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Abstract

We consider three-dimensional volume preserving flows and we study aspects of its dyna-
mics. We describe the geometry of flows having a volume-preserving symmetry. Pertur-
bations of such flows are reduced to Poincaré (not necessarily canonical) area-preserving
maps. We present a detailed study of the phase space of area-preserving maps through
Birkhoff normal form. These results are illustrated for the Michelson system. Comments
on the asymptotic behaviour of the splitting of the invariant manifolds of this system are
given. Finally, we include a preliminar description of the dynamics of a discretization of
the Michelson flow. It shows up a richer dynamics than the flow that we try to show
through some numerical investigations.

Resum

Es consideren fluxos tridimensionals que preserven volum i estudiem aspectes de la seva
dinamica. Es descriu la geometria dels fluxos que admeten una simetria que preserva vo-
lum. Les pertorbacions d’aquests fluxos es redueixen a mapes de Poincaré que preserven
una forma d’area no necessariament canonica. Es presenta un estudi detallat de I'espai
de fase de mapes que preserven l'area a través de la forma normal de Birkhoff. Aquests
resultats es mostren pel sistema de Michelson i es comenta el comportament asimptotic
de l'escissi6 de les varietats invariants del sistema. Finalment, s’inclou una descripci6 pre-
liminar de la dinamica d’una discretitzacié del flux de Michelson. Aquesta, mostra una
dinamica més rica que la del flux que intentem il-lustrar a través de diverses investigacions
numeriques.
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The aim of this work is to study the dynamics of three-dimensional volume-preserving
flows. This flows are of interest in applications since they appear naturally from fluid con-
vection problems. In 1966, Arnold observed that in a three-dimensional flow associated
to a fluid convection problem, the Poincaré map was chaotic and that the topology of the
orbits was not trivial. Later, Hénon did some numerical studies to confirm this behaviour,
see [4] and [21].

In this work we will present some results that allow us to understand the topology of
those orbits. Indeed, we will present most of the results through the study of the Michel-
son flow. We will see that the Michelson system can be seen as a perturbation of an
integrable system showing up a Hill’s spherical vortex. This spherical vortex is a rota-
tional solution of the Euler equations [7] of an incompressible flow without viscosity.

The Michelson system is a paradigm of three dimensional flows of this type that it has
been extensively studied in the literature. Due to the fact that it is related to steady state
solutions of the Kuramoto-Shivashinsky equation it drew the attention of researches in
physical and mathematical areas. Mathematically, it is an important model that appears
at the unfolding of the Hopf-zero bifurcation, see [15], where dissipative versions of the
model studied here appear for suitable parameters in the unfolding of such codimension
two bifurcation. Even though the Michelson system is a simple quadratic three dimen-
sional conservative flow, it shows up different phenomena, including homo/heteroclinic
phenomena, which makes its dynamics very rich.

On the other hand, the dynamics of a time-periodic incompressible flow can be described
by a three-dimensional volume-preserving map, so in the last Chapter of this work we
will present some preliminary results and discuss the main difficulties that we found
when studying the dynamics of a discretization of the Michelson flow.

Besides, the study of three-dimensional volume preserving flows with a recurrence in the
phase space leads to the study of two-dimensional maps that preserve an area form. This
reduction is achieved by choosing a suitable Poincaré section. Hence, we have also used
different techniques to study the dynamics of area preserving maps. Since we do not have
the map explicitly, we have also used numerical techniques to study the Poincaré map, as
for example the jet transport method to get the Taylor expansion of this map, that we can
use to reduce it to normal form. In the study of three dimensional flows and maps, we
include computations of the invariant manidolds that lead us to use multiprecision arith-
metics. Also several of the algorithms used require the implementation of an algebraic
manipulator to deal with polynomials. We have used the internal routines of PARI/GP,
[10], to simplify the implementations.

In Chapter (1| we will introduce three dimensional volume-preserving flows with volume-
preserving symmetries, and we will see that under certain conditions, the system could
have some Hamiltonian structure. Moreover, we will give a general overview on the
Michelson system, and in particular, we will see that for small enough values of the pa-
rameter it can be seen as a perturbation of a system that possesses a rotational symmetry.

In order to study the dynamics of a three-dimensional conservative flow, the reduction to
a Poincaré map will be considered in Chapter [2} We will prove that this Poincaré map is
indeed an area preserving map. In general, this two-dimensional map does not preserve
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the canonical area form. Nevertheless, as a consequence of Darboux’s theorem, we know
that there exists a change of coordinates that locally relates any two symplectic forms. We
include the corresponding statement and the proof of the theorem. There are different
ways to prove this theorem, here we will use the so-called Moser trick.

Moreover, in chapter [2, we also include a description of the main properties of the phase
space of the Poincaré map through illustrations obtained for different values of the pa-
rameter for the Michelson system.

Chapter (3| is devoted to study the dynamics of area preserving maps around an ellip-
tic fixed point using the Birkhoff normal form reduction. The Birkhoff normal form, in
general, is not convergent, but we will see that truncated to a suitable order, allow us to
obtain a detailed description of the phase space around the fixed point. In particular, we
will prove that the truncated Birkhoff normal form can be written as a rotation composed
with a near-the-identity map, that can be interpolated by a time-1 flow of a Hamiltonian.
This expression of the BNF in terms of the Hamiltonian allow us to study the existence of
periodic fixed points and the structure of resonant islands. In addition, we will discuss
the persistence of invariant curves of the Poincaré map when perturbing the system, or
equivalently, the persistence of invariant tori of the flow.

Moreover, for the Michelson flow, we will see that the two-dimensional invariant mani-
folds of the fixed points confine a family of invariant tori around an elliptic periodic orbit.
The intersection of the invariant manifolds and the asymptotic behaviour of their splitting
are described in Chapter

Chapter [5| attempts to illustrate some aspects of the dynamics of the Michelson map,
which is a volume-preserving map obtained as a discretization of the Michelson flow. In
particular, we perform different computations of the invariant manifolds and compute
some orbits of the continuum of heteroclinic orbits of the map. These orbits lie in the
intersection of the two-dimensional invariant manifolds of the saddle-focus fixed points.

Also in Chapter p|we will discuss the differences with the Michelson flow, and state several
questions that remain open in this setting. Some extra general conclusions are given at
the end of the work.
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Chapter 1

Conservative 3D flows with
volume-preserving symmetries

The aim of this chapter is to give a general overview of volume-preserving flows with
symmetry. Moreover, we will also provide a general study of the Michelson system and
will see that it can be seen as a perturbation of a volume-preserving system with symme-
tries.

1.1 Basic properties of the Michelson system

The Michelson system
X=y
y=z (1.1)
z=¢e(1—x%)—y

is a three dimensional system ¥ = X,(x) of ordinary differential equations with a parame-

ter € > 0, that appears as the equation for travelling wave solutions of a non-linear partial
differential equation called the Kuramoto-Sivashinsky equation, [30]

1
Ut + Uxxyx + Uxx + Eui =0.

The Michelson flow is clearly volume-preserving since it is divergence free
0 1 0
divXe = trDX, = tr 0 0 1] =0,
—2x -1 0

by Liouville’s theorem, that we briefly recall here for three dimensional flows (it holds in
R" as wellﬂ

We will omit several proof of standards theorem that can be found in common references on ordinary
differential equations or dynamical systems, see [6) 3} 32} [37].

1



2 Conservative 3D flows with volume-preserving symmetries

Theorem 1.1 (Liouville). Let F : U C R3 — R3 be a three dimensional vector field C",r > 1
such that ¢y is the flow induced by x = F(x) and Q(t) is the volume of the image, ¢:(D) of any
region D of its phase space. If divX = 0, then ¢ preserves volume, i.e. Q) (t) = Q(0) for all t.

The Michelson system has the property of being a reversible system. Concretely, is invari-
ant under the involution R(x,y,z) = (—x,y, —z) and the time reverse t — —t. This can
be easily checked since

RoXe(x) = (—y,z,—&(1— %) +y) = —Xc o R(x).

This property of being reversible imposes some intrinsic symmetries in the set of solutions
of the system that, in particular, can be exploited to simplify computations.

In order to study the dynamics of the system, we will start doing the analysis of the fixed
points, local bifurcations and the invariant manifolds.

For ¢ > 0, the Michelson system has fixed points x4 = (1,0,0) and x_ = R(x) since
Xe(x+) = 0. To study the stability of these points with respect to the parameter ¢, one
consider the linearised system at x+ and study the eigenvalues of

0 1 0
DX, (xy) = 0 0 1
—2ex -1 0

Thus the eigenvalues are solutions of the equation P(1) = A3 +2ex + A = 0.

The characteristic polynomial P has a real root and, since the discriminant A = —4 —
27(2ex)? = —4 —108¢2x? < 0 is negative, the other two roots are complex conjugated.

Therefore the eigenvalues of DX (x4 ) are
Ay, £1,/3A2 +4
———«¢c

Axy ER, ;4;7; =

In this case both fixed points x are hyperbolic and then Hartman-Grobman theorem, see
for example [32,37], guarantees that the dynamics of the linearized system is topologically
conjugated to the local dynamics of the system around x.

 —Aay oy [3A%, +4

Since Ay, satisfies A3 + A = —2ex and , y,ﬁ = ————— we have

Ax, <O,Re(py,) >0,  forx, =(1,0,0),
Av. >0,Re(pf ) <0,  forx_ =(—1,0,0).

Thus x4 are saddle-focus fixed points and the stable manifold theorem, see for example
[32], gives the existence of the corresponding stable and unstable invariant manifolds,
denoted as W*® and W*" respectively. In this case the dimension of these manifolds are
dim W*(x4) = dim W*®(x_) = 2 and dim W*(x;) = dim W*(x_) = 1. These manifolds
are smooth (analytic) and tangent at the hyperbolic point x to the eigenspaces of dimen-
sion two, and one respectively, generated by eigenvectors of DX, (x+ ).
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When ¢ = 0, the Michelson system has the origin as a fixed point having eigenvalues 0
and £i. Moreover Michelson proved in [30] the existence of a periodic orbit for ¢ > 0
sufficiently small, which tends to the origin when ¢ tends to zero. That is the Michelson
system has a Hopf-zero bifurcation at the origin for € > 0 sufficiently small.

See comments on the Hopf-zero bifurcation and its unfolding in section An analytic
proof of the existence of this bifurcation is given in [23].

For € small enough, the two-dimensional invariant manifolds confine a Cantor family of
invariant tori around an elliptic invariant circle. Since they almost coincide for small ¢,
the previous structure resembles a bubble of stability of the system (1.2). In section
we will describe the asymptotic behaviour of the splitting of theses manifolds as ¢ — 0.
It behaves in an exponential small way in ¢, as expected in the analytic category for con-
servative systems. This justifies the previous assertion that they bound a "bubble" of
stability. The Michelson flow has heteroclinic orbits given by the intersection of the two-
dimensional invariant manifolds as we will see in section

In order to obtain a qualitative description of the phase space of the Michelson when ¢
tends to zero, we introduce variables s = x +z, y = Rcos6 and z = Rsin#,

. d _zy—zy e(1—x?*)Rcost €
= gpametan(z/y) = Gy =~ S =140 (g),

§=x+2=-¢e(1—(s—Rsinh)?),

R % — esinf(1 — (s — Rsin)?).

We observe that the angle 6 is a fast angle. Performing one step of averaging over this fast
angle, we obtain

2
f=-1, s':s<1—52—1;), R = ¢Rs. (1.2)

where we have used the fact that sin is an odd function and only those terms in sin(6)?

contribute to the averaged system with a factor 1/2. In the previous expression
(I.2), the omitted terms add a relative error ¢/R that will be ignored in the qualitative
description below.

Due to the uncoupled structure of we can study the evolution of the s, R coordi-
nates independently. The corresponding two-dimensional system is Hamiltonian, with
H(s,R) = R*(1 — s> — R?/4) and with the symplectic 2-form &(dx A dy). In Figure 1.1 we
can see the main features of the reduced system, it has two fixed points of saddle type
with one-dimensional heteroclinic connections.

The periodic orbits observed in the figure are two-dimensional invariant tori of the inte-
grable system (1.2). This system has rotational symmetry, see related comments below.
Since the Michelson system, for small ¢, can be seen as a perturbation of (I.2), we expect
the system to have bounded orbits. This is a consequence of perturbation results based on
KAM theory Hence when ¢ decreases, the measure of the set of orbits of grows.
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Figure 1.1: Phase space of the reduced two-dimensional system in variables s, R.

1.2 Geometric structure of three dimensional flows with
symmetry

Three-dimensional flows are relevant in applications, for example, the study of chaotic
advection leads naturally to a three-dimensional flow, see [4] 21]. Here, we want to inves-
tigate geometrical properties of such flows.

The odd dimension of the phase space imposes some restrictions of the structure. For
example, the zero-energy level of a two degrees of freedom autonomous Hamiltonian de-
fines a three dimensional flow on a suitable manifold. Nevertheless it is not true that
any three dimensional flow is realised as a zero-energy level of a two-degree of freedom
autonomous C? Hamiltonian, because the Hamiltonian structure implies preservation of
area in pairs of symplectic conjugated components.

The fact that a general three dimensional flow does not posses a Hamiltonian structure,
difficult the analytical study of transport properties. Fortunately, in several situations, the
flow under considerations can be seen as a perturbation of a system having a volume
preserving symmetry (see definition below). When the three dimensional flow possesses
a volume preserving symmetry, then, in a suitable 3d manifold, one can introduce sym-
plectic conjugated coordinates, so that the reduced flow becomes Hamiltonian. The level
set of this Hamiltonian are surfaces through which one can attempt to study the flux of
the system.

To state the result properly we introduce some general background in Lie group theory.
Let us consider the system % = F(x,t) defined on an open domain U x I C R3 x R.

