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The purpose of this paper is to generalize the (Poisson) Optimal Reduction Theorem in
Ortega and Ratiu [Momentum Maps and Hamiltonian Reduction. Progress in Mathe-
matics 222. Boston, MA: Birkhduser. xxxiv, 497pp., 2004] to general proper Lie group
actions on Dirac manifolds, formulated both in terms of point and orbit reduction.
A comparison to general standard singular Dirac reduction is given emphasizing the

desingularization role played by optimal reduction.

1 Introduction

Dirac structures, introduced in [9] and systematically investigated for the first time in
[8], have a wide range of applications in geometry and theoretical physics. They include
2-forms, Poisson structures, foliations and also provide a convenient geometric setting
for the theory of nonholonomic systems and circuit theory. The study of sub-objects and
quotient objects in the Dirac category, central in the theory of reduction, is of particular

interest.
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Recent years have seen a significant development of Dirac structures from the
geometric point of view as well as in applications. In the presence of symmetry, one can
perform reduction to eliminate variables; see [2, 4, 6, 8, 16, 19, 31, 32], for the regular
case and [3, 17, 18], for the singular situation. All these reduction procedures are in the
spirit of Poisson reduction [12, 15, 22, 25].

In symplectic reduction, a central role is played by the momentum map. While
its existence in the symplectic category is not guaranteed, in concrete applications,
it is rarely the case that a symplectic Lie group action fails to admit a momentum
map. The situation is, however, drastically different in the Poisson category, where
the existence of the momentum map imposes unreasonable constraints on the symme-
tries. Because of that, Ortega and Ratiu [23] introduced the optimal momentum map,
a conservation law of a Poisson symmetry, that is always defined and has values in
a topological space. A reduction method based on the optimal momentum map was
proved.

In this paper, we generalize the optimal momentum map and the optimal reduc-
tion procedure in [23] to closed Dirac manifolds . (Historically, “closed” and “integrable”
Dirac manifolds were synonyms. However, due to the relation of Dirac geometry to
groupoids, an “integrable” Dirac structure is one that, viewed as an algebroid, inte-
grates to a groupoid. This is the reason why, in this paper, we use exclusively the term
“closed”). As we shall see, with necessary assumptions and appropriately extended def-
initions, this important desingularization method works also for Dirac manifolds. The
power of optimal reduction can be immediately seen, already for free actions (3), by not-
ing that it has as a trivial corollary, the stratification in presymplectic leaves of a closed
Dirac manifold.

Singular optimal reduction is carried out in two steps. First, one considers
appropriately chosen distributions jointly defined by the symmetry group and the Dirac
structure. In the free case, this reduces to one distribution that is automatically inte-
grable in the sense of Stefan and Sussmann if the hypotheses for regular/standard Dirac
reduction are satisfied. In the nonfree case, this is no longer true, in general. However,
if these generalized distributions are integrable, their leaves define the level sets of cor-
responding natural optimal momentum maps.

Second, one passes to the quotient and constructs on it the reduced Dirac struc-
ture. It is not possible to extend this result in a naive manner to nonclosed Dirac struc-
tures because the first consequence of nonclosedness is the nonintegrability of the pro-
jection of the Dirac structure on its tangent part, and hence, in general, the distribution

used in the previously described reduction process is also nonintegrable.
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1.1 Outline of the paper

In Section 2.1, we briefly review the relevant definitions and properties of generalized
distributions; special attention is given to integrability conditions for tangent distribu-
tions. Section 2.2 recalls the general theory of Dirac structures and Dirac actions of Lie
groups and Lie algebras. The necessary material from the theory of proper Lie group
actions is reviewed in Section 2.3 and the concept of descending sections of the Pontrya-
gin bundle is recalled.

In Section 3, we summarize the results obtained later on in the particular case
of a free Lie group action. No proofs are provided since they will be done for the general
case in subsequent sections. Nevertheless, we believe that this section is helpful, since
it illustrates the much more complicated general theory in a simple case; the distribu-
tion appearing here is the image of an appropriately chosen Lie algebroid by its anchor
map.

Section 4 is devoted to the study of two special distributions that are cru-
cial in the reduction procedure; they are called optimal distributions and are asso-
ciated to orbit and isotropy types, respectively. Under the necessary conditions for
standard singular reduction, these two optimal distributions are algebraically invo-
lutive and a hypothesis is given so that the one associated to isotropy types is
integrable.

In Section 5, we introduce and study two optimal momentum maps, objects
always available for canonical Lie group actions on closed Dirac manifolds if the optimal
distributions are spanned by their descending sections and are integrable. If the Dirac
structure comes from a Poisson manifold, these conditions are always satisfied and the
two optimal momentum maps coincide. Optimal reduction is presented in Section 6.
Two point optimal reduction theorems associated to the two optimal momentum maps
are proved. In addition, an optimal orbit reduction theorem is presented and is shown
that the three reduction procedures, that is, the two optimal point reduction and the
optimal orbit reduction, are equivalent.

In Section 7, we show that standard and optimal Dirac reductions are equivalent
under appropriate hypotheses. Section 8 is devoted to the study of several examples
illustrating the theory.

A first appendix recalls an averaging method for vector fields, 1-forms and func-
tions on a manifold acted upon properly by a Lie group. A second appendix summarizes
the technical results used to compute the symmetry invariant generators for the set of

invariant vector fields used in the examples.
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1.2 Notation and conventions

We write C*° (M) for the sheaf of local functions on M. That is, an element f e C*(M) is
a smooth function f:U — R, with U an open subset of M. In the same manner, if E is a
vector bundle over M, or a generalized distribution on M, we denote by I'(E) the set of
local sections of E. In particular, the sets of local vector fields and 1-forms on M will be
denoted by X(M) and £2' (M), respectively. We will write Dom(o) for the open domain of
definition of 0 € I'(E).

The Lie group G is always assumed to be connected; g denotes its Lie algebra.
All G-actions on M are smooth and are denotedby @:G x M — M, (g m)+—>gm=g-m=
®4(m), forall ge G and m e M. If £ e g, then &)y € X(M) defined by &y (m) := %h:o exp(t&) -
m is called the infinitesimal generator or fundamental vector field defined by &.

A section X of TM (respectively, o of T*M) is called G-invariant, if ®;X =X
(respectively, ;o = ) for all g € G. Here, the vector field @;X is defined by ¢, X = T g1 o
X o @y, that is, (PgX) (M) = TymPg1 X (gm), for all m € M.

Recall that a subset N C M is an initial submanifold of M if N carries a mani-
fold structure such that the inclusion (: N < M is a smooth immersion and satisfies the
following condition: for any smooth manifold P, an arbitrary map g: P — N is smooth
if and only if tog: P — M is smooth; in this case, ¢ is said to be a regular immersion.
The notion of initial submanifold lies strictly between those of injectively immersed and

embedded submanifolds.

2 Generalized Distributions, Symmetries, and Standard Dirac Reduction
2.1 Generalized distributions

The Pontryagin bundle Py, of a smooth manifold M is the direct sum Py =TM & T*M.
A generalized distribution A on M is a subset A of Py such that for each m € M, the
set A(m):= ANPy(m) is a vector subspace of Py(m) =T, M x T, M. The rank of A at
m e M is dim A(m). A point m € M is a regular point of the distribution A if there exists
a neighborhood U of m such that the rank of A is constant on U. Otherwise, m is a
singular point of the distribution.

A local differentiable section of A is a smooth section o € I'(P;;) defined on some
open subset U C M such that o(u) € A(u), for each ue€ U; the open domain of definition
of o is denoted by Dom(c). Let I"(A) be the space of differentiable local sections of A. A
generalized distribution is said to be differentiable or smooth if, for every point m € M

and every vector v € A(m), there is a differentiable section o € I'(A) defined on an open
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neighborhood U of m such that o (m) =v. A subset SC I'(Py) is said to span the smooth
generalized distribution A if I"'(A) = span;« g, (S); S spans pointwise A if for all m € M,
the values of the elements of S at m span A(m).

A smooth generalized distribution contained in TM is called a smooth tangent
distribution; a smooth generalized distribution contained in T*M is called a smooth

cotangent distribution.

2.1.1 Smooth orthogonals and annihilators

The Pontryagin bundle Py, = TM & T*M of a smooth manifold M is endowed with a non-

degenerate symmetric fiberwise bilinear form of signature (dim M, dim M) given by

((Um> am)s (Vms Bm)) = (Bm,» Um) + (@m, Um) (1)

for all wy, v, € TnM and oy, Bim € Ty, M.
If ACPy is a smooth generalized distribution, its smooth orthogonal is the

smooth generalized distribution A+ C Py, defined by

7 € I'(Py) with m € Dom(7)is such that for all
At(m):={t(m) o € I'(A) with m € Dom(o),

we have (o, 7) =0 on Dom(z) N Dom(o)

Note that the smooth orthogonal of a smooth generalized distribution is smooth, by
construction. The inclusion A ¢ A1L is, in general, strict. If the distribution A is a vector
subbundle of Py, then its smooth orthogonal is also a vector subbundle of Py,.

Let 7 € TM be a tangent distribution. The smooth annihilator of 7 is the smooth
codistribution 7° C T*M defined by

ae (M), m e Dom(x) and a(X) =0

T°(m):= {am
on Dom(«e) NDom(X) forall X e I'(7)

for all m € M. Analogously, we define the smooth annihilator C° € TM of a codistribution
CCT*M.

The tangent distribution V spanned by the fundamental vector fields of the
action of a Lie group G on a manifold M is defined at every point m e M by V(m):=
{Em(m) | &€ € g}. If the action is not free, the rank of the fibers of V can vary on M. The
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smooth annihilator V° of V has the expression
V°(m) = {a(m) |« € 21 (M), m € Dom(c), such that a(£y) =0 for all £ € g}.

We will also use the smooth generalized distribution K :=V & {0} C Py, and its smooth
orthogonal K+ =TM & V°.

2.1.2 Generalized foliations and integrability of tangent distributions

To give content to the notion of integrability of a smooth tangent distribution and elab-
orate on it, we need to quickly review the concept and main properties of generalized
foliations (see [26-29] for the original articles and [21, 24, 30], or [23], for a quick review
of this theory).

A generalized foliation on M is a partition §:={Ly4}eca of M into dis-
joint connected sets, called leaves, such that each point m € M has a generalized
foliated chart (U,¢:U — V CRY¥™M) m cU. This means that there is some natu-
ral number p, <dim M, called the dimension of the leaf L,, and a subset S, C
RAmM-p: gyuch that ¢(U N L,) ={(x',...,x3mM) cp|(xPtl . x3mM)yc g1 Note that
each (xP+1 ..., XfimM) € S, determines a connected component (U N L), of U N L,, that
is, (U N Ly)o) = {(x', ..., xP xPt1  x3mMy ¢y} The key difference with the concept
of foliation is that the number p, can change from leaf to leaf. The generalized foliated
charts induce on each leaf a smooth manifold structure that makes them into initial
submanifolds of M.

A leaf L, is called regular if it has an open neighborhood that intersects only
leaves whose dimension equals dim £,. If such a neighborhood does not exist, then £,
is called a singular leaf. A point is called regular (singular) if it is contained in a regular

(singular) leaf. The set of vectors tangent to the leaves of § is defined by

TM.F) =) | TnlecTM.

acAmel,

Let us turn now to the relationship between distributions and generalized foli-
ations. In all that follows, 7 is a smooth tangent distribution. An integral manifold of
7 is an injectively immersed connected manifold ¢y : L < M, where ¢; is the inclusion,
satisfying the condition T, (TnL) C 7 (m), for every m € L. The integral manifold L is
of maximal dimension at m € L if T, (T, L) =7 (m). The distribution 7 is completely

integrable if for every m € M there is an integral manifold L of 7, m € L, everywhere of
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maximal dimension. The distribution 7 is involutive if it is invariant under the (local)
flows associated to differentiable sections of 7. The distribution 7 is algebraically invo-
lutive if for any two smooth vector fields defined on an open set of M which take values in
7T, their bracket also takes values in 7. Clearly, involutive distributions are algebraically
involutive and the converse is true if the distribution is a vector subbundle.

Recall that the Frobenius theorem states that a vector subbundle of TM is alge-
braically involutive if and only if it is the tangent bundle of a foliation on M.

The same is true for distributions under the involutivity assumption: A smooth
distribution is involutive if and only if it coincides with the set of vectors tangent to a
generalized foliation, that is, it is completely integrable. This is known as the Stefan-
Sussmann Theorem.

We will formulate the Stefan-Sussmann theorem in the setting of a smooth tan-
gent distribution spanned by a family of vector fields. Note that each smooth tangent
distribution is spanned by the family of its smooth sections.

Let F be an everywhere defined family of local vector fields on M. By every-
where defined, we mean that for every m € M there exists X € F such that m € Dom(X).
Associate to the flows of the vector fields in F the set of local diffeomorphisms Ar :=

{¢¢ | ¢¢ flow of X € F} of M and the pseudogroup of transformations generated by it,

Ay;:(JLM)LJ{(th1 o~--o¢g|neNand¢§€Af 0r(¢t'f€)‘le¢4ffor k=1,...,n}.

Analogously, we also define, for any ze M, the following vector subspace of T,M:

¢«() | ¢; flow of X € F, ¢y (y) =2

.,

Dr(z) :=spany : d

=spang{X(2) € T;M| X € F and z€ Dom(X)}.

Note that, by construction, D is a smooth tangent distribution; Dz is said to be the
smooth tangent distribution spanned by F.

The Ar-orbits, also called the accessible sets of the family F, form a generalized
foliation (see, e.g., [23]). An important question is determining when the smooth tangent

distribution D spanned by F is integrable.
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Theorem 2.1 ([27, 29]). Let Dy be a differentiable generalized distribution on the
smooth manifold M spanned pointwise by an everywhere defined family of vector fields

F. The following are equivalent:

1. The distribution Df is invariant under the pseudogroup of transformations
generated by F, that is, for each ¢r € Ar and for each ze M in the domain
of ¢r,

T;¢1(Dr(2) = Dr(¢1(2).

2. The distribution Dy is integrable and its maximal integral manifolds are the
Ar-orbits. O

As already mentioned, given an involutive (and hence a completely integrable)
distribution 7, each point m € M belongs to exactly one connected integral manifold £,,
that is maximal relative to inclusion. It turns out that £,, is an initial submanifold and
that it is also the accessible set of m, that is, £,, equals the subset of points in M that
can be reached by applying to m a finite number of composition of flows of elements
of I'(T). The collection of all maximal integral submanifolds of 7 forms a generalized
foliation §7 such that 7 = T(M, §7). Conversely, given a generalized foliation § on M,
the subset T'(M, §) C TM is a smooth completely integrable (and hence involutive) dis-
tribution whose collection of maximal integral submanifolds coincides with §. These

two statements expand the Stefan-Sussmann Theorem cited above.

2.2 Generalities on Dirac structures
2.2.1 Dirac structures

Recall that the Pontryagin bundle Py, = TM & T*M of a smooth manifold M is endowed
with a nondegenerate symmetric fiberwise bilinear form of signature (dim M, dim M)
given by (1). A Dirac structure [8, 9] on M is a Lagrangian subbundle D c Py. That
is, D coincides with its orthogonal relative to (1) and so its fibers are necessarily
dim M-dimensional.

The space I'(TM & T*M) of smooth local sections of the Pontryagin bundle is

also endowed with a R-bilinear skew-symmetric bracket (which does not satisfy the
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Jacobi identity) given by

(X, @), (¥, )] := (X, Y], £xB — £y + 3d(a(Y) — B(X)))

= (X, Y], £xB — iy da — ;d((X. ). (Y. B))) (2)

(see [8]). The Dirac structure is closed (or integrable) if [I"(D), I'(D)]c I'(D). Since
(X, ), (Y, B))=0 if (X,a), (Y,B) € I'(D), integrability of the Dirac structure is often
expressed in the literature relative to a nonskew-symmetric bracket that differs from
(2) by eliminating in the second line the third term of the second component. This trun-
cated expression which satisfies the Jacobi identity but is no longer skew-symmetric is
called the Courant-Dorfman bracket:

(X, ), (Y, )l:= (X, Y], £xB — iy da). (3)

A Dirac structure D on a manifold M defines two smooth tangent distributions
Go, Gy C TM and two smooth cotangent distributions Py, Py C T*M; their fibers at m € M

are:

Go(m):={X(m) e T,,M | X € X(M), (X,0) e I'(D)},

Gi(m):={X(m) € T,, M | X € X(M), there exists « € 2! (M), such that (X, «) € I'(D)},
and

Po(m) :={a(m) € T, M |a € 2' (M), (0, a) € I'(D)},

Pi(m):={a(m)e T, M|ac 2Y(M), there exists X € X(M), such that (X, «) € I'(D)}.

The smoothness of Gp, G1, Pg, and P4 is obvious since, by definition, they are generated
by smooth local sections. In general, these are not vector subbundles of TM and T*M,
respectively. It is also clear that Go C Gy and Py C Py. In general, Po =Gj, Go=Pj, P1 C
Gg, and Gy € P§. If Py (respectively, G1) has constant rank on M, the first (respectively,
second) inclusion is an equality.

