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ACTION-ANGLE COORDINATES FOR INTEGRABLE
SYSTEMS ON POISSON MANIFOLDS

CAMILLE LAURENT-GENGOUX, EVA MIRANDA', AND POL VANHAECKE?

ABSTRACT. We prove the action-angle theorem in the general, and most
natural, context of integrable systems on Poisson manifolds, thereby gen-
eralizing the classical proof, which is given in the context of symplectic
manifolds. The topological part of the proof parallels the proof of the
symplectic case, but the rest of the proof is quite different, since we are
naturally led to using the calculus of polyvector fields, rather than dif-
ferential forms; in particular, we use in the end a Poisson version of the
classical Carathéodory-Jacobi-Lie theorem, which we also prove. At the
end of the article, we generalize the action-angle theorem to the setting
of non-commutative integrable systems on Poisson manifolds.
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1. INTRODUCTION

The action-angle theorem is one of the basic theorems in the theory of
integrable systems. In this paper we prove this theorem in the general, and
most natural, context of integrable systems on Poisson manifolds.

We recall that a Poisson manifold (M,II) is a smooth manifold M on
which there is given a bivector field II, with the property that the bracket
on C*°(M), defined for arbitrary smooth functions f and g on M by

{f, 9} = 1I(df,dg)

is a Lie bracket, i.e., it satisfies the Jacobi identity. On a Poisson manifold
(M, 1I), the Hamiltonian operator, which assigns to a function on M a vector
field on M, is defined naturally by contracting the bivector field with the
function (the “Hamiltonian”): for h € C°°(M) its Hamiltonian vector field
is defined by

Xp = {,h} = —1gpIl. (1.1)
Two important consequences of the Jacobi identity for {-,-} are that the
(generalized distribution) on M, defined by the Hamiltonian vector fields
X, is integrable, and that the Hamiltonian vector fields which are associ-
ated to Poisson commuting functions (usually called functions in involution)
are commuting vector fields. The main examples of Poisson manifolds are
symplectic manifolds and the dual of a (finite-dimensional) Lie algebra, but
there are many other examples, which come up naturally in deformation
theory, the theory of R-brackets, Lie-Poisson groups, and so on. Poisson’s
original bracket on C°°(R?"), given for smooth functions f and g by

N~ (999 _ 99 0f
Vot =3 (it - 2. (12)

=1

is still today of fundamental importance in classical and quantum mechanics,
and in other areas of mathematical physics. Many examples of integrable
Hamiltonian systems are known in the context of Poisson manifolds which
are not symplectic. For instance the Kepler problem [R(], Toda lattices [fl]
and the Gelfand-Cetlin systems [[LT], [Ld].

One of the main uses of the Poisson bracket is the integration of Hamil-
ton’s equations, which are the equations of motion which describe a clas-
sical mechanical system on the phase space R ~ T*R’, defined by a
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Hamiltonian h (the energy, viewed as a function on phase space); their so-
lutions are the integral curves of the Hamiltonian vector field X}, defined
by (L) with respect to the Poisson bracket ([[.2). The fundamental Liou-
ville theorem states that it suffices to have r independent functions in invo-
lution (f1 = h, fa,..., fr) to quite explicitly (i.e., by quadratures) integrate
the equations of motion for generic initial conditions. Moreover, assuming
that the so-called invariant manifolds, which are the (generic) submanifolds
traced out by the n commuting vector fields XY,, are compact, they are (dif-
feomorphic to) tori T" = R"/A, where A is a lattice in R"; on these tori,
which are known as Liouville tori, the flow of each of the vector fields A,
is linear, so that the solutions of Hamilton’s equations are quasi-periodic.
The classical action-angle theorem goes one step further: under the above
topological assumption, there exist on a neighbourhood U of every Liouville
torus functions o1, ...,0, and R/Z-valued functions 64, ...,0,, having the
following properties:

(1) The map ®, defined by ® := (0y,...,0,,01,...,0,) is a diffeomor-
phism from U onto the product T” x B", where B" is an r-dimensional
ball;

(2) @ is a canonical map: in terms of 6y,...,0,,01,...,0, the Poisson
structure takes the same form as in ([L.4) (upon replacing ¢; by 6;
and p; by 0;);

(3) Under @, the Liouville tori in U correspond to the fibers of the
natural projection T" x B" — B".

The proof of this theorem goes back to Mineur [[3, [4, [[§]. A proof in the
case of a Liouville integrable system on a symplectic manifold was given by
Arnold [B); see also [}, [, [[J]. As established in [[]]], action-angle coordinates
also appear naturally in geometric quantization, for, when an integrable
system is interpreted as a polarization, action-angle coordinates determine
the so-called Bohr-Sommerfeld leaves: the latter are in particular explicitely
described for the Gelfand-Cetlin system in [[LT].

In the context of Poisson manifolds, the Liouville theorem still holds, up
to two adaptations: one needs to take into account the Casimirs (functions
whose Hamiltonian vector field are zero) and the singularities of the Poisson
structure (the points where the rank of the bivector field drops); for a precise
statement and a proof, see [fll, Ch. 4.3]. As we show in this paper, the action-
angle theorem takes in the case of Poisson manifolds the following form!

Theorem 1.1. Let (M,II) be a Poisson manifold of dimension n and (maz-
imal) rank 2r. Suppose that ¥ = (f1,...,fs) is an integrable system on
(M,11), i.e., r + s = n and the components of F are independent and in
involution. Suppose that m € M is a point such that

(1) dmfi A .. Admfs # 0;

lan equivalent statement, without proof, was given in @, Ch. 4.3].
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(2) The rank of II at m is 2r;
e integral manifold F, o s, X5, passing through m, is com-
3) The integral manifold Fy, of Xy, ..., Xy., passing through m, i
pact.

Then there ezists R-valued smooth functions (o1,...,0s) and R/Z-valued
smooth functions (01,...,0,), defined in a neighborhood U of F,, such that

(1) The functions (61,...,0r,01,...,05) define an isomorphism U ~
T" x B®;

(2) The Poisson structure can be written in terms of these coordinates
as

i=1
in particular the functions o,41,...,0s are Casimirs of Il (restricted
to U);
(3) The leaves of the surjective submersion F = (f1,...,fs) are given
by the projection onto the second component T" x B®, in particular,
the functions o1, ...,0s depend on the functions fi,..., fs only.

The functions 6y, ...,0, are called angle coordinates, the functions o7y,
..., o0y are called action coordinates and the remaining functions o,41, ..., 0
are called transverse coordinates.

Our proof of theorem [L.1], consists of several conceptually different steps,
which are in 1-1 correspondence with the (a) topological, (b) group theo-
retical, (c) geometrical and (d) analytical aspects of the construction of the
coordinates. It parallels Duistermaat’s proof, which deals with the symplec-
tic case [[f; while (a) and (b) are direct generalizations of his proof, (c) and
(d) are however not.

(a) The topological part of the proof amounts to showing that in the
neighborhood of the invariant manifold F,,, we have locally trivial torus
fibration (Paragraph B.3). Once we have shown that the compact invariant
manifolds are the connected components of the fibers of a submersive map
(the map F, restricted to some open subset), the proof of this part is similar
as in the symplectic case.

(b) The (commuting) Hamiltonian vector fields are tangent to the tori
of this fibration; integrating them we get an induced torus action (action
by T") on each of these tori, but in general these actions cannot be com-
bined into a single torus action. Taking appropriate linear combinations of
the vector fields, using F-basic functions as coefficients, by a procedure called
“uniformization of the periods”, one constructs new vector fields Y7,...,Y,
which are tangent to the fibration, and which now integrate into a single
torus action. This is the content of step 1 in the proof of proposition B.4.
This step, which is an application of the implicit function theorem, is iden-
tical as in the symplectic case.
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(¢) The newly constructed vector fields Y; are the fundamental vector
fields of a torus action. We first show that they are Poisson vector fields,
i.e., that they preserve the Poisson structure (step 2 in the proof of propo-
sition B.6). The key (and non-trivial) point of the proof is the periodicity
of the vector fields Y;. We then prove (in step 3 of the proposition) the
stronger statement that these vector fields are Hamiltonian vector fields, at
least locally, by constructing quite explicitly their Hamiltonians, which will
in the end play the role of action coordinates.

