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Résumé

Dans ce travail, quatre systémes hamiltoniens classiques présentant des symé-
tries discretes ou continues ont été étudiés a ’aide de méthodes et de techniques
qui ont été développées au cours des dernieres décennies. Trois de ces systemes
sont des familles d’hamiltoniens modélisant des systémes moléculaires et ato-
miques. Ces systemes sont d’une part le mode vibratoire triplement dégénéré
des molécules tétraédriques, d’autre part 'atome d’hydrogene dans des champs
électriques et magnétiques croisés et enfin la molécule LiCN. L’atome d’hy-
drogene est naturellement décrit & partir d’une famille & deux parametres ou
les parametres sont les forces des deux champs. Les deux autres systémes phy-
siques sont décrits comme membres spécifiques de familles paramétriques plus
générales. La normalisation (si approprié) et la réduction ont été utilisées afin
de réduire le nombre de degrés de liberté de ces familles. Nous nous sommes
particulierement concentrés sur certaines caractéristiques qualitatives de ces
systemes, a savoir, les équilibres relatifs, les bifurcations de Hopf et la mo-
nodromie hamiltonienne ainsi que les métamorphoses de ces caractéristiques
pour différentes gammes de parametres. Le quatrieme systeme étudié porte sur
la perturbation de deux oscillateurs harmoniques en résonance 1: — 2. Un tel
systeme permet de décrire la dynamique d’un hamiltonien & deux degrés de
liberté a proximité d’un équilibre. Pour ce systéme nous apportons notamment
une preuve analytique de 'existence d’une monodromie fractionnaire, qui est
une généralisation de la monodromie ordinaire.

Mots clés : Systemes hamiltoniens, Equilibres relatifs, Monodromie, Mono-
dromie fractionnaire, Symétrie, Reduction, Bifurcation hamiltonienne de Hopf.






Metapoppwoeig XapiATOVIAVOY CUCTNUATOY [LE
ocuvppeTpeleg

IlepiAndn

Ye authAY TV epyacia UEAETAUE TEoTEPA XAoouxd XoUlATOVIAVE GUCTAUATO UE
Bapitéc 1) ouveyelc cUPHETPlES YENOLHOTOLOVTAS HEFOBOUC KoL TEYVIXES TTOU ovo-
oy Onxay Tic teheutales dexaetiec. Telo amd autd Tor cucTAUOTA Elvol OXOYE-
veleg XaUATOVIOVEY CUVHPTACEWY OL OTOIEC LOVTEAOTIOLOUY HOPLOXE Mol ATOWUXE.
ouoThdato. Autd tor cuoTAUATY Elval 0 TELTAS EXPUMOPEVOS TEOTOS TAAAVTLGNG
TETPAUEDPIXMY HOplwV, TO GTOUO TOU LBPOYOGVOL GE GVETA TEUVOUEV NAEXTELXO
xon poryvnTixd medio xou to poplo LiCN. To dtoyo tou udpoydvou meptypdpetol
EX PUOEWC WG DIMUPAUUETELXY) OIXOYEVELN OTIOU Ol TORGUETEOL ElVOL OL EVIOELS TGV
800 medlwv. Ta Ak 800 QUOIXAE CUCTAUATO TEPLYPAPOVTAL CUY CUYAEXQUIEVL
HEAT) TO YEVIXWY TOQUUETEIXWY OXEYEVELDY. XENOLIOTOLOUUE XAVOVLXOTONGT
(6mou elvon amapaitnTo) Xt ovarywyY Yio VoL LEWWooLUE Toug Baduole eheudepiog
AUTOV TV 0LXOYEVELDY. EcTdlouue 08 GUYXEXQIUEVO TOLOTIXE YOEAUXTNELO TIXE
AUTOV TWV CUCTNUITWY, OTWS, OYETIXA onueia lopponioc, Xawhtoviavée Xomg
Blaxhadoelg xou povodpouio, xaddg Xol OTIC UETOHHORPWOELS AUTOY TWV Y AP
ATNPLOTIXWV OF DLIPOPETIXEG TEPLOYESC TwV Topopéteny. To tétapto cbotnua
elvon plor Sratapary v} 8U0 APUOVIXDY TOAAVTWTOY O GUVTOVIOWS 1: — 2. 'Eva tétolo
cUotnua urnopel vo teplypddel TNy Buvoulxr] oe Lol YELTOVLE evog ornueiou loop-
poniog poc Xauhtoviavrig 0o Boducdv ehevdeplag. T autd t0 cbhotnua divoue
Lot avohuTe amodeln e Omapdne xhaouatixic wovodpopiag, 1 omolo eivon ot
Bpao T yevixeuor tne cuvnbiopévne povodpouiag.

AgZeic xAedid: Xopdtoviovd cuoThata, LYeTixd onuelo toopponioc, Mo-
vodpouia, Khaopatixr) povodpouia, Xuypetpla, Avoywyn, Xopdtoviovy Xomg
BLohadwo.






Metamorphoses of Hamiltonian systems with symmetries

Summary

In this work we study four classical Hamiltonian systems with discrete or con-
tinuous symmetries using methods and techniques that have been developed
in the last decades. Three of these systems are Hamiltonian families which
model molecular and atomic systems. These systems are the triply degenerate
vibrational mode of tetrahedral molecules, the hydrogen atom in crossed elec-
tric and magnetic fields and the floppy molecule LiCN. The hydrogen atom is
described naturally as a two parameter family where the parameters are the
strengths of the two fields. The other two physical systems are described as
specific members of more general parametric families. We use normalization
(when appropriate) and reduction in order to reduce the number of degrees
of freedom of these families. We focus on certain qualitative characteristics
of these systems, namely, relative equilibria, Hamiltonian Hopf bifurcations
and monodromy and the metamorphoses of these characteristics in different
parameter regions. The fourth system is a perturbation of two harmonic os-
cillators in 1:-2 resonance. Such a system may describe the dynamics in the
neighbourhood of an equilibrium of a two degree of freedom Hamiltonian. For
this system we give an analytic proof of the existence of fractional monodromy,
which is a radical generalization of standard monodromy.

Keywords: Hamiltonian systems, Relative equilibria, Monodromy, Fractional
monodromy, Symmetry, Reduction, Hamiltonian Hopf bifurcation.
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Introduction

V. I. Arnol’d writes in [12] that

The two hundred year interval from the brilliant discoveries of Huy-
gens and Newton to the geometrization of mathematics by Riemann
and Poincaré seems a mathematical desert, filled only by calcula-
tions.

Although not everyone agrees with this aphorism, Arnol’d has managed to
point out in a provocative manner the siginificance of Poincaré’s contribution
to modern mathematics. In 1899, Poincaré published the third volume of Les
méthodes nouvelles de la mécanique céleste [76] where he introduced qualita-
tive methods to the study of problems in classical mechanics and dynamics in
general. Poincaré’s view of a dynamical system is that of a vector field whose
integral curves are tangent to the given vector at each point. He is not inter-
ested in the exact solutions of the dynamical equations, which in any case can
not be obtained except for a few systems, but in uncovering basic qualitative
features, such as the asymptotic behaviour of orbits.

Poincaré’s contribution to classical mechanics revolutionized the field. Nev-
ertheless, its impact on the physics community, which would soon go through
a different revolution itself, was minimal. In the 1920’s quantum mechanics,
through the work of Bohr, Schrodinger, Heisenberg, Dirac and many others
became the predominant theory for explaining nature. The role of classical
mechanics was reduced to that of an introduction to ‘real physics’ and the
field was not considered by physicists to have any scientific interest by itself.
H. Goldstein writes characteristically in the preface of the 1950 edition? of [41],
trying to justify the necessity of a course in classical mechanics

Classical mechanics remains an indispensable part of the physicist’s
education. It has a twofold role in preparing the student for the
study of modern physics. ..

The effect of Poincaré’s contribution was much more apparent in the mathe-
matics community, whose attitude towards classical mechanics was completely
different. In a sense, this is justified. When a physical problem is stated
in a mathematically precise form, it becomes a problem in mathematics. The
time period between Poincaré and the mid-1970’s is marked by mathematicians
like Lyapunov, Birkhoff, Smale, Arnol’d Moser and Nekhoroshev who follow

2But note that in the preface of the second edition in 1980 the attitude is completely
different.
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Poincaré’s lead in using qualitative methods to tackle difficult questions in dy-
namical systems theory. They obtain new significant results, like Birkhoff’s
twist theorem [15], the celebrated KAM theorem [10,69] and Nekhoroshev’s
stability estimates [71].

The symplectic formulation of classical mechanics was developed by the
mid-60’s by many mathematicians among which we mention Ehresmann, Souri-
au, Lichnerowicz and Reeb. According to the symplectic formulation, a Hamil-
tonian system is given by a function H defined on a manifold M with a closed
non-degenerate two-form w. This formulation is later popularized in [9,11,83].

Two major advances brought classical mechanics back into the physics
mainstream. The first of them is the rediscovery in the mid-1960’s of de-
terministic chaos in both conservative [51] and dissipative [57] systems. Even
then, more than a decade passed before physicists took notice and finally in
the 1980’s there was an explosion in the study of nonlinear dynamics and de-
terministic chaos. This exceedingly complex behaviour of very simple systems
fascinated physicists who saw its relevance to real world problems. The fact
that a completely deterministic system can behave in an apparently random
fashion—an idea taken almost for granted today—changed considerably our
view of nature (and in some cases became the source of major philosophical
confusion). Moreover the new theory under the more general guise of dynami-
cal systems theory had many applications ranging from galaxies and dynamical
astronomy to plasma containement and the stock exchange. One should not
forget that classical mechanics is the physical theory that describes mesoscopic
scales and therefore it can never become irrelevant.

The second advance happened in the understanding of the relation be-
tween the quantum and classical theories. One important postulate of quan-
tum physics is the notion that in the limit z — 0, classical and quantum
mechanics should give quantitatively the same results. But there is a stronger
point of view, championed initially by Dirac, according to which the classical
theory provides much more than something to which to compare the results
of quantum mechanics. Classical mechanics provides a framework for under-
standing the new mechanics. In this tradition, physicists tried to clarify how
the quantum theory is obtained from classical mechanics.

The original Bohr-Sommerfeld quantization condition is generalized by Ein-
stein, Brillouin and Keller (EBK) to integrable systems with two or more de-
grees of freedom. Keller, Maslov, Leray, Hormander, de Verdiere worked on the
linear partial differential equations side of quantum mechanics. In particular
Maslov uncovered the topological meaning of the correction term that gives
the energy levels of the quantum harmonic oscillator. In the 1970’s Kostant
and Souriau laid the foundations for geometric quantization [93].

The first semi-classical approximation to quantum mechanics is the WKB
series method developed in the 1930’s. In the 1970’s Gutzwiller discovered his
famous trace formula [44], that relates the behaviour of a quantum system to its
classical orbits. The importance of Guitzwiller’s formula is that it also applies
to chaotic systems while the previous methods deal only with the quantization
of integrable systems. This opened the field to a series of semi-classical methods
that try to increase the understanding of a quantum system by looking at its
underlying classical system. The EBK and Gutzwiller methods are based on a
thorough knowledge of the classical dynamics that can often be obtained using
the qualitative methods introduced by Poincaré in the 1890’s.
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In these notes we study concrete physical systems from a purely classi-
cal viewpoint using mathematical methods that have been developed in the
last few decades. Specifically we study the triply degenerate vibrational mode
of tetrahedral molecules, the hydrogen atom in crossed electric and magnetic
fields, quadratic spherical pendula which model certain floppy molecules and
oscillators in m: — n resonance.

Our purpose is to analyze the dynamics of these physical systems in order
to uncover their basic qualitative features. For this reason we do not insist on
the details of each specific system. Instead we treat these physical systems as
specific members of parametric families and consider the metamorphoses of the
family as the parameters change.

We briefly describe here some notions and techniques that are central to
our approach.

Symmetry, continuous (Lie) or discrete, is the common thread that binds
together the systems studied in this work. By Noether’s theorem, con-
tinuous symmetries correspond to the existence of first integrals of the
Hamiltonian system. Taking advantage of first integrals we define reduced
Hamiltonians with fewer degrees of freedom.

Reduction of continuous symmetries, goes at least back to Jacobi and the
elimination of the nodes in the restricted three body problem. The mod-
ern version of regular reduction (also called Marsden-Weinstein reduc-
tion) was introduced in [59]. In order to do regular reduction the group
action must be free and proper. If this is not true, we perform singular
reduction which was developed by Cushman in order to deal with exactly
these cases. In this work we do reduction using algebraic invariant theory.

Relative equilibria are periodic orbits of the original symmetric system which
are also group orbits of an S! action. These basic objects play an impor-
tant role in the study of a system since they serve as organizing centers
of its dynamical behavior.

Normalization is used to make exact some otherwise approximate dynamical
symmetries. We use the standard Lie series algorithm [27,43]. There are
three different types of normalization used in this work. The first is the
standard oscillator normalization, in which the unperturbed Hamiltonian
describes an oscillator. The second type is normalization in a Poisson
algebra. In our case the algebra so(3) x so(3) appears in the study of the
hydrogen atom in crossed fields. The third type is nilpotent normalization
in the proof of the Hamiltonian Hopf bifurcations in the hydrogen atom
and the quadratic spherical pendula.

Monodromy is a common characteristic of most of these systems. Mon-
odromy, introduced in [29], is the crudest topological obstruction to the
existence of global action-angle variables in an integrable Hamiltonian
system with two or more degrees of freedom. In this work we have three
qualitatively different types of monodromy namely standard, non-local
and fractional. The first two appear in the hydrogen atom in crossed
fields and the quadratic spherical pendula while the third appears in the
1:-2 resonance.
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Hamiltonian Hopf bifurcations are related to standard and non-local mon-
odromy. We explore this relation in detail in the hydrogen atom in crossed
fields and in the quadratic spherical pendula.

We describe now in more detail the physical systems that we study in this
work.

Tetrahedral molecules. The first system that we study is the triply de-
generate vibrational mode of tetrahedral molecules of type X4, e.g. P,. This
system is invariant with respect to the tetrahedral group T4 extended by the
time reversal symmetry 7. It is described by a three degree of freedom Hamil-
tonian which is a perturbation of the 1:1:1 resonant harmonic oscillator.

Instead of considering specific tetrahedral molecules we consider a three
degree of freedom Hamiltonian family in which the potential is the most general
T4 invariant polynomial up to terms of order 4 defined in R3 with coordinates
z,vy, 2. This Hamiltonian family depends on parameters that are not physically
tunable because they depend on quantities like the atom masses that are fixed
for each molecule. Nevertheless, we study the whole family in order to uncover
all possible qualitatively different types of tetrahedral molecules and observe
the metamorphoses that happen when the parameters change.

Models of this kind have been widely studied in molecular applications
[50,75]. They are 3-DOF analogues of the 2-DOF Hamiltonians that were used
to describe the doubly degenerate vibrational modes of molecules whose equi-
librium configuration has one or several threefold symmetry axes [78] like Hy
P4, CH4 and SFg. Such two degree of freedom systems with threefold symme-
try are described by the 2-DOF Hénon-Heiles Hamiltonian [51]. Therefore, we
can consider our Hamiltonian as a natural 3-DOF' analogue of the latter. One
should also draw attention to [2] where the vibrational and rotational modes
of a tetrahedral molecule are studied together, and [1] where critical points of
discrete subgroups of SO(3) x 7, including Tq x 7, are classified in terms of
their possible types of linear stability.

The hydrogen atom in crossed fields. The second system is the hydro-
gen atom in perpendicular electric and magnetic homogeneous fields. This is
a perturbed Kepler system. This and similar systems, have been studied ex-
tensively [23,33,38,39,80,81] (see also [24] and references therein). In [24] it
was proven that the system has monodromy for a range of the relative field
strengths. The approach in [24] uses second normalization and reduction, in
the spirit of [19,86]. Our work is a continuation of [24]. Specifically, we prove
the existence of two Hamiltonian Hopf bifurcations and we show in detail that
the appearance of monodromy is related to these bifurcations.

The Hamiltonian Hopf bifurcation was first discovered in the £, Lagrange
point of the planar restricted three body problem. It was studied analytically
and numerically in a series of papers [16, 28, 74] and proved finally in [61].
Certainly, the most influential work on this type of bifurcation is [85] where
it was studied in detail and a systematic method for proving its existence was
given. When an equilibrium of a Hamiltonian system with two degrees of
freedom is elliptic-elliptic, by a theorem of Weinstein [90] there exists a family
of periodic orbits emanating from this point. In the standard Hamiltonian Hopf
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bifurcation, the equilibrium becomes complex hyperbolic. Then two different
things may happen to the attached family of periodic orbits. It either detaches
from the equilibrium or it disappears completely. The two scenarios are called
respectively supercritical and subcritical Hamiltonian Hopf bifurcation.

It is known [31,85] that the supercritical Hamiltonian Hopf bifurcation is
related to the existence of monodromy. We show here, how the subcritical
Hamiltonian Hopf bifurcation in our system is related to a generalized type of
monodromy, that we call non-local monodromy.

Floppy molecules. The third system that we study was introduced [5] as a
model of ‘loppy molecules’ like HCN or LiCN. We model such a system as a
point mass constrained to move on the surface of a sphere. The whole system
is placed inside an axisymmetric potential field V(z) = %bz2 + cz where b, c
are parameters. Notice that this is a generalization of the linear spherical pen-
dulum where V(z) = z. We call this parametric Hamiltonian family quadratic
spherical pendula. The family of quadratic spherical pendula is a simple system
that brings together Hamiltonian Hopf bifurcations, standard monodromy and
non-local monodromy.

In the case of standard monodromy we consider a closed path I' in the set of
regular values of the energy-momentum map EM which goes around a critical
value ¢ of EM. In the linear spherical pendulum c lifts to a singly pinched torus
and The bundle EM (") — T is a regular T2 bundle. Generalizations of this
case appeared over time. Thus, systems with more than one critical values
or critical values that lift to doubly or more generally k-pinched tori [14] and
systems with three degrees of freedom such as the Lagrange top [25] were stud-
ied. All these generalizations are within the context of Duistermaat’s original
proposal to consider T? bundles over a closed path in the set of regular values
of the EM. Non-local monodromy [89] generalizes even more such examples of
systems with monodromy in the sense that we consider paths that go around a
curve segment of singular values of the EM map in a way that is explained in
detail in chapter 3. Nevertheless, notice that the essence of non-local and stan-
dard monodromy is the same since in both cases we consider the monodromy
of a regular T2 bundle.

In the family of quadratic spherical pendula the two equilibria at the ‘north’
and ‘south’ poles of the sphere can change linear stability type from degenerate
elliptic (two identical imaginary frequencies) to degenerate hyperbolic (two
identical real frequencies). This situation is due to the rotational symmetry
around the z-axis and the time-reversal symmetry. This is a generalized kind
of Hamiltonian Hopf bifurcation [46], that we call geometric Hamiltonian Hopf
bifurcation. It is qualitatively indistinguishable from the standard one in terms
of the behaviour of short period orbits near the equilibria although the linear
behaviour, i.e. the motion of the frequencies, is different.

Resonant oscillators. The fourth and final system that we study is os-
cillators in m:n resonance, where m,n can be any non-zero integers with
ged(m,n) = 1. These systems do not model a specific physical system but
are usually used as models of the dynamics near resonant equilibria.

For certain values of m:n, e.g. 1: — 2 we find that in the image of the
energy-momentum map EM there is a curve C of critical values of EM that
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we can not enclose with a path because it joins at one end the boundary of
the image of EM. Points on C lift to singular curled tori in the phase space.
Nevertheless, we can consider a path I' that crosses C and we prove that in this
case it is possible to define another generalized type of monodromy that we
call fractional monodromy. The concept of fractional monodromy is a radical
departure from the original notion of monodromy in [29] since EM (T is not
a regular T? bundle over T.

Fractional monodromy was proposed by Zhilinskii for the 1: — 2 resonance.
It was proven geometrically by Nekhoroshev, Sadovskif and Zhilinskif [72, 73].
In this work we give, an alternative and more ‘traditional’ analytic proof of
fractional monodromy using the notion of the period lattice, introduced in the
study of monodromy by Duistermaat and Cushman.
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Four Hamiltonian systems

We describe the four Hamiltonian systems that we study in this work and state
our objectives for each system.

0.1 Small vibrations of tetrahedral molecules

The first Hamiltonian system is a model of the triply degenerate vibrational
mode of a four atomic molecule of type X4 with tetrahedral symmetry. The
model has certain similarities with the two degree of freedom Hénon-Heiles
Hamiltonian that has been used in order to model the doubly degenerate vi-
brational mode. In this section we describe X, molecules in general and then
we concentrate on the doubly and triply degenerate vibrational modes.

0.1.1 Description

Consider a molecule of type X4 which at equilibrium has the shape of a tetra-
hedron. The symmetry of the equilibrium configuration is given by the tetra-
hedral group T4 which we describe in detail in appendix A.

A molecule rotates as a whole about its center of mass and its atoms vibrate
around the equilibrium positions. We assume here that the vibrations of the
atoms are small compared to the dimensions of the molecule. In order to make
this point clear one can forget the molecule altogether and think of a system of
point masses on the vertices of a tetrahedron that are connected by very stiff
identical springs. All the standard approximations apply to our model (the
springs do not have any mass, they do not bend etc.).

The most central notion in the study of small vibrations of a molecule is that
of linear normal modes. The theory of small vibrations can be found in many
introductory books on classical mechanics and so we will be brief. Consider
small vibrations of the atoms and describe the positions of all the atoms by a
displacement vector x that has 12 components; 3 for each one of the 4 atoms.
Then the linearized equations of motion for the small vibrations can be put into
the form & = M - x where M is a constant matrix. Diagonalization of M gives
the eigenvalues 0(x6), —4w?(x1), —w?(x2) and —2w?(x3). Here w? = k/m
where k is the spring constant for the atom-atom bonds and m is the mass of
the atoms.
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The six 0 eigenvalues correspond to translational and rotational motions
of the molecule. The eigenvalue —4w? corresponds to a breathing motion of
the molecule. The linear space spanned by the corresponding eigenvector p;
realizes the one-dimensional representation A; of Tq.

Of considerably more interest are the doublet and triplet of eigenvalues of
M. The space spanned by the eigenvectors py, p3 corresponding to the pair of
eigenvalues —w? realizes the two-dimensional irreducible representation E of
T4. Notice here that we always choose the vectors ps and p3 so that they are
orthonormal, i.e. we use unitary representations. In an appropriate system of
coordinates the image of Tq on the representation spanned by the F mode is D3
(the dihedral group of order 3 or the group of all symmetries of an equilateral
triangle).

Finally, the eigenvectors of the triplet of eigenvalues —2w? span a linear
space that realizes the F5 irreducible representation of T4q. F5 is a vector
representation and this means in particular that the action of Tq on this space
is identical to the action of T4 on the physical 3-space. We use coordinates
q1,---,qe to describe the 3 modes so the most general vibrational displacement
can be expressed as a sum r = 2?21 QK Pk

Separation of the rotating and vibrating motions is not trivial. One way
to achieve this is by the method of Eckart frames which works very well in
the case of small vibrations of a nonlinear molecule [58,92]. The result of this
method is a Hamiltonian of the form

H(q,p;j) = %Zp?Jr%(E*W)TZ(Q)(€*W)+U((1) (0.1)

Here ¢ is the total angular momentum of the molecule, 7 is a vibrationally
induced angular momentum—its three components being expressions of (¢, p)—
and Z(q) is the inverse of the modified inertia matrix.

U(q) is the potential energy of the molecule. As in our simple model we
choose a harmonic two-center interaction between the atoms. Notice though
that this does not mean that the potential is quadratic in ¢q. Specifically, we
have that

U=%Y (Ira+ Roa =15 — Rg| — |[Ra — Rg))? (0.2)
af

where the sum runs over pairs af of atoms. In particular U(q) is not poly-
nomial. In order to have a polynomial form for U we Taylor expand in terms
of ¢ and we truncate the resulting series at the desired order. This procedure
introduces nonlinear terms in the potential and interaction terms between the
different linear modes. The general form of these nonlinear terms can be pre-
dicted using symmetry arguments.

In the following sections we will consider each vibrational mode indepen-
dently. This means that we ‘freeze’ the other modes by setting the respective
coordinates equal to zero and study only one particular mode. Alternatively,
we can normalize the complete six degree of freedom system which is the per-
turbation of a six-oscillator. This system is composed of two parts which are
not in resonance between them. The first part corresponds to the F5 repre-
sentation and represents a 3-oscillator in 1:1:1 resonance. The second part
corresponds to the A @& FE representation and represents a 3-oscillator in 1:1:2
resonance. Notice that in this way we can isolate the 3-mode F; from the rest,
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but we can not do the same for the 2-mode E which is in resonance with the
1-mode A.

0.1.2 The 2-mode

The image of Tq x 7 in the E representation spanned by the E mode co-
ordinates go, g3 is the dihedral group Ds (the group of all symmetries of an
equilateral triangle). Therefore, the Hamiltonian that describes the F mode
must be a D3 invariant perturbation of the two degrees of freedom harmonic
oscillator in 1:1 resonance.

Such a Hamiltonian was considered in [51] by Michel Hénon and Carl Heiles
in an attempt to study the existence of a third integral of motion in galactic
dynamics. Because it is D3 invariant (a feature that was probably unintended)
it can serve (and has been used, see [17,18]) as a model of the E mode. The
concrete Hamiltonian is

H(x,y,p2,py) = 302 + 02 + 2% + %) + 2y(2® — 347) (0.3)

and it is known as the Hénon-Heiles Hamiltonian (we use the notation z, y
instead of ¢, ¢3).

One of the most important consequences of the D3 x 7 symmetry is the
existence of 8 nonlinear normal modes (usually denoted II;, _ g) for the Hénon-
Heiles Hamiltonian and indeed for every D3 x 7 invariant perturbation of the
1:1 resonance (see figure 0.3). In order to gain some understanding on the
origin of the nonlinear normal modes and some appreciation of the methods
that we will use later for the 3-mode case we show how we can predict the
existence of these modes using only symmetry arguments.

The reduced phase space for the 1:1 resonance is a sphere S? parametrized
by the invariants ji, jo, j3 subject to the relation j? + j2 + jZ = j2 (see [20]).

Nonlinear normal modes correspond to equilibria of the reduced system and
by virtue of Michel’s theorem [62] every critical point of the action of D3 x T
on S2 is an equilibrium of the reduced system. Therefore, in the search for the
equilibria of the reduced Hamiltonian our first stop must be the critical points
of the D3 x 7 action.

Lemma 0.1. The action of D3 x T on S? has 8 isolated critical points.

Isotropy group Coordinates

C3 /\TQ (O,ij,O)
C12 X T (0707j)7 %(i\/gaov_l)
Cé xT (0707 _j)v %(:I:\/g707 1)

Proof. D3 x 7 has generators C3, Cy and T which act on ji,js, 73 in the
following way. Cj is rotation by 27/3 about the jo axis, Cy sends j; — —7j;
and T sends jo — —jo. It is now easy to check that the only critical points of
the D3 x T action on S? are the ones given in the lemma. U

The points given in the last lemma are equilibria of any D3 x 7 invariant
Hamiltonian on S2. In order to simplify the rest of the analysis and determine
the type of these equilibria (maxima, minima or saddle points) we take into
account the discrete symmetry.

23



Lemma 0.2. The ring R[j1, j2, 73] P**7 of D3 x T invariant polynomials in the

variables ji, jo and js is generated freely by j, uz = j3 and pz = j3 (353 — j32).

Proof. The Molien generating function for the action of D3 x T on (j1, j2,J3)

1S
1

g(A) = A=) =) (0.4)

Therefore the ring R[j1, jo, j3]P2*7 is generated freely by two invariants of
orders 2 and 3 in j;, ¢ = 1,2, 3 respectively. O

Notice here that the terms j and ps have a higher symmetry than D3 x 7.
Specifically, j is O(3) invariant (it remains invariant under any rotation of
the sphere S? and inversion through the origin), while po is O(2) invariant
(it remains invariant under any rotation of the sphere around the js-axis and
inversion).

The last lemma allows to conclude that normalization and reduction of
the Hénon-Heiles Hamiltonian (0.3) gives a reduced Hamiltonian which is a
function of j, pe and 3. Since normalization up to order €2 can only contain the
term j of degree 2, and j, j2 of degree 4 which have a higher symmetry than
D3 x T we need to normalize up to order €* in order to reproduce completely
the symmetry of the original Hamiltonian. For this reason, normalization only
up to order €2 gives a circle of degenerate equilibria on S2. The resolution of
this rather obvious degeneracy (which was known as the problem of critical
inclination) puzzled astronomers that studied the Hénon-Heiles Hamiltonian
until the 80’s when it was finally resolved [18].

More concretely, consider the reduced Hénon-Heiles Hamiltonian which up
to order €* has the general form

~

H = j+ (aj® + bus) + €*(ciug + dus) (0.5)

where a, b, ¢, d are real nonzero numbers. Subtracting constant terms, gathering
together the term b + €?cj = e and dividing by € we write

H = ey + €2dus (0.6)

This is the most general form of the ¢* reduced Hamiltonian. Notice that we
wrote this expression taking into account only the symmetry of the Hamiltonian
(0.3) and without explicit normalization. Of course this latter step is needed
if we want to compute the exact values of d and e.

Lemma 0.3. The orbit space S?/(D3 x T) is a two dimensional semialgebraic
variety which can be represented as the closed subset of R? with coordinates
(us, p2) enclosed between the curves s — ((2s —1)53,0), s — (5353, (1 — 52)5?)
and s — (—s353, (1 — s2)52) where s € [0,1] in all cases (see figure 0.1).

Proof. Find the image of S? under the reduction map (j1, j2,j3) — (i3, i2)-
O

In figure 0.2 we see the two types of reduced Hamiltonians (0.6) in general
position, i.e. when d and e are non zero. The straight curves represent the
level curves of the reduced Hamiltonian, i.e. they are solutions of the equation
h = eps+ €2dus for different h. In the first case the function has one minimum,
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Figure 0.1: Fully reduced space S?/(D3z x 7).

7 J3 H2 J3

‘ g 2 mj@ 2

Figure 0.2: Types of D3 x 7 invariant Hamiltonians on S2. For each type
we show the level curves of the Hamiltonian eps + €2dus on the fully reduced
space and the intersections of the level sets of the Hamiltonian with the reduced
phase space S2. There is an 1-1 mapping between the dark gray patch on S2
and the fully reduced phase space S?/(Ds x 7).

one maximum and one saddle point in the fully reduced space. On S? they
lift back to three minima, three saddle points and two maxima. The reduced
Hénon-Heiles system falls in this case since for small € the lines defined by
p2 = L (h — de®pi3) have small slope.

The equilibria of the reduced Hamiltonian correspond to nonlinear normal
modes. Therefore in this case we have three stable modes I1; 2 5 with stabilizer
C x T, three unstable modes I1 5 ¢ with stabilizer C, x 7 and two more stable
modes II7 g with stabilizer C's AT5. These normal modes are described in more
detail in [17,18,66,78] (figure 0.3).

In the second case the function has two maxima, one minimum and one
saddle point on the fully reduced space. These lift back to five maxima, six
saddle points and three minima on S2. Notice that when we pass from one type
to the other we have a pitchfork bifurcation where each saddle point spawns
two new saddle points while itself becomes stable.

0.1.3 The 3-mode

We now turn our attention to the triply degenerate vibrational linear mode
F5. In this section we ‘freeze’ again all the other modes of the molecule. The
action of T4 on its irreducible representation F5 is identical to the Ty action
on the physical space. This is again described in detail in appendix A.

The action of T4 on the phase space T*R? = R is induced by the cotangent
lift of each element of Ty. Specifically, if R is the image of an element of Tq in
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Figure 0.3: Nonlinear normal modes of the Hénon-Heiles Hamiltonian.

the representation Fb, then its action on RS is given by the matrix (g %).
We change notation for the coordinates in the Fy mode from (g4, ¢s,gs) to

(2,9, 2). The Taylor expanded potential U(q) restricted to this mode becomes

a function U(x,y, z) that we denote by the same letter. The Taylor expansion

of the potential U(z,y, z) is a Tq invariant function. The following lemma gives

information on the form of U(z,y, z).

T

Lemma 0.4. The ring of Tq invariant polynomials Rlx,y, z]" ¢ is freely gen-

erated by pg = 2% +y? + 22, u3 = zyz and py = ot +y* + 24

Proof. The Molien function for the action of Tq on R3, _ is

1 1 1
M) = |Tq| g;d det(1—Ng)  (I—A2)(1—M)(1— %) (07)

The meaning of this Molien function is that Rz, y, z]T¢ is freely generated by
invariant polynomials in z,y, z of degrees 2, 3 and 4. The specific expressions
for these polynomials can be computed by acting with the projection operator

IT_ld\ > geT, 9 0N the spaces of polynomials of order 2, 3 and 4 respectively. [

This means that the most general form of the Taylor expansion of the
potential is

U(z,y,z) = %ug + eKapus + € Kypy + € Kop? + - - - (0.8)

The coefficients K, K3, K4 are real numbers of order 1. The positive number
€ is a smallness parameter that we use to keep track of the degree of each term.

The ‘rotational’ part $m'Z(g)m (remember that we consider that we have
no rotation i.e. £ = 0) of the complete Hamiltonian of the molecule (0.1) also
contributes to the terms of degree 4 of the F» mode Hamiltonian with the term
[(@,y,2) X (Pz, Py, P-)]*>. The symmetry of this term is O(3).

