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ABSTRACT

Given a Hamiltonian action of a proper symplectic groupoid (for instance, a Hamiltonian
action of a compact Lie group), we show that the transverse momentum map admits a
natural constant rank stratification. To this end, we construct a refinement of the canon-
ical stratification associated to the Lie groupoid action (the orbit type stratification, in
the case of a Hamiltonian Lie group action) that seems not to have appeared before, even
in the literature on Hamiltonian Lie group actions. This refinement turns out to be com-
patible with the Poisson geometry of the Hamiltonian action: it is a Poisson stratification
of the orbit space, each stratum of which is a regular Poisson manifold that admits a nat-
ural proper symplectic groupoid integrating it. The main tools in our proofs (which we
believe could be of independent interest) are a version of the Marle-Guillemin—Sternberg
normal form theorem for Hamiltonian actions of proper symplectic groupoids and a
notion of equivalence between Hamiltonian actions of symplectic groupoids, closely
related to Morita equivalence between symplectic groupoids.
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STRATIFICATION OF THE TRANSVERSE MOMENTUM MAP

Introduction

Traditionally, a Hamiltonian action is an action of a Lie group G on a symplectic manifold (5, w),
equipped with an equivariant momentum map:

J: (Sw) — g7,

taking values in the dual of the Lie algebra of G. Throughout the years, variations on this notion
have been explored, many of which have the common feature that the momentum map

J:(S,w) — (M,n) (1)

is a Poisson map taking values in a specified Poisson manifold (see, for instance, [McD88, Lu91,
MW98, Wei01]). In [MW8S], such momentum map theories were unified by introducing the notion
of Hamiltonian actions for symplectic groupoids, in which the momentum map takes values in
the Poisson manifold integrated by a given symplectic groupoid. In this paper, we show that the
transverse momentum map of such Hamiltonian actions admits a natural stratification, provided
the given symplectic groupoid is proper. To be more precise, let (G,Q) = (M, ) be a proper
symplectic groupoid with a Hamiltonian action along a momentum map (1). The symplectic
groupoid generates a partition of M into symplectic manifolds, here called the symplectic leaves
of (G,Q). On the other hand, the G-action generates a partition of S into orbits. We denote the
spaces of orbits and leaves as

S:=8/G and M :=M/G.
The momentum map (1) descends to a map

(S,w) —L— (M, )

L

S— M

that we call the transverse momentum map. Because we assume G to be proper, by the results
of [PPT14, CM17] (which we recall in §2.1) both the orbit space S and the leaf space M admit
a canonical Whitney stratification: Sgp,(S) and Sgp(M), induced by the proper Lie groupoids
G x S (the action groupoid) and G. These, however, do not form a stratification of the transverse
momentum map, in the sense that J need not send strata of Sgp(S) into strata of Sgp (M) (see
Example 1 below). Our first main result is Theorem 2.52, which shows that there is a natural
refinement Spam () of Sap(S) that, together with the stratification Sqp(M), forms a constant
rank stratification of J. This means that:

e J sends strata of Sgam(S) into strata of Sqp(M);
e the restriction of J to each pair of strata is a smooth map of constant rank.

Theorem 2.52 further shows that Spam(S) is, in fact, a Whitney stratification of the orbit space.
We call Spam(S) the canonical Hamiltonian stratification of S.

Ezample 1. Let G be a compact Lie group with Lie algebra g and let J: (S,w) — g* be a
Hamiltonian G-space with equivariant momentum map. In this case, (G, Q) = (T*G, —dAcan) (cf.
Example 1.5), S = S/G, M = ¢g*/G, and Sgp(S) and Sgp (M) are the stratifications by connected
components of the orbit types of the G-actions. The stratification Spam(S) can be described as
follows. Let us call a pair (K, H) of subgroups H C K C G conjugate in G to another such pair
(K', H') if there is a g € G such that gKg~! = K’ and gHg~! = H'. Consider the partition of S
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defined by the equivalence relation
Op ~ Oy <= (G (), Gp) is conjugate in G to (G (g, Gy), (2)

where G, and G denote the isotropy groups of the action on S, whereas G j(,) and G j(,) denote
the isotropy groups of the coadjoint action on g*. The connected components of the members of
this partition form the stratification Spam(S). When G is abelian, Spam(S) and Sap(S) coincide,
but in general they need not (consider, for example, the cotangent lift of the action by left
translation of a non-abelian compact Lie group G on itself).

Our second main result is Theorem 2.91(b), which states that Sgam(S) is, in fact, a constant
rank Poisson stratification of the orbit space and gives a description of the symplectic leaves
in terms of the fibers of the transverse momentum map. To elaborate, let us first provide some
further context. The singular space S has a natural algebra of smooth functions C*°(S): the
algebra consisting of G-invariant smooth functions on S. This is a Poisson subalgebra of

(C(9), {5 }w)-

Hence, it inherits a Poisson bracket, known as the reduced Poisson bracket. Geometrically, this is
reflected by the fact that Sqp(S) is a Poisson stratification of the orbit space (see Definition 2.86
and Theorem 2.91(a)). In particular, each stratum of Sgp(S) admits a natural Poisson structure,
induced by the Poisson bracket on C'°°(S). Closely related to this is the singular symplectic
reduction procedure of Lerman and Sjamaar [LS91], which states that for each symplectic leaf
L of (G,Q) in M, the symplectic reduced space

Sy =J7YL)/G (3)

admits a natural symplectic Whitney stratification. Let us call this the Lerman—Sjamaar stratifi-
cation of (3). This is related to the Poisson stratification Sgp(S) by the fact that each symplectic
stratum of such a reduced space (3) coincides with a symplectic leaf of a stratum of Sgp(.5).

Remark. The facts mentioned above are stated more precisely in Theorems 2.91(a), 2.53
and 2.91(c). Although these theorems should be known to experts, in the literature we could
not find a written proof (that is, not in the generality of Hamiltonian actions for symplec-
tic groupoids; see, e.g., [FOR09, LS91] for the case of Lie group actions). Therefore, we have
included proofs of these.

Returning to our second main result: Theorem 2.91(b) states first of all that, like Sgp(S),
the canonical Hamiltonian stratification Sgam(S) is a Poisson stratification of the orbit space,
the leaves of which coincide with symplectic strata of the Lerman—Sjamaar stratification of the
reduced spaces (3). In addition, it has the following properties:

e in contrast to Sgp(S), the Poisson structure on each stratum of Syam(S) is regular (meaning
that the symplectic leaves have constant dimension);

e the symplectic foliation on each stratum X € Spam(S) coincides, as a foliation, with that by
the connected components of the fibers of the constant rank map J|s.

The reduced spaces (3) are, as topological spaces, the fibers of J. As stratified spaces (equipped
with the Lerman—Sjamaar stratification), these can now be seen as the fibers of the stratified
map

J: (§> SHam (ﬁ)) - (My SGp (M))
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Our third main result is Theorem 2.98, which says that, besides the fact that the Poisson structure
on each stratum of Spam(S) is regular, these Poisson manifolds admit natural proper symplectic
groupoids integrating them.

Ezample 2. Let (G,Q) = (M, ) be a proper symplectic groupoid. Then (G, 2) has a canonical
(left) Hamiltonian action on itself along the target map t: (G,) — M. In this case, (S,w) =
(G, Q) and the orbit space S is M, with orbit projection the source map of G. The stratification
SHam(S) is the canonical stratification Sgp(M) induced by the proper Lie groupoid G (as in
Example 2.5). Thus, Theorems 2.91 and 2.98 imply that each stratum of Sg,(M) is a regular,
saturated Poisson submanifold of (M, ), that admits a natural proper symplectic groupoid
integrating it. This is a result in the forthcoming paper on non-regular Poisson manifolds of
compact types, by Crainic, Fernandes and Martinez Torres.

Regular proper symplectic groupoids have been studied extensively in [CFM19] and have
been shown to admit a transverse integral affine structure. In particular, the proper symplectic
groupoids over the strata of the canonical Hamiltonian stratification admit transverse integral
affine structures. As it turns out, the leaf space of the proper symplectic groupoid over any
stratum of Spam(S) is smooth, and the transverse momentum map descends to an integral
affine immersion into the corresponding stratum of Sqp(M). This is reminiscent of the findings
of [CDM88, Zun06].

Brief outline. In Part 1 we generalize the Marle-Guillemin—-Sternberg (MGS) normal form for
Hamiltonian actions of Lie groups, to those of symplectic groupoids (Theorem 1.1). From this
we derive a simpler normal form for the transverse momentum map (Example 1.51), using a
notion of equivalence for Hamiltonian actions that is analogous to Morita equivalence for Lie
groupoids (Definition 1.44). Part 1 provides the main tools for the proofs in Part 2, where we
introduce the canonical Hamiltonian stratification and prove the main theorems mentioned above
(Theorems 2.52, 2.53, 2.91 and 2.98). A more detailed outline is given at the start of each of
these parts.

Conventions. Throughout, we require smooth manifolds to be both Hausdorff and second
countable and we require the same for both the base and the space of arrows of a Lie groupoid.

1. The normal form theorem

In this part we prove a version of the MGS normal form theorem for Hamiltonian actions of
symplectic groupoids.

THEOREM 1.1. Let (G,Q2) = M be a symplectic groupoid and suppose that we are given a
Hamiltonian (G, )-action along J : (S,w) — M. Let O be the orbit of the action through some
p € S and L the leaf of G through = := J(p). If G is proper at x (in the sense of Definition 1.7),
then the Hamiltonian action is neighbourhood-equivalent (in the sense of Definition 1.20) to its
local model around O (as constructed in §1.3).

Both the local model and the proof of this theorem are inspired on those of two existing
normal form theorems: the MGS normal form [Mar85, GS84] by Marle, Guillemin and Sternberg
on one hand, and the normal form for proper Lie groupoids [Wei02, Zun06, CS13, FdH18] and
symplectic groupoids [Zun06, CM12, CFM17] on the other.

We split the proof of this theorem into a rigidity theorem (Theorem 1.21) and the construction
of a local model out of a certain collection of data that can be associated to any orbit O of a
Hamiltonian action. In §§ 1.1 and 1.2 we introduce the reader to this data and in § 1.3 we construct
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the local model. To prove Theorem 1.1, we are then left to prove the rigidity theorem, which is the
content of § 1.4. Lastly, in § 1.5 we introduce a notion of Morita equivalence between Hamiltonian
actions that allows us to make sense of a simpler normal form for the transverse momentum map.
We then study some elementary invariants for this notion of equivalence, analogous to those for
Morita equivalence between Lie groupoids, which will lead to further insight into the proof of
Theorem 1.1. This will also be important later in our definition of the canonical Hamiltonian
stratification and our proof of Theorems 2.52 and 2.53.

1.1 Background on Hamiltonian groupoid actions

1.1.1 Poisson structures and symplectic groupoids. Recall that a symplectic groupoid is a
pair (G, Q) consisting of a Lie groupoid G and a symplectic form © on G which is multiplicative.
That is, it is compatible with the groupoid structure in the sense that

(pry)*Q = m*Q — (pry)*Q2,
where we use
mvprlvprZ : g(Z) — g

to denote the groupoid multiplication and the projections from the space of composable arrows
G®@ to G. Given a symplectic groupoid (G,Q) = M, there is a unique Poisson structure 7 on M
with the property that the target map ¢ : (G,Q) — (M, ) is a Poisson map. The Lie algebroid
of G is canonically isomorphic to the Lie algebroid 7> M of the Poisson structure 7 on M, via

pQ T;M — Lie(g), Lpﬂ(a)le = (dtll)*a, Ya € T;M, x e M. (4)
The symplectic groupoid (G, ) is said to integrate the Poisson structure 7 on M.
Ezample 1.2. The dual of a Lie algebra g is naturally a Poisson manifold (g*,my;,), equipped
with the so-called Lie—Poisson structure. Given a Lie group G with Lie algebra g, the cotangent
groupoid (T*G, —dAcan) is a symplectic groupoid integrating (g*, 7, ). The groupoid structure
on T*G is determined by that fact that, via left-multiplication on G, it is isomorphic to the
action groupoid G x g* of the coadjoint action.

1.1.2 Momentum maps and Hamiltonian actions. To begin with, recall the following
definition.

DEFINITION 1.3 [MWS8S]. Let (S,w) be a symplectic manifold. A left action of a symplec-
tic groupoid (G,Q2) = M along a map J : (S,w) — M is called Hamiltonian if it satisfies the
multiplicativity condition
(prg)™2 = (ms)*w — (prs)*w, (5)
where we use
ms,prg: G xS — S, prg:GxS —g,
to denote the map defining the action and the projections from the action groupoid to .S and G.

Right Hamiltonian actions are defined similarly.

The infinitesimal version of Hamiltonian actions for symplectic groupoids are momentum
maps. To be more precise, by a momentum map we mean a Poisson map J : (S,w) — (M, )
from a symplectic manifold into a Poisson manifold. That is, for all f,g € C°°(M) it holds that

S gt ={J"f, T g}e
Every momentum map comes with a symmetry, in the form of a Lie algebroid action. Indeed,
a momentum map J : (S,w) — (M, m) is acted on by the Lie algebroid T M of the Poisson
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structure 7. Explicitly, the Lie algebroid action ay : Q*(M) — X(S) along J is determined by
the momentum map condition:

w=J'a, VaecQ'(M). (6)

las()

Hamiltonian actions integrate such Lie algebroid actions, in the following sense.

PROPOSITION 1.4. Let (G,2) = M be a symplectic groupoid and let m be the induced Poisson
structure on M (as in §1.1.1). Suppose that we are given a left Hamiltonian (G, Q)-action along
J:(S,w) — M. Then J : (S,w) — (M, ) is a momentum map and the Lie algebroid action

a: QY M) — X(9) (7)

associated to the Lie groupoid action (via (4)) coincides with the canonical T M -action along J.
In other words, (7) satisfies the momentum map condition (6). A similar statement holds for
right Hamiltonian actions.

An appropriate converse to this statement holds as well; see, for instance, [BC05].

Ezample 1.5. Continuing Example 1.2: as observed in [MWS&88], the data of a Hamiltonian
G-action with equivariant momentum map J : (S,w) — g* is the same as that of a Hamiltonian
action of the symplectic groupoid (G X g*, —dAcan) along J.

Ezxample 1.6. Any symplectic groupoid has canonical left and right Hamiltonian actions along
its target and source map, respectively.

1.2 The local invariants

1.2.1 The leaves and normal representations of Lie and symplectic groupoids. To start with,
we introduce some more terminology. Let G = M be a Lie groupoid and x € M. By the leaf of G
through x we mean the set £, consisting of points in M that are the target of an arrow starting
at x. By the isotropy group of G at x we mean the group G, := s~ !(z) Nt~!(z) consisting of
arrows that start and end at x. In general, G, is a submanifold of G and as such it is a Lie group.
The leaf £, is an initial submanifold of M, with smooth manifold structure determined by the
fact that

t:s Hz) = L, (8)

is a (right) principal G,-bundle. Note that a leaf of G may be disconnected. Given a leaf £L C M
of G, we let G, := s~ 1(£) denote the restriction of G to £. This is a Lie subgroupoid of G. In
all of our main theorems, we assume at least that G is proper at points in the leaves under
consideration, in the following sense.

DEFINITION 1.7 [CS13]. A Hausdorff Lie groupoid G is called proper at x € M if the map
(t,s):G—MxM

is proper at (x,z), meaning that any sequence (g,) in G such that (t(gn), s(gn)) converges to
(x,2) admits a convergent subsequence.

If G is proper at some (or equivalently every) point x € £, then £ and the Lie sub-
groupoid G, are embedded submanifolds of M and G respectively, and the isotropy group G, is
compact. Returning to a general leaf £, the normal bundle N, to the leaf in M is naturally
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a representation

N € Rep(Gr)
of G,, with the action defined as
g-[v] = [dt(0)] € Nyg), 9 € Gr, [v] € Nyg), (9)

where 0 € T,G is any tangent vector satisfying ds(0) = v. We call this the normal representation
of G at L. It encodes first-order data of G in directions normal to £ (see also [CS13]). Given
x € L, so that £ = L,, this restricts to a representation

Nz € Rep(Ga) (10)

of the isotropy group G, on the fiber N, of N over x, which we refer to as the normal rep-
resentation of G at x. Without loss of information, one can restrict attention to the normal
representation at a point, which will often be more convenient for our purposes. This is because
the transitive Lie groupoid G, is canonically isomorphic to the gauge groupoid of the principal
bundle (8), and the normal bundle N is canonically isomorphic to the vector bundle associated
to the principal bundle (8) and the representation (10).

Ezample 1.8. For the holonomy groupoid of a foliation (assumed to be Hausdorff here), the leaves
are those of the foliation and the normal representation at x is the linear holonomy representation
(the linearization of the holonomy action on a transversal through z).

Ezample 1.9. For the action groupoid of a Lie group action, the leaves are the orbits of the
action and the normal representation at x is simply induced by the isotropy representation on
the tangent space to x.

For a symplectic groupoid the basic facts stated below hold, which follow from multiplicativity
of the symplectic form on the groupoid (see, e.g., [BCWZ04] for background on multiplicative
2-forms).

PROPOSITION 1.10. Let (G,Q) = M be a symplectic groupoid and let 7 be the induced Poisson
structure on M. Let x € M, let L be the leaf of G through x and G, the restriction of G to L.

(a) There is a unique symplectic form w, on L such that
Q‘gﬁ =t'wy — s*wr € 92(95).

The connected components of (L,w,) are symplectic leaves of the Poisson manifold (M, ).
(b) The normal representation (10) is isomorphic (via (4)) to the coadjoint representation

g, € Rep(Gy).

1.2.2 The orbits, leaves, and normal representations of Hamiltonian actions. Next, we will
study the leaves and the normal representations for the action groupoid of a Hamiltonian action.
Let (G,Q) = M be a symplectic groupoid and suppose that we are given a left Hamiltonian
(G, Q)-action along J : (S,w) — M. Let p € S, x := J(p) € M, let (L,w,) be the symplectic leaf
of (G,Q) through z (as in Proposition 1.10) and let G, be the isotropy group of G at x. By the
orbit of the action through p we mean

Op={g-plges(x)} CS5,
and by the isotropy group of the G-action at p we mean the closed subgroup
Gp={9€Gslg-p=p}CG.
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Note that these coincide with the leaf and the isotropy group at p of the action groupoid. We let
Np € Rep(Gp) (11)

denote the normal representation of the action groupoid at p. There are various relationships
between the orbits, leaves and the normal representations at p and x. To state these, consider
the symplectic normal space to the orbit O at p:

T,0¢
SNy 1= -t 12
P T,0NT,0% (12)
where we denote the symplectic orthogonal of the tangent space 7,0 to the orbit through p as
T,0% :={v € T,S | w(v,w) =0, Yw € T,0}. (13)

Further, consider the annihilator of g, in g;:

gy C g3 (14)
PROPOSITION 1.11. Let (G,Q)) = M be a symplectic groupoid and suppose that we are given

left Hamiltonian (G, Q)-action along J : (S,w) — M. Let O be the orbit of the action through
peES.

(a) The map J restricts to a surjective submersion Jo : O — L from the orbit O onto a leaf L
of G. Moreover, the restriction wo € Q%(0) of w coincides with the pull-back of w:

wo = (J@)*wl;. (15)

(b) The symplectic normal space (12) to O at p is a subrepresentation of the normal represen-
tation (11) of the action at p. In fact, (12), (11), and (14) fit into a canonical short exact
sequence of G,-representations:

0— SN, = N, — g) — 0. (16)

(¢) The normal representation (10) of G at x := J(p) fits into the canonical short exact sequence
of G,-representations:

0— gy —a;—gy—0. (17)

Proof. That J maps O submersively onto a leaf £ follows from the axioms of a Lie groupoid

action. The equality (15) is readily derived from (5). Part (c) is immediate from Proposi-

tion 1.10(b). To prove part (b) and provide some further insight into part (c), observe that
J induces a G,-equivariant map:

dJ, : Ny — Nj.
Therefore, we have two short exact sequences of G,-representations:
0 — Ker(dJ,) — N, — Im(dJ,) — 0, (18)
0 — Im(dJ,) — Nz — CoKer(dJ,) — 0. (19)

Using the following proposition, the short exact sequence (19) translates into the short exact
sequence (17), whereas (18) translates into (16). In particular, this proves part (b). O

PROPOSITION 1.12. Let (G,Q2) = M be a symplectic groupoid and suppose that we are given a
left Hamiltonian (G, 2)-action along J : (S,w) — M. Further, let p € S.

a) The symplectic orthogonal (13) of the tangent space T,,O to the orbit O through p coincides
(a) V. g g P g
with Ker(dJp).
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(b) The isotropy Lie algebra g, viewed as subset of Ty M via (4), is the annihilator of Im(d.Jp)
in T, M, where x = J(p).

This is readily derived from the momentum map condition (6).

1.2.3 The symplectic normal representation. Note that the symplectic form w on S descends
to a linear symplectic form w, on the symplectic normal space (12).

PROPOSITION 1.13. In fact, (SN,,wp) is a symplectic Gy-representation.
Proof. We ought to show that w, is Gy-invariant. Note that, for any v € Ker(dJ,) and g € G,
g - [v] = [dmgp)(0,0)].

Thus, using Proposition 1.12(a) we find that for all v,w € T,0% and g € G,

U.Jp(g : [U]vg : [’U)]) = (m*w)(g,p)(<07v)7 (O,U))) = wp([v], [w])7
where in the last step we applied (5). O
DEFINITION 1.14. Given a Hamiltonian action as above, we call

(SNp,wp) € SympRep(Gp) (20)

its symplectic normal representation at p.

Given any symplectic representation (V,wy) of a Lie group H, the H-action is Hamiltonian
with quadratic momentum map

Jy: (Vywy) = b, (Jy(v),€) = %wv(f 0, 0). (21)

As we will now show, given a Hamiltonian (G, )-action along J : (S,w) — M, the quadratic
momentum map,

JSNp : (Svawp) - 9;;7 (22)

of the symplectic normal representation at p can be expressed in terms of the quadratic differen-
tial of J at p. Recall from [AGV12] that the quadratic differential of a map F: S — M atp € S
is defined to be the quadratic map

1 d2 .

>d t:0(¢°F090 )(tv) |,

where ¢ : (U,p) — (15,0) and ¢ : (V,z) — (T;;M,0) are any two open embeddings, defined on
open neighbourhoods of p and z := F(p) such that F(U) C V, with the property that their
differentials at p and x are the respective identity maps. Returning to the momentum map J,
by Proposition 1.12 its quadratic differential becomes a map

d*J, : T,0% — g (23)
PROPOSITION 1.15. Let J : (S,w) — M be the momentum map of a Hamiltonian action and

p € S. Then the quadratic differential (23) is the composition of the quadratic momentum map
(22) with the canonical projection T,0% — SN,:

d?F, : Ker(dF,) — CoKer(dF,), d%F,(v)= {

d?J,
1,0 —= g

|

SN,
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For the proof, we use an alternative description of the quadratic differential. Recall that, given
a vector bundle £ — S and a germ of sections e € I',(E) vanishing at p € S, the linearization
of e at p is the linear map

lin | lin ,__
ep” 1 1,8 — Ep, e, i=prg o (de)y,

where we view the differential (de), of the map e at p as map into E, ¢ T},S, via the canonical
identification of (T'E), o) with E, ® T),S. With this, one can define the intrinsic Hessian of F
at p to be the symmetric bilinear map

Hess,(F) : Ker(dF,) x Ker(dF,) — CoKer(dF}), (X,,Y,) — [$(dF(Y))N"(X,)],

where Y € &,(S) is any germ of vector fields extending Y}, and we see dF'(Y') as a germ of sections
of F*(T'M). The quadratic differential is now given by the quadratic form

d?F,(v) = Hessp(F)(v,v), v € Ker(dF}).
We will further use the following immediate, but useful, observation.

LEMMA 1.16. Let ® : E — F be a map of vector bundles over the same manifold, covering the
identity map. If e € I',(E) is a germ of sections that vanishes at p, then so does ®(e) € I',(F)
and we have

D(e)" = D oepm.

Proof of Proposition 1.15. Let o, € g, C T M and X, € Ker(dJ,) = T,0“. We have to prove
<J8Np({Xp])aa:ﬂ> = <O‘xad2*]p(Xp)>-
This will follow by linearizing both sides of (6). Let o € Q'(M) and X € X(S) be extensions of
o, and X, respectively. On one hand, we have
<(La(a)w)2n (Xp)a XP> = wp(a(a)}nin (Xp)a XP)
= 2w, (X)), ).

