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Introduction

The theory of integrability was born with Newtonian mechanics and developed
rapidly and broadly. It finds its roots in Classical Mechanics, but it extends
even to Quantum Mechanics. Mathematicians and physicists started being in-
terested in finding differential equations with an explicit solution. After some
initial result, as the explicit integration of Kepler’s problem, they recognized the
difficulty of solving non-trivial systems of differential equations. A key point in
this realization was when, in 1841, Liouville discovered that the Riccati Equa-
tion can not be integrated by quadratures. From there on, the focus has shifted
to finding conditions that guarantee the integrability by quadratures of systems
of ODEs. The main approach was to explore theories and methods to determine
if a dynamical system defined by a vector field X admits:

e first integrals (or integrals of motion), i.e. functions whose Lie derivative
along X vanishes: Lx f =0, and/or

e dynamical symmetries (or symmetry fields), i.e. vector fields whose Lie
derivative along X vanishes: LxY = 0.

Two of the first classical results in this field involve these two invariants of the
dynamics separately. Precisely, consider a smooth n—dimensional manifold M
and a vector field X € X(M). The first mentioned result ensures that if X
admits (n — 1) functionally independent first integrals fi,..., fn_1 : M — R,
then it is integrable by quadratures. Moreover, it is important to recall even
the approach of Lie to integrability, fully based on dynamical symmetries. In-
deed, he discovered that when X admits (n— 1) linearly independent dynamical
symmetries which pairwise commute, then it is integrable.

Starting from these initial results, the theory of integrability developed in vari-
ous directions, with the introduction of more general approaches to the problem.
We will present some of them in the following chapters. The research in the
field of integrability began mainly in the area of Hamiltonian dynamics, with
the classical Liouville-Arnold(-Mineur) Theorem. Then, it has expanded to dy-
namical systems defined on manifolds with a less rich geometric structure than
the Poisson or symplectic structure typical of Hamiltonian systems (i.e. non-
Hamiltonian).

In the Thesis, we follow the historical development of the research area and
we start investigating the two main integrability theorems for Hamiltonian sys-
tems: Liouville-Arnold Theorem ([5]) and noncommutative integrability Theo-
rem ([I4] Nekhoroshev, [7] Mishchenko and Fomenko), analyzing the proof of



the latter. In the proof, we follow a geometrical approach, working hence with
symplectic geometry, with the isotropic fibration in invariant tori and the prop-
erties of bifibrations.

The analysis then extends in the Chapters 3, 4 and 5 to non-Hamiltonian dy-
namical systems. By “non-Hamiltonian” we do not mean that the results we are
going to present do not apply to Hamiltonian systems, but just that they are not
based on the properties of Hamiltonian vector fields. We precisely investigate
the relation between two integrability results: Bogoyavlensky’s integrability and
Euler-Jacobi Theorem. The former ensures the fibration of the phase space in
invariant tori and the possibility of conjugating the dynamics to a quasi-periodic
flow on each fiber. On the other hand, Euler-Jacobi Theorem requires a time
reparametrization before this conjugation and it is limited to the case in which
the dynamics admits n — 2 functionally independent first integrals, where n is
the dimension of the manifold where the dynamics is defined. The key moti-
vation behind the relevance of this second Theorem is that it ensures a sort of
integrability notion for some mechanical systems which are not integrable in the
sense of Bogoyavlensky.

We even prove these two Theorems. In particular, we give a complete proof
of Euler-Jacobi Theorem (in Chapter 4) which is not easy to be found.

Proceeding in the analysis of non-Hamiltonian systems, we have been trying to
answer to the following question: is there any sufficient condition for a system
which is integrable in the sense of Euler-Jacobi to be even B-integrable? Chapter
5 is devoted to the analysis of this question and, in particular, here we recover
three sufficient conditions which allow us to answer positively to the question
above. Indeed, we focus on the case where the phase space M is a 2—torus and
X is a smooth non-vanishing vector field on M that is integrable a la Euler-
Jacobi. Two of the three conditions mentioned above, allow to recover a linearly
independent dynamical symmetry of X:

1. If there exists an o € A} (M) with Lxa = 0, then X admits a dynamical
symmetry Y. Moreover, if o satisfies some additional property, we will
prove that X is Bogoyavlensky’s integrable too,

2. If on M there is a closed curve « such that all the orbits of X start-
ing there come back to it all at the same time, then the system is even
Bogoyavlensky’s integrable.

This generalization of the results presented for Hamiltonian systems (in Chapter
2), opens the doors to an even broader point of view on the theory of integra-
bility. Indeed, the main tool we use to prove the integrability Theorems is
to define a suitable change of coordinates which conjugates the dynamics to a
quasi-periodic flow on the invariant level sets. Through the Thesis, we build
this system of coordinates in the various settings, and we call them Liouville-
coordinates in the case of non-Hamiltonian systems and action-angle variables
in the more specific case of Hamiltonian systems.

Moreover, at the end of Chapter 3 we highlight a more conceptual approach
to the problem of integrability. Indeed, we analyze again the proof of Bogoy-



avlensky’s Theorem but, this time, in the light of torus actions. This section
opens many interesting questions, one of these is: is there some torus action gen-
erating the fibration in 2—tori appearing in Euler-Jacobi Theorem? We have
just started working on this question which hence falls inside the “further work
ideas”.

To conclude this introduction, we briefly summarize the organization of the
chapters of the Thesis as follows:

Chapter 1: In the first Chapter we introduce the basic geometrical con-
cepts which will be used in the following chapters.

Chapter 2: This Chapter is dedicated to the description of the dynamical
and geometrical properties of integrable and superintegrable Hamiltonian
systems.

Chapter 3: In the third Chapter we focus on Bogoyavlensky’s Theorem.
We state it, prove it, see an example and conclude focusing on torus
actions.

Chapter 4: This Chapter focuses on Euler-Jacobi Theorem. Precisely,
here the aim is to give a detailed proof of the Theorem.

Chapter 5: The last Chapter is fully devoted to the investigation of the
relations between Bogoyavlensky’s integrability and Euler-Jacobi theorem.






Chapter 1

Geometrical tools

1.1 Symplectic vector spaces

Systems of differential equations arising from classical mechanics and physics
in general, have usually a phase space with a very rich geometrical structure.
An important tool to describe these spaces (mainly in the case of Hamiltonian
systems) is symplectic geometry.

Definition 1 (Symplectic vector space). A symplectic vector space is a pair
(E,Q) where F is a vector space and 2 : F x E — R is a non-degenerate
skew-symmetric bilinear map.

Non-degeneracy means dim{w € E : Q(v,w) = 0 Vv € E} = 0. Given a pair
of symplectic vector spaces (E1,€1) and (E2,€s), a map ¢ : By — Es is a
symplectomorphism if it is an isomorphism preserving the symplectic structure,

i.e. QD*QQ = Ql.

Key example: The basic example of a symplectic vector space is (R?",(,.)
where, given the basis {e1,...,en, f1,...s fu},

L4 QC(Ei,Bj):Q(fi,fj):O, Vi,jZI,...,n,

o Qcles, fj) =05, Yi,j=1,..,n.

This example suggests us to introduce the symplectic matriz J and to give an
equivalent characterization of the symplectic 2—form .. Let

0 I,
S
then for any given pair of vectors v,w € R?", Q.(v,w) = vTJw.

Definition 2 (Symplectic complement). Let (E, §2) be a symplectic vector space
and F' C F one of its subspaces. The symplectic complement of F with respect
to Q is defined as

FeC={weE : Qu,w) =0 € F}.



Sometimes we will call it the symplectic orthogonal of F.

Proposition 1. Given a symplectic vector space (E,Q)) and a subspace F' C E,
then the two following results hold:

o dimE = dimF + dimF*.
o (FH=F
Proof. Define the inclusion map I : F' — E and consider the pull-back
I":E*— F*.

Recall that ¢ € E* is a linear and continuous function ¢ : E — R, so the way
I* acts on ¢ is restricting it to F', namely I*¢ = ¢|p : FF — R is a linear and
continuous map. Consider now the contraction map i.Q2 : E — E* such that
i, = Q(v,-) : E = R, which by non-degeneracy of  is an isomorphism. This
gives that the map ¢ = [*0i.Q) : E — F™* is composition of an isomorphism with
a surjective map, so it is surjective. Recalling that dim F* = dim F', follows the
first result:

dimE = dim Ker + dim Im = dim Ker 1 + dim F.
The last remark to be done is that the kernel of ¢ reads:

Keri ={v e E:i,Qw) =0Vw € F} = F.

To prove the second fact in the Proposition it is enough to check (F*)? c F
since the other inclusion is trivial or to show they have the same dimension. We
follow this second approach, relying on the first result we have just proven.

dim F + dim F = dimE,
dim F + dim (F®)® = dimE, which when subtracted gives:
dim F — dim (F*)® = 0.
O

Definition 3 (Classification of subspaces). Let (E,€) be a symplectic vector
space and F' C E one of its subspaces.

e F is isotropic if () vanishes on it, namely if ' c F*.

e F is co-isotropic if F* C F (i.e. if F* is isotropic).

e Fis Lagrangian if both isotropic and co-isotropic, i.e. F' = F*.
o F is symplectic if FNF® = {0} (so E = F @ F?).

A key property of symplectic vector spaces (and even manifolds as we will see
later) is that they are even-dimensional. This result is a direct consequence of
the following proposition.

Proposition 2 (Existence of a Lagrangian subspace). Any symplectic vector
space (E,Q) admits a Lagrangian subspace.
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Proof. First of all let’s notice that all symplectic vector spaces have at least
the isotropic subspace F = {0}. Let L C FE be a maximal isotropic subspace.
Namely, it is not strictly contained in any larger isotropic subspace. We now
check that this is a Lagrangian subspace. Suppose by contradiction L # L,
which means I C L since it is at least isotropic. This means there exists
ve L\ L L= L& (v)is still an isotropic subspace of E by bilinearity of the
symplectic form and it strictly contains L. This is a contradiction since L was
supposed to be maximal. O

This proposition has an immediate basic corollary.
Corollary 1. Every symplectic vector space (E,Q) is even-dimensional.
Proof. Let F' C E be one of the Lagrangian subspaces of E. Then
dimE = dimF + dimF® = dimF + dimF = 2dimF
is even. O

Definition 4 (Symplectic basis). Consider a symplectic vector space (E, ().
The basis {eq, ..., en, f1, ..., fn} is symplectic if it gives the following representa-
tion of the symplectic form:

Qv,w) = v’ Jw.

By Gram-Schmidt procedure, this basis can be constructed for any symplectic
vector space.

Proposition 3. Every symplectic vector space (E,S)) of dimension 2n is sym-
plectomorphic to (R*",Q,.).

This implies that all symplectic vector spaces with the same dimension are
symplectomorphic.

Proof. Let {e1,...,en, f1,..., fn} be the canonical basis of (R?",().) and consider
a symplectic basis {z1,...,Zn,y1,...,yn} for (E,Q2). We can define the map
¢ : R?" — FE acting on the basis as follows:

e, — L,
Ji = i
This map is a diffeomorphism. Let’s check it preserves the symplectic structure:

(P ) (0,w) = Ap(v), p(w) = (3 vizi + 3 vz 3 wizs + Y wagys) =
i=1 i=1 j=1 j=1

Z VW1 @i, y5) + Z Ung i Wi QUys, ) =

ij=1 ij=1

= Z Vwn 4 Qe (e, fi) + Z Vs iw; Qe(fiy €5) = Qe(v,w), Yo,w € R*™.

i,j=1 t,5=1

O
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1.2 Symplectic manifolds

Definition 5 (Symplectic manifold). A pair (M, Q) is a symplectic manifold if
M is a smooth manifold and © € A?(M) is a non-degenerate and closed 2-form.

Non-degenerancy of 2 means precisely that for any = € M the pair (T, M, )
is a symplectic vector space. Since dimM = dim T, M, then every symplectic
manifold is even-dimensional.

Theorem 1 (Darboux). Let (M,Q) be a symplectic manifold. For every point
m € M there exists a chart (U,x1, ..., Tn, Y1, ..., Yn) at m such that

Qly = zn:dxi Ady'.

=1

These coordinates will be called Darboux coordinates. This Theorem can be
reinforced into the so-called Carathéodory-Jacobi-Lie Theorem.

Theorem 2 (Carathéodory-Jacobi-Lie). Let (M,Q) be a symplectic manifold
of dimension 2n. Suppose in a neighbourhood of a point m € M there exists
a family of k-differentiable functions (k < m) pairwise in involution Fi, ..., Fy,
with linearly independent differentials. Then they can be completed to a system
of Darboux coordinates in a neighbourhood U C M of m. Namely, there exist
2n — k functions {T1, ..., T, P1, ..., Pa_p, Q1, ..., Qn_i } such that

k n—k
Qu =Y dF AdTi+ Y dP; A dQ;.
i=1 j=1

The proof of this Theorem can be seen for example in [I0]. Symplectic manifolds
emerge naturally from classical mechanics and in particular from Hamiltonian
dynamics. Let’s define a basic symplectic manifold: the phase space.

The phase space and Hamiltonian vector fields

Let @Q be a smooth manifold, which can be seen as the configuration manifold
of a mechanical system. We denote with T*@Q its cotangent bundle and with
m: T"Q — @ the canonical projection. 7% is a manifold and it is called the
phase space of the system. This manifold is naturally endowed with a symplec-
tic structure. We can define on it a canonical symplectic two form starting from
the so called tautological one form 6 € A'(T*Q). Let n be the dimension of
Q and consider a point ¢ = (¢1,...,¢n) € Q. A point in the 2n—dimensional
manifold T*Q is of the form (q,p) = (g1, -+, @ns P1, -, Pn)-

In local coordinates the tautological one form can be written as

0= ipidqi.
i=1

It can be equivalently characterized with a coordinate free approach as follows:

o Let m: M =T*Q — @, m(q,p) = g be the canonical projection map.
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e Let m = (¢,p) € M be a point of the cotangent bundle. If its base point
is ¢ = w(m), then p is a linear mapping p : T,Q — R.

e The pull-back of the canonical projection at q is the linear map

™ T;Q — T, M.

e We define the tautological one form at m = (¢, p) as the differential form
0 € A*(M) such that 6,, = 7*p and hence

0 (Y)=p(r.Y), VY eT,M,
where 7, : T, M — T,Q is the push-forward of 7 at m.

This one form naturally generates a symplectic form on 7%, which in local
coordinates reads:

i=1

This is the canonical symplectic form of the phase space. The fact that it is a
symplectic form can be seen by checking that the representative matrix of this
skew-symmetric mapping is exactly the symplectic matrix. Indeed,

i Q(aqjaapk) = Z?:l dpi(apk)d%'(aqj) = Ojk,
i Q(aq]"a%) = Q(apj76pk) = 0.

Symplectic manifolds can be seen as the generalization of the phase space and
the construction done above explains the strong relation between classical me-
chanics, dynamical systems and symplectic geometry.

Definition 6 (Hamiltonian vector field). Given a symplectic manifold (M, Q)
and a smooth function H : M — R, the Hamiltonian vector field of H is defined
by

ix, = —dH,

where ix,, : Q%(M) — Q'(M) is the contraction map along the vector field Xz.

Due to the presence of invariant differential forms, we will often apply Cartan’s
magic formula, so let’s introduce it and prove it here for two types of differential
forms.

Proposition 4 (Cartan’s formula). Given a smooth manifold M and a vector
field X € X(M), then the following identity holds

Lxa=dixa+ixda (1.1)
for every k—form o« on M.

Proposition 5. If equation holds for 1—forms, then it holds even for
closed 2 — forms.
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Proof. All the elements involved in the identity are considered locally, so
we can suppose the closed 2—form €2 to be exact, since it is true at least locally.
Let Q = da for some a € A'Y(M). Since d2 = 0, identity in this case
reduces to

LxQ=dixQ.

We conclude the proof with the following direct computation

LxQ = Lxda = dLxa = d(dixa + ixda) = d(ix(da)) = dixQ.

Proposition 6. Cartan’s formula holds for 1—forms.

Proof. Considering a local coordinate chart (U, x1, ..., x,), we can express the
1—form « as:

a=>Y_fidx' € N"(M), with f1, ..., fo € C®(M).
=1

By linearity of all the involved operators, we can reduce the proof to the form
fdz!'. In this local chart the field along which we are contracting takes the form
X =>Y7_, X*9,,. By direct computations we have
Lx(fdx') = Lx(f)da' + fLx(dz') = X (f)dz' + fdLx(2') =
= X(f)dz' + fd(X (21)) = df (X)da" + fdX",
dix(fdz') = d(fdz" (X)) = d(fX"') = X df + fdX",
ix(d(fdx)) = ix(df Ada') = df (X)da' — da' (X)df =
= df (X)dz* — X'df,

which allows to conclude explicitly summing these terms as in Cartan’s formula.
O

As a natural consequence of Cartan’s magic formula, we see that the symplectic
form is invariant for a Hamiltonian vector field:

Lx,Q=dix,Q+ix,d)=—d>H =0.
Moreover, the Hamiltonian H is a first integral of Xp:
Lx,(H)=dH(Xg) =Xy, Xn) =0,
where we have concluded by the skew-symmetry of €.
To prove noncommutative integrability, we will use various concepts of differen-
tial geometry, so first of all we need to define them here.

