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Introduction

In 1982, both Atiyah [Ati82] and Guillemin and Sternberg [GS82] independently proved
the celebrated convexity theorem. This describes the moment map image of a compact
and connected Hamiltonian torus-space as the convex hull of a certain finite set of points.
Two years later, Kirwan [Kir84] built upon their work and generalized it to Hamiltonian
actions of more general Lie groups. Throughout the years, these theorems have been a
great driving force for further research into moment maps, which has led to many sorts
of generalizations and analogues. In 1988, Mikami and Weinstein [MW88] developed the
more general framework of Hamiltonian actions by symplectic groupoids, which set the
stage for possible extensions and Poisson geometric explanations of the convexity theo-
rems. In a letter in 2000 [Wei00], Weinstein conjectured such extensions to hold for the
actions of proper symplectic groupoids. Six years later, Zung [Zun06] showed that mo-
ment maps of such actions enjoy certain affinity properties and was hereby able to deduce
many existing convexity theorems. In particular, Zung showed the existence of an integral
affine structure on the orbit space of a proper symplectic groupoid. Crainic, Fernandes
and Martinez Torres further researched and established the connection between proper
symplectic groupoids and the integral affine structure on their orbit space in [CFT16].

It is not the convexity property of the moment map, but rather its interplay with this
integral affine structure that is of main interest to us. More precisely, this thesis is con-
cerned with the classification of certain classes of moment maps in terms of this integral
affine structure. Such classifications already appear in the work of Duistermaat [Dui80]
and later in the work of Delzant [Del88]. Our main result is a generalization of these two
classification results.

Theorem (Main result). The toric Ty-spaces over a fized integral affine manifold (B, A)
are classified (up to isomorphism) by pairs (A, c), consisting of a Delzant submanifold
A C (B,A) and a class ¢ € HY(A; L(Ty)) in the first degree Cech cohomology of the sheaf
of Lagrangian sections of Tp over A.

Let us provide a bit more insight into this statement. An integral affine structure A on B
is a smooth Lagrangian lattice in (T* B, Qcqp). Given such an integral affine structure A
on B, there is a canonical torus bundle

Ta = T*B/A

over B and the canonical symplectic form on T*B descends to a symplectic form {2j
on Tp. This turns Tp into a type of proper symplectic groupoid, called a symplectic
torus bundle. Conversely, every symplectic torus bundle over B induces an integral affine
structure A on B and must be isomorphic to 7po. The theorem is concerned with a certain
class of Hamiltonian Tj-actions, which we call toric. Every such toric action comes with
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a moment map (S,w) — B, the image of which is what we call a Delzant submanifold of
(B, A). Moreover, to every toric Tp-space we can associate its Lagrangian Chern class

c € H'(A;L(Th)),

where A is the image of the moment map. Given a fixed Delzant submanifold A C (B, A),
this association induces a bijection between the set of isomorphism classes of toric Ti-
spaces with moment image equal to A, and the set H'(A; L(Ty)).

Duistermaat studied a class of moment maps called Lagrangian fibrations. They corre-
spond to the class of toric Tp-spaces for which the moment map is a submersion and its
image is all of B, as follows. Under certain conditions on the fibers, such a fibration
(S,w) — B induces an integral affine structure A on B and comes with a free Hamiltonian
Ta-action, with the Lagrangian fibration as moment map. In this way, such Lagrangian
fibrations can be interpreted as principal Hamiltonian Tj-spaces, which are in particular
toric. For this class, the moment map image A is always the entire base B. So according
to our main result, the Lagrangian fibrations over B that induce a fixed integral affine
structure A on B should be classified by their Lagrangian Chern class. This was shown
by Duistermaat.

Delzant studied toric T-spaces, where T is a torus. This is a class of compact Hamilto-
nian T-spaces for which the moment image is not just a convex polytope, but a Delzant
polytope. This means that the edges that meet in each vertex are spanned by a Z-basis of
the weight lattice A%, in t*. Since the weight lattice is the integral affine structure on the
base t*, this could be interpreted as saying that the Delzant polytopes are those polytopes
which are optimally adapted to the integral affine structure on t*. The compact and con-
nected Delzant submanifolds of (t*, A%,) coincide with the Delzant polytopes. In contrast
to the Lagrangian fibrations, the moment image of a toric T-space will never be the entire
base t* since it has to be compact. It is however always convex and therefore contractible.
This leads to the vanishing of the cohomology in our theorem and so, according to our
theorem, the toric T-spaces should be classified just by the Delzant polytopes in (t*, A%.).
This is precisely Delzant’s classification of toric T-spaces.

Our main theorem could therefore be seen as a unifying result, two extremes of which are
Duistermaat’s and Delzant’s classification theorems.

There are two papers which contain results that are very similar to our own. It should
be noted that we became aware of their existence only after proving this. First of all,
our main result has a great resemblance with that of the paper [Bou89] by Boucetta.
Although their approach is slightly different, it seems that the class of moment maps that
are classified there is very similar to ours. We however have yet to establish the precise
relationship. Our work shares even more similarity with that of Karshon and Lerman
[KL15]. Although their main result is strikingly similar to ours, there are some clear
differences. On one hand, they define and classify a more general notion of toric T-spaces
than we do. On the other hand, we work in the more general setting of Hamiltonian torus
bundle actions, whereas Karshon and Lerman only consider torus actions. Therefore, none
of the two results implies the other and it would be interesting to see if their more general
notion of toric T-space can be extended to the setting of Hamiltonian torus bundle actions.
Although their paper was not known to us when discovering the main result, there were
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two previous papers of which Lerman was author and co-author ([Ler95], [LT97]) that did
serve as a great source of inspiration.

Organisation

The organisation of this thesis is as follows.

In Chapter 1 we give an overview of the relevant theory on symplectic groupoids
and their Hamiltonian actions. In this chapter, many proofs are omitted.

In Chapter 2 we discuss the relationship between symplectic torus bundles and in-
tegral affine structures.

In Chapter 3 we prove a normal form for the moment map of a Hamiltonian Tx-
space. We then use this normal form to show that such moment maps are locally
polyhedral.

In Chapter 4 we have a brief intermezzo on stratifications and discuss the examples
that we will come across in Chapter 5.

In Chapter 5 we use the results of Chapter 3 to prove our main result: the classifi-
cation of toric Tp-spaces.

In Chapter 6 we consider proper symplectic groupoids with smooth orbit spaces
and extend our results from Chapter 4 to Hamiltonian actions of such groupoids.
Moreover, we suggest a notion of toric G-space and show that for this notion the
moment image is a Delzant submanifold of the orbit space of the groupoid. We end
the chapter with a short outlook on which other results of Chapter 5 we hope to
generalize and which new features may play a role.

In the Appendix we provide a proof of the Marle-Guillemin-Sternberg normal form
for Hamiltonian G-spaces. This is used in Chapter 3 to obtain a normal form for
the moment map of a Hamiltonian Tx-space.
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Chapter 1

Moment maps and symmetries

This chapter serves as an introduction to main objects of study: symplectic groupoids and
their Hamiltonian actions. Moreover, it provides an overview of those of their properties
that will be relevant for the rest of this thesis. Although we do not give proofs of the
results in the first three sections, this overview should give the reader enough feeling for
the objects involved to be able to understand the rest of the text. Since we will consider
non-zero Poisson structures only in Chapter 6, the Poisson geometric part of this chapter
mainly provides a background and is not essential for most of the thesis.

1.1 Moment maps in Poisson geometry

1.1.1 Basic definition and examples in Poisson geometry

There are various ways to characterize a Poisson structure. In this section we will give an
overview of these. Proofs and further details can be found in [FM15] or [Vai94].
Poisson brackets and bi-vectors

Definition 1.1.1. A Poisson structure on a manifold M is Lie bracket on {-,-} on
C*°(M) that satisfies the Leibniz identity:

{fg,n} = f{g,hy +{f.h}g, Vf.g,heC*(M).
Alternatively, one can define a Poisson structure as a particular type of bivector
7 € T(A*TM).
To see this, recall that a k-derivation is a k-linear map

CP(M) x ... x C®(M) — C*(M)

k times

that is a derivation in each argument. Given a skew-symmetric bi-derivation {-,-} on M
we define its Jacobiator as the skew-symmetric tri-derivation on M, defined by:

Jac(f,g,h) ={f {9, hi} +{h.Af,9}} +{9.{h. f}}, fr9,h € CF(M).

We can now reformulate the definition of a Poisson bracket: it is a skew-symmetric bi-
derivation whose Jacobiator vanishes. The vanishing of the Jacobiator is of course just the
Jacobi identity. The following allows us to rephrase this in terms of multi-vector fields.

5



1.1. MOMENT MAPS IN POISSON GEOMETRY

Lemma 1.1.2. Let M be a manifold. There is a bijective correspondence between k-vector
fields on M and skew-symmetric k-derivations on M, which associates to a k-vector field
0 the skew-symmetric k-derivation given by

{fi, s fo} = 0(dfy, ... dfy), fi e C(M).

Now, given a bivector m, we define {-,-} to be the corresponding bi-derivation and we
define © to be the tri-vector field on M corresponding to the Jacobiator of {-,-}. This
leads to:

Proposition 1.1.3. Let M be a manifold. There is a bijective correspondence:

{ Bivectors w € AQTM} { Poisson structures }
>

satisfying O, = 0 {,} on M

which associates to such a bivector m the bracket:

{f,9} =n(df,dg), f,g€C*(M).

In light of this result, a bivector m on M for which ©, = 0 is called a Poisson bivector.

The Lie algebroid of a Poisson manifold

Definition 1.1.4. A Lie algebroid over a manifold M is a triple (A, p, [+, -]) consisting
of a vector bundle A over M, a vector bundle map p : A — T'M called the anchor, and
a Lie bracket [-, -] on the space of sections I'(A), that satisfy the Leibniz identity:

[a, 8] = flov, Bl + (L) f)B,  a,BeT(A), [feC®(M). (1.1)

A Poisson manifold (M, ) gives rise to a Lie algebroid structure on 7% M, as follows.

The anchor: Given a bilinear map B : V xV — R we can define a linear map B? : V — V*
as B’(v)(w) = B(v,w). Applying this fiberwise to a bivector 7 € A2T'M and identifying
(T*M)* with TM canonically, we obtain a vector bundle map

T M — TM

determined by the fact that f(n%(a)) = 7(a, 8) for all a, 3 € T*M. This is the anchor
map for T*M.

The Lie bracket: We define the Lie bracket on T*M as:
[, B = Lrs(a)B — Lrz(gya — dm(a, B).
This is the unique bilinear, skew-symmetric map
QL (M) x QY (M) — QY (M)
satisfying both the Leibniz identity (1.1) and

ldf,dglx = d{f,g}r, Yf,g€ C®(M).
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Proposition 1.1.5. The triple T*M := (T*M, %[, -];) is a Lie algebroid over M.

Let (A, p, [+, ]) be a Lie algebroid. For every x € M the vector space g, := Ker(p,) admits
a Lie bracket defined by:

[Oéz, Bz]gx = [O‘a B] (.T))

where «, 8 € I'(A) are arbitrary extensions of ag, 5, € Ker(pz).
Proposition 1.1.6. Let (A, p,[-,-]) be a Lie algebroid. Then:

a) The anchor map p induces a morphism of Lie algebras I'(A) — X (M) with respect
to the Lie bracket of vector fields on M.

b) The bracket |-, g, defined above is a well-defined Lie bracket.

For a Poisson manifold (M, ), the Lie algebra (g, [, ]q,) is called the isotropy Lie
algebra at x € M. The reason for this will become apparent later.

The symplectic leaves of a Poisson manifold
Let (M, ) be a Poisson manifold. To any function f € C*°(M) we associate a vector field
Xy = n*(df)

on M. This is called the Hamiltonian vector field of f (with respect to 7). The flow of
a Hamiltonian vector field X; at time ¢ is denoted by <I>'}. One can define an equivalence
relation on M by:

x ~py <= there are fi,..., fr € C°°(M) such that y = @}k o..o0 @}1(30). (1.2)

Definition 1.1.7. The symplectic leaves of (M, m) are the equivalence classes of the
equivalence relation (1.2).

Theorem 1.1.8. The symplectic leaves of a Poisson manifold (M, ) are connected, initial
submanifolds of M. For every such leaf L, the tangent space of L at a point x is equal to
Im(ﬂﬁ). Furthermore, each leaf L admits a symplectic structure wy, determined by:

wr(mh (), 7(8)) = —me(o, B), «,BeTiM, xe€M.

The partition {(L,wr)| L is a symplectic leaf of (M,7)} is called the symplectic folia-
tion of (M, m). The Poisson structure is fully determined by its symplectic foliation. The
following result provides a way to determine the symplectic leaves of a Poisson manifold,
once a sensible guess has been made.

Proposition 1.1.9. Let (M, ) be a Poisson manifold. Suppose that P is a partition of
M into connected, immersed submanifolds with the property that

T,P = Im(r?)
for allx € P and P € P. Then P is the partition of M into symplectic leaves.

7



1.1. MOMENT MAPS IN POISSON GEOMETRY

Some standard examples
We end this section with some standard examples of Poisson manifolds.

Example 1.1.10. Every manifold M can be equipped with the zero-Poisson structure
m = 0. The corresponding anchor map and Lie bracket on T*M are both the zero ones.
The isotropy Lie algebras are the abelian Lie algebras Ty M and symplectic leaves of M
are just the points of M endowed with the zero-symplectic structure.

Example 1.1.11. Every symplectic manifold (M,w) admits a Poisson structure. In terms
of Poisson brackets it is given by

{fvg}w = *W(vaXg)a fvg € COO(M)a

where Xy, X, denote the Hamiltonian vector fields of f and g with respect to w. The
corresponding bivector 7, is determined by the fact that WE, :T*M — TM is inverse to
w’ : TM — T*M. Of course one could define a non-degenerate bivector m, for a merely
non-degenerate two-form w on M. However, the Koszul formula implies that

dW(Xf, XQ’ Xh) = —Jac(f, 9, h)

for all f,g,h € C°°(M), so that w is closed precisely if 7, is a Poisson bivector. This
implies that the mapping w — m, defines a bijection between the symplectic structures
and the non-degenerate Poisson structures on M. Note that the Hamiltonian vector fields
with respect to w coincide with those for m,. The anchor map 772, :T*M — TM is an
isomorphism of Lie algebroids in this case. The isotropy Lie algebras are all trivial as
vector spaces and there is just one symplectic leaf, namely (M, w) itself.

Example 1.1.12. A Poisson structure {-,-} on a real vector space V is called linear if the
subalgebra V* of C*°(V) is closed under the Poisson bracket. Linear Poisson structures
arise in the following way. Given a Lie algebra (g, [, ]q), we can define a linear Poisson
structure on g*, given by

{fi9}(a) = (, [dfa,dgaly), [fr9€CT(g"),a€g"

Here we consider df, and dg, as element of g via the canonical isomorphisms T;g* =
(g%)* = g. One can show that this defines a bijection between Lie algebras and linear
Poisson manifolds. Under these same isomorphisms we have that T*g* = g* x g and
I'(T*g*) = C*°(g*;g). The anchor map at a € g* is:

g g, v adia) = (oo )
and the Lie bracket on C*°(g*; g) is determined by the fact that

[ gl(@) = [f(a), g(a)lg

for all o € g* and all constant functions f,g: g* — g. The isotropy Lie algebra at a € g*
is the Lie subalgebra:
go = {v € g ad;(a) = 0}

of (g,[,]g). Given any connected Lie group G that integrates g, the symplectic leaves of
g* are the orbits of the coadjoint action of G on g*. These are endowed with the so-called
KKS-symplectic form.



CHAPTER 1. MOMENT MAPS AND SYMMETRIES

1.1.2 Moment maps
Infinitesimal symmetry
In this section we introduce the main objects of study in this thesis: moment maps. The

omitted proofs in this section are rather straightforward.

We first need the notion of a Poisson map.

Definition 1.1.13. Let (M, {-,-}a) and (N,{-,-}n) be two Poisson manifolds. A map
@ : M — N is a Poisson map if:

{fopvgoptm={figlnoyp
for all f,g € C*°(N).
A more practical characterization can be given in terms of the anchor maps.

Proposition 1.1.14. Let (M, ) and (N,7n) be two Poisson manifolds. A map ¢ :
M — N is a Poisson map if and only if the diagram:

”?w
™M — T,,M

m

dap*T Jd@
.

* N
TomN —— TomN
commutes for all m € M.

Definition 1.1.15. Let (M, 7) be a Poisson manifold. An (M, 7)-valued moment map
is a Poisson map u : (S,w) — (M, n) from a symplectic manifold into (M, ). Often we
will just call © a moment map and omit the adjective (M, 7)-valued.

The reader familiar with classical mechanics will undoubtedly have heard of Noether’s
principle: symmetries correspond to conserved quantities. Moment maps are the math-
ematical incarnation of conserved quantities. From this viewpoint, Noether’s principle
dictates that there is a symmetry associated to a moment map. At least infinitesimally
this symmetry is present: it is the canonical action of the Lie algebroid associated to
(M, 7). Let us make this precise.

Definition 1.1.16. Let (A, p,[-,-]) be a Lie algebroid. A Lie algebroid action of A
along a map p : .S — M is a vector bundle map a : p*A — TS that induces a morphism
of Lie algebras A — X'(S) and makes the diagram

ap

7,8

commute for every p € S.

The following can be interpreted as Noether’s principle for infinitesimal symmetries.

9



1.1. MOMENT MAPS IN POISSON GEOMETRY

Proposition 1.1.17. Let (M, ) be a Poisson manifold, (S,w) a symplectic manifold and
w:S — M amap. The vector bundle map a : p*(T*M) — T'S determined by:

Lay(a)w = dip(),  a €T M,
defines a Lie algebroid action of T*M along u if and only if 1 is a Poisson map.

Given a Lie algebroid (A, p, |-, ]) and a Lie algebroid action of A along a map u: S — M,
we define the isotropy Lie algebra of the action at p

gp = Ker(ap) C T\ M
with Lie bracket given by:

[O‘u(p% B,u(p)]gp = [04, ﬁ] (:U'(p))a

where «, § € T'(A) are arbitrary extensions of Qpu(p)s Bu(p)- One can show that this is well-
defined directly. Alternatively, one can endow I'(u*.A) with a Lie bracket that turns p*A
into a Lie algebroid over S with anchor map a, and apply Proposition 1.1.6.

Given a moment map u, there are two related singular distributions on S:
Fu=Ker(dup) and F = {(p,v) € TS| wy(v,w) =0, Vwe (Fpn)p}

The following basic observations are crucial in the study of moment maps.
Proposition 1.1.18. Let p: (S,w) — (M, ) be a moment map and p € S. Then:

a) gp is a Lie subalgebra of g,p)-

b) Im(ay) = (}—ff)p'

c) ap(gu(p)) = (]:u)p N (]:;f)p-

d) Im(w ) = dpp((F2)p).-

e) gp = Im(dpy)°.
These equalities can be captured by the following commutative diagram

Op — gu(p) = (‘Fﬂ)p N (]:';u)p —0

| |

* ap
9p Tu(p) M

WN dpp

w(p)
Tu(p) M

in which the rows and the sequences that strictly decrease in height are exact.

Corollary 1.1.19. Let p: (S,w) = (M, ) be a moment map. If ju is a submersion at
p € S, then ay is injective and

dim(S) > 2dim(M) — rk(m,,()),

with equality precisely if (Fu)p C (F)p-

10



CHAPTER 1. MOMENT MAPS AND SYMMETRIES

Proof. If u is a submersion at p, then we have
dim(S) = dim((F,)p) + dim(M),

and by part e of the previous proposition it follows that a, is injective. By part c this
implies that

dim(g,,p)) = dim((Fu)p N (Fu)p)
< dim((Fpu)p)

and equality holds precisely if (), N (F})p = (Fu)p, or equivalently, if (F,), C (F¥)p.
Hence the statement follows, because

dim(gu(p)) = dlm(M) - rk(ﬂ-u(p))'

Some particular classes of moment maps

We end this section by defining a few classes of moment maps. Thus far, we have intro-
duced moment maps in the way that they arise in symplectic geometry. However, one
could as well study Poisson maps (S,w) — (M, ) with the aim of studying the Poisson
structure on the base space. The non-weak versions of the following classes of moment
maps arise as such in Poisson geometry, whereas the weak versions arise more naturally
from the starting point of symplectic geometry.

Definition 1.1.20. Let (M, ) be a Poisson manifold. A (weak) symplectic realization
of (M, ) is a Poisson map u : (S,w) — (M, n) which is a surjective submersion (on a
dense subset). A (weak) isotropic realization of (M, ) is a (weak) symplectic realization
(S,w) — (M, ) for which 7 is regular and

dim(S) = 2dim(M) — rk(m).
The name isotropic realization stems from the following consequence of Corollary 1.1.19.
Proposition 1.1.21. The fibers of an isotropic realization are isotropic.

A particular subclass that we will study more extensively is that of the Lagrangian fibra-
tions.

Definition 1.1.22. A Lagrangian fibration is a surjective submersion p : (S,w) — B
the fibers of which are Lagrangian submanifolds.

Proposition 1.1.23. Lagrangian fibrations are the same thing as isotropic realizations of
the zero-Poisson structure.

Proof. Let p @ (S,w) — (B,0) be an isotropic realization. Then the fibers of p have
dimension

dim(S) — dim(B) = %dim(S)

and they are isotropic due to the previous proposition. On the other hand, suppose that
i (S,w) — B is a Lagrangian fibration. Part b of Proposition 1.1.18 holds even if y is
not a Poisson map, and so we find that Im(a,) = (F,), for all p € S since the fibers of u

11



1.2. LIE GROUPOIDS

are Lagrangian. Therefore dju, o a, = 0, so that u is a Poisson map into the zero-Poisson
structure. Furthermore, we have

dim(S) — dim(B) = rk(F,) = %dim(S),

because the fibers of p are Lagrangian. Hence dim(S) = 2dim(B) and so y is an isotropic
realization of (B,0). O

1.2 Lie groupoids

In the previous section we have defined Lie algebroids and their actions, which generalize
the notion of Lie algebras and their actions. In this section we will introduce the objects
that generalize Lie groups and integrate Lie algebroids. These are called Lie groupoids.

1.2.1 Definition and examples of Lie groupoids

Definition 1.2.1. A groupoid is a small category, all arrows of which are invertible.

Although this definition is nice and compact, in practice one should think about a groupoid
as follows. A groupoid G = M consists of a set of arrows G, a set of objects M and a
collection of structure maps {s,t,m,u,i}. More elaborately, one thinks of an element
g € G as an arrow y <= x starting at the source s(g) := x of g and ending at the target
t(g) := y of g. This defines the source and target maps s,t : G — M. In contrast with
groups, not every pair of arrows can be composed. A pair of arrows (g, k) is composable
precisely if g starts where h ends. That is, if

(9:h) € Giay :=A{(9,h) € G x G| s(g) = t(h)}.

In this case, we write gh for their composition, which we require to start at s(h) and end
at t(g). We thus have a multiplication map m : G5y — G given by m(g,h) = gh. The
multiplication is required to be associative:

f(gh) = (fg)h

whenever s(f) = t(g) and s(g) = t(h). Another difference between groups and groupoids
are their unit elements: whereas a group has a single unit, a groupoid has a unit element
for every element of M. That is, for every x € M there is a (necessarily unique) arrow 1,
starting and ending at x, with the property that:

gl, =¢gand 1,h=nh

for all g € s7!(x) and h € ¢t !(z). Thus there is an injection u : M — G given by
u(z) = 1,, called the unit map. For this reason, M is also called the space of units.
Finally, every element g € G must have an 1nverse g~! € G. That is, given an arrow

Y & 2 there is a (necessarily unique) arrow x % y such that:
-1 _ -1, _
g9 =1yand g~ 'g = 1,.

This gives rise to the inversion map i : G — G given by i(g) = g~ 1.

12
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Remark 1. The structure maps satisfy the following relations: i 0i =Idg, so4 =t and
sowu = Idy;. Therefore i is a bijection, and s and ¢ are surjections and (as remarked
before) wu is injective.

A groupoid G = M comes with more intrinsic structure. The subset of arrows that start
and end at x € M is a group:

Ge = s Hz) Nt ()

called the isotropy group at z. Furthermore, the groupoid comes with an equivalence
relation on M defined by:

x ~y <= thereis a g € G such that s(g) =z and t(g) = y.

The equivalence classes are called the orbits of G. Explicitly, the orbit O, through x € M
is given by t(s71(x)). The orbit space M/G is the set of orbits.

Definition 1.2.2. A Lie groupoid is a groupoid for which both the space of arrows and
the space of objects are smooth manifolds. Moreover, the source map is required to be a
smooth submersion and the other structure maps are required to be smooth.

Note here that if the source map is a submersion, then 9(2) is a submanifold of G x G and
so it makes sense to require the multiplication map to be smooth.

Convention 1. Throughout the literature, the space of arrows of a Lie groupoid is usually
not assumed to be Hausdorff; only the source and target fibers are. For the purposes of
this text it is however not necessary to consider such Lie groupoids and we will therefore
take as convention that the space of arrows of a Lie groupoid is Hausdorff, unless explicitly
stated otherwise.

Proposition 1.2.3. Let G = M be a Lie groupoid. Then the following hold:

a) The unit map is an embedding, the inversion map is a diffeomorphism and the target
map is a submersion.

b) The isotropy groups are submanifolds of G and hence they are Lie groups.
¢) For every x € M, the orbit Oy admits a unique smooth structure such that
t:s i (z) = O,
is a right principal G.-bundle. As such, each orbit is an initial submanifold of M.

The proof of part b hinges on the fact that ¢ : s~*(z) — M has constant rank. A full proof
can be found in [MMO3].

Definition 1.2.4. We say that a Lie groupoid G = M is:

e proper if (s,t) : G — M x M is a proper map (that is, pre-images of compacts are
again compact),

e s-connected if it source-fibers are connected,

13
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e s-1-connected if its source-fibers are connected and simply-connected.
The following is not difficult to prove.
Proposition 1.2.5. Let G = M 1is a proper Lie groupoid. Then the following hold:
a) The isotropy groups of G are compact.
b) The orbits of G are closed submanifolds of M.
¢) The orbit space of G is Hausdorff, locally compact and second countable.

This goes to show that proper Lie groupoids have considerably better properties than
general Lie groupoids. Let us turn to some examples.

Example 1.2.6. A Lie group G is a Lie groupoid over a point. It is proper if and only if
G is compact, and it is s-connected precisely if G is connected.

Example 1.2.7. Another example is the fundamental groupoid II(X) = X of a topolog-
ical space X. Its arrows are path-homotopy classes (with fixed end-points) in X. Given
a path v in X, the source of [7] is the starting point of the path ~, the target is the
end point of v and the multiplication is defined by concatenation of paths. The units
are the path-homotopy classes of constant paths and inversion is the usual inversion of
path-homotopy classes. The isotropy group at z € X is the fundamental group 71 (X, z)
and orbit through x is the path-component of X through z. If X is a manifold, then IT(X)
can be given the structure of a Lie groupoid.

Example 1.2.8. Let M be a G-space, that is, M is a manifold equipped with a smooth
action of a Lie group GG. Then G x M is the space of arrows for a Lie groupoid G x M
over M, called the action groupoid. The structure maps are given by:

s(g,m) =m,
t(g,m) =g-m,
m((g,h-m),(h,m)) = (gh-m,m),
u(m) = (e,m),
i(g,m) = (9", g-m)

The isotropy group and the orbit at a point m € M are just the usual isotropy group G,
and orbit Oy, of the action. The action groupoid is proper precisely if the action of G on
M is proper and it is s-connected precisely if G is connected.

Example 1.2.9. A bundle of Lie groups is a Lie groupoid for which s = ¢. For instance,
a vector bundle £ — M is bundle of Lie groups with the source and target map the bundle
projection, multiplication given by fiberwise addition, the unit map being the zero-section
and the inversion being fiberwise scalar multiplication by —1. A torus bundle is a bundle
of Lie groups for which the isotropy groups are all compact, abelian and connected. In
general, the isotropy Lie groups of a bundle of Lie groups are the source-fibers and the
orbits are the points in M. Obviously, vector bundles are not proper. On the other hand,
torus bundles are proper since their source-map is proper, by a general result in differential
geometry that asserts that a surjective submersion with compact and connected fibers is
proper.

14
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1.2.2 The Lie algebroid of a Lie groupoid

We will now show that Lie groupoids integrate Lie algebroids. That is, there is a functor
from the category of Lie groupoids to that of Lie algebroids. For a more extensive account
of the construction discussed in this section, see [CF11].

To construct this functor one mimicks the construction for Lie groups, as follows. Let
G = M be a Lie groupoid. We define Ag — M to be the vector bundle u*(Kerds). That
is, its fiber over x € M is Ker(dsy,) or, in other words, it is the tangent space to s~!(z)
at 1;. The anchor map p : Ag — T'M is given by p(v) = dt1,(v). The Lie bracket on Ag
is induced by the Lie bracket of vector fields on T'G, by means of right-invariant vector
fields. On a Lie groupoid, right translation by an arrow y & 2 is defined only as a map
Ry : 571 (y) — s71(z). A right invariant vector field is a vector field X € X(G) that is
tangent to the s-fibers and satisfies:

(dRg)n(Xn) = Xng

for all h € s71(t(g)) and g € G. The linear subspace Xf(G) of right-invariant vector fields
on G is isomorphic to I'(Ag). Explicitly, the isomorphism I'(A4g) — X®(G) is given by
o+ aft, where oft is the right-invariant vector field defined by af = dRy(a(t(g))). We
now transport the Lie bracket of vector fields on the Lie subalgebre X%(G) of X(G) to
I'(Ag) via this isomorphism. Explicitly:

[Oé,ﬁ](.f) = [aRa 5R]X(g)(1x)
We denote the triple (Ag, p, [-,-]) defined in this way by Lie(G).

