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ABSTRACT. We consider the Poisson reduced space (T*Q)/K with respect to
a cotangent lifted action. It is assumed that K is a compact Lie group which
acts by isometries on the Riemannian manifold @ and that the action on Q is
of single isotropy type. Realizing (T*Q)/K as a Weinstein space we determine
the induced Poisson structure and its symplectic leaves. We thus extend the
Weinstein construction for principal fiber bundles to the case of surjective
Riemannian submersions Q — Q/K.

1. INTRODUCTION

The present paper deals with Poisson reduction of a cotangent bundle 7*@Q with
respect to a Hamiltonian action by a compact Lie group K that comes as the
cotangent lifted action from the configuration manifold ). We assume that @ is
Riemannian and K acts on @) by isometries. Further, we suppose that @ is of
single isotropy type, i.e., @ = Q) for some subgroup H of K. Then the orbit
space Q/K is a smooth manifold. However, in the presence of non-trivial isotropy,
H # {e}, on the configuration space () one gets a non-trivial isotropy lattice on
T*Q, whence (T*Q)/K cannot be a smooth manifold. The cotangent bundle 7*Q
is equipped with its canonical symplectic form, and we have a standard momentum
map pu: T7Q — €.

In Hochgerner [14] stratified symplectic reduction of T*Q was studied under these
assumptions. In particular, the following result was proved, following an approach
that is generally called Weinstein construction: Let O be a coadjoint orbit lying
in the image of the standard momentum map p. Then each smooth symplectic
stratum (7" Q//oK)(r) of the reduced space can be globally realized as

W/oK)w) =T (Q/K) xq/x (U,eqO NAnnty) 1)/ K
where
W= (Q xq/x T"(Q/K)) Xq |cqAnnty = T7Q

as symplectic manifolds with a Hamiltonian K-action. Moreover, the reduced sym-
plectic structure in terms intrinsic to this realization was computed. These results
were applied to Calogero-Moser systems with spin associated to polar representa-
tions of compact Lie groups.

In the above setting the reduced space T*Q/K is a (singular) Poisson space in a
natural way. The underlying theorem due to Ortega and Ratiu [19] is presented in
3.2. The goal of this paper is to determine the reduced Poisson bracket on T*Q /K.

In Section 3 we give the necessary background from singular geometry.
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Section 4 presents the basic setting and the prerequisites of the paper, in particular,
recalling from Hochgerner [14] the construction of the Weinstein space W and the
intrinsic symplectic structure on it.

Finally, in Section 5 we compute the reduced gauged Poisson bracket on the Wein-
stein realization W/ K of T*@Q /K. This is done by determining the Poisson bracket
on W via the symplectic structure intrinsic to this space and then using the iden-
tification C*°(W/K) = C>°(W)X. In particular, it will be important to introduce
a suitably chosen linear connection A on the bundle

W— Qxq/xk T"(Q/K).

The formula for the reduced Poisson bracket on W/K will involve the canonical
Poisson structure on 7*(Q/K), the pairing of a curvature term associated to the
mechanical connection A on @ — Q/K (see Section 4) with the appropriate point
of | J,coAnnty, and the Lie bracket of the fiber derivatives on | |, oAnnt,.

Note that this result generalizes the formula for the reduced Poisson bracket on
T*Q/K presented in Zaalani [34] and in Perlmutter and Ratiu [23] for the case
that K acts on @ freely.

In Section 6 we compute the symplectic leaves of the reduced space W/K, and in
Section 7 we give examples of our constructions.

2. CONVENTIONS

Let K be a Lie group acting on a manifold M. In fact, we will only be concerned
with the case where K is compact, M is Riemannian, and K acts on M through
isometries, i.e. M is a Riemannian K-space. The action will be written as [ :
KxM— M, (k,z)—l(k,z)=1(x) =1"(k) = k.x. Sometimes the action will be
lifted to the tangent bundle T'M. That is, we will consider h.(z,v) := (h.x, h.v) :=
Tl (x,v) = (In(z), Tylp.v) where (x,v) € TM. As the action is a transformation
by a diffeomorphism it may also be lifted to the cotangent bundle. This is the
cotangent lifted action which is defined by h.(z,p) := (h.z, h.p) := T*l},.(z,p) =
(h.x, Ty lp-1.p) where (z,p) € T*M.

The FUNDAMENTAL VECTOR FIELD is going to repeatedly play an important role.
It is defined by

(x(2) = Zlol(exp(+tX), x) = T.1"(X)

where X € ¢. The fundamental vector field mapping ¢ — X(M), X — (x is a Lie
algebra anti-homomorphism. By definition the flow of (x is given by leyxpx)-

If the action by K on M is proper, in the sense that K x M — M x M, (k,x) —
(z,l(k,x)) is a proper mapping, then we have the Slice and Tube Theorem at our
disposal. Properness is automatic for compact K. An exposition of these facts can
be found in Palais and Terng [22] or Ortega and Ratiu [20], for example.

Let H be a subgroup of K. A point z € M is said to be of ISOTROPY or ORBIT
TYPE H if its isotropy group K, = {k € K : k.x = z} is conjugate to H within K
for which we shall write K, ~ H. The family of subgroups of K conjugate to H
within K is denoted by (H) and called the CONJUGACY CLASS of H. We will deal
with the ISOTROPY or ORBIT TYPE SUBMANIFOLD Mgy := {x € M : K, ~ H} of
type H, the set My := {x € M : K, = H} of points that have SYMMETRY TYPE
H, and the set Fix(H) := M := {x € M : H C K,} of points that are fixed by
H. Then Mgy is a submanifold of M, Fix(H) is a totally geodesic submanifold of
M, and My is an open submanifold of Fix(H).
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If (M,w) is a symplectic manifold we define the associated Poisson bracket and
Hamiltonian vector field by

{f.9} =w(V$,Vy) = -V5(9)
where f,g € C°°(M). This choice of sign is compatible with that in [20]. It is,
however, not universal.

3. SINGULAR GEOMETRY

3.1. Singular spaces and smooth structures. First we introduce the Whitney
condition (b) which will be necessary in the definition of Whitney stratified spaces
— see Definition 3.8. We follow the approach of Mather [17].

Definition 3.1 (Whitney condition (b) in R™). Let X, Y be disjoint sub-manifolds
of R™ with dim X = r. The pair (X,Y") is said to satisfy CONDITION (b) AT y € YV if
the following is true. Consider sequences (z;);, (y;); in X, Y, respectively, such that
x; — y and y; — y. Assume that T,, X converges to some r-plane 7 C T,R™ = R",
and that the lines spanned by the vectors y; — x; converge — in RP™~! — to some
line I C R" = T,R". Then ! C 7. The pair (X,Y") satisfies CONDITION (b) if it does
so at every y € Y.

Obviously condition (b) behaves well under diffeomorphisms in the following sense:
for ¢ = 1,2 consider pairs (X;,Y;) in R", points y; € Y;, open neighborhoods
U; C R" of y;, and a diffeomorphism ¢ : U; — Us sending 31 to y2 and satisfying
(U1 N X1) = Uy N Xy as well as (U NY7) = Uy N Ye. Thus it makes sense to
formulate this condition for manifolds.

Definition 3.2 (Whitney condition (b)). Let M be a manifold and X,Y disjoint
sub-manifolds. Now (X,Y") is said to satisfy CONDITION (b) if the following holds
for all y € Y. Let (U, ¢) be a chart around y. Then the pair (¢(X NU), (Y NT))
satisfies condition (b) at ¢(y).

By the above this definition is independent of the chosen chart in the formulation.

Example 3.3. Consider M = C3 = {(z,y,2)} with Y the z-axis, and X =
{(z,y,2) :y* +2® — 2222 =0} \ Y. Then the pair (X,Y) satisfies condition (b)
at all points in Y except at y = 0. Notice that we can refine the decomposition of
M as (X,Y \ {0},{0}). Now all pairs in this finer decomposition satisfy condition
(D). O

Let X be a para-compact and second countable topological Hausdorff space, and
let (I, <) be a partially ordered set.

Definition 3.4 (Decomposed space). An I-DECOMPOSITION of X is a locally finite
partition of X into smooth manifolds S;, ¢ € I which are disjoint (but may consist
of finitely many connected components with differing dimension), and satisfy:

(i) Each S; is locally closed in X;
(il) X :giel Si; -
The third condition is called CONDITION OF THE FRONTIER. The manifolds S; are

called STRATA or PIECES. In the case that j < i one often writes S; < S; and calls
S; INCIDENT to S; or says S; is a BOUNDARY PIECE of S;.

We define the dimension of a manifold consisting of finitely many connected com-
ponents to be the maximum of the dimensions of the manifold’s components.
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The DIMENSION of the decomposed space X is defined as
dim X := sup dim S;
iel
and we will only be concerned with spaces where this supremum is attained.
The DEPTH OF THE STRATUM S; of the decomposed space X is defined as

depth S; := sup{l € N: there are strata S;, = S;,5:,,...,95;
such that S;, <...< S},

Notice that depth.S; is always finite; indeed, else there would be an infinite family
(S;)jes with S; > S; thus making any neighborhood of any point in .S; meet all of
the S; which contradicts local finiteness of the decomposition. The DEPTH of X is

depth X :=sup{depth S; : i € I'}.

Thus, if X consists of just one stratum, then depth X = 0. From the frontier
condition we have that depth S; < dim X — dim S;, and also depth X < dim X.

A simple example for a decomposed space is a manifold with boundary with big
stratum the interior and small stratum the boundary. Also manifolds with cor-
ners are decomposed spaces in the obvious way. Likewise the cone CM := (M x
[0,00))/(M x {0}) over a manifold M is a decomposed space, the partition being
that into cusp and open cylinder M x (0, c0).

