PROCEEDINGS OF THE

AMERICAN MATHEMATICAL SOCIETY
Volume 127, Number 11, Pages 3383-3391

S 0002-9939(99)04866-2

Article electronically published on May 3, 1999

ON THE DARBOUX THEOREM
FOR WEAK SYMPLECTIC MANIFOLDS

DARIO BAMBUSI

(Communicated by Peter Li)

ABSTRACT. A new tool to study reducibility of a weak symplectic form to
a constant one is introduced and used to prove a version of the Darboux
theorem more general than previous ones. More precisely, at each point of the
considered manifold a Banach space is associated to the symplectic form (dual
of the phase space with respect to the symplectic form), and it is shown that
the Darboux theorem holds if such a space is locally constant. The following
application is given. Consider a weak symplectic manifold M on which the
Darboux theorem is assumed to hold (e.g. a symplectic vector space). It
is proved that the Darboux theorem holds also for any finite codimension
symplectic submanifolds of M, and for symplectic manifolds obtained from M
by the Marsden—Weinstein reduction procedure.

1. INTRODUCTION

It was first pointed out by Marsden [1] that the Darboux theorem fails for weak
symplectic forms. Afterwards, some generalizations of the theorem to weak sym-
plectic manifolds were proved [2] (see also [3]), but a complete characterization of
the situations in which the symplectic form can be locally reduced to a constant
one is still lacking. In the present paper a new tool to study reducibility of a weak
symplectic form to a constant one is introduced and used to prove a version of the
Darboux theorem more general than previous ones. A necessary condition for the
Darboux theorem is also obtained.

The main idea of this paper is (following [4]) to associate, at each point of the
manifold, a suitable Banach space to the symplectic form (classifying space); it
turns out that the Darboux theorem can be proved if the classifying space does not
depend on the point of the manifold and a suitable smoothness condition holds.
Applying this version of the Darboux theorem the following results are proven: Let
M be a weak symplectic manifold in which the Darboux theorem is assumed to hold
(e.g. a symplectic vector space); then the Darboux theorem holds for each closed
symplectic submanifold of M having finite codimension (see Theorem 3.1). Then,
the case where a finite dimensional Lie group acts symplectically on M is considered:
it is proven that the Darboux theorem holds for the symplectic manifold obtained
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from M by the Marsden—Weinstein reduction procedure (see Corollary 3.5). As far
as I know these results are new.

I come to the necessary condition for the reducibility of a weak symplectic form
to a constant one. It turns out that the assumptions of the present version of the
Darboux theorem are not invariant under general coordinate transformations, and
so they do not directly provide a necessary condition for the reducibility of the
symplectic form to a constant one. Anyway it is possible to exploit the classifying
space to give a completely coordinate independent necessary condition for the re-
ducibility of a symplectic form to a constant one. Such a condition is exploited to
give a counterexample to the Darboux theorem. Actually this is just a variant of
Marsden’s counterexample, and is given here mainly for the sake of completeness.

2. A NECESSARY AND A SUFFICIENT CONDITION FOR THE DARBOUX THEOREM

2.1 Statements. First, recall that a bilinear form Q : P x P — R, P being a
Banach space, is said to be weakly nondegenerate if

(1) {UX,Y)=0, VY eP}=X=0.
It is well known that Q defines a linear map Q° : P — P* by
(2) (@Y, X) = (Y, X),

and that, by (1), such a map is injective; if it is also surjective, then  is said to
be strongly nondegenerate.

A weak symplectic manifold (M, Q) is a differentiable manifold M endowed with
a closed differentiable 2-form €2, which at each z € M is weakly nondegenerate as
a bilinear form on T, M. I will denote by Q, : P x P — R the value of Q at z € M,
and by J, the inverse of the map QZ J, is usually called the Poisson tensor.

Since the Darboux theorem is a local result, it is enough to consider the case
where M is an open set U of a Banach space P which will be assumed to be reflexive;
I will assume also 0 € U, and all functions will be assumed to be C°.