A function fe C*(M) is called D-admissible, or simply admissible if there is no
possibility of confusion, if there exists a vector field X € X(M) such that (X, d f) € I'(D).
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The section (X, d f) is then called (D-) admissible or (D-)Hamiltonian and X =: Xy is a
(D-)Hamiltonian vector field for f.

Note that the vector field X is not unique, if Go # {0}; if X is a Hamiltonian vec-
tor field for f, then, for any section Z of Go, the sum Xr + Z is also a Hamiltonian vector
field for f. Indeed, since (Xf, df),(Z,0) e I'(D),the sum (Xf+ Z,df)=(Xr, df) + (Z,0)
is also a section of D. The smooth tangent distribution Gp is spanned by the Hamiltonian
vector fields of the constant functions, which are consequently all admissible.

Define a bracket {-,-}p on the set C*(M)P of admissible functions by { £, g}p :=
X¢(g)=—Xy(f) for all f,geC>(M)P. This bracket does not depend on the choices
made for X, and Xy, and if the Dirac manifold (I, D) is integrable, {-, }p: C®(M)P x
C>®°(M)P — C°(M)P is a Poisson bracket on C>°(M)P.

2.2.2 Properties of integrable Dirac structures

Assume that (M, D) is an integrable Dirac manifold. Then, relative to the Courant bracket
(3) and the anchor w7y : D — TM given by the projection on the first factor, D becomes
a Lie algebroid over M. The smooth distribution Gy =nry(D) C TM is then completely
integrable in the sense of Stefan and Sussmann and each leaf N of G¢ inherits a presym-

plectic form wy given by

wn(X, ¥)(p) =a(Y)(p) = —B(X)(p), (4)

for all pe N and X, Y € X(N), where X, Y € I'(G,) are arbitrary sections ty-related to X
and Y, respectively, and (y : N < M is the inclusion; (y-relatedness is denoted by f(fle
X, f/NtN Y. The 1-forms o, B € 2'(M) are such that (X, ), (¥, 8) € I'(D). Formula (4) is
independent of all the choices involved. Note that there is an induced Dirac structure
on N given by the graph of the bundle map b: TV — T*N associated to wy. The proofs
of these facts can be found in [8]. Since G4 has constant rank on N, the codistribution
Po has also constant rank on N and DN (TN & T*M|y) is a smooth vector bundle over N.

Then the induced Dirac structure Dy on N can be described in the following way:

I'(Dy) :={(X,&) | 3(X, a) € I'(D) such that X ~,, X and & = (}a} (5)

(see [8] or [16]).
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Let (M, D) be a closed Dirac manifold and f € C*®(M)P a smooth admissible func-

tion. Let ¢ be the flow of a corresponding Hamiltonian vector field X¢. Since

(Ex,X, £x,0) =[(Xyr, df), (X,a)] € (D)

for all (X, «) € I'(D), we also have (¢; X, ¢fa) € I'(D), for all (X, «) € I'(D). (This implica-
tion is standard, but the proof is difficult to find in the literature. It is carried out in
[13, 14].) We get the following theorem (see also [8, Theorem 2.4.1]):

Theorem 2.2. Let (M, D) be a closed Dirac manifold, f e C*> (M) an admissible function
of (M, D), and X a Hamiltonian vector field for f. Let ¢ be the flow of X ;. The Dirac
structure is invariant under ¢; for all ¢ for which ¢; is defined, that is, (¢; X, ¢fo) € I'(D)
for all (X, «) € I'(D). O

Thus, if ge C*(M)P is an admissible function and ¢ is the flow of the vector
field X, then the function ¢; g is also admissible. Furthermore, if X is a solution of the
implicit Hamiltonian system (X, dH) € I'(D) for a Hamiltonian H € C*(M)P, then the
Dirac structure D is conserved along the solution curves of the system.

Note that if X is an arbitrary section of Gy, it is not possible to show in the same
manner that the Dirac structure is conserved along the flow lines of X. Recall also that
the space of sections of Gy is not necessarily generated by {X ¢ | f admissible}. Therefore,
the flows of sections of Gy do not conserve the Dirac structure of M, in general. As we
shall see later on, this is a major technical problem. Certain conditions on the admissible

functions will have to be imposed.

2.3 Proper actions and orbit-type manifolds
2.3.1 The stratification by orbit types

In this section, we consider a smooth and proper action

D:Gx M— M,

(g m)— ®&(g,m)=P,(m)=gm=g-m

of a Lie group G on a manifold M. Let 7 : M — M := M/ G be the orbit map.
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For each closed Lie subgroup H of G, we define the isotropy type set

Mp={meM|Gn=H]},

where G, ={ge G|gm=m} is the isotropy subgroup of m € M. Since the action is
proper, all isotropy groups are compact. The sets My, where H ranges over the closed
Lie subgroups of G for which My is nonempty, form a partition of M and therefore they
are the equivalence classes of an equivalence relation in M. Define the normalizer of H
in G by

N(H):={geG|gHg '=H};

N(H) is a closed Lie subgroup of G. Since H is a normal subgroup of N(H) the quotient
N(H)/H is a Lie group. If m € My, we have G, = H and Gy, = gHg * for all g€ G. Con-
sequently, gm € My if and only if g€ N(H). The action of G on M restricts to an action
of N(H) on My, which induces a free and proper action of N(H)/H on My.

Define the orbit type set

Mg :={m e M| G, is conjugated to H}. (7)

Then,

Mg ={gm|ge G, me My} =n""(n(Mpy)).

The connected components of My and Mg, are embedded submanifolds of M; therefore,

My is called an isotropy-type manifold and My, an orbit-type manifold. Moreover,

(M) ={gm|me My}/G = My/N(H) = My /(N(H)/H).

Since the action of N(H)/H on My is free and proper, it follows that My /(N(H)/H) is a
quotient manifold of My. Hence, the subset 7 (Mg)) € M= M/ G is a manifold.

The partitions of M by the connected components of the orbit-type manifolds
is a decomposition of the differential space M. The corresponding stratification of M
is called the orbit-type stratification of M [11, 24]. The orbit space M = M/G with its
quotient topology has also the structure of a stratified space with strata the projections

of the connected components of the orbit-type manifolds.
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2.3.2 Descending sections of Py,

Let V; be the cotangent distribution on M spanned pointwise by the G-equivariant
sections of V°, that is, Vg(m):={am|aec I V°)°}={df(m)| feC®(M)®} (see [18,
Lemma 5.8]). If « € "'(V°)%, it pushes-forward to the “1-form” &« := 7« such that, for every
Y € X(M) and every vector field Y € X(M) satisfying Y ~, ¥, we have

T @(y)) = a(Y).

Each vector field X satisfying [X, I'(V)] € I'(V) can be written as X = X¢ + XV,
with X¢ € X(M)€ and XY € I'(V), and X pushes-forward to a “vector field” X on M. Since
we will not need these objects in the rest of the paper, we will not give more details
about what we call the “vector fields” and “1-forms” on the stratified space M= M/G
and refer to [18] for more information.

A local section (X, o) of TM @ V° = K+ satisfying [X, W) C I'(V) and a € I'(V°)¢
is called a descending section of Py,.

Let 7 be the tangent distribution on M spanned pointwise by the vector fields
that descend to M := M/ G, that is, 7 is the distribution spanned pointwise by

F:={XeX(M)|X=X%+Xx", with X¢ e X(M)®, and X" e I'(V)}

={XeX(M) |[X,rWMIcT W}

We have shown in [18] that 7 is integrable and its leaves are the connected components
of the orbit-type manifolds. In the same manner, let 75 be the distribution on M spanned

by the set Fg of G-invariant vector fields on M:
Fe={XeX(M) | <D;X=X Vg e G}.

It is shown in [23] that this smooth distribution is also completely integrable in the
sense of Stefan and Sussmann; its leaves are the connected components of the isotropy-
type manifolds. Note that the integrability of 7 follows from the integrability of 7; and
Proposition 3.4.6 in [23]. In particular, both distributions coincide in the case of a free
action. This is why the constructions made here simplify in a significant manner in this
special case, which is reviewed in Section 3.

By the considerations above, the generalized distribution 7 @ V¢ is the general-

ized distribution spanned pointwise by the descending sections of Py;. The descending



Dirac Optimal Reduction 97

sections of a G-invariant dirac structure D will be of great importance in the rest of this

paper. These sections necessarily lie in DN (7 & V).

2.3.3 Review of standard Dirac reduction

Symmetries of Dirac manifolds. Let (M, D) be a smooth Dirac manifold. Let G be a Lie
group and @ : G x M — M a smooth left action. Then G is called a symmetry Lie group
of D if, for every g€ G, the condition (X, «) € I'(D) implies that (P X, Pya) € I'(D). We
say then that the Lie group G acts canonically or by Dirac actions on M.

Let g be a Lie algebra and & € g+ &y € X(M) be a smooth left Lie algebra action,
that is, the map (x,&§) € M x g+ &y(x) € TM is smooth and & € g+ &y € X(M) is a Lie
algebra anti-homomorphism. The Lie algebra g is said to be a symmetry Lie algebra of
D if for every £ € g the condition (X, @) € I'(D) implies that (£, X, £:,a) € I' (D). Of course,
if g is the Lie algebra of the Lie group G and &, is the infinitesimal generator for all & € g,
then if G is a symmetry Lie group of D it follows that g is a symmetry Lie algebra of D.

Standard Dirac reduction. We present a short review of the Dirac reduction
methods. For more details, see [18, 19]. Let (M, D) be a smooth Dirac manifold acted
upon in a smooth proper and Dirac manner by a Lie group G such that the intersection
DN (7T @V}) is spanned pointwise by its descending sections.

Consider the subset D¢ of I'(D) defined by

Dl :={(X,a)e'D)|a e TV and [X, TV)] C " (V)},

that is, the set of the descending sections of D.

Each vector field X satisfying [X, I'(V)] € I'(V) pushes forward to a vector field X
on M. For each stratum P of M, the restriction of X to points of P is a vector field X; on
P.On the other hand, if (X, ) € D¢, then we have « € I'(V°)¢ and it pushes forward to the
1-form & := 7.« such that, for every ¥ € X(M) and every vector field Y € ¥(M) satisfying

Y ~, Y, we have

T @(Y)) = a(Y).
Moreover, for each stratum P of M, the restriction of & to points of P defines a 1-form
ap on P. Let

D:={(X,a)| (X, «) e D%
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and for each stratum P of M, set
Djp:={(Xp,ap) | (X, &) € D}.

Define the smooth generalized distribution D on P by

D5 (s) i={(X5(s), ap(s)) € TP x TP | (X5, 05) € D} (8)
for all s € P. Note that I"(Ds) = Ds. We have the following theorem.
Theorem 2.3 ([18]). Let (M, D) be a Dirac manifold with a proper Dirac action of a con-
nected Lie group G on it. Let P be a stratum of the quotient space M. If DN (7 & V3) is
spanned pointwise by its descending sections, then D; defined in (8) is a Dirac structure
on P.If (M, D) is integrable, then (P, D) is integrable. O

In the regular case, this simplifies to the following statement.

Theorem 2.4 ([19]). Let G be a connected Lie group acting in a proper way on the man-
ifold M such that all isotropy subgroups are conjugated. Assume that D N K+ has con-

stant rank on M, where K1 := TM @ V°. Then the Dirac structure D on M induces a Dirac

structure D on the quotient M = M/ G given by

= o ___|3X e X(M) such that X ~, X
D(m) := { (X(m), a(m)) € TpM x T;; M (9)
and (X, 7*a) € I'(D)
for all 7n € M. If D is integrable, then D is also integrable. O

3 The Free Case

In this section, we present, without proofs, the theory of optimal reduction for free Lie
group actions. We do this because the main ideas are easier to follow in this situa-
tion and because this case follows closely the nonfree Poisson case. The proofs will be
given later for the general case of a proper action; this is technically considerably more
involved due to the fact that the characteristic distribution P of an arbitrary Dirac
structure is not equal to T*M (as was the case for a Poisson structure). In the general

case, two types of natural optimal distributions arise simultaneously as generalizations
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of the Poisson optimal distribution. This is related to the fact that one can consider orbit-
type and isotropy-type manifolds when carrying out singular reduction. In addition, as
we shall see, these two natural distributions are not integrable, in general. In the free
case, where they are both equal, one has to assume that the intersection of the Dirac
structure with the vector bundle K+ associated to the action has constant rank (as for
the standard reduction). In the general case, this does not make sense because K+ is not
necessarily smooth; we will give additional hypotheses guaranteeing the integrability
of the optimal distributions.

Let (M, D) be a closed Dirac manifold, G a symmetry Lie group of D acting freely
and properly on M. Assume in the following that D N Kt is a vector bundle, where K =
VO{0}CTM® T*M and K+ =TM @ V°. To define the optimal momentum map (as in [23,

§ 5.5.7]) we need to introduce an additional smooth distribution. Define
Dg(m) :={X(m) | there is « € I'(V°) C 2 (M) such that (X, «) € I'(D)} € G1(m),

for all m € M. Then Dg =
If the manifold M is Poisson and the Dirac structure is the graph of the Pois-
son map f: T*M — TM, then D¢ (p) ={Xs(p) | thereis fe C>®(M)€ such that Xr=1(d)},

which recovers the definition in [23].

mem Pc(m) is a smooth distribution on M.

Returning to the general case of Dirac manifolds, note that

De=mru(DN(TM & V) = wrp(D N K, (10)

where w7y : TM & T*M — TM is the projection on the first factor and that we always

have
Go € D¢ CGy.

We have the following lemmas.

Lemma 3.1. Let (X, ), (Y, ) e (DN K1), that is, X, Ye I'(Dg). Then the 1-form £x8 —

iy do is a local section of V°. O

For the proof see Lemma 4.2.

Corollary 3.2. If D is integrable, the space of local sections of the intersection of vec-

tor bundles D N K+ is closed under the Courant bracket. Hence, under the assumption
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that D N Kt has constant dimensional fibers, this vector bundle inherits a Lie algebroid
structure relative to the Courant-Dorfman bracket on I"(D N K1) and the anchor map
ey : DN K+t — TM. Thus, the distribution Dg =7y (D N K*Y) is integrable in the sense

of Stefan-Sussmann. O

This corollary is an immediate consequence of Lemma 3.1 and the closedness
of D. Note that in the general case of proper nonfree actions, we will have to assume
that the corresponding distributions are integrable, or give additional hypotheses under
which this is true.

Thus, if DN X' is a vector bundle, it is a Lie algebroid and M admits hence
a generalized foliation by the leaves of the generalized distribution D; (see [8]). The

optimal momentum map is now defined like in [23].

Definition 3.3. Assume that D N K* is a vector subbundle of TM @ T*M. The projection
J:M— M/Dg (11)

on the leaf space of D; is called the (Dirac) optimal momentum map. O

In order to formulate the reduction theorem for the optimal momentum map, we
need an induced action of G on the leaf space of D;. This does not follow, as usual, from
the G-equivariance of the vector fields spanning D; because, in this case, they are not

necessarily G-equivariant.

Proposition 3.4. If m and m’ are in the same leaf of D then @4(m) and @4(m’) are in the
same leaf of D; for all g € G. Hence there is a well-defined action @ : G x M/Dg — M/Dg
given by

By(J (M) = T (Pg(m)). =
For the proof, see Propositions 5.1 and 5.3.

Denote by G, the isotropy subgroup of p € M/Dg for this induced action. If g€ G,
and m e J1(p), then

T (@g(m)) = By(J (M) = Pg(p) = p = J (M)
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and we conclude, as usual, that G, leaves JY(p) invariant. Thus, we get an induced
action of G, on 7 !(p), which is free if the original G-action on M is free.

Also, J~!(p) is an initial submanifold of M since it is a leaf of the generalized
foliation defined by the integrable distribution Ds;. By Ortega and Ratiu [23, Proposi-
tion 3.4.4], there is a unique smooth structure on G, with respect to which this subgroup

is an initial Lie subgroup of G with Lie algebra

9o =16 €glém(m) € TnT ' (p), forall me 7' (p)}.
In general, G, is not closed in G.

Definition 3.5. Let (M, D) be a Dirac manifold with integrable Dirac structure D and G
a Lie group acting canonically on it. Let P be a setand J: M — P a map. We say that J has
the Noether property for the G-action on (M, D) if the flow F; of any implicit Hamiltonian
vector field associated to any G-invariant admissible function h e C*° (M) preserves the
fibers of J, that is,

Jo Fy :J|Dom(F,),

where Dom(F;) is the domain of definition of F;. O

Like in the Poisson case (see [23, Theorem 5.5.15]), one gets the following uni-
versality property. Note that if DN XK' is spanned by sections with exact cotangent
projections, that is, by the family {(X;, df)e I'(D)|dfeI"(V°)} , then, by G-invariant
averaging, it is spanned by {(Xz, df) e I'(D)| fe C>®(M)C).

