I

Preliminaries

In this chapter, we collect some key notions and facts from the theory of Lie
groups and Hamiltonian systems, as well as set up the notations.

1 Lie Groups and Lie Algebras

This section introduces the notions of a Lie group and the corresponding Lie
algebra. Many of the basic facts known for finite-dimensional Lie groups are
no longer true for infinite-dimensional ones, and below we illustrate some of
the pathologies one can encounter in the infinite-dimensional setting.

1.1 Lie Groups and an Infinite-Dimensional Setting

The most basic definition for us will be that of a (transformation) group.

Definition 1.1 A nonempty collection G of transformations of some set
is called a (transformation) group if along with every two transformations
g, h € G belonging to the collection, the composition g o A and the inverse
transformation g~! belong to the same collection G.

It follows directly from this definition that every group contains the iden-
tity transformation e. Also, the composition of transformations is an associa-
tive operation. These properties, associativity and the existence of the unit
and an inverse of each element, are often taken as the definition of an abstract
group.!

The groups we are concerned with in this book are so-called Lie groups.
In addition to being a group, they carry the structure of a smooth manifold
such that both the multiplication and inversion respect this structure.

! Here we employ the point of view of V.I. Arnold, that every group should be
viewed as the group of transformations of some set, and the “usual” axiomatic
definition of a group only obscures its true meaning (cf. [19], p. 58).
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Definition 1.2 A Lie group is a smooth manifold G with a group structure
such that the multiplication G x G — G and the inversion G — G are smooth
maps.

The Lie groups considered throughout this book will usually be infinite-
dimensional. So what do we mean by an infinite-dimensional manifold?
Roughly speaking, an infinite-dimensional manifold is a manifold modeled on
an infinite-dimensional locally convex vector space just as a finite-dimensional
manifold is modeled on R™.

Definition 1.3 Let V, W be Fréchet spaces, i.e., complete locally convex
Hausdorff metrizable vector spaces, and let U be an open subset of V. A map
f:UCV — W is said to be differentiable at a point v € U in a direction

v € V if the limit
f(u+t1;) _f(u) (11)

exists. The function is said to be continuously differentiable on U if the limit
exists for all v € U and all v € V, and if the function Df : U x V — W is
continuous as a function on U x V. In the same way, we can build the second
derivative D?f, which (if it exists) will be a function D?>f : U x V x V — W,
and so on. A function f: U — W is called smooth or C'* if all its derivatives
exist and are continuous.

Df(u;v) = }51(1)

Definition 1.4 A Fréchet manifold is a Hausdorff space with a coordinate
atlas taking values in a Fréchet space such that all transition functions are
smooth maps.

Remark 1.5 Now one can start defining vector fields, tangent spaces, differ-
ential forms, principal bundles, and the like on a Fréchet manifold exactly in
the same way as for finite-dimensional manifolds.

For example, for a manifold M, a tangent vector at some point m € M
is defined as an equivalence class of smooth parametrized curves f : R — M
such that f(0) = m. The set of all such equivalence classes is the tangent
space T, M at m. The union of the tangent spaces T,, M for all m € M can
be given the structure of a Fréchet manifold 7'M, the tangent bundle of M.
Now a smooth vector field on the manifold M is a smooth map v: M — TM,
and one defines in a similar vein the directional derivative of a function and
the Lie bracket of two vector fields.

Since the dual of a Fréchet space need not be Fréchet, we define differential
1-forms in the Fréchet setting directly, as smooth maps « : TM — R such
that for any m € M, the restriction «|r, s : T,nM — R is a linear map.
Differential forms of higher degree are defined analogously: say, a 2-form on
a Fréchet manifold M is a smooth map 3 : T®2M — R whose restriction
Blpez,y, - TE2M — R for any m € M is bilinear and antisymmetric. The

m

differential df of a smooth function f : M — R is defined via the directional
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derivative, and this construction generalizes to smooth n-forms on a Fréchet
manifold M to give the exterior derivative operator d, which maps n-forms
to (n 4+ 1)-forms on M; see, for example, [231].

Remark 1.6 More facts on infinite-dimensional manifolds can be found in,
e.g., [265, 157]. From now on, whenever we speak of an infinite-dimensional
manifold, we implicitly mean a Fréchet manifold (unless we say explicitly
otherwise). In particular, our infinite-dimensional Lie groups are Fréchet Lie
groups.

Instead of Fréchet manifolds, one could consider manifolds modeled on Ba-
nach spaces. This would lead to the category of Banach manifolds. The main
advantage of Banach manifolds is that strong theorems from finite-dimensional
analysis, such as the inverse function theorem, hold in Banach spaces but not
necessarily in Fréchet spaces. However, some of the Lie groups we will be con-
sidering, such as the diffeomorphism groups, are not Banach manifolds. For
this reason we stay within the more general framework of Fréchet manifolds.
In fact, for most purposes, it is enough to consider groups modeled on locally
convex vector spaces. This is the setting considered by Milnor [265].

1.2 The Lie Algebra of a Lie Group

Definition 1.7 Let G be a Lie group with the identity element e € G. The
tangent space to the group G at its identity element is (the vector space of)
the Lie algebra g of this group G. The group multiplication on a Lie group G
endows its Lie algebra g with the following bilinear operation [, | : gx g — g,
called the Lie bracket on g.

First note that the Lie algebra g can be identified with the set of left-
invariant vector fields on the group G. Namely, to a given vector X € g
one can associate a vector field X on G by left translation: X (g) = [, X,
where [, : G — G denotes the multiplication by a group element g from the
left, h € G — gh. Obviously, such a vector field X is invariant under left
translations by elements of G. That is, [, X = X for all g € G. On the other
hand, any left-invariant vector field X on the group G uniquely defines an
element X (e) € g.

The usual Lie bracket (or commutator) [X,Y] of two left-invariant vector
fields X and §7~on~the group is again a left-invariant vector field on G. Hence
we can write [X,Y] = Z for some Z € g. We define the Lie bracket [X,Y] of
two elements X, Y of the Lie algebra g of the group G via [X,Y] := Z. The
Lie bracket gives the space g the structure of a Lie algebra.

Examples 1.8 Here are several finite-dimensional Lie groups and their Lie
algebras:

e GL(n,R), the set of nondegenerate n x n matrices, is a Lie group with
respect to the matrix product: multiplication and taking the inverse are
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smooth operations. Its Lie algebra is gl(n,R) = Mat(n,R), the set of all
n X n matrices.

e SL(n,R) = {A € GL(n,R) | det A = 1} is a Lie group and a closed
subgroup of GL(n,R). Its Lie algebra is the space of traceless matrices
sl(n,R) = {A € gl(n,R) | tr A = 0}. This follows from the relation

det(I +eA)=1+etrA+0O(?), as e—0,

where [ is the identity matrix.

e SO(n,R) is a Lie group of transformations {A : R™ — R"} preserving the
Euclidean inner product of vectors (and orientation) in R™, i.e. (Au, Av) =
(u, v) for all vectors u,v € R™. Equivalently, one can define

SO(n,R) = {A € GL(n,R) | AA" =1, det A > 0}.
The Lie algebra of SO(n) is the space of skew-symmetric matrices
so(n,R) = {A € gl(n,R) | A+ A" =0},
as the relation
(I +€A)I +eA) =T+ e(A+ A + O(?)

shows.
e Sp(2n,R) is the group of transformations of R?" preserving the nondegen-
erate skew-product of vectors.

Exercise 1.9 Give an alternative definition of Sp(2n,R) with the help of
the equation satisfied by the corresponding matrices for the following skew-
product of vectors (u,v) := Z?:1(Ujvj+n — UjUjyn). Find the corresponding
Lie algebra.

Exercise 1.10 Show that in all of Examples 1.8, the Lie bracket is given by
the usual commutator of matrices: [A, B] = AB — BA.

The following examples are the first infinite-dimensional Lie groups we
shall encounter.

Example 1.11 Let M be a compact n-dimensional manifold. Consider the
set Diff(M) of diffeomorphisms of M. It is an open subspace of (the Fréchet
manifold of) all smooth maps from M to M. One can check that the com-
position and inversion are smooth maps, so that the set Diff(M) is a Fréchet
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Lie group; see [157].2 Its Lie algebra is given by Vect(M), the Lie algebra of
smooth vector fields on M.

Given a volume form g on M, one can define the group of volume-
preserving diffeomorphisms

SDiff (M) := {¢ € Diff(M) | "= u}.

It is a Lie group, since SDiff(M) is a closed subgroup of Diff(M). Its Lie
algebra SVect(M) := {v € Vect(M) | div(v) = 0} consists of vector fields on
M that are divergence-free with respect to the volume form p.

Example 1.12 Let M be a finite-dimensional compact manifold and let G
be a finite-dimensional Lie group. Set the group of currents on M to be
GM = C>~(M,QG), the group of G-valued functions on M. We can define
a multiplication on G™ pointwise, i.e., we set (¢ - ¥)(g9) = ©(g)¥(g) for all
@, ¢ € GM. This multiplication gives GM the structure of a (Fréchet) Lie
group, as we discuss below.

Example 1.13 A slight, but important, generalization of the example above
is the following: Let G be a finite-dimensional Lie group, and P a principal
G-bundle over a manifold M. Denote by 7w : P — M the natural projection to
the base. Define the Lie group Gau(P) of gauge transformations (or, simply,
the gauge group) of P as the group of bundle (i.e., fiberwise) automorphisms:
Gau(P) = {p € Aut(P) | mop = 7}. The group multiplication is the natural
composition of the bundle automorphisms. (Automorphisms of each fiber of P
form a copy of the group G, and all together they define the associated bundle
over M with the structure group G. The identity bundle automorphism gives
the trivial section of this associated G-bundle, and the gauge transformation
group consists of all smooth sections of it; see details in [265].) One can show
that this is a Lie group (cf. [157]), and we denote the corresponding Lie algebra
by gau(P). For a topologically trivial G-bundle P, the group Gau(P) coincides
with the current group GM.

Exercise 1.14 Describe the Lie brackets for the Lie algebras in the last three
examples.