Therefore the most general (modulo a time rescaling that sets the frequency
to 1) F; mode Hamiltonian that we can have up to terms of degree 4 is

H(x,y, 2, Pa, py, P=) = 302 + 1) + 02) + € Kg[(2,y,2) X (e, py:p2)]
+ Suo + eKspz + € Kapa + EKop® (0.9)
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The last equation defines a 4 parametric family of Hamiltonian systems.
We have now reached the point where we can state the first of our objectives.

Objective Classify generic members of family (0.9) in terms of their nonlinear
normal modes and their types of linear stability. Describe the different forms
of these generic members.

0.2 The hydrogen atom in crossed fields

The second Hamiltonian system is the hydrogen atom in crossed electric and
magnetic fields. This is only one system of the class of perturbed Kepler
systems. All systems in this class can be studied using the same techniques.

0.2.1 Perturbed Kepler systems

The Kepler problem is perhaps the single most important, influential and
paradigmatic problem of classical mechanics. Most of the questions that are
studied in classical mechanics arose studying this problem and its perturba-
tions.

In its simplest integrable form the Kepler problem is the problem of the
motions of a body in a central potential field of type 1/r. There are two
well known incarnations of the problem. The first is the two-body problem in
which two bodies of mass my and ms move under the mutual influence of their
gravitational fields. The second is the classical non-relativistic model of the
hydrogen atom in which an electron moves around a proton. The Hamiltonian
in both cases (considering appropriate systems of units and moving to the
center of mass frame) is

b
Q

where Q = (Q1,Q2,Q3) are coordinate functions in R?® and P = (P, P, P3)
their conjugate momenta.

We work with a class of perturbed Kepler systems for which the pertur-
bation is polynomial in @, P. One such example is the lunar problem which
is essentially the restricted three body problem for a large value of the Jacobi
constant. Another one is dust orbiting around a planet under the influence of
radiation pressure and a third is the artificial satellite problem [19].

A completely different field in which we have the same types of perturbed
Keplerian problems is atomic physics. The hydrogen atom in electric and/or
magnetic fields can be modeled as a perturbed Kepler system. Notable varia-
tions on this theme are the hydrogen atom in homogeneous electric field (Stark
effect), in weak homogeneous magnetic field (linear Zeeman effect), in strong
magnetic field (quadratic Zeeman effect), and in parallel or perpendicular elec-
tric and magnetic fields.

HO(Q7P) - le

1 (0.10)

0.2.2 Description

We consider the classical motion of the electron of the hydrogen atom in ho-
mogeneous perpendicularly crossed electric and magnetic fields. We work in a
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system of units in which the electric charge of the electron is —1 and its mass
is 1. By ‘classical’ we mean that we ignore all relativistic effects and spin.
Moreover, we assume that because the proton mass is much larger than that
of the electron, the proton stays fixed at the origin of our coordinate system
(Q1,Q2,Q3) in R?.

The electric field points along the @Qq-axis, and is given by E = (0, F,0).
The corresponding potential energy is ¢. = F'Q2. The magnetic field is given
by B = (G,0,0). The corresponding vector potential is

A =3B xQ=3G(0,-Q3 Q) (0.11)

The motion of the electron is described by the Hamiltonian
H(Q,P)=3(P+A)*+ ¢+ ¢e (0.12)
where ¢, = _I_él is the Coulomb potential. Direct substitution of the expres-

sions for A, ¢. and ¢, into (0.12) and some algebra gives

H(Q,P) = $P* - Ql + FQ2+ 5G(Q2Ps — Q3P2) + §G*(Q3 +Q3)  (0.13)

The last two terms in (0.13) describe the linear and quadratic Zeeman effect.

If the magnetic field is weak the last term may be omitted. Then, the resulting

Hamiltonian is identical to the Hamiltonian that describes the orbiting dust
problem [86].

1
|

0.2.3 Normalization and reduction

The treatment of all systems in the class of perturbed Kepler systems is very
similar. We concentrate here on the hydrogen atom in crossed fields but one
should keep in mind that the same techniques can be applied to other systems
in this class. The whole procedure consists of regularization of the Kepler
problem, first normalization and reduction, second normalization and reduction
and reduction of the discrete symmetry of the problem. We explain these steps
in more detail. Note here that second normalization may not be necessary or
may not be applicable in other systems. We come back to this point later.

The first step in the study of the hydrogen atom in crossed fields is Keplerian
normalization which consists of regularization of the singularity of the Kepler
potential and normalization of the resulting system [33-35,53, 55,80, 81]. Dif-
ferent types of regularization have been used for this type of problems. Indica-
tively we mention, Levi-Civita regularization [56] and Delaunay regularization
in [19, 86].

In this work we use Kustaanheimo-Stiefel (KS) regularization [54]. The
result of KS regularization is a Hamiltonian that is a perturbation of the har-
monic oscillator in 1:1:1:1 resonance. The regularized system has a first integral
of motion (except the energy) that we call the KS integral (. This means that
it has an extra S! symmetry due to the flow of the Hamiltonian vector field
associated to (.

Moreover, the system has an approximate dynamical S' symmetry induced
by the 1:1:1:1 resonance i.e. the unperturbed part of the regularized Hamilto-
nian. The normalization of the regularized system with respect to this symme-
try can then be easily performed using standard techniques from normal form
theory, like the Lie series algorithm [27].
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The next step is the reduction of the first normalized Hamiltonian in terms
of the 8! x S! = T? oscillator and KS symmetry. This first reduction gives a
Poisson system defined on S2 x S2. The dynamical variables on S? x S? span
the algebra so(4) = so(3) x so(3).

The important property of the crossed fields system is that the first reduced
system has yet another approximate S! axial symmetry. Note that other sys-
tems in the class of perturbed Kepler problems, for example the hydrogen atom
in homogeneous electric field, have an exact S! symmetry. In both cases we
proceed in essentially the same way. The only difference is that in the case
studied here we first have to do the second normalization in order to turn the
approximate dynamical symmetry into an exact one. Obviously such normal-
ization is not necessary in the case that the S' symmetry is exact. Moreover,
note that in many cases there is no extra S' symmetry, neither exact nor ap-
proximate. In that case we can not do the second normalization and reduction
and we have to work on the first reduced space S? x S2.

To continue, we perform a second normalization and reduction with respect
to the axial S! symmetry. We perform the second normalization using the Lie
series algorithm [27,43] for the standard Poisson structure on so(3) x so(3).
The result is an one degree of freedom integrable Poisson system. Let us
denote by n the value of the oscillator integral with respect to which we did
the first normalization and by ¢ the value of the generator of the S' symmetry
with respect to which we did the second normalization. The reduced phase
space V,, . is diffeomorphic to a 2-sphere except for two cases. First, for c =0
where V,, o is only homeomorphic to a sphere and has two conical singularities.
Second, for ¢ = £n where V,, 1,, are each a single point. The singular points
of V,, o and the single points that constitute V;, +,, correspond to equilibria of
the second normalized system on S? x S2.

The last step is to reduce the discrete symmetry of the system. One can
easily see that the original perturbed Kepler system has a Zy X Zy symmetry,
generated by reflections

(Q1,Q2,Q3, Py, Py, P3) — (—Q1,Q2,Q3, — Py, P2, Ps)

and reflections-time reversals

(Q1,Q2,Q3, P, P>, P3) — (Q1,Q2,—Q3, —P1, — P>, P3)

These discrete symmetries are system specific. Therefore, this step may not
apply to other perturbed Keplerian systems. The orbit space of this discrete
symmetry is depicted in figure 0.4.

0.2.4 Energy momentum map

The EM map of the system is defined on S? x S? as
EM(p) = (H(p). T (p)) (0.14)

where H is the second normalized Hamiltonian, and ’}-[1 is the generator of the
axial S' symmetry with respect to which we perform the second normalization.

The hydrogen atom in crossed fields can be tuned between the Stark and
Zeeman limits by varying the strengths of the electric and magnetic field. The
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Figure 0.4: Fully reduced spaces V,, . and their projections V!, to the (s, w)
plane.
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Figure 0.5: Image of the EM map in the Stark and Zeeman limits.
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image of the EM map at the two limits is shown in figure 0.5. In the figure
we observe that the two limits are qualitatively different. The question that
is posed is what happens exactly as we tune the atom between the two limits
and what kind of qualitative changes appear when we pass from the image at
the left to the image at the right:

Objective Prove that as we tune the hydrogen atom in crossed fields between
the Stark and Zeeman limits we have two qualitatively different Hamiltonian
Hopf bifurcations. Illustrate and discuss the geometric manifestation of these
bifurcations in the reduced phase space and explain their relation to monodromy.

0.3 Quadratic spherical pendula

A very simple model of a floppy triatomic molecule with two stable linear
equilibria is the constrained motion of a particle on the unit sphere in R?
under the influence of a potential that is a quadratic polynomial in z. This
model is a deformation of the spherical pendulum.

0.3.1 A spherical pendulum model for floppy triatomic
molecules

We consider floppy molecules of type XAB in which X is a light atom (H, Li)
and AB is a rather rigid and heavy diatom. Molecules of this type include HCN,
LiCN, HCP and HCIO. The XAB system has six degrees of freedom, ignoring
electronic motions and bringing the system in its center of mass frame. Two
of these degrees are the stretching mode r of the AB bond and the distance R
between the light X atom and the diatom fragment AB. One degree is described
by the bending angle v of the hydrogen atom with respect to the AB axis.
Finally, there are three rotational degrees of freedom, one of which describes
rotations around the AB axis and the other two describe rotations around axes
that are approximately perpendicular to the AB axis.

A first approximation in the study of XAB is to ignore the latter two ro-
tational degrees of freedom. Moreover, the XAB fragment is rigid and we can
consider r to be fixed. Ignoring R is more difficult. The first major obstruction
is that R oscillates. In many molecules there is a 1:2 resonance between the
oscillation of R and the bending mode oscillations in v. In that case we can
not ignore the interaction between the two modes. Nevertheless, this resonance
does not exist in HCN or LiCN. In these cases we can normalize the system,
and arrive at a system in which R does not oscillate but has a specific average
value at each direction . This however leaves the problem that R is not con-
stant but changes for different . In order to simplify the problem we are going
to assume that R is constant, i.e. that X is moving on the surface of a sphere.
This approximation gives the correct qualitative description of LiCN but, as
we show later, modifies the qualitative characteristics of HCN. In reality, since
R is not constant the X atom is not moving on a sphere, but on a more general
surface of revolution, and therefore the kinetic energy of the system is modified.

Without any further assumptions we have a particle moving on the surface
of a sphere under the influence of an unspecified axisymmetric potential. Spec-
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troscopists have found that the potential that describes the LiCN molecule has
two minima; one for each pole of the sphere. Moreover the potential is clearly
axisymmetric. Therefore we can describe it using a function

V(z) = $bLicnz® + cLionz + diion (0.15)

where the values br;jcn < 0, cricn are chosen in such a way such as to give the
experimentally determined values of the minima and maxima of the potential.

0.3.2 The family of quadratic spherical pendula

As we mentioned in the introduction we study not only the particular Hamil-
tonian that models LiCN but also the whole family of systems defined as a
particle moving on the surface of the unit sphere in a quadratic potential

Vi(z)=1bz>+cz+d (0.16)

We call this family quadratic spherical pendula. Since these systems are invari-
ant under rotations about the vertical axis of the sphere, there is a conserved
quantity, the vertical component J of the angular momentum. This means
in particular that these systems (and all systems with a potential V(z)) are
Liouville integrable.

Notable members of this family are the linear spherical pendulum for which
V(z) = 2, and two quadratic spherical pendula with V(z) = 2% and V(z) =
—22. We discuss these systems in some detail.

The linear spherical pendulum

The linear spherical pendulum is one of the classical integrable systems [20]. Tt
has been studied, as early as 1673, by Hyugens who found its relative equilibria
which are horizontal circular periodic orbits. In more recent times the linear
spherical pendulum has served as the first concrete example of a Hamiltonian
system with monodromy [29].

h (energy)

once pinched 2-torus

RP? 3 / regular T?

Jj (momentum)
/\- periodic orbit S!
point {pt}
Figure 0.6: Image and fibers of the energy-momentum map &M of the spherical
pendulum, see Chap. IV.3 of [20].

S3

For our purposes, the spherical pendulum is the motion of a particle on a
sphere under the influence of gravity. The image of the energy-momentum map
of the spherical pendulum is depicted in figure 0.6. The fiber 5./\/1_1(1, 0) is a
singly pinched torus. Therefore by the geometric monodromy theorem [21,97],
the system has monodromy and the monodromy matrix is (§ 1).
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Quadratic spherical pendulum with V(z) = 22

h (energy)

< doubly pinched 2-torus
RP? regular T?

periodic orbit S!

j (momentum)

i
S! x §?

Figure 0.7: Image and fibers of the energy-momentum map EM of the quadratic
spherical pendulum with V(z2) = 22.

This system is studied in [14,26]. T learned about the quadratic spherical
pendulum with V(z) = 22 from a ‘homework’ of R. Cushman at the first
Peyresq school [65]. The image of EM for this quadratic spherical pendulum
is depicted in figure 0.7. Here the fiber EM™'(1,0) corresponds to a doubly
pinched torus. This system has monodromy, but in this case the monodromy
matrix is (§?).

Quadratic spherical pendulum with V(z) = —22

h (energy)

X regular T?
RP two topological tori glued along
an unstable periodic orbit

Jj (momentum)

disjoint union T? U T2 disjoint union $* U S*

Figure 0.8: Image and fibers of the energy-momentum map EM of the quadratic

spherical pendulum with V(z) = —22.

As far as I know the quadratic spherical pendulum with V(z) = —2z2 has
not been studied before. Its EM map is depicted in figure 0.8. Points in the
interior of the dark gray area correspond to two disjoint tori in phase space.
Points in the interior of the light gray area correspond to a single torus. Points
on the line that separates the two regions correspond to two tori joined along
an X orbit. I do not know of any way to define monodromy for this system
although the question remains open.

General situation

As we change the parameters b, c of the potential the system goes through
different regimes. These regimes can be classified as follows in terms of the
image of EM.
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Type O. EM has one isolated critical value that lifts to a singly pinched
torus whose pinch point is the unstable equilibrium. The linear spherical
pendulum V(z) = z belongs in this category.

Type I. The image of EM consists of two leaves. The smaller of these leaves
covers part of the larger leaf. Each point inside each leaf lifts to a regular
2-torus. The leaves join at a line of critical values of EM. The image of
one stable equilibrium is attached to the boundary of each leaf. A special
case is V(z) = —22 in which the smaller leaf touches the boundary of the
EM image and the images of the two equilibria coincide.

Type II. The EM has two isolated critical values. Each of them lifts to a
singly pinched torus. The case V(z) = 22 is a special subcase in which
the images of the two singly pinched tori merge to one doubly pinched
torus.

N :

Figure 0.9: Type O, I and II systems.

Note that from now on when we refer to type I and II systems we do not
include the special cases V(z) = +22 unless explicitly mentioned.

Type O systems are qualitatively identical to the spherical pendulum, which
we already discussed. Monodromy in type II systems can be characterized in
two ways. If we consider a path in the image of EM that encloses only one of
the two isolated critical values, then we find the monodromy matrix ((1) %) If
on the other hand, we consider a path that encloses both critical values then we
find the monodromy matrix ((1) %) When the two equilibria join for V(z) = 22
the latter matrix is the monodromy matrix around the isolated critical value
of EM that lifts to a doubly pinched torus.

Monodromy in type I systems is different. As we mentioned before, in this
case the image of EM contains two leaves that join along a curve segment C
of critical values. We define monodromy in this case by considering paths that
stay on one of the leaves and go around C. In chapter 3 we use a deformation
argument to show that the monodromy matrix is the same as in type O systems,
ie. ((1) 1 ) The argument is based on the fact that we can smoothly deform the
small leaf in type I systems to the isolated critical value in type O systems.

Two of the changes between the different regimes are of particular inter-
est. The first case is when we go from a type O to a type II system. In this
case one equilibrium detaches from the boundary of the EM image and be-
comes isolated. This case corresponds exactly to the nonlinear character of a
supercritical Hamiltonian Hopf bifurcation.

The second is when we go from a type I to a type O system. In this case
the small leaf shrinks to an isolated equilibrium. This case corresponds to a
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subcritical Hamiltonian Hopf bifurcation. We see in quadratic spherical pen-
dula just as in the hydrogen atom in crossed fields that non-local monodromy
is related to a subcritical Hamiltonian Hopf bifurcation.

Objective Study the different types of monodromy that appear in the family
(0.16) and the passage between them. Especially, study the Hamiltonian Hopf
bifurcations of the equilibria P+ as the system goes through different parameter
TEgIoNS.

0.4 Oscillators in m:—n resonance

We consider 2 degrees of freedom oscillators in resonance either m : n or m: —n
where m, n are positive integers with ged(m,n) = 1. We reduce the S! action
induced in each case by the oscillator flow. Although we are interested mainly
in m: — n resonances we do also the reduction of the m:n resonances.

0.4.1 Reduction

We do the reduction of the m : n and m: — n oscillator symmetry.

Reduction of the m:n resonance

The flow of the m:n resonant oscillator generates an S' action
om0 ST x R* = R*: (q1, g2, p1,p2) — (exp(imt)zy, exp(int)zy)  (0.17)

Lemma 0.5. The algebra Rlq, p|*™ of ®,.., invariant polynomials in q,p is
generated by

J_%( (¢ +p3) +nlds +p3)

m = 5(m(q} +pt) — n(dgs +p3)
= (n"m")"*Re((q1 +ip1)" (g2 — ip2)™)
= (nm™)*Im((q1 + ip1)™ (g2 — ip2)™)

)
)

which satisfy
U,pp = 72 +7r§ —(J+7m)"(J—m)"=0and J >0 and |m1| < J
The Poisson structure for the invariants is

{m1, 2} = —2mnms
{m3,m} = —2mnms
{mo, 3} = —mn(J + )" (J — )™ ((m +n)m + (m —n)J)

or more concisely

{mi,mj} = —ngswk

37‘%
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The reduced phase space P; = J7(j)/S! is the semialgebraic variety de-
fined by

Uppn =5+ 72 — (j+m)"(j—m)™ =0,j>0and |m| <j (0.18)

In this case P; is compact. This is easy to deduce from (0.18).

T m
’ﬂ
m

*ﬂ

1 1

1

Figure 0.10: Projections of the reduced phase spaces of the m:n resonances 1:1,
1:2, 1:3, 2:3 and 3:4 on the (73, 71) plane.

Notice that the points (71,72, m3) = £(j,0,0) are always on P; and they
correspond to the minimum and maximum values of m;. When n = 1, P; is
smooth at (—7,0,0), when n = 2 it has a conical singularity and for n > 3
it has a cusp-like singularity. The behaviour of P; at (j,0,0) depends on the
values of m, and for m = 1, m = 2 and m > 3 we have that P; is smooth,
has a conical singularity or has a cusp-like singularity respectively. These are
depicted in figure 0.10.

Reduction of the m: — n resonance
The flow of the m: — n resonant oscillator generates an S' action
¢m:—n : Sl X R4 - R4 : (Q17 6127p17p2) = (exp(imt)zl,exp(—int)zz) (019)

Lemma 0.6. The algebra R[g, p]®™—" of ®,,._,, invariant polynomials in q,p
s generated by

J = 1(m(q} +p?) — n(g3 +p}
T ;(

)
m(q; +pi) + (g +p3))

(

(

(n™m™)Y*Re((q1 + ip1)" (g2 + ip2)™)
w3 = (n™m™)Y?Im((q1 + ip1)™ (g2 + ip2)™)

T2
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which satisfy
Uy =75 + 15 — (1 + J)" (71 — J)™ =0 and 7, > |J|
The Poisson structure for the invariants is

{7T1,7T2} = —2mn773
{73, M1} = —2mnms

{mg, w3} = —mn(my + )" Hmy — )™ (m +n)my + (m —n)J)

or more consicely
aq]m'—n

87Tk

{mi,m;j} = —mn Z Eijk
k
The reduced phase space P; = J~!(j)/S! is the semialgebraic variety de-
fined by

|\ — 7T§ + 71'?2) —(4+m)"(m — 7)™ =0and m > |j] (0.20)

In this case P; is not compact.

Notice that the point (71,72, 73) = (|j],0,0) is always on P; and corre-
sponds to the minimum value of 1. P; at (|j],0,0) for j < 0 is smooth when
n = 1, has a conical singularity when n = 2 and has a cusp-like singularity for
n > 3. The same hold for j > 0 but with n replaced by m. The reduced phase
spaces P; are depicted in figure 0.11.

0.4.2 Fractional monodromy in the 1:—2 resonance

We consider the 1:-2 resonance. The Hamiltonian is defined as
H =73+ e(n? — J?) (0.21)

where 71,23 and J are polynomials of (¢q,p) defined in lemma 0.6 for m = 1,
n = 2. The energy-momentum map is EM(q,p) = (H(q,p), J(q,p)).

The image of EM is depicted in figure 0.12. The set of critical values of
EM consists of the boundary of the image of EM, and a line C along the j axis
that joins the boundary at one side and ends at (0,0) at the other side (we do
not consider end points as parts of C). Each point on this line corresponds to
a ‘curled’ torus in the phase space R* (figure 0.13).

The set of regular values R of EM is simply connected. This means that
for any closed path I' that we consider inside R the monodromy is trivial. As
we mentioned in the introduction, the idea of Zhilinskii was that if we find a
meaningful way in which a path I that goes around (0, 0) could cross C then we
would be able to define a generalized notion of monodromy. In [73] the authors
announce that such a way exists and give the sketch of a geometric proof. The
complete geometric proof is given in [72].

Our approach to the proof of existence of generalized monodromy is analytic
and follows the period lattice approach of Duistermaat [29]. The period lattice
on a regular torus is the set of pairs of ‘times’ (¢1,¢2) after which a point on
the torus returns to itself after following the flow of X ; for time ¢; and the
flow of Xy for time t5. Duistermaat proves that for a closed path I' in the set
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j<0 j=0 i>0

Figure 0.11: Projections of the reduced phase spaces of the m: — n on the
(s, m ) plane. From top to bottom: 1: — 1, 1: — 2, 1: — 3, 2: — 3, 3: — 4.

h (energy)

j (momentum)

Figure 0.12: Image of the energy-momentum map of the 1:-2 resonance.
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Figure 0.13: Curled torus.

of regular values of EM, the period lattice bundle over I is isomorphic to the
first homology group bundle over I'. This means that the non-triviality of the
T? bundle over I' appears as a variation of the period lattice as we go once
around I'. This variation can be computed using analytic methods.

In the 1:-2 resonance system consider a path I' that encircles the origin and
crosses C at a point p. Since EM!(p) is not a T? we no longer have a T?
bundle over I'. We show in chapter 4 that we have to consider a sublattice of
the period lattice. Specifically, if the period lattice is spanned by vectors vy, vg
then the sublattice we consider is spanned by vy, 2vy. We can then prove that
the variation of the sublattice is given by the linear automorphism with matrix
((1) 1 ) If we express this automorphism formally in the original basis we obtain
the matrix

= (1 2) esie
_0 1 € (7Q)

For this reason this type of monodromy is called fractional monodromy.

Objective Prove analytically that a generalized type of monodromy can be
defined for the 1 : —2 resonance using the notion of the period lattice and
compute the monodromy matriz.
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1

Small vibrations of tetrahedral
molecules

1.1 Introduction

1.1.1 The Hamiltonian family

In § 0.1.3 we introduced the most general quartic Hamiltonian (0.9) that can
model the triply degenerate vibrational mode of a tetrahedral molecule. Recall
here that the Hamiltonian (0.9) is defined as

H(,y, 2, D2 Py, P=) = 5 (05 + Pl + p2) + EKR[(2,y, 2) X (2, Py, p2)]°
+ %Mz + eKspug + €Ky + eQKopg (1.1)

where z,y, z are Cartesian coordinates in R?, and p,, Dy, P~ are the correspond-
ing conjugate momenta. The invariants ug, ps and py are functions of (x,y, 2)
defined in lemma 0.4. (z,y,z) transform according to the wvector representa-
tion of the orthogonal group O(3) of transformations of R3. The zero-order
Hamiltonian in (1.1)

Ho(%,y,2,pas Py, 0z) = 202 + 02+ p2) + 3(2° + > + 2%) (1.2)

represents three harmonic oscillators with equal frequencies, that is, the 1:1:1
resonant (isotropic) harmonic oscillator. The dimensionless smallness param-
eter € characterizes the magnitude of the perturbation, while parameters K,
K3, K4 and Kp give the relative strength of each perturbation term. We as-
sume that these parameters are of the order of 1. Note that we use K3 in order
to keep track of the contribution of the cubic potential term; in principle, this
parameter can be absorbed into e.

The Hamiltonian system (1.1) is non-integrable for typical values of the pa-
rameters. We do not give a proof of the nonintegrability since such a proof is
not really necessary in our context. However, direct computations for high de-
gree T4 x 7 invariant polynomials F(z,y, 2, pz, Dy, p-) show that {H, F'} does
not vanish. Furthermore, numerical integration also reveals chaotic dynamics.

The natural starting point of the analysis of the family of systems with
Hamiltonian (1.1) is near the linearization limit € — 0. According to a theorem
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Figure 1.1: Qualitative representation of the equipotential surface of H (top
left). Configuration space representation of the periodic orbits of the system
with Hamiltonian H. (1.1) that correspond to the critical points of Tq x 7.
These periodic orbits have been computed for appropriate values of the param-
eters €, Kg, K4, KO in (11)

by Weinstein [90], a perturbed non-resonant k-oscillator near this limit has &
families of short periodic orbits called nonlinear normal modes. In the presence
of resonances, the oscillator can have more than & such families. The number
and the properties of the modes depend primarily on the resonance and the
symmetry of the perturbing nonlinear terms. The discrete symmetry gives the
existence of a minimum number of nonlinear normal modes of the Hamiltonian
system (1.1) which are special periodic solutions characterized by a nontrivial
isotropy group G, or stabilizer. G is a subgroup of the total symmetry group
of the system T4 x 7. Description of the subgroups G is given in A.1 and in
more detail in [1].

In [66] Montaldi, Roberts, and Stewart study special short period solutions
for a system which near ¢ — 0 is equivalent to ours. Using their results we
immediately obtain

Theorem 1.1. The system with Hamiltonian (1.1) has at least 27 nonlinear
normal modes which can be classified according to their stabilizers G C Tq x T
as follows.

conjugacy class of shorthand number of
stabilizers notation modes
ng x T A4 3
C3,U x T A3 4
CQU x T AQ 6
Sy NT, By 6
C3 NI, Bs 8

The description of these stabilizers is given in A.2.
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Remark 1.2. We can also use the approach of [66,67]to reconstruct qualita-
tively the nonlinear normal modes in theorem 1.1 using their isotropy groups.
Figure 1.1 shows the projection of these periodic orbits in the configuration
space R3. A detailed discussion is relegated to A.4, see also [2].

We determine the actual number of nonlinear normal modes for each member
of the family (1.1) and we find situations where the Hamiltonian has more than
the 27 nonlinear normal modes given by theorem 1.1. Computing the value of
H, (energy) for these modes and characterizing their linear stability we give a
basic qualitative description of the whole parametric family (1.1).

1.1.2 Dynamical symmetry. Relative equilibria

An alternative proof of theorem 1.1 was suggested in [79] on the basis of the
earlier work by Zhilinskif [95]. In order to follow this latter approach we would
like to recall a number of known facts which we formulate as lemmas.

Lemma 1.3. For all n > 0 the n-level set of the Hamiltonian Hy in (1.2) is
a sphere S2 : {€ € T*R3, Ho(§) = ho = n > 0} C T*R3\{0}. All orbits of
the flow ¢ : (S3,t) — S5 of the Hamiltonian vector field Xg, are periodic
with period 2m. This flow defines a symmetry group S'. The action of this
symmetry on T*R3\{0} and on S5 is free. The orbit space S? /S is a complex
projective 2-space CP?.

Proof. . Identify the phase space T*R? with a complex 3-space C? with
coordinates

wy =2 +ipy, we=y+ip,, and ws=z+ip, (1.3)
In these coordinates the equation
Hy = %(wluil + woly + waw3) = hg =n >0
defines a sphere S5 C C3\{0} of radius v/2n. The flow
©o 1 (w,w;t) — (e"w, e "w) (1.4)
is, obviously, diagonal, and all orbits are circles S} of radius v/2n. The quotient
space S? /SL is obtained by identifying points in each SL C S> orbit. We come
to one of the standard definitions of the complex projective space. See an

appropriate textbook, for example [70]. O

We denote by CP?(n) the orbit space of Hy for the level set Hy ' (n), n > 0.
A convenient way to parameterize CP2(n) globally is by using polynomial
invariants of the flow q.

Lemma 1.4. The quadratic invariants of the S' action (1.4) are

vy = %wlu’;l, Vo = %ww’m V3 = %w3u737 (1.5a)
[ RG(UJQ’[I)g), 09 — RG(UJ31I)1), 03 = Re(wlwg), (15b)
T = Im(w2w3), To = Im(wgwl), T3 = Im(wﬂf)z), (15(3)



Ezxcept for the relation
Yo=vi+va+rv3—n=0, (1.6a)

which fixes the level set Ho_l(n), these invariants are linearly independent.
They satisfy nine algebraic relations ¥y = 0, called syzygies of the first order,
where

2 2

Y1 =4dovs — o7 — T, X4 =20101 — 0203+ TaT3, X7 = 21T + 0273 + T203,
2 2

22:41/31/1—0'2—7'2, 25:2V202—0'30'1 -|—7'3’7'1, 28:2V2T2+0'3T1 +’7’301,

Y3 =4y — O'g — 7'32, Y = 21303 — 0102 + T1Te, 29 = 2U3T3 + 01Te + T103.
(1.6b)
The syzygies (1.6) are themselves not algebraically independent.

The following two lemmas show why invariants (1.5) are used extensively
in the reduction of the oscillator symmetry (1.4).

Lemma 1.5. We can represent the points on CPZ(n), i.e., the orbits of the
St action in (1.4) using (v1,va,v3;01,02,03;T1, T2, T3) where the 9 parameters
satisfy relations (1.6).

Lemma 1.6. Any S invariant smooth function C3 — R is a smooth function
of basic quadratic invariants (1.5). In particular, any S* invariant polynomial
can be expressed uniquely in terms of an integrity basis. One possible choice of
such basis is

R[TL7I/1—V2,O'1,02,0'3} L] {1,V3,I/32,7'1,T2,T3}.

Here RJ...] is the ring generated freely by the principal invariants listed within
the square brackets; auxiliary invariants listed within the curly brackets can
enter only linearly, so that the whole ring can be represented as follows.

Rn,v1—ve,01,09,03] - 1 + R[n,v1—vo,01,09,03] - v3+ -+ -

Proof. This lemma follows from a standard Grobner basis computation and
Schwarz’s theorem [82]. The structure of the polynomial ring is described by
the following Molien generating function

144X+ 22
A)=—F—" 1.7
90 = 13 (17)
where X represents any of generators in (1.5), see more in [2]. O

Lemma 1.7. Invariants (1.5) generate a Poisson algebra u(3) with n = vy +
vo + v3 one of its Casimirs. The ring of invariant polynomials, generated
multiplicatively by (1.5), can therefore be equipped with a Poisson structure.
This structure is used to define Hamiltonian dynamical systems on CP2.

Proof. The Poisson bracket {,} of any two invariants in (1.5) is S! invariant.
By lemma 1.6 it can be expressed in terms of (1.5). Moreover, since (1.5)
are all quadratic in (x,vy, 2, Pz, Dy, Dz), the brackets are linear in (1.5). The
concrete Poisson structure is found straightforwardly by computing {, } in the
coordinates (z,y, 2, Dz, Dy, P-). The brackets satisfy relations of u(3). Note that
if we set n to a specific value greater than 0, then the algebra spanned by the
linearly independent invariants (1.5) is isomorphic to su(3). O
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Near the limit of linearization € — 0 the perturbed Hamiltonian H, in (1.1)
is approximately invariant with respect to the flow ¢y in lemma 1.3. Near
e — 0 we can normalize H. with respect to Ho and make this approximate
dynamical symmetry exact. After normalization we obtain a formal series H.
such that {H67 Hy} = 0. In practice we truncate H, at some finite order.

Definition 1.8. The relative equilibria (RE) are periodic orbits of the nor-
malized system with Hamiltonian H, in T*R? which are also group orbits of
the S! action in lemma 1.3.

RE are also sometimes called short periodic orbits, i.e., periodic orbits with
period close to 2w, or basic orbits. B

To reduce the now exact S! symmetry of H,, we pass from the original phase
space T*R? to the space CP? (n) of S} orbits or the reduced space as follows.
Since {HE,HO} = 0, the value of H, on each orbit of Hy is constant. This
means that we can properly define a function H6 on the phase space CPz(n)
of Hy by assigning to each S. orbit of Hy the value of H. on any point of
the orbit. We call the Hamiltonian H, on CP?(n) the reduced Hamiltonian.
Reduction results in a 2-DOF system on CP? or the reduced system. By lemma
1.7, this system is a Poisson dynamical system with Hamiltonian H, expressed
(uniquely) in terms of the invariants (1.5) and the integrity basis in lemma 1.6.