The following definition of singular charts and smooth structures on singular spaces
is due to Pflaum [25, Section 2].

Definition 3.5 (Singular charts). Let X = (J,.; Si be a decomposed space. A
SINGULAR CHART (U, ¢) with patch U an open subset of X is to satisfy the following.
(i) ¥(U) is locally closed in R™;
(ii) ¥ : U — ¢(U) is a homeomorphism;
(iii) For every stratum S; that meets U the restriction ¢|S;NU : S;NU — (S;NU)
is a diffeomorphism onto a smooth sub-manifold of R".

Two singular charts ¢ : U — R" and ¢ : V — R™ are called COMPATIBLE AT x €
UNYV if there is an open neighborhood W of 2 in UNV, a number N > max {n, m},
and a diffeomorphism f : W; — W5 between open subsets of RY such that:

|

YW) ——= ¢(W)

Jj (W)

RN y) )Wl f \ WQ( RN
It follows that f|(W) : (W) — ¢(W) is a homeomorphism. Further, for all strata
S that meet W the restriction f|yp(WN.S) : (W NS) — (W NS) is a diffeomor-
phism of sub-manifolds of RY . The charts (U, ) and (V, ¢) are called COMPATIBLE

if they are so at every point of the intersection UNV'. It is straightforward to check
that compatibility of charts defines an equivalence relation.

A family of compatible singular charts on X such that the union of patches covers
all of X is called a SINGULAR ATLAS. Two singular atlases are said to be compatible
if all charts of the first are compatible with all charts of the second. Again it is
clear that compatibility of atlases forms an equivalence relation.

Let 2 be a singular atlas on X. Then we can consider the family of all singular
charts that belong to some atlas compatible with 2 to obtain a maximal atlas 2, ax-
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Definition 3.6 (Smooth structure). Let X = (J,c; Si be a decomposed space. A
maximal atlas 2 on X is called a SMOOTH STRUCTURE on the singular space X. A
continuous function f : X — R is said to be sMOOTH if the following holds. For all
charts ¢ : U — R" of the atlas 2 there is a smooth function F': R™ — R such that
fIU = F o1. The set of all smooth functions on X is denoted by C*°(X).

A continuous map f: X — Y between decomposed spaces with smooth structures
is called sMOOTH if f*C*°(Y) C C*°(X). An ISOMORPHISM F : X — Y between
decomposed spaces is a homeomorphism that is smooth in both directions and maps
strata of X diffeomorphically onto strata of Y.

The smooth structure thus defined on decomposed spaces is in no way intrinsic
but is a structure that is additionally defined to do analysis on decomposed spaces.
Also a smooth map f : X — Y between decomposed spaces need not at all be
strata preserving.

Definition 3.7 (Cone space). A decomposed space X = |J;.; S; is called a CONE
SPACE if the following is true. Let zy € X arbitrary and S the stratum passing
through zy. Then there is an open neighborhood U of zg in X, there is a decom-
posed space L with global chart ¢ : L — S!=1 C R', and furthermore there is an
isomorphism of decomposed spaces

F:U—-{UnS)xCL

such that F(z) = (z,¢) for all x € UN S. Here CL = (L x [0,00))/(L x {0}) is
decomposed into the cusp ¢ on the one hand, while the other pieces are of the form
stratum of L times (0,00). Thus we can take ¥ : CL — R', [(2,1)] — ti)(2) as a
global chart on C'L thereby defining a smooth structure on C'L whence also on the
product (U NS) x CL.

The space L is called a LINK, and the chart F' is referred to as a CONE CHART or
also LINK CHART. Of course, the link L depends on the chosen point zg € X.

An example for a cone space is the quadrant Q := {(z,y) € R* : 2 > 0 and y > 0}.
A typical neighborhood of 0 € @ is of the form {(z,y) :0<z <rand 0 <y <r}.
The link with respect to the point 0 then is the arc L := {(cosp,sinp) : 0 < p < T1.
More generally manifolds with corners carry the structure of cone spaces.

Definition 3.8 (Stratified spaces). Let X C R™ be a subset and assume that X is
a decomposed space, i.e. X = (J;.;Si, and that the strata S; be sub-manifolds of
R™. The I-decomposed space X is said to be (WHITNEY) STRATIFIED if all pairs
(Si,S;) with ¢ > j satisfy condition (b) — see Definition 3.2. For sake of convenience
we will simply say stratified instead of Whitney stratified.

Theorem 3.9. Let X C R™ be a subset of a Fuclidean space and assume that
X = ;1 Si is decomposed. Then X is stratified if and only if X is a cone space.

Proof. Tt is proved in Pflaum [26] that every (Whitney) stratified space is also a
cone space.

An outline of the converse direction is given in Sjamaar and Lerman [29, Section
6], and also in Goresky and MacPherson [13, Section 1.4]. This argument makes
use of Mather’s control theory as introduced in Mather [17] as well as Thom’s First
Isotopy Lemma. O

The above theorem depends crucially on the fact that the decomposed space X can
be regarded as a subspace of some Euclidean space. As this assumption will always
be satisfied in the present context we will take the words cone space and stratified
space to be synonymous. In fact, Sjamaar and Lerman [29] take cone space to be
the definition of stratified space.
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Example 3.10. As an example consider a compact Lie group K acting by isome-
tries on a smooth Riemannian manifold M. We are concerned with the orbit
projection 7 : M — M/K and endow the orbit space with the final topology with
respect to the projection map. For basics on compact transformation groups see
Bredon [7], Palais and Terng [22], or Hochgerner [14, Section 7]. Fix a point 2o € M
with isotropy group K., = H. The slice representation is then the action by H
on Nor,, (K.z¢) = Ty, (K.79)*. By the Tube Theorem there is a K-invariant open
neighborhood U of the orbit K.zy such that K xg V = U as smooth K-spaces
where V' is an H-invariant open neighborhood of 0 in Nor,, (K.zg).

Now let p = (p1,...,px) be a Hilbert basis for the algebra Poly(V)H of H-invariant
polynomials on V. That is, p1, ..., px is a finite system of generators for Poly(V ).
The Theorem of Schwarz [28, Theorem 1] now says that p* : C=(R¥) — ¢ (V)# is
surjective. Moreover, the induced mapping ¢ : V/H — R* is continuous, injective,
and proper. See also Michor [18].

Consider the isotropy type sub-manifolds M) which is the manifold of all points of
M whose isotropy subgroup is conjugate to H within K. These give a K-invariant
decomposition of M as M = U(H) M gy where (H ) runs through the isotropy lattice
of the K-action on M. We thus get a decomposition of the orbit space

M/K = | Mu)/K
(H)
where again (H) runs through the isotropy lattice of the K-action on M. It is

well-known (e.g. Palais and Terng [22]) that this decomposition renders M/K a
decomposed space.

Now a theorem of Pflaum [25, Theorem 5.9] says that the induced mapping ¢ :
U/K — R" as defined in the diagram

U;)KXHV

L]

U/K z V/H 1%
~ ~ ql /
[UBEAN p
>
Rk

is a typical singular chart around the point K.xy in the orbit space. Further-
more, the smooth functions with respect to this smooth structure are C*°(M/K) =
C>(M)% | i.e. none other than the K-invariant smooth functions on M: indeed,
by Schwarz’ Theorem we have

whence C°°(U)¥ = C*°(U/K). Finally, the decomposition of M/K by orbit types
turns the orbit space into a stratified space with smooth structure.

Note that Bierstone [4] showed that the semi-analytic stratification of the orbit
space p(V') of a linear K-space V coincides with its stratification by components
of sub-manifolds of given isotropy type. Here K is a compact Lie group and p is

a Hilbert basis as above. Further, the semi-analytic stratification of p(V') satisfies
Whitney’s condition (b). O

3.2. Singular Poisson reduction. Let K be a Lie group acting properly on a
smooth manifold M. We equip the orbit space M/K with the quotient topology
with respect to the canonical projection m : M — M/K. The set of smooth
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functions on M/K is defined by the requirement that 7 is a smooth map, i.e.,
C®(M/K):={f € CO(M/K): for € C®(M)}.

Theorem (Singular Poisson reduction). Let (M, {-,-}) be a Poisson manifold, K
a Lie group, and let | : K x M — M be a smooth proper Poisson action, i.e.,
GAS, 9y ={l5f, lig} for f,g€ C°°(M) and k € K. Then we have:

(i) The pair (C°(M/K),{-,-}Y"/¥) is a Poisson algebra, where the Poisson
bracket {-,-YM/K is characterized by {f, g}/ K o = {fom gon}, for
any f,g € C*°(M/K), and 7 : M — M/K denotes the canonical smooth
projection.

(i) Let h € C°(M)X be a K-invariant function on M. The flow Fl; of the
Hamiltonian vector field associated to h commutes with the K -action, so it
induces a flow Fli\/[/K on M/K which is Poisson and is characterized by
the identity w o Fl; = Fli\/[/K oT.

(iii) The flow FliWK s the unique Hamiltonian flow defined by the function
H € C*(M/K) which is given by Hom = h.

Proof. This is due to Ortega and Ratiu [19]. a

If, in particular, K is a compact Lie group acting by isometries on a smooth Rie-
mannian manifold M, then by the Tube Theorem [22] and Schwarz’ Theorem [28]
we may identify C°°(M/K) with C>°(M)X | the set of K-invariant smooth functions
on M. See Example 3.10 for details.

Definition 3.11 (Poisson stratified space). Let X be a stratified space endowed
with a smooth structure in the sense of Subsection 3.1. Then X is said to be a
SINGULAR POISSON SPACE if there is a Poisson bracket

{-,}: C%(X) x C*(X) — C>(X)
on the algebra of smooth functions determined by the smooth structure such that

the inclusion of each stratum S <— X is a Poisson morphism. In particular, the
strata S are Poisson manifolds in the usual sense.