Definition 7 (Lagrangian, isotropic, co-isotropic submanifolds). Let (M, )
be a symplectic manifold and N C M be a submanifold. N is said to be La-
grangian (resp. isotropic, co-isotropic) if for any n € N the tangent space T;, N
is Lagrangian (resp. isotropic, co-isotropic), where its symplectic orthogonal is
defined as

(T,N)® ={weT,M : Qv,w)=0%v € T,N}.

14



Another basic concept we will use is the one of tangent distribution.

Definition 8 ((Tangent) distribution). Let M be a smooth n—dimensional
manifold. A tangent distribution D of constant rank k, with 0 < k < n, is a
collection of k—dimensional tangent spaces defined as follows:

D=J Ve

rxeM
where for any x € M the vector space V,, C T, M has dimension k.

Similarly to what happens with integral curves of vector fields (which are 1—rank
distributions), for a k—dimensional distribution D it is reasonable to ask if there
is a k—dimensional submanifold N C M whose tangent spaces are pointwise
coinciding with the elements D, =V, of D.

Theorem 3 (Frobenius). A distribution D on the manifold M is (completely)
integrable if and only if it is closed with respect to the Lie bracket, namely

VX,Y €D, [X,Y] € D.

This condition guaranteeing the integrability of the distribution is called involu-
tivity. We will not prove this Theorem here since it is out of our purposes, but
a proof of it can be found in [6]. Let’s present an example of a non-integrable
distribution.

Consider the two vector fields X = 9,, Y = 29, + 9, on M = R? and define the
rank-2 distribution D = span{X,Y}.

[X7Y] =0, gDa

so we conclude by Frobenius Theorem that it is not integrable. This means there
is no 2—dimensional submanifold N C M to which D is pointwise tangent. We
will see that integrability of tangent distributions is related to integrability of
dynamical systems.

Let (M, Q) be a symplectic manifold and F a foliation of M. The foliation is said
to be Lagrangian (resp. isotropic, co-isotropic) if all its leaves are Lagrangian
(resp. isotropic, co-isotropic) submanifolds. Moreover, given a foliation F we
can define its polar F=, if it exists, as the foliation whose leaves have as tan-
gent spaces the symplectic orthogonal of the tangent spaces to the leaves of F,
namely:

VN leaf of F*Vz € N, T,N = (T,5)"

where S is the leaf of the foliation F where x lives. If the polar does exist, then
(F,F1t) is called a dual-pair or a bifoliation. Moreover, when F is isotropic
(resp. co-isotropic, Lagrangian) then the polar F=, if it exists, is co-isotropic
(resp. isotropic, Lagrangian). We define dimension of a foliation to be the
dimension of its leaves and in case JF is isotropic and dim M = 2n, then follows
dimF < n, while if it is co-isotropic then dimJF > n. Suppose that the dual
pair (F, F1) is well defined and that each of these two foliations are defined by
a submersion m; : M — B and m : M — By which are fibrations, then such
a pair is even called bifibration. Given a foliation F, we can denote with F' the
k—dimensional distribution composed by the collection of tangent spaces to the
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leaves of F. We can define the distribution F* which associates to any point
x € M the symplectic orthogonal to the respective element in F' : F,. Hence
the existence of the polar F= is equivalent to the integrability of the orthogonal
distribution F+.

Definition 9 (First integral of a foliation). A first integral f of a foliation F
is a function which is constant on its leaves. If the foliation is defined by the
submersion 7 : M — B, then the first integrals are the lifts via 7 of all the

functions defined on B: R
f=fom: M —R.

This definition is coherent with the classical definition of first integrals of a
vector field. Indeed, let X € X(M) and f : M — R a first integral of X, i.e.
Lx f =0. Then the function f is constant on the orbits of X which are leaves
of the foliation defined by X on M.

Proposition 7 (Characterization of first integrals). A function f is a first
integral of a foliation F if and only if its Hamiltonian vector field lives in F=*.

Proof. A first integral is a function which is constant on the leaves of the folia-
tion, so these leaves are contained in the level sets of f. Moreover we know that
for any Y € X(M), Ly f =df(Y) = Q(Y, Xy). By definition, being constant on
each leaf means that the function f does not vary along any vector field Y € F
which is hence equivalent to say

VY € F,Q(X;,Y) =0, ie. X;eF+
O
Proposition 8. Let (M,Q) be a symplectic manifold and f,g € C*°(M). Then
[X5: Xo] = X1

Proof. The proof can be done with the following direct computation for any
h e C>®(M):

(X5 Xgl(h) = X5 (Xg(h) = Xg(Xp(h)) = {f:{g, h}} = {9, {f, h}} =
={hAg, 11} = o, f1, by = {F 9}, b} = Xip03 ()

16



As an immediate consequence, denoted with Xpga.m (M) the vector space of
Hamiltonian vector fields on M, then:

[:{Ham(M)axHam(M)] C xHam(M)~

Proposition 9 (Existence of a polar). Let F be a foliation of a symplectic
manifold (M,Q)). Then F admits a polar if and only if the Poisson bracket of
every two first integrals of F is again a first integral.

Proof. The polar does exist if and only if the distribution F* is integrable, i.e.
by Frobenius Theorem it is closed with respect to the Lie Bracket.

Step 1: Let’s assume that F admits a polar F+. This means that F* is an
integrable distribution. Hence for any pair of first integrals f,g € C*(M) we
have [Xf, X,] € F+. This allows us to conclude, since

(X, Xg) = X(sy € FF
means that {f, g} is a first integral too.

Step 2: Let’s now assume for any pair of first integrals f,g € C*(M), {f, g}
is again a first integral. To show that F'* is completely integrable and hence
F* does exist, we rely again on Frobenius Theorem. By assumption, we know
that [Xf, Xy] = X(s4y € F-. We conclude by noticing that the distribution
has local bases made by the Hamiltonian vector fields of first integrals of F and
the result follows by bilinearity of the Lie bracket. O

Indeed, any point m € M has a neighbourhood U where there are
¢ =2n —dim(F)

functions fi, ..., fo which have everywhere independent differentials and are first
integrals of F. For instance, it is enough to take these local coordinates to
be transversal to the leaf where m lives. Xy, ,..., Xy, belong to FX and being
linearly independent they form a local basis.

Assuming the existence of the polar F* of F, the following two corollaries hold.

Corollary 2. The leaves of F are generated by the flows of the Hamiltonian
vector fields of the first integrals of F*.

Corollary 3. A function is a first integral of F if and only if it is in involution
with every first integral of F=.

1.3 Poisson Manifolds

Definition 10 (Poisson manifold). A Poisson manifold is a pair (M,{-,-})
where M is a manifold and {-,-} is called a Poisson bracket. The map

{,-}:CO(M)xC®(M) = C®(M):

e is bilinear and skew-symmetric,
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e satisfies Leibniz’s rule, namely
{fg.h} = flg,h} + {f,h}g Vf.g.h € C=(M),
e satisfies Jacobi’s identity:
{f. 49,03} +{g. {h, f}} +{h,{f. g3} =0, Vf g,heC>(M).

The notion of Hamiltonian vector field is well defined even on a Poisson manifold.
The Hamiltonian vector field X}, of h € C*° (M) reads

Xn(f) =A{h, f}, YfecC®(M).

This implies that a function f € C*°(M) is a first integral of X}, if and only if
h and f are in involution, i.e. {h, f} = 0.

Definition 11 (Poisson mapping). A smooth map ¢ : M; — My between two
Poisson manifolds (M, {-,-}1) and (Ma, {-, -}2) is called a Poisson mapping if it
preserves the Poisson structure, namely

{f,glaco={fop,gop}, Vf geC (M)

Just to clarify, this means ¢*{f,g}2 = {¢*f,©*g}1. A Poisson manifold is
naturally foliated into leaves which have a symplectic structure and are called
symplectic leaves. In order to present this symplectic structure, for every x € M
we can define the subspace S, C T, M

Sy ={veT,M: X¢(z)=wv for some f € C*(M)}.

The collection of all the subspaces S, x € M, is a completely integrable distri-
bution and so it defines a foliation F of M, whose leaves are its integral man-
ifolds. Moreover, these leaves are endowed with a symplectic structure which
is naturally defined as Q(v,w) := {f, g}, where f,g € C*(M) are the unique
functions such that X¢(z) = v and X4(z) = w. The simplest case of Poisson
manifold is the one of a connected symplectic manifold, in this case we have a
single symplectic leaf covering the whole manifold.

An alternative way to define a Poisson manifold is as a pair (M, II) where M is a
smooth n—dimensional manifold and II is a bi-vector field satisfying the relation
[IL, TI}5T = 0 (where this is the Schouten bracket). This bi-vector field is called
Poisson structure for the manifold M. For any pair of functions f,g € C*(M)
we can set

{f.g} = (df Adg)(II).
For any pair U = X7 AY; and V = X5 A'Ys of bi-vector fields on M,
(U, VST = [U, X5 A Y] = [U, Xo]5T A Y 4+ (=1)F DX, A [U, Y5)5T =
= Xo A Yo, Xi AT — [Xo, Xy AYIPST A Yy = Xo A X A [Ya, Vi + ...
e F Xy A Yo, X1 AY) — X1 A [Xo, Y] AYs — [Xo, X1] AYL A Y.

These computations follow from the fact that the Schouten bracket of two vec-
tor fields coincides with their Jacobi-Lie bracket and, when it is computed be-
tween a bi-vector field and a vector field, it is skew-symmetric. Consider a
2n—dimensional smooth manifold M locally coordinatized by

{xla ey Ty Y1, uyn}
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The standard Poisson structure in this chart reads:

n

Z ayz

The Poisson bracket generated by this structure is the classical one:

{f.9} = (dedg)(i;mA;w) Zi(df/\dg)(;;/\aa%> _

Z af 0dg ﬁ dg
Ox; 8%‘ y; Ox;’

Given a smooth function h € C*°(M), its Hamiltonian vector field with respect
to the Poisson structure II is defined as

Xh = i_th.

This definition is compatible with the classical definition of Hamiltonian vector
fields when we consider the standard structure Il:

. ] a ) 9
t—anlls = ; <3xi " 3yz) 8 dyi 5yi(_dh) -

_Z": oh 9 oh i
3% 33/1 8% Oz

Definition 12 (Casimir). Given a Poisson manifold (M, {-,-}), a Casimir for
M is a function f € C*°(M), which is in involution with all other functions, i.e.
{f,9} =0 for all g € C>°(M). Equivalently, f is constant along the flow of any
Hamiltonian vector field.

For connected symplectic manifolds, Casimirs are constant functions. Indeed,
Xc = 0 implies dC = 0 and hence they are constant. When the Poisson struc-
ture is degenerate, for example if we consider the following Poisson structure on
R4

0 0

=0z " oy’

then there are non-constant Casimir functions. In this case for example the
function f(z,y, z,t) = z is a Casimir, since i_4,II = 0, and it is not constant.

Proposition 10. Let (M,Q) be a symplectic manifold and # : M — B a
surjective submersion with connected level sets. Denote with F the foliation of
M whose leaves are the fibers of m. F has a polar foliation FL if and only if
there exists a Poisson structure on B compatible to the one of M, i.e. ™ becomes
a Poisson mapping.

Proof. Assume there is a polar F*. Given an open subset U C B and a pair of
functions f,g € C>°(U), then their lift via 7 are first integrals of F in 7—1(U).
By the closure of the set of first integrals with respect to the Poisson bracket,
even {f om,gom}y is a first integral. Moreover, since the level sets of 7 are
connected, there exists a function Py 4 defined in U such that

{fomgomimu=Prgom
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which means that this Poisson bracket just depends on the fiber of 7. So we
can just set {f, g}p = Pyq.

Conversely, assume there exists a compatible Poisson structure {-,-} on B.
Since any first integral of F is the lift to M via 7 of a function f € C*°(B),
then the Poisson bracket of every two first integrals of F is still a first integral,
which implies that F admits a polar. In fact

{foTr7gO7T}M :{fag}BO’/T

is a first integral. This implies that the set of first integrals of F is closed with
respect to the Poisson structure of M and hence F* does exist.

O

Proposition 11. Consider the same setting of the previous Proposition. As-
suming the polar F* does exist, then the following conditions are equivalent:

1. The leaves of F are isotropic,

2. The number of independent local Casimirs of B coincides with the dimen-
sion of the level sets of ,

3. The leaves of F are generated by the Hamiltonian vector fields of the lifts
to M of the Casimirs of B,

4. The first integrals of F* are exactly the lifts to M of the Casimirs of B.

Proof. We see that (3) and (4) are just a restatement of the same condition since
the Hamiltonian vector fields of the first integrals of F* generate the leaves of
F. Moreover, these 2 conditions are a restatement even of (2). Indeed, since the
Casimirs are functionally independent, so are their lifts. Hence their number
coincides with the dimension of the leaves of F if and only if they are generated
by the Hamiltonian vector fields of these lifts.

It now remains to prove that (1) and (2) are equivalent. The number n, of
independent Casimirs of B at m(x) coincides with the number of independent
first integrals at  both of F and F*. The Hamiltonian vector fields of these
functions are both tangent to the leaves of F and F=, then

ng = dim(F, 0 Fy).

But dim(F, N F}) < dim(F,), which implies that n, = dim(F,) if and only if
dim(F,) = dim(F, N F), i.e. F is isotropic.
O

Before going on, let’s remark that condition (2) gives important information
about the rank of the Poisson structure induced on the base manifold B. Indeed,
the dimension of the leaves of F coincides with dim M — dim B. On the other
hand, the rank of the Poisson structure at w(x), with x € M, is equal to
dim B — n,, where n, is the number of independent Casimirs of B at m(x).
In particular, the Poisson structure is non-degenerate if and only if it just has
constant functions as Casimirs. We conclude noticing that n, coincides with
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the dimension of the level sets of 7; hence follows that the rank of the induced
Poisson structure on B is

dim B — (dim M — dim B) = 2dim B — dim M.

Proposition 12. Let (M, Q) be a symplectic manifold, w1 : M — B a surjective
submersion whose level sets are connected and isotropic. Let F be the foliation
with leaves coinciding with the fibers of m. Suppose it has a polar F* with
leaves coinciding with the connected components of the level sets of the surjective
submersion mo : M — A. Both A and B are manifolds. Then there exists a
unique surjective submersion ws : B — A such that w3 o m = my. Moreover, the
symplectic leaves of B are the connected components of the level sets of ms.

Proof. The foliation F is isotropic, so the leaves of F+ are co-isotropic subman-
ifolds. Moreover, we know that these leaves contain the leaves of the foliation F
by construction, hence they are a disjoint union of level sets of 7;. This implies
that a map of the form 73 : B — A is well defined. 73 is a surjective submersion
since both m; and 75 have these properties.

To show the second part of the statement, we start noticing that the dimension
of the symplectic leaves coincides with the one of the level sets of m3. Indeed,
the one of the symplectic leaves is equal to the rank of the Poisson structure on
B, precisely it coincides with 2 dim B — dim M. Moreover, the dimension of A
is equal to the one of the leaves of F and hence dim A = dim M — dim B. This
implies that

dimm3*({c}) = dim B—dim A = dim B—(dim M —dim B) = 2dim B—dim M.

Moreover, the tangent spaces to the leaves and to the connected components of
the level sets of 73 coincide (it can be seen by lifting a system of local coordinates
from A to B), so we can conclude the desired result.

O
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Chapter 2

Superintegrability of
Hamiltonian systems

In this Chapter we analyze two classical results in the field of integrability of
vector fields. They are Liouville-Arnold Theorem and Mishchenko and Fomenko
Theorem for superintegrable systems. We will consider Hamiltonian vector fields
defined on a symplectic manifold (M, Q).

2.1 Completely integrable systems

The notion of complete integrability is related to the Liouville-Arnold Theorem.

Definition 13 (Regular level set). Consider a manifold M and a submersion
F=(f1,.,fr): M - RF. Alevel set N ={m € M : F(m) = f} is said to be
regular if

df1 A ... /\dfk 7& 0 on N.

