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ABSTRACT. Classical mechanical systems are modeled by a symplectic mani-
fold (M,w), and their symmetries are encoded in the action of a Lie group G on
M by diffeomorphisms which preserve w. These actions, which are called sym-
plectic, have been studied in the past forty years, following the works of Atiyah,
Delzant, Duistermaat, Guillemin, Heckman, Kostant, Souriau, and Sternberg
in the 1970s and 1980s on symplectic actions of compact Abelian Lie groups
that are, in addition, of Hamiltonian type, i.e., they also satisfy Hamilton’s
equations. Since then a number of connections with combinatorics, finite-
dimensional integrable Hamiltonian systems, more general symplectic actions,
and topology have flourished. In this paper we review classical and recent re-
sults on Hamiltonian and non-Hamiltonian symplectic group actions roughly
starting from the results of these authors. This paper also serves as a quick
introduction to the basics of symplectic geometry.

1. INTRODUCTION

Symplectic geometry is concerned with the study of a notion of signed area,
rather than length, distance, or volume. It can be, as we will see, less intuitive
than Euclidean or metric geometry and it is taking mathematicians many years to
understand its intricacies (which is work in progress).

The word “symplectic” goes back to the 1946 book [164] by Hermann Weyl
(1885-1955) on classical groups. It derives from a Greek word meaning “complex”.
Since the word complex already had a precise meaning in mathematics, and was
already used at the time of Weyl, he took the Latin root of complex (which means
“plaited together”) and replaced it by the Greek root “symplectic”.

The origins of symplectic geometry are in classical mechanics, where the phase
space of a mechanical system is modeled by a symplectic manifold (M,w), that is,
a smooth manifold M endowed with a nondegenerate closed 2-form w € Q2?(M),
called a symplectic form. At each point x € M, w,: T, M x T,M — R is a skew-
symmetric bilinear map, and given u,v € T, M the real number w,(u,v) is called
the symplectic area spanned by v and v. Intuitively, w gives a way to measure area
along two-dimensional sections of M. The most typical example of a symplectic
manifold is a cotangent bundle, which comes endowed with a canonical symplectic
form.
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Initially it was the study of mechanical systems which motivated many of the
developments in symplectic geometry. Joseph-Louis Lagrange (1736-1813) gave the
first example of a symplectic manifold in 1808 in his study of the motion of the
planets under the influence of their mutual gravitational interaction [T02,[I03]. An
explicit description of Lagrange’s construction and his derivation of what are known
today as Hamilton’s equations is given by Weinstein in [I60 Section 2]. The origins
of the current viewpoint in symplectic geometry may be traced back to Carl Gustav
Jacob Jacobi (1804-1851) and then William Rowan Hamilton’s (1805-1865) deep
formulation of Lagrangian mechanics around 1835. Hamilton was expanding on and
reformulating ideas of Galileo Galilei (1564-1642), Christiaan Huygens (1629-1695),
Leonhard Euler (1707-1883), Lagrange, and Isaac Newton (1642-1727) about the
structure and behavior of orbits of planetary systems.

At the time of Newton and Huygens the point of view in classical mechanics
was geometric. Later Lagrange, Jacobi, and Hamilton approached the subject from
an analytic viewpoint. Through their influence the more geometric viewpoint fell
out of fashion. Further historical details and references are given by Weinstein
in [160]. Several treatments of mechanical systems in the 1960s and 1970s, notably
including [1L2L[7OL151], had an influence in the development of symplectic geometry.

The modern viewpoint in symplectic geometry starts with the important contri-
butions of a number of authors in the early 1970s (some slightly before or slightly
after), including the works of Ralph Abraham, Vladimir Arnold, Johannes J. Duis-
termaat, Victor Guillemin, Bertram Kostant, Paulette Libermann, George Mackey,
Jerrold Marsden, Clark Robinson, Jean-Marie Souriau, Shlomo Sternberg, and Alan
Weinstein. Even at these early stages, many other authors contributed to aspects
of the subject so the list is extensive and we do not make an attempt to cover it.

Symplectic geometry went through a series of developments in the period from
1970 to 1985 where connections with other areas flourished, including: (i) microlocal
and semiclassical analysis, as in the works of Duistermaat and Hérmander [35,[37],
where Duistermaat played a leading role in establishing relations between the mi-
crolocal and symplectic communities in particular through his article on oscilla-
tory integrals and Lagrange immersions [35]; (ii) completely integrable systems, of
which Duistermaat’s article on global action-angle coordinates [36] may be con-
sidered to mark the beginning of the global theory; (iii) Poisson geometry, as in
Weinstein’s foundational article [I61]; (iv) Lie theory and Kostant and Souriau’s
geometric quantization [08,[149] (in the early 1960s the quantum viewpoint had
already reached significant relevance in mathematics, see Mackey’s mathematical
foundations of quantum mechanics [108]), on which the works by Segal [147] and
Kirillov [94] had an influence; and (v) symplectic and Hamiltonian group actions,
as pioneered by Atiyah [10], Duistermaat and Heckman [37], Guillemin and Stern-
berg [75], Kostant [97], and Souriau [I50].

An influential precursor in the study of global aspects in symplectic geometry, the
study of which is often referred to as symplectic topology, is Arnold’s Conjecture [9,
Appendix 9] (a particular case appeared in [8]; see Zehnder’s article [I67] for an
expository account). Arnold’s Conjecture is a higher-dimensional analogue of the
classical fixed point theorem of Henri Poincaré (1854-1912) and George Birkhoff
(1884-1944) which says that any area-preserving twist of a closed annulus has at
least two geometrically distinct fixed points. This fixed point result can be traced
to the work of Poincaré in celestial mechanics [I41], where he showed that the
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study of the dynamics of certain cases of the restricted Three-Body Problem may
be reduced to investigating area-preserving maps. This work led Poincaré to the
theorem, which he stated in [I42] in 1912, and proved in several cases. The complete
proof was given by Birkhoff [I9] in 1913.

Arnold realized that the higher-dimensional version of the result of Poincaré and
Birkhoff should concern symplectic maps, that is, maps preserving a symplectic
form, rather than volume-preserving maps, and formulated his conjecture. Arnold’s
Conjecture has been responsible for many developments in symplectic geometry (as
well as in subjects such as Hamiltonian dynamics).

In 1985 Gromov [66] introduced pseudo-holomorphic curve techniques into sym-
plectic geometry and constructed the first so-called symplectic capacity, a notion
of monotonic symplectic invariant later pioneered by Ekeland and Hofer [44180,81]
and developed by Hofer and his collaborators, as well as many others, from the
angle of dynamical systems and Hamiltonian dynamics.

There have been many major developments since the early 1980s and on many
different fronts of symplectic geometry and topology; covering them (even very
superficially) would be beyond the scope of this paper. In this article we study
only on the topic of symplectic and Hamiltonian group actions (item (v) above)
starting roughly with the work of Atiyah and of Guillemin and Sternberg.

The phase space of a mechanical system is modeled by a symplectic manifold, and
its symmetries are described by symplectic group actions. The study of these actions
fits into a large body of work by the name of equivariant symplectic geometry, which
includes tools of current interest also in algebraic geometry, such as equivariant
cohomology, on which we will briefly touch.

Mathematically speaking, equivariant symplectic geometry is concerned with
the study of smooth actions of Lie groups G on symplectic manifolds M by means
of diffeomorphisms ¢: M — M that pullback the symplectic form w to itself:
¢*w = w. A map ¢ satisfying this condition is called a symplectomorphism, following
Souriau, or a canonical transformation. Actions satisfying this natural condition are
called symplectic. As a first example, let S be the group of unit complex numbers,
let S? be the unit sphere, and endow M = S? x (S!)? with the product form of
any area forms on S? and (S*)2. Then the action of G = (S')? by multiplication
on the right factor is symplectic.

In this paper we treat primarily the case when G is a compact, connected,
Abelian Lie group; that is, a torus 7'~ (S')¥. Let t be the Lie algebra of T, and let
t* be its dual Lie algebra. We think of t as the tangent space at 1 € T. Equivalently,
a T-action is symplectic if Lx,,w = 0 for every X € t, where L is the Lie derivative
and X is the vector field generated by the T-action from X by the exponential
map. In view of the homotopy formula for the Lie derivative, this says

(1.1) d(w(Xar,) =0, VX €t

A fundamental subclass of symplectic actions admits a so-called momentum map
w: M — t*, which is a t*-valued smooth function on M which encodes information
about M itself, the symplectic form, and the T-action, and it is characterized by
the condition

(1.2) —d{u, X) = w(Xn, ), VX €t

Such special symplectic actions are called Hamiltonian (the momentum map was
introduced for any Lie group action by Kostant [97] and Souriau [149]). An example
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is given by S2? and T = S' acting by rotations about the z-axis. In this case t* ~ R
and, in spherical coordinates, p: (0, h) — h.

The fundamental fact here is that the right-hand side of equation (2] is a closed
1-form by (L) and being Hamiltonian may be rephrased as the requirement that
this form be exact. This is an extremely stringent condition—for instance, by (L2)
it forces the action to have fixed points on a compact manifold. The obstruction
for a symplectic action to be Hamiltonian lies in the cohomology group H!(M;R),
so symplectic actions on simply connected manifolds are Hamiltonian.

The advantage of having the existence of a momentum map pu: M — t* for a
symplectic action has led to a rich general theory, part of which is described in
this article. One can often find out information about (M,w) and the T-action
through the study of p. For instance, if M is compact and connected, the T-action
is effective, and dim M = 2dim T, Delzant proved [33] that the image pu(M) C t*
characterizes (M, w) and the T-action up to symplectic and T-equivariant transfor-
mations.

Hamiltonian actions have been extensively studied since the 1970s following
the seminal works of Atiyah [10], Delzant [33], Duistermaat and Heckman [37],
Guillemin and Sternberg [75], Kostant [97], and Souriau [I50], and they have mo-
tivated the study of more general symplectic actions. Many symplectic actions of
interest in complex algebraic geometry and K&ahler geometry are symplectic but
not Hamiltonian; one such case is the action of the 2-torus on the Kodaira variety,
which appears in Kodaira’s description [96, Theorem 19] of the compact complex
analytic surfaces which have a holomorphic (2, 0)-form that is nowhere vanishing,
described later (Example [B10I).

Other symplectic actions which do not admit a momentum map include exam-
ples of interest in differential geometry (e.g., multiplicty free spaces), and topology
(e.g., nilmanifolds over nilpotent Lie groups). Recently in [I54], Susan Tolman has
constructed an example of a symplectic non-Hamiltonian S'-action with some, but
only finitely many, fixed points on a compact manifold (Theorem B.T4]).

This paper is not a survey (which would require, due to the volume of works, a
longer paper) but rather a brief introduction to symmetries in symplectic geometry.
Approximately the first half of the paper concerns the period from 1970 to 2002,
where the emphasis is on Hamiltonian actions, its applications, and its implications,
including the interactions with integrable systems. The second half of the paper
concerns symplectic actions which are not necessarily Hamiltonian, with a focus
on developments that took place in the approximate period from 2002 to 2015.
Of course this separation is somewhat artificial, because Hamiltonian actions play
a fundamental role in the study of general symplectic actions. We will cover a
few representative proofs; most proofs about general symplectic actions use in an
essential way the Hamiltonian theory but also include other ingredients. Since there
is no momentum map g in general, Morse theory for ;1 and Duistermaat—Heckman
theory, often used in the Hamiltonian case, must be replaced by other techniques.

Outline of topics. Section [2] gives an introduction to symplectic geometry. Sec-
tions Bland M introduce the basics of symplectic and Hamiltonian Lie group actions.
Section Bl contains examples of Hamiltonian and symplectic non-Hamiltonian torus
actions. Section [0l includes classification results on symplectic Hamiltonian Lie
group actions. In most cases, the Lie group is compact connected and Abelian, but
a certain case of noncompact groups, which is pertinent to completely integrable
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systems, is also included. The material in Sections [ and [§]focuses on developments
on symplectic non-Hamiltonian actions in the past 15 years, with an emphasis on
classification results.

2. SYMPLECTIC MANIFOLDS

Symplectic geometry is concerned with the study a notion of signed area, and
it displays a degree of flexibility and rigidity at the same time which makes it a
rich subject, the study of which is of interest well beyond its original connection to
classical mechanics.

2.1. Basic properties. For the basics of symplectic geometry we recommend the
books [221[83|[116]. This section gives an overview of the basic notions of the subject
and presents the background needed for the following sections. Unless otherwise
specified, manifolds are C°°-smooth and have no boundary.

Definition 2.1. A symplectic manifold is a pair (M,w) consisting of a smooth
manifold M and a smooth 2-form w on M which is closed (i.e., dw = 0) and
nondegenerate (i.e., for each x € M it holds that if u € T, M is such that w, (u,v) =
0 for all v € T, M at z, then necessarily v = 0).

The form w is called a symplectic form. At each x € M, w,: T,M x T,M — R
is a skew-symmetric bilinear map. If M = W is a vector space and w: W x W — R
is a skew-symmetric bilinear map, the pair (W,w) is a symplectic manifold (often
called a symplectic vector space).

Example 2.2. In dimension 2, a symplectic form is an area form. Accordingly, a
surface with an area form is a symplectic manifold. A typical noncompact example
is the Euclidean space R?" with coordinates (z1,y1,. .., %n, ¥n) and symplectic form
>, dz; Ady;. Any open subset U of R?" endowed with the symplectic form given
by this same formula is also a symplectic manifold.

Proposition 2.3. Let X be a smooth n-dimensional manifold and let (V, x4, ..., x,)
be a smooth chart for X. To this chart we can associate a cotangent bundle chart
(T*V,21,..., Tn,&1,...,&) on which we can define, in coordinates, the smooth 2-
form 37 dw; AdE;. Then the expression for the 2-form is coordinate-independent,
that is, it defines a canonical smooth 2-form wr«x on the cotangent bundle T* X,
which is, moreover, symplectic and ezact.

Proof. 1t follows from Y. dz; A d§; = —da where a := Y7 | & da;, since a
is intrinsically defined (by a simple calculation using the definition of cotangent
bundle chart). O

A way to construct symplectic manifolds is by taking products and endowing
them with the product form; so S? x R?*, T*X x T*Y are symplectic manifolds,
where X and Y are any manifolds.

There is a geometric interpretation of the closedness of a symplectic form as
follows. If (M,w) is a symplectic manifold and S C M is an oriented surface, with
or without boundary, we define the following:

(2.1) symplectic area of S := / weR.
s
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Proposition 2.4. Every point in a symplectic manifold (M,w) has an open neigh-
borhood U such that if the oriented surface S is contained in U, then the symplectic
area of S depends only on the boundary 0S of S, in the sense that it does not
change when smoothly deforming S inside of U while keeping S fixed under the
deformation. If w is exact, then U = M.

Proof. If dw = 0, locally near any * € M, w = do for some o € Q(M). So by

Stokes’ theorem,
/w:/da:/ o,
s s as

and the result follows. O

By Propositions [Z.3] and [2.4], the symplectic area of any oriented surface S in a
cotangent bundle (T* X, wr«x) depends only on 95, and if 9S = @, it is zero. The
nondegeneracy of w gives:

Proposition 2.5. If (M,w) is a symplectic manifold, then the mapping
X = wlX,)
is an tsomorphism between the tangent and the cotangent bundles TM — T*M.

In other words, the symplectic form gives a correspondence between one-forms
and vector fields.

One can ask some basic questions about symplectic manifolds. For instance, one
can wonder:

Question 2.6. Does the three-dimensional sphere S2 admit a symplectic form?

The answer is “no”, because symplectic manifolds are even-dimensional; for oth-
erwise the nondegeneracy condition is violated, which follows from linear algebra.
Similarly:

Question 2.7. Is there a nonorientable smooth manifold that admits a symplectic
form?

The answer is “no”, because the nondegeneracy of w implies that
W' =wA (N times) -+ Aw
is a volume form giving an orientation to M, where 2n = dim M. To summarize:
Proposition 2.8. Symplectic manifolds are even dimensional and orientable.
Question 2.9. Does the four-dimensional sphere S* admit a symplectic form?

Proposition 2.10. If (M,w) is a compact symplectic manifold of dimension 2n,
its even-dimensional cohomology groups H2*(M;R) # 0, 0 < k < n, are nontrivial.

Proof. By Stokes’ theorem, since dw = 0, [w¥] is nontrivial in H2*(M;R), 1 < k <
n. 0

Corollary 2.11. The 2-sphere S? is the only sphere S™,n > 1, which admits a
symplectic form.

The question of whether a manifold admits a symplectic form is difficult. For in-
stance, if N is a compact oriented 3-manifold, Friedl and Vidussi [59] and Kutluhan
and Taubes [101] have studied when a compact 4-manifold of the form S! x N ad-

mits a symplectic form, which turns out to imply that N must fiber over the circle
St

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



HAMILTONIAN AND SYMPLECTIC SYMMETRIES: AN INTRODUCTION 389

2.2. Symplectomorphisms. The natural maps between symplectic manifolds are
the diffeomorphisms which preserve the symplectic structure, they are called canon-
ical transformations, symplectic diffeomorphisms, or, following Souriau [150], sym-
plectomorphisms.