(d) In the last step (theorem B.§), we use the Carathéodory-Jacobi-Lie
theorem for Poisson manifolds to construct on the one hand coordinates
which are conjugate to the action coordinates (angle coordinates and trans-
verse coordinates) and on the other hand to extend these coordinates to a
neighborhood of the Liouville torus F,,. The Carathéodory-Jacobi-Lie the-
orem for Poisson manifolds, to which Section [l is entirely devoted, provides
a set of canonical local coordinates for a Poisson structure II, containing a
given set p1, ..., p, of functions in involution. It generalizes both the classical
Carathéodory-Jacobi-Lie theorem for symplectic manifolds [[3, Th. 13.4.1]
and Weinstein’s splitting theorem [[g, Th. 2.1]. We are convinced that this
theorem, which is new, has other interesting applications, as in the study of
local forms and stability of integrable systems.

The action-angle theorem has been proven by [|L7] in the general context of
non-commutative integrable systems on a symplectic manifold (see the Ap-
pendix for a comparison between this notion and some closely related notions
of integrability). Roughly speaking, a non-commutative integrable system
has more constants of motion than a Liouville integrable system, accounting
for linear motion on smaller tori, but not all these functions are in involu-
tion. This notion has a natural definition in the case of Poisson manifolds,
proposed here (definition [I.])); it generalizes both the notion of Liouville
integrability on a Poisson manifold and the notion of non-commutative inte-
grability on a symplectic manifold. We show in Section {| that our proof can
be adapted (i.e., generalized) to provide a proof of the action-angle theorem
in this very general context.

The structure of the paper is as follows. We state and prove the Carathéo-
dory-Jacobi-Lie theorem for Poisson manifolds in Paragraph P.J and we give
in Paragraph P.9 a counterexample which shows that a mild generalization
of the latter theorem does not hold in general. The action-angle theorem
for Liouville integrable systems on Poisson manifolds is given in Section
. We show in Section [| how this theorem can be adapted to the more
general case of non-commutative integrable systems on Poisson manifolds.
The appendix to the paper is devoted to the geometrical formulation of the
notion of a non-commutative integrable system on a Poisson manifold.

In this paper, all manifolds and objects considered on them are smooth
and we write {f, g} for II(df,dg).
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2. THE CARATHEODORY-JACOBI-LIE THEOREM FOR POISSON MANIFOLDS

In this section we prove a natural generalization of the classical Carathéo-
dory-Jacobi-Lie theorem [[d, Th. 13.4.1] for an arbitrary Poisson manifold
(M,1I). It provides a set of canonical local coordinates for the Poisson
structure II, which contains a given set p1,...,p, of functions in involution
(i.e., functions which pairwise commute for the Poisson bracket), whose
Hamiltonian vector fields are assumed to be independent at a point m € M
(theorem R.1]). This result, which is interesting in its own right, will be used
in our proof of the action-angle theorem. We show in Paragraph by
giving a counterexample that canonical coordinates containing a given set
of functions in involution may fail to exist as soon as the Hamiltonian vector
fields &}, ,..., X, are dependent at m, even if they are independent at all
other points in a neighborhood of m.

2.1. The theorem. The main result of this section is the following theorem.

Theorem 2.1. Let m be a point of a Poisson manifold (M,II) of dimen-
ston n. Let p1,...,pr be v functions in involution, defined on a meighbor-
hood of m, which vanish at m and whose Hamiltonian vector fields are lin-
early independent at m. There exist, on a neighborhood U of m, functions
1y s QryZ1y - - » Zn_or, Such that

(1) The n functions (P1,qiy---sPrsQry 215+« 2n—2r) form a system of
coordinates on U, centered at m;
(2) The Poisson structure 11 is given on U by

n—2r
8 0
Z 8% apz * Z g” azz az_] (2‘1)

),

where each function g;;(z) is a smooth function on U and is inde-
pendent Ofp17 sy Pryqly -5 Gy

The rank of II at m is 2r if and only if all the functions g;;(z) vanish for
z=0.

Proof. We show the first part of the theorem by induction on r. For r = 0,
every system of coordinates z1,..., z,, centered at m, does the job. Assume
that the result holds true for every point in every Poisson manifold and every
(r — 1)-tuple of functions as above, with > 1. We prove it for ». To do
this, we consider an arbitrary point m in an n-dimensional Poisson manifold
(M,II), and we assume that we are given functions in involution py,...,p,,
defined on a neighborhood of m, which vanish at m, and whose Hamiltonian
vector fields are linearly independent at m. On a neighbourhood of m, the
distribution D := (X},,,..., A}, ) has constant rank r and is an involutive

distribution because [}, Xp;] = =Xy, .1 = 0. By the Frobenius theorem,

there exist local coordinates g1, ..., gn, centered at m, such that X, aag
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fori=1,...,r, on a neighbourhood of m. Setting ¢, := ¢, we have
Xy i) = =X 0] = —6ir, i=1,...,7 (2.2)

in particular (1) the r + 1 vectors d,,p1,...,dmp, and d,q, of T,;; M are
linearly independent, and (2) the vector fields &}, and A}, are independent
at m. It follows that a distribution D’ (of rank 2) is defined by X, and &), .
It is an integrable distribution because [Xy, , ), ] = — &4, .1 = 0. Applied to
D', the Frobenius theorem yields the existence of local coordinates vy, ..., v,,
centered at m, such that

0 0

and = —
q
" Ouy,

Since the differentials d,,,v1, ..., dyv,—2 vanish on X, (m) and on X, (m), it
follows that (d,v1,...,dmvn—2, dmpr, dmg.) is a basis of )X M. Therefore,
the n functions (vy,...,v,—2,pr, g-) form a system of local coordinates, cen-
tered at m. It follows from (R.3) that the Poisson structure takes in terms
of these coordinates the following form:

0,0
_OQT Opr

Ap, = Jon 1 (2.3)

II

n—2 9 9
+ Z hij(vs, ... 7vn—27p7"7QT)a—vi A a0,
2,j=1
The Jacobi identity, applied to the triplets (p,,v;, vj) and (g, vs, v;), implies
that the functions h;; do not depend on the variables p,, g, so that

n—2 9 9

Bii(V1, e U)o A 2.4
+ijzl ](vl v 2)61}2‘/\81)]' ( )

0 0
A

dq,  Op,

I =

which means that II is, in a neighborhood of m, the product of a symplectic
structure (on a neighborhood of the origin in R?) and a Poisson structure
(on a neighborhood of the origin in R"~2). In order to apply the recursion
hypothesis, we need to show in case r —1 > 0 that pi,...,p,—1 depend only

on the coordinates v1,...,v,_o, i.e., are independent of p, and g,
Op; Op;
Pi_o=SL o -1 (2.5)
Opy dq,

Both equalities in (R.5) follow from the fact that p; is in involution with p,
and ¢, for i = 1,...,r — 1, combined with (2.4):

Ip; _ Op;
gy ' Opy .
We may now apply the recursion hypothesis on the second term in (R.4),
together with the functions pi,...,p._1. It leads to a system of local coor-
dinates (p1,q1,...,PrsGry 21, -+, 2n_2y) in which II is given by (R.1). This
shows the first part of the theorem. The second part of the theorem is an

easy consequence of (P.1), since it implies that the rank of IT at m is 2r plus
the rank of the second term in the right hand side of (R.T]), at z = 0. O

0={pi,p}= 0={pi,q;} =
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Remark 2.2. The classical Carathéodory-Jacobi-Lie theorem corresponds to
the case dim M = 2r. Then II is the Poisson structure associated to a
symplectic structure, in the neighborhood of m. Theorem P.]| then says
that II can be written in the simple form

T
0 0
II= — A ) 2.6
izl 9q;  Op; (26)
where we recall that the (involutive) set of functions p1, ..., p, is prescribed.

Remark 2.3. Theorem .1 and their proof, as they are stated, do not yield the
existence of the involutive set of functions p1,...,p,, a fact which is plain
in Weinstein’s splitting theorem. However, if we forget in our proof that
these functions are prescribed, we can easily adapt the induction hypotheses,
adding the existence of r such functions, when the rank of the Poisson
structure at m is at least 2r. In this sense, our theorem is an amplification
of Weinstein’s splitting theorem.

Remark 2.4. Theorem holds true for holomorphic Poisson manifolds; the
local coordinates are in this case holomorphic coordinates and the functions
gi;(z) are holomorphic functions, independent from p1,...,pr, q1,...,¢-. Up
to these substitutions, the given proof is valid word by word.