To define the rest of the functor, we should first say what morphisms of Lie groupoids and
Lie algebroids are. For Lie groupoids this is the obvious choice: given two Lie groupoids
G = M and H = N a morphism of Lie groupoids is a pair (®, ) of smooth maps
®:G — Hand ¢ : M — N which is compatible with all structure maps. The compatibil-
ity can be rephrased as saying that (®, ) defines a functor from the category (G, M) to
(H,N). If M = N and ¢ = idy; we say that ® is a morphism of groupoids over M.

The notion of morphism of Lie algebroids is considerably less obvious if M # N. Since
we will not really need this case in the rest of this thesis we will only give it in the case
M = N and ¢ = idy;. A morphism of Lie algebroids A — B over M is a vector bundle
map covering the identity, which intertwines the anchor maps and induces a morphism of
Lie algebras on the spaces of sections.

Now, given a morphism of groupoids (®,¢) : G — H we define Lie(®) to be the vector
bundle map Ag — Ay covering ¢, given by Lie(®)(z,v) = d®1,(v). This is well-defined
because sz 0 ® = p o sg.

Proposition 1.2.10. “Lie” defines a functor from the category of Lie groupoids to that
of Lie algebroids.

A proof of this can be found in [Mac05]. By comparing the constructions of Lie algebras!
from Lie groups and Lie algebroids from Lie groupoids, one obtains:

'Here we define the Lie algebra of a Lie group by means of right-invariant vector fields, instead of
left-invariant ones which are more commonly used for Lie groups. The resulting difference for the Lie
bracket is a minus sign.
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Proposition 1.2.11. The isotropy Lie algebra of Lie(G) at x € M is the Lie algebra of
the isotropy group G,.

1.2.3 Lie groupoid actions

As for Lie groups, one can define the notion of an action of a Lie groupoid G = M on a
manifold S. However, one bit of additional data is needed: a moment map p: .S — M.

Definition 1.2.12. A (left) action of a Lie groupoid ¢ = M along a smooth map
S — M consists of a smooth map

m:G %, 8—=S, (9,p)—g-p,
with the property that:
a) (g -p) =t(g) if s(g) = u(p).
b) g-(h-p) = (gh) pif s(g) =t(h) and s(h) = p(p).

¢) lyp)y-p=pforalpes.

The map p is called the moment map of the action.

For the sake of overview, we will sometimes depict a Lie groupoid action as:

s
[1:7

We realise that at this point the terminology conflicts with our earlier definition of moment
map. However, as soon as we restrict our attention to Hamiltonian actions of symplectic
groupoids (from Section 1.4 onwards), the two notions will coincide.

An action of a Lie groupoid can be encoded by a Lie groupoid over S (just as a Lie group
action can be encoded by a Lie groupoid). The space of arrows is G ;X S and the structure
maps are defined by the same formulas that we used to define the action groupoid of a
Lie group action in Example 1.2.8. This is called the action groupoid of a Lie groupoid
action and denoted G x S. We define the isotropy group at p of a groupoid action to be
the isotropy group of the action groupoid. Strictly speaking, it is a Lie group of the form
Gp x {p}, but we will always consider it to be just the closed Lie subgroup:

9 ={9€ 9wl 9-P=r} C Gup)-

The orbits of the action are by definition the orbits of the action groupoid. Explicitly,
they are:

Op={g-peS|sg)=pubp)}

An action of a Lie groupoid induces an action of its Lie algebroid A := Lie(G), as follows.
Its Lie algebroid acts along p : S — M via the vector bundle map

a:p (Ag) =TS, a,=d(mp) (1.3)

Luy

where m,, : s71(u(p)) — S is given by m,(g) = g - p.
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Proposition 1.2.13. This defines a Lie algebroid action of A along p: S — M. More-
over, the isotropy Lie algebra of this Lie algebroid action at p € S is the Lie algebra of
Gp.

Finally, we note that:

Proposition 1.2.14. Let G = M be an s-connected Lie groupoid and suppose that A =
Lie(G) acts along a map p: S — M. Then there is at most one Lie groupoid action of G
on w:S — M for which the given action of A coincides with (1.3).

The proofs of the previous two propositions are rather straightforward exercises.

Principal G-bundles

As for Lie group actions, we have a notion of proper and free Lie groupoid actions.

Definition 1.2.15. The action of a Lie groupoid G along a map p : S — M is free at
p € Sif G, is trivial. It is free if it is so at every p € S. Secondly, the action is proper if
the action groupoid G x S is proper.

Remark 2. If a Lie groupoid G = M is proper, then any action of G is proper as well.
This generalizes the fact that compact Lie groups act properly.

Definition 1.2.16. Given an equivalence relation R on a manifold M, we say that M/R
is smooth if it is Hausdorff, second-countable and it admits a (necessarily unique) smooth
structure for which the canonical projection M — M/R is a submersion.

The following generalizes a well-known result for proper and free Lie group actions.
Theorem 1.2.17. The orbit space of a free and proper Lie groupoid action is smooth.
To prove this, one can use a general result on smoothness of quotients of manifolds.

Theorem 1.2.18 (Godement, [Ser06, Thm 2, pg 92| ). Let M be a manifold and R an
equivalence relation on M. Then M/R is smooth if and only if R is a closed submanifold
of M x M and pro : R — M is a submersion.

Although the book we refer to treats analytic manifolds, the proof given there works for
smooth manifolds as well. Using this, Theorem 1.2.17 follow from the fact that the map

(m,pra) : G <, S — S xS

is a proper embedding if the action is proper and free, and its image is the orbit equiva-
lence relation R C S x S.

We end this section with the notion of a principal G-bundle.

Definition 1.2.19. A (left) principal G-bundle consists of a left action of a Lie groupoid
G = M along a map p: P — M, and a surjective submersion 7 : P — B such that the
map:

(m,pra) : Gx,P—P_ x, P

is a well-defined diffeomorphism.

17
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Equivalently, one can require that the action is free and the fibers of 7 coincide with the
orbits of the action. As for principal G-bundles, it holds that B is diffeomorphic to the
orbit space of the G-action. For the sake of overview, we will sometimes depict a principal
G-bundle as:

G )p
[,

1.2.4 Normal subgroupoids and short exact sequences

Normal subgroupoids are those subgroupoids by which one can take quotients to obtain
another Lie groupoid. As we will show, these correspond to short exact sequences of Lie
groupoids.

Let G = M be a Lie groupoid.

Definition 1.2.20. By a Lie subgroupoid of G we mean a pair (K, j) consisting of a
Lie groupoid K = N and a morphism of Lie groupoids j : K — G which is an injective
immersion. A Lie subgroupoid is called:

e wide if N = M,
e embedded if j is an embedding,
e closed if j(K) is closed in G.

Remark 3. If £ C G and we do not mention the map j, then we take j to be the inclusion
of sets.

Definition 1.2.21. A normal Lie subgroupoid (K, j) of G is a Lie subgroupoid with the
following properties:

e it is closed, embedded and wide,
e the source and target map of K coincide,

e for every g € G:
93 (Ka)g™ € j(Ky),
where = = s(g) and y = t(g).

Normal Lie subgroupoids arise as follows.

Proposition 1.2.22. Let ¢ : G — H be a surjective and submersive morphism of Lie
groupoids over M. Then

Ker(q) :={g € G| q(g) = 1 for some x € M}
is a normal Lie subgroupoid of G.

This gives a relationship between normal Lie subgroupoids and short exact sequences of
Lie groupoids.

18
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Definition 1.2.23. A short exact sequence of Lie groupoids over a manifold M,
depicted by
1-K—>G—>H =1,

is a sequence of morphisms of Lie groupoids over M, where K — G is required to be an
embedding with image equal to Ker(G — H) and G — H is required to be a surjective
submersion.

The following results, which are readily verified, complete the relationship between normal
Lie subgroupoids and short exact sequences. On one hand, we have:

Proposition 1.2.24. Let (K, j) be a normal Lie subgroupoid of G. Then it acts on G in
a free and proper way along s : G — M by h-g = gj(h~™'). Consequently, G/K admits a
unique Lie groupoid structure for which the sequence of Lie groupoids over M :

15K5L6-56/K—1
1s short exact.
Conversely, we have:

Proposition 1.2.25. Suppose that a Lie groupoid IC fits into a short exact sequence
15KLg5H 51

of Lie groupoids over M. Then (K,j) is a normal Lie subgroupoid of G, j is an isomor-
phism of Lie groupoids K — Ker(q) and q : G — H descends to an isomorphism of Lie
groupoids G/K — H.

1.2.5 Basic forms on Lie groupoids

We now give the notion of basic differential forms for Lie groupoids G = M, as in [PPT14].
A more detailed discussion than the one given here can be found in [Yud16] (although the
discussion there is about action groupoids of Lie groupoid actions, instead of general Lie
groupoids, the ideas are the same). A basic differential form on the base M should:

e generalize the classical notion in the case of the action groupoid of a Lie group action;

e coincide with the usual smooth differential forms on M /G under pull-back by the
orbit projection w : M — M /G, in case the orbit space is smooth.

Although there is a very short and algebraic definition, let us first give the more geometric
but longer one.

Definition 1.2.26. Let G = M be a Lie groupoid. We say that o € QF(M) is horizontal
if 1p(xya = 0 for each X € T'(Ag), where p is the anchor map of Lie(G).

For horizontal forms there is a notion of G-invariance. This uses the normal bundle

_ TM|o

No =5
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to an orbit O of G. The normal bundle to O admits a canonical smooth Gp-action along
p:No — O, (z,[v]) = z, where Go denotes the Lie subgroupoid s~(O) of G and the
action is given by:

g- (s(9), [v]) = (t(g), [dty(v0)]), w0 € dsy ' (v).
That this is well-defined follows from the fact that
Ty()O = dsy(Ker(dt,y)) and Ty O = dt,(Ker(dsg))
for each g € G. We denote by
mg : (No)s(g) = (No)i(g)

the multiplication by a fixed g € Go. It is this Gp-action that allows us to generalize
the notion of G-invariance for horizontal forms. Indeed, horizontality of a € QF(M) is
equivalent to asking that o vanishes if one of its input vectors is tangent to an orbit.
Therefore every horizontal o € QF(M) descends to a section @ € T'(A¥(NO)*) for each
orbit O in M, and we can define:

Definition 1.2.27. Let G = M be a Lie groupoid. We call o € Q¥(M) basic if it is
horizontal and G-invariant, where by the latter we mean that:

_ o _
Qt(g) © Mg = As(g)

for every g € Go and every orbit O. We denote the set of basic k-forms by QF (M).

bas
This notion of basic forms indeed generalizes the old notion of basic forms for Lie group

actions and by the same type of proof as for Lie group actions we have:

Proposition 1.2.28. Let G = M be a Lie groupoid and suppose that M/G is smooth
(in the sense of Definition 1.2.16). Then the pull-back by m induces an isomorphism of
cochain-complezes:

T QU M/G) — (M)

The following equivalent algebraic condition used in [Wat13] and [Yud16] will turn out to
be useful.

Proposition 1.2.29. A differential form o € QF(M) on the base of a Lie groupoid G = M
is basic if and only if s*a = t*«.

The proof is straightforward.

1.3 Symplectic groupoids

In this section we introduce the notion of symplectic groupoid. For proofs and more de-
tails, the reader can for instance see [MW88].

As we have seen, every Lie groupoid gives rise to a Lie algebroid via the Lie functor. If
Lie(G) is isomorphic to a given Lie algebroid A over the space of units M, then we say

that G integrates A.
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Remark 4 (Integrability of Lie algebroids). Lie’s third theorem asserts that every Lie
algebra is the Lie algebra of a 1-connected Lie group, which is unique up to isomorphism.
The analog for Lie algebroids is only partly true: even if we allow for Lie groupoids for
which the space of arrows is non-Hausdorff, not every Lie algebroid is integrated by a Lie
groupoid. However, if a Lie algebroid is integrable, then there is an s-1-connected Lie
groupoid integrating it and this one is unique up to isomorphism. The problem of when
a Lie algebroid is integrated by a (possibly non-Hausdorff) Lie groupoid was solved in
[CFO03].

From the viewpoint of Poisson geometry, the question arises: which s-1-connected Lie
groupoids integrate the Lie algebroids coming from a Poisson structure? These turn out
to be the ones that are symplectic groupoids.

Definition 1.3.1. A symplectic groupoid is pair (G, {2) consisting of a Lie groupoid
G = M and a symplectic form €2 on G which satisfies the multiplicativity condition:

m*Q = priQ + priQ

where m, pri,prs : Go — G denote the groupoid multiplication and the two projections.
An isomorphism of symplectic groupoids is an isomorphism of Lie groupoids which
is a symplectomorphism as well.

Theorem 1.3.2. Let (G,Q2) = M be a symplectic groupoid. Then the following hold.

a) The unit uw: M — G embeds M as a Lagrangian submanifold of G. In particular,

dim(G) = 2dim(M).

b) The inversion ¢ : G — G is anti-symplectic: *Q = —C.
¢) The tangent spaces of the source and target fibers are symplectically orthogonal:

Ker(ds,) = Ker(dt,)®, Vgeg.
d) There is a unique Poisson structure m on M such that t : (G,Q) — (M,7) is a
Poisson map. Moreover, s : (G,Q) — (M, ) is anti-Poisson.

The coming theorem says that a symplectic groupoid integrates the Lie algebroid of the
Poisson structure that it induces on its space of objects.

Theorem 1.3.3. Let (G,Q2) == M be a symplectic groupoid and 7 the induced Poisson
structure on M. Then the map

TEM — Lie(G), (x,a) = @ ((dt,)"a)
is an isomorphism of Lie algebroids over M. Consequently, for each x € M :

a) This restricts to an isomorphism between the isotropy Lie algebra of TXM at x and
the Lie algebra g, of G .

b) We have Im(ﬂi) =T,0 and so, if the orbits of G are connected, then the symplectic
leaves of (M, ) coincide with the orbits of G.
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We say that a Poisson manifold (M, ) is integrated by a symplectic groupoid (G, ) = M
if it induces the Poisson structure 7 on M. It turns out that (M,7) is integrated by
some symplectic groupoid if and only if the Lie algebroid T M is integrated by some Lie
groupoid. In this case we call (M, 7) integrable and there is a unique (up to isomor-
phism) s-1-connected symplectic groupoid that integrates both (M, ) and T}M. This is
called the Weinstein groupoid of (M, ).

In the rest of this thesis we will study moment maps into Poisson manifolds that admit a
proper integration.

Definition 1.3.4. A proper integration of a Poisson manifold (M, ) is a proper, s-
connected symplectic groupoid (G, ) == M that induces the Poisson structure = on M.

Example 1.3.5. The cotangent bundle (T*M, Qcan = dAcan), considered as a bundle of
abelian Lie groups over M, is the Weinstein groupoid of (M, 0). The canonical isomorphism
of Lie algebroids T*M — Lie(T* M) is in this case just given by:

d
(b,a) = — (b, ta).
dt |

The groupoid T*M is not proper. In the coming chapter we will answer the question of
when a Poisson manifold with the zero-Poisson structure admits a proper integration.

Example 1.3.6. Let g be a Lie algebra and G a Lie group integrating g. The cotangent
bundle (T*G, —Qcqn) is a symplectic groupoid integrating the linear Poisson manifold g*.
To see this, we observe the following. Being the cotangent bundle of a Lie group, it admits
a global bundle trivialization:

p:Gxgt—=TG, (g,a) ao(dLly1),.

This provides G x g* with a symplectic structure which we still denote by —..,. Recall
that the left-invariant Maurer-Cartan form © € Q'(G;g) of a Lie group G is defined as:

Oy(v) = (dLy1)4(v), g€ G, veT,G.
The symplectic form —.q, on G x g* can be expressed as:

_Qcan(g,a)((vvﬁ>7 (U,a B,)) = —<Oé, [99(1)), eg(v/)]g> + </8I7 99(1)» - </87 99(’0/». (14)

where (v, 8), (v, 8) € Tiga)(G x g*) = TyG x g*. If we consider G x g* as the action
groupoid of the coadjoint action of G on g*, then (G x g*, —Q¢4y) is a symplectic groupoid.
It follows from the above formula for —€).,, that the target map is a Poisson map into g*
with the linear Poisson structure defined in Example 1.1.12. This is a proper integration
precisely if the coadjoint action is proper and G is connected. In particular, it is so if G
is compact and connected.

1.4 Hamiltonian G-spaces

In this section we introduce the type of groupoid-actions that integrate the canonical Lie
algebroid action of a moment map.
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1.4.1 Definition, basic properties and examples

Definition 1.4.1. A Hamiltonian G-space ((S,w), (G,) = M, p, m) consists of:

e a symplectic manifold (S, w),
e a symplectic groupoid (G, ) = M,
e amap i:S — M,

e a G-action m along pu.

This quadruple is required to satisfy the Hamiltonian multiplicativity condition:
m*w = priQ + priw,

where m,pry + G (X, S — S and pr; : G X, S = G. We will often just say that
w: (S,w) — M is a Hamiltonian G-space and suppress €2 and m from the notation.

Let p : (S,w) — M be a Hamiltonian G-space. As for any action of a Lie groupoid G,
there is an induced action of Lie(G). Since the groupoid that is acting is symplectic, its
Lie algebroid is canonically isomorphic to that of the Poisson manifold (M, 7) that it
integrates. Therefore it induces an action of the Lie algebroid TM along the moment
map fi.

Proposition 1.4.2. Under the canonical isomorphism of Lie(G) with T:M, the Lie alge-
broid action induced by the G-action becomes the canonical Lie algebroid action

w(T*M) =TS

along L.

Proof. Let a € QY(M) and e € I'(Ag) defined by e(x) = Q%I(dtfz(ax)). We have to show
that

Li(my) ()W = 1O

Let p € S, * = p(p) and let ®L(1,) denote the time-t-flow through 1, of the right-
invariant vector field on G generated by e. Since right-invariant vector fields are tangent
to the source-fibers, their flow preserves these fibers. Therefore v(t) = (®¢(1,),p) defines
a path in G ;x,, S through (1;,p). Secondly, let w € T},S, let p(t) be a path through p
with p(0) = w and let w be the path in G ;x, S defined by w(t) = (1,(p(r)),p(t)). Then

we have:

dm(e(z).0)= G| m(3(0) = dmp). e(w),
dm{du (dpy (), w) = & _mu)=w

Using this and the Hamiltonian multiplicativity condition we derive:

(ta(my) (e w) (w) = (M*w)((e(x), 0), (dug (dpp(w)), w))

= (priQ + praw)((e(x), 0), (dug (dpp(w)), w))

= (te(z) V) (dug (dpp(w))

= (dt], aa)(dug (dpp(w)))

= (W a)p(w)

as desired. O
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In combination with propositions 1.1.17 and 1.1.18 respectively, we get the following result.

Corollary 1.4.3. Let p : (S,w) — M be a Hamiltonian G-space and 7 the Poisson
structure on M induced by the symplectic groupoid. Then u : (S,w) — (M, 7) is a Poisson
map and the following equalities hold for every p € S.

a) T,0 = Im(ay) = (]—"M);.

b) ap(9u(p)) = T,O N T,0%.
c) Im(wﬁ(p)) = du,(T,0).

4) gp = Im(dps,)".

In particular we see that, as anticipated, the moment map of a Hamiltonian G-space is a
moment map in the Poisson geometric sense as well. By combining propositions 1.4.2 and
1.2.14 we further deduce:

Corollary 1.4.4. Let p : (S,w) — (M,7n) be a moment map and (G,Q) — M an s-
connected symplectic groupoid integrating w. Then there is at most one Hamiltonian action

of (G,9) along u.

One can thus think of a Hamiltonian G-action as being an intrinsic part of the moment
map, the existence of which is a property of the moment map. We now turn to some
important examples.

Example 1.4.5. Every symplectic groupoid (G, 2) acts on itself from the left in a Hamil-
tonian fashion along its target map t: (G,Q) — M.

Hamiltonian G-spaces form an important class of examples.

Definition 1.4.6. A symplectic G-space is a symplectic manifold (S, w) equipped with
an action of a Lie group G that acts by symplectomorphisms.

Definition 1.4.7. A Hamiltonian G-space is a symplectic G-space together with a map
u: S — g*, which satisfies:

e The equivariance condition: u(g-p) = Ady(u(p)), Vg€ G,p € S;
e The weak Hamiltonian condition: due = 1g w, V€ € g.

Here pe = (i, &) € C°(S), where (-,-) : g* x g — R denotes the canonical pairing and &g
is the image of £ under the infinitesimal action g — X(5), given explicitly by

£5(0) = dlmp)e(€) = | exp(te) -p

The map p is called the moment map of the Hamiltonian G-space.

Remark 5. Let us elaborate on the definition of a Hamiltonian G-space. On a symplectic
G-space M, the vector field £y generated by any & € g is a symplectic vector field, that
is: 1¢,,w is a closed 1-form. The weak Hamiltonian axiom ensures that the vector fields
&v are in fact Hamiltonian vector fields, which is to say that i¢,,w is an exact 1-form.
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Hamiltonian G-spaces are in bijective correspondence with Hamiltonian G X g*-spaces,
for the following reason. Pairs (S, 1) consisting of a G-space S and an equivariant map
w8 — g* correspond to actions of the action groupoid G x g* along moment maps pu.
Indeed, the two actions are related by the formula

(g,u(p))-p=9g-p, g€G, peS.

Note here that, besides the associativity and the unit axiom, the groupoid action is required
to satisfy

u((g, u(p)) -p) = t(g,u(p)), g€G, peS,

which by the above relation and the definition of ¢ this is equivalent to:

w(g-p) = Adg(u(p)), g€G, pes.

This is precisely the equivariance axiom of p. Under this correspondence, the Hamilto-
nian G-spaces correspond to Hamiltonian G x g*-spaces, because it follows from equation
(1.4) that the Lie group action is weakly Hamiltonian and symplectic if and only if the
corresponding action of the symplectic groupoid (G X g*, —Q¢qy,) is Hamiltonian.

Let us give a couple of examples of Hamiltonian G-spaces.

Convention 2. Whenever we deal with a Hamiltonian T"-space, we identify the Lie
algebra of T™ with R™ by choosing a basis of the Lie algebra consisting of the tangent

vectors of the form p

— 1,125 1,....1).
dS 8:0(7 ) 76 ) ) ) )

Accordingly, we identify the dual of the Lie algebra with (R™)*, which in turn we identify

with R” via the standard inner product. In this way the moment map takes values in R™.

Example 1.4.8. The standard symplectic space (C", —wy) is a Hamiltonian T"-space for
the action

(t1yestn) - (21, ey 2n) = (121, ces tn2n)
and the moment map
po(z) = 7(|21)?, ..oy |2n)?).

We call this the standard Hamiltonian T"-space structure on C”.
Example 1.4.9. Another standard symplectic space is (T" x R™, wp) where
n
wo = Zdej VAN d.’L‘j.
j=1
This is a Hamiltonian T"-space for the action
s-(t,z) = (st,x), s,teT xzeR",

and the moment map
Ho (tv .%') =Z.

We call this the standard Hamiltonian T™-space structure on T™ x R™.

25



1.4. HAMILTONIAN G-SPACES

Example 1.4.10. Let (V,w) be a symplectic vector space of dimension 2n and G a Lie
group. By a symplectic representation of G we mean a morphism of Lie groups

r: G — Sp(V,w).

Let such a representation be given. We denote by p = dre : g — sp(V,w) the induced
infinitesimal representation and we write £ - v = p(§)(v) for £ € g and v € V. The map
w:V — g* defined by

(1(0),6) = gu(€v,v), Ecgvel,

is a moment map for the symplectic G-action on (V,w), called the moment map of the
symplectic representation.

Example 1.4.11. Let (S,w = d\) be an exact symplectic manifold together with an
action of a Lie group G that preserves A\. Then

<:u7§> = _Lﬁs)‘a € €9,

defines a moment map for this symplectic G-space. An important case of this is the follow-
ing. Let X be a G-space and 7 : T*X — X the footpoint projection. Then (T*X, —Qcun)
satisfies the requirements of the above for the G-action

g-a=ao(dmg1)gr(a)-

So it is a Hamiltonian G-space. It follows from G-equivariance of 7 that:
(noa,&) =iy, VaeQ(X).

In particular, this applies to the cotangent bundle T*G of a Lie group G. Indeed, both
the actions

h-g=hg, hxg=gh™', g,heQq,

of G on itself lift to actions on the cotangent bundle T*G. In this way, we obtain two
moment maps: the target map and (up to a minus-sign) the source map of the symplectic
groupoid (T*G, —Qcan)-

We end this section with a short discussion on another class of moment maps: the complete
symplectic realizations.

Definition 1.4.12. A Poisson map ¢ : (M,7y) — (N,nwn) is called complete if the
vector field X fop is complete whenever X is complete.

One can show that the moment map of any Hamiltonian G-space is a complete Poisson
map. This brings up the question: which complete moment maps are the moment map
of some Hamiltonian action? For complete symplectic realizations, this problem is solved:
the Weinstein groupoid of (M, 7) acts along any complete symplectic realization of (M, )
in a Hamiltonian fashion. We will only need this fact for the zero-Poisson structure. In
that case, this takes the following form.
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Example 1.4.13. Let p : (S,w) — (B,0) be a complete symplectic realization. The
Weinstein groupoid of (B,0) is (T B, Qcan). We define an action of T*B along p by:

a-p= q)(ll(a)(p), a€TyB, pecutb),
where a(a) € X(u~1(b)) is the vector field determined by the equation:

ba(a)pW = (d,up)*aa pe N_l(b)'

This vector field is indeed tangent to the fiber of u because u is a Poisson map into the
zero-Poisson structure. Using this once more, it is straightforward to verify that the above
defines a smooth action of T*B along p, provided that the time-1-flow of a(«) through p
exists. To see that it does, note that for every a € T;"B there is a compactly supported
f € C*(B) such that df, = a, and by completeness of p it holds that Xy, is complete.
Since X fo,, restricts to a(a) on =1 (b) it follows that a(a) is complete as well, as desired.

Proposition 1.4.14. This action of (T* B, Qcan) along p: (S,w) — B is Hamiltonian.
Proof. For 7 € R we define
" T"B ¢x, S —>T*B ;x, S, (a,p)— (Ta,p).

Here we denote the footpoint projection (and source-map) of 7% B by s. Observe that

1
d
m*w — priw = (') *m*w — (¢°)*m*w = / (" m*w dr.
0

% t=1
Therefore it is enough to show that
d t\*, . % *
di (QO ) mw = (prl) Qean (1.5)
t t=T1

for all 7 > 0. To this end, define the time-dependent vector field { X7}y on T"B ;xS
by:

d
dt
The flow of { X7}~y starting at time 1 is given by (7,p) = ¢7(p). We therefore find
that:

(Ta,p)

T

t
<a+a,p> , (a,p)€T*B x, S
t=0

d

G|, (Pt = () Lx ()
= d((") e (m"w)

where we have used a well-known formula in the first equality and Cartan’s magic formula
combined with closedness of w in the second. Now note that

d t
xr o y=21 (& :
dm( (a,p)) at|,_, (Ta + a> p

% i (ia) (- p)

d t
@, D /(- p)

a(a/T)(a~p)7
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from which we deduce that:

(((PT)*LXT (m*w))(a,p) = d(m o SOT)?mp)(La(a)w)(Ta-p)

= a0 d(lu’ omo @T)(a,p)

=aodsy 0 d(Prl)(a,p)

= ((prl)*Acan)(a,p)-
for all (o, p) € T*B ;xS and 7 > 0. We thus see that (1.5) holds, as was left to show. [

1.4.2 Quotients by Hamiltonian actions

The theory of quotients of symplectic manifolds by Hamiltonian G-actions revolves around
the Symplectic Reduction Theorem. From a physicist’s perspective, this a tool to reduce
the degrees of freedom of a mechanical system with symmetry. To a Poisson geometer, it
is a tool to construct new Poisson manifolds. To us, it will be a tool to construct Hamil-
tonian G-spaces.

We start by considering symplectic reduction from the Poisson geometric perspective by
the following observation, which is not very hard to prove.

Theorem 1.4.15. Suppose that p : (S,w) — M is a Hamiltonian G-space, the action of
which is free and proper. Then S/G is smooth and there is a unique Poisson structure mg
on S/G for which the quotient map (S,w) — (S/G,mg) is a Poisson map.

The Symplectic Reduction Theorem provides a new perspective on the symplectic leaves
of S/G. It is originally due to Marsden-Weinstein [MW74] and Meyer [Mey73] in the case
of Hamiltonian G-spaces and was later generalized to the realm of Hamiltonian G-spaces
by Mikami-Weinstein [MW88]. In order to state it, note that for each € M, the isotropy
group G, acts on p~'(z). Indeed, if g € G, then u(g-p) = t(g9) = x. Therefore we can
consider the so-called reduced phase space

p (@)
Go

Theorem 1.4.16 (Symplectic reduction). Let p: (S,w) — M be a Hamiltonian G-space.
Suppose that G, acts on p~'(x) in a free and proper fashion. Then the following hold:

P, =

a) The point x € M is a reqular value of u and the reduced space Py is smooth.
b) The reduced space P, admits a unique symplectic form w, satisfying
Trw, = i*w, (1.6)
where i : p~1(x) < M denotes inclusion.
We need a short lemma to prove this.
Lemma 1.4.17. The isotropy groups of a symplectic groupoid are isotropic.

Proof. Let (G, ) be a symplectic groupoid over M and x € M. The tangent space to G,
at a point g is
T4G» = Ker(dsy) N Ker(dt,).

Because Ker(ds,) and Ker(dt,) are Q-orthogonal and the {-complement of an intersection
is the sum of the 2-complements, it follows that T,G, C (ngx)Q, as desired. O
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Proof of Theorem 1.4.16. Because the action of G, on u~!(z) is free, it follows that G, is
trivial for every p € u~!(z). From Corollary 1.4.3d, it therefore follows that x is a regular
value of pu. The rest of statement a follows from the usual theory of free and proper Lie
group actions. To see that a form as in (1.6) exists, we need to verify that the form i*w is
basic with respect to the action groupoid G, x u~!(z). In other words, we need to check
that mii*w = (pra2)%i*w, where

My, (Pr2)e * G X Nil(x) - :Ufl(w)
are the multiplication and projection. This follows by pulling back the equation
m*w = priQ + priw

along the inclusion G, x p~!(z) < G .S and applying the previous lemma. The form
wy is closed because w is closed and 7 is a surjective submersion. So it remains to see
that w, is non-degenerate, or equivalently, that Ker((i*w),) is the tangent space at p to
the orbit Og, of the G -action, for every p € u~!(x). In view of parts a and b of Corollary
1.4.3 it holds that:

1,0g, = ap(9z)
= (}—u)pm (]:;f)p
= Ker(du,) N Ker(dpy)®
— Ker((i*w)y)

which ends the proof. O

If the G-action is free and proper, then the assumptions of the Symplectic Reduction
Theorem are satisfied for every © € M. Proposition 1.1.9 can be used to show that the
connected compontents of the reduced spaces (P,,w,) are the symplectic leaves of S/G,
in the following sense.