An alternative definition of a singular Poisson space in terms of a stratified Poisson
bivector is given by Pflaum [25].

Proposition 3.12 (Reduced Poisson structure). Let (M, {-,-}) be a Poisson man-

ifold, K a compact Lie group, and let K act on M by Poisson morphisms. Then
(M/K,{, ~}M/K) is a singular Poisson space.

Proof. By Example 3.10 the algebra C*°(M/K) is indeed determined by a smooth
structure on M /K. Thus it only remains to check that the inclusion of each stratum
Mgy /K — M/K is a Poisson morphism. This is, however, obvious. O

3.3. Singular fiber bundles.

Definition 3.13 (Singular fiber bundles). Let F' and P be stratified spaces (Def-
inition 3.8) with smooth structure (Definition 3.6) and M be a smooth manifold.
We say that the topological fiber bundle

Fe——P—"— M

is a SINGULAR FIBER BUNDLE if for each trivializing patch U C M the homeomor-
phism
PlUXUXF

is an isomorphism of stratified spaces.
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There are two reasons for defining singular fiber bundles in this way. Firstly, it is
the kind of structure encountered in Hochgerner [14, Theorem 5.5], and secondly by
Mather’s control theory [17] these bundles possess many features similar to ordinary
smooth fiber bundles. Some of these aspects are presented in the subsections below.
Note that if M is a Riemannian manifold which is acted upon by a compact Lie
group K through isometries then the orbit projection mapping M — M/K is, in
general, not a singular fiber bundle according to this definition. Indeed, the fiber
type of M — M /K need not be locally constant.

Lemma 3.14. Let m: P — M be a singular fiber bundle with typical fiber F. Let
S be a stratum of P. Then w|S : S — M is a smooth fiber bundle.

Proof. Indeed, locally the stratum S is diffeomorphic to U x Sp where Sp is a
stratum of F' and U is a trivializing neighborhood in M. O

Definition 3.15 (Singular symplectic fiber bundles). Let F' and P be stratified
symplectic spaces (i.e. singular Poisson spaces with smooth symplectic strata such
that the inclusion mappings are Poisson morphisms) with smooth structure and M
be a smooth symplectic manifold. We say that the singular fiber bundle

F—spPp—"5 M

is a SINGULAR SYMPLECTIC FIBER BUNDLE if for each trivializing patch U C M
the homeomorphism

PUSUXF
is an isomorphism of stratified symplectic spaces with respect to the inherited sym-
plectic structures. It follows, in particular, that 7 is a Poisson morphism.

3.4. Control data. The theory of control data is due to Mather [17], and we follow
in our presentation of the subject that of [17]. Let N be a smooth manifold, and
X C N a stratified subset endowed with the relative topology with strata S; where
i € I as in Subsection 3.1.

A TUBULAR NEIGHBORHOOD of a stratum 5; in X is a closed neighborhood of .S;
in N which is diffeomorphic to an inner product bundle 7; : E; — S;. Via the inner
product we can measure the vertical distance of a point in E; to S; and call this
the tubular neighborhood function p; : E; — R. Clearly, p;(x) = 0 if and only if
x € S;. We can also think of the tubular neighborhood as being retracted onto S;
via the projection m;. CONTROL DATA associated to the stratification {S; :i € I'}
of X is a system of tubular neighborhoods m; : E; — 5; satisfying the following
commutation relations:

(mj om)(z) = mj(z), and (p;j o m)(x) = p;(z)

whenever j < i and both sides are defined.

Proposition 3.16. Suppose there exist control data to the stratification {S; :i € I}
of X. If M 1is another manifold, and f : N — M a smooth mapping such that
f1Si: Si — M is a submersion for all i € I then the control data may be chosen so
that f|S;oms, = f for alli e 1.

Proof. See Mather [17, Proposition 7.1]. O

If f: N — M is as in Proposition 3.16 then f is said to be a CONTROLLED
SUBMERSION from X to M.

By a STRATIFIED VECTOR FIELD 1 on X we mean a collection {7, : i € I'} where
each 7); is a smooth vector field on S;. Assume we are given a system of control data
associated to the stratification of X, and identify the tubular neighborhoods of the
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strata with the corresponding inner product bundles. Then the stratified vector
field n on X is said to be a CONTROLLED VECTOR FIELD if the following conditions
are met. For any stratum S; there is an open neighborhood B; of S; in the tubular
neighborhood E; such that for any stratum S; with ¢ > j the conditions

Ly, (p;|B; N S;) =0, and Ty (m;|B; N Si).mi(w) = nj(m;(x))

are satisfied for all x € B; N S;.

Let J be an open neighborhood of {0} x X in R x X, and assume that a: J — X
is a local one-parameter group which is smooth in the sense of Definition 3.6. We
say that v GENERATES the stratified vector field n if J is maximal such that each
stratum .S; is invariant under a and %|oa(t, x) =n;(x) for all x € S; and all i € I.

Proposition 3.17. Assume n is a controlled vector field on X. Then there is a
unique smooth one-parameter group which generates 1.

Proof. See Mather [17, Proposition 10.1]. O

Proposition 3.18. Assume f: N — M is a smooth map such that f|X : X — M
is a controlled surjective submersion. Then the following are true.

o Let & be a smooth vector field on M. Then there is a controlled vector field
1 on X such that n; and & are f|S;-related for all i € I.

o Suppose further that f|X : X — M is a proper map. Then f|X : X - M
s a singular fiber bundle.

Proof. See Mather [17, Proposition 9.1] for the first statement. Concerning the
second assertion, [17, Proposition 11.1] states that under these assumptions the
mapping f|X : X — M is locally topologically trivial, and it follows from [17,
Corollary 10.3] that the trivializing homeomorphisms are, in fact, isomorphisms of
stratified spaces. Thus f|X : X — M is a singular fiber bundle in the sense of
Definition 3.13. |

3.5. Pullback bundles. Let M and Y be smooth manifolds, and let 7 : Y — M
be a smooth mapping. Consider a singular fiber bundle 7 : X — M with typical
fiber F' as in Definition 3.13. We consider further the topological pullback bundle
of X and Y over M with the following notation.

XxyV — X s X

Yy —— M
Now we can endow X X ;Y with the product stratification given by strata of the
form S X Y which is the smooth fibered product of a stratum S of X with Y
over M. Note that S x,s Y is a well defined pull back bundle by Lemma 3.14.
Moreover, X X ;Y inherits a smooth structure in the sense of Subsection 3.1 from
the canonical topological inclusion X x5 Y — X x Y. The singular space with
smooth structure thus obtained is called the FIBERED PRODUCT of X and Y over
M. Since 7 : X — M is a singular fiber bundle it follows that 77 : X X, Y — Y
is a singular fiber bundle as well with the same typical fiber F. Moreover, this
construction satisfies the following universal property. Let Z be a singular space
with smooth structure and f, : Z — X, fo : Z — Y be smooth mappings satisfying
mo fi = 7o fa. Then there is a unique smooth map f = (f1, f2) such that the
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following commutes.

|
fi £l f2
T M T
X+——XxyY——Y
T T
M

Therefore, in this sense, pull backs exist in the category of singular fiber bundles.
There is, in fact, a similar notion of pull backs in the work of Davis [10].

4. MECHANICAL CONNECTION AND WEINSTEIN CONSTRUCTION

Suppose that @ is a Riemannian manifold, and K is a compact Lie group which
acts on @ by isometries. Moreover, () is assumed to be of single isotropy type, i.e.
Q = Q(my where H is an isotropy subgroup of K. The K-action then induces a
Hamiltonian action on the cotangent bundle T*Q by cotangent lifts. This means
that the lifted action respects the canonical symplectic form 2 = —df on T*Q and
there is a momentum map p : T*Q — € given by (u(g,p), X) = 0( };*Q)((Lp) =
(p,Cx(q)) where (q,p) € T*Q, X € ¢, (x is the fundamental vector field associated
to the K-action on @, and C?Q € X(T*Q) is the fundamental vector field associated
to the cotangent lifted action.

4.1. Mechanical connection. Since the K-action on @) has only a single isotropy
type, the orbit space /K is a smooth manifold, and the projection 7 : Q@ — Q/K is
a surjective Riemannian submersion with compact fibers. However, the lifted action
by K on T*Q is already much more complicated, and the quotient space (T*Q)/K
is only a stratified space in general. Its strata are of the form (7Q))/K where
(L) is in the isotropy lattice of T*Q.

The vertical sub-bundle of T'Q with respect to 7 : Q@ — Q/K is Ver := kerT'.
Via the K-invariant Riemannian metric we obtain the horizontal sub-bundle as
Hor := Ver’. We define the dual horizontal sub-bundle of T*Q as the sub-bundle
Hor™ counsisting of those co-vectors that vanish on all vertical vectors. Likewise,
we define the dual vertical sub-bundle of T*@Q as the sub-bundle Ver* consisting of
those co-vectors that vanish on all horizontal vectors.