Theorem 4 (Liouville-Arnold). Consider a 2n—dimensional symplectic man-
ifold (M, Q) and a Hamiltonian vector field Xy of Hamiltonian function H €
C>®(M). Let

F=(fi,o,fn): M - R"

be a submersion whose components are functionally independent first integrals of
Xpg (ie. {H,fi} =0 foranyi=1,..,k) which are pairwise in involution. We
additionally assume that the level sets of F' are regular, compact and connected.
Then each level set is diffeomorphic to a n—dimensional torus T™. Furthermore,
for each level set N = {F = f} there exists a tubular neighbourhood U(N)
endowed with a system of Darbouz coordinates (a1, ..., an, 1, ..., ), with a; =
a;(F) for any i = 1,...,n. Precisely, U(N) ~ F x T" with F C R™ an open
neighbourhood of f and the vector field Xy restricted to U(N) reads:

Xy = Zwi(al, ...,an)ai‘, where w; : F — R are differentiable functions.
i=1 v

This result is not explicitly proven here, but the proof can be found in [I] or
[5]. Indeed, we can see this Theorem as a particular case of a noncommutative
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integrability Theorem for Hamiltonian vector fields, which will be proven in the
remaining part of the Chapter.

An immediate consequence of Liouville-Arnold Theorem is that Hamiltonian
dynamical systems with a 2—dimensional phase space are completely integrable,
while when the dimension is 4, it is enough to have a single first integral f
functionally independent from the Hamiltonian function H. Precisely, since

0:£XHf:XH(f):{H7f}7

the involutivity comes for free due to the Hamiltonian nature of the field X . We
now analyze the case of two uncoupled harmonic oscillators. This example allows
to recover the differences between the description of the dynamics provided by
Liouville-Arnold Theorem and the noncommutative approach to integrability.

2.1.1 Two uncoupled oscillators

Let
2, 2 2, 2
+ +
H =w1p1 5 % +w2p2 5 % hi(q1,p1) + h2(q2,p2)

be the Hamiltonian of a system defined on the phase space M = R*\ {0 € R*}
endowed with the standard symplectic form Q = dp' A dq' + dp? A dg?. Here
(w1, ws) € R? are the frequencies of two oscillators. Two cases are possible, the
resonant and non-resonant one:

e when w/wy € Q the oscillators are resonant,
e while if wy /wy & Q, they are non-resonant.

In the first case we will see that there are more than 2 first integrals and the
system is superintegrable. The functions hy(q1,q2,p1,p2) = hi(qi,p1) and
h2(q1, 42, p1,D2) := ha(ge, p2), are first integrals in involution. Indeed,

w1ip1 w1q1
Fo_|wp2 | | 0| _
Exul = —w1q1 w1p1 =0
—Ww2@2 0

and similarly for he. Moreover,
0={H,hi} = {h1 + ha,h1} = {ha, h1},

so the two first integrals are in involution. This implies that all the regular
invariant level sets

{meM:(hy xhy)(m)=ceR® xR} = {h; =c1} x {hy = 2} ~ St x S?

are diffeomorphic to T2. We can consider the two functions 7 and 7 such that:

S _ 0

b T

With respect to (hy, 71, ha, T2) the vector field Xy reads:
0 0

T on | on

i=1,2.

Xn
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Indeed, these functions are not well-defined coordinates, since there is not a
unique representation of all the points of M. Indeed, for all 7; € {t; + 27 /w;Z}
we get the same point on the phase space M. Therefore, we project on the
quotient space

71 (hy,71,h2,72) = (h1, 71 mod (27/wy), he, 72 mod (27 /ws)).
This projection allows to coordinatize properly the phase space M as

@ :RT xR x S%W/wl X SQIW/W2 — M, (a1, a2, a1,a2) = (q1,01, g2, D2)

2a1 . 2a1 2az 2az
= ( — sin (wyaq), 4/ — cos (wraq), 1/ — sin (waa), 1/ — cos (w2a2)>,
w1 w1 w2 w2

which is a global diffeomorphism. This is not a symplectic diffeomorphism just
because of a scalar coefficient. To get a symplectomorphism and hence the so
called action-angle variables, we just compose the map 7w with the diffeomor-
phism

piRY XRY x 85 x S5 = RY X RY X 85/ X Sy
p(a1,a2,0é1,042) = (al/wlaalwlaGQ/W2aa2W2)-

Now we can conclude defining the global diffeomorphism C := ¢ op which reads:

C(b1, b2, B1, B2) = (q1,P1, 92, P2) =
= (4/2b1 sin (B1), v/2b1 cos (B1), v/2ba sin (B2), v/ 2bs cos (52)).

This is a symplectomorphism with respect to the form € = dp; Adgy + dps A dgs
on M and Q = db; A dBy + dba A dBs on the other space. Hence these are
action-angle variables for the system and with respect to these coordinates the
dynamics is conjugated to the one given by the Hamiltonian vector field of
h:=C*H = w1b1 + OJQbQZ

Xn = + Wo —
1

“Lop, T 0B,y

2.2 Noncommutative integrability: statement and
first example

A considerably important number of Hamiltonian systems on symplectic man-
ifolds have more integrals of motion than n = %dim M. This gives rise to
a richer description of the dynamics, based on the theory of noncommutative
integrability.

Theorem 5 (Noncommutative integrability). Let (M,Q) be a 2n—dimensional
symplectic manifold and H € C*(M) a smooth Hamiltonian function on M.
Assume that there exist (2n — k) > n functionally independent first integrals of
Xy defining a submersion

F=(F,...,Fon_t): M —R™*
with compact and connected fibers. Moreover, suppose that there exist functions

P;j : F(M) — R such that
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o rank(P(F(z))) =2n—2k, Yz e M,
o {F,F;}=P;;oF, ij=1,..2n—k.

Then any level set N of F is invariant, diffeomorphic to T* and it admits a
tubular neighbourhood U(N) which has a locally trivial fibration U(N) ~ T* x B
structure, with B C R2*™F . Furthermore, any invariant level set of F restricted
to this tubular neighbourhood corresponds to a point in B and, coordinatizing B
with

(xla o Tn—ky Y1y ooy Yn—k5 Q15 -y ak)»

the restriction of 2 to U(N) reads

n—k k
Qluwny = Z dz® A dy' + Z da’ A do. (2.1)
i=1 j=1

The restriction of the vector field Xy to U(N) in this coordinate system reads

k

0
X‘ = wilars s .
H uw) = wi(a ak)@ozi

The coordinates which allow to write {2 as in , are called generalized action-
angle variables. Let’s notice that completely integrable systems are a particular
case of noncommutative integrability. Indeed, when & = n and the Poisson
structure degenerates to P;; = 0 for any 4, j, then the hypotheses of Liouville-
Arnold Theorem are satisfied. We now analyze again the example of two reso-
nant uncoupled harmonic oscillators, but, this time, in the light of this integra-
bility result.

2.2.1 Superintegrability of two uncoupled resonant oscil-
lators

Consider the Hamiltonian function

ai +pi % + p3
5 twrTg

H(q1,q2,p1,p2) = w1 = h1(q1,p1) + h2(q2, p2),
where wy/ws € Q because in this case, due to the previous analysis we have
a periodic flow on the torus, so there is a finer geometric structure then the
fibration in 2—tori. Without loss of generality, we assume wy; = ws = 1. Let’s
verify that the system admits 3 first integrals

q2 b1
_ _ a1 P2 | -
Xg(F1) = Lx,(q1g2 + p1p2) = | | =g | TP +q@p2 — @1p2 — q@2p1 = 0,
b1 —q2
—p2 p1
_ _ | b1 P2 | _ o
Xu(Fy) = Lx, (p1a2—p2q1) = a2 : “al T —p1P2 +P1Pp2 — Q192+ G192 = 0,
—q1 —q2
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q1 P1

2.,.,2 2 .2 _
Xu(Fy) = L, (Q1 + 11 . 9 p2> _ ptiQ ] _P;l —0
—b2 —q2

These three first integrals define a surjective submersion with compact fibers and
we now verify that they satisfy the other assumptions of the noncommutative
integrability Theorem. Computing their Poisson brackets we have

{F1, Py} = {q1q2 + p1p2, p1G2 — P21 } = q% - qf - (—p§ +p§) = —2F5,

1
{F1, P} = S{ae +p1p2, P + 41 — @5 — P3} = qap1 + P12 — 1p2 — q1p2 = 2[%

1
{F,, F3} = 5{]71(12 — Paq1, Py + @ — P35 — @53} = —p2p1 — p1p2 — (Q2q1 + q1q2) = —2F7,
{F17F1}:{F27F2}:{F37F3} :O

So they can be arranged in the matrix of the Poisson brackets P (the Poisson
tensor of the system) which reads:

0 —2F; 25 )
P=|2F, 0 —2F|=2F,
—2F, 2F, 0

where F' = [F, Fy, F3]T. This is the hat matrix of 2F so Pv = 2F x v for any
v € R3. This means in particular that P is constant on the level sets of F, as
required in the noncommutative integrability Theorem. Moreover, since it is a
skew-symmetric matrix, then it has necessarily even-rank, so rank P = 2. The
configuration manifold in this case has dimension n = 2, the matrix has rank
2 = 4 — 2k, which implies that we should have k£ = 1. The fact that we have
3 = 2n — k independent first integrals hence guarantees that the hypotheses of
noncommutative integrability Theorem hold. We can now define two fibrations
of the phase space M = R*\ {0 € R*}. The first one is given by the Hamiltonian:

H:M— A,

where A is the action space of the system. In this case the action space is
A =TR>% and the fibers of H are 3—dimensional spheres S? since we have

H(q1,p1,92,p2) = %(qf +pi + 4¢3 +p3) =ac R,
so H=1(a) ~ 8. On the other hand, we have the fibration given by the three
functionally independent first integrals F = (Fy, Fy, F3) : M — B =R3. The
regular level sets of F are diffeomorphic to 1—dimensional tori (S') thanks
to noncommutative integrability Theorem. Moreover, being connected and of
dimension 1, they coincide with the orbits which are hence periodic. The key
point now is to project via the fibration F' each level set of H onto B. The base
space B is coordinatized by F = (Fi, F3, F3) and hence in correspondence of a
single level set of H, we get a 2—dimensional sphere. Indeed, on each level set,
{H = a € R>}, the modulus of the vector F' = (F, Fy, F3) is constant since
F2+F§+Fi = H? = a®. These 2—dimensional spheres are the symplectic leaves
of the base space B since they coincide with the orbits of the action of R? on the
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{(F.Fo. Fy) : i + F5 + F{ = 4}

S-S

FIBRATION

ACTION
SPacE A.

level sets of H generated by the Hamiltonian vector fields X, , Xr,, Xp,. To be
precise, it is not correct in general to say that the level sets of the Hamiltonian
admit a product structure, but what happens is that there is a fibration from
83 to S? with fibers coinciding with the orbits of the Hamiltonian vector field
Xy, which are diffeomorphic to S, i.e. 8 ~ S! x §2. This fibration is known
with the name of Hopf fibration. Let’s highlight that the analysis done in this
example follows the approach suggested by Proposition

2.3 Proof of the Theorem

In this section, we prove noncommutative integrability Theorem. Instead of
working directly on Theorem 5| thanks to the properties of bifibrations we first
of all recover some equivalent results, proving then one of them.

Theorem 6. Consider a 2n-dimensional symplectic manifold (M, Q) where is
defined a fibration F : M — B with compact, connected and isotropic fibers of
dimension k < n. Call F the foliation whose leaves coincide with the fibers of
F. Assume the polar F* of F does exist. Then

o the fibers of F' are diffeomorphic to TF,

e any fiber N of F' has a tubular neighbourhood U(N') endowed with gener-
alized action-angle variables.

We now introduce (and then prove) a proposition which shows why Theorem |§|
is equivalent to Theorem
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Proposition 13. Let G : M — G(M) be a fibration with the same properties
of the one in Theorem[5 and call F the foliation whose leaves coincide with the
fibers of G. Then the fibers of G are isotropic and F admits a polar foliation
FL. Moreover, any fibration F defined as in Theorem @ can be described in
a neighbourhood of each fiber by (2n — k) functions with the same properties
satisfied by the components of G.

Before proving this proposition, let’s highlight how it can help proving Theorem
Due to this proposition, we get that the fibration defined by the 2n — k func-
tionally independent first integrals of the vector field Xy, is isotropic. Moreover,
the foliation F defined by the level sets of these first integrals admits a polar.
Therefore, Theorem [5] implies Theorem [6] Furthermore, every fibration defined
as in Theorem [f] can be written in the form of the Theorem [5} Hence, we even
get that Theorem [0] implies Theorem [} The advantage of Theorem [0] is that
due to the global structure of its hypotheses we get a better description of the
geometrical situation and this is why we have introduced this equivalent result.
Let’s now prove proposition

Proof. The first integrals of the foliation F coincide, up to a possible rescaling
or combination, with the components of the fibration G = (Gy, ..., Gan—). By
assumption we know

{Gian} = P” o G, Z,] = 1, 7271 — k.

Recalling that this foliation is defined by the submersion G and hence the lift
to M via G of any function g € C*°(G(M)) is a first integral of F, we conclude
the family of first integrals of F is closed under the Poisson bracket. This is
equivalent to the existence of a polar F+. Since the polar does exist and the
leaves of F are isotropic submanifolds of M, follows:

rank P(G) = 2dim(G(M)) — dim M.

Here P = (P;;) is the Poisson tensor defined on G(M). This is true in our case
since by assumption rank P(G) = 2n — 2k and

2dim(G(M)) — dim M = 2(2n — k) — 2n = 2n — 2k.
We now move to the second part of the statement.

Consider a point u € F(M). Define a diffeomorphism C : U — R*"~* where
U C B is a small-enough open neighbourhood of u. Set

G :=Co (Flp-1(v)): F~1(U) = R** 7,

Since C is a diffeomorphism and F' is a submersion, up to restricting the arrival
space, the map G is a surjective submersion. The level sets of G coincide with
the fibers of F' by construction. Hence G defines a fibration on F~1(U) (a
neighbourhood of a fiber of F'). We can define the components of F' as the
components of G:

G = (Gl, ...,ng,k) = (C1 o ‘F7 ~-~7C2nfk o F)
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We conclude verifying these components satisfy the required properties. By
assumption, F admits a polar F*. Hence

{Gi,Gj} ={Ciom Cjom} ={C;,C;}om.

Furthermore, the fibers of G are isotropic. This implies that the rank of the
Poisson tensor P(G) is the correct one.
O

We now conclude the chain of equivalent results with Theorem [7} Indeed, we
first prove this Theorem is equivalent to Theorem@ (and hence even to Theorem
b)) and then prove it.

Theorem 7. Consider a symplectic manifold (M, Q) of dimension 2n. Assume
there are k < n functionally independent functions which are pairwise in involu-
tion Fy,...F,: M — R (call F = (Fy, ..., Fy)). Call D the tangent distribution
generated by the Hamiltonian vector fields Xp,, ..., Xp, and suppose the integral
mamnifolds of D are compact and the fibers of a fibration w. Then each connected
component N C M of these integral manifolds is diffeomorphic to T* and admits
a tubular neighbourhood U(N) where a set of generalized action-angle variables

(a,z,y,a) is well defined. Moreover,

e the integral manifolds coincide with the level sets of the map

(a,2,y) :UN) = R*"7F,

e the actions ay, ..., ax are functions of Fy, ..., Fj.

This theorem is equivalent to Theorem @ Precisely, the action of R¥ defined
by the Hamiltonian vector fields X, , ..., XF, defines a foliation 7 on M. The
leaves of F are isotropic submanifolds since a vector field tangent to these leaves

is of the form .
Y = Z 9 Xp,.
i=1

Indeed, for any Y, Z € X(N), where N is a leaf of F, we have:

k k
Q(KZ)Z Z CijQ(XFiaXFj): Z Cij{Fi,Fj}ZO.
i,j=1 i,5=1

Moreover, F admits a polar foliation and hence Theorem [f] follows from this
one. Furthermore, let’s assume there is a fibration = : M — B satisfying the
hypotheses of Theorem [6] Since the polar foliation F does exist and the fibers
of 7 are isotropic, follows that the leaves of F are generated by the Hamiltonian
vector fields of the lifts to M of the Casimirs of B. Let G1,...,Gy : B — R be
the Casimirs of B. Since the existence of a polar for the foliation defined by m
is equivalent to the fact that 7 is a Poisson mapping between (M, {-,-}rs) and
(B,{, }B), follows that defining H; = G; o7 for any ¢ = 1, ..., k:

{Hi,Hj}p ={Giom,Gjorm}y ={Gi,Gj}pom=0.

Hence there exist k functionally independent functions Hy,..,Hy : M — R in
involution. Moreover, the integral manifolds of the distribution generated by the
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lifted Casimirs coincide exactly with the k—dimensional fibers of 7, so all the
hypotheses of this last theorem hold. Follows that even the second implication
is proven and the two theorems in analysis are indeed equivalent. We now prove
Theorem

Proof. All the connected components of the fibers of m are k—dimensional
tori since they all have k independent, tangent and commuting vector fields:
Xpy,...,XF, (see Proposition . Indeed, they commute since [Xrg,, Xp,] =
X(F;,r;3 = 0. Consider a point m € M and call N C M the connected com-
ponent of the fiber of m where m lives. By Theorem [2| we can complete the set
{F},.., F;} to a Darboux system of coordinates in a neighbourhood P C M. In
this system of coordinates the symplectic form  reads

k n—k
Qlp =Y dF; NdT; + > dX; AdY;.
i=1 j=1

We define
e 7 :=T(P)CRFand
o Fi=(FxX xY)(P)CR™F,

where T = T1 X ... x T}, X = X1 X ... Xx X,,_;, and same for Y. We then
coordinatize the whole space P via the inverse map

C:=FxXxYxT)':FxT—P.