Theorem 1.4.18. Suppose that we are in the setting of Theorem 1.4.15. Let p € S and
x = u(p). Then the inclusion i : u~'(x) < S descends to a map

i: P, — S/G.

that maps the connected component of (Py,w,) through [p] symplectomorphically onto the
symplectic leaf of S/G through i([p]).

The value of the Symplectic Reduction Theorem lies not in the complexity of its proof, but
rather in its ability to construct interesting spaces in Poisson geometry. The final result of
this section provides us with a way to equip the reduced phase spaces with a Hamiltonian
action and so we can use it to construct new Hamiltonian spaces.

Proposition 1.4.19. In addition to the hypotheses of the Symplectic Reduction Theorem,
suppose that (H,Qy) = N is another symplectic groupoid acting in a Hamiltonian fashion
along a map ¢ : S — N, in such a way that:

e © is Gy-invariant and p~(x) is H-invariant,

e the actions of G, and H commute on p~*(z).
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Then the action of H descends to a Hamiltonian action on (Py,w,) along the map
Y Pp — N

determined uniquely by the fact that:
™o, = 1% .

Proof. The invariance and commutativity assumptions imply that ¢ descends to the de-
sired map ¢, and the H-action descends to an H-action along ., given by:

h-[p] = [h-p|

for h € H and p € pu~!(x) such that s(h) = ¢, ([p]). This action is Hamiltonian because
the action of H along ¢ is so, as is readily verified. O

1.4.3 The symplectic isotropy representations

We will see later that a large part of the local behaviour of the moment map of a Hamilto-
nian G-space is determined by its symplectic isotropy representations. In this final section
of the chapter we introduce these.

As we saw in Section 1.2.5, for any orbit O of a Lie groupoid G, the Lie subgroupoid Gp
acts on the normal bundle Np. In particular, for every x € M we have a representation of
the isotropy group G, on N,. This is called the isotropy representation of G at z. The
Hamiltonian variant of this is the following. Applying the above to the action groupoid of
a Hamiltonian G-space we obtain a representation of G, on N, = T,,5/T,0 for each p € S.
The linear symplectic form wy, on 7,5 does not descend to N,,. It does, however, descend
to a linear symplectic form on the symplectic slice at p:
T,0%
Sp =
17,0 NT,0%
We will denote this symplectic form by w, as well.

Proposition 1.4.20. There is a unique symplectic representation of G, on (Sp,wp) for
which the canonical injection S, — N, is Gp-equivariant.

Proof. The representation on S, is given by:

g [v] = [dmg ) (D)], where ¥ € (dpm)(g{p) (v)N dm(g}p) (T,0%).

Such a ¢ exists, for if v € T,0% = Ker(dp,) and g € Gp, then du(v) = 0, so that (0,v) is
tangent to G ;x,, S at (g,p). Since
du(dm(0,v)) = dt(dpri1(0,v)) =0

we see that dm(0,v) € T,0% and so © = (0,v) satisfies the requirements. Moreover, that
the above does not depend on any choices follows from the well-definedness of the isotropy
representation of G, on N,. Obviously, this is the unique representation on S, for which
the canonical injection S, — /\fp is Gp-equivariant. So it remains to see that the action
preserves wy. This holds because

wl’(g : [U],g : [w]) = (m*w)(gm)((oﬂj)v (O,’LU))
= wp([v], [w]),

where in the last equality we used that the G-action is Hamiltonian. O
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Definition 1.4.21. We call this symplectic representation of G, on (S, w,) the symplec-
tic isotropy representation of the Hamiltonian G-space at p.

31



1.4. HAMILTONIAN G-SPACES

32



Chapter 2

Symplectic torus bundles and
integral affine geometry

The first step in our study of Hamiltonian G-spaces is to consider the simplest class of such
spaces: the ones over the zero-Poisson structure. Before studying the actions of proper
symplectic groupoids that integrate the zero-Poisson structure we explore the groupoids
themselves. As we observed in the previous chapter, the Weinstein groupoid of (M, 0) is
just the cotangent bundle (T*M, Qcarn) = M considered as a symplectic groupoid over M.
This fails to be proper, which leads one to wonder:

Which manifolds admit a proper integration of the zero-Poisson structure?

In this chapter, which is largely based on parts of [CFT16], we answer this question.

2.1 Proper integrations of the zero-Poisson structure

First, we provide a more detailed description of proper integrations of the zero-Poisson
structure.

Proposition 2.1.1. The proper integrations of (M,0) are precisely the symplectic torus
bundles over M.

Proof. By definition, a symplectic torus bundle is a symplectic groupoid, the source and
target map of which coincide and the isotropy groups of which are tori (that is, they are
compact, connected and abelian). Since its target map coincides with its source map, it is
both Poisson and anti-Poisson. Therefore it must induce the zero-Poisson structure on its
base. It is a fact that a surjective submersion with compact and connected fibers is proper,
and so the source map of a symplectic torus bundle is proper!, which in turn implies that
a symplectic torus bundle is a proper groupoid. So a symplectic torus bundle is a proper
integration of (M, 0).

Conversely, suppose that (G, §2) = M is a proper integration of the zero-Poisson structure.
Then ¢ : (G,Q2) — (M,0) is an isotropic realization. So it is a Lagrangian fibration and
Theorem 1.3.2¢ implies that Ker(ds) = Ker(dt). Since the s-fibers are connected, they are

! Alternatively, in the coming section we will see that a torus bundle is a fiber bundle with compact
fibers, hence its source-map (the bundle projection) is proper.
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the leaves of the foliation that integrates the distribution Ker(ds). But the same holds
for the t-fibers and therefore the s- and t-fibers coincide. Since every such leaf contains a
unit, this means that s = ¢. In particular, the isotropy groups of G are the s-fibers and
hence they are connected. Because (G, 2) integrates the zero-Poison structure, its isotropy
Lie algebras are abelian. Therefore, by connectedness, so are its isotropy groups. Finally,
since G is proper, its isotropy groups are compact as well. ]

With the previous result in mind, we will henceforth restrict our attention to symplectic
torus bundles.

2.2 Integral affine structures

The central theme of this section is the relationship between tori and integral affine ge-
ometry. As a highlight, we answer the main question of this chapter, by showing that the
isomorphism classes of symplectic torus bundles over a given manifold B are in bijective
correspondence with integral affine structures on B.

2.2.1 Integral affine vector spaces and tori
Lattices

Throughout, let V be a real, finite-dimensional vector space. A lattice A in V is a discrete
additive subgroup of V. Every lattice A in V gives rise to a dual lattice:

N ={ae V' a(A) CZ}.

The rank of A is the dimension of the R-linear subspace that it spans in V. A full lattice
in V is a lattice with rank equal to the dimension of V.

Definition 2.2.1. An integral affine vector space is a pair (V, A) consisting of a vector
space V and a full lattice A in V. A morphism of integral affine vector spaces

0: (V,A) — (V' A)
is a linear map that sends A into A’.
As we will now see, integral affine vector spaces are closely related to tori. Recall that:
Definition 2.2.2. A compact, connected and abelian Lie group T is called a torus.
The following is a standard result.

Proposition 2.2.3. Let A be a lattice in V.. Then V/A is a torus if and only if A is full
as a lattice in V.

By this proposition, we see that every integral affine vector space (V,A) gives rise to a
torus V/A. Conversely, every torus T" gives rise to a lattice Ap in its Lie algebra t. Indeed,
since T is abelian its exponential map is a morphism of Lie groups and its kernel is a
subgroup of t. We will always write Ap := Ker(expy). Since expy is locally injective, its
kernel is a lattice in t. Because T is connected, its exponential map is surjective and hence
it induces an isomorphism of Lie groups:

expp : t/Ar = T.

Because T is compact, it follows from Proposition 2.2.3 that Ap is a full lattice in t.
Summing this up, we have:
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Theorem 2.2.4. There is a bijective correspondence:

affine vector spaces (V,A)

Isomorphism classes of integral Isomorphism classes
of tori T

which associates to a class [(V, )] the class [V/A] and conversely associates to a class [T
the class [(t, Ar)].

We say that B = {by,...,b,} C V is a basis of the lattice A if B is linearly independent
over R and Spany(B) = A. The cardinality of such a basis is equal to the rank of A.
The proof of Proposition 2.2.3 hinges on the fact that every lattice A in V' admits a basis.
Using such a basis one can construct:

e An isomorphism V = R"™ that identifies A with Z* x {0}, where k = rk(A).
e An isomorphism of Lie groups of V/A = TF x R*~*.

Here T* denotes the standard torus: the product of k copies of S'. Consequently, every
integral affine vector space is isomorphic to (R", Z") and every n-dimensional torus is iso-
morphic to T™. This justifies the terminology of Definition 2.2.2. Moreover, it shows that
the previous theorem is rather trivial, as both sets consist of a single element. However,
the bijection in the theorem is canonical and therefore generalizes to integral affine vector
bundles as we shall see in the next section.

Primitive sublattices

Let (V, A) be an integral affine vector space. A natural question that arises from the notion
of a basis is: when does a basis of a sublattice A in A extend to one of A? A sublattice A
for which some (or equivalently any) basis extends to one of A is called primitive. The
following characterization of primitive sublattices is well-known.

Proposition 2.2.5. Let (V,A) be an integral affine vector space, A a sublattice of A and
V = Spang(A). Then the following are equivalent:

a) The sublattice A is primitive.
b) The equality V N A = A holds.
In terms of tori, we can characterize primitive sublattices of Ar as follows.
Corollary 2.2.6. Let T be a torus. There is a bijective correspondence:
{Subtori of T} <— { Primitive sublattices of Ar}
which associates to a subtorus H the primitive sublattice A.

Proof. Given a subtorus H of T', the exponential map of H is the restriction of that of T’
to h and Ay is a full lattice in h. Therefore we have

Ag = hN Ar = SpanR(AH) N A,
so that Ay C Ap is indeed primitive. We further have
H = expr(h) = expp(Spang(Ag)),
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so that H — A is injective. For surjectivity, let a primitive sublattice A of Ap be given.
The connected subgroup B

H := expp(Spang(A))
is compact (because it is the image of a compact parallelipiped) and hence defines a
subtorus of T" with Lie algebra h = Spang(A). As before, we have Ay = h N Ap which

equals A by primitivity. This proves surjectivity, as was left to show. O

2.2.2 Integral affine vector bundles and torus bundles

In this section we generalize the notion of integral affine vector space to vector bundles.
Throughout, let E — M be a real vector bundle of rank k.

Definition 2.2.7. A smooth lattice A C F is a normal Lie subgroupoid of F with the
property that each isotropy group A, is a full lattice in E,. A pair (E,A) is called an
integral affine vector bundle.

Proposition 2.2.8. Let {A;}zenm be a collection of full lattices A, C E, and set

A= |_|Az.

xeM
The following are equivalent.
a) The subspace A is a smooth lattice in E.

b) Every x € M admits an open neighbourhood U and local frame e for E over U for
which
ANy =Zei(y) @ ... 0 ZLeg(y), VYyeU. (2.1)

¢) The subset A C E is closed and the bundle projection restricts to a topological cov-
ering map A — M.

We need the following lemma to prove this.

Lemma 2.2.9. Let (V,A) be an integral affine vector space and e = {eq, ...,en} an R-basis
of V such that e; € A for each i. Then

A C Spang{ei, ..., en}.

Proof. Pick a basis «y of the lattice A. It is enough to show that the matrix A defined by
vi = Z;L:1 Ale; has rational coefficients. Its inverse satisfies e; = Z?ZI(A_I)ng. Since
e C A, it follows that A~! has integer coefficients and so A has rational coefficients by

Cramer’s rule. ]

Proof of Proposition 2.2.8. We prove the implications from up to down. First assume a.
The argument that we give here comes from [Luk08, Lemma 1.2.8]. Let x € M and choose
a basis 71, ...,7; of the lattice A, in F,. Since A is a Lie subgroupoid, the restriction
of m to A is still a surjective submersion. So there are smooth local sections ey, ..., e of
m, defined on some connected open neighbourhood U of x, that map into A and satisfy
ei(r) = ; for each i. Since e := {ey,...,ex} is linearly independent at x, we can shrink
U such that e is frame of F over U. By the previous lemma, every element of A|y has
rational coefficients with respect to e. So because the connected components of Q are
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single points, every continuous local section of 7 : A|y — U must have locally constant
coefficient functions with respect to e. This implies that for every ¢ € Q" the set

k
Ug = {Z/ e U] Zqiei(y) € Ay}

i=1

is open in U. By continuity and the assumption that A is closed in E, each Uy is closed
in U as well. Connectedness of U and the fact that (2.1) holds at = thus imply that (2.1)
holds at all y € U. So b follows from a.

Suppose now that b holds. Every local frame as in (2.1) induces a trivialization of E|y
that identifies A|y with U x Z™. This implies that A — M is a covering map since the
projection U x Z™ — U is a covering map for every open U in M, and it implies that A
is closed in E because Z" is closed in R".

Finally, suppose that ¢ holds. Every topological covering of a smooth manifold M is a
topological manifold and admits a unique smooth structure for which the covering projec-
tion is a local diffeomorphism. This turns A into a smooth lattice in F, which shows that
c implies a. O

As in the vector space case, there is a bijective correspondence between integral affine
vector bundles and torus bundles over a given manifold. However, our true interest lies
in the analogue of this for symplectic torus bundles, which is the content of the coming
section.

2.2.3 Integral affine structures and symplectic torus bundles

Recall that R™ x GL,(Z) is the group of integral affine transformations of R™. These are
maps R” — R™ of the form:

r—=p+ Az, peR" Aec GL,(Z).
Further recall that an integral affine map R™ — R is a map of the form:
z—=p+ Az, peR" AeM(kxn,Z).

Definition 2.2.10. An integral affine atlas on a manifold B is an atlas Z = {(U, x;) }ier
for which each transition map y; o Xj_l is the restriction of an element of R" x GL,(Z).
An integral affine structure is a maximal such atlas. Given an integral affine manifold
(B,Z) we call a chart (U, x) € Z an integral affine chart. A morphism of integral
affine manifolds

¢:(B,I)— (B,T)

is a smooth map which in integral affine coordinates has the following property: on each
connected component of the coordinate domain it is the restriction of an integral affine
map R” — R¥,

An integral affine structure can viewed as a type of lattice in the cotangent bundle.
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Proposition 2.2.11. There is a bijective correspondence:

Integral affine structures Smooth Lagrangian lattices
—
T on B A C (T*Ba Qcan)

that associates to an integral affine structure T the smooth lattice A given by:
Ay=Zdx, ®..®Zdx}, beB, (2.2)
where x is any integral affine chart for (B,Z) around b.

Proof. First note that the lattice A is well-defined, because for any two integral affine
charts (U, x), (V, ) € Z it holds that:

Jac(x o o V) (z) € GL,(Z), Vz € pUNV).

By construction, A is a smooth lattice in T*B. The fact that it is a Lagrangian sub-
manifold of (T*B, Qcqn) is equivalent to saying that all local sections of A are Lagrangian
sections of (T*B,Q¢an) (that is, their image is a Lagrangian submanifold), because each
such section is a diffeomorphism onto an open in A. A local section o of T* B is Lagrangian
if and only if 0*Q¢qn = 0 and this is in turn is equivalent to o being a closed 1-form, be-
cause 0*Qeqn = do by the defining property of the Liouville 1-form. In conclusion: A is a
Lagrangian submanifold if and only if all of its local sections are closed as 1-forms. Any
local section o of A can locally be written as o = > " | kidx® for some constants k; € Z
and an integral affine chart y, so it is locally exact and hence closed. This proves that A
is indeed a smooth Lagrangian lattice in (7B, Q¢an)-

Now suppose that we are given a smooth Lagrangian lattice A in (T*B,Qcqp). Let b€ B
and choose a local frame e of T* B, defined over an open neighbourhood U of z, such that:

Ay =Zei(b) ® ... ® Zen(b), VbeU.

By our previous discussion, each e; is closed as a 1-form on U. Hence by the Poincare
Lemma we can shrink U so that there are y1, ..., x, € C°°(U) such that e; = dx; for each
i. By the inverse function theorem, we can further shrink U such that (U, x = (x1, -, Xn))
is a chart for B around b. Doing this for all b € B, we obtain an atlas A of B with the
property that (2.2) holds for every (U,x) € A and b € U. Moreover, as any open cover
of a manifold can be refined by a good open cover, we can assume that each two chart
domains in A have connected intersection. Let (U, x), (V, ) € A. By (2.2) it follows that:

Jac(x o o V) (z) € GL,(Z), Vz € pUNV).

Since GL,,(Z) is discrete and UNV is connected, this implies by continuity that there is an
A € GL,(Z) such that Jac(xop~1)(z) = A for all z € (U NV). Using the connectedness
of U NV once more, we find by integration that there is a p € R™ such that:

Xoap_l(:n) =p+ Az, VzeplUNV).

Thus the transition maps in the atlas A are restrictions of elements of R™ x GL,(Z).
Letting Z be the unique maximal such atlas that contains A, we have constructed a map
from the smooth Lagrangian lattices over B to the integral affine structures on B. The
reader can directly verify that this is inverse to the previously defined map. O
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From now on we shall denote an integral affine manifold by (B, A), where A C T*B is the
lattice that encodes the integral affine structure. Using similar arguments as in the above
proof one can derive the following.

Proposition 2.2.12. A map ¢ : (B,A) — (B',A") is a morphism of integral affine
manifolds if and only if

(dew)™ + (T) B's Alyyy) — (T3 B, As)
is a morphism of integral affine vector spaces for every b € B.
Before we turn to the main result of this section, we give a few examples.

Example 2.2.13. Any integral affine vector space (V,A) has the trivial integral affine
structure:

VXA CV XV =T"V.

Example 2.2.14. Let G be a discrete Lie group, acting on an integral affine manifold
(B,A) in a free and proper way and by integral affine maps. Then B/G is smooth and
there is a unique integral affine structure A on B/G with the property that:

(dgp)* (M) = Mo

for every b € B. Here q : B — B/G denotes the orbit projection. Using the standard
action of the lattice A7 of a torus on its Lie algebra t, we can thus endow any torus T with
an integral affine structure, which we call the standard one. By using different actions one
can obtain integral affine structures on a torus that are not isomorphic to the standard
one. See [CFT16] for such an example. Another space that can be equipped with an
integral affine structure in this way is the Klein bottle.

We will now work towards to the main result of this section. Given a smooth lattice A,
the quotient
Ta:=T*B/A

is a Lie groupoid, because A is a normal Lie subgroupoid of T*B.

Lemma 2.2.15. A smooth lattice A C (T*B,Qcan) is Lagrangian if and only if Qecan
descends to a form Qp on Tp. In this case, (Tp, Q) is a symplectic torus bundle over B.

Proof. By definition, .4, descends to T precisely if there is a 2-form 24 on Ty such that
U = Qean (2.3)

where ¢ : T*B — 7Ty is the quotient map. This is equivalent to .4, being basic with
respect to the action groupoid A x T*B, which means that:

* *
mAQcan = PTro Qcan

where mp,pro : A X, T*B — T*B denote the source and target map of the action
groupoid A x T*B. By the multiplicativity of .., this is equivalent to:

prii* Qean =0
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where pr; : A . x. T*B — A is the projection and i : A — T*B the inclusion. Since
pry is a surjective submersion and A has half the dimension of T* B, this is equivalent
to A being Lagrangian in (7% B, ¢4, ). This proves the desired equivalence. In this case,
Qp inherits multiplicativity and closedness from .., via equation (2.3) and the fact
that ¢ is a surjective submersion. Moreover, for dimensional reasons, ¢ is in fact a local
diffeomorphism and therefore (2.3) implies as well that 25 inherits non-degeneracy from
Qcan- Thus (Ta, Q) is a symplectic torus bundle. ]

We are now ready to state and prove the main result of this section.

Theorem 2.2.16. There is a bijective correspondence:

on B

Integral affine structures Isomorphism classes of symplectic
—
torus bundles over B

which associates to an integral affine structure the symplectic torus bundle (T, 2p), where
A C T*B is the lattice encoding the integral affine structure.

Proof. We will first show that the map defined above is injective. Let Ag and A; be
two smooth Lagrangian lattices in (7B, Qcqpn) and let ¢ @ (Tay, Q) — (Ta,, Q24,) be
an isomorphism of symplectic torus bundles covering the identity. By applying the Lie
functor we obtain an isomorphism of vector bundles ¢ that makes

"B —% 5 T*B

o

)
Tho — T

commute. By commutativity we find that ¢(Ag) = A1 and ¢*Qean = Qean. Now, as can be
verified in canonical coordinates, the only vector bundle automorphism of 7*B that cov-
ers the identity and preserves .4, is the identity map. Therefore ¢ = Idr«p and Ag = A;.

For surjectivity, suppose that we are given a symplectic torus bundle (7, Q) over B. We are
looking for a smooth Lagrangian lattice A in (77 B, Qcqp) such that (7, 2) is isomorphic to
(TA, Q). The map ¢ : (7,92) — B is a Lagrangian fibration with compact and connected
fibers. As will be shown in Section 3.1, this comes with a Hamiltonian action of the
symplectic groupoid (7B, Q¢an ), the orbits of which coincide with the t-fibers. Consider
the map:

p:T*"B—7T, (ba)— (ba)-1.

It follows from right-invariance of the vector fields of the form a(a), for a € Q'(B), that
this map is a morphism of groupoids. Using that p = m o (Idp«p,u o ), the fact that
the T* B-action is Hamiltonian and that u is a Lagrangian section of ¢, it follows that
p*Q = Qean. In particular p is an immersion and for dimensional reasons it must be a
local diffeomorphism. Therefore A := Ker(p) is a normal Lie subgroupoid of T*B with
discrete isotropy groups. Furthermore, for each b € B we have:

So p is surjective and by compactness of T, the lattice Ay in T;'B is full. Hence A is a
smooth lattice in T*B and p factors through an isomorphism of Lie groupoids Ty — 7.
In other words, we have a commutative diagram:
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B LT
lq/
Ta

By commutativity and the fact that p*Q = Qcun, we find that Q.., descends to Tj.
Therefore A is Lagrangian, (7, {24) is a symplectic torus bundle and p factors through is
an isomorphism of symplectic torus bundles. This proves the theorem. ]

2.2.4 Monodromy of integral affine structures

In Section 2.2.2 we have seen that a smooth lattice A in a vector bundle F over B can
be interpreted as a covering space. As for any covering space, we have a notion of mon-
odromy. We will show that the triviality of the torus bundle E/A is equivalent to the
triviality of the monodromy representations of A.

The monodromy representation of A is a morphism of groupoids
p:II(B) — Aut(A),

defined as follows. First of all, Aut(A) is a groupoid with arrows y &£ 7 the group iso-
morphisms ¢ : A, — Ay, with multiplication and inversion the composition and inversion
of maps and units the identity maps. Now, given a class [y] € II(B) starting at by and
ending at by, we define p([7])(g) = A4(1), where 44 : [0,1] — A is the unique lift of v with
starting point 44(0) = g € Ap,. Note that p([y]) : Ap, — Ap, is a bijection, with inverse
p([y]™1). In fact, it is an isomorphism of groups. Indeed, given g, h € Ay,, the path 4, +9p
defines a lifts of «, with starting point g + h and so

P9+ 1) = 39(1) + (1) = p(VD)(9) + p(WD (R).
This defines p. For each b € B we call
o T1(B,b) — Aut(Ap)
the monodromy reprentation of A at b.

Proposition 2.2.17. Let (E,A) be an integral affine vector bundle over B. Then the
following are equivalent.

a) There is a vector bundle isomorphism E = B x R" that identifies A with B x Z™.
b) The torus bundle E/A is isomorphic to B x T™.
¢) The monodromy representation of A at b is trivial for each b € B.

Proof. We prove the implication from c to a and leave the rest to the reader. The argument
for this is standard. We can assume that B is path-connected, since the argument below
works component-wise. It is enough to construct a global frame e of E for which

Ay =Zey(b) ® ... ® Zen(b), Vb e B. (2.4)

Fix a by € B and a basis A, ..., A, of the lattice Ay, in Ej,. We define e; : B — A as
follows: given a b € B we choose a continuous path v : [0,1] — B from by to b and let

ej(0) = p(W)(Aj) € M.
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Since the monodromy representation at by is trivial, e;(b) does not depend on the choice of
7. As p([7]) is a group isomorphism Ay, — Ay, it follows that (2.4) holds for all b € B. It
remains to show that each e; is smooth. For every b; € B there is an open neighbourhood
U and a smooth homotopy F : U x [0,1] — U such that F(-,0) = b; and F(-,1) = Idy.
Since A is a covering space over B, there is a unique smooth lift F:Ux [0,1] — A that
satisfies F'(b,0) = ej(by) for all b € U. Now observe that

ej(b) = F(b,1)
for all b € U. So e; is smooth at by, as desired. ]

Of course, we can apply this to integral affine manifolds as well, by declaring the mon-
odromy of an integral affine manifold (B, A) to be that of the lattice A in T*B.
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Chapter 3

Hamiltonian 7)\-spaces

Having studied the geometry of symplectic torus bundles in the previous chapter, we now
continue with the study of their Hamiltonian actions. From this point onward we will shift
our perspective slightly: instead of viewing symplectic torus bundles as Poisson geometric
objects, we will consider them as part of an integral affine manifold. After discussing some
classical classes of Hamiltonian 7-space, we prove a local normal form for the moment
map of a Hamiltonian Tx-space, by using the integral affine structure to reduce to a normal
form for Hamiltonian T-spaces. We will use this normal form to study the local convexity
properties of the moment map.

3.1 Some classical classes of Hamiltonian 7T,-spaces

Hamiltonian T-spaces

As follows from the general correspondence between Hamiltonian G-spaces and Hamilto-
nian G X g*-spaces, the Hamiltonian T-spaces correspond to Hamiltonian 7" x t*-spaces.
Here we view T' x t* as the trivial symplectic torus bundle over t* that corresponds to the
integral affine structure A% on t* (or to be more precise, the trivial smooth Lagrangian
lattice bundle A7 x t* in the cotangent bundle t x t* of t*). So, a Hamiltonian T-space is
an example of a Hamiltonian Tx-space over the integral affine vector space (t*, A%.).

Conversely, are all Hamiltonian Tj-spaces over a vector space are of this form? To an-
swer this, let V' be a real, finite-dimensional vector space and suppose that we are given
an integral affine structure A on V. Since V is contractible, A has trivial monodromy.
Therefore A is isomorphic to a trivial smooth Lagrangian lattice Ay« x V' in the cotangent
bundle V* x V of V', where Ay~ is a full lattice in the vector space V*, and the symplectic
torus bundle (73, £24) is canonically isomorphic to the symplectic groupoid (T x t*, —Qecan ),
where T' = V*/Ay+ and t* = V, which provides a positive answer to our question. Note
here that a minus sign appears before the canonical symplectic form, because the fiber of
the bundle 7 corresponds to the base of the cotangent bundle T' x t* and vice versa.

Quasi-Hamiltonian T-spaces

Quasi Hamiltonian T-spaces are very similar to Hamiltonian T-spaces, the only difference
being that their moment map takes values in the torus 7™ := t* /A%, instead of t* itself. In
order to define them, let © € Q(T*;t*) denote the Maurer-Cartan form on 7*. This is
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given by:
Oy(a) = (ALy1)y(a), o € T,(T").

The choice of a basis of A7 induces isomorphisms 7" = T" and T* = T", under which the
Maurer-Cartan form becomes the 1-form (d?, ..., do") € QY(T™; R"™).

Definition 3.1.1. A quasi-Hamiltonian T-space is a triple (S,w, ) consisting of a
symplectic T-space (S,w), together with a map p : S — T™ that satisfies:

e The invariance condition: u(g-p) = u(p), VgeT, peS.
e The weak Hamiltonian condition: p*((©,§)) = teqw, VE €t

Proposition 3.1.2. Fvery Hamiltonian T-space gives rise to a quasi-Hamiltonian T'-
space, by composing the moment map p: S — t* with the exponential map t* — T*.

An important difference between the two is the following: a Hamiltonian T-action on a
compact symplectic manifold cannot be free, for otherwise the moment map would be a
submersion from the compact S into the connected space t*, hence it would have to map
S onto t* and t* would have to be compact, which is absurd. On the other hand, there
are examples of free quasi-Hamiltonian T-actions on compact manifolds and their orbit
spaces give interesting examples of compact Poisson manifolds.

The action groupoid 7" x T™ of the trivial action of T" on T inherits a symplectic structure
from T x t* and in this way becomes a symplectic groupoid integrating (7,0). In a
way completely analogous to the story for Hamiltonian T-spaces, the quasi-Hamiltonian
T-spaces correspond to Hamiltonian 7" x T™*-spaces over the torus 1™, where we view
T x T* simultaneously as the action groupoid, and as the trivial symplectic torus bundle
corresponding to the trivial smooth Lagrangian lattice bundle Ap x T* in the cotangent
bundle t x T of T*. So, quasi-Hamiltonian T-spaces provide examples of Hamiltonian 7Tx-
spaces over the torus T* endowed with its standard integral affine structure A. Conversely,
all Hamiltonian 7Tj-spaces over a torus with its standard integral affine structure A are of
this form, by an argument similar to that in the previous example. It may be interesting
to see what kind of Tj-spaces there are for non-standard integral affine structures on the
torus. We will however not address this question.