Definition 1.2. Consider the family of maps

g UxRxI—UxR
(x,5A) — ¢(x, 5 A)

which depend of the parameter A € I. We say that this family of maps forms a one-
parameter Lie group G acting on U x R if it satisfies the following properties:

1. For each A € I, gis one-to-one and onto U x R. The maps are infinitely differentiable
with respect to (x,t) € U x R and analytic in A € I.
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2. I forms a group with an analytic law of composition ¢(A,6) : [ x [ — L.

3. (x,t) = g(x,t;e), where e is the identity element in the group (I, ¢).

4. If (a1, #1) = g(x9, 1% A%) and (x%, %) = g(x!, t}; A1), then (x2,t2) = g(x0, 1%, p(A0, A1)).
Let g;,i =1,...4 be the components of G.

Definition 1.3. The infinitesimal generator of the action of G is the vector field w on U x I
given by

0= Y &)+ )
i:1 1 7 axi 7 at/

where §;(x,t) = %(x, t,0), fori=1,...,4.

Definition 1.4. Let G be a one-parameter Lie group acting on U x I. We say that ¥ =
F(x,t) admits a one-parameter group of symmetries G if and only if whenever ¢(t) is a
solution then so is g(¢(t),t,A), where g(x,t,A) is any element of G.

Definition 1.5. A one parameter Lie group G is a spatial symmetry group if it acts only on
the dependent variables and its infinitesimal generator is an autonomous vector field on
R3, that is, w = Z?Zl &ilx, t)a%.

A spatial symmetry group is volume preserving if its infinitesimal generator is a volume
preserving vector field.

Let us show that the Michelson system (L.1)), for € small enough can be seen as a perturba-
tion of the system (1.2), that possesses a rotational symmetry. We express the system (1.2)
in cartesian coordinates s,y = Rcosf,z = Rsin6,

2 2

+z
L 1_2_]/ )
s—s( s > >

Y =esy —z,
zZ =¢€sz+y.

and let G be the spatial symmetry group that form the rotation matrices around the s axis,
that is,

1 0 0
G:={Rj, A € R}, Ri={0 cosA —sinA|. (1.3)
0 sinA cosA

To prove that the system admits G we have to see that given ¢(t) = (s(t),y(t),z(t))T
a solution then ¢(t) = (3(t),7(t),2(t))T = RS (s(t),y(t),z(t))T is also a solution for all
AER,

@(t) = (s(t),cos Ay(t) — sin Az(t),sin Ay(t) + cos Az(t))T.



6 Conservative 3D flows with volume-preserving symmetries

Note that {2 + 22 = cos A2y + sin A2z% — 2 sin A cos Ayz + sin A%y? + cos A?z? +2sin A cos \yz =
(y? + z%). Hence

§:e(1§2y~2+zz)
2 7

i = cos Ay —sin Az = e5(cos Ay — sinAz) — (cos Az — sinAy) = &5 — Z,
Z =sin Ay + cos Az = e3(sin Ay — cos Az) + (sinAz — cos Ay) = €5Z — §.

Therefore ¢(t) = Rj ¢(t) is a solution of the system.

One has g(x,t;A) = Rj(x), hence the infinitesimal generator of G is the autonomous
vector field

3. 9g; 0 g o 9g3 0
w—lzzla(x,t,O)a—XZ—ﬁ(x,t,O)E—i—ﬁ(x,t,O)E

—X3E + xzaixg.

Any three dimensional flow, not necessarily autonomous, that is invariant under the action
of a volume-preserving symmetry group can be transformed to a form where two compo-
nents have canonical form of a one degree of freedom Hamiltonian system, not necessarily
autonomous, and the third component depends only on the first two variables. This is the
content of the following theorem stated in [29].

Theorem 1.6. Let p
%:fi<x11x2/x3/t‘)/ i:l/---,3,

be a volume-preserving system that it admits a one-parameter spatial volume-preserving symmetry
group G. Then there exists a local volume preserving change of variables x; = ¢;(z1,2,23),1 =
1,---,3, such that the system becomes

dzy  0H(z1,2p,t)

E 822 !
dzy _ 0H(z1,22,t)
dt a 821 !
dz

7: = k3(21,22, t).

where z1,zy are functionally independent invariants of G.
If the original system is autonomous, so it is the transformed system, and H is a first integral.

Sketch of the proof. The construction of the change of variables ¢ consists in different steps.

1. In [31], Olver proves that given a system % = F(x,t) that admits a one parameter
group of symmetries G, and given a regular point p = (x,t) € U x I of the vector
field w, there exists a local change of coordinates

(¥,5) = (P1y(x, 1), 1,5 (x, 1)),
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that transform the system into

d 7= .
Vi = E(y1,y2,8), i=1,...,3,

where y1,1, and s are functionally independent invariants of G, and Ly (y3) = 1.
Here, Ly (y3) denotes the Lie derivative of y3 with respect to the vector field w

2. If G is a spatial symmetry group, one has that f is invariant by the action of G. One
can take then s = t. Moreover, since w is autonomous, y1, ¥ and y3 are independent.

3. Next, the system

d -
T = Fi(y1,y2,1),

d -
2= E(y1,y2,1),

can be recast as a non-canonical Hamiltonian system of the form

i — laj( t)
dtyl - ]ayz Y1, Y2,t),
d 10H

Pt _TE (Y1, y2.t),

where | = detD¢;,,. This can be done if and only if div](F;, F,) = 0. This holds
because div]F = JdivF(x,t) = 0 by volume preservation. Moreover, the fact that w
preserves volume, implies

1/9]¢1 | 9]% a]Cs) _
J <8y1 " Y2 - Y3 0

But since {1 = ¢, =0, {3 = 1 one has 387]3 = 0. Finally, since % = ]g% + 1-"3337]3 and

F5 does not depend on y3 we conclude that div]F = div](F;, ) = 0.

4. One applies the Darboux theorem, see section 2] to show the existence of coordinates
for which one obtains a canonical structure.

O

Remark 1.7. The coordinates in which the vector field takes the form of the new system
do not depend on the explicit form of the original vector field. Rather, they depend only
on the volume-preserving spatial symmetry group.

2We recall that the Lie derivative of a function g with respect to a vector field X in a point xp is

lim $(@(E o, X0)) = f(x0)

T 0 t

Lxf(xo)

’

where ¢(t; to, xp) is the flow X.
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For the system (1.2), these coordinates correspond to z; = s,zp = R and z3 = 6, and
H(s,R) = eR?*(1 — s? — r?/4). The Michelson system (L.T) does not preserve symmetry
and the higher order terms in the equation 6 depend on the angle 0 itself.

As a consequence of the previous theorem, we conclude that given an autonomous vol-
ume preserving system that admits a volume preserving symmetry, there exist a volume
preserving change of variables such that the system can be expressed in action-angle-angle
variables

I=0,
¢ =M (I),
$2 = M(I),

where [ € R", ¢ € S and P2 € St or R. For that, one can first transform (z1,z;) into the
standard action-angle variables [ = 0,¢; = Q;(I) and then transform the third variable z3
into ¢ such that it only depends on I, see [29].

This shows that the phase space of a three-dimensional volume preserving flow with a
volume preserving symmetry is foliated by two dimensional tori or cylinders, depending
on whether z3 is defined on R or S?.

As we have already mention, the Michelson system (1.1) is a perturbation of a system that
can be expressed in coordinates of Theorem and, as it is autonomous, it admits a first
integral. Moreover, the system (1.2) has one action and two frequencies.

From the same theorem we know that the unperturbed system is foliated by two dimen-
sional tori. In section[3.5 we will conclude that some of theses tori persist for the Michelson
flow for small values of .



Chapter 2

Local reduction of a
volume-preserving flow to a
canonical area-preserving map

In this chapter we will proof that the reduction of a volume preserving flow to a Poincaré
map preserves an area form. This area form could not be the canonical one. We include
Darboux’s theorem that asserts that all symplectic forms are locally equivalent, allowing
to consider canonical area preserving maps for local properties of the dynamics. The pre-
sented proof of the Darboux theorem uses the so-called Moser’s trick, some background
on differential forms is also briefly include. Using a Poincaré map for the Michelson sys-
tem we describe aspects on the local dynamics of area preserving maps.

2.1 Reduction of a VPF to an APM

One of the methodologies that one can use to describe the topology of the phase space
of a three dimensional flow is to use a Poincaré map to study the behaviour of the sys-
tem. We remark that in general, this cannot be done globally, but only where a suitable
transverse section exists. Different sections can be used to investigate different aspects of
the dynamics. Here we shall see that in any transverse section, where the dynamics is
recurrent, the Poincaré preserves a suitable 2-form.

Let X : U € R® — R?3 be a three dimensional vector field C’, > 1 such that the
associated flow ¢; preserves the standard volume form () = dx A dy A dz. That is, for all
xo € U and for all uq,up, u3 € R3,

Qg (txy) (Do @(t, X0) 1, Dy @(t, X0) 12, Dy @(t, x0) 3) = Qg (w1, U2, u3), Vit e I(xg) C R.

where I(xp) is the interval of definition of the solution ¢(t, xg).

Let ¥ be a transverse section and define the Poincaré map P : ¥ — ¥, which we assume
that is well defined since we have a recurrence property. Given x € X and uy,uy € TyX C

9



10 Local reduction of a volume-preserving flow to a canonical area-preserving map

R3, we define
Q?(ul, up) = O (X(x), u1, up).

Remark 2.1. Since (), is a non-degenerate volume form, also Q? is a volume form. Since
T is a transverse section, then Q% in non-degenerated.

Theorem 2.2. The Poincaré map P : ¥. — . preserves the differential 2-form QF.

Proof. One can parametrize . as the image of a ball B, & = v(B) where v : B C R®> — R3
is a C” injective immersion.
Let s € B such that x = v(s) and v, v, € R? such that

11 = Dv(s)vy, iy = Dv(s)v,.
We want to prove that P preserves the differential 2-form QF,
O () (DP(x)u1, DP(x)u2) = OF (1, 2).
Since P can be expressed as P(x) = v(P(v~(x))) = v(P(s)) for P : B — B, we have that
DP(x)uy = Dv(P(s))DP(s)Dv ™" (x)uy = Dv(P(s))DP(s)Dv ™" (x) Dv(s)oy
=D(voP)(s)D(v ™! ov)(s)or = D(V P)(s)or
Analogously, DP(x)u; = D(v o P)(s)v,. Therefore,
Q%(x) (DP(x)u1, DP(x)uz) = Qp(y) (X(P(x)), DP(x)u1, DP(x)uz)
= Qy(p(s)) (X(v(P(s))), D(v o P(s)v1, D(v o P(s)vy).
Let T : B — R be the return time of x = v(s) to the section X, i.e. such that P(x) =

¢(7(s),x), or equivalently

Therefore
Qy(p(s)) (X(V(P(s))), D(v o P)(s)v1, D(v o P)(s)v2)
= Qyc(s)0(5)) (X(@(T(5),v(5))), Ds@((s5),v(s))v1, Dsp(7(s),v(s))v2).
Observe that
Deg(x(5),v(s)) = Dig(x(s), v(s))Dst(s) + Dug(x(s), v(s)) D s)
= X(¢(7(s),v(s)))Dst(s) + Dxop(7(s),v(s)) Dsv(s).
Hence
Dsg(t(s),v(s))vi = X(@((s),v(s)))Dst(s)v; + Dxg(7(s),v(s)) Dsv(s)v;
= AiX(@(t(s),v(s))) + Dxg(7(s),v(s)) Dsv(s)v;
and, since () is a an alternating multilinear form,
Qg (s)u(s)) (X M X + Dyg(t(s),v(s))Dsv(s)v1, A2 X + Dxe(T(s),v(s))Dsv(s)va)
= Qy(z(s)u(s)) (X, Dx(T(s),v(s)) Dsv(s)v1, Dxgp(T(s),v(s)) Dsv(s)v2).
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Given that X is invariant through the associated flow ¢,
X(g(t(s),v(s))) = Dx(t(s),v(s)) X (v(s)),
and therefore
Qg () () (X(@(T(5), v(5))), Dxp((s),v(s)) Dsv(s)v1, Dxgp(7(s), v(s)) Dsv (s)v2)
= Qp(r(s)0(5)) (Dxp(T(5), v(s)) X (v(5)), Dxp(T(s), v(s)) Dsv(s)01, Dxgp(T(s), v(s)) Dsv(s)02)-
As ¢(7(s),v(s)) = P(x) preserves the volume form, we have

Qy(2(s),0(s)) (Pxp(T(5), v(5)) X(v(s)), Dxg(t(s),v(s)) Dsv(s)o1, Dxp(T(s), v(s)) Dsv(s)v2)
= Qp(y) (DP(x)X(x), DP(x)u1, DP(x)u) = Qu(X(x), 1, u2) = OF (1, u2).

So we have proved that P preserves the differential 2-form Q.

2.2 Darboux theorem

Given any two symplectic forms, Darboux’s theorem gives the existence of a change of co-
ordinates that locally relates both forms. Indeed, this change of coordinates is used in the
last step of the proof of Theorem to get the standard form. In other words, Darboux
theorem states that all symplectic structures are locally equivalent.

Definition 2.3. Let V a linear vector space. A real symplectic form w : V x V. — R is an
antisymmetric and non-degenerate bilinear form. That is, w(v,v) = 0 for all v € V, and if
w(v,w) =0forallv € V, then w = 0.

Definition 2.4. The interior product of a k-form w is the (k — 1)-form defined by
in(Z)l, .. '/Uk—l) = w(X,vl,. . .,Uk_l),
for any vector fields vy, -+, vg_1.

The following formulation of Darboux’s theorem is inspired in references [16].

Theorem 2.5 (Darboux). Let w be a closed symplectic form on a 2n-dimensional differentiable
manifold M. Then for any p € M there is a neighbourhood U of p and a diffeomorphism ¢ : U —

R2" such that
n
P* (2 dx; A dyi> =w,
il
where ¢* denote the pullback by ¢ and x;,y; are the standard coordinates on R>",

Proof. Note that it suffices to prove the theorem for p = 0 € R?". One can use a coordi-
nate chart to push w forward to a symplectic form on a neighbourhood of 0. If the result
holds on R?", one can compose the coordinate chart with ¢ and get the theorem in general.
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Let wy = Y1 ; dx; Ady;. Since w is a non-degenerate closed two-form, on the tangent space
ToR?" it is a non-degenerate anti-symmetric bilinear form. Thus by a linear change of co-
ordinates, w(0) can be put in the standard form, so we may assume that w(0) = w(0).