Using 2, define on P the norm

(3) 1XIlg, = s [9.(X5,V)| = 25X
Y llp=t s

and consider the completion F, of P in such a norm.

Definition. The space F, thus obtained will be called “the dual of P with respect
to Q.7

It is clear that €, can be extended to a continuous bilinear form on P x F,.

Theorem 2.1. Assume that there exists a neighbourhood W of 0 such that, for all
r € W the spaces F, coincide (i.e. the norms |||z are equivalent), and moreover
that the map x — Q is differentiable as an application from W to the continuous
bilinear forms on F x P, where F := F,; then there exist a neighbourhood V of 0
and a change of coordinates v defined on V which reduces €2 to the constant two
form Qg := Qz‘w namely such that

V= Q.

=0’

Remark 2.2. One can conjecture that the differentiability of 2 as an application
form V to the bilinear forms on P x F is automatic. It is easy to construct a
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counterexample in the case of ), which is C* (k < 00) dependent on x, however I
do not have a counterexample in the C'*° case.

Remark 2.3. The Darboux theorem proved in [3] is contained in the above theorem
2.1. This is easily seen exploiting the lemma on p.10 of [3]. The same holds for
the Darboux theorem proved in [2], which is based on ideas quite close to those
presented here.

Theorem 2.1 can be reformulated in terms of the Poisson tensor. Indeed the
norm || X ||z can obviously be defined by || X|| £ := | It x| and this allows us
to obtain the following

73*7

Corollary 2.4. Define F as the completion of P in the norm || X|| z == ||J; ' X]| _—

where Jy := Jw|w:0, Assume that there exists a neighbourhood of the origin where
J extends to a bounded linear operator from P* to F smoothly dependent on x;
then there exists a chart about zero in which the symplectic form (and therefore the
Poisson tensor) is constant.

Remark 2.5. The constancy of the spaces F, is a property which is not completely
chart invariant; indeed one can construct examples of change of coordinates which
change the spaces F, everywhere, but not at one single point.

One can use the spaces F, to give a coordinate independent necessary condition
for the Darboux theorem.

Proposition 2.6. The existence of chart about 0 in which the symplectic form is
constant implies that there exists a neighbourhood of 0 such that for each x in such
a neighbourhood there exists an isomorphism between F, and Fy which restricts to
an isomorphism of P with itself.

2.2. Proofs. The proof of Theorem 2.1 will be obtained along the lines of [5]
(which follows an idea by Moser). The original part consists of the proof of the
smoothness of the vector field generating the transformation we are looking for.

We begin with two simple lemmas. Consider the map Qi : Fy — P* defined by
(VW) := Q. (V,W); we have the following

Lemma 2.7. &’ is an isomorphism between F, and P*.

Proof. Tt is immediate to remark that QZ is a linear wunitary operator, so that
it is invertible on its range, and its inverse is continuous. I prove now that it is
surjective. Denote by R the range of QZ (which is close by the above consideration)
and assume by contradiction that there exists a covector a € P* such that a ¢ R.
By the Hahn-Banach theorem there exists a X € P** such that

(4) X(a) =1
and
(5) X(B) =0, VBeR.

But P is reflexive, and therefore X € P, so (5) is equivalent to
QL (Y,X)=0.,YY € F, ,
which, by (1), implies X = 0 against (4). O
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The above lemma is used to prove
Lemma 2.8. The map €, : P — F*, defined by X — Q.(X,.), is an isomorphism.

Proof. Tt is clear that the map is injective; I prove now that it is surjective by
constructing its inverse. Consider the map that associates to any a € F the
vector X € P** defined by

X(B) :==—a(J0) ,¥Y38 € P,
where J, := (Q2)~!. But P is reflexive, so that X € P. It is easy to see that this

map is the inverse of Q. |

In what follows we will not distinguish between €% and Q7.

Remark 2.9. Lemmas 2.7 and 2.8 hold also for any nondegenerate bilinear form
(skew—symmetry plays no role).

