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Abstract. In this paper we use a diffeo-geometric framework based on manifolds that
are locally modeled on “convenient” vector spaces to study the geometry of some infinite
dimensional spaces. Given a finite dimensional symplectic manifold (M,w), we construct
a weak symplectic structure on each leaf I, of a foliation of the space of compact oriented
isotropic submanifolds in M equipped with top degree forms of total measure 1. These
forms are called weightings and such manifolds are said to be weighted. We show that this
symplectic structure on the particular leaves consisting of weighted Lagrangian submani-
folds is equivalent to a heuristic weak symplectic structure of Weinstein [Adv. Math. 82
(1990), 133-159]. When the weightings are positive, these symplectic spaces are symplec-
tomorphic to reductions of a weak symplectic structure of Donaldson [Asian J. Math. 3
(1999), 1-15] on the space of embeddings of a fixed compact oriented manifold into M.
When M is compact, by generalizing a moment map of Weinstein we construct a symplec-
tomorphism of each leaf I,, consisting of positive weighted isotropic submanifolds onto a
coadjoint orbit of the group of Hamiltonian symplectomorphisms of M equipped with the
Kirillov—-Kostant—Souriau symplectic structure. After defining notions of Poisson algebras
and Poisson manifolds, we prove that each space I,, can also be identified with a symplectic
leaf of a Poisson structure. Finally, we discuss a kinematic description of spaces of weighted
submanifolds.
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1 Introduction

In the same way that finite dimensional manifolds are locally modeled on R™, many collections of
geometric objects can be viewed as infinite dimensional manifolds locally modeled on interesting
geometric spaces. For example, if N and M are smooth manifolds then the following local models
are known:

’ Collection M Modeling Space at x € M

’ diffeomorphisms of N vector fields on N

sections of *T M

closed 1-forms on z

’ smooth maps from N to M

H |
’ Riemannian metrics on N H symmetric 2-tensors on N }
H |
[ |

’ Lagrangian submanifolds

These local models represent certain choices, as many geometric structures coincident in finite
dimensions diverge in infinite dimensions. For example, there are typically more derivations than
equivalence classes of paths; there are many ways to define the dual of a tangent space; there may
fail to exist holomorphic charts even when the Nijenhuis tensor vanishes, etc. Accordingly, there
are many frameworks available to study differential geometric structures in infinite dimensions.
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Depending on the problem, one might choose to work with Fréchet manifolds [7], Diffeology [15],
Differential Spaces [13], the Global Analysis framework of Frolicher, Kriegl and Michor [6, 9],
etc., or just choose to work heuristically.

Once a framework has been chosen, and a local model identified, the geometry of a collec-
tion M can be explored using the following correspondence: structures inherent to objects in M
induce global structures on M. For example, if N and M are as above then

e the set of Riemannian metrics on N inherits weak Riemannian structures (Ebin 1970 [5],
Smolentzev 1994 [14]);

e if M is symplectic and L. — M is a prequantization line bundle, then the space of sec-
tions I' (L) inherits a weak symplectic structure (Donaldson 2001 [4]);

e the set of embeddings of N into M is the total space of a principal fiber bundle with
structure group Diff (IV), the diffeomorphisms of N, and base the set of submanifolds
of M diffeomorphic to N (Binz, Fischer 1981 [1]).

In this paper we study a particularly interesting example of this phenomenon involving Lag-
rangian submanifolds equipped with certain measures. From the very beginning, we study these
objects in the “Convenient Setup” of Frolicher, Kriegl, and Michor (see [9]).

The starting point for this framework is the definition of smooth curves in locally convex
spaces called convenient vector spaces. Once the smooth curves have been specified, smooth
maps between convenient vector spaces can be defined as maps which send smooth curves to
smooth curves. Smooth manifolds then are defined as sets that can be modeled on convenient
vector spaces via charts, whose transition functions are smooth. Once the appropriate notions
of smoothness are specified, objects in differential geometry are defined by choosing how to
generalize finite dimensional constructions to infinite dimensions (e.g. Lie groups, principal G
bundles, vector fields, differential forms, etc.) An important feature of this approach is that the
modeling space Ey for each chart (p,U) can be different for different chart neighbourhoods U.
This differs from the usual description of finite dimensional manifolds which are always modeled
on the same vector space R™. This flexibility is useful in describing the local structure of
many infinite dimensional manifolds, including the collection of Lagrangian submanifolds in
a symplectic manifold.

In 1990 Alan Weinstein [23] introduced a foliation F of the space of Lagrangian submanifolds
in a fixed symplectic manifold (M,w). A leaf of F consists of Lagrangian submanifolds that can
be joined by flowing along Hamiltonian vector fields. F lifts to a foliation JF,, of the space of
pairs (L, p), where L is a Lagrangian submanifold in M equipped with a smooth density p of total
measure 1. Weinstein called such pairs weighted Lagrangian submanifolds and leaves of F and F,
isodrasts. He showed that each leaf I, of F,, can be given a weakly nondegenerate symplectic
structure Q. He also showed that the leaves consisting of Lagrangian submanifolds equipped
with positive densities can be identified with coadjoint orbits of the group of Hamiltonian
symplectomorphisms. All of these constructions were done on a heuristic level.

Instead of starting with the Lagrangian submanifolds directly, we instead begin by showing
that the set of Lagrangian embeddings of a fixed compact oriented manifold Lg into M is the
total space of a principal fiber bundle with structure group Diff; (Lg), the orientation preserving
diffeomorphisms of Ly. The base Lag (M) is naturally identified with the space of oriented
Lagrangian submanifolds in M diffeomorphic to Lg. We define a foliation £ of the total space
which descends to the isodrastic foliation F of the space of Lagrangian submanifolds. Similarly,
the product of the space of Lagrangian embeddings with the space of top degree forms on Lg
that integrate to 1 is the total space of a principal Diff; (Lg) bundle. The base of this bundle
can be identified with the set of pairs (L, p), where L is an oriented Lagrangian submanifold
in M diffeomorphic to Ly equipped with a top degree form p (not necessarily non-vanishing)
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satisfying | . p = 1. The foliation &£ gives a foliation &, of the total space that descends to
the isodrastic foliation F,, of the base. We define a basic 2-form €2 on the leaves of &, which
descends to a weakly nondegenerate symplectic structure on the leaves of F,,. We then show
that the tangent spaces to the space of pairs (L, p) in the “Convenient Setup” can be identified
with the tangent spaces in Weinstein’s heuristic construction, and that Q corresponds to Q.
In this way we make rigourous Weinstein’s original construction.

The set of pairs (L, p) consisting of Lagrangian submanifolds equipped with volume forms of
total measure 1 is an open subset of the set of all weighted Lagrangian submanifolds. The leaves
of F, in this open subset of positive weighted Lagrangian submanifolds inherit the symplectic
structure € and provide a link between Weinstein’s symplectic structure and a symplectic struc-
ture defined by Simon Donaldson on the space of smooth mappings between manifolds described
briefly as follows.

In 1999 Donaldson [3] heuristically wrote down a symplectic structure QF on the space of
smooth mappings C*° (Sp, M) of a compact oriented manifold Sy, equipped with a fixed vo-
lume form 7, into a symplectic manifold (M,w). Under some topological restrictions on w
and Sp, Donaldson described a moment map p for the Diff (Sp, n9)-action of volume preserving
diffeomorphisms on C*° (Sy, M). This Diff (Sp, np)-action restricts to a Hamiltonian action on
the space of embeddings Emb (Sg, M) C C* (Sy, M), with respect to the restrictions of QP
and p. By a lemma of Moser, symplectic quotients of Emb (Sy, M) by Diff (Sp,n9) can be
identified with spaces of submanifolds in M equipped with volume forms of fixed total mea-
sure. In fact when Sy is half the dimension of M the level surface p~! {0} consists of Lag-
rangian embeddings. This suggests that when 7y has total measure 1 the symplectic quotients
of (Emb (S0, M), QP ) should be related to the leaves of F,, consisting of positive weighted
Lagrangian submanifolds.

The main result of this paper is that reductions of (Emb (So, M), QP ) can be defined, in the
“Convenient Setup”, without any topological restrictions on w or Sy and that these reductions
are symplectomorphic to leaves of F,, consisting of positive weighted Lagrangian submanifolds
when the dimension of Sy is half the dimension of M. In this way we obtain not only a rigor-
ous formulation of Donaldson’s heuristic constructions, but also a precise relationship between
Weinstein’s symplectic structure and Donaldson’s symplectic structure. Namely, symplectic
quotients of Donaldson’s symplectic space can be identified with Weinstein’s symplectic spaces
in the particular case of leaves consisting of positive weighted Lagrangian submanifolds.

For Sy of dimension less than or equal to half the dimension of M, symplectic reductions
of (Emb (So, M), QP ) are still well defined in the “Convenient Setup” and yield symplectic
spaces consisting of positive weighted isotropic submanifolds in M. This suggests that the
symplectic structure 2 on weighted Lagrangian submanifolds should have a generalization to
weighted isotropic submanifolds. We show that indeed such a generalization exists, and that the
corresponding symplectic spaces in the particular case of leaves consisting of positive weighted
isotropic submanifolds are symplectomorphic to reductions of (Emb (So, M), QP ) In this way
we obtain a generalization of our observed relationship between Weinstein’s symplectic structure
and Donaldson’s symplectic structure to the case of weighted isotropic submanifolds.

Our next result takes its cue from this generalization to weighted isotropic submanifolds.
Namely, we show that the symplectic spaces of positive weighted isotropic submanifolds are
symplectomorphic to coadjoint orbits of the group Ham (M) of Hamiltonian symplectomor-
phisms of M equipped with the Kirillov—Kostant—Souriau symplectic structure. This symplec-
tomorphism is given by a generalization of the moment map written down by Weinstein in his
identification of positive weighted Lagrangian submanifolds with coadjoint orbits of Ham (M).
The heuristic idea is that any submanifold I equipped with a volume form p can be viewed
as an element of the dual of the Lie algebra of Hamiltonian vector fields via the mapping
(I,p) — (f+ [; fp). This mapping is equivariant, injective, and hence induces a coadjoint
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orbit symplectic structure on spaces of positive weighted submanifolds that can be joined by
Hamiltonian deformations.

These positive weighted isotropic submanifolds have yet another interpretation akin to leaves
of Poisson manifolds in finite dimensions. Given a finite dimensional Poisson manifold (P, {-,-}),
for each smooth function f € C° (P,R) on P there exists a unique vector field X ; on P satisfying
dg (Xy) = {f, g} for all g € C*° (P,R). The leaves swept out by integral curves to such vector
fields Xy are symplectic manifolds. This picture can be adapted to infinite dimensions in the
following sense. Given an infinite dimensional manifold P, for a subalgebra A C C° (P,R) we
define a Poisson bracket {-,-} on A and a Poisson algebra (A, {-,-}) in the usual way. If for every
f € A there exists a unique vector field Xy on P satisfying dg (X¢) = {f, g} for all g € A, then
the directions swept out by such vector fields on each point in P define a distribution on P.
We call maximal integral manifolds of this distribution leaves. By defining a Poisson algebra on
Emb (Sp, M), which restricts to a Poisson algebra on the space of isotropic embeddings, which
descends to a Poisson algebra on the space of positive weighted isotropic submanifolds, we show
that the reductions of (Emb (So, M), QP ) are symplectic leaves of a Poisson structure.

As a result we arrive at three different interpretations of the symplectic spaces consisting
of positive weighted isotropic submanifolds. Namely, they can be identified with reductions of
the space of embeddings (Emb (So, M), QP ), with coadjoint orbits of the group Ham (M) of
Hamiltonian symplectomorphisms, and with symplectic leaves of Poisson structures.

We then take a kinematic approach to the leaves of the foliation F of the space of Lagrangian
submanifolds to obtain a phase space symplectic structure. That is, by viewing the leaves of F
as possible configurations for a submanifold moving in M, on each Lagrangian we can associate
“conjugate momenta” with top degree forms that integrate to 0. We call such pairs (L, x) with L
in a leaf of F satisfying fL x = 0 momentum weighted Lagrangian submanifolds. By writing down
what should be the canonical 1-form on this set of momentum weighted Lagrangian submanifolds
and calculating its exterior derivative, we obtain a weakly symplectic structure.

Finally, we apply this kinematic approach to the set of pseudo Riemannian metrics of a fixed
signature on a finite dimensional manifold N. This collection can be viewed as a set of subman-
ifolds by identifying each metric with its graph as a section. Weightings then can be assigned
to each metric by pulling up a structure assigned to N. By equipping each metric in this way
with a compactly supported symmetric 2-tensor on N, we show that the set of all such weighted
metrics has a natural exact symplectic structure.

Conventions

Unless stated otherwise, all finite dimensional manifolds are smooth, connected, and paracom-
pact. For manifolds M and N and vector bundle £ — M, we will use the following notation:

C> (M,R)  smooth functions on M;

C° (M,R)  smooth functions of compact support on M;
Diff (M) diffeomorphisms of M;

Diffy (M) orientation preserving diffeomorphisms of M;
C*(M,N) smooth mappings from M to N;

Emb (M, N) smooth embeddings from M to N;

X (M) vector fields on M;

QF (M) k-forms on M;

TF (M) (k,l)-tensor fields on M;

I'(E) sections of £ — M;

1(X) interior derivative with respect to X;
Lx Lie derivative with respect to X.

In the absence of summation signs repeated indices are summed over.
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2 Basic definitions

We begin by describing the “Convenient Setup” of Frolicher, Kriegl, and Michor in order to
establish what we will mean by smoothness, tangent vectors, etc. on some infinite dimensional
manifolds. Many definitions will be taken verbatim from [9]. All references like [9, X.X] in this
section refer to sections in [9].

2.1 Locally convex spaces

A real topological vector space E is a vector space equipped with a topology under which addition
+: E x E — FE and scalar multiplication R x £ — E are continuous.
A subset C' in F is said to be

1) circled if A\C' C C whenever |\ < 1;
2) convex if \;C + A2C C C for all A\j, A2 > 0 satisfying A\ + Ao = 1;

3) absolutely convez if C is circled and convex.

A locally convex space is a Hausdorff topological vector space E, for which every neighbourhood
of 0 contains an absolutely convex neighbourhood of 0.

2.2 Bounded sets

A subset C of a locally convex space F is bounded if for each neighbourhood U of 0 there exists
a p > 0 such that C' C pU. The family of all bounded sets in F is called the bornology of E.
A linear map T : ' — F between locally convex spaces is bounded if it maps bounded sets to
bounded sets [9, 1.1].

2.3 Smooth curves

Let E be a locally convex space. A curve ¢ : R — F is called differentiable if the derivative
d(t) = ]llir%% [c(t+h)—c(t)] at t exists for all t. A curve ¢ : R — E is called smooth if all

iterated derivatives exist. The set of all smooth curves in E will be denoted by C* (R, E) 9,
1.2].

One would hope that reasonable definitions of smoothness would imply that “diffeomor-
phisms” are homeomorphisms. For this purpose we will make use of another topology on locally
convex spaces.

2.4 The c®°-topology

The ¢*°-topology on a locally convex space E is the finest topology for which all smooth curves
¢ : R — FE are continuous [9, 2.12]. The ¢*-topology is finer than the locally convex topology
on E [9, 4.7]. If E is a Fréchet space, (i.e. a complete and metrizable locally convex space), then
the two topologies coincide [9, 4.1, 4.11].

2.5 Convenient vector spaces

A convenient vector space is a locally convex space E with the following property: For any
c1 € C® (R, E) there is a co € C™ (R, E) with ¢}, = ¢;. Any ¢*-closed subspace of a convenient
vector space is convenient [9, 2.12, 2.13, 2.14].
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2.6 Space of curves

The set of smooth curves C* (R, E) in a convenient vector space E has a natural convenient
structure. Moreover, a locally convex space E is convenient if and only if C*° (R, E') is convenient
[9, 3.7].

We would like to study sets that can be locally modeled on convenient vector spaces. To
define “smooth transition functions” we need to define smooth mappings between convenient
vector spaces.

Convention

For the rest of this section E' and F' will denote convenient vector spaces.

2.7 Mappings between convenient vector spaces

Let U C F be a c*™-open subset. A mapping f : U — F is called smooth if it maps smooth curves
in U to smooth curves in F. Let C* (U, F') denote the set of all smooth mappings f: U — F,
equipped with the finest topology on C* (U, F') for which all maps ¢* : C*° (U, F') — C* (R, F),
given by pullback along smooth curves (i.e. ¢*(f) = f oc¢), are continuous. Then C* (U, F) is
a convenient vector space [9, 3.11].

2.8 Spaces of linear mappings

Let L (FE,F) denote the set of all bounded linear mappings from E to F. Then L (E,F) is
contained in C* (E, F') [9, 2.11] and inherits a convenient structure [9, 3.17]. The set of invertible
maps in L(E, F) with bounded inverse will be denoted by GL(E, F).

2.9 The differentiation operator and chain rule

Let U C F be a ¢*-open subset. The differentiation operator

d: C®(U,F) = C®(U,L(E,F)),  df(x)o:=lim f@*“;)‘f(x)

exists, is linear and bounded (smooth). Note that the above limit is taken in the locally convex
topology of F. Also the chain rule

d(fog)(z)v=df(g(z))dg(z)v

holds [9, 3.18].