Here we have first used that, given a k-form 8 and a vector field Y that vanishes at p, it holds
that

(ty B)p™(Xp) = Ly lin(x,,) Op;

as follows from Lemma 1.16. Furthermore, for the second step we have used that the Lie algebra
representation g, — sp(SN,, w,) induced by the symplectic normal representation is given by

ag - [Xp] = [a(@);"(X5)].

On the other hand, linearizing the right-hand side of (6) we find (as desired)
(T )" (Xp), Xp) = (a(dJ (X))"(X)
= 2(ag, dzJp(Xp»-

Here we have first used that, given a vector field Y and a k-form § that vanishes at p, it holds
that

(LYﬁ)gn(Xp) =y, (ﬁ;lyin (Xp)),

as follows from Lemma 1.16. Furthermore, for the second step we have again used
Lemma 1.16. O
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1.2.4 Neighbourhood equivalence and rigidity. We now turn to the notion of neighbourhood
equivalence, used in the statement of Theorem 1.1. In view of Proposition 1.10, the restriction
of a symplectic groupoid (G, ) to a leaf £ gives rise to the data of:

e a symplectic manifold (£, w,);
e a transitive Lie groupoid G, = L equipped with a closed multiplicative 2-form Q;

subject to the relation
Qp = téﬁwg — Szﬁwg. (24)
DEFINITION 1.17. We call a collection of such data a zeroth-order symplectic groupoid data.

Further, using Proposition 1.11(a), we observe that the restriction of a Hamiltonian
(G, Q)-action along J : (S,w) — M to an orbit O (with corresponding leaf £ = J(O)) encodes
the data of:

e a zeroth-order symplectic groupoid data (Gz,Qz) = (£,wr);
e a pre-symplectic manifold (O, wp);
e a transitive Lie groupoid action of G, along a map Jo : O — L;

subject to the relations
(prg,) Q2 = (mo)*wo — (prp)'wo and wo = (Jo) wr. (25)
Here we use
mo,pro : G x O — O, prg, :Gex 0O — G,

to denote the map defining the action and the projections from the action groupoid to O
and G..

DEFINITION 1.18. We call a collection of such data a zeroth-order Hamiltonian data.

Next, we define realizations of such zeroth-order data and neighbourhood equivalences
thereof.

DEFINITION 1.19. By a realization of a given zeroth-order symplectic groupoid data

(gﬁa QE) ] (gv Q)
I —"1
(‘vaﬁ) (Mv 7T)

we mean an embedding of Lie groupoids i: Gy <— G with the property that Q pulls back to
Q, and that G, embeds as the restriction of G to a leaf. Of course, (£,w,) then automatically
embeds as a symplectic leaf of (G, ). We call two realizations i1 and iy of the same zeroth-order
symplectic groupoid data neighbourhood-equivalent if there are opens Vi and V5 around £ in M,
and M> respectively, together with an isomorphism of symplectic groupoids:

(G1, ) |w (G2, ) v

=1

(V1,m) (Va,m2)

that intertwines ¢; with is.
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DEFINITION 1.20. By a realization of a given zeroth-order Hamiltonian data

(G, 2)(C (0,w0) (. . (6,9) (C (Sw)
% [l ﬁ
(L,we) (M, )

we mean a pair (z,j) consisting of:

e a realization ¢ of the zeroth-order symplectic groupoid data (G, Q) = (L,wr);
e an embedding j : O — S that pulls back w to wp and is compatible with ¢, in the sense that
1 and j together intertwine J» with J, and the actions along these maps.

We call two realizations (i1,71) and (i, j2) of the same zeroth-order Hamiltonian data
neighbourhood-equivalent if there are opens V; and V5 around £ in M; and Ms, respectively,
a Gi|v,-invariant open U; and a Ga|y,-invariant open U around O in J; 1(Vl), respectively
J5 1(Va), together with:

e an isomorphism (G, Q1)|v; = (G2, Q2)|y, that intertwines i1 with io;

e a symplectomorphism (U, w;) = (Us,ws) that intertwines j; with jo and is compatible with
the above isomorphism of symplectic groupoids, in the sense that together these intertwine
J1 : Uy — Vq with J; : Uy — Vo, and the actions along these maps.

In other words, we have an isomorphism of Hamiltonian actions
(91,91)|V1C(U1,w1) (g2792)|V2C(U27W2)

W = 1l 4

(Vi,m1) (Va,2)

that intertwines the embeddings of zeroth-order data. Usually the embeddings are clear from the
context and we simply call the two Hamiltonian actions neighbourhood-equivalent around O.

We can now state the rigidity result mentioned in the introduction to this section.

THEOREM 1.21. Suppose that we are given two realizations of the same zeroth-order
Hamiltonian data with orbit O and leaf L. Fix p € O and let x = Jo(p) € L. If both symplectic
groupoids are proper at x (in the sense of Definition 1.7), then the realizations are neighbourhood-
equivalent if and only if their symplectic normal representations at p are isomorphic as symplectic
Gp-representations.

In the coming section, we give an explicit construction to show the following.

PROPOSITION 1.22. For any zeroth-order Hamiltonian data with orbit O, any choice of p € O
and any symplectic representation (V,wy) of the isotropy group Gy, there is a realization of the
zeroth-order data that has (V,wy) as symplectic normal representation at p.

Given a Hamiltonian action, we call the realization constructed from the zeroth-order
Hamiltonian data obtained by restriction to O and from the symplectic normal representation
at p: the local model of the Hamiltonian action around O (we disregard the choice of p € O, as
different choices result in isomorphic local models). Applying Theorem 1.21 to the given Hamil-
tonian action on one hand and, on the other hand, to its local model around O, Theorem 1.1
follows. Hence, after the construction of this local model, it remains for us to prove Theorem 1.21.
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1.3 The local model

1.3.1 Reorganization of the zeroth-order Hamiltonian data. Before constructing the local
model, we rearrange the zeroth-order data (defined in the previous subsection) into a simpler
form. First, due to the relations (24) and (25), the triple of 2-forms €z, w, and wp can be fully
reconstructed from the single 2-form w/,. Therefore, a collection of zeroth-order Hamiltonian
data can equivalently be defined as the data of:

e a symplectic manifold (£, w,);
e a transitive Lie groupoid G, = L;
e a transitive Lie groupoid action of G, along a map Jo : O — L.

After the choice of a point p € O, this can be simplified further to a collection consisting of:

e a symplectic manifold (£,w,);

e a Lie group G (corresponding to G,);

e a (right) principal G-bundle P — £ (corresponding to t : s71(x) — L£);
e a closed subgroup H of G (corresponding to G,).

To see this, fix a point p € O and let z = Jo(p) € L. Since G is transitive, the choice of x € L
induces an isomorphism between G, and the gauge groupoid

s (z) xg, s Hz) = L, (26)

of the principal G,-bundle t : s7!(x) — L. In particular, G, is entirely encoded by this principal
bundle. Furthermore, due to transitivity the G.-action along Jp is entirely determined by this
principal bundle and the subgroup G, of G,. Indeed, the map Jo can be recovered from this, for
we have a commutative square

s (@)/Gp — 57 (2)/Gs

| i

o__Jo . r
where the left vertical map is defined by acting on p and the upper horizontal map is the canonical
one. Moreover, the action can be recovered as the action of the groupoid (26) along the upper

horizontal map, given by [p,q] - [q] = [p].

1.3.2 Construction of the local model for the symplectic groupoid. The construction presented
here is well known. For other (more Poisson geometric) constructions of this local model, see
[CM12, Mar13]. The local model for the symplectic groupoid is built out of the zeroth-order
symplectic groupoid data, encoded as above by:

e a symplectic manifold (£,w,);
e a Lie group G;
e a (right) principal G-bundle P — L.

To construct the local model, we make an auxiliary choice of a connection 1-form 6 € Q(P;g)

and define
b e (P xg), Ogm = (00,) (27)
Then, we use the symplectic structure w, on £ to define
wy = (prp)*we — df € Q*(P x g*), (28)
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where by pr, we denote the composition P x g* P, P £. The 2-form wg is closed,
non-degenerate at all points of P x {0} and (P X g*,wp) — g* is a (right) pre-symplectic
Hamiltonian G-space. Therefore, the open subset X9 C P X g* on which wy is non-degenerate is a
G-invariant neighbourhood of P x {0}. Since the action is free and proper, the symplectic form
wg descends to a Poisson structure mg on the open neighbourhood My of the zero-section L,
defined as

My := E@/G C P x¢ g*.

This is the base of the local model. For the construction of the integrating symplectic groupoid,
notice first that the pair groupoid

(Xo X Xg,wp B —wp) (29)

is a symplectic groupoid and, furthermore, it is a (right) free and proper Hamiltonian G-space
(being a product of two). Therefore, the symplectic form wy @& —wy descends to the symplectic
reduced space at 0 € g*:

(Go, Q) = (X x Zg) /| G, Qred)- (30)

The pair groupoid structure on ¥y x ¥y descends to a Lie groupoid structure on (30), making it a
symplectic groupoid integrating (Mpy, 7). This is the symplectic groupoid in the local model. It is
canonically a realization of the given zeroth-order symplectic groupoid data: the gauge groupoid
of the principal G-bundle P — L (corresponding to (26)) embeds into (30) via the zero-section.

1.3.3 Construction of the local model for Hamiltonian actions. The construction below gen-
eralizes that in [Mar85, GS84]. The local model is built out of a zeroth-order Hamiltonian data
and a symplectic representation of an isotropy group of the action, encoded as in §1.3.1 by:

a symplectic manifold (£,w);

a Lie group G;

a (right) principal G-bundle P — L;

a closed subgroup H of G;

a symplectic H-representation (V,wy).

Choose an auxiliary connection 1-form 6 € Q!(P;g) and define wy, ¥y and My as in the con-
struction of the local model for symplectic groupoids. To construct a Hamiltonian action of the
symplectic groupoid (30), consider the product of the Hamiltonian H-spaces:

Prg« = * *
pry« : (Bo,wg) —— g — b* and Jy : (V,wy) — b,

where Jy is as in (21). This is another (right) Hamiltonian H-space:
JHI(E@X‘/,WQ@Wv)—)h*, (q,a,’l}>|—>04|h—Jv(U),

where the action is the diagonal one, which is free and proper. The symplectic manifold in the
local model is the reduced space at 0 € h*:

(So,wsy) = (X9 x V) [ H,wreq)- (31)

To equip this with a Hamiltonian action of (30), observe that, on the other hand, the symplectic
pair groupoid (29) acts along

pry, : (3o X V,wp @ wy) — Xy
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in a Hamiltonian fashion as (o, 7) - (7,v) = (o,v) for 0,7 € ¥y and v € V. This descends to a
Hamiltonian action of (30) that fits into a diagram of commuting Hamiltonian actions:

(gg, Qg Eg X V,wg @ wV T H, d)\can)

Il \

with the property that the momentum map of each one is invariant under the action of the other.
It therefore follows that the left-hand action descends to a Hamiltonian action along the map

Jo : (Sp,ws,) — My, [o,v] — [o]. (32)

This is the Hamiltonian action in the local model. It is canonically a realization of the given
zeroth-order Hamiltonian data: as in the previous subsection the gauge groupoid of the principal
G-bundle P — £ embeds into (30) via the zero-section and similarly P/H embeds into (31). This
completes the construction of the local model. Finally, given the starting data in Proposition 1.22,
one readily verifies that the symplectic normal representation at p of the resulting Hamiltonian
action of (30) along (32) is isomorphic to (V,wy) as symplectic G,-representation. Thus, this also
completes the proof of Proposition 1.22.

Remark 1.23. Under the assumption that the short exact sequence
0—-b"—g"—bh"—0 (33)

splits H-equivariantly (which holds if H is compact), the local model can be put in the more
familiar form of a vector bundle over O. Indeed, let p : h* — g* be such a splitting. Then we
have an open embedding

S@ — P XH (ho S3] V)7 [p,()é,U] = [pva - p(JV(U))7’U] (34>

onto an open neighbourhood of the zero-section, which identifies the momentum map (32) with
the restriction to this open neighbourhood of the map

Pxp (W’ @V)—Pxgg' [pa,v]— [p,a+p(Jv(v))] (35)
To identify the action accordingly, observe that, as Lie groupoid, (30) embeds canonically onto
an open subgroupoid of

(PxP)xXgg"=Pxgg", (36)

which inherits its Lie groupoid structure from the submersion groupoid of prg. : P x g* — g%,
being a quotient of it. This identifies the action of (30) along (35) with (a restriction of) the
action of (36) along (35), given by

[plap?va—'_p(‘]‘/(v))]'[p2;a7v]:[plaayv]a plapZePa Oéef]o, vel.

1.3.4 Relation to the MGS model. Let G be a Lie group and consider a Hamiltonian G-space
J: (S,w) — g*. As remarked in Example 1.5, this is the same as a Hamiltonian action of the
cotangent groupoid (G x g*, —d\can) = g* along J. Let p € S, a = J(p) and suppose that G x g*
is proper at « (in the sense of Definition 1.7). In this case, our local model around the orbit O
through p is equivalent to the local model in the MGS normal form theorem for Hamiltonian
G-spaces (recalled below). To see this, first note that, since the isotropy group G, is compact,

532

https://doi.org/10.1112/S0010437X23007637 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X23007637

STRATIFICATION OF THE TRANSVERSE MOMENTUM MAP

the short exact sequence of G,-representations
0—go—g" —gs—0 (37)

is split. Let o : g, — g* be a Gy-equivariant splitting of (37) and consider the connection one-
form 6 € QY(G;g,) on G (viewed as right principal G,-bundle) obtained by composing the
left-invariant Maurer—Cartan form on G with ¢* : g — g,. The leaf £ through « is a coadjoint
orbit and w, is the Kirillov-Kostant—Souriau symplectic form, which is invariant under the
coadjoint action. Therefore, the 2-form wy € Q%(G x g%), defined as in (28), is not only invariant
under the right diagonal action of G, but it also invariant under the left action of G by left
translation on the first factor. This implies that the open ¥y on which wy is non-degenerate is
of the form G x W for a G,-invariant open W around the origin in g},. The local model for the
cotangent groupoid around £ becomes

(G x (G xg, W), Q%) = G xqg, W,

the groupoid associated to the action of G by left translation on the first factor. To compare this
to the cotangent groupoid itself, consider the G-equivariant map

0:Gxg, W—g" 98— g (a+a(B)).

Since G x g* is proper at «, we can shrink W so that ¢ becomes an embedding onto a G-invariant
open neighbourhood of £. Then ¢ lifts canonically to an isomorphism of symplectic groupoids

(G X (G X Gy W),Qg) = (G X g*’ —dAcaH)ytp(GXGaWV (38)

and this is a mneighbourhood equivalence around G x £ (with respect to the canonical
embeddings). Our local model for (S,w) around O is the same as that in the MGS local
model, and via (38) the Hamiltonian action in our local model is identified with the Hamiltonian
G-space in the MGS local model. In particular the momentum map (35) is identified with

Juas : G xq, (8 & SNp) — g%, [g,8,0] = g+ (a4 (8 +p(Jsn, (v)))).

Remark 1.24. As will be clear from the proof of Theorem 1.21, the conclusion of Theorem 1.1
can be sharpened for Hamiltonian Lie group actions: if we start with a Hamiltonian G-space,
then under the assumptions of Theorem 1.1 we can in fact find a neighbourhood equivalence in
which the isomorphism of symplectic groupoids is the explicit isomorphism (38). In particular,
this neighbourhood equivalence is defined on G-invariant neighbourhoods of O in .S and £ in g*.

1.4 The proof

1.4.1 Morita equivalence of groupoids. To prove Theorem 1.21 (and, hence, Theorem 1.1), we
will reduce to the case where O C J5'(0) is an orbit of a Hamiltonian G-space Jx : (X,wy) — g*
(with G a compact Lie group), to which we can apply the MGS theorem. The idea of such a
reduction is by no means new: in fact, it has already appeared in the work of Guillemin and
Sternberg. To do so, we use the fact that Morita equivalent symplectic groupoids have equivalent
categories of modules. In preparation for this, we will now first recall the definition, some useful
properties and examples of Morita equivalence.

DEFINITION 1.25. Let G = M; and Go = M> be Lie groupoids. A Morita equivalence from Gy
to Gs is a principal (G1, G2)-bi-bundle (P, a1, az). This consists of:

e a manifold P with two surjective submersions «; : P — M;;
e a left action of Gy along a; that makes oo into a principal Gi-bundle;
e a right action of Go along as that makes « into a principal Go-bundle.
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Furthermore, the two actions are required to commute. We depict this as follows.
G P 6
| Ao ]

M,y Moy

For every leaf £; C M, there is a unique leaf Lo C My such that 041_1(51) = 042_1(52); such
leaves £1 and Lo are called P-related. When (Gy,€Q1) and (G, €9) are symplectic groupoids,
then a symplectic Morita equivalence from (Gi,$1) to (Ga,Q2) is a Morita equivalence with the
extra requirement that (P,wp) is a symplectic manifold and both actions are Hamiltonian.

Morita equivalence is an equivalence relation that, heuristically speaking, captures the geom-
etry transverse to the leaves. The simplest motivation for this principle is the following basic
result.

PROPOSITION 1.26. Let (P, a1, a2) be a Morita equivalence from G = M to Gy =% M.

(a) The map
hp My — M,, L1 ax(ay(£1)) (39)

that sends a leaf L1 of Gy to the unique P-related leaf of Gy is a homeomorphism.
(b) Suppose that z1 € My and xo € My belong to P-related leaves and let p € P such that
a1(p) = x1 and ay(p) = xo. Then the map

Dy (G1)z, — (G2)as (40)
defined by the relation
g-r=p-2(9), 9 (G1)ar,
is an isomorphism of Lie groups. Furthermore, the map
op i Noy = Nay,  [v] = [doz (D)), (41)

where © € T),P is any tangent vector such that do(?) = v, is a compatible isomorphism
between the normal representations at x1 and .

Ezxample 1.27. Any Lie groupoid G = M is Morita equivalent to itself via the canonical bi-module
(G,t,s). The same goes for symplectic groupoids. Another simple example: any transitive Lie
groupoid is Morita equivalent to a Lie group (viewed as groupoid over the one-point space); as a
particular case of this, the pair groupoid of a manifold is Morita equivalent to the unit groupoid
of the one-point space.

Ezample 1.28. Morita equivalences can be restricted to opens. Indeed, let (P, a1,2) be a
Morita equivalence between G; = M7 and Gy = Ms, and let V4 be an open in Mj. Then
Vo := as(a; (V1)) is an invariant open in My and (a;*(V1),a1,az) is a Morita equivalence
between G|y, and Galy,. The same works for symplectic Morita equivalences.

Ezample 1.29. If G = M is a Lie groupoid and V is an open in M, then G|y is Morita equivalent
to the restriction of G to the saturation of V (the smallest invariant open containing V). This
can be seen by applying Example 1.28 to the first Morita equivalence in Example 1.27. The same
holds for symplectic groupoids.
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Ezxample 1.30. The following example plays a crucial role in our proof of Theorem 1.21. Consider
the set-up of §1.3.2. There is a canonical symplectic Morita equivalence

ge,Qe (X9, wp) G X g, d)\can ) w,

M" N‘

between (30) and the restriction of the cotangent groupoid to the G-invariant open Wj :=
prg-(3g) around the origin in g*. This relates the central leaf £ in Mj to the origin in g*.

1.4.2 FEquivalence between categories of modules. Next, we recall how a Morita equivalence
induces an equivalence between the categories of modules. Given a Lie groupoid G = M, by a
G-module we simply mean a smooth map J : S — M equipped with a left action of G. A morphism
from a G-module J; : S1 — M to Jo : So — M is a smooth map ¢ : S7 — So that intertwines J;
and Jo and is G-equivariant. This defines a category Mod(G).

Ezxample 1.31. Let G = M be a Lie groupoid and let W be an invariant open in M. Consider
the full subcategory Mody (G) of Mod(G) consisting of those G-modules J : S — M with the
property that J(S) C W. There is a canonical equivalence of categories between Mody (G) and
Mod(G|w).

Ezample 1.32. Let G be a Lie group and M a left G-space. Consider the category Homg(—, M)
of smooth G-equivariant maps from left G-spaces into M. A morphism between two such maps
J1:51 —= M and Js : So — M is a smooth G-equivariant map ¢ : S1 — Sy that intertwines Jy
and Jy. There is a canonical equivalence of categories between Homg(—, M) and Mod(G x M).

We now recall the following.

THEOREM 1.33. A Morita equivalence (P, ay, ) between two Lie groupoids G and Go induces
an equivalence of categories between Mod(G1) and Mod(Gs), explicitly given by (43).

Proof. To any Gi-module J : S — M; we can associate a Go-module, as follows. The Lie groupoid
G1 acts diagonally on the manifold P X,z S along the map aj o pry, in a free and proper way.
Hence, the quotient
(P XMy S )

g1

is smooth. Moreover, since the actions of G; and Go commute and «q is Go-invariant, we have a
left action of G, along

Pxg, S :=

P.(J): Pxg S — M, [pp,ps]— aa2(pp), (42)
given by
g-[pp,ps] = [pp- g~ ', ps).

We call this the Gs-module associated to the Gi-module J. For any morphism of Gij-modules
there is a canonical morphism between the associated Gso-modules. Thus, this defines a functor

Mod(G;) — Mod(G2)

(43)
(J:S— M) (Pu(J): Pxg, S— M>).

An analogous construction from right to left gives an inverse to this functor. O
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Next, we recall the analogue for symplectic groupoids. Given a symplectic groupoid (G, Q) =
M, by a Hamiltonian (G, $2)-space (called symplectic left (G,Q)-module in [Xu91]) we mean a
smooth map J : (S,w) — M equipped with a left Hamiltonian (G, Q)-action. A morphism ¢ from
J1: (S1,w1) = M to Jo : (S2,we) — M is a morphism of G-modules satisfying ¢*ws = wy. This
defines a category Ham(G, Q).

Ezample 1.34. Let (G,Q)) = M be a symplectic groupoid and let W be an invariant open in M.
The equivalence in Example 1.31 restricts to an equivalence between the category Hamy (G, ),
consisting of Hamiltonian (G, Q)-spaces with the property that J(S) C W, and Ham((G, Q)|w ).

Ezample 1.35. Let G be a Lie group and consider the category Ham(G) of left Hamiltonian
G-spaces. Here, a morphism between Hamiltonian G-spaces Jj: (Si,w;) — g* and Jy:
(S2,w2) — g* is a G-equivariant map ¢ : S; — Sy that intertwines J; and J; and satisfies ¢*ws =
wi. The equivalence in Example 1.32 restricts to one between Ham(G) and Ham(G x g*, —dAcan)-
This refines the statement in Example 1.5.

THEOREM 1.36 [Xu91]. A symplectic Morita equivalence (P,wp, a1, ag) between two symplectic
groupoids (G1,1) and (Go, ) induces an equivalence of categories between Ham(Gy, 1) and
Ham(Ga, §22), explicitly given by (44).

Proof. Let (P,wp,a1,a2) be a symplectic Morita equivalence between symplectic groupoids
(G1,1) and (G2, Q2) and let J : (S,wg) — M; be a Hamiltonian (G, )-space. The symplectic
form (—wp) @ wg descends to a symplectic form wpg on P g, S and the (Ga, 2)-action along
the associated module Py(J), as in (42), becomes Hamiltonian. As before, this extends to a

functor
Ham(G1, Q1) — Ham(Ga, Q) (44)
(J : (S, ws) — M1> = (P*(J) : (P *G, S,is) — Mg)
and an analogous construction from right to left gives an inverse functor. ([l

1.4.3 Proof of rigidity. The proof of Theorem 1.21 hinges on the following two known results.
The first is a rigidity theorem for symplectic groupoids.

THEOREM 1.37 [CFM17|. Suppose that we are given two realizations of the same zeroth-order
symplectic groupoid data with leaf L. Fix x € L. If both symplectic groupoids are proper at x
(in the sense of Definition 1.7), then the realizations are neighbourhood-equivalent.

Remark 1.38. The assumption appearing in [CFM17, Theorem 8.2] is that G is proper, which is
stronger than properness at x. However, if G is proper at x, then there is an open U around the
leaf £ through z such that G|y is proper (see, e.g., [d{Hol13, Remark 5.1.4]).

The second result that we will need is the following rigidity theorem for Hamiltonian
G-spaces.

THEOREM 1.39 [Mar83, GS84]. Let G be a compact Lie group and let Jy : (S1,wi) — g* and
Jo i (S2,ws) — g* be Hamiltonian G-spaces. Suppose that py € J; *(0) and py € J, 1(0) are such
that G, = Gp,. Then there are G-invariant neighbourhoods Uy of p1 and Us of pa, together with
an isomorphism of Hamiltonian G-spaces that sends p1 to pa:

(Ui, wi,p1) ————— (U, w2, p2)

Jy
g

~
*
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if and only if there is an equivariant symplectic linear isomorphism
(SNp1swp;) = (SNpy, wpy).