Definition 2.12. A symplectomorphism p: (M,w) — (M',w’) between symplectic
manifolds is a diffeomorphism ¢: M — M’ which is also symplectic, that is, it sat-
isfies ¢*w’ = w. In this case we say that (M,w) and (M’',w’) are symplectomorphic.

/

*, 0/
Recall that ¢*w’ = w means Wo ()

and u,v € T, M.

(dep(u),dep(v)) = we(u,v) for every x € M

Remark 2.13. Roughly speaking, one may view symplectomorphisms as diffeomor-
phisms preserving the area enclosed by loops or, rather, the sum of the areas en-
closed by their projections onto a collection of two-dimensional planes. For in-
stance, if (M,w) = (R® dx; A dy; + dxa A dys + daz A dys), with coordinates
(21,91, T2, Y2, 3, Y3), then you would want to preserve the area (counted by w with
sign depending on the orientation of the region inside) of the projection of any loop
in RS onto the (z1,y1), (z2,2), and (3, y3) planes. We learned how to think about
symplectomorphisms in this way from Helmut Hofer. An equivalent description of
symplectomorphisms was given for (R*",>"" | dz; A dy;) by Arnold [7, pages 238,
239, Section E on “Canonical Transformations”].

The symplectic volume, or Liouville volume, of a symplectic manifold of dimen-
sion 2n is

(2.2) vol(M,w) := l'/M w".

n!

Of course, since symplectomorphisms preserve w, they preserve the symplectic vol-
ume, but the converse is in general false (we discuss this in Section [Z6]).

Since the late nineteenth century it has been known that symplectic manifolds
have no local invariants except for dimension. This is a result due to Jean-Gaston
Darboux (1842-1917).

Theorem 2.14 (Darboux [32]). Let (M,w) be a symplectic 2n-dimensional man-
ifold. Near each point xg € M, there are coordinates (T1,Y1,.-.,Tn,Yn) in which
w=>>1",dx; Ady;. That is, any two symplectic manifolds (M,w) and (M',w") of
the same dimension are locally symplectomorphic near any choice of points xg € M
and z{, € M'.

Theorem [2.14] gives an essential difference between symplectic and Riemannian
geometry, where the curvature is a local invariant.

Remark 2.15. Despite Darboux’s theorem, there are local aspects in symplectic
geometry which have only been understood recently. In these cases one is not
concerned with the local properties of the symplectic form itself but instead with a
geometric object, such as a Lie group action, a vector field, etc. We will see many
examples of this later in the paper.

In 1981 Weinstein referred to symplectic geometry [160] as “the more flexible
geometry of canonical (in particular, area preserving) transformations instead of the
rigid geometry of Euclid; accordingly, the conclusions of the geometrical arguments
are often qualitative rather than quantitative.”
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Manifestations of rigidity in symplectic geometry were discovered in the early
days of modern symplectic geometry by Yakov Eliashberg, Mikhael Gromov, and
others.

Theorem 2.16 (Eliashberg and Gromov [45l[461[67]). The group of symplectomor-
phisms of a compact symplectic manifold is C°-closed in the group of diffeomor-
phisms.

The group of symplectomorphisms of a manifold has a rich structure, and basic
questions about it remain open; see Leonid Polterovich’s book [143]. Interest in
the behavior of symplectic matrices may be found in the early days of symplectic
geometry in important work of Clark Robinson [144][145]. See also Arnold [6] for
work in a related direction.

2.3. Fixed point theorems. Poincaré showed [141] that questions concerning the
dynamics of certain cases of the restricted Three-Body Problem may be reduced
to questions involving area-preserving maps. He concluded that there is no rea-
sonable way to solve the problem explicitly in the sense of finding formulae for the
trajectories. Instead of aiming at finding explicitly the trajectories, when studying
dynamical systems the goal becomes to understand the analytical and topological
behavior of the trajectories. Of a particular interest are the constant ones, that
is, the fixed points. The development of the modern field of dynamical systems
was influenced by Poincaré’s work in celestial mechanics, which led him to the
Poincaré-Birkhoff theorem [I9/[142] in 1912, a result which assures the existence of
fixed points of certain area-preserving maps on an annulus. This result has had a
major influence in symplectic geometry. It was proved in full by Birkhoff in 1925.

We will formulate the result equivalently for the strip S := R x [—1, 1] covering
the annulus. A diffeomorphism F' = (Q, P) of § is an area-preserving periodic twist
if the following conditions hold: F' preserves area; F preserves R x {£1} (boundary
invariance); F is orientation preserving and +Q(q,+1) > +q¢ for all ¢ (boundary
twisting); and F(¢+1,p) = (1,0)+F(q, p) for all p, q (periodicity). Two fixed points
(q1,p1) and (go,p2) of F are geometrically distinct if p1 # ps or ¢1 — ¢o is not an
integer.

Theorem 2.17 (Poincaré and Birkhoff [T9[142]). An area-preserving periodic twist
F:S8 — S has at least two geometrically distinct fized points.

There are many generalizations of this result; see for instance [58[132] and the
references therein.

Arnold formulated the higher-dimensional analogue, the Arnold Conjecture [9]
(see also [14[82,[R3[167]), which we discuss next.

Let (M,w) be a compact symplectic manifold, let H: R x M — R be a smooth
function, and set Hi(x) := H(t,z) for every t € R. Using w and Hy, we define a
vector field X;, the time-dependent exact Hamiltonian vector field associated with
H, by w(X,:) = —dH;. Then dy;/dt = Xi(¢r), po = Identity, defines a family
{¢1}ter of symplectomorphisms of (M, w).

A map p on M is Hamiltonian if it belongs to the flow ¢, of any time-dependent
exact Hamiltonian vector field on M. The Arnold Conjecture states that a Hamil-
tonian map on a compact symplectic manifold has at least as many fixed points as
a function on it has critical points; see Zehnder [167].

Weinstein [162] observed that the conjecture holds on compact manifolds when
the Hamiltonian map belongs to the flow of a sufficiently small Hamiltonian vector
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field. The first breakthrough on the conjecture was by Conley and Zehnder [29],
who proved it for the 2n-torus (a proof using generating functions was later given
by Chaperon [25]). The second breakthrough was by Floer [53H56].

2.4. Stability properties. The term stability concerns the problem of when two
volume forms (or two symplectic forms) can be intertwined by a diffeomorphism.
Of particular interest is to understand when the diffeomorphism type of a smooth
family of volume forms (or symplectic forms) remains constant, or stable. We start
by discussing the simplest case: When are two volume forms on the same manifold
diffeomorphic? In 1965 Jiirgen Moser proved the following.

Theorem 2.18 (Moser [I18]). Ifw and 7 are volume forms on a compact connected
oriented smooth manifold with
I
M M

then there exists a diffeomorphism @: M — M such that ©*1 = w.

Remark 2.19. Tt follows that the total symplectic area of S? given by (21 com-
pletely determines the symplectic form on S? (and S? is the only symplectic sphere
according to Corollary 2.1T]).

This result is extended to fiber bundles in [92]. If the manifold is noncompact
we have the following.

Theorem 2.20 (Greene and Shiohama [68]). Let M be a noncompact connected
oriented smooth manifold, and let w and T be volume forms on M such that

/w:/ T < 00.
M M

Suppose that for every end € of M, € has finite volume with respect to w if and only
if € has finite volume with respect to T. Then there is a diffeomorphism @: M — M
such that ¢*17 = w.

Without the assumption on the ends, the conclusion may not hold [68], page 406].

This result has been extended to fiber bundles with noncompact fibers in [134].
The simplest version of this statement is for trivial bundles. In this case instead
of considering two volume forms, we consider two smooth families of volume forms
wy, T, indexed by a compact manifold B. For each ¢ € B, Theorem 2.20 produces a
volume-preserving diffeomorphism ¢; but gives no information on how ¢; changes
with ¢. In [134] it is shown that the ¢; may be chosen to vary smoothly with ¢.

Moser also proved in 1965 an important stability result for symplectic forms:

Theorem 2.21 (Moser [I18]). If {w:}icjo,1) s a smooth family of cohomologous
symplectic forms on a compact connected smooth manifold M, then there exists a
smooth family {1 }iepo,1) of diffeomorphisms of M such that piw; = wo, and o is
the identity on M.

Moser introduced a method, known as Moser’s method (or Moser’s trick), to
prove this stability result; we discuss it next. Let Ly be the Lie derivative with
respect to a vector field X on M, and let iyw be the inner product of w with X,
obtained by inserting X in the first slot of w. Recall the homotopy identity

(23) LX:iXOd-f-doix.
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Moser’s far-reaching idea was to differentiate the equation ¢jw; = wp to get

L d
(2.4) 0y (Ewt + Lax,wi) = 0,

where A} is the time-dependent vector field generating {@t}te[o,l]' By @3), Lx,w: =
d(ix,w:). Since [w¢] is constant, by Hodge theory on compact manifolds
there is a smooth family of 1-forms {o;}se[0,1) such that %wt = do;. By (24),
vid(ot +1ix,w:) = 0. Choosing X; to be determined by

o + itht = 0,

by compactness we can integrate A; and determine {@t}te[o 1 An extension of
Moser’s result to certain noncompact symplectic manifolds, under certain con-
straints, appears in [30].

2.5. Lagrangian submanifolds. In the early 1970s, Weinstein proved two theo-
rems [I58[159] about what Maslov [112] called Lagrangian submanifolds, and which
were influential in the development of symplectic geometry. We discuss them next.

If V is a subspace of a symplectic vector space (W, w), its symplectic complement
V¥ consists of the w € W such that w(w,v) = 0 for all v € V; V is isotropic if
V C V¥ (ie., wlyxy = 0) and Lagrangian if V = V«. If V is isotropic, 2dim V' <
dimW. If V is Lagrangian, 2dim V' = dim W.

Definition 2.22. A submanifold L of a symplectic manifold (M,w) is isotropic if
T, L is an isotropic subspace of (T, M, w,) for every « € L, and it is Lagrangian if
T, L is a Lagrangian subspace of (T, M,w,) for every x € L.

The submanifold L is Lagrangian if and only if it is isotropic and 2dim L =
dim M. For instance, the set of (1,91, ..., Zn,yn) € R*" such that z; = ¢;, ¢; € R,
i = 1,...,n is a Lagrangian submanifold of (R?",Y"" , dz; A dy;). Cotangent
bundles are a source of Lagrangian submanifolds: if X is a smooth manifold, the
image of a section s: X — T*X of T*X is Lagrangian if and only if ds = 0.

Let (M,w) be any symplectic manifold, and let L be a compact Lagrangian sub-
manifold of (M,w). For any set A C M, we denote by iy, 4: L — A the inclusion
of L into A. Weinstein proved [I58] that if w’ is another symplectic form on M for
which L is Lagrangian, then there are neighborhoods U,V of L and a diffeomor-
phism ¢: U — V such that iy v = ¢ oiry and ¢*w’ = w. This result is known as
the Lagrangian neighborhood theorem and, using it, Weinstein proved the Weinstein
tubular neighborhood theorem, which we state next. Recall that a cotangent bundle
comes equipped with a canonical symplectic form (Proposition [Z3]).

Theorem 2.23 (Weinstein [I58]). Let j: L — T*L be the embedding given by
the zero section. Let wr«;, be the canonical cotangent bundle symplectic form on
T*L. Then there exist neighborhoods Vy of L in T*L, and V of L in M, and a
diffeomorphism ¢: Vo — V such that iy p = ¢ o j and ¢*w = wr-r,. That is, any
compact Lagrangian submanifold may be viewed as the zero section of its cotangent
bundle, and it has a neighborhood which is symplectomorphic to a neighborhood of
this zero section, with respect to the canonical cotangent bundle symplectic form.

As we will see, Lagrangian submanifolds play a central role in the theory of
symplectic group actions (and in other parts of symplectic geometry—for instance
the study of intersections of Lagrangian submanifolds is an important research area;
see Arnold [5], Chaperon [24], and Hofer [79]).
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2.6. Monotonic symplectic invariants. Let B2"(r) be the 2n-ball of radius
r >0 in R?" and let
22" (r) = { (@191, @y yn) | (20) + (91)° <r®} CR™

be the 2n-cylinder of radius r. They both inherit the symplectic form wgzn =
S, da; Ady; from R

If U,V are open subsets of R?", a symplectic embedding f: U — V is a smooth
embedding such that f*wgzn = wgzs. Similarly one defines symplectic embeddings
[+ (M,w) — (M',w’) between general symplectic manifolds.

If there is a symplectic embedding f: U — V, then the volume of U is at most
equal to the volume of V, that is, the volume provides an elementary embedding
obstruction. Moreover:

Theorem 2.24 (Gromov [66]). There is no symplectic embedding of B**(1) into
72" (r) forr < 1.

This important result exhibits a rigidity property of symplectic transformations.
It shows that in addition to the volume there are subtler obstructions that come
from the symplectic form. These obstructions can be formalized using the notion
of symplectic capacity, which we discuss next.
Denote by £ the category of ellipsoids in R?”,
n 2 2
ZM <1, r,>0, i=1,...,n,

rA
=1 3

with symplectic embeddings induced by global symplectomorphisms of R?” as mor-
phisms; by allowing some r; to be co, £ contains products B2%(1) x R2(n=d),
1 < d < n. A symplectic category [27] is a subcategory C of the category of
symplectic manifolds of dimension 2n, with symplectic embeddings as morphisms,
containing £ and such that (M,w) € C implies that (M, Aw) € C for all A > 0.

Definition 2.25. Let d be an integer, 1 < d < n. A symplectic d-capacity on
a symplectic category C is a functor ¢: C — ([0, 00], <) satisfying that ¢(M,w) <
c(M',w') if there is a morphism from (M,w) to (M’ ,w’) (monotonicity, this a
reformulation of functoriality); ¢(M, Aw) = Ae(M,w) for all A > 0 (conformality);
and ¢(B?*(1)) > 0, ¢(B?¥(1) x R2("~9) < o0, and ¢(B*@~1(1) x R2"~d+1)) = oo
(nontriviality). If d = 1, a symplectic d-capacity is called a symplectic capacity.

Symplectic (d-)capacities were introduced in Ekeland and Hofer’s work [441[80].
The first known symplectic capacity was the Gromov radius, constructed by Gromov
in [66] on the category of 2n-dimensional symplectic manifolds: at a 2n-dimensional
symplectic manifold (M,w) it is the radius of the largest 2n-dimensional ball that
can be symplectically embedded into (M,w). The fact that this defines a symplectic
capacity is a deep result; it follows from Theorem [2.24]

Today many constructions of symplectic capacities are known; see [27]. Therein
one can find for instance two of the best-known symplectic capacities, the Hofer—
Zehnder capacities and the Ekeland—Hofer capacities, but there are many more.
There are also invariants of symplectic manifolds which do not fit Definition 225
see for instance [116].

The symplectic volume ([Z2)) is a symplectic n-capacity, and the Gromov radius
is a symplectic l-capacity. For many years it was unknown whether symplectic
d-capacities could exist for intermediate values of d, that is, whether there were
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intermediate monotonic invariants measuring d-dimensional information about a
symplectic manifold of dimension 2n (this was a question of Hofer [80]). In the
following, a symplectic d-capacity satisfies the exhaustion property if the value of
the capacity on any open set equals the supremum of the values on its compact
subsets.

Theorem 2.26 (Guth [78]). Ifn > 3, symplectic d-capacities satisfying the exhaus-
tion property do not exist on any symplectic category C of 2n-dimensional manifolds
for2<d<n-1.

The assumption (exhaustion property) in Guth’s theorem was removed in [I39];
so, other than volume, the monotonic invariants of symplectic geometry only mea-
sure two-dimensional information (which answers Hofer’s question). As explained
therein, one of the steps in [78[139] generalizes an idea of Polterovich.

An equivariant theory of symplectic capacities has been given in [51]; we will
discuss it later.

3. SYMPLECTIC AND HAMILTONIAN ACTIONS

Since Lie groups are simultaneously groups and smooth manifolds, they natu-
rally act on other smooth manifolds and describe their symmetries. In symplectic
geometry, the smooth manifold is also symplectic, and the Lie group actions of
interest preserve the symplectic structure (called symplectic actions); an important
subclass of these (called Hamiltonian) admit in addition a so-called momentum
map. The goal of this section is to introduce the basic theory of symplectic and
Hamiltonian actions. Lie groups and Lie group actions are named after Sophus Lie
(1842-1899), one of the most influential figures in differential geometry and back
to whom many modern notions may be traced (including particular cases of the
momentum map, which we will define shortly).

3.1. Lie group actions. Let M be a smooth manifold, and let G = (G, *) be a
Lie group with identity e. A smooth G-action on M is a smooth map G x M — M,
denoted by (g, ) — g-z, such that e-x = z and g- (h-z) = (g9%h)-z, forall g,h € G
and for all x € M; for simplicity sometimes we write gh instead of gxh (or g-h). For
instance, we have the following smooth actions. Let S* be the circle, which may be
viewed in two isomorphic ways—either as a quotient of R by its integral lattice Z,
or as a subset of the complex numbers (R/Z, +) ~ (S! := {2 € C||z| = 1},-). The
map S! x C" — C" on C", (0, (21,22, .-, 2n)) = (021,22, ..., 2,), is a smooth S!-
action on C™. Also, any Lie group G acts on itself by left multiplication g — gh and
analogously right multiplication, and also by the adjoint action Ad(h): g — hgh~!.