In the remaining part of the proof we will denote with (F, X,Y,T) the coordi-
nates on P, while with (f,z,y,t) the associated ones in F x T. Precisely:

f=CF, z:=CX, y:=CY, t:=CT.

The Hamiltonian vector fields of the F;s are translations along the T;s, namely
Xp, = 0/0T;. This implies that each fiber of 7 with non-trivial intersection with
P can be coordinatized by the T;s and it can be written as (F x X x Y)~!(c) for
some ¢ € R2"F, Precisely, F x X x Y : P — F is a surjective submersion with
compact fibers, hence by Ehresmann’s Theorem it is a locally-trivial fibration.
Namely, if (F x X X Y)(N) = ¢ for a certain torus N C M, then there exists a
small-enough open neighbourhood B C F of ¢ such that

UN)=(Fx X xY) Y (B)~NxU~T"xU,

where U(N) is a tubular neighbourhood of N. With an abuse of notation,
we keep calling F the open set of R?*~* defining the tubular neighbourhood
introduced above. We now define the section

o:F — P, o(b):=C(b,0)

and assume P to be small enough so that each invariant torus, with non-trivial
intersection with P, intersects o(F) in exactly one point (this can be done due
to the locally-trivial fibration introduced above). o(F) C M is an embedded
submanifold of M of dimension 2n —k. The X s define an action of R¥ on each
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torus N. We call it ®. Thanks to this action, we can coordinatize the tubular
neighbourhood U(N) of N as follows:

C(b,7):=®(r,0(b)).

Assume o(b) = C(b,0) = m.

Proposition 14. The map C : F x T — M is a local diffeomorphism and it is
symplectic with respect to the standard symplectic form

k n—k
O, = dez Adt; + Z d,Tj /\dyj.

i=1 j=1

Proof. To show that it is a local diffeomorphism, we verify that the columns of
the Jacobian matrix JC of C are linearly independent in a neighbourhood of m.
We then conclude by inverse function theorem. We have already seen that

aC - 0d - _ _
571_(5, 0) = 871-(0’ o (b)) = Xr,(®(0,0(0)) = XF,(C(b,0)) = Xp, (m).

Taking then the derivative with respect to the other variables and evaluating
them at (b,0) we get

Oo - o - 0o - Oo - do -

do -
a—fl(b)7 ey a—fk(b), Tm(b)’ R T (b), 8—y1(b)7 R (b).

Since ¢ is transversal to N = (F' x X x Y)71(b), we conclude that they are all
linearly independent vectors and hence C is a local diffeomorphism. We now
need to check that the map C : F x T — P is symplectic. This amounts to
prove that C*(Q|p) = Q.

k n—=k
Qp =) dFi AdTi+ Y dX; AdY;
i=1 j=1
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implies:

k n—k
C*Qlp =Y d(C*F;) Nd(C*T;) + Y d(C*X;) Ad(CTY;) =
i=1 j=1
k n—k
= d(F;oC)Ad(T;0C)+ > d(X;0C) Ad(Y;0C) =
i=1 j=1

k n—=k
j=1

=1

We can restrict C to A x B C F x T in such a way that
C:AxB—CAxB)=UN)

is a diffeomorphism. What remains to do at this point is to transform (f,z,y,t)
into (a,,y, &) via a symplectomorphism on A x R¥ and hence define the gen-
eralized action-angle variables. On each invariant torus

(Fx X xY)"b),

all the points have the same period lattice and matrix with respect to the action
given by the Xp s (because of what we will prove in Proposition . We call
them respectively Gy, and L(b).

Proposition 15. Consider a pair of points m = C(by,71) and n = C(ba, T2) in
U(N). Then Gy, = Gy, when F(m) = F(n).

Proof. In this proof we need two group actions. One consists in (R?"7F +)
acting on M and is defined as

0:R** xUN) = UN),

XFl

XF XX
Os ;=05 o...oD;, F oDy, 1

Xy Xy
1 n—=k
Sk+1 o..od

Xx
n—k
°..0®,, ody, Y Son—k -

The second action is the usual one of R* over U(N):

Xr XF
S, =P o..od

Xp, = 0/0T; commutes with all the other Hamiltonian vector fields of the type
XF;, Xx, and Xy,. This implies that:

P00, =0,0d,, VreRF VseR>F
Let’s recall that 7 € G, if and only if ®z(m) = m. This implies that
D7(0:(m)) = 05(Pr(m)) = b5 (m).

Hence if n = 64(m), then Gy, = G4,. Now what remains to verify is that
05(m) = n for some s € R?"~* if and only if F(m) = F(n).

0 0 0
XF;, = aT“j’ Xx, = BT Xy, = Tax,
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so the action @ leaves unchanged the first k£ components, those associated to the
coordinates Fi, ..., Fj,. This means that it is possible to have 6;(m) = n if and
only if F((m) = F(n), since on these level sets the action of § is transitive.

O

We can hence denote the period lattice and matrix with G and L(f) respec-
tively. Recall that the period matrix has the following entries

Lij(f) = u;(f) - es
k

where {u;(f)}7—; is the basis of the period lattice. Now we uniform the period
lattices of all the fibers F~1(f) intersecting U(N). To do so, we introduce the
angular coordinate & = L~!(f)t, similarly to what we will do to prove Bogoy-
avlensky’s Theorem. Moreover, to complete the symplectic diffeomorphism )
defining the generalized action-angle variables, remains to find an action func-
tion @ = a(f) in such a way that

k k
Q= dfi Adt; ="Q = da;(f) Addy;.
i=1 =1

To get an explicit condition which guarantees the validity of this expression, we
compute

da; A dé; = Z a‘” dfj A dé.

Moreover, t; = Z?:l Li;(f)d,, so

df; Ndr; = df; A d(il’w(f)é‘j)

Jj=1
0L (f) .
= df; A K S 8},Sf)ajdfh> (ZL da])} _
j.h=1 j=1
(f) -
[( Z a} : dfmdfh) (ZL dfmda])]
J,h=1 Jj=1
This implies necessarily
OLi;(f) . 8th(f) _
of, b — af, =0 Vi,j,h=1,...k, (2.2)
da; .
Lii(f) = ‘(;]Ef) Vi, j=1,...k. (2.3)

The condition (2.2]) can be seen as the closure condition of the 1—form

k
B = Z Li;(f)dfs,
=1

and when it holds, (2.3) can be integrated locally and hence we can find the
action functions a; = a;(f) up to restricting the domain A.
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Proposition 16. The period matriz satisfies the symmetry property in Equation
if and only if the section o : A — P is co-isotropic.

Proof. The action ® generated by the Hamiltonian vector fields Xp,, ..., X, is
not free and, supposing m € F~1(f), for any v € ZF we have m = ®(L(f)v, m).
Hence the inverse images under C of the submanifold o(A) are defined by the
submanifolds of A x R¥ given by

Sy (fowy) = (foy, L(f)v), veZb,

since all the times L(f)v map o(f,z,y) to the same point of the Liouville torus
(F x X x Y)7Y(f,z,y). This construction is helpful since we have previously
proven that C is symplectic and hence it sends co-isotropic submanifolds into co-
isotropic submanifolds. Therefore, we check what has to happen to have that,
for at least a v € Z*, ¥, (A) is co-isotropic. This is equivalent to prove that for
any (f,z,y,t) € Sy (A), (T(f,2,4.1) S0 (A))* is isotropic for this particular v € Z*.
The dimension of ¥, (A) is (2n — k). We consider

0 0 8Lrs . .
Xj:a—xj,szayj —1—2 afz : —,i=1,..,k j=1,...n—k
where . .

81),é 0 0
3 v S )i

is a linear combinatlon of independent vector fields with coefficients given by the
i—th column of the Jacobian matrix of L(f)v. Since L is an isomorphism, all
the W;s are independent as desired. Hence a vector V' belongs to the symplectic
complement of this space if and only if it is of the form

noticing that necessarily the components along the X;s and Yjs vanish. This
means that (T(; ;.5 (A))? is isotropic if and only if Q(W;, W;) = 0 for any
,j=1,.k

o dfy(Wi) = din,

o dtn(Wi) = i, Gev,
This implies that:

OLps oL sy,
(dfh/\dth)(W'mW - zhz 8fh jhz h

Hence we conclude

k k
QWL W) = S (dfy A dtn) (Wi, Wy) = S (aL?s - aLJ’_s)us —0
h=1

if and only if the condition (2.2]) holds (indeed, take v with all the components
different from zero). O
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The section o : A — U(N) is co-isotropic since the tangent space to o(A) is
generated by the vector fields

o 9 90 0 0 0
OF) "V OF, X, 0Xpk OV OY
Indeed, the tangent space of the symplectic complement of o(A) is generated

by
0 0

6714—’17 ceey TF‘]C,

and € vanishes on this space. We therefore get that o(A) is co-isotropic as
desired. So we are now ready to conclude the proof, since we have just built a
symplectic diffeomorphism

up to restricting A to a small enough open subset. Projecting with the diffeo-
morphism

p:UXRF U X T, (a,2,y,a) = (a,z,y,a mod 1)

we get the desired diffeomorphism between U(N) and U x T*, i.e. the locally
trivial fibration of the tubular neighbourhood of V:

FxXXYxT
SO

U(N) AxB LU xRE 2y T,

~

where U(N) = C(A x B).
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Chapter 3

Bogoyavlensky’s
integrability Theorem

In this Chapter, we present Bogoyavlensky’s integrability Theorem for non-
Hamiltonian dynamical systems. It gives the standard definition of integrability
of a vector field X € X(M) defined on a smooth n—dimensional manifold M.
This Theorem relies on the existence of n tensor invariants which are either
symmetry fields or integrals of motion. For this reason, before moving to the
statement and proof of the Theorem, we now properly define the notion of
dynamical symmetry (i.e. symmetry field) and of (Lie) group action.

3.1 Dynamical symmetries and group actions

Let M be a smooth n—dimensional manifold. We can define the Lie-algebra of
vector fields (X(M), [, -]) where

[X,)Y]=XY -YX
is the (Jacobi-)Lie bracket, namely it is a map [,-] : X(M) x X(M) — X(M)
with the following properties:
1. it is bilinear and skew-symmetric,

2. it satisfies Jacobi’s identity, i.e.

(X, Y, Z|+ [V, [Z, X]]| +Z,[X,Y]] =0, VX.,Y,ZeX(M).

We say that two vector fields X,Y € X(M) commute if their Jacobi-Lie bracket
vanishes, i.e. [X,Y] = 0. The Jacobi-Lie bracket has even a dynamical inter-

pretation since
(X, Y] =LxY.

For this reason, we say that if X and Y commute then Y is a dynamical sym-
metry for X (and vice versa).

Proposition 17 (Characterization of commuting fields). Let X,Y € X(M),
where M is a n—dimensional smooth manifold. They commute if and only if

X odY =Y 0 ®X Wi, s
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which make the computation reasonable, where ®;X, ®Y : R x M — M are the
flows of the two fields. This is equivalent to have

(®Y), X =X Vs.
Proof. We start assuming (®Y),X = X. By definition,

I x = Liay).x = @)).1x.Y].

0:£ ds

This implies [X, Y] = 0 as expected since the push-forward is a linear map. Vice
versa, if we suppose [X,Y] =0, then

d
—(dY), X =
ds( S) O’

fe. (DY), X = (DY), X = X. O

S

The flow of a vector field can be seen as the action of the additive group (R, +)
on the manifold M, which is a particular case of Lie group action. We recall the
pair (G, ) is a Lie group if it is an algebraic group and G is a smooth manifold,
where - and the inversion map are compatible with the differentiable structure
of G, i.e.

e :GxG—G, (ab)—a-b,

e a— (a)~?
are differentiable.

Definition 14 (Lie group action). Let M be a smooth manifold and (G, -) be
a Lie group. The (left) action of the group G on M is a map

p:GX M= M, ¢(g,m)=pg(m)
such that:
1. o(lg,m)=m Yme M,
2. for any g € G the map ¢, : M — M is a diffeomorphism and
3. Yg,h € G, pg0pn(m) = pgn(m).
Let ¢ be the action of (G, ) on M.
e The orbit of m € M is Orb(m) = {¢4(m): g€ G} C M.
o The isotropy subgroup of m € M is G, = {g € G : pg(m) = m}.

e ¢ is a free action if all the isotropy groups are trivial, i.e. @q(m) = m if
and only if g = 1.

o It is a transitive action if ¢, is surjective for any g € M, i.e. for any pair
m,n € M, there exists g € G such that p4(m) = n.

o It is a proper action if the map ¢ : GXM — M x M, (g, m) = (pg(m), m)
is proper.
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A Lie group G is said to be a symmetry-group for the vector field X € X(M)
if the action ¢ : G x M — M commutes with the flow of X. Namely, if
®:Rx M — M is the flow of X, then ¢y 0 ®; = ®,0¢, for any t € R, g € G.

A group action ¢ : G x M — M can be seen even as the flow of a single vector
field, called infinitesimal generator of the action. To define this vector field we
need to introduce some preliminary definition. A one-parameter subgroup of
G is a differentiable map o : R — G which is even a homomorphism between
the groups (R, +) and (G,-). The image of a one-parameter subgroup of G is a
differentiable curve in G. We can define the notion of Lie-algebra of the group
G and we will denote it with g. This Lie-algebra is defined by the tangent space
at the identity 7.G endowed with the commutator

(€] = [Xe, Xyl(e) V€ m € g

Here on the right hand side we consider the Jacobi-Lie bracket and X¢ is called
the left extension of & € g and is defined as

Xe(g) = Tetyy ().

The one-parameter subgroup of G associated to £ € g can be now defined as
the integral curve o¢ : R — G of X¢ with 0¢(0) = e, 0¢(0) = &. The basic map
which allows to associate g with G is the exponential map:

expg 1 g — G, exp(§) = o¢(1).

This map allows to describe all the one-parameter subgroups in a simpler way
as
{exp(tf) : t e R} C G,

and hence the exponential map sends lines of g into differentiable curves of G.
We now define the infinitesimal generator of the Lie-group action

Y:GxM— M, (g,m) = Yg(m):=g-m

associated to the element £ € g as the following vector field on M:

Ev(m) d (expc(t€) - m) . cT, M.

T oat =

Consider now X € X(M) with flow ® : Rx M — M. The infinitesimal generator
of this group action coincides with the vector field X itself. Precisely, in this
case expr(t) =t forany t e R=G, £ € g~R and if weset { =1

n1(m) = S0(expe(et)m)| = S (e m)| = X(@(tm)]o = X(m).

Furthermore, any action of (R, 4) can be seen as the flow of a vector field, which

is precisely its infinitesimal generator.

The reason why symmetry groups are important to analyze dynamical systems,
is because they allow to study a reduced version of the system, instead of the
original one. Indeed, consider a vector field X € X(M) which is invariant
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under the group action ¢ : G x M — M. We can define the projection map
m: M — M/G introducing the following equivalence relation on M:

my,ma € M, mi ~mg <= ¢(g,ma) =my

for some g € G. M /G is called the orbit space and we endow it with the quotient
topology.

Proposition 18. Assume ¢ : GX M — M is a free and proper Lie-group action
with n = dimM > k = dimG. Then M/G is a smooth manifold (thanks to
Quotient Manifold’s Theorem whose proof can be found in [6]). Furthermore,
the orbits of ¢ are k—dimensional submanifolds of M diffeomorphic to G and
m: M — M/G is a submersion, where dim (M/G) =n — k.

In general the push-forward of a vector field is not a vector field, but in this
setting with ¢ free and proper everything works fine. Indeed, we can define

X =mX € I(T(G/M)) the vector field on M/G such that

dfomr=mo®F, VLER.

The pair (M /G,X ) is the reduced system and describes the dynamics of X
transversally to the orbits of ¢. When we are able to compute the integral
curves of the reduced vector field X, we can then study the dynamics along the
orbits of ¢ via a reconstruction procedure. The reconstruction part consists in
computing the integral of a known function if we are able to explicitly find the
integral curves of the reduced vector field ¢ — r;. Indeed, this second part is
important to describe the dynamics of X along the orbits of ¢.

We will use mainly group actions of (R, +) or of (S!,+) on M. Such actions
can be seen as flows of their infinitesimal generators. For this reason, we will
always refer to flows of vector fields instead of group actions.

