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Chapter 1

Introduction and Overview

Reduction is of two sorts, Lagrangian and Hamiltonian. In each case one has a group of
symmetries and one attempts to pass the structure at hand to an appropriate quotient
space. Within each of these broad classes, there are additional subdivisions; for example, in
Hamiltonian reduction there is symplectic and Poisson reduction.

These subjects arose from classical theorems of Liouville and Jacobi on reduction of
mechanical systems by 2k dimensions if there are k integrals in involution. Today, we take
a more geometric and general view of these constructions as initiated by Arnold [1966]
and Smale [1970] amongst others. The work of Meyer [1973] and Marsden and Weinstein
[1974] that formulated symplectic reduction theorems, continued to initiate an avalanch
of literature and applications of this theory. Many textbooks appeared that developed
and presented this theory, such as Abraham and Marsden [1978], Guillemin and Sternberg
[1984], Liberman and Marle [1987], Arnold, Kozlov, and Neishtadt [1988], Arnold [1989],
and Woodhouse [1992] to name a few. The present book is intended to present some of the
main theoretical and applied aspects of this theory.

With Hamiltonian reduction, the main geometric object one wishes to reduce is the
symplectic or Poisson structure, while in Lagrangian reduction, the crucial object one wishes
to reduce is Hamilton’s variational principle for the Euler-Lagrange equations.

In this book we assume that the reader is knowledgable of the basic principles in me-
chanics, as in the authors’ book Mechanics and Symmetry (Marsden and Ratiu [1998]). We
refer to this monograph hereafter as IMS.

1.1 Lagrangian and Hamiltonian Mechanics.

Lagrangian Mechanics. The Lagrangian formulation of mechanics can be based on the
variational principles behind Newton’s fundamental laws of force balance F = ma. One
chooses a configuration space () (a manifold, assumed to be of finite dimension n to start
the discussion) with coordinates denoted ¢*,i = 1,... ,n, that describe the configuration of
the system under study. One then forms the velocity phase space T'Q (the tangent bundle of
Q). Coordinates on T'Q are denoted (¢, ...,q", ¢',...,4"), and the Lagrangian is regarded
as a function L : TQ — R. In coordinates, one writes L(q’, %, t), which is shorthand
notation for L(q*,...,q", ¢*, ... ,¢" t). Usually, L is the kinetic minus the potential energy
of the system and one takes ¢* = dg’/dt to be the system velocity. The variational principle
of Hamilton states that the variation of the action is stationary at a solution:

b
06 = 5/ L(q*, 4", t)dt = 0. (1.1.1)



2 Chapter 1 Introduction and Overview

In this principle, one chooses curves ¢'(t) joining two fixed points in @ over a fixed time
interval [a,b], and calculates the action &, which is the time integral of the Lagrangian,
regarded as a function of this curve. Hamilton’s principle states that the action & has a
critical point at a solution in the space of curves. As is well known, Hamilton’s principle is
equivalent to the Euler—Lagrange equations:

dor on_
dt ot dgt

Let T()Q c T2Q denote the submanifold which at each point ¢ € @ consists of second
derivatives of curves in Q that pass through ¢ at, say, t = 0. We call T Q the second
order tangent bundle. The action defines a unique bundle map

EL:TPQ - T*Q

i=1,...,n. (1.1.2)

called the Euler-Lagrange operator such that for a curve ¢(-) in @,
[66(c) - dc|(t) = (EL - " (t),dc(t)) .

Thus, the Euler-Lagrange equations can be stated intrinsically as the vanishing of the Euler-
Lagrange operator: ££(c(-)) = 0.

If the system is subjected to external forces, these are to be added to the right hand side
of the Euler-Lagrange equations. For the case in which L comprises kinetic minus potential
energy, the Euler-Lagrange equations reduce to a geometric form of Newton’s second law.
For Lagrangians that are purely kinetic energy, it was already known in Poincaré’s time
that the corresponding solutions of the Euler-Lagrange equations are geodesics. (This fact
was certainly known to Jacobi by 1840, for example.)

Hamiltonian Mechanics. To pass to the Hamiltonian formalism, one introduces the
conjugate momenta
oL .
pi:a—qi, i1=1,...,n, (1.1.3)
and makes the change of variables (¢%, %) — (¢, p;), by a Legendre transformation. The
Lagrangian is called regular when this change of variables is invertible. The Legendre
transformation introduces the Hamiltonian

H(q',pist) =Y pid’ — L(d",4',1). (1.1.4)
j=1

One shows that the Euler—Lagrange equations are equivalent to Hamilton’s equations:

d¢¢ O0H dp; O0H
_ __ga 1.1.
dt  Op;’ dt oq*’ (1.1.5)

where 7 = 1,... ,n. There are analogous Hamiltonian partial differential equations for field
theories such as Maxwell’s equations and the equations of fluid and solid mechanics.
Hamilton’s equations can be recast in Poisson bracket form as

F={F H}, (1.1.6)

where the canonical Poisson brackets are given by

"\ (OF G  OF dG
{F,G} = ; (8_(f8_m ~ o a_qi) : (1.1.7)
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Associated to any configuration space @ is a phase space T*(Q) called the cotangent
bundle of @, which has coordinates (¢',...,¢",p1,...,pn). On this space, the canonical
Poisson bracket is intrinsically defined in the sense that the value of {F, G} is independent
of the choice of coordinates. Because the Poisson bracket satisfies {F,G} = —{G, F'} and
in particular {H, H} = 0, we see that H= 0; that is, energy is conserved along solutions of
Hamilton’s equations. This is the most elementary of many deep and beautiful conservation
properties of mechanical systems.

1.2 The Euler—Poincaré Equations.

Poincaré and the Euler equations. Poincaré played an enormous role in the topics
treated in this book. His work on the gravitating fluid problem, continued the line of
investigation begun by MacLaurin, Jacobi and Riemann. Some solutions of this problem
still bear his name today. This work is summarized in Chandrasekhar [1967, 1977] (see
Poincaré [1885, 1890, 1892, 1901a] for the original treatments). This background led to
his famous paper, Poincaré [1901b], in which he laid out the basic equations of Euler type,
including the rigid body, heavy top and fluids as special cases. Abstractly, these equations
are determined once one is given a Lagrangian on a Lie algebra. It is because of the
paper Poincaré [1901b] that the name Fuler—Poincaré equations is now used for these
equations. The work of Arnold [1966a] was very important for geometrizing and developing
these ideas.

Euler equations provide perhaps the most basic examples of reduction, both Lagrangian
and Hamiltonian. This aspect of reduction is developed in IMS, Chapters 13 and 14, but
we shall be recalling some of the basic facts here.

To state the Euler—Poincaré equations, let g be a given Lie algebra and let [ : g — R be
a given function (a Lagrangian), let £ be a point in g and let f € g* be given forces (whose
nature we shall explicate later). Then the evolution of the variable ¢ is determined by the
Euler—Poincaré equations. Namely,

dol 0l
The notation is as follows: 9l/0¢ € g* (the dual vector space) is the derivative of | with
respect to &; we use partial derivative notation because [ is a function of the vector & and
because shortly [ will be a function of other variables as well. The map ade : g — g
is the linear map n — [£,n], where [, n] denotes the Lie bracket of & and 7, and where
adz 1 g* — g* is its dual (transpose) as a linear map. In the case that f = 0, we will call
these equations the basic Fuler—Poincaré equations.

These equations are valid for either finite or infinite dimensional Lie algebras. For fluids,
Poincaré was aware that one needs to use infinite dimensional Lie algebras, as is clear in
his paper Poincaré [1910]. He was aware that one has to be careful with the signs in the
equations; for example, for rigid body dynamics one uses the equations as they stand, but
for fluids, one needs to be careful about the conventions for the Lie algebra operation adg;
cf. Chetayev [1941].

To state the equations in the finite dimensional case in coordinates, one must choose a
basis e1,...,e, of g (so dimg = r). Define, as usual, the structure constants Cgb of the Lie
algebra by

leasen] = Y Clhea, (1.2.1)
d=1
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where a,b run from 1 to r. If £ € g, its components relative to this basis are denoted £.
If e',... ,e" is the corresponding dual basis, then the components of the differential of the
Lagrangian [ are the partial derivatives 01/9¢®. The Euler-Poincaré equations in this basis
are

d ol <~ g O,
Gog ~ 2 Crggat" + I 122

For example, consider the Lie algebra R® with the usual vector cross product. (Of
course, this is the Lie algebra of the proper rotation group in R®.) For [ : R® — R, the
Euler—Poincaré equations become

d ol ol
ion ~oa  OtEh
which generalize the Euler equations for rigid body motion.

These equations were written down for a certain class of Lagrangians [ by Lagrange
[1788, Volume 2, Equation A on p. 212], while it was Poincaré [1901b] who generalized them
(without reference to the ungeometric Lagrange!) to an arbitrary Lie algebra. However, it
was Lagrange who was grappeling with the derivation and deeper understanding of the
nature of these equations. While Poincaré may have understood how to derive them from
other principles, he did not reveal this.

Of course, there was a lot of mechanics going on in the decades leading up to Poincaré’s
work and we shall comment on some of it below. However, it is a curious historical fact
that the Euler—Poincaré equations were not pursued extensively until quite recently. While
many authors mentioned these equations and even tried to understand them more deeply
(see, e.g., Hamel [1904, 1949] and Chetayev [1941]), it was not until the Arnold school that
this understanding was at least partly achieved (see Arnold [1966a,c] and Arnold [1988])
and was used for diagnosing hydrodynamical stability (e.g., Arnold [1966b]).

It was already clear in the last century that certain mechanical systems resist the usual
canonical formalism, either Hamiltonian or Lagrangian, outlined in the first paragraph.
The rigid body provides an elementary example of this. In another example, to obtain a
Hamiltonian description for ideal fluids, Clebsch [1857, 1859] found it necessary to introduce
certain nonphysical potentials’.

The Rigid Body. In the absence of external forces, the rigid body equations are usually
written as follows:

LS = (I — 13)Q293,
L, = (I3 — I)Q3, (1.2.3)
L = (I — 1),

where Q@ = (21, Q2,Q3) is the body angular velocity vector and Iy, I, I3 are the moments
of inertia of the rigid body. Are these equations as written Lagrangian or Hamiltonian in
any sense? Since there are an odd number of equations, they cannot be put in canonical
Hamiltonian form.

One answer is to reformulate the equations on T'SO(3) or T*SO(3), as is classically done
in terms of Euler angles and their velocities or conjugate momenta, relative to which the

IFor modern accounts of Clebsch potentials and further references, see Holm and Kupershmidt [1983],
Marsden and Weinstein [1983], Marsden, Ratiu, and Weinstein [1984a,b], Cendra and Marsden [1987],
Cendra, Ibort, and Marsden [1987] and Goncharov and Pavlov [1997].
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equations are in Euler-Lagrange or canonical Hamiltonian form. However, this reformula-
tion answers a different question for a siz dimensional system. We are interested in these
structures for the equations as given above.

The Lagrangian answer is easy: these equations have Euler—Poincaré form on the Lie
algebra R® using the Lagrangian

1
Q) = 5(119% + 1,03 + 1,03). (1.2.4)

which is the (rotational) kinetic energy of the rigid body.

One of our main messages is that the Euler-Poincaré equations possess a natural vari-
ational principle. In fact, the Euler rigid body equations are equivalent to the rigid body
action principle

b
6Greq = 5/ ldt =0, (1.2.5)

where variations of € are restricted to be of the form
N=2+0xX, (1.2.6)

in which ¥ is a curve in R? that vanishes at the endpoints. As before, we regard the reduced
action G4 as a function on the space of curves, but only consider variations of the form
described. The equivalence of the rigid body equations and the rigid body action principle
may be proved in the same way as one proves that Hamilton’s principle is equivalent to the
Euler—Lagrange equations: Since [(€2) = %(]Iﬂ, Q), and [ is symmetric, we obtain

b b
5/ ldt:/ (I, 62) dt
b

:/ (19,3 + Q x ) dt
a

b

[ (-hax) paxs)]
; dt
b/od

:/ <—£]IQ+]IQ><Q,E>dt,

upon integrating by parts and using the endpoint conditions, 3(b) = ¥(a) = 0. Since X is
otherwise arbitrary, (1.2.5) is equivalent to

—i(]lﬂ) +I2x Q =0,
dt

which are Euler’s equations.

Let us explain in concrete terms how to derive this variational principle from the standard
variational principle of Hamilton.

We regard an element R € SO(3) giving the configuration of the body as a map of
a reference configuration B C R® to the current configuration R(B); the map R takes a
reference or label point X € B to a current point x = R(X) € R(B). When the rigid body
is in motion, the matrix R is time-dependent and the velocity of a point of the body is
#=RX = RR !z. Since R is an orthogonal matrix, R 'R and RR ! are skew matrices,
and so we can write

i=RR 'z =wxu, (1.2.7)
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which defines the spatial angular velocity vector w. Thus, w is essentially given by right
translation of R to the identity.
The corresponding body angular velocity is defined by

Q=R 'w, (1.2.8)
so that € is the angular velocity relative to a body fixed frame. Notice that

R'RX =R 'RR 'z =R }(w x )

=R 'wxR'z=QxX, (1.2.9)
so that Q is given by left translation of R to the identity. The kinetic energy is obtained
by summing up m||%||?/2 (where |-| denotes the Euclidean norm) over the body:

1 .
K = 5/p(X)||RXH2d3X, (1.2.10)
B

in which p is a given mass density in the reference configuration. Since
IRX|| = [lw x 2] = R (w x 2)|| = |2 x X[,

K is a quadratic function of 2. Writing
Lor
K= 59 K9] (1.2.11)

defines the moment of inertia tensor I, which, provided the body does not degenerate to
a line, is a positive-definite (3 x 3) matrix, or better, a quadratic form. This quadratic form
can be diagonalized by a change of basis; thereby defining the principal axes and moments
of inertia. In this basis, we write I = diag(11, I2, I3). The function K is taken to be the La-
grangian of the system on 7'SO(3) (and by means of the Legendre transformation we obtain
the corresponding Hamiltonian description on T*SO(3)). Notice that K in equation (1.2.10)
is left (not right) invariant on T'SO(3). It follows that the corresponding Hamiltonian is
also left invariant.

In the Lagrangian framework, the relation between motion in R space and motion in
body angular velocity (or €2) space is as follows: The curve R(t) € SO(3) satisfies the
Euler-Lagrange equations for

L(R,R) = %/p(X)|RX|2d3X, (1.2.12)
B

if and only if Q(t) defined by R™'Rv = Q x v for all v € R® satisfies Euler’s equations
IQ=1IQx Q. (1.2.13)
An instructive proof of this relation involves understanding how to reduce variational

principles using their symmetry groups. By Hamilton’s principle, R(t) satisfies the Euler-
Lagrange equations, if and only if
) / Ldt=0.

Let [(2) = 2(IQ) - Q, so that [(Q2) = L(R, R) if R and Q are related as above.
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~ To see how we should transform Hamilton’s principle, define the skew matrix Q by
Qv = Q x v for any v € R3, and differentiate the relation R™'R =  with respect to R to

get

~R'fR)R'R+R'(6R) = 692

Let the skew matrix 3 be defined by

S =R 4R,
and define the vector 3 by
Sv=3%xv.
Note that
3 = —R'RR R+ R™UR,
SO

R R =3+R'RE.
Substituting (1.2.17) and (1.2.15) into (1.2.14) gives

—

S0+ 08 =69,
that is,

—~ X

Q=3 +[Q,

™M

!

(1.2.14)

(1.2.15)

(1.2.16)

(1.2.17)

(1.2.18)

The identity [Q, ﬁ]] = (2 x )" holds by Jacobi’s identity for the cross product and so

=T+ Qx .
These calculations prove the following:

Theorem 1.2.1 Hamilton’s variational principle

b
(5626/ Ldt=0

on TSO(3) is equivalent to the reduced variational principle

b
56red:5/ ldt=20

on R® where the variations 5§ are of the form (1.2.19) with (a) = X(b) = 0.

This sort of argument applies to any Lie group as we shall see shortly.

(1.2.19)

(1.2.20)

(1.2.21)
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1.3 The Lie—Poisson Equations.

Hamiltonian Form of the Rigid Body Equations. If, instead of variational principles,
we concentrate on Poisson brackets and drop the requirement that they be in the canonical
form, then there is also a simple and beautiful Hamiltonian structure for the rigid body
equations that is now well known?. To recall this, introduce the angular momenta

oL
I, =LYh=—, i=1,2,3, 1.3.1
o, i 3 (1.3.1)
so that the Euler equations become
. I, — I3
I, = TIL11
1 1213 2113,
: I3 -1
I, = II511 1.3.2
2 i 3lly, ( )
I — I
I3 = 11,11
3 .[1.[2 1112,
that is,
I1=1Ix Q. (1.3.3)

Introduce the following rigid body Poisson bracket on functions of the IT’s:

{F,G}II) = -II- (Vo F x VinG) (1.3.4)
and the Hamiltonian
L Im
H_§<I_1+I_2+E) (1.3.5)

One checks that Euler’s equations are equivalent to F= {F,H}.

The rigid body variational principle and the rigid body Poisson bracket are special cases
of general constructions associated to any Lie algebra g. Since we have already described
the general Euler—Poincaré construction on g, we turn next to the Hamiltonian counterpart
on the dual space.

The Abstract Lie-Poisson Equations. Let F,G be real valued functions on the dual
space g*. Denoting elements of g* by u, let the functional derivative of F' at u be the unique
element dF/du of g defined by

tig 2P+ 20 - F00] = (6. 5 ) (1.3.6)

for all du € g*, where (,) denotes the pairing between g* and g. Define the (£) Lie-Poisson

brackets by
SF 6G
(F.G}alu) = + <u, [@, @} > . (13.7)

Using the coordinate notation introduced above, the (+) Lie-Poisson brackets become

- IF 0G
F.G =+ C g =———, 1.3.8
{F,G}e(p) (L%::l . (1.3.8)

2See IMS for details, references, and the history of this structure.
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where p = >"0_, pae?.
The Lie-Poisson equations, determined by ' = {F, H} read

T
OH
o =+ Clotta=—,
Ha bél ab/-"'daub

or intrinsically,
fr = Fadyp g, 1 (1.3.9)

This setting of mechanics is a special case of the general theory of systems on Poisson
manifolds, for which there is now an extensive theoretical development. (See Guillemin
and Sternberg [1984] and Marsden and Ratiu [1998] for a start on this literature.) There
is an especially important feature of the rigid body bracket that carries over to general
Lie algebras, namely, Lie-Poisson brackets arise from canonical brackets on the cotangent
bundle (phase space) T*G associated with a Lie group G which has g as its associated Lie
algebra.

For a rigid body which is free to rotate about its center of mass, G is the (proper)
rotation group SO(3). The choice of T*G as the primitive phase space is made according to
the classical procedures of mechanics described earlier. For the description using Lagrangian
mechanics, one forms the velocity-phase space TSO(3). The Hamiltonian description on 7*G
is then obtained by standard procedures.

The passage from T*G to the space of IT’s (body angular momentum space) is determined
by left translation on the group. This mapping is an example of a momentum map; that
is, a mapping whose components are the “Noether quantities” associated with a symmetry
group. In this case, the momentum map in question is that associated with right translations
of the group. Since the Hamiltonian is left invariant, this momentum map is not conserved.
Indeed, it is the spatial angular momentum w = RII that is conserved, not II.

The map from T*G to g* being a Poisson (canonical) map is a general fact about mo-
mentum maps. The Hamiltonian point of view of all this is again a well developed subject.

Geodesic motion. As emphasized by Arnold [1966a], in many interesting cases, the
Euler—Poincaré equations on a Lie algebra g correspond to geodesic motion on the cor-
responding group G. We shall explain the relationship between the equations on g and on
G shortly, in theorem 1.6.1. Similarly, on the Hamiltonian side, the preceding paragraphs
explained the relation between the Hamiltonian equations on 7T*G and the Lie—Poisson
equations on g*. However, the issue of geodesic motion is simple: if the Lagrangian or
Hamiltonian on g or g* is purely quadratic, then the corresponding motion on the group is
geodesic motion.

More History. The Lie-Poisson bracket was discovered by Sophus Lie (Lie [1890], Vol.
I, p. 237). However, Lie’s bracket and his related work was not given much attention
until the work of Kirillov, Kostant, and Souriau (and others) revived it in the mid-1960s.
Meanwhile, it was noticed by Pauli and Martin around 1950 that the rigid body equations
are in Hamiltonian form using the rigid body bracket, but they were apparently unaware
of the underlying Lie theory. It would seem that while Poincaré was aware of Lie theory,
in his work on the Euler equations he was unaware of Lie’s work on Lie-Poisson structures.
He also seems not to have been aware of the variational structure of the Euler equations.



10 Chapter 1 Introduction and Overview

1.4 The Heavy Top.

Another system important to Poincaré and also for us later when we treat semidirect product
reduction theory is the heavy top; that is, a rigid body with a fixed point in a gravitational
field. For the Lie-Poisson description, the underlying Lie algebra, surprisingly, consists of
the algebra of infinitesimal Euclidean motions in R*. These do not arise as actual Euclidean
motions of the body since the body has a fixed point! As we shall see, there is a close
parallel with the Poisson structure for compressible fluids.

The basic phase space we start with is again T*SO(3). In this space, the equations are
in canonical Hamiltonian form. Gravity breaks the symmetry and the system is no longer
SO(3) invariant, so it cannot be written entirely in terms of the body angular momentum
IT. One also needs to keep track of ', the “direction of gravity” as seen from the body
(T' = R~k where the unit vector k points upward and R is the element of SO(3) describing
the current configuration of the body). The equations of motion are

I — I3
I3
Is— 1
YEVT
I -1
L

I, = o105 + Mgl (T — T%x?),

i, —

51T + Mgl (T3 — T3, (1.4.1)

I3 = I s + Mgl (D' x? — T2x1),
or, in vector notation,

IMM=TIxQ+ MglT x x, (1.4.2)
and

r=rxQ, (1.4.3)

where M is the body’s mass, g is the acceleration of gravity, x is the unit vector on the
line connecting the fixed point with the body’s center of mass, and £ is the length of this
segment.

The Lie algebra of the Euclidean group is se(3) = R3 x R with the Lie bracket

(&), (V)] = (§ xn,§ xv—nxu). (1.4.4)

We identify the dual space with pairs (II,T"); the corresponding (—) Lie-Poisson bracket
called the heavy top bracket is

{F,G}ILT) = —II- (Vi F x VG)

-I. (VHF X VFG — VHG X VFF). (1.4.5)
The above equations for IT,I" can be checked to be equivalent to
F={F H}, (1.4.6)

where the heavy top Hamziltonian

2 2 2
H(H,I‘)=1<E+E+E)+Mg€1"-x (1.4.7)
2\ I I I3
is the total energy of the body (see, for example, Sudarshan and Mukunda [1974]).

The Lie algebra of the Euclidean group has a structure which is a special case of what
is called a semidirect product. Here it is the product of the group of rotations with the
translation group. It turns out that semidirect products occur under rather general cir-
cumstances when the symmetry in 7*G is broken. In particular, there are similarities in
structure between the Poisson bracket for compressible flow and that for the heavy top. The
general theory for semidirect products will be reviewed shortly.
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A Kaluza-Klein form for the heavy top. We make a remark about the heavy top
equations that is relevant for later purposes. Namely, since the equations have a Hamiltonian
that is of the form kinetic plus potential, it is clear that the equations are not of Lie-Poisson
form on so(3)*, the dual of the Lie algebra of SO(3) and correspondingly, are not geodesic
equations on SO(3). While the equations are Lie—Poisson on se(3)*, the Hamiltonian is not
quadratic, so again the equations are not geodesic equations on SE(3).

However, they can be viewed in a different way so that they become Lie-Poisson equations
for a different group and with a quadratic Hamiltonian. In particular, they are the reduction
of geodesic motion. To effect this, one changes the Lie algebra from se(3) to the product
s¢(3) x 50(3). The dual variables are now denoted II,T',x. We regard the variable x as a
momentum conjugate to a new variable, namely a ghost element of the rotation group in
such a way that x is a constant of the motion; in Kaluza-Klein theory for charged particles
one thinks of the charge this way, as being the momentum conjugate to a (ghost) cyclic
variable.

We modify the Hamiltonian by replacing T - x by, for example, T - x + ||T||* + ||x]|?,
or any other terms of this sort that convert the potential energy into a positive definite
quadratic form in I'" and x. The added terms, being Casimir functions, do not affect the
equations of motion. However, now the Hamiltonian is purely quadratic and hence comes
from geodesic motion on the group SE(3) x SO(3). Notice that this construction is quite
different from that of the well known Jacobi metric method.

Later on in our study of continuum mechanics, we shall repeat this construction to
achieve geodesic form for some other interesting continuum models. Of course one can also
treat a heavy top that is charged or has a magnetic moment using these ideas.

1.5 Incompressible Fluids.

Arnold [1966a] showed that the Euler equations for an incompressible fluid could be given
a Lagrangian and Hamiltonian description similar to that for the rigid body. His approach?
has the appealing feature that one sets things up just the way Lagrange and Hamilton would
have done: one begins with a configuration space ), forms a Lagrangian L on the velocity
phase space T'Q) and then Legendre transforms to a Hamiltonian H on the momentum phase
space T*@Q. Thus, one automatically has variational principles, etc. For ideal fluids, @ = G
is the group Diff (D) of volume preserving transformations of the fluid container (a region
D in R? or R?, or a Riemannian manifold in general, possibly with boundary). Group
multiplication in G is composition.

The reason we select G = Diff,(D) as the configuration space is similar to that for the
rigid body; namely, each ¢ in G is a mapping of D to D which takes a reference point X € D
to a current point z = ¢(X) € D; thus, knowing ¢ tells us where each particle of fluid goes
and hence gives us the current fluid configuration. We ask that ¢ be a diffeomorphism to
exclude discontinuities, cavitation, and fluid interpenetration, and we ask that ¢ be volume
preserving to correspond to the assumption of incompressibility.

A motion of a fluid is a family of time-dependent elements of GG, which we write as x =
»(X,t). The material velocity field is defined by V(X,t) = 0p(X,t)/0t, and the spatial
velocity field is defined by v(z,t) = V(X,t) where  and X are related by = = p(X,t). If
we suppress “t” and write ¢ for V| note that

v=¢pop ' ie, vi=Viop (1.5.1)

3 Arnold’s approach is consistent with what appears in the thesis of Ehrenfest from around 1904; see Klein
[1970]. However, Ehrenfest bases his principles on the more sophisticated curvature principles of Gauss and
Hertz.
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where p1(x) = (X, t). We can regard (1.5.1) as a map from the space of (p, ) (material
or Lagrangian description) to the space of v’s (spatial or Eulerian description). Like the
rigid body, the material to spatial map (1.5.1) takes the canonical bracket to a Lie-Poisson
bracket; one of our goals is to understand this reduction. Notice that if we replace ¢ by pon
for a fixed (time-independent) 1 € Diff, (D), then o p~? is independent of n; this reflects
the right invariance of the Eulerian description (v is invariant under composition of ¢ by
71 on the right). This is also called the particle relabeling symmetry of fluid dynamics.
The spaces TG and T*G represent the Lagrangian (material) description and we pass to
the Eulerian (spatial) description by right translations and use the (+) Lie-Poisson bracket.
One of the things we shall explain later is the reason for the switch between right and left
in going from the rigid body to fluids.

The Fuler equations for an ideal, incompressible, homogeneous fluid moving in the
region D are

o +(v-V)v=-Vp (1.5.2)
ot
with the constraint div v = 0 and boundary conditions: v is tangent to 9D.

The pressure p is determined implicitly by the divergence-free (volume preserving) con-
straint div v = 0. The associated Lie algebra g is the space of all divergence-free vector
fields tangent to the boundary. This Lie algebra is endowed with the negative Jacobi-Lie
bracket of vector fields given by

o0 v ) . (1.5.3)

vl =2, (wj 007~V 9w

(The subscript L on [-, ] refers to the fact that it is the left Lie algebra bracket on g. The
most common convention for the Jacobi-Lie bracket of vector fields, also the one we adopt,
has the opposite sign.) We identify g and g* by using the pairing

(v,w) = /DV'dex. (1.5.4)

Hamiltonian structure for fluids. Introduce the (+) Lie-Poisson bracket, called the
ideal fluid bracket, on functions of v by

O0F 0G
F - ) il R 1.5.
{F,G}(v) /Dv {6v’6v]Ld x, (1.5.5)
where §F/dv is defined by
.1 OF\ 5
EhL% E[F(V +edv) — F(v)] = /D <5v . E) d’z. (1.5.6)

With the energy function chosen to be the kinetic energy,
1
H(v) =5 / v[? &z, (1.5.7)
2 Jp

one can verify that the Euler equations (1.5.2) are equivalent to the Poisson bracket equa-
tions

F={F H} (1.5.8)
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for all functions F' on g*. For this, one uses the orthogonal decomposition w = Pw + Vp
of a vector field w into a divergence-free part Pw in g and a gradient. The Euler equations
can be written as
ov +P(v-Vv)=0. (1.5.9)
ot
One can also express the Hamiltonian structure in terms of the vorticity as a basic
dynamic variable and show that the preservation of coadjoint orbits amounts to Kelvin’s
circulation theorem. Marsden and Weinstein [1983] show that the Hamiltonian structure in
terms of Clebsch potentials fits naturally into this Lie-Poisson scheme, and that Kirchhoff’s
Hamiltonian description of point vortex dynamics, vortex filaments, and vortex patches can
be derived in a natural way from the Hamiltonian structure described above.

Lagrangian structure for fluids. The general framework of the Euler—Poincaré and the
Lie-Poisson equations gives other insights as well. For example, this general theory shows
that the Euler equations are derivable from the “variational principle”

b
5/ / Livi2ddz = 0
a D2

which should hold for all variations dv of the form
ov=u-+ [u, V]L

where u is a vector field (representing the infinitesimal particle displacement) vanishing
at the temporal endpoints. The constraints on the allowed variations of the fluid velocity
field are commonly known as “Lin constraints” and their nature was clarified by Newcomb
[1962] and Bretherton [1970]. This itself has an interesting history, going back to Ehrenfest,
Boltzmann, and Clebsch, but again, there was little if any contact with the heritage of Lie
and Poincaré on the subject.

1.6 The Basic Euler—Poincaré Equations.

We now recall the abstract derivation of the “basic” Euler—Poincaré equations (i.e., the
Euler-Poincaré equations with no forcing or advected parameters) for left-invariant La-
grangians on Lie groups (see Marsden and Scheurle [1993a,b], Marsden and Ratiu [1998]
and Bloch et al. [1996]).

Theorem 1.6.1 Let G be a Lie group and L : TG — R a left (respectively, right) invariant
Lagrangian. Letl: g — R be its restriction to the tangent space at the identity. For a curve
glt) € G, let () = g(t) 1 g(t); e, () = Ty Lyay-13(t) (respectively, £(t) = g(H)g(t)~").
Then the following are equivalent:

i Hamilton’s principle

b
5/ L(g(8), §())dt = 0 (1.6.1)

holds, as usual, for variations dg(t) of g(t) vanishing at the endpoints.

ii The curve g(t) satisfies the FEuler-Lagrange equations for L on G.
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iii The “variational” principle

b
5/ HE®))dt = 0 (1.6.2)
holds on g, using variations of the form

6§ =n=x[& ), (1.6.3)

where 1 vanishes at the endpoints (+ corresponds to left invariance and — to right
invariance).*

iv The basic Euler—Poincaré equations hold

— =xad} — . (1.6.4)

Basic Ideas of the Proof. First of all, the equivalence of i and ii holds on the tangent
bundle of any configuration manifold @, by the general Hamilton principle. To see that ii
and iv are equivalent, one needs to compute the variations 6 inducedon & = g~ 'g =TL,-1g
by a variation of g. We will do this for matrix groups; see Bloch, Krishnaprasad, Marsden,
and Ratiu [1994] for the general case. To calculate this, we need to differentiate g~1¢ in the
direction of a variation dg. If §g = dg/de at e = 0, where g is extended to a curve g, then,

d d
= —g 1=
=29 59
while if n = g~'dg, then
_dd
=@t ae”

The difference ¢ — 7 is thus the commutator [€, n].
To complete the proof, we show the equivalence of iii and iv in the left-invariant case.
Indeed, using the definitions and integrating by parts produces,

ol ol ,.
5/Z(§)dt— E(Sfdt—/%(n-f—adgn) dt
d (6l . 0l
so the result follows.

There is of course a right invariant version of this theorem in which & = gg~! and the
Euler—Poincaré equations acquire appropriate minus signs as in equation (1.6.4). We shall
go into this in detail later.

1.7 Lie—Poisson Reduction.

We now recall from IMS some of the key ideas about Lie-Poisson reduction.
Besides the Poisson structure on a symplectic manifold, the Lie-Poisson bracket on g*,
the dual of a Lie algebra, is perhaps the most fundamental example of a Poisson structure.

4Because there are constraints on the variations, this principle is more like a Lagrange d’Alembert
principle, which is why we put “variational” in quotes. As we shall explain, such problems are not literally
variational.
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If P is a Poisson manifold and G acts on it freely and properly, then P/G is also Poisson
in a natural way: identify functions on P/G with G-invariant functions on P and use this
to induce a bracket on functions on P/G. In the case P = T*G and G acts on the left
by cotangent lift, then T*G/G = g* inherits a Poisson structure. The Lie-Poisson bracket
gives an explicit formula for this bracket.

Given two smooth functions F, H on (g*), we extend them to functions, Fy,, H, (respec-
tively, Fr, Hg) on all T*G by left (respectively, right) translations. The bracket {F, Hr}
(respectively, {Fgr, Hg}) is taken in the canonical symplectic structure € on T*G. The
result is then restricted to g* regarded as the cotangent space at the identity; this defines
{F, H}. We shall prove that one gets the Lie—Poisson bracket this way. In IMS, Chapter
14, it is shown that the symplectic leaves of this bracket are the coadjoint orbits in g*.

There is another side to the story too, where the basic objects that are reduced are not
Poisson brackets, but rather are variational principles. This aspect of the story, which takes
place on g rather than on g*, will be told as well.

We begin by studying the way the canonical Poisson bracket on T*G is related to the
Lie—Poisson bracket on g*.

Theorem 1.7.1 (Lie—Poisson Reduction Theorem) Identifying the set of functions on
g™ with the set of left (respectively, right) invariant functions on T*G endows g* with Poisson

structures given by
oF 0H
FH ==+ —, ). 1.71
(Fya0 =+ (|5 50| ) (1.7.)

The space g* with this Poisson structure is denoted g* (respectively, g% ). In contexts where
the choice of left or right is clear, we shall drop the “—" or “+” from {F,H}_ and {F,H},.

Following Marsden and Weinstein [1983], this bracket on g* is called the Lie—Poisson
bracket after Lie [1890], p. 204. There are already some hints of this structure in Jacobi
[1866], p.7. It was rediscovered several times since Lie’s work. For example, it appears
explicitly in Berezin [1967]. Tt is closely related to results of Arnold, Kirillov, Kostant, and
Souriau in the 1960s. See Weinstein [1983a] and IMS for more historical information.

Before proving the theorem, we explain the terminology used in its statement. First,
recall how the Lie algebra of a Lie group G is constructed. We define g = T, G, the tangent
space at the identity. For ¢ € g, we define a left invariant vector field {1 = X¢ on G by
setting

€u(g) =TeLy- ¢ (1.7.2)

where Ly : G — G denotes left translation by g € G and is defined by Lsh = gh. Given
&,n € g, define

[ga 77] = [§L7 77L](€)7 (173)
where the bracket on the right-hand side is the Jacobi—Lie bracket on vector fields. The
bracket (1.7.3) makes g into a Lie algebra, that is, [,] is bilinear, antisymmetric, and satisfies

Jacobi’s identity. For example, if G is a subgroup of GL(n), the group of invertible n X n
matrices, we identify g = T.G with a vector space of matrices and then as we calculated in
IMS, Chapter 9,

the usual commutator of matrices.
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A function Ff, : T*G — R is called left invariant if, for all g € G,
Fr,oT*L, = F, (1.7.5)

where T L, denotes the cotangent lift of Ly, so T* L, is the pointwise adjoint of T'L,. Given
F:g"—Randa, € TG, set

Fr(ag) = F(T Ly - o) (1.7.6)

which is the left invariant extension of F from g* to T*G. One similarly defines the
right invariant extension by

Fr(ag) = F(T/ Ry - ay). (1.7.7)
The main content of the Lie—Poisson reduction theorem is the pair of formulae
{F\H} ={Fr,Hp}|g" (1.7.8)
and
{FH}, ={Fr,HRr}lg", (1.7.9)

where {,}+ is the Lie-Poisson bracket on g* and {,} is the canonical bracket on T*G.
Another way of saying this is that the map X : T*G — g* (respectively, p : T*G — g% on
T*G) given by

ag — T7 Ly - ag (respectively, T, Ry - ) (1.7.10)

is a Poisson map.

Note that the correspondence between ¢ and £, identifies F(g*) with the left invariant
functions on T*G, which is a subalgebra of F(T*G) (since lifts are canonical), so (1.7.1)
indeed defines a Poisson structure (although this fact may also be readily verified directly).

