})

TAg J

(M/AG7{'7'}M/AG) (M/A/G’{'7'}1W/A’G)

is a dual pair in the sense of Definition 13.3.3. Obviously, in this case,
condition (13.3.2) is satisfied if and only if the double polar Af, := (G.a/)’
of Ag is such that

M/AY, = M/Ag.

Poisson subgroups satisfying this condition are referred to as von Neu-
mann subgroups. In our discussion on orbit reduction we will use a
slightly less demanding condition, namely, we will need group actions such
that

g-2=T.(Ag(?)) C A%(z), forall ze M. (13.3.3)

A group action that satisfies (13.3.3) is called weakly von Neumann.
Obviously, if Ag is von Neumann it is weakly von Neumann. Given that
A{, is spanned by Hamiltonian vector fields, the weak von Neumann con-
dition (13.3.3) implies that for any z € M sitting in the symplectic leaf
L., we see that g -z C T,L., and in particular, if G° is the connected
component of G containing the identity, then the orbit GO - z is contained
in the symplectic leaf £, .

We say that the group Ag is weakly Hamiltonian when for every
element g € G and any m € M we can write

(I)Q(m):FtlloFt220~--oFt’fc(m)7

with th, the flow of a Hamiltonian vector field X}, associated to a function
h; € (C=(M)%)° that centralizes the G—invariant functions on M. It is
clear that connected Lie group actions that have an associated standard (g*
or G—valued) momentum map are weakly Hamiltonian. The importance of
this condition in relation to our dual pairs is linked to the fact that weakly
Hamiltonian proper actions induce von Neumann subgroups. For a
proof of this fact and for other situations where the von Neumann condition
is satisfied see Ortega [2003a].

13.4 Dual Pairs, Reduced Spaces, and
Symplectic Leaves

Let (M, {-,-}) be a smooth Poisson manifold, A be a subgroup of its Pois-
son diffeomorphism group, and (M/A, {-, -} r1/4) be the associated quotient



13.4 Dual Pairs, Reduced Spaces, and Symplectic Leaves 431

Poisson variety. Let V' C M /A be an open subset of M/A and h € C*(V)
be a smooth function defined on it. If we call U := 7,'(V) then, the
vector field Xjor,|, belongs to the standard polar family A" and there-
fore its flow (F;, Dom(F})) uniquely determines a local Poisson diffeomor-
phism (£, m4(Dom(F}))) of M/A. We will say that (F;, m4(Dom(F}))) is
the Hamiltonian flow associated to h. The symplectic leaves of M /A will
be defined as the accessible sets in this quotient by finite compositions of
Hamiltonian flows. It is not clear how to define these flows by projection of
A-equivariant flows when A is a pseudogroup of local transformations of
M, hence we will restrict in this section to the case in which A is an actual
group of Poisson diffeomorphisms.

13.4.1 Definition. Let (M,{-,-}) be a smooth Poisson manifold, A be
a subgroup of its Poisson diffeomorphism group, and (M/A,{-,-}r/a) be
the associated quotient Poisson variety. Given a point [mla € M/A, the
symplectic leaf L), going through it is defined as the (path connected)
set formed by all the points that can be reached from [m]a by applying to
it a finite number of Hamiltonian flows associated to functions in C*°(V),
with V.C M/A any open subset of M/A, that is,

Lim)a = {FtlloFtQQO"'oFti([m}A)|k€N7
Fy, flow of some Xy, hy € C*(V), V C M/A open}.

The relation being in the same symplectic leaf determines an equivalence
relation in M /A whose corresponding space of equivalence classes will be

denoted by (M/A)/{-, - }r/a-

13.4.2 Theorem (Symplectic leaves correspondence). Let (M, {-,-}) be
a smooth Poisson manifold, A, B be two groups of Poisson diffeomorphisms
of M, and G4,Gp be the standard polar pseudogroups. If we denote by
(M/A)/{-,-}pya and (M/B)/{-,-}m B the space of symplectic leaves of the
Poisson varieties (M/A,{-,-}rrya) and (M/B,{-,-}n/B), respectively, we
have:

(i) The symplectic leaves of M/A and M/B are given by the orbits of
the G4 and G actions on M /A and M /B, respectively. As a con-
sequence of this statement, we can write

(M/A)/{s tmya = (M/A)/Gar and (M/B)/{-, }m/p = (M/B)/Gg'.
(13.4.1)

(ii) If the diagram (M/A,{-,-}rrya) < (M, {-}) =% (M/B,{-,-}r/)

1 a dual pair then the map

(M/A) /s Ymja — (M/B)/{-}my/m (13.4.2)

Lim)a — Lim)g
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is a bijection. The symbols Ly, and Ly, denote the symplectic
leaves in M /A and M/B, respectively, going through the point [m] 4
and [m]p.

One of our goals in the following pages will consist of describing the
symplectic leaves of the Poisson varieties in the legs of the diagram

(MG, {, Yarjag) <€ (M {1 L (MJAG L Faryar)

which, in some situations will coincide with the symplectic reduced spaces
that constitute one of the main themes of our work. We emphasize that
in order to have well-defined symplectic leaves in the Poisson varieties
(M/Ac,{-, }m/as) and (M/Ag, {-, -}M/A/G) it is very important that Ag is
an actual group and not just a local group of Poisson transformations and
the same with the polar pseudogroup that generates Af,. When the man-
ifold M is symplectic and the G—group action is proper it can be proved
that there exists a polar family ‘G/ made only of complete vector fields
(see Ortega [2003a]) which shows that M/A}, = M/GACC/ is the quotient
space by a Poisson group action and that, therefore, its symplectic leaves
are well-defined. In general we say that Ay, is completable whenever there

exists a polar family Ag made only of complete vector fields.

13.5 Optimal Point Reduction

We start by recalling the basics of the classical symplectic or Marsden—
Weinstein reduction theory. Let (M, w) be a symplectic manifold and G be
a compact connected Lie group acting freely on (M, w) by symplectomor-
phisms. Suppose that this action has an associated standard equivariant
momentum map J : M — g*. There are two equivalent approaches to
reduction that can be found in the literature:

e Point reduction: it is preferable for applications in dynamics and
it is the point of view that we took in Part II. The point reduction
theorem says that for any u € J(M) C g*, the quotient J~*(u)/G,, is
a symplectic manifold with symplectic form w,, uniquely determined
by the equality

*

us

T Wy =1
where G, is the isotropy subgroup of the element p € g* with respect
to the coadjoint action of G on g*, 4, : J~'(u) < M is the canonical
injection, and 7, : J7'(u) — J~'(n)/G, the projection onto the

orbit space.

e Orbit reduction: this approach is particularly important in the
treatment of quantization questions. Let O be the coadjoint orbit
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of some element p € J(M). The subset J~1(0) is a smooth submani-
fold of M and the quotient J=1(0)/G is a regular symplectic quotient
manifold with the symplectic form wp determined by the equality

iHw = Towo + Jowd, (13.5.1)

where ip : J71(O) — M is the inclusion, 7o : J71(0) — J~Y0)/G
the projection, Jo = J|3-1(0), and wg the 747 orbit symplectic
structure on O (also called Kostant—Kirillov—Souriau —KKS for short—
symplectic structure). The use of the orbit reduction approach is
particularly convenient when we are interested in the study of the
geometry of the orbit space M/G as a Poisson manifold. Indeed,
the connected components of J=1(0)/G constitute the symplectic
leaves of M/G and expression (13.5.1) appears as a corollary of a
result in the theory of dual pairs. Indeed, as we already said, the di-
agram M/G s (M,w) 3, J(M) C g* forms a dual pair and it has
been shown (see Weinstein [1983a]; Blaom [2001]) that whenever we
have two Poisson manifolds in the legs of a dual pair (P1, {-,-}p,) &
(M,w) 2 (P2, {-,-}p,) (in the sense that (ker T'm;)* = ker T'my) and
w1 and 7y have connected fibers, its symplectic leaves are in bijec-
tion. Moreover, if two symplectic leaves £; C P, and Lo C P, are in
correspondence, their symplectic structures w,, and w,, are linked
by the equality

iew =T |kwe, + Tolkwe,, (13.5.2)

where IC C M is the leaf of the integrable distribution ker T'm; +
ker Ty that contains both 77 (£1) and 7, '(£2). Therefore, if we
assume that J has connected fibers, expression (13.5.1) is a particular
case of (13.5.2), given that J(O)/G and O are symplectic leaves in
correspondence of M/G and J(M) C g*, respectively.

The use of the optimal momentum map allows the extension of these
reduction procedures to far more general situations. Indeed, as we will see
in the following paragraphs, the optimal approach allows the construction
of symplectically reduced spaces purely within the Poisson category un-
der hypothesis that do not necessarily imply the existence of a standard
momentum map. Moreover, we will develop an orbit reduction procedure
that in the context of the dual pairs reviewed in Section 13.3 reproduces
the beautiful interplay between symplectic reduction and Poisson geometry
that we just reviewed.

The study of point reduction has been carried out in Ortega [2002]. We
reproduce here the main result in that paper. In the statement we will
denote by 7, : J(p) — T (p)/G, the canonical projection onto the
orbit space of the G,~action on 7 ~'(p) defined in Proposition 13.1.1.

13.5.1 Theorem (Optimal point reduction by Poisson actions). Sup-
pose
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that (M,{-,-}) is a smooth Poisson manifold and G be a Lie group act-
ing canonically and properly on M. Let J : M — M/Ay be the opti-
mal momentum map associated to this action. Then, for any p € M/A,
whose isotropy subgroup G, acts properly on J ' (p), the orbit space M, :=
T Hp)/G, is a smooth symplectic reqular quotient manifold with symplec-
tic form w, defined by:

Tpwp(m)(Xg(m), Xn(m)) = {f, h}(m), (13.5.3)
for any m € T~ (p) and any f,h € C(M)E. We will refer to the pair
(M,,w,) as the (optimal) point reduced space of (M,{-,-}) at p.

Remark. Let iz, : J '(p) — L, be the natural smooth injection of
J~(p) into the symplectic leaf (L,,w,,) of (M, {-,-}) in which it is sitting.
As L, is an initial submanifold of M, the injection iz, is a smooth map.
The form w, can also be written in terms of the symplectic structure of the
leaf £, as

T wp =iy We,. (13.5.4)

The reader should be warned that this statement does NOT imply that
the previous theorem could be obtained by just performing symplectic opti-
mal reduction Ortega and Ratiu [2002] in the symplectic leaves of the Pois-
son manifold, basically because those leaves are not G—manifolds. Recall
that the fact that the G—action is Poisson does not imply that it preserves
the symplectic leaves.

In view of this remark we can obtain the standard Symplectic Folia-
tion Theorem of Poisson manifolds as a straightforward corollary of Theo-
rem 13.5.1 by taking the group G = {e}. In that case the distribution Af,
coincides with the characteristic distribution of the Poisson manifold and
the level sets of the optimal momentum map, and thereby the symplectic
quotients M,, are exactly the symplectic leaves. We explicitly point this
out in our next statement.

13.5.2 Corollary (Symplectic Foliation Theorem). Assume that (M,{-,-})
18 a smooth Poisson manifold. Then, M is the disjoint union of the maximal
integral leaves of the integrable generalized distribution E given by

E(m) :={Xs(m)| feC>®(M)}, meM.

These leaves are symplectic initial submanifolds of M.

Remark.The only extra hypothesis in the statement of Theorem 13.5.1
with respect to the hypotheses used in the classical reduction theorems is
the properness of the G,~action on J ~!(p). This is a real hypothesis in the
sense that the properness of the G,—action is not automatically inherited
from the properness of the G—action on M, as it used to be the case in the
presence of a standard momentum map (see Ortega and Ratiu [2002]). For
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an example illustrating that this is really the case the reader may want to
check with Ortega [2002].

The interest of reduction in Poisson dynamics is justified by the following
result whose proof is a simple diagram chasing exercise.

13.5.3 Theorem (Optimal Point Reduction: Equivariant Poisson Dyna-
mics). Let (M,{-,-}) be a smooth Poisson manifold and G be a Lie group
acting canonically and properly on M. Let J : M — M /Ay, be the associ-
ated optimal momentum map and p € M /Ay, be such that G, acts properly
on J~Y(p). Let h € C(M)% be a G—invariant function on M and X}, be
the associated G—equivariant Hamiltonian vector field on M. Then,

(i) The flow F; of Xy leaves J~1(p) invariant, commutes with the G-
action, and therefore induces a flow Ff on M, uniquely determined
by the relation m, o0 Fy 0i, = Ff om,, wherei,: J *(p) — M is the
inclusion.

(i) The flow F{ in (M,,w,) is Hamiltonian with the Hamiltonian func-
tion h, € C>(M,) given by the equality h, o T, = hoi,.

(iii) Let k € C°°(M)% be another G—invariant function on M and {-,-},
be the Poisson bracket associated to the symplectic form w, on M,.
Then, {h,k}, = {h,,kp},.

13.6 The Symplectic Case and Sjamaar’s
Principle

In the next few paragraphs we will see that when M is a symplectic manifold
with form w, the optimal point reduction by the G—action on M produces
the same results as the reduction of the isotropy type submanifolds by the
relevant remaining group actions on them. In the globally Hamiltonian con-
text, that is, in the presence of a G—equivariant momentum map, this idea
is usually referred to as Sjamaar’s principle Sjamaar [1990]; Sjamaar
and Lerman [1991].

Let J : M — M/A{ be the optimal momentum map corresponding to
the proper G-action on (M, w). Fix p € M /A, a momentum value of J and
let H C G be the unique G-isotropy subgroup such that 7 ~1(p) C My and
G, C H. Recall that the normalizer N(H) of H in G acts naturally. This
action induces a free action of the quotient group L := N(H)/H on Mp.
Let MY, be the unique connected component of My that contains J ! (p)
and L” be the closed subgroup of L that leaves it invariant. Obviously,
L? can be written as LP = N(H)?/H for some closed subgroup N(H)? of
N(H).

The subset M}, is a symplectic embedded submanifold of M where the
group L? acts freely and canonically. We will denote by Jr» : M} —
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M?, /A, the associated optimal momentum map. The following proposi-
tion explains the interest of this construction. We omit the proof since it is
a straightforward consequence of the existence of local G—invariant exten-
sions to M for the LP—invariant smooth functions defined in M?¥, that has
been proved in Lemma 4.4 of Ortega and Ratiu [2002].

13.6.1 Proposition (Optimal Sjamaar’s Principle). Let G be a Lie group
that acts properly and canonically on the symplectic manifold (M,w), with
associated optimal momentum map J : M — M/A},. Let p € M/Ay and
H C G be the unique G-isotropy subgroup such that J~'(p) C My and
G, C H. Then, with the notation introduced in the previous paragraphs we
get:

(i) Let iy : My — M be the inclusion. For any z € My, T.i%-A),(z) =
Ag(2).
(ii) Letz € T (p) be such that T (z) = 0 € M% /AL ,. Then, T~ (p) =
T (0).
(iii) Lt = G,/H.
(iv) (Mf)e = T (0)/L = T X (p)/(G,/H) = T ' (p)/Gp = M,.