Theorem 3.6. Let G be a symmetry Lie group of the Dirac manifold (M, D) and
J: M — P a function with the Noether property. Assume that D N Kt is spanned by sec-
tions with exact cotangent projections. Then there exists a unique map ¢ : M/Ds — P

such that the following diagram commutes:

M P

N A

M/Dg
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If J is G-equivariant with respect to some G-action on P, then ¢ is also G-equivariant.

If J is smooth and M/D; is a smooth manifold, then ¢ is also smooth. O

For the proof, see Theorem 5.6.

Now we can generalize the optimal reduction procedure from Poisson mani-
folds (see [23, Theorem 9.1.1]) to closed Dirac manifolds. As we shall see, with appro-
priately extended definitions this important desingularization method works also for

Dirac manifolds.

Theorem 3.7 (Optimal point reduction by Dirac actions). Let (M,D) be an integrable
Dirac manifold and G a Lie group acting freely and properly on M and leaving the Dirac
structure invariant. Assume that D N X' is constant dimensional and let 7 : M — M/Dg
be the optimal (Dirac) momentum map associated to this action. Then, for any p € M/Dg
whose isotropy subgroup G, acts properly on J!(p), the orbit space M, =7 '(p)/G, is
a smooth presymplectic regular quotient manifold with presymplectic form w, € £2%(M,)
defined by

(m,0,) (M) (X (M), Y(M)) = o (Y(M)) = — P (X (M) (12)

for any m € J'(p) and any X, Ye I'(D;) defined on an open set containing m, where
a, B € I'(V°) are such that (X, ), (V,8) e '(DNK*Y), and 7, : J ' (p) - M, is the projec-
tion. The pair (M,, D,) is called the (Dirac optimal) point reduced space of (M, D) at p,
where D, is the graph of the presymplectic form w,,. O

Note that if D is the graph of a Poisson structure on M, the distribution Gy is
{0}, all functions in C*°(M) are admissible, and we are in the setting of the optimal point
reduction by Poisson actions (see [23, Theorem 9.1.1]).

Recall that, since DN Xt is assumed to have constant dimensional fibers, one
can build the reduced Dirac manifold (M, D) as in Theorem 2.4. The following theorem
gives the relation between the reduced manifold M and the reduced manifolds M, given

by the optimal reduction theorem.

Theorem 3.8. If me J '(p) € M, the reduced manifold M, is diffeomorphic to the
presymplectic leaf N through 7(m) of the reduced Dirac manifold (M, Dyeq) via the map
©:M,— N, 7,(X) = (w 0i,)(x). Furthermore, ®*wy = w,, where wy is the presymplectic

form on N. U
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Example 3.9. Consider a closed Dirac manifold (M, D) and the trivial Lie group G = {e}.
Then the trivial action of G on M is Dirac and its vertical space is just the zero section in
TM. Thus, the intersection DN K+ is equal to DN (TM @ T*M) = D. The projection mry,
of DN K* is hence just the smooth distribution Gy, which is known to be completely
integrable in the sense of Stefan and Sussmann (see [8]).

In this situation, we get consequently the leaves of the presymplectic foliation
of the Dirac manifold (M, D) as reduced spaces and we recover also the statement of the

preceding theorem in the case of a trivial action. O

In the following, we will show how these results generalize to the nonfree case.
The main difficulty is the fact that the distribution K does not have constant rank in
this case, and K and K! are not necessarily spanned by sections that descend to the
quotient. Also, the sets spanned by the pairs of vector fields and 1-forms that descend to
the quotient, and by the vector fields and 1-forms that descend to the quotient and are
G-invariant, are different, in general. Taking the intersection of the Dirac structures
with each one of them, yield two different singular foliations. These foliations are

related to the stratifications by orbit types and by isotropy types, respectively.

4 The Optimal Distributions

From now on, we assume that (I, D) is an integrable Dirac manifold and G a symmetry
Lie group of D acting properly on M.

Recall from Section 2.3.2, the definitions of 7 and V7. In the free case, DN (7 @&
Vi)=Dn K+, which is assumed to be of constant rank. Since in the general case, 7 ® Ve
does not have constant rank, it does not make much sense to assume that its intersec-
tion with D has constant rank. In the first subsection, we assume that DN (7 @& Vg) is
spanned by its descending sections, as is required for the standard singular reduction
(see Theorem 2.3). We show that, under this hypothesis, the distributions are both alge-
braically involutive and the integrability of Ds follows from the integrability of D. In
the second subsection, we conclude the integrability of Ds from an “exactness” condi-
tion. The proof is in the same spirit as the proof of the integrability of the characteristic

distribution associated to a Poisson structure.

Definition 4.1. Assume thatDN (7 @ VZ) and D N (7¢ @ V) are smooth generalized dis-

tributions. The smooth tangent distributions

D= nTM(Dﬂ (T@V%)) and DG = NTM(Dﬁ (TG @V?;))
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are called the orbit-type optimal distribution and the isotropy-type optimal
distribution. O

4.1 Algebraic involutivity of the optimal distributions

In this section, we assume that DN (7 @ VZ) is spanned by its descending sections,
hence it is smooth. Recall the notation K :=V & {0}. We want to show that, under this
assumption, D and Dg are algebraically involutive. Furthermore, the integrability of Dg
will be a consequence of the integrability of D.

Note that in the free case, we have D = Dg = w7 (D N KL). If DN K+ has constant
rank on the manifold M, it has the structure of a Lie algebroid and, by a standard result
in [8], D is completely integrable. The main result in [19] implies that D N K+ is then

spanned by its descending sections, and hence D has the same property.

Lemma 4.2. If (X, «) and (Y, B) are descending sections of D, then the Courant bracket
[(X,a), (Y, B)] is also a descending section of D. O

Proof. Since D is closed, we have automatically

(X, ), (Y, Bl = ([X, Y], £xp — iyde) € I'(D).

We have to show that £xp — iyde is a section of V°. Write X = X% + XY and Y =
Y + YY with X%, Y¢ e X(M)© and XY, YY e I'(V) (see [18]). For each & € g, we get

(ExB —iydae)(Em) = (ixdB)(En) + d(ixp)(En) — (iyde)(Em)
=X(B(Em) — Em(B(X)) — BUX, EmD) + Em(B(X))
— Y(o(Em) + Em(@(Y® + YY) + a(lY, &)
= X(0) — Em(B(X)) — 0+ Em(B(X)) — Y(0) + Em(a(Y9)) +0=0,
where we have used the G-invariance of the function «(Y%), [X, V],[Y, Vle Vforall V €V,
and B(V)=«a(V)=0 for all V € I'(V). Since the fundamental vector fields &y, & € g, span
(V) as a C*(M)-module, we get £x — iyda € I'(V°).

It remains to show that £x8 — iyde is G-equivariant and [[X, Y], (V)] € I"(V). To

see this, choose & € g. Then, using the Jacobi identity for the Courant-Dorfman bracket,
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we get

= ([[En. X1, Y1 + [X, [En. YL, £y, 308 — L1y, x0dr)

= ([[Em. X1, Y1+ [X, [m, Y], 0) e ' (V © 0)

since [£y, X1, [y, Y] € I'(V) and B, «, da are G-equivariant. Hence, since G is a connected

Lie group, the 1-form £x8 — iydw is G-invariant. |
The following proposition shows the algebraic involutivity of D.

Proposition 4.3. Assume that DN (7 @ V) is spanned by its descending sections. Let
(X, @) and (Y, B) be sections of DN (7 @ V). Then the Courant bracket

(X, @), (¥, Bl = ([X, Y], £xp — iyda)

is also an element of I'(DN (7 ®V})). Hence, if X, Y€ I'(D) then [X, Y] € I'(D), and D is

algebraically involutive. O

Proof. Write (X, «) and (Y, B) as sums

k 1
(X.0)=)Y_ fiXi,ap) and (Y, B)=)_gi(¥;. b)),

i=1 j=1

with fi,..., fi. 91,..., g € C®(M) and (X1, ory), ..., (X, ox), (Y1, B1), ..., (¥, B;) descending
sections of D. Since

(X1, 1), f( Xz, 00)] = fI(X1, 1), (X2, 02)] + X1 () (X2, a2)

for all (X1, 1), (X2, a2) € I'(D) and fe C*(M), we get

i=1 j=1

k 1
[(X, @), (Y, B)) = {Z filXi, ), ) 9,(Y, ﬂj)}

ki
=Y (9 il(Xi, 00), (%, BHI — g V() (Xi i) + i Xi(g)) (Y, B)))-

i,j=1
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This shows that [(X, @), (Y, 8)] can be written as a C*°(M)-combination of the descending
sections [(X;, «), (Y, Bi)], (Xj,«j), and (¥;, B;) of D (i=1,...,k j=1,...,1). The bracket
[(X, a), (Y, B)] is thus a section of DN (T & V). [ ]

We study now properties of the smooth distribution Dg.

Proposition 4.4. If DN (7 @ V?) is spanned pointwise by its descending sections, then
DN (7¢ ® V) is spanned pointwise by its G-invariant descending sections and it is, in

particular, smooth. O
Proof. Choose m e M, and
(Wm, Im) e DN (Tg® V) (M) S (DN(T @ V) (m).

Since DN (7 @ V}) is spanned by its descending sections, we find a smooth section (X, «)
of DN (7 @ VZ) such that the vector field X is descending, « € r(v9)¢, X(m) =v,,, and
a(m) =1,,. Since the action of G on M is proper, there exists a tube U for the action
at m (see Theorem A.1). Assume that (X, «) is defined on the whole of U; otherwise,
multiply (X, «) by a bump function that is equal to 1 on a neighborhood U; C U of m,
and equal to 0 on the complement of a neighborhood U, of m with U; C U, C U. Consider
the G-invariant averaging (X, @g) at m of the pair (X, ). Since (X, «) is a section of

DN (7 @ VZ), the pair (Xg, a¢) is also a section of this intersection, and we get

Xe(m)=Xg(le,0ly) = J Tin,01, Pn X([h, Oly) dh,
H

ag(m) =ag(le, Olg) = J ain,0ly © Tie,01; Pn dh,
H

where H = G,, is the isotropy group of the point m. Note that Xz(m) and ag(m) only
depend on the values of X and « at m, and thus, the multiplication with the bump func-
tion does not change the situation if the section (X, «) was not defined on the whole
of U. Since « is G-invariant and H is the isotropy group of m, we have, in particu-
lar, «(m) o T5, @, = a(m), for all he H (note that again, the multiplication with the bump
function does not change anything). Thus, since [h, 0l =[hh™!, h-0ly = [e, 0l = m, for
all he H, we get
XG(m):J T @y X(m) dh
H
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and
ag(m) :J a(m)dh=a(m)=1,,.

H

Since X(m)=v,, € 7c(m), it is tangent to the isotropy-type manifold through m and
hence, using [10, Lemma 2.4], we conclude that X;(m) = jH T @1 X(m)dh=X(m) = vyy,.
The section (Xg¢, a¢) is hence a G-invariant section of D N (7 N V) taking the

value (v, Iy) at m. |

Theorem 4.5. Assume that DN (7 @ V) is spanned pointwise by its descending sec-

tions. If D is an integrable distribution, then D is also integrable. O

Proof. We have seen in the preceding proposition that D N (7 @ V¢) is spanned point-

wise by its G-invariant sections
{(X,0)e'(D) | X eX(M)® and o € "' (V°)}.

Let (X, @) be a descending section of D and ¢ the flow of the vector field X. Since D is
integrable, we know that ¢;Y is a section of DN (7 @ V¢) provided (Y, ) is a descending
section of D for all ¢ for which ¢; is defined (see Theorem 2.1 about the integrability of
smooth distributions spanned pointwise by families of vector fields).

Consider, in particular, a G-invariant pair (X, «) of DN (7¢ @ VZ). Then (X, «) is
a descending section of D and, denoting again by ¢ the flow of X, we know that ¢;V
is a section of DN (7 @ V7) if (Y, B) is a G-invariant descending section of D. But since
X and Y are G-invariant vector fields, the flow ¢ of X is G-equivariant and the vector
field ¢;Y is, consequently, G-invariant. Let 8* be a section of V; such that (¢;V, g*) €
r(OnN(T ®Vg)).Since p;Y e X(M)¢, we even have (¢;Y, ) e '(DN (T & V&), and hence
$;Y € I'(D).

By Theorem 2.1, we conclude that Dg; is completely integrable in the sense of

Stefan and Sussmann. [ |

4.2 The “exactness” condition

We make now another assumption: the intersection DN (7 @ V) is spanned pointwise

by its set of exact descending sections
{(Xp.df)e D) | feC®MDC, (X, TS T W)}

We will show that the (isotropy type) optimal distribution is also integrable in this case.
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Theorem 4.6. If the generalized distribution DN (7 & V) is spanned pointwise by its

set of exact descending sections, then the distribution D; is smooth and integrable. [

Proof. Since DN (7 @ V3) is spanned pointwise by its exact descending sections, we
can show, as in the proof of Proposition 4.4, that DN (7 ®Vg) is spanned point-
wise by its exact G-invariant descending sections: choose m e M and (v, am) € (DN
(Te ® VZ))(m). Then (v, am) € (DN (T & VE))(m) and, by hypothesis, we find a smooth
exact descending section (X, d f) of D defined in a neighborhood of m and such that
(X¢, df)(m) = (v, am) . Consider the G-invariant average (X¢, ag) of (Xr, df) in a tube
centered at m. The pair (Xg, o) is a section of D because D is G-invariant. Since
dferv°)¢ , we find ag =d f and hence (Xg, df) is a G-invariant descending section
of D. Since vy, € 7g(m), vy, is tangent to the isotropy-type manifold through m and we
find

XG(m)zj qu)thf(m)dh:J T @Pp-1Vm dh = vy,
H H

where H = G,,. Thus, (Xg, d f) satisfies (Xg, df)(m) = (v, o).

Hence, the distribution D¢ is spanned pointwise by the family
F%:={X e X(M)° | there exists fe C®(M)® such that (X, df) e I'(D)} C X(M).

We write Xy for a G-invariant vector field corresponding to the admissible function
feC>(M). Let Xr be an element of F¢ and denote by ¢ the flow of Xf. Let X, be an
element of F¢, corresponding to the admissible function g € C*(M)¢. By Theorem 2.2,
we know that (¢} Xy, ¢;dg) is a section of D. Furthermore, since X is G-invariant, its flow
¢: is G-equivariant and thus, ¢; X, € X(M)® and ¢;g € C>*(M)®. This shows that ¢; X, is
an element of F¢ and hence that D¢ is completely integrable in the sense of Stefan and

Sussmann. [ |

The following proposition is not needed in the rest of the paper; we add it here

for the sake of completeness.

Proposition 4.7. If the intersection DN (7¢ @ V) is smooth, then it is spanned point-

wise by its G-invariant descending sections. O

Proof. If me M and (vp,lm) €D N (7g ® V2)(m), then we find a smooth section (X, «) of
DN (7¢ ® V¢) defined on a neighborhood U’ of m in M such that (X(m), «(m)) = (vm, ln).
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Let H = G, be the isotropy group of the point m and let U be a tube for the action of G at
m; assume that (X, «) is defined on the whole of U (otherwise, we multiply (X, «) with a
bump function as in the proof of Proposition 4.4). The average (X, @g) is a G-invariant
section of D N (7¢ @ V), hence a G-invariant descending section of D.

As in the proof of Proposition 4.4, we deduce that X;(m) = X(m) = v,,. Since «
is a section of Vg, it can be written as o« = Zle fia;, where f; e C*®(M) and «; € I'(V°)C.

Again, as in the proof of Proposition 4.4, we compute

k
ag(m) = ZJ fi(hm)a;(hm) o T, ®p, dh
H

i=1

k k
=y JH fim)ai(m) dh="Y" fi(m)az(m) =a(m) =1Ly,
i=1 i=1

Hence, we have found a smooth G-invariant descending section (Xg, ag) of D taking the

value (v, l,,) at the point m. [ |

Remark 4.8. Let (M, {-,-}) be a smooth Poisson manifold with a canonical and proper
smooth action of a Lie group G on it. Let D be the Dirac structure associated to the
Poisson bracket on M. Since V} is generated by the differentials of the G-invariant
smooth functions, the intersection DN (TM & V}) is spanned pointwise by the pairs
(X, df), where feC>®(M)°. The vector field X s corresponding to a G-invariant func-

tion fe C>®(M)° is G-invariant and we get
DN(TMae V) =DN (T &V)=DN (7 & V).

which is spanned by its exact G-invariant descending sections. Hence, we are now in
the situation of the exactness condition; the distributions D; and D are equal and com-

pletely integrable in the sense of Stefan and Sussmann. (]

5 The Optimal Momentum Maps

In this section, we define the two optimal momentum maps and show that there is an

action of the Lie group on the leaf spaces of the two distributions, such that the momen-

tum maps are G-equivariant. We also study the isotropy subgroups of these actions.
Assume that the distributions D and D are spanned pointwise by their descend-

ing sections and are completely integrable in the sense of Stefan and Sussmann. Let
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J:M— M/D and Jg: M — M/D; be the projections on the leaf spaces of D and Dg,
respectively. The map 7 (respectively, Jz) is called the (orbit type) Dirac optimal momen-
tum map (respectively, the (isotropy type) Dirac optimal momentum map). In this

section, we will study these two momentum maps separately.