We say that the G-action is effective if every element in 7" moves at least one
point in M, or equivalently (), ., Gz = {e}, where G, := {t € G | t-x = x} is the
stabilizer subgroup of the G-action at x. The action is free if G, = {e} for every
x € M. The action is semifree if for every x € M either G, = G or G, = {e}.
The action is proper if the map G x M — M x M given by (g,z) — (g - z,z) is
proper; if G is compact, any smooth G-action on a smooth manifold is proper. The
set G-x:={t-z|t € G} is the G-orbit that goes through the point .

Proposition 3.1. The stabilizer subgroup G, of a smooth G-action is a Lie sub-
group of G.
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Proof. Let f be the composite G — G x M, g — (g, z), and the smooth action map
G x M — M. Then G, = f~*({z}). A famous theorem of Cartan [23] says that a
closed subgroup of a Lie group is a Lie subgroup. Since f is continuous, the result
follows from Cartan’s theorem. |

For each closed subgroup H of a Lie group G which can occur as a stabilizer
subgroup, the orbit type MH is defined as the set of all z € M such that G,
is conjugate to H. Each connected component of M¥ is a smooth G-invariant
submanifold of M. The connected components of the orbit types in M form a
Whitney stratification, called the orbit type stratification. There is a unique open
orbit type, called the principal orbit type, denoted by M,eg, which is the orbit type
of a subgroup H which is contained in every G, + € M. A point x € M, is
regular. The principal orbits are the orbits in M,eg.

If the G-action is effective, M., consists of the points = at which the action is
free. It is a consequence of Duistermaat and Kolk [39, Theorem 2.8.5] that if a
smooth G-action on a smooth manifold M is proper, then M, is an open dense
subset of M.

Let -: Gx M — and “': G x M — M be smooth G-actions, and let p: M —
M’ be a smooth map. The map ¢ is a G-equivariant diffeomorphism if it is a
diffeomorphism and ¢(g-x) =g ¢(z) for all g € G,z € M. Similarly one defines
a G-equivariant embedding.

Proposition 3.2. The stabilizer subgroup G, of a proper smooth G-action on a
manifold M is compact and g — g - x induces a smooth G-equivariant embedding
az: G/Gy = M with image G - x.

In [I66] Yau gives obstructions to the existence of smooth actions. For exam-
ple [166, Corollary, p. 242] implies that if a compact connected Lie group G acts
effectively on an n-dimensional manifold M and there are oy, ...,0, € H'(M;Q)
such that oy U---Uo, # 0, then G is Abelian.

3.2. The infinitesimal action. Let T be a a compact connected Abelian Lie
group of dimension n. In fact, one can show [39, Corollary 1.12.4] that T is a torus,
i.e., T is isomorphic to a product of n circles

T~ (R/Z)"+) = (S :={2€C | [o[ =1}",(+...,"))-
Let 1 be the identity in 7', and let t := T1T be the Lie algebra of T. Let X € t.

There exists a unique homomorphism ax: R — T with ax(0) = 1,a/x(0) = X.
Define the exponential mapping exp: t — T by

(3.1) exp(X) := ax(1).

The exponential mapping exp : t — T is a surjective homomorphism from the
additive Lie group (t,+) onto T'. Furthermore, t; := ker(exp) is a discrete subgroup
of (t, +), and exp induces an isomorphism from t/tz onto 7', which we also denote
by exp. The set tz is called the integral lattice.

Because t/t7 is compact, tz has a Z-basis which also an R-basis of t, and each
Z-basis of tz is an R-basis of t. Using coordinates with respect to an ordered Z-basis
of t7, we obtain a linear isomorphism from t onto R™ which maps t; onto Z™ and
induces an isomorphism from 7' — R" /Z"™.

Using (B]), one can generate vector fields on a smooth manifold from a given
action.
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Definition 3.3. For each X € ¢, the vector field infinitesimal action Xjp; of X on
M is defined by

curve in T
(3.2) X (x) := tangent vector to t — exp(tX) -z at t =0,
curve in M through o
ie, Xpy(z) =d/dt|i—gexp(tX) - .
3.3. Symplectic and Hamiltonian actions: definitions. The key notion of

this paper is the following, which is valid for any Lie group G. Let (M, w) be a
2n-dimensional symplectic manifold.

Definition 3.4. Let ¢: G x M — M be any smooth G-action. We say that the
G-action is symplectic if G acts by symplectomorphisms, i.e., for each ¢t € G the
diffeomorphism ¢;: M — M given by ¢:(x) := ¢ - x is such that (¢¢)*w = w. The
triple (M,w, ¢) is a called a symplectic G-manifold.

Often we write (M,w,G) instead of (M,w,¢). Unless otherwise stated, from
now on G = T is compact, connected, and Abelian, i.e., a torus. By (23)) applied
to X = Xy, the fact that the T-action is symplectic says that

(33) d(iXMUJ) = LXMUJ =0, VX et
since dw = 0. The case when ix,,w is, moreover, an exact form for each X € t,
and has been thoroughly studied in the literature. Indeed, there is a special type

of symplectic action which appears often in classical mechanics and which enjoys a
number of interesting properties.

Definition 3.5. Let t* be the dual of t. A symplectic action T'x M — M is
Hamiltonian if there is a smooth map p: M — t* such that Hamilton’s equation

(3.4) —d(u(), X) = ix,w, VX €t

holds, where the left-hand side of equation (B4 is the differential of the function
(W), X): M = R.

Hamiltonian actions are named after William Rowan Hamilton (1805-1865).

There is a natural notion of symplectic and Hamiltonian vector fields. Given
a smooth function f: M — R, let Xy be the vector field defined by Hamilton’s
equation

(3.5) w(Xy,-) = —df.

Definition 3.6. A smooth vector field ) on a symplectic manifold (M,w) is sym-
plectic if its flow preserves w, and Hamiltonian if there exists a smooth function
f+ M — R such that Y = &%.

A T-action on (M,w) is symplectic if and only if all the vector fields that it
generates through ([B.2) are symplectic, and it is Hamiltonian if and only if all of
these vector fields are Hamiltonian.

Proposition 3.7. Any symplectic T-action on a simply connected manifold (M, w)
is Hamiltonian.

Proof. The obstruction to ix,,w being exact lies in the first cohomology group of
the manifold H'(M;R) = 0. If the manifold is simply connected, then 7 (M) = 0,
and hence H!(M;R) = 0. O
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Remark 3.8. For each X € t, it follows from equation ([B.4) that zeros of X,
correspond to critical points of {u(-), X): M — R, and (u(-), X) always has critical
points if M is compact.

The natural transformations between symplectic manifolds (M,w) and (M’,w")
with symplectic T-actions are the T-equivariant diffeomorphisms which preserve
the symplectic form, called T-equivariant symplectomorphisms. In the same way
one defines T'-equivariant symplectic embeddings.

In certain situations, for instance when working on equivariant symplectic pack-
ing problems [511[52,[1261[127,[133], it is useful to work with equivariant symplectic
embeddings or symplectomorphisms up to reparametrizations of the acting group.
In this case the equivariant condition (see Proposition [B:2land the paragraph before
it) states that ¢(g-xz) = f(g) -’ ¢(z) for some Lie group isomorphism f: G — G'.

Remark 3.9. Kostant [97] and Souriau [I49] gave the general notion of a momentum
map (see Marsden and Ratiu [I10] pp. 369, 370] for the history). The momentum
map may be defined for a Hamiltonian action of any Lie group. It was a key tool
in Kostant [98] and Souriau discussed it at length in [I50]. We only deal with the
momentum map for a Hamiltonian torus action.

3.4. Conditions for a symplectic action to be Hamiltonian. A Hamiltonian
Sl-action on a compact symplectic 2n-dimensional manifold (M,w) has at least
n + 1 fixed points. This is due to the fact that, if the fixed point set is discrete,
the momentum map is a perfect Morse function whose critical set is the fixed point
set. Hence the number of fixed points is Z?ZO rank H;(M; R), so at least n+1 since
1], w], [w?],..., [w"] are nontrivial cohomology classes (Proposition 2ZI0).

We are not aware of general criteria to detect when a symplectic action is Hamil-
tonian, other than in a few specific situations. In fact, one striking question follows.

Question 3.10. Are there non-Hamiltonian symplectic S'-actions on compact
connected symplectic manifolds with nonempty discrete fixed point sets?

In recent years there has been a flurry of activity related to this question; see for
instance Godinho [62[63], Jang [85,[86], Pelayo and Tolman [I35], and Tolman and
Weitsman [I55]. Tolman and Weitsman proved that the answer to the question is
“no” for semifree actions (they used equivariant cohomological methods, covered
here in Section [£4]); see Section B for the notion of semifree action.

Theorem 3.11 (Tolman and Weitsman [155]). Let (M,w) be a compact connected
symplectic manifold, equipped with a semifree symplectic S'-action with isolated
fized points. If there is at least one fized point, the S*-action is Hamiltonian.

In the Kahler case the answer to the question is a classical result of Frankel,
which started much of the activity in the subject.

Theorem 3.12 (Frankel [57]). Let (M,w) be a compact connected Kihler manifold
admitting an S*-action preserving the Kdhler structure. If the S'-action has some
fixed point, it is Hamiltonian.

Ono [TT9] proved the analogue of Theorem .12 for compact Lefschetz manifolds,
and McDuff [IT5] Proposition 2] proved a symplectic version (later generalized by
Kim [93]).

Theorem 3.13 (McDuff [115]). A symplectic S'-action on a compact connected
symplectic 4-manifold (M,w) with some fized point is Hamiltonian.
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McDuff [I15 Proposition 1] also constructed a compact connected symplectic
6-manifold with a non-Hamiltonian symplectic S'-action with fixed point set equal
to a union of tori.

Recently Tolman has answered Question 310 in the positive:

Theorem 3.14 (Tolman [I54]). There exists a symplectic non-Hamiltonian
Sl-action on a compact connected manifold with exactly 32 fived points.

Less is known for higher-dimensional Lie groups; the following corresponds to
[60, Theorem 3.13].

Theorem 3.15 (Giacobbe [60]). An effective symplectic action of an n-dimensional
torus on a compact connected symplectic 2n-dimensional manifold with some fized
point must be Hamiltonian.

Theorem appears as [40, Corollary 3.9]. If n = 2, this is deduced from [128],
Theorem 8.2.1] (Theorem later in this paper) in view of [42] Theorem 1.1].

There are results by Ginzburg describing the obstruction to the existence of a
momentum map for a symplectic action (see [61]) where he showed that a symplectic
action can be decomposed as a cohomologically free action and a Hamiltonian
action.

Later we will give recent classifications of certain classes of symplectic actions,
for which a complete answer to the following question may be given in terms of
certain invariants.

Question 3.16. When is a symplectic torus action on a compact connected sym-
plectic manifold Hamiltonian? Describe precisely the obstruction to being Hamil-
tonian.

3.5. Monotonic symplectic G-invariants. Let us now discuss an equivariant
analogue of symplectic capacities (Section 2.6]). The notion of symplectic G-action
is valid in general for any Lie group, not necessarily a torus; see Definition [3.41
Let Mg be the set of 2n-dimensional symplectic G-manifolds; it is a category
with morphisms given by G-equivariant symplectic embeddings.
A subcategory C of Mg a symplectic G-category if (M,w) € C implies (M, \w) €
C for any A > 0.

Definition 3.17. A generalized symplectic G-capacity is a map c: C — [0, oo] such
that if there is a G-equivariant symplectic embedding from M to M', M, M’ € C,
then ¢(M) < ¢(M') (monotonicity), and if A > 0, M € C, then c¢(M, \w) = Ae(M, w)
(conformality).

The nontriviality condition (Definition Z28]) has to be modified to make sense
in the equivariant setting, as follows. We say that c is tamed by N € Mg if
there is t € (0,00) such that if M € C and there exists a G-equivariant symplectic
embedding from M to N, then ¢(M) < t, and if P € C and there exists a G-
equivariant symplectic embedding from N to P, then t < ¢(P).

In [51] a generalization of the Gromov radius to the equivariant setting is given.
Let T* = (R/Z)*. In order to do this, the authors introduce the notion of symplectic
(T*k x RYF)-capacity as a generalized symplectic (T* x R%~*)-capacity that is, in
addition, tamed by B2"(1) and Z2"(1) (where these are endowed with standard
symplectic forms and actions).
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For 1 < k < m < n, the (m, k)-equivariant Gromov radius, defined on Mpe, is,
at (M,w), the radius of the largest ball B2 (r) that can be symplectically and R¥-
equivariantly embedded into (M,w). Using elementary techniques, one can show
that this defines a symplectic R*-capacity [51].

An example of interest in equivariant symplectic geometry may be constructed
as follows, on the category of 2n-dimensional symplectic manifolds endowed with
Hamiltonian T™-actions. First, a toric ball packing P of M is a disjoint collection of
symplectically and T™-equivariantly embedded balls. Consider, for each (M,w), the
supremum of the set of %/ f(P) where f(P) = vol(P,w)/vol(B?"(1),wgzx). In [51]
it is shown that this defines a symplectic T"-capacity.

In fact, symplectic G-capacities give a framework to study invariants of integrable
systems. So far few such invariants are known beyond this case (and the semitoric
case also discussed in [51]).

4. PROPERTIES OF HAMILTONIAN ACTIONS

Hamiltonian actions have been studied extensively in the past 40 years, and there
exists a rich theory with a number of striking results. Next we briefly discuss some
highlights, focusing on Hamiltonian T-actions when T is a torus. Let t be the Lie
algebra of T, and let t* be its dual Lie algebra.

4.1. Marsden—Weinstein—Meyer symplectic reduction. Even though one
cannot in general take quotients of symplectic manifolds by group actions and
get again a symplectic manifold, for Hamiltonian actions there is a notion of a
symplectic quotient.

Theorem 4.1 (Marsden and Weinstein [IT1], Meyer [I13]). Let (M,w) be a sym-
plectic manifold and suppose that the torus T acts on it in a Hamiltonian fashion
with momentum map p: M — t*. Let i: u=1(t) < M be the inclusion map and
suppose that T acts freely on u=t(t). Then the orbit space

Mrea := p~ ' (t)/T

is a smooth manifold, the projection m: u=(t) — Myeas is a principal T-bundle,
and there is a symplectic form wyeqr 0n Myear Such that m*wyeqr = 1*w.

See also [2, Section 4.3] for further discussion of this result. The result is also
valid for any compact Lie group G (not necessarily G = T being a torus).

The fact that T acts freely on p~!(¢) implies that t is a regular value of y and
hence the fiber p=1(t) is a closed (dim M — dim T')-dimensional submanifold of M.

Definition 4.2. The symplectic quotient (Myed,i,Wred,t) is called the Marsden—
Weinstein—Meyer symplectic reduction of (M,w) for the T-action at t.

Symplectic reduction has numerous applications in mechanics and geometry; see
for instance [I10]. We will give an application in the proof of the upcoming result
Theorem

4.2. Atiyah—Guillemin—Sternberg convexity. The Atiyah—Guillemin—Stern-

berg convexity theorem (1982, [10,[75]) says that the image of the momentum map
u(M) is a convex polytope.

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



400 ALVARO PELAYO

Theorem 4.3 (Atiyah [10], Guillemin and Sternberg [75]). If the torus T acts on a
compact connected symplectic manifold (M,w) in a Hamiltonian fashion, the image
w(M) under the momentum map p: M — t* is a convex polytope in t*. Moreover,
w(M) is the convex hull of the image under i of the fixed point set of the T-action.

Definition 4.4. The polytope u(M) is called the momentum polytope of M.

The set ;1= 1(t) is connected for any t € u(M); this is known as Atiyah’s connec-
tivity theorem.

Remark 4.5. If x € M, p is constant at O = T -z, so if 2’ € O, T,, O C
ker(dp, : Tp M — t*) = (T»O)“=, hence O is isotropic.

One precedent of the convexity theorem appears in Kostant’s article [99]. Other
convexity theorems were proven later by Birtea, Ortega, and Ratiu [20], Kirwan [95]
(in the case of compact, non-Abelian group actions), Benoist [I5], and Giacobbe
[60], to name a few.

Convexity for Poisson actions has been studied by Alekseev, Flaschka and Ratiu,
Ortega and Ratiu, and Weinstein [41[49]T2T,[163] among others.

4.3. Duistermaat—Heckman theorems. At about the time when Atiyah and
Guillemin and Sternberg proved the convexity result, Duistermaat and Heckman
did influential work, which we describe next.

Let (M, w) be a 2n-dimensional symplectic manifold, and let 7' be an m-dimen-
sional torus. Suppose that T acts on (M, w) in a Hamiltonian fashion with momen-
tum map p: M — t*. Assume that p is proper, that is, for every compact K C t*,
the preimage 1~ 1(K) is compact.

Definition 4.6. The Liouville measure of a Borel subset F of M is my(E) =
% f pw™ The Duistermaat—Heckman measure mpyg on t* is the pushforward mea-
sure p,my, of my, by p, i.e.,

1 n
mpu(U) = a/ﬂlw)w :

Let A be the Lebesgue measure in t* ~ R™.

Theorem 4.7 (Duistermaat and Heckman [37,[38]). There is a function f: t* - R
such that f is a polynomial of degree at most n —m on each component of reqular
values of p, and

mon(0) = [ fdx
U
Definition 4.8. The function f is called the Duistermaat-Heckman polynomial.