We choose and fix a K-invariant inner product on ¢. For X,Y € € and ¢ € Q we
define I,(X,Y) = ((x(q),¢{v(¢)) and call this the INERTIA TENSOR. This gives
a non-degenerate pairing on Ej‘ X E;-, whence it gives an identification qu : Ej‘ —
(¢5)* = Annt,. We use this isomorphism to define a one-form on @ with values in
the bundle | | ququ by the following:

7;Q M, Ann £,

ﬁ l(n;rl

Aq
T,Q - ="+t

Here the isomorphism T,@Q 5 T,;@Q is obtained via the K-invariant Riemannian
metric on (. See Smale [30] or Marsden, Montgomery, and Ratiu [15, Section
2]. The form A shall be called the MECHANICAL CONNECTION on @ — Q/K. It

has the following properties. It follows from its definition that TQ — | | qEQEqL,
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(q,v) — (g, A4(v)) is equivariant, ker A, = T,(K.q)*, and A,(Cx(gq)) = X for all
X et}

This means that A € Q'(Q;¢) given by A : TQ — €5 — £, (q,v) — Ay(v) is a
principal connection form on the K-manifold @ in the sense of Alekseevsky and

Michor [2, Section 3.1]. According to [2, Section 4.6] the curvature form associated
to A is defined by

Curv? :=dA — L[A, A"

where

[307 w]/\(vla S 7Ul+k) = ﬁ Z Signo—[@(vala S 7U0'l)7 ¢(UU(Z+1)7 s 7Uo'(l+k))]

is the graded Lie bracket on Q(Q;€) := @, T(A*T*Q ® £), and ¢ € Q/(Q; €) and
¥ € QF(Q;¢). The minus in the definition of Curv® emerges, since we are dealing
with left actions. The form Curv? is called the MECHANICAL CURVATURE.

Proposition 4.1 (Properties of CurVA). Let Z1,Z5 € £ and v, w horizontal vector
fields on Q with respect to the orbit projection m: Q — Q/K. Then:

(i) CurvA(Czl,CZ2)(Q) €ty
(ii) CuI"VA(U7<Z2)(Q) =0.
(iii) Curv? (v, w)(q) €t

Moreover, the form Curv? : A2TQ — ¢t is K -equivariant, Ad(h).Curv® (v, w)(q) =
CurVA(U,w)(q) for all h € K, and Curv? drops to a well defined form

Curvy € QX (Q/K; ([,eoFix(Ky) Ney)/K)
where Fix(K,) :={X €¢: K, C Kx}.

Notice that (quQFix(Kq)ﬁE;-)/K is a smooth manifold and a topological subspace
of the stratified space (uququ)/K — see Lemma 5.2.

Proof. Assertion (i) is true since the vertical bundle is integrable: Indeed, ® :=
(oA :TQ — Ver defines a (generalized) principal bundle connection on @ — Q/K
in the sense of Alekseevsky and Michor [2]. As usual, the curvature R associated
to @ is given by R(X,Y) = ®[X — &X,Y — ®Y]. By [2, Proposition 4.4] R and
Curv? are related by

R=—-(Co Curv”

whence (i) follows. Using this relation again it follows that Curv® (v, ¢z,)(q) € &,
and this is already sufficient for the purpose of this paper. However, using [2,
Proposition 4.7] and the Slice theorem for Riemannian actions the stronger result
(ii) is true as well. Assertion (iii) follows also by using the Slice theorem.

Clearly Curv™® is K-equivariant. The element Curv? (v, w)(q) is fixed by all h € K,
since this is true for ¢ and horizontal vectors at ¢ have isotropy at least K. Finally,
the last conclusion is an obvious consequence of the above. It is only to notice that
(UyeoFix(Kq) N t)/K really is a smooth fiber bundle over @/K which, again, is
a consequence of the Slice theorem. g

We define a point-wise dual A; : Ann €, — Ver, C T,Q by the formula A}(\)(v) =
A(Aq(v)) where A € Ann €, and v € T;Q. Notice that A (u4(p)) = p for all p € Ver,
and pig(A7(A)) = A for all A € Ann,.
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4.2. Weinstein bundle construction. Using the horizontal lift mapping which
identifies Hor = (Q x o,k T(Q/K)) and the mechanical connection A we obtain an
isomorphism

TQ = Hor @ Ver — (Q xq/x T(Q/K)) xq |_|quEqL

of bundles over ). Via the Riemannian structure there is a dual version to this
isomorphism, and to save on typing we will abbreviate

W= (Q xq/kx T*(Q/K)) xq |,cqAnn €, = Hor" & Ver™.

To set up some notation for the upcoming proposition, and clarify the picture
consider the following stacking of pull-back diagrams. It will be reference point for
the whole paper.

WLqunnEq (1)

] |

Q xq/k T"(Q/K) L Q

T*,,_ﬂ l

T"(Q/K) ———— Q/K

The upper stars in this diagram are, of course, not pull-back stars. It is in fact the
transition functions that are being pulled-back, whence the name.

Proposition 4.2 (Symplectic structure on W). There is a dual isomorphism
b= B(A) 1 (Q xqux T(Q/K)) xq LeoAmt, = W — T°Q,
(1, A) — (g, + Alg)" )

where we identify elements in {q} x Ty (Q/K) with elements in Hor, via the dual
of the inverse of the horizontal lift.
This isomorphism can be used to induce a symplectic form on the connection de-
pendent realization of T*Q, namely o = Y*Q where Q = —df is the canonical
form on T*Q. Moreover, there is an explicit formula for o in terms of the chosen
connection: B

o= (Fop)* QK _ 47 B
where QQ/K s the canonical symplectic form on T*(Q/K), and furthermore B €
Ql(UqAnnEq) is given by

B(q,A) (’Ula )\1) = <>\7 Aq (’U]_)>.
The explicit formula now is
(dB) g2 ((v1, A1), (v2, A2))
= (A, Curvy (v, v)) + (A, [Z1, Za]) — (Mo, Z1) + (M1, Za)
where (g, \) € ], Annty, (vi, Ai) € T(g 5 (L], Annty) fori=1,2, and
v; = (z,(q) ® v € Very @ Hor,

is the decomposition into vertical and horizontal part with Z; € ¢.

Furthermore, there clearly is an induced action by K on W. This action is Hamil-
tonian with momentum mapping

#A:uo¢tw—>e*,(q,7]7>\)'—>/\7

where p is the momentum map T*Q — ¥, and 1 is equivariant.
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Proof. This proposition is proved in Hochgerner [14, Proposition 5.1]. However,
the proof can be considerably simplified using the relation o = ¢*Q = —¢*df, and
we present this simplification.

Let € € TW with T(F0 §).€ =v € TQ and w = (¢,1,\) € W. Then

(¥70)w(€) = (n+ A;(N),vq) = (T 0 )09 %) (&) + (7 B)u(©)
whence o = (7 0 p)*QO/K — d7 B. 1t only remains to compute dB:
(dB) (g, ((v1, A1), (v2, A2))
= Lwy 20) (B(v2,A2))(g,0) = Liwa,00) (B(v1, A1) (g,0) — B(g; A)([(v1, A1), (v2, A2)])
= SloBEL™ ™ (g, 0) (v, A2) = FloBEL™ (g, 1) (01, M) = (A, Ag[or, 0] (a)

) —
= Zlo(F12 (V) A(F17 () (v2)) — £ lo(F122(N), A(F1E () (v1)) — (A, Aglvr, v2](q))
(A Loy (A(v2))g — Loy (A(v1))g — Aglvr, v2](q))

(

(

= (M(N), Z2) — (A2(N), Z1) +
= (M(A), Z2) — (A2 (A), Z1) + (A, dAg(v1,v2))
= (AM(N), Z2) — (Aa(N), Z1) + (), Curv (v1,v2)) + (A, [Z1, Z2)).

5. GAUGED POISSON REDUCTION

Let H be a closed subgroup of our compact Lie group K. Let S be a smooth
manifold, and a : H x S — S, (h,s) — h.s a left action. We will be mostly
interested in the case where S is a slice for the K-action on @), and a is the (trivial)
slice representation. Consider the left actions I,r,t: H x § x K — § x K which
are defined by

l:(h,s k) — (s,hk), 7: (h,s,k) — (s,kh™"), and t : (h,s,k) — (h.s,kh™1).

The following lemma is elementary on the one hand as its computations are straight-
forward. However, it is also tricky on the other hand since it involves a choice of
sign in the definition of the fundamental vectorfield from Section 2, and there are

many possibilities to get confused. Note also that we use the left multiplication to
trivialize T*K = K x £*.

Lemma 5.1 (Cotangent lifted actions). The lifted actions of H on T*(S x K) =
T*S x K x ¥ corresponding to l,r,t are given by
TS x K x ¢ — T*S x K x ¢
Tl : (s,p, k,n) — (s,p, hk,n)
T*ry, : (s,p, k,n) — (s,p,kh ™1, Ad*(h).n)
Tty : (s,p, k,n) — (h.s, TFap.p, kh™ Ad*(h).n)
respectively, and where Ad*(h).n :=noAd(h~1). Moreover, these lifted actions are

Hamiltonian with respect to the canonical exact symplectic form on T*(S x K) =
T*S x K x ¥, and the corresponding momentum maps are given by

TS x K x & — b*

Ji: (s,p, k) — (Ad™(k).n)[h
Jr (8,0 k,m) — —nlh

Je  (8,p,k,m) — p(s,p) —nlh

where p @ T*S — b* is the canonical equivariant momentum map with respect to
the Hamiltonian action T*a : H x T*S — T*S.
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Proof. The point here is the choice of sign in the definition of the fundamental
vectorfield mapping ¢ in Section 2. Note also that the cotangent bundle momentum
map p : T*S — b* is given by (u(s,p), X) = 0(C%)(s,p) where 6 is the Liouville
form on T*S, and 2 = —d# is the cotangent bundle symplectic form. O

Let us introduce the abbreviation E :=| | _,Ann#,.

q€Q

Lemma 5.2. The natural projection p : E — @Q is a smooth fiber bundle with
typical fiber Annh, were H is an isotropy subgroup of K and b is its Lie algebra.