2.10 Examples of convenient vector spaces

The following spaces have natural convenient structures:
LF. (E,F) bounded alternating multilinear maps E x --- x E — F [9, 5.9, 5.13];
C* (M,R) smooth functions on a finite dimensional manifold M [9, 6.1];
C*® (M,R) smooth functions of compact support on a finite

dimensional manifold M [9, 6.2];
. (Q) compactly supported smooth sections of a vector bundle Q — M

with finite dimensional total space, base, and fibers [9, 30.4].
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2.11 Manifolds

A chart (U, ) on a set M is a bijection ¢ : U — Ey from a subset U C M onto a ¢>-open
set in a convenient vector space K. A family of charts (Uy, pa),ec4 is called an atlas for M, if
the U, cover M and all transition functions ¢ := @q ogogl t 3 (UaNUB) = o (Usy NUg) are
smooth. Two atlases are equivalent if their union is again an atlas on M. A smooth manifold M
is a set together with an equivalence class of atlases on it [9, 27.1].

2.12 Smooth mappings between manifolds

A mapping f : M — N between manifolds is smooth if for every x € M and chart (V1) on N
with f (z) € V there exists a chart (U, ) on M with z € U and f (U) C V such that ¢o fop™?
is smooth. So a mapping f : M — N is smooth if and only if it maps smooth curves to smooth
curves. A smooth mapping f : M — N is a diffeomorphism if it is a bijection and if its inverse
is smooth [9, 27.2]. The set of smooth maps from M to N will be denoted by C*°(M, N).

2.13 Submanifolds

A subset N of a smooth manifold M is called a submanifold, if for each x € N there is a chart
(U, ¢) of M such that ¢ (UNN) = ¢ (U) N Fy, where Fy; is a ¢>-closed linear subspace of the
convenient model space Ey [9, 27.11]. A curve in a submanifold N of M is smooth if and only
if it is smooth as a curve in M.

2.14 Tangent spaces of a convenient vector space

Let a € E. A tangent vector with base point a is a pair (a,X) with X € E. For each
neighbourhood U of a in E, a tangent vector (a,X) defines a derivation C* (U,R) — R by
Xof :=df (a) (X) [9, 28.1].

Remark 1. In [9] these tangent vectors are called kinematic tangent vectors since they can be
realized as derivatives ¢’ (0) at 0 of smooth curves ¢ : R — E. This is to distinguish them from
more general derivations which are called operational tangent vectors.

2.15 The tangent bundle

Let M be a smooth manifold with an atlas (U, ¢,) indexed by a € A. On the disjoint union

Uuaanx{a}

acA

define the following equivalence relation:

(z,v,0) ~ (y,w, B) <=z =y and dpag (¢ (y)) w = v.

A tangent vector at x € M is an equivalence class [(x, v, )]. The quotient | |,y Ua X Eqx{a} / ~
will be called the tangent bundle of M and will be denoted by T'M.

Let m : TM — M denote the projection [(x,v,«)] — x. TM inherits a smooth manifold
structure from M. For x € M the set T, M := w1 (z) is called the tangent space at x. Since
each transition function ¢, is smooth, each differential dyp,g(x) is bounded linear, which means
each tangent space T, M has a well defined bornology independent of the choice of chart (cf. [9,
1.1, 2.11)).

Alternatively, we can describe tangent vectors to a smooth manifold by means of equivalence
classes of smooth curves. We will say that two smooth curves c¢; and ¢y in M are equivalent at
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x € M, (and write ¢; ~5 c2), if ¢1 (0) =2 = ¢2(0) and %’t:o paoc(t) = %‘t:o ©q 0 ¢ () for
a chart ¢, in an atlas (Ua, 0a),e 4 00 M. The tangent space at = then is equal to C*° (R, M) / ~,
(compare with [9, 28.12]).

2.16 Tangent mappings

Let f : M — N be a smooth mapping between manifolds. Then f induces a linear map
df (z) : ToM — Ty, N for each z € M by the following formula. If X = [c] € C* (R, M)/ ~,
then df () X := [foc|]. This defines a fiberwise linear map df : TM — TN called the
differential of f (compare with [9, 28.15]).

2.17 Distributions

A distribution on a smooth manifold M is an assignment to each point x € M a ¢*°-closed
subspace D, of T, M. If D = {D,} is a distribution on a manifold M and i : N < M is the
inclusion map of a connected submanifold N of M, then N is called an integral manifold of D if
di (TyN) = Dy, for all z € N. An integral manifold of D is called mazimal if it is not properly
contained in any other integral manifold.

Let D be a distribution on a manifold M. The set of locally defined vector fields X on M
satisfying X (z) € D, will be denoted by Xp (M).

Remark 2. In finite dimensions such distributions defined without any assumptions regarding
continuity or smoothness are sometimes called “generalized distributions”. If a generalized
distribution D is “smooth” in the sense that every v € D, C T, M can be realized as X (x)
for a locally defined vector field X € Xp (M), then there exist results on integrability of such
distributions (see e.g. [18, 19, 16, 17]).

2.18 Foliations

Let M be a smooth manifold. A foliation of M is a distribution F = {F,} on M, for which
there exists an atlas (Uy, ¢q) of charts ¢, : Uy, — E, on M and a family of ¢>-closed subspaces
{F, C E,}, such that the inverse image under ¢, of translations of F, are integral manifolds
of F, and such that if N C U, is an integral manifold of F then ¢, (N) is contained in
a translation of F,. The charts ¢, will be called distinguished charts.

Let ¢4 : Uy — E4 be a distinguished chart of a foliation F of M and y + F, a translation
of Fiy, C E4. Then o,y = <pa|¢,1(y+Fa) — y defines a chart into F,, and the set of all such
charts 1., defines an alternative smooth structure on the set M modeled on the spaces F,.
The set M equipped with this alternative manifold structure will be denoted by M7 . A leaf of
the foliation F is a connected component of M7¥. Since T,M” = F, for all x € M, every leaf
is a maximal integral manifold of F (compare with [9, 27.16]).

Remark 3. Our definition of foliation differs from the definition in [9, 27.16] because we wish
to describe foliations on manifolds modeled on different convenient spaces in different charts.

2.19 Fiber bundles

A fiber bundle (Q,p, M) consists of manifolds @ (the total space), M (the base), and a smooth
mapping p : Q — M (the projection) such that for every x € M there exists an open neighbour-
hood U of x, a smooth manifold Sy, and a diffeomorphism ¢ such that the following diagram
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comimutes:

Such a pair (U, v) as above is called a fiber bundle chart. A fiber bundle atlas (Un,a) ¢ 4 1S a set
of fiber bundle charts such that {Us},c 4 is an open cover of M. If we fix a fiber bundle atlas,
then 1, o wﬁ_l (x,s) = (x,%ap (z,5)) where a5 : (UsNUg) x Sg — S, is smooth, and where
Yap (z,-) is a diffeomorphism of Sg onto S, for each x € Uy := Uy N Ug. The mappings ¥3
are called the transition functions of the bundle. When Sy, = S for all charts (Uy, ¢4 ) for some
smooth manifold S, then S is called the standard fiber (compare with [9, 37.1]).

Remark 4. Our definition of a fiber bundle differs from the definition in [9, 37.1] in the sense
that it allows for different Sy for different neighbourhoods U.

2.20 Vector bundles
Let (Q,p, M) be a fiber bundle. A fiber bundle chart (U, ) is called a vector bundle chart if Sy

is a convenient vector space. Two vector bundle charts (Uy, %o) and (Ug,vg) are compatible if
the transition function 1, is bounded and linear in the fibers, i.e. VY3 (z,5) = (2, Pap () 5)
for some mapping ¢ag : Uag — GL(S8,5.) C L(Ss,54). A wvector bundle atlas is a fiber
bundle atlas (Uy,%a),cq consisting of pairwise compatible vector bundle charts. Two vector
bundle atlases are equivalent if their union is again a vector bundle atlas. A wvector bundle
(Q,p, M) is a fiber bundle together with an equivalence class of vector bundle atlases (compare
with [9, 29.1]).

Remark 5. Here again our definition differs from that in [9, 29.1] in that we allow for
different Sy in different neighbourhoods U. However, this more general version of vector bun-
dles is subsequently used implicitly throughout the text (see e.g. [9, 29.9] and [9, 29.10] where
the tangent bundle T'M of any smooth manifold M is taken to be a vector bundle).

2.21 Constructions with vector bundles

If @ - M and R — M are vector bundles then we have vector bundles Q*, L (Q, R), and
L%, (Q, R) whose fibers over x € M are (Q,)* (the space of bounded linear functionals on @),
L(Qu, Ry) and LY, (Q., R;) respectively [9, 29.5].

Remark 6. We will always use E* to denote the space of bounded linear functionals on a locally
convex space E. In [9] E* is reserved for the space of continuous (in the locally convex topology)
linear functionals while £’ is used to denote the space of bounded linear functionals.

2.22 Cotangent bundles

Since TM is a vector bundle for any manifold M, the bundle (T'M)* with fiber over x € M
equal to (T,M)" is also a vector bundle. This vector bundle is called the cotangent bundle of M
and will be denoted by T*M [9, 33.1].

2.23 Spaces of sections of vector bundles

A section of a vector bundle p : Q — M is a smooth map s : M — @ such that pos = Idy,.
The set of sections of p : Q — M will be denoted by I' (@), and the set of sections with compact
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support by I'c (Q). The space I' (@) has a natural convenient structure [9, 30.1]. If M is finite
dimensional and paracompact then I'. (Q)) has a natural convenient structure [9, 30.4], and if
W C Q is an open subset, then {s € I'.(Q) | s(M) C W} is ¢™-open in ' (Q) [9, 30.10]. If
p: Q — M is a finite dimensional vector bundle over a finite dimensional paracompact base,
then the ¢*>-topology on I'; (Q) is induced from the Whitney C'*°-topology on C*° (M, Q) (which
coincides with the Fréchet topology; see Section 2.4) [9, 41.13].

We will be interested primarily in sets that can be locally modeled on spaces of sections of
vector bundles. To understand notions of smoothness on such sets, it is enough to identify the
smooth curves.

2.24 Curves in spaces of sections

Let @ — M be a vector bundle. A curve ¢: R — I'(Q) is smooth if and only if the associated
map ¢ : R x M — @Q defined by " (¢,z) := c¢(t) (z) is smooth [9, 30.8].

2.25 Example: manifold of mappings

Let M and N be finite dimensional manifolds. The space C*° (M, N) is a smooth manifold
modeled on spaces I'. (f*T'N) of compactly supported sections of the pullback bundle along
feC>®(M,N) [9, 42.1]. The charts can be described as follows. Choose a Riemannian metric
on NV andlet exp : TN D U — N be the smooth exponential map of this metric. If 1y : TN — N
denotes the projection of the tangent bundle, then we can assume that (7y,exp) : U — N x N
is a diffeomorphism onto an open neighbourhood W of the diagonal. For f,g € C*° (M, N), we
will write f ~ ¢ if f and g differ only on a compact set in M. The charts (Vy,1f) indexed by
feC>®(M,N) are given by

Vi={geC®(M,N)|g~f, (f(z),g(x) €W forall z € M},
vy Vi = Te(f'TN),
b1 (9) @) = (@.exp7ly (@) = (. ((mavsexp) ™ ( (@) 9 (2)))).

2.26 Vector fields

Let M be a smooth manifold. A wvector field X on M is a smooth section of the tangent bundle
TM [9, 32.1]. The set of all vector fields on M will be denoted by X (M). Each vector field X
specifies a map

C*(M,R) — C®(M,R),
=X,
Xf(z) = df(z)X(z).

2.27 The Lie bracket

Let X and Y be smooth vector fields on a manifold M. Each such vector field is a smooth
mapping M — T M between manifolds, and so it makes sense to compute the differentials d.X
and dY. The Lie bracket [X,Y] of X and Y is the vector field on M given by the expression

[X,Y] = dY (X) — dX (V).

The bracket [-,-] : X (M) x X (M) — X (M) defines a Lie algebra structure on X (M) [9, 32.5,
32.8].
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2.28 Differential forms

A differential k-form on a manifold M is a section w € T (LY, (TM, M x R)). The set of all
differential k-forms will be denoted by QF (M) [9, 33.22].

2.29 The pullback of a differential form
Let f : N — M be a smooth mapping and w € QF (M) be a differential k-form on M. The
pullback f*w € QF (N) of w is defined by

f*wx (Xl, oo ,Xk) = Wf(x)(df (1‘) Xl, N ,df (x) Xk),

see [9, 33.9].

2.30 The insertion operator

For a vector field X € X (M) on a manifold M, the insertion operator 1 (X) is defined by

o(X): D(LE,(TM, M x R)) — T(LFH(TM, M x R))
(’L (X) w) (Yl, N 7Yk—1) = w(X, Yl, N ,Yk_l),

see [9, 33.10].

2.31 The exterior derivative

Let U C E be a c®-open subset and let w € C* (U, L’;]t (E,R)) be a differential k-form on U.
The exterior derivative dw € C* (U, L];fg Y(E, R)) of w is the skew symmetrization of the diffe-
rential dw:
k . A~
(dw)(%)(X(), e ,Xk) = Z(—l)ldw(l‘)(Xi)(Xo, ey XZ‘, e ,Xk).
i=0

(Note that the differential dw with plain text d is used to define the exterior derivative dw
with italicized d.) If w is a differential k-form on a manifold M, then this local formula defines
a differential k + 1-form dw on M. The above local expression for the exterior derivative induces
the global formula

k
(dw)(x)(Xo,..., Xx) = > (=)' Xi(wo (Xo,..., Xi, ..., X))
1=0
+ Z(—l)iJrjw o ([XZ‘,XJ'LX(), .. -;)?i; e ,)?j, ce ,Xk),
1<j

where Xy, ..., X € X(M) [9, 33.12].

2.32 Lie groups

A Lie group G is a smooth manifold and a group such that multiplication p : G x G — G and
inversion v : G — G are smooth. The Lie algebra of a Lie group G is the tangent space to G
at the identity e, which inherits a Lie bracket from the identification with left invariant vector
fields. The Lie algebra will be denoted either by g or Lie(G) [9, 36.1, 36.3].
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2.33 Basic differential forms

Let [ : G x M — M be a smooth action of a Lie group G on a smooth manifold M. Let
lg : M — M denote the left multiplication mapping = +— g - 2. For £ € g the generating vector
field &y is defined by &y () = dle g (€,0). A differential k-form w € QF (M) on M is G-
invariant if [Jw = w for all g € G and horizontal if w(&ur,-) = 0 € QF1 (M) for all € € g.
A differential k-form w € QF (M) is basic if it is both G-invariant and horizontal. The set of all
basic k-forms on M will be denoted by QF (M) [9, 37.23).

hor

2.34 Principal G bundles

Let G be a Lie group. A principal G bundle is a fiber bundle (P, p, M, G) with standard fiber G
whose transition functions act on G via left translation: There is a family of smooth mappings
{pap : Uy — G} that satisfy the cocycle condition ¢og () ¢gy () = Py (x) for x € Uo,NUgNU,,
baa () = e (the identity in G), and Yo (z,9) = ¢ap () g [9, 37.7, 37.8]. The pull back through
the projection p* : Q% (M) — QF (P)€ is an isomorphism [9, 37.30).

2.35 Diffeomorphism groups

The following diffeomorphism groups are examples of infinite dimensional Lie groups:

e the group Diff (M) of diffeomorphisms of a finite dimensional paracompact manifold M
the Lie algebra is the space X. (M) of compactly supported vector fields on M. In fact,
Diff (M) is open in C* (M, M) so the tangent space at each f € Diff (M) is equal to
L(f*TM) [9, 43.1].

e the group Symp (M) of symplectomorphisms of a (finite dimensional) symplectic manifold
(M, o); the Lie algebra is the space X&"™P (M) of compactly supported symplectic vector
fields [9, 43.12]. (¢ € Diff (M) is a symplectomorphism if ¢*c = o; X € X (M) is
a symplectic vector field if Lxo = 0.)

e the group Ham (M) of Hamiltonian symplectomorphisms of a (finite dimensional) sym-
plectic manifold (M,o); the Lie algebra is the space X2 (M) of compactly supported
Hamiltonian vector fields [9, 43.12, 43.13]. (X € X (M) is a Hamiltonian vector field
if 1 (X) o is exact; ¢ € Symp (M) is a Hamiltonian symplectomorphism if it is the time 1
flow of a time dependent Hamiltonian vector field.)

Remark 7. In heuristic approaches to infinite dimensional Lie groups, the Lie algebra to the
group Diff (M) of diffeomorphisms of a finite dimensional manifold M is often taken to be the
space of smooth vector fields on M. In the convenient setup, the Lie algebra of Diff (M) is given
by the space X, (M) of compactly supported vector fields on M because of the choice of charts.

2.36 The adjoint representation

Let GL (E) denote the set of bounded invertible linear transformations of E. Let G be a Lie
group with Lie algebra g. Every element g € G defines an automorphism v, : G — G by
conjugation: v, (a) := gag~'. The adjoint representation of G denoted by Ad : G — GL (g) C
L(g,g) is given by Ad (g) := detyy : g — g for g € G. The adjoint representation of g denoted
by ad : g — gl(g) := L(g,g) is given by ad := d.Ad [9, 36.10].