Remark 1.15 For a Lie group G, the Lie bracket on the corresponding Lie
algebra g, which we defined via the usual Lie bracket of left-invariant vector
fields on the group, satisfies the following properties:

2 In many analysis questions it is convenient to work with the larger space of dif-
feomorphisms Diff*(M) of Sobolev class H°. For s > n/2 + 1 these spaces are
smooth Hilbert manifolds. On the other hand, the spaces Diff*(M) are only topo-
logical (but not smooth) groups, since the composition of such diffeomorphisms
is not smooth. Indeed, while the right multiplication r¢ : 1 — 1 o ¢ is smooth,
the left multiplication ly : ¢ — 1 o ¢ is only continuous, but not even Lipschitz
continuous; see [95].
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(1) it is antisymmetric in X and Y, i.e., [X,Y] = —[Y, X], and
(i) it satisfies the Jacobi identity:

[X,Y], 2]+ [[Z.X],Y] + [V, 2}, X] = 0.

The Jacobi identity can be thought of as an infinitesimal analogue of the
associativity of the group multiplication.

1.3 The Exponential Map

Definition 1.16 The exponential map from a Lie algebra to the correspond-
ing Lie group exp : g — G is defined as follows: Let us fix some X € g and let
X denote the corresponding left-invariant vector field. The flow of the field
X is amap ¢x : G x R — G such that %qu(g,t) = X(¢x(g,t)) for all t and
¢x(g,0) = g. The flow ¢x is the solution of an ordinary differential equation,
which, if it exists, is unique. In the case that the flow subgroup ¢x (e, .) exists
for all X € g, we define the exponential map exp : g — G via the time-one
map X — ¢x (e, 1); see Figure 1.1.

@X(e, 1)

Fig. 1.1. The exponential map on the group G associates to a vector X the time-one
map for the trajectory of a left-invariant vector field defined by X at e € G.

Example 1.17 For each of the finite-dimensional Lie groups considered in
Example 1.8, the exponential map is given by the usual exponential map for

matrices:
o0

1
exp: A+ exp(A) = Z —A".
n!

n=0

Remark 1.18 The definition of the exponential map relies on the existence
and uniqueness of solutions of certain first-order differential equations. In
general, solutions of differential equations in Fréchet spaces might not be
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unique.? However, the differential equation in the definition of the exponential
map is of special type, which secures the solution’s uniqueness upon fixing its
initial condition. Namely, let ¢ : R — G be a smooth path in the Lie group
G. Tts derivative ¢'(t) := %qﬁ(t) is a tangent vector to the group G at the
point ¢(t). Translate this vector back to the identity via left multiplication
by ¢~1(t). The corresponding element of the Lie algebra g is denoted by
¢~ 1(t)¢'(t) and is called the left logarithmic derivative of the path ¢.

Now consider a Lie algebra element X € g. By definition of the exponential
map, the curve ¢(t) = exp(tX) satisfies the differential equation ¢'(t) = ¢(t) X
with the initial condition ¢(0) = e. So for all solutions of this differential equa-
tion, the left logarithmic derivative is given by the constant curve X € g. Now
the uniqueness of the exponential map is implied by the following Exercise.

Exercise 1.19 Show that two smooth paths ¢, ¥ : R — G have the same left
logarithmic derivative for all ¢ € R if and only if they are translations of each
other by some constant element g € G: ¢(t) = g(t) for all ¢t € R. (Hint: see,
e.g., [265].)

Remark 1.20 As far as the existence is concerned, the exponential map ex-
ists for all finite-dimensional Lie groups and more generally for Lie groups
modeled on Banach spaces, as follows from the general theory of differential
equations. However, there may exist infinite-dimensional Lie groups that do
not admit an exponential map. Moreover, even in the cases in which the ex-
ponential map of an infinite-dimensional group exists, it can exhibit rather
peculiar properties; see the examples below.

Example 1.21 For the diffeomorphism group Diff(M) the exponential map
exp : Vect(M) — Diff(M) has to assign to each vector field on M the time-one
map for its flow. However, for a noncompact M this map may not exist: the
corresponding vector field may not be complete. Indeed, for example, for the
vector field & = 220/0z on the real line M = R, the time-one map of the flow
is not defined on the whole of R: the corresponding flow sends some points to
infinity for the time less than 1! Fortunately, for compact manifolds M and
smooth vector fields, the time-one maps of the corresponding flows, and hence
the exponential maps, are well defined.

Note that the group of diffeomorphisms of a noncompact manifold is not
complete, and hence it is not a Lie group in our sense. It is an important open
problem to find a Lie group that is modeled on a complete space and does
not admit an exponential map.

3 For instance, the initial value problem u(z,0) = f(z) for the equation u(w,t) =
ug(z,t) with € [0,1] has wave-type solutions u(z,t) = f(z + t). For nonzero
t such a solution u(z,t) for z € [0,1] depends on the extension of f(z) to the
segment [—t, 1 — t]. Due to arbitrariness in the choice of a smooth extension of f
from [0, 1] to R, the solution to this initial value problem is not unique.
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Let us return to the current group G, where the exponential map exists
and can be used to give this group the structure of a Fréchet Lie group.
Namely, the space gM = C°°(M,g) endowed with the topology of uniform
convergence is a Fréchet space. Moreover, the map exp : g — G can be used to
define a map exp : g™ — GM pointwise. In a sufficiently small neighborhood
of 0 € g™, the map exp is bijective. Thus it can be used to define a local system
of open neighborhoods of the identity in G™. We can use left translation to
transfer this system to any point in G™ and thus define a topology on the
group GM. Again using the exponential map, we can define coordinate charts
on GM. This definition implies that multiplication and inversion in G™ are
smooth maps. So GM is an infinite-dimensional Lie groups (see, e.g., [157] for
more details).

From the construction of the Lie group structure on G, it is clear that its
Lie algebra is the current algebra g™, and that the exponential map g™ — G™
is the map exp described above. Note, however, that exp is not, in general,
surjective, even if exp : g — G is surjective. As an example, take the manifold
M to be the circle S* and G to be the group SU(2).

Exercise 1.22 Show that the map

e 0
9 = ( 0 e—iO)

for € S = R/27Z defines an element in GS' that does not belong to the
image of the exponential map exp : gS1 — G5,

In contrast to the exponential map in the case of the current group G,
the exponential map exp : Vect(M) — Diff(M) for the diffeomorphism group
of a compact M is not, in general, even locally surjective already for the case
of a circle.

Proposition 1.23 (see, e.g., [265, 301, 322]) The exponential map exp :
Vect(St) — Diff(S1) is not locally surjective.

PROOF. First observe that any nowhere-vanishing vector field on S* is conju-
gate under Diff(S1) to a constant vector field. Indeed, if £(6) = v(6) % is such a

vector field, we can define a diffeomorphism v : S' — S via ¢(6) = a 06 %.

Here, a € R is chosen such that 1(27) = 2. Then 1, (£ 0 ¢~1) is a constant
vector field on S*.

From this observation, one can conclude that any diffeomorphism of S!
that lies in the image of the exponential map and that does not have any
fixed points is conjugate to a rigid rotation of S*. Hence in order to see that
the exponential map is not locally surjective, it is enough to construct diffeo-
morphisms arbitrarily close to the identity that do not have any fixed points
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and that are not conjugate to a rigid rotation. For this, one can take dif-
feomorphisms without fixed points, but which have isolated periodic points,
i.e., fixed points for a certain nth iteration of this diffeomorphism. Indeed, if
such a diffeomorphism 1 belonged to the image of the exponential map, so
would its nth power ¥™. Then the corresponding vector field defining the ™
as the time-one map would either have zeros or be nonvanishing everywhere.
In the former case, the n-periodic points of 1) must actually be its fixed points,
while in the latter case, the diffeomorphism ", as well as v, would be conju-
gate to a rigid rotation and hence all points of 1 would be n-periodic. Both
cases give us a contradiction.

Explicitly, a family of such diffeomorphisms can be constructed as follows:
Let us identify S' with R/27Z. Then consider the map Yne ' T = T+
2% + esin(nz). For e small enough, this is indeed a diffeomorphism of S'.
Furthermore, by choosing n large and € small, the diffeomorphisms v, . can
be made arbitrarily close to the identity while having no fixed points. Finally,
for € # 0, vy cannot be conjugate to a rigid rotation. If it were conjugate
to a rotation, it would have to be the rotation v, o, since 1, .(0) = 0. But in
this case, we would have 97 . = id, which is not true for € # 0. O

1.4 Abstract Lie Algebras

As we have seen in the last section, the Lie bracket of two left-invariant vector
fields X and Y on a Lie group G defines a bilinear map [.,.] : g x g — g of
the Lie algebra of G that is antisymmetric in X and Y and satisfies the Jacobi
identity (1.2). These properties can be taken as the definition of an abstract
Lie algebra:

Definition 1.24 An (abstract) Lie algebra is a real or complex vector space
g together with a bilinear map [.,.] : g x g — g (the Lie bracket) that is
antisymmetric in X and Y and that satisfies the Jacobi identity

[X,Y),Z]1+ (2, X], Y]+ Y, Z],X] =0. (1.2)

All the Lie algebras we have encountered so far as accompanying the cor-
responding Lie groups can also be regarded by themselves, i.e., as abstract Lie
algebras. A famous theorem of Sophus Lie states that every finite-dimensional
(abstract) Lie algebra g is the Lie algebra of some Lie group G. In infinite
dimensions this is no longer true in general.

Example 1.25 ([205, 207]) To illustrate the failure of Lie’s theorem in an
infinite-dimensional context, consider the Lie algebra of complex vector fields
on the circle Vect®(S') = Vect(S') @ C. Let us show that this Lie algebra
cannot be the Lie algebra of any Lie group. First note that Vect®(S!) contains
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as a subalgebra the Lie algebra Vect(S!) of real vector fields on the circle,
which is the Lie algebra of the group Diff(S?).

Let Gy denote the group PSL(2,R) and let Gy, denote the k-fold covering
of G1. The group G is isomorphic to SL(2,R), while for k& > 2 it is known
that the groups G}, have no matrix realization. The group Diff(S') contains
each Gj as a subgroup. Namely, Gy, is the subgroup corresponding to the Lie
subalgebra g; spanned by the vector fields

%, Sin(k@)%, cos(kﬂ)% .
(Note that each gy is isomorphic to sl(2,R).)