To prove the Lie-Poisson reduction theorem, first prove the following.

Lemma 1.7.2 Let G act on itself by left translations. Then
§alg) = TeRy - €. (1.7.11)

Proof. By definition of infinitesimal generator,

d
gG(g) = E(I)exp(tf) (g)

t=0
d
— SRy (exp(tS))

—T.R,-¢

t=0

by the chain rule. v

Proof of the Theorem. Let J; : T*G — g* be the momentum map for the left action.
From the formula for the momentum map for a cotangent lift (IMS, Chapter 12, we have

(Jr(ag),&) = (ag,&a(9))
= <0497T6Rg £>
= (ITRy - ag,§) -
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Thus,
Ji(ag) =TI Ry - ayg,

so Jr = p. Similarly Jg = A. However, the momentum maps J; and Jgr are equivariant
being the momentum maps for cotangent lifts, and so from IMS §12.5, they are Poisson
maps. The theorem now follows.

Since the Euler-Lagrange and Hamilton equations on T'Q) and T*(@Q are equivalent in
the regular case, it follows that the Lie-Poisson and Euler—Poincaré equations are then also

equivalent. To see this directly, we make the following Legendre transformation from g to
*

g

Note that

oh 0 ol o0&\

o7 <“’ 5u> <65’ 5u> ¢
and so it is now clear that the Lie-Poisson equations (1.3.9) and the Euler—Poincaré equations
(1.6.4) are equivalent.

Lie-Poisson Systems on Semidirect Products. As we described above, the heavy top
is a basic example of a Lie-Poisson Hamiltonian system defined on the dual of a semidirect
product Lie algebra. The general study of Lie-Poisson equations for systems on the dual of
a semidirect product Lie algebra grew out of the work of many authors including Sudarshan
and Mukunda [1974], Vinogradov and Kupershmidt [1977], Ratiu [1980], Guillemin and
Sternberg [1980], Ratiu [1981, 1982], Marsden [1982], Marsden, Weinstein, Ratiu, Schmidt
and Spencer [1983], Holm and Kupershmidt [1983], Kupershmidt and Ratiu [1983], Holmes
and Marsden [1983], Marsden, Ratiu and Weinstein [1984a,b], Guillemin and Sternberg
[1984], Holm, Marsden, Ratiu and Weinstein [1985], Abarbanel, Holm, Marsden, and Ratiu
[1986] and Marsden, Misiolek, Perlmutter and Ratiu [1997]. As these and related references
show, the Lie-Poisson equations apply to a wide variety of systems such as the heavy top,
compressible flow, stratified incompressible flow, and MHD (magnetohydrodynamics).

In each of the above examples as well as in the general theory, one can view the given
Hamiltonian in the material representation as one that depends on a parameter; this pa-
rameter becomes dynamic when reduction is performed; this reduction amounts in many
examples to expressing the system in the spatial representation.

Rigid Body in a Fluid. The dynamics of a rigid body in a fluid are often modeled
by the classical Kirchhoff equations in which the fluid is assumed to be potential flow,
responding to the motion of the body. (For underwater vehicle dynamics we will need to
include buoyancy effects.)> Here we choose G' = SE(3), the group of Euclidean motions of
R3 and the Lagrangian is the total energy of the body-fluid system. Recall that the Lie
algebra of SE(3) is se¢(3) = R3 x R3? with the bracket

[(Q,u),( Z,0)] =2 xZ,Q2%x0v—X Xu).

5This model may be viewed inside the larger model of an elastic-fluid interacting system with the con-
straint of rigidity imposed on the elastic body and with the reduced space for the fluid variables (potential
flow is simply reduction at zero for fluids).
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The reduced Lagrangian is again quadratic, so has the form
1 1
(Q,v) = §QTJQ + Q" Dv + EvTMv.

The Lie—Poisson equations are computed to be

M=TxQ+Pxv
P=PxQ

where II = 91/0Q = JQ + Dv the “angular momentum” and P = dl/0v = Mv + DTQ, the
“linear momentum”.

Again, we suggest that the reader work out the reduced variational principle. Relevant
references are Lamb [1932], Leonard [1996], Leonard and Marsden [1997], and Holmes,
Jenkins and Leonard [1997].

KdV Equation. Following Ovsienko and Khesin [1987], we will now indicate how the
KdV equations may be recast as Fuler-Poincaré equations. The KdV equation is the
following equation for a scalar function wu(zx,t) of the real variables = and ¢:

U + 6uUy + Ugzy = 0.

We let g be the Lie algebra of vector fields w on the circle (of length 1) with the standard
bracket

[u,v] = u'v —v'u.

Let the Gelfand-Fuchs cocycle be defined by®

Y (u,v) = 'y/o o' (x)v" (z)d,

where v is a constant. Let the Virasoro Lie algebra be defined by g = g x R with the
Lie bracket

[(uv a)a (’U, b)] = ([uv v]a ’YE(uv v))

This is verified to be a Lie algebra; the corresponding group is called the Bott- Virasoro
group. Let

1
l(u,a) = %aQ —1—/0 u?(z)dx.

Then one checks that the Euler-Poincaré equations are

da
dt
du
dt
so that for appropriate a and v and rescaling, we get the KdV equation. Thus, the KdV
equations may be regarded as geodesics on the Bott-Virasoro group.
Likewise, the Camassa-Holm equation can be recast as geodesics using the H! rather than
the L? metric (see Misiolek [1997] and Holm, Kouranbaeva, Marsden, Ratiu and Shkoller
[1998]).

=0

= —yau" - 3u'u

6 An interesting interpretation of the Gelfand-Fuchs cocycle as the curvature of a mechanical connection
is given in Marsden, Misiolek, Perlmutter and Ratiu [1998a,b].
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Lie—Poisson Reduction of Dynamics. If H is left G-invariant on T*G and Xy is its
Hamiltonian vector field (recall from [MS that it is determined by F = {F, H}), then Xy
projects to the Hamiltonian vector field X, determined by f = {f,h}_ where h = H|T; G =
Hlg*. We call f ={f,h}_ the Lie-Poisson equations.

As we have mentioned, if [ is regular; i.e., £ — p = 0l/0¢ is invertible, then the Legendre
transformation taking & to p and [ to

h(p) = (& p) —1(E)

maps the Euler-Poincaré equations to the Lie-Poisson equations and vice-versa.

The heavy top is an example of a Lie-Poisson system on se(3)*. However, its inverse
Legendre transformation (using the standard h) is degenerate! This is an indication that
something is missing on the Lagrangian side and this is indeed the case. The resolution is
found in Holm, Marsden and Ratiu [1998a].

Lie-Poisson systems have a remarkable property: they leave the coadjoint orbits in g*
invariant. In fact the coadjoint orbits are the symplectic leaves of g*. For each of exam-
ples 1 and 3, the reader may check directly that the equations are Lie-Poisson and that
the coadjoint orbits are preserved. For example 2, the preservation of coadjoint orbits is
essentially Kelvin’s circulation theorem. See Marsden and Weinstein [1983] for details. For
the rotation group, the coadjoint orbits are the familiar body angular momentum spheres,
shown in figure 1.7.1.

Figure 1.7.1: The rigid body momentum sphere.

History and literature. Lie-Poisson brackets were known to Lie around 1890, but ap-
parently this aspect of the theory was not picked up by Poincaré. The coadjoint orbit
symplectic structure was discovered by Kirillov, Kostant and Souriau in the 1960’s. They
were shown to be symplectic reduced spaces by Marsden and Weinstein [1974]. It is not
clear who first observed explicitly that g* inherits the Lie-Poisson structure by reduction as
in the preceding Lie-Poisson reduction theorem. It is implicit in many works such as Lie
[1890], Kirillov [1962], Guillemin and Sternberg [1980] and Marsden and Weinstein [1982,



20 Chapter 1 Introduction and Overview

1983], but is explicit in Holmes and Marsden [1983] and Marsden, Weinstein, Ratiu, Schmid
and Spencer [1983].

1.8 Symplectic and Poisson Reduction.

The ways in which reduction has been generalized and applied has been nothing short
of phenomenal. We now sketch just a few of the highlights (eliminating many important
references). We shall be coming back to develop many of these ideas in detail in the text.
What follows is an overview that can be returned to later on.

First of all, in an effort to synthesize coadjoint orbit reduction (suggested by work of
Arnold, Kirillov, Kostant and Souriau) with techniques for the reduction of cotangent bun-
dles by Abelian groups of Smale [1970], Marsden and Weinstein [1974] developed symplectic
reduction; related results, but with a different motivation and construction were found by
Meyer [1973]. The construction is now well known: let (P, ) be a symplectic manifold and
J : P — g* be an equivariant momentum map; then avoiding singularities, J~!(u)/G, = P,
is a symplectic manifold in a natural way. For example, for P = T*G, one gets coadjoint
orbits. We shall develop the theory of symplectic reduction in Chapter 2.

Kazhdan, Kostant and Sternberg [1978] showed how P,, can be realized in terms of orbit
reduction P, & J=!1(0)/G and from this it follows (but not in a totally obvious way) that
P, are the symplectic leaves in P/G. This paper was also one of the first to notice deep links
between reduction and integrable systems, a subject continued by, for example, Bobenko,
Reyman and Semenov-Tian-Shansky [1989].

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, for example, Pedroni [1995] and Vanhaecke
[1996]).

The mechanical connection. A basic construction implicit in Smale [1970], Abraham
and Marsden [1978] and explicit in Kummer [1981] is the notion of the mechanical connec-
tion. The geometry of this situation was used to great effect in Guichardet [1984] and Iwai
[1987, 1990].

Assume @ is Riemannian (the metric often being the kinetic energy metric) and that
G acts on @ freely by isometries, so 7 : @ — @Q/G is a principal bundle. If we declare
the horizontal spaces to be metric orthogonal to the group orbits, this uniquely defines a
connection called the mechanical connection. There are explicit formulas for it in terms
of the locked inertia tensor; see for instance, Marsden [1992] for details. The space Q/G is
called shape space and plays a critical role in the theory.”

Tangent and cotangent bundle reduction. The simplest case of cotangent bundle
reduction is reduction at zero in which case one has (T*Q),=0 = T*(Q/G), the latter 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.

The Abelian version of cotangent bundle reduction was developed by Smale [1970] and
Satzer [1975] and was generalized to the nonabelian case in Abraham and Marsden [1978].
It was Kummer [1981] who introduced the interpretations of these results in terms of the
mechanical connection.

"Shape space and its geometry plays a key role in computer vision. See for example, Le and Kendall
[1993].
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The Lagrangian analogue of cotangent bundle reduction is called Routh reduction and
was developed by Marsden and Scheurle [1993a,b]. Routh, around 1860 investigated what
we would call today the Abelian version.

The “bundle picture” begun by the developments of the cotangent bundle reduction the-
ory was significantly developed by Montgomery, Marsden and Ratiu [1984] and Montgomery
[1986] motivated by work of Weinstein and Sternberg on Wong’s equations (the equations
for a particle moving in a Yang-Mills field).

This bundle picture can be viewed as follows. Choosing a connection, such as the me-
chanical connection, on @ — /G, one gets a natural isomorphism

T"Q/G=T(Q/G) g

where the sum is a Whitney sum of vector bundles over Q)/G (fiberwise a direct sum) and
g* is the associated vector bundle to the co-adjoint action of G on g*. The description of
the Poisson structure on this bundle (a synthesis of the canonical bracket, the Lie-Poisson
bracket and curvature) may be found in Cendra, Marsden and Ratiu [1998].

Lagrangian reduction. The Lagrangian analogue of the bundle picture is the dual iso-
morphism

TQ/G=T(Q/G)® g

whose geometry is developed in Cendra, Marsden and Ratiu [1998]. In particular, the
equations and variational principles are developed on this space. For Q = G this reduces
to the Euler-Poincaré picture we had previously. For G abelian, it reduces to the Routh
procedure.

If we have an invariant Lagrangian on T'Q it induces a Lagrangian [ on (T'Q))/G and hence
on T(Q/G)@g. Calling the variables r*, 7 and Q%, the resulting reduced Euler-Lagrange
equations (implicitly contained in Cendra, Ibort and Marsden [1987] and explicitly in Mars-
den and Scheurle [1993b]) are

d o ol o o 5 a

@0 e~ ane D )
d ol o, 0 v
dow —aQa(—faﬁT +C50%)

where B ; is the curvature of the connection AL Cg, are the structure constants of the Lie
algebra g and where £%, = C%, A%,

Using the geometry of the bundle TQ/G = T(Q/G) @ g, one obtains a nice interpretation
of these equations in terms of covariant derivatives. One easily gets the dynamics of particles
in a Yang-Mills field (these are called Wong’s equations) as a special case; see Cendra, Holm,
Marsden and Ratiu [1998] for this example. Methods of Lagrangian reduction and the Wong
equations have proven very useful in optimal control problems. It was used in Koon and
Marsden [1997] to extend the falling cat theorem of Montgomery [1990] to the case of
nonholonomic systems.

Cotangent bundle reduction is very interesting for group extensions, such as the Bott-
Virasoro group described earlier, where the Gelfand-Fuchs cocycle may be interpreted as the
curvature of a mechanical connection. This is closely related to work of Marsden, Misiolek,
Perlmutter and Ratiu [1998a,b] on reduction by stages. This work in turn is an outgrowth of
earlier work of Guillemin and Sternberg [1980], Marsden, Ratiu and Weinstein [1984a,b] and
many others on systems such as the heavy top, compressible flow and MHD. It also applies to
underwater vehicle dynamics as shown in Leonard [1997] and Leonard and Marsden [1997].
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Semidirect Product Reduction. In semidirect product reduction, one supposes that G
acts on a vector space V' (and hence on its dual V*). From G and V we form the semidirect
product Lie group S = GOV, the set G x V with multiplication

(g1,v1) - (92,v2) = (9192, v1 + g1v2).

The Euclidean group SE(3) = SO(3) ® R?, the semidirect product of rotations and transla-
tions is a basic example. Now suppose we have a Hamiltonian on T*G that is invariant under
the isotropy group G, for ag € V*. The semidirect product reduction theorem states
that reduction of T*G by G,, gives reduced spaces that are symplectically diffeomorphic to
coadjoint orbits in the dual of the Lie algebra of the semi-direct product: (g@®@V)*.

This is a very important construction in applications where one has “advected quantities”
(such as density in compressible flow). Its Lagrangian counterpart, which is not simply the
Euler-Poincaré equations on g® V), is developed in Holm, Marsden and Ratiu [1998a] along
with applications to continuum mechanics. Cendra, Holm, Hoyle and Marsden [1998] have
applied this idea to the Maxwell-Vlasov equations of plasma physics.

If one reduces the semidirect product group S = GV in two stages, first by V' and
then by G, one recovers the semidirect product reduction theorem mentioned above.

A far reaching generalization of this semidirect product theory is given in Marsden, Mi-
siolek, Perlmutter and Ratiu [1998a,b] in which one has a group M with a normal subgroup
N C M and M acts on a symplectic manifold P. One wants to reduce P in two stages, first
by N and then by M/N. On the Poisson level this is easy: P/M = (P/N)/(M/N) but on
the symplectic level it is quite subtle. Cendra, Marsden and Ratiu [1998] have developed a
Lagrangian counterpart to reduction by stages.

Singular reduction. Singular reduction starts with the observation of Smale [1970] that
z € P is a regular point of J iff z has no continuous isotropy. Motivated by this, Arms,
Marsden and Moncrief [1981] showed that the level sets J~1(0) of an equivariant momentum
map J have quadratic singularities at points with continuous symmetry. While easy for
compact group actions, their main examples were infinite dimensional! The structure of
J71(0)/G for compact groups was developed in Sjamaar and Lerman [1990], and extended
to J~!(u)/G, by Bates and Lerman [1996] and Ortega and Ratiu [1997a]. Many specific
examples of singular reduction and further references may be found in Bates and Cushman
[1997].

The method of invariants. An important method for the reduction construction is
called the method of invariants. This method seeks to parameterize quotient spaces by
functions that are invariant under the group action. The method has a rich history going
back to Hilbert’s invariant theory and it has much deep mathematics associated with it. 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] and the book of Bates and Cushman [1997]
for more details and references. We shall illustrate the method with a famous system, the
three wave interaction, based on Alber, Luther, Marsden and Robbins [1998b].



Chapter 1 Introduction and Overview 23

The three wave interaction. The quadratic resonant three wave equations are
the following ode’s on C3:

_dq1 = 151714243
dt
—dq2 = 182724143
dt
das = 18373G1G2
dt

Here, q1,q2,q3 € C, i = v/—1, the overbar means complex conjugate, and v;,72 and ~y3 are
nonzero real numbers with v + 72 + v3 = 0. The choice (s1, s2,s3) = (1,1, —1); gives the
decay interaction, while (s1, $2,3) = (—1,1,1) gives the explosive interaction.

Resonant wave interactions describe energy exchange among nonlinear modes in con-
texts involving nonlinear waves (the Benjamin-Feir instability, etc. ) in fluid mechanics,
plasma physics and other areas. There are other versions of the equations in which coupling
associated with phase modulations appears through linear and cubic terms. Much of our
motivation comes from nonlinear optics (optical transmission and switching). The three
wave equations are discussed in, for example, Whitham [1974] and its dynamical systems
aspects are explored in Guckenheimer and Mahalov [1992].

The methods we develop work rather generally for resonances—the rigid body is well
known to be intimately connected with the 1:1 resonance (see, for example, Cushman and
Rod [1982], Churchill, Kummer and Rod [1983]). The three wave interaction has an interest-
ing Hamiltonian and integrable structure. We shall use a standard Hamiltonian structure
and the technique of invariants to understand it. The decay system is Lie-Poisson for
the Lie algebra su(3) — this is the one of notable interest for phases (the explosive case is
associated with su(2,1)). This is related to the Lax representation of the equations—the
n-wave interaction is likewise related to su(n). The general picture developed is useful for
many other purposes, such as polarization control (building on work of David, Holm and
Tratnik [1989] and David and Holm [1990]) and perturbations of Hamiltonian normal forms
(see Kirk, Marsden and Silber [1996]).

The canonical Hamiltonian structure. We describe how the three wave system is
Hamiltonian relative to a canonical Poisson bracket. We choose (primarily a matter of
convenience) a ;-weighted canonical bracket on C3. This bracket has the real and imaginary
parts of each complex dynamical variable g; as conjugate variables. Correspondingly, we will
use a cubic Hamiltonian. The scaled canonical Poisson bracket on C? may be written
in complex notation as

3
oF 0G  0G OF
F.G) = —2i or oG 9t OF )
{ 7G} Zkzﬂsk’yk <8qk 8@]@ 8(]’“ 8@]@)

The corresponding symplectic structure can be written

3

1
(21, 22, 23), (w1, w2, w3)) = = » Im(zywg).
= SkVk
The (cubic) Hamiltonian is
1, _
H = -2 (019203 + ¢1323) -

2
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Hamilton’s equations for a Hamiltonian H are

dgi

2k _ H

o {aw, H}
and it is straightforward to check that Hamilton’s equations are given in complex notation
by

da

T — 208KV

H
Oqk ’
One checks that Hamilton’s equations in our case coincide with the three wave equations.

Integrals of motion. Besides H itself, there are additional constants of motion, often
referred to as the Manley-Rowe relations:

2 2
K, - o o 7
5171 8272

2 2
Ky, = |g2| +|q3| 7
5272 5373

2 2

Ky — ol el

5171 5373

The vector function (K7, Ko, K3) is the momentum map for the following symplectic
action of the group T2 = S* x S x S' on C3:

(q1,42,43) — (g1 exp(in1), g2 exp(i71),q3),
(q1,92,43) — (q1, 92 exp(iv2), g3 exp(iv2)),
(41,42, 93) — (q1 exp(i73), G2, 3 exp(—i73))-

The Hamiltonian taken with any two of the K; are checked to be a complete and inde-
pendent set of conserved quantities. Thus, the system is Liouville- Arnold integrable.

The K clearly give only two independent invariants since K1 — K3 = K3. Any combi-
nation of two of these actions can be generated by the third reflecting the fact that the K
are linearly dependent. Another way of saying this is that the group action by T is really
captured by the action of T2.

Integrating the equations. To carry out the integration, one can make use of the Hamil-
tonian plus two of the integrals, K; to reduce the system to quadratures. This is often
carried out using the transformation ¢; = |/pjexpi¢; to obtain expressions for the phases
@;. The resulting expressions are nice, but the alternative point of view using invariants is
also useful.

Poisson reduction. Symplectic reduction of the above Hamiltonian system uses the sym-
metries and associated conserved quantities K. In Poisson reduction, we replace C2 with
the orbit space C3/T?, which then inherits a Poisson structure. To obtain the symplectic
leaves in this reduction, we use the method of invariants. Invariants for the T2 action
are:

X +1Y = q142q3
|2 - |(12|2

— lgsl?

Z1 = |q
Zy = |qa]?
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These quantities provide coordinates for the four dimensional orbit space C?/T2. The
following identity (this is part of the invariant theory game) holds for these invariants and
the conserved quantities:

X2 4Y? = B(6 — Z9)(Zo + 5373K2) (5272 Ko — Z3)

where the constants (3,9 are given by

S S S
p= %237337 6 = s272 K1 + s373(K1 — Ka).
(s272 + s373)

This defines a two dimensional surface in (X, Y, Z3) space, with Z; determined by the values
of these invariants and the conserved quantities (so it may also be thought of as a surface
in (X,Y, Z1,Z5) as well). A sample of one of these surfaces is plotted in Figure 1.8.1.

A2y

X

Figure 1.8.1: The reduced phase space for the three-wave equations.

We call these surfaces the three wave surfaces. They are examples of orbifolds. The
evident singularity in the space is typical of orbifolds and comes about from the non-freeness
of the group action.

Any trajectory of the original equations defines a curve on each three wave surface, in
which the K; are set to constants. These three wave surfaces are the symplectic leaves in
the four dimensional Poisson space with coordinates (X,Y, Z1, Z3).

The original equations define a dynamical system in the Poisson reduced space and on
the symplectic leaves as well. The reduced Hamiltonian is

H(X,\Y,Z1,2) = —-X

and indeed, X =0 is one of the reduced equations. Thus, the trajectories on the reduced
surfaces are obtained by slicing the surface with the planes X = Constant. The Poisson
structure on C* drops to a Poisson structure on (X, Y, Z1, Zs)-space, and the symplectic
structure drops to one on each three wave surface—this is of course an example of the
general procedure of symplectic reduction. Also, from the geometry, it is clear that
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interesting homoclinic orbits pass through the singular points—these are cut out by the
plane X = 0.

A control perspective allows one to manipulate the plane H = —X and thereby the
dynamics. This aspect is explored in Alber, Luther, Marsden and Robbins [1998a].



Chapter 2

Symplectic Reduction

The classical Noether theorem provides conservation laws for mechanical systems with sym-
metry. The conserved quantities collected as vector valued maps on phase space are called
momentum maps. Momentum maps have many wonderful properties; one of these is that
they are Poisson maps from the phase space (either a symplectic or a Poisson manifold) to
the dual of the Lie algebra of the symmetry group, with its Lie-Poisson structure, as was
proved in IMS.

The main goal of this chapter is to study the procedure of reducing the size of the
phase space by taking advantage of the conserved momentum map and the invariance of
the system under the given symmetry group. The results obtained generalize the classical
theorems of Liouville and Jacobi on reduction of systems by 2k dimensions if there are k
integrals in involution. The general reduction method also includes Jacobi’s elimination of
the node, fixing the center of mass in the n-body problem, as well as the coadjoint orbit
symplectic structure. This procedure plays a crucial role in many related constructions,
both mathematical and physical. Some key examples are given in the text along with the
theory; beside the basic examples using linear and angular momentum, one may treat other
more sophisticated examples, such as the Maxwell equations in vacuum and the equations
for a charged particle in an electromagnetic field. Appropriately combining them leads
to the Maxwell-Vlasov system, as in Marsden and Weinstein [1982]. Another interesting
example is the dynamics of coupled rigid bodies, rigid bodies with flexible attachments, etc.
Later on, we will also consider reconstruction—the opposite of reduction—and how it can
be used to give insight to geometric phases. The basic idea of geometric phases was already
discussed in the introduction to IMS.

This Chapter begins with the study of reduction in the context of presymplectic struc-
tures. Then it goes on to the case of symplectic reduction and then later on links this up
with Poisson reduction (the beginnings of Poisson reduction were started in Chapter 10 of
IMS. Of course the reduction of cotangent bundles is a very important situation and so it
is given special attention.

2.1 Presymplectic Reduction

A general setting for symplectic reduction (going back to Cartan [1922]) is the following.
Suppose w is a presymplectic form; i.e., a closed two-form on a manifold N. Let E,, be
the characteristic (or null) distribution of w, defined as the distribution whose fiber at
z € N is

Eyr={u€eTyN|w(uv)=0 forall veT,N}.

27
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If X is a vector field on IV, note that it takes values in E,, iff ixw = 0. Call w regular if E,,
is a subbundle of T N. The latter condition holds in finite dimensions iff w has constant rank;
see Abraham, Marsden and Ratiu, Manifolds, Tensor Analysis and Applications, hereafter
referred to as MTA, §4.4 for this and a corresponding result for the infinite dimensional case.
We assume w is regular in the following discussion. We begin with the following important
observation.

Lemma 2.1.1 The characteristic distribution E,, of a reqular presymplectic form w is an
involutive distribution; that is, that sections of E,, are closed under the Jacobi-Lie bracket.

Proof. We will use the following general identity about differential forms:
i[X7y]w = .fxiyw — iyfxw

which is proved, for example, in MTA. Suppose X and Y are vector fields on N that take
their values in E,; then,

i[X7y]w = £xiyw—iyLxw=0— iy(ixdw + dixw) =0,

so [X,Y] also takes its value in E,. N

By Frobenius’ theorem (see MTA), E,,, being an integrable distribution, defines a folia-
tion ® on NV, called the null foliation of w. Thus, ® is a disjoint collection of submanifolds
whose union is NV and whose tangent spaces are, at every point x, I, ., the fiber of E,, over
x. Assume, in addition, that ® is a regular foliation, i.c., the space N/® of leaves of the
foliation is a smooth manifold and the canonical projection 7 : N — N/® is a submersion.
Necessary and sufficient conditions for this to hold are that the graph of ® in N x N is a
closed submanifold and the projection p; : graph ® — N onto the first factor is a surjective
submersion; see MTA §3.5 for details. Under these hypotheses, the tangent space to N/®
at [x], the leaf through = € N, is isomorphic to the vector space quotient T, N/E,, .., the
isomorphism being implemented by the projection 7 (see Figure 2.1.1).

We wish to define a two-form we on N/® by

wa ([x])([u], [v]) = w(z)(u,v) (2.1.1)

where u,v € T, N and [u], [v] denote their equivalence classes in T, N/E,, ,. For this defi-
nition to make sense, we need to prove that we is well-defined, that is, is independent of
choices of representatives of equivalence classes. While doing this, refer to Figure 2.1.2.

Lemma 2.1.2 Formula (2.1.1) defines a two form on N/®.

Proof. If [z] = [2/], then (by the proof of Frobenius’ theorem) there is a vector field
X with values in E, such that 2’ = ¢(z), where ¢ is the time one map for X. Let

u =Tpp-u, vV =Tpp-v, and let [u’] = [v/] and [v"'] = [v'], so that v’ — v and v — o'
both belong to E,, ,+. Thus,
W(LC/)(U”,’UH) — w(x/) ((u/l _ U/) + U/, ('U,/ _ ’U/) + ’Ul) — W(IE,)(U,,’U/)

w(p(@))(Tep - u, Top - v) = (¢"w) () (u, ).
1 //)

Since dw = 0 and ixw = 0, we have £xw = 0, so that ¢*w = w; ie., w(x)(u",v
w(z)(u,v), showing that we is well-defined. W

From the construction of wg, it follows that
w=Tws. (2.1.2)

Since 7 is a surjective submersion, wg is uniquely determined by property (2.1.2).
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leaves of N

N/

Figure 2.1.1: N is foliated by the leaves of the foliation ®, the null foliation of a closed two
form w.

Lemma 2.1.3 The form we is closed.

Proof. From dw = 0, we get 0 = dn*ws = 7*dws, and since 7 is a submersion, dwg = 0.
|

Lemma 2.1.4 The form we is (weakly) non-degenerate.

Proof. Indeed, if we([z])([u], [v]) = w(z)(u,v) = 0 for all v € T, N, then u € E, , i.e.,
[u =[0]. ®

Summarizing these results, we have thus proved the following.
Theorem 2.1.5 (Foliation Reduction Theorem) Let N be a smooth manifold and w a
closed 2-form on N. Assume that the characteristic distribution E,, C TN of w is reqular,
that the foliation ® it defines is regular, and let m : N — N/® denote the canonical pro-

jection. Then w induces a unique (weak) symplectic structure wg on N/® by the relation
Twe = w. The manifold N/® of leaves is called the reduced space.

For the next corollary, recall that in a symplectic manifold (P, $2), the Q-orthogonal
complement of a subbundle E C TP is the bundle E® whose fiber at z € P is the linear
space

E?={veT.P|Qw,w)=0 forall we E,}.

Corollary 2.1.6 Let (P,Q) be a symplectic manifold and N C P a submanifold. Suppose
that TN N (TN)% is a subbundle of TN. Then

i TN N (TN)% is an integrable subbundle of TN ;

iit TN/[TN N (TN)Y] is a symplectic vector bundle over N; that is, each fiber has an
induced symplectic structure varying smoothly over N ;
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. leafof @

Figure 2.1.2: Showing that there is a well defined two form on the quotient space.

iii if the foliation ® determined by TN N (TN)? is regular, then N/® is a symplectic
manifold.

Proof Let i: N — P be the inclusion and w = ¢*€). The characteristic distribution of w
at z € N equals

E,.={veT.N|Qx)(v,u)=0 forall uecT,N}=T.Nn(T.N)?,

so that the assertions of the corollary follow from the foliation reduction theorem. MW

Notice that when N is coisotropic, i.e., when (T'N)® C TN, the foliation ® is deter-
mined by the distribution (TNV)*.

Exercises
2.1-1

(a) If (E,Q) is a symplectic vector space and if N C E is a subspace, show directly that
N/(N N N®) is a symplectic vector space.

(b) If (N, Q) is a presymplectic vector space, show that N/N is symplectic.

2.1-2 Let L C E be a Lagrangian subspace of a symplectic vector space (E,Q) i.e., L? = L.
If N D L, show that N is coisotropic, whereas if N C L, N is isotropic.

2.1-3

(a) Let X be a divergence free vector field in R® and let p = dwAdyAdz be the standard vol-
ume element. Show that w = ixu is a presymplectic form. Describe the characteristic
foliation and the reduced phase space for this example.

(b) Carry out this construction for the vector field X (x,y,z) = (1/yz,1/xzz,1/zy).
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2.2 Symplectic Reduction by a Group Action

One of the most important situations in which reduction occurs is when the foliation is
determined by a group action, and the set IV is a level set of a momentum map. This
section deals with this case.

Let ® : G x P — P be a (left) symplectic action of a Lie group G on the symplectic
manifold (P,Q) with an Ad*equivariant momentum map J : P — g*. Let pu € g* be a
regular value of J. (As we shall see in the remarks below, this condition can be weakened
somewhat and cases where it fails are important, but we assume for the moment that u is a
regular value.) Thus, J~!(u1) is a submanifold of P and, if G and P are finite dimensional,
then dim J~!(p) = dim P — dim G. Let

Gu={9€G|Adgp=p}
be the isotropy subgroup at p for the coadjoint action. Its Lie algebra is

g, = {{ €gladip =0}

Lemma 2.2.1 The set I~ (u) is invariant under the action of G,,.

Proof. We are asserting that for z € J=!(u), then ®,4(2) € J71(u) for all g € G,. Indeed,
this follows from the following calculation in which the appropriate group action is denoted
by concatenation and in which equivariance of the momentum map is used in the first
equality:

J(9z) =9gd(z) =gp=p W

Definition 2.2.2 The quotient space P, = J~'(u)/G,, is called the reduced phase space
at € g*.

The reduced space is a manifold if G,, acts freely (i.e., if, for each z € J71(u), g -z =z
implies g = e) and properly (i.e., (g,2) — (g,g-2) is a proper map) on J~*(u). Under these
hypotheses, P, is a manifold, and the canonical projection 7, : J=(u) — P, is a surjective
submersion. We alluded to theorems of this type above and refer to MTA for proofs.'

The symplectic reduction theorem states that P, is a symplectic manifold, the sym-
plectic form being naturally induced from . It has a second part dealing with how a
Hamiltonian system drops to the reduced space that will be treated in §1.3. The symplec-
tic reduction theorem was formulated in this way by Marsden and Weinstein [1974] (see
also Meyer [1973]). Related earlier special but important versions of these theorems were
given by Arnold [1966], Smale [1970], and Nehoroshev [1970]. These results are inspired by
classical cases of Liouville and Jacobi (see, for example, Whittaker [1925]).

Theorem 2.2.3 (Symplectic Reduction Theorem) Consider a symplectic manifold (P, <)
on which there is a Hamiltonian left action of a Lie group G with an equivariant momentum
map J : P — g*. Assume that i € g* is a regular value of J and that the isotropy group G,
acts freely and properly® on J=1(n). Then the reduced phase space P, = J~(u)/G, has a
unique (weak) symplectic form Q,, characterized by

T, = 0, (2.2.1)

1In the infinite dimensional case one uses special techniques to prove that the quotients are manifolds,
based on slice theorems (see Ebin [1970], Isenberg and Marsden [1983] and references therein.)

2In infinite dimensions, assume that  is weakly non-degenerate and add the hypothesis that the map
from the group to the orbit is an immersion, or replace the properness and immersion hypothesis by the
assumption that there is a slice theorem available to guarantee that the quotient is a manifold.
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where 7, : 37 () — P, is the canonical projection and i, : I~ () — P is inclusion. (See
Figure 2.2.1) Finally (in the infinite dimensional case), if Q is a strong symplectic form, so
is €.

I W)

orbits of G“

Figure 2.2.1: In the symplectic reduction theorem, the orbits of G, give the characteristic
foliation of J=1(u).

To prove the symplectic reduction theorem, we prepare a few more lemmas.

Lemma 2.2.4 Let (V,Q) be a weak symplectic Banach space and W C 'V be a closed sub-
space. Then

(WHE =w. (2.2.2)

Proof That there is a natural inclusion W C (W) follows directly from the definitions.
We first prove the converse inclusion in the finite dimensional situation and prove the general
case below.

First we show that

dimV = dim W + dim W, (2.2.3)

even though V # W @ W in general. To prove (2.2.3), let r : V* — W* denote the

restriction map, defined by r(a) = a|W, for a € V* and note that r is onto (since it is the

dual of the inclusion map). Since € is non-degenerate, Q0 : V' — V* is also onto and thus

ro€¥ :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 dim V — dim W* = dim W, so (2.2.3) holds.
Applying (2.2.3) to W and then to W, we get

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

i.€.,

dim W = dim(W*)®.
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This and the inclusion W C (W) proves W = (W®)%. v

Optional Proof of Lemma 2.2.4 in the Infinite Dimensional Case
We start by recalling the Hahn-Banach theorem in the setting of locally convex topological
spaces. The proof may be found in MTA, Choquet [1969, §21], or Yosida [1971].

If V is a locally convex Hausdorff topological vector space, W is a closed subspace, and
v & W, then there is a continuous linear functional o : V- — R such that o|WW = 0 and

afv)=1.
Now let (V,€) be a weak symplectic Banach space. With respect to the family of
seminorms py(x) = |Q(x,y)|, V becomes a locally convex topological vector space; it is

verified to be Hausdorff since 2 is nondegenerate. Let us call this the Q-topology. We also
require the following result.

The dual of V as a locally convex topological space is V5 = Qb(V) C V*. That is, a
linear map o : 'V — R is continuous in the locally convex - topology of V if and only if
there exists a (unique) y € V such that a(z) = Q(z,y) for all x € V.

This is proved, as in Choquet [1969, §22] as follows. Uniqueness of y is clear by nonde-
generacy of 2. For existence, note that since o : V' — R is continuous in the 2-topology on
V, there exist y1,...,yn € V such that |a(z)] < Clglia<xn|ﬂ(x, y;)| for C a positive constant.

Consequently, a vanishes on

D= ﬂ ker O (y;) = (span{yi, ... ,yn})%
i=1
FE is clearly closed and has codimension at most n. Let F' be an algebraic complement to
FE in V; F being finite dimensional, is closed and hence V = E & F', a Banach space direct
sum (MTA, Supplements 2.1B and 3.2C). It is clear that Q°(y;)|F,... ,Q"(y,)|F span F*
and thus we can write

alF = Zaka(kaF = (Z akyk> | F.

k=1 k=1

Since both sides of this equality vanish on F, we get a = Q° (>h_i akyk), so the claim is
proved. V¥

Now we return to Lemma 2.2.4. Suppose that v € V\W. By the Hahn-Banach theorem,
there is an « € V such that o = 0 on W and a(v) = 1. By the preceding result applied
to a, there exists a unique u € V' such that a(z) = Q(z,u) for all z € V. Thus, Q(v,u) #0
and Q(z,u) = 0 for all z € W. In other words, Q(v,u) # 0 and u € W%, i.e., v & (W)
Thus we have shown that (W) C W; combined with the trivial inclusion W c (W)@,
we get the equality (W9)® =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 € J7!(y) then G, - 2 C J~!(1). Next we prove a lemma that is useful
in a number of situations.