The main step in proving Theorem 1.21 is to prove the following generalization of
Theorem 1.39.

THEOREM 1.40. Let (G,Q2) = M be a symplectic groupoid that is proper at x € M. Suppose
that we are given two Hamiltonian (G,Q)-spaces Ji : (S1,w1) — M and Jy : (S2,we) — M. Let
p1 € S1 and py € Sy be such that Ji(p1) = Ja2(p2) = x and G, = Gp,. Then there are G-invariant
open neighbourhoods U; of p1 and Us of pa, together with an isomorphism of Hamiltonian
(G, Q)-spaces that sends p; to pa:

~

(Ulawhpl) (Ug,w2,p2)

M
if and only if there is an equivariant symplectic linear isomorphism
(SNppwpl) = (Sszva)Q)'
To prove this we further use the following lemma.

LEMMA 1.41. Let (P,wp,ai,a2) be a symplectic Morita equivalence between (Gp,€);) and
(Ga,Q2). Further, let J: (S,ws) — M be a Hamiltonian (Gy,Q)-space, let ps € S and fix a
pp € P such that ai(pp) = J(ps). Then the isomorphism (40) restricts to an isomorphism

Ppp 2 Gps — Ilppps>

and there is a compatible symplectic linear isomorphism

(SNpsu (ws)ps) = (SMpp,ps]v (WPS)[pP,ps])

between the symplectic normal representation at pg of the Hamiltonian (G1, Q1 )-space J and the
symplectic normal representation at [pp, ps| of the associated Hamiltonian (Ga, Q2)-space Py (J)
of Theorem 1.36.

Although this lemma can be verified directly, we postpone its proof to §1.5.4, where we give
a more conceptual explanation. With this at hand, we can prove the desired theorems.

Proof of Theorem 1.40. The forward implication is straightforward. Let us prove the backward
implication. Throughout, let G := G, denote the isotropy group of G at x. To begin with observe
that, since G is proper at x, there is an invariant open neighbourhood V' of the leaf £ through x
and a G-invariant open neighbourhood W of the origin in g*, together with a symplectic Morita
equivalence

Pu)p Gng, d)\can|

that relates the leaf £ to the origin in g*. Indeed, this follows by first applying Theorem 1.37 to:

e the zeroth-order data of (G,Q) at L;
e the canonical realization (G,);
e the realization (30);
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and combining the neighbourhood-equivalence of symplectic groupoids obtained thereby with
Examples 1.28 and 1.30 to find a symplectic Morita equivalence as above in which the open
around L is possibly not invariant; the invariance can then be ensured by composing with the
Morita equivalence in Example 1.29. Since V is G-invariant, so are J; '(V) and J, (V) and we
can consider the Hamiltonian (G, Q2)-spaces

JV (TN V),w1) = M and JY : (JoH(V),we) — M (45)

obtained by restricting the given Hamiltonian (G,(2)-spaces J; and J. By Theorem 1.36,
combined with Examples 1.34 and 1.35, the above Morita equivalence induces an equiva-
lence of categories (with explicit inverse) between the category of Hamiltonian (G, (2)-spaces
J: (S,w) = M with J(S) C V and the category of Hamiltonian G-spaces J : (S,w) — g* with
J(S) Cc W. Consider the Hamiltonian G-spaces associated to (45),

Po(JY) s (Pxgpy J7 (V),wps,) = g and  Pu(Jy) s (P gy Js ' (V),wps,) — g7,

and fix a p € P such that a1(p) = . We will show that these Hamiltonian G-spaces satisfy the
assumptions of Theorem 1.39 for the points [p,pi] and [p, po]. First of all, since the leaf L is
P-related to the origin in g*, it must be that as(p) = 0. Therefore, we find

P2 )([p.p1]) = az(p) =0 and  Pi(Jy)([p,p2]) = az(p) = 0.

Second, Lemma 1.41 implies that G|, ;] = G|p,p,), @s both coincide with the image of G,, = Gy,
under ®, : G, — G. Third, by the same lemma, there are symplectic linear isomorphisms

Py (SNPU (wl)pl) = (SN[p,m]? (WPsl)[p,m]) and s : (SN;DQv (w2)p2) = (SN[p,pz}’ (WP52)[p,p2])7

that are both compatible with the isomorphism of Lie groups:

® ®
G = Glpp) = Gpr — Glopal-
By assumption, there is an equivariant symplectic linear isomorphism
U (SNpy,wpy) = (SNpy, wpy)-
All together, the composition
Yoo ot (SNppi)s (WPs))ippr]) = (SNippas (WPS,)p.pa))

becomes an equivariant symplectic linear isomorphism. Thus, the assumptions of Theorem 1.39
hold, which implies that there are G-invariant opens U, around [p, p1] and U, ,,) around
[p, p2], together with an isomorphism of Hamiltonian G-spaces that sends [p, p1] to [p, pa]:
(U[p,pl]awPSU [p>pl]) % (U[p,pz]vaSQ7 [p7 pQ])
) . .

PN A)

g

One readily verifies that, by passing back through the above equivalence of categories via the
explicit inverse functor, we obtain G-invariant opens U; around p; and Us around po, together
with an isomorphism of Hamiltonian (G, Q)-spaces from J; : (U,w1) — M to Ja : (Uz,w2) = M
that sends p; to po, as desired. O

Proof of Theorem 1.21. As in the previous proof, the forward implication is straightforward.
For the backward implication, let (i1,j1) and (i2,j2) be two realizations of the same zeroth-
order Hamiltonian data (with notation as in Definition 1.20). Let p € O and z = Jo(p)
and suppose that their symplectic normal representations at p are isomorphic as symplectic

538

https://doi.org/10.1112/S0010437X23007637 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X23007637

STRATIFICATION OF THE TRANSVERSE MOMENTUM MAP

Gp-representations. By Theorem 1.37 there are respective opens Vi and V, around £ in M; and
Ms, together with an isomorphism

(O3 (glvgl)h/l = (g2’Q2)|V2

that intertwines ¢; with 2. Consider, on one hand, the Hamiltonian (Gi, €1)|y;-space obtained
from the given Hamiltonian (G1,€;)-space Ji by restriction to V; and, on the other hand, the
Hamiltonian (Gi,Q1)|v,-space ®*(J2) obtained from the given Hamiltonian (Ga,Q2)-space Ja
by restriction to V2 and pullback along ®. These two Hamiltonian (Gi, Q1)|v,-spaces meet the
assumptions of Theorem 1.40 at the points ji(p) and ja(p). Thus, there are (Gi|y,)-invariant
opens Uy C Jl_l(Vl) and Uy C J2_1(V2), together with an isomorphism of Hamiltonian (G1, Q4)]v,-
spaces that sends j1(p) to ja(p):

(U1, w1, j1(p)) ——————— (Uz, w2, j2(p))

X‘ D*(J3)
Vi

As one readily verifies, the pair (®, ¥) is the desired neighbourhood equivalence. O

1.5 The transverse part of the local model

1.5.1 Hamiltonian Morita equivalence. In order to define a notion of Morita equivalence
between Hamiltonian actions, we first consider a natural equivalence relation between Lie
groupoid maps (respectively, groupoid maps of Hamiltonian type, defined below). In the next
subsection we explain how this restricts to an equivalence relation between Lie groupoid actions
(respectively, Hamiltonian actions).

DEFINITION 1.42. Let J1 : H1 — G1 and J5 : Ho — Go be maps of Lie groupoids. By a Morita
equivalence from J; to Jo we mean the data consisting of:

e a Morita equivalence (P, a1, ) from G; to Ga;

e a Morita equivalence (Q, 31, 32) from H; to Ha;

e a smooth map j: Q — P that intertwines J; o 8; with «; and that intertwines the H;-action
with the G;-action via J;, for both i = 1, 2.

We depict this as

n C Q ) Mo

AN

Ji J J2

As an analogue of this in the Hamiltonian setting, we propose the following definitions (more
motivation for which will be given in the coming subsections).
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DEFINITION 1.43. Let (G,Q2) = M be a symplectic groupoid and let ‘H = (S,w) be a Lie
groupoid over a pre-symplectic manifold. We call a Lie groupoid map J : H — G of Hamiltonian
type if

T Q= (tn)'w — (sn)'w
DEFINITION 1.44. Let J1:Hi1i — G and Jo:Hs — Go be of Hamiltonian type. By a
Hamiltonian Morita equivalence from Jp to J2 we mean a Morita equivalence (in the sense of

Definition 1.42) with the extra requirement that (P, wp, a1, ag) is a symplectic Morita equivalence
and that

J wp = (B1) w1 — (B2) wa. (46)
The same type of arguments as for Morita equivalence of Lie and symplectic groupoids (see
[Xu91]) show that Hamiltonian Morita equivalence indeed defines an equivalence relation.

1.5.2 Morita equivalence between groupoid maps of action type. To see that the equivalence
relation(s) in the previous subsection induce an equivalence relation between Lie groupoid actions
(respectively, Hamiltonian actions), the key remark is that a left action of a Lie groupoid G along
amap J : S — M gives rise to a map of Lie groupoids covering J:

prg:Gx S —G. (47)
Further, notice that the groupoid map (47) is of Hamiltonian type precisely when the action is
Hamiltonian (that is, when (5) holds).

DEFINITION 1.45. By a Morita equivalence between (left) Lie groupoid actions we mean a Morita
equivalence between their associated Lie groupoid maps (47). Similarly, by a Morita equivalence
between (left) Hamiltonian actions we mean a Hamiltonian Morita equivalence between their
associated groupoid maps (47).

In the remainder of this subsection, we further unravel what it means for two Hamiltonian
actions to be Morita equivalent. The starting point for this is the following example, which
concerns the modules appearing in Theorems 1.33 and 1.36.

Ezxample 1.46. Let G1 = M be a Lie groupoid acting along J : S — M; and suppose that we are
given a Morita equivalence (P, a1, ag) from G; to another Lie groupoid Go = M. Consider the
associated Go-action along Pi(J) : P *g, S — Ms. The Morita equivalence from G; to G extends
to a canonical Morita equivalence between these two actions:

GixS (CPxu S7)Gax (Pxg, S)

Slﬁs p% H

P *91 S
Prg, Prg,

J G (Cp )G P.(J)

Al

Here the upper left action is induced by the diagonal Gj-action, whereas the upper right
action is induced by the Gs-action on the first factor. When (G1, 1) and (G, 9) are symplec-
tic groupoids, the action along J; : (S1,w;) — M; is Hamiltonian, and the Morita equivalence
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(P,wp, a1, a2) is symplectic, then the associated (Ga, Q2)-action along Py (J) : (P xg, S,wps) —
M is Hamiltonian. In this case, the above Morita equivalence is Hamiltonian.

In fact, we will show that more is true.

PROPOSITION 1.47. Every Morita equivalence between two Lie groupoid maps that are both of
action type is of the form of Example 1.46. The same holds for Hamiltonian Morita equivalence.

Here, for convenience, we used the following terminology.

DEFINITION 1.48. Let J : H — G be a map of Lie groupoids covering J : S — M. We say that J
is of action type if there is a smooth left action of G along J and an isomorphism of Lie groupoids
from G x S to H that covers the identity on S and makes the following diagram commute.

QKS\‘—/>/H

This has the following more insightful characterization.

PRroOPOSITION 1.49. A Lie groupoid map J : H — G is of action type if and only if for every
p € S the map J restricts to a diffeomorphism from the source fiber of H over p onto that of G
over J(p).

This is readily verified. To prove Proposition 1.47 we use the following closely related lemma,
the proof of which is also left to the reader.

LEMMA 1.50. Let J1 : H1 — Gy and J5 : Ho — Go be maps of Lie groupoids and let a Morita
equivalence between them (denoted as Definition 1.42) be given. Let q € @), and denote p = j(q),
pi = Bi(q) and x; = J;(p;) for i = 1,2. Then we have a commutative square

By M (pa) —L— ag (@)

in which all vertical arrows are diffeomorphisms. In particular, J; is of action type if and only
if j restricts to a diffeomorphism between the (o- and ao-fibers. Analogous statements hold for
Jo, replacing ag and (B2 by oy and .

Proof of Proposition 1.47. Suppose that we are given Lie groupoids G; = M; and G = Mo,
together with a Gi-module J; : 7 — M7 and a Go-module Jy : So — My and a Morita equivalence
between the associated Lie groupoid maps (47), denoted as in Definition 1.42. It follows from
Lemma 1.50 that the map

(,B1): Q= Pxap, S (48)

is a diffeomorphism. The diagonal action of G; along aj oprp: P Xy S1 — M; induces an
action of Gi x S1 along prg, : P xpy S1 — S1, which is the upper left action in Example 1.46.
The diffeomorphism (48) intertwines (3; with prg, and is equivariant with respect this action.
In particular, by principality of the G; x Si-action, there is an induced diffeomorphism

52 1} P *gl Sl. (49)

One readily verifies that, when identifying @ with P x s, S; via (48) and Sy with P xg, S; via
(49), the given Morita equivalence is identified with that in Example 1.46. Furthermore, when
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(G1, 1) and (G2, Q2) are symplectic groupoids, (S1,w1) and (S2, w2) are symplectic manifolds, the
given actions along J; and J, are Hamiltonian and the Morita equivalence between (G, 1) and
(G2, $2) is symplectic, then one readily verifies that (49) is a symplectomorphism from (S2,w2)
to (P *g, S1,wpgs,) if and only if the relation (46) is satisfied. This proves the proposition. [

1.5.3 The transverse local model. In this paper we will mainly be interested in
Hamiltonian Morita equivalences between Hamiltonian actions, rather than between the more
general groupoid maps of Hamiltonian type (as in Definition 1.43). There is, however, one
important exception to this.

Ezample 1.51. This example gives a Hamiltonian Morita equivalence between the local model
for Hamiltonian actions and a groupoid map J, that is built out of less data and is often easier
to work with. The use of this Morita equivalence makes many of the proofs in § 2.2 both simpler
and more conceptual. Let (Gg, 2p) be the symplectic groupoid (30) and let Jy : (Sp,ws,) — My
be the Hamiltonian (Gy, 2g)-space (32). The Morita equivalence of Example 1.30 extends to a
Hamiltonian Morita equivalence between the action along Jy and a groupoid map of Hamiltonian
type from H x (h° @ V) to G x g* (restricted to appropriate opens). To see this, let p : h* — g*
be an H-equivariant splitting of (33). Consider the H-equivariant map

Jp: b @V —g*, (a,0) = a+p(Jy(v), (50)

where Jy : V — b* is the quadratic momentum map (21). By H-equivariance, this lifts to a
groupoid map

Toi Hx (0" @ V) = Gug, (ha,v)— (hJya,v). (51)

This groupoid map is not of action type, but it is of Hamiltonian type with respect to the

pre-symplectic form 0 @ wy on h @ V and there is a canonical Hamiltonian Morita equivalence

Gy x Sy C B Xn VD) Hx (e V),

| o

(Sl%ng) (UQ’O ) WV)
PTy,
prg,\ Jy T Tv
99799 (X9, wp) G X g*, d)\c n) W,

/TMGN‘

that relates the central orbit in Sy to the origin in h ® V. Here Wy := prg(2e) and Up =
Jp L(W,) are invariant open neighbourhoods of the respective origins in g* and h0 @ V.
Furthermore, the map 3, is defined as

By 20y Xy V = Ups (0,0,0) > (0 = p(Jy (v),0).

With this in mind, we think of the groupoid map J, as a local model for the ‘transverse part’
of a Hamiltonian action near a given orbit.

1.5.4 Elementary Morita invariants. As will be apparent in the rest of this paper, many
invariants for Morita equivalence between Lie groupoids have analogues for Morita equivalence
between Hamiltonian actions: in fact, the canonical Hamiltonian stratification can be thought
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of as an analogue of the canonical stratification on the leaf space of a proper Lie groupoid. In
this subsection we give analogues of Proposition 1.26. We start with a version for Lie groupoid
maps.

PropoSITION 1.52. Let J1: Hi1 — G1 and Ja : Ho — Go be maps of Lie groupoids and let a
Morita equivalence between them (denoted as in Definition 1.42) be given.

(a) The induced homeomorphisms between the orbit and leaf spaces (39) intertwine the maps
induced by Ji and Jo. That is, we have the following commutative square.

§1L§2

Pl llz

MlLMg

Further, suppose that p; € S1 and py € So belong to Q-related orbits and let ¢ € (Q such that
Bi(q) = p1 and Ba(q) = p2. Let p = j(q), z1 = Ji(p1) and x2 = Ja(p2).

(b) The induced isomorphisms of isotropy groups (40) intertwine the maps induced by Ji
and [Jo. That is, we have the following commutative square.

(Hl)pl i) <H2)p2
J/\% J{JQ
(gl)xl L (gQ)zg

(¢) The induced isomorphisms of normal representations (41) intertwine the maps induced by
J1 and Jo. That is, we have the following commutative square.

Pq
Npl sz

o e

Ny =22 N,
The proof is straightforward.

Ezample 1.53. The Morita equivalence in Example 1.51 induces an identification (of maps of
topological spaces) between the transverse momentum map Jg and (a restriction of) the map

Jy: (0’ V)/H — g*/G.
We now turn to Morita equivalences between Hamiltonian actions.

PROPOSITION 1.54. Let a Hamiltonian (G, Q4 )-action along Jy : (S1,w1) — Mi, a Hamiltonian
(G2, Q9)-action along Jy : (S2,ws) — Ms and a Hamiltonian Morita equivalence between them
(denoted as in Definitions 1.42 and 1.44) be given. Suppose that p; € S; and pa € Sy belong to
Q-related orbits and let ¢ € Q such that 31(q) = p1 and (2(q) = p2. Let p = j(q), 1 = J(p1) and
z2 = J(p2).
(a) The isomorphism ®, : (G1)z, — (G2)a, restricts to an isomorphism

(gl)pl = (gQ)Pz'
(b) There is a compatible symplectic linear isomorphism

(SNP17 (wl)m) = (SNP27 (WQ)M)

between the symplectic normal representations at p; and po.
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Proof. Part (a) is immediate from Proposition 1.52(b). For the proof of part (b) observe that,
by Proposition 1.52(c), the isomorphism ¢, restricts to one between Ker(dJ,),, and Ker(dJs),,,
so that we obtain an isomorphism of representations, compatible with part (a), and given by

SNPz - SNP17 [U] = [dﬂl (@)]7 (52)

where 0 € T;,Q is any vector such that df2(0) = v and dj(?) = 0. Note here (to see that such 0
exists) that, given v € Ker(dJ2),, and w € T,Q such that dfa(w) = v, we have dj(w) € Ker(daa),
hence by Lemma 1.50 there is a 4 € Ker(dfs), such that dj(u) = dj(w), so that ¢ :=w — 4 has
the desired properties. With this description of (52) it is immediate from (46) that (52) pulls
(w1)p, back to (w2)p,, which concludes the proof. O

We can now give a more conceptual proof of Lemma 1.41.
Proof of Lemma 1.41. Apply Proposition 1.54 to Example 1.46. g

For Hamiltonian Morita equivalences as in Example 1.51 (where one of the two groupoid
maps is not of action type) it is not clear to us whether there is a satisfactory generalization of
Proposition 1.54. The arguments in the proof of that proposition do show the following, which
will be enough for our purposes.

PROPOSITION 1.55. Let a Hamiltonian Morita equivalence (denoted as in Definitions 1.42 and
1.44) between groupoids maps J1 : H1 — (G1,1) and J3 : Ha — (G2, Q2) of Hamiltonian type
be given. Suppose that p; € S1 and ps € So belong to Q-related orbits and let q € () such that
B1(q) = p1 and (2(q) = p2. Further, assume that J; is of action type and the canonical injection

o Ker(d.J2)p,
SNpz 1= Ker(dJ2)p, N1y, O

is an isomorphism. The form wy on the base Sy of Ho may be degenerate. Then:

— Ker (dJ2 )pQ

(a) the form wy descends to a linear symplectic form (wg)p, on SNp,, which is invariant under
the (Hz)p,-action defined by declaring the isomorphism with Ker(dJ),, to be equivariant;

(b) there is a symplectic linear isomorphism (Si\fpl,wpl) & (SNp,,wp,) that is compatible with
the isomorphism of Lie groups @ : (H1)p, — (H2)p,-

2. The canonical Hamiltonian stratification

In this part we apply our normal form results to study stratifications on orbit spaces of
Hamiltonian actions. To elaborate: in §2.1 we give background on Whitney stratifications of
reduced differentiable spaces and we discuss the canonical Whitney stratification of the leaf space
of a proper Lie groupoid. A novelty in our discussion is that we point out a criterion (Lemma 2.38)
for a partition of a reduced differentiable space into submanifolds to be Whitney (b)-regular,
which may be of independent interest. Furthermore, we give a similar criterion (Corollary 2.47)
for the fibers of a map between reduced differentiable spaces to inherit a natural Whitney stratifi-
cation from a constant rank partition of the map. In § 2.2 we introduce the canonical Hamiltonian
stratification and prove Theorems 2.52 and 2.53, by verifying that the canonical Hamiltonian
stratification of the orbit space and the Lerman—Sjamaar stratification of the symplectic reduced
spaces meet the aforementioned criteria, using basic features of Hamiltonian Morita equiva-
lence and the normal form theorem. In §2.3 we study the regular (or principal) parts of these
stratifications. There we will also consider the infinitesimal analogue of the canonical Hamiltonian
stratification on S, because its regular part turns out to be better behaved. Section 2.4 concerns
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the Poisson structure on the orbit space. The main theorem of this section shows that the canon-
ical Hamiltonian stratification is a constant rank Poisson stratification of the orbit space, and
describes the symplectic leaves in terms of the fibers of the transverse momentum map. Finally, in
§ 2.5 we construct explicit proper integrations of the Poisson strata of the canonical Hamiltonian
stratification. Section 2.3 can be read independently of §§2.4 and 2.5.

2.1 Background on Whitney stratifications of reduced differentiable spaces
2.1.1 Stratifications of topological spaces. In this paper, by a stratification we mean the
following.

DEFINITION 2.1. Let X be a Hausdorff, second-countable and paracompact topological space.
A stratification of X is a locally finite partition S of X into smooth manifolds (called strata),
that is required to satisfy:

(i) each stratum X € S is a connected and locally closed topological subspace of X;
(ii) for each ¥ € S, the closure ¥ in X is a union of ¥ and strata of strictly smaller dimension.

The second of these is called the frontier condition. A pair (X, S) is called a stratified space. By
a map of stratified spaces ¢ : (X, Sx) — (Y, Sy) we mean a continuous map ¢ : X — Y with the
property that for each X x € Sx:

(i) there is a stratum ¥y € Sy such that p(Xx) C Xy;
(ii) the restriction ¢ : ¥x — Xy is smooth.

Due to the connectedness assumption on the strata, the frontier condition (a priori of a
global nature) can be verified locally with the following lemma.

LEMMA 2.2. Let X be a topological space and S a partition of X into connected manifolds
(equipped with the subspace topology). Then S satisfies the frontier condition if and only if for
every x € X and every Y. € § such that x € ¥ and x ¢ X the following hold:

(i) there is an open neighbourhood U of x such that U N, C ¥;
(i) dim(3;) < dim(X).

Remark 2.3. Throughout, we will make reference to various texts that use slightly different defi-
nitions of stratifications. After restricting attention to Whitney stratifications (Definition 2.32),
the differences between these definitions become significantly smaller (also see Remark 2.34).
A comparison of Definition 2.1 with the notion of stratification in [Mat73, Pfl01] can be found
in [CM17].

The constructions of the stratifications in this paper follow a general pattern: one first defines
a partition P of X into manifolds (possibly disconnected, with connected components of varying,
but bounded, dimension) which in a local model for X have a particularly simple description.
This partition P is often natural to the given geometric situation from which X arises. Then,
one passes to the partition S := P° consisting of the connected components of the members of
P, and verifies that S is a stratification of X.

Remark 2.4. When speaking of a manifold, we always mean that its connected components are
of one and the same dimension, unless explicitly stated otherwise (such as above).