Lagrangian fibrations with compact and connected fibers

We have already seen that Lagrangian fibrations p : (S,w) — B are the same thing as
isotropic realizations of the zero-Poisson structure on B and that the complete ones come
with a unique Hamiltonian 7™ B-action. We will now show that a Lagrangian fibration
with compact and connected fibers induces an integral affine structure A on B and that
it comes with a free Hamiltonian 7Tj-action. In fact, we will show that such Lagrangian
fibrations correspond to principal Hamiltonian Tx-bundles for which the principal bundle
projection is the moment map.

To this end, let p : (S,w) — B be a Lagrangian fibration with compact and connected

fibers. Then u is complete, by compactness of its fibers. In view of Example 1.4.13, there
is a unique Hamiltonian 7™ B-action along u, given by:

a’p:(l)(lz(a)(p)7 OZGT;B, pe:ufil(b)v (31)
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where a(a) is the vector field on p~1(b) determined by the equation:

ba(a)pW = (dup)*aa pe /’L_l(b)'

Since p is a submersion, the infinitesimal action a : p*(T*B) — T'S is injective. Because
the bundle of isotropy Lie algebras of the action is the kernel of a, this means that the
isotropy Lie groups of the action are all discrete. Therefore, the isotropy A, of the action
at p € S is a lattice in T ;(p)B . Moreover, this implies that:

Proposition 3.1.3. The orbits of the T* B-action coincide with the fibers of p.
Proof. Let b€ B and p € p~1(b). Then the map

p:TyB — O, Cu H(b), ara-p

factors through a diffeomorphism 7 B/A, — O,. Therefore O, is an immersed subman-
ifold of codimension 0 in x~!(b) and hence an open subset. This holds for each orbit in
p~L(b). Since the source and target map of T*B coincide, the fiber ;~1(b) is partitioned
by such orbits and hence it must coincide with a single orbit, because it is connected. [J

For any two points p,q € S in a single orbit O of the action, there is an o € T;"B such
that a - p = ¢. The isotropy groups A, and A, are related by conjugation by o and must
therefore be equal as subgroup of Ty B, for T;B is abelian. The previous proposition
therefore shows that A, is independent of p € p~*(b) and hence we can define:

Ap = Ap = {a € TyB| 4, (p) = p}

where p is any element of ! (b). This defines a wide subgroupoid A of 7% B, the isotropy
groups of which are discrete. Now, because T} B/Ay is diffeomorphic to O, = u~1(b),
compactness of u~!(b) is equivalent to the lattice Ay being full in T;B. Therefore, one
would hope that under this compactness assumption, A becomes a smooth Lagrangian
lattice in T*B. By Proposition 2.2.11 this would mean that a Lagrangian fibration with
compact and connected fibers induces an integral affine structure on its base B. The
following confirms this.

Proposition 3.1.4. A Lagrangian fibration p : (S,w) — B with compact and connected
fibers gives rise to an integral affine structure A on B. Moreover, the symplectic torus
bundle (Ta,Qn) acts along p in a free and Hamiltonian fashion, and the orbits of this
action coincide with the fibers of .

Proof. By the previous discussion, it is enough for the first statement to show that every
b € B admits an open neighbourhood U such that Ay is a closed Lagrangian submanifold
of T*B|y. To this end, let b € B and choose a local section o : U — S of the surjective
submersion p defined on an open neighbourhood of b. Then ¢(U) is a closed submanifold
of u=Y(U). Moreover, the map

0:T*Bly = p~'(U), > ap-o(b)

is a local diffeomorphism with the property that ¢ ~1(o(U)) = A|y. Therefore Ay is a
closed submanifold of T*B|y. For dimensional reasons it remains to verify that A|y is
isotropic. Let i : Ay — T B be the inclusion. Since the action of 7% B is Hamiltonian, it
follows that

‘p*w = Qean + 7T*O'*w,
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where 7 : T*B — B denotes the bundle projection. Pulling this back by ¢ and using that
poi=gomoi, we derive that i*Q.,, = 0, as was left to be shown.

For the second statement, note that by construction of A, the T* B-action along p descends
to a free action of T along . This action is Hamiltonian and its orbits coincide with the
fibers of u, because the same holds for the 7™ B-action. O

In other words, a Lagrangian fibration with compact and connected fibers gives rise to a
principal Hamiltonian 7j-bundle:

(Ta, ) _ ) (S.w)
B B

Proposition 3.1.5. Conversely, any principal Hamiltonian Ty -bundle with moment map
w: (S,w) — B equal to the principal bundle projection is of this form.

Proof. Since p is a principal bundle projection, it is a surjective submersion and the Tj-
orbits equal the fibers of p. In particular, this implies that dim(S) = 2dim(B). Being the
moment map of a Hamiltonian Tx-action, u : (S,w) — (B,0) is a Poisson map. Thus p
is a Lagrangian fibration with compact and connected fibers. It remains to show that the
integral affine structure induced by u coincides with A. Via the quotient map T*B — Ty,
the action of 7p induces a Hamiltonian action of T*B along p with isotropy group at p
given by A, (. By uniqueness this action must be given by (3.1) and hence the lattice A
coincides with the one induced by p, as desired. O

3.2 A normal form for Hamiltonian 7,-spaces

The main tool in the rest of this chapter and Section 5.1 is a normal form for the moment
map of a Hamiltonian Tp-space. The normal form is a rather straightforward consequence
of the following normal form for Hamiltonian T-spaces. This is a particular case of the
Marle-Guillemin-Sternberg normal form for proper Hamiltonian G-spaces, which is ex-
plained and proved in detail in [OR04].

Theorem 3.2.1. Let (S,w, pu) be a Hamiltonian T-space, x € S and O the orbit through
x. Let p:t — tg be a linear projection. Then there exists an embedding of Hamiltonian
T-spaces

¥ (T %, (g © o), Qp, My + (@) D= (8,0, 1)

from a T-invariant open neighbourhood of O onto a T -invariant open neighbourhood of O
in S, that restricts to the identity on O. Here M, is given by:

MP([t7 «, U]) =a+ p*(usz (U))

Remark 6. Let us elaborate briefly on the normal form above. A more detailed expla-
nation and proof of Theorem 3.2.1 is given in the appendix. Given a proper G-space S
and an orbit O through a point x € S, the G-space S can be modeled in an invariant
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neighbourhood of O by the normal bundle to @. The normal bundle can be realized as
the G-vector bundle:

G xg, Ny

over O, associated to the principal G -bundle G — O and the isotropy representation
N; at . When using this model we view O as the zero-section of this vector bundle
and x as the point [e,0]. In our case, the Lie group G is the torus T and the isotropy
representation A, decomposes into the subrepresentations t (on which T, acts trivially)
and the symplectic isotropy representation S,. Recall here from Definition 1.4.21 that

T,0%

Sz = T,0NT,0

Since we are considering the action of a Lie group, multiplication m; : S — S by ¢t € T is
defined on all of S and one easily verifies that the action of T}, on S, is given by:

t-[v] = [d(me)z(v)], teTy [v]eSs.

An auxiliary linear projection p : t — t, can be used to define a symplectic structure €2,
and moment map M, on the model. Equipped with this extra structure, it then models
a neighbourhood of O in S as a Hamiltonian T-space.

The local normal form for the moment map of a Hamiltonian 7Tj-space is essentially the
same. Using the next lemma, which states that Hamiltonian Tj-spaces are locally isomor-
phic to Hamiltonian T-spaces, we can reduce the proof of the local normal form to the
previous theorem.

For this lemma we need to introduce a new notion, inherent to an affine structure on a
manifold. The definition of an affine structure on a manifold is analogous to that of an
integral affine manifold: one just replaces the group GL,(Z) by GL,(R). So, any integral
affine manifold is in particular an affine manifold. Now, the notion that we need is the
following. Let (B, .A) be an affine manifold. For each b € B there is an open neighbourhood
U of b and an affine embedding’

log, : U — T\,B

with the property that log,(b) = 0 and d(logy), = Id7, g. For a given open neighbourhood
U of b, there is at most one such map. To see the existence of an open U and such
an affine embedding, choose any affine chart (U, y) around b that sends b to 0 and let
log, = dxb_l o x. If the affine structure is in fact an integral affine structure, then

logy : (U, Aly) — (TpB, Ay)
is in fact an integral affine embedding, so that
d(logy)z(Ap) = Ay

forallz € U.

"Morphisms and embeddings of affine manifolds are defined completely analogously to those for integral
affine manifolds.
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Remark 7. Alternatively (and perhaps more naturally) one can show the existence of
log; as follows. One can associate to an affine structure A a canonical flat, torsion free
connection A 4 on B, uniquely determined by the condition that it is the standard flat con-
nection with respect to any affine chart. For every b € B, the exponential map associated
to A4 induces a map exp;, : TpB — B which sends 0 to b and satisfies d(expy), = Id7, 5.
This is a local diffeomorphism at 0 and hence, locally at b, has an inverse log, : U — T, B
defined on some open neighbourhood U of b. This is explains our notation as well.

Returning to the normal form for the moment map, we can now formulate the aforemen-
tioned lemma.

Lemma 3.2.2. Let (B,A) be an integral affine manifold, b€ B, T =T;B/Ay and U an
open neighbourhood of b on which logy, is defined. We canonically identify T, B with t*.
Then log;, induces an isomorphism of symplectic groupoids:

(T X logb(U>7 _Qcan) — (77\‘U; Qcan)
(a mod Ay, logy(z)) — d(logy)s(a) mod A,

where the groupoid T x log, (U) =2 log,(U) is the action groupoid for the (trivial) co-adjoint
action of T on log,(U) C t*. Consequently, given a symplectic manifold (S,w), an action
of TAlu on a map p : S — U is Hamiltonian if and only if the induced action of T on
(S,w) is Hamiltonian with moment map

pp = logyop = S — t*.

Proof. The first statement is straightforward to verify by means of formula (1.4). The
second statement follows from the first and the correspondence between Hamiltonian G-
spaces and Hamiltonian G x g*-spaces. 0

Remark 8. In principle the previous lemma holds for any integral affine embedding
(U,Aly) = (T, B, A}) instead of log,. However, the property that its differential at b is
Id7, g ensures that, for every p € p~1(b), the isotropy representation of the induced action
of T'x log,(U) at p coincides with the isotropy representation of the 7j-action at p.

In combination with the normal form for Hamiltonian T-spaces this immediately gives rise
to the following normal form for the moment map of a Hamiltonian Tp-space. Let:

e 1 :(S,w) — B be a Hamiltonian Tj-space,

e xS, b=yp(x)and T =T;B/A,

e U be an open neighbourhood of b on which log, is defined,
e p:t— t, be a linear projection.

We canonically identify T, B with t* and consider the induced Hamiltonian 7T-action on
(u~1(U),w) as in the previous lemma.

Theorem 3.2.3 (Normal form). There exists a T-equivariant symplectic embedding
¢ (pHU),w) o= (T x1, (L@ Sy), Q)

from a T-invariant open neighbourhood of O in p=1(U) onto a T-invariant open neigh-
bourhood of O that restricts to the identity on O and makes the diagram
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pH(U) —= T xz, (£ © ;)

2 tl*/wp

log;,
U

commute wherever ¢ is defined.

3.3 Local convexity properties of the moment map

In this section we derive local convexity properties for the moment map of a Hamiltonian
Ta-spaces from its local normal form. The local normal form shows that the local behaviour
of the moment map is governed by the symplectic isotropy representations of the 7x-
action. This leads us to study symplectic torus representations in the coming section. It
will become clear from this that the moment map is what we call locally polyhedral. We
will define what this means and we will give sufficient conditions for the image of a locally
polyhedral map to be locally polyhedral. This allows us to derive global convexity for the
image of a certain class of Hamiltonian T-spaces and in particular we derive the classical
Atiyah-Guillemin-Sternberg convexity theorem.

3.3.1 Symplectic torus representations
Real and complex representations

Before going into symplectic representations, we remind the reader on the weight-classification
of real and complex torus-representations. Throughout, by a representation (V,r) of a Lie
group G we mean pair consisting of a finite-dimensional vector space V over R or C, and

a morphism of Lie groups r : G — GL(V). We will often suppress r from the notation an
just write V for the representation.

A representation V is called:
e Irreducible if V # {0} and the only invariant subspaces of V are {0} and V.

e Completely decomposable if every invariant linear subspace W C V admits an
invariant linear complement in V.

A straightforward induction argument shows that every completely decomposable repre-
sentation can be written as a direct sum of irreducible subrepresentations. If a representa-
tion admits a G-invariant inner product (real if V' is real and Hermitian if V' is complex),
then it is completely decomposable. Indeed, the orthogonal complement to an invariant
linear subspace with respect to an invariant inner product is an invariant linear comple-
ment. By averaging over the group one shows that every representation of a compact Lie
group admits a G-invariant inner product. Therefore:

Proposition 3.3.1. Every representation of a compact Lie group is completely decompos-
able.

To understand representations of tori it is therefore enough to understand their irreducible
representations and the ways in which they can decompose into irreducibles. Let us
begin with the latter. Decompositions into irreducible subrepresentations need not be
unique. However, by grouping the irreducible subrepresentations that are isomorphic
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one does obtain a canonical decomposition, called the decomposition into isotypical
components.

Definition 3.3.2. Let W be an irreducible representation of a Lie group G. Let V be a
completely decomposable representation of G and let

V=Vie..oV,

be a decomposition into irreducible subrepresentations. We define the W-isotypical sum-

mand of V to be:
P v

1:V; =W

The following proposition implies that the isotypical summands do not depend on the
choice of decomposition into irreducibles.

Proposition 3.3.3. Let W be an irreducible representation of G and let V, V be 1S0MOoT-
phic representations of G. Suppose that V. =V & ... 8V, and V V1 b..d Vm are
decompositions into irreducible subrepresentations and p:V = V is an zsomorph@sm of
representations. Then

ol P Vvi|= P V.

V=W Ve Ww
This result follows from Schur’s Lemma:

Lemma 3.3.4 (Schur). Let V, V be two irreducible representations of a Lie group G and
0V =V an equivariant linear map. Then ¢ =0 or ¢ is an isomorphism. Moreover, if
V is a complex representation, V. =V and ¢ # 0, then o € C- Idy .

As a consequence of Proposition 3.3.3 we have:

Corollary 3.3.5. Fvery completely decomposable representation V admits a canonical
decomposition into its isotypical summands:

v= p W

welrr(G,V)
where the sum runs over the isomorphism classes of irreducible subrepresentations of V.

With this result in mind, we will now focus on irreducible representations. The following
is another consequence of Schur’s Lemma:

Proposition 3.3.6. Every irreducible complex representation of an abelian Lie group is
one-dimensional.

By viewing a real representation as a real subrepresentation of its complexification, one
can deduce from the previous proposition that:

Proposition 3.3.7. The irreducible real representations of a torus are either 1-dimensional
or 2-dimensional.
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Whereas isomorphism classes of finite-dimensional vector spaces are classified by their
dimension, finite-dimensional representations are not classified by just their dimension.
What we need in addition are their weights. Let T" be a torus. By a weight of T" we mean
an element of A%, (the dual of the lattice A7 = Ker(expr) in t). To each non-zero o € A%
we can associate a representation:

a:T — GL(C), dfexp(€))(z) = €282, (3.2)

which we denote by C,. We can view this both as a complex or a real representation
and, as we assumed « to be non-zero, C, is irreducible in both cases. Using the same
definition for o« = 0, C,, would be irreducible as complex representation, but not as real
representation. In light of this, we define Ry to be the trivial representation on R, and
denote V, = C, if a # 0 and Vj = Ry when considering real representations.

We can go the other way as well. For K € {R, C}, let Repg(7T) denote the set of isomor-
phism classes of K-representations of a torus 7.

Proposition 3.3.8. Let T be a torus. Then:
a) For every irreducible [V] € Repc(T) there is a unique weight o such that [V] = [C,].

b) For every irreducible [V] € Repg(T') there is a weight o such that [V] = [V4]. Such
a weight is unique up to sign.

The uniqueness parts are the content of the following lemma, which can by verified by a
direct approach.

Lemma 3.3.9. Let o, B € A}
a) In the case of complex representations, Co = Cg if and only if a = f5.
b) In the case of real representations, V, = Vg if and only if « = £45.

We now prove the remainder of the proposition.

Proof of Proposition 3.3.8. We prove part a, the proof of b is similar. Let (r,V) be an
irreducible complex representation of 7. Then V is 1-dimensional. By averaging over T’
we can choose an invariant hermitian metric h on V. Then r : T'— U(V, h) and so

p=dre:t—u(V h).
Notice that End(V) = C- Iy, as V is 1-dimensional. So because
w(V,h) = {A € End(V)| h(Au,v) + h(u, Av) =0 Yu,v € V},
it follows that u(V, h) = (iR)Iy. Define a to be the composition of p with the isomorphism

. 1
w(V,h) = R, izly — o &

By construction
p(&)v =2mia(§)v, YEetveV.

Using the power series for the exponential, this integrates to:
r(exp(€))(v) = 2Oy, Ve etve V.

Therefore a € A% and any complex linear isomorphism V' = C is an isomorphism of
representations V 22 C,. By the previous lemma, the weight « is uniquely determined by
the fact that V = C,. ]
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By means of the isotypical decomposition, one can extend this story to general torus
representations and classify representations of tori in terms of their weight-tuples. This is
the content of the following theorem.

Theorem 3.3.10. Let T be a torus. The following classification results hold.

a) There is a bijection?
Repc(T) — {unordered tuples of weights of T'}

which associates to every class [V] the unique unordered tuple (o, ..., ) of weights
such that
[V]=[Csp @ ... C,, ]

b) There is a bijection
Repg(T) — {unordered tuples of weights-modulo-sign of T'}

which associates to every class [V] the unique unordered tuple ([aq], ..., [an]) of
weights-modulo-sign such that

V] =[Vay ® ... ® V4]

Symplectic representations

Our true interest is the classification of symplectic torus-representations. Symplectic rep-
resentations are in particular real representations. However, in analogy with the case of
complex representations, the symplectic structure allows for a classification in terms of
weights, and not just weights up to sign. This is the content of this paragraph. The proofs
here are based on the appendix of [LT97].

The notions of irreducibility and complete decomposability are analogous to those for real
or complex representations.

Proposition 3.3.11. FEvery symplectic representation is completely decomposable.

Proof. By G-invariance of w, the w-complement to an invariant, symplectic linear subspace
of V is an invariant symplectic linear complemen to it in V. O

It follows that every symplectic representation decomposes into a direct sum of irreducible
symplectic subrepresentations, even if G is not compact. Contrary to the case of real or
complex representations, it is not clear anymore whether there is a well-defined notion of
isotopical summands. Symplectic representations do however come with an extra piece of
structure: their moment map. Due to the following result, many invariant of the moment
map are in fact invariants of the isomorphism class of the symplectic representation.

Lemma 3.3.12. Let (V,wy) and (W,ww ) be symplectic representations. If ¢ : V. — W
18 an isomorphism of symplectic representations, then it intertwines the standard moment
maps:

Hw o @ = py.

2We allow for repetitions in an unordered tuple.
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Proof. Both puw oy and py are moment maps for the symplectic G-space (V,wy ), because
 is an equivariant symplectomorphism. Since ¢ is linear, we have

pw ((0)) = pw (0) = 0 = py (0).
So pw o ¢ = puy by Lemma A.8. O

As will become apparent later, the invariants of the moment map will allow for a weight-
classification. As for real and complex representations, the weights of a torus 1" provide the
building blocks for isomorphism classes of symplectic T-representations. For each a € A%,
we define C,, by (3.2), which we view as a symplectic representation on (C, —wg). Each
Cq is an irreducible symplectic representation, for dimensional reasons.

Lemma 3.3.13. Let o, 8 € A%
a) The standard moment map piq, : Co — t* is given by pa(2) = 7|z|a.
b) As symplectic representations it holds that: C, = Cg if and only if o = 5.

Proof. Let hg denote the standard Hermitian inner product on C. We compute:

(a(2),6) = —%wt)(f %)
_ _%wo(zm'a(g)z, z)
= SIm(ho(2min(€)2, 2)
= 7|2]*a(8),

for all £ € t and z € C. Hence a holds.

For b, the implication from right to left is immediate. Let us prove the other implication.
Suppose there is a linear symplectomorphism ¢ : C, — Cg. Then it holds that pgoy = piq
by the previous lemma and so

R>o - o = Im(pa) = Im(pg) = Rxo - 3

by part a of this lemma. But a = +3 by Lemma 3.3.9, so it must be that o = 3, as was
to be shown. 0

Had we used the symplectic form wg on C, then we would have obtained a minus-sign in
the expression for p,. This explains our choice of —wy. As for complex representations,
we have the following result. Let us denote by SpRep(7') the set of isomorphism classes
of symplectic representations on a torus 7'

Proposition 3.3.14. Let T be a torus. For every irreducible [V]| € SpRep(T) there is a
unique weight o such that [V] = [C,].

Proof. Let r : G — Sp(V,w) be an irreducible symplectic representation of 7. By com-
pactness of T" and T-invariance of w, we can choose a T-equivariant, w-compatible complex
structure J on V. The equivariance means that r is a complex representation on (V,J).
By w-compatibility, every complex linear subspace of (V, J) is a symplectic linear subspace
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of (V,w). So it follows from this that r is irreducible as complex representation on (V,J),
hence Proposition 3.3.6 implies that V' has real dimension 2. Now, observe that

Bese) = (s ) + el

defines an invariant Hermitian metric on C and a choice of orthonormal basis with respect
to h induces a complex linear symplectomorphism (V,w) — (C, —wyq). Since h is invariant,
7 is a unitary representation on (V, J, h) and we can define « as in the proof of Proposition
3.3.8. A complex linear symplectomorphism as above will then be an isomorphism of
symplectic representations V' — C,. ]

We are now ready to prove the weight-classification for symplectic representations.

Theorem 3.3.15. Let T be a torus. There is a bijection
SpRep(T') — {unordered tuples of weights of T'},

which associates to every class [V] the unique unordered tuple (au, ..., ) of weights such
that

V] =[Vay ® ... & Vqu,].
We need one lemma.

Lemma 3.3.16. Let T be a torus, (V,w) a symplectic representation of T and
¢: (V,w) = (Cuyy —wp) @ ... ®(Cq,,, —wp)

an isomorphism of symplectic representations. Then ¢ intertwines the standard moment
map of the symplectic representation (V,w) with the moment map:

n
p:C" =t u(z) = WZ |12 |%a;.
j=1

Proof. By Lemma 3.3.13a and Proposition A.2¢ the map p : C* — t* is indeed a moment
map for the given T-action. In view of Proposition A.2b, the map p o ¢ is a moment
map for the T-action on V. So both po ¢ and py are moment maps on the connected
Hamiltonian T-space V', and

1(¢(0)) = 0 = py(0).

Hence py = po ¢ as claimed. O

Proof. In view of Proposition 3.3.14 and the fact that every symplectic representation
splits as a direct sum of irreducible symplectic subrepresentations, the only part of the
theorem that still needs proof is the fact that the above map is well-defined. So let V a
symplectic representations of T, let V =V; @ ... & V,, be a decomposition into irreducible
symplectic subrepresentations and let «; be the unique weights satisfying V; = C,,. We
need to show that the unordered tuple

(a1, ey i)

depends only on the isomorphism class of V' and not on the choice of representative or of
the decomposition. To this end, given a € A%}, we denote by W,, the isotypical summand
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of the real representation underlying V' for the irreducible real representation V,. First
note that

#(j] aj = 0} = Sdima (W)

which is an invariant of the isomorphism class [V'] by Proposition 3.3.3. Secondly, suppose
that o € A% is non-zero. Then there is a £ € t such that a(§) > 0. Note that

Wo = @ V}a

Jiaj=*ta

so by the previous lemma the map (uy,§) : V' — R restricts to a non-degenerate quadratic
form of positive index

2#{jloy = o} =dimg [ P V;
Jio=a
on the real vector space W,. The positive index is an invariant of the quadratic form
(v, &)|w,, (asis the positive index of any quadratic form) and by combining Proposition
3.3.3 with Lemma 3.3.12 we see that it is in fact an invariant of the isomorphism class

[V]. All in all, we conclude that the unordered tuple (a1, ..., ay) is an invariant of [V], as
desired. ]

We will refer to the image of a symplectic T-representation under the above bijection as
the weight-tuple of the symplectic representation. The symplectic representations that
we will come across may not be those of tori, but the connected component G® containing
the identity element of the Lie group G will always be a torus. By the weight-tuple of a
symplectic representation of such a Lie group G we will always mean the weight-tuple of
the induced symplectic G'-representation. Although in this case the weight-tuple need not
completely determine the G-representation, it still determines its associated Lie algebra
representation and hence its moment map. We therefore have:

Corollary 3.3.17. Let G be a Lie group with the property that G° is a torus, (V,w) a sym-
plectic representation of G and (o, ..., o) its weight-tuple. Then there is an isomorphism
of symplectic GO-representations:

(V,w) = (Cqy, —wpo) @ ... & (Cq,,, —wp).-

that intertwines the standard moment map of the symplectic G-representation (V,w) with
the moment map:

n
p:Ch =t u(z) = WZ |12 |%a;.
j=1

Corollary 3.3.18. Let G be a Lie group with the property that G° is a torus, (V,w) a
symplectic representation of G, py its moment map and (o, ..., ay,) its weight-tuple. Then
the moment image s:

n
uy (V) = Cone(ay, ..., ap) = thozj| t; >0
j=1

This is the first instance of polyhedrality of the moment image that we have come across.
In the coming sections we will use this to derive local polyhedrality of more general moment
maps.
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3.3.2 Locally polyhedral maps into vector spaces

The definitions and results in this section are adaptations of parts of the results in [BOR09].
Throughout, let X be a topological space and V a finite-dimensional, real vector space.
We first introduce some notions regarding polyhedrality.

Definition 3.3.19. A polyhedral cone C' C V is a subset of the form:
n
C = Cone(vy, ..., vy) 1= thvj| t; >0
j=1

where vy, ...,v, € V. We say that the tuple (v1,...,v,) generates the polyhedral cone C'.

Definition 3.3.20. We call a continuous map f : X — V locally polyhedral at = € X,
if there is an open neighbourhood U of x in X and there is a polyhedral cone C in V such
that

fU)cfl@)+C

and f|y is open as a map into f(x) + C. We call f locally polyhedral if it is so at every
rzeX.

Definition 3.3.21. A subset A C V is called locally polyhedral at a € A if the germ
of A at a can be represented by a set of the form a + C, where C is a polyhedral cone in
V. A subset is called locally polyhedral if it is so at each of its points.

Remark 9. Note that for each x € X, a cone C for which there exists an open neighbour-
hood U of z in X such that f(U) C f(z) + C and f|y is open as map into f(x) 4+ C, is
automatically unique. Indeed, this follows from the fact that two cones in V' with the same
germ at 0 must be equal, as they are invariant under multiplication by positive scalars.
For a given z € X, we shall refer to this cone as the cone of f at z. Similarly, a cone
representing the germ of a locally polyhedral set A at a point a is unique and we shall
refer to it as the cone of A at a.

Our aim is to derive sufficient conditions for the image of a locally polyhedral map to be
locally polyhedral.

Proposition 3.3.22. Let f : X — V be a locally polyhedral map. Suppose that f is closed
as a map onto its image and that its fiber over a point v € f(X) is connected. Then the
image of f is locally polyhedral at v and the cone of f(X) at v is the cone of f at x for

any x € f~1(v).

The following preliminary lemma states that, under connectedness conditions, the cone C
in the definition of a locally polyhedral map depends only on f(z).

Lemma 3.3.23. Let f : X — V be locally polyhedral, v € f(X) and suppose that the fiber
f~1(v) is connected. Then there is a unique polyhedral cone C in V, such that for every
x € f~Y(v) there is an open neighbourhood U of x in X for which f(U) C C and f|y is
open as map into C. This cone is the cone of f at x for each x € f~1(v).

Proof. For each x € f~1(v), let C,. be the unique cone in V for which there exists an open
neighbourhood U, of z in X, such that f(U,) C C, and f|y, is open as map into Cj.
Notice that

r~y = Cp =0y
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defines an equivalence relation on f~!(v). Since each equivalence class is an open subset
of f~1(v), the connectedness of f~!(v) implies that C, = Cy, for all z,y € f~!(v). So we
can take C = C, for any x € f~1(v). O

Secondly, we will use an elementary topological lemma, which we state without proof.

Lemma 3.3.24. A continuous map f : X — Y is closed onto its image if and only if
for every y € f(X) and every open neighbourhood U of f~1(y) in X there is an open
neighbourhood W of y in Y such that f~Y(W) C U.

Proof of Proposition 3.3.22. Let C' C V be a polyhedral cone as in the first of the previous
two lemmata, and for each z € f~1(v) let U, and W, be open neighbourhoods of = and
v in X and V respectively, such that f(U,) = (v+ C) N W,. Let U be the union of the
U, and W that of the W,. Then f~'(v) C U and f(U) = (v+C)NW. According to the

last lemma, there is an open neighbourhood W C W of v in V such that f~'(W) c U.
By construction we have:

fX)NW=@w+C)NW,

and the proposition follows. ]

A natural question is: when is a locally convex subset of V' convex? A sufficient (but not
necessary) condition is provided by the Tietze-Nakajima theorem.

Theorem 3.3.25 (Tietze-Nakajima). Let A C V be a closed, connected, locally convex
set. Then A is convew.

Proof. See for instance [BK10] for an elementary proof. O

Corollary 3.3.26. Let f : X — V be a closed, locally polyhedral map with connected
fibers and image. Then f(X) is conver.

3.3.3 Locally polyhedral maps into affine manifolds

We will now generalize the definitions and results of the previous paragraph to maps into
affine manifolds. Throughout, let X be a topological space and (B, .A) an affine manifold.

Definition 3.3.27. We call a continuous map f : X — B locally polyhedral at x € X, if
for every open neighbourhood U of f(x) € B on which logy,y is defined, the map

log iz of : f7HU) = Ty B

is locally polyhedral at x as map into the vector space T’y B. We call f locally polyhedral
if it is so at every x € X.