We want to construct a diffeomorphism ¢ such that ¢*wy = w, where ¢* denotes the
pullback of ¢, that is ¢*wo(v1,v2) = w(D¢(v1), DP(v2)), for all vy, v, € V.

We shall obtain ¢ by applying the so-called Moser’s trick, [16]. The idea is the following.
We shall look for a suitable smooth non-autonomous vector field X(t, x) such that if ¢; :=
¢(t;-,-), where ¢ is the evolutionary process, defined on an open domain D C R x R x R",
associated to the differential equation

x = X(x),
verifies

piwr = w, 2.1)
being w; the family of 2-forms,

wr = twy + (1 —t)w.
Then the diffeomorphism ¢ will be ¢;.
We differentiate to see which conditions X; has to verify, and we get
0= Lot = (L gryn+ 9t o

Let Lx,w = % lt=0(¢f w) be the Lie derivative of w; with respect to the vector field X;.
Then one can compute the derivative %4;; w, applying s — s+t and the chain rule,

((154)5) w = (dt|t0¢t+s> w = ¢; a|t:0 (¢s>w = ¢ X W-

Thus (4£¢7)w; + ¢f Lwp = ¢ (Lx,wr + wy — w) = 0.
We apply Cartan’s identity, Lx,w; = dix,w; + tx,dwt, where 1y, is the interior product and
d denotes the exterior derivative. We refer to [3] for definitions and proofs. Thus

0 = ¢f (dix,wr + wp — w),

since w; is closed (that is, dw; = 0), because it is a linear combination of w and wy that are
closed.

By Poincaré’s Lemma, [3] which states that any closed differential form defined on a simply
connected domain on M is exact, wy — w is locally exact, so we can write wy — w = dA,
where A is a 1-form, and thus 0 = d(1x,wt + A).

Given w a non-degenerated volume form there exist a vector X, such that for any v € V

it satisfies the equation w(X,v) = —A(v). Hence ixw = —A. This provides that for any ¢,
there is vector X; such that 1x,w; = —A. Hence this condition defines the non-autonomous
vector field

INote that w; = wy at 0, so w; will be non-degenerate on an open neighbourhood of 0, since wy is non-
degenerate.
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Since w(0) = wp(0), we have that A = 0 and thus X;(0) = 0 for all + € R. This means
that ¢(t;to,0) = O for all t. Thus, by continuity of the solution of the Cauchy problem
with respect to the initial condition, which implies the continuous dependence of the
interval of definition of the solution of the Cauchy problem, we can choose a sufficiently
small neighbourhood of 0, the flow ¢; will be defined for time greater than 1. In this
neighbourhood, ¢ = ¢; gives the desired result.

O

2.3 A Poincaré map for the Michelson system

The geometrical properties of the Michelson system described above, and concretely, the
fact that it is a perturbation of a system with rotational symmetry (1.3), motivates to con-
sider a section ©. = {z = 0}. Since T,X = ((1,0,0),(0,1,0)) for all p € X, the subspace
((0,0,1)) is orthogonal to TyX. Then F.(p) - (0,0,1) = &(1 — x*) — y which vanishes on the
parabola y = ¢(1 — x2). Outside a neighbourhood of the parabola, ¥ defines a transverse
section. As expected, this parabola is a perturbation of the rotation axis of the elements of
the Lie group G of symmetries of the averaged system (L.2).

Given the Michelson system (T.I) we compute the differential 2-form QO for ¥ = {z = 0}.
2 is a local Poincaré section of the system, that loose the transverse condition near the x
axis.

y Uil Uzl
Q(Zx,y,o)(ulfuz) = Oy y,0)(X(x,y,0),u1,u2) = 0 Uy Up
e1—-x)—y 0 0
_ W2y Uil Uz _ 2y
= (=) —y) [ 12 = (e(1-4%) — y)dx A dy.

The area form of the Michelson flow depends on the function of ¢(1 — x2) — y so it does
not preserves the standard area form. We will see that the associated Poincaré map of the
Michelson system can be locally reduced to a map that preserves the standard area form.

To compute the Poincaré map, we have implemented a Taylor method with variable step
size to integrate the Michelson system (L.I). Given an initial condition, we compute the
image of the Poincaré map P, : ¥ — %, integrating the system until we find two points z;
and zy 1 such that zgzx 1 < 0. Thus we use a Newton method to determine a step size h
that gives a point of the orbit on X. We refer to [35] for an explanation of these numerical
algorithms. Also [22] is a good reference for the Taylor method E}

In Figure we display the phase space of the Poincaré map for different values of the
parameter €. By the previous results, P; is non-canonical area preserving map. In the
figure we see a set of invariant curves on y > 0 that surround an elliptic fixed point. Since
the system is a perturbation of a symmetry with a rotational symmetry around the x axis,

2We have not used the Taylor package nor any other package, implementations where done in C and adapted
when required to PARI/GP, [10].
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Figure 2.1: Poincaré section of the Michelson flow for ¢ = 0.0316 and 0.1405.

we observe a similar structure for y < 0. Later on we will see how to compute these fixed
points as well as their linear behaviour as a function of ¢, see section

The elliptic fixed points are the intersections with ¥ of an elliptic periodic orbit of the
Michelson system (I.I). Similarly, the intersection with ¥ of an invariant torus of the flow
is seen in the Poincaré section as two invariant curves, one for y > 0 and the other for
y <O0.

As observed in section 1.1} the saddle focus fixed points of the Michelson system (+1,0,0)
have one dimensional and two dimensional invariant manifolds that nearly coincide when
¢ tends to 0. Accordingly, one can see in the left plot that the intersection of the two
dimensional manifolds with X encloses the tori around the elliptic fixed point.

For ¢ > 0, the system looses the rotational symmetry and is no longer integrable. In
general, for a non-integrable system one expects that the invariant manifolds do not co-
incide. We will compute these invariant manifolds in section As will be shown the
two-dimensional invariant manifolds intersect transversely while the one-dimensional in-
variant manifolds do not intersect and one rotates around the other one.

On the other hand, on the right figure, we see invariant curves for larger values of .
Moreover, for the value of ¢ considered in the plot, we clearly observe elliptic 5-periodic
orbit of P;. Around the 5-periodic orbits, there is a set of invariant curves that forms an
island. At the places where the islands approach, there is a 5-periodic hyperbolic orbit.
This structure is a consequence of the Poincaré-Birkhoff Theorem that will be detailed in
section 3.4

The transverse intersection of the invariant manifolds of the 5-periodic hyperbolic orbit
generates chaos in phase space. The chaotic regions can be contained inside the stability
domain, hence giving rise to a confined regions of chaos, or can be open chaotic regions.
In Figure2.3]left we illustrate a confined chaotic region related to the 5-periodic orbit while
in the right plot we see that there are no invariant curves surrounding the 5-periodic is-
lands and points near the 5-periodic hyperbolic orbit escape when iterating the Poincaré
map.

All the previous concepts and statement about invariant curves and resonant islands of
P; need to be properly justified. They rely on the intrinsic properties of the dynamics of
area preserving maps around elliptic fixed points. These properties are revealed when
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Figure 2.2: Zoom on an island of the Poincaré map for e = 0.138 and & = 0.1405.

transforming the map to a normal form, as we will see in the next section.

From now on, we will study an area preserving map locally around an elliptic fixed point.
Hence, without loss of generality, we will assume that it preserves the standard form since
Darboux’s theorem reduces any symplectic form to a canonical form.



Chapter 3

Birkhoff normal form of an
area-preserving map around an
elliptic fixed point

This chapter aims to study the dynamics of area preserving maps around elliptic fixed
points by turning the map into a Birkhoff normal form. For that, we will use symplectic
changes of coordinates, defined as the time-one flow of a Hamiltonian, to assure that the
Birkhoff normal form is still an area preserving map.

Moreover, we will study the phase space of a truncated Birkhoff normal form, using the
fact that it is an area preserving twist map and, finally, we will do some comments on the
persistence of invariant objects when perturbing the system.

3.1 Birkhoff normal form of an APM

The aim of this section is to introduce the Birkhoff normal form of F, which allow us to
study the local dynamics around the fixed point. We will see that F cannot be linearized
by a change of coordinates and some terms cannot be removed.

Definition 3.1. We define the set of resonances as the set T = {k € Z : ke =0 mod 1}. The
resonance k = 0 is the so-called unavoidable resonance. Resonances k # 0 are avoidable
resonances.

The terms that cannot be removed correspond to resonances and will be referred as reso-
nant terms. If z = x + iy, a term zFz! of the first component (respectively the second), of F
is resonant if k — I — 1 = 0 (respectively if k — [ +1 = 0).

As shown in the previous chapter, the Poincaré map of a volume preserving flow is an
area preserving map, denoted as F, with an elliptic fixed point that corresponds to the el-
liptic periodic orbit of the flow. Given the fixed point p € R?, DF(p) has two eigenvalues
A, A € C such that A = ¢ with « € (0,1). Thus DF(p) can be expressed as a rotation,
DF(p) = Ry, after a linear change of coordinates.

16
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Definition 3.2. A map F is said to be in Birkhoff normal form around a fixed point p if and
only if it commutes with the semi simple part of DF at p.

The following theorem assures the existence of a change of variables that allow us to
construct the Birkhoff normal form of F around an elliptic fixed point. We refer to [2]. The
changes we use are canonical and expressed as the time-one map of a Hamiltonian, using
Lie series as explained in [28].

Theorem 3.3. Given an area preserving map F : R? — R? there exists a formal canonical
change of variables ¢ : R> — R2 in a neighbourhood of an elliptic fixed point such that F is in
Birkhoff normal form around the fixed point in the new coordinates. That is, N = ¢ o Fo ¢!
satisfies N o DF = DF o N.

Proof. We will consider F : € — C? in complex variables z,z given by the change of
variables z = x + iy and Z = x — iy. The eigenvalues of DF(zg) are then A = ¢¥™* and A,
where &« € (0,1) is the multiplier at the fixed point zg € C2.

We can express F as a sum of homogeneous polynomials of degree r = k + . Since the
map F is real, the second component is conjugated to the first one F = (f, f), hence we
can consider just one of them,

f(z,2) =Az+ ) cuz’z = Az 4 g(z,2).

r>=2

We aim to find the change of coordinates ¢ constructed as a sequence of transformations
which successively remove the non-linear terms. Moreover, we will consider a symplectic
change of coordinates to assure that the Birkhoff normal form still preserves the area form.
In particular, we will construct a canonical change of variables as a time 1-map of an
autonomous canonical real Hamiltonian system with Hamiltonian X(x,y).

(x,y) — ok (x,y),

where ¢!, denotes the corresponding flow.

Since X is Hamiltonian, it can be expressed as X = %—)y(,y’ = —%—f and doing a change of

coordinate z = x + iy, Z = x — iy, we get

which are the equations of motion of the Hamiltonian flow X in coordinates z, z.
We use the Taylor expansion with respect to time to find the solution at time t =1,

dz A2z 2 Bz, 3
z(t) = z(0) + E(O)t + W(O)E + W(O)i +

Thus we need to find the n-th derivative of z. If h(z,2) := 2z = —2i ‘%, then

oh. oh. Oh 0X oh (_.0X .(0hoX 0hoX
= 2 +62 2i—

et E T T 5z) =% azaz_azaz)ZZZ{X’h}'



18 Birkhoff normal form of an area-preserving map around an elliptic fixed point

Thus, denoting by Lx(h) = 2i{X, h}, where {X, h} is the Lie bracket, we find recursively

0X 0z0X 0z0X
(525 b

A A e =i =

z = Lx(h) = Lx(Lx(2)) = L% (2),

2" = L (2).

Since z(0) = z, we get

z(1) :z+LX(z)+%L2( )+31|L3( Y= i L5 (2) — olx(2),

Analogously, z(") = L% (z) and thus

2(1) = 2+ Lx(2) + 2L2 (2) +

o 1k (5
3'L3 (2) 4= Z LX(Z) _ eLX(Z)‘
k

Therefore the time 1-map of the Hamiltonian flow X is gb%( = elxg.

Let X, 11 be an homogeneous vector field of degree p 4+ 1. We will construct the change of
coordinates ¢ as a composition of canonical changes 4)%(p+1 (z,z) that attempts to remove
the corresponding non-linear term of order p from F.

Assuming that F is in Birkhoff normal form up to order p — 1, we aim to remove the term
of order p using the change of coordinates ([)%(pﬂ (z,z). That is, the term of order p of
N(z,z) = 4)%(p+1 oFo 4))_(;“ (z,2) should be zero.

Using the change of coordinates

~ L ~ 0Xpi1, 0Xyi1,
0k, (22) =741 (2,2) = (= 2i—37(2,2), 2+ 2i—5 "~ (2,2)) + Opy,

and ] x
_ 0%
4’x:ﬂ( 2) = (24 2i——(2,2),2 2 a’; (2,2)) + Opi1,

one obtains
= 1 -1 - 1 p+1 N = .aXp+l -
N(z2) = ¢x,, 0 Fodx,  (22) =¢x,,, oF 2 2,2),2 = 2i———(2,2) | + Opn1
_ ., 0Xpi1 X
= 4)%(p+] (F(Z’Z) + (21)\ apz ’ a ) + Op+l)

X 93X X X ]
= F(z,2) + (2/\ AR 7)) p+1>(z,2)+(—2i AR Y p+1>(/\z,/\2)+(9p+1.

0z 0z 0z 0z

Considering just the term of order p, this leads to the homological equation

1 0Xpr1  0Xpy1, - 20Xppr  0Xpir o
ZiPp—<)\ R (Az,AzZ),—A . + e (/\z,/\z)>.
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where F, denotes the term of order p of F.