In the upcoming Example 5.1l we will find f explicitly.

If T acts freely on p~1(0), then it acts freely on fibers p~'(¢) for which ¢ € t*
is close to 0. Consider the Marsden—Weinstein-Meyer reduced space M;yeq: =
p=t(t)/T (see Section E1 or [2, Section 4.3]) with the reduced symplectic form
Wred, t-

Theorem 4.9 (Duistermaat and Heckman [37,88]). The cohomology class [wred ]
varies linearly in t.

Theorem 9] does not hold for nonproper momentum maps; see [I31, Remark
4.5].

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



HAMILTONIAN AND SYMPLECTIC SYMMETRIES: AN INTRODUCTION 401

4.4. Atiyah—Bott—Berline—Vergne localization. A useful tool to study sym-
plectic S'-actions is equivariant cohomology because it encodes well-fixed point-set
information. It can, in particular, help to detect when a symplectic action is Hamil-
tonian; for instance, it was used by Tolman and Weitsman to study when a semifree
symplectic S'-action is Hamiltonian (Theorem B.1T]).

Within symplectic geometry, equivariant cohomology is an active area. We only
give the basic definition, a foundational result, and an application. Although equi-
variant cohomology may be defined generally, we focus on S'-equivariant cohomol-
ogy. Let S act on a smooth manifold M.

Definition 4.10. The equivariant cohomology of M is Hg, (M) := H*(M x g1 S*).

For example, if = is a point, then HY, (x;Z) = H*(CP>;Z) = Z[t].

If V is an equivariant vector bundle over M, the equivariant Fuler class of V is
the Euler class of the vector bundle V x g1 S over M x g1 S°°. The equivariant
Chern classes of equivariant complex vector bundles are defined analogously.

If M is oriented and compact, then the projection 7: M X g1 S°° — CP*° induces
a natural pushforward map, denoted by fM, Tyt Hgl (M;7Z) — Hi—dmM(Cpe, 7).
In particular 7, (o) = 0 for all & € HY, (M;Z) when i < dim M.

Let M5 denote the fixed point set of the S'-action. For a component F of M*° '
we denote by eg1(Np) the equivariant Euler class of the normal bundle to F.

Theorem 4.11 (Atiyah and Bott [11], Berline and Vergne [18]). Fira€Hg, (M;Q).

As elements of Q(t),
L= 2wt
M resi(Np)’

where the sum is over all fized components F'.

FcMs?t

Next we give an application of this theorem to counting fixed points of symplectic
Sl-actions. Let w be a symplectic form on M, let St act symplectically on (M, w),
and let J: TM — TM be a compatible almost complex structure. Let x be an
isolated fixed point of the S'-action.

Suppose dim M = 2n. There is an identification of T, M with C", where S* acts
on C"is by A-(21,...,2,) = (AS121,..., A5 2,); the nonzero integers &, ..., &, are
determined up to permutation by the S'-action and symplectic form; they are the
weights in the isotropy representation T, M. Let ¢q(M)(x) and A, be the sum of
the weights and the product of the weights at x, respectively.

Let o; be the ith elementary symmetric polynomial, and let ¢ be the genera-
tor of H%, (;7Z). The restriction of the ith-equivariant Chern class is ¢;(M)|, =
0i(&1,. .., &)t For instance, c1(M)], = > i, &t and

es1(Ng) = cn (M) = Hfﬂ t".
j=1

Hence,

/Ci M)|x _Ui(glw-‘ugn) ti_n
2 €51 (Ng) H?:l & '
We identify ¢1 (M), with ¢1(M)(x).
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Definition 4.12. The map ¢ (M): MS 7,z — c1(M)(x) € Z, is the Chern
class map of M.

Proposition 4.13 ([I35]). If S' acts symplectically on the compact symplectic
2n-dimensional manifold (M,w) with isolated fized points, and the range of

ci(M): MS" = Z contains at most n elements, then 3 A)t=0
for every k € Z.

:CE(Cl(M))’l(k)(

Proof. Let {ci(M)(z)|x € M5 }={k1, ..., kel and A := 32 vyt (Aa) )
for 1 < ¢ < ¢. Consider the ¢ x ¢ matrix B given by B;; := (k;)’~!, where
1 <4,j < L. Since £ < n by assumption, [,,¢1(M)7 = 0 for all j < £. Applying
Theorem E1T] to the elements 1, c; (M), ..., c;(M)*~! gives a homogenous system

of linear equations B- (41, ..., A¢) = (0, ..., 0). Since B is a Vandermonde matrix,
det(B(¢)) #0. Thus A; =---= A, = 0. 0

A map f: X — Y is somewhere injective if there is y € Y such that f=*({y}) is
the singleton.

Theorem 4.14 ([135]). Let S act symplectically on a compact symplectic 2n-
manifold (M,w) with isolated fized points. If ¢1(M) is somewhere injective, the
Sl-action has at least n + 1 fized points.

Proof. Since c1(M) is somewhere injective, there is k € Z such that

> ()t =0

w€(e1 (M)~ (k)

By Proposition I3] this implies that the range c;(M) contains at least n + 1
elements. |

Using equivariant cohomology, other results are shown in [I35]; for instance, if
St acts symplectically on a compact symplectic manifold with exactly two fixed
points, then M is a 2-sphere, or dim M = 6 and the weights at the fixed points are
a,b,—a —bor a+b,—a—>b ([135, Theorem 3]).

Another application of equivariant cohomology appeared in [64], where the au-
thors give a lower bound for the number of fixed points of any symplectic S'-action,
under a mild assumption.

4.5. Further topics. There exists an extensive theory of Hamiltonian actions
and related topics; see for instance the books by Guillemin [70], Guillemin and
Sjamaar [74], and Ortega and Ratiu [I2I]. There are several influential works
which we do not describe here for two reasons—brevity is the main one, but also
because they are more advanced and more suitable for a survey than a succinct
invitation to the subject. These works include Sjamaar and Lerman’s work [148]
on stratifications, Kirwan’s convexity theorem [95] (which generalizes the Atiyah—
Guillemin-Sternberg convexity theorem to the non-Abelian case), and Lerman’s
symplectic cutting [I06] (a procedure to “cut” symplectic manifolds with applica-
tions in equivariant symplectic geometry and integrable systems).
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(0,0,1) ‘

0,0,— 1)

FIGURE 1. The unit sphere S? endowed with the standard area
form w = df A dh and rotational action of S' about the vertical
axis, as explained in the first part of Example Bl This action
has precisely two fixed points, the north and south poles of S2.
The momentum map is given by u(6,h) = 0 for any 6 € S' and
—1 < h < 1. The S'-orbits that are not fixed points are horizontal
circles, and w vanishes on them, so they are isotropic (in fact,
Lagrangian), as in Remark

5. EXAMPLES OF HAMILTONIAN AND SYMPLECTIC ACTIONS

5.1. Symplectic Hamiltonian actions. The following are examples of Hamil-
tonian actions.

Example 5.1. Let w = df A dh be the standard area form in spherical coordi-
nates on S2. Endow (S? w = df A dh) with the rotational S!-action about the
z-axis (Figure [[). Identifying the dual Lie algebra of S! with R by choosing a
basis, the momentum map p: S? — R is u(6, h) = h, and the momentum polytope
(Definition @A) is A = [—1,1]. The Duistermaat-Heckman polynomial (Defini-
tion L8) is f = 2mx(_1,1) where X[_1 1) is the characteristic function of [-~1,1] so
mpu([a,b]) = 27 (b — a) for any [a,b] C [-1,1].

Example 5.2. Consider the n-dimensional complex projective space equipped with
a A-multiple, A > 0, of the Fubini-Study form (CP™, \-wgg) and the rotational T"-
action induced from the rotational T™-action on the (2n 4 1)-dimensional complex
plane. This is a Hamiltonian action with momentum map

(2021t za) = (M2 Lzl Mzal D J2il?).
=0 1=0

Ife; =(1,0,...,0) e R",...,e, = (0,...,0,1) € R", the momentum polytope is
(5.1) A = convex hull {0, Aeq, ..., Aep}.

The category of Hamiltonian actions, while large, does not include some simple
examples of symplectic actions, for instance free symplectic actions on compact
manifolds, because Hamiltonian actions on compact manifolds always have fixed
points (this is implied, for instance, by Theorem [3]).
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5.2. Symplectic non-Hamiltonian actions. Theorem[3.14]concerns a non-Ham-
iltonian symplectic action with isolated fixed points; next we give examples with
nonisolated fixed points.

5.2.1. Examples with symplectic orbits. In the following examples there is no mo-
mentum map; they are examples of what we later call mazimal symplectic actions
(discussed in Section [M); each orbit of such an action is a symplectic submanifold
in the following sense. If V' is a subspace of a symplectic vector space (W,w), it is
symplectic if V¥ NV = {0} (i.e., w|yxv is nondegenerate).

Definition 5.3. A submanifold C of a symplectic manifold (M,w) is symplectic if
T.C is a symplectic subspace of (T, M,w,) for every x € C.

If i: C — M is the inclusion, then (C,i*w) is a symplectic manifold. In the
same spirit of the results of Section 2] a theorem of Weinstein [I58] states that a
neighborhood of C' is determined by the restriction of the symplectic form to the
submanifold, together with the isomorphism class of its normal bundle (a symplectic
vector bundle); see [IT6] pp. 100, 101] for details.

Remark 5.4. It can be shown that the fixed point set in the Atiyah—Guillemin—
Sternberg convexity theorem (Theorem[A.3)) is a finite union of connected symplectic
submanifolds of M.

The T-orbits of a Hamiltonian action are isotropic (Remark [5), and hence if
a symplectic T-action has symplectic orbits, it is not Hamiltonian; this is the case
for the following examples.

Example 5.5. Let (M,w):=((R/Z)?",>" ", dw;Ady;) with coordinates (z1,y1, ...,
Tn,Yn), and let the 2-torus T := (R/Z)? act by translation on the first two com-
ponents (x1,y1). This action is free, symplectic, and the orbits are symplectic and
diffeomorphic to T

Example 5.6. Let (M,w) := (R/Z)? x S?,dz Ady + df Adh) and T := (R/Z)?
act by translations on the T-factor (Figure [2). This action is free, symplectic, and
the orbits are symplectic, diffeomorphic to 7.

Example 5.7. Let P := S? x (R/Z)? equipped with the product area form of the
standard symplectic form df A dh on S? and the standard area dz A dy form on
the torus (R/Z)2. The 2-torus T := (R/Z)? acts freely by translations on the right
factor of P. Let the finite group Z/2Z act on S? by rotating each point horizontally
by 180 degrees, and let Z/27Z act on (R/Z)? by the antipodal action on the first
circle R/Z. The diagonal action of Z/2Z on P is free. Therefore, the quotient space
5?2 x7,/572(R/Z)?* is a smooth manifold. Let M := S%xy,57(R/Z)? be endowed with
the symplectic form w and the T-action inherited from the ones on P. The action of
T on M is symplectic but not free, and the T-orbits are symplectic two-dimensional
tori. The orbit space M/T = S?/(Z/27Z) is a smooth orbifold with two singular
points of order 2, the south and north poles of S? (this orbifold plays a role in the
classification of maximal symplectic actions, which we will see in Section [8.]).

5.2.2. Examples with Lagrangian or coisotropic orbits. The following are examples
of what we later call coisotropic actions (discussed in Section[7l); in particular, each
orbit of such an action is a coisotropic submanifold, meaning the following. If V' is
a subspace of a symplectic vector space (W, w), it is coisotropic if V¥ C V. If V is
coisotropic, then 2dim V' > dim W.
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Definition 5.8. A submanifold C of a symplectic manifold (M, w) is coisotropic if
T, C is a coisotropic subspace of (T, M,w,) for every x € C.

A submanifold C' of the symplectic manifold (M,w) is Lagrangian if and only if
it is both isotropic and coisotropic.

Example 5.9. The action of T := (R/Z)?"~! on M := ((R/Z)*", Y"1, da; A dy;)
with coordinates (21,91, ...,%n,ys) by translation on the first 2n — 1 components
(1,915 -y Tn—1,Yn—1,Tn) is symplectic, free, and hence not Hamiltonian (for in-
stance by Theorem a Hamiltonian action on a compact manifold has fixed
points). Its orbits are coisotropic submanifolds diffeomorphic to 7. The action
of 7" := (R/Z)"™ on M by translations on (z1,...,xz,) is free, symplectic, and its
orbits are Lagrangian (hence also coisotropic) submanifolds diffeomorphic to 7”.

Example 5.10 (Kodaira [96] and Thurston [I52]). An important example of a non-
Hamiltonian symplectic torus action with Lagrangian orbits is the Kodaira variety
[96] (also known as the Kodaira—Thurston manifold [152]), which is a torus bundle
over a torus constructed as follows. Consider the product symplectic manifold
(R? x (R/Z)?, dz1 A dy; + dag A dys), where (z1,y1) € R? and (z2,y2) € (R/Z)%
Consider the action of (j1,j2) € Z? on (R/Z)? by the matrix group of

1 jo
o 1 /)’

where jo € Z (notice that j; does not appear intentionally in the matrix). The
quotient of this symplectic manifold by the diagonal action of Z? gives rise to a
compact connected symplectic 4-manifold, the Kodaira variety,

(5.2) (KT,w) := (R? xz2 (R/Z)?, dxy Adyy + dzg Adys),
on which T := R/Z x R/Z acts symplectically and freely, where the first circle
acts on the zq-component, and the second circle acts on the ys-component (one

can check that this action is well defined). This is a free symplectic action with
Lagrangian orbits.

Example 5.11. Consider (M,w) := ((R/Z)? x S?,dx A dy + df A dh). There is
an action of T := R/Z x R/Z on (M,w), where the first circle of T' acts on the

FIGURE 2. A symplectic 2-torus action on the product (R/Z)? x S?
of a 2-torus and a 2-sphere. The first circle of the acting 2-torus
translates the first component of the first factor of the product.
The second circle acts on the 2-sphere by rotations about the z-
axis (as described in Example B and Figure [l). This is a simple
example of a symplectic action which is not Hamiltonian; see Ex-

ample B.171
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first circle of the left factor of M, and the right circle acts on S? by rotations
about the z-axis; see Figure This T-action is symplectic. However, it is not a
Hamiltonian action because it does not have fixed points (the existence of which is
implied, for Hamiltonian actions, for instance by Theorem [£.3]). Tt is also not free,
because the stabilizer subgroup of (p, q), where ¢ is the north or south pole of S,
is a circle. The principal orbits (Section B]) are products of the circle orbits of the
left factor (R/Z)?, and the circle orbits of the right factor (all orbits of the right
factor are circles but the north and south poles, which are fixed points). Because
the principal orbits are obtained by keeping the y-coordinate on the left factor
constant and the height on the right factor constant, we have that dy = dh = 0, so
they are Lagrangian.

6. CLASSIFICATIONS OF HAMILTONIAN ACTIONS

In a few cases there exist classifications of Hamiltonian G-actions on compact
symplectic manifolds, in terms of symplectic invariants. In this section we discuss
several classifications, beginning with the case in which G is an n-dimensional torus
acting on a 2n-dimensional manifold.

6.1. Classification of symplectic-toric manifolds. Let T be an n-dimensional
torus with Lie algebra t and dual Lie algebra t*.

6.1.1. Delzant polytopes. Let A be an n-dimensional convex polytope in t*. Let F'
be the set of codimension 1 faces of A. Let V' be the set of vertices of A. If v € V|
let F, :={f € F|v € f}. Following Guillemin [70, p. 8], we define a special type
of polytope.

Definition 6.1. We say that A is a Delzant polytope if the following two conditions
hold. First, for each f € I there are Xy € tz and Ay € R such that the hyperplane
which contains f has defining equation (Xy, )+ Ay =0, £ € t*, and A is contained
in the set of £ €t* such that (X, £)+ Ay > 0. Second, for every veV, {X; | f€F,}
is a Z-basis of tz.

See Figure [3] for examples of Delzant polytopes. The definition implies that for
each f € F there exists X; € tz and Ay € R such that

A={{et" | (Xp, )+ A 20,VfeF}

It follows that for every v € V, the cardinality of F, is n.

If z € CF and f € F, we write z(f) := zf, which we view as the coordinate of z
with index f. Let 7: RY — t be the linear map 7(t) := > ser ty Xy. Because, for
any vertex v of the Delzant polytope A, the X, with f € F, form a Z-basis of t
which is also an R-basis of t, we have 7(Zf') = tz and 7(R¥") = t. Hence 7 induces
a surjective Lie group homomorphism 7/: R¥/ZF = (R/Z)F — t/tz, and hence a
surjective homomorphism exp o 7/: RF /ZF — T. Write n := kerr and

(6.1) N :=ker(exp o '),

which is a compact Abelian subgroup of R¥ /Z". Actually, N is connected (see [41],
Lemma 3.1]) and isomorphic to n/nz, where nz := n N Z% is the integral lattice in
n of the torus N.
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FiGure 3. Examples of two-dimensional Delzant polytopes, i.e.,
Delzant polygons, as in Definition Each of these polygons
arises as the image under the momentum map of a compact con-
nected symplectic 4-manifold with an effective Hamiltonian 2-torus
action (the fact that these polygons uniquely determine the man-
ifold is due to Theorem [6.4]). In fact, the triangle corresponds to
the standard CP? (described in Example [5.2), the trapezoid to a
Hirzebruch surface, and the square to CP! x CP!.