Lemma 2.2.5 (Reduction Lemma) Let P be a Poisson manifold and let J : P — g* be
an equivariant momentum map of a Hamiltonian Lie group action of G on P. Let G- pu
denote the coadjoint orbit through a reqular value p € g* of J. Then

1IN G =G I Y u)={9-2|9€G and J(z) = pu};
i Guz=(G-2)NI " ()
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iii J71(u) and G - z intersect cleanly, i.c.,
Tz(Gu . Z) = TZ(G ' Z) n TZ(J_l(N))§

iv if (P,Q) is symplectic, then T,(J~1 (1)) = (T.(G - 2))%* ; i.e., the sets
T.(37Y(p) and T.(G-2)
are Q-orthogonal complements of each other.

Refer to Figure 2.2.2 for one way of showing the geometry associated with this lemma.

I (W)

symplectically
orthogonal spaces

Figure 2.2.2: The geometry of the reduction lemma.

Proof of the Reduction Lemma

i z2eJ NG p)iff J(z) = Ad} -1 for some g € G, which is equivalent to p = Ad;J(z) =
J(g7t2),de,g7 - 2€TJ () and thus z=g- (g7 - 2) € G-I 1 (p).

it g-zed M) iff p=1J(g-2) =Ad)-1J(2) = Ad)-.piff g € G,,.

iii First suppose that v, € T,(G - 2) N T, (J71 (1)) . Then v, = £p(2) for some £ € g and
0 = T.J(v;) = 0 which, by infinitesimal equivariance gives adiyu = 0; i.e., € € g,,. If
v, € {p(z) for € € g, then v, € T,(G}, - z). The reverse inclusion is immediate since
by ii G, - z is included in both G - z and J~!(y).

iv 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.(J 1 (p)). M

We notice from iv that T,(J~1(u))® C T.(J~*(u)) provided that G, - 2 = G - z. Thus,
J=1(p) is coisotropic if G, = G; for example, this happens if g = 0 or if G is abelian.
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We now give two proofs of the symplectic reduction theorem. The first obtains it as
a special case of Corollary 2.1.6, while the second gives a direct proof that bypasses the
terminology and results on foliations.

First Proof of the Symplectic Reduction Theorem (This proof assumes that G, is
connected.) In Corollary 2.1.6, let N =J 1(x) and 2 € N. Then

T.NN(TN)® = T.J ') (T3 ()®
= T.J Y u)NT.(G-=2) (by the reduction lemma iv and 2.2.4)
= T.(G,-2) (by the reduction lemma iii).

Thus the foliation @ has as leaves the G, orbits in J~!(p), since G, is connected. Hence
N/® is just J~(u)/G,, and so the result follows by the corollary to the foliation reduction
theorem. W

Second Proof of the Symplectic Reduction Theorem Since 7, is a surjective sub-
mersion, if 2, exists, it is uniquely determined by the condition 7,2, = 47,2 This relation
also defines Q,, in the following way. For v € T,J7'(u), let [v] = T.m,(v) denote its
equivalence class in T:J (1) /T (G, - z). We can use 7, to identify Tp;(J~!(n)/G,) with
T.(I7"(1)/T=(G, - ), where [2] = m,(z). Then m:Q,, = i7,Q is equivalent to saying

Qu([zD([v], [w]) = Q(z)(v, w)

for all v,w € T,J7(u). To see that this relation defines 2, let y = ®4(z), v = T, P, - v,

and w' = T,®, - w, where g € G,. If, in addition [v"] = [v'] and [w"] = [w'], then
Qy)W"w") = Qy),w) (by the reduction lemma iv)
= U ()T Py v, TP, - w)
= (2,9)(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 m, is a surjective submersion, we conclude that d2,, = 0.

For (weak) nondegeneracy of €, suppose ,([z])([v], [w]) = 0 for all w € T,(I~!(u)).
This means that Q(2) (v, w) = 0 for all w € T, (I (p)), i.e., that v € (T, (I~ (1)) = T.(G-
z) by lemma 2.2.4 and the reduction lemma iv. Hence v € T,(J 71 (p))NT:(G-2) = T(G - 2)
by the reduction lemma iii so that [v] = 0, thus proving the weak nondegeneracy of 2.

Finally, if Q is a strong symplectic form, let @ € T[’;] P, be represented by the one-
form a : T.J7'(u) — R vanishing on the closed subspace T,(G, - z) i.e., a([w]) = a(w)
for all w € T,J71(u). Since € is strongly nondegenerate, there is a v € T, P such that
Q(z)(v,w) = @(w) for all w € T,J~(u). From the reduction lemma iv, it follows that
v € (To(Gp - 2))* € T, (w) and so Q,([2])([v]), [w]) = a([w]) for all w € T,J"(x). MW

If i is a regular value of J then the action is automatically locally free, so the prior
construction can be carried out locally. To prove this, consider the symmetry algebra at
z € P defined by

g: ={{callp(z) =0}
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Proposition 2.2.6 An element u € g* is a reqular value of J iff g, =0 for all z € I~ (u)

In other words, points are regular points precisely when they have trivial symmetry alge-
bra. In examples, this is a remarkably easy way to recognize regular points. For example,
in the double spherical pendulum, one can say right away that the only irregular points are
those with both pendula pointing straight down, or both pointing straight up.

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

{0} ={¢e€g|(T.J-v)=0, forall veT,P}
But
(613 - v) = Qu(¢p(),v)
by definition of the momentum map. Therefore, z is a regular point iff
{0} ={¢e€g]|Q:(p(2),v)=0 forall veT,P}
which, as 2, is nondegenerate, is equivalent to g, = {0}. W

This result, connecting the symmetry of z with the regularity of u, suggests that points
with symmetry are bifurcation points of J. This observation turns out to have many impor-
tant consequences. A related result is that if G is compact (or if a slice theorem is valid)
then the singularities of J=!(u) at symmetric points are necessarily quadratic. We refer
to Smale [1970], Abraham and Marsden [1978, §4.5], Arms, Marsden and Moncrief [1981],
[1982], Atiyah [1982], Guillemin and Sternberg [1982], [1984] and Kirwan [1984a,b]. See also
Arms, Gotay and Cushman [1989] and Sjamaar and Lerman [1991].

Remarks on the Reduction Theorem

1. Even if = —d# and the action of G leaves ¢ invariant, €1, need not be eract. An
explicit example is the coadjoint orbit of SO(3), a sphere. This is shown to be a
symplectic reduced space in the next section.

2. 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., J=(u) is a manifold
and T,J'(u)) = kerT,J. This generalization will be used later in this section for
zero angular momentum in the three dimensional two body problem, as was noted by
Marsden and Weinstein [1974] and Kazhdan, Kostant and Sternberg [1978]; see also
Guillemin and Sternberg [1984]. The general definitions are as follows. 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 z € f=(y), T f~(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 (L)) = (Tof) * (Tt L).
Note that regular values of f are clean values and that if f intersects the submanifold
L transversally, then it intersects it cleanly.

31In the infinite dimensional case we will not necessarily choose g* to be the Banach space dual, but rather
a suitable Sobolev function space in duality with g. The assertion that A} is onto requires the Fredholm
alternative. In many examples, such as gravity and the Yang-Mills equations, this holds because A} is
elliptic. See Arms, Marsden and Moncrief [1981], [1982], references therein, and remark 3 following the
orbit reduction theorem in §1.5 below.
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3. 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 replaced by the requirement that
P, is a manifold and 7, : J7'(u) — P, a submersion; the proof of the symplectic
reduction theorem remains unchanged. For example, a slice theorem would often
suffice for this hypothesis.

4. Even if p is a regular value, it need not be a generic point in g*, that is a point
whose coadjoint orbit is of maximal dimension. Note that the reduction theorem does
not require this assumption. 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 s03) need not be generic.

5. If G acts on P on the right in a Hamiltonian manner,the same theorem holds; i.e.,
J=1(1)/G,, is still symplectic in a canonical way. Sometimes it is necessary to dis-
tinguish the left and right quotients in the notation. When necessary one could use
WP =GN () for left quotients and P, = J~'(u)/G,, for right quotients. Normally
there is no danger of confusion, so we simply write J=1(u)/G,, = P, in either case.

6. Here is a simple example of reduction. It consists of the manifold of solutions of
constant energy. Let P be a symplectic manifold, H € F(P) and e € R a regular
value of H. Then H~!(e) is a codimension one submanifold of P. Assume that the
Hamiltonian vector field Xy has a complete flow. The flow determines a symplectic
action for R on P with momentum mapping H. Thus by the Symplectic Reduction
Theorem, H~'(e)/R, if a manifold, is symplectic. ¢

Exercises

2.2-1
(a) Construct the symplectic reduced space for the standard action of S* on T*RZ.

(b) Construct the symplectic reduced space for the action of S* on T*R? obtained by taking
the cotangent lift of the action of ST on R® given by rotations about the z-axis.

(c) Ezamine the construction of the symplectic reduced space for the standard action of
SO(3) on T*R® at the zero level of angular momentum.

2.2-2  One can imagine carrying out reduction for a nonequivariant momentum map as-
sociated with a group G by extending the group to the central extension ¥ as was described
in “An Introduction to Mechanics and Symmetry” (IMS). In doing so, one would need to
compute the isotropy for the action of 3. Describe this isotropy. Carry out this construction
for the action of SE(2) on R? x R? x ... x R? given by n copies of the standard action (where
n is a given positive integer). Consult §12.6 of IMS for some related remarks.

2.2-3 Is it true that if a Lie group G acts on a product of two symplectic manifolds, then
the reduced space of the product is the product of the reduced spaces ?
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2.3 Coadjoint Orbits as Symplectic Reduced Spaces

We now show that coadjoint orbits may be realized as reduced spaces. This provides an
alternative proof that they are symplectic manifolds (IMS, Chapter 14). The strategy is to
show that the (minus) coadjoint symplectic form on a coadjoint orbit O at a point v € O,
namely

w, ({ad¢v,adyv) = — (v, [€, 7)) (2.3.1)

may be obtained by means of the symplectic reduction theorem. The following theorem
formulates the result for left actions; of course there is a similar one for right actions.

Theorem 2.3.1 (Coadjoint Orbit Reduction) Let G be a Lie group and let G act on G
(and hence on T*G by cotangent lift) by left multiplication. Let p € g* andletJy, : T*G — g¢*
be the momentum map for the left action. Then p is a reqular value of Jp,, the actions of G
are free and proper, the symplectic reduced space le(,u)/GH is identified via left translation
with O,,, the coadjoint orbit through p, and the reduced symplectic form coincides with w™.

Proof. Recall that Jy, is given by right translation to the identity:
Ji(ag) =T Ry - ay (2.3.2)

Thus, le(u) consists of those ay € P = T*G such that oy = T;Ry-1 - . In other words,
if we extend p to a right invariant one form a,, 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 J, restricted
to g* is already surjective).

Recall from the Lie-Poisson reduction theorem (IMS, Chapter 13) that the reduction
of T*G by the left action of G is implemented by the right momentum map. Consistent
with this, we claim that the map ¢ : J;'(u) — O,, defined by oy, Adyp = T} Lgay, i.e.,
¢ = Jr|J; (1), induces a diffeomorphism @ between J; ' (1)/G,, and O,,. There is indeed
a map @ defined because if apg = TyLp, - ag for h € G, then

p(ang) = Adj p = Adjp = p(ay).

Thus, p 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 readilly checked (see the calculations below). Thus, ¥ is a diffeomorphism.

The reduced symplectic form on O, ~ J Zl (p)/ G, is induced by the canonical symplectic
form  on T*G pulled-back to le(,u). Let ade/ and ad:;l/ be two tangent vectors to O, at
a point v = Ad:;u. They are tangent to the curves

Ce (t) = Ad:xp(tf)AdZM = Ad; exp(tf)p’
and
Cn(t) - Ad; exp(tn)u
respectively. Now notice that if we define
df (t) = Qgexp(te) = T;exp(tf) Rexp(—tf)g*1M7
then ¢(de(t)) = ce(t) and similarly for . Now

de(t) = T* Ly T R 1) = Wy @aspc)
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where ¥ denotes the left action and ® denotes the rght action. By the chain rule,

de(0) = T, - Ep(v).

Thus,

Q(dg(0), dyy(0)) = Q(Ep(v),np(v)),
since ¥, is a symplectic map. Next, recall that § = —d© where © is the canonical one
form, so

QX,Y) = =X[6(Y)] + Y[6(X)] + 6([X,Y])
for vector fields X and Y on T*G. Thus,

QEp(v),np(v)) = =Ep[OMP)(v) +1p[OEP)I(V) + O(EP, nP]) (v)-

Since we have a right action, [p,np] = [{,n]p. The definition of the canonical one form
shows that on infinitesimal generators, it is given by ©(np) = (Jgr,7n), so the preceding
displayed expression equals

—{JIrm) Jr. V) +{{Ir. &), Tr,m}¥) + O(& n]p) (V).

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

= Jr@), &) = = W [&0),

which is the coadjoint orbit symplectic structure w=. B

Remarks.

1. Notice that this result does not require i to be a regular point in g*; that is, arbitrarily
nearby coadjoint orbits may have a different dimension.

2. The form w™ on the orbit need not be exact even though € is. The example of SO(3),
whose orbits are spheres shows this. ¢

Exercises.

2.3-1 Show that (under the assumptions of the symplectic reduction theorem) if O C g* is
a coadjoint orbit, then J~1(O) is coisotropic.

2.3-2  Let SO(3) act on the space @ = SO(3) x St by acting by left multiplication on the
first factor and acting trivially on the second factor. (This space comes up in the dynamics
of a rigid body with a single rotor). Lift the action to P = T*Q by cotangent lift. Compute
the reduced space P, at each reqular point p € s0(3)*.

2.3-3  Suppose that G acts on a symplectic manifold P and that this action has an equiv-
ariant momentum map and that the assumptions of the symplectic reduction theorem hold.
Consider the product space P = P x T*G with the product symplectic structure. Let G act
on P with the diagonal action and let O denote the coadjoint orbit through p. Show that
the symplectic reduced space P, need not be any of P, x T*G, P x O, or P, x O.
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2.4 Reducing Hamiltonian Systems

Let (P, ) be a symplectic manifold, ® : G x P — P a symplectic Lie group action and
J : P — g* an equivariant momentum mapping for this action. Let ;1 € g* and G, be the
isotropy subgroup for p. In this section, assume that y is a regular (or weakly regular) value
and that G, acts freely and properly so that the reduced phase space P, = J~*(u)/G,, is
a symplectic manifold. Let 7, : J='(u) — P, and i, : J~*(u) — P denote the canonical
projection and inclusion.

Theorem 2.4.1 (Symplectic Reduction of Dynamics) Let H : P — R be a G-invariant
Hamiltonian, i.e.,

Ho®,=H,
for all g € G. Then the flow Fy of Xg leaves the set J=1(u) invariant and commutes with
the G,,-action on J=1(u), so it induces a flow F}' on P, that satisfies
muoFy = Ff'om,.
This flow is Hamiltonian on P, with Hamiltonian function H, : P, — R defined by
H,om, =Hoi,.

We call H,, the reduced Hamiltonian. Furthermore, the vector fields Xy and Xpy, are
m,-related.

Proof Since J is conserved by the flow of Xg, J~1(u) is invariant under F;. In addition,
since H is G-invariant, the flow F; commutes with the action and thus there is a well-defined
flow F}' on P, characterized by F}' o m, = 7, o F;. Using this, the relationships

FrQ=Q,i,0F|J () =Foi, and T, = 1,9,
we get

T (FE) Q= Fmn Q= FiQ = i FQ = i;,Q = 71Q,,
whence (F}')*Q,, = Q,, since 7, is a surjective submersion. Thus the flow F}" preserves the
symplectic form €,,.

The relation H, o 7, = H o1, plus G-invariance of H defines H, : P, — R uniquely.
Let 2 € J7'(u), and write its class in P, as [2] = m,(z) € P,, and similarly for a vector
ve T.(I7 (), write [v] = To7,(v) € T1.jPy. Then

dH,([2]) - [v] = dHu(mu(2))(T7u(v)) = 7, (dH,)(2)(v)
= d(Huom,)(z)(v) = (HOZM)(Z)(U) =i, (dH)(2)(v)
= i (ixyQ)2(v) = (ixy 7, 2)-(v)
= (m2):(Xu(2),0),
since i, Xy = Xp and Z;:Q = W;Q“. Let Y denote the vector field on P, whose flow is
F}'; Y is, by construction, m,-related to Xp, i.e., Tm, 0 Xy =Y om,, so that from the last
equality above we get
dH,[z]([v]) = (WﬁQM)Z(XH(Z)W) = (Qu)[z] (Tom (X (2)), Tomu(v))
= Qu[z] (Y[2], [v]),

and therefore Y is the Hamiltonian vector field whose Hamiltonian function is H,,. W

The behavior of Poisson brackets under reduction is given by the following result.
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Corollary 2.4.2 If H K : P — R are G-invariant functions, then {H, K} is also G-
invariant and

{Hv K}u = {Hlu KM}P,M

where { , } p, denotes the Poisson bracket on P, and {H, K}, is the function induced on P,
by (H,K}.

Proof. Since the action ® is symplectic, and H and K are G-invariant functions, we
get

O {H K} ={®:H,&}} = {H K}.

If z € J7(p), the symplectic reduction of dynamics theorem, the definition of the Poisson
bracket, and the tangency of X, X to J71(u), give

({Hu, Kutp, omu)(2) = Qumu(2)(Xn, (7u(2)), Xk, (m(2))
= Q. (m(2)(Tomy T
= (M) (2)(Xn
= (i, )()(Xu(2), Xk (2)) = QU Xn, Xk )(in(2))
= ({H,K}oiy)(2),

i,e., {H,K}M:{HM7KM}P;L' .

This corollary is important because it gives a method for computing reduced Poisson
brackets. If the reduced manifold P, is determined, even without the explicit computation
of Q,, the Poisson brackets on P, can be determined directly as follows. Let h and k be
functions on P, and let h = hom, and k = ko, be their lifts to J~!(u). Now extend both
h and k arbitrarily to G-invariant functions (not G,-invariant ones!) H and K on P. By
construction, H,, = h and K, = k, so that

{h7 k}P/A, = {HH7 KIJ‘}P/A = {H7 K}H'

It follows that the right hand side is independent of the extensions. This says: compute
{H, K} on P and re-express the results on P, to get the function {h,k}p,.

Exercises.

2.4-1

(a) Compute the symplectic reduced spaces and the reduced symplectic forms for the action
of S* on C? given by (z1,22) — (€921,€%2). (See §10.7 of IMS). Repeat the problem
using the action (21, z2) — (21, e % 2y).

(b) Verify directly that the symplectic reduced spaces you found in (a) are the symplectic
leaves in the Poisson reduced space C?/S?t.

2.4-1 Give an example of a reduced space P, for which the brackets cannot be computed
by pulling back functions to I~ (u) and extending them to G, invariant functions.
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2.5 Orbit Reduction

Consider a coadjoint orbit O = G - p through a fixed regular element p and endowed with
the “+ orbit symplectic form. If J : P — g* is an equivariant momentum map, we claim
that

Po :=J"1(0)/G is in one-to-one correspondence with P, =J '(u)/G,.

To see this, first note that by equivariance of J, G leaves the set J~!(O) invariant, so
J71(0)/G is defined. If we denote elements of J~'(u)/G, by [z], for z € J~!(u) and
elements of J=1(0)/G by [2] for z € J71(O), we claim that we have a well defined map

Ly [z =[]

of P, to Po determined by the inclusion I, : J=*(u) — J71(O). To see that it is well defined,
we must show that the class [z] obtained is independent of the representative z € J~! ()
chosen. To do this, suppose that [z], = [2], for z and 2’ in J~!(u) implies z = g - 2’ for
some g € G,,. This clearly implies that we also have equivalence in G; that is, [z] = [2/] and
so the map L, is well defined.

The map L, is one-to-one by a similar argument. Indeed, suppose that [z] = [¢] for z
and z’ in J7'(u). This implies z = g - 2/ for some g € G; by equivariance of J, g € G,
and so [z], = [2/],. Likewise, by i of the Reduction Lemma, this map is onto. Thus, set
theoretically, the reduced phase space P, equals Po .

The symplectic form on Py is a little trickier to sort out intrinsically. What we want
to do is to find an intrinsic description of the symplectic form on the orbit reduced space
Po and then show that the above map between it and the symplectic reduced space P, is
a symplectic diffeomorphism. It is characterized by the following result of Marle [1976] and
Kazhdan, Kostant, and Sternberg [1978]. We follow the exposition of Marsden [1981].

Theorem 2.5.1 (Orbit Reduction Theorem) Let p be a reqular value of an equivariant
momentum map J : P — g* of a left symplectic action of G on the symplectic manifold
(P,Q) and assume that the symplectic reduced space P, is a manifold with 7, a submer-
sion. Let O be the coadjoint orbit in g% containing pu. If (in the infinite dimensional case)
(T2.3)"H(Ty(»)O) splits in T.P for all z € I~HO), then

i J is transversal to O so J=Y(O) is a manifold (if 1 is only a clean value of J, assume
in addition that J intersects O cleanly);

it J71(0)/G has a unique differentiable structure such that the canonical projection To :
J71(0) — I7YH0O)/G is a surjective submersion;

iii there is a unique symplectic structure Qo on J=1(0)/G such that
i) =160 + Jowh

where io : J7H(O) — P is the inclusion, Jo = J|J1(O) regarded as a map of J=1(O)
to O and w(‘g is the “4+” orbit symplectic structure on O.

iv the map L, is a symplectic diffeomorphism of P, to Po.

We illustrate these maps in the following diagram:
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P,
10
inclusion = [ Jo
I () - H0) — g}
T o
-1 _ L“ -1 _
I (W)/Gu =Py J7H0)/G = Po

Proof. i Let
z€J7N0), e, J(z)=Ad,p

for some g € G. By equivariance, g~ -2 € J=!(u) and, as p is a regular value, the mapping
Ty-1..d : Ty, P — g* is onto. Writing ®(g,2) = ®4(2) =g 2, we find

Tyr JoT.®y 1 =T.(JoPy 1) =T.(Ad}0J) = Ad; o T.J: T.P — g°

is also onto and thus 7%.J is onto. Thus, necessarily (17.J)(T. P) + Ty(.)(O) = g*. Since by
hypothesis (TZJ)_l(TJ(Z)(O)) splits in T, P, it follows that J is transversal to O.

Next we prove ii. If there is a differentiable structure on J=*(0)/G such that the
canonical projection 7o is a submersion, then as in MTA §3.5, the map L, is smooth. To
show that its inverse is also smooth, consider the map z € J71(0) — [¢g~' - 2], € P, where
g € G is such that J(z) = Adj-1p. One checks that this map is well-defined, constant
on G-orbits and thus induces a map on the quotient J=*(0)/G — P, ; this induced map
is L,. The following argument shows that this map is also smooth. Locally, J~!(x) is
diffeomorphic to P, x G, and locally J71(0) is diffeomorphic to J=(u) x (G/G,.), i.e.,
to P, x G, x (G/G,,) which locally is diffeomorphic to P, x G. These local maps can be
chosen to be G-equivariant, so the composition of z +— [®,-1(2)], with them equals the
projection P, x G — P,. Consequently, the induced map on the quotient is also smooth.
Thus the differentiable structure of J=1(0)/G is uniquely determined by the requirement
that L, be a diffeomorphism.

For the proof of iii we need the following.

Lemma 2.5.2 Under the hypotheses of 2.5.1, we have
i T.(J710)) =T.(G - 2) + ker(T,J);

ii Jhws restricted to T, (G - 2) x T.(G - z) coincides with § restricted to the same space.

Proof. First we prove i. Since J intersects O cleanly, J=1(0) is a submanifold whose tan-
gent space at z equals T.(J~1(0)) = (T.J) ' (Ty()O). Thus by infinitesimal equivariance
of J,

Ty0 = {=(ade)"d(z) | £ € g} = {T:J(¢p(2)) | € € g}
= {T.J() |ve TG 2)} = (LI)T(G - 2)).

Applying (T.J) ™! gives the desired result.
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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
Tows(2)(v,w) = wbI())(TI(v), T-I (w))

I
= wo(J)TI(Ep(2)), T I (np(2))
(J(

= wo(I(2))((adg)I(2), (ady) "I (2))
= (), &) = J(&n)(z) = {J(€), J(n)} (2)
= Q)X (2), Xom)(2)) = Q=) (Ep(2), 1P (2))

which provesii. V¥

Now we are ready to prove iii of the theorem. Using 1.5.21i, consider {p(2) +v, np(z) +
w € T,(J71(0)), where v, w € ker(T,J), which are two arbitrary vectors tangent to J=1(O)
at z. By 1.5.2ii, the defining relation for Q¢ in the statement of iii is

Q) (Ep(2) + v, np(2) +w) = Qo([2)([v]), [w]) + Q(2)(Ep(2), 1P (2))

or, by Q-orthogonality of T,(G - z) and ker(7T,J) (see the reduction lemma iv)

Q(2) (v, w) = Qo([2])([v], [w])
for all v, w € ker(7T,J), where

[v] = Toro(v) € T-(I7H(0))/T2(G - 2) 2= T1 (I7H(0) /),

[2] = mo(z), and similarly for w. It is shown as in the Symplectic Reduction Theorem that
this relation defines Q. Since 2 and wg are closed and 7o is a surjective submersion, it
follows that Qo is also closed. It can be shown directly that Qe is (weakly) nondegenerate
as in the symplectic reduction theorem but since this follows from iv, we will not give this
direct proof.

To prove iv, notice that the relation L}, Qo = 2, is equivalent to 7L} Qo = i7,2. Since
L,om, =7 ol,, this says that l;?T(*ng = Z;:Q By iii we have

LimoQo =1 (ip0 — Jowh) = (i0ol,)* Q- Jo ol,) wh =1,Q

since ip ol, =i, and Jool, =ponJ (). M

Remarks.
1. A similar result holds for right actions.

2. In this proof the freeness and properness of the G -action on J~!(p) were not used.
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. For example, as we remarked earlier, a slice theorem for
the G, action can be used to show that P, is a manifold.

3. The hypothesis that (TZJ)’l(TJ(Z)OM) splits in T, P for all z € J71(O) can be dropped
for Hilbert (and hence finite dimensional) manifolds since this subspace is always
closed. In the Banach space case or when g* does not literally mean the Banach
space dual, this condition is most naturally obtained via elliptic regularity from a
Fredholm alternative theorem. We shall now sketch in an abstract setting, the most
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common situation. Let F, F' be Banach spaces and assume that on both of them there
are continuous bilinear inner products (-,-),(-,-). The norm given by these inner
products is possibly not complete, so gives a topology weaker than the original one.
Consider a continuous linear operator A : E — F. Suppose it has a continuous linear
adjoint A*: F; C F — E, where F; is a Banach space continuously included in F
thus, (Ae, f) = (e, A*f) for e € E and f € F.

We say that A is E-splitting if, whenever FF' = S @ T where S 1L T, for S and T
closed subspaces of F', we have

E=AYS) e ATNF).

Likewise, A is F-splitting if, whenever E = U @V where U and V are closed orthog-
onal subspaces of E, we have

F=AU) & (A1) (V).

Notice that A71(S) and AT N F}) are automatically orthogonal; however, it is not
automatic that A*(T' N Fy) is closed nor that the direct sum is E. In many cases, E
and F are spaces of functions or tensors, and (-, ) is the L? inner product. Then the
splitting property can be proved if either A of A* is an elliptic operator. See Marsden
and Hughes [1983], p. 320.

4. Although the description of the symplectic structure on J=!(0)/G is not as simple as
it was for J71(u) /G, we shall see later that the description in terms of Poisson brackets
is simpler on J=1(0)/G. We shall also see that the symplectic structure depends only
on the orbit O and not on the choice of a point p on it.

5. (Homogeneous symplectic manifolds) Assume that P is a symplectic manifold
on which the Lie group G acts transitively and has an equivariant momentum map J.
Then J(P) = O,, where p = J(x¢), and 29 € P, and J : P — O,, is a symplectic local
diffeomorphism; if J is proper, then it is a symplectic covering map. By the Orbit
Reduction Theorem, the reduced space P, =J~1(0,)/G = P/G is a point.

We want to investigate the structure of P further, taking advantage of the transitive
Lie group action. Fix a point p € P and define a map @, : G/G, — P by ®,[g] = g-p,
where G, = {g € G | g-p = p} and [g] = 7, is an element of the quotient G/G,.
The map @, is well-defined, onto, and smooth, since g — ¢ - p is a smooth map of
G onto P. It is easy to check that ®, is also one-to-one thus defining a bijective
continuous map of G/G, onto P. If in addition @, is open or closed (e.g. proper),
then it is a homeomorphism. It can be shown that @, is in fact always an immersion
(See Abraham and Marsden [1978], p. 265) and hence, if in addition ®, is open or
closed, it is a diffeomorphism.

In this manner we are led to the study of homogeneous symplectic manifolds, i.e., of
manifolds of the type G/H, H a closed Lie subgroup of G, where G/H is symplectic.
We refer the reader to Guillemin and Sternberg [1984], Chapter 2, for an account of
the known facts about these manifolds. ¢

Exercises.
2.5-1 Specialize the equation
16 =715H00 + J(*QW(JS

to the case of Abelian groups.



46 Chapter 2 Symplectic Reduction

2.5-2
(a) Show directly that for P = T*G, the space Po is diffeomorphic to the orbit O itself .
(b) Specialize the equation
i =750 + JHwh

to the case P = T*@.

2.6 Foliation Orbit Reduction

We now discuss how to get the symplectic structure on J=1(0)/G starting from the foliation
reduction theorem or its corollary (2.1.6). Let O be a coadjoint orbit in g* and let N =
J71(O) and z € N. By 1.5.2, T, N = T,G - z + ker(T,J), so

(T.N) = (T.(G - 2) + ker(T.J)*

= (T(G-2)? Nker(T.J)"
kerT,JNT,(G-z) (by 2.2.4 and the Reduction Lemma iv)
T.(G, - 2) (by the Reduction Lemma iii)

where p = J(z). Therefore, the characteristic distribution of j*Q2, where j : N — P is the
inclusion, equals

T.NN(T.N)® = (T.(G - 2) + ker T,I) N (G, - 2) = T.(G,, - 2)

and hence the leaves of the null-foliation ® are the G,-orbits in /N. Since the groups G,
as p ranges in O are conjugate, N/® is a manifold and the projection IT : N — N/® is a
submersion. Thus, N/® is the reduced symplectic manifold. Note that it is obtained by
identifying all points which are in the same orbit level set of J and, simultaneously, on the
same G- orbit in P. We claim that there is a symplectic diffeomorphism

©:N/® — Po x O,

where Po = J~1(0)/G. Indeed, denoting the equivalence classes in N/® by [[2]], the map
@ : N/® — Po x OF, defined by ¢([[2]]) = ([z], J(2) is well-defined and has inverse

Wi Po x OF — N/® given by v([z],v) = [[g - ], (2.6.1)

where g € G is such that Adj-.v = J(z) . By the general submersion arguments (see MTA),
these maps are smooth.

To show that ¢ is symplectic, let 1 € O so that O = O, = Orb(u) and denote by Qo
the symplectic form on N/®. Since the diagram

idXJ(g

N x O

T X id(g

N/ Po x O
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is commutative, the formula
iHQ =150 + Jowd (2.6.2)
from the orbit reduction theorem implies

0 Qo +wh) = (1o x Jo)*(Qo +wd)
= 71500 + Jows = i (2.6.3)

It follows from the foliation reduction theorem that ¢*(Q0 + wg) = Qo and so ¢ is sym-
plectic.

Theorem 2.6.1 (Foliation Orbit Reduction Theorem) Assume that the hypothesis in
the symplectic reduction theorem hold and let N/® be the foliation reduced symplectic space of
J=Y(O) C P as constructed in §1.1. By construction, the map o defined by ¢ : N/® — Po®
O, o([[2]]) = ([z], J(2)), where Po & O = Po x O with the sum symplectic structure, is a
symplectic diffeomorphism. Moreover, the symplectic structure on Po is uniquely determined
by the requirement that ¢ be a symplectic diffeomorphism.

Proof. We have proved all but the last statement. Let ¥ be another symplectic form
on Py such that ¢ is a symplectic diffeomorphism. Then

o(E+wh) =Qo, (2.6.4)
so that
Q= 7500 =7+ wg) = (o x Jo)* (X + wg)
= 158+ Jpwd. (2.6.5)

By the orbit reduction theorem, we conclude from (1.5.5) that
m5(2 - %) =0

which implies ¥ = Qz because mp is a surjective submersion. W

2.7 The Shifting Theorem

We shall explain how reduction at a general point u € g* can be replaced by reduction
at 0 € g* at the expense of enlarging the symplectic manifold. We assume we are in the
situation of the Symplectic Reduction Theorem so that we can form the reduced phase
space P,. Let O be the coadjoint orbit through p endowed with the + orbit symplectic
structure. The group G acts canonically on the left on O via the coadjoint action, and the
equivariant momentum map of this action is the inclusion map i : O — g* . Let P© O
denote P x O with the symplectic structure Q — wgh = 77Q — myw,h where m : P x O — P
and 3 : P X O — O are the projections. Then G acts canonically on P & O by

(2,v) = (®y(2),Ad,-1v), where z € P and v € O,
This action has an equivariant momentum map given by J —i: P& O — g*.

Theorem 2.7.1 (Shifting Theorem) Under the hypotheses of the orbit reduction theo-
rem, the reduced manifolds P, and (P & O)o are symplectically diffeomorphic.
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Proof. The smooth map ¢ : J=1(O) — (J—i)~1(0) defined by (2) = (2,J(2)) is easily
seen to be G-equivariant, i.e.,

P(Pg(2)) = (g x Adg-1v)(p(2)) (2.7.1)

so that it induces a smooth map ® : J=1(0)/G — (J —4)~1(0)/G. Similarly, the smooth
map v : (J —i)71(0) — J~1(O) defined by 9¥(z,v) = z is also equivariant so it induces a
smooth map ¥ : (P& 0)y — J~1(0)/G which is easily seen to be the inverse of ®, so ® is
a diffeomorphism. By remark 4 following the symplectic reduction theorem and 2 following
the orbit reduction theorem, (P & Q) is a symplectic manifold.

We summarize the mappings involved in this proof in the following commutative diagram.

I ()
in
or— g o 3-1(0) % J—i)~1(0) . peo
TO o

O]
Po=171(0)/G === (P& O),

To show that @ is symplectic, let ig : (J —i)71(0) — P © O be the inclusion and
7o : (J —14)71(0) — (P & O)p the projection. Let oo be the symplectic form on (P & O)g .
With the notations of the orbit reduction theorem, the defining relation for Q¢ is

ToQo = ipQ — Jpwp.
By the symplectic reduction theorem, oy is characterized by
oo = i(Q — wy);
therefore, since my o ¢ = ® o 7w,
@00 = (P o mo)'o0 = (70 0 )00 = P TEo0 = PYiG(Q — w]),
so that @ is symplectic if and only if
inQ —Jowd = ¢'ig(Q — wd). (2.7.

Formula (2.7.2) is proved in the following way. For z € J=}(O) and u,v € T,(J~}(0))
(T.3)"(T,,0), where u = J(z), we have
(i

50— Towh)-(u0) = Qu(uv) — ()i (T (W), TI(v)
= (@ W) e (1 I (W), (0. T3 (0))
= (¢i(Q ~ w):(u,v).

The stated result now follows. W

)

[\)
~

Since POOT is obviously symplectically diffeomorphic to P®O~, we have the symplectic
diffeomorphisms
P, =3 10))G= (PO )y~ (Pa0 )
where the reductions are on the left. For right actions and right reductions, this sequence
of symplectic diffeomorphisms becomes

P, =~J 1 0))G~= (P20 )y~ (PSSO ).



§2.8 Dynamics via Orbit Reduction 49

2.8 Dynamics via Orbit Reduction

The dynamic counterpart of the Orbit Reduction Theorem is the following. Recall that
7o : J7HOT) —» J7HOT)/G and ip : J71(OF) — P denote the canonical projection and
inclusion.

Theorem 2.8.1 (Dynamic Orbit Reduction Theorem) Let H : P — R be G-invariant
and O C g* be a coadjoint orbit. Then the flow of Xp leaves J~1(O) invariant and it
commutes with the G-action on J=*(0), so it induces a flow on J~1(O)/G. With respect to
the reduced symplectic structure on J=1(0)/G, this flow is Hamiltonian, with Hamiltonian
function Ho determined by Hoomo = H oip. The Hamiltonian vector fields Xg and Xg,,
are wo-related. Moreover, if K : P — R is another G-invariant function, then {H, K} is
also G-invariant and

{H7K}O = {H(%KO}P@;

where {, }p, denotes the Poisson bracket on Po = J~1(0)/G.