Now suppose that there exists a complexification of the group Diff(S1),
i.e., a Lie group G corresponding to the complex Lie algebra VectC(S 1. Such
a group G would have to contain the complexifications of all the groups Gy.
However, for k > 2 the groups Gy do not admit complexifications: the only
complex groups corresponding to the Lie algebra sl(2,C) are SL(2,C) and
PSL(2,C).

More precisely, if the complex Lie group G existed, the real subgroups
G, would belong to the complex subgroups of G corresponding to complex
subalgebras g% ~ 5[(2,C). But these complex subgroups have to be isomorphic
either to SL(2, C), which contains only SL(2,R) = G4, or to PSL(2,C), which
contains only PSL(2,R) = G;. Thus the complex group G containing all Gy,
cannot, exist, and hence there is no Lie group for the Lie algebra Vect®(S1).

Lie algebra homomorphisms are defined in the usual way: Amap p:g — b
between two Lie algebras is a Lie algebra homomorphism if it satisfies
p([X,Y]) = [p(X),p(Y)] for all X, Y € g. We will also need another im-
portant class of maps between Lie algebras called derivations:

Definition 1.26 A linear map ¢ : g — g of a Lie algebra g to itself is called
a derivation if it satisfies

5([X7 YD = [5(X)7Y] + [X)d(Y)]
forall X, Y €g.

Exercise 1.27 Define the map adx : g — g associated to a fixed vector
X € gvia

adx(Y) =[X,Y].
Show that this is a derivation for any choice of X. (Hint: use the Jacobi

identity.)

If a derivation of a Lie algebra g can be expressed in the form ady for some
X € g, it is called an inner derivation; otherwise, it is called an outer deriva-
tion of g.
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Exercise 1.28 Let § be a derivation of a Lie algebra g, and suppose that
exp(d) = > o2, 510" makes sense (for example, suppose, the map ¢ is nilpotent).

Show that the map exp(¢d) is an automorphism of the Lie algebra g.

Definition 1.29 A subalgebra of a Lie algebra g is a subspace ) C g invariant
under the Lie bracket in g. An ideal of a Lie algebra g is a subalgebra h C g
such that [X, ] C b for all X € g.

The importance of ideals comes from the fact that if h C g is an ideal,
then the quotient space g/ is again a Lie algebra.

Exercise 1.30 (i) Show that for an ideal h C g the Lie bracket on g descends
to a Lie bracket on the quotient space g/b.

(ii) Show that if p : g — g is a homomorphism of two Lie algebras, then
the kernel ker p of p is an ideal in g.

Definition 1.31 A Lie algebra is simple (respectively, semisimple) if it does
not contain nontrivial ideals (respectively, nontrivial abelian ideals).

Any finite-dimensional semisimple Lie algebra is a direct sum of nonabelian
simple Lie algebras.

A group analogue of an ideal is the notion of a normal subgroup. A sub-
group H C G of a group G is called normal if gHg~' C H for all g € G.
Exercise 1.30 translates directly to normal subgroups.

2 Adjoint and Coadjoint Orbits

Writing out a linear operator in a different basis or a vector field in a different
coordinate system has a far-reaching generalization as the adjoint represen-
tation for any Lie group. In this section we define the adjoint and coadjoint
representations and the corresponding orbits for an arbitrary Lie group.

2.1 The Adjoint Representation

A representation of a Lie group G on a vector space V is a linear action
of the group G on V that is smooth in the sense that the map G x V —
V, (g,v) — gv, is smooth. If V is a real vector space, (V, ) is called a real
representation, and if V' is complex, it is a complex representation. (Here V' is
assumed to be a Fréchet space, and, often, a Hilbert space. In the latter case,
the representation is said to be unitary if the inner product on V is invariant
under the action of G.)
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Every Lie group has two distinguished representations: the adjoint and the
coadjoint representations. Since they will play a special role in this book, we
describe them in more detail.

Any element g € G defines an automorphism ¢, of the group G by conju-
gation:

cg:he G — ghg™ .
The differential of ¢, at the identity e € G maps the Lie algebra of G to itself

and thus defines an element Ad, € Aut(g), the group of all automorphisms of
the Lie algebra g.

Definition 2.1 The map Ad : G — Aut(g), g — Ad, defines a representation
of the group G on the space g and is called the group adjoint representation;
see Figure 2.1. The orbits of the group G in its Lie algebra g are called the
adjoint orbits of G.

Fig. 2.1. Conjugation ¢4 on the group G generates the adjoint representation Adg
on the Lie algebra g.

The differential of Ad : G — Aut(g) at the group identity g = e defines a
map ad : g — End(g), the adjoint representation of the Lie algebra g.

One can show that the bracket [, | on the space g defined via
[X,Y]:=adx(Y)

coincides with the bracket (or commutator) of the corresponding two left-
invariant vector fields on the group G and hence with the Lie bracket on g
defined in Section 1.2.

Example 2.2

e Let g € GL(n,R) and A € gl(n,R). Then Ad, A = gAg~'. Hence the ad-
joint orbits are given by sets of similar (i.e., conjugate) matrices in gl(n, R).
The adjoint representation of gl(n,R) is given by ads(B) = [A,B] =
AB — BA.
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e The adjoint orbits of SO(3,R) are spheres centered at the origin of R? ~
50(3,R) and the origin itself.

e The adjoint orbits of SL(2, R) are contained in the sets of similar matrices.
By writing A = (‘; _ba) € sl(2,R), one sees that the adjoint orbits lie in
the level sets of A = —(a? + be) = const: matrices that are conjugate
to each other have the same determinant. Note, however, that not all
matrices in s[(2,R) that have the same determinant are conjugate. For
instance, the matrices with determinant A = 0 constitute three different
orbits: the origin and two other orbits, cones, passing through the matrices
(8 iol), respectively. For A # 0 the SL(2,R)-orbits are either one-sheet
hyperboloids or connected components of the two-sheet hyperboloids a? +
bc = const, since the group SL(2,R) is connected.

e Let G be the set of orientation-preserving affine transformations of the
real line. That is, G = {(a,b) | a,b € R, a > 0}, and (a,b) € G acts on
xz € R via z — ax + b. The Lie algebra of G is R?, and its adjoint orbits
are the affine lines

{(a, B) € R? | @ = const # 0, [ arbitrary},
the two rays
{(a, ) €ER?,a=0,8 <0} and {(a,B3) € R* a=0,3>0},

and the origin {(0,0)}; see Figure 2.2.

e Let M be a compact manifold. The adjoint orbits of the current group
GL(n,C)M in its Lie algebra gl(n, C)* are given by fixing the (smoothly
dependent) Jordan normal form of the current at each point of the mani-
fold M.

e Let M be a compact manifold. The adjoint representation of Diff(M) on
Vect(M) is given by coordinate changes of the vector field: for a ¢ €
Diff(M) one has Ady : v — ¢,v 0 ¢~ L. The adjoint representation of
Vect(M) on itself is gaiven by tge negative of the usual Lie bracket of

Yap(z) w

vector fields: ad, w = §2w(x) — $2v(x) in any local coordinate z.

Exercise 2.3 Verify the latter formula for the action of Diff(M) on Vect(M)
from the definition of the group adjoint action. (Hint: express the diffeomor-
phisms corresponding to the vector fields v(z) and w(z) in the form

g(t): z—ax+tv(x)+o(t), h(s): x+— x4+ sw(x)+o(s), t,s—0,
and find the first several terms of g(t)h(s)g~1(¢).)

2.2 The Coadjoint Representation

The dual object to the adjoint representation of a Lie group G on its
Lie algebra g is called the coadjoint representation of G on g*, the dual
space to g.
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Fig. 2.2. Adjoint and coadjoint orbits of the group of affine transformations on the
line.

Definition 2.4 The coadjoint representation Ad* of the group G on the
space g* is the dual of the adjoint representation. Let (, ) denote the pairing
between g and its dual g*. Then the coadjoint action of the group G on the
dual space g* is given by the operators Adj : g* — g* for any g € G that are
defined by the relation

(Ady (&), X) = (&, Adg-1 (X)) (2:3)

for all ¢ in g* and X € g. The orbits of the group G under this action on g*
are called the coadjoint orbits of G.

The differential ad* : g — End(g*) of the group representation Ad* : G —
Aut(g*) at the group identity e € G is called the coadjoint representation
of the Lie algebra g. Explicitly, at a given vector Z € g it is defined by the
relation

(adz(£), X) = —(&,adz(X)).

Remark 2.5 The dual space of a Fréchet space is not necessarily again a
Fréchet space. In this case, instead of considering the full dual space to an
infinite-dimensional Lie algebra g, we will usually confine ourselves to con-
sidering only appropriate “smooth duals,” the functionals from a certain G-
invariant Fréchet subspace gi C g*. Natural smooth duals will be different
according to the type of the infinite-dimensional groups considered, but they
all have a (weak) nondegenerate pairing with the corresponding Lie algebra g
in the following sense: for every nonzero element X € g, there exists some ele-
ment £ € g¥ such that (¢, X) # 0, and the other way around. This ensures that
the coadjoint action is uniquely fixed by equation (2.3). The pair (g5, Ad” |4+ )
is called the regular (or smooth) part of the coadjoint representation of G,
and, abusing notations, we will usually skip the index s.

Example 2.6

e In the first three cases of Example 2.2, there exists a G-invariant inner
product on g that induces an isomorphism between g and g* respecting
the group actions. Hence the adjoint and coadjoint representations of the
groups G are isomorphic, and the coadjoint orbits coincide with the adjoint
ones.
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e The group of affine transformations of the real line in Example 2.2 has two
2-dimensional coadjoint orbits, the upper and lower half-planes in R?, and
a set of zero-dimensional orbits, namely, the points («,0) for each o € R
(see Figure 2.2).

e For a compact manifold M with some fixed volume form dVol, we can
define a nondegenerate GM-invariant product on the current Lie algebra
gl(n,R)M by setting

(X,Y) = /M (X (x) - V() dVol(z)

for X,Y € gl(n,R)™. This inner product can be used to identify the cur-
rent algebra g™ with a subspace in its dual g* C g*. The space g* is called
the smooth (or regular) part of g*. Thanks to the nondegenerate pair-
ing, the smooth part of the coadjoint representation of G is isomorphic
to the adjoint representation.