6.1.2. Symplectic-toric manifolds. The following notion has been a source of inspi-
ration to many authors working on symplectic and Hamiltonian group actions and
integrable Hamiltonian systems.

Definition 6.2. A symplectic-toric manifold is a compact connected symplectic
manifold (M,w) of dimension 2n endowed with an effective Hamiltonian action of
a torus T of dimension n.

Remark 6.3. The Duistermaat—Heckman polynomial f (Definition E8)) associated
to the momentum map of a symplectic-toric manifold will be constant according to
Theorem (.7 (in fact, equal to the characteristic function of the image pu(M) of the
momentum map).

Often, one denotes the symplectic-toric manifold by (M, w, T); this is a particular
example of a symplectic T-manifold (Definition B.4]).

The S!-action on S? by rotations about the z-axis (Figure [ and Example [5.1)) is
effective and Hamiltonian, and (S2,df Adh, S') is a symplectic-toric manifold with
momentum polytope [—1,1]. According to a striking result of Thomas Delzant,
[—1,1] completely characterizes (52, w, S?).

Theorem 6.4 (Delzant [33]). For every Delzant polytope A C t* there exists a
symplectic-toric manifold (Ma,wa,T) with momentum map pa: Ma — t° such
that pa(Ma) = A. If (M,w,T) is a symplectic-toric manifold with momentum
map p: M — t*, then p(M) is a Delzant polytope; moreover, (M,w,T) is T-
equivariantly symplectomorphic to the symplectic-toric manifold (Ma,wa,T) if,
and only if, up to translations, u(M) coincides with A.

Proof. We will prove the existence part [33] pp. 328, 329] following [41], i.e., that
for any Delzant polytope A there exists a symplectic-toric manifold Ma such that
ua(Ma) = A, and which is obtained as the reduced phase space for a linear
Hamiltonian action of the torus N in (6 on a symplectic vector space E, at a
value Ay of the momentum mapping of the Hamiltonian N-action, where E, N,
and Ay are determined by A.

On the complex vector space C of all complex-valued functions on F, we have
the action of R /Z¥', where t € R /Z¥ maps z € C to the element ¢t - z € CF
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defined for f € F by (t-2); = e*™' z;. The infinitesimal action of Y € RF =
Lie(RF/ZT) is given by (Y - 2); = 27i Y} z5, which is a Hamiltonian vector field
defined by the function

_ |25 _ x® +yp®
(6.2) e (YVop(z) = Y Yy g =D Yy =
fer fEF

with respect to wC" = ﬁ Y rer dzpAdzy = % Y rer dwp Adyy, if zp = zp +iyy,
with z¢, yr € R.

Since (6.2) depends linearly on Y, we view p(z) as an element of (RF)* ~ RF
with coordinates

(6.3) w(z)p = lz?/2 = (x® +ys%)/2, feF

In other words, the action of R¥ /Z% on CF is Hamiltonian with respect to w€" and
with momentum map p : CF — (Lie(RY/ZT))* given by (6.3). It follows that the
action of N on CF" is Hamiltonian with momentum map px := % o p : CF — n*,
where ¢, : n — R denotes the identity and ¢% : (RF)* — n* its transpose, which
assigns to a linear form on R¥ its restriction to n.

Let A denote the element of (RF)* ~ R with the coordinates A, f € F.
Write Ay = ¢5(A). It follows from Guillemin [70, Theorems 1.6 and 1.4] that Ay
is a regular value of uy. Hence, Z := pun~—'({\n}) is a smooth submanifold of
CF, and the action of the torus N on Z is free. By Theorem H.I] the N-orbit
space Ma := Z/N is a smooth 2n-dimensional manifold such that the projection
p : Z — M exhibits Z as a principal N-bundle over Ma. Moreover, there is
a unique symplectic form wa on Ma such that p*wa = LZ*wCF, where ¢z is the
identity viewed as a smooth mapping from Z to CI" (M is the Marsden-Weinstein—
Meyer reduction of (CF,wC")).

On the N-orbit space M, we still have the action of the torus (R /ZF)/N ~ T,
with momentum mapping pa : M — t* determined by 7* o pua op = (u—A)|z. The
torus T acts effectively on M and pua(M) = A (see Guillemin [70, Theorem 1.7]),
and therefore we have constructed a symplectic-toric manifold (Ma,wa) with T-
action and momentum map pa: Ma — t* such that pa (M) = A. 0

The fiber over t € A of the momentum map is diffeomorphic to a torus of
dimension equal to the dimension of the lowest-dimensional face F' of A such that
teF.

There have been generalizations of Theorem [6.4] for instance to multiplicity-free
group actions by Woodward [165], and to symplectic-toric orbifolds by Lerman and
Tolman [I07]. An extension to noncompact symplectic manifolds has been recently
given by Karshon and Lerman [90].

Because any symplectic-toric manifold is obtained by symplectic reduction of C*',
it admits a compatible T-invariant Kahler metric. Delzant [33], Section 5] observed
that A gives rise to a fan, and that the symplectic-toric manifold with Delzant
polytope A is T-equivariantly diffeomorphic to the toric variety M''i¢ defined by
the fan. Here MY is a complex n-dimensional complex analytic manifold, and
the action of T on M™% has an extension to a complex analytic action on M tric
of the complexification T¢ of T.
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A detailed study of the relation between the symplectic-toric manifold and Afteric
appears in [41]. The following proof illustrates the interplay between the symplectic
and algebraic viewpoints.

Proposition 6.5. FEvery symplectic-toric manifold is simply connected.

Proof. A symplectic-toric manifold may be provided with the structure of a toric
variety defined by a complete fan (Delzant [33] Section 5], Guillemin [70, Appendix
1]). Danilov [31, Theorem 9.1] observed that such a toric variety is simply con-
nected: indeed, it has an open cell which is isomorphic to the complex space C™,
whose complement is a complex subvariety of complex codimension 1, so all loops
may be deformed into the cell and contracted within the cell to a point. O

Remark 6.6. The manifold KT in (52) fits in the third case in Kodaira [96], The-
orem 19]. Thurston rediscovered it in [I52] and observed that there is no Kéhler
structure on KT compatible with the symplectic form (by noticing that the first
Betti number by (KT) is 3). It follows from Proposition [6.5 that no other symplectic
2-torus action on KT is Hamiltonian.

6.2. Classification of log symplectic-toric manifolds. Recently there has been
a generalization of symplectic-toric geometry to a class of Poisson manifolds, called
log-symplectic manifolds.

Log-symplectic manifolds are generically symplectic, and they degenerate along a
normal crossing configuration of smooth hypersurfaces. Guillemin, Miranda, Pires,
and Scott initiated their study in [7I]. They proved the analogue of Delzant’s
theorem (Theorem [64) in the case where the degeneracy locus of the associated
Poisson structure is a smooth hypersurface.

Most often degeneracy loci for Poisson structures are singular. In [69] the authors
considered the mildest possible singularities, normal crossing hypersurfaces, and
gave an analogue of Theorem Next we informally state this result to give a
flavor of the ingredients involved (being precise would be beyond the scope of this
paper). The notion of isomorphism below generalizes the classical notion taking
into account the log-symplectic structure.

Theorem 6.7 ([69]). There is a one-to-one correspondence between isomorphism
classes of oriented compact connected log symplectic-toric 2n-manifolds and equiv-
alence classes of pairs (A, M), where A is a compact convex log affine polytope of
dimension n satisfying the Delzant condition and M — A is a principal n-torus
bundle over A with a vanishing toric log obstruction class.

Log-symplectic geometry and its toric version are an active area of research
related to tropical geometry and the extended tropicalizations of toric varieties of
Kajiwara [87] and Payne [125].

Convexity properties of Hamiltonian torus actions on log-symplectic manifolds
were studied in [72], where the authors prove a generalization of Theorem A3

6.3. Classification of Hamiltonian S'-spaces. In addition to Delzant’s classifi-
cation (Theorem[6.4)) there have been other classifications of Hamiltonian G-actions
on compact symplectic 2n-manifolds. In this section we outline the classification
when G = 8! and n = 2, due to Karshon.

Definition 6.8. A Hamiltonian S'-space is a compact connected symplectic 4-
manifold (M, w) equipped with an effective Hamiltonian S*-action.
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This definition is valid for manifolds of any dimension 2n > 2, but since only
the two- and four-dimensional cases are completely understood (and the two-dimen-
sional case is included in Delzant’s theorem), the terminology Hamiltonian S*-space
is traditionally reserved for 2n = 4.

Let (M,w,S') be a Hamiltonian S'-space. We assign to it a labeled graph
as follows. Let u: M — R be the momentum map of the S'-action. For each
component ¥ of the set of fixed points of the S'-action there is one vertex in the
graph, labeled by u(%) € R.

If ¥ is a surface, the corresponding vertex has two additional labels—one is the
symplectic area of ¥ and the other one is the genus of X.

Let F) be a subgroup of k elements of S'. For every connected component
C of the set of points fixed by F}, there is an edge in the graph, labeled by the
integer £k > 1. The component C' is a 2-sphere, which we call a Fj-sphere. The
quotient circle S*/F}, rotates it while fixing two points, and the two vertices in the
graph corresponding to the two fixed points are connected in the graph by the edge
corresponding to C.

Theorem 6.9 (Ahara and Hattori [3], and Audin [I2,[I3]). Every Hamiltonian
St-space is St-equivariantly diffeomorphic to a complex surface with a holomorphic
Sl-action which is obtained from CP?, a Hirzebruch surface, or a CP'-bundle over
a Riemann surface with appropriate circle actions by a sequence of blowups at the
fixed points.

Let A and B be connected components of the set of fixed points. The S'-action
extends to a holomorphic action of the group C* of nonzero complex numbers.
Consider the time flow given by the action of the subgroup {exp(¢) |t € R}.

Definition 6.10. The component A is greater than the component B if there is
an orbit of the C*-action which at time ¢ = co approaches a point in A, and at
time t = —o0, a point in B.

Take any of the complex surfaces with S!-actions considered by Ahara and Hat-
tori, and Audin, and assign a real parameter to every connected component of the
fixed point set such that these parameters are monotonic with respect to the partial
ordering we have just described. If the manifold contains two fixed surfaces, one
assigns a positive real number to each of them so that the difference between the
numbers is given by a formula involving the previously chosen parameters.

Karshon proved that for every such a choice of parameters there exists an invari-
ant symplectic form and a momentum map on the complex surface such that the
values of the momentum map at the fixed points and the symplectic areas of the
fixed surfaces are equal to the chosen parameters. Moreover, every two symplectic
forms with this property differ by an S!-equivariant diffeomorphism.

Theorem 6.11 (Karshon [89)]). If two Hamiltonian S*-spaces have the same graph,
then they are S'-equivariantly symplectomorphic. Moreover, every compact four-
dimensional Hamiltonian S'-space is S*-equivariantly symplectomorphic to one of
the spaces listed in the paragraph above.

A generalization of this classification result to higher dimensions has been re-
cently obtained by Karhson and Tolman [91]. The authors construct all possible
Hamiltonian torus actions for which all the nonempty reduced spaces are two di-
mensional (and not single points), the manifold is connected, and the momentum
map is proper as a map to a convex set.
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The study of symplectic and Hamiltonian circle actions is an active topic of re-
search; see for instance McDuff and Tolman [I17] where they show many interesting
properties. For instance, they prove that if the weights of a Hamiltonian S'-action
on a compact symplectic symplectic manifold (M,w) at the points at which the
momentum map is a maximum are sufficiently small, then the circle represents a
nonzero element of m (Ham(M, w)), where Ham(M,w) is the group of Hamiltonian
symplectomorphisms of (M,w). See also Sections B4l and 4] where we discuss
properties of symplectic S'-actions that are not necessarily Hamiltonian. In this
direction, see also [62[63].

In [65] Godinho and Sabatini construct an algorithm to obtain linear relations
among the weights at the fixed points which under certain conditions determine a
family of vector spaces which contain the admissible lattices of weights.

6.4. Classification of symplectic-semitoric manifolds. Semitoric systems, or
symplectic-semitoric manifolds, are a rich class of integrable systems which, in
the case of compact manifolds, takes place on Karshon’s Hamiltonian S'-spaces.
Let (M,w) be a symplectic four-dimensional manifold. The Poisson brackets of
f,g9 € C®(M) are defined by {f, g} := w(X}, X,), where X is as in (B3]).

Definition 6.12. An integrable on (M,w) is a smooth map F = (fy, f2): M — R?
such that {fi, fa} =0, and Xy, , Xy, are linearly independent almost everywhere.

A general theorem of Eliasson characterizes the so-called nondegenerate singu-
larities (the term “nondegenerate” here is a natural generalization of “Morse non-
degenerate” which is more involved to define [I38]). The following is a particular
instance of this general theorem and is of interest to us.

Theorem 6.13 (Eliasson [A7.48]). Let F := (f1, f2): (M,w) — R? be an integrable
system, all of the singularities of which are nondegenerate, and with no hyperbolic
blocks. Then there exist local symplectic coordinates (x1,x2,&1,&2) about every non-
degenerate critical point m, in which m = (0,0,0,0), and

(F - F(m)) oY =4go (q17QQ)7
where ¢ = (11, 2,&1,£2) 7t and g is a diffeomorphism from a small neighborhood of
the origin in R* into another such neighborhood, such that g(0,0,0,0) = (0,0,0,0)
and (q1,q2) 18, depending on the rank of the critical point, as follows. If m is a
critical point of F of rank 0, (q1, q2) is given by q1 = (22+£32)/2 and g2 = (23+£€3)/2,
or
(6.4) @1 = 2182 — 2261 and g2 = 21861 + 226o.
If m is a critical point of F of rank 1, then q1 = (22 + £2)/2 and go = &;.

The assumption of not having hyperbolic blocks is simply to reduce the com-
plexity of the statement of the theorem, but it is not really needed to understand
the discussion which follows.

Remark 6.14. The analytic case of Theorem is due to Riissmann [146] for two
degrees of freedom systems, and to Vey [156] in any dimension.

Definition 6.15. A semitoric system F := (f1,f2): M — R? on a connected
symplectic 4-manifold (M, w) is an integrable system such that f; is the momentum
map of an effective Hamiltonian S'-action, f; is a proper map, and the singularities
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of F' are nondegenerate, without hyperbolic blocks, and hence they are of the form
given in Theorem [6.13]

Remark 6.16. Above, f; gives rise to a Hamiltonian S'-action on M, and f, gives
rise to a Hamiltonian R-action on M. Their flows, one after another, define a
Hamiltonian (S! x R)-action. The precise relation between (S x R)-actions and
semitoric systems appears in [51] Section 3].

Definition 6.17. Let F := (fi, f2): (M,w) and F' := (f], f}): (M',w') — R?
be semitoric systems. They are isomorphic if there exists a symplectomorphism
v: (M,w) - (M',w’) and a smooth map ¢: F(M) — R with d2¢ > 0, such that
@ fi = f1 and " f5 = &(f1, f2)-

Semitoric systems are classified if each singular fiber contains at most one singu-
lar point of type (6.4); these are called focus-focus (or nodal, in algebraic geometry).
The singular fiber containing a focus-focus point is a 2-torus pinched at the focus-
focus point (i.e., topologically a 2-sphere with the north and south poles identified);
systems satisfying this condition are called simple.

Theorem 6.18 ([I36][137)). Simple semitoric systems F := (f1, f2): (M,w) —
R? are determined, up to isomorphisms, by a conver polygon A endowed with
a finite collection of interior points, each of which is labeled by a tuple (k €
Z, Z?E’:l a;; X'Y7). Here A is obtained from F(M) by appropriately unfolding the
singular affine structure induced by F, the interior points in A are the images
of the focus-focus values under the map F(M) — A which unfolds the singular
affine structure, k encodes how twisted the singular Lagrangian fibration F is at
the focus-focus point, and the Taylor series Z;’}Zl ai; X iYJ encodes the singular
dynamics of the vector fields Xy , Xy, at the particular focus-focus point. Con-
versely, given a convex polygo with interior points p1,...,pn, and for each p; a
label (k € Z, Z;}Z‘:I a;; X'Y7), one can construct (M,w) and a semitoric system

F: (M,w) — R? having this data as invariants.

In [123] Palmer defined the moduli space of semitoric systems, which is an in-
complete metric space, and constructed its completion. In [88] the connectivity
properties of this space were studied.

Four-dimensional symplectic-toric manifolds (treated in Section [6.1.2]) are a par-
ticular case of compact semitoric systems (the only invariant is the convex polygon).
Every semitoric system takes place on a Hamiltonian S'-space, and the relation has
been made explicit recently. We call a Karshon graph the labeled directed graph
in Theorem [6.11}

Theorem 6.19 (Hohloch, Sabatini, and Sepe [84]). Let F := (f1, f2): (M,w) — R?
be a simple semitoric system on a compact manifold with n focus-focus critical points
and an underlying Hamiltonian S*-space (M,w, S*) with momentum map f1. Then
the convex polygon A in Theorem and n determine the Karshon graph, thus
classifying (M, w, S*) up to S*-equivariant symplectomorphisms.