Example 2.5. The leaf space of a proper Lie groupoid admits a canonical stratification. To
elaborate, let G = M be a proper Lie groupoid, meaning that G is Hausdorff and the map
(t,s) : G — M x M is proper. This is equivalent to requiring that G is proper at every z € M
(as in Definition 1.7) and that its leaf space M is Hausdorff [dHo13, Proposition 5.1.3]. In fact,
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M is locally compact, second countable and Hausdorff (so, in particular, it is paracompact). To
define the stratifications of M and M, first consider the partition Pa(M) of M by Morita types.
This is given by the equivalence relation: x1 ~aq x2 if and only if there are invariant opens Vj
and V, around £;, and L;,, respectively, together with a Morita equivalence

g|V1 = g’Vw

that relates L4, to Lg,. Its members are invariant and therefore descend to a partition P (M)
of the leaf space M. The partitions Sgp(M) and Sgp(M) obtained from Pu(M) and Pay(M)
after passing to connected components form the so-called canonical stratifications of the base M
and the leaf space M of the Lie groupoid G. These indeed form stratifications. This is proved
in [PPT14] and [CM17], using the local description given by the linearization theorem for proper
Lie groupoids (see [Wei02, Zun06, CS13, FdH18]). There, the partition by Morita types is defined
by declaring that x,y € M belong to the same Morita type if and only if there is an isomorphism
of Lie groups

together with a compatible linear isomorphism
N, 2N,

between the normal representations of G at = and y, as in (10). This is equivalent to the
description given before, as a consequence of Proposition 1.26(b) and the linearization theorem.

Often there are various different partitions that, after passing to connected components,
induce the same stratification. This too can be checked locally, using the following lemma.

LEMMA 2.6. Let Py and P2 be partitions of a topological space X into manifolds (equipped
with the subspace topology) with connected components of possibly varying dimension. Then
the partitions P{ and Ps, obtained after passing to connected components, coincide if and only
if every x € X admits an open neighbourhood U in X such that

PNU=PnNU,
where Py and P are the members of Py and P, through x.

This lemma, which is proved in [CM17], is related to [Mat73, Lemma 2.1-2.2] (see also [Pfl01,
§1.2]). They were probably the reason for Mather to use a notion of stratification in terms of
germs [Mat73].

Ezample 2.7. Given a proper Lie groupoid G =% M, there is a coarser partition of M (respectively,
M) that yields the canonical stratification on M (respectively, M) after passing to connected
components: the partition by isomorphism types. On M, this partition is given by the equivalence
relation: x = y if and only if the isotropy groups G, and G, are isomorphic (as Lie groups). We
denote this partition as P~(M). Its members are invariant and therefore descend to a partition
of P~(M) of the leaf space M. The fact that these indeed induce the canonical stratifications
Scp(M) and Sgp(M) follows from Lemma 2.6 and the linearization theorem for proper Lie
groupoids.

Ezxample 2.8. The canonical stratification on the orbit space of a proper Lie group action is
usually defined using the partition by orbit types. To elaborate, let M be a manifold, acted
upon by a Lie group G in a proper fashion. The partition P~ (M) by orbit types is defined
by the equivalence relation: x ~ y if and only if the isotropy groups G and G, are conjugate
subgroups of G. Its members are G-invariant and, hence, this induces a partition P (M) of the
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orbit space M := M /G as well. The partitions obtained from P. (M) and P~ (M) after passing
to connected components coincide with the canonical stratifications Sqp(M) and Sgp(M) of
the action groupoid G x M (as in Example 2.5). Another interesting partition that induces the
canonical stratifications in this way is the partition by local types, defined by the equivalence
relation: x &~ y if and only if there is a g € G such that G, = gG,g™ ", together with a compat-
ible linear isomorphism N, = N, between the normal representations at = and y. That these
partitions induce the canonical stratifications follows from Lemma 2.6 and the tube theorem for
proper Lie group actions (see, e.g., [DKO00]).

Remark 2.9. The discussion above is largely a recollection of parts of [CM17]. There the reader
can find most details and proofs of the claims made in this subsection. A further discussion on
the canonical stratifications in a Poisson geometric context will appear in the forthcoming paper
on non-regular Poisson manifolds of compact types, by Crainic, Fernandes and Martinez Torres.

2.1.2 Reduced differentiable spaces. Further interesting properties of a stratified space can
be defined when the space X comes equipped with the structure of reduced differentiable space
(a notion of smooth structure on X) and the stratification is compatible with this structure. We
now recall what this means. Throughout, a sheaf will always mean a sheaf of R-algebras.

DEFINITION 2.10. A reduced ringed space is a pair (X, Ox) consisting of a topological space
X and a subsheaf Ox of the sheaf of continuous functions Cx on X that contains all constant
functions. We refer to Ox as the structure sheaf. A morphism of reduced ringed spaces

p: (X,0x) — (Y, Oy) (53)

is a continuous map ¢ : X — Y with the property that for every open U in Y and every function
f € Oy (U), it holds that f oy € Ox(p~1(U)). Given such a morphism, we let

¢*: Oy — p.Ox (54)
denote the induced map of sheaves over Y and we use the same notation for the corresponding
map of sheaves over X:

©* " Oy — Ox. (55)
Example 2.11. Let M be a smooth manifold and C37 its sheaf of smooth functions. Then (M, C37)

is a reduced ringed space. A map M — N between smooth manifolds is smooth precisely when
it is a morphism of reduced ringed spaces (M,C57) — (IV,CR7).

Ezample 2.12. Let Y be a subspace of R"™. We call a function defined on an open in Y smooth if
it extends to a smooth function on an open in R™. This gives rise to the sheaf of smooth functions
[e.]
v onY.

Ezample 2.13. The leaf space M of a Lie groupoid G = M is naturally a reduced ringed space,
with structure sheaf Cf; given by

Cu(U) ={f €Cu(U)| foqeCri(U)},

where ¢ : M — M denotes the projection onto the leaf space and U := ¢~ (U). We simply refer
to this as the sheaf of smooth functions on the leaf space. Often we implicitly identify C37 with the
sheaf that assigns to U the algebra of G-invariant smooth functions on U, via ¢* : Cyy — ¢:«Cur-

DEFINITION 2.14 [GS03]. A reduced differentiable space is a reduced ringed space (X, Ox) with
the property that for every z € X there is an open neighbourhood U, a locally closed subspace Y
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of R™ (where n may depend on x) and a homeomorphism x : U — Y that induces an isomorphism
of reduced ringed spaces:

(U, Oxv) = (Y, Cy).

We call such a homeomorphism y a chart of the reduced differentiable space. A morphism of
reduced differentiable spaces is simply a morphism of the underlying reduced ringed spaces.

Ezample 2.15. A reduced differentiable space (X, Ox) is an n-dimensional smooth manifold if
and only if around every x € X there is a chart for (X, Ox) that maps onto an open in R™.

Ezample 2.16. The leaf space M of a proper Lie groupoid G = M, equipped with the structure
sheaf of Example 2.13, is a reduced differentiable space. The proof of this is recalled at the end
of this subsection.

Remark 2.17. A reduced differentiable space (X, Ox) is locally compact. Thus, if it is Hausdorff
and second countable, then it is also paracompact. Moreover, it then admits Ox-partitions of
unity subordinate to any open cover (this can be proved as for manifolds; see, e.g., [GS03]).

To say what it means for a stratification to be compatible with the structure of reduced
differentiable space, we will need an appropriate notion of submanifold.

DEFINITION 2.18. Let (Y, Oy) and (X, Ox) be reduced ringed spaces and i : Y < X a topolog-
ical embedding. We call ¢ an embedding of reduced ringed spaces if it is a morphism of reduced
ringed spaces and i* : Ox|y — Oy is a surjective map of sheaves. In other words, Oy coincides
with the image sheaf of the map i* : Ox|y — Cy, meaning that for every open U in Y,

Oy(U) = {f € Cy(U) | Yy € U,3(Flity) € (Ox)iy : (Fy = (FIv)y}-

Remark 2.19. Let us stress that for any subspace Y of a reduced ringed space (X, Ox) there is
a unique subsheaf Oy C Cy making i : (Y, Oy) — (X, Ox) into an embedding of reduced ringed
spaces. We will call this the induced structure sheaf on Y. Note that, if (X,Ox) is a reduced
differentiable space and Y is locally closed in X, then Y, equipped with its induced structure
sheaf, is a reduced differentiable space as well, because charts for X restrict to charts for Y.

Ezample 2.20. We now give some examples of embeddings.

(i) For maps between smooth manifolds, the above notion of embedding is the usual one.
(ii) In Example 2.12, the inclusion i : (Y,C°) — (R",Cg%) is an embedding.
(iii) Let (X,Ox) be a reduced ringed space and U C X open. A homeomorphism x : U — Y
onto a locally closed subspace Y of R™ is a chart if and only if x : (U, Ox|y) — (R",Cg5) is
an embedding.

Remark 2.21. Let ¢ : (X1,0x,) — (X2,0x,) be a morphism of reduced ringed spaces and let
Y1 € X; and Y2 C Xy be subspaces such that ¢(Y7) C Yo. Then ¢ restricts to a morphism of
reduced ringed spaces (Y1, Oy,) — (Y2, Oy,) with respect to the induced structure sheaves.

DEFINITION 2.22. Let (X, Ox) be a reduced differentiable space and Y a locally closed subspace
of X. We call Y a submanifold of (X, Ox), when endowed with its induced structure sheaf it is
a smooth manifold.

Remark 2.23. Let (X, Ox) be a reduced differentiable space. Let Y be a subspace of X. Then
Y is a d-dimensional submanifold of (X, Ox) if and only if for every chart (U, x) of (X, Ox) the
image x(U NY') is a d-dimensional submanifold of R".
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Ezxample 2.24. Let G = M be a proper Lie groupoid. Each Morita type in M is a submanifold
of the leaf space (M, Cj7). The same holds for each stratum of the canonical stratification.

We end this subsection by recalling proofs of the claims in Examples 2.16 and 2.24. The
following observation will be useful for this and for later reference.

PROPOSITION 2.25. Let (Y, Oy) be a reduced ringed space and let (X,Ox) be a Hausdorff and
second countable reduced differentiable space. Suppose that i :Y — X is both a topological
embedding and a morphism of reduced ringed spaces. Then i is an embedding of reduced ringed
spaces if and only if every global function f € Oy (Y) extends to a function g € Ox(U) defined
on some open neighbourhood U of i(Y) in X. Moreover, if i(Y') is closed in X, then U can be
chosen to be X.

Proof. For the forward implication, let f € Oy (Y'). Since ¢ is an embedding of reduced ringed
spaces, for every y € Y there is a local extension of f, defined on an open around i(y) in X. By
Remark 2.17, any open in X admits O x-partitions of unity subordinate to any open cover. Thus,
using the standard partition of unity argument we can construct, out of the local extensions, an
extension g € Ox(U) of f defined on an open neighbourhood U of i(Y') in X, which can be taken
to be all of X if i(Y) is closed in X. For the backward implication, it suffices to show that every
germ in Oy can be represented by a globally defined function in Oy (Y'). For this, it is enough
to show that for every y € Y and every open neighbourhood U of y in Y, there is a function
p € Oy (Y), supported in U, such that p = 1 on an open neighbourhood of y in U. To verify the
latter, let y and U be as above. Let V' be an open in X around i(y) such that V Ni(Y) = i(U).
Using a chart for (X, Ox) around i(y), we can find a function px € Ox(X), supported in V, such
that px = 1 on an open neighbourhood of i(y) in V. Now, p :=i*(px) € Oy (Y) is supported in
U and equal to 1 on an open neighbourhood of ¢ in U. This proves the proposition. ([

Returning to Example 2.16: first consider the case of a compact Lie group G acting linearly
on a real finite-dimensional vector space V' (that is, V' is a representation of G). The algebra
P(V)& of G-invariant polynomials on V is finitely generated. Given a finite set of generators
{p1,...,pn} of P(V)%, one can consider the following polynomial map:

p=1(p1,--,pn): V—R" (56)

We call this a Hilbert map for the representation V. Any such map factors through an embed-
ding of topological spaces p : V/G — R" onto a closed subset of R". Furthermore, we have the
following.

THEOREM 2.26 [Sch75]. Let G be a compact Lie group, V a real finite-dimensional
representation of G and p:V — R™ a Hilbert map. Then the associated map (56)
satisfies

pHCX(RM) = C=(V)“,
Thus, in view of Proposition 2.25, the morphism of reduced ringed spaces,

is, in fact, an embedding of reduced ringed spaces (Definition 2.18) and, hence, a globally defined
chart for the orbit space V/G (by Example 2.20). Next, we show how this leads to charts for the
leaf space of a proper Lie groupoid. Recall the following.
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PROPOSITION 2.27. The homeomorphism of leaf spaces (39) induced by a Morita equivalence
of Lie groupoids is an isomorphism of reduced ringed spaces:

he : (M, C55,) = (M, C55).

Proof. Suppose we are given a Morita equivalence between Lie groupoids:
G (P )6
1IN
M, Mo

Then, given two P-related invariant opens Uy C M and Us C M>, we have algebra isomorphisms

CE (a1 (U))T N (0 (U2))%

MU A 4 CRy, ()%
7 %
e Uy ¢33, (Us)
W
that complete to a commutative diagram via hp : Cpr, — (hp)+Cu, - O

Now, the linearization theorem for proper Lie groupoids implies that, given a proper Lie
groupoid G = M and an x € M, there is an invariant open neighbourhood U of z in M and a
Morita equivalence between G|y and the action groupoid G, x N, of the normal representation
at x, as in (10), that relates £, to the origin in A,. Thus, applying Proposition 2.27 we find an
isomorphism,

U, Cﬁ@) = (Nx/gxycﬁz/gx)a (58)

which composes with the embedding (57) to a chart for (M,C37), as desired. We conclude that
(X,C%) is a reduced differentiable space, as claimed in Example 2.16. To see why the claims
in Example 2.24 hold true, let ¥ € Pyp(M) be a Morita type. Suppose that £, € ¥. The iso-
morphism (58) identifies U N X with the Morita type of G, x N, through the origin, which is
the fixed point set N> —a submanifold of N, /G,. Therefore, ¥ is a submanifold of M near L.
This being true for all points in Y, it follows that X is a submanifold with connected compo-
nents of possibly varying dimension. The dimension of the connected component through £, is
dim(NZ#), hence it follows from Proposition 1.26(b) that all connected components of X in fact
have the same dimension. Thus, the Morita types are indeed submanifolds of the leaf space, and
so are their connected components.

2.1.3 Whitney stratifications of reduced differentiable spaces.

DEFINITION 2.28. Let (X, Ox) be a Hausdorff and second countable reduced differentiable space.
A stratification S of (X, Oyx) is a stratification of X by submanifolds of (X, Ox). That is, S is a
stratification of X with the property that the given smooth structure on each stratum coincides
with its induced structure sheaf. We call the triple (X, Ox,S) a reduced differentiable stratified
space. A morphism of reduced differentiable stratified spaces is a morphism of the underlying
stratified spaces that is simultaneously a morphism of the underlying reduced ringed spaces.
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Remark 2.29. As noted in [PPT14], the notion of reduced differentiable stratified space is equiv-
alent (up to the slight difference pointed out in Remark 2.3) to the notion of stratified space with
smooth structure in [Pfl01], which is defined starting from an atlas of compatible singular charts,
rather than a structure sheaf. The notion of reduced differentiable stratified space considered
in [FPS23] is more general, in that the topological assumptions made there are weaker.

On stratifications of reduced differentiable spaces, we can impose an important extra
regularity condition: Whitney’s condition (b). We now recall this, starting with the following.

DEFINITION 2.30. Let R and S be disjoint submanifolds of R", and let y € S. Then R is called
Whitney (b)-regular over S at y if the following is satisfied. For any two sequences (x,) in R and
(yn) in S that both converge to y and satisfy:

(i) T, R converges to some 7 in the Grassmannian of dim(R)-dimensional subspaces of R";
(ii) the sequence of lines [z, — y,] in RP™~! converges to some line /;

it must hold that ¢ C 7.
Using charts, this generalizes to reduced differentiable spaces, as follows.

DEFINITION 2.31. Let (X,Ox) be a reduced differentiable space and let R and S be disjoint
submanifolds. Then R is called Whitney (b)-reqular over S at y € S if for every chart (U, x)
around y, the submanifold y(RNU) of R™ is Whitney (b)-regular over x(SNU) at x(y). We
call R Whitney (b)-regular over S if it is so at every y € S. Moreover, we call a partition P
of (X,Ox) into submanifolds Whitney (b)-regular if every member of P is so over each other
member.

DEFINITION 2.32. A reduced differentiable stratified space (X, Ox,S) will be called a Whitney
stratified space when the partition S of (X, Ox) is Whitney (b)-regular. In this case, we call S a
Whitney stratification of (X, Ox).

To verify Whitney (b)-regularity of R over S at y, it is enough to do so in a single chart
around y. To see this, the key remark is the following proposition, combined with the fact
that Whitney (b)-regularity is invariant under smooth local coordinate changes of the ambient
space R".

PROPOSITION 2.33. Let (X, Ox) be a reduced differentiable space. Any two charts (Uy, x1) and
(Ua, x2) onto locally closed subsets of R™ are smoothly compatible, in the sense that for any
y € Uy N Uy, there is a diffeomorphism H : O1 — O from an open neighbourhood O; of x1(y)
in R™ onto an open neighbourhood Oy of x2(y) in R™ such that

—1
H|O1OX1(U10U2) = X209 (Xl )’010X1(U1QU2)‘

Proof. Although this is surely known, we could not find a proof in the literature. The argument
here is closely inspired by that of [Pfl01, Proposition 1.3.10]. Turning to the proof, it is enough
to show that, given two subspaces Y1, Yo C R™ and an isomorphism of reduced ringed spaces

@ (Ylaclo/?) = (Y27C}O/§)a

there are, for every y € Y7, an open U; in R™ around y and a smooth open embedding ¢ : U1 — R"
such that @|y,ny; = ¢|u,ny;. To this end, let us first make a general remark. Given Y C R™ and
yey, let m}; and m]?lfn denote the respective maximal ideals in the stalks (C§°), and (Cg5)y,
consisting of germs of those functions that vanish at y. Further, let (Zy), denote the ideal in
(Cg%)y consisting of germs of those functions that vanish on Y. Note that we have a canonical
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short exact sequence:
R™\2y /(o R712 R o R2 V) y o yig
OH((IY)y—l_(my))/(my) _>my (my) _y)my/(my) — 0.
Furthermore, recall that there is a canonical isomorphism of vector spaces

mE"/(@E)? TR, (f), mod (mi)? — df,.

It follows that, for any (hi)y, ..., (hi)y € m;JRn that project to a basis of mg/(mg)2, we can find
(Pk+1)y, - - (hn)y € (Zy)y such that d(hy)y,...,d(h,)y € T,;R" form a basis or, in other words,
such that (hi,...,hy)y is the germ of a diffecomorphism from an open neighbourhood of y in
R™ onto an open neighbourhood of the origin in R™. Now, we return to the isomorphism ¢.
Let k be the dimension of mzf(y) / (mﬁy))z. Using the above remark we can, first of all, find a
diffeomorphism

f:(f17"'7fn) 1 Uz l}VvQ
from an open Us in R™ around ¢(y) onto an open V3 in R™ around the origin, such that

([ (fr)p() € mﬂizy)

project to a basis of 111};2(11)/(mz;%y))2 and such that fxi1,..., f, vanish on Us N Y. Since ¢ is an
isomorphism of reduced ringed spaces, it induces an isomorphism

£ .Y Yo \2 ™~ Vi (mY1)2
which maps the above basis to a basis of m;ﬁ/ (m51)2. Using this and the remark above once
more, we can find a diffeomorphism

g:(glw"agn):Ull"/l’

from an open U; in R™ around y such that ¢(U; NY}) C Uy, onto an open Vi C Vs around the
origin in R™, with the property that

gj|UlﬂY1 = fj o (@‘Ulrﬂﬁ)v VJ = 17 . .,k,

and that gg41,. .., gn vanish on Uy N Y7. Then, in fact, g|u,ny; = f © (¢|vyny; ), so that the smooth
open embedding

p:=flog: Ui = R",
restricts to ¢ on U; NY7, as desired. O

Remark 2.34. We continue Remark 2.3 as follows.

(i) Let (X, Ox) be a Hausdorff and second countable reduced differentiable space and let P be
a locally finite partition of (X, Ox) into submanifolds. In the terminology of [GWdPL76],
such a partition P would be called a stratification. If P is Whitney (b)-regular, then the
partition P¢ (obtained after passing to connected components) is locally finite and satisfies
the frontier condition. Hence, P° is then a Whitney stratification of (X, Ox). In the case
that (X, Ox) is a locally closed subspace of R™ equipped with its induced structure sheaf,
this statement is proved in [GWdPL76] using the techniques developed in [Tho69, Mat73,
Mat12]. The general statement follows from this case by using charts and Lemma 2.2.

(ii) Combined with the discussion in [CM17, §4.1] and [Pfl01, Proposition 1.2.7], the previous
remark shows that the notion of Whitney stratified space used here is actually equivalent to
that in [PA01].
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2.1.4 Semi-algebraic sets and homogeneity. For proofs of the facts on semi-algebraic sets
that we use throughout, we refer to [BCR98]; further see [GWdPL76] for a concise introduction.
By a semi-algebraic subset of R, we mean a finite union of subsets defined by real polynomial
equalities and inequalities. Semi-algebraic sets are rather rigid geometric objects. For instance,
any semi-algebraic set A C R™ has a finite number of connected components and admits a canon-
ical Whitney stratification with finitely many strata (in contrast, any closed subset of R™ is the
zero-set of some smooth function). As remarked in [GWdPL76], there is a useful criterion for
stratifications in R" to be Whitney (b)-regular, when the strata are semi-algebraic. This criterion
can be extended to reduced differentiable stratified spaces, as follows.

DEFINITION 2.35. We call a partition P of a reduced differentiable space (X, Ox) locally semi-
algebraic at x € X if there is a chart (U, x) around = that maps every member of P|y onto a
semi-algebraic subset of R™. We call the partition locally semi-algebraic if it is so at every x € X.

DEFINITION 2.36. We call a partition P of a topological space X homogeneous if for any two
1,22 € X that belong to the same member of P, there is a homeomorphism

h:U; = Us

from an open U; around x; onto an open Us around x5 in X, with the property that h(x1) = x2
and for every ¥ € P,

(Ui NY)=UsNX.

If (X, Ox) is a reduced differentiable space and the members of P are submanifolds, then we call
P smoothly homogeneous if the homeomorphisms A can, in fact, be chosen to be isomorphisms
of reduced differentiable spaces:

h (Ulv OX|U1) = (UQv 0X|U2)'
Remark 2.37. Note the following.

(i) Homogeneity of a partition P of X implies that P satisfies the topological part of the frontier
condition: the closure of any member ¥ € P is a union of ¥ with other members.

(ii) If P is smoothly homogeneous, then a map h as above restricts to diffeomorphisms between
the members of P|y, and P|y, (by Remark 2.21).

Together the above conditions give a criterion for Whitney (b)-regularity.

LEMMA 2.38. Let (X, Ox) be a reduced differentiable space and let P be a partition of (X, Ox)
into submanifolds. If P is smoothly homogeneous and locally semi-algebraic, then it is Whitney
(b)-regular.

Proof. Let R,S € P be two distinct members. Since P is smoothly homogeneous, either R is
Whitney (b)-regular over S at all points in S, or at no points at all. Indeed, this follows from the
simple fact that Whitney (b)-regularity is invariant under isomorphisms of reduced differentiable
spaces. As P is locally semi-algebraic, the latter option cannot happen and, hence, the partition
must be Whitney (b)-regular. In order to explain this, suppose first that R, S C R™ are semi-
algebraic and submanifolds of R™ (also called Nash submanifolds of R™). Consider the set of bad
points,

B(R,S),

which consists of those y € S at which R is not Whitney (b)-regular over S. The key fact is now
that, because R and S are semi-algebraic, the subset B(R, S) has empty interior in S (see [Wal75]
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for a concise proof), hence it cannot be all of S. In general, we can pass to a chart around any
y € S in which the strata R and S are semi-algebraic and the same argument applies, because
Whitney (b)-regularity can be verified in a single chart. O

To exemplify the use of Lemma 2.38, let us point out how it leads to a concise proof of the
following.

THEOREM 2.39 [PPT14]. The canonical stratification of the leaf space of a proper Lie groupoid
is a Whitney stratification.

To verify the criteria of Lemma 2.38, we use the following.

PROPOSITION 2.40 [Bie75]. Let G be a compact Lie group and let V' be a real finite-dimensional
representation of G. Then any Hilbert map p:V — R"™ (see §2.1.2) identifies the strata of the
canonical stratification Sgp,(V/G) with semi-algebraic subsets of R".

See also [Sch80, Theorem 1.5.2] for a more elementary proof.