Proof. If y € O = O, recall that P, is symplectically diffeomorphic to J=1(OT)/G;
a symplectic diffeomorphism is the map L, : P, — J71(0)/G defined by L,([z]) = [2],
where [2] denotes an element of J™1(0)/G and [, : J™'(u) — J~(O) is the inclusion. The
theorem is proved once we show that the induced flow on J=(0)/G and the function Hep
are the push-forwards of F}* and H, by L,. Referring to the commutative diagram in 2.5.1,
we get

HooL,om,=Hpompol,=Hoi,=H,om,,

so that Hp o L, = H,. Similarly, if the flow F; of Xy on P induces the flow Fto on
J=10)/G, we have
Fiol,=1,0F|J (n)

since Fy(J~1(u)) = I~ 1(u), so that

FtOoLuow# = Ftoowoolu:WOOFtOI“

= mpol,oF,=L,on,0F,=L,oF}on,

i.€.,
FPolL,=L,oF' ®

As before, to compute the Poisson bracket on J=1(0)/G, one takes two functions h, k :
J1(0)/G — R, lifts them to h = homp, k = komp : J71(0) — R, extends them arbitrarily
to G-invariant functions H, K : P — R, computes their Poisson bracket {H, K} on P, and
finally re-expresses the result purely in terms of J=!(0)/G; the theorem guarantees that
this last step is always possible.

The conclusion in the result about brackets has an important consequence.

Theorem 2.8.2 (Stratification-Reduction Theorem) Under the conditions of the or-
bit reduction theorem, the symplectic leaves of the Poisson manifold P/G are given by the
orbit reduced spaces Po = J~1(0)/G.

Proof Obviously Po embeds naturally into P/G and, as we have seen, Py is symplectic.
To complete the proof, we just need to show that if f, k are functions on Po» and they are
extended arbitrarily to functions f,k on P/G, then {F, K} = {f,k} at points of Pn. But
this follows directly from the property of brackets given in the dynamic orbit reduction
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theorem. W

In IMS we gave a direct proof of this result for the case P = T*G in which case P/G = g*
is stratified by the coadjoint orbits.
Next we look at dropping dynamics from the point of view of the shifting theorem.

Theorem 2.8.3 (Dynamic Shifting Theorem) Let H : P — R be a G-invariant Hamil-
tonian and O C g* a coadjoint orbit. Then H induces Hamiltonian functions H : PO O1 —
R by H(z,v) = H(z), for allz € P, v € OF and Hy on (P © O%)y. If F; is the flow of
Xp on P, then Fy(z,v) = (Fy(x),v) is the flow of Xz on P& OT and the flow F: of Hy
is determined by ® o F; = FS o ®. Moreover, if K is another G-invariant function, then
{H, K} is G-invariant and {H, K }o = {Ho, Ko}°.

Proof. From the Shifting Theorem, the map @ : J='(O1)/G — (P& O™), is a symplectic
diffeomorphism induced by ¢(z) = (2,J(2)). The statements regarding H and X3 are
obvious. The theorem is proved if we show that the flow F© and the Hamiltonian Hp are

pushed forward to F? and Hy on (P © O%)g. Referring to the commutative diagram in the
proof of 2.5.1 and recalling that Fto oo = 7w o Fy |, we get

<I>oFtoo7ro:‘DOﬂ@oFt:WOO¢oFt,
and . .
FtO(I)OWO:FtO’]T()OQS:’]TOOFtOQS.
Thus,
doFC =TF, o,

since for any z € P,
(60 Fy)(2) = (Fi(2),J(Fi(2) = (Fi(2),3(2)) = Fie(2,3(2)) = (Fie 0 9)(2),
J being a conserved quantity. Similarly, if H : P — R is G-invariant, then
Hyo®omp =Hyomyop=Ho¢p=Hpod,

by 1.3.1 and 1.7.1, so that Hyo® = Hp. N

2.9 Reduction by Stages

Theorems on reduction by stages have been given in various special instances by a number
of authors, starting with Marsden and Weinstein [1974, p. 127]. This early version, which
was a very simple yet basic result stated that for two commuting groups, one could reduce
by them in succession and in either order and the result is the same as reducing by the
direct product group. We state this result in the following theorem.

Theorem 2.9.1 (Commuting Reduction Theorem) Let P be a symplectic manifold,
K be a Lie group acting symplectically on P and having an equivariant momentum map
Ji : P — €. Assume that v € €* is a reqular value of Jx and that the action of K, is free
and proper (so that the relevant quotient will be a smooth manifold). Let P, = J;'(v)/K,
denote the symplectic reduced space. Let G be another group acting on P with an equivariant
momentum map Jg : P — g*. Suppose that the actions of G and K commute. Then
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i

ii

iii

J i is invariant under the connected component of the identity of G and Jg is invariant
under the connected component of the identity of K.

If Ji is G-invariant and Jg is K invariant, then G induces a symplectic action on
P, and the map J, : P, — g* induced by Jg is an equivariant momentum map for
this action.

The reduced space (assuming it exists) for the action of G on P, at u is symplectically
diffeomorphic to the reduction of P at (u,v) by the action of G x K.

For example, in the dynamics of a rigid body with two equal moments of inertia in a
gravitational field moving with a fixed point there are two commuting S! symmetry groups
acting on the space (which are responsible for the complete integrability of the problem).
One can reduce these groups either together or one following the other with the same final
reduced space.

Proof

i

ii

Since the actions commute, we have [Ep,np] = 0 for all £ € g and n € €, where &p
denotes the infinitesimal generator for the action of G on P. Thus, using the definition
of the momentum map, we have

0=[r,np] = [Xyc.6) Xaxm] = X{06.6,0x.m)}

and hence,

0= {<‘]G7£> ; <‘]K777>} =d <‘]G7£> : X(JK77]> =d <JGa£> “1Np.

Thus, Jg(expg (tn) - p) = Jg(p) for all real ¢, all p € P, and all ny € ¢. Since the image
of the exponential map generates the connected component of the identity, the result
for Jg follows; a similar argument applies to Jx.

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, there
are well defined induced maps W} : I (v) = I (v) and ¥, , : P, — P,, which then
define actions of G on J ' (v) and on P,.

Letting 7, : Jl}l(u) — P, denote the natural projection and 7, : Jl}l (v) — P be the
inclusion, we have by construction, ¥, , om, =m, o \I/Z and ¥,o01i, =14, 0 \I/Z. Recall
also from the reduction theorem that i} = 7%Q,. Therefore,

mWy Q= (V) Q= (V) i, Q =i, U Q =i;Q =m0,
Since 7, is a surjective submersion, we may conclude that
Wy =

Thus, we have a symplectic action of G on P, .

Since Jg is invariant under K and hence under K, there is an induced map J, :
P, — g* satisfying J, o m, = Jg o i,. 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 m,-related. Denoting the interior product of a vector field X and a form
a by ixa, we have

5 (g, Q) = epinQ = i}, (1e,Q) = i (d (I, &) = 75 (d (J,,,€)) .
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Again, since m, is a surjective submersion, we may conclude that
iﬁP,, Q,=d <JV7 £>

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 argument as above, using the relation
J, om, = Jg oi, and the relations between the actions of G on P, J}_<1 (v) and on P,.

First note that the equivariant momentum map for the action of the product group
G x K is given by Jg x Ji : P — g* x £*. We begin with the natural inclusion map

J:(Je xIr) Hp,v) — I (V).
Composing this map with 7, gives the map
7,07 (Jo xIx) Hu,v) — P,.

This map takes values in J;l(u) because of the relation J, om, = Jg o4,. Using the
same name, we get a map:

moj: (Ja x Ir) Hu,v) — I, (w).

This map is equivariant with respect to the action of G/, x K, on the domain and G,
on the range. Thus, it induces a map

[WV Oj] : P(u,u) - (PV)M'

Diagram chasing, as above, shows that this map is symplectic.

We will show that this map is a diffeomorphism by constructing an inverse. We begin
with the map

¢ 3,1 (1) = Pluw)

defined as follows. Choose an equivalence class [p], € J;'(u) C P, for p € I (v).
The equivalence relation is that associated with the map 7, ; that is, with the action
of K,. Observe that for each such point, we have p € (Jg x Jg)~!(u,v) since by
construction p € J' () and also

Ja(p) = T oiv)(p) = Ju(lply) = p.

Hence, it makes sense to consider the class [p](,,,) € Pu,). The result is independent
of the representative, since any other representative of the same class has the form
k- p where k € K,. But 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

[0+ (Po)u = Py

Chasing the definitions shows that this map is the inverse of the map [, 0j] constructed
above. Thus, either is a symplectic diffeomorphism. W



Chapter 3

Reduction of Cotangent Bundles

The goal of this chapter is to discuss symplectic reduction for cotangent bundles and to
illustrate the theory in numerous examples of mechanical interest. In some cases the reduc-
tion gives another cotangent bundle; for example, we will show in the first section below
that if G acts on T*Q by cotangent lift from @), then the reduced phase space at u =0 is

(T"Q)o =T*(Q/G)

and T*(Q)/G) carries the canonical symplectic structure. If p # 0, then (T*Q), need not
equal T%(Q/G). However, if G is Abelian, then as sets, (I*Q), = T*(Q/G), but even in
this case, the symplectic structure need not be the canonical one; rather, it is canonical
plus a “magnetic” term. This magnetic term has an interpretation as a magnetic or Coriolis
force and can be realized as the curvature of an associated connection often choosen to
be a special one we will define called the mechanical connection. As we shall also see, for
w#0, (T*Q), is a synthesis of the case ;1 = 0 and Lie-Poisson reduction.

From the point of view of Poisson reduction, the main result on cotangent bundle re-
duction can be stated this way: the Poisson reduced space (T*Q)/G is a bundle over the
cotangent bundle of shape space T*(Q/G) with fiber g*. That is, we have a bundle:

(T"Q)/G = T"(Q/G)

where the fibers are copies of g*. The description of the Poisson structure on this bundle is
quite interesting and as well, the bundle is, in general, not trivial. To enable us to handle
this general case, we shall make use of the theory of principal connections; this theory will
be summarized in §2.3. The symplectic leaves in this bundle are obtained by restricting to
symplectic leaves in the fibers; that is, to coadjoint orbits.

There are special cases of this general theorem that should be kept in mind. The first is
the case of Lie-Poisson reduction in which case () = G and the base is trivial and the bundle
is all fiber. Another special case is the case of Abelian groups in which case the bundle “is
all base” in the sense that the symplectic leaves are just points in the fiber. Another case
in which we get a point in the fiber is when the momentum value at which we are reducing
is 4 = 0. We shall begin the exposition in this chapter by considering these latter cases.

The cotangent bundle reduction theorem by itself is a powerful tool, but it can also
be combined with other results. For example, it may be combined with the semidirect
product reduction theory discussed in the last chapter. For example, the semidirect product
reduction theory says that the reduction of T*G by an isotropy subgroup G, for the action
of G on a vector space V is isomorphic to a coadjoint orbit in the dual of the semidirect
product g® V. Suppose, for simplicity, that G, is abelian. In this case, the cotangent
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bundle reduction theorem tells us that the reduction of T*G by G, is T*(G/G,) with a
symplectic structure given by the canonical structure plus a magnetic term. Thus, when
G, is abelian, the corresponding coadjoint orbits in the semidirect product are cotangent
bundles, possibly with magnetic terms. For example, the generic coadjoint orbits in SE(3)
are cotangent bundles of spheres (see IMS, Chapter 14).

3.1 Reduction at Zero

The strategy for understanding the general case is to first deal with the case of reduction
at zero and then to treat the general case using a momentum shift. Let & : G x Q — @ be
a smooth (left) action of G on @ and let J : T*Q — g* be the associated momentum map
defined by

J(aq) &= <04q7£Q((I)>

where £ € g, be the corresponding equivariant momentum map of the (left) cotangent lift
of .
The reduced space at p = 0 is, as a set,

(T*Q)o = 371(0)/G

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

Theorem 3.1.1 (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 of G on Q is free, so is the 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 T*Q (and hence on J=1(0)) as well. Thus, (T*Q)o and
T*(Q/G) are smooth symplectic manifolds.

To show that they are symplectically diffeomorphic, first note that from the definition
of J,

371(0) = oy € T°Q | {ag,Eq(a)) = 0 forall € € g). (3.1.1)
The equivalence relation on J=1(0) is by the G-action;
ag~T @1 -y (3.1.2)

and we write [aq] for the equivalence class of a.

To understand how to construct a diffeomorphism between J=1(0)/G and T*(Q/G) we
first need to understand the tangent spaces to T'(Q/G). We claim that one can identify
Ti4(Q/G) with the equivalence classes of vectors in T'Q) at points along the orbit [¢] = G -q,
where the equivalence relation is

Vg ~ TP - (vq +&q(q)) (3.1.3)

(without the £g(q), we would be forming (T'Q)/G).

One way to see this is to consider a curve in /G represented by an equivalence class
[q(t)] where ¢(t) is equivalent to g(¢) - ¢(¢). Thus, their tangent vectors, v, = ¢(0) and
T®, - (vy+£q(g)) where g = g(0) and £ = g~ ¢ represent the same tangent vector to Q/G.
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It is convenient to introduce the following maps. Define the map mg.¢ : @ — Q/G
taking ¢ to its equivalence class. Its tangent is a map

Trgc:TQ — T(Q/G).

At a point g € @, the kernel of Twg ¢(q) is the set of infinitesimal generators

9(q) = {¢q(a) | £ € g}

at ¢. With ¢ fixed, we can identify [v,] with T'mg ¢ - v4. As indicated above, and again with
q fixed, we can identify Ti;(Q/G) with T,Q/g(q) and this identification is consistent with
the G-action.

We claim that the following equation determines a diffeomorphism ¢ : J=(0)/G —

T*(Q/G):
po([ag]) - [vg] = (ag,vg)- (3.1.4)
To see that g is well-defined, let
ag =T"®y1-a and vy =T, (vy +E0(q))- (3.1.5)
Then,
(ag,vg) = (T7Qg-r - ag, TRy - (vg +£0(q)))
= {ag,vg +£0(q)) = (aq,vy)

Thus, ¢ is well-defined. Notice that on the right-hand side of (3.1.5), the same point ¢ € @
is chosen for the representative of each equivalence class.
In terms of the quotient map mg ¢ : Q — Q/G we can write

(do([ag]), (Tmq.G - vg)) = (g, vg) - (3.1.6)

The arbitrariness of vg in (2.1.5) shows that g is one-to-one and a dimension count (or
in the infinite dimensional case the Hahn-Banach theorem) shows ¢ is onto; it is essentially
the vector space isomorphism V0 22 (E/V)*, where V is a vector subspace of a Banach space
E and V? = {a € E* | a(V) = 0} denotes the annihilator of V. (See Abraham, Marsden
and Ratiu [1988, Supplement 2.2].) Thus ¢ is a diffcomorphism. W This argument is
not complete H.

To show that g is canonical, by the characterization of the reduced symplectic form it
suffices to show that

Toeot = 0O, (3.1.7)
where
e 0 is the canonical one form on 7T*(Q/G),
e O is the canonical one form on T,
e ip:J71(0) — T*Q is the inclusion map, and

e o :J710) — J71(0)/G is the projection.
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Taking the exterior derivative gives
o w =58 (3.1.8)

where w is the canonical form on 7%(Q/G) and € is that on T*Q. Equation (3.1.8) implies
that

wow = Qo (3.1.9)

where g is the reduced symplectic form at the level J = 0. This is because of the general
unique characterization of the reduced form at level J = p given by

T = 050 (3.1.10)

that we saw in the last chapter.
It remains to prove (3.1.7). To do this, let ag € J71(0) and let v € T,,J~*(0). Then

(mo00) (rq) - v = p0([ag]) - (tmo - v) = O(wpoleg]) - (T'po - T'mo - ) (3.1.11)

Letting m,¢ : T*(Q/G) — Q/G be the projection, and using the definition of #, equa-
tion (3.1.11) becomes

<<P[aq]7T7TQ/G “Tpo - Tmo 'U> = <300[04q],T(7TQ/G 0@y o) - ’U> .
However,
TQ/G © Po © Ty = TTQ,G © TQ © lo (3.1.12)

as both sides map a point o, € J71(0) to [¢] € Q/G.
Using (3.1.12) and (3.1.6), we get

(pollag]), Tmg,c - T - T - v)
(ag, Tmq - Tio - v)

(mopof)(ag) - v

=i30(ayg) - v.

Thus, (3.1.7) holds and so the theorem is proved. W

Example. Consider the heavy top with a fixed point. That is, choose P = T*SO(3) and
let G = St act on @ = SO(3) by left multiplication where we regard S! as the subgroup of
SO(3) given by rotations about the z-axis. The reduction of P at u = 0 is thus given by
T*S?, since the shape space is given by SO(3)/S* = §2.

Exercises

3.1-1 Calculate the reduction at zero of T*SE(3) by the subgroup of translations.

3.1-2 If, in the theorem on reduction at zero, there is another group H acting on Q that
commutes with the G action, then the H action on T*Q induces an action on the reduced
space (by the theorem on commuting reduction) that is given by the cotangent lift of the
induced action of H on Q/G.
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3.2 Abelian Reduction

A second noteworthy situation is when G is Abelian, or more generally, when G = G,,. In
this case, the reduced space (T*Q), will, as a manifold be T*(Q/G), but the symplectic
form will be the canonical one plus a magnetic term. For p1 = 0, we do have G = G, and in
addition, this magnetic term will be zero, so this case agrees with the result on reduction
at zero given in the preceding section.

Theorem 3.2.1 (Abelian or Fully Isotropic Cotangent Bundle Reduction). Let G
act freely and properly on Q. Let p € g* and assume that G is Abelian, or more generally
that G, = G. Also assume that there is a G-invariant one form oy, on Q which takes values
in J71(w); that is, we have the identity J(,(q) = p for all ¢ € Q. Then there is a unique
closed 2-form 8, on Q/G such that

W*Q,G/BN' = dap‘
and a symplectic diffeomorphism ¢, between the symplectic manifolds (T*Q),,,) and
(T*(Q/G),w — By), where By, =77, By

Before beginning the proof, we point out that there is a specific way to construct o,
using connections that is given in the next section. This construction will turn out to be
very important for us later on.

Proof. First of all, we verify that 5,, a two form on Q/G, is well defined. Note that «,,
itself is not assumed to drop to a one form on /G and indeed, a study of examples shows
that it generally will not.

For ¢ € g and ¢q € @, observe that

(ieqau)(@) = (au(9),$e(a))
= (J(ou(9), )
= (8)

by definition of J and our assumption that o, takes values in J='(u). Thus, i¢,a, is a
constant function on Q. Since «, is G-invariant, £¢, o, = 0 and so

igoday, = Legay, —digya, = 0. (3.2.1)

The preceding condition and G-invariance implies that dea,, drops as a two form to Q/G.
This process is of course similar to what we used to drop symplectic forms to the quotient.

It remains to construct the symplectic diffeomorphism ¢,. The key idea is to use the
given one form «,, to shift to zero. Indeed, we define the diffecomorphism 7* : T%Q — T7Q
by

m™(aq) = ag — au(q) (3.2.2)

and note that 7/ gives a diffeomorphism 7, : J=!(u) — J=1(0) such that ig o 7, = 7 0iy;
this is simply the statement that if a,; has momentum g, then (o) has momentum value
zero. Moreover, by the momentum shifting lemma (see IMS, §6.6),

()" Q= Q + mHday,
which implies that

ThipQ =iy, (Q + 75 day,). (3.2.3)
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By G-invariance, we get an induced diffeomorphism
37 (0)/G — I7H0)/G
Notice that it is at this point that we are using the hypothesis that G = G,. Now define
e =o0o75: 371 (n)/G — T*(Q/G).

To show that ¢y (w — By) = Q,, we shall check that ¢}, (w — B),) satisfies the property
uniquely characterizing 2, namely

T (w — By) =i, (3.2.4)

Now we shall use the definition of ¢, and the identity 74, o m, = my o 7,,, to rewrite the left
hand side of (3.2.4) as follows:

(puomu) (w—DBu) = (oo Tg omu)*(w— By)
= (poom o) (w— By)
— q—:wS@E")(w — B,). (3.2.5)

However, B), = 7 8, and yjw = wo, so (3.2.5) becomes
TATOWo — TAT6 P07 GOk (3.2.6)
But
Tamowo = T, = i, (Q + mHday,)

by (3.2.3). Also, from our work on reduction at zero, we recall the identity 7g/q o mo =
Q¢ © T © ip and so the last term in (3.2.6) becomes

* % % ke k% ok k %
TG P = TuloTQTo,aPu = Tyigmoday.

But, mq 0 i, = mq o ig o 7, so0 (3.2.6) becomes i, as required. W

Coordinate Form of the Magnetic Terms We now discuss the coordinate form for
the reduced symplectic structure for the case in which G is a connected Abelian group. In
particular, G must be the product of a torus with a Euclidean space. We introduce a local
trivialization of @ by writing a G-invariant open set in @ as the product /G x G in which
the action of G is in the second factor only and the action in that factor is the standard one
of left multiplication—in this case, translation. The phrase “local in the base” Q/G is used
since the open set used corresponds to the product of an open set in the base with the fiber
for the bundle 7g ¢ : @ — Q/G. Under the conditions of a free and proper action that we
have been making, such a local trivialization always exists.

Such a local trivialization thus has the form U x G in which U C Q/G is an open set.
Introduce coordinates (¢!, q?,...¢") in which (¢',...¢™) are coordinates for Q/G and for
which the remainder are coordinates for G. We shall write the full set of coordinates on @

as ¢,i =1,... ,n and those on Q/G as ¢”,v = 1,...m. Coordinates on G will be written
as (6%,...07), or 0%,a =1,...p, so that n = m + p. In summary, we write
¢ =(q",6%)

for the coordinates on @, with the first batch being for Q/G and the second being for G.
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We use the notation 8¢ for the coordinates on G since we are thinking primarily of the
case in which G is a torus and so (%, ...6P) are literally angle variables.
As we have seen above, after reduction, the phase space is

T*(Q/G),w — By,).

In the local trivialization coordinates just introduced, we can write the given G-invariant
one form «, as

oy = a,dq’ + a,do”.

In this expression, the fact that «, is G-invariant means that the coeflicients a.y and «, are
independent of 6 since the group acts simply by translation in the second factor and not
in the first factor. Thus, taking the exterior derivative, we get

da, = %dqﬁ AdgY + %‘jdqW A do°

Now we want to use the fact that the form «,, takes values in J=!(x). Since the action is
by translation in the angles, the momentum map is given in the above coordinates by

J(q’y79avp'y7pa) = Pa

and so the condition that «,, take values in J~!(x) is simply that o = p,. In particular,
this means that o, is a constant and so we get

Oa Oa Oas
da, = —2Ld¢® Ndq" = 2222 )V dg® AdgY

It is evident from these expressions that the one form o, need not drop to a one form on
the quotient space (with coordinates ¢7) whereas its exterior derivative does. Thus, the
coordinate expression for the reduced symplectic form is

w— By, =dq" Ndpy =Y Bysdg" Ndg’ (3.2.7)
y<d
where
Oa 8045
B,s=——-—2.
YT 98 T g

In these coordinates, the space J~!(u) is described by the conditions p, = p, and the
quotient space J71(u)/G is coordinatized by simply eliminating the angles as coordinates;
the projection from J~!(u) to J=1(u)/G is simply

(q7,0% Py, pra) = (47, p7)
and the map ¢, is given by

(@7, py) = (7 py — ay(q))-
Hamilton’s equations for the symplectic form (3.2.7) are given by
OH#
Op~
. oHr OH#
T o T T aps
where H* is the reduced Hamiltonian and the Poisson bracket is given by
OF 0K 0K OF oF 0K
(FE} =g o = e~ Bys .
9q" Opy  Oq" Opy 9p~ Ops

7=
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Exercises

2.2-1 Verify the preceding assertions about Hamilton’s equations and the Poisson bracket.

2.2-2  Calculate the reduction at a general p of T*SO(3) by S, where S* is regarded as
the subgroup of SO(3) given by rotations about the z-axis. In this situation, show explicitly
that o, does not drop to the quotient, but that its exterior derivative does.

2.2-3 Show that
a TQ/G is a g bundle over T(Q/G).
b T(Q/G) is diffeomorphic to (TQ)/(TG).

3.3 Principal Connections

In preparation for the general cotangent bundle reduction theorem we now give a review
and summary of facts that we shall need about principle connections. The main things to
keep in mind are that the magnetic terms in the cotangent bundle reduction theorem will
appear as the curvature of a connection and that the theory of connections gives us a useful
formalism for constructing the G-invariant one forms «,, that were used in the preceding
section.

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

mQ.a:Q — Q/G

denote the bundle projection from the full configuration space to shape space. As earlier,
the Lie algebra of G is denoted g. We refer to mg.¢ : Q@ — Q/G as a principal bundle.

Of course, one can use right actions too and indeed in the principal bundle literature,
it is more common to use right actions. However, following our tradition, we shall use
left actions for the main exposition, with the understanding that the reader shall note the
needed changes for the case of right actions.

Vectors that are infinitesimal generators, namely those of the form {g(gq) are called
vertical since they are sent to zero by the tangent of the projection map mg,q.

Definition 3.3.1 A connection, also called a principal connection on the bundle mq g :
Q — Q/G is a Lie algebra valued one form

A:TQ—g
with the following properties:

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

it we have A(Ty®4 - v) = Adgy(A(v))
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for all v € T,Q, where @4 : Q@ — @ denotes the given action for g € G and where Ad,
denotes the adjoint action of G on g. This second property is referred to as equivariance
of the connection.

A remark is noteworthy at this point. Namely, recall the following general fact for
infinitesimal generators:

Ty -Eq(a) = (Adg€)e(99)-

Thus, if the first condition for a connection holds, then the second condition holds automat-
ically on vertical vectors.

Associated One Forms. Since A is a Lie algebra valued one form, for each ¢ € @, we
get a linear map A, : T,Q — g and so we can form its dual A} : g* — T,Q. Evaluating this
on p produces an ordinary one form:

au(q) = Ag(p)-

We assert that this one form satisfies the two crucial properties we needed in the last
section.

Proposition 3.3.2 For any connection A and 1 € g*, the corresponding one form oy,

defined by the preceding equation takes values in J~'(u) and satisfies the following G-
equivariance property:

* = *
‘Dgau = aAdgu-

Proof. First of all, notice that from the first property of a connection,

J(u(@),€) = (au(a),ée(9)
(A3 (1), ¢a(a))
(
(

s Ag(€q(a)))
&) -

Thus, we conclude that J(a,(g)) = p and so o, takes values in J=!(1). To show invariance
of the form o, we compute in the following way using the equivariance of a connection. Let
veT,Q and g € G. Then

((I)Zau)(”) = 0‘#(9‘1) (TPg-v)
< w), T®, - v>
(n, (T‘Dg v))
( )
(A

11, Adg (A(v))
dyp, A(v))

so that we get the required equivariance property. H
Notice in particular, if the group is Abelian or if 4 is G-invariant, then ¢y, is an invariant

one form. Thus, in the Abelian case, or the case in which G = G,, we have the hypotheses
needed for the one form «,, in the last section.
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Horizontal and Vertical Spaces. Associated with any connection are vertical and hor-

izontal spaces defined as follows.

Definition 3.3.3 Given the conncetion 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 ={é(a) | € € g}
The map

g > verg 1= [A(vg)]q(q)
is called the vertical projection while the map
vg +— hor, := v, — ver,
is called the horizontal projection .

Because connections map infinitesimal generators of a Lie algebra elements to that 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

g = verg(vg) + horg(vg)
and so
TqQ =H,eV,

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 Hj
complementary to V, at each point, varying smoothly with ¢ and respecting the group
action in the sense that Hyq = T®,H,. Clearly this is equivalent to our definition.

The Mechanical Connection As an example of defining a connection by the specifi-
cation of a horizontal space, suppose that the configuration manifold @ is a Riemannian
manifold. Of course, the Riemannian structure will often be associated with the kinetic
energy of a given mechanical system. We 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. In the next section we shall develop an explicit formula for
the associated Lie algebra valued one form in terms of an inertia tensor and the momentum
map.

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

Definition 3.3.4 The curvature of a connection A is the Lie algebra valued two form on
Q defined by

B(ug, vg) = dA(horg(uq), horg(vg))

where d is the exterior derivative.



2.3 Principal Connections 63

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

B=DA.

Given a point ¢ € @, the tangent of the projection map 7y ¢ restricted to the hori-
zontal space H, gives an isomorphism between H, and T}, (Q/G). Its inverse is called the
horizontal lift to ¢ € Q). Since B depends only on the horizontal part of the vectors, it
defines a Lie algebra valued two form on the base Q/G. The expression on the right hand
side of the definition of the curvature is independent of the point representing [g] because
of G-equivariance.

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

Proposition 3.3.5 On two vector fields u,v on Q) one has

B(u,v) = —A([hor(u), hor(v)]).

Proof. We use the formula of Cartan relating the exterior derivative and the Lie bracket
of vector fields:

B(u,v) = hor(u)[A(hor(v))] — hor(v)[A(hor(u))] — A([hor(u), hor(v)]).

But the first two terms vanish since A vanishes on horizontal vectors. W

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 vertical vectors at
q € @ to be the quotient space T,()/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. Omne can check that this
operation depends only on the point values of the vector fields, so indeed defines a two form
on horizontal vectors.

We now derive an important formula for the curvature of a principal connection.
Theorem 3.3.6 (Cartan Structure Equations) For any vector fields u,v on Q we have
B(u,v) = dA(u,v) + [A(u), A(v)]

where the bracket on the right hand side is the Lie bracket in g. We write this equation for
short as

B=dA+ A Al

To prove this theorem we prepare a lemma.

Lemma 3.3.7 We have the identity dA(hor(u),ver(v)) = 0 for any two vector fields u,v
on Q .
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Proof. Since this identity depens only on the point values of u and v, we can assume that
ver(v) = £ identically. Then, as in the preceding proposition, we have

dA(hor(u), ver(v)) (hor(u))[A(§q)] — &qA(hor(u))] — A([hor(u), &])
hor(u)[€] — £g[0] + A[€q, hor(u)]
= Al¢g,hor(u)]

since ¢ is constant. However, the flow of {q is ®eyp(re) and the map hor is equivariant and
SO

[5@7 hOI’(U)] = (I)pr(tg)hor(u)

.
= h d o
- or E —o exp(t€) (u)

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

Proof of the Cartan structure equations Use of the lemma and writing « = 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)).

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

dA(q.nq) = &lAMe)] —nelA(éq)] — A(lq: 1))
A([¢,ml@) = €]
[A(u), A(v)]. =

The Mauer-Cartan Equations . A consequence of the structure equations relates cur-
vature to the process of left and right trivialization and hence to momentum maps.

Theorem 3.3.8 (Mauer-Cartan Equations). Let G be a Lie group and let p: TG — g
be the map that right translates vectors to the identity:

p(vg) = TgRg-1 - vg.
Then
dp — [p, p] = 0.

Proof. Note that p 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 g(q) = TeRy - §. 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. MW

Another proof of this result is given in IMS, §9.1. Of course there is a similar result for
the left trivialization A\ and we get the identity

dX + [\ A = 0.
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Bianchi Identities. In geometry the Bianchi identities are a famous set of identities for
the Riemann curvature tensor of a given Riemannian metric. In fact, this set of identities is
valid for more general notions of connection as well, such as affine connections. The relation
between the Levi-Cevita connection with the present formalism is to use the frame bundle
as the bundle @ and think of it as a principal bundle over the underlying manifold M and
the group SO(n) as the structure group. Then the curvature as defined here coincides with
the Riemann curvature tensor. We will not go into this in detail here as it is not needed
for our present purposes, and instead we refer to Spivak [19xx] or Kobayashi and Nomizu
[1964] for an exposition of this. It is interesting that in the context of principal connections,
the general proof is rather easy.

Theorem 3.3.9 (Bianchi Identities.) We have the identity DB = 0, that is, for any
vector fields u,v,w on Q

dB(hor(u), hor(v), hor(w)) = 0.

Proof. From the structure equations and the fact that d2A = 0 we find that dB = d| A, A].
Using the identity relating the exterior derivative and the Jacobi-Lie bracket of vector fields,
we get
(d[A, A])(hor(u), hor(v),hor(w)) = hor(u)[[A, A](hor(v), hor(w))] + cyclic
— ([A, A])([hor(u), hor(v)], hor(w)) — cyclic.

But all the terms in this expression are zero since A vanishes on horizontal vectors. W

Coordinate Formulae. Needs to be filled in.

Exercises

2.3-1 Recall from Ezercise 2.2-3 that TQ/G is a g bundle over T(Q/G). Put a natural
G-connection on this bundle and compute its curvature.

2.3-2  In the rigid body, show that J~1(u) = SO(3) is a circle bundle over S®. Show that the
canonical one form defines a principal S' connection on this bundle. Compute its curvature.

2.3-3 In the Kaluza Klein approach to the dynamics of a particle in a magnetic field (IMS,
§7.6), show that if the magnetic potential is A, then w = df + A can be interpreted as a
connection and that the magnetic field is its curvature. Show that the Kaluza-Klein metric
is determined by requiring that the associated mechanical connection be w.
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3.4 Cotangent Bundle Reduction—Embedding Version

Assume that 4 € g* is a regular (or clean) value of J, that Q, = Q/G,, is a smooth manifold
and that the canonical projection 7 : ) — @, is a surjective submersion. Recall that this
is assured if we assume that the coadjoint isotropy group G, acts freely and properly on Q;
then G, acts freely and properly on J~!(x) so that the reduced phase space ((T*Q),,2,)
is a symplectic manifold.

For pn € g* , let y' := plg, € g* be the restriction of p to g, and consider the G-
action on @ and its lift to 7*@. The equivariant momentum map of this action is the
map J# : T*Q) — g, obtained by restricting J, i.e., J*(ay) = J(aq)|g,. Assume there is a
G ,-invariant one-form «, on @ with values in (J*)~1(p/). We saw how to construct o, in
terms of connections in the last section.

For £ € g, and ¢ € Q,
(icgau)(9) = J(u(9) - € = (1, €)
s0 gy, is a constant function on @ . Therefore, for £ € g, ,
i day, = £eya, — digyay, =0,

since the Lie derivative is zero by G-invariance. It follows that there is a unique two form
B, on @, such that 773, = do,,. We saw this sort of argument when we studied the Abelian
cotangent bundle reduction theorem. Since 7 is a submersion, 3, is closed (it need not be
exact). Let

B, = Waﬁ#

where 7r22# : T%Q, — @, is the cotangent bundle projection.

Theorem 3.4.1 (Cotangent Bundle Reduction Theorem) Under the above hypothe-
ses, there is a symplectic embedding

Pu - ((T*Q)ua Qu) - (T*Qu,w - Bu); (3.4.1)

where w is the canonical symplectic structure on the cotangent bundle T*Q,,, onto a vector
subbundle over Q. The map ¢, is onto T*Q,, if and only if g = g,.

Remarks.

1. This version of the theorem is due to Satzer [1977] for abelian groups and Marsden
(Abraham and Marsden [1978, §4.2]) in the general case. It is an outgrowth of the
work of Smale [1970] and the reduction theory of Marsden and Weinstein [1974].
An important interpretation in terms of principal bundles due to Kummer [1981]
and its relation to the bundle picture of Montgomery, Marsden and Ratiu [1984] and
Montgomery [1986] will be discussed briefly below.

2. Note that the version of the theorem with the hypothesis G = G,, we proved earlier
in this chapter is a special case of this result.
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Proof. To prove the general case, we will reduce the problem to reduction at zero using
the momentum shifting lemma. We shall use the fact that there is a natural inclusion

I € (@)L () (3.4.2)

and p' is G-invariant. Thus, we get a symplectic inclusion of reduced spaces
I7Hw)/G € ()W) /G- (3.4.3)
By G -invariance of both J=1 () and (J#)~*(y/), this inclusion is an equality precisely when

g=0u

Since we can think of the right hand side of the preceding inclusion as reduction at
the value p/ which is G, invariant, we are reduced to the proof in the case where p is G-
invariant and in this case ¢, will be a symplectic diffeomorphism of (I~ (n)/G, Q) with
(T*(Q/G), Qo — B,,). However, we have already proved this case in §3.2. W

Example. Consider the reduction of a general 7*Q by G = SO(3). Here G,, = S! and so
the reduced space gets embedded into the cotangent bundle T*(Q/S'). A specific example
is the case of @ = SO(3). Then the reduced space is S?, a coadjoint orbit in s0(3). In this
case, Q/G, = SO(3)/S! = S? and the embedding of S? into T*S? is the embedding into
the zero section. The symplectic form in this case is “all magnetic”. 4

Using the results of the preceding section, we can interpret the magnetic term B,, as
the curvature of a connection on a principal bundle. Following this, we give a little more
information on the bundle point of view following Montgomery, Marsden and Ratiu [1984];
see also Montgomery [1986] and references therein.

We saw in the preamble to the Cotangent Bundle Reduction Theorem that i¢,da,, =0
for any £ € g,, which was used to drop do,, to the quotient. In the language of prin-
cipal bundles, this says that doy, is horizontal and thus the covariant exterior derivative
of a, coincides with doy,. Thus, doy, is the pu-component of the curvature two-form. We
summarize:

Proposition 3.4.2 If the principal bundle Q — Q,, with structure group G, has a connec-
tion A, then o, (q) can be taken to equal .A;;/ and B,, is induced on T™Q),, by the u-component
doy, of the curvature of A.