5.1 The orbit-type Dirac optimal momentum map

We construct an optimal momentum map induced by the distribution D.

Proposition 5.1. If m and m’ are in the same leaf of D, then ®4(m) and ®4,(m’) are in
the same leaf of D for all g € G. Hence there is a well-defined action @ : G x M/D — M/D
given by

By(J (M) := T (Pg(m)) (135)

Proof. Letm and m' be in the same leaf of D. Without loss of generality, we can assume
that there exists a vector field X € I' (D) with flow ¢ such that ¢;(m)=m’ for some t (in
reality, m and m’ can be joined by finitely many such curves). Since (X,a) e (DN (7 &
Vg)) for some e e I'(Vg) and DN (7 @ V) is G-invariant, it follows that (P X, Pya) €
r'ON (T ®V})) for all ge G. Hence, P,Xel'(D), for all g€ G. For all s € [0, t], we have

d
T (g © D) (1) = T, m) Py (X (p5(M))) = (D1 X)(Pg(s(M))) € D((Pg 0 ¢5)(M)).

Thus, the curve c:[0,t]l > M, s+ (®g40¢s)(m) connecting c(0)=Py(m) to c(t) =
Dy(p:(m)) = @4(m’) has all its tangent vectors in the distribution D and hence it lies

entirely in the leaf of D through the point @4(m). |

Denote by G, the isotropy subgroup of p € M/D for this induced action. If
ge Gy and me J (p), then

T (®g(m)) = By(J (M) = Py(p) = p = J (M)

and we conclude, as usual, that G, leaves J Y(p) invariant. Thus, we get an induced
action @ : G,y x T 1(p) > T (p).
Since D is, by definition, a subdistribution of the integral tangent distribution

T, each leaf of D is be contained in a leaf of 7. Since the leaves of 7 are the connected
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components of the orbit-type submanifolds of M, the induced action @ of G, on
J1(p) has isotropy subgroups that are conjugated in G for each p € M/Dg, as is shown

in the next proposition.

Proposition 5.2. Let J !(p) be a leaf of D and m € 7~ !(p). Then the isotropy subgroup
(G(s))m of m by the action of G, on 7 !(p) is equal to the isotropy subgroup G,,. Hence
we have the inclusion

U Gm S G- 0
J(m)=p

Proof. Choose me 7 '(p) and ge (G(p))m. Then we have g-m =m, which leads to

g € G,. Conversely, choose g € G, and compute
Dg(p) = Py(T (M) =T (g-m)=JJ(m)=p.

Thus, we have shown that ge G(,. But since g-m=m, we have in particular
9 <€ (Gp)m- [ |

We will see later that the isotropy subgroups of the action of G, on J*(p) are
conjugated in G ,).
In general, the action of G, on J !(p) is not proper. A sufficient condition for

this is, for example, the closedness of G, in G, which is not true, in general.

5.2 The isotropy-type Dirac optimal momentum map

The optimal distribution Dg gives rise to a second Dirac optimal momentum map. The

results are analogous to those in the previous subsection.

Proposition 5.3. If m and m’ are in the same leaf of D¢, then ®4(m) and @4(m') are in
the same leaf of D for all g e G. Hence there is a well-defined action @ : G x M/Dg —
M/Dg given by

Dy(Je(m)) := Je(Pg(m)). (1%)

Proof. The proof is almost identical to that of Proposition 5.1. The only difference is
that we have to consider the flow of X € I'(Dg). Then we use G-invariance of the distri-
bution DN (7¢ & V¢). [ ]
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Let G, be the isotropy subgroup of o € M/D¢. Then there exists a unique smooth
structure on G, with respect to which G, is an initial Lie subgroup of G; the Lie algebra
of G, is

g0 :=1{& € g|&m(m) € Dg(m) for all m € 7' (o)}

(see [23, Proposition 3.4.4]). In particular,
dim g, = dim (V(m) N Dg(m)) + dim G,, for any m e J;' (o). (15)

Indeed, the surjective linear map & € g, > éy(m) € V(m) N Dg(m) has kernel {§ eg]|
§m(m) =0}.

Since G, leaves jgl(a) invariant, we get an induced action ®? of G, on ng(a).
Since Dg € 75, the points of jG_l(U) are all in the same connected component of an
isotropy type submanifold of M and hence G, = H, for all m € 7' () and some compact

subgroup H, C G.

Proposition 5.4. Let jgl(a) be a leaf of Ds and mejgl(a). The isotropy subgroup
(G4 )m of m by the action of G, on jG_l(o) is equal to the compact subgroup H, which is

automatically a subset of G, . O

Proof. Here also, the proof of the analog in the orbit-type case (Proposition 5.2) can be

adapted to this particular situation. [ |

With this last proposition, we can show the missing detail in the preceding

subsection.

Proposition 5.5. Choose p € M/D and let G, be its isotropy subgroup by the action
of G on M/D. Then we find for all m,m' € 7~!(p) an element g€ G(,, such that G, =
gGmgt. O

Proof. We have Dg €D CV + Dg, by definition. For m € M, the leaf 7~ !(p) of D through
m is thus contained in G - ng (0), where o = Jg(m) and p = 7 (m), and the leaf jG_I (o) is
contained in 71 (p).

Choose m’ € 7~ !(p). Then m' can be written as m’'=gm” with m” ¢ jgl(o) C

J Yp) and ge G . Then, we have G,, =gGn,g~!. But since m” is an element of
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jG_I(JG(m)) C Mg,,, we have Gpy =Gy, and hence G, =gG,,g'. Furthermore, g-p=
g-Jmy=g-Jm")=J(@g-m")=J(m') = p, which shows that ge G(,. [ |

5.3 Universality of the optimal map J¢ under the exactness condition (§ 4.2)

We assume here that the intersection DN (7 @ V) is spanned pointwise by its set of

exact descending sections
(Xf,dfye D) | feC®MC, [Xs, TWICS T W)}

We have shown in Section 4.2 that the distribution Dg; is then completely integrable in
the sense of Stefan and Sussmann. Hence, the isotropy-type optimal momentum map is
defined.

Note that in this particular case, the smooth distribution Ds is spanned point-

wise by the following family of vector fields:
F={X;eX(M°|(Xp.df) € I'(D), feC(M)),

and its leaves are hence the accessible sets of this family of vector fields. Using this,
we prove a universality property of the isotropy-type optimal momentum map. This
theorem suggests that the isotropy-type optimal momentum map should be the more
“natural” one, provided that the exactness condition above is satisfied. Recall that in
the Poisson case, the optimal distribution is always spanned by the family F, and the

following statement is hence true (see [23]).

Theorem 5.6. Let G be a symmetry Lie group of the Dirac manifold (M, D) and J: M — P
a function with the Noether property (see Definition 3.5). Then there exists a unique map

¢ : M/Ds — P such that the following diagram commutes:

M P

N4

M/Dg
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If J is G-equivariant with respect to some G-action on P, then ¢ is also G-equivariant.

If J is smooth and M/D; is a smooth manifold, then ¢ is also smooth. O

Proof. The proof is the same as for Poisson manifolds (see [23, Theorem 5.5.15]). Define
¢:M/Dg — P by ¢(p):=JI(m), where p =7 (m). The map ¢ is well defined since if m’ e
J(p), then there is a finite composition F of flows of elements of F such that m’ =

F(m). Since J is a Noether momentum map, we have

J(m') =J(F (m)) =J(m) = ¢(p).

The definition immediately implies that the diagram commutes. Uniqueness of ¢ follows
from the requirement that the diagram commutes and the surjectivity of 7. Equivariance
of ¢ is a direct consequence of the definition (14) of the G-action on M/Dg. Finally, if all
objects are smooth manifolds and 7, J are smooth maps, then ¢ is a smooth map as the

quotient of the smooth map J by the projection 7 (see [5]). |

6 Optimal Reduction

In this section, we generalize the optimal reduction theorem for Poisson manifolds (see
[23, Theorem 9.1.1]) to closed Dirac manifolds. As we shall see, with necessary assump-
tions and appropriately extended definitions, this important desingularization method
works also for Dirac manifolds.

We shall assume throughout this section that the distributions D (respectively,
D¢) are spanned pointwise by their descending (respectively, G-invariant) sections and
are completely integrable in the sense of Stefan and Sussmann. Recall from Section 2.1.2
that their leaves are then the accessible sets of these special families of vector fields.

As we have seen above, there are two optimal momentum maps that we can con-
sider. We have hence two optimal point reduction theorems. We will also prove an orbit
reduction theorem and shall see that the two optimal momentum maps give rise to the
same orbit reduction theorem. At the end of this section, it will be shown that the three
optimally reduced manifolds at [7(m) and Js(m), for a point m € M, are isomorphic

presymplectic manifolds.

6.1 The reduction theorems: Optimal point reduction by Dirac actions

In this subsection, (M, D) is again a smooth integrable Dirac manifold and G is a Lie

group acting smoothly and properly on M and leaving the Dirac structure invariant. We
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assume that DN (7 & V3) is spanned pointwise by the descending sections of D and that
D is integrable. Let 7 : M — M/D be the orbit-type Dirac optimal momentum map asso-
ciated to this action. If p € M/D, we denote by ¢, : J ! (p) < M the regular immersion.
Recall that 7' (p) is an initial submanifold of M.

Theorem 6.1. For any p € M/D with isotropy subgroup G, acting properly on J *(p),
the orbit space M, := 7 '(p)/ G, is a regular quotient manifold such that the projec-
tion 7, : J1(p) = M, is a smooth submersion. Define v, € 22(M,)) by

(705 @) (M) (V, Win) 1= 0ty (m) (Y (1) (M) = =By, (my (X (1) (M), (16)

for any me J '(p) and any X,YeI'(D) defined on an open set around i(m),
where (X, o), (Y, ) e (DN (7T & V})) are such that T,i)vm = X(1(,)(m)) and Tnt)ywm =
Y (1) (m)).

Then (M), ) is a presymplectic manifold. The pair (M,), D(,) is called the
orbit-type Dirac optimal point reduced space of (M, D) at p, where D, is the graph of

the presymplectic form w,). O

Since DN (7 @ V) is spanned pointwise by its descending sections and D is
integrable, D¢ = mru(D N (7g @ VZ)) is spanned pointwise by its G-invariant descending
sections and is completely integrable in the sense of Stefan and Sussmann by Proposi-
tion 4.4 and Theorem 4.5. Let J; : M — M/D; be the isotropy-type Dirac optimal momen-

tum map. For o € M/Dg, denote by ¢, : ng (o) = M the regular immersion.

Theorem 6.2. For any o € M/D; with isotropy subgroup G, acting properly on jG_l (0),
the orbit space M, := ng (0)/ G, is a regular quotient manifold such that the projection

7y : J (o) — M, is a smooth submersion. Define w, € 2%(M,) by

(7500 ) (M) (Vn, W) 1= o, (m) (Y16 (M) = =By, (m) (X (1o (M), (17)

for any me J (o) and any X, Y e I'(Dg) defined on an open set around (,(m), where

(X, a), (Y, B) e I'(DN (T ®VE)) are such that Tt vm = X(t5(m)) and Tt wm = Y (s (M)).
Then (M,,w,) is a presymplectic manifold. The pair (M,,D,) is called the

isotropy-type Dirac optimal point reduced space of (M, D) at o, where D, is the graph

of the presymplectic form w,. O
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Proof of Theorem 6.1. Recall the notation @ : G, x J~'(p) > J *(p) for the restric-
tion of the original G-action on M to the Lie group G, and the manifold 7 !(p). Since
the G, -action on 7! (p) is, by hypothesis, proper and its isotropy subgroups are conju-
gated by Proposition 5.5, the quotient M,, := 7 (p)/G,) is a regular quotient manifold
and the projection 7, : J ' (p) > J (p)/ G, is a smooth surjective submersion.

We show that o, given by (16) is well defined. Let m,m' € J~!(p) be such
that 7, (m) = 7, (m’) and let v, w € T,, T " (p), v, w’' € T,y T ' (p) be such that Tp,7(, (v) =
T 7o) (V") Tt (o) (w) = Ty (w'). Let (X, @), (X', '), (Y, B), (Y', B') be sections of DN (7 &
V¢) such that

X(pym) = Tntp)v, X' (1) (M) = Ty,

Y(L(p) (m)) = Tml(p)w, Y/(L(p)(m/)) = Tm/t(p)w/.

The condition r(,)(m) = 7, (m’) implies the existence of an element g € G(,) € G such that
m' =@y (m). We have then 7(,) =7,y 0 @ and thus Tp,7(,) = T 7() © T @ . Further-

more, because of the equalities Tp,7(,)(v) = T () (V'), Tnm(p) (W) = Ty (w'), we have
T (Tn @ (v) =) =0 and Ty, (Tn @y (w) —w') =0
and there exist elements &', €2 € g such that &,,(¢(,) (M), £2,(t(,) (M) € D(1(py (M),

X (10 (M) = T (my Pg (X (1) (M) = T, iy (V' — T @ (0)) = T m€ 1, (M)

= &3, (1 (M)

and

Y (1) (M) = T,y Py (Y (1) (M) = T, iy (W' = T @ (W) = T,y mn 51y (M)

= &5 (1 (m)),

where we have used the equality ¢(,) o @’ = @, o 1(,). This yields

X'(n) = ((®g)* X)) + £y () and V') = (®g1)* V() + £5,(),
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where we let n:=1,)(m) and ' :=1(,(m’). Since (X', ') and ((®41)"Y, (®4-1)*B) are sec-
tions of D in a neighborhood of the point #/, we have

(@g1)" BYX) = —a'(@g1)"Y), (18)

and thus we conclude

@) (o) (M) (T 70 () (V) T 70y (")) = (70 0)) (M) (v, w')

=o' (M) (Y () = & (W) (Pg-)* V(1) + £, (1))
=/ (W) (((Pg1) V) (1)) + o' () (§1y (1))
2o () (@g1) V(M) E —(Bg-1)* ) (1) (X (1))
= —((Pg1)* B (Pg1)* X) (1) + ERy (1))
L —(@g 1) B (M) (Pg1)* X) (1) = — (M) (X ()
= () (7 (p) (M) (T 7 (o) (V) s Tin T () (W))-

For the equalities (%), we use the fact that o’ and @;,1,3 are sections of V°.

Finally, we show that w, is closed. Let me J '(p) and choose X,V,Z¢e

X(JY(p)), defined on a neighborhood of m in J~!(p). Then there exist sections (X, ),
(Y, B), (Z,y) e (DN (T @V})) defined on a neighborhood of ¢,,(m) in M such that

X~,X, Y~,Y and Z~, Z

L) &

Since [X, Y] ~, . [X, Y] and

Lip)

([X, Y], £xB — iyda) € I'(D),

we have (by definition (16))
() (X, Y1, 2) = =y (X, Y1) 0 1(p) = (ExB — iyda)(Z) o 1. (19)
Thus, recalling the definition (16), we get

d(r}, ) (X, Y, Z) = XI(nf) o) (Y, Z)] = V(] w0) (X, Z)]

+ ZI(} o) (X, V)] = (0, 00 (X, Y1, Z)
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+ (1) o) (X, Z1. V) — (nf, oY, Z1, X)

Z XIB(2) 0 1)) + Yy (X) 0 1) + ZIa (V) 0 )]

-+ )/([X, Y]) O L(p) -+ (Ex)/ — ldel)(Y) O L(p) =+ O[([Y, Z]) o L(p)
= (XIB(D] + Yy (X)) + Zla(D] + y (X, Y]) — y (X, YD
+ Xly (D] = Zle(W] + YIe(2)] + «(Z, YD) + a(Y, Z]) o ()

= (XIB(Z) + y (D] + Yy (X) + a(Z)]) o t(p) =0,

where we used the fact that y(X) + «(Z) =0 and y(Y) + 8(Z) =0 (this follows directly
from (X, o), (Y, B),(Z,y) € I'(D)). Thus, n;‘p)dw(p) =d(7r(*p)a)(p)) =0 and, because 7, is a
surjective submersion, this yields dw,) = 0. Therefore, v, is a well-defined presymplec-

tic form on M. u

Theorem 6.2 has a similar proof.

6.2 Optimal orbit reduction

Let (M, D) be a smooth integrable Dirac manifold with a smooth and proper canonical
action of a Lie group G on it. Assume that the same conditions on DN (7 @ V¢) as in
the preceding subsection are satisfied, that is, DN (7 @ V}) is spanned pointwise by the
descending sections of D and D is integrable.

Let J:M— M/D, Jg:M— M/D; be the optimal momentum maps. Consider
the distribution Dg + )V C TM. By Ortega and Ratiu [23, Proposition 3.4.6], its inte-
grability follows from the integrability of D and Theorem 4.5. Since G is connected,
the leaves of D; + V are the sets G - jG_l((T) =G-J Y(J(@m)) for any m e jG_l(U) (recall
that 7~1(J(m)) € G - J; ' (o) for any m € J;'(0)). The leaves of D; + V are initial sub-
manifolds of M; that is, the maps i, 6: G - jGTI(a) <> M are regular immersions for all
o€ M/Dg.