Lemma 1.9. After reduction of the St symmetry, the RE of the normalized
Hamiltonian H. are reduced to equilibria of the reduced system with Hamilto-
nian H on CP2. A relative equilibrium of H and the corresponding equilib-
rium of H6 have the same type of linear Hamiltonian stability and the same
1s0tropy group.

The normal form of (1.1) is a formal power series whose orders are ‘tracked’
by the degrees of the smallness parameter e. Since this series diverges for typical
values of parameters in (1.1), it is ¢runcated at the order of interest, which is
in our case the principle order €2. At this order f[e is a Morse function on CP?
for typical values of the parameters.

As is well known (see for example Appendix 7 of [11]), the system described
by such truncated normal form H, and the original system are profoundly dif-
ferent. At the same time, it is possible to use H,. to analyze the short time
average behaviour of the original system, and in particular its short periodic
orbits. The adequateness (validity) of the truncated normal form approxima-
tion for the study of orbits of a given short period is clearly limited by the
value of € which should be sufficiently small. [Note that decreasing e is equiv-
alent to decreasing energy and approaching the equilibrium z =y = 2 = 0 of
(1.1) where H = 0.] This makes H, particularly suited for the analysis of the
nonlinear normal modes which exist and can be studied anywhere close to the
limit € — 0.

Lemma 1.10. For small enough €, RE of the normalized system with Hamilto-
nian H. correspond to the nonlinear normal modes of the original system with
Hamiltonian (1.1).

The correspondence between the RE of the normalized system and the nonlin-
ear normal modes is used in many applications. In particular this was discussed
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in detail by Duistermaat in [30] who uncovers the relation of normalization near
the equilibrium and Lyapunov-Schmidt reduction.

We conclude that the study of the nonlinear normal modes of the system
with Hamiltonian (1.1) becomes the study of the equilibria of the reduced
system, i.e., of the stationary points of the appropriately truncated reduced
Hamiltonian H..

1.1.3 Symmetry and topology

In order to describe qualitatively the systems with Hamiltonian (1.1) in terms
of their nonlinear normal modes, we find the equilibria of Hamiltonians ﬁe on
CP? (and hence the relative equilibria of the normalized system) and charac-
terize them in terms of their energy and linear stability type. When searching
for the stationary points of H. we account for the action of Tq x 7 on CP?
and the topology of this space.

Consider the action of a compact or finite group G on a manifold M. The
isotropy group (or stabilizer) of m € M is the subgroup G,, of elements of G
that leave m fixed. A point m € M is called a fized point of the G action
when G,, = G, that is, when it is fixed by all the elements of G. The G-orbit
of m is the set G-m = {g-m : g € G}. We are primarily interested in points
m. € M such that there is a neighbourhood of m. in which there are no points
m with isotropy group G,, which belongs to the same conjugacy class in G as
Gm.. We call such points m, and the orbit G-m, critical. For more details see,
for example, [63]. The importance of the critical points is due to the following
theorem by Louis Michel [62]:

Theorem 1.11 (Michel). Critical points of the action of a group G on a
smooth manifold M are stationary points of every smooth, G-invariant function
H on M.

Consequently, the analysis of the critical points of the Tq x 7 group ac-
tion on the reduced space CP? provides a number of relative equilibria of the
normalized system and by lemma 1.10, nonlinear normal modes of the original
system with Hamiltonian (1.1). A concrete study of this action results in the
following conclusion (Zhilinskif [95], see also [79], [1,2] and A.1).

Theorem 1.12. The action of Tq xT on CP? induced by the action of TaxT
on T*R3 ~ C3 has 27 critical (i.e., isolated fived) points grouped into five
critical orbits with the conjugacy classes of stabilizers given in theorem 1.1.
Table 1.1 presents the position of these points on CP? (n) characterized by the
values of the invariants (1.5).

Remark 1.13. Table A.3 of appendix A.1 lists the isotropy groups of the 27
points in theorem 1.12. Isotropy groups of the points in the same critical orbit
of the Tq x 7 action are conjugate in Ty x 7. These points are equivalent:
dynamics in their neighborhood is identically the same, so it is usually sufficient
to study one representative of each critical orbit. We denote different points of
the same critical orbit by a superscript; we drop this index when referring to
the entire orbit or when our results apply identically to all points in the orbit.
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Point Coordinates on CP2 Point Coordinates on CP?

I

A n(1,0,00,0,0;0,0,0)  BY (0, @, @ 0,0,0: 1,0,0)
AY n(0,1,0;0,0,0;0,0,0)  BI (0, a, ; 0,0,0; 1,0,0)
Az n(0,0,1;0,0,0;0,0,0)  BY n(a,0,a;0,0,0;0,1,0)
AS 2(a,0,051,1,1;0,0,0) Bj n(a,0,0;0,0,0;0,1,0)
A M aaid1,1:0,0,0) Bi n(a, ,0;0,0,0;0,0,1)
4 BlaaalTT000) _Bi n(a, @, 0;0,0,0;0,0,1)
Ag 2?”(0‘70‘70‘31 171707070) Bg %”(a,a,a;@,d,d;ﬁ,ﬁ,ﬁ)
a 2n ~ —. 2 2 N
A5 n(0,0,051,0,0;0,0,00 B§  Flexaiaaafgp)
A; n(0,0,0:1,0,0;0,0,0) Pi o Fleaaiaaalbfp)
A n(a,0,0;0,1,0;0,0,0) B3 Fleamaaaf b
y 7 BS 2, a, 050, 053, 3, 6)
Aj n(a,0,0;0,1,0;0,0,0) 3 3\, &, QG O, & O 0, 9, [
BS 2, a, 050, a, 053,83, 6)

A3 n(a, @, 0;0,0,1;0,0,0) 3 3 (&, &, Qs &, QO 9, 0,
z 7 B T(a,0, 050,050, 5,8)
A2 TL(O(,O(,O;0,0,I,0,0’O) 3 3 7 Gy ©y & &5 & 5 5 2
Bg 2?”(0{7Q7a7a7@7a;67167ﬂ)

Table 1.1: Critical points of the Tq x 7 action on CP?(n). Coordinates are
given as (v, Vs, 3;01,09,03;T1,Te,T3) With a = 1/2, 8 = V/3/2, a = —1/2,

f=—v3/2and 1= —1.

Proof of theorem 1.1. We rely on lemma 1.10 in order to establish the cor-
respondence of the nonlinear normal modes of the initial system with Hamil-
tonian (1.1) and the relative equilibria of the normalized system near the limit
€ — 0. We then use the theorem of Michel and theorem 1.12. O

Consider a smooth Hamiltonian function H : CP? — R whose stationary
points are nondegenerate. We call H a Morse type Hamiltonian. The isotropy
group of a stationary point ¢ of H restricts the possible types of linear Hamil-
tonian stability and Morse index of ¢. Recall that linear stability is given by
the eigenvalues of the 4x4 Hamiltonian matrix which describes the linearized
equations of motion near ¢ € CP?, while the Morse index of ¢ is the number of
negative eigenvalues of the Hessian matrix of the Hamiltonian at ¢. Depending
on the eigenvalues of this matrix we will distinguish six linear stability types
EE, HH, EH, CH, 2E, 2H, described in B.1.

Theorem 1.14. The critical points of the Tq x T action on CP? listed in
theorem 1.12 are equilibria of any Tq X T —invariant Morse type Hamltonian
function on CP2. They can have the following linear Hamiltonian stability
types and Morse indices.

critical orbit stability  index critical orbit stability  index
Doa xT Ay 3 2F 0, 4 SaNTy By 6 EE 0, 2, 4
2H 2 EH 1, 3
Cso xT Az 4 2F 0, 4 CsNT, B3 8 EE, CH 0, 2 4
2H 2
CQU x T A2 6 EFE 0, 2, 4
EH 1, 3
HH 2
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Proof. See [1] for the part about the possible types of linear stability and B.2
about the Morse index. O

Theorem 1.14 is a local statement which concerns an open neighbourhood
D, C CP? of each critical point ¢ of the Tq x 7 action on CP?. This far
we have no information whether the set of stationary points characterized in
theorems 1.12 and 1.14 is complete. This information can only be obtained from
the global (topological) analysis. Note, that we already used the topology of
this space in order to find the action of T4 x 7 (initially defined on Riyz) on
CP? and of the isotropy group G, of ¢ on D,. In B.2 we summarize how Morse
theory [64,68] is applied in order to check the consistency of any set of stationary
points using the Morse inequalities (four inequalities and one equality) imposed
by the topology of CP? on the number and types of stationary points of Morse
functions H. In particular we can determine if it is possible for a Tq x 7-
invariant Morse function H to have stationary points solely at the critical
points of the Tq x 7 action in theorem 1.12.

Definition 1.15. A simplest (or perfect) G-invariant Morse function on a
manifold M is one that has the minimal possible number of non-degenerate
stationary points.

Note that there is no guarantee that all the stationary points of a perfect
function lie on critical orbits of the G-action. In our case we have

Lemma 1.16. The simplest Tq x T -invariant Morse Hamiltonian H on CP?
has 27 equilibria which are critical points of the Tq x T action in theorems 1.12
and 1.14. In this case the siz Ay and six By stationary points of H are of odd
Morse index and have stability EH.

Proof. According to theorem 1.14, points A3z, A4, and Bj are of even Morse
index. The 27 points can have the right Morse indexes to give the Euler
characteristic of CP? only if As and By are of odd Morse index. O

The linear stability types of the nonlinear normal modes in theorem 1.1 corre-
spond to the stability types in theorem 1.14. In the simplest possible case, the
system with Hamiltonian (1.1) has exactly 27 families of periodic orbits near
the limit of linearization.

Remark 1.17. Morse theory provides necessary conditions that must be sat-
isfied by the stationary points of any Morse function on CP?. At the same
time, even when a set of known stationary points of a Morse function H obeys
all these conditions, H can still have other stationary points.

A more complete consistency check of a known system of stationary points
of a Tq x T invariant Morse function H on CP? requires satisfying Morse
inequalities not only for CP? but also for all G invariant subspaces of CP?
with G a subgroup of Tyq x 7.

1.2 One-parameter classification

Theorem 1.1 has already highlighted the important consequences of the pres-
ence of the additional finite symmetry Tq x 7. The next lemma shows that
this symmetry causes important modifications of the standard S!-invariant
polynomial basis in lemma 1.6.
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Lemma 1.18. Consider the most general (Tq x T) x S*~invariant polynomials
Py (w,w) of degree k in variables (w,w). Then P, =0 if k is odd, and

P, = dn=d+va+uvs) (1.8a)
Py = cn®+alol +05+03) +b(ri+ 154+ 715) (1.8b)

where a, b, ¢, and ¢ are arbitrary constants.

Proof. The action of O(3)x7 and its subgroup Tqx7 on the polynomials (1.5)
can be found by direct computation, see appendix A.1 and [1,2]. In particular
we can verify that all S'-invariants in (1.5) are invariant with respect to spatial
inversion, and that

( ) d ( 3vs —n )
n, T1,72,73), an 01,02,03, — = ,N1—N2

V3
transform according to the irreducible representations of O(3) of indexes 0g4,
1, and 24 respectively. In other words, n and (71, 72, 73) transform as a scalar
and an axial 3-vector respectively. We can also easily verify that

T:(v,o,7) — (v,0,—T).

Knowing the action of Tq x 7, we can further symmetrize the basis in lemma
1.6. In particular we obtain the generating function

D CRTD LD CINED CNEP Y

9(\) = (1= M= A2)2(1 - A3)(1 - M)

(1.9)

which describes the symmetrized integrity basis, see [2]. The symmetrized
invariants have high degrees in generators (1.5) : of the five denominator factors
in (1.9), which describe principal invariants, (1 — A) corresponds to n, while
(1 — A\2)2 represents two invariants of degree two in generators (1.5). Direct
computation shows that 72 and o2 are Tq x 7 invariant and can be chosen
as these two invariants. The function (1.9) indicates that there are no other
principal or auxiliary invariants of this degree. O

Remark 1.19. The 3-vector 7 = (71, 72, 73) is the angular momentum vector.

Both n and 72 = 72 + 75 + 77 are totally symmetric with respect to the larger

group O(3) x 7. The only term in (1.8) which represents Tq x 7 symmetry is
2

o°.

We now come to a central result which provides the basis for the classifica-
tion of generic tetrahedral Hamiltonians.

Theorem 1.20. All TqxT -invariant reduced Hamiltonians on CP? with terms
of order at most €2 can be characterized using a single parameter.

Proof. According to lemma 1.18, ﬁe has the form P, + €2P, + .... Since
{Hy, H.} =0, Hy is replaced by its value n when we define the reduced Hamil-
tonian H .. Then, up to the constant ¢'n + e2cn? and the overall scaling factor
of €2, we have

~

H=K,oi+o5+03)+K(mi+13+73)+--- . (1.10)
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It remains to verify that the family of systems (1.1) is generic in the sense
that for practically all members of this family K2 + K? # 0. (For the excep-
tional members we would have to normalize to higher orders.) This is done in
section 1.3 after computing explicitly the normal form H. of (1.1).

In the generic situation when R = (K2 + K?)'/? > 0 we can define a one-
parameter family by setting Ks = Rsinf and K; = Rcosf and rescaling the
reduced Hamiltonian H in (1.10) by R. Then

f[:sin9(a%—|—ag+0§)+cos€(712+722+7§)+~-~ , (1.11)

where in general, 6 can take any value in [0, 27). Systems with the same value
of 6 but different values of R have qualitatively the same dynamics but different
time scales. Specifically, for smaller R dynamics is slower. O

Remark 1.21. Lemma 1.18 and theorem 1.20 apply, in fact, to a larger family
of systems with an extended Hamiltonian H. +W(z,y, 2, pz, Dy, P=), Where H,
is defined in (1.1), and W, is a general Ty x 7—invariant e-series perturbation
of degree 3 or higher in all dynamical variables (z,y, 2, Dz, Dy, D=)-

To continue classifying reduced systems with Hamiltonian (1.11) and respec-
tive original systems with Hamiltonian (1.1) we restrict our attention to the
class of Hamiltonians (1.1) for which the truncation of the reduced system to
order €2 gives accurate information about its nonlinear normal modes. We use
the equivalence relation which takes into account only the families of relative
equilibria and respective nonlinear normal modes.

Definition 1.22. Consider the system with Hamiltonian H. (1.1) and the
respective reduced system with Hamiltonian ﬁe truncated at the principal
order €2. H, is called €?—generic if its nonlinear normal modes are in 1-1
correspondence to the equilibria of H, in terms of linear stability and isotropy
group, and H, is a Morse function on CP2.

In this work we consider only e>—generic systems with Hamiltonian (1.1). In
order to characterize all such systems we can study all possible sets of stationary
points ¢ € CP?(n) of the reduced Hamiltonian (1.11). Symmetry properties of
¢ can be obtained from the study of the action of Tq x 7 on CP?(n). Stability
of ¢ is given by the four eigenvalues (A1, +A2) of the Hamiltonian matrix
of the locally linearized Hamiltonian H | . We also use the eigenvalues of the
Hessian matrix to compute the Morse index of €.

Remark 1.23. It is sufficient to study (1.11) for 6 € [0, 7) because H (6 +1) =
—H (0). Both Hamiltonian and Hessian matrices change signs when § — 6+ .
This does not affect stability (since both A and —\ are eigenvalues). On the
other hand, if the Morse index for 6 is d then for 6 + 7 it becomes 4 — d.

We like to point out that our classification has both qualitative and quantita-
tive aspects. We will find several different classes of €2 generic systems with
Hamiltonian (1.1). At the same time we represent all systems in the same class
as a continuous one-parameter family and describe quantitatively the evolution
of their relative equilibria as the parameter varies.
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1.3 Normalization and reduction

Normalization is the first step of the concrete study of systems with Hamil-
tonian H, in (1.1). This well known procedure can be performed using the
Lie series method [27,43,60]. To the second order terms € we obtain the
normalized Hamiltonian

H(w,w) = Ho(w, w) + € Hy(w, w) , (1.12a)

where variables (w, @) are given in (1.3), Ho(w,w) = Ho(w,®) = 13 ww;,
and
2 -2

Hy(w,w) = %(Ko + K4)(w%wf + w%@% + w3w3)

4Ky — K3 — 8KR)(wiws + wiwi + wiws + wiwi + wiwi + wiw?)
(1.12b)

Reduction of the Hamiltonian (1.12) gives
H.= Hy+ ¢ H> (1.13a)
where
Hy=wmi+wm+uvs=n (1.13b)
ﬁg = %(K4 + Ko)n? + Ks(af + ag + og) + Kt(Tf + 7'22 + 7'3?) (1.13¢)
with
K, = (-5K3 —36K,)/48, K;= (K3 — 36K, — 24K, +48Kp)/48 . (1.13d)

Ignoring the constant terms in ﬁe and rescaling by €2 we arrive at the Hamil-
tonian H in (1.10). Furthermore, since Ko, K3, K4 and Kg can take arbitrary
values (of order 1) we can rewrite H in the one-parameter form H() in (1.11),
where 0 < 0 < 7.

Remark 1.24. There are two values of 6 at which the reduced system with
Hamiltonian H(6) has a large Lie group of symmetries and is Liouville inte-
grable, see below.

value of 6 first integrals symmetry
0 n, Tt + T8 +72, 73 0(3)
/4 vy, Vo, U3 SU(3)

1.4 Relative equilibria corresponding to critical points

We study the equilibria of the reduced system with Hamiltonian (1.11) which
are critical points of the Ty x 7 action on CP?(n).

Lemma 1.25. The nonlinear normal modes in theorem 1.1 correspond to the
relative equilibria (RE) of the normalized system with Hamiltonian (1.1). On
the phase space CP? of the corresponding reduced system, these RE are critical
points of the action of the symmetry group Tq X T given in theorem 1.12. The
principal terms in the energy—action characteristics for these modes are given
below.
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Figure 1.2: Scaled energy h/n? of the stationary points of H (1.11) as a func-
tion of the parameter 6. The dashed curve marks the energy of the Cs point
(see sec. 1.5).

conjugacy class shorthand number o =
of]szizbigl/izers notation modes g energy H(n, 0)
ng x T A4 3 0
ng, x T A3 4 %HQ sin 0
Cop X T Aq 6 n2siné
Sy NTs By 6 n?cosf
Cs AT, Bs 8 $n?(sin 6 + 3 cos f)

Note that n is equal to the action I = § pdq computed along the respective
periodic orbit, and 0 is defined in the proof of theorem 1.20. For the members
of the family of systems with Hamiltonian (1.1), the absolute mazimum and
minimum accessible energy Emax(n) and Enin(n) for a given fized action n
can be estimated as follows: Enin = Ea, and Enin, = Ep, in the regions
0 € [0, %7?] and 0 € [%ﬂ,ﬂ respectively, while Epmax = Ep, and Fyax = Ea, in
the regions 0 € [0, 27| and 0 € [1m, 7] respectively.

Proof. We find the energy for each type of RE by substituting the coordinates
in table 1.1 into (1.11). Figure 1.2 and table 1.2 present the result. We now
prove that H /n? takes the values represented by the gray shaded region in
figure 1.2. We do this in a number of steps. First, note that when 0 < § < 7/2
we have sinf > 0 and cos 6 > 0, therefore H >0= ﬁA4 in that region.

Let v2 = v} +v3 + 13, 0> = 07 + 03 + 035 and 72 = 7 + 75 + 75. From
(1.6a) we find that v2 > n2/3. In the region 7/4 < 6 < 7 we express H as
H = sinf(c® + 72) + (cos 6 — sin0)72. Using the syzygies (1.6) we find that
0% + 7% = 2(n? — v?) and since v? > n?/3 we get o + 72 < 4n?/3. Also
when 7/4 < 0 < 7 we have cos — sinf < 0. Therefore H< sinf(o? + 72) <
An%sin6/3 = Hy,.
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In order to complete the argument we need to show that 72 < n?. By re-
mark 1.19, any rotation in the original phase space T*R? leaves 72 unchanged.
Note also that the form of the syzygies in (1.6) remains invariant under such
rotation. Therefore we can rotate coordinate axes so that in the new coordinate
system we have 7] = 75 = 0 and 74> = 72. If 74 = 0, then what we want to
prove is true. If 74 # 0 then using the syzygies we find that v = o] =04 =0
and 74° = 4| (n — 1) — 04>, Tt follows from the last relation that 74° and
therefore 72 is less or equal than n?2. R

We complete the proof. In the region 7/2 < 6 < 7 we have that H =
sin o2 — | cos 0] 72. Since sinf > 0 we get H > —|cos 0|72 > —| cosf|n2 = Hp,.
Finally, in the region 0 < 6 < 7/4 we have H = sinf(o? + 72) + (cos 6 —
sin 0)72 < % sin @ + n?(cos  — sin ) = %2(sin0 + 3cosh) = I;TBS. O

We now study linear stability of the RE found in lemma 1.25 and the Morse
index of the coresponding stationary points. Theorem 1.14 leaves a number of
different possibilities which require a concrete study of the Hamiltonian (1.11).

Lemma 1.26. The one-parameter family of reduced Hamiltonians (1.11) and
corresponding Hamiltonians (1.1) can be separated into five qualitatively dif-
ferent subfamilies, which corespond to five open intervals of the values of the
parameter 0. Concrete values are listed in table 1.2. Each subfamily is distin-
guished by a particular pattern of the linear stability of the relative equilibria
in lemma 1.25.

region Emin Emax A4 A3 A2 B4 Bg Cs
I (0,17) Hs, Hp, 2E0 2H2 EH1 EE2 EE4 EH3
la (imp) Ha, Ha, 2E0 2E4 EE2 EH1 CH2 EH3
Ib  (p1, 3m) 2E0 2E4 EH3 EH1 CH2
IWa (imp2) Hp, Ha, 2H2 2E4 EH3 EE0 CH2 EH1
b (p2,7) 29H2 2E4 EH3 EE0 EE2 EHI1

Table 1.2: Stability (2E, 2H, etc, as explained in B.1) and Morse index (0. ..4)
of the stationary points of H in (1.11). For the C, points see § 1.5; p1 =

cos~1(1/+/5) and pg = cos™*(—1/4/10).

Proof. According to remark 1.13, it suffices to study one critical point for
each of the five critical orbits of the T4 x 7 action on CP?(n). We begin by
finding an appropriate local symplectic chart in the neighborhood of the critical
point, and then compute the quadratic part of the Hamiltonian (1.11) in this
local chart. We define the charts (x1, x2,%1,%2) in terms of the polynomial
invariants as described in detail in B. These charts are given in table 1.3. Note
that the local coordinates (x,1) are canonical only up to the constant terms
in the Poisson brackets,

{Xk,l/Jk}:l+..., {X17¢2}:0+...7 {X2,¢1}:O+..., ]{3:1,2.

This is adequate only for the study of the linearized equations of motion. We
now express Hamiltonian (1.11) in each local chart and expand it to the second
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1

1

AL xu=—ggo X2 = 5n T8
U1 = \/%7'2 Yo = ﬁﬁ
v =6/2 vo = (03 +73)/26

vy = (05 +73)/26
T1 = (—0'27'3 — ’7‘2(73)/5

g1 = (0'20'3 — 7'27'3)/(5

Where5=n+(n2—U§—U§—T22_T32)1/2
A x1= 21/1\/%(271 — 209 — 03) X2 = 7421/741\/%(271 — 303)
b= g b2 = g (2n )
v =6/2 vo = (03 +73)/26
vs = (02 4+ 72)/26 o1 = (0203 — 7273) /9
1 = (—027'3 - 7’203)/5
where § = n — (n? — 03 — 0% — 75 — 73)"/?
A5 o= - 3) Xz = 501
P = ﬁ'r:s P2 = %TI
v = (13 4+ 6%) /4w vs = (07 + 72) /4vs
02:(7T1T3+(715)/2l/2 o3 =24
To = (—0'17'3 — T1(5)/27/2
where § = (4nvs — 403 — 0% — 78 — 12)1/?
Bf x1= o1 X2 = 502
b= vam o
v = (0% + 12) /dvs vo = (0f +6)/4vs
o3 = (o102 — 120)/2v3 =6
73 = (—0172 — 020)/2v3
where § = (dnvs — 43 — of — 03 — 75)'/?
B x1 = ﬁ(\/g(ag —o03)+ T2 — T3) X2 = ﬁ(3(02 +03) + V3(12 + 73))
¢1:—ﬁ(4n+302—\/§T2—2\/§7'3) wzf—ﬁ(\/gUg—Fz\/gO';g-l-ng)
v =5/2 vo = (03 +75)/26

v = (03 4+ 74)/26
T = (—0'27'3 — T20'3)/(5

where § = n — (n? — 03 — 03 — 74

o1 = (0203 — T273) /0

2)1/2

— T3

Table 1.3: Local coordinates at critical points on CP?(n). We use these rela-
tions in order to express the Hamiltonian in each local chart and to compute
the Poisson brackets of the local coordinates.

54



order terms. This gives

Hpa(x, %) = 2ncos 0(7 +93) + 2nsin(xi + x3),

Has () = 402 sin 6 + ¥2n(cos§ — sin 6) (43 + ¥3) — Vansin 003 +x3);
Hy2(x,¢) = n’sinf + n((cos 6 — sin 0)1/1% + (2cos @ — sin 6)1/)% — 4sin@x? + sin Gxg);
Hpa(x,¥) = n’cos 0 + n(—4cos O3 + sin Oyps — (cos @ — sin G)Xf + sin Gxg);
Hps(x,%) = 3n[(sin6 + 3cos0) (n — (i + ¥3) — 2v3(x11 + Xx2t2))

—12cos0(x; + x3) + 6(sin 6 — cos ) (x192 — x21)].

(Note that in full agreement with remark 1.13, we can always find such two
local charts for any two critical points in the same critical orbit, such that the
respective local Hamiltonians are the same.) Using local quadratic Hamiltoni-
ans He(x, 1) we compute the Morse indices and the linear stability types in
table 1.2. O

Remark 1.27. Besides the linear stability type of the stationary points of
H we can also determine that in some cases the stationary point is orbitally
stable. This is true when the Morse index of the point is either 0 or 4.

Corollary 1.28. The 27 equilibria of the system with Hamiltonian H in (1.11)
which are the critical points of the Tq x T action on CP? satisfy Morse in-
equalities and give the right Euler characteristic for CP? only in the region IIb
when 0 € (p1, %71’) In this region H can be the simplest Tq X T invariant Morse
function. For all other values of 0 this system must have other equilibria.

Proof. Use lemma 1.16 and table 1.2. See also B.1. O

1.5 Relative equilibria corresponding to non-critical
points

In this section, we find additional equilibria of the system with Hamiltonian a
in (1.11) predicted in corollary 1.28 for 6 outside the closed interval [py, 37].
These additional equilibria & are likely to be created in bifurcations which take
place when the value of ¢ leaves the interval (p, 37).

Remark 1.29. Let ¢ be one of the critical points of the Tq x 7 action on CP?
described in theorem 1.12. By the theorem of Michel cited in sec. 1.1.3, ¢ is
a stationary point of H(#) in (1.11). Suppose that the new stationary point £
is created in a bifurcation of ¢. When considering where £ can be found, we
should take into account the following (see [42] for some of these statements):

1. The isotropy group G¢ of £ is a subgroup of the isotropy group G. of c.

2. If ¢ belongs not only in the closure of the stratum with trivial stabilizer
Cy = {E} but also in the closure of one or several strata with nontrivial
stabilizers G’, G”, etc, then a generic one-parameter bifurcation of the
stationary point ¢ will not break the symmetry G, all the way down to
C4, but G¢ will be one of G', G”, etc.
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3. If such a generic bifurcation takes place, the new point stationary £ with
non-trivial stabilizer G¢ will remain on a continuous set 9 C CP? of
non-critical G¢—invariant points. 9 in turn is a subset of a submanifold
M c CP? with isotropy group Ga; C Ge.

4. The manifold M > £ can contain points ¢ of higher isotropy; it can itself
be a subspace of a larger manifold M’ ¢ CP? with lower isotropy group
Gy C Gy C Gg C Ge.

5. When looking for stationary points £ € M C M’ C ...CP? we should
check if the Morse inequalities hold for all invariant submanifods M, M’,
etc.

6. Particularly interesting are situations when P = M, or M’, etc is also
dynamically invariant because Gp is symplectic. In that case P is sym-
plectic, and we can restrict our system on P and look for its equilibria
there.

7. The action of Tq x 7 on CP? has several invariant submanifolds M
with topology S, 82 ~ CP!, and RP?. Information on these manifolds
and their intersections can be found in [2] and A.1. The 2-spheres with
stabilizers of conjugacy class Cs; and Cy can serve as restricted phase
spaces P.

1.5.1 Existence and stability of the C; A 75 relative equilibria

Following remark 1.29(6-7), consider the C; and Co—invariant spheres S? C
CcpP? (n) described in A.1. Critical points of type A4 and As are intersection
points of the two types of spheres (see figure A.2). This means that the new
equilibrium points £ created in a bifurcation of A4 or As can depart either on
a Cy or a Cg sphere, cf. remark 1.29(3). On the C, spheres we also find points
of type By, while on the Cy spheres we find points of type As.

Lemma 1.30. The Az, A4, and By equilibrium points of the system with
Hamiltonian H in (1.11) alone do not give the right Euler characteristic for S
on the Cs spheres when 0 < 0 < p1 and %w <0 <, ie., outside the region IIb
in table 1.2; they give the right characteristic when p1 < 0 < %71'. Furthermore,
for the same values of 0, the two points Ay and Ay, which lie on the same
Cs N Ty —invariant circle of the Cs sphere, alone do not give the correct Euler
characteristic for St.

Proof. We can always split local coordinates in table 1.3 in order to select a
Cs or Cy invariant symplectic pair. Then checking the Morse inequalities and
the Euler characteristic for the Co and C, spheres is straightforward. O

Corollary 1.31. In all regions in table 1.2 except IIb, the system with Hamil-
tonian (1.11) should have additional equilibria ¢ € S* € 82 ¢ CP?(n), where
the isotropy group of & and S' is C; A Ty and S? has isotropy group C,.

Lemma 1.32. The Cs A Ta—invariant equilibria in corollary 1.31 exist only
when

0<6<p =cos H(1/VE), or ir<o<m,
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and have stability type EH. By symmetry, there should be two such equilibria
on each of the sixz Cs spheres. The original system with Hamiltonian (1.1) has
12 corresponding Cs N\ To—invariant nonlinear normal modes.

Proof. By an argument similar to that in remark 1.13, it is sufficient to study
one of the six equivalent Cy spheres. We chose the sphere C2 which is defined
in A.1 as the set of points on CP?(n) with coordinates

14w 1+w 1—w_ u u l+w v v

(V;U;T)n< 1 4 2 ,\/5’\/5723\/5’\/5’0> (1.14)

where u? + v + w? = 1. The C; A T invariant circle on this sphere is defined
by the additional equation u = 0. The reduced system restricted to this sphere
corresponds to the original system restricted to the 4-plane in T*R? defined
by {x =y, p. = py}. The Poisson algebra generated by the functions (u,v, w)
in (1.14) and restricted to the C% sphere is the algebra so(3) with Casimir
u? + v? + w?. We find the vector field of Hamiltonian (1.11) restricted to this
sphere

= —v(w+1)(sinf — 4 cos ) — 4v cos
0 =u(l —3w)sinb (1.15)

w = 4uv(sin§ — cos 6)

The constant level sets of this system are shown in figure 1.3 in the coordinate
system of figure A.3b with axis w aligned vertically. The equations @ = © =
w = 0 for the equilibria on the sphere can be easily solved. Solutions u =
0,v = 0,w = 1 (North pole) and © = 0,v = 0,w = —1 (South pole) represent
points A% and A% respectively; the two points A% and A% correspond to u =
i%\/i, v=0,w= % Positions of these critical points is shown in figure 1.3 for
the example of § = 57/36. The two new stationary points {1+ have coordinates

sin 6
u=0, v==(1-w)"? w= Tcosd —sind

This solution exists only for the values of # specified in the lemma. From (1.14)
we find the CP?(n) coordinates of &

& =n(r,r,1—2r;0,0,2r; £2¢/7(1 — 2r),£2y/r(1 — 2r),0)

where r = cos /(4 cos @ —sin6). In figure 1.3, § = 57/36 (region I), {1 can be
seen as two deep minima which lie on the v = 0 meridian slightly above the
equatorial line and below the latitude of the A3z points shown by a dashed line.
As 0 increases £+ move up (north). In the region Ila, they become unstable, see
case 6 = 117 /36. In the region IIb £4 do not exist, they reappear for 6 > %w
as minima. Using the same local analysis as for other stationary points, i.e.,
finding a local symplectic chart and linearizing H in this chart, we find that {4+
are always of type EH (elliptic-hyperbolic). In the regions I, IIla, and IIIb the
elliptic plane is tangent to the sphere and the hyperbolic plane is orthogonal
to the sphere; in the Ila region the situation is reversed. O
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S5n/36 /4 117/36
w w w w
=" L= v v
0 =p /2 3r/4 177/18

Figure 1.3: Phase portraits of the system with Hamiltonian H in (1.11) re-
stricted to the C® invariant sphere 82 ¢ CP?(n) for different values of the
parameter §. The location of the critical points As, Az, and A4 is marked by
a black disc, triangle, and square respectively. The location of the C points is
marked by a white disc.