The term B, on T7Q) is usually called a magnetic term. This terminology 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*R but
with the non-standard symplectic structure dq® A dp; — £B, i =1,2,3, where c is the speed
of light and B is regarded as a closed two form: B = B,dy A dz — Bydx A dz 4+ B.dz A dy
(see IMS.

The Cotangent Bundle Reduction Theorem gives a realization of the reduced space
P, =J7Yu)/G in case P = T*Q. The left side of the following diagram summarizes the
situation:

3.5 Cotangent Bundle Reduction—Bundle Version

The version of the theorem presented above says that P, embeds as a vector subbundle of
TXQ/G,) — this is the injection in the above figure. The orbit reduction theorem can be
viewed as saying that P, = Py is a coadjoint bundle over T*(Q)/G) with fiber the coadjoint
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orbit O through p. We state this version as follows. As above, we choose a one form o,
that is induced by a choice of connection A.

Theorem 3.5.1 (Cotangent Bundle Reduction—Bundle Version) The reduced space
P, is a bundle over T*Q/G) with fiber O.
Proof.

Step 1 Reduction at zero Recall that we have already shown that reduction at zero is
given by

(T*Q)o = T*(Q/C). (3.5.1)

Here (T*Q)o = J71(0)/G and the symplectic form on T*(Q/G) is, as before, the
canonical one.

Step 2 Orbit reduction We have also shown in the preceding chapter that the reduced
space (T%Q), = J~'(u)/G,, can be identified with the quotient J=1(0)/G, where O
is the coadjoint orbit through p.

Step 3 Shifting Use the shift map ¥ : T*Q — T*Q defined by X(z) = z — ay(.)(q) where
q = 7g(z) to map J~H(O) to J71(0).

Notice that the map ¥ is nothing more than the horizontal projection map for the
connection. Letting o, € T;Q be defined by a. = aj(.)(q), we can write X(z) = 2z — ..
We claim that ¥ is equivariant with respect to the G-action. To see this, let h € G and
vq € T,Q and note that

(TG @ - anzyvg) = (Qhoz, Ty®Ph - vg) = (J(h - 2), A(Ty®n - vg))
= (Adj-1J(2),AdpA(vg)) = (@, vg).

Thus, Ty ®p - ap.. = @, and so ¥ is equivariant and hence drops to the quotient, producing
the desired map

(T*Q), =3I H0)/G — IH0)/G =T*(Q/G). (3.5.2)

This map has fiber O, i.e., ¥ oy, = 0 for all p € O, so our assertion is proved. W

This same type of arguement shows the following
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Theorem 3.5.2 The Poisson reduced space (T*Q) is diffeomorphic to a g* bundle over
T*(Q/G).

Below we will calculate the Poisson structure on (T*Q)/G following Marsden, Montgomery,
and Ratiu [1984] and Montgomery [1986]. (See also Lewis, Marsden, and Ratiu [1987] for
an application to the dynamics of systems with free boundaries.)

3.6 The Mechanical Connection Revisited

In this section we amplify in the connection used in the cotangent bundle reduction theorem
in the context of a simple mechanical G-system. We assume that G acts freely on ) so we
can regard ) — (/G as a principal G-bundle.

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

{Lg)n, €) = (ne(a) Ca(@)) - (3.6.1)

Since the action is free, I(q) is nondegenerate, so (3.6.1) defines an inner product. The
terminology 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,

Ly = gi; KUK (3.6.2)

where [£g(q)]" = K (q)¢® define the action functions K.
Define the map A : Tg — g which assigns to each (g,v) the corresponding angular
velocity of the locked system:

A(gq,v) = T7(J(FL(q,v))), (3.6.3)
where L is the kinetic energy Lagrangian. In coordinates,
a® = I%g;; Kiv (3.6.4)

since J,(q,p) = piK%(q).

Earlier we defined the mechanical connection by declaring its horizontal space to be the
metric orthogonal to the vertical space. We claim that the above definition coincides with
that.

Proposition 3.6.1 The map defined by (3.6.3) coincides with the mechanical connection
on the principal G-bundle 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; i.e., equivariance
of FL : TQ — T*@, equivariance of J : T*@Q) — g*, and equivariance of I in the sense of a
map I:Q x g — g*; I(gq) - Ady& = Ady-1T(q) - §. Thus, A is a connection.

The horizontal space of A is given by

hor, = {(¢,v) | I(FL(g,v)) = 0}; (3.6.5)

i.e., the space of states with zero momentum. This space is, from the definition of the
momentum map clearly the same as the orthogonal space to the infinitesimal generators;
i.e., the vertical space. However, any two connections with the same horizontal spaces are
equal. H
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Proposition 3.6.2 The one form «, associated with the mechanical connection is charac-
terized by

K(ayu(q) = inf{K(q,8) | B € 3" ()} (3.6.6)

where J, = J|TyQ and K(q,p) = %||p||§ is the kinetic energy function. See Figure 8.6.1.

IWOTQ

Q

Figure 3.6.1: The extremal characterization of the mechanical connection

The horizontal-vertical decomposition of a vector (¢,v) € T,Q is given by the general
prescription

v = horg v + vergv (3.6.7)
where
verg v = [a(q, v)]o(q) and horg v = v — verg v.

In terms of T*@) rather than T'Q), we define a map w: T*Q — g by

w(q,p) =1(¢) " J(g,p) (3.6.8)
i.e.,

w® =T Alp;,

and, using a slight abuse of notation, a projection hor : 7*@Q — J~1(0) by

hor(g,p) =p — (4. () (3.6.9)
i.e.,

(hor(q, p)): = pi — gi; ALpLAET®.

This map hor plays a fundamental role in what follows. We also refer to hor as the shifting
map. This map was used in the proof of the cotangent bundle reduction theorem; it is
also an essential ingredient in the description of a particle in a Yang-Mills field via the
Kaluza-Klein construction, generalizing the electromagnetic case p — £A

The curvature curva of the connection « is the covariant exterior derivative of «; also,
curv o measures the lack of integrability of the horizontal subbundle. At ¢ € Q,

(curv a) (v, w) = da(hor v, hor w) = —a([hor v, hor w)), (3.6.10)
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where the Jacobi-Lie bracket is computed using arbitrary extensions of v, w to vector fields.
One can compute curv o by substituting (2.3.2)" and (2.3.9)" into (2.3.10). Taking the
p-component of (2.3.10), we get a 2-form (i, curv ) on Q given by

(u,curv ) (v,w) = ay([hor v, hor w]) = —a,([o — a(v)g, w — alw)q))
= —au((v, aw)e] — au(w, a(v)q]
—a([o, @) + (1, [o(v), a(w)) (3.6.11)

In (2.3.11) we may choose v and w to be extended by G-invariance. Then a(w)qg = (g for
a fized ¢, so [v,a(w)g] = 0, so we can replace this term by v[a, (w)], v[{k, &)] = 0, as (1, &)
is constant. Thus, (2.3.11) gives

(p,curv a) = doy, + [a, o, (3.6.12)

where [, ], (v, w) = (i, [a(v), a(w)]), the bracket being the Lie algebra bracket. Formula
(2.3.12) is, of course, standard for curvatures of principal connections.

3.7 The Poisson Structure on 7°Q/G.

Insert here from Marsden, Montgomery and Ratiu [1984]

3.8 The Amended Potential

The ammended potential V,, of Smale [1970] is defined by

Vii=Hoay; (3.8.1)
this function also plays a crucual role in what follows. In coordinates,
1
Vile) = V(@) + 51" (@) prapty (3.8.2)
or, intrinsically
1 -1
V(@) = Vi(a) + 5 (. 1(g) ') (3.8.3)

In the setting of the cotangent bundle reduction theorem, given a Hamiltonian of the
form, kinetic plus potential, we get a reduced Hamiltonian system on P, = Py obtained
by restricting H to H~*(u) or J~1(O) and passing to the quotient producing an induced
hamiltonian H,,. Let us compute H, in each of the pictures P, and Pp. In either case the
shift by the map hor is basic, so we first compute the function on J=1(0) given by

Hou(q,p) = H(g,p + au(q))- (3.8.4)
Indeed,
1
Hou(a:p) = 5 (p+auptau), +V(9)
1 1
= 5lplg+ (P, + 5llewls + V(a) (3.8.5)

If p = FL - v, then ((p,au)), = (o, v) = (1, alq,v)) = (p, I(q)J(p)) = 0 since J(p) = 0.
Thus, on J~1(0),

1
Hau(g:p) = 5 lIpllg + Viula)- (3.8.6)
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3.9 Examples

Here we consider a few examples of cotangent bundle reduction.

1. The Spherical Pendulum

Here Q = S2, the sphere on which the bob moves, the metric is the standard one, the
potential is the gravitational potential and G = S' acts on S? by rotations about the vertical
axis. The momentum map is simply the angular momentum. See Figure 2.4.1.

Figure 3.9.1: The Spherical Pendulum

Relative to coordinates 6, as in Figure 2.4.1, we have V(0,¢9) = —mgRcosf. The
mechanical connection « : TQ — R is given by (2.3.2). We claim that
a(6,¢,0,¢) = ¢ (3.9.1)

To see this, note that

e(0,9) = (0,£,0,8) (3.9.2)
since G = S acts by rotations about the z-axis: (6, ¢) — (6, + ). The metric is
<<(9a 2 91; Sbl)a (9a 2 927 902)>> = mRzélég + mR2 sin2 9(@1952 (393)

which is m times the standard inner product of the corresponding vectors in R3.
The momentum map is

J:TQ — R J(0,0,p0,pp) = Py (3.9.4)

and the Legendre transformation is

po = mR20, py = (mR?sin” 0)6. (3.9.5)

(10, )1, C) = {{(8,0,0,n)(8,¢,0,())) = (mP*sin"2 8)n¢ (3.9.6)
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Thus, (2.3.2) gives (2.4.1) as claimed.

In this example, we identify @/S! with the interval [0, 7]; i.e., the f-variable. In fact, it
is convenient to regard /St as S mod Zs, where Zs acts by reflection @ — —6. This helps
to desingularize the quotient space.

For ;1 € g* = R, the one form «,, is given by (2.3.5) as

au(0,¢) = pdep. (3.9.7)
From (2.4.4), note that Proposition 2.3.2 is clear. The shifting map is given by
hor(6, ¢, pg, pe) = (6, ¢, pp, 0). (3.9.8)

The curvature of the connection « is zero in this example. The amended potential is

2

1 _ 1 W
= u. T Ly =— 5 -
‘/li(e) V(ea 50) + 2 </-1'7 (97 50) M> ngCObe + 9 ng sin2 0

and so the reduced Hamiltonian on 7%S? is
2

L p
H/L(67p9) = §m]6%2 + ‘/u(e) (399)

The reduced Hamiltonian equations are

_ Do
mR2’
and 0 2
. . cos
= Rsinf — .
p=mgism sin? § mR2

Note that the extra term is singular at 6 =0. ¢

2. Coupled Rigid Bodies

Here we have two rigid bodies in R coupled by a ball in socket joint. We choose
Q = R x SO(3) x SO(3) describing the joint position and the attitude of each of the
rigid bodies relative to a reference configuration B. The Hamiltonian is the kinetic energy,
which defines a metric on (). Here G = SE(3) which acts on the left in the obvious way by
transforming the positions of the particles x; = A; X +w, ¢ = 1,2 by Euclidean motions. The
momentum map is the total linear and angular momentum. If the bodies have additional
material symmetry, G is correspondingly enlarged. The cotangent bundle reduction theorem
states that (T%Q), is a sphere bundle over TR x SO(3)). We refer to Patrick [1990] for
details. ¢

3. Coadjoint Orbits

Let G be a Lie group. The lift to TG of the left action of G on itself has the equivariant
momentum map Jp : T°G — gi, J(oy) = T;Ry(ay). Each p € g* is a regular value
of J; and le(u) is the graph of the right invariant one-form fi whose value at e is p,
i.e., fi(g) = poTyR;". Tt is easy to see that G, = {g € G | Ly = i}, so G, acts on
le(u) by (g, fi(h)) — f(gh), i.e., by left translation on the base point. Thus, formally
(T"G), = I (w)/G, = G/G, = O, C g*. In fact, taking into account that J;*(u) is
identified with G as the graph of a right invariant one-form and the action of G on J Zl(u)
is on the left, the prior string of diffeomorphisms can be traced in the following way. The
map fi(g) — Ad;,u is onto O,, and is G,-left invariant so it factors, inducing the smooth
map ¢y, : (T°G), — O, dulii(g)] = Adyu, where [fi(g)] denotes the G ,-orbit through fi(g)
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i
VA,

1 2 X—AX + W= X

Figure 3.9.2: Coupled Rigid Bodies

in T"G. Tt is easily checked that Adyu € O, — [fi(g)] € (T*G), is the inverse to ¢, and
that ¢, is a local diffeomorphism, proving that ¢, is a diffeomorphism of (7%G),, with O,,.
A direct calculation shows that the push-forward of the symplectic form §,, of (I"G), by
¢, gives the “—” coadjoint orbit symplectic form on O,. In the next section, after we have
studied Poisson brackets on reduced manifolds, we will give a simple proof by showing that
¢, s the equivariant momentum map of the right G-action on (T"G),. ¢

4. Reduction to Center of Mass Coordinates

Consider the configuration space for N +1 particles in R?, namely Q = R¥*WV+D regarded
as (N + 1)-tuples (qo, ... ,qn) of vectors in R®. The abelian group G' = R?® acts on Q by
(,90,...,an) — (z +qo,..., 4+ qn). The cotangent lift to T*R3N+D = RINV+)
RIWVHD = {(q;,p’) | (q;,p’ € R®} of this R3-action has an equivariant momentum map

J: ]R?)(N-‘,-l) % ]R?)(N-‘,-l) _ ]RB

given by the total linear momentum

J(qj,pj):ZpJ.

Jj=0

This formula shows that any value of R? is a regular value of J and since R? acts freely
and properly on R3V+1D) x R3WV+D " the reduced phase space J~'(u)/R? is a symplectic
manifold for any y € R®. This manifold coincides with 7R3N+ /R3) with values in

N
I =S (ay, ) |y, ) €R, D p/ =4
7=0

Clearly v, (qo, - .- ,dn) = (do, - - - ,an, /(N +1),...,u/(N+1)) is such a choice, and thus
doy, =0, ie., THR3 N+ /R3) is endowed with the canonical symplectic structure.

One convenient way to put coordinates on this reduced manifold is with respect to its
center of mass. If mg, ... ,my are the masses of the (N +1) particles and m = mo+...+my
is the total mass, the vector

A
= — Qi | €R3
=i ()



2.4 Examples 75

is the center of mass of the system. With respect to ¢, introduce the new coordinates
d; = q; — ¢ and note that (qg, ... ,qn) lies on the codimension 3 hyperplane

N
M= (qu"'7qN) Zmz%zo )
7=0

which can be identified with R3(N+1) /R? since every R? orbit intersects M in exactly one
point. Consequently, the reduced manifold is T*M = {((q;,p’)) | Zf\io m;q; = 0, and
Zﬁio p’ = 0} with its canonical symplectic structure; the relation between p’ and p’ is
given by p' = p’ — m/(N + 1). Note that the reduced manifold T*M makes precise the
intuitive idea that during the motion it is not the position and the momenta that really
count, but only the relative positions and relative momenta. The advantage of coordinatizing
everything relative to the center of mass become apparent when the dynamical aspects of
reduction are discussed for the (N 4 1)-body problem. It should be noted however that any
other coordinate system, e.g. singling out a particular particle such as qg, p°, would have
worked, but the formulas will then lose their symmetry.

An even better way of coordinatizing TR3V+1 /R3) is due to Jacobi [1843]; we shall
present it following Haretu’s [1878] generalization. Let Q;, i = 1,..., N denote the coor-
dinates of the i-th particle relative to the coordinate system whose axes are parallel to the
original one and whose origin is at the center of mass of the first ¢ — 1 particles. We shall
express the q;, 7 = 0,...,N in terms of the Q;, ¢ = 1,... ,N and ¢ . For this purpose,
let ¢;, i = 0,...,N be the center of mass of the first ¢ particles in the original coordinate
system and put p; = mg + ...+ my; note that uy = m,co = qo, and cy = c. Substituting
the values of ¢; given by p;c; = moqo + ... +m;q; in q; = ¢;—1 + Q;, we get

mi—1

my .
qz:qO+M_Q1++ Ci71+inz:17"'aN'
1

i—1

Substituting this last relation in p,c = moqo + ... + myquy yields

Hi—1

m mi—
QOZC—(M—1Q1+...+ 1QN>7
) ,

which together with the foregoing expression for q; gives the linear invertible change of
coordinates

mq mao my—
p=c——Q —Q - - "Qn-1 ——Qu
M1 H2 HUN—1 UN
mo ma N-1 my
a=c-0Q —T2Q, e Xyt —=2Qu
M1 2 HN—-1 UN
0 my—1 my
q2=c +20Qy - Qnv-1 ——Qn
1251 UN-—1 UN
N-2 mn
qv-1=¢ a Qv-1 —Qn
HUN+1 KN
qv =c¢ +EN"Lqg
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It can be easily checked that every R®-orbit intersects the codimension 3 subspace ¢ = 0 in
exactly one point, so that R¥N+1) /R3 is identified with R*N = {(Qq,---,Qx)}. Moreover,
if d, P!, ... ,P" denote the conjugate variables, representing the momenta of ¢ and of the
last N particles in the corresponding systems, a similar calculation shows that

Po = Moy _"opr_Mopa __M0_pN-1 _NMopN
KN k1 K2 BN-1 KN

pl = My Mopr_ Mp2 ™ pN-1 _MipN
KN H1 M2 KUN-1 BN

p? = 24+ Pip2_ ™M pN-1 _M2pN
uN M2 MUN—-1 UN

pN,l _ meld +MN72PN71 _meIPN

KN BN-1 KN

pV = @d +&PN

UN KN

Note that Zﬁio p' = d = u,s so that, as expected, the constraint manifold J=*(u) repre-
sents the total momentum of the center of mass. Thus, the Jacobi-Haretu change of variables
not only gives the reduced manifold, but also its canonical coordinates. 4

5. Jacobi’s Elimination of the Nodes in the One Body Problem

The lift to T*R® = R? x R3 of the usual SO(3) action on R?, namely (4,q) — Aq, has
the equivariant momentum map J : T°R® — so(3)* = R* given by J(q,p) = q x p. The
singular set of J is o(J) = {(q,p) € R® | q and p are collinear} and its projection on the
g-space is the entire space; this is in accordance with Remark C following the Cotangent
Bundle Reduction Theorem since the dimension of the isotropy group SO(3)q equals one
if @ # 0 and equals three if @ = 0. Consequently, any p = 0 is a regular value of J and
the level set J=!(u) for u # 0 is the codimension three submanifold in R?> x R?® formed
by vectors q and p such that g x p = p. Note that SO(3),, equals the circle group fixing
p € R? and that the projection of J=!(u) on the g-space equals R*\{0}. Since the SO(3),,
action on R? is not free, the cotangent Bundle Reduction Theorem is not literally applicable.
However, Montgomery’s generalization does apply. His result shows that the reduced space
is the cotangent bundle of a ray. In what follows we shall show this explicitly (we follow an
argument of Montgomery); see Exercise 2.3-1 for p = 0.

Note that if (q,p) € J~1(u) then q and p regarded as vectors in R® must lie in the
plane in R? perpendicular to p. The isotropy group SO(3), = S* acts freely and properly
on this plane (minus the origin). Moreover, q x p = u implies that ||q| ||p|| sin(6(q, p)) =
|||, where 6(q,p) denotes the angle between q and p. Thus |q|| and q - p determine
(q,p) € J71(u) up to the angle between q and p. This suggests that the map ¢ : J=(u) —
10, 00[ x R, ¢(q,p) = (||d|l,q - p), which is clearly invariant under the SO(3), = S'-action,
induces a diffeormorphism ¢ : (T*R?) n — 10,00 x R. The inverse of 6 is easily seen to be
given by 7, 01 where ) : |0, 00 x R — J~! () is defined by ¢(r, z) = (rei, (ve1 + || plle2)/r),
for (e1, ez, e3) an orthonormal basis of R? such that j = ||u/|es and e; x ez = e3. Denoting
as usual the reduced symplectic form by 2, and the canonical one and two-forms on TR3
by 6y = Z?Zl piqt, Qo = —dfy = Zle dq® A dp;, the symplectic form on ]0, 0o x R is given
by ¢.Q, = P71, Q, = v*i*,Q0 = —d*i, . Since ¢t = r, Y*¢' =0, i = 2,3, and
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V1 = x/r, it follows that ¢**,00 = xdr/r = xd(logr), so that QE*QM = —d(zd(logr)) =
d(logr) A dz.

Summarizing, we have shown that the reduced phase space (T"R?),,, u # 0 by the lift of
the natural SO(3) action on R? is |0, co[xR with the symplectic form d(logr) A dz. ¢

Exercises.
2.4-1 FElimination of the nodes for p = 0.

3.10 Dynamic Cotangent Bundle Reduction

Finally, the dynamic analog of the cotangent bundle reduction Theorem is obtained by
taking a G-invariant Hamiltonian on T*@), reducing at 1 € g* to obtain H,, on (I*Q), and
then pushing forwards H,, Xy, and F}* by ¢, onto its image in (T*Q,,wo — Bu) All these
push-forwards are in the correct relationships, since the embedding ¢,, is symplectic.

QO Needs to be completed with reduced H = K.E. + V,, calculation. ©

3.11 Reconstruction

Here we consider the general reconstruction procedure; i.e., the determination of orbits in
the original phase space in terms of those in the reduced space.

Let P be a Poisson manifold on which a Lie group acts in a Hamiltonian manner and
which has a momentum map J : P — g*. For a weakly regular value p € g* of J, assuming
that J=!(u)/G,, is a smooth manifold with the canonical projection a surjective submersion,
P, :=J Y (n)/G, is a Poisson manifold. Given f,h : P, — R, lift them to J~'(u) by m,,
then extend them to G-invariant functions on J=(0,,), where O, is the coadjoint orbit of
p in g*, and then extend these functions arbitrarily to f,h : P — R. The Poisson bracket
of f and h in the Poisson structure of P, is given by {f,h} o m, = {f|O,, h|O,}. If P
is symplectic, then P, is also symplectic. If H : P — R is a G-invariant Hamiltonian, it
induces a Hamiltonian H,, : P, — R and the flow of the Hamiltonian vector field X H, on
P, is the G,-quotient of the flow of Xz on J~!(1), as we have seen.

Assume that the flow F}' of Xp, on P, is known. If ¢, (t) = F}*([po]), for po € I~ (p),
we search for the integral curve c¢(t) = Fi(po) of Xy such that m,(c(t)) = cu(t), where
7+ J7H () — P, is the projection and F} is the flow of Xp. Pick a smooth curve d(t) in
J~!(p) such that d(0) = po and 7, (d(t)) = cu(t). Write c(t) = Py (d(t)) for some curve
g(t) in G, to be determined. We have

Xule(t) = ()
= Ty @y (d'(1)) (3.11.1)
+TayPyr) - (Toy L1 (9 (1)) p (d(1)).
Since ®; Xy = X@;H = Xu, (2.6.1) gives

d'(t) + (Tyy Lgry-1 (g") (1) p(d(t)) = T®ypy-1 Xa (Pge (d(t))
= (PynXu)(d(?t)) = Xu(d(?)).

(3.11.2)

This is an equation for g(t) written in terms of d(t) only. We solve it in two steps:
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Step 1 Find &(t) € g, such that
§)p(d(t)) = Xu(d(t) — d'(t); (3.11.3)

Step 2 With £(t) determined, solve the following non-autonomous ordinary differential
equation on G:

g (t) = ToLy(£(t)), with g(0) = e. (3.11.4)

We call (2.6.4) the reconstruction equation. Step 1 is typically of an algebraic nature.
In fact, as in Marsden, Montgomery and Ratiu [1990], £(¢) can be computed if a connection
is given on J=!(u) — P,. Step 2 gives an answer “in quadratures” and represents the main
technical difficulty in the reconstruction method.

Proposition 3.11.1 With g(t) determined by the reconstruction equation, the desired in-
tegral curve c(t) is given by c(t) = ®q4)(d(t)).

The same construction works on P/G, even if the G-action does not admit a momentum
map.

A particular case in which Step 2 can be carried out explicitly is when G is abelian. Here
the connected component of the identity of G is a cylinder RP? x T*~P and the exponential
map

exp(&r,- -, &k) = (€1, -+ 5 &py Epra(mod 2m), ..., &k (mod 27)

is onto, so we can write g(t) = expn(t), n(0) = 0. Therefore §(t) = Ty Lywy-1(g'(t)) = 1'(t)
since ' and 7 commute, i.e., n(t) = f(f ds. Thus the solution of (2.5.4) in Step 2 when G is
abelian is

g(t) = exp/0 &(s) ds. (3.11.5)

Often, £(t) has the interpretation as the angular velocity, so g(t) is the expected accu-
mulated phase due to it. One calls it the dynamic phase. However, as we shall see, an
additional contribution can arise from d itself and this will be of geometric origin.

3.12 Additional Examples

To illustrate the methods of reduction and reconstruction, we consider some classical ex-
amples. In some cases there is no particular economy in using reduction over the classical
“bare hands” approach. However, there is an advantage when we come to more sophisticated
cases. Here we do the reconstruction of dynamics directly.

1. Energy Surface

Let H~'(e)/R, if a manifold, be the symplectic manifold obtained by collapsing every
orbit of Xz on P to a point. The induced Hamiltonian H, is the constant function equal
everywhere to e. This is consistent with the fact that the quotient operation has removed
the dynamics of H. Notice that at saddle points or other critical points of H, the set H ~!(e)
need not be a manifold and taking the quotient and H~!(e)/R may also have singularities.

¢

2. Jacobi-Liouville Theorem
Let Hy,...,Hj be smooth functions defined on a symplectic manifold P that are in
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involution, i.e., {H;, H;} =0, for all ¢, =1,... , k. If all the Hamiltonian vector fields Xg,
are complete, then since the flows F? of Xy, all commute,

(t,... ,tk)-p:(Ftl1 o---oFt’Z)(p), where p € P,

defines a symplectic action of R¥ on P. This action has a momentum map given by J(p) =
(H1(p), ..., Hr(p)) where R** is identified with R*. Let 1 € R* be the range of J : P — RF
and assume that the differentials dH, ... ,dH} are linearly independent at every point of
J=1(u) i.e., assume that p is a regular value of J, so that, J=!(x) is a submanifold of P. If
the quotient P, = J~1(u)/RF is a manifold, it is symplectic (by the symplectic reduction
theorem) and has dimension equal to dim P — 2k. Obviously the induced functions (H;),
are all constant on P,. Moreover, if H is another Hamiltonian on P such that {H, H;} =0
for all i =1,...,k, it induces a Hamiltonian H, on P,. Therefore, k independent integrals
imwvolution for a Hamiltonian system determine a new Hamiltonian system in which 2k
variables have been eliminated. This is the statement of the classical Jacobi-Liouville
Theorem. Of course, the full global assertion assumes not only that u is a regular value,
but that the quotient J=!(x)/R* is a manifold if, e.g., the action is free and proper.

If 2k = dim P, then P, is zero dimensional and the system is called completely inte-
grable. In generalif G is a Lie group acting symplectically on a manifold P, the action is
called completely integrable if the reduced manifolds P, are zero dimensional for almost all
w € g*. We shall not study completely integrable systems or associated questions involving
action-angle variables to any great extent in this book. For this, we direct the reader to
Abraham and Marsden [1978], Chapter 5, Arnold [1978], Mischenko and Fomenko [1978],
Duistermaat[1979], Cushman and Kndérer [1983], Guillemin and Sternberg [1984], Knorer
[1985], Fomenko and Trofimov [1988], Bobenko, Reyman and Semenov-Tian- Shansky [1989]
and references therein. ¢

3. The Kepler-Newton Central Force Problem in the Plane
The problem of the motion of two bodies in space, under the influence of mutual gravi-
tational attraction is reduced to the problem of one body moving in the plane in a central
force potential by utilizing conservation of angular momentum and the reduction to the
center of mass (see Example 4 below). The equivalent problem is that of a body of mass in
moving the plane in the field of a mass M fixed at the origin with the force field
q

q Cm
F(q=-GMm—— =-Cm——= =V (—) ,
(@ TalP TN

where C = GM and G is Newton’s universal gravitational constant. By Newton’s Second
law, the equations of motion are
.. Cm
mq=V (—) ,
al

which are the Euler-Lagrange equations, for the Lagrangian

1 CM
L(q,q) = gmllal® + 7.
2 llall
The Legendre transformation (¢°,¢") — (¢*,0L/9¢") = (¢',p; = mq') transforms these
equations to Hamilton’s equations on T*R? \ {0}) ;

=2

e
b= om2 (_)
dq* \||ql
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with Hamiltonian 5
lall® Cm

2m  lall’
Let S' = SO(2) act on R? \ {0} by counterclockwise rotation:

H(q,p) =q-p—L(q,q) =

sinf)  cosf

0. q— [ cosf) —sinf }

The lift of this action to T%R? \ {0}) is given by

Note that H is invariant under this S!-action. Since our final goal is to determine the motion
of the body of mass m by utilizing reduction, taking quotients by S is greatly simplified
by the passage to polar coordinates.

The diffeomorphism p : ]0,00[ x ST — R? \ {0} given by p = p(r,0) = (rcosf,rsinf)
induces the symplectic diffeomorphism of T'(]0,00[ xS!) = P — T*(R? \ {0}) given by
(7", gvprvpﬁ) = (qv p)a where

1
pr = pircost—+ posind; p1 = p.cosh — —pgsinb
r
1
pg = —pirsinf + parcosh; po = prsinf + —pg cosb.
r

The symplectic form on P is given by dr A dp, + df A dpg, the S* action on ]0, 00 x St is
given by
0-(r,¢) =(r,0+¢)

and its cotangent lift to P = T*(]0, 0o[ xS1) is
0 (r,¢,pr,po) = (1,0 + &, pr, po)-
If £ € R, the infinitesimal generator of the S'-action on |0, 0o x S! is given by
(r,0) — (r,0,0,¢),
so that the momentum map J : P — R has the expression

J(7"797Pmp9) = Po-

Clearly J is a submersion and for u € R, J=1(u) = {(r,0,p,,p8) € P | pg = p}. Moreover,
the reduced phase space P, = J71(u)/S* equals T%(] 0,00[) = {(r,p-) | 7 €]0,00[, pr € R},
a fact to be expected by the Cotangent Bundle Reduction Theorem. The symplectic form is
easily seen to be the standard one, dr A dp,, either by using the definition or by noting that
10, 0o is one-dimensional, so 5, must be zero. We can compute a,,(r,8) as the minimum of

1 9 p2
2m (p,,—i- 7"2)

subject to the constraint pg = p. This minimum is achieved for p, = 0, so that «,(r,0) =
pdf which is closed, so once again, 3, = 0.
In polar coordinates, the Hamiltonian has the expression

1 P2 Cm
H(T767p7wp9) = % <p72~ + 7"_3) - Ta
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so that the reduced Hamiltonian equals

1 T Cm

Hu(rp) = 5— (02455 ) - =2

Hamilton’s equations on P, = T*]0, 00[ are

q o~ 0. _pr

Opr m
. —O0H, w2 Cm
i

The first of these equations combined with conservation of energy H = E yields
i = (2mEr? + 2Cmr — p*)m*r?,
i.€.,

r(t)
t—to = m/ s ds (3.12.1)
ro  \/2mEs?2+2Cms — 2

which is an elliptic integral. Inverting it gives r as a function of ¢. Therefore, p,.(t) = mr(t),
with 7(t) determined implicitly by (2.7.1).

To solve the original differential equations in (7,6, p,,py), consider initial conditions
(r0,00,p%,09) € J~1(u), i.e., p) = pu and let the corresponding integral curve of the orig-
inal Hamiltonian system be denoted by (r(¢),0(¢),pr(t),pe(t)). Choose a curve d(t) =
(F(t),0(t),p,(t),Pp(t)) € J~1(n) which projects to the integral curve (r(t), p,(t)) of H, and
which has initial conditions (ro, 6o, p?,p)). This implies that 7(t) = r(t), p,(t) = p(t),
and Py(t) = p. Since no conditions are imposed on 6(t), we may choose it to equal , for
convenience, so there is an angle ¢(t) such that

(r(£),0(), pr (1), po(t)) = @(t) - (T(t),0(t), 5, (1), By(t))
(’I“(t), o + (b(t)vpr(t)v ) 5

- 0(t) = 0 + 6(0),

with ¢(0) = 0. Next, we solve the differential equation on S! given by conservation of

angular momentum:

P (t) = %@)2, where ¢(0) = 0.

This has the solution

o(t) = %/O r(s)~2 ds. (3.12.2)

The solution of the Kepler-Newton planar central force problem with initial conditions
(10,60, p%, p) = p) is given by inverting (2.7.1) to find r(¢) and letting p,(t) = ms(t), 6(t) =
0o + ¢(t) with ¢(t) given by (2.7.2), and py(t) = p§ = p.

To describe the trajectory of the body of mass m geometrically, we need the relation
between r(t) and (). To obtain it, we proceed as in the classical treatments: intersect the
energy surface H(r,0,p,,pp) = E with the level set of the momentum map pyp = p. This
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requires us to eliminate ¢ and p, in H(r,0,p,, ) = E. From 6= w/mr? and 7 = p,./m, we
get

drg _ pdr

Pr =mr =m—
" r2 r2df’

so that H(r,0,p,, ) = E becomes
1 2 2 2
S V7l U Yol B L
2m | 4 \ df r2 r
or changing the variable r to p = 1/r, we get

dp 2 2 2m
(@) +p° = ﬁ(Cmp—kE). (3.12.3)

Taking the derivative of this relation with respect to 6 and canceling dp/df yields the second
order constant coefficient equation

o
a2 T e
whose solution is given by
2
p(0) = C:; + Acos(6 + o) (3.12.4)

with A an arbitrary constant. Substitution of (2.7.4) into (2.7.3) determines the constant A
1 2 2, 4y3
A::I:E(Qmu E+C*m®)2,

so that again by (2.7.4) we have

2

2Eu2 \ *
1+ (1+02—513) cos(6 + 6o)

Cm?
p(0) = 2

(3.12.5)

We need not consider signs in (2.7.5) since this is accomplished by the phase shift § — 6+ .
Replacing 6 by 6 — 6y, we can put (2.7.5) into the form

[N

Cm? 2E 12
p(@): Mz 1—}—(14—%) cosf| ,
i.e.,
2
W 1
= . 12,
r®) = o2 2B ] (3.12.6)
1+ <]. + m) cos 6
m

The equation of a conic in polar coordinates with one of the foci at the origin is

14

) = ————
r(®) 1+ ecosf’
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where e is the eccentricity and £ is the distance from a focus to the conic in the direction
transverse to the line joining the foci. The casese > 1, e =1, and 0 < e < 1 correspond to
a hyperbola, parabola, and ellipse, respectively. Thus, we get the classical result that the
orbit of the body of mass M around the body of mass M moving under the influence of the
Newtonian gravitational potential is a conic of eccentricity

1
2EN2 2
e= (1+02m3> .

Note that the sign of e — 1 is determined by the sign of E. For example, the conic is an
ellipse if and only if E < 0, in which case —e?m?/mu? < E <0. 4

4. Reduction to Center of Mass Coordinates
Let R3 act on R¥WV+1) by translation on every factor. The lift of this action to T*R3(N+1)
is given by
X (q07"' ; AN, p07"' 7pN) = (q0+X, 7qN+X7poa"' apN)

so that the infinitesimal generator determined by ¢ € R? has the expression

0 0
0 N = . .« .. [
fT*R3(N+1)(qO,... AN P s--- 5P )—f <8q0+ +an).

The momentum map of this lifted action is thus given by

J(qo,... ,QN,pO,... ,pN):pO+..._|_pN.

The reduced manifold (T*]R?’(N +1) ) is symplectically diffeomorphic to T*R3N endowed with
the canonical symplectic structure. We take

(Q17"' 7QN7 Pla"' 7PN)
to be canonically conjugate coordinates on T*R3V given by the Jacobi-Haretu change of
variables. Therefore, the projection J~1(u) — T*R3*Y is given by

mo mi—1

Q = qo— ' — Q-1+ q;,
Hi—1 Mi—1
Pt = ——— "+ +pTh)+p,
Hi—1

Consider on T*R3(N+1) a Hamiltonian H invariant under the R® — action, i.e.,
H(q0+x7"' 7qN+Xap0a"' 7pN) :H(qov anvaa"' 7pN)

for any x € R®. Denote by (qo(t),...,an(t), p°(t),...,pY(t)) a solution of the Hamilto-
nian system with Hamiltonian H and with initial condition q;(0) = q;, p‘(0) = p’, i =
0,1,...,N. By conservation of linear momentum,

p’(t) +---+pN(t) = 1,
where 1 € R? is a constant vector. Since p? = m;¢;, it follows that

moqo(t) + -+ + myan(t) = pt + (moqy + - + MmN Qy),
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so the center of mass moves in a straight line during motion. On the reduced manifold, the
center of mass is fixed at the origin.