Note that each of the finite-dimensional coadjoint orbits above is even-
dimensional. This is a consequence of the general fact that coadjoint orbits
are symplectic manifolds, which we discuss later.

Remark 2.7 In what follows we pay particular attention to the structure
and description of coadjoint orbits of infinite-dimensional Lie groups. We are
interested in coadjoint orbits mostly because they appear as natural phase
spaces of dynamical systems. Another reason to study coadjoint orbits comes
from the orbit method. This is a general principle due to A. Kirillov, which
asserts that the information on the set of unitary representations of a Lie
group G is contained in the group coadjoint orbits. This method has become
a powerful tool in the study of Lie groups and it has been worked out in detail
for large classes of finite-dimensional Lie groups such as nilpotent and compact
Lie groups (see [206]). In infinite dimensions, the correspondence between
coadjoint orbits and unitary representations has been fully understood only
for certain types of groups, e.g., for affine Lie groups (cf. [132, 322, 385]),
although there are some indications that it works for other classes as well.

3 Central Extensions

In this section we collect several basic facts about central extensions of Lie
groups and Lie algebras. One can think of a central extension of a Lie group
G as a new bigger Lie group G fibered over the initial group G in such a way
that the fiber over the identity e € G lies in the center of G.

Central extensions of Lie groups appear naturally in representation theory
and quantum mechanics when one lifts a group projective representation to
an ordinary one: one often needs to pass to a central extension of the group
to be able to do this. For us the main advantage of these extensions is that for



22 I. Preliminaries

many infinite-dimensional groups their central extensions have simpler and
“more regular” structure of the coadjoint orbits, as well as more interesting
dynamical systems related to them.

3.1 Lie Algebra Central Extensions

Definition 3.1 A central extension of a Lie algebra g by a vector space n is
a Lie algebra g whose underlying vector space g = g &® n is equipped with the
following Lie bracket:

(X, w), (Y, 0)]™ = ([X, Y], w(X,Y))

for some continuous bilinear map w : g x g — n. (Note that w depends only on
X and Y, but not on v and v, which means that the extension is central: the
space n belongs to the center of the new Lie algebra, i.e., it commutes with
all of g: [(0,u),(Y,v)] =0 for all Y € g and u, v € n.) The skew symmetry
and the Jacobi identity for the new Lie bracket on g are equivalent to the
following conditions on the map w. Such a map w : g X g — n has to be a
2-cocycle on the Lie algebra g, i.e., w has to be bilinear and antisymmetric,
and it has to satisfy the cocycle identity

w([X,Y],Z2)+w([Z,X],Y) +w([Y,Z],X) =0

for any triple of elements X,Y, Z € g. (Here and below we always require Lie
algebra cocycles to be continuous maps.)

A 2-cocycle w on g with values in n is called a 2-coboundary if there exists
a linear map « : g — n such that w(X,Y) = o([X,Y]) for all X,Y € g. One
can easily see that the central extension defined by such a 2-coboundary be-
comes the trivial extension by the zero cocycle after the change of coordinates
(X,u) — (X,u—a(X)).

Hence in describing different central extensions we are interested only in
the 2-cocycles modulo 2-coboundaries, i.e., in the second cohomology H?(g;n)
of the Lie algebra g with values in n: H2(g;n) = Z(g;n)/B(g;n), where Z(g;n)
is the vector space of all 2-cocycles on g with values in n, and B(g;n) is the
subspace of 2-coboundaries.

Remark 3.2 A central extension of a Lie algebra g by an abelian Lie algebra
n can be defined by the exact sequence

{0} — n—g—g — {0}

of Lie algebras such that n lies in the center of g. A morphism of two central
extensions is a pair (v, pu) of Lie algebra homomorphisms v : n — n’ and
1 : g — g such that the following diagram is commutative:

OHuHaL}gHO

l" J“ , l‘d (3.4)

O—)ﬂ’—)ﬁ/ﬂ-—>g—>0,



3. Central Extensions 23

Two extensions are said to be equivalent if the map p is an isomorphism and
v =id.

Exercise 3.3 Prove the following equivalence:

Proposition 3.4 There is a one-to-one correspondence between the equiva-
lence classes of central extensions of g by n and the elements of H*(g;n).

Example 3.5 Consider the abelian Lie algebra g = R?, and let w € A?(R?)
be an arbitrary skew-symmetric bilinear form on R2. Then w defines a 2-
cocycle on R? with values in R (in this case, the cocycle condition is triv-
ial, since g is abelian). The resulting central extension is § = R? @& R with
Lie bracket [(vi,h1), (v2, he)] = (0,w(v1,v2)). Moreover, since g is abelian,
B(g;R) = {0} whence H?(g;R) = A?(R?) = R. Note that all w # 0 € A2(R?)
lead to isomorphic Lie algebras. The algebra g with a nonzero w, i.e., a repre-
sentative of this isomorphism class, is called the three-dimensional Heisenberg
algebra.

By taking a nondegenerate skew-symmetric form w in R?", we can define
in the same way the (2n + 1)-dimensional Heisenberg algebra.

An infinite-dimensional analogue of the Heisenberg algebra is as follows.
Consider the space g = {f € C>(S') | [4 f dd = 0} of smooth functions on
the circle with zero mean and regard it as an abelian Lie algebra. Define the
2-cocycle by w(f,g) = [ f'g df. (One can view this algebra and the corre-
sponding cocycle as the “limit” n — oo of the example above by considering
the functions in Fourier components.)

Exercise 3.6 Check the skew-symmetry and the cocycle identity for w(f, g).

Definition 3.7 A central extension g of g is called universal if for any other
central extension g’, there is a unique morphism g — g’ of the central exten-
sions. If it exists, the universal central extension of a Lie algebra g is unique
up to isomorphism.

Remark 3.8 A sufficient condition for a Lie algebra g to have a universal
central extension is that g be perfect, i.e., that it coincide with its own de-
rived algebra: g = [g, g] (see, e.g., [276]). Any finite-dimensional semisimple
Lie algebra is perfect. The universal central extension of a semisimple Lie al-
gebra g coincides with g itself: such algebras do not admit nontrivial central
extensions.

No abelian Lie algebra is perfect. Nevertheless, abelian Lie algebras can
still have universal central extensions: for instance, the three-dimensional
Heisenberg algebra is the universal central extension of the abelian
algebra R2.
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Example 3.9 Let M be a finite-dimensional manifold. One can show that
the Lie algebra Vect(M) of vector fields on M is perfect. The universal central
extension of Vect(M) for the case M = S! is called the Virasoro algebra, and
we describe it in detail in Section 2 of Chapter II.

Example 3.10 For a simple Lie algebra g and any n-dimensional compact
manifold M, the current Lie algebra g™ is perfect. (More generally, for any
perfect finite-dimensional Lie algebra g the Lie algebra g is perfect.) Its
universal central extension g can be constructed as follows. Let (, ) be a
nondegenerate symmetric invariant bilinear form on g, where the invariance
means that ([A, B],C) = (A,[B,C]) for all A, B, C € g. Denote by 2'(M)
the set of 1-forms on M and let df2°(M) be the subset of exact 1-forms. Now
we define the 2-cocycle w on g™ with values in £2'(M)/d§2°(M) via

w(X,Y) = (X,dY),

where X, Y € gM. The antisymmetry of w is immediate, while the cocycle
identity follows from the Jacobi identity in g™ and the invariance of the
bilinear form. So w defines a central extension of g™ . For a proof of universality
of this central extension see, e.g., [322, 247].

In the case of M = S* the corresponding space 2%(S')/d02°(S!) is one-
dimensional. The current algebra on S* is called the loop algebra associated to
g, and it has the universal central extension by the R- (or C)-valued 2-cocycle

w(X,Y) = /SI<X,dY>.

We discuss loop algebras and their generalizations in detail in Sections 1 and
5 of Chapter II.

3.2 Central Extensions of Lie Groups

Central extensions of Lie groups can be defined similarly to those of Lie al-
gebras. However, unlike the case of Lie algebras, not all group extensions can
be described explicitly by cocycles. This is why we start with the alternative
definition of the extensions via exact sequences.

Definition 3.11 A central extension G of a Lie group G by an abelian Lie
group H is an exact sequence of Lie groups

{e} = H—G— G —{e}

such that the image of H lies in the center of G. (Here {e} is the trivial
group containing only the identity element.) Morphisms and equivalence of
two central extensions are defined analogously to the case of Lie algebras.
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_ If the central extension G is topologically a direct product of G and H,
G = G x H (or, equivalently, if there is a smooth section in the principal
H-bundle G — G),* one can define the multiplication in G as follows:

(g1, h1) - (92, h2) = (9192, 7(91, 92)h1h2)

for a smooth map v : G x G — H, which is similar to the case of Lie algebra
central extensions. The associativity of this multiplication corresponds to the
so-called group cocycle identity on the map ~.

Definition 3.12 Let G and H be Lie groups and suppose H is abelian. A
smooth map v : G x G — H that satisfies

(9192, 93)7(91, 92) = v(91, 9293)7(92, 93)

is called a smooth group 2-cocycle on G with values in H.

A smooth 2-cocycle on G with values in H is called a 2-coboundary if there
exists a smooth map X : G — H such that y(g1, g2) = A(g1)A(92)A(g192) 1. As
before, the group 2-coboundaries correspond to the trivial group extensions,
after a possible change of coordinates (more precisely, of the trivializing section
for G — G). Similarly, two group 2-cocycles define isomorphic extensions if
they differ by a 2-coboundary. This explains the following fact.

Proposition 3.13 There is a one-to-one correspondence between the set of
central extensions of G by H that admit a smooth section and the ele-
ments in the second cohomology group H*(G,H) := Z(G,H)/B(G, H). Here
Z(G,H) and B(G,H) denote respectively the sets of smooth 2-cocycles and
2-coboundaries on G, with the natural abelian group structure.

However, in contrast to the case of Lie algebras, there exist central exten-
sions of Lie groups that do not admit a smooth section, and hence cannot be
defined by smooth 2-cocycles. We will encounter examples for such groups in
Chapter II.