Theorem 1.33. The reduced one-parameter Hamiltonian H has ezactly 27 sta-
tionary points in the region IIb(p1, %71') which are the critical points of the TaxT
action on CP2. In the other regions it has ezactly 12 more stationary points
with stabilizer Cs \ T3.The only exceptional values are 8 = 0, %W,pl, %ﬂ',pg,ﬂ'

where H is not a Morse function.

Proof. The vector field X5 of H expressed in terms of the invariants has 9
components which are quadratic polynomials:

71 = 4sinf(v3 — )0y

1 = 2(cos — sinf)(oame — 0373)
vy = 2(cos — sin ) (o373 — 0171)
U3 = 2(cos @ — sin ) (o171 — 0972)
o1 = 2(sinf — cos 0) (o372 — 0273) + 4cosO(ve — v3)T
6o = 2(sinf — cosb) (o173 — 0371) + 4cosO(vs — v1)To
63 = 2(sinf — cos ) (oo — 0172) + 4cos (v — 1) T3
)
)

7"2 = 4sin9(u1 — V3)02

7.'3 = 4sin0(1/2 — 1/1)0'3

The equilibria of X5 are given by the common roots of these polynomials and
the polynomials ¥, k = 0,...,9 (1.6). We solve this system of polynomial
equations by finding its Grobner basis using the lexicographic order 73 > 75 >
Ty > 03 > 09 > 01 > v3 > Uy > 1. Such a basis can be constructed using
the computer program Mathematica. Although the Grobner basis consists of
89 polynomials it is straightforward to solve. There are two types of solutions.

58



27 solutions that do not depend on 6 correspond to the critical stationary
points of H. 12 solutions that depend on 6 correspond to the extra non-critical
stationary points and are valid only when 0 < v1,v5,v3 < n. This condition
gives that the extra stationary points do not exist in the region IIb. O

1.5.2 Configuration space image of the C; A T3 relative
equilibria

Remark 1.34. The evolution of the additional Cs A 75 relative equilibria can
be best seen on the interval § € [—3m, pi]. (The part [—17,0] is equivalent

to the region III [%7‘(,7‘1’] in figure 1.2 and table 1.2 up to the sign of fAI, see
remark 1.23.) These RE branch off the Ay RE at § = —3m and then exist
continuously until their merger with the Ay RE at 6 = p;.

The principles of the RE representation in the configuration space Ri,yJ

are discussed in A.4. The C; A 73 RE are not 7 invariant and therefore they
appear in R? as loops. The two C,A7T; stationary points on the same C sphere,
such as, for example, in figure 1.3 with § = 57/36, are mapped into each other
by the 7 operation. These two points correspond to two loops running along
the same closed curve in R? in different directions. According to remark 1.34,
these loops branch off one of the three A4 orbits and merge with an As orbit.
Take for example the three RE A3, A3, and A3. The A RE is represented
by a segment on axis z, while images of A% and A3 lie in the planes aOb and
cOd (see figure A.1 and figure 1.4, left). Note that axis z is the intersection
aOb N cOd, and that the aOb and cOd planes are the configuration spaces of
the restricted systems whose reduced phase spaces are the C2* and C¢ spheres.

Without any loss to our present qualitative description, we can consider
RE of the normalized system instead of those of the original system shown in
figure 1.1. In the transformed space R? the AjZ RE remains a segment of axis
z, while A and A3 become segments of straight lines z = y and x = —y in the
horizontal plane z = 0 as shown in figure 1.4.

R P P

N

B S N

Figure 1.4: Schematic representation of the A%, A%, A3, and Cs AT relative
equilibria in the configuration space Ri,y,z of the normalized Hamiltonian (1.1).

At 0 = %w, four Cs A 73 orbits bifurcate from Aj. These four RE project
into two distinct closed curves in R3. When the value of § is only slightly above
%w, the loops have a highly eccentric elliptical shape stretched along A3, see

figure 1.4, left. The major axis of the ellipsis is on the z axis and the ellipsis
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lie in the aOb and cOd planes respectively. As € increases, the eccentricity is
reduced until the ellipses become circles at 6 = %ﬂ'. At this point the elliptic
and hyperbolic directions for the C; A 75 points €4 € CP2(n) are interchanged.
For 6 > %77 the eccentricity increases again but now the major axes lie near
the intersections the aOb N xOy and cOd N xOy respectively. As 6 approaches
7+ p1, the two ellipses come closer to the orbits A3 and A% and vanish exactly
at 0 =1+ p;.

1.6 Bifurcations

Definition 1.35. The system with Hamiltonian (1.1) is called generic if it is
effgeneric and the corresponding principal order of the reduced Hamiltonian
H in (1.11) is a T4 x T-invariant Morse function on CP?(n).

Generic systems belong to one of the subfamilies in table 1.2. We have charc-
terized the RE of these systems. In this section we comment on some of the
changes of linear stability of the RE in table 1.2 and the possible bifurca-
tions that may be happening when the parameter 6 is varied. A full study of
non-Morse members of the family (1.11) and bifurcations of RE requires going
to higher orders of the normal form and is beyond the scope of our present
work. Some of these bifurcations cannot be fully understood using the single—
parameter classification scheme of sec. 1.2.

As we saw in sec. 1.5.1, several bifurcations are related to the evolution
of the C; A T; RE. At § = 37 (or —47) four C; A T RE are created in the
bifurcation of each of the three A4 RE. In this bifurcation, as we go from
the region IIb to IIla in table 1.2, stability and Morse index of the A4, RE
change from 2E and 0 to 2H and 2 respectively. Since A4 and B4 share the
same Co—invariant subspace S? (figure A.3, left), the Morse index change of A4
forces the change of the Morse index of By in order to preserve the right Euler
characteristic of S2. When 6 = 7 and we enter region I from IIIb, the Morse
index of A4 changes from 2 to 0 (or 4, see remark 1.23). When 6 = p; the
Cs AT RE collide pairwise at the As RE and vanish. At this moment the Ay
RE change linear stability type from EE to EH and Morse index from 2 to 1.
This bifurcation can be considered as a collision of two stationary points on the
Cs sphere; in systems with one degree of freedom it is often called a ‘pitchfork’
bifurcation.

The stability type of the Bs points changes between elliptic-elliptic (EE) and
complex hyperbolic (CH) at § = m/4 and 6 = py. At these values of 6 the four
eigenvalues of the respective Hamiltonian matrices move along the imaginary
axis, collide pairwise, and then move off the axis into the complex plane. Such
EE«~CH change of linear stability is called a standard linear Hamiltonian Hopf
bifurcation'. It suggests that a nonlinear Hamiltonian Hopf bifurcation might
also be taking place [85]. This important codimension—one bifurcation happens
in Hamiltonian systems with two or more degrees of freedom. The EE«—~CH
change is necessary but not sufficient for the standard nonlinear Hamiltonian
Hopf bifurcation. The latter occurs when a family of periodic orbits either
detaches from the bifurcating stationary point or shrinks to this point and

IThe name is due to the analogy with the Hopf bifurcation in dissipative systems.
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disappears. We should take the nonlinearity of the system into account in
order to find out if this takes place.

Unfortunately, standard theorems on the Hamiltonian Hopf bifurcation do
not apply directly in our case. Thus when 6 = py we can prove that the Bs
points lie on an invariant two-dimensional manifold and as a consequence, the
bifurcation remains degenerate in all orders. A preliminary study using normal
form techniques shows that a bifurcation of short periodic orbits which differs
slightly from the Hamiltonian Hopf bifurcation takes place at § = ps. At
0= iw the eigenvalues of the Hamiltonian matrix of the linearized equations
near the Bs equilibrium meet at 0 and then leave off to the complex plane.
This means that at the moment of bifurcation the quadratic part of the local
Hamiltonian is nilpotent and cannot be normalized in the standard way. We
believe that both the degeneracy of the § = p, case and the nilpotency of the
¢ = 17 case can be removed in the sixth (or higher) order normal form of (1.1).

A generalization of the linear Hamiltonian Hopf bifurcation is proposed
in [47]. This paper describes a bifurcation of short periodic orbits that happens
when a stationary point with isotropy group SO(2) x 7 changes linear stability
type from degenerate elliptic (2E) to degenerate hyperbolic (2H). In our system,
the As and A4 RE change stability type from 2E to 2H at § = iw and 0 = %w
respectively. Since by theorem 1.14 the A4 and A3 RE can only be of type 2E
or 2H, the eigenvalues must become simultaneously zero when their stability
changes from 2E to 2H. This degeneracy is robust under Ty x 7 symmetric
perturbations.

1.7 The 3-mode as a 3-DOF analogue of the
Hénon-Heiles Hamiltonian

In [51] M. Hénon and C. Heiles introduced the Hamiltonian
H(z,y,pe,py) = 5(2% +97) + 5(° + 1) + e(@®y — 30°), (1.16)

which is since known as the 2-DOF (or 2D) Hénon-Heiles Hamiltonian. The
specific form of its potential was chosen “because: (i) it is analytically simple;
...(il) at the same time, it is sufficiently complicated to give trajectories far
from trivial” [51].

As Hénon and Heiles found numerically in [51], an additonal integral of
motion did not exist in the 2-DOF system with Hamiltonian (1.16). Their
study resulted in the first illustrations of Hamiltonian chaos, and their system
has since been studied extensively both numerically and analytically, see [77] for
a detailed list of references. It has served not only as a model for the dynamics
near the center of a galaxy but also in molecular physics where it has been
used to describe doubly degenerate vibrations of molecules whose equilibrium
configuration has one or several three-fold symmetry axis [78], such as Hy [40],
P4 or CH4, and SFG

The Hamiltonian (1.16) is symmetric under the action of the finite group
D3 x T. Here D3 is the dihedral symmetry group of the equilateral triangle,
and 7 = {1,T} is the time reversal or momentum reversal group generated
by T : (z,Yy, Pz, Py) — (,Y, =Dz, —Py). Although the finite symmetry of (1.16)
was not particularly emphasized in [51], it has one very important consequence,
namely the a priori existence at low energy of eight families of periodic orbits
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called nonlinear normal modes [17,66,67]. In fact, this is a property of any
D3 x 7 symmetric 1:1 resonant 2-oscillator.

There are many ways to introduce three degree of freedom analogues of the
two degree of freedom Hénon-Heiles Hamiltonian (1.16). The most obvious is
to consider the 3-DOF axisymmetric Hamiltonian

10,2 2 P 1,2 2 2 1.3

H(r,0,2,p,p0,p.) = 5(py +0z) + 2,2 + 5 +2%) +riz — 32, (1.17)
from which Hamiltonian (1.16) was deduced, see [51]. Here (r, 0, z) are cylindri-
cal coordinates in R®. This 3-DOF Hamiltonian has been studied in [36,37,94]
where it is called the 3D Hénon-Heiles Hamiltonian. The reduction of the axial
symmetry was done in [22] where it is shown that the reduced system is in 1:2
resonance.

We propose here a different analogue based on the extension of the discrete
symmetry of (1.16) to R3. Specifically, we propose Hamiltonian (1.1) with
Kr = 0 as a three degree of freedom analogue of the two degree of freedom
Hénon-Heiles Hamiltonian.

Comparison of the family (1.1) to the 2D Hénon-Heiles Hamiltonian
(1.16).

1. Like the 2D Hénon-Heiles system, the system with Hamiltonian (1.1) is
probably not integrable and hence is a genuinely three-dimensional sys-
tem in the sense that the only exact first integrals are smooth functions
of energy. This is in contrast to Hamiltonian (1.17) which has an ax-
ial symmetry and therefore can be reduced to a two degree of freedom
system.

2. Both (1.16) and (1.1) have no compact Lie group of symmetries. Both are
invariant under the action of a discrete group which includes rotations by
27 /3 and the time reversal group 7 described above. The Hamiltonian
(1.1) is invariant under the action of the group Tq x 7. This symmetry
group has four conjugate subgroups Cs, x 7 which are isomorphic to the
symmetry group of (1.16).

3. Both (1.16) and (1.1) have principal cubic perturbation terms of the
simplest possible analytic form which realize completely the respective
point group symmetries D3 and T4q. The polynomial

Viz,y,2) = %,ug + eKsus +62K4,u4+e2K0pL§ (1.18)
is the most general Ty-invariant polynomial in (z,y, z) of degree 4.

Notice that the analysis of the fourth order normal form does not depend
essentially on K since the latter enters only through K; (1.13d). Therefore, all
the analysis of this chapter applies also to our three degree of freedom analogue
of the Hénon-Heiles Hamiltonian.
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2

The hydrogen atom in crossed
fields

In §0.2 we gave the Hamiltonian (0.13) which describes the hydrogen atom in
crossed electric and magnetic fields. Recall here that the Hamiltonian is

1

HQ,P)=1p2 - —
(Q,P) Ql

5 + FQs + 3G(Q2Ps — Q3P2) + :G*(Q3 + Q3)  (2.1)
where F' and G represent the strength of the electric and the magnetic fields
respectively.

2.1 Review of the Keplerian normalization

Normalization of a perturbation of the Kepler Hamiltonian with respect to
®( has the problem that the potential is singular at Q = 0 and the flow
of the Kepler Hamiltonian is not complete. Therefore, in order to do the
normalization we have to regularize the vector field Xp,. This procedure gives
a complete vector field. Many ways to achieve this have been proposed, but
the most convenient for our purposes is Kustaanheimo-Stiefel regularization.

2.1.1 Kustaanheimo-Stiefel regularization

The Kustaanheimo-Stiefel regularization [54] is a standard procedure for the
regularization of the Kepler vector field. We fix an energy level £ < 0 (we
are only interested in bounded motions) and introduce the new time scale
dt — dt/|Q] in (2.1). The result is

1= 3(P?=2E)|Q|+ FQ:|Q|+3G(Q2P3 — Q3 P)|Q| + §G*(Q3 + Q3)|Q)| (2:2)

where the term 1 (P? — 2E)|Q| comes from the Kepler Hamiltonian.
The Kustaanheimo-Stiefel regularization is defined by the transformation

KS : ToR' — ToR? : (q.p) = (M(q) - ¢, zM(q) - p) = (Q,0,P,0)  (2.3)
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where M (q) is the matrix

g1 —q2 —q3 44
q2 q1 —q4 —q3
M = 2.4
(q) q3 qa q1 q2 ( )
qa  —(g3 q2 —q1

Notice that
¢ = 3(q1ps — @2p3 + q3p2 — qup1) =0 (2.5)

and that ( generates an S' action on TyR* called the KS symmetry. Any
function defined on ToR* through the KS transformation Poisson commutes
with ¢. Therefore we can treat ( as a constant identically equal to 0.

Applying KS to (2.2), scaling (¢, p) — (¢/+/w, py/w) and changing the time
by t — wt we obtain the Hamiltonian

H=30"+¢)+ 3 f(1a2 — 4394)8° + 39(a2ps — q3p2)d
+ 107G+ @) (B + B (2.6)

where we have defined

_6F

2
WP=—2E f= -2

2, 32
EZEb g—F—ea a+b :1 (27)
The parameters a,b characterize the relative strengths of the magnetic and

electric field respectively, while e characterizes the absolute strength of the
fields.

2.1.2 First normalization

We normalize the Hamiltonian (2.6) with respect to the unperturbed part Hy =
%(q2 + p?), which describes a 4-oscillator in 1:1:1:1 resonance. The result of
the normalization and truncation is the Hamiltonian

H = ﬁg + 6Er4 + GQﬁﬁ + GSﬁS + €4ﬁ10 (28)

where each term H ; is a homogeneous polynomial of degree j in (gq,p). We do

not give explicit expressions for H since these can be easily determined from
the expressions of the reduced Hamiltonian H (2.14) that we give later, see
table 2.1.

Remark 2.1. We truncate the normal form H at H 10 for reasons we explain
at §2.6.3.

2.1.3 First reduction

The vector field Xp, of Hy = %(p? + ¢°) generates an S' action ®; on RS.
The vector field X¢ of ¢ (2.5) generates a different S* action ®¢. These actions
commute since {Hy, (} = 0, therefore they define a T? action on R®. We have
that
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Lemma 2.2. The algebra R[q,p]T2 of the polynomials that are invariant under
the T? action generated by Hy and ¢ is generated by the invariant polynomials

Ki=3(05+ G +p3+6 —pi —di —pi—ai)
Ky = 4(psps — 12 — p1p2 + q344)
K3 = —3(q1q3 + 4244 + p1ps + papa)

Ly = Y(q2ps — q3p2 + q1pa — qap1)
’ (2.9)

Ly = 5(q2pa + q3p1 — 103 — qap2)

Ls = 5(q1p2 + q3psa — q2p1 — qap3)

n=1pi+aqi +p5+ G +p3+ 0 +0i+dd)
¢ = 5(q1ps — 4203 + q3P2 — Qup1)
which satisfy the relations

K*+1*=n*+¢ K-L=-n( (2.10)

Note that the vectors K = (K1,Kq,K3) and L = (L1, La, L3) are the KS
transformed eccentricity and angular momentum vectors respectively.

The space of T? orbits on H; ' (2n) N ¢~1(0) is defined by
K*+1*=n* K-L=0 (2.11)

or equivalently
(K+L)?=n*> (K-L)?=n? (2.12)
Therefore the space of T? orbits on Hy ' (2n) N¢~1(0) is S? x S2. The Poisson
structure on the reduced space is
{Li, L} = Z&'jkLk {Ki, K;} = ZEijkLk {Li, K} = Zf‘:iijk
k k k

(2.13)
We reduce the normalized Hamiltonian (2.8) with respect to the T? action
by expressing it in terms of the polynomials (2.9). The result is

ﬁ:ﬁ2+€ﬁ4+62ﬁ6+63ﬁ8+64ﬁ10 (214)

Setting ¢ = 0 the first terms of H become

Hy, =2n (2.15)
H, =n(aLy — bK3) (2.16)

The coefficients for the other terms are presented in table 2.1. Next we subtract
the constant term H2 = 2n and then divide H by ne.

In the resulting rescaled Hamiltonian, called the first reduced Hamiltonian,
we make the successive linear changes of variables

Ty =ali1 —bKy Ty =als+bKy T5=1Ls

(2.17)
Vi=aK; —bLy Vo=aKy+bL; V3=K.
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Coefficients of terms of 721?[6 Coefficients of terms of 13824ﬁ10

n2 —17b2 nt 1504 a2 b2 — 3563 b*
L3? 9a? n2 L3? 36 a* + 1086 a2 b2
Lo? 9a2 4912 L3* —351a* — 240 a2 b2
K32 45 a? n2 Ly? 36a* — 1110 a? b2 + 2970 b*
Ko Ly 84ab Lo? L3? —702a* — 278 a2 b?
K52 45a2 — 51 b2 Lo* —351a* — 38a2 b2 — 303 b4
K1 Lo —12ab n? L2 10224 a* — 66192 a2 b2
2 2 4 212
Coefficients of terms of 288 Hg 212 Ezg _38;3 24 i gg;i’g Zg 22
n? Ly 337 a b? Lt —6768 a* + 46976 a2 b2
Ly L3? —54a% — 1024 b? KsLiLyLs 12312a3b+120ab3
Ly Ly? —54a3 — 192 a b? n? K32 —4716 a* + 9462 a2 b2
L3 —72a3 — 102 a b? K32 L3> —12690 a4 + 48080 a2 b2
KsLoLs —144a2%b K32 L2 —2358a* — 2334 a2 b2
K521, —270a3 —108ab? K32 L2 48080 a2 b?
n? Ko 156 a2 b — 250 b3 K34 —5895 a*
Ko L3? 60a2b n? Ko Ly —27768 a3 b + 74320 a b3
Ko Lo? —844a2 b+ 86 b3 Ko Ly L3? —5976 a3 b — 10056 a b3
Ko L2 —246a2b Ko Ly Ly? 6336 a3 b — 27312a b3
Ky K32 330a2b Ko L3 2784 a3 b — 10056 a b®
K22 I, —270a3 +510ab2 KoKsLyLs  —20664a* + 70888 a2 b2
K53 330a2b — 2503 Ko K32 L —47520a3 b — 11232 a b3
K1 Ks3Ls 108ab? n2 Ko? —4716 a* + 38978 a2 b2 — 35630 b*
K52 L3? —2358 a* + 5266 a2 b?
K52 Ly2 —12690 a* + 25740 a2 b2 + 8910 b*
K>? K32 —11790 a* + 31290 a2 b2
K23 Ly —47520 a3 b + 48000 a b3
Kyt —5895 a* + 31290 a2 b2 — 17815 b*
n2 Ky Lo —336a3b — 4352 a b3
Ky Ly La? 768 a3 b — 120 a b3
Ky Ly® 768 a3 b+ 744 a b3

K1 K32 Ly 3720a3 b
K1 Ko KszLs —3720a%b+ 11232ab3

Table 2.1: Coefficients of the terms of the first normal form H.

and
T+ W I+ Vs T3+ Vs
T=—o W= BE o
(2.18)
=N -V I3V
Y1 = B) Y2 = B Ys = 5
The variables x, y satisfy
2 2 o 1 2 2 o 1
T+ T Ty = e Yityatys = o (2.19)

They span the algebra so(3) x so(3) = so(4). Specifically, the Poisson structure
is

{zi 2} = Z%’kwk {yi,y;} = Zgijkyk {zi,y;} =0 (2.20)
k K

After all these transformations the lowest order non-trivial term of the first
reduced Hamiltonian becomes

Hy=Hy=z1 45 (2.21)
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We define H; = ﬁ2j+2. Notice that H; is a homogeneous polynomial of degree
jin (z,y,n). The first reduced Hamiltonian can be written in terms of (z,y,n)
as

H="Hi+€eHs + 627'[3 + 637'(4 (2.22)

where the terms Hs, H3 and H4 can be computed straightforwardly from table
2.1 using (2.17) and (2.18).

2.2 Second normalization and reduction

A characteristic feature of the hydrogen atom in crossed fields is that the vector
field of the first term H; of H (2.22) induces an S! action on S? x S2. We
normalize and reduce H with respect to this action.

2.2.1 Second normalization

H; generates the S! action ® on S? x S? given by

®:S' x (8% x 8?) — (S* x S?) : (¢, (z,y)) — (xl’R(t)(ii),yl,R(t)(gg)) |
2.23
where R(t) = (E?r?tt —Cglsntt)

We normalize the Hamiltonian H (2.22) with respect to ®. First, we define
new variables

21 = %‘Tl 29 = 2—\1/§($2 + i{E3) 2o = 2—\1/5(5172 - 1.%3) (2 24)
wi = 34 w2 = 55y + iy3) W3 = 5o5(y2 — iy3)
Then notice that
zZ9 ZQ Z1
_ 2 - = == 2.2
{71, 22} % {z21,22} = % {22, 22} = 2 (2.25)

In these variables H; becomes H; = 2(z1+w1 ) and the action of ady, = {H1, -}

: a,,b _ a1 a2za3, b1, ba —bz : 71 .
on a monomial z%w” = 27" 25?25 W wy W,® is diagonal:

{Hy, 2w’} = —i(ag — az + by — b3) 2w’ (2.26)

Therefore the variables z and w are particularly suitable for the application
of the standard Lie series algorithm [27,43] for the computation of the second
normal form, since they trivialize the task of solving the homological equation.

Remark 2.3. Another way to perform the second normalization is to express
H (2.22) in terms of the original variables (¢,p). Then normalization can be
performed in these variables and the result can be re-expressed in terms of the
variables (z,v).

The result of the second normalization is the Hamiltonian
H="Hy + eHy + Hz + Hy (2.27)

where each term ﬁj is a homogeneous polynomial of degree j in (x,y,n).

Explicit expressions for H can be easily obtained from the expressions for the
second reduced Hamiltonian H (2.32) given in table 2.2.
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2.2.2 Second reduction

Lemma 2.4. The algebra Rz, y]® of ® (2.23) invariant polynomials in the
variables (z,y) is generated by

T =21 — Y 72 = 4(z2y2 + T3Y3) w3 = 4(z3y2 — T2y3) (2.28)
Ty =1+ Y1 5 = 4(x3 + x3) m6 = 4(y5 + v3) '
These invariants satisfy
T3 4 T2 = Ty (2.29a
75 = n? — (m + my)? (2.29b

76 = n? — (m — m4)> (2.29¢

5 Z O, e Z 0 (229d
Note that w4y = H; 1is the generator of ®.
The second reduced phase space M, . = (H1|S2 x S2)~1(c)/S! is the semi-
algebraic variety in R® with coordinates (my, 72, 73) defined by
75 4+ 75 = (n® — (11 +¢)*)(n® — (11 — ¢)?) (2.30a)
7 € [n—le],n+ |c]] (2.30b)

Notice that in R?® the spaces M,, . and M, _. have the same representation.
The Poisson structure on M,, . is

{71'1, 7'('2} = 2773 (2.31&)
{m,m} = —2m (2.31b)
_ 2., 2 2
) - - .
{ma, w3} = 4m (n* + ¢ — 77) (2.31¢)

Expressing H (2.27) in terms of my, e, w3, T4 = ¢ gives the second reduced
Hamiltonian L R R R
H =H1 + €Ha + €Hs + € Hy (2.32)
where N
Hi=m=c (2.33)

The coefficients of the terms 'I'A(g, 7'A(3 and ’F[4 are given in table 2.2.

2.2.3 Fixed points
The S! action ® (2.23) is not free. It leaves fixed the points

pe = 2(+1,0,0;¥1,0,0) and 24 = 2(£1,0,0;%1,0,0)

on S2xS?. Note that we use coordinates (x1, T2, ¥3; Y1, y2, ¥3) to describe points
on S? x S2. Therefore by Michel’s theorem [62] these points are equilibria of
any ® invariant Hamiltonian on S? x 82. In particular, they are equilibria of
H (2.27).

Notice that the equilibria p+ and z4 of H correspond to equilibria of H for
small enough e. The problem is that the position of the equilibria of H depends
onn and e. One can find the equilibria of H directly by solving X|S? xS? = 0,

using a Newton-Raphson method with p+ or zy as initial guess.
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Coefficients of terms of 727’72

T —18a?

w2 9 —18a2 — 18a*
c? —51+42a2 — 18a*
n? —17+38a2 +6a*

Coefficients of terms of 288ﬁ3

T2 C 136a2 — 16 a* — 1248

¢ —86+168a? —10a* + 19245 — 10248
c? 250 — 304 a2 + 122 a* + 56 a8 — 3448
n?c 250 — 576 a2 + 178 a* — 3248 + 18 a®

Coeflicients of terms of 138247T[4

w2 —1020a* + 48 aS + 14448 — 144410

w3y —303 + 1252 a% — 304 a* + 996 a® — 3792 a8 + 1500 a0 — 1500 a!?

man?  —4908 a? + 8104 a* + 2004 a® + 56 a® — 108 a1

n2my  1140a% — 2104 a* — 1412 a8 + 264 a® — 660 a'°

m2n? 2970 — 11048 a® + 8528 a* — 1064 a® + 7640 a® — 1416 a0 + 1032 a!2
mfc? 8910 — 19896 a? + 8016 a* — 9144 a® — 16608 a® + 27624 a'® — 9000 a2
mac®  —13092a2 + 6136 a* — 996 a® 4 1256 a8 — 612410

n2c¢?2  —35630 + 91624 a2 — 54800 a* + 6888 a8 + 5784 a® — 2568 al® + 1032 a2
ct —17815 + 28628 a2 — 16320 a* — 1292 a% + 240 a8 + 3676 a'® — 1500 a1?
n* —3563 4 1325242 — 11472 a* — 860 a® — 1848 a® + 44410 — 44412

Table 2.2: Coefficients of the terms of the second reduced Hamiltonian .

2.3 Discrete symmetries and reconstruction

The original Hamiltonian (2.1) is invariant with respect to a discrete group
of transformations. This group is isomorphic to Zs X Zs and consists of the
following elements

g1 : (Q17Q23Q37P17P27P3) = (_Q17Q27_Q37P17_P27P3)
g2 1 (Q1,Q2,Q3, P1, Po, P3) — (—Q1,Q2,Q3, —P1, P, Ps) (2.34)
g3 1 (Q1,Q2,Q3, P1, P2, P3) — (Q1,Q2, —Q3, —P1, — Py, P3)

Each g; generates a Zs subgroup of this group. The induced transformations
on the second reduced space M, . are

g1 : (m1,m2,m3) = (=71, T2, 73)
go i (71, M, W3) = (=71, T2, —7T3) (2.35)
gs: (71—177(2771-3) = (7'('1,71'2, 771-3)

The orbit space V,, . of the Zy action on M,, . generated by g; is the image
of My, . under the map

2

(11,2, m3) = (w = n? — 72, mg, 3) (2.36)

On V,, . define
.7:5(111, 2, 773) = H((nz - w)1/27 T2, 773) (237)

Since V,, . is the orbit space of M, . with respect to the Zy symmetry generated
by g1 each point of V,, .\ {w = n?} lifts to two points in M, .; while each point
on the line {w = n?} lifts to one point.
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Figure 2.2: (a) Intersections M) . of M, . with the plane {m3 = 0}. (b)

Intersections V,?’c of V,, . with the plane {m3 = 0}. M,, . and V,, . are obtained
by revolution around the 7, and w axes respectively.

Each point of M, . lifts to an S orbit (a topological circle) on S2x S2. The
only exceptions are the singular points of M, o which lift to only one point on
S? x S2, and the single points M, 1, which lift to two single points. Specifi-
cally, the singular point of M, o with coordinates Py = (71, w2, 73) = (n,0,0)
lifts to the point p; = n/2(1,0,0;—1,0,0) while the point P- = (—n,0,0)
lifts to the point p_ = n/2(—1,0,0;1,0,0). Recall that we give coordinates of
points on S? x S? as (w1, 72, 23;¥y1,¥2,y3). Each reduced phase space My +n
consists of a single point with coordinates (71,72, 73) = (0,0, 0). These lift to
the points z1 on S? x S? with coordinates 2+ = n/2(+1,0,0;£1,0,0). Notice
that the points p+ and z. are fixed points of the S action ® (2.23) on S% x S?
and therefore they are equilibria of any ® invariant Hamiltonian on S$* x S

The equilibria of H on M, . are the points where a level curve of H becomes
tangent to M, .. Since both H and M, . are invariant with respect to the
transformation g3 : m3 — —73, we expect to find all such points of tangency on
the plane w3 = 0. Therefore when looking for equilibria of H we can restrict
our attention to MY . = M, . N{rs = 0}. Notice that instead of finding points

of tangency between the level sets of H and M) . we can find points of tangency
between the level sets of F, and V) . = V,, . N {73 = 0}.

Remark 2.5. Since H is invariant with respect to g1 : ™ — —my, its level

70



curves are horizontal at 7, = 0. This means that on the curve M) . the points
(0,£c¢) (the higher and lower points) are always points of tangency between
the space and a level curve of H. Therefore, these points are relative equilibria
of H (2.27) on S? x S?. In the orbit space M,, = |J, M, . these points form
the line s € [-n,n] — (0, s,0).

Remark 2.6. It is possible to reduce completely the Zy X Zs action by taking
also into account the effect of g3 : m3 — —m3. This is not necessary for our
purposes.

2.4 The Hamiltonian Hopf bifurcations

We come now to the main result of this chapter, which is that the equilibria p+
of H go through Hamiltonian Hopf bifurcations. Notice that we work with the
second normalized Hamiltonian H on 8% x $? and not with the second reduced
Hamiltonian H on M,, .. We prove the following theorem.

Theorem 2.7. The equilibria p+ = 5(£1,0,0,F1,0,0) of the second normal-

ized Hamiltonian H (2.27) on S? x S? wundergo a supercritical Hamiltonian
Hopf bifurcation at a = a1(ne) and a subcritical Hamiltonian Hopf bifurcation
at a = az(ne). Here ay; and as are functions of 6 = ne given below in (2.58)

and (2.59).

Outline of the proof. The first step of the proof is to find a local chart
(Q, P) on S? x S? near the point p,. The symplectic form in the chart (Q, P)
is in Darboux form only up to constant terms:

w:dQl/\dP1+dQ2/\dP2 +WQ(Q,P)+W4(Q,P)+ (238)

Here wy and wy are two-forms of degrees 2 and 4 respectively. In order to
study the local dynamics near the equilibrium point p; we need to flatten the
symplectic form to Darboux form at an appropriate order, using a constructive
version of the Darboux theorem [20]. The result of flattening is a new chart
(¢,p) in which the symplectic form is

w =dgi Adpy 4+ dga Adps + ws(q,p) + - - (2.39)

After flattening the symplectic form and expressing the local Hamiltonian
in the chart (g,p), we reduce the local Hamiltonian with respect to the S?
symmetry that is induced on the local chart from ® (2.23). The invariants of
the induced S symmetry are generated by the quadratic polynomials M, N, T
and S in the variables (q,p); S is the generator of the S' symmetry and M, N
generate nilpotent linear Hamiltonian vector fields X, and Xy respectively.

The next step is to bring the quadratic part G5 of the local Hamiltonian G
into the versal normal form for the Hamiltonian Hopf bifurcation, namely

Gy=aM+N+QS or Gy =M+ BN +QS (2.40)

We also have to check that certain transversality conditions are satisfied when
a =0 or f =0. This proves that the local Hamiltonian goes through a linear
Hamiltonian Hopf bifurcation.