2.2. A counterexample. If we denote in theorem R.1 the rank of II at
m by 27', then 2r’ > 2r, because the involutive set of functions p1,...,p,
define a totally isotropic foliation in a neighborhood of m. It means that,
if 27’ < 27 and one is given independent functions in involution py,...,p,,
then their Hamiltonian vector fields X}, , ..., X}, are dependent at m. In the
extremal case in which dim (&, (m),..., X, (m)) = ' one has? according
to theorem P.1), that there exist functions qi,...,q- and 21, ..., z,_9- such
that II takes the form

r/ n—2r'
0 0 0 0
II = — .. _opt ) =— N —.
izl a(h A 8]9@ + klzl ¢k,l(21, y An—2r )aZk A 82[

A natural question is whether r — v’ of the functions z; can be chosen
as Pyii,...,Pr, or, more generally, as functions which depend only on
p1,-.-,pr. We show in the following (counter) example that this is not
possible, in general.

Exzample 2.5. On R*, with coordinates fi, f2, g1, g2, consider the bivector
field, given by

_i/\i+ ( )i/\i+¢( )i/\i

o " ofi " M 0g " 0 ETRT

where x(g2) and ¥(g2) are smooth functions that depend only on g,, and
which vanish for go = 0, so that the rank of II at the origin is 2. A direct

(2.7)

2Possibly up to a relabelling of the p;, so that dim (Xpy (m), ..., X, (m)) =7""
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computation shows that this bivector field is a Poisson bivector field and
that fi and f5 are in involution. We show that for some choice of y and
there exists no system of coordinates p1, g1, 21, 22, centered at 0, with pq, 21
depending only on f; and fs, such that
0 0 0 0
HI=—A—4¢(21, 22 A —. 2.8
o O; ( )3 21 Oz (28)
To do this, let us assume that such a system of coordinates exists. Taking
the Poisson bracket of p1 = pi(fi1, f2o) and 21 = 2z1(f1, f2) with ¢ yields, in

view of (R.§),

I = {q.;m} = {Q1,f1}+ {Q1,f2}

821

0 = {qg,x1}= {C]1,f1}+ {Q1,f2} (2.9)

Let N denote the locus defined by f1 = fo = 0, which is a smooth surface in
a neighborhood of the origin. Let g denote the restriction of ¢; to N. Since
Xy and XYy, are tangent to N, Xy,[q] = {Q1,fz’}|N, so that (R.9), restricted
to IV, becomes

>\1Xf1 [Q] + )‘2Xf2 [Q],
0 = )\3Xf1 [Q] + )‘4Xf2 [Q]a (2'10)

where Aq,...,\q are constants (because p1, 21 depend only on f1, f2), and
satisfy AMiAg — Aodg # 0, since p; and z; are part of a coordinate system
centered at the origin. It follows that

X1 lq] = c1 and Xp,[q] = e, (2.11)

where ¢; and ¢y are constants, which cannot be both equal to zero, in view
of (R.10). Writing X, and X, in terms of the original variables, using (R.7),
we find that ¢ = q(g1, g2) must satisfy

dq dq

9gr 0 X(92)8— +Y(g2) 75—

dq
o9

= C2.

Evaluating the second equation at g; = go = 0 gives ¢co = 0, hence ¢; # 0
and q(g1,92) = c191 +7(g2) for some smooth function r(gs). Then the second
condition leads to the following differential equation for r,

x(g2)7"(92) = —(g2)er. (2.12)

But this equation does not admit a smooth solution, unless 1(g2)/x(g2) ad-
mits a smooth continuation at 0. If, for example, ¥(g2) = g2 and x(g2) = g3,
then there is no solution r(g2) to (B.13), which is smooth in the neighbor-
hood of 0, hence a system of coordinates in which II takes the form (R.§)
does not exist.
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3. ACTION-ANGLE COORDINATES FOR LIOUVILLE INTEGRABLE SYSTEMS
ON POISSON MANIFOLDS

In this section we prove the existence of action-angle coordinates in the
neighborhood of every standard Liouville torus of an integrable system on
an arbitrary Poisson manifold.

3.1. Standard Liouville tori of Liouville integrable systems. We first
recall the definition of a Liouville integrable system on a Poisson manifold.

Definition 3.1. Let (M,II) be a Poisson manifold of (maximal) rank 2r
and of dimension n. An s-tuplet of functions F = (f,..., fs) on M is said
to define a Liouville integrable system on (M,II) if

(1) fi,...,fs are independent (i.e., their differentials are independent
on a dense open subset of M);

(2) fi,...,[fs are in involution (pairwise);

(3) r+s=n.

Viewed as a map, F : M — R? is called the momentum map of (M,II, F).

We denote by M, the open subset of M where the rank of II is equal to 2r;
points of M, are called reqular points of M. We denote by Ug the dense
open subset of M, which consists of all points of M where the differentials
of the elements of F are linearly independent,

Up = {m € M |dpfi Admfo A ... Admfs % 0}. (3.1)

On the non-empty open subset M, N"Up of M the Hamiltonian vector fields
Xy, ..., Xy, define a distribution D of rank r, since at each point m of M,
the kernel of II,, has dimension n — 2r = s — r. The distribution D is
integrable because the vector fields &7, , ..., Xy, pairwise commute,

[Xfi’ij] ==X, =0,

for 1 < i < j < s. The integral manifolds of D are the leaves of a regular
foliation, which we denote by F; the leaf of F, passing through m, is denoted
by Fim, and is called the invariant manifold of F, through m. For what
follows, we will be uniquely interested in the case in which F,, is compact.
According to the classical Liouville theorem, adapted to the case of Poisson
manifolds (see [fll, Sect. 4.3] for a proof in the Poisson manifold case), every
compact invariant manifold F,, is diffeomorphic to the torus T" := (R/Z)";
more precisely, the diffeomorphism can be chosen such that each of the
vector fields XY, is sent to a constant (i.e., translation invariant) vector field
on T7". Such a torus is called a standard Liouville torus.

3.2. Foliation by standard Liouville tori. As a first step in establishing
the existence of action-angle coordinates, we prove that, in some neighbor-
hood of a standard Liouville torus, the invariant manifolds of an integrable
system (M,II,F) form a trivial torus fibration.
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Proposition 3.2. Suppose that F,, is a standard Liouville torus of an in-
tegrable system (M,ILF) of dimension n := dim M and rank 2r := RkIL.
There exists an open subset U C M, NUg, containing F,,, and there exists a
diffeomorphism ¢ : U ~ T" x B™™", which takes the foliation F to the folia-
tion, defined by the fibers of the canonical projection pg : T"xB"™" — B"™ ",
leading to the following commutative diagram.

]:m( U i \ Tr % Bn—r
JF(/
PB
anr

Proof. We first show that the foliation F, which consists of the maximal
integral manifolds of the foliation D, defined by the integrable vector fields
Xy, ..., Xy, where s := n—r, coincides with the foliation F, defined by the
fibers of the submersion

F=(fi, ..., fs): M. NUr — R?,

which is the restriction of F : M — R® to M, NUg. Since all leaves of F
and of F are r-dimensional, it suffices to show that the two leaves, which
pass through an arbitrary point m € M, NUr, have the same tangent space
at m. Since fi,..., fs are pairwise in involution, each of the vector fields
Xy, ..., Xy, is tangent to the fibers of F, ie., to the leaves of F. Thus,
T,nF C T,,,F, which implies that both tangent spaces are equal, since they
have the same dimension r.