Proof. We trivialize at an arbitrary point ¢y € . We may assume Ky, = H. Let
U C @ be a tube around K.qo such that U = S x K/H as K-spaces, where S is a
slice at qo. Then it is possible to trivialize as

ElU —=58x (K x Annh)/H == S x K x Annb

| l

U——= s SxK/H

with trivializing map given by
Sx K xg Annbh — E|U, (s,[(k,\)]) — (k.s, Ad"(k)(\))
where Ad*(k)(A\) := Ad(k~1)*()\). This map is well-defined and smooth with in-
verse given by
(¢, A) = (k.s, Ad"(k)(Xo)) — (s, [(k, Ao)])

which is well-defined and smooth as well. Notice furthermore that the trivializing
map is K-equivariant with respect to the K-action on S x K Xz Annb given by
g-(s, [(k, N)]) = (s, [(gk, A)]). Indeed, this follows immediately from Lemma 5.1. O

Lemma 5.3. Let & :=| ], coAnnt,.

(i) Let U C @ be a trivializing neighborhood for p : E — Q as in the proof of
Lemma 5.2. Then E|U is K -invariant, and if (L) is an element of the isotropy
lattice for the K-action on E then the corresponding stratum is trivialized as

(E|U)(L) 2 Sx K xyg (Annb)(Lo)H

where Ly C H is an isotropy subgroup for the H-action conjugate to L in K,
and (Lo)™ is the conjugacy class of Lo in H. Moreover, the strata of Annb/H
are of the form (Annb) g yu/H.

(ii) The induced mapping po : E/K — Q/K is a singular fiber bundle with typical
fiber Annb/H in the sense of Definition 3.13.

Proof. Let qo € @ with K4, = H. Then
(90, 7) € (U eqAnnty) 1) = Ez)
if and only if
A€ Annbhand HN Ky = H) = Ly ~ L within K
which is true if and only if
A E (Annb)(Lo)H

where Lg is a subgroup of H conjugate to L within K. Notice that it follows from
the Slice Theorem for Riemannian actions that (Annb)..y» is a smooth manifold,
e.g. Palais and Terng [22]. Therefore, also the second assertion follows. O
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Theorem 5.4. There is a stratified isomorphism of stratified bundles over Q/K,
in the sense of Definition 3.183,

o =5 (A) (T°Q)/K — T*(Q/K) xq/k (UgeqAnnty)/K =W,
[(q,p)] — (C*(q,p), (¢, (g, p))])

where the stratification was suppressed. Here

C*:T*Q — Hor* — T*(Q/K)
is constructed as the point wise dual to the horizontal lift mapping C : T(Q/K)x gk
Q — Hor CTQ, (lq],v;q) — Cy(v) associated to the connection A € Q1(Q;¥).

If (L) is an isotropy class of the K-action on T*Q, then ¢0_1 maps the isotropy
stratum (T*Q) 1)/ K onto

T*(Q/K) XQ/K (quQAnnEq)(L)/K =: Wy
Moreover, the natural projection
P Wiy — T(Q/K)
is a smooth fiber bundle with typical fiber of the form (Annb)yu /H. Here Lo C H
is an isotropy subgroup for the H-action conjugate to L in K, and (Lo)H is the
conjugacy class of Ly in H.

Therefore, po : W — T*(Q/K) is a singular fiber bundle in the sense of Definition
3.13.

In the case that K acts on @ freely the first assertion of the above theorem can
also be found in Cendra, Holm, Marsden, Ratiu [8]. Following Ortega and Ratiu
[20, Section 6.6.12] the above constructed interpretation W of (T*Q)/K is called
WEINSTEIN SPACE referring to Weinstein [32] where this universal construction first
appeared.

Proof. We consider first the map

vo = po(A) : (TQ)/K — T(Q/K) xq/x (Ugeots )/ K
[(q,v)] = (T'7(q,v), [(q, Agv)])

the point-wise dual of whose inverse will be ¥, 1

The spaces TQ and (T'Q)/K are stratified into isotropy types. Since the base
Q@ is stratified as consisting only of a single stratum, the equivariant foot point
projection map 7 : T'Q — @ is trivially a stratified map. Using the Slice Theorem
on the base @ it is easy to see that both (TQ)/K — @Q/K and the projection
(quQEj)/K — @Q/K are singular bundle maps in the sense of Definition 3.13.
Hereby (| | quEj) /K is stratified into isotropy types. According to Davis [10] or
also Subsection 3.5 pullbacks are well defined in the category of stratified spaces
and thus it makes sense to define T(Q/K) x o,k (uquEj)/K as a stratified space
with smooth structure.

The map ¢ is well defined: indeed, for (¢,v) € TQ and k € K we have
Tr(k.q,kv) = (7(k.q), Tiqm(Tole(v))) = ((q), Tg(m 0 L) (v)) = Tym(v),

and [(k.q, A(k.¢q, k.v))] = [(¢, A(g, v))] by equivariance of A. It is clearly continuous
as a composition of continuous maps. Moreover, since C®((TQ)/K) = C>=(TQ)¥
by Example 3.10 it follows that ¢¢ is a smooth map of singular spaces.

We claim that ¢y maps strata onto strata, and moreover we have the formula

2o(TQ)(1)/K) = T(Q/K) xq/x (Uyeots ) )/ K.
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Indeed, consider (¢,v) € (T'Q)(z), that is H N K, = L' ~ L where H = K,. The
notation L’ ~ L means that L’ is conjugate to L within K. Now we can decompose
vasv =1 ®(x(q) € Hor, ®T,(K.q) for some appropriate X € ¢. Since @) consists
only of a single isotropy type we have T,Q = T,Qu + T4(K.q) — which is not a
direct sum decomposition. As usual, Qg = {¢ € Q : K, = H}. This shows that
vo € TyQm, since Hor, = T,(K.q)* C T,Qp, and hence H C K,,. By equivariance
of A it follows that

K,NK,=HnNK,, ﬂKCX(q) = Hﬂch(q) =HnN KA(q,v)

which is independent of the horizontal component. Hence the claim. The restriction
of ¢y to any stratum clearly is smooth as a composition of smooth maps.

Since A4(Cx(g)) = X for X € qu we can write down an inverse as

o' (g, v [(q, X)]) = [(@, Cq(v) + Cx(a))]

and again it is an easy matter to notice that this map is well defined, continuous,
and smooth on each stratum. Again, it follows from the definition of the smooth
structures on the respective spaces that ¢ 1 is smooth.

It makes sense to define the dual ¢, ! of the inverse map ©o ! in a point wise manner,
and it only remains to compute this map.

(o (g )], (lg), v [(g: X)) = ([(@: p)], (g Cq(v) + Cx (@)])

= (p, Cq(v)) + (p.(x (q))

=(C"(¢,p),v) + (u(g, p), X)

((C*(g:p), (g, n(g: p))]): ([l v3 [(q, X))

where we used the K-invariance of the dual pairing over Q.

Finally, 1q ! is an isomorphism of singular Poisson spaces: note first that the iden-
tifying map W/K — W, [(¢;[d],m; ¢, N)] — ([g], 7; [(¢, A)]) is well-defined because
K, acts trivially on Hor, = Ty (Q/K) > n which in turn is due to the fact
that all points of ) are regular. Moreover, by the universal property for singu-
lar pull back bundles from Subsection 3.5 it is obvious that this map W/K — W
is smooth and has a smooth inverse. The quotient Poisson bracket is well-defined
since O (W)E C C>(W) is a Poisson sub-algebra. The statement now follows
because the diagram

Lo N

(T*Q)/ K —— W —=W/K

is commutative, and composition of top and down-right arrow is Poisson and the
left vertical arrow is surjective.

Using Lemma 5.3 together with Subsection 3.3 the global description of W/K =~ W
as a fibered product thus follows. O

Next we shall construct a connection on p : E — @ which will provide a connection
onp:W — Q xg/x T*(Q/K). Recall the mechanical connection A € Q'(Q; )
from Section 4. Consider the embedding

E—T* Qv ( q, ) (%AZ()‘))'
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On po : T*Q — @ we choose the canonical (with respect to the metric) linear
connection ®(p) : TT*Q — V(g). Consider the following diagram

TE "5 V(o) == U(gaesAmmt, (2)
Te dulV (o)
TT*Q 2, V(o)
which induces a linear connection ®(p) on p: F — Q.

Lemma 5.5. The Diagram (2) is well-defined.
Proof. We have to show that du|V (o) takes values in V(p) = [, \jepAnnt,.

Since pg(Ay(A)) = A for all A € Anng, and ¢ € Q, it suffices to prove that

(d(q0,20)(€(q0,p0))> X) = 0 for fixed (qo,po) € T7Q, £ € I'(V(p)), and X € &4
Now, for arbitrary (q,p) € T*Q,

(@ p) Egp)s X) = Qap (Cx 6)
—(Cx -0))(a.p) + (€0(Cx D)) (a,p) +0(Cx 2. €)(a.p).

We have
0(6)(a,p) = (P, T(q.p) 0-E(a.p)) = O
for all (g,p) € T*Q and £ € T'(V(p)), so (&) = 0. Next we find

0(Cx ) (q0.p) = (0. Tigopy0Cx “(90,p)) = (1, Cx(q0)) = 0

for all p € T, @ since X € ¢, by assumption. Since { takes values in the vertical
subbundle V(o) and vertical bundles are integrable its flow preserves fibers of p,
that is Flf(qo,pg) = (qo,pt) for some curve p; in T, Q. Therefore,

(€0 ) (0, p0) = Zlo{pr, Cx (0)) = 500 = 0.
Finally,

0((Cx %)) = (0. Tig el %,€(a.p) =0
for all (¢,p) € T*Q, since the fact that CT*Q and (x are p-related as well as £ and
0 implies that | ?Q,f] and [(x,0] = 0 are p-related, i.e. T(,, [CX ,f](q,p) =
This completes the proof. |

Via the pullback construction (see Diagram (1)) this also induces a linear connection
onp:W — Q xg/x T*(Q/K). We denote this connection by A : TW — V(p).
Notice that V(,, »)(p) = Ann€, by construction.