Lemma 6.3. Choose o € M/D; such that the action of G, on JG’l (o) is proper. The inte-
gral leaf G - jg_l(a) of D¢ + V is diffeomorphic to the regular quotient manifold

G x¢, J;'(0):=(G x J;'(0))/G,,
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where the action A, of G, on G x jG_l(o) is the twisted action

4,:Go x (G x J5'(0)) = G x Jz' (o)

(h, (g, m)) > (gh™', h-m). 0

Remark 6.4. The properness of the action of G, on G x 7' (o) follows from the proper-

ness of the action of G, on ng(cr). O

Proof. Define F:G x¢, J;'(0) > G- J;'(0) by F(lg, xlg,) =gx€ G - J; ' (o). The map F
is well defined. To see this, note that if [g, xl¢, =[g’, X|¢,, then there exists he G, such
that ¢ = gh™! and x' = hx. But then we have F([¢, X1s,) = g'x = gh 'hx=gx= F(lg, xlg,).

The inverse of the function F is givenby F~': G - 7. ' (0) — G x¢, J;' (o), F1(g-
x) =g, xlg,, for any g-x€G - .76_1(0). Indeed, F~! is well defined since gx=g'x for
x,xX € jgl(a) and g, g € G implies g~'¢' € G, by definition of G, and hence (¢, X]s, =
[g'(g'g) ", (97'9)X e, =19, xl¢,. We have obviously FoF'=1Idg s 1, and F'oF =
Idg e, 75 @)

It remains hence to show that F and F~! are smooth functions. We use the com-

mutative diagram

G x J;' (o)

G xg, Jg'(0) — G-J;'(0)

F LG

M

for the smoothness of F. Recall that G - jG’l(o) is an initial submanifold of M because
it is a leaf of the integrable tangent distribution Dg + V, that is, the inclusion (¢, is
regular. The map @|g, 71,y =P o (Idg X t,) : G X Jg (o) — M is smooth. Since its image
is G- J;'(0), the map & : G x J;'(0) = G - J; ' (o) defined by &(g, m) := ®(g, m) for all
geG, me jgl(o), is well defined and it is smooth because (s, is regular. Therefore, F
is smooth by the properties of the quotient map n¢, .

To show that F~! is smooth, we shall prove that dim(G x¢, jG_l(a)) =dim(G -
Jg (o)) and that

Tro, 9.m) (6.0 0 F) : Ty (gm) (G X, T3 (0)) = Ty (rig.myM (20)



120 M. M. Jotz and T. S. Ratiu

is injective. Indeed, if this is known, then F is a bijective smooth map which is a local
diffeomorphism, hence a diffeomorphism.

Since jc_l(o) is a leaf of Dg, we have dimJG_I(o)zding(m), for any me
ng(a). Therefore, since the G,-action on G x ng(o) is free and proper, using (15), we

have

dim(G x¢, J;'(0)) =dimDg(m) + dim G — dim G,

'® dim D (m) + dim G — dim(V(m) N Dg(m)) — dim G,

=dim(Dg(m) +V(m)) — dim V(m) + dim G — dim G,,

= dim(Dg(m) + V(m)) = dim(G - J; ' (0)).

Next we show the injectivity of (20). Let Tig g, (vg, Wn) € Try (g.m (G X, jG_I(o)) be such
that T, (g F (Tignme, (vg, wp)) =0. From the diagram it follows that 0 = T(g ) P (vg, wy) =
Tg@™(vg) + T Pg(wy), where @™(h) :=h - n, for all h e G. Therefore, choosing & € g such that
vg = T.Ly&, where Lgy(h) := gh, for all he G, we have

Wy = —TynPg1 (Tgén(TeLg‘g)) =—Te(P" 0 Lg10Ly) ) =—éu(n).

Hence w, = —&y(n) € V(n) N D (n) which implies that & € g, by (15). Thus, exp(t§) € G, for

small |t| and we get

d
Tignmg, (vg, wy) = d_t g, (gexp(té), exp(—t€) -n)=0
t=0

which proves the injectivity of (20). |

A leaf G- ng(o) of D¢ +V is contained in M), where H C G is the compact
subgroup such that jG_l(o) C My. The induced action of G on G - jG_I(o) has hence con-
jugated isotropy subgroups. Using the fact that the topology on G - .751(0) is stronger
that the topology induced on it by the topology of M, it is easy to show that the action
of Gon G - jgl(o*) is proper.

We have the following Dirac Optimal Orbit Reduction Theorem, which is proved

in the same manner as Theorems 6.1 and 6.2.
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Theorem 6.5. Let o € M/Dg. The orbit space M¢ := (G - jG_l(a))/G is a regular quotient
manifold such that the projection 7 : G - 77!(¢0) - MF is a smooth submersion. Define
w8l € Q2(MF) by

(T 0 ) (M) (W, W) = (V) (15,6 (M) = —B(X) (16,6 (M), (21)

for any me J (o) and any X, Y € I'(D;) defined on an open set around , ¢(m), where
(X, a), (Y, B) e I'(DN (T ® V3)) are such that T,ts cvm = (X + V1) (t6,¢(M)) and Tpte g Wm =
(Y + V) (ty.c(m)) for some smooth sections V;, V, € I'(V).

Then (M?, wf) is a presymplectic manifold. The pair (M¢, DY) is called the Dirac
optimal orbit reduced space of (M, D) at o, where D¢ is the graph of the presymplectic

form f. O

6.3 Comparison of the three methods

Next, we show that if the hypotheses of Theorems 6.1, 6.2, 6.5 hold, then the three meth-

ods yield the same reduced objects.

Theorem 6.6. Choose m € M and set o := Jg(m), p := J(m). Assume that the three opti-
mal reduced Dirac manifolds (M,, D,), (M,), D,), and (M, DY) are defined. The reduced

presymplectic spaces (M, , w,), (M, w(), and (M, of) are presymplectomorphic. [

Remark 6.7. We will show in Theorem 7.1 that the reduced presymplectic spaces cor-
respond also to the presymplectic leaves of the reduced spaces obtained by perform-
ing standard Dirac reduction as in [18]. In this paper, it is shown that a Dirac man-
ifold (M, D) that is invariant under a proper G-action induces a subspace of the set
X(M/G) x 21 (M/G) consisting of “vector fields” and “1-forms”on the stratified space
M/ G, whose values define Dirac structures on the strata. To get them, the restrictions
of the Dirac structure to the orbit-type manifolds are considered and a regularity condi-
tion on DN (7 @) is postulated. This extends to Dirac manifolds the method used in
[25] for Poisson manifolds: if a Poisson manifold is invariant under a proper Lie group
action, then there is an induced Poisson bracket on the set of differentiable functions on
M/ G, that restrict to usual Poisson brackets on the strata.

In the case of Poisson manifolds, there is an alternative singular reduction
method presented in [12] (see also [15]). If (M, {-, -}) is a Poisson manifold with a Lie group
G acting in a proper canonical way on it, then there is an induced Poisson structure on
each isotropy type manifold My, that is invariant under the induced action of N(H)/H;

here, H is an isotropy subgroup of the action and N(H) is the normalizer of H in G.
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Therefore, these Poisson structures descend to the quotient My /(N(H)/H) whose con-
nected components are strata in M/G.

In the paper [17], we show that one can also do singular Dirac reduction in this
spirit. We prove that there are induced Dirac structures on the isotropy-type manifolds,
invariant under the induced actions of the Lie groups N(H)/H, that project (under a
regularity condition as in [18]) hence to reduced Dirac structures on the strata of M/G.
The resulting reduced Dirac structures are identical to the Dirac structures obtained as
in [18].

This result is not surprising since each orbit-type manifold is just the G-orbit
of the corresponding isotropy-type manifold; thus, one should not expect additional
information about a G-invariant Dirac structures by working on the orbit type rather
than on the isotropy type manifolds. Note that in the Poisson case, one can show by
using the diffeomorphisms on the strata of M/G that there are also induced Poisson
structures on the orbit-type manifolds in M, but it seems that this cannot be shown in
a direct manner.

The result in the previous theorem just shows that the same kind of phenomenon
exists in the Dirac optimal reduction process. By Theorem 3.8, all the reduced presym-
plectic spaces obtained here and the ones obtained as the presymplectic leaves in [17, 18]

coincide. O

Proof of Theorem 6.6. Define the maps

UM — M, d 6:M, — MC°
an
(T omg,)(gm) > 7,(m) Te(m) > (7 o1f)(m)

by the following commutative diagrams.

G x J; ' (0)

TGy P2
/ \ P

Tz ) —= G-J; (o)

w S

ME M, o
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We use the diagrams to check that the maps ¥ and © are inverses of each other and

hence both bijective. Indeed, for all (g, m) € G x jgl(a), we have
(O o ¥)((7r 0 7g,)(g. M) = O (1, (M) = (7 01§) (M) =7(g - m) = (z 0 7g,)(g. M),
and, for all m e J;' (o),
(¥ 0 O)(7,(m)) =¥ (7 015 (M) =¥ (7 0 76,)(g, M)) =76 (M).
The diagrams are also used to show that both maps are smooth. The equality
Yomomg, = 0P2
shows that ¥ is smooth, since n, o p, is smooth and = o 7, is a smooth open map. The

equality

G

Oomy=mou,

shows that © is smooth since 7, is a smooth open map and = o:¢ is smooth.

We define in the same manner the maps

A:M, — M¢ and

(M) > (wor)(m) e (M) > (7(p) Olgp)(M)

D Mg — M(p)

by the following commutative diagrams:

M M
t(p/f lo.G 7’ w
T Hp) G-Jz' o) Tz o) T Hp)
M, M¢ M, M)
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We have then the commutative diagram:

M(ﬂ) M(T

NS

M7

which shows that @ and A are bijective. We have A™! =® o ¥ and @ ! =¥ o A. Thus, we
have only to show that A and & are smooth. But using the commutative diagrams, we
get A o (,) =m ot. In addition, using t, ¢ o t =((,) and smoothness of ((,), we conclude the
smoothness of ¢ since ¢, ¢ is a regular immersion. The map 7 o is consequently smooth
and A is thus smooth because () is a smooth open map.

Analogously, we have @ o 7, =7, o,,. An argument similar to the one above
shows that the inclusion ¢, , is smooth. Thus, @ is smooth, using the fact that =, is a
smooth open map.

Finally, we prove the equalities
D*w, =w, and A*0f=w,
which immediately imply that ® preserves the presymplectic forms:
O wf =W )0l = (Ao ®)wl =D*A* 0l = D w(,) = w,.

Choosem e jc_l (o) and vectors v, w € ijc_l (0). Then there exist G-invariant descending
sections (X, @) and (Y, 8) of D such that Ty, v = X (1, (m)) and T, w = Y(t, (Mm)). We have

(n:¢*w(p))(m)(vv w) = (t;pn(*p)w(p))(m)(v, w) = (77(*,0)(1)(,0))(La,p(m))(Tmla,pvv Tng,pLU).

Since

Tu,,,,(m)‘(p) Tmta,pv =Tntev=X(,(M)) = X((l(p) o La,p)(m))

and

TLJ,,,(m)l(p) Tml(r,pw =Tntev=Y(,(Mm)) = Y((L(p) o L(r,p)(m))v
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formula (16) and the fact that (X, «) and (Y, 8) are descending sections of D imply
(TP W) (M) (v, w) = (@(Y) 0 1()) (to,p (M) = (@ (Y) 0 1,) (M) g (myws) (M) (v, w),

that is, nf®*w, =n’w,. Since 7, is a smooth surjective submersion, the equality
D*w(p) = w, is proved.

Next, we prove the equality A*w¢ = w(,). Choose m € 771 (p) and v, w € T, T *(p).
Then there exist descending sections (X, «) and (Y, 8) of D defined on a neighborhood
of 1,y (m) in M such that Tt v = X(1(,)(m)) and Tt w = Y(i(,)(m)). Since X and Y are
descending vector fields, they can be written X = X% 4+ Vand Y=Y + W with X%, Y% ¢
X(M)® and V, We I'(V). Assume that (X, «) and (Y, 8) are defined on a whole tube U for
the action of G at t(,)(m); otherwise, we multiply (X, «) and (Y, 8) with a bump function
that is equal to 1 on a neighborhood U; C U of ¢, (m), and equal to 0 outside from a
neighborhood U; of ¢, (m) such that U; C U, C U.

Consider the G-invariant averages (Xg, @), (Ys, Bg) € I'(D) of (X, @) and (Y, B) at
L(p)(m) =:n. We have, with H = G,

Xe(n) =[ (T:Pp1 X6 () + T, @y V(n) dh= X°(n) + Ve(n) = X(n) + (Vs — V)(n)
H

and

ag(n) :J a(h-n)o T,,9pdh=a(n).
H

Hence, the sections (X, ag) and (Y, Bg) are G-invariant descending sections of D such
that

z(m)LJ,G(TmL v) = TmL(p)v = X(L(p)(m))

=X =Xeg(n) + (V- Ve)(n) = (Xg + (V — Vg)) (16,6 (t(m)))

and analogously

Tomyto,c (Tt w) = (Yo + (W — Wg)) (16, (t(M))).
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We get, using this and definitions (21) and (16),

() A*0S) (M) (v, w) = (7 wf) (M) (v, w) = (T* 0T ) (L (M) (Tt v, Tyt w)

U B6(X6) (.6 (1(M))) = —Be(Xe + (V — Ve)) (1) (M)

=—Pc(M)(Xeg(n) + (V — Ve)(n) = —B()(X(n))

= —BX) (1) (M) "E (7 () (M) (v, W),

that is, 7/, A*0S =n{, w(,). Since 7, is a smooth surjective submersion, we conclude

G _
A*(,()G —(1)(/,). [ |

6.4 Reduction of dynamics

In this subsection, we write {-, -} for the Poisson bracket {-, -}p on the admissible func-
tions of (M, D). We assume that the hypotheses of the preceding subsections are satisfied

and study the reduction of dynamics.

Theorem 6.8. Let (M, D) be a smooth Dirac manifold with a proper Lie group action,
such that the orbit optimal momentum map J is defined. Choose m € M such that G,
acts properly on 7~ !(p), where p = J(m). Let he C*(M)® be a G-invariant admissible

smooth function on M defined on a neighborhood U of m in M. Then:

1. There exists a G-invariant vector field X}, defined on U such that (X, dh) is a
(G-invariant descending) section of D.

2. The flow ¢ of X; commutes with the G-action and leaves J !(p) invariant.
Thus, it restricts to a flow d; on J1(p), that is, with ¢; o L(p) = L(p) © ¢~>t for all
t € R where the left-hand side is defined. The flow ¢ commutes then with the
G, -action and induces therefore a flow ¢” on M, uniquely determined by
the relation 7, o ¢; = o o 7(p) for all t € R where the left-hand side is defined.

3. The vector field X;” defined by the flow ¢’ on M, is a section of G\"’; more

precisely, we have

(X}, dh,)) € I'(Dyy)).

where h,) is the smooth function on M, defined by h(,) o 7(,) =ho (.



Dirac Optimal Reduction 127

4. Let ke C*(M)® be another admissible function, and {-, -}(,) the bracket on

admissible functions on M,, defined by D(,,. Then we have

(R, kD () = i) Kip) Yoy
where the function ({h, k})(,) is defined by
({h, K} o) 0 (o) = {h, K} 0 ().
This makes sense because {h, k} = — X3 (k) is G-invariant. O

Proof. Since his admissible, there exists a vector field X such that (X, dh) is a section
of D. The 1-form dh is a G-invariant section of V°. Consider the G-invariant average
(Xg, (dh)g) of (X, dh) in a tube for the action of G centered at the point m. Since dh is
G-invariant, we have dh = (dh)s . Set X} := X;; then (X3, dh) is a G-invariant descending
section of D.

Hence, we have X, e I'(Dg) C I'(D) and, consequently, the leaves 7 1(p) and
Je '(Je(m)) of D and D¢ are left invariant by the flow ¢ of Xj; thus, we can define the
restriction q}t of ¢ to T 1(p) by ¢(p) o q~5t = ¢; 0 ((,). Since X}, is G-invariant, ¢; commutes
with the G-action and, consequently, ¢; commutes with the G p-action. Define ¢§” ) on M,
by 7, o ¢: = ¢’ o 1, for all t where the left-hand side is defined.