Moreover, if G, acts properly on J*(p) this equality is true when
we consider M, and (M), as symplectic spaces, that is,

(M, wp) = (ME)o, (Wlarg,)o)-

13.6.2 Definition. Suppose that we are under the hypotheses of the previ-
ous proposition. We will refer to the symplectic reduced space (M%), (@lnz)o)
as the regularization of the point reduced space (M,,w,).
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Optimal Orbit Reduction

As we already pointed out the main difference between the point and orbit
reduced spaces is the invariance properties of the submanifolds out of which
they are constructed. More specifically, if we mimic in the optimal context
the standard orbit reduction procedure, the optimal orbit reduced space
that we should study is G- J~!(p)/G = T~ (0O,)/G, where O, :==G-p C
M/A,. The following pages constitute an in-depth study of this quotient
and its relation with new (pre)—symplectic manifolds that can be used to
reproduce the classical orbit reduction program and expressions.

14.1 The Space for Optimal Orbit
Reduction

The first question that we have to tackle is: is there a canonical smooth
structure for J=1(0,) and J1(0,)/G that we can use to carry out the
orbit reduction scheme in this framework?

We will first show that there is an affirmative answer for the smooth
structure of J~*(O,). The main idea that we will prove in the follow-
ing paragraphs is that 7 ~1(0,) can be naturally endowed with the unique
smooth structure that makes it into an initial submanifold of M. We start
with the following proposition.

14.1.1 Proposition. Let (M,{-,-}) be a smooth Poisson manifold and G
be a Lie group acting canonically and properly on M. Let J : M — M/A¢,
be the optimal momentum map associated to this action. Then,
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(i). The generalized distribution D on M defined by D(m) := g-m +
Ar(m), for allm € M, is integrable.

(ii). Let m € M be such that J(m) = p, then G- T ~1(p) is the mazimal
integral submanifold of D going through the point m. The symbol G°
denotes the connected component of G containing the identity.

Proof. (i). The distribution D can be written as the span of globally
defined vector fields on M, that is,

D =span{€y, X; | € € gand f € C(M)%}. (14.1.1)

By the Frobenius—Stefan—Sussman Theorem (see Stefan [1974a,b] and Suss-
man [1973]), the integrability of D can be proved by showing that this
distribution is invariant by the flows of the vector fields in (14.1.1) that
we used to generate it. Let f,1 € C®(M)%, &,n € g, Fy be the flow of X,
and Hy be the flow of 15,. Recall that 7y, is a complete vector field such
that Hy(m) = exp tn - m, for all t € R and m € M. Now, the integrabil-
ity of Ay, guarantees that T,,, Fy - X¢(m) € Ag(Fi(m)) C D(F;(m)). Also,
the G—equivariance of F; and the invariance of the function f imply that
T Fy - Ev(m) = Ev(Fy(m)) and T, Hy - X§(m) = Xy (Hy(m)). Finally,

exptnexp s -m
ds

s=0

exptnexp sé exp —tnexptn - m = (Adexptn &) m(exptn - m),
s=0

which proves that D is integrable.

(ii) As D is integrable and is generated by the vector fields (14.1.1), its
maximal integral submanifolds coincide with the orbits of the action of the
pseudogroup constructed by finite composition of flows of the vector fields
in (14.1.1), that is, for any m € M, the integral leaf £,, of D that goes
through m is:

Loy ={F; o---0F; (m) | with F}, the flow of a vector field in (14.1.1)}.

Given that [X;,&y] = 0 for all f € C°(M)Y and ¢ € g, the previous
expression can be rewritten as

ﬁm — {Htl o...oHtj oGSl o...oGsk(m)
| Gy, flow of f; € C°°(M)Y, and Hy, flow of &}, £ € g}.
Therefore, £,, = G°- J~1(p), as required. |

As we already said, a general fact about integrable generalized distribu-
tions Dazord [1985] states that the smooth structure on a subset of M that
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makes it into a maximal integral manifold of a given distribution coincides
with the unigque smooth structure that makes it into an initial submanifold
of M. Therefore, the previous proposition shows that the sets G° - 7 ~1(p)
are initial submanifolds of M.

14.1.2 Proposition. Suppose that we have the same setup as in Proposi-
tion 14.1.1. If either G, is closed in G or, more generally, G, acts properly
on J~Y(p), then:

(i) The G, action on the product G x J~'(p) defined by h - (g,2) :=
(gh,h=t - 2) is free and proper and therefore, the corresponding orbit
space G x T (p)/G, =: G xq, T (p) is a smooth regular quotient
manifold. We will denote by 7a, : G x T~ *(p) — G xq, T '(p) the

canonical surjective submersion.

(ii) The mapping i : G xa, T '(p) — M defined by i([g,2]) := g - 2
s an injective immersion onto jfl(Op) such that, for any [g,z] €
G xa, T Hp), Tyt - Tig,2) (G xa, T Hp)) = D(g - z). On other
words i(G xa, T 1(p)) = T HO,) is an integral submanifold of D.

Proof. (i). It is easy to check that G, is closed in G if and only if the
action of G, on G by right translations is proper. Additionally, if G, is
closed in G then the G,-action on J!(p) is proper. In any case, if the
action of G, on either G, or on J!(p), or on both, is proper, so is the
action on the product G x J~(p) in the statement of the proposition. As
to the freeness, it is inherited from the freeness of the G,—action on G.
(ii). First of all, the map ¢ is clearly well-defined and smooth since it is the
projection onto the orbit space G xg, J ~1(p) of the G,~invariant smooth
map G x J(p) — M given by (g, 2) — g 2. It is also injective because
if [g,2],[¢',2'] € G xg, T '(p) are such that i([g,z]) = i([¢’,2']), then
g-z =g -2 or, analogously, g'¢' - 2/ = z, which implies that g~ 1¢' € G,.
Consequently, [g, 2] = g9~ 1¢', (') ' 2] = [¢', #], as required.

Finally, we check that i is an immersion. Let [g,2] € G xg, J*(p)
arbitrary and ¢ € g, f € C*(M)% be such that

Tig,2i - Ttg, )G, - (TeLg(€), X1(2)) = 0.
If we denote by F; the flow of X; we can rewrite this equality as

d

o7 gexpté - Fy(z) =0 or equivalently, T,®4(Xf(z)+&m(2)) =0.
t=0

Hence X¢(z) = —&am(z) which by (13.1.7) implies that £ € g, and there-

fore T(g’z)ﬂ'(;p : (TeLg(f),Xf(Z)) = T(g’z)ﬂ'gp : (TeLg(f), —fju(z)) =0, as

required.

Given that for any € € g, f € C°(M)%, and [g,2] € G xa, T (p) we
see that T[g,z]i 'T(g,z)’]TGp . (TeLg(f), Xf(Z)) = (Adg f)M(g . Z) +Xf(g ’ Z)a it
is clear that Ty, .17 - Tiy..) (G Xa, T ~*(p)) = D(g - z) and thereby i(G x¢,
Jp)) =T 1(O,) is an integral submanifold of D. |
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By using the previous propositions we will now show that, in the presence
of the standard hypotheses for reduction, J ! (0,) is an initial submanifold
of M whose connected components are the also initial submanifolds gG° -
J(p), g € G. We start with the following definition:

14.1.3 Definition. Let (M, {-,-}) be a smooth Poisson manifold and G be
a Lie group acting canonically and properly on M. Let J : M — M /A, be
the optimal momentum map associated to this action and p € M/Af,. Sup-
pose that G, acts properly on J~Yp). In these circumstances, by Proposi-
tion 14.1.2, the twist product G X g, JY(p) has a canonical smooth struc-
ture. Consider in the set J—1(O,) the smooth structure that makes the
bijection G xg, T (p) — T 1(O,) given by (g,z) — g - z into a diffeo-
morphism. We will refer to this structure as the initial smooth structure

of TH0O,).

The following theorem justifies the choice of terminology in the previous
definition and why we will be able to refer to the smooth structure there
introduced as THE initial smooth structure of 7~1(0,).

14.1.4 Theorem. Suppose that we are in the same setup as in Defini-
tion 14.1.3. Then, the set J~(O,) endowed with the initial smooth struc-
ture is an actual initial submanifold of M that can be decomposed as a
disjoint union of connected components as

T Ho)= U 9G°-T ). (14.1.2)
laeG/ (GG,

Each connected component of J~1(O,) is a mazimal integral submani-
fold of the distribution D defined in Proposition 14.1.1. If, additionally,
the subgroup G, is closed in G, the topology on J~(O,) induced by its
watial smooth structure coincides with the initial topology induced by the
map Jz-10,) : I (0,) — O, given by z — J(z), where the orbit
O, is endowed with the smooth structure coming from the homogeneous
manifold G/G,. Finally, notice that (14.1.2) implies that J~1(0,) has as
many connected components as the cardinality of the homogeneous manifold

G/(C°G,).

Proof. First of all notice that the sets gG° - J~1(p) are clearly max-
imal integral submanifolds of D by part (ii) in Proposition 14.1.1. As
a corollary of this, they are the connected components of 77 1(0,) en-
dowed with the smooth structure in Definition 14.1.4. Indeed, let S be
the connected component of J~*(0,) that contains gG° - 7 ~*(p), that is,
gG® - T p) ¢ S Cc T HO,). As T~ 1(O,) is a manifold, it is locally
connected, and therefore its connected components are open and closed.
In particular, since S is an open connected subset of J~1(0,), part (ii)
in Proposition 14.1.2 shows that S is a connected integral submanifold
of D. By the maximality of gG° - J7~1(p) as an integral submanifold of D,
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gG°- T ~Y(p) = S, necessarily. The set gG*- 7 ~1(p) is therefore a connected
component of 7~ 1(0,). As it is a leaf of a smooth integrable distribution
on M, it is also an initial submanifold of M Dazord [1985] of dimension
d=dimJ10,) =dimG + dim J*(p) — dim G,,.

We now show that 7 ~!(0,) with the smooth structure in Definition 14.1.4
is an initial submanifold of M. First of all part (ii) in Proposition 14.1.2
shows that J~1(O,) is an injectively immersed submanifold of M. The
initial character can be obtained as a consequence of the fact that its
connected components are initial together with the following elementary
lemma:

14.1.5 Lemma. Let N be an injectively immersed submanifold of the
smooth manifold M. Suppose that N can be written as the disjoint union
of a family {Sa}acr of open subsets of N such that each S, is an initial
submanifold of M. Then, N is initial.

Proof. Let iy : N — M and i, : S, — N be the injections. Let Z be
an arbitrary smooth manifold and f : Z — M be a smooth map such that
f(Z) € N. As the sets S, are open and partition N, the manifold Z can
be written as a disjoint union of open sets Z, := f~1(S,), that is

Z = (5a).

acl

Given that for each index a the map f, : Z, — M obtained by restriction
of f to Z, is smooth, the corresponding map fo : Zo — Sa defined by
the identity i, o fo = fa is also smooth by the initial character of S,. Let
f : Z — N be the map obtained by union of the mappings f,. This map
is smooth and satisfies that iy o f = f which proves that N is initial. ¥

We now prove Expression (14.1.2). First of all notice that as GY is normal
in G, the set GOGp is a (possibly non-closed) subgroup of G. We obviously
have that

T 10, = 9G° T (p). (14.1.3)

geG
Moreover, if g and ¢’ € G are such that [g] = [¢'] € G/(G°G,) then
we can write that ¢’ = ghk with h € GY and k € G,. Consequently,

gG° T p) = ghkG°T~H(p) = gh(G°k)TH(p) = g(hG")(kT~(p)) =
gG° T ~1(p), which implies that (14.1.3) can be refined to

J 0o, = U 9G°T (. (14.1.4)

[91€G/(GG,)

It only remains to be shown that this union is disjoint: let gh -z = [h' - 2’

with h,h/ € G° and 2,2’ € J 1(p). If we apply J to both sides of this
equality we obtain that gh - p = Ih' - p. Hence, (W')"'i"'gh € G, and
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I7'g € WG,h~' C G°G,. This implies that [I] = [g] € G/(G°G,) and
gG°T~1(p) = 1G° T ~1(p), as required.

We finally show that when G, is closed in G, the topology on J~(O,)
induced by its initial smooth structure coincides with the initial topology
induced by the map J7-1(0,) : I~ 1(O,) — O, on J~1(O,). Recall first
that this topology is characterized by the fact that for any topological space
Z and any map ¢ : Z — J 1(O,) themap ¢ : Z — J*(O,) is continuous
if and only if J7-1(0,) © ¢ is continuous. Moreover, as the family

{j;fl(op)(U) | U open subset of O,}

is a subbase of this topology, the initial topology on J _1(Op) induced by
the map J7-1(0,) is first countable. We prove that this topology coincides
with the topology induced by the initial smooth structure on 7 ~*(0,) by
showing that the map

f5GXGpjil(P)HJ71(Op), where f([g,2]) :=¢g-2

is a homeomorphism when we consider J 1 (O,) as a topological space with
the initial topology induced by J7-1(0,). Indeed, f is continuous if and only
if the map G x¢, J~*(p) — O, given by [g,2] — g- p is continuous, which
in turn is equivalent to the continuity of the map G x J~*(p) — G/G,
defined by (g, z) — ¢gG,, which is true. We now show that the inverse

T N0, — G xa, T p)

of f given by g -z +— [g,z] is continuous. Since the initial topology on
J_I(Op) induced by J7-1(0,) is first countable it suffices to show that for
any convergent sequence {z,} C J 1(0,) — 2z € 7 1(0,), we have

Jim f7H () = (i za) = £ (2).

Indeed, as J7-1(0,) is continuous, the sequence {J(2n) = gn - p} C O,
converges in O, to J(z) = g - p, for some g € G. Let j : O, — G/G,
be the standard diffeomorphism and o : Uyg, C G/G, — G be a local
smooth section of the submersion G — G/G, in a neighborhood U,g, of
9G, € G/G,. Let V := J;El(op)(j_l(UgGP)). V is an open neighborhood
of z in J71(0,) because
joJg-o0,)(2) =ilg-p) = 9G, € Ugg,-

We now notice that for any m € V' we can write

-1

f7Hm) =loojoTs10,)(m),(cojoTr-1(0,)(m) " m]

Consequently, since
Jim 7 (zn) = lim (0700 T7-1(0,) (), (005 © T7-1(0,)(20)) 7" - 2]
=[oojodz-10,(2),(00joTz-10,(2)"" -2l = f(2),

the continuity of f~! is guaranteed. |
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14.2 The Symplectic Orbit Reduction
Quotient

We will know show that the quotient J~!(0,)/G can be endowed with a
smooth structure that makes it into a regular quotient manifold, that is,
the projection 7o, : J~1(0,) — J~1(0,)/G is a smooth submersion. We
will carry this out under the same hypotheses present in Definition 14.1.3,
that is, G, acts properly on J*(p).