2.37 Weak symplectic manifolds

A 2-form o € Q% (M) on a manifold M is called a weak symplectic structure on M if it is closed
(do = 0) and if its associated vector bundle homomorphism o” : TM — T*M is injective. This
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last condition is equivalent to weak nondegeneracy: for every x € M and v € T, M there exists
a w € T,M such that o, (v,w) # 0. If 0 : TM — T*M is invertible with a smooth inverse
then o is called a strong symplectic structure on M [9, 48.2]. A vector field X € X (M) will be
called Hamiltonian if +(X)o = dH for some H € C* (M,R), and the function H will called
a Hamiltonian of X.

3 Isodrastic foliations

In this section we will describe our approach towards describing Lagrangian submanifolds as
Lagrangian embeddings modulo reparametrizations. We will show that the space of Lagrangian
embeddings into a fixed symplectic manifold (M, w) is a smooth manifold which has a natural
foliation £. Moreover, the space of Lagrangian embeddings of the form Ly — M is the total
space of a principal Diff, (Ly) bundle over the space of Lagrangian submanifolds in M. The
leaves of £ will turn out to be orbits of the group of Hamiltonian symplectomorphisms under
the natural left composition action. Meanwhile the foliation £ descends to a foliation F of the
space of Lagrangian submanifolds in M. In all of these constructions, the key will be to use
Weinstein’s Lagrangian Neighbourhood Theorem which says that any symplectic manifold near
a Lagrangian L looks like a neighbourhood of the zero section in the cotangent bundle 7% L.

Let (M,w) be a finite dimensional symplectic manifold. Let Lo be an oriented, compact
manifold of half the dimension of M.

Notation

By Lag (Lg, M) we will denote the set of Lagrangian embeddings of Ly into (M,w). That is,
Lag (Lo, M) := {i € Emb (Lo, M) | i*w = 0} .

Let Z* (N) and B* (IV) denote the set of closed and exact k-forms respectively on a manifold N.
That is,

ZF(N) := Ker(d) N Q¥(N),  B¥(N) :=Im(d) N Q*(N).

We will show that Lag (Lg, M) is a smooth manifold by defining an atlas of charts using the
following Lagrangian neighbourhood theorem of Weinstein:

Theorem 1 (see Theorem 6.1 and Corollary 6.2 in [21]). Let L be a Lagrangian sub-
manifold of a symplectic manifold (M,w). Then there exists an open neighbourhood U of L and
a symplectic embedding 1 : U — T*L such that |, = 11, and Y*wp+p, = w.

Proposition 1. Lag (Lo, M) is a smooth manifold modeled on the space Z' (Lg) @ X (Lg).

Proof. The idea of the proof is as follows. By Theorem 1, Lagrangian submanifolds near a given
Lagrangian submanifold can be identified with the graphs of closed 1-forms in T Ly. It follows
that Lagrangian embeddings near a given one can be identified with closed 1-forms viewed as
maps from Lg to T* Ly precomposed with diffeomorphisms of Ly.

Given i € Lag(Lo, M), by Theorem 1 the embedding i can be extended on a neighbour-
hood W; of the zero section in T*Ly to a symplectic embedding X\; : W; — M. Let V. be
a chart neighbourhood of the identity map e € Diff (Ly) and denote by . : V. — X (Lg) the
corresponding chart as part of an atlas on Diff (Lg). Define

U; := {l € Lag(Lo, M) | l=Xjoaoca,ac ZY (L), a(Lo) C Wy, a € Ve},
pi: Ui— Z\Lo) ® X(Lo),  ill) 1= (o ().
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The space X (Lo) = I' (T'Ly) is convenient by Section 2.10. The space Z! (Lg) is a c¢*-closed
subspace of T' (T*Lg) since it is the kernel of the continuous map d : T(T*Lg) — T'(A*T*Lo),
and therefore it is convenient. The set {a € Z' (Lg) | a (Lo) C W;} is ¢®-open in Z! (Lg) (see
Section 2.23). Thus ¢; is a bijection of U; onto a ¢®-open subset of Z! (L) ® X (Lo).

The collection (U;, ¢i) icLag(Lo,M) defines a smooth atlas on Lag (Lo, M), since the chart chan-
gings ;. are smooth by smoothness of the exponential map, by smoothness of each symplectic
embedding \;, and by Section 2.24. |

To explicitly describe the tangent space to Lag (Lo, M) at a point i, we will make use of the
following notation.

Notation

If Sy is a manifold (not necessarily of half the dimension of M), then for every i € Emb (Sy, M) we
can view the tangent bundle TSy as a subbundle of the pullback bundle ¢*T'M. The symplectic
form w defines a vector bundle isomorphism «” : TM — T*M, which induces a vector space
isomorphism p : I' (*T'M) — T (¢*1T*M). There is a natural surjection from the pullback
bundle i*T*M onto the cotangent bundle 7*Sy. This induces a linear map v : I' (¢*T*M) —
[ (T*Sy) = Q1 (Sp). For X € T'(i*TM), let ax € Q(Sy) denote the image of X under the
composition v o u. That is,

X — ax € Q1(Sy),
ax (§) == wiy) (X (z),di(z) - §) VEéeT,S.

Also, set

Lelosedi™TM) := {X € T(i*TM) | ax € Z'(So)},
Pexact ((“TM) == {X € T(i*TM) | ax € B'(So)}.

Remark 8. If Y € X (L) then ay = 0 for all i € Lag (Lo, M) since such embeddings are
Lagrangian.

Proposition 2. For each i € Lag (Lo, M), the sequence
0—X (LO) L Fclosed (Z*TM) fi Zl (LO) - O> (1)

where f1 (V) =di(Y) and fo (X) = ax, is a Diff (Lg)-equivariant exact sequence.

Proof. If i € Lag (Lo, M) and X € I" (i*T'M ), then ax = 0 if and only if X is tangent to i (Lo)
since i is Lagrangian. Thus Ker (fs) = Im (f1). To check that fo is onto, let o € Z!(Lg).
By Theorem 1, it is enough to prove the assertion when M = T*Lg and ¢ is the zero section
inclusion. Let m: T* Ly — Lo denote the canonical projection. Define Z, € X (T*Ly) by

1(Zo)w:=7"a.
Then az,.; = a, which means f; is surjective and so the sequence is exact. |

Remark 9. Each symplectic embedding A; : T*Lg D W; — M defines a splitting map s; :
ZY (Lo) — Taosed (1*T'M) of the exact sequence (1) given by

si (@) :=dA;jo Zalp,

where 2 (Z,) wr+r, = 7*a. Under this splitting Teoseq (i*TM) = Z1(Lo) @ X(Lo).
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Proposition 3. For each i € Lag (Lo, M),
,TiLag (L07 M) = Iclosed (Z*TM) .

Proof. Let j; be a smooth curve in Lag (Lo, M) such that jo = i. For each z € Ly we have
that %‘tzo Jt (x) € TjzyM, which means %‘t:o gt € T'(¢*TM). The fact that jfw = 0 implies
that %‘ -0 Jt € Talosed (F*T'M). If (Up, ;) is a chart corresponding to a symplectic embedding
At T*Lo D Wy — M with i € U, then the derivative %|,_ ¢ (ji) in Z' (Lo) @ % (Lo) C

T (T*Lo)|, is canonically identifed with 4 o Jt Via

d d
— 1) = drod) o —
dt |, o1 (i) = o il ot tdmodd Te dt|,—o

Jt-
SO, TlLag (Lo, M) C Telosed (Z*TM>

Conversely, suppose that X € Igogeq (¢*T'M) and denote by N\; : T*Ly D W; — M the
symplectic embedding associated to the chart (U;, ;). Define a smooth curve in Symp (7% Lg)
by ¥t (,p) = (z,p + tax (z)) and a vector field on Ly by Y := drod); ' o X. If a; denotes the
flow generated by Y on Ly and O denotes the zero section, then d; o %‘t:o (Ppro0Ooay) =X.
Thus X € Tgjosed (*T'M) corresponds to the class [A; 01 0 O o ay] in T;Lag (Lo, M). |

The set Ham (M) of Hamiltonian symplectomorphisms is a subgroup of Symp (M) (see
e.g. [12]). So left composition defines an action of Ham (M) on Lag (Lo, M) via

¢-i:=¢oi.

Proposition 4. The spaces Uexact (1T M) Clelosed (i*T'M ) and charts (U;, ;) fori € Lag(Lg, M)
define a foliation & of Lag(Lo, M), whose leaves consist of Ham(M) orbits.

Proof. Set & := Texact (i*T'M) for i € Lag (Lo, M). We will first show that Texact (¢*T'M) is
a c>-closed (i.e. convenient) subspace of I'¢josed (*T'M) for all ¢ € Lag (Lo, M). If Tcioseq (¢*TM)
is identified with Z' (Lg) ® X (Lo) via the splitting map s; : Z! (Lg) — Telosed (i*T'M), then to
show that Texact (1*TM) is ¢-closed in Tgoseq (1*T'M) it is enough to show that F := B (Lg) @
X (Lo) is ¢®-closed in Z' (L) ® X (Lo). Let ¢; : R — F be a smooth curve in F. If ¢ (t) =
(dft, Y:) then py : t — f; can be chosen to be a smooth curve in C* (L, R). Since C*° (Lo, R) is
convenient, there exists a smooth curve py : t — g; in C*° (Lo, R) such that p, = p;. Similarly
for the curve ¢; : t — Y; there exists a smooth curve g2 : t — Z; in X (Lg) such that ¢5 = ¢1.
Then ¢ (t) := (dgi, Z;) is an antiderivative of ¢y, i.e. ¢4 = ¢;. This means F is a convenient
subspace.

We will next show that the Ham (M) orbits in Lag (Lo, M) are maximal integral manifolds
of & = {&;}. The tangent vectors to a Ham (M) orbit at a point i € Lag (Lo, M) are of the
form Xpg o¢ where Xg is a Hamiltonian vector field on M. Since ax,;0; = ¢*dH it follows that
T;(Ham(M) - i) C &. Conversely, if X € & then there exists a Hamiltonian vector field Xy
defined on a neighbourhood of i(Lg) satisfying X = Xpy o. By multiplying H by a cutoff
function which is equal to 1 near i(Lgp) we may assume that Xy is defined on all of M. It
follows that & C T;(Ham(M) -i). So Ham (M) orbits are integral manifolds. To show they
are maximal, we first consider the case when M = T*Lgy. Let i : Ly — T*Lg denote the zero
section inclusion and (U;, ;) the corresponding chart on Lag (Lo, T*Lg). Let j; be a smooth
curve in an integral manifold N contained in U;. For every ¢, % Jt € Dexact (JiT (T* L)) which

means o4 ; = dhy for a family of functions hy € C*° (Lg,R). This family h; can be chosen to be
dt

a smooth curve in O (Lo, R). Since j; is contained in U;, there exist smooth curves g3; in Z*! (L)
and a; in Diff (Lg) such that j; = B;0a;. Since %(ﬁtoat) = (%ﬂt) oa;+dg; (%at), it follows that
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—af%ﬁt = dhy for all t. Thus, B; = ¢, o By where ¥y (x,p) = (:r,p — (d fg hg o a,glds> ), which
means [ is contained in the Ham (7™ L) orbit through y. For each t we can write ﬁooafg = b0
where b; € Diff (Graph (fp)) in such a way that b; is a smooth curve in Diff (Graph (fy)). Define
ct = by oby ! By means of Theorem 1 we can identify an open neighbourhood of Graph (Bo)
with an open neighbourhood of the zero section in 7*Graph (5p). Under this identification, if Cy
denotes the cotangent lift of ¢, i.e. Cy(y,2) = <ct (y), (ct_l)* z), then Gy o a; = Cy o by o Fy.
Since ¢; is a smooth curve in Diff (Graph (8y)) passing through the identity map, the cotangent
lift Cy is a smooth curve in Ham (7*Graph (8y)). Thus j = Bt o ar = ¢4 o Cy 0 by o [y lies in
the Ham (T Lg) orbit through by o 3y, which means the integral manifold N is contained in
a Ham (T*Lg) orbit. For the general case when M is any symplectic manifold, the previous
discussion implies that the intersection of any integral manifold with a chart neighbourhood U;
on Lag (Lo, M) lies in a Ham (M) orbit. Thus any integral manifold containing a point ¢ €
Lag (Lo, M) is contained in Ham (M) - ¢, which means that such orbits are maximal integral
manifolds.

Finally, we will show that the atlas (Us, ¢i);cpag
affine translations of Fin Z! (Lg) @ X (Lg) consist of elements («,Y) which are pairwise coho-
mologous in the first factor, i.e (o, Y) € (o, Yo) + F if and only if « —ag € B! (Lg). Let (U, ¢;)
be a chart on Lag (Lo, M) with corresponding symplectic embedding \; : T*Lo D W; — M. The
zero section in T* Lo can be deformed to the graph of any 1-form a € Q! (Lg) on Lo by taking
the time 1 flow of the transformation (x,p) — (z,p + ta,) of the cotangent bundle. When «
is closed this transformation is symplectic; when « is exact it is a Hamiltonian symplectomor-
phism. So the graph of any exact form can be obtained by deforming the zero section in 1™ Ly
along a Hamiltonian vector field. Conversely, suppose that ¢ € Ham (T*Lg) is a Hamiltonian
symplectomorphism and {¢,} is a collection of symplectomorphisms satisfying ¢y = Id, 11 = ¢,
and ¢y = X 1, © ¥ for some family of Hamiltonian vector fields Xp, on T*Ly. If O denotes
the zero section, then j; := ¢; (A; 0¥y 0 O) is a smooth curve in Z' (Lg) ® X (L) with time

derivative equal to (O‘dAiou}toO’ dr oy o O) for all ¢. Since Qg 000 = (1t 0 O)* dHy, the curve

j: must be contained in B! (Lg) @ X (L), which means ¢ o O = 11 0 O is the graph of an exact
1-form precomposed with a diffeomorphism of Lg. It follows that two 1-forms are cohomologous
if and only if their graphs in T Ly can be joined by flowing along a Hamiltonian vector field. So
a curve in U; lies in a Ham (M) orbit if and only if it is mapped into a translation of F' under ¢;.
Thus inverse images of translations of F' are integral manifolds of £ and intersections of integral
manifolds with each chart neighbourhood U; get mapped into translations of F' under ;. |

(Lo,M) consists of distinguished charts. The

Definition 1. In the spirit of Weinstein’s terminology in [23], we will call the foliation £ the iso-
drastic foliation of Lag (Lo, M). An individual leaf of £ will be called an isodrast in Lag (Lo, M).

The group of orientation preserving diffeomorphisms Diff, (Lg) acts freely on Lag (Lo, M)
via

a-i:=ioa "

The quotient Lag (Lo, M) /Diff; (Lg) is naturally identified with the set of oriented, compact
Lagrangian submanifolds in M diffeomorphic to Lg.

Notation

Set

Lag (M) := Lag (Lo, M) /Diff, (L) .
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Proposition 5. The set Lag (M) of oriented Lagrangian submanifolds in M diffeomorphic to Ly
is a smooth manifold modeled on spaces Z' (L) for L € Lag (M). The tangent spaces to Lag (M)
are given by

Trlag (M) = Z' (L)
and for each representative i € Lag (Lo, M) in the class L € Lag (M),
T[i]Lag (M) = Delosed (Z*TM) /% (LO) .

Proof. We will first describe the manifold structure on Lag (M). For each Lagrangian L €
Lag (M), by Theorem (1) there exists a symplectic embedding Ay, : W, — T*L of an open
neighbourhood of L onto an open neighbourhood of the zero section in the cotangent bundle.
Define

UL := {N € Lag(M) | N C Wy, AL(N) = Graph(a), a € Z' (L)},
oL U, — ZY(L), oL(N) == a.

The mapping @7, maps Uz onto the set {a € Z' (L) | a (L) C A (W)} which is ¢™-open
in Z1(L). Thus the collection (UL, L) erag(m) defines a smooth atlas on Lag (M) as the
transition functions ¢ are smooth by smoothness of the symplectic embeddings Ap,.

As for the tangent spaces, suppose that K, is a smooth curve in Lag (M) such that Ky = L.
If (Ur/, prr) is a chart with L € Uy, and ¢/ (K;) = Graph (ay) for a smooth curve oy in Z! (N),
then the derivative %‘tzo on (Ky) € Z' (L') canonically defines an element 3 € Z! (L) via

d

aj3 = —
b it

oL (Kt).

Thus, Ty Lag (M) C Z! (L). Conversely, each 8 € Z' (L) defines a smooth curve in Symp (7*L)
via Yy (x,p) = (x,p+t6(x)). If O denotes the zero section of 7L, then Graph (¢ o O) is
a smooth curve in Lag (T*L). If A\, : M D Wy, — T*L is the symplectic embedding associated
to the chart (Ug, 1), then ¢ (t) := A\, (Graph (¢; o O)) is a smooth curve in Lag (M) such that
%|t:0 wroc(t)=p. So Z' (L) C TyLag (M).