Since X, ;1 is an homogeneous vector field of order p + 1,

0X - 0X
p+1 - k3l p+1 _
az ()LZ’ /\Z) - kgl::p/\ /\ az ( /Z)/

we get that the homological equation for the first component is

1, 0Xpn k-19Xpt1 k1) 9Xp41
ke Vi L D

k+l=p k+I=p

If there exists k, ! such that k+1 = p and A = Ak~/, this equation cannot be satisfied and
so the term of order p cannot be removed. Hence the unavoidable resonant terms, see
definition 3.1 with k = I + 1 should be kept.

Let f;" denote the non-resonant terms of order p of the first component of F and then the
homological equation is given by

1 nr __ aX}H—l aXp-‘rl 3=
57 =A 3 e (Az,Az). (3.1)

We want to prove that this equation has a real solution to get a vector field X, which allow
us to construct the change of coordinates. For that, we will use that F is an area preserving
map. Since the second component of F is conjugated to the first one, we compute the area
form as df Adf,

df Ndf = (Adz—kg—gdz—k?dz) A (7td2+¥dz+?dz)

—AdszerAdzAggderggdzAAdz+ggdzAg?d +?ﬁd Aggd

ag ag 0g03 0903 _

Since F is area preserving, we have that df A df = dz A dz and thus

198 598 9898 0393 _

0z dz  0z0z 0zdz
This is equivalent to 2Re( %) —{g,8} = 0. Taking terms of order p — 1 we have that,
< 08p _
2R8(AE) = Z{gkrgpkarl}'
k>2
Suppose f is in normal form up to order p — 1, the non-resonant terms g," of order

p satisfy ZRE(ZB%’) = 0 and hence there exists / real such that Agj" = —2i%. This
can be easily proved considering h(z,z) = fo /\g”’ z,8)ds + czPT1, such that we have
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Re(a);gzzr) = Re(—Zi%) = —ZIm(aa;—a}é) = 0 if and only if & is real.

Then to prove the existence of a real solution of (3.1), we let h(z,z) = Xp;1(Az,A2) —
X,11(z,2) + %22 such that

- .oh = 0Xpi1
Agy = —215 = —2iA BPZ

0Xpi1,  _
82 (z,2) —z.

(Az,AZ) +2i

Thus we have that

gy =2 5 (Az,Az) +2iA P (z,2) — Az.

This is equivalent to

0Xp11 L 0Xp1
f;}’l}' = )z +gzr — _21782 |(/\Z,/_\Z_) +21/\ ar;_ (Z,Z),

so that the equation has a real solution. Therefore we can construct a sequence of
change of variables ¢y  that removes all the non-resonant terms of order p from f.
p+1

This process can be carried out up to the desired order or, at a formal level, up to any
order. Hence the complete sequence of changes reduces the original map to the desired
normal form having only the resonant terms. Each resonant monomial commutes with
diag(A, A).

O

The sequence of analytic changes used to prove the previous theorem, is generically non-
convergent, meaning that the width of the domain of analyticity of the transformed map,
reduces after each change, and tends to zero. This implies that beyond all orders phe-
nomena, like the exponentially small splitting of separatrices, rely on analytic properties
and cannot be captured by the normal form. However one can use the normal form up
to a suitable order, to obtain a detailed description of the phase space in a suitable region
around the fixed point. For example, a truncated normal form, allows to get a detailed
description of the phase space around resonances of F. In the following we illustrate how
to use the truncated normal form to get such description.

Assume that the eigenvalues of F at a fixed point, are of the form A = ¢™27% with
& = L+ and ¢ sufficiently small to be close to the resonance of order m, that is such
that A ~ 1. Thus the corresponding term cannot be removed to assure the existence
of a relatively large domain, uniform for ¢ close to zero, where a good model could be
obtained.

Therefore the first component of Birkhoff normal form of F up to order m can be expressed
in terms of (z,2) as

BNF,(z,2) = Az 4+ mz%2 + - - + a2 125+ 62" 4+ Ryppa(2,2),
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where g; € C and s is the integer part of mT_l If r2 = 2z then

BNF,(z,z) = Az + Za 2 ez L Ry (z,2)
ji
z(1+ Z A_lajrzj) +ez" 1 4 Ry (z,2)
j=1

S
= Rorg/m <62m¢52(1 + Z/\flajrzf) 4 e 2Hig/m gz — l) + Rony1(z,2).
=1

To express 1 + Z?:l A la jrzf in terms of the so-called Birkhoff coefficients, we use the Tay-
lor series of the logarithm In(1+ w) = Y50 (—1)" 1%~ @' where w = Z] (AT a]

A\ N
To compute w" = (Z;Zl )\—1,1]72]) , for n > 2 we use that

n k
(x1+x+- 4 xm)' = D < ) IT ="
k1+ko+-+ky=n kl,kZ, o ,km <

1<t<m
Thus
I
W' =A@y 4 agr®) = AT )3 kq! - K (agr?)fr - (agr®)
kythky4Akg=n 1077 TS
AT @)t B oy g sk
k!

k1+k2+~"+ks:1’l k1+k2+"'+k5:n

Therefore the Taylor expansion of the logarithm is

()

n(1+ w) Z ”Hw = ZA a 72 4+ Z ( ” ) A‘”Cnr2k1+“‘+25k5> )

ky kot tks=n

Rearranging all the terms 21+ 2% and ordering them from 2 up to > we get 271i Y-3_, b;r*
for some b; € R since all the terms of order greater than 2s are moved to R,,11(z, Z).

] s -1, 9 2 4 2
Therefore (1 + Z;:l )\’111]'7’2]) — MFE A7) 2mi(byr? byt ber®)

Using this relation we can compute the Birkhoff coefficients b;. The first ones are given by

A gy 1 (1 A% 1 2 A—3a}
by = T bz—zn_i(}\ ay — 2 , by = Py AT ngf/\ a1a; + 3 .

Hence the first component of BNF,;; can be expressed in terms of the Birkhoff coefficients,
b;,

BNFy(F) : (2,2) — Ry g (e 70z 4 2" 1) 4+ Ryt (2,2), (3.2)

where (1) = 6 + byr2 + bor* + - - - + bgr®,r = |z|.
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This is equivalent to write the first component of BNF;; as the composition
BNFm (Z, Z) = RZT[q/m [0) K(Z, Z, 5),

where K(z,2,8) = ™)z 4 ¢z~ 4 R,,11(z,Z) is a near-the-identity map such that the
m-jet commutes with the rotation Ry, This commutativity, reveals that the reduction
to BNF,;, adds an extra symmetry. In particular, the dynamics of the m order resonance,
can be analysed in terms of the near the identity map K.

3.2 Behaviour of « as a function of ¢.

As shown in the previous section, the Birkhoff normal form of a one-parameter family of
area preserving maps around an elliptic fixed point depends on the parameter 5. Also,
the fixed points of an area preserving map have associated eigenvalues A = ¢*2™* that
depend on this parameter since & = q/m + 6. In this section we want to see how the mul-
tiplier « depends on the original parameter ¢ of the Michelson system (L.I). For that, we
will compute for some values of ¢ the fixed point of the Poincaré map and its eigenvalues.

Let X : U C R® — R? be a three dimensional vector field C",r > 1, that we assume has
a periodic orbit transverse to £ = {g(x) = 0}. The Poincaré map P : ¥ — X is given by
x1 = P(xg) = ¢(tx,, x0), where ty, = t(xg) and ¢(t, x) is the flow associated to X.

The periodic orbit of the flow corresponds to a fixed point of the Poincaré map, so we use
Newton’s method to solve the system P(x) —x = 0. For that, we need to compute the
derivative of the Poincaré map with respect to xo,

DP<xO) = th’(txorx())on(th) + Dx0¢<tx0'x0)
= X(x1)Dx,(txy) + Dxy@(txy, X0)-

To compute Dy, (ty,) we differentiate the initial condition g(x1) = g(¢(tx,, x0)) =0,
Dg(x1)Dg(txy, x0) = Dg(x1)DP(xq) = 0.

This implies that
Dg(xl)(X(xl)ontxo + ongo(txw xp)) =0,

and thus (x1) ( )
_ —Dg(x1)Dxy@(txy, X0
Prolltn) = = pge)X(x)
Therefore,
_ X(x)
DP(xq) = Dg(x1)X(x1) [Dg(xl)on(P(tXO/xOH + onq)(txo'xo)-

We perform the corresponding computations for the Michelson system (1.1) considering
the section ¥ = {z = 0}. We have that Dg(x1,y1,2z1) = (0,0,1) where (x1,y1,2z1) =
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P(x0,Y0,z0). Hence the differential of the Poincaré map is given by

1 n a1 412 413
DP(xo,Y0,20) = Tl 1 (a1 a3 as)+ [an axn axs |,
e1-x) -1 e(1—x3) —y az1 azp a3

where Dy, ¢(tx,, X0) = (a;j);; is the first variational with respect to the initial condition.
The matrix Dy, ¢(ty,, Xo) is the solution of the variational equation

0 1 0

d
Eonq)(txo/xO) = DF(GD(txO/xO))ongo(txo/xO) = 0 0 1 Dqu)(txO/xO)/
—2x0e —1 0

with initial conditions Dy, ¢(0,x9) = Id.

Thus we integrate with Taylor’s method the equations of the system X together with the
variational equations to find the image of the Poincaré map and we use the variational
matrix to obtain the differential of P. This allows us to compute, for a given value of ¢,
the fixed point of P, which y > 0 and determine its multiplier « € (0,1) whenever it is
elliptic. We denote A and 1/A the eigenvalues of DP at the fixed point.

On the left figure we plot for each value ¢ between 0 and 0.4, the value of & =
arctan(Im(A)/Re(A)) which coincides with the multiplier « of the fixed point if it is ellip-

tic.
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Figure 3.1: Left: We display & as a function of e. Right: We display the modulus of A and
1A as a function of e. We observe that the eigenvalues leave the unit sphere and becomes
real for values of ¢ larger than e, ~ 0.2258.

Close to a resonant point, the Birkhoff normal form explained how the islands are gener-
ated, and we know that the value of § depends on the sign of the first Birkhoff coefficient.
For a given ¢ such that we have a resonance of order m, we will see m islands on the
Poincaré section and that the corresponding « is equal to q/m + 4. For ¢ = 0.1405, one can
see in the plot that & ~ 0.214 = % + 9, so in the Poincaré section we see five islands. For
¢ = 0.104, one can see in the plot that « ~ 0.1527 = % + 6, so in the Poincaré section we
see seven islands, see Figure

In the following section, we will compute the first Birkhoff coefficient of the Birkhoff
normal form for values of ¢ for which it has an elliptic fixed point.
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Figure 3.2: Poincaré section of the Michelson flow for ¢ = 0.1405 and 0.104.

At the right plot of Figure we see the modulus of the eigenvalues for each value of
the parameter. For a value e, ~ 0.2258 the eigenvalues of the fixed points are A = —1
double, and we have a period-doubling bifurcation. The elliptic periodic orbit of the flow
becomes a saddle and a new elliptic orbit with twice the period of the original appears. In
the phase space of P we see that the invariant manifolds of the saddle orbit surround the
new 2-periodic elliptic points and form almost a figure eight (the invariant manifolds are
splitted, note that a small chaotic zone near the invariant manifolds is observed in Figure
left). Since the new 2-periodic orbit is elliptic, there are new KAM tori surrounding it.
These tori form a Cantorian family, see related comments in section 8.5 Accordingly, we
observe in Figure [3.3|left, invariant curves for P.
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Figure 3.3: Left: Poincaré section of the Michelson flow for ¢ = 0.228, close to €.. One can
observe the persistence of curves around the figure eight. Right: Elliptic periodic orbit of
the flow for e = 0.228.

Moreover the invariant curves far from the fixed point persist outside the eight figure
after the bifurcation. This can be seen in Figure left. Those tori outside the eight
figure, define an stability domain which is bigger than the region bounded by the invariant
manifolds of the hyperbolic point at x = 0. As e grows, the region bounded by the
invariant manifolds also grows and breaks these tori surrounding the figure eight.

For ¢ = 0.228 > e, the two-periodic orbit of the Poincaré map corresponds to x ~
0.1751571 and y ~ 1.3225644. We represent the elliptic periodic orbit of the flow in Figure

right.



3.3 Computing the first Birkhoff coefficient 25

3.3 Computing the first Birkhoff coefficient

To get a numerical approximation of the Birkhoff coefficients of the Michelson system, one
has to reduce to Birkhoff normal form the Poincaré map. This is achieved by applying a
sequence of changes of variable, as explained in section

To compute the normal form, a Taylor expansion of the Poincaré map is needed. Since
there is no explicit expression of the map, one can use jet transport method to get the jet
of the Poincaré map. Indeed the coefficients of the Taylor expansion correspond (up to the
factorials) to the derivatives of the Poincaré map, that can be computed with variational
equations. This can be tough to write down explicitly and implement numerically for high
orders, so we use jet transport to get these derivatives automatically.

As we have seen in section[Z]one can construct a Poincaré section & = {g(x) = 0} such that
given an initial condition xo, we get its image through the Poincaré map P(x) = ¢(tx,, Xo)-
To get the Taylor expansion of the Poincaré map we need to obtain P(xg + Ax) for small
variations Ax of the initial condition.

The main idea of the jet transport method is to integrate the ordinary differential equation
replacing operations with numbers by operations with polynomials in Ax truncated up to
some order 7, [1]. This kind of algorithms can be also validated, see [18]]. Since we use
the internal PARI/GP polynomial arithmetics, [10], these replacement accounts for simple
modifications of the code of the Taylor method used before, so that the computations are
done considering polynomials in Ax. For more involved examples, one would require a
proper implementation of the polynomial arithmetics, for example in C.