First of all notice that as 7 ~1(0,) is an initial G-invariant submanifold
of M, the G-action on J ~!(0,) is smooth. We will prove that 7 ~'(0,)/G
is a regular quotient manifold by showing that this action is actually proper
and satisfies that all the isotropy subgroups are conjugate to a given one.
Indeed, recall that the initial manifold structure on J~*(0,) is the one that
makes it G—equivariantly diffeomorphic to the twist product G'x¢g, J ~p)
when we take in this space the G—action given by the expression g-[h, 2] :=
lgh,z], g € G, [h, 2] € Gxg, J~(p). Therefore, it suffices to show that this
(G—action has the desired properties. First of all this action is proper since a
general property about twist products (see [HRed]) says that the G—action
on G'Xg, J~Y(p) is proper if and only if the G ,—action on J ~*(p) is proper,
which we supposed as a hypothesis. We now look at the isotropies of this
action: in Proposition 13.2.1 we saw that all the elements in J~!(p) have
the same G-isotropy, call it H. As H C G, this is also their G/,—isotropy.
Now, using a standard property of the isotropies of twist products (see
[HRed]), we have

G[g,z] = g(Gp)zgil = gHgila
for any [g, z] € G X, J~*(p), as required.

The quotient manifold 7 ~'(0,)/G is naturally diffeomorphic to the sym-
plectic point reduced space. Indeed,

T H0,) /G =G xg, T (p)/G =T (p)/G,.

This diffeomorphism can be explicitly implemented as follows. Let [, :
I p) = THO,) be the inclusion. As the inclusion J!(p) — M is
smooth and J~'(0,) is initial [, is smooth. Also, since [, is (G,, G) equiv-
ariant it drops to a unique smooth map L, : T~ (p)/G, — T *(0,)/G
that makes the following diagram

l

T Np) — THO,)
TNp)/Gy —2— T7H0,)/G.

commutative. L, is a smooth bijection. In order to show that its inverse
is also smooth we will think of J~(0,) as G x¢, J~'(p). First of all
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notice that the projection G x J~1(p) — J~'(p) is G,~(anti)equivariant
and therefore induces a smooth map G x¢, J~(p) — T~ 1(p)/G, given by
l9,2] — [2], g, 2] € G x@, T~ *(p). This map is G-invariant and therefore
drops to another smooth mapping G x¢, J '(p)/G — T '(p)/G, that
coincides with L;l, the inverse of L,, which is consequently a diffeomor-
phism.

The orbit reduced space J ~*(0,)/G can be therefore trivially endowed
with a symplectic structure wp, by defining wop, := (L;l)*wp. We put to-
gether all the facts that we just proved in the following theorem—definition:

14.2.1 Theorem (Optimal Orbit Reduction by Poisson Actions).
Suppose that (M, {-,-}) is a smooth Poisson manifold and G is a Lie group
acting canonically and properly on M. Let J : M — M /Ay, be the optimal
momentum map associated to this action and p € M/Ay,. Suppose that G,,
acts properly on J ' (p). If we denote O, := G - p, then:

(i) There is a unique smooth structure on J1(0,) that makes it into
an initial submanifold of M.

(ii) The G-action on J~*(0,) by restriction of the G-action on M is
smooth and proper and all its isotropy subgroups are conjugate to a
given compact isotropy subgroup of the G-action on M.

(iii) The quotient Mo, := J~*(0,)/G admits a unique smooth structure
that makes the projection np, : J~*(0,) — T ~1(0,)/G a surjective
submersion.

(iv) The quotient Mo, := J*(0,)/G admits a unique symplectic struc-
ture wo, that makes it symplectomorphic to the point reduced space
M,. We will refer to the pair (Mo,,wo,) as the (optimal) orbit
reduced space of (M,{-,-}) at O,,.

In this setup we can easily formulate an analog of Theorem 13.5.3.

14.2.2 Theorem (Optimal orbit reduction of G—equivariant Poisson dy-
namics). Let (M,{-,-}) be a smooth Poisson manifold and G be a Lie
group acting canonically and properly on M. Let J : M — M/A}, be the
optimal momentum map associated and p € M/Ay, be such that G, acts
properly on J~Y(p). Let h € C=(M)% be a G-invariant function on M
and Xy be the associated G—equivariant Hamiltonian vector field on M.
Then,

(i) The flow Fy of Xy, leaves J~*(O,) invariant, commutes with the G-

action, and therefore induces a flow Fto” on Mo, uniquely determined
by the relation

. o
o, 0 Fyoip, = F, " omo,,
P P P

where ip, : J~H0,) — M s the inclusion.
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(ii) The flow FtO” in (Mo,,wo,) is Hamiltonian with the Hamiltonian
function ho, € C*(Mop,) given by the equality ho, o mo, = hoip,.

(iii) Let k € C>°(M)% be another G—invariant function on M and {-, }o,
be the Poisson bracket associated to the symplectic form wo, on Mo, .
Then, {h, k}op = {hop, kop}op.

We conclude this section with a brief description of the orbit version
of the regularized reduced spaces introduced in Definition 13.6.2 for the
symplectic case. If we follow the prescription introduced in Section 14.1
using the LP—action on MY, we are first supposed to study the set jLﬁ)l (LP-
o). The initial smooth structure on this set induced by the twist product
L? xpp J;, (o) makes it into an initial submanifold of M},. Moreover, if
we use the statements in Proposition 13.6.2 it is easy to see that

Jpo (LF o) = L - T, (o) = N(H)” - T} (p) = T~ (N}),

with NV, := N(H)” - p C M/A.

The set J;,' (L?-0) = J~'(N,,) is an embedded submanifold of 7~1(0,)
(since J~HWN,) ~ N(H)” xg, T '(p) is embedded in G x¢g, T *(p) ~
J _1(Op)). Moreover, a simple diagram chasing shows that the symplectic
quotient (J;,'(L* - o)/ L”, (wlpre ) Le-o) is naturally symplectomorphic to
the orbit reduced space (J71(0,)/G,wo,). We will say that (J;,' (L -
o)/ L?, (w|ne ) e.o) is an orbit regularization of (T H0,) /G wo,).

We finally show that

1 _ ’ 1
J 1o, = U[Q]GG/N(H)pJ (Ny.p)- (14.2.1)
The equality is a straightforward consequence of the fact that for any g € G,
Mgle[g*1 = (I)Q(Mlp{)7

N(gHg ') = gN(H)" g,
T Y N,p) = gN(H)? T (p).

The last relation implies that if g,¢’ € G are such that [g] = [¢] €
G/N(H)?, then J 1 (N.,) = T 1(Ny.,). We now show that the union
in (14.2.1) is indeed disjoint: let gn-z € J~1(N,.,) and ¢'n’-z" € T~ (Ny.,)
be such that gn -z = ¢'n’ - 2/, with g,¢' € G, n,n’ € N(H)?, and z,2’' €
J(p). Since gn - z = ¢g'n’ - 2’, we necessarily have that Gg,.. = Ggrnr.or
which implies that gHg™! = ¢’H(g')~!, and hence g~'¢’ € N(H). We now
recall that MY, is the accessible set going through z or 2’ of the integrable
generalized distribution By, defined by

Bl :=span{X € X(U)¢ | U open G-invariant set in M},

where the symbol X(U)% denotes the set of G—equivariant vector fields de-
fined on U. Let By, be the pseudogroup of transformations of M consisting
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of the G-equivariant flows of the vector fields that span Bg,. Now, as the
points n-z,n’ -z’ € M}y, there exists Fp € By, such that n'- 2" = Fr(n- z),
hence (¢')~'gn -z = Fr(n - z). Moreover, as any element in M, can be
written as Gp(n - z) with Gr € By, we have

(9) g -Gr(n-z)=Gr((¢) "gn-2z) = Gr(Fr(n- 2)) € My,

which implies that (¢')~'g € N(H)? and therefore [g] = [¢'] € G/N(H)®*,
as required.

14.3 The Polar Reduced Spaces

As we already pointed out, the standard theory of orbit reduction provides
a characterization of the symplectic form of the orbit reduced spaces in
terms of the symplectic structures of the corresponding coadjoint orbits
that, from the dual pairs point of view, play the role of the symplectic
leaves of the Poisson manifold in duality, namely J(M) C g*.

We will now show that when the group of Poisson transformations Ag is
von Neumann (actually we just need weakly von Neumann), that is, when
the diagram

(M/G, { barzag) <€ (M, {0, }) L (M/AG, L Yargar)

is a dual pair in the sense of Definition 13.3.3, the classical picture can be
reproduced in this context. More specifically, in this section we will show
that:

e The symplectic leaves of (M /Ay, {-, -} a/ AL ) admit a smooth presym-
plectic structure that generalizes the Kostant—Kirillov—Souriau sym-
plectic structure in the coadjoint orbits of the dual of a Lie algebra
in the sense that they are homogeneous presymplectic manifolds. We
will refer to these “generalized coadjoint orbits” as polar reduced
spaces.

e The presymplectic structure of the polar reduced spaces is related
to the symplectic form of the orbit reduced spaces introduced in the
previous section via an equality that holds strong resemblance with
the classical expression (13.5.1). Also, it is possible to provide a very
explicit characterization of the situations in which the polar reduced
spaces are actually symplectic.

e When the manifold M is symplectic, the polar reduced space decom-
poses as a union of embedded symplectic submanifolds that corre-
spond to the polar reduced spaces of the regularizations of the orbit
reduced space. Each of these symplectic manifolds is a homogeneous
manifold and we will refer to them as the regularized polar reduced
subspaces.
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We start with a proposition that spells out the smooth structure of the
polar reduced spaces. In this section we use a stronger hypothesis on G,
with respect to the one we used in the previous section, namely, we wzll
assume that G, is closed in G which, as we point out in the proof of
Proposition 14.1.2, implies that the G, action on J '(p) is proper.

14.3.1 Proposition. Let (M, {-,-}) be a smooth Poisson manifold and G
be a Lie group acting canonically and properly on M. Let J : M — M /Ay
be the optimal momentum map associated to this action and p € M/Af,.
Suppose that G, is closed in G. Then, the polar distribution Ay, restricts to
a smooth integrable reqular distribution on J’l(Op), that we will also de-
note by Ay,. The leaf space Méf)p = J 10,)/AL admits a unique smooth
structure that makes it into a regular quotient manifold and diffeomorphic
to the homogeneous manifold G /G ,. With this smooth structure the projec-
tion

Jo, : T~ H0p) = T 10,)/Ag

is a smooth surjective submersion. We will refer to M(’Qp as the polar re-
duced space.

Proof. Let m € J(0,). By Proposition 14.1.2 we have T}, 7 ~*(0,) =
D(m) = g-m~+ A (m), which implies that the restriction of A, to J~(0,)
is tangent to it. Consequently, as J~1(O,) is an immersed submanifold
of M, there exists for each Hamiltonian vector field Xy € X(M), f €
C>(M)%, a vector field X} € X(J71(0,)) such that

T’L'@p OX} ZXfOi(gp,

with ip, : J7'(0,) < M the injection. The restriction Ay|7-1(0,) of
Al to J71(0,) is generated by the vector fields of the form X and it
is therefore smooth. It is also integrable since for any point m = g -z €
JH0,), 2 € T7(p), the embedded submanifold (g - p) of 771(O,)
is the maximal integral submanifold of Ay| J-1(0,)- This is so because the
flows F} and Fy of Xy and X, respectively, satisfy that ip, o F} = Fyoio,.
It is then clear that Aj;|7-1(0,) has constant rank since dim Ag|7-1(0,) =
dim J~*(p). This all shows that the leaf space 7 ~(0,)/A, is well-defined.

In order to show that the leaf space J1(0,)/Af is a regular quotient
manifold we first notice that

T H0,) /A = (G %, T~ (p)/AG

is in bijection with the quotient G/G, that, by the hypothesis on the
closedness of G, is a smooth homogeneous manifold. Take in M(’Dp =
J1(0,)/A the smooth structure that makes the bijection with G/G,
a diffeomorphism. It turns out that that smooth structure is the unique
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one that makes Mégp into a regular quotient manifold since it can be read-
ily verified that the map

Jo,: T HO)=Cxa, T Np) — T 10,)/A,=G/q,
l9. 2] — 9G,
is a surjective submersion. |

We now introduce the regularized polar reduced subspaces of M(’Qp, avail-
able when M is symplectic. We retake the ideas and notations introduced
just above (14.2.1). Let (J. ' (L” - o)/L?, (@l )Leo) be an orbit regu-
larization of (7~(0,)/G,we,). A straightforward application of Proposi-
tion 13.6.1 implies that the reduced space polar to

(Tpo (LP - 0) /P, (wlarg ) 1o-o)
equals
T (LP - 0) [AL, = T (Np) /A
which is naturally diffeomorphic to N(H)?/G,. We will say that
T (Np) /A6

is a regularized polar reduced subspace of M(’Qp. We will write
MJ/\/p = j_l(Np)/A’G

and denote by Jy, : T HN,) — T H(N,)/A the canonical projection.
Notice that the spaces M /’\/p are embedded submanifolds of M(’Qp. Finally,
the decomposition (14.2.1) implies that the polar reduced space can be
written as the following disjoint union of regularized polar reduced sub-
spaces:

Mo, = 771(0,)/A5
— ' 71 ,
B U[Q]GG/N(H)pj (Ny.p) /A

- My . 14.3.1
U[g]EG/N(H)P Naw ( )

Equivalently, we have

= P
GG, = U[g]eg/N(H)p gN(H)*/G,, (14.3.2)
where the quotient gN(H)?/G, denotes the orbit space of the free and
proper action of G, on gN(H)? by h-gn:=gnh, he€ G,, n € N(H)".

Before we state our next result we need some terminology. We will denote
by C* (J1(0,)/A{;) the set of smooth real valued functions on M(ID,, with
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the smooth structure introduced in Proposition 14.3.1. Recall now that, as
we pointed out in (13.1.3), there is a notion of smooth function on M/A,
namely

C™(M/AG) = {f € CO(M/AG) | fo T € Cx(M)"s}.
Analogously, for each open Ay ~invariant subset U of M we can define
C>(U/Ag) = {f € C°(U/AG) | f o T|u € C=(U)*<}.

We define the set of Whitney smooth functions W™ (J71(0,)/A¢;) on
T H0,) /A as

W (7710,)/AG)
={f: Mp, —R| f:FlMéop’ with F € C*(M/Ag)}.