We will now describe the identification of tangent spaces of Lag (M) with vector spaces
Celosed (¥TM) /X (Lo). Let i € Lag (Lo, M) be a representative in the class L € Lag(M).
Let \; : T*Lg D W; — M be the symplectic embedding chosen in the definition of the chart
(Ui, i) on Lag (Lo, M), and s; : Z1 (Lo) — Telosed (i*T' M) the corresponding splitting map (see
Remark 9). Then the linear map

ZY (L) = Taosed *TM) /%(Lo),  ar [s;(i*a)]
is a vector space isomorphism. |

Proposition 6. The manifold Lag (Lo, M) is the total space of a principal Diffy (Lg) bundle
over Lag (M).

Proof. We begin by describing a fiber bundle atlas. Let p : Lag (Lo, M) — Lag (M) denote
the projection to the quotient. For i € Lag (Lo, M) let \; : T*Ly D W; — M be the symplectic
embedding chosen in defining the chart (U;, ¢;) on Lag (Lo, M). Define

Uy := {N € Lag(M) | N = \;(Graph(«)), o € Z'(Lg), o(Lg) C W;}.
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Then p~! (Uy) consists of all | € Lag (Lo, M) such that I = X\j o a0 a where o € Z' (Lo),
o (Lo) - Wi > and a € Diff+ (Lo). Define w[z] Zp_l (U[z]) — UM X Difer (L(]) by

Vi (Ai 0 a0 a) := (Ai(Graph(a)), a)

so that the collection (U (i) ¢[i])iELag( Lo.M) defines a fiber bundle atlas.

If N € U := Uy N Uy, and ¢ (N, a) = Xjoaoa then
Yy (N,a) = (N,moXtodjoaca).
So if N € Upp;) and N = \; (Graph (a)) then define u; : Upp;) — Diffy (Lo) by
ug) (N) :==mo A o)joa.
It follows that if N € Uy NUp;) N Uy and N = A;j (Graph («)) = A (Graph (8)) then

U[][4] (N)U[J][k] (N) :71'0)\;1o)\joaowo)\;1oAkoﬂzwoA;1o)\koﬁzu[i][k}(N),
ug) (V) = Idg,,
Y (N, a) =y © a.

So the fiber bundle atlas (U[i]’w[i])ieLag(Lo M) and the collection of maps wup; : Uy —
Diffy (Lg) define a principal Diff} (Lg) structure. [

The group of Hamiltonian symplectomorphisms Ham (M) acts on Lag (M) via
Ham (M) O Lag (M) : ¢-L:=¢(L).

As in the proof of Proposition 4, the family of subspaces B'(L) C TpLag(M) and charts
(Ur, 1) for L € Lag (M) define a foliation F on Lag (M). This foliation has finite codimension
since the transverse space at each Lagrangian submanifold L is modeled on H' (L).

Definition 2. The foliation F will be called the isodrastic foliation of Lag (M), and each leaf
of F will be called an isodrast in Lag (M).

The foliation & gives the set Lag (Lo, M) the structure of a smooth manifold Lag (Lo, M)*

modeled on spaces Texact (¢*T'M) for i € Lag (Lo, M). Similarly, the foliation F gives Lag (M)
the structure of a smooth manifold Lag (M)” modeled on spaces B! (L) for L € Lag (M). As
in Proposition 6, fiber bundle charts can be chosen to define a principal Diff; (Lg) bundle
p : Lag (Lo, M)® — Lag (M)”. This bundle restricts to a principal Diff, (L) bundle over each
connected component of Lag (M)”, i.e. over each isodrast in Lag (M).

4 Weighted Lagrangian submanifolds

In this section we introduce the notion of weightings and weighted submanifolds. The set
Lag,, (Lo, M) of pairs (i,n) consisting of Lagrangian embeddings i : Ly — M and top degree
forms 7 that satisfy [ oM =1 has the smooth structure of the Cartesian product Lag (Lo, M) x
{ne (Lo [ Lo = 1}. The foliation & of Lag (Lo, M) canonically induces a foliation &, of
Lag,, (Lo, M). The space Lag,, (Lo, M) is the total space of a principal Diff; (Ly) bundle, whose
base can be identified with the set Lag,, (M) of Lagrangian submanifolds in M equipped with
a top degree form of total measure 1. The foliation &, descends to a foliation F,, of the base,
so that Lag,, (Lo, M)" (cf. Section 2.18) is the total space of a principal Diff, (Lg) bundle over
Lag,, (M )fw. On each leaf of &, we define a 2-form (2, basic with respect to this principal group
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action, which descends to a weak symplectic structure on Lag,, (M )f *. Finally, we show that
the tangent spaces of Lag, (M) and of leaves of F,, can be identified with the tangent space
descriptions in Weinstein’s original construction, and that Weinstein’s symplectic structure QW
corresponds to our symplectic structure 2.

Definition 3. A weighting of a compact oriented manifold L is a top degree form p on L
satisfying [, p = 1. A pair (L, p) will be called a weighted manifold.

Notation

Let QF (Sp) denote the set of n-forms on a manifold Sy that integrate to 1 (where n = dim Sy),
QF (So) the set of n-forms on Sy that integrate to 0, and Lag,, (Lo, M) the product Lag (Lo, M) x
QF (Lo). That is,

% () = { € 2 (50) | i -1},

WH%%={06W%%H %ﬂ=0}

Lag,, (Lo, M) := Lag (Lo, M) x QFf (Lo) .

Integration along L defines a continuous linear functional | L, - " (Lp) — R on the con-
venient vector space Q" (Ly) = I'(N"T*Lo). So the kernel Qf (Lg) is a ¢™-closed (conve-
nient) subspace. The space Qf (Lo) is an affine translation of Q (Lg), which means it is a
smooth manifold modeled on Qf (Ly). So Lag,, (Lo, M) is a smooth manifold modeled on the
space Z1 (Lg) ® X (Lo) ® Q8 (Lo) with the product atlas (U(’W)’@(ivn))(m)eLagw(Lo,M)‘ That
is, if (Ui7‘Pi)z’eLag(Lo,M) is the atlas on Lag (Lo, M) defined in Proposition 1 then the charts

(U(i,n), tp(m)) are defined by

Uiy := Ui X (n+ Q5 (Lo)), (2)
it Uiy — 2 (Lo) @ X(Lo) & 25 (Lo),
@i (L0 + 7)== (pi(l), V) = (a, Y, 9).

This atlas and the subspace B*(Lg) ® X(Lo) ® Qf(Lo) define a foliation &, on Lag,, (Lo, M).

Definition 4. We will call the foliation &, the isodrastic foliation of Lag,, (Lo, M) and a leaf
of &, will be called an isodrast in Lag,, (Lo, M).

For each (i,7) € Lag,, (Lo, M), the tangent space 1{; ,Lag,, (Lo, M) equals the vector space
LCeiosed (1T M) @& Qf (Lo). Meanwhile, the tangent space to an isodrast H,, in Lag,, (Lo, M) at
(i,n) is given by T(; ) Hy = Texact (i*T'M) © Qf (Lo). To each point (i,n) € Hy, in an isodrast
we assign a skew-symmetric bilinear form on 7{; ;) H,, via the expression

Qi (X1,01) 5 (X2, 02)) := /L wW(X1, Xo)n + h1d2 — hot1] (3)

where ay, = dhy, for some hy € C* (Lo, R). This assignment does not depend on the choice of

primitives hy since the top degree forms 9, integrate to 0. Equivalently, the pointwise assignment
in (3) can be viewed as an assignment on the smooth manifold Lag,, (Lo, M)“".

Proposition 7. The pointwise assignment in (3) on Lag,, (LO,M)&“ defines a basic differen-
tial 2-form Q with respect to the action of Diff, (Lg) on Lag, (Lo, M) given by a - (i,1) =
(ioa™, (a=!)"n).
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Proof. We will first show that the assignment €2 defines a differential 2-form on each leaf H,,
of &,. The assignment in (3) defines a map Q : H,, — LZ, (TH,,, H,, x R). To check that this
map is smooth, it is enough to check it in each chart. If (U(m), go(m)) denotes a chart on H,,
then (2 defines a map from Uy, ;) to L%, (Dexact (i*TM) & Qp (Lo) ,R) (after B (Lo) & X (Lo) &
Q8 (Lp) has been identified with Texact (i*T'M) x Q8 (Lg) via the splitting map s; : Z! (Lg) —
Celosed (*T'M) (see Remark 9)). This map is smooth if it maps smooth curves in Uj; ;) to smooth
curves in Lilt(FexaCt (*TM)eQy (Lo) ,R). A curve in Lzlt (Cexact (*TM)@&Qq (Lo) ,R) is smooth
if the induced map R X (Ceyact (1*TM) ® Qff (Lg))*> — R is smooth. Thus to verify that Q is
smooth, it is enough to check the following statement: If (M,w) = (T*Lo,wr+L,), ¢ : Lo — T*Lg
denotes the zero section inclusion, (oy o ag, ;) is a smooth curve in H,, (X; (¢),91 (t)) and
(X2 (t),72(t)) are smooth curves in Texact (i*T(T* Lo)) © 2y (Lo) satisfying ax, ) = dhy (t) for
smooth curves hy, (t) in C* (Lo, R), Z; (t) and Z3 (t) are the unique time dependent vector fields
on T* Ly satisfying 1 (Zy (t)) w = 7 ax, ) for all ¢, Yy () := Xk (t) — Zk (V)|, € X (Lo), and
s € C* (R,R) is a smooth map, then the map

R — R,

t— : [u) (Z1 (t) O Qug(t) © Qg (y) + das(t) . Yl(t)as(t),
0

ZQ (t) @) as(t) (¢] as(t) + das(t) . YQ(t)as(t)>ns(t) + hl (t)'l92(t) — hg(t)’ﬂl (t)

is smooth. Since this statement follows from the smoothness of all quantities in the integral,
Q is indeed a section of Lzlt (TH,,H, x R) — H,,.

We will now show that  is basic with respect to the action of Diff, (Lg) on Lag,, (Lo, M) . If
(i, m;) is a smooth curve in Lag,, (Lo, M)* with time derivative (X,9) € Texact (*TM)®Qg (Lo)
at t = 0, then the tangent vector to the curve I, (is,m:) = (it oa 1, (ail)* 77t) at t = 0 is given
by (X oal, (a’l)* 19). Thus,

L6 (X1,01), (X2,72)) =

/ w (X1 oa !, Xy0 a_l) (a_l)* n
Lo

+hioat (a2 —hooa ™t (a7h) 0,

= Qi (X1,01), (X2,92)),

which means Q is Diff (Lg)-invariant. To check that € is horizontal, let Y € X (Lg) be in the
Lie algebra of Diffy (Lg). If a; is a smooth curve in Diff, (Ly) through the identity map with
time derivative Y at ¢ = 0, then the generating vector field at a point (i,7n) € Lag,, (Lo, M) is
given by

d

Yiag,, (Loa) (5,71) = a (ioa;t, (a;t) ™) = (=Y, —Lyn).
t=0

Since
Qi (Y, Lyn) , (X2,92)) = / [w (Y, X2)n —haLyn] =0
Lo

(after integrating by parts, [ Lo Lyhon = — [, Lo hoLyn), we conclude that  is also horizontal
and thus basic. |

The quotient Lag,, (Lo, M) /Diff; (Lp) is naturally identified with the set of weighted La-
grangian submanifolds. Explicitly, the identification of the quotient Lag,, (Lo, M) /Diff} (Lo)
with the set of pairs (L, p) is via the correspondence [(i,n)] < (L,p) where L = i(Lg) and

ifp=mn.
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Notation

Set
Lag,, (M) := Lag,, (Lo, M) /Diff; (L) .

Proposition 8. Lag,, (M) is a smooth manifold modeled on spaces Z' (L) & QF (L) for L €
Lag (M). For each representative (i,n) in the class (L, p) € Lag,, (M),

Ti1p)Liag, (M) = Tetosea (" T'M) & Q5 (Lo) /{(Y, Lyn) | Y € X (Lo)}.

Proof. For each (L, p) € Lag,, (M), by Theorem 1 there exists a symplectic embedding Az, ) :
M > W, — T*L of a neighbourhood of L onto a neighbourhood of the zero section in
the cotangent bundle. If np«p : T*L — L denotes the cotangent bundle projection, then the
restriction of 77«1, to the graph of any 1-form a € Q! (L) in T*L defines a diffeomorphism of
that graph onto L. Define

Uity = { (N,0) € Lag,, (M) | N C W), A1) (N) = Graph (o) ,

a€ZY (L), 0= Ny (77 Ll rapna)” (0 +0) . 0 € 0 (L) }
Qi Urp — 2" (L)@ Qg (L),
P(L,p) (Na U) = (047 6) :

All chart changings are smooth again by the smoothness of the symplectic embeddings A7, so

the collection (U(y ), SO(L’p))(L,p)ELagw(M) defines a smooth atlas on Lag,, (M).

We will now describe the identification of tangent spaces of Lag,, (M) with spaces I cjosea (i1 M)
Q) (Lo)/{(Y,Lyn) | Y € X(Lo)}. Let (i,n) € Lag, (Lo, M) be a representative in the class
(L,p) € Lag(M). Let \; : T*Ly D W; — M denote the symplectic embedding chosen in
the definition of the chart (Uj,¢;) on Lag, (Lo, M), and s; : Z'(Lg) — Telosed (i*TM) the
corresponding splitting map. Then the linear map

T[(i,n)]Lagw (M) — Detosed (i"TM) x Qy (Lo) /{(K Lyn)|Y € X (LO)}>
(@, 0) = [(si (") , 0)]

is a vector space isomorphism. |

The canonical projection Lag, (M) — Lag (M), which forgets the weightings, pulls back F
to a foliation F,, on Lag,, (M). That is, the collection of subspaces { B* (L) ® Qf (L)} and atlas
(ULp)»¢(Lp)) indexed by (L, p) € Lag,, (M) define a foliation F,, on Lag,, (M).

Definition 5. The foliation F,, will be called the isodrastic foliation of Lag,, (M) and a leaf I,,
of F,, will be called an isodrast in Lag,, (M).

Proposition 9. The smooth manifold Lag,, (Lo, M)&“ is the total space of a principal Diff; (Lg)
bundle over Lag,, (M) . The basic 2-form Q on Lag,, (Lo, M) descends to a weak symplectic
structure on Lag, (M) . Thus each isodrast in Lag,, (M) is a weakly symplectic manifold.

Proof. We begin by describing a fiber bundle atlas. For (i,n) € Lag,, (LO,M)E“’, let A :
T*Lo D W; — M denote the symplectic embedding chosen in defining the chart (U(Zm), 4,0(1-7,])).
Define

Ul = { (N,0) € Lag,, (M) | N = X\ ;) (Graph (),

i,m)]

a € B' (L), 0= Aghy| 7" ("p+ 1), 9 € O (Lo) }
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If p : Lag,, (Lo, M)®* — Lag,, (M) denotes the projection to the quotient, then

' (Uamy) = { (I, k) € Lag,, (Lo, M)* |1 = Ay 0 aoa, a € B' (L),

o (Lo) C Wi, a € Diff, (Lo) }

Define iy : =" (Utiim)) — Ul X Diffs (Lo) by

Uit (i 0 @0 a,m)) i= (A (Graph (@), AGh) | 7" (@) #) a)

so that the collection ( ) d)[(m)]) (im)eLag, (Lo, M) defines a fiber bundle atlas.

If (N,0) € Ujim)iGv), and w )] ((N, 0),a) = (A\joaoa,r) then

w[(i,n)][(j,u)]((N7U)aa):((Nag) 7TO)\( n) )\( )oaoa>.

So if (N, U) S U[(i»n)ﬂ(j,l’)] and N = )\j (Graph (a)) then define Uf)[4] + U[(i,ﬂ)“(j,l’)] - Diff+ (Lo)
by

upj) (N,0)) :=mo )\( ) © AGw) ©

It follows that if (IV, o) eU[(i,n)]mU[(j,V)]mU[(k,u)}7 N:/\(j,V) (Graph («)), and N:)\(k#) (Graph (3))
then

U] ((N,0)) U] [k] (N,o))=mo )\i_l oljoaomo )\j_l oMpof3
=mo) oo =uyu (N,0)),

upp (N, o)) = ldg,,

DiemliGn ((V:0), a) = vy © @

Hence, the fiber bundle atlas (Ui ;)1,%((i,n)]) (i,n)€Lag,, (Lo,M) and the collection of maps u¢ ;).
Uiy — Diffy (Lo) define a principal Diffy (Lo) structure.

Since € defines a basic 2-form on the total space Lag,, (Lo, M )5”, it descends to a differential
2-form (also denoted Q) on Lag,, (M)”™ (see Section 2.34).

We will now check closedness of €2 locally in a chart (U( Lp)s P(L, p)). On Uz, tangent vectors
can be identified with pairs (Z,9) where Z € X (T*Ly) is a vector field on the cotangent bundle
satisfying ¢ (Z) w = w*dh for h € C* (Lo, R), and ¥ € Qg (Ly). Under such an identification, if
(i,m) is a representative in the class (L, p) € Lag, (M), and if we identify M with T*Lj using
the symplectic embedding A; : T*Ly D W; — M, then terms like w (X1, Xo)n = i* [w (21, Z2)]n
in the expression for {2 vanish since the Zi’s are tangent to the cotangent fibers. So on Uz, ),

Uy (X1, 01) (X2, 02)) = /L (hads — hady) (4)

It follows that d€2 = 0 since locally © does not depend on (N, o).