A central extension of a Lie group G always defines a central extension of
the corresponding Lie algebra. The converse need not be true: the existence
of a Lie group for a given Lie algebra is not guaranteed in infinite dimensions.
Instead, one says that a central extension g of a Lie algebra g lifts to the
group level if there exists a central extension G' of the group G whose Lie
algebra is given by g. If the group central extension G by H is defined by
a group 2-cocycle 7y, one can recover the Lie algebra 2-cocycle defining the
corresponding central extension g of the Lie algebra g directly from the group
cocycle v by appropriate differentiation.

4 We always require central extensions of Lie groups to have smooth local sections,
in order to secure the existence of a continuous linear section for the corresponding
Lie algebra extensions.
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Proposition 3.14 Let H be an abelian Lie group with a Lie algebra b, and
let v be an H-valued 2-cocycle on G defining a central extension G. Then the
h-valued 2-cocycle w defining the corresponding central extension g of the Lie
algebra g is given by

d2 d>
X, V)= hg) — ——
w(X,Y) dt ds t:O,s:O’Y(gtv ) dt ds |t=0,s=0

’Y(hsa gt) ’

where g; is a smooth curve in G such that %L‘;ogt = X, and hs is a smooth
curve in G such that %Lg:()hs =Y.

Exercise 3.15 Prove the above proposition.

Example 3.16 Let G be R? = {(a,b)} with the natural abelian group struc-
ture. The three-dimensional Heisenberg group G can be defined as the follow-
ing matrix group:
_ lac
G = 01b] |a,b,ceRy ,
001

and it is a central extension of the group G. One verifies directly that the
central extension is defined via the R-valued group 2-cocycle v given by
v((a,b), (a’,b")) = ab’. Using Proposition 3.14, we see that the infinitesimal
form of the cocycle « is given by

w((A,B),(A',B")) = AB' — A'B,

so that the Lie algebra of G is the three-dimensional Heisenberg algebra dis-
cussed in Example 3.5.

4 The Euler Equations for Lie Groups

The Euler equations form a class of dynamical systems closely related to Lie
groups and to the geometry of their coadjoint orbits. To describe them we
start with generalities on Poisson structures and Hamiltonian systems, before
bridging them to Lie groups. Although the manifolds considered in this section
are finite-dimensional, we will see later in the book that most of the notions
and formulas discussed here are applicable in the infinite-dimensional context
(where the dual g* of a Lie algebra g stands for its smooth dual).

4.1 Poisson Structures on Manifolds

Definition 4.1 A Poisson structure on a manifold M is a bilinear operation
on functions

{,}: OF(M) x CF(M) — C=(M)
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satisfying the following properties:
(i) antisymmetry:

{f)g} = _{g7f}7
(ii) the Jacobi identity:

{fi{g.ht} +{g.{h, f}} +{h.{f,9}} =0, and
(iii) the Leibniz identity:
{fighy ={f,g}h +{f,h}g

for any functions f,g,h € C(M).

The first two properties mean that a Poisson structure defines a Lie algebra
structure { , } on the space C°°(M) of smooth functions on M, while the
third property implies that {f,-} : C°(M) — C*(M) is a derivation for
any function f € C°°(M). Since each derivation on the space of functions is
the Lie derivative along an appropriate vector field, the Poisson structure can
be thought of as a map from functions to the corresponding vector fields on
the manifold:

Definition 4.2 Let H : M — R be any smooth function on a Poisson mani-
fold M. Such a function H defines a vector field {i on M by L¢, g = {H, g}
for any test function g € C*°(M). The vector field £y is called the Hamil-
tonian field corresponding to the Hamiltonian function H with respect to the
Poisson bracket { , }.

We call a function F': M — R a Casimir function on a Poisson manifold
M if it generates the zero Hamiltonian field, i.e., if the Poisson bracket of the
function F' with any other function vanishes everywhere on M.

Remark 4.3 Let M be a manifold with a Poisson structure { , }, and we
fix some point m € M. All Hamiltonian vector fields on M evaluated at
the point m € M span a subspace of the tangent space T,,M. Thus, the
Poisson structure defines a distribution of such subspaces on the manifold M
(i.e., a subbundle of the tangent bundle TM) by varying the point m.5 Note
that the dimension of this distribution can differ from one point to another.
This distribution is integrable, according to the Frobenius theorem, since the
commutator of two Hamiltonian vector fields is again Hamiltonian. Therefore,
it gives rise to a (possibly singular) foliation of the Poisson manifold M [384].

5 Alternatively, a Poisson structure can be defined by specifying a bivector field IT
on the manifold M, i.e., a section of TM"?:

{f,9} = 1(df, dg).

Such a bivector field defines a distribution on M as the images of the map IT :
"M — TM.
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The leaves of this foliation are called symplectic leaves. (In short, two points
belong to the same symplectic leaf if they can be joined by a path whose
velocity at any point is a Hamiltonian vector.)

Definition 4.4 A pair (V,w) consisting of a manifold N and a 2-form w on
N is called a symplectic manifold if w is closed (dw = 0) and nondegenerate.
(In the case of infinite dimensions, the form w is required to be nondegenerate
in the sense that for each point p € N and any nonzero vector X € T, N,
there exists another vector Y € T, M such that w,(X,Y) # 0.) The 2-form w
is called the symplectic form on the manifold N.

The reason for the name “symplectic leaves” in Remark 4.3 is that one
can define a symplectic 2-form w on each leaf. It suffices to fix its values on
Hamiltonian vector fields £ and &, at any point:

w(gfvgg) = {fv g}a

since the tangent space of each leaf is generated by Hamiltonian fields.

Exercise 4.5 Show that the 2-form w defined on the leaf through a point
m € M is closed and nondegenerate.

Note that Casimir functions, by definition, are constant on the leaves of the
above foliation, and the codimension of generic symplectic leaves on a Pois-
son manifold M is equal to the number of (locally functionally) independent
Casimir functions on M.

Example 4.6 For the Poisson structure

._0f09g 0fdyg
{f.9}:= Ox 0y Oy Ox

in R® = {(z,y, 2)}, its symplectic leaves are the planes z = const. The coor-
dinate function z, or any function F' = F(z), is a Casimir function for this
Poisson manifold.

Remark 4.7 Locally, a Poisson manifold near any point p splits into the
product of a symplectic space and a Poisson manifold whose rank at p is zero
[384]. The symplectic space is a neighborhood of the symplectic leaf passing
through p, while the Poisson manifold of zero rank represents the transverse
Poisson structure at the point p.

Below we will see that this splitting works in many (but not all!) infinite-
dimensional examples: Poisson structures can have infinite-dimensional sym-
plectic leaves and finite-dimensional Poisson transversals.
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4.2 Hamiltonian Equations on the Dual of a Lie Algebra

Let G be a Lie group (finite- or infinite-dimensional) with Lie algebra g, and
let g* denote (the smooth part of) its dual.

Definition 4.8 The natural Lie-Poisson (or Kirillov-Kostant Poisson)
structure { , }.p on the dual Lie algebra g*,

{5 Jop: CF(g") x C(g") — C=(g7),

is defined via
{f7g}LP(m) = <[dfﬂu dgm]7 ’ITL>

for any m € g* and any two smooth functions f,g on g*; see Figure 4.1.
(Here df,, is the differential of the smooth function f taken at the point m,
understood as an element of the space g itself, and (, ) is the natural pairing
between the dual spaces g and g*.)

T (%) =g
dgm

q \Z

X0} m

Fig. 4.1. Defining the Lie-Poisson structure: df.,, dgm € g, while m € g*.

Proposition 4.9 The Hamiltonian equation corresponding to a function H
and the natural Lie—Poisson structure { , }rp on g* is given by

d .
gm(t) = —adyy, , m(t).

This equation s called the Euler—Poisson equation on g*.

PROOF. Let f € C°°(g*) be an arbitrary function. Then

Ley f(m) ={H, f}(m) = ([dHym, dfm], m)
=(adam,, (dfm), m) = —(dfim, ad}y, (m)).
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Since the Lie derivative of a function f along a vector field is the evaluation
of the function’s differential df on this vector field, this implies that g (m) =
—adgy (m), which is the assertion. O

Corollary 4.10 The symplectic leaves of { , }rLp on g* are the coadjoint
orbits of G. In particular, all (finite-dimensional) coadjoint orbits have even
dimension.

Proor. Denote by O,, the coadjoint orbit through a point m € g* in the
dual space. Let H € C*°(g*) be a function on the dual. For any vector v € g
of the Lie algebra, one can represent it as v = dH,, by taking an appropriate
function H. Therefore, one can obtain as Hamiltonian vectors adgy; (m) at
the point m all vectors in the image of ad;(m)7 i.e., all vectors in the tangent
space to the orbit 75,0, := T, (Adg(m)). By definition, all Hamiltonian
vectors span the tangent space to any symplectic leaf at each point m, which
proves that coadjoint orbits are exactly the symplectic leaves of the Lie—
Poisson bracket. O

Corollary 4.11 Let A : g — g* be an invertible self-adjoint operator.’
For the quadratic Hamiltonian function H : g* — R defined by H(m) :=
%(m,A_1m> the corresponding Hamiltonian equation is

d .
%m(t) = — adA_lm(t) m(t) . (45)

Indeed, dH,,,(m) = A= m for any m € g*.

Definition 4.12 An invertible self-adjoint operator A : g — g* defining the
quadratic Hamiltonian H is called an inertia operator on g.

4.3 A Riemannian Approach to the Euler Equations

It turns out that the Euler—Poisson equations with quadratic Hamiltonians
have a beautiful Riemannian reformulation.

V. Arnold suggested in [12] the following general setup for the Euler equa-
tion describing a geodesic flow on an arbitrary Lie group. Consider a (possibly
infinite-dimensional) Lie group G, which can be thought of as the configura-
tion space of some physical system. (Examples from [12, 18]: SO(3) for a rigid

5 Note that one can define the “self-adjointness property” for an operator from a
space to its dual, similarly to a self-adjoint operator acting on a given space with
respect to a fixed pairing.
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body or the group SDiff(M) of volume-preserving diffeomorphisms for an ideal
fluid filling a domain M.) The tangent space at the identity of the Lie group
G is the corresponding Lie algebra g. Fix some (positive definite) quadratic
form, the energy, on g. We consider left (or right) translations of this quadratic
form to the tangent space at any point of the group (the “translational sym-
metry” of the energy). In this way, the energy defines a left- (respectively,
right-) invariant Riemannian metric on the group G. The geodesic flow on
G with respect to this energy metric represents extremals of the least-action
principle, i.e., possible motions of our physical system.” To describe a geodesic
on the Lie group G with an initial velocity v(0), we transport its velocity vec-
tor at any moment ¢ to the identity of the group using the left (respectively,
right) translation. This way we obtain the evolution law for v(¢) on the Lie
algebra g.