To compute the jet of the Poincaré map P(xg + Ax) = ¢(tyx,+ax X0 + Ax), we have to
adjust the return time f, A, at each order imposing the condition at the Poincaré map
8(@(txy+ax, X0 +Ax)) = 0. In the setting of the Michelson system, we consider Ax =
(dx,dy) and we deal with polynomials in two variables. Hence we look for a value h =
Yy Z}:o hi]-dxidyf such that g(¢(tx, +h,x0)) = 0, up to order n.

For that, we use Newton method to the function g(¢(tx, + &, xo)) with an initial condition
hi; = 0. We compute the derivatives of ¢ with respect to h;; using that

Dy, 8(9(txy + 1, x0)) = Dg(9p(txy + b, x0)) Dip(txy + h, x0) Dy .

Thus, we get the return time at each order and hence the jet of the Poincaré map for an
initial condition xg 4+ Ax.

When computing jet transport propagation, there is a numerical problem concerning the
step size. In general there is no way to adjust properly the step size due to the fact that one
has to use weighted norms with different weights at different orders of the polynomial.
For computations we have just controled the step size according to the point x¢, ignoring
the jet. However we have checked the computations choosing different maximum sizes
of the step size, so that we can trust that at least enough number of digits are correct. In
particular, we have chosen a maximum / of 10~1,10~2 and 1073, and the results obtained
for the coefficients of the jet, coincide up to at least 10 digits in all cases. Computations
where performed using multiprecision arithmetics with 38 digits, a Taylor method with
order 50, and requiring a local error of 1078 at each step of integration to determine the
step size. The accuracy of the Newton method to compute the Poincaré map was 10~2°.
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The Poincaré map can be expressed as
P(x,y) = <Z agxy' Y bkzxkyl> ,
r=0 r=0

where v = k+ 1. Using the previous jet transport algorithm for ¢ = 0.15, we obtain the
coefficients ay; and by; up to order three, that we show in the following table.

k l ayg bkl

0 | 0 | 1.5022524073184e-30 1.4108703410470
10 0.9960522061745 0.0846779159768
0|1 -0.0930585322491 0.9960522061745
210 -0.0602100724979 -1.5496172357267e-5
111 -0.0002438305829 0.0597160872293
012 -0.0360883638716 -0.0043210072100
310 0.0036219356712 0.0016841575225
211 0.0014495161576 -0.0002592308733
12 -0.0002521608207 -0.0012129529626
0|3 -0.0012099020571 -0.0010831335070

In order to compute the Birkhoff normal form, we have to use complex coordinates and a
linear change of variables to get the Poincaré map in the form

P(z,z) = | Az+ Z ﬁk]ZkZl , AZ+ 2 Ek]ZkZl .
r=2 r=2

One can compute the determinant of the map up to order three to check that P does not
preserves the canonical area form, as we proved in section 2| We get that

detDP(z,z) =1+dz+dz+ O(zz),
where d ~ 0.1007 4 0.0045i, which is different from one, as we expected.

Once we have a Taylor expansion of the Poincaré map, we apply successively changes of
variables to put the map in Birkhoff normal form up to some order, such that each change
of variables c/)%(p+1 attempt to remove the term of order p from the map. We remark that

since the map is not canonical area preserving, we have not used canonical changes for the
reduction in the implementations. We follow directly the scheme in [2]. But, since up to
order three, these changes of variables are unique, the resulting Poincaré map truncated
up to order three P, preserves the canonical area form, that is det DP3(z,z) = 1.

Remark 3.4. For higher order reduction to normal form, the changes of variables would
not be uniquely determined since the Poincaré map has resonant terms, so it will not
necessarily preserve the standard area form.

However, the change of variables of the Darboux’s theorem can be applied to get an area
preserving Birkhoff normal form. Numerically, at each step that removes a term of order
p, we would apply a change of variables such that the Birkhoff normal form up to order
p preserves the standard form. We have not implemented such a higher order reduction.



3.4 Truncated Birkhoff normal form 27

Finally, once an approximation of the Birkhoff normal form is computed, we get that
the first Birkhoff coefficient for different values of ¢ are given in Figure

To get high precision computations and use a polynomial arithmetic, the library PARI/GP
has been used.
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Figure 3.4: First Birkhoff coefficient of the Poincaré map of the Michelson system for
values of ¢ between 0 and 0.2258.

As expected, the behaviour of the first Birkhoff coefficient with respect to € shows some
asymptotic. The first asymptotic that we can see in the plot corresponds to the value of ¢
for which there is a resonance of order 3. The second asymptotic occurs for e, = 0.2258
where we have a period-doubling bifurcation, and so the elliptic periodic orbit becomes a
saddle.

Moreover, note that there is a value of e for which b; = 0. This value corresponds to a
point where the first order twist condition vanishes as we will explain in section

3.4 Truncated Birkhoff normal form

Let us consider from now on the truncated Birkhoff normal form up to order m, (3.2).
We will proof in this section that under certain conditions, the BNF;, has two periodic
orbit of period m and how is the geometrical structure of the island. The first result is a
consequence of the Poincare-Birkhoff theorem, [6]. Nevertheless here we will derive this
result directly using a flow interpolation of the truncated Birkhoff normal form.

3.4.1 The interpolating Hamiltonian of BNF,,
Recall that the Birkhoff normal form up to order m is written as
BNFy(z,2z) = Ropg/m © K(z,z,6),
where K(z,2,6) = 2™z 4 ¢z 1 4 R,,11(z,Z) is a near-the-identity map.

Note that scaling z — pz with a suitable complex p in[3.2] we get a Birkhoff normal form

expressed as Ry (g/m) © K(z,z,6) where

K(z,2,6) = &™)z 4 ig" 1 4 Ryyi(z,2).
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The Birkhoff coefficients are modified according to Ej = |u|% b; that we will denote by b;.
Hence in the following we consider ¢ = i.

In order to study the dynamics of a map close to the identity, it is useful to look for an
autonomous vector field such that the time-1 flow associated gives a good approximation
to the map, in a suitable neighbourhood of the m resonance. The existence of such a vector
field follows from the suspension of the map after performing some steps of averaging to
remove the dependence on .

A suspension of a map F is non-autonomous periodic vector field f such that the asso-
ciated Poincaré map coincides with the map. If F is a near-the-identity map that can be
expressed as F(x) = x + eG(x) with ¢ sufficiently small, being G is a real analytic function,
one can obtain f as a periodic non-autonomous vector field of period 1. The suspension
can be given explicitly as a vector field f(z,t) = ey/(+)G(z) where ¢ is an Hermite-like
polynomial that interpolates (0,0) and (1,1) imposing null derivatives up to the desired
order k. Thus (t) = t5(2 — t)¥ and @;(x) = x + e (t)G(x) is the time one flow such that
the associated Poincaré map is F since ¢o(x) = x and ¢1(x) = F(x).

The suspension is a vector field of the form z = ef(z,t) where f is a time-periodic vector
field ﬂ Since t becomes a fast angle, one can perform a finite number of steps of averaging,
and remove the dependence on t up to the desired order.

Since K is a near-the-identity map, we can compute a vector field such that the associated
time-1 flow identity mapinterpolates K, see [36]. We include the details in the following.

Moreover, since K is symplectic, the vector field is Hamiltonian. A suitable autonomous
vector field to describe the dynamics around the m order resonance is the following.
Denote 6 = by and define

m

S
M= L U@, and H(Lg) = 1% cos(mg)
n=0

the non-resonant and resonant parts of the Hamiltonian, where (I, ¢) are symplectic polar
coordinates (also referred as Poincaré variables), defined by z = V2Ie'?. Let r* be such
that y(r*) = 0,7* =~ (—6/b;)"/2, where by # 0.

Theorem 3.5. Let K denote the original diffeomorphism K expressed in symplectic polar coordi-
nates variables and assume by # 0 and m > 5. Let v > 0 be a fixed value. Then the time-1 flow
P11 generated by the Hamiltonian

H(L @) = Hur(I) + Ho(L @), (33)
interpolates the map K with an error of order m + 1 in the (z,Z)-coordinates, that is,

R(L,9) = pe1(I9) + O(I"F),

in an annulus centered in the resonance radius r.. of width r*V, for |8| sufficiently small.

INote that the suspension constructed above is analytic with respect to x but C¥ in t. Taking k large enough,
the required number of averaging steps over the fast frequency, can be performed
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Proof. We consider the map T(z,z) = Ty o Ty (z,z) where Ti(z,2) = 2™z and T»(z,2) =
z+iz""1. One has

. . , m—1
T(z,2) = Ty 0 Ty(2,2) = Ty(¥™10)z) = 211z 1 (271(1)z)
= 2™z 1 i7" 1 (14 O(8)) = K(z,2) + O™,

for 6 small enough. Hence K is order r"*!-close to T.

Since T is a rotation of angle 271y(r), in symplectic polar coordinates, it becomes Ty (I, ¢) =
(I, ¢+ w(I)) where w(I) = 27ty(I). That means that the flow [ = 0, ¢ = w(I) interpolates
Ty at integer times. In complex coordinates, this vector field is given by z = X;(z,z) =
iw(I)z. Below, we denote by ¢} the associated flow.

Moreover, T, is approximated up to order O(2m — 3) by the time one map of the vector
field z = Xa(z,z) = iz~ L. If ¢} is the flow of X,

_ _ d _ 1 d? _
$h(z,2) = (z,2)" + E‘Pé(zrz)h:l + Eﬁ‘l)é(zfz)h:l +

1
=(2,2)T + Xy(z,2) + Esz(Z,Z)Xz(Z,Z) +---

Then the first component of 1 (z,2) is z +iz" 1 + O(r?"=3).
Thus

K(z,2) = T(z,2) + O(r"™!) = Ty 0 Ta(z,2) + O("™ ) = 93 (91 (z,2)) + O (™).
Finally we observe that

$2(¢1(2,2)) = p11a(2,2) = % (DX2(2,2)X1(2,2) = DXi(2,2) Xa(2,2)) + - -~

where (/)i 4o denotes the flow of the vector field X; + Xa. A simple check shows that the
terms within the parenthesis are O (" +1).

Therefore, the Lie bracket of both vector fields that interpolate T; and T3 is a vector field
of order higher than m + 1 + v on the annulus of radius r}*V for v > 0, centered in the

radius r,. Changing coordinates and computing the Hamiltonian we get (3.3).
O

In what follows we will use this interpolation to prove some results on the phase space
structure of the map F.

3.4.2 Birkhoff periodic orbits

If we assume that A is not a root of unity for any order less of equal than m, the Birkhoff
normal form up to order m in symplectic polar coordinates (I, ¢), where z = \/21¢'?,
is given by

BNFEu(F) : (L ¢) = (L ¢ +27my(1))
where y(I) = 6 + by (21) + by (21)? + - - - + bs(21).

If by # 0, one has 7/(I) = 2b; 4+ --- # 0 and so the BNF restricted to an annulus A =
{(I,g) : I € [a,b],¢ € [0,27]} is an integrable area preserving twist map Va, b, such that
b>a.
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Definition 3.6. An area preserving twist map is a integrable map of an annulus A such that
(L p) — (I, ¢ +a(I)), and % =a/(I) #0forall I € [a,b].

Note that without the requirement that A should not be equal to any root of unity, the
Birkhoff normal form up to order m includes the resonant term cz"~! and then the map
is not integrable, it would be a perturbation of the integrable twist map

F(L )= (I+g(L¢e),¢+a(l)+ f(I,¢9e)),

where f and g are periodic functions of period 27t on ¢.

The orbits of an integrable twist map are circles centered at the origin. The restriction of
the integrable twist map to an invariant circle I = Iy, defines a map of S'.

Definition 3.7. Let f : S' — S! be an homeomorphism of the circle and F: R — R a
lift of f. The rotation number of f is the limit

a(f) := lim m

n—-—0o0 n

Note that « exists for all x € R, is independent of x and well defined up to an integer.
Moreover, the limit does not depend on the lift chosen, so & — a(f) — a(f( mod 1)) is
well defined. An invariant circle such that I = Ij has rotation number «(Iy).

If an invariant curve has a rational rotation number, every point of the curve is a periodic
point. The Poincaré-Birkhoff theorem shows taht some of these periodic points survive

for F..

Theorem 3.8 (Poincaré-Birkhoff). Given any rational number, q/m, between a(a)/2m and
a(b)/2m, then there are 2m fixed points of F/* : (I, ¢) — (L, o) satisfying

(L, ¢m) = (L ¢ +2719), (34)
provided that |e| is sufficiently small.

A proof of this Theorem can be found in [6]. However we will use the Hamiltonian system
from Theorem 3.5]to prove the existence of the points and its stability directly, as was done
in [36].

In order to prove the existence of the periodic orbit, one can use the Birkhoff normal
form expressed as a rotation composed with a near-the-identity map and this map can be
interpolated by a time one flow of a Hamiltonian system H = #,, + H, where

S
by,
M) =m0y

1 m
@n"™1,  and  H.(I,¢) = %(21)7 cos(meg),
as we have seen in theorem

Assume that b; # 0 and the coefficient of the resonant term of order m is non-zero. Given
the Birkhoff normal form expressed as

R27tq/m o K(Z/ Z, 5)/
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where K(z,z,6) = 2i(F by 72 byrt e br®) 5 4 am=1 4 Rumi1(z,Z), one can see that K has a
fixed pointif r ~ (— h‘s—l)l/z. Then if b1 < 0, K has a fixed point and then Ry, © K(z, 2, 6)
has periodic orbits of period m. Therefore the dynamical system generated by F has a
resonance of order m.

The following theorem will be stated as in [36], but in the proof we use the implicit func-
tion theorem to show the existence of the correction of I as a function of § corresponding
to the periodic points which was implicitly assumed in the reference.

Theorem 3.9. For b1é < 0, in the resonant zone of the BNF, there are two periodic orbits of period
m located near two concentric circumferences and the closest orbit to the external one is elliptic
while the nearest orbit to the internal circumference is hyperbolic.

Proof. Suppose by > 0 and é < 0 and the computations for b; < 0 and é > 0 are analogous.
First we compute fixed points of the vector field generated by H (I, ¢) = Hur(I) +H, (L, @),

oH oH, mo
5 (L) = W(L ¢) = —(2I) 2 sin(mg) = 0.