Remark 2.10. In the hypotheses of Theorem 2.1 the map
W — L(P,F"),
(6) z
is smooth; here L(P,F™*) is the Banach space of linear operators from P to F*.
Indeed it is the composition of the map x — €2, which is smooth as an application

from W to the bilinear forms on P x F by hypothesis, and the linear map ” : Q — Q°,
which is analytic.

Proof of Theorem 2.1. Denote Q := Qy—Q and QF := Q+tQ, where Qg := Q|,—0-
By the Poincaré lemma we have

1
(7) Q=da, with a,X :z/ 5Qqgz(z, X)ds .
0

We look for a smooth vector field Y; : P — P such that

(8) iy, = —a .

By (7) the one form «, can be extended to an element of F*. Consider now
(9) Q)P —F .

When z = 0, one has Q% |,—o = Q, and therefore at such point (9) is an isomor-
phism. By Remark 2.10 (Q¢)* depends smoothly on z and, for z close to zero, it is
an isomorphism. So, one can define

Y= ((Q)) e,

and Y; is a smooth, time dependent vector field taking values in P.
Then the proof is easily completed following the scheme by Moser. So, let F} be
the flow generated by Y;; then
d d

EFt*Qt = Ft*(£YtQt) + Ft*EQt = Ft*(—dOZ + Q) =0 s

so FyQy = Q, and F; ! is the desired change of variables. O
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Proof of Corollary 2.4. By Lemma 2.7, Jy is an isomorphism of P* and F, it follows
(from the implicit function theorem) that in a neighbourhood of zero also J, is an
isomorphism of P* and F, and therefore the spaces F, coincide with F; moreover
one clearly has that

Qy : FxP—-R
(X,Y) = (J7'XY)
depends smoothly on z as a bilinear form on F x P, therefore Theorem 2.1 gives
the result. O
Proof of Proposition 2.6. Assume that there exists a change of coordinates 1) about
0 such that ¥*Q = Q. Then, for X,Y € P one has
Qr(w*er %zY) = QO(Xv Y) )

where we denoted by 1), the tangent map to ¢ at x. Denote by A, the inverse of
14e; then one has

O (X,Y) = Qo(A. X, A,Y)

and therefore

[Q0(Z, AY)| |Q0(A: X, AY)| [Q.(X,Y)]
10 AwY =Ssup—F—+——=SUp ————F————— = SUp — 1,
(10) fl14=Yllz, = sup === = S0 X, S (AT,

where X = A_1Z. But, since A, is an isomorphism, one has
_1—1
[A:X[lp > |AZH ™ 1Xl5

from which, substituting in (10) and taking into account the definition of the norm
Fa

1A ]| £, < AT Y Il, -

It follows that A, can be extended to a continuous operator from F, to Fy; more-
over, the same holds for the operator A !, so A, is the desired isomorphism. O

3. APPLICATIONS TO SYMPLECTIC SUBMANIFOLDS

Let M be a weakly symplectic manifold modelled on a reflexive Banach space;
assume that at each point of M there exists a chart in which the symplectic form
is constant. The following theorem will be proved.

Theorem 3.1. Let N C M be a closed symplectic submanifold of M having finite
codimension. Then at each point of N there exists a chart in which the symplectic
form of N is constant.

Before giving the proof of Theorem 3.1 I give two lemmas on symplectic vector
spaces which will be used below.

Let (P, Q) be a weakly symplectic vector space, with P a reflexive Banach space;
as above denote by F the dual of P with respect to 2. Given a closed subspace

V C P define V~ to be the closure of V in the topology of F, and
Vi={XeP: : QX,Y)=0VY eV},
Vi={XeF : :QX,Y)=0VY eV} .
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Note that
(11) vIT — vyt
If W C F is a closed subspace, I will denote
WH={XecP : QX,Y)=0VY € W};
this is not ambiguous since (for V' C P) one has
(12) vi= (Vf)L.
Lemma 3.2. Let V C P be a closed subspace; then one has
(13) vy, vH' =7

Proof. Let X ¢ V be a vector of P; then by the Hahn—Banach theorem there exists
a € P* such that o(X) = 1 and a|y = 0. Consider Ja € F: clearly one has
Ja € Viand Q(Ja, X) = 1, so that

Xg Vi =yt
where the last equality follows from (11) and (12). This proves X € V = X €
V4L the inverse inclusion is trivial. To obtain the second of (13) remark that
vo=vitT =i,
where the second equality follows from (11). |

For a previous proof of V++ =V in weak symplectic spaces see [6].