To fix the notation, let (, ) be some left-invariant metric on the group G.
The geodesic flow with respect to this metric is a dynamical system on the
tangent bundle T'G of the group G. We can pull back this system to the Lie
algebra g of the group G by left translation. That is, if g(¢) is a geodesic in
the group G with tangent vector ¢'(t), then the pullback v(t) = l;(t),lg’(t)
is an element of the Lie algebra g. (In the case of a right-invariant metric,
we set v(t) = r})-19'(t).) Hence, the geodesic equations for g(t) give us a

dynamical system
d
So(t) = Bu(t) (4.6)

on the Lie algebra g of the group G, where B : g — g is a (nonlinear) operator.

Definition 4.13 The dynamical system (4.6) on the Lie algebra g describing
the evolution of the velocity vector of a geodesic in a left-invariant metric
on the Lie group G is called the Euler (or Euler—Arnold) equation correspon-
ding to this metric on G.

It turns out that the Euler equation for a Lie group G can be viewed as
a Hamiltonian equation on the dual of the Lie algebra g in the following way.
Observe that the metric (, ). at the identity e € G defines a nondegenerate
bilinear form on the Lie algebra g, and therefore, it also determines an inertia
operator A : g — g¢* such that (v,w). = (A(v),w) for all v,w € g. This
identification A : g — g* allows one to rewrite the Euler equation on the dual
space g*; see Figure 4.2. Now, setting m = A(v), one can relate the geodesic
equation (4.6) on the Lie algebra g to the Hamiltonian equation on the dual
g* with respect to the Hamiltonian function H(m) = §(m, A~'m):

7 Usually, the finite-dimensional examples below are related to the left invariance,
while the infinite-dimensional ones with the right invariance of the metric. In
particular, for a rigid body one has to consider left translations on SO(3), while
for fluids, one must consider the right ones on SDiff(M).
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Fig. 4.2. The vector v in the Lie algebra g traces the evolution of the velocity vector
of a geodesic g(t) on the group. The inertia operator A sends v to a vector m in the
dual space g*.

Theorem 4.14 (Arnold [12, 13, 18]) For the left-invariant metric on a
group generated by an inertia operator A : g — g*, the Euler (or the geo-
desic) equation (4.6) assumes the form

d .
() = —ady1p @) m(t)

on the dual space g*.®

We postpone the proof of this theorem until the end of this section.

Remark 4.15 The underlying reason for the Riemannian reformulation is
the fact that any geodesic problem in Riemannian geometry can be described
in terms of symplectic geometry. Geodesics on M are extremals of a quadratic
Lagrangian on TM (coming from the metric on M). They can also be de-
scribed by the Hamiltonian flow on T*M for the quadratic Hamiltonian func-
tion obtained from the Lagrangian via the Legendre transform.

If the manifold is a group G with a left-invariant metric, then there exists
the group action on the tangent bundle T'G, as well as on the cotangent bundle
T*@. The left translations on the group trivialize the cotangent bundle T*G &
G x g* and identify any cotangent space of G with g*. By taking the quotient
with respect to the group action, from the (symplectic) cotangent bundle
T*G we obtain the dual Lie algebra g* = T*G|. equipped with the negative

8 Note that these signs are different from the conventions in the book [24], since we
have used a different definition of Ad™ here (see equation (2.3)) in order to have
the group coadjoint representation, rather than the antirepresentation.
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of the Lie—Poisson structure (cf. Section 5 below, on symplectic reduction).
The Hamiltonian function on 7*G is dual to the Riemannian metric (viewed
as a form on TG), and its restriction to g* is the quadratic form H(m) =
%(m,A’1m>, where m € g*.

The geodesics of a left-invariant metric on G correspond to the Hamil-
tonian function H(m) with respect to the standard Lie—Poisson structure.

Remark 4.16 Instead of using a left-invariant metric on G, we could have
used a right-invariant one. This changes the signs in the Euler equation, so
that one obtains

prich adyy_1,,(m).
Now the geodesics in a right-invariant metric correspond to the Hamiltonian
—H(m).

Example 4.17 Let us consider the group SO(3). The Lie algebra so(3) of
SO(3) can be identified with R? such that the Lie bracket on g is the cross
product on R3: [u,v] = v x u. Let A be a symmetric nondegenerate 3 x 3
matrix, which we view as an inertia operator for a left-invariant metric on
SO(3). Then by Arnold’s theorem, the Euler equation on so(3)* is given by

ZFm=m x A7 m.

For A = diag(Iy, Iz, I3) one obtains the classical Euler equations for a rigid
body in R3:

d _ _
i = (I = I )mymy
for (4, j, k) being a cyclic permutation of (1,2, 3). Similarly, for G = SO(n), one
obtains the Euler equation for a higher-dimensional rigid body (see Remark
4.28 below).

Example 4.18 Many other conservative dynamical systems in mathematical
physics also describe geodesic flows on appropriate Lie groups. In Table 4.1 we
list several examples of such systems to emphasize the range of applications
of this approach. The choice of a group G (column 1) and an energy metric
E (column 2) defines the corresponding Euler equations (column 3).

We discuss many of these examples later in the book. There are plenty
of other interesting systems that fit into this framework, such as, e.g., the
super-KdV equation or gas dynamics. This list is by no means complete, and
we refer to [24, 252] for more details.
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Group Metric Equation
SO(3) (w, Aw) Euler top
SO(3) x R*  quadratic forms  Kirchhoff equation for a body in a fluid
SO(n) Manakov’s metrics n-dimensional top
Diff(S") L? Hopf (or, inviscid Burgers) equation
Virasoro L? KdV equation
Virasoro H! Camassa—Holm equation
Virasoro H! Hunter—Saxton (or Dym) equation
SDiff (M) L? Euler ideal fluid
SDiff(M) H! averaged Euler flow
SDiff (M) x SVect(M) L* + 172 Magnetohydrodynamics
Maps(S*, SO(3)) H! Heisenberg magnetic chain

Table 4.1: Euler equations related to various Lie groups.

Now we return to the proof of Arnold’s theorem.

PROOF OF THEOREM 4.14.

Consider the energy function (or Lagrangian)

L : TG — R defined by the left-invariant metric (, ) on the group G:

L(g.0) = 5(v.0),

where (, )y is the metric at the point g € G. Then by definition, a geodesic
path g(t) on G satisfies the variational principle

6/L@mgw»ﬁ:o (47)

with fixed endpoints. (Here and later, 0 denotes the variational derivative,
and the prime ’ stands for the time derivative d/dt.)

To simplify the notation, we write g~1(t)g’(t) for l;,l(t)g’(t). (If G is a
matrix group, this notation agrees with the usual meaning of the expression
g~ 1(t)g'(t) as a matrix product.) Since the metric ( , ) on the group G is
left-invariant, we can write

('), 9" (1) gy = (97 ()9 (1), 97 () (1))e -
Then we can calculate
5/ %(9‘19’79‘19')edt = /(5(9_19')79‘19’)edt.
Note that we have
5(g~"'g) =g 6g' —g 0997 g = (¢7"09) + 197 "d s 97 0],

since
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(97'09) =g~ "0 — g 'g'g""dg.
Thus, the left-hand-side in equation (4.8) becomes

/(5(9‘19’)39‘19’)edt= /((9‘159)’,9‘19’)edt+/([g‘lg’,g‘lég],g‘lg’)edt

:_/(9—1597 (9‘19’)’)edt+/([9‘19’79‘159],9‘19’)edt,

where we have used integration by parts in the last step. (Since we confined
ourselves to variations of the path g with fixed endpoints, we do not pick up
any boundary terms in the integration by parts.)

Now set v(t) := g~ 1(t)g'(t), and let A : g — g* be the inertia operator
defined by the metric (, )e: (w,w)e = (u, Aw). Then the right-hand side in
the latter equation becomes

—/(g‘lég, (g‘lg')’)edtJr/([9‘19’,9‘159}79‘19’%&
=— /(g_lég, (Av)")dt + /(adv(g_lég),Awdt

=- /<9_159, (Av)")dt — /(g_lég,adf}(Av»dt =0.

This implies
(Av)' = —ad}(Av).

Rewriting this equation in terms of m = Av finishes the proof of
Theorem 4.14. g

4.4 Poisson Pairs and Bi-Hamiltonian Structures

A first integral (or a conservation law) for a vector field £ on a manifold M
is a function on M invariant under the flow of this field. In this section we
will show that if the vector field £ is a Hamiltonian vector field with respect
to two different Poisson structures on the manifold M that are compatible in
a certain sense, there is a way of constructing first integrals for such a field.

Definition 4.19 Two Poisson structures { , }o and { , }; on a manifold M
are said to be compatible (or form a Poisson pair) if for every A € R the linear
combination { , }o+ A{, }1 is again a Poisson bracket on M.

A dynamical system %m = &(m) on M is called bi-Hamiltonian if the
vector field £ is Hamiltonian with respect to both structures { , }o and {, }1.

Our main example of a manifold that admits a Poisson pair is the dual
space g* of a Lie algebra g. One Poisson structure on the space g* is given
by the usual Lie-Poisson bracket { , }.p. We can define a second Poisson
structure on g* by “freezing” the Lie—Poisson bracket at any point mg € g*:
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Definition 4.20 The constant Poisson bracket on g* associated to a point
mo € g* is the bracket { , }o defined on two smooth functions f, g on g* by

{f,9}o(m) == ([dfmm, dgm], mo) -

The Poisson bracket { , }o depends on the freezing point mgy € g*. Note
that at the point mg itself the two Poisson brackets { , }rp and { , }o
coincide. While the symplectic leaves of the Lie—Poisson bracket { , } 1 p are the
coadjoint orbits O,, of the Lie group G, the symplectic leaves of the constant
bracket { , }o are given by all translations of the tangent space Tp,,Om, to
the coadjoint orbit O,,, through the point mg (see Figure 4.3).