The connection A and the momentum map pa = po: W — € are related by
Alg, 1, M)(€) = dpala, n. N)(©).
where £ € T(gn 0V, and (q,7, ) is short-hand for (¢; [q], 7;¢,\) € W.
We will use the connection A to decompose an arbitrary vector £ € T{g, )WV as
€= (v(a);n'(la], m); v1(a), v(a; M),

where v(g, A) = A(g,n, \)(€) is independent of 5. Notice also that v (q) = v(q) by
the pullback property. Further we can decompose v(q) € T,Q according to

v(g) = v(@)"""™ + (2(q) € Hy(m) & Vy(m)
with respect to the connection A on 7 : @ — /K. The same can be done with
n'([a]:m) € T1q)n) (T (Q/ K)) as

7' (gl n) = 7' ([, M)+ ([a], )" € Higgy.n (7) & Vit (7)
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with respect to the canonical connection on 7 : T*(Q/K) — @Q/K which comes
from the induced metric on Q/K. Notice that we have 7’([g],n)P"(7) = v(q)hor(™)
by the pullback property.

Definition 5.6 (Vertical differentiation on p : W — Q xg/x T*(Q/K)). Let
v € Vignn(p) =Annt, and F € C*(W). We define

0
dvF(Qan7>\)(V) = E F(Qﬂ?v)\‘*‘t’/)
0

to be the VERTICAL DERIVATIVE of F at (g,n, \).

Definition 5.7 (Covariant differentiation on p : W — Q x¢g/x T*(Q/K)). Let

x:=1- A:TW — H(p) denote the horizontal projection with respect to p. The
COVARIANT DERIVATIVE of F' € C*°(W) is defined as d ;F := dF o x.

Lemma 5.8. Let F € C®°(W)X, and decompose the Hamiltonian vector field of F
at (¢,m,A) €W as

Vi(g,m,2) = (v(g);n' ([g], m); v(a), v(g, M)
with v(g, ) = g(q,m)\)(V%(q,m}\)) according to above. Here o is the symplectic
structure on W from Proposition 4.2. Then, v(g,\) = 0.

Proof. This is a consequence of Noether’s Theorem. We have

v(g, A) = A(g,n, A)(VE(g,n,N) = dpalg,n, \)(VE(g,n,A)) =0,

since 14 is constant along flow lines of Hamiltonian vector fields of invariant func-
tions. (]

Lemma 5.9. Let F € C*° (W)X, and decompose the Hamiltonian vector field of F
at (q,n,A) €W as

VE(g,m,A) = (v(@); 7' (], m); v(q), 0).
Then,
n () = @YE T (@5F(g,m,0),

where we consider d3F(q,n, A) as an element of T, (T™(Q/K)) via the dual of
the horizontal lift mapping.

Recall that Q@/% denotes the canonical symplectic form on T*(Q/K).

Proof. For the purpose of the lemma we may assume that the vertical part of the
first entry vanishes, i.e A.T(70p).V% = 0 with notation as in Diagram (1). Thus we
may simplify the problem by assuming that F' € C>°(W)¥ factors through Top, i.e.
there is a smooth map f: T*(Q/K) — R such that F = fomop: W — R. Then,
dzF(q,n,A) = dzF(q,n,0) = df (7  p)(q,n,0)) = df ([q], n). Now, the projection
Q xq/x TH(Q/K) = iz (0) — p3' (0)/K = T*(Q/K)

is a Poisson morphism. Therefore, we find

7 ([a),1) = Tiqno) (7 © 7)-Vi(g.1,0) = VIS ((F 0 5)(q.1,0))

K -1 K vl
= Q5 dr(glm) = Q5T (d3F(g,n,0)

which gives the assertion. O



SINGULAR POISSON REDUCTION OF COTANGENT BUNDLES 19

Lemma 5.10. Let F' € C®°(W)X, and decompose the Hamiltonian vector field of
F at (¢,m,A) €W as

V&g, nA) = (v(g);n'([g],m); v(q),0).

Via the connection A € QY(Q;¥€) we can write
v(q) = v(@)""™ + (2 (q) € Hy(m) ® Vy(m).
Then Z = —d,F(q,n,A) € £, and, moreover, Ad(h).Z = Z for all h € K.

Proof. We work in tube coordinates around ¢ € ). Thus let S be a slice through
q for the K-action on @ such that U = S x K/H as K-spaces where U is a tube
around K.q and H = K. Then we have a K-equivariant isomorphism of symplectic
manifolds

WIU 2 T*S x K x5 Annb = T*S x T*K //oT* R(H)

where the right hand side carries the obvious symplectic structure. Here T*R(H)
is the cotangent lifted action of the right multiplication of H on K, and we use
left multiplication to trivialize T*K = K x #*. This follows from Lemma 5.1 and
an argument similar as in the proof of Lemma 5.2. In particular, note that (as
in Hochgerner [14, Section 4]) the isomorphism is symplectic since it comes as
the cotangent lift of a diffeomorphism of the base spaces. Since we already know
that the part of the Hamiltonian vector field of F' which is tangent to T*S is
given by the local coordinates of (v(q)™* ™, 7/([q],n)), we may further reduce the
problem to considering a function F' € C*°(K xy Annh)X = C°(Annbh/H). This
identification is due to Lemma 5.3(ii). Now, referring again to Lemma 5.1 we have

K xpg Annb = T*K //oT*R(H),

where T*R(H) is the cotangent lifted action of the right multiplication of H on K,
and where we use left multiplication to trivialize T*K = K x £*. Thus, there exists
a function F; € C®°(T*K) = C*(K x *) that is T* L(K)-invariant (L denotes the
left multiplication on K) and T*R(H)-invariant such that the following diagram
commutes:

K x Annh—— K x ¢*

l lpl

KXHAnnhL)R

We choose local cotangent bundle coordinates a;,b; where i =1,... ., mon T*K =
K x £* such that by, .. bl are coordinates on h*, byyq,... bm are coordinates on
Annb, and such that aa Yy 8?1 are a basis of h, and aam . afm are a basis

of h*. Then for the canonical Poisson bracket on T*K we obtain

— VE e = {F1, 1T (e, ) =

m

-3 (B end - Bend) - > g ent

i=l+1

which is the vertical derivative of F identified with an element of b~ through choice
of a basis. Since the projection K x Annh — K x g Annl is Poisson, Hamiltonian
vector fields project to Hamiltonian vector fields, i.e. —V% (e, A) projects to

VAN (e )] = 2.

Therefore, the Hamiltonian vector field of F' on K x gy Annb is (d,F,0) which is
tangent to the K/H-factor. Thus —Z = d,F(q,n, ) € & .



20 SIMON HOCHGERNER AND ARMIN RAINER

To see the second assertion let h € H and notice that

Ad(h).VEE(e,\) = TRy -+ . T.Lp.VE K(e,\) = VE K (e, Ad* (h).)\)
since Fy is both T*L(H)- and T* R(H )-invariant. Let 7y : K xAnnh — K x gAnnb
denote the projection. Then
Ad(h).Z = Trp. Vi, (e, Ad*(h).\) = VR AN g ) Trg.VES(e,\) =2
since F; depends only on the second factor, i.e. it is T* L(K)-invariant. O

Theorem 5.11 (Poisson structure on Weinstein space). The identification

W/K — W, ((¢;la]. 75, N)] — (lal. m: [(g, N)])
gives an induced Poisson bracket on C*°(W) = C>® (W)X which makes the stratified
isomorphism
Yo =1o(A) : THQ/K) xq/k (UgeqAmnty)/K =W — (T°Q)/K
from Theorem 5.4 into an isomorphism of Poisson spaces.

Let [(g,n,\)] € W/K =W, and f1, f2 € C®(W). Assume that Fy, Fy € C®(W)E
are lifts of f1, fo to W. Then the induced Poisson bracket on W is given by

{f17 fQ}W[(qa m, A)]
=i (@) BN, @8 5 (diFa(gm, N))
— (\, Curv (v1(9)™" ™ 0g(9)P" ™)) — (N, [do F1(g,m, N), dw Fa(g,m, \)])

where 9/ K s the canonical symplectic form on T*(Q/K), the covariant derivatives

dzFi(q,m, A) are considered as elements of T, (T*(Q/K)), and vi(q)r"™ =

-1
TT. (ng/]};)) (d5Fi(q,m,A)). Finally, Curvy, is the induced form on Q/K asso-
ciated to the mechanical connection A from Proposition 4.1.

In the case that K acts freely on @ the Poisson bracket on the reduced Poisson
manifold 7*Q/K is determined in Zaalani [34] and in Perlmutter and Ratiu [23].
In the first paper the realization of T*Q/K as Weinstein space is used, the latter
deals with its realization as Sternberg and Weinstein space.

Proof. The first part of the theorem has already been checked in the proof of The-
orem 5.4.