Let X" be the vector field defined by the flow ¢”. Then we have

T Xn =X} 0 7(0),

where Xj, is the vector field on 7!(p), that is, L -related to X (i.e., X, is the vector field
defined by the flow ¢ on 7~!(p)). For any ne J ' (p), where ho 1, is defined, and for any
X e X(JY(p)) with flow ¢5f defined on a neighborhood of n, there exists X € I'(D) with
flow ¢X such that T,y o X = X o t(,). We compute
(i @) (7)) (Tt () K (M) = (5 (1) ) (X () (), Tty X (1)
= () (1) (W) (Tt () Xn(M), Tt () X (1)

= () @() (M) (Xn(n), X (1)

' Ah(1() () (X (1) (M) = (i) (W) (Tt X (M)
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=d(, B (M (X () = d (1, hip) (M) (X (1)

= dhiy) (7(5) () (Tt ) X ().
Hence, we have shown the equality iX;lmw(p) = dh,, and, by the definition of D,), we get
(X, dhgp) € IOy,

which yields also the fact that h,) € C*(1M,)) is admissible.
We show the last statement of the theorem in the same manner. Let X; be the
G-invariant vector field such that (X, dk) is a G-invariant descending section of D. Then

we have

{hpy. Koy o © oy = —(Ahipy (X)) 0 ) = —(@(p) © o)) (X} 0 7). X 0 7(0)
= — (1} @) (X, X)) = —(dR) (Xi) 0 1) = {h. k} 0 1)

= ({h, k})(p) O T (p).

Remark 6.9. As can be easily seen from this proof, an analogous theorem is true for
the optimal reduced Dirac spaces (M,, D,) and (M, D?), if they are defined. O

7 Comparison of Optimal and Standard Dirac Reduction

In this section, we compare the reduced Dirac manifolds obtained by the standard reduc-
tion method in [18] with those obtained by optimal reduction, under the assumption that
all necessary conditions on the smooth generalized distribution D N (7 & Vg) are satis-
fied. Since we know that the three optimal reduction methods are equivalent if they are
all possible, we only consider the optimal (orbit type) point reduction method in this
section.

We assume again that DN (7 @ V) is spanned pointwise by its descending sec-
tions and that D is integrable, and we let J: M — M/D be the corresponding orbit
optimal momentum map. Since DN (7 @ V) is spanned pointwise by the descending
sections of D, the Dirac structure D induces a Dirac structure on each stratum of the
quotient space M/G (Theorem 2.3). The following theorem gives the relation between

the strata of M/G endowed with these reduced structures and the reduced manifolds
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(M), D(,)) given by the (orbit type) Dirac optimal reduction theorem (under the assump-
tion that G, acts properly on 7~ !(p)).

Theorem 7.1. Let (M,D) be a smooth Dirac manifold that is symmetric under the
proper action of a Lie group G on M. Assume that DN (7 @ V7) is spanned pointwise by
its descending sections and that D is integrable. Let m € 7 ! (p), for some p € M/D such
that G, acts properly on J'(p). Then, if P is the connected component through m of
we have J!(p) C P. The reduced manifold M, is diffeo-
morphic to the presymplectic leaf N through 7 (m) of the reduced Dirac manifold (P, D5),

the orbit-type manifold Mg,,),
where P = 7(P) is the stratum of M/ G through 7 (m), via the map IT : M, — N, T(p)(X) —

(7 © t(,))(x). Furthermore, IT*wy = w,), where wy is the presymplectic form on N. O

Note that, as already stated in Remark 6.7, the reduced presymplectic manifolds
obtained by optimal reduction correspond then also to the presymplectic leaves of the

reduced Dirac manifolds as in [17].

Proof of Theorem 7.1. We begin by showing that the map I7 is well defined. Let x, y €
J(p) be such that 7(,)(x) =7, (y). Then there exists g€ G, C G such that <D_f]”> =y
which implies that @4(t(,) (%)) = 1(,)(¥) and 7 (¢(y) (X)) = 7 (1) (¥)). Thus, it remains to show
that (1) (x)) € N. Since xe J !(p), and by definition of the integral leaves of D, the
points ¢, (m) and ¢(, (%) can be joined by a broken path consisting of finitely many pieces
of integral curves of descending sections of D belonging to descending pairs of D. To
simplify the notation, we shall write in what follows simply x’ for ¢, (x) and m’ for
t(p(m). Assume, without loss of generality, that one such curve suffices, that is, that
x = ¢:(m’), where ¢ is the flow of a vector field X e I" (D) for which there exists o € 2! (M)
such that (X, «) is a descending section of D. Since X is a descending vector field, it can
be written as a sum X =V + X% with X e X(M)% and V e I'(V). Then [X®, V] =0 and we
have ¢; = ¢f o ¢/ =, o ¢F, where ¢¢ and ¢ are the flows of X¢ and V, respectively. Let
# be the flow on M induced by ¢, that is, 7 o ¢ps =7 0 ¢/ 0 ¢ =7 0 $pF = ¢ o 7, for all s.
This flow ¢ generates a vector field X on M such that X ~, X. Since (X, ) is a descending
section of DN (7 @ V), we know by the definition of the reduced Dirac structure on P

that
(Xp,a5) € I'(Dp), (22)

where X; is the restriction to P of X and «; is the restriction of @ to P, the “1-form”
@ € 2'(M) being such that 7*a = «. Here, we know that X; € X(P) because the flow of X
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through points in P remains in P. We have

(¢ 0 ) (M) = (7 0 p) (M) = 7 (X),

which yields, using (22) and the fact that ¢|s is the flow of X;, that (1 (%) and
7(t(5)(m)) lie in the same presymplectic leaf N of (P, D). This concludes the proof that
I1: M, — N is well defined.

To prove that I7 is injective, choose x, y€ J~!(p) such that 7 () (%)) = 7 () (V).
Then there exists g € G satisfying

Pg(L(p) (X)) = t(p) (P)

This shows that ge G, and @é") (x) =y, so we get 7y (x) = 7(,) (V).
For the surjectivity of IT choose 7(x) € N and assume, again without loss of gen-
erality, that

(%) = ¢F (1 (1) (M))),

where ¢7 is the flow of some X5 € X(P), such that there exists o5 € 2'(P) with (X5, o) €
I'(D3). Choose a descending section (X, «) € I'(D) and (X, &) € D such that X ~, X, « =
n*a, and (X, @)| = (X5, ap). The pairs (X, «) and (X, @) exist by the proof of the reduc-
tion Theorem 2.3. Then the flows ¢ of X and ¢ of X satisfy 7 o ¢s = ¢s o 7 for all s and
¢s restricts to J!(p) since X is a descending section of D. If we define X' € 7~ !(p) by
L) (X)) = d1(1(p) (M), We get, using the fact that ¢/ =7,

7 (1) (X)) = (71 0 90) (1) (M) = (1 © ) (1) (M) = 7 (%)

and hence I (7, (X)) = 7w (x).

Note that we have simultaneously shown that 7(7~!(p)) C P is equal, as a set, to
N. Moreover, we claim that the topology of N (which is in general not the relative topol-
ogy induced from the topology on P) is the quotient topology defined by the topology
of J71(p), that is, a set is open in IV if and only if its preimage under 7 o ((,) is open in
JY(p). This is proved in the following way.

Denote by Gi C ¥(M) the set of vector fields X on M such that there exists
a € (M) with (X, &) € D. The presymplectic leaf N containing m can be seen as the
accessible set of G; through m, since P is the accessible set through m of the family

of all vector fields on M. The topology on N is the relative topology induced on N by a
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topology we call the Gl-topology on M: this is the strongest topology on M such that all

the maps
U— 117[,
(T ) — (@ 0+ 0 ) (1)
are continuous, where m € M, J)t}f is the flow of a vector field X; € G; fori=1,...,k,

and U C R¥ is an appropriate open set in R¥. In the same manner, because 7 '(p) is an

accessible set of the family
F:={XeX(M)|3a e 2'(M) such that (X, «) is a descending section of D},

the topology on J~!(p) is the relative topology induced on J~!(p) by the topology we
call the D-topology on M: this is the strongest topology on M such that all the maps

U— M,
(t1. - ) — (@ 0 0 pp)(m)
are continuous, where m € M, ¢ff" is the flow of a vector field X; € F, fori=1, ..., k, and

U C R¥ is an appropriate open set in R,

Now our claim is easy to show, using the fact that, for each section X; in Gl,
there exists a descending section (X, «) of D such that X ~, X and hence J&tx o =m o
Conversely, for each descending section (X, @) of D, the vector field X satisfying X ~, X is
an element of G; and we have ¢ o 7 =7 o ¢X. Hence, a map f: N — Q is smooth if and
only if fo (7w o) :J '(p) — Q is smooth, where Q is an arbitrary smooth manifold.
Thus, we have shown that N =7 (7 !(p)) C P as topological spaces.

Finally, the smoothness of IT and of its inverse /I7-!: N — M, 7(1(p)(X)) = m,(X)

follow from the following commutative diagrams:

L(p)

T ) —= M T p)

T(p)
T(p) i kg TTOL(p) \L \
M

N — M,
toll !
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Consider the first diagram. Let t5 j;: P <> M and t 5 : N < P be the inclusions. Since
7T o is smooth, we have automatically (by the quotient manifold structure on M,))
that 1y o IT =15 j; ot 5 o IT is smooth. Since N is an initial submanifold of P and P is a
stratum of M, the smoothness of IT follows. With the considerations above and, because
7(,) is smooth, we get the smoothness of /7-! with the second diagram.

Now we show that [T is a presymplectomorphism, that is, IT*wy=w,. Let
7,(x) € M,, x€ J ' (p), and v, w € TxJ *(p), that is, we have Ty (,v, Txl(pw € D(i(p)(X)).
Then find X5, Y5 € ¥(P) and «j, B € 2'(P) such that (X5, a5), (Y, B5) € '(Dp), Tx(IT o
o))V = Tx (7T 0 1(p))v = Xp (7 (1() (X)), and Tx(IT o mr(p))w = Tx (71 0 t(p))w = Y3 ( (1) (X))).
Choose (X,a@),(Y,B)eD and X,YeX(M) such that (X, n*a), (Y,n*B) are descending
sections of D, X ~, X, Y ~, Y, and (Xp,ap) and (Yp, Bp) are the restrictions to P of (X, &)
and (Y, B). Then we get

(H*wN)(n(p)(X))(TXn(p)v, Ty pyw) = wi((IT o () (X)) (Tx(IT o 7w(py))v, Tx(IT 0 7)) w)
=wi((7w 0 1)) (X)) (Tx (7 0 1))V, Tx(7 0 L(p)) W)
= wi((r 0 1)) (X)) (X5 (T (L(p) (X)), Y5 (7T (1(p)(X))))

=a((71 0 1) (X)) (V5 (T (1) (X)) = (1) (X)) (Y (1) (X))

= () (7(p) N (TxT )V, TxTT(p) W),
where the last equality is the definition of w,). |

8 Examples
Example 8.1. We consider the example of the proper action @ of G :=S! ~R/(27Z) on
M :=R3 given by

@, (x,y,2)=a-(X,y,2) = (xcosa — ysina, xsina + ycos«, z).

The orbit and isotropy types of this action coincide since the Lie group is Abelian. They
are P, = {0} x {0} x R, P, = My, with H; =S!, and P, =R®\ P}, so P, = My, with H, = {e}.
The orbit of a point (x, y, z) e R® is {(¥, ¥, Z) e R® | x? + y? = x*> + y? and Z = z}. Thus, the
reduced space M can be identified with [0, +00) x R with the projection 7 given by

[0,00) x R3 (%, 2) :=7(X, ¥, 2) = (x* + V*, 2).
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It is easy to compute, for each « € S!,

@ (3x) =cosady —sinady,, @;(dy) =sinady + cosady,, P@;(d,) =0,

and

@ (dx) =cosadx — sinady, @;(dy) =sinadx+ cosady, @;(dz)=dz

Hence, the Dirac structure D given as the span of the sections

(8X7 dy)7 (a}h _dX), (BZﬂ O)

is S'-invariant, that is, the Lie group S! acts on (M, D) in a Dirac manner.

In Example A.3, we carried out the explicit computation showing that

T (m) =7 (m) = spany{0d,, Xdx + Y0y, X0, — yox}

for all m = (x, y) e R% The set DN (7 & V) is equal to the set DN (7 & V3), since the
orbit type manifolds coincide with the isotropy type manifolds, and is spanned by the

sections

(y0x — %0y, xdx+ ydy) and (9, 0) of D.

These sections are exact G-invariant descending sections of D and hence Dg =D is
completely integrable. Indeed, it is easy to see that since D is spanned pointwise
by the vector fields 9, and ydx — xd,, it is integrable and its leaves are the cylinders
M, :={(x, y,2) e R®| x> + y* =7}, for all r > 0, and the line {(0, 0, 2) | ze R} =: M.

We identify the leaf space of D with the closed set [0, o0); J(x, y, z) = x> + y?, for
all (x, y, z) e R%. It is easy to see that G, =S!, for all r € [0, c0). The Lie group S! acts on
M, by rotations for r > 0 and trivially for r =0. The reduced spaces are then all lines
with trivial presymplectic form.

It has been shown in [18] that the Dirac structures on M; = P, /S! ~R and M, =
P,/S' ~R? are given by Dy (2) = span{(dz, 0)} and Dy, (X, 2) = span{(dz, 0), (0, xd%)}. Thus,
the symplectic leaves are all lines with trivial Dirac structures and we recover the result

of the correspondence theorem. O
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Example 8.2. We consider here another example from [18]. Let M =R?® x R® with the
(automatically proper) diagonal action of G =S! ~R/(27Z) on it, that is,

®: S'x R®xR%)— R®xR®

X1 X X3 cosa — y; sina X, COSa — Y, Sinw
o, |lnl.lr —> x;sinae+ yycosa |, | xxsina + y» cosa
zZ Zy 7z 2

The functions

2 2

rn,w =x+y

’

X1 X2
" Y2
Ao, w) = x5 — y13s  det <X1 Xz) , s(v,w)=x1% + Ny = <<X1> , <X2>> )

n » n v

ZI(U’ w)Zle ZZ(va)ZZZ’

, rz(v,w)=X22+y§=‘

are S'-invariant. They also characterize the S'-orbits of the action since d and s deter-
mine in a unique way the angle between the vectors (xi, y1) and (xz, y»). Hence, the
reduced manifold is the stratified space M =7 (R® x R3) C R®, where 7 : R® x R® — R® is
given by 7 (v, w) = (r1, 12, d, s, 21, Z) (v, w). We conclude that M is the semi-algebraic set
M={(r.,r:,d,s 21,2)cR0 |r,rp,>0and s? + & =rr).

The two strata of M are My= {(0,0,0,0, z, z) € R}, corresponding to the
orbit- (isotropy-)type manifold Mg = M) ={(0, 0, z;, 0, 0, ;) € R®} with trivial S'-action
on it, and M; ={(r, 12, d, s, z1, ) € R® | (11, 12) # (0, 0) and d? + s> =11}, corresponding
to the orbit- (isotropy-)type manifold Mo = Moy ={(x1, V1, 21, X2, V2. Z2) € RS | (x1, 1) #
(0,0) or (x2, y2) # (0, 0)}.

Define U :=R.o x R* C R®. Since the points (11,72, d, s, z1, z) in M; satisfy r; >0
or rp > 0, we have two charts for M;, namely (y; (U), ¥; ) and (¥2(U), ¥, '), where

. 4 / V/
Y1t RoxR* — I Yt @S M — RogxRY

& + s? .
5 d, S, Zl, ZZ (r17 r27 da S7 Zla ZZ) = (rla da Sa Zla ZZ)

r

(r17d5s7zl5227) i <r17
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and
1)0‘2 . R>0 X R4 — Ml

& +s®

r

Uyt Y(U)CS My — RogxR*

,rg,d,s,zl,22> (r,12,d, s, z1,2) +— (r2,d.s, 21, 22).

(r, d, S, 21, z2) (

Since Vi(m)={df(m)| feC*(M)®} [18, Lemma 5.8], we have, for all m=

(X1, Vi, 21, X2, V2, Z2) € RS,

o dz;, dz, xidx+ydy, xdx + ydy,
Ve (m) = spang ,
x1dy, + yodx; — xody — yidxe, xidx + xdx + yidyz + y2dp

and, as shown in Example A.4,

X1:=05, X3:=0g,
X3:=X10x + 110y, Xa:=X0x + V20,
T(m)=Tc(m) =spang | X5 := y1dy, — X1y, Xo:= Y20y — X0y,
X7 I=X13Xz +YIaYz’ X8 ::Xzaxl +Y28y1’

Xg = Xlayl — ylaxl, X10 = X28Y2 — Y28XZ

Note that V is spanned on M by Xg + X190 =X10y, — }10x + X20y, — V20x,.
Consider the Dirac structure D € TM & T*M spanned by the pairs

(aX15 dyl)7 (ayl ’ _dX1)7 (azla 0)’ (aXza _dYZ)a (ay27 dXz)a (Oa dZZ)‘

Comparing this with the sections of 7 =7; and V; given above, we find a set DS of
exact G-invariant descending sections spanning pointwise the intersection DN (7 &
Ve)=DnN(7g & V3):

(02, 0), (0, dzp),

1) (=x10y, + 110x, x1dx1 + y1d171), (X20y, — Y20k, X2dXe + y2d)2),

(—X10%, — Y20y, — X205, — Vi0y,, X1dy2 + y2dx; — x2dy; — y1dxp),
(x10y, — %20y, — Y10x, + V20x, X1dX + X2dx1 + y1dy2 + y2dy1)

(02, 0), (0, dz,), (—Xo, 3dr1),
(X10, 3dr2), (—X7 — Xg, dd), (Xs — X5, ds)
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Thus, we get, for all m € RS,

0z, Xg=2X10y — y10x,,
X10=X20y, — V20x,.
X7 + Xg = X10x, + V20y + X20x, + V10y,,
Xe — X5 =X10y, — X0y, — V10x, + V20x,

D(m) =Dg(m) = span (m)

= (span{dz;, x;dx; + y1dy1 — x2dx; — y2dy2})° = (span{dz, d(r; —2)})°.