Proposition 19. Let M be a smooth manifold of dimension n and Y1, ...,Y} be
tangent, independent and commuting vector fields on M (1 < k < n), namely
[Y;,Y;] =0Vi,j=1,...k. Then the map

O:RFx M = M, ®(r,m)=2o..0dY(m)
is a group action of (R¥,+) on M.
Proof. First of all ®(0,m) = m. Then

O(T 4 p,m) =3, 0.0k

_ &N Yk Y Y
Tt ©- 7_ka’(m) —<I>Tl o...oq)_rk O(I)m o...o@uk(m)

since the vector fields commute and hence even their flows do. By definition,
this amounts to ®, o ®,,(m) as desired. The fact that the map ®, : M — M is
a diffeomorphism, comes because it is the composition of diffeomorphisms. [

Proposition 20 (Action of S!). Consider a smooth n—dimensional manifold
M and a vector field Y € X(M) with flow &y : Rx M — M. IfY has
all periodic orbits with the same period T > 0, then it generates an action of
(8%, +) over M defined as

©:Shx M — M, p(t mod T,m) := ®y(t,m) Vt € R.
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With S} we refer to R/(TZ).
Proof. The map ¢ is well defined by the periodicity of the flow of Y, namely
O(t+ kT,m) = ®(t,m) = ®(t + kT mod T,m) for all k € Z.

©(0,m) = ®y(0,m) = m since Py is a group action. Then for any pair s,t € R
follows:

o((t+s) mod T,m)=Dy(t+s,m)= Py (t, Py(s,m)) =

= Oy (t,p(s mod T,m)) =p(t mod T,p(s mod T,m)).

®y is a diffeomorphism, so even ¢ has this property. This is enough to prove
that ¢ is an action of Sk on M . O

3.2 Statement of Bogoyavlensky’s Theorem

The standard notion of integrability for non-Hamiltonian vector fields is rather
recent and it is due to Bogoyavlensky [I7]. We now state this Theorem and
then define a class of dynamical systems to be integrable thanks to this result.

Theorem 8 (Broad integrability). Let M be a smooth manifold of dimension
n and X € X(M) a vector field. Let 0 < k <n and

F= (fla"'afn—k) M %Rnik

be a submersion whose components are functionally independent integrals of
motion of X. Suppose its level sets N = {m € M : F(m) = f} are compact and
connected. Moreover, let Y1,....,Y € X(M) be linearly independent dynamical
symmetries of X, which pairwise commute and preserve the first integrals of X,
i.e.

o Ly X =[Y,X]=0,i=1,..,k,

Y, Y;]=0,4,5=1,...,k,

Ly, fj=0, foralli=1,.. .k, j=1,..,n—k,
YiAN..AY,#0 on N.

Then N is diffeomorphic to the k—dimensional torus T* and X is conjugated
to a linear flow on it, namely we can write it as

fi=0, i=1,..n—k
(jéj = Wj, i=1,..k, Wj eR

where (aq, ..., o) are angular coordinates on N. Moreover, each invariant torus
N admits a neighbourhood U(N) and a diffeomorphism

¢ UN) = FUN)) x T, o(m) = (f(m),a(m))
congugating topologically the vector field X to the following system

fi=0, j=1,..,n—k
di = o.)i(f), 1= 1, ,]i)

on U(N) where the w; : F(U(N)) — R are differentiable functions.
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As a consequence of this Theorem, we call the n—tuple (Y1,...,Y,, f1,..., fg) an
integrable dynamical system of type (p, ¢), or a (p, ¢)—integrable system, defined
over the n—dimensional manifold M, if

o Y, € X(M), Vi=1,..p,

Yi AL AY, #0and dfi A ... Adfy #0,

F={(f1,.., fg) : M — RY is a submersion,

e p+qg=n,0<p<n,0<q<n,

[Y;7YJ] 07 Vi7j: 17"'7p’

o Ly, fr=0, Vi=1,..,p, Vk=1,..q

Hence, a given vector field X € X (M) is integrable if it belongs to some n—tuple
as above. We will often refer to dynamical systems integrable in this sense as
B-integrable or broadly-integrable systems.

3.3 Example of B-integrable system

We report here an example of integrable system of type (2,2). Consider the
vector field

YPxPy 9. _ ya

X = p;0, +pya 1ty 2 Ypas Dy

defined on the phase space M = S! xR x R2. This system admits 2 independent
symmetry fields which are

X, Y =0,.

The coordinate x is cyclic and hence [X,Y] = 0. Moreover, X has two integrals
of motion which are

o E= 321+ y) +p}] + 547,

d J:pm\/1+y2~

Let’s verify that Lx E = Lx.J = 0 here:

YPap

ﬁXE=y(p§+1)py—px(1+y2)lf Y — ypy =0,

LXJ: /1+ Qprpg; —
\/1+y 14y

These two first integrals of X are preserved by Y since both E and J do not
depend on x. This means that the hypotheses of Bogoyavlensky’s Theorem hold
and hence this vector field is (2, 2)—integrable.
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3.4 Proof of Bogoyavlensky’s Theorem

In this section we prove the Theorem

Proof. The map F' is a submersion and, moreover, by Ehresmann’s Theorem
it defines a locally-trivial fibration. This implies that for any regular value
c € R"* F~!(c) is a k—dimensional invariant embedded submanifold N C M.
By assumption, these fibers are compact and connected. Since the k independent
vector fields Y7, ..., Yy preserve the first integrals of X, i.e.

[’Yifj :0, Vizl,...,k, Vj:l,..,n—k,

then they are all tangent to the fibers of F'.

Proposition 21. Consider a smooth, compact and connected n—dimensional
manifold M. Suppose Y1, ..., Y, € X(M) are n linearly independent and pairwise
commuting tangent vector fields. Then M is diffeomorphic to T"™.

Proof. We have
Y;,Y;] =0, VYi,j=1,..,n

By Proposition they define the following group action of (R™, +):
O :R"x M — M, &(t,m) := @Zl o... ofI)Zj(m),
with ¢ = (¢1,...,t,) € R”. We can now define the following map
U : R™ = M, ), (t) := ®(t,m), Vm e M.
Lemma 1. For any m € M, the map ¥y, is a surjective local diffeomorphism.

Proof. To prove it is a local diffeomorphism, we write the Jacobian matrix of
1y, and check that it has full rank.

Om ) 00 gra X (m) = Y1 (L 0 D)2 X (m)) =
87—1 (T) = Tﬁ e} T 0...0 T (m) = 1( - o T 0...0 Tn (m)) =

= Yl((I)(m, T))

Since all the fields pairwise commute, so do their flows. This implies

M
87]'

(1) = Yy(®(m, 7)) Vi=1,..,n.

We get that the Jacobian matrix has all independent columns, and hence v, is
a local diffeomorphism by inverse function theorem.

The manifold M is connected, hence it is even path connected. Call « : [0,1] — M
the smooth path connecting two points m = «(0) and m’ = «(1) of M. Proving

surjectivity is equivalent to proving the existence of a 7 such that ¢, (7) = m/.
For any point n € a, where by « we are indicating the image of the curve, there
exists an open neighbourhood N,, such that v, |y, is a diffeomorphism. This
collection of open sets is an open covering of the compact set represented by
the image of the curve a. By compactness, we can extract a finite set of points

{n1,...,ng} such that {N,,,..., Ny, } cover a. Taking care that the adjacent
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neighbourhoods have non-trivial intersection, we can transition from n; to n;y1
thanks to some 7; € R”. We can now set 7 = 71 + ... + T and get

Yr(m) =m'.

This implies that v, is surjective for any m in M and, equivalently, that the
group action ® is transitive.
O

Lemma 2. Fach point m € M has the same isotropy group with respect to the
action @ of (R™,+) on M. Moreover, this group is discrete.

Proof. We have just proven that i, is a local diffeomorphism, so in particular
it is injective in a neighbourhood of any point m € M. This means that any
T € G, is an isolated point, i.e. the isotropy group is discrete. Moreover, all
the isotropy subgroups coincide since the action @ is transitive. Indeed, for any
pair of points m,n € M we have

n = ®(t,m) = t(m) for some t € R™.
Hence, if 7 € G,,,, then

O(1,n) = Y7 0Pt(m) = Pg 0 Yr(m) = YPe(m) =n
and T € G,,. O

Another property of the isotropy group is that it is not trivial, otherwise the
map ¥, would be injective for any m and this is impossible since M is compact
by assumption. As every discrete subgroup of R™, G,,, = G is a k—dimensional
lattice of R™ (1 < k < n) and it can be written as

k
G:{Tzz:vici: ¢ €7, v; € R"}.

=1

The set of vectors {vy,...,v} is called basis of the lattice. This is not unique
in general. Every k—dimensional lattice of R™ is isomorphic to the standard
lattice with basis eq, ..., ex, where the e;’s are the vectors of the canonical basis
of R™. To see this fact, we can complete the basis {v1,...,v} to a basis of R™
adding (n — k) linearly independent vectors viy1,...,v,. We can then define a
coordinate transformation via the matrix L:

Lij = I/j c €.
Now, up to this change of coordinates, we can suppose G' = {Zle ciei: ¢ €1}
Let’s consider the quotient space R™ /G, where each pair of points z,y € R™ with
r —y € ZF x {0 € R" %} belong to the same equivalence class. This implies
that R"/G ~ T* x R*~*.
The surjective map 1, : R® — M induces the global diffeomorphism

Um : R" /G~ TF x R"F - M
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defined in such a way that V¢t € R"™,

Y (t) = Pn([2]).

This can be done since ¥, is constant on the fibers of © : R* — T* x R* %,
Indeed, if ., (t) = ¥, (7), then we get

'L/)m(t) :@(tam) - @(Tvm) :wm(’r)a t,T eRka
which when set as the argument of ®_; brings to
m=®(—t,®(T,m)) = (T —t,m),

which means ¢t — 7 € G (i.e. [t] = [7]). ¥, is surjective since 1, is surjective.
To show injectivity, we need to show ¢, ([2]) = ¢m([y]) if and only if x ~ y.
This equality implies ¢, () = ¢ (y), and hence & —y € G. So Uy, is an
isomorphism. To prove it is a global diffeomorphism, is enough to prove it is a
local diffeomorphism. Both 7 and 1, are local diffeomorphisms (precisely, the
first k components of m being a covering map of T can be turned into a map
with constant rank k endowing R* with a natural differentiable structure, while
the remaining components are the identity map), so since i, = @m o, we can
derive the desired result.

Since M is compact and compactness is preserved by diffeomorphisms, even
R™/G is compact. From this follows n = k and we can conclude that M is
diffeomorphic to a n—dimensional torus.

O

This proposition implies that all the invariant fibers of F' are diffeomorphic to
k—dimensional tori and the action ®; := <I>z? o @Zf generated by the symme-
tries of X is transitive. We now need to show that, on each invariant torus, the
dynamics can be conjugated to a linear flow. Consider the vector fields

k
Y=Y L;Y;.

j=1

The matrix L is invertible, so these new vector fields are independent and they
commute with X since they are a linear combination with constant coefficients
of the Yjs. Moreover, by bilinearity of the Jacobi-Lie bracket, they pairwise
commute:

k
Yo, Yol = > LimLnn[Y;, Ya] = 0.
j,h=1

They preserve the first integrals of X, in fact
k k
Ly fn= dfh(ZijYj) = Ldfu(¥;) =0, Vh=1,..,n—k
j=1 j=1

This means that they are k commuting vector fields tangent to the invariant
torus N. They hence define an action of R on it.
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Claim : These fields are the generators of the action ®, when the period
lattice is expressed with respect to the canonical basis:

b(t,m) := ®(Lt,m) = D1 0... 0 &= (m).
Indeed, suppose that t € G € {>.I" | c;e; : ¢; € Z}, then we can apply the
change of coordinates L : RF — R¥:

Py =Pre = (L1, Lagty) =

Sh it Sk Lk Y

_ xamY Y _ _
_q)LUtj o...oq)ijtj =® 0..0®7 =
POLENETD DUEN HIS (RS LIRS ¢

— j=1 — Y1 Vi
=} ol =@l 0.0}k,

Let’s now show that all these fields have only periodic orbits with period 1. In
the canonical basis, the isotropy group G can be identified with Z* so

&(t,m) = d(m,m)
if and only if t — 7 € Z*. Consider
t = (t1,0,...,0) and 7 = (71,0,...,0).

This implies t; — 7y € Z, which means that all the orbits of all these vector
fields are 1—periodic. By Proposition we get that d is an action of T* on
M. Moreover, the fields Yi,...,Y}; form a basis of the tangent space to each
invariant torus N = {F = f € R"*} C M. Hence

k
i=1
for some w; : N - R, i =1,..., k. The w;s are constant on each invariant torus.

Indeed,

k k k
0= D_/k,X] = Zwi(f,al, ,ak)[Yk,Yl] + Z[’Yk (wi)i_/i = Zﬁyk(wl)}_ﬁ
i=1 i=1

i=1

and by linear independence of the Y;s this implies w; = ¢; € Rforanyi = 1, ..., k.
From this follows the desired local result:

G
X|N = Zciaa
i=1 v

where we set Y; = 9/0q; since they are all 1—periodic so the coordinates describ-
ing the motion along their integral curves can be seen as angular coordinates.

We now need to show how to extend the construction done above to a tubular

neighbourhood of any invariant level set of the fibration F. Consider a point
m € M and a small enough open neighbourhood P C M such that the map

C=(F,y): P—R"F xRF
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is a diffeomorphism onto its image. This map defines a coordinate system on
P and, up to considering a subset of P, we can suppose there is the product
structure: C(P) = F x ), where F(P) = F and y(P) = Y. Let (f,5) = C(m)
and consider the section o : F — P defined as o(f) := C71(f,9). o(F) C M
is a (n — k)-dimensional embedded submanifold and it intersects in exactly one
point each level set of F' with non-trivial intersection with P. To proceed, we
now consider the same action of R* as before, but this time we extend it to
the whole set F~1(F). Recalling that for each f € F we have an associated
invariant torus, we see that this action is defined on a collection of invariant
tori. The action reads

O :RF x F7YF) —» F7YF), (1,0(f)) = ®(1,0(f))

and is generated by the commuting vector fields Y7, ..., Y.

C(P

bl
fi L

=]
x

Figure 3.1: Visual description of these mappings

The induced map
0o F x RF = FYF), ¢o(f, 1) = (1,0(f))

is well defined, surjective and differentiable since we have proven these properties
on each invariant torus. Indeed, for each fixed f € F the map

Pfo - Rk — Fﬁl(f)

has these properties and, changing the value of f € F, we can select each
and every invariant torus in F~!(F) by construction. Let’s now compute the
Jacobian matrix of ¢,. With the same computations done in the proof of
Proposition 21 we have

28 (£,0) = Yi(®(0,0(F) = Velo ().
We can even compute )
Jo - 0C™ =

and since C is a diffeomorphism, this implies that 0y, ¢, are all independent. At
each point m € o(F), by transversality, we have

TrnM = Tp,0(F) & (Yi(m), ..., Yi(m)).
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This implies that all the columns of the Jacobian matrix are independent and
hence, by inverse function theorem, ¢, is a local diffeomorphism at (f,0). Let’s
now denote with A x B an open neighbourhood of (f,0) such that

Yot AX B = v, (A x B)

is a diffeomorphism. We can notice that even ®, o ¢, is a diffeomorphism on
A x B for any 7 € R"*. This allows us to naturally define a diffeomorphism
on every product space with structure A x (7 + B) since Vt € (B + 1), we have
(t —7) € B and we can set

ot AX (T +B) = 0o (A X (T + B)), ¢5(f,t) := Pr0ps(f,t—7).

We have already proven that on each invariant torus, the isotropy group is one
and the same. We denote it with G4 (f). The important thing to check is if this
group varies in a differentiable way passing from an invariant torus to those in
its tubular neighbourhood. We define the map

G:F =R f— Gy

describing how the period lattice (and even matrix) changes from torus to torus.
Let’s recall that t € G,y if and only if @, (t, f) = ®(t,0(f)) = o(f). We see

that: 0P
. B ) = Yi(@(t.o ()

This means the relation ®(¢,o(f)) —o(f) = 0 can be turned into a differentiable
relation of the form ¢ = G(f) = G, (s) by implicit function theorem. Namely,
there exists a set of functions

A3 f— (ui(f),...,up(f)) € RF*F

which are differentiable defining the basis of the period lattice on each invariant
torus F~1(f). We can define the change of basis as follows:

Lij(f) = u;i(f) - e:

By construction, this depends in a differentiable way on f € A. We can now
conclude as in the local version of the Theorem, defining the fields

Yo=Y Li(hY;.

j=1
For any fixed f € A these vector fields pairwise commute, conserve the first
integrals of X, commute with X, and have all 1—periodic orbits. This implies
that the same holds in this case. We can consider the diffeomorphism

Yy : FxTF = F~Y(F)
which is generated by the fields Y;, namely

Go(fya mod 1) := @Y1 0.0 ®Yr (o(f)).
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The restriction of X on F~1(A) is given by
k —
Xlp-ra) = > wi(f, )Y;,
j=1

and since [X‘F—l(A)7Yh] =0 for any h =1,..., k, we get:

k k k
0= [Va, X|p-1) = D wi(f,) V5, Yal + > Ly, (w))V; = Y Ly, (w))Y;.
=1

J=1 Jj=1
By linear independence of the Yj,s, we get
Ly, (wi) =0, Vh,i=1,.., k.