The definitions and the fact that Jo, is a submersion imply that
W (T7H0,)/AG) € C= (T7H0,)/AG) -

Indeed, let f € W (J‘l(Op)/A’G) arbitrary. By definition, there exist
F € C*°(M/Ay) such that f = F|M(/9p. As F € C*(M/AL) we have
FoJ € C®(M). Also, as J'(0,) is an immersed initial submanifold
of M, the injection ip, : J~'(O,) — M is smooth, and therefore so is
FoJoip, = FoJop,. Consequently, foJo, = FoJo, is smooth. As Jo,
is a submersion f is necessarily smooth, that is, f € C* (jfl(Op)/Ag),
as required.

14.3.2 Definition. We say that M(’Qp is Whitney spanned when the
differentials of its Whitney smooth functions span its cotangent bundle, that
18,

span{df (o) | f € W (Mp )} =T; Mgy ,  forall o€ My, .

A sufficient (but not necessary!) condition for M(’Qp to be Whitney spanned
is that W (Mg, ) = C*(Mp ).

We are now in the position to state the main results of this section.

14.3.3 Theorem (Polar reduction of a Poisson manifold). Let (M, {-,-})
be a smooth Poisson manifold and G be a Lie group acting canonically
and properly on M. Let J : M — M/A}, be the optimal momentum map
associated to this action and p € M /Ay, be such that G, is closed in G. If
Ac is weakly von Neumann then, for each point z € J~1(O,) and vectors
v,w € T,JHO,), there exists an open A ~invariant neighborhood U of
z and two smooth functions f,g € C*(U) such that v = X¢(2) and w =
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X4(2). Moreover, there is a unique presymplectic form wbﬂ on the polar
reduced space M(’gp that satisfies

{f.9}v(2) = 75, wo, (2)(v,w) + T5,wo, (2) (v, w) (14.3.3)
If Mclap 1s Whitney spanned then the form wbp 1s symplectic.

Remark. It can be proved that when Ag is von Neumann and Ay, satisfies
the extension property the symplecticity of Wb,, is equivalent to M('Qp being
Whitney spanned.

When the Poisson manifold (M, {-,-}) is actually a symplectic manifold
with symplectic form w the von Neumann condition in the previous result
is no longer needed. Moreover, the conditions under which the form wégp is
symplectic can be completely characterized and the regularized polar sub-
spaces appear as symplectic submanifolds of the polar space that contains
them.

14.3.4 Theorem (Polar reduction of a symplectic manifold). Let (M,w)
be a smooth symplectic manifold and G be a Lie group acting canonically
and properly on M. Let J : M — M/A}, be the optimal momentum map
associated to this action and p € M/Ay, be such that G, is closed in G.

(i) There is a unique presymplectic form wbﬂ on the polar reduced space
My, ~ GG, that satisfies
io,w=1H,wo, +J5 Wo,- (14.3.4)

The form wbp is symplectic if and only if for one point z € J~1(0,)
(and hence for all) we have

g-zN(g-2)* CT. Mg, (14.3.5)

(i) Let M}, = T YN, /AL ~ N(H)? /G, be a regularized polar reduced
subspace of M(’Qp. Let

N, THN) A — TH0,)/Ag
be the inclusion and wbﬁ the presymplectic form defined in (i). Then,
the form
w}\[p = j;/pwbp (14.3.6)
18 symplectic, that is, the regqularized polar subspaces are symplectic
submanifolds of the polar space that contains them.

Remark. The characterization (14.3.5) of the symplecticity of wbp admits
a particularly convenient reformulation when the G—action on the symplec-
tic manifold (M,w) admits an equivariant momentum map J : M — g*.
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Indeed, let z € M be such that J(z) = p € g* and G, = H. Then, if the
symbol G, denotes the coadjoint isotropy of u, (14.3.5) is equivalent to

g-20(g-2) =g, 2 CT.Mp,

which in turn amounts to g, -2 C g, - 2NT. My = Lie(N(H)NG,) - z. Let
Ng,(H) := N(H)NG,. With this notation, the condition can be rewritten
as g, +b C Lie(Ng, (H)) + b C g, or, equivalently, as

g, = Lie(Ng, (H)). (14.3.7)

Proof of Theorem 14.3.3.. Since Ag is weakly von Neumann, we see
that for any z € M g- 2z C A%(z) or, equivalently, that for any z € M
and any £ € g, there is a Aj;—invariant neighborhood U of z and a function
F € C> (U/A{,) such that {p(2) = Xpog(2). Consequently, for any vector
v e T,JHO,) there exists f € C°(M)% and F € C* (U/A) (shrink U
if necessary) such that

v=X7(2) + Xrog(2) = Xy, 4r07(2).
Let w € T,J~40,), 1 € C*(M)%, and L € C* (U/AJ) be such that
w=Xi(2) + Xpog(2) = Xjjp4Lo7(2)-

The expression (14.3.3) can then be rewritten as

To, o (ww) = Tg o ((Xflytre(2) Xy s 107(2))
{f+FoJ,l+LoJ}u(z)
—75,w0,(2) (X sy +r07(2), Xijy+L07(2))
= {FoJ,LoJ}u(z)
(14.3.8)

We now show that wg —is well-defined. Indeed, let 2’ € J10,) and
v w' e T, T~ H0O,) be such that T.Jo, - v =TuJo, -v' and T.Jo, - w =
T.Jo, w’. First of all these equalities imply the existence of an ele-
ment Fr in the polar pseudogroup of Ag such that 2/ = Fr(z). As Fr
is a local diffeomorphism such that Jo, o Fr = Jo,, we get T.Jo, =
T./Jo, - T.Fr. Now, we can rewrite the conditions T.Jo, -v =T Jo, - v’
and szO,, W = Tz/jop -w' as Tz/jop 'TZfT UV = Tz/jop - v and
T.Jo, T.Fr-w=T.Jo, - w', respectively, which implies the existence
of two functions f’,1’ € C*°(M)% such that

v = TZfT(Xf(Z) + XFOJ(Z)) + Xf/ (fT(Z))
w = T.Fr(Xi(2) + Xpog(2)) + Xv (Fr(2))

or, equivalently:

V' = Xpor_o(Fr(2) + Xrog (Fr(2)) + Xy (Fr(z))
W' = Xior_(Fr(2) + Xrog (Fr(2)) + Xp(Fr(2)).
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Therefore, using (14.3.3), we arrive at

J6,wo, () (v, w)
={foF r+FoJ+floF r+LoJ+1U}v(Fr(z))
- W?opwop (]:T(Z))(Xfof,TlerFoJJrf'(Z)a Xlo}lT\v+Lo._7+l’(Z))
={FoJ,LoJ}lv(Fr(z)) ={FoJ,LoJ}u(z)
= J5,wo0,(2)(v,w),

where V. = U N Fr(Dom(Fr)) = Fr(U N Dom(Fr)). Hence, the form
wbp is well-defined. The closedness and skew symmetric character of wbp
is obtained as a consequence of Jo, being a surjective submersion, wo,
being closed and skew symmetric, and the {-,-} being a Poisson bracket.
An equivalent fashion to realize this is by writing wégp in terms of the sym-
plectic structure of the leaves of M. Indeed, as Ag is weakly von Neumann,
each connected component of 7~1(0,) lies in a single symplectic leaf of
(M, {-,-}). In order to simplify the exposition suppose that J *(O,) is
connected and let Lo, be the unique symplectic leaf of M that contains
it (otherwise one has just to proceed connected component by connected
component). Let iz, : J10,) — Lo, be the natural injection. Given
that ip, : J~'(O0,) — M is smooth and Lo, is an initial submanifold of
M, the map ¢ Lo, 18 therefore smooth. If we denote by Weo, the symplectic
form of the leaf Lo, , expression (14.3.4) can be rewritten as:

izopwgop = mp,wo, +J5,Wo,- (14.3.9)

The antisymmetry and closedness of wbp appears then as a consequence of
the antisymmetry and closedness of wop, and Wee, -

It just remains to be shown that if M('Qp is Whitney spanned then the
form wg, is non degenerate. Let z € J10,) and v € T.J 1 (0,) be such
that

wbp (Jo,)T:Jo, v, T.Jo, -w) =0, foral we szfl(Op).
(14.3.10)
Take now f € C®°(M)% and F € C>® (U/A}) such that v = X(z) +
XFo7(z). Condition (14.3.10) is equivalent to requiring that

wo, (Jo,()T:Jo, - Xrog(2),T:Jo, - X1og(2)) = 0, (14.3.11)

for all L € C* (V/A{,) and all open Aj—invariant neighborhoods V' of z.
By (14.3.8) we can rewrite (14.3.11) as

{FoJ,LoJ}unv(z)=0. (14.3.12)
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Now, notice that for any h € W (M, ) there exists a function H €
C°(M/Ag) such that H|yy, = h. Moreover, by (14.3.12) we obtain:

dh(Jo,(2)) - (T2J0, - XFog(2))
= d(h o} jop)(z) . XFoj(Z) = d(H o} j)(z) . XFOJ(Z) =0.

Given that the previous equality holds for any h € W (M, (/9,,) and M(’Qp is
Whitney spanned, we obtain

T.J0, Xrog(2) =T.Jo, - v =0,

as required.

Proof of Theorem 14.3.4. (i) The well-definedness and presymplectic
character of wbp in this case can be obtained as a consequence of Theo-
rem 14.3.3. This is particularly evident when we think of wbp as the form
characterized by equality (14.3.9) and we recall that in the symplectic case
wﬁop = Ww.

It just remains to be shown that the form wg, ~is non degenerate if
and only if condition (14.3.5) holds. We proceed by showing first that if
condition (14.3.5) holds for the point z € J~(O,) then it holds for all
the points in J~1(0,). We will then prove that (14.3.5) at the point z is
equivalent to the non degeneracy of wbp at Jo,(2).

Suppose first that the point z € J~1(0,) is such that g -2z N (g -
2)* C T, M. . Notice now that any element in J~1(0,) can be written as
O, (Fr(z)) with g € G and Fr in the polar pseudogroup of Ag. It is easy
to show that the relation

g (2(F7(2))) N (- (2g(Fr(2)) C Tao, (7)) M, 2o

is equivalent to T,(® o Fr)(g-2N(g-2)¥) C T,(P o Fr)M¢, and therefore
tog-zN(g-2)* C T, Mg,.
Let now v € 1,7 ~(0,,) be such that

wo, (Jo, (N (T:Jo, -v,T:Jo, -w) =0, foral weT.J '(O,).
(14.3.13)
Take now f € C*(M)% and ¢ € g such that v = X(2) + £u(2). Condi-
tion (14.3.13) is equivalent to having that

wo,(Jo,()NT=Jo, - §m(2), T:Jo, - nu(2)) =0, forallneg
which by (14.3.4) can be rewritten as
w(z)(€m(2),nm(2)) =0, forallneg,

and thereby amounts to having that &3(z) € g - 2N (g - 2)¥. Hence,
wo, (Jo,(2)) is non degenerate if and only if {u(2) € ker T2 Jo, = Ag(2).
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Suppose now that condition (14.3.5) holds; then, as {xr(z) € g-2N(g-2)* we
have &p(2) € T, Mg, . Using (13.1.1) we can conclude that £57(2) € A (2),
as required. Conversely, suppose that wbp is symplectic. The previous
equalities immediately imply that g- 2N (g-2)* C Ag(2) C T,Mg,, as
required.

(ii) The form wj\/p is clearly closed and antisymmetric. We now show that

it is non degenerate. Recall firs that the tangent space to 1.7 ~*(N,) at a
given point z € J~1(N,) is given by the vectors of the form

v=Xp(2) +&um(2),

with f € C®°(M)% and ¢ € Lie(N(H)?). Let v = Xj(2) + &m(z) €
T.J *(N,) be such that

TN, G, wo,)(2)(X 5 (2) + Ear(2), Xq(2) + mar (2)) =0,

for all n € Lie(N(H)?) and g € C°°(M)“.
If we plug into the previous expression the definition of the form wbﬁ we
obtain

w(z)(€nm(2),mu(2)) =0,
for all € Lie(N(H)*), that is,

ar(2) € (Lie(N(H)”) - z) 0 (Lie(N(H)") - 2)*

N
= (Lie(N(H)") - z) N (Lie(N(H)") - Z)wIMIg
= (Lie(N(H)?/H) - 2) N Ay (a0, (2),

where the last equality follows from (13.1.1) and the freeness of the natural
N(H)?/H-action on M};. We now recall (see Lemma 4.4 in Ortega and
Ratiu [2002]) that any N (H)?/H-invariant function on M}, admits a local
extension to a G-invariant function on M, hence &y (2) € (Lie(N(H)?/H)-
2) N Ag(2), and consequently T.Jo, - Enm(2) = ToJo, - v = ToJn, - v = 0,
as required. [ |

14.4 Symplectic Leaves and the Reduction
Diagram

Suppose that Ay, is completable so that the symplectic leaves of M /Ay, are
well-defined. We recall that this is automatically the case when (M,w) is
symplectic and the G—group action is proper (see Ortega [2003a]). Assume

TK'AG

also that Ag is von Neumann so that the diagram (M/G,{-, }rr/as) —
(M, {-,-}) J, (M/AG,{"s-}nyar,) constitutes a dual pair.



14.5 Orbit Reduction: Beyond Compact Groups 455

Notice that by Definition 13.4.1, the symplectic leaves of M/Ag and
M /Ay, coincide with the connected components of the orbit reduced spaces
Mo, and polar reduced spaces Mo , that we studied in sections 14.2
and 14.3, respectively. We saw that whenever G, is closed in G and the
Whitney spanning condition is satisfied these spaces are actual symplec-
tic manifolds. When M is symplectic, the symplecticity of the leaves of
M/A, is characterized by condition (14.3.5) or even by (14.3.7), provided
that the G—action has an associated standard equivariant momentum map
J: M — g*. Moreover, when Mo, and Mo are corresponding leaves,
their symplectic structures are connected to each other by an identity that
naturally generalizes the classical relation that we recalled in (13.5.2).