The distribution D=D; is hence integrable and its leaf through a point p=

(le W, z1, X2, V2, ZZ) € MlS
1. {(0,0,¢0,0,2)|teR}if ri(p) =r2(p) =0,

and otherwise the level set of the functions z and r —r; through the point p=

(X1, V1, 21, X2, V2, Z) € M, that is,

{(rcosa,rsina, t,rcos B, rsinf, z) |r>0,a, B, teR}, if ri(p) =r2(p) >0,

{(Vx2+ V2 +kcosa, VX2 + y2 +ksina, t,x, v, 22) | x, v, a, t e R}, if k:=(r; —19)

(p) > 0 and
4., {(x,y,t, /x> + y> —kcosa, /X% + y?2 —ksina, z3) | x, y, o, t e R}, if k:=(r; —19)
(p) <O.

The singularity at points where r; and r, both vanish can also be seen considering the
flows ¢!, ¢9, 919, p7+8, ¢5-5 of the vector fields d,,, X9, X10, X7 + Xg, X6 — Xs:

X1 X2 X1 X2
1
¢ nil-|rel|= n |-|l»ll
zZ Zy zZ1+1t Zy
X1 X Xx;cost— y sint X
9 .
é nl-lrell=|lxsint+pncost|.|y]l.
Z1 Zy Z Zy
X1 X X1 X;C0Sst— ysint
10 .
¢ nl-lwell=1Inl|.|xsint+pycost| |.

Z1 Z2 Z1 Z2
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X1 X x; cosht+ x sinht X cosht+ x; sinht
@p’T8 nil.|r = yicosht+ ypsinht |, | y»cosht+ y; sinht ,

Z Z Zp 21

X X x; cosht+ y, sinht x, cosht— y; sinht
@®° nl:|» = yicosht — x; sinht |, | y2 cosht+ x sinht

Z1 Z Z2 Z1

Hence we can identify the leaf space M/D; with the set

{(r1, 12,11 — 12, 22)(p) | pe M}/ ~,

where ~ is the equivalence relation given on {(ry, 72,71 — 12, 2)(p) | p€ M} CR.g x R X
R xR by (1,2, k. t) ~ (r{, 75, k', t') if and only if t=¢ and

k=K #0

or

(k=k'=0) and (r,>0o0rr,>0) and (r;>0o0rr,>0)

or

k=k'=0 and r=r,=r=r,=0.

Since V € D¢, we find G, = G =S* for all 0 € M/Dg. The action of S! on each of
the leaves is the restriction to the leaf of the action of S'on M.

We consider the four different cases:

1. If 0 =[0,0,0,ale M/Dg, we have J;'(c)={(0,0,t0,0,a) |t R} ~R and the
induced action of S! on JG’l(a) is trivial. Thus, the reduced space M, =
Jz'(0)/S' = J; (o) =R is a line and the presymplectic form is necessarily
trivial.

2. Ifo =[R,R,0,al € M/D; with R> 0, we have

jG_l(a) ={(rcosa,rsina, t,rcosB,rsinp,a)|r>0,a, B,t € R}.
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Hence, if we consider it as a subspace of M/S!, the reduced space is equal to

M, =J;"(0)/S' ={(r?, r*, r’sin(« — B),r’ cos(a — B), t,a) |r > 0,a, B, t e R}

~R.oxS'xR
via the diffeomorphism

Yo Ma_>R>0XSIXR,
2, r?, r’*sin(a — B), r? cos(ax — B), t, @) —> (r*,a — B, t),
w;lz Rog x S! x R — M,,
(r,0,t)—> (r,r,rsin(@), rcos(d), t, a).
Let 7 : M — M/S' and 7, : ng(o) — M, be the canonical projections.

We use the coordinates (r,0,%t) on R.g x S! x R and compute the

presymplectic form w,. We have

2118y, + 2150y, + 2505 + 2ddq
27'1

O ~y1 Oy + By, + SIN 005 + cOS 00 = and

g ~y-1 S0g — dos
since r, =r, on M,. Since

X10x, + V10y, + X00x, + Y20y, ~x 2110y, + 2120, + 2505 + 2ddg  and

X9 ~r _Sad + daS9
this leads to

1
s (0r, 0g) = __(n:wa)(xl axl +n ayl + X28X2 + y28y27 Xo)
27'1

1 1
= —;(deXl + 71dy1)(X10x + Y10y, + X0, + V20y,) = —F(Xlz + )
1 1
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1 *
Wg (0r, 0) = F(T[gwa)(xl axl +n ayl + X28X2 + y28y27 8zl) =0, and
1

wo (39, 0¢) = (M55 )(— X9, 97) = 0.

Thus, we find o, (1, 6, t) = £d6 A dr.

Note that easy linear algebra arguments show that x;dy + y19y, +
Xp0x, + V20, is an element of Dg(x1, 1. Z1, X2, V2, 22) if and only if x¥ + yf =
x? + y2, that is, if and only if (x1, 1, 21, X2, Y2, 2) € J; ' (o) for o =[R, R, 0, al.
If o =[Ry, Ry, k, al € M/Dg; with k> 0, we have

j(;l(a) ={(V/x%2+ y?2 + kcosa, vVx2 + y?2 + ksina, t,x, y,a) | x, y,a, t € R}.

The reduced space M, is now

M, =J; ' (0)/S!

v.t.dseR
={(x2+y2+k,x2+y2,d,s,t,a) T LaGse }:R3

I+ = +yV+hHEE+Y)
via the diffeomorphism

Vo: M, — R®,
X+ +k x>+, ds, ta)— (ds, ),
vl RP— M,

VK +4(d2+s2)+k
2 9

(d, s, t) —> (

2

/-2 4 2\
K44 +57) k,d,s,t,a .
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We use the coordinates (d, s, t) on R® and compute the presymplectic form

w,. We have

2d 2d
04 oy or, + Or, + 04 and
VK +4(s? + d?) VK +4(s? + d?)
2s 2s

83 ’\'1//-0—1 o + 85.

O, + a
VK% +4(s%2 + d?) VK% +4(s% + d?)

A computation (see [18]) yields
Xo — X5 ~2dd,, + 2d0,, + (1 +12)0q and X7 + Xg~; 250, + 280, + (11 +12)0s.

With ry + rp, = /k? + 4(s? + d?), this leads to

wo (9g, 0s) = m(ﬂ:wa)(}fe — X5, X7 + Xg)
= m(&d& + x2dx1 + y1dyz + y2dy)
X (X10%, + Y20y, + X205 + V10y,)
Nz +4(22+d2)(xf+X§ R = NIz +4ts2+d2)’
o (04, 0¢) = m(m’:%)(% — X5, 04) =0,
and  a, (0. 9) = mmg‘wax& T Xa.0,) =0,
which leads to w, (d, s, t) = mdd/\ ds.

4. If o =I[Ry, Ry, k, al € M/D; with k < 0, we have

jc_l(o) ={(x,y,t,v/x* + y*> —kcosa, Vx> + y* —ksina, a) | x, y, a, t € R}.
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The reduced space M, is then equal to

M, =J;"(0)/S"

d,seR
N+ AR+ P —kdst, xrhd ~ R
( v v sLa B+sP=x+y -+ )

via the diffeomorphism

Vo M, — R
(X2+y27X2+Y2_kvdasvt5a’)'_)(dvs’t)7
1#;1: R3—>Mc,,

VE + 4 +s2) + k
2 9

(d, s, t) —> (

2

2 2y _
VK2 4+ 4(d? + s2) k,d,s,t,a '

We use the coordinates (d, s, t) on R® and get, in the same manner as above,

wy(d, s, t) = ! dd A ds.

VEK? +4(s% + d?)

We want to compare these reduced spaces with the presymplectic leaves of the
Dirac structures induced on the two strata My and M, of M by standard singular reduc-

tion. These are given by Dy, (1) = spang (3 . 0). (0. dz; (1))}, for all m € My, and by

(azlv 0)’ (O’ dzz): (zsad - Zdas, drl)’
s+ d?
Dy, (1. d. s, z1, 2,) = spany <_258” - (rl T ) 0s, dd) 1 (r,s.d 21, 25)

2
<2d8r1 + <r1 + 5 :d2> 0d, ds)
1
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in the chart (U, ¥;) and

(8zla O)v (O’ dZZ)a (zsad - 2d8$7 er)v
s? + d?
DM1 (r2, s, d, z1, z,) = spany (—283r2 - (7‘2 + rz > 0s, dd) N, s, d, 21, 2)

2
<2d3r2 + (T‘z + S :—dz) 0d, dS)
2

in the chart (U, ¥,) (see [18]).

Take pe M. If pe Mg, that is, n(p) € My, we have p= (0,0, z, 0,0, z,) and the
reduced space (M,, w,) for o = Js(p) is of the first type: (M, , w,) ~ (R, 0). The presym-
plectic leaf of (Mo, Dy;,) through m(p) € My is obviously N,={(0,0,0,0,t 2z)|teR}~R
with the trivial presymplectic structure. It is easy to see that (M,, w,) =~ (Np, 0) via the
diffeomorphism constructed in the proof of Theorem 7.1.

For pe M, we have 7 (p) € M;. We study the presymplectic leaves of (I, D).

The corresponding distribution Gy is given by

s* + d? s* + d?
G1(7(p)) = spang {le, $0qg — dds, 280y, + <r1 +— >8s, 2doy, + <r1 +— >8d}
1 1

s2 4 @ s?+d?
= Sspang {821’ 250y, + (7‘1 " r ) % 2don + (7'1 " r ) 8d}

in the chart ¥,. We find that Gy is the smooth annihilator of the codistribution that
is spanned pointwise by {dz,, d(r;, — %)} and that has constant rank on vy, (U) C M;.
With the same argument we find that Gy has constant rank on v, (U) C M; and since
Y1(U) N, (U) is open and dense in M;, the distribution Gy is a vector bundle over M.
We have shown in [18] that it is involutive and so it is completely integrable in the sense

of Frobenius. We have again three cases:

1. Suppose thatr >0, (r — #)(p) =0=k, zz=acR. Then the leaf Ny, of G4
through 7 (p) is the subset

M 2y1(U)2 Nog={(r1,s,d,z1,0) |11 > 0,1 =s* + &, z e R}

={(z zcosa, zsine, t,a) | z>0,a €S, te R} ~R.o x S! xR
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via the diffeomorphism

Yoa: Nog—> Rog X S'xR,
(z,zcosa, zsina, t,a) —> (z, a, t),
W(Izlz,: R.o x S x R — Ny q,
(z,a,t) —> (z,zcosa, zsina, t, a).
Note that this leaf of Gy is included in the intersection v;(U) N ¥ (U); the
values of r; and r, are equal on the leaf. Thus, for instance, if r; vanishes,

then r, has to be zero too, which is not possible on M;. We compute the

presymplectic structure on N ,. Since

1
aZ N‘//l;l 87-1 + COSOlas + Sin()ladz T'_(rl arl + Sas + dad)v
.a l

80, ’\'%—1 Sad — das and 3t N%—l 321 ,
we have

a)Novu(atv 3Z) = Ov a)NOAa(atﬂ 80[) = Ov

1 1 1
and wp,, (0, 0y) =—=dr | — (1o, +53+dda) | =—=.
2 r 2

Therefore, wy,, = %da A dz. This shows that (Ny 4, wp,,) is presymplectomor-
phic to (M,, w,), where 0 = Js(p) =I[r1, 11,0, al.

Suppose that r; >0, (r; — %)(p) =k>0, zz=acR. Then the leaf Ny, of G
through 7 (p) is the subset

2
MlQI/fl(U)QNk,a:{(rl,S’CLZl’a) r1>0,7‘1—s :_d2=k,21€R}
1
A <2 2
:{( As +d;)+k+k,s,d,zl,a 71,8, deRy .

Note that since r; — r, is equal to k>0 on N, we have r; >0 on Ng, and

hence, Nk, € 1 (U). To compute the presymplectic structure on Ny ,, we study



144 M. M. Jotz and T. S. Ratiu

its graph, which is the induced Dirac structure on the leaf (see (5)). We have

N

ds
VAa(s? 4+ d?) + k2

(azl ) 0)7 (sad - daS9

d dd
I'(Dy,,) = spang«y,, + 42 + B) 1 K2 ’
(—V4(s* + d) + k*05, dd),
(vV4(s%2 + d?) + k204, ds).

s?+d?

n !

We have used the fact that since r;, — k=

V4(s? + d?) + k?, and the equality

we have r; + %:27‘1 — k=

1
dr; =8s- 1 ds + 8d- dd
2.2 /4(s%2 + d?) + k2 2.2 /4(s%2 + d?) + k?
2s 2d

ds + dd
VA(s? + d?) + k2 VA(s? + d?) + k2

This yields

F D _ (82170)’(_V4(32+d2)+k285’ dd)s
Btie) = PR~ (VAG? + &) + K2ag, ds),

1

A A(s2+d?)+k?

3. Suppose that r, >0, (S2+ —12)(p) =k <0, z=a<cR. Then the leaf Ni, of G4

r2

and thus wy,, = dd A ds.

through pis the subset

s+ d?

r2

: (~/4(s2 T TR+ k )
5 ,s,d, z1,a

r2>0,

Ml 2 wZ(U) 2 Nk,a: {(rZa S, d5 z1, a)

—rzzk,zleR}

71,8, de R} .

Note that since r; —r; is equal to k<0 on Ni,, we have r, >0 on Ni, and

hence, Ny, € ¥2(U). To compute the presymplectic structure on N ,, we study
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its graph, which is the induced Dirac structure on the leaf (see (5)). We have

I'(Dy,,)

(3. 0). { 504 — dis. : ds
4(s2 4+ d?) + k?
d
dd],
=spalgw~(y, ) + T DR
(—/4(s?% + d?) + k20, dd),
(VA4(s? + d?) + k204, ds)

as in the preceding case. This yields
(azls 0)9 (_ Vv 4(32 + dZ) + kZaS, dd)v
F(DNk,u) = Spancm(Nk.a)

(V4(s? + d?) + k?8g, ds),

1

and thus oy, , =
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Appendix 1. Tube Theorem and G-invariant Average for Proper Lie Group Actions

We recall here a construction from [18] which is used in some proofs of this paper.

If the action of a Lie group G on a smooth manifold M is proper, we can find for
each point m € M a G-invariant neighborhood of m such that the action can be described
easily on this neighborhood. The proof of the following theorem can be found, for exam-
ple, in [23].
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Theorem A.1 (Tube Theorem). Let M be a manifold and G a Lie group acting prop-
erly on M. For a given point m € M denote H := G,,. Then there exists a G-invariant
open neighborhood U of the orbit G -m, called tube at m, and a G-equivariant dif-
feomorphism G xz B—> U. The set B is an open H-invariant neighborhood of 0
in an H-representation space H-equivariantly isomorphic to T, M/ T, (G - m). The H-
representation on T,, M/ T, (G - m) is given by h- (v 4+ Tn(G - m)) := T, @p(v) + Tn(G - m),
he H, ve T,,M. The smooth manifold G xg B is the quotient of the smooth free and
proper (twisted) action ¥ of H on G x B given by ¥ (h, (g, b)) :=(gh ', h-b),ge G, hc H,
be B. The G-action on G xy B is given by k- [g, bl := [kg, blg, where k,ge G, be B, and
g, bly € G xg B is the equivalence class (i.e., H-orbit) of (g, b). O

Let m € M and H := G,. If the action of G on M is proper, the isotropy subgroup
H of m is a compact Lie subgroup of G. Hence, there exists a Haar measure dh on H, that
is, a G-invariant measure on H satisfying [, dh=1 (see, e.g., [11]). Left G-invariance of
dh is equivalent to right G-invariance of dh, that is, R; dh= dh:L; dh for all ge H,
where Ly : H— H (respectively, R, : H — H) denotes left (respectively, right) translation
by gon H.