Definition 3.3.28. A subset A C B is called locally polyhedral (respectively locally
convex) at b € A if for every open neighbourhood U of b on which log,, is defined, the set
log, (U N A) is locally polyhedral (respectively locally convex) at 0 as subset of the vector
space TpB. It is called locally polyhedral if it is so at all b € A.

Remark 10. The conditions for a map or a subset to be locally polyhedral (or convex)
at a point can be verified on a single open neighbourhood U as above (instead of all such
open neighbourhoods). One could as well phrase these conditions in terms of affine charts,
instead of using log. Furthermore, the definitions given in the previous section for a vector
space V coincide with the ones given here when interpreting V' as affine manifold with its
standard affine structure.
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Let f: X — B be locally polyhedral at . Then the cone Cf, C T't)B of

1og () 0f : o) — Tt B

at = (in the sense of Remark 9) does not depend on the choice of open neighbourhood U of
f(z) (on which logy(,) is defined). Similarly, if A C B is locally polyhedral at b, then the
cone Cqp C TpB of log,(UNA) at 0 does not depend on the choice of open neighbourhood
U of b. Therefore it makes sense to define the following.

Definition 3.3.29. Let f : X — B be locally polyhedral at . We call the polyhedral
cone Cy ., C Tt B above the cone of f at z.

Definition 3.3.30. Let A C B be locally polyhedral at b. We call the polyhedral cone
Cayp C Ty B above the cone of A at b.

Proposition 3.3.22 implies its own generalization to maps into integral affine manifolds.
Explicitly:

Proposition 3.3.31. Let f : X — B be a locally polyhedral map. Suppose that f is closed
as a map onto its image and that its fiber over a point v € f(X) is connected. Then the
image of f is locally polyhedral at v and the cone of f(X) at v is the cone of f at x for
any € f~1(v). In particular, f(X) is locally convex at v.

3.3.4 Local polyhedrality of the moment map

Our interest in locally polyhedral maps originates from the next result. Let u : (S,w) — B
be a Hamiltonian Tj-space. Throughout, given a point x € S, we let (aq, ..., ) denote
the weight-tuple of the symplectic isotropy representation at x. Moreover, we let b = p(z),
T =T} B/Ay and we canonically identify t* with T} B.

Theorem 3.3.32. The moment map p is locally polyhedral and the cone of p at x € S s
7 (Cone(an, ..., o)) C t* = T,B
where m : t* = €7 is the dual to the inclusion map t; — t.

Proof. Let x € S. We will prove that p is locally polyhedral at x, with the desired cone
at . By the local normal form for pu we can assume without loss of generality that
M=Txp, (2x8;)and p: T x7, (2 x S,) is given by [t, a,v] = a + p*us, (v), where
x = [e,0,0] and p: t — t, is a linear projection. Observe that p* is a linear embedding of
t onto a linear complement to t? in t* and that

71 (Cone(ay, ..., ag)) = £ 4 p*Cone(ar, ..., a),

because 7 o p* = Idy, and t = Ker(r). Therefore it suffices to show that s, is an open
map into Cone(ar, ..., ). In view of Corollary 3.3.17 we can assume that S, = C* and
us, is given by

xr

k
Ck=¢, z— Z 2% ;.
j=1
This map is the composition of the map f : C¥ — R¥, 2+ (|21%, ..., |2x/|?) and the linear

map g: RF — 8, z — Z,’f:l z;oy. Tt is clear that the map f is open onto its image R¥ | so
it remains to verify that g : R’j_ — Cone(ay, ..., a) is open. This follows from linearity of
g by means of elementary analysis, the details of which we leave to the reader. O
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This and Proposition 3.3.22 leads us to conclude the following.

Theorem 3.3.33. Let p : (S,w) — B be a Hamiltonian Tp-space and x € S. Suppose
that w is closed as a map into its image and its fiber over b = u(x) is connected. Then
w(S) is locally polyhedral at b and the cone of u(S) at b is:

7Y Cone(ay, ..., o).

In combination with Corollary 3.3.26, this leads to the following global convexity theorem
for the class of Hamiltonian T-spaces.

Corollary 3.3.34. Let (S,w,u) be a Hamiltonian T-space. Suppose that u is a closed
map with connected fibers and image. Then u(S) is convez.

3.3.5 A note on connectedness of the fibers

Atiyah [Ati82] proved that the moment map of a compact and connected Hamiltonian
T-space always has connected fibers. He simultaneously proved this and the convexity of
the moment image, by a clever induction argument on the dimension of 7. To prove the
base case dim(7") = 1, he used Morse-Bott theory (which uses the compactness of 5).

Simultaneously and independently, Guillemin and Sternberg [GS82] proved the same the-
orem, although they did not prove or use the connectedness of the fibers. They used the
same local normal form as we did (but for Hamiltonian T-spaces and just around fixed
points of the action) to prove Theorem 3.3.32 for Hamiltonian 7-spaces. They then used
Morse-Bott theory as well, to derive from this that the image of the moment map of a
compact and connected Hamiltonian T-space is a convex polytope.

The case where the Hamiltonian 7T-space is non-compact was only studied later. The
convexity theorem no longer holds in this case: one can always start with a compact
and connected Hamiltonian T-space the moment image of which has non-empty interior
and remove a fiber over a point in the interior to destroy the convexity of the moment
image (and the compactness of S). The so-called Local-to-Global principle gives local
conditions on a map from a topological space into a vector space to have locally or even
globally convex image. The results that we have presented here on locally polyhedral maps
into vector spaces are a particular case of a more general version of the Local-to-Global
principle in [BOR09] (compare [BOR09, Cor 2.18; Thm 2.13]). As is shown there, the
assumption in Proposition 3.3.22 that f is closed onto its image and has connected fibers
can be replaced by the weaker condition that f is open as a map into its image (and
consequently the same goes for Theorem 3.3.33). The following example illustrates this.

Example 3.3.35. Consider the map u : (T?,wg) — S, (A1, A2) — A2. This is a La-
grangian fibration and hence it is a free Hamiltonian Tj-space for the induced integral
affines structure A on S'. Since yu is a submersion, it is open. Therefore it satisfies the
conclusions of Theorem 3.3.33. Furthermore, the map p is closed because T? is compact.
On the other hand, each of its fibers has two connected components, so the connectedness
of the fibers is not a necessary condition for the conclusions of this theorem.

Contrary to the previous example, the openness is not always easy to verify and in Chapter
5 we will have other reasons to assume that the moment map is closed onto its image and
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has connected fibers. Therefore these assumptions are sufficient for our purposes.

It was proved in [BOR09, Cor 3.4], by purely topological means, that the fibers of a closed
moment map of a connected Hamiltonian T-space are necessarily connected. Therefore, for
closed moment maps of Hamiltonian T-spaces, Theorem 3.3.33 and the corollary following
it hold under much milder assumptions. This however does not generalize to moment
maps into general affine manifolds, as the coming example will show.

Example 3.3.36. What follows is an example of a compact and connected quasi-Hamiltonian
T2-space, the moment image of which is not locally convex (let alone locally polyhedral).
Consider the Hamiltonian T?-space? ((CP27 —%wg, o) where the moment map is given by

1
po([z0 @ 21 @ 22]) = HZHQ(|21|2’ |22/%)

and the action by
()\1, /\2) . [Z() 4 22] = [ZO : )\12’1 . )\22’2].

Its moment image is the triangle in R? with vertices (1,0), (0,0) and (0,1). By composing
o with the exponential map of T? (that is, we compose each component with ¢ — e2™t)
we obtain a moment map g : (S,w) — T2 that turns the above symplectic T?-space into a
quasi-Hamiltonian T2-space. The moment image is the image of the above triangle under
the exponential map. Observe that the only points in the triangle that are identified with
other points are the three vertices, which are mapped onto the single point (1,1) € T2.
Clearly the moment image is not locally convex at (1,1) with respect to the trivial integral
affine structure on T?. According to Theorem 3.3.32 the fiber over (1,1) is therefore
disconnected. Indeed, it consists of the points [0 : 0 : 1], [0: 1: 0] and [1 : 0 : 0]. This
shows that, contrary to the case of Hamiltonian T-spaces, the moment image of a compact
and connected Hamiltonian T-space need not be locally convex.

3.3.6 The Atiyah-Guillemin-Sternberg Convexity Theorem

In the previous section we briefly mentioned the Convexity Theorem due to Atiyah and
Guillemin-Sternberg. We end this chapter by giving a more detailed account of this
theorem. In full detail, the Atiyah-Guillemin-Sternberg Convexity Theorem is as follows.

Theorem 3.3.37 (Classical Convexity Theorem). Let (M,w, ) be a compact and con-
nected Hamiltonian T-space. Then the set u(M7T) is finite and the image u(M) is the
convex hull of p(MT).

With the convexity theorem in mind, people commonly refer to the image of the moment
map of a compact and connected Hamiltonian T-space as its moment polytope. This
is because, by definition, a polytope is a compact and convex subset of a vector space.
We will take it as a fact that the moment map of a compact and connected Hamiltonian
T-space has connected fibers. The interested reader can consult either [Ati82] or [BORO09]
for a proof. To prove the classical convexity theorem, we need one more lemma.

Lemma 3.3.38. Let G be a compact Lie group and (M,w) a symplectic G-space. Then
ME is a symplectic submanifold of (M,w) (the connected components of which may have

3To verify that this is indeed a Hamiltonian T2-space, it is easiest to consider CP? as S° /St via
symplectic reduction of (C*\{0}, —Lwy).
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varying dimension) with tangent space given by Ty(M®) = (T,M) for all x € MC.
Moreover, if i is a moment map for this G-action, then it is constant on each connected
component of MS.

Proof. Notice that M¢ is a submanifold with the required tangent space as a consequence
of Theorem A.l1. Because G is compact and acts symplectically, we can choose a G-
equivariant w-compatible almost complex structure J on (M,w). Let x € M G Since

g-Juv=J(g-v)=Jv, YgeG, we (T,M)",

it follows that T, (M) is J-invariant and hence is a symplectic subspace of (T, M,w;).
Thus M© is a symplectic submanifold. At last, let 4 be a moment map for the given
G-action. Let x € M%, (M%), the connected component of MY containing x and let
¢eg. If ye M%, then G, = G, so g, = g and &y (y) = 0. Therefore, d{u, ) = 1¢,,w = 0
on M@, so that (u,&) is constant on (M%),. This being valid for all £ € g implies that p
is constant on (M%), as desired. O

We can now prove the classical convexity theorem.

Proof of Theorem 3.3.37. From Corollary 3.3.34 it follows that p(M) is convex and since
M is compact it is a polytope. In particular (M) contains the convex hull of u(M7T).
We will now prove that u(M7) is finite and that its convex hull is equal to u(M). Since
M7 is a submanifold of M, it is locally connected and so its components are open subsets.
Since M7 is closed in the compact M, it is compact as well and so it has finitely many
connected components. But p is constant on each connected component of M7, hence
w(MT) is finite. By Theorem 3.3.33, the image of the moment map contains an open
neighbourhood of p(x) in u(x) + t%, for each x € M. Therefore t0 = {0}, if u(x) is an
extreme point of p(AM). This means that t, = t and hence

T = expp(t) = expp(ts) C T C T,

so that T' = T}.. So every extreme point of u(M) lies in u(M7). Because a convex polytope
is the convex hull of its extreme points (see [Brg83, Theorem 5.10]), this implies that p(M)
is contained in the convex hull of u(M7T). O

It is natural to wonder what properties of a Hamiltonian T-space can be read off of its
moment polytope. For instance, as we have shown in the proof of the convexity theorem,
the pre-image of the set of vertices of the moment polytope is contained in the fixed point
set MT. As a particular consequence we have:

Corollary 3.3.39. The number of fixed points of a Hamiltonian torus action on a compact
and connected manifold is strictly greater than the dimension of its moment polytope.

As can be seen from the example below, it is not true that every fixed point has to be
mapped to a vertex of the moment polytope. Similarly, if the isotropy group T, of a point
x € M is trivial (or even discrete), then p is a submersion at x and so u(z) must lie in
the interior of the moment polytope. It may be tempting to believe that every point in
the interior of the moment polytope is a regular value of u. This however is false as well,
as the following simple example shows.
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Example 3.3.40. Consider the Hamiltonian S'-action on (CP?, —%wo), given by
Afz0: 21 20) = [20: Az )\_122],

with moment map defined by:

,U([ZO 2 22]) _ ’21‘2 — |22’2 ]
202 + [21]* + |22/

This has moment image pu(CP?) = [~1,1]. However, x = [1: 0 : 0] is a fixed point (and
hence p is singular at x) while p(z) = 0. Therefore not every fixed point is mapped to a
vertex of [—1,1] and not every interior point of [—1, 1] is a regular value of .

In Chapter 5 we will come across a class of compact and connected Hamiltonian T-spaces,
called toric manifolds, for which fixed points are always mapped to vertices of the moment
polytope and its the interior does consist entirely of regular values of the moment map. In
fact, for this class the moment polytope completely encodes the Hamiltonian T-space.
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Chapter 4

Intermezzo: stratified spaces by
examples

In this chapter we recall the notion of a stratification and its regular part, and we pro-
vide some examples of stratified spaces that we will come across in the coming chapter.
Roughly speaking, a stratification of a topological space is a partition of the space by man-
ifolds that fit together in a good way. Many singular spaces admit natural stratifications,
although they might not be a smooth manifold themselves.

Sections 4.1, 4.3 and 4.4 are based on [CM17], while Section 4.2 is based on [Joy10].

4.1 The definition of a stratification and its regular part

Stratifications are defined as follows.

Definition 4.1.1. Let X be a Hausdorff, second-countable and paracompact topological
space. A stratification of X is a locally finite partition S = {S;};c; of X satisfying:

e Each §; is a connected manifold endowed with the subspace topology, which is locally
closed in X.

e For each ¢ € I, the closure of S; in X is a union of S; and some other S;’s of
dimension strictly smaller than that of S;.

The second condition is known as the frontier condition. An element of S is called a
stratum of the stratification and (X,S) is called a stratified space.

At a first glance, the frontier condition does not seem to be of a local nature. The following
lemma sheds a different light on this.

Lemma 4.1.2. Let X be a Hausdorff, second-countable and paracompact topological space
and § a partition of X that satisfies all the azioms of a stratification, except for the
frontier condition. Then S is a stratification if and only if every x € X admits an open
neighbourhood U with the property that U NS, C S and dim(S;) < dim(S) for each S € S
that intersects U and is different from the member S, through x.

Proof. First suppose that § is a stratification and let x € X. Then x admits an open
neighbourhood U that intersects only finitely many strata. By removing the finite union
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of those sets S (for S € S) that intersect U but do not contain x, we can assume that x
is contained in the closure of each stratum that intersects U. The desired condition on U
is then immediate from the frontier condition.

Conversely, suppose that every x € X admits an open neighbourhood with the above
property. To verify the frontier condition, let S, S’ € S be distinct strata such that
SNS" # (. We need to show that dim(S) < dim(S’) and S C S’. For each z € SN S’
there is an open neighbourhood U of z with the above property. Since S’ intersects U, it
then follows that dim(S) < dim(S’) and U NS C S for each such x and U. The latter
shows that S NS’ is open in S. Since it is closed in the connected space S as well, it
follows that SNS’ = S. Thus S C §’, as desired. O

Each stratification comes with a partial ordering: for S, 5" € S, we say that S < 5" if and
only if § C S’. This allows one to speak of maximal strata. The following characterizes
these.

Proposition 4.1.3. Let (X,S) be a stratified space. Then S € S is maximal if and only
if it is open in X. Moreover, the union of all mazrimal strata is open and dense in X.

Proof. Let S € S be open and contained in S’ for some S’ € S. Fix an € S. Then S is
an open neighbourhood of = in X and x € S, so S’ must intersect S and hence S = 5.
Conversely, suppose that S € S is maximal. Let z € S. As in the proof of the previous
lemma we choose an open neighbourhood U of x in X such that the closure of any stra-
tum that intersects U must contain x. By the frontier condition this implies that S c S’
for any stratum S’ that intersects U, so that S = S’ by maximality. We conclude that
S is the only stratum that intersects U, or in other words, U C S. Therefore S is open in X.

It remains to show that the union of all maximal strata is dense in X. Let z € X and S,
the stratum through x. By locally finiteness of S, there are only finitely many strata S
such that S, < S. Therefore we can inductively construct a strict chain

Sy =51 < 51 <...< 8

where S}, is a maximal stratum. Then z € Sj, and in particular z is contained in the
closure of the union of all maximal strata, which completes the proof. O

Definition 4.1.4. Let (X,S) be a stratified space. The union of all maximal strata is
called the S-regular part of X.

A priori, we know that the S-regular part of X is a union of open strata which is dense
in X. In each of the coming sections we will introduce a different example of a stratified
space that will return in the coming chapter and in each example we will describe the
regular part more explicitly.

4.2 Manifolds with corners

The connected components of a smooth manifold form a stratification. More generally,
every manifold with boundary is stratified by the connected components of its interior and
of its boundary. One can generalize this even further to manifolds with corners. This is
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the aim of this section.

Let X be a topological space. We use the notation:
R} := [0, co[F xR 7*,

By an n-chart with corners on X we mean a pair (U, x) consisting of an open U in X and
an open topological embedding x : U — R}, for some k € {0,...,n}. Given two subsets
A CR"™ and B C R™, we say that a map f: A — B is smooth if it extends to a smooth
map from an open neighbourhood of A into R™. Two n-charts with corners (U, x) and
(V,¢) on X are called smoothly compatible if both transition maps between them are
smooth maps in this sense. Just as for smooth manifolds without corners, this leads to a
notion of (maximal) smooth atlas for manifolds with corners.

Definition 4.2.1. A smooth n-manifold with corners is a second countable Hausdorff
space X together with a maximal smooth atlas A consisting of n-charts with corners.

Since a manifold with corners is locally compact (as well as Hausdorff and second-countable),
it is paracompact. A manifold with corners comes with a natural stratification, defined
as follows. Let X be an n-manifold with corners. Given a point x € X and a chart (U, x)
around z that maps onto an open subset of R}, we define depthy (x) to be the number of
i €{1,...,k} for which x*(z) = 0.

Lemma 4.2.2. The number depthy(z) is independent of the choice of chart.

Proof. Let (U, x) and (V,¢) be two charts around x that are open embeddings into R}
and R} respectively. We can assume that x’(z) = 0 for all i < k and ¢'(z) = 0 for all
i<l Ifie{l,...,k} and j € {{+1,...,n}, then the path

t= X' (o (o) + tej))

in R is defined on an open neighbourhood of 0 in R and attains a minimum value of 0 at
t = 0. It follows that Jac(x o cpfl)é-(cp(x)) = 0 for all such i and j. But Jac(x oo ™1)(¢(z))
is invertible by the chain rule, which still holds since it does so on an open in R" that is
dense in p(U). So the rows of its first k x [-block are linearly independent, which implies

that k£ <[. Reversing the roles of x and ¢, we obtain that [ < k as well. O

We thus obtain a well-defined number depthy (z) € {0,...,n} for each € X. Points of
depth 0 are called interior points of X, whereas points of depth n = dim(X) are called
vertices.

Definition 4.2.3. For each i € {0,...,n}, let
PYX) = {x € X| depthy(x) = i}.

The sets P!(X) form the partition by depths of X. The open faces of X are the con-
nected components of each of the subspaces P(X) of X and the canonical stratification
of X is the collection of all of its open faces, denoted by S(X).

Proposition 4.2.4. The collection S(X) is indeed a stratification of X.
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Proof. Let x € P*(X). Then there is a chart (U, x) for X around x for which x(U) is
open in R}. From the definition of depth it follows that

X(UNPHX)) = x(U) N ({0} x R").

As for manifolds without corners, this property implies that *(X) inherits the structure
of an (n — k)-manifold without corners from X. It implies as well that the open faces
of X are locally closed in X. To see that S(X) is locally finite and satisfies the frontier
condition, note that, in fact, the definition of depth implies more. Namely, we have that:

X(UNPI(X)) = ||l xo)nF|,
Ic{1,...,k}: [I|=5

where
Fr={zeR}|x;=0ifieland x; #0if i € {1,...,k}\I}.

By shrinking U, we can assume that x(U) is convex. By convexity of the F}’s, it fol-
lows that x(U) N Fy is convex, and hence connected, for each I C {0,...,k}. Therefore
x '(x(U) N Fy) is contained in a single open face of X for each I, which implies that
U intersects finitely many open faces. So S(X) is locally finite. We further see that
UNPFX) =UnNF where F is the open face of X through x. So if F’ is a different
face that intersects U, then depth(F’) < k. Therefore dim(F”) > dim(F'). The fact that
{0} x R*=* C Fj for each I C {1,....,k} implies that U N F' C F’. So by lemma 4.1.2 the
desired follows. O]

Remark 11. There is a unique open and dense member of the partition by depths of X:
the set of interior points P°(X). From the fact that the maximal strata are the open ones,
it is clear that the set of interior points is the S(X)-regular part of X.

4.3 Proper G-spaces and their orbit spaces

Proper G-spaces and their orbit spaces admit stratifications. From now on, let M denote
a proper G-space and X its orbit space. As for manifold with corners, we first define a
partition of M into possibly disconnected manifolds.

Definition 4.3.1. The isotropy type of a point x € M is the conjugacy class (G,) of
the subgroup G; in G. The relation x ~ y if and only if x and y have the same isotropy
type is an equivalence relation. Its equivalence classes are called the orbit types of the
G-space M.

Remark 12. Let us make a few short remarks on the orbit types. First of all, each orbit
type is a set of the form
Mgy ={z € M| (G;) = (H)},

for some subgroup H of G. Secondly, because Gg4., = gGLg~ ', each orbit is contained in
a single orbit type. Finally, the orbit types need not be connected. We illustrate this in
the next example.

Example 4.3.2. Consider the S'-action on S?, by rotation around the axis through the
north and south pole. There are two orbit types: the disconnected set consisting of the
north and south pole is the orbit type Mg1), while its complement M .y) is the other.
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Using the Slice Theorem for proper G-spaces (Theorem A.l in the appendix), one can
show that the orbit types are submanifolds of M, the connected components of which may
have varying dimension. By passing to the connected components of the partition by orbit
types, we obtain a partition of M by connected submanifolds, which we call the canonical
stratification of M and denote by Si(M). Moreover, since each orbit is contained in a
single orbit type, the orbit projection w : M — X sends the partition into orbit types to a
partition of the orbit space X. By passing to connected component we obtain a partition
of X into connected subspaces, which we call the canonical stratification of X and denote
by Sq(X).

Theorem 4.3.3. The collection Sg(M) is a stratification of M. Furthermore, for each
orbit type Mgy on M there is a unique smooth structure on (M gpy) for which 7 : Mgy —
m(Mgy) is a submersion. This provides the members of Sg(X) with a smooth structure
for which the collection is a stratification of X.

The proof of this uses the Slice Theorem for proper G-spaces. This provides a local normal
form for the action around each orbit, which allows one to prove the above theorem by
induction on the dimension of M. A full proof can be found in [DKO00].

Next, we will express the Sg(M)-regular part of M and the Sg(X)-regular part of X in
terms of the orbit types of M. The orbit types of M come with a natural partial ordering
defined by:

M, < M,y <= Hi is G-conjugate to a subgroup of Hy.

The anti-symmetry of this relation can be shown using the fact that the isotropy groups of
a proper action are compact Lie groups. Having this partial ordering, one can talk about
maximal orbit types. The following theorem describes the maximal orbit types of M and
its orbit space X.

Theorem 4.3.4 (Principal orbit type theorem). Let M be a proper G-space and suppose
that its orbit space X is connected. Then there is a unique orbit type MP™", called the
principal orbit type, that is open and dense in M. The principal orbit type is a greatest
element with respect to the partial ordering that we just defined. Furthermore, MP™" /G is
connected.

The proof of this again hinges on the Slice Theorem. See for instance [tD87, Thm 5.14]
for details.

Remark 13. The fact that MP'" is the greatest element can also be expressed by saying
that amongst the isotropy types occurring in M, there is a unique one (H)P™™, called
the principal isotropy type, such that H is G-conjugate to a subgroup of G, for every
x € M.

The principal orbit type theorem has the following consequence for the regular parts.

Corollary 4.3.5. Let M be a proper G-space and suppose that its orbit space X is con-
nected. Then the Sq(M)-reqular part of M is the principal orbit type of M and the
Sa(X)-reqular part of X consists of the single stratum MP™"/G.

Suppose that the Lie group G is abelian. In this case, two subgroups of G are conjugate
precisely if they are equal, so that each isotropy type is represented by a unique subgroup
of GG. Therefore it makes sense to speak of the principal isotropy group of M.
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Corollary 4.3.6. Let G be an abelian Lie group, acting properly on a manifold M. Sup-
pose M /G is connected. Then the principal isotropy group is trivial if and only if the
action s effective.

Proof. The implication from left to right is immediate. Now suppose that action is effec-
tive. Because (G is abelian the principal isotropy group is not just conjugate, but equal to
a subgroup of G, for every x € M. Therefore the principal isotropy group fixes all of M,
which by effectiveness of the action means that it is the trivial group. O

4.4 'The base and orbit space of a proper Lie groupoid

We will now generalize the canonical stratifications in the previous section to stratifications
on the base and orbit space of a proper Lie groupoid. Throughout, let G = M be a proper
Lie groupoid and X its orbit space. Once again, we start by defining a partition of M.
Two representations (G, V) and (H,W) are called equivalent if there is an isomorphism
of Lie groups ¢ : G — H and a linear isomorphism L : V' — W such that:

L(g-v) = ¢(g) - L(v)

for all g € G and v € V. We write (G,V) ~ (H,W) if (G,V) and (H, W) are equivalent

representations.

Definition 4.4.1. The relation
v~y = (G, No) ~ (Gy, Ny)

is an equivalence relation on M. Its equivalence classes are called the Morita types of
the Lie groupoid G = M. We denote the Morita type through € M by M.

The Morita types turn out to be submanifolds of M, the connected components of which
may have varying dimensions. By passing to the connected components we obtain a
partition of M by connected submanifolds, which we call the canonical stratification
and denote by Sg(M). As before, the partition by Morita types is mapped to a partition
of the orbit space X by the orbit projection and by passing to connected components we
obtain a partition of X by connected subspaces that we call the canonical stratification
of X and denote by Sg(X). To see that the partition by Morita types indeed descends
to a partition on X, one needs to verify that all points on a single orbit O belong to the
same Morita type. This holds because, for any two points x,y € O there is a g € G such
that s(g) = = and t(g) = y, and conjugation by g is a Lie group isomorphism G, — G,
which is compatible with the isomorphism of vector spaces mg : N — N, coming from
the Lie groupoid action of Go on the normal bundle Np — O.

Theorem 4.4.2. The collection Sg(M) is a stratification of M. Furthermore, for each
Morita type M,y of M there is a unique smooth structure on the Morita type m(M,))
of X for which m : My — m(M(;)) is a smooth submersion. This provides members of
Sg(X) with a smooth structure for which the collection is stratification of X.

A full proof can be found in [CM17]. It hinges on the Linearization Theorem for proper
Lie groupoids. This is a generalization of the Slice Theorem for proper G-spaces that
provides a local normal form for the Lie groupoid around each orbit.
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Lastly, we discuss what the regular parts of these stratifications are. Contrary to the
partition of orbit types, there is no obvious partial order on the Morita types. We can
however still relate the regular parts to the Morita types by a theorem analogous to the
principal orbit type theorem for proper G-spaces. The characterization of maximal strata
as being the open strata in X and an analysis of a local model for the proper Lie groupoid
around a point x € M leads to:

Proposition 4.4.3 ( Lemma 4.31, [CM17] ). A point x € M belongs to the Sg(M)-regular
part of M if and only if the isotropy action of G, on N is trivial.

As an immediate corollary we have:
Corollary 4.4.4. The Sg(M)-regular part is a union of Morita types.
The principal Morita type theorem gives an even stronger specification of the regular parts.

Theorem 4.4.5 (Principal Morita type theorem). Let G = M be a proper Lie groupoid
and suppose that the orbit space X is connected. Then the Sg(X)-regular part of X is
connected and hence it is a single stratum of X.

This is proved in [CM17]. Using this and the previous result, one can derive:

Corollary 4.4.6. Let G = M be a proper Lie groupoid and suppose that the orbit space
X is connected. Then on both M and X there is a unique open and dense Morita type
(which coincides with the regular part).

In analogy with the case of proper group actions, we will call the unique open and dense
Morita types above the principal Morita types of M and X.

Remark 14. We end this chapter with some closing remarks. See [CM17] for proofs.

1. Using the Principal Morita type theorem it is not hard to show that the principal
Morita type of M is connected if both the orbits and the orbit space of G are
connected.

2. If M is a proper G-space, then the action groupoid G x M = M is a proper Lie
groupoid and its orbit space is that of the G-action. The canonical stratifications
on M and M/G that we have defined in the last two sections coincide, although the
partitions into orbit types and Morita types of M do not necessarily coincide.
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Chapter 5

A classification of toric 7j-spaces

In this chapter we focus on the class of toric Ta-spaces. We classify the toric Ty-spaces over
a given integral affine manifold (B, A) in terms of the moment image and a cohomology
class. Both the classical notions of toric manifolds and Lagrangian fibrations belong to this
class and when applied to these special cases our classification result reduces to Delzant’s
classification of toric manifolds and Duistermaat’s classification of Lagrangian fibrations,
respectively.

5.1 Main properties of toric Tp-spaces

Throughout the rest of this chapter, let (B, A) denote an integral affine manifold.
Definition 5.1.1. A toric Tx-space is a Hamiltonian Tj-space p : (S,w) — B, for which:
e The action is free on an open and dense subset of S.
e dim(S) = 2dim(B).
e The moment map p is closed as a map onto its image and its fibers are connected.

Let us shed some light on the above conditions. If S/7j is connected, then in view of the
Principal Morita type Theorem, the first condition is equivalent to the condition that the
action is free at some point of S. It ensures in particular that the moment map is a weak
isotropic realization of (B, 0). Therefore the dimension of S is at least twice the dimension
of B. The case in which dim(S) = 2dim(B) is the most ideal situation. This will become
clearer in the coming section, where we will study toric representations. Finally, the con-
ditions for p to be closed as a map onto its image and have connected fibers ensures that
the moment map descends to a homeomorphism from the orbit space of the action onto
its moment image. Moreover, it implies that the moment image is locally polyhedral and
has the structure of a Delzant submanifold, as will be shown in Section 5.1.3.