Proof of Theorem 2.39. Let G = M be a proper Lie groupoid. We return to the discussion at
the end of §2.1.2. As recalled there, for any x € M there is an open U around the leaf £, €
M and an isomorphism (58) that identifies U, as a reduced differentiable space, with N, /G,.
Furthermore, (58) identifies the partition Paq(M )|y by Morita types of G|y with the partition
of N, /G, by Morita types of G, X N,. Recall that the canonical stratification on the orbit space
of a real, finite-dimensional representation of a compact Lie group has finitely many strata
(see, e.g., [DKO0O, Proposition 2.7.1]). In combination with Proposition 2.40, this implies that
a Hilbert map p : N — R” for the normal representation N, maps the Morita types in N, /G,
onto semi-algebraic subsets of R™. This shows that Py((M) is locally semi-algebraic. Second,
Proposition 2.27 implies that the partition by Morita types is homogeneous. To see this, note
that by the very definition of the partition by Morita types on M, for any two leaves £; and
L9 in the same Morita type, there are invariant opens Vi around L, Vo around Lo in M and
a Morita equivalence G|y, ~ G|y, relating £1 to L£o. The homeomorphism of leaf spaces induced
by this Morita equivalence is an isomorphism of reduced differentiable spaces:

V1, Crlv,) = (Vo Chtlyv,)

that identifies £ with L9 and V; N X with V, N X for every Morita type X. Thus, the partition
by Morita types is indeed smoothly homogeneous. In light of Lemma 2.38, it follows that the

partition by Morita types is Whitney (b)-regular. Hence, passing to connected components, we
find that Sgp(M) is a Whitney stratification of the leaf space (M,C37) (as in Remark 2.34). O

2.1.5 Constant rank stratifications of maps. Finally, we turn to constant rank stratifications
of maps between reduced differentiable spaces. In this subsection, let (X, Ox) and (Y, Oy) be
Hausdorff, second countable reduced differentiable spaces.

DEFINITION 2.41. By a partition of a morphism f:(X,Ox) — (Y,Oy) into submanifolds we
mean a pair (Px, Py) consisting of a partition Px of (X, Ox) and a partition Py of (Y, Oy) into
submanifolds, such that f maps every member of Px into a member of Py. We call this a constant
rank partition of f if, in addition, for every ¥ x € Px and Xy € Py such that f(Xx) C Xy, the
smooth map f: X x — ¥y has constant rank. Furthermore, by a constant rank stratification of
f we mean a constant rank partition for which both partitions are stratifications.

In the remainder of this subsection we focus on the partition induced on the fibers of a
morphism f : (X, 0x) — (Y, Oy) by a constant rank partition. The fibers of such a morphism
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are the reduced differentiable spaces (f~*(y), O fﬂ(y)), equipped with the induced structure sheaf
as in Remark 2.19. Given a constant rank partition (Px,Py) of f, its fibers have an induced
partition,

Pxlp-1) ={Ex N ' (y) | Ex € Px}, (59)

the members of which are submanifolds, being the fibers of the constant rank maps obtained
by restricting f to the members of (Px,Py). The following example shows that the connected
components of the members of (59) need not form a stratification, even if P$, and Py are Whitney
stratifications.

Example 2.42. Consider the polynomial map
FRP SR, foy,z) =a — 2

The fiber of f over the origin in R is the Whitney umbrella. Consider the stratification of R3
by the five strata {y < 0}, {y > 0}, {y =0,2 <0}, {y =0,z > 0} and the z-axis {z =y = 0}.
Together with the stratification of R consisting of a single stratum, this forms a constant rank
stratification of f. The induced partition (59) of the fiber of f over the origin consists of two
connected surfaces and the z-axis. This does not satisfy the frontier condition, because the
negative part of the z-axis is not contained in the closure of these surfaces.

We will now give a criterion that does ensure that the induced partitions (59) of the fibers
form stratifications. Recall that a map between semi-algebraic sets is called semi-algebraic when
its graph is a semi-algebraic set. In the following, let f: (X, Ox) — (Y, Oy) be a morphism and
(Px,Py) a partition of f into submanifolds.

DEFINITION 2.43. We call (f, Px, Py) locally semi-algebraic at x € X if there are a chart (U, x)
around x and a chart (V,¢) around f(z) with f(U) C V, that map the respective members of
Px|u and Py |y onto semi-algebraic sets, and have the property that the coordinate representa-
tion o o f o Y~ ! restricts to semi-algebraic maps between the members of x(Px|y) and ¢(Py|y).
We call (f, Px,Py) locally semi-algebraic if it is so at every x € X.

DEFINITION 2.44. We call (f,Px,Py) smoothly homogeneous if for any two z1,x2 € X that
belong to the same member of Px, there are isomorphisms of reduced differentiable spaces

hx : (U1,Ox|v,) = (U, Ox|,) and  hy : (V4,Oy|y) = (Va, Oy i)

from an open U; around x; onto an open Us around z9 in X, and from an open V; around f(x;)
onto an open V5 around f(z2) in Y, that fit in a commutative diagram

(U1, Ox|uy, 21) — 2 (U, Ox |, 22)
L s
(i, Oy v, f(21)) — (Va, Oy |vs, f(22))
and have the property that for all ¥x € Px, Xy € Py,
hx(UhNEx) =UsNEy and hy(ViNEy) = VaNSy.

Remark 2.45. Note that if (f, Px, Py) is smoothly homogeneous, then (Px, Py) is necessarily a
constant rank partition of f.

The following shows that, if both of these criteria are met, then the fibers of f meet the
criteria of Lemma 2.38.
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PROPOSITION 2.46. Let f:(X,0x) — (Y,Oy) be a morphism and (Px,Py) a constant rank
partition of f. If (f, Px,Py) is smoothly homogeneous and locally semi-algebraic, then so are
the induced partitions (59) of the fibers of f.

The proof of this is straightforward. Appealing to Lemma 2.38 and Remark 2.34 we obtain
the following.

COROLLARY 2.47. Let f:(X,0x) — (Y,Oy) be a morphism and (Px,Py) a constant rank
partition of f. Suppose that Px is locally finite and that (f, Px,Py) is smoothly homogeneous
and locally semi-algebraic. Then the partitions of the fibers of f obtained from (59) after passing
to connected components are Whitney stratifications of the fibers.

2.2 The stratifications associated to Hamiltonian actions

2.2.1 The canonical Hamiltonian stratification and Hamiltonian Morita types. Throughout,
let (G, ) be a proper symplectic groupoid and suppose that we are given a Hamiltonian (G, 2)-
action along J : (S,w) — M. Let S := S/G denote the orbit space of the action and M := M/G
the leaf space of the groupoid. The construction of the canonical Hamiltonian stratifications on
S and S is of the sort outlined in §2.1.1. To begin with, we give a natural partition that, after
passing to connected components, will induce the desired stratification.

DEFINITION 2.48. The partition Ppam(S) of S by Hamiltonian Morita types is defined by the
equivalence relation: p; ~ py if and only if there are invariant opens V; around L, in M,
invariant opens U; around O,, in J ~1(V}), together with a Hamiltonian Morita equivalence

(ng)|Vl C(Ul)w) (ng)“é C(Uva)

o =l 7

Wi Vo
(as in Definition 1.45) that relates Op, to O,,. The members of Ppam(S) are invariant with
respect to the G-action, so that Pyam(S) descends to a partition Ppam(S) of S.
Remark 2.49. Let us point out some immediate properties of these partitions.

(i) They are invariant under Hamiltonian Morita equivalence, meaning that the homeomorphism
of orbit spaces induced by a Hamiltonian Morita equivalence (Proposition 1.52(a)) identifies
the partitions by Hamiltonian Morita types.

(ii) The transverse momentum map sends each member of Pyam(S) into a member of Py (M)
(the partition of M by Morita types of G; see Example 2.5).

In analogy with Example 2.5, the partition by Hamiltonian Morita types has the following
alternative characterization.

ProrosiTiON 2.50. Two points p,q € S belong to the same Hamiltonian Morita type if and
only if there is an isomorphism of pairs of Lie groups

(gJ(p)7 gp) = (gJ(q)a QQ)

together with a compatible symplectic linear isomorphism
(SN, wp) = (SNg, wg).

Proof. The forward implication is immediate from Proposition 1.54. For the converse, note
the following. Let p € S, write x = J(p), G =Gy, H =G, and (V,wy) = (SN,,wp), and let
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p: h* — g* be any choice of H-equivariant splitting of (33). Then from the normal form theorem
and Examples 1.51, 1.28 and 1.29, it follows that there are invariant opens W around L, in
M and U around O, in J~Y(W), together with a Hamiltonian Morita equivalence between the
Hamiltonian (G, Q)|w-action along J : (U,w) — W and (a restriction of) the groupoid map of
Hamiltonian type (51) (to invariant opens around the respective origins in h° @ V and g*), that
relates O, to the origin in h° @ V. From this, the backward implication is clear, since (51) is built
naturally out of the pair (G, H), the symplectic representation (V,wy) and the splitting p. O

We now turn to the stratifications induced by the Hamiltonian Morita types.

DEFINITION 2.51. Let Spam(S) and Spam(S) denote the partitions obtained from the
Hamiltonian Morita types on S and S, respectively, by passing to connected components. We
call Sgam(S) and Syam(S) the canonical Hamiltonian stratifications.

The main aim of this section will be to prove the following.

THEOREM 2.52. Let (G,§2) = M be a proper symplectic groupoid and suppose we are given a
Hamiltonian (G, Q)-action along J : (S,w) — M.

(a) The partition Spam(S) is a Whitney stratification of the orbit space (S,Cg°).
(b) The pair consisting of the canonical Hamiltonian stratification of the orbit space S and the
canonical stratification of the leaf space M of G

(Stam (), Sap(M)) (60)
is a constant rank stratification (as in Definition 2.41) of the transverse momentum map
J:(8,C57) — (M, Chp). (61)

The fiber of (61) over a leaf £ of (G, Q) is (as topological space) the quotient J~!(£)/G. This
is the reduced space at L appearing in the procedure of symplectic reduction. Throughout, we
will denote this as

§L’, = lil([’)a

and we will simply denote the induced structure sheaf on this space as CS As we will show,
(Piam(S), Pm(M)) is a constant rank partition of the transverse momentum map (61), so that
(as discussed in §2.1.5) the fiber (S, Csﬁ) has a natural partition into submanifolds:

Pram(Sz) :=={P NS¢ | P € Pram(S)}- (62)
In addition to Theorem 2.52, in this section we will prove the following.

THEOREM 2.53. The fibers (SDCS ) of the transverse momentum map, endowed with the
partition Spam(S,) obtained from (62) after passing to connected components, are Whitney
stratified spaces.

In the case of a Hamiltonian action of a compact Lie group, the stratification Spam(S,)
coincides with that in [LS91] (see also Remark 2.58).

The partition Sgam(S) of the smooth manifold S turns out to be a Whitney stratification
as well. Furthermore, in contrast to the stratification Sgp,(S) associated to the action groupoid,
it is a constant rank stratification of the momentum map J : S — M. This can be proved using
the normal form theorem. Here we will not go into details on this, but rather focus on the proof
of the theorems concerning the transverse momentum map. We can already give an outline of
this.
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Outline of the proof of Theorems 2.52 and 2.53. In the coming subsection we will show that the
Hamiltonian Morita types are submanifolds of the orbit space. By part (ii) of Remark 2.49, it then
follows that the pair (Pgam(S), Prm(M)) is a partition of the transverse momentum map (61)
into submanifolds (as in Definition 2.41). In complete analogy with our proof of Theorem 2.39,
Propositions 1.52(a) and 2.27 imply that the triple (J, Pgam(S), Pm(M)) is smoothly homo-
geneous (as in Definition 2.44). In particular, (Prgam(S), Pm(M)) is a constant rank partition
of (61) (see Remark 2.45). In §2.2.3 we further prove that Pyam(S) is locally finite and that
(L, Pram(S), Pm(M)) is locally semi-algebraic (as in Definition 2.43). Combining Lemma 2.38
with part (i) of Remark 2.34, it then follows that Spgam(S) is indeed a Whitney stratification
of the orbit space, completing the proof of Theorem 2.52. Furthermore, Theorem 2.53 is then a
consequence of Corollary 2.47. g

In the coming subsections we will address the remaining parts of the proof. Before that, let
us make a final remark on Theorem 2.52.

Remark 2.54. A particularly well-studied class of constant rank stratifications of maps is that of
Thom stratifications (see, e.g., [Mat73, Mat12, GWdPL76, Ver84, Shi00, Shil0]). Although (60)
turns out to satisfy Thom’s regularity condition (as) (see Remark 2.95), it is often not a Thom
stratification of J, because J need not restrict to a submersion between strata. However, we
believe that when J is proper as map into its image A, there is a natural way to refine (60) to a
stratification of J : S — A for which J does restrict to a submersion between strata. This should
allow to appeal to results such as Thom’s first isotopy lemma, and possibly that of [Shi00], to
gain further insight into the transverse momentum map. Details of this are work in progress,
which we intend to present elsewhere.

2.2.2 Different partitions inducing the canonical stratifications. In this and the next subsec-
tion we study various local properties of the partition by Hamiltonian Morita types. To this end,
it will be useful to consider the coarser partitions

P, (8) = P=(8) NI~ (P=(M)) and P, (S) :=Px(S) NI~ (P=(M)),

where we take memberwise pre-images and intersections. Explicitly, p, ¢ € S belong to the same
member of P, (S) if and only if G, = G, and G,y = G (y)-

DEFINITION 2.55. We call P~ (S) and P, (S) the partitions by J-isomorphism types.
In the remainder of this subsection, we will prove the following.
PropPoOSITION 2.56. Both for S and S, the following hold.

(a) Each J-isomorphism type is a submanifold with connected components of possibly varying
dimension.

(b) The J-isomorphism types and the Hamiltonian Morita types yield the same partition after
passing to connected components.

(¢c) Each Hamiltonian Morita type is (in fact) a submanifold with connected components of a
single dimension.

Moreover, the orbit projection S — S restricts to a submersion between the Hamiltonian Morita
types (respectively, the J-isomorphism types).

To prove this proposition we will compute the Hamiltonian Morita types and the
J-isomorphism types in the local model for Hamiltonian actions. There are two important
remarks here that simplify this computation: first of all, the partitions by J-isomorphism types
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introduced above make sense for any groupoid map; and, second, they are invariant under Morita
equivalence of Lie groupoid maps. Therefore, the computation of these reduces to that for the
groupoid map J, of Example 1.51, which is the content of the following lemma.

LEMMA 2.57. Let G be a compact Lie group, H C G a closed subgroup and (V,wy) a symplectic
H-representation. Fix an H-equivariant splitting p : h* — g* of (33). Consider the groupoid map
Jp defined in (51).

(a) The Jy-isomorphism type through the origin in h? @ V is equal to the linear subspace
O e v,
where (h°)¢ and VH are the sets of points in h and V that are fixed by G and H.

(b) The G-isomorphism type through the origin in g* is equal to (g*)C.
(c) The restriction of J, to these isomorphism types is given by

BV = (@)% (ov) = a (63)
(d) Considered as subspace of the reduced differentiable space (h° © V))/H (respectively, g*/G),

the Jy-isomorphism type (h9)E @ VH (respectively, G-isomorphism type (g*)¢) is a closed
submanifold.

Proof. We use a standard fact: given a compact Lie group H and a closed subgroup K, if K is
diffeomorphic to H, then K = H. Since the origin is fixed by H it follows from this fact that for
(a,v) € h¥ &V we have

(a,v) = (070) — H(a,'u) =H
— H(a,v) =H
— ac () and veV

Similarly, for a € g*, it follows that

a=0 < ac (g

Moreover, (21) implies that .Ji» vanishes on V¥ and, hence, Jp(a,v) = afor v € VH  Therefore,
(a,v) =5 (0,0) <= (a,v) =(0,0) and «a =0,
—= ac () and veVH,

and we conclude that both part (a) and part (b) hold. Since Jy- vanishes on V| part (c) follows
as well. As for part (d), it is clear that the canonical inclusion (h°)¢ @ VH — ()% @ V)/H is
a closed topological embedding and a morphism of reduced differentiable spaces with respect
to the standard manifold structure on the vector space (h°)¢ @ VH. Furthermore, choosing an
H-invariant linear complement to (h°) @ V| we can extend any smooth function defined on
an open in the vector space (h°)¢ @ VH (by zero) to an H-invariant smooth function defined
on an open in h® @ V. Thus, (h°)¢ @ V¥ is indeed a closed submanifold of (h° @ V)/H. The
argument for (g*)¢ in g*/G is the same. O

Proof of Proposition 2.56. Near a given orbit in S, we can identify the member of Px,(S5)
(respectively, Pyam(S)) through this orbit (via the normal form theorem) with the corresponding
member through the orbit O := P/H in the local model for the Hamiltonian action (in the nota-
tion of §1.3.3). Using the Morita equivalence of Example 1.51, combined with Lemma 2.57 and
the Morita invariance of the partitions by isomorphism types, we find that the Jy-isomorphism
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type through the orbit O in Sy is a submanifold, being an open around O in
0 x ()¢ & V). (64)

Therefore, the J-isomorphism types are submanifolds of S with connected components of possi-
bly varying dimension. Passing to the orbit space of the local model, we can again use the Morita
equivalence of Example 1.51 to identify the orbit space of the local model with an open neigh-
bourhood of the origin in (h° @ V')/H, as reduced differentiable spaces (see Proposition 2.27). By
Lemma 2.57 and Morita invariance of the partitions by isomorphism types, the Jy-isomorphism
type through O is identified with an open neighbourhood of the origin in the submanifold
(59)Y @ VH of (h° @ V)/H. Therefore, the J-isomorphism types are submanifolds of (S,CZ)
with connected components of possibly varying dimension. This proves part (a). For part (b),
it suffices to prove that the Hamiltonian Morita type through the orbit O in the local model
coincides with the Jp-isomorphism type computed above (by Lemma 2.6 and the normal form
theorem). That is, we have to verify that all [p, o, v] € Sp such that (a,v) € (§°)¢ @ VH belong
to the same Hamiltonian Morita type. To this end, we again use the Hamiltonian Morita equiv-
alence of Example 1.51. Let [p, o, v] be as above. Then the Morita equivalence relates [p, v, v] to
(o, v). Since v € VH it holds for all w € V that

Jy(w+v) = Jy(w), (65)

as follows from (21). This implies that SN,y =V and, therefore, the conditions in
Proposition 1.55 are satisfied for the aforementioned Morita equivalence, at the points [p, a, v]
and (a,v). Moreover, we have Hy,) = H, Gj,(aw) = G and, by linearity of the H-action,
S/\/(a,v) and V in fact coincide as H-representations. Thus, applying the proposition, we obtain
an isomorphism G, (jp.q,0)) = G that restricts to an isomorphism Gy, ) & H, and we obtain a
compatible isomorphism of symplectic representations:

(SN[p,Oé,U]7w[p7a7v}) = (V, wv).

Thus, all such [p, o, v] indeed belong to the same Hamiltonian Morita type. For part (c) it remains
to show that for each Hamiltonian Morita type in .S or .S, the connected components have the
same dimension. This follows from Proposition 1.54 and a dimension count. Finally, in the above
description of the Hamiltonian Morita types and J-isomorphism types in S and S through O,
the orbit projection is identified (near @) with the projection O x ()¢ @ VH — (h9¢ @ V.
This shows that it restricts to a submersion between the members in S and S. O

Remark 2.58. Let G be a compact Lie group and J : (S,w) — g* a Hamiltonian G-space. The
partition in Example 1, which is an analogue of the partition by orbit types for proper Lie group
actions (cf. Example 2.8), induces the canonical Hamiltonian stratification as well after passing
to connected components. Another interesting partition that induces the canonical Hamiltonian
stratification in this way can be defined by the equivalence relation: p ~ ¢ if and only if there is
a g € G such that G, = gG,g~! and Gip) = gGJ(q)gfl, together with a compatible symplectic
linear isomorphism (SN, wp) = (SNg,wq). This is an analogue of the partition by local types
for proper Lie group actions. The fact that these indeed induce the canonical Hamiltonian strat-
ification follows from the same arguments as in the proof above, using the normal form theorem
with the explicit isomorphism of symplectic groupoids (38) (see Remark 1.24). Similarly, the
partition (62) of S, and the partition used in [LS91] (given by O, ~ O, if and only if there is a
g € G such that G, = qug_l) yield the same partition after passing to connected components.

Ezample 2.59. Let G be a compact Lie group and J : (S,w) — g* a Hamiltonian G-space. The
fixed point set M is a member of the partition in Example 1 (provided it is non-empty).
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From the above remark we recover the well-known fact that for any two points p,q € S belong-
ing to the same connected component of M&, the symplectic G-representations (Tp,M,wy,) and
(TyM, w,) are isomorphic.

Ezample 2.60. Let T be a torus and J : (S,w) — t* a Hamiltonian T-space. In this case, the
partition in Example 1 coincides with the partition by orbit types of the T-action. Furthermore,
the above remark implies that for any two points p,q € S belonging to the same connected
component of an orbit type with isotropy group H, the symplectic normal representations at p
and g are isomorphic as symplectic H-representations.

2.2.3 End of the proof. To complete the proof of Theorems 2.52 and 2.53, it remains to show
the following.

PROPOSITION 2.61. The partition by Hamiltonian Morita types Pram(S) is locally finite and
the triple (J, Puam(S), Pm(M)) is locally semi-algebraic (as in Definition 2.43).

Proof of Proposition 2.61. Let p € S, let O, be the orbit through p and let £, = J(O,) be the
corresponding leaf through = = J(p). Further, let G = G, denote the isotropy group of G at z,
H = G, the isotropy group of the action at p, and let (V,wy) = (SN, wp) denote the symplectic
normal representation at p. As in the proof of Proposition 2.50, there are invariant opens W
around £, in M and U around O, in J~}(W), together with a Hamiltonian Morita equivalence
between the action of (G,Q)|w along J:U — W and a restriction of the groupoid map (51),
that relates O, to the origin in h° & V. Here, we can arrange the opens in h & V and g* to which
(51) is restricted to be invariant open balls By C g* and Bpogy C J{l(Bg*) (with respect to a
choice of invariant inner products) centered around the respective origins. Let p: h° ® V — R”
and o : g* — R™ be Hilbert maps (see §2.1.2). By the same reasoning as in [LS91, Example 6.5],
since Jp : h?®V — g* is an H-equivariant and polynomial map, there is a polynomial map
P :R" — R™ that fits into the following commutative square.

(60 ®V)/H —= R"
e
g*/G —=—— R™

In view of Proposition 1.52(a), Proposition 2.27 and the discussion at the end of §2.1.2, we
obtain a diagram of reduced differentiable spaces

(Q,CEO\Q) — (ﬁh()@\/7c(ohco@v)/]-]|§ho@v> — (p(BhO®V>vC;?BbO®V))

l b I
(w.cxilw ) —— (Be-sCalp,. ) ——— (0(Ba).C3%s,.))
in which all horizontal arrows are isomorphisms. Due to Morita invariance of the partitions by

isomorphism types, the partition of U by J-isomorphism types is identified with the partition of
p(Byogy) consisting of the subsets of the form

p(Byogy) N p(Spoey) NP1 o(Eg)), Spay € Px(h°8 V), g € Px(gh).

Recall from the proof of Theorem 2.39 that the canonical stratification of the orbit space of a
real, finite-dimensional representation of a compact Lie group has finitely many strata, each of
which is mapped onto a semi-algebraic set by any Hilbert map. The same must then hold for
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the partition by isomorphism types of such a representation. The above partition of p(Byogy )
therefore also has finitely many members, each of which is semi-algebraic, for P is polynomial
and p(Bpogy ) is semi-algebraic (being the image of a semi-algebraic set under a semi-algebraic
map). The same then holds for the partition obtained after passing to connected components,
because any semi-algebraic set has finitely many connected components, each of which is again
semi-algebraic. By Proposition 2.56(b), the members of Pam(S)|y are unions of the connected
components of the J-isomorphism types in U. Thus, Pham(S)|y has finitely many members,
each of which is mapped onto a semi-algebraic set by the above chart for (S,Cg°), the image
being a finite union of semi-algebraic sets. By similar reasoning, the above chart for (M,C3?)
maps the members of Paq(M)|w onto semi-algebraic sets. Since P is polynomial, it restricts to
semi-algebraic maps between the images of these members under the above charts. Thus, this
proves the proposition. O

We end this section with a concrete example, similar to that in [ACG91].

Ezample 2.62. Let G =SU(2) x SU(2) and consider the circle in G given by the closed

subgroup
ei9 0 ei9 0
H:{((O e_w>,<0 e_w)) eSU(Q)xSU(2)’0€R}.