Finally, weak nondegeneracy follows from the local expression for  in (4) and the fact that
the hi’s and ¥;’s can be chosen independently. Indeed, if h;i is nonzero on some open subset
V C Ly, then we can take hg to be zero and choose 9 such that it is supported on V and
fLo h19s is nonzero. If 191 is nonzero on an open subset V' C Ly, then we can choose 95 to be
zero and choose hy to be supported on V' so that f Lo hot} is nonzero. |
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Lag,, (M) can also be described as the set of equivalence classes (L, [p]) where p is an n-form
on a neighbourhood of L satisfying [, p =1, and py ~ pz if and only if p; and pz have the same
pullback to L. In [23] Weinstein used this approach and heuristically viewed Lag,, (M) and each
leaf I, of F,, as infinite dimensional manifolds. He viewed tangent vectors as equivalence classes
of paths in Lag, (M) and I, to give the following description of their tangent spaces and wrote
down a closed, weakly nondegenerate, skew-symmetric bilinear form Q" on each isodrast I,:

Theorem 2 (see Theorem 3.2 & Lemma 3.3 in [23]). The tangent space to Lag,, (M)
at (L,p) can be identified with the set of quadruples (L,ﬁ, X,Q), where p is an n-form on
a neighbourhood of L satisfying fL p =1, X is a symplectic vector field on a neighbourhood of L,
and 0 is an n-form on a neighbourhood of L satisfying fL Lxp+ 6= 0, subject to the following
equivalence relation. (L,ﬁl,Xl, 51) ~ (L,ﬁg,Xg,gg) if and only if the following conditions hold:
(1) p1 and py have the same_pullback to L; (2) X1 — Xz is tangent to L; (3) the pullbacks to L
of Lx,p1 + 61 and Lx,p2 + 02 are equal.

The tangent vectors to an isodrast L, are represented by equivalence classes [(L,ﬁ, Xf,g)]
where Xy is a Hamiltonian vector field on a neighbourhood of L. 1., admits a closed, weakly
nondegenerate, skew-symmetric bilinear form QW defined by

ngp) (&1,&) = /L [{f1>f2}p+ fi(Lx,, pa+ 52) — fa(Lx, p1 + 51)} : (5)

We will show that this heuristic description of the tangent spaces and bilinear structure QW
due to Weinstein can be derived from the smooth structures on Lag,, (M) and I,, defined in
Proposition 8 and from the weak symplectic structure €2 on I, (see (3)).

Notation

For (L, p) € Lag,, (M) let Q?%Hg denote the space of equivalence classes [(L, P, X, ] )] where X is

a symplectic vector field defined on a neighbourhood of L. Let Q}(lgnz) denote the space of equiva-

lence classes [(L, p, Xy, 0 )} where Xy is a Hamiltonian vector field defined on a neighbourhood
of L.

Proposition 10. For every representative (i,n) € Lag,, (Lo, M) in the class (L, p) € Lag,, (M)
there exists a vector space isomorphism

¢ Tinplagy, (M) = Taosea (i"TM) x Qf (Lo) / {(Y, Lyn) | Y € X (Lo)} — QL

sy
( (Lp)*

i,1m)

For every representative (i,n) € Lag,, (Lo, M) in the class (L, p) in an isodrast Ly, this restricts
to a vector space isomorphism
T Tl = Cexact (I"TM) x QF (Lo) /{(Y, Lyn) | Y € X (Lo)} — Q™.

Under the induced vector space identification T(y, 5Ly, =~ ?gng), if C1, G2 € T, p)Lw correspond to

€1,62 € Q1) then Q1) (C1.G2) = Q(f ) (61,&2).

Proof. For (L,p) = [(i,m)] € Lag,, (M) let A\, : T*Lo D W(;,;) — M denote the symplectic
embedding chosen for the chart (U, @(im) on Lag,, (Lo, M). Let [(X,9)] € T(y, ,Lag, (M)
be a tangent vector, with representative (X, ) such that dz\&ln) o X is tangent to the cotangent
fibers in T*Lg. Let Z,, be the unique vector field on T% Ly satisfying ¢ (Z,, ) wr+r, = m*ax.
Set p:= (Agu) 700 Zax = A\i) (Zax) and 9 := (X)) 70, and define

T(sz:r;)p : T(L,p)Lagw (M) - Q?}[I/IT;I))v 7_(8273) ([(Xv 19)]) = [(Lvﬁ’ Zv&xvﬁ)] .
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The linear map T(S}jrzf has an inverse given by
b

QU — Tirp)Lag, (M), [(£,5,X,9)] = [(X 0d,i*(Lgp+9))].

The isomorphism T(hfr;‘) T p)lw — Q?STE) is described similarly.
Finally if (1,0 € Tz ,)lw with (¢ = [(Xk,Jx)], with representatives (Xj,9J;) such that
d)\&ln) o X}, is tangent to the cotangent fibers in 7% Lo, then w(X;, X2) = 0. So if ax, = dhy,

hy, == (M) T hi, and Oy = (A;L) 70y then

Oy (T (C1) () (Ga) ) = /L (h192 — hat1) = /L (P12 — hoth1) = Q) (€1, ¢2) . W
0
Example 1. Let M = S? and Ly = S'. Since S' is one dimensional, all embeddings are
Lagrangian and all 1-forms on S' are closed. So Lag (51,52) = Emb (Sl, 52) and for every
embedding ¢ we have that T;Lag (Sl, 52) =T (i*TS2).

For any point [(i,77)] = (L,p) in a leaf I, if j is a compatible almost complex structure
on S% ie. g(--):=wg (-,j-) defines a Riemannian metric on S2, then for every tangent vector
§ € T(imLw there exists a unique representative (X,dJ) € & with X (z) € jTj) L for every
x € L. For such choices of representatives the expression for 2 becomes

(X2, 01)) [(Xa,92)]) = [ (ads = o)
S
where ax, = dhy, for hy, € C*° (Sl, R) (because the subspaces jTj(,) L C Ti(x)Sz are Lagrangian).
Each ¥} can be written as ry (z) dz for some function r; on S*. Meanwhile, any function f
on S' has a Fourier series expansion

F@)= 3 Fn)enm

n=—oo

which reduces the expression for €2 to

Q(&,&) = Z (71 (n) D2 (n) — D2 (n) 91 (n)).

n=-—oo
This expression is a countably infinite version of the standard symplectic vector space structure.

Remark 10. Weinstein’s original construction was more general than we have described so
far. It included the case of Lagrangian submanifolds which are neither compact nor oriented.
In this case Weinstein used compactly supported densities instead of volume forms. All of
our constructions also carry through for non-oriented Lagrangian submanifolds equipped with
compactly supported densities.

Example 2. Let (M,w) = (R2, dg A dp) and Lo =R. Asin Ex. 1, R is one dimensional which
means Lag (]R, ]R2) = Emb (R,R2) and for every embedding i we have that T;Lag (Lo, M) =
I' (i*TM). Moreover, since H' (Lg) = 0 the leaves of £ consist of path connected components
in Emb (]R, R2). Thus the leaves of F consist of oriented one dimensional submanifolds in R?
diffeomorphic to R.

Though Lg is not compact, we can still use compactly supported 1-forms as weightings.
A leaf I, then of F,, consists of isotopic one dimensional submanifolds in R? diffeomorphic
to R, equipped with compactly supported 1-forms. Any tangent vector X € T;Lag (R, ]R2) can
be written in components as X = Eja% —|—ﬁa%. Since any 1-form 1 on R can be written as 7 (x) dz
for some function 7, the expression for {2 on such a leaf I,, becomes

o0

(61, 6) = / (@ (2) P2 (2) 7 — G (2) Br () 7+ Fu D — ooy ).

— 00
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5 Positive weighted Lagrangian submanifolds

In this section we will consider an open subset Lag,,,, (M) of Lag,, (M) consisting of Lagrangian
submanifolds weighted with volume forms. All constructions involving not necessarily positive
weightings from before carry over to this case. In particular there is a foliation F,, of Lag,,,, (M)
whose leaves have a weak symplectic structure. The space Lag,,, (M) also has a different de-
scription. By fixing a positive weighting 79, the space of positive weighted Lagrangian subman-
ifolds can be identified with the quotient of Lag (Lo, M) by the group of diffeomorphisms that
preserve 7. This identification is Ham (M) equivariant and makes use of Moser’s Lemma [10].

Fix Ly to be a compact oriented manifold and (M, w) a symplectic manifold with dim Ly =
% dim M as before.

Notation

Let Vol; (Sp) denote the set of volume forms on a compact oriented manifold Sy that integrate
to 1 and Lag,,, (Lo, M) the product Lag (Lo, M) x Vol; (Lg). That is,

Vol; (So) = {77 € 2" (So) | » nowhere vanishing, / n= 1} ,
So
Lag,,, (Lo, M) := Lag (Lo, M) x Vol; (L) .

For every n € Vol; (L), there exists a ¢>-open neighbourhood U, of 0 € Qf (Lg) such that
n+ U, C Vol (Lg). Thus Vol; (L) is a c*-open subset of the affine space Qf (Lg). It follows

that Lag (Lo, M) x Vol; (Lg) is a smooth manifold with an atlas (U, So(i,n))(i )eLag, . (Lo.M)
’ pw ’

given by (2) except that now
Utiy = Ui x (n+ Uy) -

The atlas (U, () and the subspace B! (Lo) @ X (Lo) @ Qf (Lo) define

(i,m)€Lagy,, (Lo,M)
a foliation &, on Lag,,, (Lo, M).

Definition 6. We will call &, the isodrastic foliation of Lag,,, (Lo, M) and a leaf of &, will
be called an isodrast in Lag,,, (Lo, M).

The quotient of Lag,,,, (Lo, M) by the Diff, (Lo) action

a-(i,n) = (z oa”l, (a_l)*n)

can be identified with the set of oriented Lagrangian submanifolds in M equipped with positive
weightings.

Notation

Set
Lag,,, (M) = Lag,,, (Lo, M) /Diff, (Lg) .

As in Proposition 8, the set Lag,,, (M) admits an atlas of charts (U(L,p)v QO(L’p)) indexed by
(L, p) € Lag,,, (M) modeled on spaces Z* (L) &€ (L) for L € Lag (M). For each representative
(4,m) in the class (L,p) € Lag,, (M) the tangent space to Lag,, (M) at (L,p) is equal to
Celosed (I"TM) @ Qf (Lo) /{(Y,Lyn) | Y € X(Lo)}. The canonical projection Lag,, (M) —
Lag (M) : (L, p) = L pulls back the foliation F on Lag (M) to a foliation Fy,, on Lag,,, (M).
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Definition 7. We will call F,, the isodrastic foliation of Lag,,, (M) and a leaf of F},, will be
called an isodrast in Lag,,, (M).

Using a result of Moser [10], we can describe isodrasts in Lag,,, (M) more explicitly. Moser’s
Lemma states that if A9 and A; are two volume forms on a compact manifold N, such that
Sy Ao = [y A1, then there exists an isotopy ty € Diff (N) satisfying ¢)jAg = A;. Thus
a positive weighting on a Lagrangian submanifold L can be moved to any other positive weighting
via an isotopy of L. Any such isotopy v; can be lifted to a Hamiltonian isotopy of M in the
following way. Choose a symplectic embedding A : M D U — T*L of a neighbourhood U of L
onto a neighbourhood of the zero section in T*L. If 1/)5 denotes the cotangent lift of 1, i.e.
@ZJ? (z,p) := (wt (z), (wgl)*p), then 7, := A" 1o @sz o A extends 1y to a Hamiltonian isotopy of
a neighbourhood of L. Let H; be a time dependent family of Hamiltonians corresponding to .
If x is a cutoff function supported near L, and equal to 1 near L, then the family xyH; generates
a Hamiltonian isotopy of M which restricts to 1, on L. It follows that the isodrasts in Lag,,,, (M)
are equal to the Ham (M) orbits in Lag,,,, (M) under the action

¢ [(i,m)] ==[(¢poi,n)] < ¢-(L,p):=(s(L),(¢7")

We can also describe Lag,,,, (M) and each leaf L, C Lag,,, (M) in a different way. Suppose
that Lg is equipped with a fixed volume form 7 that integrates to 1.

*

p)-

Notation

Let Diff (Sp,np) denote the group of diffeomorphisms of a manifold Sy that preserve a fixed
volume form 7, and X (Sp, 7o) the set of divergence free vector fields on Sy. That is,
Diff (So,m0) := {a € Diff (Sp) | a*no = no},
X (S0,m0) :=={§ € X (S0) | Lemo = 0}.
The space X (So, 7o) is the Lie algebra of Diff (Sp,70) (see Theorem 43.7 in [9]). Meanwhile,
Diff (Lo, no) acts freely on Lag (Lg, M) via

a-i:=ioa N

Proposition 11. The quotient space Lag (Lo, M) /Diff (Lg,n9) is a smooth manifold modeled
on spaces Tcosed ("TM) /X (Lo, no) for i € Lag (Lo, M). Moreover, there exists a Ham (M)
equivariant diffeomorphism v : Lag (Lo, M) /Diff (Lo, n0) — Lag,,, (M).

Proof. Define
v : Lag (Lo, M) /Diff (Lg,m0) — Lag,, (M), [3] = [(2,70)] -

Then v is injective since

[(i1,m0)] = [(i2,m0)] = iz =i10a ", (a_l)*ﬁo =10
for some a € Diffy (Lg). To check surjectivity suppose that (L,p) = [(i,n)] € Lag,, (M) is
a positive weighted Lagrangian submanifold. By Moser’s Lemma, since 1 and 79 are volume
forms on Lg that both induce the orientation of Ly and integrate to 1, there exists an isotopy
Y € Diffy (L) such that ¥jno = n. Thus

v([iowr']) = [(iowr"mo)] = [(Gm)].

We will now describe charts into spaces Iejoseq (¢*T'M) /X (Lo, n0). Let ¢ € Lag(Lg, M) and
let \; : T*Ly D W; — M be the symplectic embedding chosen in defining the chart (U, ¢;) on
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Lag (Lo, M). Given a representative X of a class [X]| € Dcioged (¢*T'M) /X (Lo, n0), the section
d\;jtoX €T (T (T*LO)\LO) can be decomposed as d\; 'oX = Z, |1, TY where 1 (Zay ) wrer, =
m™ax and Y € X (Lg). For a different choice of representative, this decomposition changes only
in the component Y tangent to Lg. Thus this decomposition defines a vector space isomorphism

C1 ¢ Petosea ((*T'M) /X (Lo, 10) — Z" (Lo) ® (X (Lo) /X (Lo, ), [X] = (ax, [Y]),

where d\; ' o X = Zaxlp, +Y.
Consider the map

Gt X (Lo) /X (Lo,m0) — Qp (Lo), [Y] = Lyno.

We claim that (2 is a vector space isomorphism. It is injective since Ly,n9 = Ly,no implies
that Y7 — Ys € X (Lo, n0). To check surjectivity, choose a metric gg on Lg such that the induced
volume form g (go) equals 7. Suppose that 9 = 9 - ny € Qf (Lo) for ¢ € C*° (Ly,R). By the
Hodge Decomposition Theorem (see e.g. [20]), there exists a function A’ € C* (Lo, R) (unique
up to constants) such that Ah' ='. For such an I/, it follows that Lgpng = AR - 1o = 9.

The isomorphisms (; and (o combine to define a vector space isomorphism ( from the quo-
tient Teosea (1T M) /X (Lo, 10) to Z1 (Lo) © QF (Lo). Let By, denote Leiosea (¢*T'M) /X (Lo, 10)
equipped with the convenient structure induced by this isomorphism. Define

Uy = { [l] € Lag (Lo, M) /X (Lo, m0) | [(l, n0)] = (N, ) € Ui o),
N = Aiz (Graph (a)), a € Z' (Lo) . o = AT, [ 7 ("0 +9), 9 € 9 (Lo) }
o s U = Buye e () = (@, 9),

where (U[(i,no)]"p[(i,no)]) is one of the charts on Lag,, (M). The charts (U[i],gom) indexed by
i € Lag (Lo, M) define a smooth atlas on Lag (Lo, M) /X (Lo, no)-

From the definition of the smooth structure on Lag (Lo, M) /X (Lo, o), it follows that the
map v is a diffeomorphism. Since the Ham (M) action commutes with the Diff (Lg,n9) action
on Lag (Lo, M) and with the Diff, (Lg) action on Lag,,,, (Lo, M), we have well defined Ham (M)
actions on the quotients. Thus for ¢ € Ham (M),

v(g-[il) =v([poi])=[doin)]=¢- [(in)l=¢ vl
which verifies the Ham (M) equivariance of v. [

As in the case of not necessarily positive weighted Lagrangian submanifolds, the smooth
manifold Lag,,,, (Lo, M )€ is the total space of a Diff, (Lg) bundle over Lag,,, (M )FPv . We can

define a basic 2-form €2 on Lag,,, (Lo, M )Epw by the expression

Qi (X1,01), (X2,72)) := / [w (X1, X2) 1+ h1U2 — hat] (6)
Lo

where ax, = dhy, for hy, € C*° (Lg,R). This then descends to a weak symplectic structure (also

labeled ) on Lag,,, (M )77 So in particular the isodrasts in Lag,,, (M) are weakly symplectic

manifolds.