Suppose now that F,, is a standard Liouville torus. We show that there
exists a neighborhood U of F,,, and a diffeomorphism ¢ : U — F,,, X B?,
which sends the foliation F (= F), restricted to U, to the foliation defined
by pp on F,,, x B®. The proof of this fact depends only on the fact that F,,
is a compact component of a fiber of a submersion (namely F). Notice that
since F is a submersion, every point m’ € F,, = F,, has a neighborhood
Uy in M, which is diffeomorphic to the product of a neighborhood V,,,; of
m’ in F,, times an open ball BS,, centered at F(m') = F(m) in R®; such
a diffeomorphism ¢,,/, as provided by the implicit function theorem, is a
lifting of F, i.e., it leads to the following commutative diagram:

Pt
Up — = =+ Vo X By,

N

B,

Since F,, is compact, it is covered by finitely many of the sets V,,/, say
Vinis - - s Vin,. Thus, if every pair of the diffeomorphisms ¢y, , ..., ¢, agrees
on the intersection of their domain of definition (whenever non-empty), we
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can define a global diffeomorphism on a neighborhood U of F,,,, whose image
is the intersection of the concentric balls By, ..., By, . In order to ensure
that these diffeomorphisms agree, we need to chose them in a more specific
way. This is done by choosing an arbitrary Riemannian metric on M. Using
the exponential map, defined by the metric, we can identify a neighborhood
of the zero section in the normal bundle of F,,, with a neighborhood of
Fm in M; in particular, for every m’ € F,, there exist neighborhoods U,
of m" in M and V,,, of m' in F,,, with smooth maps ¥, : Uy — V,u,
which have the important virtue that they agree on the intersection of their
domains. Upon shrinking the open subsets U,,, if necessary, the maps
Omr = Uy X (f1,...,fs) are a choice of diffeomorphisms, defined on a
neighborhood U of F,,, with the required properties. O

Corollary 3.3. Suppose that F,, is a standard Liouville torus of an inte-
grable system (M,II,F) of dimension n := dim M and rank 2r := REIL.
There exists an open subset U C M, NUg, containing F,,, and there exist
n — 2r functions z1,...,2zn—or on U which are Casimir functions of 11, and
whose differentials are independent at every point of U.

Proof. Let U C M, NUg and ¢ be as given by proposition B.3. We consider,
besides D, another integrable distribution on U: the distribution D’ defined
by all Hamiltonian vector fields on U; it has rank 2r and its leaves are
the symplectic leaves of (U,II). Since D is the distribution, defined by the
Hamiltonian vector fields Xy, ,..., Xy, we have that D C D’. Consider
the submersive map pgpo¢ : U — T" x B® — B® whose fibers are by
assumption the leaves of F, i.e., the integral manifolds of D (restricted
to U), so that the kernel of d(pp o ¢) is precisely D. The image of D' by
d(pp o ¢) is therefore a (smooth) distribution D” of rank r on B*, which
is integrable, since D’ is integrable. The foliation defined by the integral
manifolds of D" is, in the neighborhood of the point pg(¢(m)), defined by

s —r =n—2r independent functions 21, ..., z/ Pulling them back to M,

s “n—2r"
we get functions 21, ..., z,—9, on a neighborhood U of F,,, with independent
differentials on U, and they are Casimir functions because they are constant

on the leaves of D', which are the symplectic leaves of (U, II). U

For Liouville tori in an integrable system, which are not standard, there
may not exist a neighborhood on which the invariant manifolds of the inte-
grable system are locally trivial. We show this in the following example.

Ezample 3.4. Let M be the product of a Mobius band with an interval,
which is obtained by identifying on My := [—1,1] x |-1,1[ x R in pairs the
points (—1,y, z) and (1, —y, z), where y and z are arbitrary. On My, consider
the vector field Vy := 9/0x, the Poisson structure

o 0
HO.—a_x/\£7
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and the function F' := z. The algebra of Casimir functions of Il consists of
all smooth functions on M that are independent of x and z (i.e., arbitrary
smooth functions in y). Clearly, both Vy and IIy and z go down to M,
yielding a vector field V, a Poisson structure II = V A 9/9z and a function
z on M. What does not go down to M is the function y. In fact, only
even functions in y go down and the algebra of Casimir functions of II is the
algebra of even functions in y, viewed as functions on M. This remains true
if we restrict M to any neighborhood of the central circle y = z = 0, which
is a leaf of the foliation, defined by the fibers of F'. Since the differential of
an even function in y vanishes at all points where y = 0, the central circle
is not a standard Liouville torus. Since every neighborhood of the central
circle contains leafs that spin around the Mobius band twice, the Liouville
tori do not form a locally trivial torus fibration in the neighborhood of the
central circle.

3.3. Standard Liouville tori and Hamiltonian actions. According to
proposition B.9, the study of an integrable system (M,II, F) in the neigh-
borhood of a standard Liouville torus amounts to the study of an integrable
system (T" x B" ", Ily, pg), where Ilj is a Poisson structure on T" x B"~"
of constant rank 2r and the map pg : T" x B"" — B™ " is the projection
on the second factor. We write the latter integrable system in the sequel
as (T" x B*,II,F) and we denote the components of F by F = (f1,..., fs)
where s := n — r, as before. We show in the following lemma that we may
assume that the first r vector fields &, ,..., Xy, are independent on T" x B?,
hence span the fibers of F at each point.

Lemma 3.5. Let (T" x B*,II,F) be an integrable system, where 11 has
constant rank 2r and F : T x B® — B?® denotes the projection on the second
component. Let m € T" x {0} and suppose that the components of F =
(fi,..-, fs) are ordered such that the Hamiltonian vector fields Xy, ..., Xy,
are independent at m. There exists a ball B C B*, centered at 0, such that
Xy ..o, Xy are independent on T" x Bj.

Proof. We denote by Ly the Lie derivative with respect to a vector field V.
Since the vector fields Ay, pairwise commute,

r
‘Cij (Xfl/\“‘/\XfT):ZXfl/\“‘/\ [ij’Xfi] AN NXp =0,
i=1

for j = 1,...,s. It means that Xy A ... A Xy, is conserved by the flow
of each one of the vector fields X} ,..., X}, . In particular, if this r-vector
field is non-vanishing at m € T” x {0} then it is non-vanishing on the
entire integral manifold through m of the distribution D, defined by these
vector fields. Since this integral manifold, which is a torus, is compact, it is
actually non-vanishing on a neighborhood of the integral manifold, which we
can choose of the form T" x Bj, where Bj C B® is a ball, centered at 0. [
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Given an integrable system (T" x B® 11, F), where II has constant rank
and F = (f1,..., fs) is the projection on the second component, the Hamil-
tonian vector fields X, need not be constant on the fibers of F (which are
tori), and even if they are, they may vary from one fiber to another in
the sense that they do not come from the single action of the torus T" on
T" x B*. We show in the following proposition how this can be achieved,
upon replacing the Hamiltonian vector fields Xy, by well-chosen linear com-
binations, with as coefficients F-basic functions, i.e., functions of the form
F o A\, where A\ € C*°(B?); equivalently, smooth functions on T" x B® which
are constant on the fibers of F.

Proposition 3.6. Let (T" x B, II, F) be an integrable system, where 11 has
constant rank 2r and F = (f1, ..., fs) is projection on the second component.
Suppose that the r vector fields Xy, ..., X}, are independent at all points of
T" x B®. There exists a ball B§ C B?, also centered at 0, and there exist F-
basic functions \] € C*(Bg), such that the r vector fields Y; := 375 _; N] Xy,
(¢t = 1,...,r), are the fundamental vector fields of a Hamiltonian torus
action of T" on T" x B§.

The proof uses the following lemma.

Lemma 3.7. Let Y be a Poisson vector field on a Poisson manifold (M,1I)
of dimension n and rank 2r. If Y is tangent to all symplectic leaves of M,
then Y is Hamiltonian in the neighborhood of every point m € M where the
rank of Il is 2r.

Proof. 1f the rank of II at m is 2r, so that m is a regular point of II, then there
exists local coordinates (p1,q1, ..., Pryqr, 21, - - -, Zn—2r) in @ neighborhood U
of m with respect to which the Poisson structure P is given by:

B 0 A 0
— 9¢;  Op;:
The vector fields 8%, aipl, e aiqr, a%r span the symplectic leaves of Il on U.

Therefore, every vector field ), which is tangent to the symplectic leaves of
II, is of the form

" 0 NG,
Y= Zai(?—pi + Z bif‘)_qi
i=1 i=1

for some smooth functions ai,...,a,,b1,...b,, defined on U. The relation
[V,II] = 0 imposes the following set of equations to be satisfied for all
t,g=1,...,r:

({90,2‘ N Baj 8[)2 N 3[)]‘ and 8ai N _8[)2‘
dq;  0q; Op;  Op;i Ip; dqj
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By the classical Poincaré lemma, there exists a function h, defined on U,
which satisfies, for i =1,...,r:

oh oh
=——andb —_—.
i o, T ops
Hence,
r T n—2r
oh oh oh
X, = — X, + —A&p, + —X, =),
h — 9q; ! ; op;~ ¥ kzzl Oz, °*
which shows that ) is a Hamiltonian vector field on U. O

Now, we can turn our attention to the proof of proposition pB.4.