There has been recent work generalizing the convex polygon in Theorem [6.1§]
to higher-dimensional semitoric systems by Wacheux [I57]. The Fomenko school

I This is really not just any polygon, but a polygon of so-called semitoric type, which generalizes
the notion of a Delzant polygon (which was applicable to symplectic-toric manifolds) to this more
general context.
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has powerful and far-reaching methods to study the topology of singularities of
integrable systems [2I]. In [140, Section 7] there is an outline of how to carry
out the theory of symplectic-toric manifolds and integrable systems we have just
described in the case when R is replaced by the p-adic numbers (in the context of
the univalent formalization of the p-adic numbers).

Remark 6.20. In general, symplectic G-capacities (Section BBl provide a general
setting to define monotonic invariants of integrable systems.

7. PROPERTIES OF SYMPLECTIC ACTIONS

This section summarizes basic properties of general symplectic actions, including,
under certain restrictions (of what types of orbits are allowed), a precise description
of their stabilizer subgroups and symplectic normal forms in a neighborhood of an
orbit. These are required ingredients for the construction of symplectic invariants
in the upcoming section but they are also of independent interest.

7.1. Fundamental form of a symplectic action. Let T be a torus with Lie
algebra t. Suppose that T" acts symplectically on a connected symplectic manifold
(M,w).

Proposition 7.1. There is a unique antisymmetric bilinear form wt on t such that
(71) wt(X, Y) = OJI(X]\/[(J)), Y]V[($))
for every X, Y € t and every x € M. It is called the fundamental form.

Proof. Let X and ) be smooth vector fields on M satisfying Lyw = 0 and Lyw = 0.
Then, since Lyw = 0, by the homotopy identity ([2:3)) and the closedness of w,

(7.2) i, yw = La(iyw) = ix(d(iy w)) + d(ix(iyw)) = —d(w(X, V)).
Take X = Xy, Y = Yy, X, Y € t. The Lie brackets of two vector fields
vanish when the flows of the vector fields commute, so [Xjs, Y] = 0. Then,

by (€2, d(w(Xp, Yar)) = 0, and the connectedness of M implies that = —
wz (X (), Yar(z)) is constant. O

The fundamental form w' is an essential ingredient in the study of symplectic
actions. In the case of Hamiltonian actions, it takes a simple form: if (M,w) is a
compact connected symplectic 2n-manifold endowed with an effective symplectic
action of an n-torus 7', the T-action is Hamiltonian if and only if wt = 0 and
HY(M/T; R) = 0 (compare with Theorem [3.15]).

7.2. Benoist—Ortega—Ratiu symplectic normal form. We state the main re-
sult of this section for a general proper Lie group action (see Section [B1] for the
notion of proper action).

Let (M,w) be a symplectic manifold with a proper symplectic action of a Lie
group G. Let z € M, H := G,. Let I be the kernel of w!, gys(z) := T,(G - x), and
let a; be as in Proposition

Let w&/H be the G-invariant closed 2-form (v, )*w on G/H, and let w" be the
symplectic form on W := gps(2)“= /(gar(x)“ Ngar(x)) defined as the restriction to
g ()" of wy.

The map X 4+ h — Xy (x) is a linear isomorphism from [/h to gas(z)“= Ngar(z).
The linearized action of H on T, M is symplectic and leaves gys(z) ~ g/b invariant,
acting on it via the adjoint representation. It also leaves gps(x)“= invariant and
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induces an action of H on (W, w") by symplectic linear transformations. Let

E := (I/h)* x W, on which h € H acts by sending (X, w) to (((Ad(h))*)~1(A), h-w).

Choose AdH-invariant linear complements ¢ and ¢ of h and [ in g, respectively. Let

X — X;:g—land X — Xy : g — b denote the linear projection from g onto [ and

b with kernel equal to ¢ and €, respectively. These projections are Ad H-equivariant.
Define the 1-form n* on G x E by

1
Ué,(x7w))((dng)(X)a (0A, dw)) := A(X) + EWW(U% dw + Xy - w)

for all g € G, X € (I/h)*, w € W, and all respective vectors X € g, o\ € (I/h)*,
ow e Ww.

Let G x g E denote the orbit space of G x F for the proper and free action of H
on G x E, where h € H acts on G x E by sending (g, €) to (gh™!, h-e).

The action of G on G x g FE is induced by the translational action of G on G x E.

Let 7 : G xg E — G/H be induced by (g,e) — g : G x E — G. Because H
acts on E by means of linear transformations, this projection exhibits G x g E as a
G-homogeneous vector bundle over the homogeneous space G/H, with fiber E and
structure group H.

If 1y : G Xx E — G xyg E denotes H-orbit mapping, then there is a unique
smooth 1-form 7 on G x g E, such that n# = wg* 7.

Endow G x g E with the 2-form 7*w%/# 4 dp. This 2-form is symplectic.

The following is the local normal form of Benoist [I5 Proposition 1.9] and Ortega
and Ratiu [120] for a general proper symplectic Lie group action.

Theorem 7.2 (Benoist [15], Ortega and Ratiu [120]). There is an open H-invariant
neighborhood Eqy of the origin in E, an open G-invariant neighborhood U of = in
M, and a G-equivariant symplectomorphism ®: (G x g E,7*wS/H + dn) — (U,w)
such that ®(H - (1,0)) = x.

For Hamiltonian actions this result had been obtained before by Marle [109] and
Guillemin and Sternberg [76, Section 41].

7.3. Symplectic, Lagrangian, or coisotropic orbits. Later in the paper we
will give classifications of classes of symplectic actions, depending on what type of
orbits they have—symplectic, Lagrangian, or coisotropic.

7.3.1. Symplectic orbits. The first general type of symplectic actions we are inter-
ested in is the following.

Definition 7.3. Suppose that a torus T acts effectively and symplectically on a
compact connected symplectic manifold. If there is a symplectic T-orbit of the
largest dimension, that is, a dim 7T-dimensional symplectic orbit, we say that the
T-action is a mazimal symplectic action.

Examples satisfying this definition were given in Section B.2.11

Remark 7.4. Since symplectic manifolds are even dimensional (Proposition 2.8]),
dim T is even.

Since the orbits of a Hamiltonian action are isotropic, we have the following:

Proposition 7.5. A mazimal symplectic action is not Hamiltonian.
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7.3.2. Coisotropic orbits. Symplectic torus actions with some Lagrangian orbit fall
in the category of coisotropic actions.

Definition 7.6. Suppose that a torus T acts effectively and symplectically on a
compact connected symplectic manifold. If there is a coisotropic T-orbit, we call
the T-action coisotropic.

The simplest coisotropic actions are given in Examples (.1l and (Figure[d)); in
these examples the coisotropic action is also Hamiltonian (in contrast with Proposi-
tion[TH]). In fact, the principal orbits of a symplectic-toric manifold are Lagrangian,
and hence coisotropic, so every manifold in Delzant’s classification (Theorem [6.4])
gives an example of a coisotropic action. We gave other examples in Section

The following is a consequence of Theorem

Corollary 7.7. Let (M,w) be a compact connected symplectic manifold, and let T
be a torus which acts effectively and symplectically on (M,w). If x € M and the
orbit T - x is coisotropic, then T - x is a principal orbit. Furthermore, dim M =
dim T + dim [.

Proof. We use Theorem with G = T. Since T is Abelian, the adjoint action
of H = T, on t is trivial, which implies that the coadjoint action of H on the
component ([/h)* is trivial. Let T -z be a coisotropic orbit. Then W is trivial. This
implies that the action of H on E = (I/h)* is trivial, and T x g E =T x g (I/h)* is
T-equivariantly isomorphic to (T/H) x (I/h)*, where T acts by left multiplication
on the first factor. It follows that in the model all stabilizer subgroups are equal to
H, and therefore T}, = H for all y in the T-invariant open neighborhood U of x in
M. Since M,es is dense in M, there are y € U such that T), = {1}, and therefore
T, = H = {1}, so the orbit T'-z is principal. The statement dim M = dim T +dim [
also follows. O

A similar argument to that in the proof of Corollary [[7] using Theorem
shows:

Proposition 7.8. Let (M,w) be a compact connected symplectic manifold, and let
T be a torus which acts effectively and symplectically on (M,w). If there exists a
coisotropic principal T-orbit, then all principal T-orbits are coisotropic.

In a similar vein, one can show that every principal T-orbit is Lagrangian if and
only if some principal T-orbit is Lagrangian, if and only if dim M = 2dim T and
wt=0.

In Guillemin and Sternberg [77] we find the following notion.

Definition 7.9. A symplectic manifold with a Hamiltonian action of a compact
Lie group is called a multiplicity-free space if the Poisson brackets of any pair of
invariant smooth functions vanish.

Proposition 7.10. For a torus T acting on a compact connected symplectic mani-
fold (M, w), the principal orbits are coisotropic if and only if (M, w) is a multiplicity-
free space.

Proof. Let x € M,eg, and let tp(z) := To(T - x). Since M,eg is fibered by the
T-orbits, ty () is the common kernel of the df(x), with f any T-invariant smooth

function. Because —df = ix,w, we have that ty;(x)“= is the set of all Xy(z), with
f any T-invariant smooth function. So if the principal T-orbits are coisotropic,
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Xp(z), Xy(x) € tar ()= Ntar(x) for any T-invariant functions f, g. It follows that
{f, 9}(z) = wa(Xf(x), Xy(z)) = 0. Since Mg is dense in M, {f, g} = 0. The
converse is similar. O

7.4. Stabilizer subgroups. Let T be a torus, and let (M,w) be a compact con-
nected symplectic manifold endowed with an effective symplectic action of T'. If
x € M, when is the stabilizer subgroup T, of x connected? We know from Propo-
sition 311 that T}, is a Lie subgroup of T' and by Proposition that the quotient
T/T, is diffeomorphic to T - z, so understanding 7. helps us to understand 7" - z.
Moreover, T, is essential in the symplectic normal form (Section [2]), which we use
later.

Let t,, be the Lie algebra of T}, which consists of the X € tsuch that X (z) = 0.
That is, t, is the kernel of the map o, : X — Xy (z) from t to T,M.

Lemma 7.11 ([128]). Let (M,w) be a compact connected symplectic manifold with
a symplectic T-action. If the T-action is maximal symplectic, then T, is a finite
Abelian group for every x € M.

Proof. Since the fundamental form w! is point-independent, it is nondegenerate and
kerw' = 0. Since t, C kerw!, t, is trivial. O

Corollary 7.12. Let (M,w) be a symplectic manifold endowed with an effective
symplectic T-action. If there is a symplectic dim T-orbit, then every T-orbit is
symplectic and dim T'-dimensional.

Proof. By Lemma [[ 1Tl dim7, = 0. The result follows from the existence of the
diffeomorphism 7'/T,, — T - « in Proposition a

Since every T, is finite, it follows from the tube theorem of Koszul (see [I00] or
[39, Theorem 2.4.1]) and the compactness of M that there exists only finitely many
different stabilizer subgroups.

The following is statement (1) (a) in [I5, Lemma 6.7]:

Lemma 7.13 (Benoist [15]). Let (M,w) be a compact connected symplectic mani-
fold with a symplectic T-action. If the T-action is coisotropic, then T, is a subtorus
of T.

Proof. We use Theorem with G := T, with H := T, acting trivially on (I/h)*
in B = (I/h)* x W. Recall that t € T acts on T xg E by sending H - (t/, e) to
H-(tt',e). Whent =h € H, H-(ht',e)=H-(ht'h"!, h-e)=H (¥, h-e)
since T is Abelian, and the action of H on T' Xy E is represented by the linear
symplectic action of H on W.

Since dim M = (dim T + dim(l/) + dim W) — dim H and because the assump-
tion that the principal orbits are coisotropic implies dim M = dim T + dim [ (see
Corollary [(7T)), dim W = 2dim H.

Write m = dim H. The action of H by means of symplectic linear trans-
formations on (W, w") leads to a direct sum decomposition of W into pairwise
w"W-orthogonal two-dimensional H-invariant linear subspaces E;, 1 < j < m. For
h e Hand 1 < j < m, let ¢;(h) be the restriction to E; C W ~ {0} x W C
(I/h)* x W of the action of h on E. Note that dete;(h) = 1, because ¢;(h) preserves
the restriction to F; x Ej; of w", which is an area form on E;.

Averaging any inner product in each E; over H, we obtain an H-invariant inner
product 3; on Ej, and ¢; is a Lie group homomorphism from H to SO(Ej;, j3;), the
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group of linear transformations of E; which preserve §; and orientation. If h €
H,w € Wieg, then h-w = 377" | 1(h) w; where w = 377" | wj, w; € Ej. Therefore
tj(h)wj = w; for all 1 < j < m implies h = 1. Hence ¢: H — [[L; SO(E;, 5;),
i(h) = (t1(h), ..., tm(h)), is a Lie group isomorphism, so H is connected. Hence
H is a subtorus of T. O

8. CLASSIFICATIONS OF SYMPLECTIC ACTIONS

The properties we have studied in Section [7] are going to allow us to construct
symplectic invariants of general symplectic actions. The current constructions rely
on the use of symplectic normal forms in the neighborhood of an orbit, and then
use these normal forms to build a global model of the manifold, the action, and the
symplectic form. In a few cases, there are enough constraints that it is possible to
give complete classifications in the spirit of Delzant’s pioneering work (Theorem[6.4))
for symplectic Hamiltonian actions.

8.1. Classification of maximal symplectic actions. In this section we describe
the invariants of a compact connected symplectic manifold (M,w) endowed with
a maximal symplectic T-action of a torus T (as in Definition [[3]) and we use
them to construct a model of (M,w) and the T-action, up to T-equivariant sym-
plectomorphisms. By Remark [[.4, dim M — dimT is even, say 2k. Finally, we
state a classification result, also up to T-equivariant symplectomorphisms, when
dimT = dim M — 2 (the “large” acting torus forces enough symmetries to be able
to classify).

8.1.1. Orbit space. Let m: M — M/T be n(x) := T - x. The orbit space M/T is
endowed with the maximal topology for which 7 is continuous, which is a Hausdorff
topology. Since M is compact and connected, M /T is compact and connected. By
Lemma [Z11] T, is a finite Abelian group for every x € M. By the tube theorem
(B9, Theorem 2.4.1]) there is a T-invariant open neighborhood U, of T-x, a disk D,
disk-centered at 0 € C*, and a T-equivariant diffeomorphism ®,.: U, — T x7, D,
where the quotient on the right-hand side is obtained by the action of h € T, on
T x D, which sends (g, ) to (gh~!, h-x), T, acts by linear transformations on D,,
and the T-action on T' X7, D, is induced by the translational action of T" on the
left factor of T' x D,. Then ®, induces a homeomorphism D, /T, — w(U,), which,
when composed with the projection D, — D, /T, gives a map ¢,: D, — 7(Uy).
It is easy to check that the collection {(7(Uy), Dz, ¢z, Tz)}zen is an orbifold atlas
for M/T. In the particular case that the symplectic T-action on M is free (i.e., T,
is trivial for every @ € M), M/T is a smooth manifold, and this atlas is a smooth
manifold atlas for M/T.

8.1.2. Flat connection. Consider the symplectic form W€ = % Zle dzi Adz7 on
CF. The translational action of T' on T x C* descends to an action on T' xr, CF.
The fundamental form w! is nondegenerate, so it determines a unique symplectic
form on T'. The product symplectic form on T x C¥ is defined at (¢, z) and a pair of
vectors (X, u), (X', u')) by w'(X, X") +uC (u,u), and it descends to a symplectic
form on T x7, E,, which we denote by w'® wC". Theorem implies that for
each x € M there exists an open T*-invariant neighborhood E of 0 in C*, an open
T-invariant neighborhood V, of z in M, and a T-equivariant symplectomorphism
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F,: (T xr, B,w'® wck) — (Vy,w) such that F,.([1, 0]z, ) = «. It follows from this
symplectic normal form that:

Proposition 8.1. The collection 2 := {Qy trenm, where Qp == (T4(T - x))¥=, is a
smooth distribution on M and w: M — M/T is a smooth principal T-bundle for
which Q is a T-invariant flat connection.

Let v: Z\/[/?’ — M/T be the universal cover of M/T based at py = m(x0),
x9 € M. Let 7, be the maximal integral manifold of 2 containing x € M. The
inclusion i,: Z, — M is an injective immersion, and 7 o 4,: Z, — M/T is an
orbifold covering. Since M/T covers any covering of M /T, it covers Z,, which is a

manifold. Because a covering of a smooth manifold is a smooth manifold, ]\/4\/6“ is
a smooth manifold. Readers unfamiliar with orbifolds may consult [I28], Section 9].

8.1.3. Monodromy. Let worb(M/T) be the o orbifold fundamental group of M /T
based at py. Then worb(M/T) X M/T — M/T (s 1) — [p’y] is a smooth action
of 7¢™(M/T) on M/T which is transitive on each fiber M/T of 1: M/T — M/T.

If p: [0, 1] = M/T is a path with p(0) = po, let A,: [0, 1] — M be the horizontal
lift with respect to € such that \,(0) = zo, Where horizontal means d\,(t)/dt €
Qn,,, for every ¢ € [0, 1]. Since the orbifold connection € is flat, A,(1) = As(1) if p
is homotopy equivalent to ¢ in the space of orbifold paths in M /T which start at pg

and end at a given point p. Therefore, there exists a unique group homomorphism
p: 7P (M/T) — T such that

(8.1) (1) = () - .