We will determine the solution (qo(t), ... ,qn(t), p°(t),... ,p"™(t)) in terms of a known
solution (Qq(),...,Qn(t), PL(t),... ,PYN(t)) of the reduced Hamiltonian system given by
H, on T*R*N. To do so, let

(o(t),...,un(t), vO(t),... , v (1))
be a curve in J~1 (i) projecting onto

(Qi(t),...,Qn (), PL(t),... ,PN(t),

Qi(t) = —/Ziol up(t) — -+ — ZL;jll uw;—1(t) + uy(t),
PiUt) = () o kT () £V )
and

Vi) 4V () =,
fori=1,...,N. The last N + 1 equations can be solved for v/(t), j =0,1,... , N to yield
vi(t) = ﬂﬂ + ij(ﬂ _ ﬂpj+1(t) e EPN(t).
N g Hj+1 KN

The right hand side equals p’(¢) and thus v/ (t) = p/(t) for all j =0,1,... ,N. We seek a
vector £(t) € R® such that

m—g—;i(uxw,v@»-u]me j=1...,N
and oH
0=~ w(t). v (1) ~ V().

The first equation says that £(t) is the velocity of the center of mass and that we have
Hamilton’s equations relative to this motion. The second group of N + 1 equations is
automatically satisfied since v?(t) = p’(¢). A solution of

X(t)/ = f(t)v X(O) =0,
is x(t) = fg &(s)ds. Then the solution (q;(t),p’(t)), j =0,1,...,N is given by

q;(t) = x(t) + u,(t), p’(t) = vi(t).

This process of recovering q and p in terms of reduced variables is a special instance of
the reconstruction process. ¢

5. Coupled Harmonic Oscillations (¢f. Ermentrout and Kopell [1984]).

We prove that in a chain of coupled oscillators one can average over a single S!-action
representing the “fast” variables and that the resulting averaged equations are still Hamil-
tonian in the “slow” variables. The results are related to the important averaging procedure
and the realization of averaged equations as equations on a center or sub-center manifold;
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see Arnold [1978], §3.8, Forest, McLaughlin and Montgomery [1986] and Mielke [1991] for
more information.
Start with the phase space of N + 1 oscillators

T°Q =THS* x---x S8*) (N +1 factors)
with (action angle) coordinates (01,11),... ,(n+1, IN+1), and a Hamiltonian of the form

H. = Hy+eH; + O(e%), ¢ asmall parameter

where

Ho = Gl(Il) + -+ GN+1(IN+1)
and Gy, ... ,GyNy1 and functions of one variable. Thus if ¢ = 0, we have N + 1 independent
oscillators and Hy(01,...,0n+1, I1,...,In41) is & general coupling term. The dynamics

on 77Q is given by Hamilton’s equations:

OH, 0H,

0; a1, Gi(l;) + ¢ oI, +0(e%)
. 9H.  oH )
Il = —8—91——58—914‘0(5 )

Let w; := 0G;/0I;, the (uncoupled) frequency of the ith oscillator. Assume that the fre-
quency differences are O(g); for simplicity, assume that

Wi+1 — W; = €Ai.

Thus, while the 0; evolve as “fast” variables, the differences are “slow”: let

¢i = 0ix1 — 0; so that ¢i:€<Ai+a 10 1>.

i O

We will find the equations of motion for the slow variables by averaging over the fast
variables. This is accomplished by considering the following S'-action on @

(0,01,...,08)€S* xQ— (6, +6,... 0811 +0)€Q
and then lifting it to 77Q to get
9'(01,]1,... ,HN,IN)Z (91—}—9,]1,... 79N+1+07IN+1)-

Coordinatize Q/S* by (¢1,... ,¢n), the projection @ — Q/S* being given by ¢; = 0,11 —

0;yi=73,...,N. Let

o 1 2

He(0:, ;) = 5~ H.(0; + 6, 1;) db,

™ Jo
the average of H. over the Sl-action. (The Averaging Theorem guarantees that we get a
“good” approximation to the H. dynamics from that of H, for ¢ small — see Arnold [1978]).
Can one express the dynamics given by H. only in terms of the “slow” variables ¢, ... , dn

and their (as yet to be determined) conjugate variables p1,... ,py? The answer is affirma-
tive and this is accomplished by reduction in the following manner. Since H. is S'-invariant,
the momentum map of the S*-action

J:T°Q — R givenby J(O;,Ix) =L+ -+ Iyt
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is a constant of the motion for the H.-dynamics. By the Cotangent Bundle Reduction
Theorem, the reduced manifold J~!(I)/S?! is diffeomorphic to T%Q/S*) since S! is abelian.
The symplectic structure on T%Q/S!) is the canonical one since the one-form

1 1
(91;... 70N+1)’—> (91,... ;9N+17 N——HI’ 7N——|—1I>

has values J=1(I), is S! -invariant, and being constant, is closed. By reduction and recon-
struction, no information is lost by dropping to 7%Q/S"). To find the conjugate variables p;
of ¢;, we set Zszl dow Ndpy, = Zf:{l df; AdI; on J~(I). This gives coordinates analogous
to the Jacobi-Haretu coordinates for center of mass:

pp = —L, so h=—p
p2 = —ILi—1Iz so Iy=pi—ps
ps = —Li—Ih—1I3 so I3=ps—p
pn = —Li—--—1IN, so IN=pN-1—DN
Now write H. as a function of ¢1,...,¢n, p1,...,pn and call the resulting function FI,

the reduction of H.. Reduction tells us we should end up with Hamilton’s equations. This
can be checked explicitly: a chain rule argument shows that
T T

OH ) OH
= Ea Pr = — Ea k:]-avN

Opk efos
which is the Hamiltonian version of the equations for the evolution of phase differences.
Reconstruction can be carried out as in the preceding example. ¢

P

3.13 Hamiltonian Systems on Coadjoint Orbits

For a Lie group G, the reduced phase space (I""G),, (using the left action by G) coincides
with the coadjoint orbit O, with the “—" orbit symplectic structure. Let H be a left G-
invariant Hamiltonian on 7°G. Since the projection 7, : J;'(u) — (T"G), is given by
Tu(TyRg-1 (1)) = Adyp, the induced Hamiltonian H), : O, — R is given by H,(Adju) =
H(T,Ry—(p)) = H(Adyu) by left invariance of H; i.e., H, = H|O,. The Hamiltonian
vector field defined by H, on O, has the expression

SH\"
Xp,(v) =ad (E) v

for any v € O,,. We now determine the flow of Xz on
J;'(n) = {graph of the one-form g+ poTyR,-1},

in terms of the flow of Xp, on O,,.

To do this, trivialize T°G by A : ag — (9,T/L4(cg)) mapping T*G to G x g* and note
that the induced action of G on G x g* is given by ¢ - (h,u) = (gh,u). The momentum
map J induces an equivariant momentum map Jy : G X g* — g* given for each £ € g by
Jn(€) =T (€) o A7L. Therefore, for any g € G, p € g* we have

(Ialg, 1), €) INE) (g, 1) = ILE) N g, 1)) = (T(TLy-1 (), €)
= <T_;R9 © Te*Lg*I)M7£> = <Ad2_1/.1,,§>,
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so that
Ia(g, ) = Adg-1p.

Therefore, J ;1 (1) = Gx O, and the projection on the manifold O, is given by the projection
on the second factor. Next, we explicitly determine A\ Xy = Xgox—1 € X(G x g*); the latter
Hamiltonian vector field is with respect to the symplectic form A.Qy on G x g*, Qy being
the canonical sympletic form on T*G. We have

A Xw (g, 1) = (X (g, 1), 11, Y (9, 1)) € TyG x {u} x g*

with g — X (g, 1) a vector field on G for each p € g*. Since the derivative of left translation
by g on G x g* is given by

g- (’Uh,‘LL,I/) = (Tth(’Uh),‘LL,I/),

left invariance of Xy implies left invariance of A\, Xy, i.e., the vector field g — X(g, p) is
left invariant on G for any p € g* and Y (g 'h,u) = Y(g,p) for any g,h € G. Therefore
Y(g,p) =Y (e, p), ie., Y is independent of G and thus letting X (g, u) = X*(g), we have

(MeX)(g, 1) = (X"(9), 1, Y (1)),

with X* € X(Q) left invariant and Y : g* — g*.

If F} denotes the flow of Xp, then Ao Fy o A™! is the flow of A\ Xp. Letting g,(t) =
(rq o Ft)(n), where g : TG — G is the cotangent bundle projection, left invariance of F}
gives

(Ao FioA™)(gn) = (AoFoT))Ly-1(p) = (Ao TyLy-1)(Fi(u))
(99u(t), (T¢Lgq, (1) © TyLg—r © Fy) (1))
(99,(8), Fy(n) 0 Te L, (1))-

In particular t — gg,(t) is the flow of X#; taking its derivative at ¢t = 0 yields

XH(g) = TeLg(Tuma o Xu)(p)-
We claim that
_on
=
This is proved in the following manner. Let i : g* — TG denote the inclusion of g* in
TG as the fiber TG and let o, € T;{(T*G) . Denote by of, € T,,(T*G) the symplectically
associated vector ; i.e.

(Tuma © Xu)(n)

QO(#)(O‘ﬁvuu) = (ayu, up)
for any u, € T,,(T*G). A straightforward local computation shows that
m(5%) = Tii(ay)
whence .
[(Tima) (V)] = —Tyi(v)
which in turn implies that for any v € g*
(v, Tuma(Xu (1) = ((Tima)(v), Xu(w)
QW ((Tume) W), X (1) = (AH (), Ti(v))

o) = (n 5 ).
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This proves our claim. As a consequence, we have

0H
XMg)=TeLy | — ).
) ! ( Sp )
To compute Y, we use conservation of Jy :
d
(dIL(©) - p, Xu(w) = —| (I, Flu)
t=0
d
= % —o <Ft (/1')7 TeRgM(t) (M)>
d
= 7 (Fi(p) o ToLy, (t), Adg, 1y-1(€))
t=0

since ¢ — Fy(p) o TeLy, (1) is the flow of Y. Since

d o0H
— = (T, X = —
dt|,_, 9u(t) = (T 0 Xpr) () o
we get
SH\"
Y(p)=ad| — .
(1) = a ( 5u) I

Therefore, we have proved the following proposition.

Proposition 3.13.1 Let H : T"G — R be left invariant, Fy be the flow of Xy and let
9u(t) = (mg o Fy)(p), where g : T*G — G is the projection. If A : T*G — G x g* defined by
Mayg) = (9, TiLy(ay)) denotes the left trivialization of T*G, then

(MXu) (9, 1) — (TeLgad (i—fj)*,uvad ((js_[/j)*“> :

The flow of the vector field in the first component is (t,g) — g¢g,.(t) and in the second
component is (t, p) — Fy(p) o TeLy, (1)-

LAGRANGIAN COUNTERPART TO BE INSERTED.

Now assume that the flow F}' of X H, is known. Since Xp, is the second component
of A\ Xy, this proposition shows that F}'(v) = Fy(v) o TeLg, ). To reconstruct the flow
of \i X g, fix (go, o) € G x O, and let (g(t), u(t)) be a curve that projects to the integral
curve of Xg, =Y with initial condition . Thus, p(0) = po and p(t) is an integral curve
of Y. In fact, ¢g(t) is arbitrary satisfying the condition g(0) = go, so take g(t) = go for all ¢
for definiteness. According to the expression for A\, Xy, the equation

E(t)axg (gom (t) = XXnr (g0, 1 (1)) — (0,4 (1))

£(t) = Ad,, (%) .

is equivalent to
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Therefore, the reconstruction equation for h(t) € G, is

oH

B(t) = T.LypnAd —
( ) h(t) go <5M(t)

) , where h(0) =e
and thus the integral curve of A\, Xy through (go, po) is t — (h(t)go, u(t)).

The Free Rigid Body Let us apply these ideas to the motion of the free rigid body.
In this case, G = SO(3) and Y(II) = II X w has the solution discussed in §16.8. The
reconstruction equation for h’(t) becomes a system of three ordinary differential equations
in the Euler angles ¢, 1, 6, namely

éposw + é.sinwsine
—0 siny) + ¢ cos ¢ sinf | = P(¢o, %o, b0o)w(t)
0 cosO +

where P(¢o,0,00) is given by §16.6 and w;(t) = II;(¢)/;, with II;(¢), ¢ = 1,2,3, the
solution of the Euler equations with given initial conditions. ¢

The analysis above can be repeated on the tangent bundle T'G, using an invariant
(weakly) nondegenerate symmetric bilinear form (-, ). Note that themap & € g +— (&,-) € g*
is equivariant with respect to the adjoint and coadjoint actions by bi-invariance of (-, -), so
that by differentiating the equivariance condition, we get

(n,¢],-) = —ad™(n) - &

Letting VE denote the gradient of the function ' : g — R with respect to (-,-) and
E : g* — R denote the function defined by E((¢,-)) = E(§), we have

S

Therefore, the (—) Lie-Poisson bracket and Hamiltonian vector field are given by

{F,H} (&) = —(& [VF(£), VH(S)])

and

Xu(§) =6, VH()] = —ad(VH(S)) - €.

Note the change in sign in the Hamiltonian vector field formula. As before, if £ : TG — R is
a left invariant function, its reduction to (T'G)¢,.) = {the adjoint orbit through ¢ € g} =: O,
is simply the restriction E|Q¢. Observe that O is a (weak) symplectic manifold with weak
symplectic form given by

= VE(©).

we(m)([n, G, [0, G2]) = =0, [C1, &2])

for n € O¢, where (; and (2 € g are arbitrary.
Trivializing TG by left translation,

AN:TG — G xg, Mvg) = (9,TyLy-1(vg))
we get a left invariant vector field

(/\*XE)(gvg) = (Xg(g)7§7y(€))v
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where X¢ € X(g) is left invariant and Y : g — g. But on the tangent bundle Xz € X(T'G)
has an additional property: it is a second order equation, i.e. (T'7q o Xg)(vy) = vy for all
vy € T,G, where 7¢ : TG — G is the tangant bundle projection. Finally note that poA = A,
where p : G X g — G is the projection on the first factor. Therefore

X9) = Tp(A\(Xp)(g.&) = (TpoTAoXgoA ')(g,§)
= (T1co X)X\ (g,€)) = TeLy()

so that
()‘*XE)(gvg) = (TeLg(€)7§7 [ga VE(g)]),

the expression for Y is obtained by invoking the fact that on T7G, Y was the Hamiltonian
vector field in the (—) Lie-Poission structure given by the restriction of the Hamiltonian to
g*. Finally, note that the form of A\, Xg is already appropriate for the reconstruction of
solutions. First one solves the equation & = (€, VE(£)] and then the equation g = T.Ly()
with £(¢) found previously. Thus, we have proved the following:

Proposition 3.13.2 Let E : TG — R be a left invariant function on a Lie group G that has
a weak bi-invariant pseudo-metric. If \: TG — G x g defined by A(vg) = (9, TyLg—1(vg)) is
the left trivialization of T*G, we have:

(MXE)(9,8) = (TeLy(8), €, (€, VE(E)]).-

To solve the differential equations associated to the vector field A« X g, one first solves the
reduced equations { = [£, VE()], and then the equation on G given by g = TeLy(§).

3.14 Energy Momentum Integrators

Sometimes one may wish to preserve the energy and the momentum map in a scheme rather
than the symplectic structure and the momentum map. For the actual implementation of
schemes like this, we refer to Simo and Wong [1990] and Austin and Krishnaprasad [1990].
We present here an abstraction of this process.

We now turn to some basic remarks on the construction of algorithms that conserves
the Hamiltonian and the momentum map, but will not, in general, conserve the symplectic
structure.

A class of algorithms satisfying this requirement can be obtained through the steps
outlined below. The geometry of the process is depicted in Figure 2.9.1.

i Formulate an energy-preserving algorithm on the symplectic reduced phase space
P, =J"1(u)/G,, or the Poisson reduced space P/G. If such an algorithm is interpreted
in terms of the primitive phase space P, it becomes an iterative mapping from one
orbit of the group action to another.

ii  In terms of canonical coordinates (¢,p) on P, interpret the orbit-to-orbit mapping
described above and if P/G was used, impose the constraint J(qx, pr) = J(qk+1, Pk+1)-
The constraint does not uniquely determine the restricted mapping, so we may obtain
a large class if iterative schemes.

iii ~ To uniquely determine a map from within the above class, we must determine how
points in one G ,-orbit are mapped to points in another orbit. There is still an ambigu-
ity about how phase space points drift in the G,-orbit directions. This drift is closely
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G -orbits
1l

constant energy
surfaces

projection

Y

reduced space

Figure 3.14.1: An energy preserving algorithm is designed on the reduced space and is then
lifted to the level set of the momentum map by specifying phase information.

connected with geometric phases (Chapter 6)! In fact by discretizing the geometric
phase formula for the system under consideration we can specify the shift along each
G ,-orbit associated with each iteration of the map.

The papers of Simo and Wong [1989] and Krishnaprasad and Austin [1990] provide
systematic methods for making the choices required in steps ii and iii. The general con-
struction given above is, in fact, precisely the approach advocated in ref Simo, Tarnow and
Wong [1991]. There it is shown that projection from the level set of constant angular mo-
mentum onto the surface of constant energy can be performed implicitly or explicitly leading
to predictor/corrector type of algorithms. From a numerical analysis standpoint, the nice
thing is that the cost involved in the actual construction of the projection reduces to that
of a line search (i.e., basically for free). The algorithm advocated in Simo and Wong [1989]
is special in the sense that the projection is not needed for @ = SO(3): the discrete flow
is shown to lie in the intersection of the level set of angular momentum and the surface of
constant energy. This algorithm is singularity—free and integrates the dynamics exactly up
to a time reparametrization, consitent with the restrictions on mechanical integrators given
in §9.2. Extensions of these schemes to elasticity, rods and shells suitable for large-scale
calculation and amenable to paralelization are given in Simo, Fox and Rifai [1991], and
Simo and Doblare [1991].

3.15 Maxwell’s Equations

In this section we apply the techniques of reduction to the case of Maxwell’s equations. Here
we shall study the Maxwell equations, possibly with a time-independent charge source; they
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can be coupled with the Vlasov equation, which provides a time-dependent charge and
current source; see Marsden and Weinstein [1982].
The Maxwell equations are

10B

19E j

dvE = p (3.15.3)
divB = 0 (3.15.4)

where E(x,t) is the electric field, B(x,t) is the magnetic field, x € R3, ¢ is the velocity
of light j(x) is a given current and p(x) is a given charge density. For simplicity we take
the equations to be defined in all of space R® with suitable fall off conditions at infinity to
justify integration by parts. [Incorporation of boundary conditions, radiation, etc., is very
important but is not treated here.] To begin with, we will assume j = 0.

As the configuration space for Maxwell’s equations, take the space 2 of one forms A on
R3. (These are the “vector potentials.” In more general situations involving Yang- Mills
fields, one can replace 2 by the set of connections on a principal bundle over configuration
space.) The corresponding phase space is the cotangent bundle 7", with the canonical
symplectic structure. Elements of T* are identified with pairs (A,Y"), where Y is a vector
field density on R3. (We do not distinguish Y and Yd3x.) The pairing between A’s and Y’s
is given by integration, so that the canonical symplectic structure w on 7™ is given by

Ww((A1,Y1), (A2, Yy)) = /(Y2 AL - Y- Ay) dx, (3.15.5)

with associated Poisson bracket

_ [ (SFSG  SFSG\ ,

We will want to set B =V X A in accordance with (2.9.4) and customary practice.
The Hamiltonian density for Maxwell’s equations is H = 1 (||E|[|>+|B||?) and the Hamil-
tonian is

H= /cH 3z (3.15.7)

— we have inserted a factor of ¢ to conform to the dynamical formulation in relativity (see
Misner, Thorne and Wheeler [1972], p. 523). Thus we take

H(A,Y):/c[%(||Y||2+||cur1A||2) dx. (3.15.8)

Hamilton’s equations are

O0A 0H
S Y .15.
at oY ¢ (8.15.9)
and
oY = —5—H = —c curl curl A. (3.15.10)

ot A
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The calculation of §H/dA is as follows: first,

DH(A,Y)-0A =c¢ / (curl A) - (curl A) d3x.
R3

The operator “curl” is symmetric, as is seen using the vector identity
div(XxY)=X-curl Y =Y -curl X

and the divergence theorem. Hence

H
Z_A = ccurl curl A = c[grad div A — V?A],

so (2.10.10) follows.

If we let B = curl A and Y = —E, then (2.10.10) reduces to (2.10.2) and the curl of
(2.10.9) gives (2.10.1).

The remaining two Maxwell equations will appear as a consequence of gauge invariance.
Notice that we work directly with three-dimensional fields. Four dimensionally, one has an
extra “degree” of gauge freedom associated with the time derivative ;1) . We have already
eliminated this freedom and the corresponding non-dynamical field A4 (whose conjugate
momentum vanishes). This is the standard Dirac procedure for a relativistic field theory
such as Maxwell’s equations (see Gimmsy [1991] for details). In the context of principal
bundles, G is defined to be the group of bundle automorphisms (covering the identity). The
gauge group G consists of real valued functions on R® ; with the group operation being
addition. An element ¢ € G acts on 2l by

A— A+ V. (3.15.11)

This “translation” of A extends by cotangent lift to a canonical transformation of 7% given
by

(A)Y)— (A+Vy,Y). (3.15.12)

Since the Hamiltonian is invariant under these transformations, we can use the gauge

symmetries to reduce the degrees of freedom of our system. The action of G on T has a

momentum map J : T — g* , where g, the Lie algebra of G, is identified with the real

valued functions on R3. This map may be determined by our formula for the momentum
map of a cotangent lift: for ¢ € g,

(J(A,Y), ) = /(Y Vo) d¥x = — /(div Y)o d3x. (3.15.13)

Thus, we may write
J(AY)=—divY. (3.15.14)
If p is an element of g* (the densities on R3), J71(p) = {(A,Y) €e T | divY = —p}. In
terms of E, the condition div' Y = —p becomes the Maxwell equation div E = p, so we may

interpret the elements of g* as charge densities.
Now we apply symplectic reduction to P =T, with 4 = p and G and J as above.

Theorem 3.15.1 The reduced symplectic manifold I~ (p)/G can be identified with Max, =
{(E,B) | div E = p, div B = 0}, and the induced Poisson bracket on Mazx, is given in
terms of E and B by the Born-Infeld-Pauli bracket

B SF 060G 6G SF\ 4
{{F,G}} = / (5—Ecur16—B — (5_Ecur15_B) d°x. (3.15.15)

Moreover, Mazwell’s equations with an ambient charge density p are Hamilton’s equations
for the Hamiltonian on the space Mazx,,.
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Proof. To each (A,Y) in J!(p), associate the pair (B,E) = curl A,—Y/c) in Maz,.
Since two vector fields A; and Ay on R? have the same curl if and only if they differ by a
gradient, and every divergence-free B is a curl, this association gives a 1 — 1 correspondence
between J~1(p)/G and Maz,.

Let F' and G be functions on Max,. To compute their Poisson bracket {{F, G}} we pull
them back to J~1(p), extend them to 7" as G-invariant functions, take the canonical Pois-
son bracket in T2, restrict to J~!(p), and “push down” the resulting G-invariant function
to Max,. The result does not depend upon the choice of extension made, and in fact we can
do the computation without mentioning the extension again. This follows by the general
theory, but we can see it directly here. Given F(B, E), define the pull back F (A,Y) by

F(A,Y) = F(curl A,Y).

Using the canonical bracket on T, we have
oA SF 6G  6G 6F
.6 (6_A§_Y_6_A6_Y> =

6F 6G 686G OF
_/ (5_A5_E - 5_A5—E> dx. (2) (3.15.16)

The chain rule, the definition of functional derivatives, and integration by parts give the
identity

{F.G1}

A’ d / B ~curl A dx = /A/ curl— dx. (3) (3.15.17)
Substituting (2.10.17) into (2.10.16) produces the desired bracket (2.10.15).
The final statement on dynamics follows from the reduction of dynamics theorem . W
Remarks.

1. As ¢ — oo, Maxwell’s equations formally turn from electrodynamics to electrostatics;
the time dependence becomes undetermined. This is consistent with (7) of §3.5A in
which H — oo. Alternatively, one could move the ¢ in H to include a factor of ¢ in
the Poisson structure.

2. Since G is abelian, the cotangent bundle reduction theorem implies that Max, is
symplectically diffeomorphic to T%(2(/G) with the canonical structure (one can check
that there is no “magnetic term” in this case). As above, 2/G is the space of B’s with
div B = 0. A variable conjugate to B, however, is not E (since the bracket (2.10.15)
is not canonical). Instead, write E = —Vp+4 1V x 7 for a fixed function ¢ determined
by V2p = p and a vector field 7. Then B and 7 are conjugate variables on T*21/G).
Notice that E+ V¢ acts like the momentum shift that appears in the cotangent bundle
reduction theorem. Another procedure is to use a gauge fixing condition to identify
2A/G with A’s satisfying, for example, div A = 0. Then the canonical variables are
Aand Y + %Vg@. However, (2.10.15) seems to be more useful than either of these
alternatives.

3. In calculating, for example dF /6B, one must remember the div B = 0 constraint.
For example, if F(B) = [ B - Vpd®x for fixed ¢, then as F is zero, 6F /6B = 0, so
that dF /6B # V<p
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4. From the point of view of Poisson reduction one can also construct Max = (T")/G =
{(E,B) | div B =0} and (2.10.15) defines the induced Poisson structure. The spaces
Maz, for each p define the symplectic leaves. This is a special case of the relation
between symplectic and Poisson reduction (see Marsden and Ratiu [1986]). 4

Poynting’s vector is related to the momentum map on 7™ for the action of translations.
Let G = R? and for a € R?, let

(a-A)(x) =A(x—a). (3.15.18)
The momentum map for this action is determined by the cotangent lift formula:
aAY.E = - [(Y0.DAx) ¢ = [ B
(A, 0A,;
— E* l J 7
/ (dxi ozt i )
— /ijfjd?’x (3.15.19)

since div E = p. Hence,
(J(A,Y), &) = /E -(Bx§&)d*r— /pAifjd?’x = /g [(E x B) — pA] d*x
Thus,
(J(AY)) = /[E x B — pA] d’z. (3.15.20)

This is interpreted as the linear momentum of the electromagnetic field and E x B is called

the Poynting vector. One can verify directly from Maxwell’s equations that dJ/dt = 0.
This action does not commute with the G-action, so we must compute the momentum

map for the translation action of R® on Max separately. We claim that if p = 0, then

J(E,B) = /E x Bd*x. (3.15.21)

To check this, write J¢(E,B) = [ ¢ (E x B) d®z and compute using the Born-Infeld-Pauli
bracket:

{F,Je} = / (gEcurl (ExE)+ (¢ xB)- curlg—B) >z

and
éuwlFl = [ (35 DB €+ 35 DB €) .
Now 5F
(Fe) = [ Sl VEI @+ [ ST 16 VB) = ¢yl F)

using symmetry of “curl,” d1V E =0 and div B = 0. Thus, (2.10.21) is proved. The reader
can work out conservation of angular momentum in a similar way.

Aside If the metric is treated as a variable (whose evolution is not specified) then the
entire diffeomorphism group becomes a symmetry group. The corresponding momentum
map yields the stress energy tensor and this approach is closely related to the classical
Belinfante-Rosenfeld formula: stress = 9(Lagrangian)/d(metric); ¢f. Simo and Marsden
[1984], Hughes and Marsden [1983] and Hawking and Ellis [1972] for more information, and
Gimmsy [1991] for a modern proof of this basic theorem.
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3.16 Geometric Phases for the Rigid Body

In this section we derive Montogomery’s [1990] formula for the phase of a rigid body. We
will do this in two ways. First, it is derived by a “bare hands” method and second, it is
obtained as the holonomy of a connection on the bundle J~(x) — P,.

It will be useful to recall some notation concerning the rigid body. Let A(t) € SO(3)
be the configuration of the body and a4 € T3SO(3) the momentum. The body angular
momentum II € R? is related to a4 by

. 1 N
<aA,A> =11V = —te(I1V)
where V = A~ A. Similarly, the spatial angular momentum 7 satisfies
. 1
<aA,A> =7 0= —?cr(frz})
where 6 = AA=' . Thus,
tr(lA™'A) = tr(RAA™Y) = tr(A" 17 A)
and since A is arbitrary, we get
HA ' =A%, ie., 7= AI

Now suppose that IT undergoes a periodic motion with period T so II(T") = II(0) while
7 is constant; thus,
m = A(T)IIT) = A(0)II(0)

e A(T)'r = A0) 7 or A(T)A0) 7 = .

Thus, A(T)A(0)~! is a rotation about the axis 7. The angle of rotation, denoted Af is the
geometric phase. Thus, by definition,

A A0)™! = exp|(A0)7].

Our aim is to derive a formula for Af. To obtain this formula, we will apply Stokes’ theorem
to a surface S with bounding curve C' and the canonical one form ©; i.e.,

/SQ:—/C@.

The curve C and the surface S are to be chosen in J~!(7). We choose C' = C; — Cs, where
C1 is the curve starting at «(0) € T3, SO(3), ending at a(t) € T}, SO(3) and given by
the dynamics. The curve Cs is the curve o2(A) in the set {ag € T3SO(3) | 7 is fixed and
IT =11(0) = II(T") } given as follows. Let

A(N) = exp[(AAO)T]A(0)  and  c2(N) € T(,)SO(3)

be given by .
<cQ(A),A> = —5t(IAN) ' A)
i.e., c2(\) is left translation of II to the point A()\). Since
(AN TA) = tr(A0)'7A(0)AN) ' A)
= tr(A\)7! p[ (AAG) 7|7t exp[(AAG) 7]
= tr(A(\)'7A) = tr(FAAN) T
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Figure 3.16.1: The curves used in the geometric phase formula

we see that co(\) € J~1(m).
If S is a surface spanning C' in J~!(7) and projecting to the spherical cap D enclosed

by the curve II(t), then
o
S D

where w is the reduced symplectic form on S2. However, w is —||II|| times the area element
on the sphere, so

/Q:—||H||A SIGN?
S

where A is the solid angle determined by D. (If A > 27, one has to be careful with the
sign). Next we turn to the evaluation of

/@:/ S 0.
C C1 Ca

In general, if a Hamiltonian is pure kinetic energy and we integrate the canonical one form
along a dynamic curve, we get

/ pdg = / (910 )dt = 2ET.
C C

Thus,

© =2ET
Cy

where E is the energy of the trajectory «(t) , i.e., the energy of II(¢), and T is the period,
as before.
Finally,

/02@ - /01<C2(>\),A'(/\)>d/\
_ /01_
- /0 2

— A0l = 26|

tr(7 AN AN

= Do =

tr(7t - AOT)

Putting this together,
~ A = 27 — g2
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SO
A 2ET

= —+ ,
([TL[| Ty

which is the desired formula.

In the argument above, we assumed that there is a surface that spans the closed curve
constructed and to which Stokes theorem was applied. Here we show that there really is
such a surface, following an argument of Montgomery.

We note right away that there are other proofs that do not use or need this fact, but get

around a similar point in other ways. In particular, the proof given in Marsden, Montgomery
and Ratiu [1990] (pages 16 and 41, and also page 47), which is based on formulas from
the geometry of bundles for holonomy, uses the fact that the curvature of a connection
drops to the base and the fact that there is a local section of the principal bundle over the
contractible spherical cap bounding the closed orbit on the sphere (chosen not to cross any
separatrices). In this argument, Stokes’ theorem is applied to the closed curve on the base,
so that this question of spanning does not arise. We note that in both this proof, as well as
in the argument below, one uses that fact from topology that the principle bundle over the
contractible spherical cap is trivial.
Proof of spanning for rigid body phases Let .J be the standard momentum map (given
by right translation to the identity) of the left SO(3) action on T*SO(3), and p be a fixed
nonzero value of J. Let 7 : J~1(u) — S? be the projection to the two-sphere (given as usual
by left translation to the identity).

Let 21 be a given point in J~!(u) whose projection p; = 7(21) to the sphere does not
lie on a separatrix. Let v be the orbit of p; under the reduced flow (as defined by Euler’s
equations) and T} the period of this orbit. Note that v bounds a disc D C S? which does
not intersect any seperatrix. This disc contains a unique stable fixed point pg on the sphere.
Let zp be such that 7(z¢) = po.

Let Gy : T*SO(3) — T*S0O(3) be the action of the one-parameter subgroup generated
by —n, where n is the unit vector along the direction of the constant chosen value p of J.
Thus, p = ||u||n. (Note the minus sign in the definition of Gp).

Let Fy : T*SO(3) — T*SO(3) be the flow of the rigid body Hamiltonian. Consider the
curve C1(t) = Fi(z1) for 0 < ¢t < Ty. Since m o Cy = 7 is closed and since the sphere is
the quotient of J~!(u) by the G action, we know that there exists an angle 6; such that
Gy, (C1(T1)) = z1. Our goal is to compute this angle. Here, 6; is an angle computed mod
2m. Note that Gy = Gy42r.

To do this computation, we close up C; by adding a curve generated by G and then
applying Stokes’ theorem to the resulting closed curve. To apply Stokes’ theorem, we will
choose this closing up curve in such a way that it bounds a disc that lies in 7=(D). As we
will see, this choice is tantamount to choosing the correct “branch” for the angle 6.

Let k be an integer (positive or negative) to be determined below. Let 67 be branch of
0, corresponding to this choice of k, i.e., a real number representing the angle #; lying in
the interval (2km,2(k + 1)7]. Thus, if we represent the angle 6; by a real number 69 lying
in the interval (0, 27| then 07 = 69 4 27k. To emphasize the dependence on k, we will write
07 = 0.

Let Cp 1 denote the curve Cp x(t) = G+(C1(T1)),0 <t < 0k. Let o, = Cp 1 * C1 denote
the concatenation of the curves Cpy and Ci. Thus ox(t) = Ci(t) for 0 < t < Ty and
ok(t) = Cor(t —Th) when Ty <t < Ty + 6.

By definition of the angle 1, all of the loops oy, are closed. Let L(t) = G¢(21),0 <t < 27w
denote one orbit of the circle through our base point and let kL denote the kth iterate of such
an orbit. If k is negative then kL(t) = G_¢,0 <t < |k|27. Observe that Co = kL % Cp .
This also gives meaning to Cy 1 for k a negative integer. It also follows that

or = kL x o0g.
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Lemma 3.16.1 The closed loop oy, lies in the set m=1(v), which is a two-torus. For appro-
priate choice of the integer k, this closed loop o bounds a disc which lies entirely in the set
M =J"p).

Proof of the lemma The first statement follows immediately from the definitions of the
curve and the commutivity of the flows F' and G.

To prove the second fact, let [0] € Hy1(M,Z) denote the integer homology class rep-
resented by our closed loop 0. Recall that the reduction map 7 : J~1(u) — S? gives
J~1(u1) the structure of a principal circle bundle with the circle action being G. Since D is
contractible, it follows that M = 7~1(D) is equivariantly diffeomorphic to the solid torus
S! x D. Now the homology of S' x D is isomorphic to the group of integers and any circle
orbit S x {point} represents the generator. Thus the homology class [L] represented by
the loop L defined above generates the homology of M. Consequently [09] = —k[L] for
some integer k. But then [o}] = [00] + k[L] = 0. (This equality follows from the relation
or = kL * 0y and the relation between the first homotopy and homology groups.) But this
means that o bounds a disc. W

Remarks The integer k is interesting and has the physical meaning of how many full
revolutions the rigid body made about the axis n during the period T;. Since its axis of
rotation varies with time, it takes a bit of thought to make sense of this statement—to begin,
one can imagine p; very close to pg, in which case z; is close to zg, the relative equilibrium.
At the relative equilibrium the motion is simply rotation about the axis n with constant
angular velocity. Near equilibrium, its instantaneous axes of rotation are near n and so we
can view it as approximately rotating about n. Mathematically, one says all this precisely
by defining 0y to be a winding number relative to the solid torus M. Cushman and Levi
have shown how to calculate the integer £ and hence the number 6.

3.17 Reconstruction Phases

The general setting is as follows. Consider a symplectic manifold P, a group action with
an (equivariant) momentum map J : P — g* and a G -invariant Hamiltonian H. Suppose
1 is a regular value of J, and the reduced space P, is smooth. We consider the problem of
reconstructing trajectories in P from those in P,.

Assume 7, : J71(u) — P, is a principal G,-bundle with connection A, so A is a g,-
valued one form on J~! (1) satisfying

(a) Ap-&p(p)=¢ for Ee€g,

and
(b) ®;A=Ady0A for geG,

where @, : J71(u) — J~1(p) is the G, action.
Let ¢, (t) be an integral curve on P, and let pg € J~! (1) project to ¢,(0). Proceed as
follows:

1. Horizontally lift c,(t) from po to get a curve dy,(t) in J='(n); ie, A [£d,(t)] =
0, d,(t) projects to c,(t) and d,(0) = po.

2. Let £(t) = A- Xy (d(t)) € g,.
8. Solve §(t) = g(t) - £(t); g(0) = e.

Theorem 3.17.1 c(t) = g(t)d,(t) is the integral curve of Xg on P with initial condition
bo-
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Proof.