Tmo Omo

Fig. 4.3. Coadjoint orbit O, through mo and leaves of the Poisson bracket frozen
at mo.

Lemma 4.21 The Poisson brackets { , }rp and { , }o are compatible for
every “freezing point” mgy € g*.

PROOF. We have to check that {, }» ={, }rp+A{, }ois a Poisson bracket
on g* for all A € R. The latter is true since { , }, is simply the bracket { , }.p
shifted by —Amy. O

Remark 4.22 Explicitly, the Hamiltonian equation on g* with the Hamil-
tonian function F and computed with respect to the constant Poisson struc-
ture frozen at a point mg € g* has the following form:

dm

i —adgp, mo (4.9)

as a modification of Proposition 4.9 shows.



4. The Euler Equations for Lie Groups 37

Going back to the general situation, let { , }o and {, }1 be a Poisson pair
on a manifold M. In this case one can generate a bi-Hamiltonian dynamical
system by producing a sequence of Hamiltonians in involution, according to
the following Lenard—Magri scheme [246, 321]. Consider the Poisson bracket
{, Ix=Ao, }o+A{, }1 for any A. Let hy be a Casimir function on M
for this bracket, i.e., a function on the manifold M that is parametrized by A
and satisfies {hy, f}» = 0 for all smooth functions f € C*°(M) and A € R.
Furthermore, suppose that the function h) can be expanded into a power
series in A, i.e., that we can write

oo

R :Z,\i h; (4.10)

=0

where each coefficient h; is a smooth function on M. Any function h; defines
a Hamiltonian vector field & on M with respect to the Poisson bracket { , };
by setting {h;, f}1 = Le, f for all f € C>(M).

Theorem 4.23 The functions h;, i = 0,1,... are Hamiltonians of a hierar-
chy of bi-Hamiltonian systems. In other words, each function h; generates the
Hamiltonian vector field & on M with respect to the Poisson bracket { , }1,
which is also Hamiltonian for the other bracket { , }o with the Hamiltonian
function —h;qq:

{his f}1=Le, f = —{hit1, o

for any f. Other functions h;, j # 4, are first integrals of the corresponding
dynamical systems &;.

In other words, the functions h;, i = 0, 1,... are in involution with respect
to each of the two Poisson brackets { , }o and {, }1:

{hi hj}i =0
for all 7 # j and for k =0, 1.

PROOF. Since hy is a Casimir function for the Poisson bracket { , }», we
have {hy, f}» = 0 for all smooth functions f on M. Substituting for h) its
power series expansion (4.10), we get

0= {hxr, f}r= {Zm,f} = {Zx‘hi,f} +A{2Aihi,f} :
i=0 A i=0 0 i=0 1
Collecting the coefficients at the powers of A we find that {hg, f}o = 0 and
{hi, fro=—{hi-1, [}

The first identity expresses the fact that hg is a Casimir function for the
bracket { , }o. The next one says that the Hamiltonian field for hy with
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respect to { , }o coincides with the Hamiltonian field for —hg and the bracket
{, }, and so on.

To see that every function h; is a first integral for the equation generated
by h; with respect to each bracket, we have to show that {h;,h;}; = 0 for
i # 7 and k = 0, 1. Indeed, for instance, for ¢ < j and k = 1 we have

{hi,hj}r = —{hishjt1}o = {hi—1, hjpr} = - = —{ho, hitjs1}o = 0,

since hg is a Casimir for the bracket {., .}, i.e., in involution with any function,
and in particular, with A4 j41. O

Remark 4.24 The fact that {h;, h;}r = 0 for k = 0,1 means that the func-
tions h; are first integrals of the Hamiltonian vector fields ;. So if the functions
h; are independent, Theorem 4.23 provides us with an infinite list of first in-
tegrals for each of the fields &;. In this case one says that the h; are the
Hamiltonians of a hierarchy of bi-Hamiltonian systems. We will treat the KdV
equation as a bi-Hamiltonian system from this viewpoint in Section I1.2.4.

Exercise 4.25 Suppose that a manifold M admits two compatible Poisson
structures { , }o and {, }1. Show that if symplectic leaves of {, }» ={, }o+
M, }1 are of codimension greater than 1, and if there are several independent

Casimirs hf\l), hg\Q), ..., then all the coefficients of their expansions in A are in

mutual involution with respect to both brackets, e.g., {hgl), hg.z)}k =0.

4.5 Integrable Systems and the Liouville-Arnold Theorem

The more first integrals a dynamical system has, the less chaotically it behaves.
For a Hamiltonian system the notion of complete integrability corresponds to
the “least chaotic” and “most ordered” structure of its trajectories.

Definition 4.26 A Hamiltonian system on a symplectic 2n-dimensional man-
ifold M is called (completely) integrable if it has n integrals in involution that
are functionally independent almost everywhere on M. The Hamiltonian func-
tion is one of the above first integrals. (Alternatively, one can avoid specifying
which of them is a Hamiltonian and describe an integrable system as a set of
n functions fi,..., f, that are functionally independent almost everywhere
and commute pairwise,

{fi,f;} =0 forall<i,j<n,

with respect to the natural Poisson bracket defined by the symplectic structure
on M.)
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Example 4.27 Every Hamiltonian system with one degree of freedom is com-
pletely integrable, since it always possesses one first integral, the Hamiltonian
function itself. This purely dimensional argument implies, for example, that
the Euler equation of a three-dimensional rigid body is a completely integrable
Hamiltonian system on the coadjoint orbits of SO(3).

Indeed, the configuration space of the Euler top, a three-dimensional rigid
body with a fixed point, is the set of all rotations of the Euclidean space,
i.e., the Lie group SO(3). The motion of the body is described by the Euler
equation on the body angular momentum m in the corresponding phase space,
50(3)*; see Example 4.17. Note that the conservation of the total momentum
|m|? corresponds to the restriction of the angular momentum evolution to a
particular coadjoint orbit, a two-dimensional sphere centered at the origin of
50(3)* =2 R3. Hence the Euler equation for the rigid body is a Hamiltonian sys-
tem on a two-dimensional symplectic sphere, while the Hamiltonian function
is given by the kinetic energy of the body.

Remark 4.28 A more complicated example is a rotation of an n-dimensional
rigid body, where the dimensional consideration is not sufficient. Free motions
of a body with a fixed point at its mass center are described by the geodesic
flow on the group SO(n) of all rotations of Euclidean space R™. The group
SO(n) can be regarded as the configuration space of this system. The left-
invariant metric on SO(n) is defined by the quadratic form — tr(wDw), where
w € so(n) is the body’s angular velocity and D = diag(dy,...,d,) defines the
inertia ellipsoid. The corresponding inertia operator A : so(n) — so(n)* has
a very special form: A(w) = Dw + wD.

Now the evolution of the angular momentum is in the space so(n)*, the
phase space of the n-dimensional top. The dimension of generic coadjoint
orbits in so(n)* is equal to the integer part of (n — 1)?/2. Therefore the en-
ergy invariance alone is insufficient to guarantee the integrability of the Euler
equation for an n-dimensional rigid body. The existence of sufficiently many
first integrals and complete integrability in the general n-dimensional case
were established by Manakov in [249]. In this paper the argument translation
(or freezing) method was discovered and applied to find first integrals in this
problem.

We note that the above inertia operators (or equivalently, the correspond-
ing left-invariant metrics) form a variety of dimension n in the n(n — 1)/2-
dimensional space of equivalence classes of symmetric matrices on the Lie
algebra so(n). For n > 3 such quadratic forms are indeed very special in
the space of all quadratic forms on this space. The geodesic flow on the group
SO(n) equipped with an arbitrary left-invariant Riemannian metric is, in gen-
eral, nonintegrable.

Other examples of integrable systems include, for instance, the geodesics
on an ellipsoid [281] and the Calogero-Moser systems [280, 66, 67].
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The following Liouville-Arnold theorem explains how the sufficient number
of first integrals simplifies the Hamiltonian system. Consider a common level
set of the first integrals

M.={meM| fi(m)=c¢;, i=1,...,n}.

Theorem 4.29 (Liouville-Arnold [11, 18]) For a compact manifold M,
connected components of noncritical common level sets M, of the n first inte-
grals are n-dimensional tori, while the Hamiltonian system defines a (quasi-)
periodic motion on each of them. In a neighborhood of such a component in M
there are coordinates (1, ..., ¢on, I1,-..,In), where p; are angular coordinates
along the tori and I; are first integrals, such that the dynamical system assumes
the form ¢; = $2;(Iy,...,1,) and the symplectic form is w =, dI; Adp; .

The coordinates ¢; and I; are called the angle and action coordinates, re-
spectively. For the case of a noncompact M, one has a natural R"-action on
the levels M., coming from the commuting Hamiltonian vector fields corre-
sponding to the Hamiltonian functions f;,i =1,...,n.

Note that the symplectic form w vanishes identically on any level set M.,
so that each regular level set is a Lagrangian submanifold of the symplectic
manifold M. (By definition, a Lagrangian submanifold L C M of a sym-
plectic manifold M is an isotropic submanifold of maximal dimension: for a
2n-dimensional M, a Lagrangian submanifold L is n-dimensional and satisfies
w|L = 0)

Remark 4.30 While in finite dimensions there are many definitions of com-
plete integrability of a Hamiltonian system and they are all more or less
equivalent, this question is more subtle in infinite dimensions. One can start
defining such systems based on the existence of action-angle coordinates, or on
bi-Hamiltonian structures, or on the existence of an infinite number of “suffi-
ciently independent” first integrals, or, even by requiring an explicit solvabil-
ity. These definitions lead, generally speaking, to inequivalent notions, and
precise relations between these definitions in infinite dimensions are yet to be
better understood.

There are, however, examples of infinite-dimensional systems in which
most, if not all, of these definitions work. This is the case, for example,
for the celebrated Korteweg—de Vries equation. Other systems for which sev-
eral approaches are also known are the Kadomtsev—Petviashvili equation, the
Camassa—Holm equation, and many others, some of which we will encounter
later in the book.