The homomorphism p is the monodromy homomorphism of 0, and it does not
depend on g € M.

8.1.4. Model. Let 7™ (M/T) act on W x T by/[\"ﬂ([p],t) = ([py~ Y, u([7]) - ).
One can show that this action is free, and hence M /T Xqorb(pyry T 18 & compact
connected smooth manifold. The T-action on M/T X o (py/q) T is inherited from
the translational T-action on the right factor of ]\/4\/5“ x T'. There is a unique sym-
plectic form v on M/T such that © V|Q = w|q, for every x € M. The symplectic

form on M/T is the pullback by M/T — M/T of v, and the symplectic form on T is
the umque T-invariant symplectic form determined by w!. The symplectlc form on

M/T x T is the product symplectic form, and it is inherited by M/T Xrorb(ar/r) T

Theorem 8.2 ([128]). Let (M,w) be a compact connected symplectic manifold en-
dowed with a maximal symplectic T-action. Then M is T-equivariantly symplecto-

morphic to M/T X oo (pgpy T

Proof. For any [p] € ]T[/E“ and ¢t € T', define ®([p ] t) :==1t-A,(1) € M. The assign-

ment ([p], t) — ®([p], t) is a smooth covering ®: M/T>< T — M. By the definitions
of the symplectic form and T-action, ® induces a T-equivariant symplectomorphism

from M/T X zorv (1)1, po) T’ onto M. O
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8.1.5. Classification when dimT = dim M —2. Then M /T is two-dimensional. This
is the only case in which we can give a classification, thanks to the following (for a
proof see [128] Section 9.5]).

Lemma 8.3 (Thurston). Given a positive integer g and an m-tuple (ox)iq,
0; < 0,41 of positive integers, there is a compact connected boundaryless orientable
smooth orbisurface O with underlying topological space a compact connected sur-
face of genus g and with m cone points of respective orders o1,...,0.,. Secondly,
let O, O be compact connected boundaryless orientable smooth orbisurfaces. Then
O is diffeomorphic to O’ if and only if the genera of their underlying surfaces are
the same, and their associated increasingly ordered m-tuples of orders of cone points
are equal.

Remark 8.4. In [I53] Theorem 13.3.6] Thurston gives a geometric classification of
orbisurfaces which considers hyperbolic, elliptic, and parabolic structures.

The tuple (g;0) is the Fuchsian signature of O. If (O, w) is a symplectic or-
bisurface, fow is the symplectic area of (O,w). Tt follows from Lemma B3] and
the orbifold Moser theorem [I14, Theorem 3.3] (for the manifold case, see Theo-
rem 2.I8) that if dim7 = dim M — 2, the Fuchsian signature and symplectic area
of M/T determine it up to symplectomorphisms.

Let (g; 0) € Z'™™ be the Fuchsian signature of M/T. Let {vx}7, be a ba-
sis of small loops around the singular orbifold points p1,...,pm of M/T. Let
{a1, B1,...,a4, B4} be a symplectic basis of a free subgroup F' of

HY™ (M/T; Z) = (o, Bi¥_ys {mdisa | Y we =0, opye =0, 1<k <m)
k=1
whose direct sum with the torsion subgroup of HY™(M/T;Z) is H$™ (M/T; 7).
Let pn: HY"™®(M/T;Z) — T be the homomorphism induced on homology by
p in 8I). Let Sp(2g, Z) be the group of 2g-dimensional symplectic matrices
with integer entries, and let MS?:L be the group of m-dimensional matrices D €
GL(m; Z), such that D(6) = 6. The monodromy invariant is the equivalence class of
((pn(i)s i (B))9—1, (pn (7)), ) by the relation: two tuples are related when they
are taken to each other by a matrix of the form

(8.2) ( a0 ) € GL(29 + m; Z)

with A € Sp(2g, Z) and D € ./\/ngT. Even though the monodromy invariant depends
on choices, one can show that it is well defined; essentially Sp(2g, Z) accounts for
the freedom of choice of symplectic basis, and MS?; for the fact that the orders of
the orbifold points may be permuted.

Theorem 8.5 ([128]). Compact connected symplectic manifolds (M,w) with a
mazimal symplectic T-action such that dimT = dim M — 2 are classified up to
T -equivariant symplectomorphisms by the following symplectic invariants: the fun-
damental form w', the Fuchsian signature (g; ) of M/T, the symplectic area X of
M/T, and the monodromy invariant. Moreover, for any such list L of four invari-
ants there exists a compact connected symplectic manifold (M, w,) with a mazimal
symplectic T-action of a (dim My —2)-torus T with (dim M, — 2)-dimensional sym-
plectic T-orbits whose list of invariants is L.
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Theorem is an extension of Theorem to a class of non-Hamiltonian sym-
plectic actions. The first part of Theorem is uniqueness. The second part is
existence, for which we have not provided details for simplicity; this would amount
to saying which form w!, etc., can appear. We shall say, however, that any anti-
symmetric bilinear form can appear, essentially all tuples (g; 0) appear (with few
exceptions, to account for the fact that M/T be a good orbifold), and any A > 0
can appear. Similarly for the monodromy invariant. Readers may consult [128] for
the precise list.

From this theorem one can derive topological consequences; for instance in [43]
it is shown that the first Betti number of M/T is equal to the first Betti number
of M minus the dimension of T'.

8.2. Classification of coisotropic actions. This section gives symplectic invari-
ants of coisotropic actions, as in Definition [7.6l Using these invariants, we construct
a model of (M,w) and the T-action, and we give a classification in terms of these
invariants up to T-equivariant symplectomorphisms (which includes, as a particular
case, the classification of symplectic-toric manifolds in Theorem [6.4]). Let (M,w)
be a compact connected symplectic manifold with a coisotropic T-action of a torus
T.

8.2.1. Hamiltonian action. A coisotropic T-action on (M,w) is in general not
Hamiltonian (see for instance Examples [(.9] (.10, and EIT). In this section we
determine the maximal subtorus of T' which acts in a Hamiltonian manner on
(M, w), which may or may not be trivial. Let x € M. By Lemma [[I3] T, is a
subtorus of T. Let m = dim7,. Let K be a complementary subtorus of T}, in 7.
For t € T, let t, and tx be the unique elements in T, and K, respectively, such
that t =t, txk.

The inner product 8; on Ej;, in the proof of Lemmal[Z.I3] is unique if one requires
that the symplectic inner product of any orthonormal basis with respect to w" is
+1. This leads to the existence of a unique complex structure on FE; such that,
for any unit vector e; in (Ej, 5;), we have that e;,ie; is an orthonormal basis in
(Ej, B;) and wW(e;,ie;) = 1. This leads to an identification of E; with C, and
hence of W with C™, with symplectic form w®" = % ;_n:1 dz7 Adz7. The element
ceTm = (SH™ acts on C™ componentwise by (c- z)? = ¢/ z7. There is a unique
Lie group isomorphism ¢ : T,, — T™ such that h € T, acts on W = C™ by sending
z € C™ to v(h)- 2.

Recall that [ = ker(w!), where w' is the fundamental form (Proposition [7.T])
and X is the projection of X € t onto [. Let T act on K x (I/t;)* x C™ by
t- (kA z) = (txk, A\ u(tz) - z). Endow this product with the symplectic form given
at a point (k, A, z), and vectors ((X,0\,0z), (X',0’\,6'2)), by the formula:

WX, XT) 4 ONX]) — O NX)) 4+ wC (62,62).
Theorem implies a symplectic normal form theorem for coisotropic actions:

Lemma 8.6 (Benoist). Let x € M. Then there exists an open T™ -invariant neigh-
borhood V' of (0,0) in (I/t;)* xC™, an open T-invariant neighborhood U, of x in M,
and a T-equivariant symplectomorphism ®: K x V. — U, such that ®(1,0,0) = z.

Using Benoist’s result, one can detect the maximal subtorus that acts on (M, w)
in a Hamiltonian manner.
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Proposition 8.7. Let (M,w) be a compact connected symplectic manifold endowed
with a coisotropic action of a torus T. Then the product of all stabilizer subgroups
T., © € M, of the T-action, is a subtorus of T, denoted by Ty,. Moreover, the
restriction of the T-action to Ty, is a Hamiltonian action on (M,w). Furthermore,
the restriction of the T-action to any complementary subtorus Ty to Ty, in T is a
free symplectic action on (M,w).

Proof. By Lemma [8.6] the stabilizer subgroup of the T-action on K x (I/t,)* x C™
at (k, A, ) consists of the t, € T}, for which ¢(¢,)? = 1 for all j such that 27 # 0, and
there are 2™ different stabilizer subgroups T}, y € U,. Since M is compact, there
are only finitely many different stabilizer subgroups of 7. The product of all the
different stabilizer subgroups is a subtorus of T" because T is a subtorus for every x
(Lemmal[7T3]), and the product of finitely many subtori is a compact and connected
subgroup. See [0}, Corollary 3.11] for the second claim. The torus Tt acts freely
on M, because if x € M, then T,, C Tj,, hence T,, N Ty C Ty, N T = {1}. O

Koszul’s tube theorem [100] ([39, Theorem 2.4.1]) also implies that there are
finitely many stabilizer subgroups in the proof of Proposition B7l The torus T},
is the unique maximal stabilizer subgroup of T'. Indeed, the Tj-action has fixed
points (for instance, by Theorem [L3]). By Proposition BT there is xyp € M with
Ty C Ty, so Ty, = Ty, because T, C Tj, for every x € M.

8.2.2. Orbit space. Because the symplectic T-action on M may not be free in gen-
eral (Example B1I1)), M/T is a singular space. Next we discuss more precisely the
nature of its singularities. First, the regular part M,es/T of M/T is a smooth
manifold of dimension dim M — dim T, and 7|ay,,, : Mreg — Mreg/T is a principal
T-bundle. If x € M8 t, = {0}, and [ ~ (T,(T - x))“= C T,(T - ) ~ t. Therefore
dim(Mieg /T) = dim L.

If X €1, W(X) :=ix,,w is a closed basic 1-form on M and &,: X — @(X),
is an [*-valued linear form on T,M, then &: x — &, is a basic closed [*-valued
1-form on M. In the normal form Lemma .6 with « € M,eq, t, = {0}, m =0, &
is (0t,0A) — 0A: t x [* — [* at each point. Hence, if p € M,cs /T, the induced form
Wp : Tp(Myeg/T) — I* is a linear isomorphism. In this way, £ € [* may be viewed
as a constant vector field. It follows from the closedness of & that M,es/T may be
provided with an atlas in [* with tangent map @, and two local charts differ by a
translation in [*.

Moreover, using Lemma 8@ one can show that the entire M /T has the structure
of an [*-parallel space, which intuitively is a space modeled on [*. The detailed
structure of what is called a V-parallel space (in our case V = [*) is beyond the
scope of this paper. We refer to [40, Section 11] where it is proved that any such
space, for any vector space V', is homeomorphic, by means of a homeomorphism
that preserves the [*-structure, to the product of a closed convex set and a torus.

Let t; be the Lie algebra of T},. By Proposition B the Ty-action on (M, w) is
Hamiltonian, so it has a momentum map

(8.3) w:M— (t,)",

and its image p(M) is, by the Atiyah—Guillemin—Sternberg convexity theorem (The-
orem [£3)), a convex polytope A C t;,*. Next we explain how, in the case of the
[*-parallel space M /T, the aforementioned closed convex set is precisely A in ([83).
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If p € M/T is not regular, there is an integral basis {X;};cs, of the integral
lattice of T}, in t, such that near p, the chart of M/T is identified with a corner
Nje 16 € " [€(X;) > 0}. If  is an element of the additive group

(8.4) N = (/tn)",

a linear form on [ which is zero on ty; i.e., on every t,, the straight line solution
curves of the constant vector field ¢ on M /T do not meet the nonregular points of
M/T so that there is a global action, denoted by ({,p) — p+ (, of N on M/T,
by traveling for time 1 along the solution curve. The period group P C N of this
action is a cocompact discrete subgroup of N, and N/P is a torus of dimension
dim N. A detailed analysis allows one to verify that ®,(n, ¢) :=p+ (n+¢) is an
isomorphism between the [*-parallel spaces A x (N/P) and M/T. In particular:

Proposition 8.8. Let (M,w) be a compact connected symplectic manifold endowed
with a coisotropic action of a torus T. Let | be the kernel of the fundamental form
w', and let Ty, be the largest subtorus of T which acts on (M,w) in a Hamiltonian
fashion. Then the orbit space M /T is homeomorphic to the product of a Delzant
polytope A of dimension dim Ty, and a torus S of dimension dim [ — dim Ty,.

The composite M — t,* of 7 : M — M/T, followed by ®,': M/T — Ax(N/P),
the projection A x (N/P) — A, and the inclusion A < (#,)*, is a momentum
mapping for the Hamiltonian Tj,-action on M in Proposition 8.7 and is equal to p
in 83) up to an additive constant.

The orbit map 7: M — M/T followed by ®,': M/T — A x (N/P) and the
projection A x (N/P) — N/P is a torus-valued generalization of the S*-momentum
map of McDuff [115].

8.2.3. A singular connection. A smooth vector field L¢ on Mieg is a lift of ¢ if
dpm(Le(x)) = ¢ for all € Myeg. The word “lift” is in the sense that ( € I*
is a constant vector field on (M/T)ee of which L. is a lift. Assignments of lifts
¢ € I = L¢, which depend linearly on ¢, and connections for Myeg — M;cg /T are
equivalent objects. If t; is the Lie algebra of Tt in Proposition [B7] then t = t, & t;.
A step for the construction of the model of (M,w) with T-action is the existence
of the following connection, where C' is such that C & N = I*, i.e., it is a linear
complement of N in [*.

Lemma 8.9. There exists an antisymmetric bilinear map ¢ : N X N — [, satisfying

Cle(¢, ¢ + (e, Q) +¢"(e(¢, ) =04 ¢, ¢, ¢" € N, and a T-invariant

connection
(8.5) el — L,
of smooth vector fields Ly on M,es, whose Lie brackets satisfy

(8.6) [Les Lyl = e(C M, ¢ m e N,

[Ly,Ly) =0ifn,n" € C, and [Ly,, L¢] =0 if n € C,¢ € N. Moreover, if cv((,n) is
the tn-component of ¢(C, n) in [ =1t, ® (INt), then the symplectic form w satisfies

wz(Le (), Ly(2)) = — plz) (en(Com)), ¢, € N,w € M
—~ ——

E(tn)* Ety

as well as w(Ly, Ly) =0 ifn,n € C and w(Ly,, L¢) =0 ifne C,( € N.
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FIGURE 4. Let T* := (R¥/Z*). The figure shows a typical
coisotropic T-action (Definition [[L6]) of a five-dimensional torus
T = T® on a compact connected symplectic ten-dimensional
manifold (M,w). The principal T-orbits are Lagrangian five-
dimensional submanifolds of (M,w). The figure depicts the fibra-
tion in Theorem the fiber is the six-dimensional symplectic-
toric manifold (My,wy,Th) = CP? with the Fubini-Study form
(Example 52) and the standard Hamiltonian action of the stan-
dard 3-torus Ty, = T3; the base G x g My, of the fibration is the
2-torus bundle X = G/H = R? x;2 T? over T?. According to
Delzant (Theorem [G4), (M, wn, Th) is determined up to equivari-
ant symplectomorphisms by its image under the momentum map,
which by formula (E51J) is the standard three-dimensional simplex,
and hence why we have represented the six-dimensional fibers in
the figure by three-dimensional simplices. The 2-torus Ty = T2,
which is complementary to the Hamiltonian torus 73, = T3, acts
freely on (M,w) by permuting the fibers. The picture illustrates
the fact that a coisotropic T-action exhibits both Hamiltonian fea-
tures (encoded by the fibers M) and non-Hamiltonian features
(encoded by the base X = G/H) of the fibration). When the base
is trivial the T-action on M is Hamiltonian; when the fibers are
trivial the T-action on M is free and non-Hamiltonian (see Re-

mark BT2]).
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The connection ([8.H) blows up at M\ M,ee. If { € N, L has a smooth extension
to M.

The map ¢ in Lemma B9 has a geometric interpretation, which we discuss next.
There is an isomorphism M /Tyeg ~ Interior(A) x (N/P), induced by ®,'. Any con-
nection for the principal T-bundle M;eg — Mieg /T has a curvature form, a smooth
t-valued 2-form on M,es/T. Its cohomology class is an element of H?(M,ee /T t),
independent of the choice of the connection. The N-action on M/T leaves M eq
invariant, with orbits isomorphic to N/P. The pullback to the N-orbits defines an
isomorphism from H?(M,ee/T'; t) to H2(N/P;t), which is identified with (A2N*) @t
(this goes back to E. Cartan). It follows from the construction of (83 that
c: NxN — [, viewed as ¢ € (A2N*)®[ C (A2N*)®t, is the negative of the pullback
to an N-orbit of the cohomology class of the curvature form. Hence ¢ : N x N — [
in (86) is independent of T;. The Chern class C of 7 : Myeg — Miyeg/T is an
element of H?(M,ee/T;T7). The image of C under the coefficient homomorphism
H2(Myeg/T; Tz) — H?(Miyeg/T'; t) is the negative of the cohomology class of the cur-
vature form of any connection in the principal T-bundle, and hence c: N x N — [
represents C.