Throughout this chapter there are two main examples to keep in mind, which we will
return to at the end of the chapter.

Example 5.1.2. A Hamiltonian T-space (S,w,u) is called a toric manifold if S is
compact and connected, dim(S) = 2dim(7") and the T-action is effective. Due to Corollary
4.3.6 this class of Hamiltonian T-spaces corresponds to the compact and connected toric
Tap-spaces over (t*,A%.).
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Example 5.1.3. As we saw in Section 3.1, a Lagrangian fibration p : (S,w) — B with
compact and connected fibers induces an integral affine structure on B. Those that induce
the given integral affine structure A on the base B correspond to principal Tp-bundles over
(B, A). Therefore they are examples of toric Tp-spaces.

5.1.1 Toric representations

In Section 3.2 we found that the local behaviour of a Hamiltonian Tx-space is governed
by its symplectic isotropy representations. For toric Tp-spaces the symplectic isotropy
representations belong to a special class: the toric T-representations. In this section we
classify the toric T-representations in terms of their moment image. This should be viewed
as a preliminary version of the classification of toric Ty-spaces. The results and proofs in
this section are mostly reformulations of those in [LT97].

Definition 5.1.4. Let G be a compact and abelian Lie group and G — Sp(V,w) a
symplectic representation. We say that the representation is dependency-free if its
standard moment map is a submersion on an open and dense subset of V' and

dim(G) = %dim(V).

Secondly, we say that it is toric if the action is free on an open and dense subset of V'
and the above condition on dimensions holds.

Remark 15. Observe that a toric G-representation is in particular dependency-free. Fur-
thermore, the action is free on an open and dense subset of V if and only if it is effective.
This follow from Corollary 4.3.6.

The term toric is justified by the next lemma.

Lemma 5.1.5. Let (V,w) be a toric representation of a compact, abelian Lie group G.
Then G is a torus.

Proof. Since the action of G is effective, the morphism of Lie groups G — Sp(V,w) is
injective. Any injective morphism of Lie groups is immersive, so the above on is an
embedding by compactness of G. Therefore we can assume that G is a compact Lie
subgroup of Sp(V,w). Since G is compact we can choose an equivariant w-compatible
complex structure J on V. Then the representation of GG is unitary with respect to this
complex structure and the Hermitian inner-product h defined by

h(v,w) = w(v, Jw) —iw(v,w), v,we V.

Thus G C U(V, J, h). Choose a unitary decomposition of V' into irreducible complex sub-
representations and choose unitary basis of V' which is compatible with this decomposition.
This basis induces an isomorphism of Lie groups U(V, J, h) — U(n) that sends G into the
closed matrix subgroup U(1)"™ C U(n) consisting of diagonal matrices in U(n). This ma-
trix subgroup is a torus of dimension n, because it consists of the diagonal matrices with
diagonal entries in U(1). Since G has dimension n, it must be a codimension-0 (and hence
open) submanifold of U(1)". On the other hand, it is compact and hence closed in U(1)".
So by connectedness U(1)” = G and hence G is a torus. O

The following proposition shows that the toric T-representations are classified by those
polyhedral cones in t* that are generated by a basis of A%.. Such polyhedral cones are
called smooth.
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Proposition 5.1.6. Let T be an n-dimensional torus. The following holds.

a) A symplectic T-representation is dependency-free if and only if its weight-tuple is a
basis of t*.

b) A symplectic T-representation is toric if and only if its weight-tuple forms a basis of
the lattice A%.

¢) The map that associates to each unordered basis {ou,...,an} of A% the polyhedral
cone generated by (aq,...,an) is a bijection from the set of such n-tuples to the set
of smooth polyhedral cones.

Consequently, we have a bijection:

{Isomorphism classes of toric T-representations } — {Smooth polyhedral cones in t*}
[(V,w)] = py (V)

Proof. Suppose that we are given a symplectic T-representation (V,w). Let (i, ..., ap)
be its weights and let u be its standard moment map. For part a, assume first that the
representation is dependency-free. Then p must be a submersion at some point of v € V.
As a consequence of the submersion theorem, u(v) lies in the interior of (V). By corollary
3.3.17 and the assumption that n = dim(T') = 3dim(V) we have:

(V) = Cone(ay, ..., ap).

Hence the weight-tuple must be linearly independent, for otherwise u(V') would be con-

tained in a hyperplane in t* and its interior would be empty. Conversely, assume that the

weights form a basis of t*. Then since the weight-tuple has length %dim(V), it follows that
1

dim(T") = 5dim(V’). Moreover, one easily computes that the map

n
C'—=t, z+— Z 2%
j=1

is submersion at those points where z; # 0 for all j, because the weights form a basis of t*.
So it follows from Corollary 3.3.17 that u is a submersion on an open and dense subset of V.

Next, we adress part b. By a and the fact that A% is a full lattice in t* we know that,
under either of the two assertions in b, the weights form a basis of t* and the representation
is dependency-free. Suppose this is the case. Let {a!,...,a"} be the dual basis of t to
{a1,...,an} and let A be their Z-span. Then A* is Z-spanned by {aj,...,a,}, hence
A* € A% which implies A7 C A. By the weight-classification theorem we may assume that
(V,w) = (C",wyp), where T acts on C™ as

exp(&) - (21, .oy 2n) = (627”0‘1(5)21, ...,eZM""(g)zn), et

Consider the open subset U = {z € C"| z; # 0 for all j} of C". From the above expression
for the action one directly verifies that

exp(A) =T,

for each z € U. Hence T, is trivial for all z in the open and dense subset U of C™ if and
only if A C Ap. So part b follows.
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Finally we prove assertion c¢. The surjectivity of the map in question holds by our definition
of a smooth polyhedral cone. Hence it remains to verify injectivity. To this end, let C' be
a smooth polyhedral cone in t*, generated by both the bases (a4, ..., ay,) and (S, ..., Bp) of
the lattice A7. Using that both tuples form a basis of t*, it is straightforward to deduce
from this that (after a possible reordering) there are t1,...,t, € Ry such that a; = t;0;
for each j. Geometrically speaking, this can be phrased as saying that the polyhedral cone
C'is pointed and it has n extreme rays given by both {R>¢- a1, ..., R>g-ay} and {R>¢- 51,
..ey R>0 - Bp}. Since (S, ..., By) forms a basis of A% and a; € A for each j it follows that
tj € Z for each j. Reversing the roles of the a; and 3;, the same argument shows that
t—lj € Z for each j. Hence t; = 1 for each j and the proposition is proven. O

The following lemma allows us to apply the preceding proposition to general Hamiltonian
T-spaces.

Proposition 5.1.7. The symplectic isotropy representations of a toric Tpa-space are toric
representations.

Proof. Let p : (S,w) — B be the toric Ta-space, x € S, b = p(x) and T = T B/Ay. First
we observe that
dim(S,) = dim(S) — (dim(O,) + dim(t)))
= dim(S) — 2(dim(7T") — dim(7}))
= 2dim(T}).
since dim(7") = dim(B). Secondly, by the local normal form for Hamiltonian 7j-spaces

there is an open neighbourhood of the orbit through [e, 0, 0] in T X7, (t2 x S;) inside which
the points [t, a, v] with trivial isotropy group lie open and dense. Observe that

ﬂt,a,v] = T’[e,cx,v] = (Ta:)v

since T is abelian and the action of T, on Y is trivial. One could now conclude the
existence of a point in S, with trivial isotropy group and appeal to the Principal Orbit
Type Theorem to conclude that the action is free on an open and dense subset of S,.
Alternatively, one can use that (T,)s, = (T), for all s > 0 (by linearity of the action on
S;) to derive directly from the above that the action on S, is free on an open and dense
subset. Anyhow, the desired representation is toric. O

Together with Lemma 5.1.5 this yields:

Corollary 5.1.8. The isotropy groups of a toric Ta-space are tori.

5.1.2 Delzant submanifolds

As we will see throughout this chapter, toric Tj-spaces are closely related to Delzant
submanifolds. In this section we introduce these and discuss their properties.

Definition 5.1.9. A Delzant submanifold of an integral affine manifold (B, A) is a subset
A C B such that for every point p € A there is an integral affine chart (U, x) of (B, A)
around p for which x(p) = 0 and x(ANU) is an open neighbourhood of 0 in

m — [0, co[F xR ¥

for some k € {0,...,n}.
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A Delzant submanifold is a manifold with corners and therefore comes with a stratification
by open faces. These faces are integral affine submanifolds of (B, A).

Definition 5.1.10. We say that a subspace F' C B is an integral affine submanifold if
there is a k € N such that for every x € F there is an integral affine chart (U, x) for (B, A)
around z and an open V C R¥ for which:

x(UNF) =V x {0} c R¥ x R"*,

Proposition 5.1.11. Let (B, A) be an n-dimensional integral affine manifold. A Delzant
submanifold A C (B, A) is an n-manifold with corners. Furthermore, each P*(A) is an
(n — 1)-dimensional integral affine submanifold of (B, \).

Proof. By definition of a Delzant submanifold, for each p € A, there is an integral affine
chart (Up, xp) around p such that x,(A NU,) is an open neighbourhood of x(p) = 0 in
R} for some k. Restricting each of these charts (U, x) to U N A yields an atlas of n-charts
with corners for A. This atlas is smooth due to the fact that all charts (U, x) are smoothly
compatible. Thus A is an n-manifold with corners. Using an atlas of A consisting of charts
that are restrictions of integral affine charts for (B, A), the proof of Proposition 4.2.4 shows
that each P*(A) is an (n — i)-dimensional integral affine submanifold of (B, A). O

The next result gives part of a relationship between integral affine submanifolds, sublattices
of A and sub-torus bundles of Tj.

Definition 5.1.12. Let F' be an integral affine submanifold of (B, A). We denote by Ap
the lattice j*(A|p) in T*F, where j : F — B is the inclusion map.

Proposition 5.1.13. An integral affine submanifold F' of (B, ) admits an integral affine
structure, encoded by the lattice Ap. Moreover, ANTF is a smooth lattice in the conormal
bundle TF? and the obvious sequence:
. TFY
ANTFO

s a short exact sequence of torus bundles over F.

0 —>TA\F£>TAF — 0 (5.1)

Proof. As for ordinary submanifolds, the integral affine charts in the definition of an
integral affine submanifold give rise to an atlas .4 that turns F' into a manifold. For each
such chart (U, x) for F' that comes from an integral affine chart (U, x) for (B, A), we have:

AN=Zd% ®...0Z dx} (5.2)
and hence:
(Ap)y =Z dx} @ ... ® Z dx} (5.3)

for all b € U, because {/|y = x? if j < k and {/|y is constant if j > k. This implies
that Ap is a smooth Lagrangian lattice in (T*F,Q¢4,), as becomes clear from a closer
inspection of the first part of the proof of Proposition 2.2.11. Therefore F' has an integral
affine structure encoded by Ap. By (5.2) it further follows that:

MNNTF=Zdi™ @ . @ Z dy)

for all b € U. Since dy*t1,...,dx" forms a local frame of TFO, this shows that A N TF°
is a smooth lattice in TF°. The fact that the given sequence is a short exact sequence of
Lie groupoids is now straightforward and so this completes the proof. ]
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Let us just mention that one can rephrase the condition that a submanifold F' is an integral
affine submanifold, purely in terms of the lattices Ap and A N TFY, by generalizing the
notion of primitive sublattices to the realm of vector bundles.

5.1.3 Morita types and the open faces of the moment image

In this section we study the relationship between the orbit space of a toric Tp-space and
its moment image.

Notation 1. Throughout this section, let p : (S,w) — B be a toric Ta-space and A =
1(S). Moreover, given a fixed x € S we will always denote b = p(x), T = T;B/A; and
we canonically identify t* with 7, B. Finally, we let (a, ..., o) denote the weight-tuple of
the symplectic isotropy representation at z and 7 : t* — £, the dual map to the inclusion
t, -t

The following theorem is a first sign of the relationship between toric Tp-spaces and Delzant
submanifolds.

Theorem 5.1.14. Let x € S be given. The following statements hold true.

a) The subset A is locally polyhedral (in the sense of Definition 3.3.28) and the polyhe-
dral cone of A at b is

71 (Cone(a, ..., o)) C t* = TyB.

b) The moment image A is a Delzant submanifold of (B, A).
¢) The Lie algebra of (Ta)z is TyF, where F is the open face of A through b.

Proof. Assertion a is immediate from Theorem 3.3.33. From this assertion it follows that
there is an open neighbourhood U of b on which log,, is defined and maps UNA onto an open
neighbourhood of 0 in 7=!(Cone(ay, ..., ). Since the symplectic isotropy representation
at x is toric, its weights form a basis of the lattice A}, . Hence the dual basis {a',...,a*}
of t, is a basis of A7,. By Corollary 2.2.6, A, is a primitive sublattice of Ay, so this basis
extends to one of Ay. This in turn dualizes to a basis {71, ..., v»} of A} with the property

that
Oéj lfjgk
m(v;) =
() {0 if >k

Let A : (TpB,A;) — (R",Z") be the corresponding isomorphism of integral affine vector
spaces. Then A maps the cone 7! (Cone(ar, ..., ay)) onto R} and therefore (U, A o log;)
is an integral affine chart that maps b to 0 and U N A onto an open neighbourhood of 0
in R}}. This proves that A is a Delzant submanifold. From the construction it is clear as
well that:

t? = Ker(n)
= SpanR{’}/k-i-b ) ’Yn}
=TF
where in the last step we used that d(A ology), = A. So part ¢ follows as well. O]
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Corollary 5.1.15. Let z € S, b = u(x) and let F' be the open face of A through b. Then
the exponential map of (Ta)y descends to an isomorphism from TyFY/(Ay N T,F°) to the
isotropy group (Th)z-

Proof. Since the isotropy group (7). is a subtorus of (73 )p, the exponential map of (74)s
maps its Lie algebra Ty F? onto (73).. The result now follows because

Ay N T, F® = Ker(exp |7y, F0).
O

As it turns out, the canonical stratification on the orbit space of a toric Ta-space and the
stratification by open faces of its moment image A are closely related via the moment
map. This the content of the next theorem.

Theorem 5.1.16. The moment map factors through an isomorphism of stratified spaces:
fS/Ta — A.

That is, it is a homeomorphism that maps each stratum of S/Tx diffeomorphically onto a
stratum of A.

In the remainder of this section we aim the prove this. We need two intermediate results,
starting with a lemma.

Lemma 5.1.17. Two points x,y € S have the same Morita type if and only if deptha (u(x))
deptha (11(y)). In other words, the partition of S by Morita types coincides with the pre-
image under p of the partition of A by depth.

Proof. If two points z,y € S have the same Morita type, then their isotropy groups have
the same dimension and so deptha (u(x)) = deptha(u(y)). For the converse it will be
enough to show that, for each x € S, the isotropy representation of Ty at x is equivalent to
the direct sum of the trivial representation of T* on R*~* and the standard representation
of T¥ on CF, where k = deptha(u(z)) and 2n = dim(S). Let z € S, b = pu(x) and
T =T} B/Ay. As we have seen, the isotropy representation on N, decomposes as VoS,
where the action is trivial on the first summand. By the weight-classification theorem,
S, is isomorphic to C,, @ ... @ C,, as symplectic T,-representation. The dual basis to
the weight-tuple (a1, ..., ) of the symplectic isotropy representation at x forms a basis
of the lattice Ar,. This basis induces an isomorphism of T, with T*, which interwines the
Ty-representation C,, @ ... ®C,, with the standard representation on C*, as can be easily
verified. This concludes the proof. O

Proposition 5.1.18. Let F be an open face of A, k = dim(F) and i : p~*(F) — S
the inclusion. Then the pre-image u~'(F) is a symplectic submanifold of dimension 2k.
Moreover, the map p: (u=Y(F),i*w) — F is a principal Hamiltonian T .-bundle:

(Tar Q) _ ) (1M (F), i*w)
F F

with Ap as in Definition 5.1.12. Consequently, the fibers of u coincide with the Ty-orbits.
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Proof. We first show that u~!(F) is a symplectic submanifold. Let z € u~'(F), b = u(x)
and T' = Ty B/Ay. Fix a linear projection p : t — t,. In view of theorems 3.2.3 and 5.1.14c
it is enough to prove that M~1(t) is a symplectic submanifold of (T' xr, ({2 ® S,),Q) at
[e,0,0], where M is given by

T xr, (g x Sp) = €, [t s] = p'(ns,(s) + @

Now we notice that
M) =T xp, . (5.4)

Indeed, [t,a,s] € M71(t0) if and only if us,(s) = 0, because p* is injective and its im-
age is a linear complement to t0 in t*. Moreover, because the weights of the symplectic
isotropy representation at x are linearly independent, it follows from Corollary 3.3.17 that
s, (s) = 0 if and only if s = 0. Hence (5.4) holds. So we see that M~1(t)) is indeed
a submanifold and by Proposition A.4 it follows that the tangent space to M~1(t)) at
[e,0,0] is a symplectic linear subspace of the tangent space to the model at [e, 0, 0], as was

left to be shown.

Now let us turn to the second statement. Let ¢ : F' — B denote the inclusion. By
Proposition 5.1.13 we have a short exact sequence of torus bundles over F"

TF° o*

By exactness and the fact that TF?/(A NTFY) is the isotropy bundle of the T |p-action
along p : u~1(F) — F, this action descends to a free action of Ty, along p: u~1(F) — F.
In particular, the T ,-orbits are k-dimensional. The 7, .-action is Hamiltonian, because
p~1(F) is a symplectic submanifold of (S,w) and ¢* pulls back the canonical symplectic
form on Ty, back to the restriction of the canonical symplectic form on 7x to Ta|r. Con-
sequently, u : u~1(F) — F is a submersion, being the moment map of a free Hamiltonian
groupoid space. It follows that the fibers of p are k-dimensional. The moment map p
is Ta invariant since the source and target map of T coincide. Therefore the fibers of u
are unions of 7, orbits. Since each such orbit is a codimension 0 submanifold of such a
fiber, it must be an open subset thereof. So since we assumed the fibers to be connected,
each fiber must coincide with a single T4 ,-orbit. All in all, this proves that the desired
TA--bundle is principal. The final claim follows from the remark that the 75-orbit through
a point in p~1(F) coincides with that of T, as the action of T4, descends from that of
Talr via the above short exact sequence. This proves the proposition. ]

We can now derive the desired theorem.

Proof of Theorem 5.1.16. An equivalent way of saying that the fibers of p are the Tj-
orbits, is that u factors through a bijection

fS/Ta — A.

Since the map p is continuous and closed onto its image, so is iz and hence it is a homeo-
morphism. By the previous lemma, i maps each Morita type of S/Tp homeomorphically
onto a member of the partition of A by depth, and so the same holds for the strata. It
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thus remains to verify that it does so diffeomorphically. The restriction p : p='(F) — F
being a principal 74 .-bundle, it factors through a diffeomorphism:

pHE)(Talp) = 0 (F)/Tap — F.

Now recall that for each stratum R the projection 7 : 7~!(R) — R is a surjective submer-
sion. Here 7 : S — S/Tj is the orbit projection. Together with the fact that pu=1(F) is
Ta-invariant, this implies that the canonical inclusion u=1(F)/(Tx|r) into S/ T4 is a diffeo-
morphism onto the stratum p~1(F)/Ta. Therefore ji : p=*(F)/Ta — F is the composition
of two diffeomorphisms and hence a diffeomorphism itself. ]

5.1.4 Local isomorphism types

With the understanding of toric Tp-spaces that we have gained thus far, we can show that
the local structure of a toric Tp-space is fully encoded in the local properties of its moment
image. This is the content of the theorem below.

Theorem 5.1.19. Let u; : (S;,w;) — B be two toric Tp-spaces and let A; = u(S;) for
i€ {1,2}. If the germs of A1 and Ay at a point b € Ay N Ay agree, then there is an open
neighbourhood U of b in B and an isomorphism of Hamiltonian Tx|y-spaces:

(1 (U),w1) ——— (13 (U), w2)

U

Proof. Fix some z; € ui_l(b). Because the germs of A; and As at b agree, so do their
polyhedral cones and the tangent spaces to their open faces at b. From the latter and
Corollary 5.1.15 it follows that

(77\)501 = (77\)952 (5.5)

We will denote this group by H. From this and Theorem 5.1.14¢ we conclude that the
weights of the symplectic isotropy representations at xy and xo span the same cone in
h*. Therefore, the classification theorem for toric representations implies that there is an
isomorphism of symplectic H-representations ¢ : (Syy,wWs,) — (Szy,Way). This in turn
provides an isomorphism of Hamiltonian T-spaces:

¢ : T XH (ho S Sﬂh) =T XH (bo @ sz)a [t,a,s] — [t,Oz,QO(S)]-

Here we use the same choice of linear projection p : t — b to equip both models with
a symplectic structure and moment map. One can directly verify that the above map is
symplectic by chasing through the construction of the symplectic form on the model in
the Appendix.

As in the local normal form theorem, choose an open neighbourhood Uj, of b on which
log,, is defined and consider the induced Hamiltonian 7T-action on ,u,l._l(Ub), for both ¢ €
{1,2}. By that theorem each orbit O,, admits a T-invariant open neighbourhood V; C
u;l(Ub) which is isomorphic to a T-invariant open neighbourhood W; of O,, in T xpg
(h° © S,,), by an isomorphism that restricts to the identity on O,,. Replacing W; by
W1 Ny~Y(Ws) and shrinking Wa, V4 and Vs accordingly, we can assume that 1) maps W,
onto Wy. By the fact that u; is closed as map onto A; and that ui_l(b) = O,,, we can
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find open neighbourhoods U; of b in Uy such that ui_l(Ui) C V;. Since isomorphisms of
Hamiltonian T-spaces intertwine moment maps, the composition of the three isomorphisms
above yields an isomorphism from p; ! (U) onto py *(U), for U = UyNUs. This is the desired
isomorphism. O

5.2 Constructing a toric 7,-space out of a Delzant subman-
ifold

In the next section we will classify the toric Tp-spaces with moment image a given Delzant
submanifold A C (B, A). The method for doing so closely resembles the classification of
principal T™-bundles by means of their cocycles. In fact, our method is a generalization
of this. The idea of this method is to fix a principal T"-bundle, called the reference
bundle, and to cook up a Cech cohomology class that measures whether or not a given
principal T"-bundle is isomorphic to the reference bundle. In the case of principal T"-
bundles, the choice of reference bundle comes for free: we can just take the trivial principal
T”-bundle. Duistermaat generalized this to a classification of Lagrangian fibrations, or
in other words, he classified the principal Hamiltonian Tx-bundles over a given integral
affine manifold (B, A). In that case, the choice of reference bundle comes for free as well:
it is Tp, considered as a principal Hamiltonian 7a-bundle by the left action on itself. We
will generalize this classification by very similar means. In contrast with the previous two
cases, in our generality the choice of a reference space does not present itself immediately,
as was already the case in Delzant’s classification of toric manifolds. The goal of this
section is to construct it. In other words, we aim to prove:

Theorem 5.2.1. Let A C (B, A) be a Delzant submanifold. Then there is a toric Tx-space
pa : (Sa,wa) = B
with the property that ua(Sa) = A.

When he classified toric manifolds, Delzant already proved this theorem for Delzant poly-
topes, which coincide with the compact and connected Delzant submanifolds of (R™,Z"™).
The construction that we give is however different from Delzant’s construction.

5.2.1 The topology of Sa

We have seen that a toric Tj-space with moment image A is partitioned into principal
Hamiltonian 7Ty ,-bundles over each of the open faces F' of A. At the level of sets, we define
UA : SA — B as the simplest such candidate. Namely, in light of Proposition 5.1.13, we
can define:
BA 2 SA = |_| Tr, = B
FeS(A)

where pia restricts to the bundle projection 75, — F for each open face F' of A. This has
image A, as desired. To obtain a suitable topology on Sa, we realise it as a quotient of
TAla, as follows. For each open face F' of A, we let

TFO

Ke=r7r0
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and we let

Ka = |_| Kp.
FeS(A)

This is a (discrete) subgroupoid of Tx|a. From Proposition 5.1.13 it follows that Sa can
be realised canonically as the quotient:

Tala
Ka

We endow Sa with the quotient topology. Under this identification, the bundle projection
Tala — A descends to the map pa, which is therefore continuous. Moreover, the canonical
left action of 7p on Tx|a — A commutes with the action of Ka along Tala — A, and
hence descends to a left action of Ty along ua : Sa — B.

Proposition 5.2.2. The map ua s continuous, closed onto its image and has connected
fibers. Moreover, the Tx-action is free on the open and dense subset Sz of Sa.

Notation 2. Given an open subset U of B or of A, we denote by (Sa)y the open subset
,ugl(U ). We do however make one exception: if U = A is the interior of the manifold with
corners A, then we write Sz for pA(U).

Proof. We have already shown that pa is continuous. By construction its fibers are tori
and so they are connected. It is clear as well that the action is free on Sy, so it remains to
verify that this is an open and dense subset, and that p is closed onto its image. To this
end, note that 7y — B is a fiber bundle and hence 7Tp|a — A is a continuous fiber bundle.
The bundle projection of a continuous fiber bundle with compact fibers is closed onto its
image (by local triviality and the Tube Lemma). So because closedness is preserved when
factoring through a quotient map, pa is closed onto its image. Moreover, since the interior
A = PO(A) is open and dense in A and Ta|a — A is a continuous fiber bundle, so is TalA
in Ta|a. Since it is saturated as well, this in turn implies that its image Sz under the
quotient map is open and dense in Sa. ]

In the remaining sections we equip Sa with a suitable smooth and symplectic structure.

5.2.2 The local structure and symplectic cuts

In this section we show how to equip S with the desired structure in the special case in
which (B,A) = (R",Z") and A = R}. We will do this by means of a procedure that is
called the symplectic cut. What we will use is only a special case of the more general
symplectic cutting procedure introduced in [Ler95]. This will later serve as a local model
for the general case.

Suppose that Tz» acts along a map p : (M?",w) — R™ in a Hamiltonian way. The standard
coordinates on R" induce an isomorphism of symplectic groupoids:

(Tzn,Qzn) = (T™ x R™, wyp)

where the symplectic groupoid on the right-hand side is the action groupoid of the trivial
action of T" on R™. So we can interpret this action as a Hamiltonian T"-action on (M, w)
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with moment map p. Let us fix some notation. Let k € {0,...,n}. For I C {1,....,k}
(which by convention is empty if &k = 0) we denote

T;={\eT"| \,=1ifi ¢ I}.
Furthermore, we write:
o T; =Ty
o TH:=Ty iy ={AeT"| X\ =1ifj>k}.

The diagonal action of T¥ on M x CF, by the action of T on (M,w) and the anti-standard
action of T* on (CF, —wy), is Hamiltonian with moment map

fi: M xCF = RF iz, 2) = pi(x) — 7z
We denote the reduced space i~(0)/T* by C’,’f.

Proposition 5.2.3. Suppose that the induced T;-action on u;l(O) is free for each j €

{1,....k}. Then the action of T* on ji=1(0) is free as well. In particular, this holds if T"
acts freely on M.

Proof. Let (z,2) € i71(0) and A € T* such that A (z, z) = (z, 2). If 2; # 0 then it follows
directly that \; = 1, while if z; = 0, then p;(z) = 7|2;|* = 0 and our assumption implies
that )‘j = 1. [

From now on, we assume that the hypotheses of the previous proposition hold. Then the
symplectic reduction theorem applies, so that the reduced space C[j is smooth and the
symplectic structure on M x C¥ descends to one on Cﬁ. Moreover, the moment map u
descends to a moment map for the induced action of T™ on Cl]j, given by:

Cﬁ —R", [z,z] = p(z).
The image of this moment map is p(M) NR}.

It is enlightening to interpret this reduced space in the framework that we have developed
so far. The cone A := R} is a Delzant submanifold of (R",Z"), with open faces given by

Fr={zeR}|z=0ifieland z; #0if i € {0,...,k}\I},

where I C {1,...,k}. The groupoid Krp defined in the previous section acts on pH(RY).
One can interpret this action in terms of group-actions of subtori of T* on each subset
w1 (Fr). As was observed before, the standard coordinates on R™ induce a trivialization

Tzn = T" x R™.

For each I C {1,..., k}, the subgroupoid Kr, of Tz» is identified with T x Fy and the action
of Kp, along u=1(Fy) — Fy is just the action of T;. The orbit space of the Krp-action is
related to C’ﬁ , as follows.
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Proposition 5.2.4. The map

h: u_l(RZ)/ICRZ — C/]j, [x] — [(x, \/ Mliw), Y l@)] . (5.6)

s a homeomorphism.

Proof. By interpreting the action of Kry in terms of group-actions of subtori of T* on
the pre-image of each face, as was just discussed, one can verify that the given map is a
continuous bijection. It is a homeomorphism, since it is closed as well. To see this, let
7 H0) — Cﬁ denote the canonical projection and note that for C C p~(R?) we have:

w1 (R(C/Kgp)) = (T* - (C x RE,)) N =" (0)
which is closed in 271(0) if C is closed in p~(R?Y), by compactness of T*. O

We leave it to the reader to check that:

Proposition 5.2.5. The composition
1 _ h
pHRE) = p T (RY) /Ky = O
18 a symplectic embedding.

Example 5.2.6. We apply this procedure to the free Hamiltonian T"-space (T" xR™, wy, o).
The image of the moment map of the Hamiltonian T™-space C,’jo will be R}, and so in
the specific case A = R} C (R",Z") this provides us with the desired structure on our
candidate topological space Sa. In the general case, this will be the local model. In order
to gain a better understanding, we now give a more explicit description of it. Observe
that we have an isomorphism of Hamiltonian T"-spaces:

T % x R** x CF — Cﬁo, Nz, 2) = [(1,N\), 7|22, .. w2 2, 2, 2)],

which has inverse given by:
[)\, x, Z] — ()\k+17 s Any Thily ey Tn, ALZ1y ooy /\kzk) .