Let X € X(M) be defined on the tube U at m € M of the proper action of the Lie
group G on M. Using the Tube Theorem, we write the points of U as equivalence classes
[g, blg with g € G and b € B. The vector field X; is defined by

Xe(lg, bly) i= (@;1 (J q>;;xdh)> (Ig. blz).
H

That is, for each point m’ =g, blg € U, we have

X (g, blg) = Tiep1, Pg (J (Tin, b1, Prr X (LR, b)) dh) .
H

This defines a smooth G-invariant vector field X; called the G-invariant average of the
vector field X (see [18]). Note that X is, in general, not equal to X (at any point); it can
even vanish. Indeed, G-invariant vector fields are tangent to the isotropy-type manifolds
(see [23]). Hence, if we choose a G-invariant Riemannian metric on M and a section X
of the (G-invariant) orthogonal TP+ C TM|p of TP relative to this metric, where P is a
stratum of M, its G-invariant average is both a section of TP' and tangent to P, so it is

the zero section (see also [10, Lemma 2.4]).
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Similarly, the G-invariant average ag € 2! (M)¢ of o € 21 (M) is defined by

H

that is, for each point m’ =I[g, bly € U, we have

ac (g, blu) = < J B dh) o Tig.py Pyt = ( J (o (T, Bl) o Tio sy, ) dh) o Tigsty ®o-1-
H le.bly H
(A.1)
The 1-form a¢ is well-defined, smooth, and G-invariant (see [18]).
If (X, o) is a section of a G-invariant generalized distribution A, then (Xg, a¢) is
a G-invariant section of A.
Note that, in the same manner, we can define the G-invariant average f; of a

smooth function f defined on the tube U for the action of G at m. The function f; is
defined by

Folg, Bla) :=J F(th, bla) dh.

heH

Appendix 2. The Module of Equivariant Vector Fields on a Representation Space

Let @:G x V — V be a finite-dimensional representation of a compact Lie group G. We
review a method presented in [7] to find C*(V)%-generators for the set X(V)¢:={Xe
X(V)|#;X=X Vge G} of G-equivariant vector fields on V.

Since G is compact, averaging an arbitrary inner product on V yields a G-
invariant inner product (,)) on V. Thus, we can assume, without loss of generality,
that the representation @ is orthogonal. Denote by (,): V* x V — R the nondegenerate
duality pairing.

The computation of the set of generators for X(V)¢ is facilitated by the following

two observations:

(1) There is a bijective correspondence between G-equivariant vector fields on
V and G-equivariant maps V — V.
Indeed, since TV >~V x V and the tangent lift of the representation @ to
TV is given by g- (v, w) :=T,®qw = (Pgv, Pgw), for all ge G, v,weV, we

can associate to each X € ¥(V)¢ the smooth G-equivariant map fx:V — V,
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fx() :=pry,(X(v)), and vice versa; pr,:V x V— V is the projection on the
second factor.

(2) There is a surjective map from the set of G-invariant real-valued functions
C®(V x V)¢ on V x V to the set X(V)° of G-equivariant vector fields on V.

Indeed, if ¢ : TV =V x V— R is a smooth G-invariant function, define f,(v):=
dop(v, 0) € V* for all v € VV, where dy¢ denotes the derivative relative to the second vari-
able. Then f,: V — V* is a G-equivariant function, where the G-representation on V* is
defined by g-l:=10 @4, foralll € V* and g € G. The G-invariant inner product ((, )) on V
induces the isomorphism v € Vi (v, -)) € V* of G-representations and hence f, induces
a G-equivariant map ff,, : V — V defined by ((ff,,(v), w) = (f,(v), w) = (da¢(v, 0), w) for all
v, w € V. Therefore, we get X, € X(V)¢ defined by X, (v) :i= (v, fq)(v)) forallve V.

Conversely, each X € X(V)¢, uniquely defines the smooth G-equivariant map
fx:V — V given by X(v) = (v, fx(v)) for all v € V and hence the smooth G-invariant func-
tion ¢x: V x V — R defined by ¢x (v, w) = { fx(v), w)) which is linear in the second compo-
nent, that is, px € S(V x V)% :={p e C®(V x V)¢ | ¢(v,-) € V*, for all v e V}. Note that if
V¥ € S(V x V)¢, then ¥ (v, w) = (d2¥ (v, 0), w). Using this identity, it is easily seen that the
correspondences ¢ € S(V x V)¢ > X, e X(V)¢, X e X(V)® > ¢px € S(V x V)€ are inverses
to each other.

So we have a bijective map X(V)® < S(V x V)¢. In particular, the map ¢ €
C®(V x V)¢ = X, € X(V)C is surjective.

Let {p1, ..., pn} be a Hilbert basis for the ring and finitely generated R-algebra
of G-invariant polynomials on V x V. The Hilbert map H:V x V—>R", H(v,w):=
(p1(v, w), ..., pa(v, w)) is proper (inverse images of compact sets are compact), it sep-
arates orbits (if (v, w')#g-(v,w) for all ge G, then H(®', w') # H(v, w)), and there
is a homeomorphism H:(V x V)/G — H(V x V) CR" such that Hon =H, where 7 :
VxV—(VxV)/G is the projection on the orbit space (see [7, Theorem 5.2.9]). The
theorem of Schwarz-Mather (see, for instance, [23, Theorem 2.5.3]) states that for

each G-invariant function ¢ € C®(V x V)¢, there exists F, € C*°(R"™ such that ¢ =F, 0

(p1» ..., pn). Since

n

JF
fo() :=dap(v,0) = Z a): (1 (v,0), ..., pu(v,0))d2p;(v,0) € V¥,
i=1 L

the G-equivariant vector fields Xi, ..., Xy, X;(v) := (v, p;(v)), {(B;(v), w) = (d2 p; (v, 0), w),
forallweV,i=1,...,n, associated to the Hilbert basis p, ..., p, are spanning vector
fields for the C*(V)%-module X(V)S.
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In the examples below, we need to know the Hilbert basis for the diagonal

actions of S! and SO(3) on n copies of R?, respectively R®. These bases are given in

the following proposition, which is proved in [20, Theorem 10.2].

Proposition A.2.

1.

Consider the diagonal action ¢ of S! =SO(2) on n copies of R?, that is,
¢ :S! x R = (R, ¢(a, (v1,...,0))=(-vq,...,a-v,). Write P((R®") as
R[X), Y1, ..., Xy, ¥l and define Pij, Q;j € P(RH™S by P =X;X; + YV} and
Q;j=X;Y; — X;Y; for all i, j=1,...,n. Then B,:={P;;,Qu|l<i<j<n 1<
k <1 <nj} is a Hilbert basis for P((R?)")S".

Consider the diagonal action y of SO(3) on n copies of R?, that is,
¥ :S0(3) x (R (R3™, (A, (v1,...,v0) =(A-v1,..., A-vy). Write P((R3)™)
as R[X1,Y1,Z1,..., Xn, Y, Zo] and define Pjj;, Qjjx € P(RHSO®) by Pj=
XiXj+ YiYj + Z;Z; and Qijx=X;V;Zy + GiZ; Xy + ZiX;Yi — X;GWZ; — Vi X;Z) —
Z;YiXy for all i, j,k=1,...,n Then Cp:={P;j, Qum|l1<i<j<nl<k<l<
m < n} is a Hilbert basis for P((R3)")SO0® O

Example A.3. We consider Example 8.1: the (automatically proper) action @ of G :=
S'~R/(2rwZ) on M :=R? given by

D, (x,7,2)=a-(X,y,2) =(xcosa — ysinao, xsina + ycos«, 2).

We want to find C*(M)®-generators for the G-invariant vector fields on M=

R3, G=S'. Hence, we have to find the invariant functions for the diagonal action
of S! on M x M, that is, the action ¥ :S! x (R® x R®) — (R® x R%) given by ¥, (v, w)=
(Py (), Do (w)) for all v, w e R®. Write (v, w) = (X%, Vo, Zo, X0, Vu, Zw) € R, Then, by Propo-

sition A.2, the Hilbert basis for PS' ((R3)?) is given by {p1, p2, Ps. Pa. D5, Ds}, where

o, w)=x>+y phw=x2+y p,w =z

p4(v, w) =2Zy ps(v, w) =XX, + YoV pG(U, U)) =% Yw — YoXw-

Since d, p1(v,0)=0, d, p2(v,0)=0, dy, p3(v,0) =0, dy, pa(v, 0) =dz,, d, ps(v,0) =
x,dx, + vody, dyps(v, 0) = x,dy, — ydx,, the method in [7] reviewed above yields the
generators X; =X, =X3=0, X4(v) =0,, Xs5(v) =X,0x, + ¥y, X6(v) =X,0y, — y»0x, of the
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C>®(R®S'-module of equivariant vector fields X(R®)S' on R®. Note that Xs is the fun-
damental vector field of the action of S' on R® defined by the Lie algebra element
1e TS ~R.

Thus, we get I'(T) = I'(Tg) = spalgw {02, X0x + Y0y, X0y — yox} as was used in
Example 8.1. 0

Example A.4. We consider here the action of Example 8.2. The vector space M =R3 x
R? is endowed with the (automatically proper) diagonal action of G =S' ~R/(27Z) on it,
that is,

@: S!'x (R®xR%— R x R®,

X1 X X3 cosa — yj sina X, COSa — P Sina
o |lnl.-lr — x;sine+ y1cosa |, | 2 sinw + y» cosa
Z Zy zZ Zy

We have to consider the action ¥ of S! on R!? ~ (R® x R®) x (R® x R®) defined by

o S'x (R xR?) x (R® x R%) — (R® x R?) x (R® x R?)),

W, w, U, t) = (Do (v), Po (W), Po (W), Py (D).

We write v = (X, Vo, Z), W = (Xy, Vuw, Zw), €tc. By Proposition A.2, we have H ={p;: R!2
R|i=1,...,20}, where

pv,w,ut)=2, pwut)=z, pOwut)=2z, p, w utlt) ==z,

(v, w, u ) =x>+ 3, p,w, ut)=x2+y2, pv,w ut)=x+ v,

v, w,ut)=x*+ v, po,w, ) =%%, + VVu, DoV, w, U t)=X%+ ¥ Vu
P, w,u ) =x%+ nwi, PO w WU =XXu+ VuVu DP13(v,w, U ) =XX + Vi Vi,
Dia(v, w, U, 1) = XX + Yult, P50, W, U D) =XV — VoXw, Die(V, W, U ) =X Vu — VoXu,
p7(v,w, U ) =% — WX,  Ps(V, W, UD) =Xy~ VuXu, DPro(v, w, U ) =XV — VX,

pZO(U, w, Uu, t) =Xu}/t - YuXt-
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Since these functions determine the lengths of the four vectors and the angles between
them, we have, as predicted, (p. ..., po)(R'?) ~R!2/S!. We compute the vector fields

Xi, ..., X0 associated to these polynomial functions in H. Since

D(v,w)=0, P, w)=0, p,w)=dz, pDu(v,w)=dz,

Ds(v,w)=0, Ps(v,w)=0, P;(v,w)=(2x,dXy+ 2yudyu)|ww.00 =0,

De(v, w) = (2x¢,dx% + 2y1d Y1) |w.w.00 =0, Po(v,w)=0, Pro(v, w) =%, dx, + y, dyu,
v, w)=xdx + y, dy;,  Prz(v, w) =%, dxy + Vo Ay,  Pr13(v, w) = x,, dxe + yu Ay,
D1a(v, w) = (%, dx; + x¢dxy + yu Ay + y:d%)|w.w.00 =0, Pi5(v, w) =0,

Die(v, w) =X, dyu — yo dxy, P17(v, w) =%, dy; — yy A,
Dis(v, w) =Xy dyy — Vo dxu,  Pro(v, w) =X, Ay — yu dxe,

Poo(v, w) = (xu dy; + yrdxy — yu dx; — x:d ¥ |(v,w.0,00 =0,

we get

X1 =Xy =Xs=Xg=X7=Xg=Xg=X14=X15=X20=0,

X3(U, U)) = 8Zv7 X4(U, w) = azwv XIO(Us w) = Xvaxu + Yuayv,

X1 (v, w)=XvaXu, +Yvayw, Xi2(v, w)=Xw3Xv +Ywayv’ Xi3(v, w)=Xwaxw +Ywayw,
XIG(U»w)ZXuayv _Yvaxw X17(v, w)ZXvayu, - Yvaxw»

Xi18(v, w) =X, 0y, — Vulx, and Xio(v, w)=X,0y, — Vs,

Thus, 7 =7 is spanned by
X3(va w) = 8ZU9 X4(U7 w) = 82,,,1 XIO(U9 U)) = Xvaxv + Yvayus
X1 (v, w)ZXvan +Yv8yu,a Xi2(v, w)ZXwaXv +Yway,,a XIS(U’w)ZXwan +Ywaywa
Xi6(v, w) =Xvayu - yUaXv’ X17(v, w) :Xvayw - YUaXu,s

X18(v»w)=Xw8yv _Ywaxl,’ X19(U»w)=Xw8yw _ywan'

Note that the vertical space of the action is spanned by V = X6 + Xg. O
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Example A.5. Our last example is an example in [18], inspired by Bierstone [1]. We
consider the diagonal action ® of G :=S0(3) on M:=R3 x R?, that is, ® : SO(3) x (R® x
R3) - R3 x R3, ®(A, v, w):=A- (v, w) = (Av, Aw).

Here, we thus have to consider the action ¥ of SO(3) on R!? given by
v (A, (v,w,u t) =(Av, Aw, Au, At). We write again v = (x,, ¥y, Z,), W = (X, Vu> Zw), €tC. By
Proposition A.2, the Hilbert basis is H={py, ..., pia}, where the polynomial functions
pi:R2 5 R,i=1,...,14 are defined by

v, w,ut)=P=x*++2, p,w,utd)=x>+y+2, p,w ut)=x+y+2,
pa(v, w, u, t) =Xt2 + ytZ + zf, ps(v, w, u t) = (v, w) =xX + Vo Vw + ZvZu,

(v, w, u ) =X+ Vo Vu+ 202y, PV, w,ut)=xX%+ V¥ + Z 2,

DPs(v, w, W, t) =X Xy + Vo Vu+ ZwZu, DoV, W, U, 1) = X% + Vo Vi + ZuZs,

P, w, U, 1) = XuX; + VulVi + ZuZt,

pui(v, w, u, t) =det(v, w, W) =X,V Zu + X0 VuZo + XuVoZw — Zo Vo Xu — VoXwZu — XoZu Vur

pr2(v, w, u, t) =det(v, w, t) = X, Vi Z + X0 ViZ% + X Vo Zw — Zo VXt — YoXwZt — XoZu Vis

pizs(v, w, u, t) =det(v, u, ) = X, Yuz + XuViZo + X VoZu — ZoYuXe — YoXuZt — XoZults

Dia(v, w, u, t) =det(w, w, t) = X, VuZt + XuViZw + XtV Zu — Zw VuXs — YoXuZi — XwZuls-

Since the lengths of the four vectors and their relative positions in space are completely
determined by these 14 polynomials, we find, as expected, (pi, ..., pia)(R'?) ~R'?2/S0(3).

We compute the vector fields Xj, ..., X14 associated to these polynomials. Since

Di(v,w)=0, pP(v,w)=0, pP3(v,w)=0, pPa(v,w)=0,
s, w)=0, Ppe(v,w)=xdxy+ y,dyu+2zdz, P;(v,w)=x,dx%+y, dy + 7 dz,
P(v, w) =x, dxy + yu dyu + 2 dzy,  Po(v, w) = X, dX¢ + Y Ayt + 2, d2z:,  Pro(v, w) =0,
Pu(v, w) = (%Y — VoXu) A2y + (%02 — X%Zy) AV + (VoZw — Z V) A%y,
v12(V, W) = (% Vi — VoXuw) A2 + (X2 — XZ0) AVt + (VoZuw — 20 V) A X2,

1313(”’ w) = O’ 1314(1), w) = O’
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we find

X1 =Xy =X3=Xy=X5s=X10=X13=X14=0,
Xe(v, w) =X,0x, + Vo0y, + 2,05, X7(v,w)=X,0x, + V,0y, + Z,05,,
Xg(v, w) =X, 0%, + YOy, + Zy0z, Xo(v,w)=X,0x, + Vudy, + Zyds,,
X11(v, w) = (% Vi — YoXu) 0z + (X2 — X,2,)0y, + (VoZw — Zu Vi) 0x,

X12(U, U)) = (XUYw - YUXw)az,,, + (szu - Xuzw)aym + (YUZw - Zqu)ax,,J-

Thus, 7¢ is spanned by

Xe(v, w) = X,0x, + Vo0, + 2,05, X7(v,w)=X,0x, + V0, + Z,0z,,
Xg(v, w) = X,,0x, + Vi 0y, + 2405, Xo(v,w)=X,0x, + VuOy, + 2,0z,
X1 (v, w) = (X% Vi — VoXu)0z, + (XwZy — X2y) 0y, + (V02w — 20 Vi) O, »
X12(v, w) = (X% Vo — VoXuw)0z, + (XwZy — %2Z0) 0y, + (V02w — Z0Yu)0x,

The vector field Y defined by

Y(v,w) = (v X w) X v)x0% + ((v X w) X v)ydy, + (v X w) X v),05
+ ((v X W) X W)xdx, + (v X W) X W)ydy, + (VX W) X W),0y,
= (v, V) (X20x, + Y20y, + Z20z) — (v, W) (X1 0x, + Y10y, + Z10)
+ (v, w)(X20x, + Y20y, + Z20z,) — (w, w) (X1 0%, + Y10y, + Z10z,)
= (v, 1) Xg(v, w) — (v, w) X (v, w) + (v, W) Xg (v, w) — (w, w)X7(v, w)

for all (v, w) € R® x R? is then also an element of 7, where ((v x w) X v)x, (v X w) X v)y

and ((v x w) x v), are the x-, y- and z-components of the vector product (v x w) x v. O
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