Proof. The fibers of F = (f1,..., fs) are compact, so for ¢ = 1,...,r, the

flow @gj) of the Hamiltonian vector field X, is complete and we can define
a map,
®:R" x (T" x B¥) — T" x B*
((tr- s ty)ym) = BN o0 (m).

Since the vector fields X, are pairwise commuting, the flows @Ej) pairwise
commute and ® is an action of R" on T" x B®. Since the vector fields
Xy, ..., Xy are independent at all points, the fibers of F, which are r-
dimensional tori, are the orbits of the action. For ¢ € B®, let A. denote
the lattice of R, which is the isotropy group of any point in F~1(c); it is
the period lattice of the action ®, restricted to F~1(c). Notice that if A. is
independent of ¢ € B, the action ® descends to an action of T = R"/A. on
T" x B*. We will show in Step 1 below that this independence can be assured
after applying a diffeomorphism of T" x Bfj over B{j, where Bj is a ball,
contained in B®, and concentric with it. The proof of this step is essentially
the same as in the symplectic case; it is called uniformization of the periods.
Steps 2 and 3 below prove successively that the fundamental vector fields
of the obtained torus action are Poisson, respectively Hamiltonian vector
fields.

Step 1. The periods of ® can be uniformized to obtain a torus action of
T" on T" x B§, whose orbits are the fibers of F (restricted to T" x By).

Let mq be an arbitrary point of F~1(0) and choose a basis (A1 (0), ..., A+(0))
for the lattice Ag. For a fixed ¢, with 1 < ¢ < r, for m in a neighborhood
of mg in T x B*® and for L in a neighborhood of \;(0) in R", consider the
equation ®(L,m) = m. Since F(®(L,m)) = F(m) for all L and m, it is
meaningful to write ®(L,m) — m and solving the equation ®(L,m) = m
locally for L amounts to applying the implicit function theorem to the map

®(L,m)—
R’ x (T7 x BY) — ™" e ogs o,

Since the action is locally free, the Jacobian condition is satisfied and we get
by solving for L around A;(0) a smooth R"-valued function \;(m), defined
for m in a neighborhood W; of mg. Doing this for ¢ = 1,...,r and setting
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W = N;_,W;, we have that W is a neighborhood of mg, and on W we have
functions A1 (m), ..., A.(m), with the property that ®(\;(m),m) = m for all
m € W and for all 1 < ¢ < r. Thus, \;(m),...,A.(m) belong to the lattice
Ap(m) for all m € W and they form a basis when m = my; by continuity,

they form a basis for Ap(,,) for all m € W.

The functions ); can be extended to a neighborhood of the torus F~1(0).
In fact, the functions \; are F-basic, hence extend uniquely to F-basic func-
tions on F~1(F(W)). We will use in the sequel the same notation \; for these
extensions and we write F~!(F(W)) simply as W. Using these functions we
define the following smooth map:

(i) : R xW — w
((t1,...,ty),m) +— @ <Z tidi(m), m) . (3.2)
=1

Since the functions \; are F-basic, the fact that ® is an action implies that
® is an action. The new action has the extra feature that the stabilizer of
every point in W is Z". Thus, ® induces an action of T7 on W, which we
still denote by ®. By shrinking W, if necessary, we may assume that W
is of the form Fil(BS)7 where Bfj is an open ball, concentric with B®, and
contained in it. Thus we have a torus action

o T x W — w

((t1,...,tr),m) — @(Zti)\i(m),m>.
=1

Step 2. The fundamental vector fields of the torus action ® are Poisson
vector fields.

We denote by Yi,..., Y. the fundamental vector fields of the torus ac-
tion @, constructed in step 1. We need to show that Ly,II =0, or in terms
of the Schouten bracket, that [);,II] = 0, fori = 1,...,r. To do this, we first
expand ); in terms of the Hamiltonian vector fields Xy, ..., Xy, : since the
action ® leaves the fibers of F invariant and since the Hamiltonian vector
fields Xy, ..., Xy, span the tangent space to these fibers at every point, we

can write
T

Vi=) My (3.3)
j=1
Since all Hamiltonian vector fields leave II invariant,

T T

Lyl=p.1=)" [A{ij,n] =Y XAy, (3.4)
j=1 J=1

which we need to show to be equal to zero. Notice that since the coefficients

A; in the definition of ® are F-basic, the coefficients )\g are also F-basic, so

they are pairwise in involution, and their Hamiltonian vector fields commute
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with all Hamiltonian vector fields Xy, . In particular it follows from B4
that [Xy,,[Vi,1I]] = 0 for k = 1,...,r. We derive from it and from (B.3),
that [V;, [Vi, I1]] = 0, i.e., that the flow of V; preserves Ly,II:

D)i, D)zaHH = [Z )\fok, D}i’H] = Z [)‘f’ D}MH]} /\ka
k=1 k=1
= > N aa Y ay E] aga g,
jk=1 jk=1
= 0, (3.5)

since any two F-basic functions are in involution. Hence, E 11 = 0. Since ;
is a complete vector field, and has period 1, we can conclude that £3,I1 =0
using the following:

Claim. If Y is a complete vector field of period 1 and P is a bivector

field for which E%,P =0, then Ly P = 0.

In order to prove this claim, we let Q := £y P and we denote the flow
of Y by ®;. We pick an arbitrary point m and we show that® Q,, = 0. We
have for all ¢ that

d
7 ((®6)«Po_y(m)) = (P)«(LYP)o_,m) = (P1)xQo_y(m) = Qms  (3.6)

where we used in the last step that the bivector field () satisfies £yQ = 0.
By integrating (B.6),

(q)t)*PQJ_t(m) =P, +tQmn.
Evaluated at ¢ = 1 this yields @,,, = 0, since ®; = Id, as Y has period 1.

Step 3. The vector fields ),...,), are Hamiltonian vector fields (with
respect to commuting Hamiltonian functions).

According to Step 2, the vector fields Vi, ..., ), are Poisson vector fields.
Since they are tangent to the symplectic leaves, according to lemma [B.7,
there is a neighborhood of m € F,, in W that we can assume to be of the
form Q, x W, with Q,. € T", Wy C B*, on which the vector fields V1,..., ).
are Hamiltonian vector fields. In other words, there exists functions that we
shall denote by hi,...,h,, defined on Wy, satisfying the relation J; = A,
for all ¢ = 1,...,r. It shall be convenient to denote by W again the open
subset F~1(Wy).

Let du be a Haar measure on T". For all m’ € W, we set:

Upy = {t € T" | &4(m’) € W}

3As before, Q,, denotes the bivector ) at the point m.
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where, for all t = (t1,...,t,) € T", ®, is a shorthand for the map m’ —

O(tq,...,t.,m'). We then define functions p;, i =1,...,r on W by:
1 B

— hi (®:(m/))d

vol(Upy) /teUm/ (e(m'))d

where vol(U,,/) stands for the volume with respect to the Haar measure.
Their Hamiltonian vector fields can be computed as follows,:

pi(m/) =

I /teUm, %, o (m )l
- T /tEUm, 4B, (A, (1 (m')))dp
- /teUm/ ad7 (Vu(@u(m'))) dy
- /teUm,yl’(m/)d" (3.7)
= Yi(m),

(3.8)

where the fact that ); is invariant under <i>t has been used to go from the
third to the fourth line. The relation Us,,(m) = ®y(Upy) for all ' € T7,
and the invariance property of the Haar measure, imply that the functions
P1,--.,pr are invariant under the T"-action. In particular, they are in invo-
lution for all 4,5 = 1,...,r, since

{pispi} = Yjlpi] = 0.

In conclusion, on the open subset W, the vector fields )4,...,)), are the
Hamiltonian vector fields of the commuting functions pq, ..., p,. O

3.4. The existence of action-angle coordinates. We are now ready to
formulate and prove the action-angle theorem, for standard Liouville tori in
Poisson manifolds.