Here the Hamiltonian action of T = TF x T?* on T" % x R* x C* is the cross-diagonal
action of the standard action of T"~* on (T"* x R"~* wg) and that of T* on (CF, —wy).
We get the cross-diagonal action instead of the diagonal action, because we chose to require
the first £ coordinates in R} to be positive, instead of the last k coordinates. The moment
map is therefore given by:

po : TR X RYF 5 CF 5 R, (N2, 2) = (n]21)?, .., wlz%, 2).

For this to truly serve as a local model, one can for instance replace R*~* and C* by the
opens balls B?™* and B2?* of radius ¢ > 0, centred at the origin. Accordingly, one can
replace R” by P x B'~* where:

k
PF = {x e R¥| Z ;| < 7r62},

i=1
because
pig L (PF x Br7ky = Tk x Bnk x B2k,
The choice of these specific opens is of course merely made to please the eye; what is

important is that the collection {P* x B"¥}..( is a basis of open neighbourhoods of
0€R"™
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5.2.3 The smooth and symplectic structure

For general A C (B, A), the procedure of symplectic cutting can be applied locally, by
means of the following lemma.

Lemma 5.2.7. Let (U,x) be an integral affine chart for (B,A). Then x induces an
isomorphism of symplectic groupoids:

(T" x X(U),w0) = (Talv, Qean)s (€77, @) 05X 1, mod A,
j=1

where the groupoid T™ x x(U) = x(U) is the action groupoid for the trivial action of T™
on x(U). Consequently, given a symplectic manifold (S,w), an action of Taly on a map
w: S — U is Hamiltonian if and only if the induced action of T™ on (S,w) is Hamiltonian
with moment map

fy =xO0p:S—R"

Proof. The proof is essentially that of Lemma 3.2.2. The first statement is straightforward
to verify; the second statement follows from the first, the correspondence between Hamil-
tonian G-spaces and Hamiltonian G x g*-spaces and the observation that wg coincides
with the canonical symplectic form on the action groupoid T" x t* = T"™ x R"™, because of
formula (1.4) and triviality of the Lie bracket on t*. O

We call a triple (p, U, x) consisting of an integral affine chart (U, x) for (B, A) and a point
p € UNA admissible, if x(p) = 0 and

x(UNA)=x(U)NRy,

where k = depth(p). Observe that for any such triple x(U N A) is an open neighbourhood
of 0 in R} and p has maximal depth amongst all points in U N A. Further note that every
p € A belongs to some admissible triple (p, U, x).

Since the action of T on itself is free, so is the action of T™ on Ty |7, induced by an integral
chart (U, x) as in the above lemma. Therefore, for each admissible triple (p, U, x) we can
apply the symplectic cutting procedure to the free Hamiltonian T"-space (Ta|v, Qeans oy )-

We will henceforth denote the reduced space C’ij that we obtain in this way by C, vy

Lemma 5.2.8. Every admissible triple (p,U, x) gives rise to a homeomorphism
hwuy) + (9a)o = Copuy-
This induces a structure of a symplectic manifold on (Sa)u for which the inclusion
TAlany = (Sa)u
is a symplectic embedding and the action of Taly on w: (Sa)u — U is Hamiltonian.

Proof. Because the triple (p, U, x) is admissible we have that
i (RY) = p ' (UNA) = Talvna,
and if x(b) € Fr C R} for some I C {1,...,k}, then

Ty F° = spang{dx}| i € I}.
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This implies that
i (RE) /Ky = (Taluna)/(Kalv).

Therefore, (5.6) provides a homeomorphism (7x|vna)/(Kluna) = Cp,u,y)- We can canon-
ically identify (Sa)y with (7Taluna)/(Kalo) as sets. This identification is in fact a homeo-
morphism, because Ta|yna C 7Tala is a saturated open subset with respect to the quotient
by Ka. By composing these homeomorphisms we obtain the homeomorphism h, p)-
Therefore (Sa)y admits a unique structure of symplectic manifold for which h, 1) is a
symplectomorphism. It follows from Proposition 5.2.5 that the inclusion Tz |z~ = (Sa)U
is a symplectic embedding. The Tj-action on Sa restricts to an action:

Talo Q (Sa)u
A

U
This action is Hamiltonian if and only if the T™-action:

™ xR* ) (Sa)u

Lo

RTL

induced by x as in Lemma 5.2.7 is so. The symplectomorphism h, 1) interwines this
T™-action with the Hamiltonian T"-action:

(TTL X R",wg) Q <C(p7U7x)7w7'ed)

I

RTL

coming from the symplectic cut. We conclude from this that the action of Tj|y on pa :
(Sa)u — U is Hamiltonian (which includes the fact that ua is smooth). O

The previous proposition shows that, locally, SA has the desired structure. The following
lemma shows that the local pieces form a global structure.

Lemma 5.2.9. Let (p,U, x) and (q,V, ) be two admissible triples. The induced smooth
and symplectic structures on (Sa)y and (Sa)y restrict to one and the same smooth struc-
ture on their overlap (SA)unv -

Proof. Throughout, let k = depthx (p) and | = deptha (q). Let us first address the case in
which p = ¢. In this case, x o ¢! maps an open neighbourhood of 0 in R} onto an open
neighbourhood of 0 in R} and is given by x — Jac(xo ¢ ™')(p) -2, where Jac(xop™1)(p) €
GL,(Z). As in the proof of Lemma 4.2.2 we find that the Jacobian at p is of the form:

aelvo e 0 = (5 o)

for A € Myxx(R), B € M(_p)xi(R) and C' € M, _p)x(n—k)(R). Consequently, A maps
[0, 00[F onto [0, co[F and belongs to GLx(Z). In other words,

Cone(ey, ..., ex) = Cone(Aey, ..., Aeg),
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and both generating sets form a Z-basis of the lattice Z*. By Proposition 5.1.6¢ we deduce
that the tuples (e, ...,e;) and (Aey, ..., Aeg) coincide up to a reordering. Therefore, the
same holds for the k-tuples (x!,...,x*) and (¢, ...,o%). Let o € Si be the permutation
such that 7@ = ¢ for each i € {1, ...,k}. Then the map hy o h;l is given by

Ciux) = CopU) [(m, 2)] = [(m, 25)],

where (25); = 24(;) for each i € {1,...,k}. The inverse of this map is obtained by reversing
the roles of x and ¢, hence it is a diffeomorphism. We conclude that x and ¢ indeed
induce the same smooth structure on (Sa ).

We shall now show how to reduce the general case to the previous one. Let r e UNV NA
and m = depthn (). Then m < min{k,}, so by rearranging the first £ and [ components
of x and ¢ respectively, we may assume that x‘(r) = 0 if i < m, while x*(r) > 0 if
m < i < k and similarly for ¢. Indeed, as we showed just now, the smooth structure
induced by an admissible triple is invariant under a permutation of the coordinates. Now,
choose an open neighbourhood W of r in U NV such that for every x € W we have:

x'(z) > 0if m <i <k, (5.7)
Oi(z) > 0if m < i <.

Write x = x|w — x(r) and similarly for ¢. By construction, the triples (r, W, x) and
(r,W, ) are admissible and by the previous case they induce the same smooth structure
on (Sa)w. We will show that the smooth structure on (Sa )y induced by (p, U, x) restricts
to this one and that the same holds for (Sa)y and (g, V, ¢). Since r € UNV was arbitrary,
this would prove smoothness part of the lemma. To this end, observe that the map

hy o h(_r,1W,>2) is given by

Cows) = Covnr  (3,2)] KH \/X’”W“(ff))\/xk(#@))ﬂ |

,U,x)

s

This is smooth by (5.7). Moreover, one can directly verify that this is an embedding.
Therefore the smooth structure on (Sa)y restricts to that on (Sa)w. The same argument
goes for (Sa)y and (¢, V, ).

Next, we address the symplectic structure. The inclusion

TAlyavaa = (Sa)unv

is a symplectic embedding with respect to both symplectic structures. Therefore the
symplectic forms on (Sa)y and (Sa)y coincide on an open and dense subset of their
overlap, and hence they agree on the entire overlap. This finishes the proof. O

Corollary 5.2.10. The topological space Sa is Hausdorff, second-countable and it admits
a unique smooth structure that restricts to the one on (Sa)y for each open U belonging
to an admissible triple (p,U,x). Moreover, there is a unique symplectic form wa on Sa
that restricts to the one on (Sa)u for each such U. Furthermore, the action of Ty on
pa : (Sa,w) — B is Hamiltonian.
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Proof. To see that Sa is Hausdorff, let p,q € Sa be distinct. If pua(p) = pa(q), then
p,q € (Sa)y for some open U belonging to an admissible triple and p and ¢ can be
separated by opens contained in the Hausdorff subspace (Sa)yr. Otherwise, pa(p) # pua(q)
and by Hausdorffness of A and continuity of yu we can separate p and ¢ by opens in
SA. Therefore Sa is Hausdorff. Since A is second-countable it admits a countable cover
U by opens that belong to admissible triples, hence Sa admits a countable open cover
{(Sa)u| U € U} by second-countable subspaces. This implies that Sa is itself second-
countable. The statements about the smooth and symplectic structure are an immediate
consequence of the previous lemma. Finally, because the action of 7 on u : S — B
restricts to a Hamiltonian action of Tx|¢ on p: (Sa)y — U for each U € U, the Tp-action
is Hamiltonian itself. This completes the proof. O

By combining the previous Corollary with Proposition 5.2.2 we conclude that the Hamil-
tonian Tp-space pua : (Sa,wa) — B satisfies the requirements of Theorem 5.2.2.

Remark 16. Let us point out that our construction would have worked as well if we
would have started with any principal Tp-bundle over (B, A), instead of Ty. As we will
soon see, there may or may not exist any others. In any case, we believe that there
should be a condition that characterizes the one that comes out when starting with Ty
as the simplest one. In the classifications of principal Hamiltonian Tx-bundles in terms of
cocycles there is an obvious choice of such a simplest one: the bundle 7. Its isomorphism
class is characterized as the simplest one by the fact that it admits a global Lagrangian
section. It is a characterization of this flavour that we would be looking for.

5.3 The classification

Throughout, let A C (B, A) be a fixed Delzant submanifold. In this section we will classify
the toric Tp-spaces with moment image A.

5.3.1 The Lagrangian Chern class

Mimicking the work of Duistermaat [Dui80] (who classified Lagrangian fibrations over a
fixed integral affine manifold), to a general toric Tp-space we will associate a cohomology
class that measures the failure of being isomorphic to ua : (Sa,wa) — B.

First we will relate the smooth local sections of Ty|a — A to local automorphisms of
Sa. Let U € A open. We call a map o : U — M into a manifold (without corners) M
smooth if it extends to a smooth map into M on an open neighbourhood of U in B. To
each smooth local section o : U — Tp we can associate a Tp-equivariant diffeomorphism:

Vo : (Sa)u = (Sa)u, x> o(pa(w)) - .
Conversely, we have:

Proposition 5.3.1. Let U C A open. For every Ta-equivariant diffeomorphism
¥ (Sa)u = (Sa)u

there is a unique smooth local section o : U — Ty for which ¥ = 1,.
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Here by Tjp-equivariance we mean that ua o1 = pa and ¥(t-p) =t - ¢(p) for all t € Ty
in the fiber over pa(p). In other words, v is a morphism of Tj-spaces over B.

Proof. Uniqueness follows from the fact that the action is free on the dense subset Sz of
SA. Now let an open U and an equivariant diffeomorphism ¢ be given. Having established
the uniqueness for arbitrary opens, to prove the existence of the desired smooth local
section, it is now enough to show that every point x¢p € U admits an open neighbourhood
Uy of  in U and a smooth local section og : Uy — Ta for which ¢|(SA)U0 = g,. To this
end, let g € U and let (zg, V, x) be an admissible triple with the property that

X(V) = PFx B "

for some £ > 0. By construction of Sa, the Hamiltonian 7|y -space (Sa)y is isomorphic
to the Hamiltonian T"-space of Example 5.2.6. Therefore, Lemma, 5.3.2 below provides
the desired section og, defined on Uy = V N A. O

Lemma 5.3.2. Let € > 0 and
@ : T % x Bl ¥ x B2 — T"% x B F x B2

be an automorphism of the T* x T" *-space of Example 5.2.6 that preserves the moment
map po. Then there is a map o : (Pek X Bg‘_k) NRE — T" such that ¢ is given by:

p(z) = o(po(z)) -z
and o extends to a smooth map into T™ on an open neighbourhood of its domain in R™.

Proof. This proof is inspired on that of [Del88, Lemma 2.6]. Let ¢, denote the j* com-
ponent of ¢ in C* and denote by ¢ the projection from T" % x R"% x C* to R"*. Then
q o ¢ = q, because ¢ preserves ug. Hence we can write:

Y= (@17 vy Pn—k, Q7¢17 "'7¢k)-
In combination with the equivariance of ¢ this gives:
otya,z) = (t1-o1(L,a,2), oyt - on—k(1, @, 2), 0, 01 (1, @, 2), ..o, Vi (1, @y 2)). (5.9)

Let us now study the components ¢; and ;. It follows from equivariance of ¢ that

()0](17 «, A Z) = @J(L «, Z)a
wj(la «, A Z) = A]wj(la a, Z),

for all (o, z) € B2 % x B2 and A € T*. In particular, (o, z) — (1, a, x) restricts to a
smooth function on BP~* x B¥ € R"~* x Re(C¥) which is odd in the x; variable and even
in the other z-variables, while (o, z) — ¢;(1, o, x) restricts to a smooth function on this
domain as well, but is even in all z-variables. Therefore, a theorem by Hassler Whitney
[Whi43, Thm 1; Thm 2] implies that there are continuous functions

f195:U = (P x B¥) R} = €
that satisfy
(10](]-a O[,l‘) = f](ﬂ-x%? ""ﬂ-l‘i’ a)7

Yi(l,a,2) = xjgj(ﬂ'x%, - Trxi, a),
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for all (o, z) € B» % x B¥, and extend to smooth functions on some open neighbourhood
of U in R™. The fact that ¢ preserves pg implies that:

$§|gj(77‘1‘%, "'771-'%%704”2 = |¢j(1,0&,$)|2 = 'er

for all (o, z) € B"* x BE. Therefore g; takes values in S on the dense subset U N RZ of
its domain, hence it must do so on its entire domain. Note that f; does so as well, since
¢, does. Finally, observe that for (a,2) € BP* x B2F writing 2, = ¢ |2,,| one finds:

Yi(l,a,2) = ewj@bj(l, a, |21, - |2K])

= ein |Zj|g] (W’Z1|2a ) 7T|Zk|2’ CY)

= 2jgj(po(L, o, 2)) (5.10)
by equivariance of . Similarly,
pi(1,a,2) = fi(po(1, @, 2)). (5.11)
Now define
f:U— Tk
g:U — TF,

to have j** component f;j and g; respectively. As maps into C" % and C* respectively,
f and g extend to smooth maps on an open neighbourhood of U in R™. Since their
components do not vanish on a small enough such open neighbourhood, by normalizing
them we can find such extensions that map smoothly into T"~* and T*, respectively. By
combining (5.9) and (5.11) with (5.10) and T"-invariance of py one deduces that:

(P(t, «, Z) = (t ' f(:u()(ta «, Z)),Oé,g(uo(t, «, Z)) ' Z)
= (g(:u()(ta «, Z)),f(luo(t,()d,Z))) ' (t,Oé,Z).
We conclude that
oc=gxf:U—=TFxT" "

satisfies the requirements of the lemma. O

Proposition 5.3.1 shows that equivariant self-diffeomorphisms of (Sa)y correspond to
smooth local sections of the fiber bundle Tp|a. We are however interested in the symplectic
structure wa as well. The next result below shows that equivariant symplectomorphisms
correspond to Lagrangian sections.

Definition 5.3.3. A Lagrangian section o of 75 over A is a smooth local section of
Ta|a for which 0*Qp = 0.

Remark 17. Having defined the notion of smooth maps defined on A, we have as well
defined the differential forms on A: they are the smooth section A — AFT*B. One can
define pull-backs by smooth maps f : A — M into a manifold (without corners) M as
follows: choose a smooth extension f defined on an open in B and for o € QF(M) define

ffa: A= A*T*B, (ffa), = ((f) ).
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for x € A. This does not depend on the choice of extension, since it does not do so on the
open subset A of B , which is dense in A. Similarly, one can define the exterior derivative
and wedge product of smooth forms on A, and the usual identities such as “d commutes
with pull-back” still hold, because they do so on the open subset A of B , which is dense
in A. Furthermore, one can define pull-backs of differential forms on A by smooth maps
g : M — B with g(M) C A by the usual formula, and the chain rule still holds. In
particular, given smooth maps g : N — B with g(N) C A and f: A — M, it holds that
fog: N — M is smooth and:
(feg)a=g"fra

for o € Q¥(M). Of course, in the above, we could replace A by any of its open subsets.
An alternative (perhaps more natural, but more time-consuming) approach would be to
generalize the theory of differential forms to manifold with corners.

Returning to Lagrangian sections, we have:

Proposition 5.3.4. Let U C A open and o : U — Tp a smooth local section. Then v, is
a symplectomorphism if and only if o is a Lagrangian section.

Proof. Because the action of (Tx,{2) is on pa is Hamiltonian, we have
m*wa = priQa + prowa.
In combination with the fact that:
iotys=mo ((0dopuaoci),i)
where 7 is the inclusion of (Sa)y into Sa, this yields
Yii*wa = (pa 01) 0 Qp + Fwa,

from which the result follows, since the interior of A is dense and consists of regular values
of ua. O

The Lagrangian sections of Ty over A give rise to a sheaf (of abelian groups) £(7y) over
A. Analogously, we can define a sheaf of Lagrangian sections of T*B over A, denoted:
L(T*B). With this at hand, we are in position to generalize Duistermaat’s definition of
the Lagrangian Chern class of a Lagrangian fibration to that of a toric Tx-space. Let
u: (S,w) — B be a toric Tp-space with moment image A. Due to Theorem 5.1.19 we can
choose an open cover U = {U; };cr of A that admits a collection {1; };er of Ta-equivariant
symplectomorphisms v; : u~1(U;) — (Sa)u,. For each i,5 € I we let s;; € L(Uij;Ta) be
the unique smooth local section satisfying:

Vsi; = i Owj_l H(Sa)uy; = (Sa)uy-

This defines a 1-cocycle s € C'(U, £(Ty)) the cohomology class of which is independent of
the choice of {1;}ic;. The corresponding class c/%9 € H'(A; L(Tx)) depends only on the
isomorphism class of the Hamiltonian Tj-space.

Definition 5.3.5. The class ¢/ € H'(A; £(T})) is called the Lagrangian Chern class
of the toric Tx-space p : (S,w) — B.

The main result of this chapter is:
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Theorem 5.3.6 (Classification of toric Tx-spaces). The toric Ty-spaces p : (S,w) — B
with moment image A are classified (up to isomorphism) by the set H'(A; L(Ty)). More
precisely, the map that associates to every isomorphism class of such spaces its Lagrangian
Chern class in HY(A; L(TR)) is a bijection.

Proof. The map is well-defined since, as noted before, ¢/*9 depends only on the isomor-
phism class of a toric Ty-space. Now we prove injectivity. Suppose that p; : (S;,w;) = B,
j € {1,2}, are two toric Tx-spaces, the Lagrangian Chern classes of which coincide. Then
by construction of these classes, there is an open cover {U;};c; of A and there are two
collections {1 }ie; and {(;}ies consisting of isomorphisms v; : u7 ' (U;) — (Sa)y, and
@i+ pi5 - (U;) = (Sa)y, such that:

[s¥] = [s¥] € H' (U, L(A; TR)),

where s? is the unique element of C' (U, £(Ta)) satisying t; o wj_l = foralli,jel,
ij

and analogously for s?. Therefore there is a collection {o;};c; of Lagrangian sections
o; : U; — Ta such that
©

— 8T,

SU v

:O'j—O'i

for all 4,57 € I. Rewriting this we get o; = sfj +oj;— sg;- which implies:

70U, 0 =5 0Yg, 0% on (Sa)uy,-
Therefore
v Sl — SQ, \Il‘ﬂfl(Uz) = SD@_I o wa'i o ¢7,

is well-defined. By the analogous properties of ¢;, 1, and v;, this is a morphism of Hamil-
tonian Tj-spaces, a local diffeomorphism and it is a fiberwise bijection. By the latter it is a
global bijection and hence it is in fact a diffeomorphism, as desired. This proves injectivity.

Finally, we address surjectivity. Suppose that ¢ € H'(A; £(T3)). Let U = {U;}icr be an
open cover of A, s € CY(U, L(Ty)) a 1-cocycle representing the class ¢ and

1/}7,] = T/Js,-j : (SA)Uij - (SA)U’U'

We define the topological space
LliEI<SA>Ui

~

S =
where we quotient by the equivalence relation
T~y < 1€ (Sa)y,, y € (Sa)y, and z = 1y;(y).

This is indeed an equivalence relation, because s is a cocycle. For each ¢ € I, there is a
canonical injection

Yt (Sa)u, = S, x> [z].

Each 1; is a topological embedding onto an open subset of S. Therefore each v; endows
its image with the structure of a toric 7x|y,-space. Remark that 1;; = wi_l o 1); for each
i,7 € I. This and the fact that each 1;; is an isomorphism of Hamiltonian 7j-spaces
guarantees that the structures induced by 1; and by ; coincide on the overlap of their

images. Hence S admits a smooth structure, a symplectic structure and a toric Tp-action,
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which is uniquely determined by the fact that each v; is an embedding of Hamiltonian
Ta-spaces. The topology on S is Hausdorff and second-countable, by the same arguments
as in the proof of Corollary 5.2.10. Denoting by p the moment map for the Tj-action on
S we have:
u(8) = U al(Sa)) = J Ui = A
icl icl

Moreover, using the cover U and the collection {1;};c; to compute the Lagrangian Chern
class of the toric Tp-space p : (S,w) — B, it is immediate that this must be c¢. This
completes the proof of the theorem. O

5.3.2 Computing H'(A; L(T))

So far we have classified the toric Tp-spaces in terms of their moment image A and their
Lagrangian Chern class. We will now derive sufficient conditions on the topology of A
under which H'(A; A(74)) vanishes, so that the toric Ty-spaces with such moment image
are unique (up to isomorphism).

Once more, let A be a given Delzant submanifold of (B,A). We begin by introducing a
new sheaf over A: the sheaf C}° is the subsheaf of C°° consisting of integral affine smooth
functions. That is, f € C°(U) if and only if f € C*(U) and df, € A for every b € U.
We have a short exact sequence of sheaves:

0—CF — C* — L(Ty) — 0,

where the first map is the inclusion, whereas the second map is the composition of exterior
derivative d : C*° — L(T*B) and the map L(T*B) — L(7a) induced by the projection
T*B — Ta. It follows from the defining property of Aean, € QY(T*B) that a smooth
local section of T*B is Lagrangian, precisely if it is closed as a 1-form. This implies
that the second map in the short exact sequence maps into £(75) and, together with the
Poincar Lemma and the fact that ¢ : T*B — Tp is a surjective submersion, it implies its
surjectivity at the level of stalks. The rest of the exactness is obvious, so we obtain a long
exact sequence in cohomology. Because C* is a fine sheaf over A (a property which it
inherits from the smooth functions on B), the cohomology H*(A;C>) vanishes if k > 1.
So the connecting homomorphism in this long exact sequence is an isomorphism:

§: H'(A;L£(Th)) = H*(A; CF).
Secondly, observe that we have a short exact sequence of sheaves over A:
05R— 0P %T(A) =0,

where R denotes the sheaf of locally constant functions with values in R. The second
map is surjective at the level of stalks, because of the Poincar Lemma and the fact that
all smooth local sections of A are Lagrangian. Again, the rest of the exactness is rather
obvious, so in particular we obtain part of the long exact sequence:

H*(A;R) — H*(A;CF°) — H*(A;T(A)) — HP(AR).

Since A is paracompact, Hausdorff and locally contractible, the cohomology H*®(A; A) is
isomorphic to Hg;, (A, A) for any abelian group A. In particular, this holds for A = R.
If A|a has trivial monodromy as covering space over A, then we can recognize the third
cohomology group as singular cohomology as well.
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Proposition 5.3.7. If A|a has trivial monodromy, then:

H*(AT(A)) = HY, (A, Z)"

sing
where n = dim(B).

Proof. By the same proof as for Proposition 2.2.17 the triviality of the monodromy repre-
sentations implies that A|a is trivializable by a frame of smooth sections A — A. Such a
trivialization induces an isomorphism of sheafs over A between I'(A) and (Z)™ (the n-fold
direct sum of the sheaf of locally constant functions with values in Z). This implies that:

H*(A;T(A)) = HY (A (Z)") = HY (A Z)" 2= H, (A, Z)"

sing

as claimed. 0

From this discussion we conclude:

Proposition 5.3.8. Suppose A|a has trivial monodromy and that HSng(A’ 7), H% (A,R)

- sing
and Hg’mg(A,R) vanish. Then H'(A; L(Ty)) vanishes. Consequently, up to isomorphism,

there is a unique toric Tp-space over B with moment image A.
As an immediate consequence, we obtain:

Corollary 5.3.9. If A is contractible, then, up to isomorphism, there is a unique toric
Ta-space over B with moment image A.

5.3.3 Derivation of classical classification theorems

In this section we will show how Duistermaat’s classification of Lagrangian fibrations and
Delzant’s classification of toric manifolds are particular examples of our classification of
toric Tp-spaces.

Duistermaat’s classification of Lagrangian fibrations with compact and con-

nected fibers

Let (B,A) be an integral affine manifold. We have shown in Section 3.1 that the La-
grangian fibrations with compact and connected fibers that induce A on B are in bijective
correspondence with principal Hamiltonian 7-bundles. Because the moment image of a
Lagrangian fibration is all of B, Theorem 5.3.6 leads to:

Theorem 5.3.10 (Duistermaat, [Dui80]). The isomorphism classes of Lagrangian fibra-
tions with compact and connected fibers that induce A on B are classified by

H'(B; L(Th))
via their Lagrangian Chern class.
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Delzant’s classification of toric manifolds

Delzant showed that a class of Hamiltonian T-spaces, called toric manifolds, is classified
by Delzant polytopes in (t*, A%.). Here by a Delzant polytope we mean a compact and
connected Delzant submanifold of (t*,A%). In the literature one will probably find the
following equivalent definition: it is a polytope in t* for which the germ of each its vertices
is a smooth polyhedral cone. We have seen that there is a bijective correspondence between
toric T-spaces and compact, connected toric 7, -spaces over (t*,A%.). Since, moreover,
convex spaces are contractible, Corollary 5.3.9 and Theorem 5.3.6 reduce to Delzant’s
Theorem for toric manifolds:

Theorem 5.3.11 (Delzant,[Del88]). Let T be a torus. Then the following hold.
a) If (M,w, ) is a toric T-space, then p(M) is a Delzant polytope in (t*, A%.).

b) Two toric Hamiltonian T-spaces are isomorphic if and only if their moment polytopes
are equal.

¢) For every Delzant polytope A in (t*, A%.), there is a toric T-space the moment polytope
of which is A.

In other words, we have a bijection:

{Isomorphism classes of toric T-spaces} — {Delzant polytopes in (t*, A7)}
(M, w, )] = p(M)
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Chapter 6

Hamiltonian G-spaces over simple
Poisson manifolds

In this chapter we consider Hamiltonian G-spaces over simple Poisson manifolds. These
are those Poisson manifolds for which the leaf space is smooth. We will extend our results
for moment maps of Hamiltonian 7Tx-spaces to those for Hamiltonian G-spaces over simple
Poisson manifolds, by considering their leaf space as a Poisson manifold with the zero-
Poisson structure.

6.1 Proper integrations of simple Poisson manifolds and in-
tegral affine structures on the leaf space

In [CFT16] it is shown that the leaf space of a regular Poisson manifold that admits a

proper integration is an integral affine orbifold. If the leaf space is smooth, then this

implies that the leaf space admits an integral affine structure. The aim of this section is
to prove this.

Definition 6.1.1. A Poisson manifold (M, 7) is called simple if its leaf space B := M /F
is smooth. Moreover, a groupoid (G, 2) = M is called simple if its orbit space is smooth.

Remark 18. A simple Poisson manifold is in particular regular. Moreover, an s-connected
symplectic groupoid is simple if and only if the Poisson structure that it induces is simple.
This holds because its orbits are the symplectic leaves of this Poisson structure.

An important role will be played by the isotropy subgroupoid Gy; of G and the source-
connected part of Gyy.

Definition 6.1.2. The isotropy subgroupoid of a groupoid G = M is the bundle of
groups Gyr over M defined by:

(gM)I:ng r € M.

Definition 6.1.3. Given a Lie groupoid G = M we define the source-connected part
of G to be the wide subgroupoid of G given by:

"= || 7 @),

zeM

where by (+);, we mean the connected component through 1,.
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AND INTEGRAL AFFINE STRUCTURES ON THE LEAF SPACE

Proposition 6.1.4. The source-connected part of a Lie groupoid is an open subset and
hence it is a Lie subgroupoid.

Proof. See [Mac05, Proposition 1.5.1]. O

In [Moe03] it is shown that if G is a regular Lie groupoid over M (which is to say that its
orbit foliation on M is regular), then the source-connected part of Gy is a Lie subgroupoid
of G. We will now show this for the particular case of simple Lie groupoids.

Proposition 6.1.5. Let G = M be a simple Lie groupoid. Then Gy is a Lie subgroupoid.
Consequently, Q% 18 S0 too.

Proof. Since ¢ : M — M /G is a submersion, the subspace
M 3y M = {(m,n) € M x M| q(m) = q(n)}

is a submanifold of M x M. In fact, this is a Lie groupoid called the submersion groupoid,
with source and target maps the first and second projection onto M and multiplication
defined by:

(ﬂc,y)-(z,x):(z,y), l’,y,ZGM.