5 Symplectic Reduction

The Noether theorem in classical mechanics states that a Lagrangian system
with extra symmetries has an invariant of motion. Hence in describing such
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a system one can reduce the dimensionality of the problem by “sacrificing
this invariance.” The notion of symplectic reduction can be thought of as
a Hamiltonian analogue of the latter: If a symplectic manifold admits an
appropriate group action, then this action can be “factored out.” The quotient
is a new symplectic manifold of lower dimension.

This construction can be used in both ways. On the one hand, one can
reduce the dimensionality of certain systems that admit extra symmetries. On
the other hand, certain complicated physical systems can be better understood
by realizing them as the result of symplectic reduction from much simpler
systems in higher dimensions.

5.1 Hamiltonian Group Actions

Consider a finite-dimensional symplectic manifold (M, w), i.e., a manifold M
equipped with a nondegenerate closed 2-form w. Let G be a connected Lie
group with Lie algebra g and suppose that the exponential map exists. If the
group G acts smoothly on M, each element X of the Lie algebra g defines a
vector field £x on the manifold M as an infinitesimal action of the group:

Ex (m) = %h:o eXp(tX)m .

The action of the group G on the manifold M is called symplectic if it leaves
the symplectic form w invariant, i.e., if g*w = w for all g € G.

Exercise 5.1 Show that for the symplectic group action, the vector field £x
for any X € g is symplectic, i.e., the 1-form t¢ w is closed. (Hint: use the
Cartan homotopy formula on differential forms, L¢ = t¢d + d e, where Lg¢
means the Lie derivative along { and the operators ¢¢ and d stand for the
inner and outer derivatives of forms.)

The closedness of the 1-form means that it is locally exact, and hence
the field £x is locally Hamiltonian: in a neighborhood of each point of the
manifold M, there exists a function Hx such that v¢, w = dHx. In general,
this field is not necessarily defined by a univalued Hamiltonian function on
the whole of M. Even if we suppose that such a Hamiltonian function exists,
it is defined only up to an additive constant.

Definition 5.2 The action of a Lie group G on M is called Hamiltonian if
for every X € g there exists a globally defined Hamiltonian function Hx that
can be chosen in such a way that the map g — C> (M), associating to X the
corresponding Hamiltonian Hyx, is a Lie algebra homomorphism of the Lie
algebra g to the Poisson algebra of functions on M:

Hixy)={Hx,Hy}.
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Exercise 5.3 Prove that for a Hamiltonian G-action on M the Lie algebra
isomorphism is equivariant, i.e.,

Haq,x(m) = Hx(g(m))

forallge G, X € g, and m € M.

Definition 5.4 Assume that the action of a group G on M is Hamiltonian.
Then the moment map is the map @ : M — g* defined by

where (, ) denotes the pairing between g and g*.

In other words, given a vector X from the Lie algebra g, the moment map
sends points of the manifold to the values of the Hamiltonian function Hx at
those points.

Summarizing the above definitions, a symplectic G-action on a symplectic
manifold M is called Hamiltonian if there exists a G-equivariant smooth map
& : M — g* (the moment map) such that for all X € g, we have d(®, X) =
texw . Any vector field £x on M that comes from an element X € g for such
a group action has the Hamiltonian function Hx = (&, X).

Exercise 5.5 Consider M = R? with the standard symplectic form w =
dp A dg and the group U(1) acting on R? by rotations. Show that this action
is Hamiltonian with the moment map ®(p, q) = %(p2 +q%).

Exercise 5.6 Consider the coadjoint action of a Lie group G on the dual of
its Lie algebra. Show that this action restricted to any coadjoint orbit O C g*
is Hamiltonian with the moment map being the inclusion ¢ : O — g*.

Exercise 5.7 Generalize the definition of Hamiltonian group actions to Pois-
son manifolds and show that the coadjoint action of a Lie group G on the dual
g* of its Lie algebra is Hamiltonian with the moment map given by the identity
map id : g* — g*.

5.2 Symplectic Quotients

Let (M,w) be a symplectic manifold with a Hamiltonian action of the group
G. The equivariance of the moment map @ : M — g* implies that the inverse
image @~ 1(\) of a point A\ € g* is a union of G -orbits, where G := {g €
G | Ady(A\) = A} is the stabilizer of A\. The symplectic reduction theorem
below states that if A is a regular value of the moment map, and if the set
&~1(\)/Gy of Gy-orbits in #71()\) is a manifold, then it acquires a natural
symplectic structure from the one on M.
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Exercise 5.8 Suppose that G is a finite-dimensional Lie group acting on
the symplectic manifold M in a Hamiltonian way with a moment map .
For m € M, let G.m denote the G-orbit through m and let G,, denote the
stabilizer of m with the Lie algebra g,,. Show that the kernel of the differential
d®,,, of the moment map & at any point m € M is given by

ker(d®,,) = (T (G.m))” :={ € Tp,(M) | w(§, x) =0 for all x € T,,,(G.m)}.

(Here (T,,(G.m))“ is the symplectic orthogonal complement to the tangent
space T,,(G.m) in T, (M).)
Show that the image of the differential d®,, is

im(d®,,) = ann(g,,) :=={A € g* | A(X)=0for all X € g,,}.

Conclude that an element A € g* is a regular value of the moment map, i.e.,
d®,, is surjective for all m € &#~1(N), if and only if for all m € &#~1()\) the
stabilizer G,,, is discrete.

The restriction of the symplectic form w to the level set #~1(\) of the
moment map is not necessarily symplectic, since it might acquire a kernel.

Exercise 5.9 Show that the foliation of #~!(\) by the kernels of w is the
foliation into (connected components of) G x-orbits. (Hint: for a regular value
A the preimage @~1()) is a smooth submanifold of M, and the exercise above
gives

ker w|g-1(5) = Trn®@ " (A) N (1,9~ (X))
= Tn® *(\) N (ker dd,, )~
= Tn® (N N T (Gom) = Ty, (Ga.m) )
Hence, if the quotient space of the level ®~1()\) over the Gj-action is

reasonably nice, the 2-form w descends to a symplectic form on this quotient;
see Figure 5.1. This is made precise in the following reduction theorem.

Theorem 5.10 (Marsden—Weinstein [254], Meyer [261]) Suppose that
A is a regular value of the moment map and suppose that ®~1(\)/Gy is a
manifold (this condition is satisfied if, for example, Gy is compact and acts

freely on @=1(X\)). Then there exists a unique symplectic structure wy on the
reduced space ~1(\)/Gx such that

Gw = 1wy

(Here, v denotes the embedding ®~1(\) — M and 7 stands for the projection
& 1(\) — @7 1(N\)/Gy.)
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Fig. 5.1. The orbits of the stabilizer group GG in the preimage @71(/\).

The resulting manifold @~1()\)/G of the above symplectic reduction (also
known as Hamiltonian or Marsden—Weinstein reduction) is called the symplec-
tic quotient.

Finally, if H : M — R is a Hamiltonian function invariant under the
G-action, it descends to a function Hy on the quotient space ®~1(\)/G\.
Furthermore, if two G-invariant functions F' and H on M Poisson commute
with respect to the Poisson structure on M defined by the symplectic form w,
the corresponding functions on the quotient @1 (\) /G, still Poisson commute
with respect to the quotient Poisson structure.

Example 5.11 Consider the manifold M = C"*! with its standard symplec-
tic structure w = £ " dz; Adz;. The group U(1) = R/Z acts on C"** by rota-
tion: z — €2™* 2. The moment map for this action is given by ®(2) = «|z||2.
The reduced space #~1(1)/U(1) is the complex projective space CP" with the
symplectic form being (a multiple of) the Fubini-Study form.

Let f; : C"™! — R denote the function f;(z) = ||z||>. The functions f;
are invariant under the U(1)-action on C"*!, and the corresponding Hamil-
tonian functions on the symplectic quotient generate the rotations in the C-
hyperplanes {z; = const} in CP™.

6 Bibliographical Notes

There are many books on Lie groups and Lie algebras covering the material
of this chapter ([345, 383, 93, 60] to name a few). The treatment of various
aspects of infinite-dimensional Lie groups can be found in [12, 157, 265], as well
as in the thorough monographs [301, 322]. The calculus on infinite-dimensional
manifolds is developed in [157, 222]. For more details on central extensions
(Section 3) we recommend [322, 276], while for the Euler equations on groups
(Section 4) see [18, 24, 252].



6. Bibliographical Notes 45

The Lie—Poisson structure on the dual space of a Lie algebra was already
known to Sophus Lie. The symplectic structure on the coadjoint orbits of a
Lie group goes back to Kirillov, Kostant, and Souriau. The local description
of a Poisson manifold, including its symplectic realizations and the transversal
Poisson structure, was given in [384]. A generalization of Poisson manifolds are
Jacobi manifolds, functions on which form a Lie algebra (but not necessarily
a Poisson algebra). Jacobi manifolds are also called local Lie algebras, and
their local structure was described in [199].

There is vast literature on integrable systems; see e.g., [18, 31, 90, 165, 280,
299, 330], and in particular, on integrability of the Euler equations on dual
Lie algebras [47, 48, 114, 300, 311]. The Euler equations for an n-dimensional
rigid body were considered back in the nineteenth century by Cayley, Frahm,
and others; cf., e.g., [128, 266]. Schottky proved the integrability of these equa-
tions in the four-dimensional case [339], by giving an explicit theta-function
solution for SO(4). The idea of freezing the Lie-Poisson bracket, which re-
solved the integrability issue in the general n-dimensional case, was proposed
by Manakov in [249].

Among other mechanisms of integrability, not discussed in this book, we
would like to mention the Adler-Kostant—Symes theorem [3, 213, 362, 328],
the R-matrix method, see, e.g., [348, 330]; integrability of geodesic flows on
quadrics and related systems, see [281, 23]; as well as discrete analogues of
the Euler equation on Lie groups [282, 373, 45].

For the description of the symplectic reduction we followed [154] and [259].
The construction of symplectic reduction does not generalize directly to the
case of infinite-dimensional manifolds and infinite-dimensional Lie groups. In
spite of the lack of a sufficiently broad general theory, there are many con-
crete constructions in various infinite-dimensional situations. In particular,
Hamiltonian actions of loop groups and, more generally, Hamiltonian actions
of gauge transformation groups on Riemann surfaces, which we are going to
deal with further in this book, have been considered, for example, in the
papers [28, 260].
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