The following diagram represents all the spaces that we worked with and
their relations. The part of the diagram dealing with the regularized spaces
refers only to the situation in which M is symplectic.

o, 4
(M/Ag. {4 Ymjag) (M/AG’{"‘}IM/A’G)
(T 10)/Cpwp) ~——— (T7HOp)/AG.w0,) (T=HOp) /A, wb,)  ——> G/Gp
(Tpp(0)/Lh, <w\M§I)g)<43;p1(LP C/LP (@l e ) Leo) 771 (0p) (T N /AG wiy,)) ——= N(H)P /G

14.5 Orbit Reduction: Beyond Compact
Groups

The approach to optimal orbit reduction developed in the last few sections
sheds some light on how to carry out orbit reduction with a standard mo-
mentum map when the symmetry group is not compact. This absence of
compactness poses some technical problems that have been tackled by var-
ious people over the years using different approaches. Since these problems
already arise in the free actions case we will restrict ourselves to this sit-
uation. More specifically we will assume that we have a Lie group G (not
necessarily compact) acting freely and canonically on the symplectic man-
ifold (M,w). We will suppose that this action has an associated coadjoint
equivariant momentum map J : M — g*. For the sake of simplicity in the
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exposition and in order to have a better identification with the material
presented in the previous sections we will assume that J has connected
fibers. This assumption is not fundamental. The reader interested in the
general case with no connectedness hypothesis in the fibers and nonfree
actions may want to check with [HRed].

In the presence of the hypotheses that we just stated, the momentum
map J is a submersion that maps M onto an open coadjoint equivariant
subset g} of g*. Moreover, any value i € gj of J is regular and has an as-
sociated smooth Marsden-Weinstein symplectic reduced space J~! (1) /G,
What about the orbit reduced space J=*(0,)/G? When the Lie group G
is compact there is no problem to canonically endow J~1(0,)/G with a
smooth structure. Indeed, in this case the coadjoint orbit O, is an embed-
ded submanifold of g* transverse to the momentum mapping. The Transver-
sal Mapping Theorem ensures that J=1(0,) is a G-invariant embedded
submanifold of M and hence the quotient J=!(0,,)/G is smooth and sym-
plectic with the form spelled out in (13.5.1). In the non compact case this
argument breaks down due to the non embedded character of O, in g*.
In trying to fix this problem this has lead to the assumption of locally
closedness on the coadjoint orbits that one can see in a number of papers
(see for instance Bates and Lerman [1997]). Nevertheless, this hypothesis
is not needed to carry out point reduction, and therefore makes the two
approaches non equivalent. The first work where this hypothesis has been
eliminated is Cushman and Sniatycki [2001]. In this paper the authors use
a combination of distribution theory with Sikorski differential spaces to
show that the orbit reduced space is a symplectic manifold. Nevertheless,
the first reference where the standard formula (13.5.1) appears at this level
of generality is Blaom [2001]. In that paper the author only deals with the
free case. Nevertheless the use of a standard technique of reduction to the
isotropy type manifolds that the reader can find in Sjamaar and Lerman
[1991]; Ortega [1998]; Cushman and Sniatycki [2001]; Ortega and Ratiu
[2004a] generalizes the results of Blaom [2001] to singular situations.

In the next few paragraphs we will illustrate Theorem 14.3.3 by showing
that the results in Cushman and Sniatycki [2001]; Blaom [2001] can be
obtained as a corollary of it.

We start by identifying in this setup all the elements in that result. First
of all, we note that the polar distribution satisfies Ay, = kerT'J (see Or-
tega and Ratiu [2002]) and the connectedness hypothesis on the fibers of
J implies that the optimal momentum map 7 : M — M/A{, in this case
can be identified with J : M — gj. This immediately implies that for any
p € gy ~ M/Ay, the isotropy G, is closed in G and, by Theorem 14.1.4
there is a unique smooth structure on J='(0,,) that makes it into an initial
submanifold of M and, at the same time, an integral manifold of the distri-
bution D = Aj+g-m = ker TJ+g-m. This structure coincides with the one
given in Blaom [2001]. Also, by Theorem 14.2.1, the quotient J=!(0,)/G
admits a unique symplectic structure wp, that makes it symplectomor-
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phic to the Marsden—Weinstein point reduced space (J7'(u)/Gp,w,). It
remains to be shown that we can use (14.3.4) in this case and that the re-
sulting formula coincides with the standard one (13.5.1) provided by Blaom
[2001]. An analysis of the polar reduced space in this setup will provide an
affirmative answer to this question.

By Proposition 14.3.1 the polar reduced space J(O,,) /A¢; is endowed with
the only smooth structure that makes it diffeomorphic to the homogeneous
space G/G), ~ O,. Hence, in this case Jo, : J1(0,) — O, is the map
given by Jo, (2) := J(z) which is smooth because the coadjoint orbits are
always initial submanifolds of g*. Therefore we can already compute the
polar symplectic form wbﬂ. By (14.3.4) we see for any &,n € g and any

z € J710,,) (for simplicity in the exposition we take J(z) = p):

0,w0, (2)(Em(2),nu(2))
= i0,w(2)(€nm(2), 10 (2)) — 7o, wo, (2)(Em(2), M1 (),

or, equivalently:

wo, (W) (adg 1, ady) 1) = w(2)(€n(2), i (2)) = (I (2), €, 1)) = (. [§,])-

In conclusion, in this case the polar reduced form wi, coincides with the

. . . . ;‘/ . . .
“+”-Kostant—Kirillov-Souriau symplectic form on the coadjoint orbit O,,.
Therefore, the general optimal orbit reduction formula (14.3.4) coincides
with the standard one (13.5.1).

14.6 Examples: Polar Reduction of the
Coadjoint Action

We now provide two examples on how we can use the coadjoint action along
with Theorems 14.3.3 and 14.3.4 to easily produce symplectic manifolds and
symplectically decomposed presymplectic manifolds.

Coadjoint Orbits as Polar Reduced Spaces. Let G be a Lie group,
g be its Lie algebra, and g* be its dual considered as a Lie-Poisson space.
In this elementary example we show how the coadjoint orbits appear as the
polar reduced spaces of the coadjoint G—action on g*.

A straightforward computation shows that the coadjoint action of G
on the Lie-Poisson space g* is canonical. Moreover, the polar distribution
A (p) = 0 for all 4 € g* and therefore the optimal momentum map J :
g* — g* is the identity map on g*. This immediately implies that any open
set U C g* is Aly-invariant, that C°°(U)%4e = C*(U), and that therefore
g-pu C Aé(u), for any p € g*. The coadjoint action on g* is therefore
weakly von Neumann (actually, if G is connected A is von Neumann).
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We now look at the corresponding reduced spaces. On one hand the orbit
reduced spaces J ~1(0,)/G are the quotients G- /G and therefore amount
to points. At the same time, we have 7~ 1(0,) /Ay = O, /AL = O, that is,
the polar reduced spaces are the coadjoint orbits which, by Theorem 14.3.3,
are symplectic. Indeed, the Whitney spanning condition necessary for the
application of this result is satisfied since in this case

span{df(p) | f € W™ (Mg )} = span{dh|o,(n) | h € C*(g")} = T;0,.

Note that the last equality is a consequence of the immersed character of
the coadjoint orbits O,, as submanifolds of g* (the equality is easily proved
using immersion charts around the point p).

Symplectic Decomposition of Presymplectic Homogeneous Man-
ifolds. Let G be a Lie group, g be its Lie algebra, and g* be its dual.
Let O,, and O,, be two coadjoint orbits of g* that we will consider as
symplectic manifolds endowed with the KKS-symplectic forms we, —and
wo,,, , respectively. The cartesian product Oy, x O, is also a symplectic
manifold with the sum symplectic form wo, +wo,,. The diagonal action
of G on Oy, x Oy, is canonical with respect to this symplectic structure
and, moreover, it has an associated standard equivariant momentum map
J:0, x0,, — g given by J(v,n) = v+ n. We now suppose that this
action is proper and we will study, in this particular case, the orbit and
polar reduced spaces introduced in the previous sections.
We start by looking at the level sets of the optimal momentum map

j : Oﬂl X Olm - 0#1 X Ouz/AIG'

A general result (see Theorem 3.6 in Ortega and Ratiu [2002]) states that
in the presence of a standard momentum map the fibers of the optimal mo-
mentum map coincide with the connected components of the intersections
of the level sets of the momentum map with the isotropy type submanifolds.
Hence, in our case, if p = J(u1, pi2), we have

T Hp) = (7 (1 + 12) N (O X Opa) Gy iy e (14.6.1)

where the subscript ¢ in the previous expression stands for the connected
component of J™(u1 + p2) N (O, x Ou2)G,, y that contains T p).
Given that the isotropy G(u, .,y = Guy N Gy, with G, and G, the
coadjoint isotropies of p1 and pe, respectively, the expression (14.6.1) can
be rewritten as

T Hp) = ({(Ad)-1 p1, Adj—1 pi2) | g, h € G, such that
Ady 1 py 4 Adj1 o = pa + pia, 9Gu g~ NRG LA = Gy NGy b)e.

It is easy to show that in this case

Gy =Na, o (G NGy, (14.6.2)

n1tp2
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where the superscript ¢ denotes the closed subgroup of

Ng Gu N Guz) = N(G/u N Guz) N Gpy+ps

M1+uz(

that leaves J ~!(p) invariant. Theorems 13.5.1 and 14.2.1 guarantee that
the quotients J~1(p)/G, ~ J1(0,)/G are symplectic. Nevertheless, we
will focus our attention in the corresponding polar reduced spaces.
According to Theorem 14.3.4 and to (14.6.2), the polar reduced space
corresponding to J _1(Op) /G is the homogeneous presymplectic manifold

G/NG/LH—/LQ (Gﬂl n G#2)C' (1463)

Expression (14.3.7) states that G/Ng
only if

G, NGy, )¢ is symplectic if and

H1+H2(

Guitp = Lie(NG,L1+,4,2 (Gltl N Gl&))a
which is obviously true when, for instance, G,, N G, is a normal sub-
group of G, 1, In any case, using (14.3.2) we can write the polar reduced
space (14.6.3) as a disjoint union of its regularized symplectic reduced sub-
spaces that, that in this case are of the form
9N (G, NGp,)?/Ne (G NG,)*

H1tp2
with ¢ € G and where the superscript p denotes the closed subgroup of
N(G,, N G,,) that leaves invariant the connected component of (O,, X
Ou)G,, NG, that contains J ~1(p). More explicitly, we can write the fol-
lowing symplectic decomposition of the polar reduced space:

G/NG (Gm n Gm)c

n1tu2

- U[g]eG/N(GMmGHQ)cgN(G‘“ A GW)C/NGMMQ (G NGy

What we just did in the previous paragraphs for two coadjoint orbits can
be inductively generalized to n orbits. We collect the results of that con-
struction under the form of a proposition.

14.6.1 Proposition. Let G be a Lie group, g be its Lie algebra, and g*
be its dual. Let pq, ..., pu, € g°. Then, the homogeneous manifold

G/Ng (G N.. NG, )E (14.6.4)

nitetin

has a natural presymplectic structure that is nondegenerate if and only if

gﬂ1+"'+ﬂn, = Lie(NGu1+---+un (G;Ufl n...n Giu’”"’))‘
Moreover, (14.6.4) can be written as a the following disjoint union of sym-
plectic submanifolds

(G N...NGy )

p1ttun

G/Ng

- U[Q]EG/N(GM N...NG,, )PgN(Gﬂlﬂ' : 'ﬂGHvL>p/NGu1+»-‘+un (Gmﬂ. . nGun)c'
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15
Optimal Reduction by Stages

As we already saw in Part II, the reduction by stages procedure consists
of carrying out reduction in two shots using the normal subgroups of the
symmetry group. To be more specific, suppose that we are in the same
setup as Theorem 13.5.1 and that the symmetry group G has a closed
normal subgroup N. In this chapter we will spell out the conditions under
which optimal reduction by G renders the same result as reduction in the
following two stages: we first reduce by N; the resulting space inherits
symmetry properties coming from the quotient Lie group G/N that can be
used to reduce one more time.

The results on reduction by stages that we will obtain in the optimal
context will give us, as a byproduct, a generalization to the singular case
(nonfree actions) of the reduction by stages theorem in the presence of an
standard equivariant momentum map for a canonical action on a symplectic
manifold.

15.1 The Polar Distribution of a Normal
Subgroup

All along this section we will work on a Poisson manifold (M, {-,-}) acted
properly and canonically upon by a Lie group G. We will assume that G
has a closed normal subgroup that we will denote by N. The closedness
of N implies that the N—action on M by restriction is still proper and
that G/N is a Lie group when considered as a homogenous manifold. We
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will denote by Af, and A’y the polar distributions associated to the G and
N-actions, respectively, and by Jg : M — M/A,, and Jy : M — M/A%
the corresponding optimal momentum maps.

The following proposition provides a characterization of the conditions
under which the polar distribution A% associated to a closed subgroup H
of GG is invariant under the lifted action of G to the tangent bundle T'M.

15.1.1 Proposition. Let (M,{-,-}) be a Poisson manifold acted properly
and canonically upon by a Lie group G via the map ® : G x M — M. Let
H be a closed Lie subgroup of G. Then:

(i) The lifted action of G to the tangent bundle TM leaves the H—polar
distribution A’y invariant if and only if fo®,-1 € C>(M)H, for any
fe (M) and any g € G. This condition holds if and only if for
allg € G, h € H, and m € M, there exists an element h' € H such
that

gh-m="ng-m. (15.1.1)

(ii) If G acts on A’y so it does on the corresponding momentum space
M/A% with a natural action that makes the H—optimal momentum
map Ju : M — M/AYy G-equivariant.

(iii) For any m € M we have Ap,(m) C Aly(m). There is consequently a
natural projection wg : M /Ay, — M/A%y such that

Jn =m0 Ja. (15.1.2)

Moreover, if G acts on Aly and consequently on M /A%y, the map Ty
is G—equivariant.

Proof. (i). Since H is closed in G, its action on M by restriction of the
G-action is still proper. Therefore, A}, = {X; | f € C°>°(M)"}. Given that
for any f € C°°(M)H# and any g € G we have T®, 0 X; = Xfow, ; © Dy,
we can conclude that the polar distribution A%, is G-invariant if and only
if fo®,-1 € C®°(M)H, for any f € C°(M)" and any g € G. We now
check that this condition is equivalent to (15.1.1).

First of all suppose that fo ®, € C(M)H, for all f € C~(M)* and
g € G. Consequently, if we take m € M and h € H arbitrary, we have
f(gh-m) = f(g-m). Since the H-action on M is proper, the set C>° (M) of
H-invariant functions on M separates the H—orbits. Therefore, the points
gh-m and g-m are in the same H—orbit and hence there exists an element
h' € H such that gh-m = h'g-m.

Conversely, suppose that for all g € G, h € H, and m € M, there exists
an element b’ € H such that gh-m = h'g-m. Then, if f € C°(M)H we
get

fo®g(h-m)=f(gh-m)=f(l'g-m)=f(g-m)=fody(m).
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Consequently, f o ®, € C°°(M)*, as required.