Recalling that

we get

(f,a) =0, Vh=1,.. kVi=1,..k

Ly w; = —
Yo 804}1

Namely, these functions are constant on each invariant torus: w; = w;(f). This
allows us to conclude the proof and get

k
0
X|p-1(a) = ij(f)%-
j=1 J
O

3.5 Torus actions and Bogoyavlensky’s Theorem

In this Section we consider integrable systems of type (p, ¢) defined on a smooth
n—dimensional manifold M (p 4+ ¢ = n, as defined in Section . Most of the
ideas and results presented in this last Section come from [16].

Theorem 9 (Non-Hamiltonian integrability). Consider (Y1, ...,Y,, F1, ..., Fy),
an integrable system of type (p,q), defined on the (p + q)-dimensional man-
ifold M. Suppose the fibers of the submersion F' = (Fi,...,F;) : M — R¢?
to be regular, connected and compact. Then, any level set N C M of F ad-
mits a tubular neighbourhood U(N) ~ N x B1 C M, B? open ball of R?, and
a TP-action ® : TP x U(N) — U(N) which is free and preserves the system
(i.e. the dynamical symmetries and the first integrals), whose orbits are the
level sets of F' = (F1,...,F,;). Moreover, there exists a system of coordinates
(@1, .y apy ai, ..., aq) tdentifying U(N) with TP x BY. Furthermore, in this coor-
dinate system, the vector fields defining the dynamics read

p
g
Y;L‘ = E bij(al,...,aq)ﬁ 1= 1,...,p. (31)
J

=1
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We refer to (a1, ..., ap, a1, ..., aq) as Liouville coordinates. As seen in the Section
these regular level sets are all diffeomorphic to p—dimensional tori and we
call them Liouville tori.

Proof. To define the system of Liouville coordinates, we show that F' is a locally-
trivial fibration. Indeed, we analyze two equivalent proofs to this problem. The
former is the most classical and standard one, while the latter is reported because
it allows to build in a constructive way the diffeomorphism and it even explains
why we often refer to the open neighbourhood of N as a tubular neighbourhood.

1. The map F : U(N) — F(U(N)) := F is a surjective submersion, and it is
proper since its level sets are compact. Then, by Ehresmann’s Theorem,
it is a locally trivial-fibration. This precisely means that if N = F~1(f),
then there exists an open neighbourhood Uy C R? of f such that

0 F7 Y Up) = F7H(f) x Up =~ TP x Uy

is a diffeomorphism. Therefore, we define the tubular neighbourhood of
N as
U(N) = F~1(Uy).

2. The idea behind this second approach comes from [12]. Consider a Rie-
mannian metric g on M. Define the exponential map induced by the
metric at a point n € N

expy : TnM — M, v — ~,(1),
where 7, : R — M is the unique geodesic curve satisfying
7,(0) = n and 7,(0) = v.

This map sends an open neighbourhood of the zero vector of T,, M to an
open neighbourhood of n in M and is a local diffeomorphism. The normal
bundle of the Liouville torus N is

Norm N :={(x,v) € TM : x € N, v € Norm;N},

where
NormyN :={veT,M: glv,w) =0, Vw e T,N}

and m : Norm N — N is the canonical projection (z,v) — z. N can be
identified with the zero-section of its normal bundle:

0:N— NormN, z — (z,0) € N x {0}.

We can now conclude thanks to the exponential map. Indeed, consider an
arbitrary point m € N. Thanks to the exponential map, we can identify a
neighbourhood U,,, C M with a neighbourhood V,,, C Norm N. Precisely,
geodesics are curves realizing the distances between points, and a point
(z,v) € Norm N has as the nearest point on N exactly . We then
consider the map

D, 0 Viy = Up, (2,0) — exp,,(v)
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with V,,, and U, small enough so that ®,, is a diffeomorphism. Hence,
we can associate each € N to all the points in the neighbourhood U(N)
of the zero-section of the form (x,v). This construction can be repeated
with any point in N and, by compactness, we can cover N with finitely
many open sets

Ncuk U, =ucMm

where these diffeomorphisms are well defined. Furthermore, they are com-
patible one with the others, since they coincide with the exponential map.
We can therefore extend these local maps to a global one identifying U
with a tubular neighbourhood U(N) ~ N x B?, where B? is an open ball
of RY.

The existence of the free torus action comes from the same approach followed
in the proof of Bogoyavlensky’s integrability Theorem. Indeed, the vector fields
Y1, ..., Y, define an action of R? on U(N). Each level set of F = (Fi, ..., Fy)
is a connected component of an integral manifold of the tangent distribution
D = span{Yi,...,Y,}, and is hence a p—dimensional torus when compact. The
period lattice on each torus is unique and we can uniform those of the tori
fibrating U(N) with the change of basis
L—l
(w1 (f), -y up(f)) — (€1, ..., €p),
where (e, ..., ep) is the canonical basis of RP. We define then another action of
RP on U(N) as
&(t,m) := ®(Lt,m)

which induces an action of T? over U (N) since its generators are all 1—periodic
vector fields. Now call W7, ..., W), the generators of the torus action and define as
angular coordinates the parameters moving along their integral curves. Namely,

0 1=1

aai, g oe

W; = oD
To obtain the expression in (3.1)), the procedure is exactly the same seen in
Bogoyavlensky’s Theorem. We just need to fix a vector field among Y7,...,Y,,
i.e. set X =Y;, and then repeat the procedure with the others. O

We call the torus action generated by the vector fields W1, ..., W,, Liouville torus
action. This action is very important both from the practical and conceptual
point of view. The following Theorem, gives one of the main reasons behind
this relevance.

Theorem 10 (Fundamental conservation property). Consider a Liouville torus
N of a (p, q)-integrable system (Y1,...,Yy, F1, ..., F,) defined on a smooth mani-
fold M of dimension (p+ q). Moreover, assume G € T(@"TM ®F T*M) is an
invariant tensor field for the system, i.e. Ly,G =0 for any i =1,...;p. Then,
the Liouville torus action

@ : TP x U(N) — U(N)

preserves this tensor field, where U(N) is a tubular neighbourhood of N endowed
with a system of Liouville coordinates.
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Proof. Consider a system of Liouville coordinates (a1, ..., ap, a1, ..., aq) onU(N),
where we suppose the torus action ® is generated by

0

Wi = )
80@-

t=1,...,p.

Fix a natural number s € [0, h + k] and define the space
T. CT(@"TM &% T*M)
as the one made by elements of the type

0 ®...® 0 ® 0 ®...®
aail 8041’1, 8aj1 8ajc

€= ® dozl-/l ® do% ® daji & da]—{)

where b+c=h, u+v =k, c+u < s. Notice that since with respect to the

Liouville coordinates ,
0
Y= bin(a)5—
h=1

follows
9 5 0 bin(a
ﬂYi% = [hZ::l bih(a)a 6%} Z Da aa € span{Whi,...,Wp},
ob;
Ly, day, = dLy,ap = d(bix(a)) = Z 8’;( )daj € span{day,...,dag},
=1 /

0
EYl = Eyl dak =0.
Oay,
This means that if € generated 7s, then (Ly,e) € Ts_1. Furthermore, by con-
struction we see that

T1CToC .. CTat CTa C oo C Thyr = N(@"TM &% T* M),

where 7_; := {0}. By assumption, Ly,G = 0 for any i = 1, ..., p. Defining G the
averagd] of this tensor with respect to the torus action ® on U(N), we get that
even Ly,G = 0 for any ¢ = 1, .., p. Precisely, set

G ([t oy oty Z1y ooy Zutn) ::/ (PLG)m (1 ooy Hoter 21y ooy Zugw) doi Ao Nday,
Tp

where m € U(N), u; € T*(U(N)), Z; € T(U(N)). This shows why Ly,G = 0,
since the Lie derivative goes inside the sign of integral and commutes with the
pull-back because W; commutes with the vector fields generating ®.

We now set G = G — G and prove G = 0 by induction. Precisely, G € Thtk
and, assuming it belongs to a certain Ts, we now prove it belongs even to T;_1.
Suppose, by contradiction, that G has a term p € T, \ T;—1 of the form

0 0

0
= e N d9 , del, d ., d L, = ]
P Soaall aaib © 8aj1 ©.® aa](‘ ® ® w ® zj1 ® Z]v pe

IThe averaging technique is useful to generate other invariant tensors as explained in [I8],
Chapter 9, Introduction to Lie Groups
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We have already seen that for any i =1, ..., p,
Ly.p=Yip)e+T, TeT ..

Moreover, by linearity of the Lie derivative, £y,L,QA = 0 implies necessarily
Yi(p) = 0 and hence the coefficient of this monomial term is necessarily con-
stant on each Liouville torus. Furthermore, by construction, C; has zero average
on each torus (G = G — G = 0) and this implies that the average on each torus
of ¢ is 0 too (i.e. p|y =0). This is a contradiction since if ¢ = 0 then p € T,_1.
Hence follows that it is not possible to have a monomial term in G which belongs
to 75 \ Ts—1. By induction, we get that the same holds when s = 0 and this
implies G € 7_1 = {0}. We can now say that G = G, which concludes the proof
since it means that G is invariant with respect to the torus action ® (namely,
G=G=4G).

O
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Chapter 4

Euler-Jacobi Theorem

Some dynamical systems defined on a n—dimensional smooth manifold M,
which do not have a natural Hamiltonian structure, can still be integrable even
when the hypotheses of Bogoyavlensky’s Theorem do not hold. As we are going
to see now, when there are n — 2 functionally independent first integrals and an
invariant volume form, then we have a sort of integrability. With these available
quantities (plus some technical assumptions on the phase space and on the ana-
lyzed vector field), a vector field is conjugated to a linear flow on each invariant
torus (up to a time reparametrization).

4.1 Statement of the Theorem

In this section, we state the Euler-Jacobi Theorem, giving some context and
reference for mechanical systems which are integrable in this sense.

Theorem 11 (Euler-Jacobi). Consider a smooth vector field V on an orientable
and smooth manifold M of dimension n. Assume

F=(fi, fn2): M —R"2

18 a submersion whose components are functionally independent first integrals of
V.. Moreover, let i be an invariant volume form for the system (i.e. Lypu=0).
Consider a reqular invariant level set of F

N = {fl =C1, ~~'7fn72 = Cn72}

and suppose it to be compact, connected and that V does never vanish on it.
Then N and all the nearby integral surfaces are diffeomorphic to T2. Further-
more, in some neighborhood of N there exist local coordinates f1, ..., fn—2, Tn_1,Tn
such that xp_1,2, are angular coordinates on the tori and in these coordinates
the vector field takes the form

{j;-:o, i=1,..,n—2

() -
Ty J=n—Ln

(4.1)

{Ej:

Moreover, if the original vector field, its integrals of motion and the invariant
volume form are real analytic, then so are also the functions x;, ® and \; with
j=n-—1n.
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As we can see from the expression , the scalar function ® motivates why
at the beginning of this Chapter we have said this Theorem gives a sort of in-
tegrability result. Indeed, here emerges that the vector field conjugated by the
local system of coordinates (fi,..., fn_2,Tn—1,Tyn) to a quasi-periodic flow on
the invariant tori is not V', but the rescaling ®V'.

A classical example of system which is integrable in the sense of Euler-Jacobi is
the Chaplygin sphere, a non-holonomic mechanical system [23],[24],[25].

4.2 Proof of the Theorem

In this section we give a detailed proof of Euler-Jacobi Theorem. Since it is
quite long, we split it into various steps.

Proof. First of all let’s notice that since F' defines a submersion, the invariant
level set N is a 2—dimensional embedded submanifold of M. We start with a
classical result in differential geometry:

Proposition 22 (Corollary to Poincaré-Hopf Theorem). If a 2-dimensional
smooth, connected and compact manifold S admits a smooth nowhere vanishing
tangent vector field, then it is homeomorphic to T?.

The Poincaré-Hopf Theorem is stated and presented in Appendix A.

Proof. The proof of this theorem is based on the Poincaré-Hopf Theorem on the
Euler characteristic of a surface. Having a nowhere vanishing vector field on a
compact, connected and orientable surface implies that its Euler characteristic
is x(S) = 0. This value is a topological invariant. Hence we can conclude by
the classification of compact and connected surfaces that .S is homeomorphic to
T2. O

This first result allows us to use two angular coordinates to describe the dy-
namics on each regular invariant level set of the submersion. The second step
is to show that the restriction of the invariant volume form g on the invariant
set N is still an invariant form for X = V|y.

Proposition 23. Suppose that a vector field V € X(M) on a n—dimensional
manifold M has an invariant volume form p and (n—2) first integrals f1, ..., fn—2
defining the following invariant surface

N={fi=ci,...faao=ch2} ={F =c}

which is supposed to be regular, i.e. dfi A ... Adf,_2 # 0 on N. Then the vector
field X = V|n admits an invariant measure w defined by a 2—form as

WwAdfy A .. Ndfp—o = p.
Proof. Consider a local system of coordinates with

Ji=21, . fa2e = T2,
The volume form p can be written as

p=p(x1,...2z,)dz" A ... Ada",
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so its restriction w on N is of the form
w=ply = pler, ..., cn,g,mn,l,xn)dxnfl ANdx"™ = pe(Tn-1, xn)dxnfl Adz".

Let’s now denote with V!, ...,V™ the components of the vector field V with
respect to this coordinate system. Since the f;s are first integrals, we know that
forany i =1,....,n —2

Vi=da"(V)=df;(V)=V(f;) =Ly f; =0.
Define a = dfy A ... Adf,—2 € A""2(M). We see that

n—2

Lva =Y dfi A.. Adficy Nd(Ly fi) Adfiga Ao Adfnz = 0.

=1

To proceed we could rely on Liouville’s Theorem [IT], but we choose to conclude
in a self-contained way using just basic differential properties. To simplify the
notation, we call Q = o A da™"! A dxz™. Let’s compute

0=Lyp=Ly(pQ) = Ly(p)Q+ pa A (Ly(dz"' Adx™)) =

- ( 0P _ym-1 %V”)Q +pa A (VI A da® + e A avT) | =

a$n71
_ 19V 9V
_[ Oy 1 + 0z, ]Q

This implies that the term multiplying €2 in the last line vanishes at any point
(z1,...,2n) € M. Repeating the same computations with

1 =Cly.y Tp—1 = Cpn—2

fixed, we get that even Lxw = 0.
O

At this point we have a volume form w on N which is invariant for the vector
field X = V|n. We can look at such a 2—form as a symplectic structure on this
invariant set. We now introduce on N a multi-valued Hamiltonian function H.

Hox

X

Xibwadl ]

Figure 4.1: Situation where H : R — R is not 1—periodic

To be clear, let’s specify that by multi-valued function we mean that H is not
1—periodic in its variables when seen as a function from R? to R. This is
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the same situation which happens for functions defined on S' which are not
1—periodic and can be described as in Figure Hence locally on NN there is a
classical Hamiltonian function and we have dH = ixw (precisely, this function
exists since we are working on the covering space R? of the torus which is
simply connected, but when thought as a function on the torus it is multi-
valued). On the other hand, the 1—form dH is single valued and, if ; is the
cycle {(z,-1,0) : 2,1 € S'} of N and similarly 42 corresponds to the angular
coordinate x,,, it reads

dH = (/ dH)da:"—l n (/ dH)dx" + dh(zn_1,20)
Y1 Y2
= cydx™ ™ + codx™ + dh(zy_1, 7).

Here (2,1, xn) are 1—periodic “angular” coordinates on N, while & is 1—periodic
in both its entries when seen as a function from R2 to R. We can then recover
the multi-valued function H as follows:

H=cizpn_1+ c2xn + h(@n_1,2,).

At this point the aim is to find two linearly independent commuting vector fields
on N so that we can prove that

e N is diffeomorphic to T?,

e there are angular coordinates with respect to which the dynamics is a
linear flow,

e we can extend this construction on the tori in some tubular neighbourhood
of N.