The final step is to normalize G with respect to Xy (or Xp) and check
the sign of the coefficient of the term M? (or N?) in order to determine if the
Hamiltonian Hopf bifurcation is supercritical or subcritical. O
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In the next sections we fill in the details of the argument sketched above.

2.4.1 Local chart

We define a local chart on S% x S? near the point p, with coordinates Q1, Qo,
Py, P, given by

n? nQ? nP3\1/2 n\1/2 n\1/2
Ili(**inf 1) 172:(*) Q1 1’3:(*) P

4 2 2 2 2
n? nQ3 nPI\1/2 ny1/2 n\1/2
_ (ks (Y p ::(7>
Y1 ( 1 B B ) Y2 ( 5 ) 2 Y3 B Q2

Note that the coordinate functions () and P are not canonically conjugate since
the symplectic 2-form in these coordinates is

w=d@Q1 AdP; + dQ2 A dP; + (higher order terms) (2.41)

We make the transformation

Q1=—351+p2+ @ — @) Q2=—3(1 —p2+ @1 + ¢2)
Pi=i-pi+p+a+ae) Py=—ipi+p— a1 +q)
The coordinate functions ¢, p are not canonical either and the symplectic 2-
form has the form

W= Wyt W+ wg - (2.42)

where
wo = dg1 A dpy + dgs A dpo (2.43)

and

1
Wy = %(p% + 5+ ¢ + ¢3)(dg1 A dpy + dgz A dps)

: (2.44)
+ E(pllh — p2q1)(dg1 Adgz + dp1 A dpa)

2.4.2 Flattening of the symplectic form

The first step in order to study the local behaviour of the Hamiltonian system
near p4 is to flatten the symplectic form w (2.42) up to second degree terms.
In other words, we need to eliminate the term ws. This means that we find a
near identity transformation ¢ such that

P'w=wy+wy+--- (2.45)

where the components of @4 are homogeneous polynomials of degree 4 in (g, p).
The following lemma explains why flattening w up to the second degree
terms is sufficient.

Lemma 2.8. Consider a Hamiltonian H = Hs + Hs + --- and a symplectic
form w = wy + wj + -+, which is flat to degree j — 1. Then the j-jet of the
Hamiltonian vector field X of H with respect to w is equal to the j-jet of the
Hamiltonian vector field Y of H with respect to wy.
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Proof. Write the Hamiltonian vector field X as
X=X +Xo+X3+--- (2.46)

where the components of X; are homogeneous polynomials of degree j in (g, p).
X is the solution of the equation X _Iw = dH, or

Splitting this equation into terms of equal degree we get

Xk;_,w():dHlJrk, 1<k<y
k—j

Xr Jwo +ZXszj+1—z =dHiyk, k=2j+1
=1

from which the lemma follows. O

Applying lemma 2.8 to the case at hand shows that when the first non-
zero terms of the symplectic form after wy are of degree 4 then we can study
Hamiltonians of degree up to 5 without any more flattening, and this is exactly
what we need.

Flattening of the symplectic form is done using the method described in [20].
Specifically we find a vector field X such that £Lxwg+ws = 0. An X satisfying

XJwO:—i(qla%l-Hp% +p13%1 +p23%2)JW2 (2.48)

does the job. A short computation gives

X =& ((—a(d? + a3 + 1 +13) — 2p2(p2qs — P142)) 52
+(=q2(q5 + @5 + P} +p3) + 2p1 (P21 — pﬂh))% (2.49)
+(=p1(q + 03 + P} +13) + 202(P2q1 — P162)) 52 :
+(—pa(g} + 63 + 02+ 13) — 201 (P21 — P12)) 52

Let H'°¢ be the Taylor expansion of H, expressed in the coordinates (g, p)
near (0,0). The final step is to use the transformation ¢ generated by the flow
of the vector field X in order to obtain the Hamiltonian ¢*H!°¢ in the new
coordinates in which w is flat to terms of degree 2. We have

0" = MY+ (Lx Y +H) + -+ (2:50)

2.4.3 S! symmetry

The Hamiltonian S action ® (2.23) on S? x S? induces an S! action on the
local chart. A computation shows that the action induced on the chart (g, p)
is a rotation

®:S'xR* = R*: (t,(q,p)) — (R(t)q, R(t)p) (2.51)

where R(t) = (Cost 7sint).

sint cost
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Coefficients of terms in 1728G5

M —4325 + 864a8 — 59163 + 11944263 — 480a%53 — 844963 + 664853
—588a1083 4 49241253

N —43258 + 1728a28 + 864a*5 — 59182 + 3078a263 — 34800463 — 380a862
—94a863 — 20401963 + 49241263

S —1728 — 98462 + 24484262 — 1008a%62 — 960a°52 + 5044862

Coefficients of terms in 3456G4

NS —20646 + 7296a25 — 624a%6 + 4320a°5 — 2448486

MS  —20645 + 768a28 + 144a*6 + 4896455 — 2448486

MN  —864 + 1728a2 + 1728a* — 57662 + 1768a252 — 5392a%62 — 2360a552
+7844a862% — 4080a1062 4 398441252

M? 432 — 864a? + 28862 — 1082a262 + 12600462 + 25404562 — 39784552
4260401962 — 199241252

N2 432 — 1728a2 — 864a* + 28862 — 686a262 + 52a%62 + 124562 — 32904852
+900a1962 — 199241252

S2 —2016 4 1152a2 — 1728a* — 639262 + 170484262 — 9000a?62 + 616a%52
—6628a852 + 830441962 — 398441242

Table 2.3: Coefficients of G = G5 + €G4. Here § = ne and a is defined in (2.7).

Lemma 2.9. The algebra R[q,p]‘f of d-invariant polynomials in (q,p) is gen-

erated multiplicatively by
M =1Lipi+p3), N=21i(G+d), S=aqp—@pi, T =qpi+gps. (2.52)

which satisfy
S?+T? =4MN, M >0, N >0. (2.53)

Note that S is the generator 0f<f> (2.51). The Poisson structure of the algebra
generated by M, N, T is

{M,N} =-T (2.54a)
(M, T} = —2M (2.54b)
(N, T} = 2N (2.54c)

S is the Casimir of this algebra.

Since the second normalized Hamiltonian H is S! invariant and the flatten-
ing vector field X (2.49) is S! equivariant (£LxS = 0) the local Hamiltonian
H'°¢ (2.50) is S' invariant. Because of lemma 2.9 H!°® can be expressed in
terms of the invariants (2.52). Therefore truncating the local Hamiltonian to
terms of degree 4, flattening and expressing the result in terms of the invariants
(2.52) gives the Hamiltonian

G =Gy + Gy (2.55)

Here GG and G4 are homogeneous polynomials of degrees 1 and 2 respectively in
the invariants (2.52). Explicit expressions of Go and G4 are given in table 2.3.

2.4.4 Linear Hamiltonian Hopf bifurcation

We write the quadratic in (g, p) part of G (2.55) as
Gy =0A(a,0)M + 6B(a,d)N + C(a,0)S (2.56)
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where 0 = ne and the coefficients A(a,0), B(a,d) and C(a,d) can be read off
the first entries in table 2.3. To stress that G depends on the parameters a and
0 = ne we write G, 5 instead of G.

The eigenvalues of the Hamiltonian matrix of Gy are

+i(C + 6vV/AB) (2.57)

It is obvious from (2.57) that the equilibrium at the origin changes linear stabil-
ity type when either A or B change sign. Specifically, when AB < 0 the origin
is complex hyperbolic (CH); while when AB > 0 it is elliptic-elliptic (EE). At
A = 0 or B = 0 the eigenvalues are (iC,iC, —iC,—iC) but the Hamiltonian
matrix of G4 is not semisimple.

ImaA ImaA ImA

Reld Rel | | Red

Figure 2.3: The movement of eigenvalues at a linear Hamiltonian Hopf bifur-
cation.

Let W4 and Wp be the curves on the parameter plane (a,d) on which
A(a,6) = 0 and B(a,d) = 0 respectively. Let a;1(d) be the function that
satisfies A(a1(0),0) = 0 and a2(0) the function that satisfies B(a2(6),d) = 0.
For small 9, the Taylor series of the squares of these two functions are

1 —335 4+ 2512

a1(6)* = —= + — 62 +0(5%) (2.58)

S

0 52 1

Figure 2.4: Bifurcation sets
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and

, V6—2 58875 — 2359616
ag (5) =
2 5184
The curves W4 and Wp are depicted in figure 2.4. We note that they do not
intersect.
We prove the following

52+ 08 (2.59)

Lemma 2.10. The one-parameter family of Hamiltonians s — Ge(s) goes
through a linear Hamiltonian Hopf bifurcation when the curve C : s — (a(s), d(s))
crosses one of the curves Wy or Wpg transversely at a point with § > 0.

Proof. Consider first the case in which C crosses W, transversely. This means
that there is an s; such that A(a(s1),0(s1)) =0 and d(sy) > 0. Since W4 and
Wpg do not intersect, we can find a neighborhood U of s; such that for all s € U

Bla(s),8(s)) # 0.
We rescale the Hamiltonian G (2.55) by dividing out 6B(a,d). Let

- G

The quadratic part of G is
Go = afa, )M + N + Qy(a,0)S (2.61)

where a(a,d) = A(a,6)/B(a,d) and Qi(a,6) = C(a,6)/(6B(a,d)). Clearly
a(a(s1),d(s1)) = 0. The Hamiltonian matrix of G5 is

0 —Q1(a, ) 1 0
S LT T S T N R
0 —a(a,d) Qi(a,0) 0

The one-parameter family of infinitesimally symplectic matrices s — Yi (s) =
Yi(a(s),d(s)) is in normal form for s near s;. Note that

0o -2 1 o0
= Q9 o0 0 1
YI(SI) = 01 0 0 _Q(l) (263>

0 0 9 o0

where QY = Q1 (a(s1),6(s1)). A straightforward computation shows that QY #
0. Because C intersects Wy transversely we have that

dafa(s), 0(s))

2.64
dS S$=81 #O ( 6 )

Therefore the family of Hamiltonians s — Ga(s) undergoes a linear Hamilto-
nian Hopf bifurcation at sy.

The treatment of the second case is almost identical. In this case let sy be
such that B(a(s2),0(s2)) = 0. We can find a neighborhood U of sz such that
for all s € U A(a(s),d(s)) # 0. We rescale G dividing by dA(a,d). Let

G
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The quadratic part of G is

Gy = M + B(a,§)N + Qy(a,8)S (2.66)
where f(a,d) = B(a,0)/A(a,0) and Qs(a,d) = C(a,0)/(dA(a,d)). Clearly
Ba(sz),0(s2)) = 0.

The Hamiltonian matrix of @2 is

0 —Qs(a,0) B(a,d) 0
Yaa,0) = | P20 X X _fz(j(’j)é) (2.67)
0 1 Qu(a,0) 0

The one-parameter family of infinitesimally symplectic matrices s — Y» (s) =
Ya(a(s),d(s)) is already in normal form near so. Notice that

0 -9 0 0
Q 0 0 0
-1 0 0 -9

0 -1 93 o

Ya(s0) = (2.68)

where 29 = Qs(a(s2),8(s2)). A straightforward computation shows that Q9 #
0. Moreover because C intersects WWp transversally we have that

df(a(s),d(s))

2.
ds S$=352 7é 0 ( 69)

Therefore the family s — Gs (s) undergoes a linear Hamiltonian Hopf bifurca-
tion at ss. O

2.4.5 Nonlinear Hamiltonian Hopf bifurcation

In this section we normalize the rescaled Hamiltonians G and G with respect
to Xn and X respectively in order to study the nonlinear Hamiltonian Hopf
bifurcations. We prove that

Lemma 2.11. Any one-parameter family s — G s),5(s) that crosses the curve
Wy transversely at a point with § > 0 goes through a supercritical Hamiltonian
Hopf bifurcation.

Proof. We begin with the rescaled Hamiltonian G (2.60) with quadratic part
Ga = a(a,0)M + N + Q(a,8)S (2.70)

from lemma 2.10. We have already proven that s — ég(s) goes through a
linear Hamiltonian Hopf bifurcation at s;.

We normalize the Hamiltonian G (2.60) with respect to X using the gen-
erator

W :ClNT+CQST+03MT (271)

The coefficients ¢; are determined by demanding that only the terms M?2, S2
and M S appear in the quadratic part of the normal form. Specifically, we have

exp(eLw )G = (1 + eadw + O(€2))(Ga + €Gy + O(€?))
= Ga+ e(Gy + {W,G2}) + O(€?)
=Gy +Ga+ O(e%)
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The term {WV, C~¥2} is equal to

{W,Ga} = (6cra — 6c3) MN + (¢35 — 1) 5>
—2¢1 N? + 2c5a M? + 2coa MS — 2¢5 NS

At the bifurcation we have o = 0. Therefore
{W,Ga} = —6cs MN + ¢35 5% — 2¢; N2 —2¢;, NS (2.72)

It is clear that we can ensure that Gy (2.4.5) is free of terms M N, N? and NS
by choosing c1, ¢2 and c3 appropriately.
A concrete computation shows that at a = a1(d) (2.58) we have

Gy = M?(0.0922 6 4 0.0124742 6%) + M S(—0.135 + 0.0484 62)

(2.73)

1
+ SQ(—O.6785 4 0.036 — 0.00671 6°)

(the numbers given are approximate). Since the coefficient of M? is positive
(for § > 0) the lemma follows. O

Lemma 2.12. Any one-parameter family s — Gqs)s(s) that crosses trans-
versely the line Wp at a point with § > 0 goes through a subcritical Hamiltonian
Hopf bifurcation.

Proof. Again we begin with the rescaled Hamiltonian G (2.65) with quadratic
part R
Gy =M + B(a,0)N + Q(a,d)S (2.74)

We normalize G (2.65) with respect to X using the generator
W = ClNT+CQST+CgMT (275)

where the coefficients ¢; in this case are determined by demanding that only
terms N2, S? and NS appear in the normal form. We find

Gy = N?(—0.0628 6 4 0.1186%) + N.S(0.531 — 0.822 6?)

( (2.76)
+ 52(2.541% + 1.846 5 — 1.950 6%) + O(5%)

In this case the coefficient of N2 is negative for small 6 and we have a subcritical
Hamiltonian Hopf bifurcation. O

2.5 Hamiltonian Hopf bifurcation and monodromy

We show how the Hamiltonian Hopf bifurcation is related to qualitative features
in the image of the energy-momentum map and specifically to monodromy. The
energy-momentum map, is defined as

EM : (S? x S?) = R?: 2 (H(z), Hi(2)) (2.77)

We denote the values of EM by (h,c¢). Notice that we always subtract from
H terms that depend only on n and ¢, so that the point (h,c¢) = (0,0) always
corresponds to p in V,, o and py in S? x S%.
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Supercritical bifurcation

We show the critical values of EM for a > ay in figure 2.5a and a blow up of
a small region around the point (0,0) in figure 2.5b. The large structure in
figure 2.5a corresponds to the relative equilibria discussed in remark 2.5. This
is also true in all the other cases.

4.1072 : : : 8107

0,
-1 C 1
4.1072
4-107
B
h,
C
of .
A
-1 c 1 -2-10™ c 4107

Figure 2.5: Image of EM for values of a near the supercritical bifurcation value
a=a1(0.1). Top row: a = a; + 10~%. Bottom row: a = a; —2-107%.

In figure 2.5b we see that (0,0) is connected to a family of critical values.
These lift to relative equilibria in S% x S2. Each point inside the small ‘triangu-
lar’ region, marked ABC, lifts to two disjoint T2. For this reason we consider
that the region ABC consists of two leaves. A point (h,c¢) on one leaf lifts to a
T2 and the same point on the second leaf lifts to another T?. Notice that the
fact that regular values of EM near (0,0) lift to two T? is a consequence of the
discrete symmetries of the problem, and more specifically of the fact that the
dynamics around py and p_ are the same.

Points inside the range of EM and above the curve BC lift to one T?. Points
on BC lift to two T? joined along a relative equilibrium (figure 2.6¢). In order to
explain this, we represent qualitatively in figure 2.6a some level curves of ’/—A{czo.
The dashed level curve corresponds to the point on the curve BC with ¢ = 0,
but the situation is qualitatively the same for all points on BC. The dashed
level curve interects M, o along a curve which is a figure-8 (figure 2.6): two
topological circles joined at one point. This point is an unstable equilibrium
of He—g. It lifts to an unstable relative equilibrium in 8% x S2. The rest of the
figure-8 lifts to the stable and unstable manifolds of this relative equilibrium
(figure 2.6¢).
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Figure 2.6: (a) Schematic representation of the projection to the plane (m;.7m3)
of intersections of level curves of H.—g with M, o. (b) The intersection of a
level curve of H.—o with M, lifts to (c) two glued tori.

We see that for a < a; (figure 2.5¢,d) (0,0) is detached from the family
of critical values and is isolated. It lifts to two disjoint singly pinched 2-tori.
Regular values of EM inside the region ABC lift to two disjoint T?. In this
case also, we consider that the region ABC consists of two leaves.

In order to compute monodromy we consider a path on one of the leaves
around the representative of (0,0) on the same leaf. Since the latter point lifts
to one singly pinched torus the monodromy matrix is ((1) %) Therefore as the
system goes through a supercritical Hamiltonian Hopf bifurcation it acquires
monodromy, as described in [85].

An alternative way to understand this situation is to consider a closed path
I" inside ABC around the point (0,0) without distinguishing between different
leaves. The path lifts to two disjoint T? bundles over I'. The monodromy ma-
trix for each bundle is ((1) %) By considering each leaf separately we essentialy
consider only one bundle at a time.

Subcritical bifurcation

The critical values of EM for a > ag are shown in figure 2.7. The point (0,0)
is a critical value which lifts to a doubly pinched torus in S? x S2. Points
around (0,0) are regular values of EM which lift to a single T?. Therefore, the
monodromy matrix for a path going around (0,0) is (§?).

When a becomes smaller than as, a small ‘triangle’ ABC of critical values
is created (figure 2.7d), with (0,0) at the vertex A. Points on the curves AB
and AC lift to elliptic relative equilibria. Points on the curve BC lift to three
tori joined along two hyperbolic relative equilibria (figure 2.8b).

In figure 2.8a we show some level curves of ﬁczo and the reduced phase
space My, o. The dashed curve is tangent to M, o at two points and corresponds
to the point on the curve BC with ¢ = 0. The two points of tangency are
unstable equilibria on the reduced phase space and lift to unstable periodic
orbits on S? x S2. The dashed level curve intersects M, o along a braid with
two nodes. The nodes are the unstable equilibria, while the rest of the braid
represents their stable and unstable manifolds. The braid lifts to the two
unstable relative equilibria together with its stable and unstable manifolds
(figure 2.8Db).

Each regular point inside the region ABC lifts to three disjoint T2. This can
be deduced from figure 2.8a if we consider a level curve of H.—¢ slightly below
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Figure 2.7: Image of EM for values of a near the subcritical bifurcation value
a = a(0.1). Top row: a = az + 1075, Bottom row: a = as — 25 - 1076,

the dashed level curve. We have not drawn such level curve for practical reasons
but it is clear that such a curve will intersect M, o along three disjoint circles,
which lift to three disjoint T2. Two of these circles are near the singular points
while the third lies between them. Therefore the region ABC is composed of
three leaves. The first ‘big’ leaf extends beyond the region ABC and covers the
whole image of EM. The other two leaves are restricted in the region ABC.
The three leaves join along the curve BC where the three tori join.

Wity <
> N7,

Figure 2.8: (a) Schematic representation of the intersections of the level curves
of He—o with M, .. (b) The intersection of the dashed level curve of H.—o with
M, 0 lifts to (c) three glued tori joined along two relative equilibria.

We consider monodromy along a path on the ‘big’ leaf that goes around
BC. The two leaves are deformations of the isolated critical value that exists
for a > ay. For this reason, the monodromy matrix remains the same as for
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a > apie. (§?2). This type of monodromy in which we consider a path around
a curve along which two or more different leaves join is called leaf monodromy
(see also chapter 3).

Remark 2.13. Let us consider for a moment what would happen if we had
not considered the separation into leaves. Consider first a simple closed path
I of regular values of EM that goes around the region ABC. T lifts to a T2
bundle, which has monodromy matrix (§?). Consider now another path I
that goes around BC but enters and then exits the region ABC crossing AB
and AC. Let v denote the part of I inside the region ABC. Then EM ™ (I)
consists of a T? bundle over I (which is homotopic to EM™H(I') — T') and

two disjoint S2. The 3-spheres are obtained from 7.

We see that the subcritical Hamiltonian Hopf bifurcation is related to mon-
odromy both before and after the bifurcation. Before the bifurcation i.e. when
the equilibria p+ are EE (a < a3) each one of them is attached to a family of
relative equilibria. In this case we have leaf monodromy. After the bifurca-
tion, the equilibria p+ become complex hyperbolic and the family of relative
equilibria disappears. In this case we have standard monodromy.

2.6 Description of the Hamiltonian Hopf bifurcation on
the fully reduced space

In §2.7 we proved the existence of Hamiltonian Hopf bifurcations working with
H (2.27) on S? x S?. In this section we discuss the appearance of these bifur-
cations on the fully reduced spaces introduced in §2.3.

A geometric criterion for the existence of Hamiltonian Hopf bifurcations
and the determination of their type is given in [45,47,48]. This criterion is
based on the behaviour of the level sets of the energy with respect to the fully
reduced phase space. In order to apply this criterion, the reduced phase space
must have a conical singularity that lifts to the equilibrium that undergoes the
Hamiltonian Hopf bifurcation. Moreover, the stratification of the orbit space
by reduced phase spaces must be locally equivalent to the standard case. If
these are true then we can deduce the type of Hamiltonian Hopf bifurcation by
considering how the energy level curve that passes through the singular point
bends with respect to the cone. We begin by reviewing the standard case.

2.6.1 The standard situation

Consider a two degree of freedom Hamiltonian H which is invariant with respect
to the S! action generated by S = q1p2 —g2p1 and for which the point (g,p) = 0
is an equilibrium. By lemma 2.9 H can be expressed in terms of the invariant
polynomials M, N, S and T, which satisfy S?+T2 = 4MN and M > 0, N > 0.

M, N, T span a Lie algebra isomorphic to sl(2, R) with Casimir 4M N —T72.
The reduced phase space P, = S71(s)/S! C R? is the semialgebraic variety
defined by s2 + T2 = 4MN, M > 0, N > 0. For s # 0, P, is a hyperboloid.
P, is a cone with vertex at (M, N,T) = (0,0,0) (see figure 2.9a where we show
intersections of P, with the plane {T" = 0} for different s). The vertex of the
cone lifts to (¢,p) = 0.
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Figure 2.9: (a) The fibration of the orbit space near the conical singularity for
the standard case. (b) The level curves of the Hamiltonian at the supercritical
case bend outwards. (c¢) In the subcritical case they bend inwards.

We denote by H, the reduced Hamiltonian on P,. According to [48] the
universal unfolding of Hy is

H, =N +vM + aM? (2.78)

where v = 0 at the bifurcation and the sign of a determines the type of the
bifurcation. Specifically, if @ > 0 we have a supercritical Hamiltonian Hopf
bifurcation, while for a < 0 we have a subcritical Hamiltonian Hopf bifurcation.

The equilibria of H( are the points of tangency between the level curves
of H and the reduced phase space Ps. Since H, does not depend on T these
points lie on the plane {T" = 0}. Therefore when looking for equilibria of HS
we can restrict our attention to PY = P; N {T = 0}.

Note that H (0) is the level curve of H,— that passes through the vertex
of P{. Exactly at the bifurcation, i.e. when v = 0, it is given by N = —aM?.
Therefore, the sign of o determines how H__,(0) is bent with respect to PY. If
a > 0, then ﬁs_zlo(()) stays outside P (figure 2.9b), while when a < 0 it goes
inside (figure 2.9c). Notice that these correspond to the supercritical and the
subcritical case respectively. The case o = 0 is degenerate since in that case
H~1(0) stays on the boundary of P{ and any arbitrarily small change of o can
move us either to the subcritical or the supercritical case.

2.6.2 The hydrogen atom in crossed fields

Recall from §2.3 that in the fully reduced phase space V,, o, the point p with
coordinates (w, ) = (0, 0) corresponds to the points p+ on S? x S? undergoing
Hamiltonian Hopf bifurcations. V,, o has a conical singularity at p. The orbit
space near p is stratified in exactly the same way as in the standard situation,
as a comparison between figures 2.2b and 2.9a immediately shows. Therefore
we can apply the geometric criterion of [47] in our case.

Recall that in the supercritical Hamiltonian Hopf bifurcation a family of
periodic orbits (which in our case are relative equilibria) detaches from an
equilibrium as the latter loses stability, while in the subcritical case a family of
periodic orbits disappears. Recall, also that relative equilibria of H on 82 x S?
correspond to equilibria of .. on V,, ., while the equilibria p+ on S?x S? that go
through the Hamiltonian Hopf bifurcations correspond to the vertex p of V, o.
Therefore, we conclude that in the orbit space V,, = U.V,, . the supercritical
bifurcation appears as the detachment from p of a family of equilibria, while
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the subcritical bifurcation appears as the disappearance of a family of relative
equilibria that shrinks into p.

In this section we do not provide proofs since our purpose here is mainly
to illustrate the Hamiltonian Hopf bifurcation on the reduced space, and not
to prove again that the bifurcation is actually taking place. In the following
computations we fix n = 1, e = 1/10. For these values of n, € the system
goes through the supercritical bifurcation at a3 = a;1(0.1) ~ 0.841102 and the
subcritical bifurcation at as = a(0.1) ~ 0.4744664.

Supercritical bifurcation

When a passes through a; we have a supercritical Hamiltonian Hopf bifurca-
tion that is depicted in figures 2.10a-d. In order to show better the family of
equilibria we have used coordinates o1 = (w — m2)/2 and o2 = (w + m2)/2. In
figures 2.10a,c we show V,?)O and the level curves of F.—g (2.37). Tt is clear that
the latter ‘bend outwards’ and according to the geometric criterion this cor-
responds to a supercritical Hamiltonian Hopf bifurcation, in accordance with
theorem 2.7.
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[P} g2
04 4 0.4
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o1 o1

Figure 2.10: Supercritical bifurcation. Top row: a = a; + 10~*. Bottom row:
a=a; —2-107% (a,c) Level curves of F.—q. (b,d) Family of equilibria of F..
In these figures the coordinates are o1 = (w —m2)/2 and o3 = (w+m2)/2. The
vertical axis o1 = 0 corresponds to the line w = ma of V5. The horizontal axis
w = —my corresponds to the line w = —my of V;:c.

We now check into more detail what happens as the system goes through
the bifurcation. For a > a; the points p1 are elliptic-elliptic. In this case on the
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orbit space V,, a family of equilibria parametrized by ¢ emanates from p. These
equilibria are shown in figure 2.10b. Each point on this curve corresponds to an
equilibrium on a different fully reduced space V,, .. The branch AB corresponds
to ¢ > 0 while the branch AC corresponds to ¢ < 0. The two branches do not
coincide, even though V,?’c and V,?ﬁc are identical, because F. # F_..

For a < a; the points p+ on S? x S2 become complex hyperbolic. The
family of equilibria on V;, detaches from p and moves away. The situation is
depicted in figure 2.10d where again the two branches AB and AC correspond
to different signs of c.
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0
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Figure 2.11: Subcritical bifurcation. Top row: a = as + 107%. Bottom row:
a=ay—25-107C. (a,c) Level curves of F.—q. (b,d) Family of equilibria of F..
The family of equilibria does not exist in (b) for a = az + 107°.

Subcritical bifurcation

In the case of the subcritical bifurcation the level set fc_:lo(O) becomes tan-
gent to the line w = —my. In figures 2.11a,c we show the level curves of the
Hamiltonian which ‘bend inwards’. According to the geometric criterion this
corresponds to a subcritical Hamiltonian Hopf bifurcation, in accordance to
theorem 2.7.

We now check into more detail what happens as we cross the value a = aq
going from smaller to larger values of a. For a < ag, a family of equilibria is
attached to p (figure 2.11d). This family corresponds to a family of relative
equilibria on S? x S2. The points ABC in figure 2.11d correspond to the points
ABC in figure 2.7d. Notice that the segments AB, AC in figure 2.11d corre-
spond to elliptic equilibria, while the segment BC corresponds to hyperbolic
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Part of 7.  Allowed terms

fql C

-7:0,2 w, 72, 027 7’L2

Fes we, mac, ¢, nlc

Fea wry, T2, Toc?, mn?, w?, we?, wn?, c¢*, n?c?, n*

Table 2.4: Terms compatible with the Zs x Zy symmetry.

equilibria, whose stable and unstable manifolds form the glued tori of figure
2.8b. As a approaches ay from below the family of equilibria shrinks towards
p. Exactly at a = ay the family disappears and does not exist for a < as.

2.6.3 Degeneracy

We close this chapter with an explanation of why we had to compute the first
normal form H (2.8) to order 10 in (g, p).

The discrete Zo X Zo symmetry (see §2.3) imposes certain restrictions on
the types of terms that can appear in the fully reduced Hamiltonian F, (2.37).
The allowed terms appear in table 2.4, where F ; is the part of F,. that comes
from 7-lj, i.e. from the part of H of degree j.

Therefore if we consider F, only up to F. 3 its level curves will appear in
the plane (w, 7o) as straight lines. These lines change slope and for some values
of the parameter a they coincide either with the line w = w5 or with the line
w = —my. Thus we have a degenerate situation, since an arbitrarily small
change of the Hamiltonian can change the shape of the level curves to either
the ‘outwards’ or ‘inwards’ cases. In order to resolve this degeneracy F. must
contain terms quadratic in (w,m3).

The first term of F, that contains quadratic terms is F.4. Tracing this
back to the first normal form we find that it corresponds to terms of degree 10

in (¢,p).
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3

Quadratic spherical pendula

3.1 Generalities

We describe and analyze the family of quadratic spherical pendula. Our ap-
proach in this chapter is heavily influenced by the study of the spherical pen-
dulum in [20].

3.1.1 Constrained equations of motion

We consider the motion of a particle on the surface of a sphere of unit radius
S?={zecR3:2?=1}

The sphere is placed in a force field determined by the potential function V().
The archetypical problem of this kind is the spherical pendulum for which
V(x) = x3. The phase space of the system with potential V' (z) is the tangent
bundle of the sphere defined as

7S? = {(z,y) € TR? : 2> =1 =0 and xy = 0} (3.1)

The unconstrained Hamiltonian system (H,TR? w) where w = Y. dx; A dyy
and
H(z,y) = 5(y7 + 5 +y3) + V() (3:2)

describes a particle that moves in R? under the influence of the potential V (z).
We need to take into account the constraint of the system and compute the
vector field of H|T'S? with respect to the symplectic form w|T'S2.

Remark 3.1. Usually (see for example [41]) such problems are studied intro-
ducing spherical coordinates (0, ¢) and expressing the Hamiltonian in terms
of (8,¢) and their conjugate momenta (pg,py). The problem with spherical
coordinates is that they are singular at the ‘north’ and ‘south’ poles of the
sphere. Therefore, they are not the best choice for studying trajectories that
pass through these points and for making a global study of the system.

We can proceed in two ways. Although the content of both approaches
is essentially the same, they give emphasis on the computation of different
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quantities. Therefore, each one is suitable in different circumstances. The
first approach, is to define a modified Hamiltonian H* such that X g«|TS? =
Xprs2. Check [20] for details. The second approach, which is the one that
we use here, is to define the Dirac-Poisson bracket {, }* on TR? such that the
vector field X3|TS? of H with respect to the Dirac-Poisson bracket is equal to
Xprs2 [13,20]. These two approaches are related since

{F,G}*|TS* = {F*,G*}|TS?

We proceed using the second approach, which has the obvious advantage
that we compute once and for all the modified Dirac-Poisson structure {, }*.
Another advantage that will become apparent later, is that based on the Dirac-
Poisson structure we will be able to define the appropriate Poisson structure
on local charts that we introduce on T'S? in order to study local features of the
equilibria of the system.

Lemma 3.2. The Dirac-Poisson structure {, }*|T'S? is

| z T3 z3 Y1 Y2 Y3
x1 0 0 0 1-— x% —T1T2 —r1T3
x9 0 0 —ZToT1 1- z% —xIox3
T3 0 —T3T1 —T3T2 1-— Ig
Y1 0 ToY1—T1Y2  T3Y1—T1Y3
Y2 0 T3Y2—T2Y3
Y3 0

with Casimirs c1(z,y) = 2% — 1 and ca(z,y) = 2y.

Proof. In order to write the equations of motion for the constrained system
we use the modified Dirac brackets. The phase space T'S? is given as a subset
of TR? by the constraints

ci(z,y) =22 —1=0 and cy(z,9) =2y =0 (3.3)
The Dirac-Poisson brackets are given by the relation
{F,G}* = {F,G}—cmij{F,Ci}{G,Cj} (34)
4,J

where Cj; are the elements of the inverse of the matrix with elements {¢;,c;}.

In our case )
0 -1
C=3n (1 0 ) (3:5)

The result follows from a simple computation. O

Lemma 3.3. The constrained equations on TS? are given by

dx
dt
dy
dt

=Y (3.6)
=-VV(zx) - :c(y2 —xVV(x))

Proof. Compute the equations of motion for the Hamiltonian function (3.2)
with respect to the Dirac-Poisson bracket and then restrict the resulting vector
field to T'S2. O
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Remark 3.4. In Newtonian mechanics, equations (3.6) can be obtained as
follows. F = —VV(x) is the force exerted to the particle by the field, and
N = —2y?—x(xF) is the reaction force exerted by the surface of the sphere that
compensates the normal component F,, = z(zF') of F' and gives the centripedal
force —zy?.