(ii). Suppose that the lifted action of G to the tangent bundle TM leaves
the H-polar distribution A%, invariant. We define the action G x M /A%, —
M/AYy by g - Tu(m) = Tu(g - m). It is clearly a left action so all we
have to do is showing that it is well-defined. Indeed, let m’ € M be such
that m’ = Fr(m), with Fr € G 4y, For the sake of simplicity in the
exposition, suppose that Fpr = Fp with Fp the Hamiltonian flow associated
to f € C°(M)H. Then, for any g € G we have

9-Ju(m') = Tu(g - Fr(m))
fo<I>q,
— g (657 (g m)
=Ju(g-m)
where qu)g*l is the Hamiltonian flow associated to the function fo ®,

that, by the hypothesis on the G-invariance of A’;, is H-invariant and

guarantees the equality Jy (Gg;oq)s*l (g- m)) =Ju(g-m).

(iii) The inclusion Ay (m) C A% (m) is a direct consequence of the defini-
tion of the polar distributions and it implies that each maximal integral
leaf of Ay, is included in a single maximal integral leaf of A%;. This fea-
ture constitutes the definition of my that assigns to each leaf in M/Af,
the unique leaf in M/A’; in which it is sitting. With this definition it is
straightforward that Jg = 7y o Jg. Now, if G acts on A% the map Jy
is G—equivariant by part (ii). The G-equivariance of Jg plus the relation
Ju = 7y o Jg implies that 7wy is G-invariant. | |

Remark. If H is normal in G then, condition (15.1.1) is trivially satisfied
and therefore G acts on A’;. Conversely, if G acts on A%, and the identity
element is an isotropy subgroup of the G—action on M then H is necessarily
normal in G. Indeed, in that case for any m € M, g € G, and h € H, there
exists an element h' € H such that gh - m = h’g - m. In particular, if
we take an element m € My, we obtain gh = h'g or, equivalently that
gHg™! C H, for all g € G, which implies that H is normal in G.

For future reference we state in the following corollary the claims of
Proposition 15.1.1 in the particular case in which H is a normal subgroup

of G.

15.1.2 Corollary. Let (M,{-,-}) be a Poisson manifold acted properly
and canonically upon by a Lie group G. Let N be a closed normal Lie
subgroup of G. Then:

(i) The group G acts on A, and on the corresponding momentum space
M/A’ with a natural action that makes the N—optimal momentum
map Jn : M — M/A’y G-equivariant.
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(ii) There is a natural G-equivariant projection mn : M/Ayn — M/A\
such that Iy =7y o Jg-

15.2 Isotropy Subgroups and Quotient
Groups

In this section we introduce the relevant groups and spaces for optimal
reduction in two stages.

15.2.1 Lemma. Let (M,{-,-}) be a Poisson manifold acted properly and
canonically upon by a Lie group G. Let N be a closed normal Lie subgroup
of G. Let p € M/Ay, and v :=nn(p) € M/AY.

(i) Let G, and G, be the isotropy subgroups of p € M/Ay and v :=
7w (p) € M/A) with respect to the G-actions on M /Ay, and M/Al,
respectively. Then, G, C G,,.

(ii) Let N, be the N—isotropy subgroup of v € M/A". Then N, = NNG,
and N, is normal in G,.

(iii) Endow N, and G, with the unique smooth structures that make them
into initial Lie subgroups of G. Then, N, is closed in G,, and therefore
the quotient H, := G, /N, is a Lie group.

Proof. Part (i) is a consequence of the G-equivariance of the projection
N M/AL, — M/A and (ii) is straightforward. To prove (iii), let A and
B two subsets of a smooth manifold M such that A C B C M. It can be
checked by simply using the definition of initial submanifold that if A and
B are initial submanifolds of M then A is an initial submanifold of B. In
our setup, this fact implies that NV, is an initial Lie subgroup of G,. We
actually check that it is a closed Lie subgroup of GG,,.. Indeed, let g € G, be
an element in the closure of N, in G,,. Let {g, }nen C N, be a sequence of
elements in N, that converges to g in the topology of G,. As G, is initial
in G we get g, — g also in the topology of G. Now, as {gn }neny € N and N
is closed in G, g € N necessarily. Hence g € NNG, = N,, as required. B

Suppose now that the value v € M/A; is such that the action of N,
on the level set Jy'(v) is proper. We emphasize that this property is
not automatically inherited from the properness of the N—action on M.
Theorem 13.5.1 guarantees in that situation that the orbit space M, :=
In 1(1/) /N, is a smooth symplectic regular quotient manifold with sym-
plectic form w, defined by:

mywy (m)(Xp(m), Xn(m)) = {f, h}(m),

for any € Jy'(v) and any f,h € C>°(M)N. As customary 7, : Jy'(v) —
Jx'(v)/N, denotes the canonical projection and i, : Jy'(v) — M the
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inclusion. We will refer to the pair (M,,w,) as the first stage reduced
space.

15.2.2 Proposition. Let (M,{-,-}) be a Poisson manifold acted properly
and canonically upon by a Lie group G via the map ® : G x M — M. Let
N be a closed normal Lie subgroup of G. Let p = Ja(m) € M/Ay, for
somem € M, and v :=wn(p) = In(m) € M/A).

(i) If the Lie group N, acts properly on the level set Ty ' (v) then the Lie
group H, := G, /N, acts smoothly and canonically on the first stage
reduced space (Jx'(v)/N,,w,) via the map

gN, - m,(m) == m,(g - m), (15.2.1)

for all gN,, € H, and m € Jy'(v).

(ii) Suppose that N,, and H, act properly on \7]\_,1(1/) and M, , respectively.
Let Ju, : M, — MV/A/H, be the optimal momentum map associated
to the H,~action on M, = Jy"'(v)/N, and o = Jg, (7, (m)). Then,

Tu, (m(Jg " (p) = 0. (15.2.2)

Proof. (i). We first show that the action given by expression (15.2.1)
is well-defined and is smooth. The action ¢ : G, x Jy'(v) — Ty (v)
obtained by restriction of the domain and range of ® is smooth since G,
and Jy Y(v) are initial submanifolds of G' and M, respectively. Also, this
map is compatible with the action of N, x N, on G, x Jx " (v) via (n,n’) -
(9,2) == (gn~',n’ - 2), and the N,—action on Jy'(v). Indeed, for any
(n,n') € N, x N, and any (g,2) € G, x Jy"'(v), the point (gn=1,n’ - 2)

gets sent by this map to gn~'n’ - z. As N, is normal in G, there exists

some n” € N, such that gn~'n’-z = n”g- z which is in the same N, —orbit
as g - z. Consequently, the map ¢ : G, x jjgl(y) — jﬁl(y) drops to a

smooth map
¢ Gy [Ny x T (v) /Ny = Ty (v) /N,

that coincides with (15.2.1) and therefore satisfies ¢} om, = m, o ¢}, for
any kN, € H,.

We now show that the action given by the map ¢” is canonical. Let
kN, € H,, m € Jy'(v), and f,h € C=(M)N arbitrary. Then, taking into
account that ¢}y om, =m,0¢} and that by part (i) in Proposition 15.1.1
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the functions f o ®;,—1 and h o ®;,—1 are N—invariant, we can write:

7, ((Pkn, ) wu) (m) (X g (m), Xp(m))
= ((¢kn, © ™) wy)(m)(Xy(m), Xp(m))
= ((my 0 ¢)) wy) (M) (X (m), Xn(m))
= ()" (mywy) (m)(X g (m), Xpn(m))
= mwy (k- m)(Tn®r - X¢(m), T Pr - Xn(m))
=7w, (k- m)(Xfo¢k71 (k-m), Xhow, (k-m))
={fo®p-1,ho®p-1}(k-m)
={f,h}(m)
= mywy (m)(Xy(m), Xp(m)).

Since the map m, is a surjective submersion, this chain of equalities implies
that (¢} )*w, = w,, as required.

(ii) Let m’ € J5'(p) be such that m’ # m. Then, there exists Fr € G,
such that m’ = Fr(m). For simplicity in the exposition take Fr = Fr,
with Fp the Hamiltonian flow associated to the G—invariant function f €
C>(M)%. Let now f, € C=(M, )" be the H,-invariant function on M,,
uniquely determined by the relation f, om, = fo1i,. The Hamiltonian flow
FY associated to f, is related to Frr by the relation Fy om, = m, 0 Froi,.
Therefore, by Noether’s Theorem applied to Jg, we obtain:

Tu, (7, (m")) = Tu, (1, (Fr(m)))
= Tn, (F{(m,(m)))
= Jn, (m,(m))

:0‘7

as required. [ ]

15.3 The Optimal Reduction by Stages
Theorem

Now we are ready to prove the optimal optimal reduction by stages the-
orem. Here is the set up. Let m € M be such that p = Jg(m). Also, let
v =Jn(m) and 0 = Jg, (7,(m)). The second part of Proposition 15.2.2
guarantees that the restriction of 7, to Jg L(p) gives us a well-defined map

7TV|JC;1(,;) : j(;_l(p) — jh_r,,l(g)-

This map is smooth because J, }}Vl(a) is an initial submanifold of M, and
also because J; ' (p) and Jy'(v) are initial submanifolds of M such that



15.3 The Optimal Reduction by Stages Theorem 467

Jot(p) € Jy'(v) € M, which implies that J5'(p) is an initial sub-
manifold of Jy'(v) (this argument is a straightforward consequence of
the definition of initial submanifold). Denote by i, : J5'(p) — Ty (V)
the corresponding smooth injection. Let (H,), be the H,—isotropy sub-
group of the element o € M, /Ay . Then, the map 7ry|jal(p) =Ty, 00y, :
Tzt p) — jgyl(a) is smooth and (G, (H,),)-equivariant. Indeed, let
g € G, and m € J5'(p) arbitrary. By Lemma 15.2.1 we know that as
G, C Gy, then g € G, and gN, € G, /N, . Using Definition 15.2.1, we get
(g -m) = gN, - m,(m). Additionally, by (15.2.2) we have

JH, (gN,, 'WV(m)) = jHU(T‘-V(g : m)) =0,

because g - m € J;"'(p), which shows that gN, € (H,), and therefore
guarantees the (G, (H,))—equivariance of m,| 5 ()" Consequently, the
map 7| 75 () drops to a well-defined map F' that makes the following
diagram

™l =1,

Jitp) ——  Ty'(o)

.| -
TG DG, —— Tylo)/(H,)e.

commutative. We remind the reader once more that the G, and (H,),—
actions on Jg Y(p) and 7, I;yl (o), respectively are not automatically proper
as a consequence of the properness of the G—action on M. If that hap-
pens to be the case, the map F is smooth. Moreover, in that situation
Theorem 13.5.1 guarantees that the quotients M, := J5'(p)/G, and
(M,)s = jgﬂl(a)/(Hl,)(7 are symplectic manifolds. We will refer to the
symplectic manifold (jgj(a)/(Hl,)U,wa) as the second stage reduced
space. Recall that the symplectic form w, is uniquely determined by the
equality miw, = i*w,, where i, : Jf}j (o) — Jx'(v)/N, is the injection
and 7, : .,7}}'/1 (o) — jﬁ:(a)/(H,,)g the projection.

Our goal in this section will consist of proving a theorem that under
certain hypotheses states that the map F' is a symplectomorphism between
the one-shot reduced space (75 '(p)/G,,w,) and the reduced space in two
shots (j}il(a)/(HV)mwa)'

Given that the properness assumptions appear profusely we will simplify
the exposition by grouping them all in the following definition.

15.3.1 Definition. Let (M,{:,-}) be a Poisson manifold acted properly
and canonically upon by a Lie group G via the map ® : G x M — M.
Let N be a closed normal Lie subgroup of G. Let p € M /Ay, v = nn(p),
Hy, = G,/N,, and o = Ty, (m,(T5"(p))) € M, /Ay . We will say that
we have a proper action at p whenever G, acts properly on jgl(p),
N, acts properly on Jx'(v), H, acts properly on Jx'(v)/N,, and (H,),
acts properly on ._7}}3 (o).
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Let (G)s C G, be the unique subgroup of G, such that (H,)s = (Gy)s/N,.
We say that the element p € M/A}, satisfies the stages hypothesis when
for any other element p' € M/A}, such that

an(p) =7n(p) =1v (15.3.1)

and

T, (1, (T (p) = Tu, (m (TG () = o (15.3.2)

there exists an element h € (G,), such that p' = h - p.

We say that the element v € M /Ay has the local extension property
when any function f € C=(JTy"(v))E¥ is such that for any m € Jy'(v)
there is an open N—invariant neighborhood U of m and a function F €
C>(M)% such that F|y = f|v.

15.3.2 Theorem (Optimal Reduction by Stages). Suppose that (M, {-,-})
s a Poisson manifold acted properly and canonically upon by a Lie group G
via the map ® : G X M — M. Let N be a closed normal Lie subgroup of G.
Let p € M/A, v = nN(p), H, := G,/N,, and 0 = Ty, (7.(T5"(p))) €
M, /Ay . Then, if p satisfies the stages hypothesis, we have a proper action
at p, and the quotient manifold ng(p)/GP is either Lindelof or paracom-
pact, the map

F: (Io(0)/Gpwp) — (T, (0)/(H)o,wo)

Tp (m) I 7o (T, (m))

is a symplectomorphism between the one shot reduced space (jcfl (p)/Gp,w)p)
and (JI;VI(U)/(H,,)U,wU) that was obtained by reduction in two stages.

Proof of the Theorem. First we prove that F' is injective. let m,(m)
and 7,(m') € J5'(p)/G, be such that F(r,(m)) = F(r,(m’)). By the
definition of F this implies that 7, (m,(m)) = 7y (m,(m’')). Hence, there
exists an element gV, € (H,), such that m,(m’) = gN, - m,(m) which, by
the definition (15.2.1), is equivalent to m,(m’) = m,(g-m). Therefore, there
exists a n € N, such that m’ = ng-m. However, since both m and m/ sit in
JGTl(p) we have ng € G,, necessarily and, consequently m,(m) = m,(m'),
as required.

Next we prove that F' is surjective. To do this, let 7,(2) € (M,), =
jﬁj(g)/(Hu)m Take any z € Jy'(v) such that m,(2) = Z and let o/ :=
Jc(z). Tt is clear that

mn(p') =78 (Ta(2) = In(2) = v =7n(p)
and also, as Ju, (7m,(2)) = o, Proposition 15.2.2 guarantees that

T, (m(T5 (0) = 0 = T, (7. (TG (0)))-
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By the stages hypothesis, there exists h € (G,), such that p’ = h-p. Notice
that

(bt 2) = mo(m (b7 2)
=n,(h"'N, -7, (2))
= To(m(2))
= Tq(2),

which proves the surjectivity of F.