First of all let’s introduce the Riemannian metric g = (dz"~1)% + (d2™)? on N

and define the vector field 1

T
We notice that this vector field, which is globally defined on N, is pointwise
orthogonal to X with respect to the metric g. Indeed,

VH.

ixw = ﬁ[dx"—l(X)d:c" - dx"(X)dx”—l} = cydz™ ! + cpda™ + dh,
which implies

9(X,€) = dz" "N (X)da" T (€) + da" (X)da" (€) =

il 2o+ 52 e+ 52 e+ )
=——|let+—)laa+—) - la+—— ) cc+=—)| =
AIVH| I\ 92, )\ Oz Y 0m, 1 I\ By,
where everything is evaluated at a point n € N. This implies that the flow of
the vector field & preserves the trajectories of X. To show this fact let’s notice
that since LxH = 0, then the level sets {H = h} are invariant with respect

to the flow of X. But since IV is 2—dimensional, the trajectories of X coincide
with these level setsﬂ So flowing along an integral curve of £ for a certain time

1In case these level sets are closed curves, since they do not contain any equilibrium point,
they coincide with closed trajectories. If they are open subsets, then they are connected spaces
and a trajectory is both open and closed and hence it coincides with the whole level set.
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t = ¢ we pass from the trajectory v, = {H = h} to Yp1c = {H = h + c}. From
this follows that a trajectory of X is closed if and only if all the others are closed.

Let’s notice that we still do not have a dynamical symmetry for X. Consider
now the vector field 3

=&+ X,
Proposition 24. There exists a A € R such that the vector field € has at least
a closed trajectory a which is non-homotopically trivial and transversal to the
vector field X .

Proof. To prove this result we first of all need to prove that there is a closed
transversal « for the nowhere vanishing vector field X.

Recall that homotopies are homeomorphisms so since X has no orbits of the
type Orb(zg) = {x0}, then there are no homotopically trivial closed trajectories
since they could be continuously deformed into the trivial loop.

Figure 4.2: Not admissible case

Let’s now consider what happens in the neighbourhood of a point Py € N lying
on the trajectory v9 = {H = 0}. The possibilities are only two as presented in

Figure (4.3).

(a) o closed (b) vo not closed

Figure 4.3: Two possibilities to build a.

1. 7o is not closed. Then we can take as « an arbitrary non-trivial cycle on
N transversal to X.

2. 7y is closed and defines itself a non-homotopically trivial closed loop 3.
Then we can define o as an arbitrary non-trivial loop complementary to

8.

We now lift the trajectory 79 = {H = 0} passing through the point Py € N
at time ¢ = 0 on the covering space R? of the torus N. In this covering space
the closed loop « defines a translation, i.e. it is a vector connecting the point
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Py € [0,1) x [0,1) to another point P} in the lattice 7=1(Py) ~ Z? where
7:R? — R2/Z? ~ N is the covering map of N.

Now the proof of this Proposition is completed because of the two following
facts:

e Suppose H(P}) = c and hence P} € .. We can pass from g to 7. flowing
for a time t = ¢ along the integral curve of £ passing through P, at time
t = 0. So we move to P’ = ®5(Py) € ..

e We can now move from P’ to Fj flowing along the trajectory 7. for a
certain time A. So we fix it in such a way that ®5 (P’) = Pj. This implies

o (py) = Py

Since we know that on the 2—torus to transition from Py to Py means flow-
ing along the closed trajectory «, we get that the vector field £ satisfies the
Proposition. [

We now consider this loop « as a Poincaré section for the transversal vector
field X. Recall the two following facts:

e The trajectory o of X is closed if and only if all the others are,

e If a fixed-point-free flow with a non periodic recurrent orbit on a closed sur-
face admits a closed transversal, then every orbit intersects the transversal.
(Proof in Proposition 14.2.2 at page 458 of [1]).

This means there is a well defined first return map r : St — 8! (where a ~ S?).
Introduce an angular coordinate h € [0,c¢) along the closed loop a and define
the function T': [0,¢) — RT which maps each trajectory v, of X into the time
T'(h) required to come back to a. We now reparametrize the time of the flow
along the trajectories of X in such a way that for any h € [0, ¢) the first return
map is always 1.

Let’s introduce the new time coordinate as follows:
)= [ (L4 slh)o(a))da,
0

where
_ T(h)—1
=

Jo ¥(x)dx
This choice implies (1) = T'(h), i.e. if in the original time coordinate ¢ we

needed the time T'(h) to come back to o moving along 7, now we just need the
time 7 = 1 (completely independent on h and hence on the chosen trajectory).

s(h)

() is a classical regularization function and it is necessary to obtain a smooth
change of variable on N. Let’s show the plot of this regularization function and
then check why this specific choice allows t = ¢(7) to be a well defined change
of coordinates. In Figure[f:4] there is an example of the kind of function we need.

This is a well defined and smooth change of coordinates on x because of two
reasons:
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0 02 04 06 08 1

Figure 4.4: Possible choice of smoothing function, built with Geogebra as fol-
lows: https://www.geogebra.org/m/b489nyuw

1. Tt is invertible since we can make fol 1 (t)dt as near as we want to 1. This
guarantees s(h) > —1 and hence

t'(1) =1+ s(h)y(r) > 0.
From this follows the invertibility of the transformation.
2. It is smooth on N.
ﬁ(t h) = ;
ot " 14 s(h)y(r)’

so in a neighborhood of 7 = 0 and 7 = 1, having ¥ = 0, the first derivative
is continuous and so are higher order derivatives.

Remains to check it is possible to approximate as well as desired this change of
coordinates with a real-analytic function (supposing to have real-analyticity of
the other functions involved in the system). This result is based on one of the
Whitney extension theorems (see [6]).

Theorem 12. Let f : M — R be a smooth function on a real-analytic com-
pact manifold M. Then there exists a real-analytic function g : M — R that
approximates f together with all its derivatives up to a certain order k.

Hence the change of coordinates on the manifold NV can be supposed to be real-
analytic. At this point we have a well defined pair of angular coordinates 7
and h which allow to coordinatize the torus. The important thing is that the
trajectories of /07 coincide with those of X, but they are covered in different
times so their orbits do not coincide. Namely, 9/07 is a time reparametrization
of X. Therefore, there exists a positive scalar function ®(7, h) such that

0, =dX.
We get two linearly independent commuting vector fields:

0? 0?

O @1 =100 0= 5157~ nar =°

This gives that N is diffeomorphic to T2 since it is a smooth 2—manifold admit-
ting two tangent vector fields which are independent and commute. Proceeding
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exactly as in the local proof of Bogoyavlensky’s Theorem, we get that here the
field ®X writes 5

0
PX =\ —+o—
18(11+ 26042

with A1, A2 € R and (g, ag) € T? angular coordinates. This allows to conclude:

. A1 . Ao
0= —F———, Gg=—F"—.
P(ar, a2) P(ar,a2)

All the constructions done locally on the invariant level set are differentiable.
This means that we can extend in a differentiable way the commuting fields
from an invariant torus to those in a tubular neighbourhood of N. On each
invariant torus the symmetries are:

0

“ _9%
or X,

9 - 1 ]
9 _i- L miax
on T waE T

We can consider an open neighbourhood B = B"~2(c) of ¢ € R"~2 and extend
them on F~1(B) = U(N) ~ T? x B (recalling that by Ehresmann’s Theorem
F is a locally-trivial fibration) since they both preserve the first integrals of X.
Considering

0 :R?*xUN) = U(N),

the extension of the action studied on N to U(N), we can proceed as in the
semi-global extension of Bogoyavlensky.
O

62



Chapter 5

Comparison between
Bogoyavlensky and
Euler-Jacobi

In this Chapter we are going to study the relations between the two integrability
Theorems presented in Chapters 3 and 4. This comparison is motivated by the
similarities in the assumptions and the outcomes characterizing the two results.
This Chapter is mainly devoted to the analysis of a single question: is there some
sufficient condition ensuring that a system integrable in the sense of Euler-Jacobi
is even B-integrable? Before focusing on this question, we briefly study when
a system integrable in the sense of Bogoyavlensky is integrable in the sense of
Euler-Jacobi, which is an easier problem.

5.1 From Bogoyavlensky to Euler-Jacobi

In this short section we highlight a situation in which broad-integrability implies
the invariance of a volume form, and hence Euler-Jacobi integrability. Indeed,
any (2,n — 2)-integrable system defined on a smooth, orientable manifold of
dimension n is also integrable a la Euler-Jacobi. Consider the system of coor-
dinates

1 = fla vy Tp—2 = fn—2> LTpn—1,Tn,

with respect to which the two symmetry fields of the system write

) )
X = X! P G
81‘“,1 + 8.%”7
0 )
y=Y! y2_—.
O0%p—1 + ox,
XAY = (X'v?o x2yt)— 0\ 9

Oxp_1 Oz’

where X'Y?2 — X2Y! £ 0 since X AY # 0 by assumption. To proceed, we need
to make an important remark. There is a 1 — 1 relation between non-degenerate
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2—vector fields and 2-forms. To be precise,
0 0
(de A dy) (X5, Xp) = (5 1 50 ) @ do)

where ix, (drAdy) = —df (and the same for g). Thanks to this identification, we
can interpret the wedge product of the two vector fields X and Y as a differential
2-form. This allows us to consider the following volume form

p=dfy N ... Ndfp_o NXNY =
= (X'W2 = X2YHYdfy Ao Adf_o Adaz™ 1 A da™

and show it is conserved by X:

n—2
Lxp= (D AXUNAf A o Adficy Adfiga Ao Adfaz) AXAY 4.
i=1
e Fdfi N Ndf 2o AN([X,XIAY + X A[XY]) =0.
From this follows that the system is also integrable in the sense of Euler-Jacobi.

Let’s conclude showing that the field

YDz Dy — v
Py

X = peOs +py0y — 14y2 Pe

presented in Section [3.3]is integrable in the sense of Euler-Jacobi by explicitly
finding an invariant measure. Indeed, we already know that this system is
integrable in the sense of Euler-Jacobi, but the construction developed below is
still interesting because we recover the explicit expression of an invariant volume
form for the vector field. This system is defined on the 4—dimensional manifold
M = S' xR xR2. It admits the two first integrals F and J presented previously.
To highlight the existence of a smooth invariant volume form, let’s perform the
following change of coordinates

(@,Y,pzs Py) = (T, Y, 12, M)
where:

My = (1+y2)pac7 My = Py-
So pr = m, /(1 + y?) and the first equation becomes

Mg
14y?

_’j’;:

The second is simply y = m,. Then

5 :ﬂiwm y o ymemy

Cl+y? TA+2)? (422
implies 7, (1 + y?) — 2ymym, = —ymam,, i.e.
_ Ymgmy
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Moreover, 1, = py = —y. This means the vector field in the new coordinates
writes m ymam
———=0; +m,0 Y
Ty2os T T T
Let’s now check that this vector field admits the following invariant volume
form:

X:

Om, — YO, -

1
"= V1+y?

By Cartan’s magic formula and dp = 0 we get Lgp = d(igp).

dz Ady Admg Admy, = f(y)dz A dy A dmg A dmy,.

ign=f(y) [zj((dx Ady) N dmg A dmy +dx A dy A g (dmg A dmy)} =
My

= f(y)[1 e

YMmgm
1+y2yd;v/\dy/\dmy —ydx/\dy/\dmz]

dy N dmg A dmy — mydx A dmg Admy + ...

.+

So we get

i) = [myf W) + F() {1
[ B ymy, Ymy
L+ 922 " L+ 927

}dm/\dy/\dmx/\dmy

}dx/\dy/\dmx/\dmyzO.

This means that since first integrals are preserved by coordinate changes, all the
hypotheses of Euler-Jacobi integrability Theorem hold. Hence the vector field
X is integrable in the sense of Euler-Jacobi.

5.2 From Euler-Jacobi to Bogoyavlensky

In this Section, we recover some sufficient conditions ensuring when a sys-
tem integrable in the sense of Euler-Jacobi is broadly-integrable too. Given
a n—dimensional smooth and orientable manifold M and a smooth vector field
X € X(M) with (n — 2) functionally independent first integrals, is there some
relation between the integrability of X with respect to the two approaches?
The reason why this question is quite natural, is that both the Theorems above
guarantee the quasi-periodicity of the flow on the invariant tori defined by the
fibration via the first integrals, but it may happen that a time reparametrization
of the vector field is required. Having an invariant volume form for the system,
allows to get the hypotheses of Euler-Jacobi’s Theorem. In this case integrability
comes at the cost of reparametrizing in time. On the other hand, the presence
of an additional “interesting” symmetry field Y, allows quasi-periodicity with
no required rescaling of the field X. Here, by interesting symmetry field Y, we
mean a field Y € X(M) such that:

e XA\NY #0on M,
o [X,Y]=0,

e Ly f; =0 for all the first integrals of X.
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The question is if there is some condition we can add to systems integrable in the
sense of Euler-Jacobi to be sure they are even B-integrable. We now consider
the case where M = T2. In this case in principle no first integral is required to
proceed in our analysis, since the dimension of M is n =2 and n — 2 = 0. Let
now X € X(M) be a smooth vector field which can be expressed in the angular
coordinates (z,y) € ST x S as follows:

X = X' (2,)0, + X2(2,)9),.

If we see the two components X* of X as functions from R2 to R, then they
must be 1—periodic in both their entries. Suppose X admits an invariant vol-
ume form w = p(z, y)dz A dy, with p(z,y) 1—periodic in both its entries. Hence
X is integrable in the sense of Euler-Jacobi.

Let’s now study when the conservation of this volume form allows to construct
a second symmetry field of X. There are vector fields where the independent
symmetry does not need any particular work to be found. Let’s define the
generic field X € X(T?):

X = Xl(l',y)aw + X2($7y)ay
and list below some of the evident cases:

o If X'(z,y) = fi(z), with fo(z) # 0, then Y = §, is an independent
symmetry for X.

o If Xi(x,y) = ¢i(y), with g1(y) Z 0, then Y = 9, is an independent
symmetry for X.

This has an important consequence in terms of integrability, indeed these fields
are B-integrable. Apart from these simple cases, we now analyze more general
vector fields. We will consider various approaches starting with some assumption
on the density of the invariant measure. First of all we take into account the
case in which the density function is p(z,y) = ¢ € R. When the field X satisfies
Lxw = 0 with this choice of the density function, we can immediately recover
a particular structure for the components of the field. X must be as follows

X =iy +g<x>§y,

ox
where f(y) = f(y+ 1) and g(z) = g(z + 1) for any (z,y) € R. This constraint
is mainly due to the 1—periodicity condition. We can check it preserves the
2—form w = cdx A dy for any ¢ € R since

Lxw = d(ixw) = cd(f(y)dy — g(x)dz) = 0.

To show that if X preserves w, then it has this structure, we proceed by direct
computation as follows:

ax'  ax2
= Xl —X2 = — .1
Lxw = cld(X (w9)dy — X (@, y)da)] = o G- + 5 Jdw Ady =0, (5.1)
which brings to
T OX?(s,y)

Xl(%y):h(y)—/o Tds
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for an arbitrary 1—periodic function h : R — R. But X' must be 1—periodic in
x, so we need to impose X!(x + 1,y) = X! (z,).

1 2
Xl(x+1,y) :Xl(x,y)—F/ Mds

0 oy

implies the condition X?2(z,y) = g(x) for some g : R — R which is 1—periodic.
Then from Equation (5.1)) follows X!(z,y) = f(y) for another function f again
1—periodic. A vector field of this kind is integrable in the sense of Euler-Jacobi,
so up to a time reparametrization it takes the form

A . M

B D (u,v)’ v D (u,v)’

with ® a positive 1—periodic function. The question is: is it even B-integrable?
The answer would be yes if we were able to define a second vector field Y which
is independent from X, such that [X,Y] = 0. The answer is no in general. Let’s
consider this vector field:

X = [sin (27y) + 205 (5.2)
Proposition 25. All the vector fields commuting with X depend linearly on it.

Proof. Let Y = f(x,y)0; + g(x,y)0, be an arbitrary vector field on M = T?,
hence

fla+1Ly+1)= f(z,y) and g(x + 1L,y + 1) = g(z,y).

Imposing the commutativity property we get

0= [X, Y] = fsin (2ry) + 21 2L, + [sin 2my) + 21220, — g2EMCTV)

oz oz Jy O =
o Jg . of
= [sin (27y) + 2]%8?/ + ([sm (2my) + Z]G—x — 27g cos (27Ty)>81.

This implies that

dg
i
and hence necessarily g(x,y) = g(y). Since even the first component has to
vanish we get

[sin (27y) + 2] 0,

ﬁz?wg(y)( cos (2my) >’

Ox 2 + sin (27y)
namel
e cos (27y)
flay) = 2mg(y) (m)x +hy)

which is 1—periodic in the x variable if and only if ¢ = 0 in fact

cos (27y)
2 + sin (27y)

+ 2mg(y) (%)x —h(y) =

= 2mg(y) (%) -0

f(@+1y) = fla,y) = 2mg(y) )@+ 1)+ hy) - ..

if and only if g = 0. O
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This field preserves the measure w = cdz A dy (¢ € R) and those with a density
function just depending on y, being hence integrable in the sense of Euler-Jacobi.
Since we can not build a second symmetry for the system, up to looking for first
integrals of the vector field, it is not integrable in the sense of Bogoyavlen-
sky. Actually, this vector field is B-integrable since it admits the first integral
f(x,y) = sin (27y) satisfying the assumptions of Theorem but this example is
interesting because it suggests that not all the vector fields have symmetries and
hence that in general there is not an immediate relation between Euler-Jacobi
integrability and B-integrability.