We restrict our attention to the class of axially symmetric potentials i.e. po-
tentials that depend only on x3. Such potentials are invariant with respect to
rotations

cost —sint 0
R(t) = | sint cost 0
0 0 1

about the x3 axis. The cotangent lift of R(t) gives an S! action on T'S?
DS X TS? - TS?: (1, (q,p)) — (R(t)g, R()p) (3.7)

The Hamiltonian and the Dirac-Poisson structure are invariant under ® and
the corresponding vector field is equivariant. The generator of & is

J(,y) = 21y2 — T201 (3.8)

i.e. the component of the angular momentum along the x3 axis. We can check
that
{J,H}*|TS?> =0

that is, J is an integral of motion. As a result we have

Lemma 3.5. The Hamiltonian systems that describe particles constrained to
move on the surface of a sphere under the influence of an axisymmetric poten-
tial are Liouville integrable.

The energy-momentum map is defined as

EM :TS? - R?: EM(2) = (H(2),J(2)) (3.9)

3.1.2 Reduction of the axial symmetry

® (3.7) is not free; it leaves fixed the points (0,0,41,0,0,0) on T'S?. Therefore
we can not perform regular reduction. We do singular reduction [20] which was
developed by Cushman in order to deal with cases like this one.

Lemma 3.6. The algebra R[z,y]® of ® invariant polynomials in (x,y) is gen-
erated by

o1 = 3 o2 = Y3 o3 =yl +u5 +v3 (3.108)

04 =T1y1 + Toys 05 =T+ 5 06 = T1Ys — Loy '
subject to the relations

2, 2 _ 2 2
oy +o;=o05(05—03) 03—05>0 05>0 (3.10b)

Proof. See [20]. O
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Figure 3.1: (a) Singular reduced phase space My, it is called the canoe. (b)
Regular reduced phase space M; for j # 0.

Restriction from TR? to T'S? imposes the extra relations
05—&—0% =1 o04+0109=0 (3.11)
We rewrite the relations (3.10b) by eliminating o4 and o5, using (3.11), and

setting o = j. We find
U=03(1-0%)—02—372=0, 0i<1, o03—03>0 (3.12)

The reduced phase space M; = J~!(j)/S* is the semialgebraic variety defined
by (3.12). For j = 0 the reduced phase space M; (figure 3.1a)has two singular
points at p+ = (£1,0,0). These correspond to the points Py = (0,0,41;0,0,0)
on T'S%. For j # 0, M; is diffeomorphic to R? (figure 3.1b).

Lemma 3.7. The Poisson structure of the polynomial algebra generated by o1,
o9 and o3 s

(3.13)

{o1,00} =1— 0’% {o2,03} = —20103 {o3,01} = =209

Notice that ¥ is a Casimir of this algebra.
The dynamics of the reduced system is described by the reduced Hamilto-

nian
(3.14)

Hj = %0‘3 + V(O’l)
The reduced equations of motion on M; are

é’l = {O’l,Hj} = 09
d’z = {O’Q,Hj} = —0103 — (1 - U%)V’(Ul)
é’g = {Ug,Hj} = —20’2‘//(0'1)
Moreover, notice that an orbit of H; with energy h and momentum j lies

on the curve v, ; defined by the intersection of the level curve {H; = h} with
M;. Note that if -y ; is singular then it might not be a single orbit.
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3.2 C(Classification of quadratic spherical pendula

We restrict our attention to axisymmetric quadratic potentials of the form
V(z) = $bx3 + cas +d (3.15)

We classify these systems in terms of the qualitative features of their bifurcation
diagrams i.e. the set of critical values of the energy-momentum map EM. This
classification is summarized in figure 3.2 (page 94).

3.2.1 Ciritical values of the energy-momentum map

In this section we study the critical values of the energy-momentum map of
the family of Hamiltonians (3.2) with potential (3.15). Our main result is a
complete description of the set of critical values of EM for all values of b, ¢ and
d. We prove first

Lemma 3.8. For fized values of the parameters b, c,d the set of critical values
of EM is the set Ay c.q of values (h,j) for which the polynomial

P (01) = 2(h — V(01))(1 - 02) — j°
=bot +2co? — (b+2(h — d))o? — 2co1 + (2(h — d) — j2) (3.16)

has a double root in [—1,1]. We call Ay q the discriminant locus of the poly-
nomial P,E{)Jic’d).

We usually suppress h, j and/or b, ¢,d from P,E?jiqd).

Remark 3.9. Critical values (h, j) of EM correspond to pairs (h, j) for which
the level curve H; = h is tangent to the reduced phase space M; or it goes
through one or both of the singular points p+ on Mj. Since, H; does not
depend on oy, the points where the level curve {H; = h} can be tangent to
M; can only be on the plane {o3 = 0}. Therefore, we look for such points on
the curve M7 = M; N {ogy = 0}

Proof of lemma 3.8. Consider first the case j # 0. The level curve {H; = h}
is the graph of the function ¢4 (1) = 2(h — V(01)) while M} is the graph of
P

fr
fnj(o1) = £n(o1) — m;(o1) has a double root i.e. when for some o1 = 2z we
have fy, j(z) = f}, ;(#) = 0. Notice that P, j(o1) = (1 — 02) fnj(o1). It is easy
to show that for j # 0 the functions fj, ; and P, ; have the same double roots.
The argument is based on the fact that for j # 0, o1 can not be +1.

Consider now the case j = 0 and notice that Py o(c1) = (1 —0})ln(01). We
need to prove that the curve £ (o) becomes tangent to the line segment o3 = 0,
|o1] <1 or passes through the points (o1, 03) = (£1,0) if and only if P}, ¢(o1)
has a double root in [—1,1]. The ‘only if’ part is trivial. The ‘if’ is slightly more
involved. Let 2 € [~1,1] be a double root of Py, i.e. Pno(2) = P ((z) = 0.
These two equations become

the function m;(o1) = The two curves are tangent when the function

(1—2%),(2) =0
(1 — 220, (2) —224,(2) =0
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We obtain the solutions (a) z =1, £3(1) =0 (b) z = —1, £,(—1) = 0 and (c)
ln(2) = ¢, (z) = 0. This proves the lemma. O

Lemma 3.10. The polynomials P,Ebjic’d) and Pf(bbji_c’d) have the same discrimi-
nant loci.

Proof. If z is a double zero of P}Eb]’.c’d) it is easy to see that —z is a double zero

of " 4Y. O
Lemma 3.11. When ¢ > 0, A is parametrized by
2(h —d) = 2bs* +3cs —cs t —b (3.17a)
j2=—s"'(bs+c)(1 - s*)? (3.17b)
where
Case O. s € [—1,0) U{1l} when 0 < |b] <c.
Case I. s € [-1,0) U[~¢,1] when 0 < c < —b.

Case II. s € {-1}U[-7,0) U {1} when 0 <c <b.

When ¢ = 0, A is the union of the curve
2(h — d) = j2 (3.18)

and the point (h,j) = (b/2,0) when b > 0, or the curve 2(h—d) = —|b|£2+/|b|j
with |j] < —=b and 2(h — d) > b when b < 0.

Proof. We begin with the case b # 0. If P(z) has a double root in [—1,1] it
can be factored as

P(z) = b(z — 8)*(2* — 2uz +v) (3.19)

with s € [-1,1]. Collecting powers of z and equating coefficients in the two
expressions we find

2(h —d) — j* = bs’v =0 (3.20a)

2(h — d) + bs* + 4bsu +bv +b =0 (3.20b)
s(su+v) =c¢/b (3.20c)
s+u=—c/b (3.20d)

When ¢ # 0, equation (3.20c) gives that s # 0. The solution of the system of
equations (3.20) becomes

2(h —d) = 2bs* +3cs —cs ' —b (3.21a)

§% = —s"Hbs +c)(1 — 5%)? (3.21b)

Notice that the right hand side of equation (3.21b) must be non-negative. This
gives a permissible region for s for which we already have that it belongs in

[—1,1]\ {0}. A small amount of algebra gives the three cases O, I and II of the
lemma.
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We deal now with the case ¢ = 0. In this case the equations (3.20) become

2(h —d) — j* —bs*v =0 (3.22a)

2(h —d) + bs® +4bsu+bv+b=0 (3.22b)
s(su+v)=0 (3.22¢)

s+u=0 (3.22d)

Equation (3.22d) gives u = —s, and substituting into (3.22c) we get s = 0
orv =82 If s =0 we get 2(h —d) = j2. If v = s? we get at the end
j2 = —b(1 —s?)2. If b > 0 then s = +1, and this gives j = 0 and 2(h — d) = b.
On the other hand if b < 0, s can take any value in [—1,1]. In that case
2(h — d) = —|b| + 24/[b[j with |j| < —b.

We did not deal with the case b = 0. In this case our system is equivalent
to the spherical pendulum which has been studied in [20]. Tt is easy following
the proof of the case b # 0, ¢ # 0 to prove that this case is characterized by
the same equations (3.21) with b = 0.

O

The cases O, I and IT of lemma 3.11 correspond to the types O, I and II
introduced in §0.3.2 (page 33). The form of the loci of critical values of EM
are shown in figure 3.2.

3.2.2 Reconstruction

Recall that the orbit of energy h and momentum j of the vector field of H; on
the reduced phase space M; is geometrically the intersection v ; of the level
curve {H; = h} with the space M;. All the points of M; lift to an S' orbit
in the original phase space T'S? under the inverse of the reduction map o =
(01,02,03). The only exceptions are the singular points (+1,0,0) of My which
lift to the respective point in T'S? with coordinates (z,y) = (0,0,41;0,0,0).
Using these facts we can deduce the type of EM~(h, ) for all (h,j) in the
image of the EM map. We do not give proofs for our results since these can
be easily proved using arguments similar to that in [20]. The following result
is from [20].

Lemma 3.12. If vy, ; is diffeomorphic to a circle, it lifts to a T2. If it consists
of a single non singular point it lifts to a topological S'. If it consists of a
single singular point then it lifts to a single point in TS%. Finally, if yn j—o is
a topological circle that contains one or both of the singular points, then it lifts
to a singly or doubly pinched torus respectively (figure 3.3).

Notice that lemma 3.12 does not cover all the possible cases.

Having the preceding lemma in hand we discuss each qualitative type in-
dividually. Notice that the level curve H; = h is the set of points that satisfy
the equation

Hj=1to3+ tbol +cor+d=h (3.23)

which we solve for o3 to get
o3 = —ba? — 2coy + 2(h — d) (3.24)

Therefore the level curve H; = h is a parabola that is turned upwards when
b < 0 and downwards when b > 0, and its extremum is at o1 = —c¢/b.
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inverted
spherical
pendulum

Figure 3.2: Global diagram of the image of EM for the family of quadratic potentials. We show the image of EM for representative values
of the parameters b and c¢. For each image the vertical axis represents the energy and the horizontal axis represents the momentum.
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Figure 3.3: Representations of a single and a double pinched torus in R3.

Type O systems

Systems of this type are characterized by the existence of a single isolated
critical value of EM with coordinates (he,j.) = (b/2 + |¢|,0) which lifts to a
singly pinched torus. The spherical pendulum belongs in this category. In
this case the level curves of H; are parabolas whose extremum (maximum or
minimum) lies outside the interval [—1, 1].

h (energy)

once pinched 2-torus

regular T?

B ~77 j (momentum)
/\, periodic orbit S'
¥ point {pt}

Figure 3.4: Reconstruction of type O systems.

In figure 3.4b we show the projection of some level curves of H; and spaces M;
on the plane (o1, 03). Notice that the projection map p : (o1, 02,03) — (01, 03)
sends two points of M; to the same point, except for points on the fold curve
MO,

The upper dashed level curve in figure 3.4b goes through one of the critical
points. Its intersection with My is a topological circle (figure 3.4c). This
corresponds to the isolated critical value of EM and lifts to a singly pinched
torus in T'S2.

The other dashed level curve consists only of the other singular point and
lifts to a single point in 7'S2. Points of tangency between a level curve H i=h
and a reduced space M; lift to an S'. Finally, all other intersections are
diffeomorphic to a circle and each one of them lifts to a T?.

Type II systems

The energy-momentum map of type II systems for ¢ # 0 has two isolated
critical values with coordinates (h,j) = (b/2 £ |c|,0). These lift to two singly
piched tori. When ¢ = 0, b > 0 there is only one critical value which lifts to a
doubly pinched torus. The level curves of H; in this case are parabolas turned
downwards with their maximum inside (—1,1).

In figure 3.5b we show the projection of some level curves of H; and spaces
M; on the plane (o1, 03). The two dashed curves in figure 3.5b pass through one
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singular point each and they intersect My in a topological circle (figure 3.5¢).
Each one of them lifts to a singly pinched torus. All the other intersections
Yn,; lift either to S* or to T2.

When ¢ = 0 (figure 3.5d,e,f) the level curves are symmetric with respect to
o1 — —o1. Therefore the same dashed level curve (figure 3.5¢) goes through
both singular points. The intersection of this level curve with Mj is a topo-
logical circle with two singularities (figure 3.5f). It lifts to a doubly pinched

torus.

h (energy)

regular T2

singly pinched 2-tori

periodic orbit S!

‘ J (momentum)

doubly pinched 2-torus
regular T?

periodic orbit S'

‘ Jj (momentum)

Figure 3.5: (a) Reconstruction of generic type II systems. (b) The degenerate
case ¢ = 0 with the doubly pinched torus.

Type I systems

Type I systems are characterized by the existence of the ‘triangular’ set ABC
of critical values of EM (figure 3.6a). In this case the level curves of H; are
parabolas that are turned upwards and their minimum is inside the interval
[—1,1].

In figure 3.6b we see that there are two level curves of H; (represented by
dashed lines) that pass through the two singular points of My. The lower of
these curves has only one point in common with M, and therefore it lifts to
a single point in T'S2. It corresponds to the lowest point in the image of EM
with coordinates (b/2 — ||, 0).

The upper dashed curve touches M, at the singular point but has also a
disjoint intersection with My which is diffeomorphic to a circle and lifts to a
T?2. It corresponds to the point A in the image of EM.

Level curves of H; a little above the upper dashed curve intersect My (and
M; for |j| close to 0) at two disjoint circles. These lift to two disjoint T?.

The thick level curve is tangent to My. Its intersection with M is a ‘figure-
8 (figure 3.6¢). In T'S? it lifts to two singular tori joined along a cycle. This
cycle is an unstable relative equilibrium and the rest of the the two tori are its
stable and unstable manifolds (figure 3.6d).

For even higher level curves the intersection with Mj is a single circle and
therefore we now have a single T2.

96



The values (h, j) for which we have two disjoint tori form the interior of the
region ABC in figure 3.6a. Points along AB and AC lift to the disjoint union
of an S' and a T? while the point A itself lifts to the disjoint union of a single
point and a T2. Points on BC lift to unstable periodic orbits with their stable
and unstable manifolds.

Therefore, one can view the image of EM as consisting of two leaves. The
first leaf L; is the light gray part of figure 3.6a and it covers the whole image of
EM. The second leaf Lo lies over leaf Ly (and therefore hides part of it). It is
represented by the dark gray leaf i.e. the triangular region ABC in figure 3.6a.
Each point inside each leaf lifts to a single torus in 7'S2.

h (energy)
regular T?
RP’ B c disjoint union S' U T?
two topological tori glued alon disjoint union T? U T2
an unstable periodic orbit A disjoint union {pt} U T?
disjoint union S* U §* F periodic orbit S!
‘ S : {p‘t} ‘ J (momentum)

T
T
AN

AN

T
TR
R
AR

1\
A

P
N,

=

W
\

Figure 3.6: Image of EM for type I systems. Reconstruction for type I systems.

3.3 Monodromy in the family of quadratic spherical
pendula

We use two qualitative arguments in order to deduce the monodromy matrix
for all members of the family of quadratic spherical pendula. The first is
the geometric monodromy theorem [21,97] which in our case reduces to the
statement that

Theorem 3.13. If p is an isolated critical value of EM which lifts to a k-
pinched torus then the monodromy matriz for a path T' around p is ((1J ’f) m an
appropriate basis.

The second is a deformation argument:

Lemma 3.14. Let s € [0,1] — I's be a smooth family of closed paths and
5 € 10,1] = EM, a smooth family of energy-momentum maps EM, : R* — R?
such that Ty C Ry for all s € [0,1], where Rs is the set of regular values
of EM. Then the T? bundles EMgl(FO) — Iy and EMl_l(Fl) — I'y are

isomorphic.
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It is known from [20] and [14] that the monodromy matrix for the spherical
pendulum V(z) = z is ({ 1) while the monodromy matrix for the spherical
pendulum V(z) = 22 is (§2). We will use the geometric monodromy theorem
and deformation arguments in order to deduce the monodromy matrix for all
the members of the family of quadratic spherical pendula.

3.3.1 Monodromy in type O and type II systems

Recall that type O systems are characterized by the existence of a single isolated
critical value of EM with coordinates (h, j) = (b/2+|c/|,0) which lifts to a singly
pinched torus.

Lemma 3.15. The monodromy matriz around a path ' that encircles the
unique isolated critical value of EM in type O systems is ((1) %)

Proof. This is a direct consequence of theorem 3.13. O

Monodromy in type II systems has been studied in [14,26]. Recall that the
energy-momentum map of type II systems for ¢ # 0 has two isolated critical
values (b/2—|c|,0) and (b/2+|c|,0). Each critical value lifts to a singly pinched
torus. When b > 0,c = 0 EM has only one isolated critical value which lifts to
a double pinched torus. Therefore from theorem 3.13 (see also [14]) we have

Lemma 3.16. The monodromy matrixz around a path that encircles the unique
isolated critical value of EM for b > 0,c =0 is ((1) %)

In the case of type II systems with ¢ # 0 we prove

Lemma 3.17. The monodromy matriz around a path T that encircles each of

the isolated critical values of EM in type II systems is ((1) %) The monodromy

matriz around a path that encircles both isolated critical values is ((1) %)
Remark 3.18. This result is contained in [14]. One can also use the mon-
odromy addition theorem [26] to prove the part about paths going around both
critical values. Here we use a deformation argument for this part.

Proof. The monodromy for paths that go around one of the critical values is
a direct consequence of theorem 3.13.

Consider now a path I' that encircles both critical values of EM. If we
keep b fixed and reduce ¢ to 0 then the two critical values merge to a single
critical value that lifts to a doubly pinched torus. From lemma 3.16 we know
that the monodromy matrix around this value is (§%). From lemma 3.14 we
obtain that the monodromy matrix around both isolated critical values is also

(67)- O
3.3.2 Non-local monodromy

Lemma 3.19. The monodromy for a path T on leaf L1 that goes around the
curve of critical values BCis (§ 1).

Proof. Consider a type O system i.e. a system with one isolated critical value
of EM and a path T' that goes around this critical value. As we saw in the
previous section, in this case the monodromy matrix is (§1). We deform
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h (energy)

>

L,

j (momentum)

Figure 3.7: The path I around the curve BC on the leaf Ly lifts under EM ™! |Lq
to a T? bundle over T.

smoothly this system and the path I' until we obtain a type I system in such
a way that the path I' is not crossed by any critical values of EM during this
deformation. Then according to lemma 3.14 the monodromy matrix for I' for
the type I system is also ((1) %) Notice that the condition imposed on the path
means that in the type I system the path does not intersect the region ABC.
Moreover, we can consider a path I that goes around the line of critical
values BC but enters into the region ABC. Notice that on the leaf L, the path
I'” and the path I" that goes around ABC are homotopic. Since the monodromy
matrix for the T? bundle over I is already known to be (§ 1) we deduce that
this is the case also for the T? bundle over I". O

We call this type of monodromy non-local monodromy.

Remark 3.20. An interesting and still open question is whether we can define
in a meaningful way monodromy for a path that crosses the line BC. Consider
such a path and begin at a point outside the region ABC. This point lifts to a
torus. Suppose that the path enters ABC through BC. As we enter the island
the single torus breaks into two tori. For this reason, I believe that it is not
possible to define classical monodromy for any path I' that crosses the line
BC. Nevertheless, it may be possible to define quantum monodromy for such
paths!.

3.4 Quantum monodromy in the quadratic spherical
pendula

A short introduction to quantum monodromy and its relation with classical
monodromy is given in appendix C.2.

Quantum monodromy is a characteristic of the joint spectrum of the quan-
tum operators

1 9?2

(1o, 0 Ea
H=—-h (5in9 39 (smt‘)ae) + 20 8¢2> + V(cos ) (3.25)
0
J =53 (3.26)

which correspond to the classical Hamiltonian H and momentum J respectively
on TS2.
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h (energy)

j (momentum)

Figure 3.8: Quantum monodromy in the spherical pendulum and other type O

systems.

h (energy)

h (energy)

j (momentum)

Figure 3.9: Quantum monodromy in the case of type I systems.

h (energy)
h (energy)

j (momentum)

J (momentum)

j (momentum)

Figure 3.10: Quantum monodromy in the case of type II systems.
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The spherical harmonics {V},,} with fixed m and I > |m| form a linear H-
invariant subspace of the Hilbert space while they are eigenvectors of 7 with
the same eigenvalue m. The spectrum of H for fixed m is the set of eigenvalues
of the matrix (Y} ,n|H|Y:,m) where I,I’ > |m|. Since this matrix is infinite we
truncate it at a large value of [.

Recall that the monodromy matrix is then computed by considering a small
cell spanned by vectors k1, k2 and transporting it around the path I'. If we
denote by kf{, kb the vectors that span the lattice when we come back to the
original point we have k] = k1 + mke and k) = ko. Then the monodromy
matrix is (§ 7).

The quantum lattices for type O systems which are qualitatively the same as
the linear spherical pendulum, and type I and II systems, are shown in figures
3.8, 3.9 and 3.10 respectively. We can easily read the monodromy matrix for
each case from these figures.

3.5 Geometric Hamiltonian Hopf bifurcations

In this section we prove that the equilibria located at the ‘north’ and ‘south’

poles of the sphere go through two qualitatively different geometric Hamilto-

nian Hopf bifurcations and we relate these bifurcations to monodromy.
Consider the one-parameter family

H(z,y) = 2(yi + 5 +y3) + 3boa3 + coxs (3.27)

where by = cosf and ¢y = sin 6.
Recall that Py = (0,0,41;0,0,0) are the two equilibria of H (3.2) on T'S?.

Theorem 3.21. P_ is elliptic-elliptic for 6 € (w/4,57/4) and hyperbolic-
hyperbolic for 6 € (=3n/4,m/4). At 6 = w/4 P_ goes through a supercriti-
cal geometric Hamiltonian Hopf bifurcation. At 0 = 5w /4 it goes through a
subcritical geometric Hamiltonian Hopf bifurcation.

Theorem 3.22. P, is elliptic-elliptic for 0 € (3w/4,7w/4) and hyperbolic-
hyperbolic for 6 € (—m/4,3w/4). At 0 = —7/4 Py goes through a supercritical
geometric Hamiltonian Hopf bifurcation. At 6 = 3w /4 it goes through a sub-
critical geometric Hamiltonian Hopf bifurcation.

We will prove only the theorem for P_, since the theorem for P, can then
be obtained by flipping the sphere upside down and changing ¢ — —c.

First let us clarify what we mean by geometric Hamiltonian Hopf bifurca-
tion. Recall that the Hamiltonian Hopf bifurcation is related to the behaviour
of a family of periodic orbits with respect to an equilibrium that loses linear
stability. In particular, when an equilibrium is elliptic-elliptic, a family of pe-
riodic orbits emanates from it. In the case of a standard Hamiltonian Hopf
bifurcation the equilibrium loses stability by becoming complex hyperbolic.
What is interesting is the nonlinear behaviour of the system. In the case of
a standard supercritical Hamiltonian Hopf bifurcation the family of periodic
orbits detaches from the equilibrium, while in the subcritical case the family
shrinks to the equilibrium and disappears.

1Private communication with Boris Zhilinskif.
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In the family of quadratic spherical pendula we prove that the equilibria
Py can be only degenerate elliptic (2E) or degenerate hyperbolic (2H). Never-
theless, the nonlinear behaviour of the family of periodic orbits that emanates
from Py or P_ when it is 2E is the same as in the case of the standard Hamil-
tonian Hopf bifurcation. For this reason we call this a geometric Hamiltonian
Hopf bifurcation. The case of a geometric Hamiltonian Hopf bifurcation has
been discussed in [46] for the 3D Hénon-Heiles family.

Remark 3.23. Notice that when P_ goes through a supercritical Hamilto-
nian Hopf bifurcation we have no monodromy when P_ is 2E and standard
monodromy when P_ is 2H. When it goes through a subcritical Hamiltonian
Hopf bifurcation we have non-local monodromy when it is 2E and standard
monodromy when it is 2H. Recall that we saw a similar situation in chapter 2.

Local chart

We define a local chart on T'S? near P_ using the relations

T =q Ty = G2 3332—(1—(1%—(]%)1/2
Y1 =p Yo = p ys = q1p1 + q2p2
1 — /M 2 — P2 3 —

(1 —qf —q3)'/?

The Poisson structure in the local chart is

| & 4 p1 P2
a1 |0 0 1—¢3 —q142
g2 0 —q142 1—q3
D1 0 G2p1 — q1P2
P2 0

The corresponding symplectic structure is

1

Ww=——>75
1—qf —q3

(1 —g3)dgr Adp1 + (1 — ¢5)dga A dpo

+ (p2q1 — q2p1)dq1 A dga + q1g2(dgr A dps + dga A dpy))
(3.28)

The S! action ® (3.7) induces a local St action ®j,c, on the chart (g, p).
This action is

Procar 1 S x R = R 1 1, (¢, p) — (Req, Rep) (3.29)

— cost sint
where Rt - (7sint cost)'

Notice that this exactly the same action as (2.51). Therefore lemma 2.9
holds. We recall that lemma here.

Lemma 3.24. The algebra R[q,p]s1 of polynomials invariant with respect to

the local S' action are S = qips — qap1, N = 2(¢} + ¢3), M = L(p? +p3) and
T = q1p1 + qop2 related by T? = AMN — S2.
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Linear stability

The linear stability of the equilibria can be computed taking into account just
the constant term of the symplectic form. In our case this is

wo = dg1 Adpy + dgs A dpo (3.30)

We express the Hamiltonian (3.2) in terms of the local chart (¢,p) and
we Taylor expand it around 0. The result is a local Hamiltonian function in
variables (¢, p) that we denote again by H and which has the form

H=H,+ Hy+ Hg+--- (3.31)

where each term Hay, is a polynomial of degree 2k in (g, p).

Since the local Hamiltonian is invariant with respect to the S! action
Dipcar (3.29) we deduce that the quadratic part Hy must have the form Hy =
a1 M + aaN + a3S + a3T. But notice that the original Hamiltonian (3.2) is
also invariant with respect to the time-reversal group 7 which is generated by
y — —y. This means that the local Hamiltonian H (3.31) is invariant under
the transformation p — —p. The action of time reversal on the S! invariants is
(M,N,S,T) +— (M,N,—S,—T). Therefore the only S! x 7 invariants are M
and N and the most general S' x 7 invariant Hamiltonian H, must be of the
form

Hy = aiM + asN = -(pf +p3) + % (i +3) (3.32)

The frequencies of such Hamiltonian are #+(—ajas)'/? (twice). Therefore P_
can only be 2E or 2H for any initial Hamiltonian of the form (3.2) with an
axisymmetric potential V' (x3). Therefore the only way with which P_ can lose
stability is be becoming 2H. In the presence of symmetry this in non-generic
in general bifurcation has become generic.

Remark 3.25. This type of analysis is in the same spirit as the analysis in [1]
of the possible types of linear stability of the critical points of the T4 x 7 action
on CP?.

Here in particular, the quadratic part of the local Hamiltonian is
Hy = 5(pf +13) + 5(c = b)(¢f +a3) = M + (¢ = b)N (3.33)

The linear stability of P_ can be easily deduced from Hsy. Specifically, the
frequencies are #(b — ¢)'/? (twice). This means that P_ is degenerate elliptic
(2E) for b — ¢ < 0 and degenerate hyperbolic (2H) for b — ¢ > 0. P_ changes
linear stability type when ¢ = b. The movement of eigenvalues is shown in
figure 3.11.

Nonlinear Hamiltonian Hopf bifurcation

The symplectic form w can be Taylor expanded in the form
W=wp+wy+wy+--- (334)

where
wo = dq; A dpy + dgs A dps (335)
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Figure 3.11: Movement of eigenvalues in the S' x 7 equivariant geometric
Hamiltonian Hopf bifurcation.

is the standard symplectic form. Each term wsyj contains terms of degree 2k in
(¢,p). Specifically, the second term is

wa =qidg1 A dpr + g3dge A dps

3.36
+ (p2g1 — g2p1)dgr A dga + q1g2(dgr A dpe + dga A dpr) (3.36)

In order to flatten the symplectic form we use the method described in [20]
and in the previous chapter. Specifically, we use the transformation ¢ induced
in time 1 by the vector field

X == 30(ai + 63) o — 502048 + 03) 5o
q1(q1p1 + @2p2) + G2(q1p2 — @2p1)) - (3.37)

—q1(q1p2 — @2p1) + @2(q1p1 + Q2p2))a%2

(=)

N N N

—~~

Notice that X is ®jyca equivariant. This means that the ¢ transformed Hamil-
tonian

¢*H = Hy+ LxHy (3.38)
is ®joca) invariant. It is expressed in terms of the invariants (M, N, S, T) as
¢*H =M+ (c—b)N + £(2b— ¢)N* + MN (3.39)

Recall that the equilibrium changes linear stability when ¢ = b i.e. when the
coefficient of N in Hy becomes 0. The last step is normalization with respect
to N which kills all terms of order higher than 4 which contain M or T. We do
this normalization using the Lie series method with the generator W = NT/6.
The result is the normalized Hamiltonian

H=M-+(c—b)N+ 5%+ 1(4b— c)N? (3.40)

Exactly at the bifurcation b = ¢, the coefficient of N? becomes ¢/2. There-
fore we have a supercritical Hamiltonian Hopf bifurcation when ¢ > 0 and a
subcritical one when ¢ < 0.

3.6 The LiCN molecule

Recall that in §0.3 we introduced the family of quadratic spherical pendula as
a family that includes the simple model of the LiCN molecule. In this section
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we discuss LiCN without taking into account the approximation that Li moves
on the surface of a sphere.

Recall that in floppy molecules of type XAB we have two stretching mo-
tions characterized by the distance r between the atoms AB and the distance
R between the center of mass and X. We also have the bending motion charac-
terized by the bending angle . In molecules like CO5 there is an 1:2 resonance
between the stretching and bending motions but no such prominent resonance
exists between these two modes in HCN or LiCN. Therefore we can average
the two stretching motions (for LiCN in particular r is considered fixed). This
gives a surface R(7), on which X moves in the averaged system and where R
depends considerably on v. The potentials in both cases are given by ab initio
calculations [32,49,87].

4.8

a6k NCLi |

44
42| LINC
401

38r

Stretch distance [bohr]

36

i i i i
0 0.2 0.4 0.6 0.8 1
Bending angle y/mt

Distances [bohr]

HCN . . . . CNH
0 0.2 0.4 0.6 0.8 1
Bending angle y /1t

Figure 3.12: The functions R(7y) for LiCN and HCN.

h h

\V/ N

J J
Figure 3.13: The image of EM for LiCN and HCN.

The functions R(7) for HCN and LiCN are shown in figure 3.12. The main
difference between these cases is that the surface on which the Li atom moves
in LiCN is convex but for the HCN it is not. This affects remarkably the
qualitative features of the image of EM for the two systems. This is shown in
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figure 3.13. We can clearly see that the LiCN molecule has the main qualitative
features of type I quadratic spherical pendula.

On the other hand, the image of EM for HCN is completely different qual-
itatively. It consists of three leaves L1, Ly and L3 which join along the upper
side of L1 and Ly and the lower side of Ls. The leaves L; and Lo overlap
partially. Values (h,7) of EM inside the overlap lift to two disjoint T2 in phase
space. For more details see [5] and [52].
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4

Fractional monodromy

In this chapter we study monodromy in m: — n resonances. First, we demon-
strate that the 1: — 1 resonance has regular monodromy. Most of this chapter is
about the analytic proof of fractional monodromy in the 1:—2 resonance. Recall
that fractional monodromy is a generalization of regular monodromy [72,73].
Finally, we give some conjectures about fractional monodromy in higher m: —n
resonances.

4.1 The 1:—1 resonance

We begin with a brief discussion of the 1 : —1 resonance. Recall from §0.4 that
in this case the invariants of the S' action generated by the 1 : —1 resonance
are

J =3t + ) — (63 +p3))
m = 3((¢f +p3) + (6 +13))
T2 = (4142 — p1P2
T3 = q1P2 + g2p1

Notice that the momentum J is the generator of the oscillator symmetry. The
Hamiltonian is defined as

H(q,p) = qp2 + q2p1 + e(gf +p1) (45 + p3) (4.1)
The reduced Hamiltonian H; on J~1(j)/S! is
Hj =75+ e(mf — j°)

The term of order € has been introduced in the Hamiltonian in order to com-
pactify the common level sets H~(h) N J~1(5).