8.2.4. Foliation by symplectic-toric manifolds. See Section[G.Ilto review symplectic-
toric manifolds. Let L, be as in Lemma 89

Proposition 8.10. There exists a unique smooth T-invariant distribution D =
{Dys}zem on M such that for each x € Mieg,

D, =span{ L, (z),Yu(z)|Y € th,,n € C'}.

The integral manifolds of D are smooth (2 dim T},)-dimensional manifolds. We pick
an integral manifold and call it My. Then w restricts to a symplectic form, say wy,
on My, and Ty, acts in a Hamiltonian manner on My, that is, (Mp,wn,Th) s a
symplectic-toric manifold. All integral manifolds of D, with the restriction of w,
are Ty-equivariantly symplectomorphic to (My,wn, Th).

The integral manifolds of D are depicted in Figure [l as polytopes (the fibers of
the fibration therein) because of the correspondence established by Delzant (The-
orem [6.4]) between symplectic-toric manifolds and Delzant polytopes.

8.2.5. Group extensions and the holonomy invariant. Denote the flow after time
t € R of a vector field X on M by e**. The extension of N by T is the Lie group

G:=TxN
with operation

(8.7) (t, Q) (t',m) = (tt'e =CM/2 ¢ 4 ).

The Lie group G acts smoothly on M by (t, ¢) + tpr o el<, where we are using
the identification G ~ (t/T%) x N. The projection 7 : M — M/T intertwines the
action of G on M with the action of N on M/T, and there is an exact sequence
1—-T— G — N — 1, where G — N corresponds to passing from the action
of G on M to the action of N on M/T, on which the action of T is trivial. One
can show that the Lie algebra of G with (87 is the two-step nilpotent Lie algebra
g =tx N with [(X, (), (X',n)] = —(c(¢,n),0). The product t x N endowed with
(X,0)(X')n) = (X + X' —¢c((,n)/2,{ + n) is a two-step nilpotent Lie group with
Lie algebra g, and the identity as the exponential map.
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For ( € P and p € M/T consider the loop v.(t) := p+t(. If p = n(x),
5(t) = etl<(x), t € [0,1], is the horizontal lift of 4 which starts at @ because
0(0) = x and 0'(t) = L¢(4(t)) is a tangent vector mapped by dsyr to . Hence
m(6(t)) = ¢ () if t € [0,1]. The element of 7" which maps 6(0) = x to 6(1) is the
holonomy 7¢(x) of the loop ~¢ at x with respect to the connection (85). Because
§(1) = el<(z), we have 7¢(z) - = eF<(z). The element 7¢(z) depends on z € M,
the period ¢ € P, and the choice of connection ([8H]). Let

H:={(t ) eG|(eP, trc €Tu}.

The elements 7 € T, ( € P, encode the holonomy of (8X). The holonomy is an
element of the set Hom.(P,T) of maps 7: P — T, denoted by ¢ — 7¢, such that
7Ty = Tepne /2. There is a Lie subgroup B < Hom,(P,T) which eliminates
the dependence on the choice of connection and basepoint, so the true holonomy
invariant of (M,w) is an element of Hom.(P, T')/B. The precise definition of B is
technical, and it appeared in [40].

The map

(88) ((t,C),l')i—)(tTC)~£L'2H><Mh—)Mh

is a smooth action of H on the symplectic toric manifold M),.

8.2.6. The relation with nilmanifolds. The quotient G/H is taken with respect to
the nonstandard group structure in expression [87). On G/H we still have the
free action of the torus T'/Ty, which exhibits G/H as a principal T/T,-bundle over
the torus (G/H)/T ~ N/P. Palais and Stewart [124] showed that every principal
torus bundle over a torus is diffeomorphic to a nilmanifold for a two-step nilpotent
Lie group. When the nilpotent Lie group is not Abelian, the manifold M does not
admit a Kéhler structure; see Benson and Gordon [I7]. In fact, the G-space G/H
is isomorphic to the quotient of the simply connected two-step nilpotent Lie group
(t/tn) x N by the discrete subgroup of elements (Z, ¢) such that e?7; € Tj,. Indeed,
the identity component H® = T}, x {0} of H is a closed normal Lie subgroup of
G and H. The map (G/H°)/(H/H°) — G/H, (¢H°)(H/H®) — gH, is a G-
equivariant diffeomorphism. The structure of G/H? = (T/Ty) x N is (¢,{)(t',n) =
(tt’ef“”/‘h(g’”)/Q,C +n),t,t" € T/Ty, ¢, n € N, where ¢(yq, : N x N — [/t;, is the
composite of ¢ : N x N — [ and the projection [ — [/t;,. Hence G/H° is a two-
step nilpotent Lie group with universal covering (t/t;,) x N and covering group
(T/Tv)z ~ Tz/(Th)z. Also, P — H/H° given by ¢ : ( — (7¢71, () H® is an
isomorphism.

8.2.7. Model. Let h € H act on G x My, by h(g,z) = (gh™1,h - z), and consider
the quotient G x g My, where we recall that h -z is given in ([B8]). The T-action
by translations on the left factor of G' passes to an action on G x g My. Each of
the fibers of G x i M,, is identified with the symplectic-toric manifold (M, wy, Th)-
Any complementary subtorus Tt permutes the fibers of G x gy My, — G/H.

Next we construct a symplectic form on G xgyg My. This construction uses
Lemma but for simplicity we skip the details as the general formula may be
given directly. Let da = ((dt,0¢),d0x) and §'a = ((6't,6'¢),d'z) be tangent vectors
to G x M, at the point a = ((t,(), ), where we identify each tangent space of
T with t. Write X = 6t 4+ ¢(6¢,¢)/2 and X' = 0"t + ¢(6'¢,¢)/2. Let X, be the
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ty-component of X € tin t;, @ t¢, and similarly for X, and define
Qa(da,8'a) = w'(8t,8't) + 6¢(X"1) — &'C(X1) — pu()(en (8¢, 6°C))
+ (wn)o (0, (X'0)as, (2)) — (wn)2 (82, (Xn)a, (7)) + (wn)a (07, 0'7).

If mps is the projection G x My, — G x g My, the T-invariant symplectic form on
G X g My, is the unique 2-form 7 on G X g My, such that Q = 7p,*7.

A typical example of a ten-dimensional manifold in the following statement is
given in Figure [l

Theorem 8.11 ([40]). A compact connected symplectic manifold (M,w) with a
coisotropic T-action is T-equivariantly symplectomorphic to the total space Gx g My,
of the fibration

(Mh,wh,Th) — (G XH Mh,T,T) — G/H
with base G/H being a torus bundle over a torus, and symplectic-toric manifolds
(My, wn, Th) as fibers. The T-action on G X g My, is the symplectic action by trans-
lations on the T-factor of G.

Using Lemmas and and Proposition [B10, one can verify that F': G xg
My, — M, F((t, €), x) = t-el<(x), is a T-equivariant diffeomorphism and F*w = 7.
However, careful checking is fairly technical and is not necessarily illuminating on
a first reading; we refer to [40] for a proof.

Remark 8.12. A extreme case of Theorem [BIT] occurs if the symplectic T-action is
free. Then Ty, is trivial and M is the torus bundle G/H over a torus (this is the
base X = G/H of the fibration in Figure []). The Kodaira variety (Example [£.10)
is one of these spaces. Since M is a principal torus bundle over a torus, it is a
nilmanifold for a two-step nilpotent Lie group by [124] (if the nilpotent Lie group
is not Abelian, M does not admit Kéhler structures by [I7]). If dim M = 4, this
corresponds to the third case in Kodaira’s description [96, Theorem 19] of the
compact complex analytic surfaces which have a holomorphic (2, 0)-form that is
nowhere vanishing. As mentioned earlier, these were rediscovered by Thurston [152]
as the first examples of compact symplectic manifolds without Kéahler structure.

The other extreme case occurs if the symplectic T-action is Hamiltonian. Then
T, =T, and M = My, is a symplectic-toric manifold (Definition [6.2]) and hence has
the structure of a toric variety (see [33,41L70] for the relations between symplectic-
toric manifolds and toric varieties).

8.2.8. Classification. The following is the classification of coisotropic actions.

Theorem 8.13 ([40]). Compact connected symplectic manifolds (M,w) with a
coisotropic T-action are classified up to T -equivariant symplectomorphisms by the
symplectic invariants: the fundamental form w!, the Hamiltonian torus Ti, and
its associated polytope A, the period lattice P of N = (I/t,)*, the Chern class
c: N x N = | of Myeg = Myeg/T, and the holonomy invariant [7: P — T|p €
Hom.(P, T')/B. Moreover, for any such list L of five invariants there exists a com-
pact connected symplectic manifold (My,wr) with a coisotropic T-action with list
of invariants L.

The first part of Theorem is a uniqueness result; the second part, an ex-
istence result (we have not provided details to preserve simplicity). Nonetheless
we shall say that any antisymmetric bilinear form, any subtorus S C T, and any
Delzant polytope may appear; details are in [40].
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Example 8.14. For the Kodaira variety M = R? x;2 (R/Z)? in Example (.10,
T = (R/Z)?, t ~ R? and its invariants are as follows: w! = 0; Hamiltonian torus
Ty, = {[0, 0]}; Delzant polytope A = {(0, 0)}; period lattice P = Z?; Chern class
c: R? x R? — R?, ¢(eq,e2) = e;. The holonomy invariant is the class of 7 given by
Tey = Te, = [0, 0]. In this case G = (R/Z)? x R?, My, is a point, and H = {[0, 0]} x
7Z2. The model of (M,w) in Theorem BITlis G x g My ~ G/H ~ R? x;2 (R/Z)2.

The moduli space of coisotropic actions includes Hamiltonian actions of maximal
dimension (see [129] for the description of this space in dimension 4), classified in
Theorem

8.3. Classification of symplectic 2-torus actions on 4-manifolds. Consider
on (R/Z)? x §? a product symplectic form, and the action of the 2-torus where
one circle acts on the first circle of (R/Z)? by translation, while the other circle
acts on S? by rotation about the vertical axis (this is Example (.6 also depicted
in Figure [2).

If T is a two-dimensional torus, consider the product T x t* with the standard
cotangent bundle form and the standard T-action on left factor of T' x t*.

The following is a simplified version of the main result of [128, Theorem 8.2.1].

Theorem 8.15 ([128]). Let (M,w) be a compact connected symplectic 4-manifold
equipped with an effective symplectic action of a 2-torus T. If the symplectic T -
action is Hamiltonian, then:

(1) (M, w) is a symplectic-toric 4-manifold, so classified up to T-equivariant
symplectomorphisms by the image A of the momentum map p: M — t* of
the T-action (Theorem [6.4).

If the symplectic T-action is not Hamiltonian, then one and only one of the following
cases occurs:

(2) (M, w) is equivariantly symplectomorphic to (R/Z)? x S2.

(3) (M, w) is equivariantly symplectomorphic to (T x t*)/Q with the induced
form and T-action, where Q < T x t* is a discrete cocompact subgroup for
the group structure (B1) on T x t*.

(4) (M, w) is equivariantly symplectomorphic to a symplectic orbifold bundle
¥ X orb (53, po) T over a good orbisurface X, with symplectic form and T'-
action induced by the product ones. Here, in order to formjhe quotient
X X o sy T', the orbifold fundamental group 7P () acts on ¥ x T diago-

nally, and on T by means of a homomorphism p: 7™ (X)) — T.

Idea of proof. By linear algebra either the T-orbits are symplectic 2-tori, so w' is
nondegenerate and [ is trivial (this is case (4)), or alternatively the two-dimensional
T-orbits are Lagrangian 2-tori and [ = t (these are cases (1), (2), and (3)). Cases
(2) and (3) are derived from Theorem Case (4) is derived from Theorem
Case (1) is classified by A in view of Theorem O

Case (3) appears in Kodaira [96, Theorem 19]; see Remark Theorem
implies that the only compact connected symplectic 4-manifold with a nonlocally
free and non-Hamiltonian effective symplectic action of a 2-torus is, up to equivari-
ant symplectomorphisms, (R/Z)? x S2.
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Example 8.16. The invariants of M = S? xz,57 (R/Z)? in Example 51T are as
follows: fundamental form (% §); Fuchsian signature (0;2,2) of M/(R/Z)?; sym-
plectic area 1 of S?/(Z/2Z); monodromy invariant, the class of (upn(71), un(12)) =
{59, (Y9)}F-([1/2,0],[1/2,0]) under (B2). Here 1,2 are loops around the poles
of S%. Then

M/T = §*/(2/2Z),79"™(M/T, po) = {m |7i = 1) ~ Z/2Z,

and pu: (v |73 = 1) = T = (R/Z)? is p(y1) = [1/2, 0]. We have a T-equivariant
symplectomorphism

MJT X oo (a7, po) T = S2/(L)2 L) X porv(s2/(2/27), po) (R/ZL)? = M.

Remark 8.17. In [42] the authors prove that a compact connected symplectic 4-
manifold with a symplectic 2-torus action admits an invariant complex structure,
and they characterize those which admit a Kahler structure.

9. FINAL REMARKS

In this paper we have discussed symplectic Hamiltonian actions as in the works
of Ahara, Atiyah, Audin, Delzant, Duistermaat, Hattori, Heckman, Guillemin,
Karshon, Kostant, Souriau, and Sternberg [3[1012113}33}37,75.89,09,150] among
others, and more general symplectic actions as in the works of Benoist, Duistermaat,
Frankel, McDuff, Ortega, Ratiu, Tolman, and the author [I5l[16,4057)T20,128|154]
among others. We have described classifications on compact connected manifolds
in the following cases.

(1) “Maximal Hamiltonian case”: Hamiltonian T-action, dim M = 2dim T
(2) “S!-Hamiltonian case”: Hamiltonian T-action, dim M = 4, dim T = 1.
(3) “Four-dimensional case”: dim M =4 and dim7T = 2.

(4) “Maximal symplectic case”: there is a dim T-orbit symplectic orbit.

(5) “Coisotropic case”: there is a coisotropic T-orbit.

We have outlined connections of these works with algebraic geometry, in particular
Kodaira’s classification of complex analytic surfaces [96], toric varieties [41], and
log symplectic toric-geometry [69]; geometric topology, in particular the work of
Palais and Stewart [124] and Benson and Gordon [I7] on torus bundles over tori
and nilpotent Lie groups; and integrable systems, in particular the classification of
semitoric systems [136L137].

Some techniques for studying Hamiltonian actions (see for instance the books
by Guillemin [70], Guillemin and Sjamaar [74], and Ortega and Ratiu [I21]) are
useful in the study of general symplectic actions, since many such actions exhibit
subgroups which act in a Hamiltonian manner. In the study of Hamiltonian actions
one tool that is often used is Morse theory for the components of the momentum
map. Any symplectic circle action admits a Morse circle-valued momentum map
(see [TTI5L130]), and there is a well-developed circle-valued Morse theory (see Pajit-
nov [122] and Farber [50]). Nonetheless, circle-valued Morse theory appears more
difficult to apply to general symplectic actions (see [130, Remark 6]). The cur-
rent understanding of general symplectic actions is quite limited, so we propose the
following:

Problem 9.1. Let G be an m-dimensional compact connected Lie group. Con-
struct symplectic invariants and classify, up to equivariant symplectomorphisms,
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effective symplectic G-actions on compact connected symplectic 2n-dimensional
manifolds (M,w) in terms of these invariants.

We have presented solutions to this problem when G is Abelian and either the
G-action is Hamiltonian or the orbits are of a certain type (symplectic, Lagrangian,
coisotropic); Theorem solves it if G is Abelian and m = n = 2. Solving more
cases would be of interest not only in symplectic geometry but also in integrable
systems and classical mechanics where the symmetries described by group actions
are relevant. Beyond these areas, there have been recent applications to quantum
integrable systems [26],[105] which make use of Delzant’s theorem (Theorem [6.4))
and of the classification of semitoric systems (Theorem [EI8). One may expect
other possible applications to spectral geometry if more cases of Problem are
solved. For instance, the quantization and spectral properties of such actions are
interesting problems (a preliminary case is treated in [I04]); shedding light on these
spectral problems requires understanding the symplectic geometry of their classical
counterparts.

Dedication. This paper is dedicated to Professor J. J. Duistermaat (1942-2010).
The article [73], edited by V. Guillemin, A. Pelayo, S. Vit Ngoc, and A. Weinstein,
outlines some of Duistermaat’s contributions (see also [138, Section 2.4]). Here is
a brief part of the article:

We are honored to pay tribute to Johannes (Hans) J. Duistermaat
(1942-2010), a world leading figure in geometric analysis and one of
the foremost Dutch mathematicians of the XX century, by present-
ing a collection of contributions by some of Hans’ colleagues, collab-
orators and students. Duistermaat’s first striking contribution was
his article ‘Fourier integral operators II’ with Héormander (published
in Acta Mathematica), a work which he did after his doctoral disser-
tation. Several influential results in analysis and geometry have the
name Duistermaat attached to them, for instance the Duistermaat—
Guillemin trace formula (1975), Duistermaat’s global action-angle
theorem (1980), the Duistermaat—Heckman Theorem (1982), and
the Duistermaat—Grunbaum bi-spectral theorem (1986). Duister-
maat’s papers offer an unusual display of originality and technical
mastery.
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