Let f1,fo € C®(W) and let F1,Fy, € C®°(W)X be its unique lifts to W. In
order to establish the formula for the reduced Poisson bracket we decompose the
Hamiltonian vector fields of F; and F5 as above

Vi (@0, A) = (vi(@)mild, s vi(), vi(g, ) (i =1,2).
With the intrinsic symplectic form o on W from Proposition 4.2 we have

{f1, 123" [(g;m M) = {F, B2V (g,m,0) = o(VE,, VE) (g1, A)

which turns to the desired formula by the identity 7([q],7)"**(") = v;(q)**(™), and
Lemmas 5.8, 5.9, and 5.10. g

The above theorem implies, in particular, that the embedding T*(Q/K) — W as
the zero section is a Poisson morphism when 7*(Q/K) is equipped with its standard
Poisson structure. Now, fixing A € (Annb)yn defines a smooth embedding

w:THQ/K) =T (Qu/N(H)) — Wiy, (lg]:n) — (g1, )]
where ¢ € Qu = {¢€Q:K,=H}, N(H) is the normalizer of H in K, and
(L), (L) denotes the conjugacy class of L C H in H, K respectively. A quick
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inspection shows that ¢y is, in general, not Poisson if T*(Q/K) carries its usual
Poisson structure. An element A\ € £* is called totally isotropic if €, = &.

Corollary 5.12 (Charge). If A € Annb is totally isotropic then the embedding
iy T*(Q/K) — W is Poisson if T*(Q/K) is equipped with the Poisson structure

stemming from the magnetic symplectic form Q> := Q@/EK — (X, 7* Curv{?}.
Proof. This is obvious from the formula of Theorem 5.11. (]

Due to the appealing similarity of the symplectic form Q* with that appearing in
electromagnetism Q* is called a magnetic symplectic form, and we think of the
totally isotropic momentum value A as the charge of the testparticles moving in the
electromagnetic field on the reduced configuration space /K. This analogy will be
carried further in Section 6 where we equip our particles with spin by considering
general momentum values. See Guillemin and Sternberg [12, Section 20] for a
discussion of electromagnetism in a symplectic framework.

Since Hamiltonian vector fields associated to K-invariant functions are tangent to
the isotropy type submanifolds we can define Hamiltonian vector fields on W as
follows. Let f € C®°(W) and F = ¢*f € C®°(W)X where ¢ : W — W is the
projection. Then V‘Jﬁv which is characterized by

VWoo=—{f}" 0p=T¢.V§

is a stratified vector field on W in the sense of Subsection 3.3. Let ¢y : Wy —
W(ry denote the restriction of ¢ to the isotropy stratum.

Corollary 5.13 (Hamiltonian vector fields). Let [(¢,n,\)] € W(ry = W)/ K and
f e C®(W) with unique lift ' = ¢*f. Then

V¥ l(g.m. 0] = (o, QT (d5F(g.0. ), ad" (dF (g7, X))

where we consider d ;F(q,n, A) as an element of T(}, . (T*(Q/K)) through the iso-

morphism given by the dual of the horizontal lift with respect to the mechanical

. K v—1
connection A on Q — Q/K. Moreover, vo := T([q),n)T- (Qﬁ(;m)) (dzF(q,m,N)).

Proof. Notice firstly that

~—1
VE(amA) = (0(@" @, Q) (d3F(a,n,0),8d" (= 2).2) € ker Tig.p ) 6(r)

by Lemmas 5.8, 5.9, and 5.10, and where —Z = d,F(q,n,A). We have vy =
T,m.(v(q)P" (™) then
v}/v[(qv m, )‘)] = T(q,n,A)¢(L)~v%‘(Qa m, >‘)
-1
= Tlgndw)- (@™, (QF5 ) (dzF(g,n,\),ad*(=2).2)

= (v, Q2K (AP (q.0, X)), ad" (~Z).).

The last equality in the aligned equation is true since

(0(@)" ™, QL) (@xF (0.0 0),ad" (~2).A)

is horizontal with respect to the projection ¢y : W(ry — W) which is equipped
with the structure of a Riemannian submersion. O
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6. SYMPLECTIC LEAVES

It is well known that any smooth Poisson manifold foliates into smooth symplectic
initial submanifolds. These symplectic submanifolds are the leaves of the integrable
distribution with jumping rank defined by the Hamiltonian vector fields. In particu-
lar, if (M, w) is a symplectic manifold which is acted upon in a Hamiltonian fashion
by a compact Lie group K such that this action is free this is true for the quotient
manifold M /K which carries an induced Poisson structure. Moreover, the symplec-
tic leaves of M /K are simply the connected components of the Marsden-Weinstein
reduced spaces M // o K where O is a coadjoint orbit.

In the present context where M/K = (T*Q)/K is a singular Poisson space such a
statement cannot be true in this form. (We continue to assume that @ is of single
isotropy type, i.e., @ = Q) whence the cotangent lifted action has a non-trivial
isotropy lattice if H # {e}.) However, using that Hamiltonian vector fields associ-
ated to K-invariant functions are tangent to isotropy type submanifolds (7*Q)r,)
we can still define a characteristic distribution on (7*Q).y/K, and find in Sub-
section 6.3 that its symplectic leaves are the connected components of the smooth
symplectic manifold T*(Q/K) xq/x (L,eqO N Annty)r)/K. This result is put
into perspective in Subsection 6.2 where we recall the singular Weinstein space
description of T*Q//o K 2 W//o K.

6.1. Universal reduction procedure. The singular reduction diagram of Ortega
and Ratiu [20, Theorem 8.4.4] adjoined to the universal reduction procedure of
Arms, Cushman, and Gotay [3], see also [20, Section 10.3.2] applied to the Weinstein
space has the following form.

5 (0) ' N ——— W

| |

1R (0)/ K +—— i3 (N Kn—— W/K —=—=W

where A € pa(W) and O is the coadjoint orbit passing through A. In this diagram
the isomorphism 1" (\)/K) = W//oK is an isomorphism of singular symplectic
spaces with smooth structure, and the inclusion p;'()\)/Ky — W is a morphism
of singular Poisson spaces. In the universal reduction scheme of Arms, Cushman,
and Gotay [3] this morphism is actually used to equip p,'()\)/Ky with a Poisson
structure. Therefore, it is sensible to expect the smooth symplectic leaves of W
to be the connected components of the smooth symplectic strata of W//oK. The
latter space is described in the next subsection.

6.2. Symplectic reduction of W. Let O be a coadjoint orbit in the image of the
momentum map g4 : YW — €, and let (L) be in the isotropy lattice of the K-action
on W such that W?L) = p; (O) N Wz # 0. Then we have

o
(1) W) = W,
the canonical embedding, and the orbit projection mapping
7T(OL) : W?L) - W?L)/K = W//oK)w)-
Consider furthermore
p?L) : (I—quQO NAnntg) ) — (quQO NAnnt,) /K

and
IJ(OL) t(Uye@OMAmEy) () — O, (q,A) — A



SINGULAR POISSON REDUCTION OF COTANGENT BUNDLES 23

as well as the embedding
j(OL) t(Uye@O N A Ey)(n) — [,eoAnnty.

Finally, we denote the Kirillov-Kostant-Souriou symplectic form on O by Q©, that
is Q9(\)(ad*(X).\,ad*(Y).\) = (\, [X,Y]). Remember from Proposition 4.2 that
the symplectic structure on W is denoted by o.

Theorem 6.1 (Gauged symplectic reduction). Let Q = Q g, let O be a coadjoint
orbit in the image of the momentum map pa : W — €, and let (L) be in the
isotropy lattice of the K -action on W such that W?L) =, (0) AWy # 0. Then
the following are true.

(i) The smooth manifolds W // oK)y and
(O//OH)(LD)H =: (O ﬂAnnh)(LD)H/H

are typical symplectic strata of the stratified symplectic spaces W// oK and
O//oH respectively. Here Lg is an isotropy subgroup of the induced H-action
on O and (Lo)™ denotes its isotropy class in H.

(ii) The symplectic stratum (W// oK)y can be globally described as

W/oK)w) =T (Q/K) xq/x (U,eqO NAnnty) 1)/ K

whence it is the total space of the smooth symplectic fiber bundle
(O oH)(Loyr—— W/ oK)(1) —— T*(Q/K)

Hereby Ly is an isotropy subgroup of the induced H-action on O which is
conjugate in K to L, and (Lo)" denotes its isotropy class in H.

(iii) The symplectic structure J(OL) on W//oK)y is uniquely determined and
given by the formula

(1) 01y = (1) o = (malWiz) Q2

More precisely,
o Q/K
oLy = Qe/ 68)

where 68) € Qz((uquO NAnnt,) )/ K) is defined by
(p?L))*ﬁ(OL) = (j(OL))*dB + (V(OL))*QO-

Finally B is the form that was introduced in Proposition 4.2. Thus for (¢, \) €
(U,eO NAnnty) 1) and

(v, ad™ (X;).A) € T2 (Uye@O N Annty) )
where 1 = 1,2 we have the explicit formulas
Bg xy(vi,ad”™ (X;).A) = (A, Ag(vy))
and also
dBg ) ((v1,ad™(X1).A), (v2,ad™(X2).)))
= (A, Curvy (v1,02)) + (A, [X2, Z1]) — (N, [X1, Za]) + (A, [Z1, Za))

where v; = (z,(q) ® v} € Ver, @ Hor, is the decomposition into vertical and
horizontal parts with Z; € €.
(iv) The stratified symplectic space can be globally described as

W//OK = T*(Q/K) XQ/K I—lqEQO N AnnEq/K
whence it is canonically the total space of

OfflH——W//oK — T*(Q/K)
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which is a singular symplectic fiber bundle with singularities confined to the
fiber direction in the sense of Definition 3.15.