The non-trivial solution are given by sin(m¢) = 0,

~

=1, i=0,...,2m—1.

@i o )

To find a solution of aa—;'f = 0, we ignore the resonant terms to find an approximation I, of
the radius where the resonance of order m is located.

Ignoring the resonant terms from aai}[ = 878'[1"’ + ag? =w(l)+ ag? = 0 we get that

S
w(I) =21 Y by(21)" =27t (bo +2by 1 +---) = 0.
n=0

Hence a solution of this equation is

)
L= —=— 4 0(8%),
where § = by. Since fﬁ > 0, this value is an approximation of the radius where the
resonances of order m are located, so we look for Al such that [, + Al is a solution of
%(1, (pj), where ¢; = %,]’ =0,...,2m—1.

Given ¢;j, we want to solve the equation g(I) = w(I) + (—1)/F13(21)"/2~1 = 0. If Al; =
I — I, then g(I) = 0 if and only if w(Al; + I.) 4+ (—1)/T12"/272(AL; + I,)™/>~1 = 0. Note
that, since w(I) = 0, one has

(AL + L) = w(ALj + L) — w(L) = AL@(AL, L),

where @(0,0) = w'(0) = 47tby # 0.
We consider the function G : R x R — R, given by
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Since m > 5, G is a C! function. We have that G(0,0) = 0 and %(O, 0) = @(0,0) # 0.
]

By the implicit function theorem there exists an open neighbourhood U of v = 0 and a
function Al;(v) such that G(A;(v),v) = 0 for all v € U. Chosen Al; small enough, one can
assure that I. € U, so that G(AI;(L.), I) = 0, which is equivalent to g(I. + Al;(L)) = 0.
This shows the existence of the correction function.

Moreover, Alj(v) = AI;(0) + (AL)' (0)v + O(v?), with AI;(0) = 0 and

-1
(ALY(0) = - (a"jﬁ](o,m) 20,0

= —(4rtby) 7t (1) i)

_1)j+1 21
Then AL(L) = S8 (14 O(L)).

Therefore the fixed points are (¢;,I) = (%,I* + AIj) forj =0,...,2m — 1. We compute
the eigenvalues of the fixed points to get its stability,

P 2 m % 2 nr
A=+ [(21)%(-1)] (M;;;(I)—FO((ZI)ZZ))} , 87;712(”:4nb1+0<5”>,

where y = min{1, (m/2) — 2}.

Thus the fixed points such that j is even are hyperbolic, denoted as H = (Iy, ¢p), while
the ones with j odd are elliptic and denoted as E = (Ig, ¢r).

From theoremwe have that the fixed points of H satisfy the condition K(I, ) — (I, ¢) =
dr=1(L, @) + (’)(IWZHU) — (I, ¢) = 0, where ¢;_1 is the time one flow generated by H.

m+1+v

Bounding O(I" 2 ) by O(IMTH) one get

m+1

$=1(L,9) = (L9) + O(I'7) = 0.
Skipping the last term, the determinant of the differential of this equation at the fixed
points is —47tbym(21)? cos(mg;)(1+ O(8)) # 0. Then by the implicit function theorem
K has the same number of periodic orbits located close to the ones of ¢;—;. Note that,
when taking into account the effect of the remainder, the corrections will depend on the

concrete value of j. But they are small enough to be neglected.
O

3.4.3 Resonant islands

The invariant manifolds of the hyperbolic points H of the same resonance bound a chain
of islands. The following theorem determines the width of an island in BNF,, coordinates,
see [36].

Theorem 3.10. Assume H and E are on the same island. Denote by p and q the points of the
pendulum-like separatrices such that the distance from the circle of radius Ir reaches a maximum.

Let 6, and &, be these distances. Then the width of the resonance of order m > 5, 5, + 6, is O(I;Zn ).
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Proof. Suppose b; > 0, the case for b; < 0 is analogous.

To look for the distances J, and J; up to first order, we use that p and g are on the separa-
trices and so H(H) = H(p) = H(g). We will do the computations for p and the argument
can be repeated for the point 4.

Given H = I, + Aly and E = I, + Alf, we use the Taylor expansion of H,

oHur oH,
H(H) = H(L + Aly) = Hor (L) + Hy (I, 011) + ( 3‘1 (L) + ; (1*,¢H)> ALyt -
aHnr aHy

H(E) = H(L + Alg) =HW(1*)+H7(1*,(,)E)+( Mo (1) 4. 21 (1*,(,,,5)) Alp b -

Forp = E+(5p, we get

oH 10°H , . »
E)I( )op + 2W( )%

Imposing that 7 (H) = #H(p), the non-resonant terms are cancelled and we have that

oH oH
ML)+ (T3 (1) + G2 (1) ) B+

B OHnr IH, IH 10°H . o 3
—Hr(l*;(PE)+( LT (I*,§0E)> Alg + =5 (E)oy + 5 =57 (E)o, + O(5).

H(p) = H(E) +

We compute the terms of this equality to get an approximation of 5,;.

Since I = I, is a curve of fixed points of the Hamiltonian ’Hm, ( I,) =0. AsEisa
fixed point of H, 2% (E) = 0.
Moreover H, (L., ) = —Hr (L, ) = %(21*)%, and thus

aHr aHr _ m_l
SrLoon) = =5 (Loog) = @1)% 7,

Finally, Al = —AIg + 0(1*7) nd %1?2{( ) = 4mby + O(I!') where y = min{1, % — 2}.

Therefore H(H) = H(p) is equivalent to
2 —(2L) 7 +2(2L) T ALy = 27thy 62 + O(1462, 65).

Since Al is the correction of the fixed point, it is of order LS ! and so the term 2(2L) 2 1AIy
is of order O(I"~2). Therefore

2 n _
—(2L)* = 21th165 + O (112, 1163, 5).

From this equality,

- 1/2
by = <W> (1+0(IY)).

mnbl

Doing analogous computations, we get that 5, = O(I"*) and then the width of the
resonance of order m > 5, §, + 4, is O(IM*4). O
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This theorem explains the growth of the resonant islands when they leave a neighbour-
hood of the origin. Nevertheless, we remark that this result is local, in particular it is only
valid in the domain where BNF,, gives a good approximantion of F. Moreover it ignores
the presence of other resonances in phase space.

The phase space of the Birkhoff normal form just contains the invariant curves and the
island of period m. However we are interested on the dynamics of the two-dimensional
map F, which in a neighbourhood of a fixed point can be seen as a perturbation of the BNF.
Clearly the island structure remains similar, because hyperbolic points are persistent, but
the unstable and stable invariant manifolds of the hyperbolic points generically will not
coincide (and in the analytic case, have an exponentially small splitting in the perturbation
parameter). In the next section we are going to study the persistence of invariant tori.

3.5 Persistence of invariant objects

As we have seen in the previous section, the Birkhoff normal form of an area preserving
map can be expressed as a perturbation of an integrable twist map

F(Lg)=(I+g(p Le),o+a(l)+f(g1e),

where f and g are periodic functions of period 27t on ¢. By hypothesis, any twist map
has invariant curves, so we want to see if they persist for F;. Hence this section is devoted
to ensure the existence of invariant curves for area preserving maps, which is given by
Moser Twist theorem, see either [6] or [34].

Theorem 3.11 (Moser Twist). Consider the map given by
E(l9) = (I1+8(p Le), ¢ +a(l) + f(g, L e),

defined in the annulus |I — Iy| < p, where I, ¢ are real variables, f,g and w are real analytic
functions and, f and g are periodic in ¢ with period 27t.

Assume also that F, satisfies the following conditions:
1. F; is an area preserving map and  satisfies ‘Zl—‘}‘ # 0.

2. Any closed curve I = 1(¢) = I(¢@ + 271) near a circle and lying in the annulus intersects its
image Fe(1).

3. Let I* belong to the annulus and be such that w = «(I*) satisfies

w P‘ >
2 q| " lql”’
for some w > 0, T > 2 and all integers p,q # 0.
Then if € is sufficiently small,
(a) There exists a closed invariant curve
T, I) = (¢ +G(g€), F(g,¢)),

with 0 < ¢ < 27, such that F and G are real analytic, periodic with period 27t and tend to
zero if e — 0.



3.5 Persistence of invariant objects 35

(b) The map F; on T is a rotation with rotation number w and is given by ¢ — ¢ + w.

Although we do not include the proof of this theorem, we want to comment on several
aspects of it, so that the conditions required in the theorem can be properly understood.

1. Note that the conditions [1| and [3| of the theorem are satisfy for many values, so
there exists many invariant curves on the annulus for a small value of e. The third
condition is called the Diophantine condition and deals with the problem of how
the rotation number w is approximated by rational numbers. In particular, it can be
shown that the subset of w values for which condition Bl does not hold has measure
zero, see [5].

2. To see the existence of the invariant curve I', one strategy is to use an infinite se-
quence of changes of coordinates such that at each step, the new map is closer to a
twist map. That means that we apply successively changes of coordinates U; such
that the new map F; is closer to a twist map, and satisfies U;F; = F.U;. This equal-
ity yields to a system of differential equations, that has a solution if w satisfies the
Diophantine condition. This is called the problem of small divisors.

3. It is proved that the Fourier series converge despite the presence of small divisors,

[6].

4. The twist condition is needed to assure that the homological equation has zero mean
and the requirement that ¢ is small is needed to make the sequence of changes of
variables convergent for a diophantine frequency.

This theorem allow us to prove the existence of invariant curves for the Poincaré map.
That means that the corresponding invariant tori of the original three dimensional vol-
ume preserving flow also persist.

An alternative approach to prove the persistence of the tori for the flow could be to apply
KAM theory for three dimensional conservative flows. Although we postpone to future
works the detailed study of KAM theory for three dimensional flows, we mention two
possible strategies.

Note that in a neighbourhood of an elliptic periodic orbit, the flow has two angles and one
action, hence the frequency map is not one-to-one. This means that the frequencies of an
specific tori cannot be maintained when perturbing. The standard KAM techniques can
be adapted to this setting by adding extra parameters. We refer to [11] for further details.
Here we just want to mention that with these ideas the persistence of a Cantor set of tori
can be proved.

Another way to prove the persistence of the KAM tori in this setting could be to apply the
ideas of [12]. Although in the reference the theorem is stated by diffeomorphism, it seems
to hold with minor modifications for limiting flows of a family of near-the-identity maps.
This result gives the existence of invariant tori in a small neighbourhood of the elliptic
curve.



Chapter 4

Invariant manifolds and their
splitting

In this chapter we compute the invariant manifolds of the Michelson system. The illustra-
tions below show that the one dimensional invariant manifolds do not intersect while the
two dimensional ones intersect transversely along heteroclinic orbits. We present some
available results describing the asymptotic behaviour of such splittings.

4.1 Invariant manifolds

As we have seen in section the stable and unstable invariant manifolds of the saddle-
focus fixed points x+ are such that dim W*(x;) = dimW5(x_) = 2 and dim W*(x;) =
dim W*(x_) = 1. It is important to study the intersection of the invariant manifolds and
their splitting. Transversal intersections create chaos and the splitting size is related to the
size of the chaotic zone created.

To get a numerical approximation of the invariant manifolds of the system, we will use a
linear approximation of the manifolds using the corresponding eigenvectors. Recall that

B —Axy i\ /303, +4 cC

the fixed points x+ = (£1,0,0) have eigenvalues A € R and yi = 5
Then the eigenvectors are v, , = (1, Ay, A2,) and Uy = (L, y;—lz) respectively.

For the one-dimensional manifold, we simply integrate an initial point chosen closed
enough to the fixed point in the direction of the eigenvector v, , . For the two-dimensional,
we consider a set of initial conditions x+ + év where v € (u)f,, 5, ) and 4 is the distance
to the fixed point that we choose accordingly to have the desired accuracy in the linear
approximation. For illustrations, we choose 1 = 123 points at a distance J.

The propagation of the initial conditions is performed using the Taylor method to integrate
the flow. In Figure one can see the one-dimensional and two-dimensional manifolds
of the fixed points x4 for e = 0.01.

As we have seen in sectionf1.2} for small values of ¢ the manifolds nearly coincide and the
two-dimensional manifolds delimits a set of two-dimensional tori which resembles the

36
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bubble of stability of the limit system.
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6x1072
4x107°
2x107°

0
—2x107°
—4x107°
—6x107>
—8x1075_
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Figure 4.1: Invariant manifolds of the Michelson system for ¢ = 0.01.

For all ¢ > 0, see for example Figure the manifolds do not coincide. In particular,
the one-dimensional manifolds rotates one around the other one. This creates a channel
through which point can travel from a neighbourhood of x_ to x4. By the A-Lemma, see
6], the three-dimensional loops originated by the splitting of the two-dimensional
invariant manifolds accumulate towards the one-dimensional invariant manifold, and
peaces of the two-dimensional stable and unstable manifolds are contained in the channel
and are responsible of the chaos inside. This is illustrated in Figure where the inter-
sections of the two-dimensional invariant manifolds with a suitable sections is shown.

Figure 4.2: Invariant manifolds of the Michelson system for ¢ = 0.15.

The two-dimensional invariant manifolds intersect transversely, so that we can compute
the splitting of the manifolds in a suitable section for some values of the parameter ¢, as
we will see in section 4.2

In particular, in Figure [4.3| one can see the intersection of both one-dimensional and two-
dimensional invariant manifolds with the Poincaré section ¥ = {z = 0}, for values of
e =0.1 and 0.15.
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Figure 4.3: Intersection of the invariant manifolds with the Poincaré section £ = {z = 0}
for e = 0.1 and 0.15.