6 Embeddings into a symplectic manifold

In this section we will make precise a heuristic construction by Donaldson [3] of a symplec-
tic structure and moment map for a diffeomorphism group action restricted to the space of
embeddings.



28 B. Lee

Let Sp be a fixed finite dimensional, compact, and oriented manifold equipped with a volume
form 79, and let (M,w) be a finite dimensional symplectic manifold. The set of embeddings
Emb (Sp, M) of Sp into M is an open subset of the space C* (Sy, M) of all smooth maps. Thus
Emb (Sp, M) is a smooth manifold modeled on spaces I" (i*T'M) for i € Emb (Sy, M). Assign to
each point i € Emb (Sp, M) a skew symmetric bilinear form on T;Emb (Sp, M) via the expression

QP (X1, X2) ¢=/S w (X1, X2) mo (7)

for X1, X5 € T;Emb (So, M)

Proposition 12. The pointwise assignment QP in (7) defines a weak symplectic structure on

Emb (So, M).

Proof. Checking smoothness amounts to checking the following statement: If X; (¢) and Xs (t)
are smooth time dependent vector fields on M, i; is a smooth curve in Emb (Sy, M), and
s: R — R is a smooth function, then the map

R — R,

t— /SO Wiy (X1 (1) 0 ity X2 () 0 ds(n)) 10

is smooth. This statement follows from the smoothness of all functions in the integrand.

We will now prove closedness by choosing special extensions of tangent vectors to vector
fields on Emb (Sp, M). Let X;, X9, X3 € T;Emb (S, M) be tangent vectors. Let Z1, Zo and Z3
be vector fields defined on a neighbourhood of i (Sy) in M such that Z; oi = Xi. Let &, &
and &3 be vector fields defined on the chart neighbourhood U; C Emb (Sp, M) by the expression
&k (j) := Zy o j. For these particular vector fields, Lie brackets like [£1,&2] at a point i €
Emb (Sp, M) can be written in terms of the Lie bracket [Z;, Z5]:

[€1,82] (1) = d&2 (i) - &1 (1) —d&1 (1) - &2 (i) =dZa - Zyoi — dZy - Za o = [Z1, Za] 0i.
Thus,

dQP (X1, X2, X3) = (dQP (&1,&,83)), = (497 (&, 8) + &P (&,&) + &P (61, &)
- QD (El)gQ] 7§3) - QD ([52753] ?51) - QD ([£3a£2] agl))i

:/ dw(Zl,ZQ,Z3)T][):0
So

by closedness of w.

As for weak nondegeneracy, suppose that X; € I' (¢*T'M) is nonzero on a neighbourhood W
of z € Sy. Let j be a compatible almost complex structure on M (i.e. g(-,-) := w(-,7-) is
a Riemannian metric on M). Let y be a positive function supported on W. Define X, €
[ (@*TM) by Xo (z) := x (i(z)) - j X1 (z). It follows that

/W(X17X2)770=/ (xo1)-g(X1,X1)no > 0. u
So SO

Remark 11. Donaldson originally defined the above weakly symplectic structure QF on the
space of smooth mappings C*°(Sg, M). When Sy = M, the 2-form QP restricts to a symplectic
structure defined by Khesin and Lee on the open subset of orientation preserving diffeomor-
phisms of M (relative to the orientation induced by the symplectic volume form, which is taken
to be n9; see Section 3 in [8]).
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The Lie group Diff (Sp, n9) acts freely on Emb (Sp, M) via

a-i:=ioa L.
Definition 8. Let G be a Lie group with Lie algebra g. By g* we will mean all bounded linear
functionals on the convenient vector space g. Let (-,-) : g* X g — R denote the canonical pairing
between g* and g. The coadjoint representation of G, Ad* : G — GL(g*) C L(g*, g*), is defined
by

<Ad;§,§> = (¢, Ady-1€) for any € € g.

Definition 9. Let (M, o) be a weakly symplectic smooth manifold. Let G x M — M be
a smooth action of a Lie group G on M, such that [jo = o for all g € G. This G action is called
Hamiltonian if there exists a G equivariant map (called the moment map) p € C* (M, g*) such
that for all £ € g, the function (u, &) € C* (M, R) is a Hamiltonian for £y;:

d(p, ) =1 (&mr) 0.

Proposition 13. If i* [w] is the zero class in H? (Sp) for all i € Emb (Sy, M) and H' (Sp) = 0,
then the Diff (So,n0) action on Emb (So, M) is Hamiltonian.

Proof. We first note that the Diff (Sp, 79) action on Emb (Sp, M) is symplectic:

(l::QD)i (X1, Xo) = /5: Wioa—1(z) (Xl oa”t (z),X20 a’ (x)) o ()

0

= /S wigy) (X1 (1), X2 (y) (™) "m0 (y) = QP (X1, X2).
If i*w = dA, define p : Emb (So, M) — X (So,m0)" by
= A .
o= [ A@m

This definition is independent of the choice of A since H' (Sg) = 0. The map p is smooth by
the usual local arguments. To check that p is a moment map, let X € I' (i*T'M) be a tangent
vector at ¢ € Emb (Sp, M). Let Z be a vector field on a neighbourhood of i (Sp) satisfying
Z oi = X, and suppose Z generates a flow 7z on M. Let A; be a smooth curve in Q! (Sp)
satisfying dA; := (1; 0i)" w. Then

d L d
@ dAt—Z —

TTw=1Lzw=1i" (do1(2)w).
=0 dt

t=0

This together with H' (Sp) = 0 imply that
It follows that

%L‘:o Ay = i*1(Z)w + dh for some h € C* (Sy, R).

(dp (X) €)= /S W (X,0.6) + dh ()] o = QP (X, 1,)

which verifies the moment map condition.
Finally, p is Diff (Sp,7m0) equivariant:

(1 (1o (1)) . €) = /S (a™) A©) o = / A(da™-€)no

So
= (u (i), Ady-18) = (Adgp (i), €) - u
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Let us now consider the special case when |, 510 = 1, the manifold Sy is half the dimension
of M, and assume that the topological conditions H'(Sp) = 0 and [i*w] = 0 € H?(Sp) in
Proposition 13 hold so that we have a moment map p on Emb (Sp, M). The level surface
pu~1{0} is given by

p~ {0} = {i € Emb (Sy, M) | i*w = 0} = Lag (So, M) .
The group Diff (Sg, 79) acts freely on g~ {0} in the usual way, with the quotient given by
p~ ' {0} /Diff (So, no) = Lag (So, M) /Diff (S0, o) -

By Proposition 11, the set Lag (So, M) /Diff (Sp, no) is a smooth manifold modeled on convenient
spaces ['closed (T M) /X (So,m0) for i € Lag (Sg, M). In fact, the manifold Lag (Sp, M) is the
total space of a principal Diff(Sp,79) bundle over the quotient Lag (Sy, M) /Diff (Sp,n9). Since
the 2-form QD‘;rl{o} is basic, it descends to a unique 2-form Q2 on p~1 {0} /Diff (Sp,no).

Under the topological assumption that H!(Sp) = 0, the subspace given by the isodrastic
foliation Fy,, at each point equals the entire tangent space to Lag,, (M) at that point. The
weak symplectic structure €2 on isodrasts in this case becomes well defined on all of Lag,,, (M).
In fact, the pull back of  under the diffeomorphism v in Proposition 11 is given by

(0*Q) ([X1],[Xa]) = / w (X1, Xa) o = Q24 (X4, [Xa])

In other words, the “symplectic quotient” (/fl {0} /Diff; (So,mo) erDed) is symplectomorphic
to (Lagpw (M) ,Q).

This last result is suggestive, leading one to wonder if the symplectic structure QP on
Emb (S, M) might be related to the symplectic structure Q on isodrasts in Lag,, (M) via
some sort of reduction procedure. In the next section we will make this relationship clear.

7 Reduction of (Emb (S, M), 2P)

In this section we will define a notion of reduction of weakly symplectic spaces with respect
to a group action. We will then show that the image of Ham (M) orbits through isotropic
embeddings in Emb (Sp, M) under the projection to the quotient Emb (Sp, M) /Diff (Sp,n0) are
reductions. Moreover, these reductions are naturally symplectomorphic to the spaces of positive
weighted isotropic submanifolds of M. In particular, when dim Sy = %dim M, the particular
reductions of Emb (Sy, M) consisting of positive weighted Lagrangian submanifolds are symplec-
tomorphic to isodrasts in Lag,,, (M).

In Proposition 13, the topological assumption H! (Sy) = 0 was essential in defining a moment
map. Since the transverse spaces to the leaves of an isodrastic foliation become nontrivial exactly
when H' (L) is nontrivial, we would like to remove such a topological condition on Sy. This
means we must use a notion of reduction that does not depend on having a moment map.

Let us begin by looking at the standard reduction of a finite dimensional symplectic manifold
(P, o) with respect to a Hamiltonian G action using a moment map p. Suppose r is a regular
value of p. The tangent space at p to the level surface u~! {r} is equal to the set D, of all
vectors X € T, P satisfying o (X,&p (p)) = 0 for all £ € g. These subspaces D), are defined for
any symplectic action on P, even in the absence of a moment map, and define a distribution D
on P. If G O P is a free symplectic action, then this distribution can be taken as the starting
point of the “optimal reduction method” of Juan-Pablo Ortega and Tudor S. Ratiu [11]. We
will not describe the details here, but simply note that for a symplectic G action G O (P, o)
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e the optimal reduction method yields symplectic spaces (P,, 0,) where p € P/Gp and Gp is
the pseudogroup of flows generated by Hamiltonian vector fields in Xp (P) corresponding
to G-invariant Hamiltonian functions;

e the “optimal momentum map” is given by the projection J : P — P/Gp;

e cach reduced symplectic space (P,,0,) is the quotient of an integral manifold of D (the
level surface J ! {p}) by the stabilizer G, at p under the action G O P/Gp: g-[p] := [g - p);

e if G O P is a free Hamiltonian action with moment map g, and the point r € g* is
a regular value of u, and p~!{r} is connected, then p~!{r} is a Gp orbit p and the
reduced symplectic space P, coincides with the symplectic quotient = {r} /G, (here G,
denotes the stabilizer of r € g* with respect to the coadjoint action of G).

This suggests a way to define reduction in the infinite dimensional case, and motivates the
following definition:

Definition 10. Let (P, o) be a weakly symplectic smooth manifold. Let G © P be a smooth
free action of a Lie group G on P, such that [jo = o for all g € G. The collection of subspaces

Dy :={XeT,M|o,(X,&n(x)) =0VE € g}

for x € P defines a distribution D on P. Let iy : N — P be a maximal integral manifold of D
and let ¢ : P — P/G denote the projection to the orbit space. Suppose that

1) q(N) is a smooth manifold,

2) there exists a unique weak symplectic structure o,eq on g (N) such that (g|y)" ored = i3 0.
Then the weakly symplectic manifold (¢ (N), 0.eq) will be called a reduction or symplectic quo-
tient of (P, o) with respect to the G action.

Convention

From now on, we will make no topological assumptions on i*w or H! (Sp).
For the Diff (Sp, n0) action on the symplectic manifold (Emb (Sp, M), QP), the subspaces D;
can be described in very familiar terms:

Proposition 14. For every i € Emb (Sy, M),

Di = Lexact (i'TM) = {X € T (i*TM) | ax € B' (Sp)} - (8)
Proof. The distribution D on Emb (Sp, M) is defined by

D;:={X €T (i*TM) | QF (X, &rmb(se, i (1)) =0, VE € X (So,m0) }

for i € Emb(Sp, M). Since fSo dh (§)no = 0 for any function h on Sy and all & € X (Sp,n0), it
follows that {X € I (i*T'M) | ax € B' (So)} C D;.

Let X € D;, i.e. fSo ax (&) no = fSo ax Aigno = 0 for all divergence free §. If U is a coordinate
neighbourhood in Sy, n9 = ndxy A -+ Adzy, on U, and f a function with supp (f) C U, then

define the divergence free vector field Y79 := % (6%];8%1 — %%). If ax = a;dx; on U, then

/ ax Niy,,No = / <a1(§f — a28f> dzi A -+ Ndxy,
So U Z2 0xy

. 8a2 8&1
= /U <8x1 8382) fdxi A A dxy,
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where we have used integration by parts. If this is to vanish for all f then 2—2 = g—g;. Similarly,

by considering vector fields like Yi3 := % ((%J;aim — %%) it follows that g—;i’ = g—;;, etc.,
which means «x is closed.

Let go be a Riemannian metric on Sy whose volume form equals 7. For every X € D;, since
ax is closed, there exists a function h on Sy such that Sx := ax — dh is harmonic. Moreover,
fSo Bx (&) mo = 0 for every & € X (So,n0). Define the vector field Y3, on Sp by Bx = go (Y, *)-

Let V be a coordinate neighbourhood in Sy, and suppose Bx = b;dx; on V. On V,

ﬁYﬁX’Oo =do WYs, (Mda:l AREEWAN dacn>
—d (x/detgogéjbj (—1)'dwi A Adzi A A da:n) — dx By = #8x =0

which means Yz, € X(So,m0). So 0 = [5 Bx (Yo )m = [g, 90 (Voy: Yy ) no implies that
Bx = 0, which means ax = dh. |

The group Ham (M) acts freely on Emb (Sp, M) under the action
Ham (M) © Emb (So, M) :  ¢-i:=¢doi.

In what follows we will show that Ham (M) orbits through isotropic embeddings are maximal
integral manifolds of D. For this purpose, we will need to make use of the following isotropic
embedding theorem of Weinstein:

Theorem 3 (see [22]). Let (M,w) be a symplectic manifold and i : I — M be an isotropic
submanifold, i.e. i*w = 0. The vector bundle T*I © (TI¥/TI) admits a symplectic structure
on a neighbourhood of the zero section, which is given by wr+; + wr2n on the zero section.
Furthermore, there exists a neighbourhood Uy of I in M, a neighbourhood Us of I in T*I &
(TI¥/TI), and a symplectomorphism from Uy to Us fizing I.

Proposition 15. If i € Emb (Sy, M) is an isotropic embedding, then the Ham (M) orbit N
through i is a maximal integral manifold of the distribution D (see (8)). The restriction of QP
to N in Emb (So, M) descends to a unique weak symplectic structure Q2 on the image O:=q (N
in the orbit space under the projection q : Emb (So, M) — Emb (Sy, M) /Diff (Sg,n9). Thus the
symplectic spaces (O, di) are reductions of Emb (Sy, M) with respect to the Diff (Sp,n0) action.

Proof. We will first show that a Ham (M) orbit through an isotropic embedding is an integral
manifold of D. Suppose that ¢ : Sy — M is an isotropic embedding. By Theorem 3, if § =
i(Sp) and N = T'S¥/TS denotes the symplectic normal bundle, then by choosing a symplectic
embedding A : M D U — T*S & N we can assume that M = T*S & N and that i is the
zero section inclusion. Let pry : TS ®@ N — T*S and pry : T*S @ N — N be the natural
maps which forget the points in the symplectic normal and cotangent fibers respectively. That
is, pri(z,p,v) := (z,p) and pry(x,p,v) = (x,v). Given X € D; with ax = dh for some
h € C*(50,R), let X = X¢p + Xtan denote the decomposition of X into components tangent
to the fibers and tangent to S. Extend Xpj, constantly along the fibers in 7%5 ® N to a vector
field Z defined on a neighbourhood of the zero section. It follows that Z is a Hamiltonian
vector field satisfying 2 (Z)w = d(primj.gf + prsHy) where f € C (S,R) satisfies i*f = h,
and Hy € C*(N,R) is defined by Hy(z,v) := wpea(dpry o X (x),v). Since w = wr+g + wr2n
along the zero section, #(Xtan)w|pg = 0. Thus for each point x in the zero section, we have
that 2(Xtan)w defines a linear functional (¢(Xian)w)z on the fiber TS @ N,. The smooth
function Hiap : T"S @ N — R defined by Hian (2, p,v) := (1(Xtan)w)z(p, v) is the primitive of a
Hamiltonian vector field Zia, satisfying Zia, 0 ¢ = Xian. It follows that D; C T;(Ham(M) - 7).
The converse inclusion follows from the fact that ax,.; = di*H for any Hamiltonian vector field
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Xp. So Ham (M) orbits must be integral manifolds of D. The fact that they must be maximal
can be shown as in the proof of Proposition 4.