The cotangent bundle 7%(G/H) of the homogeneous space G/H is naturally a Hamiltonian
G-space, and the canonical Hamiltonian strata can be realized as concrete semi-algebraic sub-
manifolds of R, as follows. The orbit space of the G-action on T*(G/H) can be canonically
identified with the orbit space of the linear H-action on h° induced by the coadjoint action of
G on g*, and the transverse momentum map becomes the map .J : h°/H — g*/G induced by
the inclusion h? — g*. To find Hilbert maps for g* and h°, consider the SU(2)-invariant inner
product on su(2) given by

(A, B)sy(2) = —Trace(AB) € R, (66)

and note that under the identification of su(2) with R x C obtained by writing

su(2) = { (w _‘;) € gl(2,0) ' heR, z¢€ C},

z

(66) corresponds (up to a factor) to the standard Euclidean inner product. Using the induced
G-invariant inner product on g = su(2) x su(2), we identify g* with g. The orbits of the adjoint
SU(2)-action on su(2) are the origin and the concentric spheres centered at the origin. Using
this, one readily sees that the algebra of SU(2)-invariant polynomials on su(2) is generated by
the single polynomial given by the square of the norm induced by (66). Thus, the algebra of
G-invariant polynomials on g* is generated by

01(01, 21,02, 20) = 07 + |21|%,  02(01, 21,00, 22) = 03 + |20, 01,00 €R, 21,20 € C.

On the other hand, h° is identified with the orthogonal complement

" = {( C’f :fé> ’ <_sz ;§2> ) €su(2) xsu(2) |0 €R, 21,20 € (C}.

Identifying h- with R x C? accordingly, the H-orbits are identified with those of the S'-action
A (0,21,22) = (0, A21, M%), A€SY  (0,21,2) € R x C2
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In light of this, the algebra of H-invariant polynomials on h is generated by
p1(0,21,22) =0, pa(0,21,22) = |21]*,  p3(0,21,22) = |20]?,
pa(0,z1,22) = Re(z122), ps5(6, 21, 22) = Im(z122).
Now, consider the polynomial map
P:R> = R%  P(xy,...,z5) = (2% + 29,27 + x3).
Then we have the following commutative square
h/H £ R
A
g*/G —— R2
The image of h°/H under p is the semi-algebraic subset of R given by
{29 >0, 23>0, 22 + 22 = 2023},
whereas the image of g* /G under ¢ is the semi-algebraic subset of R? given by

{yl Z 07 Y2 2 O}

The canonical stratification of the orbit space of the G-action on T*(G/H) has two strata,
corresponding to the semi-algebraic submanifolds of R® given by

{z9 = 3 = x4 = x5 = 0}, (67)
{22 + 2% = zox3} N ({22 > 0} U {23 > 0}). (68)

On the other hand, the canonical stratification of g*/G has four strata, corresponding to the
semi-algebraic submanifolds of R? given by

{yi=92=0}, {y1>0, 92=0}, {y1=0, y2>0}, {y1 >0, y2 >0}

From this we see that the canonical Hamiltonian stratification of the orbit space of the
Hamiltonian G-space T*(G/H) has six strata, three of which correspond to the semi-algebraic
submanifolds of (67) given by the respective intersections of (67) with {z; < 0}, {z1 =0} and
{z1 > 0}, and the other three of which correspond to the semi-algebraic submanifolds of (68)
given by

{r1=0, 29 >0, 23 =24 =25 =0}, {21 =22=0, 23>0, x4 =25 =0},
{22 + 29 >0, 22 + 23>0, 22 + 22 = zox3} N ({z2 > 0} U {3 > 0}).

The restriction of P to any of the first five strata is injective, hence its fibers are points. The
restriction of P to the last stratum has 2-dimensional fibers. In fact, given y1,ys > 0 the fiber
of this restricted map over (yi,y2) € R? is projected diffeomorphically onto the semi-algebraic
submanifold of R? given by

{(z1,24,25) € R® | 2 + 22 = (y1 — 27) (y2 — 1), 21 < max(y1,v2)},

which is semi-algebraically diffeomorphic to a 2-sphere if y; # yo, whereas it is semi-algebraically
diffeomorphic to a 2-sphere with two points removed if y; = yo.
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2.3 The regular parts of the stratifications

2.3.1 The regular part of a stratification. To start with, we give a reminder on the regular
part of a stratification, mostly following the exposition in [CM17]. A stratification S of a space
X comes with a natural partial order given by

<Y <<= Xc¥. (69)

We say that a stratum X € § is mazimal if it is maximal with respect to this partial order.
Maximal strata can be characterized as follows.

PROPOSITION 2.63. Let (X,S) be a stratified space. Then ¥ € S is maximal if and only if it is
open in X. Moreover, the union of all maximal strata is open and dense in X.

DEFINITION 2.64. The union of all maximal strata of a stratified space (X,S) is called the
regular part of the stratified space.

Given a stratification S, an interesting question is whether it admits a greatest element with
respect to the partial order (69). This is equivalent to asking whether the regular part of S is
connected.

Ezxample 2.65. Let G be a Lie group acting properly on a manifold M. The partition by orbit
types P(M) (see Example 2.8) comes with a partial order of its own. Namely, if M, and M,
denote the orbit types containing the respective orbits O, and O,, then, by definition,

M, < My <= G, is conjugate in G to a subgroup of G;.

The principal orbit type theorem states that, if M is connected, then there is a greatest element
with respect to this partial order, called the principal orbit type, which is connected, open and
dense in M. In this case, the regular part of Sg, (M) coincides with the principal orbit type; in
particular, it is connected. On the other hand, the regular part of Sg, (M) need not be connected,
even if M is connected.

Ezxample 2.66. Let G = M be a proper Lie groupoid. We denote the respective regular parts
of Sgp(M) and Sgp(M) as MP'¢ and MP'™°. From the linearization theorem it follows that
a point z in M belongs to MP"" if and only if the action of G, on A/, is trivial. From this it
is clear that MP"™¢ and MP"" are unions of Morita types. The analogue of the principal orbit
type theorem for Lie groupoids [CM17, Theorem 15] states that, if M is connected, then M- prine
is connected.

The following lemma gives a useful criterion for the regular part to be connected.

LEMMA 2.67. Let M be a connected manifold and let S be a stratification of M by submanifolds.
If § has no codimension-one strata, then the regular part of S is connected.

Proof. As in the proof of [DK00, Theorem 2.8.5], by a transversality principle [GP74, p. 73] any
smooth path « that starts and ends in the regular part is homotopic in M to a path 5 that
intersects only strata of codimension at most 1 and starts and ends at the same points as v. O

Ezample 2.68. Although Sgp (M) may have codimension-one strata, the base M of a proper Lie
groupoid G admits a second interesting Whitney stratification that does not have codimension-
one strata: the infinitesimal stratification SglIf)(M ). As for the canonical stratification, the
infinitesimal stratification is induced by various different partitions of M. Indeed, each of the par-
titions mentioned in §2.1.1 has an infinitesimal analogue, obtained by replacing the Lie groups
in their defining equivalence relations by the corresponding Lie algebras. Yet another partition

that induces the infinitesimal stratification on M is the partition Pgim (M) of M by dimension
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types, defined by the equivalence relation: z ~ y if and only if dim(£,) = dim(L,) or, equiv-
alently, dim(g,) = dim(g,). The members of each of these partitions are invariant. Therefore,
each of these descends to a partition of M. However, the members of Sié‘é(M ) may fail to be
submanifolds of the leaf space. For this reason we only consider the stratification on M. We
let M™®& denote the regular part of the infinitesimal stratification Sié‘;(M ). As for the canonical
stratification, this has a Lie theoretic description: a point x in M belongs to M™# if and only
if the action of g, on N, is trivial. Since the infinitesimal stratification has no codimension one

strata, Lemma 2.67 applies. Therefore, M8 is connected if M is connected.

2.3.2 The infinitesimal Hamiltonian stratification. In the remainder of this section we will
study the regular part of both the canonical Hamiltonian stratification and of a second strat-
ification associated to a Hamiltonian action of a proper symplectic groupoid, that we call the
infinitesimal Hamiltonian stratification. We include the latter in this section, because a particu-
larly interesting property of this stratification is that its regular part is better behaved than that
of the canonical Hamiltonian stratification. To introduce the infinitesimal Hamiltonian strat-
ification, let (G,Q)) = M be a proper symplectic groupoid and suppose that we are given a
Hamiltonian (G, ©2)-action along J : (S,w) — M. Each of the partitions of S defined in § 2.2 has
an infinitesimal counterpart, obtained by replacing the role of the isotropy Lie groups by the
corresponding isotropy Lie algebras. For example, by definition two points p,q € S belong to the
same infinitesimal Hamiltonian Morita type if there is an isomorphism of pairs of Lie algebras

(gJ(p)7 gp) = (gJ(q)a gq)

together with a compatible symplectic linear isomorphism
(SNp, wp) = (SN, wy),

where compatibility is now meant with respect to the Lie algebra actions. These partitions induce,
after passing to connected components, one and the same Whitney stratification Sﬂ‘gm(S ) of S:
the infinitesimal Hamiltonian stratification. There is, in fact, an even simpler partition that
induces this stratification, obtained from the partitions by dimensions of the orbits on S and the

leaves of M (see Example 2.68):
Paim, (8) := Patim(8) N I~ (Paim (M), (70)

where we take memberwise intersections. Explicitly, two points p, g € S belong to the same mem-
ber of (70) if and only if dim(0,) = dim(0y) and dim(L ;) = dim(L s(4)). That the members
of the above partitions are submanifolds of S (with connected components of possibly varying
dimension) and that all of these partitions indeed yield one and the same partition Sﬁl&fm(S)
after passing to connected components follows from the same type of arguments as in the proof
of Proposition 2.56. From the normal form theorem it further follows that S () is a constant

Ham
rank stratification of the momentum map.

2.3.3 Lie theoretic description of the reqular parts. Given a proper symplectic groupoid
(G,Q) and a Hamiltonian (G, Q2)-action along J : (S,w) — M, we will use the following notation
for the regular parts of the various stratifications that we consider.

e For the canonical Hamiltonian stratifications Sgam(S) and Spgam(S), and the infinitesimal
Hamiltonian stratification S (S) of the Hamiltonian (G, )-action we use

princ princ reg
SHam ) §Ham ’ SHam'
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e For the canonical stratifications Sgp,(S) and Sgp(S) and the infinitesimal stratification Sg‘;(S’ )
of the G-action we use

Sprinc Sprinc ’ qreg.

)

e For the stratification Sgam(S,) on the reduced space over a leaf £ we use
princ
sprine,
Remark 2.69. Proposition 2.63, together with the fact that the orbit projection ¢ is open,
implies

Sprinc — qfl(ﬁprinC) and Sprinc _ qfl(ﬁprinC).

Ham Ham
Furthermore, there are obvious inclusions
Sprinc
princ
SHam /

greg

Sreg

Ham
We have the following Lie theoretic description of the regular parts.
PROPOSITION 2.70. Let p € S and denote x = J(p) € M. Then the following hold:

a) p € SP'C jf and only if the actions of G,, on both gg and on SN, are trivial;
b) p € S™8 if and only if the actions of g, on both gg and on SN, are trivial;
d
e

(
( _
(c) p € Sh if and only if p € SP™™ and G, fixes av;
(
(

) P € Siiam if and only if p € S™8 and g, fixes g;
) Op € ﬁ%inc if and only if the action of G, on (Jsy;,)~*(0) is trivial.

Proof. We will only prove statement (c), as the other statements follow by entirely similar
reasoning. In view of the above remark, we may as well work on the level of S. Let G = G,
H =G, and V = SN,. As in the proof of Proposition 2.56, near O, we can identify the orbit
space S with an open neighbourhood of the origin in (h° ® V)/H, in such a way that O, is
identified with the origin and the stratum ¥ € Spam(S) through O, is identified (near O,) with
an open in (h*)¢ @ V. By invariance under scaling, the origin lies in the interior of (h°)¢ @ VH
in (h° @ V)/H if and only if (§°)¢ = b and V = V. Thus, statement (c) follows. O

Proposition 2.70 has the following direct consequence.

COROLLARY 2.71. The canonical Hamiltonian stratification Spam(SP""¢) of the restriction of
the Hamiltonian (G,Q)-action on S to SP"™° consists of strata of Spam(S). In particular, the
regular part of SHam(SprinC) coincides with Sﬁggc. The same goes for the stratifications on S and
the infinitesimal counterparts on S.

2.3.4 Principal type theorems. Next, for each of the stratifications listed before, we address
the question of whether the regular part is connected. As in [DKO00, § 2.8], our strategy to answer
this will be to study the occurrence of codimension-one strata. First of all, we have the following.

THEOREM 2.72. The infinitesimal Hamiltonian stratification SI! () has no codimension-one
strata. In particular, if S is connected, then Sy is connected as well.
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The following will be useful to prove this.

LEMMA 2.73. Let H be a compact Lie group and W a real one-dimensional representation of H.
Then H acts by reflection in the origin. In particular, if H is connected, then H acts trivially.

Proof. By compactness of H, there is an H-invariant inner product g on W. Therefore, the
representation H — GL(W) takes image in the orthogonal group O(W, g) = {£1}. O

Proof of Theorem 2.72. We will argue by contradiction. Suppose that p € S belongs to a
codimension-one stratum. Let H and G denote the respective identity components of G, and
Gi(p), and let V = SN,. The normal form theorem and a computation analogous to that for
Lemma 2.57 show that (h°)¢ @ V' must have codimension one in h° @ V. Since H is compact,
VH C V is a symplectic linear subspace, and so it has even codimension. Therefore, it must be
so that V' =V and (h°)¢ has codimension one in h°. Appealing to Lemma 2.73, we find that
H acts trivially on any H-invariant linear complement to (§°)¢ in h°. By compactness of H we
can always find such a complement, hence H fixes all of h°. Therefore, b is a Lie algebra ideal
in g. Since G is connected, this means that h° is invariant under the coadjoint action of G. As
for H, it now follows that G' must actually fix all of §°, contradicting the fact that (§°)¢ has
positive codimension in hY. O

The situation for Spam(S) and Sgam(S) is more subtle. Indeed, the regular parts of the
canonical Hamiltonian stratification on both S and S can be disconnected, even if both S, as
well as the source fibers and the base of G are connected. This is shown by the following example.

Example 2.74. Consider the circle S!, the real line R and the 2-dimensional torus T? equipped
with the Zs-actions given by

(£1) - = e (£1)-z =z, (£1)- (e, e2) = (£eif1, ).
Now, consider the proper Lie groupoid
(T? x T?) xz, (S' x R) = T? xz, R (71)
with source, target and multiplication given by
S([ei01,6i02, eiﬁg, 6i94, eiG,x]) _ [6i63, 6z’04,$]7
t([€i91,6i92, 61‘937 61’6’47 6197x]) — [6i91’ 61‘92’1,]7
m([e, ¢%2, ¢ ¢ o 4] [¢i0s i ¢ifs i oiv ) = [ ¢if2 o5 cifo (iO+0) 41
This becomes a symplectic groupoid when equipped with the symplectic form induced by
df; A dfy — dfz A dby — dO A dx € Q*(T? x T? x S' x R).
Furthermore, this symplectic groupoid acts in a Hamiltonian fashion along
J: (T? x St x R,d6; Adby — df A dz) — T? xz, R, (e, €02 et 1) [eiel,ewz, x],
with the action given by
[ei017ei927 03 it e z] - (ei93, et ¢, 1) = (€i91’6i02’ ei(9+g0)’x)'

This action is free and its orbit space is canonically diffeomorphic to R. The canonical
Hamiltonian stratification on the orbit space consists of three strata, {z > 0}, {z < 0} and
the origin {z = 0}, because the isotropy groups of (71) at points in T? xz, R with x # 0 are
isomorphic to S!, whilst those at points with 2 = 0 are isomorphic to Zo x S'. Thus, we see that
its regular part is disconnected.
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The following theorem provides a criterion that does ensure connectedness of the regular
part.

THEOREM 2.75. Let (G,§2) = M be a proper symplectic groupoid and suppose that we are given
a Hamiltonian (G, )-action along J : (S,w) — M. The following conditions are equivalent.

(a) For every p € S that belongs to a codimension-one stratum of the canonical Hamiltonian
stratification Spam(S), the action of G, on gg is non-trivial.

(b) The regular part SP""¢ of Sgp(S) (as in §2.3.3) does not contain codimension-one strata of
SHam(S)'

Furthermore, if S is connected and the above conditions hold, then ﬁﬁr;rf is connected as well.

If, in addition, the orbits of the action are connected, then Sﬁgﬁf is also connected.

Proof. As in the proof of Theorem 2.72 it follows that if p € S belongs to a codimension-one
stratum of Spam(5), then the action of G, on SN, is trivial. Thus, by Proposition 2.70(a), for
such p € S the action of G, on gg is trivial if and only if p € SP"™. From this it is clear that
the two given conditions are equivalent. Furthermore, if S is connected, then by the principal
type theorem for proper Lie groupoids (see Example 2.66), SPRC s connected. Thus, in light of
Corollary 2.71 and Lemma 2.67, SP™™ will be connected if, in addition, SP"™ does not contain

Ham
codimension-one strata of Spam(S) or, equivalently, if in addition condition (b) holds. O

The following proposition gives a criterion for the conditions in the previous theorem to hold.

PROPOSITION 2.76. Ifp € S belongs to a codimension-one stratum of Syam (S) and the coadjoint
orbits of G J(p) are connected, then the action of G, on gg Is non-trivial.

Proof. The same reasoning as in the proof of Theorem 2.72 shows that if the action of G, on gg
would be trivial, then the identity component of G ;) would fix all of gg. By connectedness of its
coadjoint orbits, the entire group G ;(,) would then fix all of gg, which, as in the aforementioned
proof, leads to a contradiction. O
COROLLARY 2.77. Let G be a compact and connected Lie group and let J : (S,w) — g* be a

connected Hamiltonian G-space. Then S¥,"" is connected.

Proof. For G compact and connected, the isotropy groups of the coadjoint G-action are
connected. Thus, the previous proposition ensures that condition (a) in Theorem 2.75 is
satisfied. n

Ezample 2.78. Let G be a compact and connected Lie group and let J : (S,w) — g* be a con-
nected Hamiltonian G-space. We return to the partition in Example 1. This comes with a partial
order, defined as follows. If S, and S, denote the members through the respective orbits O and
Oy, then, by definition,

S, <8, < (Gy4),Gy) is conjugate in G to a pair of subgroups of (G j(,), Gp)-

In analogy with the principal orbit type theorem (see Example 2.65), this partial order has a
greatest element, namely ﬁﬂr;;f. To see this, note that from the normal form theorem as in
Remark 1.24 it follows that every O, € S admits an open neighbourhood U with the property
that S, <5, for all O; € U. From this and the fact that §%r;rf is connected and dense in S,
it follows that it is indeed a member of the partition in Example 1, and that it is the greatest

element with respect to the above partial order.

To end with, we note that the following generalization of [LS91, Theorem 5.9, Remark 5.10]
holds.
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THEOREM 2.79. Let L be a leaf of G and suppose that S, is connected. Then the regular part
SP of Stam (S ) is connected as well.

Proof. Since Sz.rinc is dense in S, and S, is connected, it is enough to show that every point in
S, admits an open neighbourhood that intersects ﬁgrinc in a connected subspace. To this end, let
Op € 8,, let H=G,and V = SN,. Consider a Hamiltonian Morita equivalence as in the proof
of Proposition 2.61, so that the induced homeomorphism of orbit spaces identifies an open U
around O, in S with an open Byog,, around the origin in (h° @ V))/H. Let B be the intersection
of Byogy with V' and consider the Hamiltonian H-space

Jp = Jv|p: (B,wy) — b".

Then U NS, is identified with J5'(0)/H, and U N §2’rinc is identified with the principal part
of J5'(0)/H (as follows from Morita invariance of the partitions by isomorphism types).
Since J5'(0) is star-shaped with respect to the origin, J5'(0)/H is connected and, hence, by
[LS91, Theorem 5.9, Remark 5.10], so is its principal part. Thus, we have found the desired
neighbourhood of O, g

2.3.5 Relations amongst the regular parts. In this last subsection we discuss another rela-
tionship between the regular parts of the various stratifications, starting with the following
observation.

ProprosiTION 2.80. Suppose that J is a submersion on S*%. Then the various regular and
principal parts on S, M, S and M are related as

Sre8  _ greg N J—l(Mreg)’ Sprinc — Sprinc N !]—1(]\4priHC)7 Sprinc — ﬁprinc N (l)—l(MprmC)‘

Ham Ham ~Ham

Proof. We prove the equality for Si;o ; the others are proved similarly. Let p € S, x = J(p) and

Ham?

consider the strata X1 € St (9), Effp € Sglé(S) and X5P € S&E(M) through p and x. Then

Ham
pHam 50 0 JH(2P) (72)

is open in the right-hand space. This, combined with the fact that J : 57 — M is open and
continuous, implies that 1™ is open at p in S if and only if Egp is open at p in S and 5P is
open at x in M. In light of Proposition 2.63 this means that

Sreg — §re8 N J—I(Mreg)’

Ham

as claimed. O

In general (that is, if J is not submersive on S™#) one would hope for a similar result. Since
the image of J need not intersect M™%, one however needs an appropriate replacement for it.
The following proposition gives a sufficient condition for the existence of such a replacement.

ProrosiTION 2.81. Suppose that Slr{efm is connected. Then there is a unique stratum 3 €

Sglé(M) with the property that ¥ N J(S) is open and dense in J(S). Moreover, it holds that
Sice = gren JoH(m), (73)

Ham

and J~1(X) is connected, open and dense in S. Similar conclusions hold for the principal part

on S (respectively, S), under the assumption that Sﬁgﬁf (respectively, ﬁ%ﬂiﬁf) is connected.

Proof. Note that for any map of stratified spaces f: (X,Sx) — (Y,Sy) (as in Definition 2.1),
it holds that if Sx has an open and dense stratum Xy, then the stratum Xy € Sy containing
f(Xx) has the property that ¥y N f(X) is open and dense in f(X) (and it is clearly the unique
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such stratum). Indeed, that the intersection is dense in f(X) follows from density of ¥x and
continuity of f, and that it is open in f(X) then follows using its density and the fact that Xy is
locally closed in Y. Further observe that f~!(Xy) is connected and dense in X since it contains
the connected and dense subspace X x, and it is open in X since Yy N f(X) is open in f(X).
It remains to prove (73) and its analogues for the other cases in the proposition. Again, we will
prove this only for Sii%  since the other proofs are analogous. The inclusion from left to right is
clear from the construction of . The other inclusion follows from (72), because S™& N J~1(X)
is open in S. U

Ezample 2.82. Let G be a compact and connected Lie group and let J : (S,w) — g* be a con-
nected Hamiltonian G-space. Let T' C G be a maximal torus, t a choice of closed Weyl chamber
in t* and J4(S) := J(S) Nt where t* is canonically identified with the T-fixed point set (g*)”
in g*. According to [LMTWO98, Theorem 3.1], there is a unique open face of the Weyl cham-
ber (called the principal face) that intersects J4(S) in a dense subset of J,(S). Combining
Corollary 2.77 with Proposition 2.81, we recover the existence of the principal face.

2.4 The Poisson structure on the orbit space

2.4.1 Poisson structures on reduced differentiable spaces and Poisson stratifications. In this
section we discuss the Poisson structure on the orbit space of a Hamiltonian action and discuss
basic Poisson geometric properties of the various stratifications associated to such an action.
First, we give some more general background.

DEFINITION 2.83. A Poisson reduced ringed space is a reduced ringed space (X, Ox) together
with a Poisson bracket {-,-} on the structure sheaf Ox. A morphism of Poisson reduced ringed
spaces is a morphism of reduced ringed spaces

p: (X,0x) — (Y,0y)
with the property that, for every open U in Y,
©*: (Oy(U),{-}v) = Ox (' (U)). { }or1)

is a Poisson algebra map. We will also call such ¢ simply a Poisson map. When (X, Ox) is a
reduced differentiable space, we call (X, Ox,{-,-}) a Poisson reduced differentiable space.

Remark 2.84. The Poisson reduced ringed spaces in this paper will all be Hausdorff and sec-
ond countable reduced differentiable spaces. For such reduced ringed spaces (X, Ox) the data
of a Poisson bracket on the sheaf Ox is the same as the data of a Poisson bracket on the
R-algebra Ox(X), so that when convenient we can restrict attention to the Poisson algebra
of globally defined functions. This follows as for manifolds, using bump functions in Ox(X)
(cf. Remark 2.17).

Next, we turn to subspaces and stratifications of Poisson reduced differentiable spaces.

DEFINITION 2.85. Let (X, Ox,{-,-}x) be a Poisson reduced differentiable space. A locally closed
subspace Y of (X, Ox) is a Poisson reduced differentiable subspace if the induced structure sheaf
Oy admits a (necessarily unique) Poisson bracket for which the inclusion of Y into X becomes
a Poisson map. If Y is also a submanifold of (X, Ox), then we call it a Poisson submanifold.