Theorem 3.8. Let (M,II,F) be an integrable system, where (M,II) is a
Poisson manifold of dimension n and rank 2r. Suppose that F, is a stan-
dard Liouville torus, where m € M, NUp. Then there exists R-valued smooth
functions (p1,...,Pn—r) and R/Z-valued smooth functions (61,...,6,), de-
fined in a neighborhood U of F,, such that

(1) The functions (01,...,0,,p1,...,Pn—r) define an isomorphism U ~
TT' X Bn—r’.
(2) The Poisson structure can be written in terms of these coordinates

as
.9 0
H_;(?_Qz/\api’
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in particular the functions pyi1,...,pn—r are Casimirs of I (re-
stricted to U );
(3) The leaves of the surjective submersion ¥ = (f1,..., fn—y) are given

by the projection onto the second component T"x B"™", in particular,
the functions pi,...,pn_r depend on the functions fi,..., fn_r only.

The functions 01, ..., 0, are called angle coordinates, the functions py, ..., p,
are called action coordinates and the remaining coordinates pri1,...,Pn—r
are called transverse coordinates.

Proof. We denote s := n — r, as before. Since F,, is a standard Liouville
torus, proposition B.3 and corollary B.3 imply that there exist on a neigh-
borhood U’ of F,,, in M on the one hand Casimir functions p,11,...,ps and
on the other hand F-basic functions py,...,p,, such that p := (p1,...,ps)
and F define the same foliation on U’, and such that the Hamiltonian vector
fields X, ..., Ay, are the fundamental vector fields of a T"-action on U’,
where each of the vector fields has period 1; the orbits of this torus action
are the leaves of the latter foliation. In view of the Carathéodory-Jacobi-Lie
theorem (theorem P.1), there exist on a neighborhood U” C U’ of m in M,
R-valued functions 61, ..., 0, such that

H:iiAi. (3.9)

On U", X, = a%j, for j =1,...,r; since each of these vector fields has pe-

riod 1 on U, it is natural to view these functions as R/Z-valued functions,
which we will do without changing the notation. Notice that the functions
01,...,0, are independent and pairwise in involution on U”, as a trivial con-
sequence of (B.9). In particular, 61, ...,60,,p1,...,ps define local coordinates
on U”. In these coordinates, the action of T" is given by

(t17"‘ atT) : (915"'>9Tap15"' aps) = (91 +tla"'>9r+trap1?"‘ >ps)? (310)

so that the functions #; uniquely extend to smooth R/Z-valued functions
satisfying (B-1(), on U := F~1(F(U")), which is an open subset of F, in M;
the extended functions are still denoted by 6;. It is clear that {6;,p,;} = &/
on U, for alli,5 =1,...,r. Combined with the Jacobi identity, this leads to

{0003 = (40:.05 mi} = {007} — {0568} = 0.

which shows that the Poisson brackets {6;,6;} are invariant under the T-
action; but the latter vanish on U”, hence these brackets vanish on all of U,
and we may conclude that on U, the functions (y,...,6,,p1,...,ps) have
independent differentials, so they define a diffeomorphism to T” x B*® where
B? is a (small) ball with center 0, and that the Poisson structure takes in
terms of these coordinates the canonical form (B.9), as required. O
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The results of the present section can be applied in particular for a well-
known integrable system constructed on a regular coadjoint orbit O of u(n)*,
namely the Gelfand-Cetlin integrable system, for which action-angle coor-
dinates are computed explicitly in [[1]] and [[[]. This system can be seen
in the Poisson setting, as follows. Dualizing the increasing sequence of Lie
algebra inclusions:

u(l)Cc---Culn—1) Cun)

(where u(k) is considered as the left-upper diagonal block of u(k + 1) for
k=1,...,n—1), we get a sequence of surjective Poisson maps:

u(n)* —» u(n —1)* u(1)*

The family of functions on u(n)* obtained by pulling-back generators of the
Casimir algebras of all the u(k)* for k = 1,...,n yields a Liouville integrable
system on u(n)*. For particular generators, its restriction to an open subset
of O gives the Gelfand-Cetlin system. The invariant manifold is compact, so
that theorem B.§ can be applied and gives the existence of action-angle coor-
dinates, defined not only in a neighborhood of the invariant manifold in O,
but in a neighborhood of the invariant manifold in the ambient space u(n).
The restriction of these action and angle coordinates to one symplectic leaf O
will give action-angle coordinates on O, as in [[[1] or [[[(].

4. ACTION-ANGLE COORDINATES FOR NON-COMMUTATIVE INTEGRABLE
SYSTEMS ON POISSON MANIFOLDS

In this section, we prove the existence of action-angle coordinates in a
neighborhood of a compact invariant manifold in the very general context
of non-commutative integrable systems.

4.1. Non-commutative integrable systems. We first define precisely
what we mean by a non-commutative integrable system on a Poisson mani-
fold, since the definitions in the literature [{, fl, §] are only given in the case
of a symplectic manifold. See the appendix for a more intrinsic version of
this definition.

Definition 4.1. Let (M, II) be a Poisson manifold. An s-tuple of functions
F = (f1,...,fs) is said to be a non-commutative integrable system of rank
ron (M,II) if

(1) fi,...,fs are independent (i.e. their differentials are independent on
a dense open subset of M);

(2) The functions fi, ..., f, are in involution with the functions f1,. .., f;

(3) r+ s = dim M,

(4) The Hamiltonian vector fields of the functions fi,..., f, are linearly
independent at some point of M.
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We denote the subset of M where the differentials dfy,...,dfs (resp. where
the Hamiltonian vector fields Xy, , ..., X} ) are independent by U (resp. by
Mg ;). Notice that 2r < RkII, as a consequence of (4).

If (M, 11, F) is a Liouville integrable system (definition B.1]), then it is clear
that the components (fi,..., fs) of F can be ordered such that F is a non-
commutative integrable system of rank %Rk II. Thus, the notion of a non-
commutative integrable system on a Poisson manifold (M,II) generalizes
the notion of a Liouville integrable system on (M,II). For simplicity, we
often refer in this section to the case of a Liouville integrable system as the
commutative case.

4.2. Standard Liouville tori for non-commutative integrable sys-
tems. Let F be a non-commutative integrable system of rank r on a Pois-
son manifold (M,II) of dimension n. The open subsets Ug and My, are
preserved by the flow of each of the vector fields &Y,,..., X} since each
of the functions fi,..., f, is in involution with all the functions fi,..., fs.
On the non-empty open subset My, N UF of M, the Hamiltonian vector
fields Xy, ..., Xy, define a (regular) distribution D of rank r. Since the vec-
tor fields &y,,..., Xy, commute pairwise, the distribution D is integrable,
and its integral manifolds are the leaves of a (regular) foliation F. The
leaf through m € M is denoted by F,,, and called the invariant manifold
through m of F. As in the commutative case, we are only interested in
the case where F,, is compact. Under this assumption, F,, is a compact r-
dimensional manifold, equipped with r independent commuting vector fields,
hence it is diffeomorphic to an r-dimensional torus T"; then F,, is called a
standard Liowville torus of F. Proposition B.J takes in the general situation
of a non-commutative integrable system formally the same form, but with
the understanding that » now stands for the rank of F (rather than half the
rank of the Poisson structure), as stated in the following proposition?.
Proposition 4.2. Suppose that F,, is a standard Liouville torus of a non-
commutative integrable system F of rank r on an n-dimensional Poisson
manifold (M,I1). There exists an open subset U C Mg, NUF, containing
Fm, and there exists a diffeomorphism ¢ : U ~ T" x B™™ ", which takes the
foliation F to the foliation, defined by the fibers of the canonical projection
pp: TV x B" " — B™ " leading to the following commutative diagram.

]:’m( U i N Tr % anr
JFU/
PB
BT

4Recall that B™" is a ball of dimension n — 7.
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4.3. Standard Liouville tori and Hamiltonian actions. According to
proposition .3, the study of a non-commutative integrable system (M, II, F)
of rank r in the neighborhood of a standard Liouville torus amounts to
the study of the non-commutative integrable system (T" x B" ", 1Ily, pg)
of rank r, where Ily is a Poisson structure on T" x B™ " and the map
pp: T" x B"™" — B™ " is the projection onto the second factor. We write
the latter integrable system in the sequel as (T" x B*,II, F) and we denote
the components of F by F = (fi,..., fs) where s := n — r, as before. We
may assume that the first r vector fields &%, ,..., X} are independent on
T" x B?, as shown in the following lemma, the proof of which goes along
the same lines as the proof of lemma B.3.

Lemma 4.3. Let (T" x B* I, F) be a non-commutative integrable system
of rank r, where F : T" x B® — B® denotes the projection onto the second
component. Let m € T" x {0} and suppose that the Hamiltonian vector
fields Xy, ..., Xy, are independent at m. There ewists a ball B C B?,
centered at 0, such that Xy, ..., X}, are linearly independent at every point
of T" x B§.