Consider the morphism of Lie groupoids:
(5,8): G = M ,x, M. (6.1)

We claim that this is a surjective submersion. This would prove the proposition, for then
Gu = Ker(s, t) is a Lie subgroupoid of G, as desired. Let (z,y) € M ,x, M. Then z,y
belong the same orbit, so there is a g € G with s(g) = = and ¢(g) = y. Further suppose
that (v, w) is a tangent vector to M x, M at (z,y), then dg.(v) = dgy(w). Since s is a
surjective submersion, there is a 0 € T,G such that ds,(v) = v. Because gos = qot, we
have that dg,(dt,(?)) = dgy(w) and hence

w—dty(0) € T,0 = dty(Ker(dsy)).
This implies that w = dt (0 + W) for some w € Ker(dsy). Now observe that
d(s,t)g(v + ) = (v,w).
We conclude that (6.1) is indeed a surjective submersion. O
The main result of this section is:

Theorem 6.1.6 ([CFT16]). The orbit space B of a simple and proper symplectic groupoid
(G,Q) = M admits an integral affine structure A.

Lemma 6.1.7. Let 7 be the Poisson structure induced by (G,Q) on M. The map q :
(M,m) — (B,0) is a complete Poisson map. Consequently,

t=qot:(G,Q)— (B,0)
is a complete symplectic realization and (T* B, Qcan) acts along t in a Hamiltonian way.
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Proof. That ¢ is Poisson follows from the fact that
Im(7f) = T, L = Ker(dg,), (6.2)

where L is the symplectic leaf through € M. Therefore ¢ is Poisson as well, being the
composition of two Poisson maps. Equality (6.2) implies as well that ¢*a is a section of
Im(7%)° = Ker(r#) for any o € Q1(B), so it follows that X o, = 0 for any f € C°°(B) and
(trivially) ¢ is a complete Poisson maps. Appealing to the fact that the target map of a
symplectic groupoid is a complete Poisson map, it follows that ¢ is a complete symplectic
realization. Alternatively, one can use that for any o € Q!(B) the vector field a(a) is
tangent to the source- and target-fibers (as will be shown in the next lemma), which by
properness of G implies that a(«) is complete (due to compactness of the submanifolds
sTHz) Nt (y) for z,y € M). O

Lemma 6.1.8. The T*B-action preserves GO for each x € M and induces a surjective,
local diffeomorphism of Lie groupoids:

©:¢"(T*B) = G%, (2,a) = a-1,.

Consequently, the kernel of ¢ is a smooth isotropic lattice in ¢*(T*B) with respect to the
pull-back of Qean along the canonical map ¢*(T*B) — T*B.

Proof. Note that for every a € Q'(B), the vector field a(a) on G is tangent to both the
source- and target-fibers of G, because of the fact that

La(a)Q - t*(q*a) = 3*(q*a),

the fact that s,t: (G,Q) — (M, ) are anti-Poisson and Poisson and the fact that ¢*« is a
section of Ker(r#). This implies that the flow of a(«) preserves GO for each x € M. Hence
the map ¢ is well-defined. The only non-obvious part of verifying that ¢ is a morphism
of groupoids is its compatibility with the multiplication on ggﬁ this follows from right-
invariance of a(«), which in turn follows from multiplicativity of Q. So ¢ is a morphism
of Lie groupoids. We will now show that ¢ is a surjective local diffeomorphism. To this
end, note first that the Hamiltonian 7™ B-action along ¢ is infinitesimally free, since ¢ is a
submersion. Therefore its orbits are immersed submanifolds of dimension that of B and,
for each z € M, the map

¢z TyyB = Gy, (z,0) a1, (6.3)
is an immersion. Since G is preserved by the action, it is partitioned by such orbits. As
dim(G%) = dim(Ker(x%)) = dim(B),

each such orbit is open in G2, so by connectedness GY consists of a single orbit for each
x € M. We conclude that (6.3) is in fact a surjective local diffeomorphism. Therefore
Ker(yp;) is a discrete lattice in T},yB, which is full by compactness of GY. We conclude
from this that ¢ is surjective and, because ¢ is a morphism of Lie groupoids over M, it is

a local diffeomorphism itself, the kernel of which is a smooth lattice in ¢* (7% B).

Finally, let ¢ be the canonical map ¢*(T*B) — T*B, i : G%;, — G the inclusion and
pr:q*(T*B) — M the bundle projection. Because the T* B-action is Hamiltonian and

iop=mo (G uopr)
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MAP
we find that:
Because the space of units is isotropic in (G, 2), this implies that Ker(yp) is isotropic with
respect t0o (§)*Qean- O

Proof of Theorem 6.1.6. By the previous lemma it is enough to show Ker(p,) = Ker(p,)
if ,y € M belong to the same orbit of G. Indeed, it would then follow that there is a
subgroupoid A of T* B with the property that ¢*A = Ker(y). By the properties of Ker(y)
that were proved in the previous lemma and the fact that A|ly = o*(Ker(y)) for every
local section ¢ : U — M of g, it would then follow that A is a smooth Lagrangian lattice
in (T*B, Qcan), as desired.

To this end, let x and y belong to the same orbit. Then there is a g € G such that s(g) = x
and t(g) = y. Observe that a(a) is both left- and right-invariant for every a € Q!(B),
which follows from multiplicativity of {2 and the fact that gos = got. This in turn implies
that:

9@y - 10)g ! = 9(Pg(ay(La))g

= (I)le(a) (glacgil)
= Oéq(x) . 1y-
It follows from this that Ker(y,) = Ker(yp,), as desired. O

From the proof the Theorem 6.1.6 we can conclude more. Namely:

Corollary 6.1.9. The integral affine structure in Theorem 6.1.6 is uniquely characterized
by the fact that
w:q*(ﬂ)*}g%v (I‘, [O‘])}_}a'lx

is a well-defined isomorphism of Lie groupoids that satisfies:
©* (i) = (4)" .

In particular, g?w 15 a torus bundle over M.

6.2 Local polyhedrality properties of the moment map

In this section we will derive locally polyhedrality results for the moment map of Hamilto-
nian actions by the symplectic groupoids that we studied in the previous section. Through-
out this section, let (G,Q2) = M be a simple, proper symplectic groupoid acting along a
map 4 : (S,w) — M in a Hamiltonian fashion. Let A be the induced integral affine
structure on the orbit space B. We write:

g=qop:(S,w)— B

Our first proposition allows us to reduce to the results that we have for Hamiltonian
Ta-spaces.

Proposition 6.2.1. The symplectic torus bundle (Ta, Q) acts along fi in a Hamiltonian
fashion as well.
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Proof. First observe that ¢*(7a) acts along p, since we can identify it with the Lie sub-
groupoid 924 of G via the isomorphism ¢ of Corollary 6.1.9. The action of Ty along p is
given by:

(b,a) - p = (u(p),a) - p,

where the action on the right hand side denotes that of ¢*(74). This action is Hamiltonian.
Indeed, this follows from the fact that the G-action is Hamiltonian, ¢ : ¢*(7a) — 7a is a
surjective submersion, *i*Q = (§)*Q, and the relationship:

mTy, © (d:IdS) =Mmgo (Z ° @, IdS)v
in the notation of Corollary 6.1.9. O

We thus obtain a normal form and local polyhedrality for the moment map i : (S,w) —
(B,0) directly from the results of Chapter 3. In the rest of this section we will express the
assumptions and consequences of these theorems in terms of the G-action, instead of the
Ta-action. Our first objective will be to describe the weights of the symplectic isotropy
representations of the Tj-action in terms of those of the G-action. To this end, let p € S.
We write x = u(p) and b = g(x). We have two symplectic isotropy representations: one
of G, on
P

1,06 N Tp(’)"g"

and one of (73), on

on. TO% T0%
7,01, N TPO%\ 1,071,

Here we have distinguished the notation for the orbits of the G-action and those of the
Ta-action and we have used that those of the Tjp-action are isotropic by Corollary 1.4.3
and the fact that t, = 7, B. The isomorphism of Lie groupoids ¢ : ¢*(7a) — g% restricts
to an isomorphism of Lie groups:

@zt (Ta)s — gg

This maps (74), onto the open Lie subgroup Qg N G, of G, and hence it induces a linear
symplectic action of (73 ), on Sg and a Lie algebra isomorphism (¢.)s : T; B — g, which
maps t, onto g,.

Proposition 6.2.2. The map
G (ST wp) = (S)rwp), o] = o],

is a well-defined embedding of symplectic (Tp)p-representations. Moreover, the symplectic
representation (Szf\,wp) splits as
S =j(S)) @ i(S))

and the action on the second component is trivial.

Proof. Recall that the actions of G and 7 are related via:
mr, © (¢,Idg) = mg o (i o p,1dg). (6.5)
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This implies that their infinitesimal actions are related as:

a;r[‘ = ag o (¢z)s : Ty B = TS,

In combination with Corollary 1.4.3 this implies that:
1,07, = a)* (T} B)
= a;g) (92)
= TpOg N Tp(’)g.

Therefore i is a well-defined, injective map. Clearly it is a linear symplectic map as well.
It further follows from (6.5) that

[a] - §([v]) = [(dmT73) (ja),p) (0, V)]
= [(dmg) (4, (j01) p) (05 V)]
7 (pz([a]) - [v])

for all [a] € (Ta)y and v € S5, hence j is (Tj)p-equivariant. It remains to prove that the
action on j(S8Y)“r is trivial. To this end, let [v] € j(SY)“?. Then wy(v,w) = 0 for all
w € TpO0¢ and therefore v € T;,Og. Now observe that mr, restricts to the projection onto
the second component on the submanifold

(7;\)1, X Og C 77\pr><ﬂS.

Here the first is indeed a subset of the latter due to Proposition 6.2.4 below. It follows
that

[a] - [v] = [(dm73) (a1 (0, )] = [v]
for all [a] € (Ta)p, as desired. O

As an immediate consequence we have:

Corollary 6.2.3. The weight-tuple (aq, ..., ax) of the symplectic isotropy action of G at
p s mapped onto that of Ty at p by the linear isomorphism g, — t; induced by .
Consequently, the moment map [ is locally polyhedral and its cone at a point p € S is

7751(00716(041, ey Q)

-1
where m, : Ty B — g,, is the dual of the composition g, % t, = t, =1, B.

Next, we will relate the images of the moment maps p and fi.

Proposition 6.2.4. Let p: (S,w) — M be a Hamiltonian G-space, p € S, O, the orbit
of the G-action through p and O, the G-orbit through x = p(p). Then

1(Op) = Oy.

Proof. This holds because y € O, if and only if there is a g € G such that s(g) = x and

u(g-p) =t(g) =y.
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Corollary 6.2.5. Let i : (S,w) — M be a Hamiltonian G-space. Then

u(S) = g (a(9)).

We thus see that the image of 1 is determined by that of fi. Moreover, we can consider
the map:

u:S/G — B.

Because the canonical quotient map S — S/G is open (as is the orbit projection of any Lie
groupoid), it follows that i is locally polyhedral if and only if & is so and in this case the
cone of fi at p € S is the cone of i at [p] € S/G. We can therefore conclude the following.

Theorem 6.2.6. Suppose that i is closed as a map onto its image and its fiber over a

point [i([p]) is connected. Then the image of i is locally polyhedral at p([p]) and its cone
at this point is

W;I(Cone(al, ey QL))

6.3 Toric G-spaces

We now suggest a definition of toric G-spaces over simple Poisson manifolds and we show
that the moment image of such a space is a Delzant submanifold of the leaf space.

Definition 6.3.1. A Hamiltonian G-space p : (S,w) — (M, 7) over a simple Poisson
manifold (M, ) is called toric if the following conditions hold:

e (G is proper and s-connected.

The G-action is free on an open and dense subset of S.
o dim(S) = 2dim(M) — rk(n).
e [1 is closed as a map onto its image and has connected fibers.

The motivation for these conditions is similar to that for toric Ta-spaces. The first con-
dition ensures that the leaf space of (M, 7) admits an integral affine structure induced
by (G,Q). If S/G is connected, the second condition is equivalent to the triviality of the
Principal Morita type of the action groupoid. It ensures that the moment map is a weak
isotropic realization which forces the inequality dim(S) > 2dim(M) — rk(7) to hold. The
third condition assumes that this is an equality, which is the most ideal situation. Together
with the second and last condition it ensures that the image of i is a Delzant submanifold
of (B, A), as we will now show. To this end, let u : (S,w) — (M, ) be a toric G-space and
let A denote the image of [i.

Proposition 6.3.2. The symplectic isotropy representation of (Tp), on (Sg,wp) is toric.
Consequently, the isotropy groups of the Tx-action are tori.

Proof. Using the decomposition SITA from Proposition 6.2.2 and the normal form for the
Ta-action in the same way as in the proof of Proposition 5.1.7 one derives that the action
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of (Ta)p on Sg is free on an open and dense subset. Moreover, we have:

dim(SY) = dim(7,08) — dim(T,0g N T,0%)
= (dim(5) — dim(ap(T; M))) — dim(ap(gs))
= dim(5) — (dim(M) — dim(gp)) — (dim(gz) — dim(gp))
= dim(M) — rk(r) — dim(Ker(7%)) + 2dim(g,)
= 2dim(gp)
= 2dim((73),)-

Here we used Corollary 1.4.3 throughout and we used that dim(S) = 2dim(M) — rk(7) in
the fourth step. We conclude that the (73 ),-representation on (Spg ,wp) is indeed toric. [

Together with Theorem 6.2.6 and the same arguments as in the m = 0 case, this leads to
a generalization of Theorem 5.1.14. In particular, we find:

Theorem 6.3.3. The moment image A of a toric G-space is a Delzant submanifold of its
orbit space (B, ).

A brief outlook

We conclude this chapter with an outlook on what we expect or hope to be true for toric
G-spaces. Although we do expect the map i : S/G — A to be a homeomorphism, it
probably need not be an isomorphism of stratified spaces, unless the isotropy groups of
the G-action (and not just those of the Tj-action) are connected.

Apart from this, the question remains whether or not the classification of toric Tp-spaces
could be generalized to toric G-spaces. A similar classification has already been given
for proper isotropic realizations with connected fibers, in [DD87]. The conclusion in that
case is that every such isotropic realization induces an integral affine structure on the leaf
space and, given a Poisson manifold (M, ) with an integral affines structure A on its
leaf space, there is an obstruction class associated to m and A which vanishes precisely
if (M, ) admits such an isotropic realization inducing the given integral affine structure.
It is however not yet known whether or not this class vanishes if (M, ) admits a proper
integration that induces the integral affines structure A on its leaf space, which is the
situation that would be of interest to us. Anyhow, such an obstruction class will certainly
play a role when classifying toric G-spaces.
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Appendix A

Proof of the normal form for
Hamiltonian 7T-spaces

The Moser-Weinstein theorem is a classical tool in symplectic geometry that helps to prove
many (if not all) symplectic normal form theorems. Guillemin and Sternberg noticed in
[GS82] that this theorem and its proof generalize to give a normal form for a moment
map around the fixed points of a proper Hamiltonian G-space. Later this was generalized
to a normal form around arbitrary orbits. In this appendix we will prove a version of
this around isotropic orbits, following the exposition in [Kar93]. Theorem 3.2.1 is a direct
consequence of this.

The normal form for proper Lie group actions

Let M be a proper G-space, x € M and O the orbit through x. If x is a fixed point of
the action, then G, = G and the G-space M is modeled by the isotropy representation
T, M in a G-invariant neighbourhood of x. To obtain a local model of the G-space M in a
neighbourhood of a non-fixed point one is forced to consider G-invariant neighbourhoods
of x. In particular, such a neighbourhood contains the entire orbit O through x. The idea
is now to use the normal bundle to this orbit as the local model. Since the zero-section of
such a normal bundle is an orbit O, which is the base of the principal G,-bundle G — O,
we can use the G-vector bundle

G X(;x ./\/;7

associated to the isotropy representation at x to realize the normal bundle as a G-space.
This is a vector bundle over O, so that we can (and always will) view O as the zero-section
in G xg, Ny and z as [e, 0,0].

Theorem A.1. There exists a G-equivariant embedding
1/) : G X Gy Nx o> M

from a G-invariant open neighbourhood of O onto a G-invariant open neighbourhood of O
in M, such that v restricts to the identity on O. Given a Gy-equivariant linear injection

i Ny — T, M
onto a linear complement to T O in Ty M, we can choose 1 such that i g is given by:

(G,1) 2 8/0e DNz — T M, ([a],v) = az(a) +i(v).
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Proof. See for instance the proof of [OR04, Thm 2.3.28]. O

Remark 19. In the above theorem we can (by the same proof) replace A, by any rep-
resentation V of GG, that admits an equivariant linear injection i : V' — T, M such that
i(V) @ T,0 =T, M. We will take V to be g0 © S, in the coming sections.

Remark 20. Let G be a Lie group, H a closed subgroup and V' a representation of H.
Every G-invariant open subset U of G x g V is of the form G x g W for some H-invariant
open W C V. Indeed, let 7 : G x V — G Xy V denote the canonical projection. Then for
every v € V such that (e,v) € 7~1(U), there is an open neighbourhood W, of v in V such
that {e} x W, C 7~1(U). Taking the union of the opens W,, over all such v we obtain an
open W C V, which by G-invariance of U is such that G x W = 7#=}(U). It follows that
W is H-invariant and U = G x g W, as claimed.

The local model of a Hamiltonian G-space

As for any local normal form, one needs a model that describes the local behaviour of the
structure under consideration. Suppose that we are given a proper Hamiltonian G-space
(M,w, 1) and a point € M for which the orbit O through z is isotropic. We will build
a new Hamiltonian G-space out of the following data:

e The Lie group G,
e the isotropy group G, of the action,
e the symplectic isotropy representation: G, — Sp(Sa, wy).

Recall here from Definition 1.4.21 that
T.0%
Sp = —r———.
T.0NT, 0%

By means of the symplectic reduction theorem we will now construct the model. First of
all, the symplectic isotropy representation at x comes with its standard moment map us, .
Secondly, we consider (G X g*,wg) as a Gx-space with the action of G, given by

h-(g,a) = (gh ' Adja), g€ G,heG,.

In view of Example 1.4.11 and part a of the next lemma this action is Hamiltonian with
moment map given by:

(g7a) = _a‘gx'
Lemma A.2. Let (M,w,u) be a Hamiltonian G-space. The following properties hold.

a) If H is another Lie group and ¢ : H — G an morphism of Lie groups, then H acts
on M via ¢ and (M,w, (dp.)* o u) is a Hamiltonian H-space with this action.

b) If (MW, 1) is another Hamiltonian G-space, then (M x M’ w @& W' pu+ 1) is a
Hamiltonian G-space for the diagonal action of G.

The proof of this is straightforward. By part b, the cartesian product of G x g* and S, is
a Hamiltonian G-space for the diagonal action, with moment map given by

1, (9, o, v) = ps, (v) — a|9w‘ (A1)
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APPENDIX A. PROOF OF THE NORMAL FORM FOR
HAMILTONIAN T-SPACES

As the action of G, on G x g* xS, is proper and free, it is so as well on the closed invariant
subspace ,u&i (0). Therefore, by the symplectic reduction theorem, we obtain the reduced
symplectic manifold

(Fo,wo).

Using Proposition 1.4.19, we will now equip this with a Hamiltonian G-action. We endow
(Sz,wy) with the trivial Hamiltonian G-action (with moment map constantly 0) and equip
(G x g%, —Qcqn) with the Hamiltonian G-action induced by left translation on G, as in
Example 1.4.11. Then the diagonal action turns the product G x g* xS, into a Hamiltonian
G-space with moment map given by:

HG(g. a,v) = Adja

Because ug is Gg-invariant, pg, is G-invariant and the actions of G and G, commute, it
follows that the Hamiltonian G-space structure on G X g* x S, descends to one on Py with
moment map po uniquely determined by the fact that:

Hoom = MG|u—1(0)-

Here 7 : u&i(O) — Py is the canonical quotient map.

In principal, this model would do. However in its current form the quotient space Py is
still rather mysterious, while one would hope to end up with a model in the familiar form
of a tubular neighbourhood. As we will now show, the G-space P, is equivariantly diffeo-
morphic to such a tube. For this we need an auxiliary G,-equivariant linear projection
p: g — gz, which can for instance be obtained by selecting a G, -invariant inner product
on g and letting p be the orthogonal projection onto g,. It follows from expression (A.1)
that
0p:GXgy xS = GxXg XSy, (g,0,0) = (g,p" (s, (v) + a,v)

is a G -equivariant embedding with image uéi(()), where the G -action on the left-hand
space is given by
h- (ga «, ’U) = (gh_lv Adzaa hv)

Therefore ¢, descends to a diffeomorphism
2,1 G xq, (g) ® Sy) = P

Because ¢, is G-equivariant as well, it follows that @, is an isomorphism of G-spaces.
Pulling-back the symplectic form wp and the moment map g turns G x¢, (g2 @ S,) into
a Hamiltonian G-space, with symplectic form {2, = p,wo uniquely determined by the fact
that

q*Qp = @;(_Qcan S W:L") (A2)

where ¢ : G x g0 x S; — G xg, (g2 ® S;) is the canonical quotient map. The moment
map M, = @y uo is given by:

My(lg, o, v]) = Ady(p* (s, (v) + @).

This ends the construction of the model. Note that the isomorphism class of the model
does not depend on the choice of p. The local normal form that we aim to prove is as
follows.
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Theorem A.3. Let (M,w, ) be a proper Hamiltonian G-space and x € M such that the
orbit O through x is isotropic. Let p: g — g, be a Gy-equivariant linear projection. Then
there exists an embedding of Hamiltonian G-spaces

1 (G xa, (8 © Si), Qp, My + Ad*(u())) D= (M, w, 1)

from a G-invariant open neighbourhood of O onto a G-invariant open neighbourhood of O
in M that restricts to the identity on O.

For the proof of the normal form theorem, it will be essential to obtain a more explicit
expression for €2, at points of O. Since (2, is G-invariant, we can restrict ourselves to the
point [e,0,0]. The tangent space to the slice G x¢, (g © S;) at [e,0,0] is canonically
isomorphic to

0/9: © 0 ® Se.

Because a € g* factors through an element of (g/g,)* precisely if a € g, we have a
canonical G;-equivariant linear isomorphism

90 — (9/92)%, aw . (A.3)

Hence we can pull the canonical linear symplectic form on g/g, x (g/g:)* back to a G-
invariant linear symplectic form 7 on g/g, x g%, given by:

77(([6]7 Oé), ([él]> O/)) = O/(é) - O[(él)‘
Proposition A.4. Let €, be the symplectic form as in (A.2). Then:

(8/92 ® 99 @ Sz, () e.0,0]) = (8/82 B 99,1) & (S, wa).

Proof. The proof is a straightforward computation, the details of which are left to the
reader. Let us at least give directions. First one uses the fact that {2, is determined by
equation (A.2). To work out the right-hand side of (A.2) one computes the differential of
¢ by using the fact that (dus,)o = 0, which holds because ps, is quadratic. Finally one
applies formula (1.4). O

Proof of the local normal form

To prove that the model that we have constructed indeed describes the Hamiltonian G-
space structure of a neighbourhood of an isotropic orbit, we combine the tube theorem for
proper Lie group actions with an equivariant version of the Moser-Weinstein theorem.

Our first aim is to prove:

Theorem A.5. Let (M,w) be a symplectic G-space and x € M such that the orbit O
through x is isotropic. Let p : g — g, be a Gp-equivariant linear projection. Then there
exists an embedding of symplectic G-spaces

¢ (G xa, (8 S2), Q) > (M,w)

from a G-invariant open neighbourhood of O onto a G-invariant open neighbourhood of O
in M that restricts to the identity on O.

Lemma A.6. Let (V,w) be a symplectic vector representation of a compact Lie group H.
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APPENDIX A. PROOF OF THE NORMAL FORM FOR
HAMILTONIAN T-SPACES

a) Let L CV be an H-invariant Lagrangian linear subspace. Then there is an isomor-
phism of symplectic representations

(Viw) = (L® L*,wr)
that restricts to the identity map on L.

b) Suppose that W C V is an H-invariant linear subspace. Set K = W N WY. Then
there is an isomorphism of symplectic representations

(Viw) = (K& K" wg) & (W/K,u) e (WY/K,)
that restricts to the identity map on K.

Proof. We first address part a. Choose an H-equivariant, w-compatible complex structure
J on V. Then JL is an H-invariant Lagrangian linear complement to L. The map

0:V=LoOJL—>LOL, (v,w) (v,w(w))

satisfies the requirements.

We turn to part b. Choose an H-invariant linear complement C' to K in V. Then W NC
and W¥NC are H-invariant symplectic subspaces of V. Indeed, if w € (WNC)N(WNC)¥,
then for all W' =u+v e W = K @& (W NC) we have

w(w,w") = w(w,u) + w(w,v) = 0.

Hence w € KN, which implies that w = 0. This shows that W NC' is symplectic and the
argument for W« N C' is analogous. Therefore V' decomposes into H-invariant symplectic
subspaces:

V=(WnC)+(W“nC)*a&WnC)a(W“nC)

Note further that the map WNC — W/K, w + [w] is an equivariant linear symplectomor-
phism and the same holds for W* N C — Ww/K, w +— [w]. Moreover, it follows directly
from the definition of K that it is isotropic and contained in (W NC)+ (WY NC))¥. A
straightforward dimension count shows that

dim(WnNC)+ (W*NC))¥ =2dimK,

so that K is Lagrangian in (W N C) + (W*NC))“. So application of part a to K, in
combination with the above, completes the proof of the lemma. O

Lemma A.7 (Equivariant version of the Moser-Weinstein theorem). Let M be a proper
G-space and O an orbit. Suppose that wy and w1 are G-invariant symplectic forms on M
that coincide at every x € O. Then there are G-invariant open neighbourhoods Uy and
Ui of O and an isomorphism of symplectic G-spaces ¢ : (Uy,wy) — (Uy,w1) such that ¢
restricts to the identity map on O.

Proof. Using an equivariant normal bundle to the orbit, the usual proof of the original
non-equivariant version by means of the Moser-path method works in this situation as
well. See for example [OR04, Thm 7.3.1] for details. O
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Proof of Theorem A.5. Lemma A.6 yields a G -equivariant linear symplectomorphism

that restricts to the identity on T,O. The infinitesimal action induces a G;-equivariant
linear isomorphism a, : g/g, — T,O. Combining this with the above we obtain a G-
equivariant linear symplectomorphism

(9/92 ® (g/gx)*vwg/gz) ® (Szywz) = (TeM, wy)

that restricts to @, on g/g,. Finally, by using the isomorphism (A.3) we obtain a G-
equivariant linear symplectomorphism

T (g/9z D g0y n) ® (Seywy) = (T M, wy)

that restricts to @, on g/g,. By restricting this to gl ® S, we obtain a G -equivariant
linear injection
i:g0®S, = T,M

the image of which is complementary to T,,0. So by Theorem A.1 there is a G-equivariant
embedding

VG xg, (99®S8;) > M

from a G-invariant open neighbourhood of U of O onto a G-invariant open neighbourhood
of O in M, that restricts to the identity on O and satisfies:

dT/J[ep,o] = (ara Z) = V.
It follows from Proposition A.4 that
(w*w)[e,0,0] = (Qp)[e7 07 0]

and hence, by G-invariance, both agree at all points of O. Therefore, Lemma A.7 implies
that there is an embedding of symplectic G-spaces

¢ (U, Q) o= (U, ¢w)

from a G-invariant open neighbourhood of O in U to another such open neighbourhood,
such that ¢ is the identity on O. The required embedding of symplectic G-spaces is now
given by ¥ o . O

Finally, we derive Theorem A.3 from this. We need one short lemma.

Lemma A.8. Let (M,w) be a symplectic G-space and suppose that p and v are both
moment maps for it. Then their difference u — v is a locally constant function M — g*.

Proof. For all x € M, v € T, M and £ € g we have:

<dl'l’a:(v) - de(U)aé-) = d<:u7§>w(v) - d<V7 §>x(v) = (Lnga;)(U) - (Lngw)(’U) =0.

So d(p — v) = 0, which implies the lemma. O
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APPENDIX A. PROOF OF THE NORMAL FORM FOR
HAMILTONIAN T-SPACES

Proof of Theorem A.3. Let ¢ be an embedding as in Theorem A.5, defined on a G-
invariant open neighbourhood U = G X, B of O. By means of a G -invariant inner
product (which exists because G, is compact) we find a G -invariant open ball around
(0,0) inside B, so we can assume B to be such an open ball. Since ¢ is an equivariant
symplectic embedding, both M,, and po¢ define a moment map on the symplectic G-space
U. By equivariance of the moment maps and the fact that ¢([e,0,0]) = = we find:

1(e([g,0,00)) = My([g,0,0]) = Ady(p(2)),

for all ¢ € G. By convexity of B, [g,,v] lies in the same connected component of U
as [g,0,0], for each [g,,v] € U. Since by the previous lemma p o ¢ — M is constant
on each such connected component, the map ¢ is the desired embedding of Hamiltonian
G-spaces. O

Remark 21. The local normal form that we have given here can, in an entirely similar
spirit, be generalized to a local normal form around arbitrary orbits of proper Hamilto-
nian G-spaces. This is often named the Marle-Guillemin-Sternberg normal form, after its
discoverers. For the statement and proof of this generalization see for instance [Kar93].

For Hamiltonian T-spaces Theorem A.3 takes the following simpler form, as desired.

Corollary A.9. Let T be a torus, (M,w, ) a Hamiltonian T-space, © € M and O the
orbit through x. Let p : t — t; be a linear projection. Then there exists an embedding of
Hamiltonian T'-spaces

b (T X, (tg ® So), Qp, My + (@) D= (M, w, 1)

from a T-invariant open neighbourhood of O onto a T-invariant open neighbourhood of O
in M, that restricts to the identity on O. Here M, is given by:

MP([tv a, U]) =a+ p*(ﬂsx (U))

Proof. This follows from Theorem A.3 by two observations. First, notice that every orbit
O is isotropic because p is then T-invariant, and hence constant on O, so that

T,0 C Ker(duy) = T,,0%

for all y € O. Secondly, the (co-)adjoint action of an abelian group is trivial, so any linear
projection p : t — t; is T;-equivariant and the expression for M, simplifies. ]
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