4.2 Assymptotic behaviour of the splitting

As pointed out before, the main features of the phase space of the Michelson system are
consequences of the fact that it is a perturbation of a system having a bubble of stability.
For three-dimensional flow, such a bubble structure is, generically, created at a Hopf-zero
bifurcation. This bifurcation describes how a point bifurcates into a pair of saddle-foci
that, for suitable parameters of the unfolding, their unstable and stable two-dimensional
manifolds form an invariant ellipsoid, that is the bubble. At the bifurcation instant, the
fixed point (the HZ singularity) has a zero eigenvalue and a pair of simple purely imagi-
nary eigenvalues.

One tries to investigate the possible dynamics near an HZ singularity. To this end, the
system is embedded into a two-parameter arbitrary family of systems (with divergence
zero, in the conservative case). The formal series expansion of an arbitrary system of the
family is simplified by reducing the system to normal form. One can see, [19], that generic
unfolding of HZ singularities of codimension two can be written, at the 2-jet level as

x' = —y+pux —axz,
v =x+py—ayz, (4.1)
7 = A+ 22+ b(x% +2).
Here A, u are the parameters of the family. The previous unfolding preserves volume if
# = 0and a = 1. In this case, the Hopf-zero bifurcation is of codimension one.

When p = 0, the unfolding has a rotational symmetry and the two-dimensional unstable
and stable invariant manifolds of the saddle-foci coincide. Taking cylindrical coordinates

r = +/x% +y%, when u = 0, the function
b
H _ 2/a 2, b 2
(r,z)=r (A+z i)
becomes a fist integral of the family.
The integrable structure can be destroyed under the effect of higher order terms. Un-

der generic conditions, one can prove that there exists a bifurcation curve in the two-
parameter phase space, where system shows again an invariant ellipsoid formed by the
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two-dimensional invariant manifold of the equilibrium points at the vertical axis, see [20].
Generically, the 2d invariant manifolds will intersect transversely and the two-dimensional
connection between the one-dimensional invariant manifolds will break. The splitting of
the invariant manifolds makes homoclinic orbits possible.

We shall describe the asymptotic behaviour of both splittings. To this end, we need to
introduce suitable splitting functions. For concreteness, we will focus on the Michelson
system, that corresponds to an unfolding of the HZ singularity with values a = 1
and b = 1/2, as was pointed out in [8].

To study the }Jhttmg functions of the Michelson system (I.I), we scale the variables X =

—x,Y = — —e72/3z,7 = ¢1/3t, 50 that it can be expressed as

. dt

X = —X— —ye 3=,

1/, ~1/3,.-1/3

Y = ydT = —¢ ze =7, 4.2)

. dt

Z= —8_2/37;E = 2BE1-x)—ye P =—1-2?)4ely=-1+X>+ay.
where & = —e72/3 > 0.

As we have seen in section[I.1} it has a Hopf-zero bifurcation when ¢ — 0, or equivalently
when # — —oo. Given the fixed points X+ = (%1,0,0) we want to study the behaviour
of the splitting of the one-dimensional and two-dimensional invariant manifolds when
a — —oo, [15].

Since the Michelson system is reversible for R(X,Y,Z) = (—X,Y,—Z), we can do com-
putations for invariant manifolds of X_ and use reversibility to find the equivalent for X .

To measure the splitting of the one-dimensional manifolds, one can measure the distance
between the first intersection of W*(X_) with X = 0 and W*(X,) with X = 0. Indeed,
by reversibility, if the first intersection of W*(X) with X = 0 occurs at (Y*(«), Z*(«a))
then the first intersection of W*(X_) with X = 0 occurs at (Y*(«), —Z*(«)). Then one can
measure the splitting in the Z direction and it can be given as S (x) = 2||Z* («)]|.

The asymptotic behaviour of the splitting of the one-dimensional manifolds of the Michel-
son system was given in [33]. The authors consider the equation

(5w///+w/:1_w2 lzi

4 ds 4
which is equivalent to the Michelson system {@2) for w = X,w’ = —aY and w” = —a?Z,
and reescaling the time by s = a~'7 where « = —6~1/3, and prove the following theorem.

Theorem 4.1. For the unique solution w(t) satisfying w(0) = 0, w’(0) > 0 on [0,00] and

w(oo) =1, we have
w” (0) ~ AS 2exp (> ’

as 6 — 0T for some positive constant A.
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Since Z = —a?w”, this theorem gives an approximation of Z*(5), which is the Z coordinate

of the intersection point of W* (X ) with X = 0. Hence the splitting function is given by

3 (6) = 2|2 (8)|| = 2452 ex (‘") +o (‘”)
0) =212 (0)] p(57) o (5o
Taking into account that 671/3 = || = £72/3, the splitting function between the one-
dimensional invariant manifolds of the system is SW(e) = 281 (£2), which is
given by

S(l)(s) = Ce 2exp (—%) +o (exp (—2—72)) , (4.3)
for some positive constant C.

Numerically we can check this behaviour by computing for different values of ¢, the in-
tersection between the one dimensional invariant manifold W”(x_) and x = 0. Due to
reversibility of the system, the splitting function is given by S() () = 2||z*(¢)|| where z*(¢)
is the z coordinate of the intersection. In Figure the logarithm of the splitting S(!) (e)
is shown as a function of e.
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-1.3
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Figure 4.4: Left: Logarithm of the splitting S()(¢) as a function of ¢, for ¢ € [0.03,0.12].
Right:

If s depends on ¢ as ae” exp (—£), we have that
elog(SM) ~ ae 4 belog(e) — 11/2,

and we can look for a function f(x) = ax + bxlog(x) + c that fits elog(S()). Performing
the fitting for ¢ € [0.03,0.04] we obtain b = —2.52612 and ¢ = —1.57942. Moreover, im-
posing that ¢ = —71/2, we get that b ~ —2.27875. The results are compatible with the
splitting function In Figure 4.4|right, we represent both ¢S! and the fitting function.

Moreover, in [15] it was observed that for all € > 0 there is no solution with x(f) monotone
and connecting the equilibrium points along the one dimensional invariant manifolds. As
a consequence

SW(e) £0foralle >0, (4.4)
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that is, the one-dimensional invariant manifolds never coincide. This is shown in Figure
where we see that one manifold rotates around the other one.

To measure the splitting of the two-dimensional manifolds, one can introduce a suitable
splitting function S(?). The section X = 0 is not transverse to the flow along W*(X,),
but in [15] a suitable section was introduced such that it first intersection with W*(X.)
is a closed curve. The section for the system is given by T = {(X,Y,Z) € R® :
3(X,Y,Z) =0} where

§(X,Y,Z) = |a*X + (Ja|® —2)Z + (|a]Y — 1)(2|a|X +3Z/2).

Using coordinates x, y and z of the system (L.1)), this section correspond to £, = {(x,y,2) €
R3: ¢(x,y,2z) = 0} where

vy z)=x+(1- 282)2 —e(y+e)(2x+3/2z2).

Clearly this function respect the symmetry (x,y,z) — (—x,y, —z).

2
15 ¢
nl
0.5
ol

Figure 4.5: First and second intersections of W*(x, ) and W*(x_) with X, for ¢ = 0.12.

The intersections of W"(x ) and W*(x_) with X give two closed curves that are topo-
logically S!. These intersections are shown in Figure To measure the splitting, one
considers radial coordinates (r, @) in X and, for each angle ¢, the distance in 7 is mea-

sured. This gives a function $() (¢, ¢), which measures the absolute value of the difference
of the corresponding radii of the intersection of W" and W* with X.

For the Michelson system, in [8] it was shown that the splitting function is bounded by
(2 < Ce4 _r
S\ (p,e) < Ce *exp ( 2€> ,
for some positive constant C. The exponential part and the power of the prefactor of the
previous upper bound also hold for the asymptotic behaviour of the splitting as a function

of ¢, but the constant C should be replaced by a bounded function depending on &.

We see in Figure [4.5| that the invariant manifolds intersect in two points, located in x = 0,
one in y ~ 1.76 and the other one in y ~ —2.64, for ¢ = 0.12. The fact that there exists



42 Invariant manifolds and their splitting

exactly two heteroclinic connections for &€ small was observed in [15].

For any map of the family of the unfolding of the HZ singularity with 2 > 0 and
b > 0, which are the cases for which the unfolding has a bubble structure, the same
splitting functions are introduced and similar upper bounds can be obtained. Concretely,
in [8] the authors prove

s < Cpem (0 exp (—%) ; 5@ < Czs_z_% exp (—2—7;) ,

for some constants C1,Cy > 0.



Chapter 5

The Michelson map

In this chapter, we would like to comment on some aspects of the dynamics of a conserva-
tive three dimensional flow under a periodic forcing. This type of systems can be reduced
to three dimensional volume preserving maps. To be able to perform some computations
to illustrate the dynamics of these kind of maps, we will focus in the study of a discretiza-
tion of the Michelson system.

The Michelson map that we consider is obtained as follows. Performing one step of the
Euler method with step size ¢ > 0 to integrate the Michelson flow we get

with ¢ > 0. This map does not preserve volume so we slightly modify it. The map
¥ = M, (x) that we are going to use is

u=u+g¢v
U =0+ QW (5.1)

This map was introduced in [27], but several questions about its dynamics remain open.
This system is clearly volume preserving since

1 Q 0
detDMep = | —2ueg® 1—¢* ¢ | =1—¢* —2u?¢® + ¢* + 2ue’p? = 1.
—2ueq - 1

The map M, has fixed points p+ = (£1,0,0). To study the stability of these points with
respect to the parameter € and ¢, one consider the linearised system at p+ and study the
eigenvalues of

1 Q 0
DMey(ps) = | T29* 1-¢* ¢ ].
F2eq -9 1

Thus the eigenvalues are solutions of the equation P(A) = A3 + (¢? — 3)A? + (42e¢> —
> +3)A—1=0.

43
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We have computed those eigenvalues numerically, for different values of € and ¢, both be-
tween 0 and 1. We get that both fixed points has a real eigenvalue A, , and two complex
conjugated y?}i. One can see in Figurehow the eigenvalues depend on the parameters
e and ¢. As we can see, in both cases when ¢ tends to zero, the eigenvalues have a linear
behaviour. Therefore, we can assure for € € [0,1] and ¢ € [0,1] that both fixed points p+

0000 === MR
SRR O® O RDENON S

Figure 5.1: Left:Real eigenvalues A,,. Right: Modulus of the eigenvalues ‘ua. In both
plots, the eigenvalues of p are shown in purple and the ones of p_ in blue.

are of saddle-focus type and they have the unstable and stable invariant manifolds such
that dim W9 (p4) = dim W*(p_) =1 and dim W*(py) = dim W*(p_) = 2.

As for the Michelson flow, we will show numerically, that the two-dimensional invariant
manifolds of the map do not coincide, and that their intersections provide a continuum of
heteroclinic orbits of the map.

We note that the Michelson system does not admit any smooth reversibility. We recall that
a map F is reversible if it is conjugate to its inverse by an involution R, that is, if there
exists R such that RoF = F'oR, R? = Id.

Theorem 5.1. The Michelson map M, does not admit any smooth reversibility R.

Proof. M, is a quadratic volume-preserving map of R3. By denoting X = (x,y,z), b =
M, (0), A = DM, 4(0), v = (0,0, )T, and P = —2q0€e1elT, where ¢; is the i-th vector of the
canonical basis of the linear space R3, one has,

1
Meo(X) =b+ AX + EXTPXe3,

that is,
X 0 1 @ 0 x
Moo | v | =1 ¢ |+ 0 1-¢> ¢ y
z Qe 0 —-¢ 1 z — pex?

In particular, we have expressed M, as the composition of an affine map with a quadratic
shear. The result follows from Lemma 5.2 in [24] since, performing the linear change of
variables X = U¢, where

0 0
U=1| ¢ 01,
1 1

=N
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where T = Tr(A) = 3 — ¢?, one obtains
y _ -1 _ -1 -1 1or _ 2, T
Mey(E) = U "Mp(UZ) =U b+ U "AUZ + 26 Qle;, where Q= —2e@t ese,,

that is, the symmetric matrix Q defines the form Q(¢,2) = TzezezT (’,‘%. This quadratic form
does not verify Q(¢1,¢2) = Q(&2,&1), which is a necessary condition to have a reversibility
R.

As an alternative, one can proceed directly by assuming that exists an smooth reversibil-
ity R. Then R verifies R(p;) = p— where p+ = (£1,0,0) are the fixed points of M.
On the other hand, since both Mg, and M, q% are quadratic, R has to linear. From
RM_,pR(x) = M 4(x), one obtains DM ;(p-) = R(DMg,(R(p-)) = RDM(p+), hence
R = DMS_,ql,(p,)(DMg,gg(pg)_l. One has

B 1 —9 9’
DMS,(p(P—> = 0 1 5 2_4) ’
—2ep @+2e9° 2—¢°— 2€(p3
and
1 @ 0
DMeg(p+) = | —2¢¢* 1-¢* ¢
—2e¢@ —¢ 1

A direct computation shows that R = (R;;) is such that Ry; = 1+ 2e¢3, which contradicts
the fact that R(p4) = p—.
O

The fact that M, is not reversible makes the numerical computations more involved.
From now on, we will fix ¢ = 0.1 for numerical computations.

5.1 Visualizing the dynamics of a three dimensional map
in two dimensions

In the case of volume preserving flow, we defined in section [2|a Poincaré section such that
the corresponding Poincaré map was an area preserving map. Given a map one cannot
define a Poincaré section, but we can do a construction, called slices, that allow us to
visualise the dynamics in a system of a dimension reduced by one.

The idea of this method is to consider a hyperplane X and plot all the iterates of the map
that are at a J distance of £. Note that in this way not all crossing of the orbits are cap-
tured, so it can take many iterates to get a suitable number of points in the slice.

In particular, for the Michelson map we have considered the plane {z = 0} and compute
all the points that are on a slice of width § = 10, In Figure a projection of those
points to the {z = 0} plane is shown. In this case, given an initial condition that do not
scape, the maximum number of iterates that we need to obtain 1000 points on the slice is
22332592 for ¢ = 0.14.