We next turn to the proof that F is a symplectic map. We will do this by
showing that F*w, = w,. Let m € jgl(p) and f,g € C®°(M)% arbitrary.
Then,

7 (F o) (m) (X (m), X, (m)) = (F 0 7,)"w, (m) (X (m), X, (m))
(o 0 Tl gt ) worlm) (X5 (), X (m))
(70 © 7 0 i) " (M) (X s (m), Xy (m))

() 0 1) (m5000)) (M)(X (), X, (m)
(s 0 i) (50,)) (M)(X 5 (m), Xy (m))

= (ig 0T 0dpy) Wi (M) (X (m), Xy(m))
= mywy (m)(Xy(m), Xo(m)) = {f, g}(m)
= mpwp(m)(Xy(m), Xg(m)).

This chain of equalities guarantees that W;(F *we) = T,wp. Since the map
T, is a surjective submersion, we see that F*w, = w,, and consequently I

is a symplectic map.

Finally, we show that F' is a symplectomorphism. Given that F' is a
bijective symplectic map, it is necessarily an immersion. Since by hypothesis
the space J Yp)/ G, is either Lindelof or paracompact, a standard result
in manifolds theory guarantees that F' is actually a diffeomorphism. |

15.3.3 Proposition. Let (M,{-,-}) be a Poisson manifold acted properly
and canonically upon by a Lie group G via the map ® : Gx M — M. Let N
be a closed normal Lie subgroup of G. Let p € M/A,, v :=7nn(p), H, :=
G, /Ny, and o = Jq, (ﬁy(jgl(p))) € M, /AY . If v has the local extension
property and N, acts properly on Jx'(v), then m,(J5 " (p)) = .71;”1(0) and
p satisfies the stages hypothesis.

Proof. The inclusion 7, (J5 " (p)) C jgj(cr) is guaranteed by (15.2.2). In
order to prove the equality take m,(m) € m,(J5 " (p)) and f € C(M,)H>
arbitrary, such that the Hamiltonian vector field Xy on M, has flow F}.
Let f € C°(Jx"'(v))% be the function defined by f := f om,. The
H,,—invariance of f implies that f is G, —invariant. In principle, the point
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Fr(m,(m)) lies somewhere in JI}VI (o). However, we will show that it ac-
tually stays in 7, (75" (p)), which will prove the desired equality. Indeed,
as the curve {Fy(m,(m))}iecjo,r) is compact it can be covered by a finite
number of open sets {Uy, ..., U,}. Suppose that we have chosen the neigh-
borhoods U; such that w,(m) € Uy, Fr(m,(m)) € U,, U;NU; # @ if and
only if [j — i| = 1, and for each open N-invariant set m, }(U;), there is a
gi € C®(M)% such that f|7r;1(Ui) = Yil ;1 (;)- Where the function f ad-
mits local extensions to G-invariant functions on M. We call G% the flow
of the Hamiltonian vector field X, on M associated to g; € C*°(M)%. The
flows Gi and F} are related by the equality

Ft [¢] 7TV|J]§1(V)ﬁﬂ;1(Ui) = Ty, © Gi (¢] ’L'V‘j&l(u)nﬂ,;l(Ui).
Due to the G-invariance of g we have Jg o Gt = Jg and, consequently
{Fi(m,(m)) }eepo, ) C . (J5 " (p)),

as required. This proves that m,(J5 " (p)) = j}}j (o).

We conclude by showing that this equality implies that p satisfies the
stages hypothesis. Indeed, if o’ € M/AY, is such that Jg, (7, (J5 " (p'))) =
o, then m,(J5'(p)) C ._71}”1(0) = m,(J5"(p)). Consequently, for any
() € T (IS (0), 2 € T5'(p'), there exists an element z € J5'(p)
such that m,(z') = m,(z). Hence, there is an element n € N, C (G,)s
available such that z’ = n - z which, by applying the map Jg to both sides
of this equality implies that p' =n - p. |

15.4 Optimal Orbit Reduction by Stages

The goal of this section is formulating and proving the analog of Theo-
rem 15.3.2 in the context of orbit reduction. The setup is identical to the
one in the previous section but this time we will determine under what
conditions the orbit reduced space J~*(0,)/G can be constructed in two
stages. Unlike the situation with point reduction, in the orbit reduction
context there will be choices involved in the construction of the first stage
reduced space.

Let p € M/Ay; and O, := G - p be its G-orbit in M/A{,. Let v € M/A)y
be given by v € mn(p) and N -v its corresponding N-orbit in M/A’;. Define

Gy, ={9€Glg-(N-v)CN- v}

An argument identical to the one in Lemma 5.3.2 shows that Gy., is a
closed Lie subgroup of G containing N as a normal subgroup. Suppose
that N, acts properly on Jy 1(u). Then the symplectic orbit reduced space
Mp., = jﬁl(Nq/)/N is canonically acted upon by the quotient Lie group
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Hy., :=Gn.,/N.Let TJuy., : My, — MN.V/A}{N_U be the corresponding
momentum map. An argument identical to the one followed in the proof of
part (ii) of Proposition 15.2.2 shows that

jHN.,, (WNy(jGTl(p») =0,

for some o € My, /A} . ~and where ., : INHN V) = TN -v) /N
is the projection.

15.4.1 Definition. Let (M,{:,-}) be a Poisson manifold acted properly
and canonically upon by a Lie group G via the map ® : GX M — M. Let N
be a closed Lie subgroup of G. Let p € M /A, v € nn(p), Hn. := Gn. /N,
and o := Ty, ("N (TG (p))). We say that we have a proper action
at the orbit G - p whenever the group G, acts properly on ng(p), N-v
acts properly on Jﬁl(y), Hy., acts properly on My.,, and (Hy.,), acts
properly on ‘7]};.”(0).

Remark. The independence of the previous hypothesis on the choice of
the element p in the orbit G - p is easy to verify by using the equalities that
follow. Let p' = g - p for some g € G and v/ = wn(p’). Then

Gy =9Gog™" Ny =gN,g ",
Hy. = (gN)Hy ., (gN) 7,
TG ) =9-I5"(p); Iy =g-Ty' V),
My.=gN-Mny; Ay, =Tegn - Ay,
and

jHN-u’ = [(PgN] °©JHy., © P(gN)—15

where ¢ : G/N x M/N — M/N is the naturally induced G/N-action on
M/N by @ : G x M — M and [pgn] is the unique map that makes the
diagram

‘pgN
MN-V E— MN-V’

JHN_Vl J/jHN-V/

Mo/ Ay, <220 My, /Ay .

commutative.

Additionally, since mn..» 0 ®q = pgn © TN, it is easy to show that the
element o’ := Ty, (75 (TG (p'))) is related to o by o’ = [pgn](0). It
then follows that

(HN.w')or = (QN)(HN-V)J(QN)_I and Jlgj\l,_,,, (U/) = PgN (J};;,V(U)) .
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15.4.2 Definition. We say that the orbit G-p € M /Ay, satisfies the orbit
stages hypothesis when for one (and hence for any) element p € G - p
the following condition holds: for any other element p' € M/Ay, satisfying

an(p) =7n(p) =1v (15.4.1)
and

Ttin., TN (T5H(0)) = Ty, (7N (TG (0) =i 7 (15.4.2)

there exists an element h € Gy., such that p' = h - p.

Remarks.

1. The identities in the Remark preceding this definition together with the
equality gGn.,g~' = Gn.4 guarantee that the formulation of the stages
hypothesis is independent of the choice of the element p in the orbit G - p.

2. If the orbit stages hypothesis holds then the element h € Gy, for which
p' = h - p belongs necessarily to G, N (Gn.,)-, where (Gn.,), is uniquely
determined by the equality (Gn.,)-/N = (Gn../N). .

15.4.3 Theorem (Optimal Orbit Reduction by Stages). Let (M,{-,-})
be a Poisson manifold acted canonically and properly upon by a Lie group
G. Let N be a closed normal Lie subgroup of G. Let G - p C M /Ay, be an
orbit that has a proper action and that satisfies the orbit stages hypothesis,
and suppose that the quotient jgl(G - p)/G is Lindeldf or paracompact.
Then for any p € G - p, v :=7n(p), T := Tin., (780 (T5 " (p))), the map

F:J5 G p)/G— Tyt (Hy.-v)/Hy.

defined by F(nq.,(2)) = Tay., (TN (2)), where z has been chosen in J5 ' (p),
18 a symplectomorphism.

Proof. We will proceed in several steps.
(i). The map F is well-defined. Recall that if the point z has been chosen
in 751 (p) € Iyt (v) then Juy., (Tn.(2)) = T necessarily and hence

F(nc.p(2)) € Ty} (Hya - v)/Hyvo

We now show that the definition of the map F does not depend on the
element z € J5 " (p) used to define it. Indeed let 2’ € J5 "' (p) be such that
Ta.p(2) = ma.p(2"). This equality implies the existence of an element g € G
such that 2’ = g- 2. Since p = Jg(2') = g- Ja(2) = g-p then g € G,
necessarily and hence

Thx., (TN (2) = Thy, (TN (g - 2))

=THyN., (gN : 7TN-V(Z)) = TrHN-u(TrN'V<Z))7
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as required. Note that in the second equality we have used the inclusion
Gp CGnN..

(ii) The map F is injective. Let m¢.,(2) and 7g.,(2") be two elements in
the orbit space J5 ' (G - p)/G such that z,2’ € J; ' (p) and F(rmg.,(2)) =
F(mg.p(2')). By definition this is equivalent to the identity 7, , (Tn.0(2)) =
THy ., (TN (2')). This equality implies the existence of an element gN €
GnN.,/N such that 7y.,(2') = gNmn.,(2) and hence 7., (2') = Tn..(9 - 2),
which in turn ensures the existence of an element n € N such that 2’ =
ng - z. Since both elements z, 2’ belong to Ja(p) then ng € G, and hence
G.p(2) = ma.p(7'), as required.

(iii) The map F is surjective. Let y = my, , (7n..(2)) be an arbitrary
element of the quotient jg;y(HN.l, -v)/Hy.,, for some 2z € Jy' (N -v)
such that Jp ., (7n..(2)) = gN - 7, for some g € Gy.,.. Notice that

Ttin, (TN (971 - 2)) = Try, (97N - 75 .0(2))
=g 'N - Ty, (T (2) = 7. (15.4.3)

Since g7 -z € Jy'(N - v), there exists an element n € N for which
In(g~" - 2) = n-v. Consequently, the point x :=n~"lg~'. 2z € Jy'(v). Let
P = Jc(x). Notice that

mn(p') = 18 (Ta(z) = In(x) = v =7n(p).

Additionally, using (15.4.3) we can write

Ttin, (TN (TG (0)) = Tiin, (7N (@) = Ty, (Tn(nrg™h - 2)
= Tty (Tnu(g7"2) =7 = Tay., (7n (TG (0))-

By the orbit stages hypothesis there exists h € Gy.,, such that p' = h - p.
Consequently, h™! -z € ng(p) and hence, using the normality of N in G
and that h='¢g~! € G.,,, we have

F(rg.p(h™2)) = mhy, (v (B g7 ) = may, (rnw (B g1 2))

=Ty, (W97 N v (2)) = Ty, (T (2))-

(iv) The map F is smooth. Let ¢ : 75" (G- p) — G x¢, J5 " (p) be the
diffeomorphism introduced in Definition 14.1.3. Let 7g.,(2) € J5 ' (G-p)/G
be arbitrary and s : U € J5 (G - p)/G — J5 (G - p) be a local section of
Ta.p in aneighborhood U of m(2). Let t : V' C Gprjgl(p) — GxJ5 " (p)
be a local section of the projection g, : G x J~*(p) — G xg, Jo ' (p)
defined on a local neighborhood V' of 9 (s(m¢.p(2))). Denote by Prsi(p)
G x J5'(p) — J5"(p) the projection onto the second factor. Since we can
locally write

Pg1(p) otoyosomg,="Tg.,
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then the map F' can be locally expressed as the composition of the smooth
functions

F(ng.p(y) = Tay., (WN-V(pjgl(p) (W (s(map (1)),

which implies that F' is smooth.

(v) The map F is a symplectic diffeomorphism. An argument similar
to that in the proof of Theorem 15.3.2 shows that F' is a symplectic map
and hence and immersion. Since J; ' (G - p)/G is by hypothesis Lindelsf or
paracompact then F' is necessarily a symplectic diffeomorphism. |

Remark. We now check that even though the point and orbit stages hy-
potheses look slightly different they are actually equivalent. In order to
prove this statement we notice that there exists a unique (H,,Hy.,)-
equivariant bijection £, : M, /A}{V — My, /A}{N.V that makes the dia-

gram

TNt w) b, TN )

ml lmu

M, = J5'(W)/N v —— My, =I5 (N -v)/N

JHul JVJHN-U

M, /Ay L My /A,

commutative. Here [,, is the inclusion and L, is the (H,, Hy., )-equivariant
symplectic diffeomorphism induced by [,. The map L, is well-defined as
a consequence of the compatibility of L, with the equivalence relations
induced by the distributions A}IV and A/E[N-u on M, and My.,, respec-
tively. This is indeed so since if z,2/ € M, are such that 2’ = Fi(z)
with F; the Hamiltonian flow associated to a function f € C°°(M,)H~
then L,(2') = Fy(L,(2)), where F} is the Hamiltonian flow associated to
f o L;l S COO(MN.V)HN'".

Suppose now that the element p € M/Ay, satisfies the point stages hy-
pothesis. We shall prove that the orbit G - p satisfies the orbit stages hy-
pothesis. Since by the remark that follows Definition 15.4.2 any element
in the orbit G - p can be chosen to formulate this hypothesis, we can
take p without loss of generality. Let p' € M/A[, be such that (15.4.1)
and (15.4.2) hold. Therefore, condition (15.3.1) obviously holds. Addition-
ally, using the diagram where we defined the map £, and the fact that
Ja'(p) € Iy (v) € INH(N -v), TGH(P) € Iyt (v) € Iy (N -v), we
have

Titin ., (Tn(T5 " (P)) = Lo (Tn, (1(T5 ' (p)))) . and (15.4.4)

Titn, (mno (TG (0)) = Lo (T, (7, (TG (0)))) - (15.4.5)
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This implies that

T, (m, (TG (p)) = Tu, (m (T (0)) = L7 (7)

and hence there exists an element h € (Gy)ﬁ;l(T) C Gy., such that p’ =
h - p which proves that the orbit G - p satisfies the orbit stages hypothesis.

Conversely, suppose that G - p satisfies the orbit stages hypothesis and
let p/ € M/A}, be such that the conditions (15.3.1) and (15.3.2) hold.
By (15.4.4) and (15.4.5) the identities (15.4.1) and (15.4.2) hold and hence
there exists a group element h € Gy., such that p’ = h - p. As we noticed
in the second remark that follows Definition 15.4.2, the element h actually
belongs to G,N(GN.v)z, (o) = (Gv)o which proves the implication. The pre-
vious equality follows from the bijectivity and the (H,, Hy.,)-equivariance

of L,.