One useful consequence of the fact that the Hamiltonian vector fields
Xp, ..., X} are independent on M := T" x B* is that a function g € C*°(M)
is F-basic if and only if X}, [g] = 0 for i = 1,...,r. Indeed, g is F-basic if
and only ¢ is constant on all fibers of F, and all tangent spaces to these
fibers are spanned by the vector fields Xy, ..., &, .

T

We now come to an important difference between the commutative and
the non-commutative case, which is related to the nature of the map F. In
the commutative case, two F-basic functions on T" x B® are in involution,

{goF,hoF} =0 for all g,h € C°(B*). Said differently,
F: (T" x B%1I) — (B*,0),

is a Poisson map, where B? is equipped with the trivial Poisson structure.
The generalization to the non-commutative case is that B® admits a Poisson
structure (non-zero in general), such that F is a Poisson map. This Poisson
structure is constructed by the following (classical) trick: for every pair
of functions g,h € C°°(B?) we have in view of the Jacobi identify, for all
1=1,...,7,

Xp,[{goF,hoF}| ={Xp[goF],hoF} + {goF, Xy[hoF|} =0,
so that {goF,hoF} is F-basic, namely {goF,hoF} = {g,h}z o F for

some function {g,h}y € C*(B®). It is clear that this defines a Poisson
structure IIp = {-,-} 5 on B and that

F: (T" x B°1I) — (B° 1lp)
is a Poisson map. This Poisson structure leads to a special class of F-

basic functions, which play an important role in the non-commutative case,
defined as follows.
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Definition 4.4. A smooth function A on T" x B? is said to be a Casimir-
basic function, or simply a Cas-basic function if there exists a Casimir func-
tion g on (B*,IIp), such that h = g o F.

A characterization and the main properties of Cas-basic functions are
given in the following proposition.

Proposition 4.5. Let F be a non-commutative integrable system on a Pois-
son manifold (M,11), where M = T" x B* and F is projection on the second
component. It is assumed that the Hamiltonian vector fields Xy, , ..., Xy, are
independent at every point of M.

(1) If g € C*°(M), then g is Cas-basic if and only g is in involution with
every function which is constant on the fibers of F;

(2) Every pair of Cas-basic functions on M is in involution;

(3) If g is Cas-basic, then its Hamiltonian vector field Xy on M is of
the form Xp = 3 i, ;i X}, where each v; is a Cas-basic function
on M.

Proof. Suppose that g € C°°(M) is in involution with every function which
is constant on all fibers of F. Then Xy,[g] = {g, fi} = 0for i =1,...,7,
hence g is F-basic, g = h o F for some function h on B*. If k € C°(B?),
then k o F is constant on the fibers of F, so that

{h,k}goF ={g,koF} =0,

where we have used that F is a Poisson map. It follows that {h,k}, = 0 for
all functions k on B?, hence that g (= h o F) is Cas-basic. This shows one
implication of (1), the other one is clear. (2) is an easy consequence of (1).
Consider now the Hamiltonian vector field X, of a Cas-basic function g
on M. In view of (1), Xy[h] = {h,g} = 0 for every function h which is
constant on the fibers of F, hence &} is tangent to the fibers of F. Since
the fibers of F' are spanned at every point by the Hamiltonian vector fields
Xy, ..., Xy, there exist smooth functions 1, ..., on M, such that

T
Xy =) Wiy,
i=1
The functions 1); are F-basic, because X} [¢;] = 0 for every function h which
is constant on the fibers of F. Indeed, for such a function h, we have that
{g,h} =0and {f;,h} =0fori=1,...,r, so that
T T
0= Xy = [Xn, Xl =D (X[l Xy, + i [X, Xp]) = D> Xilahi] Xy,
i=1 i=1
and the result follows from the independence of Xy, ..., &Y, . O

T

Now, we can give a proposition that generalizes proposition B.9 to the
non-commutative setting, which has formally the same shape up to the fact
that r, formerly half of the rank of the Poisson structure II, stands now for
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rank of the non-commutative integrable system, and up to the fact that the
functions X} that appear below, are now proved to be Cas-basic, and not
simply F-basic.

Proposition 4.6. Let (T" x B*,I1, F) be an non-commutative integrable sys-
tem of rank r, where F = (f1,..., fs) is projection on the second component.
There ezists a ball B C B®, also centered at 0, and there exist Cas-basic
functions N!, such that the r vector fields YV; = > i N&Xp, (i=1,...,7),
are the fundamental vector fields of a Hamiltonian torus action of T" on
T" x B§.

We can now turn our attention to the proof of proposition @

Proof. As in Step 1 of the proof of proposition B.§,we obtain the existence

of a family of R-valued F-basic functions Aq, ..., A, such that ®, defined
as in (B.3), induces a T"-action on T" x B§, where B is an s-dimensional
ball, contained in B*. As in Step 2, we expand the fundamental vector

fields )4,...,Y, of the action in terms of the Hamiltonian vector fields
Xpyoo o, Xy
T
Vi = Z N Xy
j=1

The proof that the vector fields ); are Poisson vector fields requires an extra
argument: we show that the relations X, [AF] = 0 = X,;[A¥] = 0 which were

used in (B.5) still hold, by showing that the functions ] are Cas-basic (recall
that Cas-basic functions are in involution). To do this, it suffices to show
that if a vector field on T" x Bf of the form Z = )7 | X}, is periodic
of period 1, then each of the coefficients ; is Cas-basic. Let Z be such a
vector field and consider

Zo =Y vi(m)Xy,,
i=1

where m is an arbitrary point in T" x B§. Then the restriction of Zj to
F~Y(F(m)) is periodic of period 1. Let h be an F-basic function on T” x B,
and let us denote the (local) flow of A}, by ®;. Since

[Xh, Zo] =D whi(m) [Xn, Xf,] = 0,
=1

for |t| sufficiently small, the flow of Zj starting from ®;(m) is also periodic of
period 1. Since the coefficients of Z are the unique continuous functions such
that Z = Zy on F~1(F(m)) and such that the flow of Z from every point
has period 1, it follows that 1;(®:(m)) = ;(m) for |¢| sufficiently small.
Taking the limit ¢ — 0 yields that Xj[i;] = 0 for every F-basic function
on T" x Bf. Thus, 1; is Cas-basic, for ¢ = 1,...,7. so that the proof of
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Step 2 remains valid, amounting to the fact that the vector fields ); on W
are Poisson vector fields, £y,IT = 0, which leads in view of (B.4) to

T
> X Ay =0, (4.1)
Jj=1

We show that these vector fields are Hamiltonian, where the Hamiltonians
can be taken as a F-basic functions. The key point is that all coordinates
which appear all along this step should now be taken with respect to coor-
dinates adapted to fi,..., f,. More precisely, we choose some m € T" x Bj
in F~1(0), and we construct in some neighborhood W{ of m a system of
coordinates

(fl,gl, ey fr,gr, Zlye-- 7zn—27")

in which the Poisson structure takes the form given in equation (2.1). Of
course, the functions z1, ..., z,_9, are F-basic again (and therefore depend
on fi,..., fs only), so that they can be defined in p~!(p(W7})), an open subset
which we also call W for the sake of simplicity. As before, we make no nota-
tional distinction between the functions fi,..., fr, 21,..., 2n_o, considered
as functions on p(Wj) € B™ ", and the functions fi,..., fr,21,..., 2n—2¢
themselves, defined on W{.

In view of Proposition [.§(3), in the previous system of coordinates, we
have that, since the functions A} are Cas-basic,

r 6,uf
X)\g = ; (8fk OF) ka’

Hence, (B.1]) gives

ol Ouk
3 ((82 - 8’;;) oF> Xp, A Xy, =0, (4.2)

1<G<k<r

where M{ is defined by )\g = M{ o F. Since the vectors fields X, ..., Xy, are
linearly independent at all points of W, all coefficients above vanish and we
get, for every i,j,k € {1,...,r}:

ol ouk
Fi _ 9k (4.3)
ofy  Of;
As in the proof of the classical Poincaré lemma, the functions b1,...,b, on

F(W), defined by
r 1 ]
bi = bi(f1,-.., fs) ::Z/ O,ug(tfl,...,tfr,zl,...,zs,r)fj (4.4)
j=1""=

satisfy
b
S = 4.5
MZ 8fj7 ( )



26 CAMILLE LAURENT-GENGOUX, EVA MIRANDA!, AND POL VANHAECKE?

for all 1 < 4,5 < r. It leads to the F-basic functions pq,...,p,, defined by
pi = biOF7 for 1 = 1,...,7’.