As in [FORO09], we use the following definition.

DEFINITION 2.86. Let (X,Ox,{-,-}x) be a Hausdorff and second countable Poisson reduced
differentiable space. A Poisson stratification of (X, Ox,{-, }x) is a stratification S of (X, Ox)
with the property that every stratum is a Poisson submanifold. We call (X,Ox,{-,-}x,S) a

570

https://doi.org/10.1112/S0010437X23007637 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X23007637

STRATIFICATION OF THE TRANSVERSE MOMENTUM MAP

Poisson stratified space. A symplectic stratified space is a Poisson stratified space for which the
strata are symplectic. A morphism of Poisson stratified spaces is a morphism of the underlying
stratified spaces that is simultaneously a morphism of the underlying Poisson reduced ringed
spaces.

As for manifolds, we have the following useful characterization.

PROPOSITION 2.87. Let (X,Ox,{-,-}x) be a Hausdorff and second countable Poisson reduced
differentiable space and let Y be a locally closed subspace. Then Y is a Poisson reduced differen-
tiable subspace if and only if the vanishing ideal Zy (X ) in Ox (X) (consisting of f € Ox (X)) such
that f|y = 0) is a Poisson ideal (meaning that if f,h € Ox(X) and h|ly = 0, then {f,h}x|y = 0).

Proof. The forward implication is immediate. For the backward implication the same argument
as for manifolds applies: given f,h € Oy(Y), by Proposition 2.25 we can choose extensions
fyh € Ox(U) of f and h defined on some open neighbourhood U of Y and set

{f,hy = {f. huly.

This does not depend on the choice of extensions, because for any open U in X the ideal Zy (U) in
Ox (U), consisting of functions that vanish on U NY, is a Poisson ideal. Indeed, this follows from
the assumption that Zy (X) is a Poisson ideal in O x (X)), using bump functions (cf. Remark 2.17).
By construction, {-, -}y defines a Poisson bracket on Oy (Y) (and, hence, on Oy, by Remark 2.84)
for which the inclusion of Y into X becomes a Poisson map. O

2.4.2 The Poisson algebras of invariant functions. Next, we turn to the definition of
the Poisson bracket on the orbit space of a Hamiltonian action, starting with the following
observation.

PROPOSITION 2.88. Let (G,2) be a symplectic groupoid and suppose that we are given a
Hamiltonian (G,Q)-action along J : (S,w) — M. The algebra of invariant smooth functions

CX(8)7 ={f € C¥(8) | flg- ) = f(), V(g,p) € G xu S}.
is a Poisson subalgebra of (C*°(S),{, }.).

Proof. Although this is surely known, let us give a proof. Let f,h € C*(S)Y and let ® s denote
the Hamiltonian flow of f. Using the following lemma we find that for all (g,p) € G xS,

(F.hbalo 2= | M@ D)

d

= ar t:0h<9 : ‘I"}(p))

d

== tzoh(@}(p)) ={f,h}u(p),

so that {f, g}, € C®(9)Y, as required. O

Here we used the following lemma, which will also be useful later.

LEMMA 2.89. Let f € C*(S)Y and let ®; denote its Hamiltonian flow. Then, for every t € R,
the domain Uy and the image V; of CIDI} are G-invariant and CID; is an isomorphism of Hamiltonian
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(G, Q)-spaces:
q)t

) - (
x /
M
Proof. Invariance of f implies that X ¢(p) € 1,0 for all p € S. From this and Proposition 1.12(a)

it follows that J(®%(p)) = J(p) for any p € S and any time ¢ at which the flow through p is
defined. Thus, for any (g,p) € G X S we can consider the curve

t— (g,@}(p)) egxuyS.

Given such (g,p), let v € Ty,,S and take a tangent vector ¥ to G xS at (g,p) such that
dm(v) = v. Then we find

oL
dt

Using (5) this is further seen to be equal to
w(Xy(p), d(prg)(®)) = d(f o prg)(®) = df(v),

where in the last step we used invariance of f. As this holds for all such v, we deduce that

(Ut7w V;f?w)

g- @?(p),v) = (méw) <§t (9, <I>§c(p))ﬁ>-

t=0 t=0

Xf(g-p)zi

- B (p).
at g f(P)

t=0

This being true for all p in the fiber of J over s(g) and, in particular, for all points on a maximal
integral curve of X starting in this fiber, it follows that the maximal integral curve of X
through ¢ - p is given by ¢t — g - @?(p). The lemma readily follows from this. O

Given a proper symplectic groupoid (G,Q) and a Hamiltonian (G,$2)-action along J :
(S,w) — M, the Poisson bracket {-, -}, on the algebra C*°(S)Y in Proposition 2.88 gives the
orbit space (S,CZ) the structure of a Poisson reduced differentiable space, with Poisson bracket
determined by the fact that the orbit projection becomes a Poisson map. Moreover, for each
leaf £ of G in M, the reduced space S, is a Poisson reduced differentiable subspace. Indeed,
identifying the algebra of globally defined smooth functions on S with C>°(S)9, the vanishing
ideal of S, is identified with the ideal Ig of invariant smooth functions that vanish on J~1(£),
which is a Poisson ideal by the following proposition. This observation is due to [ACG91] in the
setting of Hamiltonian group actions.

PROPOSITION 2.90. The ideal Z{ is a Poisson ideal of (C*(S)9, {-, }.).

Proof. If f € C*>(S)Y and h € Ig, then by Lemma 2.89 the Hamiltonian flow of f starting at
p € J7Y(L) is contained in a single fiber of J, and hence in J~1(L£), so that {f, h},(p) =0. O

We will denote the respective Poisson structures on (S,C5°) and (S ﬁ,CE‘L) by {-,-}s and

{'7 }ﬁg :
2.4.3 The Poisson stratification theorem. Now, we move to the main theorem of this section.

THEOREM 2.91. Let (G,Q) = M be a proper symplectic groupoid and suppose that we are
given a Hamiltonian (G, Q)-action along J : (S,w) — M. Then the following hold.
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(a) The stratification Sgp(S) is a Poisson stratification of the orbit space

(57 Cg)’ {'7 }E)
(b) The stratification Sgam(S) is a Poisson stratification of the orbit space
(§7 Céov {'7 }Q)a

the strata of which are regular Poisson submanifolds.
(c) For each leaf £ of G in M, the stratification Spam(S,) is a symplectic stratification of the
reduced space at L:

(ﬁﬁvcg;v { '}EL)-

These are related as follows. First of all, the inclusions of reduced differentiable stratified
spaces

(§£7C§;7 {‘7 ‘}§£78Ham(§[:)) - (§7 C§O7 {‘7 ‘}iﬂ SHam(ﬁ)) — (§7 Cgov {'7 '}i’ SGP(E))

are Poisson maps that map symplectic leaves onto symplectic leaves. Moreover, for each stratum
Yg € Sgam(S), the symplectic leaves in ¥g are the connected components of the fibers of the
constant rank map J : g — X, where ¥, € Sgp(M) is the stratum such that J(Xg) C X;,.

Proof of Theorem 2.91. Let ¥ € Sgam(S) be a stratum and let ¥ := ¢~ !(X) where ¢: S — S
denotes the orbit projection. Identifying the algebra of globally defined smooth functions on S
with C>(S)9, the vanishing ideal of ¥ is identified with the ideal

I = {f € C¥(8)7 | fls = 0}.

This is a Poisson ideal of C*(S)Y, for if f € C=(S)Y and h € Z¢, then as an immediate
consequence of Lemma 2.89, the Hamiltonian flow of f leaves ¥ invariant and, therefore,

fihluls = (»Cth)|z = 0.

By Proposition 2.87 this means that X is a Poisson submanifold (in the sense of Definition 2.85).
Thus, Stam(S) is a Poisson stratification of the orbit space. By the same reasoning it follows that
the stratifications in statements (a) and (c) are Poisson stratifications. From the construction
of the Poisson brackets on the orbit space and the reduced spaces, it is immediate that the
inclusions given in the statement of the theorem are Poisson. Hence, each stratum of Sgp(S)
is partitioned into Poisson submanifolds by strata of Spgam(S) and each stratum of Syam(S) is
partitioned into Poisson submanifolds by strata of Sgam(S,), for varying £ € M. If (N, x) is
a Poisson manifold partitioned by Poisson submanifolds, then the symplectic leaves of each of
the Poisson submanifolds in the partition are symplectic leaves of (IV, 7). This follows from the
fact that each symplectic leaf of a Poisson submanifold is an open inside a symplectic leaf of
the ambient Poisson manifold. Therefore, each of the inclusions given in the statement of the
theorem indeed maps symplectic leaves onto symplectic leaves.

It remains to see that for each stratum X g € Spam(S) the foliation by symplectic leaves of
the Poisson structure 7y on Xg coincides with that by the connected components of the fibers
of the constant rank map J : Xg¢ — X,,, because the claims on regularity and non-degeneracy
made in statements (b) and (c) follow from this as well. To this end, we have to show that for
every orbit O € ¥ g the tangent space to the symplectic leaf at O coincides with Ker(dJ|s,)o-
Here the language of Dirac geometry comes in useful. We refer the reader to [Cou90, Burl3] for
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background on this. Let g = ¢~ !(Xg) and consider the pre-symplectic form
Wyg = w|gs S QQ(ZS).

We claim that the orbit projection

q: (257w23) - (2577725) (74)
is a forward Dirac map. To see this, we will use the fact that a map ¢ : (Y,wy) — (N, 7y) from
a pre-symplectic manifold into a Poisson manifold is forward Dirac if for every f € C°°(N) there
is a vector field X,y € X(Y') such that

X o wy =d(@"f) and @i (Xprp) = Xy

Given an f € C*(Xg), choose a smooth extension ]? defined on an open U around Xg in S.
Because ¢* f is G-invariant, its Hamiltonian flow leaves X g invariant (as before). Therefore, we can
consider

Xyg = (X, )lss € X(Ss)
and as is readily verified this satisfies
Uxppwss =d(@7f) and g (Xgrp) = X

Thus, (74) is indeed a forward Dirac map. From the equality of Dirac structures Ly, = 4x (szs)
we read off that the tangent space to the symplectic leaf at an orbit O through p € S is given by

T,0“=s) T,5s
C =
T,0 N T,0wss) ~ T,0

To(Es)- (75)

It follows from Proposition 1.12(a) that 7, p(’)(“’zs) = Ker(dJ|sng)p. This implies that (75) equals

Ker(dJ|sg)p
T,0 NKer(dJ|sg)p

as we wished to show. O

= Ker(dJ|g,)o C To(Xg),

From the proof we also see the following.

COROLLARY 2.92. For every stratum X g € Spam(S), the orbit projection (74) is forward Dirac.
The same holds for the strata of Sgp(S).

2.4.4 Dimension of the symplectic leaves. In the remainder of this section we make some
further observations on the Poisson geometry of the orbit space, starting with the following
result.

PROPOSITION 2.93. Let (G,Q)) = M be a proper symplectic groupoid and suppose that we are
given a Hamiltonian (G, 2)-action along J : (S,w) — M. The dimension of the symplectic leaves
in the orbit space S is locally non-decreasing. That is, every O € S admits an open neighbourhood
U in S such that any symplectic leaf intersecting U has dimension greater than or equal to that
of the symplectic leaf through O.

Proof. First, let us make a more general remark. Let p € S, let ¥ g € Sgam(S) be the stratum
through O, and let ¥, € Sgp(M) be such that J(Xg) C X;,. From a Hamiltonian Morita equiv-
alence as in the proof of Proposition 2.50 we obtain (via Proposition 1.52(a)) an identification of
smooth maps between J : ¥ — X,; near O, and the map (63) near the origin. Therefore, the

dimension of the fibers of the former map is equal to that of the latter, which is dim(SNg ") or,
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equivalently, dim(Ker(dJ. p)gp) (see the proof of Proposition 1.11(b)). In view of Theorem 2.91,
this is also the dimension of the symplectic leaf through O,. To prove the proposition, it is
therefore enough to show that each p € S admits an invariant open neighbourhood U with
the property that Ker(@p)gp has dimension less than or equal to that of Ker(dJ q)gq for each
q € U. To this end, given p € S, choose an invariant open neighbourhood U for which there is a
Hamiltonian Morita equivalence as in the proof of Proposition 2.50. Then U has the desired
property. Indeed, in light of Proposition 1.52(c), it suffices to show (using the notation of the
proof of Proposition 2.50) that for each o € h° and v € V,
dim(V) < dim(Ker(dJ,) .%").

To this end, consider the linear map

v Ker(@p)H(a’”) w [(;i

(av) 7

(a,v + tw)] . (76)
t=0

Note here that this indeed takes values in Ker(dJ,)(a,v), because for all w € Vi

v+ tw € Ker(dJy)y,

dt{,_g
as follows from (65). To complete the proof, we will now show that (76) is injective. Suppose
that
N t,O(a7 v+ tw) € T(am)o-
Then
—| v+tweT,0NT,(v+ VH).
dt |,_g

Because H is compact, V¥ admits an H-invariant linear complement in V', which implies that
T,0NT,(v+ V) =o.
Therefore w = 0, proving that (76) is indeed injective. O

Remark 2.94. In the above proof we have seen that the dimension of the symplectic leaf (£, w,)
through O, is dim(SNpg 7). In fact, there is a canonical isomorphism of symplectic vector spaces

(To, £, (we)o,) = (SNE?, wp).

Remark 2.95. Similar arguments as in the proof of Proposition 2.93 show that, in fact, the
constant rank stratification (Sgam(S),Scp(M)) of J satisfies Thom’s condition (ay) (see,
e.g., [Mat12]), which can be made sense of in the setting of reduced differentiable spaces in
the same way as Whitney’s conditions (cf. Definition 2.31).

2.4.5 Morita invariance of the Poisson stratifications. We end this section with the following.

PROPOSITION 2.96. Each of the stratifications in Theorem 2.91 is invariant under Hamiltonian
Morita equivalence, as Poisson stratification.

Proof. Suppose we are given a Morita equivalence between two Hamiltonian actions of two proper
symplectic groupoids; we use the notation of Definitions 1.42 and 1.44. It is immediate that the
induced homeomorphism hq (see Proposition 1.52(a)) maps strata of Sgam(S;) onto strata of
SHam (85), and the same goes for Sgp(S;) and Sgp(S,). Thus, in view of Proposition 2.27 hg is
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an isomorphism of reduced differentiable stratified spaces, for both of these stratifications. By
Proposition 1.52(a), hg identifies the reduced space at a leaf £; with the reduced space at the
leaf Lo := hp(L1) (these being the fibers of J; and J,) and it is clear that it maps strata of
SHam (S, ) onto strata of Sgam(S,,). Thus, by Remark 2.21 it restricts to an isomorphism of
reduced differentiable stratified spaces between these reduced spaces. To prove the proposition
we are left to show that h¢ is a Poisson map, for it will then restrict to a Poisson map between the
reduced spaces and between the strata as well. To this end, let Uy and Us be @-related invariant
opens in S1 and Ss. By the proof of Proposition 2.27, the Hamiltonian Morita equivalence induces
isomorphisms

Cx (B (U0)9 NC (B ' (Ua)) 92

/

cRUy)9 B Py CX(U2)%

and to prove that hg is a Poisson map we have to show that (ﬁ;)_l o 3] is an isomorphism
of Poisson algebras. To see this, let f1,hy € Cg‘lj(Ul)gl and fo, ho € C’gj(Ug)g2 such that 07 f1 =

B5f2 and [Ffhy = B3he. Let p1 € Up, p2 € Uz and ¢ € @ such that p; = f1(q) and ps = Ba2(q).
As we have shown in Lemma 2.89 it holds that Xy (p1) € Ker(dJy). Thus, as in the proof of
Proposition 1.54 we can find v € Ker(dj,) such that dg(v) = Xy, (p1). It follows from (46) that

w2 (X, (p2), dB2()) = d(B3 f2)q
- d(ﬁikfl)q
= (Blw1)(©; )
= (Bow2)(v; ) = w2(dfBa(v), (")),
)=

so that, since (2 is a submersion, we find that df2(v

{f1, ha Y (p1) = dha (X7, (p1))

X, (p2). Using this we see that

= d(B1h1) ()
= d(Bzh2)(v)
= dho(Xy, (p2)) = {f2, ha}uws (P2),
which proves that (35)~! o 3} is indeed an isomorphism of Poisson algebras. g

Remark 2.97. From the above proposition it follows that Pram(S) and Pam(S,) are, in fact,
Poisson homogeneous, meaning that they are smoothly homogeneous as in Definition 2.36, with
the extra requirement that the isomorphisms h can be chosen to be Poisson maps. This gives
another proof of the fact that the Poisson structures on the strata of Sgam(.S) must be regular.

2.5 Symplectic integration of the canonical Hamiltonian strata
2.5.1 The integration theorem. The main theorem of this section is as follows.

THEOREM 2.98. Let (G,Q) be a proper symplectic groupoid and suppose that we are given a
Hamiltonian (G, Q)-action along J : (S,w) — M. Let ¥g € Sgam(S) and let ws_ be the Poisson
structure on Xg of Theorem 2.91. There is a naturally associated proper symplectic groupoid
(the symplectic leaves of which may be disconnected) that integrates (Xg, s ).

Our proof consists of two main steps: first we prove the theorem for Hamiltonian actions of
principal type (defined below), and then we show how to reduce to actions of this type.
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2.5.2 Hamiltonian actions of principal type.
DEFINITION 2.99. We say that:

(i) a proper Lie groupoid G = M is of principal type if MP™¢ = M (see Example 2.66);
(i) a Hamiltonian action of a proper symplectic groupoid (G,2) along J: (S,w) — M is of
principal type if SEC =S and MPTC = M (see §2.3.3).

Remark 2.100. Note that:

(i) a proper Lie groupoid G = M with connected leaf space M is of principal type if and only
if G, is isomorphic to G, for all z,y € M;

(ii) a Hamiltonian action of a proper symplectic groupoid (G,2) along J : (S,w) — M with
connected orbit space S and connected leaf space M is of principal type if and only if G, is
isomorphic to G, for all p,q € S and G, is isomorphic to G, for all z,y € M.

For the rest of this subsection, let (G,2) = M be a proper symplectic groupoid and suppose
that we are given a Hamiltonian (G, 2)-action of principal type along J : (S,w) — M, for which
both the orbit space S and the leaf space M are connected. Then both S and M are smooth
manifolds and J : S — M, as well as J : S — M, is of constant rank. If the action happens to
be free, then J is a submersion and the gauge construction [Xu91, Theorem 3.2] yields a proper
symplectic groupoid integrating (S, wg). This groupoid is obtained as quotient of the submersion
groupoid

SxuyS=S

by the diagonal action of G on S x5, S along J opr;. As we will now show, this construction
can be generalized to arbitrary Hamiltonian actions of principal type (for which the action need
not be free). To this end, we consider the subgroupoid

R ={(p1,p2) €S xS | J(p1) = J(p2) and Gp, = Gp, }
of the pair groupoid S x S.
THEOREM 2.101. The groupoid R has the following properties.

(a) It is a closed embedded Lie subgroupoid of the pair groupoid S x S.

(b) It is invariant under the diagonal action of G on S X s S, the restriction of the action to R
is smooth, R := R /G is a smooth manifold and the orbit projection R — R is a submersion.

(¢) The symplectic pair groupoid (S x S,w @ —w) descends to give a proper symplectic groupoid,

(Ea QE) = §7
that integrates (S, 7g).

Proof of Theorem 2.101(a). We will first use the normal form to study the subspace S xs S. To
this end, let (p1,p2) € S xpr S and let x := J(p1) = J(p2). Then, as in the proof of Theorem 1.21,
we can find two neighbourhood equivalences (®, V) and (®, U3) between the given Hamiltonian
action and the two local models for it around the respective orbits Op, and O, through p;
and ps, using one and the same isomorphism of symplectic groupoids ® for both neighbour-
hood equivalences. Using this, the subset S x s S of S x S is identified near (p1,p2) with the
subset Sp 1 X, Sp2 of the product Sg1 x Spo of the local models around O, and O,, (using
the notation of §1.3.3) near (V1(p1), Va2(p2)). Since we assume the Hamiltonian action to be of
principal type, the coadjoint G,-action and the actions underlying the symplectic normal repre-
sentations at p; and po are trivial (cf. Proposition 1.10(b), Example 2.66 and Proposition 2.70).
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Thus, denoting by P the source-fiber of G over x, the momentum maps Jy; : Sp; — My in the
local model become

P/Gp, % (g, ® SN,) = P/Go x gy, ([a)s 2, 0) = ([d], ), (77)

(or, rather, a restriction of this to an open neighbourhood of the central orbit P/G,,) fori € {1,2}.
From this we see that Sy 1 Xz, Sp2 is a submanifold of Sp1 x Spo with tangent space given by
all pairs of tangent vectors (vi,v) satisfying dJg 1(vi) = dJg2(v2). Passing back to S x § via
(U1,W,), we find that S x5; S is an embedded submanifold of S x S at (p1,p2) with tangent
space

{(v1,v2) € T, S x Tp, S | ddp, (v1) = dJp, (v2)} (78)

We now turn to R. As we will show in a moment, R is both open and closed in S xs S.
Together with the above, this would show that R is a closed embedded submanifold of S x S
(with connected components of possibly varying dimension), the tangent space of which is given
by (78). To then show that R is an embedded Lie subgroupoid (with connected components
of one and the same dimension), it would be enough to show the two projections R — S are
submersions. In view of the description (78) of the tangent space of R this is equivalent to the
requirement that Im(dJp,) = Im(dJp,) for all (p1,p2) € R, which is indeed satisfied, as follows
from Proposition 1.12(b). Thus, to prove part (a) it remains to show that R is both open and
closed in S x5 S.

To prove that R is closed in S xj7 S, we will show that every (pi,p2) € S X3 S admits
an open neighbourhood that intersects R in a closed subset of this neighbourhood. Given such
(p1,p2), as before, we pass to the local models around Op, and O, using (®, ¥;) and (P, ¥s).
From the description (77) we find that Sp1 xag, Sg2 is the subset of Sp; x Spo consisting of
pairs

(([q1]7 at, 1)1), ([QQL a2, U?))
satisfying
1] = [g2] € P/G, and a1 = s € gj.

Furthermore, a straightforward verification shows that (¥, ¥9) identifies R near (pi,p2) with
the subset of those pairs that, in addition, satisfy

[ql : QQ] € Ngz (gp17gp2) = {g € Gx | ggmg_l = gp2}' (79)

Note that Ng, (Gp,, Gp,) is closed in G, and invariant under left multiplication by elements of Gp,
and under right multiplication by elements of G,,, so that it corresponds to a closed subset of

gp2 \gl'/gpl

Hence, by continuity of the map

(P/gm) XP/Gx (P/gpz) - gpz\gﬂ:/gplv ([QI]7 [qQ]) = [QI : QQ] mod gpz X gm?

it follows that (79) is a closed condition in Sp 1 xaz, Sg.2. Thus, R is indeed closed in S x s S.
To show that R is open in S X7 .S we can argue in exactly the same way, now restricting
attention to pairs (p1,p2) € R, so that the condition (79) becomes

(91 : 2] € Ng,(Gp,),

where Ng, (Gp,) denotes the normalizer of G, in G,, and we are left to show that Ng, (Gp,) is
open in G,. To this end, recall from before that the coadjoint action of G, on g is trivial. Thus,
the action by conjugation of G, on its identity component G is trivial. This can be rephrased
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as saying that the action by conjugation of G on G, is trivial. In particular, GO is contained
in Ng,(Gp,) and therefore the Lie subgroup Ng, (G,,) is indeed open in G,. This concludes the
proof of part (a). O

For the proof of part (b) we recall the following lemma, which follows from the linearization
theorem for proper Lie groupoids (see, e.g., the proof of [CM17, Proposition 23] for details).

LEMMA 2.102. Let G = M be a proper Lie groupoid with a single isomorphism type, meaning
that G, is isomorphic to G, for all z,y € M (see Example 2.7). Then the leaf space (M,C3}) is
a smooth manifold and the projection M — M is a submersion.

Proof of Theorem 2.101(b) and (c). Tt is readily verified that R is invariant under the diagonal
G-action along J o pry : S X7 S — M and that the restricted action is smooth. Since G is proper,
so is the action groupoid G x R. Furthermore, the isotropy group of the G-action at (p,q) € R
is the isotropy of the G-action on S at p. Thus, since the isotropy groups of the action on S are
all isomorphic (by Remark 2.100), the same holds for the isotropy groups of the action on R. In
view of Lemma 2.102, we conclude that part (b) holds.