15.5 Reduction by Stages of Globally
Hamiltonian Actions

In this section we will assume that M is a symplectic manifold and that
the G—action is proper and canonical, has a standard g*—valued equivariant
momentum map Jg : M — g*, and that, as usual, it contains a closed
normal subgroup N C G. Recall that the inclusion N C GG and the normal
character of N in G implies that n is an ideal in g. Let ¢ : n — g be the
inclusion. As a corollary to these remarks, it is easy to conclude (see Part IT)
that the N-action on M is also globally Hamiltonian with a G—equivariant
momentum map Jy : M — n* given by Jy = *Jg.

When the G—action on M is free we fall in the situation studied in Part
II. In the following pages we will see how our understanding of the optimal
reduction by stages procedure allows us to generalize the results that we
obtained in that part the nonfree actions case. More specifically, we will see
that the reduced spaces and subgroups involved in the Optimal Reduction
by Stages Theorem 15.3.2 admit in this case a very precise characterization
in terms of level sets of the standard momentum maps present in the prob-
lem, and of various subgroups of G obtained as a byproduct of isotropy
subgroups related to the G and N—-actions on M and the coadjoint actions
on g* and n*.

We start our study by looking in this setup at the level sets of the G and
N—-optimal momentum maps. A basic property of the optimal momentum
map whose proof can be found in Ortega and Ratiu [2002], establishes the
following characterization: let m € M be such that Jg(m) = p, Jg(m) = u,
and G, =: H. Then, J; Y(p) equals the unique connected component of
the submanifold J;' (1) N My that contains it. Analogously, if Jn(m) = v,
Jn(m) =mn, and N,, = HN N, then J5'(v) equals the unique connected
component of the submanifold J 7\,1 ()N Mgy that contains it. Recall that
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the symbol My denotes the isotropy type submanifold associated to the
isotropy subgroup H and that it is defined by My :={z € M | G, = H}.
All along this section we will assume the following

Connectedness hypothesis. The two submanifolds J;' (1) N My and
I () N My are connected.

While this hypothesis is not entirely satisfactory, it will make the presenta-
tion that follows much more clear and accessible. The reduction by stages
problem does not differ much, qualitatively speaking, no matter if we as-
sume the connectedness hypothesis or not, however the necessary additions
in the notation to accommodate the most general case would make the fol-
lowing pages very difficult to read. In order to adapt to the general situation
our results, the reader should just take the relevant connected components
of I ()N My and J ' () N My, and each time that we quotient them
by a group that leaves them invariant, the reader should take the closed
subgroup that leaves invariant the connected component that he has pre-
viously chosen. The notation becomes immediately rather convoluted but
the ideas involved in the process are the same.

We continue our characterization of the ingredients for reduction by
stages in the following proposition.

15.5.1 Proposition. Let (M,w) be a symplectic manifold acted properly
and canonically upon by a Lie group G and suppose that this action has an
associated standard equivariant momentum map Jg : M — g*. Let N C G
be a closed normal subgroup of G. Then, if m € M is such that Ja(m) = p,
Ja(m) = p, and its isotropy subgroup G, equals G,, =: H C G we obtain

() T4 (p) = 354 N My,
(il) In(m) =7n(p) =1 v, In(m) =i*pu =7, and
In'(v) =I5 ) N My, n

(i) G, = Ng,(H), N, = Ny, (N, N H), and G, = Ng, (N, N H). The
symbol Ng, (H) := N(H) NG, where N(H) denotes the normalizer
of H in G. We will refer to Ng, (H) as the normalizer of H in G,.

Proof. The proof of the equalities J5'(p) = J5' (1) N My and G, =
Ng, (H) can be found in Ortega and Ratiu [2002].

We now show that Jy'(v) = J5'(n) N My, nx. By the results in the
paper that we just cited, it suffices to show that IV, = IV, N H. Indeed,
as the G-equivariance of Jy implies that H = G, C G,, we get N, =
HNN =HnNG,NN = N, N H. Consequently, the same result that
gave us G, = Ng, (H), can be applied to the N-action on M to obtain
N, = Ny, (N, N H).

Finally, we prove the identity G, = Ng, (N;, " H) by double inclusion.
Let first g € G,. The equality g - v = v implies that g - m = Fr(m), with
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FreG Ay, - For simplicity suppose that Fp = Fy, with F the Hamiltonian
flow associated to a N—invariant function on M. The standard Noether’s
Theorem implies that g -m = F;(m) € Jy' (1) and therefore g € G,,. Also,
as the flow F}; is N—equivariant we have

Nr] NH=Ny,= NF,,(m) = Ng-m = gng_l = g(Nn N H)g_la
and consequently g € Ng, (N, N H). The reverse inclusion is trivial. [ |

Remark. A major consequence of the previous proposition is the fact
that the subgroups GG, and N,,, and those that will derive from them, are
automatically closed subgroups. This circumstance implies that the proper
action hypothesis given in Definition 15.3.1 and necessary for reduction by
stages is automatically satisfied in this setup.

The previous proposition allows us to explicitly write down in our setup
the one—shot reduced space:

M, :=J5"(p)/G, =3z (1) N My /N, (H), (15.5.1)
as well as the first stage reduced space:
M, = Jy'(v)/N, = Iy (1) N My, am /N, (N, 0 H).

We now proceed with the construction of the second stage reduced space.
As it was already the case in the general optimal setup, the quotient group

Ng, (N, N H)
~ Ny, (N, N H)

acts canonically on the quotient M, with associated optimal momentum
map Jx, : M, — M,,/Afm. In this setup we can say more. Indeed, in
this case the H,—action on M, is automatically proper and has an associ-
ated standard momentum map Jy, : M, — Lie(H,)*, where the symbol
Lie(H, ) denotes the Lie algebra of the group H,. An explicit expression for
J3, can be obtained by mimicking the computations made in Part II for
the free case. In order to write it down we introduce the following maps: let
7a, : G, — G, /N, be the projection, r, = T.7g, : g, — Lie(H,) ~ g, /n,
be its derivative at the identity, and r}; : Lie(H,)* — g} be the correspond-
ing dual map. Then, for any m,(z) € M, and any r,(§) € Lie(H,), the
momentum map Jy, is given by the expression

<J'HV (WV(Z))’TV(£)> = <JG(Z)7§> - <"77£>7 (1552)

where 7 € g} is some chosen extension of the restriction 7|,, to a linear
functional on g,. This momentum map is not equivariant. Indeed, its non
equivariance cocycle @ is given by the expression

r(@(rq, (1)) = Adj-1 77 — 7,
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for any ng, (h) € G, /N,. The map Jy, becomes equivariant if we replace
the coadjoint action of H, on the dual of its Lie algebra by the affine action
defined by

Ye™ (h) A= Ad;(:'rcy(h))’l A+ Q_J(TFGV (h)), (1553)

for any mg, (h) € H, and any A € Lie(H,)*. Let now 7 € Lie(H,)* be the
element defined by

(10 (8)) = (1, €) = (7,€), (15.5.4)

for any r,(§) € Lie(H,). A calculation following the lines of Part IT shows
that

(Go)ul,, = (NG,,(Nn NH)) (15.5.5)

M|Lie(NGn(Nan)) ’

and hence the isotropy subgroup (H,), of 7 with respect to the affine
action (15.5.3) of H, on the dual of its Lie algebra, is given by

(Ho)r =G, (Gv)ul,,)

(NG77(N77 ﬂH)) I
L:e(NGn(NnnH))

Ny, (N, " H)

>NNW(N7]OH)

(15.5.6)

Now, for any m € J ' (p), the choice of 7 € Lie(H,)* in (15.5.4) guarantees
that Jy, (7, (m)) = 7 and, moreover, if Jy, (7,(m)) = o € M/Aj, then,

Trp (0) = T30, (1) 0 (M) (44,1, 1) (15.5.7)

since, by extension of the connectedness hypothesis we will suppose that
J;ﬁ (1) N (My)(31,).,, (my 18 also connected.

We compute the isotropy subgroup (H, )r, (m) in terms of the groups that
already appeared in our study. Indeed, we will now show that

Ny, (HNNy)H

(Hu)ﬂ'y(m) = NNn (Nn ﬂH) . (1558)

Take first an element 7, (g) € H, such that ng,(g9) - 7,(m) = 7,(m)
or, equivalently, m,(g - m) = m,(m). Hence, there exists a group element
n € N, = Ny, (N, N H) such that g-m = n-m. Given that G,,, = H, we
see that n~! - g € H, necessarily and hence g € Ny, (N, "H)H and

7a,(9) € NN, (Ny WH)H/Ny, (N, N H).
Conversely, if
76, (9) € Nn, (N, N H)H /Ny, (N, N H),
we can write g = nh, with n € Ny, (N, N H) and h € H and therefore

7, (9) - m(m) = m,(nh - m) = m,(n-m) = m,(m),
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as required.

In order to write down the second stage reduced space we have to com-
pute the isotropy subgroup (H,).. In view of (15.5.6) and (15.5.8), and
Proposition 15.5.1 adapted to the optimal momentum map Jp,, we have

NNW(HﬂNn)H>

N (N, 1 1) (15.5.9)

(HV)G = N(HV)T (

where the group (H, ), is given by the expression (15.5.6). We now recall a
standard result about normalizers that says that if A C B C C are groups
such that A is normal in both B and C, then

Noya(B/A) = Nc(B)/A.

If we apply this equality to Expression (15.5.9) we obtain

NG, Na, N0 (NN, (H 0Ny H)

(HU)U NNT,(Nn n H)

N (N, (H N Ny)H)
(Ne,, (N,nH)) N, (Ny,NH)
lLie(NG’](NnﬁH))

Ny, (N, N H)

(15.5.10)

All the computations that we just carried out allow us to explicitly write
down the second stage reduced space. Namely, by combination of expres-
sions (15.5.7), (15.5.8), and (15.5.10), we arrive at

J;lll, (T) N (Mu) NNn (HNNy)H

NNn(NnﬁH)

(M,)o = Ty, (0)/(Hu)s = (15.5.11)

N(Gl,)“‘gu NNn(NT,ﬁH)(NNT, (HNNy)H)’
Novy (N, NH)

where the group (G,),,, is given by (15.5.5).

The Optimal Reduction by Stages Theorem 15.3.2 guarantees that the
second stage reduced space (15.5.11) is symplectomorphic to the one-shot
reduced space (15.5.1) in the presence of the stages hypothesis introduced
in Definition 15.3.1. In this setup, that hypothesis can be completely refor-
mulated in terms of relations between Lie algebraic elements and isotropy
subgroups. More specifically, in the globally Hamiltonian framework, the
stages hypothesis is equivalent to the following condition:

Hamiltonian Stages Hypothesis: Let 4 € g* and H C G. We say that
the pair (u, H) satisfies the Hamiltonian stages hypothesis whenever for
any other similar pair (', H') such that

u=1i"y =:nen*
N,nH=N,NH =K
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and
/u’|Lie(NG,,(K)) = u’|Lie(NG,,(K))
=: (€ Lie(Ng,(K))"
Ny, (K)H = Ny, (K)H' =: L,

there exists an element n € N(ng, (k). (L)Nn, (K) such that
W =Ad_ip and H' =nHn'

A quick inspection shows that when the G—action is free, that is, when
all the isotropy subgroups H = {e}, the previous condition collapses into
the stages hypothesis introduced in Part II.

Recall that in the same fashion in which the proper action hypothesis
introduced in Definition 15.3.1 is automatically satisfied in this setup, so is
the Lindelof hypothesis on the one-shot reduced space M), if we just assume
that M is Lindelof. This is so because closed subsets and continuous images
of Lindelo6f spaces are always Lindelof.

The Optimal Reduction by Stages Theorem together with the ideas that
we just introduced implies in this setup the following highly non trivial
symplectomorphism that we enunciate in the form of a theorem. The fol-
lowing statement is consistent with the previously introduced notations.

15.5.2 Theorem (Hamiltonian Reduction by Stages).

Hamiltonian reduction Let (M,w) be a symplectic manifold acted properly
and canonically upon by a Lie group G that has a closed normal subgroup
N. Suppose that this action has an associated equivariant momentum map
Jog: M — g*. Let u € g* be a value of Jg and H an isotropy subgroup of the
G action on M. If the manifold M is Lindelof and the pair (u, H) satisfies
the Hamiltonian stages hypothesis, then the symplectic reduced spaces

J;ll (7') N (Ml,) Ny, (HANgH

J&l(u) N Mg d v NN, (NpH)
— an
NG“(H) N(Gu)u‘guNNn(Nan)(NNn(HmNn)H)
Nn,, (N, H)

are symplectomorphic. In this expression n =1,

IV () N My, nu Ng, (N, N H)

Ny, (N, H) miMﬂMﬂM’

n

M, =

(G, = (Na, (N, N H))

ulLie(NGT,(NT,ﬁH)) ’

Jun, + M, — Lie(H,)* is the momentum map associated to the H,—
action on M, defined in (15.5.2), and T € Lie(H,)* the element defined in
(15.5.4).
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When the G—action is free, the previous theorem coincides with the Re-
duction by Stages Theorem 5.2.9 presented in Part II.

A special but very important particular case of Theorem 15.5.2 takes
place when the group G is discrete (g = {0}). In that situation, all the
standard momentum maps in the construction vanish and the theorem
gives us a highly non trivial relation between quotients of isotropy type
submanifolds. We start by reformulating the Hamiltonian stages hypothesis
in this particular case.

Discrete Reduction by Stages Hypothesis. Let G be a discrete group,
N a normal subgroup, and H a subgroup. We say that H satisfies the Dis-
crete Reduction by stages hypothesis with respect to N if for any other
subgroup H' such that

NANH=NNH =K and Ny(K)H=Ny(K)H =:L,

there exists an element n € Ny, x)(L)Nn(K) such that H = nHn™".

15.5.3 Theorem (Discrete Reduction by Stages). Let (M,w) be a sym-
plectic manifold acted properly and canonically upon by a discrete Lie group
G that has a closed normal subgroup N. Let H be an isotropy subgroup of
the G action on M and K := N N H. If the manifold M is Lindeldf and
H satisfies the Discrete Reduction by stages hypothesis with respect to N,
then the symplectic reduced spaces

(M)

l ) Sy

Ne(H) " Nagao@aU0H) (15.5.12)
Ny (K)

are symplectomorphic.

When the G—action on M is free, discrete reduction by stages hypoth-
esis is trivially satisfied and Theorem 15.5.3 produces the straightforward
symplectomorphism

M/G ~ (M/N)/(G/N).

Hence, it is in the presence of singularities that the relation stablished
in (15.5.12) is really visible and non trivial.
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representation
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singular, 36
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Symplectic Orbit Reduction,
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150, 228, 414

vector field
Hamiltonian, 4, 12, 21, 120,
404, 411, 412, 425, 444,
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