Lemma 3.3. Let V C P be closed and symplectic; then
1.

P=VaoVv

2. Let 7 be the projection on V; then 7 extends to a continuous map from F to

V.
3. There exists C such that VX € V one has

QXY
IX|,<C sup HED
vevipor Y]

Proof. Clearly one has VNV+ = {0} and vVnvt= {0}. Define Py :==V @ V+,
and assume that it does not coincide with P; then there exists 0 # X € P\P;. By
the Hahn-Banach theorem there exists o € P* such that a(X) =1 and 04|7)1 =0.
Then, by Lemma 3.2, one has

JaeVinWwhH =vinv = {0} .
Since « # 0, this is a contradiction. To prove 2 fix X € P; we have
QrX,Y Qr X, 7Y
InXl, = swp ROV, [QEX V)
vervioy 1Yl ver\oy Yl
wp 2T ey )X

< <C|X]|g,
ver\foy 1Yl verifor 1Yl g
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where the last equality is just boundedness of 7. I come to 3. Fix Y € V; we have

1Q(X,Y)] |Q(rX,Y)]
Yiz=sup —=r= = —xr
xervior Xl xer\ioy  IX]|
|Q(rX,Y)]
< sup =X]
XeP\{0} C

where the last equality is due to the boundedness of 7. From this 3 immediately
follows. U

Proof of Theorem 8.1. The result is local, so I consider only the case where M =
U C P is an open subset of P endowed by a constant symplectic form 2. Moreover
assume 0 € Y N N; I will construct a chart of N about 0 in which the assumptions
of Theorem 2.1 are satisfied. Denote by F the dual of P with respect to €2, and
V := TyN; then V is symplectic and therefore P = V @ VL; denote by 7 : P D
U — V the projection on V. Clearly there exists a neighbourhood W C N of 0
where
p:W—-V
x = o(x) =7z

is a chart of N. I claim this is a chart in which the assumptions of Theorem 2.1
are satisfied.

To start with note that in this chart the expression QY of the symplectic form
of N is given by

QYN VxV =R

(X,Y) = ON(X,Y) = Q (e} X, 05 Y) 5

I will show that ¢,, extends to an isomorphism of T, N g and V]:; then the result
will easily follow.
First note that, from the linearity of m, one has

Oug : Ty N =V
X=X =71X.
I use this fact to construct more explicitly ¢.!. Fix a basis vy (2), ..., van(z) of
(T,N)* smoothly dependent on z, define the one forms o? := Q(v;(z),.), and note

that they extend to elements of F* smoothly dependent on x. Then define the
linear operator
Ay : P - VoOR™
(14) X— (rX;07X,...,05,X);
clearly Am|Tm N = (042,0). Tt is immediate to realize that Ao is an isomorphism

which extends to an isomorphism of F with V}- @ R?™. Moreover, A, depends
smoothly on x both as linear bounded operator from P to V @ R?" and as bounded

linear operator from F to il @ R?". So there exists a neighbourhood W of 0 C U
where it is an isomorphism. It follows that

ok V - T,N
X — AJY(X,0)

. . —=F . e—F
extends to an isomorphism of V° with T, N° smoothly dependent on z.
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Denote now by F; the dual of V with respect to Q. By Lemma 3.3 (assertion 3),

one has Fy = Vf. I am going to prove that the same holds for x in a neighbourhood
of 0. By the very definition of ||.|| 5 and of @, for Y € V one has

|UX, i V)|
IYlp, = suwp =
XeT, N\{0} [l X ||

but, since @, is an isomorphism of T, N and V there exist constants such that
IY|lg, <Cllen Y] <CallYlls ,

X, 9 V)| -

Vg, >0 sup 2wt hs oylontv|, > G Y

X€T, N\{0} (X1l

where I used also the fact that ¢, is an isomorphism from V}- and T, N ]:, and
Lemma 3.3.