The energy-momentum map is EM : R* — R? : 2 +— (H(2), J(2)). The set
of critical values of EM is shown in figure 4.1. It consists of the line h = —ﬁ
each point of which lifts to an S' and the isolated critical value (0,0). The
latter lifts to a singly pinched torus. By the geometric monodromy theorem we
have that the monodromy matrix for paths that go around the isolated critical
value is (§1).
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h (energy)

regular T?

singly pinched 2-torus

periodic orbit S!
J (momentum)

Figure 4.1: Image of the EM map of the 1: — 1 resonance

4.2 The 1:—2 resonance

We define the 1: — 2 resonance system and give the set of critical points of its
energy-momentum map.

4.2.1 The energy-momentum map

Consider the functions

H: R4 —-R:z= (QIaQ27P17p2) = H(Z) =

(4.2)
= V2((¢} — p}p2 + 2q102p1) + 2¢(a} + p}) (a3 + 13)
where € is positive and sufficiently small, and
J:R' = Rz J(2) = §(qf + 1) — (3 +p3) (4.3)
The flow of the linear Hamiltonian vector field X ; is
cost 0 —sint ) 0
¢7 :S'x R - R : (t,2) — (sigt s O smE| g (4.4)
0 — sin 2¢ 0 cos 2t

¢’ defines an S action on R* which is in 1 : —2 resonance. H is ¢”-invariant.
Hence
EM:R*—-R?:z+— (H(z),J(2)) (4.5)

is the energy-momentum map of a Liouville integrable Hamiltonian system.
Because the quartic terms are positive definite, H is a proper function. Conse-
quently the fibers of EM are compact. Let R denote the set of regular values
of EM which lie in its range. For each each (h,j) € R, each connected com-
ponent of the fiber SM_l(h, J) is a smooth two dimensional torus T,217 ; by the
Arnol’d-Liouville theorem.

4.2.2 The integrable foliation

In this section we study the geometry of the singular foliation defined by the
the level sets of H (4.2) and J (4.3). The geometry of an equivalent foliation
is obtained in [72] (see §4.3.1 for more details).
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First, we reduce the S' symmetry (4.4). Since the S! action ¢’ has Zj
isotropy on {¢1 = p1 = 0} and thus is not free, we need singular reduction. We
use invariant theory.

Recall from §0.4 that the algebra of ¢”-invariant polynomials is generated
by the polynomials

J(q1,q2,p1,Pp2) %((I%"‘P?)_(qg?ﬂ?g)

T (@1, q2,01,02) = 5(¢ + i) + (65 +p3)

m2(q1,q2,p1,02) = V2((¢f —pl)a2 — 2q1p1p2)
( )

m3(q1,42,P1,P2) = ﬁ((Q%*P%)szrququ)

subject to the relation
U=ni+7s—(m—J)(m+J)>=0 (4.6)

and m > |J|.
The space R*/S! of Sl-orbits is defined by (4.6) and is the image of the
S'-orbit map

p:R*>RY: 2z (J(2),m1(2), m2(2), 73(2))

The reduced phase space P; = J~1(j)/S' (see figure 0.11) is the image of
J71(j) under the reduction map p; = p|J~'(j) and is defined by

AT = (m = i)m+i)% ™=l (4.7)
Since H (4.2) is invariant under ¢”, it induces on P; a smooth function
H;: P, CR*— R:7m=(m,m2,73) — Hj(m) =73+ e(ri — %) (4.8)

called the reduced Hamiltonian.

The space of smooth functions on the reduced phase space P; has a Pois-
son structure. A straightforward calculation shows that its skew symmetric
structure matrix has nonzero entries

{m,m} = _23_71'3 = —4m3
ov . .
{7'('277'(3} = _26_7'(1:2(7T1 +])(37T1—])
ov
{7’(‘377'(1} = 728771'2 = 7471'2

J and VU are Casimirs of this algebra. The equations of motion for the reduced
Hamiltonian H; (4.8) are

iy = {m, H;} = 4my (4.9a)
7o = {mo, H;} = 2(m1 + j)(3m — j) + 8emims (4.9b)
7-1'3:{7T3,Hj}:78€71'17rg (49(3)

Next we describe the discriminant locus A of EM (4.5), that is, the set of
critical values of EM which lie in its range.

109



Lemma 4.1. A is the union of the image of the two curves
C1:[0,00) — R?: s (h(s),s(s)) = (0,—s) (4.10)
and
C2:[5m,00) = R? s (h(s),j(s)) =
= (45(2¢%s — 1)(V2(8¢%s — 1)y/5(2€2s — 1) — 2es(8¢%s — 3)),  (4.11)
5(3 — 8e?s + 4ev/25(2¢25 — 1)))
which join at the point P = (0, —%) in a C' but not C? fashion.
Proof. See §4.3.6. O

Definition 4.2. The image of the curve C1|(0, 51) is called the critical line C.

h (energy)

regular T?

curled 2-torus

J (momentum)

singly pinched 2-torus

periodic orbit S!

Figure 4.2: The set of critical values A of EM. The range of EM is shaded.

We now discuss the topology of the fibers of the reduced Hamiltonian H;
(4.8) on the reduced space P; (4.7).
Lemma 4.3. For points (h,j) € Co U Ci|(5,00) (the boundary of the EM
image) Hj_l(h) is a single point. For points (h,j) € C, Hj_l(h) is a circle with
one conical singularity. For the point (h,j) = (0,0), Hj_l(h) is a circle with
one cusp. For all other points (h,j) € R, Hj_l(h) is a smooth circle.

Proof. From figure 4.2 we see that the boundary of the image of EM is the
union of the images of C1|[5%5, 00) and C; and corresponds to the critical values
where H; has an absolute minimum on P;. Therefore, for nearby regular
values (h,j) € R, the h-level set of H; is a smooth circle. From the facts that
EMIEMTY(R) : EM™Y(R) — R is a proper surjective submersion and R is
connected and simply connected, it follows that for every (h,j) € R the level
set H ]»_1(h) is a smooth circle. Next we look at those level sets where (h, j) lies

on the critical curve C. In this case H j_l(h) is defined by

{ m3+e(r?—34%) =h =0, j<0
Ty = (rf =) =[5, mo =il

Eliminating 73 shows that H (h) is the image of the curve
D : [|j],00) — R3:
m1 o (e (= 1)/ (s + 1) = 5] — m0). el = 2).
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Figure 4.3: Projections of the intersections P;N{H; = h} on the plane (73, 71).
The level sets {H; = h} are shown by bold solid curves. From top to bottom:
j>0,7=0,j <0 with |j| large, j < 0 with |j| small.

Choose € so that € € (0, ———). Then (71 +|j|)(% — || — m1) > 0 if and only

V1413l
if 7 € [|j], & — |j|]. Hence Hj_l(h) is a compact one dimensional manifold,
which is smooth except at the point @ = (|j|,0,0) where it has a conical
singularity. Hence H - 1(h) is homeomorphic (but not diffeomorphic) to a circle.
U

Remark 4.4. We can obtain the result of lemma 4.3 pictorially by studying
the intersections of level sets {H; = h} and the reduced phase spaces P}, see
figure 4.3.

We now carry out reconstruction.

Lemma 4.5. For points (h,j) € C2 U Cy|(55,00) (the boundary of the EM
image) EM ™ (h, j) is a smooth circle. For points (h,j) € C, EM ™ (h,j) is a
curled torus. For the point (h,j) = (0,0), EM~1(0,0) is curled pinched torus.
For all other points (h,j) € R, H;l(h) is a smooth two-torus T, ;.

Proof. In the original phase space R* the level set H i 1(h) on P; recon-
structs to EM ™ (h,7) = H=*(h) N J~1(j). When H;l(h) is a smooth circle,
EM™1(h,j) is a smooth two dimensional torus T,zw-. When (h, j) lies on the
boundary of the image of EM, Hj_l(h) is a point and EM ™! (h, j) is a smooth
circle. When (h, j) lies on the critical line C, the singular point (0,0, |5]) of P;
reconstructs to a periodic orbit 7, ; of X g, which is given by

{qr=p1 =0, ¢3+p3 =i}

Yn,; is hyperbolic and has primitive period 7. Since its linear Poincaré map
is ¢ = —id, the orbit v, ; is hyperbolic with reflection. Thus H;l(h) for
(h,j) € C reconstructs to 7y, ; together with its stable and unstable manifolds.
The latter are twisted so that EM ! (h, j) is not orientable. In other words, for
(h,7) on the critical curve C, EM~*(h, j) is a curled 2-torus; namely, a cylinder
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on a figure eight with the ends of the cylinder identified after performing a half
twist. Here ~y, ; is the curve formed from the crossing point of the figure eight
after making the identification. When j = h = 0, the curve ~;_ ; collapses to a
point and EM ™Y (h, ) is a pinched curled 2-torus. O

Figure 4.4: Curled torus

This completes the description of the geometry of the singular foliation EM ™! (h,7)
where (h, j) ranges over the image of EM.

4.3 Fractional monodromy in the 1:—2 resonance

We come now to the crux of this chapter, which is the analytical computation
for the 1: — 2 resonance of the generalized type of monodromy introduced
in [73]. In [73] the authors defined the notion of fractional monodromy and
then computed the fractional monodromy in a 1: —2 resonance system studying
directly the behaviour of the cycles basis of the first homology group. We
give here the first analytic computation of fractional monodromy based on the
period lattice approach of [29] and [20].

4.3.1 From regular to fractional monodromy
Regular monodromy

Let us recall briefly how we can prove analytically the existence of monodromy
in the regular situation [20,29]. Consider a closed path I" in the image of EM.
All the points on I' are regular values of EM, and T" encloses one or more critical
values of EM. The monodromy matrix is defined as a linear automorphism on
H\(T}, ,,»Z) where (ho,jo) is the starting point of T. The period lattice
P(h,j) of T} ; is the set {(T1,T2) € R?: Tpl2(2) = 2, for 2 € T} ;}. These
points form a lattice in R? that is generated by the vectors v; = (27,0) and
vy = (=O(h,3),T(h,j)). The period lattice bundle over T is isomorphic to the
H; bundle over I'. Therefore, we can study the former instead of the latter. If
the linear automorphism that identifies P(hg, jo) after going once around T is
not the identity then the system has monodromy.

Fractional monodromy

The main difference between the regular situation described above and the
1: — 2 resonance is that in the latter case the path I" must cross the critical
line C. Specifically, we consider a path I' with starting point a regular value
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(ho,jo) of EM that goes around the point (0,0) and crosses C once before
coming back to (hg,jo), see figure 4.5. This causes three problems that we
must resolve in order to compute, and even define, monodromy in this case
within the framework of the analytical approach based on period lattices.

h (energy)

Wah
/

(ho, jo)

' j (momentum)

Figure 4.5: Path I' in the case of 1: — 2 resonance.

The first problem, is that near C the first return time T'(h,j) of Xp goes
to infinity. We overcome this problem by rescaling the vector field Xpy. The
rescaled vector field X defines a modified first return time T'(h,j) on Ti i
We prove that f(h7j) remains finite as h — 0 and that lim,_ g+ f(h,j) =
limy, _,g- T'(h,j) for j < 0. The introduction of X gives a modified period
lattice P(h, j) on T} ; generated by vy = (27,0) and vy = (=O(h, j), T(h, 7).

The second problem is that ©(h, j) is discontinuous at C and we obtain that

lim ©(h,j)— lim O(h,j) = 4.12

Jim O(h, j) — lim O(h,j) =m (4.12)
We cover I' with open sets U®, o = 1,...,¢ such that (hg,jo) € U' N U*,
U nNU £ () and U NUP NU® = ) for any triplet of (different) a, b, c.
Let ©% be defined as the continuous function on U®, for which ©! = O|U!
and ©/ = O|U? + (some piecewise constant function on I') where © is given
by the integral (4.21). When I crosses C, we have by (4.12) that ©*(ho, jo) =
©1(ho, jo) + . This means that P1(hg,jo) is spanned by vectors v{ = (27, 0)
and vi = (=O(ho,jo), T*(ho,jo)). When we follow T’ back to (hg,jo) the
new modified period lattice P¢(hy, o) is formally spanned by v{ = (27,0)
and vy = (=0*(ho, jo), T*(ho, jo)) = (=O"(ho, jo) — 7, T" (ho, jo)) = v3 — 501
Notice that this can not be true because

ot me r _—@l g1 _x
oxo 0% (2) = o 0%, 0% (2) =X (2) # 2

Therefore by keeping the rotation number continuous we arrive at a lattice that
is mot a period lattice.

Moreover, since the transformation between the two bases (vi,v3) and
(v{,v%) is not unimodular, they span different lattices. Nevertheless, both
lattices have a common sublattice P(ho, jo) spanned by v, 2vi or equivalently
by v{, 2v§. Therefore, although it does not make sense to study monodromy

for the whole modified lattice P we can study monodromy for the sublattice
P. Observe that for points (71,7T%) € P we always have gp?} <p§2 (2) = 2.
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Notice, that now we must restrict our attention from the first homology
group Hy (T} ;,Z) to a subgroup H, (T}, ;,Z) as it was also done in [72]. We
discuss this point later.

The final problem is quite subtle. Monodromy is related to the behaviour
of the basis cycles of H1(T%7j, Z) as we follow T'. Instead of studying directly

H 1 we study P the behaviour of which we can compute analytically. We have
defined P in such a way that its basis vectors change continuously when I'
crosses C. The question is if the basis cycles of H; also change continuously in
that case. We demonstrate that this is indeed the case.

With these problems out of the way, we prove that the monodromy matrix
for the H; bundle over I' (or equivalently for the P bundle) expressed in the
basis [y1], 2[72] is ( S %) Expressing this formally in the basis [y1], [y2] of Hy we
find the matrix (| 1{2). This is the origin of the ‘fractional’ characterization
for this type of monodromy. Nevertheless, notice that the latter matrix is only
formal. In reality, the meaning of fractional monodromy is that we have to
consider instead of the whole first homology group, some appropriate subgroup
(see [72,73]).

Relation to the 1:—2 resonance system of [73]

In [73] the authors study geometrically the fractional monodromy in the 1: — 2
resonance using instead of the Hamiltonian (4.8), the Hamiltonian

H(z) = V2((¢? = p2)p2 + 20100m1) + (3(F +9D) + (@ +p3)”  (4.13)

which reduces to

H; = w3 + er? (4.14)

We want to uncover the relation between (4.8) and (4.14) and explain why in
this work we had to choose (4.8). Note that the definitions of the invariants
in [73] differ by a scale factor but this does not affect this discussion.

h (energy)

J (momentum)

Figure 4.6: Energy-momentum map of the modified 1:-2 resonance

The energy-momentum map in [73] is
EM(2) = (H(2),J(2)) = (H(2) + €J(2)*, J(2)) = W 0 EM(z2)

where U is the diffeomorphism (h,j) + (h + €j2,7). Since the two energy-
momentum maps are related through a diffeomorphism they define the same
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foliation of R*. Therefore, qualitatively the two systems are the same. The
image of EM is depicted in figure 4.6. -

The crucial difference is that the rotation number for EM goes to infinity as
we approach the critical curve C. Specifically the computation of the rotation
number © of Xz shows that

© o U(h,j) = O(h,j) — 2¢jT(h, j)

The last expression isolates the part of O that causes the blow-up behaviour
near C, which is —2¢jT'(h, 7). In order to account for this term we have ‘cor-
rected’ the Hamiltonian H by subtracting the term e.J?, that gives H (4.8).

4.3.2 Rotation angle and first return time

In this section we describe the dynamics of Xy on the toric leaves of the
foliation of R* defined by EM corresponding to regular values of EM.

Let z be a point on T%L’j = EM™Y(h, 7), where (h,j) € R, and consider the
integral curve t — ¢t (z) of Xy on T%7 ;- This integral curve reaches the circle
on T,QLJ traced out by the integral curve s — ¢%(z) of X for the first positive
time at T'(h,j). This time is called the first return time. Since the image of
t — ¢ (p) under the reduction mapping is precisely the integral curve of the
reduced vector field Xz, whose image is the circle Hj_1 (h), T(h, j) is the period
of the orbit of Xz, on Hj_l(h) N P;. Since the trajectory Hj_l(h) lies on Pj,
we have that 73 = Qp, j(m1) where

Qnj(m) = (m = j)(m1 +4)* = (h = e(nf = j%))° (4.15)

is obtained from (4.7) by substitution of w3 through the relation H; = h (4.8).
The projection of this trajectory on the mj-axis is the closed interval [, Wf]
Here 7, and 71 are the two real roots of the polynomial Qj (1) in the interval
[|j], +00) with ;7 > 7. The period T'(h, j) of the trajectory Hj_l(h) on Pj is

T(h,j) ﬂj— d 71';' d
T(h, j) :/ dt = 2/ o / ey (4.16)
0 T ™

1 N T2

The last equality in (4.16) follows from (4.9a). Hence the integral (4.16) be-

comes i
i) =4 [ o (4.17)
m V@n,j(m1)
As (h, j) approaches a point ¢ on the critical curve C, the period T'(h, j) goes
to infinity, because EM ! (¢) is a hyperbolic periodic orbit with its stable and
unstable manifolds.
Next we determine the rotation angle of the flow of Xy on T%L,j' Let

0 = tan"'(q1/p1). The (multivalued) function 6 is canonically conjugate to J,
as is easily seen by computing

{0,J} =Lx,0=1
The time derivative of # along an integral curve of X is

; q1p1 — P1q1
0=Lx, 0 ="—"F—F— 4.18
" qi + i (4.18)
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From Hamilton’s equations for the integral curves of Xy we obtain p; and ¢;.
The function 6 is ¢”’-invariant, since

{J79} = {J7{97H}} = —{9,{H,J}} - {H7{9,J}} = _{Hvl} =0.

Therefore we can express # in terms of the invariants J, w1, o and w3. A short

computation gives
2h

6= 4.19
T (4.19)
Define the rotation angle ©(h, j) of the flow of Xz on EM™'(h,j) by
O(h.5) T(h.j)
o(h,j) = / 49 = / 6 dt (4.20)
0 0
Then
T 2n 4 L d
O(h,j) :2/ =0 T / : LS (4.21)
ar Jtm T I/ Qnj(m)

using (4.9a).
The rotation angle O(h,j) of Xz on EM~*(h,j), where (h,j) € R has a
limit when h converges to 0 from above or below. More precisely, we find

Lemma 4.6. For j <0 and €[2j]"/? < 1 we have
. . T o1 .\1/2
Jim ©(h, j) = 5 + sin (e(214)'?) (4.22)
and -
Jim O(h, j) = -5 +sin ™! (e(2[4])"/?) (4.23)
—0—
Proof. See §4.3.6. O

4.3.3 The period lattice

In this section we define a suitable notion of period lattice for the singular
foliation defined by the level set of H (4.2) and J (4.3).

Definition 4.7. The period lattice P(h, j) of T%’j is the set

{(Ty,T,) € R?: @?J@?H(z) =zforze T%L’j}
We define the smooth vector fields

Xi1(z) =27 X;(2)

Xo(2) = —O(EM(2)) X5(2) + T(EM(2)) X (2)
on T,QL) e These are linearly independent and have periodic flows of period 1. At
a given point z € T%J they span P(h,j). The period lattice does not depend
on the choice of z, because the T?-action defined by the composition of the
flows ¢’ and ¢ is transitive. Since T'(h,j) does not remain finite as (h, j)

approaches the critical line C, we cannot speak of a limiting period lattice on

C.
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In order to resolve this difficulty, we rescale time to ensure that the new
period is finite. Specifically, let

S 1

X(2)= —— X
) qi +p3 u(?)

X is a smooth vector field on R*\ {qg; = p; = 0}. The image of an integral
curve of X through z € T,QL’ ; 1s the same as the image of an integral curve
of Xy through z. It follows that T,QL’ j is an invariant manifold of X. Hence
X |T} ; is a smooth nonvanishing vector field on Tj ;. Because the function
(q1,q2,p1,p2) — P + ¢¢ is invariant under the flow of X, the vector fields

N

X|T} ; and X,;|T} ; commute.

Lemma 4.8. The modified first return time f(h7j) of the vector field )?|T,2w-
18 finite.

Proof. See §4.3.6. O

We note that the modified rotation angle (:)(h,j) of the vector field )?|T;21,j
is equal to the rotation angle ©(h,j) (4.21), because

Ty s T, s Ty s
~ hi d6 ki d6 ds hi d@
h,j) = —ds = ——dt = —dt = h,q).
8(h. j) / Pas / s / Dt = 0(h,j)

We now return to our discussion of the period lattice.

Definition 4.9. The modified period lattice ﬁ(h,j) of T%,j is the set
(T, T2) € R2: T o2 (2) = 2 for 2 € T2}
Define the smooth vector fields

Yi(z) =21X;(2)

R R (4.24)
Ya(2) = —0O(EM(2))X(2) + T(EM(2)) X (2)

on T,%’ ;- They are linearly independent, they commute and they have period 1.
For fixed 2y € T,zl)j the vectors (Y1 (z0), Y2(20)) span P(h, j) on T,zw-. Becauss
the T2-action on T% ; generated by the composition of the flows of X; and X
is transitive, the modified period lattice ﬁ(h, j) does not depend on the choice
of Z0-

Observe that the modified period lattice P(0F, —|j|) is defined by contin-
uation for (0, —|j|) on the critical curve C because the limits of the modified
first return time T'(h, —|j|) are finite and equal as h — 0% and the limit of the

rotation angle ©(h, j) of the modified period lattice 73(h,j) as h — 07 is finite
by lemma 4.6.

4.3.4 Going through the critical line with the period lattice

We have defined the modified period lattice 73(h, J) that can, at least formally,
go through C. Let us look at what happens to the period lattice in order to
understand why this is not enough.

117



to

O] O] O]
v vy
o O
» @t
1 _ 0
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Figure 4.7: Period lattices P*(ho,jo) (represented by open circles) and
Pt(ho, jo) (represented by black dots). The common sublattice P (hg, jo) =

Pt(ho, jo) represented by black circled dots.

First recall from §4.3 that we introduced a covering of I' by open sets U,
a=1,...,¢and (ho,jo) € U' NU*. The period lattice P'(hg, jo) is generated
by the vectors vl = (27,0) and vl = (=0 (ho,jo), T*(ho.jo)). When we
follow the path I" and come back to (hg, jo) the rotation number increases by
7. Therefore the new lattice (which as we explained before is not a period
lattice) is spanned by v{ = (27,0) and v§ = (—©'(hg, jo) — mfl(h()?jo)). The
two sets of basis vectors do not define the same lattice (see figure 4.7). Their
common points form a sublattice of both of these lattices. This sublattice, that
we denote P*(hg, jo) @« =1,...,¢, is generated by v{ and 2v.

When we come back to the starting point (hg, jo) of I' the rotation number
increases by . Therefore, P(hg, jo) which was initially spanned by v} = (27, 0)
and 2v} = (=20 (ho, jo), 2T (ho, jo)) is now spanned by vf = (27,0) = v; and
204 = (=20 (ho, jo) — 2m,2T" (ho, jo)) = 2vs — v1. Therefore in the basis
(v1,2v2) we have (M~1)T = (% 0), and the monodromy matrix is M = (§1).

Consider now the first homology groups H} (T%Lo,jo’ Z) and H{(T? Z).

ho,jo?
A basis for the first are the cycles [yi] = [t € [0,1] : §,11 (2)] and /3] = [t €

[0,1] : %,21 (2)]. Here Yii(z) = —OY(EM(2))X,(2) + T (EM(2))X (z) where
z € T%m jo- Assume that we want to define a basis for the homology group
Hf(TiM-O,Z) in the same way. In that case we should have that Yy (z) =

—OU(EM(2))X s (2) + THEM(2)) X (2) = Y (2) — 7X (). Notice that Yy has
primitive period 2. In particular, in time 1 the flow of Yy (z) will bring an
initial point z € T,QLM-O to the point ¢”(z). This means in particular that
7= (te[0,1]: 1;,21(,2)) is not a cycle.

This shows that both at the level of the homology groups and the level
of the period lattice the increase of the rotation number by 7 creates some
problems. For the period lattice these problems can be solved by considering
instead of the lattice P* spanned by v{, v§ the sublattice P spanned by
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zZ_
zZ_

v, 2v§. In the case of the homology groups we can solve these problems by
considering instead of the group H{ generated by [v{] = [t € [0,1] : <;S§,1a (2)]
and [v¢] = [t € [0,1] : gb%,?a (2)], its subgroup H{ generated by [7¢] = [y]
and [75] = [t € [0,2] : ¢§n(2)], @ = 1,...,L. Notice that when ©% = © we
have [¥5] = 2[v§], but the last relation does not make sense when 0% = © + 7
because then [v§] is not properly defined.

Oneach U®, o= 1,...,{, the isomorphism between P (h, j) and I:Tf‘(T%J, Z)

is

n(2m,0)+2m(=0%(h, 1), T*(h, §)) = [t € [0,1] =~ ¢ P (2)] = n[F]+m[As]

b1 b2

-
N
-

b

=

Figure 4.8: Limits of the basis cycles. Projections of the cycles 75 and v, for
h > 0 (upper row) and h < 0 (bottom row) to the planes ¢; — p; and g2 — ps.
The circles represent the projections of X ; orbits.

[y

This isomorphism is valid everywhere, except on C. As we mentioned before
as I crosses C the sublattice P°(h,j) changes continuously. Here, U° is by def-
inition the set of the covering U%, o = 1, ..., £ which contains the intersection
of I with C. It is possible to imagine that the same does not hold for the basis
of HY) (T,Qw-, Z). We prove that this is not the case.
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For that we consider representatives of the basis elements [73] above and
below the critical line and show that they have the same limit as we approach
C from both directions (see figure 4.8). Consider the orbit segments ’yzi =te
[0,1] — <p§,25 (z4+) where z; and z_ are defined as the unique points on T%L,j

with coordinates (g1, g2, p1,p2) where

/ . h—e((x)? = j%)
@ =7+ g2=p1 =0 P2 = — ;
! \/i(ﬂ'f'-&-])

Here 7} is the maximum value that m; attains on the reduced orbit v, ;. The
choice of signs + for ¢ corresponds to the two points z4.

Notice that for h > 0 we have ©°(h, j) = O(h, j). In this case the two orbit
segments correspond to two homotopic cycles and their sum is a representative
of the class [¥3].

For h < 0 we have ©%(h,j) = ©(h,j) + 7. In this case, neither 75 nor
v, are cycles, since as we explained the vector field Yy becomes periodic with
primitive period 2. Nevertheless, we have that go%,,z(zi) = 2. Therefore, the

ending point of 75 is the starting point of 5 and vice versa. The result is that
the two orbit segments traversed one after the other correspond to the orbit
segment t € [0,2] : ¢{;(24) which is a cycle on the torus.

2

We prove that v = 75~ + 75 goes through C continuously. Specifically, for
two 1-dimensional sets ¢; and ¢y in R* that are unions of disjoint piecewise
smooth curves define their distance d(cy, ca) as

d(c1,c2) = sup inf ||z — 22| (4.25)
z1€cy #2&C2
Denote c¢?(h) the union of 75 and 7, above the critical line (b > 0) and c’(h)
the curve obtained by going first along fy;' and then along 7, below the critical
line (h < 0). Then we have the following lemma.

Lemma 4.10. With respect to the distance d we have
lim d(c*(h),c®) = lim d(c’(h),c”) =0 4.26
Jim d(c*(h), ") = lim d(c’(h),c) (4.26)

where ¢ is a curve given in the proof.

Figure 4.8 provides a numerical verification of the lemma.

Proof. Consider the situation for h = 0. Notice that 7 = EM ' (h = 0,5 < 0)

contains the circle g3 +p3 = —j, ¢1 = p1 = 0 where X and therefore Y5 are not

defined. Let ¢' = ¢! ;. The flow ¢' brings the point z; which for A = 0 has
2

coordinates q; = (27 + ¢ 2)Y2,p1 = g2 = 0, p2 = (v/2¢)~! to this circle in time
1/2. This means in particular that Y3 is not complete.

We study in more detail the dynamics on 7. Consider the orbit of the
vector field X with initial point z;. Then it is easy to prove that this orbit is
given by the parametric equations

a(t)=(2j+ =1+ cos(élet))l/2
p1(t) =0

q2(t) = 2%/55 sin(4et)

pa(t) = 2%/56(1 + cos(4et))
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Notice that g1 (t) becomes zero in finite time
t. = 2 cosT! (=1 —4€%j) = 1T(0,5) = g}lii%T(h,j)

This proves that the orbit of Ys with initial point z; reaches ¢ = p1 = 0 at
time 1/2.
Consider the space K of smooth curves ¢t € [0,3] — c(t) € R* with the
metric
d'(c1,c0) = sup |lc1(t) — ca(t)]| (4.27)
te(0,1/2]

We construct the 1-dimensional curve ¢® of the lemma in the following way.
Let gi = (t € [0,4] > 61(24)), g = (¢ € [0,3] = 67(24)), g = (t €
[0,3] — ¢'(2—)) and g = (¢t € [0, 4] — ¢ (2—)) where ¢ is the flow of Y3
for h =0,j < 0. Then we define

=g, Ug Ug_Ug.

Note that in the last relation we do not assign any orientation to ¢® but we
consider it only as a 1-dimensional subset of R*.

Consider now the situation for h > 0. Recall that in this case the curve
t €10,1] — ¢'(z4) defines a cycle on the torus Tj ;. Let fy(h) = (t € [0, 5] —
61 (z1)), FL(B) = (t € [0, 3] = 674(z4)), J-(h) = (t € [0,1] > () and
fL(h) = (t € [0,3] — ¢7(2—)) where ¢ is the flow of Y7 for h > 0 and z4
depend on h. Then fy(h)U f! (h) is one cycle on T%LJ (taking into account the
correct direction of traversal) while f_(h)U f’ (h) is a second homotopic cycle.
Then we have that

¢(h) = f1 () U F(h) U f—(h) U £ (h)

Since Y3 is smooth, and z (h) depend smoothly on h for h close to 0 (either
positive or negative) we obtain that the curves f1 (h) change continuously with
respect to d’ and in particular that lim,_q+ d'(f+(h), g+) = 0. Notice that we
can not extend this result for times greater than 1/2 because for h = 0 the
orbit hits g1 = p; = 0. The situation is analogous for the other curve segments
from which ¢®(h) and ¢°. Therefore, we have

li a 0y —
Jim, d(c*(h),¢’) =0

The situation for h < 0 is similar. We obtain

lim d(c’(h),c®) =0

h—0—

4.3.5 Quantum fractional monodromy

We finish the discussion on the fractional monodromy of the 1: — 2 resonance
with a brief discussion of the quantum manifestation of this phenomenon. For
more details see [72,73]. In figure 4.9 we show the joint spectrum of the
quantum operators that correspond to the classical functions H and J for the
1: — 2 resonance. Consider a single cell (not drawn in figure 4.9) just above
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the critical line C and pass it through C going downwards. Doing the same
with a neighbouring single cell produces a different result. The only way to get
consistent results is to consider a double cell (dark gray in figure 4.9). Then
when we move the double cell around the point (0, 0) we find that the quantum
monodromy matrix is M = (§1). Going formally to a single cell we find the
matrix ( 1{2).

Figure 4.9: Crossing the critical line with a double cell.

4.3.6 Technical proofs
Proof of lemma 4.1

The set A of critical values of EM is the set of (h,j) € R? such that the level
set {H; = h} is tangent to the reduced phase space P; at some point, or goes
through the singular point (0,0, |j|) of P; for j < 0. Recall, that for j > 0, P;
is smooth at (0,0, |7]). Eliminating 73 from (4.7) using H; = h, we obtain

5 — Qnj(m) =0 (4.28)
where

Qnj(m) = (7} = ) (w1 + ) — (h—e(x] — §%))%,  m > | (4.29)

We can prove, exactly as we did for the spherical pendula in §3.2.1, that (h, j) €
A if and only if the polynomial @y, ;(71) has a multiple root in [|j], 00). This
happens if and only if we can write

Qn,j(m1) = —(m1 — 8)* (e’ + umy +v), (4.30)

for s € [|j],00) and u,v € R. Equating coefficients of the same power of 71 in
(4.29) and (4.30) gives

u—2se? = —1
v — 2su + s%€2 = —2eh — j — 2252
5 o (4.31)
s°u—2sv =7
s?v = h% + 5 4 2ehj? + %%
Eliminating v and v from equations (4.31) gives
2h% + 253 + j%s + 5° — 2251 =0 (4.32a)
—4esh+ (j — 5)* — 45%(1 — s€2) =0 (4.32b)
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We now show how to parametrize the solution set of (4.32). If s = 0 then
j=h=0. Suppose s # 0. Then from (4.32b) we get

h= ﬁ(j+8)(j—3s—4e2s(j—s)) (4.33)

Using (4.33) to eliminate h from (4.32a) we find
(j+35)2((j — 35)* +16€*s*(j — s)) =0 (4.34)

where s > [j|. We have three cases depending on the discriminant 6 =
128¢253(2¢%s — 1) of the quadratic factor in (4.34).

CASE 1. When 0 < s < 5z we have § < 0. In this case (4.34) has only one
real linear factor. Hence j = —s. From (4.33) we find that h = 0. This gives
the critical curve C;.