Proof. Assertion (i) is a well-known principle of stratified symplectic reduction —
see Ortega and Ratiu [20, Section 8.4]. The other assertions are proved in [14,
Theorem 5.5] O

6.3. Symplectic leaves of W = W/K. Let O be a coadjoint orbit in the image
of the cotangent bundle momentum map p: T*Q — €*. As before (L) denotes an
isotropy type of the K-action on T*Q, and (L) denotes an isotropy type of the
Ad*(H)-action on O. Let A € ONAnnbh with KxNH =Ly C H. We want to
make use of the Witt-Artin decomposition and thus denote the symplectic slice of
the H-action on O at A by

V= (6.0 /(5.))
where Q€ denotes the positive KKS-form on @. Notice that this is well defined
since HA = Ad"(H).A C ONAnnb is an isotropic submanifold of O. (The H-
action on O is Hamiltonian with momentum map O — h* given by restriction to
h.) By construction V is a symplectic vector space. Thus this is also true for the
linear subspace Vi, := {v € V : H, = Lo} of fixed symmetry type.

Lemma 6.2. Under these assumptions (ONAnnb) = is a smooth manifold and
Tx\(O N A ) (poyr = T(e),0)(H/Lo x Vi,). Furthermore, (O N Annb) i yu/H is
a smooth symplectic manifold and Tix)((O N Annb)pym/H) = V.

Proof. This is a direct consequence of the Symplectic Slice theorem. See Ortega
and Ratiu [20, Chapter 7] for a treatment of this theorem and [20, Section 8.1] for
the way in which it is used. O

For notational convenience we abbreviate (O N Annb) . yu /H =: (O//oH)(pLy) -

Lemma 6.3. Assume that [(q,n,\)] € Wy = Wy/K and f € C*(W) with
unique lift F'=¢*f. Let ¢ € Qu and X\ € (Annb)yu where Lo C H is conjugate
to L within K. Then

V(g m,N] € Ty (TH(Q/K)) x Tiny(O//oH) Loy -

Moreover, the latter space is the real span of local Hamiltonian vector fields evaluated
at [(q,m, A)].

Proof. According to Corollary 5.13 we have

V¥ (g M) = (oo, Q2T (d5F (g, N). ad” (duF(g, 7, 1).A)

where we consider d 3F'(¢,7,A) as an element of T}, (T (Q/K)) through the iso-
morphism given by the dual of the horizontal lift with respect to the mechanical con-

. K -1
nection A on @ — Q/K. Moreover, vg := T(jq,n)T- (Q(th;]m)) (d5F(q,m,7)). By

Lemma 6.2 we have to check that ad*(—Z).\ € Vi, = ((b.)\)QO/(b.)\))LO. Indeed,
by Lemma 5.10 it is true that Ad(h).Z = Z for all h € H where Z := —d,F(q,n, \).
Thus [Z, ] = 0 whence ad*(—Z).\ € (h.A)2° and even ad*(—Z).A € (5.0 /(h.)).
Moreover, it follows that h.ad*(—Z).A = ad*(—=Z).Afor allh € HNK) = Ly. How-
ever, since ad*(—Z).)\ is also an element of the Riemannian slice of the H-action
on O at A\ it follows that Had*(f 2 C Hy = Ly since this is a general feature of
Riemannian slices. Therefore, ad*(—Z).\ € V., as claimed.

The second claim follows by going again through the proof of Lemma 5.10. (]
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Let P(r,y denote the coinduced Poisson two-tensor on Wry. Then we may rephrase
the above lemma by saying that

Py (T{gnWw)) = Tiq.n (T (Q/K)) x Ti\(O//oH) (1) -

Thus we get the following theorem.

Theorem 6.4 (Symplectic leaves). Let (L) be an element of the isotropy lattice of
the K-action on W. Then the characteristic distribution of the coinduced Poisson
structure Ppy on W(py is given by

Py (T*Wiry) = T(THQ/K) X gk (UyeqO N Annty) 1) /K)

whence the smooth symplectic leaves of Wy are the connected components of the
smooth symplectic manifolds

W/ oK)w) =T (Q/K) Xq/x (U;eqO NAnnty) /K.

The symplectic form which makes the inclusion (W//oK)y — W) a Poisson
morphism as that of Theorem 6.1.

Proof. The statement about the integrability of the characteristic distribution is
tautologous since it is described as the tangent bundle of a smooth manifold. The
inclusion (W//oK) ) < W(z) is a Poisson morphism by the reasoning of Subsec-
tion 6.1. |

6.4. Charge and spin. We shortly describe and interpret some special cases of
Theorem 6.4. Retaining assumptions and notation of this theorem we additionally
require that (||, coAnnt,)/K — Q/K be a trivial vector bundle so that

(Uye@O NAMEy) (1) /K) = Q/K x Of/oH and W//oK = T*(Q/K) x O//oH.

If O//oH = {point} = {A} then we obtain the same result as in Corollary 5.12, i.e.
T*(Q/K) inherits the magnetic symplectic form Q* := Q@/K — (X 7*Curv{').

If O//oH is non-trivial then W//p K = T*(Q/K) x O//oH with its induced sym-
plectic structure

Qg,n, [N]) = Qg/rg — (A, T Curvy) — Qg]

(where Q€ denotes the reduced symplectic form on O //oH obtained from the KKS-
form on O) describes the phase space of a (color)-charged particle moving on Q/K
under the influence of the field Curvé4 and with internal spin parameters corre-
sponding to O//oH.

7. EXAMPLES

7.1. Calogero-Moser space. In the spirit of Hochgerner [14] we can apply The-
orem 5.11 to obtain rational versions of spin Calogero-Moser systems. That is, let
V' be a real Euclidean vector space and K a connected compact Lie group that
acts on V through a polar representation. Via the inner product we consider the
cotangent bundle of V' as a product 7%V =V x V. The canonical symplectic form
Q is thus
Qa,0)((a1,01), (a2, a2)) = (a2, a1) — (a1, az)

where ( , ) is the inner product on V.

The cotangent lifted action of K is the diagonal action on V' x V. According to
Dadok [9] we may think of the action by K on V as a symmetric space representation
and thus consider €@V =: [ as a real semisimple Lie algebra with Cartan decompo-
sition into ¢ and V', and with bracket relations [¢,€] C & [¢,V] C V,and [V,V] C V.
The momentum mapping corresponding to the K-action on 7*V =V x V is now
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given by p: VXV — & =¢ (a,a) — [a,a] = ad(a).c where we identify £ = £* via
an Ad(K)-invariant inner product.

Let V. denote the open and dense subset of V' consisting of regular elements. Follow-
ing the ideas of Alekseevsky, Kriegl, Losik, Michor [1] we can interpret the Poisson
reduced space (T*V,.)/K as the Poisson phase space of a rational spin Calogero-
Moser system. Indeed, let H denote the free Hamiltonian on T*V,. and h its induced
Hamiltonian on (7*V;)/K. Then the Hamiltonian vector field of h computed by
Theorem 5.11 and its Corollary 5.13 is exactly minus the one of the Calogero-Moser
Hamiltonian in [1, Section 6.5]. (The difference in the sign comes from a different
convention in defining the Hamiltonian vector field of a function.) According to
Section 6 the smooth symplectic leaves of (T*V,.)/K are given by the connected
components of smooth strata of (T'*V,.)//0K where O is a coadjoint orbit in £*.
The latter space is described in [14, Section 6.3].

7.2. Orbit type SO(5)/SO(3). Let SO(5) act on S° C R’ x R’ through the
diagonal action. We denote by @ the open and dense subset of elements (v, w) €
S92 C R® x R® such that v and w are linearly independent. Clearly, Q is preserved
by the SO(5)-action, and constitutes, moreover, the regular stratum with respect
to this action. Thus @ is of single isotropy type, and this type is easily seen to be
H :=S50(3) C SO(5) =: K. Writing K as a matrix group we embed H in the usual
way in the lower right corner. The orbit space Q/K can be identified with the open
disk B? of radius 1 in R?, and the projection Q — Q/K is a (non-principal) fiber
bundle with typical fiber K/H.

We consider the cotangent lifted K-action on T*@Q. This is clearly a non-free action
with a non-trivial isotropy lattice. By Theorem 5.11 the singular Poisson reduced
space with respect to the lifted K-action is of the form

T*B* x Annh/Ad*(H),

since the bundle (|, coAmn¢,)/K — Q/K = B? is, in this case, trivial. Using the
trace form we identify Ann b with . Now, the map

bt — R x R® x R?, (ij)ij — (221, (¥h1)jgs (Th2)jg) = (£, v, w)

is a linear isomorphism that is equivariant for the H-action on the right hand
side which acts trivially on the R-factor and in the standard diagonal way on the
R? x R3-factor. Thus the singular Poisson reduced space with respect to the lifted
K-action is of the form

T*B% x R x R® x5 R®.
However, the induced Poisson structure is not obvious at all (if we did not have
Theorem 5.11). The stratification is the product stratification induced by the ob-
vious stratification of (R® x R®)/H. Notice also that the induced form Curvy' on
B? which comes from the mechanical curvature is by Proposition 4.1 R-valued and
evaluates on the t¢-factor.
In order to get a non-trivial symplectic leaf of T* B2 x Annbh/Ad*(H) let

0 1 1 0 0

-1 0 -1 1 0
A=|-1 1

0 -1

0 0

and O be the (co-)adjoint orbit through A. Doing the appropriate linear algebra one
sees that dim €y = 2, dim &} =8, hN €y = {0}, and dim b N &+ = 5. Doing a little
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more linear algebra the symplectic normal space (see, in particular, Subsection 6.3)
to the H-action on O at A computes to be

0 t a 0 0
-t 0 t a O
V={]-a -t :t,a € R}.
0 —a
0 0

Since h N €\ = {0} we thus get Vi, = V whence T} ((O N Annb)yu/H) =V. In
particular, the symplectic leaf passing through

T*B? x {[\]} C T*B? x Annh/Ad*(H) = T*B? x R x R* x y R?

is 6-dimensional. Further and more detailed investigation into this example will be
written up elsewhere.
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