-TO BE COMPLETED
-END WITH A DISCUSSION AND REFERENCE TO MEMOIRS
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d
dat [(I)g(t)du (tﬂ }t:to

d
dat [(I)g(to)q)g(to)* 1g(t) dy (t)} |t=t0

Ty, - £(t0) P (dn(t0)) + T®y(u) ), (t0)
[Ad €] | (elto)) + Ty, d (o)

3.18 Dynamics of Coupled Planar Rigid Bodies

Here we apply reduction techniques to the study of coupled rigid bodies moving with-
We begin with two bodies and then discuss the situation for
three bodies. See Sreenath et al. [1988], Oh et al. [1989], Grossman, Krishnaprasad and
Marsden[1980)] and Patrick[1989,1990] for further details and for the three dimensional case.
Related references are Krishnaprasad[1985], Krishnaprasad and Marsden[1987] and Bloch,
Krishnaprasad, Marsden and Sanchez[1992].

out friction in the plane.

Summary of Results

Refer to Figure 2.13.1 and define the following quantities, for ¢ = 1,2:

L =

distance from the hinge to the center of mass of body 4
angular velocity of body ¢
joint angle from body 1 to body 2

dida cos @

mass of body 4
myma/(mq + msy) = reduced mass
moment of inertia of body 7 about its center of mass

I + €d%;

L=1+ ed3 = augmented moments of inertia

eN /(L I, —€2)?), ' =d/db.

As we shall see, the dynamics of the system is given by the Euler-Lagrange equations

for 8, w1, and ws :

9 = w2 —wi,
W = —fy(]gwg + 5)\0()%) (3.18.1)
w2 = Y(hof +edw3)

For the Hamiltonian structure it is convenient to introduce the momenta

that is,

H1
2

w1 = f1W1 +edwa, po = fg&)g + edwn, (3.18.2)

o w1 _ jl X
>_J(w2 ), where J—(g)\ i, ) (3.18.3)
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body 2
center of
mass of
body 2
body 1 )

center of

mass of

body 1

Figure 3.18.1:

(this will be done via the Legendre transform). The evolution equations for p; are obtained
by solving (2.13.3) for wq,ws and substituting into (2.13.1). The Hamiltonian is

1
H = 5 (w1,02)J ( z; ) (3.18.4)
that is,
1 _
H = 5 (i1, p2)d L ( i ) : (3.18.5)
M2

which is the total kinetic energy for the two bodies. The Poisson structure on the (0, u1, p2)-
space is

{F,H} ={F,H}> —{F,H}1, (3.18.6)

where

OF O0H OH OF
FH}=—or - —
(P HY = 50 50 ~ 90 o

The evolution equations (2.13.1) are equivalent to Hamilton’s equations F = {F,H}.
Casimirs for the bracket (2.13.6) are readily checked to be

C = ®(u1 + p2) (3.18.7)

for ® any smooth function of one variable; that is, {F,C} = 0 for any F. One can also
verify directly from (2.13.1) that, correspondingly, (du/dt) = 0, where p = pq1 + pgo is the
total system angular momentum.

The symplectic leaves of (2.13.6) are described by the variables v = (ug — p1)/2, 6 which
parametrize a cylinder. The bracket in terms of (6,v) is the canonical one on T*S* :

OF OH OHOF
FHY — -~~~ _“~~“- 18.
Y = 56 50~ 96 o (3.18.8)
This canonical structure on T*S? is consistent with the cotangent bundle reduction theorem

(OVQV); there is no magnetic term (a two form) because the base S* is one dimensional.

XREF
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Kinematics for two coupled planar rigid bodies

In this section we set up the phase space for the dynamics of our problem. Refer to
Figure 2.13.2 and define the following quantities:

dio the vector from the center of mass of body 1 to the hinge
point in a fixed reference configuration
ds; the vector from the center of mass of body 2 to the hinge

point in a fixed reference configuration

R(6;) = ( (;?I?Z; _Cinefl ) the rotation through angle 6; giving the
current orientation of body 7 (written as a matrix relative to
the fixed standard inertial frame)

r; current position of the center of mass of body ¢

r current position of the system center of mass

r) the vector from the system center of
mass to the center of mass of body 4

0 = @, — 0, joint angle

R(#) = R(#2)- R(—01) joint rotation

body 2

o reference
point

center of mass
of the system

Figure 3.18.2:

The configuration space we start with is ), the subset of SE(2)x SE(2) (two copies of the
special Euclidean group of the plane) consisting of pairs (R(61),r1), (R(62),r2)) satisfying
the hinge constraint

ro =r; + R(el)dlg — R(Qg)dgl. (3189)

Notice that @ is of dimension 4 and is parametrized by 61,605 and, say ry; that is, Q@ ~

S1 x 81 x R?. We form the velocity phase space T'Q) and momentum phase space T*(Q.
The Lagrangian on T'Q is the kinetic energy (relative to the inertial frame) given by

summing the kinetic energies of each body. To spell this out, let X; denote a position vector
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in body 1 relative to the center of mass of body 1, and let p;(X;) denote the mass density
of body 1. Then the current position of the point with material label X; is
X1 = R(é)l)Xl —+ry. (31810)

Thus %x; = R(61)X; + i1, and so the kinetic energy of body 1 is

1 .
K= 5 [ mlalPex,
1 : o N\
= 5 pl(Xl) <RX1+I‘1,RX1+I‘1>(Z X1
1 . . . . . )
= 5 /pl(Xl) [<RX1,RX1> +2 <RX1,r1> n |\r1|\} X,
(3.18.11)
But
<RX1, RX1> = tr(RXy, BX,)" = tr(RXTX, BT) (3.18.12)
and
/pl(Xl) <RX1,1'~1>d2X1 = <R/p1(X1)X1d2X1,i‘1> =0 (3.18.13)

since X is the vector relative to the center of mass of body 1. Substituting (2.13.12) and
(2.13.13) into (2.13.11) and defining the matrix

I' = /p(xl)xlxle?X1 (3.18.14)
we get
1. : 1.
Ky = Etr(R(%)Il(R(@l)T) + §m1|\r1|\2; (3.18.15)

with a similar expression for K,. Now let
L:TQ — R be defined by L= K;+ K. (3.18.16)

The equations of motion then are the Euler-Lagrange equations for this L on T'Q). Equiva-
lently, they are Hamilton’s equations for the corresponding Hamiltonian. .

~ For later convenience, we shall rewrite the energy (2.13.16) in terms of wy = 61,wy =
f2,1¢ and ry. To do this note that, by definition,

mr = miri + mars, (3.18.17)
where m = m1 + me, and so, using r; =r + rg,
0 = myry + mor) (3.18.18)
and, subtracting r from both sides of (2.13.9),
r) =) + R(01)d12 — R(62)da;. (3.18.19)
From (2.13.18) and (2.13.19) we find that

1§ = ZH(R(6:)d12 — R(62)don) (3.18.20)
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and
r) = —%(R(el)dm — R(62)da1). (3.18.21)

Now we substitute

ri=r+r) so ¥ =¢+7i (3.18.22)
and

ro=r+ry so Fy=7r-+7Y (3.18.23)
into (2.13.16) to give

L = %tr(R(@l)IlR(Hl)T +R(0:)2R(0,)T)
+%[m1|\1‘+1‘?||2+m2||i‘+1"8|\2]. (3.18.24)

But my (£,£)) + mo (£,5)) = 0 since mit) + mor) = 0 from (2.13.18). Thus (2.13.22)
simplifies to

L = %w(R(el)PR(el)T+R(92>12R(92>T>

»’? 1 o2, L .02
tom +§ml||1‘1|| +§m2||1‘2||7 (3.18.25)

where p = m/||¢|| is the magnitude of the system momentum.
Now write

. _d ( cosf; —sinb;
R(0h) = E(siné)l cos 0 )

_ —sinf; —cosb; w
o cosf; —sinb; !

< o )

so that (2.13.20) gives
.0 mi N N .0 ma N ~
Iy = E(R(Ql)mdu — (R(02)w2d21), 1] = _E(R(el)wldw — (R(02)wads1 ).
(3.18.27)

Substituting (2.13.25) and (2.13.24) into (2.13.23) gives

1 L~ . 1 2 mam
L= §tr((w111wf) + O IP0)) + g_m 4+

|o1dia — R(fs — 01)adoy |2 (3.18.28)
Finally we note that

2
tr( I'0T) = tr(@T o Ih) = tr (( “1 02 )11> =witrT' == Wil (3.18.29)
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where
b= [ (0, V(X + YP)dXaaYs

is the moment of inertia of body 1 about its center of mass. One similarly derives an
expression — call it (2.13.27') — where 1 is replaced by 2 throughout. The final term in
(2.13.26) is manipulated as follows: for future reference

[&1d12 = —R(0)wadar |2
[@1di2]|* = 2 (@1d12, R(0)@ad21) + [|@adar ||
= wid} +wid3 —2(01dia, 02 R(0)day)
= wid} +wid; — 2wiwy (di2, R(A)d21) (3.18.30)

Substituting (2.13.27), (2.13.27") and (2.13.28) into (2.13.26) gives

1 ~ - 2
L= <[ 4wy + 2wiwseA(6)] + 2, (3.18.31)
2 2m
where
)\(9) = — <d12, R(e)d21> = —[dlg -doy cosf — (d12 X d21) - ksin 9] (31832)
Remarks

i If di2 and do; are parallel (that is, the reference configuration is chosen with d;2 and
ds; aligned), then (2.13.30) gives A(f) = dida cos @, as in §3.6A.

ii The quantities fl, I, are the moments of inertia of “augmented” bodies; for example
I, is the moment of inertia of body 1 augmented by putting a mass € at the hinge
point.

Reduction to the center of mass frame
Now we reduce the dynamics by the action of the translation group R?. This group acts
on the original configuration space @) by

v - ((R(61),r1), (R(02),r2)) = ((R(01),r1 + V), (R(02),r2 + V)). (3.18.33)

This is well defined since the hinge constraint (2.13.9) is preserved by this action. The
induced momentum map on 7T'Q is calculated by the standard formula

oL
= ¢ .18.34
Je é)qiﬁ(;)(cJ), (3.18.34)
or on T*@ by
Je = pi€s (), (3.18.35)

where fé is the infinitesimal generator of the action on @ (see §2.2). To implement (2.13.32)
we parametrize @ by 61,602 and r, with r; and ro determined by (2.13.20) and (2.13.21).
From (2.13.23) we see that the momentum conjugate to r is

= oL = mi (3.18.36)

p

how do we reference th

XREF
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and so (2.13.32) gives
Je=(p.§), EeR. (3.18.37)

Thus J = p is conserved since H is cyclic in r and so H is translation invariant. The
corresponding reduced space is obtained by fixing p = pg and letting

Pp, =37 (po) /RZ.

But Pp, is isomorphic to T*(S' x S), that is, to the space of 61,602 and their conjugate
momenta. The reduced Hamiltonian is simply the Hamiltonian corresponding to (2.13.29)
with pg regarded as a constant.

In this case the reduced symplectic manifold is a cotangent bundle, in agreement with
the Cotangent Bundle Reduction Theorem. The reduced phase space has the canonical
symplectic form; one can also check this directly here.

In (2.13.29), we can adjust L by a constant and thus assume that py = 0; this obviously
does not affect the equations of motion.

That the reduced system is given by geodesic flow on S x S! since (2.13.29) is quadratic
in the velocities. Indeed the metric tensor is just the matrix J given by (1.6) so the conjugate
momenta are pp and pg given by (1.6).

We remark, finally, that the reduction to center-of-mass coordinates here is somewhat
simpler and more symmetric than the Jacobi-Haretu reduction to center-of-mass coordinates
for n point masses. (Just taking the positions relative to the centre of mass does not achieve
this since this does not reduce the dimension at alll) What is different here is that the two
bodies are hinged, and so by (2.13.20), r{ and rJ are determined by the other data.

Reduction by rotations

To complete the reduction, we reduce by the diagonal action of S! on the configuration
space S x S! that was obtained in §3.6C . The momentum map for this action is

J((01, pa), (02, p2)) = p1 + o (3.18.38)
To facilitate stability calculations, form the Poisson reduced space
P:=T*(S' x 81)/S* (3.18.39)
whose symplectic leaves are the reduced symplectic manifolds
P,=Ju/S* cP.

We coordinatize P by § = 6, — 01, 1 and po; topologically, P = S' x R2. The Poisson
structure on P is computed as follows: take two functions F(0, pu1, us) and H (0, py, p2).
Regard them as functions of 61,60, u1, uo by substituting § = 6, — #; and compute the
canonical bracket. The asserted bracket (2.13.6) of is what results. The Casimirs on P are
obtained by composing J with Casimirs on the dual of the Lie algebra of S'; that is, with
arbitrary functions of one variable; thus (2.13.7) results. This can be checked directly.

If we parametrize P, by 6 and v = (u2 — p11)/2, then the Poisson bracket on P, becomes
the canonical one. This is consistent with the Cotangent Bundle Reduction Theorem which
asserts in this case that the reduction of T*(S! x S1) by S! is symplectically diffeomorphic to
T*((S* x St)/St) =2 T*SL. There are no “magnetic” terms since the reduced configuration
space S! is one-dimensional, and hence carries no non-zero two-forms.
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The realization of P, as TS ! is not unique. For example we can parametrize P, by
(02, pu2) or by (01, 1), each of which also gives the canonical bracket. (In the general theory
there can be more than one one-form «,, (i.e., connection) by which one embeds P, into
T*S1, as well as more than one way to identify (S x S§')/S1 =2 S!. The three listed above
correspond to three such choices of a,.)

The reduced bracket on 7*(S* x 1) /S can also be obtained from the general formula for
the bracket on (P x T*G)/G = P x 3* (see Krishnaprasad and Marsden [1987] and §3.6G;
it produces one of the variants above, depending on whether we take G to be parametrized
by 61 or 63, or 65 — 6.

The reduced Hamiltonian on P is (2.13.5) regarded as a function of 4, ue and 0:

. L I~2 —eA M1
=gt (20 ) (), (3.18.40)
where A = I, I, — €2A2. Substituting p; = (p/2) — v and pa = v + (1/2) gives

H= i(h I+ 2eN? + i [(11 - 12) ,4 v+ i G,ﬁ (11 Ty - m)) . (3.18.41)

Thus, the Euler-Lagrange equations (2.13.1) are equivalent to F = {F, H} for the re-
duced bracket. We can also obtain a Hamiltonian system on the leaves, parametrized by
say (6,v) with H given by (2.13.38).

The linear term in v in (2.13.38) can be eliminated by completion of squares: it is
not there in the general theory because reduced coordinates adapted to the metric of the
kinetic energy are used; these are produced by the completion of squares. Notice that the
Hamiltonian now is of the form kinetic plus potential energy but that the metric now on S*
is f-dependent and, unless d; or dy vanishes, it is a non-trivial dependence. The potential
piece is the amended potential.

We summarize as follows:

Theorem 3.18.1 The reduced phase space for two coupled planar rigid bodies is the three-
dimensional Poisson manifold P = S* x R with the bracket (2.15.6); its symplectic leaves
are the cylinders with canonical variables (6,v). Casimirs are given by (2.13.7).

The reduced dynamics are given by F = {F,H} or equivalently,

j_O0H OH . _0H OH

— =—, flo=——Fr 3.18.42
8/-1/2 8#1’ M1 90 3 H2 90 ) ( )
where H is given by (2.13.5). The equivalent dynamics on the leaves is given by
00 OH 0 oH
= o (3.18.43)

ot v’ ot a8’
where H is given by (2.13.58).
Equilibria and stability by the energy-Casimir method

We now use Arnold’s energy-Casimir method, (see the introduction and overview) to de-
termine the equilibrium points and their stability. An equivalent alternative to this method
is to look for critical points of H given by (2.13.38) in (6,v)-space and test §2H for defi-
niteness at these equilibria.

To search for equilibria we look directly at Hamilton’s equations on P. From (2.13.39),
the conditions fi; = fi2 = 0 become

OH
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that is,
1 103 _
S )37 =03 ( ) =0 (3.18.45)
Clearly,
dJ 0 XN
5= ( BV ) (3.18.46)
from (2.13.3), so (2.13.42) becomes
1 0 6)\, M1 A
_i(wl,wz)( o 0 ) ( p ) =0; (3.18.47)
that is,
—6)\/W1WQ =0. (31848)

The equilibrium condition § = 0 becomes I~1u1 — ey = fgug — eApp or, equivalently,
w1 = wa. Thus, the equilibria are given by

i wp=wr=0,o0r
i w=wy#0,\N =0.
For simplicity, choose the reference configuration so that di2 and ds; are parallel. Then
N(0) =diz2 - daysind
so the equilibria in case ii occur when

ii’ either (a) dj2 =0 or d2; =0, or (b) # =0 or 7. The case in which § = 7 corresponds
to the case of folded bodies, while § = 0 corresponds to extended (stretched out)
bodies.

The first step in the energy-Casimir method is to realize the equilibria as critical points
of H+ C. We calculate that

H
88—9 = 6)\/601&}2
oH oH (3.18.49)
— =wi; — —Ww
8/14 1 aMQ 2,
where
(4)-r (1)1 fapn = =Ave
wo K2 A I~1/$2 — e\
The first variation is
oOH OH oOH
d(H = —db —— 4+ d')d —— 4+ d')d .18.
(H+0C)=—5 +<3u1+ ) u1+(8u2+ ) 142, (3.18.50)

from which we see that critical points of H + C correspond to equilibria provided
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where the subscript e means evaluation at the equilibrium. As in other examples such as
the rigid body and heavy top from the introduction, ®”(u.) is arbitrary.
The matrix of the second variation of H 4+ C at equilibrium is

0’H 0’H 0’H
062 808/11 898/12
0’H 0’H 0’H
S (H+C) = — + " + 9" 3.18.52
A=\ D60 o123 EE (3.18.52)
0’H 0’H , O*H Y
900p2  Op10us o3
where
0’H 0’H
Ot Omdpz | _ o _1( L —eX
0’H 0*H A\ —eX ) ’
Op10pa o3
0’H eN - 0’H eN -
P 2 (fpws — g I
oo, ~ arder m ) mas s = —Rg (—eAws £ L),
and
0’H 0 OH OH 0’H 0’H
Z 2 )\/__ — _ )\// _ )\/ _ li o
902~ 90 { “om am] S T A e 2 T S Y 900,
At equilibrium, A = +dyda(+ if § = 0, — if § = 7) and so
J—lé [ I :F€C~Z1d2
(I Iy — e2d3dd) | Fedide L ’
0’H 0? 0’H y oo 5
= = —_— = — == i
96071, 0 30051 and 502 eN'w; edidawy,
where we = w1 = wy # 0 at equilibrium. Thus (2.13.48) becomes
ﬂ:&)\dldgwg 0
§*(H +C) = 0 31 +(I),,( 1 1 ) : (3.18.53)

This matrix is clearly positive definite if d; # 0,ds # 0 if @ = 0(+ sign) and ®”(p.) > 0 and
is indefinite for any choice of ®”(u.) if § = .

Another way to do the stability analysis is to use the reduced Hamiltonian on T*S?!.
After completing squares, H will have the form of kinetic plus potential energy with effective
potential given by

1 |1

u— 2~ ~_
=5x | 1# (I1 4+ Iz — 2eX) +

M] . (3.18.54)

4L + Io + 2eN)

Minima of V' are then the stable equilibria while maxima are unstable. The following
theorem summarizes the situation.
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Theorem 3.18.2 The dynamics of the 2-body problem is completely integrable and contains
one stable relative equilibrium solution (0 = 0 - the stretched-out case) and one unstable
relative equilibrium solution (0 = - the folded-over case). The reduced dynamics contains
a homoclinic orbit joining the unstable equilibrium to itself.

For three or more bodies, this method of looking for minima of the potential will not
work in a naive way because the symplectic structures on the symplectic leaves will have
magnetic terms. The general theory for dealing with this situation is given in Simo, Lewis
and Marsden [1991].

Multibody problems

The Hamiltonian formulation of the previous sections extends to systems of N planar
rigid bodies connected to form a tree structure. Since the general statement of this result
requires significant additional notation we limit ourselves to the special case of a chain of
N bodies.

Theorem 3.18.3 The total kinetic energy (Hamiltonian) for an open chain of N planar
rigid bodies connected together by hinge joints has the form

H=u"-J1 ¢ (3.18.55)

where = (g1, pia,y ..., un)T is the momentum vector and J is the corresponding N x N
inertia matriz which is a function of the set of relative (or joint) angles between adjacent

bodies. The reduced dynamics takes the form

. OH

M= 90,

. 0H 0oH

1 D05y 902,

. 8H  oH

i = i1  00;, 1

o OH
AN = 00NN

ip1i = % — gi for i=1,...,N—1) (3.18.56)

where 0;11,; is the joint angle between body i + 1 and body .
The associated Poisson structure is given by

N-1
of  of ) dg of (ag dg )
g} = - . ~_9%9 ). 3.18.57
.9} ; <8Mz‘ Opriv1) 00ix1s  00ip15 \Ous  Opigr ( )

This is proven in a way similar to the two-body case. The structure of equilibria and
the associated stability analysis become quite complex and interesting as the number of
interconnected bodies increases. A mixture of topological and geometric methods may be
necessary to extract useful information on the phase portraits.

In the remainder of this section, we illustrate some of the complexities of multibody
problems by discussing of the equilibria and stability for a system of three planar rigid
bodies connected by hinge joints (see Figure 2.13.3).
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Figure 3.18.3: Planar three-body system

The Hamiltonian of the planar three-body problem is given by equation (2.13.51) with
the momentum vector p and the coefficient of inertia matrix J being defined as follows:

H = (/-1/17 H2, /-1'3)T7
L Ma2(021) Az1(B21 + 6s2)
J= Ai2(62.1) L A3 (63.2) (3.18.58)
A31(02.1 + 032)  Aa3(fs2) I

Here 01 and 632 are the relative angles between bodies 2 and 1, and bodies 3 and 2,
respectively. The coefficients of inertia I; and \;; are given by

I = [I1 + (e12e31) (d12,d12)],
I = [I+e12(dar,dar) + €23 (daz — das)
+e31 ((das — da1), (das — d21))]

I3 [I3 + (€23 + €31) (da2, d32)]
M2(02,1) = [12Mdrdis) (02,1) + €31\ ds,—dor dra)) (02,1)]
M3 (032) = [£23M\(_d.dag) (03,2) + €31\ (_dgp oz dar)) (03.2)]

A31(021) +032) = €31 Ndyn.drn) (02,1 + 05.2)

e = mfm—% i#j and i,j=1,2,3

Aag(@) = x-ycosa+[x x y]sina,

where the m; and I; are the mass and inertia respectively of the body ¢, and the d;; are
defined as in Figure 2.13.3.
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The dynamics of a three-body system of planar, rigid bodies in the Hamiltonian setting
is given by:

. oH
M= 96y,
. OH oOH
2= 0, O0ss
i3 = _aaei (3.18.59)
by = 2L _OH
’ Oz Om
boo = 2L 01
’ Ous  Oue

From (2.13.55) note that the sum pq + g + p3 of momentum variables is constant in time.

In Sreenath et al. [1988] and Oh et al. [1988], it is shown that for three coupled
rigid bodies there are either 4 or 6 relative equilibria and the bifurcations between these
are determined as a function of the system parameters. It is also shown that near the
stable stretched out relative equilibrium, there are relative periodic orbits distinuished by
symmetry type. This is done using the Stewart et. al. [1980] symmetric version of the
Moser-Weinstein theorem (Weinstein [1973], and Moser [1978]). Also, it is shown that the
dynamics is, in general, not integrable by using the Poincaré-Melnikov method.

Coupled Rotating Systems

Some general complements to reduction theory motivated by the dynamics of rotat-
ing system are given here. They are taken from Krishnaprasad and Marsden [1987]; this
reference and Patrick [1990] should be consulted for further information and applications.

Assume G is a Lie group acting by canonical (Poisson) transfomations on a Poisson
manifold P. Define ¢ : T*G x P — 3* x P by

plag,2) = (TL; ag,g " - 2) (3.18.60)

1 —1

where g~! - z denotes the action of g~' on z € P. For our example, G = SO(3) and a4 is a
momentum variable which is given in coordinates on 7*SO(3) by the momentum variables
D¢, Do, Py conjugate to the Euler angles ¢, 60,1. The mapping ¢ in (2.13.56) transforms ay
to body representation and transforms z € P to g~! - z, which represents z relative to the
body.

As usual, for £ € 3, we let {p denote its infinitesimal generator on P, so £p is the vector
field on P given by

() = S(ep(t6) )

t=0

For F,G : 3* x P — R, let {F,G}_ stand for the minus Lie-Poisson bracket holding the P

variable fixed and let {F, G} p stand for the Poisson bracket on P with the variable u € 3*

held fixed.

Endow 3* x P with the follwing bracket:
0G oF
{F,G} ={F,G}-+{F,G}p —d,F- (—) +d.G- (—) (3.18.61)

o) p o) p

where d, F' means the differential of F' with respect to z € P and the evaluation point (i, 2)

has been suppressed.
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Proposition 3.18.4 The bracket (2.13.57) makes 3* x P into a Poisson manifold and
@ T"G x P — 3* 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, ¢ is
G-invariant and induces a Poisson diffeomorphism of (T*G x P)/G with 3* x P.

Proof For F,G:3*xP — R, let F = Fo¢and G = Go¢. We show that {F,G}r-qc +
{F,G}p = {F,G} o p. This will show ¢ is canonical. Since it is easy to check that ¢
is G-invariant and gives a diffecomorphism of (T*H x P)/G with 3* x P, it follows that
(2.13.57) represents the reduced bracket and so defines a Poisson structre.

To prove our claim, write ¢ = g X @p. Since g does not depend on z and the group
action is assumed canonical, {F,G}p = {F,G} o ¢. For the T*G bracket, note that since
¢¢ is a Poisson map of T*G to 3*, the terms involving ¢g will be {F,G}_o0 ¢. The terms
involving pp (., z) = g~!- 2 are found by noting that the bracket of a function K of g with
a function L of a4 is

d, K - oL
day
where 0L /dc, means the fiber derivative of L regarded as a vector at g. This is paired with
the covector dyK. Letting ¥.(g) = g~ ' z, we find by use of the chain rule that missing
terms in the bracket are

dZF-T\I/Z-E—d G-TY, oF
op 5u
However, TV, - (6G/ou) = —(6F /) p o U5, so the preceeding expression reduces to the last
two terms in equation (2.13.57). W

Suppose the action of G on P has an Ad*-equivariant momentum map J : P — 3*.
Consider the map a : 3* x P — 3* x P given by

alp,z) = (p+ J(2), 2). (3.18.62)
Let the bracket {, }o on 3* x P be defined by
{F,G}o={F,G}_ +{F,G}p. (3.18.63)

Thus {, }o is (2.13.57) with the coupling or interaction terms dropped. We claim that the
map « eliminates the coupling:

Proposition 3.18.5 o : (3* x P, {, }) — (3* x P,{, }o) is a Poisson diffeomorphism.

Proof For F,G:3*x P >R, let ' = Foa and G = G o a. Letting v=u+J(z), and
dropping evaluation points, we conclude that

oF = oF and d,F = 5_F7dz‘] +d.F.
o v ov
Substituting into the bracket (2.6) , we get [XREF]

w1 = -l ] var {00 (20,
[ 03] o) (5[ ],

(o (2] o (2),
(o) oo (E). e

_|_

+
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However, {d,F,[(6G/év),d.J|} p means the pairing of d,F with the Hamiltonian vector
field associated with the one form [(0F/0v,d.J] which is (6G/6v)p by definition of the
momentum map. Thus the corresponding four terms in (2.13.60) cancel. Let us consider
the remaining terms. First of all, consider

{[fs_l;’dz']] , B_f,dz,]} }P, (3.18.65)

Since J is equivariant, it is a Poisson map to 3% Thus, (2.13.61) becomes {J, [(0F/év), (6G /ov)]}.
Similarly each of —[(6F/év),d.J - {(6G/ov}p] and —[(6G/év),d.T - {(6F/év)}p| equals
—{J,[(6F/év), (6G/v)]}, so these three terms collapse to —{J, [(6F/ov), (6G/év)]} which
combines with —{u, [(6F/0v), (0G/év)]} to produce —{v, [(6F/dv), (6G/év)]} = {F,G}-.
Thus, (2.13.60) collapses to (2.13.59). MW

Remarks This result is of course intimately related to the momentum shift in the reduc-
tion theorem and to the isomorphism between the “Interaction” and “Universal” represen-
tations of a reduced principal bundle. (See §3.2F). 4

Recall that a Casimir function is a function whose Poisson bracket with any other func-
tion is zero. From Proposition 2.13.5 we get

Corollary 3.18.6 Corollary Suppose C(v) is a Casimir function on 3*. Then
Clp, ) = Cp + I(x))
is a Casimir function on 3* x P for the bracket (2.13.57).

We conclude with some consequences of the preceding Proposition. The first is a con-
nection with semi-direct products. Namely, we notice that if h is another Lie algebra and
G acts on h, we can reduce T*G x h* by G.

Corollary 3.18.7 Giving T*G x h* the sum of the canonical and the “—” Lie-Poisson
structure on h*, the reduced space (T*G x h*)/G is 3* x h* with the bracket

5 oF
(F,G} = {F,G}s- + {F,G}3- — d,F - (—G> +d,G - (—) (3.18.66)
o ) g o ) g
where (p,v) € 3* x h*, so (2.13.62) is the Lie-Poisson bracket for the semidirect product
3®h.

This is compatible with, and reproduces some of the semidirect product reduction results
of Marsden et. al. [1983], and Marsden, Ratiu and Weinstein [1984a, b] (see also Holm,
Kupershmidt and Levermore [1983]). Of course such structures are important for examples
like a rigid body with a fixed point in the presence of a gravitational field (see Holmes and
Marsden [1983]).

Here is another result similar to Proposition 2.13.4 which reproduces the symplectic
form on T*G written in body coordinates (Abraham and Marsden [1978, p. 315}). We
phrase the result in terms of brackets.

Corollary 3.18.8 The map of T*G to 3" x g given by oy — (TL;;ag,g) maps the canonical
bracket to the following bracket on 3* x G:

{F,G} = {F,G}.+d,F-TL, (%) ~-d,G-TL, (i—i) (3.18.67)

where € 3* and g € G.
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Proof  This is proved by the same method as in Proposition 2.13.4. For F': 3" x G — R,
let F'(ay) = G(p, g) where i = T'Lyay. The canonical bracket of F' and G will give the (—)
Lie-Poisson structure via the p dependence. The remaining terms are

_ 0G - OF
d,F, — | — | d,G, —
(4r5) - (05)
where (0F /dp) means the fiber derivative of F' regarded as a vector field and d,F means
the derivative holding p fixed. Using the chain rule, one gets (2.13.63). W

We now combine this corollary with Proposition 2.13.4 to produce a Poisson structure
on 3* x 3* x G. This structure is relevant for the motion of two rigid bodies coupled with
a ball in socket joint.

Corollary 3.18.9 The Poisson reduced space (T*G x T*G)/G may be identified with the
space 3* x 3* x G, equipped with the Poisson bracket

{Fa G}(Mlvu%g) = {Fv G};1 + {Fa G};g
—d,F TR, (E) +d,G TR, - (5—F>

Opi1 dp
0G oF
+dyF -TLy- (5—M2> —d,G-TLy- <@)

(3.18.68)

where {F, G};1 is the “—” Lie—Poisson bracket with respect to the first variable ui, and
similarly for {F, G}, .

Proof The isomorphism of (T*G x T*G)/G with 3* x 3* x G is implemented by the map
(ag,Bn) — (TLjag, TL* By, g~ " h). (3.18.69)
We map this in two steps. First, map
T"GxT*G—-T"Gx3" xG

using Corollary 2.13.8. Now regard G as acting on 3* X GG by left multiplication on the last
factor alone. Then map T*G X (3* X GG) to 3* x 3* x G by Proposition 2.13.4. Noting that

at the point (i1, p2,g)
o 3*xG Op

we get (2.13.64). This bracket (2.13.64) can also be verified by a direct calculation using
the map (2.13.65). N

Finally, we remark that the theory in this section can be applied to a variety of situations
besides those in this paper. For example, Sanchez de Alvarez [1986] uses these ideas to obtain
some of the results of Krishnaprasad [1985]; cf §00Q

[REF]
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Chapter 4

Semidirect Products

4.1 Hamiltonian Semidirect Product Theory

We first recall how the Hamiltonian theory proceeds for systems defined on semidirect
products. We present the abstract theory, but of course historically this grew out of the
examples, especially the heavy top and compressible flow.

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 acts on the left by linear maps on V' (and hence G also acts on on the left on its dual
space V*). As sets, the semidirect product S = G®V is the Cartesian product S =G x V
whose group multiplication is given by

(g17vl)(927v2) = (9192,111 + gﬂ]g), (411)

where the action of g € G on v € V' is denoted simply as gv. The identity element is (e, 0)
where e is the identity in G. We record for convenience the inverse of an element:

(g,0)" = (97" —g ). (4.1.2)

The Lie algebra of S is the semidirect product Lie algebra, s = g® V', whose bracket
has the expression

(€1, v1), (€25 v2)] = ([61,&2], Eava — Eavn) (4.1.3)

where we denote the induced action of g on V' by concatenation, as in & vs.

Below we will need the formulae for the adjoint and the coadjoint actions for semidirect
products. We denote these and other actions by simple concatenation; so they are expressed
as (see, e.g., Marsden, Ratiu and Weinstein [1984a,b])

and

(9,v) (1, a) = (gu+ py(ga), ga), (4.1.5)

where (g,v) € S = GXV, (§,u) € 5 =gxV, (u,a) € §* = g*xV*, g6 = Ady¢, gu = Ady-. ps,
ga denotes the induced left action of g on a (the left action of G on V induces a left action
of G on V* — the inverse of the transpose of the action on V), p, : g — V is the linear map
given by p,(§) = &v, and p} : V* — g* is its dual.

117



118 Chapter 2 Reduction of Cotangent Bundles

Important Notation. For a € V*, we shall write, for notational convenience,
pra=voacgr,

which is a bilinear operation in v and a. Using this notation, the above formula for the
coadjoint action reads

(9,v) (1, a) = (gu+v o (ga), ga).

We shall also denote actions of groups and Lie algebras by simple concatenation. For
example, the g—action on g* and V*, which is defined as minus the dual map of the g—action
on g and V respectively, is denoted by £u and &a for £ € g, u € g*, and a € V'*.

Using this concatenation notation for Lie algebra actions provides the following alter-
native expression of the definition of voa € g*: For all v € V, a € V* and n € g, we
define

(na,v) = —{(voa,n).

Left Versus Right. When working with various models of continuum mechanics and
plasmas it is convenient to work with right representations of G on the vector space V' (as
in, for example, Holm, Marsden and Ratiu [1986]). We shall denote the semidirect product
by the same symbol S = GV, the action of G on V being denoted by vg. The formulae
change under these conventions as follows. Group multiplication (the analog of (4.1.1)) is
given by

(91,v1)(g2,v2) = (9192, v2 + v1g2), (4.1.6)
and the Lie algebra bracket on s = g@V (the analog of (4.1.3)) has the expression

[(&1,v1), (&2, v2)] = ([§1, &2], v1&a — v2&1), (4.1.7)

where we denote the induced action of g on V' by concatenation, as in v1&;. The adjoint
and coadjoint actions have the formulae (analogs of (4.1.4) and (4.1.5))

(9,0) (& u) = (g€, (u+vE)g™), (4.1.8)

(g:v) (. a) = (g + (vg~ ") o (ag™"),ag™"), (4.1.9)

where, as usual, g§ = Ady§, gu = Ad;—l 1, ag denotes the inverse of the dual isomorphism
defined by g € G (so that g — ag is a right action). Note that the adjoint and coadjoint
actions are left actions. In this case, the g—actions on g* and V* are defined as before to be
minus the dual map given by the g-actions on g and V and are denoted by &u (because it
is a left action) and a¢ (because it is a right action) respectively.

Lie-Poisson Brackets and Hamiltonian Vector Fields. For a left representation of
G on V the £+ Lie-Poisson bracket of two functions f, %k : s* — R is given by

{f,k}s(p,a) = =+ <u, [%, %] > + <a, 0 Ok _ %ﬁ> (4.1.10)

where §f/0pu € g, and §f/0a € V are the functional derivatives of f. The Hamiltonian
vector field of h : §* — R has the expression

oh oh
X = d; - — - — . 4.1.11
n(p,a) =F (a Sh/op B = 5o °a, o a) ( )
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Thus, Hamilton’s equations on the dual of a semidirect product are given by

. X éh
no= adéh/éuuiaoa, (4112)
oh
= +— 4.1.1
L. (4.0.13)

where overdot denotes time derivative. For right representations of G on V the above
formulae change to:

5f ok skof  5f ok
= =£ -, — _— - = 4.1.14
(k)< a) (w8 e (afl-2E) . i

. 5h 5h
Xh(/.,l,,a) =F (ad(;h/éuu—l- % oa, a @) s (4115)
. x oh

o= F adsys, T 5a (4.1.16)
a = ;ag—z. (4.1.17)

Symplectic Actions by Semidirect Products. To avoid a proliferation of signs, in this
section we consider all semidirect products to come from a left representation. Of course if
the representation is from the right, there are similar formulae.