Let NV be a Ham (M) orbit through an isotropic embedding i. The image O := ¢q (N) is equal
to the Ham (M) orbit in the quotient Emb (Sp, M) /Diff (S, 19) under the action ¢- [i] := [¢ o 7],
it consists of positive weighted isotropic submanifolds of M diffeomorphic to Sy, and can be
given a smooth manifold structure similar to that on the space of positive weighted Lagrangian
submanifolds. The space Diff (Sp,n9) - NV is the total space of a principal Diff (Sp,79) bundle
over O. The pullback of Q to Diff (Sp,70) - N defines a closed basic 2-form which descends to
a closed 2-form di on O. To check weak nondegeneracy, we first note that the 2-form Qféd is
given by the expression

D, ([X1], [Xa)) = / w (X1, X2) 0.
So

Again, by choosing a symplectic embedding A : M D U — T*S @& N we can assume that M =
T*S @ N and that 7 is the zero section inclusion. Given [X5]| € Ker (di), let Xo = Xgip + Xtan
be the decomposition of Xs into components tangent to the fibers and to the zero section
respectively. Extend Xpp and Xia, to Hamiltonian vector fields Zg, and Zia, respectively as
before. For [X1] € T};)O, let Zy, be a Hamiltonian vector field on 7*S@ N such that X, = Zy, oi.
It follows that

0= 0D, (X1, [Xa]) = /S

w (ZflaXQ) Mo = /

i W (2, Ze) o + / P [ (Zp,, Zean)] 0
So

So

Z/ "L 7, f110 +/ i*ﬁzmnfmo:/ "Lz, fimo + | Ly (& f1) o,
So S() SO SO

where Y € X(S)) and .Y = Ziay 0 4. If f1 is the pullback through the bundle projection of a
function on the base S, then the first term vanishes and the second term vanishes if and only if
Y € X (So,m0). It follows that Zp;;, must vanish which means [X3] = 0.

Finally, uniqueness of the 2-form di follows from the fact that the principal Diff (Sp,no)
bundle Emb (So, 79) — Emb (So, n0) /Diff (So, no) restricted to O admits local sections. [

Thus the image O := ¢ (N) of a Ham (M) orbit in Emb (Sy, M) through an isotropic embed-
ding is a symplectic quotient of (Emb (So, M) ,QD) with respect to the Diff (Sp, M) action.

Convention

From now on we will assume that [ 7o = 1.

Theorem 4. Suppose dim (Sp) = 2dim (M) = n and that N is a Ham (M) orbit through
a Lagrangian embedding, i.e. N is an isodrast in Lag(So, M). If I, := p(N x Vol (Sp)),
where p : Lag,, (So,M) — Lag,, (M), and O := q(N), then the reduction (O,QR,) of
(Emb (So, M) ,QD) with respect to the Diff (So,no) action is symplectomorphic to the isodrast
(Ly, Q) in Lag,, (M).

Proof. By Proposition 11, we have a Ham (M) equivariant diffeomorphism
v : Lag(So, M) /Diff (Sp,n0) — Lagy,, (M)
which induces a diffeomorphism (also labeled by v)

v: O —1,.
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The pull back of  under this map is given by

(0™ Q) (X1l [X2]) = Quamey ([(X1, 0], [(X2,0)])

:/S w (X1, X2) 10 = (2a) ; ([Xa], [X2]).

So indeed, the symplectic quotient ((’), di) is symplectomorphic to the isodrast (I,,). W

Remark 12. This last theorem clarifies the relationship between Donaldson’s symplectic struc-
ture QP on Emb (Sp, M) and Weinstein’s symplectic structure 2" on isodrasts in Lag,,, (M).
Namely, the isodrasts (Iw, QW) can be viewed as symplectic quotients of (Emb (So, M), QP )
And while Donaldson’s and Weinstein’s constructions were done heuristically, our constructions
of the symplectic spaces (Emb (Sp, M), QP) and (I, (2) as well as the description of the rela-
tionship between them are rigourous.

Example 3. Let (M,w) = (RQ, dg N\ dp) and Sy = S'. Since S! is one dimensional Lag (Sl, ]RQ)
= Emb (Sl, RQ). However, since H'! (Sl) is nontrivial, we have nontrivial isodrasts in
Emb (S 1,R2) that can be described as follows.

Let 8 = pdq denote the canonical 1-form on the plane. Given a map ¢ € Emb (S L RZ), the
action integral A (i) of i is defined as the integral of § around i (S 1):

A(i) = /S .

An isotopic deformation is Hamiltonian if and only if the action integrals are constant along the
deformation (see Proposition 2.1 in [23])!. The idea is as follows. Given two nearby loops in
a symplectic manifold (M,w), we can define the difference in their action integrals to be the
integral of —w over a cylindrical surface joining the two loops. This is well defined even when w
is not exact. Lagrangian submanifolds near a given L € Lag (M) can be identified with graphs
of 1-forms in T*L by Theorem 1. Two such graphs can be joined by a Hamiltonian deformation
if and only if their corresponding 1-forms are cohomologous. If 7’ is a small deformation of
a loop 7 in the zero section corresponding to a deformation of the zero section to a Lagrangian
submanifold I’ = Graph («), C' denotes a cylinder joining v and «/, and if Gp-; denotes the
canonical 1-form of the T* L, then

/—wT*LZ/ ﬂT*LZ/a-
¢ v ¥

So a small deformation of the zero section is the graph of an exact 1-form if and only if the
difference in action integrals is 0 for all loops v and +/ in the zero section and the deformed image
respectively. It follows that two graphs of 1-forms can be joined by a Hamiltonian deformation
if and only if the difference in action integrals remains constant for all loops in these Lagrangian
submanifolds. Returning to our example, this means that the isodrasts in Emb (S L ]RQ) consist
of circle embeddings that can be joined by an isotopy that preserves action integrals, i.e. H C
Emb (S 1,R2) is an isodrast if and only if it consists of isotopic circle embeddings and the map
A :Emb (Sl,R2) — R sending i to its action integral A (i) is constant on H.

On the circle we can take ny = g—fr so that Diff (Sl, g—fr) consists of rigid rotations of the circle.
Let O := q(H) be the image of an isodrast H in the orbit space. Each representative X for
a tangent vector [X] € Tj;O can be decomposed as X = Z + Y where Z is a normal to i (5’1)

n fact, this was Weinstein’s original motivation for the terminology “isodrast”.
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and Y is tangent to ¢ (S 1). It follows that if ax, = dhy, then the reduced symplectic structure
is given by

1 2 1 2
— |:/ w(Zl,YQ) dt+w(Y1,Z2)] dt = / [£y2h1dt—£ylh2] dt
2 0 27 0

=0 ([(Zl’_ﬁylj;ﬂ , KZQ,—[,YQ;Z)]) = Q([(X1,0)],[(X2,0)]).

8 Weighted isotropic submanifolds

QR4 ([X1], [X3)) =

The results of the last section suggest a way to generalize Weinstein’s construction of a sym-
plectic structure on spaces of weighted Lagrangian submanifolds to spaces of weighted isotropic
submanifolds. In this section we will pursue this idea and thereby obtain a generalization of
Theorem 4 suggested by Proposition 15.

Let (M,w) be a symplectic manifold and I a fixed compact oriented manifold with dim Iy <
1 .
5 dim (M).
Notation

Let Iso (1yp, M) denote the set of isotropic embeddings of Iy into (M,w). That is,
Iso (Io, M) := {i € Emb (I, M) | i*w = 0}.

Similar to the discussion in Proposition 1, Theorem 3 can be used to equip Iso (Ip, M) with
a smooth manifold structure locally modeled on spaces T'¢joseq (¢*TM) for i € Iso (Iy, M). For
each i € Iso (Ip, M), if I :=i(Ip) then the sequence

0 —— T ((T1)*) —L% TiTso (I, M) 22~ 21 (1)) —— 0

where f1 (Z) = Z oi and f2 (X) = ax, is an exact sequence.
Meanwhile, the atlas on Iso (I, M) and the spaces Texact (¢*T'M) for i € Iso (Iy, M) define
a foliation £ of Iso (Ip, M), whose leaves consist of Ham (M) orbits under the action

Ham (M) O Iso (Ip,M): ¢-i:=¢oi.

Definition 11. The foliation £ will be called the isodrastic foliation of Iso (I, M), and each
leaf of £ will be called an isodrast in Iso (1o, M).

The group Diff (Iy) acts freely on Iso (1y, M) via

a-i:=ioa L

Notation
Set
Iso (M) := Iso (Iy, M) /Diff, (Iy)

If p : Iso (Iy, M) — Iso (M) denotes the projection to the quotient, then Iso (Iy, M) is the
total space of a principal Diff; (Iy) bundle whose base Iso (M) is identified with the set of
oriented isotropic submanifolds in M diffeomorphic to Ij.
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Notation

Let Iso,, (Ip, M) denote the product Iso (In, M) x Q¥ (Iy) (where k = dim Iy).
The group Diff, (Iy) acts freely on Isoy, (1o, M) by

a-(i,n) = (io a (ail)*n).

Notation

Set
Isoy (M) := Tsoy, (Iy, M) /Diffy (I) .

The space Iso,, (Ip, M) is the total space of a principal Diff (Iy) bundle, whose base Iso,, (M)
can be identified with the space of weighted isotropic submanifolds in M. The foliation £ of
Iso (1o, M) induces a foliation &, of Iso,, (Ip, M) which descends to a foliation F,, of Iso,, (M).

Definition 12. We will call &, the isodrastic foliation of Iso,, (I, M), and each leaf of &, will
be called an isodrast in Iso, (Ip, M). Similarly, F,, will be called the isodrastic foliation of
Isoy (M), and each leaf of F,, will be called an isodrast in Iso,, (M).

The pointwise assignment

Qi (X1,01), (X2, 02)) = / [w (X1, X2) 1 + h12 — hot]
Iy

where ax, = dhy for hy € C* (Iy,R) defines a basic 2-form on Iso,, (I, M), Tt descends
to a weak symplectic structure (also labeled Q) on Iso,, (Iy, M )F“’. Here closedness and non-
degeneracy of €2 on I, follow from using the local model of isotropic submanifolds afforded by
Theorem 3, and the fact that in such a model the symplectic form along the zero section in
T*I T (TI¥/TI) is given by wp+; + wren where wp2n is the standard symplectic vector space
structure on the fibers of I (T'I¥/T1).

Notation

Let Isopy, (In, M) denote the product Iso (1o, M) x Vol; (Ip) and set
180, (M) := Isopy (I, M) /Diff, (Ip) .

Isopy (M) is an open subset of Iso, (M), and so is a smooth manifold locally modeled
on spaces eosed ((*TM) @ QF (Io) / {(Y, Lyn) | Y € X (Ip)} for (i,n) € Isop, (Io, M). If Iy is
equipped with a fixed volume form 7y satisfying |, 1, o = 1, then as in Proposition 11 there is
a natural Ham (M) equivariant diffeomorphism v : Iso (1o, M) /Diff (Iy,1n9) — Isopy (M). This
leads to the following generalization of Theorem 4:

Theorem 5. Suppose that N is a Ham (M) orbit through an isotropic embedding, i.e. N is an
isodrast in Iso (So, M). If L, :== p (N x Vol (Sp)) and O := q(N), where p : Isop, (Lo, M) —
Isopy (M) and q : Emb (Sp, M) — Emb (So, M) /Diff (Sp, n0) are the projections to the quotients,
then the reduction (O,QR,) of (Emb (So, M) ,QP) with respect to the Diff (So,n0) action is
symplectomorphic to the isodrast (L, Q) in Isop, (M).

The proof is completely analogous to that of Theorem 4.
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9 Coadjoint orbits of Ham (M)

In this section we will extend a Ham(M) moment map written down by Weinstein (see Theo-
rem 5.1 in [23]), which maps each symplectic leaf (I,,2) C Lag,,, (M) onto a coadjoint orbit
of a central extension of Ham (M). The result will be an identification of isodrasts consist-
ing of positive weighted isotropic submanifolds with coadjoint orbits of Ham (M) (when M is
compact).

Suppose that (M,w) is compact. The Lie algebra of G = Ham (M) can be identified with
the space

gz{fGCOO(M,R)/Mfﬂ:o}:cw(M,R)/R

Each positive weighted isotropic submanifold (I, p) € Isopy, (M) defines a element of the dual
g* by integration:

fH/]fp-

Theorem 6. Let I, be an isodrast in Isop, (M). Then the Ham (M) action on (L, ) defined
by ¢ (1, p):=(o(I), (¢*1)* p) is Hamiltonian with moment map ® : L, — g* given by

(1,p) (fH/pr)

Moreover, the map ® is a symplectomorphism onto a coadjoint orbit in g* equipped with the
usual Kirillov—Kostant-Souriau form.

Proof. We will first show that the Ham (M) action is symplectic. If (I, p) = [(i,7)], then the
Ham (M) action on I,, can be written as

¢ [(@,n)] = [(¢poi,n)].

It follows that

(159 (s (X1, 0], (X2, 92)]) = /I [w(d¢ - X1,d¢ - Xo)n + hida — hot]

_ /1 [w (X1, X2) 7 + h10s — hoth]
= Q[(i,n)] ([(XL 191)] ’ [(X2,792)]) :

To check the moment map condition, we first note that each tangent vector & € Tj(; ;) 1w
has a unique representative of the form (X,0). If f € g then the generating vector field fi,,
assigns to each point [(7,7)] € I, the tangent vector [(Xy 04,0)] where X; is the Hamiltonian
vector field on M corresponding to the Hamiltonian f. If [(X,0)] € Tj(; 1w is a tangent vector
to the isodrast, then choose an extension of X to a Hamiltonian vector field Z defined on
a neighbourhood of I =i (Ip). It follows that

d@&fﬁumﬂﬁﬁYim)=i/)fﬁzfn=:/1fw(X%7Z)n

Io Io

_ /] W (Xgod, X)1 = Qi (fru: [(X,0)]).
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To check that the map @ : I, — g* is Ham (M) equivariant we observe that

@ (& [(in). f) = / P"¢* fn = / i (fod)n

I Iy

= (@ ([(i,m)]) , Ady-1 ) = (AdG2 ([(i,n)]) , f) -

As for the image of ®, since the stabilizers at points (I, p) € I, and ® (I, p) € g* are given
by

Staby; ,Ham (M) = {¢ € Ham (M) | ¢ (1) = 1, (dfl)*p = p} = Stabg(; , Ham (M),

Lp

the map ® maps the isodrast I, diffeomorphically onto a coadjoint orbit. Meanwhile, if [( X1, 0)]
and [(Xg,0)] are tangent vectors in Tj(; ,ylw, and Zy and Zj, are extensions of X; and X
respectively to Hamiltonian vector fields defined on a neighbourhood of I = i(ly), then the
pullback under ® of the usual Kirillov—Kostant—-Souriau form Qkkg is given by

(@ e (52,01 [(X0,00) = = [ (s}

- /I Fw(Zsy. Z5) 1 = Q) ((X1,0)], [(X2,0)]) . W

Remark 13. This last theorem makes rigourous the heuristic moment map written down by
Weinstein. Also, it extends it to a map identifying isodrasts in the space of positive weighted
isotropic submanifolds with coadjoint orbits in the dual of the Lie algebra of the group of
Hamiltonian symplectomorphisms.

10 Poisson structures

In this section we will define a Poisson algebra (A, {-, -}) for a subalgebra A C C'*° (M) of smooth
functions on a smooth manifold M. Such a manifold will be called an 4-Poisson manifold if
there are enough Hamiltonian vector fields in a sense we will specify. We define what a leaf
of such an A-Poisson manifold is. We then show that reductions of Emb (Sp, M) consisting of
positive weighted isotropic submanifolds are symplectic leaves of a Poisson structure.

Notation

Let C‘]’.O (Emb (Sp, M)) denote the set of maps F' : Emb (Sp, M) — R such that for all ig €

Emb (So, M) there exists a ¢>-open neighbourhood U of ig, a map A € C*° (R"™,R), and smooth
functions hq,...,h, € C* (W,R) defined on a neighbourhood W of ig (Sp) so that

Fi=a(f @hme [ i) ) )

forallt € U.
Since functions in Cfo (Emb (Sp, M)) locally amount to integrating functions against 7, the

set C}O (Emb (Sp, M)) is a subalgebra of C*°(Emb(Sp, M), R).

Remark 14. The algebra of functions C}’o (Emb (Sp, M)) was chosen with the axioms of diffe-

rential structures in mind (see [13]; also cf. Section 3 in [2]). A differential structure on a topo-
logical space @ is a set C°° (@) of continuous functions on @ with the following properties:

1. The topology of Q is generated by sets of the form F~! (V) where F € C*° (Q) and V is
an open subset of R.
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2. If Be C®(R™R) and Fl,...,F, € C®(Q) then B (F\,..., Fy) € C®(Q).

3. If F: @ — R is a function such that, for every x € ) there is an open neighbourhood U
of z in @ and a function Fyy € C*° (Q) such that F|; = Fy, then F' € C* (Q).

A topological space @ together with a differential structure C* (Q) is called a differential space.
When Emb (Sp, M) is equipped with the topology 7 generated by sets of the form F~! (V)
where I’ € C’fo (Emb (Sp, M)) and V is open in R, then the topological space (Emb (Sy, M), 7T)

together with C’;" (Emb (Sp, M)) defines a differential space.

Proposition 16. For every F € C’?O (Emb (Sp, M)), the local assignments given by vp (i) =
Z}Ll g—;; X, |i(50) o1 on each neighbourhood U define a unique vector field vy on Emb (Sg, M)
satisfying dF =1 (vp) QP.