Moreover, considering X = [sin (27x) + 2]0, € X(M), we see that even the
conservation of a volume form with density just depending on z is not enough
for an Euler-Jacobi integrable system to be B-integrable.

This suggests that imposing some condition on the invariant measure may not
be the best approach to the problem. Clearly, the example above does not give
any information about measures with densities of the type p(z,y) = a(x) + b(y)
or p(z,y) = a(x)b(y) or in general depending on both the angular coordinates.
However, in these cases, computations are quite complicated and due to the
periodicity constraint we usually encounter trivial symmetries.

Up to now we have seen that a vector field preserving an arbitrary smooth mea-
sure with density depending at most on one of the two angular coordinates, is
not sufficient to guarantee the existence of a second symmetry for the system
and hence its B-integrability.

Another immediate consequence of the previous computations is that even when
the invariant volume form w is exact, i.e. da = w for some o € A (M), the field
X is not B-integrable in general or, more precisely, in general it does not have a
linearly independent dynamical symmetry. Indeed, we can set up the following
example:

a=—f(y)dz, with f(y) = f(y+1),
w=da= f'(y)dz A dy

so that we have a density just depending on y and hence w is preserved by our
field X defined before in . This field does not have relevant symmetries, so
exactness is not a sufficient condition giving the missing link between integra-
bility a la Euler-Jacobi and broad-integrability.

Instead of looking at particularly designed density functions p = p(z,y), we now
change our approach to the problem. In the remaining part of this Chapter we
will introduce three conditions without specifying the density function. The for-
mer involves the presence of a first integral of the dynamics, while the other two
are fully based on constructing a linearly independent dynamical symmetry of
the vector field defining the dynamics. Precisely, the second and third conditions
give an answer to the question: is the time reparametrization in Euler-Jacobi
Theorem always required?
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5.2.1 First density independent condition
Suppose there exists a smooth function m : T? — R such that
Lxm=FkeR.
Consider now a vector field Y € X(M) such that
iyw = dm.

Then Y is a symmetry for X. This means that if for example the vector field
X does admit a first integral m € C*°(M), then Lxm = 0 and hence if we set
Y as above we get

i[X,y]w = Lx(iyw) - iy(LXw) = Lx(dm) = d(LXm) =0.

This implies that necessarily m gives rise to a symmetry field of X, which is
not in general guaranteed to be independent from X. Let’s explicitly construct
this symmetry field and then conclude with a couple of examples. Suppose
m = m(z,y) is a first integral of X and w = p(z,y)dz A dy. Then we impose

: om om
v = p(e,y) (V@ y)dy = ¥2(r,)dr) = G y)da + 50 () dy,

and hence we set

1 {8m om }
Coplzy) Loy T ox Ml
which is a reasonable construction since the density function never vanishes.

The fact that X A'Y may or may not be zero, strictly depends on the specific
considered dynamical system. Moreover, the condition

Lxym=keR

does not always degenerate to the case k = 0. This depends on the manifold
where we are working. Suppose for a moment the dynamics is defined on R?,
and consider:

X = xy0, + 0, € R*.

The function
m(z,y) = cy

gives
Lxm=c€eR,

even if in general it is not a first integral of X. The problem for fields defined on
the 2—torus, is again the periodicity constraint. The example built above works
just because we have considered an affine function m. On the other hand, a
function m : T? — R with dm = adx + bdy, a,b € R, implies necessarily m = 0.
This is why Lxm = k, even if it seems a milder constraint than the one with
k = 0, does not give rise to other classes of B-integrable systems on the 2—torus.

Before moving to the examples, it is important to remark that even if the first

integral m may give rise to a linearly dependent dynamical symmetry, when
such a m does exist and its level sets satisfy the assumption of Theorem |8] the
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vector field is B-integrable. Precisely, since the vector field X is a symmetry for
itself and it admits a first integral, then X is integrable of type (1,1). The only
problem is that this procedure may not give rise to an independent symmetry.
By the way, since the focus of the analysis we are doing is on the presence of
relevant dynamical symmetries, the following examples show the limits of this
approach in building them.

The construction of first integrals of a vector field X is not a trivial operation.
Some strategies to find them for measure preserving fields (i.e. fields having an
integrating factor) are presented in [§]. We now consider a Hamiltonian vector
field X with respect to the 2—form w. Let

H = sin (27x) + cos (271y),
so Xy = f(x,y)0s + g(z,y)9, is such that
ixyp(z,y)dx A dy] = —dH = —2mx|[cos (2rx)dx — sin (27y)dy].
This implies

oz, y)[f(z,y)dy — g(x, y)dz] = —2r[cos (2mx)dx — sin (27wy)dy]

and hence

2w
= ——|sin (27y)d, + cos (2wx)0, | .

This vector field preserves w = p(z,y)dz A dy and has even a first integral given
by the function H. The symmetry field Y we can build following the previous
procedure is the one satisfying

iyw =dH.

We immediately see that [X,Y] =0 but Y AX = 0 too. Another example which
highlights the limits of this approach is based on the same vector field studied
before:

X = [sin (27y) + 2]0s.

Indeed, X admits the first integral m(z,y) = sin (27y) but since X does not
have linearly dependent symmetries, necessarily m gives rise to non relevant
symmetries. On the other hand, this does not say that X is not B-integrable,
precisely we can say that it is not (2,0)—integrable but it is (1, 1)—integrable.

5.2.2 Second density independent condition

Let X € X(T?) be a smooth vector field preserving the 2—form w € A?(M) with
M = T?. It admits a symmetry field if and only if it preserves even a 1—form
a € AY(M), i.e. Lxa =0. Precisely, setting Y € X(M) in such a way that

tyw = @,

guarantees that [X,Y] = 0. This is not in general a sufficient condition for the
B-integrability of X, which now just depends on the linear independence of X
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from Y. Before going on, let’s recall why we are sure to have a symmetry field
for X:

Z'[X7y]w = ﬁx(iyw) - iy(ﬁxw) = ,CX(Oé) =0.

Since the term £xw vanishes when w is an invariant measure for X, each and
every symmetry field of X needs to be such that £x (iyw) = 0. The problem is
that we may have that, as for the example written above X = [sin (27ry) + 2]0,,
there is no independent symmetry field. This means that this relation, even if
it is satisfied by some vector field Y, does not necessarily give some interesting
information about the dynamics.

This suggests that the presence of an invariant 1—form for an Euler-Jacobi inte-
grable system is almost the missing piece connecting Euler-Jacobi integrability
with broad-integrability. Let’s specify that the expression describing Y in this
case, supposing o = a(x, y)dx +b(x, y)dy the conserved 1—form, is the following
one

b

(w7y)az__ a(x,y)ay.
p(z,y) —  pl2,y)

The condition X AY = 0 is equivalent to the existence of a function f € C>(T?)

with Y = fX. Since f stands for a time reparametrization of X, we can even
suppose f > 0. Assume Y = fX, then

Y =

oa=iyw=1irxw= fixw.
Calling g = 1/f, we get ixw = ga. This result implies the following one
dlixw) =Lxw=0=d(ga) =dg N a+ gda =dg A« (5.3)

when da = 0. Since setting g = const gives a solution to Equation (5.3)), when
« is closed we are not sure to find a field Y which does not depend on X.

Proposition 26. Consider a smooth vector field X € X(T?) satisfying the
following properties:

1. Lxw =0 for a smooth measure w € A*(T?),

2. Lxa =0 for some a € A (T?) satisfying one of the two following proper-
ties:

e it is not proportional to B = ixw, i.e. there is no f € C®(T?) such
that f8 =« or

e it vanishes at a point p € T? where (da), # 0.
Then the field Y € X(M) such that iyw = «, satisfies
1. XAY #£0,
2. [X,Y] =0,

and hence X is not just integrable in the sense of Fuler-Jacobi, but even inte-
grable in the sense of Bogoyavlensky.
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Proof. First of all let’s show that [X,Y] = 0. This follows immediately from
this computation:

Z'[X’y]w = igxyw = ﬁx(iyw) — iy(ﬁxw) = CXOé =0.

Since w is non-degenerate, necessarily this implies [X,Y] = 0.

By contradiction let’s assume there exists a function f : T? — R such that
Y = fX, which by construction must be always different from 0 (being a time
reparametrization). This implies

o = iyw = iwa = fixw.

Calling g = ixw, we have that X is proportional to Y if and only if « is pro-
portional to 8. Hence if the form S does not read fa = 8 for any f, then the
symmetry Y we find is a relevant one as stated in the proposition.

To verify the other condition for «, let’s set ¢ = 1/f. This means ga = ixw.
When this is true, necessarily follows:

dixw=Lxw=0=d(gANa)=dgAa+ gda.
If there exists a point p € T? such that a|, = 0, then this equation at p reads:

g(da)|, =0.

Having (da), # 0, necessarily g(p) = 0. This is not possible in our case since
g(p) = 1/f(p) can not be 0. Hence this implies there is no global solution
f € C>=(T?). We conclude the symmetry Y is independent from X, which is
hence B-integrable. O

Let’s now check that in one of the cases where the symmetry is evident (those
listed above), one of the two conditions in the Theorem holds. We can consider
for example a field of the kind

X:f(y)az+>\aya >\7é07

which admits the symmetry field Y = 0,. This field preserves the volume form
w = dx A dy and the form

a=iyw = [Ylidy — Yidz] = —dz.

Moreover, 3 = ixw = [X'dy — X%dx] = [f(y)dy — Adz]. Hence in this case there
is no rescaling factor which allows to pass from « to § or vice versa. Another
meaningful example, is the following. Consider the 1—form

o = sin (2rz)dy € A (M).

This vanishes on the whole set A = {(0,y) :y € SH}U{(1/2,y) : y € S})} but,
computing its exterior derivative we get

do = 27 cos (2mx)dx A dy,
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which does not vanish on A. Let’s now take w = dx Ady. At this point consider
a vector field X preserving both w and «. A simple choice is the field

X = cOy,
in fact the following result holds:

Lxa = Lx(sin (2rx))dy + sin (27x)d(Lx (y)) = Lx (sin (27z))dy + sin (27x)d(c) =
= Lx(sin (2mz))dy = 0.

Even if we already know that this field admits for example the symmetry field

Y = 9., let’s show how the procedure given in the proposition allows to recover

a similar relevant symmetry. We set Y € X(M) in such a way that iyw = «,

namely
Yidy — Y2dz = sin (27x)dy,

s0 Y = sin (27z)0;. This is a relevant symmetry for X since X AY # 0 and
[X,Y] = 0. Moreover, we have found it with a systematic approach.

5.2.3 Third density independent condition

This third condition is based on the results presented in the book [9]. Consider
a vector field X € X(T?), with no singular points, which reads

0 0
X =F — + F —.
1(x’y)6x + Q(xay)ay
Recall that these two functions are 1—periodic in both their entries when seen

as functions from R? to R. Moreover, assume there is an invariant volume form
w = p(z,y)dx A\ dy with Lxw = 0.

Theorem 13. There exists an infinitely differentiable change of coordinates

u=u(z,y), v=ouv(zy)
conjugating the field X into

- 0 0
X = F(u, U)% + aF (u, v)% (5.4)

where a € R and F is a positive function.

The proof of this theorem can be found in [9]. To proceed, let’s remark that a
constant vector field admits a symmetry field. Hence, if we are able to conjugate
the vector field X to a constant field

5 0 0
X = )\1& —|—)\2&, A, A €R,

then we can consider one of the following symmetries:
oY =0/0zif \g #0or
o Z=0/0tif \ £0.
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Figure 5.1: Construction of commuting fields with this closed curve ~y

Indeed, when the vector field X can be conjugated to X , then X is not just
integrable in the sense of Euler-Jacobi, but even B-integrable. A sufficient con-
dition which guarantees we can do that, is the existence of a closed curve
such that each of its points return to that curve at one and the same time. The
existence of such a curve is discussed in [9] starting from page 94.

Supposing the existence of such a closed curve, we could eventually use it even
in the proof of Euler-Jacobi instead of the arbitrary non-homotopically trivial
closed loop we have built before. With this choice, we don’t need to rescale the
vector field X because the parameter moving along its orbits is already a well
set coordinate. Hence we have [X,Y] = 0 as in the proof of Euler-Jacobi since
X =0, Y = 9, are coordinate fields and they naturally commute.

5.2.4 Semi-global extension of these conditions

The aim of this section is to extend the constructions done on a single invari-
ant torus to a tubular neighbourhood. Consider an orientable, connected and
smooth n—dimensional manifold M and let V be a smooth vector field defined
on it. Assume there is a submersion F' = (fi, ..., fn_2) : M — R"~2 whose com-
ponents are first integrals of V' and an invariant volume form p = pdx. Assume
V' does not vanish on each invariant regular level set

N={meM: F(m)=ceR"?}

which is then diffeomorphic to T? . Restricting the vector field V and the form
u to N, we get exactly the local situation analyzed in the previous sections.
Let’s consider a point m € M with F(m) = ¢. For a small-enough open neigh-
bourhood F C R""2 of ¢ we can define on U(N) = F~1(F) the coordinate
system

(fl, . fn_g,x,y) S Rn_2 X T2.
In these coordinates, the vector field V' defining the dynamics takes the form

0 0
V|Z/{(N) = Vl(fla "'7fn—2ax7y)% + VQ(flv "'7fn—27$7y)87y

since
dfl(V) = Lsz =0 Vi= ].7 ey — 2.

When we consider its local restriction to N, we get

0 0]
V‘N =X= Vl(c,x,y)% + V2(cvm7y)87y'
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All the approaches presented in the previous section provide conditions under
which this local field X admits a symmetry. The problem is if we can extend
the analysis done up to now to a tubular neighbourhood U(N) of this torus.
The last construction we have done, the third one with the closed curve -y, can
be extended semi-globally exactly as for Euler-Jacobi Theorem. What actually
changes from that Theorem, is just the closed curve we consider on the invariant
torus.

To conclude this Chapter, let’s analyze the semi-global version of the second
condition. The smooth 1—form o € A'(INV) preserved by X can be smoothly
extended to the whole U(N). Let

a = a(e, x,y)dz + b(e, z, y)dy,
then we can extend it to U(N) as
G =aNdfi A.. Ndfp_o € A"TH(M).

This (n — 1)—form is preserved even by the whole vector field V' € X(U(N)).
Indeed,

Lya = ﬁv(Oz ANdfi Ao A dfn_z) = [:v(Oé) ANdfi Ao Ndfp—a =0

since on each invariant level set we have Lxa = 0. Hence setting Y € X(U(N))
in such a way that iy = &, guarantees:

i,y = Ly (iyp) — iy (Lvp) = Ly (iyp) = Lya = 0.

This shows that when we are able to build the symmetry of the field X on
N through the second approach, then we can follow the same idea to build
a semi-global symmetry field and hence get broad-integrability hypotheses on
U(N).

(0]
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Appendix A

Poincaré-Hopf Theorem

In this Appendix, we briefly define the notions required to state the Poincaré-
Hopf Theorem and then write its statement for a general compact and oriented
manifold.

Definition 15 (Index of a vector field on R™). Let X € X(U) be a vector field
on U C R™ If X(P) =0 for some P € U, we can define the index of X at P,
indp(X), as the degree of ¢ : D — S™"~! defined as ¢(z) = X (z)/|X (x)|, where
D C U is a sphere around P containing just the stationary point P of X.

This definition can be extended to a vector field X defined on a smooth manifold
M of dimension n simply by choosing a local chart (U, ¢). Indeed, if ¢ : U — R™
is a smooth local chart, then we define

inde = indw(p) ((p*X)

The index of a vector field on a smooth manifold is independent on the choice
of the local chart.

Theorem 14 (Poincaré-Hopf). Consider a smooth, oriented and compact man-
ifold M and a vector field X € X(M) with a finite number of critical points
Py,...,P, € M. Then the sum of their indexes fully characterize the Euler
characteristic of M, indeed

k
X(M) = indpX.
i=1

To conclude this Appendix, let’s notice that this result holds even in the case of
2—dimensional manifolds, i.e. the one we are interested in for the proof of Euler-
Jacobi integrability Theorem. Moreover, connected 2—dimensional manifolds
(i.e. surfaces) admit a quite general classification which allows to recover the
Proposition Without presenting the whole classification, let’s just highlight
that smooth, orientable, connected and compact 2—dimensional manifolds are
homeomorphic either to S? or to the connected sum of g 2—dimensional tori,
where g is the genus of M. Moreover, we know that

X(M)=2-2g

7



and since, in Euler-Jacobi integrability Theorem, the considered vector field is
supposed to be non-vanishing, follows that by Poincaré-Hopf Theorem x(M) =
0. This implies that 2g = 2, i.e. ¢ = 1. In particular, M is homeomorphic to
T? ~ St x St
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