Finally one has to prove that QY depends smoothly on z as a bilinear form on

—F c. .
V x F ~V x V' . But this is a trivial consequence of the smoothness of A;!

both as a map from V @ R?” to P and as a map from v @ R?" to F, and of the
definition of Q. O

Remark 3.4. 1 think that Theorem 3.1 should hold also for co-codimensional sym-
plectic submanifolds of M; however, I was not able to prove that (T, N)* depends
smoothly on z, and therefore I did not succeed in defining an operator of the kind
of the operator (14)

I come to symplectic manifolds obtained by the Marsden—Weinstein reduction
procedure.

Fix again M as above, and let G be a finite dimensional Lie group. Let & :
M xG — M be a smooth symplectic action of G on M admitting an Ad*-equivariant
momentum map I : M — g*. Let i € g* be a regular value of I, and denote by G,
the isotropy group of u, namely

GM::{geG : Ad;u:u} .

Assume G, acts properly and freely on I~!(p), and denote

then it is well known that M, is a symplectic manifold.

Corollary 3.5. About each point of M,, there exists a chart in which the symplectic
form is constant.

Proof. Let z € M,,. Then z = [z] for some x € I~!(u); denote by G,z the orbit of
G, through . Let P C M be a closed submanifold of M passing through x such
that T,M =T,PoT,(G Nx). Then it is well known that M), is locally isomorphic,
as a symplectic manifold, to a neighbourhood of z in PN I~t(u). But PN I171(u)
is a finite codimension submanifold of M, and therefore Theorem 3.1 gives the
result. |
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4. A COUNTEREXAMPLE TO THE DARBOUX THEOREM (FOLLOWING MARSDEN)

Let @ be a Banach manifold modelled on a reflexive Banach space B; then it is
well known that the canonical symplectic structure of T*@ is strong [1]. Suppose
that @ is endowed by a metric; then it is possible to pull back the symplectic form of
T*Q to TQ. If the metric of Q) is only weakly nondegenerate (i.e. g, : T,QXT,Q —
R is weakly nondegenerate as a bilinear form), then the symplectic form on T'Q is
only weakly nondegenerate. Marsden’s idea is to define a symplectic form Q on T'Q)
using a metric, which for a given zy € @ is only weakly nondegenerate, while it is
strongly nondegenerate at the points z,, of a sequence having xy as an accumulation
point. It clearly turns out that VX € T,,Q the form Qx is weakly nondegenerate,
and therefore Fx strictly contains TxT'Q) ~ B x B, while for any Y € T, Q the
form Qy is strongly nondegenerate, and therefore Fy = TyTQ ~ B x B. This
violates the necessary condition 2.6, and therefore the Darboux theorem fails.

A concrete example of this kind can be obtained choosing @ to be the Sobolev
space H'(T!) of L? functions on [0, 7] having L? weak derivatives, and fulfilling
periodic boundary conditions; the weak metric can be defined by

(15) 9u(X,Y) = [ X(@)Y (2)dz + [|ul 72 / Xo(2)Ye (2)d
T! T!
which at u = 0 is weak (it is just the L? pairing) while for u # 0 it is strong.
A simple calculation shows that, denoting (as usual) by H ! the dual of H*(T%)
with respect to the L? pairing, the map
0yt H(TY) x HY(T') - H ' x H™

corresponding to the so obtained symplectic form is given by

2 . . .
I (R G A B
’ 14 ”U”L2 Viwg =V

which is an isomorphism for u # 0.

Remark 4.1. Choosing Q = H*(T*) (s > 1) endowed by the metric (15) one obtains
a symplectic form which is nowhere strong, however exploiting (16) it is easy to
show that also in this case the Darboux theorem fails. Indeed it is clear that the
reason why the Darboux theorem is violated is that such a map is a differential
operator whose degree changes at u = 0.
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