We consider a symplectic action of S on a symplectic 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

Jy =iy, 0Js,

where iy : V — s is the inclusion v — (0,v) and 4}, : §* — V* is its dual. We think of this
merely as saying that Jy is the second component of Jg.

We can regard G as a subgroup of S by g+ (g,0). Thus, G also has a momentum map
that is the first component of Jg but this will play a secondary role in what follows. On the
other hand, equivariance of Jg under G implies the following relation for Jy:

Jv(gz) = gJv(z) (4.1.18)

where we denote the appropriate action of g € G on an element by concatenation, as before.
To prove (4.1.18), one uses the fact that for the coadjoint action of S on s* the second
component is just the dual of the given action of G on V.

The Classical Semidirect Product Reduction Theorem. In a number of interesting
applications such as compressible fluids, the heavy top, MHD, etc., one has two symme-
try groups that do not commute and thus the commuting reduction by stages theorem of
Marsden and Weinstein [1974] does not apply. In this more general situation, it matters in
what order one performs the reduction, which occurs, in particular for semidirect products.
The main result covering the case of semidirect products has a complicated history, with
important early contributions by many authors, as we have listed in the introduction. The
final version of the theorem as we shall use it, is due to Marsden, Ratiu and Weinstein
[1984a,b].
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The semidirect product reduction theorem states, roughly speaking, that for the semidi-
rect product S = GOV where G is a group acting on a vector space V and S is the
semidirect product, one can first reduce 7*S by V and then by G and thereby obtain the
same result as when reducing by S. As above, we let s = g@® V' denote the Lie algebra of
S. The precise statement is as follows.

Theorem 4.1.1 (Semidirect Product Reduction Theorem.) LetS=G®V, choose
o= (u,a) € g* xV*, and reduce T*S by the action of S at o giving the coadjoint orbit O,
through o € s*. 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 u|g, where g, is the Lie algebra of G,.

Reduction by Stages. This result is a special case of a theorem on reduction by stages
for semidirect products acting on a symplectic manifold (see Marsden, Misiolek, Perlmutter
and Ratiu [1997] for this and more general results and see Leonard and Marsden [1997] for
an application to underwater vehicle dynamics).

As above, consider a symplectic action of S on a symplectic manifold P and assume that
this action has an equivariant momentum map Jg : P — s*. As we have explained, the
momentum map for the action of V' is the map Jy : P — V* given by Jy =i}, o Jg

We carry out the reduction of P by S at a regular value o = (u,a) of the momentum
map Jg for S in two stages using the following procedure. First, reduce P by V at the value
a (assume it to be a regular value) to get the reduced space P, = Jy,'(a)/V. Second, form
the group G, consisting of elements of G that leave the point a fixed using the action of G
on V*. One shows (and this step is not trivial) 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, so one
can reduce P, at the point p, := u|g, to get the reduced space (Py)u, =I5 (1ta)/(Ga) o -

Theorem 4.1.2 (Reduction by Stages for Semidirect Products.) The reduced space
(Pa)p, is symplectically diffeomorphic to the reduced space P, obtained by reducing P by S
at the point 0 = (u, a).

Combined with the cotangent bundle reduction theorem (see Abraham and Marsden
[1978] and Marsden [1992] for an exposition and references), the semidirect product reduc-
tion theorem is a useful tool. For example, using these tools, one sees readily that the generic
coadjoint orbits for the Euclidean group are cotangent bundles of spheres with the associ-
ated coadjoint orbit symplectic structure given by the canonical structure plus a magnetic
term.

Semidirect Product Reduction of Dynamics. There is a technique for reducing dy-
namics that is associated with the geometry of the semidirect product reduction theorem.
One proceeds as follows:

e We start with a Hamiltonian H,, on T*G that depends parametrically on a variable
ag € V*.

e The Hamiltonian, regarded as a map H : T*G x V* — R is assumed to be invariant
on TG under the action of G on T*G x V*.

e One shows that this condition is equivalent to the invariance of the function H defined
onT*S =T*G x V x V* extended to be constant in the variable V' under the action
of the semidirect product.
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e By the semidirect product reduction theorem, the dynamics of H,, reduced by G,
the isotropy group of ag, is symplectically equivalent to Lie-Poisson dynamics on
s*=g" x V*.

e This Lie-Poisson dynamics is given by the equations (4.1.12) and (4.1.13) for the

function h(u,a) = H(ag, g~ a) where = g~ ay,.

4.2 Lagrangian Semidirect Product Theory

Despite all the activity in the Hamiltonian theory of semidirect products, little attention has
been paid to the corresponding Lagrangian side. Now that Lagrangian reduction is maturing
(see Marsden and Scheurle [1993a,b]), it is appropriate to consider the corresponding La-
grangian question. We shall formulate four versions, depending on the nature of the actions
and invariance properties of the Lagrangian. (Two of them are relegated to the appendix.)

It should be noted that none of the theorems below require that the Lagrangian be nonde-
generate. The subsequent theory is entirely based on variational principles with symmetry
and is not dependent on any previous Hamiltonian formulation. We shall, however, show
that this purely Lagrangian formulation is equivalent to the Hamiltonian formulation on
duals of semidirect products, provided an appropriately defined Legendre transformation
happens to be a diffeomorphism.

The theorems that follow are modelled after the reduction theorem for the basic Euler—
Poincaré equations given earlier. However, as we shall explain, they are not literally special
cases of it. To distinguish the two types of results, we shall use phrases like basic Euler—
Poincaré equations for the equations (1.6.4) and simply the Euler—Poincaré equations or
the Euler—Poincaré equations with advection or the Euler—Poincaré equations with advected
parameters, for the equations that follow.

The main difference between the left (right) invariant Lagrangians considered in the
theorem above and the ones we shall work with below is that L and [ depend in addition
on another parameter a € V*, where V' is a representation space for the Lie group G and L
has an invariance property relative to both arguments. As we shall see below, the resulting
Euler—Poincaré equations are not the Euler—Poincaré equations for the semidirect product
Lie algebra g@® V™ or on g@® YV, for that matter.

Upcoming Examples. As we shall see in the examples, the parameter a € V* acquires
dynamical meaning under Lagrangian reduction. For the heavy top, the parameter is the
unit vector in the direction of gravity, which becomes a dynamical variable in the body rep-
resentation. For compressible fluids, the parameter is the density of the fluid in the reference
configuration, which becomes a dynamical variable (satisfying the continuity equation) in
the spatial representation.

Left Representation and Left Invariant Lagrangian. We begin with the following
ingredients:

e There is a left representation of Lie group G on the vector space V and G acts in the
natural way on the left on TG x V*: h(vg,a) = (hvg, ha).

e Assume that the function L : TG x V* — R is left G—-invariant.

e In particular, if g € V*, define the Lagrangian L,, : TG — R by Lg,(vs) = L(vy, ao).
Then L,, is left invariant under the lift to T'G of the left action of G4, on G, where
G, is the isotropy group of ag.
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e Left G—invariance of L permits us to define [ : g x V* — R by

(9™ vg, 9™ a0) = L(vg, ao).

Conversely, this relation defines for any [ : g x V* — R a left G—invariant function
L:TGxV*—=R

e For a curve g(t) € G, let

and define the curve a(t) as the unique solution of the following linear differential
equation with time dependent coefficients

with initial condition a(0) = ag. The solution can be written as a(t) = g(t) " lao.

Theorem 4.2.1 With the preceding notation, the following are equivalent:

i With ag held fived, Hamilton’s variational principle

5 / Lo (0(8), §(0))dt = 0 (4.2.1)

1

holds, for variations dg(t) of g(t) vanishing at the endpoints.
ii g¢(t) satisfies the Euler—Lagrange equations for L., on G.

ili The constrained variational principle!

5 e, at))dt =0 (4.2.2)

t1

holds on g x V*, using variations of & and a of the form
55 = 77 + [57 77]» da = —-na, (423)
where 1(t) € g vanishes at the endpoints.

iv The Euler—Poincaré equations®hold on g x V*

d ol 5 sl
L L L 4.2.4
dioe  Mege T (424)

Proof. The equivalence of i and ii holds for any configuration manifold and so, in
particular, it holds in this case.

1 As with the basic Euler-Poincaré equations, this is not strictly a variational principle in the same sense
as the standard Hamilton’s principle. It is more of a Lagrange d’Alembert principle, because we impose the
stated constraints on the variations allowed.

2Note that these equations are not the basic Euler-Poincaré equations because we are not regarding
g X V* as a Lie algebra. Rather these equations are thought of as a generalization of the classical Euler-
Poisson equations for a heavy top, written in body angular velocity variables, as we shall see in the examples.
Some authors may prefer the term Euler-Poisson-Poincaré equations for these equations.
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Next we show the equivalence of iii and iv. Indeed, using the definitions, integrating
by parts, and taking into account that n(t;) = n(t2) = 0, we compute the variation of the
integral to be

oo = [ () o(m )
(o))
TR ) (o))

b2 ol (5l 51
= + ad} <>a, dt
/tl < (65) 5 ">
and so the result follows.

Finally we show that i and iii are equivalent. First note that the G-invariance of
L:TG x V* — R and the definition of a(t) = g(t)"lag imply that the integrands in (4.2.1)
and (4.2.2) are equal. However, all variations dg(t) € T'G of ¢(t) with fixed endpoints induce
and are induced by variations §£(t) € g of £(t) of the form §¢ = 1+ [£,n] with n(t) € ¢
vanishing at the endpoints; the relation between dg(t) and 7(t) is given by n(t) = g(t)~1dg(t).
This is the content of the following lemma proved in Bloch et al. [1996]. 3

Lemma 4.2.2 Let g: U C R? — G be a smooth map and denote its partial derivatives by
§(t,e) =T Ly, (9g(t,€)/01)

and
1(t,€) = TLgt,e)-1(0g(t, )/ O¢).
Then
% _ % i€, 1. (4.2.5)
Conwversely, if U is simply connected and £, : U — g are smooth functions satisfymg (4.2.5)
then there exists a smooth function g : U — G such that £(t,€) = T'Ly,-)-1(9g(t,e)/0t)

and 1(t,e) = T Ly -1 (0g(t,€)/0e).

Thus, if i holds, we define n(t) = g(t)~1dg(t) for a variation g(t) with fixed endpoints.
Then if we let §¢ = g(t)~'g(t), we have by the above proposition 6§ = 7 + [£,7]. In
addition, the variation of a(t) = g(t) tag is da(t) = —n(t)a(t). Conversely, if ¢ = 79+ [€, 7]
with 7(t) vanishing at the endpoints, we define dg(t) = g(¢)n(t) and the above proposition
guarantees then that this dg(¢) is the general variation of g(t) vanishing at the endpoints.
From da(t) = —n(t)a(t) it follows that the variation of g(t)a(t) = ao vanishes, which is
consistent with the dependence of L, only on g(¢),g(¢t). N

Cautionary Remarks. Let us explicitly show that these Fuler—Poincaré equations (4.2.4)
are not the Euler—Poincaré equations for the semidirect product Lie algebra g(® V™. Indeed,
by (1.6.4) the basic Euler—Poincaré equations

d 6l . Bl

A3 a) ad(e o) 3Ea)’ (§a) eg®V”

3This lemma is simple for matrix groups, as in Marsden and Ratiu [1998], but it is less elementary for
general Lie groups.
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for I : g®V* — R become

ol _ o s oda 3l
dtés T 88¢ " ba 0 dtda  da’

which is a different system from that given by the Euler—Poincaré equation (4.2.4) and
a = —&a, even though the first equations of both systems are identical.

The Legendre Transformation. As we explained earlier, one normally thinks of passing
from Euler—Poincaré equations on a Lie algebra g to Lie-Poisson equations on the dual g*
by means of the Legendre transformation. In our case, we start with a Lagrangian on g x V*
and perform a partial Legendre transformation in the variable £ only, by writing

p=See e =€) - U€.a) (4.2.6)

oh 6 ol o\

5 ‘“<’“" 5u> <6§’ 5u> -5
and dh/da = —6l/da, we see that (4.2.4) and a(t) = —&(¢)a(t) imply (4.1.11) for the minus
Lie-Poisson bracket (that is, the sign + in (4.1.11)). If this Legendre transformation is

invertible, then we can also pass from the the minus Lie-Poisson equations (4.1.11) to the
Euler—Poincaré equations (4.2.4) together with the equations a(t) = —&(t)a(t).

Since

Right Representation and Right Invariant Lagrangian. There are four versions of
the preceding theorem, the given left-left version, a left-right, a right-left and a right-right
version. For us, the most important ones are the left-left and the right-right versions. We
state the remaining two in the appendix.

Here we make the following assumptions:

e There is a right representation of Lie group G on the vector space V and G acts in
the natural way on the right on TG x V*: (vg, a)h = (vgh,ah).

e Assume that the function L : TG x V* — R is right G-invariant.

e In particular, if g € V*, define the Lagrangian L,, : TG — R by Lg,(vy) = L(vg, ao).
Then L,, is right invariant under the lift to T'G of the right action of G, on G, where
G, is the isotropy group of ag.

e Right G—invariance of L permits us to define [ : g x V* — R by

l(vggfl,aogfl) = L(vg, ap).

Conversely, this relation defines for any [ : g x V* — R a right G—invariant function
L:TGxV*—=R

e For a curve g(t) € G, let £(t) := §(t)g(t)~! and define the curve a(t) as the unique
solution of the linear differential equation with time dependent coefficients a(t) =
—a(t)&(t) with initial condition a(0) = ag. The solution can be written as a(t) =

aog(t) .

Theorem 4.2.3 The following are equivalent:
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i Hamilton’s variational principle

5 [ Lun(o®).9(0)dt = 0 (12.7)

t1
holds, for variations dg(t) of g(t) vanishing at the endpoints.
ii g(t) satisfies the Euler—Lagrange equations for Ls, on G.

iii The constrained variational principle

5 / ’ LEW), a(t))dt = 0 (4.2.8)

t1

holds on g x V*, using variations of the form

6§ =n—[&n], da=—an, (4.2.9)
where 1(t) € g vanishes at the endpoints.

iv The BEuler—Poincaré equations hold on g X V*

d ol ol ol
——=—ad; =+ — ¢a. 4.2.10
T TR T P (4.2.10)

The same partial Legendre transformation (4.2.6) as before maps the Euler—Poincaré
equations (4.2.10), together with the equations @ = —a§ for a to the plus Lie—Poisson equa-
tions (4.1.16) and (4.1.17) (that is, one chooses the overall minus sign in these equations).

Generalizations. The Euler—Poincaré equations are a special case of the reduced Euler-
Lagrange equations (see Marsden and Scheurle [1993b] and Cendra, Marsden and Ratiu
[1997]). This is shown explicitly in Cendra, Holm, Marsden and Ratiu [1997]. There is,
however, an easy generalization that is needed in some of the examples we will consider.
Namely, if L : TG x V* x TQ and if the group G acts in a trivial way on T'Q, then one
can carry out the reduction in the same way as above, carrying along the Euler-Lagrange
equations for the factor @ at each step. The resulting reduced equations then are the Euler—
Poincaré equations above for the g factor, together the Euler-Lagrange equations for the
g € Q factor. The system is coupled through the dependence of L on all variables. (For
a full statement, see Cendra, Holm, Hoyle and Marsden [1997], who use this extension to
treat the Euler—Poincaré formulation of the Maxwell-Vlasov equations for plasma physics.)

4.3 The Kelvin-Noether Theorem

In this section, we explain a version of the Noether theorem that holds for solutions of the
Euler—Poincaré equations. Our formulation is motivated and designed for ideal continuum
theories (and hence the name Kelvin-Noether), but it may also of interest for finite dimen-
sional mechanical systems. Of course it is well known (going back at least to the pioneering
work of Arnold [1966a]) that the Kelvin circulation theorem for ideal flow is closely related
to the Noether theorem applied to continua using the particle relabelling symmetry group.

There is a version of the theorem that holds for each of the choices of conventions, but
we shall pick the left-left conventions to illustrate the result.
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The Kelvin-Noether Quantity. We start with a Lagrangian L,, depending on a pa-
rameter ag € V* as above. We introduce a manifold C on which G acts (we assume this is
also a left action) and suppose we have an equivariant map K : C x V* — g**.

As we shall see, in the case of continuum theories, the space C will be a loop space and
(K(c,a),p) for ¢ € C and p € g* will be a circulation. This class of examples also shows
why we do not want to identify the double dual g** with g.

Define the Kelvin-Noether quantity I : C x g x V* — R by

re.0) = (Kie.a) g (6.0)). (43.1)

We are now ready to state the main theorem of this section.

Theorem 4.3.1 (Kelvin-Noether.) Fizingco € C, let £(t), a(t) satisfy the Euler—Poincaré
equations and define g(t) to be the solution of ¢(t) = g(t)&(t) and, say, g(0) = e. Let
c(t) = gt)"teo and I(t) = I(c(t),£(t),a(t)). Then

d dl

— = — . 4.3.2

710 = (K(e(t.alt). 50 00 (132

Proof. First of all, write a(t) = g(t)~tag as we did previously and use equivariance to
write I(t) as follows:

ol ol
(Ktelt)a(t). Sel€(t).a) ) = (Klenaohat) | el6.a0)] )
The g~! pulls over to the right side as g (and not g=*) because of our conventions of always
using left representations. We now differentiate the right hand side of this equation. To

do so, we use the following well known formula for differentiating the coadjoint action (see
Marsden and Ratiu [1998], page 276):

GORO] = 9(0) |~ iy (8 + u)]

where, as usual,

E(t) = g(t)"'g(t).

Using this coadjoint action formula and the Euler—Poincaré equations, we obtain

%[ = %<I€(60,a0)79(t)[

Il

P
)
—
o

—~
~
~
S

—
~
~
~—
—
>

& =
<
S

[
~_—

where, in the last steps, we used the definitions of the coadjoint action, as well as the
Euler—Poincaré equation (4.2.4) and the equivariance of the map £. W
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Corollary 4.3.2 For the basic Euler—Poincaré equations, the Kelvin quantity I(t), defined
the same way as above but with I : C X g — R, is conserved.

For a review of the standard Noether theorem results for energy and momentum conser-
vation in the context of the general theory, see, e.g., Marsden and Ratiu [1998].

4.4 The Heavy Top

In this section we shall use Theorem 4.2.1 to derive the classical Euler—Poisson equations
for the heavy top. Our purpose is merely to illustrate the theorem with a concrete example.

The Heavy Top Lagrangian. The heavy top kinetic energy is given by the left invariant
metric on SO(3) whose value at the identity is (1, Q) = I€; - Qa, where 1, Q5 € R? are
thought of as elements of s0(3), the Lie algebra of SO(3), via the isomorphism Q € R?
Q € 50(3), Qv := Q x v, and where T is the (time independent) moment of inertia tensor
in body coordinates, usually taken as a diagonal matrix by choosing the body coordinate
system to be a principal axes body frame. This kinetic energy is thus left invariant under the
full group SO(3). The potential energy is given by the work done in lifting the weight of the
body to the height of its center of mass, with the direction of gravity pointing downwards.
If M denotes the total mass of the top, g the magnitude of the gravitational acceleration, x
the unit vector of the oriented line segment pointing from the fixed point about which the
top rotates (the origin of a spatial coordinate system) to the center of mass of the body, and
¢ its length, then the potential energy is given by —M gl R~ 'es - x, where es is the axis of
the spatial coordinate system parallel to the direction of gravity but pointing upwards. This
potential energy breaks the full SO(3) symmetry and is invariant only under the rotations
St about the e;—axis.

However, for the application of Theorem 4.2.1 we are supposed to think of the Lagrangian
of the heavy top as a function on TSO(3) x R® — R. That is, we need to think of the potential
energy as a function of (ur,v) € TSO(3) x R®. This means that we need to replace the
vector giving the direction of gravity e3 by an arbitrary vector v € R3, so that the potential
equals

U(ur,v) = Mg/R™ v - x.

Thought of this way, the potential is SO(3)-invariant. Indeed, if R’ € SO(3) is arbitrary,
then

URur,Rv) = Mgl(RR)"'R'v-x
Mg/R™ v x
= U(ur,V)

and the hypotheses of Theorem 4.2.1 are satisfied. Thus, the heavy top equations of mo-
tion in the body representation are given by the Euler—Poincaré equations (4.2.4) for the
Lagrangian [ : s0(3) x R® — R.

The Reduced Lagrangian. To compute the explicit expression of [, denote by 2 the
angular velocity and by II = I the angular momentum in the body representation. Let
I' = R 'v; if v = e3, the unit vector pointing upwards on the vertical spatial axis, then
T is this unit vector viewed by an observer moving with the body. The Lagrangian [ :
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50(3) x R? — R is thus given by

1(Q,T) LR 'ugr,R71v)

1
= EH.Q+IMR*mRJ{4w

1
= SI-Q+ MgIT-x.

The Euler—Poincaré Equations. It is now straightforward to compute the Euler—Poincaré
equations. First note that

ol

sa b

ol
ST =Mglx.

Since
adgII=IIxQ, vol=-TXxv,
and
Qr=-T'x Q,
the Euler-Poincaré equations are
IM=TIxQ+ MglT x x,
which are coupled to the T" evolution
I'=rxQ.

This system of two vector equations comprises the classical Euler—Poisson equations, which
describe the motion of the heavy top in the body representation.

The Kelvin-Noether theorem Let C =g andlet £ :C x V* — g** = g be the map
(W,T') — W. Then the Kelvin-Noether theorem gives the statement

% (W,II) = Mgt (W,T x x)

where W (¢) = R(t)~'w; in other words, W (t) is the body representation of a space fixed
vector. This statement is easily verified directly. Also, note that (W, II) = (w, ), with
7 = R(¢)II, so the Kelvin-Noether theorem may be viewed as a statement about the rate
of change of the momentum map of the system (the spatial angular momentum) relative to
the full group of rotations, not just those about the vertical axis.



Chapter 5

Semidirect Product Reduction
and Reduction by Stages

5.1 Semidirect Product Reduction

In some applications (such as compressible fluids, the heavy top, MHD, etc.), one has two
symmetry groups that don’t commute and thus the preceding theorem does not apply.
Then it matters in what order one performs the reduction. This occurs, in particular for
semidirect products. The main result covering the case of semidirect products is due to
Marsden, Ratiu and Weinstein [1984ab] (see this paper for further references, but briefly,
important previous versions were due to Vinogradov and Kupershmidt [1977], Ratiu [1980],
Guillemin and Sternberg [1980], Ratiu [1981], [1982], Holm and Kupershmidt [1983] and
Guillemin and Sternberg [1984]). The semidirect product reduction theorem states, roughly
speaking, that for the semidirect product S = G®V where G is a group acting on a vector
space V' and S is the semidirect product, one can first reduce 7*S by V and then by G and
one gets the same result as reducing by S. We will let s denote the Lie algebra of S so that
s=g@®V.

We now state this semidirect product reduction theorem precisely.

Theorem 5.1.1 Semidirect Product Reduction Theorem Let S =GQ®V as above
and choose 0 = (u,a) € g* x V* and reduce T*S by the action of S at o giving the coadjoint
orbit O, through o € s*. There is a symplectic diffeomeorphism between O, and the reduced
space obtained by reducing T*G by the subgroup G, (the isotropy of G at the point a € V*)
at the point u|g, where g, is the Lie algebra of G.

The commuting reduction theorem for the case in which K is a vector space is a special
case of this result in which we take the action of G on K to be trivial. This already suggests
that there is a generalization of the semidirect product reduction theorem to the case in
which V is replaced by a general group. We shall see that this is indeed the case later
on. Note that in the commuting reduction theorem, what we called v is called a in the
semidirect product reduction theorem.

We refer to the original papers (Marsden, Ratiu and Weinstein [1984ab)]) for a direct
proof. In this paper we shall obtain the theorem as a special case of more general results.
The main idea linking reduction by stages with semidirect product reduction is the following:
we regard the reduction of T*G by G, as the successive reduction of TS by V followed by
reduction by Gj.

129
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Combined with the cotangent bundle reduction theorem, the semidirect product reduc-
tion theorem is a very useful tool. For example, using these tools, one sees right away
that the generic coadjoint orbits for the Euclidean group are cotangent bundles of spheres
with the symplectic structure given by the canonical structure plus a magnetic term. We
also point out that the theory of semidirect products was motivated by several examples
of physical interest, such as the Poisson structure for compressible fluids and MHD. These
examples are discussed in the original papers.

There is a technique for reducing dynamics that is associated with the geometry of the
semidirect product reduction theorem. In effect, one can start with a Hamiltonian on either
of the phase spaces and induce one (and hence its associated dynamics) on the other space in
a natural way. For example, in many applications, one starts with a Hamiltonian H, on T*G
that depends parametrically on a variable a € V*; this parametric dependence identifies the
space V* and hence V. The Hamiltonian, regarded as a map H : T*G x V* — R should be
invariant on 7*G under the action of G on T*G x V*. This condition is equivalent to the
invariance of the corresponding function on T*S = T*G x V x v* extended to be constant
in the variable V' under the action of the semidirect product.

5.2 Reduction by Stages for Semidirect Products

Although it was not shown explicitly in Marsden, Ratiu and Weinstein [1984ab], the semidi-
rect product reduction theorem generalizes to the setting of semidirect products acting on
any symplectic manifold, not merely the natural (left) action on T*S. We shall concentrate
on this case in this section and focus on the problem of generalizing further to the context
of a group M with a normal subgroup NN in the following sections.

To recap the setting, we start with a semidirect product, S = G®V where V is a vector
space and the Lie group G acts on V' (and hence on its dual space V*). Recall that as sets,
S = G x V and that the group multiplication is given by

(g1,v1) - (g2,v2) = (9192, 01 + g102),

where the action of g € G on v € V is denoted simply as gv. The Lie algebra of S is the
semidirect product of Lie algebras: s = g(® V. The bracket is given by

[(51;”1); (5271)2)] = ([éhf?]aé-lUQ - 52”1)

where we denote the induced action of g on V' by concatenation, as in & vs.

Below we will need the formulas for the adjoint and the coadjoint actions for semidirect
products. Denoting these and other actions by simple concatenation, they are given by (see,
eg, Marsden, Ratiu and Weinstein [1984ab]):

(9,v)(&,u) = (g€, gu — pu(98)).

and

(9,v) (1, a) = (gu + py(ga), ga),

where (g,v) € S=GxV, ({,u) €s=gxV, (,a) € s* =g* x V* and where p, : g — V
is the derivative of the map g — gv at the identity and p} : V* — g* is its dual. The
infinitesimal action of g on V' will often be denoted by £v; note that v = p,(£).

Next we consider a symplectic action of S on a symplectic 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:Z'T/OJS
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where iy : V — s is the inclusion v — (0,v) and 4}, : §* — V* is its dual. We think of this
merely as saying that Jy is the second component of Jg.

We can regard G as a subgroup of S by g+ (g,0). Thus, G also has a momentum map
that is the first component of Jg but this will play a secondary role in what follows. On the
other hand, equivariance of Jg under G implies the following relation for Jy:

Jv(g2) = gIv(2)

where we denote the appropriate action of g € G on an element by concatenation, as before.
To prove this formula, one uses the fact that for the coadjoint action of S on s§* the second
component is just the dual of the given action of G on V.

We can carry out reduction of P by S at a regular value o = (, a) of the momentum
map Jg for S in two stages using the following procedure (see figure 5.2.1).

e First reduce P by V at the value a (assume it to be a regular value) to get the reduced
space P, = J ‘_,1(a) /V. Here the reduction is by an abelian group, so the quotient is
done by the whole of V. We will let the projection to the reduced space be denoted
g

o 1 Iyt (@) — P

e Form the group G, consisting of elements of G that leave the point a fixed using the
action of G on V*. The group G, acts on P, and has an induced momentum map
J. : P, — g, where g, is the Lie algebra of G, as is shown below, so we can reduce
P, at the point i, := p|g, to get the reduced space (Py)u, = I3 (1a)/(Ga)p, -

Some comments are in order before we proceed. We need to check that indeed the group
G, acts on the reduced space P, and that it has a momentum map J,. We shall do this in
a series of steps.

Lemma 5.2.1 The group G, leaves the set Iy, (a) invariant.

Proof. First note that the group G, leaves the set J (/1 (a) invariant. Indeed, suppose that
Jv(z) = a and that g € G leaves a invariant. Then by the equivariance relation noted
above, we have Jy (gz) = gJv(z) = ga = a. Thus, G, acts on the set J;,'(a). We denote
this action by W : Jy' (@) = Iy (@) W

Lemma 5.2.2 The action ¢ of G, on J(/l (a) induces an action ¥, on the quotient space
I @)V

Proof. If we let elements of the quotient space be denoted by [z], regarded as equivalence
classes, then we claim that g[z] = [gz] defines the action. We only need to show that it
is well defined; indeed, suppose that v € V so that [z] = [vz]. Identifying v = (e,v) and
g = (g,0) in the semidirect product, we have,

[gvz] = [(g,0)(e,v)2] = [(e, gv)(g,0)2] = [(gv)(g92)] = [92].

Thus, the action ¥, of G, on the V-reduced space P, is well defined. The action of a group
element g € G, will be denoted by ¥, ,: P, — FP,. M

Lemma 5.2.3 The action VY, on the quotient space J‘_,l(a)/V is symplectic.
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reduction by S, reduction by V

reduction by G, M@V =P,

P = I3, (M2 (Gay,

Figure 5.2.1: A schematic of reduction by stages for semidirect products.

Proof. Letting 7, : J;;'(a) — P, denote the natural projection and i, : J;,'(a) — P be
the inclusion. By construction, ¥, ,0m, = mg 0 we and Wgo0i, =4,0 e, where W, : P — P
denotes the action of g € G. Recall also from the reduction theorem that i;Q = 77€Q,.
Therefore,

oWy oo = (U5) 1,00 = (Vg)"inQ =iz W Q0 = i3 Q = m, Q.
Since 7, is a surjective submersion, we may conclude that
Uy o = Q.
Thus, we have a symplectic action of G, on P,. N1

Lemma 5.2.4 The symplectic action ¥, on the quotient space J(,l(a)/V has an equivariant
momentum map.

Proof. We first show that the momentum map of the G action restricted to g,, namely
Js projected to g induces a well defined map of P, to g. First of all, we restrict Jg to
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the set J(/l (a) and project it to g:. We claim that this map drops to the quotient space.
To check this, note that for z € J (/1 (a), and £ € gq, equivariance gives us

<J5(vz)a£> = <UJS(Z)a£> = <(€,’U)JS(Z),£> = <JS(Z)a (eav)_1(£70)>
1 _

Here, the symbol (e,v)~!(£,0) means the adjoint action of the group element (e,v)~! =
(e, —v) on the Lie algebra element (£,0). Thus, (e,v)"(£,0) = (£,&v), and so, continuing
the above calculation, and using the fact that Jy(z) = a, we get:

(Is(v2).6) = (Is(2).(e;0)7HE0)) = (Is(2), (& &v))
<JG(Z)a£> + <Jv(Z),£’U> = <‘]G(Z)a£> - <£avv> = <‘]G(Z)7£>

In this calculation, the term (£a,v) is zero since & € g,. Thus, we have shown that the
expression

<Ja([z])v £> = <JG(Z)7 £>
for £ € g, is well defined. This expression may be written as
Joomg =1, 0Jg 0,

where ¢, : g — g is the inclusion map and ¢} : g* — g, is its dual.
To show that the map J, is the momentum map, we first note that for all £ € g, the
vector fields £p|(J; 1 (a)) and £p, are m,-related. Thus,

o (ier, Qa) = igpinQ =7 (1, Q) = i (A (Je, €)) = 7, (d (Ja, €)) -
Again, since 7, is a surjective submersion, we may conclude that
igp,l Qa = d <J(l7 €>

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, = ¢} o Jg 0 ¢, and the relations between the actions of G on P,
J,'(a)andon P,. W

Having established these preliminary facts, we can state the main reduction by stages
theorem for semidirect products.

Theorem 5.2.5 (Reduction by Stages for Semidirect Products) The reduced space
(Pa) . is symplectically diffeomorphic to the reduced space P, obtained by reducing P by S
at the point 0 = (u, a).

Proof. Start with the natural inclusion map
735 (0) = Iy (a)

which makes sense since the second component of ¢ is a. Composing this map with m,, we
get the map

TaOj: ng(o) — P,.

This map takes values in J; ! (u1,) because of the relation J, o7, = 1} 0Jgoi, and pg = ¢ ().
Thus, we can regard it as a map

Ta0j: Ig (o) — I (1a)-
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Letting o = (i, a), there is a group homomorphism ¢ : S, — (G4),, defined by projec-
tion onto the first factor. The first component g of (g,v) € S, lies in (G,),, because

(1, a) = (g,v) (1, a) = (gp + py,(9a), ga)

implies that, from the second component, that g € G, and from the first component and
the identity ¢} pja = 0 that g also leaves p, invariant.

The map 7, 0 j is equivariant with respect to the action of S, on the domain and (Gq),,
on the range via the homomorphism 1. Thus, 7, o j induces a map

[ma 0] Po — (Fa)u

ar

Diagram chasing, as above, shows that this map is symplectic.
We will show that this map is a diffeomorphism by finding an inverse. We begin with
the construction of a map

¢:J;1(Na)_’Pa

To do this, we first choose an equivalence class [p], € J;'(uq) C Py for p € J;;'(a). The
equivalence relation is that associated with the map m,; that is, with the action of V. For
each such point, we consider a new point vp and will choose v such that vp € J gl(a). For
this to hold, we must have

(1, a) = Js(vp)

By equivariance, the right hand side equals

vJs(p) = (e,v

Thus, we require that
n=Ja(p)+ py(a).

This follows from the next lemma.

Lemma 5.2.6 Denoting the annihilator of g, by g, we have
go ={palveV}

*

Proof. The identity we showed above, namely ¢}

pisa = 0 shows that
go 2 {ppalveVy

Now we use the following elementary fact from linear algebra: Let E and F' be vector
spaces, and Fy C F be a subspace. Let T': E — F'* be a linear map whose range lies in the
annihilator F§§ of Fy and that every element f € F' that annihilates the range of T" is in Fp.
Then T maps onto Fg. !

1We 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 Fredholm type alternative arguments. In
the finite dimensional case, the result may be proved by a dimension count.
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In our case, we choose F =V, ' =g, Fj = g, and we let T : V — g* be defined by
T(v) = pX(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= <£7pza> = <pv£7a> = <£v7a> = - <’U,£(L>

and so £ € g, as required. Thus, the lemma is proved. V¥

We apply the lemma to p — J¢(p), which is in the annihilator of g, because ¢ (Ja(p)) =
tq. Thus, by the lemma, there is a v such that p — Jg(p) = pla.

The above argument shows how to construct v so that vp € Jg' (o). We continue with
the definition of the map ¢ by mapping vp to [vp],, its S,-equivalence class in P,.

To show that the map ¢ so constructed is well defined, we replace p by another represen-
tative up of the class [p]q; here u is an arbitrary member of V. Then one chooses v; so that
Js(viup) = 0. Now we must show that [vp], = [v1up],. In other words, we must show that
there is a group element (g, w) € S, such that (g, w)(e,v)p = (e,v1)(e,u)p. This will hold
if we can show that (g, w) := (e, v1)(e,u)(e,v)~t € S,. However, by construction, Jg(vp) =
o = Jg(viup); in other words, we have o = (u,a) = (e,v)Js(p) = (e,v1)(e,u)Is(p). Thus,
by isolating Js(p), we get (e,v)"to = (e,u) '(e,v1)"to and so our (g,w) satisfies the
required condition. Thus, our map ¢ is well defined.

Next we must show that the map ¢ is invariant under (G,),,. Thus, let [pl, € I (1a)
and let go € (Gq)u,. Let v be chosen so that vp € Jg'(0) and let u be chosen so that
ugop € Jg'(0). We must show that [vp], = [ugopl,- In other words, we must find a
(9,w) € S, such that (g, w)(e,v)p = (e,u)(go,0)p. This will hold if we can show that
(g,w) := (e,u)(go,0)(e,v)"! € Sy. But we know that o = Js(vp) = Js(ugop) or, in other
words, by equivariance, o = (e, v)Js(p) = (e,u)(go,0)Js(p). By isolating Js(p), this implies
that (e,v) "t = (go,0) (e, u) ~to which means that our (g, w) is indeed in S,. Hence ¢ is
invariant, and so gives a well defined map

[¢] : (Pa)ua — Py

Chasing the definitions shows that [¢] is the inverse of the map [m, o j]. Thus, either is
a symplectic diffeomorphism. W

In this framework, one can also reduce the dynamics of a given invariant Hamiltonian;
we will discuss this in a later section.

In the preceding theorem, choose P = T*S where S = GQYV is a semidirect product
as above, with the cotangent action of S on T*S induced by left translations of S on itself.
Reducing T*S by the action of V gives a space naturally isomorphic to T*G. Thus, the
reduction by stages theorem gives as a corollary, the semidirect product reduction theorem,
5.1.1. The original proof of this result in Marsden, Ratiu and Weinstein [1984ab] essen-
tially used the map [¢] constructed above to obtain the required symplectic diffeomorphism.
However, the generalization here to get semidirect product reduction by stages requires an
essential modification of the original method.
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