CaSE 2. When s = 5%, equation (4.34) becomes (j + 51z)* = 0 that is,
j= —ﬁ‘ From equation (4.33), we obtain h = 0. This gives the point P

where Cs joins C;.

CASE 3. When s > 537, we have § > 0. In this case (4.34) has three real linear

2¢2
factors which give rise to three real solution branches of (4.32); namely

J ===
(4.35)
h =0
or
J = 5(3 —8€%s + 4e+/25(2e2s — 1))
(4.36)
h = 45(2e%s — 1)(v/2(8€¢%5 — 1)1/5(2€2s — 1) — 2e5(8€%s — 3))
or
§ = 5(3 — 8€%s — 4e\/25(2e25 — 1)) (4.37a)

h = 45(2e%s — 1)(—V/2(8€%s — 1)1/5(2e2s — 1) — 2es(8€2s — 3))  (4.37h)

From (4.37a) and using that s > 515 we obtain that [j| > s. Therefore (4.37)
must be excluded.

Proof of lemma 4.6

Fix € > 0 and choose j < 0 so that €[2j]"/? < 1. Let u = 71 + j. Then (4.21)
becomes

o(h, ) h/u+ L du (4.38)
yJ) = - .
u- U/ Qnj(u)
where uy = 7F + j. Notice that since m; > |j| = —7, we have u > 0.
We first express the roots u+ of @y ;(u) as a power series in h around h = 0.
For h < 0 we obtain

h

_ 2\ _ 2
= e =) O = a-h+ O(k?) (4.39)

u_—
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while for h > 0 we get

h
2512252 + 1)

+ O(h?) = aph + O(R?). (4.40)

U_

In both cases
11— 2624

S +0(h). (4.41)

First we consider the case h > 0. Set u = hv. Then

ut /h v
O(h,j) = / v (4.42)

n vy/Sh (@)

where

Sh,j(v) = Qn,;j(hv) /h?
= —2h%v* + (1 +4%5)h30 + (=2j — 462§ + 2eh)v? — dejo — 1 (4.43)

Taking the limit as h approaches the critical curve C: h =0, € (—1/(2¢2),0)
from above we find that
o d
lim O(h,j) = | — e

h—0+ ap Uy /SO,j (1))

Substituting v = 1/z gives

lim ©(h, j) / h = / : c
1m B == =
o T )y R e Ape ) Jo VAl (o 2di)?

Hence
Vs

lim ©(h, j) =5 + sin~!(ey/2]5]) (4.44)

h—0t

When h < 0, we follow the same procedure keeping track of all the minus
signs. The result is

Jim O(h,j) = —g +sin(ev/2[5]) (4.45)

This proves the lemma.

Proof of lemma 4.8

We now compute the modified first return time T (h,j) of the vector field
)?|T%’j. Since )A(|T%,j is invariant under the flow of X, it induces a vec-
tor field )A(j on the reduced space P;. Using (4.9), we see that the integral
curves of X ; satisfy

d7‘l’1 o dt d71'1 o 1 dTl'1 o 471'2

dS o dS dt o T —|—j dt o 1 +]
dmg 1 dm . 8emymy
2 =22 93wy —

ds m 4+ dt (B = J) + T +J
% _ 1 @ __867'('1772

dS - T1 -|—_] dt - st +j )
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Hence the period T(h, j) of )?j on Hj_l(h), which is the first return time of
X|T2’j, is

T ot ot
T(hj) = /T(h’])ds —2 [ e
0 T ds m; 2
/Tr1+ (m + ) dm
 V@Qny(m)
For |h| sufficiently small, the polynomial Q) ; has four distinct real roots, two

of which are strictly greater than |j| when j < 0. Using the new variable
u = m + j we can write Q5 ; as

1
2

Qn;(u) = —u* + (1 — 4€*|5])u® + (2|5] — 4€*5* + 2eh)u?® + de|j|hu — h?
4
= —¢ H (w— ;).
i=1

Here u~ = us and ut = uy are strictly positive. Hence

wdu “
h ,7) = w.
\/ €2 l_[Z 1w —uy;) u”

We note that w is a differential form of the second kind on the complex affine
elliptic curve £ : v? = —¢? Hj‘zl(u — ;). The 1-form w is holomorphic on
E with a double pole at oo, see [84, p.296-297]. Because the roots of Qp_ ;(u)
are distinct, when h = 0 and j < 0, it follows that as functions of (h,j)
the roots w;(h,j) are holomorphic in A, which is a product of a complex
neighborhood where |h| is sufficiently small and a complex strip neighborhood
of the nonpositive real axis. Thus the differential form w is holomorphic as a
function of (h,j) € N. Let A be a loop in the complex plane, which encircles
the roots u™ for all (h,j) € N'. Then f(h,j) = [, w is a holomorphic function
of (h,j) € N.

4.4 Fractional monodromy in other resonances

I have not studied yet any other resonances m: — n. Nevertheless, I would like
to mention that Zhilinskif’ through the study of fractional monodromy as a
lattice defect (see [96]) has suggested the following conjectures

Conjecture 4.11. The formal monodromy matriz in a 1: —n resonance system,

where n > 2, is
1 1
Ml:—n == <O 1)

Conjecture 4.12. The formal monodromy matriz in a m: —n resonance Sys-
tem, where m,n > 2 and relatively prime, is

1 L+1
Mm:—n_(o mln)

1Private communication
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Here the precise meaning of the formal monodromy matrix is that we should
consider a sublattice of the period lattice (or equivalently a subgroup of the
homology group) generated by v1 and mnvy. Then in this basis the monodromy

matrix is
(1 m+n
Mpy:—n = (0 1 )
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5

Conclusions

We collect here the results that we obtained for each system that we studied
in this work and some questions and possible future lines of research.

5.1 Triply degenerate vibrational mode of tetrahedral
molecules

The main objective for the triply degenerate vibrational modes of tetrahedral
molecules was the classification of generic members of the Hamiltonian family
(0.9) in terms of their nonlinear normal modes. Recall that (0.9) is Tq x 7
invariant. In chapter 1 we obtained all the nonlinear normal modes based on
the study of the fourth order normal form approximation of the Hamiltonian
(0.9).

Considering only the number of relative equilibria we discovered that gener-
ically there are two qualitatively different forms of (0.9), one with 27 RE, which
is the minimum number compatible with the Tq x 7 symmetry, and one with
39 RE. If we consider also the classification in terms of the types of linear sta-
bility of these RE we find that the parameter space is made up from 5 different
regions, which are given in table 1.2 and are shown in figure 1.2.

Many of these results were obtained using only symmetry arguments, that
is, the action of Tq x 7 on CP? and therefore they apply to any Tq x 7T
invariant Hamiltonian on CP?. On the other hand the exact type of linear
stability of these RE and the proof that we found all of them were based on
the specific study of the family (0.9).

Questions

1. The bifurcations of the relative equilibria of type B3 from EE to CH in
the original Hamiltonian (0.9) probably corresponds to a Hamiltonian
Hopf bifurcation. This can probably be proven if we consider a higher
order normal form of (0.9).

2. The relative equilibria A4 and A3 change linear stability type from 2E to
2H. As we saw in chapter 3 this situation may correspond to a generalized
Hamiltonian Hopf bifurcation. Again we need a higher order normal form
in order to study these bifurcations.
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3. It would be interesting to have a description of the dynamics for the non-
integrable normalized system. Based on such a description we could later
study diffusion phenomena in the original 3-DOF system.

5.2 The hydrogen atom in crossed fields

The main objective for the hydrogen atom in crossed fields was to prove that
the system goes through two Hamiltonian Hopf bifurcations as we tune it from
the Stark to the Zeeman limit. We used second normalization to bring the
system to an integrable form on S? x S? and we proved the existence of these
bifurcations using standard techniques. Finally, we explained how the Hamil-
tonian Hopf bifurcations are represented in the image of the energy-momentum
map and the second reduced phase space and we related these bifurcations to
standard and non-local monodromy.

Questions

1. Very close to the value of the parameter for which we have the subcritical
Hamiltonian Hopf bifurcation there is a second bifurcation that we did not
describe. A complete study of the system should include this bifurcation.

2. Is there a way to observe the manifestion of the Hamiltonian Hopf bifur-
cations in the experimentally observed spectrum of the hydrogen atom
in crossed fields?

3. The two normalizations that we used gave a completely integrable system.
Nevertheless, the original Hamiltonian is non-integrable. Is it interesting
to study the effects of this non-integrability to the global dynamics of the
system.

5.3 Quadratic spherical pendula

The objective for the family of quadratic spherical pendula was the study of
the generalized Hamiltonian Hopf bifurcation that appear and their relation
to monodromy. In chapter 3 we classified the quadratic spherical pendula in
terms of the qualitative features of the image of the energy-momentum map.
Specifically, we found three different types, that we called type O, I, and II.
The energy-momentum map for type O and II systems has respectively one
and two isolated critical values. The image of the energy-momentum map for
type I systems consists of two leaves.

We studied monodromy in each case and especially for type I systems which
have non-local monodromy. We proved that as the type of the system changes
from O to II or I the system goes through a generalized Hamiltonian Hopf
bifurcation.

Questions

1. Can we define monodromy in type I systems for paths that cross the
curve of critical values?
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2. How does the image of the energy-momentum map change for higher
order potentials (cubic, quartic, etc.)? How does monodromy change
and what kinds of bifurcations happen?

5.4 Fractional monodromy

The objective here was to give an analytic proof, based on the notion of the
period lattice, of the result of [72,73] according to which the 1: — 2 resonance
system has fractional monodromy. This was done in chapter 4.

Questions

1. What is the situation for higher order resonances? Are the conjectures
of §4.4 true?

2. Are there other methods to prove fractional monodromy?

3. Can we find analogues of fractional monodromy in other areas of math-
ematics, eg. complex analysis?
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A

The tetrahedral group

A.1 Action of the group T4 x 7 on the spaces R?® and
T*R3

The symmetry group Tq C O(3) of the tetrahedron is a group of point trans-
formations of the physical 3-space, see figure A.1. As an abstract group it is
isomorphic to the permutation group of 4 elements. We assume that the co-
ordinate functions (x,%, ) in the configuration space R? of (1.1) span a three
dimensional vector representation of Tq, that is, T4 acts on (x,y, z) as on the
coordinates in the physical 3-space. Let O be the origin (0,0,0) € R?, and

Figure A.1: Symmetry axes and planes of a tetrahedron

let Oz, Oy and Oz be the directed semi-axes of the coordinate system in R3.
Consider also the 4 directed semi-axes Oa, Ob, Oc and Od in figure A.1, where
a=(1,1,1), b= (-1,-1,1), ¢ = (1,-1,—-1) and d = (—1,1,—1). Any pair
of semi-axes (Oa,O0f) defines a 2-plane aOf passing through O. Table A.1
gives explicit definition of some basic operations in Ty which we further explain
below.

S4 Operation S§ combines the counterclockwise rotation by 2r/4 = L about

Oz and the reflection in the plane yOz L Oz. Similar operations SY
and S} involve axes Oy and Oz respectively. The conjugacy class Sy in
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T4 also contains the elements (S¢)7!, a = z,v, z; elements C§ = (S$)?
form the conjugacy class Cs.

C3 Operations C¢, C%, C§ and C¢ are counterclockwise rotations by 27/3
about axes Oa, Ob, Oc and Od respectively. The conjugacy class C3 also
includes (C$)2, (C%)2, (C5)? and (C$)2.

C's Reflection in each of the six planes {aOb, cOd, aOd, bOc, aOc, bOd}, which
we denote as C°, C¢? € Cb (O and CY leaves the tetrahedron
invariant. These operations form the conjugacy class Cs.

R Rx Ry Rz R Rx Ry Rz R Rx Ry Rz

SY —x -z y C§ z T y O Y x
S z -y -z O -z r -y C¢ —y -z
Si -y x —z (Cf —z -z y C z Y
cd z —x -y O —z Yy -
coe x z Y
Cchd xr —z -y

ISIER SRS

Table A.1: The action of some elements of Tq on the representation spanned
by z,y, 2.

The extension of the Ty action described above to the phase space T*R3 of
(1.1) uses the following lemma.

Lemma A.1l. If the matrices My and M, in GL(R,3) acting on the coor-
dinates ¢ = (x,y,2) and the conjugate momenta p = (pa,py,p~) respectively

define a linear symplectic transformation in T*R?, then M, = (Mq_l)T.

It follows that M, = M, for M, € Tq C O(3), that is, (z,y, ) and (pg, Py, P=)
transform according to the same representation of T4q. The action of the full
symmetry group Tq x 7 on T*R? is obtained by combining the action of Ty
and the momentum reversal T : (¢,p) — (g, —p).

A.2 Fixed points of the action of Ty x 7 on CP?

The projection of the Tq x 7 action on CP? has been discussed in detail
in [79,95] and [1,2]. We give only the information that is useful for our study.
The action of T4 x 7 on the invariants (1.5) can be found straightforwardly
using the action of Tq x 7 on T*R3. Table A.2 gives the results. Zhilinskii
described the critical orbits of the Tq action on CP? in [95]. The action of the
full group Tq x 7 has the same 5 critical orbits [1,2] which we characterize in
tables 1.1 and A.3. Observe that points of types A and B transform differently
with respect to T: Ay, Az, and Ay are T-invariant, while By and Bjz are not,
because T' maps each B-type point to another, for example B — B7.
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R Rlll Rl/2 RI/3 RO’l RUQ RUg R7'1 RTQ RT3

Cs V1 Vo V3 o1 —02 —O03 T —T2 —T3

ST V1 V3 V2 —01 —03 o2 T1 T3  —T2

C§ 1253 141 1%} g3 o1 g2 T3 T1 T2

ceb Vo 12 Vs 02 o1 o3 —T2 —T1 —T3
T 1 Vo V3 o1 o2 o3 —T1 —T2 —T3

Table A.2: Action of some elements of Tq x 7 on CP?

A.3 Subspaces of CP? invariant under the action of
Td x T

The action of Tq x 7 on CP? has a number of invariant subspaces M of topol-
ogy RP?, CP! ~ 82, and S! [2]. The points of M are non-isolated fixed points
of the action of the stabilizer Gy C Ty x 7 of M. The invariant manifolds of
points with stabilizers Cy and C, are 2-spheres S? which are symplectic. More-
over these spheres remain invariant under the flow of any Tq x 7-invariant
Hamiltonian H. According to [95], the 27 critical points and the spheres inter-
sect in CP? as shown in figure A.2. We discuss these spheres in more detail.

Consider specifically the action of C§ C T4 on CP?(n). Using table A.2 we
find that fixed points of this action are of the form (v1,vs,v5;01,0,0;71,0,0).
Taking the relations (1.6) into account we find that the subset of CP?(n)
with stabilizer C§ is the disjoint union of A% and the S? sphere (0,v,n —
va;01,0,0;71,0,0) with 02 +72+(2v2—n)? = n?. In the coordinates u = oyn =1,
v=mn"'and w = 2vn~! — 1, its equation is u? 4+ v + w2 = 1. There are
three Cy spheres corresponding to the three axes Cs. On each sphere we find six
critical points, two of type Ay, two of type Ay and two of type By. Specifically,
on the C§ sphere we find the points AY, A7, A3, A%, B, and Bj (figure A.3a).

The same analysis for the action of C** C T4 shows that the set of CP?(n)
points fixed under this action is the disjoint union of A3 and the S? sphere
(v1,v1,n — 2v1; 01,01, 2v1; 71, —71,0) with 207 + 272 + (4v; — n)? = n? and
coordinates u = \/50171_1, v =+v2mn"! and w = 4v;n~! — 1. There are six
such spheres, one for each C; plane. On each Cs sphere we find four critical
points, one of type As, one of type Ay, and two of type As. Specifically, on the
C sphere we find the points A3, A%, A4, and A} (figure A.3b).

The action of the group T4 x7 on each Cj sphere is reduced to the action of
a Oy, = Zgy X Zgy group generated by the transformations u — —u and v — —wv.
The orbit space of this action is defined by the invariants U = u?, V = v? and
w subject to the relations U +V +w? =1, U > 0 and V > 0. Because of the
relation between the invariants we can use only two of them to describe the
orbit space. We choose U and w. The orbit space is depicted in figure A.3(c).
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Point  Isotropy

A D3, xT {1,87,C3,
AY Dy, xT {1,57.CY,
A3 D3, xT {1 55,03,

Ag C??v x T {17037(
Ay Ch, x T {1,05,(C
Af cs, xT {1, Cg,( ,Cae Cbe Cedy x T
A4 Cd xT  {1,04, (03 ,Ced Cbd ey i T

AE 0% xT  {1,C%,C0¢,C%y x T
AZ % xT  {1,C%,C0¢,C%y x T
A Cy, xT {1,CY,0% Cb} x T
Ay CY xT {1,04,C0 0%y x T
Az O3 xT  {1,C3,0% 0 x T
A C5xT {1,05,0%,C) x T

( éf) 0370270?70;@})(7
(S§)71,C3,C5,C8%,Cy x T
( Z) 027Cg7cgba0§d} xT
)2, 030, Coe, Cat) x T
)?
5)?
)?

[Ceb,Cle, ChY X T

nw@'w

By  SIATY  {1,8%,0%,(S%)"',CYT,C5T,CoT, CT}
B  SIATY  {1,5%,C%,(STH)"Y,CYT,C5T,CocT,CHT}
Bf  S{NTy  {1,8{,C3,(S{)"',C5T,C5T,CL4T,C°T}
BY  SYATF {1, S}f,cg,(sg) LCET, C3T, C4T, C*TY
B  S;ATE  {1,S5;,0%,(S;) Y C5T,CYT,CT,CT}
B  S;ATE  {1,S5;,C%,(S7) "L C5T,CYT,C®T,CT}
By C{AT™ {1,04,( 5)2,CabT CeeT, CeT}

B CY{AT™ {1,C4,(C%)2,COT,CT,C¥T}

BY  COAT (1,08,
BY  CUATSY {1,C%,

(
( CabT ObCT deT}
(

B  C§SAT {1,05,(
(
(
(

),
) CabT CbCT deT}
) CacT CbcT Cch}
BS  C§ATt {1,05,(C5)°

B  C¢AT {1,04,(C9)2, C“dT cde ceTy
B  CinT {1,048, Cg)Q,cadT cde ceiTy

C.
C.
C.
C
C.
C$)?%, 0T, CbCT cery
C.

3
b\2
3
b
3
c
3
c
3
3

Table A.3: Critical points of the Tq x 7 action on CP?. In the second column
T, ={1,CoT} and 7, = {1,C,T}.

A.4 Action of Tq x 7 on the projections of nonlinear
normal modes in the configuration space R?

Like in the 2D Hénon-Heiles system, it is quite convenient to represent the
nonlinear normal modes of the 3D system with Hamiltonian (1.1) by their
projections in the configuration space R2 ,» shown in figure 1.1. The qualita-
tive “shape” of each projection can be derived from the symmetry properties
(isotropy group) of the mode using a set of simple principles which we formulate
below as lemmas.

Lemma A.2. Projections I' C R$yz of periodic orbits of the system with
Hamiltonian H in (1.1) can be of two types: (i) closed curves; (ii) curved line
segments (degenerate closed curves).

Lemma A.3. The action of an element g € Ty on the projection I is found
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Figure A.2: Orbits of the T4 and Tq x T group action on CP? according
to [95]. Colored areas represent the three Co-invariant and the six C,-invariant
spheres.

Ay

Figure A.3: The C3 invariant sphere (a) and the C? invariant sphere (b) in the
ambient space R? with coordinates (u,v,w) adapted for each case (see text).
Solid lines represent the intersections of the spheres with the planes {u = 0},
{v =0} and {w = 0}. In (b) the dashed line represents the intersection of the
sphere with the plane {w = 1/3}. (c¢) Orbit space of the Cy, = Zo X Zs action
on the Cs sphere which is used as a chart in figure 1.3.

straightforwardly from the action of g on each point m € I C R3.

Lemma A.4. In order to study the action of the time reversal operation T
on the closed curve projections I', we should consider the latter as directed
closed curves, or loops. The two periodic orbits which project into the same
closed curve T' correspond to two loops 'y and T'_ with different directions.
The T operation changes direction, i.e., T : 'y < I'_. A segment projection
represents one T -invariant periodic orbit.

Lemma A.5. Let T' be an image of a periodic orbit defined according to
lemma A.4, and G C Tq x T be its isotropy group. Then each operation
g € G maps T into itself as a whole, but points m € I' are not necessarily fixed
points of g. On the other hand, if g & G (but g € Tq x T ) then g defines a 1:1
map I' — T where I is an image of another periodic orbit in the same group
orbit.

It follows from lemma A.4 that the 7-invariant modes Ay, As, and A,
project into segments (degenerate loops). Furthermore, the action of the Dy
stabilizers on R3 is such that the A; modes must project onto the symmetry
axes (Ox, Oy, 0z), e.g., A is represented by a segment of axis Oz (see figs. 1.1
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and A.1). Similarly, the A3 modes project onto the C5 axes (Oa, Ob, Oc, Od).
The spatial isotropy group of the As modes is the group Co,, whose Co axis
is one of the (Ox,Oy,0z). These modes project into curved line segments
lying in the symmetry planes of the Cs, group. For example, the images of the
periodic orbits A3 and A3 lie in the planes aOb (the plane x = y) and cOd
(the plane & = —y) respectively near the intersections of these planes with the
horizontal plane xOy. The images do not intersect: A3 passes above the 2Oy
plane while AZ lies below it, see figure 1.1.

Figure A.4: Two B} nonlinear normal modes related by the 7 and Cs opera-
tions. Compared to figure 1.1 the z axis (vertical) scale is zoomed.

On the other hand, the modes Bs and By are not 7 -invariant. They project
into closed curves in figure 1.1. According to lemma A.4, each such closed curve
accommodates two orbits. As an instructive example, consider the two B}
modes in figure A.4. In accordance with the spatial symmetry of these orbits
S%, their projection resembles a wobbled square whose two pairs of opposing
smoothed vertexes are lifted and lowered out of the plane zOy. It is easy
to see from figure A.4 that both operations C'§ and 1" preserve this projection
geometrically but change the direction of the mode, so that Bf, « Bf . At the
same time, the modes are invariant with regard to the combination 75 = Cy0T
where Cy = C§ or CF.
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B

Local properties of equilibria

B.1 Stability of equilibria

In order to determine the possible types of linear stability of the fixed points of
the action of C; on CP? under the flow of the reduced Cj-invariant Hamiltonian
H,, we need to compute the eigenvalues of the corresponding linearized vector
field (the frequencies) at the fixed point. If one of the frequencies is A € C,
then —\, A and —\ are also frequencies. Therefore there are generically four
types of linear stability depending on the arrangement of the frequencies on

the complex plane (see fig. B.1).

EE EH

HH

2E

2H

Figure B.1: Types of linear stability for an equilibrium of a 2 degree of freedom
Hamiltonian. Starting at the upper left EE, EH, HH, CH, 2E, 2H.

a. Elliptic-elliptic (EE) when all the frequencies are on the imaginary axis.

b. Elliptic-hyperbolic (EH) when two of the frequencies are real and two are

imaginary.

c. Hyperbolic-hyperbolic (HH) when all frequencies are real.
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d. Complex hyperbolic (CH) when X is neither real nor imaginary and the
frequencies form a quadruplet A\, —A, A\, —A.

There are also other nongeneric cases in the space of all possible quadratic
Hamiltonians. We are interested mainly in the following two cases:

e. Two pairs of equal frequencies on the imaginary axis +i\ (twice) with
A € R. We denote this case by 2E and we call it degenerate elliptic.

f. Two pairs of equal frequencies on the real axis £ (twice) with A € R.
We denote this case by 2H and we call it degenerate hyperbolic.

As we will see later, some of these nongeneric cases become generic in the
presence of particular symmetries.

B.2 Morse inequalities and the Euler characteristic

A function f defined on a manifold M is called a Morse function if all its sta-
tionary points m € M are nondegenerate, i.e., the determinant of the Hessian
at m is not zero, det3*f(m) # 0. The Morse indexr j of a nondegenerate
stationary point m of f is defined as the number of negative eigenvalues of
0?2 f(m). Stationary points of a Morse function f must obey certain relations,
called Morse inequalities, that are expressed in terms of the Betti numbers.
The dim M + 1 Betti numbers b;, 7 = 0,...,dim M, are nonnegative integers
that depend only on topological properties of M. These numbers and the Fu-
ler characteristic Baim m = Zdlm (—1)7b; for the spaces encountered in our

§=0
work are given below.
manifold M dim M  Betti numbers Baim M
Cp? 4 bo=1,b1=0,by=1,b3=0,by=1 3
CP' ~ 82 2 bo=1,b=0,by=1 2
St 1 bo=1,b =1 0

If ¢; is the number of stationary points of f with Morse index j, and

Cj=c;—Cj_qforj=1,...,dimM, and Cy = co,
Bj :bjfBj_l fOI‘ji 1,...,dimM, and BO :bo,

then the Morse inequalities are
Cj ZBJ‘ forj:O,...,n—l, and Cdirn]W:Bdim]W- (Bl)
Specifically, in the case of CP? the inequalities (B.1) become

co =1, c1—co = —1, ca—c1+¢o 22,
c3—Cay+cp—cy>—2, cy —cz3+coy—c1+cog=3. (BQ)
Remark B.1. The minimal number of stationary points of a Morse function h
on CP? in the absence of symmetries is three. When A has just three stationary

points, Morse inequalities (B.2) become equalities and h is called a perfect
Morse function.

138



In a 1-DOF system the correspondence between the two stability types and
the Morse index is simple: a stable point can be of index 0 or 2, while an
unstable point has Morse index 1.

Lemma B.2. In 2-DOF Hamiltonian systems we have the following relation
of possible linear stability types and Morse indices.

Morse index  0or 4 1or8 2
Stability type FEE EH EE, HH, CH

Proof. Consider normal forms of quadratic Hamiltonians for 2-DOF systems
[91] and compute possible Morse indices for each one of them. O

B.3 Linearization near equilibria on CP?

We explain how to compute linearized equations of motion in a local symplectic
chart T*R2(€) at the stationary point £ € CP?(n) in order to determine linear
stability of £&. Note that even though different local charts can be chosen, the
linear stability type of £ or the Morse index of £ do not depend on the choice
of coordinates.

We denote invariants in (1.5) as m;, 7 = 1,...,9, and use four of these
invariants as coordinates aj, k = 1,...,4, in T*R?(£). If a’s are chosen
correctly then it should be possible to express the remaining five invariants
O, L =1,...,5 near £ in terms of a’s and n using relations X;, i = 0,...,9
n (1.6). We assure this requirement by means of the implicit function theorem.
We take the 9 x 10 Jacobian matrix 0%, /0n; evaluated at &, where i =0,...,9

and j = 1,...,9, and select 5 rows and 5 columns of this matrix so that the
determinant of the resulting 5 x 5 submatrix is non-zero. Invariants g, ..., s
correspond to the selected columns, and relations ¥,,(8;a,n), m = 1,...,5,

correspond to the selected rows; note that ¥y € {i} We can now solve the
relations {&,,} for 8; in terms of oy and n. If the choice of {8} and {} is
not unique, we aim at such choice that yields the simplest possible expressions
Bi(a,n).

In order to study the system near £, we introduce the displacements day, of
ay from their values o (€), i.e., dax = ar — ax(€). The local coordinates da =
(Savy, ..., 6ay) are not necessarily canonical coordinates in T*R?(¢). However,
it is always possible to find such linear transformation

(X’w) = (X17X27¢171/)2) =B da

that the variables (i, 1) are canonical at (x,v) = 0. The Poisson brackets of
these variables evaluated near (x, 1) = 0 are {x1, x2} = {¢1,¥2} = {x1, %2} =
{x2,¥1} = O(x,¥) and {x1,%1} = {x2, %2} = 1 + O(x, ¥).
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C

Classical and quantum
monodromy

C.1 Classical monodromy

Consider a two degree of freedom Hamiltonian system with Hamiltonian H,
that is invariant with respect to a Hamiltonian S! action generated by the
momentum J. In other words, J is a first integral of Xy. Moreover, we
assume that J and H are functionally independent. The energy-momentum
map EM is defined as

5M;R4—>R2:p»—>(H(p),J(p))

Let R be the set of regular values of EM. The following famous result provides
a characterization of the compact regular fibers of EM.

Theorem C.1 (Arnol’d-Liouville). If (h,j) € R and EM~'(h,j) is com-
pact, then EMfl(h,j) is a disjoint union of T2. Moreover, in an open region
U around EM™*(h,j) there exist action-angle variables (I,0) such that I; = 0
and 0; = w;(I), i =1,2.

Consider a closed path I' in R, and assume that for each point (h,j) € R,
EM™(h,j) is a single T2, EM™H(T) is a T? bundle over I'. We say that the
bundle EM () is trivial if it is diffeomorphic to S' x T2,

Definition C.2. A system has monodromy if there is a path I for which the
bundle EM () is not trivial.

The importance of monodromy is due to the following theorem by Duistermaat
[29].

Theorem C.3 (Duistermaat). A system with monodromy has no globally
defined action-angle variables.

Let (ho, jo) denote a point on a closed path I'. The classifying map of the
T2 bundle EM™(T') — T induces a linear automorphism on the first homol-
ogy group Hy(EM ™ (hg, jo),Z) of EM™*(hg, jo). The matrix of this automor-
phism is called the monodromy matrix. A system has monodromy when the
monodromy matrix is not the identity.
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Figure C.1: The flow of Xz and X; on a torus and the definition of the first
return time.

Usually, instead of studying directly the linear automorphism induced to
the first homology group we study the period lattice:

Definition C.4. The period lattice P} ; of the regular torus EM_l(h,j) is the
set of points (t1,t2) € R? for which ¢’} o ¢%2(p) = p, where ¢Y, ¢%; are the
flows of the vector fields X; and Xy respectively and p € EM ™' (h, j).

Consider the flow of Xy and X ; on each torus. The flow of X ; gives closed
orbits of period 27. This means that 2wJ can be considered an action variable
I,. The flow of Xy gives orbits that are in general not closed. The situation
is depicted in figure C.1.

In order to define a second action variable I, consider an orbit v of Xpg
that begins at a point p on the torus SM_l(h,j). Consider also the orbit v; of
X7, = X, that begins at the same point p. ~ intersects v after time T'(h, j)
at a point p’. T'(h,j) is called the first return time. The time it takes for the
orbit y; to go from p to p’ is called the rotation number ©(h,j). Define the
vector field

X1, =—=0(h,j)X; +T(h,j)Xu

It is easy to prove that an orbit 75 of X that begins at p will come back
at the same point after time 27. Therefore «; and 9 are basis cycles for
H(EM™*(h,j),Z). The second action I is defined by X7, Jw = dI,.

It is easy to see that the period lattice Py ; is spanned by the vectors
vy = (2m,0) and vo = (—O(h, j),T(h,7)). The importance of the period lattice
is due to the following result

Lemma C.5. The bundle J, jyer Pr; — T is isomorphic to the bundle
U jyer Hi(EM ™ (h,5),Z) — T.

This means that the classifying map of the T? bundle over I" induces the same
linear automorphism to Py, j, as it does to Hy(EM™'(hg, jo), Z). Therefore,

instead of studying directly the homology group we can study the period lattice
and in particular the behaviour of the rotation number and the first return time.

C.2 Quantum monodromy

Monodromy can be visualized in the joint quantum spectrum of a Liouville
integrable system. In this section we consider the semiclassical approximation.
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The joint spectrum is defined as the points (h,j) € R? for which the actions
I; on the torus EM ' (h, j) satisfy the condition

I; = h(nz + /.Li) (Cl)

where n; € Z and p; are the Maslov indices.

This defines a lattice on the image of EM. If we consider a cell of the lattice
and we transport along a path we find that when we return to the initial point
the cell may have changed (see figure C.2 for the case of the linear spherical
pendulum). In this case we have quantum monodromy.

h (energy)

j (momentum)

Figure C.2: Quantum monodromy in the spherical pendulum. The elementary
cell is transported along a path around the critical point. The path begins
above the critical point and goes anticlockwise. When the cell returns to the
original point it has changed.

The relation between classical and quantum monodromy was proven in [88].
We give here an informal discussion of this relation.

Consider the integrable foliation defined by two integrals F} = J and Fs =
H. Suppose that a cell of the lattice is spanned by the vectors k1 and ko. Then,
to first order, we have that

kidl; = hoy; (C.2)
where oI oI
Al = (2o, 22 :
i=(om o5 (©3)

Assume that after a tour around the critical point the actions change according
to the linear transformation (M ~1)7T i.e.

LN\ _ - (h
(Ié) =(M™) I (C4)
Then the cycles 1, 2 transform according to

() -or (2

This means in particular that the linear automorphism of Hy(T?,Z) is given
by the matrix M.
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When we transport the initial cell spanned by the vectors ki, ko along a
path we obtain a new cell spanned by the vectors k{, k5. Then we can easily
prove using the relations k;dJ J/ = hé;; and (C.4), that the two pairs of vectors
are related by the monodromy matrix

(1) = (i2) (©9

This means that we can see the existence of monodromy by considering a
cell of the joint spectrum lattice and transporting it around a path. Because
of the previous relations the result is exact in the limit 7 — 0. Notice that
in order to compute practically the quantum monodromy, A should be small
enough with respect to the dimensions of the image of EM in order to have a
large enough number of cells to be able to move the cell around.
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