We turn to part (c). One readily verifies that R inherits the structure of a Lie groupoid over
S from the Lie groupoid R == S. To see that the Lie groupoid R is proper, suppose that we are
given a sequence of [py, ¢,] € R with the property that tg([pn,qn]) = [pn] and sr([pn, ¢n]) = [gn)
converge in S as n — co. We have to show that the given sequence in R admits a convergent
subsequence. Since the orbit projection S — S is a surjective submersion, it admits local sec-
tions around all points in S. Using this, we can (for n large enough) find g,,h, € G in the
source fiber over J(p,) = J(¢n) such that g, -p, and h, - ¢, converge in S as n — oo. Then
tg(gnhyt) = J(gn - pn) and sg(gnhy, ') = J(hy - gn) both converge in M as n — oo. By proper-
ness of G, it follows that there is a subsequence gy, h;kl that converges in G as k — o0o. Together
with convergence of h,, - gy, , this implies that g,, - ¢, converges in S as well. Thus, since R
is closed in S x S, it follows that g, - (Pn,,qn,) converges in R. Therefore, [py, , ¢n,] converges
in R. This shows that the required subsequence exists and, hence, proves properness of the Lie
groupoid R.

To complete the proof of part (c), we are left to show that the symplectic structure on the
pair groupoid S x S descends to a symplectic structure Qg on R, and that (R, Qg) integrates
(S,7g). To see that the restriction Qr € Q%(R) of w ® —w to R descends to a 2-form on R, recall
that this is equivalent to asking that Q% is basic with respect to the G-action on R (in the sense
of [PPT14, Wat19, Yud16]), which means that m},Qr = priQg, where mg,prg : G x R = R
denote the target and source map of the action groupoid. This equality is readily verified. Thus,
Qg indeed descends to a 2-form 2z on R. Further notice that Qz is closed (because w is closed)
and it inherits multiplicativity from the multiplicative form w @& —w on the pair groupoid S x S.
Moreover, using the momentum map condition (6), Proposition 1.12 and the description (78) of
the tangent space to R, it is straightforward to check that Qx is non-degenerate. Thus, (R, Qz)
is a symplectic groupoid. We leave it to the reader to verify that (R, Qg) integrates (S, ng). O

2.5.3 Reduction to Hamiltonian actions of principal type. The aim of this subsection is to
show that the restriction of a given Hamiltonian action (by a proper symplectic groupoid) to any
stratum of Spam(S) can be reduced to a Hamiltonian action of principal type. More precisely,
we prove the following.

THEOREM 2.103. Let (G,2) be a proper symplectic groupoid and suppose that we are given
a Hamiltonian (G, Q))-action along J : (S,w) — M. Let ¥g € Sgam(S) and let ¥, € Sgp(M) be
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such that J(Xg) C X),. Finally, let qs : S — S and qpr: M — M be the orbit and leaf space
projections, and consider $g = qg'(Xg) and Sy = g (7). Then the following hold.

(a) The restriction wy, € Q*(Xg) of the symplectic form w to g has constant rank. Moreover,
the null foliation integrating Ker(ws,) is simple, meaning that its leaf space admits a smooth
manifold structure with respect to which the leaf space projection is a submersion.

Let Sy, denote this leaf space and let wg,, denote the induced symplectic form on Ss.

(b) The restriction of 2 to G|x,, has constant rank and the leaf space of its null foliation is
naturally a proper symplectic groupoid (Gs,,,s,,) over Xj;.
(¢c) The map J descends to a map
Jsy 1 (Sx,wsy) = B

and the Hamiltonian (G, Q)-action along J descends to a Hamiltonian (Gsx,,, 2x,,)-action
along Js,,, which is of principal type.
(d) There is a canonical Poisson diffeomorphism

@sﬂfzs) = (&’ Wsiz)

Together with Theorem 2.101, this would prove Theorem 2.98. To prove Theorem 2.103,
we use the following Lie theoretic description of the null foliation of wyg. Recall that, given a
real finite-dimensional representation V of a compact Lie group G, the fixed-point set V¢ has a
canonical G-invariant linear complement ¢y in V| given by the linear span of the collection

{v—g-v|veV,geG}

To see that ¢y is indeed a linear complement to V&, note that for any choice of G-invariant
inner product on V, ¢y coincides with the orthogonal complement to V< in V. We will call ¢y
the fized-point complement of V. For the dual representation V*, it holds that

(V9% = (), (80)
the annihilator of ¢y in V. Of particular interest will be the adjoint representation.

PROPOSITION 2.104. Let G be a compact Lie group. The fixed-point complement ¢y of the
adjoint representation is a Lie subalgebra of g, given by

Cg = Cz(q) DO
where Z(g) is the center (viewed as G-representation) and g* = [g, g] is the semi-simple part
of g.

Proof. This follows from the observation that Z(g) is the fixed-point set for the adjoint action of
the identity component of G and [g, g] is the orthogonal complement to Z(g) in g with respect
to any invariant inner product. O

We now give the aforementioned description of the null foliation.
LEMMA 2.105. Let p € ¥g and x = J(p) € X, with notation as in Theorem 2.103. Let
ay: J(T*"M)—TS

be the bundle map underlying the infinitesimal action (7) associated to the Hamiltonian action.
Further, let ¢y, denote the fixed-point complement of the adjoint representation of G,. Then

Ker(wzs)p = (aJ)p(cgm)>

where we view g, C TxM via (4).

580

https://doi.org/10.1112/S0010437X23007637 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X23007637

STRATIFICATION OF THE TRANSVERSE MOMENTUM MAP
Proof. Because (by Corollary 2.92) the orbit projection (74) is a forward Dirac map from the
pre-symplectic manifold (Xg,ws,) into a Poisson manifold, it must hold that
Ker(wsy), C T,0.
Since 1,0 C T,Xg, it also holds that
Ker(wsy)p C T,0%.
For any Hamiltonian action, we have the equality
T,0NT,0% = (as)p(gz),
as is readily derived from the momentum map condition (6). Thus, we conclude that
Ker(ws;s)p C (a7)p(gz)-
Now consider the composition of maps
TpXs
1,0

where the third map is dual to the canonical isomorphism between g, (which via (4) we view
as the annihilator of T, £ in T*M) and N;. Using a Hamiltonian Morita equivalence as in the
proof of Proposition 2.50, together with Proposition 1.11(b), Proposition 1.52(c), Lemma 2.57
and Morita invariance of the J-isomorphism types, it is readily verified that the image of (81) is
(gg)g””. From this and the momentum map condition (6) it follows that, given « € g,, the tangent

dJ N
=N, — N = g, (81)

vector (ay)p(c) belongs to Ker(wsy ), if and only if o belongs to the annihilator of (gg)gz. This
annihilator equals g, + ¢4, as (80) implies that

()% = gp N (82)%" = (g +¢q,)"-
Thus, all together it follows that

Ker(wsg)p = (a1)p(gp + ¢g,) = (as)p(cq, ),
which proves the lemma. O

We can interpret this as follows: the T M-action associated to the momentum map J restricts
to an infinitesimal action of the bundle of Lie algebras

*
| | cq € T"Mlg,,
€Y

and the orbit distribution of this infinitesimal action coincides with the distribution Ker(ws,).
The proof of Theorem 2.103 therefore boils down to showing that this infinitesimal action inte-
grates to an action of a bundle of Lie groups in G, the orbit space of which is smooth. For this we
will use the following unpublished proposition, due to Crainic, Fernandes and Martinez Torres.

PROPOSITION 2.106. Let (G,§2) = M be a proper symplectic groupoid, let ¥ € Sqp(M) and let
Y =q (), for g: M — M the leaf space projection. Consider the family of Lie groups

|_| ng C g’E,
TzeX

where Cy, is the unique connected Lie subgroup of G, that integrates cg,. This defines a closed,
embedded and normal Lie subgroupoid of G|s; and the quotient of G|y, by this bundle of Lie
groups is naturally a proper symplectic groupoid over Y of principal type.
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Proof. First, observe that for any compact Lie group G, the connected Lie subgroup Cy of G with
Lie algebra cg is compact. To see this, let G be the connected Lie subgroup of G' with Lie algebra
the compact and semisimple Lie subalgebra g* = [g, g] of g, let G® be the identity component of
G and let Z(G)? denote the identity component of the center of GV. Fix g1, ..., g, € G such that
G/G° = {{g1], ..., [gn]}. It follows from Proposition 2.104 that Cy is the image of the morphism
of Lie groups

(Z(GO)O)n X G* — G7 (hla ceey hnvg) = [h17gl] """ [hn,gn] 9,

where [h;, g;] = higih; 'g; " is the commutator (which again belongs to Z(G°)?). Thus, since both
G* and Z(GY)? are compact, (g is compact as well. Using this and the linearization theorem for
proper Lie groupoids (see § 1.3.2 for the local model) one sees that the family of the Lie groups
Cy, is a closed embedded Lie subgroupoid of G|y; over ¥. Furthermore, for every g € G|y, starting
at x and ending at y, it holds that

gC acgil: By -

This follows from the observation that an isomorphism of compact Lie groups Gy — G2 maps
Cy, onto Cg,. Thus, the family of Lie groups is also a normal subgroupoid of G|x. Therefore,
the quotient of the proper Lie groupoid G|y, by this bundle of Lie groups is again a proper Lie
groupoid. It follows from Lemma 2.105, applied to the Hamiltonian action of Example 2, that
the pre-symplectic form €| (g|,,) on G|s has constant rank and its null foliation coincides with the
foliation by orbits of the action on G|y, of this bundle of Lie groups. Thus, the quotient groupoid
inherits a symplectic form. This symplectic form inherits multiplicativity from ). Hence, the
quotient is a symplectic groupoid. Finally, in light of Remark 2.100 the quotient groupoid is
of principal type, because for any x,y € ¥ there is an isomorphism between G, and G,, and
any such isomorphism descends to one between the isotropy groups G,/Cy, and G,/Cy, of the
quotient groupoid. O

We are now ready to complete the proof of the reduction theorem.

Proof of Theorem 2.103. Consider the family of Lie groups
Hsy, = |_| Cq, C Glsu

TEX N

of Proposition 2.106. Being a closed embedded Lie subgroupoid of the proper Lie groupoid
Glx.,,, the Lie groupoid Hy;,, is proper as well. Hence, so is any smooth action of Hy;,,. It acts
along J : X g — X7 via the action of G. Proposition 2.50 implies that for any p,q € Xg, writing
x = J(p) and y = J(q), there is an isomorphism of pairs of Lie groups:

(Gas Gp) = (Gy, Gg)- (82)
Such an isomorphism restricts to an isomorphism between the isotropy groups of the Hy;,,-action:
(Hea)p = Co. NGp = Cg, NGg = (Hz,)g-

Thus, appealing to Lemma 2.102, we find that the orbit space admits a smooth manifold structure
for which the orbit projection is a submersion. It follows from Lemma 2.105 that the orbits of
this action are the leaves of the null foliation of wy, so this proves part (a) of the theorem. Part
(b) of the theorem is proved in Proposition 2.106. For part (c), note that J factors through to
a map Jg,, (since the source and target of any element in Hy,, coincide) and the action of G
along J descends to an action of Gs;,, along Jg,.. As the action of (G, 2) along J is Hamiltonian,
the same follows for the action of (Gyx,,,(s,,) along Jg,,. By the previous proposition, Gy, is
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of principal type. Furthermore, for any two [p], [¢] € Sy there is, as before, an isomorphism of
pairs (82), and this descends to an isomorphism between the Lie groups

Gp/(Co. N Gp) = Gq/(Cy, N Gy),

which are canonically isomorphic to the respective isotropy groups of the Gy,,-action at [p]
and [¢]. In view of Remark 2.100 we conclude that the Hamiltonian (Gy,,,(2s,,)-action is of
principal type. This completes the proof of parts (a)—(c). For the final statement, consider the
following diagram.

(Xs,wsg) — (Ss,wsy,)

| |

(Zs, ) (82, 7sy)

All arrows are surjective submersions and by construction (in particular, Corollary 2.92) each is
forward Dirac. Evidently, the left vertical map factors through the composition of the other two,
and vice versa. Hence, by functoriality of the push-forward construction for Dirac structures, the
diagram completes to give the desired Poisson diffeomorphism. ([l

ACKNOWLEDGEMENTS

I would like to thank my PhD supervisor Marius Crainic for his guidance. Marius suggested that
I try to prove the aforementioned normal form theorem by means of Theorem 1.36. Moreover, he
commented on an earlier version of this paper, which most certainly helped me to improve the
presentation. I would further like to thank him, Rui Loja Fernandes and David Martinez Torres
for sharing some of their unpublished work with me, and I am grateful to David and Rui for
their lectures at the summer school of Poisson 2018; all of this has been an important source of
inspiration for Theorem 2.98. This work was supported by NWO (Vici Grant no. 639.033.312).

CONFLICTS OF INTEREST
None.

REFERENCES

ACGI1 J. M. Arms, R. H. Cushman and M. J. Gotay, A universal reduction procedure for Hamil-
tonian group actions, in The geometry of Hamiltonian systems (Springer, New York, 1991),
33-51.

AGV12 V. 1. Arnold, S. M. Gusein-Zade and A. N. Varchenko, Classification of critical points, caus-
tics and wave fronts, in Singularities of differentiable maps. Volume 1, Modern Birkhauser
Classics (Birkh&user/Springer, New York, 2012); translated from the Russian by Ian
Porteous based on a previous translation by Mark Reynolds, Reprint of the 1985 edition.

Bie75 E. Bierstone, Lifting isotopies from orbit spaces, Topology 14 (1975), 245-252.
BCR98 J. Bochnak, M. Coste and M.-F. Roy, Real algebraic geometry, Ergebnisse der Mathematik

und ihrer Grenzgebiete (3), vol. 36 (Springer, Berlin, 1998); translated from the 1987 French
original, revised by the authors.

Burl3 H. Bursztyn, A brief introduction to Dirac manifolds, in Geometric and topological methods
for quantum field theory (Cambridge University Press, Cambridge, 2013), 4-38.
BCO05 H. Bursztyn and M. Crainic, Dirac structures, momentum maps, and quasi-Poisson mani-

folds, in The breadth of symplectic and Poisson geometry, Progress in Mathematics, vol. 232
(Birkhéuser, Boston, MA, 2005), 1-40.

583

https://doi.org/10.1112/S0010437X23007637 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X23007637

BCWZ04

CDMS88

Cou90

CFM17

CFM19

CM12

CM17

CS13

dHo13
DKO00
FPS23

FdH18

FORO09

GWdPL76

GS03

GP74

GS84

LMTWO98

LS91

Lu9l

Marl3

Mar83

Mar85

Mat73

M. MoL

H. Bursztyn, M. Crainic, A. Weinstein and C. Zhu, Integration of twisted Dirac brackets,
Duke Math. J. 123 (2004), 549-607.

M. Condevaux, P. Dazord and P. Molino, Géométrie du moment, in Travauz du Séminaire
Sud-Rhodanien de Géométrie, I, Publ. Dép. Math. Nouvelle Sér. B, vol. 88 (Université
Claude-Bernard, Lyon, 1988), 131-160.

T. J. Courant, Dirac manifolds, Trans. Amer. Math. Soc. 319 (1990), 631-661.

M. Crainic, R. L. Fernandes and D. Martinez Torres, Poisson manifolds of compact types
(PMCT 1), J. Reine Angew. Math. 756 (2017), 101-149.

M. Crainic, R. L. Fernandes and D. Martinez Torres, Regular Poisson manifolds of compact
types (PMCT 2), Astérisque 413 (2019).

M. Crainic and I. Marcut, A normal form theorem around symplectic leaves, J. Differential
Geom. 92 (2012), 417-461.

M. Crainic and J. N. Mestre, Orbispaces as differentiable stratified spaces, Lett. Math. Phys.
108 (2017), 805-859.

M. Crainic and I. Struchiner, On the linearization theorem for proper Lie groupoids, Ann.
Sci. Ec. Norm. Supér. 46 (2013), 723-746.

M. L. del Hoyo, Lie groupoids and their orbispaces, Port. Math. 70 (2013), 161-209.
J. J. Duistermaat and J. A. C. Kolk, Lie groups (Springer, 2000).

C. Farsi, M. J. Pflaum and C. Seaton, Differentiable stratified groupoids and a de Rham
theorem for inertia spaces, J. Geom. Phys. 187 (2023), 104806.

R. L. Fernandes and M. L. del Hoyo, Riemannian metrics on Lie groupoids, J. Reine Angew.
Math. 735 (2018), 143-173.

R. L. Fernandes, J.-P. Ortega and T. S. Ratiu, The momentum map in Poisson geometry,
Amer. J. Math. 131 (2009), 1261-1310.

C. G. Gibson, K. Wirthmiiller, A. A. de Plessis and E. J. N. Looijenga, Topological stability
of smooth mappings (Springer, 1976).

J. A. N. Gonzédlez and J. B. S. de Salas, C*-Differentiable spaces, Lecture Notes in
Mathematics, vol. 1824 (Springer, 2003).

V. Guillemin and A. Pollack, Differential topology (Prentice-Hall, 1974).

V. Guillemin and S. Sternberg, A normal form for the moment map, in Differential geometric
methods in mathematical physics (Jerusalem, 1982), Mathematical Physics Studies, vol. 6
(Reidel, Dordrecht, 1984), 161-175.

E. Lerman, E. Meinrenken, S. Tolman and C. Woodward, Non-abelian convezity by
symplectic cuts, Topology 37 (1998), 245-259.

E. Lerman and R. Sjamaar, Stratified symplectic spaces and reduction, Ann. Math. 134
(1991), 375-422.

J.-H. Lu, Momentum mappings and reduction of Poisson actions, in Symplectic geometry,
groupoids, and integrable systems (Berkeley, CA, 1989), Mathematical Sciences Research
Institute Publications, vol. 20 (Springer, New York, 1991), 209-226.

1. Marcut, Normal forms in Poisson geometry, PhD Thesis, Utrecht University (2013).

C.-M. Marle, Sous-variétés de rang constant d’une variété symplectique, Astérisque 107—108
(1983), 69-86.

C.-M. Marle, Modéle d’action Hamiltonienne d’un groupe de Lie sur une variété symplec-
tique, Rend. Semin. Mat. 43 (1985), 227-251.

J. N. Mather, Stratifications and mappings, in Dynamical systems (Proc. Sympos., Univ.
Bahia, Salvador, 1971) (Academic Press, New York-London, 1973), 195-232.

584

https://doi.org/10.1112/S0010437X23007637 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X23007637

Mat12

McD88

MW98

MWS88

P01

PPT14

Sch75

Sch80

Shi0o
Shil0

Tho69
Ver84

Wal75

Wat19

Weil1

Wei02

Xu91
Yudl6

Zun06

STRATIFICATION OF THE TRANSVERSE MOMENTUM MAP

J. N. Mather, Notes on topological stability, Bull. Amer. Math. Soc. (N.S.) 49 (2012),
475-506.

D. McDuff, The moment map for circle actions on symplectic manifolds, J. Geom. Phys. 5
(1988), 149-160.

E. Meinrenken and C. Woodward, Hamiltonian loop group actions and Verlinde
factorization, J. Differential Geom. 50 (1998), 417-469.

K. Mikami and A. Weinstein, Moments and reduction for symplectic groupoids, Publ. Res.
Inst. Math. Sci. 24 (1998), 121-140.

M. J. Pflaum, Analytic and geometric study of stratified spaces, Lecture Notes in
Mathematics, vol. 1768 (Springer, 2001).

M. J. Pflaum, H. Posthuma and X. Tang, Geometry of orbit spaces of proper Lie groupoids,
J. Reine Angew. Math. 694 (2014), 49-84.

G. W. Schwarz, Smooth functions invariant under the action of a compact Lie group,
Topology 14 (1975), 63-68.

G. W. Schwarz, Lifting smooth homotopies of orbit spaces, Publ. Math. Inst. Hautes Etudes
Sci. 51 (1980), 37-135.

M. Shiota, Thom’s conjecture on triangulations of maps, Topology 39 (2000), 383-399.

M. Shiota, Triangulations of non-proper semialgebraic Thom maps, in The Japanese—
Australian Workshop on Real and Complex Singularities—JARCS III, Proceedings of the
Centre for Mathematics and its Applications, vol. 43 (Australian National University,
Canberra, 2010), 127-140.

R. Thom, Ensembles et morphismes stratifiés, Bull. Amer. Math. Soc. 75 (1969), 240-284.
A. Verona, Stratified mappings—structure and triangulability, Lecture Notes in Mathematics,
vol. 1102 (Springer, Berlin, 1984).

C. T. C. Wall, Regular stratifications, in Dynamical systems— Warwick 1974 (Proc. Sympos.
Appl. Topology and Dynamical Systems, Univ. Warwick, Coventry, 1973/1974; presented to
E. C. Zeeman on his fiftieth birthday), Lecture Notes in Mathematics, vol. 468 (Springer,
Berlin-New York, 1975), 332-344.

J. Watts, The orbit space and basic forms of a proper Lie groupoid, in Trends in math-
ematics, research perspectives: Proceedings of the 12th ISAAC Congress, Aveiro, Portugal
(Birkh&user, 2019).

A. Weinstein, Poisson geometry of discrete series orbits, and momentum convezity for
noncompact group actions, Lett. Math. Phys. 56 (2001), 17-30.

A. Weinstein, Linearization of regular proper groupoids, J. Inst. Math. Jussieu 1 (2002),
493-511.

P. Xu, Morita equivalent symplectic groupoids (Springer, 1991).

O. Yudilevich, Lie Pseudogroups a la Cartan from a Modern Perspective, PhD Thesis,
Utrecht University (2016).

N. T. Zung, Proper groupoids and momentum maps: linearization, affinity, and convexity,
Ann. Sci. Ec. Norm. Supér. 39 (2006), 841-869.

Maarten Mol maarten.mol.math@gmail.com
Max Planck Institute for Mathematics, 53111 Bonn, Germany

Compositio Mathematica is owned by the Foundation Compositio Mathematica and published by the London
Mathematical Society in partnership with Cambridge University Press. All surplus income from the publication
of Compositio Mathematica is returned to mathematics and higher education through the charitable activities of
the Foundation, the London Mathematical Society and Cambridge University Press.

585

https://doi.org/10.1112/S0010437X23007637 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X23007637

	Introduction
	1 The normal form theorem
	1.1 Background on Hamiltonian groupoid actions
	1.1.1 Poisson structures and symplectic groupoids
	1.1.2 Momentum maps and Hamiltonian actions

	1.2 The local invariants
	1.2.1 The leaves and normal representations of Lie and symplectic groupoids
	1.2.2 The orbits, leaves, and normal representations of Hamiltonian actions
	1.2.3 The symplectic normal representation
	1.2.4 Neighbourhood equivalence and rigidity

	1.3 The local model
	1.3.1 Reorganization of the zeroth-order Hamiltonian data
	1.3.2 Construction of the local model for the symplectic groupoid
	1.3.3 Construction of the local model for Hamiltonian actions
	1.3.4 Relation to the MGS model

	1.4 The proof
	1.4.1 Morita equivalence of groupoids
	1.4.2 Equivalence between categories of modules
	1.4.3 Proof of rigidity

	1.5 The transverse part of the local model
	1.5.1 Hamiltonian Morita equivalence
	1.5.2 Morita equivalence between groupoid maps of action type
	1.5.3 The transverse local model
	1.5.4 Elementary Morita invariants


	2 The canonical Hamiltonian stratification
	2.1 Background on Whitney stratifications of reduced differentiable spaces
	2.1.1 Stratifications of topological spaces
	2.1.2 Reduced differentiable spaces
	2.1.3 Whitney stratifications of reduced differentiable spaces
	2.1.4 Semi-algebraic sets and homogeneity
	2.1.5 Constant rank stratifications of maps

	2.2 The stratifications associated to Hamiltonian actions
	2.2.1 The canonical Hamiltonian stratification and Hamiltonian Morita types
	2.2.2 Different partitions inducing the canonical stratifications
	2.2.3 End of the proof

	2.3 The regular parts of the stratifications
	2.3.1 The regular part of a stratification
	2.3.2 The infinitesimal Hamiltonian stratification
	2.3.3 Lie theoretic description of the regular parts
	2.3.4 Principal type theorems
	2.3.5 Relations amongst the regular parts

	2.4 The Poisson structure on the orbit space
	2.4.1 Poisson structures on reduced differentiable spaces and Poisson stratifications
	2.4.2 The Poisson algebras of invariant functions
	2.4.3 The Poisson stratification theorem
	2.4.4 Dimension of the symplectic leaves
	2.4.5 Morita invariance of the Poisson stratifications

	2.5 Symplectic integration of the canonical Hamiltonian strata
	2.5.1 The integration theorem
	2.5.2 Hamiltonian actions of principal type
	2.5.3 Reduction to Hamiltonian actions of principal type


	Acknowledgements
	Conflicts of Interest
	References