Since the Poisson structure on B® depends only on the variables z1, ..., zs,
the map (f1,..., fr,21,-+y2s—r) — (tf1,... tfry21,..., 25—y is Poisson for
allt € [0,1]. Therefore, the function g (¢f1,...,tfr, 21, .., 2s—r) is a Casimir
function, and the functions bq,...,b,, which are obtained by integration
(w.r.t. t) of these functions, are also Casimir functions. Hence, the func-
tions defined by p; := b; o F are Cas-basic. The Hamiltonian vector field of
p; is, in view of in view of Proposition [£5(3), (.§) and (B.), given by

ot 5 (2 8) - 5 w) - S

j=1 J=1
(4.6)
This shows that each one of the vector fields ); is a Hamiltonian vector field
on W. This completes the proof. U

4.4. The existence of action-angle coordinates. We finally get to the
action-angle theorem, for standard Liouville tori of a non-commutative in-
tegrable system.

Theorem 4.7. Let (M,II) be a Poisson manifold of dimension n, equipped
with a non-commutative integrable system ¥ = (f1,..., fs) of rank r, and
suppose that F, is a standard Liouville torus, where m € Mg, NUr. Then
there exist R-valued smooth functions (p1,...,Dr 21,...,25—) and R/Z-
valued smooth functions (61,...,0,), defined in a neighborhood U of Fy,
and functions such that

(1) The functions (01,...,0p, D1, . Dry21,...,25—r) define an isomor-
phism U ~ T" x B%;
(2) The Poisson structure can be written in terms of these coordinates

as
T S—r
0 0 0 0
M=y —A—+ 2y A =

Z,Z; a0;  Op; Z:: ¢k’l( )azk 0z
(3) The leaves of the surjective submersion ¥ = (f1,..., fs) are given by
the projection onto the second component T™ x B®, in particular, the
functions p1,...,pr,21,...,2s—r depend on the functions f1,..., fs

only.

The functions 01, ..., 0, are called angle coordinates, the functions py, ..., p,
are called action coordinates and the remaining coordinates z1, ..., zs—y are

called transverse coordinates.

Proof. Conditions (1) and (2), in view of lemma B.5, propositions .3 and .4
imply that there exist on a neighborhood U’ of F,,, in M on the one hand
F-basic functions zi,...,zs—, and on the other hand Cas-basic functions
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P, .,DPr, Such that

b= (pla"' 7p7’7217'--7zs—7‘)

and F define the same foliation on U’, and such that the Hamiltonian vector
fields &), ,..., &, are the fundamental vector fields of a T"-action on U’,
where each has period 1; the orbits of this torus action are the leaves of
the latter foliation. In view of theorem P.I|, there exist on a neighborhood
U" Cc U of m in M, R-valued functions 61, ..., 0, such that

0
= Z—/\a—pj_{_z(ﬁkl azk azl

The end of the proof goes along the same lines as the end of the proof of
theorem B.§. O

5. APPENDIX: NON-COMMUTATIVE INTEGRABILITY ON POISSON
MANIFOLDS

In the symplectic context, the terms superintegrability, non-commutative
integrability, degenerate integrability, generalized Liouville integrability and
Mischenko-Fomenko integrability refer to the case when the Hamiltonian
flow admits more independent constants of motions than half the dimension
of the symplectic manifold [B, B, B, [7, [[d]. All these names correspond to
notions which are equivalent, at least locally. Similarly, the definition of a
non-commutative integrable system on a Poisson manifold, which we have
given in section ] (definition [£.])) admits different locally equivalent formula-
tions, which each have their own flavor. We illustrate this in this appendix,
by giving an abstract geometrical formulation in terms of foliations, and a
concrete geometrical formulation in terms of Poisson maps.

For both geometrical formulations, the notion of polarity in Poisson ge-
ometry is a key element. Let m be an arbitrary point of a Poisson manifold
(M,TI). The polar of a subspace ¥ C T*, M is the subspace X% C T M,
defined by

srobi={€ € T M | T, (€, %) = 0}

Notice that the polar of 3P can be strictly larger than ¥, because II,,, may
have a non-trivial kernel. When ¥ = ¥P° we say that ¥ is a Lagrangian
subspace.

Let F and G be two foliations on the same Poisson manifold (M,II).
For m € M we denote by T:F the subspace of T)}, M, consisting of all
covectors which annihilate T,,,F, the tangent space to the leaf of F, passing
through M. If F is defined around m by functions fi,..., fs, then T;- F is
spanned by d,, 1, . . ., dm fs. We say that F is polar to G if Tx F = (T5G)P?,
for every m € M; also, F is said to be a Lagrangian foliation if F is polar
to F.
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Definition 5.1. Let (M,II) be a Poisson manifold. An abstract non-
commutative integrable system of rank r is given by a pair (F, G) of foliations
on M, satisfying

(1) F is of rank r and G is of corank 7;
(2) F is contained in G (i.e., each leaf of F is contained in a leaf of G);
(3) F is polar to G.

This definition generalizes the definition of an abstract integrable system
on (M,II), which is simply a Lagrangian foliation F on M.

In the following proposition we prove the precise relation between defini-
tions 1] and 1.
Proposition 5.2. Let (M,II) be a Poisson manifold.

(1) If F = (f1,..., fs) is a non-commutative integrable system of rank r
on (M,II), then on Ur N Mg, the pair of foliations (F,G), defined
by F = fol(f1,...,fs) and G := fol(f1,..., fr) is an abstract non-
commutative integrable system of rank r;

(2) Given (F,G) an abstract non-commutative integrable system of rank r
on (M,II), there exists for every m in M a neighborhood U in
M, and functions ¥ = (f1,...,fs) on U, such that F is a non-
commutative integrable system of rank r on U.

Proof. (1) Recall from paragraph [L.] that the open subsets Uy and My,
of M are defined by
Up = {mGM ‘ dmfl/\dmfg/\.../\dmfs%()},
My, = {meM|X:, Xy,,..., Xy, are independent at m} .

On Ur N My, the functions fi1,..., f, define a foliation G of corank r; sim-
ilarly, the functions fi,..., fs define a foliation F on it of rank r (since
r+ s = dimM). Obviously, F is contained in G. The condition that
{fi,f;i} =0forall 1 <i < rand1 < j < s, implies that the Hamil-
tonian vector fields Xy, ,..., Xy, are tangent to F at every point. For all

m € Up N M, the Hamiltonian vector fields Xy, , ..., X}, are independent
at m, hence they span T, F. It follows that

(TEG)PY = {€eT M | (& dpfi) =0fori=1,...,r}
= {€eTp M| (X (m)=0fori=1,...,r} =TxF.
It follows that F is polar to G, hence (F,G) is an abstract non-commutative
integrable system.

(2) Let m be an arbitrary point of M. In a neighborhood U of m, there

exist smooth functions fi,..., fs, such that the level sets of fi,..., fs and
of f1,..., f, define foliations, which coincide with F and G on U. Since F
is polar to G, the functions fi,..., f, are in involution with the functions

fi,.-.,fs and the Hamiltonian vector fields of the functions fi,..., f, are
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linearly independent at all points of U. It follows that F := (fy,..., fs) is a
non-commutative integrable system of rank r on U. O

When both foliations F and G are given by fibrations F : M — P and
G : M — L respectively, we have a commutative diagram of submersive
Poisson maps:

(M, 1) —S— (L,11,)

s

(P,1Ip)

where IIy, is the zero Poisson structure on L. Moreover, item (3) in defini-
tion .1 amounts for every m € M to the equality:

* * * * ol
F* (T P) = (G (T my L))" (5.2)
Conversely, it is clear that we have the following proposition:

Proposition 5.3. Suppose that is a commutative diagram of submer-
sive Poisson maps, where L has dimension r and is equipped with the zero
Poisson structure 11y, and P has dimension dim M — r. If holds for
every m € M, then the pair of foliations (F,G) defined on M by F and G
is an abstract non-commutative integrable system of rank r on (M,1I).
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