Proof. We will first compute the exterior derivative of a map in C’j" (Emb (Sp, M)) locally.
Suppose that F' € C‘fo (Emb (Sp, M)) can be written as in (9) on a ¢>-open neighbourhood U of

i9 € Emb (Sp, M). Let X € T;,Emb (Sp, M) be a tangent vector at ig. Choose a vector field Z
defined on a neighbourhood of i (Sp) such that Z oi = X. Such a Z can be viewed as a vector
field v on U (or perhaps on a ¢*°-open subset V C U), assigning Z o i to each i € U. If

F (i) :A</so @hme [ i) )

on U for some A € C*° (R",R) and smooth functions hy, ..., h, € C* (W, R) defined on a neigh-
bourhood W of ig (Sp), then the pointwise exterior derivative of F' in the direction of v is given
by

dF; (" Lzhy)
(v:) ay] /So z

It follows that the vector field vy € X (U), defined by vp (i) := 377, ay Xh oi (where Xy, is

the Hamiltonian vector field with Hamiltonian h;), satisfies dF =+ (vp) QP on U. In fact, if Uy
and Uy are ¢>-open neighbourhoods in Emb (Sy, M) with nonempty intersection, and

F(i)y=A (/SO (i*hl)no,...,/so (i*hy) 770> on Uy,
F(i)=B (/So (i*gl)ﬂov--w/s(] (i*gm)%) on Uy,

then on Uy NUy

0=d<A </SO (i*hl)no,---,/s0 (i*hn)no> —B</SO (i*gl)no,-.-,/go (i*gm)no>> (v)
=P Z—Xh 0i— lf;gjxgloi,v

So by the nondegeneracy of QP the local assignments v (i) := Z? 1 ay Xh o i coincide on

overlapping regions and so define a vector field vz on Emb (Sp, M) satisfying dF = 1 (vp) QP.
Uniqueness of the Hamiltonian vector field vz also follows from nondegeneracy of QF. |
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Definition 13. Let M be a smooth manifold. A subalgebra .4 C C* (M, R) of smooth functions
together with a Lie structure [-, -] will be called a Poisson algebra if

[FG,H] = F G, H] + |F, H G.

In this case the bracket [-,-] will be called a Poisson bracket. If (A, [-,-]) is a Poisson algebra,
we will say that M is an A-Poisson manifold.

Define a skew-symmetric bilinear structure {-, }g,.1(5,,ar) 0 Cfo (Emb (Sp, M)) via

{F, G}Emb(SO,M) =P (vF,vG) -

Proposition 17. The subalgebra CTO (Emb (So, M)) together with {-, }gun(so,ar) i a Poisson

algebra.

Proof. {-, }g(s,,m) satisfies Jacobi’s identity pointwise since the Poisson bracket {-,-},, on
M does, and is a derivation in the first argument for the same reason. (Here {-,-},, is defined
by {f, g}y = —w (Xs, Xy) for f,g € C* (M,R).) |

By taking restrictions of functions in C}O (Emb (Sp, M)) to Iso (Sp, M) we obtain an algebra
C}O (Iso (Sp, M)) of smooth functions on Iso (Sy, M). For each F € Cfo (Iso (Sp,M)) and i €
Iso (Sp, M) the vector v (7) is tangent to Iso (Sp, M) at i. Since the functions in C’f" (Iso (Sp, M))
are Diff (Sp, 7o) invariant, the algebra C’j?o (Iso (So, M)) descends to an algebra of functions
C’?O (Isopy (M)) on Isopy, (M).

Convention

In what follows, we will use the same letter F' to denote a function in C?O (Emb (Sp, M)), its

restriction to Iso (Sp, M), as well as the corresponding map on the quotient Isop, (M) to avoid
introducing more notation.
For F,G € Cfo (Isopy (M)) and [i] € Isop, (M) define
U, Gy () = 0P (01 (1), 6 (1) = — (24)  (dr (vp) ,dr (v))

where 7 : Iso (Sp, M) — Isop, (M) is the projection to the quotient. Then the subalgebra
C’fo (Isopw (M) together with {-, -}y, ) is a Poisson algebra, which means Isop, (M) is

a C’T" (Isopy (M))-Poisson manifold.

Definition 14. Let (M, A, {-,-}) be an A-Poisson manifold. Suppose that for every F' € A
there exists a unique vector field X on M such that dG (Xp) = {F,G} for every G € A. The
collection of vectors

Cy ={Xr(x)eT,M|F e A}

at each * € M defines a distribution C on M. A maximal integral manifold M of C will be
called a leaf of the A-Poisson manifold M.

Remark 15. In finite dimensions the distribution C is integrable. In infinite dimensions it
might be possible to prove an analogue of Frobenius’ theorem for some spaces of mappings and
apply it to our spaces.

Remark 16. The first condition in the previous definition is satisfied within the subalgeb-
ra C’}’.O (Isopy (M)) but not in C° (Emb (S, M)) because of the directions generated by the

. J
Diff(Sp, no) action.



Geometric Structures on Spaces of Weighted Submanifolds 41

For each F' € C’;" (Isopy (M)) we have that dr (vp) is the unique vector field on Isop, (M)

satisfying dF = 1 (dr (vp)) 22, (uniqueness follows from the nondegeneracy of QF;

on Tsop, (M)77). Tt follows that if F € C})O (Isopw (M)) then dG (Xp) = {F, G}y, (ar) for
all G € C}’O (Isopyw (M)). On the Cfo (Isopy (M))-Poisson manifold Isop,, (M), the distribution C
is given by the collection of vectors

Cpy = {dr (0r) ([1]) € Tiglsop (M) | F € CF° (Isopu (S0, M))}

at each [i] € Isop, (M).

Theorem 7. Suppose that N is a Ham(M) orbit through an isotropic embedding in Emb(Sy, no),
i.e., N is an isodrast in Iso (So, M), with O := q(N') where the mapping q : Emb (Sp, M) —
Emb (Sp, M) /Diff (So,n0) is the projection to the quotient. Then the reduction (O,Qféd) is
a symplectic leaf of the CTO (Isopy (M))-Poisson manifold Isop, (M).

Proof. We will first show that any maximal integral manifold of C is a Ham (M) orbit in
Isopy, (M) under the action ¢- [i] := [¢ o i]. The manifold Iso (Sp, M) is the total space of a prin-
cipal Diff (Sp, M) bundle over Iso,, (M). Each vector field vp on Iso (Sy, M) with Hamiltonian
F e Cfo (Iso (So, M)) is locally of the form vp (i) = 377, g—;thj o 4. It follows that curves in
Isop,, (M) are everywhere tangent to the distribution C if and only if they belong to a Ham (M)
orbit. So the symplectic quotient (O :=¢q(N),QL ) is a leaf of the C?o (Isopy (M))-Poisson

manifold Isop,, (M). |

Remark 17. By now we have revealed three different faces of isodrasts in Isop, (M). Namely,
isodrasts consisting of positively weighted isotropic submanifolds can be identified with sym-
plectic reductions of (Emb (S0, M), QP ), with coadjoint orbits of Ham (M), and with symplectic
leaves of the CTO (Isopy (M))-Poisson manifold Isop,, (M).

11 Momentum weighted Lagrangian submanifolds

In this section we will discuss a kinematic interpretation of isodrasts in Lag (M) to motivate
a different choice of “weightings” to obtain a symplectic structure.

Let us view points in an isodrast I C Lag (M) as configurations of a submanifold constrained
to move in I. What are the possible velocities? By Proposition 5 and the description of the
isodrastic foliation F, we know that the tangent bundle of I can be described by

TI={(L,dh) eIx B'(L)|LeTI}.

Thus the velocities at a configuration L € I correspond to functions on L modulo constants,
i.e. to elements of C*° (L,R) /R. The conjugate momenta to configurations in I (i.e. cotangent
vectors) should be linear functionals from C* (L,R) /R to R, that are in 1-1 correspondence
with C*° (L,R) /R. This expectation that the cotangent fibers should be the “same size” as
C>™ (L,R) /R reflects a physical expectation that all momenta should be accessible by motions
of particles in the configuration space, and that all such motions can be assigned momenta.
In any case, integration against n-forms in €f (L) certainly fits the above description. This
motivates the following definition:

Definition 15. Let I be an isodrast in Lag (M). A momentum weighting of a Lagrangian
submanifold L € I is a top degree form x on L satisfying [, x = 0. Pairs (L, x) will be called
momentum weighted Lagrangian submanifolds.
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Notation

Let Lag,,,, (Lo, M) denote the product Lag (Lo, M) x Qf (Lo) and Lag,,,, (M) the quotient of
Lag,,,, (Lo, M) by Diff; (Lo) under the action a - (i,x) := (ioa™!, (a_l)* X)-

As in the case of weighted Lagrangian submanifolds, the canonical projection from Lag,,,,, (M)
to Lag (M) pulls back the foliation F to a foliation F,,, on Lag,,, (M), whose leaves I, are
Ham (M) orbits under the action

Ham (M) O Lag,,,, (M) : ¢-[(i,x)] == [(p o1, x)].

Definition 16. We will call F,,,, the isodrastic foliation of Lag,,,, (M) and each leaf of F,,,
will be called an isodrast in Lag,,,, (M).

The tangent space to an isodrast I,,,,, at a point [(, x)] is given by
TiiayLmw = {(X,0) € T (*TM) x Qf (Lo) | ax € B' (Lo)} /{(Y. Lyn) | Y € X (Lo)} -

Theorem 8. The bilinear map

Qi) (X1, 91)], [(X2,92)]) := /L [w (X1, X2) x + h1d2 — hot]

where ax, = dhy, defines an exact weak symplectic structure on L,,,, satisfying 2 = —d© where
k

O, (X, D)]) 12/ hx

Lo
and ax = dh.

Proof. We will compute the exterior derivative of © locally in charts. That is, be means of
a symplectic embedding A,y : T"Lo O W; ) — M chosen in defining a chart (U(iyx), ‘P(i,x))
on Lag,,, (M), we can assume that M = T* Ly and that each tangent vector in Tj; yylmw is
represented by a pair (X,9) where ay € B!(Lg) and X is tangent to the cotangent fibers.
Given a tangent vector £ = (X, ) € Tj(; ) Lmw, We can extend it to a vector field on L, (also
labeled &) in the following way. Let Z; denote the Hamiltonian vector field defined on 1Ly
satisfying 1 (Zf) w = m*ax where ax = dh and f = 7*h. Define £ to be the vector field on I,
that assigns £ ([¢/,1']) = (Zf o 4/,9) to nearby points [(i’, x’)]. So given tangent vectors &; and &
in Ti(; y) Lmw, extend them to vector fields (also labeled £; and £2) as just described. Then

dO (i) (€1,&2) = [£10 (&2) — £20 (&1) — O ([61, &),
— /L (" Ly, F2)x + (o) 91 = ("L, f1) X = (1) 9

+ (*w (Xp, Xp,)) X} = —/L (h192 — hatl1) = =Q((i .\ (§1,82) -

Nondegeneracy then follows from the fact that the A’s and ¥’s are independent of one
another. |

12 Momentum weighted metrics

In this section we apply the kinematic approach of the last section to the space of pseudo-
Riemannian metrics of fixed signature. We obtain a cotangent bundle and identify a Poisson
algebra of functions on this space. These functions are Hamiltonians for Hamiltonian vector
fields. In the particular case of Lorentzian metrics on a fixed 4-dimensional manifold, this gives
some ingredients for a possible geometric quantization of gravity in a vacuum.
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Convention

From now on M will no longer necessarily be symplectic. Instead we will simply assume that M
is a finite dimensional manifold.

Notation

Let Met? (M) denote the set of pseudo Riemannian metrics on M of signature g and I (S*T* M)
the set of compactly supported symmetric two tensors on M.

Then Met? (M) is a smooth manifold modeled on the space I'c (S*T*M) (see Theorem 45.13
in [9]). By identifying such metrics with their graphs in I' (L (TM, T*M)), we can view Met? (M)
as a collection of submanifolds. If as in Section 11 we view Met? (M) kinematically as the set
of possible configurations of a submanifold moving in I' (L (T'M,T*M)), then by analogy we
should be able to describe the “conjugate momenta” in terms of some kind of “weightings” on
the submanifolds.

To determine what these weightings should be, we first note that since the submanifolds
in I' (L (T'M,T*M)) corresponding to pseudo-Riemannian metrics in Met? (M) are graphs, any
sections of bundles over such manifolds can be obtained as pullups of sections over corresponding
bundles on the base M. Second, the weightings should give linear functionals on each tangent
space to Met? (M) and be in 1-1 correspondence with ', (S 2T*M ) This motivates the following
definition:

Definition 17. A momentum weighting of a pseudo Riemannian metric g € Met? (M) of sig-
nature ¢ is a symmetric two tensor h € T, (SQT*M). Pairs (g,h) will be called momentum
weighted metrics.

Notation

Let Metd (M) denote the set of momentum weighted metrics of signature gq. That is,
Met,,, (M) := Met? (M) x T (S*T* M) .

We will show that Met? , (M) is the appropriate phase space for Met? (M). Define a 1-form ©
on Met? (M) via

Og,n) (k1) := /M Tr (9~ "kg~"h) u(g),

where Tr (¢~ 'kg™'h) = ¢ krqg®hyj, 11 (g) = /|det g| [dzy A -+ A day|.

We will now explicitly calculate the exterior derivative of ©. Given a pair of tangent vec-
tors (k1,11), (k2,l2) € Ty nyMetd, (M), extend each (kp,l,) to a vector field £, on Metl, (M)
satisfying &, ((¢', 1)) = (kp,1,) for all (¢’, h’) near (g, h). Since as pointwise matrices,

(g+th) " =—g kg™t
t=0

dt
d

dt

\/\det (g +tk)| = \/]det g|Tr (g_lk:) ,
t=0
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it follows that
dO gp) ((k1,11) , (ka,12)) = [dO (€1, 82)] g,y
= / [—Tr (¢ 'k1g thog™'h) — Tr (¢ " kog ‘k1g 'h)
+MTr (97 kag " h) Tr (g7 k1) + Tr (¢ hog 1) 1 (g) — (152)
= / [Tr (97 kog'h) Tr (g7 k1) — Tr (g "kag™'h) Tr (g ko)
+MTr (97 kog M 0) — Tr (g kg™ 12)] 1 (g) -

Theorem 9. The 2-form ) := —dO defined by

Qg.ny (61,&2) = /M [Tr (g_lklg_lh) Tr (g_lkzg) —Tr (g_lk:gg_lh) Tr (g_lkl)
+ Tr (g_lklg_llg) —Tr (g_lkgg_lll)} w(g)
defines an exact symplectic structure on Metd ~(M).

Proof. If k; is nonzero, then by taking k2 = 0 the expression for Q,y (€1,&2) reduces to
Sy Tr (g7 k197 a) 11 (g). Since

G, (k1 k) = /M Tr (g7 kag ™ ko) 11 ()

is weakly nondegenerate (see Lemma 45.3 in [9]), l2 can be chosen so that the integral does not

vanish.

If k1 = 0, then we are left with — fM Tr (g_lkgg_lll) i (g) which means we can choose ky so
that the integral does not vanish for the same reason. |
Notation

For every section r € T', (SQT*M ), define the function
F.: Metd (M) — R, F.(g,h):= / Tr (g_lrg_lh) w(g).
M

Proposition 18. For every r € I, (SQT*M), the vector field g, defined by
gF'r (ga h) = (Ta 7ng_lh + hg_lT —Tr (g_lT) ) h)

is a Hamiltonian vector field on Metd, (M) corresponding to the Hamiltonian function F), i.e.
1(&p.) Q = dF,.

Proof. Given (k,1) €T, 5 Met], (M), extend (k, 1) constantly to a vector field £ on Met, (M)
satisfying & (¢, h') = (k,1). Then

(dF,n)(m) &) = / [ —Tr (g_lk‘g_lrg_lh) —Tr (g_lrg_lkrg_lh)

M
+Te (g7 rg ™) Tr (g71R) + T (97 rg ™) [ (9) = Qo) (€p06). W
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Notation

The manifold topology on Metd (M) is finer than the trace of the Whitney C*°-topology on
I'(L(TM,T*M)) (see Section 45.1 in [9]). Let C}’O (Metd , (M)) denote the set of functions

F :Metd (M) — R such that for every go € Met? , (M) there exists a neighbourhood U of gy,
amap A:R"™ — R, and sections r1,...,r, € I'. (SzT*M) so that

F(g)=A (/M Tr (g~ rig™"h) p(g), .. /

Tr (97 'rng 'h) (g)>
M

forall g e U.

Remark 18. The algebra C‘fo (Metd ,, (M)) contains the constant functions.

By an argument similar to that in Proposition 16, we have the following proposition:

Proposition 19. For every F € C}’O (Metd, (M), the local assignments given by vp (g) :=

> i1 % - Xr,, (g) on each neighbourhood U define a unique vector field vy on Metd (M)

satisfying dF =1 (vp) Q.

It follows that {F, G} := —Q (v, vq) defines a Poisson bracket on Met?  (M).
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