An alternative to this method, is to use an interpolation of the iterates of the map M; .
When a crossing x( is detected we consider n positive and n negative iterates of the
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Figure 5.2: Slice of system for ¢ = 0.10 and 0.14, with a width 6 = 104

point and we compute the interpolating polynomial P, 1(t) of degree 2n + 1 such that
Pyy41(n) = xn, where x,, denotes the n-th iterate of the map M, (xo). Then we plot the
intersection of the polynomial with the hyperplane.

Considering the plane {z = 0}, we plot those intersections for the Michelson system in
Figure using a polynomial of order 10. Note, that with this method, each time the
map crosses the plane we get a point of the plot. The maximum number of iterates of an
orbit that do not scape that we need to visualize 1000 point is around 62811 for ¢ = 0.14.
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Figure 5.3: Visualization of the intersection of the Michelson map with {z = 0} using the
interpolation, for e = 0.10 and & = 0.14.

The fact that we obtain good visualizations with less iterates helps in analysing the dy-
namics in higher dimensions as it was stressed in [17]. The derivative of the polynomial
at xo defines a vector field. For near the identity maps such a vector field can be seen
as the vector field obtained by suspension and after performing several averaging steps
(depending on the distance to the identity of the map and the degree of the interpolating
polynomial) to remove the dependence on time (which is a fast variable of the suspension
for close to identity maps, see comments on the suspension and averaging process in sec-
tion 3.4.1).

Note that the dynamics that we observe using any of the two methods is not two-dimensional,
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so we cannot assert the same results as for a volume preserving flow. For example,

¢ The "fixed point" that we see in the plots corresponds to the intersection of a nor-
mally elliptic curve I', or of the polynomial that interpolates the iterates of points of
the curve, with the plane {z = 0}. For a fixed value of ¢, the rotation number of I'
changes with respect to ¢ and becomes rational for a dense set of values of e.

* The curves that we see in the plot are not invariant curves, they are projections of
two-dimensional tori of the map. There are KAM theorems adapted to this setting
that guarantee the persistence of the tori for the map near I, see [13] and [38].

¢ For an area preserving twist map, the Aubry-Mather theory, see [26, 9], shows that
after the destruction of rotational invariant curves, there is a remnant in the phase
space, which is a Cantor set (the Aubry-Mather set). There is no analogous of this
theory for three dimensional maps. This means that what we do not know the
structure of what we observe as invariant curves with holes near the boundary of the
stability domain. The mathematical description of the transport properties through
the holes remains unknown.

* What seems to be resonant islands in the plots, correspond to three-dimensional res-
onant structures. It would be interesting to derive a suitable normal form around
I' to analyse and classify such structures, in a similar way as we did for resonant
islands of volume preserving flows in section Note that since we have three fre-
quencies, there are rank one and rank two resonances, which gives different struc-
tures, [14]. A generalization of the Poincaré-Birkhoff theorem to this setting,
showing the existence of normally hyperbolic invariant curves that maps one into
another, can be found in [12].

Concerning the first item of the previous list, we can proceed as follows to illustrate how
the rotation number varies with e. Consider the interpolation procedure explained to get
points in z = 0. We look for a fixed point x* on z = 0 of the map G = P o M{}, defined as
follows. Given an initial point on z = 0 we fix m to be the number of iterates that needs
the point to complete a revolution near the normally elliptic invariant curve I' and cross
again z = 0. The map P maps the final point (after the m iterates) to the corresponding
point in z = 0 by assigning the intersection of the interpolating polynomial p, with the
plane.

Using jet transport through the Lagrange interpolation algorithm to compute p;,, we can
compute DG at the initial point. This allows us to use Newton method to find the fixed
point x, of G. Moreover, if t* is the value for which p(t*) € {z =0} then p = 1/(m + t*)
gives an approximation of the rotation number of T'.

In figure[5.4 we show p as a function of e. For ¢ = 0.1 and & < 0.25 the plot shows that the
lowest period expected for points on I' is 63. If we take values of ¢ in this range we will
observe the iterates of x* spread along I'. Taking larger values of ¢ we can observe rational
values of p with smaller denominator. For example, for ¢ = 0.619 we can determine ¢ so
that p = 1/10. The iterates of x* in this case form a periodic orbit of period 10.

In the remaining of this chapter we investigate the existence of heteroclinic connections for
the map. Note that the two-dimensional invariant manifolds generically intersect along
a one dimensional manifold in a three-dimensional space. This means that we expect to



48 The Michelson map

0.01593

0.01592
0.01591 ¢
0.01590 r
0.01589
0.01588 r
0.01587
0.01586 |
0.01585

0.01584
0

0.1002

0.1001

0.1

0.0999

0.0998

0.0997

0.0996

0.05 0.1 0.15 0.2 0.25

Figure 5.4: Left plots: We display p as a function of € for ¢ = 0.1 (top) and ¢ = 0.619
(bottom). The green line determines € ~ 0.1347 for which p = 1/10. Right plots: We show
1000 iterates of x4 for ¢ = ¢ = 0.1 (top) and ¢ = 0.619, € = 0.1347 (bottom).

have a continuum of heteroclinic connections, [25]. As far as we know, theoretical results
of the splitting of these manifolds are not available, hence a numerical investigation would
be of great interest.

5.2 Invariant manifolds and heteroclinic orbits

To compute an approximation of the two-dimensional invariant manifolds of the fixed
points p+ we use the parametrization method. The idea of the parametrization method is
to find a parametrization of W"(p4) as a function tangent at p, to the two-dimensional
eigenspace generated by the eigenvectors of DF(p.). This leads to the so-called invariance
equations.

Let A : R? < €2 — C? be the vector field associated to the eigenvectors of DF(p..),

defined as
(Sl> (§> (7’[’” _0 ) <§> (P_l’”s_) '
52 5 0 fip, ) \5 Ap,S

We consider the parametrization of W*(p.), K as a sum of homogeneous polynomials of

where s = s1 + isy.
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degree r =i+ j, (u,v,w) = K(s,5) = (u(s,5),v(s,5),z(s,5)), that is

u=u(s,3) = Z Déi]'SiS_j,

r=0
v=20(s,5) =) Bijs's,
r=0
w=mw(s,35) =Y vijs'd.
r=0

such that K(0,0) = p,. Therefore, the invariance equation is given by
F(K(s,5)) = K(A(s,5)), (5.2)

where K(s,3) = (u(s,3),v(s,5),2(s,5))T and A(s,3) = (us,15)". This is equivalent to the
system

Z le']'Sigj + @ Z ﬁijSiS_j — Z t){l‘]‘)\isi)_tjgj =0,

r=0 r=0 r=0
2
Y Bijs'd + o | Y vijs'd + ¢ e|1- (2 aijsi§j> — Y Bijs's | | — Y BijAls' Vs =0,
r=0 r=0 r=0 r=0 r=0
2
Y yijs'd + |e|1- (Z DéijSiS_j> — Y Bijs's | — Y yijAls' g
r=0 r=0 r=0 r=0

Solving this system, we will find coefficients a;j, f;; and 7y;; that will give us an approxi-
mation of the two-dimensional invariant manifold. We will solve the previous non-linear
system of equations order by order. At order zero we obtain the condition of being a fixed
point of the system. At order one the condition becomes the one of the eigenvectors of DF
at the fixed point. Once we choose the desired point p+ and normalized eigenvectors as-
sociated to ., fip, , the coefficients of order k of the parametrization can be determined
since they are solutions of k + 1 three-dimensional linear systems with matrices of the
form

DM o (p+) — diag(p,, iy ),
with i + j = k, and with right-hand determined by the previous orders. We solve the linear

system using, for example, Gaussian elimination with partial pivoting. We use PARI/GP
internal routines to facilitate the implementation, [10].

We have done these computations up to order 10. Note that we also need to com-
pute the domain of the Taylor expansion of the invariant manifolds W*(p ), where the
parametrization gives the desired accuracy (in computations we use 1072 of accuracy
with 58 digits in arithmetic computations). Then, inside this domain, we define a fun-
damental domain that captures an iterate of any orbit on W*(p.). Such a domain is an
annular region in (sq,s;) coordinates, of the form [rmax/ mod (jp, ), rmax) x S! in terms
of polar coordinates in the sq,sp coordinates. We look for an optimal rmax inside the pre-
vious domain.

When computing the invariant manifolds of the Michelson flow, we used that the system
was reversible, so that computing just one the manifolds we could get the other one di-
rectly. In this case there is no reversibility, so we have to compute both two-dimensional
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Figure 5.5: Invariant manifolds W"(p.) (in purple) and W*(p_) (in blue) of the Michelson
map, for e = 0.1 and ¢ = 0.1.

invariant manifolds W"(p4) and W*(p_) using the parametrization method explained
above. Once we get the parametrization of both manifolds, we choose points in the fun-
damental domains that we iterate to get a visualization of the global manifolds. The
invariant manifolds for e = ¢ = 0.1 are shown in Figure

We can see that both invariant manifolds do not coincide, and that the two-dimensional
invariant manifolds go through the channel created by the one-dimensional manifolds, as
we explained in the case of the Michelson flow.

To see this behaviour clearly, we can project a set of orbits on the two-dimensional invari-
ant manifolds onto the plane {z = 0} using the interpolation explained in the previous
section.

The results are shown in Figure In this plot we see that the invariant manifolds does
not coincide, and the intersection points correspond to the heteroclinic connections of the
map. In this section, we could also study the splitting between the manifolds. However
what we see in the plots are projections of orbits of the invariant manifolds onto {z = 0}
using the interpolation.

As we have mentioned, the Michelson map has heteroclinic orbits lying in the intersection
of the two-dimensional stable and unstable manifolds of the two fixed points. The exis-
tence of a continuum of heteroclinic orbits for volume preserving maps, was observed in
[25].

To compute the heteroclinic orbit, we observed that we have four variables and three
conditions. The four variables correspond to (s!,s}) of the parametrization of W"(p)
and (sj,s3) of the stable manifold W*(p_). The three conditions are the following. We
consider suitable number of iterations for points on both fundamental domains, say n;
and 7, respectively. Hence the conditions are

Mg (K*(s1,53)) = Mgy (K (s1,53))-

Hence we proceed as follows. We fix a radius 7, on the fundamental domain of W*(p),
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Figure 5.6: Intersection of the invariant manifolds W*(py) and W*®(p_) with the plane

{z =0}.

and we define a function
Q(Ts/ Ou, 95) = M?]?p (Ku (Tu/ 914)) - MZs(P (Ks (rs/ 95))/

where (r,,6,), and (rs,05), are the polar coordinates in the (s},s%) plane, and (sj,s3)
respectively. Thus, we solve the equation Q(s, 6y, 65) = 0 by Newton method.
By changing the fixed radius r,, we obtain different heteroclinic orbits of the continuum.

For ¢ = 0.1 and ¢ = 0.1 we have computed the parametrization of the stable and unsta-
ble manifold up to order 20, requiring a precision of 1072° for points in the fundamental
domain. The number of iterations are n, = 62 and n; = 445. The fundamental domain
for the unstable manifold is [rmin, rmax) = [rmax/|up_|,rmax) with rmax = 0.275 and
|ttp_| = 1.019. In Figure we show the heteroclinic orbits computed solving Q = 0 with
ry = rmin and r, = (rmin + rmax) /2.

Figure 5.7: An heteroclinic orbit of the Michelson map for e = 0.1 and ¢ = 0.1.

As we already mentioned, we do not know any result describing properly the asymptotic
behaviour of the splitting of these manifolds for ¢ fixed and ¢ tending to zero. This would
be an interesting problem to work on in the near future.



Conclusions

In this work we have studied some properties of conservative three-dimensional flows by
using different analytic and numerical techniques from dynamical systems. In particular
we illustrated some aspects of the dynamics of the Michelson flow for relatively small
values of the parameter.

The reduction of the three-dimensional flow to a Poincaré map leads us to study general
results of area preserving maps. We used the Birkhoff normal form around an elliptic
fixed point to prove the existence of periodic orbits of the map, along with the structure
of resonant islands. We also discussed the persistence of KAM invariant curves when
perturbing the system. Last thing we discussed concerning three-dimensional volume-
preserving flows, was the behaviour of invariant manifolds and that they have an expo-
nentially small splitting. The phenomena described for the map has been interpreted in
terms of the three-dimensional flow, with special emphasis on the Michelson system for
which several computations were done.

As pointed out in the introduction, there are many results in the bibliography devoted
to conservative three dimensional flows. However, when considering three-dimensional
volume-preserving maps, there are still many open questions about their dynamics. Cer-
tainly some important results have been generalised to this setting. For example there are
versions of KAM theorem’s that guarantee the persistence of invariant tori with varying
frequency. Also there are generalizations of the Poincaré-Birkhoff theorem. But there are
still many other structures in phase space that need further investigations. We devoted the
last chapter to emphasize the differences between the continuous and the discrete Michel-
son systems.

Simple visualizations of the phase space structure showed a resemblance with the flow.
Nevertheless, the map is dynamically richer as expected from the fact that it has an extra
frequency if we think at the level of its suspension. We showed that the two dimensional
tori are organized around a normally elliptic invariant curve. The rotation of such a curve
changes with respect to the parameter € of the Michelson system when the parameter ¢,
which somehow measures the distance to the limit Michelson flow, is fixed to be small
and constant. This means that the local dynamics must be analysed in terms of a normal
form around such a curve and has to take into account resonances involving the third
frequency (the time). Moreover, we illustrated that the Michelson map possesses a con-
tinuum of heteroclinic orbits. It remains to investigate the splitting of the 2-dimensional
manifolds in the direction transversal to such continuum, which since the map possesses
an extra frequency it could be much more involved that the asymptotic behaviour of the
splitting for the 3-dimensional flow.

Finally, we would like to mention that most of the theoretical techniques (normal form,
suspensions of maps, averaging, exponentially small phenomena, parametrization method)
and numerical tools (Taylor ode integrator, jet transport, interpolating polynomials, com-
putation of invariant manifolds) considered during this work can be applied to more
general three dimensional or even to analyse the dynamics of higher dimensional systems
like, for example, four dimensional maps.
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